
principles 

of electric 

circuits 

electron flow version 

FLOYD 



Principles of 

Electric Circuits 

Electron Flow Version 

Ninth Edition 

Thomas L. Floyd 

Prentice Hall 
Boston Columbus Indianapolis New York San Francisco Upper Saddle River 

Amsterdam Cape Town Dubai London Madrid Milan Munich Paris Montreal Toronto 
Delhi Mexico City Sao Paulo Sydney Hong Kong Seoul Singapore Taipei Tokyo 



Editor in Chief: Vemon Anthony 
Acquisitions Editor: Wyatt Morris 
Editorial Assistant; Chris Reed 
Director of Marketing: David Gcscll 
Marketing Coordinator: Les Roberts 
Senior Managing Editor: JoEllcn Gohr 
Project Manager: Rex Davidson 
Senior Operations Supervisor: Pal Tonneman 
Operations Specialist: Laura Weaver 
Art Director: Candace Rowley 

Text and Cover Designer: Rachel Hirschi 
Cover Art: Jan Ncvillc/iStockphoto 
Media Director: Allyson Graesser 
Lead Media Project Manager: Karen Brctz 
Full-Service Project Management: Vishal 

Harshvardhan/Aplara®, Inc. 
Composition: Aplara®, Inc. 
Printer/Binder: Webcrafters, Inc. 
Cover Printer: Lehigh-Phoenix 
Text Font: Times Roman 

Credits and acknowledgments for materials borrowed from other sources and reproduced, with permis- 
sion, in this textbook appear on the appropriate page within text. 

Copyright © 2010,2007,2003,2000,1997 Pearson Education, Inc., publishing as Prentice Hall, Upper 
Saddle River, New Jersey, 07458. All rights reserved. Manufactured in the United States of America. This 
publication is protected by Copyright, and permission should be obtained from the publisher prior to any 
prohibited reproduction, storage in a retrieval system, or transmission in any form or by any means, 
electronic, mechanical, photocopying, recording, or likewise. To obtain permission(s) to use material from 
this work, please submit a written request to Pearson Education. Inc., Permissions Department, I Lake 
Street, Upper Saddle River, New Jersey, 07458. 

Many of the designations by manufacturers and seller to distinguish their products are claimed as trade- 
marks. Where those designations appear in this book, and the publisher was aware of a trademark claim, 
the designations have been printed in initial caps or all caps. 

Library of Congress Cataloging-in-Publication Data 

Floyd, Thomas L. 
Principles of electric circuits : electron flow version / Thomas L. Floyd—9th ed. 

p. cm. 
ISBN 978-0-13-507308-7 (alk. paper) 
I. Electric circuits. I. Title. 
TK454.F56 2010 
62L3I9'2—dc22 

2009001820 

Prentice Hall 
is an imprint of 

PEARSON 
www.pearsonhighered.com 

10 987654321 
ISBN-13: 978-0-13-507308-7 
ISBN-10: 0-13-507308-1 



Preface 

In this ninth edition. Principles of Electric Circuits: Electron Flow Version continues to 
provide a complete and straightforward coverage of the basics of electrical components and 
circuits. Many changes and improvements make this edition the best yet. Fundamental circuit 
laws and analysis methods arc explained and applied in a variety of basic circuits. Applica- 
tions, many of which are new to this edition, are emphasized with most chapters providing a 
special Application Activity feature. As in past editions, troubleshooting continues to be an 
important pail of this edition, with an entire section devoted to the topic in most chapters. 

New in This Edition 

♦ More practical applications 

♦ More cnd-of-chaptcr problems 

♦ Expanded safety coverage 

♦ True/False quiz at the end of each chapter 

♦ Internet references for selected topics 

♦ More Multisim® circuits 

♦ Multisim tutorial in an appendix 

♦ Multisim 10 and Multsim 9 circuit files available at www.prcnhall.com/floyd 

♦ Coverage of fuel cells and expanded coverage of batteries and solar cells 

♦ Section on voltage measurements 

♦ Coverage of the Hall effect and expanded coverage of magnetic and electromagnetic 
topics 

♦ Section on dc motors and generators 

♦ Section on ac motors and generators (alternators) 

♦ Expanded coverage of capacilive and inductive reactance 

Features 

♦ Full-color, reader-friendly text design 

♦ Chapter openers that include a chapter outline, introduction, objectives, key term list. 
Application Activity Preview, and website reference 

♦ An Application Activity at the end of most chapters 

♦ Abundant illustrations 

♦ Margin features include Safety Notes, History Notes, and Tech Notes 

♦ Abundance of worked examples, each with a Related Problem and selected examples 
with a Multisim exercise 



♦ Each section in a chapter begins with an introduction and section objectives 

♦ Section Checkups with answers at end of chapter 

♦ Troubleshooting sections in many chapters 

♦ Summary, key terms glossary, and formula list at the end of each chapter 

♦ True/False Quiz, multiple-choice Self-Test, and Circuit Dynamics Quiz at the end of 
each chapter with answers at the end of the chapter 

♦ Scctionalizcd problem set at the end of each chapter with more difficult problems in- 
dicated with an asterisk and answers to odd-numbered problems at the end of the book 

♦ Comprehensive glossary of all bold-face terms in the text, including key terms, at the 
end of the book 

♦ Electron flow direction (Conventional current direction available in an alternate ver- 
sion of this text) 

Student Resources 

Experiments in Basic Circuits, Ninth Edition, lab manual by David Buchla (ISBN: 
0135063345). Lab exercises arc coordinated with the text and solutions arc provided in 
the Instructor's Resource Manual, 

Experiments in Electric Circuits, Ninth Edition, lab manual by Brian Stanley (ISBN 
0135097282). Lab solutions arc provided in the Instructor's Resource Manual. 

Multisim Circuit files coordinated with this text in Versions 9 and 10 of Multisim are 
located on the companion website at www.prenhall.com/floyd. Circuit files with prefix 
E are example circuits and files with prefix P are problem circuits. Older versions may 
also be found on the website. 

In order to use the Multisim circuit files, you must have Multisim software installed on 
your computer. Multisim software is available at Ni/com/Multisim. Although the Multisim 
circuit files arc intended to complement classroom, textbook, and laboratory study, these 
files are not essential to successfully using Principles of Electric Circuits. Ninth Edition. 

Supplementary Tests Also available on the companion website are multiple-choice, 
true/false, fill-in-the-blanks, and circuit analysis tests that can be used for additional re- 
inforcement of your grasp of the topics in the textbook. 

Topical Website References Website references that provide links for further infor- 
mation on selected topics throughout the book are available at the companion website. 
Each selected topic in each chapter is indicated by a "world" icon. 

Introduction to Multisim by Gary Snydcr (ISBN: OI350804IX). A thorough intro- 
duction and detailed guide to the use of Multisim in DC/AC circuit analysis. 

Instructor Resources 

To access supplementary materials online, instructors need to request an instructor access 
code. Go to www.pearsonhighered.eum/irc. where you can register for an instructor ac- 
cess code. Within 48 hours-after registering, you will receive a confirming e-mail, includ- 
ing an instructor access code. Once you have received your code, go to the site and log on 
for full instructions on downloading the materials you wish to use. 

PowerPoint® Slides A set of innovative PowerPoint® slides, created by David M. 
Buchla, dynamically illustrates key concepts in the text. Each chapter contains a 
summary with examples, key term definitions, and a quiz. This is an excellent tool for 
classroom presentation to supplement the textbook. Another folder of PowerPoint® 
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slides contains all figures from the text. The PowcrPoints® arc available at the companion 
website at www.prenhall.cora/floyd. 

Instructor's Resource Manual Includes solutions to chapter problems, solutions to 
Application Activity features, a lest item file, Multisim circuit file summary, and solutions 
to both lab manuals. Available online. 

Prentice Hall TestGen This is a computerized test bank. Available online. 

Illustration of Chapter Features 

Chapter Opener Each chapter begins as shown in Figure P-l. Each chapter opener in- 
cludes the chapter number and title, a brief introduction, lists of text sections and chapter 
objectives, a key terms list, an Application Activity preview, and a website reference for 
study aids and supplementary materials. 

Section Opener Each section in a chapter begins with a brief introduction that includes a 
general overview and section objectives. An illustration is given in Figure P-2. 

Section Checkup Each section in a chapter ends with a review consisting of questions or 
exercises that emphasize the main concepts covered in the section. An example is shown in 
Figure P-2. Answers to the Section Checkups arc at the end of the chapter. 

Worked Examples and Related Problems Numerous worked examples throughout each 
chapter help to illustrate and clarify basic concepts or specific procedures. Each example ends 
with a Related Problem that reinforces or expands on the example by requiring the student to 
work through a problem similar to the example. Selected examples have a Multisim circuit 
exercise. A typical worked example with a Related Problem is shown in Figure P-3. 

List of 
performance- 
based \ 
objectives 

Chapter 
outline 

Key terms 

Inlroduclion 

Application 
Activity 
Preview 

Website 
reference 

FIGURE P-l 
A typical chapter opener. 
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FIGURE P-2 
A typical section opener and section 
checkup. 
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FIGURE P-3 
A typical worked example and 
related problem. 
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An Application Activity is set off from text. A series of activities relates theory to practice. 
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A portion of a typical Application Activity feature. 

Troubleshooting Sections Many chapters include a troubleshooting section that relates 
to the topics covered in the chapter and emphasizes logical thinking as well as a structured 
approach called APM (analysis, planning, and measurement) where applicable. Particular 
troubleshooting methods, such as half-splitting, are applied when appropriate. 
Application Activity This special feature at the end of each chapter (except Chapters I 
and 21) presents a practical application of certain topics covered in the chapter. Each of 
these features includes a series of activities, many of which involve comparing circuit 
board layouts with schematics, analyzing circuits, using measurements to determine circuit 
operation, and in some cases, developing simple lest procedures. Results and answers are 
found in the Instructor's Resource Manual. A portion of a representative Application Activity 
feature is illustrated in Figure P-4. 
Chapter End Matter The following pedagogical features are found at the end of each 
chapter: 

♦ Summary 
♦ Key terms glossary 
♦ Formula list 
♦ True/False Quiz 
♦ Self-Test 
♦ Circuit Dynamics Quiz 
♦ Problems 
♦ Answers to section checkups, related problems for examples, true/false quiz, self- 

test, and the circuit dynamics quiz 
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Suggestions for Teaching with Principles of Electric Circuits 

Selected Course Emphasis and Flexibility of the Text This textbook is designed pri- 
marily for use in a two-term course sequence in which dc topics (Chapters I through 10) 
are covered in the first term and ac topics (Chapters 11 through 21) are covered in the sec- 
ond term. A one-term course covering dc and ac topics is possible but would require very 
selective and abbreviated coverage of many topics. 

If lime limitations or course emphasis restrict the topics that can be covered, as is usu- 
ally the case, there are several options for selective coverage. The following suggestions for 
light treatment or omission do not necessarily imply that a certain topic is less important 
than others but that, in the context of a specific program, the topic may not require the em- 
phasis that the more fundamental topics do. Because course emphasis, level, and available 
time vary from one program to another, the omission or abbreviated treatment of selected 
topics must be made on an individual basis. Therefore, the following suggestions are in- 
tended only as a general guide. 

1. Chapters that may be considered for omission or selective coverage: 

♦ Chapter 8, Circuit Theorems and Conversions 

♦ Chapter 9, Branch, Loop, and Node Analyses 

♦ Chapter 10. Magnetism and Eleclromagnetism 

♦ Chapter 18, Passive Fillers 

♦ Chapter 19, Circuit Theorems in AC Analysis 

♦ Chapter 20, Time Response of Reactive Circuits 

♦ Chapter 21, Three-Phase Systems in Power Applications 

2. Application Activity features and troubleshooting sections can be omitted without 
affecting other material. 

3. Other specific topics may be omitted or covered lightly on a section-by-section ba- 
sis at the discretion of the instructor. 

The order in which certain topics appear in the text can be altered at the instructor's discre- 
tion. For example, the topics of capacitors and inductors (Chapters 12 and 13) can be cov- 
ered at the end of the dc course in the first term by delaying coverage of the ac topics in 
Sections 12-6, 12-7, 13-5, and 13-6 until the ac course in the second term. Another pos- 
sibility is to cover Chapters 12 and 13 in the second term but cover Chapter 15 (RC Cir- 
cuits) immediately after Chapter 12 (Capacitors) and cover Chapter 16 (RL Circuits) 
immediately after Chapter 13 (Inductors). 

Application Activity These features are useful for motivation and for introducing appli- 
cations of basic concepts and components. Suggestions for using these sections are: 

♦ As an integral part of the chapter to illustrate how the concepts and components can 
be applied in a practical situation. The activities can be assigned for homework. 

♦ As extra credit assignments. 

♦ As in-class activities to promote discussion and interaction and to help students un- 
derstand why they need to know the material. 

Coverage of Reactive Circuits Chapters 15, 16, and 17 have been designed to provide 
two approaches to teaching these topics on reactive circuits. 

The first option is to cover the topics on the basis of components. That is, first cover all 
of Chapter 15 (RC Circuits), then all of Chapter 16 (RL Circuits), and, finally, all of Chapter 
17 (RLC Circuits and Resonance). 
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The second option is to cover the topics on the basis of circuit type. That is, first cover all 
topics related to scries reactive circuits, then all topics related to parallel reactive circuits, 
and finally, all topics related to series-parallel reactive circuits. To facilitate this second 
approach, each of the chapters has been divided into the following parts: Purl I: Series 
Circuits, Part 2: Parallel Circuits, Part 3: Series-Parallel Circuits, and Pan 4: Special Topics. 
So, for scries reactive circuits, cover Pail I of all three chapters in sequence. For parallel 
reactive circuits, cover Part 2 of all three chapters in sequence. For series-parallel reactive cir- 
cuits, cover Part 3 of all three chapters in sequence. Finally, cover Part 4 of all three chapters. 

To the Student 

Any career training requires effort, and the electrical/electronics field is no exception. The 
best way to learn new material is by reading, thinking, and doing. This text is designed to 
help you along the way. 

Read each section of the text carefully and think about what you have read. Sometimes 
you may need to read the section more than once. Work through each example problem 
step by step before you try the related problem that goes with the example. After each sec- 
tion, answer the checkup questions. Answers to the related problems and the section 
checkup questions are at the end of the chapter. 

Review the chapter summary, the key term definitions, and the formula list. Take the 
true/false quiz, the multiple choice self-test, and the Circuit Dynamics Quiz. Check your 
answers against those at the end of the chapter. Finally, work the problems and verify your 
answers to the odd-numbered problems with those provided at the end of the book. 

The importance of obtaining a thorough understanding of the basic principles contained 
in this text cannot be overemphasized. Most employers prefer to hire people who have both 
a thorough grounding in the basics and the ability and eagerness to grasp new concepts and 
techniques. If you have a good training in the basics, an employer will train you in the 
specifics of the Job to which you arc assigned. 

Careers in Electronics 

The fields of electricity and electronics are very diverse, and career opportunities are avail- 
able in many areas. There arc many types of Job classifications for which a person with 
training in electricity and electronics technology may qualify. A few of the most common 
job functions arc discussed briefly in the following paragraphs. 

Service Shop Technician Technical personnel in this category are involved in the repair 
or adjustment of both commercial and consumer electronic equipment that is returned to 
the dealer or manufacturer for service. Specific areas include consumer electronics and 
computers. This area also offers opportunities for self-employment. 

Industrial Manufacturing Technician Manufacturing personnel are involved in the 
testing of electrical and electronic products at the assembly-line level or in the maintenance 
and troubleshooting of electrical, electronic, and electromechanical systems used in the test- 
ing and manufacturing of products. Virtually every type of manufacturing plant, regardless 
of its product, uses automated equipment that is electronically controlled. 

Laboratory Technician These technicians are involved in breadboarding, prototyping, 
and testing new or modified electronic systems in research and development laboratories. 
They generally work closely with engineers during the development phase of a product. 

Field Service Technician Field service personnel service and repair electronic equipment— 
for example, computer systems, radar installations, automatic banking equipment, and secu- 
rity systems—at the user's location. 

Engineering Assistant/Associate Engineer Personnel in this category work closely 
with engineers in the implementation of a concept and in the basic design and development 
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of electrical and electronic systems. Engineering assistants are frequently involved in a 
project from its initial design through the early manufacturing stages. 

Technical Writer Technical writers compile technical information and then use the infor- 
mation to write and produce manuals and audiovisual materials. A broad knowledge of a 
particular system and the ability to clearly explain its principles and operation are essential. 

Technical Sales Technically trained people are in demand as sales representatives for 
high-technology products. The ability both to understand technical concepts and to com- 
municate the technical aspects of a product to a potential customer is very valuable. In this 
area, as in technical writing, competency in expressing yourself orally and in writing is es- 
sential. Actually, being able to communicate well is very important in any technical job cat- 
egory because you must be able to record data clearly and explain procedures, conclusions, 
and actions taken so that others can readily understand what you are doing. 

Milestones in Electronics 

Let's briefly look at some of the important developments that led to the electronics technol- 
ogy we have today. The names of many of the early pioneers in electricity and electromag- 
netics still live on in terms of familiar units and quantities. Names such as Ohm. Ampere, 
Volta, Farad, Henry, Coulomb, Oersted, and Hertz are some of the better known examples. 
More widely known names such as Franklin and Edison arc also significant in the history 
of electricity and electronics because of their tremendous contributions. Short biographies 
of some of these pioneers arc located throughout the text in History Notes. 

The Beginning of Electronics Early experiments with electronics involved electric cur- 
rents in vacuum lubes. Heinrich Geissler (1814-1879) removed most of the air from a glass 
tube and found that the lube glowed when there was current through it. Later, Sir William 
Crookes (1832-1919) found the current in vacuum tubes seemed to consist of particles, 
Thomas Edison (1847-1931) experimented with carbon filament bulbs with plates and dis- 
covered that there was a current from the hot filament to a positively charged plate. He 
patented the idea but never used it. 

Other early experimenters measured the properties of the particles that flowed in vac- 
uum tubes. Sir Joseph Thompson (1856-1940) measured properties of these particles, later 
called electrons. 

Although wireless telegraphic communication dates back to 1844, electronics is basi- 
cally a 20lh century concept that began with the invention of the vacuum tube amplifier. An 
early vacuum tube that allowed current in only one direction was constructed by John 
A. Fleming in 1904. Called the Fleming valve, it was the forerunner of vacuum tube diodes. 
In 1907, Lee deForest added a grid to the vacuum tube. The new device, called the au- 
diolron, could amplify a weak signal. By adding the control element, deForest ushered in 
the electronics revolution. It was with an improved version of his device that made 
Iransconlincnlal telephone sendee and radios possible. In 1912, a radio amateur in San 
Jose, California, was regularly broadcasting music! 

In 1921, the secretary of commerce, Herbert Hoover, issued the first license to a broad- 
cast radio station; within two years over 600 licenses were issued. By the end of the 1920s 
radios were in many homes. A new type of radio, the superheterodyne radio, invented by 
Edwin Armstrong, solved problems with high-frequency communication. In 1923, 
Vladimir Zworykin, an American researcher, invented the first television picture tube, and 
in 1927 Philo T. Farnsworth applied for a patent for a complete television system. 

The 1930s saw many developments in radio, including metal lubes, automatic gain con- 
trol, "midget sets," directional antennas, and more. Also started in this decade was the de- 
velopment of the first electronic computers. Modern computers trace their origins to the 
work of John Atanasoff at Iowa State University. Beginning in 1937, he envisioned a binary 
machine that could do complex mathematical work. By 1939, he and graduate student Clif- 
ford Berry had constructed a binary machine called ABC, (for Atanasoff-Ber ry Computer) 



Preface ♦ xi 

that used vacuum lubes for logic and condensers (capacitors) for memory. In 1939, the 
magnetron, a microwave oscillator, was invented in Britain by Henry Boot and John Randall. 
In the same year, the klystron microwave tube was invented in America by Russell and 
Sigurd Varian. 

During World War II, electronics developed rapidly. Radar and very high-frequency 
communication were made possible by the magnetron and klystron. Cathode ray lubes 
were improved for use in radar. Computer work continued during the war. By 1946, John 
von Neumann had developed the first stored program computer, the Eniac, at the Univer- 
sity of Pennsylvania. The decade ended with one of the most important inventions ever, the 
transistor. 

Solid-State Electronics The crystal detectors used in early radios were the forerunners 
of modern solid-state devices. However, the era of solid-slate electronics began with the in- 
vention of the transistor in 1947 at Bell Labs. The inventors were Waller Brattain, John 
Bardccn, and William Shockley. PC (printed circuit) boards were introduced in 1947, the 
year the transistor was invented. Commercial manufacturing of transistors began in Allen- 
town, Pennsylvania, in 1951. 

The most important invention of the 1950s was the integrated circuit. On September 12, 
1958, Jack Kilby, at Texas Instruments, made the first integrated circuit. This invention lit- 
erally created the modern computer age and brought about sweeping changes in medicine, 
communication, manufacturing, and the entertainment industry. Many billions of "chips"— 
as integrated circuits came to be called—have since been manufactured. 

The 1960s saw the space race begin and spurred work on miniaturization and computers. 
The space race was the driving force behind the rapid changes in electronics that followed. 
The first successful "op-amp" was designed by Bob Widlar at Fairchild Semiconductor in 
1965. Called the }iA709, it was very successful but suffered from "latch-up" and other prob- 
lems. Later, the most popular op-amp ever, the 741, was taking shape at Fairchild. This op- 
amp became the industry standard and influenced design of op-amps for years to come. 

By 1971, a new company that had been formed by a group from Fairchild introduced the 
first microprocessor. The company was Intel and the product was the 4004 chip, which had 
the same processing power as the Eniac computer. Later in the same year, Intel announced 
the first 8-bit processor, the 8008. In 1975, the first personal computer was introduced by 
Altair, and Popular Science magazine featured it on the cover of the January, 1975, issue. 
The 1970s also saw the introduction of the pocket calculator and new developments in op- 
tical integrated circuits. 

By the 1980s, half of all U.S. homes were using cable hookups instead of television an- 
tennas. The reliability, speed, and miniaturization of electronics continued throughout the 
1980s, including automated testing and calibrating of PC boards. The computer became a 
pail of instrumentation and the virtual instrument was created. Computers became a stan- 
dard tool on the workbench. 

The 1990s saw a widespread application of the Internet. In 1993, there were 130 web- 
sites, and now there are millions. Companies scrambled to establish a home page and many 
of the early developments of radio broadcasting had parallels with the Internet. In 1995, the 
FCC allocated spectrum space for a new service called Digital Audio Radio Service. Digi- 
tal television standards were adopted in 1996 by the FCC for the nation's next generation 
of broadcast television. 

The list century dawned in January 2001. One of the major technology stories has been 
the continuous and explosive growth of the Internet. Wireless broadband access has helped 
fuel the growth tremendously. The processing speed of computers is increasing at a steady 
rate and data storage media capacity is increasing at an amazing pace. Carbon nanolubes 
are seen to be the next step forward for computer chips, eventually replacing transistor 
technology. 

In recent years, the search for alternative sources of energy has led to intensive research 
and development in the areas of batteries, solar cells, fuel cells, wind energy, and others. 
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Quantities and Units 

CHAPTER OUTLINE VST THE COMPAN ON WEBS TE 

1-1 Units of Measurement 
1-2 Scientific Notation 
1-3 Engineering Notation and Metric Prefixes 
1-4 Metric Unit Conversions 
1-5 Measured Numbers 

CHAPTER OBJECTIVES 

♦ Discuss the SI standard 
♦ Use scientific notation (powers of ten) to represent quantities 
♦ Use engineering notation and metric prefixes to represent large 

and small quantities 
♦ Convert from one unit with a metric prefix to another 
♦ Express measured data with the proper number of significant 

digits 

KEY TERMS 

SI 
Scientific notation 
Power of ten 
Exponent 
Engineering notation 
Metric prefix 
Error 
Accuracy 
Precision 

♦ Significant digits 
• Round off 

Study aids for this chapter are available at 
hftp://www.prenhall.com/floyd 

E NTRODUCTION 

You must be familiar with the units used in electronics and 
know how to express electrical quantities in various ways 
using metric prefixes. Scientific notation and engineering no- 
tation are indispensable tools whether you use a computer, a 
calculator, or do compulations the old-fashioned way. 

When you work with electricity, 
you must always consider safely 
first. Safety notes throughout the 
bonk remind you of the importance 
of safety and provide tips for a safe 
workplace. Basic safely precautions 
are introduced in Chapter 2. 



2 ♦ Quantities and Units 

1-1 Units of Measurement  

In the 19lh century, the principal weight and measurement units dealt with commerce. 
As technology advanced, scientists and engineers saw the need for international stan- 
dard measurement units. In 1875, at a conference called by the French, representatives 
from eighteen nations signed a treaty that established international standards. Today, 
all engineering and scientific work use an improved international system of units, Le 
Systeme International d'Unites, abbreviated SI*. 

After completing this section, you should be able to 

♦ Discuss the SI standard 

♦ Specify the fundamental SI units 

♦ Specify the supplementary units 

♦ Explain what derived units are 

Fundamental and Derived Units 

The SI system is based on seven fundamental units (sometimes called base units) and two 
supplementary units. All measurements can be expressed as some combination of funda- 
mental and supplementary units. Table I-I lists the fundamental units, and Table 1-2 lists 
the supplementary units. 

The fundamental electrical unit, the ampere, is the unit for electrical current. Current is 
abbreviated with the letter / (for intensity) and uses the symbol A (for ampere). The ampere 
is unique in that it uses the fundamental unit of time (t) in its definition (second). All other 
electrical and magnetic units (such as voltage, power, and magnetic flux) use various com- 
binations of fundamental units in their definitions and are called derived units. 

For example, the derived unit of voltage, which is the volt (V), is defined in tenns of 
fundamental units as m2 • kg • s-' - A 1, As you can see, this combination of fundamental 
units is very cumbersome and impractical. Therefore, volt is used as the derived unit. 

SI fundamental units. 
QUANTITY UNIT SYMBOL [ 
Length Meter m 
Mass Kilogram kg 
Time Second s 
Electric current Ampere A 
Tcmperalurc Kelvin K 
Luminous intensity Candcla cd 
Amount of substance Mole mol 

TABLE 1-2 
S! supplementary units. 

QUANTITY UNIT SYMBOL 
Plane angle Radian r 
Solid angle Sleradian sr 

®7Vhs icon indicates selected websites for farther information on topics in this section. See the Companion 
Website provided with this text. 
*AII bold terms arc in the end-of-book glossary. The bold terms in color arc key terms and arc also 
defined at the end of the chapter. 
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Letter symbols are used to represent both quantities and their units. One symbol is used 
to represent the name of the quantity, and another symbol is used to represent the unit of 
measurement of that quantity. For example, italie P stands for power, and nonitalic 
W stands for wall, which is the unit of power. Another example is voltage, where the same 
letter stands for both the quantity and its unit. Italie V represents voltage and nonitalic 
V represents voh, which is the unit of voltage. As a rale, italic letters stand for the quantity 
and nonitalic (roman) letters represent the unit of that quantity. 

Table 1-3 lists the most important electrical quantities, along with their derived SI 
units and symbols. Table 1-4 lists magnetic quantities, along with their derived SI units 
and symbols. 

QUANTITY SYMBOL SI UNIT SYMBOL 
Capacitance C Farad F 
Charge Q Coulomb C 
Conductance G Siemens S 
Energy (work) w Joule J 
Frequency f Hertz Hz 
Impedance Z Ohm n 
Inductance L Henry H 
Power P Watt w 
Reactance X Ohm n 
Resistance R Ohm n 
Voltage V Volt V 

-< TABIE 1-3  
Electrical quantities and derived 
units with SI symbols. 

QUANTITY SYMBOL SI UNIT SYMBOL 
Magnetic field intensity H Ampere-tums/meter At/m 
Magnetic flux 4- Weber Wb 
Magnetic flux density B Tesla T 
Magnetomotive force Km Ampere-tum At 
Permeability P Webers/ampere-lurn • meter Wb/At ■ m 
Reluctance a Ampere-tums/weber AlAVh 

TABLE 1-4 
Magnetic quantities and derived 
units with SI symbols. 

In addition to the common electrical units shown in Table 1-3, the SI system has many 
other units that arc defined in terms of certain fundamental units. In 1954, by interna- 
tional agreement, meter, kilogram, second, ampere, degree Kelvin, and candela were 
adopted as the basic SI units (degree Kelvin was later changed to just kelvin). These units 
form the basis of the mks (for meter-kilogram-second) units that are used for derived 
quantities and have become the preferred units for nearly all scientific and engineering 
work. An older metric system, called the cgs system, was based on the centimeter, gram, 
and second as fundamental units. There are still a number of units in common use based 
on the cgs system: for example, the gauss is a magnetic flux unit in the cgs system and is 
still in common usage. In keeping with preferred practice, this text uses mks units, except 
when otherwise noted. 
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SECTION 1-1 1. How does 3 fundamental unit differ from a derived unit? 
CHECKUP 7. What is the fundamental electrical unit? 
Answers are at the end of the 
chapter. i. What does SI stand for? 

4. Without referring to Table 1-3, list as many electrical quantities as possible, including 
their symbols, units, and unit symbols. 

5. Without referring to Table 1-4, list as many magnetic quantities as possible, including 
their symbols, units, and unit symbols. 

& 1-2 Scientific Notation  
In electrical and electronics fields, both very small and very large quantities are com- 
monly used. For example, it is common to have electrical current values of only a few 
thousandths or even a few millionths of an ampere and to have resistance values rang- 
ing up to several thousand or several million ohms. 

After completing this section, you should be able to 

♦ Use sdentific notation (powers of ten) to represent quantities 

♦ Express any number using a power of ten 

♦ Perform calculations with powers of ten 

Scientific notation provides a convenient method to represent large and small num- 
bers and to perform calculations involving such numbers. In scientific notation, a quantity 
is expressed as a product of a number between 1 and 10 and a power of ten. For example, 
the quantity 150,000 is expressed in scientific notation as 1.5 x 105. and the quantity 
0.00022 is expressed as 2.2 X I0~4. 

Powers of Ten 

Table 1-5 lists some powers often, both positive and negative, and the corresponding dec- 
imal numbers. The power of ten is expressed as an exponent of the base 10 in each case 
(lO*). An exponent is a number to which a base number is raised. It indicates the number 

» TABLE 1-5 
Some positive and negative powers often. 

I06 = 1,000,000 I0"6 = 0.000001 
105 = 100,000 ur5 = 0.00001 
I04 = 10,000 lO"4 = 0.0001 
103 = 1,000 lO"3 = 0.001 
102 = 100 O H 0.01 
10' = 10 lO"1 = 0.1 

II 1 
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of places that the decimal point is moved to the right or left to produce the decimal number. 
For a positive power of ten, move the decimal point to the right to get the equivalent deci- 
mal number. For example, for an exponent of 4, 

I04 = I X I04 = 1.0000. = 10,000 

For a negative the power of ten, move the decimal point to the left to gel the equivalent dec- 
imal number. For example, for an exponent of—4, 

I0^4 = 1 X 10~4 = .0001. = 0.0001 

EXAMPLE 1-1 Express each number in scientific notation. 

(a) 200 (b) 5000 (c) 85,000 (d| 3,000,000 

Solnlion In each case, move the decimal point an appropriate number of places to the left to de- 
termine the positive power of ten. Notice that the result is always a number between 1 
and 10 times a power of ten. 

(a) 200 = 2 X 102 (b) 5000 = 5 X 103 

(c) 85,000 = 8.5 X 104 (d) 3,000.000 = 3 X 106 

Related Problem' Express 4750 in scientific notation. 

•"Answers are at the end of the chapter. 

EXAMPLE 1-2 Express each number in scientific notation. 

(a) 0.2 (b) 0.005 (c) 0.00063 (d) 0.000015 

Solution In each case, move the decimal point an appropriate number of places to the right to 
determine the negative power of ten. 

(a) 0.2 = 2 X 10" (b) 0.005 = 5 X 10 —3 

(c) 0.00063 = 6.3 x JO"4 (d) 0.000015 = 1.5 x 10" 

Related Problem Express 0.00738 in scientific notation. 

EXAMPLE 1-3 Express each of the following as a regular decimal number: 

(a) I X 10' (b) 2 X 10-' (c) 3.2 X 10" (d) 2.50 X 10 

Solution Move the decimal point to the right or left a number of places indicated by the positive 
or the negative power of ten respectively. 

(a) I X 105 = 100,000 (b) 2 X I03 = 2000 

(d) 2,5 X I0 6 = 0.0000025 (c) 3.2 X 10 - = 0.032 

Related Problem Express9.l2 X 103 as a regular decimal number. 
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Calculations with Powers of Ten 

The advanlage of scientific notation is in addition, subtraction, multiplication, and division 
of very small or very large numbers. 

Addition The steps for adding numbers in powers of ten are as follows: 

1. Express the numbers to be added in the same power of ten. 

2. Add the numbers without their powers of ten to get the sum. 

3. Bring down the common power of ten, which is the power of ten of the sum. 

EXAMPLE 1-4 Add 2 X I06and5 X 107 and express the result in scientific notation. 

Solution 1. Express both numbers in the same power of ten: (2 X I06) + (50 X I06). 

2. Add 2 + 50 = 52. 

3. Bring down the common power often (I06); the sum is 52 x I06 = 5.2 x 107. 

Heldted Problem Add 3.1 x I03 and 5.5 x I04. 

Subtraction The steps for subtracting numbers in powers of ten are as follows: 

1. Express the numbers to be subtracted in the same power of ten. 

2. Subtract the numbers without their powers of ten to get the difference. 

3. Bring down the common power of ten, which is the power of ten of the difference. 

EXAMPLE 1-5 Subtract 2.5 X 10 l2from7,5 X 10 " and express the result in scientific notation. 

Solution I. Express each number in the same power of ten: (7.5 X 10 ") - (0.25 X 10 "), 

2. Subtract 7.5 - 0.25 = 7.25. 

3. Bring down the common power of ten (I(r"); the difference is 7.25 x 10_". 

Related Problem Subtract 3.5 x Id 6 from 2.2 x 10~5. 

Multiplication The steps for multiplying numbers in powers of ten arc as follows: 

1. Multiply the numbers directly without their powers of ten. 

2. Add the powers of ten algebraically (the exponents do not have to be the same). 

EXAMPLE 1-6 Multiply 5 x 10 and 3 x 10 and express the result in scientific notation. 

Solution Multiply the numbers, and algebraically add the powers. 

(5 X 10i2)(3 x I0^6) = (5)(3) X |0I2+'"6' = 15 X 106 = 1.5 X 107 

Related Problem Multiply 3.2 X 106and 1.5 X I0~3. 
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Division The steps for dividing numbers in powers of ten are as follows: 

1. Divide the numbers directly without their powers of ten. 

2. Subtract the power of ten in the denominator from the power of ten in the numera- 
tor (the powers do not have to be the same). 

EXAMPLE 1-7 Divide 5.0 x ID8 by 2.5 x I03 and express the result in scientific notation. 

Solution Write the division problem with a numerator and denominator as 

5.0 x I08 

2.5 X I03 

Divide the numbers and subtract the powers of ten (3 from 8). 

5.0 X 108 s 5  r = 2 X 108"3 = 2 X 105 

2.5 x 103 

Related Problem Divide 8 x I0 6 by 2 x 10 10 

SECTION 1-2 1. Scientific notation uses powers of ten. (True or False) 
CHECKUP 2. Express 100 as a power of ten. 

3. Express the following numbers in scientific notation: 
(a) 4350 (b) 12,010 (c) 29,000,000 

4. Express the following numbers in scientific notation: 
(a) 0.760 (b) 0.00025 (c) 0.000000597 

5. Do the following operations; 
(a) (1 X 108) + (2 X 10s) (b) (3 X 106)(2 X 104) 
(c) (8 x 103) -M4 x 102) (d) (2.5 X 10"6) - (1.3 x I0 7) 

1-3 Engineering Notation and Metric Prefixes  

Engineering notation, a specialized form of scientific notation, is used widely in tech- 
nical fields to represent large and small quantities. In electronics, engineering notation 
is used to represent values of voltage, current, power, resistance, capacitance, induc- 
tance, and time, to name a few. Metric prefixes are used in conjunction with engineer- 
ing notation as a "short hand" for the certain powers of ten that are multiples of three. 

After completing this section, you should be able to 

♦ Use engineering notation and metric prefixes to represent large and small 
quantities 

♦ List the metric prefixes 

♦ Change a power of ten in engineering notation to a metric prefix 

♦ Use metric prefixes to express electrical quantities 

♦ Convert one metric prefix to another 
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Engineering Notation 

Engineering notation is similar to scientific notation. However, in engineering notation 
a number can have from one to three digits to the left of the decimal point and the power- 
of-ten exponent must be a multiple of three. For example, the number 33,000 expressed in 
engineering notation is 33 x Io'. In scientific notation, it is expressed as 3.3 x I04. As 
another example, the number 0.045 expressed in engineering notation is 45 X 10 In sci- 
entific notation, it is expressed as 4.5 X 10 2. 

EXAMPLE 1-8 Express the following numbers in engineering notation: 

(a) 82,000 (b) 243,000 (c) 1,956,000 

Solution In engineering notation, 

(a) 82,000 is expressed as 82 X 103. 

(b) 243,000 is expressed as 243 X lO3, 

(c) 1,956,000 is expressed as 1.956 x I06. 

Related Problem Express 36,000,000,000 in engineering notation. 

EXAMPLE 1 -9 Convert each of the following numbers to engineering notation: 

(a) 0.0022 (b) 0.000000047 (c) 0.00033 

Solution In engineering notation, 

(a) 0.0022 is expressed as 2.2 X 10-3. 

(b) 0.000000047 is expressed as 47 x Itr9. 

(c) 0.00033 is expressed as 330 x Ifl"'1. 

Related Problem Express 0.0000000000056 in engineering notation. 

Metric Prefixes 

In engineering notation metric prefixes represent each of the most commonly used pow- 
ers of ten. These metric prefixes are listed in Table I -6 with their symbols and correspon- 
ding powers of ten. 

Metric prefixes are used only with numbers that have a unit of measure, such as volts, am- 
peres, and ohms, and precede the unit symbol. For example, 0.025 amperes can be expressed 
in engineering notation as 25 X 10 3 A. This quantity expressed using a metric prefix is 
25 mA, which is read 25 milliamps. Note that the metric prefix milli has replaced IO 3. As 
another example, 100,000,000 ohms can be expressed as 100 X I06 ft. This quantity ex- 
pressed using a metric prefix is 100 Mft, which is read 100 megohms. The metric prefix 
mega has replaced 106. 
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METRIC PREFIX SYMBOL POWER OF TEN VALUE 
femlo f IO-'5 one-quadrillionlh 
pico P lO"12 one-trillionlh 
nano n lO"9 one-billionth 
micro lO"6 one-millionth 
milli m lO-3 one-thousandth 
kilo k 103 one thousand 
mega M 106 one million 
Siga G 109 one billion 
(era T 1012 one trillion 

TABLE 1-6 
Metric prefixes with their symbols 
and corresponding powers of ten and 
values. 

EXAMPLE 1-10 Express each quantity using a metric prefix: 

(a) 50,000 V (b) 25,000.000 Cl (c) 0.000036 A 

Solution (a) 50,000 V = 50 X Kl1 V = 50 kV 

(b) 25,000,000 n = 25 X I06n = 25 Mil 

(c) 0.000036 A = 36 X 10^6A = 36/xA 

Related I'roblem Express using metric prefixes: 

(a) 56,000,000 fl (b) 0.000470 A 

Calculator Tip 

All scientific and graphing calculators provide features for entering and displaying num- 
bers in various formats. Scientific and engineering notation are special eases of exponen- 
tial (power of ten) notation. Most calculators have a key labeled EE (or EXP) that is used 
to enter the exponent of numbers. To enter a number in exponential notation, enter the base 
number first, including the sign, and then press the EE key, followed by the exponent, in- 
cluding the sign. 

Scientific and graphing calculators have displays for showing the power of ten. Some 
calculators display the exponent as a small raised number on the right side of the display. 

47.0 03 

Other calculators display the number with a small E followed by the exponent. 

47.0E03 

Notice that the base 10 is not generally shown, but it is implied or represented by the E. 
When you write out the number, you need to include the base 10. The displayed number 
shown above is written out as 47.0 X 10"' in engineering notation. 

Some calculators are placed in the scientific or engineering notation mode using a sec- 
ondary or tertiary function, such as SCI or ENG. Then numbers are entered in regular dec- 
imal form. The calculator automatically converts them to the proper formal. Other 
calculators provide for mode selection using a menu. 

Always check the owner's manual for your particular calculator to determine how to use 
the exponential notation features. 
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SECTION 1-3 1. Express the following numbers in engineering notation: 
CHECKUP (a) 0.0056 (b) 0.0000000283 (c) 950,000 (d) 375,000,000,000 

2. List the metric prefix for each of the following powers of ten: 
106, lO1.10', 106.10 9, and 10 12 

3. Use an appropriate metric prefix to express 0.000001 A. 
4. Use an appropriate metric prefix to express 250,000 W. 

1-4 Metric Unit Conversions  

It is sometimes necessary or convenient to convert a quantity from one unit with a met- 
ric prefix to another, such as from milliamperes (mA) to microamperes (/xA). Moving 
the decimal point in the number an appropriate number of places to the left or to the 
right, depending on the particular conversion, results in a metric unit conversion. 

After completing this section, you should be able to 

• Convert from one unit with a metric prefix to another 

• Convert between milli, micro, nano, and pico 

♦ Convert between kilo and mega 

The following rules apply to metric unit conversions: 

1. When converting from a larger unit to a smaller unit, move the decimal point to the right. 

2. When converting from a smaller unit to a larger unit, move the decimal point to the 
left. 

3. Determine the number of places to move the decimal point by finding the differ- 
ence in the powers of ten of the units being converted. 

For example, when converting from milliamperes (mA) to microamperes (^iA), move the 
decimal point three places to the right because there is a three-place difference between 
the two units (mA is lO "' A and i-iA is 10 '' A). The following examples illustrate a few 
conversions. 

EXAMPLE 1-11 Convert 0.15 milliampere (0.15 mA) to microamperes (jixA). 

Solution Move the decimal point three places to the right. 

0.15mA = 0.15 X 10 3 A = 150 X 10 6A = 150/aA 

Helmed Problem Convert I mA to microamperes. 

EXAM PLE 1-12 Convert 4500 microvolts (4500 fiV) to millivolts (mV). 

Solution Move the decimal point three places to the left. 

4500p.V = 4500 X I0 6V = 4.5 X I0"3 V = 4.5mV 

Related Problem Convert 1000 /xV to millivolts. 



Metric Unit Conversions ♦ 11 

EXAMPLE 1-13 Convert 5000 nanoamperes (5000 nA) to microamperes (/iA), 

Solution Move the decimal point three places to the left. 

5000nA = 5000 X 10 9A = 5 X 10 6A = 5ftA 

Related Problem Convert 893 nA to microamperes. 

EXAMPLE 1-14 Convert 47.000 picofarads (47.000 pF) to microfarads (/itF). 

Solution Move the decimal point six places to the left. 

47,000pF = 47,000 X 10 12F = 0.047 X 10 6F = (1.047/aK 

Related Problem Convert 10,000 pF to microfarads. 

EXAMPLE 1-1 5 Convert 0.00022 microfarad <0.00022 /iF) to picofarads (pF). 

Solution Move the decimal point six places to the right. 

0.00022/xF = 0.00022 x I0^F = 220 x I0"I2F = 220pF 

Related Problem Convert 0.0022 /iF to picofarads. 

EXAMPLE 1-16 Convert 1800 kilohms(1800 kQ) to megohms (MQ). 

Solution Move the decimal point three places to the left. 

ISOOkfi = 1800 X I03n = 1.8 X 106ft = 1.8 Mil 

Related Problem Convert 2.2 ki2 to megohms. 

When adding (or subtracting) quantities with different metric prefixes, first convert one 
of the quantities to the same prefix as the other quantity. 

EXAMPLE 1-17 Add 15 mA and 8000 /xA and express the sum in milliampcrcs. 

Solution Convert 8000 /xA to 8 mA and add. 

15mA + 8000/xA = 15 X I0_3A + 8000 X I0"6A 
= 15 X 10 'A + 8 X 10 3 A = 15 mA + 8 mA = 23 mA 

Related Problem Add 2873 mA to 10,000 /xA; express the sum in milliamperes. 

SECTION 1-4 1. Convert 0.01 MV to kilovolls (kV). 
CHECKUP 2. Convert 250,000 pA to milliamperes (mA). 

3. Add 0.05 MW and 75 kW and express the result in kW. 
4. Add 50 mV and 25,000 /xV and express the result in mV. 
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1-5 Measured Numbers  

Whenever a quanlily is measured, there is uncertainly in the result due to limitations of 
the instruments used. When a measured quantity contains approximate numbers, the 
digits known to be correct arc called significant digits. When reporting measured 
quantities, the number of digits that should be retained are the significant digits and no 
more than one uncertain digit. 

After completing this section, you should be able to 

♦ Express measured data with the proper number of significant digits 

• Define accuracy, error, and precision 

♦ Round numbers properly 

Error, Accuracy, and Precision 

Data taken in experiments are not perfect because the accuracy of the data depends on the 
accuracy of the lest equipment and the conditions under which the measurement was 
made. In order to properly report measured data, the error associated with the measure- 
ment should be taken into account. Experimental error should not be thought of as a mis- 
take. All measurements that do not involve counting are approximations of the true value. 
The difference between the true or best-accepted value of some quantity and the measured 
value is the error. A measurement is said to be accurate if the error is small. Accuracy is 
an indication of the range of error in a measurement. For example, if you measure thickness 
of a 10.00 mm gauge block with a micrometer and find that it is 10.8 mm, the reading is not 
accurate because a gauge block is considered to be a working standard. If you measure 
10.02 mm, the reading is accurate because it is in reasonable agreement with the standard. 

Another term associated with the quality of a measurement is precision. Precision is a 
measure of the repeatability (or consistency) of a measurement of some quantity. It is pos- 
sible to have a precise measurement in which a series of readings are not scattered, but 
each measurement is inaccurate because of an instrument error. For example, a meter may 
be out of calibration and produce inaccurate but consistent (precise) results. However, it is 
not possible to have an accurate instrument unless it is also precise. 

Significant Digits 

The digits in a measured number that are known to be correct are called significant dig- 
its. Most measuring instruments show the proper number of significant digits, but some in- 
struments can show digits that are not significant, leaving it to the user to determine what 
should be reported. This may occur because of an effect called loading. A meter can change 
the actual reading in a circuit by its very presence. It is important to recognize when a read- 
ing may be inaccurate; you should not report digits that are known to be inaccurate. 

Another problem with significant digits occurs when you perform mathematical opera- 
tions with numbers. The number of significant digits should never exceed the number in 
the original measurement. For example, if 1.0 V is divided by 3.0 S2, a calculator will show 
0.33333333. Since the original numbers each contain 2 significant digits, the answer 
should be reported as 0.33 A, the same number of significant digits. 

The rules for determining if a reported digit is significant are 

1. Nonzero digits arc always considered to be significant. 

2. Zeros to the left of the first nonzero digit are never significant. 

3. Zeros between nonzero digits are always significant. 
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4. Zeros to the right of the decimal point for a decimal number are significant. 

5. Zeros to the left of the decimal point with a whole number may or may not be sig- 
nificant depending on the measurement. For example, the number 12,100 £2 can 
have 3, 4, or 5 significant digits. To clarify the significant digits, scientific notation 
(or a metric prefix) should be used. For example, 12.10 kfl has 4 significant digits. 

When a measured value is reported, one uncertain digit may be retained but other un- 
certain digits should be discarded. To find the number of significant digits in a number, ig- 
nore the decimal point, and count the number of digits from left to right starting with the 
first nonzero digit and ending with the last digit to the right. All of the digits counted are 
significant except zeros to the right end of the number, which may or may not be signifi- 
cant. In the absence of other information, the significance of the right-hand zeros is uncer- 
tain. Generally, zeros that are placeholders, and not part of a measurement, are considered 
to be not significant. To avoid confusion, numbers should be shown using scientific or en- 
gineering notation if it is necessary to show the significant zeros. 

EXAMPLE 1-18 Express the measured number 4300 with 2, 3. and 4 significant digits. 

Solution Zeros to the right of the decimal point in a decimal number are significant. Therefore, 
to show two significant digits, write 

4.3 X I03 

To show three significant digits, write 

4.30 X 103 

To show four significant digits, write 

4.300 X 103 

HfLned Problem How would you show the number 10,000 showing three significant digits? 

Underline the significant digits in each of the following measurements: 

(a) 40.0 (b) 0.3040 (c) 1.20 x 105 (d) 120,000 (e) 0.00502 

(a) 40.0 has three significant digits; see rule 4. 

(b) 0.3040 has four significant digits; see rules 2 and 3. 

(c) 1.20 X 105 has three significant digits; see rule 4. 

(d) 120.000 has at least two significant digits. Although the number has the same 
value as in (c), zeros in this example arc uncertain; sec rule 5. This is not a recom- 
mended method for reporting a measured quantity; use scientific notation or a 
metric prefix in this case. Sec Example 1-18. 

(e) 0.00502 has three significant digits; see rules 2 and 3. 

What is the difference between a measured quantity of 10 and 10.0? 

Rounding Off Numbers 

Since they always contain approximate numbers, measurements should be shown only 
with those digits that are significant plus no more than one uncertain digit. The number of 
digits shown is indicative of the precision of the measurement. For this reason, you should 

EXAMPLE 1-19 

Solution 

Related Problem 
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round off a number by dropping one or more digits to the right of the last significant digit. 
Use only the most significant dropped digit to decide how to round off. The rules for 
rounding off arc 

1. If the most significant digit dropped is greater than 5, increase the last retained digit 
by I. 

2. If the digit dropped is less than 5, do not change the last retained digit. 

3. If the digit dropped is 5, increase the last retained digit i/it makes it an even num- 
ber, otherwise do not. This is called the "round-lo-even" rule. 

EXAMPLE 1-20 Round of the following numbers to three significant digits: 

fa) 10.071 (b) 29.961 (c) 6.3948 (d) 123.52 (e) 122.52 

Solution (a) 10.071 rounds to 10.1. (b) 29.961 rounds to 30.0. 

(c) 6.3948 rounds to 6.39. (d) 123.52 rounds to 124. 

(e) 122.52 round to 122. 

ReLili'd Problem Round 3.2850 to three significant digits using the round-lo-even rule. 

In most electrical and electronics work, components have tolerances greater than 1% 
(5% and 10% are common). Most measuring instruments have accuracy specifications bel- 
ter than this, but it is unusual for measurements to be made with higher accuracy than 1 part 
in 1000. For this reason, three significant digits are appropriate for numbers that represent 
measured quantities in all but the most exacting work. If you arc working with a problem 
with several intermediate results, keep all digits in your calculator, but round the answers 
to three when reporting a result. 

SECTION 1-S 1. What is the rule for showing zeros to the right of the decimal point? 
CHECKUP 2. What is the round-lo-even rule? 

3. On schematics, you will frequently see a 1000 fl resistor listed as 1.0 kfl. What does 
this imply about the value of the resistor? 

4. If a power supply is required to be set to 10.00 V, what does this imply about the ac- 
curacy needed for the measuring instrument? 

5. How can scientific or engineering notation be used to show the correct number of sig- 
nificant digits in a measurement? 

SUMMARY  

♦ SI is an abbreviation for Le Systeme International d'Unitds and is a standardized system of units. 
♦ A fundamental unit is an SI unit from which other SI units arc derived. There are seven funda- 

mental units. 
♦ Scientific notation is a method for representing very large and very small numbers as a number 

between one and ten (one digit to left of decimal point) limes a power of ten. 
♦ flngineering notation is a form of scientific notation in which quantities are represented with one. 

two. or three digits to the left of the decimal point limes a power of ten that is a multiple of three. 
♦ Metric prefixes represent powers of ten in numbers expressed in engineering notation. 
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♦ The uncertainly of a measured quantity depends on the accuracy and precision of the measure- 
ment. 

♦ The number of significant digits in the result of a mathematical operation should never exceed the 
significant digits in the original numbers. 

KEY TERMS These key terms are also defined in the end-of-book glossary. 

Accuracy An indication of the range of error in a measurement. 
Engineering notation A system for representing any number as a one-, two-, or three-digit num- 
ber times a power of ten with an exponent that is a multiple of 3. 
Error The difference between the true or best-accepted value of some quantity and the measured 
value. 
Exponent The number to which a base number is raised. 
Metric prefix An affix that represents a power-of-len number expressed in engineering notation. 
Power of ten A numerical representation consisting of a base of 10 and an exponent; the number 
10 raised to a power. 
Precision A measure of (he repeatability (or eonsistcney) of a scries of measurements. 
Round off The process of dropping one or more digits to the right of the last significant digit in a 
number. 
Scientific notation A system for representing any number as a number between I and 10 times an 
appropriate power of ten. 
SI Standardized internationalized system of units used for all engineering and scientific work; ab- 
breviation for French Le Sysleme International d'Unites. 
Significant digit A digit known to be correct in a number 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 

1. The number 3300 is written as 3.3 X I03 in both scientific and engineering notation. 
2. A negative number that is expressed in scientific notation will always have a negative exponent. 
3. When you multiply two numbers written in scientific notation, the exponents need to be the same. 
4. When you divide two numbers written in scientific notation, the exponent of the denominator 

is subtracted from the exponent of the numerator. 
5. The metric prefix micro has an equivalent power of ten equal to l()6. 
6. To express 56 X I()6 with a metric prefix, the result is 56 M. 
7. 0.047 /xF is equal to 47 nF. 
8. The number of significant digits in the number 0.0102 is three. 
9. When you apply the round-to-even rule to round off 26.25 to three digits, the result is 26.3. 

10. In general, three significant digits are appropriate for most measured quantities. 

SELF-TEST Answers are at the end of the chapter. 

1. Which of the following is not an electrical quantity? 
(a) current (b) voltage (c) lime (d) power 

2. The unit of current is 
(a) volt (b) watt (c) ampere (d) joule 

3. The unit of voltage is 
(a) ohm (b) watt (c) volt (d) farad 

4. The unit of resistance is 
(a) ampere (b) henry (c) hertz (d) ohm 
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5. Hertz is the unit of 
(a) power (b) inductance (c) frequency (d| lime 

6. 15.000 W is the same as 
(a) 15 mW (b) 15 kW (c) 15 MW (d) 15 /AV 

1. The quantity 4.7 X 103 is the same as 
(a) 470 (b) 4700 (c| 47,000 (d) 0.0047 

8. The quantity 56 X I0~3 is the same as 
(a) 0.056 (b) 0.560 (c) 560 (d) 56,000 

9. The number 3,300,000 can be expressed in engineering notation as 
(a) 3300 X 103 (b) 3.3 X K)"6 (c) 3.3 X 106 (d) either answer (a) or (c) 

10. Ten milliamperes can be expressed as 
(a) 10 MA (b) 10 p.A (c) iOkA (d) 10 mA 

11. Five thousand volts can be expressed as 
(a) 5000 V (b) 5 MV (c) 5 kV (d) either answer (a) or (c) 

12. Twenty million ohms can be expressed as 
(a) 20 mU (b) 20 MW (c) 20 MQ (d) 20/xll 

13. The number of significant digits in 0.1050 is 
(a) two (b) three (c) four (d) five 

PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 1-2 Scientific Notation 
1. Express each of the following numbers in scientific notation: 

(a) 3000 (b) 75,000 (c) 2,000,000 
2. Express each fractional number in scientific notation: 

(a) 1/500 (b) 1/2000 (c) 1/5.000.000 
3. Express each of the following numbers in scientific notation: 

(a) 8400 (b) 99.000 (c) 0.2 X I06 

4. Express each of the following numbers in scientific notation: 
(a) 0.0002 (b) 0.6 (c) 7.8 X 10-2 

5. Express each of the following numbers in scientific notation: 
(a) 32 X 103 (b) 6800 X 10"6 (c) 870 X 10s 

6. Express each of the following as a regular decimal number: 
(a) 2 X 105 (b) 5.4 X 10"9 (c) 1.0 X 101 

7. Express each of the following as a regular decimal number: 
(a) 2,5 X 10"" (b) 5.0 X 102 (c) 3.9 X 10"' 

8. Express each number in regular decimal form: 
(a) 4.5 X 10"" (b) 8 X 10"'' (c) 4.0 X I0"12 

9. Add the following numbers: 
(a) (9.2 x I06) + (3.4 X I07) (b) (5 X 103) + (8.5 X 10"') 
(c) (5.6 X I0"8) + (4.6 X 10"'') 

10. Perform the following subtractions: 
(a) (3.2 x I012) - (I.I X 1012) (bl (2.6 X I08) - (1.3 x I07) 
(c) <1.5 x I0"12) - (8 X I0"13) 

11. Perform the following multiplications: 
(a) (5 X I03)(4 X I05) (b) (1.2 X IOl2)(3 X I02) 
(c) (2.2 X 10~y)(7 X It)"6) 
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12. Divide the following: 
(a) (1.0 X 103) -i- (2.5 x id2) (b) (2.5 X I0"6) - (5.0 X 10"s) 
(c) (4.2 X lO8) h- (2 X I0~5) 

13. Perform the indicated operations: 
(a) (8 X I04 + 4 X I03) ^ 2 X I02 (b) (3 X 107)(5 X 105) - 9 X I012 

(c) (2.2 X I02 -r 1.1 X I02)(5.5 X I04) 

SECTION 1-3 Engineering Notation and Metric Prefixes 
14. List the powers often used in engineering notation. 
15. Express each of the following numbers in engineering notation: 

(a) 89,000 (h) 450.000 (c) 12.040.000.000.000 
16. Express each number in engineering notation: 

(a) 2.35 X I05 (b) 7.32 X I07 (c) 1.333 X 109 

17. Express each number in engineering notation: 
(a) 0.000345 (b) 0.025 (c) 0.00000000129 

18. Express each number in engineering notation: 
(a) 9.81 X KT3 (b) 4.82 X I0"4 (c) 4.38 X KT7 

19. Add the following numbers and express each result in engineering notation: 
(a) <2.5 X 10"3) + <4.6 X KT3) (b) (68 X 106) + (33 X I06) 
(c) (1.25 X 106) + (250 X I03) 

20. Multiply the following numbers and express each result in engineering notation: 
(a) (32 X 10_3)(56 X I03) (b) (1.2 X 10"fi)(l.2 x I0"6) 
(c) 100(55 X I0~3) 

21. Divide (he following numbers and express caeh result in engineering noialion: 
(a) 50 -i- (2,2 X I03) (b) (5 X 103) + (25 X 10~6) 
(c) 560 X 10' -h (660 x 103) 

22. Express each number in Problem 15 in ohms using a metric prefix. 
23. Express each number in Problem 17 in amperes using a metric prefix. 
24. Express each of the following as a quantity having a metric prefix: 

(a) 31 X I0"3A (b) 5.5 X I03V (c) 20 X I0~12F 
25. Express the following using metric prefixes: 

(a) 3 X Kr'T (b) 3.3 X I06n (c) 350 X lO^A 
26. Express the following using metric prefixes: 

(a) 2.5 X 10~12A (b) 8 X 109Hz (c) 4.7 X lO'fl 
27. Express each quantity by converting the metric prefix to a power-of-10: 

(a) 7.5 pA (b) 3.3 GHz (c) 280 nW 
28. Express each quantity in engineering notation: 

(a) 5/aA (b) 43 mV (c) 275 kii (d) 10 MW 

SECTION 1-4 Metric Unit Conversions 
29. Perform the indicated conversions: 

(a) 5 mA to microamperes (b) 3200 /xW to milliwatts 
(c) 5000 kV to megavolts (d) 10 MW to kilowatts 

30. Determine the following: 
(a) The number of microamperes in 1 milliampere 
(b) The number of millivolts in 0.05 kilovoll 
(c) The number of megohms in 0.02 kilohm 
(d) The number of kilowatts in 155 milliwatts 
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31. Add the following quanlities;: 
(a) 50mA + 680M (h) 120 k(l + 2.2 Mil (c) 0,02,,.r + 3300 pF 

32. Do the following operations: 
(a) lOkil ^ (2.2kil + lOkfl) (b) 250mV -r- 5(1 /iV (c) 1 MW -r- 2kW 

SECTION 1-S Measured Numbers 
33. How many significant digits are in each of the following numbers: 

(a) 1.00 X I0} (b) 0.0057 (c) 1502.0 
(d) 0.000036 (e) 0.105 (0 2.6 X I02 

34. Round each of the following numbers to three significant digits. Use the "round-lo~even" rule, 
(a) 50,505 (b) 220.45 (c) 4646 
(d) 10.99 (e) 1.005 

ANSWERS 

SECTION 1-1 

SECTION 1-2 

SECTION CHECKUPS 

Units of Measurement 
1. Fundamental units define derived units. 
2. Ampere 
3. SI is the abbreviation for Syslfcme International. 
4. Refer to Table I -3 after you have compiled your list of electrical quantities. 
5. Refer to Table I -4 after you have compiled your list of magnetic quantities. 

Scientific Notation 
1. True 
2. I02 

3. (a) 4.35 X I03 (b) 1.201 X I04 (c) 2.9 X 107 

4. (a) 7.6 X 10 (b) 2.5 X 10 (c) 5.97 X 10 
S. (a) 3 X 105 (b) 6 X lO10 (c) 2 X I01 (d) 2.37 X 10 6 

SECTION 1-3 Engineering Notation and Metric Prefixes 
1. (a) 5.6 X 11)"3 (b) 28.3 X 10-9 (c) 950 X I03 (d) 375 X 109 

2. Mega (M). kilo (k). milli (m), micro (fx), nano (n). and pico (p) 
3. 1 fxA (one microampere) 
4. 250 kW (250 kilowatts) 

SECTION 1-4 Metric Unit Conversions 
1. 0.01 MV = 10 kV 
2. 250.000 pA = 0.00025 mA 
3. 0.05 MW + 75 kW = 50 kW + 75 kW = 125 kW 
4. 50 mV + 25,000 MV = 50 mV + 25 mV = 75 mV 

SECTION 1-5 Measured Numbers 
1. Zeros should be retained only if they are significant because if they are shown, they are consid- 

ered significant. 
2. If the digit dropped is 5. increase the last retained digit if it makes it even, otherwise do not. 
3. A zero to the right of the decimal point implies that the resistor is accurate to the nearest 10012 

(0.1 kQ). 
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4. The inslmmenl must be accurate to four significant digits. 
5. Scientific and engineering notation can show any number of digits to the right of a decimal. 

Numbers to the right of the decimal are always considered significant. 

RELATED PROBLEMS FOR EXAMPLES 
I-l 4.75 X I03 

1-2 7.38 X I ir3 

1-3 9120 
1-4 5.81 X 104 

1-5 1.85 X 10"5 

1-6 4.8 X 103 

1-7 4 X I04 

1-8 36 X I09 

1-9 5.6 X 10"12 

1-10 (a) 56 MSI (b) 470 
1-11 1000 
1-12 I mV 
1-13 0.893 /iA 
1-14 0.01 /JF 
1-15 2200 pF 
1-16 0.0022 MS2 
1-17 2883 mA 
1-18 10.0 X I03 

I—19 The number 10 has two significam digils; the number 10.0 has three. 
1-20 3.28 

TRUE/FALSE QUIZ 
1. T 2. F 3. F 4. T 5. F 
6. T 7. T 8. T 9. F 10. T 

SELF-TEST 
1. (c) 2. (c) 
8. (a) 9. (d) 

3. (c) 4. (d) 5. (c) 6. (b) 7. (b) 
10. (d) II. <d) 12. (c) 13. (c) 



CHAPTER OUTLINE 

Atomic Structure 
Electrical Charge 
Voltage 
Current 
Resistance 
The Electric Circuit 
Basic Circuit Measurements 
Electrical Safety 
Application Activity 

CHAPTER OBJECTIVES 

♦ Describe the basic structure of atoms 
♦ Explain the concept of electrical charge 
♦ Define voltage and discuss its characteristics 
♦ Define current and discuss its characteristics 

Define resistance and discuss its characteristics 
I Describe a basic electric circuit 
Make basic circuit measurements 
Recognize electrical hazards and practice proper safely 
procedures 

Voltage, Current, 

and Resistance 

KEY TERMS 

I 

♦ Ohm 
♦ Conductance 
♦ Siemens 

Atom 
Electron 
Free electron 
Conductor 
Semiconductor 
Insulator 
Charge 
Coulomb's law 
Coulomb 
Voltage 
Volt 
Voltage source 
Power supply 
Current 
Ampere 
Current source 
Resistance 

♦ Resistor 
♦ Potentiometer 
♦ Rheostat 
♦ Circuit 
♦ Load 
♦ Closed circuit 
♦ Open circuit 
♦ AWG 
♦ Ground 
♦ Voltmeter 
♦ Ammeter 
♦ Ohmmeter 
♦ DMM 
♦ Electrical shock 

V 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will see how the theory pre- 
sented in this chapter is applied to a practical circuit that 
simulates part of a car's instrument panel lighting system. 
An automobile's lights are examples of simple types of elec- 
tric circuits. When you turn on the headlights and taillights, 
you are connecting the lamps to the battery, which provides 
the voltage and produces current through each lamp. The 
current causes the lamps to emit light. The lamps themselves 
have resistance that limits the amount of current. The instru- 
ment panel lamp in most cars can be adjusted for bright- 
ness. By turning a knob, you change the resistance in the 
circuit, thereby causing the current to change. The amount 
of current through the lamp determines its brightness. 

VST THE COMPAN ON WEBS TE 

Study aids for this chapter are available at 
http;//www.prenhall.com/floyd 

INTRODUCTION 

The theoretical concepts of electrical current, voltage, and 
resistance are introduced in this chapter. You will learn how 
to express each of these quantities in the proper units and 
how each quantity is measured. The essential elements that 
form a basic electric circuit and how they are put together 
are covered. 

Types of devices that generate voltage and current are in- 
troduced. Also, you will see a variety of components that are 
used to introduce resistance into electric circuits. The opera- 
tion of protective devices such as fuses and circuit breakers 
arc discussed, and mechanical switches commonly used in 
electric circuits are introduced. You will learn how to control 
and measure voltage, current, and resistance using labora- 
tory instruments. 

Voltage is essential in any kind of electric circuit. Voltage 
is the potential energy of electrical charge required to make 
the circuit work. Current is also necessary for electric cir- 
cuits to operate, but it takes voltage to produce the current. 
Current is the movement of electrons through a circuit. 
Resistance in a circuit limits the amount of current. A water 
system can be used as an analogy for a simple circuit. Volt- 
age can be considered analogous to the pressure required 
to force water through the pipes. Current through wires 
can be thought of as analogous to the water moving 
through the pipes. Resistance can be thought of as analo- 
gous to the restriction on the water flow produced by 
adjusting a valve. 
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0 2-1 Atomic Structure 
All matter is made of atoms; and all atoms consist of electrons, protons, and neutrons. 
In this section, you will learn about the structure of an atom, including electron shells 
and orbits, valence electrons, ions, and energy levels. The configuration of certain 
electrons in an atom is the key factor in determining how well a given conductive or 
semiconductive material conducts electric current. 
After completing this section, you should be able to 
♦ Describe the basic structure of atoms 

♦ Define nucleus, proton, neutron, and electron 
♦ Define atomic number 
♦ Define shell 
♦ Explain what a valence electron is 
♦ Describe ionizalion 
♦ Explain what a free electron is 
♦ Define conductor, semiconductor, and insulator 

An atom is the smallest particle of an element that retains the characteristics of that ele- 
ment. Each of the known 110 elements has atoms that are different from the atoms of all other 
elements. This gives each element a unique atomic structure. According to the classic Bohr 
model, an atom is visualized as having a planetary type of structure that consists of a central 
nucleus surrounded by orbiting electrons, as illustrated in Figure 2-1. The nucleus consists 
of positively charged particles called protons and uncharged particles called neutrons. The 
basic particles of negative charge arc called electrons, which orbit the nucleus. 

A FIGURE 2-1  
The Bohr model of an atom showing electrons in circular orbits around the nucleus. The "tails" on 
the electrons indicate they are in motion. 

Q Electron ® Proton Q Neutron 

^ This icon indicates selected websites for furiher information on topics in Ibis section. See the Companion 
Website provided with this text. 
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Each type of atom has a certain number of protons that distinguishes it from the atoms 
of all other elements. For example, the simplest atom is that of hydrogen, which has one 
proton and one electron, as pictured in Figure 2-2(a). As another example, the helium 
atom, shown in Figure 2-2(b), has two protons and two neutrons in the nucleus and two 
electrons orbiting the nucleus. 

Nucleus 
9 

Klectron 
'»< 

(a) Hydrogen atom 

Nucleus 

-7 

Electron ** 

(b) Helium atom 

FIGURE 2-2 
The two simplest atoms, hydrogen and helium. 

Atomic Number 

AH elements are arranged in the periodic table of the elements in order according to their 
atomic number. The atomic number equals the number of protons in the nucleus. For ex- 
ample, hydrogen has an atomic number of 1 and helium has an atomic number of 2. In their 
normal (or neutral) state, all atoms of a given element have the same number of electrons 
as protons; the positive charges cancel the negative charges, and the atom has a net charge 
of zero, making it electrically balanced. 

Shells, Orbits, and Energy Levels 

As you have seen in the Bohr model, electrons orbit the nucleus of an atom at certain dis- 
tances from the nucleus and arc restricted to these specific orbits. Each orbit corresponds 
to a different energy level within the atom known as a shell. The shells are designated 1,2,3, 
and so on, with I being closest to the nucleus. Electrons further from the nucleus arc at 
higher energy levels. 

The line spcctrums of hydrogen from the Bohr model of the atom shows that the elec- 
trons can only absorb or emit a specific amount of energy that represents the exact differ- 
ence between the levels. Figure 2-3 shows the energy levels within the hydrogen atom. The 

FIGURE 2-3 
Energy levels in hydrogen. 

Energy 

lonizalion 

w = 3 

n = 2 

Ground stale, n = I 
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lowest level (n = I) is called the ground suite and represents the most stable atom with a 
single electron in the first shell. If this electron acquires a specific amount of energy by ab- 
sorbing a photon, it can be raised to one of the higher energy levels. In this higher slate, it 
can emit a photon with exactly the same energy and return to the ground state. Transitions 
between the levels account for various phenomena we see in electronics, such as the color 
of light from a light-emitting diode. 

After Bohr's work, Erin Schrocdingcr (1887-1961) proposed a mathematical theory for 
the atom that explained more complicated atoms. He suggested that the electron has a 
wavelike property, and he considered the simplest case as having a three-dimensional 
standing wave pattern due to vibrations. Schroedinger theorized the standing wave of an 
electron with a spherical shape could have only certain wavelengths. This wave-mechanics 
model of the atom gave the same equation for the electron energy in hydrogen as Bohr's 
model, but in the wave-mechanics model, more complicated atoms could be explained by 
involving shapes other than spheres and adding a designation for the orientation of a given 
shape within the atom. In both models, electrons near the nucleus have less energy than 
those further out, which was the basic concept of the energy levels. 

The idea of discrete energy levels within the atom is still a foundation for understanding 
the atom, and the wave-mechanics model has been very successful at predicting the energy 
levels for various atoms. The wave-mechanics model of the atom used the shell number, 
called the principal quantum number, in the energy equation. Three other quantum num- 
bers describe each electron within the atom. All electrons in an atom have a unique set of 
quantum numbers. 

When an atom is part of a large group, as in a crystal, the discrete energy levels broaden 
into energy bands, which is an important idea in solid-slate electronics. The bands also dif- 
ferentiate between conductors, semiconductors, and insulators. 

Valence Electrons 

Electrons that arc in orbits farther from the nucleus have higher energy and arc less tightly 
bound to the atom than those closer to the nucleus. This is because the force of attraction 
between the positively charged nucleus and the negatively charged electron decreases with 
increasing distance from the nucleus. Electrons with the highest energy levels exist in the 
outermost shell of an atom and are relatively loosely bound to the atom. This outermost 
shell is known as the valence shell, and electrons in this shell are called valence electrons. 
These valence electrons contribute to chemical reactions and bonding within the structure 
of a material, and they determine the material's electrical properties. 

Energy Levels and lonization Energy 

If an electron absorbs a photon with sufficient energy, it escapes from the atom and be- 
comes a free electron. This is indicated by the lonization energy level in Figure 2-3. Any 
lime an atom or group of atoms is left with a net charge, it is called an ion. When an elec- 
tron escapes from the neutral hydrogen atom (designated H), the atom is left with a net pos- 
itive charge and becomes a positive ion (designated H ). In other cases, an atom or group 
of atoms can acquire an electron, in which case it is called a negative ion. 

The Copper Atom 

Copper is the most commonly used metal in electrical applications. The copper atom has 
29 electrons that orbit the nucleus in four shells. The number of electrons in each shell fol- 
lows a predictable pattern according to the formula, 2N2, where N is the number of the 
shell. The first shell of any atom can have up to two electrons, the second shell up to eight 
electrons, the third shell up to 18 electrons, and the fourth shell up to 32 electrons. 

A copper atom is represented in Figure 2-4. Notice that the fourth or outermost shell, 
the valence shell, has only one valence electron. The inner shells are called the core. When 
the valence electron in the outer shell of the copper atom gains sufficient thermal energy, it 
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FIGURE 2-4 Valence electron 
The copper atom. 

Core (+1) 

can break away from the parent atom and become a free electron. In a piece of copper at 
room temperature, a "sea" of these free electrons is present. These electrons are not bound 
to a given atom but are free to move in the copper material. Free electrons make copper an 
excellent conductor and make electrical current possible. 

Categories of Materials 

Three categories of materials are used in electronics: conductors, semiconductors, and 
insulators. 
Conductors Conductors are materials that readily allow current. They have a large 
number of free electrons and are characterized by one to three valence electrons in their 
structure. Most metals are good conductors. Silver is the best conductor, and copper is next. 
Copper is the most widely used conductive material because it is less expensive than silver. 
Copper wire is commonly used as a conductor in electric circuits. 
Semiconductors Semiconductors are classed below the conductors in their ability to 
carry current because they have fewer free electrons than do conductors. Semiconductors 
have four valence electrons in their atomic structures. However, because of their unique 
characteristics, certain semiconductor materials are the basis for electronic devices such as 
the diode, transistor, and integrated circuit. Silicon and germanium are common semicon- 
duclive materials. 
Insulators Insulators are nonmetallic materials that are poor conductors of electric cur- 
rent; they are used to prevent current where it is not wanted. Insulators have no free elec- 
trons in their structure. The valence electrons are bound to the nucleus and not considered 
"free." Most practical insulators used in electrical and electronic applications arc com- 
pounds such as glass, porcelain, teflon, and polyethylene, to name a few. 

4. Define atomic number. 
5. Do all elements have the same types of atoms? 
6. What is a free electron? 
7. What is a shell in the atomic structure? 
8. Name two conductive materials. 

SECTION 2-1 
CHECKUP 
Answers ate at the end of the 
chapter. 

1. What is the basic particle of negative charge? 
2. Define atom. 
3. What does an atom consist of? 
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2-2 Electrical Charge  

As you know, an eleclron is the smallest particle that exhibits negative electrical charge. 
When an excess of electrons exists in a material, there is a net negative electrical 
charge. When a deficiency of electrons exists, there is a net positive electrical charge. 

After completing this section, you should be able to 

♦ Kxplain the concept of electrical charge 

• Name the unit of charge 

• Name the types of charge 

• Discuss attractive and repulsive forces 

• Determine the amount of charge on a given number of electrons 

The charge of an electron and that of a proton are equal in magnitude. Electrical charge 
is an electrical properly of matter that exists because of an excess or deficiency of electrons. 
Charge is symbolized by the letter Q. Static electricity is the presence of a net positive or 
negative charge in a material. Everyone has experienced the effects of static electricity 
from time to time, for example, when attempting to touch a metal surface or another per- 
son or when the clothes in a dryer cling together. 

Materials with charges of opposite polarity arc attracted to each other, and materials 
with charges of the same polarity are repelled, as indicated in Figure 2-5. A force acts be- 
tween charges, as evidenced by the attraction or repulsion. This force, called an electric 
field, is represented by imaginary lines, as represented in Figure 2-6. 

Force, F 

(a) Uncharged: 
no force 

FIGURE 2-5 
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Attraction and repulsion of electrical charges. 

+ 

-±1 
+ <£> 
t' & 

Lines of force 
Q Q 
Q 

© ^ 
&Q 

FIGURE 2-6 
Electric field between two oppositely 
charged surfaces as represented by 
lines of force. 

Coulomb's law stales 

A force (F) exists between two point-source charges (QuQi) that is directly pro- 
portional to the product of the two charges and inversely proportional to the 
square of the distance (d) between the charges. 

Coulomb: The Unit of Charge 

Electrical charge (Q) is measured in coulombs, symbolized by C. 

One coulomb is the total charge possessed by 6.25 X 11118 electrons. 

HISTORY NOTE 

Charles (This ilem . . .. 
omitted from 
WebBook edition) Cou lom b, 

1736-1806 

Coulomb, a Frencbman, spent 
many years as a military engineer. 
When bad health forced him to 
retire, he devoted his lime to 
scientific research. He is best 
known for his work on electricity 
and magnetism due to his 
development of the inverse square 
law for the force between two 
charges. The unit of electrical 
charge is named in his honor. 
(Photo credit: Courtesy of the 
Smithsonian Institution. Photo 
number 52,597.) 
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A single electron has a charge of 1.6 X 10 19 C. The total charge Q, expressed in 
coulombs, tor a given number of electrons is staled in the following formula: 

number of electrons 
Equation 2-1 Q = rn  

6.25 X 10 electrons/C 

Positive and Negative Charge 

Consider a neutral atom—that is, one that has the same number of electrons and protons 
and thus has no net charge. As you know, when a valence electron is pulled away from the 
atom by the application of energy, the atom is left with a net positive charge (more protons 
than electrons) and becomes a positive ion. If an atom acquires an extra electron in its outer 
shell, it has a net negative charge and becomes a negative ion. 

The amount of energy required to free a valence electron is related to the number of 
electrons in the outer shell. An atom can have up to eight valence electrons. The more com- 
plete the outer shell, the more stable the atom and thus the more energy is required to re- 
move an electron. Figure 2-7 illustrates the creation of a positive ion and a negative ion 
when a hydrogen atom gives up its single valence electron to a chlorine atom, forming 
gaseous hydrogen chloride (HCI). When the gaseous HCI is dissolved in water, hydrochloric 
acid is formed. 

FIGURE 2-7 -9, 
Example of the formation of positive 
and negative ions. 
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Hydrogen atom Chlorine atom 
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<b) The atoms combine by sharing the 
valence electron to form gaseous 
hydrogen chloride (HCI). 

-i-— 

K jB ■---'O/ 

Positive hydrogen ion Negative chloride ion 
(1 proton, no electrons) (17 protons. 18 electrons) 

(c) When dissolved in water, hydrogen chloride gas separates into positive hydrogen ions 
and negative chloride ions. The chlorine atom retains the electron given up by the 
hydrogen atom forming both positive and negative ions in the same solution. 

EXAMPLE 2-1 

Solution 

Related Problem' 

How many coulombs do 93.8 X 1016 electrons represent? 

_ number of electrons _ 93.8 x 1016 electrons 
6.25 x ID18clcctrons/C 6.25 x IOl8clcctrons/C 

How many electrons does it lake to have 3 C of charge? 

♦Answers are at the end of the chapter. 
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SECTION 2-2 1. What is the symbol for charge? 
CHECKUP 2. What is the unit of charge, and what is the unit symbol? 

3. What causes positive and negative charge? 
4. How much charge, in coulombs, isthereinIO x 1012 electrons? 

2-3 Voltage  

As you have seen, a force of attraction exists between a positive and a negative charge. 
A certain amount of energy must be exerted, in the form of work, to overcome the force 
and move the charges a given distance apart. All opposite charges possess a certain po- 
tential energy because of the separation between them. The difference in potential energy 
per charge is the potential difference or voltage. Voltage is the driving force, sometimes 
called electromotive force or emf, in electric circuits and is what establishes current. 
After completing this section, you should be able to 
♦ Define voltage and discuss its characteristics 

♦ State the formula for voltage 
♦ Name and define the unit of voltage 
♦ Describe the basic sources of voltage 

Voltage, symbolized by V, is defined as energy or work per unit charge. 

IV 
V = — Equation 2-2 

where V is voltage in volts (V), VV is energy in joules (J), and Q is charge in coulombs (C). 
Some sources use E instead of V to symbolize voltage, but V is used throughout this text. 

As an analogy, consider a water lank that is supported several feet above the ground. A 
given amount of energy must be exerted in the form of work to pump water up to fill the 
lank. Once the water is stored in the tank, it has a certain potential energy which, if re- 
leased, can be used to perform work. 

The Volt 

The unit of voltage is the volt, symbolized by V. 

One volt is the potential difference (voltage) between two points when one joule of 
energy is used to move one coulomb of charge from one point to the other. 

HISTORY NOTE 

Alessandro 
Volta 
1745-1827 

Volta, an Italian. Invented a device 
to generate static electricity and he 
also discovered methane gas. Volta 
investigated reactions between 
dissimilar metals and developed 
the first ballety in 1800. Electrical 
potential, more commonly known 
as voltage, and the unit of voltage, 
the volt, are named in his honor. 
(Photo credit: AIP Emilio Segre 
Visual Archives, Lande Collection.) 

EXAMPLE 2-2 If 50 J of energy are required to move 10 C of charge, what is the voltage? 

. , ■ „ w 50 J Solution V = — = —— = 5 V 
Q IOC 

HeLiled Problem How much energy is required to move 50 C from one point to another when the 
voltage between the two points is 12 V? 
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The Voltage Source 

A voltage source provides electrical energy or electromotive force (emf), more commonly 
known as voltage. Voltage is produced by means of chemical energy, light energy, and 
magnetic energy combined with mechanical motion. 

The Ideal Voltage Source An ideal voltage source can provide a constant voltage for 
any current required by a circuit. The ideal voltage source docs not exist but can be closely 
approximated in practice. For purposes of analysis the ideal source is assumed unless oth- 
erwise specified. 

Voltage sources can be either dc or ac, A common symbol for a dc voltage source is 
shown in Figure 2-8(a) and one for an ac voltage source is shown in part (b). AC voltage 
sources will be used later in the book. 

FIGURE 3-8 
Symbols for voltage sources. 

"T 
(a) DC voltage source (h) AC voltage source 

A graph showing voltage versus current for an ideal dc voltage source is illustrated in 
Figure 2-9. As you can see, the voltage is constant for any current (within limits) from the 
source. For a practical voltage source connected in a circuit, the voltage decreases slightly 
as the current increases, as shown by the dashed curve. Current is always drawn from a 
voltage source when a load such as a resistance is connected to it. 

FIGURE 2-9 
Voltage source graph. 

Ideally, voltage is 
constant for all currents. 

Practical 

Types of DC Voltage Sources 

Batteries A battery is a type of voltage source that converts chemical energy directly 
into electrical energy. As you know, work (or energy) per charge is the basic unit for volt- 
age, and a battery adds energy to each unit of charge. It is something of a misnomer to talk 
about "charging a battery" because a battery docs not store charge but rather stores chemi- 
cal potential energy. All batteries use a specific type of chemical reaction called an 
oxidation-reduction reaction. In this type of reaction, electrons arc transferred from one rc- 
actant to the other. If the chemicals used in the reaction are separated, it is possible to cause 
the electrons to travel in the external circuit, creating current. As long as there is an exter- 
nal path for the electrons, the reaction can proceed, and stored chemical energy is converted 
to electrical current. If the path is broken, the reaction slops and the battery is said to be in 
equilibrium. In a battery, the terminal that supplies electrons has a surplus of electrons and 
is the negative electrode or anode. The electrode that acquires electrons has a positive 
potential and is the cathode. 
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A FIGURE 2-10 
A copper-zinc battery. The reaction can only occur if an external path is provided for the electrons. 
As the reaction proceeds, the Zn anode is eaten away and Cu 
copper metal on the cathode. 

ions combine with electrons to form 

Figure 2-10 shows a nonrechargeable single-cell copper-zinc battery that we will use 
for illustration of battery operation. The copper-zinc cell is simple to construct and illus- 
trates concepts common to all nonreehargeable batteries. A zinc electrode and a copper elec- 
trode are immersed in solutions of zinc sulfate (ZnSOjl and copper sulfate (CUSO4), which 
are separated by a salt bridge that prevents the Cu21 ions from reacting directly with the Zn 
metal. The zinc metal electrode supplies Zn2+ ions to the solution and electrons to the exter- 
nal circuit, so this electrode is constantly eaten away as the reaction proceeds. The salt bridge 
allows ions to pass through it to maintain charge balance in the cell. There arc no free elec- 
trons in the solutions, so an external path for electrons is provided through an ammeter (in our 
case) or other load. On the cathode side, the electrons that were given up by the zinc combine 
with copper ions from the solution to form copper metal, which deposits on the copper elec- 
trode. The chemical reactions (shown in the diagram) occur at the electrode. Different types 
of batteries have different reactions, but all involve transfer of electrons in the external circuit. 

A single cell will have a certain fixed voltage. In the copper-zinc cell, the voltage is I.I V. 
In a lead-acid cell, the kind used in car batteries, a potential difference of about 2.1 V is be- 
tween the anode and cathode. The voltage of any cell depends on the cell chemistry. Nickel- 
cadmium cells are about 1.2 V and lithium cells can be as high as almost 4 V. Cell chemistry 
also determines the shelf life and discharge characteristics for a battery. For example, a lithium- 
MnCH battery typically has five times the shelf life of a comparable carbon-zinc battery. 

Although the voltage of a battery cell is fixed by its chemistry, the capacity is variable 
and depends on the quantity of materials in the cell. Essentially, the capacity of a cell is the 
number of electrons that can be obtained from it and is measured by the amount of current 
that can be supplied over time. 

Batteries normally consist of multiple cells that are electrically connected together in- 
ternally. The way that the cells arc connected and the type of cells determine the voltage 
and current capacity of the battery. If the positive electrode of one cell is connected to the 
negative electrode of the next and so on, as illustrated in Figure 2-11(a). the battery volt- 
age is the sum of the individual cell voltages. This is called a series connection. To increase 
battery current capacity, the positive electrodes of several cells are connected together and 
all the negative electrodes are connected together, as illustrated in Figure 2-11(b). This is 
called a parallel connection. Also, by using larger cells, which have a greater quantity of 
material, the ability to supply current can be increased but the voltage is not affected. 

Lead-acid batteries can be 
dangerous because sulfuric acid is 
highly corrosive and battery gases 
(primarily hydrogen) are explosive. 
The acid in the battery can cause 
serious eye damage if it contacts 
the eye and can cause skin burns or 
destroy clothing. You should always 
wear eye protection when working 
on or around batteries and wash 
well after handling batteries. 

When removing a battery from 
service, make sure the switch is 
off. When a cable is removed, a 
spark may be created and ignite 
the explosive battery gases. 

TECH NOTE 

To store a lead-acid battery for an 
extended period, it should be fully 
charged and placed in a cool, dry 
location that is protected from 
freezing or excessive heat. A 
battery will self-discharge over 
time, so it needs to be periodically 
checked and recharged when it is 
less than 70% fully charged. 
Battery manufacturers will have 
specific recommendations for 
storage on their websites. 
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FIGURE 2-11 
Cells connected to form batteries. 

(a) Series-connected cells increase voltage. (b) Parallel-connected cells 
increase ctirrent capacity. 

Batteries are divided into two major classes, primary and secondary. Primary batteries 
are used once and discarded because their chemical reactions are irreversible. Secondary 
batteries can be recharged and reused many limes because they arc characterized by re- 
versible chemical reactions. 

Primary and secondary batteries arc available in a variety of shapes and sizes. Some of 
the sizes that you are most familiar with are AAA, AA, C, D, and 9 V but there are many 
others that arc less common. Batteries arc also typed according to their chemical makeup. 
A few common types of primary and secondary batteries are listed below. 

♦ Alkaline-Mn02 This is a primary battery that is commonly used in palm-type com- 
puters, photographic equipment, toys, radios, and recorders. 

♦ Carbon-zinc This is a primary battery used in flashlights and small appliances. 

♦ Lead-acid This is a secondary (rechargable) battery that is commonly used in au- 
tomotive, marine, and other similar applications. 

♦ Lithium-ion This is a secondary battery that is commonly used in all types of 
portable electronics. This type of battery is increasingly being used in defense, aero- 
space, and automotive applications. 

♦ Lilhium-Mn02 This is a primary battery that is commonly used in photographic 
and electronic equipment, smoke alarms, personal organizers, memory backup, and 
communications equipment. 

♦ Nickel-metal hydride This is a secondary (rechargable) battery that is commonly 
used in portable computers, cell phones, camcorders, and other portable consumer 
electronics. 

♦ Silver oxide This is a primary battery that is commonly used in watches, photo- 
graphic equipment, hearing aids, and electronics requiring high-capacity batteries. 

♦ Zinc air This is a primary battery that is commonly used in hearing aids, medical 
monitoring instruments, pagers, and other frequency-use applications. 

Fuel Cells A fuel cell is a device that converts electrochemical energy into dc voltage di- 
rectly. Fuel cells combine a fuel (usually hydrogen) with an oxidizing agent (usually oxy- 
gen). In the hydrogen fuel cell, hydrogen and oxygen react to form water, which is the only 
by-product. The process is clean, quiet, and more efficient than burning. Fuel cells and bat- 
teries arc similar in that they both arc electrochemical devices that produce electricity 
using an oxidation-reduction reaction. However, a battery is a closed system with all its 
chemicals stored inside, whereas in a fuel cell, the chemicals (hydrogen and oxygen) con- 
stantly flow into the cell where they combine and produce electricity. 

Hydrogen fuel cells arc usually classified by their operating temperature and the type of 
electrolyte they use. Some types work well for use in stationary power generation plants. 
Others may be useful for small portable applications or for powering cars. For example, the 
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A FIGURE 2-12 
Simplified diagram of a fuel cell. 

type that holds the most promise for automotive applications is the polymer exchange 
membrane fuel cell (PEMFC), which is a type of hydrogen fuel cell. A simplified diagram 
is shown in Figure 2-12 to illustrate the basic operation. 

The channels disperse pressurized hydrogen gas and oxygen gas equally over the sur- 
face of the catalyst, which facilitates the reaction of the hydrogen and oxygen. When an Hs 
molecule comes in contact with the platinum catalyst on the anode side of the fuel cell, it 
splits into two H+ ions and two electrons (c~). The hydrogen ions arc passed through the 
polymer electrolyte membrane (PEM) onto the cathode. The electrons pass through the an- 
ode and into the external circuit to create current. 

When an Os molecule comes in contact with the catalyst on the cathode side, it breaks 
apart, forming two oxygen ions. The negative charge of these ions attracts two H+ ions 
through the electrolyte membrane and together they combine with electrons from the ex- 
ternal circuit to form a water molecule (H2O), which is passed from the cell as a by-product. 
In a single fuel cell, this reaction produces only about 0.7 V. To gel higher voltages, multi- 
ple fuel cells are connected in series. 

Current research on fuel cells is ongoing and is focused on developing reliable, smaller, 
and cost-effective components for vehicles and other applications. The conversion to fuel 
cells also requires research on how best to obtain and provide hydrogen fuel where it is 
needed. Potential sources for hydrogen include using solar, geothermal, or wind energy to 
break apart water. Hydrogen can also be obtained by breaking down coal or natural gas 
molecules, which are rich in hydrogen. 

Solar Cells The operation of solar cells is based on the photovoltaic effect, which is 
the process whereby light energy is converted directly into electrical energy. A basic 
solar cell consists of two layers of different types of semiconductive materials joined 
together to form a junction. When one layer is exposed to light, many electrons acquire 
enough energy to break away from their parent atoms and cross the junction. This 
process forms negative ions on one side of the junction and positive ions on the other, and 
thus a potential difference (voltage) is developed. Figure 2-13 shows the construction of 
a basic solar cell. 
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FIGURE 2-13 l.ight — 
Construction of a basic solar cell. Transparem 
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Although solar cells can be used in room light for powering a calculator, research is fo- 
cusing more on converting sunlight to electricity. There is considerable research in in- 
creasing the efficiency of solar cells and photovoltaic (PV) modules today because they are 
a very clean source of energy using sunlight. A complete system for continuous power gen- 
erally requires a battery backup to provide energy when the sun is not shining. Solar cells 
arc well suited for remote locations where energy sources arc unavailable and arc used in 
providing power to satellites. 
DC Generator Electrical generators convert mechanical energy into electrical energy 
using a principle called electromagnetic induction (see Chapter 10). A conductor is rotated 
through a magnetic field, and a voltage is produced across the conductor. A typical gener- 
ator is pictured in Figure 2-14. 

The Electronic Power Supply Electronic power supplies convert the ac voltage from 
a wall outlet to a dc voltage that can be varied over a specified range. Typical laboratory 
power supplies are shown in Figure 2-15. 
Thermocouples The thermocouple is a thermoelectric type of voltage source that is 
commonly used to sense temperature. A thermocouple is formed by the junction of two dis- 
similar metals, and its operation is based on the Secbcek effect that describes the voltage 
generated at the junction of the metals as a function of temperature. 

Standard types of thermocouple are characterized by the specific metals used. These 
standard thermocouples produce predictable output voltages for a range of temperatures. 
The most common is type K, made of chromel and alumel. Other types are also designated 
by letters as E, J, N, B, R, and S. Most thermocouples arc available in wire or probe form. 
Piezoelectric Sensors These sensors act as voltage sources and are based on the piezo- 
electric effect where a voltage is generated when a piezoelectric material is mechanically 

FIGURE 2-14 
Cutaway view of a dc voltage 
generator. 
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FIGURE 2-15 
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deformed by an external force. Quartz and ceramic are two types of piezoelectric material. 
Piezoelectric sensors are used in applications such as pressure sensors, force sensors, ac- 
celerometers, microphones, ultrasonic devices, and many others. 

SECTION 2-3 1. Define voltage. 
CHECKUP 2. What is the unit of voltage? 

3. What is the voltage when 24) of energy are required to move 10 C or charge? 
4. List six sources of voltage. 
5. What types of chemical reaction occurs in both batteries and fuel cells? 

2-4 Current 

Voltage provides energy to electrons, allowing them to move through a circuit. This move- 
ment of electrons is the current, which results in work being done in an electrical circuit. 

After completing this section, you should be able to 

♦ Define current and discuss its characteristics 

♦ Explain the movement of electrons 

♦ State the formula for current 

♦ Name and define the unit of current 
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As you have learned, free electrons are available in all conductive and semiconductive 
materials. These outer-shell electrons drift randomly in all directions, from atom to atom, 
within the structure of the material, as indicated in Figure 2-16. These electrons are loosely 
bound to the positive metal ions in the material, but because of thermal energy, they arc free 
to move about the crystalline structure of the metal. 

FIGURE 2-16 
Random motion of free electrons in 
a material. u 

If a voltage is placed across a conductive or semiconductive material, one end becomes 
positive and the other negative, as indicated in Figure 2-17. The repulsive force produced 
by the negative voltage at the left end causes the free electrons (negative charges) to move 
toward the right. The attractive force produced by the positive voltage at the right end pulls 
the free electrons to the right. The result is a net movement of the free electrons from the 
negative end of the material to the positive end, as shown in Figure 2-17. 

FIGURE 2-17 
Electrons flow from negative to posi- 
tive when a voltage is applied across 
a conductive or semiconductive 
material. 
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Equation 2-3 

H I STO RY NOTE 

Andre Mane 
Ampere 
1775-1836 

In 1820 Ampere, a Frenchman, 
developed a theory of electricity 
and magnetism that was 
fundamental for 19Ih century 
developments in the field. He was 
the first to build an instrument to 
measure charge flow (current). The 
unit of electrical current is named 
in his honor. (Photo credit; AIR 
Emilio Segre Visual Archives.) 

The movement of these free electrons from the negative end of the material to the posi- 
tive end is the electrical current, symbolized by I. 

Electrical current is the rate of flow of charge. 

Current in a conductive material is determined by the number of electrons (amount of 
charge) that flow past a point in a unit of time. 

/=S. 
I 

where / is current in amperes (A), Q is charge in coulombs (C), and l is time in seconds (s). 

One ampere (1 A) is the amount of current that exists when a number of electrons 
having a total charge of one coulomb (1 C) move through a given cross-sectional 
area in one second (1 s). 

See Figure 2-18. Remember, one coulomb is the charge carried by 6.25 X 10IS electrons. 

When a number of electrons having a total charge of I C pass 
through a cross-sectional area in 1 s. there is I A of current. 

FIGURE 2-18 
Illustration of 1 A of current (t C/s) in a material. 
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EXAMPLE 2-3 Ten coulombs of charge flow past a given point in a wire in 2 s. What is the current in 
amperes? 

Solution / = - = = 5 A 
l 2s 

Reined Problem If there are 8 A of current through the filament of a lamp, how many coulombs of 
charge move through the filament in 1.5 s? 

The Current Source 

The Ideal Current Source As you know, an ideal voltage source can provide a constant 
voltage for any load. An ideal current source can provide a constant current in any load. 
Just as in the case of a voltage source, the ideal current source does not exist but can be ap- 
proximated in practice. We will assume ideal unless otherwise specified. 

The symbol for a current source is shown i n Figure 2-19(a). The graph for an ideal current 
source is a horizontal line as illustrated in Figure 2-19(b). This is called the /V characteristic. 
Notice that the current is constant for any voltage across the current source. In a practical cur- 
rent source, the current decreases slightly with voltage, as shown by the dashed line. 

Ideally, current is 
constant for all voltages. 

6 

/ 
Practical 

(a) Symbol 

FIGURE 2-19 

(b) /V characteristic 

The current source. 

Practical Current Sources Power supplies are normally thought of as voltage sources be- 
cause they are the most common type of source in the laboratory. However, current sources are 
another type of energy source. Current sources may be "stand-alone" instruments or may be 
combined with other instruments, such as a voltage source, DMM, or function generator. Ex- 
amples of combination instruments are the source-measurement units shown in Figure 2-20. 

Current sources change the output 
voltage in order to supply a 
constant current to the load. For 
example, a meter calibrator can 
have a different output voltage 
that depends on the meter under 
test. You should never touch the 
leads from a current source; the 
voltage can be high, and a shock 
will result, particularly if the load 
is a high resistance load or the 
load is disconnected when the 
current source is turned on. 

<4 - 

FIGURE 2-20 
Typical source-measurement 
instruments. (Courtesy of Keithley 
instruments). 
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These units can be set up as voltage or current sources and include a built-in DMM, as well as 
other instruments. They arc used primarily for testing transistors and other semiconductors. 

In most transistor circuits, the transistor acts as a current source because part of the /V 
characteristic curve is a horizontal line as shown by the transistor characteristic in Figure 
2-21. The flat part of the graph indicates where the transistor current is constant over a 
range of voltages. The constant-current region is used to form a constant-current source. 

FIGURE 2-21 
Characteristic curve of a transistor 
showing the constant-current region. 

/ (current through 
the transistor) 

Constant-current region - 

■ V (voltage across 
the transistor) 
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1. Define current and state its unit. 
2. How many electrons make up one coulomb of charge? 
3. What is the current in amperes when 20 C flow past a point in a wire in 4 s? 

Resistance 

When there is current through a material, the free electrons move through the material 
and occasionally collide with atoms. These collisions cause the electrons to lose some 
of their energy, and thus their movement is restricted. The more collisions, the more the 
flow of electrons is restricted. This restriction varies and is determined by the type of 
material. The property of a material that restricts the flow of electrons is called 
resistance, designated with an R. 

After completing this section, you should be able to 

♦ Define resistance and discuss its characteristics 
♦ Name and define the unit of resistance 
♦ Describe the basic types of resistors 
♦ Determine resistance value by color code or labeling 

^w- 
FICURE 2-22 

Resistance symbol. 

When there is current through a material, the free electrons move through the material 
and occasionally collide with atoms. These collisions cause the electrons to lose some of 
their energy, thus restricting their movement. The more collisions, the more the flow of 
electrons is restricted. This restriction varies and is determined by the type of material. The 
property of a material to restrict or oppose the flow of electrons is called resistance, R. 

Resistance is the opposition to current. 

Resistance is expressed in ohms, symbolized by the Greek letter omega (11). 
One ohm (1 !l) of resistance exists if there is one ampere (1 A) of current in a ma- 
terial w hen one volt (1 V) is applied across the material. 
The schematic symbol for resistance is shown in Figure 2-22. 
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Conductance The reciprocal of resistance is conductance, symbolized by C. It is a 
measure of the ease with which current is established. The formula is 

G=« 

The unit of conductance is the Siemens, abbreviated S. For example, the conductance of a 
22 kfl resistor is 

Equation 2-4 

G = 
I 

= 45.5 juS 
22 kfl 

The obsolete unit of mho (ohm spelled backwards) was previously used for conductance. 

Resistors 

A component that is specifically designed to have a certain amount of resistance is called a 
resistor. The principal applications of resistors are to limit current in a circuit, to divide 
voltage, and, in certain cases, to generate heal. Although resistors come in many shapes and 
sizes, they can all be placed in one of two main categories: fixed or variable. 

Fixed Resistors Fixed resistors are available with a large selection of resistance values 
that arc set during manufacturing and cannot be changed easily. They arc constructed using 
various methods and materials. Figure 2-23 shows several common types. 

I • il 

(a) Carbon-composition resistors with 
various power ratings 

(b)Melal film chip resistor (c)Chip resistor array 

(d) Resistor network (simm) 

FIGURE 2-23 

(e) Resistor network (surface mount) (f| Radial-lead for PC board 
insertion 

H I S T O R 1 ' NOTE) 

Ceorg Simon 
Ohm 
1787-1854 

Ohm was born in Bavaria and 
struggled for years to gain 
recognition for his work in 
formulating the relationship of 
current, voltage, and resistance. 
This mathematical relationship is 
known today as Ohm's law and the 
unit of resistance is named in his 
honor. (Photo credit; Library of 
Congress, LC-USZ62-40943.) 

H 1 S T 0 R ' f N 0 T E 1 

Ernst Werner 
von Siemens 
1816-1872 

Typical fixed resistors. 

One common fixed resistor is the carbon-composition type, which is made with a mix- 
ture of finely ground carbon, insulating filler, and a resin binder. The ratio of carbon to 
insulating filler sets the resistance value. The mixture is formed into rods, and conductive 
lead connections are made. The entire resistor is then encapsulated in an insulated coat- 
ing for protection. Figure 2-24(a) shows the construction of a typical carbon-composition 
resistor. 

Siemens was bom in Prussia. 
While in prison for acting as a 
second in a duel, he began to 
experiment with chemistry, which 
led to his invention of the first 
electroplating system. In 1837, 
Siemens hegan making 
improvements in the early 
telegraph and contributed greatly 
to the development of telegraphic 
systems. The unit of conductance 
is named in his honor. (Photo 
credit: AIP Emilio Segre Visual 
Archives. E. Scott Barr Collection.) 
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Color bands 
Rcsisiancc material 
(carbon composition) 

Insulated coating 

Leads 

Protective glass 
overcoat 

External electrode (solder) 
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(a) Cutaway view of a carbon-composition resistor 

A FIGURE 2-24 

Ceramic Resistive 
substrate material 

(b) Cutaway view of a liny chip resistor 

Two types of fixed resistors (not to scale). 

The chip resistor is another type of fixed resistor and is in the category of SMT (surface 
mount technology) components. It has the advantage of a very small size for compact as- 
semblies. Figure 2-24(b) shows the construction of a chip resistor. 

Other types of fixed resistors include carbon film, metal film, and wirewound. In film re- 
sistors, a resistive material is deposited evenly onto a high-grade ceramic rod. The resistive 
film may be carbon (carbon film) or nickel chromium (metal film). In these types of resis- 
tors, the desired resistance value is obtained by removing part of the resistive material in a 
helical pattern along the rod using a spiraling technique, as shown in Figure 2-25(a). Very 
close tolerance can be achieved with this method. Film resistors arc also available in the 
form of resistor networks, as shown in Figure 2-25(b). 

FIGURE 2-25 
Construction views of typical film 
resistors. 
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Wirewound resistors arc constructed with resistive wire wound around an insulating rod 
and then sealed. Normally, wirewound resistors are used in applications that require higher 
power ratings. Since they are constructed with a coil of wire, wirewound resistors have sig- 
nificant inductance and are not used at higher frequencies. Some typical wirewound resis- 
tors are shown in Figure 2-26. 

5vv loy p 

FIGURE 2-26 
Typical wirewound power resistors. 



Resistance 39 

Resistor Color Codes Fixed resistors with value tolerances of 5% or 10% are color 
coded with four bands to indicate the resistance value and the tolerance. This color-code 
band system is shown in Figure 2-27, and the color code is listed in Table 2-1. The bands 
are always closer to one end. 

:nJ 
dicit 

FIGURE 2-27 

tsl digii Percent tolerance 
Multiplier 
(Number of zeros 
following 2nd digit) 

Color-code bands on a 4-band 
resistor. 

The color code is read as follows: 

1. Start with the band closest to one end of the resistor. The first band is the first digit 
of the resistance value. If it is not clear which is the banded end, start from the end 
that does not begin with a gold or silver band. 

2. The second band is the second digit of the resistance value. 

3. The third band is the number of zeros following the second digit, or the multiplier. 

4. The fourth band indicates the percent tolerance and is usually gold or silver. 

For example, a 5% tolerance means that the actual resistance value is within ±5% of the 
color-coded value. Thus, a 100 fl resistor with a tolerance of ±5% can have an acceptable 
range of values from a minimum of 95 S! to a maximum of 105 !1. 

^ TABIE 2-1  
Resistor 4-band color code. 

Digit Color 

0 Black 

1 Bmwn 

2 Red 

Resistance value, first three bands: 3 Orange 

First band—1 si digit 4 Yellow 
Second band—2nd digit 

5 Green Third band—multiplier (number of 
zeros following the 2nd digit) 6 Blue 

7 Violet 

8 Gray 

9 White 

±5% Gold 
Fourth band—tolerance 

±10% Silver 
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For resistance values less than 10 !1. the third band is either gold or silver. Gold repre- 
sents a multiplier of 0.1, and silver represents 0.01. For example, a color code of red, violet, 
gold, and silver represents 2.7 U with a tolerance of ±10%. A table of standard resistance 
values is in Appendix A. 

EXAMPLE 2-4 Find the resistance value in ohms and the percent tolerance for each of the color-coded 
resistors shown in Figure 2-28. 

(a) 

FIGURE 2-28 

Ibl (c) 

Snlution (a) First band is red = 2. second band is violet = 7. third band is orange = 3 zeros, 
fourth band is silver = 10% tolerance. 

k = 27.ooo n ± 10% 

(b) First band is brown = I, second band is black = 0, third band is brown = I zero, 
fourth band is silver = 10% tolerance. 

R = 100 n ± 10% 

(c) First band is green = 5. second band is blue = 6, third band is green = 5 zeros, 
fourth band is gold = 5% tolerance. 

R = 5.600,000 ft ± 5% 

Related Problem A certain resistor has a yellow first band, a violet second band, a red third band, and a 
gold fourth band. Determine its value in ohms and its percent tolerance. 

Five-Band Color Code Certain precision resistors with tolerances of 2%, I %, or less arc 
generally color coded with five bands, as shown in Figure 2-29. Begin at the band closest 
to one end. The first band is the first digit of the resistance value, the second band is the sec- 
ond digit, the third band is the third digit, the fourth band is the multiplier (number of ze- 
ros after the third digit), and the fifth band indicates the percent tolerance. Table 2-2 shows 
the 5-band color code. 

1st digit - - Percent tolerance 

2nd 
digit 
 3rd digit 

- Multiplier (Number of zeros 
following 3rd digit) 

FIGURE 2-29 
Color-code bands on a S-band resistor. 
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DIGIT COLOR 
Resistance value, first 0 Black 
three bands: | Brown 

2 Red 
First band—1st digit 3 Orange 
Second band—2nd digit 4 Yellow 
Third band—3rd digit 5 Green 
Fourth band—multiplier 6 Blue 
(number of «ros 7 Violet 
following 3rd digit) 8 Gray 

9 While 

Fourth band—multiplier 0.1 
0.01 

Gold 
Silver 

±2% Red 
±1% Brown 

Fifth band—tolerance ±0.5% Green 
±0.25% Blue 
±0.1% Violet 

EXAMPLE 2-5 Find the resistance value in ohms and the percent tolerance for each of the color-coded 
resistors shown in Figure 2-30. 

(a) 

FIGURE 2-30 

lb) (c) 

Solution (a) First band is red = 2, second band is violet = 7, third band is black = 0, fourth 
band is gold = X0.1, fifth band is red - ± 2% tolerance. 

/f = 270 x 0,1 = 27 n ± 2% 

(h) First band is yellow = 4. second band is black = 0, third band is red = 2, fourth 
band is black = 0, fifth band is brown = ±\% tolerance. 

/? = 402 n ± 1% 

(c) First band is orange = 3, second band is orange = 3, third band is red = 2, 
fourth band is orange = 3, fifth band is green = ± 0.5% tolerance. 

R = 332,000 n ± 0.5% 

Reluird Problem A certain resistor has a yellow first band, a violet second band, a green third band, a 
gold fourth band, and a red fifth band. Determine its value in ohms and its percent 
tolerance. 
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Resistor Label Codes Not all types of resistors are color coded. Many, including sur- 
face-mount resistors, use typographical marking to indicate the resistance value and toler- 
ance. These label codes consist of either all numbers (numeric) or a combination of 
numbers and letters (alphanumeric). In some cases when the body of the resistor is large 
enough, the entire resistance value and tolerance are stamped on it in standard form. 

Numeric labeling uses three digits to indicate the resistance value, as shown in 
Figure 2-31 using a specific example. The first two digits give the first two digits of the re- 
sistance value, and the third digit gives the multiplier or number of zeros that follow the 
first two digits. This code is limited to values of 10 fl or greater. 

FIGURE 3-31 
1 2 3 = 12.000 11 = 12 kli Example of three-digit labeling for a 

resistor. 
1st digit ' I ' Multiplier (Number of zeros) 

2nd 
digit 

Another common type of marking is a three- or four-character label that uses both digits 
and letters. An alphanumeric label typically consists of only three digits or two or three dig- 
its and one of the letters R, K, or M. The letter is used to indicate the multiplier, and the po- 
sition of the letter indicates the decimal point placement. The letter R indicates a multiplier 
of I (no zeros after the digits), the K indicates a multiplier of 1000 (three zeros after the dig- 
its), and the M indicates a multiplier of 1,000,000 (six zeros after the digits). In this format, 
values from 100 to 999 consist of three digits and no letter to represent the three digits in the 
resistance value. Figure 2-32 shows three examples of this type of resistor label. 

2 2R =22" 

I st digit - 
2nd 
digit 

- Decimal point 
and multiplier 

2M2 = 2.2 Mft 

J t_ Isl digit—1 1—2nd digit 

Decimal point 
and multiplier 

2 2 OK =220kn 

I st digit 1 

2nd 
digit 

L Decimal point 
and multiplier 

— 3rd digit 

FIGURE 2-32 
Examples of the alphanumeric resistor label. 

EXAMPLE 2-6 Interpret the following alphanumeric resistor labels: 

(a) 470 (b) 5R6 (c) 68K (d) I0M (e) 3M3 

Solution (a) 470 = 470 fi (b) 5R6 = 5.6 f! (c) 68K = 6S kU 

(d) I0M = 10 Mft (c) 3M3 = 3.3 Mft 

Related Problem What is the resistance indicated by IK25? 

One system of labels for resistance tolerance values uses the letters F, G, and J: 

F = ±\% G = ±2% J = ±5% 

For example, 620F indicates a 620 ft resistor with a tolerance of ±1%, 4R6G is a 4.6 ft 
±2% resistor, and 56KJ is a 56 kft ±5% resistor. 
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Variable Resistors Variable resistors are designed so that their resistance values can be 
changed easily. Two basic uses for variable resistors are to divide voltage and to control 
current. The variable resistor used to divide voltage is called a potentiometer. The vari- 
able resistor used to control current is called a rheostat. Schematic symbols for these types 
are shown in Figure 2-33. The potentiometer is a three-terminal device, as indicated in part 
(a). Terminals I and 2 have a fixed resistance between them, which is the total resistance. 
Terminal 3 is connected to a moving contact (wiper). You can vary the resistance between 
3 and I or between 3 and 2 by moving the contact. 

(a) Potemiometer (b) Rheostat 

FIGURE 2-33 
Potentiometer and rheostat symbols. 

(c) Potentiometer connected 
as a rheostat 

Figure 2-33(b) shows the rheostat as a two-terminal variable resistor. Part (c) shows 
how you can use a potentiometer as a rheostat by connecting terminal 3 to either terminal 
I or terminal 2. Parts (b) and (c) are equivalent symbols. Some typical potentiometers are 
pictured in Figure 2-34. 

FIGURE 2-34 
Typical potentiometers and construction views. 

Potentiometers and rheostats can be classified as linear or tapered, as shown in Figure 2-35, 
where a potentiometer with a total resistance of 100 fl is used as an example. As shown in part 
(a), in a linear potentiometer, the resistance between either terminal and the moving contact 

7? ! 

25 n 

10011 

. Quarter turn 
(a) Linear 

501! 

t 
M.I 

25!) 

75 0 

2. Half rum 3. Three-quarter turn 

1001! 
61) ! 

Id 

40 II 

t 
60 a 

. Quarter turn 
(b) Tapered (nonlinear) 

101! 

I 90 n 
i— -1 

2. Half turn 3. Three-quarter turn 

FIGURE 2-35 
Examples of linear and tapered potentiometers. 
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varies linearly with the position of the moving contact. For example, one-half of the total con- 
tact movement results in one-half the total resistance. Three-quarters of the total movement re- 
sults in three-quarters of the total resistance between the moving contact and one terminal, or 
one-quarter of the total resistance between the other terminal and the moving contact. 

In the tapered potentiometer, the resistance varies nonlinearly with the position of the mov- 
ing contact, so that one-half of a turn docs not necessarily result in one-half the total resistance. 
This concept is illustrated in Figure 2-35(b), where the nonlinear values are arbitrary. 

The potentiometer is used as a voltage-control device because when a fixed voltage is 
applied across the end terminals, a variable voltage is obtained at the wiper contact with re- 
spect to either end terminal. The rheostat is used as a current-control device because the 
current can be changed by changing the wiper position. 
Variable Resistance Sensors Many sensors operate on the concept of a variable resist- 
ance, in which a physical quantity alters the electrical resistance. Depending on the sensor 
and the measurement requirements, the change in resistance may be determined directly or 
indirectly using the resistance change to alter a voltage or current. 

Examples of resistance sensors include thermistors that change resistance as a function 
of temperature, photoconduetive cells that change resistance as a function of light, and 
strain gauges that change resistance when a force is applied to them. Strain gauges are 
widely used in scales and applications where mechanical motion needs to be sensed. The 
measuring instruments need to be very sensitive because the change in resistance is very 
small. Figure 2-36 shows symbols for these various resistance sensors. 

FIGURE 2-36 
Symbols for resistance sensors. 

\\ 

(a) Thermistor (h) Photoconduetive cell (c) Strain gauge 

SECTION 2-5 1. Define resistance and name its unit. 
CHECKUP 2. What are the two main categories of resistors? Briefly explain the difference between 

them. 
3. In the 4-band resistor color code, what does each band represent? 
4. Determine the resistance and percent tolerance for each of the following color codes: 

(a) yellow, violet, red, gold (b) blue, red, orange, silver 
(c) brown, gray, black, gold (d) red, red, blue, red, green 

5. What resistance value is indicated by each alphanumeric label: 
(a) 33R (b) 5K6 (c) 900 (d) 6M8 

6. What is the basic difference between a rheostat and a potentiometer? 
7. Name three resistance sensors and the physical quantity that affects their resistance. 

0 2-6 The Electric Circuit  
A basic electric circuit is an arrangement of physical components that use voltage, cur- 
rent, and resistance to perform some useful function. 
After completing this section, you should be able to 

• Describe a basic electric circuit 
• Relate a schematic to a physical circuit 
♦ Define open circuit and closed circuit 
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♦ Describe various types of protective devices 
♦ Describe various types of switches 

♦ Explain how wire sizes are related to gauge numbers 
♦ Define ground or common 

Direction of Current 

For a few years after the discovery of electricity, people assumed all current consisted of 
moving positive charges. However, in the 1890s, the electron was identified as the charge 
carrier in solid conductors. 

Today, there arc two accepted conventions for the direction of electrical current. 
Electron flow direction, preferred by many in the fields of electrical and electronics tech- 
nology, assumes for analysis purposes that current is out of the negative terminal of a volt- 
age source, through the circuit, and into the positive terminal of the source. Conventional 
current direction assumes for analysis purposes that current is out of the positive terminal 
of a voltage source, through the circuit, and into the negative terminal of the source. 

Since you cannot actually see current, only its effects, it actually makes no difference 
which direction of current is assumed as long as it is used consistently. The results of elec- 
tric circuit analysis are not affected by the direction of current that is assumed for analyti- 
cal purposes. The direction used for analysis is largely a matter of preference, and there are 
many proponents for each approach. 

Electron flow direction is used throughout this text. An alternate version of this text that 
uses conventional current direction is also available. 

To avoid electrical shock, never 
touch a circuit while if is 
connected to a voltage source. 
If you need to handle a circuit, 
remove a component, or change a 
component, first make sure the 
voltage source is disconnected. 

The Basic Circuit 

Basically, an electric circuit consists of a voltage source, a load, and a path for current be- 
tween the source and the load. Figure 2-37 shows in pictorial form an example of a simple 
electric circuit: a battery connected to a lamp with two conductors (wires). The battery is 
the voltage source, the lamp is the load on the battery because it draws current from the 
battery, and the two wires provide the current path from the negative terminal of the battery 
to the lamp and back to the positive terminal of the battery. Current goes through the fila- 
ment of the lamp (which has a resistance), causing it to emit visible light. Current through 
the battery occurs by chemical action. 

Wire conductor 

Battery 
: voltage source 

Lamp 
(load) 

FIGURE 2-37 
A simple electric circuit. 
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Lamp 

T 

FIGURE 2-38 
Schematic for the circuit in 
Figure 3-37. 

In many practical cases, one terminal of the battery is connected to a common or ground 
point. For example, in most automobiles, the negative battery terminal is connected to the 
metal chassis of the car. The chassis is the ground for the automobile electrical system and 
acts as a conductor that completes the circuit. 

The Electric Circuit Schematic An electric circuit can be represented by a schematic 
using standard symbols for each element, as shown in Figure 2-38 for the simple circuit in 
Figure 2-37. A schematic, in an organized manner, shows how the various components in 
a given circuit are interconnected so that the operation of the circuit can be determined. 

Current Control and Protection 

The example circuit in Figure 2-37 illustrated a closed circuit—that is, a circuit in which 
the current has a complete path. When the current path is broken, the circuit is called an 
open circuit. 

Mechanical Switches Switches are commonly used for controlling the opening or clos- 
ing of circuits. For example, a switch is used to turn a lamp on or off, as illustrated in Figure 
2-39, Each circuit pictorial is shown with its associated schematic. The type of switch in- 
dicated is a singlc-pole-single-throw (SPST) toggle switch. The term pole refers to the 
movable arm in a switch, and the term throw indicates the number of contacts that are af- 
fected (cither opened or closed) by a single switch action (a single movement of a pole). 

Off JL On 
Switch 

C t.sfd 
He I: 

(a) There is current in a closed circuit because there is a complete 
current path (switch is ON or in the closed position). Current is 
almost always indicated by a red arrow in this text. 

Open 1)11 switch 

(b) There is no current in an open circuit because the path is broken 
(switch is OFF or in the open position). 

FIGURE 2-39 
Illustration of closed and open circuits using an SPST switch for control. 

Figure 2-40 shows a somewhat more complicated circuit using a singlc-polc-doublc- 
Ihrow (SPOT) type of switch to control the current to two different lamps. When one lamp 
is on, the other is off, and vice versa, as illustrated by the two schematics in pails (b) and 
(c), which represent each of the switch positions. 

fZ \ Lamp I 

fK ti) 
Switch (SW) J 

(a) Pictorial 

l.amp 2 

Lamp 
SW 

Lamp 2 

(b) A schematic showing 
Lamp 1 on and Lamp 2 off 

Lamp I SW 

(c) A schematic showing 
Lamp 2 on and Lamp 1 off 

FIGURE 2-40 
An example of an SPDT switch controlling two lamps. 
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(a) SPST lb) SPOT (c) DPST (d) DPDT (e) NOPB 

FIGURE 2-41 
Switch symbols. 

In addition to the SPST and the SPDT switches (symbols are shown in Figure 2-41 (a) 
and (b)), the following other types arc important: 

• Double-polesingle-lhrow (DPST) The DPST switch permits simultaneous opening or 
closing of two sets of contacts. The symbol is shown in Figure 2-41(c). The dashed line 
indicates that the contact arms are mechanically linked so that both move with a single 
switch action. 

♦ Double-pole-double-throw (DPDT) The DPDT switch provides connection from 
one set of contacts to cither of two other sets. The schematic symbol is shown in 
Figure 2-41(d). 

♦ Push-button (PR) In the normally open push-button switch (NOPB), shown in 
Figure 2-41(e), connection is made between two contacts when the button is de- 
pressed, and connection is broken when the button is released. In the normally closed 
push-button switch (NCPB), shown in Figure 2-4l(f), connection between the two 
contacts is broken when the button is depressed. 

• Rotary In a rotary switch, connection between one contact and any one of several 
others is made by turning a knob. A symbol for a simple six-position rotary switch is 
shown in Figure 2-41(g). 

Figure 2-42 shows several varieties of mechanical switches, and Figure 2-43 shows the 
construction view of a typical toggle switch. 

o o o 
o-—o 

(f) NCPB (g) Single-pole rotary 
(6-posiiion) 

TECH NOTE 

Small electronic parts can be 
damaged easily if you apply loo 
much heal to them when 
soldering. Small switches 
frequently are constructed with 
plastic that can melt and render 
the switch useless. Manufacturers 
usually supply a maximum time 
and temperature that can he 
applied to a part without damage. 
A small heat sink can be 
temporarily connected between 
the point where solder is applied 
and the sensitive region of the 
component. 

r 

Toggle switch Rocker switch Push-button switches PC board mounted push-button switches 

Rotary switches DIP switches for mounting on PC boards 

FIGURE 2-42 
Typical mechanical switches. 
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FIGURE 2-43 
Construction view of a typical toggle 
switch. 

Semiconductor Switches Transistors are widely used as switches in many applications. 
The transistor can be used as the equivalent of a single-pole-single-throw switch. You can 
open and close a circuit path by controlling the state of the transistor. Two types of transis- 
tor symbols arc shown in Figure 2^14 with their mechanical switch equivalents. 

FIGURE 2-44 
Transistor switches. 

nor nor 

Current creates 
a closed switch, 
(a) Bipolar transistor 

No current creates 
an open switch. 

voltage creates 
a closed switch. 

No voltage creates 
an open switch. 

(b) Field-effect transistor 

Always use fuliy insulated fuse 
pullers to remove and replace 
fuses in an electrical box. Even if 
the disconnect switch is in the off 
position, line voltage is still 
present in the box. Never use 
metal tools to remove and 
replace fuses. 

Here is a greatly simplified description of operation. One type, called the bipolar iran- 
sislor, is controlled by current. When there is current at a specific terminal, the transistor 
acts as a closed switch; when there is no current at that terminal, the transistor acts as an 
open switch, as illustrated in Figure 2-44(a). Another type, called the field-effect transis- 
tor. is controlled by voltage. When there is voltage at a specific terminal, the transistor acts 
as a closed switch; when there is no voltage at that terminal, the transistor acts as an open 
switch, as illustrated in part (b). 

Protective Devices Fuses and circuit breakers arc used to deliberately create an open 
circuit when the current exceeds a specified number of amperes due to a malfunction or 
other abnormal condition in a circuit. For example, a 20 A fuse or circuit breaker will open 
a circuit when the current exceeds 20 A. 

The basic difference between a fuse and a circuit breaker is that when a fuse is "blown," 
it must be replaced; but when a circuit breaker opens, it can be reset and reused repeatedly. 
Both of these devices protect against damage to a circuit due to excess current or prevent a 
hazardous condition created by the overheating of wires and other components when the 
current is loo great. Several typical fuses and circuit breakers, along with their schematic 
symbols, arc shown in Figure 2—45. 

Two basic categories of fuses in terms of their physical configuration are cartridge type 
and plug type (screw in). Cartridge-type fuses have various-shaped housings with leads or 
other types of contacts, as shown in Figure 2-45(a). A typical plug-type fuse is shown in 
part (b). Fuse operation is based on the melting temperature of a wire or other metal ele- 
ment. As current increases, the fuse element heals up and when the rated current is ex- 
ceeded, the element reaches its melting temperature and opens, thus removing power from 
the circuit. 

Two common types of fuses are the fast-acting and the lime-delay (slow-blow). Fast- 
acting fuses are type F and time-delay fuses are type T. In normal operation, fuses are 
often subjected to intermittent current surges that may exceed the rated current, such as 
when power to a circuit is turned on. Over time, this reduces the fuse's ability to withstand 
short surges or even current at (he rated value. A slow-blow fuse can tolerate greater and 
longer duration surges of current than the typical fast-acting fuse. A fuse symbol is shown 
in Figure 2-45(d). 
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L 

(a) Cartridge fuses 

(b) Plug fuse 

FIGURE 2-45 

^rr 
(c) Circuit breakers 

MIV 

7 

(d) Fuse symbol (e) Circuit breaker 
symbol 

Typical fuses and circuit breakers and their symbols. 

Typical circuit breakers are shown in Figure 2-45(c) and the symbol is shown in part (e). 
Generally, a circuit breaker detects excess current cither by the healing effect of the current 
or by the magnetic field it creates. In a circuit breaker based on the heating effect, a 
bimetallic spring opens the contacts when the rated current is exceeded. Once opened, the 
contact is held open by mechanical means until manually reset. In a circuit breaker based 
on a magnetic field, the contacts are opened by a sufficient magnetic force created by ex- 
cess current and must be mechanically reset. 

Wires 

Wires are the most common form of conductive material used in electrical applications. 
They vary in diameter and are arranged according to standard gauge numbers, called AWG 
(American Wire Gauge) sizes. As the gauge number increases, the wire diameter de- 
creases, The size of a wire is also specified in (erms of its cross-sectional area, as illustrated 
in Figure 2-46. A unit of cross-sectional area used for wires is the circular mil, abbrevi- 
ated CM, One circular mil is the area of a wire with a diameter of 0.001 inch (1 mil). You 
can find the cross-sectional area by expressing the diameter in thousandths of an inch 
(mils) and squaring it, as follows: 

A = d2 

where A is the cross-sectional area in circular mils and d is the diameter in mils. Table 2-3 
lists the AWG sizes with their corresponding cross-sectional area and resistance in ohms 
per l000ftat20oC, 

Equation 2-5 

r 

T i 0,001 in. 

Cross-seciional area. A 

FIGURE 2-46 
Cross-sectional area of a wire. 

A = I CM 
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T TABLE 2-i  
American Wire Gauge (AWG) sizes and resistances for solid round copper. 

AWG # AREA (CM) 
RESISTANCE 

(11/1000 FT AT 20oC) AWG # AREA (CM) 
RESISTANCE 

(11/1000 FT AT 20oC) 

0000 211.600 0.0490 19 1.288,1 8.051 
000 167,810 0.0618 20 1.021,5 10,15 
00 133.080 0.0780 21 810,10 12.80 

0 105.530 0.0983 22 642,40 16.14 
1 83.694 0.1240 23 509.45 20.36 
2 66.373 0.1563 24 404.01 25.67 
3 52,634 0.1970 25 320.40 32.37 
4 41,742 0.2485 26 254.10 40.81 
5 33.102 0.3133 27 201.50 51.47 
6 26.250 0.3951 28 159.79 64.90 
7 20.816 0.4982 29 126.72 81.83 
8 16,509 0.6282 30 100.50 103.2 
9 13,094 0.7921 31 79.70 130.1 

10 10.381 0.9989 32 63.21 164.1 
II 8,234.0 1.260 33 50.13 206.9 
12 6.529.0 1.588 34 39.75 260.9 
13 5.178.4 2.003 35 31.52 329.0 
14 4,106.8 2.525 36 25.00 414.8 
15 3.256.7 3.184 37 19.83 523.1 
16 2.582.9 4.016 38 15.72 659.6 
17 2.048.2 5.064 39 12.47 831.8 
18 1.624.3 6.385 40 9.89 1049.0 

EXAMPLE 2-7 What is the cross-sectional area of a wire with a diameter of 0.005 inch? 

Solution d = 0.005 in. = 5 mils 

A = d2 = 52 = 25 CM 

iU'hileii 1'ivblem What is the cross-scclional area of a 0.0015 in. diameter wire? 

Wire Resistance Although copper wire conducts electricity extremely well, it still has 
some resistance, as do all conductors. The resistance of a wire depends on three physical 
characteristics: (a) type of material, (b) length of wire, and (c) cross-sectional area. In ad- 
dition, temperature can also affect the resistance. 

Each type of conductive material has a characteristic called its resistivity, p. For each 
material, p is a constant value at a given temperature. The formula for the resistance of a 
wire of length / and cross-scclional area A is 

ol 
Equation 2-6 K = — 

A 

This formula shows (hat resistance increases with an increase in resistivity and length and de- 
creases with an increase in cross-scctional area. For resistance to be calculated in ohms, the 
length must be in feel, the cross-sectional area in circular mils, and the resistivity in CM-fi/ft. 
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EXAMPLE 2-8 

Solution 

Related Problem 

Find the resistance of a 100 ft length of copper wire with a cross-sectional area of 
810.1 CM. The resistivity of copper is 10.37 CM-fi/ft. 

Pi= (10.37 CM-il/fi|( 100 ft) = i 
A 810.1 CM 

Use Table 2-3 to dclcmiinc the resistance of 100 ft of copper wire with a cross- 
sectional area of 810.1 CM. Compare with the calculated result. 

As mentioned, Table 2-3 lists the resistance of the various standard wire sizes in ohms 
per 1000 feet at 20oC. For example, a 1000 ft length of 14 gauge copper wire has a resist- 
ance of 2.525 !1. A 1000 ft length of 22 gauge wire has a resistance of 16.14 1!. For a given 
length, the smaller wire has more resistance. Thus, for a given voltage, larger wires can 
carry more current than smaller ones. 

Ground 

Ground is the reference point in electric circuits. The term ground originated from the fact 
that one conductor of a circuit was typically connected with an 8-fool long metal rod driven 
into the earth itself. Today, this type of connection is referred to as an eonb ground. In 
household wiring, earth ground is indicated with a green or bare copper wire. Earth ground 
is normally connected to the metal chassis of an appliance or a metal electrical box for 
safety. Unfortunately, there have been exceptions to this rule, which can present a safely 
hazard if a metal chassis is not at earth ground. It is a good idea to contirm that a metal 
chassis is actually at earth ground potential before doing any work on an instrument or 
appliance. 

Another type of ground is called a reference ground. Voltages arc always specified with 
respect to another point. If that point is not staled explicitly, the reference ground is under- 
stood. Reference ground defines 0 V for the circuit. The reference ground can be at a com- 
pletely different potential than the earth ground. Reference ground is also called common 
and labeled COM or COMM because it represents a common conductor. When you arc 
wiring a protoboard in the laboratory, you will normally reserve one of the bus strips (a long 
line along the length of the board) for this common conductor. 

Three ground symbols are shown in Figure 2-47. Unfortunately, there is not a separate 
symbol to distinguish between earth ground and reference ground. The symbol in (a) rep- 
resents either an earth ground or a reference ground, (b) shows a chassis ground, and (c) is 
an alternate reference symbol typically used when there is more than one common con- 
nection (such as analog and digital ground in the same circuit). In this book, the symbol in figure 2-47 
pan (a) will be used throughout. Commonly used ground symbols. 

Figure 2-48 illustrates a simple circuit with ground connections. The current is from the 
negative terminal of the 12 V source, through the ground connection, through the lamp, and 
back to the positive terminal of the source. Ground provides a path for the current back to 
the source because all of the ground points are electrically the same point. The voltage at 
the top of the circuit is +12 V with respect to ground. 

FIGURE 2-48 

i J, i 
(a) (b) (c) 

¥ 

1 

A simple circuit with ground 
connections. 
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SECTION 2-6 1. What are the basic elements of an electric circuit? 
CHECKUP 2. What is an open circuit? 

3. What is a closed circuit? 
4. What is the difference between a fuse and a circuit breaker? 
5. Which wire is larger in diameter, AWG 3 or AWG 22? 
6. What is ground (common) in an electric circuit? 

2-7 Basic Circuit Measurements  

In working on electrical or electronic circuits, you will frequently need to measure volt- 
age, current, or resistance using meters safely and correctly. 

After completing this section, you should be able to 

♦ Make basic circuit measurements 

♦ Properly measure voltage in a circuit 
♦ Properly measure current in a circuit 
♦ Properly measure resistance 
♦ Set up and read basic meters 

Voltage, current, and resistance measurements arc commonly required in electronics 
work. The instrument used to measure voltage is a voltmeter, the instrument used to mea- 
sure current is an ammeter, and the instrument used to measure resistance is an 
ohmmctcr. Commonly, all three instruments are combined into a single instrument called 
a multimeter, in which you can choose what specific quantity to measure by selecting the 
appropriate function with a switch. 

Meter Symbols 

Throughout this book, certain symbols will be used in circuits to represent meters, as 
shown in Figure 2-49. You may see any of four types of symbols for voltmeters, amme- 
ters, or ohmmctcrs, depending on which symbol most effectively conveys the information 
required. The digital meter symbol is used when specific values are to be indicated in a 
circuit. The bar graph meter symbol and sometimes the analog meter symbol are used to 
illustrate the operation of a circuit when relative measurements or changes in quantities, 
rather than specific values, need to be depicted. A changing quantity may be indicated by 
an arrow in the display showing an increase or decrease. The generic symbol is used to 
indicate placement of meters in a circuit when no values or value changes need to be 
shown. 

Z! err . || -J.-iLiA [ 

la) Digital 
FIGURE 2-49 

IL# V 

(b) Bar graph |c) Analog (d) Generic 

Examples of meter symbols used in this book. Each of the symbols can be used to represent either an 
ammeter (A), a voltmeter (V), or an ohmmeter (!i). 
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Measuring Current 

Figure 2-50 illustrates how to measure current with an ammeter. Part (a) shows a simple 
circuit in which the current through the resistor is to be measured. First make sure the range 
setting of the ammeter is greater than the expected current and then connect the ammeter in 
the current path by first opening the circuit, as shown in part (b). Then insert the meter as 
shown in part (c). Such a connection is a series connection. The polarity of the meter must 
be such that the current is in at the negative terminal and out at the positive terminal. 

Alligator 
clips 

' 

(a) Circuit in which the current is to be measured (b) Open the circuit either between the resistor and the positive 
terminal or between the resistor and the negative terminal of 
source. 

nr. \ 

<c) Install the ammeter in the current path with polarity as shown (negative to 
negative, positive to positive). 

FIGURE 2-50 
Example of an ammeter connection in a simple circuit to measure current. 

Measuring Voltage 

To measure voltage, connect the voltmeter across the component for which the voltage is 
to be found. Such a connection is a parallel connection. The negative terminal of the meter 
must be connected to the negative side of the circuit, and the positive terminal of the meter 
must be connected to the positive side of ihe circuit. Figure 2-51 shows a voltmeter con- 
nected to measure the voltage across the resistor. 

on,, ri.uv 

il! 

J vi R V 

FIGURE 2-51 

Never wear rings or any type of 
metallic jewelry while working 
on a circuit. These items may 
accidentally come in contact with 
the circuit, causing shock and/or 
damage to the circuit. With high- 
energy sources, such as a car 
battery, a short across jewelry 
(watch or ring) can become hot 
instantly, causing severe burns. 

Example of a voltmeter connection in a simple circuit to measure voltage. 
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Measuring Resistance 

To measure resistance, first turn off the power and disconnect one end or both ends of the 
resistor from the circuit; then connect the ohmmctcr across the resistor. This procedure is 
shown in Figure 2-52, 

FIGURE 2-52 
Example of using an ohmmeler to 
measure resistance. 

-o 

E'.c'ki! 

3 3 

(a) Disconncci the rcsislor from the 
circuit to avoid damage to the meter 
and/or incorrect measurement. 

(b) Measure the resistance. 
(Polarity is not important.) 

FIGURE 2-53 

Digital Multimeters 

A DIMM (digital multimeter) is a multifunction electronic instrument that can measure 
voltage, current, and resistance. DMMs are the most widely used type of electronic meas- 
uring instrument. Generally, DMMs provide more functions, better accuracy, greater ease 
of reading, and greater reliability than do many analog meters. Analog meters have at least 
one advantage over DMMs, however. They can track short-term variations and trends in a 
measured quantity that many DMMs arc too slow to respond to. Figure 2-53 shows typical 
DMMs. 

Typical digital multimeters (DMMs). 
(Courtesy of B+K Precision) nnnn 
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DMM Functions The basic functions found on most DMMs include the following: 

♦ Ohms 

♦ DC voltage and current 

♦ AC voltage and current 
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Some DMMs provide special functions such as transistor or diode tests, power measure- 
ment, and decibel measurement for audio amplifier tests. Some meters require manual 
selection of the ranges for the functions. Many meters provide automatic range selection 
and arc called autoranging. 

DMM Displays DMMs are available with either LCD (liquid-crystal display) or LED 
(light-emitting diode) readouts. The LCD is the most commonly used readout in battery- 
powered instruments because it requires only very small amounts of current. A typical bat- 
tery-powered DMM with an LCD readout operates on a 9 V battery that will last from a 
few hundred hours to 2000 hours and more. The disadvantages of LCD readouts arc that 
(a) they are difficult or impossible to see in low-light conditions and (b) they are relatively 
slow to respond to measurement changes. LEDs, on the other hand, can be seen in the dark 
and respond quickly to changes in measured values. LED displays require much more cur- 
rent than LCDs, and, therefore, battery life is shortened when LEDs are used in portable 
equipment. 

Both LCD and LED DMM displays are in a 7-segment format. Each digit in a display 
consists of seven separate segments as shown in Figure 2-54(a). Each of the ten decimal 
digits is formed by the activation of appropriate segments, as illustrated in Figure 2-54tb). 
In addition to the seven segments, there is also a decimal point. 

Manufacturers use the CE mark to 
indicate that a product meets all 
the essential requirements of the 
European Directives for health 
and safety. For example, DMMs 
that meet the directive IEC 61010-t 
arc in compliance and can use the 
CE mark on the DMM. This mark 
is used on many products in 
various countries much like the 
UL (underwriters lab) mark that 
originated in the U.S. It also shows 
compliance with safety standards. 

(a) 
A FIGURE 2-54 
Seven-segment display. 

Resolution The resolution of a DMM is the smallest increment of a quantity that the 
meter can measure. The smaller the increment, the better the resolution. One factor that de- 
termines the resolution of a meter is the number of digits in the display. 

Because many DMMs have 314 digits in their display, we will use this case for illus- 
tration. A 314-digit multimeter has three digit positions that can indicate from 0 through 
9, and one digit position that can indicate only a value of 0 or I. This latter digit, called 
the half-digit, is always the most significant digit in the display. For example, suppose 
that a DMM is reading 0.999 V, as shown in Figure 2-55(a). If the voltage increases by 
0.001 V to I V, the display correctly shows 1.000 V, as shown in part (b). The "I" is the 
half-digit. Thus, with 314 digits, a variation of 0,001 V, which is the resolution, can be 
observed. 

Now, suppose that the voltage increases to 1,999 V. This value is indicated on the meter 
as shown in Figure 2-55(c). If the voltage increases by 0.00 i V to 2 V, the half-digit can- 
not display the "2," so the display shows 2.00. The half-digit is blanked and only three dig- 
its are active, as indicated in part (d). With only three digits active, the resolution is 0.01 V 
rather than 0.001 V as it is with 314 active digits. The resolution remains 0.01 V up to 19.99 V. 
The resolution goes to 0.1 V for readings of 20.0 V to 199.9 V. At 200 V, the resolution 
goes to I V, and so on. 

The resolution capability of a DMM is also determined by the internal circuitry and the 
rate at which the measured quantity is sampled. DMMs with displays of 415 through 814 
digits are also available. 

Accuracy The accuracy is the degree to which a measured value represents the true or 
accepted value of a quantity. The accuracy of a DMM is established strictly by its internal 
circuitry and calibration. For typical DMMs, accuracies range from 0.01% to 0.5%, with 
some precision laboratory-grade DMMs going to 0.002%. 
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(a) Resolution; 0.001 V (b) Resolution: 0.001 V 
FIGURE 2-55 

(C) Resolution: 0.001 V (d| Resolution: 0.01 V 

A Sl'i-digil DMM illustrates how the resolution changes with the number of digits in use. 

Reading Analog Multimeters 

Although (he DMM is the predominate type of multimeter, you may occasionally have to use 
an analog meter. A representation of a typical analog multimeter is shown in Figure 2-56. 
This particular instrument can be used to measure both direct current (dc) and alternating 
current (ac) quantities as well as resistance values. It has four selectable functions: dc volts 
(DC VOLTS), dc milliamperes (DC mA), ac volts (AC VOLTS), and OHMS. Most analog 
multimeters are similar to this one. 

FIGURE 2-56 
A typical analog multimeter. 

analog multimeter 
orr 

0 

IDOK 
com vm 
0 0 

Within each function there arc several ranges, as indicated by the brackets around the se- 
lector switch. For example, the DC VOLTS function has 0.3 V, 3 V, 12 V, 60 V, 300 V, and 
600 V ranges. Thus, dc voltages from 0.3 V full-scale to 600 V full-scale can be measured. 
On the DC mA function, direct currents from 0.06 mA full-scale lo 120 mA full-scale can 
be measured. On the ohm scale, the settings arc XI, XI0, XI00, x 1000, and x 100,000. 
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The Ohm Scale Ohms are read on ihe top scale of the meter. This scale is nonlinear; that 
is, Ihe values represented by each division (large or small) vary as you go across the scale. 
In Figure 2-56, notice how the scale becomes more compressed as you go from right to left. 

To read the actual value in ohms, multiply Ihe number on the scale as indicated by Ihe 
pointer by Ihe factor selected by the switch. For example, when the switch is set at X 100 
and the pointer is at 20, the reading is 20 x 100 = 2000 S!. 

As another example, assume that ihe switch is at X10 and the pointer is at the seventh 
small division between the 1 and 2 marks, indicating 17 £1(1.7 x 10). Now, if the meter 
remains connected to Ihe same resistance and Ihe switch setting is changed to XI, the 
pointer will move to the second small division between the 15 and 20 marks. This, of 
course, is also a 17 £1 reading, illustrating that a given resistance value can often be read at 
more than one range switch setting. However, the meter should be zeroed each time the 
range is changed by touching the leads together and adjusting the needle. 

The AC-DC and DC mA Scales The second, third, and fourth scales from the top, labeled 
"AC" and "DC," arc used in conjunction with the DC VOLTS and AC VOLTS functions. 
The upper ac-dc scale ends at the 300 mark and is used with range settings, such as 0.3, 3, 
and 300. For example, when the switch is at 3 on the DC VOLTS function, the 300 scale 
has a full-scale value of 3 V: at Ihe range selling of 300, the full-scale value is 300 V. The 
middle ac-dc scale ends at 60. This scale is used in conjunction with range settings, such as 
0.06, 60, and 600. For example, when the switch is at 60 on the DC VOLTS function, Ihe 
full-scale value is 60 V. The lower ac-dc scale ends at 12 and is used in conjunction with 
switch settings, such as 1.2, 12, and 120. The three DC mA scales are used in a similar way 
to measure current. 

EXAMPLE 2-9 Determine the quantity (voltage, current, or resistance) that is being measured and its 
value for each specified switch setting on Ihe meter in Figure 2-57. 

(a) The switch is set on the DC VOLTS function and the 60 V range. 

(b) The switch is set on the DC mA function and the 12 mA range. 

(c) The switch is set on the OHMS function and the x IK range. 

Solution (a) The reading taken from the middle AC-DC scale is 18 V. 

(b) The reading taken from the lower AC-DC scale is 3.8 mA. 

(c) The reading taken from the ohms scale (top) is 10 k£l. 

Related Problem In Figure 2-57 the switch is moved to the X100 ohms selling. Assuming that the same 
resistance is being measured as in part (c), what will the needle do? 
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SECTION 2-7 1. Name the meters for measurement of (a) current, (b) voltage, and (c) resistance. 
CHECKUP 2. Show how to place two ammeters in the circuit of Figure 2-40 to measure the current 

through either lamp (be sure to observe the polarities). How can the same measure- 
ments be accomplished with only one ammeter? 

3. Show how to place a voltmeter to measure the voltage across Lamp 2 in Figure 2-40. 
4. List two common types of DMM displays, and discuss the advantages and disadvan- 

tages of each. 
5. Define resolution in a DMM. 
6. The analog multimeter in Figure 2-56 is set on the 3 V range to measure dc voltage. 

The pointer is at 150 on the upper ac-dc scale. What voltage is being measured? 

0 2-8 Electrical Safety  
Safety is a major concern when working with electricity. The possibility of an electric 
shock or a burn is always present, so caution should always be used. You provide a cur- 
rent path when voltage is applied across two points on your body, and current produces 
electrical shock. Electrical components often operate at high temperatures, so you can 
sustain skin burns when you come in contact with them. Also, the presence of electricity 
creates a potential tire hazard. 

After completing this section, you should be able to 

♦ Recognize electrical hazards and practice proper safety procedures 
♦ Describe the cause of electrical shock 
♦ List the groups of current paths through the body 
♦ Discuss the effects of current on the human body 
♦ List the safety precautions that you should observe when you work with 

electricity 

Electric Shock 

Current through your body, not the voltage, is the cause of electrical shock. Of course, it 
lakes voltage across a resistance to produce current. When a point on your body comes in 
contact with a voltage and another point comes in contact with a different voltage or with 
ground, such as a metal chassis, there will be current through your body from one point to 
the other. The path of the current depends on the points across which the voltage occurs. 
The severity of the resulting electrical shock depends on the amount of voltage and the path 
that the current takes through your body. The current path through the body determines 
which tissues and organs will be affected. 

Effects of Current on the Human Body The amount of current is dependent on voltage 
and resistance. The human body has resistance that depends on many factors, which in- 
clude body mass, skin moisture, and points of contact of the body with a voltage potential. 
Table 2-4 shows the effects for various values of current in milliampcrcs. 

Body Resistance Resistance of the human body is typically between 10 k!l and 50 kfl 
and depends on the two points between which it is measured. The moisture of the skin also 
affects the resistance between two points. The resistance determines the amount of voltage 
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CURRENT (mA) PHYSICAL EFFECT 
0.4 Slight sensation 
I.I Perception threshold 
1.8 Shock, no pain, no loss of muscular control 
9 Painful shock, no loss of muscular control 

16 Painful shock, let-go threshold 
23 Severe painful shock, muscular eonlraelions, breathing difficully 
75 Ventricular fibrillation, threshold 

235 Ventricular fibrillation, usually fatal for duration of 5 seconds 
or more 

4,000 Heart paralysis (no ventricular fibrillation) 
5,000 Tissue burn 

TABLE 2-4 
Physical effects of electrical current. 
Values vary depending on body 
mass. 

required to produce each of the effects listed in Table 2-4. For example, if you have a re- 
sistance of 10 k'l between two given points on your body, 90 V across those two points 
will produce enough current (9 mA) to cause painful shock. 

Utility Voltages 

We tend to lake utility voltages for granted, but they can be and have been lethal. It is best 
to be careful around any source of voltage (even low voltages can present a serious bum 
hazard). As a general rule, you should avoid working on any energized circuit, and check 
that the power is off with a known good meter. Most work in educational labs uses low volt- 
ages, but you should still avoid touching any energized circuit. If you are working on a cir- 
cuit that is connected to utility voltages, the service should be disconnected, a notice should 
be placed on the equipment or place where the service is disconnected, and a padlock 
should be used to prevent someone from accidentally turning on the power. This procedure 
is called lockout/tagout and is widely used in industry. There are specific OSHA and industry 
standards for lockout/tagout. 

Most laboratory equipment is connected to the utility line ("ac") and in North America, 
this is 120 Vrms (rms is discussed in Section 11-3). A faulty piece of equipment can cause 
the "hot" lead to inadvertently become exposed. You should inspect cords for exposed 
wires and check equipment for missing covers or other potential safely problems. The sin- 
gle-phase utility lines in homes and electrical laboratories use three insulated wires that are 
referred to as the "hot" (black or red wire), neutral (while wire), and safety ground (green 
wire). The hot and neutral wires will have current, but the green safety line should never 
have current in normal operation. The safety wire is connected to the metal exterior of en- 
cased equipment and is also connected to conduit and the metal boxes for housing recepta- 
cles, Figure 2-5B(a) shows the location of these conductors on a standard receptacle. 
Notice that the neutral line is larger than the hot line. 

The safely ground should be connected to the neutral at the service panel. The metal 
chassis of an instrument or appliance is also connected to ground. In the event that the hot 
wire is accidentally in contact with ground, the resulting high current should trip the circuit 
breaker or open a fuse to remove the hazard. However, a broken or missing ground lead 
may not have high current until it is contacted by a person. This danger is one obvious 
reason for ensuring that line cords have not been altered by removing the ground pin. 

Many circuits are further protected with a special device called a ground-fault circuit in- 
terrupter (GFCI, which is sometimes called just GFI). If a fault occurs in a GFCI circuit, a 
sensor delects that the current in the hot line and the neutral line are not equal as they 
should be and trips the circuit breaker. The GFCI breaker is very fast acting and can trip 
faster than the breaker on the main panel. GFCI breakers arc required in areas where a 

TECH TIP 

Receptacle testers are designed for 
use with specific receptacle types 
including specialized outlets. They 
can pinpoint problems such as 
open lines, faulty wiring, or 
reversed polarity; they show 
results with a lighted LED or neon 
bulb. Some testers are designed 
to test ground fault circuit 
interrupters (GFCI) for proper 
operation. 
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FIGURE 2-58 
Standard electrical outlets. Neutral (ground) lead 
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A GFCI outlet does not prevent 
shock or injury in all cases. If you 
arc touching the hot and neutral 
wires without being grounded, no 
ground fault is detected and the 
GFCI breaker will not trip. In 
another case, the GFCI may 
prevent electrocution but not the 
initial electric shock before it 
interrupts the circuit. The initial 
shock could cause a secondary 
injury, such as a fall. 

shock hazard exists such as wherever there is water or moisture. Pools, bathrooms, 
kitchens, basements, and garages should all have GFCI outlets. Figure 2-58(b) shows a 
ground-fault receptacle with reset and test buttons. When the lest button is pressed, the 
circuit should immediately be opened. The reset button restores power. 

Safety Precautions 

There are many practical things that you should do when you work with electrical and elec- 
tronic equipment. Some important precautions are listed here. 

♦ Avoid contact with any voltage source. Turn power off before you work on circuits 
when touching circuit parts is required. 

♦ Do not work alone. A telephone should be available for emergencies. 

♦ Do not work when tired or taking medications that make you drowsy. 

♦ Remove rings, watches, and other metallic jewelry when you work on circuits. 

♦ Do not work on equipment until you know proper procedures and are aware of po- 
tential hazards. 

♦ Make sure power cords are in good condition and grounding pins are not missing or bent. 

♦ Keep your tools properly maintained. Make sure the insulation on metal tool handles 
is in good condition. 

♦ Handle tools properly and maintain a neat work area. 

♦ Wear safety glasses when appropriate, particularly when soldering and clipping wires, 

♦ Always shut off power and discharge capacitors before you touch any part of a cir- 
cuit with your hands. 

♦ Know the location of the emergency power-off switch and emergency exits. 

♦ Never try to override or tamper with safely devices such as an interlock switch, 

♦ Always wear shoes and keep them dry. Do not stand on metal or wet floors when 
working on electrical circuits. 

♦ Never handle instruments when your hands are wet. 

♦ Never assume that a circuit is off. Double-check it with a reliable meter before handling. 

♦ Set the limiter on electronic power supplies to prevent currents larger than necessary 
to supply the circuit under lest. 
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♦ Some devices such as capacitors can store a lethal charge for long periods after power 
is removed. They must be properly discharged before you work with them. 

♦ When making circuit connections, always make the connection to the point with the 
highest voltage as your last step. 

♦ Avoid contact with the terminals of power supplies. 

♦ Always use wires with insulation and connectors or clips with insulating shrouds. 

♦ Keep cables and wires as short as possible. Connect polarized components properly. 

♦ Be aware of and follow all workplace and laboratory rules. Do not have drinks or 
food near equipment. 

♦ If another person cannot let go of an energized conductor, switch the power off im- 
mediately. If that is not possible, use any available nonconduclive material to try to 
separate the body from the contact. 

♦ Use a lockout/lagoul procedure to avoid someone turning power on while you are 
working on a circuit. 

SECTION 2-8 
CHECKUP 

1. What causes physical pain and/or damage to the body when electrical contact is 
made? 

2. It's OK to wear a ring when working on an electrical circuit. (T or F) 
3. Standing on a wet floor presents no safety hazard when working with electricity. 

(T or F) 
4. A circuit can be rewired without removing the power if you are careful. (T or F) 
5. Electrical shock can be extremely painful or even fatal. (T or F) 
6. What does CFCI stand for? 

Application Activity 

In this application activity, a dc volt- 
age is applied to a circuit in order to 
produce current through a lamp to 
provide light. You will sec how the 

current is controlled by resistance. The circuit simulates an in- 
strument panel illumination circuit, which allows you to increase 
or decrease the amount of light on the instruments. 

The instrument panel illumination circuit operates from a 
12 V battery that is the voltage source for the circuit. The circuit 
uses a potentiometer connected as a rheostat, controlled by a 
knob on the instrument panel, which is used to set the amount of 
current through the lamp to back-light the instruments. The 
brightness of the lamp is proportional to the amount of current 
through the lamp. The switch used to turn the lamp on and off is 
the same one used for the headlights. There is a fuse for circuit 
protection in case of a short circuit. 

Figure 2-59 shows the schematic for the illumination circuit, 
and Figure 2-60 shows the breadboarded circuit. A laboratory 
dc power supply is used in the place of an actual battery. The 
protoboard in Figure 2-60 is a type that is commonly used for 
constructing circuits on the lest bench. 

Fuse sw 

12 V 

I 

Lamp 

FIGURE 2-59 
Basic panel Illumination circuit schematic. 
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FIGURE 2-60 
Test bench setup for simulating the panel illumination circuit. 

The Test Bench 
Figure 2-60 shows the breadboarded circuit, a dc power supply, 
and a digital multimeter. The power supply is connected to pro- 
vide 12 V to the circuit. The multimeter is used to measure cur- 
rent. voltage, and resistance in the circuit. 

1. Identify each component in the circuit and check the bread- 
boarded circuit in Figure 2-60 to make sure it is connected 
as the schematic in Figure 2-59 indicates, 

2. Explain the purpose of each component in the circuit. 
As shown in Figure 2-61. the typical protoboard consists of 

rows of small sockets into which component leads and wires are 
inserted. In this particular configuration, all five sockets in each 
row are connected together and are effectively one electrical 
point as shown in the bottom view. All sockets arranged on the 

outer edges of the board arc typically connected together as 
shown. 

Measuring Current with the Multimeter 
Set the DMM to the ammeter function to measure current. You 
must break the circuit in order to connect the ammeter in series 
to measure current. Refer to Figure 2-62. 

3. Redraw the schematic in Figure 2-59 to include the ammeter. 
4. For which measurement (A. B. or C) is the lamp brightest? 

Explain. 
5. List the change(s) in the circuit that can cause the ammeter 

reading to go from A to B. 
6. List the circuit condilion(s) that will produce the ammeter 

reading in C. 



Application Activity ♦ 63 

Top view Boilom view 

E-ich row of five sockets is connected 
by a common strip on the bottom. 

FIGURE 2-61 
A typical protoboard used for breadboarding. 
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Measuring Voltage with the Multimeter 
Set the DMM to the voltmeter function to measure voltage. You 
must connect the voltmeter to the two points across which you 
are measuring the voltage. Refer to Figure 2-63. 

7. Across which component is the voltage measured? 

8. Redraw the schematic in Figure 2-59 to include the voltmeter. 
9. For which measurement (A or B) is the lamp brighter? 

Explain. 
10. List the change(s) in the circuit that can cause the voltmeter 

reading to go from A to B. 
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FIGURE 2-63 
Voltage measurements. 

Measuring Resistance with the Multimeter 
Scl lire DMM (o Ihc ohmmcicr funeiion lo measure resistance. 
Before you connect the ohmmeter. you must disconnect the 
resistance lo be measured from Ihe circuit. Before you discon- 
nect any component, first turn the power supply off. Refer lo 
Figure 2-64. 
11. For which component is the resistance measured? 
12. For which measurement (A or B) will the lamp be brighter 

when Ihc circuit is reconnected and the power turned on? 
Explain. 

Review 
13. If Ihc do supply voltage in Ihc panel illumination circuit is 

reduced, how is Ihe amount of light produced by the lamp 
affected? Explain. 

14. Should the potentiometer be adjusted to a higher or lower 
resistance for the circuit to produce more light? 

Multisim Analysis 
Open multisim and create the instrument panel illu- 
mination circuit. Run the simulation; operate the 
switch and rheostat to observe operation. 
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FIGURE 2-64 
Resistance measurements. 

SUMMARY  

♦ An atom is the smallest particle of an element thai retains the characteristics of that element. 
♦ When electrons in the outer orbit of an atom (valence electrons) break away, they become free 

electrons. 
♦ Free electrons make current possible. 
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♦ Like charges repel each other, and opposite charges attract each other. 
♦ Voltage must be applied to a circuit to produce current. 
♦ Resistance limits the current. 
♦ Basically, an electric circuit consists of a source, a load, and a current path. 
♦ An open circuit is one in which the current path is broken. 
♦ A closed circuit is one which has a complete current path. 
♦ An ammeter is connected in line with the current path. 
♦ A voltmeter is connected across the current path. 
♦ An ohmmeter is connected across a resistor (resistor must be disconnected from circuit). 
♦ One coulomb is the charge of 6.25 X IO18 electrons. 
♦ One volt is the potential difference (voltage) between two points when one joule of energy is used 

to move one coulomb from one point to the other. 
♦ One ampere is the amount of current that exists when one coulomb of charge moves through a 

given cross-sectional area of a material in one second. 
♦ One ohm is the resistance when there is one ampere of current in a material with one volt applied 

across the material. 
♦ Figure 2-65 shows the electrical symbols introduced in this chapter. 
♦ Standard connections to electrical outlets include a hot wire, a neutral, and a safely ground. 
♦ GFCT breakers sense the currents in the hot wire and neutral wire and trip the breaker if the cur- 

rents are different, indicating a ground fault. 
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KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Ammeter An electrical instrument used to measure current. 
Ampere (A) The unit of electrical current. 
Atom The smallest particle of an element possessing the unique characteristics of that element. 
AWG American wire gauge; a standardization based on wire diameter. 
Charge An electrical properly of matter that exists because of an excess or a deficiency of elec- 
trons. Charge can be either positive or negative. 
Circuit An interconnection of electrical components designed to produce a desired result. A basic 
circuit consists of a source, a load, and an interconnecting current path. 
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Closed circuit A circuit with a complete current path. 
Conductance The ability of a circuit to allow current. The unit is the Siemens (S). 
Conductor A material in which electric current is easily established. An example is copper. 
Coulomb (C) The unit of electrical charge; the total charge possessed by 6.25 X I0IS electrons. 
Coulomb's law A law that stales a force exists between two charged bodies that is directly propor- 
tional to the product of the two charges and inversely proportional to the square of the distance be- 
tween them. 
Current The rale of flow of charge (electrons). 
Current source A device that produces a constant current for a varying load. 
DMM Digital multimeter; an electronic instrument that combines meters for measurement of volt- 
age. current, and resistance. 
Electrical shock The physical sensation resulting from electrical current through the body. 
Electron A basic particle of electrical charge in matter. The electron possesses negative charge. 
Free electron A valence electron that has broken away from its parent atom and is free to move 
from atom to atom within the atomic structure of a material. 
Ground The common or reference point in a circuit. 
Insulator A material that does not allow current under normal conditions. 
Load An element connected across the output terminals of a circuit that draws current from the 
source and upon which work is done. 
Ohm < fi) The unit of resistance. 
Ohmmeter An instrument for measuring resistance. 
Open circuit A circuit in which there is not a complete current path. 
Potentiometer A three-terminal variable resistor. 
Power supply An electronic device that converts ac voltage to dc voltage. 
Resistance Opposition to current. The unit is the ohm (O). 
Resistor An electrical component specifically designed to have a certain amount of resistance. 
Rheostat A two-terminal variable resistor. 
Semiconductor A material that has a conductance value between that of a conductor and an insu- 
lator. Silicon and germanium are examples. 
Siemens (S) The unit of conductance. 
Volt The unit of voltage or electromotive force. 
Voltage The amount of energy per charge available to move electrons from one point to another in 
an electric circuit. 
Voltage source A device that produces a constant voltage for a varying load. 
Voltmeter An instrument used to measure voltage. 

FORMULAS 

2-1 Q = 
number of electrons 

6.25 X I0l8electroiis/C 
Charge 

2-2 V II 
C

|3
= Voltage equals energy divided by charge. 

2-3 / = Q 
t 

Current equals charge divided by time. 

2-4 G i 
R Conductance is the reciprocal of resistance. 

2-5 A = d2 Cross-sectional area equals the diameter squared. 

2-6 R = ?L 
4 Resistance is resistivity times length divided 

by cross-sectional area. 
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TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The number of neutrons in the nucleus is the atomic number of that clement. 
2. The unit of charge is the ampere. 
3. Energy in a battery is stored in the form of chemical energy. 
4. A volt can be defined in terms of energy per charge. 
5. In a five-band precision resistor, the fourth band is the tolerance band. 
6. A rheostat performs the same function as a potentiometer. 
7. A strain gauge changes resistance in response to an applied force. 
8. All circuits must have a complete path for current. 
9. A circular mil is a unit of area. 

10. The three basic measurements that can be done by a DMM are voltage, current, and power. 

SELF-TEST Answers are at the end of the chapter. 
1. A neutral atom with an atomic number of three has how many electrons? 

(a) I (b) 3 (c) none (d) depends on the type of atom 
2. Electron orbits are called 

(a) shells (b) nuclei (c) waves (d) valences 
3. Materials in which there is no current when voltage is applied are called 

(a) filters (b) conductors (c) insulators (d) semiconductors 
4. When placed close together, a positively charged material and a negatively charged material will 

(a) repel (b) become neutral (c) attract (d) exchange charges 
5. The charge on a single electron is 

(a) 6.25 X l(r18C (b) 1.6 X l(rl9C (c) 1.6 X lO"19,! (<1) 3,14 X lO^C 
6. Potential difference is another term for 

(a) energy (b) voltage (c) distance of an electron from the nucleus (d) charge 
7. The unit of energy is the 

(a) wall (b) coulomb (c) joule (d) volt 
8. Which one of the following is not a type of energy source? 

(a) battery (b) solar cell (c) generator (d) potcniiomcicr 
9. Which one of the following is not a possible condition in an electric circuit? 

(a) voltage and no current (b) current and no voltage 
(c) voltage and current (d) no voltage and no current 

10. Electrical current is defined as 
(a) free electrons 
(b) the rale of flow of free electrons 
(c) the energy required to move electrons 
(d) the charge on free electrons 

11. There is no current in a circuit when 
(a) a switch is closed (b) a switch is open (c) there is no voltage 
(d) answers (a) and (c) (e) answers (b) and (c) 

12. The primary purpose of a resistor is to 
(a) increase current (b) limit current 
(c) produce heat (d) resist current change 
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13. Potentiometers and rheostats are types of 
(a) voltage sources (b) variable resistors 
(c) fixed resistors (d) circuit breakers 

14. The current in a given circuit is not to exceed 22 A. Which value of fuse is best? 
(a) 10 A (b) 25 A (c) 20 A (d) a fuse is not necessary 

PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 2-2 Electrical Charge 
1. What is the charge in coulombs of the nucleus of a copper atom? 
2. What is the charge in coulombs of the nucleus of a chlorine atom? 
3. How many coulombs of charge do 50 X I0"11 electrons possess? 
4. How many electrons does it take to make 80 fiC (microcoulombs) of charge ? 

SECTION 2-3 Voltage 
5. Determine the voltage in each of the following cases: 

(a) 10 J/C (b) 5 J/2 C (c) 100 J/25 C 
6. Five hundred Joules of energy are used to move I(X) C of charge through a resistor. What is the 

voltage across the resistor? 
7. What is the voltage of a battery that uses 800 J of energy to move 40 C of charge dirough a resistor? 
8. How much energy does a 12 V battery use to move 2.5 C through a circuit? 
9. If a resistor with a current of 2 A through it converts 1000 J of electrical energy into heal 

energy in 15 s. what is the voltage across the resistor? 
10. List four common sources of voltage. 
11. Upon what principle is electrical generators based? 
12. How docs and electronic power supply differ from the other sources of voltage? 

SECTION 2-4 Current 
13. A certain current source provides 100 mA to a I kii load. If the resistance is decreased to 

500 H. what the current in the load? 
14. Determine the current in each of the following cases: 

(a) 75 C in Is (b) IOC in 0.5 s (c) 5 C in 2 s 
15. Six-tenths coulomb passes a point in 3 s. What is the current in amperes? 
16. How long does it take 10 C to flow past a point if the current is 5 A? 
17. How many coulombs pass a point in 0.1 s when the current is 1.5 A? 
18. 5.74 X 101 electrons flow through a wire in 250 ms. What is the current in amperes? 

SECTION 2-5 Resistance 
19. Find the conductance for each of the following resistance values: 

(a) 5n (b) 25n (c) icon 
20. Find the resistance corresponding to the following conductances: 

(a) 0.1 S (b) 0.5 S (c) 0.02 S 
21. Determine the resistance values and tolerance for the following 4-band resistors; 

(a) red, violet, orange, gold (b) brown, gray, red, silver 
22. Find the minimum and the maximum resistance within the tolerance limits for each resistor in 

Problem 21. 
23. Determine the color bands for each of the following 4-band, 5% values: 330 fl. 2.2 kll. 

56 kfi, 100 kll, and 39 kll. 
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24. Determine the resistance and tolerance of each of the following 4-band resistors; 
(a) brown, black, black, gold 
(b) green, brown, green, silver 
(c) blue, gray, black, gold 

25. Determine the resistance and percent tolerance for each of the resistors in Figure 2-66. 

la) lb) (c) 

Id) 

A FIGURE 2-66 

(c) (f) 

26. From the selection of resistors in Figure 2-67, select the following values: 
330 0,2.2 kf!. 56 kii, 100 kfi, and 39 k!!. 

(c) (d) (c) (0 (g) (h) (i) (j) 

A FIGURE 2-67 

Ik) (1) 

27. Determine the color bands for each of the following 4-band resistors. Assume each has a 
5% tolerance. 
(a) 0.47 11 (b) 270 kll (c) 5.1 Mil 

28. Determine the resistance and tolerance of each of the following 5-band resistors: 
(a) red, gray, violet, red. brown 
(b) blue, black, yellow, gold, brown 
(c) white, orange, brown, brown, brown 

29. Determine the color bands for each of the following 5-band resistors. Assume each has a 
1% tolerance. 
(a) 14.7 kll (b) 39.2 11 (c) 9.76 kll 

30. The adjustable contact of a linear potentiometer is set at the mechanical center of its adjust- 
ment. If the total resistance is 1000 11, what is the resistance between each end terminal and 
the adjustable contact? 

31. What resistance is indicated by 4K7? 
32. Determine the resistance and tolerance of each resistor labeled as follows: 

(a) 4R7J (b) 5602M (c) 150IF 
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SECTION 2-6 The Electric Circuit 
33. Trace Ihe current path in Figure 2-68(a) with the switch in position 2. 
34. With the switch in either position, redraw the circuit in Figure 2-68(d) with a fuse connected to 

protect the circuit against excessive current. 

FIGURE 2-68 

: 
Lamp I Lamp 2 Lamp 3 

: 
I-amp I .amp 2 

(a) (b) 

I 2 I 2 

JT 

i 
Lamp Lamp 2 

I 

_ 
Lamp I Lamp 2 

FIGURE 2-69 

(c) <d) 

35. There is only one circuit in Figure 2-68 in which it is possible to have all lamps on at the same 
lime. Determine which circuit it is. 

36. Through which resistor in Figure 2-69 is there always current, regardless of the position of the 
switches? 

wv 

I 
SW2 Wf 

: 

37. Devise a switch arrangement whereby two voltage sources (V31 and Vj^) can be connected 
simultaneously to either of two resistors (fl| and Rt) as follows: 

VS1 connected to R\ and VS2 connected to ft2 

or Vj 1 connected to R2 and Vs2 connected to ft 1 
38. Show how a single switch can be used to connect a phonograph, a CD (compact disk) player, a 

tape deck, an AM tuner, or an FM tuner to an amplifier by a single knob control. Only one unit 
can be connected to Ihe amplifier at any time. 

SECTION 2-7 Basic Circuit Measurements 
39. Show Ihe placement of an ammeter and a voltmeter to measure the current and Ihe source 

voltage in Figure 2-70. 

FIGURE 2-70 
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40. Explain how you would measure the resistance of R2 in Figure 2-70. 
41. In Figure 2-71. how much voltage does each meter indicate when the switch is in position 1? 

In position 2? 

FIGURE 2-71 
1. sw 

f 

R) = 
(v? 

l : 

42. In Figure 2-71. indicate how to connect an ammeter to measure the current from the voltage 
source regardless of the switch position. 

43. In Figure 2-69. show the proper placement of ammeters to measure the current through each 
resistor and the current out of the battery. 

44. Show the proper placement of voltmeters to measure the voltage across each resistor in 
Figure 2-69. 

45. What is the voltage reading of the meter in Figure 2-72(a)? 
46. How much resistance is the ohmmeter in Figure 2-72(b) measuring? 

ANALOG MULTIMETER 
OFF 

COM 
0 

ANALOG MULTIMETER 

( mi v/n 

FIGURE 2-72 
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47. Determine the resistance indicated by each of the following ohmmeler readings and range settings: 
(a) pointer at 2. range setting at X10 
(b) pointer at 15, range selling at X 100.000 
(c) pointer at 45. range setting at X100 

48. What is the maximum resolution of a 4!<-digil DMM? 
49. Indicate how you would connect the multimeter in Figure 2-72(b) to the circuit in Figure 2-73 to 

measure each of the following quantities. In each case indicate the appropriate function and range, 
(a) /, (b) V, (c) R\ 

FIGURE 2-73 

•I 

i 

-vw- 
4.7 kit 

10 V ^^ R> 2.2 k!! >-8,2k!l 

ANSWERS 

SECTION CHECKUPS 

SECTION 2-1 Atomic Structure 
1. The electron is the basic particle of negative charge. 
2. An atom is the smallest particle of an element that retains the unique characteristics of the 

element, 
3. An atom is a positively charged nucleus surrounded by orbiting electrons, 
4. Atomic number is the number of protons in a nucleus. 
5. No. each element has a different type of atom. 
6. A free electron is an outer-shell electron that has drifted away from the parent atom. 
7. Shells are energy bands in which electrons orbit the nucleus of an atom. 
8. Copper and silver 

SECTION 2-2 Electrical Charge 
1. Q — charge 
2. Unit of charge is the coulomb; C 
3. Positive or negative charge is caused by the loss or acquisition respectively of an outer-shell 

(valence) electron. 
10 X 1012 electrons 4. O =    = 1.6 X lO^C = 1.6 uC 

6.25 X 10 clcelrons/C 

SECTION 2-3 Voltage 
1. Voltage is energy per unit charge. 
2. Volt is the unit of voltage. 
3. V = W/Q = 24J/10C = 2.4 V 
4. Battery, fuel cell, solar cell, generator, power supply, thermocouple 
5. Oxidation-reduction 

SECTION 2-4 Current 
1. Current is the rate of flow of electrons; its unit is the ampere (A). 
2. electrons/coulomb = 6.25 X lO18 

3. I = Qfl = 20C/4s = 5 A 
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SECTION 2-5 Resistance 
1. Resistance is opposition to current and its unit is the ohm. 
2. Two resistor categories are fixed and variable. The value ot a fixed resistor cannot be changed, 

but that of a variable resistor can. 
3. First bund: first digit of resistance value. Second hand: second digit of resistance value. Third 

band: multiplier (number of zeros following the second digit). Fourth hand: % tolerance. 
4. (a) 47001) ±5% (b)62kf)±10% 

(e| 18 a ±10% (d) 22.6 kO ±0.5% 
5. (a) 33R = 33 fl (b) 5K6 = 5.6 kil 

(c) 900 = 900 I! (d) 6M8 = 6.8 Mil 
6. A rheostat has two terminals; a potentiometer has three terminals. 
7. Thermistor: temperature 

pholoconduclive cell: light 
strain gauge; mechanical force 

SECTION 2-6 The Electric Circuit 
1. An electric circuit consists of a source, load, and current path between source and load. 
2. An open circuit is one that has no path for current. 
3. A closed circuit is one that has a complete path for current. 
4. A fuse is not rcscitablc. a circuit breaker is. 
5. AWG 3 is larger. 
6. Ground is the common or reference point. 

SECTION 2-7 Basic Circuit Measurements 
1. (a) An ammeter measures current. 

(b) A voltmeter measures voltage. 
(c| An ohmmeter measures resistance. 

2. See Figure 2-74. 

FIGURE 2-74 
Lamp I I-amp 

I-amp 2 
Lamp 2 

(a) Two ammeters 

3. See Figure 2-75. 

(b) One ammeter 

FIGURE 2-75 Lamp 1 

I-amp 2 
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4. Two types of DMM displays are liquid-crystal display (I.CD) and light-emitting display 
(LED). The LCD requires little current, but it is difficult to see in low light and is slow to 
respond. The LED can be seen in the dark, and it responds quickly. However, it requires much 
more current than does the LCD. 

5. Resolution is the smallest increment of a quantity that the meter can measure. 
6. 1.5 V 

SECTION 2-8 Electrical Safety 
I. Current 2. F 3. F 4. F 5. T 
6. GFCI; ground fault circuit interrupter 

RELATED PROBLEMS FOR EXAMPLES 
2-1 1.88 X lO19 electrons 
2-2 600J 
2-3 12 C 
2-4 4700 0 ±5% 
2-5 47.5 O ±2% 
2-6 1.25 kO 
2-7 2.25 CM 
2-8 1.280 O; same as calculated result 
2-9 The needle will move left to the "100" mark. 

TRUE/FALSE QUIZ 
1. F 2. F 3. T 4. T 5. F 6. F 7. T 8. T 9. T 10. F 

SELF-TEST 
1- (b) 2. (a) 
8. (d) 9. (b) 

3. (c) 4. (c) 
10. lb) 11. (e) 

5. (b) 6. fb) 7. (c) 
12. (b) 13. <b) 14. (c) 
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3-2 Current Calculations 
3-3 Voltage Calculations 
3-4 Resistance Calculations 
3-5 Introduction to Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

♦ Explain Ohm's law 
♦ Calculate current in a circuit 
♦ Calculate voltage in a circuit 
♦ Calculate resistance in a circuit 
♦ Describe a basic approach to troubleshooting 

KEY TERMS 

^ Ohm's law 
linear 
Troubleshooting 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
htlp://www.prenhall.com/floyd 

INTRODUCTION 

In Chapter 2, you studied the concepts of voltage, current, 
and resistance. You also were introduced to a basic electric 
circuit. In this chapter, you will learn how voltage, current, 
and resistance are interrelated. You will also learn how to 
analy/e a simple electric circuit. 

Ohm's law is perhaps the single most important tool for 
the analysis of electric circuits, and you must know how to 
apply it. 

In 1826 Georg Simon Ohm found that current, voltage, 
and resistance are related in a specific and predictable way. 
Ohm expressed this relationship with a formula that is 
known today as Ohm's law. In this chapter, you will learn 
Ohm's law and how to use it in solving circuit problems. A 
general approach to troubleshooting using an analysis, plan- 
ning, and measurement (ARM) approach is also introduced. 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will see how Ohm's law is 
used in a practical circuit. The circuit is an array of switch- 
selectable resistors of various values used to control the 
peed of a fan. The resistance values will be determined 

based on fan motor data and by the application of Ohm's 
law. A test procedure will be developed once the modifica- 
tions have been made. 

iftr *-• m. / 
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& 3-1 The Relationship of Current, Voltagi:, and Resistance  
Ohm's law describes mathematically how voltage, current, and resistance in a circuit 
are related. Ohm's law is expressed in three equivalent forms depending on which 
quantity you need to determine. As you will learn, current and voltage are linearly 
proportional. However, current and resistance are inversely proportional. 

After completing this section, you should be able to 

• Explain Ohm's law 

• Describe how V, /, and R are related 

• Express / as a function of V and R 

• Express V as a function of / and R 

• Express R as a function of V and / 

• Show graphically that / and V are directly proportional 

• Show graphically that / and R are inversely proportional 

• Explain why / and V are linearly proportional 

FIGURE 3-1 
Effect on the current of changing 
the voltage with the resistance at a 
constant value. 

Ohm determined experimentally that if the voltage across a resistor is increased, the cur- 
rent through the resistor will also increase; and, likewise, if the voltage is decreased, the 
current will decrease. For example, if the voltage is doubled, the current will double. If 
the voltage is halved, the current will also be halved. This relationship is illustrated in 
Figure 3-1, with relative meter indications of voltage and current. 

vplf 

(a) Less V, less / (b) More V, more / 

Ohm also determined that if the voltage is held constant, less resistance results in more 
current, and, also, more resistance results in less current. For example, if the resistance is 
halved, the current doubles. If the resistance is doubled, the current is halved. This concept 
is illustrated by the meter indications in Figure 3-2, where the resistance is increased and 
the voltage is held constant. 

FIGURE 3-2 
Effect on the current of changing 
the resistance with the voltage at a 
constant value. 

III!! 

\\\tuu 

20 !! 

t 
(a) Less /if. more / (b) More R. less / 

^ This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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Ohm's law states that current is directly proportional to voltage and inversely propor- 
tional to resistance. The circuits in Figures 3-1 and 3-2 illustrate Ohm's law, which is 
given in the following formula: 

V 
/ = - 

H 

where / is current in amperes (A), Vis voltage in volts (V), and R is resistance in ohms (ft). 
For a constant value of R, if the value of V is increased, the value of / increases; if V is de- 
creased, / decreases. If V is constant and R is increased, / decreases. Similarly, if V is con- 
stant and R is decreased, / increases. 

Using Equation 3-1, you can calculate the current if you know the values of voltage and re- 
sistance. By manipulating Equation 3-1, you can obtain expressions for voltage and resistance. 

V = IR 

V 
R = — 

I 

With Equation 3-2, you can calculate voltage if you know the values of current and resistance. 
With Equation 3-3, you can calculate resistance if you know the values of voltage and current. 

The three expressions—Equations 3-1, 3-2 and 3-3—are all equivalent. They are sim- 
ply three ways of slating Ohm's law. 

Equation 3-1 

Equation 3-2 

Equation 3-3 

The Linear Relationship of Current and Voltage 

In resistive circuits, current and voltage are linearly proportional. Linear means that if one 
of the quantities is increased or decreased by a certain percentage, the other will increase 
or decrease by the same percentage, assuming that the resistance is constant in value. For 
example, if the voltage across a resistor is tripled, the current will triple. 

EXAMPLE 3-1 Show that if the voltage in the circuit of Figure 3-3 is increased to three times its pres- 
ent value, the current will triple in value. 

FIGURE 3-3 

V ■ 
10V ' 

Solution With 10 V, the current is 

R 4.7 kft 
If the voltage is increased to 30 V, the current will be 

V 30 V 
= 6.38 mA 

V 10 V 
/ = - = = 2.13 mA 

R 4.7 kft 
The current went from 2.13 mA to 6.38 mA when the voltage was tripled to 30 V. 

Related Problem' If the voltage in Figure 3-3 is quadrupled, will the current also quadruple? 

Use Mullisim file E03-0I to verify the calculated results in this example and your cal- 
culation for the related problem. 

•Answers arc at Ihc end of the chapter. 
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Let's take a constant value of resistance, for example, 1 Oil, and calculate the current for 
several values of voltage ranging from 10 V to 100 V in the circuit in Figure 3-4(a). The 
current values obtained arc shown in Figure 3-4(b). The graph of the / values versus the V 
values is shown in Figure 3-4(c). Note that it is a straight line graph. This graph tells us that 
a change in voltage results in a linearly proportional change in current. No matter what 
value R is, assuming that R is constant, the graph of / versus V will always be a straight line. 

/(A) 

'O 

I' -==- lOV-ioo V 0 ! 

V ; 
io v 1 A 
20 V 2 A 
30 V 3 A 
40 V 4 A 
50 V 5 A 
60 V 6 A 
70 V 7 A 
80 V SA 
90 V 9 A 

100 V I0A 

/ = V 
10 il 

K = 10!! 

40 50 90 100 VIV) 

(b) lc) 

FIGURE 3-4 
Graph of current versus voltage for the circuit in part (a). 

EXAMPLE 3-2 Assume that you are measuring the current in a circuit that is operating with 25 V. The 
ammeter reads 50 mA. Later, you notice that the current has dropped to 40 mA. As- 
suming that the resistance did not change, you must conclude that the voltage source 
has changed. How much has the voltage changed, and what is its new value? 

Solution The current has dropped from 50 mA to 40 mA, which is a decrease of 20%. Since the 
voltage is linearly proportional to the current, the voltage has decreased by the same 
percentage that the current did. Taking 20% of 25 V, you get 

Change in voltage = (0.2)(25V) = 5V 

Subtract this change from the original voltage to get the new voltage. 

New voltage = 25 V - 5 V = 20 V 

Notice that you did not need the resistance value in order to find the new voltage. 

Ih'lalfd I'nihlem If the current drops to 0 A under the same conditions stated in the example, what is the 
voltage? 

The Inverse Relationship of Current and Resistance 

As you have seen, current varies inversely with resistance as expressed by Ohm's law, 
/ = V/R. When the resistance is reduced, the current goes up; when the resistance is 
increased, the current goes down. For example, if the source voltage is held constant and the 
resistance is halved, the current doubles in value; when the resistance is doubled, the current 
is reduced by half. 

Let's take a constant value of voltage, for example, 10 V, and calculate the current for 
several values of resistance ranging from 10 fl to 100 !l in the circuit in Figure 3-5(a). The 
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10 V -= : r 
■ 10!!-100 a 

R(!f) /IA) 
10 1.000 
20 0,500 
30 0.333 
40 0.250 
50 0,200 
60 0.167 
70 0,143 
80 0.125 
90 0.111 
100 0.100 

/(A) 

1,0 
0.9 
0.8 
0.7 
0.6 
0,5 
0.4 
0.3 
0,2 
0.1 
0 

\ 
\ v= 10 V 

\ 
s k 

s 

0 10 20 30 40 50 60 70 80 90 100 •«(!!) 

(a) <b) (c) 

FIGURE 3-5 
Graph of current versus resistance for the circuit in part (a). 

values obtained arc shown in Figure 3-5(b). The graph of the / values versus the K values 
is shown in Figure 3-5(c). 

SECTION B-1 1. Ohm's law defines how three basic quantities are related. What are these quantities? 
CHECKUP 2. Write the Ohm's law formula for current. 
Answers are at the end of the 
chapter. 3. Write the Ohm's law formula for voltage. 

4. Write the Ohm's law formula for resistance. 
5. If the voltage across a fixed-value resistor is tripled, does the current increase or 

decrease, and by how much? 
6. If the voltage across a fixed resistor is cut in half, how much will the current change? 
7. There is a fixed voltage across a resistor, and you measure a current of 1 A. If you 

replace the resistor with one that has twice the resistance value, how much current 
will you measure? 

8. In a circuit the voltage is doubled and the resistance is cut in half. Would the current 
increase or decrease and if so, by how much? 

9. In a circuit, V = 2 V and 1=10 mA. If V is changed to 1 V, what will 1 equal? 
10. If 1 = 3 A at a certain voltage, what will it be if the voltage is doubled? 

3-2 Current Calculations  

Examples in this section illustrate the Ohm's law formula / = VIR. 

After completing this section, you should be able to 

♦ Calculate current in a circuit 

♦ Use Ohm's law to find current when you know voltage and resistance values 

♦ Use voltage and resistance values expressed with metric prefixes 
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The following examples use the formula / = VIR. In order to gel current in amperes, 
you must express the value of voltage in volts and the value of resistance in ohms. 

EXAMPLE 3-3 How many amperes of current arc in the circuit of Figure 3-6? 

FIGURE 3-6 

V . 
100 V ■ ■kR 

>r. 22 kit 

Sollilimi Use the formula / = V/R, and substitute 100 V for V and 22 kil for R. 

100V / = ^ 
R 22 kil 

= 4.55 mA 

ReLilcd Problem If R is changed to 33 kfl in Figure 3-6. what is the current? 

Use Multisim file E03-03 to verify the calculated results in this example and your cal- 
culation for the related problem. 

EXAMPLE 3-4 If the resistance in Figure 3-6 is changed to 47 S! and the voltage to 50 V, what is the 
new value of current? 

Solution Substitute V = 50 V and R = 41 il into the formula / = V/R. 

V 50 V 
R 47 SI 

Helttled Problem If V = 5 V and R = 1000 II. what is the current? 

= 1.06 A 

Units with Metric Prefixes 

In electronics, resistance values of thousands of ohms or even millions of ohms are com- 
mon. The metric prefixes kilo (k) and mega (M) arc used to indicate large values. Thus, 
thousands of ohms are expressed in kilohms (kfl), and millions of ohms are expressed in 
megohms (MO). The following four examples illustrate how to use kilohms and megohms 
to calculate current. Volts (V) divided by kilohms (kfl) results in milliamperes (mA), Volts 
(V) divided by megohms (Mfi) results in microamperes (/xA). 

EXAMPLE 3-5 Calculate the current in Figure 3-7. 

FIGURE 3-7 

50 V .Ok!! 
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Solution Remember that 1.0 k!i is the same as I x 10 Jl. Use the formula / = V/R and sub- 
stitute 50 V for V and I X 103 fl for R. 

I = -= 50 V 50 V 

R I.Okft I x 103n 
Hehit'd 1'ioblem Calculate the current in Figure 3-7 if R is changed to 10 k!i. 

In Example 3-5, 50 X 10"3 A is expressed as 50 milliamperes (50 mA), This can be 
used to advantage when you divide volts by kilohms. The current will be in milliamperes, 
as Example 3-6 illustrates. 

EXAMPLE 3-6 How many milliamperes arc in the circuit of Figure 3-8? 

FIGURE 3-8 

V . 
30 V " 

/ 
: r 
5.6 k!l 

Solution When you divide volts by kilohms, you gel current in milliamperes. 

30 V 
I - - - = 5.36 mA 

R 5.6 kO 

Related Problem What is the current in milliamperes if R is changed to 2.2 kii? 

fit 
^ Use Multisim file E03-06 to verify the calculated results in this example and to con- 

firm your calculation for the related problem. 

If you apply volts when resistance values are in megohms, the current is in microam- 
peres (/tA), as Examples 3-5 and 3-6 show. 

EXAMPLE 3-7 Determine the amount of current in the circuit of Figure 3-9. 

FIGURE 3-9 

V. 
25 V " 

/ 
R 
4.7 Mi! 

Solution Recall that 4.7 MLl equals 4.7 X 106 H. Substitute 25 V for Vand 4.7 X I06 fi for R. 

/ - - - 25 V 25 V 
R 4.7 Mil 4,7XI06a 

Related Problem What is the current if Vis increased to 100 V in Figure 3-6? 

= 5.32 X 10 6 A = 5.32 /lA 
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EXAMPLE 3-8 Change the value of R in Figure 3-9 to 1.8 Mfl. What is the new value of current? 

Solution When you divide volts by megohms, you get current in microamperes. 

V 25 V 
/ = - =  — = 13.9 uA 

R l.SMfl ^ 

Reluled Problem If It is doubled in the circuit of Figure 3-6, what is the new value of current? 

Small voltages, usually less than 50 V arc common in semiconductor circuits. Occa- 
sionally, however, large voltages are encountered. For example, the high-voltage supply 
in some television receivers is around 20,000 V (20 kilovolts, or 20 kV), and transmis- 
sion voltages generated by the power companies may be as high as 345,000 V (345 kV). 
The following two examples illustrate how to use voltage values in the kilovoll range to 
calculate current. 

EXAMPLE 3-9 How much current is produced by a voltage of 24 kV across a 12 k!! resistor? 

Solulii Since kilovolts are divided by kilohms, the prefixes cancel; therefore, the current is in 
amperes. 

V 24 kV 24 X I o' V / = — = = =24 
R 12 k!! 12 X 103 fl 

Reined Problem What is the current in mA produced by I kV across a 27 k!! resistor? 

EXAMPLE 3-10 How much current is there through a 100 M!! resistor when 50 kV arc applied? 

Solution In this case, divide 50 kV by 100 M!! to gel the current. Substitute 50 X 10* V for 
50 kV and 100 X lO6!! for 100MH. 

V 50kV 50 X lO3 V , 
/ = - = —    — = 0.5 x 10 A = 0.5 mA 

R 100 MH iooxio6n 

Remember that the power of ten in the denominator is subtracted from the power of ten 
in the numerator. So 50 was divided by 100. giving 0.5, and 6 was subtracted from 3, 
giving 10 3. 

Related Problem How much current is there through a 6.8 M!! resistor when 10 kV arc applied? 

SECTION 3-2 In Problems 1-4, calculate /. 
CHECKUP 1. V= lOVandR = 5.6 !!. 

2. V = 100 V and R = 560!!. 
3. V = 5 V and R = 2.2 kf!. 
4. V= 15 VandR = 4.7 Mfl. 
5. If a 4.7 Mfl resistor has 20 kV across it, how much current is there? 
6. How much current will 10 kV across a 2.2 Mfl resistor produce? 
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3-3 Voltage Calculations  

Examples in this section illustrate the Ohm's law expression V = IR. 

After completing this section, you should be able to 

♦ Calculate voltage in a circuit 

♦ Use Ohm's law to find voltage when you know current and resistance values 

• Use current and resistance values expressed with metric prefixes 

The following examples use the formula V = IR. To obtain voltage in volts, you must 
express the value of / in amperes and the value of R in ohms. 

EXAMPLE 3-11 In the circuit of Figure 3-10, how much voltage is needed to produce 5 A of current? 

FIGURE 3-10 
i A 

100 

Solution Substitute 5 A for / and 100 U for R into the formula V = IR. 

V = IR = {5 A)(100 1!) = 500 V 

Thus, 500 V are required to produce 5 A of current through a 100 H resistor. 

lu'l.iwd Problem In Figure 3-10, how much voltage is required to produce 12 A of current ? 

Units with Metric Prefixes 

The following two examples illustrate how to use current values in the milliampere (mA) 
and microampere (/xA) ranges to calculate voltage. 

EXAMPLE 3-12 How much voltage will be measured across the resistor in Figure 3-11 ? 

FIGURE 3-11 
5 mA 

K . 
56 n; 

Solutior Five milliamperes equals 5 x 10 ' A. Substitute the values for / and/? into the for- 
mula V = IR. 

V = IR = (5mA)(56 (I) = (5 X 10"3 A)(56 H) = 280 X I0"3V = 280 mV 
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Helmed Problem How much voltage is measured across H lf K = 33 1! and / = 1.5 mA in Figure 3-11? 

Use Multisim file E03-I2 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 3-13 Suppose that a solar cell produces a current of 180/xA through a 100 !1 resistor. How 
much voltage is across the resistor? 

Solution 180 microamperes equals 180 X I0~6 A. Substitute the values for / and R into the for- 
mula V = IR. 

V = IR = (ISO^AKIOO U) = (180 x IO"6A)(100 U) = 18 x lO"3 V = 18mV 

Related Problem If there are 3.2 /xA through a 47 11 resistor, what is the voltage across the resistor? 

The following two examples illustrate how to use resistance values in the kilohm (kll) 
and megohm (Mfl| ranges to calculate voltage. 

EXAMPLE 3-14 The circuit in Figure 3-12 has a current of 10 mA. What is the voltage? 

FIGURE 3-12 
10 in A 

R 
3.3 kll 

Solution Ten milliamperes equals 10 X 10 3 A and 3.3 kll equals 3.3 x 103 11. Substitute 
these values into the formula V = IR. 

V = IR = (10 mA)(3.3 kll) = (10 X I0"3A)(3.3 X 103!1) = 33 V 

Notice that 10 1 and I03 cancel. Therefore, milliamperes cancel kilohms when multi- 
plied, and the result is volts. 

If the current in Figure 3-12 is 25 mA, what is the voltage? 

Use Multisim file E03-I4 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

He aled Problem 

EXAMPLE 3-15 If there is a current of 50 /xA through a 4.7 Mil resistor, what is the voltage? 

Solution Fifty microamperes equals 50 X lO-6 A and 4.7 Mil is4.7 x IO611. Substitute these 
values into the formula V = IR. 

V = IR = (50/xA)(4.7Mil) = (50 X I0"6A|(4.7 X lO6!!) = 235V 
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Notice that 10 6 and I06 cancel. Therefore, microamperes cancel megohms when mul- 
tiplied, and the result is volts. 

Hiiih'ii Prnhtem If there are 450 /iA through a 3.9 Mfl resistor, what is the voltage? 

SECTION 3-3 In Problems 1-7, calculate V. 
CHECKUP 1. / = 1 Aand R = 10 n. 

2. / = 8 A and R = 470 1). 
3. / = 3 mA and R = 100 SI. 
4. 1 = 25 /lAand fi = 56 ff. 
5. / = 2mAandR = 1.8 kO. 
6. 1 = 5 mAandR = 100 MO.. 
7. 
8. 

/ = 10/iAand R = 2.2 MO. 
How much voltage is required to produce 100 mA through a 4.7 kO resistor? 

9. What voltage do you need to cause 3 mA of current in a 3.3 kO resistor? 
10. A battery produces 2 A through a 6.8 fl resistive load. What is the battery voltage? 

3-4 Resistance Calculations  

Examples in this section illustrate the Ohm's law expression R = VII. 

After completing this section, you should be able to 

♦ Calculate resistance in a circuit 

♦ Use Ohm's law to find resistance when you know voltage and current values 

♦ Use current and voltage values expressed with metric prefixes 

The following examples use the formula R = V/I. To get resistance in ohms, you must 
express the value of / in amperes and the value of V in volts. 

EXAMPLE 3-16 In the circuit of Figure 3-13, how much resistance is needed to draw 3.08 A of current 
from the battery ? 

FIGURE 3-13 
3.08 A 

12 V — 

1 

Solution Substitute 12 V for V and 3.08 A for / into the formula R = VII. 

V 12 V 
R = - = = 3.90 a 

/ 3.08 A 

Retnifd Problem In Figure 3-13, to what value must R be changed for a current of 5.45 A? 
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EXAMPLE 3-17 Use Ohm's law to calculate the resistance of"a rear window defroster grid in a certain 
vehicle. When it is connected to 12.6 V, it draws 15.0 A from the battery. What is the 
resistance of the defroster grid? 

V 12.6 V 
Solution R = — = = 0.84 il 

I 15.0 A 

Rrl.UPil Piolil, If one of the grid wires opens, the current drops to 13.0 A. What is the new resistance? 

Units with Metric Prefixes 

The following two examples illustrate how to use current values in the milliampere (mA) 
and microampere (/xA) ranges to calculate resistance. 

EXAMPLE 3-18 Suppose that the ammeter in Figure 3-14 indicates 4.55 mA of current and the volt- 
meter reads 150 V. What is the value of R'l 

FIGURE 3-14 
ICfi IDU 

'-155 ImA 

Solulion 4.55 mA equals 4.55 x 10 A. Substitute the voltage and current values into the for- 
mula R = VII. 

V 150 V 
R = - =   

/ 4.55 mA 
150 V 

4.55 X 10"3A 
When volts are divided by milliamperes, the resistance is in kilohms. 

Ilehileil Problem If the ammeter indicates 1.10 mA and the voltmeter reads 75 V, what is the value of R ! 

3 Use Multisim file E03-18 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

= 33 X lO'ft = 33 kLJ 

EXAMPLE 3-19 Suppose that the value of the resistor in Figure 3-14 is changed. If the battery voltage 
is still 150 V and the ammeter reads 68.2 p-A. what is the new resistor value? 

Solulion 68.2 /xA equals 68.2 X 10~6 A. Substitute V and / values into the equation for R. 

V 150 V 150 V , 
R = - =   =  — = 2,2 X I06n = 2.2Mft 

/ 68.2/xA 68.2 X 10 A 

llel.tled Problem If the resistor is changed in Figure 3-14 so that the ammeter reads 48.5 fxA. what is 
the new resistor value ? Assume V = 150 V. 
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SECTION 3-4 In Problems, 1-5, calculate fi. 
CHECKUP 1. V= 10 V and/= 2.13 A. 

2. V = 270 V and/= 10 A. 
3. V = 20 kV and / = 5.13 A. 
4. V = 15 V and/ = 2.68 mA. 
5. V = 5 V and / = 2.27 /xA. 
6. You have a resistor across which you measure 25 V, and your ammeter indicates 

53,2 mA of current. What is the resistor's value in kilohms? In ohms? 

3-5 Introduction to Troubleshooting  

Technicians must be able to diagnose and repair malfunctioning circuits and systems. 
In this section, you learn a general approach to troubleshooting using a simple exam- 
ple, Troubleshooting coverage is an important part of this textbook, so you will find a 
troubleshooting section in many of the chapters and troubleshooting problems, includ- 
ing Multisim circuits, for skill building. 

After completing this section, you should be able to 

• Describe a basic approach to troubleshooting 

♦ List three steps in troubleshooting 

♦ Explain what is meant by half-splitting 

♦ Discuss and compare the three basic measurements of voltage, current, 
and resistance 

m 

Troubleshooting is the application of logical thinking combined with a thorough 
knowledge of circuit or system operation to correct a malfunction. The basic approach to 
troubleshooting consists of three steps: analysis, planning, and measuring. We will refer to 
this 3-step approach as APM. 

Analysis 

The first step in troubleshooting a circuit is to analyze clues or symptoms of the failure. The 
analysis can begin by determining the answer to certain questions: 

1. Has the circuit ever worked? 

2. If the circuit once worked, under what conditions did it fail? 

3. What are the symptoms of the failure? 

4. What arc the possible causes of failure? 

Planning 

The second step in the troubleshooting process, after analyzing the clues, is formulating a 
logical plan of attack. Much time can be saved by proper planning. A working knowledge 
of the circuit is a prerequisite to a plan for troubleshooting. If you are not certain how the 
circuit is supposed to operate, take lime to review circuit diagrams (schematics), operating 
instructions, and other pertinent information. A schematic with proper voltages marked at 
various test points is particularly useful. Although logical thinking is perhaps the most 
important tool in troubleshooting, it rarely can solve the problem by itself. 
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FIGURE 3-15 

Measuring 

The third step is to narrow the possible failures by making carefully thought out measure- 
ments. These measurements usually confirm the direction you arc taking in solving the 
problem, or they may point to a new direction that you should lake. Occasionally, you may 
find a totally unexpected result. 

An APM Example 

The thought process that is part of the APM approach can be illustrated with a simple 
example. Suppose you have a string of 8 decorative 12 V bulbs connected in series to a 
120 V source Vg, as shown in Figure 3-15. Assume that this circuit worked properly atone 
time but slopped working after it was moved to a new location. When plugged in at the new 
location, the lamps fail to turn on. How do you go about finding the trouble? 

The Analysis Thought Process You may think like this as you proceed to analyze the 
situation: 

♦ Since the circuit worked before it was moved, the problem could be that there is no 
voltage at the new location. 

♦ Perhaps the wiring was loose and pulled apart when moved. 

♦ It is possible that a bulb is burned out or loose in its socket. 

With this reasoning, you have considered possible causes and failures that may have 
occurred. The thought process continues: 

♦ The fact that the circuit once worked eliminates the possibility that the original cir- 
cuit was improperly wired. 

♦ If the fault is due to an open path, it is unlikely that there is more than one break 
which could be either a bad connection or a burned out bulb. 

You have now analyzed the problem and arc ready to plan the process of finding the fault 
in the circuit. 

The Planning Thought Process The first part of your plan is to measure for voltage at 
the new location. If the voltage is present, then the problem is in the siring of lights. If volt- 
age is not present, check the circuit breaker at the distribution box in the house. Before 
resetting breakers, you should think about why a breaker may be tripped. Let's assume that 
you find the voltage is present. This means that the problem is in the siring of lights. 

The second part of your plan is to measure either the resistance in the siring of lights or 
to measure voltages across the bulbs. The decision whether to measure resistance or volt- 
age is a toss-up and can be made based on the ease of making the test. Seldom is a trou- 
bleshooting plan developed so completely that all possible contingencies are included. You 
will frequently need to modify the plan as you go along. 

The Measurement Process You proceed with the first part of your plan by using a mul- 
timeter to check the voltage at the new location. Assume the measurement shows a voltage 

A siting of bulbs connected to a 
voltage source. 

Vs 
120 V 

"I 
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of 120 V. Now you have eliminaletl the possibility of no voltage. You know that, since you 
have voltage across the siring and there is no current because no bulb is on, there must be 
an open in the current path. Either a bulb is burned out, a connection at the lamp socket is 
broken, or the wire is broken. 

Next, you decide to locale the break by measuring resistance with your multimeter. Ap- 
plying logical thinking, you decide to measure the resistance of each half of the string in- 
stead of measuring the resistance of each bulb. By measuring the resistance of half the 
bulbs at once, you can usually reduce the effort required to find the open. This technique is 
a type of troubleshooting procedure called half-splitting. 

Once you have identified the half in which the open occurs, as indicated by an infinite 
resistance, you use half-splitting again on the faulty half and continue until you narrow the 
fault down to a faulty bulb or connection. This process is shown in Figure 3-16, assuming 
for purposes of illustration that the seventh bulb is burned out. 

A good resistance reading indicates 
this part of the circuit is OK. Step 

® 

The voltage is A good resistance 
reading indicates this 
part of the circuit is OK- Step 3 Step 4 

An infinite resistance reading indicates 
Step 2 ^ this pan of the circuit is open. 

Step 5 
One additional incasureincni 
will find which of these two 
hulhs is open. 

An infinite resistance reading 
indicates this pan of the circuit 
is open. 

FIGURE 3-16 
Illustration of the half-splitting method of troubleshooting. The numbered steps indicate the 
sequence in which the multimeter is moved from one position to another. 

As you can see in the figure, the half-splitting approach in this particular case takes a 
maximum of five measurements to identify the open bulb. If you had decided to measure 
each bulb individually and had started at the left, you would have needed seven measure- 
ments. Sometimes half-splitting saves steps; sometimes it doesn't. The number of steps re- 
quired depends on where you make your measurements and in what sequence. 

Unfortunately, most troubleshooting is more difficult than this example. However, 
analysis and planning are essential for effective troubleshooting in any situation. As meas- 
urements arc made, the plan is often modified; the experienced troublcshooter narrows the 
search by fitting the symptoms and measurements into a probable cause. In some eases, 
low-cost equipment is simply discarded when troubleshooting and repair costs are compa- 
rable to replacement costs. 

Comparison of V, R, and / Measurements 

As you know from Section 2-7, you can measure voltage, current, or resistance in a circuit. 
To measure voltage, place the voltmeter in parallel across the component; that is, place one 
lead on each side of the component. This makes voltage measurements the easiest of the 
three types of measurements. 

To measure resistance, connect the ohmmeter across a component; however, the volt- 
age must be first disconnected, and sometimes the component itself must be removed 
from the circuit. Therefore, resistance measurements arc generally more difficult than 
voltage measurements. 
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To measure current, place the ammeter in series with the component; that is, the amme- 
ter must be in line with the current path. To do this you must disconnect a component lead 
or a wire before you connect the ammeter. This usually makes a current measurement the 
most difficult to perform. 
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three steps in the APM approach to troubleshooting, 
e basic idea of the half-splitting technique, 
oltages easier to measure than currents in a circuit? 

Application Activity 

In ihis applicalion. a resistive circuit is 
developed for controlling the speed of 
a small dc motor used to drive a fan 
for cooling electronic equipment 

mounted in a cabinet. One way to control the speed of a dc motor 
is to connect a resistor to the motor, as shown in Figure 3-17. 
The resistor reduces the current to the motor and therefore 
reduces its speed. This method is only recommended for small 
motors because energy is wasted in the resistance, and the over- 
all efficiency is low. 

cT • — 

I 

h - 
-Wv- 

FIGURE 3-17 

A circuit is required that will allow a selection of four motor 
speeds. The control circuit is to be mounted in a small box that 
will be attached to the equipment cabinet to control the fan 
motor speed, as shown in Figure 3-18. 

The application requires four distinct switchablc speeds. 
Your job is to develop a schematic, determine the values for the 
required resistors, and prepare a lest procedure for the circuit. 
You will apply Ohm's law in order to complete the assignment. 
Motor data in graphical form is provided in Figure 3-19. 

Specifications 
♦ Each resistor is switch selectable from a rotary switch, so 

that only one resistor is connected to the motor at a lime. 
♦ The four approximate speed settings are 800 rpm. 600 rpm, 

400 rpm, and 200 rpm. 
♦ The motor is rated for a maximum of 12 V at 800 rpm. 
♦ The circuit board is to be connected to a 12 V dc source 

and to the fan motor with wiring that is available inside the 
cabinet. 

Resistance Calculations 
The resistor box has been prepared with speed-value labels and 
the PC board has been prepared as shown in Figure 3-20. 

I. Use the graphical motor data in Figure 3-19 and Ohm's law 
to determine the nearest standard resistor values needed for 
the project. Hint: To find the voltage across the resistor, V#, 
subtract the motor voltage. V^. from 12 V. This is based on 
a law introduced in Chapter 5 called Kirchhoff's law. 

FIGURE 3-18 

12V Speed-control 
circuit 

r? 
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Motor speed (rpm) 

I TOO 

1 :i: 
s|:: 
-oi: 
as: 
am 

0.15 0. 9 » 0.16 0.17 0.18 
(a) Graph of motor speed versus current 

FIGURE 3-19 

Current (A) 

Motor voltage (V) 

12 
10 

0.15 0.15 0.17 0.18 0.19 
(a) Graph of motor voltage versus current 

0,20 • Current (A) 

FIGURE 3-20 

The Schematic 

Motor Speed (rpm) 

800 
'a.: i 

HI. 

r 

®+I2V OUT 

*3 

^ 0l,T 

in 
+ 12 V 

[O 
(a) Top view of box (b) Circuit board 

2. From Ihe requirements and the board layout, develop a 
schematic for the circuit. 

3. Show the standard resistor values next to each resistor. 

Test Procedure 
4. After the resistor box is constructed, list steps you would 

lake to ensure that it works properly. 
5. List the instruments you would use in testing it. 

Troubleshooting 
Describe the most likely fault on the circuit board for each of the 
following problems: 

6. When connected between the +12 V terminal and the OUT 
terminal, an ohmmetcr reads infinite rcsistanec for the 
600 rpm position. 

7. When connected between the +12 V terminal and the OUT 
terminal, an ohmmeter reads infinite resistance for all posi- 
tions of the switch. 

8. All resistors read 10% higher than the listed value. 

Review 
9. Explain how Ohm's law was applied to this problem. 

10. Describe the relationship between current and motor 
speed. 

SUMMARY 

♦ Voltage and current are linearly proportional, 
♦ Ohm's law gives the relationship of voltage, current, and resistance. 
♦ Current is inversely proportional to resistance. 
♦ A kilohm (kXl) is one thousand ohms. 
♦ A megohm (Mil) is one million ohms. 
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♦ A microampere (/xA) is one-millionth of an ampere. 
♦ A milliampere (mA) is one-lhousandlh of an ampere. 
♦ Use / = VIR to calculate current, 
♦ Use V = /R to calculate voltage. 
♦ Use R = VII to calculate resistance. 
♦ ARM is a 3-step troubleshooting approach, consisting of analysis, planning, and measuring. 
♦ Half-splitting is a troubleshooting technique that can be used to reduce the number of measure- 

ments required to find a problem. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Linear Characterized by a straight-line relationship. 
Ohm's law A law staling that current is directly proportional to voltage and inversely proportional 
to resistance. 
Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit 
or system. 

FORMULAS 

3-1 7 = ^ R Form of Ohm's law for calculating current 

3-2 V = IR Form of Ohm's law for calculating voltage 

3-3 V 
k = 7 Form of Ohm's law for calculating resistance 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 

1. If the total resistance of a circuit increases, current decreases. 
2. Ohm's law for finding resistance is K = HV. 
3. When milliamps and kilohms arc multiplied together, the result is volts. 
4. If a 10 kfl resistor is connected to a 10 V source, the current in the resistor will be 1 A, 
5. The voltage across a resistor is directly proportional to (he current through it. 
6. Ohm's law for finding current is / = V//f. 
7. When microamps and megohms arc multiplied, the result is microvolts. 
8. The relationship between voltage and current in a resistor is linear. 
9. Ohm's law for finding voltage is V = ///?. 

10. Conductance is the reciprocal of resistance. 

S E LF-TEST Answers are at the end of the chapter. 

1. Ohm's law stales that 
(a) current equals voltage times resistance 
(b) voltage equals current limes resistance 
(c) resistance equals current divided by voltage 
(d) voltage equals current squared limes resistance 

2. When the voltage across a resistor is doubled, the current will 
<a) triple (b) halve (c) double (d) not change 

3. When 10 V are applied across a 20 11 resistor, the current is 
<a) I0A (b) 0.5 A (c) 200 A (d) 2 A 

4. When there are 10 mA of current through 1.0 kll resistor, the voltage across the resistor is 
(a) 100 V (b) 0.1 V (c) 10 kV (d| 10 V 
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5. If 20 V are applied across a resistor and there are 6.06 mA of current, the resistance is 
(a) 3.3 kO (b) 33 kO (c) 330 k!! (d| 3.03 kO 

6. A current of 250 fxA through a 4.7 k!! resistor produces a voltage drop of 
(a) 53.2 V (b) 1,18 mV (c) 18.8V (d) 1.18V 

7. A resistance of 2.2 MO is connected across a 1 kV source. The resulting current is 
approximately 
(a) 2.2 mA (b) 0.455 mA (c) 45.5 /jA (d) 0.455 A 

8. How much resistance is required to limit the current from a 10 V battery to 1 mA? 
(a) 100 a (b| l.Ok!! (c) 10 a (d) I Ok!! 

9. An electric healer draws 2.5 A from a 110 V source. The resistance of the healing element is 
(a) 275 a (b) 22.7 ml! (c) 441! (d) 440!! 

10. The current through a flashlight bulb is 20 mA and the total battery voltage is 4.5 V. The resist- 
ance of the bulb is 
(a) 90 !! (b) 225 !! (c) 4.441! (d)45!i 

CIRCUIT DYNAMICS 
QUIZ Answers arc at the end of the chapter. 

1. If the current through a fixed resistor goes from 10 mA to 12 mA. the voltage across the 
resistor 
(a) increases (b) decreases (c) stays the same 

2. If the voltage across a fixed resistor goes from 10 V to 7 V. the current through the resistor 
(a) increases (b) decreases (c) stays the same 

3. A variable resistor has 5 V across it. If you reduce the resistance, the current through it 
(a) increases (b) decreases (c) stays the same 

4. If the voltage across a resistor increases from 5 V to 10 V and the current increases from I mA 
to 2 mA. the resistance 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 3-14. 
5. If the voltmeter reading changes to 175 V. the ammeter reading 

(a) increases (b) decreases (c) stays (he same 
6. If R is changed to a larger value and the voltmeter reading slays at 150 V. the current 

(a) increases (b) decreases (c) slays the same 
7. If the resistor is removed from the circuit leaving an open, the ammeter reading 

(a) increases (b) decreases (c) slays the same 
8. If the resistor is removed from the circuit leaving an open, the voltmeter reading 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 3-24. 
9. If the rheostat is adjusted to increase the resistance, the current through the heating element 

(a) increases (b) decreases (c) stays the same 
10. If the rheostat is adjusted to increase the resistance, the source voltage 

(a) increases (b) decreases (c) stays the same 
11. If the fuse opens, the voltage across the healing element 

(a) increases (b) decreases (c) slays the same 
12. If the source voltage increases, the voltage across the healing element 

(a) increases (b) decreases (c) slays the same 
13. If the fuse is changed to one with a higher rating, the current through the rheostat 

(a) increases (b) decreases (c) slays the same 
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Refer to Figure 3-26. 
14. If the lamp burns out (opens). Ihc currcnl 

(a) increases (b) decreases (c) stays the same 
15. If the lamp burns out, the voltage across it 

(a) increases (b) decreases (c) stays the same 

More difficult problems are indicated by an aslrisk ('). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 3-1 The Relationship of Current, Voltage, and Resistance 
1. In a circuit consisting of a voltage source and a resistor, describe what happens to the current 

when 
(a) the voltage is tripled 
(b) the voltage is reduced by 75% 
(c) the resistance is doubled 
(d) the resistance is reduced by 35% 
(e) the voltage is doubled and (he resistance is cut in half 
(f) the voltage is doubled and the resistance is doubled 

2. Stale the formula used to find / when the values of V and R are known. 
3. Stale the formula used to find V when the values of / and R are known. 
4. Stale the formula used to find R when the values of V and / are known. 
5. A variable voltage source is connected to the circuit of Figure 3-21. Start at 0 V and increase 

the voltage in 10 V steps up to 100 V. Determine the currcnl at each voltage point, and plot a 
graph of V versus /. Is the graph a straight line? What does the graph indicate? 

FIGURE 3-21 
1,+ 

Variable V ' 100 !l 

6. In a certain circuit, / = 5 mA when V = IV, Determine the current for each of the following 
voltages in (he same circuit: 
(a) V - 1.5 V (b) V — 2V (c)V=3V 
(d) V = 4 V (e) V = 10 V 

7. Figure 3-22 is a graph of current versus voltage for three resistance values. Determine /?|. (A, 
and R}. 

FIGURE 3-22 /(A) 
6 
5 
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3 
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8. Plot the current-voltage relationship for a four-hand resistor with the color code gray, red, 
red, gold. 

9. Plot the current-voltage relationship for a five-band resistor with the color code brown, green, 
gray, brown, red. 

10. Which circuit in Figure 3—23 has the most current? The least current? 

FIGURE 3-23 R 
 Wv- 

3.3 kii 

30 V -=- 

wv 

(a) (b) 

100 V -=- 

<c) 

VA 
4,7 kli 

*11. You arc measuring (he currcnl in a circuil iha( is operated on a 10 V battery. The ammeter 
reads 50 mA. Later, you notice that the current has dropped to 30 mA. Eliminating the possibil- 
ity of a resistance change, you must conclude that the voltage has changed. How much has the 
voltage of the battery changed, and what is its new value? 

*12. If you wish to increase the amount of current in a resistor from 100 mA to 150 mA by chang- 
ing the 20 V source, by how many volts should you change (he source? To what new value 
should you set it ? 

13. Plot a graph of current versus voltage for voltage values ranging from 10 V to 100 V in 10 V 
steps for each of the following resistance values: 
(a) I .on (b) 5.0 ft (c) 20 ft (d) 100 ft 

14. Does the graph in Problem 13 indicate a linear relationship between voltage and current? 
Explain. 

SECTION 3-2 Current Calculations 
15. Determine the current in each case: 

(a) V = 5 V, 1? = 1.0 ft (b) 
(c| V = 50 V, R = 100 ft |d| 
(c) V = 250 V./? = 5.6 Mft 

16. Determine the current in each case: 
(a) V = 9V,/? = 2.7kft (b) 

V= 15 V./? = 10 ft 
V = 30 V./? = 15 kft 

V = 5.5 V./? = 10 kft 
(c) V = 40 V./? = 68kft (d) V = I kV,/? = 2.2kft 
(e) V = 66kV,/? = 10 Mft 

17. A 10 ft resistor is connected across a 12 V battery. What is the current through the resistor? 
18. A certain resistor has the following color code: orange, orange, red, gold. Determine the maxi- 

mum and minimum currents you should expect to measure when a 12 V source is eonneeled 
across the resistor. 

19. A 4-hand resistor is connected across the terminals of a 25 V source. Determine the current in 
the resistor if the color code is yellow, violet, orange, silver. 

20. A 5-hand resistor is connected across a 12 V source. Determine the current if the color code is 
orange, violet, yellow, gold, brown. 

21. If the voltage in Problem 20 is doubled, will a 0.5 A fuse blow? Explain your answer. 
*22. The potentiometer connected as a rheostat in Figure 3-24 is used to control the current to a 

heating element. When the rheostat is adjusted to a value of 8 ft or less, the heating ele- 
ment can burn out. What is the rated value of the fuse needed to protect the circuil if the 
voltage across the healing element at the point of maximum current is 100 V and the volt- 
age across the rheostat is the difference between the heating element voltage and the source 
voltage? 
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FIGURE 3-24 

Fuse 

120 V Healing 
1 element 

SECTION 3-B 

23. An indicator light requires a 330 12 resistor to limit current. The voltage across the current lim- 
iting resistor is 3 V. What is the current in the resistor? 

Voltage Calculations 
24. A small solar cell is connected to a 27 kl2 resistor. Tn bright sunlight, the solar cell looks like a 

current source that can supply 180 pA to the resistor. What is the voltage across the resistor? 
25. Calculate the voltage for each value of / and R: 

la) I = 2 A. R = 18 12 (b) / = 5 A. R = 5612 
(c) / = 2.5 A. R = 68012 (d) / = 0.6 A, R = 4712 
(e) / = 0.1 A,K = 56012 

26. Calculate the voltage for each value of / and R: 
(a) / = I mA. R = 1012 (b) / = 50 mA. R = 3312 
(c) / = 3A.R = 5.6k!2 (d) / = l.6mA.R = 2.2k!2 
(e) / = 250 fxA. R = l.0k!2 (f) / = SOOmA.R = 1.5M12 
(g) / = 850fiA.R = 10M12 (h) / = IS/xA.R = 4712 

27. Three amperes of current are measured through a 2712 resistor connected across a voltage 
source. How much voltage docs the source produce? 

28. Assign a voltage value to each source in (he circuits of Figure 3-25 to obtain the indicated 
amounts of current. 

:7 ki; 
VA 

3 in A 

100 Mil 
-vw- 

5uA 

47 il 
vw 

(a) (b) (c) 

A FIGURE 3-25  

■29. A 6 V source is connected to a 10012 resistor by two 12 ft lengths of 18 gauge copper wire. The 
total resistance is the resistance of both wires added to the 10012 resistor. Determine the following: 
(a) Current 
(b) Resistor voltage drop 
(c) Voltage drop across each length of wire 

SECTION 3-4 Resistance Calculations 
30. Calculate the resistance of a rheostat for each value of V and /: 

(a) V = 10 V. / - 2 A (b) V - 90 V. / - 45 A 
(c) V = 50V,/ = 5A (d) V = 5.5V,/= I0A 
(e) V = 150 V./ = 0.5 A 

31. Calculate the resistance of a rheostat for each set of V and / values; 
(a) V = 10kV./ = 5A (b) V= 7V./= 2mA 
(c) V = 500 V. / = 250 mA (d) V = 50 V. / = 500 M 
(e) V = I kV. / = I mA 
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32. Six volts are applied across a resistor. A current of 2 mA is measured. What is the value of the 
resistor? 

33. The filament of a lamp in the circuit of Figure 3-26(a) has a certain amount of resistance, rep- 
resented by an equivalent resistance in Figure 3-26(b). If the lamp operates with 120 V and 
0.8 A of current, what is the resistance of its filament when it is on? 

v — i _= 

F GORE 3-26 

R (IIlament) 

34. A certain electrical device has an unknown resistance. You have available a 12 V battery and an 
ammeter. How would you determine the value of the unknown resistance? Draw the necessary 
circuit connections. 

35. By varying the rheostat (variable resistor) in the circuit of Figure 3-27. you can change the 
amount of current. The setting of the rheostat is such that the current is 750 mA. What is the 
resistance value of this setting? To adjust the current to I A. to what resistance value must you 
set the rheostat? What is the problem with this circuit? 

FIGURE 3-27 

+ 
100 v -=- 

*36. A 120 V lamp-dimming circuit is controlled by a rheostat and protected from excessive current 
by a 2 A fuse. To what minimum resistance value can the rheostat be set without blowing the 
fuse? Assume a lamp resistance of 15 11. 

37. Repeat Problem 36 for a 110 V circuit and a I A fuse. 

SECTION 3-5 Introduction to Troubleshooting 
38. In the light circuit of Figure 3-28. identify the faulty bulb based on the series of ohmmeter 

readings shown. 

Step 3 Infinite resistance 
_ , n y—rcading Infinite resistance  Mep 1 

reading 

The voltage is 
disconnected. Inlinite resistance Step 2 Step 4 

A good resistance 
reading 

FIGURE 3-28 
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39. Assume you have a 32-light string and one of the bulbs is burned out. Using the half-splitting 
approach and starling in the left half of the circuit, how many resistance measurements will it 
take to find the faulty bulb if it is seventeenth from the left? 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
40. Open file P03-40 and determine which one of the three circuits is not working properly. 
41. Open file P03-41 and measure the resistance values of the resistors. 
42. Open file P03-42 and determine the values of the current and voltage. 
43. Open file P03-43 and determine the value of the source voltage and the resistance. 
44. Open file P03-44 and find the problem with the circuit. 

ANSWERS  

SECTION CHECKUPS 

SECTION 3-1 The Relationship of Current, Voltage, and Resistance 
1. Currem, voltage, and resislance 
2. / = V/R 
3. V = IR 
4. R = VII 
5. When voltage is tripled, current increases by three times. 
6. When voltage is halved, current reduces to one-half of original value. 
7. 0.5 A 
8. The current would increase by four limes if the voltage doubles and the resislance is halved. 
9. / = 5 mA 

10. / = 6 A 

SECTION 3-2 Current Calculations 
1. / = 10 V/5.6 SI = 1.79 A 
2. / = 100 V/560 !1 = 179 mA 
3. / = 5 V/2.2 kll - 2.27 mA 
4. / = 15 V/4.7 Mil - 3.19 M 
5. / = 20 kV/4.7 Mi! = 4.26 mA 
6. / = 10 kV/2.2 kU - 4.55 A 

SECTION 3-3 Voltage Calculations 
1. V = (1 AXIOO) - 10 V 
2. V = (B A)(470 il) = 3.76 kV 
3. V = (3 mA)( 100 !1) = 300 mV 
4. V = (25M)(36fl) = 1.4 mV 
5. V = (2 mA)(l.8k!i) = 3.6V 
6. V = (5 mAXIOO Mli) = 500 kV 
7. V = (IOfIAX2.2 Mil) = 22V 
8. V = (100 mA){4.7 kit) = 470 V 
9. V = (3 mAX3.3 kll) = 9.9 V 

10. V = (2 AX6.8 11) = 13.6 V 



Answers ♦ 99 

SECTION 3-4 Resistance Calculations 
1. R = 10 V/2.13 A = 4.7 11 
2. R - 270V/I0A = 27 i\ 
i. R - 20 kV/5.13 A = 3.9 kll 
4. K - 15 V/2.68 mA = 5.6 kli 
5. K - 5 V/2.27 n\ = 2.2 Mil 
6. R - 25 V/53.2 mA = 0.47 kl! = 470 11 

SECTION 3-S Introduction to Troubleshooting 
1. Analysis, planning, and mcasuremcni 
2. Half-splitting identifies the fault by successively isolating half of the remaining circuit. 
3. Voltage is measured across a component: current is measured in series with the component. 

RELATED PROBLEMS FOR EXAMPLES 
3-1 Yes 
3-2 0 V 
3-3 3.03 mA 
3-4 0.005 A 
3-5 0.005 A 
3-6 13.6 mA 
3-7 21.3 ^.A 
3-8 2.66 M 
3-9 37.0 mA 
3-10 1.47 mA 
3-11 1200 V 
3-12 49.5 mV 
3-13 0.150 mV 
3-14 82,5 V 
3-15 1755 V 
3-16 2.20 1! 
3-17 0.97 11 
3-18 68.2 kll 
3-19 3.30 Mil 

TRUE/FALSE QUIZ 
I. T 2. F 3. T 4. F S. T 6. T 7. F 8. T 
9. F It). T 

SELF-TEST 
1. (b) 2. (c) 3. (b) 4. (d) 5. (a) 6. (d) 7. (b) 8. (d) 
9. (c) 10. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (c) 
9. (b) 10. (c) 11. (b) 12. (a) 

S. la) 6. (b) 7. (b) 8. (c) 
13. (c) 14. (b) 15. (c) 
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CHAPTER OUTLINE 

4-1 Energy and Power 
-2 Power in an Electric Circuit 
-3 Resistor Power Ratings 
-4 Energy Conversion and Voltage Drop in Resistance 
-5 Power Supplies and Batteries 

Application Activity 

APPLICATION ACTIVITY PREVIEW 

In this application activity you will see how the theory 
learned in this chapter is applicable to a resistance substitu- 
tion box. The resistance box is to be used in testing circuits 
in which there will be a maximum of 5 V across all the resis- 
tors. You will determine the power rating of each resistor 
and develop a test procedure for the circuit as well as a cost 
estimate and parts list. 

CHAPTER OBJECTIVES 

♦ Define energy and power 
♦ Calculate power in a circuit 
♦ Properly select resistors based on power consideration 
♦ Explain energy conversion and voltage drop 
♦ Discuss the characteristics of power supplies and batteries 

KEY TERMS 

Energy 
Power 
Joule (J) 
Watt (W) 
Kilowatt-hour 
Walt's law 
Voltage drop 
Efficiency 
Ampere-hour rating 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http:/7www.prenhall.com/fIoyd 

INTRODUCTION 

From Chapter 3. you know the relationship of current, volt- 
age, and resistance as stated by Ohm's law. The existence of 
these three quantities in an electric circuit results in the 
fourth basic quantity known as power. A specific relationship 
exists between power and I, V, and R. 

Energy is the ability to do work, and power is the rale 
at which energy is used. Current carries electrical energy 
through a circuit. As the free electrons pass through the 
resistance of the circuit, they give up their energy when they 
collide with atoms in the resistive material. The electrical 
energy given up by the electrons is converted into heat 
energy. The rale at which the electrical energy is used is the 
power in the circuit. 
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0 4-1 Energy and Power  
When there is current through a resistance, electrical energy is converted to heat or 
other form of energy, such as light. A common example of this is a light bulb that 
becomes too hot to touch. The current through the filament that produces light also 
produces unwanted heal because the filament has resistance. Electrical components 
must be able to dissipate a certain amount of energy in a given period of time. 

After completing this section, you should be able to 

♦ Define energy and power 

♦ Express power in terms of energy 
♦ State the unit of power 
♦ State the common units of energy 
♦ Perform energy and power calculations 

Energy is the ability to do work, and power is the rate at which energy is used. 

Power {!') is a certain amount of energy (VI') used in a certain length of time (t), expressed 
as follows: 

t 
Equation 4-1 

where P is power in watts (W), VP is energy in joules (J). and f is time in seconds (s). Note 
that an italic VP is used to represent energy in the form of work and a nonitalic W is used 
for watts, the unit of power. The joule (J) is the SI unit of energy. 

Energy in joules divided by time in seconds gives power in watts. For example, if 50 J 
of energy are used in 2 s, the power is 50 J/2 s = 25 W. By definition. 

One watt (W) is the amount of power when one joule of energy is used in one 
second. 

Thus, the number of joules used in one second is always equal to the number of watts. 
For example, if 75 J are used in I s, the power is /' = VP/t = 75 J/l s = 75 W. 

Amounts of power much less than one watt are common in certain areas of electronics. 
As with small current and voltage values, metric prefixes are used to designate small 
amounts of power. Thus, milliwatts (mW), microwatts t/aW), and even picowatts (pW) are 
commonly found in some applications. 

In the electrical utilities field, kilowatts (kW) and megawatts (MW) are common units. 
Radio and television stations also use large amounts of power to transmit signals. Electric 
motors are commonly rated in horsepower (hp) where 1 hp = 746 W. 

Since power is the rate at which energy is used, as expressed in Equation 4-1, power uti- 
lized over a period of time represents energy consumption. If you multiply power in walls 
and lime in seconds, you have energy in joules, symbolized by VP. 

VP = Pi 

HISTORY NOTEl 

f 

James Watt 
1736-1819 

Watt was a Scottish inventor 
and was well known for his 
improvements to the steam engine 
that made it practical for industrial 
use. Walt patented several 
inventions, including the rotary 
engine. The unit of power is 
named in his honor. (Photo credit: 
Library of Congress.) 

*** This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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EXAMPLE 4-1 

Solution 

An amount of energy equal to 100 J is used in 5 s. What is the power in watts? 

energy VV IOOJ 
P = = 20 VV 

time t 5 s 

Ri't.ilfil I'rohtfn If 100 W of power occurs for 30 s, how much energy, in joules, is used? 

^-Answers are at the end of the chapter. 

EXAMPLE 4-2 Express the follow ing values of electrical power using appropriate metric prefixes: 

(a) 0.045 W (b) 0.000012 VV (c) 3500 W (d) 10,000,000 W 

Solution (a) 0.045 VV = 45 mVV (b) 0.000012 W = 12 /xVV 

(c) 3500 W = 3.5 kVV (d) 10,000.000 W = 10 MVV 

lieluifil I'n'blem Express the following amounts of power in watts without metric prefixes: 

(a) I mW (b) 1800/xW (c) 1000 mW (d| I/xW 

| H1STO R1 f NOTE 

James 
Prescotl 
Joule 
1818-1889 

Joule, a British physicist, is known 
for his research in electricity and 
thermodynamics. He formulated 
the relationship that slates that the 
amount of heat energy produced by 
an electrical current in a conductor 
is proportional to the conductor's 
resistance and the lime. The unit 
of energy is named in his honor. 
(Photo credit: Library of Congress.) 

The Kilowatt-hour (kWh) Unit of Energy 

The joule has been defined as a unit of energy. However, there is another way to express 
energy. Since power is expressed in walls and lime in seconds, units of energy called the 
watt-second (Ws), watt-hour (Wh), and kilowatt-hour (kWh) can be used. 

When you pay your electric bill, you are charged on the basis of the amount of energy 
you use, not the power. Because power companies deal in huge amounts of energy, the most 
practical unit is the kilowatt-hour. You use a kilowatt-hour of energy when you use one 
thousand watts of power for one hour. For example, a 100 W light bulb burning for 10 h 
uses I kWh of energy. 

VV = Pi = (100 W)(l0h) = 1000 Wh = 1 kWh 

EXAMPLE 4-3 Determine the number of kilowatt-hours (kWh) for each of the following energy 
consumptions: 

(c) 100,000 W for 5 h 

(b) 2500 W = 2.5 kW 

IV = (2,5 kW)(2 h) = 5 kWh 

(a) 1400 W for I h (b) 2500 W for 2 h 

Solution fa) I400W = 1.4 kW 

W = Pi = (1.4 kW)(l h) = 1.4 kWh 

(c) 100,000 W = 100 kW 

IV = (l00kW)(5 h) = 500 kWh 

Rclnh'd Prohlfw How many kilowatt-hours are used by a 250 VV bulb burning for 8 h? 
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SECTION 4-1 1. Define power. 
CHECKUP 2. Write the formula for power in terms of energy and time. 
Answers arc at the end of the 
chapter. 3. Define watt. 

4. Express each of the following values of power in the most appropriate units: 
(a) 68,000 W (b) 0.005 W (c) 0.000025 W 

5. If you use 100 W of power for 10 h, how much energy (in kWh) have you used? 
6. Convert 2000 Wh to kilowatt-hours. 
7. Convert 360,000 Ws to kilowatt-hours. 

4-2 Power in an Electric Circuit  

The generation of heat, which occurs when electrical energy is converted to heal en- 
ergy, in an electric circuit is often an unwanted by-product of current through the re- 
sistance in the circuit. In some cases, however, the generation of heat is the primary 
purpose of a circuit as, for example, in an electric resistive heater. In any case, you 
must frequently deal with power in electrical and electronic circuits. 

After completing this section, you should be able to 

♦ Calculate power in a circuit 

♦ Determine power when you know I and H values 

♦ Determine power when you know V and / values 

♦ Determine power when you know V and R values 

When there is current through resistance, the collisions of the electrons produce heal as 
a result of the conversion of electrical energy, as indicated in Figure 4-1, The amount of 
power dissipated in an electric circuit is dependent on the amount of resistance and on the 
amount of current, expressed as follows: 

P = l2R Equation 4-2 

where P is power in watts (W), / is current in amperes (A), and R is resistance in ohms (ft). 
You can get an equivalent expression for power in terms of voltage and current by substi- 
tuting Vfor IR(/2 is/ X I). 

P = l2R = (I X I )R = KIR) = (/«)/ 

P = VI Equation 4-3 

Heat produced by 
current through 
resistance is a result 
of energy conversion. 

FIGURE 4-1 
Power dissipation in an electric circuit results in heat energy given off by the resistance. 



104 ♦ Energy and Power 

where P is in watts when V is in volts and / is in amperes. You can obtain another equiva- 
lent expression by substituting V/R for / (Ohm's law). 

—© 
V2 

Equation 4-4 P = — 
R 

The relationships between power and current, voltage, and resistance expressed in the 
preceding formulas are known as Watt's Ian. In each case, / must be in amps, V in volts, 
and R in ohms. To calculate the power in a resistance, you can use any one of the three 
power formulas, depending on what information you have. For example, assume that you 
know the values of current and voltage. In this case calculate the power with the formula 
P = VI. If you know / and /?, use the formula P = PR. If you know V and R, use the for- 
mula P = V2/R. 

EXAMPLE 4-4 Calculate the power in each of the three circuits of Figure 4-2. 

FIGURE 4-2 

r 

' A ' \ 

ov i/ i ■ 

_ _ r 
(C) 

-1011 

Solution In circuit (a), you know V and /. Therefore, use Equation 4-3. 

P = V/ = (10 V)(2 A) = 20 W 

In circuit (b). you know / and R. Therefore, use Equation 4-2. 

P = f-R = (2 A)2(47 fl) = 188 W 

In circuit (c), you know V and R. Therefore, use Equation 4-4. 

^ R 
(5 V)- 
io a 

= 2.5 W 

Ri'lolc'cl Pinhlem Determine P in each circuit of Figure 4-2 for the following changes: 

Circuit (a): / doubled and V remains the same 

Circuit (b): R doubled and / remains the same 

Circuit (c): V halved and R remains the same 

EXAMPLE 4-5 A 100 W light bulb operates on 120 V. How much current docs it require? 

Solution Use the formula P = VI and solve for I by first transposing the terms to gel / on the 
left side in the equation. 

VI = P 
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Rearranging, 
F 

/ = - V 

Substituting 100 W for /' and 120 V for V yields 

/ = - = = 0.833 A = 833 mA 
V 120 V 

Ril.urd Probh in A light bulb draws 545 inA from a 120 V source. What is the power dissipated? 

SECTION 4-2 1. If there are 10 V across a resistor and a current of 3 A through it, what is the power 
CHECKUP dissipated? 

2. How much power does the source in Figure 4-3 generate? What is the power in the 
resistor? Are the two values the same? Why? 

FIGURE 4-3 
M) in A 

V 

i 

3. If there is a current of 5 A through a 56 ll resistor, what is the power dissipated? 
4. How much power is dissipated by 20 mA through a 4.7 kfi resistor? 
5. Five volts are applied to a 10 fi resistor. What is the power dissipated? 
6. How much power does a 2.2 kfi resistor with 8 V across it dissipate? 
7. What is the resistance of a 75 W bulb that takes 0.5 A? 

4-3 Resistor Power Ratings  

As you know, a resistor gives off heat when there is current through it. The limit to the 
amount of heat that a resistor can give off is specified by its power rating. 

After completing this section, you should be able to 

• Properly select resistors based on power consideration 

♦ Define power ruling 

♦ Explain how physical characteristics of resistors determine their power rating 

♦ Check for resistor failure with an ohmmeter 

The power rating is the maximum amount of power that a resistor can dissipate without 
being damaged by excessive heat buildup. The power rating is not related to the ohmic value 
(resistance) but rather is determined mainly by the physical composition, size, and shape of 
the resistor. All else being equal, the larger the surface area of a resistor, the more power it 
can dissipate. The surface area of a cylindrically shaped resistor is equal to the length (1) 
limes the circumference (c), as indicated in Figure 4-4. The area of the ends is not included. 
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FIGURE 4-4 
The power rating of a resistor is 
directly related to its surface area. 

- Lcnglh (I) - 

Circumference (r) 

Surface area = / x c 

TECH NOTE 

Sometimes an overheated resistor 
is due to another failure in the 
circuit. After replacing a heat- 
damaged resistor and before 
restoring power, check for visual 
faults that may cause excessive 
current, such as a short between 
two conductors. 

Metal-tilm resistors are available in standard power ratings from Vs W to I W, as shown in 
Figure 4—5. Available power ratings for other types of resistors vary. For example, wircwound 
resistors have ratings up to 225 W or greater. Figure 4-6 shows some of these resistors. 

FIGURE 4-5 
Relative sizes of metal-film resistors 
with standard power ratings of'/«W, 
'A W, V, W, and I W. 

-CKD- 

OO 

<EX> 

(a) Axial-lead wirewound 

a 

(b) Adjustable wirewound (c) Radial-lcad for PC board insertion 

FIGURE 4-6 
Typical resistors with high power ratings. 

When a resistor is used in a circuit, its power rating must be greater than the maxi- 
mum power (hat it will have to handle. For example, if a resistor is to dissipate 0.75 W 
in a circuit application, its rating should bo at least the next higher standard value 
which is 1 W. A rating larger than the actual power should be used when possible as a 
safety margin. 

EXAMPLE 4-6 Choose an adequate power rating for each of the metal-film resistors in Figure 4-7 
(14 W, >A W, 'A W, or I W), 

FIGURE 4-7 

10 V 

I 

• 120!! 

10 mA 

1000 !! 

I 
la) lb) 
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Solution In Figure 4-7(a), the actual power is 

_ _ (10 V) 
~ ~R~ 

lOOV2 

120 ft 120 ft 
= 0.833 W 

Select a resistor with a power rating higher than the actual power. In this case, a 1 W 
resistor should be used. 

In Figure 4-7(b), the actual power is 

P = l2R = (10 inA)2(1000 ft) = (10 X 10 3 A)2(1000 ft) = 0.1 W 

At least a '/»W (0.125 W) resistor should be used in this case. 

Iiel.itfil Problem A certain resistor is required to dissipate 0.25 W. What standard rating should be used? 

When the power in a resistor is greater than its rating, the resistor will become exces- 
sively hot. As a result, the resistor may bum open or its resistance value may change. 

A resistor that has been damaged because of overheating can often be delected by the 
charred or altered appearance of its surface. If there is no visual evidence, a resistor that is 
suspected of being damaged can be checked with an ohmmeter for an open or incorrect 
resistance value. Recall that one or both leads of a resistor should be removed from a circuit 
to measure resistance. 

Checking a Resistor with an Ohmmeter 

A typical digital multimeter and an analog multimeter are shown in Figures 4-8(a) and 
4-8(b), respectively. For the digital meter in Figure 4-8(a), you use the round function 
switch to select ohms (ft). You do not have to manually select a range because this partic- 
ular meter is auloranging and you have a direct digital readout of the resistance value. The 
large round switch on the analog meter is called a range switch. Notice the resistance 
(OHMS) sellings on both meters. 

For the analog meter in part (b), each setting indicates the amount by which the ohms 
scale (lop scale) on the meter is to be multiplied. For example, if the pointer is at 50 on the 

Some resistors can become very 
hot in normal operation. To avoid 
a burn, do not touch a circuit 
component while the power is 
connected to the circuit. After 
power has been turned off, allow 
time for the components to cool 
down. 

FIGURE 4-8 

O <9 ® 

1 

  si 

■ • . j° iv, I 

«l 

OHM AWJ 

aoj r 

Model 117B 
JO DC V 

4 V0 

ev# 
b"a 

•s% OC mA "O 

^250 
/soo 

^ ^oo 
so 250 AC V 

aCPREOSKW A&Sft 

Typical portable multimeters. 
Reproduced with permission. 
Courtesy of B+K Precision. 

(a) Digital multimeter (b) Analog multimeter 
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ohms scale and the range switch is set at X10, the resistance being measured is 50 X 
10 n = 500 fi. If the resistor is open, the pointer will slay at full left scale (oo means 
infinite) regardless of the range switch setting. 

EXAMPLE 4-7 Determine whether the resistor in each circuit of Figure 4-9 has possibly been dam- 
aged by overheating. 

wv 
1.5 kl! 

9 v 24 V mo 

- 

I 

1 T 

i vv 
101 

(C) 

FIGURE 4-9 

Solution In the circuit in Figure 4-9(a), 

V2 (9 V)2 

p = — = -77777 = 0.810 W = 810 mW R 100 n 

The rating of the resistor is '/i W (0.25 W), w hich is insufficient to handle the power. 
The resistor has been overheated and may be burned out, making it an open. 

In the circuit of Figure 4-9(b), 

V2 (24 V)2 

P = — = — = 0.384 W = 384 mW 
R 1.5 kfl 

The rating of the resistor is 'A W (0.5 W), which is sufficient to handle the power. 
In the circuit of Figure 4-9(c), 

The rating of the resistor is I W, which is insufficient to handle the power. The resistor 
has been overheated and may be burned out. making it an open. 

Relttleil PivMem A 0.25 W. 1.0 k!! resistor is connected across a 12 V battery. Is the power rating adequate? 

SECTION 4-3 T. Name two important values associated with a resistor. 
CHECKUP 2. How does the physical size of a resistor determine the amount of power that it can 

handle? 
3. List the standard power ratings of metal-film resistors. 
4. A resistor must handle 0.3 W. What minimum power rating of a metal-film resistor 

should be used to dissipate the energy properly? 
5. What is the maximum voltage that can be applied to a % W100 fi resistor if the power 

rating is not to be exceeded? 
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4-4 Energy Conversion and Voltage Drop in Resistance 

As you have learned, when there is current through a resistance, electrical energy is 
converted to heal energy. This heal is caused by collisions of the free electrons within 
the atomic structure of the resistive material. When a collision occurs, heat is given off; 
and the electron gives up some of its acquired energy as it moves through the material. 

After completing this section, you should be able to 

♦ Explain energy conversion and voltage drop 

♦ Discuss the cause of energy conversion in a circuit 

♦ Define voltage drop 

♦ Explain the relationship between energy conversion and voltage drop 

Figure 4-10 illustrates charge in the form of electrons flowing from the negative terminal 
of a battery, through a circuit, and back to the positive terminal. As they emerge from the neg- 
ative terminal, the electrons are at their highest energy level. The electrons flow through each 
of the resistors that arc connected together to form a current path (this type of connection is 
called series, as you will learn in Chapter 5). As the electrons flow through each resistor, 
some of their energy is given up in the form of heat. Therefore, the electrons have more en- 
ergy when they enter a resistor than when they exit the resistor, as illustrated in the figure by 
the decrease in the intensity of the red color. When they have traveled through the circuit back 
to the positive terminal of the battery, the electrons are at their lowest energy level. 

Heal FIGURE 4-10 
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A loss of energy by electrons (charge) 
as they flow through a resistance 
creates a voltage drop because 
voltage equals energy divided by 
charge. 

Recall that voltage equals energy per charge (V = W/Q) and charge is a propeity of 
electrons. Based on the voltage of the battery, a certain amount of energy is imparted to all 
of the electrons that flow out of the negative terminal. The same number of electrons flow 
at each point throughout the circuit, but their energy decreases as they move through the 
resistance of the circuit. 

In Figure 4-10, the voltage at the left end of R\ is equal to WtaKTIQ, and the voltage at 
the right end of K | is equal to Wexit'Q- The same number of electrons that enter R \ also exit 
RI, so Q is constant. However, the energy VVcxil is less than Wcmer, so the voltage at the right 
end of R| is less than the voltage at the left end. This decrease in voltage across the resistor 
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due to a loss of energy is called a voltage drop. The voltage at the right end of /J| is less 
negative (or more positive) than the voltage at the left end. The voltage drop is indicated by 
- and + signs (the + implies a less negative or more positive voltage). For electron flow 
direction, a voltage drop is defined to be from negative (—) to positive (+), which is the 
opposite of that for conventional current. 

The electrons have lost some energy in R\ and now they enter Ri with a reduced energy 
level. As they flow through AS. they lose more energy, resulting in another voltage drop 
across Sj. 

1 SECTION 4-4 1. What is the basic reason for energy conversion in a resistor? 
1 CHECKUP y. What is a voltage drop? 

1 
y. What is the polarity of a voltage drop in relation to electron flow direction? 

0 4-5 Power Supplies and Batteries  
Recall that power supplies and batteries were briefly introduced as types of voltage 
sources in Chapter!. A power supply is generally defined as an electronic device that 
converts ac (alternating current) from the utility lines to a dc (direct current) voltage that 
virtually all electronic circuits and some transducers require. Batteries are also capable 
of supplying dc; in fact, many systems, such as laptop computers, can run from a power 
supply or internal battery. In this section, both types of voltage sources are described. 

After completing this section, you should be able to 

♦ Discuss characteristics of power supplies and batteries 
• Describe controls on typical laboratory power supplies 
• Determine the efficiency of a power supply given the input and output power 
• Define ampere-hour rating of batteries 

Utilities universally have adopted ac for transmitting electricity from the generating sta- 
tion to the user because it can be readily transformed to high voltages for transmission and 
low voltages for the end user. High voltages arc much more efficient and cosl-cffcctivc to 
transmit over long distances. In the United Slates, the standard voltage supplied to outlets 
is approximately 120 V or 240 V at 60 Hz, but in Europe and other countries, the outlet 
voltage is 240 V at 50 Hz. 

Virtually all electronic systems require stable dc for the integrated circuits and other de- 
vices to work properly. Power supplies fulfill this function by converting ac to stable dc and 
are usually built into the product. Many electronic systems have a recessed and protected 
switch that allows the internal power supply to be set for cither the 120 V standard or for 
the 240 V standard. That switch must be set correctly, or serious damage can occur to the 
equipment. 

In the laboratory, circuits are developed and tested. The purpose of a laboratory power 
supply is to provide the required stable dc to the circuit under test. The test circuit can be 
anything from a simple resistive network to a complex amplifier or logic circuit. To meet 
the requirement for a constant voltage, with almost no noise or ripple, laboratory power 
supplies arc regulated, meaning the output is constantly sensed and automatically adjusted 
if it tries to change because of a change in the line voltage or the load. 

Many circuits require multiple voltages, as well as the ability to set the voltage to a pre- 
cise value or change it a small amount for testing. For this reason, laboratory power sup- 
plies usually have two or three outputs that are independent of each other and can be controlled 
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separately. Output metering is normally part of a good laboratory power supply, in order to 
set and monitor the output voltage or current. Control may include fine and coarse controls 
or digital inputs to set precise voltages. 

Figure 4-11 shows a triple output bench supply such as the type used in many electronic 
laboratories. The model shown has two 0-30 V independent supplies and a 4-6.5 V high 
current supply (commonly referred to a logic supply). Voltages can be precisely set using 
coarse and fine controls. The 0-30 V supplies have floating outputs, meaning they are not 
referenced to ground. This allows the user to set them up as a positive or negative supply or 
even connect them to another external supply. Another feature of this supply is that it can 
be set up as a current source, with a maximum voltage set for constant current applications. 

FIGURE 4-11 
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A triple output power supply. 
(Courtesy B+K Precision) 

As in many power supplies, there are three output jacks for each of the 0-30 V supplies. 
The output is taken between the red (more positive) and black terminals. The green jack is ref- 
erenced to the chassis, which is earth ground, and can be connected to either the red or black 
jacks. In addition, current and voltage can be monitored using the built-in digital meters. 

The power delivered by a power supply is the product of the absolute voltage and cur- 
rent. For example, if a power supply is providing -15.0 V at 3.0 A, the supplied power is 
45 W. For a triple output supply, the total power supplied by all three supplies is the sum of 
the power from each one individually. 

EXAMPLE 4-8 What is the total power delivered by a triple output power supply if the output voltage 
and current are as follows? 

Source 1: 18 V at 2.0 A 

Source 2: -18 V at 1.5 A 

Source 3: 5.0 V at 1.0 A 

Solution Power delivered from each supply is the product of voltage and current (ignoring the 
sign). 

Source 1: P, = V|/| = (18 V)(2.0A) = 36W 

Source 2; P2 = Vzh = (18 V)(l.5 A) = 27 W 
Source SiP,, = V3/3 = (5.0V)(1.0A) = 5.0 W 

The total power is 

/'T = P, + l'2 + t'y. = 36 W + 27 W + 5.0 W = 68 W 

Rel.ticd Pnihti'in How will the total power delivered change if the current from Source 1 increases to 2.5 A? 
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Equation 4-5 

Power Supply Efficiency 

An imporlanl characteristic of electronic power supplies is efficiency. Efficiency is the 
ratio of the output power delivered to a load to the input power to a circuit. 

. ''our btticiency =   

Equation 4-6 

Efficiency is often expressed as a percentage. For example, if the input power is 100 W and 
the output power is 50 W, the efficiency is (50 W/l 00 W) X 100% = 50%. 

All electronic power supplies require that power be put into them. For example, an elec- 
tronic power supply generally uses the ac power from a wall outlet as its input. Its output is 
usually a regulated dc voltage. The output power is always less than the input power be- 
cause some of the total power must be used internally to operate the power supply circuitry. 
This internal power dissipation is normally called the power loss. The output power is the 
input power minus the power loss. 

'Vim = Fin - FLOSS 
High efficiency means that very little power is dissipated in the power supply and there is 
a higher proportion of output power for a given input power. 

EXAMPLE 4-9 A certain electronic power supply requires 25 W of input power. It can produce an out- 
put power of 20 W, What is its efficiency, and what is the power loss? 

Solution Efficiency = = ^7 = 0.8 

Expressed as a percentage, 

/20W\ 
Efficiency = —— ll00% = 80% 

\25 W/ 

The power loss is 

Floss = FIN - /'ou r = 25W - 20W = 5W 
Related Problem A power supply has an efficiency of 92%, If Piti is 50 W. what is Four? 

Ampere-Hour Ratings of Batteries 

Batteries convert stored chemical energy to electrical energy. They are widely used to 
power small systems, such as laptop computers and cell phones, to supply the stable dc 
required. The batteries used in these small systems are normally rechargeable, mean- 
ing that the chemical reaction can be reversed from an external source. The capacity 
for any battery is measured in ampere-hours (Ah). For a rechargeable battery, the Ah 
rating is the capacity before it needs to be recharged. The ampere-hour rating deter- 
mines the length of lime a battery can deliver a certain amount of current at the rated 
voltage. 

A rating of one ampere-hour means that a battery can deliver an average of one ampere 
of current to a load for one hour at the rated voltage output. This same battery can deliver 
an average of two amperes for one-half hour. The more current the battery is required to 
deliver, the shorter the life of the battery. In practice, a battery usually is rated for a speci- 
fied current level and output voltage. For example, a 12 V automobile battery may be rated 
for 70 Ah at 3.5 A. This means that it can produce an average of 3.5 A for 20 h at the rated 
voltage. 
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EXAMPLE 4-10 For how many hours can a battery deliver 2 A if it is rated at 70 Ah? 

Solution The ampere-hour rating is the current limes the number of hours (.t). 

70 Ah = (2 AXarh) 

Solving for the number of hours, x. yields 

TO Ah 

Re),11ed Problem A certain battery delivers 10 A for 6 h. What is its Ah rating? 

SECTION 4-5 
CHECKUP 

1. When a loading device draws an increased amount of current from a power supply, 
does Ihis change represent a greater or a smaller load on the supply? 

2. A power supply produces an output voltage of 10 V. If the supply provides 0.S A to a 
load, what is the power to a load? 

3. If a battery has an ampere-hour rating of 100 Ah, how long can it provide 5 A to a load? 
4. If the battery in Question 3 is a 12 V device, what is its power to a load for the spec- 

ified value of current? 
5. An electronic power supply used in the lab operates with an input power of 1 W. It 

can provide an output power of 750 mW. What is its efficiency? Determine the 
power loss. 

6. What is the purpose of the green terminal on a laboratory power supply? 

Application Activity 

In Ihis application, you will work on a 
resistor suhsliluiion box used in test- 
ing circuits with up to 5.0 V, The re- 
quired resistors range from 10 11 to 

4.7 kli. Your job is to determine wattage rating for the required 
resistors, prepare a parts list, determine the cost of the pans, 
draw a schematic, and prepare a lest procedure for the circuit. 
You will apply Wall's law in order to complete the assignment. 

Specifications 

♦ Hach resistor is switch-selectable from a rotary switch, so 
that only one resistor is connected across the output terminals 
at a lime. 

♦ Resistors range in value from 10 fl to 4.7 kli. Each of the 
sizes required is about twice the size of the previous resistor. 
In order to use standard values, the following sizes have been 
selected: 10 11, 22 11.47 11, 10011.220 li. 470 11. and 

1.0 kli. 2.2 kli. and 4.7 kli. Resistors are to be ± 5%, with a 
minimum of '/j W rating (more as needed). Small resistors 
('/b W or less) are carbon composition; resistors larger than 
l/ W are metal oxide. 

♦ The maximum voltage that will be applied to the resistor box 
is 5 V. 

♦ The box is to have two binding posts to connect to the resistors. 

Power Ratings 
The resistor box has been prepared with values silk-screened 
onto the enclosure box. and the reverse side of the PC board has 
been prepared as shown in Figure 4-12. 

1. Use Watt's law and the specified resistor values to deter- 
mine the power rating of the resistors needed for the project. 
Table 4-1 indicates the cost in small quantities for the vari- 
ous power ratings of the resistors. 
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Resistance Substitution Box 
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(a) Top view of enclosure box 

FIGURE 4-12 
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(b) Bonom view of PC board 

TABLE 4-T COMPONENT COST PER ITEM 
'A W resistor (carbon comp.) S0.08 
14 W resistor (carbon comp.) S0.09 
1 W rcsislor (metal oxide) S0.09 
2 W rcsislor (metal oxide) SO, 10 
5 W rcsislor (metal oxide) S0,33 
1 pole. 9 position rotary switch $10,30 
Knob $3.30 
Enclosure (4" X 4" X 2" Al) S8.46 
Screw terminal (dual) S0.20 
Binding posts SI.78 
PC board (etched with pattern) SI.78 
Miscellaneous standoffs, etc. S0.50 

Materials List and Estimate of the Total Cost of the Project 
2. Based on the specific resistors required, prepare a complete 

materials list showing quantities and cost. 
3. Estimate the total cost of the project, not counting labor. 

The Schematic 
4. From the requirements and the hoard layout, develop a 

schematic for the circuit. 
5. Show the resistor values including the wattage rating next to 

each resistor. 

Test Procedure 
6. After the resistor substitution box is constructed, list steps 

you would lake to ensure that it works properly. 
7. List the instruments you would use in testing it. 

Troubleshooting 
Describe the most likely fault for each of the following problems 
and how you would check to verify the problem: 

8. An ohmmeler reads infinite resistance between terminals 
I and 2 for the 10 11 position. 

9. An ohmmeler reads infinite resistance between terminals 
I and 2 for all positions of the switch. 

10. All resistors read 10% higher than the listed value. 

Review 
11. Explain how Walt's law was applied to this problem, 
12. Could the resistors you specified be used in circuits with a 

7 V output? Explain. 
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SUMMARY  

♦ The power rating in walls of a resistor determines the maximum power that it can handle safely. 
♦ Resistors with a larger physical size can dissipate more power in the form of heal than smaller 

ones. 
♦ A resistor should have a power rating higher than the maximum power that it is expected to han- 

dle in the circuit. 
♦ Power rating is not related to resistance value. 
♦ A resistor normally opens when it overheats and fails. 
♦ Energy is the ability to do work and is equal to power multiplied by lime. 
♦ The kilowatt-hour is a unit of energy. 
♦ One kilowatt-hour equals one thousand watts used for one hour or any other combination of watts 

and hours that has a product of one. 
♦ A power supply is an energy source used to operate electrical and electronic devices. 
♦ A battery is one type of power supply that converts chemical energy into electrical energy. 
♦ An electronic power supply converts commercial energy (ac from the power company) to regu- 

lated dc at various voltage levels. 
♦ The output power of a supply is the output voltage times the load current. 
♦ A load is a device that draws current from the power supply. 
♦ The capacity of a battery is measured in ampere-hours (Ah). 
♦ One ampere-hour equals one ampere used for one hour, or any other combination of amperes and 

hours that has a product of one. 
♦ A circuit with a high efficiency has a smaller percentage power loss than one with a lower efficiency. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Ampere-hour (Ah) rating A capacity rating for batteries determined by multiplying the 
current (A) times the length of time (h) a battery can deliver that current to a load. 
Efficiency The ratio of the output power delivered to a load to the input power to a circuit, usually 
expressed as a percentage. 
Energy The ability to do work. 
Joule (J) The SI unit of energy. 
Kilowatt-hour (kVVh) A large unit of energy used mainly by utility companies. 
Pow er The rate of energy usage. The unit is the watt. 
Voltage drop The decrease in voltage across a resistor due to a loss of energy. 
Walt (W) The unit of power. One watt is the power when 1 J of energy is used in 1 s. 
Walt's law A law that stales the relationships of power to current, voltage, and rcsistanec. 

FORMULAS 

4-1 P = — 1 Power equals energy divided by time. 

4-2 
4-3 

P = l2R 
P = VI 

Power equals current squared times resistance. 
Power equals voltage times current. 

4-4 V2 

p = — K Power equals voltage squared divided by resistance. 

4-5 Pout Efficiency = -^L 

"|N 
Power supply efficiency 

4-6 ''out = Pin — ''r/iss Output power is input power less power loss. 
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TRUE/FALSE QUIZ Answers are at the end of the chapter. 

1. The kilowatt-hour is a unit of power. 
2. One wan is equal to one joule per second. 
3. The power rating of a resistor should always be less than the required power dissipation in the 

circuit. 
4. The amount of heat that a resistor can dissipate is proportional to its surface area. 
5. If the voltage across a resistor doubles, the power also doubles. 
6. Watt's law stales that power equals voltage limes current. 
7. If the current through a resistor doubles, the power increases by four. 
8. Within limits, a regulated power supply can automatically keep the output voltage constant 

even if the load changes. 
9. A power supply that has a negative output voltage absorbs power from the load. 

10. When analyzing a circuit problem, you should consider the conditions under which it failed. 

2. Two hundred joules of energy arc consumed in 10 s. The power is 
(a) 2000 W (b) I0W (c) 20W (d)2W 

3. If it takes 300 ms to use 10.0001 of energy, the power is 
(a) 33.3 kW (b) 33,3 W (c) 33,3 mW 

4. In 50 kW. there arc 
(a) 500 W (b| 5000 W (c) 0.5 MW (d) 50,000 W 

5. In 0.045 W. there are 
(a) 45 kW |b| 45 mW (c) 4.500 #iW (d) 0.00045 MW 

6. For 10 V and 50 mA, the power is 
(a) 500 mW (b) 0.5 W (c) 500.000 /tW (d) answers (a), (b), and (c) 

7. When the current through a lOkll resistor is 10 mA, the power is 
(a) IW (b) I0W (c| 100 mW (d) 1000/tW 

8. A 2.2 kfl resistor dissipates 0.5 W. The current is 
(a) 15.1 mA (b) 0.227 mA (c) 1.1 mA (d) 4.4 mA 

9. A 330 S! resistor dissipates 2 W. The voltage is 
(a) 2.57 V (b) 660 V (c) 6.6 V (d) 25.7 V 

10. If you used 500 W of power for 24 h, you have used 
(a) 0.5 kWh (b) 2400kWh (c) 12,000 kWh (d) l2kWh 

11. How many watt-hours represent 75 W used for 10 h? 
(a) 75 Wh (b) 750 Wh (c) 0.75 Wh (d) 7500 Wh 

12. A 100 11 resistor must carry a maximum current of 35 mA. Its rating should be at least 
(a) 35W (b) 35 mW (c) 123 mW (d) 3500 mW 

13. The power rating of a resistor that is to handle up to 1,1 W should be 
(a) 0.25 W (b) I W (c) 2 W (d) 5 W 

14. A 22 SI half-wall resistor and a 220 1! half-wall resistor arc connected across a 10 V source. 
Which one(s) will overheat? 
(a) 22 11 (b) 220 11 (c) both (d) neither 

15. When the needle of an analog ohmmeter indicates infinity, the resistor being measured is 
(a) overheated (b) shorted (c) open (d) reversed 

SELF-TEST Answers are at the end of the chapter. 

I. Power can be defined as 
(a) energy 
(e) the rale at which energy is used 

(b) heal 
(d) the lime required to use energy 
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16. A 12 V battery is connected to a 600 11 load. Under these conditions, it is rated at 50 Ah. How 
long can it supply current to the load? 
(a) 2500 h (b) 50h (c) 25 h (d)4,l6h 

17. A given power supply is capable of providing 8 A for 2.5 h. Its ampere-hour rating is 
(a) 2.5 Ah (b) 20 Ah (c) 8 Ah 

18. A power supply produces a 0.5 W output with an input of 0.6 W. Its percentage of efficiency is 
(a) 50% (b) 60% (c) 83.3% (d) 45% 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

1. If the current through a fixed resistor goes from 10 mA to 12 mA. the power in the resistor 
(a) increases (b) decreases (c) stays the same 

2. If the voltage across a fixed resistor goes from 10 V to 7 V. the power in the resistor 
(a) increases (b) decreases (c) stays the same 

3. A variable resistor has 5 V across it. If you reduce the resistance, the power in the resistor 
(a) increases (b) decreases (c) stays the same 

4. If the voltage across a resistor increases from 5 V to 10 V and the current increases from I mA 
to 2 mA. the power 
(a) increases (b) decreases (c) stays the same 

5. If the resistance of a load connected to a battery is increased, the amount of time the battery 
can supply current 
(a) increases (b) decreases (c) slays the same 

6. If the amount of time that a battery supplies current to a load is decreased, its ampere-hour rating 
(a) increases (b) decreases (c) slays the same 

7. If the current that a battery supplies to a load is increased, the battery life 
(a) increases (b) decreases (c) stays the same 

8. If there is no load connected to a battery, its ampere-hour rating 
(a) increases (b) decreases (c) stays the same 

9. If the output voltage of a power supply increases, the power to a constant load 
(a) increases (b) decreases (c) slays the same 

10. For a constant power supply output voltage, if the current to a load decreases, the load power 
(a) increases (b) decreases (c) stays (he same 

11. For a constant power supply output voltage, if the resistance of a load increases, the power in 
the load 
(a) increases (b) decreases (c) slays (he same 

12. If the load is removed leaving (he power supply terminals open, ideally the power supply 
output voltage 
(a) increases (b) decreases (c) stays the same 

More difficult problems arc indicated by an asterisk ('). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 4-1 Energy and Power 
1. Prove that the unit for power (the watt) is equivalent to one volt X one amp. 
2. Show that (here are 3.6 X 1joules in a kilowatt-hour. 
3. What is (he power when energy is consumed at the rate of 350 J/s? 
4. How many watts are used when 7500 J of energy are consumed in 5 h? 
5. How many watts does l()00 J in 50 ms equal? 
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6. Convert ihe following Co kilowalis: 
(a) I000W (b) 3750 W (c) I60W (d) 50,000 W 

7. Convert the following to megawatts: 
(a) 1,000.000 W (b) 3 X I06W (c) 15 X I07W (d) 8700 kW 

8. Convert the following to milliwatts; 
(a) 1 W (b) 0.4 W (c) 0.002 W (d) 0.0125 W 

9. Convert the following to microwatts: 
(a) 2 W (b) 0.0005 W (c) 0.25 mW (d) 0.00667 mW 

10. Convert the following to watts: 
(a) 1.5 kW (b) 0.5 MW (c) 350 mW (d) 9000/xW 

11. A particular electronic device uses 100 mW of power. If it runs for 24 h. how many Joules of 
energy does it consume? 

*12. If a 300 W bulb is allowed to burn continuously for 30 days, how many kilowatt-hours of 
energy docs it consume? 

*13. At the end of a 31 day period, your utility bill shows that you have used 1500 kWh. What is 
your average daily power usage? 

14. Convert 5 X I06 watt-minutes to kWh. 
15. Convert 6700 watt-seconds to kWh. 
16. For how many seconds must there be 5 A of current through a 47 II resistor in order to 

consume 25 J? 

SECTION 4-2 Power in an Electric Circuit 
17. If a 75 V source is supplying 2 A to a load, what is the resistance value of the load? 
18. If a resistor has 5.5 V across it and 3 mA through it. what is the power? 
19. An electric healer works on 120 V and draws 3 A of current. How much power does it use? 
20. What is the power when there are 500 mA of current through a 4.7 kli resistor? 
21. Calculate the power dissipated by a 10 kli resistor carrying 100/xA. 
22. If there are 60 V across a 680 ii resistor, what is the power? 
23. A 56 H resistor is connected across the terminals of a 1,5 V batter)'. What is the power 

dissipation in the resistor? 
24. If a resistor is to carry 2 A of current and handle 100 W of power, how many ohms must it be? 

Assume that the voltage can be adjusted to any required value. 
25. A 12 V source is connected across a 10 11 resistor. 

(a) How much energy is used in two minutes? 
(b) If the resistor is disconnected after one minute, is the power during the first minute greater 

than, less than, or equal to the power during a two minute interval? 

SECTION 4-3 Resistor Power Ratings 
26. Refer to the Application Activity in Chapter 3 and determine the required power rating of the 

resistors in the motor speed-control circuit. 
27. The maximum voltage is I V and the maximum current is I A in a given resistor. Should a 1 W 

or a 2 W resistor be used? Why? 
28. A 6.8 kll resistor has burned out in a circuit. You must replace it with another resistor with the 

same resistance value. If the resistor carries 10 mA, what should its power rating be ? Assume 
that you have available resistors in all the standard power ratings. 

29. A certain type of power resistor comes in the following ratings: 3 W. 5 W, 8 W. 12 W. 20 W. 
Your particular application requires a resistor that can handle approximately 8 W. Which rating 
would you use for a minimum safely margin of 20% above the rated value? Why? 

SECTION 4-4 Energy Conversion and Voltage Drop in Resistance 
30. For each circuit in Figure 4-13, assign the proper polarity for the voltage drop across the resistor. 



Answers ♦ 119 

I 
la) 

FIGURE 4-13 

:r 1/ ■ 

T 1 1 

R 
-W  

lb) (a) 

SECTION 4-S Power Supplies and Batteries 
31. A 50 11 load uses 1 W of power. Whal is the output voltage of the power supply? 
32. Assume that an alkaline D-cell battery can maintain an average voltage of 1.25 V for 90 hours 

in a 10 II load before bceoming unusable. Whal average power is delivered lo ihe load during 
the life of the battery? 

33. Whal is Ihe total energy in joules that is delivered during the 90 hours for the battery in 
Problem 32? 

34. A battery can provide an average of 1.5 A of current for 24 h. What is its ampere-hour 
rating? 

35. How much average current can be drawn from an 80 Ah battery for 10 h? 
36. If a battery is rated at 650 mAh. how much average current will it provide for 48 h? 
37. If Ihe input power is 500 mW and the output power is 400 mW, how much power is lost? Whal 

is the efficiency of this power supply? 
38. To operate at 85% efficiency, how much output power musl a source produce if the input power 

is 5 W? 
*39. A certain power supply provides a continuous 2 W lo a load. It is operating at 60% efficiency. 

In a 24 h period, how many kilowatt-hours does Ihe power supply use? 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
40. Open file P04-40 and determine the current, voltage, and resistance. Using the measured val- 

ues. calculate the power. 
41. Open file P04-4I and determine the current, voltage, and resistance. Calculate the power from 

these values. 
42. Open file P04-42. Measure the current in the lamp and determine if the value agrees with that 

determined using the power and voltage rating of the lamp. 

ANSWERS 

SECTION CHECKUPS 

SECTION 4-1 Energy and Power 
1. Power is the rate at which energy is used. 
2. P = W/l 
3. Watt is the unit of power. One watt is the power when I J of energy is used in I s. 
4. (a) 68,000 W = 68 kW (b) 0.005 W = 5mW (c) 0.000025 W = 25 ^W 
5. W = (0,1 kW)(10h) = I kWh 
6. 2000 Wh = 2 kWh 
7. 360,000 Ws = 0.1 kWh 
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SECTION 4-2 Power in an Electric Circuit 
1. P = (10 VMS A) = SOW 
1. P = (24 V)(50 mA) = 1.2 W; 1.2 W; the values are Ihe same because all energy generated by 

the source is dissipated by the resistance. 
S. P = (5 A)2(56 tl) = 1400 W 
4. P = (20mA)2(4.7kll) - 1.88 W 
5. P = (5 V)2/I0 SI - 2.5 W 
6. P = (8 V)2/2.2 kll - 29.1 mW 
7. K = 75 W/(0.5 A)2 - 3001! 

SECTION 4-3 Resistor Power Ratings 
1. Resistors have resistance and a power rating. 
2. A larger surface area of a resistor dissipates more power. 
3. 0.125 W, 0.25 W, 0.5 W, I W 
4. A 0.5 W rating should be used for 0.3 W. 
5. 5 V 

SECTION 4-4 Energy Conversion and Voltage Drop in Resistance 
1. Energy conversion in a resistor is caused by collisions of free electrons with the atoms in the 

material. 
2. Voltage drop is a decrease in voltage across a resistor due to a loss of energy. 
3. Voltage drop is negative to positive in Ihe direction of electron flow current. 

SECTION 4-S Power Supplies and Batteries 
1. More current means a greater load. 
2. P = (I0VX0.5 A) = 5 W 
3. I = 100 Ah/5 A = 20 h 
4. P = (I2V)(5 A) = 60W 
5. Eff = (0.75 W/1 W)100% = 75%; Floss = 1000 mW - 750 mW = 250 mW 
6. To connect to the chassis ground 

RELATED PROBLEMS FOR EXAMPLES 
4-1 3000 J 
4-2 (a) 0.001 W (b) 0.0018 W (c) I W (d) 0.000001 W 
4-3 2 kWh 
4-4 (a) 40 W (b) 376 W (c) 625 mW 
4-5 65.4 W 
4-6 0.5 W 
4-7 Yes 
4-8 77W 
4-9 46W 
4-10 60 Ah 

TRUE/FALSE QUIZ 
I. F 2. T 3. F 4. T 5. F 6. T 7. T 8. T 
9. F 10. T 
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SELF-TEST 
1. (c) 2. (c) 3. (a) 4. (d) 
9. (d) 10. (d) 11. (b) 12. (c) 

17. (b) 18. (c) 

5. (» 6. (d) 7. (a) 8. (a) 
13. (c) 14. (a) 15. (c) 16. (a) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (a) 5. (a) 6. (c) 
7. (b) 8. (c) 9. (a) 10. (b) II. (b) 12. (c) 
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CHAPTER OUTLINE 

Resistors in Series 
Total Series Resistance 
Current in a Series Circuit 
Application of Ohm's Law 
Voltage Sources in Series 
Kirchhoff's Voltage Law 
Voltage Dividers 
Power in Series Circuits 
Voltage Measurements 
Troubleshooting 
Application Activity 

CHAPTER OBJECTIVES 

♦ Identify a scries resistive circuit 
♦ Determine total series resistance 

Determine the current throughout a series circuit 
Apply Ohm's law in scries circuits 
Determine the total effect of voltage sources connected in series 
Apply Kirchhoff's voltage law 
Use a scries circuit as a voltage divider 
Determine power in a series circuit 
Measure voltage with respect to ground 
Troublcshoot scries circuits 

KEY TERMS 

Series 
Kirchhoff's voltage law 
Voltage divider 
Reference ground 
Open 
Short 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will evaluate a voltage-divider 
circuit board connected to a 12 V battery to provide a selec- 
tion of fixed reference voltages for use with an electronic 
instrument. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

In Chapter 3 you learned about Ohm's law, and in Chapter 4 
you learned about power in resistors. In this chapter, those 
concepts are applied to circuits in which resistors are con- 
nected in a series arrangement. 

Resistive circuits can be of two basic forms: series and 
parallel. In this chapter, series circuits are studied. Parallel 
circuits are covered in Chapter 6, and combinations of series 
and parallel resistors are examined in Chapter 7. In this 
chapter, you will see how Ohm's law is used in series circuits; 
and you will learn another important circuit law, Kirchhoff's 
voltage law. Also, several applications of series circuits, 
including voltage dividers, are presented. 

When resistors are connected in series and a voltage is 
applied across the series connection, there is only one path for 
current; therefore, each resistor in series has the same amount 
of current through it. All of the resistances in series add 
together to produce a total resistance. The voltage drops 
across each of the resistors add up to the voltage applied 
across the entire series connection. 
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5-1 Resistors in Series 

When connected in series, resistors form a "string" in which there is only one path 
for current. 

After completing this section, you should be able to 

♦ Identify a series resistive circuit 

♦ Translate a physical arrangement of resistors into a schematic 

The schematic in Figure 5-1 (a) shows two resistors connected in series between point A 
and point B. Part (b) shows three resistors in series, and part (c) shows four in scries. Of 
course, there can be any number of resistors in a series circuit. 

A o- 
(a) 

R, R2 R, 
ao—Wv VA VA—0i 
(b) 

R | 
a ^V*A—VA—VA—VA—°l 

(C) 

FIGURE 5-1 
Resistors in series. 

When a voltage source is connected between point A and B, the only way for current to 
gel from one point to the other in any of the connections of Figure 5-1 is to go through each 
of the resistors. The following statement describes a series circuit: 

A series circuit provides only one path for current between two points so that the 
current is the same through each series resistor. 

In an actual circuit diagram, a series circuit may not always be as easy to visually iden- 
tify as those in Figure 5-1. For example. Figure 5-2 shows series resistors drawn in other 
ways with voltage applied. Remember, if there is only one current path between two 
points, the resistors between those two points are in series, no matter how they appear in 
a diagram. 

One path. 
AlolS 

F CURE 5-2 

A o—  

One path. 
AloD 

Bo—VA— 

(b» 

One path. 
A 10 IS 

A 
- 

One path. 
A to B 

(d) 

Some examples of series circuits. Notice that the current is the same at all points because the current 
has only one path. 

One path. A to R 

EXAMPLE 5-1 Suppose thai there arc five resistors positioned on a protoboard as shown in Figure 
5-3. Wire them together in series so that, starting from the positive (+) terminal, R\ is 
first, /?2 is second. is third, and so on. Draw a schematic showing this connection. 
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FIGURE 5-3 

■ ■ ■ ■ ■ VftAa m m a m m 

Solution The wires are conneeled as shown in Figure 5-4(a), which is the assembly diagram. 
The schematic is shown in Figure 5-4(b). Note that the schematic does not necessarily 
show the actual physical arrangement of the resistors as does the assembly diagram. 
The schematic shows how components are connected electrically; the assembly dia- 
gram shows how components are arranged and interconnected physically. 

FIGURE 5-4  

..... R • mammmmmmmamammmamm 

■ ' A 0 ^^ 1 

^^^TTTTTTTT?r:J::: ^ ^ i 3 

  
(a) Assembly diagram (b) Schematic 

Kct.iii ii Problem (a) Show how you would rewire the proloboard in Figure 5-4(a) so that all the odd- 
numbered resistors come first followed by the even-numbered ones, (b) Determine the 
resistance value of each resistor. 

^Answers are at the end of the chapter. 

EXAMPLE 5-2 Describe how the resistors on the printed circuit (PC| board in Figure 5-5 arc related 
electrically. Determine the resistance value of each resistor. 

FIGURE 5-5 

Pm 

Pin 3 
Pin 4 "ft "IU 

i -fB"*8 
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Solution Resistors H] through are in series with each other. This series combination is 
connected between pins 1 and 2 on the PC board. 

Resistors K# through Ru are in series with each other. This series combination is 
connected between pins 3 and 4 on the PC board. 

The values of the resistors arc/f | = 2.2 k!i, Rj = 3.3klT/fj = 1.0 k!l, 
ft, = 1.2kn.«s = 3.3kn,R6 = 4,7 kft, R7 = 5.6kn.Rs = l2ka,R9 = 68kn, 
y?10 = 27 kll,/?|| = 12 k!l, /f|2 = 82kil, and R,3 = 270kU. 

Ifel.ilt'il Problem How is the circuit changed when pin 2 and pin 3 in Figure 5-5 arc connected? 

SECTION 5-1 
CHECKUP 
Answers are at the end of the 
chapter. 

. How are the resistors connected in a series circuit? 
2. How can you identify a series circuit? 
3. Complete the schematics for the circuits in each part of Figure 5-6 by connecting each 

group of resistors in series in numerical order from terminal A to terminal B. 
4. Connect each group of series resistors in Figure 5-6 in series with each other. 

rjffiTCURE 5-6 R. 
A 0——0 ,1 0—^—0 

R.i ^ ^ T l 
n 0—^—0 n 0—^—0 A A a 
(a) (b) (c) 

5-2 Total Series Resistance  

The total resistance of a series circuit is equal to the sum of the resistances of each 
individual series resistor. 

After completing this section, you should be able to 

• Determine total series resistance 

• Explain why resistance values add when resistors are connected in series 

♦ Apply the series resistance formula 

Series Resistor Values Add 

When resistors arc connected in series, the resistor values add because each resistor offers op- 
position to the current in direct proportion to its resistance. A greater number of resistors con- 
nected in series creates more opposition to current. More opposition to current implies a higher 
value of resistance. Thus, every lime a resistor is added in series, the total resistance increases. 

Figure 5-7 illustrates how series resistances add to increase the total resistance. Part (a) 
has a single 10 ft resistor. Part (b) shows another 10 ft resistor connected in series with the 
first one, making a total resistance of 20 ft. If a third 10 ft resistor is connected in series 
with the first two, as shown in part (c), the total resistance becomes 30 ft. 



(a) (b) (c) 

A FIGURE 5-7 
Total resistance increases with each additional series resistor. 

Series Resistance Formula 

For any number of individual resistors connected in series, the total resistance is the sum of 
each of the individual values. 

Equation S-1 «T = «, + + - • • + «„ 

where Rj is the total resistance and R„ is the last resistor in the series siring (n can be any 
positive integer equal to the number of resistors in series). For example, if there are four re- 
sistors in series (n = 4), the total resistance formula is 

RT = R, + R, + Rj, + «4 

If there are six resistors in series (n = 6), the total resistance formula is 

«r = Rf + Ri + Rj + «.i + «5 + Rb 

To illustrate the calculation of total scries resistance, let's determine R \ in the circuit of 
Figure 5-8, where Vs is the source voltage. The circuit has five resistors in series. To get 
the total resistance, simply add the values. 

rt = 56 n + ioo a + 27 n + 10 n + 47 a = 240 n 

Note in Figure 5-8 that the order in which the resistances are added does not matter. You 
can physically change the positions of the resistors in the circuit without affecting the total 
resistance or the current. 

FIGURE 5-8 
Example of five resistors in series. "Wv Wv- 

56 0 100!! 

27 0 

Rs 
-Wv- 

47 0 

Ri 
-vw 

too 

EXAMPLE 5-3 Connect the resistors in Figure 5-9 in series, and determine the total resistance. Rj. 
from the color codes. 
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FIGURE 5-9 

Solution The resistors are connected as shown in Figure 5-10. Find the total resistance by 
adding all the values. 

HT = H, + K2 + K) + «4 + «5 = 33 ft + 68 H + 100 ft + 47 ft + 10 ft = 258 ft 

_ _ ^ _ R, fi; 
:co::::.10 ^^  

   3311 6811 Lr 

R5 R4 ^iflon 
B o ^^ 1 

101! 471! 
(a) Circuit assembly (b) Schematic 

t FIGURE 5-10  

Relahd Prohlinn Determine the total resistance in Figure 5-10(a) if the positions of /fi ant' "4 are inter- 
changed. 

EXAMPLE S-4 What is the total resistance (Rj) in the circuit of Figure 5-11? 

FIGURE 5-11 
-Wr Wv Wv- 

10011 4711 100 n 

- 39 1! 
18011, 

6811. 

Solution Sum all the values. 

R f = 39 ft + 100 ft + 47 ft + 100 ft + 180 ft + 68 ft = 534 ft 

Helmed Pwbk'in What is the total resistance for the following series resistors: I.Okft, 2.2 kft, 3.3 kft, 
and 5.6 kft? 
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EXAMPLE 5-5 Determine the value of /fj in the circuit of Figure 5-12. 

FIGURE 5-12 
I \3m 

R, > 1.0 kt! 

R, > 2.2 kit 

R, ^ 4.7 kfl 

K,: 

Solution From the ohmmeter reading,/?x = 17.9 kfl. 

Rt = H, + Hi + «3 + Kj 

Solving for Rj yields 

«4 = Rr - (R, + Rj + «3) = 17-9kfl - (l.Okfl + 2.2kfl + 4.7kn) = lOkfl 

Related Problem Determine the value of R4 in Figure 5-12 if the ohmmeter reading is 14.7 kfl. 

Equal-Value Series Resistors 

When a circuit has more than one resistor of the same value in series, there is a shortcut 
method to obtain the total resistance: Simply multiply the resistance value by the number 
of equal-value resistors that are in series. This method is essentially the same as adding the 
values. For example, five lOOfl resistors in series have an R| of 5(IOOfl) = 500 fl. In 
general, the formula is expressed as 

Equation 5-2 Rt = "R 

where n is the number of equal-value resistors and R is the resistance value. 

EXAMPLE 5-6 Find the R| of eight 22 fl resistors in series. 

Solution Find Rt by adding the values. 

Rt = 22 fl + 22 !1 + 22 !1 + 22 !1 + 22 fl + 22 fl + 22 fl + 22 fl = 176 fl 

However, it is much easier to multiply to get the same result. 

Rt = 8(22 fl) = 176 fl 

Related Problem Find Rt for three 1.0 kfl resistors and two 720 f! resistors in series. 
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SECTION 5-2 
CHECKUP 

1. The following resistors (one each) are in series: 1.0 fl, 2.2 f), 3.3 f), and 4.7 fl. What 
is the total resistance? 

2. The following resistors are in series: one 100 fi, two 56 Cl, four 12 fi, and one 330 f!. 
What is the total resistance? 

3. Suppose that you have one resistor each of the following values: 1.0 kfl, 2.7 kfi, 
5.6 kf!, and 560 kfl. To get a total resistance of approximately 13.8 kfi, you need one 
more resistor. What should its value be? 

4. What is the RT for twelve 56 fl resistors in series? 
5. What is the fiT for twenty 5.5 kf! resistors and thirty 8.2 kf! resistors in series? 

5-3 Current in a Series Circuit  

The current is the same through all points in a series circuit. The current through each 
resistor in a series circuit is the same as the current through all the other resistors that 
arc in series with it. 

After completing this section, you should be able to 

♦ Determine the current throughout a series circuit 

♦ Show that the current is the same at all points in a series circuit 

Figure 5-13 shows three resistors connected in series to a de voltage source. At any 
point in this circuit, the current into that point must equal the current out of that point, as 
illustrated by the current directional arrows. Notice also that the current out of each resis- 
tor must equal the current into each resistor because there is no place where part of the cur- 
rent can branch off and go somewhere else. Therefore, the current in each section of the 
circuit is the same as the current in all other sections. It has only one path going from the 
negative (—) side of the source to the positive (+) side. 

L--- =J 

(a) Pictorial 

FIGURE 5-13 

m 

w. 
2.2 kll 

(h) Schematic 

Current into any point in a series circuit is the same as the current out of that point. 

Let's assume that the battery in Figure 5-13 supplies 1.82 mA of current to the series re- 
sistance. There are 1.82 mA of current out of the battery's positive terminal. When amme- 
ters are connected at several points in the circuit, as shown in Figure 5-14, each meter reads 
1.82 mA. 
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.8 cm A 8 Cm A 

l.ScmA - V + 

■ 1 l.3?inA 

-C<.B - 

niA in A 
k<l 

1.82 
n A 

ill A 2.2 kil 

(a) Pictorial (h) Schematic 

FIGURE 5-14 
Currcnl Is the same at all points In a scries circuit. 

SECTION 5-3 
CHECKUP 

1. In a circuit with a 100 !! resistor and a 47 !1 resistor in series, there are 20 mA 
of current through the 100 fl resistor. How much current is through the 47 fl 
resistor? 

2. A milliammeter is connected between points A and B in Figure 5-15. It measures 
50 mA. If you move the meter and connect it between points C and D, how much cur- 
rent will it indicate? Between E and f? 

FIGURE 5-15 D F. 

3. In Figure 5-16, how much current does ammeter 1 indicate? How much current does 
ammeter? indicate? 

4. Describe current in a series circuit? 

FIGURE 5-16 R 
-Whz- 

5601! 

10 V 
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5-4 Application of Ohm's Law 

The basic concepts of series circuits and Ohm's law can be applied to series circuit 
analysis. 

After completing this section, you should be able to 

♦ Apply Ohm's law in series circuits 

♦ Find the current in a series circuit 

♦ Find the voltage across each resistor in series 

The following are key points to remember when you analyze series circuits: 

1. Current through any of the series resistors is the same as the total current. 

2. If you know the total applied voltage and the total resistance, you can determine the 
total current by Ohm's law. 

vT 

/T-^ 
3. If you know the voltage drop across one of the series resistors (R,), you can deter- 

mine the total current by Ohm's law. 

4. If you know the total current, you can find the voltage drop across any of the series 
resistors by Ohm's law. 

v., = hRx 
5. The polarity of a voltage drop across a resistor is positive at the end of the resistor 

that is closest to the positive terminal of the voltage source. 

6. The current through a resistor is defined to be in a direction from the negative end 
of the resistor to the positive end. 

7. An open in a series circuit prevents current; and, therefore, there is zero voltage 
drop across each series resistor. The total voltage appears across the points between 
which there is an open. 

Now let's look at several examples that use Ohm's law for series circuit analysis. 

EXAMPLE S-7 Find the current in the circuit of Figure 5-17. 

FIGURE 5-17 

25 V "^r" 

-Wv VvV 
820!! 220 SI 

R; <150 SI 

R. 
-Wv- 

1001! 

® This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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Solution The current is determined by the source voltage Vs and the total resistance R[ . First, 
calculate the total resistance. 

/fT = R, + Rj + R} + Rj = 8201! + 220 H 

Next, use Ohm's law to calculate the current. 
Fs 25 V 

150 U + 100 SI = 1.29 kSi 

/ = 
Rt 1.29 kH 

= 0.0194 A = 19.4 mA 

Related Problem 

1? 

where Vs is the total voltage and I is the total current. Remember, the same current 
exists at all points in the circuit. Thus, each resistor has 19.4 mA through it. 

What is the current in the circuit of Figure 5-17 if Rj is changed to 200 S!? 

Use Multisim file E05-07 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 5-8 The current in the circuit of Figure 5-18 is 1 mA. For this amount of current, what 
must the source voltage Vj bo? 

FIGURE 5-18 

1.5 ki! >■ 
1= I mA 

-rWv^ rWVT- 
1.2 k!l 5.6 k!! 

IRi 
• 1.2 kfi 

Solution In order to calculate I's. first determine R|. 

RT = R, + Rj + Rj + R4 = 1.2 kfl + 5.6 kH + 1.2kSl + 1.5 kfl = 9.5 kS2 
Next, use Ohm's law to determine Vs. 

Vs = /RT = (1 mA)(9.5 kSl) = 9.5 V 

Related Problem Calculate Vs if the 5.6 kSl resistor is changed to 3.9 kf! with the current the same. 

Use Multisim file E05-08 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 5-9 Calculate the voltage across each resistor in Figure 5-19. and find the value of Vs. To 
what maximum value can Vs be raised if the current is to be limited to 5 mA? 

Solution By Ohm's law, the voltage across each resistor is equal to its resistance multiplied by 
the current through it. Use the Ohm's law formula V = /R to determine the voltage 
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FIGURE 5-19 

/ = 1 mA R, < 

It. t 

< 
■ 

1 

across each of the resistors. Keep in mind that there is the same current through each 
series resistor. The voltage across R\ (designated V|) is 

Vl = IK, = (I mA)(1.0kfl) = IV 

The voltage across Rj is 

V2 = IR2 = (I mA)(3.3kfl) = 3.3 V 

The voltage across R} is 

Vj = IR} = (I mA)(4.7k£l) = 4.7 V 

To find the value of Vj, first determine Rj. 

Rt = I.Okfi + 3.3 kH + 4.7 kH = 9kfl 

The source voltage Tg is equal to the current times the total resistance. 

Vs = IRT = (I mA)(9kfl) = 9V 

Notice that if you add the voltage drops of the resistors, they total 9 V, which is the 
same as the source voltage, 

Vs can be increased to a value where 1 = 5 mA. Calculate the maximum value of 
Vs as follows: 

' Stmax) = IRr = (5 mA|(9 kft) = 45 V 

Related Problem Repeal the calculations for V|, V2, V3. Vs, and VS|max| if R\ = 2.2 kli and / is main- 
tained at I mA. 

Use Multisim files E05-09A, E05-09B, and E05-09C to verify the calculated results in 
this example and to confirm your calculations for the related problem. 

EXAMPLE 5-10 Series connections often involve using resistance to limit current to some level. For 
example, it is necessary to limit current to a light-emitting diode (LED) to prevent the 
LED from burning out. The circuit in Figure 5-20 shows a basic application, where a 
red LED is used as an indicator as part of a more complicated circuit. The rheostat is 
included to dim the LED depending on ambient conditions. We will focus on these 
two current-limiting resistors. 
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FIGURE 5-20 

(-CM—vm 
R, R, 

Vs' 
■ 5.0 V ' 

LED 

A red LED will always have a voltage across it of about +1,7 V when it is on 
and working within its normal operating range. The remaining voltage from the 
power supply will be across the two series resistors. Together, the rheostat and the 
fixed resistor will have a total of 3.3 V across them. 

Assume you want current in the LED to range from a minimum of 2.5 mA (dim) to 
a maximum of 10 mA (bright). What values of Rj and R2 would you choose to accom- 
plish this? 

Solution Start with the brightest condition when the resistance of the rheostat is adjusted for 
0 11. In this case, there will be no voltage across R] and 3.3 V will be across /fi. 
Because it is a series circuit, the same current is in R2 as the LED. Therefore, 

V 3,3 V 
Rj = - = — = 330 a z I 10 mA 

Now determine the total resistance required to limit the current to 2.5 mA. The total 
resistance is Ry = R] + R2, and the voltage drop across Ry is 3.3 V. From Ohm's law, 

V 3.3 V Rj = — = — = 1.32 kli 1 / 2,5 mA 

To find R|, subtract the value of R2 from the total resistance. 

R, = RT - R2 = L32 kll - 33011 = 99011 
Choose a 1.0 kll rheostat as the nearest standard value. 

Related I'roblem What is the value of Rj 'f the highest current is 12 mA? 

SECTION 5-4 
CHECKUP 

1. A 6 V battery is connected across three 100 1! resistors in series. What is the current 
through each resistor? 

2. How much voltage is required to produce 50 mA through the circuit of Figure 5-21? 

FIGURE 5-21 

WV 
ill!! 

R, <*" 5.6 n 

WV 
5.6n 
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3. How much voltage is dropped across each resistor in Figure 5-21 when the current is 
50 mA? 

4. There are four equal-value resistors connected in series with a 5 V source. A current of 
4.63 mA is measured. What is the value of each resistor? 

5. What value should a series current-limiting resistor be to limit the current in a red LED 
to 10 mA if the source is 3 V and the LED drops 1.7 V? 

5-5 Voltage Sources in Series  

Recall that an ideal voltage source is an energy source that provides a constant voltage to a 
load. Batteries and electronic power supplies are practical examples of dc voltage sources. 

After completing this section, you should be able to 

♦ Determine the total effect of voltage sources connected in series 

♦ Determine the total voltage of series sources with the same polarities 

♦ Determine the total voltage of series sources with opposite polarities 

When two or more voltage sources are in series, the total voltage is equal to the alge- 
braic sum of the individual source voltages. The algebraic sum means that the polarities of 
the sources must be included when the sources are combined in series. Sources with oppo- 
site polarities have voltages with opposite signs. 

Vspot) = VSI + Vs2 + ■ • + VSn 

When the voltage sources are all in the same direction in terms of their polarities, as in 
Figure 5-22(a), all of the voltages have the same sign when added; there is a total of 4.5 V 
from terminal A to terminal B with A more positive than B. 

VAb = 1.5 V + 1.5 V + 1.5 V = +4.5 V 

The voltage has a double subscript, AB, to indicate that it is the voltage at point A with re- 
spect to point B. 

In Figure 5-22(b), the middle voltage source is opposite to the other two; so its voltage 
has an opposite sign when added to the others. For this case the total voltage from A to ft is 

VAB= +1.5 V - 1.5V + 1,5V = +I.5V 

Terminal A is 1.5 V more positive than terminal B. 
A familiar example of voltage sources in series is the flashlight. When you put two 

1.5 V batteries in your flashlight, they are connected in series, giving a total of 3 V. When 
connecting batteries or other voltage sources in series to increase the total voltage, always 
connect from the positive (+) terminal of one to the negative (—) terminal of another. Such 
a connection is illustrated in Figure 5-23. 

1.5 V 1.5 V 
1 + 

1.5 V 
I + 

1.5 V 1.5 V 1.5 V 
-OA -OA 

-4.5 V- • 1.5 V  

TECH NOTE 

When replacing batteries in a 
portable electronic device, it is best 
to use all of the same type of 
battery and not mix old batteries 
with new batteries. In particular, 
do not mix alkaline with 
nonalkaline batteries. Incorrect use 
of batteries can cause hydrogen 
gas to build inside the battery and 
cause the casing to rupture. Worse, 
the mixing of hydrogen gas with 
oxygen can be an explosion 
hazard. 

9V 

(a) (b) 

I 

I: 

r 

9V 27V 

*- 

FIGURE 5-23 
Voltage sources in series add algebraically. If a source is reversed, it subtracts from the total voltage as 
shown in part (b). This is not a normal configuration for batteries. 

FIGURE 5-23 
Connection of three 9 V batteries to 
obtain 27 V. 
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EXAMPLE 5-11 What is Ihe total source voltage (Psiioi)) i" Figure 5-24? 

FIGURE 5-24 
  x: 6 V _=. VS1 

6 V — 

6 V + 

SoIiiUiiii The polarity of each source is the same (Ihe sources are connected in Ihe same direc- 
tion in the circuit). Add the three voltages to gel the total. 

Vstiot) = Vsi + Ps2 + Vsa = 6 V + 6 V + 6 V = 18 V 
The three individual sources can be replaced by a single equivalent source of 18 V 
with its polarity as shown in Figure 5-25. 

FIGURE 5-25 

18 V. 

Rrlju-il Problem If Vji in Figure 5-24 is accidentally installed backwards, what is the total source voltage? 

Use Multisim file EOS-11 to verify Ihe calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 5-12 Many circuits use positive and negative supply voltages, A dual-power supply will 
normally have two independent outputs such as those shown in Figure 5-26. Show 
how to connect the two 12 V outputs from the power supply so that there is both a 
positive and a negative output. 

FIGURE 5-26 
Dual Output Power Supply 

Power 
© 

A B 

GND A Output B Output 

© © © © © 

Sulutiim Sec Figure 5-27. The positive output of one supply is connected to the negative output 
of the second supply. The ground terminal is connected to this same point, forcing the 
A output to be negative and the B output to be positive. 
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FIGURE 5-27 
Dual Output Power Supply 

Power 

B Ouipul A Ouipul GND 

  
I —  1 

A B 

- - 

+ 12 V 

Related Problem Draw the schematic of the setup in Figure 5-27. 

Open Multisim file EOS-12. Verify that the connection for the dual power supply will 
result in negative and positive voltages on the A and B outputs. 

SECTION 5-5 1. Four 1.5 V flashlight batteries are connected in series plus to minus. What is the total 
checkup voltage of all four cells? 

2. How many 12 V batteries must be connected in series to produce 60 V? Draw a 
schematic that shows the battery connections. 

3. The resistive circuit in Figure 5-28 is used to bias a transistor amplifier. Show how to 
connect two 15 V power supplies in order to get .30 V across the two resistors. 

4. Determine the total source voltage for the circuit of Figure 5-29. 
5. One of four 1.5 V batteries was accidentally installed in the wrong direction in a flash- 

light. What is the voltage across the bulb? 

R, ^ 

R2 ^ 
W  DIUM vim age 

FIGURE 5-29 
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0 5-6 Kirchhoff's Voltage Law 
Kirchhoff's voltage law is a fundamental circuit law Ihal states that the algebraic sum 
of all the voltages around a single closed path is zero or, in other words, the sum of the 
voltage drops equals the total source voltage. 

After completing this section, you should be able to 

♦ Apply Kirchhoff's voltage law 

• Stale Kirchhoff's voltage law 

• Determine the source voltage by adding the voltage drops 

• Determine an unknown voltage drop 

In an electric circuit, the voltages across the resistors (voltage drops) a/ways have polarities 
opposite to the source voltage polarity. For example, in Figure 5-30, follow a counterclock- 
wise loop around the circuit. Note that the source polarity is plus-to-minus and each voltage 
drop is minus-to-plus. The voltage drops across resistors are designated as V|, V2, and so on. 

FIGURE 5-30 V, 
+ — 

Illustration of voltage polarities in a 

In Figure 5-30, the current is out of the negative side of the source and through the re- 
sistors as the arrows indicate. The current is into the negative side of each resistor and out 
the positive side. The drop in energy level across a resistor creates a potential difference, or 
voltage drop, with a minus-to-plus polarity in the direction of the current. 

The voltage from point A to point II in the circuit of Figure 5-30 is the source voltage, 
Vs. Also, Ihe voltage from A to 6 is the sum of the series resistor voltage drops. Therefore, 
the source voltage is equal to the sum of the three voltage drops, as stated by Kirchhoff's 
voltage law. 

The sum of all the voltage drops around a single closed path in a circuit is equal to 
the total source voltage in that loop. 

Kirchhoff's voltage law applied to a series circuit is illustrated in Figure 5-31. For this 
case, Kirchhoff's voltage law can be expressed by Equation 5-3. 

where the subscript n represents the number of voltage drops. 
If all the voltage drops around a closed path are added and then this total is subtracted 

from the source voltage, the result is zero. This result occurs because the sum of the volt- 
age drops always equals Ihe source voltage. 

closed-loop circuit. 

Equation 5-3 Vs = V, + Vj + V5 + •• • + V, 
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■* FIGURE 5-31 
Sum of n voltage drops equals the 
source voltage. 

Ev Illustration of an experimental verifi- 
cation of Kirchhoff's voltage law. 

HISTORY ' N O T E 1 

i$i 

Gustav 
Robert 
Kirchhoff 
(1824-1887) 

The algebraic sum of all the voltages (both source and drops) around a single 
closed path is zero. 

Therefore, another way of expressing Kirchhoff's voltage law in equation form is 

Ks - V, - V2 - V3 Vn = 0 

You can verify Kirchhoff's voltage law by connecting a circuit and measuring each re- 
sistor voltage and the source voltage as illustrated in Figure 5-32. When the resistor volt- 
ages arc added together, their sum will equal the source voltage. Any number of resistors 
can be added. 

■* FIGURE 5-32 

Kirchhoff was a German physicist 
who contributed to the 
fundamental understanding of 
electrical circuits, spectroscopy, 
and the emission of black-body 
radiation by healed objects. 
Concepts in both circuit theory 
and thermal emission are named 
Kirchhoff's laws in his honor. 
Kirchhoff formulated his circuit 
laws, which are now commonly 
used in electrical engineering and 
technology, in 1845 while still a 
student. He completed this study 
as a seminar exercise; it later 
became his doctoral dissertation. 
(Photo credit; Photographische 
Gesellschaft, Berlin, courtesy AIP 
Emilio Segre Visual Archives, W. F. 
Meggers Collection, Brittle Books 
Collection, Harvard University 
Collection.) 

EXAMPLE 5-13 Determine the source voltage Vs 'n Figure 5-33 where the two voltage drops are 
given. There is no voltage drop across the fuse. 

FIGURE 5-33 

I 

5 V _ 
w 
K| 

R-, ^ 10 V 
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Solmion By Kirchhoff's voltage law, (Eq. 5-3). the source voltage (applied voltage) must 
equal the sum of the voltage drops. Adding the voltage drops gives the value of the 
source voltage. 

ys = 5 V + 10 V = 1SV 

Related Problem If Vs is increased to 30 V, determine the two voltage drops. What is the voltage across 
each component (including the fuse) if the fuse is blown? 

Open Mullisim files E05-13A and E05-13B to verify the calculated results in the ex- 
ample and to confirm your calculations for the related problem. 

EXAMPLE 5-14 Find the value of K4 in Figure 5-34. 

FIGURE 5-34 
R2 R, 

47011 1,0 k!l 

1 = 10 mA 

mn 

50 V 

Solution In this problem you will use both Ohm's law and Kirchhoff's voltage law. 
First, use Ohm's law to find the voltage drop across each of the known resistors. 

V, = /tf| = (lOmAKIOOn) = 1.0V 
V2 = IR2 = (IOmA)(470 (I) = 4.7 V 
V3 = /«, = (l0mA)(l.0kli) = 10V 

Next, use Kirchhoff's voltage law to find V4. the voltage drop across the 
unknown resistor. 

- V, " V2 - V, — V4 = 0 V 
50V - 1.0V - 4,7V - 10V - V4 = 0V 

34.3 V - V4 = 0 V 
V4 = 34.3 V 

Now that you know V4, use Ohm's law to calculate R4. 

«4 = — = = 3.43 kft 4 / 10 mA 

R4 is most likely a 3.3 kft resistor because 3.43 kft is within a standard tolerance 
range (± 5%) of 3.3 kft. 
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Related Problem Determine Wj in Figure 5-34 for V,s = 25 V and / = 10 mA. 

Use Mullisim file EOS-14 to verify the calculated results in the example and to confirm 
your calculation for the related problem. 

So far, you have seen how Kirchhoff's voltage law can be applied to a series circuit with 
a voltage source, but it can also be applied to other types of circuits. For example, there are 
cases where there is no source voltage in a given closed loop. Even so, Kirchhoff's voltage 
law still applies. This leads to a more-general form of Equation 5-3. 

V| + V2 + Vj + • • • + V„ = 0 Equation S-4 

If a voltage source is present, it is simply treated as one of the terms in Equation 5^1. 
In applying Equation 5-4, an algebraic sign is given to each voltage in the path depend- 

ing on whether it is voltage rise (+) or a voltage drop (—). A voltage across a resistor can 
appear as either a rise or a drop depending on the path direction chosen, so you will need 
to assign algebraic signs to voltage rises and voltage drops in a consistent manner. A prac- 
tical example of writing Kirchhoff's voltage law around a loop with no source is given in 
the Application Activity in Chapter 6. 

Sometimes you will see an equation such as Equation 5-4 expressed in shorthand nota- 
tion using the Greek letter sigma (S) to denote summation, as follows; 

i>i = 0 1=1 
This mathematical expression is equivalent to Equation 5-4 and means that you add the 
voltages from the first (1 = I) to the last (i = n). 

EXAMPLE 5-1 5 Determine the unknown voltage drop, V3, in Figure 5-35. 

FIGURE 5-35 12V 

Vs, _ 
50V"T^ +J> 
ps, L 

vir' 
15 V • 

v. 

Solulion By Kirchhoff's voltage law (Eq. 5-4), the algebraic sum of all the voltages around the 
circuit is zero. The value of each voltage drop except V} is known. Substitute these 
values into the equation. 

VS| + VS2 + V3 + V2 + V, = 0 
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Next, combine the known values, transpose 17 V to the right side of the equation, and 
cancel the minus signs. 

17 V - Vj = 0 V 
-Vj = -17 V 

Vj = 17 V 

The voltage drop across is 17 V, and its polarity is as shown in Figure 5-35. 

Related Problem Determine Fj if the polarity of FS2 is reversed in Figure 5-35. 

2. A 50 V source is connected to a series resistive circuit. What is the sum of the voltage 
drops in this circuit? 

3. Two equal-value resistors are connected in series across a 10 V battery. What is the 
voltage drop across each resistor? 

4. In a series circuit with a 25 V source, there are three resistors. One voltage drop is 5 V, 
and the other is 10 V. What is the value of the third voltage drop? 

5. The individual voltage drops in a series string are as follows: 1 V, 3 V, 5 V, 8 V, and 7 V. 
What is the total voltage applied across the series string? 

A series circuit acts as a voltage divider. The voltage divider is an important applica- 
tion of series circuits. 

After completing this section, you should be able to 

♦ Use a series circuit as a voltage divider 

♦ Apply the voltage-divider formula 

♦ Use a potentiometer as an adjustable voltage divider 

♦ Describe some voltage-divider applications 

A circuit consisting of a scries siring of resistors connected to a voltage source acts as a 
voltage divider. Figure 5-36 shows a circuit with two resistors in series, although there 
can be any number. There arc two voltage drops across the resistors: one across /f | and one 

► FIGURE 5-36   
Two-resistor voltage divider. 1 + 

SECTION 5-6 
CHECKUP 

1. State Kirchhoff's voltage law in two ways. 

5-7 Voltage Dividers 



across Wj. These voltage drops arc V\ and V2, respectively, as indicated in the schematic. 
Since each resistor has the same current, the voltage drops are proportional to the resistance 
values. For example, if the value of R2 is twice that of R\. then the value of fS is twice 
that of V|, 

The total voltage drop around a single closed path divides among the series resistors 
in amounts directly proportional to the resistance values. For example, in Figure 5-36, if 
Vj is 10 V, «, is 50 !i, and Ri is 100 Si, then V'| is one-third the total voltage, or 3.33 V, 
because R\ is one-third the total resistance of 150 fi. Likewise, Vi is two-thirds Vs, or 
6.67 V. 

Voltage-Divider Formula 

With a few calculations, you can develop a formula for determining how the voltages di- 
vide among series resistors. Assume a circuit with n resistors in series as shown in Figure 
5-37, where n can be any number. 

-o-"- FIGURE 5-37 
11 Generalized voltage divider with n 

i resistors. 

Let V, represent the voltage drop across any one of the resistors and R, represent the 
number of a particular resistor or combination of resistors. By Ohm's law, you can express 
the voltage drop across R, as follows: 

K. = 

The current through the circuit is equal to (he source voltage divided by the total 
resistance (/ = V^/Rj). In the circuit of Figure 5-37, the total resistance is 
R1 + R2 + R3 + ■■ ■ + Rlr By substitution of V^/Rj for/ in the expression for Vx, 

V. = (rr-)R, 

Rearranging the terms you gel 

^=(>]Vs 
VR-TV 

Equation 5-5 is the general voltage-divider formula, which can be staled as follows: 

The voltage drop across any resistor or combination of resistors in a series circuit 
is equal to the ratio of that resistance value to the total resistance, multiplied by the 
source voltage. 
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EXAMPLE 5-16 Delermine Pi (the voltage across K\) and Pj (the voltage across R2) in the voltage 
divider in Figure 5-38. 

FIGURE 5-38 

..I 

1 

100 n i*- 

V '! 

Solution To determine P|. use the voltage-divider formula, Vx = (R JRr)Vs. where .v = I. The 
total resistance is 

R1 = R, + R2= 100 n + 56 ft = 156 ft 

/?! is 100 ft and Ps is 10 V. Substitute these values into the voltage-divider formula. 

fR,\ /I00ft\ „ I/, = -L Vs =  — 10 V = 6.41 V 1 \RrJ 
S \i56ilj 

There are two ways to find the value of Vy- Kirchhoff's voltage law or the voltage- 
divider formula. If you use Kirchhoffs voltage law (Pg = P| + Pi), substitute the 
values for Ps and P| as follows: 

p2 = Ps — v, = 10 V - 6.41 V = 3.59 V 

To delermine Pj, use the voltage-divider formula where x = 2, 

Helmed Problem Find the voltages across R\ and Ri 'n Figure 5-38 if AS is changed to 180 ft. 

Use Multisim file EOS-16 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

EXAMPLE 5-17 Calculate the voltage drop across each resistor in the voltage divider of Figure 5-39. 

FIGURE 5-39 

100!! : 

Ps. 
10V • 220!! I 

680!! - 



Voltage Dividers ♦ 145 

Look at the circuit for a moment and consider the following: The total resistance is 
1000 fl. Ten percent of the total voltage is across R\ because it is 10% of the total 
resistance (100 fl is 10% of 1000 fl). Likewise, 22% of the total voltage is dropped 
across /fl because it is 22% of the total resistance (220 fl is 22% of KMX) fl). Finally, 
/fl drops 68% of the total voltage because 680 Si is 68% of 1000 Si. 

Because of the convenient values in this problem, it is easy to figure the voltages 
mentally. (V, = 0.10 X 10 V = I V, V2 = 0.22 x 10 V = 2.2 V, and V} = 
0.68 X 10 V = 6.8 V). Such is usually not the case, but sometimes a little thinking 
will produce a result more efficiently and eliminate some calculating. This is also a 
good way to estimate what your results should be so that you will recognize an unrea- 
sonable answer as a result of a calculation error. 

Although you have already reasoned through this problem, the calculations will 
verify your results. 

//fl\ / lOOSi \ 
Vi = — Vs =  ttt 10 V = IV 1 V/fl/ VlOOOfl/ 

/ /fl \ / 680 fl \ V, = ^ Vs =  10 V = 6.8 V 3 \RjJ s VlOOOfl/ 

Notice that the sum of the voltage drops is equal to the source voltage, in accordance 
with Kirehhoff's voltage law. This check is a good way to verify your results. 

If R1 and /fl in Figure 5-39 are changed to 680 fl, what are the voltage drops? 

Use Multisim tile E()5-17 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

Related Problem 

EXAMPLE 5-18 Determine the voltages between the following points in the voltage divider of 
Figure 5-40: 

(a) A to B (b) A to C (c) H to C (d| H to D (e) C to D 

FIGURE 5-40 

25 V ' 

K, > 1.0 kit 
-08 

Ri < 8.2 kil 

ft, 3.3 kit 

-OD 

Solution First, determine /fl. 

/fl = /?, + /fl + /fl = 1.0 kfl + 8.2 kfl + 3.3 kfl = 12.5 kfl 
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Related Problem 

Next, apply the voltage-divider formula to obtain each required voltage, 

(a) The voltage A to 8 is the voltage drop across R[. 

VAB = { ~ = 
i.o kn 

12.5 kn 
25 V = 2 V 

(b) The voltage from A to C is the combined voltage drop across both R[ and ffi. In 
this case, /?, in the general formula given in Equation 5-5 is R\ + /fi- 

9.2 kfi 
Vac - 

«i «2 
Ts = Kt J V 12.5 kH 

(c) The voltage from fi to C is the voltage drop across AS. 

25 V = 18.4 V 

8.2 kH \ 
 — 25 V = 16.4 V 
12.5 kn / 

(d) The voltage from B to D is the combined voltage drop across both AS and Rj. In 
this ease, Rx in the general formula is /S + Rj- 

Vbd - 
AS + Ry 

Vc = 11.5 kn 25 V = 23 V 
Ry J* Vl2.5kn 

(e) Finally, the voltage from C to D is the voltage drop across Ry 

3.3 kn 
Vco = (| )VS = 12.5 kn 

25 V = 6.6 V 

If you connect this voltage divider, you can verify each of the calculated voltages 
by connecting a voltmeter between the appropriate points in each case. 

Determine each of the previously calculated voltages if Vs is doubled. 

Use Multisim file EOS-18 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

A Potentiometer as an Adjustable Voltage Divider 

Recall from Chapter 2 that a potentiometer is a variable resistor with three terminals. A lin- 
ear potentiometer connected to a voltage source is shown in Figure 5^tl(a) with the 
schematic shown in part (b). Notice that the two end terminals are labeled I and 2. The ad- 
justable terminal or wiper is labeled 3. The potentiometer functions as a voltage divider. 

Potentiometer 

1® 
(a) Pictorial 

3 ^ -=■ 

(b) Schematic 

FIGURE 5-41 

—or vs -EE- 

(c) Equivalent schematic 

The potentiometer used as a voltage divider. 



which can be illuslralcd by separating the total resistance into two parts, as shown in Figure 
5-41(c). The resistance between terminal 1 and terminal 3 (/fij) is one part, and the resist- 
ance between terminal 3 and terminal 2 (/^l is the other part. So this potentiometer is 
equivalent to a two-resistor voltage divider that can be manually adjusted. 

Figure 5-42 shows what happens when the wiper contact (3) is moved. In part (a), the 
wiper is exactly centered, making the two resistances equal. If you measure the voltage 
across terminals 3 to 2 as indicated by the voltmeter symbol, you have one-half of the total 
source voltage. When the wiper is moved up, as in part (b), the resistance between termi- 
nals 3 and 2 increases, and the voltage across it increases proportionally. When the wiper 
is moved down, as in part (c), the resistance between terminals 3 and 2 decreases, and the 
voltage decreases proportionally. 

pinr=i 

^ I 

(a) 

A FIGURE 5-42 

lb) 

M 

(c) 

Adjusting the voltage divider. 

Applications 

The volume control of some radio receivers is a common application of a potentiometer 
used as a voltage divider. Since the loudness of the sound is dependent on the amount of 
voltage associated with the audio signal, you can increase or decrease the volume by ad- 
justing the potentiometer, that is, by turning the knob of the volume control on the set. The 
block diagram in Figure 5-43 shows how a potentiometer can be used for volume control 
in a typical receiver. 

Intermediaie 
frcqnenry 

(IF) 
amplifier 

• -43 

Audit' 
Lunphhcr 

vo ume 
contro 

A variable voltage divider used for volume control in a radio receiver. 

Figure 5^14 illustrates another application in which a potentiometer voltage divider can 
be used as a level sensor in a liquid storage tank. As shown in part (a), the float moves up 
as the tank is filled and moves down as the tank empties. The float is mechanically linked 
to the wiper arm of a potentiometer, as shown in part (b). The output voltage varies pro- 
portionally with the position of the wiper arm. As the liquid in the lank decreases, the sen- 
sor output voltage also decreases. The output voltage goes to the indicator circuitry, which 
controls a digital readout to show the amount of liquid in the tank. The schematic of this 
system is shown in part (c). 
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Processing 
circuit 

in 
(U 

Volume 
display 

Level sensor 

(a) Storage lank 

FIGURE 5-44 

Ground 

Moving contact 
(wiper arm) - 

rmpty 

Float 

lull 

Resistive 
element 
(potentiometer) 

Supply 
voltage 

Output voltage is 
proportional to float 
position. 

Full 

Empty Output 
voltage 

(h) Detail of level sensor 

— Ground 

(0) Schematic of level 
sensor 

A potenliomeler voltage divider used in a level sensor. 

Still another application for voltage dividers is in setting the dc operating voltage (bias) 
in transistor amplifiers. Figure 5-45 shows a voltage divider used for this purpose. You will 
study transistor amplifiers and biasing in a later course, so it is important that you under- 
stand the basics of voltage dividers at this point. 

FIGURE 5-45 
The voltage divider used as a bias 
circuit for a transistor amplifier, 
where the voltage at the base 
terminal of the transistor is deter- 
mined by the voltage divider as 
IW = "W + IhWs- 

Voltage 
divider 

Transistor 
\jr^symbol 

-/G 

A voltage divider is useful for converting a resistance sensor output to a voltage. Resis- 
tance sensors were described in Chapter 2 and include thermistors, CdS cells, and strain 
gauges. To convert a change in resistance to an output voltage, the resistance sensor can 
replace one of the resistors in a voltage divider. 

EXAMPLE 5-19 Assume you have a CdS cell configured as shown in Figure 5-46 that uses three A A 
batteries for a voltage source (4.5 V). At dusk, the resistance of the cell rises from a 
low resistance to above 90 k!l. The cell is used to trigger a logic circuit that will turn 
on lights if Pqut's grea|ei' than approximately 1.5 V. What value of R will produce an 
output voltage of 1.5 V when the cell resistance is 90 kfl? 
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FIGURE 5-46 Vs 
+4,5 V 

-oVn, 

'CdS cell 

Soliilion Notice that the threshold voltage (1.5 V) is one-third of the supply voltage. You know 
that 90 kfl represents one-third of the total resistance at this point. Therefore, the total 
resistance is 

Rt = 3(90 kSi) = 270 kSl 

The resistance value needed to produce Vqux = 1.5 V is 

R = RT - 90 ki! = 270 kS! - 90 kl! = 180 kft 

Ui'I.ited Pmbh'ir Starling with Equation 5-5, prove that the required resistance needed to produce an 
output voltage of 1.5 V is 180 kfl when the cell resistance is 90 kfl. 

SECTION 5-7 1. What is a voltage divider? 
2. How many resistors can there be in a series voltage-divider circuit? 
3. Write the general formula for voltage dividers. 
4. If two series resistors of equal value are connected across a 10 V source, how much 

voltage is there across each resistor? 
5. A 47 kfl resistor and an 82 kfl resistor are connected as a voltage divider. The source 

voltage is 10 V. Draw the circuit, and determine the voltage across each of the 
resistors. 

6. The circuit of Figure 5-47 is an adjustable voltage divider. If the potentiometer is 
linear, where would you set the wiper in order to get 5 V from A to 8 and 5 V from 
8 to C? 

FIGURE 5-47 
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5-8 Power in Series Circuits  

The power dissipated by each individual resistor in a series circuit contributes to the 
total power in the circuit. The individual powers are additive. 

After completing this section, you should be able to 

♦ Determine power in a scries circuit 

♦ Apply one of the power formulas 

The total amount of power in a series resistive circuit is equal to the sum of the powers 
in each resistor in scries. 

Equation 5-6 fx = P\ 

where P\ is the total power and P„ is the power in the last resistor in series. 
The power formulas that you learned in Chapter4 are applicable to series circuits. Since 

there is the same current through each resistor in series, the following formulas arc used to 
calculate the total power: 

Pi = Vsl 
Py = l2RT 

where / is the current through the circuit, Vs is the total source voltage across the series 
connection, and Ry is the total resistance. 

EXAMPLE 5-20 Determine the total amount of power in the series circuit in Figure 5-48. 

FIGURE 5-48 

15 V ' 

—-Yh Wv 
10(1 is (| 

22 1! >; R, 

Solution The source voltage is 15 V. The total resistance is 

«T = r, + «2 + fit + fi-i = io n + i8 n 56 n + 22 a = 106 n 

The easiest formula to use is Pj = V^IRy since you know both Vj and Ry. 

Py = 
Vl (15 V)2 225 V2 

106t! 106 n 
= 2.12 W 
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If you determine the power in each resistor separately and all of these powers arc 
added, you obtain the same result. First, find the current. 

Vs / = 
15 V 

«T 106n 
= 142 mA 

Next, calculate the power for each resistor using P = I'R. 
P, = /2R| = (l42mA)2(10n) = 200 mW 
P2 = /2«2 = (142 mA)2(18 fl) = 360 mW 
/>.! = /2«3 = (l42mA)2(56fi) = I.I2W 
P4 = r-R, = (l42mA)2(22n) = 441 mW 

Then, add these powers to get the total power. 

Pr = P, + P2 + P} + Pi = 200 mW + 360 mW + I.I2W + 441 mW = 2.12W 
This result compares to the total power as determined previously by the formula 
/', = Vl/Ry. 

Relalt'd Problem What is the power in the circuit of Figure 5-48 if Vs is increased to 30 V? 

The amount of power in a resistor is important because the power rating of the resistors 
must be high enough to handle the expected power in the circuit. The following example il- 
lustrates practical considerations relating to power in a scries circuit. 

EXAMPLE 5-21 Determine if the indicated power rating ('/> W) of each resistor in Figure 5-49 is suffi- 
cient to handle the actual power when the switch is closed. If a rating is not adequate, 
specify the required minimum rating. 

FIGURE 5-49 
R| 

c^vv- 
1.0 kH 
1/iW 

-AM- 
2.7 k!! 
i/;W 

VAV- 
120 V 

Solulion First, determine the total resistance. 

Rr = Rt + R2 + Ri + «4 = I.Okll + 2.7 k!l 
Next, calculate the current. 

120 V 

:«3 
' 91011 

:«4 
• 3.3 k!i 

91011 + 3.3 kl! = 7.91 kll 

' = ^= n Rr 7.91 kll 
= 15 mA 

Then calculate the power in each resistor. 

P, = /2R| = (15mA)2(1.0kft) = 225 mW 
Pi = l2R2 = (15 mA)2(2.7 kll) = 608 mW 
/', = /2«, = (15 mA)2(910 H) = 205 mW 
Pa = l2R, = (I5mA)2(3.3 kll) = 743 mW 
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AS iintl Ri do not have a rating sufficient to handle the actual power, which exceeds 
'/ W in each of these two resistors, and they may burn out if the switch is closed. 
These resistors should be replaced by I W resistors. 

Rrlnlcd Prohlem Determine the minimum power rating required for each resistor in Figure 5-49 if the 
source voltage is increased to 240 V. 

SECTION 5-8 1. If you know the power in each resistor in a series circuit, how can you find the total 
CHECKUP power? 

2. The resistors in a series circuit dissipate the following powers: 2 W, 5 W, 1 W, and 8 W. 
What is the total power in the circuit? 

3. A circuit has a 100 !l, a 330 !l, and a 680 H resistor in series. There is a current of 1 A 
through the circuit. What is the total power? 

Voltage Measurements  

The concept of reference ground was introduced in Chapter 2 and designated as the 
0 V reference point for a circuit. Voltage is always measured with respect to another 
point in the circuit. In this section, ground is discussed in more detail. 

After completing this section, you should be able to 

♦ Measure voltage with respect to ground 

• Define the term reference ground 

• Explain the use of single and double subscripts for indicating voltages 

• Identify ground in a circuit 

The term ground has its origin in telephone systems in which one of the conductors was 
the earth itself. The term was also used in early radio receiving antennas (called aerials) 
where one part of the system was connected to a metal pipe driven into the earth. Today, 
ground can mean different things and is not necessarily at the same potential as the earth. 
In electronic systems, reference ground (or common) refers to a conductor that is the 
comparison point for voltage measurements in a circuit. Frequently, it is the conductor that 
carries the power supply return current. Most electronic circuit boards have a larger con- 
ducting surface area for ground. For many multilayer circuit boards the ground surface area 
is a separate internal layer, which is referred to as a ground plane. 

In electrical wiring, the reference ground is usually the same as the earth potential be- 
cause neutral and earth ground are connected at the entrance point to a building. In this 
case, reference ground and earth ground arc at the same potential. 

The concept of reference ground is also used in automotive electrical systems. In most 
automotive systems, the chassis of the automobile is the ground reference. In nearly all mod- 
ern automobiles, the negative post of the battery is connected to the chassis with a solid low- 
resistance connection. This makes the chassis of the vehicle serve as the return path tor all 
of the electrical circuits in the vehicle, as illustrated in the simplified drawing in Figure 5-50. 
In some vintage cars, the positive terminal was connected to the chassis in an arrangement 
called positive ground. In both cases, the chassis represents the reference ground point. 

^^9 

When removing a battery from an 
automobile, remove the ground 
wire first. If a tool should then 
accidentally come in contact with 
the chassis and the positive 
terminal, a spark will be avoided; 
there is no current because there 
is no return path. When installing 
a battery, always install the 
ground connection last. 
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Electrical and electronic 
loads (lights, radio, etc.) 

Ground 

  

Battery 

FIGURE 5-50 
The chassis serves as a return current 
path for the electrical circuits in a 
vehicle. 

Chassis 

Measuring Voltages with Respect to Ground 

When voltages are measured with respect to ground, they are indicated with a single letter 
subscript. For example, VA is voltage at point A with respect to ground. The circuits in Figure 
5-51 consist of three 1.0 k!! series resistors and four lettered reference points. Reference 
ground represents a potential of 0 V with respect to all other points in the circuit as illus- 
trated. In part (a), the reference point is D and all voltages are positive with respect to I). In 
part (b), the reference point is A in the circuit, and all other points have a negative voltage. 

1 +8.0 V 
Wv 1" 

12 V 

i .oka 

- S ,0kSi <" 
=-+12 V 

-4.0 V 
Wt 

-4.0 V 
-Wv .« 

60 V ov 
Wv 

lL 0k!) I Ok!) 
+60 V 

- $ 0 kl) <* 
=_ + 2 V 

I Ok!! 
'0.0 V — — 

—6.0 V 
[>'  

' -2.0 V so\ 
WV wv 

1,0 k!) 1.0 k!) 1.0 k!) 

(a) Positive voltages with respect to ground (b) Negative voltages with respect to ground (c) Positive and negative voltages with respect 
to ground 

A FIGURE 5-51  
The ground point does not affect the current in the circuit or the voltage drops across the resistors. 

Many circuits use both positive and negative voltages and as mentioned, the return path 
for these supplies is designated as reference ground. Figure 5-51 (c) shows the same circuit 
but with two 6 V sources replacing the 12 V source. In this case, the reference point is arbi- 
trarily designated between the two voltage sources. There is exactly the same current in all 
three circuits, but now voltages are referenced to the new ground point. As you can see from 
these examples, the reference ground point is arbitrary and docs not change the current. 

Not all voltages are measured with respect to ground. If you wish to specify the voltage 
drop across an ungrounded resistor, you can name the resistor in the subscript or use two 
subscripts. When two subscripts are used, the voltage represents the difference between the 
points. For example, VBC means V8 - Vc. In Figure 5-51, VBC is the same in all three cir- 
cuits (+4.0 V) as you can confirm by performing the subtraction in each case. Another way 
of designating VBC is to write simply V^. 

There is one more convention commonly used to express voltages using subscripts. 
Power supply voltages are usually given with a double-letter subscript. The reference point 
is ground or common. For example, a voltage written as V(x is a positive power supply 
voltage with respect to ground. Other common power supply voltages are Vss (positive), 
Vue (negative), and Fss (negative). 

To measure voltages with a digital meter, the meter leads can be connected across any 
two points and the meter will indicate the voltage, either positive or negative. The meter ref- 
erencejack is labeled "COM" (normally black). This is common only to the meter, not to the 
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FIGURE 5-52 
A DMM has a "floating" common, so 
it can be connected to any point in 
the circuit and read the correct volt- 
age between the two leads. 
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circuit. Figure 5-52 shows measuring a floating voltage using a DMM to measure the voltage 
across the ungrounded resistor The circuit is the same one given in Figure 5-51(b), 
which has a negative power supply. It is shown as it might be constructed in a lab. Notice 
that the meter indicates a negative voltage, which means that the meter's COM lead is the 
more positive lead. If you wanted to measure voltages with respect to the circuit's refer- 
ence ground, you would connect the COM on the meter to the circuit's reference ground. 
The voltage with respect to the reference ground will be indicated. 

If you are using an analog meter to make circuit measurements, you must connect the 
meter so that its common lead is connected to the most negative point in the circuit; other- 
wise, the meter movement will try to move backward. Figure 5-53 shows an analog meter 
connected to the same circuit as before; notice that the meter leads arc reversed. To measure 

FIGURE 5-53 
An analog meter needs to be con- 
nected so that the positive lead goes 
to the more positive point in the 
circuit. 

ANAI.OCi MillTIMFTT-R 
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voltage across R2. the leads must be connected so that the meter will deflect in the positive 
direction. Notice that the positive lead on the meter is connected to the more positive point 
in the circuit, which in this case is the circuit's ground. The user appends a minus sign to 
the reading when recording the reading. 

EXAMPLE 5-22 Determine the voltages with respect to ground of each of the indicated points in each 
circuit of Figure 5-54. Assume that 25 V arc dropped across each resistor. 

-toov 

(a) 

—fWVT—1" 

iioov 

(b) 

-1 t =_ 1 (jo v 

£i VvV2—'o 

FIGURE 5-54 

Solution In circuit (a), the voltage polarities are as shown. Point E is ground. Single-letter sub- 
scripts denote voltage at a point with respect to ground. The voltages with respect to 
ground are as follows: 

V£ = 0 V, VD = +25 V, Vc = + 50 V, VB= +75 V, = + 100 V 

In circuit (b), the voltage polarities are as shown. Point D is ground. The voltages 
with respect to ground are as follows: 

VE= - 25 V, V0 = 0 V, Vc- = + 25 V, VB= + 50 V. V,, = + 75 V 

In circuit (c), the voltage polarities arc as shown. Point C is ground. The voltages 
with respect to ground are as follows: 

VE= - 50 V, V0 = - 25 V, Vc = 0 V, VB = + 25 V, VA= + 50 V 

Reined Problem If the ground is at point A in the circuit in Figure 5-54, what are the voltages at each 
of the points with respect to ground? 

Use Multisim file E05-22 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

SECTION 5-9 1. What is the reference point in a circuit called? 
2. Voltages in a circuit arc generally referenced with respect to ground. (T or F) 
3. The housing or chassis is often used as reference ground. (T or F) 
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5-10 Troubleshooting  

Open resistors or contacts and one point shorted to another are common problems in 
all circuits including series circuits. 

After completing this section, you should be able to 

♦ Troubleshoot series circuits 

♦ Check for an open circuit 

♦ Check for a short circuit 

♦ Identify primary causes of opens and shorts 

3 

Open Circuit 

The most common failure in a series circuit is an open. For example, when a resistor or a 
lamp burns out, it causes a break in the current path and creates an open circuit, as illus- 
trated in Figure 5-55. 

An open in a scries circuit prevents current. 

Open filament 

(g) (g) (g) 

(a) A complete series circuit has current. 

A FIGURE 5-55 

+ 11- 
(b) An open scries circuit has no current. 

Current ceases when an open occurs. 

TECH NOTE 

When measuring a resistance, 
make sure that you do not touch 
the meter leads or the resistor 
leads. It you hold both ends of a 
high-value resistor in your fingers 
along with the meter probes, the 
measurement will be inaccurate 
because your body resistance can 
affect the measured value. When 
body resistance is placed in 
parallel with a high-value resistor, 
the measured value will be less 
than the actual value of the resistor. 

Troubleshooting an Open In Chapter 3, you were introduced to the analysis, planning, 
and measurement (ARM) approach to troubleshooting. You also learned about the half- 
splitting method and saw an example using an ohmmeter. Now, the same principles will be 
applied using voltage measurements instead of resistance measurements. As you know, 
voltage measurements are generally the easiest to make because you do not have to dis- 
connect anything. 

As a beginning step, prior to analysis, it is a good idea to make a visual check of the 
faulty circuit. Occasionally, you can find a charred resistor, a broken lamp filament, a loose 
wire, or a loose connection this way. However, it is possible (and probably more common) 
for a resistor or other component to open without showing visible signs of damage. When 
a visual check reveals nothing, then proceed with the ARM approach. 

When an open occurs in a series circuit, all of the source voltage appears across the 
open. The reason for this is that the open condition prevents current through the series cir- 
cuit. With no current, there can be no voltage drop across any of the other resistors (or 
other component). Since IR = (0 A)R = 0 V, the voltage on each end of a good resistor 
is the same. Therefore, the voltage applied across a series string also appears across the 
open component because there are no other voltage drops in the circuit, as illustrated in 
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Figure 5-56. The source voltage will appear across the open resistor in accordance with 
Kirchhoff's voltage law as follows: 

Vs = Vl + V2 + V3 + V4+ V5 + V6 

V4 = 1/S - V, _ V2 - V3 - V5 - v6 

= 10V-0V-0V-0V-0V-0V 
V4 = Vs = 10 V 

ov 
v. Z=Z 10V 

1 

K-, 

ov 

«, 10 v 
/ "Wv- 

ov 
K, 
t 

OPEN 

0 V K, 
-Wv- 

ov 

T 

«6 

ov 

FIGURE 5-56 
The source voltage appears across 
the open series resistor. 

Example of Half-Splitting Using Voltage Measurements Suppose a circuit has four 
resistors in series. You have determined by analyzing the symptoms (there is voltage but no 
current) that one of the resistors is open, and you are planning to find the open resistor us- 
ing a voltmeter for measuring by the half-splitting method. A sequence of measurements 
for this particular case is illustrated in Figure 5-57. 

Step I: Measure across R] and Ri (the left half of (he circuit). A 0 V reading indicates 
that neither of these resistors is open. 

Step 2: Move the meter to measure across R3 and Hi. the reading is 10 V. This indi- 
cates there is an open in the right half of the circuit, so either R3 or R4 is the 
faulty resistor (assume no bad connections). 

Step 3: Move the meter to measure across Ry. A measurement of 10 V across R3 iden- 
tifies it as the open resistor. If you had measured across A'.|, it would have indi- 
cated 0 V. This would have also identified R3 as the faulty component because 
it would have been the only one left that could have 10 V across it. 

Step 2 

Slop 
Step 

1 r 
+ 10V - 

FIGURE 5-57 
Troubleshooting a series circuit for an open using half-splitting. 
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Short Circuit 

Sometimes an unwanted short circuit occurs when two conductors touch or a foreign object 
such as solder or a wire clipping accidentally connects two sections of a circuit together. 
This situation is particularly common in circuits with a high component density. Several 
potential causes of short circuits arc illustrated on the PC board in Figure 5-58. 

FIGURE 5-58 
Examples of shorts on a PC board. 

Wire 
cupping 

Solder splash 

When there is a short, a portion of the series resistance is bypassed (all of the current 
goes through the short), thus reducing the total resistance as illustrated in Figure 5-59. 
Notice that the current increases as a result of the short. 

A short in a scries circuit causes more current than normal. 

FIGURE 5-59 
Example of the effect of a short in a 
scries circuit. 
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Troubleshooting a Short A short is very difficult to troubleshoot. As in any trou- 
bleshooting situation, it is a good idea to make a visual check of the faulty circuit. In the 
case of a short in the circuit, a wire clipping, solder splash, or touching leads is often found 
to be the culprit, in terms of component failure, shorts arc less common than opens in many 
types of components. Furthermore, a short in one part of a circuit can cause overheating in 
another part due to the higher current caused by the short. As a result two failures, an open 
and a short, may occur together. 

When a short occurs in a series circuit, there is essentially no voltage across the shorted 
part. A short has zero or near zero resistance, although shorts with significant resistance 
values can occur from time to lime. These arc called resistive shorts. For purposes of illus- 
tration, zero resistance is assumed for all shorts. 

In order to troubleshoot a short, measure the voltage across each resistor until you gel a 
reading of 0 V. This is the straightforward approach and does not use half-splitting. In order 
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to apply the half-splitting method, you must know the correct voltage at each point in the 
circuit and compare it to measured voltages. Example 5-23 Illustrates using half-splitting 
to find a short. 

EXAMPLE 5-23 Assume you have determined that there is a short in a circuit with four scries resistors 
because the current is higher than it should be. You know that the voltage at each point 
in the circuit should be as shown in Figure 5-60 if the circuit is working properly. The 
voltages are shown relative to the negative terminal of the source. Find the location of 
the short. 

FIGURE 5-60 
Series circuit (without a short) 
with correct voltages indicated. ffl r2 R, «4 

1 f + iov - 

Solution Use the half-splitting method to troubleshoot the short. 

Step 1: Measure across R \ and Rs. The meter shows a reading of 6.67 V, which is higher 
than the normal voltage (it should be 5 V). Look for a voltage that is lower than 
normal because a short will make the voltage less across that part of the circuit. 

Step 2: Move the meter and measure across Ry and R^. the reading of 3.33 V is incor- 
rect and lower than normal (it should be 5 V), This shows that the short is in the 
right half of the circuit and that either /f j or Rj is shorted. 

Step 3: Again move the meter and measure across Ri. A reading of 3.3 V across Ry 
tells you that R^ is shorted because it must have 0 V across it. Figure 5-61 
illustrates this troubleshooting technique. 

FIGURE 5-61 
Troubleshooting a scries circuit 
for a short using half-splitting. 
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Rebird Problem Assume that Ri is shorted in Figure 5-61. What would the Step 1 measurement be? 



160 ♦ Series Circuits 

SECTION S-10 1. Define short. 
CHECKUP 2. Define open. 

3. What happens when a series circuit opens? 
4. Name two general ways in which an open circuit can occur in practice. What may 

cause a short circuit to occur? 
5. When a resistor fails, it will normally fail open. (T or F) 
6. The total voltage across a string of series resistors is 24 V. If one of the resistors is 

open, how much voltage is there across it? How much is there across each of the good 
resistors? 

Application Activity 
i 

i 
For Ibis application activity, you have 
a voltage-divider circuit board to eval- 
uate and modify if necessary. You will 
use it to obtain five different voltage 

levels from a 12 V battery that has a 6,5 Ah rating. The voltage 
divider provides positive reference voltages to an electronic cir- 
cuit in an analog-to-digilal converter. Your job is to check the 
circuit to sec if it provides the following voltages within a toler- 
ance of ±5% with respect to the negative side of the batter)': 
10,4 V. 8.0 V. 7.3 V. 6.0 V. and 2.7 V. If the existing circuit does 
not provide the specified voltages, you will modify it so that it 
does. Also, you must make sure that the power ratings of the 
resistors are adequate for the application and determine how 
long the battery will last with the voltage divider connected to it. 

The Schematic of the Circuit 
I. Use Figure 5-62 to determine the resistor values and draw 

the schematic of the voltage-divider circuit. All the resistors 
on the board are lA W. 

E 

KM 
Ki K. 1K 

1 2 3 4 5 6 7 

The Vollages 
2. Determine ihe voltage at each pin on the circuit 

board with respect to the negative side of the battery 
when the positive side of ihe 12 V battery is connected 
to pin 3 and the negative side is connected to pin L 
Compare the existing vollages to the following 
specifications: 

Pin I; negative terminal of 12 V battery 

Pin 2; 2.7 V ±5% 
Pin 3: positive terminal of 12 V battery 
Pin 4: 10.4 V ±5% 

Pin 5; 8,0 V * 5% 
Pin 6; 7.3 V ± 5% 
Pin 7: 6.0 V * 5% 

3. If the output voltages of the existing circuit are not the same 
as those stated in the specifications, make the necessary 
changes in the circuit to meet the specifications. Draw a 
schematic of Ihe modified circuit showing resistor values 
and adequate power ratings. 

The Battery 
4. Find the total current drawn from the 12 V battery when the 

voltage-divider circuit is connected and determine how 
many days the 6.5 Ah battery will last. 

A Test Procedure 

FIGURE 5-62 

5. Determine how you would test the vollagc-dividcr circuit 
board and what instruments you would use. Then detail 
your test procedure in a slcp-by-step format. 
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Troubleshooting 8. What are the output voltages from the voltage divider if the 
positive terminal of a 6 V battery is connected to pin 3 and 
the negative terminal to pin I? 

6. Determine the most likely fault for each of the following 
cases. Voltages are with respect to the negative battery ter- 
minal (pin I on the circuit board). 
♦ No voltage at any of the pins on the circuit board 
♦ 12 V at pins 3 and 4. All other pins have 0 V. 
♦ 12 V at all pins except 0 V at pin 1 
♦ 12 V at pin 6 and 0 V at pin 7 
♦ 3.3 V at pin 2 

9. When the voltage-divider board is connected to the elec- 
tronic circuit to which it is providing positive reference 
voltages, which pin on the board should be connected to 
the ground of the electronic circuit? 

Multisim Analysis 
Using Multisim connect the circuit based on the 
schematic from Activity I and verify the output 
voltages specified in Activity 2. Insert faults Review 

7. What is the total power dissipated by the voltage-divider 
circuit in Figure 5-62 with a 12 V battery? 

determined in Activity 6 and verify the resulting voltage 
measurements. 

SUMMARY 

♦ The current is the same at all points in a series circuit. 
♦ The total series resistance is the sum of all resistors in the series circuit. 
♦ The total resistance between any two points in a scries circuit is equal to the sum of all resistors 

connected in series between those two points. 
♦ If all of the resistors in a series circuit are of equal value, the total resistance is the number of 

resistors multiplied by the resistance value of one resistor. 
♦ Voltage sources in series add algebraically. 
♦ Kirchhoff's voltage law: The sum of all the voltage drops around a single closed path in a circuit 

is equal to the total source voltage in that loop. 
♦ Kirchhoff's voltage law: The algebraic sum of all the voltages (both source and drops) around a 

single closed path is zero. 
♦ The voltage drops in a circuit are always opposite in polarity to the total source voltage. 
♦ Electron flow current is defined to be out of the negative side of a source and into the positive 

side. 
♦ Electron flow current is defined to be into the negative side of each resistor and out of the more 

positive (less negative) side. 
♦ A voltage drop results from a decrease in energy level across a resistor. 
♦ A voltage divider is a series arrangement of resistors connected to a voltage source. 
♦ A voltage divider is so named because the voltage drop across any resistor in the scries circuit is 

divided down from the total voltage by an amount proportional to that resistance value in relation 
to the total resistance. 

♦ A potentiometer can be used as an adjustable voltage divider. 
♦ The total power in a resistive circuit is the sum of all the individual powers of the resistors mak- 

ing up the series circuit. 
♦ Ground (common) is zero volts with respect to all points referenced to it in the circuit. 
♦ Negative ground is the term used when the negative side of the source is grounded. 
♦ Positive ground is the term used when the positive side of the source is grounded. 
♦ The voltage across an open component always equals the source voltage. 
♦ The voltage across a shorted component is always 0 V. 
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KEY TERMS These key terms are also in the end-of-bookglossary. 
KirchhofTs voltage law A law staling thai (I) the sum of the voltage drops around a single closed 
path equals the source voltage in that loop or (2) the algebraic sum of all the voltages around any 
closed path in a circuit is zero. 
Open A circuit condition in which the current path is broken. 
Reference ground A method of grounding whereby the metal chassis that houses the assembly or 
a large conductive area on a printed circuit board is used as the common or reference point. 
Series In an electric circuit, a relationship of components in which the components arc connected 
such that they provide a single current path between two points. 
Short A circuit condition in which there is a zero or abnormally low resistance path between two 
points; usually an inadvertent condition. 
Voltage divider A circuit consisting of series resistors across which one or more output voltages 
are taken. 

FORMULAS 
5-1 Rj = Ri + R2 + Ri, + ■ • • + R„ Total resistance of n resistors in scries 
5-2 R1 = nR Total resistance of n equal-value resistors 

in series 
V3 + • • • + V„ Kirchhoff's voltage law 

• • + V,, = 0 Kirchhoff's voltage law stated another way 

Voltage-divider formula 

"3 + ' " * + F,, Total power 

5-3 Vs = V, + v2 

5-4 V, + V2 + V3 
/fi,\ 

5-5 II ¥
 

5-6 pr = /', + /s 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. A series circuit can have more than one path for current. 
2. The total resistance of a series circuit can be less than the largest resistor in that circuit. 
3. If two series resistors are different sizes, the larger resistor will have the larger current. 
4. If two series resistors are different sizes, the larger resistor will have the larger voltage. 
5. If three equal resistors are used in a voltage divider, the voltage across each one will be one-third 

of the source voltage. 
6. There is no valid electrical reason for installing flashlight batteries so that they are not all in the 

same direction. 
7. Kirchhoff's voltage law is valid only if a loop contains a voltage source. 
8. The voltage-divider equation can be written as Vt = (RJRjiV^. 
9. The power dissipated by the resistors in a series circuit is the same as the power supplied by the 

source. 
10. If point A in a circuit has a voltage of + 10 V and point B has a voltage of —2 V, then is +8 V. 

S ELE-TEST Answers are at the end of the chapter. 
1. Five equal-value resistors are connected in series and there is a current of 2 mA into the first 

resistor. The amount of current out of the second resistor is 
(a) equal to 2 mA (b) less than 2 mA (c) greater than 2 mA 

2. To measure the current out of the third resistor in a circuit consisting of four series resistors, an 
ammeter can be placed 
(a) between the third and fourth resistors (b) between the second and third resistors 
(c) at the positive terminal of the source (d) at any point in the circuit 
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3. When a third resistor is connected in series with two series resistors, the total resistance 
(a) remains the same (b) increases (c) decreases (d) increases by one-third 

4. When one of four series resistors is removed from a circuit and the circuit reconnected, the current 
(a) decreases by the amount of current through the removed resistor 
(b) decreases by one-fourth 
(c) quadruples 
(d) increases 

5. A series circuit consists of three resistors with values of 100 0,220 11, and 330 11. The total 
resistance is 
(a) less than 10011 (b) the average of the values (c) 55011 (d) 65011 

6. A 9 V battery is connected across a series combination of 68 11. 33 11, 10011. and 47 11 resis- 
tors. The amount of current is 
(a) 36.3 mA (b) 27.6 A (c) 22.3 mA (d) 363 mA 

7. While pulling four 1.5 V batteries in a flashlight, you aceidcntally put one of them in back- 
ward. The voltage across the bulb will be 
(a) 6 V (b) 3 V (c) 4.5 V (d) 0 V 

8. If you measure all the voltage drops and the source voltage in a series circuit and add them 
together, taking into consideration the polarities, you will gel a result equal to 
(a) the source voltage (b) the total of the voltage drops 
(c) zero (d) the total of the source voltage and the voltage drops 

9. There are six resistors in a given series circuit and each resistor has 5 V dropped across it. The 
source voltage is 
(a) 5 V (b) 30 V 
(c) dependent on the resistor values (d) dependent on the current 

10. A series circuit consists of a 4.7 kli. a 5.6 kli. and a 10 kll resistor. The resistor that has the 
most voltage across it is 
(a) the 4.7 kll (b) the 5.6 kll 
(c) the 10 kll (d) impossible to determine from the given information 

11. Which of the following series combinations dissipates the most power when connected across a 
100 V source? 
(a) One 100 11 resistor (b) Two 10011 resistors 
(c) Three 100 11 resistors (d) Four 10011 resistors 

12. The total power in a certain circuit is I W. Each of the five equal-value series resistors making 
up the circuit dissipates 
(a) 1 W (b) 5 W (c) 0.5 W (d) 0.2 W 

13. When you connect an ammeter in a series-resistive circuit and turn on the source voltage, the 
meter reads zero. You should check for 
(a) a broken wire (b) a shorted resistor (c) an open resistor (d) answers (a) and (e) 

14. While checking out a scrics-rcsistivc circuit, you find (hat the current is higher than it should 
be. You should look for 
(a) an open circuit (b) a short (c) a low resistor value (d) answers (b) and (c) 

CIRCUIT DYNAMICS 
QUIZ Answers arc at the end of the chapter. 

Refer to Figure 5-68. 
I. With a 10 V voltage source connected between points A and /?. when the switches are thrown 

from position I to position 2, the total current from the source 
(a) increases (b) decreases (c) stays the same 
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2. For the conditions described in Question I, the current through A'; 
(a) increases (h) decreases (c) stays the same 

3. When the switches are in position I and a short develops across Av the current through 
(a) increases (h) decreases (c) stays the same 

4. When the switches are in position 2 and a short develops across R}- the current through As 
(a) increases (b) decreases (c| stays the same 

Refer to Figure 5-69. 
5. If the current shown by one of the milliammeters increases, the current shown by the other two 

(a) increases (b) decreases (c) stays the same 
6. If the source voltage decreases, the current indicated by each milliammeter 

(a) increases (b) decreases (c) stays the same 
7. If the current through A'| increases as a result of A being replaced by a different resistor, the 

current indicated by each milliammeter 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 5-73. 
8. If the switch is thrown from position A to position B. the ammeter reading 

(a) increases (b) decreases (c) stays the same 
9. If the switch is thrown from position B to position C, the voltage across Aj 

(a) increases (b) decreases (c) stays the same 
10. If the switch is thrown from position C to position O, the current through R\ 

(a) increases (b) decreases (c) stays the same 
Refer to Figure 5-80(b). 
11. If Si is changed to 1.2 kl!. the voltage from A lo /! 

(a) increases (b) decreases (c) stays the same 
12. If Ki and Aj are interchanged, the voltage from A to fi 

(a) increases (b) decreases (c) stays the same 
13. If the source voltage increases from 8 V to 10 V. the voltage from A to B 

(a) increases (b) decreases (c) stays the same 
Refer to Figure 5-87. 
14. If the 9 V source is reduced lo 5 V. the current in the circuit 

(a) increases (b) decreases (c) stays the same 
15. If the 9 V source is reversed, the voltage at point B with respect lo ground 

(a) increases (b) decreases (c) stays the same 

More difficult problems are indicated by an asterisk ("). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION S-1 Resistors in Series 
1. Connect each set of resistors in Figure 5-63 in series between points A and A. 

FIGURE S-63 

R, K. J> R 

o Wv 

«, «4 



Problems ♦ 165 

2. Determine the groupings of resistors in Figure 5-64 that are series connections. Show how to 
interconnect the pins to put all the resistors in series. 

FIGURE 5-64 

ail 

HilllB ■ 

—a 
— 

■ 
=^ii i 

3. Determine the nominal resistance between pins land 8 in the circuit board in Figure 5-64. 
4. Determine the nominal resistance between pins 2 and 3 in the circuit board in Figure 5-64. 
5. On the double-sided PC board in Figure 5-65, identify each group of series resistors. 

Note that many of the interconnections feed through the board from the lop side to the 
bottom side. 

FIGURE 5-65 

n R, . ft. R 

mm 

: n 
5 5 4 3 2 

Bottom Top 

SECTION 5-2 Total Series Resistance 
6. The following resistors (one each) are connected in a series circuit; 1.0 0,2.2 H, 5.6 ii. 12 11. 

and 22 11. Determine the total resistance. 
7. Find the total resistance of each of the following groups of series resistors: 

(a) 560 11 and 100011 
(b) 47 11 and 5611 
(c) 1.5 kll, 2.2kli. and lOkli 
(d) 1.0 Mil, 470 kll, 1.0 kll. 2.2 Mil 
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8. Calculate Rj for each circuit of Figure S-66. 

l,(« 
5.6 k!! 

2.2 k!! 
(a) 

FIGURE 5-66 

4.7 1! 

-c—Wv 
1.0!! 

lb) 

:«i! 

' l! 

1.0 M!! 560 kf! ^ 5 6M!i 

:6S0kS! 

10 Mil 
(c) 

9. What is the total resistance of twelve 5.6 kil resistors in series? 
10. Six 56!! resistors, eight 100 !l resistors, and two 22 S! resistors arc all connected in series. 

What is the total resistance? 
11. If the total resistance in Figure 5-67 is 17.4 k!!. what is the value of AV? 

FIGURE 5-67 

■ ■ k 

5.6 k!l 1.0 kl! 
«. >2,2k!! 

*12. You have the following resistor values available to you in the lab in unlimited quantities: 10!!. 
100 fl. 470!!, 560 !l. 680 !!. 1.0 kil. 2.2 k!!. and 5.6 kf!. All of the other standard values are 
out of stock. A project that you are working on requires an 18 kf! resistance. What combina- 
tions of the available values would you use in series to achieve this total resistance? 

13. Find the total resistance in Figure 5-66 if all three circuits are connected in series. 
14. What is the total resistance from A to B for each switch position in Figure 5-68? 

FIGURE 5-68 

4o ^  
510!! 

*5 
<°—Ww 

910 ii 
20—wv— 

75011 

S2() 11 

680!! 

SECTION 5-3 Current in a Series Circuit 
15. What is the current through each resistor in a series circuit if the total voltage is 12 V and the 

total resistance is 120 fl? 
16. The current from the source in Figure 5-69 is 5 mA. How much current does each milliamme- 

ler in the circuit indicate? 
17. Show how to connect a voltage source and an ammeter to the PC board in Figure 5-64 to 

measure the current in R\. Which other resistor currents are measured by this setup? 
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FIGURE 5-69 

mA HA 

i ri \ 

18. Using 1.5 V batlcrics, a switch, and three lamps, devise a circuit to apply 4.5 V across either 
one lamp, two lamps in series, or three lamps in series with a single-control switch. Draw the 
schematic. 

SECTION 5-4 Application of Ohm^s Law 
19. What is the current in each circuit of Figure 5-70? 

5.5 V * 

(a) 

FIGURE 5-70 

K, >2.2ka 

K; > 5.6 kii 

i.Okii 560 kll 

16 V -=. 

(h) 

2.2 MO 

20. Determine the voltage drop across each resistor in Figure 5-70. 
21. Three 470 resistors are connected in series with a 48 V source. 

(a) What is the current is in the circuit? 
(b) What is the voltage across each resistor? 
(c) What is the minimum power rating of the resistors? 

22. Four equal-value resistors arc in scries with a 5 V battery, and 2.23 mA arc measured. What is 
the value of each resistor? 

23. What is the value of each resistor in Figure 5-71? 
24. Determine Vr\. Ri, and Ry in Figure 5-72. 

Wv- 
65.8 mA 21.7 V | + 

«, ^I4.5V 

R, 

30.9 V 

R. < 6.58 V 

Wv 
82!( 

Wv 
3 mA 

FIGURE 5-71 FIGURE 5-72 
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25. For the circuit in Figure 5-73 (he meter reads 7.84 mA when the switch is in position A, 
(a) What is the resistance of Rtf 
(b) What should be the meter reading for switch positions /?. C. and O? 
(c) Will a VIA fuse blow in any position of the switch? 

26. Determine the current measured by the meter in Figure 5-74 for each position of the ganged switch. 

R, 
|—Wv—T-Wv—T-Wr— 

12 V _=. 

4711 ! Sill ! 
B C —C: 

O 

II k!! 33 kit 68 kit 

22 kit 27 kit 

FIGURE 5-73 FIGURE 5-74 

SECTION S-5 Voltage Sources in Series 
27. Series aiding is a term sometimes used to describe voltage sources of the same polarity in 

scries. If a 5 V and a 9 V source arc connected in this manner, what is the total voltage? 
28. The term series opposing means that sources arc in scries with opposite polarities. If a 12 V 

and a 3 V battery arc scries opposing, what is the total voltage? 
29. Determine the total source voltage in each circuit of Figure 5-75. 

FIGURE 5-75 

io v 

(a) 

50 V 25 V 5 V 
- I I 4 

10 V 
8 V 

©'I'  VA 

SECTION S-6 Kirchhoff's Voltage Law 
30. The following voltage drops are measured across three resistors in series: 5.5 V. 8.2 V. and 

12,3 V. What is the value of the source voltage to which these resistors arc connected? 
31. Five resistors arc in scries with a 20 V source. The voltage drops across four of (he resistors arc 

1.5 V. 5.5 V, 3 V, and 6 V. How much voltage is dropped across the fifth resistor? 
32. Determine the unspecified voltage drop(s) in each circuit of Figure 5-76. Show how to connect 

a voltmeter to measure each unknown voltage drop. 

FIGURE 5-76 

15 V 

la) 

2 v 3 2 \ 
Wv wv vw 

(IS V 1.5 V 
WV 

8 V 
©V© 

4R 
-Ww 

©W- 
R 

3R 
©^ 

• 2R 

(b) 
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33. In the circuit of Figure 5-77. determine the revSislance of R4, 
34. Find R], AV and Rj in Figure 5-78. 

56!! > 11.2 V 
L + 

27!!^ 5.4 V 

4.7 !l > 0,94 V 

R , > 4.4 V 

5.6 V 

R. >- P. = 22 mW 

WV 

FIGURE 5-77 

10 mA 

A FIGURE 5-78 

35. Deiermine the voltage across /?5 for each position of the switch in Figure 5-79. The current in 
each position is as follows: i4. 3.35 mA; B, 3.73 mA; C, 4.50 mA; D. 6.00 mA. 

36. Using the result of Problem 35. determine the voltage across each resistor in Figure 5-79 for 
each switch position. 

18 V 

B 

1.8 k!l 1.0 kll 820!! 560!! 

FIGURE 5-79 

SECTION S-7 Voltage Dividers 
*37. The lota! resistance of a circuit is 560 !!. What percentage of the total voltage appears across a 

27 !! resistor that makes up part of the total scries resistance? 
38. Determine the voltage between points A and B in each voltage divider of Figure 5-80. 

12 V 

KKin^-R 

56!! -eff. 

efi 

la) 

1.0kli <K. 

2.2 k'l K 

3.3 kl! 

oB 

FIGURE 5-80 
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Vs 15 V 

(a) 

FIGURE 5-81 

5.6 kll 

K, 
lOkil 

3.3 k!l 
OGND 

Vs 12 V 

47(111 

1.0 kll 

680 !1 

(b) 

39. Delermine Ibe vollage wilh respect to ground for output A, B. and C in Figure 5-81(a). 
40. Determine the minimum and maximum voltage from the vollage divider in Figure 5-8I(b). 

*41. What is the vollage across each resistor in Figure 3-82? R is the lowest-value resistor, and ail 
others are multiples of that value as indicated. 

42. Determine the voltage at each point in Figure 5-83 with respect to the negative side of the battery. 
43. If there are 10 V across R\ in Figure 5-84. what is the voltage across each of the other resistors? 

90V 

Wv 

4 A1 
5« 

VA 

10 k 
50 k!! 

IOOV-=- Co Wv 9° 

5 kll 
5,0 k 
Wv 

WV 
I 5.6 kll A, 5-1.0 kll 

Rr ^56011 

WV 

FIGURE 5-82 FIGURE 5-83 

10 kll 

FIGURE 5-84 

*44. With the table of standard resistor values given in Appendix A, design a voltage divider to pro- 
vide the following approximate voltages with respect to ground using a 30 V source: 8.18 V. 
14.7 V. and 24.6 V. The current drain on the source must be limited to no more than I mA. The 
number of resistors, their values, and their wattage ratings must be specified. A schematic 
showing the circuit arrangement and resistor placement must be provided. 

*45. Design a variable voltage divider to provide an output voltage adjustable from a minimum of 
10 V to a maximum of 100 V within ± \% using a I to 120 V source. The maximum vollage 
must occur at the maximum resistance selling of the potentiometer, and the minimum voltage 
must occur at the minimum resistance (zero) selling. The current is to be 10 mA. 

SECTION S-8 Power in Series Circuits 
46. Five scries resistors each handle 50 mW, What is the total power? 
47. What is the total power in the circuit in Figure 5-84? Use the results of Problem 43, 
48. The following '/i W resistors are in scries: 1.2 kll. 2.2 k!!, 3.9 k!l. and 5.6 kll. What is the 

maximum vollage that can be applied across the series resistors without exceeding a power rat- 
ing? Which resistor will burn out first if excessive vollage is applied? 

49. Find Rj in Figure 5-85. 
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FIGURE 5-85 
Wv 

R, =5.6 Mi! 

vw 
P = 2[.5 jlW 

50. A certain series circuit consists of a '/s W resistor, a 'A W resistor and a '/: W resistor. The total 
resistance is 2400 II. If each of the resistors is operating in the circuit at its maximum power 
dissipation, determine the following: 
(a) / (b) Vj (c) The value of each resistor 

SECTION 5-9 Voltage Measurements 
51. Determine the voltage at each point with respect to ground in Figure 5-86. 

FIGURE 5-86 
-Wv- 

5,6 k!l 

100 V . 

-vw- 
1,0 kl! 

B 

>5.6 k!! 

C 

> lOkil 

' D 

52. In Figure 5-87, how would you determine the voltage across Ri by measuring, without con- 
necting a meter directly across the resistor? 

FIGURE 5-87 R, R, R, 4 ~ It f I) 
 VA Wr-n 

560 ka ioo ka i.o Ma 

R, < R, 
56 ka < 100 ka 

15 V 
-I r 

. 9V 

53. Determine the voltage at each point with respect to ground in Figure 5-87, 
54. In Figure 5-87, what is V^c? 
55. In Figure 5-87. what is Vcl? 

SECTION S-10 Troubleshooting 
56. A string of five series resistors is connected across a 12 V battery. Zero volts is measured 

across all of the resistors except R= What is wrong with the circuit? What voltage will be 
measured across R2? 



(a) 

133.3mA 

LJ V 
10 v 

ft. 

100!! 
(b) 

100!! 

100!! 

K, 
■■ -N 
icon 

100 ft 

57. By observing the meters in Figure 5-88. determine the types of failures in the circuits and 
which components have failed. 

58. What current would you measure in Figure 5-88(b) if only R? were shorted? 
*59. Table 5-1 shows the results of resistance measurements on the PC board in Figure 5-89. Are 

these results correct? If not. identify the possible problems. 

TABLE 5-1 BETWEEN PINS RESISTANCE 
1 and 2 oo 
1 and 3 oo 
1 and 4 4.23 kft 
1 and 5 oo 
1 and 6 oo 
2 and 3 23.6 kft 
2 and 4 oo 
2 and 5 oo 
2 and 6 oo 
3 and 4 oo 
3 and 5 oo 
3 and 6 oo 
4 and 5 oo 
4 and 6 oo 
5 and 6 19.9 kft 
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0R, . 

"1 
2 3 4 5 6 

Fop 
6 5 4 3 2 1 

Botlom 

FIGURE 5-89 

*60. You measure 15 kll between pins 5 and 6 on the PC board in Figure 5-89. Does this indicate a 
problem? If so, identify it. 

*61. In checking out the PC board in Figure 5-89, you measure 17.83 kO between pins 1 and 2. 
Also, you measure 13.6 kll between pins 2 and 4. Does this indicate a problem on the PC 
board? If so. identify the fault. 

*62. The three groups of scries resistors on the PC board in Figure 5-89 arc connected in scries with 
each other to form a single series circuit by connecting pin 2 to pin 4 and pin 3 to pin 5. A volt- 
age source is connected across pins 1 and 6 and an ammeter is placed in series. As you increase 
the source voltage, you observe the corresponding increase in current. Suddenly, the current 
drops to zero and you smell smoke. All resistors are !/: W. 
(a) What has happened? 
(b) Specifically, what must you do to fix the problem? 
(c) At what voltage did the failure occur? 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
63. Open file P05-63 and measure the total scries resistance. 
64. Open file P05-64 and determine by measurement if there is an open resistor and. if so. 

which one. 
65. Open file P05-65 and determine the unspecified resistance value. 
66. Open file P05-66 and determine the unspecified source voltage. 
67. Open file P05-67 and find the shorted resistor if there is one. 

ANSWERS 

SECTION CHECKUPS 

SECTION S-t Resistors in Series 
1. Series resistors arc connectctl end-to-end in a "siring" with each lead of a given resistor con- 

nected to a different resistor. 
2. There is a single current path in a series circuit. 
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Rj <  Wv— < " 

lb) (c) 

FIGURE 5-90 

A O  

R, 
j—Wv- 

FICURE 5-91 

SECTION 5-2 

SECTION 5-3 

SECTION 5-4 

3. See Figure 5-90. 
4. See Figure 5-91. 

Total Series Resistance 
1. «,• = 1.0 ft + 2.2 ft + 3.3 ft + 4.7 ft = 11.2 ft 
2. «,• = 100 ft + 2(56 ft) + 4(12 ft) + 330 ft = 590 ft 
3. = 13.8kft - (l.Okft + 2.7kft + 5.6kft + 560ft) = 3.94kft 
4. «,• = 12(56 ft) = 672 ft 
5. % = 20(5.6 kft) + 30(8.2 kft) = 358 kft 

Current in a Series Circuit 
1. / = 20 mA 
2. The milliammcicr measures 50 mA between C and i) and 50 mA between t' and 
3. I = 10 V/56011 = 17,9 mA; 17.9 mA 
4. In a series circuit, currenl is the same at all poinls. 

Application of Ohm's Law 
1. / - 6 V/300ft - 20 mA 
2. Vs = (50mA)<2l.2ft) = 1.06V 
3. V, = (50 mA)( 10 ft) = 0.5 V; V2 = (50 mA)(5.6 ft) = 0.28 V; 

V3 = (50 mA)(5.6 ft) = 0.28 V 
4. R = 'A <5 V/4.63 mA) = 270 ft 
5. R = 130 ft 

SECTION S-S Voltage Sources in Series 
1. VT = 4(1.5 V) = 6.0 V 
2. 60V/I2V = 5; see Figure 5-92. 

FIGURE 5-92 12V 12V 12 V 

+ - I I + 

12V 12V 

+ -11 + 
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SECTION S-6 

SECTION S-7 

SECTION S-8 

SECTION S-9 

SECTION S-10 

FIGURE 5-93 + | | 
15 V — K, > 

-T T 
15 V i rA 

-T t 

. See Figure 5-93, 
■ i'stioO - 9V + 6V ■( - 15 V - 30 V 

Kirchhoff's Voltage Law 
1. (a) Kirchhoff's law states the algebraic sum of the voltages around a closed path is zero; 

(b) KirchhofTs law stales the sum of the voltage drops equals the total source voltage. 
2. VT = Vs = 5(1 V 
3. V'l = Vi = 5 V 
4. V3 = 25 V - 10V - 5V = 10V 
5. VS=IV + 3V + 5V + 8V + 7V = 24V 

Voltage Dividers 
X. A voltage divider is a circuit with two or more series resistors in which the voltage taken across 

any resistor or combination of resistors is proportional to (he value of that resistance. 
2. Two or more resistors form a voltage divider, 
3. Vx - (RJRjWs 
4. Vh = 10V/2 = 5V 
5. V47 = (47kli/129kflllO V = 3.64V;V82 = (82kn/129kJI)IO V = 6.36 V; see 

Figure 5-94. 
6. Set the wiper at the midpoint. 

FIGURE 5-94 

10 V 
■47 kit 

■82 kit 

Power in Series Circuits 
1. Add the power in each resistor to gel total power. 
2. PT = 2W + 5 W + I W + 8W = 16W 
3. Ft = (I A)2(l 110 it) = mow 

Voltage Measurements 
1. The reference point in a circuit is called ground or common. 
2. True 
3. True 
4. VBA = -5.0 V 

Troubleshooting 
1. A short is a zero resistance path that bypasses a portion of a cireuit. 
2. An open is a break in the current path. 
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3. When a circuit opens, current ceases. 
4. An open can lie created by a switch or by a component failure. A short can be created by a 

switch or, unintentionally, by a wire clipping or solder splash. 
5. True, a resistor normally fails open. 
6. 24 V across the open R: 0 V across the other /?s 

RELATED PROBLEMS FOR EXAMPLES 
5-1 (a) See Figure 5-95. 

(b) /?, = I.Oka,/?2 = 33kO.= 39ki1,R4 = 470O,R^ = 22kO 

FIGURE 5-95 
—mi— 

in*-" 

5-2 All resistors on the board are in series. 
5-3 258 S! 
5-4 12.1 k!i 
5-5 6.8 kii 
5-6 4440 (I 
5-7 18.0 mA 
5-8 7.8 V 
5-9 V, = I V. Vj = 3.3 V. f, = 2.2 V; Vs = 6.5 V; Usi™,) = 32.5 V 
5-10 «2 = 275 11 
5-11 6 V 
5-12 See Figure 5-96. 

FIGURE 5-96 
Vb 

12,0 V 

i2.ov: 

-12 V 

11 --12 V 

5-13 10 V and 20 V; Vfllse = Vs = 30 V; Vp, = \'„2 = 0 V 
5-14 93011 
5-15 47 V 
5-16 V| = 3.57 V; Vj = 6.43 V 
5-17 V| = Vj = = 3.33 V 
5-18 Vw - 4 V; VAc = 36.8 V; V!)C = 32.8 V; VBD = 46 V; VCD = 13.2 V 



Answers ♦ 177 

-■KS)"' 
K. K, 

V's R; R + R, 
1.5 V 90 kO 
4.5 \ R + 90 k!! 

1.5 V(R + 90 k!!) = (4.5 V)(90 k!l) 
l.Sfi - 270!! 

K = 180!! 
5-20 8.49 W 
5-21 Z1, = 0.92 W (1 W); P2 = 2.49 W (5 W); Z'j 
5-22 VA - 0 V; = -25 V; Vc = -50 V; VD = 
5-23 3.33 V 

TRUE/FALSE QUIZ 
1. F 2. F 3. F 4. T 5. T 
6. T 7. F 8. T 9. T 10. F 

SELF-TEST 
1. (a) 2. (d) 3. (b) 4. (d) 5. (d) 6. (a) 7. (b) 8. (c) 
9. (b) 10. (c) II. (a) 12. (d) 13. (d) 14. (d) 

CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (b) 3. (c) 4. (a) 5. (a) 6. (b) 
7. (a) 8. (a) 9. (a) 10. (b) 11. (b) 12. (c) 

13. (a) 14. (a) 15. (b) 

= 0.838 W (1 W); P4 = 3.04 W (5 W) 
= -75 V; Vt = -100 V 
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T 

CHAPTER OUTLINE 

6-1 Resistors in Parallel 
6-2 Voltage in a Parallel Circuit 
6-3 Kirchhoff's Current Law 
6-4 Total Parallel Resistance 
6-S Application of Ohm's Law 
6-6 Current Sources in Parallel 
6-7 Current Dividers 
6-8 Power in Parallel Circuits 
6-9 Parallel Circuit Applications 
6-10 Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

* Identify a parallel resistive circuit 
♦ Determine the voltage across each branch In a parallel circuit 

Apply Kirchhoff's current law 
Determine total parallel resistance 
Apply Ohm's law in a parallel circuit 
Determine the total effect of current sources in parallel 
Use a parallel circuit as a current divider 
Determine power in a parallel circuit 
Describe some basic applications of parallel circuits 
Troubleshonl parallel circuits 

KEY TERMS 

Branch 
Parallel 
Kirchhoff's current law 
Node 
Current divider 

APPLICATION ACTIVITY PREVIEW 

In this application activity, a panel-mounted power supply 
will be modified by adding a milliammeler to indicate current 
to a load. Expansion of the meter for multiple current ranges 
using parallel (shunt) resistors will be demonstrated. The 
problem with very low-value resistors when a switch is used 
to select the current ranges will be introduced and the effect 
of switch contact resistance will be demonstrated. A way of 
eliminating the contact resistance problem will be presented. 
Finally, the ammeter circuit will be installed in the power sup- 
ply. The knowledge of parallel circuits and of basic ammeters 
that you will acquire in this chapter plus your understanding 
of Ohm's law and current dividers will be put to good use. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
hltp://www.prenhall.com/floyd 

INTRODUCTION 

In Chapter 5, you learned about series circuits and how to 
apply Ohm's law and Kirchhoff's voltage law. You also saw 
how a series circuit can be used as a voltage divider to obtain 
several specified voltages from a single source voltage. The 
effects of opens and shorts in series circuits were also 
examined. 

In this chapter, you will see how Ohm's law is used in par- 
allel circuits; and you will learn Kirchhoff's current law. Also, 
several applications of parallel circuits, including automotive 
lighting, residential wiring, control circuit, and the internal 
wiring of analog ammeters are presented. You will learn how 
to determine total parallel resistance and how to trou- 
bleshoot for open resistors. 

When resistors are connected in parallel and a voltage is 
applied across the parallel circuit, each resistor provides a 
separate path for current. The total resistance of a parallel 
circuit is reduced as more resistors are connected in parallel. 
The voltage across each of the parallel resistors is equal to 
the voltage applied across the entire parallel circuit. 
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6-1 Resistors in Parallel  

When two or more resistors are individually connected between two separate points 
(nodes) in a circuit, they are in parallel with each other. A parallel circuit provides 
more than one path for current. 
After completing this section, you should be able to 
♦ Identify a parallel resistive circuit 

♦ Translate a physical arrangement of parallel resistors into a schematic 

Each current path is called a branch, and a parallel circuit is one that has more than 
one branch. Two resistors connected in parallel are shown in Figure 6-l(a). As shown in 
part (b), the current out of the source (/T) divides when it gets to point A. /, goes through 
R[ and I} goes through /fr. If additional resistors are connected in parallel with the first two, 
more current paths are provided between point A and point B, as shown in Figure 6-1(c). 
All points along the top shown in blue are electrically the same as point A, and all points 
along the bottom shown in green are electrically the same as point B. 
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Resistors in parallel. 

in Figure 6-1, it is obvious that the resistors are connected in parallel. Often, in actual 
circuit diagrams, the parallel relationship is not as clear. It is important that you learn to 
recognize parallel circuits regardless of how they may be drawn. 

A rule for identifying parallel circuits is as follows: 

If there is more than one current path (branch) between two separate points and if 
the voltage between those two points also appears across each of the branches, then 
there is a parallel circuit between those two points. 

Figure 6-2 shows parallel resistors drawn in different ways between two separate points 
labeled A and B. Notice that in each case, the current has two paths going from A to B, and 
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FIGURE 6-2 
Examples of circuits with two parallel paths. 

*** This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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the voltage across each branch is the same. Although these examples show only (wo paral- 
lel paths, there can be any number of resistors in parallel. 

EXAMPLE 6-1 Five resistors are positioned on a protoboard as shown in Figure 6-3. Show the wiring 
required to connect all of the resistors in parallel between A and S. Draw a schematic 
and label each of the resistors with its value. 
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FIGURE 6-3 

Solution Wires are connected as shown in the assembly diagram of Figure 6-4(a). The 
schematic is shown in Figure 6-4(b|. Again, note that the schematic does not necessar- 
ily have to show the actual physical arrangement of the resistors. The schematic shows 
how components are connected electrically. 

(a) Assembly wiring diagram 

FIGURE 6-4 

A o- 

B o- 

: 
1.0 k!! ^ 2.2 k!i ? 820 !1 ^ 2.7 k(> 1.0 k!! 

<b) Schematic 

licl.nnl Pmi'ti iri How would the circuit have to be rewired if Ry is removed? 

*Answers are at the end of the chapter. 



Resistors in Parallel ♦ 181 

EXAMPLE 6-2 Determine the parallel groupings in Figure 6-5 and the value of each resistor. 

— R, —:R, 
Pin 

Pin 2 

=)R 

Pin • 
ZMW =lRX=IH.lt 

f f 
K„ P n 4 

FIGURE 6-5 

Solution Resistors R] through Rj and /?| | and R[2 are all in parallel. This parallel combination 
is connected to pins 1 and 4. Each resistor in this group is 56 k!i. 

Resistors Rs through /?|0 are all in parallel. This combination is connected to pins 2 
and 3. Each resistor in this group is 100 k!i. 

Ilelnleil I'loblew How would you connect all of the resistors in Figure 6-5 in parallel? 

SECTION 6-1 i. How are the resistors connected in a parallel circuit? 
checkup . ,. 2. How do you identify a parallel circuit? 
Answers ate at the end of the 
chapter. 3. Complete the schematics for the circuits in each part of Figure 6-6 by connecting the 

resistors in parallel between points A and B. 
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4. Conned each group of parallel resistors in Figure 6-6 in parallel with each other. 
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FIGURE 6-6 

6-2 Voltage in a Parallel Circuit  

The voltage across any given branch of a parallel circuit is equal to the voltage across 
each of the other branches in parallel. As you know, each current path in a parallel 
circuit is calleil a branch. 

After completing this section, you should be able to 

• Determine the voltage across each branch in a parallel circuit 

• Explain why the voltage is the same across all parallel resistors 

To illustrate voltage in a parallel circuit, let's examine Figure 6-7(a), Points A, B, C. 
and D along the left side of the parallel circuit arc electrically the same point because the 
voltage is the same along this line. You can think of all of these points as being connected 
by a single wire to the negative terminal of the battery. The points K, F, G. and H along the 
right side of the circuit are all at a voltage equal to that of the positive terminal of the source. 
Thus, voltage across each parallel resistor is the same, and each is equal to the source volt- 
age. Note that the parallel circuit in Figure 6-7 resembles a ladder. 

Figure 6-7(b) is the same circuit as in part (a), drawn in a slightly different way. Here 
the left side of each resistor is connected to a single point, which is the negative battery ter- 
minal. The right side of each resistor is connected to a single point, which is the positive 
battery terminal. The resistors arc still all in parallel across the source. 

FIGURE 6-7 
Voltage across parallel branches is 
the same. 
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In Figure 6-8, a 12 V battery is connected across three parallel resistors. When the volt- 
age is measured across the battery and then across each of the resistors, the readings arc the 
same. As you can see, the same voltage appears across each branch in a parallel circuit. 

ev 

(a) Pictorial 

FIGURE 6-8 
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v.. = 12 V 

The same voltage appears across 
each resistor in parallel. 

(b) Schematic 

EXAMPLE 6-3 Determine the voltage across each resistor in Figure 6-9. 

FIGURE 6-9 

R| 
1.8 kfl 

25 V 2.2 kit 2.2 kl 

:«5 
3.3 kfl 

Solution The live resistors are in parallel, so the voltage across each one is equal to the applied 
source voltage. There is no voltage across the fuse. The voltage across the resistors is 

Related Problem 

V, = V2 = V, = V4 = V5 = Vs = 25 V 

If /?4 is removed from the circuit, what is the voltage across R}! 

Use Mnltisim file E06-03 to verify the calculated results in this example and to 
confirm your calculation for the related problem. 
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SECTION 6-2 
CHECKUP 

1. A 10 fi and a 22 resistor are connected in parallel with a 5 V source. What is the 
voltage across each of the resistors? 

2. A voltmeter is connected across RI in Figure 6-10. It measures 118 V. If you move the 
meter and connect it across Rj, how much voltage will it indicate? What is the source 
voltage? 

3. In Figure 6-11, how much voltage does voltmeter 1 indicate? Voltmeter 2? 
4. Flow are voltages across each branch of a parallel circuit related? 

1 «, v 

1 

FIGURE 6-10 FIGURE 6-11 

0 6-3 Kirchhoff's Current Law  
Kirchhoff's voltage law deals with voltages in a single closed path. Kirchhoff's current 
law applies to currents in multiple paths. 

After completing this section, you should be able to 

♦ Apply Kirchhoff's current law 

♦ Slate Kirchhoff's current law 

• Define node 

• Determine the total current by adding the branch currents 

♦ Determine an unknown branch current 

Kirchhoffs current Ian, often abbreviated KCL, can be staled as follows: 

The sum of the currents into a node (total current in) is equal to the sum of the cur- 
rents out of that node (total current out). 

A node is any point or junction in a circuit where two or more components are con- 
nected. In a parallel circuit, a node or junction is a point where the parallel branches come 
together. For example, in the circuit of Figure 6-12, point A is one node and point B is an- 
other. Let's start at the negative terminal of the source and follow the current. The total cur- 
rent /y from the source is into node A. At this point, the current splits up among the three 
branches as indicated. Each of the three branch currents (/|,/2, and /;) is out o/node A. 
Kirchhoff's current law says that the total current into node A is equal to the total current 
out of node A: that is, 

/T = /, + /2 + h 

Now, following the currents in Figure 6-12 through the three branches, you see 
that they come back together at node B. Currents /|, /j, and /j are into node B, and ly is 
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Node A Node 

•« FIGURE 6-12 
Kirchhoff's current law: The current 
into a node equals the current out of 
that node. 

TECH NOTE 

Kirchhoff's current law can be 
applied to anything that acts as a 
load for an electrical system, for 
example, the power connections to 
a circuit board will have the same 
current supplied to the board as 
leaving the board. Likewise, a 
building has the same current on 
the incoming "hot" line as the 
neutral. Normally, the supply 
current and return current are 
always the same. 

out of node B. Kirchhoff's current law formula at node B is therefore the same as at 
node A. 

/T = /, + /2 + l3 

Figure 6-13 illustrates the general case of Kirchhoff's current law and can be written as 
a mathematical relationship: 

h 'IN(l) + 'lN(2) + 'iNIS) "T "' "T /|N(„) - 'OUT(l) "r 'OUTC) T 'OUTOI T • • • T /QUTfrn) 
Moving the terms on the right side to the left side and changing the sign results in the fol- 
lowing equivalent equation: 

+ /i — In + In + In + In 

llS(l) + /|N'(2) i + 'l IN(.I) ' • + /iNfui — In IN(n) - 'OUT(l) ~ '0LT(2) _ 'OUT(3) - I' 'OUT(mi) = 0 

This equation shows that all current into and out of the junction sums to zero and can be 
stated as 

The algebraic sum of all of the currents entering and leaving a node is equal to zero. 

An equivalent way of writing Kirchhoff's current law can be expressed using the mathe- 
matical summation shorthand as was done for Kirchhoff's voltage law in Chapter 5. 

±i. = 0 

Equation 6-1 

FIGURE 6-13 
Generalized circuit node illustrating 
Kirchhoff's current law. 

'iNO)+ ']N(2)+ 'lN(3)+ 
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To express Kitchhoff's eurrenl law with this method, all currents are assigned a sequential 
subscript (1,2,3, and so on) no matter if the current is into or out of the node. Currents into 
the node are positive and currents leaving the node are negative. 

You can verify Kirchhoff's current law by connecting a circuit and measuring each 
branch current and the total current from the source, as illustrated in Figure 6-14. When the 
branch currents arc added together, their sum will equal the total current. This rule applies 
for any number of branches. 

The following four examples illustrate use of Kirchhoff's current law. 

FIGURE 6-14 
An illustration of Kirchhoff's current 
law. 
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EXAMPLE 6-4 The branch currents are shown in the circuit of Figure 6-15. Determine the total cur- 
rent entering node A and the total current leaving node B. 

FIGURE 6-15 

I, 
5 mA 12 mA 

Solulion The total current out of node A is the sum of the two branch currents. So the total cur- 
rent into node A is 

/j = /| + /2 = 5 mA + 12 mA = 17 mA 

The total current entering node R is the sum of the two branch currents. So the total 
current out of node B is 

/T = /| +/2 = 5mA + 12 mA = 17 mA 
Rel.ili'il Pmbtem If a third branch is added to the circuit in Figure 6-15 and its eurrenl is 3 mA, what is 

the total current into node A and out of node fi? 
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EXAMPLE 6-5 Determine the current h through in Figure 6-16. 

FIGURE 6-16 
h 

too mA 

Vs IE 
+ 

1: ' '< RA ^ /, R, ; ► 1 30 mA >" 1 3 ' 1'' > 1 20 mA 

Solution The total current into the junction of the three branches is /| = /; + A + 'v From 
Figure 6-16, you know the total current and the branch currents through R\ and Ry 
Solve for A as follows: 

h = h - h ~ h = 100 mA - 30 mA - 20 mA = 50 mA 
Related Problem Determine /T and /j if a fourth branch 

12 mA through it. 
is added to the circuit in Figure 6-16 and it has 

EXAMPLE 6-6 

FIGURE 6-17 

Use Kirchhoff's current law to find the current measured by ammeters A3 and A5 in 
Figure 6-17. 

+ 

> m A 

I.S mA I A2 I mA I A4 

Solulion The total current into node X is 5 mA. Two currents are out of node X: 1.5 mA through 
resistor Rf and the current through A3. Kirchhoff's current law applied at node X gives 

Solving for /Ai yields 

5 mA — 1.5 mA — /as = 0 

/As = 5 mA - 1.5 mA = 3.5 mA 

The total current into node Y is /aj = 3.5 mA. Two currents are out of node Y: 
1 mA through resistor Rj and the current through A5 and Ry Kirchhoff's current law 
applied at node Y gives 

Solving for /A5 yields 

3,5 mA - I mA - /as = 0 

/as = 3.5 mA — I mA = 2.5 mA 
How much current will an ammeter measure when it is placed in the circuit right be- 
low R) in Figure 6-17? Below the negative battery terminal? 
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EXAMPLE 6-7 Using Kirchhoff's current law, find the current in each of" two taillights given that the 
total current from the battery is 8.0 A and together the headlights draw 5.6 A. 

'bat - 'tiheadi - 'rtTAIL) = 0 
Rearranging and changing the signs, 

'T(TAIL| = 'BAT _ 'rtHEAD) = 8 0 A _ 5 ('A = 2-4A 

Because the taillights arc identical, each draws 2.4 A/2 = 1.2 A 

Rfl.neil I'roblfw When the brake lights are applied, the total current from the battery increases to +9.0 A. 
How much current does each brake light require? 

SECTION 6-3 1. State Kirchhoff's current law in two ways. 
CHECKUP 2. There is a total current of 2,5 mA into a node and the current out of the node divides 

into three parallel branches. What is the sum of all three branch currents? 
3. 100 mA and 300 mA are into a node. What is the amount of current out of the node? 
4. Each of two taillights on a trailer draws 1 A and the two brake lights each draw 1 A. 

What is the current in the ground lead to the trailer when all lights are on? 
5. An underground pump has 10 A of current in the hotline. What should be the current 

on the neutral line? 

6-4 Total Parallel Resistance  

When resistors are connected in parallel, the total resistance of the circuit decreases. The 
total resistance of a parallel circuit is always less than the value of the smallest resistor. 
For example, if a 10 !! resistor and a 100 ft resistor are connected in parallel, the total 
resistance is less than 10 ft. 

After completing this section, you should be able to 

• Determine total parallel resistance 

• Explain why resistance decreases as resistors are connected in parallel 

• Apply the parallel-resistance formula 

As you know, when resistors are connected in parallel, the current has more than one 
path. The number of current paths is equal to the number of parallel branches. 

In Figure 6-18(a), there is only one current path because it is a series circuit. There is 
a certain amount of current, /|, through R\. If resistor AS is connected in parallel with R|, 
as shown in Figure 6-18(b), there is an additional amount of current, 12. through Rj. The 
total current from the source has increased with the addition of the parallel resistor. 
Assuming that the source voltage is constant, an increase in the total current from the 
source means that the total resistance has decreased, in accordance with Ohm's law. 
Additional resistors connected in parallel will further reduce the resistance and increase 
the total current. 
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( ^ /. includes 
/. and /,. 

R. V R, , 

F CURE 6-18 
Addition of resistors in parallel reduces total resistance and increases total current. 

Formula for Total Parallel Resistance 

The circuit in Figure 6-19 shows a general case of n resistors in parallel (n can be any 
integer greater than I). From Kirchhoff's current law, the equation for current is 

h = l\ + h + h + + In 

+ 0  
't 

/, h 
Vs > r2 > R 

FIGURE 6-19 
Circuit with n resistors in parallel. 

Since Vs is 'he voltage across each of the parallel resistors, by Ohm's law, /| = Fs//?|, 
h = V$IR2, and so on. By substitution into the equation for current. 

«l «l «2 «3 Kn 
The term Vs can be factored out of the right side of the equation and canceled with Vs on 
the left side, leaving only the resistance terms. 

_l_ 
Kr K| 

I I 
«2 

_1_ 
K„ 

Recall that the reciprocal of resistance (\/K) is called conductance, which is symbolized by 
C. The unit of conductance is the Siemens (S). The equation for l/Rx can be expressed in 
terms of conductance as 

G-r — G| + G2 + G3 + + G„ 
Solve for % by taking the reciprocal of (that is, by inverting) both sides of the equation 

for URr. 

Kt = 
I 

£) + (£) + Gb,+ + Ur 
Equalion 6-2 shows that to find the total parallel resistance, add all the l/R (or conduc- 
tance, G) terms and then lake the reciprocal of the sum. 

Equation 6-2 

Kv = 
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EXAMPLE 6-8 Calculate the total parallel resistance between points A and B of the circuit in Figure 6-20. 

FIGURE 6-20 

R, > K, > R, . 
100!!> 47 ii > 22 if. 

Solution To calculate the total parallel resistance when you know the individual resistances. 
first find the conductance, which is the reciprocal of the resistance, of each of the three 
resistors. 

G| = — = —!— = 10 mS «, 100 fi 
I I 

02 = r7= 47n = 

G' = ^ = ^n=45-5mS 

Next, calculate Rj by adding G|, Gi, and G; and taking the reciprocal of the sum. 

I I I 
% = —= = i3.o n 

Gt 10 mS + 21.3 mS + 45.5 mS 76.8 mS 

For a quick accuracy check, notice that the value of /fj (13.0 ft) is smaller than the 
smallest value in parallel, which is /G (22 ft), as it should be. 

Related Problem If a 33 ft resistor is connected in parallel in Figure 6-20, what is the new value of /ft-? 

Calculator Tip 

The parallel-resistance formula is easily solved on a calculator using Equation 6-2. The 
general procedure is to enter the value of R\ and then lake its reciprocal by pressing the x'1 

key. (The reciprocal is a secondary function on some calculators.) Next press the + key; 
then enter the value of /G and take its reciprocal using the .v_ 1 key and press the + key. 
Repeal this procedure until all of the resistor values have been entered; then press ENTER. 
The final step is to press the x~l key and the ENTER key to gel R\-. The total parallel 
resistance is now on the display. The display formal may vary, depending on the particular 
calculator. For example, the steps required for a typical calculator solution of Example 6-7 
are as follows: 

1. Enter 100. Display shows 100. 

2. Press x 1 (or 2nd then x '). Display shows 100 '. 

3. Press +. Display shows I (XT1 + . 

4. Enter 47. Display shows 100+ 47. 

5. Press*-1 (or 2nd then*-1). Display shows 100 ' + 47-1, 

6. Press +. Display shows I (XT1 + 47-1 + . 

7. Enter 22. Display shows 100 1 + 47 1 + 22. 
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8. Press aT1 (or 2nd then a"1). Display shows 100 1 + 47"' + 22"'. 

9. Press ENTER. Display shows a result of 76.7311411992E-3. 

10. Press x~l (or 2nd then a:-1) and then ENTER. Display shows a result of 
13.0325182758E0. 

The number displayed in Step 10 is the total resistance in ohms. Round it to 13.0 il. 

The Case of Two Resistors in Parallel 

Equation 6-2 is a general formula for finding the total resistance for any number of resis- 
tors in parallel. The combination of two resistors in parallel occurs commonly in practice. 
Also, any number of resistors in parallel can be broken down into pairs as an alternate way 
to find the Ry. Based on Equation 6-2, the formula for the total resistance of two resistors 
in parallel is 

f- ] + (-) Ui, 1 W 
Combining the terms in the denominator yields 

Rt= (R, + R2\ 
V tf|«2 / 

which can be rewritten as follows: 

o - Equation 6-3 
«! + «2 

Equation 6-3 slates 

The total resistance for two resistors in parallel is equal to the product of the two 
resistors divided by the sum of the two resistors. 

This equation is sometimes referred to as the "product over the sum" formula. 

EXAMPLE 6-9 Calculate the total resistance connected to the voltage source of the circuit in Figure 6-21. 

680 SI ^ 330 SI -C-680 Si 

FIGURI 6-21 

Solution Use Equation 6-3. 

/?T = 
(680 n)(330 fl) 224,400 Cl 

R, + R2 68011 + 3301! 101011 

Related Problem Determine Ry if a 22011 replaces R, in Figure 6-21. 

= 222 11 
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The Case of Equal-Value Resistors in Parallel 

Another special case of parallel circuits is the parallel connection of several resistors each 
having the same resistance value. There is a shortcut method of calculating Rj when this 
case occurs. 

If several resistors in parallel have the same resistance, they can be assigned the same 
symbol K. For example, R\ = Ro = R^ =■■ = Rn = R. Starling with Equation 6-2, you 
can develop a special formula for finding Rj. 

(-]- fW + W + .. \rJ VI/ Vi/ VI/ 
Notice that in the denominator, the same term, l/R, is added n times (n is the number of 
equal-value resistors in parallel). Therefore, the formula can be written as 

I 

or 

Equation 6-4 = — 
n 

Equation 6-4 says that when any number of resistors (n), all having the same resistance 
(/?). arc connected in parallel, Ry is equal to the resistance divided by the number of resis- 
tors in parallel. 

EXAMPLE 6-10 Four 8 11 speakers are connected in parallel to the output of an amplifier. What is the 
total resistance across the output of the amplifier? 

Solution There are four 8 11 resistors in parallel. Use Equation 6-4 as follows: 

R 811 
Ry = -=  =2 0, 

n 4 

Rehned I 'roblein If two of the speakers are removed, what is the resistance across the output ? 

Determining an Unknown Parallel Resistor 

Sometimes you need to determine the values of resistors that arc to be combined to produce 
a desired total resistance. For example, you use two parallel resistors to obtain a known total 
resistance. If you know or arbitrarily choose one resistor value, then you can calculate the sec- 
ond resistor value using Equation 6-3 for two parallel resistors. The formula for determining 
the value of an unknown resistor Rx is developed as follows: 

_ 1 I 
«T R.\ It 
_l_ = J l_ 

% 1.1 
I 1a _ IT 

Equation 6-5 1v = 

It 1,1 IT 
1,i «r 

1, - It 
where Rx is the unknown resistor and Ry is the known or selected value. 
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EXAMPLE 6-11 Suppose that you wish to obtain a resistance as close to 150 LI as possible by combin- 
ing two resistors in parallel. There is a 330 U resistor available. What other value do 
you need? 

Solution RT = 150 LI and RA = 330 !1. Therefore. 

RARr _ (330n)(l50n) 
_ 330 a - ison 

R, = 
Ra- Rt 

The closest standard value is 270 IT. 

= 275 n 

Helmed Problem If you need to obtain a total resistance of 130 O, what value can you add in parallel to 
the parallel combination of 330 fl and 270 JT? First find the value of 330 1! and 
270 li in parallel and treat that value as a single resistor. 

Notation for Parallel Resistors 

Sometimes, for convenience, parallel resistors arc designated by two parallel vertical 
marks. For example, R| in parallel with R} can be written as Ri ll/Js- Also, when several 
resistors are in parallel with each other, this notation can be used. For example, 

Rl ||«2||«3||«4||«5 

indicates that R\ through Rf are all in parallel. 
This notation is also used with resistance values. For example, 

10kn||5kn 

means that a 10 kS! resistor is in parallel with a 5 k!2 resistor. 

SECTION 6-4 
CHECKUP 

1. Does the total resistance increase or decrease as more resistors are connected in 
parallel? 

2. The total parallel resistance is always less than what value? 
3. Write the general formula for fti with any number of resistors in parallel. 
4. Write the special formula for two resistors in parallel. 
5. Write the special formula for any number of equal-value resistors in parallel. 
6. Calculate fiT for Figure 6-22. 
7. Determine fix for Figure 6-23. 
8. Find fiT for Figure 6-24. 

n 
1.0 kl! 5 

. 1 

> 2.2 k!! •I.OkU >-1.0k!l >-l,0k!i >-1.0kll 47 !i 

isoa I  

-Wv—I 
mo a 

FIGURE 6-22 FIGURE 6-23 FIGURE 6-24 
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6-5 Application of Ohm's Law  

Ohm's law can be applied to parallel circuit analysis. 

After completing this section, you should be able to 

♦ Apply Ohm's law in a parallel circuit 

♦ Find the total current in a parallel circuit 

♦ Find each branch current in a parallel circuit 

♦ Find the voltage across a parallel circuit 

♦ Find the resistance of a parallel circuit 

The following examples illustrate how to apply Ohm's law to determine the total cur- 
rent, branch currents, voltage, and resistance in parallel circuits. 

EXAMPLE 6-12 Find the total current produced by the battery in Figure 6-25. 

FIGURE 6-25 
  ' i 

100 V , 

Ri 
1  >—Wv— 

56 k!l 
R, < 

-r 100 kit; 

1 

Solulion The battery "sees" a total parallel resistance that determines the amount of current that 
it generates. First, calculate R-x. 

(100kn)(56kn) 5600 kO2 

RT = R, + «2 100 kfl + 56 kO 156 kO 

The battery voltage is 100 V. Use Ohm's law to find If- 

Fs 100V 

= 35.9 kfl 

h = = 2.79 mA R, 35.9 kfl 

Hel.iidl I'rtihlem What is /T in Figure 6-25 if is changed to 120 kfl? What is the current through M|? 

Use Multisim file E06-12 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 6-13 Determine the current through each resistor in the parallel circuit of Figure 6-26. 

FIGURE 6-26 

V. 
20 V 

l ' r, 
1.0 kli 

'=1 
R. 

2.2 kli: 

■4 '4 

5601! 
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Sohilion The voltage across each resistor (branch) is equal to the source voltage. That is, the 
voltage across R[ is 20 V, the voltage across AN 'S 20 V, and the voltage across /fj is 
20 V. Determine the current through each resistor as follows: 

Vs 20 V 
/'=^=OT = 20mA 

Vs = J0v 
z «2 2.2 kH 

Vs 20 V 
't =: "" = —ttt ;= 35.7 mA ■ R, 560 n 

Ri'l.iU'il Problem If an additional resistor of 910 (2 is connected in parallel to the circuit in Figure 6-26, 
determine all of the branch currents. 

Use Multisim file E06-I3 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

EXAMPLE 6-14 Find the voltage Vs across the parallel circuit in Figure 6-27. 

FIGURE 6-27 
10 mA 

22011 ; 
R, 

560 1! . 1.0 kll 

Solution The total current in the parallel circuit is 10 mA. IF you know the total resistance, then 
you can apply Ohm's law to get the voltage. The total resistance is 

Rt = 1 
G, + Gs + Gi 

(-)- \R,) KRiJ w 

( 1 ^ \ t 1 ) V220fty \ 560 ft / 
I 

1 
1.0 kO 

I = 136 ft 
4,55 mS + 1.79mS + I mS 7.34 mS 

Therefore, the source voltage is 

Vs = /T«T = (10 mA)(l36 ft) = 1.36 V 

lu'l.ihd Problem Find the voltage if Rt, is decreased to 680 ft in Figure 6-27 and lj is 10 mA. 

T Use Multisim file E06-I4 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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EXAMPLE 6-15 

Solution 

Sometimes a direct measurement of resistance is not practical. For example, tungsten 
filament bulbs get hot after turning them on. causing the resistance to increase. An 
ohmmetcr can only measure the cold resistance. Assume you want to know the equiva- 
lent hot resistance of the two headlight bulbs and the two taillighl bulbs in a ear. The 
two headlights normally operate on 12.6 V and draw 2.8 A each when they are on. 

(a) What is the total equivalent hot resistance when two headlights arc on? 

(b) Assume the total current for headlights and laillights is 8.0 A when all four bulbs 
are on. What is the equivalent resistance of each taillighl? 

fa) Use Ohm's law to calculate the equivalent resistance of one headlight. 

V 12.6 V 
/ HEAD 2.8 A 

■ = 4.5 a 

Because the two bulbs are in parallel and have equal resistances. 

#T(HEAD) - 
HEAD 4,5 ft = 2.25 ft 

(b) Use Ohm's law to find the total resistance with two laillights and two headlights on. 

12.6 V 
R TfHEAD+TAILI 8.0 A 

= 1.58ft 

Apply the formula for parallel resistors to find the resistance of the two laillights 
together. 

R TIHEAD + TAIL) 
I 

R TIHEAD) 
I 

R TITAIL) 
I I I 

%ITA1L) ^TIHEAD + TAIL) ^TIHEAD) 1 -58 ft 

^TITAIL) = 5.25 ft 
The two laillights are in parallel, so each light has a resistance of 

2.25 ft 

R, (TAIL) = uR TITAIL) = 2(5.25 ft) = 10.5 ft 

Rt'hucd I'loblem What is the total equivalent resistance of two headlights that each draw 3.15 A? 

SECTION 6-5 
CHECKUP 

1. A 10 V battery is connected across three 680 ft resistors that are in parallel. What is 
the total current from the battery? 

2. How much voltage is required to produce 20 mA of current through the circuit of 
Figure 6-28? 

FIGURE 6-28 

1 

20 mA 

Tesoii jt' L'ii II 
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3. How much current is there through each resistor of Figure 6-28? 
4. There are four equal-value resistors in parallel with a 12 V source, and 5.85 mA of cur 

rent from the source. What is the value of each resistor? 
5. A 1.0 kfl and a 2.2 k!T resistor are connected in parallel. There is a total of 100 mA 

through the parallel combination. How much voltage is dropped across the resistors? 

6-6 Current Sources in Parallel  

As you learned in Chapter 2, a current source is a type of energy source that provides 
a constant current to a load even if the resistance of that load changes. A transistor can 
be used as a current source; therefore, current sources arc important in electronic cir- 
cuits. Although the study of transistors is beyond the scope of this book, you should 
understand how current sources act in parallel. 

After completing this section, you should be able to 

♦ Determine the total effect of current sources in parallel 

♦ Determine the total current from parallel sources having the same direction 

♦ Determine the total current from parallel sources having opposite directions 

In general, the total current produced by current sources in parallel is equal to the alge- 
braic sum of the individual current sources. The algebraic sum means that you must con- 
sider the direction of current when you combine the sources in parallel. For example, in 
Figure 6-29(a), the three current sources in parallel provide current in the same direction 
(into node A). So the total current into node A is 

lj = I A + 2 A + 2 A = 5 A 

In Figure 6-29(b), the 1 A source provides current in a direction opposite to the other 
two. The total current into node A in this case is 

/T = 2A-I-2A-1A = 3A 

(a) 

O 2A0 2A0 

.v\ 5 A 
A 1 A 

FIGURE 6-29 

EXAMPLE 6-16 Determine the current through H/ in Figure 6-30. 
FIGURE 6-30 

50 mA \J 20 mA 
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Solution The two current sources are in the same direction; so the current through K/ is 

Irl = h + h = 50mA + 20mA = 70niA 

Related Problem Determine the current through R/ if the direction of h is reversed. 

SECTION 6-6 
CHECKUP 

1. Four 0.5 A current sources are connected in parallel in the same direction. What cur- 
rent will be produced through a load resistor? 

2. How many 100 mA current sources must be connected in parallel to produce a total 
current output of 300 mA? Draw a schematic showing the sources connected. 

3. In a certain transistor amplifier circuit, the transistor can be represented by a 10 mA 
current source, as shown in Figure 6-31. In a certain transistor amplifier, two transis- 
tors ad in parallel. How much current is there through the resistor fiE? 

FIGURE 6-31 

o o 
10 mA 

1.0 k 

10 mA 

06^ Current Dividers 

A parallel circuit acts as a current divider because the current entering the junction of 
parallel branches "divides" up into several individual branch currents. 

After completing this section, you should be able to 

♦ Use a parallel circuit as a current divider 

♦ Apply the current-divider formula 

♦ Determine an unknown branch current 

In a parallel circuit, the total current into the junction of the parallel branches divides 
among the branches. Thus, a parallel circuit acts as a current divider. This current-divider 
principle is illustrated in Figure 6-32 for a two-branch parallel circuit in which pan of the 
total current lj goes through R\ and part through Ki- 

Since the same voltage is across each of the resistors in parallel, the branch currents are 
inversely proportional to the values of the resistors. For example, if the value of AS is twice 
that of R|, then the value of I2 is one-half that of /|. In other words, 

The total current divides among parallel resistors into currents with values in- 
versely proportional to the resistance values. 



•« FIGURE 6-32 
Total current divides between the 
two branches. 

The branches with higher resistance have less current, and Ihe branches with lower 
resistance have more current, in accordance with Ohm's law. If all the branches have the 
same resistance, the branch currents are all equal. 

Figure 6-33 shows specific values to demonstrate how the currents divide according to 
the branch resistances. Notice lhal in this case the resistance of the upper branch is one- 
tenth the resistance of the lower branch, but the upper branch current is ten times the lower 
branch current. 

5u mA 
ife /, l"b!> 

L B.u mA 
j^l/, 1000!! 
 UmU   

DDmAll 
 _ i/. 

FIGURE 6-33 
The branch with Ihe lower resistance 
has more current, and the branch 
with the higher resistance has less 
current. 

Current-Divider Formula 

You can develop a formula for determining how currents divide among any number of par- 
allel resistors as shown in Figure 6-34, where n is Ihe total number of resistors. 

K, /, ft, / s 'I 

FIGURE 6-34 

ft, ft,, 

A parallel circuit with n branches. 

The current through any one of the parallel resistors is /„ where x represents the num- 
ber of a particular resistor (1, 2, 3, and so on). By Ohm's law, you can express Ihe current 
through any one of the resistors in Figure 6-34 as follows: 
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Equation 6-6 

The source voltage, Vj, appears across each of the parallel resistors, and K, represents any 
one of the parallel resistors. The total source voltage, Vj, is equal to the total current times 
the total parallel resistance. 

t/s = 

Substituting IjRy for Vj in the expression for /, results in 

ITRT 
K = 

R, 
Rearranging terms yields 

/, = h 

where x = I, 2, 3, etc. Equation 6-6 is the general current-divider formula and applies to 
a parallel circuit with any number of branches. 

The current (Ix) through any branch equals the total parallel resistance (R| ) di- 
vided by the resistance ^RX) of that branch, and then multiplied by the total current 
(/'l') into the junction of parallel branches. 

EXAMPLE 6-17 Determine the current through each resistor in the circuit of Figure 6-35. 

FIGURE 6-35 

Wv 
'.Mil! 

—Wv 
330 n 

Wv— 
220! 

,0 mA 

Solution First calculate the total parallel resistance. 

I Rr = 
f-V V/?2/ \rJ 

f ') i I 'Mil ' 1 ) Vbsoay ' 1 <330 a/ 1 <220 a / 

= 111 n 

The total current is 10 mA. Use Equation 6-6 to calculate each branch current. 

/i = 

h = 

h = 

/T = 

h = \-^-\h = 

in ii 
680 a 
in a 
330 a 
111 a 
220 a 

10 mA = 1.63 m A 

10 mA = 3.36 mA 

10 mA = 5.05 mA 

Rehilt'd 1'ioblem Determine the current through each resistor in Figure 6-35 if Rj is removed. 
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Current-Divider Formulas for Two Branches Two parallel resistors are common in 
practical circuits, as shown in Figure 6-36. As you know from Equation 6-3, 

% = K1K2 
K, + R2 

Using the general current-divider formula in Equation 6-6, the formulas for /| and I2 
can be written as follows: 

/: = R, 
l/T and /2=(S/t 

Substituting R^Ri/fRi + R2) for Rj and canceling terms result in 

^|«2 A f Rifti 

/. = 
«i R- and h = 

R, R- 
^ -T ^ .2 - ^ -T 

Therefore, the current-divider formulas for the special case of two branches are 

Ri 
I, = 

h - 

R, + R2 

R\ + «2 
h 

FIGURE 6-36 

Note that in Equations 6-7 and 6-8, the current in one of the branches is equal to the 
opposite branch resistance divided by the sum of the two resistors, all multiplied by the 
total current. In all applications of the current-divider equations, you must know the total 
current into the parallel branches. 

Equation 6-7 

Equation 6-8 

EXAMPLE 6-18 

FIGURE 6-37 

Find /| and h in Figure 6-37. 

too a 

100 mA 
-Wv- 

-Wv- 
R, 

47 11 

Sohi I ion Use Equation 6-7 to determine / 

«2 
/| = vRi + R2 

Use Equation 6-8 to determine I2. 

«l 

h = 

h = R. + R-, h = 

47 n 
147 n 

icon 
147 f! 

100 mA = 32.0 mA 

100 mA = 68.0 mA 

llelnli-d Problem If R] = 56 fi, and /to = 82 fl in Figure 6-37 and /T stays the same, what will each 
branch current be? 

Calculate the source voltage for Figure 6-37. Open Mullisim file E06-18 and add the 
voltage source to the circuit. Verify the calculated results. 
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SECTION 6-7 
CHECKUP 

1. Write the general current-divider formula. 
2. Write the two special formulas for calculating each branch current for a two-branch 

circuit. 
3. A circuit has the following resistors in parallel with a voltage source: 220 kfl, 100 kfl, 

82 kfl, 47 kf2, and 22 kf!. Which resistor has the most current through it? The least 
current? 

4. Find /| and /j in the circuit of Figure 6-38. 
5. Determine the current through Rj in Figure 6-39. 

I OmA 

'' 680!!. R, 
220!! : 

K. . 
470!! ; 

R, 
470!!: 

FIGURE 6-38 FIGURE 6-39 

6-8 Power in Parallel Circuits  

Total power in a parallel circuit is found by adding up the powers of all the individual 
resistors, the same as for series circuits. 

After completing this section, you should be able to 

♦ Determine power in a parallel circuit 

Equation 6-9 stales the formula for finding total power in a concise way for any num- 
ber of resistors in parallel. 

Equation 6-9 Pj = R, 

where P\ is the total power and R„ is the power in the last resistor in parallel. As you can 
see, the powers are additive, just as in a series circuit. 

The power formulas in Chapter 4 arc directly applicable to parallel circuits. The follow- 
ing formulas are used to calculate the total power /'p: 

PT = Vh 
I'j = /f«T 

V2 

Pr = j- "T 

where V is the voltage across the parallel circuit, lj is the total current into the parallel cir- 
cuit. and Py is the total resistance of the parallel circuit. Examples 6-19 and 6-20 show 
how total power can be calculated in a parallel circuit. 
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EXAMPLE 6-19 Determine the total amount of power in the parallel circuit in Figure 6-40. 

ill A 
2 
311 >22 •A I! 

FIGURE 6-40 

Solution The total current is 200 mA. The total resistance is 

I «T = 
I 

68 n 
I 

33 ft 
+ 

22 ft 

= II.I ft 

The easiest power formula to use is Pr = /fKT because you know both /T and Rj. 

PT = /fPT = (200mA)2(l I.I ft) = 444mW 

Let's demonstrate that if you determine the power in each resistor and if you add all 
of these values together, you will gel the same result. First, find the voltage across 
each branch of the circuit. 

V = /,/(,■ = (200mA)(lI.I ft) = 2.22 V 

Remember that the voltage across all branches is the same. 
Next, use P = V'tR to calculate the power for each resistor. 

(2.22 V)2 

Pi = 68 If 
(2.22 V)2 

33 ft 
(2.22 V)2 

22 ft 

Add these powers to get the total power. 

PT = 72.5 mW + 149 mW 

= 72.5 mW 

P2 = 

Pr = 

= 149 mW 

= 224 mW 

224 mW = 446 mW 

This calculation shows that the sum of the individual powers is equal (approximately) 
to the total power as determined by one of the power formulas. Rounding to three sig- 
nificant figures accounts for the difference. 

Rcl.iicd Problem Find the total power in Figure 6-40 if the voltage is doubled. 

EXAMPLE 6-20 The amplifier in one channel of a stereo system as shown in Figure 6-41 drives two 
speakers. If the maximum voltage* to the speakers is 15 V, how much power must the 
amplifier be able to deliver to the speakers? 
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I 

FIGURE 6-41 

Channel 1  , 
sicreo 

d 
amplifier 

Si The speakers are connected in parallel to the amplifier output, so the voltage across 
each is the same. The maximum power to each speaker is 

^ max 
v- ' ma max 

R 
(15V)2 

8 S! 
= 28.1 W 

The total power that the amplifier must be capable of delivering to the speaker system 
is twice the power in an individual speaker because the total power is the sum of the 
individual powers. 

/"Tlmaxl = ''(max) + /'(max) = 2/'„mx) = 2(28.1 W) = 56.2 W 

Related Problem If the amplifier can produce a maximum of 18 V, what is the maximum total power to 
the speakers? 

"Voltage is ac in this case; but power is delermined (he same for ac voltage as for dc voltage, as 
you will see later. 

SECTION 6-8 1. If you know the power in each resistor in a parallel circuit, how can you find the total 
CHECKUP power? 

2. The resistors in a parallel circuit dissipate the following powers; 238 mW, 512 mW, 
109 mW, and 876 mW. What is the total power in the circuit? 

3. A circuit has a 1.0 kl!, a 2.7 kli, and a 3.9 kl! resistor in parallel. There is a total cur- 
rent of 1 A into the parallel circuit. What is the total power? 

4. Normally, circuits are protected with a fuse that is at least 120% of the maximum ex- 
pected current. What fuse rating should be used for an automotive rear window de- 
froster that is rated for 100 W? Assume V = 12.6 V. 

6-9 Parallel Circuit Applications  

Parallel circuits are found in some form in virtually every electronic system. In many 
of these applications, the parallel relationship of components may not be obvious until 
you have covered some advanced topics that you will study later. For now, let's look at 
some examples of common and familiar applications of parallel circuits. 

After completing this section, you should be able to 

♦ Describe some basic applications of parallel circuits 

♦ Discuss the lighting system in automobiles 

♦ Discuss residential wiring 

♦ Explain basically how a multiple-range ammeter works 
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Automotive 

One advantage of a parallel circuit over a series circuit is that when one branch opens, the 
other branches arc not affected. For example, Figure 6-42 shows a simplified diagram of 
an automobile lighting system. When one headlight on a car goes out, it does not cause the 
other lights to go out because they arc all in parallel. 

+ 12 V 

Liehts 

\ Reverse OFFO o ON OX OFF 

it it 
1 I Parking 

lights 
Tail 
lights 

Brake Back up 
lights lights lights 

FIGURE 6-42 
Simplified diagram of the exterior light system of an automobile. 

Notice that the brake lights are switched on independently of the headlights and laillights. 
They come on only when the driver closes the brake light switch by depressing the brake 
pedal. When (he lights switch is closed, bolh headlights and both laillights are on. When the 
headlights are on, the parking lights are off and vice versa, as indicated by the dashed line 
connecting the switches. If any one of the lights burns out (opens), there is still current in each 
of the other lights. The back-up lights are switched on when the reverse gear is engaged. 

Another automotive application of parallel resistances is the rear window defroster. As 
you know, power is dissipated in resistance in the form of heat. The defroster consists of a 
group of parallel resistance wires that warm the glass when power is applied. A typical de- 
froster can dissipate over 100 W across the window. Although resistance heating is not as 
efficient as other forms of heat, in applications like this it is simple and cost effective. 

Residential 

Another common use of parallel circuits is in residential electrical systems. All the lights 
and appliances in a home are wired in parallel. Figure 6-43 shows a typical room wiring 
arrangement with two switch-controlled lights and three wall outlets in parallel. 

120 V 

FIGURE 6-43 
Example of a parallel circuit in residential wiring. 
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Many control systems use parallel circuits or equivalent circuits for control and monitoring 
an industrial process such as a production line. Most complex control applications arc im- 
plemented on a dedicated computer called a programmable logic controller (PLC). A PLC 
shows an equivalent parallel circuit, which is displayed on a computer screen. Internally, 
the circuit may exist only as a computer code, written in a computer programming lan- 
guage. However, the displayed circuit is one that could in principle be constructed with 
hardware. These circuits can be drawn to resemble a ladder—with rungs representing the 
load (and a source) and the rails representing the two principal nodes. (For example, notice 
that Figure 6-43 resembles a ladder on its side, with the lights and wall outlets as loads.) 
Parallel control circuits use ladder diagrams but add additional control elements (switches, 
relays, timers, and more). The result of adding the control elements creates a logical dia- 
gram, which is referred to as ladder logic. Ladder logic is easy to understand, so it is pop- 
ular for showing control logic in industrial environments, such as factories or food 
processors. Entire books are written about ladder logic, but a ladder diagram (parallel cir- 
cuit) is at the core of all ladder logic. The most important aspect is that ladder logic shows 
the basic functionality of the circuit in an easy-to-read formal. 

Analog Ammeters 

Parallel circuits are used in the analog (needle-type) ammeter or milliammeter. Although 
analog meters are not as common as they once were, they are still used as panel meters in 
certain applications and analog multimeters are still available. Parallel circuits are an im- 
portant part of analog ammeter operation because they allow the selection of various ranges 
in order to measure many different current values. 

The mechanism in an ammeter that causes the pointer to move in proportion to the cur- 
rent is called the meter movement, which is based on a magnetic principle that you will 
learn later. Right now, it is sufficient to know that a given meter movement has a certain re- 
sistance and a maximum current. This maximum current, called the full-scale deflection 
current, causes the pointer to go all the way to the end of the scale. For example, a certain 
meter movement has a 50 S! resistance and a full-scale deflection current of I mA. A me- 
ter with this particular movement can measure currents of I mA or less as indicated in 
Figure 6-44(a) and (b). Currents greater than I mA will cause the pointer to "peg" (or stop) 
slightly past the full scale mark as indicated in part (c), which can damage the meter. 

r 

. mA mA, 50 il 
M.A'I 

movemem 

(h) Full-scale deflection 

FIGURE 6-44 

ihir 
mA I mA, 50 il 

ndie I 
movemem 

(c)-Pegged" 

A 1 mA analog ammeter. 

Figure 6-45 shows a simple ammeter with a resistor in parallel with the I mA meter 
movement; this resistor is called a shunt resistor. Its purpose is to bypass a portion of cur- 
rent around the meter movement to extend the range of current that can be measured. The 
figure specifically shows 9 mA through the shunt resistor and 1 mA through the meter 
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I" in A 1 1 mA, 50! 
  meter 

movement 

10 mA 

9 mA R 
Wv 

I0x 1 mA = 10 mA 

FIGURE 6-45 
A 10 mA analog ammeter. 

movement. Thus, up to 10 mA can be measured. To find the actual current value, simply 
multiply the reading on the scale by 10. 

A multiple-range ammeter has a range switch that permits the selection of several full- 
scale current settings. In each switch position, a certain amount of current is bypassed 
through a parallel resistor as determined by the resistance value. In our example, the cur- 
rent though the movement is never greater than 1 mA. 

Figure 6-46 illustrates a meter with three ranges: i mA, 10 mA, and 100 mA. When the 
range switch is in the I mA position, all of the current into the meter goes through the me- 
ter movement. In the 10 mA setting, up to 9 mA goes through Ksh i and up to I mA through 
the movement. In the 100 mA setting, up to 99 mA goes through /?sh2> and the movement 
can still have only I mA for full-scale. 

100 mA 1 l"A , 1mA, 500 
meter 

movement 

I mA 
W '"A 0 ,0 mA "sin 

-lOOx I mA = 100 mA 

100 mA 

100mA 

Switch 
«S112 

-Wr—1 

A FIGURE 6-46  
An analog ammeter with three ranges. 

The scale reading is interpreted based on the range selling. For example, in Figure 6-46, 
if 50 mA of current arc being measured, the needle points at the 0.5 mark on the scale; you 
must multiply 0.5 by 100 to find the current value. In this situation, 0.5 mA is through the 
movement (half-scale deflection) and 49.5 mA arc through "shz- 
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1. What is the purpose of a shunt resistor in an analog meter movement? 
2. Do the shunt resistors have resistance values considerably less than or more than that 

of the meter movement? Why? 

6-10 Troubleshooting 

Recall thai an open circuit is one in which the current path is interrupted and there is 
no current. In this section we examine what happens when a branch of a parallel cir- 
cuit opens. 

After completing this section, you should be able to 

♦ Troublcshoot parallel circuits 

• Check for an open in a circuit 

Open Branches 

If a switch is connected in a branch of a parallel circuit, as shown in Figure 6-47, an open 
or a closed path can be made by the switch. When the switch is closed, as in Figure 
6^t7(a), Rf and /?2 arc in parallel. The total resistance is 50 il (two 100 il resistors in par- 
allel), Current is through both resistors. If the switch is opened, as in Figure 6-47(b), R\ is 
effectively removed from the circuit, and the total resistance is 100!!. Current is now only 
through Ri- 'n general. 

When an open occurs in a parallel branch, the total resistance increases, the total 
current decreases, and the same current continues through each of the remaining 
parallel paths. 

The decrease in total current equals the amount of current that was previously in the open 
branch. The other branch currents remain the same. 

Switch 
closed 

1(10 1 
OO !! 

(a) 

FIGURE 6-47 

(b) 

Switch 
k open 

10011 

: r, 
10011 

When switch opens, total current decreases and current through Rj remains unchanged. 

Consider the lamp circuit in Figure 6-48. There are four bulbs in parallel with a 12 V 
source. In part (a), there is current through each bulb. Now suppose that one of the bulbs 
burns out, creating an open path as shown in Figure 6-48(b). This light will go out because 
there is no current through the open path. Notice, however, that current continues through 
all the other parallel bulbs, and they continue to glow. The open branch does not change the 
voltage across the parallel branches; it remains at 12 V, and the current through each branch 
remains the same. 
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FIGURE 6-48 
When one lamp opens, total current decreases and other branch currents remain unchanged. 

You can sec that a parallel circuit has an advantage over a scries circuit in lighting systems 
because if one or more of the parallel bulbs burn out, the others will stay on. In a series cir- 
cuit, when one bulb goes out, all of the others go out also because the current path is com- 
pletely interrupted. 

When a resistor in a parallel circuit opens, the open resistor cannot be located by mea- 
surement of the voltage across the branches because the same voltage exists across all the 
branches. Thus, there is no way to tell which resistor is open by simply measuring voltage. 
The good resistors will always have the same voltage as the open one, as illustrated in Figure 
6-49 (note that the middle resistor is open). 

If a visual inspection does not reveal the open resistor, it must be located by current mea- 
surements. In practice, measuring current is more difficult than measuring voltage because you 
must insert the ammeter in series to measure the current. Thus, a wire or a PC board connec- 
tion must be cut or disconnected, or one end of a component must be lifted off the circuit board, 
in order to connect the ammeter in scries. This procedure, of course, is not required when volt- 
age measurements are made because the meter leads are simply connected across a component. 

Finding an Open Branch by Current Measurement 

In a parallel circuit with a suspected open branch, the total current can be measured to find the 
open. When a parallel resistor opens, the total current, /;■, is always less than its normal 
value. Once you know /[ and the voltage across the branches, a few calculations will deter- 
mine the open resistor when all the resistors arc of different resistance values. 

Consider the two-branch circuit in Figure 6-50(a), If one of the resistors opens, the total 
current will equal the current in the good resistor. Ohm's law quickly tells you what the cur- 
rent in each resistor should be. 

Open 

10V 10V- 10 V I 

I 

to v. 

FIGURE 6-49 
Parallel branches (open or not) have 
the same voltage. 

/i = 

h = 

50 V 
560 n 
50 V 

= 89.3 mA 

= 500 mA 
100 II 

h = li + h = 589.3 mA 
If ft2 is open, the total current is 89.3 mA, as indicated in Figure 6-50(b). If ft| is open, the 

total current is 500 mA, as indicated in Figure 6-50(c). 

583.3,nA 

560 1 100 
-o 

50 V 

(a) Current with no open branch 

FIGURE 6-50 

-D 

R, i-R, 

"T 
V'l;. 50 V 

(b) Current with open 

Open Open '' 
: 

[) 
-o 

50 V 

(c) Current with R] open 

Finding an open path by current measurement. 
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This procedure can be extended to any number of branches having unequal resistances. 
If the parallel resistances arc all equal, the current in each branch must be checked until a 
branch is found with no current This is the open resistor. 

EXAMPLE 6-21 

FIGURE 6-51 

In Figure 6-51, there is a total current of 31.09 mA, and the voltage across the parallel 
branches is 20 V. Is there an open resistor, and, if so, which one is it? 

3 mA eUv 

2.2 k!l >• 1.0 kit 20 V 1(1 kit 4.7 kit 

Calculate the current in each branch. 

«i 
20 V 
io m 
20 V 

2 «2 4.7 kn 
_ V _ 20 V 

3 ~ R3~ 2.2 kn 
20 V 

u = — = 

= 2 mA 

= 4.26 mA 

= 9.09 mA 

= 20 mA 
«4 1.0 kn 

The total current should be 

If = l\ + I2 + 1} + I4 = 2 mA + 4.26 mA + 9.09 mA + 20 mA = 35.35 mA 

The actual measured current is 31.09 mA, as staled, which is 4.26 mA less than nor- 
mal, indicating that the branch carrying 4.26 mA is open. Thus. R2 must be open. 

Helmed Problem What is the total current measured in Figure 6-51 if K4 and not K2 is open ? 

Finding an Open Branch by Resistance Measurement 

If the parallel circuit to be checked can be disconnected from its voltage source and from 
any other circuit to which it may be connected, a measurement of the total resistance can 
be used to locate an open branch. 

Recall that conductance, G, is the reciprocal of resistance (I//?) and its unit is the Siemens 
(S). The total conductance of a parallel circuit is the sum of the conductances of all the resistors. 

Oj = G] + ('2 + G3 + - • * + G„ 

To locate an open branch, do the following steps: 

1. Calculate what the total conductance should be using the individual resistor values. 
111 I 

Gftcalc) — + + p 
"I "2 "3 "11 

2. Measure the total resistance with an ohmmctcr and calculate the total measured 
conductance. 

Grtmcasl = T, 
"Ttmcas) 
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3. Subtract the measured total conductance (Step 2) from the calculated total conduc- 
tance (Step I). The result is the conductance of the open branch and the resistance 
is obtained by taking its reciprocal (R = l/G). 

I 
«opcn = 7 7  Equation 6-10 

Wfcalc) _ "Ttracas) 

EXAMPLE 6-22 Your ohmmeter measures 402 H between pin I and pin 4 in Figure 6-52, Check the 
PC board between these two pins for open branches. 

FIGURE 6-52 

J 

Pin I 
Pin 2 

Pin 3 
Pin 4 

Mr 
R-. 

iibC 

i i*6 

21 

gnrk- 

31ui- 

Sir 

k , wm K 

R,. 

Solution There are two separate parallel circuits on the board. The circuit between pin I and pin 
4 is checked as follows (we will assume one of the resistors is open): 

1. Calculate what the total conductance should be using the individual resistor values. 

I 1 1 1 I 1 
Grtcalcl F F F h 1  l(ca'c, Rl R2 R} R4 Ru Rn 

' +r^r + ^r+^r + ^r+^=2MmS I.Okn l.8kn 2.2 kfl 2.7 kft 3.3 kH 3.9 kfl 

2. Measure the total resistance with an ohmmeter and calculate the total measured 
conductance. 

Gr<n>^-) = = 249 mS 

3. Subtract the measured total conductance (Step 2) from the calculated total conduc- 
tance (Step 1). The result is the conductance of the open branch and the resistance 
is obtained by taking its reciprocal. 

Gopen = CT(coIC) _ Grtmeasi = 2.94 mS - 2.49 mS = 0.45 mS 

tfopen = 7^— = „ , ' g = 2.2 kft 
Gopen 0-45 mS 

Resistor Ri is open and must be replaced. 
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IUImi-iI I'rohk Your ohmmeter indicates 9.6 kll between pin 2 and pin 3 on the PC board in Figure 
6-52. Determine if this is correct and. if not, which resistor is open. 

Shorted Branches 

When a branch in a parallel circuit shorts, the current increases to an excessive value, caus- 
ing a fuse or circuit breaker to blow. This results in a difficult troubleshooting problem 
because it is hard to isolate the shorted branch. 

A pulser and a current tracer are tools often used to find shorts in a circuit. They are not 
restricted to use in digital circuits but can be effective in any type of circuit. The pulser is a 
pen-shaped tool that applies pulses to a selected point in a circuit, causing pulses of current 
to flow through the shorted path. The current tracer is also a pen-shaped tool that senses 
pulses of current. By following the current with the tracer, the current path can be identified. 

SECTION 6-10 
CHECKUP 

1. If a parallel branch opens, what changes can be detected in the circuit's voltage and 
the currents, assuming that the parallel circuit is across a constant-voltage source? 

2. What happens to the total resistance if one branch opens? 
3. If several light bulbs are connected in parallel and one of the bulbs opens (burns out), 

will the others continue to glow? 
4. There is 100 mA of current in each branch of a parallel circuit. If one branch opens, 

what is the current in each of the remaining branches? 
5. A three-branch circuit normally has the following branch currents: 100 mA, 250 mA, 

and 120 mA. If the total current measures 350 mA, which branch is open? 

Application Activity 

In this application activity, a dc power 
supply is modified by adding a 3-range 
ammeter to indicate current to the load. 
As you have learned, parallel resist- 

ances can be used to extend the range of an ammeter. These parallel 
resistors, called shunts, bypass eurrenl around the meter movement. 

allowing for the meter to effectively measure higher currents than 
the maximum current for which the meter movement is designed. 

The Power Supply 
A rack-mounted power supply is shown in Figure 6-53. The 
voltmeter indicates the output voltage, which can be adjusted 

FIGURE 6-53 
Front panel view of a rack-mounted 
power supply. 

■^i 
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DC power supply 

120 V ac 

Regulator -o +V 

-o COM 

Voltage 
control 

a FIGURE 6-S4  
Basic block diagram of the dc power supply. 

from 0 V to 10 V using the voltage control. The power supply is ca- 
pable of providing up to 2 A to a load. A basic block diagram of the 
power supply is shown in Figure 6-54. It consists of a rectifier cir- 
cuit that converts ac voltage from the wall outlet to dc voltage and a 
regulator circuit dial keeps the output voltage at a constant value. 

It is required that the power supply be modified by adding an 
ammeter with three switch-selected current ranges of 25 mA, 
250 mA. and 2.5 A. To accomplish this, two shunt resistances 
are used that can each be switched into a parallel connection 
with the meter movement. This approach works fine as long as 
the required values of the shunt resistors are not too small. How- 
ever. there are problems at very low values of shunt resistance 
and you will see why next. 

The Shunt Circuit 
An ammeter is selected that has a full-scale deflection of 25 mA 
and a resistance of 6 11. Two shunt resistors must be added—one 

for 250 mA and one for 2.5 A full-scale deflections. The internal 
meter movement provides the 25 mA range. This is shown in 
Figure 6-55. The range selection is provided by a l-pole, 
3-posilion rotary switch with a contact resistance of 50 mil. 
Contact resistance of switches can be from less than 20 mil to 
about 100 mil. The contact resistance of a given switch can vary 
with temperature, current, and usage and. therefore, cannot be 
relied upon to remain within a reasonable tolerance of the speci- 
fied value. Also, the switch is a make-before-break type, which 
means that contact with the previous position is not broken until 
contact with the new position is made. 

The shunt resistance value for the 2.5 A range is determined 
as follows where the voltage across the meter movement is 

VM = /mRm = (25 mA)(6 O) = 150mV 
The current through the shunt resistor for full-scale deflection is 

'SH2 = 'FULLSCALE " 'M = 2.5 A - 25 mA = 2.475 A 

rx" AMPPRrs 

Meter movement 
25 mA, 6 11 

«SHI 
250 mA0 

/?sip 2.5 A 

o25 mA 

- Bach comacl has a 
50 mil resistance (W.^). 

A FIGURE 6-SS  
Ammeter modified to provide three current ranges. 
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The loial shunt resistance is 
VM 150 mV 

fiSH2,,O0 = ^=I^ = 60-6m!! 

Low-ohm precision resistors are generally available in values 
from I mfi to 1011 or greater from various manufacturers. 

Notice in Figure 6-55 that the contact resistance. /?cont- 
of the switch appears in series with /?sH2- Since the total shunt 
resistance must be 60.6 mil. the value of the shunt resistor 
^SH2 'S 
^SH2 — ^SH2(to0 — ^cont — 60.6 mil — 50 mil — 10.6 mil 

Although this value, or one close to it. may be available, the 
problem in this case is that the switch contact resistance is 
nearly five limes that of /^sh2 an^ any variation in it would 
create a significant inaccuracy in the meter. As you can see, this 
approach is not acceptable for these particular requirements. 

Another Approach 
A variation of the standard shunt resistance circuit is shown in 
Figure 6-56. The shunt resistor. /?sn. is connected in parallel for 
the two higher current range sellings and disconnected for the 
25 mA setting using a 2-pole, 3-posilion switch. This circuit 
avoids dependency on the switch contact resistance by using 
resistor values that are large enough to make it insignificant. The 
disadvantages of this meter circuit arc that it requires a more 
complex switch and the voltage drops from input to output are 
greater than in the previous shunt circuit. 

For the 250 mA range, the current through the meter move- 
ment for full-scale deflection is 25 mA. The voltage across the 
meter movement is 150 mV. 

/SH = 250 mA - 25 mA = 225 mA 
150 mV RSH = ■ = 0.67 If = 670 mil 225 mA 

This value of /?sh is more than thirteen times the expected 
switch contact resistance of 50 mil. thus minimizing the effect 
of the contact resistance. 

For the 2.5 A range, the current through the meter movement 
for full-scale deflection is still 25 mA. This is also the current 
through /?|. 

/SH = 2.5 A - 25 mA = 2.475 A 
The voltage across the meter circuit from A to B is 

Vab ~ 'sh^SH — (2.475 A)(670 mil) — 1.66 V 
Applying Kirchhoff's voltage law and Ohm's law to find R\, 

Vri + VM = VAB 
VR\ = VAB ~ VM = L66 V - 150 mV = 1.51 V 

R, = Viu 
'm 

1.51 V 
25 mA - = 60.4 11 

This value is much greater than the contact resistance of the 
switch. 

1. Determine the maximum power dissipated by /^sh i" Figure 
6-56 for each range setting. 

2. How much voltage is there from A to 5 in Figure 6-56 when 
the switch is set to the 2.5 A range and the current is I A? 

3. The meter indicates 250 mA. How much does the voltage 
across the meter circuit from A to ^ change when the switch 
is moved from the 250 mA position to the 2.5 A position? 

4. Assume the meter movement has a resistance of 4 11 instead 
of 6 11. .Specify any changes necessary in the circuit of 
Figure 6-56. 

Implementing the Power Supply Modification 
Once the proper values arc obtained, the resistors are placed on a 
board which is then mounted in the power supply. The resistors 
and the range switch arc connected to the power supply as 
shown in Figure 6-57. The ammeter circuit is connected be- 
tween the rectifier circuit in the power supply and the regulator 
circuit in order to reduce the impact of the voltage drop across 
the meter circuit on the output voltage. The regulator maintains, 
within certain limits, a constant dc output voltage even though 
its input voltage coming through the meter circuit may change. 

FIGURE 6-56 
Meter circuit redesigned to eliminate 
or minimize the effect of switch con- 
tact resistance. The switch is a 2- 
polc, 3-position makc-before-break 
rotary type. 
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25 mA 
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^ A 

25 mA 
250 mA 

2.5 A 



Application Activity ♦ 215 

120 Vac 

Rectifier 

Ammeter circuit 

 fmA^ 

Resistors 

Range 
switch 

FIGURE 6-57 

Regulator -o +V 

-o COM 

Voltage 
control 

Block diagram of dc power supply with 3-range milliammeter. 

r» ■■ 250 in A 

25 mA 2.5 mA 

COM 'V 

(& 

FIGURE 6-58 
The power supply with the addition 
of the milliammeter and the current 
range selection switch. 

Figure 6-58 shows the modified power supply front panel 
with the rotary range switch and milliammeter installed. The 
red portion of the scale indicates excess current for the 2.5 A 
range since the power supply has a maximum current of 2 A for 
safe operation. 

Review 
5. When the meter is set to the 250 mA range, which resist- 

ance has the most current through it? 

6. Determine the total resistance from A lo li of the meter cir- 
cuit in Figure 6-56 for each of the three current ranges. 

7. Explain why the circuit in Figure 6-56 was used instead of 
the one in Figure 6-55. 

8. If the pointer is at the 15 and the range switch is set lo 
250 mA, what is the current? 

9. How much current is indicated by die ammeter in Figure 6-59 
for each of the three range switch sellings in Figure 6-56 ? 

FIGURE 6-59 

AMI'hKhS 
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SUMMARY  

♦ Resistors in parallel are connected between two points (nodes). 
♦ A parallel combination has more than one path for current. 
♦ The total parallel resistance is less than the lowest-value resistor. 
♦ The voltages across all branches of a parallel circuit are the same. 
♦ Current sources in parallel add algebraically. 
♦ Kirchhoff's current law: The sum of the currents into a junction (total current in) equals the sum 

of the currents out of the junction (total current out). 
♦ The algebraic sum of all the currents entering and leaving a junction is equal to zero. 
♦ A parallel circuit is a current divider, so called because the total eurrcnt entering the junction of 

parallel branches divides up into each of the branches. 
♦ If all of the branches of a parallel circuit have equal resistance, the currents through all of the 

branches arc equal. 
♦ The total power in a parallel-resistive circuit is the sum of all of the individual powers of the 

resistors making up the parallel circuit. 
♦ The total power for a parallel circuit can be calculated with the power formulas using values of 

total current, total resistance, or total voltage. 
♦ If one of the branches of a parallel circuit opens, the total resistance increases, and therefore the 

total current decreases, 
♦ If a branch of a parallel circuit opens, there is no change in current through the remaining 

branches. 

KEY TERMS These key terms are also in the end-of-book glossary. 

Branch One current path in a parallel circuit. 
Current divider A parallel circuit in which the currents divide inversely proportional to the paral- 
lel branch resistances. 
Kirchhoff's current law A circuit law slating that the total current into a node equals the total 
current out of the node, Equivalently, the algebraic sum of all the currents entering and leaving a 
node is zero. 
Node A point in a circuit at which two or more components are connected; also known as a 
junction. 
Parallel The relationship between two circuit components that exists when they arc connected 
between the same pair of nodes. 

FORMULAS 
6-1 /iNdt + 1[N(2) + • • - + /^(n) Kirchhoff's current law 

= 'OLK11 + 'oi l (21 + • • • + loUTIm) 

6-2 H i = ——   —   —   —— Total parallel resistance 
1\ MA / I \ /I 
RJ + \RJ + \r3) 

+ + \R,_ 
RlRi 

6-3 R1 = — — Special case for two resistors 
R' + R2 in parallel 

6—4 K i = — Special case for n equal-value 
resistors in parallel 

RaRt 6-5 R* =   Unknown parallel resistor 
R /t - R r 
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6-6 

6-7 

6-8 

6-9 

^ = (£|/T 

/l = 

'2 = 

^2 
R| + K2 

Ri 
\R| + 

/>, = /'l + /'2 + /',, + ••• + 
I 6-10 Ropen — 

•'Tl.lilcl - ('T(m.-as) 

General current-divider formula 

Two-branch current-divider formula 

Two-branch current-divider formula 

Total power 

Open branch resistance 

TRUE/FALSE QUIZ Answers are al the end of the chapter. 
1. To find the total conductance of parallel resistors, you can add the conductance of each of the 

resistors. 
2. The total resistance of parallel resistors is always smaller than the smallest resistor. 
3. The product-over-sum rule works for any number of parallel resistors. 
4. In a parallel circuit, the voltage is larger across a larger resistor and smaller across a smaller resistor. 
5. When a new path is added to a parallel circuit, the total resistance goes up. 
6. When a new path is added to a parallel circuit, the total current goes up. 
7. The total current entering a node is always equal to the total current leaving the node. 
8. In the current-divider formula (/, = (R|/Rt)/|). the quantity R|/R, is a fraction that is never 

greater than 1. 
9. When two resistors arc in parallel, the smaller resistor will have the smaller power dissipation. 

10. The total power dissipated by parallel resistors can be larger than the power supplied by the 

SELF-TEST Answersarc at the end of the chapter. 
1. in a parallel circuit, each resistor has 

(a) the same current (b) the same voltage 
(c) the same power (d) all of the above 

2. When a 1.2 kfi resistor and a 100 iI resistor are connected in parallel, the total resistanee is 
(a) greater than 1.2 kH 
(b) greater than 100 H but less than 1.2 k!i 
(c) less than 100 fi but greater than 90 fi 
(d) less than 90 fi 

3. A 330 fi resistor, a 270 fi resistor, and a 68 fi resistor are all in parallel. The total resistance is 
approximately 
(a) 668 fi (b) 47 fi (c) 68 fi (d) 22 SI 

4. Eight resistors are in parallel. The two lowest-value resistors are both 1,0 kfi. The total resistance 
(a) is less than 8 kfi (b) is greater than 1.0 kfi 
(c) is less than 1.0 kfi (d) is less than 500 fi 

5. When an additional resistor is connected across an existing parallel circuit, the total resistance 
(a) decreases (b) increases 
(c) remains the same (d) increases by (he value of the added resistor 

6. If one of the resistors in a parallel circuit is removed, the total resistance 
(a) decreases by the value of the removed resistor (b) remains the same 
(c) increases (d) doubles 
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7. One currenl into a junction is 500 mA and the other current into the same junction is 300 mA. 
The total currenl out of the junction is 
(a) 200 mA (b) unknown (c) 800 mA (d) the larger of the two 

8. The following resistors are in parallel across a voltage source: 390 fi. 560 ft. and 820 ft. The 
resistor with the least current is 
(a) 390 ft (b) 560 ft 
(c) 820 ft (d) impossible to determine without knowing the voltage 

9. A sudden decrease in the total currenl into a parallel circuit may indicate 
(a) a short (b) an open resistor 
(c) a drop in source voltage (d) either (b) or (c) 

10. In a four-branch parallel circuit, there arc 10 mA of current in each branch. If one of the 
branches opens, the current in each of the other three branches is 
(a) 13.3 mA (b) 10 mA (c) OA (d) 30 mA 

11. In a certain three-branch parallel circuit. R\ has 10 mA through it, R2 has 15 mA through it, 
and /?3 has 20 mA through it. After measuring a total currenl of 35 mA. you can say that 
(a) R\ is open (b) R2 is open 
(c) /?3 is open (d) the circuit is operating properly 

12. If there are a total of 100 mA into a parallel circuit consisting of three branches and two of the 
branch currents are 40 mA and 20 mA. the third branch current is 
(a) 60 mA (b) 20 mA (c) 160 mA (d) 40 mA 

13. A complete short develops across one of five parallel resistors on a PC board. The most likely 
result is 
(a) the shorted resistor will burn out 
(b) one or more of the other resistors will bum out 
(c) the fuse in the power supply will blow 
(d) the resistance values will be altered 

14. The power dissipation in each of four parallel branches is 1 W. The total power dissipation is 
(a) 1 W (b) 4 W (c) 0.25 W (d) 16 W 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 6-63. 
1. if Ri opens with the switch in the position shown, (he voltage at terminal A with respect to 

ground 
(a) increases (b) decreases (c) stays the same 

2. If the switch is thrown from position A to position B. the total current 
(a) increases (b) decreases (c) slays the same 

3. If Ki opens with the switch in position C. the total current 
(a) increases (b) decreases (c) slays the same 

4. If a short develops between B and C while the switch is in position B. the total current 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 6-69(b). 
5. If K2 opens, the current through Hi 

(a) increases (b) decreases (c) slays the same 
6. If H} opens, the voltage across it 

(a) increases (b) decreases (c) slays the same 
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7. If opens, the voltage across it 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 6-70. 
8. If the resistance of the rheostat AS is increased, the current through R[ 

(a) increases (b) decreases (c) stays the same 
9. If the fuse opens, the voltage across the rheostat /?2 

(a) increases (b) decreases (c) stays the same 
10. If the rheostat R2 develops a short between the wiper and ground, (he current through it 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 6-74. 
11. If the 2.25 mA source opens while the switch is in position C. the current through R 

(a) increases (b) decreases (c) stays the same 
12. If the 2.25 mA source opens while (he switch is in position II. the current through R 

(a) increases (b) decreases (c) slays (he same 

Refer to Figure 6-82. 
13. If pins 4 and 5 are shorted together, the resistance between pins 3 and 6 

(a) increases (b) decreases (c) stays the same 
14. If the bottom connection of /?| is shorted to the top connection of Rs- the resistance between 

pins I and 2 
(a) increases (b) decreases (c) stays (he same 

15. If R- opens, (he resistance between pins 5 and 6 
(a) increases (b) decreases (c) stays (he same 

PROBLEMS 
More difficult problems are indicated by an asterisk ('). 
Answers to odd-numbered prohlcms are at the end of the book. 

SECTION 6-1 Resistors in Parallel 
1. Show how to connect the resistors in Figure 6-60(a) in parallel across the battery. 
2. Determine whether or not all the resistors in Figure 6-60(b) are connected in parallel on the 

printed circuit (PC) board. 

1 

j 
(a) 

o—yfa—o 
R2 

o—^—o 
*3 

o—^—o 

A', ~ Aj _ R. 

=*7 — 

T 

FIGURE 6-60 
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FIGURE 6-61 

' 3. Identify which groups of resistors are in parallel on the double-sided PC board in Figure 6-61. 

SECTION 6-2 Voltage in a Parallel Circuit 
4. What is the voltage across and the current through each parallel resistor if the total voltage is 

12 V and the total resistance is 550II'1 There are four resistors, all of equal value. 
5. The source voltage in Figure 6-62 is 100 V. How much voltage does each of the meters read? 

FIGURE 6-62 
Wv— 

oo v 
Ms ( V2 

6. What is the total resistance of the circuit as seen from the voltage source for each position of 
the switch in Figure 6-63? 

7. What is the voltage across each resistor in Figure 6-63 for each switch position? 
8. What is the total current from the voltage source in Figure 6-63 for each switch position? 

15 V kll 1.8 kll 

FIGURE 6-63 
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SECTION 6-3 Kirchhoff's Current law 
9. The following currents are measured in the same direction in a three-branch parallel circuit: 

250 mA, 300 mA. and 800 mA. What is the value of the current into the junction of these 
three branches"? 

10. There is a total of 500 mA of current into five parallel resistors. The currents through four of the 
resistors are 50 mA, 150 mA. 25 mA. and 100 mA. What is (he current through the fifth resistor? 

It. In the circuit of Figure 6-64, determine the resistance AV Rj, and A'.|, 

FIGURE 6-64 

I mA 2.14 mA D.470 mA 

*12. The electrical circuit in a room has a ceiling lamp that draws 1.25 A and four wall outlets. Two 
table lamps that each draw 0.833 A are plugged into two outlets, and an electric heater that 
draws 10 A is connected to the third outlet. When all of these items are in use. how much cur- 
rent is in the main line serving the room? If the main line is protected by a 15 A circuit breaker, 
how much current can be drawn from the fourth outlet? Draw a schematic of this wiring. 

*13. The total resistance of a parallel circuit is 25 if. What is the current through a 220 fi resistor 
that makes up part of the parallel circuit if the total current is 100 mA? 

14. A travel trailer has four running lights that draw 0.5 A each and two laillights that draw 1.2 A 
each. What is the current supplied to the trailer when the taillights and running lights are on? 

15. Assume the trailer in Problem 14 has two brake lights that draw 1 A each. 
(a) When all lights are on. what current is supplied to the trailer? 
(b) For (his condition, what is (he ground return current from the trailer? 

SECTION 6-4 Total Parallel Resistance 
16. The following resistors arc connected in parallel: 1.0 Mil. 2.2 MSI. 5.6 Mil, l2M!l.and 

22 Mil. Determine the total resistance. 
17. Find the total resistance for each of the following groups of parallel resistors: 

(a) 56011 and 100011 (b) 4711 and 5611 
(c) 1.5 kll, 2.2 ktl, 10k!l (d| 1.0 Mil, 470 kH, 1.0 kD. 2.7 Mil 

18. Calculate Rj for each circuit in Figure 6-65. 

FIGURE 6-65 

" 560 1! 
4! 

R, R2 

W-w 
1,5 kll 2.2 kll 

(c) 

tsoii 

FIGURE 6-66 

19. What is the total resistance of twelve 6.8 kll resistors in parallel? 
20. Five 47011. ten 100011. and two 100 11 resistors are all connected in parallel. What is the total 

resistance for each of the three groupings'? 
21. Find the total resistance for (he entire parallel circuit in Problem 20. 
22. If the total resistance in Figure 6-66 is 389.211. what is the value of Kj? 
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23. What is the local resistance between point A and ground in Figure 6-67 for (he following conditions? 
(a) SWI and SW2 open (b) SWI closed. SW2 open 
(c) SWI open. SW2 closed (d) SWI and SW2 closed 

FIGURE 6-67 /' SW SW2 

«i < 
510 kl! >■ 470 k(l 'Jin kl! 

SECTION 6-S Application of Ohm's Law 
24. What is the total current in each circuit of Figure 6-68 ? 

FIGURE 6-68 

10 V 

la) 

3311 

Wv + o 
56(111 

k<) 

^ 25 V 
2711 " I.OkO 

25. The resistance of a 60 W bulb is approximately 240 11. What is the current from the source 
when three bulbs are on in a 120 V parallel circuit? 

26. Four equal-value resistors are connected in parallel. Five volts are applied across the parallel 
circuit, and 1.11 mA are measured from the source. What is the value of each resistor? 

27. Many types of decorative lights are connected in parallel. If a set of lights is connected to a 
110 V source and the filament of each bulb has a hot resistance of 2.2 kll. what is the current 
through each bulb? Why is it better to have these bulbs in parallel rather than in scries? 

28. Find the values of the unspecified labeled quantities (shown in red) in each circuit of Figure 6-69. 

150 m A 

10 V 

WV wv 
100 in A 

PIGURt 6-69 

0.5 A 
100 V . 

I 

II kU 
wv— 

kkl! I! 
f/3 

(b) 

29. To what minimum value can the 100 il rheostat in Figure 6-70 bo adjusted before the 0.5 A 
fuse blows? 

FIGURE 6-70 

15 V -=. 

0.5 A 
100 I 

us n 

_ 
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30. Determine the total current from the source and the current through each resistor for each 
switch position in Figure 6-71. 

—Wv— 
560 k!) 

R-, 
Wr 

,4 0 

r 

FIGURE 6-71 

220 k!l 
K. 

4o 270 k!l 
B 

—VA- 
1,0 ME! 

«5 
-AVv- 
820 ki! 

 Wr- 
2,2 Mil 

1 

1 

31. Find ihc values of ihc unspecified quantities (shown in red) in Figure 6-72. 

FIGURE 6-72 

't 
100 V 

250 inA 

50 mA 

R. 
-A/A  

1.2 kll 

R 

SECTION 6-6 Current Sources in Parallel 
32. Determine the current through RL in each circuit in Figure 6-73. 

0 0; 
TSOM fdOM 

(a) 

FIGURE 6-73 

lb) 

© 

©i 5 A 

2 A 
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33. Find the current through the resistor for each position of the ganged switch in Figure 6-74. 

FIGURE 6-74 

4,75 mAf 
0) 6 

12,25 mA 

OB 

■ 1.0 kl! 

SECTION 6-7 Current Dividers 
34. How much branch current should each meter in Figure 6-75 indicate? 

FIGURE 6-75 "i 
-W- 

1.0 kl! 

2.7 k!! 

- I's + o- 

35. Dclcrminc (he cuircnl in each branch of the current dividers of Figure 6-76. 

1.0 Mil 
R, 

2,2 Mil 

10//A 
-o- 
(a) 

FIGURE 6-76 

10 mA 

kU ,0 kll 
kll 

36. What is the current through each resistor in Figure 6-77? R is the lowest-value resistor, and all 
others are multiples of that value as indicated. 

FIGURE 6-77 
10 mA 

■ R ^ 2R ^ 3R ^ 4R 
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37. Determine all of the resistor values in Figure 6-78. Rj = 773 il. 

15.53 mA 3.64 mA | 6.67 mA F 3.08 mA 

FIGURE 6-78 

:!:38. (a) Determine the required value of the shunt resistor /?shi 'n 'he ammeter of Figure 6-45 if 
the resistance of the meter movement is 50 

(b) Find the required value for /^sh2 'he meter circuit of Figure 6-46 (Rm = 50 f I). 
*39. Special shunt resistors designed to drop 50 mV in high current-measuring applications arc 

available from manufacturers. A 50 mV, 10 k!I full-scale voltmeter is connected across the 
shunt to make the measurement. 
(a) What value of shunt resistance is required to use a 50 mV meter in a 50 A measurement 

application? 
(b) How much current is through the meter? 

SECTION 6-8 Power in Parallel Circuits 
40. Five parallel resistors each handle 250 mW. What is the total power? 
41. Determine the total power in each circuit of Figure 6-76. 
42. Six light bulbs are connected in parallel across 120 V. Each bulb is rated at 75 W. What is the 

current through each bulb, and what is the total current? 
*43. Find the values of the unspecified quantities in Figure 6-79. 

FIGURE 6-79 
wv 

vw 
P, = 0.75 W 

P. = 2 W 

200 mA 

*44. A certain parallel circuit consists of only 'A W resistors. The total resistance is 1.0 kil. and the 
total current is 50 mA. If each resistor is operating at one-half its maximum power level, deter- 
mine the following: 
(a) The number of resistors (b) The value of each resistor 
(c) The current in each branch (d) The applied voltage 

SECTION 6-10 Troubleshooting 
45. If one of the bulbs bums out in Problem 42. how much current will be through each of the 

remaining bulbs? What will the total current be? 
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FIGURE 6-80 
•LjV U 

«l 
2201! 100!! • 1.0 k!! 

R' ^ il > 560 270!! 

46. In Figure 6-80. the eurrcnt and voltage measurements arc indiealcd. Has a resistor opened, 
and. if so. which one? 

47. What is wrong with the circuit in Figure 6-81? 
48. What is wrong with the circuit in Figure 6-81 if the meter reads 3.55 mA? 

► FIGURE 6-81 

25 V 

I.BcmA 

10 kl! 8,2 k!l 4 7 Ml 

*49. Develop a test procedure to cheek the circuit board in Figure 6-82 to make sure that there arc 
no open components. You must do this test without removing a component from the board. List 
the procedure in a detailed step-by-slep format. 

*50. For the circuit board shown in Figure 6-83, determine the resistance between the following 
pins if there is a short between pins 2 and 4: 
(a) 1 and 2 (b) 2 and 3 (c) 3 and 4 (d) I and 4 

*51. For the circuit board shown in Figure 6-83. determine the resistance between (he following 
pins if (here is a short between pins 3 and 4; 
(a) 1 and 2 (b) 2 and 3 (c) 2 and 4 (d| I and 4 

Pii: I 

Pn: 2 

12 3 4 5 6 

I K„ « I'm 3 
ilia- 

r i 
I'm 4 

FIGURE 6-82 FIGURE 6-83 
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Multisim Troubleshooting and Analysis 
These problems require Multisim. 
52. Open file P06-52 and measure the total parallel resistance. 
53. Open file P06-53. Determine by measurement if there is an open resistor and. if so. which one. 
54. Open file P06-54 and determine the unspecified resistance value. 
55. Open file P06-55 and determine the unspecified source voltage. 
56. Open file P06-56 and find the fault if there is one. 

ANSWERS 

SECTION CHECKUPS 

SECTION 6-1 Resistors in Parallel 
1. Parallel resistors are connccteil between the same two separate points. 
2. A parallel cireuit has more than one eurrent path between two given points. 
3. Sec Figure 6-84. 

a  VA 

R, R 

 yy\j  B B B 

F CURE 6-84 

4. See Figure 6-85. 

Wv—=— wv— 

R B, K 

Wv— 

FIGURE 6-85 

SECTION 6-2 Voltage in a Parallel Circuit 

l- Pion = V220 = 5 v 
2. Vx2 = ll8V;Vs = 118 V 
3. Fk, = 50 V and V/q = 50 V 
4. Voltage is the same across all parallel branches. 

SECTION 6-3 Kirchhoff's Current Law 
1. Kirchhoff's law; The algebraic sum of all the currents at a junction is zero; The sum of the 

currents entering a Junction equals the sum of the currents leaving that junction. 



228 ♦ Parallel Circuits 

SECTION 6-4 

2. /, = /2 = /j = /T = 2.5 mA 
3. /(xrr = 100mA + 300mA — 400mA 
4. 4 A 
5. 10 A 

Total Parallel Resistance 
1. Rj decreases with more resistors in parallel. 
2. The total parallel resistance is less than the smallest branch resistance. 

I 3. K , = 
(IW,,) (l/ff,) + (l/Rj) + 

4. Kj = RxRiKR, + «2) 
5. Rj = R/n 
6. Rj = (1.0 kft)(2.2 kfl)/3.2 kfi = 688 !i 
7. Rj = 1,0 k! 1/4 = 250 Jl 

8. Rj = 1/47 !l + 1/1501! + 1/100 !i • = 26.4 !l 

SECTION 6-S Application of Ohm's Law 
1. /T = 10 V/22.7 !1 - 44.1 mA 
2. Vs = (20 mA)<222 !l) = 4.44 V 
3. /, - 4.44 V/680 !1 - 6,53 mA; I2 - 4.44V/330!i = 13,5 mA 
4. Rj = 12 V/5.85 mA = 2.05 k!!;// = (2.05k!i)(4) = 8.2 kO 
5. V = (IOOmA)(688 fl) = 68.8 V 

SECTION 6-6 Current Sources in Parallel 
1. Ij = 4(0.5 A) = 2 A 
2. Three sources; See Figure 6-86. 
3. IRe = 10 mA + 10 m A = 20 mA 

FIGURE 6-86 

100 in A 
0 IOC mA Q) "KimA (j) 

300 mA 

SECTION 6-7 Current Dividers 
1. I, = (Rj/Rx)lj 

2. /| = (———Vt /2=(-^->t 1 V//, +R2J \R, + R2J 
3. The 22 k!! has the most current; the 220 k!! has the least current. 
4. /, - (680tl/101011)10mA - 6.73mA; = (33011/1010DHOmA = 3.27mA 
5. /, - (11411/47011)4 mA - 970 M 

SECTION 6-8 Power in Parallel Circuits 
1. Add the power of each resistor to get total power. 
2. Pj = 238 mW + 512mW + 109 mW + 876 mW = 1.74 W 
3. Pj = (I A)2(615 11) = 615 W 
4. / = P/V = 100 W/12.6 V = 7.9 A. Choose a 10 A fuse. 
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SECTION 6-9 Parallel Circuit Applications 
1. To bypass a portion of current around the meter movement. 
2. Rsh is less than A'\j because the shunt resistors must allow currents much greater than the 

current through the meter movement. 

SECTION 6-10 Troubleshooting 
1. When a branch opens, there is no change in voltage: the total current decreases. 
2. If a branch opens, total parallel resistance increases. 
3. The remaining bulbs continue to glow. 
4. All remaining branch currents arc 100 mA, 
5. The branch with 120 mA is open. 

RELATED PROBLEMS FOR EXAMPLES 
6-1 See Figure 6-87. 

FIGURE 6-87 

V . 

6-2 Connect pin 1 to pin 2 and pin 3 to pin 4. 
6-3 25 V 
6-4 20 mA into node A and out of node B 
6-5 /-i = 112 mA, /2 = 50 mA 
6-6 2.5 mA; 5 mA 
6-7 0.5 A 
6-8 9.33 S! 
6-9 13211 
6-10 41! 
6-11 10441! 
6-12 1.83 mA; I mA 
6-13 /, = 20 mA; I2 = 9.09 mA; /j = 35.7 mA, t, = 22.0 mA 
6-14 1.28 V 
6-15 2.01! 
6-16 30 mA 
6-17 /, = 3.27 mA; <2 = 6.73 mA 
6-18 /| = 59.4 mA; <2 = 40.6 mA 
6-19 1.78 W 
6-20 81 W 
6-21 15.4 mA 
6-22 Not correct, R\q (68 kli ) must be open. 
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TRUE/FALSE QUIZ 
I. T 2. T 3. F 4. F 5. F 6. T 7. T 8. T 
9. F 10. F 

SELF-TEST 
I. (b) 2. (c) 3. (b) 4. (d) 5. (a) 6. (c) 7. (c) 8. (c) 
9. (d) 10. (b) 11. (a) 12. (d) 13. (c) 14. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (c) 2. (a) 3. (c) 4. (a) 5. <c) 6. (c) 7. (c) 8. (c) 
9. (b) 10. (c) 11. (b) 12. (c) 13. (a) 14. (c) 15. (a) 



Series-Parallel Circuits 

CHAPTER OUTLINE 

7-1 Identifying Series-Parallel Relationships 
7-2 Analysis of Series-Parallel Resistive Circuits 
7-3 Voltage Dividers with Resistive Loads 
7-4 Loading Effect of a Voltmeter 
7-5 Ladder Networks 
7-6 The Wheatstone Bridge 
7-7 Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

♦ Identify series-parallel relationships 
♦ Analyze series-parallel circuits 
♦ Analyze loaded voltage dividers 
♦ Determine the loading effect of a voltmeter on a circuit 
♦ Analyze ladder networks 

Analyze and apply a Wheatstone bridge 
Troubleshool series-parallel circuits 

KEY TERMS 

Bleeder current 
Wheatstone bridge 
Balanced bridge 
Unbalanced bridge 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
htlp://www.prenhall.com/floyd 

NTRODUCTION 

In Chapters 5 and 6, series circuits and parallel circuits were 
studied individually. In this chapter, both series and parallel 
resistors are combined into series-parallel circuits. In many 
practical situations, you will have both series and parallel 
combinations within the same circuit, and the analysis meth- 
ods you learned for series circuits and for parallel circuits 
will apply. 

Important types of series-parallel circuits are introduced 
in this chapter. These circuits include the voltage divider 
with a resistive load, the ladder network, and the Wheat- 
stone bridge. 

The analysis of series-parallel circuits requires the use of 
Ohm's law, Kirchhoff's voltage and current laws, and the 
methods for finding total resistance and power that you 
learned in the last two chapters. The topic of loaded voltage 
dividers is important because this type of circuit is found in 
many practical situations, such as the voltage-divider bias 
circuit for a transistor amplifier. Ladder networks are impor- 
tant in several areas, including a major type of digilal-to- 
analog conversion, which you will study in a digital 
fundamentals course. The Wheatstone bridge is used in 
many types of systems for the measurement of unknown 
parameters, including most electronic scales. 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will see how a Wheatstone 
bridge in conjunction with a thermistor can be used in a 
temperature-control application. The circuit in this applica- 
tion is designed to turn a heating element on and off in order 
to keep the temperature of a liquid in a tank at a desired level. 
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7-1 Identifying Series-Parallel Relationships 

A series-parallel circuit consists of combinations of both series and parallel current 
paths. It is important to be able to identify how the components in a circuit are 
arranged in terms of their series and parallel relationships. 

After completing this section, you should be able to 

• Identify series-parallel relationships 

♦ Recognize how each resistor in a given circuit is related to the other resistors 

♦ Determine series and parallel relationships on a PC board 

Figure 7-l(a) shows an example of a simple series-parallel combination of resistors. 
Notice that the resistance from point A to point fl is /f |. The resistance from point 11 to point 
C is Rj and Rj in parallel (Rs || Rj). The total resistance from point A to point C is K\ in 
series with the parallel combination of Ry and Rj, as indicated in Figure 7-1 (b). The term 
point can refer to cither a node or a terminal. For example, in Figure 7-1 (a), A is a terminal 
because it is an end point, 6 is a node because it is the junction of two or more components, 
and C is both a terminal and a node. So, the term point will sometimes be used to represent 
either or both. 

FIGURE 7-1 
A simple series-parallel resistive 
circuit. 

Rl is in 
series 
with tt, || Ry | 

R, > R 

C c L 0 

L ,t i, 

'r I IT 

(C) 

When the circuit of Figure 7-1 (a) is connected to a voltage source as shown in Figure 
7-l(c), the total current is through R\ and divides at point B into the two parallel paths. 
These two branch currents then recombine, and the total current is into the positive source 
terminal as shown. 

Now, to illustrate series-parallel relationships, let's increase the complexity of the cir- 
cuit in Figure 7-l(a) slcp-by-slcp. In Figure 7-2(a), another resistor (Rj) is connected in 

FIGURE 7-2 
Rq is added to the circuit in series 
with R|. 

rtfi + is in scries — 
with R, II Ry | 

z. z" 

C O 

.. ... i i 

Ra «i 

(b) 
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series with R], The resistance between points A and B is now Rl + and this combina- 
tion is in series with the parallel combination of R2 and Rj, as illustrated in Figure 7-2(b). 

In Figure 7-3(a), R^ is connected in scries with R2- The series combination of Rj and Rf, 
is in parallel with R3. This entire series-parallel combination is in series with the series 
combination of Rt and Rj, as illustrated in Figure 7-3(b). 

a —AAV 

■ R. 

and W, 
are in series. 

A o VA—WV 
«, 

ps 

C 0  
(a) 

FIGURE 7-3 

Eroups 
are 111 

R-, and R< 
are in series. 

' 0 
Blue groups 

are in parallel. 

Ri, is added to the circuit in series with 

In Figure 7-4(a), is connected in parallel with the series combination of R] and R4. 
The series-parallel combination of /?i, R4, and Rf, is in series with the series-parallel com- 
bination of Ri, Rt>, and R5, as indicated in Figure 7-4(b). 

AW-WV- 
R, 

Blue groups 
arc in parallel. 

  Beige groups "tVV are in series. 

• K, 

■ *5 

A c. "A—AA^-AVv- 
R, R. 
Rjand R, 

are in series. 

Co  
(a) 

A FIGURE 7-4 

Co- 
IW 

Rf, is added to the circuit in parallel with the scries comhinalion of R| and R4. 

EXAMPLE 7-1 Identify the series-parallel relationships in Figure 7-5. 

FIGURE 7-5 
Ri 
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Solution Starting at the negative terminal of the source, follow the current paths. All of the cur- 
rent produced by the source must go through which is in series with the rest of the 
circuit. 

The total current lakes two paths when it gels to node A. Part of it is through AN, 
and part of it is through R\. Resistors /N and /fi arc in parallel with each other, and this 
parallel combination is in series with R[. 

At node B. the currents through R2 and Rt, come together again. Thus, the total cur- 
rent is through Ri. Resistor Ri is in series with R1 and the parallel combination of AN 
and Ry The currents are shown in Figure 7-6, where lj is the total current. 

FIGURE 7-6 

U -= 

Wv 

In summary. Rf and Rt are in series with the parallel combination of Rt and Rt as 
stated by the following expression: 

«l + «2 II 

Ri l.ilfil I'rubiem If another resistor, /f5, is connected from node A to the positive side of the source in 
Figure 7-6. what is its relationship (o the other resistors? 

"Answers arc at the end of the chapter. 

EXAMPLE 7-2 Identify the series-parallel relationships in Figure 7-7. 

-T wv— 

FIGURE 7-7 FIGURE 7-8 

Solution Sometimes it is easier to see a particular circuit arrangement if il is drawn in a different 
way. In this case, the circuit schematic is redrawn in Figure 7-8, which belter illustrates 
Ihe series-parallel relationships. Now you can see that AN and Rt are in parallel with 
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each other and also that Ri and are in parallel with each other. Both parallel combi- 
nations arc in scries with each other and with R[ as staled by the following expression: 

+ «2 li Ri + «4 || Rs 

Reldicil I'toblein If a resistor is connected from the bottom end of R) to the top end of Rj in Figure 7-8, 
what effect does it have on the circuit? 

EXAMPLE 7-3 Describe the series-parallel combination between terminals A and D in Figure 7-9. 

FIGURE 7-9 R, R, 
-Wv— 

VA 

Solution Between nodes B and C, there arc two parallel paths. The lower path consists of Rj, 
and the upper path consists of a series combination of Ri and Rj. This parallel combi- 
nation is in series with Rj. The R?, Rj, Rj. R; combination is in parallel with Rfr Re- 
sistor R| is in series with this entire combination as slated by the following expression: 

R, + R6 || (R5 + R4 || (R2 + R3)) 

Relnlfd Prohh in If a resistor is connected from C to D in Figure 7-9. describe its parallel relationship. 

EXAMPLE 7-4 Describe the total resistance between each pair of terminals in Figure 7-10. 

FIGURE 7-10 

Solution L. From A to B: R/ is in parallel with the series combination of R2 and Rj. 

R, || (Rj + R)) 
2. From A to C: Rj is in parallel with the scries combination of R| and R2. 

Ri II (Ri + Ri) 
3. From B to C: R2 is in parallel with the series combination of R| and Rj. 

«2 II («l + «3) 
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RrlMnl I'lohlem In Figure 7-10, describe the total resistance between each terminal and an added 
ground if a new resistor, is connected from C to ground. None of the existing 
resistors connect directly to the ground. 

Usually, the physical arrangement of components on a PC or protoboard bears no resem- 
blance to the actual circuit relationships. By tracing out the circuit and reananging the compo- 
nents on paper into a recognizable form, you can determine the series-parallel relationships. 

EXAMPLE 7-5 Determine the relationships of the resistors on the PC board in Figure 7-1 i. 

FIGURE 7-11 

1 irr; 

i H a 
r.— R.— 

DBS: 

Soli In Figure 7-12(a), the schematic is drawn in the same arrangement as that of the resis- 
tors on the board. In part (b), the resistors are rearranged so that the series-parallel 
relationships are more obvious. 

Resistors R, and R4 are in series; Ri + R4 is in parallel with AS- and R6 are in 
parallel and this combination is in series with R}. 

The R}. R$, and R(, series-parallel combination is in parallel with both ft2 and the 
fti + ftj combination. This entire series-parallel combination is in scries with ft?. 

Figure 7-12(c) illustrates these relationships. Summarizing in equation form, 

«AB = II ^6 + «3) II *2 11 («l + «4) + «7 

ftj 
AAA 

i ft,: J ft, 

k ft,. 
—• 1 

r5 

(a) 

B o 

Blue groups White groups 
are in parallel. arc in series. 

K. and H, 
are in 

R5 ^R(> R* and R^ 
are in 
parallel. 

R7  Beige groups 
are in series. 

FIGURE 7-12 

Re hue (I Problem If were removed from the circuit, what would be the relationship of and Rfl 
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SECTION 7-1 
CHECKUP 
Answers arc at the end of the 
chapter. 

1. Define series-parallel resistive circuit. 
2. A certain series-parallel circuit is described as follows: fir and are in parallel. This 

parallel combination is in series with another parallel combination of R} and R4. Draw 
the circuit. 

3. In the circuit of Figure 7-13, describe the series-parallel relationships of the resistors. 
4. Which resistors are in parallel in Figure 7-14? 

vw A 0 

/. 0 

FIGURE 7-13 FIGURE 7-14 

5. Describe the parallel arrangements in Figure 7-15. 
6. Are the parallel combinations in Figure 7-15 in series? 

FIGURE 7-15 

vw 

flo- 

0 7-2 Analysis of Series-Parallel Resistive Circuits 
The analysis of series-parallel circuits can be approached in many ways, depending on 
what information you need and what circuit values you know. The examples in this 
section do not represent an exhaustive coverage, but they give you an idea of how to 
approach series-parallel circuit analysis. 

After completing this section, you should be able to 

♦ Analyze series-parallel circuits 

♦ Determine total resistance 

♦ Determine all the currents 

♦ Determine all the voltage drops 

If you know Ohm's law, Kirchhoff's laws, the voltage-divider formula, and the current- 
divider formula, and if you know how to apply these laws, you can solve most resistive cir- 
cuit analysis problems. The ability to recognize scries and parallel combinations is, of course, 

® This icon indicates selected websites for fnrtber information on topics in this section. See the Companion 
Website provided with this text. 
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essential. A few circuits, such as the unbalanced Whealslone bridge, do not have basic series 
and parallel combinations. Other methods arc needed for these cases, as we will discuss later. 

Total Resistance 

In Chapter 5, you learned how to determine total series resistance. In Chapter 6, you 
learned how to determine total parallel resistance. To find the total resistance (Ry) of a 
series-parallel combination, simply define the scries and parallel relationships; then perform 
the calculations that you have previously learned. The following two examples illustrate 
this general approach. 

EXAMPLE 7-6 Determine Rj of the circuit in Figure 7-16 between terminals A and B. 

FIGURE 7-16 
ft, 

A O- ^ Wv 1 
10 a 

R, < ; ft, < 
100 a < 

? « 

' 100 a ^ 

Snlulii First, calculate the equivalent parallel resistance of ftS and Rj. Since Ri and Rj are 
equal in value, you can use Equation 6-4. 

= ioo n 
n 
R 

*7113 = 7 = ■ = son 

Notice that the term Ri] 3 is used here to designate the total resistance of a portion of a 
circuit in order to distinguish it from the total resistance. Rj. of the complete circuit. 

Now, since Ri is in series with 7?2||3, add their values as follows: 

Rj = r, + R2113 = ion + 5on = 6on 

Related Problem Determine Rj in Figure 7-16 if S3 is changed to 82 fl. 

EXAMPLE 7-7 Find the total resistance between the positive and negative terminals of the battery in 
Figure 7-17. 

Wy 
47 !! 

Ml!! 

v. — 

!„ I) 

FIGURE 7-17 

ft., 
—Wv— 

47 a 
B 

ft<, 

75 a 
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Solulioi In the upper branch. K2 is in series with Ky This series combination is designated 
^2-3 and is equal to ft2 + ftj. 

ftj+j = ft2 + ftj = 47 SI + 47 Si = 94 Si 

In the lower branch, ftj and ft, arc in parallel with each other. This parallel combi- 
nation is designated ft415. 

_ R4R5 _ (68 0X39 ft) 
R^5 _ ftj + ft, _ 68 O + 39 O 

Also in the lower branch, the parallel combination of ft4 and ft, is in scries with ft,,. 
This series-parallel combination is designated ftjj 

«4|i5+6 = + «4||5 = 75 O + 24.8 O = 99.8 O 
Figure 7-18 shows the original circuit in a simplified equivalent form. 

■ = 24.8 O 

94 ! 

iwm 

99.S 11 

: 

FIGURE 7-18 

Now you can find the equivalent resistance between A and B. It is ftn+j in parallel 
with ft4||5+6. Calculate the equivalent resistance as follows: 

I I rab - I I ■ + I I • + 
■ = 48.4 O 

«2+3 ^41|5+6 94 O 99.8 O 
Finally, the total resistance is ft; in series with RAB. 

ftT = ft, + Rab = IOOO + 48.4 Si = 148.4 O 

Ri i.in'ii Rid Determine ftT if a 68 O resistor is added in parallel from A to ft in Figure 7-17. 

Total Current 

Once you know the total resistance and the source voltage, you can apply Ohm's law to 
find the total current in a circuit. Total current is the source voltage divided by the total 
resistance. 

For example, assuming that the source voltage is 10 V, the total current in the circuit of 
Example 7-7 (Figure 7-17) is 
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Branch Currents 

Using the current-divider formula, Kirchhoff "s current law, Ohm's law, or combinations 
of these, you can find the current in any branch of a series-parallel circuit. In some 
cases, it may take repeated application of the formula to find a given current. The fol- 
lowing two examples will help you understand the procedure. (Notice that the sub- 
scripts for the current variables (/) match the R subscripts; for example, current through 
R\ is referred to as /|.) 

EXAMPLE 7-8 Find the current through /O and the current through Ry in Figure 7-19. 

-Vh- 
1.0 kit 

. 22 V R.> R, 
2.2 k!! > 3.3 k!! 

FIGURE 7-19 

Solulioi First, identify the scries and parallel relationship. Next, determine how much current is 
out of node A. This is the total circuit current. To find /|, you must know Rj. 

R, = R, 
RiRy „ (2.2 kil)(3.3 kSi) ■= l.Okn + —— —— = 1.0 kfl + 1.32 kfl = 2.32 kfl 

Ki + Ki 2.2 kfl + 3.3 kfl 

Vc 22 V 
h = -rL = R1 2.32 kfl 

= 9.48 mA 

Use the current-divider rule for two branches as given in Chapter 6 to find the cur- 
rent through Ry. 

In = (———VT = f mA = 5.69 mA 2 \«2 + «3/ \5.5kClJ 

Now you can use Kirehhoff's current law to find the current through Ry. 

h = l2 + h 
ly = Ij — ly = 9.48 mA — 5.69 mA = 3.79 mA 

Related Problem A 4.7 kfl resistor is connected in parallel with Ry in Figure 7-19. Determine the cur- 
rent through the new resistor. 

Use Multisim file E07-08 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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EXAMPLE 7-9 Determine the current through R4 in Figure 7-20 if V$ = 5 V. 

figure 7-20 

330 11 560 ! 

Solution First, find the current (h) into node B. Once you know this current, use the current- 
divider formula to find I4, the current through R4. 

Notice that there arc two main branches in the circuit. The left-most branch consists 
of only R\. The right-most branch has ft2 in series with the parallel combination of ft? 
and R4. The voltage across both of these main branches is the same and equal to 5 V. 
Calculate the equivalent resistance (fts-s ja) of the right-most main branch and then 
apply Ohm's law; I2 is the total current through this main branch. Thus, 

ftifta , _ (330ft)(560 ft) 
ft'1 — Lid - ftl 

ft r 

h = 
Ks 

• 
5 V 

= 330 if 
8901! 

= 538 i! 

= 9.3 mA 
f^2+3||4 538 fl 

Use the two-resistor current-divider formula to calculate /j. 

U = Ri 
ft. ft. 

l/2 = 
330 n 
890 n 

|9.3 mA = 3.45 mA 

Related Problem Determine the current through ft| and ft. in Figure 7-20 if Fs = 2 V. 

Voltage Drops 

To find the voltages across certain parts of a series-parallel circuit, you can use the voltage- 
divider formula given in Chapter 5, Kirchhoffs voltage law, Ohm's law, or combinations 
of each. The following three examples illustrate use of the formulas. (The subscripts for V 
match the subscripts for the corresponding ft: Vi is the voltage across fti; Fj is the voltage 
across R2, etc.) 

EXAMPLE 7-10 Determine the voltage drop from node A to ground in Figure 7-21. Then find the volt- 
age (Fj) across ftp 

FIGURE 7-21 
A 

-Wv  
150!! 

V. — 80 V 

I 

R. 
560!! 560!! 



242 ♦ Series-Parallel Circuits 

Solution Note that K? and R\ arc in parallel in this circuit. Since they arc equal in value, their 
equivalent resistance from node A to ground is 

560 n Ra = —-— = 280 ft 

In the equivalent circuit shown in Figure 7-22, R\ is in series with RA. The total circuit 
resistance as seen from the source is 

Rr = R, + RA = 150 ft + 280 ft = 430 ft 

FIGURE 7-22 
R| 

-w.- 
150!! 

1 

.80 V ■ 280!! 

Use the voltage-divider formula to find the voltage across the parallel combination 
of Figure 7-21 (between node 4 and ground). 

Now use Kirchhoff's voltage law to find F|. 

Vs = F, + V* 
V, = Vs - V,, = 80 V - 52.1 V = 27.9 V 

Helmed Problem Determine VA and V, if /?, is changed to 220 ft in Figure 7-21. 

Use Multisim file E07-10 to verify the calculated results in this example and to con- 
[ firm your calculation for the related problem. 

EXAMPLE 7-11 Determine the voltage drop across each resistor in the circuit of Figure 7-23. 

1.0 k!! 

Ir = I mA 

l,5ki R, 
3,9 k!! *5 

5601! 

FIGURE 7-23 
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The source voltage is not given, but you know the total current from the figure. Since 
R[ and A12 are in parallel, they each have the same voltage. The current through R[ is 

The series combination of Ri and R5 form the branch resistance, ^4+5. Apply the 
current-divider formula to determine the current through Rj. 

The voltage across R) is 
V, = /3R3 = (346 /iA)(3.9 kfl) = 1.35 V 

The currents through Rf and /?5 arc the same because these resistors arc in scries. 

Ai = y5 = I-,- - /1 = I mA - 346 p.A = 654 /xA 

Calculate the voltages across Rj and Rf, as follows: 

The voltages across R\ and Ri arc 

V, = /|«| = (688 /xA)(1.0 kfl) = 688 mV 
V2 = V, = 688 mV 

V4 = I4R4 = (654/j.A)(1.5kfl) = 981 mV 
Vj = l5R5 = (654 /xA)(560 fl) = 366 mV 

ReLiled Problem What is the source voltage, Vs, in the circuit of Figure 7-23? 

Use Mullisim file E07-11 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

EXAMPLE 7-12 Determine the voltage drop across each resistor in Figure 7-24. 

680 a 

FIGURE 7-24 
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Solulion Because the lolal voltage is given in the figure, you can solve this problem using the 
voltage-divider formula. First, you need to reduce each parallel combination to an equiv- 
alent resistance. Since R\ and ft2 arc in parallel between A and B. combine their values. 

Rab = = <33kn)<6_2kn) = 2 jSkn AB ft, + «2 9.5 kfl 

Since ftj is in parallel with the fts and R(, series combination (ftj+e) between C and D, 
combine these values. 

ft4ft5+6 (l.OkUKI.OTkii) _ 
ftj + «5l.6 2.07 kf! 

The equivalent circuit is drawn in Figure 7-25. The lolal circuit resistance is 

ft? = RAb + Ri + Rcd = 2.15 kfl + LOkfl + 5170 = 3.67 kfl 

FIGURE 7-25 

ks' 
8 V ' 

vw 
2.15 kit 

ilk 

51711 

Next, use the voltage-divider formula to determine the voltages in the equivalent circuit. 

ofl=^W2l5kn iks =  — 8 V = 4.69 V RT J s \3.67kfl:, 

^ ^ (Mh=^ ;!-i8v 

Refer to Figure 7-24. VAB equals the voltage across both ft, and R2. so 

I/, = V2 = VAB = 4.69 V 

V(■// is the voltage across ftj and across the scries combination of fts and R(r Therefore, 

V4 = Va> = 1.13 V 

Now apply the voltage-divider formula to the series combination of ftj and RB to get 
Vj and V6. 

^ Ou3v 

Related Problem ft2 is removed from the circuit in Figure 7-24. Calculate VAB. VBc, and Vco- 

Use Multisim file E07-12 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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SECTION 7-2 
CHECKUP 

1. List four circuit laws and formulas that may be necessary in the analysis of series- 
parallel circuits. 

2. Find the total resistance between A and 6 in the circuit of Figure 7-26. 
3. Find the current through Rj in Figure 7-26. 
4. Find the voltage drop across ft? in Figure 7-26. 
5. Determine R( and /T in Figure 7-27 as "seen" by the source. 

Wv AO 
330 !! 

HIV I,Ml II 330 !! 

vw no 
M- I! 

m 
-7 (! 

77l| 
\ -= 

n 

WV 
47!! 

FIGURE 7-26 FIGURE 7-27 

7-3 Voltage Dividers with Resistive Loads  

Voltage dividers were introduced in Chapter 5. In this section, you will learn how 
resistive loads affect the operation of voltage-divider circuits. 

After completing this section, you should be able to 

♦ Analyze loaded voltage dividers 

♦ Determine the effect of a resistive load on a voltage-divider circuit 

♦ Define bleeder current 

The voltage divider in Figure 7-28(a) produces an output voltage (Volt) ot 5 V because 
the two resistors are of equal value. This voltage is the unloaded output voltage. When a 
load resistor, R/, is connected from the output to ground as shown in Figure 7-28(b), the 
output voltage is reduced by an amount that depends on the value of K/ ■ The load resistor 
is in parallel with Ri- reducing the resistance from node A to ground and, as a result, also 

1,(1 k!! 
10V 

111,!! 

1.0 k!! ; 
. 10V 

ft,. 
1,0 k!! : 

(a) Unloaded 

FIGURE 7-28 

(b) Loaded 

A voltage divider with both unloaded and loaded outputs. 
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'""/// 

(a) No load 

reducing the voltage across the parallel combination. This is one effect of loading a voltage 
divider. Another effect of a load is that more current is drawn from the source because the 
total resistance of the circuit is reduced. 

The larger R/ is, compared to the less the output voltage is reduced from its un- 
loaded value, as illustrated in Figure 7-29. When Rj is large compared to Ri (at least ten 
times), the loading effect is small, and the output voltage will change only a small amount 
from its unloaded value, as shown in Figure 7-29(c). In this case, the divider is said to be a 
stiff voltage divider. 

Tout decreases 

K.^-K 

OUT - OLTtno load) 
mw,,, 

K, > R 

d>) Rl not sigiiitlcaiuly greater Ihun /f. 

FIGURE 7-29 

(c) R, much greater than /t> 

The effect of a load resistor. 

EXAMPLE 7-13 (a) Determine the unloaded output voltage of the voltage divider in Figure 7-30. 

(b) Find the loaded output voltages of the voltage divider in Figure 7-30 for the 
following two values of load resistance: Rj = lOkfl and R/ = lOOkfl. 

FIGURE 7-30 

TS 5 V 

4,7 k(! i 

«, . 
io kd; 

Solution (a) The unloaded output voltage is 

Ti OUT(unloaded) 
R? Te = "Sir)—v 

vR, + R^J " V14.' 

(b) With the 10 k!! load resistor connected, Rj is in parallel with which gives 

«2 li Rl = 
R2R1. lOOMH 

= 5kfl 
R2 + Rl 20 kfl 

The equivalent circuit is shown in Figure 7-31 (a). The loaded output voltage is 

Rl II fy. \ / 5 kfl \ 
• OUT(loaded) Vs = vft, + R2 || RlJ 0 V9.7kn 

With the 100 k!! load, the resistance from output to ground is 

5 V = 2.58 V 

Rl II R,. = 
R2R1. 

Rl + Rl 
(lOkaxiOOkU) 

110 kfl 
= 9.1 kfl 
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The equivalent circuit is shown in Figure 7-31(b). The loaded output voltage is 

«2ll«i \ / 9,1 ki! \ 
^OUTfloaded) — 

R| R2 |1 R, 
VS = 

13.8 k!!, 
5 V = 3.30 V 

"s ■ 
5 V ' 

4.7 k!! - 

ff, II RL 
5 k!! 1 

(a) R, = 10 k!! 

FIGURE 7-31 

Vs 
5 V 

4.7 k!l 1 

R-> II Rl • 
9.1 k!! : 

(b) Rj = 100 k!! 

For the smaller value of R; , the reduction in Vqux is 

3.40 V — 2.58 V = 0.82 V (a 24% drop in output voltage) 

For the larger value of Rj, the reduction in Vqut is 

3.40 V - 3,30 V = 0.10 V (a 3% drop in output voltage) 

This illustrates the loading effect of S/, on the voltage divider. 

Rcl.ih'd Problem Determine Vqut 'n Figure 7-30 for a 1.0 Mf! load resistance. 

Use Multisim tile E07-I3 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Load Current and Bleeder Current 

In a multiple-tap loaded voltage-divider circuit, the total current drawn from the source 
consists of currents through the load resistors, called load currents, and the divider resis- 
tors, Figure 7-32 shows a voltage divider with two voltage outputs or two taps. Notice 
that the total current, /p. is through R\. The total current is composed of the two branch 
currents, I^ia and h- The current 12 is composed of two additional branch currents, I^li 

12 k! 

«■ 
6,2 k!! 24 V 'hi.: 

100 k!! 

-4 FIGURE 7-32 
Currents in a two-lap loaded voltage 
divider. 

'hih-:L)|!K - 
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Equation 7-1 

and /v Current /j is called the bleeder eurrent, which is the current left after the total load 
current is subtracted from the total current in the circuit. 

7Ri.RF.nRR = 7| 7p/1 — Inn 

EXAMPLE 7-14 Determine the load currents Igu and and the bleeder current /j in the two-tap 
loaded voltage divider in Figure 7-32. 

Solution The equivalent resistance from node A to ground is the 100 kfl load resistor Ri \ in 
parallel With the combination of 7?2 in series with the parallel combination of /?? and 
Ri2. Determine the resistance values first. R->, in parallel with Rn is designated Rg. The 
resulting equivalent circuit is shown in Figure 7-33(a). 

(6.2kfl)(l00kn) 

>4. 
24 V ' 

UD 

Rn = 
RT. + R, I06.2k!i 

■ = 5.84 ki! 

Ri in series with Rn is designated /C i «. The resulting equivalent circuit is shown in 
Figure 7-33(b). 

Rj+b = /?2 + = 6.2 kfi + 5.84 kfi = 12.0 kft 

A'/,i in parallel with A2 «is designated R \. The resulting equivalent circuit is shown in 
Figure 7-33(c). 

(100kfl)(12,0kft) 
Ra = +B •= 10.7 kil rl\ + r2-B ii2kn 

Ra is the total resistance from node A to ground. The total resistance for the circuit is 

R\ = + A| = 10.7 kft + 12kft = 22.7 kft 

12k!i 

: A; 
■ 6,2 kit 

• 5.84 ki! 

Vs. 
24 V ' 

12 kit 

«LI 
100 kt! .Rub 

12.0 k!! 
«ii 
tooka 

(b) 

FIGURE 7-33 

2 k!! 

24 V 

10.7 kO 

Determine the voltage across A/1 as follows, using the equivalent circuit in Figure 
7-33(c): 

( Ra\ / 10.7 kft \ 
^=^=Uh=(^ft>4V=,i'3v 

The load current through A/1 is 

Irli 
Vm fn.3V\ 
Ru VlOOkftj ^ 
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Determine the voltage at node B by using the equivalent circuit in Figure 7-33(a) 
and the voltage at node A. 

f Rr \ (5.84 kilA I'D = —— =  — 11.3 V = 5.50 V 8 V«2+B/ V I2.0kny 

The load current through R^ 's 

. Vrli VB 5.50 V „ 
l"-2 R,2 R,2 100 k!l 'l 

The bleeder current is 

VR 5.50 V 
/3 = ^ = ^n = 887''A 

Related Problem What will happen to the load current in RL2 if R/ i is disconnected? 

Use Multisim file E07-I4 to verify the calculated results in this example. 

SECTION 7-3 
CHECKUP 

1. A load resistor is connected to an output tap on a voltage divider. What effect does the 
load resistor have on the output voltage at this tap? 

2. A larger-value load resistor will cause the output voltage to change less than a smaller- 
value one will. (T or F) 

3. For the voltage divider in Figure 7-34, determine the unloaded output voltage with 
respect to ground. Also determine the output voltage with a 10 kf! load resistor con- 
nected across the output. 

FIGURE 7-34 

30 V 

Ri >47k!! 

-o Ouipul 

100 kQ 

7-4 Loading Effect of a Voltmeter  

As you have learned, voltmeters must be connected in parallel with a resistor in order 
to measure the voltage across the resistor. Because of its internal resistance, a volt- 
meter puts a load on the circuit and will affect, to a certain extent, the voltage that is 
being measured. Until now, we have ignored the loading effect because the internal 
resistance of a voltmeter is very high, and normally it has negligible effect on the cir- 
cuit that is being measured. However, if the internal resistance of the voltmeter is not 



250 ♦ Series-Parallel Circuits 

sufficiently greater than the circuit resistance across which it is connected, the loading 
effect will cause the measured voltage to be less than its actual value. You should 
always be aware of this effect. 

After completing this section, you should be able to 

♦ Determine the loading effect of a voltmeter on a circuit 

♦ Explain why a voltmeter can load a circuit 

♦ Discuss the internal resistance of a voltmeter 

When a voltmeter is connected to a circuit as shown, for example, in Figure 7-35(a), its 
internal resistance appears in parallel with R3, as shown in part (b). The resistance from A 
to B is altered by the loading effect of the voltmeter's internal resistance, /fM, and is equal 
to /fj || Rfj], as indicated in part (c). 

(b) 

FIGURE 7-35 
The loading effect of a voltmeter. 

-R, 

: R. < R\i -R,iirm 

(c) 

If Rm is much greater than R), the resistance from A to 6 changes very little, and the 
meter indicates the actual voltage. If /?m is not sufficiently greater than /?j. the resistance 
from A to B is reduced significantly, and the voltage across R3 is altered by the loading 
effect of the meter. A good rule of thumb for troubleshooting work is that if llie loading 
effect is less than 10%, it can usually be neglected, depending on the accuracy required. 

Most voltmeters are part of a multifunction instrument such as the DMM or the analog 
multimeter discussed in Chapter 2. The voltmeter in a DMM will typically have an inter- 
nal resistance of lOMfl or more, so the loading effect is important only in very high- 
resistance circuits. DMMs have a constant resistance on all ranges because the input is 
connected to an internal fixed voltage divider. For analog multimeters, the internal resist- 
ance depends on the range selected for making a measurement. To determine the loading 
effect, you need to know the sensitivity of the meter, a value given by the manufacturer on 
the meter or in the manual. Sensitivity is expressed in ohms/volt and is typically about 
20,000!!/V. To determine the internal series resistance, multiply the sensitivity by the 
maximum voltage on the range selected. For example, a 20,00011/V meter will have an 
internal resistance of 20,00011 on the I V range and 200,00011 on the 10 V range. As you 
can sec, there is a smaller loading effect for higher voltage ranges than for lower ones on 
the analog multimeter. 
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EXAMPLE 7-15 How much docs Ihc digital voltmeter affect the voltage being measured for each 
circuit indicated in Figure 7-36? Assume the meter has an input resistance (/?m) 
of lOMii. 

+15 V 

180 !i 

: r, 
i on a 

<a) 

+ 15 V 

R, 
100 kO 

(b) 

+15 V 

R, 
» j| 180 kit || .I 1.8 Mfl || a 

[| Jj " [o  

: r, 
1 .6 m a 

<C) 

FIGURE 7-36 

To show the small differences more clearly, the results are expressed in more than 
three significant figures in this example. 

(a) Refer to Figure 7-36(a). The unloaded voltage across AS 'he voltage-divider 
circuit is 

V2 = «2 
Ps = I 115 V = 5.357 V v/?, + Rj/'' V280n 

The meter's resistance in parallel with R2 is 

_ ( ASRM \ _ (KxinxioMni 
«2 II rm - \R2 + Rm) ~ 10.0001 Mi! 

The voltage actually measured by the meter is 

*2 11 «.M \.. C 99.999 i! 

= 99.999 i! 

V, = VS = 
v«i + «2 || Km J '' V279.999 !l 

The voltmeter has no measurable loading effect, 

(b) Refer to Figure 7-36(b). 

R? _ ( 100ki!\ 

15 V = 5.357 V 

V, = 

Rl II Km = 

K, + K- 
K2Km 

Vs = 
1,280 kilj 

(100 kfl)(10Mft) 

15 V = 5.357 V 

K2 + Km 10.1 Mil 

The voltage actually measured by the meter is 

K2II Km 

= 99.01 kf! 

V, = Vc = 99.01 kf! \ j 15 V = 5.323 V 
\R\ + K2 || Km/ 0 V279.01 kf!. 

The loading effect of the voltmeter reduces the voltage by a very small amount. 
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(e) Refer lo Figure 7-36(c). 

- (isl)15V - "57V 

The voltage actually measured is 

f R2 II % \ /909.09 ka\ 
Ft = ( - - K = V = 5.034 V 

«l + «2 II «N 
The loading effect of the voltmeter reduces the voltage by a noticeable amount. As 
you can see, the higher the resistance across which a voltage is measured, the 
more the loading effect. 

Related Problem Calculate the voltage across /C in Figure 7-36(c) if the meter resistance is 20 MO. 

Open Mullisim file E07-15 and verify the calculated results by using a 10 Mfl resistor 
lo simulate the meter load. 

SECTION 7-4 1. Explain why a voltmeter can potentially load a circuit. 
CHECKUP 2. If a voltmeter with a 10 Mf! internal resistance is measuring the voltage across a 10 kfl 

resistor, should you normally be concerned about the loading effect? 
3. If a voltmeter with a 10 Mfl resistance is measuring the voltage across a 3.3 Mfl 

resistor, should you be concerned about the loading effect? 
4. What is the internal series resistance of a 20,000 fl/V VOM if it is on the 200 V 

range? 

0 7-5 Ladder Networks  
A resistive ladder network is a special type of series-parallel circuit. The R/2R ladder 
network is commonly used to scale down voltages lo certain weighted values for 
digital-to-analog conversion, which is a process that you will study in another course. 

After completing this section, you should be able lo 

♦ Analyze ladder networks 

♦ Determine the voltages in a three-step ladder network 

♦ Analyze an RI2R ladder 

One approach to the analysis of a ladder network such as the one shown in Figure 7-37 
is to simplify it one step at a time, starting at the side farthest from the source. In this way, 
you can determine the current in any branch or the voltage at any node, as illustrated in 
Example 7-16. 
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wv w 

T 

FIGURE 7-37 
Basic three-step ladder network. 

EXAMPLE 7-16 Determine ihe current Ihrough each resistor and the voltage at each labeled node with 
respect to ground in the ladder network of Figure 7-38. 

45 V 

FIGURE 7-38 

1.0 ktl i~ I 3.3 kt! /T 4.7 k!! ; 

<-8.2kn 'i I «> I Ok!! '6?" 4.7 ktl 

: 

Solution To find the current ihrough each resistor, you must know the total source current (/•[■). 
To obtain l\. you must find the total resistance "seen" by Ihe source. 

Delermine Ry in a step-by-slep process, starling at Ihe right of the circuit diagram. 
First, notice that A's and R/, arc in scries across Ry Neglecting the circuit to the left of 
node B, Ihe resistance from node B to ground is 

(10kft)<9.4 kfl) 
Rr = 

Ri(Ri + Rf,) ■ = 4.85 kfl 
/?4 + («, + R6) 19.4 kfl 

Using Rg, you can draw the equivalent circuit as shown in Figure 7-39. 

45 V 

t.0 kll 3,3 ktl i 

h >■ 8.2 kt! 4.85 kll 

FIGURE 7-39 

Next, neglecting the circuit to the left of node A, the resistance from node A to 
ground (RA) is AS in parallel with ihe series combination of R% and RB. Calculate 
resistance R.\. 

8.2 kfl)(8.15 kfl) 
«a = 

«2(«3 + KH) 
Ri + (^3 + ««) 16.35 kfl 

= 4.09 kfl 
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Using R.\, you can further simplify the equivalent circuit of Figure 7-39 as shown in 
Figure 7-40. 

FIGURE 7-40 

-Wv- 
1.0 kli" 

+ 
45 V : 

- 4,09 kf! 

Finally, the total resistance "seen" by the source is R\ in series with RA. 

RT = Rt + RA = l.Okfl + 4.09 kfl = S.OOkfl 

The total circuit current is 

45 V 
ly = — = = 8.84 mA 1 «, 5.09 kfl 

As indicated in Figure 7-39, Ij is out of node A and consists of the currents through 
/?2 and the branch containing R3 + RB. Since the branch resistances are approximately 
equal in this particular example, half the total current is through R2 and half out of 
node II. So the currents through R2 and R3 are 

12 = 4.42 mA 
13 = 4.42 mA 

If the branch resistances are not equal, use the current-divider formula. As indicated 
in Figure 7-38.13 is out of node II and consists of the currents through R i and the branch 
containing R5 + R<,. Therefore, the currents through RA. R$, and R/, can be calculated. 

/ Rs + Ri, \ ( 9.4 kfl \ 
h = 7! -77.—'.i = 77-7777 4.42 mA = 2.14 mA \Ra + (Rs + R^J \ I9.4kft/ 
h = h = h - '4 = 4.42 mA - 2.14 mA = 2.28 mA 

To determine VA, VH. and Vp, apply Ohm's law. 

VA = I2R2 = (4.42 mA)(8.2 kSl) = 36.2 V 
VB = l4R4 = (2.14 mA)(IOkft) = 21.4 V 
Vc = /6«6 = (2.28 mA)(4.7 kft) = 10.7 V 

Rein ltd I'niblem Recalculate the currents through each resistor and the voltages at each node in Figure 
7-38 if R1 is increased to 2.2 k!l. 

Use Multisim tile E07-I6 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

The R/2R Ladder Network 

A basic RI2R ladder network is shown in Figure 7-41. As you can see, the name comes 
from the relationship of the resistor values. R represents a common value, and one set of 
resistors has twice the value of the others. This type of ladder network is used in applications 
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Inpm I 

Input 2 

Input 3 

Input 4 

M FIGURE 7-41 
A basic four-step R/2R ladder 
network. 

« Output 

where digital codes arc converted to speech, music, or other types of analog signals as 
found, for example, in the area of digital recording and reproduction. This application is 
called digilal-to-analog (DM) conversion. 

Let's examine the general operation of a basic R/2R ladder using the four-step circuit in 
Figure 7—42. In a later course in digital fundamentals, you will learn specifically how this 
type of circuit is used in D/A conversion. 

FIGURE 7-42 

-o SWI 

-o SW2 

>«l 
R2 i *2R 

L r) 
2R 

r 

R, ' 
■'' 

2R _ 
r 
>«• 
>R 

2R >«' 
R* ' 

R/2R ladder with switch inputs to 
simulate a two-level (digital) code. 

-of™ 

The switches used in this illustration simulate the digital (two-level) inputs. One 
switch position is connected to ground (0 V), and the other position is connected to a 
positive voltage (V). The analysis is as follows: Start by assuming that switch SW4 in 
Figure 7-42 is at the V position and the others are at ground so that the inputs are as 
shown in Figure 7-43(a). 

The total resistance from node A to ground is found by first combining R\ and AS in par- 
allel from node D to ground. The simplified circuit is shown in Figure 7M3(b). 

n 2/e «l II «2 = Y = « 

R[ || «2 is in series with S3 from node C to ground as illustrated in part (c). 

RI\\R2 + R} = R + R = 2R 

Next, this combination is in parallel with R4 from node C to ground as shown in part (d). 

(/e, II /f2 + «,) II /?4 = 2/? II 2/f = y = R 
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fi. >-2R 
—i/J 

2R 
«4 >R 

1 C 
2R 

>-R 
—is 

2R 
Rs >-R 

v o— 
2ft 

(a) 

2R 
«4 

C 
2R R, 
Rfi < *R 

fl 
2R 

- *■ R 

-o Von I 

R, II R, 

V o  
2R 

-o V'oi 
2R 

(b) 

(; + R,)l l«4 

R 
| c. 

«6 
tb 

2R 
R« >-R 

2R A o Von 

o vm i 

R* A 
V o YA 1 0 ^ou r 

2ft L «BQ 
2R < (all other 

resistors) 

(e) 

Simplification of R/2fi ladder for analysis. 

Continuing this simplification process results in the circuit in part (e) in which the output 
voltage can be expressed using the voltage-divider formula as 

/2«\ V ^T=(^=- 

A similar analysis, except with switch SW3 in Figure 7-42 connected to V and the other 
switches connected to ground, results in the simplified circuit shown in Figure 7-44. 

lo Wy wv 

[K, ihrough R 
combined) 

FIGURE 7-44 
Simplified ladder with only V input at SW3 in Figure 7-42. 
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The analysis for Ihis case is as follows: The resistance from node B to ground is 

Rb = (R7 + R8) || 2R = 3R il 2« = y 

Using the voltage-divider formula, we can express the voltage at node B with respect to 
ground as 

V8 = = (-^—W = ( 6R'5 )v = f —V 
" \Rf, + RbJ \2R + 6R/5J V I OR/5 + 6RI5J V l6R/5y 

Vl6R/ 8 

The output voltage is, therefore, 

Notice that the output voltage in this case {VI4) is one half the output voltage (VI2) for the 
case where V is connected at switch SW4. 

A similar analysis for each of the remaining switch inputs in Figure 7-42 results in oulput 
voltages as follows: For SW2 connected to V and the other switches connected to ground, 

_ V 
ur - g 

For SW1 connected to V and the other switches connected to ground, 

V 
W - y 

When more than one input at a time arc connected to V. the total output is the sum of the 
individual outputs, according to the superposition theorem that is covered in Section 8-4. 
These particular relationships among the output voltages for the various levels of inputs are 
important in the application of R/2R ladder networks to digital-to-analog conversion. 

SECTION 7-5 
CHECKUP 

1. Draw a basic four-step ladder network. 
2. Determine the total circuit resistance presented to the source by the ladder network of 

Figure 7-45. 
3. What is the total current in Figure 7-45? 
4. What is the current through Rj in Figure 7-45? 
5. What is the voltage at node A with respect to ground in Figure 7-45? 

A 

k > !.(lk ! 

S.S k!! -.7 k ! 10 \ 

T 

FIGURE 7-45 
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7-6 The Wheatstone Bridge  

The Wheatstone bridge circuil can be used to precisely measure resistance. However, 
the bridge is most commonly used in conjunction with transducers to measure physical 
quantities such as strain, temperature, and pressure. Transducers arc devices that sense 
a change in a physical parameter and convert that change into an electrical quantity such 
as a change in resistance. For example, a strain gauge exhibits a change in resistance 
when it is exposed to mechanical factors such as force, pressure, or displacement. A 
Ihennistor exhibits a change in its resistance when it is exposed to a change in tempera- 
ture. The Wheatstone bridge can be operated in a balanced or an unbalanced condition. 
The condition of operation depends on the type of application. 

After completing this section, you should be able to 

• Analyze and apply a Wheatstone bridge 

♦ Determine when a bridge is balanced 

♦ Determine an unknown resistance with a balanced britlge 

♦ Determine when a bridge is unbalanced 

♦ Discuss measurements using an unbalanced bridge 

H 1 S T 0 R 1 f NOTE 

Sir Charles 
Wheatstone 
1802-1875 

Wheatstone was a British scientist 
and inventor of many scientific 
breakthroughs, including the 
English concertina, the stereoscope 
(a device for displaying three- 
dimensional images), and an 
encryption cipher technique. 
Wheatstone is best known for his 
contributions in the development 
of the Wheatstone bridge, 
originally invented by Samuel 
Hunter Christie, and as a major 
figure in the development of 
telegraphy. Wheatstone gave full 
credit for the invention to Christie, 
but because of his work in 
developing and applying the 
bridge, it became known as the 
Wheatstone bridge. (Photo credit: 
AIP Emilio Segre Visual Archives, 
Brittle Books Collection.) 

A Wheatstone bridge circuil is shown in its most common "diamond" configuration 
in Figure 7-46(a). It consists of four resistors and a dc voltage source connected across the 
top and bottom points of the "diamond." The output voltage is taken across the left and 
right points of the "diamond" between A and B. In part (b), the circuit is drawn in a slightly 
different way to more clearly show its series-parallel configuration. 

A /( 

>■ h '4 I ^ J 

(a) 

FIGURE 7-46 

lb) 

Wheatstone bridge. Notice that the bridge forms two back-to-back voltage dividers. 

The Balanced Wheatstone Bridge 

The Wheatstone bridge in Figure 7-46 is in the balanced bridge condition when the out- 
put voltage (Voox) between terminals A and B is equal to zero. 

four = 0 V 
When the bridge is balanced, the voltages across B| and AS are equal (V| = Vy and the 
voltages across R3 and R4 are equal (V3 = V4). Therefore, the voltage ratios can be writ- 
ten as 

VL=V2 
ft ft 
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Subslituling IR for V by Ohm's law gives 

/|/?l _ IjR2 
/3R3 " lAR4 

Since /| = 1} and h = I4, all the current terms cancel, leaving the resistor ratios. 

R1=R2 
«3 R4 

Solving for R1 results in the following formula: 

This formula allows you to find the value of resistor R\ in terms of the other resistor val- 
ues when the bridge is balanced. You can also find the value of any other resistor in a sim- 
ilar way. 

Using the Balanced Wheatstone Bridge to Find an Unknown Resistance Assume 
that R1 in Figure 7-46 has an unknown value, which we call Ry. Resistors R2 and R4 have 
fixed values so that their ratio, RgR*, also has a fixed value. Since Rx can be any value, R \ 
must be adjusted to make R1 IRi = RgR* in order to create a balanced condition. There- 
fore, R\ is a variable resistor, which we will call Ry. When Rx is placed in the bridge, Ry is 
adjusted until the bridge is balanced as indicated by a zero output voltage. Then, the un- 
known resistance is found as 

The ratio R2/R1 is the scale factor. 
An older type of measuring instrument called a galvanometer can be connected between 

the output terminals A and B to delect a balanced condition. The galvanometer is essen- 
tially a very sensitive ammeter that senses current in either direction. It differs from a reg- 
ular ammeter in that the midscale point is zero. In modern instruments, an amplifier 
connected across the bridge output indicates a balanced condition when its output is 0 V. 
Also, high precision micro-adjustable resistors can be used in demanding applications. The 
micro-adjustable resistors enable fine adjustment of the bridge resistors during manufac- 
ture for applications such as medical sensors, scales, and precision measurements. 

From Equation 7-2, the value of Ry at balance multiplied by the scale factor AV/fi is 
the actual resistance value of Ry. If RgRi = I, then Ry = Ry, if R2/R4 = 0.5, then 
Ry = ().5Ri , and so on. In a practical bridge circuit, the position of the Ry adjustment can be 
calibrated to indicate the actual value of Ry on a scale or with some other method of display. 

EXAMPLE 7-1 7 Determine the value of Ry in the balanced bridge shown in Figure 7-47. 

Equation 7-2 

FIGURE 7-47 
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Solution The scale factor is 

/<2 = 150 n = 

Kj _ 10011 _ '' 

The bridge is balanced (Vqut = 0 V) when Ry is set at 1200 H, so the unknown 
resistance is 

Kx = rv(j^) = (1200 n,(1.5) = 1800 ft 

If Ry must be adjusted to 2.2 kft to balance the bridge in Figure 7^17, what is Rx'l 

Use Multisim file E07-I7 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Related Problem 

The Unbalanced Wheatstone Bridge 

An unbalanced bridge condition occurs when Vqut's no, equal to zero. The unbalanced 
bridge is used to measure several types of physical quantities such as mechanical strain, 
temperature, or pressure. This can be done by connecting a transducer in one leg of the 
bridge, as shown in Figure 7-48. The resistance of the transducer changes proportionally 
to the changes in the parameter that it is measuring. If the bridge is balanced at a known 
point, then the amount of deviation from the balanced condition, as indicated by the output 
voltage, indicates the amount of change in the parameter being measured. Therefore, the 
value of the parameter being measured can be determined by the amount that the bridge is 
unbalanced. 

FIGURE 7-48 
A bridge Circuit for measuring a 
physical parameter using a 
transducer. 

<4 Bridge Circuit for Measuring Temperature If temperature is to be measured, the 
transducer can be a thermistor, which is a temperature-sensitive resistor. The thermistor re- 
sistance changes in a predictable way as the temperature changes. A change in temperature 
causes a change in thermistor resistance, which causes a corresponding change in the out- 
put voltage of the bridge as it becomes unbalanced. The output voltage is proportional to 
the temperature; therefore, cither a voltmeter connected across the output can be calibrated 
to show the temperature or the output voltage can be amplified and converted to digital 
form to drive a readout display of the temperature. 

A bridge circuit used to measure temperature is designed so that it is balanced at a ref- 
erence temperature and becomes unbalanced at a measured temperature. For example, let's 
say the bridge is to be balanced at 25°C. A thermistor will have a known value of resistance 
at 250C. For simplicity, let's assume the other three bridge resistors are equal to the ther- 
mistor resistance at 250C, so /ftherm = R2 = 1i = Ri- For this particular case, the change 
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in output voltage (i Vqut) tan be shown to be related to the change in Riherm by Ibe 
following formula: 

AVout ^ Equation 7-B 

The A (Greek letter delta) in front of a variable means a change in the variable. This for- 
mula applies only to the case where all resistances in the bridge are equal when the bridge 
is balanced. A derivation is provided in Appendix B. Keep in mind that the bridge can be 
initially balanced without having all the resistors equal as long as R\ = and R\ = Rj 
(see Figure 7-46), but the formula for A Foot would be more complicated. 

EXAMPLE 7-18 Determine the output voltage of the temperature-measuring bridge circuit in Figure 
7-49 if the thermistor is exposed to a temperature of 50oC and its resistance at 25°C is 
1.0 kll. Assume the resistance of the thermistor decreases to 900 ft at 50oC. 

FIGURE 7-49 
"Iberm 

1.0 k!! @250C 

1.0 k!l 

W. 

i.o k : ok 

Ks 
12 V 

Solution A R.i = 1.0 kll - 90011 = 100 ft 
12 v \ 

100 fi I —— = 0.3 V A Pout -  Vlkliy 

Since Fqut = 0 V when the bridge is balanced at 25°C and it changes 0.3 V, then 

Fqut = 0.3 V 
when the temperature is 50oC. 

RiLilrd I'mbli'in If the temperature is increased loWC. causing the thermistor resistance in Figure 
7-49 to decrease to 850 ft, what is Four'? 

Other Unbalanced Wheatstone Bridge Applications A Wheatstone bridge with a 
strain gauge can be used to measure forces. A strain gauge is a device that exhibits a change 
in resistance when it is compressed or stretched by the application of an external force. As 
the resistance of the strain gauge changes, the previously balanced bridge becomes unbal- 
anced. This unbalance causes the output voltage to change from zero, and this change can 
be measured to determine the amount of strain. In strain gauges, the resistance change is 
extremely small. This tiny change unbalances a Wheatstone bridge and can be detected 
because of its high sensitivity. For example, Wheatstone bridges with strain gauges arc 
commonly used in weight scales. 

Some resistive transducers have extremely small resistance changes, and these changes arc 
difficult to measure accurately with a direct measurement. In particular, strain gauges are one 
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of (he most useful resistive transducers that convert the stretching or compression of a fine wire 
into a change in resistance. When strain causes the wire in the gauge to stretch, the resistance 
increases a small amount; and when it compresses, the resistance of the wire decreases. 

Strain gauges arc used in many types of scales, from those that arc used for weighing 
small parts to those for weighing huge trucks. Typically, the gauges are mounted on a spe- 
cial block of aluminum that deforms when a weight is on the scale. The strain gauges arc ex- 
tremely delicate and must be mounted properly, so the entire assembly is generally prepared 
as a single unit called a load cell. A load cell is a transducer that uses strain gauges to con- 
vert mechanical force into an electrical signal. A wide variety of load cells with different 
shapes and sizes are available from manufacturers depending on the application. A typical 
S-type load cell for a weighing application is shown in Figure 7-50(a). The load cell has four 
strain gauges as illustrated in Figure 7-50(b). The gauges are mounted so that two of the 
gauges stretch (tension) when a load is placed on the scale and two of the gauges compress. 

Applied force 

Slrain gauges 
(compression) " 

Strain gauges 
(tension) 

SGI SG2 

(a) A typical S-type load cell (b) A load cell with four active strain gauges 
(two compression, two tension) 

A FIGURE 7-50 

(c) Wheatstone bridge 

Wheatstone bridge in a scale application. 

Load cells are usually connected to a Wheatstone bridge as shown in Figure 7-50(c) 
with strain gauges (SG) in tension (T) and compression (C) in opposite diagonal legs as 
shown. The output of the bridge is normally digitized and converted to a reading for a dis- 
play or sent to a computer for processing. The major advantage of the Wheatstone bridge 
circuit is that it is capable of accurately measuring very small differences in resistance. The 
use of four active transducers increases the sensitivity of the measurement and makes the 
bridge the ideal circuit for instrumentation. The Wheatstone bridge circuit has the added 
benefit of compensating for temperature variations and wire resistance of connecting wires 
that would otherwise contribute to inaccuracies. 

In addition to scales, strain gauges are used with Wheatstone bridges in other types of 
measurements including pressure measurements, displacement and acceleration measure- 
ments to name a few. In pressure measurements, the strain gauges are bonded to a flexible 
diaphragm that stretches when pressure is applied to the transducer. The amount of flexing 
is related to the pressure, which again converts to a very small resistance change. 

SECTION 7-6 1. Draw a basic Wheatstone bridge circuit. 
CHECKUP 2. Under what condition is a bridge balanced? 

3. What is the unknown resistance in Figure 7-47 when Rv = 3.3 kfl, = 10 kf), and 
R4 = 2.2 kfi? 

4. How is a Wheatstone bridge used in the unbalanced condition? 
5. What is a load cell? 
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7-7 Troubleshooting 

As you know, troubleshooting is the process of identifying and locating a failure or 
problem in a circuit. Some troubleshooting techniques and the application of logical 
thought have already been discussed in relation to both series circuits and parallel cir- 
cuits. A basic premise of troubleshooting is that you must know what to look for be- 
fore you can successfully troubleshoot a circuit. 

After completing this section, you should be able to 

♦ Troubleshoot series-parallel circuits 

♦ Determine the effects of an open in a circuit 

♦ Determine the effects of a short in a circuit 

♦ Locate opens and shorts 

Opens and shorts are typical problems that occur in electric circuits. As mentioned in 
Chapter 5, if a resistor burns out, it will normally produce an open. Bad solder connections, 
broken wires, and poor contacts can also be causes of open paths. Pieces of foreign mate- 
rial, such as solder splashes, broken insulation on wires, and so on, can lead to shorts in a 
circuit. A short is considered to be a zero resistance path between two points. 

In addition to complete opens or shorts, partial opens or partial shorts can develop in a 
circuit. A partial open would be a much higher than normal resistance, but not infinitely 
large. A partial short would be a much lower than normal resistance, but not zero. 

The following three examples illustrate troubleshooting series-parallel circuits. 

EXAMPLE 7-19 From the indicated voltmeter reading in Figure 7-51. determine if there is a fault by 
applying the APM approach. If there is a fault, identify it as either a short or an open. 

FIGURE 7-51 
B.bv 5 k! 

Wv 

4.7 kit lOktl 

I 

Solution Step 1: Analysis 

Determine what the voltmeter should be indicating as follows. Since Rt and are in 
parallel, their combined resistance is 

/e2R, (4.7kfl){I0kLl) 
/f.i, = —^^ 3.20 kH 

Kj + «3 14.7 kfl 
Determine the voltage across the parallel combination by the voltage-divider formula, 

r2|3 v, / 3.2 kfl 
^=l^T^Jv's = lT8lm)24V = 4-22V 
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This calculation shows that 4.22 V is the voltage reading that you should gel on the 
meter. However, the meter reads 9.6 V across /?2||3- This value is incorrect, and, be- 
cause it is higher than it should be. either or ^3 'S probably open. Why? Because if 
either of these two resistors is open, the resistance across which the meter is connected 
is larger than expected. A higher resistance will drop a higher voltage in this circuit. 

Step 2: Planning 

Start trying to find the open resistor by assuming that is open. If it is, the voltage 
across R} is 

/ R? \ /I0kn\ 
V, =   — Vs =  — 24 V = 9.6 V 3 \Ri + s V25kn/ 

Since the measured voltage is also 9.6 V, this calculation shows that Ri is probably open. 

Step 3: Measurement 

Disconnect power and remove Si- Measure its resistance to verify it is open. If it is 
not, inspect the wiring, solder, or connections around Si, looking for the open. 

Rein ml I'loblem What would be the voltmeter reading if Rj were open in Figure 7-51? If R| were open? 

Open Multisim file E07-I9 and verify the result in this example by removing Ri10 

simulate an open and observe the meter reading. 

EXAMPLE 7-20 Suppose that you measure 24 V with the voltmeter in Figure 7-52. Determine if there 
is a fault, and, if there is, identify it. 

FIGURE 7-52 
c"-lv 

3.3 kit 2.2 kit 10 k 

-7 k ! 2.2 kt! 24 V 

Solution Step 1: Analysis 

There is no voltage drop across R| because both sides of the resistor arc at +24 V. 
Either there is no current through R| from the source, which tells you that Ri is open 
in the circuit, or R| is shorted. 

Step 2: Planning 

The most probable failure is an open R2. If it is open, then there will be no current 
from the source. To verify this, measure across R2 with the voltmeter. If Ri is open, the 
meter will indicate 24 V. The right side of Ri will be at zero volts because there is no 
current through any of the other resistors to cause a voltage drop across them. 

Step 3: Measurement 

The measurement to verify that Ri is open is shown in Figure 7-53. 
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FIGURE 7-53 

24 V ) V 
vw a-i open 

■ k" 10 k! 

5 k!! 24 V 

I 

Related Problem 

V 

What would be the voltage across an open Kf, in Figure 7-52 assuming no other faults? 

Open Multisim file E07-20 and confirm the fault by measurement. 

EXAMPLE 7-21 The two voltmeters in Figure 7-54 indicate the voltages shown. Apply logical thought 
and your knowledge of circuit operation to determine if there are any opens or shorts 
in the circuit and, if so, where they arc located. 

FIGURE 7-54 

wv w wv 
3 3 k!! 4,7 kU ,V kU 

zl.b BSv 
5 k!! 

10 k!l 13 Ul 

_ 

Soluii Stepl: Determine if the voltmeter readings are correct. Af |. *2. and /fj act as a volt- 
age divider. Calculate the voltage (V^) across Kj as follows; 

3.3 kH 
W = R, + R2+ R). 

Fc = 
21.6 kfl 

24 V = 3.67 V 

The voltmeter A reading is correct. This indicates that tf|, R2. and /ft are connected 
and are not faulty. 

Step 2: See if the voltmeter B reading is correct. AV, + R/ is in parallel with R5. The 
series-parallel combination of Rj, R6, and R-,- is in series with Rj. Calculate the resis- 
tance of the R5, R(„ and R; combination as follows: 

R5(R6 + R7) (10kfl)(I7.2 kfl) 
^51(6+7) - Rs + R6 + R, 27.2 kH 

= 6.32 kH 

R5||(6+7) an<' ^4 form a voltage divider, and voltmeter B measures the voltage across 
Rs kp .7). Is it correct? Check as follows: 

Vb = 
^11(6+7, V =(632^,24v" ,3.8V 

^4 + ^5||(6+7)/ ' V I I kfl 
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Thus, the actual measured voltage (6.65 V) at this point is incorrect. Some logical 
thinking will help to isolate the problem. 

Step 3: /?4 is not open, because if it were, the meter would read 0 V. If there were a 
short across it, the meter would read 24 V. Since the actual voltage is much less than it 
should be, %|(6+7) must be less than the calculated value of 6.32 kfl. The most likely 
problem is a short across R,. If there is a short from the top of R/ to ground, Rh is 
effectively in parallel with R$. In this case, 

/?,«6 (I0kft)(2.2kn) r5 R, = —2-S_ = 1  i = i.gokn 511 6 Rs + /?6 12.2kf! 
Then VH is 

V 

This value for Vg agrees with the voltmeter B reading. So there is a short across R-,. If 
this were an actual circuit, you would try to find the physical cause of the short. 

lii'hned Problem If the only fault in Figure 7-54 is that Ri is shorted, what will voltmeter A read? What 
will voltmeter B read? 

Open Mullisim file E07-21 and verify the fault by measurement. 

SECTION 7-7 
CHECKUP 

FIGURE 7-55 

FIGURE 7-56 

1. Name two types of common circuit faults. 
2. In Figure 7-55, one of the resistors in the circuit is open. Based on the meter reading, 

determine which is the open resistor. 

vw 
•,(. 1,11 

iv — Old! MJL!! 

3. For the following faults in Figure 7-56, what voltage would be measured at node A 
with respect to ground? 
(a) No faults (b) R| open (c) Short across Rj (d) fij and R4 open 
(e) Rj open 

VW wv 

: 

271)SI 1.0 kll 

U0V 10011 170 7)1)1! 

I T 
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Application Activity 

The Whealstone bridge is widely used 
in measurement applications that use 
sensors to convert a physical parame- 
ter to a change in resistance. Modern 

Whealstone bridges are automated; with intelligent interface 
modules, the output can be conditioned and converted to any 
desired unit for display or processing (for example, the output 
might be displayed in pounds for a scale application). 

The Whealstone bridge provides a null measurement, which 
enables it to have great sensitivity. It can also be designed to 
compensate for changes in temperature, a great advantage for 
many resistive measurements, particularly when the resistance 
change of the sensor is very small. Usually, the output voltage of 
the bridge is increased by an amplifier that has a minimum load- 
ing effect on the bridge. 

Temperature Controller 
In this application activity, a Whealstone bridge circuit is used in 
a temperature controller. The sensor is a thermistor ("thermal 
resistor"), which is a resistive sensor that changes resistance as 
temperature changes. Thermistors are available with positive or 
negative resistance characteristics as a function of temperature. 
The thermistor in this circuit is one of the resistors in a Wheat- 
stone bridge but is located a short distance from the circuit board 
for sensing the temperature at a point off the board. The thresh- 
old voltage for the output to change is controlled by the 10 kfi 
potentiometer, R3. 

The amplifier and LEDs arc shown only to provide a context 
for this whealstone bridge application and are not intended to be 
the focus. You will study operational amplifiers in a later course. 
The amplifier is an operational amplifier ("op-amp"), which is 
an integrated circuit. The term amplifier is used in electronics 
to describe a device that produces a larger replica of the input 

voltage or current at its output. The term gain refers to the 
amount of amplification. The op-amp in this circuit is config- 
ured as a comparator, which is be used to compare the voltage 
on one side of the bridge with the voltage on the other. 

The advantage of a comparator is that it is extremely sensi- 
tive to an unbalanced bridge and produces a large output when 
the bridge is unbalanced. In fact, it is so sensitive, it is virtually 
impossible to adjust the bridge for perfect balance. Even the tini- 
est imbalance will cause the output to go to a voltage near either 
the maximum or minimum possible (the power supply voltages). 
This is handy for turning on a healer or other device based on 
the temperature. 

The Control Circuit 
This application has a tank containing a liquid that needs to be 
held at a warm temperature, as illustrated in Figure 7-57(a). 
The circuit board for the temperature controller is shown in 
Figure 7-57(b). The circuit board controls a heating unit 
(through an interface, which is not shown) when the tempera- 
ture is loo cold. The thermistor, which is located in the tank, is 
connected between one of the amplifier inputs and ground as 
illustrated. 

The op-amp has two inputs, an output, and connections for 
positive and negative supply voltages. The schematic symbol for 
the op-amp with light-emitting diodes (LEDs) connected to the 
output is shown in Figure 7-58. The red LED is on when the op- 
amp output is a positive voltage, indicating the healer is on. The 
green LED is on when the output is a negative voltage, indicat- 
ing the heater is off. 

I. Using the circuit board as a guide, complete the schematic in 
Figure 7-58. The op-amp inputs are connected to a Wheat- 
stone bridge. Show the values for all resistors. 
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FIGURE 7-58 
The op-amp and output LED 
indicators. 
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The Thermistor 
The thermistor is a mixture of two metal-oxides, which exhibit a 
large resistance change as a function of temperature. The ther- 
mistor in the temperature controller circuit is located off the 
board near the point where temperature is to be sensed in the 
lank and is connected between the thermistor inpul and ground. 

Thermistors have a nonlinear resistance-temperature charac- 
teristic described by the exponential equation: 

pi Tq-TX 
. V i Ry = Kqc 

Where: 
R-y — the resistance at a given temperature 
Ru - the resistance at a reference temperature 
To = the reference temperature in Kelvin (K), 

typically 298 K. which is 250C 
T = temperature in K 
/j = a constant (K) provided by the manufacturer 

This exponential equation where e is the base of natural loga- 
rithms can be solved easily on a scientific calculator. Exponen- 
tial equations are studied in Chapters 12 and 13. 

The thermistor in this application is a Thermometrics 
RT.2006-13.3K~ 140 DI thermistor w ith a specified resistance of 
25 kfl at 250C and a of 4615 K. For convenience, the resis- 
tance of this thermistor is plotted as a function of temperature in 
Figure 7-59. Notice that the negative slope indicates this ther- 
mistor has a negative temperature coefficient (NTC): that is. its 
resistance decreases as the temperature increases. 

As an example, the calculation for finding the resistance at 
T = 50°C is shown. First, convert 50°C to K. 

Also. 

T = °C + 273 = 50°C + 273 = 323 K 

Ta = "C + 273 = 25 "C + 273 = 298 K 
S,, = 25 k!! 

JT„-T\ 
ST = S0c 7,,7 . 

= (25 kSi)e 
= (25kSi)e~1198 

= (25 k!!)(0.302) 
= 7.54 kfi 

298-323\ 

FIGURE 7-59 
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Using your calculator, first determine the value of the exponent 
/3(7b - T)HTi)T). Next determine the value of the term 

5. If you needed to set the reference temperature to CC. what 
simple change would you make to the circuit? Show with a 
calculation that your change will work and draw the revised 
schematic. e . Finally, multiply by Rq. On many calculators. ex is a 

secondary function. 
2. Calculate the resistance of the thermistor at a temperature of 

Review 
6. At 250C, the thermistor will have about 7.5 V across it. Cal 

40oC using the exponential equation and confirm that your 
calculation is correct by comparing your result with Figure 
7-59. Remember that temperatures in the equation arc in 

culale the power it dissipates. 
7. As the temperature increases, docs the thermistor resistance 

kelvin. (K = 0C + 273). 
3. Calculate the resistance setting of to balance the bridge 

increase or decrease? 
8. Can '/ft W resistors be used in this application? Explain your 

4. Calculate the output voltage of the bridge (input to the 
op-amp) when the temperature of the thermistor is 40CC. 
Assume the bridge was balanced at 250C and that the only 
change is the resistance of the thermistor. 

at 250C. answer. 
9. Why is only one LED on at a time at the output? 

SUMMARY 

♦ A series-parallel circuit is a combination of both series and parallel current paths. 
♦ To determine total resistance in a series-parallel circuit, identify the series and parallel relationships, 

and then apply the formulas for series resistance and parallel resistance from Chapters 5 and 6. 
♦ To find the total current, apply Ohm's law and divide the total voltage by the total resistance. 
♦ To determine branch currents, apply the current-divider formula, Kirchhoff's current law. or 

Ohm's law. Consider each circuit problem individually to determine the most appropriate method. 
♦ To determine voltage drops across any portion of a series-parallel circuit, use the voltage-divider 

formula. Kirchhoff's voltage law, or Ohm's law. Consider each circuit problem individually to 
determine the most appropriate method. 

♦ When a load resistor is connected across a voltage-divider output, the output voltage decreases. 
♦ The load resistor should be large compared to the resistance across which it is connected, in order 

that the loading effect may be minimized. 
♦ To find total resistance of a ladder network, start at the point farthest from the source and reduce 

the resistance in steps. 
♦ A balanced Wheatstone bridge can be used to measure an unknown resistance. 
♦ A bridge is balanced when the output voltage is zero. The balanced condition produces zero cur- 

rent through a load connected across the output terminals of the bridge. 
♦ An unbalanced Wheatstone bridge can be used to measure physical quantities using transducers. 
♦ Opens and shorts are typical circuit faults. 
♦ Resistors normally open when they burn out. 

Balanced bridge A bridge circuit that is in the balanced slate is indicated by 0 V across the output. 
Bleeder current The current left after the total load current is subtracted from the total current into 
the circuit. 
Unbalanced bridge A bridge circuit that is in the unbalanced state as indicated by a voltage across 
the output that is proportional to the amount of deviation from the balanced stale. 
Wheatstone bridge A 4-legged type of bridge circuit with which an unknown resistance can be 
accurately measured using the balanced slate. Deviations in resistance can be measured using the 
unbalanced slate. 

KEY TERMS These key terms are also in the end of-book glossary. 
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FORMULAS 

7-1 'blkeuek - ' l _ 'k/,i _ 'r/j Bleeder current 

7-2 Unknown resistance in a Wheatslone bridge 

7-3 A Volt = A«ihen„ Thermistor bridge output 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. Parallel rcsis(ors arc always connected between the same pair of nodes. 
2. If one resistor is connected in scries with a parallel combination, the scries resistor will always 

have a larger voltage drop than the parallel resistors. 
3. In a series-parallel combinational circuit, the same current will always be in parallel resistors. 
4. A larger-value load resistor has a smaller loading effect on a circuit. 
5. Normally, a DMM will have a small loading effect on a circuit. 
6. When measuring dc voltage, the input resistance of a DMM is the same no matter what scale it 

is used on. 
7. When measuring dc voltage, the input resistance of an analog multimeter is the same no matter 

what scale it is used on. 
8. An RUR ladder is used in analog-to-digital converters. 
9. A Wheatslone bridge is balanced when its output voltage is negative. 

10. A Wheatslone bridge can be used to precisely measure resistance. 

1. Which of the following statements are true concerning Figure 7-60? 
(a) R\ and Rj are in series with R^ R4. and R$. 
(b) R\ and R2 are in series. 
(c) /?3, R4. and /?5 are in parallel, 
(d) The series combination of Ri and R2 is in parallel with the series combination of R^, R4. 

and /?3. 
(e) answers (b) and (d) 

2. The total resistance of Figure 7-60 can be found with which of the following formulas? 

(c) (R\ + R2) || (R3 + R4 + R$) (d) none of these answers 
3. If all of the resistors in Figure 7-60 have the same value, when voltage is applied across termi- 

nals A and li. the current is 

SELF-TEST Answers arc at the end of the chapter. 

(a) K, + K2 + «3 I K, || RS (b) K, || /<2 + R31| «4 || R5 

(a) greatest in R$ 
(c) greatest in R\ and R2 

(b) greatest in R^. R*. and R5 
(d) the same in all the resistors 

Rl R2 

A/A VW 

A B 
«4 «5 

VA VA— 

FIGURE 7-60 
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4. Two 1.0 kO resistors are in series and this series combination is in parallel with a 2.2 kO resistor. 
The voltage across one of the 1.0 kfl resistors is 6 V. The voltage across the 2.2 kll resistor is 
(a) 6 V (b) 3 V (c) 12 V (d) 13.2 V 

5. The parallel combination of a 330 il resistor and a 470 il resistor is in series with the parallel 
combination of four 1.0 kli resistors. A 100 V source is connected across the circuit. The resis- 
tor with the most current has a value of 
(a) LOkO (b) 330 a (c) 470a 

6. In the circuit described in Question 5. the resisior(s) with the most voltage has (have) a value of 
(a) LOkO (b) 470 a (c) 330 a 

7. In the circuit of Question 5. the percentage of the total current through any single 1.0 kll 
resistor is 
(a) 100% (b) 25% (c) 50% (d) 31.3% 

8. The output of a certain voltage divider is 9 V with no load. When a load is connected, the out- 
put voltage 
(a) increases (b) decreases (c) remains the same (d) becomes zero 

9. A certain voltage divider consists of two lOkfi resistors in series. Which of the following load 
resistors will have the most effect on the output voltage? 
(a) I.OMa (b) 20ka (c) lOOkll (d) 10ka 

10. When a load resistance is connected to the output of a voltage-divider circuit, the current drawn 
from the source 
(a) decreases (b) increases (c) remains the same (d) is cut off 

11. In a ladder network, simplification should begin at 
(a) the source (b) the resistor farthest from the source 
(c) the center (d) the resistor closest to the source 

12. In a certain four-step R/2R ladder network, the smallest resistor value is 10 ka. The largest 
value is 
(a) indeterminable (b) 20 ka (c) 50 ka (d) 100 kli 

13. The output voltage of a balanced Whealstone bridge is 
(a) equal to the source voltage 
(b) equal to zero 
(c) dependent on all of the resistor values in the bridge 
(d) dependent on the value of the unknown resistor 

14. A certain Whcatstone bridge has the following resistor values; Rv = 8 kll, :=: 680 li. and 
R4 = 2.2 kll. The unknown rcsistanec is 
(a) 2473 a (b) 25.9 kH (c) 187 a (d) 289011 

15. You are measuring the voltage at a given point in a circuit that has very high resistance values 
and the measured voltage is a little lower than it should be. This is possibly because of 
(a) one or more of the resistance values being off 
(b) the loading effect of the voltmeter 
(c) the source voltage is loo low 
(d) all of these answers 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 7-61(b). 
1. If /?2 opens, the total current 

(a) increases (b) decreases 
2. If /?3 opens, the current in R2 

(a) increases (b) decreases 

(c) stays the same 

(c) stays the same 
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3. If R4 opens, the voltage across it 
(a) increases (b) decreases (c) slays the same 

4. If R4 is shorted, the total current 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 7-63. 
5. If Rio opens, with 10 V applied between terminals A and B. the total current 

(a) increases (b) decreases (c) slays the same 
6. If R\ opens with 10 V applied between terminals A and B. the vollage across R\ 

(a) increases (b) decreases (c) slays the same 
7. If there is a short between the left coniacl of Rt> and the bottom contact of R5, the total resist- 

ance between A and B 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 7-67. 
8. If R4 opens, the vollage at point C 

(a) increases (b) decreases (c) slays the same 
9. If there is a short from point D to ground, the vollage from -4 to 6 

(a) increases (b) decreases (c) slays the same 
10. If /?5 opens, the current through R\ 

(a) increases (b) decreases (c) slays the same 

Refer (0 Figure 7-73. 
11. If a 10 kli load resistor is connected across the output terminals A and B. the output voltage 

(a) increases (b) decreases (c) slays the same 
12. If the lOkil load resistor mentioned in Question 11 is replaced by a 100 kil load resistor. 

Four 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 7-74. 
13. If there is a short between the Vi and V3 terminals of ihe switch, the vollage Vf with respect to 

ground 
(a) increases (b) decreases (c) slays the same 

14. If the switch is in Ihe position shown and if the V3 terminal of the switch is shorted to ground. 
Ihc vollage across RL 

(a) increases (b) decreases (c) slays the same 
15. If R4 opens wilh ihc switch in ihc position shown, (he vollage across RL 

(a) increases (b) decreases (c) slays ihc same 

Refer to Figure 7-79. 
16. If R4 opens, Vqut 

(a) increases (b) decreases (c) slays the same 
17. If ^7 is shorted (o ground. Vqut 

(a) increases (b) decreases (c) slays Ihc same 

More difficult problems arc indicated by an asterisk (*). 
PROBLEMS Answers to odd-numbered problems are at Ihe end of Ihe book. 

SECTION 7-1 Identifying Series-Parallel Relationships 
I. Visualize and draw the following series-parallel combinations: 

(a) R\ in scries wilh Ihc parallel combination of Rj and R3 
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(b) R\ in parallel with the series combination of Ri and R^ 
(c) R\ in parallel with a branch containing R2 in series with a parallel combination of four 

other resistors 
2. Visualize and draw the following series-parallel circuits: 

(a) A parallel combination of three branches, each containing two series resistors 
(b) A series combination of three parallel circuits, each containing two resistors 

3. In each circuit of Figure 7-61, identify the series and parallel relationships of the resistors 
viewed from the source. 

on 3 V - 
^ 68011 

CR. < JR. 5 
?6801! i *230 0. 180 n 

5 v. 
Rl ; 

i.okn; 

-±r 

6.2 kl! 

3.3 kit 

K. 

10 k!( 

Ks 
--VvV- 

5.6 ki! 

lb) 

FIGURE 7-61 
(c) 

4. For each circuit in Figure 7-62. identify the series and parallel relationships of the resistors 
viewed from the source. 

3.3 k!! 

-Wv— ,0 MS! R, 
—VvVi 

3.3 Mil 

2 V 
R. 

-Wv— 
6.2 Mil R 
 Wv-1 

1,0 MS! 

r-^m- 
3.3 kl 

«i 
1.0 k!l 

— 5 V 

,0 kQ 

—W-1 

lOkfl 6.X k!! 

4.7 kli 1.8 k!! 6.8 kl! 
lb) (c) 

FIGURE 7-62 
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5. Draw the schematic of the PC hoard layout in Figure 7-63 showing resistor values and identify 
the series-parallel relationships. 

FIGURE 7-63 

k R, R 

I" 

A B 

"6. Develop a schematic for the doublc-siclcd PC board in Figure 7-64 and label the resistor values. 
*7. Lay out a PC board for the circuit in Figure 7-62(c). The battery is to be connected external 

to the board. 

mm 

n 

Side 1 

▲ FIGURE 7-64 

Side 2 

SECTION 7-2 Analysis of Series-Parallel Resistive Circuits 
8. A certain circuit is composed of two parallel resistors. The total resistance is 667 11. One of the 

resistors is LOkll. What is the other resistor? 
9. For each circuit in Figure 7-61, determine the total resistance presented to the source. 

10. Repeat Problem 9 for each circuit in Figure 7-62. 
11. Determine the current through each resistor in each circuit in Figure 7-61; then calculate each 

voltage drop. 
12. Determine the current through each resistor in each circuit in Figure 7-62; then calculate each 

voltage drop. 
13. Find Ry for all combinations of the switches in Figure 7-65. 
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FIGURE 7-65 
SWI (NCPB) 

vw 
111(1!! 

" U! 

SW2 (NOPB) 

14. Determine the resistance between A and B in Figure 7-66 with the source removed. 
15. Determine the voltage at each node with respect to ground in Figure 7-66. 

FIGURE 7-66 

100 V 

4.7 k 
Wv 

5.6 k£l 

L.Okil kl! 

16. Determine the voltage at each node with respect to ground in Figure 7-67. 
17. In Figure 7-67. how would you determine the voltage across R? by measuring without connect- 

ing a meter directly across the resistor? 
18. Determine the resistance of the circuit in Figure 7-66 as seen from the voltage source. 
19. Determine the resistance of the circuit in Figure 7-67 as seen from the voltage source. 

FIGURE 7-67 -L 

.0 Mil 

560 k I look OMil 

=- "M I V 56 k 100 k!i 

20. Determine the voltage, in Figure 7-68. 

► FIGURE 7-68 
—WV 

Ok!) 330 n 
470!! .(Ik 

ioov 
680!! 560 ! 

VA 

.5 k!! 

100!! 
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*21. (a) Find the value of Rj Figure 7-69. <b) Determine the power in Rj- 

FIGURE 7-69 «. 

47 ki! 

R; 
yy 

R, . 1 mA 
33 ki! < 

*22. Find the resistance between node A and each of the oihcr nodes (Rah- kao ^AE- KaF' ant' 
Rag) 'n Figure 7-70. 

«, V R 
>^1,0 kil 2.2 kiPF 

K, / K 
^ 1,0 k!! 2,2 k'.PZ. 

^3.3 k!l 4.7 k!! ^ 3.3 ki! 4,7 ki! 

FIGURE 7-70 

!>23. Find the resistance between each of the following sets of nodes in Figure 7-71; AB. BC. 
and CO. 

FIGURE 7-71 

*6 
3,3 k!! 

.■ k ! 

3.3 ki! 
/ fi, = 3.3 ki! 
—-WV 1 

R, = 3.3 ki! \ 
-Wv-—>" 

i.i k!! 

"24. Determine (he value of each resistor in Figure 7-72, 
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FIGURE 7-72 /> = 20 W 
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vw 
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vw vw 

SECTION 7-3 Voltage Dividers with Resistive Loads 
25. A voltage divider consists of two 56 k!i rcsislors and a 15 V source. Calculate the unloaded output 

voltage. What will the output voltage be if a load resistor of 1.0 Mil is connected to the output? 
26. A 12 V battery output is divided down to obtain two output voltages. Three 3.3 kfl resistors 

are used to provide the two taps. Determine the output voltages. If a 10 kfl load is connected to 
the higher of the two outputs, what will its loaded value be? 

27. Which will cause a smaller decrease in output voltage for a given voltage divider, a 10 kfl load 
or a 47 kfl load? 

28. In Figure 7-73. determine the output voltage with no load across the output terminals. With a 
100 kli load conncelcd from A to II. what is the output voltage? 

29. In Figure 7-73, determine the output voltage with a 33 kfl load connected between A and 8. 
30. In Figure 7-73, determine the continuous current drawn from the source with no load across 

the output terminals. With a 33 kfl load, what is the current drain? 

FIGURE 7-73 
• "i 

1(1 kf! 

22 V -=- : r2 
■ 5.6 kfl 

• 2.7 k!l 

*31. Determine the resistance values for a voltage divider that must meet the following specifications: 
The current drawn from the source under unloaded condition is not to exceed 5 mA. The source 
voltage is to be 10 V. and the required outputs are to be 5 V and 2.5 V. Sketch the circuit. Deter- 
mine the effect on the output voltages if a 1.0 kl! load is connected to each tap one at a lime. 

32. The voltage divider in Figure 7-74 has a switched load. Determine the voltage at each tap 
(V|, V2, and V3) for each position of the switch. 

FIGURE 7-74 

120 V 
— 

' 10 kl! 

:«, 
■ 10 kf! 

■ I (Ik!! 

:«4 
• 10 kf! 

1 V, 

I kl! 
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*33. Figure 7-75 shows a dc biasing arrangemenl for a field-effecl transistor amplifier. Biasing is a 
common method for setting up certain dc voltage levels required for proper amplifier opera- 
tion. Although you are not expected to be familiar with transistor amplifiers at this point, the dc 
voltages and currents in the circuit can be determined using methods that you already know, 
(a) Find Vq and Vs (b) Determine/|./2./[> and/$ (c) Find <md Vlxj 

FIGURE 7-75 

2,2 M i ; k!! 

DA 

270 k!i .5 ksi 

Field-effect 
liansislor symbol 

'„='S 

*34. Design a voltage divider to provide a 6 V output with no load and a minimum of 5.5 V across a 
1.0 kO load. The source voltage is 24 V, and the unloaded current drain is not to exceed 100 mA. 

SECTION 7-4 Loading Effect of a Voltmeter 
35. On which one of the following voltage range settings will a voltmeter present the minimum 

load on a circuit? 
(a) IV (b) 10 V (c) 100 V (d) 1000 V 

36. Determine the internal resistance of a 20.000 O/V voltmeter on each of the following range 
settings. 
(a) 0.5 V (b) IV (c) 5 V (d) 50 V (e) 100 V (0 1000 V 

37. The voltmeter described in Problem 36 is used to measure the voltage across in Figure 
7-61(a). 
(a) What range should be used? 
(b) How much less is the voltage measured by the meter than the actual voltage? 

38. Repeat Problem 37 if the voltmeter is used to measure the voltage across R4 in the circuit of 
Figure 7-61(b). 

39. A lO.OOO H/V analog multimeter is used on the 10 V scale to measure the output of a voltage 
divider. If the divider consists of two series 100 kli resistors, what fraction of the source volt- 
age will be measured across one of the resistors? 

40. If a DMM with 10 Mil input resistance is used instead of the analog multimeter in Problem 
39. what percentage of the source voltage will be measured by the DMM? 

SECTION 7-5 Ladder Networks 
41. For the circuit shown in Figure 7-76. calculate the following: 

(a) Total resistance across the source (b) Total current from the source 
(c) Current through the 91011 resistor (d) Voltage from A to point R 

42. Determine the total resistance and the voltage at nodes A. B. and C in the ladder network of 
Figure 7-77. 
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U! 
,(.ii 

560!! 
18 V 

H «5 
VA— 

5,6 k l.oi, i I .Ok! 

2.2 Ml 2.2 k! 1.0 k 

T 

FIGURE 7-77 

*43. Determine the total resistance between terminals A and B of the ladder network in Figure 7-78. 
Also calculate the current in each branch with 10 V between A and B. 

44. What is the voltage across each resistor in Figure 7-78 with 10 V between A and B'f 

A o 
' R 

Wv VA 
100!! "0 u hlil !! 

K. 
820!! 

«4 
820!! 680 ! 

VvV VA 
100!! hlil !! 220 !! 

FIGURE 7-78 

*45. Find lj and Vqut in Figure 7-79. 

VA Wv 
ll 2 S! 

22 11 1211 
"s "n 
is a 1211 27 !! 27 !! IS 11 

30 V 
1 

FIGURE 7-79 
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46. Determine Vquit 'or the RI2R ladder network in Figure 7-80 for the following conditions: 
(a) Switch SW2 connected to +12 V and the others connected to ground 
(b) Switch SW1 connected to +12 V and the others connected to ground 

FIGURE 7-80 

14 klI 

SWI 24 k!! 

SW2 24 k!! 
2k ! 

0 SW3 24 k!! 

0 SW4 24 k!! 

2 kl! 
0\ 

47. Repeal Problem 46 for the following conditions: 
(a) SW3 and SW4 to +12 V, SW I and .SW2 to ground 
(b) SW3 and SWI to +12 V. SW2 and SW4 to ground 
(c) All switches to +12 V 

SECTION 7-6 The Wheatstone Bridge 
48. A resistor of unknown value is connected to a Whcalslonc bridge circuit, The bridge 

parameters for a balanced condition are set as follows; R\ 18 k 11 and R2/R4 — 0.02. 
What is Rx'! 

49. A load cell has four identical strain gauges with an unstrained resistance of 120.000 !! for each 
gauge (a standard value). When a load is added, the gauges in tension increase their resistance 
by 60 mil to 120.060 !! and the gauges in compression decrease their resistance by 60 m!! to 
119.940 !i as shown in Figure 7-81. What is the output voltage under load? 

50. Determine the output voltage for the unbalanced bridge in Figure 7-82 for a temperature 
of 6OX', The temperature resistance characteristic for the thermistor is shown in 
Figure 7-59. 

SGI 
120.060!! 

SG2 
119.940!! 

SIX 
9,940 !1 120.060!! 

Vs 
9.0 V 

K| 
Thermistor , 

R,' 
27 k!! 

R2 
. 27 k!! 

4 
27 k!! 

FIGURE 7-81 A FIGURE 7-82 
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SECTION 7-7 Troubleshooting 
St. Is the voltmeter reading in Figure 7-83 correct? 
52. Are the meter readings in Figure 7-84 correct? 

m si 5E 470 0 
2 V 

«3 
680 !i 4.7 kO 

VW 
27 kO 

«3 
33 kO 

l.BSv VvV 
100 kit 

;0k! 
S.DV 

w 

FIGURE 7-83 

Vs. 
8 V ' 

47 kO 

A FIGURE 7-84 

53. There is one fault in Figure 7-85. Based on the meter indications, determine what the fault is. 

3.9 kO 
«i 

1,0 kO 

2.2 kll 
5 V 

□ c C.3V 

I .Ok! 

FIGURE 7-85 

54. Look at the meters in Figure 7—86 and determine if there is a fault in the circuit. If there is a 
fault, identify it. 

I 
12 kO SI) \ 

B 1.B 
'-Id D 

10 k 
kit 

I', 
12 kO 11! 2.2 kO 

FIGURE 7-86 
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55. Check the meter readings in Figure 7-87 and locale any faull thai may exist. 
56. If Ri in Figure 7-88 opens, what voltages will he read at points A. B. and C? 

—Wv 
I ilk'! 

K, >1.11 k!l 

5.c?H 

K, >2.2ki! 

10 V • 

FIGURE 7-87 

R, >3.3 kO 15 V . 

FIGURE 7-8 

1.(1 k!l 560 n 
R, >470!! 

Wv—1 c 3.3 k!! 
K, ^ 2.2 k!l 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
57. Open file P()7-57 and measure the total resistance. 
58. Open file P()7-58. Determine by measurement if there is an open resistor and, if so, which one. 
59. Open file P()7-59 and determine the unspecified resistance value. 
60. Open file P()7-60 and determine how much the load resistance affects each of the resistor 

voltages. 
61. Open file P07-61 and find the shorted resistor, if there is one. 
62. Open file P07-62 and adjust the value of Rx until the bridge is approximately balanced. 

ANSWERS 

SECTION 7-1 

SECTION CHECKUPS 

Identifying Series-Parallel Relationships 
1. A series-parallel resistive circuit is a circuit consisting of both series and parallel connections. 
2. See Figure 7-89. 
3. Resistors R\ and /?2 are in series with the parallel combination of /?3 and R±. 
4. /?3, /?4. and R5 are in parallel. Also the series-parallel combination Ri + (R3 || R* || Rs) is in 

parallel with R\. 
5. Resistors R\ and R2 are in parallel; and R<\ are in parallel. 
6. Yes. the parallel combinations are in series. 

FIGURE 7-89 MV- 
K, 

SECTION 7-2 Analysis of Series-Parallel Resistive Circuits 
1. Voltage-divider and current-divider formulas. Kirehhoff's laws, and Ohm's law can be used in 

series-parallel analysis. 
2. Rt - R, + R2 || Ri + Rj - 608 !l 
3. /j = \R1HK2 + Rjli/r = 11.1 mA 
4. V2 = '2^2 = 3.65 V 
5. R-r = 47 !! + 27 !l + (27 !l + 27 !l) || 47 !! - 99.1 !i;/T - I V/99.1 !! - 10.1 mA 
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SECTION 7-3 Voltage Dividers with Resistive Loads 
1. The load resistor decreases the output voltage. 
2. True 
3- Vourtunloaded) = (IU0k!i/147kSi|30 V = 20.4 V; Vountoadfth = <9.1 kii/SO.! kn)30V 

= 4.87 V 

SECTION 7-4 Loading Effect of a Voltmeter 
1. A voltmeter loads a circuit because the internal resistance of the meter appears in parallel with 

the circuit resistance across which it is connected, reducing the resistance between those two 
points of the circuit and drawing current from the circuit. 

2. No, because the meter resistance is much larger than 1.0 kll. 
3. Yes. 
4. 40 MO 

SECTION 7-S Ladder Networks 
1. See Figure 7-90. 
2. «T = 11.6 kO 
3. /T = IOV/ll,6kO = 859MA 
4. h = 640 
5. VA = 1.41 V 

FIGURE 7-90 

SECTION 7-6 The Wheatstone Bridge 
1. See Figure 7-91. 
2. The bridge is balanced when VA - VB; that is. when Vqut = 0 
3. Rx = 15 kO 
4. An unbalanced bridge is used to measure transducer-sensed quantities. 
5. A load cell is a transducer that uses strain gauges to convert mechanical force into an electrical 

signal. 

FIGURE 7-91 

SECTION 7-7 Troubleshooting 
1. Common circuit faults arc opens and shorts, 
2. The lOkil resistor (Kj) is open. 
3. (a) Yi = 55 V (b) VA = 55 V (c) VA - 54.2V (d) VA = 100V (e) VA - OV 
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RELATED PROBLEMS FOR EXAMPLES 
7-1 The new resistor is in parallel with A'4 + A2 || Ai, 
7-2 The resistor has no effect because it is shorted. 
7-3 The new resistor is in parallel with R5. 
7-4 A to gnd: Ry — Rj -L A31| (A| + Ai( 

6 to gnd: Aj — A4 + A2 || (A| + R^) 
C to gnd: Rj = A4 

7-5 A3 and Ac, are in series. 
7-6 55.1 (i 
7-7 128.3 41 
7-8 2.38 mA 
7-9 /, = 3.57 mA; /j = 2.34 mA 
7-10 VA = 44.8 V; V, = 35.2 V 
7-11 2.04 V 
7-12 VAtl = 5.48 V; Vgc = 1.66 V; VCi) = 0.86 V 
7-13 3.39 V 
7-14 The current will increase lo 59 /lA. 
7-15 5.19 V 
7-16 /j = 7,16mA;/j = 3.57mA;/3 = 3.57mA;/a = l.74mA;/5 = 1.85mA; 

l6 = 1.85 mA; VA = 29.3 V; V,, = 17.4 V; Vc = 8.70 V 
7-17 3.3 kll 
7-18 0.45 V 
7-19 5.73 V;0V 
7-20 9.46 V 
7-21 VA = 12 V; VB - 13.8 V 

TRUE/FALSE QUIZ 
I. T 2. F 3. F 4. T 5. T 

SELF-TEST 
I. (e) 2. (c) 3. (e) 4. (c) 
9. (d) 10. (b) II. (b) 12. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (a) 3. (a) 4. (a) 
7. (b) 8. (c) 9. (c) 10. (c) 

13. (b) 14. (b) 15. (a) 16. (a) 

6. T 7. F 8. T 9. F 10. T 

5. (b) 6. (a) 7. (b) 8. (b) 
13. (b) 14. (a) 15. (d) 

5. (b) 6. (a) 
11. (b) 12. (a) 
17. (a) 
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CHAPTER OBJECTIVES 

♦ Describe the characteristics of a dc voltage source 
♦ Describe the characteristics of a current source 
♦ Perform source conversions 

Apply the superposition theorem to circuit analysis 
Apply Thevenin's theorem to simplify a circuit for analysis 
Apply Norton's theorem to simplify a circuit 
Apply the maximum power transfer theorem 
Perform A-lo-Y and Y-to-A conversions 

KEY TERMS 

Terminal equivalency 
Superposition theorem 
Thevenin's theorem 

♦ Norton's theorem 
• Maximum power transfer 

8 

APPLICATION ACTIVITY PREVIEW 

In this application activity, a temperature-measurement and 
control circuit uses a Wheatstone bridge like the one you 
studied in Chapter 7. You will utilize Thevenin's theorem as 
well as other techniques in the evaluation of this circuit. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
hftp://www. prenhall.com/floyd 

1 
NTRODUCTION 

In previous chapters, you analyzed various types of circuits 
using Ohm's law and Kirchhoff's laws. Some types of circuits 
are difficult to analyze using only those basic laws and 
require additional methods in order to simplify the analysis. 

The theorems and conversions in this chapter make analy- 
sis easier for certain types of circuits. These methods do not 
replace Ohm's law and Kirchhoff's laws, but they are nor- 
mally used in conjunction with the laws in certain situations. 

Because all electric circuits are driven by either voltage 
sources or current sources, it is important to understand 
how to work with these elements. The superposition theo- 
rem will help you to deal with circuits that have multiple 
sources. Thevenin's and Norton's theorems provide methods 
for reducing a circuit to a simple equivalent form for ease of 
analysis. The maximum power transfer theorem is used in 
applications where it is important for a given circuit to pro- 
vide maximum power to a load. An example of this is an 
audio amplifier that provides maximum power to a speaker. 
Delta-to-wyc and wye-to-delta conversions are sometimes 
useful when you analyze bridge circuits that are commonly 
found in systems that measure physical parameters such as 
temperature, pressure, and strain. 
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& 8-1 The DC Voltage Source  
As you learned in Chapter 2, the dc voltage source is one of the principal types of 
energy source in electronic applications, so it is important to understand its character- 
istics. The dc voltage source ideally provides constant voltage to a load even when the 
load resistance varies. 

After completing this section, you should be able to 

• Describe the characteristics of a dc voltage source 

♦ Compare a practical voltage source to an ideal source 

• Discuss the effect of loading on a practical voltage source 

Figure 8-1 (a) is the familiar symbol for an ideal dc voltage source. The voltage across 
its terminals, A and B, remains fixed regardless of the value of load resistance that may be 
connected across its output. Figure 8-1 (b) shows a load resistor, R/ . connected. All of the 
source voltage, Fs, is dropped across R/ . Ideally, R/, can be changed to any value except 
zero, and the voltage will remain fixed. The ideal voltage source has an internal resistance 
of zero. 

FIGURE 8-1 
Ideal dc voltage source. 

-0.4 

(a) Unloaded (b) Loaded 

In reality, no voltage source is ideal; however, regulated power supplies can approach 
ideal when operated within the specified output current. All voltage sources have some in- 
herent internal resistance as a result of their physical and/or chemical makeup, which can 
be represented by a resistor in scries with an ideal source, as shown in Figure 8-2(a). Rs is 
the internal source resistance and Vs's 'he source voltage. With no load, the output voltage 
(voltage from A to B) is Vj. This voltage is sometimes called the open circuit voltage. 

FIGURE 8-2 Voliage source 
Practical voltage source.  ^ o t 

Voltage source 

-o« 

(a) Unloaded (b) Loaded 

This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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Loading of the Voltage Source 

When a load resistor is connected across the output terminals, as shown in Figure 8-2(b), 
all of the source voltage docs not appear across R/ . Some of the voltage is dropped across 
Rs because Rs and R/ are in series. 

If /?s is very small compared to R/ , the source approaches ideal because almost all of the 
source voltage, Vs, appears across the larger resistance, R/ . Very little voltage is dropped 
across the internal resistance, /?s. If R/ changes, most of the source voltage remains across 
the output as long as R/ is much larger than R$. As a result, very little change occurs in the 
output voltage. The larger RL is, compared to Rs, the less change there is in the output volt- 
age. Example 8-1 illustrates the effect of changes in R/ on the output voltage when R/ is 
much greater than Rs. 

EXAMPLE 8-1 Calculate the voltage output of the source in Figure 8-3 for the following values of 
R,.: 100 (1,560 n, and 1.0 k«. 

FIGURE 8-3 

 Wr 
10 !1 

100 V 

Solution For R/, = 100 11, the voltage output is 

Rl 
Vqut = 

Rs + R/ 
Vs" (n5¥ll00V" so',v 

For R/_ = 560 H, 

ForR, = I.Okll, 

Vrurr = 
1000 it 
1010 It 100 V = 99.0 V 

Notice that the output voltage is within 10% of the source voltage, V^, for all three 
values of R/ because R/, is at least ten times Rj. 

Related Problem Determine Vqut in Figure 8-3 if Rs = 50 11 and R; = 10 kit. 

Use Muilisira file E08-0I to verify the calculated results in this example and to confirm 
your calculation for the related problem. 

^Answers are at the end of the chapter. 

The output voltage decreases significantly as the load resistance is made smaller com- 
pared to the internal source resistance. Example 8-2 illustrates the effect of a smaller R/ 
and confirms the requirement that R; must be much larger than Rs (at least 10 limes) in 
order to maintain the output voltage near its open circuit value. 
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EXAMPLE 8-2 Delermine Pqut for = 10 fi and for RL = I .(I !! in Figure 8-3. 

Solution For Ri= 10 fi, the voltage output is 

Rl 
Pntrr = 

«s + 
Ks = (^f l100V = 50V 

For R^ = 1.0 fi. 

VQUT = 1 II00V = 9.09 V 

Related Problem What is V0UT with no load resistor in Figure 8-3? 

SECTION 8-1 
CHECKUP 
Answers are at the end of the 
chapter. 

1. What is the symbol for the ideal voltage source? 
2. Draw a practical voltage source. 
3. What is the internal resistance of the ideal voltage source? 
4. What effect does the load have on the output voltage of the practical voltage source? 

8-2 The Current Source 

As you learned in Chapter 2, the current source is another type of energy source that 
ideally provides a constant current to a variable load. The concept of the current 
source is important in certain types of transistor circuits. 

After completing this section, you should be able to 

♦ Describe the characteristics of a current source 

♦ Compare a practical current source to an ideal source 

♦ Discuss the effect of loading on a practical current source 

Figure 8-4(a) shows a symbol for the ideal current source. The arrow indicates the di- 
rection of source current, /$. An ideal current source produces a constant value of current 
through a load, regardless of the value of the load. This concept is illustrated in Figure 
8-4(b), where a load resistor is connected to the current source between terminals A and B. 
The ideal current source has an infinitely large internal parallel resistance. 

FIGURE 8-4 
ideal current source. 

6 o 

(a) Unloaded (b) Loaded 
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Transistors act basically as current sources, and for this reason, knowledge of the cur- 
rent source concept is important. You will find that the equivalent model of a transistor 
does contain a current source. 

Although the ideal current source can be used in most analysis work, no actual device is 
ideal. A practical current source representation is shown in Figure 8-5. Here the internal re- 
sistance appears in parallel with the ideal current source. 

o FIGUBE 8-5  
Practical current source with load. 

's 

Current source 

o 

C 

If the internal source resistance, %, is much larger than a load resistor, the practical source 
approaches ideal. The reason is illustrated in the practical current source shown in Figure 8-5. 
Part of the current, /s. is through /?$, and part is through K/ . The internal source resistance, 
Rg, and the load resistor, R/ , act as a current divider. If Kg is much larger than R/ . most of the 
current is through R/ and very little through Rg. As long as R/ remains much smaller than Rg, 
the current through R/ will stay almost constant, no matter how much R/ changes. 

If there is a constant-current source, you can normally assume that Rg is so much larger 
than the load resistance that Rg can be neglected. This simplifies the source to ideal, mak- 
ing the analysis easier. 

Example 8-3 illustrates the effect of changes in R/ on the load current when ft/, is much 
smaller than Rg. Generally, ft/, should be at least ten limes smaller than fts (I Oft/. — fts) for 
a source to act as a reasonable current source. 

EXAMPLE 8-3 Calculate the load current (//J in Figure 8-6 for the following values of ft/.: I kf!, 
5.6m, and lOkfi. 

FIGURE 8-6 

) i * 100 kfl ''J: 

Solution For ft, = I kSI, the load current is 

h = 
Rg \ (100 m \ 

Vs = I . -. . -. 11 A = 990 mA 
Kg + K,. 101 m 

For ft/. = 5.6 kfl, 

, loom \ 
/, =  — I A = 947 mA 1 105.6 kfl/ 
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ForRL = lOkfi, 

Notice that the load current, I/ , is within 10% of the source current for each value 
of K/ because R/ is at least ten limes smaller than % in each case. 

Ih'hVfil Problem At what value of KL in Figure 8-6 will the load current equal 750 mA? 

1. What is the symbol for an ideal current source? 
2. Draw the practical current source. 
3. What is the internal resistance of the ideal current source? 
4. What effect does the load have on the load current of the practical current source? 

8-3 Source Conversions 

In circuit analysis, it is sometimes useful to convert a voltage source to an equivalent 
current source, or vice versa. 

After completing this section, you should be able to 

♦ Perform source conversions 

♦ Convert a voltage source to a current source 

♦ Convert a current source to a voltage source 

♦ Define terminal equivalency 

I SECTION 8-2 

Converting a Voltage Source to a Current Source 

The source voltage, Vj, divided by the internal source resistance, R%, gives the value of the 
equivalent source current. 

The value of /?s is the same for both the voltage and current sources. As illustrated in 
Figure 8-7, the directional arrow for the current points from plus to minus. The equivalent 
current source is in parallel with 

FIGURE 8-7 
Conversion of voltage source to 
equivalent current source. 

VA 

iO 

(a) Voltage source (b) Current source 
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Equivalency of two sources means (hat for any given load resistance connected to the 
two sources, the same load voltage and load current arc produced by both sources. This 
concept is called terminal equivalency. 

You can show that the voltage source and the current source in Figure 8-7 arc equiva- 
lent by connecting a load resistor to each, as shown in Figure 8-8, and then calculating the 
load current. For the voltage source, the load current is 

h = 
«s + «/. 

Re + R. 10 RS + "l. 

(a) Loaded voltage source 

FIGURE 8-8 

(b) Loaded current source 

Equivalent sources with loads. 

For the current source, 

h = 
«s RJrs Rs 

As you see, both expressions for // are the same. These equations show that the sources are 
equivalent as far as the load or terminals A and R are concerned. 

EXAMPLE 8-4 Convert the voltage source in Figure 8-9 to an equivalent current source and show the 
equivalent circuit. 

FIGURE 8-9 

+7 O 

i (jo v 

Solution The value of the internal resistance. R$, of the equivalent current is the same as the 
internal resistance of the voltage source. Therefore, the equivalent current source is 

Fs = 100V 
s " Rs " 47 n 

= 2.13 A 
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Figure 8-10 shows the equivalent circuit. 

FIGURE 8-10 

o 471! 2.13 A 

Rrl.iled Problem Determine 1$ and Rs "f " current source equivalent to a voltage source with Vj = 12 V 
and Rs = 10 H 

Converting a Current Source to a Voltage Source 

The source current, /s. multiplied by the internal source resistance, Rs, gives the value of 
the equivalent source voltage. 

Vs = /S«s 
Again, Rs remains the same. The polarity of the voltage source is plus to minus in the 
direction of the current. The equivalent voltage source is the voltage in series with Kg, as 
illustrated in Figure 8-11. 

6 

-oB 

—Wv 0,1 

/. «, _= 

(a) Current source (b) Voltage source 

FIGURE 8-11 
Conversion of current source to equivalent voltage source. 

EXAMPLE 8-5 Convert the current source in Figure 8-12 to an equivalent voltage source and show 
the equivalent circuit. 

FIGURE 8-12 
OA 

aO okn OmA 

Solution The value of Kg is the same as with a current source. Therefore, the equivalent voltage 
source is 

Vs = IgKg = (10 mA)(I.O kft) = 10 V 
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Figure 8-13 shows Ihc equivalent circuit. 

FIGURE 8-13 

Vs 
10V 

VA 
i.nk ! 

fin, fi d I'roblnn Determine Vs and Rg of a voltage source equivalent to a current source with Ig 
500 mA and Rg = 600 fi. 

SECTION 8-3 
CHECKUP 

1. Write the formula for converting a voltage source to a current source. 
2. Write the formula for converting a current source to a voltage source. 
3. Convert the voltage source in Figure 8-14 to an equivalent current source. 
4. Convert the current source in Figure 8-15 to an equivalent voltage source. 

WV o 1 
2211 

OR 

o,.l 

-O 2.2 k!! 

OR 

FIGURE 8-14 FIGURE 8-15 

0 8-4 The Superposition Theorem  
Some circuits use more than one voltage or current source. For example, most ampli- 
fiers operate with two voltage sources: an ac and a dc source. Additionally, some am- 
plifiers require both a positive and a negative dc voltage source for proper operation. 
When multiple sources arc used in a circuit, Ihc superposition theorem provides a 
method for analysis. 

After completing this section, you should be able to 

♦ Apply the superposition theorem to circuit analysis 

• State the superposition theorem 

♦ List the steps in applying the theorem 
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The superposition method is a way to determine currents in a circuit with multiple 
sources by leaving one source at a lime and replacing the other sources by their internal 
resistances. Recall that an ideal voltage source has a zero internal resistance and an ideal 
cuircnt source has infinite internal resistance. All sources will be treated as ideal in order to 
simplify the coverage. 

A general statement of the superposition theorem is as follows: 

T he current in any given branch of a multiple-source circuit can be found by deter- 
mining the currents in that particular branch produced by each source acting 
alone, with all other sources replaced by their internal resistances. The total cur- 
rent in the branch is the algebraic sum of the individual currents in that branch. 

The steps in applying the superposition method are as follows: 

Step 1: Leave one voltage (or current) source at a time in the circuit and replace each 
of the other voltage (or current) sources with its internal resistance. For ideal 
sources a short represents zero internal resistance and an open represents infi- 
nite internal resistance. 

Step 2: Determine the particular current (or voltage) that you want just as if there were 
only one source in the circuit. 

Step 3: Take the next source in the circuit and repeal Steps I and 2. Do this for each source. 
Step 4: To find the actual current in a given branch, algebraically sum the currents due 

to each individual source. Once you find the current, you can determine the 
voltage using Ohm's law. 

The approach to superposition is demonstrated in Figure 8-16 for a series-parallel 
circuit with two ideal voltage sources. Study the steps in this figure. 

T 
(a) Problem: Find /». 

Short 
replaces 

T 
(b) Replace V52 with zero resistance (short). (c) Find W, and /, looking from V^,: 

*r(So = K|+«2ll«3 
'T<S1) - ^SI^T(SI) 

l 

T 
'2,S.||| £ R2 

(d) Find /> due to VS| (current divider): 

Shon 
rcplaces 

T 
(e) Replace Vs. with zero resistance (short). 

T 
(0 Find Ry and ly looking from 

^7(52) = + K1 H At 
't(S2) - VS2//?, (S2> 

K, 

(g) Find I2 due to VS2: 

'2.S2. = (-S^)'T(S2. 

T T 
(h) Restore the original sources. Add /->(S|vand /-)(S2) 

to get the actual /. (they are in same direction): 
h = ^2(SI)+ ^2(S2> 

FIGURE 8-16 
Demonstration of the superposition method. 
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EXAMPLE 8-6 Use the superposition theorem to find the current through Ri of Figure 8-17. 

FIGURE 8-17 

-AW T AW- 

"1 
100 n 100 !1 

^s. Vs; 
10V ^ 100(1 "f"~ 5V 

Solution Step 1: Replace V52 with a short and find the current through R2 due to voltage source 
Vsi, as shown in Figure 8-18. To find 12, use the current-divider formula 
(Equation 6-6). Looking from Vsu 

frnsii = R| + ^- = 100 n + 50 n = 150 n 

Vsi 10V . 
/■rtsi) = T = 7^777 = 66-7 mA 

«T(SI) 150(1 
The current through Ri due to Ps: is 

/ «i A Zioonx 
/2's'> = [WTTj™" = (^mJ66-7mA =333 mA 

Note that this current is upward through Ri- 

FIGURE 8-18 

1.1. too 

ov 1(10 
I 

Replace Vs2 with 
a short 

Step 2: Find the current through Rj due to voltage source VS2 by replacing VS| with a 
short, as shown in Figure 8-19. Looking from Vtjs. 

«t(S2) = «.i + = 100 n + 50 n = iso n 

Vs2 5 V 
/jfsr. = —— = — = 33.3 mA T<S2) %S2, i-wn 

The current through R2 due to VS2 is 

f R[ \ f\oon\ 
/2(S2) = [^T^Jh(S2> = \200irj "A = 16'7mA 

Note that this current is upward through Rj- 
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FIGURE 8-19 

Replace Vs 

1 
UK) !i :mi! with 

(.1111 5 V 

I 

Step 3: Both component currents are upward through Ri, so they have the same 
algebraic sign. Therefore, add the values to get the total current through /fi. 

'2(1011 = '2(51) + '2(S2) = 33.3 mA + 16.7 mA = 50 mA 

Rel.ileil Problem Determine the total current through R2 if the polarity of VS2 in Figure 8-17 is reversed. 

Use Multisim file E08-06 to verify the calculated results in this example and to confirm 
your calculation for the related problem. -i.' 

EXAMPLE 8-7 

FIGURE 8-20 

Find the current through R2 in the circuit of Figure 8-20. 

O" 10 V icon 

: 

100 m A 

Sohiiion Step I: Find the current through Si due to Fj by replacing /s with an open, as shown 
in Figure 8-21. 

figure 8-21 

WV 

i 
Open 

yh v« — 
(III !) 

: : 

Notice that all of the current produced by Fj is through Ko. Looking from F^, 

R, = «, + /<2 = 320 n 

The current through R2 due to Fs is 
Fs 10 V 

~ ~ 31.2 mA 

Note that this cunent is upward through Rj. 
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Step 2: Find the current through R2 due to by replacing Fs with a short, as shown 
in Figure 8-22. 

Wt Replace vs 220 with 
a short 

100 SI 1(10 111 A 

FIGURE 8-22 

Use the current-divider formula to determine the current through AS due to /j. 

/?i N (220 ns 

'st's) _ 1/s = 100 mA = 68.8 mA 
V«I + Rj/0 V320n/ 

Note that this current also is upward through Ri- 

Step 3: Both currents are in the same direction through R^. so add them to get the total. 

'2(100 = '2(VS) "b '2(/s) 
= 31.2 mA + 68.8 mA = 100 mA 

Rcl.ik'cl I'nihli'in If the polarity of Vj 'n Figure 8-20 is reversed, how is the value of /$ affected? 

EXAMPLE 8-8 Find the current through the 100 U resistor in Figure 8-23. 

FIGURE 8-23 

icon Ill III \ 3 mA 

Solution Step 1: Find the current through the 100 fl resistor due to current source /si by 
replacing source 1^2 with an open, as shown in Figure 8-24. As you can sec, 
the entire 10 mA from the current source /si is downward through the 100 fl 
resistor. 

FIGURE 8-24 
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Step 2: Find the current through the 100 fl resistor due to source Isz by replacing 
source /si with an open, as indicated in Figure 8-25. Notice that all of the 
3 mA from source I$2 is upward through the 100 fl resistor. 

icon 

~i,i! 
WV 

Open 
yi 

3 mA 

FIGURE 8-25 

Step 3: To get the total current through the 100 fl resistor, subtract the smaller cur- 
rent from the larger because they are in opposite directions. The resulting 
total current is in the direction of the larger current from source /si- 

'ioon(toi) = 'uxwit/si) _ 'toont/s;) 
= 10 mA - 3 mA = 7 mA 

The resulting current is downward through the resistor. 

Helared Problem If the 100 fl resistor in Figure 8-23 is changed to 68 fl. what will be the current 
through it? 

EXAMPLE 8-9 Find the total current through in Figure 8-26. 

20 V 

r< 2* 1,0 k!! 

R, >• 1.0 k!l 
2.2 k! 15 V 

FIGURE 8-26 

Solulian Step 1: Find the current through R\ due to source VSi by replacing source VS2 with a 
short, as shown in Figure 8-27. 
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FIGURE 8-27 
_ 

20 V 

,0 k!! 

Replace I Ilk!! 1,, wiih a 
2.2 k!l 2 short 

Looking from VS|, 

^(Sl) = R R2 + RS 
Vsi 20 V 

= i.okn 
(l,0kn)(2.2kfl) 

3.2 kn 
= 1.69 ka 

T(SI) = 11.8 mA RT(SI) l.69kn 
Now apply the current-divider formula to get the current through Rt, due to 
source V51. 

%!) - 
R2 \ (I .OkS!\ „ 

'TIS I) = ( a-t,,n j"8mA = 3<'9mA 

v/?2 + Rj/"'1"" V3.2kS! 

Notice that this current is upward through R\. 

Step 2: Find /j due to source Vsi by replacing source V^i with a short, as shown in 
Figure 8-28. 

FIGURE 8-28 Replace Vsl with 
a short. 

K, > I.OkU 

R, ^"I.Ok!! 

5 V 

Looking from V52. 

«i«t „ (L0kfl)(2.2kfl) 
^ + 'r7+% = ,0kn + 3.2 kn = ,-69kn 

Voi 15 V 
,T<S2' = ^=L69kn = 8-88raA 

Now apply the current-divider formula to find the current through Rj, due to 
source V^j. 

( R[ \ (L0kft\ 
^ = (l^nj8-88mA = 2-78mA 

Notice that this current is downward through R\. 
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Step 3: Calculate the total current through Ri,. 

/.idoi) = hisi) - h(S2) = 3.69 mA - 2.78 mA = 0.91 mA = 910/rA 
This current is upward through R}. 

Related Prohlnr Find /snot) in Figure 8-26 if Vsi is changed to 12 V and its polarity reversed. 

Use Multisim tile E08-09 to verify the calculated results in this example and to confirm 

Although regulated dc power supplies are close to ideal voltage sources, many ac 
sources are not. For example, function generators generally have 50 !! or 600 !! of inter- 
nal resistance, which appears as a resistance in series with an ideal source. Also, batteries 
can look ideal when they are fresh; but as they age, the internal resistance increases. When 
applying the superposition theorem, it is important to recognize when a source is not ideal 
and replace it with its equivalent internal resistance. 

Current sources are not as common as voltage sources and are also not always ideal. If 
a current source is not ideal, as in the case of many transistors, it should be replaced by its 
equivalent internal resistance when the superposition theorem is applied. 

2. Why is the superposition theorem useful for analysis of multiple-source circuits? 
3. Why is an ideal voltage source shorted and an ideal current source opened when the 

superposition theorem is applied? 
4. Using the superposition theorem, find the current through R| in Figure 8-29. 
5. If, as a result of applying the superposition theorem, two currents are in opposing 

directions through a branch of a circuit, in which direction is the net current? 

FIGURE 8-29 

Thevenin's theorem provides a method for simplifying a circuit to a standard equivalent 
form with respect to two output terminals. This theorem can be used to simplify the 
analysis of complex circuits. 

After completing this section, you should be able to 

♦ Apply Thevenin's theorem to simplify a circuit for analysis 

♦ Describe the form of a Thcvcnin equivalent circuit 

♦ Obtain the Thevenin equivalent voltage source 

your calculation for the related problem. 

SECTION 8-4 
CHECKUP 

1. State the superposition theorem. 

8-5 Thevenin's Theorem 
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♦ Obtain the Thevenin equivalent resistance 
♦ Explain terminal equivalency in the context of Thevenin's theorem 
• Thevenize a portion of a circuit 
• Thevenize a bridge circuit 

The Thevenin equivalent form of any two-terminal resistive circuit consists of an equiv- 
alent voltage source (VTH) and an equivalent resistance (Rth). arranged as shown in Figure 
8-30. The values of the equivalent voltage and resistance depend on the values in the orig- 
inal circuit. Any resistive circuit can be simplified regardless of its complexity with respect 
to two output terminals. 

-W 
Rtu 

FIGURE 8-30 
The general form of a thevenin 
equivalent circuit is a voltage source 
in scries with a resistance. 

The equivalent voltage, Vxh* is 0,lc l>al' of the complete Thevenin equivalent circuit. 
The other part is /fjH- 

The Thevenin equivalent voltage (VTH) is the open circuit (no-load I voltage 
between two output terminals in a circuit. 

Any component connected between these two terminals effectively "sees" Vxh in series 
with /(Th- As defined by Thevenin's theorem, 

The Thevenin equivalent resistance (R-nt) 's 'he total resistance appearing between 
two terminals in a given circuit with all sources replaced by their internal resistances. 
Although a Thevenin equivalent circuit is not the same as its original circuit, it acts the 

same in terms of the output voltage and current. Try the following demonstration as illus- 
trated in Figure 8-31. Place a resistive circuit of any complexity in a box with only the 

HISTORY NOTE 

Leon Charles Thevenin 
1857-1926 

Thevenin was a French telegraph 
engineer who became increasingly 
interested in the problems of 
measurement in electrical circuits. 
As a result of studying KirchhofTs 
circuit laws and Ohm's law. in 
1882 he developed a method, now 
known as Thevenin's theorem, 
which made it possible to analyze 
a complex electrical circuit by 
reducing it to a simple equivalent 
circuit. 

Original 
circuil 

Output 
terminals 

1 

Output 
terminals 

FIGURE 8-31 

Same I, and V, 
readings 

Thevenin's 
equivalent 

circuit 

Which box contains the original 
circuil and which contains the 
Thevenin equivalent circuit? You 
cannot tell by observing the meters. 

ih) 
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output terminals exposed. Then place the Thevenin equivalent of that circuit in an identical 
box with, again, only the output terminals exposed. Connect identical load resistors across 
the output terminals of each box. Next connect a voltmeter and an ammeter to measure the 
voltage and current for each load as shown in the figure. The measured values will be iden- 
tical (neglecting tolerance variations), and you will not be able to determine which box 
contains the original circuit and which contains the Thevenin equivalent. That is, in terms 
of your observations based on any electrical measurements, both circuits appear to be the 
same. This condition is sometimes known as terminal equivalency because both circuits 
look the same from the "viewpoint" of the two output terminals. 

To find the Thevenin equivalent of any circuit, determine the equivalent voltage, Vth. 
and the equivalent resistance, /(| h, looking from the output terminals. As an example, the 
Thevenin equivalent for the circuit between terminals A and R is developed in Figure 8-32. 

ov 
Same 
vollase 

^tii = ^ ( ~R~^rR~) ^ replaced 1 2 by shon 

\ R^ is in 
series with 

R, and R, 
.IK' 111 
parallel. 

*TH = + Rl 11 R2 

(a) Finding Vm (b) Finding /f, 

-WV 0A 
Km 

—olt 
(c) Thevenin equivalent circuit 

FIGURE 8-32 
Example of the simplification of a circuit by Thevenin's theorem. 

In Figure 8-32(a), the voltage across the designated terminals A and II is the Thevenin 
equivalent voltage. In this particular circuit, the voltage from A to B is the same as the volt- 
age across Ki because there is no current through Kj and, therefore, no voltage drop across 
it. The Thevenin voltage is expressed as follows for this particular example: 

VTH = K, + R- 
Fc 

In Figure 8-32(b), the resistance between terminals A and R with the source replaced by 
a short (zero internal resistance) is the Thevenin equivalent resistance. In this particular cir- 
cuit. the resistance from A to B is Kj in series with the parallel combination of R\ and AN 
Therefore, /f ih is expressed as follows: 

Km = K.i 
R^Rj 

Rl + R2 

The Thevenin equivalent circuit is shown in Figure 8-32(c). 
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EXAMPLE 8-10 Find the Thevenin equivalent circuit between A and B of the circuit in Figure 8-33. 

FIGURE 8-33 

1000 tl 
: v 4701!- 

R. 
220!! ■ 

R, 

10001! 

Solution First, remove Ri_. Then Vm equals the voltage across Ki + Rv as shown in Figure 
8-34(a), because V4 = 0 V since there is no current through it. 

FT. i = R. + R-, 
Fc = 6901! 

169011 
10 V = 4.08 V 

To find R| h, first replace the source with a short to simulate a zero internal resis- 
tance. Then Rf appears in parallel with AN + A^, and R4 is in series with the series- 
parallel combination ofA1!, Ki, and R}, as indicated in Figure 8-34(b). 

RAR-, + RA „ (I000ft)(690a) 
«th = Ri + —!—£ = 1000 ft +   = 1410 ft IH /f, + «2 + «.! 1690 ft 

The resulting Thevenin equivalent circuit is shown in Figure 8-34(c), 

R4 is in series with R, II (/?- + R-j. 
R. 

1000!! 
R. 

1000!! 
-Wr 

.)'ill '! 
WV—o.'1 

4711 

10 V 
22(1!! 

Vs replaced 
by shorr 

o B 

1000 1 
Wv °'1 

470 0 
Ri. is in 
parallel 
with 

+ A'.' 22011 

(a) The voliagc from A 10 8 is V-,-,, and equals V,,; 
o B 

(b) Looking from terminals A and B. appears in series 
with the combination of R\ in parallel with {R^ + /?,). 

*ni 
-w^ 

1410!! 

Frn _ 
4.08 V 

(c) Thevenin equivalent circuit 

FIGURE 8-34 

Related Problem Determine Vjh and A |h if a 560 ft resistor is connected in parallel across R2 and AN. 

Use Multisim file EOS-10 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 
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Thevenin Equivalency Depends on the Viewpoint 

The Thevenin equivalenl for any circuit depends on the location of the two output terminals 
from which the circuit is "viewed." In Figure 8-33, you viewed the circuit from between the 
two terminals labeled A and B. Any given circuit can have more than one Thevenin equivalent, 
depending on how the output terminals arc designated. For example, if you view the circuit in 
Figure 8-35 from between terminals A and C, you obtain a completely different result than if 
you viewed it from between terminals A and B or from between terminals B and C. 

FIGURE 8-35 
Thevenin's equivalent depends on 
the output terminals from which the 
circuit is viewed. 

R, 

Viewed from 
i terminals 

A and B 

Viewed from 
■ terminals 

B and C 
-OC 

Viewed from 
i terminals 

A and C 

In Figure 8-36(a), when viewed from between terminals A and C, F-i h is the voltage 
across /?2 + and can be expressed using the voltage-divider formula as 

VTH(AC) 
R-> + 

R, + 
Fv 

Also, as shown in Figure 8-36(b), the resistance between terminals A and C is Ri + Ri, in 
parallel with R\ (the source is replaced by a short) and can be expressed as 

R THMC) 
«|(«2 + «3) 

R, + R? 

The resulting Thevenin equivalent circuit is shown in Figure 8-36(c). 
When viewed from between terminals B and C as indicated in Figure 8-36(d), H is the 

voltage across Rt and can be expressed as 

THIBC) 
Rt. 

Ri + R2 + Ri Vs 

FIGURE 8-36 
Example of a circuit fhevenized from 
two different sets of terminals. Parts 
(a), (b). and (c) illustrate one set of 
terminals and parts (d), (e), and 
(f) illustrate another set of terminals. 
(The Vm and ffnj values are different 
for each case.) 

—Wv 0 A 

|a) 

(d)VT„<BC) = ^| + fi2 + sJVs 

—WV 0 /A 

(b)«nMc) = «." (^2 + ^) 

(e) ^TH(SC| - ^3 " + Ri) 

-A/\h o a 

—- rTH( l< 

 o C 
(c) Thevenin equivalenl 

-AW oB 

 o C 
<f) Thevenin equivalent 
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As shown in Figure 8-36(c), the resistance between terminals B and C is in parallel with 
the series combination of R| and Ri. 

«3(«l + «2) A' TDBO + /f, 

The resulting Thcvcnin equivalent is shown in Figure 8-36 (f). 

EXAMPLE 8-11 (a) Determine the Thevenin equivalent circuit for Ihe circuit in Figure 8-37 viewed 
from terminals A and C. 

(b) Determine the Thevenin equivalent circuit for the circuit in Figure 8-37 viewed 
from terminals B and C. 

FIGURE 8-37 

vs. 
io v; 

m 
3.6 k ! 

4,7 kit 

III 

Solution (a) V mwo • 
R. + R, VS = 4.7 kft + 3.3 kft 

Ri + R2 + RiJ ■' V5.6 kft + 4.7 kft + 3.3 kft 

RTH(AC) = K\ II («2 + Ki) = 5.6 kft || (4.7 kft + 3.3 kft) = 3.29 kft 

10 V = 5.88 V 

The Thevenin equivalent circuit is shown in Figure 8-38(a). 

R-h V. I 3,3 kft (b) VXH(80 - Vs = \R\ + Ri + RiJ " V5.6kft + 4.7 kft + 3.3 kft 

K-iHtfiC) = Ri II («i + Ri) = 3.3 kft |i (5.6kft + 4.7 kft) = 2.50kft 

The Thevenin equivalent circuit is shown in Figure 8-38(b). 

10 V = 2.43 V 

TiiWl — 
5.88 V -T 

"thmo 
-AMr- 

3.29 kU 

(a) 

FIGURE 8-38 

-OC 

lll(«C)   
2.43 V -T 

(b) 

"'ITI(fiC) 
-Chr- 
ist) k!l 

-oB 

-OC 

ReLitfil problem Determine Ihe Thevenin equivalent circuit viewed from terminals A and B in Figure 8-37. 
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Thevenizing a Portion of a Circuit 

In many cases, it helps to theveni/e only a portion of a circuit. For example, when you need 
to know the equivalent circuit as viewed by one particular resistor in the circuit, you can 
remove the resistor and apply Thevenin's theorem to the remaining part of the circuit as 
viewed from the points between which that resistor was connected. Figure 8-39 illustrates 
the thevenizing of part of a circuit. 

FIGURE 8-B9 
Example of thevenizing a portion of 
a circuit. In this case, the circuit is + 
thevenized from the viewpoint of the 1 "■ 
load resistor, Rj. 

0 Remove R 

il 'III 
viewpoint 

(a) Original circuit (h) Remove /?, and theveni/.e 

Rtu = II 
-w*- 

(«, +" r;)1 1 

(c) Thevenin equivalent of original circuit with R: connected 

Using this type of approach, you can easily find the voltage and current for a specified 
resistor for any number of resistor values using only Ohm's law. This method eliminates 
the necessity of reanalyzing the original circuit for each different resistance value. 

Thevenizing a Bridge Circuit 

The usefulness of Thevenin's theorem is perhaps best illustrated when it is applied to a 
Wheatstone bridge circuit. For example, when a load resistor is connected to the output ter- 
minals of a Wheatstone bridge, as shown in Figure 8-40, the circuit is difficult to analyze 
because it is not a straightforward series-parallel arrangement. There arc no resistors that 
are in series or in parallel with another resistor. 

FIGURE 8-40 
A Wheatstone bridge with a load 
resistor connected between the output 
terminals is not a straightforward 
series-parallel circuit. 

wv 

Using Thevenin's theorem, you can simplify the bridge circuit to an equivalent circuit 
viewed from the load resistor as shown step-by-slep in Figure 8-41. Study carefully the 
steps in this figure. Once the equivalent circuit for the bridge is found, the voltage and cur- 
rent for any value of load resistor can easily be determined. 
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(a) Remove RL. 

> > R, 'R< > + 
1 0 O • if, 

' V". < 
> A B J> * AS J. > R, > R, > R, > 

(b) Redraw to find VTH, (c)V.nl = V, - V„ = V5 

(d) Replace ¥$ with a short. Note: The 
red lines rcprcscni the same 
electrical point as the red lines 
in Part (e). 

R, — RTH 

(e) Redraw to find /?TH: 
R{\\R2+ RtWR* 

wv 
«im 

T 

(f) Thevenin's equivalent 
with R, reconnected 

FIGURE 8-41 
Simplifying a Wheatslone bridge with Thevenin's Theorem. 

EXAMPLE 8-12 Determine the voltage and current for the load resistor, /?£, in the bridge circuit of 
Figure 8-42. 

FIGURE 8-42 

l.N'l 

24 V k 1 
K, 

680!! 560 !! 

Solution Step 1: Remove R/ . 
Step 2: To thevenize the bridge as viewed from between terminals A and II. as was 

shown in Figure 8-41, first determine Vth- 

680 ft \ / 560 ft \ 24 V - ( -rrr-rr 124 V = 16.16 V - 10.84 V = 5.32 V 
1010 ft 1240 ft 
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Step 3: Determine /^m- 

/?TH ~" «, + R2 «3 + «4 
(330 !!)(680 !1) (680(1X560(1) „ 

= ' 777- 1 +   —-7-7-   = 222 fl + 307 ft = 529 ft 1010 ft 1240 ft 

Step 4: Place Pxh and AXh in series to form the Thevenin equivalent circuit. 
Step 5: Connect the load resistor between terminals A and B of the equivalent circuit, 

and determine the load voltage and current as illustrated in Figure 8-43. 

" (iTTTd"™ " (TMIST)5-32v " 3'4,iv 

'-MS— 

FIGURE 8-43 Thevenin's equivalent 
for the Wheaistone 
bridge ^ 

VA 
52V it 

Ok! I 

Helm I'd Problem Calculate // foi ft, = 2.2kft./?2 = 3.3 kft. W, = 3.9 kft, and /C, = 2.7 kft. 

Use Multisim files E08-I2A and E08-I2B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

An Alternate Approach An alternate way to Ihevenize the Wheatstone bridge is to con- 
sider a different viewpoint. Instead of viewing it from between the A and B terminals, you 
can view it from terminal A to ground and from terminal B to ground, as illustrated in 
Figure 8~44(a) and (b). The resulting equivalent circuit is simplified into two facing 
Thevenin circuits that still include ground, as illustrated in Figure 8-44(c). When calculat- 
ing the Thevenin resistance, replace the voltage source by a short; thus, two of the bridge 
resistors are shorted out. In Figure 8-44(a), R3 and R4 are shorted and in part (b) R\ and Ri 
arc shorted. In each case, the remaining two resistors appear in parallel to form the 
Thevenin resistance. The load resistor can be replaced as in Figure 8-44(d). which is seen 
to be a simple series circuit with two opposing sources. The advantage of this method is 
that ground is still shown in this equivalent circuit, so it is easy to find the voltage at termi- 
nal A or R with respect to ground by applying the superposition theorem to the equivalent 
circuit. 

Summary of Thevenin's Theorem 

Remember, the Thevenin equivalent circuit is always in the form of an equivalent voltage 
source in series with an equivalent resistance regardless of the original circuit that it replaces. 
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R i and R, aie 
shorted by 
source. 

12 V T 12 V 

W, and /?2 are 
shoncd by 

R} source. 

(a) Viewed between A and ground (b) Viewed between B and ground 

«TI.= 
«,!! K4 

Vn,. (—C—rm = 

 1  
(c) Equivalent facing Thevenin circuits 

FIGURE 8-44 

«m , Rf. n «ra 
r-Wv— 

(dj Load resistor connected 

The significance of Thevenin's Iheorein is that the equivalent circuit can replace the origi- 
nal circuit as far as any external load is concerned. Any load resistor connected between the 
terminals of a Thevenin equivalent circuit will have the same current through it and the 
same voltage across it as if it were connected to the terminals of the original circuit. 

A summary of steps for applying Thevenin's theorem is as follows: 

Step 1: Open the two terminals (remove any load) between which you want to find the 
Thevenin equivalent circuit. 

Step 2: Determine the voltage (V| h) across the two open terminals. 
Step 3: Determine the resistance between the two open terminals with all 

sources replaced with their internal resistances (ideal voltage sources shorted 
and ideal current sources opened). 

Step 4: Connect ^TH and /fTH in series to produce the complete Thevenin equivalent 
for the original circuit. 

Step 5: Replace the load removed in Step i across the terminals of the Thevenin 
equivalent circuit. You can now calculate the load current and load voltage 
using only Ohm's law. They have Ihe same value as the load current and load 
voltage in the original circuit. 

Determining Vth and Rm by Measurement 

Thevenin's theorem is largely an analytical tool that is applied theoretically in order to sim- 
plify circuit analysis. However, you can find Thevenin's equivalent for an actual circuit by 
Ihe following general measurement methods. These steps are illustrated in Figure 8-45. 

Step 1: Remove any load from the output terminals of the circuit. 
Step 2: Measure the open terminal voltage. The voltmeter used must have an internal 

resistance much greater (at least 10 limes greater) than the /fTH of Ihe circuit so 
that it has negligible loading effect. (Vth is 'be open terminal voltage.) 
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Circuit 
under 
tesi 

Step I: Open the output terminals (remove load). 

Circuit 
under 
lest 

K,n 

Step 3: Connect variable load resistance set to its 
maximum value across the terminals. 

1^7% ]| 
t  o-*— 

Circuit 
under 
test 

Step 2: Measure V.m. 

0.5V™ 

Circuit 
under = "tii 
test 

Step 4: Adjust R, until V, = 0.51^,,. 
When VL = 0.5V,,,, RL = Rni. 

Step 5: Remove R, from the circuit under test 
and measure its resistance to get RTH. 

FIGURE 8-45 
Determination of Thevenin's equivalent by measurement. 

Step 3: Connect a variable resistor (rheostat) across the output terminals. Set it at its 
maximum value, which must be greater than /fyn- 

Step 4: Adjust the rheostat until the terminal voltage equals 0.5 Vjh. At this point, the 
resistance of the rheostat is equal to /fm- 

Step 5: Disconnect the rheostat from the terminals and measure its resistance with an 
ohmmeter. This measured resistance is equal to /fpH- 

This procedure for determining ff m differs from the theoretical procedure because it is 
impractical to short voltage sources or open current sources in an actual circuit. Also, when 
measuring K | be certain that the circuit is capable of providing the required current to the 
variable resistor load and that the variable resistor can handle the required power. These 
considerations may make the procedure impractical in some cases. 

An Example of a Practical Application 

Although you have not studied transistor circuits, a basic amplifier can be used to illus- 
trate the usefulness of Thevenin's equivalent circuit. A transistor circuit can be modeled 
with basic components including a dependent cunenl source and a Thevenin equivalent 
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circuit. Modeling is generally a mathematical simplification of a complex circuit, retain- 
ing only the most important parts of the circuit and eliminating those that have only a min- 
imum effect, 

A typical dc model of a transistor is shown in Figure 8-46. This type of transistor (bipo- 
lar junction transistor) has three terminals, labeled base (B), collector (C), and emitter 
(E). In this case, the emitter terminal is both an input and an output, so it is common. The 
dependent current source (diamond-shaped symbol) is controlled by the base current, /g. 
For this example, the current from the dependent source is 200 times larger than the base 
current as expressed by the term /j/H. where p is a transistor gain parameter and, in this 
case, p = 200. 

The transistor is part of a dc amplifier circuit, and you can use the basic model to pre- 
dict the output current. The output current is larger than the input circuit can provide by it- 
self. For example, the source can represent a small transducer, such as a solar cell with an 
internal resistance of 6,8 kfl. It is shown as an equivalent Thevenin voltage and Thevenin 
resistance. The load could be any device that requires higher current than the source can 
provide directly. 

"th 
1.6 V 

-^AV- 
6.8 k!l 

T 

❖ 
• 200/b ' 470 !i 

Thevenin equivalent of the input source 

FIGURE 8-46 

Transistor model Load 

DC transistor circuit. The diamond-shaped symbol indicates a dependent current source. 

EXAMPLE 8-13 (a) Write KVL around the left part of the circuit in Figure 8-46, Solve for/B, 

(b) Determine the current from the dependent current source. This cunenl is lc- 

(c) Calculate the output voltage and the power in the load resistor R/ . 

(d) Compare the power determined in (c) with the power delivered to the load if the 
load resistor were connected directly to the Thevenin circuit. 

Solution (a) VTh - Sjh'b - 0.7 V = 0 

VTH - 0.7 V 1.6 V -0.7 V In   =      132 u A B RTH OSkfi ^ 

(b) /c = piB = 200(132/cA) = 26.5 mA 

(c) V0uT = lcRL = (26.5 mA)(470 fl) = 12.4 V 

vkUT (12.4 V)2 

^ = T = ^r = 327mW 

(d) PL = l2
BRL = (132 p,A)2(470 fl) = 8.19/iW 
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The power in the load resistor is 327 mW/X. 19 /AV = 39,927 limes greater than 
the power that the Thevenin input circuit could deliver to the same load. This illus- 
trates that the transistor can operate as a power amplifier. 

Hcl.ncd I'lvhh'm Determine the input voltage at the base (B) of'the transistor. Compare this value to 
Vqut. By how much does the amplifier increase the input voltage? 

SECTION 8-5 
CHECKUP 

1. What are the two components of a Thevenin equivalent circuit? 
2. Draw the general form of a Thevenin equivalent circuit. 
3. How is VTH defined? 
4. How is Rt(| defined? 
5. For the original circuit in Figure 8-47, draw the Thevenin equivalent circuit as viewed 

from the output terminals <3 and 6. 

FIGURE 8-47 

Vs. 
50V ' -7n ! 

33011 

8-6 Norton's Theorem  

Like Thevenin's theorem, Norton's theorem provides a method of reducing a more 
complex circuit to a simpler equivalent form. The basic difference is that Norton's the- 
orem results in an equivalent current source in parallel with an equivalent resistance. 

After completing this section, you should be able to 

♦ Apply Norton's theorem to simplify a circuit 

♦ Describe the form of a Norton equivalent circuit 

♦ Obtain the Norton equivalent current source 

♦ Obtain the Norton equivalent resistance 

FIGURE 8-48 
Form of Norton's equivalent circuit. 

Norton's theorem is a method for simplifying a two-terminal linear circuit to an 
equivalent circuit with only a current source in parallel with a resistor. The form of Nor- 
ton's equivalent circuit is shown in Figure 8-48. Regardless of how complex the original 
two-terminal circuit is, it can always be reduced to this equivalent form. The equivalent 
current source is designated /N, and the equivalent resistance is designated RN. To apply 
Norton's theorem, you must know how to find the two quantities and R\. Once you 
know them for a given circuit, simply connect them in parallel to get the complete 
Norton circuit. 
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Norton's Equivalent Current (/N) 

Norton's equivalent current (/N) is the short-circuit current between two output 
terminals in a circuit. 

Any component connected between these two terminals effectively "sees" a current source 
/n in parallel with R^. To illustrate, suppose that a resistive circuit of some kind has a re- 
sistor (R/) connected between two output terminals in the circuit, as shown in Figure 
8-49(a). You want to find the Norton circuit that is equivalent to the one shown as "seen" 
by R/ . To find calculate the current between terminals A and B with these two terminals 
shorted, as shown in Figure 8-49(b). Example 8-14 demonstrates how to find /pj. 

FIGURE 8-49 
Determining the Norton equivalent 
current, lN. 

(a) Original circuit (b) Short the terminals to get /N. 

EXAMPLE 8-14 

FIGURE 8-50 

Determine /pi for the circuit within the beige area in Figure 8-50(a). 

vs: 5 V . 

47 II inti n 

47 !! 

(a) 

4T II 100!! -n 

5 V 

So!ii Short terminals A and B as shown in Figure 8-50(b). /N is the current through the 
short. First, the total resistance seen by the voltage source is 

(47 fix 100 ft) 
Rt = R, 

R-,R 2" 3 
R2 + R3 

The total current from the source is 

= 47 0 

5 V 

147 O 

= 63.3 mA 

= 79 0 

Rr 79 O 

Now apply the current-divider formula to find /pj (the current through the short). 

R2 V / 47 O 
In — It = 63.3 mA = 20.2 mA 

v/?2 + RiJ'' V 147 O 

This is the value for the equivalent Norton current source. 

Rcl.iicd Problem Determine /pj in Figure 8-50(a) if the value of R^ is doubled. 

Use Mullisim file EOS-14 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 
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Norton's Equivalent Resistance (f7N) 

Norton's equivalent resistance (Sn) 's defined in the same way as Rjh. 

The Norton equivalent resistance, R^, is the total resistance appearing between 
two output terminals in a given circuit with all sources replaced by their internal 
resistances. 

Example 8-15 demonstrates how to find R-^. 

EXAMPLE 8-15 Find /f\j for the circuit within the beige area of Figure 8-50(a) (sec Example 8-14). 

Solulion First reduce to zero by shorting it, as shown in Figure 8-51. Looking in at terminals 
A and B, you can see that the parallel combination of R| and Ri is in series with Rj. Thus, 

Rv = R, icon 
2 

47 n 
= 124 n 

FIGURE 8-51 

Wv Replace V 
with a shun 4~ II 10011 

47 1! 

Kehiltd I'tnblem Determine Ry in Figure 8-50(a) if the value of R; is doubled. 

Examples 8-14 and 8-15 have shown how to find the two equivalent components of a 
Norton equivalent circuit, /\ and R^. Keep in mind that these values can be found for any 
linear circuit. Once these arc known, they must be connected in parallel to form the Norton 
equivalent circuit, as illustrated in Example 8-16, 

EXAMPLE 8-16 Draw the complete Norton equivalent circuit for the original circuit in Figure 8-50(a) 
(Example 8-14). 

Solulion In Examples 8-14 and 8-15 it was found that 1^ = 20.2 mA and R\i = 124 f!. The 
Norton equivalent circuit is shown in Figure 8-52. 

FIGURE 8-52 

20.2 mA 
'N A 
il A 

-OA 

:«n 
• 1241! 

Ri'Lilcd 1'iiihlem Find Ry for the circuit in Figure 8-50(a) if all the resistor values are doubled. 
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Summary of Norton's Theorem 

Any load resistor connected between the output terminals of a Norton equivalent circuit 
will have the same current through it and the same voltage across it as if it were connected 
to the output terminals of the original circuit. A summary of steps for theoretically apply- 
ing Norton's theorem is as follows: 

Step 1: Short the two terminals between which you want to find the Norton equivalent 
circuit. 

Step 2: Determine the current (/N) through the shorted terminals. 
Step 3: Determine the resistance (/i;N| between the two open terminals with all sources 

replaced with their internal resistances (ideal voltage sources shorted and ideal 
current sources opened). = A'm. 

Step 4: Connect /n and Rfj in parallel to produce the complete Norton equivalent for 
the original circuit. 

Norton's equivalent circuit can also be derived from Thcvcnin's equivalent circuit by 
use of the source conversion method discussed in Section 8-3, 

An Example of a Practical Application 

A voltage amplifier in a digital light meter is modeled using a Norton equivalent circuit and 
a dependent voltage source. A block diagram of the light meter is shown in Figure 8-53. 
The light meter uses a photocell as a sensor. The photocell is a current source that produces 
a very small current proportional to the incident light. Because it is a current source, a Nor- 
ton circuit can be used to model the photocell. The very small amount of current from the 
photocell is converted to a small input voltage across A dc amplifier is used to increase 
the voltage to a level sufficient for driving the analog-to-digital converter. 

HISTORY NOTE 

Edward Lawry 
Norton 
1898-1983 

Norton started work as an 
electrical engineer in 1922 at the 
Western Electric Corporation, 
which became Bell Laboratories in 
1925. Norton's theorem is basically 
an extension of Thcvcnin's theorem 
and was developed in 1926 and 
documented in a Bell Labs internal 
technical report. A German 
telecommunications engineer. 
Hans Mayer, published the same 
result in the same month as 
Norton's technical memorandum. 
In Europe, it is known as the 
Mayer-Norton equivalent. (Photo 
credit: Courtesy of AT&T Archives 
and History Center.) 

Analog-lo- 
Display Photocell Amplifier digital *" 

converter 

FIGURE 8-53 
Light meter block diagram. 

In this application, only with the first two blocks in the light meter diagram are of inter- 
est. These have been modeled as shown in Figure 8-54. The photocell has been modeled as 
a Norton circuit on the input. The output of the Norton circuit is fed to the amplifier's input 
resistance, which converts the current to a small voltage V|N. The amplifier increases 
this voltage by 33 to drive the analog-lo-digilal converter which, for simplicity, is modeled 
simply as a load resistor, R^. The value of 33 is the gain of this particular amplifier. 

Photocell 

Hi 5.5 (I A V* 

Amplifier 
oi i 

-o k 1 

% 
UK) ktl 2.7 k!> ,0 Mil 

FIGURE 8-54 
Photocell and amplifier model. The diamond-shaped symbol indicates a dependent voltage source. 
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EXAMPLE 8-17 Refer lo Figure 8-54. 

(a) Apply the current-divider rule to the input Norton circuit to calculate /|\, 

(b) Use Ohm's law to calculate Vin- 

(c) Determine the voltage from the dependent voltage source. This gain is 33. 

(d) Apply the voltage-divider rule to calculate Vqut- 

Solution (a) /|N = / = (5.5 M) 
1.0 MO \ 
1.1 MIT ) Ks + K\N 

(b) V|N = /IN/fIN = (SMKlOOkH) = 0.5V 

(c) 33Vin = (33)(0.5V) = 16.5 V 

Rl 

= 5 /lA 

(d) Vqut = (33 V|N) 
R, + Rn 

= (16.5 V)(0.403) = 6.65 V 

Related Problem If the photocell is replaced by one having the same current but a Norton equivalent 
resistance of 2.0 Mil, what is the output voltage? 

SECTION 8-6 
CHECKUP 

1. What are the two components of a Norton equivalent circuit? 
2. Draw the general form of a Norton equivalent circuit. 
3. How is lN defined? 
4. How is Rn defined? 
5. Find the Norton circuit as seen by RL in Figure 8-55. 

"i *3 ... A 
lOki! 4.7 k!i 

io v ~ 
> K, < 
* lOktl 

R 

8-7 Maximum Power Transfer Theorem  

The maximum power transfer theorem is important when you need to know the value 
of the load at which the most power is delivered from the source. 

After completing this section, you should be able to 

• Apply the maximum power transfer theorem 

• Stale the theorem 

♦ Determine the value of load resistance for which maximum power is transferred 
from a given circuit 
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The maximum power transfer theorem is stated as follows: 
For a given source voltage, maximum power is transferred from a source to a load 
when the load resistance is equal to the internal source resistance. 

The source resistance, Ks, of a circuit is the equivalent resistance as viewed from the out- 
put terminals using Thevenin's theorem. A Thevenin equivalent circuit with its output re- 
sistance and load is shown in Figure 8-56. When R/ = !<$, the maximum power possible 
is transferred from the voltage source to RL for a given value of Vs. 

Source 
Rs 

rWr- 

FIGURE 8-56 
Maximum power is transferred to 
the load when /(, = Rs. 

Practical applications of the maximum power transfer theorem include audio systems 
such as stereo, radio, and public address. In these systems the resistance of the speaker is 
the load. The circuit that drives the speaker is a power amplifier. The systems are typically 
optimized for maximum power to the speakers. Thus, the resistance of the speaker must 
equal the internal source resistance of the amplifier. 

Example 8-18 shows that maximum power occurs when R/ = 

EXAMPLE 8-18 The source in Figure 8-57 has an internal source resistance of 75 1!. Determine the 
load power for each of the following values of load resistance: 

(a) on (i))25n (c) son (d)75n (e) icon 

Draw a graph showing the load power versus the load resistance. 

FIGURE 8-57 

(f) 125 n 

wv 
7? II 

HIV 

Solution Use Ohm's law (/ = V/R) and the power formula (/' = /2R) to find the load power, 
/'/ , for each value of load resistance. 

(a) For R/ = (I Si. 

(b) For Rl = 25 !l. 

I = Vs 10V 
Rs + Rl 15 0. + on 

= 133 mA 

PL = P-R, = (133 mA)2(0 O) = 0 mW 

/ = Vs 10V 
= 100 mA 

Rs + Rl 15 0 + 25 O 

Rl = 12Rl = (100 mA)2(25 (!) = 250 mW 
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(c) For RL = SOfl. 

(d) For /?/. = 75 il. 

fe) For R, = 100 ft, 

Vs 10 V 
/    —   — = 80 mA /?s + R, 125 n 

PL = l2RL = (80 mA)2(50 Si) = 320 mW 

Vs 10 V / =    = ——— = 66.7 mA 
Rs + KL '50 n 

Pl = I2Rl = (66.7 mA)2(75 H) = 334 mW 

Vs iOV 
/ = 2— = — = 57.1 mA 

Rs + Rl 175 (I 

= l2RL = (57.1 mA)2(100 !1) = 326 mW 

(f) ForRL = 125 0, 
Vs 10 V 

1 ~ Rs + RL ~ 200 n ~ 50 mA 

pL = I2rl = (50 mA)2(l25 O) = 313 mW 
Notice that the load power is greatest when R/ = 75 O, which is the same as the 

internal source resistance. When the load resistance is less than or greater than this 
value, the power drops off", as the curve in Figure 8-58 graphically illustrates. 

PL (mW) 

= R 

[ i 1 T 0 25 50 7 100 125 

FIGURE 8-58  
Curve showing that the load power is maximum when RL = Rj. 

Ki'ljlnl Prnhh If the source resistance in Figure 8-57 is 600 O, what is the maximum power that can 
be delivered to a load? 

Open Mullisim file EOS-18 and measure the current in each value of load resistance to 
verify the calculations in the example. 
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1. Stale the maximum power transfer theorem. 
2. When is maximum power delivered from a source to a load? 
3. A given circuit has an internal source resistance of 50 n. What will be the value of the 

load to which the maximum power is delivered? 

8-8 Delta-to-Wye (A-to-Y) and Wye-to-Delta (Y-to-A) Conversions 

Conversions between delta-type and wye-type circuit arrangements are useful in cer- 
tain specialized three-terminal applications. One example is in the analysis of a loaded 
Whealstone bridge circuit. 

After completing this section, you should be able to 

♦ Perform A-to-V and Y-to-A conversions 

♦ Apply A-to-Y conversion to a bridge circuit 

I SECTION 8-7 

A resistive delta (A) circuit is a three-terminal arrangement as shown in Figure 8-59(a). 
A wye (Y) circuit is shown in Figure 8-59(b). Notice that letter subscripts are used to des- 
ignate resistors in the delta circuit and that numerical subscripts are used to designate resis- 
tors in the wye circuit. 

A ^ !<„ 

FIGURE 8-59 
Delta and wye circuits. 

(b) Wye 

A-to-Y Conversion 

It is convenient to think of the wye positioned within the delta, as shown in Figure 8-60. To 
convert from delta to wye, you need /f|, /?2, and in terms of RA. Rg, and R( . The conver- 
sion rule is as follows; 

Each resistor in the wye is equal to the product of the resistors in two adjacent 
delta branches, divided by the sum of all three delta resistors. 

VvV 
FIGURE 8-60 

"Y within A" aid for conversion 
formulas. 
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Equation 8-1 

Equation 8-2 

Equation 8-3 

in Figure 8-60, R,\ and R( arc adjacent to R[: therefore, 

KaRC R\ = 
Ra + RB + Re 

Also, Rg and Re are adjacent to AS. so 

R-> = 

and R,\ and Rg arc adjacent to R\. so 

RbRC 
R, + Ri, + R, 

Ri = 
RaRB 

Ra + RH + Re 

Equation 8-4 

Equation 8-5 

Equation 8-6 

Y-to-A Conversion 

To convert from wye to delta, you need R\. Rb. and Re in terms of R\, R^- and Ry,. The con- 
version rule is as follows: 

Each resistor in the delta is equal to the sum of all possible products of wye resis- 
tors taken two at a time, divided by the opposite wye resistor. 

In Figure 8-60, Ry is opposite to RA\ therefore, 

R\Ri + R\Ri + RyR} 
Ra = 

Ry 
Also, R\ is opposite to Rg, so 

and Ry is opposite to Re. so 

Rb = 

Rr = 

RtR2 + RfRy + RyR) 
R, 

R^ + R\Ry + RyRy 
Ry 

EXAMPLE 8-19 Convert the delta circuit in Figure 8-61 to a wye circuit. 

FIGURE 8-61 

00 

560 U "(in 

Solution Use Equations 8-1, 8-2, and 8-3. 

RaRC 
R, = 

(220ft)(100n) 

Ry = 

Ry = 

Ra + Rb + Re 220 ft + 560 ft + 100 ft 
RgRe (560 ft)(100 ft) 

= 25 ft 

Ra + R,, + Re 880 ft 
RaRb (220 n )(560(1) 

Ra + Rg A- Re 880 ft 

= 63.6 ft 

= 140 ft 
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The resulting wye circuit is shown in Figure 8-62. 

FIGURE 8-62 
R, R 

25 SI T 63.6 SI 
R. > 140Si 

Related Problem Convert the delta circuit to a wye network for RA = 2.2 kf!, RB = 1.0 kf!. and 
Rc = 1.8 kfi. 

EXAMPLE 8-20 Convert the wye circuit in Figure 8-63 to a delta circuit. 

FIGURE 8-63 R, Ri 

1.0 kSi T 2.2 kSi 

R, ^ 5.6 kSi 

Solution Use Equations 8-4. 8-3, and 8-6. 

R|/?2 + + R2R} 
Ra = 

«2 
(I.Okll)(2.2kJl) + (I.OkSl)(5.6kn) + (2.2 kii)(5.6 kii) 

2.2 kH 

Rb = 
R\R2 "F R1 Rr + RiR} 

(1.0kn)(2.2kn) + (l.0ka)(5.6kn) + (2.2 kfl)(5.6kO) 
1.0 ki! 

Rc = 
R^Ri + K|«3 + K2K3 

«3 
(l.0kfi)(2.2kf!) + (l.0kft)(5.6kft) + (2.2kn)(5.6ka) 

5.6 kd 

The resulting delta circuit is shown in Figure 8-64. 

= 9.15 kfl 

= 20.1 kll 

= 3.59 kfl 

FIGURE 8-64 

w 

Ra *2 RB 
9.15 kSl\ / 20.1 kSi 

Related Problem Convert the wye circuit to a delta circuit for R, = 100 SI. AS = 330 fl, and Rj = 470 ft. 
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Application of A-to-Y Conversion to a Bridge Circuit 

In Section 8-5 you learned how ThcvcniiTs theorem can be used to simplify a bridge cir- 
cuit. Now you will see how A-lo-Y conversion can be used for converting a bridge circuit 
to a series-parallel form for easier analysis. 

Figure 8-65 illustrates how the delta (A) formed by R,\, Kh, and K( can be converted to 
a wye (Y), thus creating an equivalent series-parallel circuit. Equations 8-1, 8-2, and 8-3 
are used in this conversion. 

VA 

(a) R/V R/f, and Rc form a delta. (b) Rj. K?. and R: form an 
equivalent wye. 

(c) Part (b) redrawn as a series- 
parallel circuit. 

FIGURE 8-65 
Conversion of a bridge circuit to a series-parallel configuration. 

In a bridge circuit, the load is connected between terminals C and D. In Figure 8-65(a), 
Rc represents the load resistor. When voltage is applied across terminals A and B. the volt- 
age from C to D(Vcd) can be determined using the equivalent series-parallel circuit in 
Figure 8-65(c) as follows. The total resistance from terminal A to terminal B is 

(Rl + /?„)(«, + R,) 
R v r R\ 

iR, + Ri>) + («2 + Kr) 
Then, 

/T=^ T RT 

The resistance of the parallel portion of the circuit in Figure 8-65(c) is 

R = (R, + Rpm + «c) 
T,p) (R, + R,,) + (R2 + Rrf 

The current through the left branch is 

^Tipl 

The current through the right branch is 

'ad = 
T(p) 

Rr 
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The voltage at terminal C with respect to terminal A is 

Vo = VA - /« «/> 
The voltage at terminal D with respect to terminal A is 

T/m = VA - ImiRI. 
The voltage from terminal C to terminal D is 

VCD = VCA - VDA 
= ,VA - IACRd) ~ (VA ~ IADRE) = UD^E - IACRD 

Vcp is the voltage across the load (Rc) in the bridge circuit of Figure 8-65(a). 
The load current through R/ can be found by Ohm's law. 

EXAMPLE 8-21 Determine the voltage across the load resistor and the current through the load resistor 
in the bridge circuit in Figure 8-66. Notice that the resistors are labeled for convenient 
conversion using Equations 8-1, 8-2, and 8-3. Rc is the load resistor. 

FIGURE 8-66 

J.1 k ! 3.9 Ml 

kit 

2.2 k! 2.7 k 1 

Solution First, convert the delta formed by R,[. Rg. and R/- to a wye. 

raRc (2.2kn)(i8kn) 
1 RA + Rg + Rc 2.2 kfl + 2.7 kfi + ISkfl 

=(2.7kn)(l81cfi) = 2|2m 

RA + Rg + Rc 22.9 kli 
RaRh (2.2 kn)(2.7 kfi) 

= — = 1 —r   = 259 fl Ra + Rb + Rc 22.9 kfl 

The resulting equivalent series-parallel circuit is shown in Figure 8-67. 
Next, determine Ry and the branch currents in Figure 8-67. 

(«i + Rom + RE) , „ ni — Ri 
{«, + Rp) + («2 + Re) 
(6.43 kn)(6.02 kfl) „ „ „ „ 

= . ^ + 259 ft = 3.11 kfl + 259fl = 3.37 kO 6.43 kfl + 6.02 kfl 
VAB 12 V , _ . AT = =  = 3.56 mA 1 RT 3.37 kfl 
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<«« 
> 4.7 k!! 

<«! 
?■ 1.73 k!! 

" 259 !! 

3.9 kl! 

R2 
2.12 k!! 

FIGURE 8-67 

The total resistance of the parallel part of the circuit, Sxtp)- is 3.11 kft, 

( %pl \ ( 3.11 kH \ 
^ = Vl-73kn + 4.7kflj356"'A = '•72mA 

lAD = ( R'"P) )lj = (-  -)3.56mA = 1.84 mA Al V«2 + KkJ V2.l2kn + 3.9 kfi/ 

The voltage from terminal C to terminal I) is 

Vco = 'adRe - IacRd = (1.84 mA)(3,9 kft) - (1.72 mA)(4,7 kft) 
= 7.18 V - 8.08 V = -0.9V 

V/ d is the voltage across the load (Rf) in the bridge circuit shown in Figure 8-66. 
The load current through Rc is 

, Vo, -0.9 V lp. =  =  r** = — DO uA 
Rc 18 kft ^ 

Helmed Problem Determine the load current, /Rr, in Figure 8-66 for the following resistor values: 
Ra = 27kft,Rg = 33kft,/?o = 39kft.«£ = 47kft. and«c = lOOkft. 

Use Multisim file E08-2I to verify the calculated results in this example and to confirm 
your calculation for the related problem. 

SECTION 8-8 1. Draw a delta circuit. 
CHECKUP 2. Draw a wye circuit. 

3. Write the formulas for delta-lo-wye conversion. 
4. Write the formulas for wye-to-delta conversion. 
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Application Activity 

The Whealstone bridge circuit was in- 
troduced in Chapter 7 and expanded in 
this chapter to include the use of 
Thevenin's theorem. In Chapter 7. the 

circuit application used a thermistor in one arm of the bridge to 
sense temperature. The bridge was used to compare the resist- 
ance of the thermistor with the resistance of a rheostat, which set 
the temperature at which the output would switch from one po- 
larity to the opposite for turning on a healer in a tank filled with 
a liquid. In this application activity, you will work with a similar 
circuit, but this lime it will be used to monitor the temperature in 
the lank to provide a visual indication that the temperature is 
within a specified range. 

The Temperature Monitor 
The basic measuring circuit in the temperature monitor is a 
Whealstone bridge with an ammeter and a series resistor acting as 
the load. The meter is an analog panel meter with a sensitivity of 
50/xA full scale. The Whealstone bridge temperature-measuring 
circuit is shown in Figure 8-68(a), and the meter panel is shown 
in Figure 8-68(b). 

The Thermistor 
The thermistor is the same one used in the circuit application of 
Chapter 7. specifically a Thermometrics RL2006-I3.3K-I40-DI 
thermistor with a specified resistance of 25 kli at 250C and a (i 
of 46I5K. Recall that /3 is a constant supplied by the manufac- 
turer that indicates the shape of the temperature-resistance char- 
acteristic. As given in Chapter 7. the exponential equation for 
the resistance of a thermistor is approximated by 

where: 
Rf = the resistance at a given temperature 
Rq = the resistance at a reference temperature 
Ty = the reference temperature in K (typically 

298 K. which is 250C) 
T = temperature (K) 
(3 = a constant (K) provided by the manufacturer 

A plot of this equation was given previously in Figure 7-59. You 
can confirm that your thermistor resistance calculations in this 
circuit application arc in reasonable agreement with this plot. 

Temperature Measuring Circuit 
The Whealstone bridge is designed to be balanced at 20oC. The 
resistance of the thermistor is approximately 33 kll at this tem- 
perature. You can confirm this value by substituting the tempera- 
ture (in Kelvin) into the equation for Rj. Remember that the 
temperature in K is 0C + 273. 

1. Substituting into the equation for Rj, calculate the resist- 
ance of the thermistor at a temperature of 50oC (full-scale 
deflection of the meter). 

2. Thcvcnizc the bridge between terminals A and 8 by keeping 
the ground reference and forming two facing Thevenin cir- 
cuits as was illustrated in Figure 8-44. Assume the thermis- 
tor temperature is 50oC and its resistance is the value 
calculated previously. Draw the Thevenin circuit for this 
temperature but do not show a load. 

3. Show the load resistor for the Thevenin circuit you drew. 
The load is a resistor in series with the ammeter, which will 
have a current of 50 fiA at full scale (SO^C). You can find 
the value of the required load resistor by applying the 

£ 

+ 15 V FIGURE 8-68 

33 kii 33 kD 

33 Id) ^3 kn 

(a) Temperature-measuring circuit 
with thcnnisior 

Temperature 
indicator 

(b) Meter panel 
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superposition theorem to the two sources and calculating the 
total resistance from Ohm's law (using the full-scale deflec- 
tion as the current). Subtract the Thevenin resistance of each 
arm from the total resistance to obtain the required load re- 
sistance. Neglect the meter resistance. Show the value cal- 
culated on the Thevenin circuit. 

4. Calculate the thermistor resistance for the lower and upper 
limits of temperature (30oC and 40oC). Draw Thevenin cir- 
cuits for each temperature and calculate the current through 
the load resistor. 

The Meter Scale 
A requirement for the temperature monitor is to mark three color 
bands on the meter to indicate that the temperature is within the 

desired range. The desired range is between a low of 30CC and 
40UC. The meter should indicate a too-cold range from 20:,C to 
30oC, a proper operating range from 30oC to 40oC. and a too hot 
range from 4()0C and 50oC. Full-scale deflection of the meter 
should be set for 50oC 

5. Indicate how you would mark the meter to have a quick 
visual indication of the temperature in the tank. 

■ Review 
6. At 350C. what is the current in the meter? 
7. What change is needed if a 100 /xA meter is used instead of 

a 50 /xA meter? 

SUMMARY 

♦ An ideal voltage source has zero internal resistance. It provides a constant voltage across its ter- 
minals regardless of the load resistance. 

♦ A practical voltage source has a nonzero internal resistance. 
♦ An ideal current source has infinite internal resistance. It provides a constant current regardless of 

the load resistance. 
♦ A practical current source has a finite internal resistance. 
♦ The superposition theorem is useful for multiple-source circuits. 
♦ Thevenin's theorem provides for the reduction of any two-terminal linear resistive circuit to 

an equivalent form consisting of an equivalent voltage source in scries with an equivalent 
resistance. 

♦ The term equivalency, as used in Thevenin's and Norton's theorems, means that when a given load 
resistance is connected to the equivalent circuit, it will have the same voltage across it and the 
same current through it as when it was connected to the original circuit. 

♦ Norton's theorem provides for the reduction of any two-terminal linear resistive circuit to 
an equivalent form consisting of an equivalent current source in parallel with an equivalent 
resistance. 

♦ Maximum power is transferred to a load from a source when the load resistance equals the inter- 
nal source resistance. 

KEY TERMS These key terms are also defined in the end-of-bookglossary. 

Maximum power transfer For a given source voltage, a transfer of maximum power from a source 
to a load occurs when the load resistance equals the internal source resistance. 
Norton's theorem A method for simplifying a two-terminal linear circuit to an equivalent circuit 
with only a current source in parallel with a resistance. 
Superposition theorem A method for the analysis of circuits with more than one source. 
Terminal equivalency The concept that when any given load resistance is connected to two 
sources, the same load voltage and load current are produced by both sources. 
Thevenin's theorem A method for simplifying a two-terminal linear circuit to an equivalent circuit 
with only a voltage source in series with a resistance. 
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FORMULAS 

A-to-Y Conversions 
RaRc 8-1 Rt = 

8-2 K2 = 

8-3 Rf = 

Ra + + Re 
RbRC 

Ra + Ru + Re 
RaRB 

RA + R ii + Re 

Yto-A Conversions 
RJti + RiRa + RaRa 

8-4 Ra = — ^ — «2 
R\Rl + *1*3 + *2*3 8-5 «/, -     

«I 
R\Rl + «l«3 + «2«3 c>—(• /vf —   

TRUE/FALSE QUIZ Answers arc al the end of the chapter. 
1. A dc voltage source has a very high internal resistance. 
2. A dc current source has a very high internal resistance. 
3. The superposition theorem can be applied to circuits with multiple sources. 
4. When applying the superposition theorem, replace all sources by their internal resistances. 
5. A Thevenin equivalent circuit consists of a voltage source with a parallel resistor. 
6. The Thevenin voltage is equal to the voltage across the open terminals of a circuit. 
7. A Norton equivalent circuit consists of a current source with a series resistor. 
8. The Norton current is equal to the current through the shorted output terminals of a circuit. 
9. Maximum power is transferred when the load resistance and source resistance are not equal. 

10. A-to-Y conversion can be applied to the analysis of a Whealstone bridge. 

S E LE-TEST Answers are at the end of the chapter. 
1. A 100 il load is connected across an ideal voltage source with Vjj = 10 V. The voltage across 

the load is 
(a) 0 V (b) 10 V (c) 100 V 

2. A 100II load is connected across a voltage source with Vs = 10 V and = 10 U. The volt- 
age across the load is 
(a) 10 V (b) 0 V (c) 9.09 V (d) 0.909 V 

3. A certain voltage source has the values = 25 V and = 511. The values for an equivalent 
current source are 
(a) 5 A, 5 O (b) 25 A. 5 li (c) 5 A. 125 H 

4. A certain current source has the values = 3 /xA and = ' -0 MO. The values for an equiv- 
alent voltage source are 
(a) 3/xV. 1.0 Mil (b) 3 V. 1.0 Mil (c) IV, 3.0 Mil 

5. In a two-source circuit, one source acting alone produces 10 mA through a given branch. The 
other source acting alone produces 8 mA in the opposite direction through the same branch. 
The actual current through the branch is 
(a) 10 mA (b) 18 mA (c) 8 mA (d) 2 mA 



328 ♦ Circuit Theorems and Conversions 

6. Thevenin's theorem converts a circuit to an equivalent form consisting of 
(a) a current source and a series resistance 
(b) a voltage source and a parallel resistance 
(c) a voltage source and a series resistance 
(d) a current source and a parallel resistance 

7. The Thevenin equivalent voltage for a given circuit is found by 
(a) shorting the output terminals 
(b) opening the output terminals 
(c) shorting the voltage source 
(d) removing the voltage source and replacing it with a short 

8. A certain circuit produces 15 V across its open output terminals, and when a 10 kll load is con- 
nected across its output terminals, it produces 12 V. The Thevenin equivalent for this circuit is 
(a) 15 V in series with lOkfl 
(b) 12 V in scries with 10 kli 
(c) 12 V in series with 2.5 kll 
(d) 15 V in scries with 2,5 kll 

9. Maximum power is transferred from a source to a load when 
(a) the load resistance is very large 
(b) the load resistance is very small 
(c) the load resistance is twice the source resistance 
(d) the load resistance equals the source resistance 

10. For the circuit described in Question 8. maximum power is transferred to a 
(a) 10 kll load (b) 2.5 kll load (c) an infinitely large resistance load 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 8-71. 
I- If a short develops across the voltage across /?5 

(a) increases (b) decreases (c) stays the same 
2. If the 2 V source opens, the voltage across R\ 

(a) increases (b) decreases (c) stays the same 
3. If /?2 opens, the current through R\ 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 8-79. 
4. If Ri opens, the voltage at the output terminal with respect to ground 

(a) increases (b) decreases (c) slays the same 
5. If cither of the 5.6 kll resistors arc shorted, the current through the load resistor 

(a) increases (b) decreases (c) stays the same 
6. If cither of the 5.6 kll resistors arc shorted, current from the source 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 8-81. 
7. If the input to the amplifier becomes shorted to ground, the current drawn from both voltage 

sources 
(a) increases (b) decreases (c) stays the same 
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Refer to Figure 8-84. 
8. If R is actually 1.0 kit instead of 10 kit, the expected voltage between A and B 

(a) increases (b) decreases (c) stays the same 
9. If a 10 MO load resistor is connected from A to B, the voltage between A and B 

(a) increases (b) decreases (c) stays the same 
10. If a short develops across A'4, the magnitude of the voltage between A and B 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 8-86. 
11. If the 2201! resistor opens, 

(a) increases (b) decreases (c) stays the same 
12. If a short develops across the 3301! resistor. VAII 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 8-87(dl. 
13. If the 680 fl resistor opens, the current through A'/ 

(a) increases (b) decreases (c) stays the same 
14. If the 47II resistor becomes shorted, the voltage across A; 

(a) increases (b) decreases (c) stays the same 

PROBLEMS 
More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 

SECTION 8-3 Source Conversions 
1. A voltage source has the values = 3(X) V and R$ = 50 fl. Convert it to an equivalent cur- 

rent source. 
2. Convert the practical voltage sources in Figure 8-69 to equivalent current sources. 

FIGURE 8-69 -Wr- 
100 a 

-o A 

• 5 kV 
: 2.2 a 

■ 12V 

(a) 

3. A fresh D cell battery has a terminal voltage of 1.6 V and can supply up to 8.0 A into a short 
for a very short lime. What is the internal resistance of the battery? 

4. Draw the voltage and current source equivalent circuits for the D cell in Problem 3. 
5. A current source has an of 600 mA and an of 1.2 kfl. Convert it to an equivalent voltage 

source. 
6. Convert the practical current sources in Figure 8-70 to equivalent voltage sources. 

FIGURE 8-70 

10 mA ( j 4.7 kil 

(a) 

0,01 A 

(b) 

: ■ k 
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SECTION 8-4 The Superposition Theorem 
7. Using the superposition method, calculate the current through A's in Figure 8-71. 
8. Use the superposition theorem to find the current in and the voltage across the R? branch of 

Figure 8-71. 
9. Determine the current through Wj in Figure 8-71. 

FIGURE 8-71 

2 V -= 

ksl 

k :: ku 

: 
— 3 V 
I- 

10. Determine the current through R* in Figure 8-72. 
11. Using the superposition theorem, solve for the current through A'; in Figure 8-72. 

FIGURE 8-72 R, 

100 in A 
K, > 

I  
» 3 

y 6801! 5 
> 220!! ; 

20 V "= 
nr 

330 !! 
:«4 
470 !! 

10k!l 

la) 

12. Using the superposition theorem, find (he load current in each circuit of Figure 8-73. 

1.0 kfl 8.2 kl! 56011 

© 

o 
2A ^•2,2k!! 40 V 3.7 kll 

FIGURE 8-73 

60 V 1,3 k!! ?F 0"iA "ft 

—VvV" 
1.0 k!l 

lb) 

13. A compandor circuit is shown in Figure 8-74. The input voltage. V]^, is compared to the refer- 
ence voltage. Frhp. and an output is generated that is negative if Vref > V|Nl otherwise it is 
positive. The comparator docs not load either input. If Ki is 1.0 k!!. what is the range of the 
reference voltage? 

FIGURE 8-74 

4.7 kl! I 

«, - 

6.8 kll I 

Op-amp 

-15 V 
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14. Repeal Problem 13 if Ri is lOkfl. 
*15. Determine the voltage from point /I to point B in Figure 8-75. 

► FIGURE 8-75 

56 kll 

—Wv —Wv—| 
'0k!1 _b 82 k 

33 kit 
75 V 

.-■i \ 
91 kll 

T 

100 V 

16. The switches in Figure 8—76 are closed in sequence, SW i first. Find the current through A.'.; 
after each switch closure. 

FIGURE 8-76 12 V 

6 V 

9 V 

SWI 

^o- 
SW2 

^o- 
SW3 

-Wr- 
5.5 kll 

R, 
-wv- 

8.2 kll 

R, 
-VA- 

12 k!! 

*17. Figure 8-77 shows two ladder networks. Determine the current provided by each of the batter- 
ies when terminals ^4 arc connected (A to A) and terminals B arc connected (B to B). 

£ 

-"L 

-VA- 
10 kl! 

R. 
VvV- 
10 kl! ; r, 

■ 5.6 kll 

Rs 
-AA- 

10 kl! 
R-i 
5.6 kll 

-o A 

-o fi 

R„ 
-AA- 

5.6 kl! 
Vs: 

15 V 

lb) 
T 

-AA- 
5.6 kl! 

: R; 
10 kll 

-AA- -o A 
5.6 kl! 

10 kll 

FIGURE 8-77 
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SECTION 8-5 Thevenin'sTheorem 
18. For each circuit in Figure 8-78. determine the Thevenin equivalent as seen from terminals A 

and B. 

FIGURE 8-78 

25 V , 

la) 

A 

ioo a 27 a 
j 75 a > 

47 a 
—Wv— 

R, 100 !l 

(b) 

2701! 

-=- 15 V 

I 

100 k!! 

:I0V >56 k!> > K, 

(c) (d) 

—AM— 
i.oka 
 O— 

) 3 
8 2.2 ka i * 2.2 kH 5 

19. Using Thevenin's theorem, determine the current through the load A'/ in Figure 8-79. 
820. Using Thevenin's theorem, find the voltage across AA in Figure 8-80. 

10 kn I0k!l 10 k!! o 

32 V ■i) 5.6 k!l 13 k ! 

_ 

"s 
 wv- 

K, 3.3 k!! 
—vw- 

3.3 k!l 
R1>5.6k!! 

Ri>l,0ki! I 
50 V ^ 

:R4 
• 10 k!! 

10 

5.6 kS> 

FIGURE 8-79 A FIGURE 8-80 

21. Find the Thevenin equivalent for the circuit external to the amplifier in Figure 8-81. 

FIGURE 8-81 
-1 ; 5 v 

"i 
-Wv 
ioo a 

: a. 
- 2.2 kO 

T 

-1.2 ka 

Amplifier 
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22. Determine the current into point A when R# is 1.0 kil. 5 kO. and 10 kil in Figure 8-82. 

vw 
mui 

vw  VA WV vw 
h.S k! 4.7 k!> i .oka i S.2k ! 

IN \ j.: i.ii 12 k! 

FIGURE 8-82 

*23. Find (he currenl through (he load resistor in (he bridge circuit of Figure 8-83. 

12 V 

2.2 k!l 

820 n Ok!) 

VA 
k ! 

.2 kll 

FIGURE 8-83 

24. Determine the Thevenin equivalent looking from terminals A and B for the circuit in Figure 8-84. 

vs 10 V 

"I 
10 ka 5kn 

k a 
t/ = 0.2 mA 

FIGURE 8-84 

SECTION 8-6 Norton's Theorem 
25. For each circuit in Figure 8-78, determine the Norton equivalent as seen by /?/.. 
26. Using Norton's theorem, find the current through the load resistor /7/ in Figure 8-79. 

*27. Using Norton's theorem, find the voltage across in Figure 8-80. 
28. Using Norton's theorem, find the current through H\ in Figure 8-82 when ~ H k!). 
29. Determine the Norton equivalent circuit for the bridge in Figure 8-83 with R^ removed. 
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30. Reduce the circuit between terminals A and li in Figure 8-85 to its Norton equivalent. 

FIGURE 8-85 
LS k 

221,!! 

© 

10 mA "r ! V uikn 

31. Apply Norton's theorem to the circuit of Figure 8-86. 

► FIGURE 8-86  

33011 
0011 > 220II 

T 

SECTION 8-7 Maximum Power Transfer Theorem 
32. For each circuit in Figure 8-87. maximum power is to be transferred to the load Determine 

the appropriate value for in each case. 

FIGURE 8-87 

80 V 

(a) 

K, 50 mA .2 kll 

(b) 

4.711 

211 

lc) 

.011 

IV 

47 1! 

6801! 
^r-WV— 

Id) 

FIGURE 8-88 

33. Determine the value of for maximum power in Figure 8-88, 

8.211 
 VA— 

4.7 1! 

8.211 

I "I' T " 

8.211 
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*34. How much power is delivered 10 the load when /?/ is 10% higher than its value for maximum 
power in Figure 8-88? 

*35. What are the values of and /?xh when the maximum power is transferred from the thev- 
enized source to the ladder network in Figure 8-89? 

FIGURE 8-89 
 Wv Wv Wv W/ 

0.5 A 22 !i 0 11 ■! 

IV 22 

SECTION 8-8 Delta-to-Wye (A-to-Y) and Wye-to-Delta (Y-to-A) Conversions 
36. In Figure 8-90. convert each delta network to a wye network. 

FIGURE 8-90 1.0 MS 
Wv 

1A K„ 
560 WZ 

K, - 1.0 Si 

(W 
VA 

R„ = 2.7 Si 

37. In Figure 8-91, convert each wye network to a delta network. 

FIGURE 8-91 

22 !! 

R: 18 a 

R, > 4.7 kl! 

(1.8 kl 

*38. Find all currents in the circuit of Figure 8-92. 

FIGURE 8-92 

136 V. 

: R, I 
- 10 kl! . ' 39 k!! 

+ — D 
Rs 

  O 
22 k!! 

1 (- 

>R4 
- 12 kli 5 -9.1 k!! 
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Multisim Troubleshooting and Analysis 
These problems require Multisim. 
39. Open file P08-39 and verify that the current through each resistor is correct and, if not. 

determine the fault. 
40. Open file P08-40 and determine by measurement the Thcvcnin equivalent for the circuit 

between terminal A and ground. 
41. Open file P08-41 and determine by measurement the Norton equivalent for the circuit between 

terminal A and ground. 
42. Open file P08-42 and determine the fault, if any. 
43. Open file P08-43 and determine the value of a load resistor to be connected between terminals 

A and B to achieve maximum power transfer. 

ANSWERS 

SECTION CHECKUPS 

SECTION 8-1 The DC Voltage Source 
1. For ideal voltage source, see Figure 8—93. 
2. For practical voltage source, see Figure 8-94. 
3. The internal resistance of an ideal voltage source is zero ohms. 
4. Output voltage of a voltage source varies directly with load resistance. 

t 

I vw ° 
| + «s 

T . 

FIGURE 8-93 FIGURE 8-94 

SECTION 8-2 The Current Source 
1. For ideal current source, see Figure 8-95. 
2. For practical current source, see Figure 8-96. 
3. An ideal current source has infinite internal resistance. 
4. Ix)ad current from a current source varies inversely with load resistance. 

6 

FIGURE 8-9S 

. r t \ r. 

FIGURE 8-96 

SECTION 8-3 Source Conversions 
1. /s = Vs/Ks 

2. Vs = /SKS 

3. See Figure 8-97. 
4. See Figure 8-98. 
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4.55 A | ' 22 fi 

-Wv o 
2.2 k!l 

, 110V 

FIGURE 8-97 FIGURE 8-98 

SECTION 8-4 The Superposition Theorem 
1. The superposition theorem slates that the total current in any branch of a multiple-source linear 

circuit is ct|ual lo the algebraic sum of the currents due to the individual sources acting alone, 
with the other sources replaced by their internal resistances. 

2. The superposition theorem allows each source lo be treated independently. 
3. A short simulates the internal resistance of an ideal voltage source; an open simulates the 

internal resistance of an ideal current source. 
4. /^| = 6.67 mA 
5. The net current is in the direction of the larger current. 

SECTION 8-5 Thevenin'sTheorem 
1. A Thevenin equivalent circuit consists of Vjh and /?7||. 
2. See Figure 8-99 for the general form of a Thevenin equivalent circuit. 
3. V|h is the open circuit voltage between two terminals in a circuit. 
4. /?ih is the resistance as viewed from two terminals in a circuit, with all sources replaced by 

their internal resistances. 
5. Sec Figure 8-100. 

-VvV 
«TH 

FIGURE 8-99 

227 fi 
-Wv- 

. 25.8 V 

-ofi 

A FIGURE 8-100 

SECTION 8-6 Norton's Theorem 
t. A Norton equivalent circuit consists of !\ and Ry. 
2. See Figure 8-101 for the general form of a Norton equivalent circuit. 
3. /\ is the short circuit current between two terminals in a circuit. 
4. Rn is the resistance as viewed from the two open terminals in a circuit. 
5. See Figure 8-102. 

o 
5I5//A o •',7 kl! 

FIGURE 8-101 FIGURE 8-102 
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SECTION 8-7 Maximum Power Transfer Theorem 
1. For a given source voltage, the maximum power transfer theorem slates that maximum power 

is transferred from a source to a load when the load resistance is equal to the internal source 
resistance, 

2. Maximum power is delivered to a load when = Kg. 
3. Ks^ 50!! 

SECTION 8-8 Delta-to Wye (A-to-Y) and Wye to Delta (Y-to-A) Conversions 
1. For a delta circuit see Figure 8-103. 
2. For a wye circuit, see Figure 8-104. 

Rr 

K7.. 

FIGURE 8-103 FIGURE 8-104 

3. The delta-lo-wye conversion equations are 

R Wr 
' "a + Rfl + fic 

^ RyRc 
2 RA + R^ Rc 

RaRR R,= 

Ri 
RtRi + + RIRT, 

R\ 
Ri«2 + R\Ri + R2R} 

Ri 

Ra + R/i + «c 
4. The wye-to-delta conversion equations are 

R1R2 + RfR} + R2R3 
"A - 

R„ = 

R<: - 

RELATED PROBLEMS FOR EXAMPLES 
8-1 99.5 V 
8-2 100 V 
8-3 33.3 kfl 
8-4 1.2 A; 10 a 
8-5 300 V; 600 (I 
8-6 16.6 mA 
8-7 Ig is not affected. 
8-8 7 mA 
8-9 5 mA 
8-10 2.36 V; 1240 O 
8-11 Ytiim/U = 3.46 = 3.08 ka 
8-12 1.17 mA 
8-13 0.7 V; Vqut is 17.7 greater than V|N at the base (B). 
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8-14 25.4 mA 
8-1S 131n 
8-16 = 248 ft 
8-17 6.93 V 
8-18 41.7 mW 
8-19 R, = 792 ft, R2 = 360 ft, fij = 440 ft 
8-20 Ra = 712 ft, Rfj = 2.35 kft, Rc = 500 ft 
8-21 0.3 n A 

TRUE/FALSE QUIZ 
1. F 2. T 3. T 4. F 5. F 
6. T 7. F 8. T 9. F 10. T 

SELF-TEST 
1. (b) 2. (c) 3. (a) 4. (b) 5. (d) 6. (c) 7. (b) 8. (d) 
9. (d) 10. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (b) 4. (a) 
9. (b) 10. (a) 11. (a) 12. (a) 

5. lb) 
13. (a) 

6. (a) 7. (a) 8. (a) 
14. (a) 
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Branch, Loop, 

and Node Analyses 

CHAPTER OUTLINE 

-1 Simultaneous Equations in Circuit Analysis 
-2 Branch Current Method 
-3 Loop Current Method 

9-4 Node Voltage Method 
Application Activity 

CHAPTER OBJECTIVES 

♦ Discuss three methods to solve simultaneous equations 
♦ Use the branch current method to find unknown quantities 

in a circuit 
♦ Use loop analysis to find unknown quantities in a circuit 
♦ Use node analysis to find unknown quantities in a circuit 

KEY TERMS 

♦ Simultaneous equations 
Matrix 
Determinant 
Loop 
Node 
Branch 

APPLICATION ACTIVITY PREVIEW 

i In this application activity, you will analyze a model of an 
Jamplifier using the methods covered in this chapter. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

In the last chapter, you learned about the superposition theo- 
rem, Thevenin's theorem, Norton's theorem, maximum power 
transfer theorem, and several types of conversion methods. 
These theorems and conversion methods are useful in solving 
some types of circuit problems for both dc and ac. 

In this chapter, three more circuit analysis methods are 
introduced. These methods, based on Ohm's law and Kirch- 
hoff's laws, are particularly useful in the analysis of multi- 
ple-loop circuits having two or more voltage or current 
sources. The methods presented here can be used alone or 
in conjunction with the techniques covered in the previous 
chapters. With experience, you will learn which method is 
best for a particular problem or you may develop a prefer- 
ence for one of them. 

In the branch current method, you will apply Kirchhoff's 
laws to solve for current in various branches of a multiple- 
loop circuit. A loop is a complete current path within a 
circuit. In the loop current method, you will solve for loop 
currents rather than branch currents. In the node voltage 
method, you will find the voltages at the independent nodes 
in a circuit. As you know, a node is the junction of two or 
more components. 
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9-1 Simultaneous Equations in Circuit Analysis 

The circuit analysis methods covered in this chapter allow you to find two or more 
unknown currents or voltages by solving simultaneous equations. These analysis 
methods, which include branch current, loop current, and node voltage methods, result 
in a number of equations equal to the number of unknowns. Coverage is limited to 
equations with two unknowns (2nd order) and equations with three unknowns (3rd order). 
These equations can then be solved simultaneously for the unknown quantities using 
one of the methods covered in this section. 

After completing this section, you should be able to 

♦ Discuss three methods to solve simultaneous equations 

♦ Write a set of simultaneous equations in standard form 

♦ Solve simultaneous equations using algebraic substitution 

♦ Solve simultaneous equations using determinants 

♦ Solve simultaneous equations using a calculator 

Simultaneous equations consist of a set of n equations containing n unknowns, where 
n is a number with a value of 2 or more. The number of equations in the set must equal the 
number of unknowns. For example, to solve for two unknown variables, you must have two 
equations; to solve for three unknowns you must have three equations, and so on. 

Standard Form Equations 

An equation with two variables is called a second-order equation. In circuit analysis, the vari- 
ables can represent unknowns such as current or voltage. In order to solve for variables X] and 
X2. there must be a set of (wo equations containing those variables expressed in standard form. 

In standard form, the X\ variables arc in the first position in each equation, and the xo 
variables are in the second position in each equation. The variables with their coefficients 
arc on the left side of the equation, and the constants arc on the right side. 

The set of two simultaneous second-order equations written in standard form is 
ai.i*i + at,2X2 = bi 
32,1*1 + 32,2*2 = b2 

In these simultaneous equations, the "a" is the coefficient of the variables X| and xi and can 
represent values of circuit components, such as resistors. Notice that the subscripts of the 
coefficients contain two numbers. For example, aij appears in the firm equation as the co- 
efficient of X| and a2,i appears in the second equation as the coefficient of *|. The "b" is the 
constant and can represent a voltage source. This notation will be useful when you use a 
calculator to solve the equations. 

EXAMPLE 9-1 Assume the following two equations describe a particular circuit with two unknown 
currents /| and h. The coefficients are resistance values and the constants are voltages 
in the circuit. Write the equations in standard form. 

2/| = 8 — 5/2 
4/2 - 5/| + 6 = 0 

® This icon indicales selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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Solution Rearrange the equations in standard form as follows: 

2/1 +5/2 = 8 
5/| + 4/2 = -6 

Helmed Problem' Convert these two equations to standard form: 

2av| + 15 = 11*2 
10 = 25*2 + 18*: 

* Answers are at the end of the chapter. 

A third-order equation contains three variables and a constant term. Just as in second- 
order equations, each variable has a coefficient. In order to solve for the variables *1, *2. and 
*3, there must be a set of three simultaneous equations containing (hose variables. The gen- 
eral form for three simultaneous third-order equations written in standard form is 

ai.i-ri + 81,2*2 + a 1,3*3 = b| 
32,1*1 + 32,2*2 + 32,3*3 = bj 
33.1*1 + 33,2*2 + 33.3*3 = b3 

EXAM RLE 9-2 Assume the following three equations describe a particular circuit with three unknown 
currents 1), h. and /(. The coefficients arc resistance values and the constants arc 
know n voltages in the circuit. Write the equations in standard form. 

4/3 + 2/2 + 7/| = 0 
5/| + 6/2 + 9/3-7 = 0 

8 = l/| + 2/2 + 5/, 

Solution The equations are rearranged to put them in standard form as follows: 

7/| + 2/2 + 4/3 = 0 
5/1 + 6/3 + 9/, = 7 
l/l + 2/2 + 5/3 = 8 

Related Problem Convert these three equations to standard form: 

lOV, + 15 = 2IV2 + 50R3 
10 + 12V3 = 25R2 + I8V1 
I2V3 - 25VA + I8V| = 9 

Solutions of Simultaneous Equations 

Three ways for solving simultaneous equations are algebraic substitution, the determinant 
method, and using a calculator. 

Solving by Substitution You can solve two or three simultaneous equations in standard 
form using algebraic substitution by first solving one of the variables in terms of the others. 
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However, because the process can become quite lengthy, we will restrict this method to 
sccond-ordcr equations. Consider the following set of simultaneous equations: 

2x, + 6x2 = S (Eq. 1) 
3X, + 6x2 = 2 (Eq. 2) 

Step 1: Solve for.Ti in terms of *2 in Eq. 1. 

2*1 = 8 - 6*2 
*1=4- 3*2 

Step 2: Substitute the result for *1 into Eq. 2 and solve for *2. 

3*| + 6*2 = 2 
3(4 - 3*2) + 6*2 = 2 

12 - 9*2 + 6*2 = 2 
-3*2 = -10 

^ = ^=3.33 

Step 3: Substitute the value for *2 into the equation for *| in Step I. 
*, — 4 3*2 — 4 3(3.33) = 4 - 9.99 = -5.99 

Solving by Determinants The determinant method is a part of matrix algebra and pro- 
vides a "cookbook" approach for solving simultaneous equations with two or three vari- 
ables. A matrix is an array of numbers, and a determinant is effectively the solution to a 
matrix, resulting in a specific value. Second-order determinants are used for two variables 
and third-order determinants are used for three variables. The equations must be in stan- 
dard form for a solution. 

To illustrate the detenninant method tor second-order equations, let's find the values of 
/1 and I2 in the following two equations expressed in standard form. The coefficients are re- 
sistance values in ohms, and the constants are voltage values in volts. 

IO/i + 5/2 = 15 
2/1 +4/2 = 8 

First, form the characteristic determinant from the matrix of the coefficients of the un- 
known currents. The first column in the determinant consists of the coefficients of l\, and 
the second column consists of the coefficients of 12- The resulting determinant is 

l.st column | ^ 2nd column 
10 5 
2 4 

An evaluation of this characteristic determinant requires three steps. 

Step 1: Multiply the first number in the left column by the second number in the right 
column. 

10 5 X 
2 4 = 10 X 4 = 40 

Step 2: Multiply the second number in the left column by the first number in the right 
column. 

10 5 
2 X 4 = 2 X 5 = 10 

Step 3: Subtract the product in Step 2 from the product in Step I. 
40 - 10 = 30 



344 ♦ Branch, Loop, and Node Analyses 

This difference is the value of the characteristic determinant (30 in this case). 
Next, replace the coefficients of /| in the first column of the characteristic determinant with 

(he constants (fixed numbers) on the right side of (he equations to form another determinant: 

15 
S 

Replace coefficients of 
with constants from 
right sides of equations. 

Evaluate this /i determinant as follows: 

15 5 X 
8 4 

15 5 X 
8 4 

= 15 x 4 = 60 

= 60 - (8 X 5) = 60 - 40 = 20 

The value of this determinant is 20. 
Now solve for /| by dividing the /| determinant by the characteristic determinant as follows: 

/i = 

15 5 
8 4 20 
10 5 30 
2 4 

To find I2. form another determinant by substituting the constants on the right side of the 
given equations for the coefficients of Ij in the second column of the characteristic determinant. 

10 15 
2 8 

Replace coefficients of A 
with constants from 
right sides of equations. 

Solve for I2 by dividing this determinant by the characteristic determinant previously 
found. 

h = 

10 15 
2 8 

30 
(10 X 8) - (2 X 15) 80 - 30 50 , 

30 _ 30 _ 30 " ' • A 

EXAM RLE 9-B Solve the following set of equations for the unknown currents: 

211 - 5/2 = 10 
6/1 4- IO/2 = 20 

Solution Given that the coefficients are in ohms and the constants are in volts, evaluate the char- 
acteristic determinant as follows: 

2 -5 
6 10 

Solving for l\ yields 
10 -5 
20 10 

= (2)( 10) - (-5)(6) = 20 - (-30) = 20 + 30 = 50 

/| = 
(10)(l0) - (-5X20) 100 -(-100) 200 

50 50 50 50 
= 4 A 
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Solving for /j yields 

h = 
(2)(20) - (6)( 10) 40 - 60 

50 50 50 
= -0.4 A 

Related Problem 

In a circuit problem, a result with a negative sign indicates that the direction of ac- 
tual current is opposite to the assigned direction. 

Note that multiplication can be expressed cither by the multiplication sign such as 
2 X 10 or by parentheses such as (2)(10). 

Solve the following set of equations for l\: 

51, + S/j = 4 
/, + 2/2 = -6 

Third-order determinants can be evaluated by the expansion method. We will illustrate 
this method by finding the unknown current values in the following three equations ex- 
pressed in standard form: 

I/, + 3/2 - 2/3 = 7 
0/| 4- 4/, + I/, = 8 

-5/| + l/j + 6/3 = 9 

The characteristic determinant for the matrix of coefficients for this set of equations is 
formed in a similar way to that used earlier for the second-order determinant. The first col- 
umn consists of the coefficients of /|, the second column consists of the coefficients of h, 
and the third column consists of the coefficients of /y, as shown below. 

Coefficients 
of I,   

Coefficients 
of/. 

Coefficients 
of/, 

I 
0 

-5 

3 -2 
4 I 
1 6 

This third-order determinant is evaluated by the expansion method as follows: 

Step 1: Rewrite the first two columns immediately to the right of the determinant. 

I 
0 

-5 

3 -2 
4 I 
I 6 

I 
0 

-5 

Step 2: Identify the three downward diagonal groups of three coefficients each. 
I 
0 

-5 

3 -2 
4 I 
I 6 

I 
0 

-5 

Step 3: Multiply the numbers in each diagonal and add the products, 

3 
4 
I 

3 -2 

-5 

(1)(4)(6) + (3)(l)(—5) + (—2)(0)(l) = 24 + (-15) + 0 = 9 
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Step 4: Repeat Steps 2 and 3 for the three upward diagonal groups of three coefficients. 

-5 

(-5)(4)(-2) + (l)(l)(l) + (6)(0)(3) = 40 + 1 + 0 = 41 

Step 5: Subtract the result in Step 4 from the result in Step 3 to get the value of the 
characteristic determinant. 

9 - 41 = -32 

Next, form another determinant by substituting the constants on the right of the equa- 
tions for the coefficients of l\ in the characteristic determinant. 

7 3 -2 
8 4 1 
9 1 6 

Evaluate this determinant using the method described in the previous steps. 

/> /3 7\ 3^-2. 

9/ 1-^6' 

= l(7K4)(6) + (3)(l)(9) + (-2)(8)(1)J - l(9)(4)(-2) + (l)(l)(7) + (6)(8)(3)J 
= (168 + 27 - 16) - (-72 + 7 + 144) = 179 - 79 = 100 

Solve for /i by dividing this determinant by the characteristic determinant. The negative 
result indicates that the actual current is in a direction opposite to the original assumption. 

/. = 

7 3-2 
8 4 1 
9 1 6 100 

1 3 -2 -32 
0 4 1 

-5 1 6 

= -3.125 A 

You can find h and /> in a similar way. 

EXAMPLE 9-4 

Solution 

Given that the coefficients are in ohms and the constants are in volts, determine the 
value of I2 from the following set of equations: 

2/1 + O.S/j + 1/3 = 0 
0.75/| + OA + 2/, = 1.5 

3/, + O.2/2 + O/3 = -1 

Evaluate the characteristic determinant as follows: 

2 0.5 1 2 0.5 
0.75 0 2 0.75 0 
3 0.2 0 3 0.2 
= [(2)(0)(0) + (0.5)(2)(3) + (l)(0.75)(0.2)] - [(3)(0)(l) + (0.2)(2)(2) + (0)(0.75)(0.5)1 
= (0 + 3 + 0.15) - (0 + 0.8 + 0) = 3.15 - 0.8 = 2.35 
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Evaluate the determinant for li is as follows: 

2 
0.75 
3 

0 
1.5 

-I 

2 
0.75 
3 

0 
1.5 

-1 

= 1(2X1.5)(0) + (0X2X3) + (IX0.75X-I)] - 1(3X1.5X1) + (-l)(2)(2) • 
= [0 + 0 + (-0.75)1 - [4.5 + (-4) + 0] = -0.75 - 0.5 = -1.25 

Finally, divide the two determinants, 

-1.25 

(0)(0.75)(0)| 

h = 2.35 
= -0.532 A = - 532 mA 

Related Problem Determine the value of l\ in the set of equations used in this example. 

Solving by Calculator Calculators generally employ matrix algorithms for simultaneous 
equation solution and make the results much easier to obtain. As with the two "manual" 
methods, it is important to first gel the equations into the standard form before entering data 
on a calculator. Calculators that offer simultaneous equation solutions generally employ 
the notation discussed earlier in relation to the general form of equations. Variables are la- 
beled as Xi,X2, etc, coefficients are designated as a|j, a^, ajj, a2,2. etc., and constants are 
designated as b|, b2, etc. 

A typical sequence for entering the data for a specific set of equations into a calculator 
is illustrated in a generic way for three simultaneous equations in Figure 9-1. 

7V| + 2V2 + 4V3 = 10 31,1=7 31,2=2 31,3=4 bl = 10 
-5V| + 6V2 + 9V3 = 7 32,1=-5 32,2=6 32,3=9 b2=7 

1 V| + 2V2 - 6V3 = 8 —► 33,1=1 33,2=2 a3,3=-6 b3=8 

SOLVE 

V1=0.926 V2=-2.47 V3=-0.355 

FIGURE 9-1 

The TI-86 and the TI-89 calculators are used to illustrate the procedure in the following 
two examples, although other scientific calculators can be used. If your calculator has si- 
multaneous equation capability, consult the user's manual for the correct procedure. 

EXAMPLE 9-5 Use the TI-86 calculator to solve the following three simultaneous equations for the 
three unknowns. 

8/| + 4/2 + I/3 = 7 
2/, - S/j + 6/3 = 3 
3/| + 3/2 - 2/, = -5 
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Solution Press the 2nd key, then SIMULT to enter the number of equations as shown in Figure 9-2. 

FIGURE 9-2 
SIHULT 
Nuniber=3 

After you enter 3 and press ENTER, the first equation screen comes up. Enter the 
coefficients 8, 4, i and the constant 7 by pressing each number key followed by the 
ENTER key, which results in (he screen shown in Figure 9-3(a). After you enter 
the last number and press ENTER, the second equation screen appears. Enter the coef- 
ficients 2, —5,6 and the constant 3 as shown in Figure 9-3(b) (A negative value is 
entered by first pressing the (—) key.). Finally, enter the coefficients of the third 
equation (3,3, —2) and the constant —5 as shown in Figure 9-3(c), 

at,ixi.. .at,3X3=bi 
at,1=8 
at,2=4 
at,3=t 
bi=7 

PREV NEXT 

la) 

CLRq SOLVE 

32,1X1 . . .a2,3X3=b2 
32,1=2 
a2,2=-5 
32,3=6 
b2=3 

I 
PREV NEXT CLRq SOLVE 

33,1X1...a3,3X3=b3 
33,1=3 
33,2=3 
a3,3=-2 
b3=-5 

I 
PREV NEXT CLRq SOLVE 

lb) 

FIGURE 9-3 

(c) 

Selecting SOLVE, which is the F5 key, produces the results displayed in Figure 9-4. 
XI is /), X2 is I2, and X3 is /j. 

FIGURE 9-4 
X1=-3.73333333333 
X2=7 26666666667 
X3=7 8 

COEFS STOa STOb STOx 

Related Problem Edit the equations to change a 1,2 from 4 to -3, a2,3 from 6 to 2.5. and b3 from -5 to 
8 and solve (he modified equations. 

I 

EXAMPLE 9-6 Use the Tl-89 Titanium calculator to solve the same three simultaneous equations that 
were given in Example 9-5. 

8/| + 4/2 + 1/3 = 7 
2/1 - S/j + 6/3 = 3 
3/1 + 3/2 - 2/, = -5 
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From the Home screen select the simultaneous equation icon 

Ajb 
Siimillanco... 

Press ENTER. Select 3:Ncw, then press ENTER again. Next specify the number of 
equations and the number of unknowns and press ENTER. On the simultaneous equa- 
tion screen enter the coefficients and the constants as shown in Figure 9-5(a). Press 
ENTER after each number. 

(a) 

FIGURE 9-5 

31,1X1+31,2X2+31,3X3=bl 
ai 32 33 bi 

8 4 1 7 
2 -5 6 3 
3 3 -2 -5 

Solution 
X1=-56/15 
X2=109/15 
X3=39/5 

(b) 

After you have entered the coefficients and constants, press the F5 key to solve. As 
indicated by the screen in part (b), the results are returned as fractions. They agree 
with Ihe TI-86 results, which were returned as decimal numbers. 

Ri l.ili'd Problem Repeat the Related Problem from Example 9-5 using the TI-89. 

SECTION 9-1 
CHECKUP 
Answers are at the end of the 
chapter. 

I. Evaluate Ihe following determinants: 

(a) 0 -1 (b) 0.25 0.33 (0 1 3 7 
4 8 1 O

 
kn

 2 
-4 

-1 
0 

7 
-2 

2. Set up Ihe characteristic determinant for Ihe following set of simultaneous equations: 
2/| +3/2 = 0 
Sf, + 4/2 = 1 

3. Find Ij in Question 2. 
4. Use your calculator to solve the following set of simultaneous equations for /,, Q, I3, 

and 1$. 
too/, + 220/2 + 100/3 + 330/4 = 0 
470/, + 390/2 + '00/, + IOO/4 = 12 
120/, - 270/2 + 150/3 - I8O/4 = -9 
560/, + 68O/2 - 220/3 + 390/4 = 0 
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I 

lify the equations in Question 4 by changing the constant in the first equation to 
8.5, the coefficient of /j in the second equation to 220, and the coefficient of I, in the 
fourth equation to 330. Solve the new set of equations for the currents. 

&9_-2_ Branch Current Method 

The branch current method is a circuit analysis method using Kirchhoff's voltage and 
current laws to find the current in each branch of a circuit by generating simultaneous 
equations. Once you know the branch currents, you can determine voltages. 

After completing this section, you should be able to 

• Use the branch current method to find unknown quantities in a circuit 

♦ Identify loops and nodes in a circuit 

♦ Develop a set of branch current equations 

♦ Solve the branch current equations 

Figure 9-6 shows a circuit that will be used as the basic model throughout the chapter to 
illustrate each of the three circuit analysis methods. In this circuit, there are only two nonre- 
dundant closed loops. A loop is a complete current path within a circuit, and you can view 
a set of nonredundant closed loops as a set of "windowpanes," where each windowpane 
represents one nonredundant loop. Also, there arc four nodes as indicated by the letters A, 
B, C, and D. A node is a point where two or more components are connected. A branch 
is a path that connects two nodes, and there arc three branches in this circuit: one containing 
K\. one containing AS- and one containing Ry. 

FIGURE 9-6 
Circuit showing loops, nodes, and 
branches. 

Node C Loop I 

Node B 

Loop 2 Node D 

The following are the general steps used in applying the branch current method. 

Step 1: Assign a current in each circuit branch in an arbitrary direction. 

Step 2: Show the polarities of the resistor voltages according to the assigned branch 
current directions. 

Step 3: Apply Kirchhoff's voltage law around each closed loop (algebraic sum of volt- 
ages is equal to zero). 

Step 4: Apply Kirchhoff's current law at the minimum number of nodes so that all 
branch currents arc included (algebraic sum of currents at a node equals zero). 

Step 5: Solve the equations resulting from Steps 3 and 4 for the branch current values. 
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t-VA 
FIGURE 9-7 

Circuit for demonstrating branch 
current analysis. 

These steps are demonstrated with the aid of Figure 9-7. First, the branch currents /|, A, 
and I; are assigned in the direction shown. Don't worry about the actual current directions 
at this point. Second, the polarities of the voltage drops across /f |, AS, and Rt, are indicated 
in the figure according to the assigned current directions. Third, Kirchhoff's voltage law 
applied to the two loops gives the following equations where the resistance values are the 
coefficients for the unknown currents: 

Equation 1: Rflf + — Vji = 0 tbrloop I 
Equation 2: Rih + R3/3 — Vsj = 0 for loop 2 

Fourth, Kirchhoff's current law is applied to node A. including all branch currents as follows: 

Equation 3: l[ — It + I3 = 0 

The negative sign indicates that I2 is into the node. Fifth and last, the three equations must 
be solved for the three unknown currents, /1. /i, and It,. Example 9-7 shows how to solve 
equations by the substitution method. 

EXAMPLE 9-7 Use the branch current method to find each branch current in Figure 9-8. 

470!! S20 i 
rW wv 

HI V 220 !! 
VS2 
5 V 

FIGURE 9-8 

Suhition Step 1: Assign branch currents as shown in Figure 9-8. Keep in mind that you can 
assume any current direction at this point and that the final solution will have 
a negative sign if the actual current is opposite to the assigned current. 

Step 2: Mark the polarities of the resistor voltage drops in accordance with the 
assigned current directions as shown in the figure. 

Step 3: Applying Kirchhoff's voltage law around the left loop gives 

470/| + 220/2 - 10 = 0 

Around the right loop gives 

220/2 + 820/, -5 = 0 

where all resistance values are in ohms and voltage values are in volts. For 
simplicity, the units are not shown. 
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Step 4: Al node A. the current equation is 

h - h + h = 0 
Step 5: The equations are solved by substitution as follows. First, find l\ in terms of 

I2 and /j. 

h= h- h 
Now. substitute h ~ I3 for /| in the left loop equation. 

410(12 - h) + 220/2 = 10 
470/2 - 470/3 + 220/2 = 10 

690/2 - 470/3 = 10 

Next, take the right loop equation and solve for I2 in terms of I3. 

220/2 = 5 - 820/, 
5 - 820/, 

'2 220 
Substituting this expression for I2 into 820/2 — 470/, = 10 yields 

/5 — 820/, \ 
690V 220 J " 470/3 = 10 

3450 - 565800/, 
 ^ -- 470/3 =10 
15.68 - 2571.8/, - 470/, = 10 

-3041.8/, = -5.68 
5 68 

/, = — = 0.00187 A = 1.87mA 
' 3041.8 

Now, substitute the value of /, in amps into the right loop equation. 

220/2 + 820(0.00187) = 5 

Solve for I2. 

5 - 820(0.00187) 3.47 „ 
h =    = —- = 0.0158 = 15.8 mA 2 220 220 

Substituting /, and /, values into the current equation at node A yields 

/, - 0.0158 + 0.00187 = 0 
/, = 0.0158 - 0.00187 = 0.0139 A = 13.9 mA 

Iti'Lihd Pmblem Detennine the branch currents in Figure 9-8 with the polarity of the 5 V source reversed. 

Use Multisim file E09-07 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

SECTION 9-2 1. What basic circuit laws are used in the branch current method? 
CHECKUP 2. When assigning branch currents, you should be careful that the assigned directions 

match the actual directions. (T or F) 
3. What is a loop? 
4. What is a node? 
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& 9-3 Loop Current Method 
In the loop current method (also known as the mesh current method), you will work 
with loop currents instead of branch currents. An ammeter placed in a given branch 
will measure the branch current. Unlike branch currents, loop currents are mathemati- 
cal quantities, rather than actual physical currents, that arc used to make circuit analy- 
sis somewhat easier than with the branch current method. 

After completing this section, you should be able to 

♦ Use loop analysis to find unknown quantities in a circuit 

♦ Assign loop currents 

♦ Apply Kirchhoff's voltage law around each loop 

♦ Develop the loop equations 

♦ Solve the loop equations 

A systematic method of loop analysis is given in the following steps and is illustrated in 
Figure 9-9, which is the same circuit configuration used in the branch current analysis. It 
demonstrates the basic principles well. 

Step I: Although direction of an assigned loop current is arbitrary, wc will assign a 
current in the counterclockwise (CCW) direction around each nonredundant 
closed loop, for consistency. This may not be the actual current direction, but it 
does not matter. The number of loop-current assignments must be sufficient to 
include current through all components in the circuit. 

Step 2: Indicate the voltage drop polarities in each loop based on the assigned current 
directions. 

Step 3: Apply Kirchhoff's voltage law around each closed loop. When more than one 
loop current passes through a component, include its voltage drop. This results 
in one equation for each loop. 

Step 4: Using substitution or determinants, solve the resulting equations for the loop 
currents. 

FIGURE 9-9 

First, the loop currents /,\ and /g are assigned in the CCW direction as shown in Figure 
9-9. A loop current could be assigned around the outer perimeter of the circuit, but this 
would be redundant since l\ and Ig already pass through all of the components. 

Second, the polarities of the voltage drops across R|, fly- and R3 are shown based on the 
loop-current directions. Notice that l\ and /(j are in opposite directions through /C 
because AS is common to both loops. Therefore, two voltage polarities are indicated. In 

V 
+ 
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reality, the Si current cannot be separated into two pans, but remember that the loop cur- 
rents are basically mathematical quantities used for analysis purposes. The polarities of 
the voltage sources arc fixed and are not affected by the current assignments. 

Third, Kirchhoff's voltage law applied to the two loops results in the following two 
equations: 

S|/A + S2(/A - /B) = VS, for loop A 
Sj/g + Si(/|j — /A) = — V<;2 for loop B 

Notice that /A is positive in loop A and lB is positive in loop B. 
Fourth, the like terms in the equations are combined and rearranged into standard form 

for convenient solution so that they have the same position in each equation, that is, the /A 
term is first and the term is second. The equations arc rearranged into the following 
form. Once the loop currents are evaluated, all of the branch currents can be determined, 

(ft| + /?2)'a _ ^2'b = I'si for loop A 
—«2/a + («2 + «3)/b = -Ks2 for loop B 

Notice that in the loop current method only two equations are required for the same cir- 
cuit that required three equations in the branch current method. The last two equations (de- 
veloped in the fourth step) follow a form to make loop analysis easier. Referring to these 
last two equations, notice that for loop A, the total resistance in the loop, R\ + AN. is mul- 
tiplied by /A (its loop current). Also in the loop A equation, the resistance common to both 
loops, AS. is multiplied by the other loop current, Ig. and subtracted from the first term. The 
same form is seen in the loop B equation except that the terms have been rearranged. From 
these observations, a concise rule for applying steps I to 4 is as follows: 

(Sum of resistors in loop) limes (loop current) minus (each resistor common to both 
loops) times (associated adjacent loop current) equals (source voltage in the loop). 

Example 9-8 illustrates the application of this rule to the loop current analysis of a circuit. 

EXAMPLE 9-8 Using the loop current method, find the branch currents in Figure 9-10. 

Vs.' 
10 V ■ 

4711 O' I] 
wv 

77U a 

FIGURE 9-10 

Sotulion Assign the loop currents (/A and Ig) as shown in Figure 9-10; resistance values are in 
ohms and voltage values are in volts. Use the rule described to set up the two loop 
equations. 

(470 + 220)1A - 220/b = 10 
690/a — 220lg = 10 for loop A 

-2201A + (220 + 820)/„ = -5 
-2201A + I (I4(I/b = -5 for loop B 
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Use determinants to find l\ 

/a = 

10 -220 
-5 1040 
690 -220 

-220 1040 

(I0)(I040) - (-5)(-220) = 104000 - 1100 = 102900 
(690)(1040) - (—220)(—220) _ 717600 - 48400 ~ 669200 

= 13.9 mA 

Solving for Ig yields 

'b - 

690 10 
-220 -5 (690)(—5) - (-2201(10) -3450 - (-2200) 

669200 669200 669200 
= — 1.87 mA 

The negative sign on /g means that its assigned direction is opposite to the actual 
current. 

Now find the actual branch currents. Since /a is the only current through H\. it is 
also the branch current /|. 

/, = /A = 13.9 mA 

Since /g is the only current through it is also the branch current /j. 

h = /b = -1.87 mA 
The negative sign indicates opposite direction of that originally assigned to Ig. 

As originally assigned, both loop currents /a and Ig arc through Ri in opposite 
directions. The branch current I2 is the difference between /A and Ig. 

I2 = 'a - 'b = 13.9 mA - (-1.87 mA) = 15.8 mA 
Keep in mind that once you know the branch currents, you can find the voltages by 
using Ohm's law. Notice that these results are the same as in Example 9-7 where the 
branch current method was used. 

Ilt l.iled Problem Solve for the two loop currents using your calculator. 

Use Multisim file E09-08 to verify the calculated results in this example and to verify 
your calculations for the related problem. 

Circuits with More Than Two Loops 

The loop current method can be systematically applied to circuits with any number of 
loops. Of course, the more loops there are, the more difficult is the solution, but calculators 
have greatly simplified solving simultaneous equations. Most circuits that you will en- 
counter will not have more than three loops. Keep in mind that the loop currents are not the 
actual physical currents but arc mathematical quantities assigned for analysis purposes. 

A widely used circuit that you have already encountered is the Wheatstone bridge. The 
Whcatstonc bridge was originally designed as a stand-alone measuring instrument but has 
largely been replaced with other instruments. However, the Wheatstone bridge circuit is in- 
corporated in automated measuring instruments, and as explained previously, is widely 
used in the scale industry and in other measurement applications. 

One method for solving the bridge parameters, which directly leads to (inding the cur- 
rent in each arm of the bridge and the load current, is to write loop equations for the bridge. 
Figure 9-11 shows a Wheatstone bridge with three loops. Example 9-9 illustrates how to 
solve for all of the currents in the bridge. 
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FIGURE 9-11 
Wheatstone bridge with three loops. 

CO, 

EXAMPLE 9-9 For the Wheatstone bridge circuit in Figure 9-12, find the loop currents. Use the loop 
currents to solve for the current in each resistor (branch current). 

FIGURE 9-12 
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Solution Assign three counterclockwise loop currents (/,,, 1^. and Iq) as shown in Figure 9- i2. 
Then write the loop equations. The equations for the loops are 

Loop A: -12 + 330(/a - lB) + 300(/A - Iq) = 0 
Loop B: 330(/b - /a) + 360/B + 1000(/b - /c) = 0 
Loop C: 300(/c - /A) + I000(/c - /„) + 390/c = 0 

Rearrange the equations into standard form: 

Loop A 
Loop B 
Loop C 

630/A - 330/b - 300/c = 12 V 
-330/a + 1690/b - I000/C = 0 
—300/a - 1000/B + 1690/c = 0 

You can solve these equations with substitution, but this is tedious with three un- 
knowns. The determinant method or directly solving with your calculator are simpler 
ways. Units are not shown until the end of the problem. 

Evaluating the characteristic determinant using the expansion method. 

630 -330 -300 
-330 1690 -1000 
-300 -1000 1690 

630 -330 
-330 1690 
-300 -1000 

= [(630)( 1690)(1690) + (-330)(-I000)(-300) + (-300)(-330)(-1000)] 
— [(—300)(I690)(-300) + (-1000)(-1000X630) + (l690)(-330)(-330)] 

= 635202000 
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Solving for l\: 

12 -330 -300 
0 1690 -1000 
0 -1000 1690 

635202000 

Solving for 1%: 

630 12 -300 
-330 0 -1000 
-300 0 1690 

(12)(I690|(I690) - (I2)(-1000)(-1000) 
635202000 

= 0.0351 A = 35.1mA 

635202000 

Solving for lc'. 

(I2K-I000)(-300) - (-330)( 12)(I690) 
635202000 

= 0.0162 A = 16.2 mA 

630 -330 12 
-330 1690 0 
-300 -1000 0 (12)(—330)(— 1000) - (—300)( 1690)( 12) 

= 0.0158 A = 15.8 mA 
635202000 635202000 

The current in R\ is the difference between l,\ and la'. 

h = Ca - 'b) = 35.1 mA - 16.2 mA = 18.9 mA 
The current in Ri is the difference between /A and /(C 

h = ('a ~ 'c) = 35.1 mA — 15.8 mA = 19.3 mA 
The current in R\ is /g: 

h = /B = 16.2 mA 
The current in R^ is Iq: 

h ~ 'c = '5.8 mA 
The current in W/ is the difference between /u and /(■: 

4 = Cb _ 'c) = 16.2 mA - 15.8 mA = 0.4 mA 

Ri'l.ili'd I'roblen: Use a calculator to verify the loop currents in this example. 

Use Multisim file E09-09 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 

Another useful three-loop circuit is the bridgcd-T circuit. While the circuit is primarily 
applied in ae tiller circuits using reactive components, it is introduced here to illustrate the 
three-loop circuit solution. A loaded resistive bridgcd-T is shown in Figure 9-13. 

Resistors will often be in kfl (or even M !1) so the coefficients for simultaneous equa- 
tions will become quite large if they are shown explicitly in solving equations. To simplify 
entering and solving equations with k!l. it is common practice to drop the kfl in the equa- 
tions and recognize that the unit for current is the mA if the voltage is volts. The following 
example of a bridged-T circuit illustrates this idea. 
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FIGURE 9-13 
w 
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EXAMPLE 9-10 Figure 9-14 shows a bridged-T circuit with three loops. Set up the standard form 
equations for the loop currents. Solve the equations with a calculator and find the 
current in each resistor. 

FIGURE 9-14 

WV 
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Sclulion Assign three counterclockwise loop cuncnls(/A, 1^. and /(■) as shown in Figure 9-14. 
Write the loop equations, but drop the k prefix from the resistances. Current will be in mA. 

Loop A: 22(1 A - /„) + 15/A + 7.5(/A - Iq) = 0 
Loop B; -12 + 22(/b - /A) + 8.2(/B - /c) = 0 
Loop C: 8.2(/c — /b) 4- 7.5(/c — I a) 4- !0/c = 0 

Rearrange the equations into standard form: 

Loop A: 44.5/a - 22/B - 7.5/c = 0 
Loop B: -221^ + 30.2/b - 8.2/c = 12 
Loop C: -2.51a - 8-2/B 4- 25.7/c = 0 

Calculator Solution: A calculator solution requires entry of the number of equations 
(3), the coefficients, and the constants. The calculator SOLVE function produces the 
results as shown in Figure 9-15. Because the resistors were in kfl, the unit for the 
loop currents is mA. Solve for the current in each resistor. The current in R\ = /A. 

/, = 0.512 mA 

FIGURE 9-15 
44.5 -22 -7.5 0 X1=lA=0.512 
-22 30.2 -8.2 12 —► SOLVE| —► X2=lB=0.887 
-7.5 -8.2 25.7 0 X3=IC=0.432 
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Related Problem 

The current in ft2 is the difference between l,\ and /g. 

h = (/a - 'b) = 0,512mA - 0.887mA = -0.375mA 
The negative sign indicates that current is the opposite direction to /A; the positive side 
of the resistor is the right side. 

The current in Rt, is lr\ — lc- 

13 = 0.512 mA - 0.432 mA = 0.08 mA 

The current in ftj is /g — Iq. 

'4 = hi ~ 'c = 0.887 mA - 0.432 mA = 0.455 mA 
The current in ft/ is lc- 

/,. = 0.432 mA 

Find the voltage across each resistor. 

Use Multisim tiles E09-I0A and E09-I0B to verify the calculated results in this example 
and to confirm your calculations for the related problem. 

SECTION 9-3 
CHECKUP 

1. Do the loop currents necessarily represent the actual currents in the branches? 
2. When you solve for a current using the loop method and get a negative value, what 

does it mean? 
3. What circuit law is used in the loop current method? 

0 
9-4 Node Voltage Method 

Another method of analysis of multiple-loop circuits is called the node voltage method. 
It is based on finding the voltages at each node in the circuit using Kirchhoff's current 
law. Recall that a node is the junction of two or more components. 

After completing this section, you should be able to 

♦ Use node analysis to find unknown quantities in a circuit 

♦ Select the nodes at which the voltage is unknown and assign currents 

♦ Apply Kirchhoff's current law at each node 

♦ Develop and solve the node equations 

The general steps for the node voltage method of circuit analysis are as follows: 

Step 1: Determine the number of nodes. 
Step 2: Select one node as a reference. All voltages will be relative to the reference 

node. Assign voltage designations to each node where the voltage is unknown. 
Step 3: Assign currents at each node where the voltage is unknown, except at the ref- 

erence node. The directions are arbitrary. 
Step 4: Apply Kirchhoff's current law to each node where currents are assigned. 
Step 5: Express the current equations in terms of voltages, and solve the equations for 

the unknown node voltages using Ohm's law. 
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FIGURE 9-16 
Circuit for node voltage analysis. "i V. , NodeC  f ^A/vV Node D 

Node fi 

We will use Figure 9-16 to illustrate the general approach to node voltage analysis. 
First, establish the nodes. In this case, there arc four nodes, as indicated in the figure. Sec- 
ond, let's use node B as the reference. Think of it as the circuit's reference ground. Node 
voltages C and D are already known to be the source voltages. The voltage at node A is the 
only unknown; it is designated as VA. Third, arbitrarily assign the branch currents at node 
A as indicated in the figure. Fourth, the Kirchhoff current equation at node A is 

/, - /2 + l3 = 0 

Fifth, express the currents in terms of circuit voltages using Ohm's law. 

/: _ _ Ksi - va 
«i 

/ Va 
'2 «2 «2 

h 
_ Vsj - VA 

Substituting these terms into the current equation yields 

Vs. - K-t v,t , ^s; - Kt 0 
/fi R2 R} 

The only unknown is VA; so solve the single equation by combining and rearranging 
terms. Once you know the voltage, you can calculate all branch currents. Example 9-11 il- 
lustrates this method further. 

EXAMPLE 9-11 Find the node voltage VA in Figure 9-17 and determine the branch currents. 

vsl • 
10 V 

470 !! 820 a 
wv vw 

FIGURE 9-17 
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Solution The reference node is chosen at H. The unknown node voltage is V4, as indicated in 
Figure 9-17. This is the only unknown voltage. Branch currents are assigned at node 
A as shown. The current equation is 

h-h + h = 0 
Substitution for currents using Ohm's law gives the equation in terms of voltages. 

10- VA VA 5 - VA 

470 220 
• + 

820 
= 0 

Rearranging the terms yields 

10 
470 

VA 
470 220 

5 
820 

VA 
820 

0 

VA VA VA 10 5 
470 220 820 470 820 

To solve for VA, combine the terms on each side of the equation and find the common 
denominator. 

I8O4V4 + 3854V,, + I034V4 820 + 235 
847880 

6692 V^ _ 
847880 _ 

Va = 

You can now determine the branch currents. 
10 V - 3.47 V 

38540 
1055 

38540 
(1055X847880) 
(6692)(38540) 

= 3.47 V 

/1 = 

h = 

470 fl 
3.47 V 

= 13.9 mA 

= 15.8 mA 

h = 

220 n 
5 V - 3.47 V 

820 n = 1.87 mA 

Related Problem 

These results agree with those for the same circuit in Example 9-7 and in Example 
9-8 using the branch and loop current methods. 

Find VA in Figure 9-17 if the 5 V source is reversed. 

Use Multisim file E09-11 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Example 9-11 illustrated an obvious advantage to the node method. The branch current 
method required three equations for the three unknown currents. The loop current method 
reduced the number of simultaneous equations but required the extra step of converting the 
fictitious loop currents to the actual currents in the resistors. The node method for the cir- 
cuit in Figure 9-17 reduced the equations to one, in which all of the currents were written 
in terms of one unknown node voltage. The node voltage method also has the advantage of 
finding unknown voltages, which are easier to directly measure than current. 

Node Voltage Method for a Wheatstone Bridge 

The node voltage method can be applied to a Wheatstone bridge. The Wheatstone bridge is 
shown with nodes identified in Figure 9-18 with currents shown. Node D is usually 
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FIGURE 9-18 
Wheatstone bridge with node 
assignments. 

selected as the reference node, and node A has the same potential as the source voltage. 
When setting up the equations for the two unknown node voltages (H and C), it is neces- 
sary to specify a current direction as described in the general steps. The direction of current 
in R/ is dependent on the bridge resistances: if the assigned direction is incorrect, it will 
show up as a negative current in the solution. 

Kirchhoff's current law is then written for each of the unknown nodes. Each current is 
then expressed in terms of node voltages using Ohm's law as follows: 

Node B: 

h + il = h 
VA-Vb , Vc - Vfl VB 

R\ Kl 
Node C: 

h = '/, + h 
Kr - IV _ vc - Vb t Vc 

R, Rl R, 

The equations are put in standard form and can be solved with any of the methods you have 
learned. The following example illustrates this for the Wheatstone bridge that was solved 
by loop equations in Example 9-9. 

EXAMPLE 9-12 For the Wheatstone bridge circuit in Figure 9-19, find the node voltages at node B and 
node C. Node D is the reference, and node A has the same voltage as the source. 

FIGURE 9-19 

V'l ! 360 1 

kS — 
v • ii 

R, 
390!! mi! '.! 
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Solution Apply Kirchhoff's current law at node B and node C in terms of node voltages. To keep 
coefficients more manageable, all resistances are shown in k!!; current will be in mA, 

Node B: 
h + = h 

VA - VB +VC- VB Vb_ 
Rl R\ Rl 

12 - Va | V(- - VB   
0.33 kil i.Okfi 0.30 kft 

y B 

Node C: 

Va - 
h- h + U 

Vc Vc - vB 

«3 
12 V - Vc 

Rl 
Vc - vB 

Vc 
r4 

V, c 
0.36 kfl I.Okfi 0.39 kfi 

Rearrange the equations for each node into standard fonn. Resistance units of kfl will 
be omitted for simplicity. 
Nolle B: Multiply each term in the expression for node B by BiBjRi. and combine like 
terms to gel the standard form. 

«2«/.(VA - VH) + RtRiWc - VH) = RiRlyB 

(0.30)( 1.01(12 - VB) + (0.33)(0,30)(VC - V8) = (0,33)(1.0)VB 

0.729Vfl - 0.099Vc = 3.6 

Node C: Multiply each term in the expression for node C by R}R4Ri and combine like 
terms to gel the standard form. 

RaRlIVa - Vc) = RiRaWc - VB) + R}RlVc 
(0.39)(1.0)( 12 - Vc-) = (0.36)(0.39)(VC - VB) + (0.36)(l.0)Vc 

0.1404V8 - 0.8904VC = -4.68 

You can solve the two simultaneous equations using substitution, determinants, or the 
calculator. Solving by determinants, 

0.729V« - 0.099Vc = 3.6 
0.1404VB - 0.8904Vc = -4,68 

V„ = 

Vc = 

3.6 
-4.68 

-0.099 
-0.8904 

0.729 
0.1404 

0.729 
0.1404 

-0.099 
-0.8904 

3.6 
-4.68 

(3.6K-0.8904) - (—0.099)(—4.68) 
(0.729)(-0,8904) - (0.1404)(-0.099) = 5.78 V 

0.729 
0.1404 

-0.099 
-0.8904 

(0.729X-4.68) - (0.1404)(3.6) 
(0.729)(-0.8904) - (0.1404)(-0.099) 

= 6.17 V 

Related Problem Using Ohm's law, determine the current in each resistor. Compare your results to the 
loop current method in Example 9-9. 
Use Multisim file E09-I2 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 
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Node Voltage Method for the Bridged-T Circuit 

Applying the node voltage method to the bridged-T circuit also results in two equations 
with two unknowns. As in the case of the Whcalstone bridge, there arc four nodes as shown 
in Figure 9-20. Node D is the reference and node A is the source voltage, so the two un- 
known voltages arc at nodes C and D. The effect of a load resistor on the circuit is usually 
the most important question, so the voltage at node C is the focus. A calculator solution of 
the simultaneous equations is simplified for analyzing the effect of various loads because 
only the equation for node C is affected when the load changes. Example 9-13 illustrates 
this idea. 

FIGURE 9-20 
The bridged-T circuit with node as- 
signments. 

Wv 

EXAMPLE 9-13 The circuit in Figure 9-21 is the same as in Example 9-10. 

(a) Solve for the voltage across R/ using node analysis and a calculator. 

(b) Find the effect on the load voltage when the load resistor is changed to 15 kO. 

FIGURE 9-21 
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Solution (a) Apply Kirchhoff's current law at nodes B and C in terms of node voltages. 

Node B: 

l2 = h + h 
Va - Vp Vb - Vc , Vg 

Ka k2 R} 

12 - V8 Vg - Vc 

22 kfl 7.5 kfi 
+ Vb 

8.2 kfi 
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Node C: 

FIGURE 9-22 

Kl - Vc 
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Rl 
Vc 

«3 
Vb - Vc 
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Rearrange the equations for each node into standard form. Resistance units of k!! will 
be omitted for simplicity. 

Node /I: Multiply each term in the equation for node B by ANAkiR., to cancel the de- 
nominator. Combine like terms to get the standard form. 

R,/?4(Va - VB) = «2«4(VB - Vc) + RoRiVn 
(7.5)(8.2)(I2 - VB) = (22)(8.2)(Vg - Vc) + (22)(7.5)VS 

406.9VB - 180.4Vc = 738 

Node C: Multiply each term in the equation for node C by RiR^R/_ and combine like 
terms to get the standard form. 

WLWA - Vc) + /WVB - Vc) = RlR3Vc 

(7.5)(10)(I2 - Vc) + (15)(I0)(VW - Vc) = (15)(7.5)VC 

I50V8 - 337.5 Vc = -900 

Calculator Solution: The two equations in standard form are 

406.9VB - 180.4Vc = 738 
I50VB - 337.5Vc = -900 

Enter the number of equations (2), the coefficients, and the constants into a calculator 
to solve for V/i and Vc as shown in Figure 9-22. As a check, notice that this voltage 
implies that the load current is 0.432 mA, which is in agreement with the result found 
by the loop current method in Example 9-10. 

406.9 -180.4 738 
150 -337.5 -900 SOLVE 

X1=VB=3.73 
X2=VC=4.32 

Related Problem 

(b) To calculate the load voltage with a 15 kfi load resistor, notice that the equation 
for node 8 is unaffected. The node C equation is modified as follows: 

12 V - Vc , Vfi - Vc _ Vc 
ISkH 7.5kfl _ ISkH 

(7.5)(I5)(I2 - Vc) + (l5)(l5)(Vg - Vc) = (I5)(7.5)VC 

225 Vg - 450 Vc = -1350 

Change the parameters for the node C equation and press solve. The result is 

Vc = V, = 5.02 V 

For the 15 kfl load, what is the voltage at node B? 

Use Multisim tiles E09-13A and E09-13B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 
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[ 

iEC 
HE 

ON 
KUP 

1. What circuit law is the basis for the node voltage method? 
1. What is the reference node? 

Mi 
Application Activity 

rod Dependent sources were covered in 
Chapter 8 and applied to the modeling 
of transistors and amplifiers. In this cir- 
cuit application, you will see how a 

particular type of amplifier can be modeled and analyzed using the 
methods introduced in this chapter. The point is not to learn how 
amplifiers work because that is beyond the scope of this text and 
will be covered in a later course. The focus is on the application 
of circuit analysis methods to circuit models and not the amplifier 
itself. The amplifier is simply used as an example to illustrate how 
you can apply analysis methods to a practical circuit. 

Operational amplifiers arc integrated circuit devices that arc 
widely used in analog applications for signal processing. An 
operational amplifier symbol is shown in Figure 9-23(a). The 
equivalent dependent source model is shown in part (b). The 
gain (A) of the dependent source can be positive or negative, 
depending on how it is configured. 

Assume you need to calculate in detail the effect of an opera- 
tional amplifier circuit on a transducer that serves as an input. 
Some transducers, such as pH meters, appear as a small source 
voltage with a high series resistance. The transducer that is 
shown here is modeled as a small Thevenin dc voltage source in 
series with a Thevenin resistance of 10 kil. 

Practical amplifiers are created using an operational ampli- 
fier with external components. Figure 9-24(a) shows one type 
of amplifier configuration that includes the Thevenin resistance 
of the source along with two other external resistors. Rs 
represents the Thevenin source resistance. R/ is connected 
from the operational amplifier output to ground as a load, 
and is connected from the output to the input as a feedback 
resistor. Feedback is used in most operational amplifier 
circuits and is simply a path from the output back to the 
input. It has many advantages as you will learn in a later 
course. 

FIGURE 9-23 
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FIGURE 9-24 
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Wv 
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FIGURE 9-25 

Figure 9-24(b) is the equivalent circuit model of the source, 
the op-amp. and the load that we will use for analysis purposes. 
The internal gain of the dependent source, shown with the letter 
A on the op-amp block, is negative because it is an inverting am- 
plifier (the output has the opposite sign of the input). This inter- 
nal gain is generally extremely high. Although it is a very large 
number, the actual gain of the circuit with the external compo- 
nents is much lower because it is controlled by the external com- 
ponents rather than the internal gain. 

The specific values for the circuit in this application are given in 
Figure 9-25 along with assigned currents. All values aie shown in 
kfl to simplify entering the coefficients in the equations that you 
will use. Although op-amp circuits have excellent simple approxi- 
mations for determining the output voltage, there are limes you may 
want to know the exact output. You can apply your knowledge from 
this chapter to the circuit to find the exact output voltage. 

The amplifier model in Figure 9-25 can be analyzed easiest 
with the node voltage method because there are only two nodes. A 
and H. that have unknown voltages. At node A. the voltage is des- 
ignated and is the same as the input to the op-amp (Vin). At node 
B. the voltage is designated and also represents (he output (or load 
voltage), V/ . Current names and directions are assigned as shown. 

Analysis 
Apply Kirehhoff's eurrcnl law at each of the unknown nodes to 
write the node equations. 

Node A: /s = /p + /|\ 
Node B: /qut + 'i- - 'l 

Next, apply Ohm's law and let Vfo = VA. The internal source 
voltage for the op-amp is A Vim, so Ihis is written as A Yt to ex- 
press the unknowns in terms of VA and Vg. 

Node A; 

Node B: 

Ys - V* VA - V. 
Rs Rin Rf 

A Kt - Vn | Kt - Vi, _ V,i 
«oin % 

Expressing the equations in standard form, 

NodeA:-f—+ — + — Va + (—Vb = _( — |v 
Vrs Rin RfJ \RfJ \RSJ 

s 

(A I \ /I I 1 \ Node B: -  + — ]VA + I — + + — U's = 0 
VRojt Rpv \Rl Rout Rf/ 

1. Substitute (he values that were given in Figure 9-25 into (he 
standard form equations. Solve the equations to find Vjn and 
VL. (Resistance can be entered in kfl.) 

2. Calculate the input current. /j\t, and the current in the feed- 
back resistor, /p. 

Review 
3. Does the output voltage change if the load resistor R/ is 

doubled? 
4. Does the output voltage change if the feedback resistor Rp 

is doubled? 

SUMMARY 

♦ Simultaneous equations can be solved by substitution, by determinants, or by a graphics calculator. 
♦ The number of equations must be equal to the number of unknowns. 
♦ Second-order determinants are evaluated by adding the signed cross-products. 
♦ Third-order determinants are evaluated by the expansion method. 
♦ The branch current method is based on Kirehhoff's voltage law and Kirehhoff's current law. 
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♦ The loop current method is based on Kirchhoff's voltage law. 
♦ A loop current is not necessarily the actual current in a branch. 
♦ The node voltage method is based on Kirchhoff's current law, 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Branch One current path that connects (wo nodes. 
Determinant The solution of a matrix consisting of an array of coefficients and constants for a set 
of simultaneous equations. 
Loop A closed current path in a circuit. 
Matrix An array of numbers. 
Node The junction of two or more components. 
Simultaneous equations A set of n equations containing n unknowns, where n is a number with a 
value of 2 or more. 

TRUE/FALSE QUIZ Answers arc at the end of the chapter. 

!. An equation with two variables is called a second-order equation. 
2. A set of three simultaneous equations is required to solve for two unknowns. 
3. Three ways to solve simultaneous equations are substitution, determinants, and calculator. 
4. A complete current path in a circuit is a loop. 
5. A node and a branch are the same thing. 
6. A loaded Wheatstone bridge contains three loops. 
7. A loaded bridged-T circuit has only two loops. 
8. In the loop current method, an equation is written for each loop. 
9. Kirchhoff's current law is applied in the node voltage method. 

10. A loaded Wheatstone bridge has four unknown nodes. 

SELF-TEST Answers are at the end of the chapter. 
1. Assuming the voltage source values in Figure 9-6 arc known, there is/arc 

(a) 3 nonrcdundant loops 
(b) I unknown node 
(c) 2 nonrcdundant loops 
(d) 2 unknown nodes 
(e) both answers (b) and (c) 

2. In assigning the direction of branch currents. 
(a) the directions are critical 
(b) they must all be in the same direction 
(c) they must all point into a node 
(d) the directions are not critical 

3. The branch current method uses 
(a) Ohm's law and Kirchhoff's voltage law- 
lb) Kirchhoff's voltage and current laws 
(c) the superposition theorem and Kirchhoff's current law- 
Id) Thevenin's theorem and Kirchhoff's voltage law 
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4. A characierislic decerminant for two simultaneous equations will have 
(a) 2 rows and I column (b) I row and 2 columns 
(c) 2 rows and 2 columns 

5. The first row of a certain determinant has the numbers 2 and 4. The second row has the num- 
bers 6 and I. The value of this determinant is 
(a) 22 (b) 2 (c) -22 (d) 8 

6. The expansion method for evaluating determinants is 
(a) good only for second-order determinants 
(b) good only for both second and third-order determinants 
(c) good for any determinant 
(d) easier than using a calculator 

7. The loop current method is based on 
(a) KirchhofTs current law (b) Ohm's law 
(c) the superposition theorem (d) Kirchhoff's voltage law 

8. The node voltage method is based on 
(a) Kirchhoff's current law (b) Ohm's law 
(c) the superposition theorem (d) Kirchhoff's voltage law 

9. In the node voltage method, 
(a) currents arc assigned at each node 
(b) currents arc assigned at the reference node 
(c) the current directions are arbitrary 
(d) currents are assigned only at the nodes where the voltage is unknown 
(e) both answers (c) and Cd) 

10. Generally, the node voltage method results in 
(a) more equations than the loop current method 
(b) fewer equations than the loop current method 
(c) the same number of equations as the loop current method 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 9-26. 
1. If Ri opens, the current through Rt, 

(a) increases (b) decreases (c) slays the same 
2. If the 6 V source shorts out. the voltage at point A with respect to ground 

(a) increases (b) decreases (c) slays the same 
3. If /?2 becomes disconnected from ground, the voltage at point A with respect to ground 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 9-27. 
4. If the current source fails open, the current through R^ 

(a) increases (b) decreases (c) stays the same 
5. If /?2 opens, the current through R-^ 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 9-30. 
6. If R\ opens, the magnitude of the voltage between the A and B terminals 

(a) increases (b) decreases (c) stays the same 
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7. If Rj is replaced by a ID !1 resistor, V,\ii 
(a) increases (b) decreases <c) stays the same 

8. if point B shorts to the negative side of the source, 
(a) increases (b) decreases <c) stays the same 

9. If the negative side of the source is grounded. 
(a) increases (b) decreases <c) stays the same 

Refer to Figure 9-32. 
10. If a voltage source Vs2 fails open, the voltage at A with rcspcel to ground 

(a) increases (b) decreases (c) slays the same 
11. If a shoit develops from point A to ground, the current through Rt, 

(a) increases (b) decreases (c) stays the same 
12. If /?2 opens, the voltage across R^ 

(a) increases (b) decreases (c) stays the same 

PROBLEMS 
More difficult problems are indicated by an asterisk O. 
Answers to odd-numbered problems are at the end of the book. 

SECTION 9-1 Simultaneous Equations in Circuit Analysis 
1. Using the substitution method, solve the following set of equations for lK\ and //q, 

100/, + 50/2 = 30 
75/! + 90/2 = 15 

2. Evaluate each determinant: 
(a) U 6| (b) jq -H (c) I \2 15| 

U dl lo 51 1-2 -l| 
3. Using determinants, solve the following set of equations for both currents: 

(d) 100 50 
30 -201 

4. Evaluate each of the determinants: 
(a) 0 -2 

4 I 
10 0 

(b) 0.5 
0.1 

-0,1 

-h 

1.2 
-0,3 

2/2 = 4 
3/2 = 6 

-0.8 
1.5 
5 

5. Evaluate each of the determinants: 
(a) 25 0 -20 (b) 1,08 1.75 0.55 

10 12 5 0 2.12 -0.98 
-8 30 -16 1 3.49 -1.05 

6. Find A in Example 9-4, 
7. Solve for /j, I2, /? in the following set of equations using determinants: 

2/1 - 6/2 + IO/3 = 9 
3/i + 7/2 — 8/3 = 3 

I0/| + 5/2 - 12/3 = 0 
®8. Find V\, V2. V3. and V4 from the following set of equations using your calculator: 

I6V| + lOVj - 8F3 - 3V4 = 15 
2V, + 0V2 + SVj + 2V4 = 0 

-7V| - I2V2 + OV3 + OV4 = 9 
-IV, + 20V2 - 18V, + OV4 = 10 
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9. Solve the Iwo simullaneous equacions in Problem 1 using your calculator. 
10. Solve the three simultaneous equations in Problem 7 using your calculator. 

SECTION 9-2 Branch Current Method 
11. Write the Kirchhoff current equation for the current assignment shown at node -4 in Figure 9-26. 
12. Solve for each of the branch currents in Figure 9-26, 
13. Find the voltage drop across each resistor in Figure 9-26 and indicate its actual polarity. 

S.2 i 5.6 n 
wv wv 

ID I! 2 V 

: 

FIGURE 9-26 

*14. Find the current through each resistor in Figure 9-27. 
15. In Figure 9-27. determine the voltage across the current source (points A and /?). 

FIGURE 9-27 

mi: mA 2 V (HI U 
I 

SECTION 9-3 Loop Current Method 
16. Write the characteristic determinant for the equations; 

0.045/a + 0.130/b + 0.066/c = 0 
O.I77/a + 0.0420/b + 0.I09/C = 12 
0.078/a + O.I96/b + 0.029/c - 3.0 

17. Using the loop current method, find (he loop currents in Figure 9-28. 
18. Find the branch currents in Figure 9-28. 
19. Determine the voltages and their proper polarities for each resistor in Figure 9-28. 

2 V 
r 

T 

«i 
-W- 

iooo n 
• 560 Si 

4 V 

R. 
-Wv- 
8201! 

"sr 
6 V 

FIGURE 9-28 
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20. Wrile Ihe loop cquafions for the circuit in Figure 9-29. 
21. Solve for the loop currents in Figure 9-29 using your cuiculator. 
22. Find the current through each resistor in Figure 9-29. 

"si ■ 
1.5 V 

FIGURE 9-29 

IS u 47 a ~ a 
wv wv vw 

4.7 it 
in a 

T 

T 1.5 V 

23. Determine the voltage across the open bridge terminals. A and /i, in Figure 9-30. 
24. When a 10 !l resistor is connected from terminal A to terminal II in Figure 9-30. what is the 

current through it? 

Vs. 
BV ' 

V/V 
io a 

i ; 

3.9 a 

FIGURE 9-30 

25. Write Ihe loop equations in standard form for the bridged-T circuit in Figure 9-31. 
26. Find ihe current through R/ in Figure 9-31. 

"*27. What is the voltage across Ri in Figure 9-31 ? 

680 a 

ka 

1.1 V 2.2 ka 

FIGURE 9-31 

D 



Problems ♦ 373 

SECTION 9-4 Node Voltage Method 
28. In Figure 9-32. use the node voltage method to find the voltage at point A with respect to ground. 
29. What are the branch current values in Figure 9-32? Show the actual direction of current in each 

branch. 

w m 
S2 !! 

■•s o 

30 V 3" 
40 V 

1 

FIGURE 9-}2 

30. Write the node voltage a|ualk>ns for Figure 9-29. Use your caleulator to find (he node voltages. 
31. Use node analysis to determine the voltage at points A and H with respect to ground in Figure 9-33, 

"si ■ 
9 V " 

56 k!! 
-Wv- 

91 k!l 
-VA- 

: : 27 k!! 

82 k!! 
-VA- 

■.K> 
■ 33 k!! 

T' 

15 V 

FIGURE 9-33 

*32. Find the voltage at points .1. />. and C in Figure 9-34. 

24 V 

«2 
1.0 id! 
-AA 

l.ll k 
WV 

II U) 

.0 k!! ,0 ki! 1.0 k!! 
VA Wv 

1.(1 fc!l 
0 k IS V 

III V 
I 

FIGURE 9-34 
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"33. Use node analysis, loop analysis, or any oilier procedure to find all currents and the voltages at 
each unknown node in Figure 9-35. 

► FIGURE 9-35 A 

-5.25 V 

10 k!! PkU X kll 

wv Wv « 
hkii - k 

; kn 
Id! 20 k 

--T 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
34. Open file P09-34 and measure the current through each resistor. 
35. Open file P09-35 and measure the current through each resistor. 
36. Open file P09-36 and measure the voltages with respect to ground at nodes A and B. 
37. Open file P09-37. Determine if there is a fault and, if so. specify the fault. 
38. Open file P09-38 and measure the voltages with respect to ground at output terminals I and 2. 
39. Open file P09-39 and determine what the fault is. 
40. Open file P09-40 and determine what the fault is. 
41. Open file P()9-4I and determine what the fault is. 

ANSWERS  

SECTION CHECKUPS 

SECTION 9-1 Simultaneous Equations in Circuit Analysis 
I. (a)4 (b) 0.415 (c)-98 

|2 31 
2- 15 41 
3. -0.286 A = -286 mA 
4. /, = -.038893513289 

12 = .084110232475 
= .041925798204 

/4 = -.067156192401 
5. /, = -.056363148617 

l2 = ,07218287729 
1} - .065684612774 
At = -.041112571034 

SECTION 9-2 Branch Current Method 
1. KirchholT's voltage law and KirchholT's current law arc used in the branch current method. 
2. False, but write (he equations so that they arc consistent w ith your assigned directions. 
3. A loop is a closed path within a circuit. 
4. A node is a junction of two or more components. 



Answers ♦ 375 

SECTION 9-3 loop Current Method 
1. No. loop currents are not necessarily the same as branch currents. 
2. A negative value means the direction should be reversed. 
3. Kirchhoff's voltage law is used in loop analysis. 

SECTION 9-4 Node Voltage Method 
1. Kirchhoff's current law is the basis for node analysis. 
2. A reference node is the junction to which all circuit voltages arc referenced. 

RELATED PROBLEMS FOR EXAMPLES 
9-1 20*, - 11*2 =-15 

18*1 + 25*2 = 10 
9-2 10V, - 2IV2 - 50V3 =-15 

18 V, + 25 V, - I2Vj = 10 
18V, - 25V2 + I2V3 = 9 

9-3 3.71 A 
9-4 -298 mA 
9-5 X, = -1.76923076923; X2 = -18.5384615385; X, = -34.4615384615 
9-6 Same results as answer for 9-5 
9-7 /, = 17.2 mA; h = 8.74 mA; /, = -8.44 mA 
9-8 /, = X, = .013897190675 (a 13.9 mA); /, = X2 = -.001867901972 (a - 1.87 mA) 
9—9 They are correct. 
9-10 V, = 7.68 V, V2 = 8.25 V, V, = 0.6 V, V4 = 3.73 V, Vu = 4.32 V 
9-11 1.92 V 
9-12 /, = 18.8 mA. = l9.3mA,/3 = l6.2mA,/4 = 15.8 mA./,, = 0.4 mA 
9-13 VB = 4.04 V 

TRUE/FALSE QUIZ 
1. T 2. F 3. T 4. T 5. F 
6. T 7. F 8. T 9. T 10. F 

SELF-TEST 
1. (c) 2. (d) 3. lb) 4. (c) 5. (c) 
6. (b) 7. (d) 8. (a) 9. (c) 10. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (a) 5. (c) 6. (b) 
7. (a) 8. (a) 9. (c) 10. (b) II. (b) 12. (b) 
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Magnetism and 

Electromagnetism 

CHAPTER OUTLINE APPLICATION ACTIVITY PREVIEW 

The Magnetic Field 
Electromagnetism 
Electromagnetic Devices 
Magnetic Hysteresis 
Electromagnetic Induction 
The DC Generator 
The DC Motor 
Application Activity 

CHAPTER OBJECTIVES 

♦ Explain the principles of a magnetic field 
♦ Explain the principles of clcclromagnclism 
♦ Describe the principle of operation for several types of electro- 

magnetic devices 
♦ Explain magnetic hysteresis 

Discuss the principle of electromagnetic induction 
Explain how a dc generator works 
Explain how a dc motor works 

KEY TERMS 

Magnetic field 
Lines of force 
Magnetic flux 
Weber (Wb) 
Tesla 
Hall effect 
Electromagnetism 
Electromagnetic field 
Permeability 
Reluctance 
Magnetomotive force 
(mmf) 

♦ Ampere-turn (At) 
♦ Solenoid 
♦ Relay 
♦ Speaker 
♦ Hysteresis 
♦ Refentivity 
♦ Induced voltage (V|m|) 
♦ Electromagnetic 

induction 
♦ Induced current (/|nd) 
♦ Faraday's law 
♦ Lenz's law 

In this application activity, you will learn how electromag- 
netic relays can be used in security alarm systems, and you 
will develop a procedure to check out a basic alarm system. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

This chapter departs from the coverage of dc circuits and 
introduces the concepts of magnetism and electromagnet- 
ism. The operation of devices such as the relay, the solenoid, 
and the speaker is based partially on magnetic or electro- 
magnetic principles. Electromagnetic induction is important 
in an electrical component called an inductor or coil, which 
is the topic in Chapter 13. 

Two types of magnets are the permanent magnet and the 
electromagnet. The permanent magnet maintains a constant 
magnetic field between its two poles with no external excita- 
tion. The electromagnet produces a magnetic field only 
when there is current through it. The electromagnet is basi- 
cally a coil of wire wound around a magnetic core material. 

The chapter concludes with an introduction to dc genera- 
tors and dc motors. 
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0 10-1 The Magnetic Field  
A permanent magnet has a magnetic field surrounding it. A magnetic field is visual- 
ized by lines of force that radiate from the north pole (N) to the south pole (S) and 
back to the north pole through the magnetic material. 

After completing this section, you should be able to 

♦ Explain the principles of a magnetic field 

♦ Define magnetic flux 

♦ Define magnetic flux density 

♦ Discuss how materials are magnetized 

♦ Explain how a magnetic switch works 

A permanent magnet, such as the bar magnet shown in Figure 10-1, has a magnetic field 
surrounding it. All magnetic fields have their origin in moving charge, which in solid ma- 
terials is caused by moving electrons. In certain materials such as iron, atoms can be 
aligned so that the electron motion is reinforced, creating a measurable field that extends in 
three dimensions. Even some electrical insulators can exhibit this behavior; ceramics make 
excellent magnets but are electrical insulators. 

FIGURE 10-1 
Magnetic lines of force around a bar 
magnet. 

Blue lines represent only a few of the many magnetic 
lines of force in the magnetic field. 

To illustrate magnetic fields, "lines offeree" or flux lines are used to represent an un- 
seen field. Flux lines are widely used as a description of a field, showing the strength and 
direction of the field. The flux lines never cross. When lines are close together, the field is 
more intense; when they are farther apart, the field is weaker. The flux lines are always 
drawn from the north pole (N) to the south pole (S) of a magnet. Even in small magnets, the 
number of lines based on the mathematical definition is extremely large, so for clarity, only 
a few lines are generally shown in drawings of magnetic fields. 

When unlike poles of two permanent magnets arc placed close together, their magnetic 
fields produce an attractive force, as indicated in Figure IO-2(a), When two like poles are 
brought close together, they repel each other, as shown in part (b). 

When a nonmagnetic material such as paper, glass, wood, or plastic is placed in a mag- 
netic field, the lines of force arc unaltered, as shown in Figure 10-3(a). However, when a 
magnetic material such as iron is placed in the magnetic field, the lines of force tend to 
change course and pass through the iron rather than through the surrounding air. They do 
so because the iron provides a magnetic path that is more easily established than that of air. 

® This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 

HISTORY N O T E 1 

Wilhelm 
(This item Fduard omitted from Weber WebBook edition) 

1804-1891 

Weber was a German physicist 
who worked closely with Gauss, 
whose biography appears later. 
Independently, he established a 
system of absolute electrical units 
and also performed work that was 
crucial to the later development of 
the electromagnetic theory of 
light. The unit of magnetic flux is 
named in his honor. (Photo credit; 
Courtesy of the Smithsonian 
Institution. Photo No. 53,604.) 
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rVrcsnwn" 

Many strong magnets are very 
brittle and can shatter on impact. 
Eye protection should always he 
worn when you work with strong 
magnets. Strong magnets are not 
toys and should not be given to 
children. People with pacemakers 
should stay away from strong 
magnets. 

N S 

(a) Unlike poles attract. 

(b) Like poles repel. 

A FIGURE 10-2 
Magnetic attraction and repulsion. 

HISTORY { NOTE 

1 

Nikola Tesla 
1856-1943 

Tcsla was horn in Croatia (then 
Austria-Hungary). He was an 
electrical engineer who invented 
the ac induction motor, polyphase 
ac systems, the Tesla coil 
transformer, wireless 
communications, and fluorescent 
lights. He worked for Edison when 
he first came to the U.S. in 1884 
and later for Weslinghouse. The SI 
unit of magnetic flux density is 
named in his honor. (Photo credit: 
Courtesy of the Nikola Tesla 
Museum, Belgrade, Yugoslavia.) 

V Soft iron iron . 
Glass 

(a) 

FIGURE 10-3 

(b) 

Effect of (a) nonmagnetic and (b) magnetic materials on a magnetic field. 

Figure 10-3(b) illustrates this principle. The fact that magnetic lines of force follow a path 
through iron or other materials is a consideration in the design of shields that prevent stray 
magnetic fields from affecting sensitive circuits. 

Magnetic Flux (</») 

The group of force lines going from the north pole to the south pole of a magnet is called 
the magnetic flux, symbolized by il> (the Greek letter phi). A stronger field is represented 
by more lines of force. Several factors determine the strength of a magnet, including the 
material and physical geometry as well as the distance from the magnet. Magnetic field 
lines tend to be more concentrated at the poles. 

The unil of magnetic flux is the weber (VVb), One weber equals 10s lines. The weber is 
a very large unit; thus, in most practical situations, the microwcbcr (/iWb) is used. One 
microweber equals 100 lines of magnetic flux. 
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Magnetic Flux Density (B) 

The magnetic flux density is the amount of flux per unit area perpendicular to the mag- 
netic field. Its symbol is B, and its SI unit is the tesla (T). One tcsla equals one weber per 
square meter (Wb/nr). The following formula expresses the flux density: 

B = * 
A 

where 4> is the flux (Wb) and A is the cross-sectional area in square meters (m2) of the mag- 
netic field. 

Equation 10-1 

EXAMPLE 10-1 

FIGURE 10-4 

TABLE 10-1 

Related Problem* 

Compare the flux and the flux density in the two magnetic cores shown in Figure 
10^1. The diagram represents the cross section of a magnetized material. Assume that 
each dot represents 100 lines or 1 /iWb. 

- 2.5 cm - 5.0 cm • 

2.5 cm 

la) 

2,5 cm 

(b) 

Solution The flux is simply the number of lines. In Figure IO-4(a) there arc 49 dots. Each represents 
I /xWb, so the flux is 49 /aWh. In Figure 10-4(b) there are 72 dots, so the flux is 72 pAVb. 

To calculate the flux density in Figure IO-4(a), first calculate the area in nr. 

A = I x w = 0.025 m x 0.025 m = 6.25 x 10"4m2 

For Figure 10-4(b) the area is 

A = I X w = 0.025 m X 0.050 m = 1.25 X 10"3m2 

Use Equation 10-1 to calculate the flux density. For Figure 10-4(a) the flux density is 

49/aWb , , , 
= 78.4 X 10 Wb/m = 78.4 X 10 ' T B = — = 

A 6.25 X 10 nr 

For Figure IO-4(b) the flux density is 

_<!> _ 72/aWb 
A 1.25 X 10 'm2 = 57.6 X IO-3 Wb/m2 = 57.6 X 10"3 T 

The data in Table 10-1 compares the two cores. Note that the core with the largest 
flux docs not necessarily have the highest flux density. 

FLUX (Wb) AREA (m2) FLUX DENSITY (T) 
Figure IO-4(a) 49 fiWb 6.25 X I0"4m2 78.4 X I0-3T 

Figure 10-4(b) 72 /xWb 1,25 X 10"3m2 57.6 X lO'-'T 

What happens to the flux density if the same flux shown in Figure 10-4(a) is in a core 
that is 5.0 cm x 5.0 cm? 

* Answers are at the end of the chapter. 
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EXAMPLE 10-2 If the flux density in a certain magnetic material is 0.23 T and the area of the material 
is 0,38 in,2, what is the flux through the material? 

Solution First, 0.38 in." must be converted to square meters. 39.37 in. = 1 m; therefore. 

A = 0.38 in.2! 1 m2/(39.37 in.)2] = 245 X 10 6 m2 

The flux through the material is 

<l> = BA = (0.23 T)(245 x lO^'m2) = 56.4 /tWb 

Related Problem Calculate 73 if A = 0.05 in.2 and <5 = 1000 /xW'b. 

H I STO RY NOTE 

Karl 
Fnedrtch 
Giiuss 
1777 1855 

Gauss, a German mathematician, 
disproved many 18th century 
mathematical theories. Later, he 
worked closely with Weber on a 
worldwide system of stations for 
systematic observations of 
terrestrial magnetism. The most 
important result of their work in 
electromagnetism was the later 
development of telegraphy by 
others. The CGS unit of magnetic 
flux density is named in his 
honor. (Credit: Illustration by 
Steven S. Nau.) 

The Gauss Although the Icsla (T) is the SI unit for flux density, another unit called the 
gauss. G, from the CGS (centimeler-gram-second) system, is used (104 G = IT). In fact, 
the instrument used to measure flux density is the gaussmclcr. A typical gaussmctcr is 
shown in Figure 10-5. This particular gaussmeter is a portable unit with four ranges that 
can measure magnetic fields as small as the earth's field (about 0.5 G, but changes de- 
pending on location) to strong fields such as in a MRI unit (about 10,000 G). The unit gansy 
is still in widespread use, so you should be familiar with it as well as the lesla. 

► FIGURE 10-5 
A dc gaussmeter. (Integrity Model 
IDR-329 distributed by Less EMF 
Inc.) 

/ Od 

KILOCAUSSMETER 

w w w 
3^ 

•wawsr dMB 

How Materials Become Magnetized 

Ferromagnetic materials such as iron, nickel, and cobalt become magnetized when placed 
in the magnetic field of a magnet. We have all seen a permanent magnet pick up things like 
paperclips, nails, and iron filings. In these cases, the object becomes magnetized (that is, it 
actually becomes a magnet itself) under the influence of the permanent magnetic field and 
becomes attracted to the magnet. When removed from the magnetic field, the object tends 
to lose its magnetism. 

Ferromagnetic materials have minute magnetic domains created within their atomic 
structure. These domains can be viewed as very small bar magnets with north and south 
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(a) 'The magnetic domuins (N S) are 
randomly oriented in the nnmagneti/ed 
material. 

(b) 'The magnetic domains become aligned 
when the material is magnetized. 

FIGURE 10-6 
Magnetic domains in (a) an unmagnetized and in (b) a magnetized material. 

poles. When the material is not exposed to an external magnetic field, the magnetic 
domains are randomly oriented, as shown in Figure 10-6(a). When the material is placed 
in a magnetic field, the domains align themselves as shown in part (b). Thus, the object 
itself effectively becomes a magnet. 

Effects of the Magnetic Material The magnetic material affects not only the magnetic 
flux density at the poles but also how the magnetic flux density falls off as distance from 
the poles increases. The physical size also affects the flux density. For example, two disk 
magnets (both made from sintered Alnico) have very similar densities near the pole, but the 
larger magnet has much higher flux density, as you move away from the pole, as shown in 
Figure 10-7. Notice that the flux density falls off rapidly as you move away from the pole. 
This type of plot can illustrate if a given magnet is effective for a specific application that 
depends on the distance in which the magnet must work. 

— 50 mm diam 
50 mm thick 

— 150 mm diam 
100 mm thick 

).:is 

S 0.06 

nil 

FIGURE 10-7 

0.2 0.4 0.6 0,8 
Distance in cm 

Example of magnetic flux density for 
two disk magnets as a function of 
distance. The blue curve represents 
the larger magnet. 

The type of material is an important parameter for the actual flux density of magnets. 
Table 10-2 lists the flux densities of typical magnetic fields in teslas. For permanent mag- 
nets, the numbers given are based on the flux density of the field that is typical if measured 
close to the pole. As previously discussed, these values can drop significantly as distance 
from the poles is increased. The strongest field most people will ever experience is about 
I T (10,000 G) if they have an MRI exam. The strongest commercially available permanent 
magnets are neodymium-iron-boron composites (NdFeB). To find the flux density in 
gauss, multiply the values in teslas by I04 (10,000). 
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TABLE 10-2 
Flux density of various magnetic 
fields. 

SOURCE TYPICAL FLUX DENSITY IN TESLAS (T) 
Earth's magnetic field 4X10 5 (varies with location) 
Small "refrigerator" magnets 0.0B to 0.1 
Ceramic magnets 0,2 to 0.3 
Alnico 5 reed switch magnet 0.1 to 0.2 
Ncodymium magncls 0.3 to 0.52 
Magnetic resonance imaging (MRI) 1 
The strongest steady magnetic field ever 45 
achieved in a laboratory 

Applications 

Permanent magnets are widely used in brushless motors (discussed in Section 10-7), mag- 
netic separators, speakers, microphones, automobiles, and magnetic resonance-imaging 
devices. They are also commonly used in switches, such as the normally closed switch il- 
lustrated in Figure 10-8. When the magnet is near the switch mechanism, as in Figure 
IO-8(a), the switch is closed. When the magnet is moved away, as in part (b), the spring 
pulls the arm open. Magnetic switches are widely used in security systems. 

HISTORY NOTE 

Edwin 
Herbert Hall 
1855-1938) 

Magnet 

(a) Contact is closed when magnet 
is near. 

FIGURE 10-8 
Operation of a magnetic switch. 

4^ 

> 
5 
r 

* 

Magnei 
; 

(b) Contact opens when magnet is 
moved away. 

The Hall effect was discovered by 
Hall in 1879 while he worked on 
his doctoral thesis in physics at 
Johns Hopkins University. Hall's 
experiments consisted of exposing 
thin gold leaf on a glass plate to a 
magnetic field and tapping off the 
gold leaf at points down its length. 
After applying a current through 
the gold leaf, he observed a tiny 
voltage across the tap points. 
(Photo credit: Volliana, Como, Italy- 
September 10,1927 issue, courtesy 
AIP Emilio Segre Visual Archives.) 

Another important application of permanent magnets is in sensors that take advantage 
of an effect known as the Hall effect. The Hall effect is the occurrence of a small voltage 
(a few /cV) that is generated on opposite sides of a thin current-carrying conductor or semi- 
conductor (the Hall element) in a magnetic field. A voltage called the Hall voltage appears 
across the Hall element, as illustrated in Figure 10-9. The Hall voltage is due to the forces 
exerted on the electrons as they traverse the magnetic field, causing an excess of charge on 
one side of the Hall element. Although the effect was first noticed in a conductor, it is more 
pronounced in semiconductors, which are normally used in Hall-effect sensors. Notice that 
the magnetic field, the electric current, and the Hall voltage are all at right angles to each 
other. This voltage is amplified and can be used to detect the presence of the magnetic field. 
The detection of a magnetic field is useful in sensor applications. 

Hall-effect sensors are widely used because they are small, inexpensive, and have no 
moving parts. In addition, (hey are noncontacting sensors, so (hey can last for billions 
of repeated operations, a clear advantage over contacting sensors that can wear out. 
Hall-effect sensors can delect the nearby presence of a magnet by sensing its magnetic 
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Hall element   , 
(semiconductor) 'X 11' 

Hall voltage \ Magnetic field 

M FIGURE 10-9 
The Hall effect. The Hall voltage is 
induced across the Hall element. 
For illustration, the positive side is 
shown in red and the negative side 
is shown in blue. 

field. For this reason, they can be used for position measurements or for sensing motion. 
They are used in conjunction with other sensor elements to measure current, tempera- 
lure, or pressure. 

There are many applications for Hall-effect sensors. In automobiles, Hall-effect sensors 
are used to measure various parameters such as throttle angle, crankshaft and camshaft 
positions, distributor position, tachometer, power seat and rear-view mirror positions. A few 
other applications for Hall-cffcct sensors include measuring parameters for rotating 
devices such as drills, fans, vanes in flow meters, and disk speed detection. They are also 
used in dc motors as will be seen in Section 10-7. 

SECTION 10-1 |. When the north poles of two magnets are placed close together, do they repel or 
CHECKUP attract each other? 
Answers ate at the end of the 2 what js the differf.nce between magnetic flux and magnetic flux density? 

3. What are two units for measuring magnetic flux density? 
4. What is the flux density when ^ = 4.5 /cWb and -4 = 5 X 10"' m2? 

id 10-2 Electromagnetisivi  
Electromagnetism is the production of a magnetic field by current in a conductor. 

After completing this section, you should be able to 

• Explain the principles of electromagnetism 

♦ Determine the direction of the magnetic lines of force 

♦ Define permeability 

• Define reluctance 

* Define magnetomotive force 

• Describe a basic electromagnet 

Current produces a magnetic field, called an electromagnetic field, around a conduc- 
tor, as illustrated in Figure 10-10. The invisible lines of force of the magnetic field form a 
concentric circular pattern around the conductor and are continuous along its length. 
Unlike the bar magnet, the magnetic field surrounding a wire docs not have a north or south 
pole. The direction of the lines of force surrounding the conductor shown in the figure is 
for electron flow. The lines arc in a clockwise direction. When current is reversed, the mag- 
netic field lines are in a counterclockwise direction. 

Although the magnetic field cannot be seen, it is capable of producing visible effects. For 
example, if a current-carrying wire is inserted through a sheet of paper in a perpendicular 
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Magnetic lines of force 
are continuous along conductor 

FIGURE 10-10 
Magnetic field around a current-carrying conductor. The red arrows indicate the direction of electron 
flow current (- to +). 

Iron hlmgs 
Compass 

' I r 

<b) 

FIGURE 10-11 
Visible effects of an electromagnetic field. 

direction, iron filings placed on the surface of the paper arrange themselves along the mag- 
netic lines offeree in concentric rings, as illustrated in Figure 10-11(a). Part (b) of the fig- 
ure illustrates that the north pole of a compass placed in the electromagnetic field will point 
in the direction of the lines of force. The field is stronger closer to the conductor and 
becomes weaker with increasing distance from the conductor. 
Left-Hand Rule An aid to remembering the direction of the lines of force is illustrated in 
Figure 10-12. Imagine that you are grasping the conductor with your left hand, with your 
thumb pointing in the direction of current. Your fingers point in the direction of the mag- 
netic lines of force. 

FIGURE 10-12 
Illustration of left-hand rule. The 
left-hand rule is used for electron 
flow current (- to +). 
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Electromagnetic Properties 

Several important properties are related to electromagnetic fields. 

Permeability (n) The ease with which a magnetic field can be established in a given 
material is measured by the permeability of that material. The higher the permeability, the 
more easily a magnetic field can be established. 

The symbol of permeability is p. (the Greek letter mu), and its value varies depending 
on the type of material. The permeability of a vacuum (/to) is 47r X 1(1" ' Wb/At-m 
(webers/ampere-lurn • meter) and is used as a reference. Ferromagnetic materials typically 
have permeabilities hundreds of limes larger than that of a vacuum, indicating that a mag- 
netic field can be set up with relative ease in these materials. Ferromagnetic materials 
include iron, steel, nickel, cobalt, and their alloys. 

The relative permeability (p,) of a material is the ratio of its absolute permeability to the 
permeability of a vacuum (/xy). 

p, = — Equation 10-2 
Mu 

Because it is a ratio of permeabilities, pr is dimensionless. Typical magnetic materials, 
such as iron, have a relative permeability of a few hundred. Highly permeable materials can 
have a relative permeability as high as 100,000. 

Reluctance (5ft) The opposition to the establishment of a magnetic field in a material is 
called reluctance. The value of reluctance is directly proportional to the length (J) of the 
magnetic path and inversely proportional to the permeability (/x) and to the cross-sectional 
area (A) of the material, as expressed by the following equation: 

Sft = —-7 Equation 10-3 
pA 

Reluctance in magnetic circuits is analogous to resistance in electric circuits. The unit 
of reluctance can be derived using I in meters, A (area) in square meters, and p in 
Wb/At ■ m as follows: 

gi = ±= ^ = — 
pA (Wb/At ■ pfXpr2) Wb 

Al/Wb is ampere-turns/weber. 
Equation 10-3 is similar to Equation 2-6 for determining wire resistance. Recall that 

Equation 2-6 is 

"-i 

The reciprocal of resistivity (p) is conductivity (cr). By substituting l/cr for p, Equation 2-6 
can be written as 

r = -L 
irA 

Compare this last equation for wire resistance with Equation 10-3. The length (/) and 
the area (A) have the same meaning in both equations. The conductivity (rr) in electrical 
circuits is analogous to permeability (p.) in magnetic circuits. Also, resistance (R) in 
electric circuits is analogous to reluctance (Oil) in magnetic circuits; both are oppositions. 
Typically, the reluctance of a magnetic circuit is 50,000 Al/Wb or more, depending on the 
size and type of material. 
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EXAMPLE 10-B 

Solution 

Calculate the reluctance of a torus (a doughnut-shaped corcl made of low-carbon steel. 
The inner radius of the torus is 1.75 cm and the outer radius of the torus is 2.25 cm. 
Assume the permeability of low-carbon steel is 2 X I0"4 Wb/At • m. 

You must convert centimeters to meters before you calculate the area and length. From 
the dimensions given, the thickness (diameter) is 0,5 cm = 0.005 m. Thus, the cross- 
sectional area is 

A = tti2 = 17(0.0025 )2 = 1.96 x 10~5 irr 

The length is equal to the circumference of the torus measured at the average radius of 
2.0 cm or 0.020 m. 

I = C = 2irr = 277(0.020 m) = 0.125 m 

Substituting values into Equation 10-3, 

I 0.125 m 
a = 

(2 X 10 4Wb/At-mK1.96 X 10 sin2) 
= 31.9 X 106 AtAVb 

Related Problem What happens to the reluctance if cast steel with a permeability of 5 X 10 Wb/At • m 
is substituted for the cast iron core? 

EXAMPLE 10-4 Mild steel has a relative permeability of 800. Calculate the reluctance of a mild steel 
core that has a length of 10 cm and has a cross section of 1.0 cm x 1.2 cm. 

Solution First, determine the permeability of mild steel. 

Ii = im^ = (477 X I0~7 Wb/At • m)(800) = 1.00 X 10"3 Wb/At-m 

Next, convert the length to meters and the area to square meters, 

I = 10cm = 0.10 m 
A = 0.010 m x 0. 

Substituting values into Equation 10-3, 

9t = — = T  t—— = 8.33 X 105 AtAVb 
/xA (1.00 X 10 3 Wb/At-mK 1.2 X 10 nr) 

Ih'laled Problem What happens to the reluctance if the core is made from 78 Permalloy with a relative 
permeability of 4000? 

Magnetomotive Force (mm/) As you have learned, current in a conductor produces a 
magnetic field. The cause of a magnetic field is called the magnetomotive force (mmf). 
Magnetomotive force is something of a misnomer because in a physics sense mmf is not re- 
ally a force, but rather it is a direct result of the movement of charge (current). The unit of 
mmf, the ampere-turn (At), is established on the basis of the current in a single loop 
(turn) of wire. The formula for mmf is 

Equation 10-4 Fm = Nl 

where Fm is the magnetomotive force, N is the number of turns of wire, and / is the current 
in amperes. 

Figure 10-13 illustrates that a number of turns of wire carrying a current around a mag- 
netic material creates a force that sets up flux lines through the magnetic path. The amount 
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-« FIGURE 10-13 Magnetic   
material reluctance A basic magnetic circuit. 
(«) 

of flux depends on the magnitude of the mmf and on the reluctance of the material, as 
expressed by the following equation: 

(<> = -^ Equation 10-5 

Equation 10-5 is known as the Ohm's law for magnetic circuits because the flux (ih) is 
analogous to current, the mmf (/•'„,) is analogous to voltage, and the reluctance (2ft) is anal- 
ogous to resistance. Like other phenomena in science, the flux is an effect, the mmf is a 
cause, and the reluctance is an opposition. 

One important difference between an electric circuit and a magnetic circuit is that in 
magnetic circuits. Equation 10-5 is only valid up to a certain point before the magnetic ma- 
terial saturates (flux becomes a maximum). You will see this when you look at magnetiza- 
tion curves in Section 10-4. Another difference that was already noted is that flux docs 
occur in permanent magnets with no source of mmf. In a permanent magnet, the flux is due 
to internal electron motion rather than an external current. No equivalent effect occurs in 
electric circuits. 

EXAMPLE 10-5 How much flux is established in the magnetic path of Figure 10-14 if the reluctance of 
the material is 2.8 X I05 At/Wb? 

FIGURE 10-14   
Magnciic 

IBjjjsoo v i 

/ 

Solution 
, Fm m (5001)(0.300 A)    

ih = — = — = t = 536 iiWb 
2ft 91 2.8 XIO5 At/Wb 

Related Problem How much flux is established in the magnetic path of Figure 10-14 if the reluctance is 
7.5 X 103 At/Wb, the number of turns is 300, and the current is 0.18 A? 
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EXAMPLE 10-6 There is 0.1 A of cuiTcnt through a coil wilh 400 turns. 

(a) What is the mmf? 

(b) What is the reluctance of the circuit if the flux is 250 /xWb? 

Solution (a) N = 400 and / = 0.1 A 
/•„, = Nl = (4001)(0.1 A) = 40 At 

,b) 91 = % = 40 A' = 1.60 X 105 AtAVb 
d> 250/xWb 

Ht'lated Problem Rework the example for / = 85 mA and N = 500. The flux is 500/xWb. 

In many magnetic circuits, the core is not continuous. For example, if an air gap is cut 
into the core, it will increase the reluctance of the magnetic circuit. This means that more 
current is required to establish the same flux as before because an air gap represents a sig- 
nificant opposition to establishing flux. The situation is analogous to a scries electrical cir- 
cuit: the total reluctance of the magnetic circuit is the sum of the reluctance of the core and 
the reluctance of the air gap. 

The Electromagnet 

An electromagnet is based on the properties that you have just learned. A basic elec- 
tromagnet is simply a coil of wire wound around a core material that can be easily 
magnetized. 

The shape of an electromagnet can be designed for various applications. For example, 
Figure 10-15 shows a U-shaped magnetic core. When the coil of wire is connected to a bat- 
tery and there is current, as shown in part (a), a magnetic field is established as indicated. 
If the current is reversed, as shown in part (b), the direction of the magnetic field is also re- 
versed. The closer the north and south poles arc brought together, the smaller the air gap 
between them becomes, and the easier it becomes to establish a magnetic field because the 
reluctance is lessened. 

S I  I—J N 

la) 

FIGURE 10-15 

lb) 

Reversing the current in the coil causes the electromagnetic field to reverse. 
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SECTION 10-2 1. Explain the difference between magnetism and electromagnetism. 
CHECKUP 2. What happens to the magnetic field in an electromagnet when the current through 

the coil is reversed? 
3. State Ohm's law for a magnetic circuit. 
4. Compare each quantity in Question 3 to its electrical counterpart. 

10-3 Electromagnetic Devices  

Many types of useful devices such as tape recorders, electric motors, speakers, 
solenoids, and relays arc based on elcctromagnctism. 

After completing this section, you should be able to 

♦ Describe the principle of operation for several types of clcetromagnctic devices 

♦ Discuss how a solenoid and a solenoid valve work 

♦ Discuss how a relay works 

♦ Discuss how a speaker works 

♦ Discuss the basic analog meter movement 

♦ Explain a magnetic disk and tape Read/Write operation 

♦ Explain the concept of the magneto-optical disk 

The Solenoid 

The solenoid is a type of electromagnetic device that has a movable iron core called a 
plunger. The movement of this iron core depends on both an electromagnetic field and a 
mechanical spring force. The basic structure of a solenoid is shown in Figure 10-16. It con- 
sists of a cylindrical coil of wire wound around a nonmagnetic hollow form. A stationary 
iron core is fixed in position at the end of the shaft and a sliding iron core (plunger) is at- 
tached to the stationary core with a spring. 

(a) Solenoid 

FIGURE 10-16 

Coil form 

Plunger 
(b) Basic construction 

Sliding core 
(plunger) Slalionurv core 

Spring 
(c) Cutaway view 

Basic solenoid structure. 

The basic solenoid operation is illustrated in Figure 10-17 for the unenergized and the 
energized conditions. In the al-rest (or unenergized) stale, the plunger is extended. The so- 
lenoid is energized by current through the coil, which sets up an electromagnetic field that 
magnetizes both iron cores. The south pole of the stationary core attracts the north pole of 
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(a) Unenergi/ed (no voltage or current)— plunger extended 

FIGURE 10-17 

(b) Energized — plunger retracted 

Basic solenoid operation. 

the movable core causing it to slide inward, thus retracting Ihe plunger and compressing the 
spring. As long as there is coil current, the plunger remains retracted by the attractive force 
of Ihe magnetic fields. When Ihe current is cut off, the magnetic fields collapse and the 
force of the compressed spring pushes the plunger back out. The solenoid is used for ap- 
plications such as opening and closing valves and automobile door locks. 

The Solenoid Valve In industrial controls, solenoid valves are widely used to control the 
flow of air, water, steam, oils, refrigerants, and other fluids. Solenoid valves arc used in 
both pneumatic (air) and hydraulic (oil) systems, common in machine controls. Solenoid 
valves arc also common in the aerospace and medical fields. Solenoid valves can cither 
move a plunger to open or close a port or can rotate a blocking flap a fixed amount. 

A solenoid valve consists of two functional units: a solenoid coil that provides the mag- 
netic field to provide Ihe required movement to open or close the valve and a valve body, 
which is isolated from the coil assembly via a leakproof seal and includes a pipe and but- 
terfly valve. Figure 10-18 shows a cutaway of one type of solenoid valve. When the sole- 
noid is energized, the butterfly valve is turned to open a normally closed (NC) valve or to 
close a normally open (NO) valve. 

FIGURE 10-18 
A basic solenoid valve structure. Solenoid 

Butterfly valve 

Solenoid valves are available with a wide variety of configurations including normally 
open or normally closed valves. They are rated for different types of fluids (for example, 
gas or water), pressures, number of pathways, sizes, and more. The same valve may con- 
trol more than one line and may have more than one solenoid to move. 

The Relay 

The relay differs from Ihe solenoid in that the electromagnetic action is used to open or 
close electrical contacts rather than to provide mechanical movement. Figure 10-19 shows 
the basic operation of an armalure-lype relay with one normally open (NO) contact and one 
normally closed (NC) contact (single pole-double throw). When there is no coil current, 
the armature is held against the upper contact by the spring, thus providing continuity from 
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FIGURE 10-19 
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Coil - spring 

(a) Unenergized: conlinuily from terminal I 
to terminal 2 

Basic structure of a single-pole- 
double-throw armature relay. 

(b> Energized: continuity from terminal ! 
to terminal 3 
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(c) Typical relay siruciure 
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(cl) Symbol 

terminal I to terminal 2, as shown in part (a) of the figure. When energized with coil current, 
the armature is pulled down by the attractive force of the electromagnetic field and makes 
connection with the lower contact to provide conlinuily from terminal I to terminal 3, as 
shown in Figure I0-I9(b). A typical armature relay is shown in parl (c), and the schematic 
symbol is shown in part (d). 

Another widely used type of relay is the reed relay, which is shown in Figure 10-20. The 
reed relay, like the armature relay, uses an electromagnetic coil. The contacts are thin reeds of 
magnetic material and are usually located inside the coil. When there is no coil current, the 
reeds are in the open position as shown in part (b). When there is cunent through the coil, the 
reeds make contact because they are magnetized and attract each other as shown in part (c). 

^-Oiil 
^Reed 

/—Enclosure 

(a) 
FIGURE 10-20 

(c) Energized (b) Unenergized 

Basic structure of a reed relay. 
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Reed relays are superior to armature relays in that they are faster, more reliable, and pro- 
duce less contact arcing. However, they have less current-handling capability than armature 
relays and are more susceptible to mechanical shock. 

The Speaker 

A speaker is an electromagnetic device that converts electrical signals into sound. Essen- 
tially, it is a linear motor that alternately attracts and repels an electromagnet to and from a 
permanent magnet called a donul magnet. Figure 10-21 shows the key parts of a speaker. 
The audio signal is connected using very flexible wires to a cylindrical coil called the voice 
coil. The voice coil and its movable core form an electromagnet, which is suspended in an 
accordion-like structure called the spider. The spider acts like an accordion spring, keeping 
the voice coil in the center and restoring it to the rest position when there is no input signal. 

Current from the audio input alternates back and forth and powers the electromagnet; 
when there is more current, the attraction or repulsion is greater. When the input current re- 
verses direction, the polarity of the electromagnet reverses direction also, faithfully fol- 
lowing the input signal. The voice coil and its moving magnet are firmly attached to the 
cone. The cone is a flexible diaphragm that vibrates to produce sound. 

FIGURE 10-21 
Key parts of a speaker (cutaway 
view). 
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Meter Movement 

The d'Arsonval meter movement is the most common type used in analog multimeters. In 
Ihis type of meter movement, the pointer is deflected in proportion to the amount of current 
through a coil. Figure 10-22 shows a basic d'Arsonval meter movement. It consists of a 

FIGURE 10-22 
The basic d'Arsonval meter 
movement. 
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coil of" wire wound on a bearing-mounled assembly that is placed between the poles of a 
permanent magnet. A pointer is attached to the moving assembly. With no current through 
the coil, a spring mechanism keeps the pointer at its left-most (zero) position. When there 
is current through the coil, electromagnetic forces act on the coil, causing a rotation to the 
right. The amount of rotation depends on the amount of current. 

Figure 10-23 illustrates how the interaction of magnetic fields produces rotation of the coil 
assembly. Current is inward at the "cross" and outward at the "dot" in the single winding 
shown. The outward current produces a clockwise electromagnetic field that reinforces the per- 
manent magnetic field above it. The result is a downward force on the right side of the coil as 
shown. The inward current produces a counterclockwise electromagnetic field that reinforces 
the permanent magnetic field below it. The result is an upward force on the left side of the coil 
as shown. These forces produce a clockwise rotation of the coil assembly and are opposed by 
a spring mechanism. The indicated forces and the spring force are balanced at the value of the 
current. When current is removed, the spring force returns the pointer to its zero position. 

< FIGURE 10-23  
When the electromagnetic field in- 
teracts with the permanent magnetic 
field, forces are exerted on the rotat- 
ing coil assembly, causing it to move 
clockwise and thus deflecting the 
pointer. 
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Magnetic Disk and Tape Read/Write Head 

A simplified diagram of a magnetic disk or tape surface read/write operation is shown in 
Figure 10-24. A data bit (1 or 0) is written on the magnetic surface by the magnetization of 
a small segment of the surface as it moves by the write head. The direction of the magnetic 
flux lines is controlled by the direction of the current pulse in the winding, as shown in 
Figure 10-24(a). At the air gap in the write head, the magnetic flux takes a path through the 
surface of the storage device. This magnetizes a small spot on the surface in the direction 
of the field. A magnetized spot of one polarity represents a binary I, and one of the oppo- 
site polarity represents a binary 0. Once a spot on the surface is magnetized, it remains until 
written over with an opposite magnetic field. 

Write head Read head 

Air gap 

Input 
current 
pulse 
_n 

Ouipui 
voltage 
pulse 

TV 

Moving magnetic surface 
(a) The magnetic llux from the write head follows the low 

reluctance path through the moving magnetic surface. 

Magnetized spot 
(h) When read head passes over magnetized spot, an 

induced voltage appears at the output. 

FIGURE 10-24 
Head/write function on a magnetic surface. 
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When the magnetic surface passes a read head, the magnetized spots produce magnetic 
fields in the read head, which induce voltage pulses in the winding. The polarity of those 
pulses depends on the direction of the magnetized spot and indicates whether the stored bit 
is a I or a 0. This process is illustrated in Figure IO-24(b). Often the read and write heads 
are combined into a single unit. 

The Magneto-Optical Disk 

The magneto-optical disk uses an electromagnet and laser beams to read and write (record) 
data on a magnetic surface. Magneto-optical disks arc formatted in tracks and sectors sim- 
ilar to magnetic floppy disks and hard disks. However, because of the ability of a laser 
beam to be precisely directed to an extremely small spot, magneto-optical disks arc capa- 
ble of storing much more data than standard magnetic hard disks. 

Figure IO-25(a) illustrates a small cross-sectional area of a disk before recording, with 
an electromagnet positioned below it. Tiny magnetic particles, represented by the arrows, 
are all magnetized in the same direction. 

Writing (recording) on the disk is accomplished by applying an external magnetic field 
opposite to the direction of the magnetic particles, as indicated in Figure IO-25(b), and 
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(a) Small cross-section of unrecorded disk 
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(b) Writing: A high-power laser beam heats the spot, causing die 
magnetic particle to align with the electromagnetic field. 
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(c) Reading: A low-power laser beam reflects off of the reversed- 
polarity magnetic panicle and its polarization shifts. If the panicle 
is not reversed, the polarization of the reflected beam is unchanged. 

(d) Erasing: The electromagnetic field is reversed as the high- 
power laser beam heats the spot, causing the magnetic panicle 
to be restored to the original polarity. 

FIGURE 10-25 
Basic concept of the magneto-optical disk. 
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then directing a high-power laser beam to heat the disk at a precise point where a binary I 
is to be stored. The disk material, a magncto-oplic alloy, is highly resistant to magnetiza- 
tion at room temperature; but at the spot where the laser beam heals the material, the in- 
herent direction of magnetism is reversed by the external magnetic field produced by the 
electromagnet. At points where binary Os are to be stored, the laser beam is not applied and 
the inherent upward direction of the magnetic panicle remains. 

As illustrated in Figure IO-25(c), reading data from the disk is accomplished by turning 
off the external magnetic field and directing a low-power laser beam at a spot where a bit 
is to be read. Basically, if a binary 1 is stored at the spot (reversed magnetization), the laser 
beam is reflected and its polarization is shifted; but if a binary 0 is stored, the polarization 
of the reflected laser beam is unchanged. A detector senses the difference in the polarity of 
the reflected laser beam to determine if the bit being read is a I or a 0. 

Figure 10-25(d) shows that the disk is erased by restoring the original magnetic direction of 
each particle by reversing the external magnetic field and applying the high power laser beam. 

SECTION 10-3 i. Explain the difference between a solenoid and a relay. 
CHECKUP 2. What is the movable part of a solenoid called? 

3. What is the movable part of a relay called? 
4. Upon what basic principle is the d'Arsonval meter movement based? 
5. What is the function of the spider in a speaker? 

0 10-4 Magnetic Hysteresis 

When a magnetizing force is applied to a material, the flux density in the material 
changes in a certain way. 

After completing this section, you should be able to 

• Explain magnetic hysteresis 

♦ Slate the formula for magnetic field intensity 

♦ Discuss a hysteresis curve 

♦ Define reienlivitv 

ignetic Field Intensity (H) 

; magnetic field intensity (also called magnetizing force) in a material is defined to be 
magnetomotive force (Fm) per unit length (/) of the material, as expressed by the fol- 
ing equation. The unit of magnetic field intensity (H) is ampere-turns per meter (At/m). 

Equation 10-6 
I 

where /•„, = Nl. Note that the magnetic field intensity depends on the number of turns (N) 
of the coil of wire, the current (/) through the coil, and the length (?) of the material. It does 
not depend on the type of material. 

Since rfi = as increases, the flux increases. Also, the magnetic field intensity 
(H) increases. Recall that the flux density (Hi is the flux per unit cross-sectional area 
(II = 4>/A), so II is also proportional to //. The curve showing how these two quantities 
(B and H) are related is called the B-H curve or the hysteresis curve. The parameters that 
influence both B and H are illustrated in Figure 10-26. 
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FIGURE 10-26 Cross-sectional area 
Parameters thai determine the 
magnetic field intensity (H) and the 
flux density (B). 
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The Hysteresis Curve and Retentivity 

Hysteresis is a characteristic of a magnetic material whereby a change in magnetization 
lags the application of the magnetic field intensity. The magnetic field intensity (H) can be 
readily increased or decreased by varying the current through the coil of wire, and it can be 
reversed by reversing the voltage polarity across the coil. 

Figure 10-27 illustrates the development of the hysteresis curve. Let's start by assum- 
ing a magnetic core is unmagnetized so that B = 0. As the magnetic field intensity (//) is 
increased from zero, the flux density (B) increases proportionally, as indicated by the curve 
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FIGURE 10-27 
Development of a magnetic hysteresis curve. 
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in Figure IO-27(a). When H reaches a certain value, B begins to level off. As H continues 
to increase, B reaches a saturation value (Bsal) when H reaches a value as illustrated 
in Figure I0-27(b). Once saturation is reached, a further increase in H will not increase B. 

Now, if H is decreased to zero, B will fall back along a different path to a residual value 
(Sft), as shown in Figure I0-27(c). This indicates that the material continues to be magnet- 
ized even when the magnetic field intensity is zero (H = 0). The ability of a material to 
maintain a magnetized state without magnetic field intensity is called rctcntivity. The re- 
lenlivity of a material represents the maximum flux that can be retained after the material 
has been magnetized to saturation and is indicated by the ratio of BR to /Jsal, 

Reversal of the magnetic field intensity is represented by negative values of H on the 
curve and is achieved by reversing the current in the coil of wire. An increase in H in the 
negative direction causes saturation to occur at a value (-WSac) where the flux density is at 
its maximum negative value, as indicated in Figure l()-27(d). 

When the magnetic field intensity is removed (H = 0), the flux density goes to its neg- 
ative residual value (—Br), as shown in Figure 10-27(c). From the —BR value, the flux den- 
sity follows the curve indicated in part (0 back to its maximum positive value when the 
magnetic field intensity equals //sal in the positive direction. 

The complete B-H curve is shown in Figure 10-27(g) and is called the hysteresis curve. The 
magnetic field intensity required to make the flux density zero is called the coercive force, 

Materials with a low retentivity do not retain a magnetic field very well, while those 
with high relenlivilies exhibit values of Br very close to the saturation value of B. Depend- 
ing on the application, retentivity in a magnetic material can be an advantage or a disad- 
vantage. in permanent magnets and magnetic tape, for example, high retentivity is 
required: while in tape recorder read/write heads, low retentivity is necessary. In ac motors, 
retentivity is undesirable because the residual magnetic field must be overcome each lime 
the current reverses, thus wasting energy. 

SECTION 10-4 1. For a given wircwound core, how docs an increase in current through the coil affect 
CHECKUP the flux density? 

2. Define retentivity. 
3. Why is low retentivity required for tape recorder read/write heads but high retentivity 

is required for magnetic tape? 

| 10-5 Electromagnetic Induction 

In this section, electromagnetic induction is introduced. The principle of electromag- 
netic induction is what makes transformers, electrical generators, and many other 
devices possible. 

After completing this section, you should be able to 

♦ Discuss the principle of electromagnetic induction 

♦ Explain how voltage is induced in a conductor in a magnetic field 

♦ Determine polarity of an induced voltage 

♦ Discuss forces on a conductor in a magnetic field 

♦ State Faraday's law 

♦ State Lenz's law 

♦ Explain how a crankshaft position sensor works 
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FIGURE 10-28 
Relative motion between a straight 
conductor and a magnetic field. 
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(a) Conductor moving downward (b) Magnetic field moving upward 

Equation 10-7 

Relative Motion 

When a straight conductor is moved perpendicular to a magnetic field, there is a relative 
motion between the conductor and the magnetic field. Likewise, when a magnetic field is 
moved past a stationary conductor, there is also relative motion. In either case, this relative 
motion results in an induced voltage (ifad) in the conductor, as Figure 10-28 indicates. 
This principle is known as electromagnetic induction. The lowercase v stands for in- 
stantaneous voltage. Voltage is only induced when the conductor "cuts" magnetic lines as 
shown. The amount of the induced voltage (Vina) depends on the flux density (B), the length 
of the conductor (/) that is exposed to the magnetic field, and the rale at which the conduc- 
tor and the magnetic field move with respect to each other. The faster the relative speed, the 
greater the induced voltage. The equation for induced voltage in a straight conductor is 

vind = Sl'v 
where i in(| is the induced voltage, /i, is the flux density in tcslas, / is the length of the conduc- 
tor exposed to (he magnetic field in meters, and v is the relative velocity in meters per second. 

Polarity of the Induced Voltage 

If the conductor in Figure 10-28 is moved first one way and then another in the magnetic 
field, a reversal of the polarity of the induced voltage will be observed. As the conductor is 
moved downward, a voltage is induced with the polarity indicated in Figure IO-29(a). As 
the conductor is moved upward, the polarity is as indicated in part (b) of the figure. 

FIGURE 10-29 
Polarity of induced voltage depends 
on direction of motion. f 

(a) Downward relative motion (b) Upward relative motion 

I 

EXAMPLE 10-7 Assume the conduclor in Figure 10-29 is 10 cm long and the pole face of the magnet 
is 5.0 cm wide. The IIux density is 0.5 T, and the conductor is moved upward at a ve- 
locity of 0.8 m/s. What voltage is induced in the conduclor? 
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Solution Although the conductor is 10 cm, only 5.0 cm (0.05 m) is in the magnetic field be- 
cause of the size of the pole faces. Therefore, 

>'ind = BJv = (0.5 T)(0.05 m)(0.8 m/s) = 20 mV 

Hel.iioit Problem What is the induced voltage if the velocity is doubled? 

Induced Current 

When a load resistor is connected to the conductor in Figure 10-29, the voltage induced by 
the relative motion in the magnetic field will cause a current in the load, as shown in Figure 
10-30, This current is called the induced current (/jnd). The lowercase i stands for in- 
stantaneous current. 

FIGURE 10-30 
Induced current in a load as the 
conductor moves through the 
magnetic field. 

The action of producing a voltage and a resulting current in a load by moving a conductor 
across a magnetic field is the basis for electrical generators. A single conductor will have a 
small induced current, so practical generators use coils with many turns. The concept of a 
conductor in a moving magnetic field is the basis for inductance in an electric circuit. 

Faraday's law 

Michael Faraday discovered the principle of electromagnetic induction in 1831, The key 
idea behind Faraday's law is that a changing magnetic field can induce a voltage in a con- 
ductor. Sometimes Faraday's law is stated as Faraday's law of induction. Faraday experi- 
mented with coils, and his law is an extension of the principle of electromagnetic induction 
for straight conductors discussed previously. 

When a conductor is coiled into multiple turns, more conductors can be exposed to the 
magnetic field, increasing the induced voltage. When the magnetic flux is caused to change 
by any means, an induced voltage will result. The change in the magnetic tield can be 
caused by relative motion between the magnetic field and the coil. Faraday's observations 
can be slated as follows: 

1. The amount of voltage induced in a coil is directly proportional to the rate of 
change of the magnetic field with respect to the coil Uhhldi). 

2. The amount of voltage induced in a coil is directly proportional to the number of 
turns of wire in the coil (N). 

Faraday's first observation is demonstrated in Figure 10-31, where a bar magnet is 
moved through a coil, thus creating a changing magnetic field. In part (a) of the figure, the 
magnet is moved at a certain rate, and a certain induced voltage is produced as indicated. 
In part (b), the magnet is moved at a faster rate through the coil, creating a greater induced 
voltage. 

Faraday's second observation is demonstrated in Figure 10-32, In part (a), the magnet 
is moved through the coil and a voltage is induced as shown. In part (b), the magnet is 
moved at the same speed through a coil that has a greater number of turns. The greater 
number of turns creates a greater induced voltage. 

HISTORY { N O T E 1 

U -«U:- 

ff 

Michael 
Faraday 
1791-1867 

Faraday was an English physicist 
and chemist who is best 
remembered for his contribution 
to the understanding of 
eleclromagnetism. He discovered 
that electricity could be produced 
by moving a magnet inside a coil 
of wire, and he was able to build 
the first electric motor. He later 
built the first electromagnetic 
generator and transformer. The 
statement of the principles of 
electromagnetic induction is 
known today as faraday's law. Also, 
the unit of capacitance, the farad, 
is named after him. (Photo credit: 
Library of Congress.) 
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(a) As the magnet moves slowly to the right, its magnetic field 
is changing with respect to the coil, and a voltage is induced. 

FIGURE 10-31 

«b) As the magnet moves more rapidly to the right, its magnetic 
field is changing more rapidly with respect to the coil, and a 
greater voltage is induced. 

A demonstration of Faraday's first observation: The amount of induced voltage is directly propor- 
tional to the rate of change of the magnetic field with respect to the coil. 

(a) Magnet moves through a coil and induces a voltage. 

FIGURE 10-32 

(b) Magnet moves at same rate through a coil with more turns 
(loops) and induces a greater voltage. 

A demonstration of Faraday's second observation: The amount of induced voltage is directly 
proportional to the number of turns in the coil. 

Equation 10-8 

Faraday's law is stated as follows: 

The voltage induced across a coil equals the number of turns in the coil times the 
rate of change of the magnetic flux. 

Faraday's law is expressed in equation form as 

Find = ^ dl 

where V|n() is the induced voltage, N is the number of turns in the coil, and d<l>ldr is the rale 
of change of the magnetic flux. 

EXAMPLE 10-8 Apply Faraday's law to find the induced voltage across a coil with 500 turns that is 
located in a magnetic Held that is changing at a rale of 8000jiWb/s. 

(?) Find = A' — = (5001)(8000 /xWb/s) = 4.0 V 

llihilril I'lohlew Find the induced voltage across a 250 turn coil in a magnetic field that is changing at 
50/iWb/s. 
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Any relative motion between the magnetic field and the coil will produce the changing 
magnetic field that will induce a voltage in the coil. The changing magnetic field can even be 
induced by ac applied to an electromagnet, just as if there were motion. This type of changing 
magnetic field is the basis for transformer action in ac circuits, as you will sec in Chapter 14. 

Lenz's Law 

Faraday's law slates that a changing magnetic field induces a voltage in a coil that is di- 
rectly proportional to the rate of change of the magnetic field and the number of turns in the 
coil. Lenz's law defines the polarity or direction of the induced voltage. 

When the current through a coil changes, an induced voltage is created as a result 
of the changing electromagnetic field and the polarity of the induced voltage is 
such that it always opposes the change in current. 

An Application of Electromagnetic Induction 

In automobiles, it is necessary to know the position of the crankshaft to control ignition lim- 
ing and sometimes to adjust the fuel mixture. As mentioned previously, a Hall-effect sensor 
is one method to determine the position of the crankshaft (or camshaft). Another widely 
used method is to delect a change in the magnetic field as a metallic lab moves though the 
air gap in a magnetic assembly. A basic concept is shown in Figure 10-33. A steel disk with 
protruding tabs is connected to the end of the crankshaft. As the crankshaft turns, the labs 
move through the magnetic field. Steel has a much lower reluctance than does air, so the 
magnetic flux increases when a lab is in the air gap. This change in the magnetic flux causes 
an induced voltage to appear across the coil, indicating the position of the crankshaft. 

HISTORY NOTE 

lieiiirich 
t. L. Lenz 

S 4-1865 

lenz was bom in Estonia (then 
Russia) and became a professor at 
the University of St. Petersburg. He 
carried out many experiments 
following Faraday's lead and 
formulated the principle of 
electromagnetism, which defines 
the polarity of induced voltage in a 
coil. The statement of this 
principle is named in his honor. 
(Photo credit: AIP Emilio Segre 
Visual Archives, E. Scott Barr 
Collection.) 

Rxlension or 
crankshaft 

FIGURE 10-33 
Coil oulpul goes 
to signal-processing 
and control circuit. 

Magnet 

A crankshaft position sensor that 
produces a voltage when a tab passes 
through the air gap of the magnet. 

Steel disk 

^ Protruding tab 

Forces on a Current-Carrying Conductor in a Magnetic Field 
(Motor Action) 

Figure IO-34(a) shows current inward through a wire in a magnetic field. The electro- 
magnetic field set up by the current interacts with the permanent magnetic field; as a result, 
the permanent lines of force above the wire tend to be deflected down under the wire be- 
cause they are opposite in direction to the electromagnetic lines of force. Therefore, the 
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FIGURE 10-34 
Forces on a current-carrying 
conductor in a magnetic field 
(motor action). 

Equation 10-9 

© 

(a) Upward force: weak field above, strong (b) Downward force: strong field above, 
field below. weak field below 

(T) Current out 
(?) Current in 

flux density above is reduced, and the magnetic field is weakened. The flux density below 
the conductor is increased, and the magnetic field is strengthened. An upward force on the 
conductor results, and the conductor lends to move toward the weaker magnetic field. 

Figure IO-34(b) shows the current outward, resulting in a force on the conductor in the 
downward direction. This force is the basis for electrical motors. The force on a current- 
carrying conductor is given by the equation 

t = mi 

where /■' is the force in newtons, B is the magnetic flux density in teslas, / is the current in 
amperes, and / is the length of the conductor exposed to the magnetic field in meters. 

EXAMPLE 10-9 Assume a magnetic pole face is a square that is 3.0 cm on a side. Find the force on a 
conductor that has a current of 2 A if the conductor is perpendicular to the field and 
the flux density is 0.35 T. 

Solulioi The length of conductor exposed to the magnetic flux is 3.0 cm (0.030 m). Therefore, 

F = Bll = (0.35 T)(2.0 A)(0.03 m) = 0.21 N 

Rcl.ili'd I'roblew What is the direction of the force if the field is directed up (along the y axis) and the 
current is directed inward (along the z axis)? 

SECTION 10-5 
CHECKUP 

1. What is the induced voltage across a stationary conductor in a stationary magnetic field? 
2. When Ihe speed at which a conductor is moved through a magnetic field is increased, 

does the induced voltage increase, decrease, or remain the same? 
3. When there is current through a conductor in a magnetic field, what happens? 
4. If Ihe steel disk in the crankshaft position sensor has stopped with a tab in the mag- 

net's air gap, what is the induced voltage? 

0 10-6 The DC Generator 

DC generators produce a voltage that is proportional to Ihe magnetic flux and Ihe 
rotational speed of the armature. 

After completing this section, you should be able to 

• Explain how a dc generator works 

♦ Draw an equivalent circuit for a self-excited shunt-type dc generator 

♦ Discuss the parts of a dc generator 
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circuit 

■* FIGURE 10-35 
A simplified dc generator. 

Figure 10-35 shows a simplified dc generator consisting of a single loop of wire in a 
permanent magnetic field. Notice that each end of the wire loop is connected to a split-ring 
arrangement. This conductive metal ring is called a commutator. As the wire loop rotates in 
the magnetic field, the split commutator ring also rotates. Each half of the split ring rubs 
against the fixed contacts, called brushes, and connects the wire loop to an external circuit. 

As the wire loop rotates through the magnetic field, it cuts through the flux lines at vary- 
ing angles, as illustrated in Figure 10-36. At position A in its rotation, the loop of wire is ef- 
fectively moving parallel with the magnetic field. Therefore, at this instant, the rale at which 
it is culling through the magnetic flux lines is zero. As the loop moves from position A to po- 
sition B, it cuts through the flux lines at an increasing rale. At position II, it is moving effec- 
tively perpendicular to the magnetic field and thus is cutting through a maximum number of 
lines. As the loop rotates from position B to position C, the rale at which it cuts the flux lines 
decreases to minimum (zero) at C. From position C to position I), the rate at which the loop 
cuts the flux lines increases to a maximum at D and then back to a minimum again at A. 

/ 4 \ \ 
f \ \ f f 1 \ 

/ / 
\ ^ V J / 

FIGURE 10-36 
End view of wire loop cutting 
through the magnetic field. 

■v.   X 
S-r-"— 

— A — 

As you have learned, when a wire moves through a magnetic field, a voltage is induced, 
and by Faraday's law, the amount of induced voltage is proportional to the number of loops 
(turns) in the wire and the rate at which it is moving with respect to the magnetic field. The 
angle at which the wire moves with respect to the magnetic flux lines determines the 
amount of induced voltage because the rale at which the wire cuts through the flux lines de- 
pends on the angle of motion. 

Figure 10-37 illustrates how a voltage is induced in the external circuit as the single loop 
rotates in the magnetic field. Assume that the loop is in its instantaneous horizontal position, 
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, B A R ( 

Position B. Loop is moving perpendicular to flux lines, 
and voltage is maximum. 

Position C: Loop is moving parallel with flux lines, 
and voltage is zero. 

A B C D 
o; I I 

A II C D A 

Position I): Loop is moving perpendicular to flux lines, 
and voltage is maximum. 

FIGURE 10-37 

Position A: Loop is moving parallel with flux lines, 
and voltage is zero. 

Operation of a basic dc generator. 

so the induced voltage is zero. As the loop continues in its rotation, the induced voltage 
builds up to a maximum at position B, as shown in pan (a) of the figure. Then, as the loop 
continues from B to C, the voltage decreases to zero at position C, as shown in part (b). 

During the second half of the revolution, shown in Figure 10-37(c) and (d), the brushes 
switch to opposite commutator sections, so the polarity of the voltage remains the same 
across the output. Thus, as the loop rotates from position C to position D and then back to 
position A, the voltage increases from zero at C to a maximum at D and back to zero at A. 

Figure 10-38 shows how the induced voltage varies as the wire loop in the dc generator 
goes through several rotations (three in this case). This voltage is a dc voltage because its 
polarities do not change. However, the voltage is pulsating between zero and its maximum 
value. 

In practical generators, multiple coils are pressed into slots in a ferromagnetic-core as- 
sembly. The entire assembly, called the rotor, is connected to bearings and rotates in the 
magnetic field. Figure 10-39 is a diagram of the rotor core with no wire loops (coils) 
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FIGURE 10-38 

2nd rotation 3rd rotation 

Induced voltage over three rotations of the wire loop in the dc generator. 
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Slots for windings 
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FIGURE 10-39 
A simplified rotor core. The coils are 
pressed into the slots and connected 
to the commutator. 

Commutator 

shown. The commutator is divided into segments, with each pair of segments connected 
to the end of a coil. With more coils, the voltages from several coils are combined because 
the brushes can contact more than one of the commutator segments at once. The loops do 
not reach maximum voltage at the same time, so the pulsating output voltage is much 
smoother than is the case with only one coil or loop shown previously. The variations can 
be further smoothed by filters to produce a nearly constant dc output. (Filters are dis- 
cussed in Chapter 18.) 

Instead of permanent magnets, most generators use electromagnets to provide the re- 
quired magnetic field. One advantage to this is that flux density can be controlled, thus con- 
trolling the output voltage of the generator. The windings for the eleelromagnels, called 
field windings, require current to produce the magnetic field. 

The current for the field windings can be provided from a separate voltage source, but 
this is a disadvantage. A better method is to use the generator itself to provide the current 
for the electromagnets; this is called a self-excitcd generator. The generator starts because 
there is normally enough residual magnetism in the field magnets due to hysteresis that 
causes a small initial field and allows the generator to start producing a voltage. In cases 
where a generator has not been used for a long time, it may be necessary to provide an ex- 
ternal source to the field windings to start it. 

The stationary part of a generator (or motor) includes all of the nonmoving parts and is 
called the stator. Figure 10-40 illustrates a simplified two-pole dc generator showing the 
magnetic paths (end caps, bearings, and commutator are not shown). Notice that the frame 
is pail of the magnetic path for the field magnets. To make a generator have high efficiency, 
the air gap is kept as small as possible. The armature is the power-producing component 
and can be either on the rotor or the stator. In the dc generator described previously, the 
armature is the rotor because power is produced in the moving conductors and taken from 
the rotor via the commutator. 
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FIGURE 10-40 
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Slots for rotor coil 

Field poles 
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Field coil 
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windings shown) 

The magnetic structure of a generator or motor. In this case, the rotor is also the armature because it 
produces the power. 

Equivalent Circuit for a DC Generator 

A self-excitcd generator can be represented by a basic dc circuit with a coil to produce the 
magnetic field and a mechanically driven generator, as shown in Figure 10-41. There are 
other configurations of dc generators, but this represents a common one. In the case shown, 
the field windings are in parallel with the source; this configuration is called a shunt-wound 
generator. The resistance of the field windings is shown as For the equivalent circuit, 
this resistance is shown in series with the field windings. The armature is driven by a me- 
chanical input, causing it to spin; it looks like a voltage source of VG. The armature resist- 
ance is shown as the series resistance, K\. The rheostat, /?reG' 's 'n series with the field 
winding resistance and regulates the output voltage by controlling the current to the field 
windings and thus the flux density. 

FIGURE 10-41 
Equivalent circuit for a self-excited 
shunt dc generator. 

Fie d 
windings Af mature Mechanical''' 

input 

When a load is connected to the output, current in the armature is shared between the 
load and the field windings. The efficiency of the generator can be calculated as the ratio of 
the power delivered to the load (P/J to the total power (I'l). which includes the losses in the 
armature and the resistance in the field circuit. 

SECTION 10-6 1. What is the moving part of a generator called? 
CHECKUP 2. What is the purpose of a commutator? 

3. How does greater resistance in the field windings of a generator affect the output 
voltage? 

4. What is meant by a self-excited generator? 
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10-7 The DC Motor 

Motors convert electrical energy to mechanical motion by taking advantage of the 
force produced when a current-carrying conductor is in a magnetic field. A dc motor 
operates from a dc source and can use either an electromagnet or a permanent magnet 
to supply the field. 

After completing this section, you should be able to 

♦ Explain how a dc motor works 

♦ Draw an equivalent circuit for a series and a shunt-type dc motor 

♦ Discuss back cmf and how it reduces armature current 

♦ Discuss power rating of motors 

Basic Operation 

As in the case of generators, motor action is the result of the interaction of magnetic 
fields. In a dc motor, the rotor field interacts with the magnetic field set up by current in 
the stator windings. The rotor in all dc motors contains the armature winding, which 
sets up a magnetic field. The rotor moves because of the attractive force between oppo- 
site poles and the repulsive force between like poles, as illustrated in the simplified 
diagram of Figure 10-42. The rotor moves because of the attraction of its north pole 
with the south pole of the stator (and vice-versa). As the two poles near each other, the 
polarity of the rotor current is suddenly switched by the commutator, reversing the mag- 
netic poles of the rotor. The commutator serves as a mechanical switch to reverse the 
current in the armature just as the unlike poles are near each other, continuing the rota- 
tion of the rotor. 

+ \ Brushes 

FIGURE 10-42 
Simplified dc motor. 
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Brushless DC Motors 

Many do motors do not use a commutator to reverse the polarity of the current. Instead of 
supplying current to a moving armature, the magnetic field is rotated in the stator windings 
using an electronic controller. The direction of current in the field coils is periodically re- 
versed by the controller by producing an ac waveform (or modified ac waveform) from the 
dc input. This causes the stator field to rotate, and the permanent magnet rotor moves in the 
same direction to keep up with the rotating field. A common way to sense the position of the 
rotating magnet is to use a Hall-effect sensor, which provides the controller with position in- 
formation. Brushless motors have higher reliability than traditional brushed motors because 
they do not need to have periodic brush replacement, but have the added complexity of the 
electronic controller. Figure 10-43 shows a cutaway view of a brushless dc motor. 

FIGURE 10-43 Laminations Stator 
Cutaway view of a brushless dc 
motor. (Courtesy of Bodine Electric 
Company) 
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Equation 10-10 

Back EMF 

When a dc motor is first started, a magnetic field is present from the field windings. Armature 
current develops another magnetic field that interacts with the one from the field windings and 
starts the motor turning. The armature windings are now spinning in the presence of the mag- 
netic field, so generator action occurs. In effect, the spinning armature has a voltage developed 
across it that opposes the original applied voltage in accordance with Lcnz's law. This self-gcn- 
erated voltage is called back cmf (electromotive force). The term em/was once common for 
voltage but is not favored because voltage is not a "force" in the physics sense, but back cmf is 
still applied to (he self-generated voltage in motors. Back emf, also called counter emf. serves 
to significantly reduce the armature current when the motor is turning at constant speed. 

Motor Ratings 

Some motors arc rated by the torque they can provide, others arc rated by the power they pro- 
duce. Torque and power are important parameters for any motor. Although torque and power 
arc different physical parameters, if one is known, the other can be obtained. 

Torque tends to rotate an object. In a dc motor, the torque is proportional to the amount of 
flux and to the armature current. Torque, 7", in a dc motor can be calculated from the equation 

T = K(hl,\ 

where T is torque in newton-meters (N-m), A" is a constant that depends on physical parameters 
of the motor, 4> is magnetic flux in webers (Wb), and l,\ is armature current in amperes (A). 
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Recall that power is defined as the rale of doing work. To calculate power from torque, 
you must know the speed of the motor in rpm for the torque that you measured. The equa- 
tion to determine the power, given the torque at a certain speed, is 

P = 0.1057s Equation 10-n 

where P is power in W, T is torque in N-m, and s is speed of motor in rpm. 

EXAMPLE 10-10 What is the power developed by a motor that turns at 350 rpm when the torque is 
3.6 N-m? 

Solution Substitute into Equation 10-11. 

P = 0.1057s = 0.105(3,6 N-m)(350 rpm) = 132 W 

Related Problem Determine the power produced by a motor if 7" = 5 N-m and s = 1000 rpm. 

The Series DC Motor 

The series dc motor has the field coil windings and the armature coil windings in series. A 
schematic of this arrangement is shown in Figure 10^14(a). The internal resistance is gen- 
erally small and consists of field coil resistance, armature winding resistance, and brush re- 
sistance. As in the case of generators, dc motors may also contain an interpole winding, as 
shown, and current limiting for speed control. In a series dc motor, the armature current, 
field current, and line current arc all the same. 

 Wv 
Internal resistance Field coil 

dc voltage Armature | 

Speed control Interpole winding 
(a) 

FIGURE 10-44 

Starling torque 

Torque 
(b) 

Simplified schematic and torque-speed characteristic for a series dc motor. 

TECH NOTE 

One characteristic of dc motors is 
that if they arc allowed to run 
without a load, the torque can 
cause the motor to "run away" to a 
speed beyond the manufacturer's 
rating. Therefore, dc motors 
should always be operated with a 
load to prevent self-destruction. 

As you know, magnetic flux is proportional to the current in a coil. The magnetic flux 
created by the field windings is proportional to armature current because of the series con- 
nection. Thus, when the motor is loaded, armature current rises, and the magnetic flux rises 
too. Recall that Equation 10-10 showed that the torque in adc motor is proportional to both 
the armature current and the magnetic flux. Thus, the series-wound motor will have a very 
high starling torque when the current is high because flux and armature current are high. 
For this reason, series dc motors are used when high starling torques are required (such as 
a starter motor in a car). 

The plot of the torque and motor speed for a series dc motor is shown in Figure 
IO-44(b). The starting torque is at its maximum value. At low speeds, the torque is still 
very high, but drops off dramatically as the speed increases. As you can see, the speed can 
be very high if the torque is low; for this reason, the series-wound dc motor always is op- 
erated with a load. 
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The Shunt DC Motor 

A shunt dc motor has the field coil in parallel with the armature, as shown in the equiva- 
lent circuit in Figure IO-45(a). In the shunt motor, the field coil is supplied by a constant 
voltage source, so the magnetic field set up by the field coils is constant. The armature re- 
sistance and the back emf produced by generator action in the armature determine the ar- 
mature current. 

The torque-speed characteristic tor a shunt dc motor is quite different than for a series 
dc motor. When a load is applied, the shunt motor will slow down, causing the back emf to 
be reduced and the armature current to increase. The increase in armature current tends to 
compensate for the added load by increasing the torque of the motor. Although the motor 
has slowed because of the additional load, the torque-speed characteristic is nearly a 
straight line for the shunt dc motor as shown in Figure I0-45(b). At full load, the shunt dc 
motor still has high torque. 

dc voltage 

«,; 

coil Armature 

Full load torque 

Torque 
(a) 

FIGURE 10-45 
(b) 

Simplified schematic and torque-speed characteristic for a shunt dc motor. 

SECTION 10-7 1. What creates back emf? 
2. How does back emf affect armature current as the motor comes up to speed? 
3. What type of dc motor has the highest starting torque? 
4. What is the major advantage of a brushless motor over a brushed motor? 

Application Activity 

The relay is a eommon lypc of elec- 
tromagnetic device that is used in 
many types of eontrol applications. 
With a relay, a lower voltage, such as 

from a battery, can be used to switch a much higher voltage, 
such as the 120 V from an ac outlet. You will see how a relay 
can be used in a basic security alarm system. 

The schematic in Figure 10-46 shows a simplified in- 
trusion alarm system that uses a relay to turn on an audible 
alarm (siren) and lights. The system operates from a 9 V battery 

so that even if power to the house is off. the audible alarm will 
still work. 

The detection switches arc normally open (NO) magnetic 
switches that are parallel connected and located in the windows 
and doors. The relay is a triplc-polc-double-ihrow device that 
operates with a coil voltage of 9 V dc and draws approximately 
50 mA. When an intrusion occurs, one of the switches closes 
and allows current from the battery to the relay coil, which 
energizes the relay and causes the three sets of normally open 
contacts to close. Closure of contact A turns on the alarm, which 



Application Activity ♦ 411 

A^±- 
5 

Audible 
alarm 

Magnetic detection switches 

c 

1 

2 

120 Vac 

System ON/OFF 

Relay coil 

10 , Wall 
switch 

,JhL 

House lights 

FIGURE 10-46 
Simplified burglar alarm system. 

draws 2 A from the battery. Closure of contaet C turns on a light 
circuit in the house. Closure of contact B latches the relay and 
keeps it energized even if the intruder closes the door or window 
through which entry was made. If not for contact B in parallel 
with the detection switches, the alarm and lights would go off as 
soon as the window or door was shut behind the intruder. 

The relay contacts are not physically remote in relation to 
the coil as the schematic indicates. The schematic is drawn this 
way for functional clarity. The entire relay is housed in the 

package shown in Figure 10-47. Also shown arc the pin dia- 
gram and internal schematic for the relay, 

.System Interconnections 
1. Develop a connection block diagram and point-to-point wire 

list for interconnecting the components in Figure 10-48 to 
create the alarm system shown in the schematic of Figure 
10-46. The connection points on the components arc indi- 
cated by letters. 

^10 

Housing Pin arrangemenl (lop view) 

I o 

2 o ' 
Schematic 

FIGURE 10-47 
Triple-polc-doublc-throw relay. 
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S T Siren 

M N O 

U V 
System ON/OFF 
toggle switch 

FIGURE 10-48 

P Q R 
|\ N| M IX' 01 

Magnetic switches 

Relay terminal board 

Q3A 

30jii 

'lo room 
lighting circuit 

tJ 

Array of security alarm components. 

A Test Procedure 
2. Develop a detailed step-by-slep procedure to check out (he 

completely wired security alarm system. 

Review 
3. What is (he purpose of (he detection switches? 
4. What is the purpose of contact B in the relay in Figure 

10-46? 

SUMMARY 

♦ Unlike magnetic poles attract each other, and like poles repel each other. 
♦ Materials that can be magnetized are called ferromagnetic. 
♦ When there is current through a conductor, it produces an electromagnetic field around the con- 

ductor. 
♦ You can use the left-hand rule to establish the direction of the electromagnetic lines of force 

around a conductor. 
♦ An electromagnet is basically a coil of wire around a magnetic core. 
♦ When a conductor moves within a magnetic field, or when a magnetic field moves relative to a 

conductor, a voltage is induced across the conductor. 
♦ The faster the relative motion between a conductor and a magnetic field, the greater the induced 

voltage. 
♦ Table 10-3 summarizes the quantities and units used in this chapter. 
♦ Hall-effect sensors use current lo sense the presence of a magnetic field. 
♦ DC generators convert mechanical power to dc electrical power. 
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SYMBOL QUANTITY SI UNIT ( 
B Magnetic flux density Tesla (T) 

Magnetic flux Weber (Wb) 
Permeability Webers/ampere-turn • meter (Wb/At ■ ml 

31 Reluctance Ampere-tumsAveber (At/Wb) 
^ HI Magnetomotive force (mmf) Ampcrc-lum (At) 
H Magnetic field intensity Ampcrc-luiWinclcr (Al/m) 
F Force Newton (N) 
T Torque Ncwlon-mctcr (N-m) 

♦ The moving part of a generator or motor is called the rotor; the stationary part is called the stator. 
♦ DC motors convert electrical power to mechanical power. 
♦ Brushless DC motors use a permanent magnet as the rotor, and the stator is the armature. 

KEY TERMS Key terms and other bold terms in the chapter arc defined in the end-of-bookglossary. 

Ampcrc-turn (At) The current in a single loop (turn) of wire. 
Electromagnetic Held A formation of a group of magnetic lines of force surrounding a conductor 
created by electrical current in the conductor. 
Electromagnetic induction The phenomenon or process by which a voltage is produced in a con- 
ductor when there is relative motion between (he conductor and a magnetic or clcciromagnctic field. 
Electromagnetism The production of a magnetic field by current in a conductor. 
Faraday's law A law slating that the voltage induced across a coil equals the number of turns in the 
coil times the rale of change of the magnetic flux. 
Ilall-cfTect A change in current across a conductor or semiconductor when current in the material 
is perpendicular to a magnetic field. The change in current produces a small transverse voltage in the 
material called the Hall voltage. 
Hysteresis A characteristic of a magnetic material whereby a change in magnetization lags the ap- 
plication of the magnetic field intensity. 
Induced current (I'ind) A current induced in a conductor when the conductor moves through a 
magnetic field. 
Induced voltage (find) Voltage produced as a result of a changing magnetic field. 
Lenz's law A law (hat states when the current through a coil changes, (he polarity of the induced 
voltage created by the changing magnetic field is such that it always opposes the change in current 
that caused it. The current cannot change instantaneously. 
Lines of force Magnetic flux lines in a magnetic field radiating from the north pole to the south 
pole. 
Magnetic field A force field radiating from the north pole to the south pole of a magnet. 
Magnetic fiux The lines of force between the north and south poles of a permanent magnet or an 
electromagnet. 
Magnetomotive force (nunf) The cause of a magnetic field, measured in ampere-turns. 
Permeability The measure of case with which a magnetic field can be established in a material. 
Relay An electromagnctically controlled mechanical device in which electrical contacts arc 
opened or closed by a magnetizing current. 
Reluctance The opposition to the establishment of a magnetic field in a material. 
Retcntivity The ability of a material, once magnetized, to maintain a magnetized stale without the 
presence of a magnetizing force. 
Solenoid An electromagnelically controlled device in which the mechanical movement of a shaft 
or plunger is activated by a magnetizing current. 
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Speaker An eleciromagnelic device lhai converts electrical signals to sound waves. 
Tesla (T) The SI unit for magnetic flux density. 
Weber (Wb) The SI unit of magnetic flux, which represents 10s lines. 

FORMULAS 

10-1 II = 
A 

10-2 Mr = 
P 
Pll 

10-3 « = I 
fiA 

10-4 '"m = = Nl 

10-5 = 
Pjn 
R 

10-6 77 = Fm 
T 

10-7 ''ind = UJv 

d<t> 
10-8 = ,Vi 

10-9 
10-10 
10-11 

dl 
F = BU 
T = Kd>I\ 
P = 0.1057s 

Magnetic flux density 

Relative permeability 

Reluctance 

Magnetomotive force 

Magnetic flux 

Magnetic field intensity 

Induced voltage across a moving conductor perpendicular 
to a magnetic field 

Faraday's law 

Force on a current-carrying conductor 
Torque in a dc motor 
Power from torque 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The tesla (T) and the gauss (G) are both units for magnetic flux density. 
2. The unit for measuring magnetomotive force (mmf) is the volt. 
3. Ohm's law for a magnetic circuit gives the relationship between flux density, magnetomotive 

force, and rcluetancc. 
4. A solenoid is a form of electromagnetic switch that opens and closes mechanical contacts. 
5. A hysteresis curve is a plot of flux density (B) as a function of field intensity (//)• 
6. To produce an induced voltage in a coil, the magnetic field surrounding it can be changed. 
7. The speed of a generator can be controlled with a rheostat in the field windings. 
8. A self-excited dc generator will normally have enough residual magnetism in the field magnets 

to start the generator producing voltage at the output when it is first turned on. 
9. The power developed by a motor is proportional to its torque. 

It). In a brushless motor, the magnetic field is supplied by permanent magnets. 

SELF-TEST Answers are at the end of the chapter. 
1. When the south poles of two bar magnets are brought close together, there will be 

(a) a force of attraction (b) a force of repulsion 
(c) an upward force (d) no force 

2. A magnetic field is made up of 
(a) positive and negative charges (b) magnetic domains 
(c) flux lines (d) magnetic poles 
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3. The direciion of a magnetic field is from 
(a) north pole to south pole (b) south pole to north pole 
(c) inside to outside the magnet (d) front to back 

4. Reluctance in a magnetic circuit is analogous to 
(a) voltage in an electric circuit (b) current in an electric circuit 
(c) power in an electric circuit (d) resistance in an electric circuit 

5. The unit of magnetic flux is the 
(a) tesla (b) weber (c) ampere-tum (d) ampere-turns/weber 

6. The unit of magnetomotive force is the 
(a) tesla (b) weber (c) ampere-tum (d) ampere-turns/weber 

7. The unit of flux density is the 
(a) tesla (b) weber (c) ampere-tum (d) electron-volt 

8. The electromagnetic activation of a movable shaft is the basis for 
(a) relays (b) circuit breakers (c) magnetic switches (d) solenoids 

9. When there is current through a wire placed in a magnetic field. 
(a) the wire will overheat (b) the wire will become magnetized 
(c) a force is exerted on the wire (d) the magnetic field will be cancelled 

10. A coil of wire is placed in a changing magnetic field. If the number of turns in the coil is 
increased, the voltage induced across the coil will 
(a) remain unchanged (b) decrease (c) increase (d) be excessive 

11. If a conductor is moved back and forth at a constant rale in a constant magnetic field, the 
voltage induced in the conductor will 
(a) remain constant (b) reverse polarity (c) be reduced (d) be increased 

12. In the crankshaft position sensor in Figure 10-33, the induced voltage across the coil is 
caused by 
(a) current in the coil 
(b) rotation of the steel disk 
(c) a lab passing through the magnetic field 
(d) acceleration of the steel disk's rotational speed 

13. The purpose of the commutator in a generator or motor is to 
(a) change the direciion of the current to the rotor as it spins 
(b) change the direciion of the current to the stator windings 
(c) support the motor or generator shaft 
(d) provide the magnetic field for the motor or generator 

14. In a motor, back emf serves to 
(a) increase the power from the motor (b) decrease the flux 
(c) increase the current in the field windings (d) decrease the current in the armature 

15. The torque of a motor is proportional to the 
(a) amount of flux (b) armature current 
(c) both of the above (d) none of the above 

PROBLEMS 
More difficult problems arc indicated by an asterisk C). 
Answers to odd-numbered problems are at the end of the book. 

SECTION 10-1 The Magnetic Field 
1. The cross-soclional area of a magnetic field is increased, but the flux remains the same. Docs 

the flux density increase or decrease? 
2. In a certain magnetic field the cross-sectional area is 0.5 m" and the flux is 1500 /(Wh, What is 

the flux density? 
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3. What is ihc flux in a magnetic maicrial when the flux density is 2500 X 10 T and the cross- 
seciional area is 150 cm2? 

4. At a given location, assume the earth's magnetic field is 0.6 G. Express this flux density in lesla. 
5. A very strong permanent magnet has a magnetic field of 100,000/xT. Express this flux density 

6. What happens to the compass needle in Figure 10-11 when the current through the conductor 
is reversed? 

7. What is the relative permeability of a ferromagnetic material whose absolute permeability is 
750 X I0"6 Wb/At ■ m? 

8. Determine the reluctance of a material with a length of 0.28 m and a cross-sectional area of 
0.08 m2 if the absolute permeability is 150 X 10"' Wb/At • m. 

9. What is the magnetomotive force in a 50 turn coil of wire when there are 3 A of current 
through it? 

10. Topically, when a solenoid is activated, is the plunger extended or retracted? 
11. (a) What force moves the plunger when a solenoid is activated? 

(b) What force causes the plunger to return to its al-resl position? 
12. Explain the sequence of events in the circuit of Figure 10-49 starting when switch I (SWI) is 

closed. 
13. What causes the pointer in a d'Arsonval movement to deflect when there is current through the coil? 

in gauss. 

SECTION 10-2 Electromagnetism 

SECTION 10-B Electromagnetic Devices 

FIGURE 10-49 

SECTION 10-4 Magnetic Hysteresis 
14. What is the magnetizing force in Problem 9 if the length of the core is 0.2 m ? 
15. How can the flux density in Figure 10-50 be changed without altering the physical characteris- 

tics of the core? 

+ 

FIGURE 10-50 
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16. In Figure 10-50. there are 500 turns. Determine 
(a) // (b) 0 (c) B 

17. Determine from the hysteresis curves in Figure 10-51 which material has the most relentivity. 

' ✓ /// / /! \ 
' W- / / / - Material 

' 1 1 f 1 f— 
' ' / f*t-f— - Material 
/ / / / 

▲ FIGURE 10-51 

SECTION 10-5 Electromagnetic Induction 
18. According to Faraday's law. what happens to the induced voltage across a given coil if the rale 

of change of magnetic flux doubles? 
19. What are three factors that determine the voltage in a conductor that is moving perpendicular to 

a magnetic field? 
20. A magnetic field is changing at a rate of 3500 X 10-3 Wb/s. How much voltage is induced 

across a 50 turn coil that is placed in the magnetic field? 
21. How does Lenz's law complement Faraday's law? 
22. In Figure 10-33. why is there no induced voltage when the steel disk is not rotating? 

SECTION 10-6 The DC Generator 
23. Explain the purpose of the commutator and brushes in Figure 10-35. 

*24. A basic one-loop dc generator is rotated at 60 rev/s. How many limes each second does the dc 
output voltage peak (reach a maximum)? 

*25. Assume that another loop. 90 degrees from the first loop, is added to the dc generator in Prob- 
lem 24. Make a graph of voltage versus time to show how the output voltage appears. Let the 
maximum voltage be 10 V. 

26. Assume the self-excited shunt dc generator in Figure 10-41 has a load connected to it that 
draws 12 A. If the field windings draw 1.0 A, what is the armature current? 

27. (a) If the output voltage in Problem 26 is 14 V. what power is supplied to the load? 
(b) What power is dissipated in the field resistance? 

SECTION 10-7 The DC Motor 
28. (a) What power is developed by a motor that turns at 1200 rpm and has a torque of 3,0 N-m? 

(b) What is the horsepower rating of the motor? (746 W - I hp) 
29. Assume a motor dissipates 12 W internally when it delivers 50 W to a load. What is the efficiency? 
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ANSWERS 

SECTION CHECKUPS 
SECTION 10-1 The Magnetic Field 

1. North poles repel. 
2. Magnelic flux is Ihe group of lines of force that makes up a magnetic field. Magnetic flux den- 

sity is a measure of the concentration of magnelic flux. 
3. Gauss and lesla 
4. B = <t)IA = 900/iT 

SECTION 10-2 Electromagnetism 
1. Electromagnetism is produced by current through a conductor. An electromagnetic field exists 

only when there is current. A magnelic field exists independently of current. 
2. When current reverses, the direction of the magnelic field also reverses. 
3. Flux (<^) equals magnetomotive force (Fm) divided by reluctance (Sft). 
4. Flux: current, mmf: voltage, reluctance: resistance. 

SECTION 10-3 Electromagnetic Devices 
1. A solenoid produces a movement only. A relay provides an electrical contact closure. 
2. The movable part of a solenoid is the plunger. 
3. The movable part of a relay is the armature. 
4. The d'Arsonval movement is based on the interaction of magnetic fields. 
5. The spider acts as a spring to return and support the coil in its rest position. 

SECTION 10-4 Magnetic Hysteresis 
1. An increase in current increases Ihe flux density. 
2. Retenlivily is the ability of a material to remain magnetized after removal of the magnetizing 

force. 
3. Heads should not remain magnetized after magnelic force is removed, but tape should. 

SECTION 10-5 Electromagnetic Induction 
1. Zero voltage is induced. 
2. Induced voltage increases. 
3. A force is exerted on the conductor when there is current. 
4. The induced voltage is zero. 

SECTION 10-6 The DC Generator 
1. The rotor 
2. The commutator reverses the current in the rotating coil. 
3. Greater resistance will reduce the magnetic flux, causing the output voltage to drop. 
4. A generator in which the field windings derive their current from the output 

SECTION 10-7 The DC Motor 
1. Back emf is a voltage developed in a motor because of generator action as the rotor turns. It 

opposes the original supply voltage. 
2. Back emf reduces the armature current. 
3. A series-wound motor 
4. Higher reliability because there are no brushes to wear out 
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RELATED PROBLEMS FOR EXAMPLES 
10-1 Flux density will decrease. 
10-2 31.(IT 
10-3 The reluctance is reduced to 12.8 X I06 Al/Wb. 
10-4 1.66 X lO'AtAVb 
10-5 7.2 mWb 
10-6 (a) Fm = 42.5 At 

(b) « = 85 X I03 Al/Wb 
10-7 40 mV 
10-8 12.5 mV 
10-9 The direction is along the negative .v axis. 

10-10 525 W 

TRUE/FALSE QUIZ 
1. T 2. F 3. F 4. F 5. T 
6. T 7. F 8. T 9. T 10. F 

SELF-TEST 
1. (b) 2. (c) 3. (a) 4. (d) S. (b) 6. (c) 7. (a) 8. (d) 
9. (c) 10. (c) 11. (b) 12. (c) 13. (a) 14. (d) 15. (c) 
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4APTER OUTLINE 

1 The Sinusoidal Waveform 
2 Sinusoidal Voltage and Current Values 
3 Angular Measurement of a Sine Wave 
4 The Sine Wave Formula 
5 Introduction to Phasors 
6 Analysis of AC Circuits 
7 The Alternator (AC Generator) 

Angular velocity 
Induction motor 
Synchronous motor 
Squirrel cage 
Slip 
Pulse 
Rise time (tf) 
Fall time (tf) 

♦ Pulse width (tw) 
♦ Periodic 
♦ Duty cycle 
♦ Ramp 
♦ Fundamental frequency 
♦ Harmonics 
♦ Oscilloscope 

11 
11 
II 
11 
II 
II 
11 
11-8 The AC Motor 
11-9 Nonsinusoidal Waveforms 
11-10 The Oscilloscope 

Application Activity 

CHAPTER OBJECTIVES 

♦ Identify a sinusoidal waveform and measure its characteristics 
♦ Determine the various voltage and current values of a sine wave 

Describe angular relationships of sine waves 
Mathematically analyze a sinusoidal waveform 
Use a phasor to represent a sine wave 
Apply the basic circuit laws to resistive ac circuits 
Describe how an alternator generates electricity 
Explain how ac motors convert electrical energy into rotational 
motion 
Identify the characteristics of hasic nonsinusoidal waveforms 
Use an oscilloscope to measure waveforms 

KEY TERMS 

Waveform ♦ Peak value 
Sine wave « Amplitude 
Cycle ♦ Pcak-to-peak value 
Period (T) ♦ rms value 
Frequency (/) ♦ Average value 
Hertz (Hz) ♦ Degree 
Oscillator ♦ Radian 
Function generator ♦ Phase 
Instantaneous value ♦ Phasor 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will learn to measure voltage 
signals in an AM receiver using an oscilloscope. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhalLcom/floyd 

INTRODUCTION 

In the preceding chapters, you have studied resistive circuits 
with dc currents and voltages. This chapter provides an intro- 
duction to ac circuit analysis in which lime-varying electrical 
signals, particularly the sine wave, are studied. An electrical 
signal is a voltage or current that changes in some consistent 
manner with lime. In other words, the voltage or current 
fluctuates according to a certain pattern called a waveform. 

An alternating voltage is one that changes polarity at a 
certain rate, and an alternating current is one that changes 
direction at a certain rate. The sinusoidal waveform (sine 
wave) is the most common and fundamental type because 
all other types of repetitive waveforms can be broken down 
into composite sine waves. The sine wave is a periodic type 
of waveform that repeats at fixed intervals. The use of pha- 
sors to represent sine waves is discussed. 

Special emphasis is given to the sinusoidal waveform 
(sine wave) because of its fundamental importance in ac cir- 
cuit analysis. Alternators, which generate sine waves, and ac 
motors are introduced. Other types of waveforms are also 
introduced, including pulse, triangular, and sawtooth. 
The use of the oscilloscope for displaying and measuring 
waveforms is introduced. 
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0 11-1 The Sinusoidal Waveform  
The sinusoidal waveform or sine wave is the fundamental type of alternating current 
(ac) and alternating voltage. It is also referred to as a sinusoidal wave or, simply, sinu- 
soid. The electrical service provided by the power company is in the form of sinusoidal 
voltage and current. In addition, other types of repetitive waveforms are composites 
of many individual sine waves called harmonics. 

After completing this section, you should be able to 

♦ Identify a sinusoidal waveform and measure its characteristics 

♦ Determine the period 

♦ Determine the frequency 

♦ Relate the period and the frequency 

♦ Describe two types of electronic signal generators. 

Sinusoidal voltages are produced by two types of sources: rotating electrical machines 
(ac generators) or electronic oscillator circuits, which are used in instruments commonly 
known as electronic signal generators. Figure 11-1 shows the symbol used to represent 
either source of sinusoidal voltage. AC generators are covered in Section i 1-7, and 
electronic signal generators arc discussed at the end of this section. 

Figure 11-2 is a graph showing the general shape of a sine wave, which can be either 
an alternating current or an alternating voltage. Voltage (or current) is displayed on the ver- 
tical axis and time (() is displayed on the horizontal axis. Notice how the voltage (or cur- 
rent) varies with time. Starting at zero, the voltage (or current) increases to a positive 
maximum (peak), returns to zero, and then increases to a negative maximum (peak) before 
returning again to zero, thus completing one full cycle. 

FIGURE ll-I 
Symbol for a sinusoidal voltage 
source. 

h Voltage (+V) 
or 

current (+/) 

- Voltage (-V) 
or 

current (-/) 

Positive maximum 
FIGURE 11-2 

Graph of one cycle of a sine wave. 

Time (r) 

Negative maximum 

Polarity of a Sine Wave 

As mentioned, a sine wave changes polarity at its zero value; that is, it alternates between 
positive and negative values. When a sinusoidal voltage source (V,) is applied to a resistive 
circuit, as in Figure 11-3, an alternating sinusoidal current results. When the voltage 
changes polarity, the current correspondingly changes direction as indicated. 

During the positive alternation of the applied voltage F,, the current is in the direction 
shown in Figure 1 l-3(a). During a negative alternation of the applied voltage, the current 

VI This icon indicates selected websites for further information on topics in this section. See the Companion 
Websites provided with this text. 
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Positive a temaiion 

(0 v5 

(a) During a positive alternation of voltage, current is in the direction 
shown. 

▲ FIGURE 11-B 

Negative alternation 

(b) During a negative alternation of voltage, current reverses direction, 
as shown. 

Alternating current and voltage. 

is in the opposite direction, as shown in Figure I l-3(b). The combined positive and nega- 
tive alternations make up one cycle of a sine wave. 

Period of a Sine Wave 

A sine wave varies with time (t) in a definable manner. 

The time required for a sine wave to complete one full cycle is called the period (f). 

Figure I l-4(a) illustrates the period of a sine wave. Typically, a sine wave continues to re- 
peat itself in identical cycles, as shown in Figure I l-4(b). Since all cycles of a repetitive 
sine wave are the same, the period is always a fixed value for a given sine wave. The period 
of a sine wave can be measured from a zero crossing to the next corresponding zero cross- 
ing, as indicated in Figure 11-4(a). The period can also be measured from any peak in a 
given cycle to the corresponding peak in the next cycle. 

FIGURE 11-4 
The period of a sine wave is the same 
for each cycle. 

Period (7) 

(a) 

st evele 2nd evele 3rd cycle 

EXAMPLE 11-1 

FIGURE 11-5 

What is the period of the sine wave in Figure 11-5? 

v 



The Sinusoidal Waveform ♦ 423 

Solution As shown in Figure 11-5. it takes four seconds (4 s) to complete each cycle. There- 
fore, the period is 4 s. 

T= 4s 

Rot,nod Problem' What is the period if the sine wave goes through five cycles in 12 s? 

* Answers are at the end of the chapter. 

EXAMPLE 11-2 Show three possible ways to measure the period of the sine wave in Figure 11-6. How 
many cycles are shown? 

FIGURE 11-6 

Solulion Method 1: The period can be measured from one zero crossing to the corresponding 
zero crossing in the next cycle (the slope must be the same at the corre- 
sponding zero crossings). 

Method 2: The period can be measured from the positive peak in one cycle to the 
positive peak in the next cycle. 

Method 3: The period can be measured from the negative peak in one cycle to the 
negative peak in the next cycle. 

These measurements arc indicated in Figure 11-7, where two cycles of the sine 
wave are shown. Keep in mind that you obtain the same value for the period no matter 
which corresponding points on the waveform you use. 

FIGURE 11-7 
Measurement of the period of a 
sine wave. 

Zero to zero 

Peak to peak 

Zero to zero Peak to peak 

T = period 

Relnled Prohh in If a positive peak occurs at I ms and the next positive peak occurs at 2.5 ms, what is 
the period? 
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lH 1 S T 0 R ' / NOTE 

Hcinrich 
Rudolf Hertz 
1857-1894 

HertT, .1 German physicist, was the 
first to broadcast and receive 
electromagnetic (radio) waves. He 
produced electromagnetic waves in 
the labratory and measured their 
parameters. Hertz also proved that 
the nature of the reflection and 
refraction of electromagnetic 
waves was the same as that of 
light. The unit of frequency is 
named in his honor. (Photo credit: 
Deulsches Museum, courtesy AIP 
Emilio Segrf Visual Archives.) 

Equation 11-1 

Equation 11-2 

Frequency of a Sine Wave 

Frequency (f) is the number of cycles that a sine wave completes in one second. 

The more cycles completed in one second, the higher the frequency. Frequency (/') is measured 
in units of hertz. One hertz (Hz) is equivalent to one cycle per second; 60 Hz is 60 cycles per 
second, for example. Figure 11-8 shows two sine waves. The sine wave in part (a) completes 
two full cycles in one second. The one in part (b) completes four cycles in one second. 
Therefore, the sine wave in part (b) has twice the frequency of the one in part (a). 

(a) Lower frequency: fewer cycles per second 

FIGURE 11-8 

(b) Higher frequency; more cycles per second 

Illustration of frequency. 

Relationship of Frequency and Period 

The formulas for the relationship between frequency (/') and period (T) are as follows: 

i 
"/ 

There is a reciprocal relationship between /and T. Knowing one, you can calculate the 
other with the x 1 or Mx key on your calculator. This inverse relationship makes sense be- 
cause a sine wave wilh a longer period goes through fewer cycles in one second than one 
with a shorter period. 

EXAMPLE 11-3 

FIGURE 11-9 

Which sine wave in Figure 11-9 has a higher frequency? Determine the frequency and 
the period of both waveforms. 

/ 0 
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Solution The sine wave in Figure I l-9(b) has the higher frequency because it completes more 
cycles in I s than does the sine wave in part (a). 

In Figure 11-9(a). three cycles are completed in I s; therefore, 

/ = 3 Hz 

One cycle lakes 0.333 s (one-third second), so the period is 

T = 0.333 s = 333 ms 

In Figure I l-9(b), five cycles arc completed in I s; therefore, 

/ = 5 Hz 

One cycle takes 0.2 s (one-fifth second), so the period is 

r = 0,2 s = 200 ms 

/(i'/,iii ./ Problem If the time between negative peaks of a given sine wave is 50 /xs. what is the frequency? 

EXAMPLE 11-4 The period of a certain sine wave is 10 ms. What is the frequency? 

Solution Use Equation I l-l. 

I I I 
f=-=    5— = 100 Hz 

T 10ms 10 X 10 s 

A certain sine wave goes through four cycles in 20 ms. What is the frequency? 

EXAMPLE 11-5 The frequency of a sine wave is 60 Hz. What is the period? 

Solution Use Equation 11-2, 

T = — = —^— = 16.7 ms 
/ 60 Hz 

Related Problem If 7"= 15/as, what is/? 

Electronic Signal Generators 

The signal generator is an instrument that electronically produces sine waves for use in 
testing or controlling electronic circuits and systems. There are a variety of signal genera- 
tors, ranging from special-purpose instruments that produce only one type of waveform in 
a limited frequency range, to programmable instruments that produce a wide range of fre- 
quencies and a variety of waveforms. All signal generators consist basically of an 
oscillator, which is an electronic circuit that produces repetitive waves. All generators 
have controls for adjusting the amplitude and frequency. 

Function Generators and Arbitrary Waveform Generators A function generator is 
an instrument that produces more than one type of waveform. It provides pulse waveforms 
as well as sine waves and triangular waves. Typical function generators are shown in 
Figure I l-10(a). 
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(a) Examples of fimciion generators (b) A typical arbitrary waveform generator 

A FIGURE 11-10  
Typical signal generators. Copyright ©Tektronix, Inc. Reproduced by permission. 

An arbitrary waveform generator can be used to generate standard signals like sine 
waves, triangular Waves, and pulses as well as signals with various shapes and charactcris- 
lies. Waveforms can be defined by mathematical or graphical input. A typical arbitrary 
waveform generator is shown in Figure I I-10(b). 

Five ways to express the value of a sine wave in terms of its voltage or its current 
magnitude are instantaneous, peak, peak-to-peak, rms, and average values. 

After completing this section, you should be able to 

♦ Determine the various voltage and current values of a sine wave 

♦ Find the instantaneous value at any point 

♦ Find the peak value 

♦ Find the peak-lo-peak value 

♦ Define rms 

♦ Explain why the average value is always zero over a complete cycle 

♦ Find the half-cycle average value 

Instantaneous Value 

Figure I l-l i illustrates that at any point in time on a sine wave, the voltage (or current) has 
an instantaneous value. This instantaneous value is different at different points along the 

SECTION 11-1 
CHECKUP 
Answers are at the end of the 
chapter. 

1. Describe one cycle of a sine wave. 
2. At what point does a sine wave change polarity? 
3. How many maximum points does a sine wave have during one cycle? 
4. How is the period of a sine wave measured? 
5. Define frequency, and state its unit. 
6. Determine/when T = S fis. 
7. Determine T when/= 120 Hz. 

11-2 Sinusoidal Voltage and Current Values 



Sinusoidal Voltage and Current Values ♦ 427 

1.1- i 

viv. 

2 5 
2,5 

-5.1 

- 0 

FIGURE 11-11 
Instantaneous values. 

i (.us) 

curve. Instantaneous values are positive during the positive alternation and negative during 
the negative alternation. Instantaneous values of voltage and current are symbolized by 
lowercase v and respectively. The curve in part (a) shows voltage only, but it applies 
equally for current when the v's are replaced with i's. An example of instantaneous values 
is shown in part (b) where the instantaneous voltage is 3.1 V at I fis, 7.07 V at 2.5 /is. 10 V 
at 5 )ls, 0 V at lO/ts, -3.1 V at 11 ^ts, and so on. 

Peak Value 

The peak value of a sine wave is the value of voltage (or current) at the positive or the neg- 
ative maximum (peak) with respect to zero. Since the positive and negative peak values are 
equal in magnitude, a sine wave is characterized by a single peak value. This is illustrated 
in Figure 11-12. For a given sine wave, the peak value is constant and is represented by F,, 
or /p. The peak value is also called the amplitude. 

FIGURE n-12 
Peak values. 

Peak-to-Peak Value 

The pcak-to-pcak value of a sine wave, as shown in Figure 11-13, is the voltage or cur- 
rent from the positive peak to the negative peak. It is always twice the peak value as 

p. - - 

v. ■ - 

FIGURE 11-13 
Pcak-to-peak value. 
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Equation 11-3 

Equation 11-4 

RMS Value 

The term rms stands for root mean square. Most ac voltmeters display rms voltage. The 
120 V at your wall outlet is an rms value. The rms value, also referred to as the effective 
value, of a sinusoidal voltage is actually a measure of the healing effect of the sine wave. 
For example, when a resistor is connected across an ac (sinusoidal) voltage source, as 
shown in Figure I I-I4(a), a certain amount of heat is generated by the power in the resis- 
tor. Figure 11-I4(b) shows the same resistor connected across a dc voltage source. The 
value of the dc voltage can be adjusted so that the resistor gives off the same amount of heat 
as it does when connected to the ac source. 

The rms value of a sinusoidal voltage is equal to the dc voltage that produces the 
same amount of heat in a resistance as does the sinusoidal voltage. 

expressed in the following equations. Peak-lo-peak voltage or current values are repre- 
sented by V or lpp- 

vnp = 2V;, 

lpp = 2/„ 

Equation 11-5 

Equation 11-6 

Equation 11-7 

Equation 11-8 

Equation 11-9 

Equation 11-10 

Sinusoidal voltage 
source 

F CURE 11-14 

Radiated 
heal 

Same amount 
-r of radiated 

heal as 
in part (a) 

dc source with V,M~= Vm 

When the same amount of heat is produced in both setups, the sinusoidal voltage has an rms value 
equal to the dc voltage. 

The peak value of a sine wave can be converted to the corresponding rms value using the 
following relationships, derived in Appendix B. for either voltage or current: 

/tms = 0.707/p 
Using these formulas, you can also determine the peak value if you know the rms value. 

Similarly, 

'' 0.707 

Vp = 1.414 V™ 

lp = 1.4l4/rms 

To get the peak-lo-peak value, simply double the peak value. 

and 
Vpp = 2.828V™ 

lpp = 2.828/™ 
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Average Value 

The average value of a sine wave taken over one complete cycle is always zero because 
the positive values (above the zero crossing) offset the negative values (below the zero 
crossing). 

To be useful for certain purposes such as measuring types of voltages found in power 
supplies, the average value of a sine wave is defined over a half-cycle rather than over a full 
cycle. The average value is the total area under the half-cycle curve divided by the dis- 
tance in radians of the curve along the horizontal axis. The result is derived in Appendix B 
and is expressed in terms of the peak value as follows for both voltage and current sine 
waves: 

% - (Ds 

Vavg = 0.637Vp Equation 11-11 

'avg = (I)'. 

'avg = 0.637/,, Equation 11-12 

EXAMPLE 11-6 Determine V„, V' V^, and the half-cycle Vav„ for the sine wave in Figure 11-15. 

FIGURE 11-15 vflV) 

 P" >. j 
- / v — 

\ / 

1 _ _   — 
s / 

Solution Vp = 4.5 V is read directly from the graph. From this, calculate the other values. 

Vpp = 2Vp = 2(4.5 V) = 9V 
krm. = 0.707 V,, = 0.707(4.5 V) = 3.18 V 
Vavg = 0.637 Vp = 0.637(4.5 V) = 2.87 V 

Related Problem If V,, = 25 V, determine V,,,„ Vrm„ and Vavg for a voltage sine wave. 

SECTION 11-2 1. Determine VpP in each case when 
CHECKUP (a) Vp = 1V (b) Vlms= 1.414 V (c) Vavg = 3 V 

2. Determine Vrms in each case when 
(a) Vp = 2.5 V (b) Vpp = 10 V (c) V^ = 1.5 V 

3. Determine the half-cycle Vavg in each case when 
(a) Vp = 10V (b) Vrms = 2.3 V (c) Vpp = 60 V 
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11-3 Angular Measureivient of a Sine Wave  

As you have seen, sine waves can be measured along the horizontal axis on a time 
basis; however, since the time for completion of one full cycle or any portion of a 
cycle is frequency-dependent, it is often useful to specify points on the sine wave in 
terms of an angular measurement expressed in degrees or radians. 

After completing this section, you should be able to 

• Describe angular relationships of sine w aves 

♦ Show how to measure a sine wave in terms of angles 

♦ Define radian 

♦ Convert radians to degrees 

♦ Determine the phase angle of a sine wave 

Ll rad 
, 57.3° 

Radius 

FIGURE 11-16 
Angular measurement showing 
relationship of radian (rad) to 
degrees C). 

A sinusoidal voltage can be produced by an alternator, which is an ac generator. There 
is a direct relationship between the rotation of the rotor in an alternator and the sine wave 
output. Thus, the angular measurement of the rotor's position is directly related to the 
angle assigned to the sine wave. 

Angular Measurement 

A degree is an angular measurement corresponding to 1/360 of a circle or a complete rev- 
olution. A radian is the angular measurement along the circumference of a circle that is 
equal to the radius of the circle. One radian (rad) is equivalent to 57.3°, as illustrated in 
Figure 11-16. In a 360° revolution, there are 277 radians. 

The Greek letter tt (pi) represents the ratio of the circumference of any circle to its 
diameter and has a constant value of approximately 3.1416. 

Scientific calculators have a rr function so that the actual numerical value does not have 
to be entered. 

Table 11-1 lists several values of degrees and the corresponding radian values. These 
angular measurements are illustrated in Figure 11-17. 

DEGREES (0) RADIANS (RAD) 
0 0 

45 77/4 
90 77/2 

135 377/4 

180 77 
225 577/4 
270 377/2 

315 777/4 
360 277 
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90°. nP. rod ■4 FIGURE 11-17 

135®, 3^/4 rod 

180°. rrrad 

225°. 5jr/4 rod 

45°, rr/4 rod 

0°, (I rod 
360 ., .Trod 

Angular measurements starting at 0° 
and going counterclockwise. 

. 7jt/4 rod 

270°. 3rr/2 rod 

Radian/Degree Conversion 

Degrees can be converted to radians. 

. irradN 
rad = |  I X degrees 

180°/ 

Similarly, radians can be converted to degrees. 

, 180° degrees = I  | x rad 1 tt rad 

Equation 11-13 

Equation 11-14 

EXAMPLE 11-7 (a) Convert 60® to radians. (b) Convert rr/b rad to degrees. 

, trradx tt 
Solution (a) Rad = ( 160° = — rad 

180° / 3 
, 180° \/ TT 

(b) Degrees = | r II —rad 
vTrrad/V6 

I'elaled Problem (a) Convert 15° to radians. (b) Convert 5-rr/8 rad to degrees. 

= 30" 

Sine Wave Angles 

The angular measurement of a sine wave is based on 360° or 2tt rad for a complete cycle. 
A half-cycle is 180° or tt rad; a quarter-cycle is 90° or it/2 rad; and so on. Figure 11-18(a) 
shows angles in degrees for a full cycle of a sine wave; part (b) shows the same points in 
radians. 

0° 90° 181.1 T/2 • HI 

FIGURE 11-18 
Sine wave angles. 

(a) Degrees (b) Radians 



432 ♦ Introduction to Alternating Current and Voltage 

Phase of a Sine Wave 

The phase of a sine wave is an angular measuremenl that specifies the position of that sine 
wave relative to a reference. Figure 11-19 shows one cycle of a sine wave to be used as the 
reference. Note that the first positive-going crossing of the horizontal axis (zero crossing) 
is at 0" (0 rad), and the positive peak is at 90° (7t/2 rad). The negative-going zero crossing 
is at 180° (tt rad), and the negative peak is at 270° (37r/2 rad). The cycle is completed at 
360° (27r rad). When the sine wave is shifted left or right with respect to this reference, 
there is a phase shift. 

Positive peak (W3) 

/ Positive-going \ Negative-going 
/ zero crossing (0°) \ zero crossing (180°) / 

/JS- w , /, 
0° 90° \ ISO" 270° / 360° 

Or/2) Vo (3«/2) / am 

Negative peak 1270°) 

FIGURE 11-19 
Phase reference. 

Figure 11-20 illustrates phase shifts of a sine wave. In pail (a), sine wave B is shifted to 
the right by 90° (7r/2 rad) with respect to sine wave A. Thus, there is a phase angle of 90° 
between sine wave A and sine wave II. In terms of time, the positive peak of sine wave B 
occurs later than the positive peak of sine wave A because time increases to the right along 
the horizontal axis. In this case, sine wave B is said to lag sine wave A by 90° or tt/2 radi- 
ans. Slated another way, sine wave A leads sine wave B by 90°, 

A 

/ /\ \ / 

y 

0° /OO0 \ \ / / 

1 

(a) A leads II by 90°, or II lags A by 90°. 

A FIGURE 11-20  
Illustration of a phase shift. 

i: A 

-90°^' 0° \ \ / / 

(b) fi leads A by 90°, or A lags B by 90°. 

In Figure 11-20(b), sine wave B is shown shifted left by 90° with respect to sine wave 
A. Thus, again there is a phase angle of 90° between sine wave A and sine wave B. In this 
case, the positive peak of sine wave B occurs earlier in lime than that of sine wave A; there- 
fore, sine wave B is said to lead sine wave A by 90°. 
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EXAMPLE 11-8 What arc the phase angles between the two sine waves in parts (a) and (b) of Figure 
11-21? 

'45°90° 35 

F CURE 11-21 

Sohnion In Figure I l-21(a| the zero crossing of sine wave A is at 0". and the corresponding 
zero crossing of sine wave B is at 45°. There is a 45° phase angle between the (wo 
waveforms with sine wave B lagging sine wave A. 

In Figure 11-21(b) the zero crossing of sine wave B is at —30°, and the conespon- 
ding zero crossing of sine wave A is at 0°. There is a 30° phase angle between the two 
waveforms with sine wave B leading sine wave A. 

Rcl.ited Problem If the positive-going zero crossing of one sine wave is at 15° and that of the second 
sine wave is at 23°, what is the phase angle between them? 

As a practical matter, when you measure the phase shift between two waveforms on an os- 
cilloscope, you should make them appear to have the same amplitude. This is done by taking 
one of the oscilloscope channels out of vertical calibration and adjusting the corresponding 
waveform until its apparent amplitude equals that of the other waveform. This procedure 
eliminates the error caused if both waveforms are not measured at their exact center. 

Polyphase Power 

One important application of phase-shifted sine waves is in electrical power systems. Elec- 
trical utilities generate ac with three phases that are separated by 120°, as shown in Figure 
11-22. The reference is called neutral. Normally, three-phase power is delivered to the user 
with four lines (three hot lines and neutral). There are important advantages to three-phase 
power for ac motors. Three-phase motors are more efficient and simpler than an equivalent 
single-phase motor. Motors are discussed further in Section 11-8. 

■4 FIGURE 11-22 
Phase t Phase 2 Phase 3 Three-phase power waveforms. 

v v v v 
V i VA_A 
•-120°-4-" 120-'-J--1 JO"-j I I I 

The three phases can be split up by the utility company to supply three separate single- 
phase systems. If only one of the three phases plus neutral is supplied, the result is standard 
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120 V, which is single-phase power. Single-phase power is distributed to residential and 
small commercial buildings; it consists of two 120 V hot lines that arc 180° out of phase 
with each other and a neutral, which is grounded at the service entrance. The two hot lines 
allow for connecting to 240 V for high-power appliances (dryers, air conditioners). 

SECTION 11-3 1. When the positive-going zero crossing of a sine wave occurs at 0°, at what angle does 
CHECKUP each of the following points occur? 

(a) Positive peak (b) Negative-going zero crossing 
(c) Negative peak (d) End of first complete cycle 

2. A half-cycle is completed in  degrees or radians. 
3. A full cycle is completed in    degrees or radians. 
4. Determine the phase angle between the two sine waves in Figure 11-23. 

FIGURE 11-23 

/ 
0° jy/w 

11-4 The Sine Wave Formula  

A sine wave can be graphically represented by voltage or current values on the vertical 
axis and by angular measurement (degrees or radians) along the horizontal axis. This 
graph can be expressed mathematically, as you will see. 

After completing this section, you should be able to 

• Mathematically analyze a sinusoidal waveform 

• Stale the sine wave formula 

♦ Find instantaneous values using the sine wave formula 

A generalized graph of one cycle of a sine wave is shown in Figure 11-24. The sine 
wave amplitude (A) is the maximum value of the voltage or current on the vertical axis; an- 
gular values run along the horizontal axis. The variable y is an instantaneous value that 

FIGURE 11-24 
One cycle of a generic sine wave 
showing amplitude and phase. 

V or / 
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represents either voltage or current at a given angle, 0. The symbol H is the Greek letter 
theta. 

All electrical sine waves follow a specific mathematical formula. The general expres- 
sion for the sine wave curve in Figure 11-24 is 

y = A sine Equation 11-15 

This formula states that any point on the sine wave, represented by an instantaneous value 
(y), is equal to the maximum value A times the sine (sin) of the angle 6 at that point. For ex- 
ample, a certain voltage sine wave has a peak value of 10 V. You can calculate the instan- 
taneous voltage at a point 60° along the horizontal axis as follows, where y = v and 
A = V,,: 

v = TpSinO = (10 V)sin60° = (I0V)(0.866) = 8.66 V 

Figure 11-25 shows this particular instantaneous value of the curve. You can find the sine 
of any angle on most calculators by first entering the value of the angle and then pressing 
the SIN key. Verify that your calculator is in the degree mode. 

< FIGURE 11-25  
Illustration of the instantaneous 
value of a voltage sine wave at 
0 = 60°. 

VIVI 

0° 60" 90 

Expressions for Phase-Shifted Sine Waves 

When a sine wave is shifted to the right of the reference (lagging) by a certain angle, <l> 
(Greek letter phi), as illustrated in Figure I l-26(a) where the reference is the vertical axis, 
the general expression is 

y = A sin(0 - 4)) Equation 11-16 

where y represents instantaneous voltage or current, and A represents the peak value 
(amplitude). When a sine wave is shifted to the left of the reference (leading) by a certain 
angle, ih, as shown in Figure 11-26(b), the general expression is 

y = Asin(0 + 4)) Equation 11-17 

A ■ 

/ \ 
\   

0 \ \ 
/ / / 0 \ \ 

\ ' / 

(a) _v = A sin (0- 

FIGURE 11-26 

- 

(b)y = A sin {8 

Shifted sine waves. 
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EXAMPLE 11-9 Determine the instantaneous value at the 90" reference point on the horizontal axis for 
each voltage sine wave in Figure 11-27. 

rltiURt 11-2/ V(V) 
10 
8 
5 

" z /, 
-20V 

/ 
0°4.V90° \W A 60° " 

Sclulion Sine wave A is the reference. Sine wave B is shifted left by 20° with respect to A, so it 
leads. Sine wave C is shifted right by 45° with respect to A. so it lags. 

"A = PpSind 
= (10 V)sin(90'>) = (10 V)(l) = 10 V 

i'b = V,,sin(0 + </i„l 
= (5 V)sin(90o + 20°) = (5 V)sin(l 10°) = (5 V)(0.9397) = 4.70 V 

vc = V(,sin(0 - <bc) 
= (8 V)sin(90° - 45°) = (8V)sin(450» = (8V)(0.7071) = 5.66 V 

Helaud Problem A voltage sine wave has a peak value of 20 V. What is its instantaneous value at 65" 
from its zero crossing? 

SECTION 11-4 1. Calculate the instantaneous value at 120° for the voltage sine wave in Figure 11-25. 
CHECKUP 2. Determine the instantaneous value at 45° of a voltage sine wave that leads the refer- 

ence by 10° (Vp = 10 V). 
3. Find the instantaneous value of 90° of a voltage sine wave that leads the reference by 

25° (Vp = 5 V). 

^ 11-5 Introduction to Phasors  

Phasors provide a graphic means for representing quantities that have both magnitude 
and direction (angular position). Phasors arc especially useful for representing sine 
waves in terms of their magnitude and phase angle and also for the analysis of reactive 
circuits discussed in later chapters. 

After completing this section, you should be able to 

♦ Use a phasor to represent a sine wave 

♦ Define phasor 

♦ Explain how phasors are related to the sine wave formula 

♦ Draw a phasor diagram 

♦ Discuss angular velocity 
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You may already be familiar with vectors. In math and science, a vector is any quantity 
with both magnitude and direction. Examples of vectors arc force, velocity, and acceleration. 
The simplest way to describe a vector is to assign a magnitude and an angle to a quantity. 

In electronics, a phasor is a type of vector but the term generally refers to quantities that 
vary with time, such as sine waves. Examples of phasors are shown in Figure 11-28. The 
length of the phasor "arrow" represents the magnitude of a quantity. The angle, H (relative 
to 0°), represents the angular position, as shown in part (a) for a positive angle. The specific 
phasor example in part (b) has a magnitude of 2 and a phase angle of 45°. The phasor in 
part (c) has a magnitude of 3 and a phase angle of 180°. The phasor in part (d) has a 
magnitude of I and a phase angle of -45° (or +315°). Notice that positive angles are 
measured counterclockwise (CCW) from the reference (0°) and negative angles are meas- 
ured clockwise (CW) from the reference. 

•AS 

270° 
(a) 
A FIGURE 11-28 
Examples of phasors. 

180° 

(b) 

90° 

2 

'45° 
-0° 3- 

90° 

180° 
-0° 180° ■ 

90° 

, , -45° 

270° 270° 270° 
(c) (d) 

Phasor Representation of a Sine Wave 

A full cycle of a sine wave can be represented by rotation of a phasor through 360 degrees. 

The instantaneous value of the sine wave at any point is equal to the vertical 
distance from the tip of the phasor to the horizontal axis. 

Figure 11 -29 shows how the phasor traces out the sine wave as it goes from 0" to 360°. You 
can relate this concept to the rotation in an ac generator. Notice that the length of the pha- 
sor is equal to the peak value of the sine wave (observe the 90" and the 270° points). The 
angle of the phasor measured from 0° is the corresponding angular point on the sine wave. 

90° FIGURE 11-29 
135°. 

180° 

225° 

45° 

0° 
180° 

,225° 270° 315° 

Sine wave represented by rotational 
phasor motion. 

360° 
360° 

315° 

45° 90° 135° 

270° 

Phasors and the Sine Wave Formula 

Let's examine a phasor representation at one specific angle. Figure 11-30 shows a voltage 
phasor at an angular position of 45° and the corresponding point on the sine wave. The instan- 
taneous value of the sine wave at this point is related to both the position and the length of the 
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90° 

0 

A FIGURE 11-30  
Right triangle derivation of sine wave formula. 

phasor. As previously mentioned, the vertical distance from the phasor lip down to the hor- 
izontal axis represents the instantaneous value of the sine wave at that point. 

Notice that when a vertical line is draw n from Ihe phasor tip down to the horizontal 
axis, a right triangle is formed, as shown shaded in Figure 11-30. The length of the pha- 
sor is the hypotenuse of the triangle, and Ihe vertical projection is the opposite side. From 
trigonometry. 

The opposite side of a right triangle is equal to the hypotenuse times the sine of the 
angle 0. 

The length of the phasor is Ihe peak value of Ihe sinusoidal voltage, Vp. Thus, the opposite 
side of the triangle, which is Ihe instantaneous value, can be expressed as 

Recall that this formula is the one staled earlier for calculating instantaneous sinusoidal 
voltage. A similar formula applies to a sinusoidal current. 

Positive and Negative Phasor Angles 

The position of a phasor at any instant can be expressed as a positive angle, as you have 
seen, or as an equivalent negative angle. Positive angles are measured counterclockwise 
from 0". Negative angles are measured clockwise from 0". For a given positive angle 6, 
the corresponding negative angle is 0 — 360°, as illustrated in Figure I l-31(a). In part (b), 
a specific example is shown. The angle of the phasor in this case can be expressed as +225° 
or-135°. 

v = V;,sin6 

i = IpS 'm 6 

e +225° 

270° 270° 
lb) 

FIGURE 11-31 
Positive and negative phasor angles. 



Introduction to Phasors ♦ 439 

EXAMPLE 11-10 For the phasor in each part of Figure 11-32. determine the instantaneous voltage 
value. Also express each positive angle shown as an equivalent negative angle. The 
length of each phasor represents the peak value of the sinusoidal voltage. 

90° 90° 
io v 

10V - 90° 
^30° 

1 oU   10 V 

270° 
(a) (b) (c) 

IOVN^ 
135° 270° ■Sv 

330° 
10 V ^ 10 V 

270° 
(<1) (e) (f) 

FIGURE 11-32 

Solution la) v = (lOV)sinO0 = (I0V)(0) = 0V 
0° - 360" = -360° 

(b) v = (10 V)sin 30° = (I0V)(0.5) = 5 V 
30" - 360" = -330° 

(c) v = (10 V)sin90o = (10 V)(l) = 10 V 
90" - 360° = -270" 

(d) v = (lOV)sin 135° = (IOV)(0.707) = 7.07V 
135° - 360" = -225° 

(e) v = (10 V)sin 270° = (I0V)(-I) = -10V 
270° - 360° = -90" 

(f) v = (lOV)sin330° = (l0V)(-0.5) = -5V 
330° - 360° = -30" 

Ri'l.iU'il Problem If a phasor is at 45° and its length represents 15 V, what is the instantaneous sine wave 
value? 

Phasor Diagrams 

A phasor diagram can be used to show the relative relationship of two or more sine waves 
of the same frequency. A phasor in a fixed position is used to represent a complete sine 
wave because once the phase angle between two or more sine waves of the same frequency 
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or belween the sine wave and a reference is established, the phase angle remains constant 
throughout the cycles. For example, the two sine waves in Figure 11 -33(a) can be repre- 
sented by a phasor diagram, as shown in part (b). As you can see, sine wave B leads sine 
wave A by 30" and has less amplitude than sine wave A, as indicated by the lengths of the 
phasors. 

- 

HGUKL 11-33 

90° 

► 30° 
0 180° 

lb) 
270° 

Example of a phasor diagram representing sinusoidal waveforms. 

EXAMPLE 11-11 Use a phasor diagram to represent the sine waves in Figure 11-34. 

V(V) 

o-Z 0° 

FIGURE 11-34 

Saluliivi The phasor diagram representing the sine waves is shown in Figure 11-35. The length 
of each phasor represents the peak value of the sine wave. 

FIGURE 11-35 90° 

180° 
v 
/ ' 45° B 7.5' 
f i n° 

-60° 

270° 

Rel.iled Piohlem Describe a phasor to represent a 5 V peak sine wave that lags sine wave C in Figure 
11-34 by 25°. 
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Angular Velocity of a Phasor 

As you have seen, one cycle of a sine wave is traced out when a phasor is rotated through 
360 degrees or 27r radians. The faster it is rotated, the faster the sine wave cycle is traced 
out. Thus, the period and frequency are related to the velocity of rotation of the phasor. The 
velocity of rotation is called the angular velocity and is designated <o (the small Greek 
letter omega). 

When a phasor rotates through 2rr radians, one complete cycle is traced out. Therefore, 
the time required for the phasor to go through 2tt radians is the period of the sine wave. 
Because the phasor rotates through 2-it radians in a time equal to the period, T, the angular 
velocity can be expressed as 

2tt 

Since/= l/T, 
<0 = 277/ 

When a phasor is rotated at an angular velocity to. then ojt is the angle through which the 
phasor has passed at any instant. Therefore, the following relationship can be stated: 

0 ~ oji 

Substituting 277/for <o results in H = 277//. With this relationship between angle and time, 
the equation for the instantaneous value of a sinusoidal voltage, v = V^sin 0, can be writ- 
ten as 

v = V^sin 277/1 

You can calculate the instantaneous value at any point in lime along the sine wave curve if 
you know the frequency and peak value. The unit of 277// is the radian so your calculator 
must be in the radian mode. 

Equation 11-18 

Equation 11-19 

Equation 11-20 

EXAMPLE 11-12 What is the value of a sinusoidal voltage at 3 /as from the positive-going zero crossing 
when Vp = 10 V and/= 50 kHz? 

Solution v = Vp sin 2/7// 
= (10 V)sin [2/7(50kHz)(3 X I0~6s)] = 8.09 V 

Helaled Problem What is the value of a sinusoidal voltage at 12 /as from the positive-going zero cross- 
ing when Vp = 50 V and / = 10 kHz? 

SECTION 11-5 1. What is a phasor? 

2. What is the angular velocity of a phasor representing a sine wave with a frequency of 
1500 Hz? 

3. A certain phasor has an angular velocity of 628 rad/s. To what frequency does this 
correspond? 
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I 

11-6 Analysis of AC Circuits  

When a time-varying ac voltage such as a sinusoidal voltage is applied to a circuit, the 
circuit laws and power formulas that you studied earlier still apply. Ohm's law, Kirch- 
hoff's laws, and the power formulas apply to ac circuits in the same way that they 
apply to dc circuits. 

After completing this section, you should be able to 

• Apply the basic circuit laws to resistive ac circuits 

♦ Apply Ohm's law to resistive circuits with ac sources 

♦ Apply Kirchhoff's voltage law and current law to resistive circuits with ac 
sources 

♦ Determine power in resistive ac circuits 

♦ Determine total voltages that have both ac and dc components 

4. Draw a phasor diagram to represent the two sine waves in Figure 11-36. Use peak 
values. 

FIGURE 11-36 

If a sinusoidal voltage is applied across a resistor as shown in Figure 11-37, there is a 
sinusoidal current. The current is zero when the voltage is zero and is maximum when the 
voltage is maximum. When the voltage changes polarity, the current reverses direction. As 
a result, the voltage and current arc said to be in phase with each other. 

FIGURE 11-37 
A sinusoidal voltage produces a 
sinusoidal current. 

Sine wave generator 
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When you use Ohm's law in ac circuits, remember that both the voltage and the current 
must be expressed consistently, that is, both as peak values, both as rms values, both as 
average values, and so on. Kirchhoff's voltage and current laws apply to ac circuits as well 
as to dc circuits. Figure 11-38 illustrates Kirchhoff's voltage law in a resistive circuit that 
has a sinusoidal voltage source. The source voltage is the sum of all the voltage drops 
across the resistors, just as in a dc circuit. 

v 

. . 0*5 lm mi 

A FIGURE 11-38 
Illustration of Kirchhoff's voltage law in an ac circuit. 

Power in resistive ac circuits is determined the same as for dc circuits except that you 
must use rms values of current and voltage. Recall that the rms value of a sine wave volt- 
age is equivalent to a dc voltage of the same value in terms of its heating effect. The gen- 
eral power formulas are restated for a resistive ac circuit as 

/' = Wrms 
V2 

= 
v rms 

R 

EXAMPLE 11-13 Determine the rms voltage across each resistor and the rms current in Figure 11-39. 
The source voltage is given as an rms value. Also determine the total power. 

FIGURE 11-39 

in tn 

120 V 
R; 
560 n 

Solution The total resistance of the circuit is 

R„„ = R, + R2= 1.0 kfl + 560 0 = 1.56 kfl 

Use Ohm's law to find the rms current. 

fnns 
V, .v(rms) 

R,,,, 
120 V 

1.56 kfi 
= 76.9 mA 
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The rms voltage drop across each resistor is 

V|(rms) = W*l = (76.9 mA)(1.0 kfl) = 76.9 V 
^(rms) = /rms«2 = (76.9 mAK560 (1) = 43.1 V 

The total power is 

P.o, = = (76.9 inA)2( 1.56 kS!) = 9.23 W 

Related Problem Repeal this example for a source voltage of 10 V peak. 

Use Multisim files El I-I3A and El I-I3B to verify the calculated results in this exam- 
ple and to confirm your calculations for the related problem. 

EXAMPLE 11-14 

FIGURE 11-40 

All values in Figure 11-40 are given in rms. 

fa) Find the unknown peak voltage drop in Figure 1 l-4()(a). 

(b) Find the total rms current in Figure I I^t0(b). 

(c) Find the total power in Figure I l^)0(b) if Vrms = 24 V. 

WV 

24 V 8 V 

WV 

10 mA R, 3 niA ^ K 

lb) 

Solution (a) Use Kirchhoff's voltage law to find V3. 

K, = V, + V2 + V3 
Klfmtsl = Kirnns) " V1(rms) - V2(rms) = 24V-12V-8V=4V 

Convert rms to peak. 

V.v 
(b) Use Kirchhoff's current law to find /„„. 

Vi(p) = l.4l4V3(rm5) = 1.414(4 V) = 5.66 V 

Wf(rms) = / I (rms) + /2(rms) = 111A + 3 mA = 13 mA 

(C) P,o, = Wrms = (24 V)( 13 mA) = 312 mW 

Related Problem A series circuit has the following voltage drops: V|(nnsi = 3.50 V, Vi/py = 4.25 V. 
V 3(avg| = 1.70 V. Determine the pcak-to-pcak source voltage. 

Superimposed DC and AC Voltages 

In many practical circuits, you will find both dc and ac voltages combined. An example of 
this is in amplifier circuits where ac signal voltages are superimposed on dc operating volt- 
ages. This is a common application of the superposition theorem studied in Chapter 8. 



Analysis of AC Circuits • 445 

T 

-4 FIGURE 11-41 
Superimposed dc and at voltages. 

«< Kr+V,,, 

Figure 11-41 shows a dc source and an ac source in series. These two voltages will add al- 
gebraically to produce an ac voltage "riding" on a dc level, as measured across the resistor. 

If Vdc is greater than the peak value of (he sinusoidal voltage, the combined voltage is a 
sine wave that never reverses polarity and is therefore nonalternating. That is, the sine wave 
is riding on a dc level, as shown in Figure I l-42(a). If Vqc is less than the peak value of the 
sine wave, the sine wave will be negative during a portion of its lower half-cycle, as illustrated 
in Figure 11 -42(b), and is therefore alternating. In either case, the sine wave will reach a max- 
imum voltage equal to ^DC + V;„ and it will reach a minimum voltage equal to VDc _ Vp- 

Voc-^ 
0 - 

+ v.. - 

v.,,- - v 

(a) V,x- > The sine wave never goes negative. (b) V1,^. < Vp. The sine wave reverses polarity 
during a portion of its cycle, as indicated by 
the gray area. 

A FIGURE 11-42 
Sine waves with dc levels. 

EXAMPLE 11-15 Determine the maximum and minimum voltage across the resistor in each circuit of 
Figure 11-43, 

V„= 10V 

VW-=I2V 

'.K 
" 1.0 kll 

V„= 10V -"V- 

Vnr = 5 V 

:r 
■ 1.0 ki! 

(a) 

FIGURE 11-43 

(b) 
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Solution In Figure 1 l-43(a), the maximum voltage across K is 

= Vdc + Vp = 12 V + 10V = 22V 

The minimurn voltage across R is 

V„,in=VDC-Vp= 12 V - 10 V = 2 V 

Therefore, VKflvly is a nonaltemating sine wave that varies from +22 V to +2 V, as 
shown in Figure 11 -44(a). 

In Figure I l-43(b), the maximum voltage across R is 

vm,u = Voc + V,, = 6V + 10 V = 16 V 

The minimum voltage across R is 

VW-= Voc - Vp= —4V 
Therefore, is an alternating sine wave that varies from +16 V to -4 V, as 
shown in Figure 11-44(b). 

FIGURE 11-44 
22 V 

2 V 

(a) 

16 V 

4\ 

Helmed I'loblent Explain why the waveform in Figure I l-44(a) is nonaltcrnating but the waveform in 
part (b) is considered to be alternating. 

Use Multisim files El I-I5A and El I-I5B to verify the calculated results in this 
example. 

SECTION 11-6 1. A sinusoidal voltage with a half-cycle average value of 12.5 V is applied to a circuit with 
CHECKUP a resistance of 330 SI. What is the peak current in the circuit? 

2. The peak voltage drops in a series resistive circuit are 6.2 V, 11.3 V, and 7.8 V. What is 
the rms value of the source voltage? 

3. What is the maximum positive value of the resulting total voltage when a sine wave 
with Vp = 5 V is added to a dc voltage of +2.5 V? 

4. Will the resulting voltage in Question 3 alternate polarity? 
5. If the dc voltage in Question 3 is -2.5 V, what is the maximum positive value of the 

resulting total voltage? 
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0 11-7 The Alternator (AC Generator) 
An alternator is an ac generator that converts energy of motion into electrical energy. 
Although it is similar to a dc generator, the alternator is more efficient than the dc 
generator. Alternators are widely used in vehicles, boats, and other applications even 
when dc is the final output. 

After completing this section, you should be able to 
♦ Describe how an alternator generates electricity 

♦ Identify the main parts of an alternator, including the rotor, stalor, and slip rings 

♦ Explain why the output of a rolaling-field alternator is taken from the slator 

♦ Describe the purpose of the slip rings 

♦ Explain how an alternator can be used to produce dc 

Simplified Alternator 

Both the dc generator and the alternator, which generates ac voltage, are based on the prin- 
ciple of electromagnetic induction that produces a voltage when there is relative motion be- 
tween a magnetic field and a conductor. For a simplified alternator, a single rotating loop 
passes permanent magnetic poles. The natural voltage that is generated by a rotating loop 
is ac. In an alternator, instead of the split rings used in a dc generator, solid rings called slip 
rings are used to connect to the rotor, and the output is ac. The simplest form of an alterna- 
tor has the same appearance as a dc generator (sec Figure 10-35) except for the slip rings, 
as shown in Figure 11-45, 

A FIGURE 11-45  
A simplified alternator. 

Frequency 

In the simplified alternator in Figure 11-45, each revolution of the loop produces one cy- 
cle of a sine wave. The positive and negative peaks occur when the loop cuts the maximum 
number of flux lines. The rate the loop spins determines the lime for one complete cycle 
and the frequency. If it takes 1/60 of a second to make a revolution, the period of the sine 
wave is 1/60 of a second and the frequency is 60 Hz. Thus, the faster the loop rotates, the 
higher the frequency. 

Another way of achieving a higher frequency is to use more magnetic poles. When four 
poles are used instead of two, as shown in Figure 11-46, the conductor passes under a north 
and a south pole during one-half a revolution, which doubles the frequency. Alternators can 

Annature 

Slip ring 

Magnetic field 

 Pole piece 
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/i revolution 

s 
I revolulion 

FIGURE 11-46 
Four poles produce twice the frequency of two poles for the same rotational speed. 

have many more poles, depending on the requirements, some have as many as 100. The 
number of poles and the speed of the rotor determine the frequency in accordance with the 
following equation: 

Nx 
Equation 11-21 f=  H J 120 

where/is the frequency in hertz, N is the number of poles, and 5 is the rotational speed in 
revolutions per minute. 

EXAM PLE 11-16 Assume a large alternator is turned by a turbine at 300 rpm and has 24 poles. What is 
the output frequency? 

Ns (24)(300 rpm) 
Solution f   =   60 Hz J 120 120 

Related Problem At what speed must the rotor move to produce a 50 Hz output? 

Practical Alternators 

The single loop used in our simplified alternator produces only a tiny voltage. In a practi- 
cal alternator, hundreds of loops are wound on a magnetic core, which forms the rotor. 
Practical alternators usually have fixed windings surrounding the rotor instead of perma- 
nent magnets. Depending on the type of alternator, these fixed windings can either provide 
the magnetic field (in which case they are called field windings) or act as the fixed con- 
ductors that produce the output (in which case they are the armature windings). 

Rotating-Armature Alternators In a rolating-armature alternator, the magnetic field is 
stationary and is supplied by permanent magnets or clcctromagncls operated from dc. With 
electromagnets, field windings are used instead of permanent magnets and provide a fixed 
magnetic field that interacts with the rotor coils. Power is generated in the rotating assem- 
bly and supplied to the load through the slip rings. 

In a rolating-armature alternator, the rotor is the component from which power is taken. 
In addition to hundreds of windings, the practical rolating-armature alternator usually has 
many pole pairs in the slator that alternate as north and south poles, which serve to increase 
the output frequency. 

Rotating-Field Alternator The rolating-armature alternator is generally limited to low- 
power applications because all output current must pass through the slip rings and brushes. 
To avoid this problem, rotating-field alternators lake the output from the slator coils and use 
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a rotating magnet, hence the name. Small alternators may have a permanent magnet for a 
rotor, but most use an electromagnet formed by a wound rotor. A relatively small amount 
of dc is supplied to the rotor (through the slip rings) to power the electromagnet. As the ro- 
tating magnetic field sweeps by the slator windings, power is generated in the stator. The 
stator is therefore the armature in this case. 

Figure 11-47 shows how a rotating-field alternator can generate three-phase sine waves. 
(For simplicity, a permanent magnet is shown for the rotor.) AC is generated in each wind- 
ing as the north pole and the south pole of the rotor alternately sweep by a slator winding. 
If the north pole generates the positive portion of the sine wave, the south pole will gener- 
ate the negative portion; thus, one rotation produces a complete sine wave. Each winding 
has a sine wave output; but because the windings are separated by 120°, the three sine waves 
are also shifted by 120°. This produces the three-phase output as shown. Most alternators 
generate three-phase voltage because it is more efficient to produce and is widely used in 
industry. If the final output is dc, three-phase is easier to convert to dc. 

A FIGURE n-47  
The rotor shown is a permanent magnet that produces a strong magnetic field. As it sweeps by each 
slator winding, a sine wave is produced across that winding. The neutral is the reference. 

A wound rotor offers important control advantages to alternators. A wound rotor enables 
control over the strength of the magnetic field by controlling the rotor current and hence the 
output voltage. For wound rotors, dc must be supplied to the rotor. This current is usually 
supplied through brushes and slip rings, which are made of a continuous ring of material, 
(unlike a commutator, which is segmented). Because the brushes need to pass only the 
magnetizing rotor current, they last longer and are smaller than the brushes in an equivalent 
dc generator, which pass all of the output current. 

In wound-rotor alternators, the only current through the brushes and slip rings is the dc 
that is used to maintain its magnetic field. The dc is usually derived from a small portion of 
the output current, which is taken from the stator and convened to dc. Large alternators, 
such as in power stations, may have a separate dc generator, called an exciter, to supply 
current to the field coils. An exciter can respond very fast to changes in output voltage to 
keep the alternator's output constant, an important consideration in high-power alternators. 
Some exciters arc set up using a stationary field with the armature on the rotating main 
shaft. The result is a brushless system because the exciter output is on the rotating shaft, A 
brushless system eliminates the primary maintenance issue with large alternators in clean- 
ing, repairing, and replacing brushes. 

Stator winding Outputs 

Rotor 

Rotor Current 
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An Application 

Alternators are used in nearly all modern automobiles, trucks, tractors, and other vehicles. 
In vehicles, the output is usually three-phase ac taken from stator windings and then con- 
verted to dc with diodes that are housed inside the alternator case, (Diodes are solid-stale 
devices that allow current in only one direction.) Current to the rotor is controlled by a volt- 
age regulator, which is also internal to the alternator. The voltage regulator keeps the out- 
put voltage relatively constant for engine speed changes or changing loads. Alternators 
have replaced dc generators in automobiles and most other applications because they are 
more efficient and more reliable. 

Important parts of a small alternator, such as you might find in an automobile are shown 
in Figure 11-48. Like the self-excited generator discussed in Chapter 10, the rotor has a 
small residual magnetism to begin with, so an ac voltage is generated in the stators as soon 
as the rotor starts spinning. This ac is converted to dc by a set of diodes, A portion of the dc 
is used to provide current to the rotor; the rest is available for the loads. The amount of cur- 
rent required by the rotor is much less than the total current from the alternator, so it can 
easily provide the required current to the load. 

A FIGURE 11-48  
Expanded and simplified view of a rotor, stator, and diode plate for a small alternator that produces dc. 

In addition to the fact that three-phase voltage is more efficient to produce, it can pro- 
duce a stable dc output easily by using two diodes in each winding. Since vehicles require 
dc for the charging system and loads, the output of the alternator is converted to dc inter- 
nally using a diode array mounted on a diode plate. Thus, a standard three-phase automo- 
tive alternator will normally have six diodes inside to convert the output to dc. (Some 
alternators have six independent stator coils and twelve diodes.) 

Housing 

SECTION 11-7 
CHECKUP 

1. What two factors affect the frequency of an alternator? 
2. What is the advantage of taking the output from the stator in a rotating-field alternator? 
3. What is an exciter? 
4. What is the purpose of the diodes in an automobile alternator? 
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11-8 The AC Motor  

Motors are electromagnetic devices that represent the most common loads for ac in 
power applications. AC motors are used to operate household appliances such as heal 
pumps, refrigerators, washers, dryers, and vacuums. In industry, ac motors are used in 
many applications to move and process materials as well as refrigeration and healing 
units, machining operations, pumps, and much more. In this section, the two major 
types of ac motors, induction motors and synchronous motors, arc introduced. 

After completing this section, you should be able to 
• Explain how at motors convert electrical energy into rotational motion 

♦ Cite the main differences between induction and synchronous motors 

♦ Explain how the magnetic field rotates in an ac motor 

♦ Explain how an induction motor develops torque 

AC Motor Classification 

The two major classifications of ac motors are induction motors and synchronous 
motors. Several considerations determine which of these types are best for any given 
application. These considerations include the speed and power requirements, voltage 
rating, load characteristics (such as starling torque required), efficiency requirements, 
maintenance requirements, and operating environment (such as underwater operation or 
temperature). 

An induction motor is so named because a magnetic field induces current in the ro- 
tor, creating a magnetic field that interacts with the slalor field. Normally, there is no 
electrical connection to the rotor, so there is no need for slip rings or brushes, which tend 
to wear out. The rotor current is caused by electromagnetic induction, which also occurs 
in transformers (covered in Chapter 14), so induction motors are said to work by trans- 
former action. 

In a synchronous motor, the rotor moves in sync (at the same rale) as the rotating field 
of the stator. Synchronous motors are used in applications where maintaining constant 
speed is important. Synchronous motors are not self-starling and must receive starling 
torque from an external source or from built-in starting windings. Like alternators, syn- 
chronous motors use slip rings and brushes to provide current to the rotor. 

Rotating Stator Field 

Both synchronous and induction ac motors have a similar arrangement for the stator wind- 
ings, which allow the magnetic field of the stator to rotate. The rotating stator field is equiv- 
alent to moving a magnet in a circle except that the rotating field is produced electrically, 
with no moving parts. 

How can the magnetic field in the slalor rotate if the stator itself does not move? The 
rotating Held is created by the changing ac itself. Let's look at a rotating field with a three- 
phase stator, as shown in Figure 11-49. Notice that one of the three phases "dominates" at 
different times. When phase 1 is at 90°, the current in the phase I winding is at a maximum 
and current in the other windings is smaller. Therefore, the stator magnetic field will be ori- 
ented toward the phase-1 slalor winding. As the phase-1 current declines, the phase-2 current 
increases, and the field rotates toward the phasc-2 winding. The magnetic field will be ori- 
ented toward the phase-2 winding when current in it is a maximum. As the phase-2 current 
declines, the phasc-3 current increases, and the field rotates toward the phasc-3 winding. The 
process repeats as the field returns to the phase-1 winding. Thus, the field rotates at a rate 
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Induced magnetic field 
'nPu,s from the 3-phase inputs 

Phase 1 

Phase 2 

Phase 3 

z 

Inputs 

A FIGURE 11-49  
The application of three phases to the slator produces a net magnetic field as shown by the red arrow. 
The rotor (not shown) moves in response to this field. 

determined by the frequency of the applied voltage. With a more detailed analysis, it can be 
shown that the magnitude of the field is unchanged; only the direction of the field changes. 

As the slator field moves, the rotor moves in sync with it in a synchronous motor but 
lags behind in an induction motor. The rate the stalor field moves is called the synchronous 
speed of the motor, 

induction Motors 

The theory of operation is essentially the same for both single-phase and three-phase induction 
motors. Both types use the rotating field described previously, but the single-phase motor re- 
quires starting windings or other method to produce torque for starting the motor, whereas the 
three-phase motor is self-starting. When starting windings are employed in a single-phase motor, 
they are removed from the circuit by a mechanical centrifugal switch as the motor speeds up. 

The core of the induction motor's rotor consists of an aluminum frame that forms the 
conductors for the circulating current in the rotor, (Some larger induction motors use cop- 
per bars.) The aluminum frame is similar in appearance to the exercise wheel for pet squir- 
rels (common in the early 20th century), so it is aptly called a squirrel cage, illustrated in 
Figure 11-50. The aluminum squirrel cage itself is the electrical path; it is embedded 
within a ferromagnetic material to provide a low reluctance magnetic path through the ro- 
tor. In addition, the rotor has cooling fins that may be molded into the same piece of alu- 
minum as the squirrel cage. The entire assembly must be balanced so that it spins easily and 
without vibrating. 

Operation of an Induction Motor When the magnetic field from the stator moves 
across the squirrel cage of the inductor, a current is generated in the squirrel cage. This 
current creates a magnetic field that reacts with the moving field of the slator, causing the 

Phase I Phase 2 Phase 3 
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Ferromagnetic 
material 

A ummum 
conductors 

■* FIGURE 11-50 
Diagram of a squirrel-cage rotor. 

rotor to start turning. The rotor will try to "catch-up" with the moving field, but cannot, in 
a condition known as slip. Slip is defined as the difference between the synchronous speed 
of the stator and the rotor speed. The rotor can never reach the synchronous speed of the 
stator field because, if it did, it would not cut any field lines and the torque would drop to 
zero. Without torque, the rotor could not turn itself. 

Initially, before the rotor starts moving, there is no back emf, so the stator current is high. 
As the rotor speeds up. it generates a back emf that opposes the stator current. As the motor 
speeds up, the torque produced balances the load and the current is just enough to keep the ro- 
tor turning. The running current is significantly lower than the initial start-up current because 
of the back emf. If the load on the motor is then increased, the motor will slow down and gen- 
erate less back emf. This increases the current to the motor and increases the torque it can ap- 
ply to the load. Thus, an induction motor can operate over a range of speeds and torque. 
Maximum torque occurs when the rotor is spinning at about 75% of the synchronous speed. 

Synchronous Motors 

Recall that an induction motor develops no torque if it runs at the synchronous speed, so it 
must run slower than the synchronous speed, depending on the load. The synchronous mo- 
tor will run at the synchronous speed and still develop the required torque for different loads. 
The only way to change the speed of a synchronous motor is to change the frequency. 

The fact that synchronous motors maintain a constant speed for all load conditions is a 
major advantage in certain industrial operations and in applications where clock or liming 
requirements are involved (such as a telescope drive motor or a chart recorder). In fact, the 
first application of synchronous motors was in electric clocks (in 1917). 

Another important advantage to large synchronous motors is their efficiency. Although 
their original cost is higher than a comparable induction motor, the savings in power will 
often pay for the cost difference in a few years. 

Operation of a Synchronous Motor Essentially, the rotating stator field of the syn- 
chronous motor is identical to that of an induction motor. The primary difference in the two 
motors is in the rotor. The induction motor has a rotor that is electrically isolated from a 
supply and the synchronous motor uses a magnet to follow the rotating stator field. Small 
synchronous motors use a permanent magnet for the rotor; larger motors use an electro- 
magnet. When an electromagnet is used, dc is supplied from an external source via slip 
rings as in the case of the alternator. 

SECTION n-8 i. What is the main difference between an induction motor and a synchronous motor? 
2. What happens to the magnitude of the rotating stator field as it moves? 
3. What is the purpose of a squirrel cage? 
4. With reference to motors, what does the term slip mean? 
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11-9 Nonsinusoidal Waveforms  

Sine waves are important in electronics, but they are by no means the only type of ac 
or time-varying waveform. Two other major types of waveforms are the pulse wave- 
form and the triangular waveform. 

After completing this section, you should be able to 

• Identify the characteristics of basic nonsinusoidal waveforms 

♦ Discuss the properties of a pulse waveform 

♦ Define duty cycle 

♦ Discuss the properties of triangular and sawtooth waveforms 

♦ Discuss the harmonic content of a waveform 

Pulse Waveforms 

Basically, a pulse can be described as a very rapid transition (leading edge) from one volt- 
age or current level (baseline) to an amplitude level, and then, after an interval of time, a 
very rapid transition (trailing edge) back to the original baseline level. The transitions in 
level arc also called steps. An ideal pulse consists of two opposite-going steps of equal am- 
plitude. When the leading or trailing edge is positive-going, it is called a rising edge. When 
the leading or trailing edge is negative-going, it is called a falling edge. 

Figure I l-5I(a) shows an ideal positive-going pulse consisting of two equal but oppo- 
site instantaneous steps separated by an interval of lime called the pulse width. Part (b) of 
Figure 11-51 shows an ideal negative-going pulse. The height of the pulse measured from 
the baseline is its voltage (or current) amplitude. 

T 
Amplitude 

1 J 

Leading (rising) edge 
Trailing (falling) edge 

/ 

— Baseline 
—Pulse-» 

width 
(a) Positive-going pulse 

Leading (falling) edge 
\ Trailing (rising) edge 

T ~ 
Amplitude 

1 
-Pulse— 

vidth 
(b) Negative-going pulse 

FIGURE 11-51 
Ideal pulses. 

In many applications, analysis is simplified by treating all pulses as ideal (composed 
of instantaneous steps and perfectly rectangular in shape). Actual pulses, however, are 
never ideal. All pulses possess certain characteristics that cause them to be different from 
the ideal. 

In practice, pulses cannot change from one level to another instantaneously. Time is 
always required for a transition (step), as illustrated in Figure 11-52(a). As you can see, 
there is an interval of time during the rising edge in which the pulse is going from its lower 
value to its higher value. This interval is called the rise lime, I,. 

Rise time is the time required for the pulse to go from 10% of its amplitude to 90% 
of its amplitude. 
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Nonidcal pulse. 

The interval of lime during the falling edge in whieh the pulse is going from its higher 
value to its lower value is called the fall time, if. 

Fall time is the time required for the pulse to go from 90% of its amplitude to 10% 
of its amplitude. 

Pulse width, also requires a precise definition tor the nonideal pulse because the ris- 
ing and falling edges are not vertical. 

Pulse width is the time between the point on the rising edge, where the value is 50% 
of amplitude, to the point on the falling edge, where the value is 50% of amplitude. 

Pulse width is shown in Figure 1 l-52(b). 

Repetitive Pulses Any waveform that repeats itself at fixed intervals is periodic. Some 
examples of periodic pulse waveforms are shown in Figure 11-53. Notice that, in each 
case, the pulses repeat at regular intervals. The rale at which the pulses repeat is the pulse 
repetition frequency, whieh is the fundamental frequency of the waveform. The fre- 
quency can be expressed in hertz or in pulses per second. The time from one pulse to the 
corresponding point on the next pulse is the period, T. The relationship between frequency 
and period is the same as with the sine wave,/ = I 

_n_L_n n n n 

(a) 

-H 

h-r-H 
(c) 

A FIGURE 11-53 
Repetitive pulse waveforms. 

An important characteristic of repetitive pulse waveforms is the duly cycle. 

The duty cycle is the ratio of the pulse width fin) to the period (T| and is usually 
expressed as a percentage. 

f 'w\ percent duty cycle = I — j 100% Equation 11-22 
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EXAMPLE 11-17 Determine the period, frequency, and duty cycle for the pulse waveform in Figure 11 -54. 

FIGURE 11-54   

il ya ji 

Solution 

-10 us - 

T = 10 jts 

f=~ = -rr— = 100 kHz 

percent duty cycle = 

T lOjas 
I/xs 

10 MS 
100% = 10% 

/(('/,ilt'i/ I'loblem A certain pulse waveform has a frequency of 200 kHz and a pulse width of 0.25 ms. 
Determine the duly cycle. 

Equation 11-23 

Square Waves A square wave is a pulse waveform with a duly cycle of 50%, Thus, the 
pulse width is equal to one-half of the period. A square wave is shown in Figure 11-55. 

FIGURE 11-55 
Square wave. 

I/JT 1/2 r 

The Average Value of a Pulse Waveform The average value (Vavg) of a pulse waveform 
is equal to its baseline value plus its duty cycle limes its amplitude. The lower level of a 
positive-going waveform or the upper level of a negative-going waveform is taken as the 
baseline. The formula is as follows: 

V.lv„ = baseline + (doty cycle)(amplitude) 

The following example illustrates the calculation of Ihe average value. 

EXAMPLE 11-18 Determine the average value of each of the waveforms in Figure 11-56. 

V(V) 

-H I-*-1 ms 

-10 ms- - / (ms) 

V(V) 

0 

V(V) 

+1 
0 ■ 

1 2 3 4 5 6 
(b) 

FIGURE 11-56 

-I(AS) 

(c) 

20 30 40 50 60 -/(/is) 
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Solution In Figure I l-56(a). the baseline is at 0 V, the amplitude is 2 V, and the duty cycle is 
10%. The average value is 

Vavg = baseline + (duty cyclc)(amplitudc) 
= 0V + (0.1 )(2 V) = 0.2 V 

The waveform in Figure 11-56(b) has a baseline of + 1 V, an amplitude of 5 V. and 
a duty cycle of 50%. The average value is 

Vavg =: baseline + (duty cyclc)(amplitudc) 
= I V + (0.51(5 V) = I V + 2,5 V = 3.5 V 

Figure 11-56(c) shows a square wave with a baseline of — I V and an amplitude of 
2 V. The average value is 

Vavg = baseline + (duty cycle)(aniplitude) 
= -1 V + (0.5)(2 V) = -IV + 1 V = 0V 

This is an alternating square wave, and, as with an alternating sine wave, it has an 
average of zero. 

Related Problem If the baseline of the waveform in Figure 11-56(a) is shifted to 1 V, what is the aver- 
age value? 

Triangular and Sawtooth Waveforms 

Triangular and sawtooth waveforms arc formed by voltage or current ramps. A ramp is a 
linear increase or decrease in the voltage or current. Figure 11-57 shows both positive- and 
negative-going ramps. In pan (a), the ramp has a positive slope; in part (b), the ramp has a 
negative slope. The slope of a voltage ramp is ± Vh and is expressed in units of V/s, The 
slope of a current ramp is ± III and is expressed in units of A/s. 

V|or /) V(or /) 

Slope = i- 
\; 

Slope = ril 

(a) Positive ramp 

FIGURE 11-57 

(b) Negative ramp 

Voltage ramps. 

EXAMPLE 11-19 

FIGURE 11-58 

What are the slopes of the voltage ramps in Figure 11-58? 

V(V) V(V) 

10 , 

0 5 
(a) 

— I (ms) i (ms) 
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Solution In Figure I l-58(a), (he voltage increases from 0 V to +10 V in 5 ms. Thus. V = 10 V 
and l = 5 ms. The slope is 

V 10 V 
l 5 ms 

= 2 V/ms 

In Figure 11-58(b), the voltage decreases from +5 V to 0 V in 100 ms. Thus, 
V = —5 V and / = 100 ms. The slope is 

-5 V 
100 ms 

•= -0.05 V/ms 

Reluii'd Problem A certain voltage ramp has a slope of +12 V//as. If the ramp starts at zero, what is the 
voltage at 0.01 ms? 

Triangular Waveforms Figure 11-59 shows that a triangular waveform is composed 
of positive-going and negative-going ramps having equal slopes. The period of this wave- 
form is measured from one peak to the next corresponding peak, as illustrated. This partic- 
ular triangular waveform is alternating and has an average value of zero. 

FIGURE 11-59 
Alternating triangular waveform with 
a zero average value. 

Figure 11-60 depicts a triangular waveform with a nonzero average value. The 
frequency for triangular waves is determined in the same way as for sine waves, that is, 
/= I IT. 

FIGURE 11-60 
Nonalternaling triangular waveform 
with a nonzero average value. 

Sawtooth Waveforms The sawtooth waveform is actually a special case of the trian- 
gular wave consisting of two ramps, one of much longer duration than the other. Sawtooth 
waveforms arc used in many electronic systems. For example, the electron beam that 
sweeps across the screen of a CRT TV receiver, creating the picture, is controlled by 
sawtooth voltages and currents. One sawtooth wave produces the horizontal beam move- 
ment, and the other produces the vertical beam movement. A sawtooth voltage is sometimes 
called a sweep voltage. 

Figure 11-61 is an example of a sawtooth wave. Notice that it consists of a positive- 
going ramp of relatively long duration, followed by a negative-going ramp of relatively 
short duration. 
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A FIGURE 11-61  
Alternating sawtooth waveform. 

Harmonics 

A repetitive nonsinusoidal waveform is composed of a fundamental frequency and har- 
monic frequencies. The fundamental frequency is the repetition rale of the waveform, 
and the harmonics arc higher frequency sine waves that arc multiples of the fundamental. 

Odd Harmonics Odd harmonics arc frequencies that arc odd multiples of the funda- 
mental frequency of a waveform. For example, a I kHz square wave consists of a funda- 
mental of I kHz and odd harmonics of 3 kHz, 5 kHz, 7 kHz, and so on. The 3 kHz 
frequency in this case is called the third harmonic, the 5 kHz frequency is the fifth har- 
monic, and so on. 

Even Harmonics Even harmonics are frequencies that are even multiples of the funda- 
mental frequency. For example, if a certain wave has a fundamental of 200 Hz, the second 
harmonic is 400 Hz, the fourth harmonic is 800 Hz, the sixth harmonic is 1200 Hz, and so 
on. These are even harmonics. 

Composite Waveform Any variation from a pure sine wave produces harmonics. A 
nonsinusoidal wave is a composite of the fundamental and the harmonics. Some types of 
waveforms have only odd harmonics, some have only even harmonics, and some contain both. 
The shape of the wave is determined by its harmonic content. Generally, only the fundamental 
and the first few harmonics are of significant importance in determining the wave shape. 

A square wave is an example of a waveform that consists of a fundamental and only odd 
harmonics. When the instantaneous values of the fundamental and each odd harmonic are 
added algebraically at each point, the resulting curve will have the shape of a square wave, 
as illustrated in Figure 11-62, In part (a) of the figure, the fundamental and the third har- 
monic produce a wave shape that begins to resemble a square wave. In part (b), the funda- 
mental, third, and fifth harmonics produce a closer resemblance. When the seventh 
harmonic is included, as in part (c), the resulting wave shape becomes even more like a 
square wave. As more harmonics are included, a periodic square wave is approached. 

V V V 
"  1 • *-■- • 'Ih 

0 

(c) 

FIGURE 11-62 
Odd harmonics produce a square wave. 
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SECTION 11-9 
CHECKUP 

1. Define the following parameters: 
(a) rise time (b) fall time (c) pulse width 

2. In a certain repetitive pulse waveform, the pulses occur once every millisecond. What 
is the frequency of this waveform? 

3. Determine the duty cycle, amplitude, and average value of the waveform in Figure 
11-63(a). 

4. What is the period of the triangular wave in Figure 11-63(b)? 
5. What is the frequency of the sawtooth wave in Figure 11-63(c)? 

VIV) 
1.1 

2 - 

0.5 _ 

5 MS 0 
lb) 

FIGURE 11-63 

32 -/(ms) 0 I 
(c) 

•lifs) 

6. Define fundamental frequency. 
7. What is the second harmonic of a fundamental frequency of 1 kHz? 
8. What is the fundamental frequency of a square wave having a period of 10 /cs? 

11-10 The Oscilloscope  

The oscilloscope (scope for short) is a widely used and versatile lest instrument for 
observing and measuring waveforms. 

After completing this section, you should be able to 

♦ Use an oscilloscope to measure waveforms 

♦ Recognize common oscilloscope controls 

♦ Measure the amplitude of a waveform 

♦ Measure the period and frequency of a waveform 

The oscilloscope is basically a graph-displaying device that traces a graph of a measured 
electrical signal on its screen. In most applications, the graph shows how signals change over 
lime. The vertical axis of the display screen represents voltage, and the horizontal axis repre- 
sents time. You can measure amplitude, period, and frequency of a signal using an oscillo- 
scope, Also, you can determine the pulse width, duty cycle, rise time, and fall time of a pulse 
waveform. Most scopes can display at least two signals on the screen at one time, enabling 
you to observe their time relationship. Typical oscilloscopes are shown in Figure 11-64. 

Two basic types of oscilloscopes, digital, and analog can be used to view digital wave- 
forras. The digital scope converts the measured wavefonn to digital information by a sam- 
pling process in an analog-lo-digital converter (ADC). The digital information is then used to 
reconstruct the waveform on the screen. The analog scope works by applying the measured 
waveform directly to control the up and down motion of the electron beam in the cathode-ray 
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FIGURE 11-64 
Typical oscilloscopes. Copyright ® Tektronix. Reproduced by permission. 

lube (CRT) as it sweeps across the screen. As a result, the beam traces out the waveform pat- 
tern on the screen. 

The digital scope is more widely used than the analog scope. However, either type can be 
used in many applications; each has characteristics that make it more suitable for certain sit- 
uations. An analog scope displays waveforms as they occur in "real time," Digital scopes are 
useful for measuring transient pulses that may occur randomly or only once. Also, because 
information about the measured waveform can be stored in a digital scope, it may be viewed 
at some later time, printed out, or thoroughly analyzed by a computer or other means. 

Basic Operation of Analog Oscilloscopes 

To measure a voltage, a probe must be connected from the scope to the point in a circuit at 
which the voltage is present. Generally, a X10 probe is used that reduces (attenuates) the sig- 
nal amplitude by ten. The signal goes through the probe into the vertical circuits where it is 
either further attenuated or amplified, depending on the actual amplitude and on where you set 
the vertical control of the scope. The vertical circuits then drive the vertical deflection plates of 
the CRT. Also, the signal goes to the trigger circuits that trigger the horizontal circuits to initi- 
ate repetitive horizontal sweeps of the electron beam across the screen using a sawtooth wave- 
form. There are many sweeps per second so that the beam appears to form a solid line across 
the screen in the shape of the waveform. This basic operation is illustrated in Figure 11-65. 

Oscilloscope 
Vertical circuits 

Probe 

0^ 
CRT 

Board under test Trigger circuits 

/VVV1 

Horizontal circuits 

FIGURE 11-65 
Block diagram of an analog oscilloscope. 
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Basic Operation of Digital Oscilloscopes 

Some parts of a digital scope are similar to the analog scope. However, the digital scope is 
more complex than an analog scope and typically has an LCD screen rather than a CRT. 
Rather than displaying a waveform as it occurs, the digital scope first acquires the meas- 
ured analog waveform and converts it to a digital format using an analog-lo-digital con- 
verter (ADC). The digital data is stored and processed. The data then goes to the 
reconstruction and display circuits for display in its original analog form. Figure 11-66 
show a basic block diagram for a digital oscilloscope. 

Oscilloscope 

Vertical circuits 

Board under test 

Acquisition circuits 

Processing 

toiooiiiiin { 
ADC Memory 

1010011010 Reconstruction 
 ► and display 

circuits 

Trigger circuits Horizontal circuits 

FIGURE 11-66 
Block diagram of a digital oscilloscope. 

Oscilloscope Controls 

A front panel view of a typical dual-channel oscilloscope is shown in Figure 11-67. 
Instruments vary depending on model and manufacturer, but most have certain common 
features. For example, the two vertical sections contain a Position control, a channel menu 
button, and a Volts/Div control. The horizontal section contains a Sec/Div control. 

Some of the main controls are now discussed. Refer to the user manual for complete 
details of your particular scope. 

Vertical Controls In the vertical section of the scope in Figure 11 -67, there are identical 
controls for each of the two channels (CHI and CH2). The Position control lets you move 
a displayed waveform up or down vertically on the screen. The buttons immediately right 
of the screen provide for the selection of several items that appear on the screen, such as the 
coupling modes (ac. dc, or ground), coarse or tine adjustment for the Volts/Div, signal in- 
version, and other parameters. The Volts/Div control adjusts the number of volts repre- 
sented by each vertical division on the screen. The Volts/Div setting for each channel is 
displayed on the bottom of the screen. 

Horizontal Controls In the horizontal section, the controls apply to both channels. The 
Position control lets you move a displayed waveform left or right horizontally on the 
screen. The Horizontal Menu button provides for the selection of several items that appear 
on the screen such as the main time base, expanded view of a portion of a waveform, and 
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FIGURE 11-67 
A typical dual-channel oscilloscope. Numbers below screen indicate the values for each division on 
the vertical (voltage) and horizontal (time) scales and can be varied using the vertical and horizontal 
controls on the scope. 

other parameters. The Sec/Div control adjusts the lime represented by each horizontal di- 
vision or main time base. The Sec/Div setting is displayed at the bottom of the screen. 

Trigger Controls In the Trigger section, the Level control determines the point on the 
triggering waveform where triggering occurs to initiate the sweep to display input wave- 
forms. The Trigger Menu button provides for the selection of several items that appear on 
the screen including edge or slope triggering, trigger source, trigger mode, and other pa- 
rameters. There is also an input for an external trigger signal. 

Triggering stabilizes a waveform on the screen and properly triggers on a pulse that oc- 
curs only one time or randomly. Also, it allows you to observe time delays between two 
waveforms. Figure 11-68 compares a triggered to an untriggered signal. The untriggered 
signal lends to drift across the screen producing what appears to be multiple waveforms. 

(a) Untriggered waveform display 

FIGURE 11-68 

(b) Triggered waveform display 

Comparison of an untriggered and a triggered waveform on an oscilloscope. 

Coupling a Signal into the Scope Coupling is the method used to connect a signal volt- 
age to be measured into the oscilloscope. The DC and AC coupling modes are selected 
from the Vertical menu. DC coupling allows a waveform including its dc component to be 
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displayed. AC coupling blocks the dc componenl of a signal so that you see the waveform 
centered at 0 V. The Ground mode allows you to connect the channel input to ground to sec 
where the 0 V reference is on the screen. Figure 11 -69 illustrates the result of DC and AC 
coupling using a sinusoidal waveform that has a dc component. 

(a) DC coupled waveform (b) AC coupled waveform 

A FIGURE 11-69  
Displays of the same waveform having a dc component. 

The voltage probe, shown in Figure 11-70, is used for connecting a signal to the scope. 
Since all instruments tend to affect the circuit being measured due to loading, most scope 
probes provide a high scries resistance to minimize loading effects. Probes that have a sc- 
ries resistance ten limes larger than the input resistance of the scope are called X10 (times 
ten) probes. Probes with no scries resistance arc called x I (times one) probes. The oscil- 
loscope adjusts its calibration for the attenuation of the type of probe being used. For most 
measurements, the XIO probe should be used. However, if you arc measuring very small 
signals, a XI may be (he best choice. 

FIGURE 11-70 
An oscilloscope voltage probe. Copy- 
right ® Tektronix, Inc. Reproduced 
by permission. 

The probe has an adjustment that allows you to compensate for the input capacitance of 
the scope. Most scopes have a probe compensation output that provides a calibrated square 
wave for probe compensation. Before making a measurement, you should make sure that the 
probe is properly compensated to eliminate any distortion introduced. Typically, there is a 
screw or other means of adjusting compensation on a probe. Figure 11-71 shows scope 
waveforms for three probe conditions: properly compensated, undercompensated, and over- 
compensated, If the waveform appears either over- or under-compensated, adjust the probe 
until the properly compensated square wave is achieved. 
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FIGURE 11-71 

Undercompensated Overcompensated 

Probe compensation conditions. 

EXAMPLE 11-20 Determine the peak-to-peak value and period of each sine wave in Figure 11-72 from 
the digital scope screen displays and the settings for Volts/Div and Sec/Div, which are 
indicated under the screens. Sine waves are centered vertically on the screens. 

(a) (b) 

(c) Id) 

FIGURE 11-72 
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Solution Looking at the vertical scale in Figure I l-72(a), 

Vpp = 6 divisions X 0.5 V/division = 3.0 V 

From the horizontal scale (one cycle covers ten divisions), 

T = lOdivisions X 2ms/division = 20ms 

Looking at the vertical scale in Figure 1 l-72(b), 

Vpp = 5 divisions X 50 mV/division = 250 mV 

From the horizontal scale (one cycle covers six divisions). 

T = 6 divisions X 0.1 ms/division = 0.6 ms = 600 /as 

Looking at the vertical scale in Figure 1 I-72(c), 

Vpp = 6.8 divisions x 2 V/division = 13.6 V 

From the horizontal scale (one-half cycle covers ten divisions), 

7" = 20 divisions X 10 /as/division = 200 /as 

Looking at the vertical scale in Figure 11-72(d), 

Vpp = 4 divisions X 5 V/division = 20 V 

From the horizontal scale (one cycle covers two divisions), 

/' = 2 divisions x 2 /as/division = 4 /as 

IIt il led Problem Determine the rms value and the frequency for each waveform displayed in Figure 11-72. 

SECTION 11-10 1. What is the main difference between a digital and an analog oscilloscope? 
CHECKUP 2. Is voltage read horizontally or vertically on a scope screen? 

3. What does the Volts/Div control on an oscilloscope do? 
4. What does the Sec/Div control on an oscilloscope do? 
5. When should you use a X10 probe for making a voltage measurement? 

Application Activity 

As you learned in this ehapier. nonsi- 
nusoidal waveforms contain a combi- 
nation of various harmonic 
frequencies. Each of these harmonics 

is a sinusoidal waveform with a certain frequency. Certain sinu- 
soidal frequencies are audible; that is. they can be heard by the 
human ear. A single audible frequency, or pure sine wave, is 
called a tone and generally falls in the frequency range from 
about 300 Hz to about 15 kHz. When you hear a tone repro- 
duced through a speaker, its loudness, or volume, depends on its 
voltage amplitude. You will use your knowledge of sine wave 

characteristics and the operation of an oscilloscope to measure 
the frequency and amplitude of signals at various points in a ba- 
sic radio receiver. 

Actual voice or music signals that are picked up by a radio 
receiver contain many harmonic frequencies with different volt- 
age values. A voice or music signal is continuously changing, so 
its harmonic content is also changing. However, if a single sinu- 
soidal frequency is transmitted and picked up by the receiver, 
you will hear a constant tone from the speaker. 

Although, at this point you do not have the background to 
study amplifiers and receiver systems in detail, you can observe 

|L 5 

ki 
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FIGURE 11-73 
Simplified block diagram of a basic radio receiver. Circled numbers represent test points. 

the signals at various points in the receiver. A block diagram of 
a typical AM receiver is shown in Figure 11-73. AM stands for 
amplitude modulation, a topic that will be covered in another 
course. Figure 11-74 shows what a basic AM signal looks like, 
and for now that's all you need to know. As you can see, the 
amplitude of the sinusoidal waveform is changing. The higher 
radio frequency (RF) signal is called the carrier: and its ampli- 
tude is varied or modulated by a lower frequency signal, which 
is the audio (a (one in this case). Normally, however, the audio 
signal is a complex voice or music waveform. 

Oscilloscope Measurements 
Signals that are indicated by circled numbers at several lest 
points on the receiver block diagram in Figure 11-73 are dis- 
played on the oscilloscope screen in Figure 11-75 as indicated 

by the same corresponding circled numbers. In all cases, the up- 
per waveform on the screen is channel I and the lower wave- 
form is channel 2. The readings on the bottom of the screen 
show readings for both channels. 

The signal at point I is an AM signal, but you can't see the 
amplitude variation because of the short time base. The wave- 
form is spread out too much to sec (he modulating audio signal, 
which causes amplitude variations; so what you see is just one 
cycle of the carrier. At point 3, the higher carrier frequency is 
difficult to determine because the lime base was selected to al- 
low viewing of one full cycle of the modulating signal. In an 
AM receiver, this intermediate frequency is 455 kHz. In actual 
practice, the modulated carrier signal at point 3 cannot easily be 
viewed on the scope because it contains two frequencies that 
make it difficult to synchronize in order to obtain a stable 

'llic peaks follow the audio signal as indicated by dashed curve FIGURE 11-74 
Example of an amplitude modulated 
(AM) signal. 
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© ® 

(a) (b) 

(c) 

FIGURE 11-75 
Circled numbers correspond to the numbered test points in Figure 11-73. 

pattern. Sometimes external triggering using the modulating sig- 
nal or TV field is used to obtain a stable display. A stable pattern 
is shown in this case to illustrate what the modulated waveform 
looks like. 

1. For each waveform in Figure 11-75, except point 3, deter- 
mine (he frequency and rms value. The signal at point 4 is 
the modulating tone extracted by the detector from the 
higher intermediate frequency (455 kHz). 

Amplifier Analysis 
2. All voltage amplifiers have a eharacleristic known as volt- 

age gain. The voltage gain is (he amount by which the am- 
plitude of the output signal is greater than the amplitude of 
the input signal. Using this definition and the appropriate 

scope measurements, determine the gain of the audio pre- 
amplifier in this particular receiver. 

3. When an electrical signal is converted to sound by a 
speaker, the loudness of the sound depends on the amplitude 
of the signal applied to the speaker. Based on this, explain 
how the volume control potentiometer is used to adjust the 
loudness (volume) of the sound and determine the rms am- 
plitude at the speaker. 

Review 
4. What does RF stand for? 
5. What does IF stand for? 
6. Which frequency is higher, the carrier or the audio? 
7. What is the variable in a given AM signal? 
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Multisim Analysis 
Open your Multisim software. Place an oscil- 
loscope and a function generator on the screen 

connected as shown in Figure 11-76. Double-click each in- 
strument to see the detailed controls in an expanded view. 

Select the sine wave function; set the amplitude to 100 mVpp 
and the frequency to I kHz. Verify the values by oscillo- 
scope measurement. Repeal for I V and 50 kHz and for 
10 V and I MHz. 
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SUMMARY  

♦ The sine wave is a lime-varying, periodic waveform. 
♦ Allemacing current changes direction in response to changes in the polarity of the source voltage. 
♦ One cycle of an alternating sine wave consists of a positive alternation and a negative alternation. 
♦ Two common sources of sine waves are the electromagnetic ac generator and the electronic oscil- 

lator circuit. 
♦ A full cycle of a sine wave is 360°, or Itt radians. A half-cycle is 180°, or tt radian. A quarter- 

cycle is 90°. or 7r/2 radians. 
♦ A sinusoidal voltage can be generated by a conductor rotating in a magnetic field. 
♦ Phase angle is the difference in degrees or radians between a given sine wave and a reference sine 

wave. 
♦ The angular position of a phasor represents the angle of the sine wave with respect to a 0° refer- 

ence. and the length or magnitude of a phasor represents the amplitude. 
♦ Alternators (ac generators) produce power when there is relative motion between a magnetic field 

and a conductor. 
♦ Most alternators lake the output from the stalor. The rotor provides a moving magnetic field. 
♦ Two major types of ac motors are induction motors and synchronous motors. 
♦ Induction motors have a rotor that turns in response to a rotating field from the stator. 
♦ Synchronous motors move at a constant speed in sync with the field of the stalor. 
♦ A pulse consists of a transition from a baseline level to an amplitude level, followed by a transi- 

tion back to the baseline level. 
♦ A triangle or sawtooth wave consists of positive-going and negative-going ramps. 
♦ Harmonic frequencies are odd or even multiples of the repetition rate of a nonsinusoidal wave- 

form. 
♦ Conversions of sine wave values are summarized in Table 11-2. 
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Peak 
Peak 
Peak 

rms 
Peak-to-peak 
Average 

0,707 
2 

rms 
Peak-to-peak 
Average 

Peak 
Peak 
Peak 

0,637 
1.414 
0.5 
1,57 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end of-book glossary. 

Amplitude (A) The maximum value of a voltage or current. 
Angular velocity The rotational rale of a phasor that is related to the frequency of the sine wave 
that it represents. 
Average value The average of a sine wave over one half-cycle. It is 0.637 times the peak value. 
Cycle One repetition of a periodic waveform. 
Degree The unit of angular measure corresponding to 1/360 of a complete revolution. 
Duty cycle A characteristic of a pulse waveform that indicates the percentage of lime thai a pulse is 
present during a cycle; the ratio of pulse width to period expressed as either a fraction or as a percentage. 
Fall time (fy) The time interval required for a pulse to change from 90% to !()%■ of its amplitude. 
Frequency (/) A measure of the rale of change of a periodic function; the number of cycles com- 
pleted in I s. The unit of frequency is the hertz. 
Function generator An instrument that produces more than one type of waveform. 
Fundamental frequency The repetition rale of a waveform. 
Harmonics The frequencies contained in a composite waveform, which are integer multiples of the 
pulse repetition frequency (fundamental). 
Hertz (Hz) The unit of frequency. One hertz equals one cycle per sceond. 
Induction motor An ae motor that achieves excitation to the rotor by transformer action. 
Instantaneous value The voltage or current value of a waveform at a given instant in lime. 
Oscillator An electronic circuit that produces a lime-varying signal without an external input sig- 
nal using positive feedback. 
Oscilloscope A measurement instrument that displays signal waveforms on a screen. 
Pcak-to-peak value The voltage or current value of a waveform measured from its minimum to its 
maximum points. 
Peak value The voltage or current value of a waveform at its maximum positive or negative points. 
Period (7") The lime interval of one complete cycle of a periodic waveform. 
Periodic Characterized by a repetition at fixed-time intervals. 
Phase The relative angular displacement of a lime-varying waveform in terms of its occurrence 
with respect to a reference. 
Phasor A rcprcscnlation of a sine wave in terms of its magnitude (amplitude) and direction (phase 
angle). 
Pulse A type of waveform lhai consists of (wo equal and opposite steps in voltage or current sepa- 
rated by a time interval. 
Pulse width (/»•) For a nonideal pulse, the time between the 50%' points on the leading and trailing 
edges; the lime interval between the opposite steps of an ideal pulse. 
Radian A unit of angular measurement. There are 277 radians in one complete 360° revolution. 
One radian equals 57.3°. 
Ramp A type of waveform characterized by a linear increase or decrease in voltage or current. 
Rise time (tr) The lime interval required for a pulse to change from 10% to 90% of its amplitude. 
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mis value The value of a sinusoidal voltage thai indicates its heating effect, also known as the ef- 
fective value. It is equal to 0.707 times the peak value, nns stands for root mean square. 
Sine wave A type of waveform that follows a cyclic sinusoidal pattern defined by the formula 
y = A sin 0. 
Slip The difference between the synchronous speed of the stator field and the rotor speed in an in- 
duction motor. 
Squirrel cage An aluminum frame within the rotor of an induction motor that forms the electrical 
conductors for a rotating current. 
Synchronous motor An ac motor in which the rotor moves at the same rale as the rotating mag- 
netic field of the stator. 
Waveform The pattern of variations of a voltage or current showing how the quantity changes with 
lime. 

FORMULAS 

n-i 

11-2 T = f 
11-3 Vpp = 2Vp 
11-4 II 

11-5 f rms = 0,7(171',, 
11-6 'rms = 0.707/, 
11-7 vp = l.4l4Vrms 

11-8 /„ = 1.414/™ 
11-9 Vpp = 2.828V'rms 

11-10 /„, = 2.828/™ 
11-11 Vavg = 0.637V, 
11-12 /avg = 0.637/, 

11-13 - (w) 
X degrees 

11-14 degrees — 180° 

11-15 
11-16 
11-17 
11-18 
11-19 
11-20 

11-21 

11-22 

11-23 

tt rad/ 
= /I sin 0 

y = A sin(0 — (frl 
y = A sin(0 + 
to — lirf 
0 — Ml 
v — VpSin2ir/( 

iVs 
120 

X rad 

/ = 

/ 'uA percent duty cycle = y — 1100% 

Vavg = baseline + (duty cycle)(amplitude) 

Frequency 

Period 

Peak-to-peak voltage (sine wave) 
Peak-to-peak current (sine wave) 
Root-mean-square voltage (sine wave) 
Rool-mean-square current (sine wave) 
Peak voltage (sine wave) 
Peak current (sine wave) 
Peak-to-peak voltage (sine wave) 
Peak to peak current (sine wave) 
Half-cycle average voltage (sine wave) 
Half-cycle average current (sine wave) 

Degrees to radian conversion 

Radian to degrees conversion 

General formula for a sine wave 
Sine wave lagging the reference 
Sine wave leading the reference 
Angular velocity 
Phase angle 
Sine wave voltage 

Frequency of an alternator 

Duty cycle 

Average value of a pulse waveform 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The period of a 60 Hz sine wave is 16.7 ms. 
2. The rms and average value of a sine wave are the same. 
3. A sine wave with a peak value of 10 V has the same healing effect as a 10 V dc source. 
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4. The peak value of a sine wave is the same as ils amplitude. 
5. The number of radians in 360" is 277. 
6. In a three-phase electrical system, the phases are separated by 60". 
7. The purpose of an exciter is to supply dc rotor current to an alternator. 
8. In an automotive alternator, the output current is taken from the rotor through slip rings. 
9. A maintenance issue with induction motors is brush replacement. 

10. A synchronous motor can be used when constant speed is required. 

S E LF-TEST Answers are at the end of the chapter. 

1. The difference between alternating current (ac) and direct current (dc) is 
(a) ac changes value and dc docs not (b) ac changes direction and dc docs not 
(c) both answers (a) and (b) (d) neither answer (a) nor (b) 

2. During each cycle, a sine wave reaches a peak value 
(a) one lime (b) two limes 
(c) four limes (d) a number of times depending on the frequency 

3. A sine wave with a frequency of 12 kHz is changing at a faster rale than a sine wave with a 
frequency of 
(a) 20 kHz (b) 15,000 Hz (c) 10.000 Hz (d) 1.25 MHz 

4. A sine wave with a period of 2 ms is changing at a faster rate than a sine wave with a period of 
(a) 1ms (b) 0.0025 s (c) 1.5 ms (d) 1200 ms 

5. When a sine wave has a frequency of 60 Hz, in 10 s it goes through 
(a) 6 cycles (b) 10 cycles (c) 1/16 cycle (d) 600 cycles 

6. If the peak value of a sine wave is 10 V, the pcak-Io-peak value is 
(a) 20 V (b) 5 V (e)100V (d) none of these 

7. If the peak value of a sine wave is 20 V, the rms value is 
(a) 14.14 V (b) 6.37 V (c) 7.07 V (d) 0.707 V 

8. The average value of a 10 V peak sine wave over one complete cycle is 
(a) 0 V (b) 6.37 V (c) 7.07 V (d) 5 V 

9. The average half-cycle value of a sine wave with a 20 V peak is 
(a) 0 V (b) 6.37 V (c) 12.74 V (d) 14.14 V 

10. One sine wave has a positive-going zero crossing at 10° and another sine wave has a positive- 
going zero crossing at 45°, The phase angle between the two waveforms is 
(a) 55" (b) 35° (c) 0° (d) none of these 

11. The instantaneous value of a 15 A peak sine wave at a point 32" from its positive-going zero 
crossing is 
(a) 7.95 A (b) 7.5 A (c)2.I3A (d) 7.95 V 

12. A phasor represents 
(a) the magnitude of a quantity (b) the magnitude and direction of a quantity 
(c) the phase angle (d) the length of a quantity 

13. If the rms current through a 10 kO resistor is 5 mA, the mis voltage drop across the resistor is 
(a) 70.7 V (b) 7.07 V (c| 5 V (d) 50 V 

14. Two series resistors are connected to an ac source. If there are 6.5 V mis across one resistor 
and 3.2 V rms across the other, the peak source voltage is 
(a) 9.7 V (b) 9.19 V (c) 13.72 V (d) 4.53 V 

15. An advantage of a three-phase induction motor is that it 
(a) maintains constant speed for any load (b) does not require starling windings 
(c) has a wound rotor (d) all of the above 
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16. The difference in the synchronous speed of the stator field and the rotor speed of a motor is 
called 
(a) differential speed (b) loading (c) lag (d) slip 

17. A 10 kHz pulse waveform consists of pulses that are 10 /xs wide. Its duly cycle is 
(a) 100% (b) 10% (c) 1% (d) not determinable 

18. The duly cycle of a square wave 
(a) varies with the frequency (b) varies with the pulse width 
(c) both answers (a) and (b) (d) is 50% 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 11-81. 
1. If the source voltage increases, the voltage across R$ 

(a) increases (b) decreases (c) stays the same 
2. If /?4 opens, the voltage across Rt, 

(a) increases (b) decreases (c) stays the same 
3. If the half-cycle average value of the source voltage is decreased, the mis voltage across R2 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 11-83. 
4. If the dc voltage is reduced, the average current through R^ 

(a) increases (b) decreases (c) slays the same 
5. If the dc voltage source is reversed, the rms current through R^ 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 11-90. 
6. If the resistor in the upper left of the proloboard has a color code of blue. gray, brown, gold 

instead of the color bands shown, the CH2 voltage measured by the oscilloscope 
(a) increases (b) decreases (c) stays the same 

7. If the CH2 probe shown connected to the right side of the resistor is moved to the left side of 
the resistor, the amplitude of the measured voltage 
(a) increases (b) decreases (c) slays the same 

8. If the bottom lead of the right-most resistor becomes disconnected, the CH2 voltage 
(a) increases (b) decreases (c) stays the same 

9. If the wire connecting the two upper resistors becomes disconnected, altering the loading effect 
on the input signal source, the CH1 voltage 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 11-91. 
10. If the right-most resistor has a third band that is orange instead of red. the CHI voltage 

(a) increases (b) decreases (c) stays the same 
11. If the resistor at the upper left opens, the CHI voltage 

(a) increases (b) decreases (c) stays the same 
12. If the resistor at the lower left opens, the CHI voltage 

(a) increases (b) decreases (c) stays the same 
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More difficult problems are indicated by an asterisk 0. 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 11-1 The Sinusoidal Waveform 
1. Calculate the frequency for each of the following values of period: 

(a) 1 s (b) 0.2 s (c) 50 ms (d) I ms (e) 500/*? (f) 10/ts 
2. Calculate the period of each of the following values of frequency: 

(a) 1 Hz (b) 60 Hz (c) 500 Hz (d) 1 kHz (e) 200 kHz (f) 5 MHz 
3. A sine wave goes through 5 cycles in 10/ts. What is its period? 
4. A sine wave has a frequency of 50 kHz. How many cycles does it complete in 10 ms? 
5. How long does it take a 10 kHz sine wave to complete 100 cycles? 

SECTION 11-2 Sinusoidal Voltage and Current Values 
6. A sine wave has a peak value of 12 V, Determine the following values: 

(a) rms (b) peak-lo-peak (c) average 
7. A sinusoidal current has an rms value of 5 mA. Determine the following values: 

(a) peak (b) average (c) peak-lo-peak 
8. For the sine wave in Figure 11-77. determine the peak, peak-lo-peak. rms, and average values. 

FIGURE 11-77  V(V) 
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SECTION 11-B Angular Measurement of a Sine Wave 
9. Convert the following angular values from degrees to radians: 

(a) 30° (b) 45° (c) 78° (d) 135° (c) 200° (f) 300° 
10. Convert the following angular values from radians to degrees: 

(a) tt/S rad (b) 17/3 rad (c) 7r/2 rad (d) 37r/5 rad (c) 677/5 rad (f) 1,877 rad 
11. Sine wave A has a positive-going zero crossing at 30°. Sine wave B has a positive-going zero 

crossing at 45°. Determine the phase angle between the two signals. Which signal leads? 
12. One sine wave has a positive peak at 75°. and another has a positive peak at 100°. How much is 

each sine wave shifted in phase from the 0° reference? What is the phase angle between them? 
13. Make a sketch of two sine waves as follows: Sine wave A is the reference, and sine wave B lags 

A by 90°. Both have equal amplitudes. 

SECTION 11-4 The Sine Wave Formula 
14. A certain sine wave has a positive-going zero crossing at 0° and an rms value of 20 V. Calcu- 

late its instantaneous value at each of the following angles: 
(a) 15° (b) 33° (c) 50° (d) 110° 
(e) 70° (f) 145° (g) 250° (h) 325° 

15. For a particular 0° reference sinusoidal current, the peak value is 100 mA. Determine the 
instantaneous value at each of the following points: 
(a) 35° (b) 95° (e) 190° (d) 215° (e) 275° (f) 360° 
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16. For a 0° reference sine wave with an rms value of 6.37 V, determine its instantaneous value at 
each of the following points: 
(a) tt/S rad (h) it/4 rad (c) 7r/2 rad (d) 37r/4 rad 
(c) tt rad (f) 37r/2 rad (g) 277 rad 

17. Sine wave A lags sine wave B by 30°, Both have peak values of 15 V. Sine wave A is the refer- 
ence with a positive-going crossing at (F. Determine the instantaneous value of sine wave B at 
30°. 45°. 90°. 180°. 200°. and 300°. 

18. Repeat Problem 17 for the case when sine wave A leads sine wave B by 30°. 
*19. A certain sine wave has a frequency of 2.2 kHz and an rms value of 25 V. Assuming a given 

cycle begins (zero crossing) at / = 0 s. what is the change in voltage from 0.12 ms to 0.2 ms? 

SECTION 11-5 Introduction to Phasors 
20. Draw a phasor diagram to represent the sine waves in Figure 11-78 with respect to a 0° reference. 

FIGURE 11-78 V(V) 

()..s 

21. Draw the sine waves represented by the phasor diagram in Figure 11-79. The phasor lengths 
represent peak values. 

FIGURE 11-79 

60 

22. Determine the frequency for each angular velocity: 
(a) 60 rad/s (b) 360 rad/s (c) 2 rad/s (d) I256rad/s 

23. Determine the value of sine wave A in Figure 11-78 at each of the following times, measured 
from the positive-going zero crossing. Assume the frequency is 5 kHz. 
(a) 30/xs (b) 75/xs (c) 125/xs 

SECTION 11-6 Analysis of AC Circuits 
24. A sinusoidal voltage is applied to the resistive circuit in Figure 11-80. Determine the following: 

(a) 'mis (b) /avg (c) /,, (<l) (e) / al Ihc positive peak 

FIGURE 11-80 
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25. Find the half-cycle average values of the voltages across Ri and Ri in Figure 11-81. All values 
shown are mis. 

FIGURE 11-81 R, 
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26. Determine the mis voltage across II, in Figure 11-82. 

FIGURE 11-82 
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27. A sine wave with an rms value of 10.6 V is riding on a dc level of 24 V. What are the maxi- 
mum and minimum values of the resulting waveform? 

28. How much dc voltage must be added to a 3 V rms sine wave in order to make the resulting 
voltage nonaltemating (no negative values)? 

29. A 6 V peak sine wave is riding on a dc voltage of 8 V. If the dc voltage is lowered to 5 V. how 
far negative will the sine wave go? 

*30. Figure 11-83 shows a sinusoidal voltage source in scries with a dc source. Effectively, the two 
voltages are superimposed. Determine the power dissipation in the load resistor. 

FIGURE 11-83 
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SECTION 11-7 The Alternator (AC Generator) 
31. The conductive loop on the rotor of a simple two-pole, single-phase generator rotates at a rate 

of 250 rps. What is the frequency of the induced output voltage? 
32. A certain four-pole generator has a speed of rotation of 3600 rpm. What is the frequency of the 

voltage produced by this generator? 
33. At what speed of rotation must a four-pole generator be operated to produce a 400 Hz sinu- 

soidal voltage? 
34. A common frequency for alternators on aircraft is 400 Hz. How many poles docs a 400 Hz 

alternator have if the speed of rotation is 3000 rpm ? 
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SECTION 11-8 The AC Motor 
35. What is the main difference between a one-phase induction motor and a three-phase induction 

motor? 
36. Explain how the field in a three-phase motor rotates if there are no moving parts to the field 

coils. 

SECTION 11-9 Nonsinusoidal Waveforms 
37. From the graph in Figure 11-84, determine the approximate values of /r lyy, and amplitude. 
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FIGURE 11-84 
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38. The repetition frequency of a pulse waveform is 2 kHz. and the pulse width is 1 /as. What is the 
percent duly cycle? 

39. Calculate the average value of the pulse waveform in Figure 11-85. 
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FIGURE 11-85 

40. Determine the duly cycle for each waveform in Figure 11-86. 
41. Find the average value of each pulse waveform in Figure 11-86. 
42. What is the frequency of each waveform in Figure 11-86? 
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FIGURE 11-86 
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43. What is the frequency of each sawtooth waveform in Figure 11-87? 

y/1 /I 
II /ID 20 / 30 40 -- / 

/ 

(a) 

-t(^s) 0 200 

(b) 

FIGURE 11-87 
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*44. A nonsinusoida! waveform called a stairstep is shown in Figure 11-88. Determine its average 
value. 
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FIGURE 11-88 

45. A square wave has a period of 40 /rs. List the first six odd harmonics. 
46. What is the fundamental frequency of the square wave mentioned in Problem 45? 

SECTION 11-10 The Oscilloscope 
47. Determine the peak value and the period of the sine wave displayed on the scope screen in 

Figure 11-89. 

FIGURE 11-89 
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*48. Based on the instrument sellings and an examination of the scope display and the proloboard in 
Figure 11-90. determine the frequency and peak value of the input signal and output signal. 
The waveform shown is channel 1. Draw the channel 2 waveform as it would appear on the 
scope with the indicated sellings. 

a a a □ 
a a a a 

uj I * 
a a 

a a a a a 
a 

i_j a 
Ch 1 5V Ch 2 1V 0.1ms 
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FIGURE 11-90 

*49. Examine the proloboard and the oscilloscope display in Figure 11-91 and determine the peak 
value and the frequency of the unknown input signal. 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
50. Open file P11 -50 and measure the peak and mis voltage across each of the resistors, 
51. Open file PI 1-51 and measure the peak and mis voltage across each of the resistors, 
52. Open file PI 1-52. Determine if there is a fault and. if so, identify the fault. 
53. Open file PI 1-53 and measure the mis current in each branch of the circuit. 
54. Open file PI 1-54. Determine if there is a fault and. if so, identify the fault. 
55. Open file PI 1-55 and measure the total voltage across the resistor using the oscilloscope. 
56. Open file PI 1-56 and measure the total voltage across the resistor using the oscilloscope. 
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FIGURE 11-91 

ANSWERS 

SECTION CHECKUPS 

SECTION 11-1 The Sinusoidal Waveform 
1. One cycle of a sine wave is from the zero crossing Ihrough a positive peak, then Ihrough zero 

lo a negative peak and back to the zero crossing. 
2. A sine wave changes polarity at the zero crossings, 
3. A sine wave has two maximum points (peaks) per cycle, 
4. The period is from one zero crossing to the next corresponding zero crossing, or from one peak 

to the next corresponding peak. 
5. Frequency is the number of cycles completed in one second; the unit of frequency is the hertz. 
6. /= l/T = 200 kHz 
7. 7" = !//= 8.33 ms 

SECTION 11-2 Sinusoidal Voltage and Current Values 
I. (a) V,,(, = 2(1 V) = 2V (b) V,,p = 2(1.414X1.414V) = 4V 

(c) V,,,, = 2(1.57)(3 V) = 9.42 V 
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SECTION 11-3 

SECTION 11-4 

SECTION 11-5 

SECTION 11-6 

SECTION 11-7 

SECTION 11-8 

2- (a) V™, = <0.707)(2.5 V) = 1.77 V (b) = (0.5)(0.707)( 10 V) = 3.54 V 
(c) Vrlns = (0.707)( 1.57)( 1.5 V) = 1.66 V 

3. (a) Vavg = (0.637)(I0V) = 6.37V (b) Vavg = (0.637)(l.414)(2.3V) = 2.07V 
(c) Vavg = (0.637)(0.5)(60 V) = 19.1 V 

Angular Measurement of a Sine Wave 
1. (a) Positive peak at 90a (b) Negative-going zero crossing at 180° 

(c) Negative peak at 270° (d) End of cycle at 360° 
2. Half-cycle: 180°; — 
3. Full cycle: 360°; 2ir 
4. 90° - 45° = 45° 

The Sine Wave Formula 
1. v = (10 V)sin(120o) = 8.66 V 
2. v = (10 V)sin(45° + 10°) - 8.19 V 
3. v = (5 V)sin(90° - 25°) = 4.53 V 

Introduction to Phasors 
1. A graphic representation of the magnitude and angular position of a time-varying quantity 
2. 9425 rad/s 
3. 100 Hz 
4. See Figure 11-92. 

FIGURE 11-92 
'50° 

Analysis of AC Circuits 
1. I,, = Vp/R = (1.57)(I2.5 V)/330fi = 59.5 mA 
2- VflIIns) = (0.707)(25.3 V) = 17.9 V 
3. + Vmot = 5 V + 2.5 V = 7.5 V 
4. Yes. it will allcmaic. 
5. + Vm(„ = 5 V - 2.5 V = 2,5 V 

The Alternator (AC Generator) 
1. The number of poles and the rotor speed 
2. The brushes do not have to handle the output current. 
3. A dc generator that supplies rotor current to larger alternators 
4. The diodes convert the ac from the slator to dc for the final output. 

The AC Motor 
1. The difference is the rotors. In an induction motor, the rotor obtains current by transformer 

action; in a synchronous motor, the rotor is a permanent magnet or an electromagnet that is 
supplied current from an external source through slip rings and brushes. 

2. The magnitude is constant. 
3. The squirrel cage is composed of the electrical conductors (hat generate current in the rotor. 
4. Slip is the difference between the synchronous speed of the slator field and the rotor speed. 
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SECTION 11-9 Nonsinusoidal Waveforms 
1. (a) Rise time is the time interval from 10% to 90% of the rising pulse edge; 

(b) Fall time is the time interval from 90% to 10% of the falling pulse edge; 
(c) Pulse width is (he time interval from 50% of the leading pulse edge to 50% of the trailing 

pulse edge, 
2. / = 1/1 ms = 1 kHz 
3. d.c. = (1/5)100% - 20%; Ampl. 1.5 V; Vav.g = 0,5 V + 0,2(1.5 V) = 0.8 V 
4. T = 16 ms 
5./= 1/7" = l/l /is - I MHz 
6. Fundamental frequency is the repetition rale of the waveform. 
7. 2nd harm.; 2 kHz 
8. /= l/10/ts = 100 kHz 

SECTION 11-10 The Oscilloscope 
1. Analog : Signal drives display directly. 

Digital: Signal is converted to digital for processing and then rceonstruelcd for display. 
2. Voltage is measured vertically; lime is measured horizontally. 
3. The Volls/Div control adjusts the voltage scale. 
4. The Sec/Div control adjusts the lime scale. 
5. Always, unless you arc trying to measure a very small, low-frequency signal. 

RELATED PROBLEMS FOR EXAMPLES 
11-1 2.4 s 
11-2 1.5 ms 
11-3 20 kHz 
11-4 200 Hz 
11-5 66.7 kHz 
11-6 V„, = 50 V; Vrms - 17.7 V; Vavg = 15.9 V 
11-7 (a) Tr/12 rad (b) 112.5° 
11-8 8° 
11-9 18.1 V 
11-10 10.6 V 
11-11 5 Vat-85° 
11-12 34.2 V 
11-13 z™ = 4.53 mA; V,(mls) = 4.53 V; V2(Ims| = 2.54 V; P,0, = 32.0 mW 
11-14 23.7 V 
11-IS The waveform in pail (a) never goes negative. The waveform in part (b) goes negative for a 

portion of its cycle. 
11-16 250 rpm 
11-17 5% 
11-18 1.2 V 
11-19 120 V 
11-20 Part (a) 1.06 V, 50 Hz; 

pan (b) 88.4 mV. 1.67 kHz; 
part (c) 4.81 V,5 kHz; 
part (d) 7.07 V. 250 kHz 
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TRUE/FALSE QUIZ 
I. T 2. F 3. F 4. T 5. T 
6. F 7. T 8. F 9. F 10. T 

SELF-TEST 
1. (b) 2. (b) 3. (c) 4. (b) 5. (d) 6. (a) 7. (a) 
8. (a) 9. (c) 10. (b) 11. (a) 12. (b) 13. (d) 14. (c) 

15. (b) 16. (d) 17. (b) 18. (d) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (a) 3. <b) 4. (b) 5. (c) 6. (b) 
7. (a) 8. (a) 9. (a) 10. (a) 11. (b) 12. (a) 
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CHAPTER OUTLINE 

12-1 The Basic Capacitor 
12-2 Types of Capacitors 
12-3 Series Capacitors 
12-4 Parallel Capacitors 
12-5 Capacitors in DC Circuits 
12-6 Capacitors in AC Circuits 
12-7 Capacitor Applications 
12-8 Swilched-Capacitor Circuits 

Application Activity 

CHAPTER OBJECTIVES 

♦ Describe the basic construction and characteristics of a capacitor 
♦ Discuss various types of capacitors 
♦ Analyze series capacitors 
♦ Analyze parallel capacitors 

Analyze capacitivc dc switchinjt circuits 
Analyze capacitive ac circuits 
Discuss some capacitor applications 
Describe the operation of switched-capacitor circuits 

KEY TERMS 

Capacitor 
Dielectric 
Farad (F) 
RC time constant 
Capacitive reactance 
Instantaneous power 

♦ True power 
♦ Reactive power 
♦ VAR (volt-ampere 

reactive) 
♦ Ripple voltage 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will see how a capacitor 
is used to couple signal voltages to and from an amplifier. 
You will also troubleshoot the circuit using oscilloscope 
waveforms. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

In previous chapters, the resistor has been the only passive 
electrical component that you have studied. Capacitors and 
inductors are other types of basic passive electrical compo- 
nents. You will study inductors in Chapter 13. 

In this chapter, you will learn about the capacitor and 
its characteristics. The physical construction and electrical 
properties are examined, and the effects of connecting 
capacitors in series and in parallel are analyzed. How a 
capacitor works in both dc and ac circuits is an important 
part of this coverage and forms the basis for the study of 
reactive circuits in terms of both frequency response and 
time response. 

The capacitor is an electrical device that can store electri- 
cal charge, thereby creating an electric field that, in turn, 
stores energy. The measure of the energy-storing ability of a 
capacitor is its capacitance. When a sinusoidal signal is ap- 
plied to a capacitor, it reacts in a certain way and produces 
an opposition to current, which depends on the frequency of 
the applied signal. This opposition to current is called 
capacitive reactance. 
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0 12-1 The Basic Capacitor  
A capacitor is a passive electrical component that stores electrical charge and has the 
property of capacitance. 

After completing this section, you should be able to 

♦ Describe the basic construction and characteristics of a capacitor 

♦ Explain how a capacitor stores charge 

♦ Define capacitance and stale its unit 

♦ Explain how a capacitor stores energy 

♦ Discuss voltage rating and temperature coefficient 

♦ Explain capacitor leakage 

♦ Specify how the physical characteristics affect the capacitance 

Basic Construction 

In its simplest form, a capacitor is an electrical device that stores electrical charge and is 
constructed of two parallel conductive plates separated by an insulating material called the 
dielectric. Connecting leads are attached to the parallel plates. A basic capacitor is shown 
in Figure 12-1 (a), and a schematic symbol is shown in part (b). 

Dielectric 

Connecting leads 

Conductive plates 
(a) Construction (b) Symbol 

FIGURE 12-1 
The basic capacitor. 

How a Capacitor Stores Charge 

In the neutral stale, both plates of a capacitor have an equal number of free electrons, as in- 
dicated in Figure 12-2(a). When the capacitor is connected to a voltage source through a 
resistor, as shown in part (b), electrons (negative charge) are removed from plate A, and an 
equal number are deposited on plate B. As plate A loses electrons and plate B gains elec- 
trons, plate A becomes positive with respect to plate IS. During this charging process, elec- 
trons flow only through the connecting leads. No electrons flow through the dielectric of 
the capacitor because it is an insulator. The movement of electrons ceases when the voltage 
across the capacitor equals the source voltage, as indicated in Figure 12-2(c). If the capac- 
itor is disconnected from the source, it retains the stored charge for a long period of time 
(the length of lime depends on the type of capacitor) and still has the voltage across it, as 
shown in Figure l2-2(d). A charged capacitor can act as a temporary battery. 

® This icon indicates selected websiies for further information on topics in this section. See the Companion 
Website provided with this text. 

Capacitors are capable of storing 
electrical charge for a long time 
after power has been turned off in 
a circuit. Be careful when touching 
or handling capacitors in or out of 
a circuit. If you touch the leads, 
you may be in for a shock as the 
capacitor discharges through youl 
II is usually good practice to 
discharge a capacitor using a 
shorting tool with an insulated 
grip of some sort before handling 
the capacitor. 
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Leads 
- c# - 
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(a) Neutral (uncharged) capacitor 
(same charge on both plates) 

(b) Electrons flow from plate A to plate B as the capacitor 
charges when connected to a voltage source. 

cb 
+ - 
sf - 

- 
- 
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- " 
- - 
+• r- 
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I 

(c) After the capacitor charges to Vs, no electrons flow 
while connected to the voltage source. 

▲ FIGURE 12-2 

+ - 
s — 
+ 0 
+ 
+ 
+ & 
+ 0 
■b — 

0 
+ — 
+ - 

(d) Ideally, the capacitor retains charge when 
disconnected from the voltage source. 

Illustration of a capacitor storing charge. 

Capacitance 

The amount of charge that a capacitor can store per unit of voltage across its plates is its ca- 
pacitance, designated C. That is, capacitance is a measure of a capacitor's ability to store 
charge. The more charge per unit of voltage that a capacitor can store, the greater its ca- 
pacitance, as expressed by the following formula: 

Q 
Equation 12-1 C = — 

where C is capacitance, Q is charge, and V is voltage. 
By rearranging the terms in Equation 12-1, you can obtain two other formulas. 

Equation 12-2 Q = CV 

Q 
Equation 12-3 V=C 

The Unit of Capacitance The farad (F) is the basic unit of capacitance. Recall that the 
coulomb (C) is the unit of electrical charge. 

One farad is the amount of capacitance when one coulomb (C) of charge is stored 
with one volt across the plates. 
Most capacitors that are used in electronics work have capacitance values that are spec- 

ified in microfarads l/xF] and picofarads tpF). A microfarad is one-millionth of a farad 
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(I /xF = I X 10 6F), and a picofarad is one-lrillionth of a farad (1 pF = I X 10 12 F). 
Conversions for farads, microfarads, and picofarads are given in Table 12-1. 

TO CONVERT FROM TO MOVE THE DECIMAL POINT 
Farads Microfarads 6places iorighi(X I06) 
Farads Picofarads 12 places to right (X I012) 
Microfarads Farads 6 places to left (X Ur6) 
Microfarads Picofarads 6 places to right (X 106) 
Picofarads Farads 12 places to left (X IQ-12) 
Picofarads Microfarads 6 places to left (X 10-6) 

EXAMPLE 12-1 (a) A certain capacitor stores 50 inicrocoulonibs (50^iC) with 10 V across its plates. 
What is its capacitance in units of microfarads? 

(b) A 2.2 /xF capacitor has 100 V across its plates. How much charge does it store ? 
(c) Determine the voltage across a 1000 pF capacitor that is storing 20 micro- 

coulombs (20/xC) of charge. 

Q 50 /xC 
Solution (a) C = — = —-— = 5 uF 

V 10 V ^ 

(b| (7 = CV = (2.2/xF)(l(K) V) = 220/xC 

Q 20 ixC (c) V = — = —r— = 20 kV 
C 1000pF 

Related Problem' Determine V if C = lOOOpF and Q = 100/xC. 

•TAnswers are at the end of the chapter. 

EXAMPLE 12-2 Convert the following values to microfarads: 

(a) 0.00001 F (b) 0.0047 F (c) lOOOpF (d) 220pF 

Solution (a) 0.00001 F X lO'VF/F = 10 /xF (b) 0.0047 F x Kl'VF/F = 4700 jxF 

(c) lOOOpF X lO^VF/pF = 0.001/xF (d) 220pF x 10 6/xF/pF = 0.00022/xF 

Related Problem Convert 47,000 pF to microfarads. 

EXAMPLE 12-3 Convert the following values to picofarads: 

(a) 0.1 X I0-SF (b) 0.000022 F (c) 0.01/xF (d) 0.0047/xF 

Solution (a) 0.1 X 10 8F X 1012pF/F = lOOOpF 
(b) 0.000022 F X IOl2pF/F = 22 X 106pF 
(c) 0.01 /xF X 106 pF/p,F = 10,000 pF 
(d) 0.0047 p,F X 106 pF//xF = 4700 pF 

Related Problem Convert 100 /xF to picofarads. 
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How a Capacitor Stores Energy 

A capacitor stores energy in the form of an electric field that is established by the opposite 
charges stored on the two plates. The electric field is represented by lines of force between 
the positive and negative charges and is concentrated within the dielectric, as shown in 
Figure 12-3. 

FIGURE 12-3 Lilies of force 
The electric field stores energy in a 
capacitor. 

Equation 12-4 

The plates in Figure 12-3 have acquired a charge because they arc connected to a bat- 
tery. This creates an electric field between the plates, which stores energy. The energy 
stored in the electric field is directly related to the size of the capacitor and to the square of 
the voltage as given by the following equation for the energy stored: 

1 , 
w = -cv2 

2 

When capacitance (C) is in farads and voltage (V) is in volts, the energy (W) is in joules. 

Voltage Rating 

Every capacitor has a limit on the amount of voltage that it can withstand across its plates. 
The voltage rating specifics the maximum dc voltage that can be applied without risk of 
damage to the device. If this maximum voltage, commonly called the breakdown voltage 
or working voltage, is exceeded, permanent damage to the capacitor can result. 

You must consider both the capacitance and the voltage rating before you use a capaci- 
tor in a circuit application. The choice of capacitance value is based on particular circuit re- 
quirements. The voltage rating should always be above the maximum voltage expected in 
a particular application. 

Dielectric Strength The breakdown voltage of a capacitor is determined by the dielec- 
tric strength of the dielectric material used. The dielectric strength is expressed in V/mil 
(I mil = 0.001 in. = 2.54 X 10 'm). Table 12-2 lists typical values for several materi- 
als. Exact values vary depending on the specific composition of the material. 

TABLE 12-2 
Some common dielectric materials 
and their dielectric strengths. 

MATERIAL DIELECTRIC STRENGTH (V/MIL) 
Air 80 
Oil 375 
Ceramic 1000 
Paper (paraffined) 1200 
Teflon® 1500 
Miea 1500 
Glass 2000 
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A capacitor's dielectric strength can best be explained by an example. Assume that a 
certain capacitor has a plate separation of I mil and that the dielectric material is ceramic. 
This particular capacitor can withstand a maximum voltage of 1000 V because its dielec- 
tric strength is 1000 V/mil. If the maximum voltage is exceeded, the dielectric may break 
down and conduct current, causing permanent damage to the capacitor. Similarly, if the ce- 
ramic capacitor has a plate separation of 2 mils, its breakdown voltage is 2000 V. 

Temperature Coefficient 

The temperature coefficient indicates the amount and direction of a change in capacitance 
value with temperature. A positive temperature coefficient means that the capacitance in- 
creases with an increase in temperature or decreases with a decrease in temperature. A neg- 
ative coefficient means that the capacitance decreases with an increase in temperature or 
increases with a decrease in temperature. 

Temperature coefficients are typically specified in parts per million per Celsius degree 
(ppm/X). For example, a negative temperature coefficient of 150 ppm/"C for a 1 |iF 
capacitor means that for every degree rise in temperature, the capacitance decreases by 
150 pF (there are one million picofarads in one microfarad). 

Leakage 

No insulating material is perfect. The dielectric of any capacitor will conduct some very 
small amount of current. Thus, the charge on a capacitor will eventually leak off. Some 
types of capacitors, such as large electrolytic types, have higher leakages than others. An 
equivalent circuit for a nonidcal capacitor is shown in Figure 12^1. The parallel resistor 
^leak represents the extremely high resistance (several hundred kilohms or more) of the di- 
electric material through which there is leakage current. 

Physical Characteristics of a Capacitor 

The following parameters are important in establishing the capacitance and the voltage rat- 
ing of a capacitor: plate area, plate separation, and dielectric constant. 

Plate Area Capacitance is directly proportional to the physical size of the plates as de- 
termined by the plate area, A. A larger plate area produces more capacitance, and a smaller 
plate area produces less capacitance. Figure l2-5(a) shows that the plate area of a parallel 
plate capacitor is the area of one of the plates. If the plates arc moved in relation to each 
other, as shown in Figure 12-5(b), the overlapping area determines the effective plate area. 
This variation in effective plate area is the basis for a certain type of variable capacitor. 

► FIGURE 12-5  
Capacitance Is directly proportional 
to plate area M). 

FIGURE 12-4 
Equivalent circuit tor a nonidcal 
capacitor. 

i) Full plate area; 
more capacitance 

(b) Reduced plate area: 
less capacitance 

Plate Separation Capacitance is inversely proportional to the distance between the 
plates. The plate separation is designated d, as shown in Figure 12-6. A greater separation 
of the plates produces a smaller capacitance, as illustrated in the figure. As previously 
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FIGURE 12-6  |, rf—.| 
Capacitance is inversely proportional 
to the distance between the plates. 

(a) Plates closer together: (h) Plates Further apart: 
more capacitance less capacitance 

discussed, the breakdown voltage is directly proportional to the plate separation. The fur- 
ther the plates are separated, the greater the breakdown voltage. 

Dielectric Constant As you know, the insulating material between the plates of a ca- 
pacitor is called the dielectric. Dielectric materials tend to reduce the voltage between 
plates for a given charge and thus increase the capacitance. If the voltage is fixed, more 
charge can be stored due to the presence of a dielectric than can be stored without a dielec- 
tric. The measure of a material's ability to establish an electric field is called the dielectric 
constant or relative permittivity, symbolized by g,. (s is the Greek letter epsilon.) 

Capacitance is directly proportional to the dielectric constant. The dielectric constant 
of a vacuum is defined as I and that of air is very close to I, These values are used as a ref- 
erence, and all other materials have values of e,. specified with respect to that of a vacuum 
or air. For example, a material with er = 8 can result in a capacitance eight limes greater 
than that of air with all other factors being equal. 

Table 12-3 lists several common dielectric materials and a typical dielectric constant for 
each. The values can vary because it depends on the specific composition of the material. 

► TABLE 12-3  
Some common dielectric materials 
and their typical dielectric 
constants. 

MATERIAL TYPICAL Er VALUE 
Air (vacuum) 1.0 
Tcflon®2.0 
Paper (paraffined) 2.5 
Oil 4.0 
Mica 5.0 
Glass 7.5 
Ceramic 1200 

The dielectric constant (relative permittivity) is dimensionless because it is a relative 
measure. It is a ratio of the absolute permittivity of a material, e, to the absolute permittiv- 
ity of a vacuum, gp, as expressed by the following formula; 

Equation 12-5 

Equation 12-6 

eo 
The value of Bo is 8.85 X 10 12 F/m (farads per meter). 

Formula You have seen how capacitance is directly related to plate area. A, and the 
dielectric constant, en and inversely related to plate separation, d. An exact formula for cal- 
culating the capacitance in terms of these three quantities is 

4KJ8.85 X Id-12' 
C = 

,46,48.85 X 10 F/m) 
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where A is in square meters (m ), d is in meters (ra), and C is in farads (F). Recall that the 
absolute permittivity of a vacuum, e0, is 8.85 X 10 12 F/m and that the absolute permittiv- 
ity of a dielectric (e), as derived from Equation (12-5), is 

e = ef(8.85 X 10~12F/m) 

EXAMPLE 12-4 Determine the capacitance of a parallel plate capacitor having a plate area of 0.01 m2 

and a plate separation of 0,5 mil (1,27 X 10 5 m). The dielectric is mica, which has a 
dielectric constant of 5.0. 

Solution Use Equation 12-6. 

C = 
Ae,<8.85 X 10 12 F/m) (0.01 m2)(5.0)(8.85 X 10 12 F/m) 

d ~ I.27XI0~5m 
= 0.035 MF 

Related Problem Determine C where A = 3.6 X 10 5m2, d = i mil (2.54 X 10 5 m), and ceramic is 
the dielectric. 

SECTION 12-1 1. Define capacitance. 
CHECKUP 2. (a) How many microfarads are in one farad? 
Answers are at the end of the 
chapter. (b) How many picofarads are in one farad? 

(c) How many picofarads are in one microfarad? 
3. Convert 0.0015 /xF to picofarads. To farads. 
4. How much energy in joules is stored by a 0.01 pf capacitor with 15 V across its plates? 
5. (a) When the plate area of a capacitor is increased, does the capacitance increase or 

decrease? 
(b) When the distance between the plates is increased, does the capacitance increase 

or decrease? 
6. The plates of a ceramic capacitor are separated by 2 mils. What is the typical break- 

down voltage? 
7. A capacitor with a value of 2/tF at 25''C has a positive temperature coefficient of 

50 ppm/0C. What is the capacitance value when the temperature increases to 125°C? 

0 12-2 Types of Capacitors  
Capacitors normally are classified according to the type of dielectric material and whether 
they arc polarized or nonpolarized. The most common types of dielectric materials arc 
mica, ceramic, plastic-film, and electrolytic (aluminum oxide and tantalum oxide). 

After completing this section, you should be able to 

♦ Discuss various types of capacitors 

♦ Describe the characteristics of mica, ceramic, plastic-film, and electrolytic capacitors 

♦ Describe types of variable capacitors 

• Identify capacitor labeling 

• Discuss capacitance measurement 
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Fixed Capacitors 

Mica Capacitors Two types of mica capacitors are stacked-foil and silver-mica. The 
basic construction of the stackcd-foil type is shown in Figure 12-7. It consists of alternate 
layers of metal foil and thin sheets of mica. The metal foil forms the plate, with alternate 
foil sheets connected together to increase the plate area. More layers arc used to increase 
the plate area, thus increasing the capacitance. The mica/foil stack is encapsulated in an 
insulating material such as Bakelite®, as shown in Figure l2-7(b). A silver-mica capaci- 
tor is formed in a similar way by stacking mica sheets with silver electrode material 
screened on them. 

A FIGURE 12-7  
Construction of a typical radial-lead mica capacitor. 

Mica capacitors are available with capacitance values ranging from I pF to 0.1 yiF and 
voltage ratings from 100 V dc to 2500 V dc. Mica has a typical dielectric constant of 5. 

Ceramic Capacitors Ceramic dielectrics provide very high dielectric constants (1200 is 
typical). As a result, comparatively high capacitance values can be achieved in a small 
physical size. Ceramic capacitors are commonly available in a ceramic disk form, as 
shown in Figure 12-B, in a multilayer radial-lead configuration, as shown in Figure 12-9, 
or in a leadless ceramic chip, as shown in Figure 12-10, for surface mounting on printed 
circuit boards. 

Ceramic capacitors typically arc available in capacitance values ranging from I pF to 
100 pf with voltage ratings up to 6 kV. 

(a) Slacked layer arrangement (b) Layers are pressed together 
and encapsulated. 

Ceramic 
dieleciric 

Solder 

Lead w 
to silvei 

(a) (b) 

FIGURE 12-8 
A ceramic disk capacitor and its basic construction. 
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Solder 

KEMET C512BX 
104K 200V 
7552 

Ceramic 
dieleclric 

Electrode 

Lead wire 

Molded case 

Solder 
(a) 

A FIGURE 12-9 

(b) 

(a) Typical ceramic capacitors, lb) Construction view. 

Copper (harrier layer) FIGURE 12-10 
Ceramic 
dielectric 

Electrode Solder 
Construction view of a typical ce- 
ramic chip capacitor used for surface 
mounting on printed circuit boards. 

Plastic-Film Capacitors Common dielectric materials used in plastic-film capacitors in- 
clude polycarbonate, propylene, polyester, polystyrene, polypropylene, and mylar. Some 
of" these types have capacitance values up to 100 pF but most are less than I pF. 

Figure 12-11 shows a common basic construction used in many plastic-film capacitors. 
A thin strip of plastic-film dielectric is sandwiched between two thin metal strips that act 

I .ead connected 
to outer foil Lead connected 

to inner foil 

Inner foil 

P aslic rilm 

Outer toil 

FIGURE 12-11 
Basic construction of axial-lead tubular plastic-film dielectric capacitors. 

TECH NOTE 

Scientists are working willi 
graphene, a carbon-based material 
that may be used for improved 
charge storage in rechargeable 
batteries and ultra-capacitors. The 
ability to store large amounts of 
charge is important in many 
applications from office copiers to 
improving the efficiency of electric 
and hybrid vehicles. The new 
technology may speed 
development of renewable 
energies such as wind and solar 
power, which need to be able to 
store large amounts of energy. 
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as plates. One lead is connected to the inner plate and one is connected to the outer plate as 
indicated. The strips arc then rolled in a spiral configuration and encapsulated in a molded 
case. Thus, a large plate area can be packaged in a relatively small physical size, thereby 
achieving large capacitance values. Another method uses metal deposited directly on the 
film dielectric to form the plates. 

Figure 12-12(a) shows typical plastic-film capacitors. Figure 12-12(b) shows a con- 
struction view for one type of plastic-film capacitor. 

Hish-punty 

Plasnc film 
dielectric 

(a) 

Outer wrap of 
polyester film 

Capacitor section 
(alternate strips of 

. . film dielectric and Lead wire foit electrodes rolled 
soldered to .nU| |indrica| sh ^ 
end of section 1 

Solder-coated end assures that all turns 
of electrode are positively contacted 

lb) 

FIGURE 12-12 
(a) Typical capacitors, (b) Construction view of piastic film capacitor. 

rVrcimroia 

Be extremely careful with 
electrolytic capacitors because it 
does make a difference which way 
an electrolytic capacitor is 
connected. Always observe the 
proper polarity. If a polarized 
capacitor is connected backwards, 
it may explode and cause injury. 

Electrolytic Capacitors Electrolytic capacitors are polarized so that one plate is positive 
and the other negative. These capacitors arc used for capacitance values from I pF up to 
over 200,000 ftF, but they have relatively low breakdown voltages (350 V is a typical max- 
imum) and high amounts of leakage. In this text, capacitors with values of I /zF or greater 
are considered to be polarized. 

In recent years, manufacturers have developed new electrolytic capacitors with much 
larger capacitance values: however, these new capacitors have lower voltage ratings than 
smaller-value capacitors and tend to be expensive. Super capacitors with capacitances of 
hundreds of farads are available. These capacitors are useful for battery backup and for ap- 
plications like small motor starters that require a very large capacitance. 

Electrolytic capacitors offer much higher capacitance values than mica or ceramic ca- 
pacitors, but their voltage ratings are typically lower. Aluminum eleclrolytics are probably 
the most commonly used type. While other capacitors use two similar plates, the elec- 
trolytic consists of one plate of aluminum foil and another plate made of a conducting elec- 
trolyte applied to a material such as plastic film. These two "plates" arc separated by a layer 
of aluminum oxide that forms on the surface of the aluminum plate. Figure 12-I3(a) illus- 
trates the basic construction of a typical aluminum electrolytic capacitor with axial leads. 
Other electrolylics with radial leads are shown in Figure 12-13(b); the symbol for an elec- 
trolytic capacitor is shown in part (c). 

Tantalum electrolylics can be in either a tubular configuration similar to Figure 12-13 
or "tear drop" shape as shown in Figure 12-14. In the teardrop configuration, the positive 
plate is actually a pellet of tantalum powder rather than a sheet of foil. Tantalum pentoxide 
forms the dielectric, and manganese dioxide forms the negative plate. 

Because of the process used for the insulating oxide dielectric, the metallic (aluminum or 
tantalum) plate must be connected so that it is always positive with respect to the electrolyte 
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Solder-coaled brass case 

Oxide 
dielectric 

Aluminum •dm 

Electrolyte 
plate 

Wire lead 
lenninal 

Sprayed metal end 
termination 

Plastic 
insulating cap 

(b) Typical radial-lead electrolytics 

Glass-to-meral 
seal 

(a) Construction view of an axial-lead electrolytic capacitor (c) Symbol for an electrolytic 
capacitor. The straight plate 
is positive and the curved 
plate is negative, as indicated. 

FIGURE 12-13 
Examples of electrolytic capacitors. 

Sintered tantalum 
pellet (anode) 

Dipped epoxy coating 
Weld 

Nickel lead 
(positive) Nickel lead 

Tantalum pentoxide 
(dielectric) 

Manganese dioxide 
(solid-electrolyte) 

Graphite 

Cathode lead soldered 
to silvered area of 
capacitor section 

Tantalum wire welded 
to tantalum pellet 

▲ FIGURE 12-14 
Construction view of a typical "tear drop" shaped tantalum electrolytic capacitor. 

plate, and, thus all electrolytic capacitors are polarized. The metal plate (positive lead) is 
usually indicated by a plus sign or some other obvious marking and must always be con- 
nected in a dc circuit where the voltage across the capacitor does not change polarity re- 
gardless of any ac present. Reversal of the polarity of the voltage will usually result in 
complete destruction of the capacitor. 

The problem of dielectric absorption occurs mostly in electrolytic capacitors when they 
do not completely discharge during use and retain a residual charge. Approximately 25% 
of defective capacitors exhibit this condition. 
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^k" 

FIGURE 12-15 
Schematic symbol for a variable 
capacitor. 

Variable Capacitors 

Variable capacitors are used in a circuit when there is a need to adjust the capacitance value 
either manually or automatically. These capacitors arc generally less than 300 pF but arc 
available in larger values for specialized applications. The schematic symbol for a variable 
capacitor is shown in Figure 12-15. 

Adjustable capacitors that normally have slotted screw-type adjustments and are used 
for very fine adjustments in a circuit are called trimmers. Ceramic or mica is a common 
dielectric in these types of capacitors, and the capacitance usually is changed by adjusting 
the plate separation. Generally, trimmer capacitors have values less than 100 pF. Figure 
12-16 shows some typical devices. 

FIGURE 12-16 
Examples of trimmer capacitors. 

The varactor is a semiconductor device that exhibits a capacitance characteristic that is 
varied by changing the voltage across its terminals. This device usually is covered in detail 
in a course on electronic devices. 
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A 0«SCHARG£ CAPACITOR KFCRE TESTING 
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FIGURE 12-17 
A typical capacitance meter. (Courtesy 
of B+K Precision) 

Capacitor Labeling 

Capacitor values are indicated on the body of the capacitor either by typographical labels 
or by color codes. Typographical labels consist of letters and numbers that indicate various 
parameters such as capacitance, voltage rating, and tolerance. 

Some capacitors carry no unit designation for capacitance. In these cases, the units are 
implied by the value indicated and are recognized by experience. For example, a ceramic 
capacitor marked .001 or .01 has units of microfarads because picofarad values thai small 
arc not available. As another example, a ceramic capacitor labeled 50 or 330 has units of 
picofarads because microfarad units that large normally are not available in this type. In 
some cases, a 3-digit designation is used. The first two digits arc the first two digits of the 
capacitance value. The third digit is Ihe number of zeros after the second digit. For exam- 
ple, 103 means 10,000 pF. In some instances, the units arc labeled as pF or pF; sometimes 
the microfarad unit is labeled as MF or MFD. 

A voltage rating appears on some types of capacitors with WV or WVDC and is omit- 
ted on others. When it is omitted, the voltage rating can be determined from information 
supplied by the manufacturer. The tolerance of the capacitor is usually labeled as a per- 
centage, such as ± 10%. The temperature coefficient is indicated by a pans per million 
marking. This type of label consists of a P or N followed by a number. For example, N750 
means a negative temperature coefficient of 750 ppm/0C, and P30 means a positive tem- 
perature coefficient of 30 ppm/°C. An NP0 designation means that the positive and nega- 
tive coefficients arc zero; thus the capacitance docs not change with temperature. Certain 
types of capacitors are color coded. Refer to Appendix C for additional capacitor labeling 
and color code information. 

Capacitance Measurement 

A capacitance meter such as the one shown in Figure 12-17 can be used to check the value of 
a capacitor. Also, many DMMs provide a capacitance measurement feature. Most capacitors 
change value over a period of time, some more than others. Ceramic capacitors, for example, 
often exhibit a 10% to 15% change in value during the first year. Electrolytic capacitors are 
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particularly subject to value change due to drying of the electrolytic solution. In other cases, 
capacitors may be labeled incorrectly or the wrong value may have been installed in the cir- 
cuit. Although a value change represents less than 25% of defective capacitors, a value check 
can quickly eliminate this as a source of trouble when troubleshooting a circuit. 

Typically, values from 200 pF to 200,000 /xF can be measured on a capacitance meter 
by simply connecting the capacitor, selling the switch, and reading the value on the display. 
Some capacitance meters can also be used to check for leakage current in capacitors. In or- 
der to check for leakage, a sufficient voltage must be applied across the capacitor to simu- 
late operating conditions. This is automatically done by the test instrument. Over 40% of 
all defective capacitors have excessive leakage current and eleclrolytics are particularly 
susceptible to this problem. 

I SECTION 12-2 1. Name one way capacitors can be classified. 
2. What is the difference between a fixed and a variable capacitor? 
3. What type of capacitor is polarized? 
4. What precautions must be taken when installing a polarized capacitor in a circuit? 

The total capacitance of a series connection of capacitors is less than the individual 
capacitance of any of the capacitors. Capacitors in series divide voltage across them in 
proportion to their capacitance. 

After completing this section, you should be able to 

• Analyze series capacitors 

♦ Determine total capacitance 

• Determine capacitor voltages 

Total Capacitance 

When capacitors are connected in series, the total capacitance is less than the smallest capac- 
itance value because the effective plate separation increases. The calculation of total series ca- 
pacitance is analogous to the calculation of total resistance of parallel resistors (Chapter 6). 

Consider the generalized circuit in Figure 12-18(a), which has n capacitors in scries 
with a voltage source and a switch. When the switch is closed, the capacitors charge as 

12-3 Series Capacitors 

C, C; C. C| C, 

(a) Charging current is same for each capacitor, / = Q/t. 

FIGURE 12-18 
A series capacitive circuit. 
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Equation 12-7 

Equation 12-8 

Equation 12-9 

Equation 12-10 

Equation 12-11 

current is established through the circuit. Since this is a series circuit, the current must be 
the same at all points, as illustrated. Since current is the rate of flow of charge, the amount 
of charge stored by each capacitor is equal to the total charge, expressed as 

Ql = Q\ = Ql = Qi = ''' = Q,i 
Next, according to Kirchhoff's voltage law, the sum of the voltages across the charged 

capacitors must equal the total voltage, Vx, as shown in Figure 12-18(b). This is expressed 
in equation form as 

VT = V, + V2 + 1/3 + • • • 4- Vn 

From Equation 12-3, V = Q/C. When this relationship is substituted into each term of 
the voltage equation, the following result is obtained: 

■ + Qn ^1= ^1+ ^1+ 
C-r C, C2 C3 Cn 

Since the charges on ah the capacitors are equal, the Q terms can be factored and can- 
celed, resulting in 

_L 
cT " c, + c2 

+ Cj +'"+ c„ 

Taking the reciprocal of both sides of Equation 12-8 yields the following general formula 
for total series capacitance: 

CT - 
I 

I • H  
C„ 

I I I 
C, + Q + Q 

Remember, 

The total scries capacitance is always less than the smallest capacitance. 

Two Capacitors in Series When only two capacitors are in series, a special form of 
Equation 12-8 can be used. 

_l_ 
Cx 

_l_ 
C, Cr 

C, c2 

CiCi 

Taking the reciprocal of the left and right terms gives the formula for total capacitance of 
two capacitors in scries. 

C|C2 Cx = 
C, + C2 

Capacitors of Equal Value in Series This special case is another in which a formula can 
be developed from Equation 12-8. When all capacitor values are the same and equal to C, 
the formula is 

I I I 1 — = — + — + — + ■ 
CT c c c 

I • + — 
c 

Adding all the terms on the right yields 

I 
CT C 

where n is the number of equal-value capacitors. Taking the reciprocal of both sides yields 

CT = - 

Thc capacitance value of the equal capacitors divided by the number of equal series capac- 
itors gives the total capacitance. 
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EXAMPLE 12-5 Determine the total capacitance between points A and B in Figure 12-19. 

FIGURE 12-19  

M(- 1(- 1M 
I0//F 4.7//F 8.2//F 

Solution Use Equation 12-9. 

CT = ! =  ! = 2.30 /xF 
I I I 1 I I 

C, C2 C3 10/xF 4.7/xF 8.2/xF 

llfl.nnl Problem If a 4.7 /xF capacitor is connected in series with the three existing capacitors in Figure 
12-19. what is CT? 

EXAMPLE 12-6 Find the total capacitance, Cj, in Figure 12-20. 

figure 12-20 C, C, 

100 pF 330 pF 

Solution From Equation 12-10, 

C,C2 (100pF)(330pF) 
T ~ 7^    TTtt—7 pF C, + C2 430 pF 

You can also use Equation 12-9. 

I 
C, = I I 

= 76.7 pF 

lOOpF 330 pF 

Related Problem Determine CT if C, = 470 pF and C2 = 680 pF in Figure 12-20. 

EXAMPLE 12-7 Determine Cj for the series capacitors in Figure 12-21. 

FIGURE 12-21   
C| 0,022/jF 

+ C, 0.022 x/F 

C, =3= 0.022//F 

C4 ^ 0.022//F 
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Solution Since C, = Co = Cj = C4 = C, use Equation 12-11, 

C 0.022 fiF 
CT = — = — = 0.0055 ftF n 4 

Related Problem Determine Cp if the capacitor values in Figure 12-21 are doubled. 

Equation 12-12 

Capacitor Voltages 

A series connection of charged capacitors acts as a voltage divider. The voltage across each 
capacitor in series is inversely proportional to its capacitance value, as shown by the for- 
mula V = Q/C. You can determine the voltage across any individual capacitor in series 
with the following formula: 

= f- \CX 
VT 

where C, is any capacitor in series (such as C|, Cj, or C3), Vx is the voltage across C,. and 
Fp is the total voltage across the capacitors. The derivation is as follows: Since the charge 
on any capacitor in series is the same as the total charge (Qr = (l-p), and since Qx = VXCX 
and Qj = FpC-p, then 

V,C, = VvC, 

Solving for Vx yields 

V.. = 
CTFT 

Thc largest-value capacitor in a series connection will have the smallest voltage 
across it. The smallest-value capacitor will have the largest voltage across it. 

EXAMPLE 12-8 Find the voltage across each capacitor in Figure 12-22. 

FIGURE 12-22 C, C, C, 

Fs 
25 V 

X7 

I" 

I//F 0.47//F 0.22//F 

Solution Calculate the total capacitance. 

CT= I , I | I = . | ' , — 
C| C2 C3 0.1/aF 0.47 pup 0.22 ^F 
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V2 

From Figure 12-22, Vs = VT = 25 V, Therefore, use Equation 12-12 to calculate the 
voltage across each capacitor. 

n.f£lVT. (2^)25 V-6.82 V 3 \C,J T \0.22 /xF/ 

Related I'roblem Another 0.47 /xF capacitor is connected in series with the existing capacitor in Figure 
12-22. Determine the voltage across the new capacitor, assuming all the capacitors are 
initially uncharged. 

SECTION 12-3 
CHECKUP 

1. Is the total capacitance of a series connection less than orgreater than the value of the 
smallest capacitor? 

2. The following capacitors are in series: 100 pF, 220 pF, and 560 pF. What is the total 
capacitance? 

3. A 0.01 ix f and a 0.015 /xF capacitor are in series. Determine the total capacitance. 
4. Five 100 pF capacitors are connected in series. What is CT? 
5. Determine the voltage across C| in Figure 12-23. 

FIGURE 12-23 

_ 
lOOpF 

12-4 Parallel Capacitors  

Capacitances add when capacitors arc connected in parallel. 

After completing this section, you should be able to 

♦ Analyze parallel capacitors 

• Determine total capacitance 

When capacitors arc connected in parallel, the total capacitance is the sum of the indi- 
vidual capacitances because the effective plate area increases. The calculation of total par- 
allel capacitance is analogous to the calculation of total series resistance (Chapter 5). 

Consider what happens when the switch in Figure 12-24 is closed. The total charging 
current from the source divides at the junction of the parallel branches. There is a separate 
charging current through each branch so that a different charge can be stored by each ca- 
pacitor. By Kirchhoff's current law, the sum of all of the charging currents is equal to the 
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y 

FIGURE 12-24 

+ yt -I 4 
VS -= = CT = hc2 = 

rCi 

Capacitors in parallel. 

Equation 12-13 

Equation 12-14 

total current. Therefore, the sum of the charges on the capacitors is equal to the total 
charge. Also, the voltages across all of the parallel branches are equal. These observations 
are used to develop a formula for total parallel capacitance as follows for the general case 
of n capacitors in parallel. 

ST - 6i + S2 + 03 + Q„ 

Equation 12-15 

From Equation 12-2, Q = CV. When this relationship is substituted into each term of 
Equation 12-13, the following result is obtained: 

CTVT = C, F, + C2V2 + C3V3 + • ■ • + C„v„ 

Since VT = F| = V2 = V, = • • ■ = V„, the voltages can be factored and canceled, giving 

Ct = C, + C2 + C3 + •• • + c„ 

Equation 12-14 is the general formula for total parallel capacitance where 11 is the number 
of capacitors. Remember, 

The total parallel capacitance is the sum of all the capacitors in parallel. 

For the special case when all of the capacitors have the same value, C, multiply the value 
by the number (n) of capacitors in parallel. 

Cj = nC 

EXAMPLE 12-9 What is the total capacitance in Figure 12-25? What is the voltage across each capacitor? 

FIGURE 12-25 

5 V "Jl 330 pF 
. C, 
' 220 pF 

Solution The total capacitance is 

CT = C, + C2 = 330 pF + 220 pF = 550 pF 

The voltage across each capacitor in parallel is equal to the source voltage. 
Fs = l/l = Vj = 5V 

Related Problem What is CT if a 100 pF capacitor is connected in parallel with C'2 in Figure 12-25? 
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EXAMPLE 12-10 Determine Cx in Figure 12-26. 

C, C, C, Q c5 
-o.o: ,uF — -0.01//F — -o.oi,(/F — -o.oi//F - -o.oi ,(/F - 

1 

.Q 
"0.01 ^/F 

FIGURt 12-26 

Solution There are six equal-value capacitors in parallel, so n = 6. 

CT = nC = (6)(0.()l /j,F) = 0.06 /xV 

Relaicd I'robtein If three more 0.01 /xF capacitors arc connected in parallel in Figure 12-26, what is the 
total capacitance? 

SECTION 12-4 1. How is total parallel capacitance determined? 
CHECKUP 2. In a certain application, you need 0.0S /xF. The only values available are 0.01 /xF, which 

are available in large quantities. How can you get the total capacitance that you need? 
3. The following capacitors are in parallel: 10 pF, 55 pF, 33 pF, and 68 pF. What is CT? 

12-5 Capacitors in DC Circuits  

A capacitor will charge up when it is connected to a dc voltage source. The buildup of 
charge across the plates occurs in a predictable manner that is dependent on the capac- 
itance and the resistance in a circuit. 

After completing this section, you should be able to 

♦ Analyze capacitive dc switching circuits 

♦ Describe the charging and discharging of a capacitor 

♦ Define RC lime constant 

♦ Relate the time constant to charging and discharging of a capacitor 

♦ Write equations for the charging and discharging curves 

♦ Explain why a capacitor blocks dc 

Charging a Capacitor 

A capacitor will charge when it is connected to a dc voltage source, as shown in Figure 
12-27. The capacitor in pail (a) of the figure is uncharged; that is, plate A and plate R have 
equal numbers of free electrons. When the switch is closed, as shown in part (b), the source 
moves electrons away from plate A through the circuit to plate B us the arrows indicate. As 



Fewer electrons 
make plate ,4 ,41 
more positive.' — I 

More electrons 
l—B make plate B I z more negative. 

(h) Charging (arrows indicate electron flow) (c) Fully charged. 
/ = 6 

(d) Retains charge 

FIGURE 12-27 
Charging a capacitor. 

plate A loses electrons and plate B gains electrons, plate A becomes positive with respect to 
plate B. As this charging process continues, the voltage across the plates builds up rapidly 
until it is equal to the applied voltage, Vs, but opposite in polarity, as shown in part (c). 
When the capacitor is fully charged, there is no current. 

A capacitor blocks constant dc. 

When the charged capacitor is disconnected from the source, as shown in Figure 
12-27(d), it remains charged for long periods of time, depending on its leakage resistance, 
and can cause severe electrical shock. The charge on an electrolytic capacitor generally 
leaks off more rapidly than in other types of capacitors. 

Discharging a Capacitor 

When a wire is connected across a charged capacitor, as shown in Figure 12-28, the 
capacitor will discharge. In this particular case, a very low resistance path (the wire) is 
connected across the capacitor with a switch. Before the switch is closed, the capacitor 
is charged to 50 V, as indicated in part (a). When the switch is closed, as shown in part (b), 
the excess electrons on plate B move through the circuit to plate A (indicated by the ar- 
rows); as a result of the electrons moving through the low resistance of the wire, the 
energy stored by the capacitor is dissipated in the wire. The charge is neutralized when 
the numbers of free electrons on both plates are again equal. At this time, the voltage 
across the capacitor is zero, and the capacitor is completely discharged, as shown in 
part (c). 

o: I I I I 

A | | B 

50 V r=i 
t * 

1 

0V 

(a) Retains charge (h) Discharging (arrows 
indicate electron flow) 

(c) Uncharged 

FIGURE 12-28 
Discharging a charged capacitor. 

Current and Voltage During Charging and Discharging 

Notice in Figures 12-27 and 12-28 that the direction of electron flow during discharge is 
opposite to that during charging. It is important to understand that ideally there is no cur- 
rent through the dielectric of the capacitor during charging or discharging because the 
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dielectric is an insulating material. There is current from one plate to the other only 
through the external circuit. 

Figure l2-29(a) shows a capacitor connected in series with a resistor and a switch to a 
dc voltage source. Initially, the switch is open and the capacitor is uncharged with zero 
volts across its plates. At the instant the switch is closed, the current jumps to its maximum 
value and the capacitor begins to charge. The current is maximum initially because the ca- 
pacitor has zero volts across it and. therefore, effectively acts as a short; thus, the current is 
limited only by the resistance. As time passes and the capacitor charges, the current de- 
creases and the voltage across the capacitor (Vy increases. The resistor voltage is propor- 
tional to the current during this charging period. 

After a certain period of time, the capacitor reaches full charge. At this point, the current 
is zero and the capacitor voltage is equal to the dc source voltage, as shown in Figure 
l2-29(b). If the switch were opened now, the capacitor would retain its full charge 
(neglecting any leakage). 

In Figure l2-29(c), the voltage source has been removed. When the switch is closed, the 
capacitor begins to discharge. Initially, the current jumps to a maximum but in a direction 
opposite to its direction during charging. As time passes, the current and capacitor voltage 
decrease. The resistor voltage is always proportional to the current. When the capacitor has 
fully discharged, the current and the capacitor voltage arc zero. 

Remember the following rules about capacitors in dc circuits: 
1. A capacitor appears as an open to constant voltage. 

2. A capacitor appears as a short to an instantaneous change in voltage. 
Now let's examine in more detail how the voltage and current change with lime in a 

capacitive circuit. 

/ 

Current jumps to maximum at instant 
switch is closed: then it decreases. 

^ ^ Charging current 

- Voltage is 
zero at instant 
switch is 
closed;then 
it increases. 

(a) Charging: Capacitor voltage Increases as the current and resistor 
voltage decrease. 

OA 

w 
o v 

1 ' I 
l-ri 

PPT 

(b) Fully charged: Capacitor voltage equals source voltage. 
The current is zero. 

Discharging current 

Current jumps to maximum at instant 
switch is closed; then it decreases. 

- Voltage decreases 
as capacitor 
discharges. 

(c) Discharging: Capacitor voltage, resistor voltage, and the current decrease 
from their initial maximum values. Note that the discharge current is 
opposite to the charge current. 

FIGURE 12-29 
Current and voltage in a charging and discharging capacitor. 
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The RC Time Constant 

In a practical situation, there cannot be capacitance without some resistance in a circuit. It 
may simply be the small resistance of a wire, a Thevcnin source resistance, or it may be a 
physical resistor. Because of this, the charging and discharging characteristics of a capaci- 
tor must always be considered with the associated resistance. The resistance introduces the 
element of time in the charging and discharging of a capacitor. 

When a capacitor charges or discharges through a resistance, a certain time is required 
for the capacitor to charge fully or discharge fully. The voltage across a capacitor cannot 
change instantaneously because a finite time is required to move charge from one point to 
another. The time constant of a series RC circuit determines the rate at which the capacitor 
charges or discharges. 

The RC time constant is a fixed time interval that equals the product of the re- 
sistance and the capacitance in a series RC circuit. 

The lime constant is expressed in seconds when resistance is in ohms and capacitance is 
in farads. It is symbolized by t (Greek letter tau), and the formula is 

Equation 12-16 t = RC 

Recall that I = Qll. The current depends on the amount of charge moved in a given 
lime. When the resistance is increased, the charging current is reduced, thus increasing the 
charging time of the capacitor. When the capacitance is increased, the amount of charge in- 
creases; thus, for the same current, more lime is required to charge the capacitor. 

EXAMPLE12-11 A series RC circuit has a resistance of 1.0 Mfi and a capacitance of 4.7 pF. What is 
the time constant? 

Solution r = tfC = (1.0 x 106 fi )(4.7 x 10 6F) = 4.7 s 

Ftelnled Problem A series RC circuit has a 270 kfl resistor and a 3300 pF capacitor. What is the time 
constant? 

When a capacitor is charging or discharging between two voltage levels, the charge on the 
capacitor changes by approximately 63% of the difference in the levels in one time constant. 
An uncharged capacitor charges to 63% of its fully charged voltage in one lime constant. 
When a capacitor is discharging, its voltage drops to approximately 100% — 63% = 37% 
of its initial value in one lime constant which is a 63% change. 

The Charging and Discharging Curves 

A capacitor charges and discharges following a nonlinear curve, as shown in Figure 12-30. 
In these graphs, the approximate percentage of full charge is shown at each time-constant 
interval. This type of curve follows a precise mathematical formula and is called an 
exponential curve. The charging curve is an increasing exponential, and the discharging 
curve is a decreasing exponential. It takes five time constants to change the voltage by 99% 
(considered 100%). This five lime-constant interval is generally accepted as the time to 
fully charge or discharge a capacitor and is called the transient lime. 

General Formula The general expressions for either increasing or decreasing exponen- 
tial curves are given in the following equations for both instantaneous voltage and instan- 
taneous current. 

Equation 12-17 

Equation 12-18 

v= VF + (V, - VF)e ,h 

i = lF + (/, - lF)e~"r 
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V, (final voltage) 

70 

0 It 2r 3t 4t 5t 
(a) Charging curve with percentages of the final voltage 

FIGURE 13-30 

Vj (initial voltage) 

0 IT 2r 3T 4r 5r 
(b) Discharging curve with percentages of the initial voltage 

Exponential voltage curves for the charging and discharging of an RC circuit. 

where Vp and 1/ are the final values of voltage and current, and V, and /, are the initial val- 
ues of voltage and current. The lowercase italic letters v and i arc the instantaneous values 
of the capacitor voltage and current at lime I, and e is the base of natural logarithms. The e1 

key on a calculator makes it easy to work with this exponential term. 

Charging from Zero The formula for the special case in which an increasing exponen- 
tial voltage curve begins at zero (V, = 0), as shown in Figure 12-30(a), is given in Equa- 
tion 12-19. It is developed as follows, starting with the general formula, Equation 12-17. 

v = Vh + (V; - Vf)e~"r = Vh + (0 - VF)e~"RC = VF - V,.e~"RC 

Factoring out Vp, you have 

v = V>(l - e~"RC) Equation 12-19 

Using Equation 12-19, you can calculate the value of the charging voltage of a capacitor at 
any instant of lime if it is initially uncharged. You can calculate an increasing current by 
substituting i for v and lF for Vp in Equation 12-19. 

EXAIV1PLE12-12 In Figure 12-31, determine the capacitor voltage 50 /cs after the switch is closed if the 
capacitor is initially uncharged. Draw the charging curve. 

FIGURE 12-31 R 

8,2 ki! 

I 

. c 
■ 0.01 /if 

Solution The time constant is RC = (X.2 kSI)(0.()l /iF) = 82/is. The voltage to which the 
capacitor will fully charge is 50 V (this is Vp). The initial voltage is zero. Notice that 
50/is is less than one time constant; so the capacitor will charge less than 63% of the 
full voltage in that time. 

vc = Yf(l - e-"RC) = (50 V)(l - 
= (50 V)( I - e"061) = (50 V)( I - 0.543) = 22.8 V 

The charging curve for the capacitor is shown in Figure 12-32. 
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FIGURE 12-32 
i' (VI 

I) 30 ' IjWS) 

You can determine an exponential function on your calculator by using the e' key 
and entering the value of the exponent of e. 

Related Pivblem Determine the capacitor voltage 15 /as after switch closure in Figure 12-31. 

Use Multisim file E12-I2 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Equation 12-20 

Discharging to Zero The formula for the special case in which a decreasing exponential 
voltage curve ends at zero (Y/r = 0), as shown in Figure 12-30(b), is derived from the gen- 
eral formula as follows: 

This reduces to 

v = V> + (Yf - VF)e~"T = 0 + (Yj - 0)e'"RC 

V = Y:C 

where Y, is the voltage at (he beginning of the discharge. You can use this formula to cal- 
culate the discharging voltage at any instant, as Example 12-13 illustrates. 

EXAMPLE 12-13 Determine the capacitor voltage in Figure 12-33 at a point in time 6 ms after the 
switch is closed. Draw the discharging curve. 

FIGURE 12-33 

io v: . c 
' 2.2 uF 

; R 
■ 10 kit 

Solulii The discharge time constant is RC = (10 k!l|(2.2 /aF) = 22 ms. The initial capacitor 
voltage is 10 V. Notice that 6 ms is less than one time constant, so the capacitor will 
discharge less than 63%. Therefore, it will have a voltage greater than 37% of the ini- 
tial voltage at 6 ms. 

PC = Y,e~"RC = (10 V)c"6ms,22ms = (10 Vie"027 = (I0V)(0.761) = 7.61V 
The discharging curve for the capacitor is shown in Figure 12-34. 
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FIGURE 12-34 v(V) 

/ (ms) 

Ih'Liti'il I'roblem In Figure 12-33, change R to 2.2 k!2 and determine the capacitor voltage I ms after 
the switch is closed. 

Graphical Method Using Universal Exponential Curves The universal curves in 
Figure 12-35 provide a graphic solution of the charge and discharge of capacitors. Exam- 
ple 12-14 illustrates this graphical method. 

FIGURE 12-35 

   
i') I - <' 

l.h 

Normalized universal exponential 
curves. 

EXAMPLE 12-14 How long will it take the initially uncharged capacitor in Figure 12-36 to charge to 
75 V? What is the capacitor voltage 2 ms after the switch is closed? Use the normalized 
universal exponential curves in Figure 12-35 to determine the answers. 

FIGURE 12-36 
-^c 

loo v 
: R 
■ 100 kl! 

■ C 
T 0.01 fiF 
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Sii/ii' hi The full charge voltage is 100 V, which is at the 100% level (1.0) on the normalized 
vertical scale of the graph. The value 75 V is 75% of maximum, or 0.75 on the graph. 
You can see that this value occurs at 1.4 time constants. In this circuit, one lime 
constant is RC = (100 kft)(0.01 /iF) = I ms. Therefore, the capacitor voltage reaches 
75 V at 1.4 ms after the switch is closed. 

On the universal exponential curve, you see that the capacitor is at approximately 
86 V (0.86 on the vertical axis) in 2 ms, which is 2 time constants. These graphic solu- 
tions are shown in Figure 12-37. 

1.0 

0.8 
75 V — 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

0 It 1.4 ms 2t 3t 4t 5t 

FIGURE 12-37 
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RcLili'd I'rohh'm Using the normalized universal exponential curves, determine how long it will take the 
capacitor in Figure 12-36 to charge to 50 V? What is the capacitor voltage 3 ms after 
switch closure? 

Use Multisim file El2-14 to verify the calculated results in this example and to confirm 
your calculation for the related problem. Use a scjuare wave to replace the dc voltage 
source and the switch. 

Time-Constant Percentage Tables The percentages of full charge or discharge at each 
lime-constant interval can be calculated using the exponential formulas, or they can be ex- 
tracted from the universal exponential curves. The results are summarized in Tables 12-4 
and 12-5. 

► TABLE 12-4 
Percentage of final charge after each 
charging lime-constant interval. 

NUMBER OF 
TIME CONSTANTS 

APPROXIMATE 
% OF FINAL CHARGE 

1 63 
2 86 
3 95 
4 98 
5 99 (considered 100%) 
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NUMBER OF APPROXIMATE 
TIME CONSTANTS % OF INITIAL CHARGE 

TABLE 12-5  
Percentage of initial charge after 

■ each discharging lime-constant 
interval. 

14 
5 
2 

1 (considered 0) 

Solving for Time 

Occasionally, it is necessary to determine how long it will take a capacitor to charge or dis- 
charge to a specified voltage. Equations 12-17 and 12-19 can be solved for (if v is specified. 
The natural logarithm (abbreviated In) of c-'"" is (he exponent —l/RC. Therefore, taking the 
natural logarithm of both sides of the equation allows you to solve for time. This procedure is 
done as follows for the decreasing exponential formula when Vf = 0 (Equation 12-20). 

v = Vie-"*0 

— = 
Vt 

In| y) = In e'""0 

ln| —) = — 
Vj RC 

l = -RCln^-^ Equation 12-21 

The same procedure can be used for the increasing exponential formula in Equation 
12-19 as follows: 

-nnc. v = i 5
 

V 
VV ~ 

1 _ e-i"<c 

e~'mc 

ln^ 1 ii i In e "RC 

In^l II i -1 
KC 

I = —tfCln) 1 - ) Equation 12-22 

EXAMPLE12-15 In Figure 12-38, how long will it lake the capacitor to discharge to 25 V when the 
switch is closed? 

FIGURE 12-38 

100 V I . C 
' I//F 

: n 
■ 2.2 k!i 
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Solution Use Equation 12-21 to find the discharge lime. 

I = -RCln — = —(2.2kft)(l /iF)ln 
25 V \ 

Vj - v—"'\ioovJ 

= -(2.2 ms)ln(0.25) = -(2.2 ms)(-1.39) = 3.05 ms 

You can determine ln(0.25) with your calculator by using the LN key. 

/Mated Problem How long will it take the capacitor in Figure 12-38 to discharge to 50 V? 

Response to a Square Wave 

A common case that illustrates the rising and falling exponential occurs when an KC circuit 
is driven with a square wave that has a long period compared to the time constant. The 
square wave provides on and off action but, unlike a single switch, it provides a discharge 
path back through the generator when the wave drops back to zero. 

When the square wave rises, the voltage across the capacitor rises exponentially toward 
the maximum value of the square wave in a lime that depends on the lime constant. When 
the square wave returns to the zero level, the capacitor voltage decreases exponentially, 
again depending on the lime constant. The Thevenin resistance of the generator is part of 
the RC time constant; however, it can be ignored if it is small compared to R. Example 
12-16 shows the waveforms for the case where the period is long compared to the lime 
constant; other cases will be covered in detail in Chapter 20. 

EXAMPLE 12-16 In Figure 12-39, calculate the voltage across the capacitor every 0,1 ms for one com- 
plete period of the input. Then sketch the capacitor waveform. Assume the Thevenin 
resistance of the generator is negligible. 

vw 
I Ski! 

2,5 V. (Jl 0.0056 (/K ,0 kHz 

K(V) 

2.5 

0,5 
 ► / (ms) 

1.0 

FIGURE 12-39 

t = RC = (15 kn)(0.0056/xF) = 0.084 ms 

The period of the square wave is I ms. which is approximately 127. This means that 
67 will elapse after each change of the pulse, allowing the capacitor to fully charge 
and fully discharge. 
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For the increasing exponential, 

v = Vpd - e-"RC) = FH(I - c"'/r| 
At 0.1 ms: V = 2.5 V( I - c-« lms/0,084niS) = I 74V 

At 0.2 ms: v = 2.5V(1 - c"0'2,ns,0-OK4ms
) = 2,27 V 

At 0.3 ms: v = 2.5 V( I - g-O-Jms/O-OMim, = 2 43 v 

At 0.4 ms: v = 2.5 V(1 - e"04™5'0084'"') = 2.48 V 

At 0.5 ms; v = 2.5 V(l - ^-fl-Sms/ansamsj = 2 49 v 

For the decreasing exponential. 

v = Viie-"™) = Vi {e-"*) 
In the equation, lime is shown from the point when the change occurs (subtracting 
0.5 ms from the actual time). For example, at 0.6 ms, 1 = 0.6 ms — 0.5 ms = 0.1 ms. 

At 0.6 ms: v = 2.5 V(c-O lms'0084ms) = 0.76 V 

At 0.7 ms: v = 2.5 v(,ra2ras/,)'084ms) = 0.23 V 

At 0.8 ms; v = 2.5 V(e O-Jms/O-OMmsj = () 07 v 

At 0.9 ms: v = 2.5 v(e^-4ms'ft084ms) = 0.02 V 

At 1.0 ms: v = 2.5 5ms/0-084",s) = 0.01 V 

Figure 12-40 is a plot of these results. 

FIGURE 12-40 
  Vc 

3 

2 

I 

0 

Rfl.ih'd Probh'ni What is the capacitor voltage at 0.65 ms? 

SECTION 12-5 1. Determine the time constant when R = 1.2l<t!andC = 1000 pF. 
CHECKUP 2. If the circuit mentioned in Question 1 is charged with a 5 V source, how long 

will it lake the capacitor to reach full charge? At full charge, what is the capacitor 
voltage? 

3. For a certain circuit, r = 1 ms. If it is charged with a 10 V battery, what will the 
capacitor voltage be at each of the following times: 2 ms, 3 ms, 4 ms, and 5 ms? 

4. A capacitor is charged to 100 V. If it is discharged through a resistor, what is the 
capacitor voltage at one time constant? 

IV) 

\ 

-/ 

t 
— — 

[) 0.5 1.0 
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12-6 Capacitors in AC Circuits 

As you know, a capacitor blocks dc. A capacitor passes ac but with an amount of 
opposition, called capacitive reactance, that depends on the frequency of the ac. 

After completing this section, you should be able to 

♦ Analyze capacitive ac circuits 

♦ Explain why a capacitor causes a phase shift between voltage and current 

♦ Define capacitive reactance 

♦ Determine the value of capacitive reactance in a given circuit 

♦ Discuss instantaneous, true, and reactive power in a capacitor 

To explain fully how capacitors work in ac circuits, the concept of the derivative must 
be introduced. The derivative of a lime-varying quantity is the instantaneous rale of change 
of that quantity. 

Recall that current is the rate of flow of charge (electrons). Therefore, instantaneous cur- 
rent, i, can be expressed as the instantaneous rate of change of charge, </, with respect to 
lime, l. 

The term dq/dl is the derivative of q with respect to lime and represents the instantaneous rate 
of change of q. Also, in terms of instantaneous quantities, q = Cv. Therefore, from a basic 
mlc of differential calculus, the derivative of q with respect to time is dq/dl = C(dv/dl). Since 
i = dq/dl, we get the following relationship: 

This formula stales 

The instantaneous capacitor current is equal to the capacitance times the instan- 
taneous rate of change of the voltage across the capacitor. 

The faster the voltage across a capacitor changes, the greater the current. 

Phase Relationship of Current and Voltage in a Capacitor 

Consider what happens when a sinusoidal voltage is applied across a capacitor, as shown 
in Figure 12-41 (a). The voltage waveform has a maximum rale of change (dv/dl = max) 
at the zero crossings and a zero rate of change (dv/dl = 0) at the peaks, as indicated in 
Figure 12-41(b). 

The phase relationship between the current and the voltage for the capacitor can be 
established from Equation 12-24. When dv/dl = 0, i is also zero because / = Cldv/dl) = 
C(0) = 0. When dv/dl is a positive-going maximum, i is a positive maximum; when dv/dl 
is a negative-going maximum, i is a negative maximum. 

A sinusoidal voltage always produces a sinusoidal current in a capacitive circuit. There- 
fore, you can plot the current with respect to the voltage if you know the points on the volt- 
age curve at which the current is zero and those at which it is maximum. This relationship 
is shown in Figure 12-42(a). Notice that the current leads the voltage in phase by 90°. This 
is always true in a purely capacitive circuit. The relationship between the voltage and cur- 
rent phasors is shown in Figure 12^12(b). 

Equation 12-23 
dq 

i 

Equation 12-24 
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Zero rale of change 
idv/dl = 0) 

Maximum posiiive 
rale of change 
(dv/di = + max) 

Maximum negative 
rate of change 
(dv/di = - max) Zero rale of change 

(dv/di = 0) 
(a) Circuit 

FIGURE 12-41 

(b) The rales of change of the sine wave 

A sine wave applied to a capacitor. 

Vf - 0 Vc = + max Vc = 0 Vc = - max 
/r = + max /c = 0 'r = ~ max 'r = 0 

(a) Waveforms 

FIGURE 12-42 

90° 

<b) Phaser diagram 

Phase relation of Vc and /<- in a capacitor. Current always leads the capacitor voltage by 90°. 

Capacitive Reactance, Xc 

Capacilive reactance is the opposition to sinusoidal current, expressed in ohms. The 
symbol for capacitive reactance is Xc- 

To develop a formula for Xc, we use the relationship i = C(dv/dt) and the curves in 
Figure 12-43. The rate of change of voltage is directly related to frequency. The faster the 
voltage changes, the higher the frequency. For example, you can see that in Figure 12-43 

A slope 

H si or 

A FIGURE 12-43  
The higher frequency waveform (A) has a greater slope at its zero crossings, corresponding to a higher 
rate of change. 
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the slope of sine wave A at the zero crossings is sleeper than that of sine wave B. The slope 
of a curve at a point indicates the rate of change at that point. Sine wave A has a higher fre- 
quency than sine wave B, as indicated by a greater maximum rate of change (dv/dt is 
greater at the zero crossings). 

When frequency increases, dv/dl increases, and thus i increases. When frequency de- 
creases, dv/di decreases, and thus / decreases. 

T t 
i = C(dvldl) and i = C(dv/dt) 

i i 

An increase in / means that there is less opposition to current (Xc is less), and a decrease 
in i means a greater opposition to current (Xc is greater). Therefore, Xc is inversely pro- 
portional to i and thus inversely proportional to frequency. 

Xc is inversely proportional to/, shown as —. 

From the same relationship i = C(dv/dl), you can see that if dv/dl is constant and C is var- 
ied, an increase in C produces an increase in i, and a decrease in C produces a decrease in /. 

T T 
i = C(dvldt) and i = Cfdv/dt) 

i i 

Again, an increase in i means less opposition (Xc is less), and a decrease in i means 
greater opposition (Xc is greater). Therefore, Xc is inversely proportional to i and thus in- 
versely proportional to capacitance. 

The capacitive reactance is inversely proportional to both/and C. 

Xc is inversely proportional to/C, shown as —. 
/f- 

Thus far, we have determined a proportional relationship between Xc and I IfC. Equation 
12-25 is the complete formula for calculating Xc- The derivation is given in Appendix B. 

Equation 12-25 Xc = 
2-irfC 

Capacitive reactance, Xc, is in ohms when/is in hertz and C is in farads. Notice that 2it 
appears in the denominator as a constant of proportionality. This term is derived from the 
relationship of a sine wave to rotational motion. 

EXAMPLE 12-17 A sinusoidal voltage is applied to a capacitor, as shown in Figure 12-44. The fre- 
quency of the sine wave is I kHz. Detennine the capacitive reactance. 

FIGURE 12-44 

0.0047 uF 

Solution Xc = 2irfC 27r(l x 103 Hz)(0.0047 x 10 6 F) 
= 33.9 kft 
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Related Problem Determine the frequency required to make the capacilive reactance in Figure 12-44 
equal to lOkfl. 

Use Multisim tile E12-17 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Reactance for Series Capacitors 

When capacitors are in series in an ac circuit, the total capacitance is smaller than the small- 
est individual capacitance. Because the total capacitance is smaller, the total capacitive reac- 
tance (opposition to current) must be larger than any individual capacitive reactance. With 
series capacitors, the total capacitive reactance is the sum of the individual reactances. 

Xcooi) = Xci + Xc2 + Xo + ■ • • + XCn 

Compare this formula with Equation 5-1 for finding the total resistance of scries resistors. 
In both cases, you simply add the individual oppositions. 

Equation 12-26 

Reactance for Parallel Capacitors 

In ac circuits with parallel capacitors, the total capacitance is the sum of the capacitances. 
Recall that the capacitive reactance is inversely proportional to the capacitance. Because the 
total parallel capacitance is larger than any individual capacitances, the total capacilive re- 
actance must be smaller than the reactance of any individual capacitor. With parallel capac- 
itors, the total reactance is found by 

XcOoi) — 
I 

I 
^ct 

I I 
XC2 XC3 

I 
XCn 

Compare this formula with Equation 6-2 for parallel resistors. As in the case of parallel re- 
sistors, the total opposition (resistance or reactance) is the reciprocal of the sum of the re- 
ciprocals of the individual oppositions. 

For two capacitors in parallel. Equation 12-27 can be reduced to the producl-ovcr-sum 
form. This is useful because, for most practical circuits, more than two capacitors in paral- 
lel is not common. 

xC(ioi) - 
XClXC2 

X, Cl X. C2 

Equation 12-27 

EXAMPLE 12-18 What is the total capacilive reactance of each circuit in Figure 12-45? 

v'l / = 5.0 kHz' 

-C, 
■ 0.01 //F 

-C> 
' 0-068 fip 

V, 
/ = 5.0 kHz 

.C, 
■ 0.01 ji/F 

. C; 
' 0.068 fiP 

la) (b) 

FIGURE 12-45 
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Soluiion The reactances of the individual capacitors arc the same in both circuits. 

y = ^    |  _ I X f J 1 
a 2it/C| 277(5.0 kHz)(0.01/xF) ' 

^ ^   !   
'2 l-nfCi 277(5.0 kHz|(0.068 /xF) 

The Series Circuit: For the capacitors in series in Figure 12-45 (a), the total reactance 
is the sum of XCI and X^, as given in Equation 12-26. 

Xcvoi) = xCi + XC2 = 3.18 kSi + 468 SI = 3.65 kft 
Alternatively, you can obtain the total series reactance by first finding the total 

capacitance using Equation 12-10. Then calculate the total reactance. 

C|C2 (0.01 /xF)(0.068 /xF)    
C| + C2 0.01 /xF + 0.068/xF ^ 

Xo""> = 277/C„„ = 277(5.0 kH/)(0.(HI87 /xF) = 365 kft 

The Parallel Circuit: For the capacitors in parallel in Figure l2-45(b), determine the 
total reactance from the product-over-sum rule using Xc\ and X(2. 

xC\xCl (3.l8kSi)(468 SI) 
Vc(w0 xc\ + XC2 3.18 kSi + 468 SI 

= 408 Si 

Iteluicd Problem Determine the total parallel capacilive reactance by first finding the total parallel 
capacitance. 

FIGURE 12-46 

Ohm's Law The reactance of a capacitor is analogous to the resistance of a resistor. In 
fact, both arc expressed in ohms. Since both R and X^ arc forms of opposition to current. 
Ohm's law applies to capacilive circuits as well as to resistive circuits; and it is staled as 
follows for Figure 12^t6: 

I = Xl 
Xr 

When applying Ohm's law in ac circuits, you must express both the current and the volt- 
age in the same way, that is, both in rms, both in peak, and so on. 

EXAMPLE 12-19 Determine the rms current in Figure 12-47. 

Vnii, = 5 v 
/= 10 kHz : 0.0056 fit 

FIGURE 12-47 
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Solution First, determine the capaeilivc reactance. 

Related Problem 

Xc = =   '  — = 2.84 kf! 2t/C 27t( I0 X 10 Hz)(0.0056 x I0~6F) 

Then apply Ohm's law. 
V s V , 'rms 4 'rms =   =  — = 1.76 mA Xc 2.84 k-n 

Change the frequency in Figure 12-47 to 25 kHz and determine the rms current. 

Use Multisim file El2-19 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Capacitive Voltage Divider 

In ac circuits, capacitors can be used in applications that require a voltage divider. (Some 
oscillator circuits use this method to tap off a fraction of the output.) The voltage across a 
series capacitor was given as Equation 12-12, which is repeated here (VT = F,). 

A resistive voltage divider is expressed in terms of a resistance ratio, which is a ratio of 
oppositions. You can think of the capacitive voltage divider by applying this idea from a re- 
sistive divider, but using reactance in place of resistance. The equation for the voltage 
across a capacitor in a capacitive voltage divider can be written as 

Fr = Xr 
XciwdJ 

where Xqx is 'he reactance of capacitor C„ Xcuod is the total capacitive reactance, and Vx 
is the voltage across capacitor C,. Either Equation 12-12 or Equation 12-28 can be used to 
find the voltage from a divider, as illustrated in Example 12-20. 

Equation 12-28 

EXAMPLE 12-20 What is the voltage across Ct in the circuit of Figure 12-48? 

FIGURE 12-48 

0.01 UF 
t ; 'x. 

r = 5.0 kHz C2 
0.068 

Soli. The reactance of the individual capacitors and the total reactance were determined in 
Example 12-18. Substituting into Equation 12-28. 

F2 = = (-^MlOV = 1.28 V 
" VXcW V3.65 k!! / 
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Notice thai the voltage across the larger capacitor is the smaller fraction of the total. 
You can obtain the same result from Equation 12-12. 

V? = f*)ys = 
0.0087 fiF\ 

llOV = 1.28V 
,C2/ 'J V 0.068/tF 

Related Problem Use Equation 12-28 to determine the voltage across C|. 

Power in a Capacitor 

As discussed earlier in this chapter, a charged capacitor stores energy in the electric field 
within the dielectric. An ideal capacitor docs not dissipate energy; it only stores it tem- 
porarily. When an ac voltage is applied to a capacitor, energy is stored by the capacitor dur- 
ing a portion of the voltage cycle; then the stored energy is returned to the source during 
another portion of the cycle. There is no net energy loss. Figure 12-49 shows the power 
curve that results from one cycle of capacitor voltage and current. 

Power cur\e 
P = VI 

v' = 0 = 0 
n = vi = 0 n = vj = 0 

V = 0 X = 0 v = 0 
p = vi = 0 p = vi = 0 p - vi - 0 

FIGURE 12-49 
Power curve. 

Instantaneous Power (p) The product of v and i gives instantaneous power. At points 
where v or i is zero, p is also zero. When both v and i are positive, p is also positive. When 
cither v or i is positive and the other is negative, p is negative. When both v and i arc nega- 
tive, p is positive. As you can see, the power follows a sinusoidal-shaped curve. Positive 
values of power indicate that energy is stored by the capacitor. Negative values of power in- 
dicate that energy is returned from the capacitor to the source. Note that the power fluctu- 
ates at a frequency twice that of the voltage or current as energy is alternately stored and 
returned to the source. 

True Power (P,we) Ideally, all of the energy stored by a capacitor during the positive 
portion of the power cycle is returned to the source during the negative portion. No net en- 
ergy is lost due to conversion to heat in the capacitor, so the true power is zero. Actually, 
because of leakage and foil resistance in a practical capacitor, a small percentage of the to- 
tal power is dissipated in the form of true power. 
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Reactive Power (Pr) The rate at which a capacitor stores or returns energy is called its 
reactive power. The reactive power is a nonzero quantity, because at any instant in time, 
the capacitor is actually taking energy from the source or returning energy to it. Reactive 
power does not represent an energy loss. The following formulas apply: 

P = V I ' r r rms'rms 

Pr = 
v- 

Pr = /rmsXc 

Notice that these equations are of the same form as those introduced in Chapter 4 for power 
in a resistor. The voltage and current are expressed in rms. The unit of reactive power is 
VAR (volt-ampere reactive). 

Equation 12-29 

Equation 12-BO 

Equation 12-31 

EXAMPLE 12-21 Determine the true power and the reactive power in Figure 12-50. 

FIGURE 12-50 

: v f = 2 kHz 
. c 
■ 0.01IIV 

Solution The true power, Plrue, is always zero for an ideal capacitor. The reactive power is 
determined by first finding the value for the capacitive reactance and then using 
Equation 12-30. 

Xr = 

Pr = 

1 1 
2TT/C 2it(2 X I03HZ)(0.0I X 10 6 F) 

= 7.96 k!i 

y- ' mis 
Xc 7.96 kfi 

<2 V)2 . 
= 503 X 10 VAR = 503/tVAR 

Rfhileil Problrm If the frequency is doubled in Figure 12-50, what are the true power and the reactive 
power.' 

SECTION 12-6 
CHECKUP 

1. State the phase relationship between current and voltage in a capacitor. 
2. Calculate Xc for/ = 5 kHz and C = 50 pF. 
3. At what frequency is the reactance of a 0.1 pf capacitor equal to 2 kfi ? 
4. Calculate the cms current in Figure 12-51. 
5. A 1 pf capacitor is connected to an ac voltage source of 12 V rms. What is the true power? 
6. In Question 5, determine the reactive power at a frequency of 500 Hz. 

FIGURE 12-51 

V[ms = 1 V 
/= 1 MHz : 0.1 AI F 
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12-7 Capacitor Applications  

Capacitors arc widely used in many electrical and electronic applications. 

After completing this section, you should be able to 

♦ Discuss some capacitor applications 

♦ Describe a power supply filter 

♦ Explain the purpose of coupling and bypass capacitors 

♦ Discuss the basics of capacitors applied to tuned circuits, liming circuits, and 
computer memories 

If you pick up any circuit board, open any power supply, or look inside any piece of 
electronic equipment, chances are you will find capacitors of one type or another. These 
components are used for a variety of reasons in both dc and ac applications. 

Electrical Storage 

One of the most basic applications of a capacitor is as a backup voltage source for low- 
power circuits such as certain types of semiconductor memories in computers. This partic- 
ular application requires a very high capacitance value and negligible leakage. 

The storage capacitor is connected between the dc power supply input to the circuit and 
ground. When the circuit is operating from its normal power supply, the capacitor remains 
fully charged to the dc power supply voltage. If the normal power source is disrupted, 
effectively removing the power supply from the circuit, the storage capacitor temporarily 
becomes the power source for the circuit. 

A capacitor provides voltage and current to a circuit as long as its charge remains suffi- 
cient, As current is drawn by the circuit, charge is removed from the capacitor and the volt- 
age decreases. For this reason, the storage capacitor can only be used as a temporary power 
source. The length of time that a capacitor can provide sufficient power to the circuit depends 
on the capacitance and the amount of current drawn by the circuit. The smaller the current and 
the higher the capacitance, the longer the lime a capacitor can provide power to a circuit. 

Power Supply Filtering 

A basic dc power supply consists of a circuit known as a rectifier followed by a filter. The 
rectifier converts the 120 V. 60 Hz sinusoidal voltage available at a standard outlet to a pul- 
sating dc voltage that can be either a half-wave rectified voltage or a full-wave rectified volt- 
age, depending on the type of rectifier circuit. As shown in Figure l2-52(a). a half-wave 
rectifier removes each negative half-cycle of the sinusoidal voltage. As shown in Figure 
l2-52(b), a full-wave rectifier actually reverses the polarity of the negative portion of each 
cycle. Both half-wave and full-wave rectified voltages are dc because, even though they are 
changing, they do not alternate polarity. 

To be useful for powering electronic circuits, the rectified voltage must be changed to 
constant dc voltage because all circuits require constant power. The filter nearly eliminates 
the fluctuations in the rectified voltage and ideally provides a smooth constant-value dc 
voltage to the load that is the electronic circuit, as indicated in Figure 12-53. 

The Capacitor as a Power Supply Filter Capacitors are used as filters in dc power sup- 
plies because of their ability to store electrical charge. Figure l2-54(a) shows a dc power 
supply with a full-wave rectifier and a capacitor filter. The operation can be described from 
a charging and discharging point of view as follows. Assume the capacitor is initially un- 
charged. When the power supply is first turned on and the first cycle of the rectified voltage 
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ov 

120 V mis, 601 Iz ac voltage 
from power outlet 
(a) 

0V 

120 V rms, 60 Hz ac voltage 
from power outlet 
lb) 

Half-wave 
rectifier 

0V 

FIGURE 12-52 

60 H/. half-wave rectified dc voltage 

Full-wave 
rectifier 

0V 

Half-wave and full-wave rectifier 
operation. 

a 120 Hz full-wave rectified dc voltage 

0 V 
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FIGURE 12-54 
Basic operation of a power supply filter capacitor. 
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occurs, the capacitor will quickly charge through the low forward resistance of the rectifier. 
The capacitor voltage will follow the rectified voltage curve up to the peak of the rectified 
voltage. As the rectified voltage passes the peak and begins to decrease, the capacitor will 
begin to discharge very slowly through the high resistance of the load circuit, as indicated in 
Figure l2-54(b). The amount of discharge is typically very small and is exaggerated in the 
figure for purposes of illustration. The next cycle of the rectified voltage will recharge the ca- 
pacitor back to the peak value by replenishing the small amount of charge lost since the pre- 
vious peak. This pattern of a small amount of charging and discharging continues as long as 
the power is on. 

A rectifier is designed so that it allows current only in the direction to charge the capac- 
itor. The capacitor will not discharge back through the rectifier but will only discharge a 
small amount through the relatively high resistance of the load. The small fluctuation in 
voltage due to the charging and discharging of the capacitor is called the ripple voltage. A 
good dc power supply has a very small amount of ripple on its dc output. The discharge 
time constant of a power supply filter capacitor depends on its capacitance and the resist- 
ance of the load; consequently, the higher the capacitance value, the longer the discharge 
lime and therefore, the smaller the ripple voltage. 

DC Blocking and AC Coupling 

Capacitors are commonly used to block the constant dc voltage in one part of a circuit from 
getting to another part. As an example of this, a capacitor is connected between two stages 
of an amplifier to prevent the dc voltage at the output of stage 1 from affecting the dc volt- 
age at the input of stage 2, as illustrated in Figure 12-55. Assume that, for proper opera- 
tion, the output of stage I has a zero dc voltage and the input to stage 2 has a 3 V dc voltage. 
The capacitor prevents the 3 V dc at stage 2 from getting to the stage 1 output and affect- 
ing its zero value, and vice versa. 

FIGURE 12-55 
An application of a capacitor to 
block dc and couple ac in an 
amplifier. 
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If a sinusoidal signal voltage is applied to the input to stage 1. the signal voltage is in- 
creased (amplified) and appears on the oupul of stage I, as shown in Figure 12-55. The am- 
plified signal voltage is then coupled through the capacitor to the input of stage 2 where it 
is superimposed on the 3 V dc level and then again amplified by stage 2. In order for the 
signal voltage to be passed through the capacitor without being reduced, the capacitor must 
be large enough so that its reactance at the frequency of the signal voltage is negligible. In 
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this type of application, the capacitor is known as a coupling capacitor, which ideally ap- 
pears as an open to dc and as a short to ac. As the signal frequency is reduced, the capaci- 
tive reactance increases and. at some point, the capacitive reactance becomes large enough 
to cause a significant reduction in ac voltage between stage I and stage 2. 

Power Line Decoupling 

Capacitors connected from the dc supply voltage line to ground arc used on circuit boards 
to decouple unwanted voltage transients or spikes that occur on the dc supply voltage be- 
cause of fast switching digital circuits. A voltage transient contains high frequencies that 
may affect the operation of the circuits. These transients are shorted to ground through the 
very low reactance of the decoupling capacitors. Several decoupling capacitors are often 
used at various points along the supply voltage line on a circuit board. 

Bypassing 

Another capacitor application is to bypass an ac voltage around a resistor in a circuit with- 
out affecting the dc voltage across the resistor. In amplifier circuits, for example, dc volt- 
ages called bias voltages are required at various points. For the amplifier to operate 
properly, certain bias voltages must remain constant and, therefore, any ac voltages must be 
removed. A sufficiently large capacitor connected from a bias point to ground provides a 
low reactance path to ground for ac voltages, leaving the constant dc bias voltage at the 
given point. At lower frequencies, the bypass capacitor becomes less effective because of 
its increased reactance. This bypass application is illustrated in Figure 12-56. 
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FIGURE 12-56 
Example of the operation of a bypass capacitor. Point A is at ac ground due to the low reactance path 
through the capacitor. 

Signal Filters 

Capacitors arc essential to the operation of a class of circuits called fillers that arc used for 
selecting one ac signal with a certain specified frequency from a wide range of signals with 
many different frequencies or for selecting a certain band of frequencies and eliminating all 
others. A common example of this application is in radio and television receivers where it 
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is necessary to select the signal transmitted from a given station and eliminate or fdler out 
the signals transmitted from all the other stations in the area. 

When you tune your radio or TV, you are actually changing the capacitance in the tuner 
circuit (which is a type of filter) so that only the signal from the station or channel you want 
passes through to the receiver circuitry. Capacitors are used in conjunction with resistors, 
inductors (covered in the next chapter), and other components in these types of filters. The 
topic of filters will be covered in Chapter 18. 

The main characteristic of a filter is its frequency selectivity, which is based on the fact 
that the reactance of a capacitor depends on frequency (X(- = l/lirfC). 

Timing Circuits 

Another important area in which capacitors are used is in timing circuits that generate spec- 
ified lime delays or produce waveforms with specific characteristics. Recall that the time 
constant of a circuit with resistance and capacitance can be controlled by selecting appro- 
priate values for R and C. The charging time of a capacitor can be used as a basic time de- 
lay in various types of circuits. An example is the circuit that controls the turn indicators on 
your car where the light flashes on and off at regular intervals. 

Computer Memories 

Dynamic memories in computers use very tiny capacitors as the basic storage element for bi- 
nary information, which consists of two binary digits, 1 and 0. A charged capacitor can rep- 
resent a stored I and a discharged capacitor can represent a stored 0. Patterns of I s and 0s that 
make up binary data are stored in a memory that consists of an array of capacitors with asso- 
ciated circuitry. You will study this topic in a computer or digital fundamentals course. 

SECTION 12-7 1. Explain how half-wave or full-wave rectified dc voltages are smoothed out by a filter 
CHECKUP capacitor. 

2. Explain the purpose of a coupling capacitor. 
3. How large must a coupling capacitor be? 
4. Explain the purpose of a decoupling capacitor. 
5. Discuss how the relationship of frequency and capacitive reactance is important in 

frequency-selective circuits such as signal fillers. 
6. What characteristic of a capacitor is most important in time-delay applications? 

^ 12-8 Switched-Capacitor Circuits  

Another important application of capacitors is in programmable analog arrays, which 
arc implemented in integrated circuit (IC) form. Swilchcd-capacitors arc used to im- 
plement various types of programmable analog circuits in which capacitors lake the 
place of resistors. Capacitors can be implemented on an IC chip more easily than a re- 
sistor can, and they offer other advantages such as zero power dissipation. When a re- 
sistance is required in a circuit, the switched capacitor can be made to emulate a 
resistor. Using swilched-capacitor emulation, resistor values can be readily changed by 
reprogramming and accurate and stable resistance values can be achieved. 

After completing this section, you should be able to 

♦ Describe the basic operation of switched-capacitor circuits 

• Explain how swilched-capacitor circuits emulate resistors 
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Recall that current is defined in terms of charge Q and time I as 

/ = £ 
l 

This formula states that current is the rate at which charge flows through a circuit. Also re- 
call that the basic definition of charge in terms of capacitance and voltage is 

Q = CV 

Substituting CV for Q. the current can be expressed as 

CV 
/ = 

i 

Basic Operation 

A general model of a switchcd-capacitor circuit is shown in Figure 12-57. It consists of a 
capacitor, two arbitrary voltage sources (V| and V2), and a two-pole switch. In actual cir- 
cuits, the switch is implemented with transistors. Let's examine this circuit for a specified 
period of lime, T. which is then repeated. Assume that V| and V2 are constant during the 
time period T. Of particular interest is the average current l\ from the source V| during the 
period of time, T. 

0 7/2 r 1 Switch 
| position 1 Position 1 Position 1 | 

connected 

Switch 
position 2 Position 2 

0 772 connected T 
(a) 

FIGURE 12-57 

(b) 

Basic operation of a switchcd-capacitor circuit. The voltage source symbol represents a time-varying 
symbol. 

During the first half of the time period T, the switch is in position 1, as indicated in 
Figure 12-57. Therefore, there is a current l\ due to V| that is charging the capacitor dur- 
ing the interval from / = 0 to / = 7/2. During the second half of the time period, the switch 
is in position 2, as indicated, and there is no current from V,; therefore, the average current 
from the source V| over the time period /"is 

_ Qum) ~ Quo) 
'l(avg) — j 

Q1(0) is the charge at 1 = 0 and Q 1(772) is the charge at I = 772. So, Qut/2) ~ Qm 'S the 
net charge transferred while the switch is in position 1. 

The capacitor voltage at 7/2 is equal to V,, and the capacitor voltage at 0 or 7 is equal to 
V2. Using the formula (I = CV and substituting into the previous equation, you obtain 

l(avg| 
CV|(7/2) - CV2(o) C(V|(7y2) - V2(0)) 

7 7 

Since V| and V2 are assumed to be constant during 7, the average current can be ex- 
pressed as 

't(avg) 
C(V| - V;) 

7 
Equation 12-32 



528 ♦ Capacitors 

FIGURE 12-58 
Resistive circuit. wv 

o o 

Figure 12-58 shows an equivalent circuit with a resistor instead of the capacitor and switches. 
Applying Ohm's law to the resistive circuit, the current is 

/i = 
- ^2 
R 

Setting /|(avg) in the switched-capacitor circuit equal to current in the resistive circuit, you have 

C(V| - VSI V| - V2 

T R 

Canceling the V'i — Vi terms and solving for R gives the equivalent resistance. 

Equation 12-33 u = — 
C 

This important result shows that a switched-capacitor circuit can emulate a resistor with a 
value determined by the lime Tand the capacitance C. Remember that the switch is in each 
position for one-half of the time period 7" and that 7" can be varied by varying the frequency 
at which the switches are operated. In a programmable analog device, the switching fre- 
quency is a programmable parameter for each emulated resistor and can be set to achieve a 
precise resistor value. Since T = 1//, the resistance in terms of frequency is 

Equation 12-34 p = — 
fC 

EXAMPLE 12-22 The input resistor, R. of an amplifier circuit is to be replaced with a switched-capacitor 
circuit. Assume that the switched capacitor value is 1000 pF. You want the switched- 
capacitor to emulate a 10 left resistor. Determine the frequency at which the capacitor 
must be switched. 

Solution Using the formula R = I'/C, 

T = RC = (lOkftKIOOOpF) = I0#rs 

This means that the switch must be operated at a frequency of 

I _ I 
' ~ r _ io ms 

= 100 kHz 

The duly cycle is 50% so that the switch is in each position half of the period. 

Iteliilfd I'mhlem At what frequency must the lOOOpF capacitor be switched to emulate a 5.6 k!! resistor? 

SECTION 12-8 
CHECKUP 

1. I low does a switched capacitor emulate a resistor? 
2. What factors determine the resistance value that a given switched-capacitor circuit can 

emulate? 
3. In a practical implementation, what devices are used for switches? 
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Application Activity 

Capacitors are used in certain types of 
amplifiers to couple the ac signal 
while blocking the dc voltage. Capaci- 
tors arc used in many other applica- 

tions, but in this application, you will focus on the coupling 
capacitors in an amplifier circuit. This topic was introduced in 
Section 12-7. A knowledge of amplifier circuits is not necessary 
for this assignment. 

All amplifier circuits contain transistors that require dc volt- 
ages to establish proper operating conditions for amplifying ac 
signals. These dc voltages are referred to as bias voltages. As in- 
dicated in Figure l2-59(a), a common type of dc bias circuit 
used in amplifiers is the voltage divider formed by R\ and 
which sets up the proper dc voltage at the input to the amplifier. 

When an ac signal voltage is applied to the amplifier, the in- 
put coupling capacitor. Cj, prevents the internal resistance of the 
ac source from changing the dc bias voltage. Without the capaci- 
tor. the internal source resistance would appear in parallel with 
R2 and drastically change the value of the dc voltage. 

The coupling capacitance is chosen so that its reactance (X^) 
at the frequency of the ac signal is very small compared to the 
bias resistor values. The coupling capacitance therefore effi- 
ciently couples the ac signal from the source to the input of the 
amplifier. On the source side of the input coupling capacitor 
there is only ac but on the amplifier side there is ac plus dc (the 
signal voltage is riding on the dc bias voltage set by the voltage 
divider), as indicated in Figure 12-59(a). Capacitor C2 is the 

output coupling capacitor, which couples the amplified ac signal 
to another amplifier stage that would be connected to the output. 

You will check three amplifier boards like the one in Figure 
l2-59(b) for the proper input voltages using an oscilloscope. If 
the voltages are incorrect, you will determine the most likely 
fault. For all measurements, assume the amplifier has no dc 
loading effect on the voltage-divider bias circuit. 

The Printed Circuit Board and the Schematic 
1. Check the printed circuit board in Figure l2-59(b) to make 

sure it agrees with the amplifier schematic in part (a). 

Testing Board 1 
The oscilloscope probe is connected from channel 1 to the board 
as shown in Figure 12-60. The input signal from a sinusoidal 
voltage source is connected to the board and set to a frequency 
of 5 kHz with an amplitude of I V rms. 

2. Determine if the voltage and frequency displayed on the 
scope arc correct. If the scope measurement is incorrect, 
specify the most likely fault in the circuit. 

Testing Board 2 
The oscilloscope probe is connected from channel 1 to board 2 
the same as was shown in Figure 12-60 for board I. The input 
signal from the sinusoidal voltage source is the same as it was 
for board 1. 

AC signal plus 
+24 V dc ^ 'evclal l'iis point 
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m iookn >-« 

Owpiil 
10//F 

I0//F Tr.insistor 
symbol 27 kl! >•«, K, 

2.7 k!l 

mom 

Only ac input 
signal at this point 

AC source 

(a) Amplifier schematic 

FIGURE 12-59 

DC voltage-divider 
bias circuit 

(b) Amplifier board 

A capacitively coupled amplifier. 
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FIGURE 12-60 
Testing board 1. 

3. Determine if the scope display in Figure 12-61 is correct. If 
the scope measurement is incorrect, specify the most likely 
fault in the circuit. 

Testing Board 3 
The oscilloscope probe is connected from channel I to board 3 
the same as was shown in Figure 12-60 for board I. The 
input signal from the sinusoidal voltage source is the same 
as before. 

4. Determine if the scope display in Figure 12-62 is correct, if 
the scope measurement is incorrect, specify the most likely 
fault in the circuit. 

Note: Ground reference has been 
established as indicated by 0 V. 

FIGURE 12-61 
Testing board 2. 
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Review 

ov 

5. Explain why Che input coupling capacitor is necessary when 
connecting an ac source to the amplifier. 

6. Capacitor Ci in Figure 12-59 is an output coupling capaci- 
tor. Generally, what would you expect to measure at the 
point in the circuit labelled C and at the output of the circuit 
when an ac input signal is applied to the amplifier? 

Note: Ground reference has been 
established as indicated by 0 V. 

FIGURE 12-62 
Testing board 3. 

SUMMARY 

♦ A capacitor is composed of two parallel conducling plates separated by an insulating material 
called the dielectric. 

♦ Energy is stored by a capacitor in the electric field between the plates. 
♦ One farad is the amount of capacitance when one coulomb of charge is stored with one volt across 

the plates, 
♦ Capacitance is directly proportional to the plate area and inversely proportional to the plate separation. 
♦ The dielectric constant is an indication of the ability of a material to establish an electric field. 
♦ The dielectric strength is one factor that determines the breakdown voltage of a capacitor, 
♦ A capacitor blocks constant dc. 
♦ The time constant for a series KC circuit is the resistance times the capacitance. 
♦ In an RC circuit, the voltage and current in a charging or discharging capacitor make a 63% change 

during each time-constant interval. 
♦ Five lime constants arc required for a capacitor to charge fully or to discharge fully. This is called 

the transient lime, 
♦ Charging and discharging follow exponential curves. 
♦ Total series capacitance is less than that of the smallest capacitor in series. 
♦ Capacitance adds in parallel. 
♦ Current leads voltage by 90° in a capacitor. 
♦ Capacitive reactance, Xf . is inversely proportional to frequency and capacitance. 
♦ The total capacitive reactance of series capacitors is the sum of the individual reactances. 
♦ The total capacitive reactance of parallel capacitors is the reciprocal of the sum of the reciprocals 

of the individual reactances. 
♦ The true power in a capacitor is zero; thai is. no energy is lost in an ideal capacitor due to conver- 

sion to heal. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Capacitive reactance The opposition of a capacitor to sinusoidal current. The unit is the ohm. 
Capacitor An electrical device consisting of two conductive plates separated by an insulating 
material and possessing the property of capacitance. 
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Dielectric The insulating material between the plates of a capacitor. 
Farad (F) The unit of capacitance. 
Instantaneous power {p) The value of power in a circuit at any given instant of time. 
RC time constant A fixed time interval set by R and C values that determines the time response of 
a series RC circuit. It equals the product of the resistance and the capacitance. 
Reactive power {Pr) The rale at which energy is alternately stored and returned to the source by a 
capacitor. The unit is the VAR. 
Ripple voltage The small fluctuation in voltage due to the charging and discharging of a capacitor. 
True power {Ptruc) The power that is dissipated in a circuit, usually in the form of heat. 
VAR (volt-ampere reactive ) The unit of reactive power. 

FORMULAS 

12-1 c = - 

12-2 Q = CV 

12-3 V = - 

12-4 W = — CV 

12-5 e. = — 
Fo 

12-4) C = 
Afir(8.85 X 10 _ 12 F/m) 

12-9 C'r = 
1 1 

(>) = ■■ • = Qn 
1 1 —— + • ' * "h 77" Ci C„ 

1 
1 1 — + • 

C> " + C„ 

12-10 C , = 
C,C2 

C| + Cj 

12-11 CV = - 

.2-.2 V, = (g|VT 

12-13 Qt = Qi + Q2 + Q) + ■ ■ ■ + Q,, 
12-14 CT = C| + C2 + C, + • ■ • + Cn 

12-15 CT = nC 

12-16 r = RC 
12-17 v = Vr + (I',- - Vr)e~"T 

12-18 i = IF + (h, - lF)e 

12-20 v = Vje' 

-Ih 

Capacitance in terms of charge and voltage 

Charge in terms of capacitance and voltage 

Voltage in terms of charge and capacitance 

Energy stored by a capacitor 

Dielectric constant (relative permittivity) 

Capacitance in terms of physical parameters 

Total charge of series capacitors (general) 

Reciprocal of total series capacitance 
(general) 

Total series capacitance (general) 

Total capacitance of two capacitors in 
series 

Total capacitance of equal-value 
capacitors in series 

Capacitor voltage for capacitors in series 

Total charge of parallel capacitors (general) 
Total parallel capacitance (general) 
Total capacitance of equal-value capaci- 
tors in parallel 
Time constant 
Exponential voltage (general) 
Exponential current (general) 
Increasing exponential voltage begin- 
ning at zero 
Decreasing exponential voltage ending 
at zero 
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Time on decreasing exponenlial (V/.- = 0) 

Time on increasing exponenlial (V,- = 0) 

Instantaneous current using charge 
derivative 

Instantaneous capacitor current using 
voltage derivative 

Capacitive reactance 

Total scries reactance 

Total parallel reactance 

Capacitive voltage divider 

Reactive power in a capacitor 

Reactive power in a capacitor 

Reactive power in a capacitor 

Switched-capacitor average current 

Switched-capacitor ecjuivalent resistance 

Switched-capacitor equivalent resistance 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The area of the plates of a capacitor is proportional to the capacitance, 
2. A capacitance of 1200 pF is the same as 1.2 /xF. 
3. When two capacitors are in series with a voltage source, the smaller capacitor will have the 

larger voltage. 
4. When two capacitors arc in parallel with a voltage source, the smaller capacitor will have the 

larger voltage. 
5. A capacitor appears as an open to a constant dc. 
6. When a capacitor is charging or discharging between two levels, the charge on the capacitor 

changes by 63% of the difference in one lime constant. 
7. Capacitive reactance is proportional to the applied frequency. 
8. The total reactance of series capacitors is the product-over-sum of the individual reactances. 
9. Voltage leads current in a capacitor. 

10. The unit of reactive power is the VAR. 

SELF-TEST Answers are at the end of the chapter. 

1. Which of the following accurately describes a capacitor:? 
(a) The plates are conductive. 
(b) The dielectric is an insulator between the plates. 

12-21 t = —KC Inl — 

12-22 / = -RCIn^l - — 

dq 
12-23 i = — dt 

12-24 , = cff 

1 12-25 Xc = . „ iTTfC 
12-26 Xcua) = XC\ + XC2 + Xo + • ■ ■ + A'cn 

1 12-27 X, cm - I 1 1 I 
An XC2 x(3 xCn 

.2-28 V. = (^-V 
\Acm' 

12-29 r, = Vrms/m,s 

,2-30 l'r = ^ 
Ac 

12-31 P, = /LsAc 
C(V| - V2) 12-32 /|(avg) -     

12-33 K = 7- 

12-34 R = — 
fC 
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(c) There is constant direct current (dc) through a fully charged capacitor. 
(d) A practical capacitor stores charge indefinitely when disconnected from the source. 
(e) none of the above answers 
(f) all of the above answers 
(g) only answers (a) and (b) 

2. Which one of the following statements is true? 
(a) There is current through the dielectric of a charging capacitor. 
(b) When a capacitor is connected to a dc voltage source, it will charge to the value of the 

source. 
(c) An ideal capacitor can be discharged by disconnecting it from the voltage source. 

3. A capacitance of 0.01 mF is larger than 
(a) 0.00001 F (b) 100,000 pF (c) lOOOpF (d) all of these answers 

4. A capacitance of 1000 pF is smaller than 
(a) 0.01 mF (b) 0.001 ^F (c) 0.00000001 F (d) both (a) and (c) 

5. When the voltage across a capacitor is increased, the stored charge 
(a) increases (b) decreases (c) remains constant (d) fluctuates 

6. When the voltage across a capacitor is doubled, the stored charge 
(a) slays the same (b) is halved (c) increases by four (d) doubles 

7. The voltage rating of a capacitor is increased by 
(a) increasing the plate separation (b) decreasing the plate separation 
(c) increasing the plate area (d) answers (b) and (c) 

8. The capacitance value is increased by 
(a) decreasing the plate area (b) increasing the plate separation 
(c) decreasing the plate separation (d) increasing the plate area 
(e) answers (a) and (b) (f) answers (c) and (d) 

9. A I /xF. a 2.2 /xF. and a 0.047 /xF capacitor are connected in series. The total capacitance is 
less than 
(a) 1/xF (b) 2.2/xF (c) 0.047/xF (d) 0.001/xF 

10. Four 0.022 /xF capacitors are in parallel. The total capacitance is 
(a) 0.022/xF (b) 0.088/xF (c)0.0ll/xF (d) 0.044/xF 

11. An uncharged capacitor and a resistor are connected in series with a switch and a 12 V battery. 
At the instant the switch is closed, the voltage across the capacitor is 
(a) 12 V (b) 6 V (c) 24 V (d)0V 

12. In Question 11, the voltage across the capacitor when it is fully charged is 
(a) 12 V (b) 6 V (c) 24 V (d) -6V 

13. In Question 11, the capacitor will reach full charge in a time equal to approximately 
(a) RC (b) 5RC (c) \2RC (d) cannot be predicted 

14. A sinusoidal voltage is applied across a capacitor. When the frequency of the voltage is 
increased, the current 
(a) increases (b) decreases (c) remains constant (d) ceases 

15. A capacitor and a resistor are connected in series to a sine wave generator. The frequency is set 
so that the capacitive reactance is equal to the resistance and. thus, an equal amount of voltage 
appears across each component. If the frequency is decreased. 
(a) VR > Vc (b) Vc > V« (c) Vr = Vc 

16. Two equal-value capacitors are connected in series. At any frequency, the total reactance is 
(a) one-half the reactance of each capacitor 
(b) equal to the reactance of each capacitor 
(c) twice the reactance of each capacitor 
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17. Switched-capacitor circuits are used to 
(a) increase capacitance (b) emulate inductance 
(c) emulate resistance (d) generate sine wave voltages 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 12-70. 
t. Tf the capacitors are initially uncharged and the switch is thrown to the closed position, the 

charge on C| 
(a) increases (b) decreases (c) stays the same 

2. If C4 is shorted with the switch closed, the charge on C\ 
(a) increases (b) decreases (c) slays the same 

3. If the switch is closed and Ci fails to open, the charge on Cj 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 12-71. 
4. Assume the switch is closed and C is allowed to fully charge. When the sw itch is opened, the 

voltage across C 
(a) increases (b) decreases (c) slays the same 

5. If C has failed open when (he switch is closed, the voltage across C 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 12-74. 
6. If the switch is closed allowing the capacitor to charge and then the switch is opened, the volt- 

age across the capacitor 
(a) increases (b) decreases (c) slays the same 

7. If Rj opens, the lime it lakes the capacitor to fully charge 
(a) increases (b) decreases (c) slays the same 

8. If fta opens, the maximum voltage to which the capacitor can charge 
(a) increases (b) decreases (c) slays the same 

9. If t's is reduced, the lime required for the capacitor to fully change 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 12-771 b). 
10. If the frequency of the ac source is increased, the total current 

(a) increases (b) decreases (c) stays the same 
11. If C| opens, the current through C2 

(a) increases (b) decreases (c) stays the same 
12. If the value of C2 is changed to I /.d;. the current through it 

(a) increases (b) decreases (c) stays the same 

More difficult problems arc indicated by an asterisk f). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 12-1 The Basic Capacitor 
1. (a) Find the capacitance when Q - 50nC and V = 10 V, 

(b) Find the charge when C = 0.001 jitF and V = I kV. 
(c) Find the voltage when Q = 2 mC and C = 200 |U.F. 
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2. Convert the following values from microfarads to picofarads: 
(a) 0.1 /xF (b) 0.0025/xF (c) 4.7/tF 

3. Convert the following values from picofarads to microfarads; 
(a) lOOOpF (b) 3500 pF (c) 250 pF 

4. Convert the following values from farads to microfarads: 
(a) 0.0000001 F (b) 0.0022 F (c) 0.0000000015 F 

5. How much energy is stored in a 1000 /xF capacitor that is charged to 500 V? 
6. What size capacitor is capable of storing 10 mJ of energy with KM) V across its plates? 
7. Calculate the absolute permittivity, e, for each of the following materials. Refer to Table 12-3 

for Br values. 
(a) air (b) oil (c) glass (d) Teflon® 

8. A mica capacitor has square plates that are 3.8 cm on a side and separated by 2.5 mils. What is 
the capacitance? 

9. An air capacitor has a total plate area of 0.05 m2. The plates arc separated by 4.5 X lO-4 m. 
Calculate the capacitance. 

*10. A student wants to construct a I F capacitor out of two square plates for a science fair project. 
He plans to use a paper dielectric (er = 2.5) that is 8 X 10~" m thick. The science fair is to be 
held in the Astrodome. Will his capacitor fit in the Astrodome? What would be the size of the 
plates if it could be constructed? 

11. A student decides to construct a capacitor using two conducting plates 30 cm on a side. He sep- 
arates the plates with a paper dielectric (er = 2.5) that is 8 X lO-** m thick. What is the capaci- 
tance of his capacitor? 

12. At ambient temperature (250C), a certain capacitor is specified to be 1000 pF. It has a negative 
temperature coefficient of 200 ppm/0C. What is its capacitance at 75:C? 

13. A 0.001 /xF capacitor has a positive temperature coefficient of 500 ppm/0C. How much change 
in capacitance will a 250C increase in temperature cause? 

SECTION 12-2 Types of Capacitors 
14. In the construction of a stacked-foil mica capacitor, how is the plate area increased? 
15. Of mica or ceramic, which type of capacitor has the highest dielectric constant? 
16. Show how to connect an electrolytic capacitor across Rj between points A and B in Figure 12-63. 

FIGURE 12-63 
Wv 

17. Name two types of electrolytic capacitors. How do eleclrolytics differ from other capacitors? 
18. Identify the parts of (he ceramic disk capacitor shown in the cutaway view of Figure 12-64. 

FIGURE 12-64 
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FIGURE 12-65 
220 

(a) (b) (c) (d) 

19. Delermine the value of the ceramic disk capacitors in Figure 12—65. 

SECTION 12-3 Series Capacitors 
20. Five 1000 pF capacitors are in series. What is the total capacitance? 
21. Find the total capaeilanee for each circuil in Figure 12-66. 
22. For each circuit in Figure 12-66. determine the voltage across each capacitor. 

10V- 

10/rF 4.7//F 

2.2 //F 
la) 

100 V 

lb) 

100 pF 560 pF 390 pF 
30 V 

lc) 

■f| 47//F ~ ~ 

22 J./F 

FIGURE 12-66 

23. Two series capacitors (one I /xF. the other of unknown value) are charged from a 12 V source. 
The 1 /xF capacitor is charged to 8 V and the other to 4 V. What is the value of the unknown 
capacitor? 

24. The total charge stored by the scries capacitors in Figure 12-67 is 10/xC Delermine the 
voltage across each of the capacitors. 

FIGURE 12-67 C, 

+j_4.7fiF I f/F 2.2 fiF iOfiF 

t  

SECTION 12-4 Parallel Capacitors 
25. Determine Cj for each circuit in Figure 12-68. 
26. What is the charge on each capacitor in Figure 12-68? 

+ c 
10V 
— o 

47 pF 10 pF 0,001 /iF + 

10.000 pF 

0.1 «F 
0.01 IIF 

0.001 ,«F 5 V 

(a) 

FIGURE 12-68 

lb) 
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27. Determine (V for each circuit in Figure 12-69. 
28. What is the voltage between nodes A and /I in each circuit in Figure 12-69? 

0.001 /|F 
A II B 

5 V. 

(a) 

r\\—ir4 
1  

JIOMF 10,UF 

T ' 
22 MF" 

- 4= 

100 pF 

3.3/(F JiO-r- ^ 
~[~ ~]T70pF 

1000 pF 470 pF 

I .. ■ .. 

lb) 

FIGURE 12-69 

iov_=. 

(c) C = 1 //F for each capacitor 

"29. Initially, the capacitors in the circuit in Figure 12-70 arc uncharged. 
(a) After the switch is closed, what total charge is supplied by the source? 
(b) What is the voltage across each capacitor? 

FIGURE 12-70 

V 
12V 

 cr o 1 
-C| -C, 

0.01 MF 0.047//F 

-C2 -CA 
0.068 .uF 0.056/(F 

SECTION 12-5 Capacitors in DC Circuits 
30. Determine the time constant for each of the following series KC combinations: 

(a) K - lOOIl.C = 1/xF (b) « = I0MS1.C = 47 pF 
(c) K = 4.7 left. C = 0.0047 fiF (d) = 1.5 Mi2, C = 0.01 /tF 

31. Determine how long it takes the capacitor to reach full charge for each of the following 
combinations: 
(a) R = 56 n. C = 47/iF (b) ff = 3300 ft, C = 0.015 /uF 
(e) R = 22k!l. C = lOOpF (d) R = 5.6Mfi,C = lOpF 

32. in the circuit of Figure 12—71, the capacitor is initially uncharged. Determine the capacitor 
voltage at the following limes after the switch is closed: 
(a) lO^xs (b) 20/xs (c) 30 ^s (d) 40 ^xs (e) 50/xs 

FIGURE 12-71 

i 

R 
-Wv  

lOkll 
. C : 0.001 .«F 

33. In Figure 12-72, the capacitor is charged to 25 V. When the switch is closed, what is the 
capacitor voltage after the following times? 
(a) 1.5 ms (b) 4.5 ms (c) 6 ms (d) 7.5 ms 

34. Repeat Problem 32 for the following time intervals: 
(a) 2 /if. (b) 5 ^s (c) 15 ms 



Problems ♦ 539 

FIGURE 12-72 

25 V : . c 
• 1,5/(F 1.0 k!l 

35. Repeat Problem 33 for the following limes: 
(a) 0.5 ms (b) I ms (c) 2 ms 

*36. Derive the formula for finding (he lime ai any poinl on an increasing exponenlial voltage curve. 
Use this formula lo find ihe lime al which the voltage in Figure 12—73 reaches 6 V after switch 
closure. 

FIGURE 12-73 

12 V. 

I 

R 
-Wv— 

2.2 kf! .C 
■ 0.01 fif 

37. How long does it lake C to charge lo 8 V in Figure 12-71 ? 
38. How long does it lake C lo discharge lo 3 V in Figure 12—72? 
39. Determine the lime constant for Ihe circuil in Figure 12-74. 

AAA 
R, 

i.o ka 
+ 

> A', -- 

1.0 kli 

► U ~~ _ C 
50 V "= - < 

- Al < 
»" 2.2 k!! 5 

> 4   
- 1.5 kl! 

— 0.0022 llH 

FIGURE 12-74 

*40. In Figure 12—75. the capacitor is initially uncharged. At / = I0/ls after the switch is closed, 
the instantaneous capacitor voltage is 7.2 V. Determine the value of R. 

► FIGURE 12-75 R 
-VA- 

,c 
■ 1000 pF 

*41. (a) The capacitor in Figure 12-76 is uncharged when the switch is thrown into position I. The 
switch remains in position I for 10 ms and is then thrown into position 2, where it remains 
indefinitely. Draw the complete waveform for the capacitor voltage. 

(b) If the switch is thrown back to position I after 5 ms in position 2. and then left in position I. 
how would the waveform appear? 



540 ♦ Capacitors 

FIGURE 12-76 

20 V. 33 k 10 k! 

T 
l«F 

SECTION 12-6 Capacitors in AC Circuits 
42. What is the value of the total capacitive reactance in each circuit in Figure 12—77? 

/ = I kHz, | 

(a) 

. C 
' 0.047 ff 

FIGURE 12-77 

lO/'F 
■ Cl 
' I5//F 60 H/ 

■ C, 
"l/'F 
. C-, 
' 17'F 

lb) (I--I 

43. In Figure 12-69. each dc voltage source is replaced by a 10 V rms. 2 kHz ac source. Determine 
the total reactance in each case. 

44. in each circuit of Figure 12-77, what frequency is required to produce an Xc of 100 fl? An A',- 
of I kll? 

45. A sinusoidal voltage of 20 V rms produces an rms current of 100 mA when connected to a cer- 
tain capacitor. What is the reactance? 

46. A 10 kHz voltage is applied to a 0.0047 capacitor, and I mA of rms current is measured. 
What is the value of the voltage? 

47. Determine the true power and the reactive power in Problem 46. 
*48. Determine the ac voltage across each capacitor and the current in each branch of the circuit in 

Figure 12-78. 

FIGURE 12-78 C, 

(= 300 Hz 

0,01 /if 0.015//F 
- cl 
' 0.022 ,«F 

-C, 
' 0.047//F 

.C5 
" 0.01 uF 

. Q 
■ 0.015 AF 

49. Find the value of C\ in Figure 12-79. 

FIGURE 12-79 
4niA 

5 V mis 
© 

. C: 
' 0.0022 //F : 0.0015//F 
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*50. If C4 in Figure 12-78 opened, determine the voltages that would be measured across the other 
capacitors. 

SECTION 12-7 Capacitor Applications 
51. If another capacitor is connected in parallel with the existing capacitor in the power supply 

filter of Figure 12-54. how is the ripple voltage affected? 
52. Ideally, what should the reactance of a bypass capacitor be in order to eliminate a 10 kHz ac 

voltage at a given point in an amplifier circuit ? 

SECTION 12-8 Switched Capacitor Circuits 
53. The capacitor in a swiiched-capacitor circuit has a value of 2200 pF and is switched with a 

waveform having a period of 10 /is. Determine the value of the resistor that it emulates. 
54. In a switched-capacitor circuit, the 100 pF capacitor is switched at a frequency of 8 kHz. What 

resistor value is emulated? 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
55. Open file PI2-55 and measure the voltage across each capacitor. 
56. Open file PI2-56 and measure the voltage across each capacitor. 
57. Open file PI2-57 and measure the current. Decrease the frequency by one-half and measure the 

current again. Double the original frequency and measure the current again. Explain your 
observations. 

58. Open file PI2-58 and find the open capacitor if there is one. 
59. Open file PI2-59 and find the shorted capacitor if there is one. 

ANSWERS 

SECTION CHECKUPS 

SECTION 12-1 The Basic Capacitor 
1. Capacitance is the ability (capacity) to store electrical charge. 
2. (a) 1.000.000 /xF in IF (b) 1 X I012 pF in I F (c) 1.000.000 pF in 1 ^F 
3. 0.0015/iF = 1500pF:0.0015/*F - 0.0000000015F 
4. IV = l^CV2 = 1.125 /rJ 
5. (a) C increases. (b| C decreases, 
6. (1000 V/mil)(2mil) = 2kV 
7. C = 2.01 AIF 

SECTION 12-2 Types of Capacitors 
1. Capacitors can be classified by the dielectric material. 
2. The capacitance value of" a fixed capacitor cannot be changed; the capacitance value of a vari- 

able capacitor can be changed. 
3. Electrolytic capacitors are polarized. 
4. When connecting a polarized capacitor, make sure the voltage rating is sufficient. Connect the 

positive end to the positive side of the circuit, 

SECTION 12-3 Series Capacitors 
1. Series Cr is less than smallest C. 
2. CT = 61.2 pF 
3. CT = 0.006 /zF 
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4. CT = 20 pP 
5. Va = 75.2 V 

SECTION 12-4 Parallel Capacitors 
1. The values of the individual capacitors are added in parallel. 
2. Achieve Cj by using five 0.01 /iF capacitors in parallel. 
3. CT = 167 pF 

SECTION 12-5 Capacitors in DC Circuits 
1. r = RC = 1.2 fis 
2. 5T = 6^s;Vc = 4.97 V 
3. v2ms - 8.65V;v3ms - 9.50 - 9,82 V; ^ - 9.93 V 
4. vc = 36.8 V 

SECTION 12-6 Capacitors in AC Circuits 
1. Current leads voltage by 90" in a capacitor. 
2. Xc = \l2nfC = 637 kfi 
3. / = [IIttXcC = 796 Hz 
4. /„„„ = 629 mA 
5. PlrU(. = 0 w 
6. Pr = 0.453 VAR 

SECTION 12-7 Capacitor Applications 
1. Once the capacitor charges to (he peak voltage, it discharges very little before the next peak, 

thus smoothing the rectified voltage. 
2. A coupling capacitor allows ac to pass from one point to another, but blocks constant dc. 
3. A coupling capacitor must be large enough to have a negligible reactance at the frequency that 

is to be passed without opposition. 
4. A decoupling capacitor shorts power line voltage transients to ground. 
5. Xc is inversely proportional to frequency and so is the filter's ability to pass ac signals. 
6. The charging lime 

SECTION 12-8 Switched-Capacitor Circuits 
1. By moving the same amount of charge corresponding to the current in the equivalent resistance 
2. Switching frequency and capacitance value 
3. Transistors 

RELATED PROBLEMS FOR EXAMPLES 
12-1 100 kV 
12-2 0.047 
12-3 100 X 106pF 
12-4 62.7 pF 
12-5 1.54/iF 
12-6 278 pF 
12-7 0.011 iiP 
12-8 2.83 V 
12-9 650 pF 
12-10 0.09 /zF 
12-11 891 /zs 
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12-12 8.36 V 
12-13 8.13 V 
12-14 =0.74 ms; 95 V 
12-15 1.52 ms 
12-16 0.42 V 
12-17 3.39 kHz 
12-18 (a) 1.83 k!l (b) 20411 
12-19 4.40Z 90° mA 
12-20 8.72 V 
12-21 0 W; 1.01 mVAR 
12-22 178.6 kHz 

TRUE/FALSE QUIZ 
1. T 2. F 3. T 4. F 5. T 
6. T 7. F 8. F 9. F 10. T 

SELF-TEST 
1. (g) 2. (b) 3. (c) 4. (d) S. (a) 6. (d) 7. (a) 
8. (f) 9. (c) 10. (b) 11. (d) 12. (a) 13. (b) 14. (a) 

IS. (b) 16. (c) 17. (c) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (c) 3. (c) 
7. (a) 8. (a) 9. (c) 

4. (c) 
10. (a) 

5. (a) 
II. (c) 

6. (b) 
12. <b) 



13 
Inductors 

CHAPTER OUTLINE 

1B-1 The Basic Inductor 
13-2 Types of Inductors 
13-3 Series and Parallel Inductors 
13-4 Inductors in DC Circuits 
13-5 Inductors in AC Circuits 
13-6 Inductor Applications 

Application Activity 

CHAPTER OBJECTIVES 

♦ Describe the basic construction and characteristics of an inductor 
♦ Discuss various types of inductors 
♦ Analyze series and parallel inductors 
♦ Analyze inductive dc switching circuits 
♦ Analyze inductive ac circuits 
♦ Discuss some inductor applications 

KEY TERMS 

| Inductor ♦ Henry (H) 
1 Winding ♦ RL time constant 

Induced voltage ♦ Inductive reactance 
Inductance ♦ Quality factor (Ql 

APPLICATION ACTIVITY PREVIEW 

IR this application activity, the inductance of coils is deter- 
mined by measuring the time constant of a test circuit using 
oscilloscope waveforms. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

You have learned about the resistor and the capacitor. In this 
chapter, you will learn about a third type of basic passive 
component, the inductor, and study its characteristics. 

The basic construction and electrical properties of induc- 
tors are discussed, and the effects of connecting them in se- 
ries and in parallel are analyzed. How an inductor works in 
both dc and ac circuits is an important part of this coverage 
and forms the basis for the study of reactive circuits in terms 
of both frequency response and lime response. You will also 
learn how to check for a faulty inductor. 

The inductor, which is basically a coil of wire, is based on 
the principle of electromagnetic induction, which you stud- 
ied in Chapter 10. Inductance is the property of a coil of 
wire that opposes a change in current. The basis for induc- 
tance is the electromagnetic field that surrounds any conduc- 
tor when there is current through it. The electrical 
component designed to have the property of inductance is 
called an inductor, coil, or in certain applications a choke. All 
of these terms refer to the same type of device. 
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13-1 The Basic Inductor  

An inductor is a passive electrical component formed by a coil of wire and which 
exhibits the property of inductance. 
After completing this section, you should be able to 
♦ Describe the basic construction and characteristics of an inductor 

♦ Define inductance and state its unit 
♦ Discuss induced voltage 
♦ Explain how an inductor stores energy 
♦ Specify how the physical characteristics affect inductance 
♦ Discuss winding resistance and winding capacitance 
♦ Slate Faraday's law 

♦ Slate Lenz's law 

When a length of wire is formed into a coil, as shown in Figure 13-1, it becomes an 
inductor. The terms coil and inductor arc used interchangeably. Current through the coil 
produces an electromagnetic field, as illustrated. The magnetic lines of force around each 
loop (turn) in the winding of the coil effectively add to the lines of force around the 
adjoining loops, forming a strong electromagnetic field within and around the coil. The net 
direction of the total electromagnetic field creates a north and a south pole. 

1 FIGURE 13-1  
A coil of wire forms an inductor. 
When there is current through it, a 
three-dimensional electromagnetic 
field is created, surrounding the coil 
in all directions. 

■7 ' 

To understand the formation of the total electromagnetic field in a coil, consider the in- 
teraction of the electromagnetic fields around two adjacent loops. The magnetic lines of 
force around adjacent loops arc each deflected into a single outer path when the loops arc 
brought close together. This effect occurs because the magnetic lines of force are in oppos- 
ing directions between adjacent loops and therefore cancel out when the loops arc close to- 
gether, as illustrated in Figure 13-2. The total electromagnetic field for the two loops is 

Opposing fields 
between loops 

/» 
(a) Separated (b) Closely adjacent loops: 

opposing fields between 
loops cancel. 

FIGURE 13-2 
Interaction of magnetic lines of force in two adjacent loops of a coil. 

&This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 

HISTORY NOTE 

(This item Joseph 
omitted from Henry 
WcbBook edition) 1797-1878 

Henry began his career as a 
professor at a small school in 
Albany, NY, and later became the 
first director of the Smithsonian 
Institution. He was the first 
American since Franklin to 
undertake original scientific 
experiments. He was the first to 
superimpose coils of wire wrapped 
on an iron core and first observed 
the effects of electromagnetic 
induction in 1830, a year before 
Faraday, but he did not publish his 
findings. Henry did obtain credit 
for the discovery of self-induction, 
however. The unit of inductance is 
named in his honor. (Photo credit: 
Courtesy of the Smithsonian 
Institution. Photo number S9,054.) 
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-W- 

FIGURE 13-3 
Symbol for inductor. 

Equation 13-1 

depicted in part (b). This effect is additive for many closely adjacent loops in a coil; thai is, 
each additional loop adds to the strength of the electromagnetic field. For simplicity, only 
single lines of force are shown, although there are many. Figure 13-3 shows a schematic 
symbol for an inductor. 

Inductance 

When there is current through an inductor, an electromagnetic Held is established. When 
the current changes, the electromagnetic field also changes. An increase in current expands 
the electromagnetic field, and a decrease in current reduces it. Therefore, a changing cur- 
rent produces a changing electromagnetic field around the inductor. In turn, the changing 
electromagnetic field causes an induced voltage across the coil in a direction to oppose 
the change in current. This property is called self-inductance but is usually referred to as 
simply inductance, symbolized by L. 

Inductance is a measure of a coil's ability to establish an induced voltage as a re- 
sult of a change in its current, and that induced voltage is in a direction to oppose 
the change in current. 

The inductance (/,) of a coil and the lime rate of change of the current (di/di) determine 
the induced voltage (vjnl|). A change in current causes a change in the electromagnetic field, 
which, in turn, induces a voltage across the coil, as you know. The induced voltage is di- 
rectly proportional to L and di/dl, as slated by the following formula: 

VM = /•(- 

This formula indicates that the greater the inductance, the greater the induced voltage. 
Also, it shows that the faster the coil current changes (greater di/dl), the greater the induced 
voltage. Notice the similarity of Equation 13-1 to Equation 12-24: i = C(dv/dl). 

The Unit of Inductance The henry (H) is the basic unit of inductance. By definition, the 
inductance of a coil is one henry when current through the coil, changing at the rate of one 
ampere per second, induces one volt across the coil. The henry is a large unit, so in practical 
applications, millihenries (mH) and microhenries (/xH) are the more common units. 

EXAMPLE 13-1 

Solution 

Determine the induced voltage across a I henry (1 H) inductor when the current is 
changing at a rate of 2 A/s. 

di 
find = - ) = (I H)(2 A/s) = 2V 

Ri Liti'd Problem' Determine the inductance when a current changing at a rale of 10 A/s causes 50 V to 
be induced. 

^Answers are at the end of the chapter. 

Energy Storage An inductor stores energy in the electromagnetic field created by the 
current. The energy stored is expressed as follows: 

Equation 13-2 W =-U1 

As you can see, the energy stored is proportional to the inductance and the square of the 
current. When current (/) is in amperes and inductance (/.) is in henries, energy (IV) is 
in joules. 
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Physical Characteristics of an Inductor 

The following parameters are important in establishing the inductance of a coil: permeability 
of the core material, number of turns of wire, core length, and cross-sectional area of the core. 

Core Material As discussed earlier, an inductor is basically a coil of wire that surrounds 
a magnetic or nonmagnetic material called the core. Examples of magnetic materials are 
iron, nickel, steel, cobalt, or alloys. These materials have permeabilities that arc hundreds 
or thousands of times greater than that of a vacuum and are classified as ferromagnetic. A 
ferromagnetic core provides a better path for the magnetic lines of force and thus permits a 
stronger magnetic field. Examples of nonmagnetic materials are air, copper, plastic, and 
glass. The permeabilities of these materials arc the same as for a vacuum. 

As you learned in Chapter 10, the permeability (p.) of the core material determines 
how easily a magnetic field can be established, and is measured in Wh/At • m. which 
is the same as H/m. The inductance is directly proportional to the permeability of the 
core material. 

Physical Parameters As indicated in Figure 13-4, the number of turns of wire, the 
length, and the cross-sectional area of the core are factors in setting the value of inductance. 
The inductance is inversely proportional to the length of the core and directly proportional 
to the cross-sectional area. Also, the inductance is directly related to the number of turns 
squared. This relationship is as follows: 

where L is the inductance in henries (H), N is the number of turns of wire, p is the perme- 
ability in henries per meter (H/m), A is the cross-sectional area in meters squared, and / is 
the core length in meters (m). 

Equation 13-3 
N2ijA 

I 

t 
l-englh./ 

"1 Cross-sectional area. A Physical parameters of an inductor. 
FIGURE 13-4 

Number of 
turns,N 

EXAMPLE 13-2 Determine the inductance of the coil in Figure 13-5. The permeability of the core is 
0.25 X I0-3 H/m. 

FIGURE 13-5 

Solution First determine the length and area in meters. 

I = 1.5 cm = 0,015 m 
A = irr2 = 7t(0.25 X 10 2m)2 = 1.96 X 10 5m2 
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The inductance of the coil is 

L = 
N2IJA 

I 
(350)2(0.25 X I (T3 H/m)( 1.96 X 10 5 nr) 

0.015 m 
= 40 mil 

Ret,itcd Pwhlrni Detetmine the inductance of a coil with 90 turns around a core that is 1.0 cm long and 
has a diameter of 0.8 cm. The permeability is 0.25 X 10 1 H/m. 

Winding Resistance 

When a coil is made of a certain material, for example, insulated copper wire, that wire has 
a certain resistance per unit of length. When many turns of wire are used to construct a coil, 
the total resistance may be significant. This inherent resistance is called the dc resistance 
or the winding resistance (Rwj- 

Although this resistance is distributed along the length of the wire, it effectively appears 
in series with the inductance of the coil, as shown in Figure 13-6. In many applications, the 
winding resistance may be small enough to be ignored and the coil can be considered an 
ideal inductor. In other cases, the resistance must be considered. 

(a) The wire has resistance distributed 
along its length, 

FIGURE 13-6 

Rw L 

(b) Equivalent circuit 

Winding resistance of a coil. 

Be careful when working with 
inductors because high induced 
voltages can be developed due to a 
rapidly changing magnetic field. 
This occurs when the current is 
interrupted or its value abruptly 
changed. 

Winding Capacitance 

When two conductors are placed side by side, there is always some capacitance between 
them. Thus, when many turns of wire are placed close together in a coil, a certain amount 
of stray capacitance, called winding capacitance (Civ), is a natural side effect. In many ap- 
plications, this winding capacitance is very small and has no significant effect. In other 
cases, particularly at high frequencies, it may become quite important. 

The equivalent circuit for an inductor with both its winding resistance (Rw) and its 
winding capacitance (Cw) is shown in Figure 13-7. The capacitance effectively acts in par- 
allel. The total of the stray capacitances between each loop of the wind ing is indicated in 
a schematic as a capacitance appearing in parallel with the coil and its winding resistance, 
as shown in Figure l3-7(b). 

(a) Stray capacitance between each loop 
appears as a total parallel capacitance <Cn-). 

"w L 
-^-Wr-nnnp-^- 

(b) Equivalent circuit 

FIGURE 13-7 
Winding capacitance of a coil. 
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Review of Faraday's Law 

Faraday's law was introduced in Chapter 10 and is reviewed here because of its importance 
in the study of inductors. Michael Faraday found that by moving a magnet through a coil 
of wire, a voltage was induced across the coil and that when a complete path was provided, 
the induced voltage caused an induced current. Faraday observed that 

The amount of voltage induced in a coil is directly proportional to the rate of 
change of the magnetic field with respect to the coil. 

This principle is illustrated in Figure 13-8, where a bar magnet is moved through a coil of 
wire. An induced voltage is indicated by the voltmeter connected across the coil. The faster 
the magnet is moved, the greater the induced voltage. 

FIGURE 13-8 
Induced voltage created by a 
changing magnetic field. 

When a wire is formed into a certain number of loops or turns and is exposed to a chang- 
ing magnetic field, a voltage is induced across the coil. The induced voltage is proportional 
to the number of turns of wire in the coil, N, and to the rate at which the magnetic field 
changes. The rale of change of the magnetic field is designated d4>/dl, where is the mag- 
netic flux. The ratio drfi/dl is expressed in webers/second (Wb/s). Faraday's law slates that 
the induced voltage across a coil is equal to the number of turns (loops) limes the rate of 
llux change. It was given in Equation 10-8 and is restated here. 

EXAMPLE 13-3 Apply Faraday's law to find the induced voltage across a coil with 500 turns located in 
a magnetic field that is changing at a rate of 5 Wb/s. 

Find = N\~^J = (5001)(5 Wb/s) = 2.5 kV 

lli'Lili'il Prohlem A 1000 turn coil has an induced voltage of 500 V across it. What is the rate of change 
of the magnetic field? 

Lenz's Law 

Lenz's law was introduced in Chapter 10 and is restated here. 

When the current through a coil changes, an induced voltage is created as a result 
of the changing electromagnetic field and the polarity of the induced voltage is 
such that it always opposes the change in current. 

Figure 13-9 illustrates Lenz's law. In part (a), the current is constant and is limited by /?|. 
There is no induced voltage because the electromagnetic field is unchanging. In part (b), the 
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<a) Switch open: Constant current and constant 
magnetic field: no induced voltage. 

. 
+ 

P" / 1 

JTT 

switch closure 

(b) At instant of switch closure: Expanding magnetic 
field induces voltage, which opposes an increase in 
total current. The total current remains the same 
at this instant. 

I, + h increases 

I, + /> 

K, /. 

-/,+/•, constant 

(c) Right after switch closure: The rate of expansion 
of the magnetic field decreases, allowing the 
current to increase exponentially as induced 
voltage decreases. 

in, 

I, + /. 

H, I. 

(d) Switch remains closed: Current and magnetic field 
reach constant value. 

-/| same as /, + /2 prior to switch opening 

v W ♦ / 

-/. decreases 

m 

(c» Al insiaiu of switch opening: Magnetic field 
begins to collapse, creating an induced voltage, 
which opposes a decrease in current. 

"l"u 

R. < R. 

(f) After switch opening: Rate of collapse of magnetic 
field decreases, allowing current to decrease 
exponentially back to original value. 

FIGURE 13-9 
Demonstration of Lenz's law in an inductive circuit: When the current tries to change suddenly, the 
electromagnetic field changes and induces a voltage in a direction that opposes that change in current. 

switch suddenly is closed, placing R2 in parallel with /\'| and thus reducing the resistance. 
Naturally, the current tries to increase and the electromagnetic field begins to expand, but 
the induced voltage opposes this attempted increase in current for an instant. 

In Figure 13-9(c), the induced voltage gradually decreases, allowing the current to in- 
crease. In part (d), the current has reached a constant value as determined by the parallel re- 
sistors, and the induced voltage is zero. In part (e), the switch has been suddenly opened, 
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and, for an instant, the induced voltage prevents any decrease in current, and arcing be- 
tween the switch contacts results. In part (f), the induced voltage gradually decreases, 
allowing the current to decrease back to a value determined by R\. Notice that the induced 
voltage has a polarity that opposes any current change. The polarity of the induced voltage 
is opposite that of the battery voltage for an increase in current and aids the battery voltage 
for a decrease in current. 

1. List the parameters that contribute to the inductance of a coil. 
2. The current through a 15 mH inductor is changing at the rate of 500 mA/s. What is the 

induced voltage? 
3. Describe what happens to i when 

(a) N is increased 
(b) The core length is increased 
(c) The cross-sectional area of the core is decreased 
(d) A ferromagnetic core is replaced by an air core 

4. Explain why inductors have some winding resistance. 
5. Explain why inductors have some winding capacitance. 

13-2 Types of Inductors  

Inductors normally arc classified according to the type of core material. 

After completing this section, you should be able to 

♦ Discuss various types of inductors 

♦ Describe the basic types of fixed inductors 

♦ Distinguish between fixed and variable inductors 

Inductors arc made in a variety of shapes and sizes. Basically, they fall into two general 
categories: fixed and variable. The standard schematic symbols are shown in Figure 13-10. 

Both fixed and variable inductors can be classified according to the type of core mate- 
rial. Three common types are the air core, the iron core, and the ferrile core. Each has a 
unique symbol, as shown in Figure 13-1 I. 

Adjustable (variable) inductors usually have a screw-type adjustment that moves a slid- 
ing core in and out, thus changing the inductance. A wide variety of inductors exist, and 
some are shown in Figure 13-12. Small fixed inductors are frequently encapsulated in an 
insulating material that protects the fine wire in the coil. Encapsulated inductors have an 
appearance similar to a resistor. 

-w- 
(a) Fixed 

SECTION 13-1 
CHECKUP 
Answers ate at the end of 
the chapter. 

r 
FIGURE 13-10 

  Symbols for fixed and variable (b) Variable . , inductors. 

(a) Air core (b) Iron core 

FIGURE 13-11 
Inductor symbols. 
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VJff 

FIGURE 13-12 
Typical inductors. 

SECTION 13-2 1. Name two general categories of inductors. 
CHECKUP 2. Identify the inductor symbols in Figure 13-13. 

FIGURE 13-13 

(a) (b) (c) 

13-3 Series and Parallel Inductors  

When inductors are connected in series, the total inductance increases. When inductors 
arc connected in parallel, the total inductance decreases. 

After completing this section, you should be able to 

♦ Analyze scries and parallel inductors 

♦ Determine total series inductance 

♦ Determine total parallel inductance 

Total Series Inductance 

When inductors are connected in scries, as in Figure 13-14, the total inductance, Lj, is the 
sum of the individual inductances. The formula for Ly is expressed in the following equa- 
tion for the general case of n inductors in scries: 

Equation 13-4 Ly = L\ + Lj + L.) + ■ • • + L,, 

Notice that the calculation of total inductance in series is analogous to the calculations of 
total resistance in series (Chapter 5) and total capacitance in parallel (Chapter 12). 

>■ FIGURE 13-14  L, L„ 
Inductors in series. ''WIP 'ThSIT-0 
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EXAMPLE 13-4 Determine the total inductance for each of the series connections in Figure 13-15. 

III 211 1.5 H 511 5 mil 2 mil 10 mil 1000//II 
(a) (b) 

FIGURE 13-15 

Solution In Figure 13-15(a). 

Lt= I H + 2 H + 1.5 H + 5 H = 9.5 H 

In Figure 13-15(b), 

LT = 5 inH + 2 mH + 10 mH + 1 mH = 18 mil 

Note: 1000 /xH = I mH 

Relmed Problem What is the total inductance of three 50 /il l inductors in series? 

Total Parallel Inductance 

When inductors are connected in parallel, as in Figure 13-16, the total inductance is less 
than the smallest inductance. The general formula stales that the reciprocal of the total 
inductance is equal to the sum of the reciprocals of the individual inductances. 

by 
_l_ 
f-l Li 

_1_ 
t-3 

I + — 
L„ 

You can calculate total inductance, Ly, by taking the reciprocal of both sides of 
Equation 13-5. 

£t = 
f-1 + (-) H - W + ■ \LJ \L2) \L3) \Lj 

The calculation for total inductance in parallel is analogous to the calculations for total 
parallel resistance (Chapter 6) and total series capacitance (Chapter 12). For series-parallel 
combinations of inductors, determine the total inductance in the same way as total resist- 
ance in series-parallel resistive circuits (Chapter 7). 

Equation 13-5 

Equation 13-6 

FIGURE 13-16 

ii. 
Inductors in parallel. 
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EXAMPLE 13-S Delermine Ly in Figure 13-17. 

FIGURE 13-17 

HI mil s mil 2 m 

Solution Use Equation 13-6 to determine the total inductance. 

I I 
/-t = 

i)+ [h)+ [i 
i i i ■+—+ 

= 1.25 mH 

10 mH 5 mH 2mH 

llfl.iti'd Problem Determine Ly for a parallel connection of 50 /xH, 80 /xH, 100 /xH, and 150/xH. 

SECTION 13-3 1. Stale the rule for combining inductors in series. 
CHECKUP 2. What is Ly for a series connection of 100 /xH, 500 /xH, and 2 mH? 

3. Five 100 mH coils are connected in series. What is the total inductance? 
4. Compare the total inductance in parallel with the smallest-value individual inductor. 
5. The calculation of total parallel inductance is analogous to that for total parallel 

resistance. (T or F) 
6. Determine LT for each parallel combination: 

(a) 40 /xH and 60 /xH 
(b) 100 mH, 50 mH, and 10 mH 

13-4 Inductors in DC Circuits  

Energy is stored in the electromagnetic field of an inductor when it is connected to a 
dc voltage source. The buildup of current through the inductor occurs in a predictable 
manner, which is dependent on the time constant of the circuit. The time constant is 
determined by the inductance and the resistance in a circuit. 

After completing this section, you should be able to 

♦ Analyze inductive dc switching circuits 

♦ Describe the increase and decrease of current an inductor 

♦ Define RL time constant 

♦ Describe induced voltage 

♦ Write the exponential equations for current in an inductor 

When there is constant direct current in an inductor, there is no induced voltage. There 
is, however, a voltage drop due to the winding resistance of the coil. The inductance it- 
self appears as a short to dc. Energy is stored in the electromagnetic field according to 
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the formula previously staled in Equation 13-2, W = lA/,/2. The only energy conversion 
to heal occurs in the winding resistance (/' = I Rw). This condition is illustrated in 
Figure 13-18. 

IV 
Conversion of electrical 
energy to heat due to 
winding resistance 

FIGURE 13-18 

Energy stored 
in magnetic field 
W= VzU2 

nnnp 

Energy storage and conversion to 
heat in an inductor in a dc circuit. 

The RL Time Constant 

Because the inductor's basic action is to develop a voltage that opposes a change in its cur- 
rent, it follows that current cannot change instantaneously in an inductor. A certain time is 
required for the current to make a change from one value to another. The rate at which the 
current changes is determined by the RL lime constant. 

The RL time constant is a fixed time interval that equals the ratio of the induc- 
tance to the resistance. 

The formula is 

t = ~ Equation 13-7 

where r is in seconds when inductance (L) is in henries and resistance (R) is in ohms. 

EXAMPLE 13-6 A series RL circuit has a resistance of 1.0 k!l and an inductance of 1 mH. What is the 
lime constant? 

Solution 
_ L _ I mH 

T ~ R ~ I.Okfl 
1 X 10 -'H 
I X lO'fi 

Reblfd Problem Find the lime constant for R = 2.2 kf! and L = 500/iH. 

= I X lO^s = 1 /ts 

Current in an Inductor 

Increasing Current In a series RL circuit, the current will increase to approximately 
63% of its full value in one time-constant interval after voltage is applied. This buildup of 
current is analogous to the buildup of capacitor voltage during the charging in an RC cir- 
cuit; they both follow an exponential curve and reach the approximate percentages of the 
final current as indicated in Table 13-1 and as illustrated in Figure 13-19. 

The change in current over five time-constant intervals is illustrated in Figure 13-20. 
When the current reaches its final value at 5t, it ccascs to change. At this lime, the induc- 
tor acts as a short (except for winding resistance) to the constant current. The final value of 
the current is 

h- = 
Vs = 10 V 
R " I.Oka 

= 10 mA 
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NUMBER APPROXIMATE 
OF TIME % OF FINAL 

CONSTANTS CURRENT 

TABLE 13-1 
Percentage of the final current after 
each lime-constant interval during 
current buildup. 

1 63 
2 86 
3 95 
4 98 
5 99 (considered 100%) 

If. (final value) 

/ 

-jm 

0 IT- 
_ 

W TwiT 99% considered to be 100%) 

3r 4T 5r 

FIGURE 13-19 
Increasing current in an inductor. 

umA 

= 0 

Vf 
10V ■ 

(a) Initially It = 0) 

Ok!) 

lOmH 

Vs 
10 V 

lb)Att = IT 

3mA 

.Ok 

10 mH 

Ks ■ 
10 V ' 

(c) At t = 2t 

OniA 

LUk 

10 mH 

Vs- 
10V ■ 

(d)Alt = 3t 

ZimA 

I .Ok!) 

10 in 

mA 

Ok!) ,0 k!) 
10 V 10 V 

10 mil 0 ml 

(e) At t = 4t 

FIGURE 13-20 

(OAtl = 5T 

Illustration of the exponential buildup of current in an inductor. The current increases approximately 
63% during each time-constant interval after the switch is closed. A voltage (vl) is induced in the coil 
that tends to oppose the increase in current. 
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EXAMPLE 13-7 Calculate the RL time constant for Figure 13-21. Then determine the current and the 
time at each time-constant interval, measured from the instant the switch is closed. 

FIGURE 13-21 

12 V 

i 

R 
-Wv- 

1.2 ki! 
i 10 mil 

Solution The RL time constant is 

L 10 mH r = — = — = 8.33 us 
R l.2kn ^ 

The current at each time-constant interval is a certain percentage of the final cur- 
rent. The final current is 

12 V 
= 10 mA 

R 1.2 kll 

Using the time-constant percentage values from Figure 13-1, 

Al It: i = 0.63(10 mA) = 6.3 mA; I = 8.33 /as 

At 2t; i = 0.86(10 mA) = 8.6niA:t = 16.7/as 

At 3t: i = 0.95(10 mA) = 9.5 mA: r = 25.0 /as 

Al 4t: i = 0.98(10 mA) = 9.8 mA: t = 33.3 /as 

At 5t: i = 0.99(10 mA) = 9.9 mA = 10 mA; r = 41.7 /as 

Related Problem Repeal the calculations if R is 680 0 and /.is 100 /aH. 

Use Multisim file El3-07 to verify the calculated results in this example and to con- 
^ : firm your calculation for the related problem. Use a square wave to replace the dc volt- 

age source and the switch. 

Decreasing Current Current in an inductor decreases exponentially according to the ap- 
proximate percentage values in Table 13-2 and in Figure 13-22. 

The change in current over five time-constant intervals is illustrated in Figure 13-23. 
When the current reaches its final value of approximately 0 A, it ceases to change. Before 

NUMBER OF 
TIME CONSTANTS 

APPROXIMATE % OF 
INITIAL CURRENT 

1 37 
2 14 
3 5 
4 2 
5 1 (considered 0) 

M TABLE 13-2 
Percentage of initial current after 
each time-constant interval while 
current is decreasing. 
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/, (inilial value) 

1'c 

2 i t== 1% (considered lo be 0) 
It 3r 4r 5t 

FIGURE 13-22 
Decreasing current in an inductor. 

I.Okl! 

(I mil 

lumA 
+ OkU 

10 V 

0 mH 

OkU 

0 \ 

10 mil 

(a) Initially (r = 0) lb) Air = Ir (c) At r = 2r 

u.SmA i Oku 

II mil 

OkU 

10 V 

0 mil 

OkU 

0 V 

10 ml 

(d) At r = 3t (e) At r = 4t (f) At / = 5r (/ is assumed to be 0) 

TECH NOTE 

To measure the current waveform in 
a series HI. circuit, you can measure 
the voltage across the resistor and 
apply Ohm's law. If the resistor is 
ungrounded, as in Figure 13-24, 
you can use a difference 
measurement lo view the resistor 
voltage by connecting one 
oscilloscope probe across each end 
of the resistor and selecting ADD 
and Invert on the oscilloscope. Both 
channels on the oscilloscope should 
be set lo the same VOLTS/DIV 
setting. Alternatively, you can 
reverse the components (see the 
Multisim problem in Example 13-8). 

FIGURE 13-23 
lllusltalion of the exponential decrease of current in an inductor. The current decreases approxi- 
mately 63% during each lime-constant interval after the switch is opened. A voltage (V|) is induced in 
the coil that lends lo oppose the decrease in current. 

the switch is opened, the current through L is at a constant value of 10 mA, which is deter- 
mined by Ri because L acts ideally as a short. When the switch is opened, the induced in- 
ductor voltage initially provides 10 mA through AS. The current then decreases by 63% 
during each time constant interval. 

Response to a Square Wave 

A good way to demonstrate both increasing and decreasing current in an RL circuit is to use 
a square wave voltage as the input. The square wave is a useful signal for observing the dc 
response of a circuit because it automatically provides on and off action similar to a switch. 
(Time response will be covered further in Chapter 20.) When the square wave goes from its 
low level to its high level, the current in the circuit responds by exponentially rising to its 
final value. When the square wave returns to the zero level, the current in the circuit re- 
sponds by exponentially decreasing lo its zero value. Figure 13-24 shows input voltage and 
current waveforms. 
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R 
-Wr- 
I0k!l 

2.5 V (TL) 
1.0 kHz 

2.5 V 

0 V 

1.0 H 0.25 mA 

0 mA 2^ 

■ I (ms) 

' (ms) 

FIGURE 13-24 

EXAMPLE 13-8 For the circuit in Figure 13-24, whal is the current at 0.1 ms and 0.6 ms'.' 

Solution The RL time constant for the circuit is 

L 1.0 H 
t = — = — = 0.1 ms 

R lOkll 

If the square-wave generator period is long enough for the current to reach its maxi- 
mum value in 5r, the current will increase exponentially and during each time constant 
interval will have a value equal to the percentage of the final current given in Table 
13-1. The final current is 

Vc 2.5 V 
lF = — =  — = 0.25 mA f R lOkfl 

The current at 0.1 ms is 

i = 0.63(0.25 mA) = 0.158 mA 

At 0.6 ms, the square-wave input has been at the 0 V level for 0.1 ms, or It; and 
the current decreases from the maximum value toward its final value of 0 mA by 63%. 
Therefore, 

i = 0.25 mA - 0.63(0.25 mA) = 0.092 mA 

Reloled Problem What is the current at 0.2 ms and 0.8 ms? 

Open the Multisim tile EI3-08. Notice that the inductor and resistor are reversed in or- 
der to ground one side of the resistor and make the measurement of the resistor voltage 
simpler. The shape of the current in the circuit is the same as the shape of the resistor 
voltage. By applying Ohm's law to the resistor voltage, you can find the current in the 
circuit at any instant in time. Confirm that the current at a time 0.1 ms is close to the 
calculated value. 

Voltages in a Series RL Circuit 

As you know, when current changes in an inductor, a voltage is induced. Let's examine what 
happens to the induced voltage across the inductor in the series circuit in Figure 13-25 
during one complete cycle of a square wave input. Keep in mind that the generator pro- 
duces a level that is like switching a dc source on and then puts an "automatic" low resist- 
ance (ideally zero) path across the source when it returns to its zero level. 

An ammeter placed in the circuit shows the current in the circuit at any instant in time. 
The V/ waveform is the voltage across the inductor. In Figure 13-25(a), the square wave 
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FIGURE 13-25 



Inductors in DC Circuits ♦ 561 

has just Iransilioned from zero lo its maximum value of 2.5 V, In accordance with Lenz's 
law, a voltage is induced across the inductor that opposes this change as the magnetic field 
surrounding the inductor builds up. There is no current in the circuit due to the equal but 
opposing voltages. 

As the magnetic Held builds up, the induced voltage across the inductor decreases, 
and current is in the circuit. After It, the induced voltage across the inductor has de- 
creased by 63%, which causes the current to increase by 63% to 0.158 mA. This is shown 
in Figure 13-25(b) at the end of one lime constant (0.1 ms). 

The voltage on the inductor continues lo exponentially decrease to zero, at which point 
the current is limited only by the circuit resistance. Then the square wave goes back to zero 
(at l = 0.5 ms) as shown in Figure 13-25(c). Again a voltage is induced across the induc- 
tor opposing this change. This time, the polarity of the inductor voltage is reversed due lo 
the collapsing magnetic field. Although the source voltage is 0, the collapsing magnetic 
field maintains current in the same direction until the current decreases lo zero, as shown 
in Figure l3-25(d). 

EXAMPLE 13-9 (a) The circuit in Figure 13-26 has a square wave input. What is the highest frequency 
that can be used and still observe the complete waveform across the inductor? 

(b) Assume the generator is set to the frequency determined in (a). Describe the volt- 
age waveform across the resistor? 

10 V 

R 
-Wy- 

33 kit 
1 L 

15 mH 

FIGURE 13-26 

Solution 
L 15 mH 

(a,T=« = OT=a454^ 

The period needs to be 10 limes longer than r to observe the entire wave. 

T = I Or = 4.54/xs 

= 220 kHz 
 l_ 

■f ~ T~ 4.54 MS 

Related Problem 

(b) The voltage across the resistor has the same shape as the current waveform. The 
general shape was shown in Figure 13-24 and has a maximum value of 10 V (the 
same V, assuming no winding resistance). 

What is the maximum voltage across the resistor for/ = 220 kHz? 

Use Multisira file El3-09 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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Equation 13-8 

Equation 13-9 

The Exponential Formulas 

The formulas for the exponential current and voltage in an RL circuit are similar to those 
used in Chapter 12 for the RC circuit, and the universal exponential curves in Figure 12-35 
apply to inductors as well as capacitors. The general formulas for RL circuits are stated 
as follows: 

v= VF+ (V,- - VF)e 

i = lF + (/, - lF)e'R"L 

where VF and lF are the final values of voltage and current, V, and /, are the initial values 
of voltage and current. The lowercase italic letters v and / arc the instantaneous values of 
the inductor voltage and current at time I. 

Increasing Current The formula for the special case in which an increasing exponential 
current curve begins at zero is derived by selling /, = 0 in Equation 13-9. 

Equation 13-10 • = //• (' - e-R"L) 

Using Equation 13-10, you can calculate the value of the increasing inductor current at any 
instant of lime. You can calculate voltage by substituting v for i and VF for lF in Equation 
13-10. Notice that the exponent Ri/L can also be written as l/{UR) = i/t. 

EXAMPLE 13-10 In Figure 13-27, determine the inductor current 30/as after the switch is closed. 

R 
-Wv- 
2.2 kl! 

] L 
\2V-=f- S? 100 mil 

"I 

FIGURE 13-27 

Sululii The RL lime constant is 

The final current is 

L lOOmH 
r = — =  = 45.5 us 

R 2.2 kfl p 

Vs 12 V 
/f = y = z2kft = 5-45mA 

The initial current is zero. Notice that 30 /as is less than one lime constant, so the cur- 
rent will reach less than 63% of its final value in that time. 

iL = //.(I - e~R"L) = 5.45mA(l - c-0'66) = 5.45mA(I - 0.517) = 2.63mA 

IU'l,ii:/d Problem In Figure 13-27, determine the inductor current 55 /as after the switch is closed. 



Inductors in DC Circuits ♦ 563 

Decreasing Current The formula for the special case in which a decreasing exponential 
current has a final value of zero is derived by setting //. = 0 in Equation 13-9. 

f = l,e-R"L 

This formula can be used to calculate the decreasing inductor current at any instant, as the 
next example shows. 

Equation 13-11 

EXAMPLE 1 3-11 In Figure 13-28, what is the current at each microsecond interval for one complete 
cycle of the input square wave, V, After calculating the current at each time, sketch the 
current waveform. 

WV 
wo 

io v (Jl 
I'") kiiz 360//I I 

10 V 

0 V 
5,0 10 

-'Ots) 

FIGURE 13-28 

Solution 
L 
R 

560/xH 
= 0.824 ^is 

680 n 

When the pulse goes from 0 V to 10 V at ( = 0, the final current is 

V, 
If = — = 

10V 
R 680 ft 

= 14.7 mA 

For the increasing current, 

/ = /fft - e-R"L) = /fd - e-"T) 

At I fxs: i = 14.7 mA(l - c lf'sW-824''s) = 10.3mA 

At 2 us: i = 14.7 mA( I - c"2'ls,0-824'ls) = 13.4 mA 

At 3 /xs: i = 14.7 mA( I - <'"3'lsAI'824'ls) = 14.3 mA 

At 4 /xs: t = 14.7 mA( I - = mA 

At 5 ^.s: i = 14,7 mA(l - e"5"8'0-824''8) = 14.7 mA 

When the pulse goes from 10 V to 0 V at t = 5 /is, the current decreases exponentially. 
For the decreasing current, 

i = ',(c'R"L) = Ite'"7) 
The initial current is the value at 5 /ts, which is 14.7 mA. 

At 6 /is: i = 14.7 mAO- lf's/0-824f") = 4.37 mA 

At 7 /is: i = 14.7 mA(e"2''5® 824'iS) = 1.30 mA 

At 8/ts: i = 14.7 niAlc"3^824'15) = 0.38 mA 

At 9/rs: / = 14.7 mA(e_4f's'0'824f"i) = 0.11mA 

At 10ns: / = 14.7 mAle^^'0-824^) = 0.03 mA 
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Figure 13-29 is a graph of these results. 

FIGURE 13-29 /(mA) 

li/is) 

Related Problem What is ihe current at 0.5 /as? 

Use Mullisim file El3-11 to verify Ihe calculated results in this example and to confirm 
your calculation for the related problem. 

SECTION 13-4 1. A 15 mH inductor with a winding resistance of 10 f! has a constant direct current of 
CHECKUP 10 mA through it. What is the voltage drop across Ihe inductor? 

2. A 20 V dc source is connected to a series fit circuit with a switch. At the instant of 
switch closure, what are the values of / and v,? 

3. In the same circuit as in Question 2, after a time interval equal to 5r from switch clo- 
sure, what is vL? 

4. In a scries RL circuit where R = 1.0 kli and L = 500 /xH, what is the time constant? 
Determine the current 0.25 /is after a switch connects 10 V across the circuit. 

13-5 Inductors in AC Circuits  

An inductor passes ac with an amount of opposition called inductive reactance that 
depends on the frequency of the ac. The concept of the derivative was introduced in 
Chapter 12, and the expression for induced voltage in an inductor was stated earlier in 
Equation 13-1. These arc used again in this section. 

After completing this section, you should be able to 

♦ Analyze inductive ae circuits 

♦ Explain why an inductor causes a phase shift between voltage and current 

♦ Define inductive reactance 

♦ Determine the value of inductive reactance in a given circuit 

♦ Discuss instantaneous, true, and reactive power in an inductor 

Phase Relationship of Current and Voltage in an Inductor 

From Equation 13-1. the formula for induced voltage, you can see that the faster the cur- 
rent through an inductor changes, the greater the induced voltage will be. For example, if 
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the rate of change of current is zero, the voltage is zero [v|n(| = L(di/dl) = L(0) = 0 VJ. 
When dildl is a positive-going maximum, is a positive maximum; when di/dl is a 
negative-going maximum, Vin<| is a negative maximum. 

A sinusoidal current always induces a sinusoidal voltage in inductive circuits. There- 
fore, you can plot the voltage with respect to the current if you know the points on the cur- 
rent curve at which the voltage is zero and those at which it is maximum. This phase 
relationship is shown in Figure l3-30(a). Notice that the voltage leads the current by 90°. 
This is always true in a purely inductive circuit. The current and voltage of this relationship 
is shown by the phasors in Figure 13-30(b). 

A FIGURE 1 3-30 
Phase relation of Vi and /(in an inductor. Current always lags the inductor voltage by 90°. 

Inductive Reactance,^ 

Inductive reactance is the opposition to sinusoidal current, expressed in ohms. The sym- 
bol for inductive reactance is X^. 

To develop a formula for X/, we use the relationship Vj^j = Hdildt) and the curves in 
Figure 13-31. The rale of change of current is directly related to frequency. The faster the 
current changes, the higher the frequency. For example, you can see that in Figure 13-31, 
the slope of sine wave A at the zero crossings is sleeper than that of sine wave B. Recall that 
the slope of a curve at a point indicates the rate of change at that point. Sine wave A has a 
higher frequency than sine wave H. as indicated by a greater maximum rate of change (dildl 
is greater at the zero crossings). 

k 

-90° 

vL - - max 

FIGURE 13-31 
Slope indicates rale of change. Sine 
wave A has a greater rate of change 

, at the zero crossing than B, and thus 
A has a higher frequency. 
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When frequency increases, di/dl increases, and thus increases. When frequency de- 
creases, di/dl decreases, and thus Vind decreases. The induced voltage is directly dependent 
on frequency. 

T T 
find = Lidildl) and Vind = L(di/dt) 

i i 

An increase in induced voltage means more opposition {X/, is greater). Therefore, X/, is 
directly proportional to induced voltage and thus directly proportional to frequency. 

X/ is proportional to/. 

Now, if dildl is constant and the inductance is varied, an increase in L produces an in- 
crease in v'imi, and a decrease in L produces a decrease in V|n(], 

t T 
find = Udildl) and vM = Udildl) 

i i 

Again, an increase in means more opposition (greater X/). Therefore, X/ is directly 
propoilional to induced voltage and thus directly proportional to inductance. The inductive 
reactance is directly proportional to both/and 

A/ is proportional to //,. 

The formula (derived in Appendix B) for inductive reactance. A/, is 

Equation 13-12 X,, = 2irfL 

Inductive reactance, X/ , is in ohms when / is in hertz and L is in henries. As with capaci- 
live reactance, the 2-ir term is a constant factor in the equation, which comes from the rela- 
tionship of a sine wave to rotational motion. 

EXAMPLE 13-12 A sinusoidal voltage is applied to the circuit in Figure 13-32. The frequency is 
10 kHz. Determine the inductive reactance. 

FIGURE 13-32 

v.K) i'- 'V/ S 3 mil 

Solution Convert 10 kHz to 10 x lO3 Hz and 5 mH to 5 x 10 3 H. Therefore, the inductive 
reactance is 

X, = 2nfL = 27r(IO X I03Hz|(5 X 10 3H) = 314H 

Related Problem What is X; in Figure 13-32 if the frequency is increased to 35 kHz? 

Reactance for Series Inductors 

As given in Equation 13-4, the total inductance of series inductors is the sum of the indi- 
vidual inductances. Because reactance is directly proportional to the inductance, the total 
reactance of series inductors is the sum of the individual reactances. 

Equation 13-13 Xujltl) - xl.\ + Xu + Xl3 + • • • + X/J, 
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Notice that Equation 13-13 has the same form as Equation 13-4. It also has the same form 
as the formulas for finding the total opposition to current such as the total resistance of 
series resistors or the total reactance of series capacitors. When combining the resistance or 
reactance of the same type of component in series (resistors, inductors, or capacitors), you 
simply add the individual oppositions to obtain the total. 

Reactance for Parallel Inductors 

In an ac circuit with parallel inductors, Equation 13-6 was given to find the total induc- 
tance. It slated that the total inductance is the reciprocal of the sum of the reciprocals of the 
inductors. Likewise, the total inductive reactance is the reciprocal of the sum of the recip- 
rocals of the individual reactances. 

1 Equation 13-14 
*""") " 1 I ^ T  h h [-■■• +   

•Wl -f/T -f/J X/n 
Notice that Equation 13-14 has the same form as Equation 13-6. It also has the same form 
as the formulas for finding the total resistance of parallel resistors or the total reactance of 
parallel capacitors. When combining the resistance or reactance of the same type of com- 
ponent in parallel (resistors, inductors, or capacitors), you lake the reciprocal of the sum of 
the reciprocals to obtain the total opposition. 

For two inductors in parallel. Equation 13-14 can be reduced to the product-over-sum 
form. Thus, 

X1.1X1.2 
XlXlOl) y y 

X/.i + A,,2 

EXAMPLE 13-13 What is the total inductive reactance of each circuit of Figure 13-33? 

v, 
/■= 200 kHz © 

1 
| 2.7 nilt 

K 
I '-2 f= 200 kHz 
! 4.7 mil © 

I/., 
' 2.7 mH S3 4.7 mH 

la) (b) 

FIGURE 13-33 

Snlulion The reactances of the individual inductors are the same in both circuits. From Equation 
13-12, 

X,., = 2ttJL\ = 217(200 kHz)(2.7 mH) = 3.39 kfl 
Xu = 2 it/Li = 2it(200 kH2)(4.7 mH) = 5.91 kfl 

For the series inductors in Figure 13-33(a), the total reactance is the sum of XLI 
and X/2, as given in Equation 13-13. 

X/jioi) = XM + X,.2 = 3.39 kfi + 5.91 kSl = 9.30 k!l 
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For the inductors in parallel in Figure l3-33(b), determine the total reactance by 
Equation 13-14 or from the produet-over-sum rule using X/j and X/j- 

(3.39kn)(5.91 kH) 
X. Urn) 

XuXl.2 
X, X, 3.39 kfl + 5.91 kft = 2.15 kfl 

Related Problem 

You can also obtain the total reactance for either series or parallel inductors by first 
finding the total inductance and then substituting in Equation 13-12 to find the total 
reactance. 

What is the total inductive reactance for each circuit in Figure 13-33 if L\ = 1 mH 
and 1-2 is unchanged? 

FIGURE 13-34 

u. 

Ohm's Law The reactance of an inductor is analogous to the resistance of a resistor. In 
fact, just like Xf and R. is expressed in ohms. Since inductive reactance is a form of op- 
position to current. Ohm's law applies to inductive circuits as well as to resistive circuits 
and capacitive circuits; and it is staled as follows for Figure 13-34. 

"I 
When applying Ohm's law in ac circuits, you must express both the current and the volt- 

age in the same way, that is, both in rms, both in peak, and so on. 

EXAMPLE 13-14 Determine the rms current in Figure 13-35. 

FIGURE 13-35 

vrms=5v/r\ 
/= 10 kHz \^J 100 mH 

Solution Convert 10 kHz to 10 x 103 Hz and 100 mH to 100 x 10 ' H. Then calculate X;. 

X,. = 277/1 = 2IT(I0 X I03HZ)(100 X 10"3H) = 6283 11 

Apply Ohm's law to determine the rms current. 

. _ ^rms _ 5 V _ . 
nm Xi 628311 ' 

Related Problem Determine the rms current in Figure 13-35 for the following values: Fm,., = 12 V, / = 
4.9 kHz, and L = 680 mH. 

Use Multisim file E13-14 to verify the calculated results in this example and to con- 
1 firm your calculation for the related problem. 



Inductors in AC Circuits ♦ 569 

Power in an Inductor 

As discussed earlier, an inductor stores energy in its magnetic field when there is current 
through it. An ideal inductor (assuming no winding resistance) docs not dissipate energy; 
it only stores it. When an ac voltage is applied to an ideal inductor, energy is stored by the 
inductor during a portion of the cycle; then the stored energy is returned to the source dur- 
ing another portion of the cycle. No net energy is lost in an ideal inductor due to conversion 
to heat. Figure 13-36 shows the power curve that results from one cycle of inductor current 
and voltage. 

Power ciirve 
P = V 

( ' ' 

I 

1=0 v = 0 ; = 0 v = 0 
p =17 = 0 p = vi = 0 p = vi = 0 p = W = 0 

FIGURE 1 3-36 
Power curve. 

Instantaneous Power (p) The product of v and i gives instantaneous power. At points 
whore v or i is zero, p is also zero. When both v and i are positive, p is also positive. When 
either v or i is positive and the other negative, p is negative. When both v and i are negative, 
p is positive. As you can see in Figure 13-36, the power follows a sinusoidal-shaped curve. 
Positive values of power indicate that energy is stored by the inductor. Negative values of 
power indicate that energy is returned from the inductor to the source. Note that the power 
fluctuates at a frequency twice that of the voltage or current as energy is alternately stored 
and returned to the source. 

True Power (PtruJ Ideally, all of the energy stored by an inductor during the positive 
portion of the power cycle is returned to the source during the negative portion. No net en- 
ergy is lost due to conversion to heat in the inductor, so the true power is zero. Actually, be- 
cause of winding resistance in a practical inductor, some power is always dissipated: and 
there is a very small amount of true power, which can normally be neglected. 

''true = Urm)2^W Equation 13-15 

Reactive Power (Pr) The rate at which an inductor stores or returns energy is called its 
reactive power, with the unit of VAR (volt-ampere reactive). The reactive power is a 
nonzero quantity because at any instant in time the inductor is actually taking energy from 
the source or returning energy to it. Reactive power does not represent an energy loss due 
to conversion to heal. The following formulas apply: 

i' r 'rms'rms 

Vnm 
XL 

Pr = LsXt 

P,= 

Equation 13-16 

Equation 13-17 

Equation 13-18 
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EXAMPLE13-15 AI0V cms signal with a frequency of I kHz is applied to a 10 mH coil with a negligi- 
ble winding resistance. Determine the reactive power (/',)• 

Soluiinn First, calculate the inductive reactance and current values, 

XL = IttJI- = 2it(I kHzXlOmH) = 62.8 fl 
VS 10 V / = — = — = 159 mA 
X,, 62.8 !i 

Then, use Equation 13-18. 

Pr = l2XL = (159 mA)2(62.8 H) = 1.59 VAR 

Relnled Problem What happens to the reactive power if the frequency increases? 

The Quality Factor (Q) of a Coil 

The quality factor (Q) is the ratio of the reactive power in an inductor to the true power 
in the winding resistance of the coil or the resistance in sec ies with the coil. It is a ratio of 
the power in L to the power in Ry/. The quality factor is important in resonant circuits, 
which arc studied in Chapter 17. A formula for Q is developed as follows: 

reactive power l2X^ 
true power /2/flv, 

The current is the same in L and Rw\ thus, the !' terms cancel, leaving 
X, 

Equation 13-19 Q = — 
R\v 

When the resistance is just the winding resistance of the coil, the circuit Q and the 
coil Q are the same. Note that Q is a ratio of like units and, therefore, has no unit itself. 
The quality factor is also known as unloaded (I because it is defined with no load across 
the coil. 

SECTION 13-5 1. State the phase relationship between current and voltage in an inductor. 
CHECKUP 2. Calculate X£ for/= 5 kHz and t = 100 mH. 

3. At what frequency is the reactance of a 50/xH inductor equal to 800 fl? 
4. Calculate the rms current in Figure 13-37. 
5. An ideal 50 mH inductor is connected to a 12 V rms source. What is the true power? 

What is the reactive power at a frequency of 1 kHz? 

FIGURE 13-37 

Pnn, = I v / 
f- I MHz' 10 UH 
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13-6 Inductor Applications 

Inductors are not as versatile as capacitors and lend to be more limited in their 
application due, in part, to size, cost factors, and nonideal behavior (internal resist- 
ance, etc.). One of the most common applications for inductors is noise reduction 
applications. 

After completing this section, you should be able to 

• Discuss some inductor applications 

♦ Discuss two ways in which noise enters a circuit 

♦ Describe the suppression of electromagnetic interference (EMI) 

♦ Explain how a ferrile bead is used 

♦ Discuss the basics of tuned circuits 

One of the most important applications of inductors has to do with suppressing unwanted 
electrical noise. The inductors used in these applications are generally wound on a closed 
core to avoid having the inductor become a source of radiated noise itself. Two types of 
noise are conductive noise and radiated noise. 

Conductive Noise Many systems have common conductive paths connecting different 
pails of the system, which can conduct high frequency noise from one part of the system to 
another. Consider the case of two circuits connected with common lines as shown in Figure 
l3-38(a). A path for high frequency noise exists though the common grounds, creating a 
condition known as a ground loop. Ground loops are particularly a problem in instrumen- 
tation systems, where a transducer may be located a distance from the recording system 
and noise current in the ground can affect the signal. 

If the signal of interest changes slowly, a special inductor, called a longitudinal choke, 
can be installed in the signal line as shown in Figure l3-38(b). The longitudinal choke is a 
form of transformer (covered in Chapter 14) that acts as inductors in each signal line. The 
ground loop sees a high impedance path, thus reducing the noise, while the low-frequency 
signal is coupled through the low impedance of the choke. 

Switching circuits also tend to generate high-frequency noise (above 10 MHz) by virtue 
of the high-frequency components present. (Recall from Section 11-9 that a pulse waveform 

Noise Suppression 

Longitudinal choke 

Circuit I Circuit 2 Circuit 1 
iWl 

Circuit 2 

(a) 
FIGURE 13-38 
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contains many high-frequency harmonics). Certain types of power supplies use high-speed 
switching circuits that arc a source of conductive and radiated noise. 

Because an inductor's impedance increases with frequency, inductors are good for 
blocking electrical noise from these supplies, which should carry only dc. Inductors arc fre- 
quently installed in the power supply lines to suppress this conductive noise, so that one 
circuit docs not adversely affect another circuit. One or more capacitors may also be used 
in conjunction with the inductor to improve filtering action. 

Radiated Noise Noise can also enter a circuit by way of an electromagnetic field. The 
noise source can be an adjacent circuit or a nearby power supply. There arc several ap- 
proaches to reducing the effects of radiated noise. Usually, the first step is to determine the 
cause of the noise and isolate it using shielding or filtering. 

Inductors are widely employed in filters that are used to suppress radio-frequency noise. 
The inductor used for noise suppression must be carefully selected so as not to become a 
source of radiated noise itself. For high frequencies(>20 MHz), inductors wound on highly 
permeable toroidal cores are widely used, as they tend to keep the magnetic flux restricted 
to the core. 

RF Chokes 

Inductors used for the purpose of blocking very high frequencies arc called radio frequency 
I RF) chokes. RF chokes are used for conductive or radiated noise. They are special induc- 
tors designed to block high frequencies from getting into or leaving pairs of a system by 
providing a high impedance path for high frequencies. In general, the choke is placed in se- 
ries with the line for which RF suppression is required. Depending on the frequency of the 
interference, different types of chokes are required. A common type of electromagnetic in- 
terference (EMI) filter wraps the signal line on a toroidal core several times. The toroidal 
configuration is desired because it contains the magnetic field so that the choke does not 
become a source of noise itself. 

Another common type of RF choke is a ferrite bead. All wires have inductance, and the 
ferrite bead is a small ferromagnetic material that is strung onto the wire to increase its in- 
ductance. The impedance presented by the bead is a function of both the material and the 
frequency, as well as the size of the bead. It is an effective and inexpensive "choke" for high 
frequencies. Ferrite beads arc common in highfrequency communication systems. Some- 
times several are strung together in series to increase the effective inductance. 

Tuned Circuits 

Inductors are used in conjunction with capacitors to provide frequency selection in com- 
munications systems. These tuned circuits allow a narrow band of frequencies to be se- 
lected while all other frequencies are rejected. The tuners in your TV and radio receivers 
are based on this principle and permit you to select one channel or station out of the many 
that are available. 

Frequency selectivity is based on the fact that the reactances of both capacitors and in- 
ductors depend on the frequency and on the interaction of these two components when con- 
nected in series or parallel. Since the capacitor and the inductor produce opposite phase 
shifts, their combined opposition to current can be used to obtain a desired response at a se- 
lected frequency. Tuned RLC circuits are covered in Chapter 17. 

1. Name two types of unwanted noise. 
2. What do the letters EM/stand for? 
3. How is a ferrite bead used? 

CT 
HEC 

on 
KUP 

B-6 
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Application Activity 

In Ibis application, you will see how 
you can test coils for their unknown 
inductance values using a lest setup 
consisting of a square wave generator 

and an oscilloscope. Two coils for which the inductance values 
arc not known arc tested using simple laboratory instruments to 
determine the inductance values. The method is to place the coil 
in series with a resistor with a known value and measure the 
lime constant. Knowing the time constant and the resistance 
value, the value of L can be calculated. 

The method of determining the time constant is to apply a 
square wave to the circuit and measure the resulting voltage 
across the resistor. T-ach time the square wave input voltage 
goes high, the inductor is energized and each lime the square 
wave goes back to zero, the inductor is deenergized. The time 
it lakes for the exponential resistor voltage to increase to ap- 
proximately its final value equals five time constants. This op- 
eration is illustrated in Figure 13-39. To make sure that the 
winding resistance of the coil can be neglected, it must be 
measured and the value of the resistor used in the circuit must 

be selected to be considerably larger than the winding and 
source resistances. 
The Winding Resistance 
Assume that the winding resistance of the coil in Figure 13-40 
has been measured with an ohmmeler and found to be 85 (I. To 
make the winding and source resistances negligible for time con- 
stant measurement, a 10 kil series resistor is used in the circuit. 

1. If 10 V dc is connected with the clip leads as shown, how 
much current is in the circuit after t = 5t? 

Inductance of Coil 1 
Refer to Figure 13-41. To measure the inductance of coil I. a 
square wave voltage is applied to the circuit. The amplitude of 
the square wave is adjusted to 10 V. The frequency is adjusted so 
that the inductor has lime to fully energize during each square 
wave pulse; the scope is set to view a complete energizing curve 
as shown. 

2. Determine the approximate circuit time constant. 
3. Calculate the inductance of coil 1. 

L... 

FIGURE 13-39 
Circuil for lime-constant 
measurement. 

-w- 

Square wave /j—jj 

r 

FIGURE 13-40 
Breadboard setup for measuring the lime constant. 
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10 V square wave input 

Coil I 

FIGURE 13-41 
Testing coil 1. 

The Inductance of Coil 2 
Refer to Figure 13-42 in which coil 2 replaces coil I. To deter- 
mine the inductance, a 10 V square wave is applied to the bread- 
boarded circuit. The frequency of the square wave is adjusted so 
that the inductor has time to fully energize during each square 
wave pulse: the scope is set to view a complete energizing curve 
as shown. 

4. Determine the approximate circuit time constant. 
5. Calculate the inductance of coil 2. 
6. Discuss any difficulty in using this method. 
7. Specify how you can use a sinusoidal input voltage instead 

of a square wave to determine inductance. 

Review 
8. What is the maximum square wave frequency that can be 

used in Figure 13-41 ? 
9, What is the maximum square wave frequency that can be 

used in Figure 13-42? 
10. What happens if the frequency exceeds the maximum you 

determined in Questions 8 and 9? Explain how your meas- 
urements would be affected. 

Multisim Analysis 
Open your Multisim software. Connect the KL cir- 
cuit using the value of the resistance shown and the 

value of the inductance determined in activity 3. Verify the lime 
constant by measurement. Repeat for the inductance determined 
in activity 5. 

10 V square wave input 

Coil 2 

© 

FIGURE 13-42 
Testing coil 2. 
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SUMMARY  

♦ Inductance is a measure of a coil's ability to establish an induced voltage as a result of a change 
in its current. 

♦ An inductor opposes a change in its own current. 
♦ Faraday's law states that relative motion between a magnetic field and a coil induces a voltage 

across the coil. 
♦ The amount of induced voltage is directly proportional to the inductance and to the rate of change 

in current. 
♦ Lenz's law states that the polarity of induced voltage is such that the resulting induced current is 

in a direction that opposes the change in the magnetic field that produced it. 
♦ Energy is stored by an inductor in its magnetic field. 
♦ One henry is the amount of inductance when current, changing at the rale of one ampere per sec- 

ond. induces one volt across the inductor, 
♦ Inductance is directly proportional to the square of the number of turns, the permeability, and the 

cross-sectional area of the core. It is inversely proportional to the length of the core. 
♦ The permeability of a core material is an indication of the ability of the material to establish a 

magnetic field. 
♦ The time constant for a scries RL circuit is the inductance divided by the resistance. 
♦ In an RL circuit, the increasing or decreasing voltage and current in an inductor make a 63% 

change during each time-constant interval. 
♦ Increasing and decreasing voltages and currents follow exponential curves. 
♦ Inductors add in series. 
♦ Total parallel inductance is less than that of the smallest inductor in parallel. 
♦ Voltage leads current by 90° in an inductor. 
♦ Inductive reactance, is directly proportional to frequency and inductance. 
♦ The true power in an inductor is zero; that is. no energy is lost in an ideal inductor due to conver- 

sion to heal, only in its winding resistance. 

KEY TERMS Key terms and other bold terms in the chapter arc defined in the end-ofbook glossary. 

Henry (H) The unit of inductance. 
Induced voltage Voltage produced as a result of a changing magnetic field. 
Inductance The property of an inductor whereby a change in current causes the inductor to pro- 
duce a voltage that opposes the change in current. 
Inductive reactance The opposition of an inductor to sinusoidal current. The unit is the ohm. 
Inductor An electrical device formed by a coil of wire having the properly of inductance; also 
known as coil. 
Quality factor (0 The ratio of reactive power to true power in an inductor. 
RL time constant A fixed lime interval, set by the L and R values, that determines the lime re- 
sponse of a circuit and is equal to UR. 
Winding The loops or turns of wire in an inductor. 

FORMULAS  

,VI = t(l) 
i , 13-2 W =2 

N2UA 
13-3 L = —-— 

Induced voltage 

Energy stored by an inductor 

Inductance in terms of physical 
parameters 
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13-4 

13-5 

13-6 

13-7 

13-8 
13-9 
13-10 

13-11 

13-12 
13-13 

13-14 

/-T = /-i + l-i + Li + • 
1111 — = — + — + — + 

I'l 1.1 1.2 I.) 

Lt = 

t)+ (a + irj + + \i: 
i. 

7 ~ R 
v = VF + iV, - VF)e' 
i = h + (/, - lF)e-R'' 
i = lh<l - e-""') 

i = v-"'/'- 

3-,. = 2,7//. 
= 3rt, + X12 + a/J + + 3rt„ 

i 
- 1 1 1 

xl.l Xl2 x/.i Xu, 
13-15 P.™ - "rms)2*!!' 
13-16 Pr = V 1 ' rms' nm 

13-17 P, = 
VLs 
xL 

13-18 P, = lm*XL 

13-19 Q = Rw 

Series induclance 
Reciprocal of total parallel 
inductance 

Total parallel induclance 

Time constant 

Exponential voltage (general) 
Exponential current (general) 
Increasing exponential current 
beginning at zero 
Decreasing exponential current 
ending at zero 
Inductive reactance 
.Series inductive reactance 

Parallel inductive reactance 

True power 
Reactive power 

Reactive power 

Reactive power 

Quality factor 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. An inductor opposes any change in its current. 
2. An inductance of 10 mH is equivalent to 1000/xH. 
3. Inductance is proportional to the square of the number of windings. 
4. Inductors have no resistance. 
5. Ideally, an inductor appears as a short to dc. 
6. The amount of voltage induced in a coil is directly proportional to the rale of change of the 

magnetic field with respect to the coil. 
7. Inductive reactance is inversely proportional to frequency. 
8. The total reactance of series inductors is the sum of the individual reactances. 
9. Voltage lags current in an inductor. 

10. The unit of inductive reactance is the ohm. 

S ELF—TEST Answers are at the end of the chapter. 
1. An inductance of 0.05 /xH is larger than 

(a) 0.0000005 H (b) 0.000005 H (c) 0.000000008 H (d) 0.00005 mH 
2. An inductance of 0.33 mH is smaller than 

(a) 33 /xH (b) 330 /xH (c) 0.05 mH (d) 0.0005 H 
3. When the current through an inductor increases, the amount of energy stored in the electromag- 

netic field 
(a) decreases (b) remains constant (c) increases (d) doubles 
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4. When the current through an inductor doubles, the stored energy 
(a) doubles (b) quadruples (c) is halved (d) does not change 

5. The winding resistance of a coil can be decreased by 
(a) reducing the number of turns (b) using a larger wire 
(c) changing the core material (d) either answer (a) or (b) 

6. The inductance of an iron-core coil increases if 
(a) the number of turns is increased (b) the iron core is removed 
(c) the length of the core is increased (d) larger wire is used 

7. Four 10 mH inductors are in series. The total inductance is 
(a) 40 mH (b) 2,5 mH (c) 40.000/i,H (d) answers (a) and (c) 

8. A 1 mH. a 3.3 mH. and a 0.1 mH inductor are connected in parallel. The total inductance is 
(a) 4.4 mH (b) greater than 3.3 mH (c) less than 0.1 mH (d) answers (a) and (b) 

9. An inductor, a resistor, and a switch are connected in series to a 12V battery. At the instant the 
switch is closed, the inductor voltage is 
(a) 0 V (b) 12 V (c) 6 V (d)4V 

10. A sinusoidal voltage is applied across an inductor. When the frequency of the voltage is 
increased, the current 
(a) decreases (b) increases (c) does not change (d) momentarily goes to zero 

11. An inductor and a resistor are in series with a sinusoidal voltage source. The frequency is set so 
that the inductive reactance is equal to the resistance. If the frequency is increased, then 
(a) VR > VL (b) VL < VR (c) VL = VR (d) VL > VR 

12. An ohmmeter is connected across an inductor and the pointer indicates an infinite value. The 
inductor is 
(a) good (b) open (c) shorted (d) resistive 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 13-45. 
1. The switch is in position I. When it is thrown into position 2. the inductance between A and B 

(a) increases (b) decreases (c) stays the same 
2. If the switch is moved from position 3 to position 4. the inductance between A and 8 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 13-48. 
3. If R were 10 kll instead of 1.0 kll and the switch is closed, the time it takes for the current to 

reach its maximum value 
(a) increases (b) decreases (c) stays the same 

4. If L is decreased from 10 mH to I mH and the swlich is closed, the time constant 
(a) increases (b) decreases (c) stays the same 

5. If the source voltage drops from +15 V to +10 V. the time constant 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 13-51. 
6. If the frequency of the source voltage is increased, the total current 

(a) increases (b) decreases (c) stays the same 
7. If Lj opens, the current through L\ 

(a) increases (b) decreases (c) stays the same 
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8. If the frequency of the source voltage is decreased, the ratio of the values of the currents 
through Li and L3 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 13-52. 
9. If the frequency of the source voltage increases, the voltage across L\ 

(a) increases (b) decreases (c) stays the same 
10. If £3 opens, the voltage across Li 

(a) increases (b) decreases (c) stays the same 

More difficult problems are indicated by an asterisk (*). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 1 3-1 The Basic Inductor 
1. Convert the following to millihenries: 

(a) 1H (b) 250/xH (c) 10/xH (d) 0.0005 H 
2. Convert the following to microhenries: 

(a) 300 mH (b) 0.08 H (c) 5 mH (d) 0.00045 mH 
3. What is the voltage across a coil when dildt = 10 mA//xs and L = 5 /xH? 
4. Fifty volts are induced across a 25 mH coil. At what rate is the current changing? 
5. The current through a 100 mH coil is changing at a rale of 200 mA/s. How much voltage is 

induced across the coil? 
6. How many turns arc required to produce 30 mH with a coil wound on a cylindrical core having 

a cross-scclional area of 10 X 10-5 m2 and a length of 0.05 m ? The core has a permeability of 
1.2 X 10~6 H/m. 

7. What amount of energy is stored in a 4.7 mH inductor when the current is 20 mA? 
8. Compare the inductance of two inductors that are identical except that inductor 2 has twice the 

number of turns as inductor I. 
9. Compare the inductance of two inductors that are identical except that inductor 2 is wound on 

an iron coil (relative permeability = 150) and inductor I is wound on a low carbon steel core 
(relative permeability - 200). 

10. A student wraps 100 turns of wire on a pencil that is 7 mm in diameter as shown in Figure 
13-43. The pencil is a nonmagnetic core so has the same permeability as a vacuum 
<477 X 10"^H/m). Determine the inductance of the coil that is formed. 

UK) turns 

3,5 cm 

FIGURE 13-43 

SECTION 1 3-3 Series and Parallel Inductors 
11. Five inductors are connected in series. The lowest value is 5 /xH. If the value of each inductor 

is twice that of the preceding one. and if the inductors are connected in order of ascending val- 
ues. what is the total inductance? 

12. Suppose that you require a total inductance of 50 mH. You have available a 10 mH coil and a 
22 mH coil. How much additional inductance do you need? 

13. Determine the total inductance in Figure 13^14. 
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-w- 
50 inH 

-W- 

1 l2 
I 500//H 

0.01 mH 

FIGURE 13-44 

/li>- 

-W—r 
330//H 

FIGURE 13-45 

w 
1.5 mH 

-w- 
800/(H 

J 680//II 

14. What is Ihe total inductance between points 4 and B for each switch position in Figure 13-45? 
15. Determine the total parallel inductance for the following coils in parallel: 75 /xH. 50 /xH. 

25 /xH, and 15/xH. 
16. You have a 12 mH inductor, and it is your smallest value. You need an inductance of 8 mH. 

What value can you use in parallel with the 12 mH to obtain 8 mH ? 
17. Determine the total inductance of each circuit in Figure 13-46. 

50 nil I 

f-l 
100 mH 5 50 mH 

(b) 

A FIGURE 13-46 

200,«H 
'-i "Si 

100 fl H <> /-7 400AH 

18. Determine the total inductance of each circuit in Figure 13-47. 

2 mH 4 m Kill mH 

50 mH 8 mil 2 mil m 

2 mil 
mH 40 mil 

4 ml I 4 ml I mH 

FIGURE 13-47 
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SECTION 13-4 Inductors in DC Circuits 
19. Delermine (he lime constant for each of the following series RL combinations: 

(a) R = lOOSl.Z. = lOO^iH (b) R = A.lki\,L = lOmH 
(c) R = l.SMil.L = 3H 

20. In a series RL circuit, determine how long it takes the current to build up to its full value for 
each of the follow ing: 
(a) R - 56 il.L- 50/iH (b) R = 3300 Si, L - 15 mH 
(c) R ■= 22 k!l. L = 100 mH 

21. In the circuit of Figure 13^18. there is initially no current. Determine the inductor voltage at 
the following times after the switch is closed: 
(a) 10 jrs (b) 20 iis (c) 30 ms (d) 40 ms (e) 50 ms 

22. Determine the inductor current in Figure 13-48 at each of the times specified in Problem 21. 

FIGURE 13-48 

15 V -=. 

m 
i .ok 

10 mH 

: 

23. Delermine the lime constant for the circuit in Figure 13-49. 
*24. For the ideal inductor in Figure 13-49, calculate the current at each of the following limes: 

(a) 10/xs (h) 20 /is (c) 30/xs 
25. Repeat Problem 21 for the following times: 

(a) 2/is (b) 5/is (c) 15/is 

w 
s • i.ii 

10 v (JL 75 mH 10 kll 
10 V 

0 V 
50 100 

■ lifts) 

FIGURE 13-49 

'■26. Repeal Problem 24 for (he following times: 
(a) 65 ms (b) 75 fis (c) 85 ms 

27. In Figure 13-48, at what lime after switch closure does the inductor voltage reach 5 V? 
28. (a) What is the polarity of the induced voltage across the inductor in Figure 13—19 when the 

square wave is rising? 
(b) What is the current just before the square wave drops to zero? 

29. Delermine the lime constant for the circuit in Figure 13-50. 
s30. (a) What is the current in the inductor 1.0 ms after the switch closes in Figure 13-50? 

(b) What is the current after 5t have elapsed ? 
*31. For the circuit in Figure 13-50, assume the switch has been closed for more than 5t and is 

opened. What is the current in the inductor 1.0 ms after the switch is opened? 
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FIGURE 13-50 

Vs 
15 V 

4,7 k!l , 3.3 k!i 

3.3 mH 
R2' 

4.7 kil 
«4 
6.8 kii 

SECTION 1 3-5 Inductors in AC Circuits 
32. Find the tolal reactance for each circuit in Figure 13—46 when a voltage with a frequency of 

5 kHz is applied across the terminals. 
33. Find the total reactance for each circuit in Figure 13-47 when a 400 Hz voltage is applied. 
34. Determine the total rms current in Figure 13-51. What are the currents through Lj and Z.3? 
35. What frequency will produce 500 mA total rms current in each circuit of Figure 13-47 with an 

rms input voltage of 10 V? 
36. Determine the reactive power in Figure 13-51. 

FIGURE 13-51 

-W 
50 uH 

VmsiS 10 V 
/ = 2.5 kHz © 20 jUH 40 UH 

37. Delerniine 1/2 in Figure 13-52. 

FIGURE 13-52 

? mH 

o v 
/ = 3 kHz 

5 mil 

f 50 mA 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
38. Open file PI3-38 and measure the voltage across each inductor. 
39. Open file PI3-39 and measure the voltage across each inductor. 
40. Open file PI3-40 and measure the current. Double the frequency and measure the current 

again. Reduce the original frequency by one-half and measure the current. Explain your 
observations. 

41. Open file P13-4I and determine the fault if there is one. 
42. Open file PI3-42 and find the fault if there is one. 
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ANSWERS  

SECTION CHECKUPS 

SECTION 13-1 The Basic Inductor 
1. Inductance depends on number of (urns of wire, permeabilily. cross-seclional area, and core 

lenglh. 
2. Vjiui = 7,5 mV 
3. (a) t increases when W increases, 

(b) L decreases when core lenglh increases. 
(c) /- decreases when core cross-sectional area decreases. 
(d) /. decreases when ferromagnetic core is replaced by air core. 

4. All wire has some resistance, and because inductors are made from turns of wire, there is 
always resistance. 

5. Adjacent turns in a coil act as plates of a capacitor, 

SECTION 13-2 Types of Inductors 
1. TWo categories of inductors are fixed and variable. 
2. (a) air core (b) iron core (c) variable 

SECTION 1 3-3 Series and Parallel Inductors 
1. Inductances are added in series. 
2. /., = 2.60 mH 
3. Z.T = 5(10(»mH) = 500 mH 
4. The total parallel inductance is smaller than that of the smallest-value inductor in parallel. 
5. True, calculation of parallel inductance is similar to parallel resistance. 
6. (a) /.T = 24 /xll (b) /.T = 7.69 mH 

SECTION 13-4 Inductors in DC Circuits 
1. V,_ = lRn = 100 mV 
2. ; = 0 V, vL = 20 V 
3. Vi = 0 V 
4. t — 500 ns. ('i = 3.93 mA 

SECTION 13-S Inductors in AC Circuits 
1. Voltage leads current by 90 degrees in an inductor. 
2. XL = 2TrfL = 3,l4k!i 
3. / = XJIttL = 2.55 MHz 
4. lms = 15.9 mA 
5. Plrue = 0 W; /', = 458 mVAR 

SECTION 13-6 Inductor Applications 
1. Conductive and radiated 
2. Electromagnetic interference 
3. A fcrritc bead is placed on a wire to increase its inductance, creating an RF choke. 

RELATED PROBLEMS FOR EXAMPLES 
13-1 5 H 
13-2 10.1 mH 
13-3 0.5 Wb/s 
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13-4 ISO^H 
13-5 20.3 /tH 
13-6 227 ns 
13-7 lp = 17.6 mA. r — 147 ns 

at It: / = 11.1 mA I = 147 ns 
at It: i = 15.1 mA i = 294 ns 
at 3t: / = 16.7 mA i = 441 ns 
at 4t: / = 17.2 mA / = 588 ns 
at 5t: / = 17.4 mA / = 735 ns 

13-8 at 0.2 ms, I = 0.215 mA 
at 0.8 ms. i = 0.035 mA 

13-9 10 V 
13-10 3.83 mA 
13-11 6.7 mA 
13-12 I.I ki! 
13-13 (a) 7.17k!i; (b) l.04kll 
13-14 573 mA 
13-15 Pr decreases. 

TRUE/FALSE 

6. (a) 
12. (b) 

1. T 2. F 3. T 4. F 5. T 
6. T 7. F 8. T 9. F 10. T 

SELF-TEST 
1. (c) 2. (d) 3. (c) 4. (b) S. (d) 
7. (d) 8. (c) 9. (b) 10. (a) II. (d) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (b) 4. (b) 
6. (b) 7. (b) 8. (c) 9. (c) 

5. (b) 
10. (a) 
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CHAPTER OUTLINE 

14-1 Mutual Inductance 
14-2 The Basic Transformer 
14-3 Step-Up and Step-Down Transformers 
14-4 Loading the Secondary 
14-5 Reflected Load 
14-6 Impedance Matching 
14-7 Transformer Ratings and Characteristics 
14-8 Tapped and Multiple-Winding Transformers 
14-9 Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

♦ Explain mutual inductance 
♦ Describe how a transformer is constructed and how it operates 
♦ Describe how Itansfotmets increase and decrease voltage 

Discuss the effect of a resistive load across the secondary 
I Discuss the concept of a reflected load in a transformer 

Discuss impedance matching with transformers 
I Describe a practical transformer 
( Describe several types of transformers 
Troublcshoot transformers 

KEY TERMS 

Mutual inductance (L,M) 
Transformer 
Primary winding 
Secondary winding 
Magnetic coupling 

♦ Turns ratio in) 
♦ Reflected resistance 
♦ Impedance matching 
♦ Apparent power rating 
♦ Center tap (CT) 

\ 

APPLICATION ACTIVITY PREVIEW 

In this application activity, you will learn how to trou- 
bleshoot a type of dc power supply that uses a transformer 
to couple the ac voltage from a standard electrical outlet. By 
making voltage measurements at various points, you can de- 
termine if there is a fault and be able to specify the part of 
the power supply that is faulty. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

In Chapter 13, you learned about self-inductance. In this 
chapter, you will study mutual inductance, which is the basis 
for the operation of transformers. Transformers are used in 
all types of applications such as power supplies, electrical 
power distribution, and signal coupling in communications 
systems. 

The operation of the transformer is based on the princi- 
ple of mutual inductance, which occurs when two or more 
coils are in close proximity. A simple transformer is actually 
two coils that are electromagnetically coupled by their mu- 
tual inductance. Because there is no electrical contact be- 
tween two magnetically coupled coils, the transfer of energy 
from one coil to the other can be achieved in a situation of 
complete electrical isolation. In relation to transformers, the 
term winding or coil is commonly used to describe the pri- 
mary and secondary. 

i 
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14-1 Mutual Inductance  

When two coils are placed close to each other, a changing electromagnetic field 
produced by the current in one coil will cause an induced voltage in the second coil 
because of the mutual inductance between the two coils. 

After completing this section, you should be able to 

• Kxplain mutual inductance 

• Discuss magnetic coupling 

• Define electrical isolation 

• Define coefficient of coupling 

• Identify the factors that affect mutual inductance and slate the formula 

Recall from Chapter 10 that the electromagnetic field surrounding a coil of wire ex- 
pands, collapses, and reverses as the current increases, decreases, and reverses. 

When a second coil is placed very close to the first coil so that the changing magnetic 
lines of force cut through the second coil, the coils are magnetically coupled and a voltage 
is induced, as indicated in Figure 14-1. When two coils arc magnetically coupled, they pro- 
vide electrical isolation, a condition in which two circuits have no common electrically 
conductive path between them. If the current in the first coil is sinusoidal, the voltage in- 
duced in the second coil is also sinusoidal. The amount of voltage induced in the second 
coil as a result of the current in the first coil is dependent on the mutual inductance, 
which is the inductance between the two coils. The mutual inductance is established by the 
inductance of each coil and by the amount of coupling (k) between the two coils. To max- 
imize coupling, the two coils are wound on a common core. 

Lines of force cutting second coil as the 
electromagnetic field expands, collapses, and 
reverses in response to the sinusoidal input. 

V, 

V. -x. 

Oscilloscope 
FIGURE 14-1 

A voltage is induced in the second 
coil as a result of the changing cur- 
rent in the first coil, producing a 
changing electromagnetic field that 
links the second coil. 

Coefficient of Coupling 

The coefficient of coupling, k, between two coils is the ratio of the magnetic lines of force 
(flux) produced by coil 1 linking coil 2 (4>\-2) to the total flux produced by coil Urfri). 

k = ^2- Equation 14-1 
<l>i 

For example, if half of the total flux produced by coil I links coil 2, then k = 0.5. A greater 
value of k means that more voltage is induced in coil 2 for a certain rate of change of cur- 
rent in coil I. Note that k has no units. Recall that the unit of magnetic lines of force (flux) 
is the weber, abbreviated Wb. 

The coefficient of coupling, k, depends on the physical closeness of the coils and the 
type of core material on which they are wound. Also, the construction and shape of the 
cores are factors. 
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Formula for Mutual Inductance 

The three factors influencing mutual inductance (A, L\, and Z.2) are shown in Figure 14-2. 
The formula for mutual inductance is 

Equation 14-2 Lm = AV/.iAi 

► FIGURE 14-2 £,„ 
The mutual inductance of two coils. 0 1 | 0 

0 ' 1 0 
A 

EXAMPLE 14-1 One coil produces a total magnetic flux of 50 /tWb, and 20 /xWb link coil 2. What is 
the coefficient of coupling. A? 

Solution <t>,-2 20/iWb A = — = —  = 0.4 
<!>, 50/xWb 

Related Problem' Determine A when 01 = 500 pcVJb and <bi-2 = 375/xWb. 

^Answers are at the end of the chapter. 

EXAMPLE 14-2 Two coils are wound on a single core, and the coefficient of coupling is 0.3. The in- 
ductance of coil I is 10 /iH, and the inductance of coil 2 is 15/xH. What is 

Solution Lm = A-Vf.,/.2 = 0.3 V* 10/aH)( 15 /iHl = 3.67 /ill 

Related Problem Determine the mutual inductance when A = 0.5, A, = I mH, and Lj = 600/xH. 

SECTION 14-1 1. What does the term electrical isolation mean? 
CHECKUP 2. Define mutual inductance. 
Answers are at the end of the 
chapter. i. Two 50 mH coils have k = 0.9. What is 1M? 

4. If A is increased, what happens to the voltage induced in one coil as a result of a 
current change in the other coil? 

0 14-2 The Basic Transformer  
A transformer is an electrical device constructed of two or more coils of wire (wind- 
ings) magnetically coupled to each other so that there is a mutual inductance for the 
transfer of power from one winding to the other. Although many transformers have 
more than two windings, the coverage in this section is restricted to a basic two-winding 
transformer. Later, more complicated transformers arc introduced. 

This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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After completing this section, you should be able to 

♦ Describe how a transformer is constructed and how it operates 

♦ Identify the parts of a basic transformer 

♦ Discuss the importance of the core material 

♦ Define primary winding and secondary winding 

♦ Define turns ratio 

♦ Discuss how the direction of windings affects voltage polarities 

A schematic of a transformer is shown in Figure 14-3(a). As shown, one coil is called 
the primary winding, and the other is called the secondary winding. The source voltage 
is applied to the primary winding, and the load is connected to the secondary winding, as 
shown in Figure 14-3(b). The primary winding is the input winding, and the secondary 
winding is the output winding. It is common to refer to the side of the transformer that has 
the source voltage as the primary, and the side that has the induced voltage as the secondary. 

Primary 
winding © 

Source 

(a) Schematic symbol 

A FIGURE 14-3 

(b) Source/load connections 

The basic transformer. 

The windings of a transformer arc formed around the core. The core provides both a 
physical structure for placement of the windings and a magnetic path so that the magnetic 
llux is concentrated close to the coils. There are three general categories of core material: 
air, ferrile, and iron. The schematic symbol for each type is shown in Figure 14-4. 

(a) Air core 

FIGURE 14-4 

(b) Ferrite core (c) Iron core 

Schematic symbols based on type of core. 

Iron-core transformers generally are used for audio frequency (AF) and power applica- 
tions. These transformers consist of windings on a core constructed from laminated sheets of 
ferromagnetic material insulated from each other, as shown in Figure 14-5. This construction 
provides an easy path for the magnetic flux and increases the amount of coupling between 
the windings. Figure 14-5 shows the basic construction of two major configurations of 
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Primary 
winding 

Laminated iron core 

Secondary 
winding 

Laminated iron core 

(a) Core type has each winding on a separate leg. (b) Shell type has both windings on the same leg, 

A FIGURE 14-5 
Iron-core transformer construction with multilayer windings. 

iron-core transformers. In the core-type construction, shown in part (a), the windings are on 
separate legs of the laminated core. In the shell-type construction, shown in part (b), both 
windings are on the same leg. Each type has certain advantages. Generally, the core (ype 
has more room for insulation and can handle higher voltages. The shell type can produce 
higher magnetic fluxes in the core, resulting in the need for fewer turns. 

Air-core and ferrite-core transformers generally are used for high-frequency applica- 
tions and consist of windings on an insulating shell which is hollow (air) or constructed of 
ferrite, such as depicted in Figure 14-6. The wire is typically covered by a varnish-type 
coating to prevent the windings from shorting together. The amount of magnetic cou- 
pling between the primary winding and the secondary winding is set by the type of core 
material and by the relative positions of the windings. In Figure 14-6(a), the windings 
are loosely coupled because they are separated, and in part (b) they are tightly coupled 
because they are overlapping. The tighter the coupling, the greater the induced voltage in 
the secondary for a given current in the primary. 

FIGURE 14-6 Air or ferrite core 
Transfonners with cylindrical-shaped 
cores. 

(a) Loosely coupled windings (b) Tightly coupled windings. 
Cutaway view shows both 
windings. 

High-frequency transformers tend to have fewer windings and smaller inductances than 
power transformers, A type of high-frequency transformer that has become popular in re- 
cent years is the planar transformer. Planar transformers arc constructed with printed cir- 
cuit (PC) board assembly methods (rather than wire winding) that enable Ihem to be 
produced with high precision and low cost. The windings arc actually traces laid out on 
stacked PC boards. Planar transformers are available in a variety of sizes and wattage rat- 
ings. The low profile of a planar transformer (typically less than 0.5 inches) makes it par- 
ticularly suited to cases where space is critical. 
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A representative planar transformer is shown in Figure l4-7(a). The transformer in 
Figure l4-7(b) is a low-voltage transformer commonly used in power supplies. Parts (c) 
and (d) show other common types of small transformers. 

r GURt 14-7 

« 9 » 

(d) 

Some common types of transformers. 

Turns Ratio 

A transformer parameter that is useful in understanding how a transformer operates is the 
turns ratio. In this text, the turns ratio (n) is defined as the ratio of the number of turns in 
the secondary winding {Nsec) to the number of turns in the primary winding (Nprj), 

n = ^ 
Npri 

This definition of turns ratio is based on the IEEE standard for electronics power trans- 
formers as specified in the IEEE dictionary. Other categories of transformer may have a 
different definition, so some sources define the turns ratio as Npri^sec- Either definition is 
correct as long as it is clearly slated and used consistently. The turns ratio of a transformer 
is rarely if ever given as a transformer specification. Generally, the input and output volt- 
ages and the power rating are the key specifications. However, the turns ratio is useful in 
studying the operating principle of a transformer. 

Equation 14-3 

EXAMPLE 14-3 A transformer primary winding has 100 turns, and the secondary winding has 400 turns. 
What is the turns ratio? 

Solution Nsec = 400 and= 100; therefore, the turns ratio is 

^ _ AU _ 400 _ 4 

Npri 100 

Related Problem A certain transformer has a turns ratio of 10. If Npri = 500, what is Nsec7 

Direction of Windings 

Another important transformer parameter is the direction in which the windings are placed 
around the core. As illustrated in Figure 14-8, the direction of the windings determines the 
polarity of the voltage across the secondary winding (secondary voltage) with respect to the 
voltage across the primary winding (primary voltage). Phase dots are sometimes used on 
the schematic symbols to indicate polarities, as shown in Figure 14-9. 
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FIGURE 14-8 
The direction of the windings deter- 
mines the relative polarities of the 
voltages. 

Applied 
voltage 

(primary) 

Induced 

(a) The primary and secondary voltages are in 
phase when the windings arc in the same 
effective direction around the magnetic path. 

(b) The primary and secondary voltages arc 180° 
out of phase when the windings are in the 
opposite direction. 

FIGURE 14-9 
Phase dots Indicate relative polarities 
of primary and secondary voltages. 

Phase dots 

(a) Voltages are in phase. (b) Voltages are out of phase. 

SECTION 14-2 1. Upon what principle is the operation of a transformer based? 
CHECKUP 2. Define turns ratio. 

3. Why are the directions of the windings of a transformer important? 
4. A certain transformer has a primary winding with 500 turns and a secondary winding 

with 250 turns. What is the turns ratio? 
5. How do the windings in a planar transformer differ from other transformers? 

14-3 Step-Up and Step-Down Transformers  

A step-up transformer has more turns in its secondary winding than in its primary 
winding and is used to increase ae voltage. A step-down transformer has more turns in 
its primary winding than in its secondary winding and is used to decrease ac voltage. 

After completing this section, you should be able to 

♦ Describe how transformers increase and decrease voltage 

♦ Explain how a step-up transformer works 

♦ Identify a slep-up transformer by its turns ratio 

♦ Stale the relationship between primary and secondary voltages and the turns ratio 

♦ Explain how a step-down transformer works 

♦ Identify a step-down transformer by its turns ratio 

♦ Describe dc isolation 
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The Step-Up Transformer 

A iransformer in which Ihe secondary voltage is greater than the primary voltage is called 
a step-up transformer. The amount that the voltage is stepped up depends on the turns 
ratio. 

The ratio of secondary voltage I l'V(T) to primary voltage (Vpri) is equal to the ratio 
of the number of turns in the secondary winding (i\sec) to the number of turns in 
the primary winding (Alp„-). 

V„. 
N* 
/V„, 'pn "pn 

Recall that NSKINprj defines the turns ratio, n. Therefore, from this relationship, 

Vsec = "Vpri 
Equation 14-5 shows that the secondary voltage is equal to the turns ratio times the primary 
voltage. This condition assumes that the coefficient of coupling is I, and a good iron-core 
transformer approaches this value. 

The turns ratio for a step-up transformer is always greater than 1 because the number of 
turns in the secondary winding {Nsec.) is always greater than the number of turns in the pri- 
mary winding 

Equation 14-4 

Equation 14-5 

EXAMPLE 14-4 The transformer in Figure 14-10 has a turns ratio of 3. What is the voltage across the 
secondary winding? RMS voltage is assumed. 

FIGURE 14-10 

20 V 

Solution The secondary voltage is 

Vsec = "vpri = (3)120 V = 360 V 
Note that Ihe turns ratio of 3 is indicated on the schematic as 1:3, meaning that there 
are three secondary turns for each primary turn. 

Related Problem The transformer in Figure 14-10 is changed to one with a turns ratio of 4. 
Determine VM. 

Use Mullisim file El4-04 to verify Ihe calculated results in this example and to con- 
firm your calculation for the related problem. 

The Step-Down Transformer 

A transformer in which the secondary voltage is less than the primary voltage is called a 
step-down transformer. The amount by which Ihe voltage is stepped down depends on 
the turns ratio. Equation 14-5 also applies to a step-down transformer. 

The turns ratio of a step-down Iransformer is always less than 1 because the number 
of turns in the secondary winding is always fewer than the number of turns in the pri- 
mary winding. 
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EXAMPLE 14-5 The transformer in Figure 14-11 has a turns ratio of 0.2. What is the secondary voltage? 

FIGURE 14-11 5:1 

K.j /7~N 11 £ K,. 

Solution The secondary voltage is 

V«c = nVpri = (0.2)120 V = 24 V 

Heloied Problem The transformer in Figure 14-11 is changed to one with a turns ratio of 0.48. Deter- 
mine the secondary voltage. 

Use Multisim file E14-05 to verify (he calculated results in this example and to con- 
[ firm your calculation for the related problem. 

DC Isolation 

As illustrated in Figure I4-I2(a), if there is dc in the primary of a transformer, nothing hap- 
pens in the secondary. The reason is that a changing current in the primary winding is nec- 
essary to induce a voltage in the secondary winding, as shown in part (b). Therefore, the 
transformer isolates the secondary circuit from any dc in the primary circuit. A transformer 
that is used strictly for isolation has a turns ratio of 1. 

D V 

a~\o 

FIGURE 14-12 
DC isolation and ac coupling. 

Isolation transformers are often packaged as part of a total ac line-conditioning device. 
In addition to the isolation transformer, the line conditioning includes surge protection, fil- 
lers to eliminate interference, and sometimes automatic voltage regulation. Line condition- 
ing is useful to isolate sensitive equipment such as microprocessor-based controllers. 
Specialized line conditioners for patient-monitoring equipment in hospitals provide a high 
degree of electrical isolation and protection from shock. 

Small transformers that are used to isolate the dc bias from one stage of an amplifier to 
the next stage arc called coupling transformers because the ac signal is passed ("coupled") 
but the dc is blocked. Coupling transformers are widely used at high frequencies where 
they arc designed to pass only a selected band of frequencies by making the primary and 
secondary coils part of a parallel tuned circuit (resonant circuit). (Tuned circuits are dis- 
cussed in Chapter 17.) A typical transformer-coupled amplifier arrangement is shown in 
Figure 14-13. Frequently, the core of a coupling transformer can be adjusted to fine-tune 
the frequency response. Coupling transformers are also commonly used to couple a signal 
from an amplifier to a speaker. 
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Coupling 
transrormer 

1 Amplifier 
stage I 

Amplifier 
stage 2 voltan 

i 

FIGURE 14-13 
Amplifier stages with transformer 
coupling for dc isolation. Also, the 
coupling transformer is used to pass 
high frequencies in the band deter- 
mined by the tuned circuits. 

Primary resonant circuil Secondary resonant circuil 

SECTION 14-3 1. What does a step-up transformer do? 
CHECKUP 2. If the turns ratio is 5, how much greater is the secondary voltage than the primary 

voltage? 
3. When 240 V ac are applied to the primary winding of a transformer with a turns ratio 

of 10, what is the secondary voltage? 
4. What does a step-down transformer do? 
5. A voltage of 120 V ac is applied to the primary winding of a transformer with a turns 

ratio of 0.5. What is the secondary voltage? 
6. A primary voltage of 120 V ac is reduced to 12 V ac. What is the turns ratio? 

14-4 Loading the Secondary  

When a resistive load is connected to the secondary winding of a transformer, the rela- 
tionship of the load (secondary) current and the current in the primary circuit is deter- 
mined by the turns ratio. 

After completing this section, you should be able to 

♦ Discuss the effect of a resistive load across the secondary 

♦ Determine the current delivered by the secondary when a step-up transformer 
is loaded 

♦ Determine the current delivered by the secondary when a step-down trans- 
former is loaded 

♦ Discuss power in a transformer 

When a load resistor is connected to the secondary winding, as shown in Figure 14-14, 
there is current through the resulting secondary circuil because of the voltage induced in 
the secondary coil. It can be shown that the ratio of the primary current, lpri, to the second- 
ary current, is equal to the turns ratio, as expressed in the following equation: 

lpri 
/kpc 

Equation 14-6 

I f" 

FIGURE 14-14 
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A manipulation of the terms in Equation 14-6 gives Equation 14-7, which shows that 
is equal to /;,n times the reciprocal of the turns ratio. 

Equation 14-7 Isec = 

Thus, for a step-up transformer, in which n is greater Chan I, the secondary current is less 
than the primary current. For a step-down transformer, n is less than I, and lsec is greater 
than /p„. When the secondary voltage is greater than the primary voltage, the secondary 
current is lower than the primary current and vice versa. 

EXAMPLE 14-6 The two ideal transformers in Figure 14-15 have loaded secondary windings. If the 
primary current is 100 mA in each case, what is the load current? 

FIGURE 14-15 

Su/ii In Figure I4-I5(a), the turns ratio is 10. The current through the load is 

I 
hec = - Vpri = (0.1)100 mA = 10 mA 

In Figure 14-15(b), the turns ratio is 0.5. The current through the load is 

= I - )/ = (2) 100 mA = 200 mA 

Relah d I'nihlem What is the secondary current in Figure 14-I5(a) if the turns ratio is doubled? What 
is the secondary current in Figure I4-I5(b| if the turns ratio is halved? Assume /pr, 
remains the same in both circuits. 

Primary Power Equals Load Power 

When a load is connected to the secondary winding of a transformer, the power transferred 
to the load can never be greater than the power in the primary winding. For an ideal trans- 
former, the power delivered to the primary equals the power delivered by the secondary to 
the load. When losses are considered, some of the power is dissipated in the transformer 
rather than the load; therefore, the load power is always less than the power in the primary. 

Power is dependent on voltage and current, and there can be no increase in power in a 
transformer. Therefore, if the voltage is stepped up, the current is stepped down and vice 
versa. In an ideal transformer, the secondary power is equal to the primary power regardless 
of the turns ratio, as the following equations show. The power delivered to the primary is 

*pri ~ 'pn'pn 
and the power delivered to the load is 

P = V I ' sec v sec'sec 
From Equations 14-7 and 14-5, 

'sec = and Vsec = "VP" 
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By substitution, 

= (^jfoprilpri 

Canceling terms yields 

"sec *pn' pn "pri 
This result is closely approached in practice by power transformers because of the very 
high efficiencies. 

SECTION 14-4 |. |f the turns ratio of a transformer is 2, is the secondary current greater than or less 
CHECKUP than the primary current? By how much? 

2. A transformer has 1000 turns in its primary winding and 250 turns in its secondary 
winding, and /p„ is 0.5 A. What is the value of lsec? 

3. In Problem 2, how much primary current is necessary to produce a secondary load 
current of 10 A? 

14-5 Reflected Load  

From the viewpoint of the primary, a load connected across the secondary winding of 
a transformer appears to have a resistance that is not necessarily equal to the actual 
resistance of the load. The actual load is "reflected" into the primary as determined by 
the turns ratio. This reflected load is what the primary source effectively sees, and it 
determines the amount of primary current. 

After completing this section, you should be able to 

• Discuss the concept of a reflected load in a transformer 

♦ Define reflected resistance 

♦ Explain how the turns ratio affects the reflected resistance 

♦ Calculate reflected resistance 

The concept of the reflected load is illustrated in Figure 14-16. The load (/?/ ) in the sec- 
ondary of a transformer is reflected into the primary by transformer action. Ideally, the load 
appears to the source in the primary to be a resistance (/?,,,;) with a value determined by the 
turns ratio and the actual value of the load resistance. The resistance Rpri is called the 
reflected resistance. 

N„h : N, 

© 
v.., 

This actual load appears to 
the source as this reflected load. 

FIGURE 14-16 

/ = 

■© 

Reflected load in a transformer 
circuit. 

Aciual load Reflected load 
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Equation 14-8 

The resistance in the primary of Figure 14-16 is The resistance in the 
secondary is R/ = VsecJlsec. From Equations 14^1 and 14-6, you know that Vsec/Vllri = n 
and IpriHsec = Using these relationships, a formula for Rlln in terms of Rj is determined 
as follows: 

■f
 

1 VpriMpri (VprTX (IjeA _ /lA 
*/. Vsec ^sec \vseJ \IpriJ \llJ Uj" u 

Solving for R„ri yields 

^ = [n ^ 

Equation 14-8 shows that the resistance reflected into the primary circuit is the square of 
the reciprocal of the turns ratio times the load resistance. 

EXAMPLE 14-7 Figure 14-17 shows a source that is transformer-coupled to a load resistor of 100 !!, The 
transformer has a turns ratio of 4. What is the reflected resistance seen by the source? 

FIGURE 14-17 

100 II 

Sitlulion The reflected resistance is determined by Equation 14-8. 

K,n = - «/.= 7 */. = 77 100 " = 6-25" 16 

The source sees a resistance of 6,25 fl just as if it were connected directly, as shown in 
the equivalent circuit of Figure 14-18. 

FIGURE 14-18 
/Resistance "reflected" 

from secondary 

6,25 1! 

Hi'l.ih'd I'mhlem If the turns ratio in Figure 14-17 is 10 and R/ is 600 fl, what is the reflected resistance? 

EXAMPLE 14-8 In Figure 14-17, if a transformer is used having a turns ratio of 0.25, what is the 
reflected resistance? 

Solutinn The reflected resistance is 

V- = (jj = I ^Tl00ft = (4)2i00ft = 1600 n 

This result illustrates the difference that the turns ratio makes. 

Relnted Pwblem To achieve a reflected resistance of 800 fl, what turns ratio is required in Figure 14-17? 
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In a step-up transformer (n > I), the reflected resistance is less than the actual load re- 
sistance; in a step-down transformer (n < I), the reflected resistance is greater than the 
load resistance. This was illustrated in Examples 14—7 and 14-8, respectively. 

SECTION 14-5 1. Define reflected resistance. 
CHECKUP 2. What transformer characteristic determines the reflected resistance? 

3. A given transformer has a turns ratio of 10, and the load is 50 fl. How much resis- 
tance is reflected into the primary? 

4. What is the turns ratio required to reflect a 4 fl load resistance into the primary 
as 400 f!? 

14-6 Impedance Matching 

One application of transformers is in the matching of a load impedance to a source 
impedance to achieve maximum transfer of power or other results. This technique is 
called impedance matching. In audio systems, special wide-band transformers arc often 
used to gel the maximum amount of available power from the amplifier to the speaker 
by proper selection of the turns ratio. Transformers designed specifically for impedance 
matching usually show the input and output impedance they are designed to match. A 
special type of impedance-matching transformer called the balun is introduced. 

After completing this section, you should be able to 

♦ Discuss impedance matching with transformers 

♦ Discuss the maximum power transfer theorem 

♦ Define impedance matching 

♦ Explain the purpose of impedance matching 

♦ Describe a balun transformer 

Recall that the maximum power transfer theorem (discussed in Section 8-7) stales that 
maximum power is transferred from a source to a load when the load resistance is equal to 
the source resistance. In ac circuits, the total opposition to current is referred to as imped- 
ance, which can be resistance, reactance, or a combination of both. The term impedance 
matching is used to show that the source and load impedances are effectively equal. For 
this section, we will confine our usage to resistance only. 

Figure 14-19(a) shows an ac source with a fixed internal resistance. Some fixed internal 
resistance is inherent in all sources due to their internal circuitry. Part (b) shows a load con- 
nected to the source. In this case, the objective is often to transfer as much power to the load 
as possible. 

In most practical situations, the internal source resistance of various types of sources is 
fixed. Also, in many cases, the resistance of a device that acts as a load is fixed and cannot be 
altered. If you need to connect a given source to a given load, remember that only by chance 
will their resistances match. In this situation, a special type of wide band transformer comes 
in handy. You can use the reflected-resistance characteristic provided by a transformer to 
make the load resistance appear to have the same value as the source resistance. This tech- 
nique is called impedance matching, and the transformer is called an impedance-matching 
transformer because it also transforms reactances as well as resistances. 
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FIGURE 14-19 
Power transfer from a nonideal 
voltage source to a load. 

^Wv- 

© 

Internal power 
dissipation in the source 
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Power 
dissipation 

i load 

(a) Voltage source with 
imernal resistance. Rinl 

(b) A portion of the total power 
is dissipated in Rim 

Figure 14-20 illustrates a specific example of an impedance-matching transformer. In 
this example, a source with an internal resistance of 75 f! is driving a 300 11 load. The 
impedance-matching transformer needs to make the load resistance look like a 75 ft resis- 
tance to the source in order to deliver maximum power to the load. To select the right trans- 
former, you need to know how the turns ratio affects the impedance. You can use Equation 
14-8 to determine the turns ratio, n. to achieve impedance matching when you know the 
values for K/ and K/m. 

\ 2 
Kl 

Transpose terms and divide both sides by R/ . 

1 \2 _ Kpri 
V"/ «£, 

Then take the square root of both sides. 

n \ Kl 

Invert both sides to get the following formula for the turns ratio: 

•pri 

Finally, solve for the particular turns ratio to match a 300 ft load to a 75 ft source. 

Equation 14-9 " = V  
' Rnri 

„= ®J=V4 = 2 
75 ft 

Therefore, a matching transformer with a turns ratio of 2 must be used in this application. 

FIGURE 14-20 
Example of a load matched to a 
source by transformer coupling for 
maximum power transfer. 

-Wr- 
75 fl 

© 

Source sees 
75 H when 

► the turns ratio 
is properly 
selected. 

300 il 

Source Matching 
transformer 

Load 
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EXAMPLE 14-9 An amplifier has an 800 fi inlemal resistance. In order to provide maximum power to 
an 8 f! speaker, what turns ratio must be used in the coupling transformer? 

Solution The reflected resistance must equal 800 !T Thus, from Equation 14-9, the turns ratio 
can be determined. 

sn 
\| V soo n 

= VooT = o.i 

The diagram and its equivalent reflected circuit arc shown in Figure 14-21. 

FIGURE 14-21 

Amplifier 

10:1 
800 n 

• soon 

Amplifier Speaker/lransformer 
equivalent circuit equivalent 

Kfl.ttt'il I'loblent What must be the turns ratio in Figure 14-21 to provide maximum power to two 8 1! 
speakers in parallel? 

The Balun Transformer An application for impedance matching is used in high-frequency 
antennas. In addition to impedance matching, many transmitting antennas also require that 
an unbalanced signal from the transmitter be converted to a balanced signal. A balanced 
signal is composed of two equal-amplitude signals that are 180° out-of-phase with each 
other. An unbalanced signal is one that is referenced to ground. A special type of trans- 
former called a balun, a contraction of the words "<>a/anced-««balanced" is used to convert 
the unbalanced signal from the transmitter to a balanced signal at the antenna, as shown in 
Figure 14-22, 

ua un 
Coiixia cable 

Balanced Unbalanced signal to siimul Ironi anlcn-; iransmiitoi 

FIGURE 14-22 
Illustration of a balun transformer 
converting an unbalanced signal to a 
balanced signal. 

The transmitter is usually connected to the balun with a coaxial cable (coax). A coax is 
basically a conductor surrounded by an insulating region and an outer conductor called the 
shield. In Figure 14-22, the signal from the transmitter is referenced to ground, which is 
connected to the outer shield of the coax, so it is an unbalanced signal. The shield on the 
coax minimizes pickup of radiated noise. 

The coax has a certain characteristic impedance associated with it. The turns ratio of the 
balun is set to match the coax impedance to the antenna impedance. For example, if the trans- 
mitting antenna represents a 300 il impedance and the coax has a characteristic impedance 
of 75 fl, (he balun can provide the impedance match with a turns ratio of two, as was shown 
earlier. Baluns can also be used to convert from balanced signals to unbalanced signals. 
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SECTION 14-6 1. What does impedance matching mean? 
CHECKUP 2. What is the advantage of matching the load resistance to the resistance of a source? 

3. A transformer has a turns ratio of 0.5. What is the reflected resistance with 100 H 
across the secondary? 

4. What is the function of a balun? 

14-7 Transformer Ratings and Characteristics  

Transformer operation has been discussed from an ideal point of view. That is, the 
winding resistance, the winding capacitance, and nonideal core characteristics were all 
neglected and the transformer was treated as if it had an efficiency of 100%. For study- 
ing the basic concepts and in many applications, the ideal model is valid. However, the 
practical transformer has several nonideal characteristics. 

After completing this section, you should be able to 

♦ Describe a practical transformer 

♦ List and describe the nonideal characteristics 

♦ Explain power rating of a transformer 

♦ Define efficiency of a transformer 

Ratings 

Power Rating A power transformer is typically rated in volt-amperes (VA), primary/ 
secondary voltage, and operating frequency. For example, a given transformer rating may 
be specified as 2 kVA, 500/50, 60 Hz. The 2 kVA value is the apparent power rating. 
The 500 and the 50 can be either secondary or primary voltages. The 60 Hz is the operat- 
ing frequency. 

The transformer rating can be helpful in selecting the proper transformer for a given ap- 
plication. Let's assume, for example, that 50 V is the secondary voltage. In this case the 
load current is 

/V = 2kVA 
v.va- 50 V 

On the other hand, if 500 V is the secondary voltage, then 

Psec 2 kVA 
IL =    = -TTTTT = 4 A V,„. 500 V 

These are the maximum currents that the secondary can handle in either case. 
The reason that the power rating is in volt-amperes (apparent power) rather than in watts 

(true power) is as follows: If the transformer load is purely capacitive or purely inductive, 
the true power (watts) delivered to the load is zero. However, the current for VSI,C = 500 V 
and Xc= I 00 f! at 60 Hz, for example, is 5 A. This current exceeds the maximum that the 
2 kVA secondary can handle, and the transformer may be damaged. So it is meaningless to 
specify power in watts for transformers. 

Voltage and Frequency Ratings In addition to the apparent power rating, most power 
transformers will have voltage and frequency ratings placed on the transformer. The voltage 
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ratings include the primary voltage for which it is designed and the secondary voltage that 
is present when the rated load is connected to the secondary and the primary is connected 
to the rated input voltage. Frequently, there will be a small schematic drawing showing the 
windings and voltage rating for each winding. The frequency for which the transformer is 
designed will also be specified. A transformer operated on the wrong frequency can be 
damaged, so it is important to note the frequency specification. These arc minimum speci- 
fications you need to know in order to select a power transformer for an application. 

Characteristics 

Winding Resistance Both the primary and the secondary windings of a practical trans- 
former have winding resistance. You learned about the winding resistance of inductors in 
Chapter 13. The winding resistances of a practical transformer are represented as resistors 
in series with the windings as shown in Figure 14-23. 

Winding resistance in a practical transformer results in less voltage across a secondary 
load. Voltage drops due to the winding resistance effectively subtract from the primary and 
secondary voltages and result in load voltage that is less than that predicted by the relation- 
ship Vwt. = nVprj. In many cases, the effect is relatively small and can be neglected. 

Losses in the Core There is always some energy conversion in the core material of a 
practical transformer. This conversion is seen as a heating of ferrile and iron cores, but it 
does not occur in air cores. Part of this energy conversion is because of the continuous re- 
versal of the magnetic field due to the changing direction of the primary current; this com- 
ponent of the energy conversion is called hysteresis loss. The rest of the energy conversion 
to heat is caused by eddy currents produced when voltage is induced in the core material by 
the changing magnetic flux, according to Faraday's law. The eddy currents occur in circu- 
lar patterns in the core resistance, thus producing heat. This conversion to heat is greatly re- 
duced by the use of laminated construction of iron cores. The thin layers of ferromagnetic 
material arc insulated from each other to minimize the buildup of eddy currents by confin- 
ing them to a small area and to keep core losses to a minimum. 

Magnetic Flux Leakage In an ideal transformer, all of the magnetic flux produced by the 
primary current is assumed to pass through the core to the secondary winding, and vice 
versa. In a practical transformer, some of the magnetic flux lines break out of the core and 
pass through the surrounding air back to the other end of the winding, as illustrated in 
Figure 14-24 for the magnetic field produced by the primary current. Magnetic flux leak- 
age results in a reduced secondary voltage. 

The percentage of magnetic flux that actually reaches the secondary winding determines 
the coefficient of coupling of the transformer. For example, if nine out of ten flux lines re- 
main inside the core, the coefficient of coupling is 0.90 or 90%. Most iron-core transform- 
ers have very high coefficients of coupling (greater than 0.99), while territe-core and 
air-core devices have lower values. 

FIGURE 14-23 
Winding resistances in a practical 
transformer. 

Leakage flux FIGURE 14-24 
Flux leakage in a practical 
transformer. 
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Winding Capacitance As you learned in Chapter 13, there is always some stray capac- 
itance between adjacent turns of a winding. These stray capacitances result in an effective 
capacitance in parallel with each winding of a transformer, as indicated in Figure 14-25. 

FIGURE 14-25 
Winding capacitance in a practical 
transformer. 

These stray capacitances have very little effect on the transformer's operation at low fre- 
quencies (such as power line frequencies) because the reactances (Xf j are very high. How- 
ever, at higher frequencies, the reactances decrease and begin to produce a bypassing effect 
across the primary winding and across the secondary load. As a result, less of the total pri- 
mary current is through the primary winding, and less of the total secondary current is 
through the load. This effect reduces the load voltage as the frequency goes up. 

Transformer Efficiency Recall that the power delivered to the load is equal to the power 
delivered to the primary in an ideal transformer. Because the nonideal characteristics just 
discussed result in a power loss in the transformer, the secondary (output) power is always 
less than the primary (input) power. The efficiency (ij) of a transformer is a measure of the 
percentage of the input power that is delivered to the output. 

Equation 14-10 v = | J100% 
V Pin / 

Most power transformers have efficiencies in excess of 95% under load. 

EXAMPLE! 4-10 A certain type of transformer has a primary current of 5 A and a primary voltage of 
4800 V. The secondary current is 90 A, and the secondary voltage is 240 V. Determine 
the efficiency of this transformer. 

Solution The input power is 

Pin = Vprilpri = (4800 V)(5 A) = 24 kVA 
The output power is 

Pou, = Vsec fee = (240V)(90A) = 21.6 kVA 
The efficiency is 

r, = (—\oO% = (2''6kVA)IOO% = 90% 
\Pi„J V 24kVA ; 

Related Problem A transformer has a primary current of 8 A with a primary voltage of 440 V. The 
secondary current is 30 A and the secondary voltage is 100 V. What is the efficiency? 

SECTION 14-7 1. Explain how a practical transformer differs from the ideal model. 
2. The coefficient of coupling of a certain transformer is 0.85. What does this mean? 
3. A certain transformer has a rating of 10 kVA. If the secondary voltage is 250 V, how 

much load current can the transformer handle? 
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14-8 Tapped and Multiple-Winding Transformers 

The basic transformer has several important variations. They include tapped trans- 
formers, multiple-winding transformers, and autolransformers. Three-phase transform- 
ers, which are types of multiple-winding transformers, are introduced in this section. 

After completing this section, you should be able to 

♦ Describe several types of transformers 

♦ Describe center-lapped transformers 

♦ Describe multiple-winding transformers 

♦ Describe autolransformers 

♦ Describe three-phase transformers 

Tapped Transformers 

A schematic of a transformer with a center-tapped secondary winding is shown in Figure 
l4-26(a). The center tap (CT) is equivalent to two secondary windings with half the to- 
tal voltage across each. 

-o Center tap ICT) 'V, o C1 Voltages with respect 
to the center tap 

(a) Center-tapped transformer (b) Output voltages with respect to the center tap are 180° out of phase with each 
other and arc one-half the magnitude of the secondary voltage. 

FIGURE 14-26 
Operation of a center-lapped transformer. 

The voltages between either end of the secondary winding and the center tap are, at any 
instant, equal in magnitude but opposite in polarity, as illustrated in Figure 14-26(b). Here, 
for example, at some instant on the sinusoidal voltage, the polarity across the entire second- 
ary winding is as shown (top end +, bottom —). At the center lap, the voltage is less posi- 
tive than the top end but more positive than the bottom end of the secondary. Therefore, 
measured with respect to the center lap, the lop end of the secondary is positive, and the 
bottom end is negative. This center-tapped feature is used in many power supply rectifiers 
in which the ac voltage is converted to dc, as illustrated in Figure 14-27. 

Rectifier 
circuit 

Pulsating dc out FIGURE 14-27 
Application of a center-tapped trans- 
former in ac-to-dc conversion. 

The rectifier takes 
these two half-cycles 
and combines them to 
get this waveform.   
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Some tapped transformers have taps on the secondary winding at points other than the 
electrical center. Also, single and multiple primary and secondary taps arc sometimes used 
in certain applications, such as impedance-matching transformers that normally have a 
ccnlcr-lappcd primary. Examples of these types of transformers arc shown in Figure 14-28. 

FIGURE 14-28 
Tapped transformers. 

Utility companies use many tapped transformers in distribution systems. Normally, 
power is generated and transmitted as three-phase power. At some point, the three-phase 
power is converted to single-phase for residential use. An example of a utility-pole trans- 
former is shown in Figure 14-29 for the case where the high-voltage three-phase power has 
previously been converted to single-phase power (by tapping one of the three phases). It 
still needs to be converted to 120 V/240 V for residential customers, so a single-phase 
lapped transformer is used. By selecting the appropriate lap on the primary side, the utility 
company can make minor adjustments in the voltage lhal is delivered to the customer. The 
center tap on the secondary side is the neutral (usually uninsulated) conductor. 

FIGURE 14-29 
Utility-pule transformer in a typical 
power distribution system. 

- Transformer 

CTi Service 
emrance 72110 V 

Buildmii 

Earth 
ground 

ll20 V 
240 V 

120 V 
Distribution 
or breaker box 

///////////////////// 

Multiple-Winding Transformers 

Some transformers are designed to operate from either 120 V ac or 240 V ac lines. These 
transformers usually have two primary windings, each of which is designed for 120 V ac. 
When the two are connected in series, the transformer can be used for 240 V ac operations, 
as illustrated in Figure 14-30. 

More than one secondary can be wound on a common core. Transformers with several sec- 
ondary windings arc often used to achieve several voltages by cither stepping up or stepping 
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• Secondarv 

(a) Two primary windings 

120 Vac 
O— 

(h) Primary windings in parallel 
for 120 V ac operation 

FIGURE 14-30 

240 Vac 
Multiple-primary transformers. 

(c) Primary windings in series 
for 240 V ac operation 

down the primary voltage. These types are commonly used in power supply applications in 
which several voltage levels are required for the operation of an electronic instrument. 

A typical schematic of a multiple-secondary transformer is shown in Figure 14-31; this 
transformer has three secondaries. Sometimes you will find combinations of multiple- 
primary, multiple-secondary, and tapped transformers all in one unit. 

-O FIGURE 14-31 
A multiple-secondary transformer. 

EXAMPLE 14-11 Tlte transformer shown in Figure 14-32 has the numbers of turns indicated. One of the 
secondaries is also center lapped. If 120 V ac me connected to the primary, determine 
each secondary voltage and the voltages with respect to the center tap (CT) on the 
middle secondary. 

FIGURE 14-32 

120 V 1000 turns. 

-OA 
• 50 lums 

-OC 
-oCT 12000 turns 

100 turns 
 OF 

VAB = "AnVpn = (0.05) 120 V = 6.0 V 
Vco = "coVpri = (2)I20V = 240 V 

240 V 
ncric = V(CT)0 = —^—= 120 V 

VEF = nEFVpri = (0.1)120 V = 12 V 

Hi'l.ih'd Problem Repeal the calculations for a primary with 500 turns. 
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Autotransformers 

In an autotransformcr, one winding serves as both the primary and the secondary. The 
winding is tapped at the proper points to achieve the desired turns ratio for stepping up or 
stepping down the voltage, 

Autotransformers differ from conventional transformers in that there is no electrical iso- 
lation between the primary and the secondary because both are on one winding. Autotrans- 
formers normally are smaller and lighter than equivalent conventional transformers 
because they require a much lower kVA rating for a given load. Many autotransformers 
provide an adjustable tap using a sliding contact mechanism so that the output voltage can 
be varied (these are often called variacs). Figure 14-33 shows schematic symbols for var- 
ious types of autotransformers. Autotransformers are used in starting industrial induction 
motors and regulating transmission line voltages. 

Example 14-12 illustrates why an autotransformer has a kVA requirement (hat is less 
than the input or output kVA. 

FIGURE 14-33 
Types of autotransformers. 

Input 
Output Input 

Output 
Input 

(a) Step-up (b) Step-down (c) Variable 

EXAMPLE 14-12 A certain autotransformer is used to change a source voltage of 240 V to a load volt- 
age of 170 V across an 8 11 load resistance. Determine the input and output power in 
kilovolt-amperes, and show that the actual kVA requirement is less than this value. 
Assume that this transformer is ideal. 

Solution The circuit is shown in Figure 14-34 with voltages and currents indicated. 

FIGURE 14-34 

/, 70 V 

240 V 
70 V S 

The load current, /j, is determined as 

Fr 170 V 
/■. = —= —— = 21.3 A rl b n 

The input power is the total source voltage (V|) times the total current from the 
source (/1). 

Pin = F,/, 
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The output power is the load voltage, Vj, limes the load current, h- 

Pou, = V3/3 
For an ideal transformer, Pm = thus, 

V,/| = K3/3 

Solving for /1 yields 
V3/3 (170 V)(21.3 A) 

" "FT" 240 V 151A 

Applying Kirchhoff's current law at the tap junction, 

/, = /2 + /, 

Solving for h, the current through winding B. yields 

h = I\- h = 15.1 A - 21.3 A = -6.2 A 
The minus sign indicates h is out of phase with /|. 

The input and output power arc 

Pin = Pou, = V3/3 = (170 V)(2I.3 A) = 3.62 kVA 
The power in winding A is 

Pa = V2/1 = (70 V)(I5.1 A) = I057VA = 1.057 kVA 
The power in winding R is 

PB = V3l2 = (170 V)(6.2 A) = 1054 VA = 1.054 kVA 

Thus, the power rating required for each winding is less than the power that is deliv- 
ered to the load. The slight difference in the calculated powers in windings A and B is 
due to rounding. 

Related Problem What happens to the kVA requirement if the load is changed to 4 !i ? 

Three-Phase Transformers 

Three-phase power was introduced in Chapter 11 in relation to generators and motors. 
Three-phase transformers are widely used in power distribution systems. Three-phase is 
the most common way in which power is produced, transmitted, and used. Although 
widely used in commercial and industrial applications, three-phase power is generally not 
used in residential applications, 

A three-phase transformer consists of three sets of primary and secondary windings. 
Each set is wound on one leg of an iron-core assembly. Basically, it is three single-phase 
transformers sharing a common core, as shown in Figure 14—35. It is possible (but more 
expensive) to connect three single-phase transformers together to achieve the same result. 

I 35 7 9 11 -« FIGURE 14-35  
Three-phase transformer. 

2 4 6 8 10 12 
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In a three-phase transformer, the three identical primary windings and the three identical 
secondary windings arc connected in either of two ways, a delta (A) configuration or a wye 
(Y) configuration, to form a complete transformer unit. Delta and wye connections are 
shown in Figure 14-36. 

FIGURE 14-36 
Delta and wye configurations. 

In a three-phase transformer the possible combinations of delta and wye configura- 
tions arc 

1. Della-lo-wye (A-Y). The primary winding is a delta and the secondary winding is a 
wye. This common configuration is used in commercial and industrial applications, 

2. Oelta-la-della (A-A). The primary and secondary windings are both connected in 
the delta configuration. This is also commonly used in industrial applications. 

3. Wye-lo-della (Y-A). The primary winding is a wye and the secondary winding is a 
delta. This is used in high-voltage transmission applications. 

4. Wye-to-wye (Y-Y). The primary and secondary windings arc both connected in the 
wye configuration. It is used in high-voltage, low kVA applications. 

The della-lo-wye connections are shown in Figure 14-37. The proper winding phasing 
must be observed when connecting the transformers. The windings in the delta must be + 
to —; the polarity for each winding in the wye must be the same at the center point. 

3 5 7 9 

□ c 

4 5 10 12 

(2.5) + 
Three-phase * ' 0U()  -9 (6, 9) 
inputs / 

Three-phase 
inilpiils 

(4.8, 12) 

(1. 10) 

A FIGURE 14-37 
Connections for a delta-to-wye transformer. The primary windings are designated Apn. Bp,,, and Cpp, 
the secondary windings arc designated Aiec, B^, and Cvc. The numbers in parentheses correspond to 
the transformer leads. 



Troubleshooting ♦ 609 

The wye configuration has an advantage in thai a neutral connection can be made at the 
center junction point. The delta configuration normally docs not have a neutral. One excep- 
tion is the special case for changing three-phase transmission-line voltage to single-phase 
power for residential use. In this case, a Y-A transformer with a center-tapped delta config- 
uration is used, as shown in Figure 14-38. This configuration is referred to as a four-wire 
delta and can be used in applications where single phase is not available. 

./PR / "-A 120V 
i U 

A FIGURE 14-38  
A tapped wye-delta transformer that can be used o convert three-phase utility voltages to single-phase 
residential voltages. 

Three-phase 
ulility power 

SECTION 14-8 1. A certain transformer has two secondary windings. The turns ratio from the primary 
CHECKUP winding to the first secondary is 10. The turns ratio from the primary to the other sec- 

ondary is 0.2. If 240 V ac are applied to the primary, what are the secondary voltages? 
2. Name one advantage and one disadvantage of an autotransformer over a conventional 

transformer. 
3. In what form is electrical power most commonly produced and transmitted? 

14-9 Troubleshooting 

Transformers are reliable devices when they are operated within their specified range. 
Common failures in transformers arc opens in cither the primary or the secondary 
windings. One cause of such failures is the operation of the device under conditions 
that exceed its ratings. Normally, when a transfonner fails, it is difficult to repair and 
therefore the simplest procedure is to replace it. A few transformer failures and the as- 
sociated symptoms are covered in this section. 

After completing this section, you should be able to 

• Troublcshoot transformers 

• Find an open primary or secondary winding 

♦ Find a shorted or partially shorted primary or secondary winding 

- J 

3 

Open Primary Winding 

When there is an open primary winding, there is no primary current and, therefore, no in- 
duced voltage or current in the secondary. This condition is illustrated in Figure 14-39(a), 
and the method of checking with an ohmmetcr is shown in part (b). 
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/„„ = 0 vt = o 

V Open 'V- \ 

T 
(a) Conditions when the primary winding is open Disconnect source from primary winding, 

(b) Checking the primary winding with an ohmmeter 

FIGURE 14-39 
Open primary winding. 

Open Secondary Winding 

When there is an open secondary winding, there is no current in the secondary circuit and, 
as a result, no voltage across the load. Also, an open secondary causes the primary current 
to be very small (there is only a small magnetizing current). In fact, the primary current 
may be practically zero. This condition is illustrated in Figure l4-40(a), and the ohmmeter 
check is shown in part (b). 

Very small primary 
current 

^ = 0 ..=0 

Dni-r. 

T 
(a) Conditions when the secondary winding is open 

A FIGURE 14-40 

#VTSI 

•0 0.1 r 

= 
=» 

Disconnect load 
from secondary 

(h) Checking the secondary winding with the ohmmeter 

Open secondary winding. 

Shorted or Partially Shorted Windings 

Shorted windings are very rare and if they do occur are very difficult to find unless there 
is a visual indication or a large number of windings are shorted. A completely shorted 
primary winding will draw excessive current from the source; and unless there is a 
breaker or a fuse in the circuit, either the source or the transformer or both will burn out, 
A partial short in the primary winding can cause higher than normal or even excessive 
primary current. 

In the case of a shorted or partially shorted secondary winding, there is an excessive pri- 
mary current because of the low reflected resistance due to the short. Often, this excessive 
current will burn out the primary winding and result in an open. The short-circuit current in 
the secondary winding causes the load current to be zero (full short) or smaller than normal 
(partial short), as demonstrated in Figure 14-41 (a) and (b). The ohmmeter check for this 
condition is shown in pail (c). 
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Excessively high 
primary current 

Less lsec and V, 
than normal 

Highert 
than normal 

/ = 0 
in"//// NWlll"////. 

Complete 
^-^"shon 

Some 
S windings 

shorted ^ V 
O 

(a) Secondary winding completely shorted (h) Secondary winding partially shorted 

Zero or lower 
than normal reading 

I 

V 

Remove load 
from secondary 
winding 

(c) Checking the secondary winding with the ohmmcicr 

FIGURE 14-41 
Shorted secondary winding. 

1 SECTION 14-9 
1 CHECKUP 

1. Name 
2. What 

two possible failures in a transformer and state the most likely one. 
s often the cause of transformer failure? 

Application Activity 

A common application of the trans- 
former is in dc power supplies. The 
transformer is used to change and cou- 
ple the ac line voltage into the power 

supply circuitry where it is converted to a dc voltage. You will 
troubleshool four identical transformer-coupled dc power supplies 

and, based on a series of measurements, determine the fault, if 
any. in each. 

The transformer (T|) in the power supply schematic of Figure 
14-42 steps the 120 V from the ac outlet down to 10 V that can 
be convened by the diode bridge rectifier, filtered, and regu- 
lated to obtain a 6 V dc output. The diode rectifier changes the ac 

0 Fuse 0 w 

Voltage 
regulator 

Diode 
rectifier 120 Vac 

FIGURE 14-42 
Basic transformer-coupled dc power 
supply. 

5 DC output 
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lo a pulsating full-wave dc voltage that is smoothed by the eapac- 
itor filler Cj. The voltage regulator is an integrated circuit that 
takes the filtered voltage and provides a constant 6 V dc over a 
range of load values and line voltage variations. Additional filter- 
ing is provided by capacitor Cj- You will leam about these cir- 
cuits in a later course. The circled numbers in Figure 14-42 
correspond to measurement points on the power supply board. 

The Power Supply 
There are four identical power supply boards to troubleshoot 
like the one shown in Figure 14—43, The power line lo the pri- 
mary winding of transformer T\ is protected by the fuse. The 

FIGURE 14-43 
Power supply board 
(top view). 

secondary winding is connected lo the circuit board containing 
the rectifier, filler, and regulator. Measurement points are indi- 
cated by the circled numbers. 

Measuring Voltages on Power Supply Board I 
After plugging the power supply into a standard wall outlet, an 
autoranging portable multimeter is used to measure the voltages. 
In an autoranging meter, the appropriate measurement range is 
automatically selected instead of being manually selected as in a 
standard multimeter. 

1. Determine from the meter readings in Figure 14-44 whether 
or not the power supply is operating properly. If it is not. 

DC power supply 

0 

Heat sink 

Gnd (b) 
Output Q 

I us,- 

mM -if 

-r 

i —i ii n 
ll_ u.u 

n D U I- u 
i-l 
u u 

I- n 
u u 

FIGURE 14-44 
Voltage measurements on power supply board 1. 
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isolate the problem lo one of (he following: the circuit board 
containing the rectifier, filter, and regulator; the transformer; 
the fuse; or the power source. The circled numbers on the 
meter inputs correspond to the numbered points on the 
power supply in Figure 14-43. 

Measuring Voltages on Power Supply Boards 2.3, and 4 
2. Determine from the meter readings for boards 2. 3. and 4 in 

Figure 14—45 whether or not each power supply is operating 
properly. If it is not. isolate the problem to one of the 

following: the circuit board containing the rectifier, filter, 
and regulator; the transformer; the fuse; or the power source. 
Only the meter displays and corresponding measurement 
points are shown. 

Review 
3. In the case where the transformer was found to be faulty, 

how can you determine the specific fault (open windings or 
shorted windings)? 

4. What type of fault could cause the fuse lo blow? 

Board 2 measureinenls 
i d n n 
11— uLu v 

© © V" 

l—I 
U 

© © V- 

l—I 
U 

© © V~ 

n 
U v 
®v^ 

Board 3 measurements 
( ~l I-I I-I 
I l_ U.U v 

© © v- 

i d n r 
11_ U.L 

1 
i v 

© © V- 

i n i—i 
i u.u v 
© © V- 

n 
U v 
©V. 

Board 4 measurements 
i d i—i n 
11_ u.u v 

© © v- 

i 31 i—i i-i 
( l_ U.U v 

© © v- 

n 
u 

© © v- 

n 
u 

© © V— 

FIGURE 14-45 
Measurements for power supply boards 2, 3, and 4. 

SUMMARY  

♦ A normal transformer consists of two or more coils that arc magnetically coupled on a com- 
mon core. 

♦ There is mutual inductance between two magnetically coupled coils. 
♦ When current in one coil changes, voltage is induced in the other coil. 
♦ The primary is the winding connected to the source, and the secondary is the winding connected 

lo the load. 
♦ The number of turns in the primary and the number of turns in the secondary determine the 

turns ratio. 
♦ The relative polarities of the primary and secondary voltages are determined by the direction of 

the windings around the core. 
♦ A step-up transformer has a turns ratio greater than 1. 
♦ A step-down transformer has a turns ratio less than I. 
♦ A transformer cannot increase power. 
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♦ In an ideal transformer, the power from the source (input power) is equal to the power delivered 
to the load (output power). 

♦ If the voltage is stepped up. the current is stepped down, and vice versa. 
♦ A load across the secondary winding of a transformer appears to the source as a reflected load 

having a value dependent on the reciprocal of the turns ratio squared. 
♦ Certain transformers can match a load resistance to a source resistance to achieve maximum 

power transfer to the load by selecting the proper turns ratio. 
♦ A balun is a type of transformer used to convert a balanced line (such as twisted pair wiring) to an 

unbalanced line (such as coaxial cable) or vice versa. 
♦ A typical transformer does not respond to dc. 
♦ Conversion of electrical energy to heal in an actual transformer results from winding resistances, 

hysteresis loss in the core, eddy currents in the core, and flux leakage. 
♦ Three-phase transformers are commonly used in power distribution applications. 

KEY TERMS Key terms and other bold terms in the chapter arc defined in the end-of-book glossary. 

Apparent power rating The method of rating transformers in which the power capability is ex- 
pressed in volt-amperes (VA). 
Center tap (CT) A connection at the midpoint of a winding in a transformer. 
Tinpedance matching A technique used to match a load resistance to a source resistance in order 
to achieve maximum transfer of power. 
Magnetic coupling The magnetic connection between two coils as a result of the changing mag- 
netic flux lines of one coil cutting through the second coil. 
Mutual inductance (/-,*./) The inductance between two separate coils, such as in a transformer. 
Primary winding The input winding of a transformer: also called primary. 
Reflected resistance The resistance in the secondary circuit reflected into the primary circuit. 
Secondary winding The output winding of a transformer; also called secondary. 
Transformer An electrical device constructed of two or more coils (windings) that are eleclro- 
magnetically coupled to each other to provide a transfer of power from one coil to another. 
Tunis ratio (n) The ratio of turns in the secondary winding to turns in the primary winding. 

FORMULAS 

14-1 k = <61-2 
•frl 

Coefficient of coupling 

14-2 l-M = k \iy2 Mutual inductance 

14-3 n = Msec 
Npri 

Turns ratio 

14-4 V,ec 
Vpri 

_ Msec 
Npri 

Voltage ratio 

14-5 I,,,- II Secondary voltage 

14-6 
Ipri 
hec 

= /I Current ratio 

14-7 Isec - (D* 
Secondary current 
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TRUE/FALSE QUIZ 
1. A transformer is based on the principle of mutual inductance. 
2. The two windings in a basic transformer arc called the primary and the tertiary. 
3. Transformers are used only for ac voltages. 
4. The turns ratio of a transformer determines the ratio of the output voltage to the input voltage. 
5. If there is direct current in the transformer primary, there will also be direct current in the 

secondary. 
6. When a load is connected to a transformer, the power in the load is ideally equal to the power 

in the primary. 
7. Impedance matching is based on the principle of reflected load. 
8. The apparent power rating of a transformer is expressed in watts. 
9. A transformer can have more than two windings. 

It). Three-phase transformers consist of delta and/or wye connections of the windings. 

14-8 V = (y^/. 

14"9 " = \ tr, 

14-10 r, = (—)l00% 
V Pin / 

Answers are at the end of the chapter. 

Reflected resistance 

Turns ratio for impedance matching 

Transformer efficiency 

SELF-TEST Answers are at the end of the chapter. 

1. A transformer is used for 
(a) dc voltages (b) ac voltages (c) both dc and ac 

2. Which one of the following is affected by the turns ratio of a transformer? 
(a) primary voltage (b) dc voltage 
(c) secondary voltage (d) none of these 

3. If the w indings of a certain transformer with a turns ratio of I are in opposite directions around 
the core, the secondary voltage is 
(a) in phase with the primary voltage (b) less than the primary voltage 
(c) greater than the primary voltage (d) out of phase with the primary voltage 

4. When the turns ratio of a transformer is 10 and the primary ac voltage is 6 V. the secondary 
voltage is 
(a) 60 V (b) 0.6 V (c) 6 V (d) 36 V 

5. When the turns ratio of a transformer is 0.5 and the primary ac voltage is 100 V. the secondary 
voltage is 
(a) 200 V (b) 50 V (c) 10 V (d) 100 V 

6. A certain transformer has 500 turns in the primary winding and 2500 turns in the secondary 
winding. The turns ratio is 
(a) 0.2 (b) 2.5 (c) 5 (d) 0.5 

7. If 10 W of power are applied to the primary of an ideal transformer with a turns ratio of 5, the 
power delivered to the secondary load is 
(a) SOW (b) 0.5 W (c) 0W (d) 10 W 

8. In a certain loaded transformer, the secondary voltage is one-third the primary voltage. The 
secondary current is 
(a) one-third the primary current (b) three times the primary current 
(c) equal to the primary current (d) less than the primary current 
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9. When a I .(1 kll load resistor is connected across the secondary winding of a transformer with a 
turns ratio of 2. the source "sees" a reflected load of 
(a) 250 SI (b) 2 kfl (c) 4kS! (d) 1.0 k!! 

10. In Question 9. if the turns ratio is 0.5, the source "sees" a reflected load of 
(a) 1.0 kU (b) 2 k!l (c) 4k!l (d) 500 !i 

11. The turns required to mateh a 50 !1 source to a 200 SI load is 
(a) 0.25 (b) 0,5 (c) 4 (d) 2 

12. Maximum power is transferred from a source to a load in a transformer coupled circuit when 
(a) (b) Kl < (c) (1/n)2 Rl = (d) RL - 

13. When a 12 V battery is connected across the primary of a transformer with a turns ratio of 4, 
the secondary voltage is 
(a) 0 V (b) 12 V (c) 48 V (d) 3 V 

14. A certain transformer has a turns ratio of I and a 0.95 coefficient of coupling. When I V ac is 
applied to the primary, the secondary voltage is 
(a) 1 V (b) 1.95 V (c) 0.95 V 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 14—47(c). 
1. If the ac source shorts out. the voltage across 

(a) increases (b) decreases (c) stays the same 
2. If the dc source shorts out, the voltage across 

(a) increases (b) decreases (c) stays the same 
3. If opens, the voltage across it 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 14-49. 
4. If the fuse opens, the voltage across R^ 

(a) increases (b) decreases (c) stays the same 
5. If the turns ratio is changed to 2. the current through R^ 

(a) increases (b) decreases (c) stays the same 
6. If the frequency of the source voltage is increased, the voltage across R^ 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 14-53. 
7. If the source voltage is increased, the loudness of the sound from the speaker 

(a) increases (b) decreases (c) stays the same 
8. If the turns ratio is increased, the loudness of the sound from the speaker 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 14-54. 
9. 10 V mis are applied across the primary. If the left switch is moved form position I to position 

2. the voltage from the top of R\ to ground 
(a) increases (b) decreases (c) stays the same 

10. Again. 10 V rms are applied across the primary. With both switches in position 1 as shown and 
if R\ opens, the voltage across R\ 
(a) increases (b) decreases (c) slays the same 
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PROBLEMS 
More difficult problems are indicated by an asterisk ('). 
Answers to odd-numbered problems are at the end of the book. 

SECTION 14-1 Mutual Inductance 
1. Whal is Ihe mutual inductance when k = 0.75. L\ = 1 /xH. and Li = 4/xH? 
2. Determine the coefficient of coupling when Lm = 1 L| = 8 /xH. and L2 = 2 /xH. 

SECTION 14-2 The Basic Transformer 
3. What is Ihc turns ratio of a transformer having 250 primary turns and 1000 secondary turns? 

What is the turns ratio when the primary winding has 400 turns and the secondary winding has 
100 turns? 

4. A certain transformer has 250 turns in its primary winding. In order to double the voltage, how 
many turns must be in the secondary winding? 

5. For each transformer in Figure 14-46. draw the secondary voltage showing its relationship to 
the primary voltage. Also indicate the amplitude. 

; 0 D 
0 v rms 50 V mis 

j 

F CURE 14-46 

1(H) V rms 

SECTION 14-3 Step-Up and Step-Down Transformers 
6. To step 240 V ac up to 720 V, whal must Ihe turns ratio be? 
7. The primary winding of a transformer has 120 V ac across it. Whal is the secondary voltage if 

the turns ratio is 5? 
8. How many primary volts must be applied to a transformer with a turns ratio of 10 to obtain a 

secondary voltage of 60 V ac? 
9. To step 120 V down to 30 V. what must the turns ratio be? 

10. The primary winding of a transformer has 1200 V across it. Whal is the secondary voltage if 
Ihe turns ratio is 0.2? 

11. How many primary volts must be applied to a transformer with a turns ratio of 0.1 to obtain a 
secondary voltage of 6 V ac ? 

12. WThat is Ihc voltage across the load in each circuit of Figure I4^f7? 

© 
^ 120 V ioon 

(a) 

I ' V -o n 

lb) 

FIGURE 14-47 

)I0V 

(c) 

"l 
• 1.0 k!! 
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13. Determine the unspecified meter readings in Figure 14-48. 

K luuV U 

© umm s|| 

10:1 

2.7 k!! • 

(a) 

FIGURE 14-48 

© III 

20:1 
Sv 

390 a 

lb) 

SECTION 14-4 Loading the Secondary 
14. Delermine lsec in Figure 14-49. What is the value of K/'' 

► FIGURE 14-49 Fuse 

20 V 

15. Determine the following quantities in Figure 14-50. 
(a) Primary current (b) Secondary current 
1c) Secondary voltage Id) Power in the load 

FIGURE 14-50 Fuse 

30 V ^ 

SECTION 14-S Reflected Load 
16. What is the load resistance as seen by Ihe source in Figure 14-51? 

FIGURE 14-51 Fuse 

30011 

6f>0 1 

17. What must the (urns ratio be in Figure 14-52 in order to reflect 3001! into the primary circuit? 

► FIGURE 14-52 Fuse 

OUI 
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SECTION 14-6 Impedance Matching 
18. For ihe circuit in Figure 14—53. find the turns ratio required to deliver maximum power to the 

4 11 speaker. 
19. In Figure 14—53. what is the maximum power that can be delivered to the 4 12 speaker? 

FIGURE 14-53 1611 

25 V 

*20. Find the appropriate turns ratio for each switch position in Figure 14-54 in order to transfer the 
maximum power to each load when the source resistance is 10 11. Specify the number of turns 
for the secondary winding if the primary winding has 1000 turns. 

FIGURE 14-54 

71 

-02 
—0 3 

2 o— 
:Ri 
■ 560!! 

: "2 
- 22(1!! 

1.0 k!! 

SECTION 14-7 Transformer Ratings and Characteristics 
21. In a certain transformer, the input power to the primary is 100 W. If 5.5 W are lost in the wind- 

ing resistances, what is the output power to the load, neglecting any other losses? 
22. What is the efficiency of the transformer in Problem 21 ? 
23. Determine the coefficient of coupling for a transformer in which 2% of the total flux generated 

in the primary docs not pass through the secondary. 
*24. A certain transformer is rated at I kVA. It operates on 60 Hz. 120 V ac. The secondary voltage 

is 600 V. 
(a) What is the maximum load current? 
(b) What is the smallest A1/ that you can drive? 
(c) What is Ihe largest capacitor that can be connected as a load? 

25. What kVA rating is required for a transformer that must handle a maximum load current of 
10 A with a secondary voltage of 2.5 kV? 

*26. A certain transformer is rated at 5 kVA, 2400/120 V. at 60 Hz. 
(a) What is the turns ratio if the 120 V is the secondary voltage? 
(b) What is the current rating of the secondary if 2400 V is the primary voltage? 
(c) What is the current rating of the primary winding if 2400 V is the primary voltage? 

SECTION 14-8 Tapped and Multiple-Winding Transformers 
27. Determine each unknown voltage indicated in Figure 14—55. 

FIGURE 14-55 

© 

120 V 
500; 

lurns * 

50 turns 

100 turns 
<=• 100 turns 
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28. Using ihe indicated secondary voltages in Figure 14-56. determine the turns ratio of each 
tapped section of the secondary winding to the primary winding. 

FIGURE 14-56 

12 V 

e 

24 V 

3 V 
—oB 

29. Find the secondary voltage for each aulotransformer in Figure 14-57. 

120 Vac 500 turns 
> 200 turns 

1 

("> 

A FIGURE 14-57 

50 turns 

5 V ac 

250 turns 

(b) 

K,.r 

30. in Figure 14-58. each primary can accommodate 120 V ac. How should the primaries he con- 
nected for 240 V ac operation? Determine each secondary voltage for 240 V operation. 

FIGURE 14-58 
1000 turns < 

1000 turns < 

! 100 turns 

s 200 turns 

: 51X1 turns 

1000 turns 

*31. For the loaded, lapped-secondary transformer in Figure 14-59, determine the following: 
(a) All load voltages and currents 
(b) The resistance reflected into the primary 

FIGURE 14-S9 

50Z.0 V 1200 turns 
• 400 turns 

• 300 turns 

a: 

*/. ■ 
1212; 

XCL 
1012 

SECTION 14-9 Troubleshooting 
32. When you apply 120 V ac across the primary winding of a transformer and check the voltage 

across the secondary winding, you gel 0 V. Further investigation shows no primary or second- 
ary currents. List the possible faults. What is your next step in investigating the problem? 
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33. What is likely to happen if the primary winding of a transformer shorts? 
34. While checking out a transformer, you find that the secondary voltage is less than it should be 

although it is not zero. What is the most likely fault? 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
35. Open file P14-35 and measure the secondary voltage. Determine the turns ratio. 
36. Open file PI4-36 and determine by measurement if there is an open winding. 
37. Open file P14-37 and determine if there is a fault in the circuit. 

ANSWERS 

SECTION CHECKUPS 
SECTION 14-1 Mutual Inductance 

1. Electrical isolation is the condition in which two circuits have no electrically conductive path 
between them. 

2. Mutual inductance is the inductance between two coils. 
3. LM = kVZfo = 45 mH 
4. The induced voltage increases if k increases. 

SECTION 14-2 The Basic Transformer 
X. Transformer operation is based on mutual inductance. 
2. The turns ratio is the ratio of turns in the secondary winding to turns in the primary winding. 
3. The directions of the w indings determine the relative polarities of the voltages. 
4. n - 250/500 - 0.5 
5. The windings arc formed on a printed circuit board. 

SECTION 14-3 Step-Up and Step-Down Transformers 
1. A step-up transformer produces a secondary voltage that is greater than the primary voltage, 
2. Vsec is five limes greater than Vprt. 
3. Vsec = nVpri = 10(240 V) - 2400 V 
4. A step-down transformer produces a secondary voltage that is less than the primary voltage. 
5. Vsec = (0.5) 120 V = 60 V 
6. n = 12 V/120 V = 0.1 

SECTION 14-4 Loading the Secondary 
1. l$fC is less than lpti by half. 
2. Ixc = (1000/250)0.5A = 2A 
3. Ipri = (250/1000) 10 A = 2.5 A 

SECTION 14-5 Reflected Load 
1. Reflected resistance is the resistance in the secondary, altered by the reciprocal of the turns 

ratio squared, as it appears to the primary. 
2. The turns ratio determines reflected resistance. 
3. = (0.1 )250 fl = 0.5 n 
4. n = 0.1 

SECTION 14-6 Impedance Matching 
1. Impedance matching makes the load resistance equal the source resistance. 
2. Maximum power is delivered to the load when A'/_ = Rs. 
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3. Rpri - (100/50)210011 = 400!! 
4. To convert unbalanced signals lo balanced signals and provide impedance malching. 

SECTION 14-7 Transformer Ratings and Characteristics 
1. In a practical transformer, conversion of electrical energy to heat reduces the efficiency. An 

ideal transformer has an efficiency of 100%. 
2. When k = 0.85, 85% of the magnetic flux generated in the primary winding passes through the 

secondary winding. 
3. IL = 10 kVA/250 V = 40A 

SECTION 14—8 Tapped and Multiple-Winding Transformers 
1. Vsec = (10)240 V = 2400 V. Vsec = (0.2)240 V = 48 V 
2. An autolransformcr is smaller and lighter for the same rating than a convenlional one. An 

auioiransformer has no electrical isolation. 
3. Three-phase 

SECTION 14-9 Troubleshooting 
1. Transformer faults: open windings are the most common, shorted windings are much less common. 
2. Operating above rated values w ill cause a failure. 

RELATED PROBLEMS FOR EXAMPLES 
14-1 0.75 
14-2 387/xH 
14-3 5000 turns 
14-4 480 V 
14-S 57.6 V 
14-6 5 mA; 400 mA 
14-7 6!! 
14-8 0.354 
14-9 0.0707 or 14.14:1 
14-10 85.2% 
14-11 VA«= l2V.Va) = 480 V. V(CT)C = V(aW - 240 V. VtF - 24 V 
14-12 Increases to 2,11 kVA 

TRUE/FALSE QUIZ 
I. T 2. F 3. T 4. T 5. F 6. T 7. T 8. F 9. T 10. T 

SELF-TEST 
I. (b) 2. (c) 3. (d) 4. (a) 5. (b) 6. (c) 7. (d) 8. lb) 
9. (a) 10. (c) 11. (d) 12. (c) 13. (a) 14. (c) 

CIRCUIT DYNAMICS QUIZ 
I. |b) 2. (c) 3. (c) 
6. (c) 7. (a) 8. (a) 

4. lb) 
9. lb) 

5. (a) 
10. (c) 
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CHAPTER OUTLINE 

15-1 The Complex Number System 

PARTI: SERIES CIRCUITS 
15-2 Sinusoidal Response of Series RC Circuits 
15-3 Impedance of Series RC Circuits 
15-4 Analysis of Series RC Circuits 

PART 2: PARALLEL CIRCUITS 
15-5 Impedance and Admittance of Parallel RC Circuits 
15-6 Analysis of Parallel RC Circuits 

PART 3: SERIES PARALLEL CIRCUITS 
15-7 Analysis of Series-Parallel RC Circuits 

PART 4: SPECIAL TOPICS 
15-8 Power in RC Circuits 
15-9 Basic Applications 
15-10 Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

Use complex numbers to express phasor quantities 
PARTI: SERIES CIRCUITS 

Describe the relationship between current and voltage in a 
series RC circuit 

♦ Determine the impedance of a series RC circuit 
.♦ Analyze a series RC circuit 

|PART 2: PARALLEL CIRCUITS 
♦ Determine impedance and admittance in a parallel RC circuit 
♦ Analyze a parallel RC circuit 

PART 3: SERIES PARALLEL CIRCUITS 
♦ Analyze series-parallel RC circuits 

PART 4: SPECIAL TOPICS 
!♦ Determine power in RC circuits 
♦ Discuss some basic RC applications 
■> Troubleshoot RC circuits 

KEY TERMS 
Complex plane 
Real number 
Imaginary number 
Rectangular form 
Polar form 

♦ Impedance 
♦ RC lag circuit 
♦ RC lead circuit 
♦ Capacitive susccplance (Be) 
♦ Admittance (Y) 

♦ Apparent power (Pa) 
♦ Power factor 
♦ Filter 

♦ Frequency response 
♦ Cutoff frequency 
♦ Bandwidth 

APPLICATION ACTIVITY PREVIEW 

The frequency response of the RC input circuit in an ampli- 
fier is similar to the one you worked with in Chapter 12 and 
is the subject of this chapter's application activity. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
htlp://www.prenhall.com/floyd 

INTRODUCTION 

An RC circuit contains both resistance and capacitance. In this 
chapter, basic series and parallel RC circuits and their 
responses to sinusoidal ac voltages are presented. Series-parallel 
combinations are also analyzed. True, reactive, and apparent 
power in RC circuits are discussed and some basic RC circuit 
applications are introduced. Applications of RC circuits in- 
clude filters, amplifier coupling, oscillators, and wave-shaping 
circuits. Troubleshooting is also covered in this chapter. 

Section 15-1 provides an introduction to complex num- 
bers, an important tool for the analysis ofac circuits. The 
complex number system is a way to mathematically express 
a phasor quantity and allows phasor quantities to be added, 
subtracted, multiplied, and divided. You will use complex 
numbers throughout Chapters 15,16, and 17. 

COVERAGE OPTIONS 

Following Section 15-1, The Complex Number System, this 
chapter and Chapters 16 and 17 are each divided into four 
parts: Series Circuits, Parallel Circuits, Series-Parallel Circuits, and 
Special Topics. This organization facilitates either of two options 
to the coverage of reactive circuits in Chapters 15,16, and 17. 
Option 7 Study the complex number system first; then 
study all RC circuit topics (Chapter 15), followed by all RL 
circuit topics (Chapter 16), and then all RLC circuit topics 
(Chapter 17). Using this approach, you simply cover Chap- 
ters 15,16, and 17 in sequence. 
Option 2 After studying the complex number system, 
study series reactive circuits. Then study parallel reactive cir- 
cuits, followed by series-parallel reactive circuits and finally 
special topics. Using this approach, you cover Section 15-1; 
then Part 1: Series Circuits in Chapters 15,16, and 17; then 
Part 2: Parallel Circuits in Chapters 15,16, and 17; then Part 
3; Series-Parallel Circuits in Chapters 15,16, and 17. Finally, 
Part 4: Special Topics can be covered in each of the chapters. 
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0 15-1 The Complex Number System  
Complex numbers allow malliematieal operations with phasor quantities and are useful 
in the analysis of ac circuits. With the complex number system, you can add, subtract, 
multiply, and divide quantities that have both magnitude and angle, such as sine waves 
and other ac circuit quantities. Most scientific calculators can perform operations with 
complex numbers. Consult your user's manual for the exact procedure. 

After completing this section, you should be able to 

• Use complex numbers to express phasor quantities 

♦ Describe the complex plane 

♦ Represent a point on the complex plane 

♦ Discuss real and imaginary numbers 

♦ Express phasor quantities in both rectangular and polar forms 

♦ Convert between rectangular and polar forms 

♦ Do arithmetic operations with complex numbers 

Positive and Negative Numbers 

Positive numbers arc represented by points to the right of the origin on the horizontal axis 
of a graph, and negative numbers are represented by points to the left of the origin, as il- 
lustrated in Figure I5-I(a). Also, positive numbers are represented by points on the verti- 
cal axis above the origin, and negative numbers are represented by points below the origin, 
as shown in Figure 15-1(b). 

FIGURE 15-1 
Graphic representation of positive 
and negative numbers. 

-5 

7 • 

5 - 
+5 3 - 

/ ■: 

/+3 

i OJ
' I 13 5 7 _i . 

/-3 

-3 ■ Y 

-5 • 
-7 • 

(a) lb) 

The Complex Plane 

To distinguish between values on the horizontal axis and values on the vertical axis, a 
complex plane is used. In the complex plane, the horizontal axis is called the real axis. 
and the vertical axis is called the imaginary axis, as shown in Figure 15-2. In electrical 
circuit work, a ±j prefix is used to designate numbers that lie on the imaginary axis in 
order to distinguish them from numbers lying on the real axis. This prefix is known as the j 

® This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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■* FIGURE 15-2 

Negative real axis 

Origin 

The complex plane. 

Positive j axis 

Positive real axis 

Negative j axis 

operator. In mathematics, an i is used instead of a j. but in electric circuits, the i can be con- 
fused with instantaneous current, so j is used. 

Angular Position on the Complex Plane Angular positions are represented on the 
complex plane, as shown in Figure 15-3. The positive real axis represents zero degrees. 
Proceeding counterclockwise, the +j axis represents 90°, the negative real axis represents 
180°, the —j axis is the 270° point, and, after a full rotation of 360°, you are back to the 
positive real axis. Notice that the plane is divided into four quadrants. 

+/ FIGURE 15-3 
90° 

2nd quadrani^^--^ ■•^s^^Ist^uadrant 

1800"* :   r   0o/360o 

3rd quadrant —4ih quadrant 

270° 

Angles on the complex plane. 

Representing a Point on the Complex Plane A point located on the complex 
plane is classified as real, imaginary (±j), or a combination of the (wo. For example, a 
point located 4 units from the origin on the positive real axis is the positive real number, 
+4, as shown in Figure l5-4(a). A point 2 units from the origin on the negative real 

+j +j +j 
+j6 

*4 
-2 

-j -j -J -J -J5 

(a) Real number, +4 

A FIGURE 15-4 

(b) Real number, - 2 (c) Imaginary number. +j6 (d) Imaginary number. -j5 

Real and imaginary (/) numbers on the complex plane. 
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axis is the negative real number, —2, as shown in pan (b). A point on the +j axis 6 units 
from the origin, as shown in part (c), is the positive imaginary number, +/6, Finally, 
a point 5 units along the —j axis is the negative imaginary number, —/5, as shown in 
part (d). 

When a point lies not on any axis but somewhere in one of the four quadrants, it is a 
complex number and is defined by its coordinates. For example, in Figure 15-5, the point 
located in the first quadrant has a real value of +4 and a j value of +/4 and is expressed as 
+4, +j4. The point located in the second quadrant has coordinates —3 and +y2. The point 
located in the third quadrant has coordinates —3 and -j5. The point located in the fourth 
quadrant has coordinates of +6 and —/4. 

► FIGURE 15-5  
Coordinate points on the complex 
plane. 

*j 

-3. *j2 
t  
1 

+4. +y4  « 
1 
1 
1 • 1 1 1 | 1 1 

1 
1 
1 
i  

■ 

 • 
+6, -y4 

-3.-75 

EXAMPLE 15-1 (a) Locate the following points on the complex plane: 7,y 5; 5,—y'2:—3.5,y I; and 
-5,5, —y6.5. 

(b) Determine the coordinates for each point in Figure 15-6. 

+y 

FIGURE 15-6 

, 

1 

£ 

-J 
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Solution (a) See Figure 15-7, 

+J 

1 J 

-3 5 J1 

5, ~ 2- 

-0.0, -/o.o 
• 

-J 

FIGURE 15-7  

(b| A: 2,j6 B: 11,jl 0:6,-/2 £): 10, -/"10 

t": —1. ~j9 /■': —5, —jS G: —6,jS H: —2,/II 

Related Problem In what quadrant is each of the following points located? 

(a) +2.5.+/I (b) 7,-/5 (c) -10,-/5 (d) -Il,+/6,8 

*Ans\vers are at the end of the chapter. 

Value of; 

If you multiply the positive real value of +2 by /, the result is +/2. This multiplication has 
effectively moved the +2 through a 90° angle to the +/ axis. Similarly, multiplying +2 by 
—/' rotates it —90" to the —j axis. Thus,/" is considered a rotational operator. 

Mathematically, the J operator has a value of V—1. If +j2 is multiplied by/", you get 

j22 = (V=T)(V=T)(2) = (—1)(2) = -2 

This calculation effectively places the value on the negative real axis. Therefore, multiply- 
ing a positive real number by / converts it to a negative real number, which, in effect, is a 
rotation of 180° on the complex plane. This operation is illustrated in Figure 15-8. 

FIGURE 15-8 
Effect of the j operator on location of 
a number on the complex plane. 
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Rectangular and Polar Forms 

Rectangular and polar are two forms of complex numbers that are used to represent phasor 
quantities. Each has certain advantages when used in circuit analysis, depending on the 
particular application. A phasor quantity contains both magnitude and angular position or 
phase. In this text, italic letters such as V and / arc used to represent magnitude only, and 
boldfaced nonitalic letters such as V and I are used to represent complete phasor quantities. 

Rectangular Form A phasor quantity is represented in rectangular form by the alge- 
braic sum of the real value (A) of the coordinate and the j value (B) of the coordinate, ex- 
pressed in the following general form: 

A + jB 

Examples of phasor quantities are I + y'2, 5 — y3, —4 + y'4, and —2 — ffi, which are 
shown on the complex plane in Figure 15-9. As you can see, the rectangular coordinates 
describe the phasor in terms of its values projected onto the real axis and the j axis. An 
"arrow" drawn from the origin to the coordinate point in the complex plane represents 
graphically the phasor quantity. 

FIGURE 1S-9 
Examples of phasors specified by 
rectangular coordinates. 

+j 

-A*J4 

' 1 +j2 

'! 

7 / 
-2-J6 

Polar Form Phasor quantities can also be expressed in polar form, which consists of the 
phasor magnitude (C) and the angular position relative to the positive real axis (0), 
expressed in the following general form: 

CZ±d 

Examples are 2Z450, 5 Z120°, 4Z-110°, and 8Z-300. The first number is the magni- 
tude, and the symbol Z precedes the value of the angle. Figure 15-10 shows these phasors 
on the complex plane. The length of the phasor, of course, represents the magnitude of the 

FIGURE 15-10 
Examples of phasors specified by 
polar values. 

5Z120: 

i:u 

-110 

42-110' 82-30° 

-J 
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quantity. Keep in mind that for every phasor expressed in polar form, there is also an equiv- 
alent expression in rectangular form. 

Conversion from Rectangular to Polar Form A phasor can exist in any of the four 
quadrants of the complex plane, as indicated in Figure 15-11. The phase angle 0 in each 
case is measured relative to the positive real axis (0°), and d> (phi) is the angle in the 2nd 
and 3rd quadrants relative to the negative real axis, as shown. 

-</> 
e = IBOO - d- 

A 

(a) I st quadrant 

FIGURE 15-11 

(b) 2nd quadrant 

0 = -180° + 4> 

(c) 3rd quadrant (d) 4th quadrant 

All possible phasor quadrant locations. 

-e 

The first step to convert from rectangular form to polar form is to determine the magni- 
tude of the phasor. A phasor can be visualized as forming a right triangle in the complex 
plane, as indicated in Figure 15-12, for each quadrant location. The horizontal side of the 
triangle is the real value. A, and the vertical side is the j value, B. The hypotenuse of the 
triangle is the length of the phasor, C, representing the magnitude, and can be expressed, 
using the Pythagorean theorem, as 

C = Va: + B2 

Next, the angle H indicated in parts (a) and (d) of Figure 15-12 is expressed as an inverse 
tangent function. 

0 = tan 
±B 
A 

The angle 0 indicated in parts (b) and (c) of Figure 15-12 is 

0 = ilSO" + d) 

which includes both conditions as indicated by the dual signs. 

B 
0 = ±180" T tan 11 - 

Equation 15-1 

Equation 15-2 

1 
C'ji 
/e \ . 1* 

A 

(a) 1st quadrant 

FIGURE 15-12 

+,fi 

0 = 180° - A 

(b) 2nd quadrant 

-A 

-li 
<f> / 

Q = -I80: + 
y/S 

\£' --77? 
c* 

A 

9 
-B 

-yT?- 

(c) 3rd quadrant (d) 4ih quadrant 

Right angle relationships in the complex plane. 
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In each case the appropriate signs must be used in the calculation. 
The general formula for converting from rectangular to polar is 

Equation 15-3 ±A ± JB = CZ±0 

Example 15-2 illustrates the conversion procedure. 

EXAMPLE 15-2 Convert the following complex numbers from rectangular form to polar form by deter- 
mining the magnitude and angle: 

(a) 8 + ;6 (b) 10 - 

Solution (a) The magnitude of the phasor represented by 8 + J6 is 

c = Va2 + if- = Vs2 + 62 = VToo = id 

Since the phasor is in the first quadrant, use Equation 15-2. The angle is 

' = ,an"1(^) = = 36-90 

6 is the angle relative to the positive real axis. The polar form of 8 + _/fi is 

CZH = 10Z36.9" 

(b) The magnitude of the phasor represented by 10 — j5 is 

C = VlO2 + (—5)2 = VT25 = 11.2 

Since the phasor is in the fourth quadrant, use Equation 15-2. The angle is 

-5 H = tan-'l — I = —26.6' 

6 is the angle relative to the positive real axis. The polar form of 10 - j5 is 
CZH = 11.2Z —26.6" 

Related I'roblem Convert 18 + j23 to polar form. 

Conversion from Polar to Rectangular Form The polar form gives the magnitude and 
angle of a phasor quantity, as indicated in Figure 15-13. 

FIGURE 15-13 
Polar components of a phasor. 

B = C sin d 

To gel the rectangular form, you must find sides A and H of the triangle, using the rules 
from trigonometry staled below; 

Equation 15-4 A = Ccosd 

Equation 15-5 B = C sin ft 

The polar-to-rectangular conversion formula is 

Equation 15-6 C Z6 = A + jB 

The following example demonstrates this conversion. 
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EXAMPLE 15-3 Convert the following polar quantities to rectangular form: 

(a) IOZ300 (b) 200Z-450 

Solution (a) The real part of the phasor represented by 10 Z 30° is 

A = Ceosfl = 10 cos 30° = 10(0.866) = 8.66 

The j part of this phasor is 

jH = jC sin II = y I (I sin 30° = y 10(0.5) = y5 

The rectangular form of IOZ30" is 

A + jH = 8.66 + jS 

(b) The real part of the phasor represented by 200 Z—45° is 

A = 200cos(—45°) = 200(0.707) = 141 

The j part is 

jB = y200 sin(—45") = y200(-0.707) = -yl4l 

The rectangular form of 200 Z -45° is 

A + jB = 141 - yT41 

Reined Problem Convert 78Z-26° to rectangular form. 

Mathematical Operations 

Addition Complex numbers must be in rectangular form in order to add them. The rule is 

Add the real parts of each complex number to gel the real part of the sum. Then 
add the j parts of each complex number to get the j part of the sum. 

EXAMPLE 15-4 Add the following sets of complex numbers: 

(a) 8 + y5 and 2 + yl (b) 20 — yTO and 12 + y6 

Solution (a) (8 + y5) + (2 + yl) = (8 + 2) + y(5 + I) = 10 +y6 

(b) (20 - yTO) + (12 + y6) = (20 + 12) + y(-IO + 6) = 32 + y(-4) = 32 - y4 

Related Problem Add 5 - yl I and -6 + y'3. 

Subtraction As in addition, the numbers must be in rectangular form to be subtracted. 
The rule is 

Subtract the real parts of the numbers to get the real part of the difference. Then 
subtract the j parts of the numbers to get the j part of the difference. 

EXAMPLE 15-5 Perform the following subtractions: 

(a) Subtract I + y'2 from 3 + y'4. 

(b) Subtract 10 - y'8 from 15 + yT5. 
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Solution (a) (3 + /4) - (I + j2) = (3 - I) + j(A - 2) = 2 + ,;2 

(b) (15 + jl5) - (10 - jS) = (15 - 10) + ;[15 - (-8)] = S + ./23 

Related Problem Subtract 3.5 - /4.5 from -10 - /). 

Multiplication Multiplication of two complex numbers in rectangular form is accom- 
plished by multiplying, in turn, each term in one number by both terms in the other num- 
ber and then combining the resulting real terms and the resulting j terms (recall that 
j X j = —1). As an example, 

i I 
(5 + /3)(2 - j4) = 10 - ;20 + i6 + 12 = 22 - /I4 

I ^ T 
Multiplication of two complex numbers is easier when both numbers arc in polar form, 

so it is best to convert to polar form before multiplying. The rule is 

Multiply the magnitudes, and add the angles algebraically. 

EXAMPLE 15-6 Perform the following multiplications; 

(a) 10 Z 45" times 5 Z 20" (b) 2Z60"limcs4Z-30o 

Solution (a) (IOZ45',)(5Z20") = (I0)(5)Z(45'> + 20'') = SOZbS0 

(b) (2Z60°)(4Z-30o) = (2)(4)Z[60o + (-30°)] = 8Z300 

Related Problem Multiply 50Z 10° times 30Z-60°. 

Division Division of two complex numbers in rectangular form is accomplished by mul- 
tiplying both the numerator and the denominator by the complex conjugate of the denom- 
inator and then combining terms and simplifying. The complex conjugate of a number is 
found by changing the sign of the j term. As an example, 

10 + j5 _ (10 + j5)(2 - j4) _ 20 - ySO + 20 _ 40 - j30 _ ^ 
2 + 74 _ (2 + 7'4)(2 - 74) _ 4 + 16 20 2 ■/1'5 

Like multiplication, division is easier when the numbers are in polar form, so it is best 
to convert to polar form before dividing. The rule is 

Divide the magnitude of the numerator by the magnitude of the denominator to get 
the magnitude of the quotient. Then subtract the denominator angle from the nu- 
merator angle to get the angle of the quotient. 

■ EXAMPLE 15-7 Perform the following divisions: 

(a) Divide 100 Z 50° by 25 Z20°. 

(b) Divide I5Z10°by3Z-30°. 
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Solution 

Related Problem 

SECTION 15-1 1. Convert 2 + ;2 to polar form. In which quadrant does this phasor lie? 
CHECKUP 2. Convert 5Z-45° to rectangular form. In which quadrant does this phasor lie? 
Answers are at the end of the 
chapter. 3. Add 1 + p and 3 - /I. 

4. Subtract 12 + yl8 from 15 + j2S. 
5. Multiply 8Z45° times 2Z65°. 
6. Divide 30 Z 75° by 6 Z 60°. 

wTiiHJf)^50'-20*'-1Z3r 

Divide 24Z—30" by 6Z 12". 
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1 
Series Circuits 

15-2 Sinusoidal Response of Series RC Circuits 

► FIGURE 15-14  
Illustration of sinusoidal response 
with general phase relationships of 
V,;, Vq and / relative to the source 
voltage. V/i and / are in phase while 
Vh and Vc are 90° out of phase. 

When a sinusoidal voltage is applied to a scries KC circuit, each resulting voltage drop 
and the current in the circuit are also sinusoidal and have the same frequency as the 
applied voltage. The capacitance causes a phase shift between the voltage and current 
that depends on the relative values of the resistance and the capacitive reactance. 

After completing this section, you should be able to 

• Describe the relationship between current and voltage in a series KC circuit 

• Discuss voltage and current waveforms 

♦ Discuss phase shift 

As shown in Figure 15-14, the resistor voltage (Vr), the capacitor voltage (Pc), and the 
current (/) arc all sine waves with the frequency of the source. Phase shifts arc introduced 
because of (he capacitance. The resistor voltage and current lead the source voltage, and 
the capacitor voltage lags the source voltage. The phase angle between the current and the 
capacitor voltage is always 90°. These generalized phase relationships are indicated in 
Figure 15-14. 

The amplitudes and the phase relationships of (he voltages and current depend on the 
values of the resistance and the capacitive reactance. When a circuit is purely resistive, the 
phase angle between the applied (source) voltage and the total current is zero. When a cir- 
cuit is purely capacitive, the phase angle between the applied voltage and the total current 
is 90°, with the current leading the voltage. When there is a combination of both resistance 
and capacitive reactance in a circuit, the phase angle between the applied voltage and the 
total current is somewhere between 0° and 90°, depending on the relative values of the re- 
sistance and the capacitive reactance. 
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SECTION 15-2 1. A 60 Hz sinusoidal voltage is applied to an RC circuit. What is the frequency of the 
CHECKUP capacitor voltage? What is the frequency of the current? 

2. What causes the phase shift between Vs and / in a series RC circuit? 
3. When the resistance in a series RC circuit is greater than the capacitive reactance, is 

the phase angle between the applied voltage and the total current closer to 0° or 
to 90°? 

15-3 Impedance of Series RC Circuits  

Impedance is the total opposition to sinusoidal current. Its unit is the ohm. The 
impedance of a series RC circuit consists of resistance and capacitive reactance. It 
causes a phase difference between the total current and the source voltage. Therefore, 
the impedance consists of a magnitude component and a phase angle component. 

After completing this section, you should be able to 

♦ Determine the impedance of a series RC circuit 

♦ Define impedance 

♦ Express capacitive reactance in complex form 

♦ Express total impedance in complex form 

♦ Draw an impedance triangle 

♦ Calculate impedance magnitude and the phase angle 

In a purely resistive circuit, the impedance is simply equal to the total resistance. In a 
purely capacitive circuit, the impedance is equal to the total capacitive reactance. The im- 
pedance of a series RC circuit is determined by both the resistance and the capacitive reac- 
tance. These cases are illustrated in Figure 15-15. The magnitude of the impedance is 
symbolized by Z. 

-v. 

(a) Z = fi 

A FIGURE 15-15 

--v. 

(b) 7. = Xc (c) 7. includes both R and 

Three cases of impedance. 

Capacitive reactance is a phasor quantity and is expressed as a complex number in rec- 
tangular form as 

Xc = -JXc 
where boldface Xc designates a phasor quantity (representing both magnitude and angle) 
and Xc is just the magnitude. 
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In the series RC circuit of Figure 15-16. the total impedance is the phasor sum of R and 
—jXc and is expressed as 

Equation 15-7 Z = R — jXc 

K 

-"Wv  
R 

7. = R-jXc 

FIGURE 15-16 
Impedance in a scries RC circuit. 

In ac analysis, both R and are as shown in the phasor diagram of Figure 15-17(a), 
with Xf appearing at a —90° angle with respect to R. This relationship comes from the fact 
that the capacitor voltage in a series RC circuit lags the current, and thus the resistor volt- 
age, by 90°. Since Z is the phasor sum of R and —yx,-, its phasor representation is as shown 
in Figure 15-17(b). A repositioning of the phasors, as shown in part (c), forms a right tri- 
angle called the impedance triangle. The length of each phasor represents the magnitude in 
ohms, and the angle 8 is the phase angle of the RC circuit and represents the phase differ- 
ence between the applied voltage and the current. 

— R 
-90° 

Xc 
(a) 
FIGURE 15-17 

(c) 

Development of the impedance triangle for a scries RC circuit. 

Equation 15-8 

From right-angle trigonometry (Pythagorean theorem), the magnitude (length) of the 
impedance can be expressed in terms of the resistance and reactance as 

Z = Vr1 + X2c 

The italic letter Z represents the magnitude of the phasor quantity Z and is expressed in 
ohms. 

The phase angle, 8, is expressed as 

8 = -tan 1 (y 

The symbol tan 1 stands for inverse tangent. You can find the tan 1 value on your calcula- 
tor. Combining the magnitude and angle, the phasor expression for impedance in polar 
form is 

Z = Vr2 + X^Z -tan"1 (Y 
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EXAMPLE 15-8 For each circuit in Figure 15-18, write the phasor expression for the impedance in 
both rectangular form and polar form. 

56 a ■ too a 

y- !! 
.Xf ■ ion a 

(b) (C) 

FIGURE 15-18 

Solution 

Related Problem 

For the circuit in Figure 15-18(a), the impedance is 

7. = R — jO = R = 56 !! in rectangular form = 0) 

Z = RZO" = 56 ZO' Ji in polar form 

The impedance is simply the resistance, and the phase angle is zero because pure 
resistance does not cause a phase shift between the voltage and current. 

For the circuit in Figure 15-18(b), the impedance is 

Z = 0 - JXc = —dTOO 1) in rectangular form IR = 0) 

Z = XcZ-90o = 100 Z -90° li in polar form 

The impedance is simply the capacitive reactance, and the phase angle is -90° 
because the capacitance causes the current to lead the voltage by 90°. 

For the circuit in Figure 15-18(c), the impedance in rectangular form is 

7, = R — jXc = 56il - ./TOO ft 

The impedance in polar form is 

'Xcs 

Z = Vr3 + X( Z-tan 
R 

= V (56 ft)2 + (I00ft)2z —hur'f-^^-) = 115Z —60.8° ft 
\ 56 ft / 

In this case, the impedance is the phasor sum of the resistance and the capacitive reac- 
tance. The phase angle is fixed by the relative values of X^ and R. Rectangular to polar 
conversion can be done on a calculator (refer to your user's manual). 

Use your calculator to convert the impedance in Figure 15-18(c) from rectangular to 
polar form. Draw the impedance phasor diagram. 

SECTION 15-3 
CHECKUP 

1. The impedance of a certain RC circuit is 150 ft - j220 ft. What is the value of the re- 
sistance? The capacitive reactance? 

2. A series RC circuit has a total resistance of 33 kft and a capacitive reactance of 50 kft. 
Write the phasor expression for the impedance in rectangular form. 

3. For the circuit in Question 2, what is the magnitude of the impedance? What is the 
phase angle? 
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$ 
15-4 Analysis of Series RC Circuits 

Ohm's law and Kirehhoff's voltage law arc used in the analysis of series RC circuits 
to determine voltage, currents and impedance. Also, in this section RC lead and lag 
circuits arc examined. 

After completing this section, you should be able to 

♦ Analyze a scries RC circuit 

♦ Apply Ohm's law and Kirehhoff's voltage law to series RC circuits 

♦ Express the voltages and current as phasor quantities 

♦ Show how impedance and phase angle vary with frequency 

♦ Analyze the RC lag circuit 

♦ Analyze the RC lead circuit 

Equation 15-9 

Equation 15-10 

Equation 15-11 

Ohm's Law 

The application of Ohm's law to series RC circuits involves the use of the phasor quantities 
of Z, V, and I. Keep in mind that the use of boldface nonitalic letters indicates phasor quan- 
tities where both magnitude and angle are included. The three equivalent forms of Ohm's 
law arc as follows: 

V = IZ 

Recall that multiplication and division are most easily accomplished with the polar 
forms. Since Ohm's law calculations involve multiplications and divisions, you should ex- 
press the voltage, current, and impedance in polar form. The following two examples show 
the relationship between the source voltage and source current. In Example 15-9, the cur- 
rent is the reference and in Example 15-10, the voltage is the reference. Notice that the ref- 
erence is drawn along the x-axis in both cases. 

EXAMPLE 15-9 The current in Figure 15-19 is expressed in polar form as I = 0.2 ZO" mA. Determine 
the source voltage expressed in polar form, and draw a phasor diagram showing the 
relation between source voltage and current. 

FIGURE 15-19 R 
Wr- 

I = 0.2Z0° mA 10 k!l 

m - I kHz: 
C 
0.01,11 f 
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Solulion The magnitude of the capacilive reactance is 

Xr ~ IttJC ~ 27r(l000H^)(0.0l /xF) _ l5'9kn 

The total impedance in rectangular form is 

7 = R - jXc = 10 kfi - y 15.9 kfl 

Converting to polar form yields 

Z = Vr2 + XrZ—taii~'( — 
R 

= VflOkfl)2 + (15.9 kfl)2 Z - tan"1 ^ 15.9 kfi\ = 18.8 Z-57.8° kfl 
10 kfl / 

Use Ohm's law to determine the source voltage. 

Vv = IZ = (0.2Z0° mA)(18.8Z-57.8° kfl) = 3.76Z - V 

The magnitude of the source voltage is 3.76 V at an angle of —57.8° with respect to 
the current; that is, the voltage lags the current by 57.8°, as shown in the phasor 
diagram of Figure 15-20. 

FIGURE 15-20 
-57,«- 

I = 0.2 mA 

V. = 3,75 V 

Related Problem Determine V, in Figure 15-19 iff = 2 kHz and I = 0.2Z0° A. 

EXAMPLE 15-10 Determine the current in the circuit of Figure 15-21, and draw a phasor diagram show- 
ing the relation between source voltage and current. 

FIGURE 15-21 

Wl 
2.2 k!! 

I0Z0°V 
I = 1.5 kHz 

0.022//F 

Solution The magnitude of the capacilive reactance is 

Xr = ——   !   4.82 kfl 1 2nfC 2ir( 1.5 kHz)(0.022 yiF) 

The total impedance in rectangular form is 

7. = R - jXc = 2.2 kfl - y4.82 kfl 
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Convening to polar form yields 

Z = Vr2 + X^Z-tair'f — 

= V(2.2ka)2 + (4.82kn)2Z-tan~'( i = S-SOZ-eS-S"kfl \ 2.2 ksl / 

Use Ohm's law to determine the current. 

V _ IOZO" V 
~ rL~ 5.30Z—65.5°k!! 

= 1.89Z65.50 mA 

The magnitude of the current is 1.89 mA. The positive phase angle of 65.5° indicates 
that the current leads the voltage by that amount, as shown in the phasor diagram of 
Figure 15-22. 

FIGURE 15-22 
i / = 1,89 mA 

65.5° 

Related Problem Determine I in Figure 15-21 if the frequency is increased to 5 kHz. 

Use Multisim file E15-10 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

Phase Relationships of Current and Voltages 

In a scries RC circuit, the current is the same through both the resistor and the capacitor. 
Thus, the resistor voltage is in phase with the current, and the capacitor voltage lags the 
current by 90". Therefore, there is a phase difference of 90° between the resistor voltage, 
Vr, and the capacitor voltage, Vf. as shown in the waveform diagram of Figure 15-23, 

FIGURE 15-23 
Phase relation of voltages and 
current in a series RC circuit. 

/ leads Pc by 90°. 
and I are in phase. 

Amplitudes depend on 
the particular circuit. 

From Kirchhoff's voltage law, the sum of the voltage drops must equal the applied volt- 
age. However, since VR and Vc are not in phase with each other, they must be added as 
phasor quantities, with Vc lagging VR by 90°, as shown in Figure l5-24(a). As shown in 
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Ve- 
la) 

-90° 

FIGURE 15-24 

Vc 
(b) 

Voltage phasor diagram for a series RC circuit. 

Figure 15-24(b), V, is the phasor sum of and Vc. as expressed in rectangular form in the 
following equation: 

V, = VR - jVc 

This equation can be expressed in polar form as 

v, = VW VpZ-lan Vc 

Xh 

Equation 15-12 

Equation 15-13 

where the magnitude of the source voltage is 

v, = Vvn + vl 

and the phase angle between the resistor voltage and the source voltage is 

' - '""(I 
Since the resistor voltage and the current arc in phase, 0 also represents the phase angle 

between the source voltage and the current. Figure 15-25 shows a complete voltage and 
current phasor diagram that represents the waveform diagram of Figure 15-23. 

Variation of Impedance and Phase Angle with Frequency 

As you know, capacitivc reactance varies inversely with frequency. Since Z = V/f2 

, -90" 

FIGURE 15-25 
Voltage and current phasor diagram 
for the waveforms in Figure 15-23. 

you can see that when Xc increases, the entire term under the square root sign increases and 
thus the magnitude of the total impedance also increases; and when X^- decreases, the mag- 
nitude of the total impedance also decreases. Therefore, in a series RC circuit, Z is in- 
versely dependent on frequency. 

Figure 15-26 illustrates how the voltages and current in a series RC circuit vary as the 
frequency increases or decreases, with the source voltage held at a constant value. In part 
(a), as the frequency is increased, Xc decreases; so less voltage is dropped across the ca- 
pacitor. Also, Z decreases as Xc decreases, causing the current to increase. An increase in 
the current causes more voltage across R. 

In Figure 15-26(b), as the frequency is decreased, Xc increases; so more voltage is 
dropped across the capacitor. Also, Z increases as Xc increases, causing the current to de- 
crease. A decrease in the current causes less voltage across R. 

Changes in Z and Xc can be observed as shown in Figure 15-27. As the frequency in- 
creases, the voltage across Z remains constant because V, is constant. Also, the voltage 
across C decreases. The increasing current indicates that Z is decreasing. It docs so be- 
cause of the inverse relationship slated in Ohm's law (Z = V^//). The increasing current 
also indicates that Xc is decreasing (Xc = Veil). The decrease in Vc corresponds to the 
decrease in Xc- 

Since Xc is the factor that introduces the phase angle in a scries RC circuit, a change 
in Xc produces a change in the phase angle. As the frequency is increased, Xc becomes 
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As frequency is increased, Z decreases as Xl- decreases, 
causing / and to increase and Vc ro decrease. 

FIGURE 15-26 

(b) As frequency is decreased. Z increases as Xc increases, 
causing / and to decrease and fo increase. 

An illustration of how the variation of impedance affects the voltages and current as the source 
frequency is varied. The source voltage is held at a constant amplitude. 

Frequency is 
increasing. 

T 

By watching these two 
inctcrs, you can see 
what Z is doing: / is 
increasing and V^is constant. 
Thus, 7. is decreasing. 

By watching these two 
meters, you can see 
what Xc is doing: 
I is increasing and Vcis 
decreasing. Thus. Xc 
is decreasing. 

\xc-
v-f 
' t 

FIGURE 15-27 
An illustration of how Z and Xf change with frequency. 

smaller, and thus the phase angle decreases. As the frequency is decreased, Xc be- 
comes larger, and thus the phase angle increases. The angle between V, and VK is the 
phase angle of the circuit because / is in phase with By measuring the phase of V^, 
you arc effectively measuring the phase of /. An oscilloscope is normally used to ob- 
serve the phase angle by measuring the phase angle between Vs and one of the compo- 
nent voltages. 

Figure 15-28 uses the impedance triangle to illustrate the variations in Xc, Z, and 0 as 
the frequency changes. Of course, R remains constant. The main point is that because Xc 
varies inversely with the frequency, so also do the magnitude of the total impedance and the 
phase angle. Example 15-11 illustrates this. 
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*ci /( 

Increasing / 

FIGURE 15-28 
As the frequency increases, Xc decreases, / decreases, and « decreases. Each value of frequency can 
he visualized as forming a different impedance triangle. 

EXAMPLE 15-11 For the series RC circuit in Figure 15-29, determine the magnitude of the total imped- 
ance and Ihe phase angle for each of the following values of input frequency: 

(a) 10 kHz (b) 20 kHz (c) 30 kHz 

FIGURE 15-29 R 
-Wv- 

1.0 kit 

: 0,01 

Solution (a) For/ = 10 kHz. 

Xr = 
I 1 

2tr/C 2tr(l0kHz)(0.01/xF| 

Z = Vr2 + xlz -tan"1^ ' 

= 1.59 kfi 

= V(I.OkO.)2 + (1.59ktl)2Z-tan '( l.59.kfi | = l.88Z-57.80kn 
1.0 kfl 

Thus, 7. = 1.88 kfi and 0 = -57.8". 

(b) For/= 20 kHz, 

Xc = 
I 

27r(20 kHzMO.O I /iF) 
= 796 n 

Z = Vu.Oki!)2 + (796!!rZ-tan '( ./96n | = 1.28Z-38.50klJ 
l.Okll 

Thus, Z = 1.28 kli and 0 = -38.5". 
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(c) For/ = 30 kHz, 

*c = 
I 

= 53i n 
2iT(30kHz»(0.0l /xF) 

Z = V(I.Okft)2 + (531 n)2Z—tan 
531 il N 

V 1.0 my 
= l.l3Z-28.0om 

Thus, Z = 1.13 k« and 6 = -28.0°. 

Notice that as the frequency increases, Xc, 2, and B decrease. 

Rrlnti'd Pivhlem Find the magnitude of the total impedance and the phase angle in Figure 15-29 for 
/ = 1 kHz. 

The RC Lag Circuit 

An RC lag circuit is a phase shift circuit in which the output voltage lags the input volt- 
age by a specified amount. Figure 15-30(a) shows a series RC circuit with the output volt- 
age taken across the capacitor. The source voltage is the input, Vjn. As you know, B, the 
phase angle between the current and the input voltage, is also the phase angle between the 
resistor voltage and the input voltage because VR and / are in phase with each other. 

(a) A basic RC lag circuit 

ft= -91)" + 
(phaselag) 

(b) Phasor voltage diagram 
showing the phase lag 
between V,.. and V,.,, 

0 (phase lag) 
(c) Input and output voltage waveforms 

FIGURE 15-30 
fiC lag circuit (V0„, - V/). 

Since Vc lags V/ by 90°, the phase angle between the capacitor voltage and the input 
voltage is the difference between -90" and B, as shown in Figure l5-30(b). The capacitor 
voltage is the output, and it lags the input, thus creating a basic lag circuit. 

The input and output voltage waveforms of the lag circuit are shown in Figure 15-30(c). 
The amount of phase difference, designated 4>, between the input and the output is de- 
pendent on the relative sizes of the capacilive reactance and the resistance, as is the mag- 
nitude of the output voltage. 

Phase Difference Between Input and Output As already established, B is the phase 
angle between / and V,,,. The angle between K„„ and V,n is designated <h (phi) and is 
developed as follows. 

The polar expressions for the input voltage and the current are V^ZO" and IZB, 
respectively. The output voltage in polar form is 

V„,„ = (/ZflKXcZ—90°) = «cZ(-90° + B) 
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The preceding equation states that the output voltage is at an angle of —90" + D with 
respect to the input voltage. Since 0 = —tan '(Xc/ft), the angle (/> between the input and 
output is 

i/i = -90° + tan 

Equivalenlly, this angle can be expressed as 

,-i 

-l(^c 
K 

d. = -tan- 

This angle is always negative, indicating that the output voltage lags the input voltage, as 
shown in Figure 15-31. 

Equation 15-14 

V,„ FIGURE 15-31 

EXAMPLE 15-12 

la) 

Determine the amount of phase lag from input to output in each lag circuit in Figure 
15-32. 

vw 
15 k 

© 5 U! 

Wv 
680 it 

G I = i uiz 0.1 oF 

lb) 

FIGURE 15-32 

Solution For the lag circuit in Figure 15-32(a), 

^ = ",an"(f)= = -71-60 

The output lags the input by 71,6°, 
For the lag circuit in Figure l5-32(b), first determine the capacitivc reactance. 

Xr = 
I 1 

ItrfC 27r(l kHz)(0.l juF) 
■ = 1.59 kl! 

= -tan — 1 = -t^in 
Xc 

= —tan 
680 n \ 
1.59 kfl / 

= -23.2° 

The output lags the input by 23.2°. 
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Helmed Problem In a lag circuit, what happens to the phase lag if the frequency increases? 

Use Mullisim files EI5-I2A, EI5-12B, and EI5-I2C to verify (he calculated results in 
this example and to confirm your calculation for the related problem. 

Magnitude of the Output Voltage To evaluate the output voltage in terms of its mag- 
nitude, visualize the RC lag circuit as a voltage divider. A portion of the total input voltage 
is dropped across the resistor and a portion across the capacitor. Because the output volt- 
age is the voltage across the capacitor, it can be calculated using either Ohm's law 
(foui = «c) or the voltage divider formula. 

Equation 15-15 Vn,„ = ( fC )f,„ 
V V/e2 + xp/ 

The phasor expression for the output voltage of an RC lag circuit is 

foul = Voiii^4> 

EXAMPLE 15-13 For the lag circuit in Figure l5-32(b) (Example 15-12), determine the output voltage 
in phasor form when the input voltage has an mis value of 10 V. Draw the input and 
output voltage waveforms showing the proper phase relationship. The capacilive 
reactance (1.59 kill and ib (—23.2") were found in Example 15-12. 

Solution The output voltage in phasor form is 

*c 

FIGURE 15-33 

V„u, - Vn,„Zd> - 
VW 

1.59 kn 
Xl 

V(68oii)2 + (i.sgknr 

Vi„z<b 

10Z -23.2° V = 9.20Z-23.2° Vrms 

The waveforms are shown in Figure 15-33. Notice that the output voltage lags the 
input voltage by 23.2°. 

V,„ = 10 V mis 

1'.2 

Related Problem In a lag circuit, what happens to the output voltage if the frequency increases? 

Use Mullisim tiles EI5-I3A and EI5-I3B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 
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The RC Lead Circuit 

An RC lead circuit is a phase shift circuil in which the output voltage leads the input volt- 
age by a specified amount. When the output of a scries RC circuil is taken across the resis- 
tor rather than across the capacitor, as shown in Figure l5-34(a), it becomes a lead circuit. 

K l' 

0(phase lead) 

(a) A basic RC lead circuil 

FIGURE 15-34 

(b) Phaser voltage diagram showing 
the phase lead between V,-,, and Vnli 

0(phase lead) 
(c) Input and output voltage waveforms 

RC lead circuit (V„„, = VR). 

Phase Difference Between Input and Output In a series RC circuit, the current leads 
the input voltage. Also, as you know, the resistor voltage is in phase with the current. Since 
the output voltage is taken across the resistor, the output leads the input, as indicated by the 
phasor diagram in Figure l5-34(b). The waveforms arc shown in Figure l5-34(c). 

As in the lag circuil, the amount of phase difference between the input and output and 
the magnitude of the output voltage in the lead circuit are dependent on the relative values 
of the resistance and the capacitive reactance. When the input voltage is assigned a refer- 
ence angle of 0°, the angle of the output voltage is the same as 6 (the angle between total 
current and applied voltage) because the resistor voltage (output) and the current are in 
phase with each other. Therefore, since d> = 0 in this case, the expression is 

<b = tan 1 

R 
Equation 15-16 

This angle is positive because the output leads the input. 

EXAMPLE 15-14 Calculate the output phase angle for each circuil in Figure 15-35. 

Xc C 

.-n ii 

© 
'< V 
22011 

(a) 

FIGURE 15-35 

500 ii/ Vy 

0.22 t/K 

R v; 
1.0 kl! 

(b) 
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Solution For the lead circuit in Figure 15-35(a), 

^= tan"(¥)= ,anl(iSS)= 34-3° 

The output leads the input by 34.3°. 
For the lead circuit in Figure 15-35(b), first determine the capacitive reactance. 

Xc ~ 2jr/C _ 277(500Hz)(0.22 ^F) _ I"45 kn 

, / 1.45 kfi 
<l> = tan 11 1— I = tan 1   = 55.4° 

\ R / \ 1.0 kfi J 

The output leads the input by 55.4°. 

Relnlcd Problem In a lead circuit, what happens to the phase lead if the frequency increases? 

Use Multisim files EI5-I4A, EI5-I4B, and E15-14C to verify the calculated results in 
this example and to confirm your calculation for the related problem. 

Magnitude of the Output Voltage Since the output voltage of an RC lead circuit is 
taken across the resistor, the magnitude can be calculated using either Ohm's law 
(V„u, = IR) or the voltage-divider formula. 

Equation 15-17 V,„„ = ( . f V,„ 
\VR- + xl' 

The expression for the output voltage in phasor form is 

Vom = Vom <l> 

EXAMPLE 15-15 The input voltage in Figure l5-35(b) (Example 15-14) has an rms value of 10 V. De- 
termine the phasor expression for the output voltage. Draw the waveform relationships 
for the input and output voltages showing peak values. The phase angle (55.4°) and Xc 
(1.45 kfi) were found in Example 15-14. 

Solution The phasor expression for the output voltage is 

V„.„ = VD„,Z^ = (— 

/ i.okn \ 
=  — l0Z55.4oV = 5.68Z55.4 V rms 

V l.76kn/ 

The peak value of the input voltage is 

Vin(p) = 1.414 V,= 1.414(10 V) = 14.14 V 

The peak value of the output voltage is 

Vc.tp) = l.414V0„1(n„s) = 1.414(5.68 V) = 8.03 V 
The waveforms are shown in Figure 15-36. 
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8,03 V 

xM 

FIGURE 15-36 

Helmed 1'ioblein In a lead circuit, what happens to the output voltage if the frequency is reduced? 

Use Multisim files E15-15A and EI5-15B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

SECTION 15-4 1. In a certain series RC circuit, VR = 4 V, and Pc = 6 V. What is the magnitude of the 
CHECKUP source voltage? 

2. In Question 1, what is the phase angle between the source voltage and the current? 
3. What is the phase difference between the capacitor voltage and the resistor voltage in 

a series RC circuit? 
4. When the frequency of the applied voltage in a series RC circuit is increased, what 

happens to the capacifive reactance? What happens to the magnitude of the total im- 
pedance? What happens to the phase angle? 

5. A certain RC lag circuit consists of a 4.7 kf! resistor and a 0.022 /xF capacitor. Deter- 
mine the phase shift between input and output at a frequency of 3 kHz. 

6. An RC lead circuit has the same component values as the lag circuit in Question 5. 
What is the magnitude of the output voltage at 3 kHz when the input is 10 V rms? 

Option 2 Note 

Coverage of series reactive circuits continues in Chapter 16. Part 1, on page 702. 



Part 

2 
Parallel Circuits 

15-5 Impedance and Admittance of Parallel RC Circuits  

In this section, you will learn how to determine the impedance and phase angle of a 
parallel KC circuit. The impedance consists of a magnitude component and a phase 
angle component. Also, capacitive susceptance and admittance of a parallel RC circuit 
are introduced. 

After completing this section, you should be able to 

• Determine impedance and admittance in a parallel RC circuit 

♦ Express total impedance in complex form 

♦ Define and calculate conductance, capacitive susceptance, and admittance 

Figure 15-37 shows a basic parallel RC circuit connected to an ac voltage source. 

FIGURE 15-37 
Basic parallel RC circuit. 

The expression for the total impedance is developed as follows, using complex numbers. 
Since there arc only two circuit components, R and C, the total impedance can be found 
from the product-over-sum rule. 

Z = 
(RZ0°)(XcZ-9O°) 

« - jXc 
By multiplying the magnitudes, adding the angles in the numerator, and converting the de- 
nominator to polar form, you get 

Z = 
RXcZ(0° - 90°) 

VR2 + XrZ-tan — 

Now, by dividing the magnitude expression in the numerator by that in the denominator, 
and by subtracting the angle in the denominator from that in the numerator, you get 

Z = 
RXC 

Vr2 + xl- 
Z -90" + tan Xr 
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Equivalently, this expression can be written as 
RXC R 

Z = — -/—lan '( —) Equation 15-18 
v R" + Xc 

EXAMPLE 15-16 For each circuit in Figure 15-38, determine the magnitude and phase angle of the total 
impedance. 

5011 ml! 5 V 
■ Xc 
■2 k!! <-|.0k!! 

FIGURE 15-38 

Solution For the circuit in Figure l5-38(a), the total impedance is 

z = f RXC \ R 
vVF 

_ . Z-Ian , 
+ xJJ \Xc 

(loonxson) 
• VdOOii)2 + (50 ill2 

Thus, Z = 44.7 Li and e = -63.4°. 
For the circuit in Figure 15-38(b), the total impedance is 

(1.0kfl)(2k!l) \ 1.0kli^ 
z = Z-lan 

^\/(l.0ka)2 + (2kn)2/ V 2k!! / 

Thus, Z = 894!! and 0 = -26.6". 

I'i'LvhI Problem Determine Z in Figure 15-38(a) if the frequency is doubled. 

= 894 Z —26.6° il 

Conductance, Susceptance, and Admittance 

Recall that conductance, G, is the reciprocal of resistance. The phasor expression for 
conductance is expressed as 

G = —— = GZO" 
RZO 

Two new terms are now introduced for use in parallel RC circuits. Capacitivc suscep- 
tance («c| is the reciprocal of capacitive reactance. The phasor expression for capacitive 
susccptancc is 

Br =  ' — = BrZ90° = +/«, ' XcZ —90 ' J ' 
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Admittance (K) is the reciprocal of impedance. The phasor expression for admittance is 

Equation 15-19 

Y = 
1 

= YZ + 0 
zz±e 

The unit of each of these terms is the Siemens (S), which is the reciprocal of the ohm. 
In working with parallel circuits, it is often easier to use conductance (G), capacitive 

susccptancc (B^), and admittance (K) rather than resistance (R), capacitive reactance (Ac)' 
and impedance (Z), In a parallel RC circuit, as shown in Figure 15-39, the total admittance 
is simply the phasor sum of the conductance and the capacitive susceplance. 

Y = 6' + jHc 

FIGURE 15-39 
Admittance in a parallel RC circuit. 

!■=VG3 + flf 

(a) 

EXAMPLE 1 5-1 7 Determine the total admittance (Y( and then convert it to total impedance (Z| in Figure 
15-40. Draw the admittance phasor diagram. 

FIGURE l 5-40 

© 330 it f= I kHz 0.22 uF 

Solution From Figure 15-fO./f = 330 0; thus G = MR = 1/330 O = 3.03 mS. The capacitive 
reactance is 

Xr = 
I I 

• = 723 O 
lirfC 2tt( 1000 Hz)(0.22 /xF) 

The capacitive susceptance magnitude is 

fic=i=doT=l-38mS 

The total admittance is 
Y„„ = C + jBc = 3.03 mS + yI.38mS 

which can be expressed in polar form as 

Br 
Y,„, = VG2 + /(,'Ztan1^ 

= V(3,03mS)2 + (1.38mS)2Ztan_l[ ) = 3.33Z24.5 mS 
V3.03 mS/ 
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The admittance phasor diagram is shown in Figure 13—11. 

FIGURE 15-41 
Br = 1.38 mS 

Y = 3.33 mS 

C = 3.03 mS 

Convert total admittance to total impedance as follows: 

I I 
Z,„, — = 300/:-24.5 ft 

Y,0, (3.33 .Z24.5° mS) 

Relnled Problem Calculate the total admittance in Figure 15^10 if/ is increased to 2.5 kHz. 

SECTION 15-5 
CHECKUP 

1. Define conductance, capacitive susceptance, and admittance. 
2. lfZ= 100 ft. what is the value of V? 
3. In a certain parallel RC circuit, /? = 47 kft and Xc = 75 kft. Determine Y. 
4. In Question 3, what is Z? 

0 15-6 Analysis of Parallel RC Circuits  
Ohm's law and Kirchhoff's current law are used in the analysis of RC circuits. Current 
and voltage relationships in a parallel /fC circuit arc examined. 

After completing this section, you should be able to 

♦ Analyze a parallel RC circuit 

♦ Apply Ohm's law and Kirchhoff's current law to parallel RC circuits 

♦ Express the voltages and currents as phasor quantities 

♦ Show how impedance and phase angle vary with frequency 

♦ Convert from a parallel circuit to an equivalent series circuit 

For convenience in the analysis of parallel circuits, the Ohm's law formulas using 
impedance, previously stated, can be rewritten for admittance using the relation Y = l/Z. 
Remember, the use of boldface nonitalic letters indicates phasor quantities. 

I 
V = — Equation 15-20 

I = VY Equation 15-21 

Equation 15-22 
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EXAMPLE 15-18 Determine the total current and phase angle in Figure 15—42. Draw a phasordiagram 
showing the relationship of V, and 1„„. 

© 

V, 
iozo0 v 
/= 1.5 kHz 

R 
2.2 kll 

. C 
' 0.022 ,«F 

FIGURE 15-42 

Solution The capaeitive reactance is 

Xr = 
1 I 

lir/C 2tt( 1.5 kHz)(0.022 /zF) 
= 4.82 ki! 

The capaeitive susceptance magnitude is 

Bc = ^r = 
i 

Xc 4.82 kfl 
= 207 juS 

The conductance magnitude is 

I 
G = — = 

I 
• = 455 /zS 

R 2.2 kH 

The total admittance is 

Y„„ = G + jH, = 455 /zS + / 2(17 /zS 

Converting to polar form yields 

= VC2 + BrXtan 'f— 

= ©(455 MSr + (207 )2Z laiC= 500Z24.5o/zS 

The phase angle is 24.5". 
Use Ohm's law to determine the total current. 

= V3.Yw, = (IOZO" V|(500Z24.5',/zS) = 5.00Z24.50 mA 

The magnitude of the total current is 5.00 mA, and it leads the applied voltage by 
24.5°, as the phasor diagram in Figure 15-43 indicates. 

FIGURE 15-43 ■ /,„ = 5.00 mA 

V, = 10 V 

Related Problem What is the total current (in polar form) if/is doubled? 

Use Multisim tiles EI5-I8A and E15-I8B to verify the calculated results in this example 
and to confirm your calculation for (he related problem. 
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Phase Relationships of Currents and Voltages 

Figure l5-44(a) shows all the currents in a basic parallel RC circuit. The total current, 
consists of the two branch currents, /,(and l( . The applied voltage, Vj, appears across both 
the resistive and the capacitive branches, so V,, Vr, and V(- are all in phase and of the same 
magnitude. 

(a) 

FIGURE 15-44 

" 

lb) 

Currents in a parallel RC circuit. The current directions shown in (a) are instantaneous and, of course, 
reverse when the source voltage reverses. 

The current through the resistor is in phase with the voltage. The current through the ca- 
pacitor leads the voltage, and thus the resistive current, by 90". By Kirchhoff's current law, 
the total current is the phasor sum of the two branch currents, as shown by the phasor dia- 
gram in Figure l5-44(b). The total current is expressed as 

I/,./ = Ir+ J'c 
This equation can be expressed in polar form as 

I,. = V/T ll'Ztun 1 

where the magnitude of the total current is 

1,0, = V/i + I2c 
and the phase angle between the resistor current and the total current is 

-.Al e = tan I — 

Since the resistor current and the applied voltage are in phase, 0 also represents the 
phase angle between the total current and the applied voltage. Figure 15-45 shows a com- 
plete current and voltage phasor diagram. 

Equation 15-23 

Equation 15-24 

v V,.Vk.Vc 

A FIGURE 15-45  
Current and voltage phasor diagram for a parallel RC circuit (amplitudes depend on the particular 
circuit). 
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EXAMPLE 15-19 Dclcrniinc the value of each current in Figure 15^t6, and describe the phase relation- 
ship of each with the applied voltage. Draw the current phasor diagram. 

FIGURE 15-46 

'v. 220 it 15011 

Solulion The resistor current, the capacitor current, and the total current are expressed as follows: 

Ir = ^ = 
I2Z0" V 

R 220 zo° a 
12Z00 V 

= 54.5 Z 0° mA 

• = 80Z90omA 
l50Z-90oa 

loi = Ir+ J'c = 54.5 mA + jSO mA 
Converting I,„, to polar form yields 

lr 
IM, = Vli + /( Ztan [[J- 

= \/(54.5mA)2 + (80 mA)2 Ztan" 
80 mA 

54.5 mA 
= 96.8 Z 55.7° m A 

As the results show, the resistor current is 54.5 mA and is in phase with the voltage. 
The capacitor current is 80 mA and leads the voltage by 90". The total current is 
96.8 mA and leads the voltage by 55.1°. The phasor diagram in Figure 15-47 
illustrates these relationships. 

FIGURE 15-47 lr = 80 mA /„„ = 96.8 mA 

I. = 54.5 mA 

Kiii I id Problem In a parallel circuit, = I OUZO" mA and Ic = 60Z900 mA. Determine the total 
current. 

Conversion from Parallel to Series Form 

For every parallel RC circuit, there is an equivalent series RC circuit for a given frequency. 
Two circuits are considered equivalent when they both present an equal impedance at their 
terminals: that is, the magnitude of impedance and the phase angle are identical. 
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To obtain the equivalent series circuit for a given parallel RC circuit, first find the im- 
pedance and phase angle of the parallel circuit. Then use the values of Z and H to construct 
an impedance triangle, shown in Figure 15-48. The vertical and horizontal sides of the tri- 
angle represent the equivalent scries resistance and capacitivc reactance as indicated. These 
values can be found using the following trigonometric relationships: 

/?Cq = Z cos II 

-^Cteql = ZsinW 

Equation 15-25 

Equation 15-26 

FIGURE 15-48 
Impedance triangle for the series 
equivalent of a parallel fiC circuit. Z 
and H arc the known values for the 
parallel circuit, fipq and Xficqi are the 
series equivalent values. 

EXAMPLE 15-20 Convert the parallel circuit in Figure 15-49 to a series form. 

FIGURE 15-49 

&• IS k!! 
.*<• 
' 27 kl! 

Solution First, find the admittance of the parallel circuit as follows: 

G = £ = TiidT ^ 

Bc = Tc 
= r^i=i70^ 

Y = G + jBc = 55,6/xS + ;37.0/tS 

Converting to polar form yields 

B, 
Y = VG2 + Bf-Ztan '( 

V55.6/XS, 
= V(55.6/xS)2 + (37.0aiS)2Ztan"1) TTT^j = 66.8Z33.60alS 

Then, the total impedance is 

1 
Z/,,/ — — — 

1 
Y 66.8 Z 33,6° fiS = I5.0Z—33.6° kil 
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Converting to rectangular form yields 

1,0, = loose - JZsine = - JXoem 
= 15.0kflcos(—33.6°) - jl5.0kftsin(-33.6o) = 12.5 kfl - y8.31 kO 

The equivalent series RC circuit is a 12.5 kfl resistor in series with a capacitive reac- 
tance of 8.31 kfl. This is shown in Figure 15-50. 

-Atfr- 
12,5 k!l 8.31 k!! 

FIGURE 15-50 

tielaled I'whlem The impedance of a parallel RC circuit is Z = 10Z -26" kfl. Convert to an equivalent 
series circuit. 

SECTION 15-6 1. The admittance of a parallel RC circuit is 3,50 mS, and the applied voltage is 6 V. What 
CHECKUP is the total current? 

2. In a certain parallel RC circuit, the resistor current is 10 mA, and the capacitor current 
is 15 mA. Determine the magnitude and phase angle of the total current. This phase 
angle is measured with respect to what? 

3. What is the phase angle between the capacitor current and the applied voltage in a 
parallel RC circuit? 

Option 2 Note 

Coverage of parallel reactive circuits continues in Chapter 16, Part 2, on page 715. 



Series-Parallel Circuits 

Part 

3 

15-7 Analysis of Series-Parallel RC Circuits 

The concepts studied with respect to series and parallel circuits are used to analyze 
circuits with combinations of both series and parallel K and C components. 

After completing this section, you should be able to 

• Analyze series-parallel RC circuits 

♦ Determine total impedance 

♦ Calculate currents and voltages 

♦ Measure impedance and phase angle 

The impedance of series components is most easily expressed in rectangular form, and 
the impedance of parallel components is best found by using polar form. The steps for an- 
alyzing a circuit with a series and a parallel component are illustrated in Example 15-21. 
First express the impedance of the series part of the circuit in rectangular form and the im- 
pedance of the parallel part in polar form. Next, convert the impedance of (he parallel part 
to rectangular form and add it to the impedance of the scries part. Once you determine the 
rectangular form of the total impedance, you can convert it to polar form in order to see the 
magnitude and phase angle and to calculate the current. 

EXAMPLE 15-21 In the series-parallel RC circuit of Figure 15-51, determine the following: 

(a) total impedance (b) total current (e) phase angle by which /„„ leads V, 

FIGURE 15-51 

VA 
1,11 k ; 0,1 l/F 

V, 
10Z00 V 
f- 5 kHz 0-047 up ■■SI I 



660 ♦ RC Circuits 

Solution (a) First, calculate the magnitudes of capacilive reactance. 

Xci = Itt/C = 2tt(5 kHz)(0.1 /tF) = 3180 

Xn = —— = '   677 n ^ 2-nfC 2n(5 kH/)(0,(l47/iF) 

One approach is to find the impedance of the scries portion and the impedance of 
the parallel portion and combine them to get the total impedance. The impedance 
of the scries combination of R\ and C; is 

z, = /e, - jxa = i.okn -y3i8n 

To determine the impedance of the parallel portion, first determine the admittance 
of the parallel combination of R2 and CV 

I I 
^2 = 68041 = 1 m 

8c2 = ^ = ^ft = l-48raS 

Y2 = C2 + jBa = 1.47 mS + yl .48 mS 
Converting to polar form yields 

G2 
Y2 = VG| + B^Ztan"1 

= V(1.47mS)2 + (1.48 mS)2Ztan '( ' 48m8 ) = 2.09Z45,2'> mS 1.47 mS7 

Then, the impedance of the parallel portion is 

Zj = — =  ! = 478 Z -45.2'' il 2 Y2 2.09Z45.2 mS 

Converting to rectangular form yields 

Zi = Z2C0S 0 — 7Z2sin H 
= (478 fl)cos(—45.2°) - 7(478 n)sin(-45.2°) = 337 0 - 7339 0 

The series portion and the parallel portion are in series with each other. Combine 
Zi and Zt to get the total impedance. 

Z,n, = Z| + Z2 
= (I.OkO -73180) + (337O - 7339 O) = 1337 O - 7657 0 

Expressing Z,,,, in polar form yields 

-if Z2 = Vzf+zlz-tan"1^ 

= V(1338 o f + (657 0|2Z-lan '( ) = 1.49Z-26.2 
V1337 O 

(b) Use Ohm's law to determine the total current. 

V, iOZCV 
I,.,, = —— = —   —— = 6.71Z 26.2 mA 

Z,„, 1.49Z—26.2 kO 

(c) The total current leads the applied voltage by 26.2°. 

kO 
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lU'hucil I'mtilem Determine the voltages across Z| and Zj in Figure 15-51 and express in polar form. 

Use Multisim files EI5-2I A. E15-21B. and E15-2IC to verify the calculated results in 
~ the (b) part of this example and to confirm your calculation for the related problem. 

Example 15-22 shows two sets of series components in parallel. The approach is to first 
express each branch impedance in rectangular form and then convert each of these imped- 
ances to polar form. Next, calculate each branch current using polar notation. Once you 
know the branch currents, you can find the total current by adding the two branch currents 
in rectangular form. In this particular case, (he total impedance is not required. 

EXAMPLE 15-22 Determine all currenls in Figure 15-52. Draw a current phasor diagram. 

© 

V, 
2Z0o V 
/ = 2 MHz 

«i 
33 Si 

.C, 
" 0.001 .uF 

47 

0.0022 l/F 

FIGURE 15-52 

Solution First, calculate XCI and 

Xn = ——   1 = 79.6 ft t-1 2irfC 2n(2 MH/)(0.O0l /iF) 

__ ^ |^ 
C- 2trfC 2tt(2 MHz)(0.0022 /aF) 

Next, determine the impedance of each of the two parallel branches. 

Z, = /?, - jXa = 33 ft - /79.6 ft 
7,2 = JXa = 47 ft - 736.2 ft 

Convert these impedances to polar form. 

Z, = Vxf + X( | Z -tan 
\ Rt 

= "©(33 ft)2 + (79.6ft)2Z-tairl^7Jjj
6

j^ j = 86.2Z-67.50 ft 

Z; = VrI + X&Z-tan ,( ^C2 
Ri 

= V(47ft)2 + (36.2ft)2Z-tan-1 ( ) = 59.3Z-37.60ft 
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Calculate each branch current. 

V, 2 Z 0" V 
Ii Z, 86.2Z—67.5° fl 

V.t I2 = ^ 
2Z0o V 

Z? 59.3Z—37.6°n 

= 23.2 Z 67.5° m A 

= 33.7 Z 37.6" niA 

To gel the total current, express each branch current in rectangular form so that they 
can be added. 

I, = 8.89 mA + ;21.4mA 
12 = 26.7 mA + y'20.6 mA 

The total current is 

I/,,/ = I| + I2 
= (8.89 mA + 721.4 mA) + (26.7 mA + 720.6 mA) = 35.6 mA + 742.0 mA 

Converting I,0, to polar form yields 

I„„ = V(35.6mA)2 + (42.0 mA^Z tan 
,35.611 

The current phasor diagram is shown in Figure 15-53. 

= 55.1Z49.7°mA 

FIGURE 15-53 
/„„ = 55.1 mA 

/, = 33.7 mA 

' 37.6 
49.7° \ 

67.5 

Related Problem Determine the voltages across each component in Figure 15-52 and draw a voltage 
phasor diagram. 

Use Multisim files EI5-22A through EI5-22G to verify the calculated results in this 
example and to confirm your calculations for the related problem. 

Measurement of Z(ot 

Now, let's see how the value of Z,„, for the circuit in Example 15-21 can be determined by 
measurement. First, the total impedance is measured as outlined in the following steps and 
as illustrated in Figure 15-54 (other ways are also possible): 

Step 1: Using a sine wave generator, set the source voltage to a known value (10 V) and 
the frequency to 5 kHz. If your generator is not accurate, then it is advisable to 
check the voltage with an ac voltmeter and the frequency with a frequency 
counter rather than relying on the marked values on the generator controls. 
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Frequency 
counier 

FIGURE 15-54 
Determining Zlol by measurement of 
Vs and 

h —— c- 680!! — 0.047 

■*— Circuit 
ground 

Step 2: Connect an ac ammeter as shown in Figure 15-54, and measure the total cur- 
rent. Alternatively, you can measure the voltage across A!| with a voltmeter and 
calculate the current. 

Step 3: Calculate the total impedance by using Ohm's law. 

Measurement of Phase Angle, 0 

To measure the phase angle, the source voltage and the total current must be displayed on an 
oscilloscope screen in the proper lime relationship. Two basic types of scope probes are 
available to measure the quantities with an oscilloscope: the voltage probe and the current 
probe. The current probe is a convenient device, but it is often not as readily available as a 
voltage probe. We will confine our phase measurement technique to the use of voltage 
probes in conjunction with the oscilloscope. Although there arc special isolation methods, a 
typical oscilloscope voltage probe has two points that are connected to the circuit: the probe 
lip and the ground lead. Thus, all voltage measurements must be referenced to ground. 

Since only voltage probes are to be used, the total current cannot be measured directly. 
However, for phase measurement, the voltage across K\ is in phase with the total current 
and can be used to establish the phase angle of the current. 

Before proceeding with the actual phase measurement, there is a problem with display- 
ing VKt. If the scope probe is connected across the resistor, as indicated in Figure 15-55(a), 
the ground lead of the scope will short point B to ground, thus bypassing the rest of the 
components and effectively removing them from the circuit electrically, as illustrated in 
Figure 15-55(b) (assuming that the scope is not isolated from power line ground). 

To avoid this problem, you can switch the generator output terminals so that one end of 
R[ is connected to the ground terminal, as shown in Figure 15-56(a). Now the scope can be 
connected across it to display V^t. as indicated in Figure !5-56(b). The other probe is con- 
nected across the voltage source to display V, as indicated. Now channel 1 of the scope has 
V^i as an input, and channel 2 has Vs. The scope should be triggered from the source volt- 
age (channel 2 in this case). 

Before connecting the probes to the circuit, you should align the two horizontal lines 
(traces) so that they appear as a single line across the center of the scope screen. To do 
so, ground the probe tips and adjust the vertical position knobs to move the traces toward 
the center line of the screen until they are superimposed. This procedure ensures that 
both waveforms have the same zero crossing so that an accurate phase measurement can 
be made. 
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Scope ground 
lead 

CHI CH2 

I 

"sr Ground 
(a) Ground lead on scope probe grounds point B. 

FIGURE 15-55 

l B 

Short through 
scope ground ! 2 - 

This part of the 
circuit is shorted 
out by the ground 
connection 
through scope. 

""C, 

(b) The effect of grounding point B is to short out the 
rest of the circuit. 

FTfccts of measuring directly across a component when the instrument and the circuit arc 
grounded. 

/ 

c. 

: 1 

T 

5 kHz. 

11 

: i 
CHI CH2 

R,  1\ 

T 
i 

(a) Ground repositioned so that one end of Rl is 
grounded. 

▲ FIGURE 15-56 

(b) The scope displays VW| and Vv. represents the phase 
of the total current. 

Repositioning ground so that a direct voltage measurement can be made with respect to ground 
without shorting out part of the circuit. 

Once you have stabilized the waveforms on the scope screen, you can measure the pe- 
riod of the source voltage. Next, use the Volts/Div controls to adjust the amplitudes of the 
waveforms until they both appear to have the same amplitude. Now, spread the waveforms 
horizontally by using the SecZDiv control to expand the distance between them. This hori- 
zontal distance represents the lime between the two waveforms. The number of divisions 
between the waveforms along any horizontal lines times the Sec/Div setting is equal to the 
time between them, At. Also, you can use the cursors to determine At if your oscilloscope 
has this feature. 

Once you have determined the period, T, and the time between the waveforms, At, you 
can calculate the phase angle with the following equation: 

Equation 15-27 0 = (ylw 
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Figure 15-57 shows simulaled screen displays for an oscilloscope in Multisim. In Fig- 
ure l5-57(a), the waveforms arc aligned and set to the same apparent amplitude by adjust- 
ing the fine Volts/Div control. The period of these waveforms is 200 /its. The Sec/Div 
control is adjusted to spread the waveforms out to read Af more accurately. As shown in 
part (b), there are 3,0 divisions between the crossings on the center line. The Sec/Div con- 
trol is set to 5.0 /ts and there arc 3.0 divisions between the waveforms. 

At = 3.0 divisions x 5.0/xs/division = 15/xs 

The phase angle is 

e = {—)360o = ( ^360° = 27° \T) 

Tek SL* |Rj Ready MPos:0s TRIGGER 

1 » 

; : Type 

Source 
33 
Slope 

Mode 

Coupling 
m 

I 2 
j : 

rTTi 

11^ 

n ii MM "fTTTtuTr 
...... 

II 11 IMI 

I E 
: 

CHI 4.75V CH2 7.07V M5us CH2/0.08V 

:h_ 

, - -- 

'•. "• j 

CHI 4.75V CH2 7.07V M50us 

(a) 

FIGURE 15-57 

Coupling 
33 

CH2/4.KV 

<b) 

Determining the phase angle on the oscilloscope. 

A/ 
A/ =3.0 divisions x 5 ps/division = 15 ps 

SECTION 15-7 ]. What is the equivalent series RC circuit forthe series-parallel circuit in Figure 15-51? 
CHECKUP 2. What is the total impedance in polar form of the circuit in Figure 15-52? 

Option 2 Note 

Coverage of series-parallel reactive circuits continues in Chapter 16, Part 3. on 
page 722. 



Part 

4 
Special Topics 

15-8 Power in RC Circuits  

In a purely resistive ac circuit, all of the energy delivered by the source is dissipated in 
the form of heat by the resistance. In a purely capacilive ac circuit, all of the energy 
delivered by the source is stored by the capacitor during a portion of the voltage cycle 
and then returned to the source during another portion of the cycle so that there is no 
net energy conversion to heat. When there is both resistance and capacitance, some of 
the energy is alternately stored and returned by the capacitance and some is dissipated 
by the resistance. The amount of energy converted to heat is determined by the relative 
values of the resistance and the capacilive reactance. 

After completing this section, you should be able to 

♦ Determine power in RC circuits 

♦ Explain true and reactive power 

♦ Draw the power triangle 

♦ Define power factor 

♦ Explain apparent power 

♦ Calculate power in an RC circuit 

When the resistance in a series RC circuit is greater than the capacilive reactance, more 
of the total energy delivered by the source is converted to heat by the resistance than is 
stored by the capacitor. Likewise, when the reactance is greater than the resistance, more of 
the total energy is stored and returned than is converted to heat. 

The formulas for power in a resistor, sometimes called true power Cnue)' and the power 
in a capacitor, called reactive power (Pr), are restated here. The unit of true power is the 
watt, and the unit of reactive power is the VAR (voll-ampcrc reactive). 

/'.rue = /2« 

Pr = I2XC 

Power Triangle for RC Circuits 

The generalized impedance phasor diagram for a series RC circuit is shown in Figure 
l5-58(a). A phasor relationship for the powers can also be represented by a similar dia- 
gram because the respective magnitudes of the powers, /".rue and differ from R and Xc 
by a factor of I2. This is shown in Figure 15-58(b). 

The resultant power phasor, l2Z. represents the apparent power /'„. At any instant in 
lime Pa is the total power that appears to be transferred between the source and the RC 

Equation 15-28 

Equation 15-29 
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r,  
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(a) Impedance phasors 

FIGURE 15-58 

r-x( 
(h) Power phasors (c) Power triangle 

Development of the power triangle for a scries RC circuit. 

circuit. The unit of apparent power is the volt-ampere, VA. The expression for apparent 
power is 

/' = /2Z 

The power phasor diagram in Figure 15-58(b) can be rearranged in the form of a right 
triangle, as shown in Figure l5-58(c). This is called the power triangle. Using the rules of 
trigonometry, can be expressed as 

Pmc = Pa COS 8 
Since Pa equals /2Z or VI, the equation for the true power dissipation in an RC circuit 

can be written as 

Piriie = Wcostf 
where V is the applied voltage and / is the total current. 

For the case of a purely resistive current, 0 = 0° and cos 0° = I, so /'Irue equals VI. For 
the case of a purely capacitive circuit, 0 = 90° and cos 90° = 0, so is zero. As you 
already know, there is no power dissipation in an ideal capacitor. 

Power Factor 

The term cos0 is called the power factor and is staled as 

PF = cos 0 

As the phase angle between applied voltage and total current increases, the power fac- 
tor decreases, indicating an increasingly reactive circuit. The smaller the power factor, the 
smaller the power dissipation. 

The power factor can vary from 0 for a purely reactive circuit to I for a purely resistive 
circuit. In an RC circuit, the power factor is referred to as a leading power factor because 
the current leads the voltage. 

p. (reactive) 
Volt-amperes 
reactive (VAR) 

Equation 15-30 

Equation 15-31 

Equation 15-32 

EXAMPLE 15-23 Determine the power factor and the true powder in the circuit of Figure 15-59. 

FIGURE 15-59 (. 

wv I.() kit 

5 V 
f = 10 kHz 

0.0047//F 
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Solution The capacitive reactance is 

Xc ~ ITT/C ~ 27r( 10 kH^)(0.0047 ^F) ~ 3-39kn 

The total impedance of the circuit in rectangular form is 

Z = R — jXc = I -0kft - 73.39 k!l 

Converting to polar form yields 

Z = V R2 + x } z - tan 

= V(i.Okn)2 + = 3.53 Z -73.6- kfi 

The angle associated with the impedance is 8, the angle between the applied voltage 
and the total current; therefore, the power factor is 

PF = cos 8 = cos(—73.6°) = 0.282 

The current magnitude is 

V, 15 V 
/ = — = — = 4.25 mA 

Z 3.53 kH 

The line power is 

/"me = T,/ cos 8 = (15 V)(4.25 mA)(0.282) = 18.0 mW 

Helolnl Problem What is the power factor if/ is reduced by half in Figure 15-59? 

Significance of Apparent Power 

As mentioned, apparent power is the power that appears to be transferred between the 
source and the load, and it consists of two components—a true power component and a 
reactive power component. 

In all electrical and electronic systems, it is the true power that does the work. The reac- 
tive power is simply shuttled back and forth between the source and load. Ideally, in terms 
of performing useful work, all of the power transferred to the load should be true power and 
none of it reactive power. However, in most practical situations the load has some reactance 
associated with it, and therefore you must deal with both power components. 

In Chapter 14, the use of apparent power in relation to transformers was discussed. For 
any reactive load, there are two components of the total current: the resistive component 
and the reactive component. If you consider only the true power (watts) in a load, you are 
dealing with only a portion of the total current that the load demands from a source. In 
order to have a realistic picture of the actual current that a load will draw, you must consider 
apparent power (VA). 

A source such as an ac generator can provide current to a load up to some maximum 
value. If the load draws more than this maximum value, the source can be damaged. Figure 
15-60(a) shows a 120 V generator that can deliver a maximum current of 5 A to a load. As- 
sume that the generator is rated at 600 W and is connected to a purely resistive load of 2411 
(power factor of 1). The ammeter shows that the current is 5 A, and the wattmeter indicates 
that the power is 600 W. The generator has no problem under these conditions, although it 
is operating at maximum current and power. 

Now, consider what happens if the load is changed to a reactive one with an impedance 
of 1811 and a power factor of 0.6, as indicated in Figure 15-60(b). The current is 
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Wattmeter indicates 
Ammeter indicates that power is below 
thai current is excessive. rated value. 

5 A &CGW 

K = 24 1 i 3 A max 
600 W max FF = 120 V 

\ 
0,0 "A HBLJw 

xW/ 7. — 18 11 
Pf = 0.6 ■0 

•7 V 
I 

(a) Generator operating at its limits with a 
resistive load. 

FIGURE 15-60 

(b) Generator is in danger of internal damage 
due to excess current, even though the 
wattmeter indicates that the power is 
below the maximum wattage raling. 

Wattage raling of a source is inappropriate when the load is reactive. The rating should be in VA 
rather than in watts. 

l20V/lBfl = 6.67 A, which exceeds the maximum. Even though the wattmeter reads 
480 W, which is less than the power rating of the generator, the excessive current probably 
will cause damage. This illustration shows that a true power rating can be deceiving and is 
inappropriate for ac sources. The ac generator should be rated at 600 VA, a rating that 
manufacturers generally use, rather than 600 W. 

EXAMPLE 15-24 For the circuit in Figure 15-61, find the true power, the reactive power, and the appar- 
ent power. 

FIGURE 15-61 

© 
'X. 10 v I.'Oil 0.15 uV /= 1 kHz 

Solution The capacitive reactance and currents through R and C are 

I I 
Xr = 

h = — = 

InfC 27r( 1000 Hz)(0.15 /xP) 
V., 10 V 

■ = 1061 ft 

lc - 

H 470 ft 
V, 10 V 

= 21.3 mA 

The true power is 
Xc 1061 ft 

Pirue = IrR = (21,3 mA)J(470 ft) = 213 mW 

= 9,43 mA 
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The reactive power is 

l'r = llxc = (9,43 mA)2(l061 Si) = 94.3 mVAR 

The apparent power is 

fa = V/'rruo + I'; = V(213mW)2 + (94.3 mVAR)2 = 233 mVA 

Related Problem What is the true power in Figure 15-61 if the frequency is changed to 2 kHz? 

SECTION 15-8 i. To which component in an RC circuit is the power dissipation due? 
CHECKUP 2. The phase angle, R, is 45°. What is the power factor? 

3. A certain series RC circuit has the following parameter values: R = 330 Si, 
Xc = 460 SI, and I = 2 A. Determine the true power, the reactive power, and the 
apparent power. 

15-9 Basic Applications  

RC circuits arc found in a variety of applications, often as part of a more complex cir- 
cuit. Three applications are phase shift oscillators, frequency-selective circuits (fillers), 
and ac coupling. 

After completing this section, you should be able to 

♦ Discuss some basic RC applications 

♦ Discuss how the RC circuit is used as an oscillator 

♦ Discuss how the RC circuit operates as a filter 

♦ Discuss ac coupling 

The Phase Shift Oscillator 

As you know, a series RC circuit will shift the phase of the output voltage by an amount that 
depends on the values of R and C and the frequency of the signal. This ability to shift phase 
depending on frequency is vital in certain feedback oscillator circuits. An oscillator is a 
circuit that generates a periodic waveform and is an important circuit for many electronic 
systems. You will study oscillators in a devices course, so the focus here is on the applica- 
tion of RC circuits for shifting phase. The requirement is that a fraction of the output of the 
oscillator is returned to the input (called "feedback") in the proper phase to reinforce the 
input and sustain oscillations. Generally, the requirement is to feed back the signal with a 
total of 180° of phase shift. 

A single RC circuit is limited to phase shifts that are smaller than 90°. The basic RC lag 
circuit discussed in Section 15-4 can be "slacked" to form a complex RC network as shown 
in Figure 15-62, which shows a specific circuit called a phase-shift oscillator. The phase 
shift oscillator typically uses three equal-component RC circuits that produce the required 
180" phase shift at a certain frequency, which will be the frequency at which the oscillator 
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FIGURE 15-62 
Phase shift oscillator. 

works. The output of the amplifier is phase shifted by the RC network and returned to the 
input of the amplifier, which provides sufficient gain to maintain oscillations. 

The process of putting several RC circuits together results in a loading effect, so the 
overall phase shift is not the same as simply adding the phase shifts of the individual RC 
circuits. The detailed calculation for this circuit is shown in Appendix B. With equal com- 
ponents, the frequency at which a 180° phase shift occurs is given by the equation 

fr = 
I 

2ttVERC 

It also turns out that the RC network attenuates (reduces) the signal from the amplifier 
by a factor of 29; the amplifier must make up for this attenuation by having a gain of -29 
(the minus sign takes into account the phase shift). 

Equation 15-33 

EXAMPLE 15-25 In Figure 15-63, calculate the output frequency. 

FIGURE 15-63 K, 
-VvV- 

0.001 0.001 .(/F 
: R 
■ 15 kl! 

0.001 y/F 
R 
15 kit 

of 

15 k 

Solution fr = = 4.33 kHz 
IrrVbRC 2it V6 (15 kiiKO.OO 1 /(F) 

t!el,11nl Problem If all of the capacitors arc changed to 0.0027 /iF, what is the oscillator frequency? 



The RC Circuit as a Filter 

Filters are frequency-selective circuits that permit signals of certain frequencies to pass 
from the input to the output while blocking all others. That is, all frequencies but the se- 
lected ones are filtered out. Fillers are covered in greater depth in Chapter 18 but are intro- 
duced here as an application example. 

Series RC circuits exhibit a frequency-selective characteristic and therefore act as basic fil- 
lers. There are two types. The first one that we examine, called a low-pass filter, is realized 
by taking the output across the capacitor, just as in a lag circuit. The second type, called a 
high-pass filter, is implemented by taking the output across the resistor, as in a lead circuit. 

Low-Pass Filter You have already seen what happens to the output magnitude and phase 
angle in a lag circuit. In terms of its filtering action, we are interested primarily in the vari- 
ation of the output magnitude with frequency. 

Figure 15-64 shows the filtering action of a series KC circuit using specific values for 
illustration. In part (a) of the figure, the input is z.ero frequency (dc). Since the capacitor 
blocks constant direct current, the output voltage equals the full value of the input voltage 
because there is no voltage dropped across R. Therefore, the circuit passes all of the input 
voltage to the output (10 V in. 10 V out). 

In Figure i5-64(b), (he frequency of the input voltage has been increased to I kHz, 
causing the capacitivc reactance to decrease to 15911. For an input voltage of 10 V rms, the 

10 v dc ! 

^WV- 

? 

10011 
Xr = a>\ ■ I ifF 

10 V dc 
0 

10 V rms  Wv ' 
1001! 

)/ = I kHz := 
Xc = 159 tl 

:iaF 

—o 

10 V rms 
-Wz- 
1001! 

)f = iohiz := 
*, = 15.911 

■ I /'F 
1,57 V rms 

vwvvwvw 

10 V rms 
I Wv ' 

1001! 
(^C)f = 20kllz := 
V-' X, = 7.% 1! 

;i//F 
0.79 V rms 

-vwwwwwwwwwv 

FIGURE 15-64 
Low-pass filleiing action (phase shifts are not indicated). 
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output voltage is approximately 8,5 V rms, which can be calculated using the voltage- 
divider approach or Ohm's law. 

In Figure 15-64(c), the input frequency has been increased to 10 kHz, causing the ca- 
pacitive reactance to decrease further to 15.9 !1. For a constant input voltage of 10 V rms, 
the output voltage is now 1.57 V rms. 

As the input frequency is increased further, the output voltage continues to decrease and 
approaches zero as the frequency becomes very high, as shown in Figure 15-64(d). 

A description of the circuit action is as follows: As the frequency of the input increases, 
the capacitive reactance decreases. Because the resistance is constant and the capacitive re- 
actance decreases, the voltage across the capacitor (output voltage) also decreases accord- 
ing to the voltage-divider principle. The input frequency can be increased until it reaches a 
value at which the reactance is so small compared to the resistance that the output voltage 
can be neglected because it is very small compared to the input voltage. At this value of fre- 
quency, the circuit is essentially completely blocking the input signal. 

As shown in Figure 15-64, the circuit passes dc (zero frequency) completely. As the fre- 
quency of the input increases, less of the input voltage is passed through to the output; that 
is, the output voltage decreases as the frequency increases. It is apparent that the lower fre- 
quencies pass through the circuit much better than the higher frequencies. This RC circuit 
is therefore a very basic form of low-pass filler. 

The frequency response of the low-pass filler circuit in Figure 15-64 is shown in 
Figure 15-65 with a graph of output voltage magnitude versus frequency. This graph, 
called a response curve, indicates that the output decreases as the frequency increases. 

v™ (V) 

10 20 / (kHz) 

FIGURE 15-65 
Frequency response curve for the low-pass filter in Figure 15-64. 

High-Pass Filter Figure 15-66 illustrates high-pass filtering action, where the output is 
taken across the resistor, just as in a lead circuit. When the input voltage is dc (zero fre- 
quency) in part (a), the output is zero volts because the capacitor blocks direct current; 
therefore, no voltage is developed across R. 

In Figure 15-66(b), the frequency of the input signal has been increased to 100 Hz with 
an rms value of 10 V. The output voltage is 0.63 V rms. Thus, only a small percentage of 
the input voltage appears on the output at this frequency. 

In Figure l5-66(c),lhe input frequency is increased further to 1 kHz, causing more volt- 
age to be developed across the resistor because of the further decrease in the capacitive re- 
actance. The output voltage at this frequency is 5.32 V rms. As you can see, the output 
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FIGURE 15-66 
High-pass filtering action (phase shifts are not indicated). 

voltage increases as the frequency increases. A value of frequency is reached at which the 
reactance is negligible compared to the resistance, and most of the input voltage appears 
across the resistor, as shown in Figure I5-66(d). 

As illustrated, this circuit tends to prevent lower frequencies from appearing on the out- 
put but allows higher frequencies to pass through from input to output. Therefore, this RC 
circuit is a basic form of high-pass filler. 

The frequency response of the high-pass filter circuit in Figure 15-66 is shown in Figure 
15-67 with a graph of output voltage magnitude versus frequency. This response curve 
shows that the output increases as the frequency increases and then levels off and 
approaches the value of the input voltage. 

The Cutoff Frequency and the Bandwidth of a Filter The frequency at which the ca- 
pacitive reactance equals the resistance in a low-pass or high-pass RC filter is called the 
cutoff frequency and is designated /,.. This condition is expressed as 1 l(27rfcC) = R. 
Solving for f. results in the following formula: 

Equation 15-34 f = 
1 

ITTRC 

At fc, the output voltage of the tiller is 70.7% of its maximum value. It is standard 
practice to consider the cutoff frequency as the limit of a filler's performance in terms of 
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FIGURE 15-67 
Frequency response curve for the high-pass filter in Figure 15-66. 

FIGURE 15-68 
Normalised general response curve of a low-pass filter showing 
the cutoff frequency and the bandwidth. 

passing or rejecting frequencies. For example, in a high-pass filter, all frequencies above 
fc are considered to be passed by the filter, and all those below f. are considered to be re- 
jected. The reverse is true for a low-pass filler. 

The range of frequencies that is considered to be passed by a filter is called the 
bandwidth. Figure 15-68 illustrates the bandwidth and the cutoff frequency for a low-pass 
filter. 

Coupling an AC Signal into a DC Bias Circuit 

Figure 15-69 shows an KC circuit that is used to create a dc voltage level with an ac volt- 
age superimposed on it. This type of circuit is commonly found in amplifiers in which the 
dc voltage is required to bias the amplifier to the proper operating point and the signal volt- 
age to be amplified is coupled through a capacitor and superimposed on the dc level. The 
capacitor prevents the low internal resistance of the signal source from affecting the dc bias 
voltage. 

♦Tnr 

Input 
-''(ii' '■ 

Amphtier 

FIGURE 15-69 
Amplifier bias and signal-coupling 
circuit. 

In this type of application, a relatively large value of capacitance is selected so that for 
the frequencies to be amplified, the reactance is very small compared to the resistance of 
the bias network. When the reactance is very small (ideally zero), there is practically no 
phase shift or signal voltage dropped across the capacitor. Therefore, all of the signal volt- 
age passes from the source to the input of the amplifier. 
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Figure 15-70 illustrates the application of the superposition principle to the circuit in 
Figure 15-69. In part (a), the ac source has been effectively removed from the circuit and 
replaced with a short to represent its ideal internal resistance (actual generators typically 
have 501! or 600 O of internal resistance). Since C is open to dc, the voltage at point A is 
determined by the voltage-divider action of Ri and AS and the dc voltage source. 

v,,,. 

Open 

(a) dc equivalent: ac source replaced by 
short. C is open to dc. Kl and /t. act 
as dc voltage divider. 

+ 

ww 

ww 

(b) ac equivalent: dc source is replaced by 
short. C is short to ac. All of Vgi. is 
coupled to point A. 

V.r. 

(c) dc + ac: Voltages arc superimposed at point A. 

FIGURE 15-70 
The superposition of dc and ac voltages in an RC bias and coupling circuit. 
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In Figure l5-70(b), the dc source has been effectively removed from the circuit and re- 
placed with a short to represent its ideal internal resistance. Since C appears as a short at 
the frequency of the ac, the signal voltage is coupled directly to point A and appears across 
the parallel combination of R[ and AS 

Figure 15-70(c) illustrates that the combined effect of the superposition of the dc and 
the ac voltages results in the signal voltage "riding" on the dc level. 

ON 
Kl 

1. How much phase shift in produced by the RC circuit in a phase shift oscillator? 
2. When an RC circuit is used as a low-pass filter, across which component is the output 

taken? 

15-10 Troubleshooting 

Typical component failures or degradation have an effect on the frequency response of 
basic RC circuits. 

After completing this section, you should be able to 

• Troubleshoot RC circuits 

♦ Find an open resistor or open capacitor 

♦ Find a shorted capacitor 

♦ Find a leaky capacitor 
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Effect of an Open Resistor It is easy to see how an open resistor affects the operation of 
a basic series KC circuit, as shown in Figure 15-71. Obviously, there is no path for current, 
so the capacitor voltage remains at zero; thus, the total voltage, Vs, appears across the open 
resistor. 

10 V 

□v 

VA 
Open R 

i 

T □a 

FIGURE 15-71 
Effect of an open resistor. 

Effect of an Open Capacitor When the capacitor is open, there is no current; thus, the 
resistor voltage remains at zero. The total source voltage is across the open capacitor, as 
shown in Figure 15-72. 

10V 

wv n*/ li_iV 

Open 

Li A 

FIGURE 15-72 
Effect of an open capacitor. 

Effect of a Shorted Capacitor Capacitors rarely short; but when a capacitor does short 
out, the voltage across it is zero, the current equals Vs/R. and the total voltage appears 
across the resistor, as shown in Figure 15-73. 

10 v 

R 
uV 

i" n 
Shorted 

FIGURE 15-73 
Effect of a shorted capacitor. 

Effect of a Leahy Capacitor When a large electrolytic capacitor exhibits a high leakage 
current, the leakage resistance effectively appears in parallel with the capacitor, as shown 
in Figure 15-74(a). When the leakage resistance is comparable in value to the circuit re- 
sistance, R. the circuit response is drastically affected. The circuit, looking from the capac- 
itor toward the source, can be Ihevenized, as shown in Figure l5-74(b). The Thevenin 
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FIGURE 15-74 
Effect of a leaky capacitor. 

equivalent resistance is R in parallel with (the source appears as a short), and the 
Thevenin equivalent voltage is determined by the voltage-divider action of K and Ri^. 

R,h = RUleak = 

R/eak 

RRl. 

V„, = 
R + Ri. 

R + R/eak 

Vs 

As you can see, the voltage across the capacitor is reduced since V,/, < Vy Also, the circuit 
time constant is reduced, and the current is increased. The Thevenin equivalent circuit is 
shown in Figure 15-74(c). 

EXAMPLE 15-26 Assume that the capacitor in Figure 15-75 is degraded to a point where its leakage 
resistance is 10 k!l. Determine the output voltage under the degraded condition. 

1 WV  
4,7 kil 

0)v. - xc K,. 
J 1040° V 5.0 kfl 

FIGURE 15-75 

Solution The effective circuit resistance is 

R R/eak 
R,l, = R + Rl, 

(4,7 k!2)( 10 k!>| 
14.7 kf! 

= 3.20 k!i 
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To determine the output voltage, find the Thcvcnin equivalent voltage. 

' Rleak N 

+ Rkak, 
Then, 

Xc \ ( 5.0 k-n 
V,n„ = , 2 2 V,h = 6.80 V = 5.73 V 

V VrJi, + xls k V(3.2 kfi)2 + (5.0 km2/ 

Ret,lied Problem What would the output voltage be if the capacitor were not leaky? 

Other Troubleshooting Considerations 

So far, you have learned about specific component failures and the associated voltage 
measurements. Many limes, however, the failure of a circuit to work properly is not the re- 
sult of a faulty component. A loose wire, a bad contact, or a poor solder joint can cause an 
open circuit. A short can be caused by a wire clipping or solder splash. Things as simple as 
not plugging in a power supply or a function generator happen more often than you might 
think. Wrong values in a circuit (such as an incorrect resistor value), the function generator 
set at the wrong frequency, or the wrong output connected to the circuit can cause improper 
operation. 

When you have problems with a circuit, always check to make sure that the instruments 
are properly connected to the circuits and to a power outlet. Also, look for obvious things 
such as a broken or loose contact, a connector that is not completely plugged in, or a piece 
of wire or a solder bridge that could be shorting something out. 

The point is that you should consider all possibilities, not just faulty components, when 
a circuit is not working properly. The following example illustrates this approach with a 
simple circuit using the APM (analysis, planning, and measurement) method. 

EXAMPLE 1 5-27 The circuit represented by the schematic in Figure 15-76 has no output voltage, which 
is the voltage across the capacitor. You expect to sec about 7.4 V at the output. The cir- 
cuit is physically constructed on a proloboard. Use your troubleshooting skills to find 
the problem. 

FIGURE 15-76 

vw 
!):0 ! 

c 
0.047 uF 10 V 

t = 5 kHz 

Solution Apply the APM method to this troubleshooting problem. 

Analysis: First think of the possible causes for the circuit to have no output voltage. 

1. There is no source voltage or the frequency is so high that the capacitive reactance 
is almost zero. 
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2. There is a short between the output terminals. Either the capacitor could be inter- 
nally shorted, or there could be some physical short in the circuit. 

3. There is an open between the source and the output. This would prevent current 
and thus cause the output voltage to be zero. The resistor could be open, or the 
conductive path could be open due to a broken or loose connecting wire or a bad 
protoboard contact. 

4. There is an incorrect component value. The resistor could be so large that the cur- 
rent and, therefore, the output voltage are negligible. The capacitor could be so 
large that its reactance at the input frequency is near zero. 

Planning; You decide to make some visual checks for problems such as the function 
generator power cord not plugged in or the frequency set at an incorrect value. Also, 
broken leads, shorted leads, as well as an incorrect resistor color code or capacitor la- 
bel often can be found visually. If nothing is discovered after a visual check, then you 
will make voltage measurements to track down the cause of the problem. You decide 
to use a digital oscilloscope and a DMM to make the measurements. 

Measurement: Assume that you find that the function generator is plugged in and the 
frequency setting appears to be correct. Also, you find no visible opens or shorts dur- 
ing your visual check, and the component values are correct. 

The first step in the measurement process is to check the voltage from the source 
with the scope. Assume a 10 V mis sine wave with a frequency of 5 kHz is observed at 
the circuit input as shown in Figure l5-77(a). The correct voltage is present, so the 
first possible cause has been eliminated. 

Next, check for a shorted capacitor by disconnecting the source and placing a 
DMM (set on the ohmmeler function) across the capacitor. If the capacitor is good, an 
open will be indicated by an OL (overload) in the meter display after a short charging 
lime. Assume the capacitor checks okay, as shown in Figure 15-77(b). The second 
possible cause has been eliminated. 

Since the voltage has been "lost" somewhere between the input and the output, you 
must now look for the voltage. Reconnect the source and measure the voltage across 
the resistor with the DMM (set on the voltmeter function) from one resistor lead to the 
other. The voltage across the resistor is zero. This means there is no current, which in- 
dicates an open somewhere in the circuit. 

Now, begin tracing the circuit back toward the source looking for the voltage 
(you could also start from the source and work forward). You can use either the 
scope or the DMM but decide to use the multimeter with one lead connected to 
ground and the other used to probe the circuit. As shown in Figure l5-77(c), the 
voltage on the right lead of the resistor, point (T), reads zero. Since you already 
have measured zero voltage across the resistor, the voltage on the left resistor lead 
at point (2) must be zero as the meter indicates. Next, moving the meter probe to 
point (3). you read 10 V. You have found the voltage! Since there is zero volts on 
(he left resistor lead, and there is 10 V at point (3), one of the two contacts in the 
protoboard hole into which the wire leads are inserted is bad. It could be that the 
small contacts were pushed in too far and were bent or broken so that the circuit 
lead does not make contact. 

Move either or both the resistor lead and the wire to another hole in the same row. 
Assume that when the resistor lead is moved to the hole just above, you have voltage 
at the output of the circuit (across the capacitor). 

Ret,tied Problem Suppose you had measured 10 V across the resistor before the capacitor was checked. 
What would this have indicated? 
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From 
fund ion 

CiND 

(a) Scope shows the correct voltage at the input. 

: ici 

■ ■■■■■■■■■■■■■■■■■ K, ■ ff.-y 
mmmmmmmmmmmmmmmmmm ■la V*--— 

GND 

(b) With function generator disconnected, the meter indicates the capacitor 
is not shorted. (C2) (Cl) 

■ ■ ■ ■ ■ ■ ■ ■ ■ 

■ ■■■■■■■■■ *_■ ■■■■■■■■■■ 

From 
function 
generau>r 

GND 

(c) The voltage is found at point Q), indicating that one of the two used protoboard 
contacts in that row is bad. 

m 

(GND) (T)ainl(2) (GND) (?) 

FIGURE 15-77 

section 15-10 |. Describe (he effect of a leaky capacitor on the response of an/?C circuit, 
2. In a series RC circuit, if all of the applied voltage appears across the capacitor, what is 

the problem? 
3. What faults can cause 0 V across a capacitor in a series RC circuit if the source is func- 

tioning properly? 
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Application Activity 

In Chapter 12. you studied the capaci- 
tively coupled input to an amplifier 
with voltage-divider bias. In this 
application, the output voltage and 

phase lag of a similar amplifier's input circuit are examined to 
determine how they change w ith frequency. If loo much voltage 
is dropped across the coupling capacitor, the overall perform- 
ance of the amplifier is adversely affected. 

As you learned in Chapter 12, the coupling capacitor (C|) in 
Figure 15-78 passes the input signal voltage to the input of the 
amplifier (point A to point B ) without affecting the dc level at 
point B produced by the resistive voltage divider (/?| and Rj). If 
the input frequency is high enough so that the reactance of the 

coupling capacitor is negligibly small, essentially no ac signal 
voltage is dropped across the capacitor. As the signal frequency is 
reduced, the capacitive reactance increases and more of the signal 
voltage is dropped across the capacitor. This lowers the overall 
voltage gain of the amplifier and thus degrades its performance. 

The amount of signal voltage that is coupled from the input 
source (point A) to the amplifier input (point B) is determined 
by the values of the capacitor and the dc bias resistors (assuming 
the amplifier has no loading effect) in Figure 15-78. These com- 
ponents actually form a high-pass RC filter, as shown in Figure 
15-79. The voltage-divider bias resistors are effectively in paral- 
lel with each other as far as the ac source is concerned because 
the power supply has zero internal resistance. The lower end of 

FIGURE 15-78 
A capacitively coupled amplifier. 

+18 Vdc 

47 k 
0 Amnlmer 

0.1 fir AC source iOk!) 

FIGURE 15-79 
The RC input circuit acts effec- 
tively like a high-pass RC filter. 

0 V ac is ac ground 
H8 Vdc 

K. > 7 k 

0,1 uF 
ff, >10 ki! 

(a) 
RC input circuit 

0.1 //F 
lOkii >-47kiI 

ac ground 

(b) 

@ 

O.l/rF 
> 10 kfl || 47 kO 

(C) 
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\ 

Ch 1 0.5V Ch 2 0.5V 0.2ms 

© ® 

is v 

® 

+lnpul signal 

FIGURE 15-80 
Measuring the input circuit response at frequency/j. Circled numbers relate scope inputs to the 
probes. The channel 1 waveform is shown. 

Ri goes to ground and the upper end of R\ goes to the dc supply 
voltage as shown in Figure 15-79(a). Since there is no ac volt- 
age at the +18 V dc terminal, the upper end of R\ is at 0 V ac. 
which is referred to as ac ground. The development of the circuit 
into an effective high-pass RC filter is shown in parts (b) and (c). 

The Amplifier Input Circuit 
1. Determine the value of the equivalent resistance of the input 

circuit. Assume the amplifier (shown inside the while dashed 
lines in Figure 15-80) has no loading effect on the input circuit. 

The Response at Frequency/|  
Refer to Figure 15-80. The input signal voltage is applied to 
the amplifier circuit board and displayed on channel 1 of the 
oscilloscope, and channel 2 is connected to a point on the cir- 
cuit board. 

2. Determine to what point on the circuit the channel 2 probe 
is connected, the frequency, and the voltage that should be 
displayed. 

The Response at Frequency/2 
Refer to Figure 15-81 and the circuit board in Figure 15-80. 
The input signal voltage displayed on channel I of the oscillo- 
scope is applied to the amplifier circuit board. 

3. Determine the frequency and the voltage that should be dis- 
played on channel 2. 

4. Stale the difference between the channel 2 waveforms deter- 
mined for/| and/>. Explain the reason for the difference. 

The Response at Frequency fa 
Refer to Figure 15-82 and the circuit board in Figure 15-80. 
The input signal voltage displayed on channel 1 of the oscillo- 
scope is applied to the amplifier circuit board. 

5. Determine the frequency and the voltage that should be dis- 
played on channel 2. 

6. Slate the difference between the channel 2 waveforms deter- 
mined for fj and/3. Explain the reason for the difference. 

® 

© 

Ch 1 0.5V Ch 2 0.5V 2ms 

i , FIGURE 15-81  
■ Measuring the input circuit response at frequency /j. The channel 

! 1 waveform is shown. 
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K7\7i 

Ch 1 0.5V Ch 2 0.5V 5ms 

FIGURE 15-82 
Measuring the input circuit 
response at frequency/j. The 
channel 1 waveform is shown. 

Response Curve for the Amplifier Input Circuit 
7. Determine the frequency at which the signal voltage at point 

B in Figure 15-78 is 70.7% of its maximum value. 
8. Plot the response curve using this voltage value and the val- 

ues at frequencies/1./2, and ft. 
9. How does this curve show that the input circuit acts as a 

high-pass filter? 
10. What can you do to the circuit to lower the frequency at 

which the voltage is 70.7% of maximum without affecting 
the dc bias voltage? 

Review 
11. Explain the effect on the response of the amplifier input cir- 

cuit of reducing the value of the coupling capacitor. 
12. What is the voltage at point B in Figure 15-78 if the coupling 

capacitor opens when the ac input signal is 10 mV rms? 
13. What is the voltage at point B in Figure 15-78 if resistor R\ 

is open when the ac input signal is 10 mV rms? 

Multisim Analysis 
J Using Multisim. connect the equivalent circuit in 

Figure 15-79(b). 

Apply an input signal voltage at the same frequency and 
amplitude as shown in Figure 15-80. Measure the voltage at 
point B with the oscilloscope and compare the result from 
Activity 2. 
Apply an input signal voltage at the same frequency and 
amplitude as shown in Figure 15-81. Measure the voltage at 
point B with the oscilloscope and compare the result from 
Activity 3. 
Apply an input signal voltage at the same frequency and ampli- 
tude as shown in Figure 15-82, Measure the voltage at point B 
with the oscilloscope and compare the result from Activity 5. 

Option 2 Note 

Coverage of special topics continues in Chapter 16, Part 4, on page 726. 

SUMMARY  

♦ A complex number represents a phasor quantity. 
♦ The rectangular form of a complex number consists of a real part and a j part of the form A + jB. 
♦ The polar form of a complex number consists of a magnitude and an angle of the form CZ ±0. 
♦ Complex numbers can be added, subtracted, multiplied, and divided. 
♦ When a sinusoidal voltage is applied to an RC circuit, the current and all the voltage drops arc also 

sine waves. 
♦ Total current in a series or parallel RC circuit always leads the source voltage. 
♦ The resistor voltage is always in phase with the current. 
♦ The capacitor voltage always lags the current by 90°. 
♦ In a lag circuit, the output voltage lags the input voltage in phase. 



Key Terms ♦ 685 

♦ In a lead circuit, the output voltage leads the input voltage. 
♦ In an RC circuit, the impedance is determined by both the resistance and the capacitive reactance 

combined. 
♦ Impedance is expressed in units of ohms. 
♦ The circuit phase angle is the angle between the total current and the applied (source) voltage. 
♦ The impedance of a series RC circuit varies inversely with frequency. 
♦ The phase angle (9) of a scries RC circuit varies inversely with frequency. 
♦ For each parallel RC circuit, there is an equivalent scries circuit for any given frequency. 
♦ For each scries RC circuit, there is an equivalent parallel circuit for any given frequency. 
♦ The impedance of a circuit can be determined by measuring the applied voltage and the total cur- 

rent and then applying Ohm's law. 
♦ In an RC circuit, part of the power is resistive and part reactive. 
♦ The phasor combination of resistive power (true power) and reactive power is called apparent 

power. 
♦ Apparent power is expressed in volt-amperes ( VA). 
♦ The power factor (RF) indicates how much of the apparent power is true power. 
♦ A power factor of I indicates a purely resistive circuit, and a power factor of 0 indicates a purely 

reactive circuit. 
♦ A filler passes certain frequencies and rejects others. 
♦ A phase shift oscillator uses an RC network to produce a 180° phase shift. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Admittance (Y) A measure of the ability of a reactive circuit to permit current; the reciprocal of 
impedance. The unit is the Siemens (S). 
Apparent power (Pa) The phasor combination of resistive power (true power) and reactive power. 
The unit is the volt-ampere (VA). 
Bandwidth The range of frequencies that is considered to be passed by a filler. 
Capacitive susceptance (Be) The ability of a capacitor to permit current: the reciprocal of capac- 
itive reactance. The unit is the Siemens (S). 
Complex plane An area consisting of four quadrants on which a quantity containing both magni- 
tude and direction can be represented. 
Cutoff frequency The frequency at which the output voltage of a filter is 70.7% of the maximum 
output voltage. 
Filter A type of circuit that passes certain frequencies and rejects all others. 
Frequency response In electric circuits, the variation in the output voltage (or current) over a 
specified range of frequencies. 
Imaginary number A number that exists on the vertical axis of the complex plane. 
Impedance The total opposition to sinusoidal current expressed in ohms. 
Polar form One form of a complex number made up of a magnitude and an angle. 
Power factor The relationship between volt-amperes and true power or walls. Volt-amperes mul- 
tiplied by the power factor equals true power. 
RC lag circuit A phase shift circuit in which the output voltage, taken across the capacitor, lags the 
input voltage by a specified angle. 
RC lead circuit A phase shift circuit in which the output voltage, taken across the resistor, leads 
the input voltage by a specified angle. 
Real number A number that exists on the horizontal axis of the complex plane. 
Rectangular form One form of a complex number made up of a real part and an imaginary 
part. 
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FORMULAS 
Complex Numbers 
15-1 C = V/l2 + B2 

15-2 e = tan 1   
\ A J 

15-3 ±A ± jB = CZ±i 
15-4 A = C cos 6 
15-5 B = C sin 8 
15-6 CZR = A + jB 

Series RC Circuits 
15-7 Z = R - jXc 

IS-8 z = Vr1 + X2
CZ- 

15-9 V = IZ 
. V 

15-10 , = z 
V 

15-11 z = — 1 
15-12 I II 

15-13 V. = V Vfi + viz- ■tan-1'— 

Lag Circuit 

/> = —l-in—' I 
XcJ 
Xc 

Vr2 + X2c 

15-14 S = -tan '( — ) 

15-15 V„u, = I , Xc „ ]Vm 

Lead Circuit 

15-16 (p = tan 

15-17 V„u, = 

*£ 
R 

R 
VR2 + Xl 

Parallel RC Circuits 

15-19 Y = G + jBc 

15-20 V = ^ 

15-21 I = VY 

15-22 Y = ^ 

15-23 \,ot = IR+ jlc 

15-24 l„„= Vl2
R + /(Zlan [(~ 



Self-Test ♦ 687 

15-26 X((eq) = Zsill II 

15-27 6 = fyY^O0 

Power in RC Circuits 
15-28 Plrue = l

2R 
15-29 /', = l2Xc 

15-30 P„ = l2Z 
15-31 'Vuc = V/casO 
15-32 PF = COS 0 

Applications 

15-33 /, =  U— 
2vV6RC 

I 
15-34 fr =   Jc IttRC 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The imaginary axis and real axis arc pans of the complex plane. 
2. Two forms of complex numbers are rceiangular and circular. 
3. You cannol multiply or divide complex numbers. 
4. The impedance of a scries RC eireuil can be expressed as a complex quantity, 
5. Phasors can be used to rcprcscnl complex quantities. 
6. Voltage leads the current in terms of phase in a scries RC circuit. 
7. The impedance in a reactive circuit is dependent on frequency. 
8. In a series RC lag circuit, the output is taken across the resistor. 
9. Admittance is the reciprocal of impedance. 

10. Power factor is determined by the phase angle between voltage and current. 

SELF-TEST Answers arc at the end of the chapter. 
1. A positive angle of 20° is equivalent to a negative angle of 

(a) -160° (b) -340° (c) -70° (d) -20° 
2. In the complex plane, the number 3 + 7*4 is located in the 

(a) first quadrant (b) -second quadrant (c) third quadrant (d) fourth quadrant 
3. In the complex plane. 12 — 76 is located in the 

(a) first quadrant (b) -second quadrant (c) third quadrant (d) fourth quadrant 
4. The complex number 5 + 75 is equivalent to 

(a) 5Z450 (b) 25Z0° (c) 7.07Z45° (d) 7.07Z135° 
5. The complex number 35Z60° is equivalent to 

(a) 35 + 735 (b) 35 + 76O (c) 17.5 + 730.3 (d) 30.3 + 7I7.5 
6. (4 + jl) + (-2 + 79) is equal to 

(a) 2 + 7I6 (b) 11+ 711 (c) -2 + 7T6 (d) 2 - jl 
7. (16 -78) - (12 + 75) is equal to 

(a) 28 - 713 (b) 4 - 713 (c) 4-73 (d) -4 + 713 
8. (5 Z 450)(2 Z 20°) is equal to 

(a) 7Z65° (b) I0Z250 (c) IOZ650 (d) 7Z25° 
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9. (50 Z \0o)/(25 Z 30°) is equal to 
(a) 25ZA00 (b) 2Z400 (c) 25Z-200 (d) 2Z-200 

10. In a series RC circuit, the voltage across the resistance is 
(a) in phase with the source voltage (b) lagging the source voltage by 90° 
(c) in phase with the current (d) lagging the current by 90° 

11. In a series RC circuit, the voltage across the capacitor is 
(a) in phase with the source voltage (b) lagging the resistor voltage by 90c 

(c) in phase with the current (d) lagging the source voltage by 90° 
12. When the frequency of the voltage applied to a series RC circuit is increased, the impedance 

(a) increases (b) decreases (c) remains the same (d) doubles 
13. When the frequency of the voltage applied to a series RC circuit is decreased, the phase angle 

(a) increases (b) decreases (c) remains the same (d) becomes erratic 
14. In a series RC circuit when the frequency and the resistance are doubled, the impedance 

(a) doubles (b) is halved 
(c) is quadrupled (d) cannot be determined without values 

15. In a series RC circuit. 10 V rms is measured across the resistor and 10 V rms is also measured 
across the capacitor. The rms source voltage is 
(a) 20 V (b) 14.14 V (c) 28.28 V (d) 10 V 

16. The voltages in Question 15 are measured at a certain frequency. To make the resistor voltage 
greater than the capacitor voltage, the frequency 
(a) must be increased (b) must be decreased 
(c) is held constant (d) has no effect 

17. When R = , the phase angle is 
(a) 0° (b) +90° (c) -90° (d) 45° 

18. To decrease the phase angle below 45°, the following condition must exist: 
(a) R = Xc (b) /? < Xc (O R > Xc (d) R = \0XC 

19. When the frequency of the source voltage is increased, the impedance of a parallel RC circuit 
(a) increases (b) decreases (c) does not change 

20. In a parallel RC circuit, there is I A rms through the resistive branch and I A rms through the 
capacitive branch. The total rms current is 
(a) I A (b) 2A (c) 2.28 A (d) 1.414 A 

21. A power factor of 1 indicates that the circuit phase angle is 
(a) 90° (b) 45° (c) 180° (d) 0° 

22. For a certain load, the true power is 100 W and the reactive power is 100 VAR. The apparent 
power is 
(a) 200 VA (b) I00VA (c) 141.4 VA (d) 141.4 W 

23. Energy sources are normally rated in 
(a) watts (b) volt-amperes (c) volt-amperes reactive (d) none of these 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 15-86. 
1. If C opens, the voltage across it 

(a) increases (b) decreases 
2. If R opens, the voltage across C 

(a) increases (b) decreases 

(c) stays the same 

(c) stays the same 
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3. If the frequency is increased, the voltage across R 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 15-87. 
4. If R\ opens, the voltage across R2 

(a) increases (b) decreases (c) stays the same 
5. If C2 is increased to 0.47 /J.F, the voltage across it 

(a) increases <b) decreases (c) stays the same 

Refer to Figure 15-93. 
6. If R becomes open, the voltage across the capacitor 

(a) increases (b) decreases (c) slays the same 
7. If the source voltage increases, X/ 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 15-98. 
8. If /?2 opens, the voltage from the top of R2 to ground 

(a) increases tb) decreases (c) slays the same 
9. If C2 shorts out. the voltage across C| 

(a) increases (b) decreases (c) stays the same 
10. If the frequency of the source voltage is increased, the current through the resistors 

(a) increases (b) decreases (c) stays the same 
11. If the frequency of the source voltage is decreased, the current through the capacitors 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 15-103. 
12. If C3 opens, the voltage from point B to ground 

(a) increases <b) decreases (c) stays the same 
13. If C2 opens, the voltage from point B to ground 

(a) increases (b) decreases (c) slays the same 
14. If a short develops from point C to ground, the voltage from point A to ground 

(a) increases (b) decreases (c) slays the same 
15. If capaeilor C3 opens, the voltage from Bio I) 

(a) increases (b) decreases (c) slays the same 
16. If the sourec frequency increases, the voltage from point C to ground 

(a) increases (b) decreases <c) slays the same 
17. If the source frequency increases, the current from the source 

(a) increases (b) decreases <c) slays the same 
IS. If R2 shorts out. the voltage across C| 

(a) increases (b) decreases <c) slays the same 

PROBLEMS 
Mote difficult problems are indicated by an asterisk C). 
Answers to odd-numbered problems are at the end of the book. 

SECTION 1S-1 The Complex Number System 
1. What are the iwo characlerislics of a quantity indicated by a complex number? 
2. Locale the following numbers on the complex plane: 

(a) +6 (b| -2 (c) +/3 (d) -j» 
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3. l-ocale (lie poinls I'epresented by each of (he following coordinates on the complex plane: 
(a) 3.j5 (b» -7,71 (c) -10,-7IO 

*4. Determine (he coordinates of each point having the same magnitude but located ISO11 away 
from each point in Problem 3. 

*5. Determine the coordinates of each point having the same magnitude but located 90° away from 
those in Problem 3. 

6. Points on the complex plane are described below. Express each point as a complex number in 
rectangular form; 
(a) 3 units to the right of the origin on the real axis, and up 5 units on the j axis. 
(b) 2 units to the left of the origin on the real axis, and 1.5 units up on the j axis, 
(c) 10 units to the left of the origin on the real axis, and down 14 units on the -j axis, 

7. What is the value of the hypotenuse of a right triangle whose sides are 10 and 15? 
8. Convert each of the following rectangular numbers to polar form; 

(a) 40 - 740 (b) 50 - J2I)0 (c) 35 - 7'20 (d) 98 + 745 
9. Convert each of the following polar numbers to rectangular form: 

(a) 1000^-50° lb) 15Z 160" (c) 25^-135° (d) 3^180' 
10. Express each of (he following polar numbers using a negative angle to replace the positive angle; 

(a) lOZiaO" (b) 32Z85° (c) 5^310° 
11. Identify the quadrant in which each point in Problem 8 is located. 
12. Identify the quadrant in which each point in Problem 10 is located. 
13. Write the polar expressions using positive angles for each phasor in Figure 15-83. 

FIGURE 15-83 

^115° 50 

130 KKTC -170° -200° 

/20 
(a) (b) (c) (d) 

14. Add the following sets of complex numbers: 
(a) 9 + 7.3 and 5 + 78 
(c) -18 + 72.3 and 30 - 715 
(e) 3.8Z75° and I +71.8 

15. Perform the following subtractions: 
(a) (2.5 +71.2) - (1.4 +7-0.5) 
(c) (8 - 74) - 3Z25° 

16. Multiply the following numbers: 
(a) 4.5Z4S° and 3.2Z90° 
(c) -3Z150° and 4-73 
(e) 15 -7-10 and -25 - /JO 

17. Perform the following divisions: 
8Z500 63Z—91° (a) (b) 2.5 Z 39° 9Z10° 

18. Perform the following operations: 
2.5Z65° - 1.8Z—23° (al 

(0 

(b) 3.5 - 74 and 2.2 + 76 
(d) 12Z45° and 20Z32° 
(f) 50 - 739 and 60Z-300 

(b) (-45 -723) - (36 + 7I2) 
(d) 48 Z135° - 33 Z —60° 

(b) I20Z—220° and 95Z 200° 
(d) 67 + 784 and 102 Z 40° 
(f) 0.8 + 7O.5 and 1.2-/1.5 

(c) 28Z300 

(dl 
40 - /JO 

14 - 7I2 16 + 78 

(I00Z 15°)(85 - /ISO) 
l.2Z37° 

(250Z90° + I75Z75°)(50 -/I00) 
(125 + /90X35 Z 50°) 

(b)- 

(d) 

25 + /45 
(I.5) (3.8 

I.I 
8 
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PART 1: SERIES CIRCUITS 
SECTION 1S-2 Sinusoidal Response of Series RC Circuits 

19. An 8 kHz sinusoidal voltage is applied to a -series RC circuit What is the frequency of the volt- 
age across the resistor? Across the capacitor? 

20. What is the wave shape of the current in the circuit of Problem 19? 

SECTION 1 S-3 Impedance of Series RC Circuits 
21. Express the total impedance of each circuit in Figure 15-84 in both polar and rectangular forms. 

lOZO' v.o 

Xr 

100!i 
R 

27011 : 

X,. 

v., 
5Z0°V © 

1.0 kfl 

R 

6801! 

(a) 

FIGURE 15-84 

(h) 

22. Determine the impedance magnitude and phase angle in each circuit in Figure 15-85. 

—Wv- 

V, 
50Z00 V 

f= 100 Hz 

(a) 

:© 

100 kll 0.01 fif 0.022.//F 

>47 kll 

R 
 Wr- 

it) kll 
V, 

8/0° V 
/=20kHz 

lb) 

© ±c' 4= Vy 470 pF 
C. 

■ 470 pF 

v. 
5/20° V 

/= 100 kHz 

-VA 1| 1  
68011 1000 pp _L _1_ C, 

i© 

0.001 uF 

I. k!) | sou I 

0.0022 7/F 

(c) 

A FIGURE 15-85 

23. For the circuit of Figure 15-86, determine the impedance expressed in rectangular form for 
each of the following frequencies: 
(a) 100 Hz (b) 500 Hz (e) I kHz (d) 2.5 kHz 

24. Repeal Problem 23 for C - 0.0047 /xF. 
25. Determine the values of R and A',- in a series RC circuit for the following values of total 

impedance: 
(a) Z = 3312 — /5012 (b) Z - 300/-25°12 
(c) Z = 1.8 /-67.2° kli (d) Z = 789/-45° 12 
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FIGURE 15-86 R 
-Wr- 

56 kll 0.0022 «F 

10 V 

SECTION IS-4 Analysis of Series f?C Circuits 
26. Express the current in polar fonn for each circuit of Figure 15-84, 
27. Express the current in each circuit of Figure 15-84 in rectangular form. 
28. Calculate the total current in each circuit of Figure 15-85 and express in polar form. 
29. Express the current in each circuit of Figure 15-85 in rectangular form. 
30. Determine the phase angle between the applied voltage and the current for each circuit in 

Figure 15-85. 
31. Repeat Problem 30 for the circuit in Figure 15-86. using/ - 5 kHz. 
32. For the circuit in Figure 15-87. draw the phasor diagram showing all voltages and the total 

current. Indicate the phase angles. 

FIGURE 15-87 r. 

220° V mis ( 
!= 15 kHz 

0.1 UF 
:«i 
" 10011 

•R. 
■ 100 II 

0.22/(K 

33. For the circuit in Figure 15-88. determine the following in polar form: 
(a) Z (b) I„„ (c) V« (d) Vc 

FIGURE 15-88 

5611 
1020° V rms 100 uF f = 20 Hz 

*34. To what value must the rheostat be set in Figure 15-89 to make the total current 10 mA? What 
is the resulting angle? 

FIGURE 15-89 icjmA I C 

1020° V 
f= 10 kHz 

0.027,«F L R 

*35. Determine the series element or elements that must be installed in the block of Figure 15—90 to 
meet the following requirements; Pme = 400 W and there is a leading power factor {llor leads Vs). 
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FIGURE 15-90 "l 
■  VvV- 

I = 5Z0A 40 

© 
V, 
lOOZO" V 
1 kHz 

T 

36. For ihc lag circuit in Figure 15-91. determine the phase shift between the input voltage and the 
output voltage for each of the following frequencies: 
(a) I Hz (b) 100 Hz (c) I kHz (d) 10 kHz 

FIGURE 15-91 vw 
3.V k 

© 0.039 «F V rms 

37. The lag circuil in Figure 15-91 also acls as a low-pass filler. Draw a response curve forlhis cir- 
cuit by plotting the output voltage versus frequency for 0 Hz to 10 kHz in I kHz increments. 

38. Repeat Problem 36 for the lead circuit in Figure 15-92. 

FIGURE 15-92 

10 uF 

■© 
on v. ov 

39. Plot the frequency response curve of the output amplitude for the lead circuil in Figure 15-92 
for a frequency range of 0 Hz to 10 kHz in I kHz incrcmcnls. 

40. Draw Ihc voltage phasor diagram for (he circuil in Figure 15-91 for a frequency of 5 kHz wilh 
Vv = IV rms. 

41. Repeal Problem 40 for the circuil in Figure 15-92. V, = 10 V rms and/ = I kHz. 

PART 2: PARALLEL CIRCUITS 
SECTION 15-S Impedance and Admittance of Parallel RC Circuits 

42. Determine the impedance and express it in polar form for the circuil in Figure 15-93. 

FIGURE 15-93 

10 V rms' 
: r 
■ 1.2 kil 

.Xc 
' 2 k!! 
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1 
 WV 1 

4701! 
s c. c. 5 
^ n — 0.1 pF — 

 1 

— 0.22 uF 5 

— 
580!! 

FIGURE 15-94 

43. Dclcrminc (he impedance magnimdc and phase angle in Figure 15-94. 
44. Repeal Problem 43 for (he following frequencies: 

(a) 1.5 kHz (b) 3 kHz (c) 5 kHz (d) 10 kHz 

SECTION 1S-6 Analysis of Parallel RC Circuits 
45. For the circuit in Figure 15-95. find all the currents and voltages in polar form. 

FIGURE 15-95 

y, 
I0Z0°V ' 90!! '■s (! 

46. For the parallel circuit in Figure 15-96, find the magnitude of each branch current and the total 
current. What is the phase angle between the applied voltage and the total current? 

V, 
8Z0° V 

/ = 50 kHz -) - 
-C,  C, < 

w 0.047/tF 0.022 p F 5 >-2201! < 
R, 

'■ ISO!! 

FIGURE 15-96 

47. For the circuit in Figure 15-97. determine the following: 
(a) Z (b) !« (c) (d) I„„ (e) 6 

FIGURE 15-97 

15 n 
5: U 

I00Z00 mV 

48. Repeal Problem 47 for R = 5.6 k!!, C| = 0.047 fiF, Cj = 0.022 ^tF, and/ = 500 Hz. 
*49. Convert the circuit in Figure 15-98 to an equivalent series form. 
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FIGURE 15-98 

©2Z0o V 
S- 100 kHz 

lOkli 

• 12 kO 

■ C, 
■ 100 pF 

. C, 
' 47 pF 

*50. Determine the value to which A'i must be adjusted to get a phase angle of 30° between the 
source voltage and the total current in Figure 15-99. 

V, 
10Z0o V 

/ = I kHz 

FIGURE 15-99 

■R; 
■ 47 kll 

. C" 
■ 0.01 fiV 

PART 3: SERIES-PARALLEL CIRCUITS 
SECTION 1S-7 Analysis of Series-Parallel RC Circuits 

51. Determine the voltages in polar form across each element in Figure 15-100. Draw the voltage 
phasor diagram. 

FIGURE 15-100 

330 II 0.1 uh 

iso a I2Z0 V 0.047 uF 
1=15 kHz 

s H !! >■ 1 
0.22//F 

52. Is the circuit in Figure 15-100 predominantly resistive or predominantly eapacitivc? 
53. Find the current through each branch and the total current in Figure 15-100, Express the cur- 

rents in polar form. Draw the current phasor diagram. 
54. For the circuit in Figure 15-101, determine the following: 

(a) I„„ (b) 0 (c) Vr, (d) Vfl2 (e) Vw (f) Vc 

FIGURE 15-101 

V. i0.47//F 
I5V 

/= I kHz 

47 11 751! 
10011 
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*55. Delermine the value of C2 in Figure 15-102 when 

► FIGURE 15-102 

2.2 kil 1.0 k 

kl 1/. 

0.047 uF 

*56. Delermine the voltage and its phase angle at each point labeled in Figure 15-103. 
*57. Find the current through each componeni in Figure 15-103. 
*58. Draw the voltage and current phasor diagram for Figure 15-103. 

'■Nil (..» i) kSi ^ 0.022//F 
1.0 kli 

0.015//F 

I0Z0 v VI.) ' i r2 
220 il 

4 
91012 0.047 wF 

FIGURE 15-103 

SECTION 15-8 
PART 4: SPECIAL TOPICS 
Power in RC Circuits 
59. In a certain series RC circuit, the true power is 2 W, and the reactive power is 3.5 VAR. Deler- 

mine the apparent power. 
60. In Figure 15-88. what is the true power and the reactive power'? 
61. What is the power factor for the circuit of Figure 15-98? 
62. Determine P,.. P„, and PP for the eireuil in Figure 15-101. Draw the power triangle. 

*63. A single 240 V. 60 Hz source drives two loads. Load A has an impcdanec of 5012 and a power 
factor of 0.85. Load II has an impedance of 721! and a power factor of 0.95. 
fa) How much current does each load draw? 
(b) What is the rcaelivc power in each load ? 
(c) What is (he true power in each load"? 
(dl What is the apparent power in each load? 
(e) Which load has more voltage drop along the lines connecting il to the source? 

SECTION 15-9 Basic Applications 
64. Calculate the frequency of oscillation for the circuit in Figure 15-62 if all Cs are 0.0022 /zF 

and all Ps are lOkil. 
65. What value of coupling capacitor is required in Figure 15-104 so that the signal voltage at the 

input of amplifier 2 is at least 70.7% of the signal voltage at the oulpul of amplifier I when (he 
frequency is 20 Hz? 

FIGURE 15-104 C 

Amplifier 
1 

Amplifier 
2 ^ 100 kO 
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66. The mis value of ihe signal voltage out of amplifier-4 in Figure 15-105 is 50 mV. If the input 
resistance to amplifier 6 is lOkil, how much of the signal is lost due to the coupling capacitor 
when the frequency is 3 kHz? 

FIGURE 15-105 50 mV 

0.047 uF 

SECTION IS-tO Troubleshooting 
67. Assume that (he capacitor in Figure 15-106 is excessively leaky. Show how this degradation 

affects Ihe output voltage and phase angle, assuming that Ihe leakage resistance is 5 k!i and the 
frequency is 10 Hz. 

FIGURE 15-106 

lOZO" 

vw 
4.7 k 

V7© 10 uF 

*68. Each of the capacitors in Figure 15-107 has developed a leakage resistance of 2kn. Deter- 
mine the output voltages under this condition for each circuit. 

IZ0oV 
f= 10 Hz 

10 kit 

10 k 4,7 HF 
V, 470pF 

5Z0" V {-©) 
f= 100 Hz 

-m- 
1.0 kil 

'2.2 k!l 
Ku 

' 1,0 k!l 

la) 

FIGURE 15-107 

lb) 

69. Determine the output voltage for (he circuit in Figure 15-107(a) for each of the following fail- 
ure modes, and compare it to the correct output: 
(a) ft i open (b) AS open (e) Copen (d) C shorted 

70. Determine the output voltage for the circuit in Figure 15-107(b) for each of the following fail- 
ure modes, and compare it to the correct output: 
(a) Copen (b) Cshorted (c) fti open (d) AS open (c) AS, open 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
71. Open file P15-7I and determine if there is a fault. If so, find the fault. 
72. Open file PI5-72 and determine if there is a fault. If so, find the fault. 
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73. Open file PI5-73 and determine if there is a fault. If so. find the fault. 
74. Open file PI5-74and determine if there is a fault. If so. find the fault. 
75. Open file PI5-75 and determine if there is a fault. If so. find the fault. 
76. Open file PI5-76 and determine if there is a fault. If so. find the fault. 
77. Open file PI5-77 and determine the frequency response for the filter. 
78. Open file PI5-78 and determine the frequency response for the filter. 

ANSWERS 

SECTION 1S-1 

SECTION CHECKUPS 

The Complex Number System 
1. 2.828 Z45°; first 
2. 3.54 - /3.54, fourth 
3. 4 + jl 
4. 3 + /7 
5. 16/110° 
6. 5Z15° 

SECTION 1 S-2 

SECTION 1 S-3 

SECTION 1 S-4 

Sinusoidal Response of Series RC Circuits 
1. The voltage frequency is 6(1 Hz. The current frequency is 60 Hz. 
2. The capacitive reactance causes the phase shift. 
3. The phase angle is closer to 0a. 

Impedance of Series RC Circuits 
1. K = 150 il; Xc = 2201! 
2. 7. = 33 H! - >50 kf! 
3. 2 = VR2 + X2

C = 59.9m:0 - -tan-'POy/f) = -56.6' 

Analysis of Series RC Circuits 
1. Vs = Vv2

R + V2
C = 7.21 V 

2. 0 = —tan~\xcIR) = -56.3° 
3. 0 = 90° 
4. When / increases, Xc decreases, Z decreases, and 6 decreases. 

„-lr 5. tl> = -90° 
6- V,,,,, = (R/VR2 + = 8.90 Vrms 

+ tan \Xc'R) = -62.8° 
Bi- 

section is-s Impedance and Admittance of Parallel RC Circuits 
1. Conductance is the reciprocal of resistance, capacitive susceptance is (he reciprocal of capaci- 

tive reactance, and admittance is the reciprocal of impedance. 
2. Y = 1/Z= I/I00i! = 10mS 
3. Y = 1/Z = 25.1Z32.IVS 
4. 7. = 39.8Z—32.1'kfi 

SECTION 1S-6 Analysis of Parallel RC Circuits 
I. = VJ = 21 mA 
2- '(„/ = V7;( + /(• = 18 mA; 0 = tan^'l/f///;) = 56.3°; 6 is with respect to applied voltage. 
3. 0 = 90° 
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SECTION 1 S-7 

SECTION 1S-8 

SECTION 1 S-9 

SECTION 1S-10 

Analysis of Series-Parallel RC Circuits 
1. See Figure 15-108. 
2. Z„„ " Vv/I„„ = 36.9 Z-51.6° !i 

FIGURE 15-108 

-wv- 
1.34 kO 0,048 uF 

r'© 

Power in RC Circuits 
1. Power dissipation is due to resistance. 
2. FF — eos 6 = 0.707 
3. Firuc = ,2r ~ 1.32 kW; Fr = l2Xc = l.84kVAR;P„ = I2/. = 2.26kVA 

Basic Applications 
1. ISO" 
2. The output is across the capacitor. 

Troubleshooting 
1. The leakage resistance acts in parallel with C. which alters the circuit time constant. 
2. The capacitor is open. 
3. An open series resistor or the capacitor shorted will result in 0 V across the capacitor. 

RELATED PROBLEMS FOR EXAMPLES 
15-1 (a) 1st (b) 4th (c) 3rd (d) 2nd 
15-2 29.2Z52° 
15-3 70.1 - j34.2 
15-4 -I — ;8 
15-5 -13,5 - >4.5 
15-6 1500 Z-50° 
15-7 4Z—42° 
15-8 114.612390255 Z -60.75 ... 

Sec Figure 15-109. 

FIGURE 15-109 -561! 
s,-60.75° 

14.61! 
->10011 

15-9 V, = 2.56 Z-38.5° V 
15-10 I = 3.80Z33.4°mA 
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15-11 Z= I5.9kn,e= —86.4° 
15-12 The phase lag increases. 
15-13 The output voltage decreases. 
15-14 The phase lead decreases. 
15-15 The output voltage increases. 
15-16 Z = 24.3 Z-76.0" 11 
15-17 Y = 4.60Z48.8" mS 
15-18 I — 6.I6Z42.40 mA 
15-19 I/o/ = ll7Z31.0°mA 
15-20 - 8.99 kli. Xcicq, = 4.38 kll 
15-21 V, = 7.05Z8.90 V, Vi = 3.21Z-I8.90V 
15-22 V,,! = 766Z67.5"mV;VC| = 1,85Z-22,5° V; V,(2 = l.58Z 37,60V; 

Vc2 = 1.22Z—52.4° V; Sec Figure 15-110. 

/ v '" A 766 mVvR1 
/ ' / 1.58 V 

/ /Z 67-5° 
/z lib'- \ 

1-22.5° 

\ 
\ 1.22 V 

15-23 PF = 0.146 
15-24 Plm. = 213 mW 
15-25 1.60 kHz 
15-26 You, = 7.29 V 
15-27 Resistor open 

TRUE/FALSE QUIZ 
1. T 2. F 3. F 4. T 5. T 
6. F 7. T 8. F 9. T 10. T 

SELF-TEST 
1. (b) 2. (a) 3. (d) 4. (c) 5. (c) 6. (a) 7. (b) 
8. (c) 9. (d) 10. (c) 11. (b) 12. (b) 13. (a) 14. (d) 

15. (b) 16. (a) 17. (d) 18. (c) 19. (b) 20. (d) 21. (d) 
22. (c) 23. (b) 

CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (a) 5. (b) 6. (c) 7. <c) 
9. (a) 10. (c) H. <b) 12. (a) 13. (a) 14. (b) 15. (a) 

8. (a) 
16. (b) 

17. (a) 18. (a) 
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RL Circuits 

CHAPTER OUTLINE KEY TERMS 

♦ fit lead circuit 
♦ fit lag circuit 
♦ Inductive susceptance (6(l 

PARTI: SERIES CIRCUITS 
16-1 Sinusoidal Response of Series fit Circuits 
16-2 Impedance of Series fit Circuits 
16-3 Analysis of Series fit Circuits 

APPL CAT ON ACT V TY PREV EW 

16-4 Impedance and Admittance of Parallel fit Circuits 
16-5 Analysis of Parallel fit Circuits 

PARTS: SERIES-PARALLEL CIRCUITS 
16-6 Analysis of Series-Parallel fit Circuits 

PART 4: SPECIAL TOPICS 
16-7 Power in fit Circuits 
16-8 Basic Applications 
16-9 Troubleshooting 

Application Activity 

CHAPTER OBJECTIVES 

|PART 1: SERIES CIRCUITS 
Describe the relationship between current and voltage in a 
series fit circuit 

♦ Determine the impedance of a series fit circuit 
♦ Analyze a series fit circuit 

[ PART 2: PARALLEL CIRCUITS 
I* Determine impedance and admittance in a parallel fit circuit 
'♦ Analyze a parallel fit circuit 

PART 3: SERIES-PARALLEL CIRCUITS 
i ♦ Analyze series-parallel fit circuits 

i PART 4: SPECIAL TOPICS 
[♦ Determine power in fit circuits 

Describe two examples of fit circuit applications 
Troubleshonl fit circuits 

In the application activity, you will use your knowledge of fit 
circuits to determine, based on parameter measurements, 
the type of filter circuits that are encapsulated in sealed 
modules and their component values. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
hltp://www.prenhall.com/floyd 

NTRODUCTION 

In this chapter you will study series and parallel fit circuits. 
The analyses of fit and RC circuits are similar. The major dif- 
ference is that the phase responses are opposite; inductive 
reactance increases with frequency, while capacitive reac- 
tance decreases with frequency. 

An fit circuit contains both resistance and inductance. In 
this chapter, basic series and parallel fit circuits and their 
responses to sinusoidal ac voltages are presented. Series- 
parallel combinations are also analyzed. True, reactive, and 
apparent power in fit circuits are discussed and some basic 
fit circuit applications are introduced. Applications of fit cir- 
cuits include filters and switching regulators. Troubleshooting 
is also covered in this chapter. 

COVERAGE OPTIONS 

If you chose Option 1 to cover all of Chapter 15 on RC cir- 
cuits, then all of this chapter should be covered next. 

If you chose Option 2 to cover reactive circuits beginning 
in Chapter 15 on the basis of the four major parts, then the 
appropriate part of this chapter should be covered next, fol- 
lowed by the corresponding part in Chapter 17. 

/ 



Part 

1 
Series Circuits 

16-1 Sinusoidal Response of Series RL Circuits 

As with the RC circuit, all currents and voltages in a series RL circuit arc sinusoidal 
when the input voltage is sinusoidal. The inductance causes a phase shift between the 
voltage and the current that depends on the relative values of the resistance and the 
inductive reactance. 

After completing this section, you should be able to 

• Describe the relationship between current and voltage in a series HI. circuit 

♦ Discuss voltage and current waveforms 

♦ Discuss phase shift 

In an RL circuit, the resistor voltage and the current lag the source voltage. The inductor 
voltage leads the source voltage. Ideally, the phase angle between the current and the in- 
ductor voltage is always 90°. These generalized phase relationships arc indicated in Figure 
16-1. Notice how they differ from those of the RC circuit that was discussed in Chapter 15. 

The amplitudes and the phase relationships of the voltages and current depend on the 
values of the resistance and the inductive reactance. When a circuit is purely inductive, 
the phase angle between the applied voltage and the total current is 90°, with the current 
lagging the voltage. When there is a combination of both resistance and inductive reactance 
in a circuit, the phase angle is somewhere between 0° and 90°, depending on the relative 
values of the resistance and the inductive reactance. 

Recall that practical inductors have winding resistance, capacitance between windings, 
and other factors that prevent an inductor from behaving as an ideal component. In practical 

* FIGURE 16-1  
Illustration of sinusoidal response with general phase relationships of Vf,. vt, and / relative to the 
source voltage. VR and / are in phase, while VR and V( are 90° out of phase with each other. 
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circuits, these effects can be significant; however, for the purpose of isolating the inductive 
effects, we will treat inductors in this chapter as ideal (except in the Application Activity). 

I 

SECTION 16-1 1. a 1 kHz sinusoidal voltage is applied to an RL circuit. What is the frequency of the 
CHECKUP resulting current? 
Answers are at the end of the j. When the resistance in an RL circuit is greater than the inductive reactance, is the 
''"l""' phase angle between the applied voltage and the total current closer to 0" or to 90°? 

16-2 Impedance of Series RL Circuits 

The impedance of a scries RL circuit consists of resistance and inductive reactance and 
is the total opposition to sinusoidal current. Its unit is the ohm. The impedance also 
results in a phase difference between the total current and the source voltage. There- 
fore, the impedance consists of a magnitude component and a phase angle component 
and is represented as a phasor quantity. 

After completing this section, you should be able to 

♦ Determine the impedance of a series RL circuit 

♦ Express inductive reactance in complex form 

♦ Express total impedance in complex form 

♦ Calculate impedance magnitude and the phase angle 

The impedance of a series RL circuit is determined by the resistance and the inductive 
reactance. Inductive reactance is expressed as a phasor quantity in rectangular form as 

*L=jXL 
In the series RL circuit of Figure 16-2, the total impedance is the phasor sum of R and 

JXf and is expressed as 

Z = R + jXL Equation 16-1 

-Wv- -w- 

z = k+jxl 

FIGURE 16-2 
Impedance in a series RL circuit. 

In ac analysis, both R and X/ are as shown in the phasor diagram of Figure 16-3(a), with 
X/ appearing at a +90° angle with respect to R. This relationship comes from the fact that 
the inductor voltage leads the current, and thus the resistor voltage, by 90". Since Z is the 
phasor sum of R and jXL. its phasor representation is as shown in Figure 16-3(b). A repo- 
sitioning of the phasors, as shown in part (c), forms a right triangle called the impedance 
triangle. The length of each phasor represents the magnitude of the quantity, and 0 is the 
phase angle between the applied voltage and the current in the RL circuit. 
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90° 
0 K 

00 lb) (c) 

FIGURE 16-3 
Development of the impedance triangle for a series RL circuit. 

Equation 16-2 

The impedance magnitude of the scries RL circuit can be expressed in terms of the 
resistance and reactance as 

Z = V R3 + Xi 

The magnitude of the impedance is expressed in ohms. 
The phase angle, 0, is expressed as 

Combining the magnitude and the angle, the impedance can be expressed in polar form as 

X, 
Z = VR2 + X/,ZtanH( — 

R 

EXAMPLE 16-1 For each circuit in Figure 16-4, write the phasor expression for the impedance in both 
rectangular and polar forms. 

v, (^) 

(a) 

FIGURE 16-4 

56 a i oo a 

56 a 

ixia 

lb) (c) 

Solutinii For the circuit in Figure l6-4(a). the impedance is 

7, = R+ jO = R = 56 il in rectangular form (X; = 0) 
Z = RZO" = 56Z0"ll inpolarform 

The impedance is simply equal to the resistance, and the phase angle is zero because 
pure resistance does not introduce a phase shift. 
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For the circuit in Figure l6-4(b), the impedance is 

Z = 0 + jXi = j'KIO il in rectangular form (/f = 0) 
Z = XlZ90o = 100 Z 90° 11 in polarform 

The impedance equals the inductive reactance in this case, and the phase angle is +90° 
because the inductance causes the current to lag the voltage by 90°. 

For the circuit in Figure l6-4(c). the impedance in rectangular form is 

7. = R + jXL = 5611 + ylOII 11 

The impedance in polar form is 

Z = vV + Xr.Ztan^yj 

= V(56 ll)2 + (100 n)2Zlan_l( -77-^-) = 115Z60.8"li 
\ 56 S1 / 

In this case, the impedance is the phasor sum of the resistance and the inductive reac- 
tance. The phase angle is fixed by the relative values of X/ and K. 

Relnted Problem In a series KL circuit. K = 1,8 kli and XL = 95011. Express the impedance in both 
rectangular and polar forms. 

*Answers are at the end of the chapter. 

SECTION 16-2 1. The impedance of a certain RL circuit is 150 11 + j220 SI. What is the value of the 
CHECKUP resistance? The inductive reactance? 

2. A series RL circuit has a total resistance of 33 kf! and an inductive reactance of 50 kll. 
Write the phasor expression for the impedance in rectangular form. Convert the 
impedance to polarform. 

16-3 Analysis of Series RL Circuits  

In this section, Ohm's law and Kirchhoff's voltage law are used in the analysis of 
series RL circuits to determine voltage, current, and impedance. Also, RL lead and lag 
circuits arc examined. 

After completing this section, you should be able to 

♦ Analyze a scries RL circuit 

♦ Apply Ohm's law and Kirchhoff's voltage law to series RL circuits 

♦ Express the voltages and current as phasor quantities 

♦ Show how impedance and phase angle vary with frequency 

♦ Discuss and analyze the RL lead circuit 

♦ Discuss and analyze the RL lag circuit 

This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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Ohm's Law 

The application of Ohm's law to series RL circuits involves the use of the phasor quantities 
of Z, V, and I. The three equivalent forms of Ohm's law were stated in Chapter 15 for RC 
circuits. They apply also to RL circuits and are restated here: 

V V v = IZ I = — z = — 
Z I 

Recall that since Ohm's law calculations involve multiplication and division operations, 
you should express the voltage, current, and impedance in polar form. 

EXAMPLE 16-2 The current in Figure 16-5 is expressed in polar form as I = 0.2Z0o mA. Determine 
the source voltage expressed in polar form, and draw a phasor diagram showing the 
relationship between the source voltage and the current. 

R 
-w*- 

10 kO 
-w- 

100 mH 

V. 
10 kH ;© 

FIGURE 16-5 

Solution The magnitude of the inductive reactance is 

X,, = 2rrfL = 2ir(l0kHz)(100mH) = 6.28 ki! 

The impedance in rectangular form is 

Z = R +jXL= lOkH + _/6.28 kfl 

Converting to polar form yields 

Z = VR2 + x\ Z tan '( — 
R 

= VdOkH)2 + (e^SkOrZlair1^- 
i.28 kft\ 

= 11.8 Z 32.1° kfl 
lOkfi J 

Use Ohm's law to determine the source voltage. 

V,s = IZ = (0.2 Z O" m A)( 11.8 Z 32.1 ° kfl) = 2.36Z32.10V 

The magnitude of the source voltage is 2.36 V at an angle of 32.1" with respect to the 
current; that is, the voltage leads the current by 32.1°, as shown in the phasor diagram 
of Figure 16-6. 

FIGURE 16-6 
. V, = 2.36 V 

- / = 0.2 mA 



Analysis of Series RL Circuits ♦ 707 

Related Problem If the source voltage in Figure 16-5 were 5Z0° V, what would be the current 
expressed in polar form? 

Use Multisim files EI6-02A and E16-02B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

Phase Relationships of Current and Voltages 

In a series RL circuit, the current is the same through both the resistor and the inductor. 
Thus, the resistor voltage is in phase with the current, and the inductor voltage leads the 
current by 90". Therefore, there is a phase difference of 90" between the resistor voltage, 
Vr, and (he inductor voltage, V/ , as shown in the waveform diagram of Figure 16-7. 

FIGURE 16-7 

/lags V,, by 90°, 
Vff and / are in phase. 
Amplitudes depend on circuit. 

Phase relation of voltages and 
current in a series RL circuit. 

From Kirchhoff's voltage law, the sum of the voltage drops must equal the applied volt- 
age. However, since FR and VL are not in phase with each other, they must be added as pha- 
sor quantities with F/, leading Vr by 90", as shown in Figure 16-8(a). As shown in part (b), 
V, is the phasor sum of VR and VL. 

V1 = VR+ jVL 

This equation can be expressed in polar form as 

V, = W* + vZztan-'^ 

where the magnitude of the source voltage is 

Vs= VvJ + Vl 
and the phase angle between the resistor voltage and the source voltage is 

0 = tan^f— 

Equation 16-3 

Equation 16-4 

90° 

la) 

FIGURE 1 6-8 
Voltage phasor diagram for a series 
RL circuit. 
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90° 

FIGURE 16-9 
Voltage and current phasor diagram 
for the waveforms in Figure 16-7. 

Since the resistor voltage and the current arc in phase, 0 is also the phase angle between 
the source voltage and the current. Figure 16-9 shows a voltage and current phasor diagram 
that represents the waveform diagram of Figure 16-7. 

Variation of Impedance and Phase Angle with Frequency 

The impedance triangle is useful in visualizing how the frequency of the applied voltage af- 
fects the RL circuit response. As you know, inductive reactance varies directly with fre- 
quency. When X/ increases, the magnitude of the total impedance also increases; and when X/ 
decreases, the magnitude of the total impedance decreases. Thus, Z is directly dependent on 
frequency. The phase angle 6 also varies directly with frequency because 0 = tan_'(X///f|. 
As XL increases with frequency, so does 0. and vice versa. 

The impedance triangle is used in Figure 16-10 to illustrate the variations in X/ , Z, and 
0 as the frequency changes. Of course, R remains constant. The main point is that because 
X/ varies directly with the frequency, so also do the magnitude of the total impedance and 
the phase angle. Example 16-3 illustrates this. 

FIGURE 16-10 
As the frequency increases, XL in- 
creases, Z increases, and S increases. 
Each value of frequency can be visu- 
alized as forming a different imped- 
ance triangle. l.S 

/* 

2 

. Increasing/ 
f% 

EXAMPLE 16-3 For the series RL circuit in Figure 16-11, determine the magnitude of the total imped- 
ance and the phase angle for each of the following frequencies: 

(a) 10 kHz (b) 20 kHz (c) 30 kHz 

FIGURE 16-11 R 
-Wr- 
1.0 kll 

Solution (a) For/= 10 kHz, 

XL = 2ttJL = 27r(l 0kHz)(20 mH) = 1.26 kSi 

<20 mil 

Z = VR2 + xfztan"1^ 

= Vd.Okfl)2 + (1.26kfl)2Ztan ^-7^7777-^) \ I.Okfi / 

Thus, Z = 1.61 kfi and 0 = 51.6°. 

= 1,61 Z51.6° kfl 
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(b) For/ = 20 kHz, 

XL = 27r(20 kH7.)(20niH) = 2.51 kfl 
2.51 ka\ 
I.Okii ) = 2.70 Z 68.3" kSl Z = V(I.O k!H2 + (2.51 kS!)2Ztan 

Thus, Z = 2.70 kii and 0 = 68.3°. 

(c) For/ = 30 kHz, 

XL = 27r(30kHz)(20mH) = 3.77 kH 

Z = \/(1.0kH)2 + (3.77kii)2Ztan'"l( 3;77kn | = 3.90Z75.10kll 
i .owi 

Thus, Z = 3.90 kll and 0 = 75.1°. 

Notice that as the frequency increases, X/ . 2, and d also increase. 

Hi'l.ilcd Problem Determine 2 and 6 in Figure 16-11 if/is 100 kHz. 

The RL Lead Circuit 

An RL lead circuit is a phase shift circuit in which the output voltage leads the input volt- 
age by a specified amount. Figure 16-12(a) shows a series RL circuit with the output volt- 
age taken across the inductor. Note that in the RC lead circuit, the output was taken across 
the resistor. The source voltage is the input, V/,,. As you know, 0 is the angle between the 
current and the input voltage; it is also the angle between the resistor voltage and the input 
voltage because V/ and / are in phase. 

vL (V„„,) 

L V I 'X- phase lead 

(a) A basic KL lead circuit 

FIGURE 16-12 

(h) Phaser voltage diagram 
showing Vllul leading Vin 

(c) Input and output voltage 
waveforms 

The RL lead circuit (V^, = Vt). 

Since V/ leads Vn by 90", the phase angle between the inductor voltage and the input 
voltage is the difference between 90° and 8, as shown in Figure 16-12(b). The inductor 
voltage is the output; it leads the input, thus creating a basic lead circuit. 

The input and output voltage waveforms of the lead circuit are shown in Figure 
16-12(c). The amount of phase difference, designated i/i, between the input and the output 
is dependent on the relative values of the inductive reactance and the resistance, as is the 
magnitude of the output voltage. 

Phase Difference Between Input and Output The angle between V,,,,, and V,„ is des- 
ignated ip (phi) and is developed as follows. The polar expressions for the input voltage and 
the current arc V,„Z0" and /Z —II, respectively. The output voltage in polar form is 

= (/Z-0)(X,Z9O°) = IX,Z{9<r - 0) 
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Equation 16-5 

This expression shows that the output voltage is at an angle of 90° — C with respect to the 
input voltage. Since 6 = tan '(Xj /R). the angle <l> between the input and output is 

<t> = 90° - tan '( y 

Equivalcntly, this angle can be expressed as 

*' ""It 
The angle <l> between the output and input is always positive, indicating that the output volt- 
age leads the input voltage, as indicated in Figure 16-13. 

FIGURE 16-13 

EXAMPLE 16-4 

FIGURE 16-14 

Determine the amount of phase lead from input to output in each lead circuit in 
Figure 16-14. 

K 
-Wr- 
15 k!! 

© 
"l 

5 

(a| 

6X0 f 

;© 
5 V 50 m L V k 

Solulion For the lead circuit in Figure I6-I4(a), 

R 
ib = tan '( ) = tan 1 15 kil\ 

5 kll ) 
= 71.6° 

The output leads the input by 71.6°. 
For the lead circuit in Figure 16-14(b). first determine the inductive reactance. 

XL = 2-nfL = 217(1 kHz)(50 mH) = 31411 
68011 

= 65.2° 
.31411^ 

The output leads the input by 65.2°, 

Related Problem In a certain lead circuit, R = 2.2 kll and XL = I kll. What is the phase lead? 

Use Multisim tiles EI6-04A, EI6-04B, and EI6-04C to verify the calculated results in 
this example and to confirm your calculation for the related problem. 
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Magnitude of the Output Voltage To evaluate the output voltage in terms of its mag- 
nitude, visualize the HL lead circuit as a voltage divider. A portion of the total input volt- 
age is dropped across the resistor and a portion across the inductor. Because the output 
voltage is the voltage across the inductor, it can be calculated using either Ohm's law 
(V„,„ = IXL) or the voltage-divider formula. 

Eq.-ianlM 

The phasor expression for the output voltage of an KL lead circuit is 

v,„„ = VoulZ<l> 

EXAMPLE 16-5 For the lead circuit in Figure I6-I4(b) (Example 16-4), determine the output voltage 
in phasor form when the input voltage has an rms value of 5 V. Draw the input and 
output voltage waveforms showing their peak values. The inductive reactance X/ 
(314 fl) and ih (65.2°) were found in Example 16-4. 

Solution The output voltage in phasor form is 

V,„„ = V^Zd) = 
VRr 

4 
VinZA 

314 n 
■ V(680fi)2 + (314n)2/ 

The peak values of voltage are 

5Z65.2° V = 2.10 Z 65.2° V 

VMp) = 1.414^,) = 1.414(5 V) = 7.07 V 
VWr. = l-4'4V„w(™Ijl = 1.414(2.10 V) = 2.97 V 

The waveforms with their peak values arc shown in Figure 16-15. Notice that the out- 
put voltage leads the input voltage by 65.2°. 

FIGURE 16-15 

7.07 
V(V) 

S V'"' 
2.97 

"652°" 

Rclotud Ptahluiti In a lead circuit, does the output voltage increase or decrease when the frequency 
increases.' 

Use Multisim files EI6-05A and EI6-05B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

The RL Lag Circuit 

An HI. lag circuit is a phase shift circuit in which the output voltage lags the input voltage 
by a specified amount. When the output of a series RL circuit is taken across the resistor 
rather than the inductor, as shown in Figure I6-I6(a), it becomes a lag circuit. 
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v, (i) 

T—« 
L 

V.„ 

T 
(a) A basic RL lag circuit (b) Phaser voltage diagram 

showing phase lag between 
P,„ and V,,„, 

(c) Input and output waveforms 

FIGURE 16-16 

Equation 16-7 

The fit lag circuit (Vm, = PK). 

Phase Difference Between Input and Output In a series PI- circuit, the current lags 
the input voltage. Since the output voltage is taken across the resistor, the output lags the 
input, as indicated by the phasor diagram in Figure 16-16(b), The waveforms are shown in 
Figure 16-16(c). 

As in the lead circuit, ihe amount of phase difference between the input and output and 
the magnitude of the output voltage in the lag circuit arc dependent on the relative values 
of the resistance and Ihe inductive reactance. When the input voltage is assigned a reference 
angle of 0". the angle of the output voltage {<!>) with respect to the input voltage equals fi 
because the resistor voltage (output) and the current are in phase with each other. The ex- 
pression for the angle between the input voltage and the output voltage is 

= —tan 

This angle is negative because the output lags the input. 

EXAMPLE 16-6 Calculate the output phase angle for each circuit in Figure 16-17. 

nmr 
? k!! 

5 kl! 

F CURE 16-17 

nnnr 
UKImH 

OV .Okil 

(b) 

Solulion For the lag circuit in Figure 16-17(a). 

A=-IanH(^) = _tan-:(^) 
' pj Viskn/ 

= -18.4° 

The output lags the input by 18.4°. 
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For the lag circuit in Figure 16-17(b), first determine the inductive reactance. 

X/ = iTrfL = 2ir(l kHz)(IOOinH) = 628 

41 = -,anH(f)= = -32AO 

The output lags the input by 32.1 

Rrl.ited Problem In a certain lag circuit, R = 5.6 k!i and Xj = 3.5 kH. Determine the phase angle. 

Use Mullisim files EI6-06A, EI6-06B, and E16-06C to verify the calculated results in 
this example and to confirm your calculation for the related problem. 

Magnitude of the Output Voltage Since the output voltage of an RL lag circuit is taken 
across the resistor, the magnitude can be calculated using cither Ohm's law (V„„, = IR) or 
the voltage-divider formula. 

Vou, = (—^=^jvin Equation 16-S 

The expression for the output voltage in phasor form is 

V„„, = V,,,,, X I/I 

EXAMPLE 16-7 The input voltage in Figure I6-I7(b) (Example 16-6) has an rms value of 10 V. Deter- 
mine the phasor expression for the output voltage. Draw the waveform relationships 
for the input and output voltages. The phase angle (—32.1") and X/ (628 !!) were 
found in Example 16-6. 

Solution The phasor expression for the output voltage is 

R 
v„u, — Vm.,Z<h — 

I.Okfl 
V/e2 + xl 

Vin^ 

i i8i n. 

The waveforms are shown in Figure 16-18. 

FIGURE 16-18 

10Z-32.rV = 8.47 Z-32.1° V rms 

V,,. = 10 V mis 

r? v 

Related Problem In a lag circuit, R = 4.7 kS! and X/. = 6 kft. If the rms input voltage is 20 V, what is 
the output voltage? 

Use Multisim files EI6-07A and EI6-07B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 
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SECTION 16-3 1. In a certain series RL circuit, VB = 2 V and V£ = 3 V. What is the magnitude of the 
checkup source voltage? 

2. In Question 1, what is the phase angle between the source voltage and the current? 
3. When the frequency of the applied voltage in a series RL circuit is increased, what hap- 

pens to the inductive reactance? What happens to the magnitude of the total imped- 
ance? What happens to the phase angle? 

4. A certain RL lead circuit consists of a 3.3 k!! resistor and a 15 mil inductor. Determine 
the phase shift between input and output at a frequency of 5 kHz. 

5. An RL lag circuit has the same component values as the lead circuit in Question 4. 
What is the magnitude of the output voltage at 5 kHz when the input is 10 V rms? 

Option 2 Note 

Coverage of scries reactive circuits continues in Chapter 17, Part 1, on page 752. 
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Part 
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16-4 Impedance and Admittance of Parallel RL Circuits 

In this section, you will learn how to determine the impedance and phase angle of a 
parallel RL circuit. The impedance consists of a magnitude component and a phase 
angle component. Also, inductive susceptance and admittance of a parallel RL circuit 
are introduced. 

After completing this section, you should be able to 

♦ Determine impedance and admittance in a parallel RL circuit 

♦ Express total impedance in complex form 

♦ Define and calculate inductive susceplance and admittance 

Figure 16-19 shows a basic parallel RL circuit connected to an ac voltage source. 

FIGURE 16-19 
Parallel RL circuit. 

The expression for the total impedance of a two-component parallel RL circuit is devel- 
oped as follows, using the producl-over-sum rule. 

Z = 
(SZ0°)(XtZ90o) 

K +JXl Vlf 

RXlZ(0° + 90°) 

"xfztan 

RX, 
V¥ xi 

{XlW Z 90° - - tan ' — / V \RJJ 

Equivalently, this equation can be expressed as 

RXL Z = 
V/f- Xi 

Zlan — Equation 16-9 
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EXAMPLE 16-8 For each circuit in Figure 16-20, determine the magnitude and phase angle of the total 
impedance. 

K 
100 ii 50 n 5 V ; kn v 

F CURE 16-20 

1.0 k!! 

Solution For the circuit in Figure l6-20(a), the total impedance is 

z = *. 

(loonxsofi) , _ |/ioon\ 
Ztan '1 , Zlan ' I 

V(ioofi)2 + (son)2/ ysosij 
= 44.7 Z 63.4° 11 

Thus. Z = 44.711 and H = 63.4". 
For the circuit in Figure 16-20(b), the total impedance is 

Z = 
(1.0 kn)(2 kft) 

Vll.OkH)2 + (2kn)2-' 
Ztan 

I.QkliA 
2 kll ) 

= 894 Z 26.6° 11 

Thus. Z = 89411 and R = 26.6°. 
Notice that the positive angle indicates that the voltage leads the current, in contrast 

to the RC case where the voltage lags the current. 

Related Problem In a parallel circuit. R = 10 kl! and XL = 14 kll. Determine the total impedance in 
polar form. 

Equation 16-10 

Conductance, Susceptance, and Admittance 

As you know from the previous chapter, conductance (G) is the reciprocal of resistance, sus- 
ceptance (B) is the reciprocal of reactance, and admittance (Y) is the reciprocal of impedance. 

For parallel RL circuits, the phasor expression for inductive susccptancc (If/) is 

B, = 
I 

XlX90c = Hi Z-90° = -jBL 

and the phasor expression for admittance is 

I 
Y = = vz+e 

ZZ±0 

For the basic parallel RL circuit shown in Figure 16-21 (a), the total admittance is the 
phasor sum of the conductance and the inductive susceptance, as shown in part (b). 

V = C - jBL 

As with the RC circuit, the unit for conductance (G), inductive susccptancc (B/J, and 
admittance (Y) is the Siemens (S), 
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(a) 
FIGURE 16-21 

Y = Vg2 + III 

© 

(b) 

Admittance in a parallel fit circuit. 

EXAMPLE 16-9 Determine the total admittance and then convert it to total impedance in Figure 16-22. 
Draw the admittance phasor diagram. 

FIGURE 16-22 

© 
v' a£ 

/ = 1 kHz > 330!l =< lOOraH 

Solulron First, determine the conductance magnitude, fi = 330 ft; thus. 

G - —- 
I 

= 3.03 mS 
fi 330 ii 

Then, determine the inductive reactance. 

XL = 2irfL = 27r( 1000 HzM 100 mH) = 62811 

The inductive susceptance magnitude is 

I 
«r = — = 

1 
X, 628 ft 

= 1.59 mS 

The total admittance is 

Y„„ = G - jBL = 3.03 mS - jT.59 mS 

which can be expressed in polar form as 

Y/ot = Vc2 + Biz-tan-'^ 

= VcS^mS)2 + (1.59 mS)2Z -tan'11 ! "''9 "'S I = 3.42Z - 27.7° mS 
,3.03 mS / 

The admittance phasor diagram is shown in Figure 16-23. 
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FIGURE 16-23 

H, = 1,59 mS 

G = 3,03 mS 

Y = 3.42 mS 

Convert total admittance to total impedance as follows: 

I I 
— = 292 Z 27.7° <1 

Y„„ 3.42 Z-27.7° mS 

The positive phase angle indicates that the voltage leads the current. 

Ri'lnrrd Problrm What is the total admittance of the circuit in Figure 16-22 if/is increased to 2 kHz? 

SECTION 16-4 1. |fz = 500n, what is the value of the magnitude of the admittance V? 
2. In a certain parallel fit circuit, R = 470 n and XL = 750 n. Determine Y. 
3. In the circuit of Question 2, does the total current lead or lag the applied voltage? By 

what phase angle? 

16-5 Analysis of Parallel RL Circuits 

Ohm's law and Kirchhoff's current law are used in the analysis of fit, circuits. Current 
and voltage relationships in a parallel fit. circuit are examined. 

After completing this section, you should be able to 

• Analyze a parallel fit, circuit 

♦ Apply Ohm's law and Kirchhoff's current law to parallel fit, circuits 

♦ Express the voltages and currents as phasor quantities 

The following example applies Ohm's law to the analysis of a parallel fit, circuit. 

EXAMPLE 16-10 Determine the total cunenl and the phase angle in the circuit of Figure 16-24. Draw a 
phasor diagram showing the relationship of V, and l„„. 

FIGURE 16-24 

© 

y, 
1040° V 
/ = 1.5 kHz 

I 
I ISOmH 
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Solution The inductive reactance is 

XL = Itt/L = 2it{ 1.5 kHz)( 150 mH) = 1.41 kH 

The inductive susceptance magnitude is 

I I 
R, = — = — = 709 uS 

XL 1.41 kH 

The conductance magnitude is 

G4=didT = 45^s 

The total admittance is 

Y„„ = C - jBL = 455 /xS - /709/xS 

Converting to polar form yields 

YM, = VG2 + BiZ-tan"1^ 

= ^SS/ttS)2 + (TOgMS^Z-tan^'l = 842Z-57.30/xS 
\ 455 /xS / 

The phase angle is -57.3°. 
Use Ohm's law to determine the total current. 

lot = VSY„„ = (I0Z0° V)(842Z -57.3°juS) = 8.42 Z-57.3° mA 
The magnitude of the total current is 8.42 mA, and it lags the applied voltage by 
57.3", as indicated by the negative angle associated with it. The phasor diagram in 
Figure 16-25 shows these relationships. 

FIGURE 16-25 
Y. = 10 V 

I,,,, = 8,42 mA 

Relolcd rrobli'iit Determine the current in polar form if/is reduced to 800 Hz in Figure 16-24. 

Use Multisim files EI6-I0A and EI6-I0B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

Phase Relationships of Currents and Voltages 

Figure l6-26(a) shows all the currents in a basic parallel III. circuit. The total current, 
divides at the junction into the two branch currents, /fi and lL. The applied voltage, Vv, 
appears across both the resistive and the inductive branches, so V,, Y/(, and Y/ are all in 
phase and of the same magnitude. 

The current through the resistor is in phase with the voltage. The current through the in- 
ductor lags the voltage and the resistor current by 90". By Kirchhoffs current law, the to- 
tal current is the phasor sum of the two branch currents, as shown by the phasor diagram in 
Figure l6-26(b). The total current is expressed as 

I,oi = Ir- Ul Equation 16-11 
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© 

'r 

L 

(a) 

FIGURE 16-26 
Currents in a parallel RL circuit. The current directions shown in part (a) are instantaneous and, of 
course, reverse when the source voltage reverses during each cycle. 

Equation 16-12 

This equation can be expressed in polar form as 

I», = V/| + 

where the magnitude of the total current is 

L, = V/^ + 11 
and the phase angle between the resistor current and the total current is 

" = _tarl 

Since the resistor current and the applied voltage are in phase, B also represents the 
phase angle between the total current and the applied voltage. Figure 16-27 shows a com- 
plete current and voltage phasor diagram. 

FIGURE 16-27 
Current and voltage phasor diagram 
for a parallel RL circuit (amplitudes 
are arbitrary). 

T.. VH. VL 

EXAMPLE 16-11 Determine the value of each current in Figure 16-28, and describe the phase relation- 
ship of each with the applied voltage. Draw the current phasor diagram, 

FIGURE 16-28 

© 
y, <« 
I2/00V > 2201! son 
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Sitluliiv: The resistor current, the inductor current, and the total current are expressed as 
follows: 

It = 

V, 
R 
v.. 

I2Z0° V 
220 ZO" S! 

I2Z0° V 

= 54.5 ZO" mA 

= 80 Z — 90° mA 
X,, 150Z90on 

I,a, = Ir - JIL = 54.5 mA - 780 mA 

Converting to polar form yields 

ho, = V4 + /fz—tan-' ± 

= V(54.5mA)2 + (80 mA)2Z - tan" 
80 mA \ 

54.5 mA/ 
= 96.8 Z —55.7° mA 

As the results show, the resistor current is 54,5 mA and is in phase with the applied 
voltage. The inductor current is 80 mA and lags the applied voltage by 90". The total 
current is 96,8 mA and lags the voltage by 55.1°. The phasor diagram in Figure 16-29 
shows these relationships. 

FIGURE 16-29 /.. = 34.5 mA 

-55.7 

lL = 80 mA 95.8 mA 

HrlMr,: 1'itihli'w Find the magnitude of I,„, and the circuit phase angle if X, = 300 !l in Figure 16-28. 

SECTION 16-5 1. The admittance of an fit circuit is 4 mS, and the applied voltage is 8 V. What is the 
CHECKUP total current? 

2. In a certain parallel RL circuit, the resistor current is 12 mA, and the inductor current 
is 20 mA. Determine the magnitude and phase angle of the total current. This phase 
angle is measured with respect to what? 

3. What is the phase angle between the inductor current and the applied voltage in a 
parallel RL circuit? 

Option 2 Note 

Coverage of series reactive circuits continues in Chapter 17, Part 2, on page 765. 
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16-6 Analysis of Series-Parallel RL Circuits  

The concepts studied With respect to series and parallel circuits are used to analyze 
circuits with combinations of both series and parallel R and L components. 
After completing this section, you should be able to 
♦ Analyze series-parallel RL circuits 

♦ Determine total impedance 
♦ Calculate currents and voltages 

Recall from Section 15-1 that the impedance of series components is most easily ex- 
pressed in rectangular form and that the impedance of parallel components is best found by 
using polar form. The steps for analyzing a circuit with a series and a parallel component 
are illustrated in Example 16-12. First express the impedance of the series part of the cir- 
cuit in rectangular form and the impedance of the parallel pail in polar form. Next, convert 
the impedance of the parallel part to rectangular form and add it to the impedance of the se- 
ries part. Once you determine the rectangular form of the total impedance, you can convert 
it to polar form in order to see the magnitude and phase angle and to calculate the current. 

EXAMPLE 16-12 

FIGURE 16-30 

In the circuit of Figure 16-30, determine the following values: 

(a) Z„„ (b) I„„ (c) 11 

-m- 
4.7 k!! 

w 
2.5 mH 

Z, 

V 
iozoo v 

f = 500 kHz 
;0 I mH 

Solution (a) First, calculate the magnitudes of inductive reactance. 

A,., = 277/1, = 277(500 kHz)(2.5mH) = 7.851:11 
Xn = 27r/7,2 = 277(500 kHzXlmH) = 3,l4kil 
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One approach is to find the impedance of the series portion and the impedance of 
the parallel portion and combine them to gel the total impedance. The impedance 
of the scries combination of R\ and L\ is 

Z, = «, + jXu = 4.7 kfl + 77.85 kfl 

To determine the impedance of the parallel portion, first determine the admittance 
of the parallel combination of AS alil' '-2- 

(12 = — — = 303 JXS 2 /e2 3.3 kfl ^ 

bl2 = T; = 777777 = 318/rS XL2 3,14 kfi 
Yj = C2 -JBl = 303 mS - ySIS/aS 

Converting to polar form yields 

Y2 = VGj + ^.Z-tan-'f 

= V(303mS)2 + (318 /tS)2Z -tan-1 ( ) = 439/:-46.4° alS 
V303 AtS/ 

Then, the impedance of the parallel portion is 

Zi = — = ] = 2.28Z46.4" kll 
Yj 439 Z-46.4° alS 

Converting to rectangular form yields 

Zi = Z2C0S 6 + yZisin 0 
= (2.28 ka)cos(46.4'') + 7(2.28 kaisin^b^0) = 1.57 kfl + 7l.65kft 

The series portion and the parallel portion are in series with each other. Combine 
Z| and Z2 to get the total impedance. 

Zwi = zi + z2 
= (4.7 kfl + 77.85 kfl) + (1.57 kfl + 71.65 kft) = 6.27 kfl + 79.50 kft 

Expressing Z„„ in polar form yields 

Z,„, = Vz? 4- ziZtan"1^ 

= V(6.27kfl)2 + (9.50kfl)2Ztan"^ ) = I1.4ZS6.60 kO V6.27 kii/ 

(b) Use Ohm's law lo find the total current. 

vv ioz(rv 
I.,,. = —— =  — = 877 Z —56.6" uA 

Z,„, I I.4Z56.6 k!l ^ 

(c) The total current lags the applied voltage by 56.6°. 

Related Problem (a) Determine the voltage across the series part of the circuit in Figure 16-30. 

(b) Determine the voltage across the parallel part of the circuit in Figure 16-30. 

Use Multisim files EI6-12A and EI6-I2B lo verify the calculated results in the (b) part 
of this example and lo confirm your calculation for the related problem, pail (b). 
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Example 16-13 shows two sets of series components in parallel. The approach is to first 
express each branch impedance in rectangular form and then convert each of these imped- 
ances to polar form. Next, calculate each branch current using polar notation. Once you 
know the branch currents, you can find the total current by adding the two branch currents 
in rectangular form. In this particular case, the total impedance is not required. 

EXAMPLE 16-13 Determine the voltage across each component in Figure 16-31. Draw a voltage phasor 
diagram and a current phasor diagram. 

FIGURE 16-31 

V 
1020° V 

/ = 2 MHz :© 

: Ki 
■ 33011 

50 //H 

1.0 kl! 

<L> 
! 100 uH 

Solution First, calculate and XL2- 

XL[ = 2tt)U = 2tt(2 IVIH/.)(50/IH| = 628 i! 
X/ 2 = 2vfL2 = 27r(2MHz)(IOOAtH| = l.26kn 

Next, determine the impedance of each branch. 

Z, = «, + jXu = 330 0 + ;628 O 
Z2 = Ri+ jX,2 = I.OkO + j\.26 kO 

Convert these impedances to polar form. 

Z| = Vk? + X/,| Ztan 

= V(330 O)2 + (628 0)2Xian '( 7^777) = 709 Z 62.3° O 
\ o o U 11 / 

.(1.26 kOA •.in ' I   I = 

z^ = + x^ztair'f — 

= \/(I.O kO)2 + (l.26kO)2Ztan^l( —1 = 1.61 Z5l.60kO 
\ 1.0 kO / 

Calculate each branch current. 
V, 10Z0°V 

Ii = — = — = 14.1 Z-62.30mA 
Z, 709Z62.30 O 
V.. lOZO" V 

Is = —1 =   = 6.21 Z -51.6° mA 
Z2 I.61Z5I.6 kO 

Now, use Ohm's law to get the voltage across each element, 

VRI = I|R| = (14.1 Z—62,3° mAXSSOZO0 O) = 4.65Z-62.30V 
Vu = liX^i = (14.1 Z—62.3° mA)(628Z90o O) = 8.85Z27.70V 

Vk2 = I1R2 = (6.21 Z—51.6° mA)(l ZCkO) = 6.21Z-51.6" V 
Vi2 = l2Xi2 = (6.21 Z -51.6° mA)(l .26Z900 kO) = 7.82Z 38.40V 
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The voltage phasor diagram is shown in Figure 16-32, and the current phasor 
diagram is shown in Figure 16-33. 

FIGURE 16-32 

FIGURE 16-33 

V,:i Via 
7.82 V ^ 8.85 V 

27,7 
V = 1(1/1)° V 

6.21 V 

71.6 

6.21 mA '_62.3° 

6 
14.1 mA 

V = 1040° V 

Related Problem What is the total current in polar form in Figure 16-31? 

Use Multisim files EI6-I3A through EI6-13E to verify the calculated results in this 
example and to confirm your calculation for the related problem. 

Ill 
CHE 
SECTION 16-6 
CHECKUP 

1. What is the total impedance in polar form of the circuit in Figure 15-31? 
2. Determine the total current in rectangular form for the circuit in Figure 16-31. 

Option 2 Note 

Coverage of series-parallel reactive circuits continues in Chapter 17. Part 3. on 
page 774. 



Part 

4 
Special Topics 

16-7 Power in RL Circuits 

In a purely resistive ac circuit, all of the energy delivered by the source is dissipated in the 
form of heat by the resistance. In a purely inductive ac circuit, all of the energy delivered 
by the source is stored by the inductor in its magnetic field during a portion of the voltage 
cycle and then returned to the source during another portion of the cycle so that there is 
no net energy conversion to heat. When there is both resistance and inductance, some 
of the energy is alternately stored and returned by the inductance and some is dissipated 
by the resistance. The amount of energy converted to heat is determined by the relative 
values of the resistance and the inductive reactance. 

After completing this section, you should be able to 

♦ Determine power in RL circuits 

♦ Explain true and reactive power 

♦ Draw the power triangle 

♦ Explain power factor correction 

When the resistance in a series RL circuit is greater than the inductive reactance, more 
of the total energy delivered by the source is converted to heat by the resistance than is 
stored by the inductor. Likewise, when the reactance is greater than the resistance, more of 
the total energy is stored and returned than is converted to heal. 

As you know, the power dissipation in a resistance is called the true power. The power 
in an inductor is reactive power and is expressed as 

The Power Triangle for RL Circuits 

The generalized power triangle for a series RL circuit is shown in Figure 16-34. The 
apparent power, /'„, is the resultant of the average power, /Vye, and the reactive power, /',. 

Equation 16-13 !•, = l2XL 

► FIGURE 16-34 
Power triangle for an KL circuit. 
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Recall that the power factor equals the cosine of ti (PF = cos V). As the phase angle 
between the applied voltage and the total current increases, the power factor decreases, in- 
dicating an increasingly reactive circuit. A smaller power factor indicates less true power 
and more reactive power. 

EXAMPLE 16-14 Dctcrmi ne the power factor, the true power, the reactive power, and the apparent power 
in the circuit in Figure 16-35. 

FIGURE 16-35 
R X,. 

-vw—w— 
1.0 kl! 2 kli 

Solution The total impedance of the circuit in rectangular form is 

Z = R + jX, = 1.0 k!) + j2 k!i 

Converting to polar form yields 

Z = V/?2 + X^Ztan 

= V(I.Okn)2 + (2 k!l)2Ztan~l 

The current magnitude is 

2im)-2^aA'tn 

T, 10 V 
1 = ^7 = TT-T7T = 4.46 mA Z 2.24 kfl 

Tlie phase angle, indicated in the expression for Z, is 

R = 63.4° 

The power factor is, therefore, 

PF = cost) = cos(63.40) = 0.448 

The true power is 

Pmc = VJ cos 6 = (10 V)(4.46 m A)(0.448) = 20 mW 
The reactive power is 

Pr = r-XL = (4.46 mA)2(2 kft) = 39.8 mVAR 

The apparent power is 

P„ = /2Z = (4.46 mA)2(2.24 k!!) = 44.6 mVA 

Relnled Prohh in If the frequency in Figure 16-35 is increased, what happens to /Vue, Pr- and /'„? 

Significance of the Power Factor 

As you learned in Chapter 15, the power factor (PF) is important in determining how much 
useful power (true power) is transferred to a load. The highest power factor is I, which 
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indicates that all of the current to a load is in phase with the voltage (resistive). When the 
power factor is 0, all of the current to a load is 90° out of phase with the voltage (reactive). 

Generally, a power factor as close to I as possible is desirable because then most of the 
power transferred from the source to the load is the useful or true power. True power goes 
only one way—from source to load—and performs work on the load in terms of energy 
dissipation. Reactive power simply goes back and forth between the source and the load 
with no net work being done. Energy must be used in order for work to be done. 

Many practical loads have inductance as a result of their particular function, and it is 
essential for their proper operation. Examples are transformers, electric motors, and speak- 
ers, to name a few. Therefore, inductive (and capacitive) loads are important considerations. 

To see the effect of the power factor on system requirements, refer to Figure 16-36. This 
figure shows a representation of a typical inductive load consisting effectively of induc- 
tance and resistance in parallel. Part (a) shows a load with a relatively low power factor 
(0.75), and part (b) shows a load with a relatively high power factor (0.95). Both loads dis- 
sipate equal amounts of power as indicated by the wattmeters. Thus, an equal amount of 
work is done on both loads. 

.Toial cun'eni 
true power (waas) 

□.EHA EDw 

I o.ui 
rr =0.75 110V 

(a) A lower power factor means more total current for a given 
power dissipation (watts), A larger source VA rating is 
required to deliver the true power (watts). 

A FIGURE 16-36 

□. ig&A 

I trill 
RF = 0.95 110 V 

(b) A higher power facior means less total current for a given 
power dissipation. A smaller source can deliver Ihe same true 
power (watts). 

Illustration of the effect of the power factor on system requirements such as source rating (VA) and 
conductor size. 

Although both loads arc equivalent in terms of the amount of work done (true power), 
Ihe low power factor load in Figure 16-36(a) draws more current from Ihe source than does 
the high power factor load in Figure 16-36(b), as indicated by the ammeters. Therefore, the 
source in part (a) must have a higher VA rating than Ihe one in part (b). Also, Ihe lines con- 
necting the source to the load in part (a) must be a larger wire gauge than those in part (b), 
a condition that becomes significant when very long transmission lines are required, such 
as in power distribution. 

Figure 16-36 has demonstrated that a higher power factor is an advantage in delivering 
power more efficiently to a load. 

Power Factor Correction 

The power factor of an inductive load can be increased by the addition of a capacitor in par- 
allel, as shown in Figure 16-37. The capacitor compensates for the phase lag of the total 
current by creating a capacitive component of current that is 180° out of phase with the in- 
ductive component. This has a canceling effect and reduces the phase angle and the total 
current and increases the power factor, as illustrated in the figure. 
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Small 
resuliam 

9 

(a) Tola) current is the resultant of /R and /f . 

FIGURE 16-37 

(b) /c subtracts from , leaving only a small reactive current, thus decreasing 
and the phase angle. 

Example of how the power factor can be increased by the addition of a compensating capacitor (Q). 

SECTION 16-7 1. To which component in an Rf circuit is the power dissipation due? 
CHECKUP 2. Calculate the power factor when H = 50". 

3. A certain Rf circuit consists of a 470 ft resistor and an inductive reactance of 620 ft 
at the operating frequency. Determine P,rae, Pr, and P., when / = 100 mA. 

16-8 Basic Applications 

Two applications of RL circuits are covered in this section. The first application is a 
basic frequency selective (filter) circuit. The second application is the switching regu- 
lator, a widely used circuit in power supplies because of its high efficiency. The 
switching regulator uses other components, but the RL circuit is cinphasi/cd. 

After completing this section, you should be able to 

♦ Describe two examples of RL circuit applications 

♦ Discuss how the RL circuit operates as a filler 

♦ Discuss the advantage of an inductor in a switching regulator 

The RL Circuit as a Filter 

As with RC circuits, series RL circuits also exhibit a frequency-selective characteristic and 
therefore act as basic fillers. 

Low-Pass Filter You have seen what happens to the output magnitude and phase angle in 
a lag circuit. In terms of the filtering action, the variation of the magnitude of the output 
voltage as a function of frequency is important. 

Figure 16-38 shows the filtering action of a series RL circuit using specific values for 
puiposcs of illustration. In part (a) of the figure, the input is zero frequency (dc). Since the 
inductor ideally acts as a short to constant direct current, the output voltage equals the full 
value of the input voltage (neglecting the winding resistance). Therefore, the circuit passes 
all of the input voltage to the output (10 V in, 10 V out). 

In Figure l6-38(b), the frequency of the input voltage has been increased to I kHz, 
causing the inductive reactance to increase to 62.83 ft. For an input voltage of 10 V rms, 
the output voltage is approximately 8.47 V rms, which can be calculated using the voltage- 
divider approach or Ohm's law. 
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V, 
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Low-pass filtering action of an RL circuit (phase shift from input to output is not indicated). 

In Figure l6-38(c"), the input frequency has been increased to 10 kHz, causing the in- 
ductive reactance to increase further to 628.3 il. For a constant input voltage of 10 V rms, 
the output voltage is now 1,57 V rms. 

As the input frequency is increased further, the output voltage continues to decrease and 
approaches zero as the frequency becomes very high, as shown in Figure 16-38(d) for 
/= 20 kHz. 

A description of the circuit action is as follows: As the frequency of the input increases, 
the inductive reactance increases. Because the resistance is constant and the inductive reac- 
tance increases, the voltage across the inductor increases and that across the resistor (out- 
put voltage) decreases. The input frequency can be increased until it reaches a value at 
which the reactance is so large compared to the resistance that the output voltage can be 
neglected because it becomes very small compared to the input voltage. 

As shown in Figure 16-38, the circuit passes dc (zero frequency) completely. As the fre- 
quency of the input increases, less of the input voltage is passed through to the output. That 
is, the output voltage decreases as the frequency increases. It is apparent that the lower fre- 
quencies pass through the circuit much better than (he higher frequencies. This RL circuit 
is therefore a basic form of low-pass filter. 

Figure 16-39 shows a response curve for a low-pass filter, 

High-Pass Filter Figure 16-40 illustrates high-pass filtering action, where the output is 
taken across the inductor. When the input voltage is dc (zero frequency) in pan (a), the out- 
put is zero volts because the inductor ideally appears as a short across the output. 

lOVdc 
0 

(a) 

10 V dc 

X, = (I 

0 ml 

T- 
100!! 

(h) 

10 V rms 

X,. = 62.83 i! 

10 mil 
•"O f = I kHz 100!! 

(c) 

10 V rms X, = 628.3!! 
—nwr 

10 mH 
Of =10 kHz >100!! 

(d) 

10 V rms X, = 1256.6!! 
I—w 

-L 10 mH 
KvAfr=20kHz >100!! 

FIGURE 16-38 
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■* FIGURE 16-39 
Low-pass filter response curve. 

In Figure l6-40(b), the frequency of the input signal has been increased to 100 Hz with 
an rms value of 10 V. The output voltage is 0.63 V rms. Thus, only a small percentage of 
the input voltage appears at the output at this frequency. 

In Figure 16—40(c), the input frequency is increased further to 1 kHz, causing more volt- 
age to be developed as a result of the increase in the inductive reactance. The output volt- 
age at this frequency is 5.32 V mis. As you can sec, the output voltage increases as the 
frequency increases. A value of frequency is reached at which the reactance is very large 
compared to the resistance and most of the input voltage appears across the inductor, as 
shown in Figure l6-40(d). 

This circuit tends to prevent lower frequency signals from appearing on the output but 
permits higher frequency signals to pass through from input to output; thus, it is a basic 
form of high-pass filter. 

lOVdc -=■ 
100!! 

10 ml 
T 

(a) 

10 V rms 

lb) 

10 V rms 

(c) 

100!! 
-V-l f = 100 Hz X, = 6.28 !1 

10 Mill 

100!! 
-"Of = 1 kHz XL = 62.83 !! l\ 

10 mH 

10 V rms 

100!! 
Higher/ 10 mil 

Id) 

FIGURE 16-40 
High-pass filtering action of an RL circuit (phase shift from input to output is not indicated). 



The response curve in Figure 16-41 shows that the output voltage increases and then 
levels off as it approaches the value of the input voltage as the frequency increases. 

FIGURE 16-41 
High-pass filler response curve. 

The Switching Regulator 

In high-frequency switching power supplies, small inductors are used as an essential part of the 
tiller section. A switching power supply is much more efficient at converting ac to dc than any 
other type of supply. For this reason it is widely used in computers and other electronic sys- 
tems. A switching regulator precisely controls the dc voltage. One type of switching regulator 
is shown in Figure 16-42. It uses an electronic switch to change unregulated dc to high- 
frequency pulses. The output is the average value of the pulses. The pulse width is controlled 
by the pulse width modulator, which rapidly turns on and off a transistor switch and then is fil- 
tered by the filter section to produce regulated dc. (Ripple in the figure is exaggerated to show 
the cycle.) The pulse width modulator can increase pulse width if the output drops, or decrease 
it if the output rises, thus maintaining a constant average output for varying conditions. 

Transistor 
switch 
Open rUUl. Unregulated dc ^  or. o  

Filler section 

-W- 

VOLT 

■ Diode 
' (on) 

Pulse-width 
modulator Feedback 

"I 

Figure 16—43 illustrates the basic filtering action. The filler consists of a diode, an in- 
ductor, and a capacitor. The diode is a one-way device for current that you will study in a 
devices course. In this application the diode acts as an on-off switch that allows current in 
only one direction. 

An important component of the filter section is the inductor, which in this type of regu- 
lator will always have current in it. The average voltage and the load resistor determine the 
amount of current. Recall that Lcnz's law slates that an induced voltage is created across a 
coil that opposes a change in current. When the transistor switch is closed, the pulse is high 
and current is passed through the inductor and the load, as shown in Figure 16-43(a). The 
diode is off at this lime. Notice that the inductor has an induced voltage across it that op- 
poses a change in current. When the pulse goes low, as in Figure I6^t3(b), the transistor is 
off and the inductor develops a voltage in the opposite direction than before. The diode acts 
as a closed switch, which provides a path for current. This action tends to keep the load cur- 
rent constant. The capacitor adds to this smoothing action by charging and discharging a 
small amount during the process. 
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Unregulated dc 

Transistor 
switch 
Closed rLTLTL 

Filter section 
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■ Diode 
' (off) 

Reference Pulse-width 
modulator 

"I 
(a) Pulse high 

Filter section 

(b) Pulse low 

FIGURE 16-43 
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Switching regulator action. 

SECTION 16-8 
CHECKUP 

1. When an Rt circuit is used as a low-pass filter, across which component is the output 
taken? 

2. What is the major advantage of a switching regulator? 
3. What happens to the pulse width of a switching regulator if the output voltage drops? 

16-9 Troubleshooting 

Typical component failures have an effect on the frequency response of basic KL circuits. 

After completing this section, you should be able to 

♦ Troubleshoot /?/, circuits 

♦ Find an open inductor 

♦ Find an open resistor 

♦ Find an open in a parallel circuit 
"V- 
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Effect of an Open Inductor The most common failure mode for inductors occurs when 
the winding opens as a result of excessive current or a mechanical contact failure. It is easy 
to see how an open coil affects the operation of a basic series RL circuit, as shown in Figure 
16-44. Obviously, there is no current path; therefore, the resistor voltage is zero, and the 
total applied voltage appears across the inductor. If you suspect an open coil, remove one 
or both leads from the circuit and check continuity with an ohmmeter. 

FIGURE 16-44 
Effect of an open coil. 

Open L 

Effect of an Open Resistor When the resistor is open, there is no current and the inductor 
voltage is zero. The total input voltage is across the open resistor, as shown in Figure 16-45. 

FIGURE 16-45 
Effect of an open resistor. 

V, 
10 V © 

s 

uAl 

Open 

Open Components in Parallel Circuits In a parallel RL circuit, an open resistor or in- 
ductor will cause the total current to decrease because the total impedance will increase. 
Obviously, the branch with the open component will have zero current. Figure 16-46 illus- 
trates these conditions. 

3.8 IA| 

o 

(a) Before failure 

£a 

CA 3a 

© 

FIGURE 16-46 

'R s! :,pen 

<b) After Z. opens 

Effect of an open component in a parallel circuit with Vs constant. 
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Effect of an Inductor with Shorted Windings Although a rare occurrence, it is possi- 
ble for some of the windings of coils to short together as a result of damaged insulation. 
This failure mode is much less likely than the open coil and is difficult to delect. Shorted 
windings may result in a reduction in inductance because the inductance of a coil is propor- 
tional to the square of the number of turns. A short between windings effectively reduces 
the number of turns, which may or may not have an adverse effect on the circuit depending 
on the number of turns that are shorted. 

Other Troubleshooting Considerations 

The failure of a circuit to work properly is not always the result of a faulty component. A 
loose wire, a bad contact, or a poor solder joint can cause an open circuit. A short can be 
caused by a wire clipping or solder splash. Things as simple as not plugging in a power 
supply or a function generator happen more often than you might think. Wrong values in a 
circuit (such as an incorrect resistor value), the function generator set at the wrong fre- 
quency, or the wrong output connected to the circuit can cause improper operation. 

Always check to make sure that the instruments are properly connected to the circuits 
and to a power outlet. Also, look for obvious things such as a broken or loose contact, a 
connector that is not completely plugged in, or a piece of wire or a solder bridge that could 
be shorting something out. 

The following example illustrates a troubleshooting approach to a circuit containing in- 
ductors and resistors using the APM (analysis, planning, and measurement) method and 
half-splitting. 

EXAMPLE 16-15 

FIGURE 16-47 

The circuit represented by the schematic in Figure has no output voltage. The 
circuit is physically constructed on a protoboard. Use your trouble- shooting skills to 
find the problem. 

« k..„ 
mtt in i:i: mH inn mtt 

10 V (--V, 4.7 t 4.7 k ) 5 kl Iz 

Solution Apply the APM method to this troubleshooting problem. 

Analysis: First think of the possible causes for the circuit to have no output voltage. 

1. There is no source voltage or the frequency is so high that the inductors appear to be 
open because their reactances are extremely high compared to the resistance values. 

2. There is a short between one of the resistors and ground. Either a resistor could 
be shorted, or there could be some physical short. A shorted resistor is not a 
common fault. 

3. There is an open between the source and the output. This would prevent current 
and thus cause the output voltage to be zero. An inductor could be open, or the 
conductive path could be open due to a broken or loose connecting wire or a bad 
protoboard contact, 

4. There is an incorrect component value. A resistor could be so small that the voltage 
across it is negligible. An inductor could be so large that its reactance at the input 
frequency is extremely high. 
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(a) .Scope shows the corrcci voltage at the input. 
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(b) A zero voltage at point (2) indicates the fault is between point (3) and the source. A reading of 8.31 V at point (2) shows that is open. 

FIGURE 16-48 
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Planning: You decide to make some visual checks for problems such as the function 
generator power cord not plugged in or the frequency set at an incorrect value. Also, 
broken leads, shorted leads, as well as an incorrect resistor color code or inductor 
value often can be found visually. If nothing is discovered after a visual check, then 
you will make voltage measurements to track down the cause of the problem. You 
decide to use a digital oscilloscope and a DMM to make the measurements using the 
half-splitting technique to more quickly isolate the fault. 

Measurement: Assume that you find that the function generator is plugged in and the 
frequency setting appears to be correct. Also, you find no visible opens or shorts dur- 
ing your visual check, and the component values are correct. 

The first step in the measurement process is to check the voltage from the source 
with the scope. Assume a 10 V rms sine wave with a frequency of 5 kHz is observed at 
the circuit input as shown in Figure 16-48(a). The correct ac voltage is present, so the 
first possible cause has been eliminated. 

Next, check for a short by disconnecting the source and placing the DMM (set on 
the ohmmeter function) across each resistor. If any resistor is shorted (unlikely), the 
meter will read zero or a very small resistance. Assuming the meter readings arc okay, 
the second possible cause has been eliminated. 

Since the voltage has been "Tost" somewhere between the input and the output, you 
must now look for the voltage. You reconnect the source and. using the half-splitting 
approach, measure the voltage at point (3) (the middle of the circuit) with respect to 
ground. The DMM test lead is placed on the right lead of inductor Ls, as indicated in 
Figure 16-48(b). Assume the voltage at this point is zero. This tells you that the part 
of the circuit to the right of point (3) is probably okay and the fault is in the circuit 
between point (3) and the source. 

Now, you begin tracing the circuit back toward the source looking for the voltage 
(you could also start from the source and work forward). Placing the meter test lead 
on point (2). at the left lead of inductor /.i, results in a reading of 8.31 V as shown in 
Figure 16-48(b). This, of course, indicates that L-i is open. Fortunately, in this case, a 
component, and not a contact on the board, is faulty. It is usually easier to replace a 
component than to repair a bad contact. 

Related Problem Suppose you had measured 0 V at the left lead of Ls and 10 V at the right lead of /,|. 
What would this have indicated? 

SECTION 16-9 
CHECKUP 

1. Describe the effect of an inductor with shorted windings on the response of a series 
fit circuit. 

2. In the circuit of Figure 16-49, indicate whetherVR1, and increase or decrease 
as a result of L opening. 

FIGURE 16-49 

v> (^) ^ ^ ^ 
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Hi. 

Application Activity 

Two sealed modules have been 
removed from a communications sys- 
tem that is being modified. Each mod- 
ule has three terminals and is labeled 

as an RL filter, but no specifications are given. You are asked to 
lest the modules to determine the type of filters and the compo- 
nent values. 

The scaled modules have three terminals labeled IN. GND. 
and OUT as shown in Figure 16-50. You will apply your knowl- 
edge of scries RL circuits and some basic measurements to deter- 
mine the internal circuit configuration and the component values. 

Resistance Measurements of Module 1 
I. Determine the arrangement of the two components and the 

values of the resistor and winding resistance for module I 
indicated by the meter readings in Figure 16-50. 

AC Measurements of Module 1 
2. Determine the inductance value for module 1 indicated by 

the test setup in Figure 16-51. 

FIGURE 16-50 
Resistance measurements of 
module 1. 
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FIGURE 16-51 
AC measurements for module 1. 



Application Activity ♦ 739 

Resistance Measurements of Module 2 
3. Determine the arrangement of the two components and the 

values of the resistor and Ihc winding resistance for module 
2 indicated by the meter readings in Figure 16-52. 

AC Measurements of Module 2 
4. Determine the inductance value for module 2 indicated by 

the test setup in Figure 16-53. 

Review 
5. If the inductor in module 1 were open, what would you 

measure on ihc output with the lest setup of Figure 16-51? 
6. If the inductor in module 2 were open, what would you 

measure on the output with the test setup of Figure 16-53? 
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FIGURE 16-52 
Resistance measurements of module 2. 
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FIGURE 16-53 
AC measurements for module 2. 

Option 2 Note 

Coverage of special topics continues in Chapter 17, Part 4. on page 782. 
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SUMMARY 

♦ When a sinusoidal vollage is applied to an RL circuit, the current and all the voltage drops are also 
sine waves. 

♦ Total current in a scries or parallel RL circuit always lags the source voltage. 
♦ The resistor voltage is always in phase with the current. 
♦ In an ideal inductor, the voltage always leads the current by 90°. 
♦ In a lag circuit, the output voltage lags the input voltage in phase. 
♦ In a lead circuit, the output voltage leads the input voltage in phase. 
♦ In an Rl. circuit, the impedance is determined by both the resistance and the inductive reactance 

combined. 
♦ Impedance is expressed in units of ohms. 
♦ The impedance of an RL circuit varies directly with frequency. 
♦ The phase angle (0) of a series RL circuit varies directly with frequency. 
♦ You can determine the impedance of a circuit by measuring the applied voltage and the total cur- 

rent and then applying Ohm's law. 
♦ In an RL circuit, part of the power is resistive and part reactive. 
♦ The power factor indicates how much of the apparent power is true power. 
♦ A power factor of I indicates a purely resistive circuit, and a power factor of 0 indicates a purely 

reactive circuit. 
♦ A filler passes certain frequencies and rejects others. 

Inductive susceptance (7?/) The ability of an inductor to permit current; the reciprocal of induc- 
tive reactance. The unit is the Siemens (S). 
RL lag circuit A phase shift circuit in which the output voltage, taken across the resistor, lags the 
input vollage by a specified angle. 
KL lead circuit A phase shift circuit in which the output voltage, taken across the inductor. leads 
the input voltage by a specified angle. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

FORMULAS 

Series RL Circuits 
16-1 7, = fi + jXL 

16-2 

16-3 V, = Vh + jV, 

16-4 

Lead Circuit 

16-5 

16-6 

lag Circuit 

16-7 

16-8 
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Parallel RL Circuits 

l6_9 
> Vr2 + xiJ \xi. 

16-10 Y = G - jBL 

16-11 l„„ = Ir-JIL 

TTH ,'L 
16-12 l„„= \//i + /£Z-tan '( - 

Power in RL Circuits 
= i~\ 16-13 Pr = rxL 

TRUE/FALSE QUIZ Answers arc at the end of the chapter. 

1. If a sine wave voltage is applied to a series Rl. circuit, the current is also a sine wave. 
2. The total impedance of a series RL circuit is the algebraic sum of the resistance and the induc- 

tive reactance. 
3. Ohm's law cannot be applied to reactive circuits. 
4. The impedance of an RL circuit can be expressed as a phasor quantity using complex numbers. 
5. R + Xi_ is a phasor sum. 
6. Voltage leads the current in terms of phase in a scries RL circuit. 
7. The impedance in any RL circuit increases with frequency. 
8. In a series RL lag circuit, the output is taken across the resistor. 
9. Susceptancc is the reciprocal of impedance. 

10. Power factor is determined by the magnitudes of the voltage and current. 

SEE F-TEST Answers are at the end of the chapter. 
1. In a series RL circuit, the resistor voltage 

(a) leads the applied voltage (b) lags the applied voltage 
(c) is in phase with the applied voltage (d) is in phase with the current 
(e) answers (a) and (d) (f) answers (b) and (d) 

2. When the frequency of the voltage applied to a series RL circuit is increased, the impedance 
(a) decreases (b) increases (c) does not change 

3. When the frequency of the voltage applied to a series RL circuit is decreased, the phase angle 
(a) decreases (b) increases (c) does not change 

4. If the frequency is doubled and (he resistance is halved, the impedance of a scries RL circuit 
(a) doubles (b) halves 
(c) remains constant (d) cannot be determined without values 

5. To reduce the current in a scries RL circuit, the frequency should be 
(a) increased (b) decreased (c) constant 

6. In a series Rl- circuit. 10 V rms is measured across the resistor, and 10 V rms is measured 
across the inductor. The peak value of the source voltage is 
(a) 14.14 V (b) 28.28 V (c) 10 V (d) 20 V 

7. The voltages in Problem 6 are measured at a certain frequency. To make the resistor voltage 
greater than the inductor voltage, the frequency is 
(a) increased (b) decreased (c) doubled (d) not a factor 
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8. When ihe resistor voltage in a series RL circuit becomes greater than the inductor voltage, the 
phase angle 
(a) increases (b) decreases (c) is not affected 

9. When the frequency of the source voltage is increased, the impedance of a parallel RL circuit 
(a) increases (b) decreases (c) remains constant 

10. In a parallel RL circuit, there are 2 A mis in the resistive branch and 2 A rms in the inductive 
branch. The total rms current is 
(a) 4 A (b) 5.656 A (c) 2 A (d) 2.828 A 

11. You are observing two voltage waveforms on an oscilloscope. The time base (lime/division) of 
the scope is adjusted so that one-half cycle of the waveforms covers the ten horizontal divi- 
sions. The positive-going zero crossing of one waveform is at the leftmost division, and the 
positive-going zero crossing of the other is three divisions to the right. The phase angle be- 
tween these two waveforms is 
(a) 18° (b) 36° (c) 54° (d) 180° 

12. Which of the following power factors results in less energy being converted to heat in an RL 
circuit? 
(a) 1 (b) 0.9 (c) 0.5 (d) 0.1 

13. If a load is purely inductive and the reactive power is 10 VAR, the apparent power is 
(a) OVA (b) 10 VA (c) 14.14 VA (d) 3.16 VA 

14. For a certain load, the true power is 10 W and the reactive power is 10 VAR. The apparent 
power is 
(a) 5 VA (b) 20 VA (c) I4.I4VA (d) I00VA 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 16-56. 
1. If L opens, the voltage across it 

(a) increases (b) decreases (c) stays the same 
2. If /? opens, the voltage across L 

(a) increases (b) decreases (c) stays the same 
3. If the frequency is increased, the voltage across R 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 16-63. 
4. If /. opens, the voltage across R 

(a) increases (b) decreases (c) slays the same 
5. If/is increased, the current through R 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 16-69. 
6. If /^i becomes open, the current through L\ 

(a) increases (b) decreases (c) slays the same 
7. \{ Li opens, the voltage across Ri 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 16-70. 
8. If Li opens, the voltage from point B to ground 

(a) increases (b) decreases (c) stays the same 
9. If L| opens, the voltage from point B to ground 

(a) increases (b) decreases (c) stays the same 
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PROBLEMS 

10. If the frequency of the source voltage is increased, the current through R 
(a) increases (b) decreases (c) stays the same 

11. If the frequency of the source voltage is decreased, the voltage from point ,4 to ground 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 16-73. 
12. If 62 opens, the voltage across L\ 

(a) increases (b) decreases (c) slays the same 
13. If K\ opens, the output voltage 

(a) increases (b) decreases (c) slays the same 
14. If K} becomes open, the output voltage 

(a) increases (b) decreases (c) slays the same 
15. If a partial short develops in L\. the source current 

(a) increases (b) decreases (c) stays the same 
16. If the source frequency increases, the output voltage 

(a) increases (b) decreases (c) stays the same 

More difficult problems are indicated by an asterisk C). 
Answers to odd-numbered problems are at the end of the book. 

PART 1: SERIES CIRCUITS 

SECTION 16-1 Sinusoidal Response of Series RE Circuits 
1. A 15 kHz sinusoidal voltage is applied to a series RL circuit. What is the frequency of /. V'^. 

and Pi? 
2. What arc the wave shapes of /. VK. and in Problem 1'? 

SECTION 16-2 Impedance of Series RE Circuits 
3. Express the total impedance of each circuit in Figure 16—54 in both polar and rectangular forms. 

lOzfCV 

(a) 

FIGURE 16-54 

! CV- 

Xl. 
w 

50 O 
:r 
•1001! 

kfl 

(hi 

4. Determine the impedance magnitude and phase angle in each circuit in Figure 16-55. Draw the 
impedance diagrams. 

in 
00 

(a) 
FIGURE 16-55 

560 !! 

101! 8Z0oV VV/=20khk Sj 5 mil Ssmll 

lb) 
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5. In Figure 16-56. determine the impedance at each of the following frecjuencies: 
(a) 100 Hz (b) 500 Hz (c) I kHz (d) 2 kHz 

FIGURE 16-56 
Wv— 
12 n 0.0211 

6. Delermine (he values of R and Xj ill a series RI. circuit for (he following values of total 
impedance: 
(a) Z = 20 n + J45 11 (b) Z = 500Z35° !1 
(e) Z = 2.5Z72.50kil (d) Z = 99XZ45°11 

7. Reduce the circuit in Figure 16-57 to a single resistance and inductance in series. 

► FIGURE 16-57 

5 mil 

8.2 m 910 U 0 k 

nmn 
1000//II 

SECTION 16-3 Analysis of Series RE Circuits 
8. A 5 V. 10 kHz sinusoidal voltage is applied to the circuit in Figure 16-57. Calculate the voltage 

across the total resistance found in Problem 7. 
9. For the same applied voltage in Problem 8. determine the voltage across Z-i for the circuit in 

Figure 16-57. 
10. Express the current in polar form for each circuit of Figure 16-54. 
11. Calculate the total current in each circuit of Figure 16-55 and express in polar form. 
12. Determine 0 for the circuit in Figure 16-58. 

► FIGURE 16-58 
VW 
47 11 

60 Hz 0^0= V 0.1 H 

13. if the inductance in Figure 16-58 is doubled, does 0 increase or decrease, and by how many 
degrees? 

14. Draw (he waveforms for Vs, \K. and V/, in Figure 16-58. Show the proper phase relationships. 
15. For the circuit in Figure 16-59. find V„ and V, for each of the following frequencies: 

(a) 60 Hz (b| 200 Hz (c) 500 Hz (d) I kHz 

► FIGURE 16-59 

100 mH 150 si 

5Z0 V 
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16. Determine the magnitude and phase angle of the source voltage in Figure 16-60- 

FIGURE 16-60 

6,9 V 

2Z0o V 

17. For the lug circuit in Figure 16-61. determine the phase lag of the output voltage with respect 
to the input for the following frequencies: 
(a) I Hz (b) 100 Hz (c) 1 kHz (d) 10 kHz 

FIGURE 16-61 
w- 
10 mH R 

3912 zoc v 

18. Repeal Problem 17 for the lead circuit to find ihc phase lead in Figure 16-62. 
19. Express \olir in Figure 16-62 in polar form for each frequency in Problem 17. 

FIGURE 16-62 

39 0 
50Z0 mV U nil I 

PART 2: PARALLEL CIRCUITS 

SECTION 16-4 Impedance and Admittance of Parallel RL Circuits 
20. What is Ihc impedance in polar form for Ihc circuit in Figure 16-63? 
21. What is Ihc impedance in rectanglar form for Ihc circuit in Figure 16-63? 
22. Repeal Problem 20 for Ihc following frequencies: 

(a) 1.5 kHz (b) 3 kHz (c) 5 kHz (d) 10 kHz 
23. At what frequency docs Xi equal II in Figure 16-63? 

FIGURE 16-63 

15 ZD 'v. 
f = 2 kHz 

11. 
I 800//H 

: k 
■ 12!! 
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SECTION 16-5 Analysis of Parallel f?( Circuits 
24. Find Ihe lolal current and each branch current in Figure 16-64. 

X,. 
3.5 k!! 

25. Determine the following quantities in Figure 16-65: 
(a) Z (b) lR (c) 1,. (d) I,„, (c) 0 

FIGURE 16-65 

FIGURE 16-64 

2.2 k 

50ZI) V 
f = 2 kHz 

: I! I. 
- 5601! 3. 25 mH 

26. Repeal Problem 25 for A' = 56 ii and L — 330 /iH, 
27. Convert the circuit in Figure 16-66 to an equivalent -series form. 

FIGURE 16-66 

- 6,8 kl! 
; AA 
■ 4.7 kl! 

28. Find the magnitude and phase angle of the total current in Figure 16-67. 

FIGURE 16-67 
5 inA 1 S.3 mA | 3 in A | ^ 

v' C-Cs 2 > R| = 3 '-i 10Z0oV V 

_ _ . 

PART 3: SERIES-PARALLEL CIRCUITS 

SECTION 16-6 Analysis of Series-Parallel RL Circuits 
29. Determine the voltages in polar form across each element in Figure 16-68. Draw the voltage 

phasor diagram. 

FIGURE 16-68 R, R. 
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30. Is the circuit in Figure 16-68 predominanlly resistive or predominantly inductive? 
31. Find the current in each branch and the total current in Figure 16-68. Express the currents in 

polar form. Draw the current phasor diagram. 
32. For the circuit in Figure 16-69. determine the following: 

(a) I„„ (b) B (c) VK| (d) V,(2 (e) V,0 (f) V, , (g) V,2 

FIGURE 16-69 

5.6 kll 10 mil 
V. 
18/0° V 
/ = 80 kHz 

R- 
3.3 kll ;: k S mil 

*33. For the circuit in Figure 16-70, determine the following: 
(a) I„„ (b) V,, (c) VAB 

*34. Draw the phasor diagram of all voltages and currents in Figure 16-70. 

FIGURE 16-70 *12 
rW— 

751! R, 
-vw 
501! V 

46^0''V 

*t: 

R, 451! 
-Wr 

68 11 

I 1001! 

35. Determine the phase shift and attenuation (ratio of V0[ll to V}n) from the input to the output for 
the circuit in Figure 16-71. 

FIGURE 16-71 

in l/fe=lV 50 
/= lOkFk 

"a 
-Wr 

5.6 kll I 3.9 kll 

3.3 kll <*-4.7 kll <*6,8 kll 

I 

*36. Determine the phase shift and attenuation from the input to the output for the ladder network in 
Figure 16-72. 

V' = V mil in in in 
f = 10 kllit 

K. 
6.8 ki! 

1 
.I! kn 

FIGURE 16-73 



748 ♦ RL Circuits 

37. Design an ideal inductive switching circuit that will provide a momentary voltage of 2.5 kV 
from a 12 V dc source when a switch is thrown instantaneously from one position to another. 
The drain on the source must not exceed 1 A. 

PART 4: SPECIAL TOPICS 

SECTION 16-7 Power in RL Circuits 
38. In a certain RL circuit, the true power is 100 mW, and the reactive power is 340 mVAR, What 

is the apparent power? 
39. Determine the true power and the reactive power in Figure 16-58. 
40. What is the power factor in Figure 16-64? 
41. Determine P^,, Pr. P„. and PP for the circuit in Figure 16-69. Sketch the power triangle, 

*42. Find the true power for the circuit in Figure 16-70. 

SECTION 16-8 Basic Applications 
43. Draw the response curve for the circuit in Figure 16-61. Show the output voltage versus 

frequency in 1 kHz increments from 0 Hz to 5 kHz. 
44. Using the same procedure as in Problem 41. draw the response curve for Figure 16-62. 
45. Draw the voltage phasor diagram for each circuit in Figures 16-61 and 16-62 for a frequency 

of 8 kHz. 

SECTION 16-9 Troubleshooting 
46. Determine the voltage across each component in Figure 16-73 if L\ is open. 
47. Determine the output voltage in Figure 16-73 for each of the following failure modes; 

(a) Li open (b) Ljopen (c) R\ open (d) a short across Rj 

5Z(T V 
\ / 

-w—w- 
X/rH 4//H iDU 

"i 
100!! >-56 il 

FIGURE 16-73 

Multisim Troubleshooting and Analysis 
These problems require Multisim, 
48. Open file PI6-48 and determine if there is a fault. If so, find the fault. 
49. Open file PI6-49 and determine if there is a fault. If so, find the fault. 
50. Open file PI6-50 and determine if there is a fault. If so, find the fault. 
51. Open file PI6-5I and determine if there is a fault- If so, find the fault. 
52. Open file PI6-52 and determine if there is a fault- If so, find the fault. 
53. Open file PI6-53 and determine if there is a fault. If so, find the fault. 
54. Open file PI6-54 and determine the frequency response for the filler. 
55. Open file PI6-55 and determine the frequency response for the filler. 
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ANSWERS  

SECTION CHECKUPS 

SECTION 16-1 Sinusoidal Response of Series RI Circuits 
1. The current frequency is 1 kHz. 
2. The phase angle is closer to II". 

SECTION 16-2 Impedance of Series RE Circuits 
1. fi = 150 U; = 220 tl 
2. Z - « + jXL - 33 kti + y50Ml;Z - Vk2 + XlX{an'\xjK) = 59.9Z 56,60 k!i 

SECTION 16-3 Analysis of Series RZ, Circuits 
1. V, = VVr + V2 = 3.61 V 
2. 0 = tan"l<Vz/VR) = 56.3° 
3. When/increases. A/ increases. ^ increases, and $ increases. 
4. rf. = 81.9° 
5. = 9.90 V 

SECTION 16-4 Impedance and Admittance of Parallel RE Circuits 

1. y = i - 2mS 

2. y = v'o2 + III = 2.5 mS 
3. Hags Vs;0 = 32.1° 

SECTION 16-5 Analysis of Parallel RE Circuits 
1. I,(l, — 32 mA 
2. l,ol = 23.3Z—59.0° mA;6 is with respect to the input voltage. 
3. 0 = -90° 

SECTION 16-6 Analysis of Series Parallel RE Circuits 
1. Z = 494Z59.0" ii 
2. /,« - 10.4 mA - 717.3 mA 

SECTION 16-7 Power in RE Circuits 
1. Power dissipation is due lo resislancc. 
2. PF = 0.643 
3. PmK = 4.7 W; P,. = 6.2 VAR; Pa = 7.78 VA 

SECTION 16-8 Basic Applications 
1. The output is across the resistor. 
2. It is more efficient than other types. 
3. It is adjusted by the pulse width modulator lo be longer. 

SECTION 16-9 Troubleshooting 
1. Shorted windings reduce L and thereby reduce at any given frequency. 
2. I,ol decreases. Vfl| decreases, Vfo increases. 
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RELATED PROBLEMS FOR EXAMPLES 
16-1 7. = 1,8 kii + >95011; 7, = 2,04Z27,8o k!! 
16-2 I = 423Z—32.I°^A 
16-3 Z = 12.6 Ml; 6 = 85.5° 
16-4 <!, = 65.6° 
16-5 Vlflll increases. 
16-6 (5 = -32° 
16-7 V„,„ = 12.3 V rms 
16-8 7 = 8.I4Z35.50M1 
16-9 Y = 3.03 mS - >0.796 mS 
16-10 I = I4.0Z—71.1° mA 
16-11 /„„ = 67.6 mA; II = 36.3° 
16-12 (a) V, = 8.04Z2.52°V (b) V2 = 2.00Z-10.2°V 
16-13 I„„ - 20.2Z—59.0°mA 
16-14 P,me. P,. and decrease. 
16-15 Open connceiion between L\ and 62 

TRUE/FALSE QUIZ 
I. T 2. F 3. F 4. T 5. F 

SELF-TEST 
I. (f) 2. lb) 3. (a) 4. (d) 
8. (b) 9. (a) 10. (d) II. (c) 

6. T 7. T 8. T 9. T 10. F 

5. (a) 6. (d) 7. (b) 
12. (d) 13. (b) 14. (c) 

CIRCUIT DYNAMICS QUIZ 
I. (a) 2. (b) 3. (b) 
9. (a) 10. (b) 11. (c) 

4. (c) 
12. (b) 

5. (c) 6. (c) 7. (a) 
13. (a) 14. (a) 15. (a) 

8. (c) 
16. lb) 
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and Resonance 

CHAPTER OUTLINE 

PARTI: SERIES CIRCUITS 
17-1 Impedance of Series RtC Circuits 
17-2 Analysis of Series RLC Circuits 
17-3 Series Resona nee 

PART 2: PARALLEL CIRCUITS 
17-4 Impedance of Parallel RLC Circuits 
17-5 Analysis of Parallel RLC Circuits 
17-6 Parallel Resonance 

PART 3: SERIES-PARALLEL CIRCUITS 
17-7 Analysis of Series-Parallel RLC Circuits 

PART 4: SPECIAL TOPICS 
17-8 Bandwidth of Resonant Circuits 
17-9 Applications 

Application Activity 

CHAPTER OBJECTIVES 

ART!: SERIES CIRCUITS 
Determine the impedance of a series RLC circuit 
Analyze series RLC circuits 
Analyze a circuit for series resonance 

PART 2: PARALLEL CIRCUITS 
Determine the impedance of a parallel RLC circuit 
Analyze parallel RLC circuits 
Analyze a circuit for parallel resonance 

PART 3: SERIES PARALLEL CIRCUITS 
,♦ Analyze series-parallel RLC circuits 

PART 4: SPECIAL TOPICS 
Determine the bandwidth of resonant circuits 
Discuss some applications of resonant circuits 

17 

APPLICATION ACTIVITY PREVIEW 

In the application activity, the focus is on the resonant 
tuning circuit in the RE amplifier of an AM radio receiver. 
The tuning circuit is used to select any desired frequency 
within the AM band so that a desired station can be 
tuned in. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
hltp://www.prenhall.com/floyd 

INTRODUCTION 

In this chapter, the analysis methods learned in Chapters 15 
and 16 are extended to the coverage of circuits with combi- 
nations of resistive, inductive, and capacitive components. 
Series and parallel RLC circuits, plus series-parallel combina- 
tions, are studied. 

Circuits with both inductance and capacitance can exhibit 
the property of resonance, which is important in many types 
of applications. Resonance is the basis for frequency selectiv- 
ity in communication systems. For example, the ability of a 
radio or television receiver to select a certain frequency that 
is transmitted by a particular station and, at the same lime, 
to eliminate frequencies from other stations is based on the 
principle of resonance. The conditions in RLC circuits that 
produce resonance and the characteristics of resonant cir- 
cuits are covered in this chapter. 

COVERAGE OPTIONS 

If you chose Option 1 to cover all of Chapter 15 and all of 
Chapter 16, then all of this chapter should be covered next. 

If you chose Option 2 to cover reactive circuits in Chap- 
ters 15 and 16 on the basis of the four major parts, then the 
appropriate part of this chapter should be covered next, fol- 
lowed by the next part in Chapter 15, if applicable. 

KEY TERMS 

Series resonance 
Resonant frequency (/,) 
Parallel resonance 

♦ Tank circuit 
♦ Half-power frequency 
♦ Selectivity 



Part 

1 
Series Circuits 

17-1 Impedance of Series RLC Circuits  

A series RLC circuit contains resistance, inductance, and capacitance. Since inductive 
reactance and capacitive reactance have opposite effects on the circuit phase angle, the 
total reactance is less than either individual reactance. 

After completing this section, you should be able to 

♦ Determine the impedance of a scries RLC circuit 

♦ Calculate total reactance 

♦ Determine whether a circuit is predominately inductive or capacitive 

A series RLC circuit is shown in Figure 17-1. It contains resistance, inductance, and 
capacitance. 

FIGURE 17-1 
Series RLC circuit. w 

As you know, inductive reactance (X/) causes the total current to lag the applied volt- 
age. Capacitive reactance (X, | has the opposite effect: It causes the current to lead the 
voltage. Thus X^ and X(; lend to offset each other. When they arc equal, they cancel, and 
the total reactance is zero. In any case, the magnitude of the total reactance in the series 
circuit is 

Equation 17-1 X,„, = |X/ - X(\ 

The term |X/_ — Xj means the absolute value of the difference of the two reactances. That 
is, the sign of the result is considered positive no mailer which reactance is greater. For 
example, 3 — 7 = —4, but the absolute value is 

|3 — 7| = 4 

When X; > Xc. the circuit is predominantly inductive, and when Xc > X/, the circuit is 
predominantly capacitive. 
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The total impedance for the series RLC circuit is staled in rectangular form in Equation 
17-2 and in polar form in Equation 17-3. 

/ = K + jX, - jXc 

Z = Vr2 + (XL - X^)'Z ± tan '( 
R 

In Equation 17-3, Vr2 + {X/ - Xc)2 is the magnitude and tan ' (X,„,/R) is the phase angle 
between the total current and the applied voltage. If the circuit is predominately inductive, the 
phase angle is positive; and if predominately capacitivc, the phase angle is negative. 

Equation 17-2 

Equation 17-3 

EXAMPLE 17-1 For the scries RLC circuit in Figure 17-2, determine the total impedance. Express it in 
both rectangular and polar forms. 

nmp wv 
i (. kl! ."mil 

f= 100 kHz ; 470 pF 

FIGURE 17-2 

Solution First, find X, and Xi. 

Xr = 
I I 

= 3.39 kfl 
Itt/C 277(100 kHz)(470pF) 

XL = lirfL = 27r( 100 kHz)( 10 mH) = 6.28 kfl 

In this case, X/ is greater than X(-. and thus the circuit is more inductive than capaci- 
tivc. The magnitude of the total reactance is 

X,„, = \Xi_ — Xc\ = |6.28 k!! - 3.39 kill = 2.89 kll inductive 

The impedance in rectangular form is 

Z = R + (jXL - jXc) = 5.6 kll + (16.28 kll -13.39 kll) = 5.6 kll + 12.89 kll 

The impedance in polar form is 

Z = VR2 + xL^tan M -J- 

= \/(5.6 kill2 + (2.89 kill2./tan 1 2.89 kll 
5.6 kll / 

The positive angle shows that the circuit is inductive. 

Rfl.Ui'd Problem Determine Z in polar form if/ is increased to 200 kHz. 

) = 6. ,30./27.3° kfl 

•Answers are at the end of the chapter. 

As you have seen, when the inductive reactance is greater than the capacitive reactance, 
the circuit appears inductive; so the current lags the applied voltage. When the capacitive re- 
actance is greater, the circuit appears capacitive, and the current leads the applied voltage. 
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SECTION 17-1 1. In a given series RtC circuit, Xc is 150 ST and Xl is 80 ST. What is the total reactance 
checkup in ohms? Is it inductive or capacitive? 
Answers arc at the end of the 2 Determine the impedance in polar form for the circuit in Question 1 when/? = 47 ST. 
cllaPter- What is the magnitude of the impedance? What is the phase angle? Is the current 

leading or lagging the applied voltage? 

17-2 Analysis ok Series RLC Circuits  

Recall that capacitive reactance varies inversely with frequency and that inductive 
reactance varies directly with frequency. In this section, the combined effects of the 
reactances as a function of frequency are examined. 

After completing this section, you should be able to 

♦ Analyze series RLC circuits 

• Determine current in a series RLC circuit 

• Determine the voltages in a series RLC circuit 

• Determine the phase angle 

Figure 17-3 shows that for a typical series RLC circuit the total reactance behaves as 
follows: Starting at a very low frequency, X(; is high, and A/, is low, and the circuit is pre- 
dominantly capacitive. As the frequency is increased, Xc decreases and XL increases until 
a value is reached where Xl: = A/, and the two reactances cancel, making the circuit purely 
resistive. This condition is series resonance and will be studied in Section 17-3. As the 
frequency is increased further, A/ becomes greater than Ac, and the circuit is predomi- 
nantly inductive. Example 17-2 illustrates how the impedance and phase angle change as 
the source frequency is varied. 

FIGURE 17-3 
How Xf and A; vary with frequency. 

V 
C £3 
3 u 

Capacitive: , Inductive: 
Xr>X, j XL>XC 

\ 1 
1 
1 

\ X( ' 

XL=XC 

Series resonance 

The graph of A/ is a straight line, and the graph of Ac is curved, as shown in Figure 
17-3. The general equation for a straight line is y = mx + b, where m is the slope of the 
line and h is the y-axis intercept point. The formula A/ = IttJ'L fits this general straight- 
line formula, where y = Xi_ (a variable), m = 2ttL (a constant), x = / (a variable), and 
ft = 0 as follows: XL = In If + (), 

The Ac curve is called a hyperbola, and the general equation of a hyperbola is xy = k. 
The equation for capacitive reactance, Ac = I/2it/C, can be rearranged as Xcf = I tlnC 
where x = Ac (a variable), y = /(a variable), and k = \I2itC (a constant). 
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EXAMPLE 1 7-2 For each of the following input frequencies, find the impedance in polar form for the 
circuit in Figure 17-4. Note the change in magnitude and phase angle with frequency. 

(a) / = 1 kHz (b) / = 2 kHz (c) / = 3.5 kHz (d) / = 5 kHz 

FIGURE 17-4 
K C L 

-WV 1| TifiT1— 
3.3 kll 0,022 i/K 100 mH 

)K 

Solution (a) At/ = I kHz, 

Xr = —— = '   7.23 kf) 
2nfC 2n( I kHz)(0,022/aF| 

Xi = IrrfL = 27r(l kHz)( 100 mH) = 62811 

The circuit is clearly capacilive, and the impedance is 

Z = VR2 + (XL - A/)2Z-tan-1 

= V(3.3kit)2 + (62811 - 7.23kll^Z-tan'1! 6,60k") = 7.38Z-63.4°kll 
V 3.3 kll / 

The negative sign for the angle is used to indicate that the circuit is capacilive. 

(b) At/ = 2 kHz. 

Xr   '   3.62 kll 1 2iT(2kHz)(0.022/xF) 
Xt_ = 2ir(2 kHz)( 100 mH) = 1.26 kll 

The circuit is still capacilive, and the impedance is 

Z = ^(3.3 kill2 + (1.26kll - 3.62 ka)2Z-tan^'j ) 
V 3.3 kll / 

= 4.06 Z -35.6 kll 

(c) At/ = 3.5 kHz, 

Xc ~ 27r(3.5 kHz)(0.022/xF| _ 2 07 kii 

XL = 2ir(3.5 kHz)( 100 mH) = 2.20 kll 

The circuit is very close to being purely resistive because Xc and X/ arc nearly 
equal, but it is slightly inductive. The impedance is 

,2 a- n onvn — o mi/Oi2 ^ 
3.3 kll J 

= 3.3 Z 2.26° kll 

Z = V(3.3kllr + (2.20kll - 2.07 kll)zZtan 

(d) At/ = 5 kHz, 

Xc 277(5 kHz)(0.022 /lF| ' 45 kn 

XL = 2ir(5 kHz)( 100 mH) = 3.14 kll 
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The circuit is now predominantly inductive. The impedance is 

1.69 kS! 
Z = V(3.3k!!)2 + (3.l4ki! - 1.45kJi)2Ztan 

= 3.71 Z 27.1° kil 
3.3 kl! 

Notice how the circuit changed from capacitive to inductive as (he frequency 
increased. The phase condition changed from the current leading to the current lagging 
as indicated by the sign of the angle. Note that the impedance magnitude decreased to a 
minimum equal to the resistance and then began increasing again. Also, notice that the 
negative phase angle decreased as the frequency increased and the angle became posi- 
tive when the circuit became inductive and then increased with increasing frequency. 

Hrl.ttrd I'loblcm Determine Z in polar form for/ = 7 kHz and draw a graph of impedance vs. frequency 
using the values in this example. 

In a scries RLC circuit, the capacitor voltage and the inductor voltage arc always ISO" 
out of phase with each other. For this reason, Vf- and V/ subtract from each other, and thus 
the voltage across L and C combined is always less than the larger individual voltage across 
either element, as illustrated in Figure 17-5 and in the waveform diagram of Figure 17-6. 

FIGURE 17-5 
The voltage across the series combi- 
nation of C and L is always less than 
the larger individual voltage across 
either C or L. 

FIGURE 17-6 
Vq is the algebraic sum of V| and 
Vf. Because of the phase relation- 
ship, V; and Vf effectively subtract. 

qgv -H-w- 

In the next example. Ohm's law is used to find the current and voltages in a series 
RLC circuit. 
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EXAMPLE 17-3 Find the current and the voltages across each component in Figure 17-7. Express each 
quantity in polar form, and draw a complete voltage phasor diagram. 

Wv 
75 kll 

V, 
toztr v 

x,. 
25 kt! 

60 kit 

FIGURE 17-7 

Solution First, find the total impedance. 

Z = R + jXL — jXc = 75 kH + ;25 kfl - j(>0 kfl = 75 kfl - j35 k!) 

Convert to polar form for convenience in applying Ohm's law. 

= \/(75kni2 + (35 kfl)2Z—tan_l( —— ) = 82,8Z-250k.Q 
V 75 ksl/ 

where X,0, = - Xc|. 
Apply Ohm's law to find the current. 

Now, apply Ohm's law to find the voltages across R, L, and C. 

VR = IR = (121 Z25.0o/iA)(75Z0" kfl) = 4.08 Z25.0" V 
V,, = IX,, = (121 Z 25.0"/lA((25 ZOO" kSI) = 3.03Z115oV 
Vc = IX, = (121Z25.0VAK60Z—90°kn) = 7.26Z -65.0" V 

The phasor diagram is shown in Figure 17-8, The magnitudes represent rms values. 
Notice that V7, is leading VR by 90", and V7,- is lagging VR by 90". Also, there is a 180" 
phase difference between and Vc- 'f 'he current phasor were shown, it would be at 

V, I0Z0"V 
= 121Z 25.0° fiA 

Z 82.8Z—250kn 

FIGURE 17-8 t m v Vt 

10V 
v. 

vc 
7.26 V 
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the same angle as V^. The current is leading V„ the source voltage, by 25°, indicating 
a capacitive circuit (Xc > XL). The phasor diagram is rotated 25° from its usual posi- 
tion because the reference is the source voltage, which is shown oriented along 
the a'-axis, 

Rilnled Problem What will happen to the current as the frequency of the source voltage in Figure 17-7 
is increased? 

SECTION 17-2 
CHECKUP 

1. The following voltages occur in a certain series RLC circuit. Determine the source volt- 
age: V,, = 24Z300 V, \/L = 15Z120"V,and Vc = 45Z-60oV. 

2. When R = 1.0l<n,Xc = 1.8kn,andX( = 1.2ldl, does the current lead or lag the 
applied voltage? 

3. Determine the total reactance in Question 2. 

4^17-3 Series Resonance 

In a scries RLC circuit, series resonance occurs when — X/ . The frequency at 
which resonance occurs is called the resonant frequency and is designated fr. 

After completing this section, you should be able to 

♦ Analyze a circuit for series resonance 

♦ Define series resonance 

♦ Determine the impedance at resonance 

♦ Explain why the reactances cancel at resonance 

♦ Determine the series resonant frequency 

♦ Calculate the current, voltages, and phase angle at resonance 

Figure 17-9 illustrates the series resonant condition. 

FIGURE 17-9 X. = X, 
Scries resonance. Xc and Xi cancel 
each other resulting in a purely resis- 
tive circuit. 

—W—IpW^- 

©■ 

R 
-Wr 

= ©,; 

Resonance is a condition in a series RLC circuit in which the capacitive and inductive 
reactances are equal in magnitude; thus, they cancel each other and result in a purely resis- 
tive impedance. In a series RLC circuit, the total impedance was given in Equation 17-2 as 

7. = R + jX, - jXc 

^ This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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At resonance, X, = X(: and the j terms cancel; thus, the impedance is purely resistive. 
These resonant conditions are stated in the following equations: 

XL = Xc 

Zr= R 

EXAMPLE 17-4 For the series RLC circuit in Figure 17-10, determine Xc and Z at resonance, 

FIGURE 17-10 

l.i.i n 

X,. 
w- 
500 11 

Xr 

oh on Xc = Xc at the resonant frequency. Thus, Xc = Xc = 500 SI. The impedance at 
resonance is 

zr = r + jx,, - jxc = ioo si + ,500 n - jsoon = kiozo si 

This shows that the impedance at resonance is equal to the resistance because the 
reactances arc equal in magnitude and therefore cancel. 

I'i'Liii'il I'roblem Just below the resonant frequency, is the circuit more inductive or more capacitivc? 

XL and Xc Cancel at Resonance 

At the series resonant frequency (/,.), (he voltages across C and L are equal in magnitude 
because the reactances are equal. The same current is through both since they arc in series 
(IXc = IXc). Also, V/ and Vc are always 180° out of phase with each other. 

During any given cycle, the polarities of the voltages across C and 1. arc opposite, as 
shown in parts (a) and (b) of Figure 17-11. The equal and opposite voltages across C and 
L cancel, leaving zero volts from point A to point B as shown. Since there is no voltage drop 
from A to B but there is still current, the total reactance must be zero, as indicated in part 
(c). Also, the voltage phasor diagram in part (d) shows that Vc- and VL are equal in magni- 
tude and 180° out of phase with each other. 

(a) 

' ov 1 

FIGURE 17-11 

' I 

(b) 

A X... = 0 II 

 OV 1 

At the resonant frequency,/,, the voltages across C and L are equal in magnitude. Since they are 180° 
out of phase with each other, they cancel, leaving 0 V across the LC combination (point A to point B). 
The section of the circuit from A to 6 effectively looks like a short at resonance. 

-K 90° 

, -90° 

"c 
(d) 
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Equation 17-4 

Series Resonant Frequency 

For a given series RLC circuit, resonance occurs at only one specific frequency, A formula 
for this resonant frequency is developed as follows: 

*/. = 
Substitute the reactance formulas. 

I 27TfrL = 
27Tf.C 

Then, multiplying both sides by/r/27r/., 

fi = —!  
4T72LC 

Take the square root of both sides. The formula for series resonant frequency is 

fr=2^VW 

EXAMPLE 17-5 Find the series resonant frequency for the circuit in Figure 17-12. 

FIGURE 17-12 
L C R 

r-fW 11 Wv— 
SmK 47 pF 100!! 

K (^) 

Solution The resonant frequency is 

Related Problem 

gg 

fr =  ' = ; ' = 328 kHz 
2ttW LC 27rV(5 mH)(47 pF) 

If C = 0.01 /xF in Figure 17-12, what is the resonant frequency? 

Use Multisim files EI7-05A and EI7-05B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

Current and Voltages in a Series RLC Circuit 

At the series resonant frequency, the current is maximum (lmax = Vs/R). Above and below 
resonance, the current decreases because the impedance increases. A response curve show- 
ing the plot of current versus frequency is shown in Figure 17-13(a). The resistor voltage, 
V/j, follows the current and is maximum (equal to V5) at resonance and zero at/ = 0 and at 
/ = oc, as shown in Figure I7-I3(b). The general shapes of the V/ and V/ curves are in- 
dicated in Figure 17-13(c) and (d). Notice that Vc = V, when / = 0, because the capaci- 
tor appears open. Also notice that V/ approaches Vs as/approaches infinity, because the 
inductor appears open. The voltage across the C and L combination decreases as the fre- 
quency increases below resonance, reaching a minimum of zero at the resonant frequency; 
then it increases above resonance, as shown in Figure 17-13(e). 
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(a) Cunenl 
fr 

(b) Resistor voltage 

(c) Capacitor voltage 

FIGURE 17-13 

Id) Inductor voltage (e) Voltage across C and I. combined 

Generalized current and voltage magnitudes as a function of frequency in a series RI.C circuit. Vc and VL 
can be much larger than the source voltage. The shapes of the graphs depend on specific circuit values. 

The voltages arc maximum at resonance but drop off above and below fr The voltages 
across L and C at resonance are exactly equal in magnitude but 180° out of phase; so they 
cancel. Thus, the total voltage across both I. and C is zero, and VR = Vs at resonance, as in- 
dicated in Figure 17-14. Individually, F/ and can be much greater than the source volt- 
age, as you will see later. Keep in mind that VL and Vc are always opposite in polarity 
regardless of the frequency, but only at resonance are their magnitudes equal. 

Vi vc < FIGURE 17-14  
Series HLC circuit at resonance. 

FB= F. 
v = o 

EXAMPLE 17-6 Find/, Vfj. V/, and Vc at resonance for the circuit in Figure 17-15. The resonant 
values of X/ and Xc are shown. 

FIGURE 17-15 

1.3 kt! 1 kl! I U! 
'V. 
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Solution At resonance, / is maximum and equal to VJR. 

V, 5 V 
/ = — =   = 3.33 mA 

R 1.5 kH 

Apply Ohm's law to obtain the voltage magnitudes. 

VR = IR = (3.33 mA)(2.2 kil) = 7.33 V 
VL = IXL = (3.33 inA)( I k(!) = 3.33 V 
Vc = IXC - (3.33 mA)(l k!i) = 3.33 V 

Notice that all of the source voltage is dropped across the resistor. Also, of course. V/ 
and Vc are equal in magnitude but opposite in phase. This causes these voltages to 
cancel, making the total reactive voltage zero. 

Relcilcd Problem What is the phase angle if the frequency is doubled? 

^ " Use Multisim files El 7-06A and El 7-06B to verify the calculated results in this example 
' and to confirm your calculation for the related problem. 

Series RLC Impedance 

At frequencies below /), Xc > XL\ thus, the circuit is capacitive. At the resonant frequency, 
Xc = XL, so the circuit is purely resistive. At frequencies above fr, XL > Xc\ thus, the 
circuit is inductive. 

The impedance magnitude is minimum at resonance (Z = R) and increases in value 
above and below the resonant point. The graph in Figure 17-16 illustrates how impedance 
changes with frequency. At zero frequency, both Xc and Z are infinitely large and Xj is zero 
because the capacitor looks like an open at 0 Hz and the inductor looks like a short. As the 
frequency increases, Xq decreases and A/ increases. Since Xc is larger than A/ at frequen- 
cies below/), Zdecreases along with Xc- At/„ Xq = X, and Z = R. At frequencies above 
/„ Xc becomes increasingly larger than Xc, causing Z to increase. 

FIGURE 17-16 
Series RLC impedance as a function 
of frequency. 

Zlfll 

Z A 

I EXAMPLE 17-7 For the circuit in Figure 17-17, determine the impedance magnitude at the following 
frequencies: 

(a) fr (b) 1000 Hz below/r (c) 1000 Hz above/r 
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FIGURE 17-17 
K 

-Wv- 
100 il it 

{ 100 mH 

T0-' 
01 fiF 

Solution (a) At/„ the impedance is equal to K. 

Z = R = 10011 

To determine the impedance above and below/,, first calculate the resonant 
frequency. 

f, = =  '  = 5.03 kHz 
277 VIC 2ir V( 100 mHKO.O I /tF) 

(b) At 1000 Hz below/,, the frequency and reactances are as follows: 

/ = /, - 1 kHz = 5.03 kHz - 1 kHz = 4.03 kHz 

Xc = —— =  ^ = 3.95 k-n L 277/e 277(4.03 kHz)(0.01/aF) 
X/. = 2irfL = 277(4.03 kHz)( 100 mH) = 2.53 kH 

Therefore, the impedance at fr — 1 kHz is 

z = Vr2 + (xL - xc)2 = Viioonr + (2,53 kn - 3.95 km2 = 1.42 m 

(c) At 1000 Hz above/„ 

/= 5.03 kHz + I kHz = 6.03 kHz 

Xr = 1 = 2.64 kH 1 277(6.03 kHz)(0.01 /J.F) 
XL = 277(6.03 kHz)( 100 mH) = 3.79 kH 

Therefore, the impedance at/, + 1 kHz is 

Z = V(IOOn)2 + (3.79 kfl - 2.64 kfl)2 = 1.15 kfi 

In part (b) Z is capacilivc, and in part (c) Z is inductive. 

Ilel.ilt'il Problem What happens to the impedance magnitude if/is decreased below 4.03 kHz? Above 
6.03 kHz? 

The Phase Angle of a Series RLC Circuit 

At frequencies below resonance, Xc > A/, and the current leads the source voltage, as in- 
dicated in Figure I7-I8(a), The phase angle decreases as the frequency approaches the 
resonant value and is 0" at resonance, as indicated in part (b). At frequencies above reso- 
nance, Xi > Xc, and the current lags the source voltage, as indicated in part (c). As the 
frequency goes higher, the phase angle approaches 90". A plot of phase angle versus frequency 
is shown in part (d) of the figure. 
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9=0 

(a) Below/,, / leads V,. (b) Al/r, / is in phase with Vt. (c) Above/,, / lags V,. 

90° (/ lags V,) 

Inductive 
I lacs V, 

-90° (/leads V,H — Xc>Xl 

Capacitive: 
/leads V, 

(d) Phase angle versus frequency. 

FIGURE 17-18 
The phase angle as a function of frequency in a series RLC circuit. 

SECTION 17-3 
CHECKUP 

1. What is the condition for series resonance? 
2. Why is the current maximum at the resonant frequency? 
3. Calculate the resonant frequency for C = 1000 pf and t = 1000/cH. 
4. In Question 3, is the circuit inductive or capacitive at 50 kHz? 

Option 2 Note 

This completes the coverage of scries reactive circuits. Coverage of parallel reac- 
tive circuits begins in Chapter 15, Part 2, on page 650. 



Parallel Circuits 

Part 

2 

17-4 Impedance of Parallel RLC Circuits 

In this section, you will study the impedance and phase angle of a parallel RLC circuit. 
Also, conductance, susceplance, and admittance of a parallel RLC circuit are covered. 

After completing this section, you should be able to 

♦ Determine the impedance of a parallel RLC circuit 

• Calculate the conductance, susccptancc, and admittance 

• Determine whether a circuit is predominately inductive or capacitivc 

Figure 17-19 shows a parallel RLC circuit. The total impedance can be calculated using 
the reciprocal of the sum-of-reciprocals method, just as was done for circuits with resistors 
in parallel. 

1 I • +  + 1 
Z RZ0° XiZ90" XcZ-90' 

z = 
1 I 1 

A'ZO" X, Z90" XrZ-90" 

Equation 17-5 

K ^ 

FIGURE 17-19 
Parallel RLC circuit. 

EXAMPLE 17-8 Find Z in polar form for the parallel RLC circuit in Figure 17-20. 

FIGURE 17-20 

X. 
10011 11*1 il 5011 
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Solution Use the sum-of-reeiprocals formula. 

I _ I I I I I I 
Z ~ KZ0° XlZ90° + XCZ —90° ~ 100Z0oft + 100Z90of! 50Z-90oft 

Apply the rule for division of polar numbers. 

^ = 10Z0omS + I0Z -90° mS + 20Z90omS 

Recall that the sign of the denominator angle changes when dividing. 
Next, convert each term to its rectangular equivalent and combine. 

— = lOmS — yiOmS + j20 mS = lOmS + ji 0 mS 

Take the reciprocal to obtain Z and then convert to polar form. 

I I 
Z = 

lOmS + /TOmS ,—  ,   ,( IOmS\ 
V(IOmS) + (lOmS) Ztan (  

V 10 mS/ 

■= 70.7 Z — 45° ft 
14.I4Z450 mS 

The negative angle shows that the circuit is capacitive. This may surprise you because 
A"/ > Xc. However, in a parallel circuit, the smaller quantity has the greater effect on 
the total current because its current is the greatest. Similar to the case of resistances 
in parallel, the smaller reactance draws more current and has the greater effect on the 
totalZ 

In this circuit, the total current leads the total voltage by a phase angle of 45". 

Ilcl.ilt'd Problem If the frequency in Figure 17-20 increases, does the impedance increase or decrease? 

Equation 17-6 

Equation 17-7 

Equation 17-8 

Equation 17-9 

Conductance, Susceptance, and Admittance 

The concepts of conductance (C), capacitive susceptance (/?(•), inductive susceptance (/JjJ 
and admittance (K) were discussed in Chapters 15 and 16. The phasorformulas arc restated 
here. 

G = 
I 

RZO" 
= GZO" 

B( = I 
XrZ-90' 

— llfZ 90' — jll c 

I 

Y = 

X/.Z90' 

1 

= fitZ-gO" = 

■ = yz±e = G + jBr - JH, 
ZZ±6 

As you know, the unit of each of these quantities is the Siemens (S). 

EXAMPLE 17-9 For the RLC circuit in Figure 17-21 determine the conductance, capacitive suscep- 
tance, inductive susceptance, and total admittance. Also, determine the impedance. 
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FIGURE 17-21 

Solution 

V. III kli 5 kli K) kil 

G = 

Bc = 

8/ = 

1 I 
ftzoo iozookn 

i i 
XrZ-90° 

I 
l0Z-90okn 

I 

= 100Z0ofiS 

= 10(1 Z90" /xS 

= 200 Z —90" /aS 
X,.Z90o 5 Z 90" kil 

Y„„ = G + JBc ~ jBi = IOOALS + _/100 //S - jlOOfiS 
= 100/xS - JI00/LS = 141.4Z —45° fiS 

2*1,11 ~ 
I I 

= 7.07 Z 45' kil 
Y„„ l4l.4Z-45°iaS 

llfl.iled I 'ruble in Is the circuit in Figure 17-21 predominately inductive or predominately capacilive? 

SECTION 17-4 i, in a certain parallel RLC circuit, the capacitive reactance is 6011, and the inductive 
CHECKUP reactance is 100 fl. Is the circuit predominantly capacitive or inductive? 

2. Determine the admittance of a parallel circuit in which R = t.Okfl,Xc = 50011, 
andXt = 1.2 kfl. 

3. In Question 2, what is the impedance? 

17-5 Analysis of Parallel RLC Circuits 

As you have learned, the smaller reactance in a parallel circuit dominates because it 
results in the larger branch current. 

After completing this section, you should be able to 

• Analyze parallel RLC circuits 

♦ Explain how the currents arc related in terms of phase 

♦ Calculate impedance, currents, and voltages 

Recall that capacitive reactance varies inversely with frequency and that inductive reac- 
tance varies directly with frequency. In a parallel RLC circuit at low frequencies, the in- 
ductive reactance is less than the capacitive reactance; therefore, the circuit is inductive. As 
the frequency is increased, X/ increases and Xc decreases until a value is reached where 
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Xf = X(;. This is the point of parallel resonance. As the frequency is increased further, 
Xc becomes smaller than X/, and the circuit becomes capacitive. 

Current Relationships 

In a parallel RLC circuit, the current in the capacitive branch and the current in the induc- 
tive branch are always ISC out of phase with each other (neglecting any coil resistance). 
Because lc and // add algebraically, the total current is actually the difference in their mag- 
nitudes. Thus, the total current into the parallel branches of L and C is always less than the 
largest individual branch current, as illustrated in Figure 17-22 and in the waveform dia- 
gram of Figure 17-23. Of course, the current in the resistive branch is always 90° out of 
phase with both reactive currents, as shown in the current phasor diagram of Figure 17-24. 
Notice that /c is plotted on the positive y-axis and lL is plotted on the negative y-axis. 

© 

iram 

1= 

FIGURE 17-22 
The total current into the parallel combination of C and L is the difference of the two branch currents. 

FIGURE 17-23 
lc and /; effectively subtract. 

FIGURE 17-24 
Typical current phasor diagram for a 
parallel RLC circuit. 
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The total current can be expressed as 

llol= V/fi + (/c - lLt2Ztan Equation 17-10 

where /(■/ is /(■ — // . the total current into the L and C branches. 

EXAMPLE 17-10 For the circuit in Figure 17-25 find each branch current and the total cuirent. Draw a 
diagram of their relationship. 

FIGURE 17-25 

5Z0° V 
-Xc a * 2.2 kO ~ 5 kii a 

— 

Solinion Use Ohm's law to find each branch current in phasor form. 

r _ 5Z0" V [H - R 2.2 ZO11 kfl 

[ , — v.t _ 5Z0o V 
c - 

Xc 5Z-90oka 

■   V. _ 5Z0o V [L - XL l0Z90okfl 

= 1Z 90° mA 

= 0.5 Z —90° mA 

The total current is the phasor sum of the branch currents. By Kirchhoff's law, 

!;<» = IK + Ic + I/. 
= 2,27Z0oniA + lZ90omA + 0.5Z-90omA 
= 2.27 mA + j\ mA - JO.5 mA = 2.27 mA + j0.5 mA 

Convening to polar form yields 

1,0, = Vli + He - /il'Ztan-'^j 

= \/(2.27mA)2 + (0.5mA)2Ztan_l() = 2.32ZI2.40mA 
\2.27 mA / 

The total current is 2.32 mA leading V3 by 12.4". Figure 17-26 is the current phasor 
diagram for the circuit. 

FIGURE 17-26 

'c-', 

'c 

' I2.40l 

•L 
V. 

/(elated Problem Will total current increase or decrease if the frequency in Figure 17-25 is increased? 



770 ♦ RLC Circuits and Resonance 

SECTION 17-5 1. In a three branch parallel circuit, R = 15011, Xc = 100 fl, and XL = 50 fl. Deter- 
CHECKUP mine the current in each branch when Vs = 12 V. 

2. The impedance of a parallel RLC circuit is 2.8/!-38.9° kfl. Is the circuit capacitive or 
inductive? 

% 17-6 Parallel Resonance 

In this section, we will first look at the resonant condition in an ideal parallel LC cir- 
cuit (no winding resistance). Then, we will examine the more realistic case where the 
resistance of the coil is taken into account. 

After completing this section, you should be able to 

♦ Analyze a circuit for parallel resonance 

♦ Describe parallel resonance in an ideal circuit 

♦ Describe parallel resonance in a nonideal circuit 

♦ Explain how impedance varies with frequency 

♦ Determine current and phase angle at resonance 

♦ Determine parallel resonant frequency 

Condition for Ideal Parallel Resonance 

Ideally, parallel resonance occurs when Xc = XL. The frequency at which resonance oc- 
curs is called the resonant frequency, just as in the series case. When Xq = X, . the two 
branch currents, /( and //_, are equal in magnitude, and, of course, they are always ISO" out 
of phase with each other. Thus, the two currents cancel and the total current is zero, as 
shown in Figure 17-27. 

lm = V 

•Q^ikVLC L'' 

 ► V, 

(a) Parallel circuit at resonance (Xf = X,, Z = =c) 

A FIGURE 17-27 

(b) Current phasors (c) Current waveforms 

An ideal parallel tC circuit at resonance. 

Since the total current is zero, the impedance of the parallel LC circuit is infinitely large 
(oo). These ideal resonant conditions are stated as follows: 

XL = XC 

Zf = oc 
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Parallel Resonant Frequency 

For an ideal (no resistance) parallel resonant circuit, the frequency at which resonance 
occurs is determined by the same formula as in scries resonant circuits; that is, 

fr = 277 VlC 
Tank Circuit 

The parallel resonant LC circuit is often called a tank circuit. The term lank circuit refers 
to the fact that the parallel resonant circuit stores energy in the magnetic field of the coil 
and in the electric field of the capacitor. The stored energy is transferred back and forth be- 
tween the capacitor and the coil on alternate half-cycles as the current goes first one way 
and then the other when the inductor deenergizes and the capacitor charges, and vice versa. 
This concept is illustrated in Figure 17-28. 

Mm 
\ / a 

f T>—' F T'—i 
(a) The coil deenergizes as the capacitor charges. 

A FIGURE 17-28 

(h) The capacitor discharges as the coil energizes. 

Energy storage in an ideal parallel resonant lank circuit. 

Variation of the Impedance with Frequency 

Ideally, the impedance of a parallel resonant circuit is infinite. In practice, the impedance 
is maximum at the resonant frequency and decreases at lower and higher frequencies, as in- 
dicated by the curve in Figure 17-29. 

Z, - 

X, < x,. X. < X 

FIGURE 17-29 
Generalized impedance curve for a parallel resonant circuit. The circuit is inductive below/„ resistive 
at /„ and capacitive above /r. 

At very low frequencies, X/ is very small and Xc is very high, so the total impedance is 
essentially equal to that of the inductive branch. As the frequency goes up, the impedance also 
increases, and the inductive reactance dominates (because it is less than X^-) until the reso- 
nant frequency is reached. At this point, of course, = Xc (for Q > 10) and the 
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Equation 17-11 

Equation 17-12 

impedance is at its maximum. As the frequency goes above resonance, the capacilive reac- 
tance dominates (because it is less than Xi) and the impedance decreases. 

Current and Phase Angle at Resonance 

In the ideal tank circuit, the total current from the source at resonance is zero because the 
impedance is infinite. In the nonideal case when the winding resistance is considered, there 
is some total current at the resonant frequency, and it is determined by the impedance at 
resonance, 

/ 'tot 7 *-r 
The phase angle of the parallel resonant circuit is 0° because the impedance is purely 

resistive at the resonant frequency. 

Effect of Winding Resistance on the Parallel Resonant Frequency 

When the winding resistance is considered, the resonant condition can be expressed as 

/ e2 + 1 \ I 

where Q is the quality factor of the coil, XLIRW- Solving forfr in terms of Q yields 
tT— 1 Q1 

'' 2itVLC\ Q2 + I 

When Q a 10, the term with the Q factors is approximately I. 

r~(F~ rioo 
v e2 + i V101 = 0.995 = I 

Therefore, the parallel resonant frequency is approximately the same as the scries resonant 
frequency as long as 2 is equal to or greater than 10. 

Equation 17-13 

fr " forQ a 10 
277 VIC 

A precise expression for/r in terms of the circuit component values is 

Vl - (.KivC/L) 
fr = 277 Vic 

This precise formula is seldom necessary and the simpler equation/, = 1/(277 V/,C) is suf- 
ficient for most practical situations. A derivation of Equation 17-13 is given in Appendix B. 

EXAMPLE 17-11 Find the precise frequency and the value of Q at resonance for the circuit in Figure 17-30. 

FIGURE 17-30 

to v Vy *-7=100 n So.i h 
. c 
■ 0.047 //F 
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Solution Use Equation 17-13 to find the resonant frequency. 

Vl - (RwCIL) Vl - [(100n)2(0.047/xF)/0.1 H] 
fr =  p= = ,  = 2.32 kHz 

IttVLC 2-77V(0.047 ^tF)(0.1 H) 
To calculate the quality factor. Q, first find A-/. 

XL = 277/,/. = 277(2.32kHz)(0.1 H) = 1.46kft 
XL 1.46 kft 

Note that since Q > 10, the approximate formula,/, = 1/(277 \'l.C). can be used. 

Related Problem For a smaller Rw. will /, be less than or greater than 2.32 kHz? 

Use Multisim files EI7-1IA and EI7-1 IB to verify the calculated results in this example 
and to confirm your answer for the related problem. 

SECTION 17-6 1. Is the impedance minimum or maximum at parallel resonance? 
CHECKUP 2. Is the current minimum or maximum at parallel resonance? 

3. For ideal parallel resonance, assume Xt = 1500 ft. What is A/? 
4. A parallel tank circuit has the following values: Rw = 4ft,t = 50mH,andC = lOpF. 

Calculate/,. 
5. If Q = 25, / = 50 mfl, and C = 1000 pF, what is/,? 
6. In Question 5, if Q = 2.5, what is/,? 

Option 2 Note 

This completes the coverage of parallel reactive circuits. Coverage of series- 
parallel reactive circuits begins in Chapter 15, Part 3, on page 659. 



Part 

3 
Series-Parallel Circuits 

17-7 Analysis of Series-Parallel RLC Circuits  

In this section, series and parallel combinations of R. L. and C components arc ana- 
lyzed in specific examples. Also, conversion of a series-parallel circuit to an equiva- 
lent parallel circuit is covered and resonance in a nonideal parallel circuit is 
considered. 

After completing this section, you should be able to 

♦ Analyze series-parallel RLC circuits 

♦ Determine currents and voltages 

♦ Convert a series-parallel circuit to an equivalent parallel form 

♦ Analyze nonideal (with coil resistance) parallel circuits for parallel resonance 

♦ Examine the effect of a resistive load on a tank circuit 

The following two examples illustrate an approach to the analysis of circuits with both 
series and parallel combinations of resistance, inductance, and capacitance. 

EXAMPLE 17-12 In Figure 17-31, find the voltage across the capacitor in polar form. Is this circuit 
predominantly inductive or capaeilive? 

wv 
(I kii 500 li 

0 kii 5(10 O 5Z0 V 

FIGURE 17-31 
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Solution Use the voltage-divider formula in this analysis. The impedance of the series combina- 
tion of K\ and X/ is called Z|. In rectangular form, 

z, = /?, + jxL = iooo n + 7500 n 

Converting to polar form yields 

Z, = Vfif + X^Zlan 'f— 

500 ft 
= V(IOOOft)2 + (SOOft^Ztan'^^^J = lll8Z26.60ft 

The impedance of the parallel combination of Rs and X,- is called Zi. In polar form, 

-l/ 

(1000 ft)(500 ft) /1000 ft \ 
Z—Ian 1 

V 500 ft / 
= 447 Z-63.4" ft 

.Vf 1000 ft)2 + (500 ft)2 - 
Converting to rectangular form yields 

Zi = Zicos 0 + y^sin 0 
= (447 ft)cos(—63.4°) + 7447 sin(-63.4") = 200 ft - 7400 ft 

The total impedance Z,,,, in rectangular form is 

Z,„, = Z, + Z2 = (1000ft + 7500ft) + (200ft -7400ft) = 1200ft + 7100ft 

Converting to polar form yields 

100 ft 
Z„„ = V (1200 ft)2 + (I00ft)2Ztan-|('-200n 

Now apply the voltage-divider formula to get V^, 

= 1204 Z 4.76° ft 

/ Zt \ / 447 Z —63.4° ft \ 
Vf = —— V. =  — 5Z0 V = I.86Z —68.2 V C \Z„J s V l204Z4.76oft 7 

Therefore, Vc is 1.86 V and lags V, by 68.2". 
The +7 term in Z,0„ or the positive angle in its polar form, indicates that the circuit 

is more inductive than capacitivc. However, it is just slightly more inductive because the 
angle is small. This result may surprise you, because Xf = X^ = 500 ft. However, the 
capacitor is in parallel with a resistor, so the capacitor actually has less effect on the 
total impedance than does the inductor. Figure 17-32 shows the phasor relationship of 
Vc and Vy Although Xc = XL. this circuit is not at resonance because the j term of the 
total impedance is not zero due to the parallel combination of R2 and X( . You can see 
this by noting that the phase angle associated with Z,0, is 4.76° and not zero. 

FIGURE 17-32 

-68.2° 

Vc 

HfLitoil I'robk'tit Determine the voltage across the capacitor in polar form if R| is increased to 2.2 kft. 

Open Multisim file EI7-I2 and verify the capacitor voltage. 
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EXAMPLE 17-13 For the reactive circuit in Figure 17-33, find the voltage at point B with respect to ground. 

FIGURE 17-33 XC| xc_ 
II A II 

2k!i I kii 
>R' SiV'- 30^0° V VV 5* I Ok!! SJ 5 kl! y.£) I V \_J 

: ft, 
■8 k!! Output 

Solulion The voltage (V/j) at point B is the voltage across the open output terminals. Use the 
voltage-divider approach. To do so, you must know the voltage (V4) at point A first; so 
you need to find the impedance from point A to ground as a stalling point. 

The parallel combination of X/ and ft2 >s in series with Xfj. This combination is in 
parallel with ftp Call this impedance from point A to ground, Zp To find Z.,. take the 
following steps. The impedance of the parallel combination of fti and X/ is called Z|. 

RlXL ^ 
Z' VVftfTx^/^lan UJ 

= ( .(i^) = 4,24Z58.0°kn 
V v (8 kft)2 + (5 kfi)2 / V 5 kft / 

Next, combine Z| in series with Xpi to get an impedance Z2. 

Zs = Xpi "b Z, 
= IZ-90okn + 4.24Z580 kfl = -jlkd + 2.25 kH + y3.6kft 
= 2.25 kSl + j2.6 kll 

Converting to polar form yields 

Z^ = V(2.25knr + (2.6 kfl);Ztan"l( 26 kn ) = 3.44Z49.10kn 
V2.25 ksi/ 

Finally, combine Zj and R| in parallel to gel 

R1Z2 (10Z0° kn)(3.44Z49,l0 kfl) 
ZA = R| + Z2 lOkfl + 2.25 kfl + j2.6 k!! 

34.4Z49.l0kS2 34.4Z49.I0 k!i 
12.25 k!! + 72.6 k!! 12.5 Z 12.0° k!i 

The simplified circuit is shown in Figure 17-34. 

• = 2.75Z37.I'' k!! 

FIGURE 17-34 X,., 

24-90° k!! 

30Z0° V ' 2,75437.1° k!! 
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Next, use the voltage-divider principle to find the voltage (V^) at point A in Figure 
17-33. The total impedance is 

Z/a/ = XC| + ZA 

= 2 Z—90° Ml + 2.75Z37.l°kn = -j2Ml + 2.19kn + yi.66 kfi 
= 2.i9ka - ,0.340 k.O 

Converting to polar form yields 

Z„„ = \/(2.l9k!lr + (0.340 kllrZ- tan~1 ( 34.0.1 = 2.22Z—8.82° kil 

The voltage at point A is 

Za V, = V. = 
2.75 Z 37.1 ° kfi 

2.22 Z-8.82° kn 

2. l9kS! J 

30Z00 V = 37.2Z45.90 V 

Next, find the voltage (Vg) at point B by dividing V4 down, as indicated in Figure 
17-35. V,, is the open terminal output voltage. 

4.24Z58° kft 
Vs (zj^ V 3.44 Z49.1° kfi 

37.2Z45.90 V = 45.9Z54.80V 

Surprisingly, VA is greater than Vs, and Vg is greater than V4! This result is possible 
because of the oul-of-phasc relationship of the reactive voltages. Remember that 
and X, lend to cancel each other. 

FIGURE 17-35 
Xr, 

Pa 

/it'/ii/t'il Piubli'iv What is the voltage in polar form across C\ in Figure 17-33? 

- R, 

Conversion of Series-Parallel to Parallel 

The particular series-parallel configuration shown in Figure 17-36 is important because it 
represents a circuit having parallel L and C branches, with the winding resistance of the coil 
taken into account as a series resistance in the L branch. 

FIGURE 17-36 
A series-parallel RIC circuit 
(Q - XlIHW). 
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It is helpful to view the series-parallel circuit in Figure 17-36 in an equivalent parallel 
form, as indicated in Figure 17-37. 

FIGURE 17-37 
Parallel equivalent form of the 
circuit in Figure 17-36. 

The equivalent inductance, /.cq. and the equivalent parallel resistance, ^(cq), are given 
by the following formulas: 

Equation 17-14 Leq = ^ 

Equation 17-15 ^pfeql = Kw(Q2 + I) 

where Q is the quality factor of the coil, Xl/Rw Derivations of these formulas are quite in- 
volved and thus arc not given here. Notice in the equations that for a (7 s 10, the value of 
/.eq is approximately the same as the original value of L For example, if L = 10 mil and 
(7=10, then 

/102 + 1 \ 
Leq = 10 mH^—j = lOmH(I.OI) = 10.1 mH 

The equivalency of the two circuits means that at a given frequency, when the same 
value of voltage is applied to both circuits, the same total current is in both circuits and the 
phase angles are the same. Basically, an equivalent circuit simply makes circuit analysis 
more convenient. 

EXAMPLE 17-14 Convert the series-parallel circuit in Figure 17-38 to an equivalent parallel form at the 
given frequency. 

f 
15.9 kHz © 4.7 k!! 

75 !! 

5 mH 

. C 
' 0.022 /if 

FIGURE 17-38 

Solution Determine the inductive reactance. 

XL = lirfL = 27r(l 5.9 kHz)(5 mH) = 5000 

The Q of (he coil is 
X, 500O 

Q = — = — = 20 Rw 25 O 

Since (7 > 10. then = /. = 5 mH. 
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The equivalent parallel resistance is 

K^al) = RwiQ2 + I) = (25 !!)(202 + 1) = lOkSi 

This equivalent resistance appears in parallel with /f | as shown in Figure I7-39(a). 
When combined, they give a total parallel resistance (Rpf/m)) of 3,2 k!!, as indicated 
in Figure l7-39(b). 

Parallel equivalent 
of inductive branch 
in Figure 17-38 

© 
:Ri 
•4,7 k!! 

1 Rple.,! 
• 10.0 kit {S mH 

C 
0.022 /l P ©5- "ftlM) 

^ 3.2 k!! 
"cq 
5 mH 

. C 
' 0.022 f/F 

(a) Parallel equivalent of the circuit in Figure 17-38 

FIGURE 17-39 

Related Problem Find the equivalent parallel circuit if Rw = lOf! in Figure 17-38. 

Parallel Resonant Conditions in a Nonideal Circuit 

The resonance of an ideal parallel LC circuit was examined in Section 17-6. Now, let's 
consider resonance in a tank circuit with the resistance of the coil taken into account. 
Figure 17-40 shows a nonideal tank circuit and its parallel RLC equivalent. 

Recall that the quality factor, Q. of the circuit at resonance is simply the Q of the coil if 
no other resistance is in the circuit. 

XL 
Q = T "IV 

The expressions for the equivalent inductance and the equivalent parallel resistance were 
given in Equations 17-14 and 17-15 as 

For Q a 10. Le„ = L. 

Le, = L 
Q- + 1 

R, 
Q 

7,(eq) = RwiQ2 + 1) 

(a) Nonideal lank circuil 

FIGURE 17-40 

(b) Parallel fiiCequivalenl 

A practical treatment of parallel 
resonant circuits must include the 

:C coil resistance. 
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Al parallel resonance, 

Equation 17-16 

^Z.(cq) - 
In the parallel equivalent circuit, /f,,(eq) is in parallel with an ideal coil and a capacitor, so 
the L and C branches act as an ideal tank circuit which has an infinite impedance al reso- 
nance as shown in Figure 17-41. Therefore, the total impedance of the nonideal tank cir- 
cuit at resonance can be expressed as simply the equivalent parallel resistance. 

Zr = RW{Q2 + I) 

A derivation of Equation 17-16 is given in Appendix B. 

1 = 0 
" *C 

p. : » R/Xeq) ^ © 
I l[VI Ruie-+1) 

FIGURE 17-41 
At resonance, the parallel tC portion appears open and the source sees only Rpinii- 

EXAMPLE 17-1 5 Determine the impedance of the circuit in Figure 17-42 al the resonant frequency 
(/, = 17.794 Hz). 

FIGURE 17-42 

A T50n ±c 
W iu "T0' 

X inH 
0.01 uF 

So/:;;. Before you can calculate the impedance using Equation 17-16, you must find the 
quality factor. To get Q. first find the inductive reactance. 

XL = iTrfrL = 2ir(l 7,794 Hz)(8mH) = 89411 
„ X,, 894 fl 
^ _ Rw ~ 50 n _ 1 ' 
zr = RwiQ2 + I) = 50O(17.92 + I) = 16.1 kfl 

Related Problem Determine Z, for Rw = 10 H. 

An External Load Resistance Affects a Tank Circuit 

In most practical situations, an external load resistance appears in parallel with a nonideal 
lank circuit, as shown in Figure l7-43(a). Obviously, the external resistor (/?t| will dissi- 
pate more of the energy delivered by the source and thus will lower the overall Q of the 
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; Rw 

- c < 
\L © 

(a) 

FIGURE 17-43 

lb) 

Tank circuit with a parallel load resistor and its equivalent circuit. 

circuit. The external resistor effectively appears in parallel with the equivalent parallel re- 
sistance of the coil, and both are combined to determine a total parallel resistance, 
Rpf,0,y as indicated in Figure 17-43(b). 

K„ "/>("») II ^/Xeql 
The overall Q, designated Qo, for a parallel RLC circuit is expressed differently from 

the Q of a series circuit. 

fptwr) 
0(7 - y A/.(at) 

As you can see, the effect of loading the lank circuit is to reduce its overall Q (which is 
equal to the coil Q when unloaded). 

Equation 17-17 

SECTION 17-7 i. A certain resonant circuit has a 100 p,H inductor with a 2 fi winding resistance in paral- 
CHECKUP lei with a 0.22 /lF capacitor. If Q = 8, determine the parallel equivalent of this circuit. 

2. Find the equivalent parallel inductance and resistance for a 20 mH coil with a winding 
resistance of 10 f! at a frequency of 1 kHz. 

Option 2 Note 

This completes the coverage of series-parallel circuits. Coverage of special topics 
begins in Chapter 15, Part 4. on page 666. 
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Special Topics 

17-8 Bandwidth of Resonant Circuits  

The current in a scries RLC is maximum at the resonant frequency because the reac- 
tances cancel. The current in a parallel RLC is minimum at the resonant frequency be- 
cause the inductive and capacitive currents cancel. This circuit behavior relates to a 
characteristic called bandwidth. 
After completing this section, you should be able to 

• Determine the bandwidth of resonant circuits 
♦ Discuss the bandwidth of series and parallel resonant circuits 
♦ State the formula for bandwidth 
♦ Define half-power frequency 
♦ Define selectivity 
♦ Explain how the Q affects the bandwidth 

Series Resonant Circuits 

The current in a series RLC circuit is maximum at the resonant frequency (also known as 
center frequency) and drops off on cither side of this frequency. Bandwidth, sometimes ab- 
breviated BW, is an important eharacterislie of a resonant circuit The bandwidth is the range 
of frequencies for which the current is equal to or greater than 70.7% of its resonant value. 

Figure 17-44 illustrates bandwidth on the response curve of a series RLC circuit. Notice 
that the frequency/| below/,- is the point at which the current is 0.707/,,,at and is commonly 
called the lower critical frequency. The frequency f above fr, where the current is again 
0.707/„„„, is the upper critical frequency. Other names for f and / are -3 <111 frequencies, 
cutofffrequencies, and half-power frequencies. The significance of the latter term is dis- 
cussed later in the chapter. 

► FIGURE 17-44 / 
Bandwidth on series resonant re- 
sponse curve for 1. 

0,707/_ 
 ; 

/ 1 \ / — 1—\ 

i \ 

A i iV u — 
« fr f2 
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EXAMPLE! 7-16 A certain scries resonant circuit has a maximum current of ICQ mA at the resonant 
frequency. What is the value of the current at the critical frequencies? 

Solution Current at the critical frequencies is 70.7% of maximum. 

'/l = If2 = 0-707/,= 0.707(100 mA) = 70.7 mA 

I'eLilrd Problem A certain series resonant circuit has a current of 25 mA at the critical frequencies. 
What is the current at resonance? 

Parallel Resonant Circuits 

For a parallel resonant circuit, the impedance is maximum at the resonant frequency; so the 
total current is minimum. The bandwidth can be defined in relation to the impedance curve 
in the same manner that the current curve was used in the series circuit. Of course, fr is 
the frequency at which 2 is maximum; f\ is the lower critical frequency at which 
2 = 0.7072„tt„; and is the upper critical frequency at which again 2 = 0.7072„„„. The 
bandwidth is the range of frequencies between f\ and/2, as shown in Figure 17-45. 

FIGURE 17-45 
Bandwidth of the parallel resonant 
response curve for2,0,. 

/1 /- h 

Formula for Bandwidth 

The bandwidth for either scries or parallel resonant circuits is the range of frequencies be- 
tween the critical frequencies for which the response curve (/ or 2) is 0.707 of the maxi- 
mum value. Thus, the bandwidth is actually the difference between / and/. 

BW =/,-/, 

Ideally,/, is the center frequency and can be calculated as follows: 

, _/l +/2 
Jr ~ 

Equation 17-18 

Equation 17-19 

EXAMPLE17-17 A resonant circuit has a lower critical frequency of 8 kHz and an upper critical fre- 
quency of 12 kHz. Determine the bandwidth and center (resonant) frequency. 

Solution BW =/)-/! = 12 kHz - 8 kHz = 4 kHz 

fr = 
/, +/2 12 kHz + 8 kHz 

= 10 kHz 

Reloled Problem If the bandwidth of a resonant circuit is 2.5 kHz and its center frequency is 8 kHz, 
what are the lower and upper critical frequencies? 
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Half-Power Frequencies 

As previously mentioned, the upper and lower critical frequencies are sometimes called the 
half-power frequencies. This term is derived from the fact that the power from the source 
at these frequencies is one-half the power delivered at the resonant frequency. The follow- 
ing shows that this is line for a scries circuit. The same end result also applies to a parallel 
circuit. At resonance, 

P = fl R ' max 'max** 
The power at f\ or/2 is 

Pp = //!« = (0.707/^.)^ = (0.707)24n7f = 0.5/L.R = 0.5/>,„„r 

Selectivity 

The response curves in Figures 17-44 and 17-45 are also called selectivity curves. 
Selectivity defines how well a resonant circuit responds to a certain frequency and dis- 
criminates against all others. The narrower the bandwidth, the greater the selectivity. 

Ideally, we assume that a resonant circuit accepts frequencies within its bandwidth and 
completely eliminates frequencies outside the bandwidth. Such is not actually the case, 
however, because signals with frequencies outside the bandwidth are not completely elim- 
inated. Their magnitudes, however, are greatly reduced. The further the frequencies are 
front the critical frequencies, the greater the reduction, as illustrated in Figure 17-46(a). An 
ideal selectivity curve is shown in Figure l7-46(b). 

0.707 

Amplitude 

Passband 
(a) Actual 

Frequencies between/, and/> 
are passed through the filter with 
amplitudes no less than 70.7% of 
maximum. 

Frequencies outside passband 
are reduced to less than 70.7% 
of maximum and are considered 
to be rejected. 

FIGURE 17-46 

(b) Ideal 

Generalized selectivity curve. 

Another factor that influences selectivity is the steepness of the slopes of the response 
curve. The faster the curve drops off at the critical frequencies, the more selective the cir- 
cuit is because it tends to respond only to the frequencies within the bandwidth. Figure 17-47 
shows a general comparison of three response curves with varying degrees of selectivity. 

Equation 17-20 

Q Affects Bandwidth 

A higher value of circuit Q results in a narrower bandwidth. A lower value of Q causes a 
wider bandwidth. A formula for the bandwidth of a resonant circuit in terms of Q is stated 
in the following equation: 

""I 
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Amphlude 

filf 
BW2 

-« FIGURE 17-47 
Comparative selectivity curves. The 
blue curve represents the Xrealesl 
selectivity. 

BW} 

EXAMPLE 17-18 What is the bandwidth of each circuit in Figure 17-48? 

w- 

» 2* 10!! 
200//H 

C == 47 pF V, 
© 

/.csllOmH 

r > ioo n 

: 0.0047 A F 

(a) 

FIGURE 17-48 

(b) 

Solulion For the circuit in Figure l7-48(a), determine the bandwidth as follows: 

I I 
fr = ; = 1.64 MHz 

IttVIC 2itV(200mH)(47 pF) 
XL = liTfrL = 2it(I.64MHz)(200mH) = 2.06 kn 

XL 2.06 k!l 
q,= ~r= "Ton- = 

w = ^i^4MHz = 7"%kHz 
Q 206 

For the circuit in Figure l7-48(b), 

Vl - (RivC/L) i I 
2ttVLC ~ IttVIC ~ 27rV( 10 mH)(0.(H)47 /xF) 

XL = 277/,/. = 277(23.2 kHz)(10mH) = 1.46 kft 
XL 1.46 kll 

= 23.2 kHz 

K 100 n 
= 14.6 

bm/ = ^=23£HZ 
Q 14.6 
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Reived Problem Change C in Figure 17^l8(a) to 1000 pF and determine the bandwidth. 

Use Mullisim files E17-I8A, EI7-I8B, and EI7-I8C to verify the calculated results in 
this example and to confirm your calculation for the related problem. 

SECTION 17-8 1. What is the bandwidth when/2 = 2.2 MHz and/ = 1.8 MHz? 
CHECKUP 2. For a resonant circuit with the critical frequencies in Question 1, what is the center 

frequency? 
3. The power-dissipated at resonance is 1.8 W. What is the power at the upper critical 

frequency? 
4. Does a larger Q mean a narrower or a wider bandwidth? 

17-9 Applications 

Resonant circuits are used in a wide variety of applications, particularly in communi- 
cation systems. In this section, we will look briefly at a few common communication 
systems applications to illustrate the importance of resonant circuits in electronic 
communication. 

After completing this section, you should be able to 

♦ Discuss some applications of resonant circuits 

♦ Describe a tuned amplifier application 

♦ Describe antenna coupling 

♦ Describe tuned amplifiers 

♦ Describe audio crossover networks 

♦ Describe a radio receiver 

Tuned Amplifiers 

A liined amplifier is a circuit that amplifies signals within a specified band. Typically, a 
parallel resonant circuit is used in conjunction with an amplifier to achieve the selectivity. 
In terms of the general operation, input signals with frequencies that range over a wide 
band arc accepted on the amplifier's input and arc amplified. The resonant circuit allows 
only a relatively narrow band of those frequencies to be passed on. The variable capacitor 
allows tuning over the range of input frequencies so that a desired frequency can be se- 
lected, as indicated in Figure 17-49. 

Antenna Input to a Receiver 

Radio signals arc sent out from a transmitter via clcclromagnclic waves that propagate 
through the atmosphere. When the electromagnetic waves cut across the receiving antenna, 
small voltages arc induced. Out of all the wide range of electromagnetic frequencies, only 
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Input o 

- f Amplifier 

o Output 

Variable C 
7 

FIGURE 17-49 
A basic tuned band pass amplifier. 

Antenna FIGURE 17-50 
Resonant coupling from an antenna. 

Parallel resonant 
circuit 

JT Coupling 
iranslonncr 

To receiver 
input 

one frequency or a limited band of frequencies must be extracted. Figure 17-50 shows a 
typical arrangement of an antenna coupled to the receiver input by a transformer. A variable 
capacitor is connected across the transformer secondary to form a parallel resonant circuit. 

Double-Tuned Transformer Coupling in a Receiver 

In some types of communication receivers, tuned amplifiers are transformer-coupled to- 
gether to increase the amplification. Capacitors can be placed in parallel with the primary 
and secondary windings of the transformer, effectively creating two parallel resonant band- 
pass fdlcrs that arc coupled together. This technique, illustrated in Figure 17-51, can result 

A FIGURE 17-51 
Double-tuned amplifiers. 
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in a wider bandwidth and sleeper slopes on the response curve, thus increasing the selec- 
tivity for a desired band of frequencies. 

Audio Crossover Networks 

Most quality stereo systems have speakers designed for specific parts of the audio 
frequency spectrum. Audio crossover networks arc filler networks that separate the 
audio signal into different frequency bands for the speakers while maintaining an over- 
all flat response. Crossover networks can be passive (meaning only inductors, capaci- 
tors, and resistors are used) or active (meaning transistor and operational amplifiers 
arc used). 

A three-way passive network includes a band-pass filter that is essentially a low-Q res- 
onant filter designed to have a broad flat response. The design of passive crossover net- 
works is complicated because of various factors that affect the overall response (such as 
variations of the speaker's impedance as a function of frequency), but the basic concept is 
simple. The network separates the audio spectrum into three parts and passes each pail to 
the appropriate speaker, as indicated in Figure 17-52. The network has three filters: a high- 
pass filter that passes high frequencies to the tweeter (or high-frequency speaker), a band- 
pass filler that passes middle frequencies to the mid-range speaker, and a low-pass filter 
that passes low frequencies to the woofer (or low-frcqucncy speaker). 

From amplilier 

Iwcoier High-pass 
li Uer 

Mid-range Band-pass 
tiler 

Wooler 

FIGURE 17-52 
A crossover network uses fillers to separate the audio frequency bands. 

Superheterodyne Receiver 

Another example of resonant circuit (filter) applications is in the common AM (amplitude 
modulation) receiver. The AM broadcast band ranges from 535 kHz to 1605 kHz. Each 
AM station is assigned a 10 kHz bandwidth within that range. The tuned circuits are de- 
signed to pass only the signals from the desired radio station, rejecting all others. To re- 
ject stations outside the one that is tuned, the tuned circuits must be selective, passing 
on only the signals in the 10 kHz band and rejecting all others. Too much selectivity is 
not desirable either however. If the bandwidth is too narrow, some of the higher fre- 
quency modulated signals will be rejected, resulting in a loss of fidelity. Ideally, the 



Envelope Audio signal 
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A FIGURE 17-53  
A simplified diagram of a superheterodyne AM radio broadcast receiver showing an example of the 
application of tuned resonant circuits. 

resonant circuit must reject signals that arc not in the desired passband. A simplified 
block diagram of a superheterodyne AM receiver is shown in Figure 17-53. 

There are basically three parallel resonant circuits in the front end of the receiver. Each 
of these resonant circuits is gang-tuned by capacitors; that is, the capacitors are mechani- 
cally or electronically linked together so that they change together as the tuning knob is 
turned. The front end is tuned to receive a desired station, for example, one that transmits 
at 6(X) kHz. The input resonant circuit from the antenna and the RF (radio frequency) 
amplifier resonant circuit select only a frequency of 600 kHz out of all the frequencies 
crossing the antenna. 

The actual audio (sound) signal is carried by the 600 kHz carrier frequency by modulat- 
ing the amplitude of the carrier so that it follows the audio signal as indicated. The variation 
in the amplitude of the carrier corresponding to the audio signal is called the envelope. The 
600 kHz is then applied to a circuit called the mixer. 

The local oscillator (LO) is tuned to a frequency that is 455 kHz above the selected fre- 
quency (1055 kHz, in this case). By a process called heterodyning or healing, the AM 
signal and the local oscillator signal are mixed together, and the 600 kHz AM signal is con- 
verted by the mixer to a 455 kHz AM signal (1055 kHz - 600 kHz = 455 kHz). 

The 455 kHz is the intermediate frequency (IF) for standard AM receivers. No matter 
which station within the broadcast band is selected, its frequency is always converted to the 
455 kHz IF. The amplitude-modulated IF is amplified by the IF amplifier which is tuned to 
455 kHz. The output of the IF amplifier is applied to an audio deieclor which removes the 
IF, leaving only the envelope which is the audio signal. The audio signal is then amplified 
and applied to the speaker. 
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SECTION 17-9 1. Generally, why is a tuned filter necessary when a signal is coupled from an antenna to 
checkup the input of a receiver? 

2. What is a crossover network? 
3. What is meant by ganged tuning ? 

Application Activity 

In the Chapter 11 application activity, 
you worked with a receiver system to 
learn basic ac measurements. In this 
chapter, the receiver is again used to 

illustrate one application of resonant circuits. We will focus on a 
part of the "front end" of the receiver system that contains reso- 
nant circuits. Generally, the front end includes the RF amplifier, 
the local oscillator, and the mixer. In this application activity, the 
RF amplifier is the focus. A knowledge of amplifier circuits is 
not necessary at this time. 

A basic block diagram of an AM radio receiver is shown in 
Figure 17-54. In this particular system, the "front end" includes 
the circuitry used for tuning in a desired broadcasting station by 
frequency selection and then converting that selected frequency 
to a standard intermediate frequency (IF). AM radio stations 
transmit in the frequency range from 535 kHz to 1605 kHz. The 
purpose of the RF amplifier is to lake the signals picked up by 
the antenna, reject all but the signal from the desired station, and 
amplify it to a higher level. 

A schematic of the RF amplifier is shown in Figure 17-55. 
The parallel resonant tuning circuit consists of L. Cj and CS. 

This particular RF amplifier does not have a resonant circuit on 
the output. Cj is a varactor. which is a semiconductor device that 
you will learn more about in a later course. All that you need to 
know at this point is that the varactor is basically a variable ca- 
pacitor whose capacitance is varied by changing the dc voltage 
across it. In this circuit, the dc voltage comes from the wiper of 
the potentiometer used for tuning the receiver. 

The voltage from the potentiometer can be varied from +1 V 
to +9 V. The particular varactor used in this circuit can be var- 
ied from 200 pF at I V to 5 pF at 9 V. The capacitor C2 is a trim- 
mer capacitor that is used for initially adjusting the resonant 
circuit. Once it is preset, it is left at that value. Cj and Ci are 
in parallel and their capacitances add to produce the total 
capacitance for the resonant circuit. C3 has a minimal effect on 
the resonant circuit and can be ignored. The purpose of Cj is to 
allow the dc voltage to be applied to the varactor while provid- 
ing an ac ground. 

In this application activity, you will focus on the RF ampli- 
fier circuit board in Figure 17-56. Although all of the amplifier 
components are on the board, the part that you are to focus on is 
the resonant circuit indicated by the highlighted area. 

Mixer 

RF ampliher 

Local 
oscil ator 

'Front end 

— Detector Volume control 

IF amplifier Audio 
preamplifier 

Speaker 

— Audio 
power amplifier 

FIGURE 17-54 
Simplified block diagram of a basic radio receiver. 
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FIGURE 17-55 
Partial schematic of the RF amplifier 
showing the resonant tuning circuit. 

From anienna 

h 9 V dc 

I- 9 V dc 
Tuned RF amplifier 

Parallel resonant circuit 

ii 

C5 
0.1 

- c2 
2-18 pF 

"Tuning potenliomclcr 
located on front panel 

To mixer 

FIGURE 17-56 
RF amplifier circuit board. +9 V 

Ground 

To mixer 

Capacitance in the Resonant Circuit 
1. Calculate a capacitance setting for C2 that will ensure a 

complete coverage of the AM frequency band as the varac- 
tor is varied over its capacitance range. C3 can be ignored. 
The full range of resonant frequencies for the tuning circuit 
should more than cover the AM band, so that at the maxi- 
mum varactor capacitance, the resonant frequency will be 
less than 535 kHz and at the minimum varactor capacitance, 
the resonant frequency will be greater than 1605 kHz. 

2. Using the value of C2 that you have calculated, determine 
the values of the varactor capacitance that will produce a 
resonant frequency of 535 kHz and 1605 kHz. respectively. 

Testing the Resonant Circuit 
3. Suggest a procedure for testing the resonant circuit using 

the instruments in the test bench setup of Figure 17-57. 

Develop a lest setup by creating a poini-lo-point hook-up of 
the board and the instruments. 

4. Using the graph in Figure 17-58 that shows the vari- 
ation in varactor capacitance versus varactor voltage, 
determine the resonant frequency for each indicated 
setting from the B outputs of the dc power supply (right- 
most output terminals). The A output of the power supply 
is used to provide 9 V to the amplifier. The B output of 
the power supply is used to simulate the potentiometer 
voltage. 

Review 
5. What is the AM frequency range? 
6. Stale the purpose of the RF amplifier. 
7. How is a particular frequency in the AM band selected? 



792 ♦ RLC Circuits and Resonance 

Funct on Generator CD 
3 u u ukHz (iVj a =r«l Arp 

0 Q CD 
£) O Q 

O GJ Tj (§1 (CJ '"Me- Bync Oumur 
j™; (CTl (3 Q g ,>«„ 

"I 
C V 

Setting 1 
Power Supply 

Output B 

(©and©) 

Triple Output Power Supply 
1 POWER o OK 

H 

p dv 

CFF 

ci) 

■■5V 2 A ■■ O^ehcw: 

o)%) 

IHHA'B OUTPUTS 
S-J"ES ■■Q tfEHXHI 
HBA ■■■ WAGE 

A 

vo-nee 
Q 

Q JSL 

li 

Setting 2 

bv 

Selling 4 

LJ 

CD 

a 

a 

a 

D) It 

_lv 

Seuins 3 

II 
Uv 

Selling 5 

a a a a 
L_i a □ a a 

HOPIZONIAL CJIRKIGER 

J -s £ 1J a 

„ "l 
3 — 

a a a 

A Hi 
  

i-J 
°a" 
"a" 

FIGURE 17-57 
Test bench setup. 
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FIGURE 17-58 
Varactor capacitance versus voltage. 
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SUMMARY  

♦ and Xf have opposing effects in an RI.C circuit. 
♦ In a series RI.C circuit, the larger reactance determines the net reactance of the circuit. 
♦ At series resonance, the inductive and capacilive reactances are equal. 
♦ The impedance of a series RI.C circuit is purely resistive at resonance. 
♦ In a series RI.C circuit, the current is maximum at resonance. 
♦ The reactive voltages V/ and Vc cancel at resonance in a series RI.C circuit because they are equal 

in magnitude and 180u out of phase. 
♦ In a parallel RLC circuit, the smaller reactance determines the net reactance of the circuit. 
♦ In a parallel resonant circuit, the impedance is maximum at the resonant frequency. 
♦ A parallel resonant circuit is commonly called a tank circuit. 
♦ The impedance of a parallel RLC circuit is purely resistive at resonance. 
♦ The bandwidth of a scries resonant circuit is the range of frequencies for which the current is 

().7()7/;nttl or greater. 
♦ The bandwidth of a parallel resonant circuit is the range of frequencies for which the impedance 

is 0.707Z„iav or greater. 
♦ The critical frequencies arc the frequencies above and below resonance where the circuit response 

is 70,7% of the maximum response. 
♦ A higher Q produces a narrower bandwidth. 

KEY TERMS Key terms and other bold terms in the chapter arc defined in the end-of-book glossary. 

Half-power frequency The frequency at which the output power of a resonant circuit is 50% of the 
maximum (the output voltage is 70,7% of maximum); another name for critical or cutoff frequency. 
Parallel resonance A condition in a parallel RLC circuit in which the reactances ideally are equal 
and the impedance is maximum. 
Resonant frequency The frequency at which resonance occurs; also known as the centerfrequency. 
Selectivity A measure of how effectively a resonant circuit passes certain desired frequencies and 
rejects all others. Generally, the narrower the bandwidth, the greater the selectivity. 
Series resonance A condition in a scries RLC circuit in which the reactances ideally cancel and the 
impedance is minimum. 
Tank circuit A parallel resonant circuit. 
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FORMULAS 

TRUE/FALSE QUIZ 

Series RLC Circuits 
17-1 X„„ = |XL - Xc| 
17-2 Z = R + jXL - jXc 

17-3 Z = VR2 + (XL - XC)2Z ± lan"1^^ 

Scries Resonance 
I 

17-4 fr=- ,  Jr ITTVLC 

Parallel RLC Circuits 

17-5 Z = I I I ■ + 
RZ0° XLZ9tr XCZ -90° 

17-6 G = —!— = GZ0° RZ0° 

17-7 BC = ^9F=BcZ90O=^ 

,7-8 = 

1 
17-9 V = ZZ^B = YZ*e = a+jBc- jBt- 

17-10 l,0, = Vl2
K + LIC - Il)

2ZUu-^{j± 

Parallel Resonance 
V.. 

17-11 /„„ = — 

17-12 /,= ' 2vVLC\ Q2 + | 

17-13 fr = 
Vl - (Rl'C/L) 

IttVLC 
(Q1 + i 17-14 - ty— 

17-15 R^ = RW(Q2 + I) 
17-16 Zr=Rw(Q2+l) 

R. •Pilot) 
17-17 Qo =    At(eq) 
17-18 BW = h-f 

n-,9 /, = ^ 

17-20 BW = — 

Answers are at the end of the chapter. 

1. The total reactance of a series RLC circuit is the difference between the capacitive reactance 
and the inductive reactance. 

2. The total impedance of a scries RLC circuit is the algebraic sum of K.Xc. and X,,, 
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3. Series resonance occurs when = Xq 
4. Below the resonant frequency, a series R/.C circuit is predominately capacitive. 
5. At the series resonant frequency, the R/.C circuit is resistive and the current is minimum. 
6. In an ideal parallel R/.C circuit, the total current is zero at resonance. 
7. At parallel resonance, the total impedance of an RLC circuit is maximum. 
8. Below the parallel resonant frequency, the circuit is predominately capacitive. 
9. The bandwidth of a parallel resonant circuit is the difference between the upper and lower criti- 

cal frequencies. 
10. Selectivity of a resonant circuit is belter when the bandwidth is narrow. 

S E L F—T E ST Answers a re at the end of the chapter. 
1. The total reactance of a scries RLC circuit at resonance is 

(a) zero (b) equal to the resistance (c) infinity (d) capacitive 
2. The phase angle between the source voltage and current of a scries RLC circuit at resonance is 

(a) -90° (b) +90° (c) 0° (d) dependent on the reactance 
3. The impedance at the resonant frequency of a series R/.C circuit with I. = 15 mH. 

C = 0.015 /xF, and Rw = 8011 is 
(a) ISkli (b) BOH (c) 3011 (d) 011 

4. In a series RLC circuit that is operating below the resonant frequency, the current 
(a) is in phase with the applied voltage (b) lags the applied voltage 
(c) leads the applied voltage 

5. If the value of C in a series RLC circuit is increased, the resonant frequency 
(a) is not affected (b) increases (c) remains the same (d) decreases 

6. In a certain series resonant circuit. Vc = 150 V, V[_ = 150 V, and = 50 V. The value of the 
source voltage is 
(a) 150 V (b) 300 V (c) 50 V (d) 350 V 

7. A certain series resonant circuit has a bandwidth of 1 kHz. If the existing coil is replaced with 
one having a lower value of Q, the bandwidth will 
(a) increase (b) dcercasc (c) remain the same (d) be more selective 

8. At frequencies below resonance in a parallel RLC circuit, the current 
(a) leads the source voltage (b) lags the sourec voltage 
(c) is in phase with the source voltage 

9. The total current into the L and C branches of a parallel circuit at resonance is ideally 
(a) maximum (b) low (c) high (d) zero 

10. To tune a parallel resonant circuit to a lower frequency, the capacitance should be 
(a) increased (b) decreased (c) left alone (d) replaced with inductance 

11. The resonant frequency of a parallel circuit is approximately the same as a series circuit when 
(a) the Q is very low (b) the Q is very high 
(c) there is no resistance (d) either answer (b) or (c) 

12. If the resistance in parallel with a parallel resonant circuit is reduced, the bandwidth 
(a) disappears (b) decreases (c) becomes sharper (d) increases 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 17-60. 
1. If /?| opens, the total current 

(a) increases (b) decreases (c) stays the same 
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2. If C| opens, the voltage across C2 
(a) increases (b) decreases (c) slays the same 

3. If l-i opens, the voltage across it 
(a) increases (b) decreases (c) slays the same 

Refer to Figure 17-63. 
4. If /. opens, the voltage across R 

(a) increases (b) decreases (c) slays the same 
5. If/is adjusted to its resonant value, the current through R 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 17-64. 
6. If L is increased to 100 mH. the resonant frequency 

(a) increases (b) decreases (c) stays the same 
7. If C is increased to 100 pF. the resonant frequency 

(a) increases (b) decreases (c) stays the same 
8. If I. becomes open, the voltage across C 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 17-66. 
9. If Hi becomes open, (he voltage across L 

(a) increases (b) decreases (c) slays the same 
10. If C becomes shorted, the voltage across R\ 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 17-69. 
11. If L\ opens, the voltage from point a to point b 

(a) increases (b) decreases (e) slays the same 
12. If the frequency of the source is increased, the voltage from a to b 

(a) increases (b) decreases (c) slays the same 
13. If the frequency of the source voltage is increased, the current through R] 

(a) increases (b) decreases (c) slays the same 
14. If the frequency of the source voltage is decreased, the voltage across C 

(a) increases (b) decreases (c) slays the same 

More difficult problems are indicated by an asterisk C). 

1. A certain series RLC circuit has the following values: R = 1011, C = 0.047 /cF. and L — 5 mH, 
Determine the impedance in polar form. What is the net reactance? The source frequency is 5 kHz. 

2. Find the impedance in Figure 17-59. and express it in polar form. 

PROBLEMS Answers to odd-numbered problems are at the end of the book. 
PART 1: SERIES CIRCUITS 

SECTION 17-1 Impedance of Series RLC Circuits 

FIGURE 17-59 R X,. Xc 

47 11 80 II 
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3. If the frequency of the source voltage in Figure 17-59 is doubled from the value that produces 
the indicated reactances, how does the magnitude of the impedance change? 

4. For the circuit of Figure 17-59, determine the net reactance that will make the impedance mag- 
nitude equal to 10011. 

SECTION 17-2 Analysis of Series REC Circuits 
5. For the circuit in Figure 17-59. find I„„, Vg, Vt, and Vc- in polar form. 
6. Draw the voltage phasor diagram for (he circuit in Figure 17-59. 
7. Analyze the circuit in Figure 17-60 for the following (/ = 25 kHz): 

(a) I,„, (b) Pmc (c) f, (d) P„ 

^Wv- 

39011 0.5 mH I mH | c, 

j 0.01 //h 1800 pf 

FIGURE 17-60 

SECTION 17-3 Series Resonance 
8. For the circuit in Figure 17-59, is the resonant frequency higher or lower than the setting indi- 

cated by the reactance values? 
9. For the circuit in Figure 17-61. what is the voltage across A' at resonance? 

10. Find X/ , .V,-. 2, and / at the resonant frequency in Figure 17-61. 

FIGURE 17-61 K L 

22 1! I mH 
.C 
: 47 pF 

11. A certain series resonant circuit has a maximum current of 50 mA and a V/ of 100 V. The 
applied voltage is 10 V. What is Z? What are X, and Xc? 

12. For the KLC circuit in Figure 17-62. determine the resonant frequency. 
13. What is (he value of the current at the half-power points in Figure 17-62? 
14. Determine the phase angle between the applied voltage and the current at the eritieal frequen- 

cies in Figure 17-62. What is the phase angle at resonance? 
*15. Design a circuit in which the following series resonant frequencies are switch-selectable: 

(a) 500 kHz (b) 1000 kHz (c) 1500 kHz fd) 2000 kHz 

FIGURE 17-62 K /. 
—Wv—imp— 

1011 0.008 mil 
:0.015//F 

V, 
7,07 V 
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PART 2: PARALLEL CIRCUITS 

SECTION 17-4 Impedance of Parallel RLC Circuits 
16. Express Ihc impedance of ihc circuit in Figure 17-63 in polar form. 
17. Is the circuit in Figure 17-63 capacilive or inductive? Explain. 
18. At what frequency does the circuit in Figure 17-63 change its reactive characteristic (from 

inductive to capacilive or vice versa)? 

FIGURE 17-63 

© 
5Z0°V 

' /= 12 kHz 
:r 
• 10011 le mil 

-C 
■ 0.022//F 

SECTION 17-5 Analysis of Parallel RLC Circuits 
19. For Ihc circuit in Figure 17-63, find all the currcnls and voltages in polar form. 
20. Find Ihc lolal impedance of the circuit in Figure 17-63 at 50 kHz. 
21. Change (he frequency to 100 kHz in Figure 17-63 and repeal Problem 19. 

SECTION 17-6 Parallel Resonance 
22. What is the impedance of an ideal parallel resonant circuit (no resistance in either branch)? 
23. Find Zat resonance and/r for the tank circuit in Figure 17-64. 
24. How much current is drawn from the source in Figure 17-64 at resonance? What are the induc- 

tive current and the capacilive current at the resonant frequency? 
25. Find P|rUe. Pn and /F in the circuit of Figure 17—64 at resonance. 

FIGURE 17-64 

201! 
47 pF 

Ml mil 

PART 3: SERIES-PARALLEL CIRCUITS 

SECTION 17-7 Analysis of Series Parallel RLC Circuits 
26. Find Ihc lolal impedance for each circuit in Figure 17-65. 

i—r 
10011 

120' Vv© + 

(a) 

A FIGURE 17-65 

.*<- 
' 1501! 

R 
22011 

6/0" V 

(b) 

k ; 

'N- ka 
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27. For each circuit in Figure 17-65, determine the phase angle between the source voltage and the 
total current. 

28. Determine the voltage across each element in Figure 17-66, and express each in polar form. 
29. Convert the circuit in Figure 17-66 to an equivalent series form. 

FIGURE 17-66 

.v kl! 

- 
0.0047 «F 

30. What is the current through R2 in Figure 17-67? 
31. In Figure 17-67, what is the phase angle between I2 and the source voltage? 

FIGURE 17-67 

47 ^F 
II5Z00 V O--) 
/ = 60 H/. 

j L 
' 390 mH 

• 100 a 

R1 
160 a 

*32. Determine the total resistance and the total reactance in Figure 17-68, 
*33. Find the current through each component in Figure 17-68. Find the voltage across each 

component. 

R, xc< 
 lh 

3.3 ka 
v; 

iozo°v 
1 ta 

ska 
.C, < R, 
"i6kn ^ 16 ka 

FIGURE 17-68 

34. Determine if there is a value of C that will make V in Figure 17-69. If not, explain. 
*35. If the value of C is 0.22 /xF. what is the current through a 10011 resistor connected from a to b 

in Figure 17-69? 

FIGURE 17-69 

© 

y, 
12Z0° V 
/ = 3 kHz 

180 a 

[it 
12 mil 
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*36. How many resonant frequencies are there in the circuit of Figure 17-70? Why? 
*37. Determine the resonant frequencies and the output voltage at each frequency in Figure 17-70. 

FIGURE 17-70 
m 

V,ll II 
2 II 

111 mil 
© I0Z00 V 

4 I! 
0,15 uF 

25 mH 

®38. Design a parallel-resonant network using a single coil and switch-selectable capacitors to 
produce the following resonant frequencies: 8 MHz. 9 MHz. 10 MHz. and 11 MHz. Assume 
a 10 /xH coil with a winding resistance of 5 li 

PART 4: SPECIAL TOPICS 

SECTION 17-8 Bandwidth of Resonant Circuits 
39. At resonance. 2 kit and Rw = 25 li in a parallel RLC circuit. The resonant frequency is 

5 kHz. Determine the bandwidth. 
40. If the lower critical frequency is 2400 Hz and (he upper critical frequency is 2800 Hz. what is 

the bandwidth? What is the resonant frequency? 
41. In a certain RLC circuit, the power at resonance is 2.75 W. What is the power at the lower 

critical frequency? 
''42. What values of /. and C should be used in a lank circuit to obtain a resonant frequency of 

8 kHz? The bandwidth must be 800 Hz. The winding resistance of the coil is 1011. 
43. A parallel resonant circuit has a Q of 50 and a BW of 400 Hz. If Q is doubled, what is the 

bandwidth for the same 

~ ' Multisim Troubleshooting and Analysis 
( 

These problems require Multisim. 
44. Open file PI 7-44 and determine if there is a fault. If so, find the fault. 
45. Open file PI 7-45 and determine if there is a fault. If so, find the fault. 
46. Open file PI 7-46 and determine if there is a fault. If so, find the fault. 
47. Open file PI 7-47 and determine if there is a fault. If so, find the fault. 
48. Open file PI 7-48 and determine if there is a fault. If so, find the fault. 
49. Open file PI 7-49 and determine if there is a fault. If so, find the fault. 
50. Open file PI 7-50 and determine the resonant frequency of the circuit. 
51. Open file PI 7-51 and determine the resonant frequency of the circuit. 

ANSWERS  

SECTION CHECKUPS 

SECTION 17-1 Impedance of Series RLC Circuits 
1. Xltl, = 7011; capacitive 
2. Z = 84.3Z-56.I°!1: Z = 84.311; d = -56.1°; current is leading Vs. 
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SECTION 17-2 Analysis of Series REC Circuits 
1. V, = 38.4^-21.3° V 
2. Current leads the voltage. 
3. X„„ = 6001! 

SECTION 17-3 Series Resonance 
1. For series resonance. .Y/ — 
2. The eutrent is maximum because the impedance is minimum. 
3. fr = 159 kHz 
4. The eircuit is capaeilivc. 

SECTION 17-4 Impedance of Parallel REC Circuits 
1. The circuit is capaeilivc. 
2. Y = I.54Z49.40 mS 
3. Z = 651Z-49.4° n 

SECTION 17-S Analysis of Parallel REC Circuits 
1. /;; 80 mA, /(- = 120 mA.// — 240 mA 
2. The circuit is capaeilivc. 

SECTION 17-6 Parallel Resonance 
1. Impedance is maximum at parallel resonance. 
2. The current is minimum. 
3. Xc = 150011 
4. fr = 225 kHz 
5. fr = 22.5 kHz 
6. fr = 20.9 kHz 

SECTION 17-7 Analysis of Series-Parallel REC Circuits 
1. R/J<eq) = 13011, Leq = 101.6/iiH. C = 0.22/zF 
2. - 20.1 mH, = 1,59 kll 

SECTION 17-8 Bandwidth of Resonant Circuits 
1. BW = /2 -/ = 400 kHz 
2. fr = 2 MHz 
3. Pf2 = 0.9 W 
4. Larger Q means narrower BW. 

SECTION 17-9 Applications 
X. A tuned filler is used to select a narrow band of frequencies. 
2. A crossover network is a filter network that separates (he audio signal into different frequency 

bands for the speakers while maintaining an overall flat response. 
3. Ganged tuning is done with several capacitors (or inductors) whose values can be varied simul- 

taneously with a common control. 
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RELATED PROBLEMS FOR EXAMPLES 
17-1 7. = 12.7^82.3" ki! 
17-2 7 = 4.72Z45.6°kJl. See Figure 17-71. 

FIGURE 17-71  2(kl!) 

\ 
\ / 
\ 

17-3 Current will increase with frequency to a certain point and then it will decrease. 
17-4 The circuit is more capacitive. 
17-5 fr = 22.5 kHz 
I7-fi 45° 
17-7 Z increases; Z increases. 
17-8 Z decreases. 
17-9 Inductive 

17-10 ltot increases. 
17-11 Greater 
17-12 Vc = O.OSZ-OS.S3 V 
17-13 VC1 = 27.1Z-8l.rV 
17-14 Rim, - 25 kl!, /,eq = 5 mH; C = 0.022 /zF 
17-15 Z, = 79.9kl! 
17-16 / = 35.4 mA 
17-17 /, = 6.75 kHz;/2 = 9.25 kHz 
17-18 HW = 7.96 kHz 

TRUE/FALSE QUIZ 
I. T 2. F 3. T 4. T 5. F 6. T 7. T 8. F 9. T 10. T 

SELF-TEST 
I. (a) 2. (c) 3. (b) 4. (c) 5. (d) 6. (c) 7. (a) 8. (b) 
9. (d) 10. (a) II. (b) 12. (d) 

CIRCUIT DYNAMICS QUIZ 
I. (b) 2. (a) 3. (a) 
9. (a) 10. (a) II. (a) 

4. (c) 
12. (a) 

5. (e) 
13. (b) 

6. (b) 7. (b) 8. (c) 
14. (a) 
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CHAPTER OUTLINE APPLICATION ACTIVITY PREVIEW 

18-1 Low-Pass Filters 
18-2 High-Pass Filters 
18-3 Band-Pass Filters 
18-4 Band-Stop Filters 

Application Activity 

CHAPTER OBJECTIVES 

♦ Analyze the operation of RC and RL low-pass filters 
♦ Analyze the operation of RC and RL high-pass fillers 
♦ Analyze the operation of band pass filters 
♦ Analyze the operation of band-stop filters 

KEY TERMS 

♦ Low-pass filter 
Passband 
Critical frequency (/() 
Roll-off 
Attenuation 
Decade 

♦ Bode plot 
♦ High-pass filler 
♦ Band-pass filter 
♦ Center frequency (/q) 
♦ Band-slop filter 

In the application activity, you will plot the frequency re- 
sponses of filters based on oscilloscope measurements and 
identify the types of filters. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
http.7/www.prenhall.com/floyd 

NTRODUCTION 

The concept of filters was introduced in Chapters 15,16, and 
17 to illustrate applications of RC. fit, and fitC circuits. This 
chapter is essentially an extension of the earlier material and 
provides additional coverage of the important topic of filters. 

Passive filters are discussed in this chapter. Passive filters 
use various combinations of resistors, capacitors, and induc- 
tors. In a later course, you will study active fillers that use 
passive components combined with amplifiers. You have 
already seen how basic RC, fit, and RLC circuits can be used 
as filters. Now, you will learn that passive filters can be 
placed in four general categories according to their response 
characteristics; low-pass, high-pass, band-pass, and band- 
slop. Within each category, there are several common types 
that will be examined. 
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18-1 Low-Pass Filters  

A low-pass filler allows signals with lower frequencies to pass from input to output 
while rejecting higher frequencies. 

After completing this section, you should be able to 

♦ Analyze the operation of RC and Rf. low-pass filters 

♦ Express the voltage and power ratios of a filter in decibels 

♦ Determine the critical frequency of a low-pass filter 

♦ Explain the difference between actual and ideal low-pass response curves 

♦ Define roll-off 

♦ Generate a Bode plot for a low-pass filter 

♦ Discuss phase shift in a low-pass filler 

Figure 18-1 shows a block diagram and a general response curve for a low-pass filler. 
The range of frequencies passed by a filter within specified limits is called the passband 
of the filter. The point considered to be the upper end of the passband is at the critical fre- 
quency,/„ as illustrated in Figure I8-I(b). The critical frequency (fc) is the frequency at 
which the filter's output voltage is 70.7% of the maximum. The filter's critical frequency is 
also called the cutoff frequency, break frequency, or —3 tIB frequency because the output 
voltage is down 3 dB from its maximum at this frequency. The term tlli (decibel) is a com- 
monly used unit in filter measurements. 

FIGURE 18-1  
Low-pass filter block diagram and 
general response curve. 

K, 

la) 

Low-pass 
filter 

O.V(l,T, 

Passes these" frequencies ^ Rejects these frequencies 
(b) 

Decibels 

The basis for the decibel unit stems from the logarithmic response of the human ear to the 
intensity of sound. The decibel is a logarithmic measurement of the ratio of one power to 
another or one voltage to another, which can be used to express the input-lo-oulput rela- 
tionship of a filter. The following equation expresses a power ratio in decibels: 

Equation 18-1 dB = IQlogf— 
V Pin / 

& This icon indicates selected websites for further information on topics in this section. See the Companion 
Website provided with this text. 
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From the properties of logarithms, the following decibel formula for a voltage ratio is 
derived. 

dB = 201og(—) Equation 18-2 

EXAMPLE 18-1 At a certain frequency, the output voltage of a filter is 5 V and the input is 10 V. Express 
the voltage ratio in decibels. 

20 log = 20 log (^-^0 = 20 log(0.5) = -6.02dB 

Related Problem Express the ratio VoulIVin = 0.85 in decibels. 

^Answers are at the end of the chapter. 

RC Low-Pass Filter 

A basic RC low-pass filter is shown in Figure 18-2. Notice that the output voltage is taken 
across the capacitor. 

When the input is dc (0 Hz), the output voltage equals the input voltage because Xc is 
infinitely large. As the input frequency is increased, Xc decreases and, as a result, V,ml 
gradually decreases until a frequency is reached where Xc = R. This is the critical fre- 
quency,^., of the filter. 

Xc = 
I 

lirfC 
= R 

Solving forfc. 

fc = 
I 

ITTRC 

At any frequency, by application of the voltage-divider formula, the output voltage magni- 
tude is 

= Vh, 
> VR2 + Xl 

Since Xc = R al/r, the output voltage at the critical frequency can be expressed as 

R \ ( R   iu. i   n/. — ,   
VV2 

K,,,, = 
V/e2 + Rr 

vm = | —]vm = = (A=]vin = 0.707V;,, 
\V2R' 

These calculations show that the output is 70.7% of the input when Xc — R. The frequency 
at which this occurs is, by definition, the critical frequency. 

The ratio of output voltage to input voltage at the critical frequency can be expressed in 
decibels as follows: 

V„,„ = 0.707V,•„ 

= 0.707 

20 log 

Oil/ 
Vou, 
Kn 

Km = 20 log(0.707) = —3 dB 

V,,," Wv- 
iooh 

FIGURE 18-2 

-°v.„ 

c 
0.0047//F 

Equation 18-3 
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EXAMPLE 18-2 Delcrmine the critical frequency and Vou, Mf for an input of 10 V for the RC low-pass 
filler in Figure 18-2. 

Sol u lion L = —'— = ! = 339 kHz J 277HC 2ir( 100 Sl)(0.0047 /iF) 

The output voltage is 3 dB below V„, at this frequency (Vou, has a maximum value 
of Vin). 

Rii.ilcd Problem A certain RC low-pass filter has R = 1.0 kfl and C = 0.022 /iF. Determine its critical 
frequency. 

Roll-Off of the Response Curve 

The blue line in Figure 18-3 shows an actual response curve for a low-pass filter. The max- 
imum output is defined to be 0 dB as a reference. Zero decibels corresponds to Vnlll = Vln 
because 20 log(F„,„/ V,,,) = 20 log I = 0 dB. The output drops from 0 dB to -3 dB at the 
critical frequency and then continues to decrease at a fixed rate. This pattern of decrease is 
called the roll-off of the frequency response. The red line shows an ideal output response 
that is considered to be "flat" out to the critical frequency. The output then decreases at the 
fixed rate. 

FIGURE 18-3 
Actual and ideal response curves for 
a low-pass filter. 0 dB 

kea 

3 cm 
Aclua 

Vo.r/Vto IdBl 

As you have seen, the output voltage of a low-pass filter decreases by 3 dB when the fre- 
quency is increased to the critical value/c. As the frequency continues to increase above/., 
the output voltage continues to decrease. In fact, for each tenfold increase in frequency 
above f., there is a 20 dB reduction in the output, as shown in the following steps. 

Let's take a frequency that is ten times the critical frequency (/ = 10/,.). Since R = Xc 
at/,., then R = I OXf at 10fc because of the inverse relationship of and/ 

The attenuation is the reduction in voltage expressed as the ratio Vou,IVj„ and is devel- 
oped as follows: 

V,„„ 
V;„ 

Xr 
Vr2 + xl 

Xc 
V(iQXc)2 + xl 

Xc Xc 
V 1UUA f 

The dB attenuation is 

+ xl Vxliioo + i) xc v i o i VToT 
s —= 0.1 

20log[ -rr— ) = 20log(0.1) = -20dB 
• in 
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A tenfold change in frequency is called a decade. So, for an RC circuit, the output volt- 
age is reduced by 20 dB for each decade increase in frequency. A similar result can be de- 
rived for a high-pass circuit. The roll-off is a constant —20 dB/dccadc for a basic RC or RL 
filter. Figure 18-4 shows the ideal frequency response plot on a semilog scale, where each 
interval on the horizontal axis represents a tenfold increase in frequency. This response 
curve is called a Bode plot. 

-10 

-20 

'11 

(<IB) 

FIGURE 18-4 
Frequency roll-off for an RC low-pass filler (Bode plot). 

EXAMPLE 18-3 Make a Bode plot for the filler in Figure 18-5 for three decades of frequency. Use 
semilog graph paper. 

l.O kf! 
C 
0.0047//F 

FIGURE 18-5 

Solution The critical frequency for this low-pass filter is 

/:. = —^^ = 33.9 kHz 
2irRC 2rr(l.0kn)(0.0047^F) 

The idealized Bode plot is shown with ihe red line on the semilog graph in 
Figure 18-6. The approximate actual response curve is shown with the blue line. 
Notice first that the horizontal scale is logarithmic and the vertical scale is linear. 
The frequency is on the logarithmic scale, and the filter output in decibels is on Ihe 
linear scale. 

The output is flat below/r (33.9 kHz). As the frequency is increased above/., the 
output drops al a -20dB/decade rate. Thus, for the ideal curve, every time Ihe fre- 
quency is increased by ten, the output is reduced by 20 dB. A slight variation from this 
occurs in actual practice. The output is actually at —3 dB ralher lhan 0 dB at the criti- 
cal frequency. 
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-IOcIB 

-20 dB 

-30 dB 

-40 dB 

10 kHz 

■t- ^ —J ooo 

K s 
i 
i 
' 
i 
i 
i 
i 
i 
i 
i 
i 
i 
i 
i 
i 

1 

i 
i 
i 

100 kHz. 

FIGURE 18-6 

1000 kHz 10.000 kHz 

Bode plot for Figure 18-5. The red line represents the ideal response curve and the blue line rep- 
resents the actual response. 

Rehiii'd Problem What happens to the critical frequency and roll-off rate if C is reduced to 0.001 ixF in 
Figure 18-5? 

K, o "TliJT1 

FIGURE 18-7 
fit low-pass filter. 

Equation 18-4 

RL Low-Pass Filter 

A basic RL low-pass filler is shown in Figure 18-7. Notice that the output voltage is taken 
across the resistor. 

When the input is dc (0 Hz), the output voltage ideally equals the input voltage because 
is a short (if R\y is neglected). As the input frequency is increased, X/ increases and, as 

a result, V,„„ gradually decreases until the critical frequency is reached. At this point, 
X/ = R and the frequency is 

2irfcL = R 

fc = 
R 

2irL 

fc = 
I 

2TT(L/R) 

Just as in the RC low-pass filter, V0„, = 0.707V(„ and, thus, the output voltage is -3 dB 
below the input voltage at the critical frequency. 
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EXAMPLE 18-4 Make a Bode plot for Ihc filler in Figure 18-8 for three decades of frequency. Use 
semilog graph paper. 

FIGURE 18-8 L 
k, o—URT1- 

4.7 mH 
:r 
■2.2 kil 

Solution The critical frequency for this low-pass filter is 

^ ~ 2it(LIR) ~ 2it(4.7 mH/2.2 kfl) _ 74'5 kHz 

The idealized Bode plot is shown with the red line on the semilog graph in Figure 
18-9. The approximate actual response curve is shown with the blue line. Notice first 
that the horizontal scale is logarithmic and the vertical scale is linear. The frequency is 
on the logarithmic scale, and Ihc filler output in decibels is on the linear scale. 

2 O O 
— 

L 

. • • 
10 kHz fr 1000 kHz 10,000 kHz 

FIGURE 18-9  
Bode plot for Figure 18-8. The red line is the ideal response curve and the blue line is the actual 
response. 
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Related Problem 

The output is flat below/,. (74.5 kHz), As the frequency is increased above/., the 
output drops at a —20 dB/dccadc rale. Thus, for the ideal curve, every lime the fre- 
quency is increased by ten, the output is reduced by 20 dB. A slight variation from this 
occurs in actual practice. The output is actually at —3 dB rather than 0 dB at the criti- 
cal frequency. 

What happens to the critical frequency and roll-off rale if L is reduced to I mH in 
Figure 18-8? 

Use MuMsim files EI8-04A and E18-04B to verify the calculated results in this example 
and to confirm your calculations for the related problem. 

Phase Shift in a Low-Pass Filter 

The RC low-pass filter acts as a lag circuit. Recall from Chapter 15 that the phase shift from 
input to output is expressed as 

^ = :"tan"1(^) 
At the critical frequency, Xc = R and, therefore, / = —45°. As the input frequency is re- 
duced, <J> decreases and approaches 0° when the frequency approaches zero. Figure 18-10, 
illustrates this phase characteristic. 

FIGURE 18-10 
Phase characteristic of a low-pass 
filler. 

90°-- 

The RL low-pass filler also acts as a lag circuit. Recall from Chapter 16 that the phase 
shift is expressed as 

*=— 

As in the RC filler, the phase shift from input to output is —45° at the critical frequency 
and decreases for frequencies below/.. 

SECTION 18-1 
CHECKUP 
Answers are at the end of the 
chapter. 

1. in a certain low-pass filter, / = 2.5 kHz. What is its passband? 
2. In a certain low-pass filler, R = 100 !l and Xc = 2 !i at a frequency,/i- Determine 

Vour at/, when V,n = 5 Z 0° V rms. 
3. Vou, = 400 mV, and Vj„ = 1.2 V. Express the ratio Vou[/V,-„ in dB. 
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18-2 High-Pass Filters 

A high-pass filler allows signals with higher frequencies to pass from input to output 
while rejecting lower frequencies. 

After completing this section, you should be able to 

♦ Analyze the operation of RC and Rl. high-pass filters 

• Determine the critical frequency of a high-pass filler 

♦ Explain the difference between actual and ideal response curves 

♦ Generate a Bode plot for a high-pass filler 

• Discuss phase shift in a high-pass filter 

Figure 18-11 shows a block diagram and a general response curve for a high-pass filter. 
The frequency considered to be the lower end of the passband is called the critical fre- 
quency. Just as in the low-pass filter, it is the frequency at which the output is 70.7% of the 
maximum, as indicated in the figure. 

v.n 
High-pass 

filler Vllut 

•i /"VI 

hi .so : hi.. 
trcquencies frequencies 

FIGURE 18-11 
High-pass filler block diagram and response curve. 

RC High Pass Filter 

A basic RC high-pass filler is shown in Figure 18-12. Notice that the output voltage is 
taken across the resistor. 

Vi„o- 
•» FIGURE 18-12 

-o v.„„ RC high-pass filter. 

When the input frequency is at its critical value, JQ- = R and the output voltage is 
0J01Vln, just as in the case of the low-pass filler. As the input frequency increases above 
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Ihc critical frequency, Xf decreases and, as a result, the output voltage increases and 
approaches a value equal to V,„. The expression for the critical frequency of the high-pass 
filter is Ihc same as for the low-pass filter. 

~ ITTKC 

Below/c, the output voltage decreases (rolls off) at a rate of —20dB/decade, Figure 
18-13 shows an actual and an ideal response curve for a high-pass filter. 

Ideal 

0,01/ 0.1/ 
 (— 1  

-3 dB  1 1— 

20 dB 
i i s 
1 IX r X 

Actual 

40 dB 
I 

V^/V,,, (dB) 

A FIGURE 18-13  
Actual and ideal response curves for a high-pass filter. 

EXAM PLE 18-5 Make a Bode plot for the filler in Figure 18-14 for three decades of frequency. Use 
semilog graph paper. 

FIGURE 18-14 

v,„ o 11 « o V„„ 
0,047 uF 

K 
330 f! 

Solution The critical frequency for this high-pass filter is 

L = —!— =   = 10.3 kHz= 10 kHz 
2TTRC 277(330 11)(0.047/XF) 

The idealized Bode plot is shown with the red line on the semilog graph in Figure 
18-15. The approximate actual response curve is shown with the blue line. Notice firs! 
that the horizontal scale is logarithmic and the vertical scale is linear. The frequency is 
on the logarithmic scale, and the filter output in decibels is on the linear scale. 

The output is flat above/,, (approximately 10 kHz). As the frequency is reduced be- 
low f.. (he oulpul drops at a —20 dB/decade rale. Thus, for the ideal curve, every lime 
the frequency is reduced by ten, the output is reduced by 20 dB. A slight variation 
from this occurs in actual practice. The output is actually at —3 dB rather than 0 dB at 
the critical frequency. 
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-IOdB ■ 
V 
U, 

10.3 kHz. 

(I ilR 
-3 dB 

■' 311 

i—l—l_l 

-20 dB 

-40 dB 

100 Hz 1000 Hz 

FIGURE 18-15 

10 kHz 100 kHz 

Bode plot for Figure 18-14. The red line is the ideal response curve and the blue line is the actual 
response curve. 

Helmcil I'robleni It'the frequency for the high-pass filter is decreased to 10 Hz. what is the output to 
input ratio in decibels? 

Use Multisim file El 8-05 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

RL High-Pass Filter 

A basic Rl. high-pass filter is shown in Figure 18-16. Notice that the output is taken across 
the inductor. 

When the input frequency is at its critical value, XL = R. and the output voltage is 
0.707 V,,,. As the frequency increases above X/ increases and, as a result, the output 

vm o VvV 
FIGURE 18-16 

Rt high-pass filter. 
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voltage increases until it equals V,„. The expression for the critical frequency of the high- 
pass filter is the same as for the low-pass filler. 

fc = 
I 

2tt(UR) 

Phase Shift in a High-Pass Filter 

Both the RC and the RL high-pass fillers act as lead circuits. Recall from Chapters 15 and 
16 that the phase shift from input to output for the RC lead circuit is 

t^c <t> = tan ( — 

and the phase shift for the RL lead circuit is 

At the critical frequency, X/ = R and, therefore, 4> = 45°. As the frequency is increased, 
4> decreases toward 0°, as shown in Figure 18-17. 

FIGURE 18-17 
Phase characteristic of a high-pass 
filter. Qfl" - 

45°- 
\ \ 

0 1 • 
fc 

EXAMPLE 18-6 (a) In Figure 18-18, find the value of C so that Xc is approximately ten times less 
than R at an input frequency of 10 kHz. 

(b) If a 5 V sine wave with a de level of 10 V is applied, what are the output voltage 
magnitude and the phase shift? 

FIGURE 18-18  c 

v,,, o II • ov;„„ 

:« 
• 680 i! 

Solution (a) Determine the value of C as follows: 

Xc = OAR = 0.1 (680 fi) = 68(1 

C _ 2irfi(c ~ 27r(IO kHz)(68 ft) ~ 0'234 mF 

Using the nearest standard value of C = 0.22/aF, 

X = ^ ^ _ y2 Q c ItrfC 277(10 kHz)(0,22/xF) 



Band-Pass Filters ♦ 815 

(b) Dclcrminc the magnitude of the sinusoidal output using the voltage-divider 
formula. 

/ a \ / 680 fi \ 
v„,„ = ( -T=== ]v,„ = , 5 V = 4.97 V 

V V (680 Hi2 + (72 01-/ 
The phase shift is 

<£ = tan_l( —] = lan^'f^r^r) = 6.04" v \HJ \68oaJ 

At/ = 10 kHz. which is a decade above the critical frequency, the sinusoidal out- 
put is almost equal to the input in magnitude, and the phase shift is very small. The 
10 V dc level has been filtered out and does not appear at the output. 

Related Problem Repeat parts (a) and (b) of the example if K is changed to 220!!. 

Use Multisim files EI8-06A and EI8-06B to verify the calculated results in this example 
" and to confirm your calculations for the related problem. 

CTIO 
ECK 

18 -2 I. The input voltage of a high-pass filter is I V. What is Vout at the critical frequency? 
. In a certain high-pass filler, V,„ = 10Z0°V,R = 1.0kti. and Xl = 15k!i. Deter- 

mine Voul. 

18-3 Band-Pass Filters  

A band-pass filter allows a certain band of frequencies to pass and attenuates or 
rejects all frequencies below and above the passband. 

After completing this section, you should be able to 

♦ Analyze the operation of band-pass filters 

♦ Define bandwidth 

♦ Show how a band-pass filter is implemented with low-pass and high-pass fillers 

♦ Explain the scrics-rcsonant band-pass filler 

♦ Explain the parallel-resonant band-pass filter 

♦ Calculate the bandwidth and output voltage of a band-pass filter 

The bandw idth of a band-pass filter is the range of frequencies for which the cur- 
rent, and therefore the output voltage, is equal to or greater than 70.7% of its value 
at the resonant frequency. 

As you know, bandwidth is often abbreviated BW and can be calculated as 

fiW=/c2-/<l 
where f.\ is the lower cutoff frequency and fi is the upper cutoff frequency. 

Figure 18-19 shows a typical band-pass response curve. 
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Band-pass 
hirer 

0,707V..... 

/el fo fc2 

FIGURE 18-19 
Typical band pass response curve. 

Low-Pass/High-Pass Filter 

A combination of a low-pass and a high-pass filter can be used to form a band-pass filter, 
as illustrated in Figure 18-20. The loading effect of the second tiller on the first must be 
taken into account. 

FIGURE 18-20 
A low-pass and a high-pass filter are v V 

Low-pass 
filter 

J 
High-pass 

filler 
used to form a band-pass filler. 

X X 

If the critical frequency of the low-pass filler,is higher than the critical frequency 
of the high-pass filter, /„(/,), the responses overlap. Thus, all frequencies except those 
between.£-(/,) and/^y are eliminated, as shown in Figure 18-21. 

Low-pass curve 

1  

High-pass 
blocks 

I 

High-pass curve 

I  

Low-pass 
blocks 

fm /<«> 
Passband 

FIGURE 18-21 
Overlapping response curves of a low-pass/high-pass filter. 

EXAMPLE 18-7 

Solution 

Related Problem 

A high-pass filter with f. = 2 kHz and a low-pass tiller with f. = 2.5 kHz are used to 
construct a band-pass filter. Assuming no loading effect, what is the bandwidth of the 
passband? 

IIW = f.(i) - fey,) = 2.5 kHz - 2 kHz. = 500 Hz. 

'f/ctn = 9 kHz and the bandwidth is 1.5 kHz, what is W- 
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Series Resonant Band-Pass Filter 

A type of series resonant band-pass filter is shown in Figure 18-22. As you learned in 
Chapter 17, a series resonant circuit has minimum impedance and maximum current at the 
resonant frequency,/r. Thus, most of the input voltage is dropped across the resistor at the 
resonant frequency. Therefore, the output across R has a band-pass characteristic with a 
maximum output at the frequency of resonance. The resonant frequency is called the 
center frequency, fti- The bandwidth is determined by the quality factor, Q, of the circuit 
and the resonant frequency, as was discussed in Chapter 17. Recall that Q = X/JK. where 
R is the resistance in the circuit. 

A FIGURE 18-22  
Series resonant band-pass filler. 

A higher value of Q results in a smaller bandwidth. A lower value of Q causes a larger 
bandwidth. A formula for the bandwidth of a resonant circuit in terms of Q is stated in the 
following equation: 

L C 

Equation 18-5 

EXAMPLE 18-8 Determine the output voltage magnitude at the center frequency (f0) and the band- 
width for the filler in Figure 18-23. 

FIGURE 18-23 1. = I mH C 

'hiIiiihm At/(|. Xf and A, cancel and the impedance of the resonant circuit is equal to the 
winding resistance. Rw. The total circuit resistance is R/ + Rw. By the voltage-divider 
formula. 

The center frequency is 

2-77Vic 2-77 V( I mH)(0.0022 /iF) 
= 107 kHz 
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At fu. the inductive reactance is 
X, = 2irfL = 2ir(l07kH7.)(l mH) = 672 n 

and the total resistance is 

K„„ = R, + Rw = 100 ft + 10 ft = 110 ft 

Therefore, the circuit Q is 

The bandwidth is 

BW = — 
Q 
h _ 107 kHz 
Q~ <>.11 

= 17.5 kHz 

Relawd Problem If a I mH coil with a winding resistance of 18 ft replaces the existing coil in Figure 
18-23, how is the bandwidth affected? 

Use Multisim files E18-08A and E18-08B to verify the calculated results in this example 
and to confirm your answer for the related problem. 

A type of band-pass filter using a parallel resonant circuit is shown in Figure 18-24. Recall 
that a parallel resonant circuit has maximum impedance at resonance. The circuit in Figure 
18-24 acts as a voltage divider. At resonance, the impedance of the tank circuit is much 
greater than the resistance. Thus, most of the input voltage is across the tank circuit, pro- 
ducing a maximum output voltage at the resonant (center) frequency. 

FIGURE 18-34  R 
Parallel resonant band-pass filter. K,, o VA"  0 V""i 

For frequencies above or below resonance, the tank circuit impedance drops off, and 
more of the input voltage is across R. As a result, the output voltage across the lank circuit 
drops off, creating a band-pass characteristic. 

Parallel Resonant Band-Pass Filter 

c 

EXAMPLE 18-9 What is the center frequency of the filter in Figure 18-25? Assume Rw = 0 ft. 

FIGURE 18-25 

K o- 
R 
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Solution The center frequency of the filter is its resonant frequency. 

f0 = 
l-7= = : 1 = 5.03 MHz 

2tt\/LC 27rV(IO/tH)(IOI)pF) 

Rel.iIt'll Problem Determine/o in Figure 18-25 if C is changed to 1000 pF. 

' Use Multisim tiles E18-09A and E18-09B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

EXAMPLE 18-10 Determine the center frequency and bandwidth for the band-pass filler in Figure 18-26 
if the inductor has a winding resistance of 15ft. 

FIGURE 18-26   A 
k °—Wv r ° 

82 Si 

sj 50 mH —|—0.0l/<F 

Solution Recall from Chapter 17 (Eq. 17-13) that the resonant (center) frequency of a nonideal 
tank circuit is 

V1 - (KiyC/L) Vl - (15ft)2(0.01 fiF)/50mH 
fo ,— ,  7.12 kHz 

ItrVLC 2itV(50 mH|(0.0l)xF| 
The Q of the coil at resonance is 

Xi ItrfoL 277(7.12 kHz)(50mH) 
0 = — =        149 Rw Rw 15 ft 

The bandwidth of the filter is 

^ = 712 oHZ = 47.8 Hz 
Q 149 

Note that since Q > 10, the simpler formula,/n = 1 U2tt \'LC), could have been 
used to calculate/y. 

Ilelott'il Problem Knowing the value of Q. recalculate/y using the simpler formula. 

E 
> 

cr 
E 

|OP 
:KU 

18 
11 

-3 For a band-pass filter,/C(/,| = 29.8 kHz and/C|/) = 30.2 kHz. What is the bandwidth? 
2. A parallel resonant band-pass filter has the following values: = 15ft,i = 50/zH, 

and C = 470 pF. Determine the approximate center frequency. 
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18-4 Band-Stop Filters  

A band-stop tiller is essentially the opposite of a band-pass tiller in terms of the 
responses. A band-stop filter allows all frequencies to pass except those lying within 
a certain stopband. 

After completing this section, you should be able to 

• Analyze the operation of band-stop filters 

• Show how a band-stop filler is implemented with low-pass and high-pass filters 

♦ Explain the series-resonant band-stop filter 

♦ Explain the parallel-resonant band-stop filter 

• Calculate the bandwidth and output voltage of a band-stop filter 

Figure 18-27 shows a general band-stop response curve. 

v'„.. 

Vmu 
0.707V,,,„ 

(-3 dB) 

A FIGURE 18-27  
General band-slop response curve. 

Low-Pass/High-Pass Filter 

A band-stop filter can be formed from a low-pass and a high-pass filter, as shown in 
Figure 18-28. 

V 
Low-pass 

filler 
' 

y 
High-pass 

filter 

A FIGURE 18-28  
A low-pass and a high-pass filter are used to form a band-stop filter. 

If the low-pass critical frequency,^/), is set lower than the high-pass critical frequency, 
f ill), a band-stop characteristic is formed as illustrated in Figure 18-29. 

\ T\ 
\ h 
\ /1 

\ / 1 

\ / 1 

\ / 1 

\ / 1 
I*' i ^ 

1 /o Scl 
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Low-pass curve 

/ 

High-pass curve 

/  

fdD fo Jem 
Siophand 

FIGURE 18-29 
Band-stop response curve. 

Series Resonant Band-Stop Filter 

A series resonant circuit used in a band-stop configuration is shown in Figure 18-30. Basi- 
cally, it works as follows: At the resonant frequency, the impedance is minimum, and there- 
fore the output voltage is minimum. Most of the input voltage is dropped across R. At 
frequencies above and below resonance, the impedance increases, causing more voltage 
across the output. 

v... o Wv~ 
■< FIGURE 18-30  

-o v,iw Series resonant band-stop filter. 

j i Series 
resonant 
circuit 

:C 

EXAMPLE 18-11 Find the output voltage magnitude al /o and ihc bandwidth in Figure 18-31. 

FIGURE 18-31 

A'. 
2 1 

100 mil 

0.01 f/P T 

Solulion Since X/ = X( at resonance, they cancel, leaving R\\ . The output voltage is determined 
using the voltage-divider formula. 

v,„„ = I _ V,n = I tttt 1100 mV = 3.45 mV 
R + RwJ V58 il 
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To determine the bandwidth, first calculate the center frequency and Q of the circuit. 

I I 
/o = 

Q = 

InVLC 2jrV(IOOmHKO.OI /xF) 
_XL lirfl. 277(5.03 kHz)( 100 raH) 
/?, 

= 5.03 kHz 

3.16 kf! 
R + Ru 58 n 58 n 

• = 54.5 

/« 5.03 kHz 
BlV = t=^I^=92-3HZ 

Related Problem Assume Rw = 10 ft in Figure 18-31. Determine Vo,„ and the bandwidth. 

Use Multisim files E18-11A and E18-1 IB to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

Parallel Resonant Band-Stop Filter 

A parallel resonant circuit used in a band-slop configuration is shown in Figure 18-32. At 
the resonant frequency, the lank impedance is maximum, and so most of the input voltage 
appears across it. Very little voltage is across R at resonance. As the tank impedance 
decreases above and below resonance, the output voltage increases. 

► FIGURE 18-32  
Parallel resonant band-stop filter. 

V(i, o 

EXAMPLE 18-12 Find the center frequency of the filler in Figure 18-33. Draw the output response curve 
showing the minimum and maximum voltages. 

 0 i l-W PF ,^_T_ 

1 Ujv—-wJ i«,. 
10 V 81! 5/tH -5601! 

FIGURE 18-33 
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Solution The center frequency is 

/o = 
Vl - Kjc/L _ Vl - (8fl)2(l50pF)/5/xH 

Itt V (5 /xH)(15(1 pF) 2TTVLC 
At the center (resonant) frequency, 

XL = 2iTf0I. = 2ir(5.19 MHz)(5 fiH) =182 41 
XL 182(1 

= 5.79 MHz 

a = ■ = 22.8 
Kw 811 

Zr = Rw(Q2 + 1) = 8 (1(22.82 + 1) = 4.17kft (purely resistive) 

Next, use the voltage-divider formula to find the minimum output voltage magnitude. 

V. / 560(1 
'oul(min) R, z. 

v,„ = 
4.73 k(l 

10 V = 1.18 V 

At zero frequency, the impedance of the tank circuit is Kw because X( = <x> and 
Xj = 011. Therefore, the maximum output voltage below resonance is 

voM(niax) 
Rl 

R, + Rv 
V,-,, = 

560(1 
568(1 

10 V = 9.86 V 

As the frequency increases much higher than fy, Xc approaches 0 (I, and V(,„, 
approaches V,„ (10 V). Figure 18-34 shows the response curve. 

V„.,(V) 

9.86 ' 

1.18, 
0- 

5.79 
-/ (MHz) 

FIGURE 18-34 

Related Problem What is the minimum output voltage if fy. = 1.0 k(l in Figure 18-33? 

Use Multisim tiles EI8-I2A and E18-I2B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

I 

CT 10 
ECK 

N 18 
JP 

4 1. How does a band-stop filter differ from a band-pass filter? 
2. Name three basic ways to construct a band-stop filter. 
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Application Activity 

In this application activity, you will 
plot the frequency responses of two 
types of filters based on a series of 
oscilloscope measurements and iden- 

tify the type of filter in each case. The filters are contained in 
scaled modules as shown in Figure 18-35. You arc conecrncd 
only with determining the filler response characteristics and not 
the types of internal components. 

Filter Measurement and Analysis 

1. Refer to Figure 18-36. Based on the series of four oscilloscope 
measurements, create a Bode plot for the filler under test, 
specify applicable frequencies, and identify the type of filler. 

2. Refer to Figure 18—37. Based on the series of six oscilloscope 
measurements, create a Bode plot for the filler under lest, 
specify applicable frequencies, and identify the type of filler. 

FIGURE 18-35 
Filter modules. Filter 

module 1 

IN GND OUT 

n 

Filter 
module 2 

IN GND OUT 
1 1 1 

I 

Filter 
module 1 

IN GND OUT 

2 V peak-to-peak signal 
from Function generator 

To scope 

A A A A A 
A A A A A 

1 1 Z 1 

\ \ \ \ \ V V V V V  I 
Ch 1 20mV 10/is 

FIGURE 18-36 
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Ch 1 5mV 2ms Ch 1 20mV 0.5ms Ch 1 0.2V 50us 

Filter 
module 2 

IN GND OUT 

Ch 1 0.5V 20us Ch 1 0.2V 20us To scope 2 V peak-io-peak signal 
from function generator 

Ch 1 20m V 2 us 

FIGURE 18-37 

Review 
3. Explain how the waveforms in Figure 18-36 indicate the 

type of filler. 

4. Explain how the waveforms in Figure 18-37 indicate the 
type of filler. 

SUMMARY 

♦ Four categories of passive fillers according to their response characteristics are low-pass, high- 
pass. band-pass, and band-slop. 

♦ In an RC low-pass filter, the output voltage is taken across the capacitor and the output lags the input, 
♦ In an RL low-pass filter, the output voltage is taken across the resistor and the output lags the input. 
♦ In an RC high-pass filter, the output is taken across the resistor and the output leads the input. 
♦ In an RL high-pass filter, the output is taken across the inductor and the output leads the input. 
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♦ The roll-off rate of a basic RC or RL filler is - 20 dB per decade. 
♦ A band-pass filler passes frequencies between Ihe lower and upper critical frequencies and rejects 

all others. 
♦ A band-slop filter rejects frequencies between its lower and upper critical frequencies and passes 

all others. 
♦ The bandwidth of a resonant filler is determined by the quality factor (Q) of the circuit and the 

resonant frequency. 
♦ Critical frequencies are also called —3 dB frequencies. 
♦ The output voltage is 70.7% of its maximum at the critical frequencies. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of book glossary. 

Attenuation A reduction of the output signal compared to the input signal, resulting in a ratio with 
a value of less than 1 for the output voltage to the input voltage of a circuit. 
Band-pass filter A filter that passes a range of frequencies lying between two critical frequencies 
and rejects frequencies above and below that range. 
Band-stop filter A filter that rejects a range of frequencies lying between two critical frequencies 
and passes frequencies above and below that range. 
Bode plot The graph of a filter's frequency response showing the change in the output voltage to 
input voltage ratio expressed in dB as a function of frequency for a constant input voltage. 
Center frequency (/o) The resonant frequency of a band-pass or band-slop filler. 
Critical frequency (/c) The frequency at which a filter's output voltage is 70.7% of the maximum. 
Decade A tenfold change in frequency or other parameter. 
High-pass filter A type of filler that passes all frequencies above a critical frequency and rejects all 
frequencies below that critical frequency. 
Low-pass filter A type of filter that passes all frequencies below a critical frequency and rejects all 
frequencies above that critical frequency. 
Passband The range of frequencies passed by a filter. 
Roll-off The rale of decrease of a filler's frequency response. 

FORMULAS 

18-1 

18-2 

18-3 /c = 

18-4 

18-5 

(IB = lOlogi 

dB = 20log( 
'in 

fc = 

IttRC 
I 

2nUJR) 

RW = 
Q 

Power ralio in decibels 

Voltage ralio in decibels 

Critical frequency 

Critical frequency 

Bandwidth 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The bandwidth of a low-pass filler ideally extends from 0 Hz up to a specified critical frequency. 
2. The decibel is a unit for expressing the ratio of one frequency to another. 
3. In an RC low-pass filler, the output is taken across the capacitor. 
4. Roll-off is the rate at which the output of a low-pass filler decreases above the critical frequency. 
5. Attenuation is the ralio of input voltage to output voltage. 
6. In an RL high-pass filler, the output is taken across the inductor. 
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7. A high-pass filter acts as a lag circuit. 
8. If the output voltage of a band-pass filter is I V at the resonant frequency, it is 0.707 V at the 

critical frequencies. 
9. The frequency at which resonance occurs in a band-pass filler is sometimes called the center 

frequency. 
10. The output of a band-stop filler is maximum at the resonant frequency. 

SELF-TEST Answers are at the end of the chapter. 
1. The maximum output voltage of a certain low-pass filler is 10 V. The output voltage at the criti- 

cal frequency is 
(a) 10 V (b) 0 V (c) 7.07 V (d) 1.414 V 

2. A sinusoidal voltage with a peak-to-peak value of 15 V is applied to an /?C low-pass filler. If 
the reactance at the input frequency is zero, the output voltage is 
(a) 15 V peak-lo-peak (b) zero 
(c) 10.6 V pcak-lo-pcak (d) 7.5 V pcak-lo-pcak 

3. The same signal in Question 2 is applied to an RC high-pass filter. If the reactance is zero at the 
input frequency, the output voltage is 
(a) 15 V peak-lo-peak (b) zero 
(c) 10.6 V peak-lo-peak (d) 7.5 V peak-lo-peak 

4. At the critical frequency, the output of a filter is down from its maximum by 
(a) OdB (b) —3 dB (c) -20 dB (d) -6dB 

5. If the output of a low-pass RC filter is 12 dB below its maximum at/ = 1 kHz., then at 
/ = 10 kHz. the output is below its maximum by 
(a) 3 dB (b) 10 dB (c) 20 dB (d) 32 dB 

6. In a passive filler, the ratio is called 
(a) roll-off (b) gain (c) attenuation (d) critical reduction 

7. For each decade increase in frequency above the critical frequency, the output of a low-pass 
filter decreases by 
(a) 20 dB (b) 3 dB (c) 10 dB (d) OdB 

8. At the critical frequency, the phase shift through a high-pass filter is 
(a) 90° (b) 0° (c) 45° (d) dependent on the reactance 

9. In a scries resonant band-pass filter, a higher value of Q results in 
(a) a higher resonant frequency (b) a smaller bandwidth 
(c) a higher impedance (d) a larger bandwidth 

10. At scries resonance. 
(a) Xc = XL (b) Xc > XL (c) XC < XL 

11. In a certain parallel resonant band-pass filter, the resonant frequency is 10 kHz. If the band- 
width is 2 kHz. the lower critical frequency is 
(a) 5 kHz (b) 12 kHz (c) 9 kHz (d) not determinable 

12. In a band-pass filter, the output voltage at the resonant frequency is 
(a) minimum (b) maximum 
(c) 70.7% of maximum (d) 70.7% of minimum 

13. In a band-stop filter, the output voltage at the critical frequencies is 
(a) minimum (b) maximum 
(c) 70.7% of maximum (d) 70.7% of minimum 

14. At a sufficiently high value of Q* the resonant frequency for a parallel resonant filler is ideally 
(a) much greater than the resonant frequency of a series resonant filter 
(b) much less than the resonant frequency of a series resonant filler 
(c) equal to the resonant frequency of a series resonant filter 
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CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 18-38(a). 
1. If the frequency of the input voltage is increased, V,,,,, 

(a) increases (b) decreases (c) slays the same 
2. If C is increased, the output voltage 

(a) increases (b) decreases (c) slays the same 

Refer to Figure I8-38(d). 
3. If the frequency of the input voltage is increased, Voul 

(a) increases (b) decreases (c) stays the same 
4. If L is increased, the output voltage 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 18-40. 
5. If the switch is thrown from position 1 to position 2. the critical frequency 

(a) increases (b) decreases (c) slays the same 
6. If the switch is thrown from position 2 to position 3, the critical frequency 

(a) increases (b) decreases (c) slays the same 

Refer to Figure I8-41(a). 
7. If the frequency of the inpul voltage is increased, V„„, 

(a) increases (b) decreases (c) slays the same 
8. If /? is increased to i 80 H. the output voltage 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 18-42. 
9. If the switch is thrown from position I to position 2. the critical frequency 

(a) increases (b) decreases (c) slays the same 
10. If the switch is in position 3 and opens, Vlm, 

(a) increases (b) decreases (c) slays the same 

Refer to Figure 18-48. 
11. If/.y 0Pcns''I10 outPl" vol|a8c 

(a) increases (b) decreases (c) slays the same 
12. If C becomes shorted, the output voltage 

(a) increases (b) decreases (c) slays the same 

Mote difficult problems are indicated by an asterisk 0. 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 18-1 Low Pass Filters 
1. In a certain low-pass filler, Xc = 500 (1 and R = 2.2 k!l. What is the output voltage (V„u,) 

when the input is 10 V rms? 
2. A certain low-pass filter has a critical frequency of 3 kHz. Determine which of the following 

frequencies are passed and which are rejected: 
(a) 100 Hz (b) I kHz (c) 2 kHz (d) 3 kHz (c) 5 kHz 

3. Determine the output voltage of each filter in Figure 18-38 at the specified frequency 
when V,-„ = 10 V. 
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JHI'i 
IOUK 

(a) / = 60 H/, 

K,.o- 
R 

-Wv- 
471! 

 oK,» 
. C 
' 8.2 jWF 

s mil 

330 n 

(b) / = 400 H/ 

A FIGURE 18-38 

(c) / = 1 kHz 

k, o—nsisip—»—01 •- 
80/;H 

: R ■ 10 ft 

(d) /= 2 kHz 

4. What \f> fr for each filler in Figure 18-38? Determine Ihe oulpul voltage ai/r in each case when 
Vin = 5 V. 

5. For the filler in Figure 18-39, calculate the value of C required for each of the following criti- 
cal frequencies: 
(a) 60 Hz (b) 500 Hz (c) I kHz (d) 5 kHz 

FIGURE 18-39 
KHO- 

R 
-Wk- 
2201! 

-oV™ 

*6. Determine the critical frequency for each switch position on the switched filter network of 
Figure 18-40. 

o K,,, 

0.01 uF 

'in O ^—< 1000 nF 0.022 III 0.047//F 111 k 

C\ \ 
0.001 «F 

o V 

FIGURE 18-40 

7. Draw a Bode plot for each part of Problem 5. 
8. For each following case, express Ihe voltage ratio in dB; 

(a) V,„ = I V, Vml, = 1 V (b) Vi, = 5 V. Vou, = 3 V 
(c» Fi, = 10 V. V,„„ = 7.07 V (d| = 25 V. V,m, = 5 V 

9. The input voltage to a low-pass RC filter is 8 V mis. Find the oulpul voltage at Ihe following 
dB levels: 
(a) — 1 dB (b) —3dB (c| -6dB (d) -20dB 

10. For a basic RC low-pass filter, find the output voltage in dB relative to a 0 dB input for the fol- 
lowing frequencies (f. = I kHz): 
(a) 10 kHz (b) 100 kHz (c) 1 MHz 

11. Repeat Problem 10 for/,-= 100 kHz. 
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SECTION 18-2 High-Pass Filters 
12. Repeal Problem 11 for a high-pass filler. 
13. In a high-pass filler. Xc = 500 !! and R = 2.2 k!i. What is the oulpul voltage <V„„,) when 

Vi„ = 10 V rms? 
14. A high-pass filler has a criiical frequency of 50 Hz, Dclcrminc which of the following frequen- 

cies arc passed and which are rcjecicd: 
(a) 1 Hz (b) 20 Hz (c) 50 Hz (d) 60 Hz (e) 30 kHz 

15. Determine the output voltage of each filler in Figure 18-41 at the specified frequency when 
= 10 V. 

16. What is f. for each filler in Figure 18-41? Determine the output voltage at fc in each case 
<,Vin = 10 V). 

17. Draw the Bode plot for each filter in Figure 18-41. 

I0//F 
-of' 

R 
100!! 

C 
K,(s- 

4.7//F 
o 1 

47 1 

Vm O vw 
330 II 

5 :iil I 

KtO Wv 
0!! 

80//II 

(a) / = 60 Hz (h) / = 400 Hz 

* FIGURE 18-41 

(c) / = 1 kHz 

®18. Determine fc for each switch position in Figure 18-42. 

(d) / = 2kHz 

: 
c-, ^ 1.0 kn 

00I^F 

860!! 

'2 0.01//F Lr_ 
• 3.3 kfi 

• 1.0 k!! 

■2.2 k!! 

—o y,„„ 

-o V' 

FIGURE 18-42 

SECTION 18-3 Band-Pass Filters 
19. Determine the center frequency for each filter in Figure 18-43. 

V... 
12 mH 0.01 /jF 

R 
75!! 

(a) 

FIGURE 18-43 

C L 
v.,. °—nnsp- 

2 mil 0.022 uF 
: R 

22(1 

lb) 
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20. Assuming that the coils in Figure 18-43 have a winding resistance of 10 fi. find the bandwidth 
for each filler. 

21. What are the upper and lower critical frequencies for each filler in Figure 18-43? Assume Ihe 
response is symmclrical about fa. 

22. For each filler in Figure 18-44. find the ccnlcr frequency of ihe passband. Neglccl 
23. If ihe coils in Figure 18-44 have a winding rcsisiancc of 4 li. what is (he output voltage at 

resonance when = 120 V? 

V,., o—VvV 
680 a 

-o V„u, V,„ o  -O v,... 
i .o kn 

\L 
I H 

, c 
' I0//F 

T 

L 
2.5 ,uH 

I 

. C 
' 25 pK 

(a) 

FIGURE 18-44 

lb) 

*24. Determine the separation of center frequencies for all switch positions in Figure 18-45. Do any 
of the responses overlap? Assume R\\ — 011 for each coil. 

*25. Design a band-pass filter using a parallel resonant circuit to meet ail of the following specifica- 
tions: BW = 500 Hz; 6 _ 40; and let,mat = 20 mA. VQmaY, = 2.5 V. 

FIGURE 18-45 

50 .«H 

2/ 100 uil 

270 .(/H 

0.01 UF 

0.001K 
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SECTION 18-4 Band-Stop Filters 
26. Delermine (he center frequency for each filler in Figure 18-46. 

,o WV 
150 !i 

(a) 
FIGURE 18-46 

L 
100 uH 

,0022 y/F 

o—VW 
680!! 

(b) 

5 mil 

0.047 uF 

27. For each filler in Figure IS 47, find the center frequency of the stopband. 
28. If the coils in Figure 18-47 have a winding resistance of 8 fl, what is the output voltage at 

resonance when F... = 50 V? 

1.0 k!l 6.8 ul- 

(a) 

FIGURE 18-47 

47 pF 

i '.> IOI/H 

(b) 

"29. Determine the values of L\ and Li in Figure 18-48 to pass a signal with a frequency of 1200 
kHz and stop (reject) a signal with a frequency of 456 kHz. 

FIGURE 18-48 

'■N* «F 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
30. Open file PI 8-30 and delermine if there is a fault. If so, find the fault 
31. Open file PI 8-31 and delermine if there is a fault. If so, find the fault 
32. Open file PI 8-32 and delermine if there is a fault. If so, find the fault 
33. Open file PI 8-33 and delermine if there is a fault. If so, find the fault 
34. Open file PI 8-34 and delermine if there is a fault. If so. find the fault 
35. Open file PI 8-35 and delermine if there is a fault. If so. find the fault 
36. Open file PI 8-36 and delermine the center frequency of the circuit. 
37. Open file PI 8-37 and delermine the bandwidth of the circuit. 
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ANSWERS 

SECTION CHECKUPS 

SECTION 18-1 Low-Pass Filters 
1. The passhaiul is 0 Hz to 2.5 kHz. 
2. V„„, = 100Z—88.9° mV mis 
3. 20 log( V,,,,,/V(„) = -9.54 dB 

SECTION 18-2 High Pass Filters 
1. Vniu = 0.707 V 
2. V,„„ = 9.98 Z 3.81° V 

SECTION 18-3 Band-Pass Filters 
1. BW = 30.2 kHz - 29.8 kHz = 400 Hz 
2. fu = 1.04 MHz 

SECTION 18-4 Band-Stop Filters 
1. A band-stop filter rejects, rather than passes, a certain band of frequencies. 
2. High-pass/low-pass combination, series resonant circuit, and parallel resonant circuit 

RELATED PROBLEMS FOR EXAMPLES 
18-1 -1.41 dB 
18-2 7.23 kHz 
18-3 fc increases to 159 kHz. Roll-off rale remains 
18-4 f increases to 350 kHz. Roll-off rale remains 
18-5 -60 dB 
18-6 C = 0.723 fiF; V,„„ = 4.98 V; <6 = 5.7° 
18-7 10.5 kHz 
18-8 BW increases to 18.8 kHz. 
18-9 1.59 MHz 
18-10 7.12 kHz (no significant difference) 
18-11 V„„, = 15.2 mV; BIV = 105 Hz 
18-12 1.94 V 

TRUE/FALSE QUIZ 
1. T 2. F 3. T 4. T 5. F 
6. T 7. F 8. T 9. T 10. F 

SELF-TEST 
1. (c) 2. (b) 3. (a) 4. (b) 5. (d) 6. (c) 
8. (c) 9. (b) 10. (a) 11. (c) 12. (b) 13. (c) 

CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (b) 3. (b) 4. (b) 5. (b) 6. (a) 
7. (a) 8. (a) 9. (a) 10. (c) II. (b) 12. (a) 

-20dB/decade. 
-20 dB/decade. 

7. (a) 
14. (c) 
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Circuit Theorems 

in AC Analysis 

CHAPTER OUTLINE 

19-1 The Superposition Theorem 
19-2 Thevenin's Theorem 
19-3 Norton's Theorem 
19-4 Maximum Power Transfer Theorem 

Application Activity 

VISIT THE COMPANION WEBSITE 

CHAPTER OBJECTIVES 

♦ Apply the superposition theorem to ac circuit analysis 
♦ Apply Thevenin's theorem to simplify reactive ac circuits for 

analysis 
♦ Apply Norton's theorem to simplify reactive ac circuits 
♦ Apply the maximum power transfer theorem 

KEY TERMS 

♦ Superposition theorem 
Thevenin's theorem 
Equivalent circuit 
Norton's theorem 
Complex conjugate 

APPLICATION ACTIVITY PREVIEW 

^ Ip the application activity, you will evaluate a band-pass fil- 
jr module to determine its internal component values. You 
Pvill apply Thevenin's theorem to determine an optimum 

load impedance for maximum power transfer. 

m 

Study aids for this chapter are available at 
http://www.prenhall.com/floyd 

INTRODUCTION 

Four important theorems were covered in Chapter 8 with 
emphasis on their applications in the analysis of dc circuits. 
This chapter is a continuation of that coverage with empha- 
sis on applications in the analysis of ac circuits with reactive 
components. 

The theorems in this chapter make analysis easier for cer- 
tain types of circuits. These methods do not replace Ohm's 
law and Kirchhoff's laws, but they are normally used in con- 
junction with those laws in certain situations. 

The superposition theorem helps you to deal with circuits 
that have multiple sources. Thevenin's and Norton's theo- 
rems provide methods for reducing a circuit to a simple 
equivalent form for easier analysis. The maximum power 
transfer theorem is used in applications where it is impor- 
tant for a given circuit to provide maximum power to a load. 
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19-1 Thi; Superposition Theorem  

The superposition theorem was introduced in Chapter 8 for use in dc circuit analysis. 
In this section, the superposition theorem is applied to circuits with ac sources and 
reactive components. 

After completing this section, you should be able to 

♦ Apply the superposition theorem to ac circuit analysis 

♦ Slate the superposition theorem 

♦ List the steps in applying the theorem 

The superposition theorem can be slated as follows: 

The current in any given branch of a multiple-source circuit can be found by de- 
termining the currents in that particular branch produced by each source acting 
alone, with all other sources replaced by their internal impedances. The total cur- 
rent in the given branch is the phasor sum of the individual currents in that 
branch. 

The procedure for the application of the superposition theorem is as follows: 

Step 1: Leave one of the voltage (current) sources in the circuit, and replace all others 
with their internal impedance. For ideal voltage sources, the internal imped- 
ance is zero. For ideal current sources, the internal impedance is infinite. We 
will call this procedure zeroing the source. 

Step 2: Find the current in the branch of interest produced by the one remaining 
source. 

Step 3: Repeat Steps I and 2 for each source in turn. When complete, you will have a 
number of current values equal to the number of sources in the circuit. 

Step 4: Add the individual current values as phasor quantities. 

Example 19-1 illustrates this procedure for a circuit containing two ideal voltage sources, 
V..I and Vs2. 

EXAMPLE 19-1 Find the current in R of Figure 19-1 using the superposition theorem. Assume the 
internal source impedances are zero. 

C, 

0.01//H 

1^) lO^O'V 
f= 10 kHz 

0.022ftp 

1.0 k!! 
v.. 
8Z0' V 
f = 10 kHz 

FIGURE 19-1 
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Soli Step 1: Replace Vv2 with its internal impedance (zero in this case), and find the cur- 
rent in R due to Vs|, as indicated in Figure 19-2. 

XCT = 

XC2 = 

I I 
2it/C| 

I 
27r(l(lkHz)(0.01 /xF) 

I 
lirfCi 2tt{ 10 kHz)(0.022 /xF) 

= 1.59 k!i 

= 723!) 

1 0,01 f/F I 
V,| < 

s-y 10Z0C V * 
r f= 10kHz 

II 
0.022//F 

i« 1 

1.0 kfi c 
y,2 
zeroed 

FIGURE 19-2 

Looking from V,|. the impedance is 

RXcj 
Z = Xr C1 = I.59Z—90° k!) + 

R + Xc-j 
= 1.59Z-900 k!l + 588 Z—54.1° !1 
= -71,59 k!) + 345 !! - 7476 fl = 345 - j2.07kfl 

Converting to polar form yields 

Z = 2.10Z—80.5° kSl 

The total current from L. i is 

V., I0Z0°V 

(1.0Z0°kn)(723Z-90on) 
1.0 k!) - J723 n 

I,i = = 4.76Z80.50 mA 
Z 2.10Z—80.5° k!) 

Use the current-divider formula. The current through R due to U,! is 

Rl 
XciZ-90' 
K-JXa 

si 
723 Z—90° fl 

1.0 kfi - 7723 n 4.76 Z 80.5° mA 

= (0.588Z —54.9° UX4.76Z80.5° mA) = 2.80Z25.6°mA 

Step 2: Find the current in R due to source VS2 by replacing Vsi with its internal 
impedance (zero), as shown in Figure 19-3. 

0.01//F 
v., 
zeroed 

C, 

0.022 /ip 1+ v 

■" (-s-J 8Z0° V 
•i.Okn vr:/=iokiiz 

FIGURE 19-3 
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Looking from Vs2, the impedance is 

RXri „ (1.0^0okn)(l.59/:-90',kn) 
Z = Xc2 + — = 723 Z-90'' fi + ^^ i 

R + XC| I.Okfl - jl.59 kft 
= 723 Z-90° il + 847 Z-32.2° SI 
= -7723a + 717a -7451 a = 717a -71174a 

Converting to polar form yields 

Z = I376Z—58.6° a 

The total current from Vs2 is 

V,2 SZO" V 
la = -# = 77 = 5.81 Z 58.6° mA Z 1376Z—58.6 a 

Use the current-divider formula. The current through R due to Va is 

'XaZ-90o 

1.59Z—90°kU \ 
I.Oka — 71.59 ka 

5.81 Z58.6" mA = 4.91 Z26.4° mA 

Step 3: Convert the two individual resistor currents to rectangular form and add to get 
the total current through R. 

IRI = 2.80Z25.6°mA = 2.53 mA + 7T.2I mA 
Ir2 = 4.91 Z 26.4° mA = 4.40 mA + 72.18 mA 
IR = Iri + Ir2 = 6.93 mA + 73.39 mA = 7.71Z26.1°mA 

RcLited Problem' Determine Ir if V,2 = 8Z180° V in Figure 19-1, 

Use Multisim files EI9-0IA and EI9-0IB to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

'Answers are at the end of the chapter. 

Example 19-2 illustrates the application of the superposition theorem for a circuit with 
two current sources, /,| and la- 

EXAMPLE 19-2 Find the inductor current in Figure 19-4. Assume the current sources are ideal. 

0.00111R 

,5 mH 100Z0a ill A tOZUO niA 

FIGURE 19-4 
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Sohilion Step 1: Find the current through the inductor due to current source /V| by replacing 
source /v2 with an open, as shown in Figure 19-5. As you can see, the entire 
100 mA from the current source /v| is through the inductor. 

FIGURE 19-5 

(100^0° mA"l 

OOZO" mA 
I,2 

open 

Step 2: Find the current through the inductor due to current source /s2 by replacing 
source /j.| with an open, as indicated in Figure 19-6. Notice that all of the 
30 mA from source 7,2 is through the inductor. 

FIGURE 19-6 

fWW "'A | 

O >ll/'lll mA 

I 

open 

Step 3: To get the total inductor current, superimpose the two individual currents and 
add as phasor quantities. 

I/. = I/,i + I/.2 
= lOOZO0 mA + 30Z90° mA = 100 mA + ;30mA 
= 104Z16.7" mA 

lleliiled Problem Find the current through the capacitor in Figure 19-4. 

Example 19-3 illustrates the analysis of a circuit with an ac voltage source and a do 
voltage source. This situation is common in many amplifier applications. 

EXAMPLE 19-3 Find the total current in the load resistor, R/ . in Figure 19-7. Assume the sources arc ideal. 

FIGURE 19-7 

0.22 ,«F 
v., 
540" V mis 
/= 1 kHz 

'.Hi 
■ 1.0 ktl 

lvS2 
-15 V 
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Solulioi Step 1: Find the current through R/ due to the ac source V,! by zeroing (replacing 
with its internal impedance) the dc source Vs2- as shown in Figure 19-8. 
Looking from V,|, the impedance is 

RiR/ 
Z = XC+ .. 

Ri + R, 

Xc " 2tt( 1.0 kHz)(0.22 /tF) _ 723 n 

^ (i.ozooka)(2/o°kn) 
Z = 723/-90°fl + , ^  

3/0° kH 
= -/723 fl + 667(i = 984/-47.3° n 

The total current from the ac source is 

I,, = ^- = . 5Z0 V = 5.08/47.3°mA 11 Z 984/-47.3° (i 

Use the current-divider approach. The current in R/ due to Vv| is 

I«<-»" (isr)5 08Z47-3"nlA" 

FIGURE 19-8 

0.22 //F 

C^JSZO-Vms 
/ = I kHz 

: 'i kt! 

zensed 

Step 2: Find the current in R/ due to the dc source Vs2 by zeroing VS| (replacing with 
its internal impedance), as shown in Figure 19-9. The impedance magnitude 
as seen by Vs2 is 

Z =/?, + /?£ = 3 kfl 

The current produced by KS2 'S 

Vs2 15 V W. = —= ^ = 5mAdc 

FIGURE 19-9 

0.22 uF 1.0 , 
; kit 

-=- 15 V 

I 
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Step 3: By superposition, the total current in R[ is 1,69Z47.3° mA riding on a dc 
level of 5 mA, as indicated in Figure 19-10. 

nA ( 

1.69Z47.3C mA rms 

-47.3° 

FIGURE 19-10 

Related Problem Determine the current through H/ if V,S2 is changed to 9 V. 

Use Multisim files EI9-03A and E19-03B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

SECTION 19-1 
CHECKUP 
Answers arc at the end of the 
chapter. 

1. If two equal currents are in opposing directions at any instant of time in a given 
branch of a circuit, what is the net current at that instant? 

2. Why is the superposition theorem useful in the analysis of multiple-source circuits? 
3. Using the superposition theorem, find the magnitude of the current through R in 

Figure 19-11. 

FIGURE 19-11 

w 
25011 ;" 

■ 22011 

3Z0° V v.,, 
i zty v 

19-2 Thevenin's Theorem 

Thevenin's theorem, as applied to ac circuits, provides a method for reducing any 
circuit to an equivalent form that consists of an equivalent ac voltage source in series 
with an equivalent impedance. 
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After completing this section, you should be able to 

♦ Apply Thevenin's theorem to simplify reactive ac circuits for analysis 

♦ Describe the form of a Thevenin equivalent circuit 

♦ Obtain the Thevenin equivalent ac voltage source 

♦ Obtain the Thevenin equivalent impedance 

♦ List the steps in applying Thevenin's theorem to an ac circuit 

Equivalency 

The form of Thevenin's equivalent circuit is shown in Figure 19-12. Regardless of how 
complex the original circuit is, it can always be reduced to this equivalent form. The equiv- 
alent voltage source is designated V,/,; the equivalent impedance is designated Z,/, (lower- 
case italic subscript denotes ac quantity). Notice that the impedance is represented by a 
block in the circuit diagram. This is because the equivalent impedance can be of several 
forms: purely resistive, purely capacitive, purely inductive, or a combination of a resistance 
and a reactance. 

Figure 19-13(a) shows a block diagram that represents an ac circuit of any given com- 
plexity. This circuit has two output terminals, A and B. A load impedance, Z/ , is connected 
to the terminals. The circuit produces a certain voltage, V;_, and a certain current. I/, as il- 
lustrated. 

A FIGURE 19-13  
An ac circuit of any complexity can be reduced to a Thevenin equivalent for analysis purposes. 

By Thevenin's theorem, the circuit in the block can be reduced to an equivalent form, as 
indicated in the beige area of Figure I9-I3(b). The term equivalent means that when the 
same value of load is connected to both the original circuit and Thevenin's equivalent cir- 
cuit, the load voltages and currents are equal for both. Therefore, as far as the load is con- 
cerned, there is no difference between the original circuit and Thevenin's equivalent circuit. 
The load "sees" the same current and voltage regardless of whether it is connected to the 
original circuit or to the Thevenin equivalent. For ac circuits, the equivalent circuit is for 
one particular frequency. When the frequency is changed, the equivalent circuit must be 
recalculated. 

Thevenin's Equivalent Voltage (V(h) 

As you have seen, the equivalent voltage, V,y,, is one part of the complete Thevenin equiv- 
alent circuit. 

Thevenin's equivalent voltage is defined as the open circuit voltage between two 
specified terminals in a circuit. 

©V"' 

O 
A FIGURE 19-12  
Thevenin's equivalent circuit. 

ac 
circuit 
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ac ac 
circuit circuit 

B 
(a) Circuit 

FIGURE 19-14 

(h) With R removed 

How V,(, is determined. 

To illustrate, let's assume that an ac circuit of some type has a resistor connected be- 
tween two specified terminals, A and B, as shown in Figure I9-I4(a), We wish to find the 
Thcvcnin equivalent circuit for the circuit as "seen" by R. V,;, is the voltage across termi- 
nals A and B. with R removed, as shown in part (b) of the figure. The circuit is viewed from 
the open terminals A and B, and R is considered external to the circuit for which the 
Thevenin equivalent is to be found. 

The following three examples show how to find V,/,. 

EXAMPLE 19-4 Refer to Figure 19-15. Determine V,/, for the circuit within the beige box as viewed 
from terminals A and B. 

m 
00 

25Z0 V Mil! 

FIGURE 19-15 

Solution Remove R/ and determine the voltage from A to 6 (V,,,). In this case, the voltage from 
A to B is the same as (he voltage across X/. This is determined using the voltage- 
divider method. 

V, = 
X,.Z90° \ = / 50Z90° (I . 
r, + jx,J s ~ v ioo n + jso a) s 

50Z90Oft WooV=ll.2Z63.40 

Related Problem 

J\2Z26.6°nJ 
V,/. = V48 = Vi = 11.2 Z 63.4° V 

Determine V,;, if B| is changed to 47 Cl in Figure 19-15. 

Use Multisim files E19-04A and E19-04B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 
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EXAMPLE 19-5 Refer to Figure 19-16. Determine the Thevenin voltage for the circuit within the beige 
box as viewed from terminals A and B. 

FIGURE 19-16 

—Wv 
,0k!l 

.5 k 

WV 560II 

1,5 I.!! 

(C)v. 
v_y iozo°v 

Solulion Thevenin's voltage for the circuit between terminals A and B is the voltage that ap- 
pears across A and B with Rj removed from the circuit. 

There is no voltage drop across Ri because the open between terminals A and B 
prevents current through it. Thus, V.48 is the same as Va and can be found by the 
voltage-divider formula. 

V>B = Vo = 
XdZ-W 

V«I ~ jXa - jXtn 
I.5Z—90okn 

1.5Z—90okfi \ , ll0Z0oV 

\3.I6Z—71.6° kfi 
V„, = \Att = 4.75 Z -18.4 

I.OkH - fl kfl 

I0Z0°V = 4.75Z-18.4° V 

Related Problem Determine V,/, if R| is changed to 2.2 kfl in Figure 19-16. 

Use Multisim files EI9-05A and EI9-05B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

EXAMPLE 19-6 Refer to Figure 19-17. Find V,;, for the circuit within the beige box as viewed from 
terminals A and B. 

FIGURE 19-17 

10 UI 
«/ 
47 k!i 'X. 10 k!! 5 k!! 
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Solulion First remove K/ and determine the voltage across the resulting open terminals, which 
is V,;,. Find V,(, by applying the voltage-divider formula to Xc and R. 

( KZO0 / lOZO"k!l \ „„ 
_ 'R~ \r - JXC) ' ~ V lOkO - yiOknj5Z v 

10ZO'kn |5Z0°V = 3.55Z450V 
14.1 Z-45° kfi 

Notice X/ has no effect on the result, since the 5 V source appears across X^ and R in 
combination. 

Reinwil Problem Find V,,, if R is 22 kl! and RL is 39 kS! in Figure 19-17. 

Use Multisim files EI9-06A and EI9-06B to verify the calculated results in this example 
and to confirm your calculation for the related problem. 

Thevenin's Equivalent Impedance {Zth) 

The previous examples illustrated how to find Vy,. Now, let's determine the Thevenin 
equivalent impedance, Z,/,. the second part of a Thevenin equivalent circuit. As defined by 
Thevenin's theorem, 

Thevenin's equivalent impedance is the total impedance appearing between two speci- 
fied terminals in a given circuit with all sources replaced by their internal impedances. 

To find Z,/, between any two terminals in a circuit, replace all the voltage sources by a short 
(any internal impedance remains in series). Replace all the current sources by an open (any 
internal impedance remains in parallel). Then determine the total impedance between the 
two terminals. The following three examples illustrate how to find Z,/,. 

EXAMPLE 19-7 Find Z,/, for the part of the circuit in Figure 19-18 that is within the beige box as 
viewed from terminals A and B. This is the same circuit used in Example 19-4. 

FIGURE 19-18 

vw 

'V. 
50 O 

Sohiiioii First, replace V, with its internal impedance (zero in this case), as shown in Figure 19-19. 
Looking in between terminals A and B. R\ and X/ are in parallel. Thus. 

(R, Z0OKXLZ90°) (IOOZO° ft)(50Z90o H) 
Z„, = r[ + jxL i oo n + ,/5on 

(IIXIZO0 a)(50Z90ofi) 
I I2Z26.6" 12 

= 44.6 Z 63.4 <1 
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FIGURE 19-19 

AM 
;oii 

5" !! 

Related I'robleir Change R\ to 47 !1 and determine Z,;,. 

EXAMPLE 19-8 Refer to Figure 19-20. Determine Z(), for the circuit within the beige box as viewed 
from terminals A and 8. This is the same circuit used in Example 19-5. 

—AM 
Uk 

i,: k! 

V, 
lOZO'V 

56U! 

1.5 k! 

FIGURE 19-20 

So/of/i First, replace the voltage source with its internal impedance (zero in this case), as 
shown in Figure 19-21. 

—Wv 
(Ik!! 

1,5 U! 

AM 
-Ml (I 

/xwk-: 

.5 HI 

FIGURE 19-21 
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Looking from lerminals A and H. C2 appears in parallel with the series combination 
of R1 and C\. This entire combination is in series with Ri, The calculation for Z,/, is as 
follows: 

Z„, = R.ZV 

= 560 zen 

= 560Z0on + 

(Xc2z-9o°)(/ei -jxa) 
~ jxct ~ ftci 

(1.5 Z —90° kfl)( 1.0 kll - yi .Skfi) 
LOW! - y3 k!! 

(1.5 Z -90° kft)( 1.8 Z -56.3° kft) 

Related Problem 

3.16Z—71.6° kfl 
= 560 Z0°n + 854Z—74.7°fl = 560ft + 225 ft - ;824ft 
= 785 S! - 7824ft = 1138Z -46.4° ft 

Determine Z,/, if R[ is changed to 2.2 kft in Figure 19-20. 

EXAMPLE 19-9 Refer to Figure 19-22. Determine Z/h for the portion of the circuit within the beige 
box as viewed from terminals A and B. This is the same circuit as in Example 19-6. 

FIGURE 19-22 

.1 kll 

5 U1 471,(1 II kU v 

solution With the voltage source replaced by its internal impedence (zero in this case), XL is 
effectively out of the circuit. R and C appear in parallel when viewed from the open 
terminals, as indicated in Figure 19-23. Z,,, is calculated as follows; 

(R Z 0o)(XcZ -90°) (10Z0° kft)(IOZ—90° kft) 
Z„, = 

R - jXc 

(I0Z0° kft)(IOZ—90° kft) 
14.1 Z-45° kft 

101! - 7TO kft 

= 7.01 Z —45° kft 

FIGURE 19-23 

10 k!! 

lUk 

Ret,md Problem Find Z,;, if R is 22 kft and R/, is 39 kft in Figure 19-22. 
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Thevenin's Equivalent Circuit 

The previous six examples have shown how to find the two equivalent components of a 
Thevenin circuit, V,;, and Z,A. Keep in mind that you can find V,/, and Z,;, for any circuit. 
Once you have determined these equivalent values, you must connect them in series to 
form the Thevenin equivalent circuit. The following three examples use the previous ex- 
amples to illustrate this final step. 

EXAMPLE 19-10 Refer to Figure 19-24. Draw the Thevenin equivalent for the circuit within the beige 
box as viewed from terminals A and R. This is the circuit used in Examples 19-4 
and 19-7. 

w 
I (XI! I 

-ii 5(J i 

FIGURE 19-24 

Solution From Examples 19^1 and 19-7, respectively, V,/, = 11,2Z63.4" V and 
Z,/, = 44,6Z63.40 !!. In rectangular form, the impedance is 

z,A = 20 n + 740 n 

This form indicates that the impedance is a 201! resistor in series with a 4012 induc- 
tive reactance. The Thevenin equivalent circuit is shown in Figure 19-25. 

-Wv—nflnp—04 

20 ti 40 a 

' U.2Z63.40 V 

TT 

FIGURE 19-25 

Hel.ifrd Problem Draw the Thevenin equivalent circuit for Figure 19-24 with R\ = 47 H. 
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EXAMPLE 19-11 Refer lo Figure 19-26. Draw the Thevenin equivalent for the circuit wilhin the beige 
box as viewed from terminals A and B. This is the circuit used in Examples 19-5 
and 19-8. 

R, 
 Wr- 

1.0 kll 

©r; lOZO" V 

.*CI 
• 1.5 k!! 

R, 
-Wr- 

560 a 

. Xrr 
' 1,5 ka 

FIGURE 19-26 

Solution From Examples 19-5 and 19-8, respectively, V,,, = 4,75 Z-18.4° V and 
Z/i, = 11.38 Z —46.4' Cl. In rectangular form, the impedance is 

Z„, = 785 Li - 78240 

The Thevenin equivalent circuit is shown in Figure 19-27. 

785 a 
-VA- 

824!! 

© 4.75Z-18.40 V 

"X 

-O A 

FIGURE 19-27 

Relohd Problem Draw the Thevenin equivalent for the circuit in Figure 19-26 with K, = 2.2 kO. 

EXAMPLE 19-12 Refer to Figure 19-28. Determine the Thevenin equivalent for the circuit wilhin the 
beige box as viewed from terminals A and B. This is the circuit used in Examples 19-6 
and 19-9. 
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hi k 

5k i -7 k<! 

FIGURE 19-28 

Solution From Examples 19-6 and 19-9, respectively, V,;, = 3.55Z45° V, and Z,y, = 
7.07Z—450kn. The impedance in rectangular form is 

Z/i, = 5 kS! - J5 kS! 

Thus, the Thevenin equivalent circuit is as shown in Figure 19-29. 

FIGURE 19-29 

-Wr 
5 ktl 

Vy.1.55 

5 kil 

.55/45° V 

llfl,ii,-il I'nihh'in Change K to 22kn and to 39kn in Figure 19-28 and draw the Thevenin equiva- 
lent circuit. 

Summary of Thevenin's Theorem 

Remember that the Thevenin equivalent circuit is always a voltage source in series with an 
impedance regardless of the original circuit that it replaces. The significance of Thevenin's 
theorem is that the equivalent circuit can replace the original circuit as far as any external 
load is concerned. Any load connected between the terminals of a Thevenin equivalent cir- 
cuit experiences the same current and voltage as if it were connected to the terminals of the 
original circuit. 

A summary of steps for applying Thevenin's theorem follows. 

Step 1: Open the two terminals between which you want to find the Thevenin circuit. 
This is done by removing the component from which the circuit is to be viewed. 

Step 2: Determine the voltage across the two open terminals. 
Step 3: Determine the impedance viewed from the two open terminals with ideal volt- 

age sources replaced with shorts and ideal current sources replaced with opens 
(zeroed). 

Step 4: Connect V,(, and Z,,, in series to produce the complete Thevenin equivalent 
circuit. 
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SECTION 19-2 
CHECKUP 

1. What are the two basic components of a Thevenin equivalent ac circuit? 
2. For a certain circuit, Z,/, = 25 li — ;50 H, and Vy, = 5Z0oV. Draw the Thevenin 

equivalent circuit. 
3. For the circuit in Figure 19-30, find the Thevenin equivalent looking from terminals A 

and B. 

FIGURE 19-30 

45 U 

7Z0 V -? u 

19-3 Norton's Theorem  

Like Thevenin's theorem. Norton's theorem provides a method of reducing a more 
complex circuit to a simpler, more manageable form for analysis. The basic difference 
is that Norton's theorem gives an equivalent current source (rather than a voltage 
source) in parallel (rather than in scries) with an equivalent impedance. 

After completing this section, you should be able to 

♦ Apply Norton's theorem to simplify reactive ac circuits 

♦ Describe the form of a Norton equivalent circuit 

♦ Obtain the Norton equivalent ac current source 

♦ Obtain the Norton equivalent impedance 

The form of Norton's equivalent circuit is shown in Figure 19-31. Regardless of how 
complex the original circuit is, it can be reduced to this equivalent form. The equivalent 
current source is designated I„, and the equivalent impedance is Z„ (lowercase italic sub- 
script denotes ac quantity), 

Norton's theorem shows you how to find I„ and Z„. Once they arc known, simply con- 
nect them in parallel to get the complete Norton equivalent circuit. 

Norton's Equivalent Current Source (!„) 
Norton equivalent circuit. 

In is one part of the Notion equivalent circuit; Z„ is the other part. 

Norton's equivalent current is defined as the short-circuit current between two 
specified terminals in a given circuit. 

Any load connected between these two terminals effectively "sees" a current source I,, in 
parallel with Z„. 

To illustrate, let's suppose that the circuit shown in Figure 19-32 has a load resistor con- 
nected to terminals A and IS. as indicated in part (a), and we wish to find the Norton equivalent 

-O A 

-o II 

6' 
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i4 

ac 
circuit 

B 

K,. ac 
circuit " 

— 
// 

(a) Circuit with load resistor 

FIGURE 19-32 

(b) Load is replaced by a shoru resulting 
in a short circuit current. 

How l„ is determined. 

for the circuit as viewed from terminals A and II. To find I„, calculate the current between 
terminals A and B with those terminals shorted, as shown in part (b). Example 19-13 shows 
how to find I,,. 

EXAMPLE! 9-13 In Figure 19-33, determine I„ for the circuit as "seen" by the load resistor. The beige 
area identifies the portion of the circuit to be nortonized. 

FIGURE 19-33 

■=,1(1 1(1(1 (I 

56 a oozo- v 

Short the terminals A and B, as shown in Figure 19-34, 

FIGURE 19-34 

50 a loot! 

561! 6Z0 V 

I„ is the current through the short and is calculated as follows. First, the total im- 
pedance viewed from the source is 

Rxrs „ (56zooa)(iooz:-90on) 
z = x- + = 50Z-90Oft + 56n - yioon  

= SOZ-gtVO + 48.9Z —29.3" S! 
= -;50 ft + 42.6 ft - 723.9 ft = 42.6 ft - 773.9 ft 

Converting to polar form yields 

Z = 85.3 Z-60.0° ft 
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Next, the total current from the source is 
y£= 6Z0° V 

1 ~ Z ~ 85.3Z-60.0',n = TO.aZeO.O-mA 

Finally, apply the current-divider formula to get I„ (the current through the short 
between terminals A and B). 

R 
R I. = 

56Z0on 
70.3 Z 60.0° mA = 34.4Z1210mA 

v56.a - ./lOOfl, 

This is the value for the equivalent Norton current source. 

Related Problem Determine 1„ if V, is changed to 2.5Z0° V and R is changed to 33 Cl in Figure 19-33. 

Norton's Equivalent Impedance (Zn) 

Z„ is defined the same as Z,/,; It is the total impedance appearing between two specified ter- 
minals of a given circuit viewed from the open terminals with all sources replaced by their 
internal impedances. 

EXAMPLE 19-14 Find Z„ for the circuit in Figure 19-33 (Example 19-13) viewed from the open across 
terminals A and B. 

Solution First, replace V, with its internal impedance (zero), as indicated in Figure 19-35. 

FIGURE 19-35 

501! I 1001! TV, >R 
L/croed • 56 0 

-o ■*  

Looking in between terminals A and B. C2 is in scries with the parallel combination 
of R and C|. Thus, 

RXri „ (56Z0on)(50Z-90on) 
z" = x« + rTx^i" = 100^-90on + 56n-;5on 

= l00Z-90oft + 37.3 Z—48.2° fl 
= -yioon + 24.8 fl - 727,8!! = 24.811 - ./US 11 

The Norton equivalent impedance is a 24.8 12 resistance in series with a 128 11 capaci- 
livc reactance. 

Related Problem Find Z„ in Figure 19-33 if /f = 3311. 

Examples 19-13 and 19-14 showed how to find the iwo equivalent components of a 
Norton equivalent circuit. Keep in mind that you can find these values for any given ac 
circuit. Once you know l„ and Z„. connect them in parallel to form the Norton equivalent 
circuit, as Example 19-15 illustrates. 
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EXAMPLE 19-15 Show the complete Norton equivalent circuit for the circuit in Figure 19-33 (Example 
19-13). 

Solution From Examples 19-13 and 19-14, respectively, I„ = 34.4 Z 121° mA and Z„ = 
24.8 !1 - /'I28 SI. The Norton equivalent circuit is shown in Figure 19-36. 

FIGURE 19-36 

O'v 44121° mA 

; 24,8 1! 
128 Si 

Hfl.ilfd I11obii Show the Norton equivalent for the circuit in Figure 19-33 if V, = 2.5Z0° V and 
« = 3311. 

Summary of Norton's Theorem 

Any load connected between the terminals of a Norton equivalent circuit will have the 
same current through it and the same voltage across it as it would when connected to the 
terminals of the original circuit. A summary of steps for theoretically applying Norton's 
theorem is as follows: 

Step 1: Replace the load connected to the two terminals between which the Norton 
circuit is to be determined with a short. 

Step 2: Determine the current through the short. This is I„. 
Step 3: Open the terminals and determine the impedance between the two open termi- 

nals with all sources replaced with their internal impedances. This is Z„. 
Step 4: Connect l„ and Z„ in parallel. 

SECTION 19-3 
CHECKUP 

1. For a given circuit, l„ = SZO" mA, and Zn = 15012 + /100ft. Draw the Norton equiv- 
alent circuit. 

2. Find the Norton circuit as seen by RL in Figure 19-37. 

FIGURE 19-37 

V, 
1240° V 
©J_Xr K 

n-180011 

R 
-Wv- 

1.2 kit 

A 
-O—1 
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19-4 IVIaxiivium Power Transfer Theorem 

Maximum power is transferred to a load connected to a circuit when the load imped- 
ance is the complex conjugate of the circuit's output impedance. 

After completing this section, you should be able to 

♦ Apply the maximum power transfer theorem 

♦ Explain the maximum power transfer theorem 

♦ Determine the value of load impedance for which maximum power is transferred 
from a given circuit 

The complex conjugate of R — jXc is R + jX^ and vice versa, where the resistances 
are equal in magnitude and the reactances are equal in magnitude but opposite in sign. The 
output impedance is effectively Thevenin's equivalent impedance viewed from the output 
terminals. When Z/ is the complex conjugate of Znia, maximum power is transferred from 
the circuit to the load with a power factor of I. An equivalent circuit with its output im- 
pedance and load is shown in Figure 19-38. 

FIGURE 19-38 
Equivalent circuit with load. 

V 

Example 19-16 shows that maximum power occurs when the impedances arc conju- 
gately matched. 

EXAMPLE 19-16 The circuit to the left of terminals A and B in Figure 19-39 provides power to the load 
/,/ . This can be viewed as simulating a power amplifier delivering power to a complex 
load. It is the Thcvcnin equivalent of a more complex circuit. Calculate and plot a 

VA 
101 0.01 //F 

111) 

©" ov 
/= 10 kHz 

in 

FIGURE 19-39 
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graph of the power delivered to the load for each of the following frequencies: 10 kHz, 
30 kHz. 50 kHz, 80 kHz, and 100 kHz. 

Solution For/ = 10 kHz, 

Xr = —= !   1.59 kfl 1 2nfC 2ir( 10 kHz)(0.01 /J.F) 
X/. = Itt/L = 2Tr(l0kHz)(l mH) = 62.8ft 

The magnitude of the total impedance is 

Z,0, = V(«, + Ri)2 + (X, - Xc)2 = V(20ft)2 + (1.53 kft)2 = 1.53 kft 

The current is 

Vs 10 V 
/ = — =  — = 6.54 mA 

Z„„ 1.53 kft 

The load power is 

PL = r-RL = (6.54 mA)2(10ft) = 428 /tW 

For / = 30 kHz, 

X' " 2ir(30kHz)(0.01 /j,F) ~ 531 ^ 
XL = 2tr(30kHz)(l mH) = 189ft 

Z,0, = V(20 ft)2 + (342 ft)2 = 343 ft 
V5 10 V 

/ = — =  — = 29.2 mA 
Z„„ 343 il 

P, = l2RL = (29.2 mA)2(IO ft) = 8.53 mW 

For/ = 50 kHz, 

Xc = ! = 318ft 
2rT(50kHz)(O.OI/rF) 

XL = 27r(50 kHz)( I mH) = 314ft 

Note that Xc and X/ arc very close to being equal which makes the impedances ap- 
proximately complex conjugates. The exact frequency at which X/ = Xc is 50.3 kHz. 

Z,ol = V (20 ft)2 + (4 ft)2 = 20.4 ft 
V, 10 V 

I = —= — = 490 mA 
Z„ii 20.4 ft 

PL = l2RL = (490 mA)2(IO ft) = 2.40 W 

For/ = 80 kHz, 

Xc ~ 277(80kHz)(0.0l ij.F) " 
XL = 277(80 kHz.X I mH) = 503 ft 

Z,„, = V (20 ft)2 + (304 ft)2 = 305 ft 
V, 10 V 

/ = — = —— = 32,8 mA 
Z,0i 305 ft 

Pi, = f-R,, = (32.8 mA)2(l()ft) = 10.8 mW 
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For / = 100 kHz. 

I ■ = ison Xc 27r(l00kHz)(0.0l/xF) 
X,. = 2Tr(l00kHz)(l mH) = 628 0 

Z,n, = V(20O|2 + (469 Ol2 = 469!! 
Vv 10 V 

/ = 469 0 
= 21.3 mA 

pL = i2ri. = (21.3 mA)2(IOO) = 4.54 mW 
As you can sec from the results, the power to the load peaks at the frequency 

(50 kHz) for which the load impedance is the complex conjugate of the output imped- 
ance (when the reactances arc equal in magnitude). A graph of the load power versus 
frequency is shown in Figure 19-40. Since the maximum power is so much larger than 
the other values, an accurate plot is difficult to achieve without intermediate values. 

FIGURE 19-40 A, (W) 

50 kHz 

Related Problem If K = 4711 and C = 0.022 pF in a scries RC circuit, what is the complex conjugate 
of the impedance at 100 kHz? 

Use Mullisim tiles E19-I6A and EI9-I6B to verify the calculated results in this example. 

Example 19-17 illustrates that the frequency at which maximum load power occurs is 
the value that makes the source and load impedances complex conjugates. 

EXAM PLE 19-1 7 (a) Determine the frequency at which maximum power is transferred from the ampli- 
fier to the speaker in Figure 19-41 (a). The amplifier and coupling capacitor are 
the source, and the speaker is the load, as shown in the equivalent circuit of Figure 
19-41(b). 

(b) How many watts of power arc delivered to the speaker at this frequency if P, = 
3.8 V rms? 
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Amplifier 
Speaker 

(a) 

Coupling 
capacitor 

FIGURE 19-41 

Amplifier 

<b) 

c 

II 
0,1 /if Speaker 

tRw 
'811 

•J f 
100 mH 

Solution (a) When the power lo Ihe speaker is maximum, the source impedance {Rs — jXc) 
and the load impedance {Ry,/ + y'X/ ) are complex conjugates, so 

Xc = XL 

2irJC = 2nfL 

Solving for/, 

f2 = 

/ = 

4TT'LC 
I I 

2TTVTC 2iTV(IOOmH)(O.I /^F) 

(b) Calculate the power to the speaker as follows: 

Zwi = R> + Rw = 8 J! + 8 Si = 16 Si 

= 1.59 kHz 

/ = 
Vs 3,8 V 

= 238 mA 
Zlol 16 Si 

= l2Rw = (238 mA)2(8 SI) = 453 mW 

Kcbwil I'ioI'Ii Determine the frequency at which maximum power is transferred from the amplifier to 
the speaker in Figure 19-41 if the coupling capacitor is I /aF. 

SECTION 19-4 i. IftheoutputimpedanceofacertaindrivingcircuitisBOn-/IDSi.whatvalueofload 
CHECKUP impedance will result in the maximum power to the load? 

2. For the circuit in Question 1, how much power is delivered to the load when the load 
impedance is the complex conjugate of Ihe output impedance and when Ihe load current 
is 2 A? 
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Application Activity 

In this application activity, you have a 
sealed band-pass filter module that has 
been removed from a system and two 
schematics. Both schematics indicate 

that the band-pass filler is implemented with a low-pass/high- 
pass combination. It is uncertain which schematic corresponds 
to the filter module, but one of them does. By certain measure- 
menls, you will determine which schematic represents the filler 
so that the filter circuit can be reproduced. Also, you will deter- 
mine the proper load for maximum power transfer. The filler cir- 
cuit contained in a scaled module and two schematics, one of 
which corresponds to the filler circuit, are shown in Figure 19-42. 

Filter Measurement and Analysis 

I. Based on the oscilloscope measurement of the filler output 
shown in Figure 19-43, determine which schematic in 
Figure 19-42 represents the component values of the filler 

circuit in the module. A 10 V peak-lo-peak voltage is ap- 
plied to the input. 

2. Based on the oscilloscope measurement in Figure 19-43, 
determine if the filler is operating at its approximate center 
frequency. 

3. Using Thevenin's theorem, determine the load impedance 
that will provide for maximum power transfer at the center 
frequency when connected to the output of the filter. As- 
sume the source impedance is zero. 

Review 

4. Determine the peak-lo-peak output voltage at the frequency 
shown in Figure 19-43 of the circuit in Figure 19-42 that 
was determined not to be in the module. 

5. Find the center frequency of the circuit in Figure 19-42 that 
was determined not to be in the module. 

FIGURE 19-42 
Filter module and 
schematics. In o— -Wv- 

10011 

Band-pass filter 
module 

IN GND OUT 

1000 pF 

■ C. ■ 0.1 .(/F 

-oOul 

Schematic A 

In o- 
l.llk! I.IOOnF 

0.22 uF 2 Id! 

oOul 

Schematic B 

FIGURE 19-43 
Band-pass filter 

module 

IN GND OUT 

10 V peak-to-peak signal 
from function generator 

® 

A A / \ 

\ / \ 
vy Vy 

Chi IV 10/rs 

858 
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SUMMARY  

♦ The superposition theorem is useful for the analysis of both ac and dc multiple-source circuits. 
♦ Thevenin's theorem provides a method for the reduction of any ac circuit to an equivalent form 

consisting of an equivalent voltage source in series with an equivalent impedance. 
♦ The term equivalency, as used in Thevenin's and Norton's theorems, means that when a given load 

impedance is connected to the equivalent circuit, it will have the same voltage across it and the 
same current through it as when it is connected to the original circuit. 

♦ Norton's theorem provides a method for the reduction of any ac circuit to an equivalent form con- 
sisting of an equivalent current source in parallel with an equivalent impedance. 

♦ Maximum power is transferred to a load when the load impedance is the complex conjugate of the 
impedance of the driving circuit. 

KEY TERMS Tliese key terms are also in the end of book glossary. 

Complex conjugate A complex number having the same real part and an oppositely signed imag- 
inary part; an impedance containing the same resistance and a reactance opposite in phase but equal 
in magnitude to that of a given impedance. 
Equivalent circuit A circuit that produces the same voltage and current to a given load as the orig- 
inal circuit that it replaces. 
Norton's theorem A method for simplifying a two-terminal circuit to an equivalent circuit with 
only a current source in parallel with an impedance. 
Superposition theorem A method for the analysis of circuits with more than one source. 
Thevenin's theorem A method for simplifying a two-terminal circuit to an equivalent circuit with 
only a voltage source in scries with an impedance. 

TRUE/FALSE QUIZ Answers arc at the end of the chapter. 
1. The superposition theorem can be applied to ac circuits with multiple sources. 
2. If the current through a given component from one source is 1 (K) mA and the current through 

the same component from a second source is 60 mA in the opposite direction, the total current 
through the component is 160 mA. 

3. The purpose of Thevenin's theorem is to simplify a circuit to make analysis easier. 
4. The Thevenin equivalent for an ac circuit consists of an equivalent impedance and an equiva- 

lent voltage source. 
5. If the output voltage across the open terminals of a certain ae circuit is 5 V. the Thevenin equiv- 

alent voltage must be less than 5 V. 
6. To determine the Thevenin equivalent impedance of a circuit with an ac voltage source, the 

source must be replaced by an open. 
7. Norton's theorem can be applied to a circuit with an ac current source. 
8. The Norton equivalent impedance is found by replacing the ac current source with an open. 
9. The complex conjugate of 10il - 12fl + j\0£l. 

10. Maximum power is transferred from a circuit to the load when the load is the complex conju- 
gate of the output impedance. 

SELE-TEST Answers are at the end of the chapter. 
1. In applying the superposition theorem, 

(a) all sources arc considered simultaneously 
(b) all voltage sources arc considered simultaneously 
(c) the sources arc considered one at a time with all others replaced by a short 
(d) the sources are considered one at a lime with all others replaced by their internal impedances 
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2. A Thevenin ac equivalent circuit always consists of an equivalent ac voltage source 
(a) and an equivalent capacitance (b) and an equivalent inductive reactance 
(c) and an equivalent impedance (d) in series with an equivalent capacitive reactance 

3. One circuit is equivalent to another when 
(a) the same load has the same voltage and current when connected to either circuit 
(b) different loads have the same voltage and current when connected to either circuit 
(c) the circuits have equal voltage sources and equal series impedances 
(d) the circuits produce the same output voltage 

4. The Thevenin equivalent voltage is 
(a) the open circuit voltage (b) the short circuit voltage 
(c) the voltage across an equivalent load (d) none of the above 

5. The Thevenin equivalent impedance is the impedance looking from 
(a) the source with the output shorted 
(b) the source with the output open 
(c) any two specified open terminals with all sources replaced by their internal impedances 
(d) any two specified open terminals with all sources replaced by a short 

6. A Norton ac equivalent circuit always consists of 
(a) an equivalent ac current source in scries with an equivalent impedance 
(b) an equivalent ac current source in parallel with an equivalent reactance 
(c) an equivalent ac current source in parallel with an equivalent impedance 
(d) an equivalent ac voltage source in parallel with an equivalent impedance 

7. The Norton equivalent current is 
(a) the total current from the source (b) the short circuit current 
(c) the current to an equivalent load (d) none of the above 

8. The complex conjugate of 5011 + j10011 is 
(a) 5011 - 75011 (b) 10011 + j5011 (c) 10011 - 75011 (d) 5011 - 710011 

9. In order to get maximum power transfer from a capacitive source, the load must 
(a) have a capacitance equal to the source capacitance 
(b) have an impedance equal in magnitude to the source impedance 
(c) be inductive 
(d) have an impedance that is the complex conjugate of the source impedance 
(c) answers (a) and (d) 

CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 19-47. 
1. If the dc voltage source is shorted out, the voltage at point A with respect to ground 

(a) increases (b) decreases (c) stays the same 
2. If Cj opens, the voltage across 

(a) increases (b) decreases (c) stays the same 
3. If Cj opens, the dc voltage across 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 19-49(c). 
4. If Vi is reduced to 0 V, the voltage across /?/_ 

(a) increases (b) decreases (c) slays the same 
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PROBLEMS 

5. If the frequency of the voltage sources is increased, the current through R/ 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 19-50. 
6. If the frequency of the source voltage is increased, the voltage across ff i 

(a) increases (b) decreases (c) stays the same 
7. If Rl opens, the voltage across it 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 19-51. 
8. If the source frequency is increased, the voltage across ft i 

(a) increases (b) decreases (c) stays the same 
9. If the capacitor value is reduced, the current from the source 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 19-54. 
10. If ft2 opens, the current from the current source 

(a) increases (b) decreases (c) slays the same 
11. If the frequency of the voltage source increase. Xq 

(a) increases (b) decreases (c) slays the same 
12. If the load is removed, the voltage across ftj 

(a) increases (b) decreases (c) stays the same 
13. if the load is removed, the voltage across fts 

(a) increases (b) decreases (c) stays the same 

More difficult problems are indicated by an asterisk ("). 
Answers to odd-numbered problems arc at the end of the book. 

SECTION 19-1 The Superposition Theorem 
1. Using the superposition method, calculate the current through R; in Figure I''—14. 
2. Use the superposition theorem to find the current in and the voltage across the R2 branch of 

Figure 19-44. 

FIGURE 19-44 

101, ! ft, 
1.0 kli 

I |.,U 

v, 
szo-v 

2.2 kli 
2kU 

3. Using the superposition theorem, solve for the current through ft 1 in Figure 19-45. 

FIGURE 19-45 

0 

C 
0.0022/rF 

10040° in A 
/ = 30 kHz. 

«i 
= 1,8 kii: 

y, 
7540° V ( 

/ = 30 kHz 

-w- 
10 mH 

ft, 
4.7 kti i 
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4. Using the superposition theorem, find the current through A1/ in each circuit of Figure 19-46. 

«i 
' lOkfi 

IZ0o A 

6; 2^0° A 

la) 

2k 1 

4.7 k 

FIGURE 19-46 

© 

lb| 

100 pF 
i 

40Z60° V 
f = 2.5 kHz i 

100 pF 

: «i 
■ 1.0 MS! 

100 pF 

1.0 Mf! „ 
5 Mf! i 

' V, 
20^30° V . 

- /= 2.5 kHz 

*5. Determine the voltage at each point (A. B, C, D) in Figure 19-47. Assume A',- = 0 for all 
capacitors. Draw the voltage waveforms at each of the points. 

*6. Use the superposition theorem to find the capacitor current in Figure 19-48. 
"1. Use the superposition theorem to find the resistor current in Figure 19-48. 

 Wr ' 
1.2 k!! 1.0 kfl 

I peak I 

< 'I k I" k 

10 kfl 
20 V 

I 
5. k ! © 

-w- 
20!! 

12Z30oV 

R 

ion 

.Xc 
■ 18!! 

Xu 
-w- 

30!! 

0.5ZI200 A 

FIGURE 19-47 FIGURE 19-48 

SECTION 19-2 Thevenin's Theorem 
*8. Using Thevenin's theorem, determine the ac equivalent cireuil for the circuit in Figure 19^17 

as viewed from R^. Assume all = 0. 
9. For each circuit in Figure 19-49. determine the Thevenin equivalent circuit for the portion of 

the circuit viewed by R/ . 

100!! 27 !! 

©21 1,0 kS! 

(a) 

© 
3Z0° V 

Xu 
400!! SMI ! 860 ! 

lb) 

FIGURE 19-49 

© 15Z00 V 

V, 
10230° V 

■ 1, 
100 ki! 

Xf 
"i > 20 k!i 

100 k!! - 

(c) 
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10. Using Thevenin's Cheorem, determine the current through the load fly in Figure 19-50. 
Ml. Using Thevenin's theorem, find the voltage across R4 in Figure 19-51. 

*1 
—VvV- 

22k!l 

0V Tc 

32Z0° V 
/= 100 Hz 

R. 
-vw- 

22 kli 

C, 
0.047//F 

FIGURE 19-50 

-W—0— 
22 k!i 

= Ry,- 
c, 100 kii: 
0.047/l F 

w 
3 kli 

—w 
3.:< k!) 

4.7 kii 5 kli lllki! :' k > 
50Z0 V 

FIGURE 19-51 

*12. Simplify Ihe cireuil external to R? in Figure 19-52 to its Thcvcnin equivalent. 

i 00 11 
17011 

,"(j ■l« !! 

FIGURE 19-52 

SECTION 19-3 Norton's Theorem 
13. For each circuit in Figure 10 40. determine the Norton equivalent as seen by R/- 
14. Using Norton's theorem, find the current through the load resistor R, in Figure 19-50. 

*15. Using Norton's theorem, find the voltage across A'j in Figure 19-51. 

SECTION 19-4 Maximum Power Transfer Theorem 
16. For each circuit in Figure 19-53, maximum power is to be transferred to the load A1/ . Deter- 

mine the appropriate value for the load impedance in each case. 

R 
—VvV- 

6.8 k!! 
V, 

115Z0° V 
' f = 3 kH^ 

0.0047//F 

(a) 

R 
8.2 kit o; snzir- mA 

5 kl! 

lb) 

FIGURE 19-53 

Wv—0 1 
50!! i—1 

100 mH 
I0Z0°V 
/ = 120 Hi 

(c) 
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*17. Determine Z/ for maximum power in Figure 19-54, 

-Wr 
8.2!! 

4!! 
—I 

8.2!! I 

-r ion (Ov. (T)i 
vvuwv Y 1Z30': in A 

:r2 
" 18 0 

T 

FIGURE 19-54 

*18. Find the load impedance required for maximum power transfer to Z/_ in Figure 19-55. Deter- 
mine the maximum true power. 

"19. A load is to be connected in the place of Rj in Figure 19-52 to achieve maximum power 
transfer. Determine the type of load, and express it in rectangular form. 

FIGURE 19-55 

IOZO° V rms w 

6,811 

Multisim Troubleshooting and Analysis 
These problems require Multisim, 
20. Open file PI9-20 and determine if there is a fault. If so, find the fault. 
21. Open file PI9-2I and determine if there is a fault. If so, find the fault, 
22. Open file PI9-22 and determine if there is a fault. If so. find the fault. 
23. Open file PI9-23 and determine if there is a fault. If so. find the fault. 
24. Open file P19-24 and determine the Thcvcnin equivalent circuit by measurement looking from 

Point A. 
25. Open file PI9-25 and determine the Norton equivalent circuit by measurement looking from 

Point A. 

ANSWERS  

SECTION CHECKUPS 

SECTION 19-1 The Superposition Theorem 
1. The net current is zero. 
2. The circuit can be analyzed one source at a lime using superposition. 
3. /„ = 12 mA 
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SECTION 19-2 Thevenin's Theorem 
1. The components of a Thevenin equivalent ac circuit are equivalent voltage source and equiva- 

lent series impedance. 
2. See Figure 19-56. 
3. Z„, = 21,511 - yi5.71l; V,„ - 4.I4Z53.80V 

FIGURE 19-56 
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SECTION 19-3 Norton's Theorem 
1. See Figure 19-57. 
2. Z„ = K/.0° = 1,240° kli; I„ = 1040° mA 

FIGURE 19-57 
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SECTION 19-4 Maximum Power Transfer Theorem 
1. ZL = 5011 + ylOfl 
2- Pl = 200 W 

RELATED PROBLEMS FOR EXAMPLES 
19-1 2.114-153° m A 
19-2 30490° m A 
19-3 1.69 447.3° mA riding on a dc level of 3 mA 
19-4 18.2443.2° V 
19-5 4.03 4 -36.3° V 
19-6 4.55 424.4° V 
19-7 34.3 443.2° 11 
19-8 1.37 4-47.8° kli 
19-9 9.104—65.60k!l 
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19-10 See Figure 19-58. 
19-11 See Figure 19-59. 
19-12 See Figure 19-60. 

—wv—nnnr—°a 

25 n 23.5 1! 

I I8,2Z43.2°V 

i—Wv- —o A 
91851 1.01 ki! 

(-*0) 4.03Z-36.30 V 

—Wv- -OA 
3.76 ki! 8.28 kll 

('V,)4.55Z24.4" V 

-ofl 

FIGURE 19-58 FIGURE 19-59 FIGURE 19-60 

19-13 11.7Z135° inA 
19-14 117Z —78.7° (I 
19-15 See Figure 19-61 

FIGURE 19-61 
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19-16 47 H + fJ2311 
19-17 503 Hz 

TRUE/FALSE QUIZ 
I. T 2. F 3. T 4. T 5. F 
6. T 7. T 8. F 9. F 10. T 

SELF-TEST 
I. (d) 2. (c) 3. (a) 4. (a) 5. (c) 6. (c) 7. (b) 8. (d) 9. (d) 

CIRCUIT DYNAMICS QUIZ 
I. (c) 2. (a) 3. (c) 4. (b) 5. (a) 6. (a) 7. (a) 
8. (a) 9. (b) 10. (c) 11. (b) 12. (b) 13. (a) 
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CHAPTER OUTLINE APPLICATION ACTIVITY PREVIEW 

I 20-1 
20-2 
20-3 
20-4 
20-5 
20-6 
20-7 
20-8 

20-9 

The RC Integrator 
Response of an RC Integrator to a Single Pulse 
Response of RC Integrators to Repetitive Pulses 
Response of an RC Differentiator to a Single Pulse 
Response of RC Differentiators to Repetitive Pulses 
Response of Rt Integrators to Pulse Inputs 
Response of Rt Differentiators to Pulse Inputs 
Relationship of Time Response to Frequency 
Response 
Troubleshooting 
Application Activity 

CHAPTER OBJECTIVES 

♦ Explain the operation of an RC integrator 
♦ Analyze an RC integrator with a single input pulse 

Analyze an RC integrator with repetitive input pulses 
Analyze an RC differentiator with a single input pulse 
Analyze an RC differentiator with repetitive input pulses 
Analyze the operation of an Rt integrator 
Analyze the operation of an Rt differentiator 
Explain the relationship of time response to frequency response 
Troubleshool RC inlegralotsand RC differcnlialors 

KEY TERMS 

Integrator 
Transient time 
Steady-state 
Differentiator 
DC component 

In the application activity, you will have to specify the wiring 
in a time-delay circuit. You will also determine component 
values to meet certain specifications and then determine in- 
strument settings to properly test the circuit. 

VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 
hltp://www.prenhall.com/floyd 

NTRODUCTION 

In Chapters 15 and 16, the frequency response of RC and Rt 
circuits was covered. In this chapter, the time response of RC 
and Rt circuits with pulse inputs is examined. Before start- 
ing this chapter, you should review the material in Sections 
12-5 and 13-4. Understanding exponential changes of volt- 
ages and currents in capacitors and inductors is crucial to the 
study of time response. Throughout this chapter, exponen- 
tial formulas that were given in Chapters 12 and 13 are used. 

With pulse inputs, the time responses of circuits are im- 
portant. In the areas of pulse and digital circuits, technicians 
are often concerned with how a circuit responds over an in- 
terval of time to rapid changes in voltages or current. The re- 
lationship of the circuit time constant to the input pulse 
characteristics, such as pulse width and period, determines 
the wave shapes of voltages in the circuit. 

Integrator and differentiator, terms used throughout this 
chapter, refer to mathematical functions that are approxi- 
mated by these circuits under certain conditions. Mathemati- 
cal integration is a summation process, and mathematical 
differentiation is a process for establishing an instantaneous 
rate of change of a quantity. 

. i 
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20-1 The RC Integrator  

In terms of time response, a series RC circuit in which the output voltage is taken across 
the capacitor is known as an integrator. Recall that in terms of frequency response, it 
is a low-pass filter. The term integrator is derived from the mathematical process of 
integration, which this type of circuit approximates under certain conditions. 

After completing this section, you should be able to 

♦ Explain the operation of an RC integrator 

♦ Describe how a capacitor charges and discharges 

♦ Explain how a capacitor reacts to an instantaneous change in voltage or current 

♦ Describe the basic output voltage waveform 

Charging and Discharging of a Capacitor 

When a pulse generator is connected to the input of an RC integrator, as shown in Figure 
20-1, the capacitor will charge and discharge in response to the pulses. When the input 
goes from its low level to its high level, the capacitor charges toward the high level of the 
pulse through the resistor. This charging action is analogous to connecting a battery 
through a closed switch to the RC circuit, as illustrated in Figure 20-2(a). When the pulse 
goes from its high level back to its low level, the capacitor discharges back through the 
source. Compared to the resistance of the resistor, the resistance of the source is assumed 
to be negligible. This discharging action is analogous to replacing the source with a closed 
switch, as illustrated in Figure 20-2(b). 

FIGURE 20-1 
An RC integrator with a pulse 
generator connected. 

vw 

n 

0 - 

T 

Charging 
voltage 

(a) When the input pulse goes HIGH, the source 
effectively acts as a battery in series with a 
closed switch, thereby charging the capacitor. 

FIGURE 20-2 

Discharging 
voltage 

/ 
-0 

(b> When the input pulse goes hack LOW. the 
source effectively acts as a closed switch, 
providing a discharge path for the capacitor. 

The equivalent action when a pulse source charges and discharges the capacitor. 
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As you learned in Chapter 12, a capacitor will charge and discharge following an expo- 
nential curve. Us rate of charging and discharging, of course, depends on the RC time con- 
stant. a fixed time interval determined by R and C (t = RC). 

For an ideal pulse, both edges are considered to be instantaneous. Two basic rules of ca- 
pacitor behavior help in understanding the response of RC circuits to pulse inputs. 

1. The capacitor appears as a short to an instantaneous change in current and as an 
open to dc, 

2. The voltage across the capacitor cannot change instantaneously—it can change 
only exponentially. 

Capacitor Voltage 

In an RC integrator, the output is the capacitor voltage. The capacitor charges during the 
time that the pulse is high. If the pulse is at its high level long enough, the capacitor will 
fully charge to the voltage amplitude of the pulse, as illustrated in Figure 20-3. The capac- 
itor discharges during the time that the pulse is low. If the low lime between pulses is long 
enough, the capacitor will fully discharge to zero, as shown in the figure. Then when the 
next pulse occurs, it will charge again. 

10V r 
V" 0 1 

 Wv  — 
R 

L = c 

i 

FIGURE 20-3 
10V 

0 

Charging Discharging 

Illustration of a capacitor fully charg- 
ing and discharging in response to a 
pulse input. 

SECTION 30-1 1. Define the term integrator in relation to an RC circuit. 
CHECKUP 2. What causes the capacitor in an RC circuit to charge and discharge? 
Answers are at the end of the 
chapter. 

20-2 Response of an RC Integrator to a Single Pulse  

From the previous section, you have a general idea of how an RC integrator responds to 
an input pulse. In this section, the response to a single pulse is examined in detail. 

After completing this section, you should be able to 

* Analyze an RC integrator with a single input pulse 

♦ Discuss the importance of the circuit time constant 

♦ Define transient lime 

♦ Determine the response when the pulse width is equal to or greater than five time constants 

♦ Determine the response when the pulse w idth is less than five time constants 
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Two conililions of pulse response must be considered: 

1. When the input pulse width (%) is equal to or greater than five time constants 
Uw - 5T) 

2. When the input pulse width is less than five time constants (% < 5t) 

Recall that five lime constants is accepted as the time for a capacitor to fully charge or fully 
discharge; this lime is often called the transient time. A capacitor will fully charge if the 
pulse width is equal to or greater than five time constants (5t). This condition is expressed 
as t\y — 5t. At the end of the pulse, the capacitor fully discharges back through the source. 

Figure 20-4 illustrates the output waveforms for various KC transient times and a fixed 
input pulse width. Notice that as the transient lime becomes shorter, compared to the pulse 
width, the shape of the output pulse approaches that of the input. In each case, the output 
reaches the full amplitude of the input. 

10V 

i» v 
5r = 1 2/s 

L 
10V 

5r =2.5/is 

5r = 5//s 
(IV 

5r = 10 «s 

FIGURE 20-4 
Variation of an RC integrator's output pulse shape with time constant. The shaded areas indicate 
when the capacitor is charging or discharging. 

Figure 20-5 shows how a fixed time constant and a variable input pulse width affect the 
integrator output. Notice that as the pulse width is increased, the shape of the output pulse 
approaches that of the input. Again, this means that the transient lime is short compared to 
the pulse width. 

FIGURE 20-5 
Variation of an RC integrator's 
output pulse shape with input pulse 
width (the lime constant is fixed). 
Dark blue is input and light blue is 
output. (a)/„. = 5r (b) = lOr (c) lw = 20r 
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Now let's examine the case in which the width of the input pulse is less than five lime 
constants of the RC integrator. This condition is expressed as % < 5t. As you know, the ca- 
pacitor charges for the duration of the pulse. However, because the pulse width is less than 
the time it takes the capacitor to fully charge (5t). the output voltage will nol reach the full 
input voltage before the end of the pulse. The capacitor only partially charges, as illustrated 
in Figure 20-6 for several values of RC time constants. Notice that for longer time constants, 
the output reaches a lower voltage because the capacitor cannot charge as much. Of course, 
in the examples with a single pulse input, the capacitor fully discharges after the pulse ends. 

10 V 

A FIGURE 20-6  
Capacitor voltage for various time constants that are longer than the input pulse width. Dark blue is 
input and light blue is output. 

When the time constant is much greater than the input pulse width, the capacitor charges 
very little, and, as a result, the output voltage becomes almost negligible, as indicated in 
Figure 20-6. 

Figure 20-7 illustrates the effect of reducing the input pulse width for a fixed time con- 
stant value. As the input pulse width is reduced, the output voltage decreases because the 
capacitor has less lime to charge. However, it takes the capacitor approximately the same 
length of time (5t) to discharge back to zero for each condition after the pulse is removed. 

(a) = 5r (b) % < 5 r 

(c) % « 5r 
0  
(d) % <« 5 r 

FIGURE 20-7 
The capacitor charges less and less as the input pulse width is reduced. The time constant is fixed. 
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EXAMPLE 20-1 A single 10 V pulse with a width of 100 /rs is applied to (he RC integrator in Figure 20-8, 

(a) To what voltage will the capacitor charge? 

(b) How long will it take the capacitor to discharge if the internal resistance of the 
pulse source is 50 fl? 

(c) Draw the output voltage waveform. 

FIGURE 20-8 

iov 

R 
-Wv- 

lOOkfi 

100 us 
'0.001 //F 

FIGURE 20-9 

Solution (a) The circuit time constant is 

t = RC = (I00kfi)(0.00l /rF) = 100 /as 

Notice that the pulse width is exactly equal to the time constant. Thus, the capaci- 
tor will charge approximately 63% of the full input amplitude in one time con- 
stant, so the output will reach a maximum voltage of 

Voui = (0.63)10 V = 6.3 V 
(b) The capacitor discharges back through the source when the pulse ends. You can 

neglect the 50 fl source resistance in series with 100 kfl. The total approximate 
discharge time, therefore, is 

5r = 5(100/rs) = 500/as 

(c) The output charging and discharging curve is shown in Figure 20-9. 

  V«(V) 

10 

6.3 

•'lUO 
I Discharge ' Charge 

;i:i 400 300 600 

Related Problem' If the input pulse width in Figure 20-8 is increased to 200/as, to what voltage will the 
capacitor charge? 

Use Multisim tiles E20-01A and E20-01B to verify the calculated results in this example 
and the related problem. 

"Answers arc at the end of the chapter. 
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EXAMPLE 20-2 Determine how much the capacitor in Figure 20-10 will charge when the single pulse 
is applied to the input. 

FIGURE 20-10 R 
-Wr- 

2,2 k(i 
25 V 

5 ms 

Solution Calculate the time constant. 

t = RC = (2.2 kJi)(l ixF) = 2.2 ms 

Because the pulse width is 5 ms, the capacitor charges for 2.27 time constants 
(5 ms/2.2 ms = 2.27). Use the exponential formula from Chapter 12 (Eq. 12-19) to 
find the voltage to which the capacitor will charge. With V/.- = 25 V and 1 = 5 ms, the 
calculation is as follows: 

v = Vffl - e "RC) 
= (25 V)(l - <'~5,ra'"ms| = (25 V)(l - <r227| 
= (25VK1 - 0.103) = (25 V)(0.897) = 22.4 V 

These calculations show that the capacitor charges to 22.4 V during the 5 ms duration 
of the input pulse. It will discharge back to zero when the pulse goes back to zero. 

luiiwii Prohli in Determine how much C will charge if the pulse width is increased to 10 ms. 

SECTION 20-2 
CHECKUP 

1. When an input pulse is applied lo an RC integrator, what condition must exist in or- 
der for the output voltage to reach full amplitude? 

2. For the circuit in Figure 20-11, which has a single input pulse, find the maximum out- 
put voltage and determine how long the capacitor will discharge. 

3. For Figure 20-11, draw the approximate shape of the output voltage with respect to 
the input pulse. 

4. If an integrator time constant equals the input pulse width, will the capacitor fully 
charge? 

5. Describe the condition under which the output voltage has the approximate shape of 
a rectangular input pulse. 

FIGURE 20-11 

10.3 ms 
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^4 20-3 Response of RC Integrators to Repetitive Pulses  

In electronic systems, you will encounter waveforms with repetitive pulses much more 
often than single pulses. However, an understanding of the integrator's response to sin- 
gle pulses is necessary in order to understand how these circuits respond to repeated 
pulses. 

After completing this section, you should be able to 

♦ Analyze an RC integrator with repetitive input pulses 

♦ Determine the response when the capacitor does not fully charge or discharge 

♦ Define steady stale 

♦ Describe the effect of an increase in time constant on circuit response 

If a periodic pulse waveform is applied to an RC integrator, as shown in Figure 20-12, 
the output waveshape depends on the relationship of the circuit lime constant and the fre- 
quency (period) of the input pulses. The capacitor, of course, charges and discharges in re- 
sponse to a pulse input. The amount of charge and discharge of the capacitor depends both 
on the circuit time constant and on the input frequency, as mentioned. 

R 
-Wv- 

to v. iov 

Capacitor is fully charging 
and fully discharging. 

FIGURE 20-12 
RC integrator with a repetitive pulse waveform input (T = lOr). 

If the pulse width and the lime between pulses are each equal to or greater than five lime 
constants, the capacitor will fully charge and fully discharge during each period (7) of the 
input waveform. This case is shown in Figure 20-12. 

When the pulse width and the time between pulses are shorter than five time constants, 
as illustrated in Figure 20-13 for a square wave, the capacitor will not completely charge 
or discharge. We will now examine the effects of this situation on the output voltage of the 
RC integrator. 

» FIGURE 20-13  Less than5T 
input waveform that does not allow   
full charge or discharge of the capac- 
itor in an RC integrator. 

Less than 5r 

® 77iis icon indkaUs selected websites for ftinher information on topics in this section. See the Companion 
Website provided with this text. 
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For illuslration, let's use an RC integrator with a charging and discharging time constant 
equal to the pulse width of a 10 V square wave input, as shown in Figure 20-14. This choice 
will simplify the analysis and will demonstrate the basic action of the integrator under these 
conditions. At this point, we do not care what the exact time constant value is because we 
know that an RC circuit charges approximately 63% during one time constant interval. 

-Wr 
K 

10V 
.0V 
' hiiilally 

FIGURE 20-14 
RC integrator with a square wave in- 
put having a period equal to two 
time constants IT = 3t). 

Let's assume that the capacitor in Figure 20-14 begins initially uncharged and examine 
the output voltage on a pulse-by-pulse basis. Figure 20-15 shows the charging and dis- 
charging shapes of five pulses. 

• 10 V 

Isl 2nd 1 1 3rd -ih 5th 

• 10 V 

FIGURE 20-15 

- 
5.32 V -J,7'I8V 

I 1 
I 1 

7,29 V 

1 1 
1 1 

i 7.3 IV 
1 

7.31 V 

•"X 1/1 —('2.33 V >4V 1 

| / 1 N. 
17.68 V 1 

1 1 
'2,69 V 

Input and output for the initially un- 
charged integrator in Figure 20-14. 

First pulse During the first pulse, the capacitor charges. The output voltage reaches 6.32 V 
(63.2% of 10 V), as shown in Figure 20-15. 

Between first and second pulses The capacitor discharges, and the voltage decreases to 
36.8% of the voltage at the beginning of this interval: 0.368(6.32 V) = 2.33 V. 

Second pulse The capacitor voltage begins at 2.33 V and increases 63.2% of the way to 
10 V. This calculation is as follows: The total charging range is 10 V — 2,33 V = 7.67 V. 
The capacitor voltage will increase an additional 63.2% of 7.67 V, which is 4.85 V. Thus, 
at the end of the second pulse, the output voltage is 2.33 V + 4.85 V = 7.18 V, as shown 
in Figure 20-15. Notice that the average is building up. 

Between second and third pulses 
fore the voltage decreases to 36,8% 
0.368(7.18 V) = 2.64 V. 

The capacitor discharges during this lime, and there- 
of the initial voltage by the end of the second pulse: 

Third pulse At the start of the third pulse, the capacitor voltage begins at 2.64 V. The ca- 
pacitor charges 63.2% of the way from 2.64 V to 10 V: 0.632(10 V — 2.64 V) = 4.65 V. 
Therefore, the voltage at the end of the third pulse is 2.64 V + 4.65 V = 7.29 V. 

Between third and fourth pulses The voltage during this interval decreases due to ca- 
pacitor discharge. It will decrease to 36.8% of its value by the end of the third pulse. The 
final voltage in this interval is 0.368(7.29 V) = 2.68 V. 
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Fourth pulse At the start of the fourth pulse, the capacitor voltage is 2.68 V. The voltage 
increases by 0.632(10 V - 2.68 V) = 4.63 V. Therefore, at the end of the fourth pulse, the 
capacitor voltage is 2.68 V + 4.63 V = 7,31 V, Notice that the values are leveling off as 
the pulses continue. 

Between fourth and fifth pulses Between these pulses, the capacitor voltage drops to 
0.368(7.31 V) = 2.69 V. 

Fifth pulse During the fifth pulse, the capacitor charges 0.632( 10 V - 2.69 V) = 4.62 V. 
Since it started at 2.69 V, the voltage at the end of the pulse is 2.69 V + 4.62 V = 7.31 V. 

Steady-State Time Response 

In the preceding discussion, the output voltage gradually built up and then began leveling 
off. It lakes approximately 5t for the output voltage to build up to a constant average value. 
This interval is the transient time of the circuit. Once the output voltage reaches the aver- 
age value of the input voltage, a steady-state condition is reached that continues as long as 
the periodic input continues. This condition is illustrated in Figure 20-16 based on the val- 
ues obtained in the preceding discussion. 

ft VI 

Approx. ' 

output 2.69 

FIGURE 20-16 
Output reaches steady state after Sr. 

The transient time for our example circuit is the time from the beginning of the first 
pulse to the end of the third pulse. The reason for this interval is that the capacitor voltage 
at the end of the third pulse is 7.29 V, which is about 99% of the final voltage. 

The Effect of an Increase in Time Constant 

What happens to the output voltage if the RC lime constant of the integrator is increased 
with a variable resistor, as indicated in Figure 20-17? As the time constant is increased, the 
capacitor charges less during a pulse and discharges less between pulses. The result is a 

FIGURE 20-17 
Integrator with a variable RC lime 
constant. 

-Mr 
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W T| 0 

(b)T2 0 

AVG 
(c) rj 0 

_L_—I- 1 + L—\~ 
I I I I I I 

A FIGURE 20-18  
Effect of longer time constants on the output of an RC integrator (t j > > tj). 

smaller fluctuation in the output voltage for increasing values of time constant, as shown in 
Figure 20-18. 

As the lime constant becomes extremely long compared to the pulse width, the output 
voltage approaches a constant dc voltage, as shown in Figure 20-18(c). This value is the 
average value of the input. For a square wave, it is one-half the amplitude. 

EXAMPLE 20-3 Determine the output voltage waveform for the first two pulses applied to the RC inte- 
grator in Figure 20-19. Assume that the capacitor is initially uncharged and the rheo- 
stat is set to 5 kSI. 

5 v 
^WV 

5 kfi 

10//s 15/rs 10 /is 

.C 
"0.01 //F 

FIGURE 20-19 

Solution First, calculate the circuit time constant. 

t = RC = (5 kfl|(0.01 /cF) = 50/is 
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Obviously, the time constant is much longer than the input pulse width or the interval 
between pulses (notice that the input is not a square wave). In this case, the exponen- 
tial formulas must be applied, and the analysis is relatively difficult. Follow the solu- 
tion carefully. 

1. Calculation for first pulse: Use the equation for an increasing exponential be- 
cause C is charging. Note that F/. is 5 V, and l equals the pulse width of 10/xs. 
Therefore, 

vc = Vfi I - e ) = (5V)(1 - e 
= (5 V)(l - 0.819) = 906 mV 

This result is plotted in Figure 20-20(a). 

2. Calculation for interval between first and second pulse: Use the equation for a de- 
creasing exponential because C is discharging. Note that F, is 906 mV because C 
begins to discharge from this value at the end of the first pulse. The discharge time 
is 15 p-s. Therefore, 

vc = Vje~"RC = (906 mV)?-'5^'50^ 
= (906mV)(0.741) = 671 mV 

This result is shown in Figure 20-20(b). 

3. Calculation for second pulse: At the beginning of the second pulse, the output 
voltage is 671 mV. During the second pulse, the capacitor will again charge. In this 
case, it does not begin at zero volts. It already has 671 mV from the previous 
charge and discharge. To handle this situation, you must use the general exponen- 
tial formula. 

v = Ff + (F,- — Vf)e~'lT 

906 mV 

10//s 
(a) 

906 mV 
671 mV 

10 ps 25//s 
(b) 

906 mV 

0 

(c) 

FIGURE 20-20 

671 mV 

10^s 25 ps 

1.45 V 

35 ji/s 
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Using this equation, you can calculate the voltage across the capacitor at the end of 
the second pulse as follows: 

Vc=VF+ (V, - Vr)e "HC 

= 5 V + (671 mV - 5 V)^10"1750^ 
= 5V + (—4.33V)(0.8I9) = 5V - 3.55V = 1.45V 

This result is shown in Figure 20-20(c). 
Notice that the output waveform builds up on successive input pulses. After approx- 

imately 5t, it will reach its steady state and will fluctuate between a constant maxi- 
mum and a constant minimum, with an average equal to the average value of the input. 
You can see this pattern by carrying the analysis in this example further. 

Determine V,„„ at the beginning of the third pulse. 

Use Multisim file E20-03 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 

SECTION 20-3 
CHECKUP 

1. What conditions allow an RC integrator capacitor to fully charge and discharge when 
a periodic pulse waveform is applied to the input? 

2. What will the output waveform look like if the circuit time constant is extremely short 
compared to the pulse width of a square wave input? 

3. What is the time called that is required for the output voltage to build up to a constant 
average value when 5t is greater than the pulse width of an input square wave? 

4. Define steady-state response. 
5. Describe the output of an RC integrator when the input is a square wave with a period 

much less than lr. 

20-4 Response of an RC Differentiator to a Single Pulse 

in terms of time response, a series RC circuit in which the output voltage is taken across 
the resistor is known as a differentiator. Recall that in terms of frequency response, it 
is a high-pass filler. The term clifferenticHor is derived from the mathematical process of 
differentiation, which this type of circuit approximates under certain conditions. 

After completing this section, you should be able to 

♦ Analyze an RC differentiator with a single input pulse 

♦ Describe the response at the rising edge of the input pulse 

♦ Determine the response during and at the end of a pulse for various pulse 
width-lime constant relationships 

Figure 20-21 shows an RC differentiator with a pulse input. The same action occurs in 
a differentiator as in an integrator, except the output voltage is taken across the resistor 
rather than across the capacitor. The capacitor charges exponentially at a rale depending on 
the RC time constant. The shape of the differentiator's resistor voltage is detennined by the 
charging and discharging action of the capacitor. 

Related Problem 

I? 
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FIGURE 30-21 
An RC differentiator with a pulse 
generator connected. 

Pulse Response 

To understand how the output voltage is shaped by a differentiator, you must consider the 
following: 

1. The response to the rising pulse edge 

2. The response between the rising and falling edges 

3. The response to the falling pulse edge 
Let's assume that the capacitor is initially uncharged prior to the rising pulse edge. Prior 

to the pulse, the input is zero volts. Thus, (here are zero volts across the capacitor and also 
zero volts across the resistor, as indicated in Figure 20-22(a). 

0 V 
R>(iv 

0 V 

10 V,  
V, 
oJ I- | 0-1 

iov 
p...,, 

-IOV 

iov 

o -i 

,iov 

o 

(a) Before pulse is applied 

,10V 

A 

10V 

0 -I 

■Ml - 

0 

10 V 

(b) At rising edge of input pulse 

_ '-iov 
(d) At falling edge of pulse when iw > 5t 

. 5 V (arbitrary value) 

« 

iov 

0 -I 

iov 

■ 5 V 

<c) During level part of pulse when % > 5t 

,5 V (arbitrary value) 

10 V I0V 

o -5 V 

(e) During level pan of pulse when lw < 5t (0 At falling edge of pulse when lw < 5t 

A FIGURE 20-22  
Examples of the response of an RC differentiator to a single input pulse under two conditions: 
% £ 5t and lw < St. 

Response to the Rising Edge of the Input Pulse Let's also assume that a 10 V pulse 
is applied to the input. When the rising edge occurs, point A goes to +10 V. Recall that the 
voltage across a capacitor cannot change instantaneously, and thus the capacitor appears 
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instantaneously as a short. Therefore, if point A goes instantly to +10 V, then point B must 
also go instantly to +10 V, keeping the capacitor voltage zero for the instant of the rising 
edge. The capacitor voltage is the voltage from point A to point B. 

The voltage at point B with respect to ground is the voltage across the resistor (and the 
output voltage). Thus, the output voltage suddenly goes to +10 V in response to the rising 
pulse edge, as indicated in Figure 20-22(b). 

Response During Pulse When tw a St While the pulse is at its high level between the 
rising edge and the falling edge, the capacitor is charging. When the pulse width is equal to 
or greater than five time constants (% s 5t), the capacitor has time to fully charge. 

As the voltage across the capacitor builds up exponentially, the voltage across the resis- 
tor decreases exponentially until it reaches zero volts at the time the capacitor reaches full 
charge (+10 V in this case). This decrease in the resistor voltage occurs because the sum 
of the capacitor voltage and the resistor voltage at any instant must be equal to the applied 
voltage, in compliance with Kirchhoff's voltage law (vc + vr = v,„). This part of the re- 
sponse is illustrated in Figure 20-22(c). 

Response to Falling Edge When tw a St Let's examine the case in which the capaci- 
tor is fully charged at (he end of the pulse (% — 5t). Refer to Figure 20-22(d). On the 
falling edge, the input pulse suddenly goes from +10 V back to zero. An instant before the 
falling edge, the capacitor is charged to 10 V, so point A is +10 V and point B is 0 V. The 
voltage across a capacitor cannot change instantaneously, so when point A makes a transi- 
tion from +10 V to zero on the falling edge, point B must also make a 10 V transition from 
zero to — 10 V. This keeps the voltage across the capacitor at 10 V for the instant of the 
falling edge. 

The capacitor now begins to discharge exponentially. As a result, the resistor voltage 
goes from —10 V to zero in an exponential curve, as indicated in red in Figure 20-22(d). 

Response During Pulse When tw < St When the pulse width is less than five time 
constants (tw < 5t), the capacitor does not have lime to fully charge. Its partial charge de- 
pends on the relation of the time constant and the pulse width. 

Because the capacitor does not reach the full +10 V, the resistor voltage will not reach 
zero volts by the end of the pulse. For example, if the capacitor charges to +5 V during the 
pulse interval, the resistor voltage will decrease to +5 V, as illustrated in Figure 20-22(e). 

Response to Falling Edge When tw < St Now, let's examine the case in which the ca- 
pacitor is only partially charged at the end of the pulse (% < 5t). For example, if the ca- 
pacitor charges to +5 V, the resistor voltage at the instant before the falling edge is also 
+5 V because the capacitor voltage plus the resistor voltage must add up to +10 V, as 
illustrated in Figure 20-22(e). 

When the falling edge occurs, point A goes from +10 V to zero. As a result, point B 
goes from +5 V to —5 V, as illustrated in Figure 20-22(f). This decrease occurs, of course, 
because the capacitor voltage cannot change at the instant of the falling edge. Immediately 
after the falling edge, the capacitor begins to discharge to zero. As a result, the resistor volt- 
age goes from -5 V to zero, as shown. 

Summary of RC Differentiator Response to a Single Pulse 

A good way to summarize this section is to look at the general output waveforms of a dif- 
ferentiator as the lime constant is varied from one extreme, when 5t is much less than the 
pulse width, to the other extreme, when 5t is much greater than the pulse width. These sit- 
uations are illustrated in Figure 20-23. In part (a) of the figure, the output consists of nar- 
row positive and negative "spikes." In part (e), the output approaches the shape of the input. 
Various conditions between these extremes are illustrated in parts (b), (c), and (d). 

TECH TIP 

You may have observed a pulse 
that looks similar to f igure 20-23(e) 
when you ac couple a pulse to 
an oscilloscope. In this case the 
capacitor in the oscilloscope 
coupling circuit can act as an 
unwanted differentiating circuit, 
causing the pulse to droop. To 
avoid this, you can dc couple the 
scope and check the probe 
compensation. 
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(a) 5t much less than /„■ 

(b) 5t = 0.5;,,. 

(c) 5t = t„ 

(d) 5t greater than 

(e) 5t much greater than iw 
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-10 V ( 

-10 V r 
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FIGURE 20-23 
Effects of a change in time constant on the shape of the output voltage of an KC differentiator. 

EXAMPLE 20-4 Draw the output voltage for the KC differentiator in Figure 20-24. 

5 V 

  IO/;s | 
o 

120 pF 
R ^ 15 kfl 

FIGURE 20-24 

Solution First, calculate the time constant. 

t = KC = (15 kli)(l20 pF) = 1.8 ais 

In this case, % > 5t, so the capacitor reaches full charge before the end of the pulse. 
On the rising edge. Ihe resistor voltage jumps to +5 V and then decreases exponen- 

tially to zero by the end of the pulse. On the falling edge, the resistor voltage jumps to 
—5 V and then goes back to zero exponentially. The resistor voltage is, of course, Ihe 
output, and its shape is shown in Figure 20-25. 
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-10us- 

-10//S- 

-5 V 

FIGURE 20-25 

fir/,Kcd Pmblem Draw the output voltage if C is changed to 12 pF in Figure 20-24. 

Use Multisim files E20-04A and E20-04B to verity the calculated results in this example 
and to confirm your answer for the related problem. To simulate a single pulse, specify 
a waveform with the given pulse width but a small duty cycle (long period). 

EXAMPLE 20-5 Determine the output voltage waveform for the RC differentiator in Figure 20-26 with 
the rheostat set so that the total resistance of R\ and Rj is 2 k!i. 

25 V 
I//I- 

5 ms 

FIGURE 20-26 

Solution First, calculate the time constant. 

t = /?,„,C = (2 kti)(l /xF) = 2 ms 

On the rising edge, the resistor voltage immediately jumps to +25 V. Because the 
pulse width is 5 ms, the capacitor charges for 2.5 time constants and therefore does not 
reach full charge. Thus, you must use the formula for a decreasing exponential in order 
to calculate lo what voltage the output decreases by the end of the pulse, 

v,„„ = Vie "KC = 25e 5m'J2ms = 25(0.082) = 2.05 V 

where V, = 25 V and / = 5 ms. This calculation gives the resistor voltage (v'„„,) at the 
end of the 5 ms pulse width interval. 

On the falling edge, the resistor voltage immediately jumps from +2.05 V down to 
—22.95 V (a 25 V transition). The resulting waveform of (he output voltage is shown 
in Figure 20-27. 
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+ v 

■•—5 ms —^ 

10 ins 

FIGURE 20-27 

ReUilcd Problem Determine the voltage at the end of the pulse in Figure 20-26 if the rheostat is set so 
that the total resistance is 1.5 kfi. 

Use Multisim files E20-05A and E20-05B to verify the calculated results in this example 
and to confirm your calculation for the related problem. To simulate a single pulse, 
specify a waveform with the given pulse width but a small duly cycle. 

SECTION 20-4 1. Draw the output of a differentiator for a 10 V input pulse when 5t = O.Stw- 
CHECKUP 2. Under what condition does the output pulse shape most closely resemble the input 

pulse for a differentiator? 
3. What does the differentiator output look like when 5t is much less than the pulse 

width of the input? 
4. If the resistor voltage in a differentiating circuit is down to +5 Vat the end of a 15 V 

input pulse, to what negative value will the resistor voltage go in response to the 
falling edge of the input? 

20-5 Response of RC Differentiators to Repetitive Pulses  

The KC differentiator response to a single pulse, covered in the last section, is 
extended in this section to repetitive pulses. 

After completing this section, you should be able to 

♦ Analyze an RC differentiator with repetitive input pulses 

♦ Determine the response when the pulse width is less than five time constants 

If a periodic pulse waveform is applied to an RC differentiating circuit, two conditions 
again arc possible: l\y — 5t or l\y < 5t. Figure 20-28 shows the output when % = 5t. As 
the lime constant is reduced, both the positive and the negative portions of the output be- 
come narrower. Notice that the average value of the output is zero. An average value of zero 
means that the waveform has equal positive and negative portions. The average value of a 
waveform is its dc component. Because a capacitor blocks dc, the dc component of the in- 
put is prevented from passing through to the output, resulting in an average value of zero. 
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10V 

o —1 

HOV 

0 — 

-10V r 

FIGURE 20-28 
Example of differentiator response when tw = 5r. 

Figure 20-29 shows the steady-stale output when iw < 5t. As the lime constant is in- 
creased, the positively and negatively sloping portions become flatter. For a very long time 
constant, the output approaches the shape of the input, but with an average value of zero. 

0 — 

FIGURE 20-29 
Example of differentiator response when t^ < Sr. 

Analysis of a Repetitive Waveform 

Like the integrator, the differentiator output takes time (5t) to reach steady slate. To illustrate 
the response, let's take an example in which the time constant equals the input pulse width. At 
this point, we do not care what the circuit time constant is because we know that the resistor 
voltage will decrease to approximately 37% of its maximum value during one pulse (It). 

Let's assume that the capacitor in Figure 20-30 begins initially uncharged and then ex- 
amine the output voltage on a pulse-by-pulse basis. The results of the analysis that follows 
are shown in Figure 20-31. 

ist 2nd 3rd 

TJ^iRIFL 

FIGURE 20-50 
HC differentiator with t = t\y. 

•HOV 
7.67 V 7.36 V 

iH •iv 2,82 V 2.7 V 

-2,64 V 

-7.29 V -6.32 V -7.18 V 

FIGURE 20-31 
Differentiator output waveform dur- 
ing transient time for the circuit in 
Figure 20-30. 
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First pulse On the rising edge, the output instantaneously jumps to +10 V. Then the ca- 
pacitor partially charges to 63.2% of 10 V, which is 6,32 V. Thus, the output voltage must de- 
crease to 3.68 V, as shown in Figure 20-31. On the falling edge, the output instantaneously 
makes a negative-going 10 V transition to -6,32 V (-10 V + 3,68 V = -6.32 V). 

Between first and second pulses The capacitor discharges to 36.8% of 6.32 V, which is 
2.33 V. Thus, the resistor voltage, which starts at —6.32 V, must increase to —2.33 V. 
Why? Because at the instant prior to the next pulse, the input voltage is zero. Therefore, the 
sum of Vf and i'r must be zero (2.33 V — 2.33 V = 0). Remember that vc + "r = % at 
all times, in accordance with Kirchhoff's voltage law. 

Second pulse On the rising edge, the output makes an instantaneous, positive-going, 10 V 
transition from —2.33 V to 7.67 V. Then by the end of the pulse the capacitor charges 
0.632 X (10 V - 2.33 V) = 4.85 V. Thus, the capacitor voltage increases from 2.33 V to 
2.33 V + 4.85 V = 7.18 V. The output voltage drops to 0.368 x 7.67 V = 2.82 V. 

On the falling edge, the output instantaneously makes a negative-going transition from 
2.82 V to -7.18 V, as shown in Figure 20-31. 

Between second and third pulses The capacitor discharges to 36.8% of 7.18 V, which is 
2.64 V. Thus, the output voltage starts at -7.18 V and increases to -2.64 V because the ca- 
pacitor voltage and the resistor voltage must add up to zero at the instant prior to the third 
pulse (the input is zero). 

Third pulse On the rising edge, the output makes an instantaneous 10 V transition from 
-2.64 V to +7.36 V. Then the capacitor charges 0.632 X (10 V - 2.64 V) = 4.65 V to 
2.64 V + 4.65 V = 7.29 V. As a result, the output voltage drops to 0.368 X 7.36 V = 
2.71 V. On the falling edge, the output instantly goes from +2.71 V down to —7.29 V. 

After the third pulse, five time constants have elapsed, and the output voltage is close to 
its steady state. Thus, it will continue to vary from a positive maximum of about +7.3 V to 
a negative maximum of about —7.3 V, with an average value of zero. 

SECTION 20-5 ]. what conditions allow an RC differentiator to fully charge and discharge when a 
checkup periodic pulse waveform is applied to the input? 

2. What will the output waveform look like if the circuit time constant is extremely short 
compared to the pulse width of a square wave input? 

3. What does the average value of the differentiator output voltage equal during steady slate? 

20-6 Response of RL Integrators to Pulse Inputs  

A series RL circuit in which the output voltage is taken across the resistor is known as 
an integrator in terms of time response. Although only the response to a single pulse is 
discussed, it can be extended to repetitive pulses, as described for the RC integrator. 

After completing this section, you should be able to 

• Analyze the operation of an RL integrator 

♦ Determine the response to a single input pulse 

Figure 20-32 shows an RL integrator. The output waveform is taken across the resistor 
and, under equivalent conditions, is the same shape as that for the RC integrator. Recall that 
in the RC case, (he output was across the capacitor. 
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r-^innr ■* FIGURE 20-32 
An fit integrator with a pulse genera- 
tor connected. 

As you know, each edge of" an ideal pulse is considered to be instantaneous. Two basic 
rules for inductor behavior will aid in analyzing KL circuit responses to pulse inputs: 

1. The inductor appears as an open to an instantaneous change in current and as a 
short (ideally) to dc. 

2. The current in an inductor cannot change instantaneously—it can change only ex- 
ponentially. 

Response of the RL Integrator to a Single Pulse 

When a pulse generator is connected to the input of the integrator and the voltage pulse 
goes from its low level to its high level, the inductor prevents a sudden change in current. 
As a result, the inductor acts as an open, and all of the input voltage is across it at the in- 
stant of the rising pulse edge. This situation is indicated in Figure 20-33(a). 
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(a) At rising edge of pulse (f = 0) (h) During flat portion of pulse 

10 V 

10 V 

- 0V 

10 v 

(c) At falling edge of pulse and after 

FIGURE 20-33 
Illustration of the pulse response of an RL integrator {tw > Sr). 
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After the rising edge, the current builds up, and the output voltage follows the current as 
it increases exponentially, as shown in Figure 20-33(b). The current can reach a maximum 
of VpIR if the transient time is shorter than the pulse width (V;1 = 10 V in this example). 

When the pulse goes from its high level to its low level, an induced voltage with re- 
versed polarity is created across the coil in an effort to keep the current equal to VpIR. The 
output voltage begins to decrease exponentially, as shown in Figure 20-33(c). 

The exact shape of the output depends on the UH time constant as summarized in Figure 
20-34 for various relationships between the time constant and the pulse width. You should 
note that the response of this RL circuit in terms of the shape of the output is identical to 
that of the RC integrator. The relationship of the IJR time constant to the input pulse width 
has the same effect as the RC time constant that was shown in Figure 20-4. For example, 
when ty/ < 5t, the output voltage will not reach its maximum possible value. 

► FIGURE 20-34  
Illustration of the variation in RL 
integrator output pulse shape with 
time constant. 

(a)5r = lw 

(b) 5t = O.SIh. 

(C)57 = 0.25/^ 

(d)5T = 0.l% 
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EXAMPLE 20-6 Determine the maximum output voltage for the RL integrator in Figure 20-35 when a 
single pulse is applied as shown. The rheostat is set so that the total resistance is 5011. 

FIGURE 20-35 

aiJ V 

■*—5 ms—* 

100 mH 
10 II 

Solution Calculate the time constant. 

L 100 mH 
r = — =  —— = 2 ms 

r son 

Because the pulse width is 5 ms, the inductor charges for 2.5t. Use the exponential 
formula derived from Equation 13-8 with V, = 0 and r = LIR to calculate the voltage. 

VouRmax) = W " = 25(1 - 
= 25(1 - e~2'5) = 25(1 - 0.082) = 25(0.918) = 22.9 V 
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I 

Related Rrobtem To what resistance must the rheostat, Wi. be set for the output voltage to reach 25 V by 
the end of the pulse in Figure 20-35? 

EXAMPLE 20-7 A pulse is applied to the RL integrator in Figure 20-36. Determine the complete wave- 
shapes and the values for /, Vr, and V; . 

iov 
nnnr 
5 mil 

1.5 k!! 
20 us 

FIGURE 20-36 

Solution The circuit time constant is 
L 5mH i it t — — = = 3.33 us 
R 1,5 ki! ^ 

Since 5r = 16.7 /as is less than tw. the current will reach its maximum value and re- 
main there until the end of the pulse. 

At the rising edge of the pulse, 

f = OA 
"R = 0V 
vL = 10 V 

The inductor initially appears as an open, so all of the input voltage appears across L 
During the pulse, 

vp 10 V 
i increases exponentially 10 = | - = b.67 mA in 16.7 /is 

V// increases exponentially to 10 V in 16.7 /is 
vi decreases exponentially to zero in 16.7 /is 

At the falling edge of the pulse, 

i = 6.67 mA 
VR = 10V 
vL = -10 V 

After the pulse, 

i decreases exponentially to zero in 16.7 /is 
Vyj decreases exponentially to zero in 16.7 /is 
V/, increases exponentially to zero in 16.7 /is 

The waveforms are shown in Figure 20-37. 
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FIGURE 20-37 6.67 mA 

16.7 20 I17/s) 36.7 

1(1 V 

HIV 

16.7 2 0 36.7 

-10 V 

Iti'l.ih'il I'roblem What will be the maximum output voltage if the amplitude of the input pulse is in- 
creased to 20 V in Figure 20-36? 

Use Multisim tiles E20-07A and E20-07B to verify the calculated results in this example 
and to confirm your calculation for the related problem. To simulate a single pulse, 
specify a waveform with the given pulse width but a small duly cycle. 

EXAMPLE 20-8 A 10 V pulse with a width of I ms is applied to the RL integrator in Figure 20-38. 
Determine the voltage level that the output will reach during the pulse. If the source 
has an internal resistance of 30 fl, how long will it take the output to decay to zero? 
Draw the output voltage waveform. 

10 V 

♦-I ms - 

-w- 
500 mH 

:« 
■ 470 II 

FIGURE 20-38 

Solulion The inductor charges through the 30 SI source resistance plus the 470 Si external resistor. 
The lime constant is 

500 mH 500 mH L 
R„„ 470 SI + 30 SI 500 Si 

= I ms 
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Notice that in this case the pulse width is exactly equal to r. Thus, the output Vr will 
reach approximately 63% of the full input amplitude in It. Therefore, the output volt- 
age gets to 6.3 V at the end of the pulse. 

After the pulse is gone, the inductor discharges back through the 30 S! source resist- 
ance and the 470!! resistor. The output voltage lakes St to completely decay to zero. 

5t = 5(1 ms) = 5 ms 

The output voltage is shown in Figure 20-39. 

6.3 V 

1 ins 

F CURE 20-39 

Related Problem To what value must R be changed to allow the output voltage to reach the input level 
during the pulse? 

Use Multisim files E20-08A and E20-08B to verify the calculated results in this example 
and to confirm your calculation for the related problem. To simulate a single pulse, 
specify a waveform with the given pulse width but a small duly cycle. 

section 20-6 i. In an fif integrator, across which component is the output voltage taken? 
2. When a pulse is applied to an Ri integrator, what condition must exist in order for the 

output voltage to reach the amplitude of the input? 
3. Under what condition will the output voltage have the approximate shape of the input 

pulse? 

^ 20-7 Response of RL Differentiators to Pulse Inputs 

A series RL circuit in which the output voltage is taken across the inductor is known 
as a differentiator in terms of time response. Although only the response to a single 
pulse is discussed, it can be extended to repetitive pulses, as was described for the 
RC differentiator. 

After completing this section, you should be able to 

♦ Analyze the operation of an RL differentiator 

♦ Determine the response to a single input pulse 
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Response of the RL Differentiator to a Single Pulse 

Figure 20-40 shows an RL differentiator with a pulse generator connected to the input. 

FIGURE 20-40 
An RL differentiator with a pulse 
generator connected. 

Initially, before the pulse, there is no current in the circuit. When the inpul pulse goes 
from its low level to its high level, the inductor prevents a sudden change in current. It does 
so, as you know, with an induced voltage equal and opposite to the inpul. As a result, L 
looks like an open, and all of the input voltage appears across it at the instant of the rising 
edge, as shown in Figure 20-41 (a) with a 10 V pulse. 
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FIGURE 20-41 
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o -1 
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(d) At falling edge when il(.. > 3t 

-10 V 

Illustration of the response of an fit differentiator for both time constant conditions. 

During the pulse, the current exponentially builds up. As a result, the inductor voltage 
decreases, as shown in Figure 20-41 (b). The rate of decrease, as you know, depends on the 
L/R time constant. When the falling edge of the inpul occurs, the inductor reacts to keep the 
current as is, by creating an induced voltage in a direction as indicated in Figure 20-41 (c). 
This reaction is seen as a sudden negative-going transition of the inductor voltage, as indi- 
cated in Figure 20-41(c) and (d). 

Two conditions arc possible, as indicated in Figure 20-41 (c) and (d). In pail (c), 5t is 
greater than the inpul pulse width, and the output voltage does not have lime to decay to 
zero. In part (d), 5t is less than or equal to the pulse width, and so the output decays to zero 
before the end of the pulse. In this case a — 10 V transition occurs at the trailing edge. 

Keep in mind that as far as the input and output waveforms arc concerned, the RL inte- 
grator and differentiator perform the same as their RC counterparts. 
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A summary of Ihe RL differentiator response for relationships of various lime constants 
and pulse widths is shown in Figure 20-42. 

lov 

(a) 5t much less lhan /l(. 

(b) 5t = (i.5lw 

(c) 5t = 

(d) 5t greater lhan tw 

(e) 5t much greater lhan tw 
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FIGURE 20-42 
Illustration of Ihe variation in output pulse shape with the RL lime constant. 

EXAMPLE 20-9 Draw the output voltage for Ihe RL differentiator in Figure 20-43. 

FIGURE 20-43 

5 V 

-10 /is, - 

R 
-Wv- 

I00SI 
L • 

200 .oH 

Solution First, calculate the time constant, 

/. 200 /ill 
T = « = imr = 2'iS 

In this case, tw — 5t, so the output will decay to zero at the end of the pulse. 
On the rising edge, the inductor voltage jumps to +5 V and then decays exponen- 

tially to zero. It reaches approximately zero at the instant of the falling edge. On the 
falling edge of Ihe input, Ihe inductor voltage jumps to —5 V and then goes back to 
zero. The output waveform is shown in Figure 20-44. 
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FIGURE 20-44 +5 V 

10 us 

10 us 

-5 V 

Ri-I.imI Pioblem Draw the output voltage if the pulse width is reduced to 5 /xs in Figure 20-43. 

EXAMPLE 20-10 Determine the output voltage waveform for the ft I- differentiator in Figure 20-45. 

o Wv- 
25 V 

-5//S- 

10 kil 
L ■ 

20 mil 

FIGURE 20-45 

Solulior First, calculate the time constant. 

R 
20 niH 
io m 

= 2^5 

On the rising edge, the inductor voltage immediately jumps to +25 V. Because the 
pulse width is 5 /xs, Ihe inductor charges for only 2.5t, so you must use the formula 
for a decreasing exponential derived from Equation 13-8 with V/, = 0 and t = tJR. 

v,. = V,e~"7 = 25c_5MS,2fl5 = 25c"2-5 = 25(0.082) = 2.05 V 

This result is the inductor voltage at Ihe end of Ihe 5 /xs input pulse. 
On the falling edge, the output immediately jumps from +2.05 V down to 

—22.95 V (a 25 V negative-going transition). The complete output waveform is shown 
in Figure 20-46. 

+25 V 

Hi-' \ 

5 us 
- 22.95 V 

10 us 

FIGURE 20-46 
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Related Problem What must be the value of l< for the output voltage to reach zero by the end of the 
pulse in Figure 20-45? 

' 
Use Multisim tiles E20-I0A and E20-10B to verify the calculated results in this example 
and to confirm your calculation for the related problem. To simulate a single pulse, 
specify a waveform with the given pulse width but a small duty cycle. 

SECTION 20-7 t. In an/?£ differentiator, across which component is the output taken? 
2. Under what condition does the output pulse shape most closely resemble the input 

pulse? 
3, If the inductor voltage in an RL differentiator is down to +2 V at the end of a +10 V 

input pulse, to what negative voltage will the output go in response to the falling edge 
of the input? 

20-8 Relationship of Time Response to Frequency Response 

A definite relationship exists between time (pulse) response and frequency response. 
The fast rising and falling edges of a pulse waveform contain the higher frequency 
components. The flatter portions of the pulse waveform, which arc the lops and the 
baseline of the pulses, represent slow changes or lower frequency components. The 
average value of the pulse waveform is its dc component. 

After completing this section, you should be able to 

♦ Explain the relationship of time response to frequency response 

• Describe a pulse waveform in terms of its frequency components 

• Explain how RC and RL integrators act as fillers 

• Explain how RC and RL differentiators act as filters 

• State the formulas that relate rise and fall limes to frequency 

The relationships of pulse characteristics and frequency content of pulse waveforms are 
indicated in Figure 20^17. 

"Flat" portions contain low-frequency components. 

dc component 
" (Average value) 

Rising and falling edges contain high-frequency components. 

FIGURE 20-47 
Frequency content of a pulse waveform. 
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The Integrator 

RC Integrator In terms of frequency response, the RC integrator acts as a low-pass fil- 
ler. As you learned, the RC integrator tends to exponentially "round off' the edges of the 
applied pulses. This rounding off occurs to varying degrees, depending on the relationship 
of the time constant to the pulse width and period. The rounding off of the edges indicates 
that the integrator tends to reduce the higher frequency components of the pulse waveform, 
as illustrated in Figure 20-48. 

Low/ + k 
High/ j o—\A/V- 

Xl 
0 — 

FIGURE 20-48 

High frequencies reduced 
(Longer rrand /f) 

^ ^ C V \ Same average 
0  / \ ^ value 

Low frequencies 
unaffected 

Time and frequency response relationship in an RC integrator (one pulse in a repetitive waveform 
shown). 

RL Integrator Like the RC integrator, the RL integrator also acts as a basic low-pass fil- 
ter because L is in scries between the input and output. The inductive reactance, X/ , is small 
for low frequencies and offers little opposition. It increases with frequency, so at higher fre- 
quencies most of the total voltage is dropped across L and very little across /?. the output. 
If the input is dc, L is like a short (Xi = 0). At high frequencies, L becomes like an open, 
as illustrated in Figure 20-49. 

Z. is a shon (ideally), 
o o—o— 
t */. = 0 

L approximates an open, 
X, very high 

High-frequency 
input • 0 V 

High-frequency 
components reduced 

I 

(a) lb) (c) 

FIGURE 20-49 
Low-pass filtering action. 

The Differentiator 

RC Differentiator In terms of frequency response, the RC differentiator acts as a high- 
pass filter. As you know, the differentiator tends to introduce lilt to the flat portion of a 
pulse. That is, it tends to reduce the lower frequency components of a pulse waveform. 
Also, it completely eliminates the dc component of the input and produces a zero average- 
value output. This action is illustrated in Figure 20-50. 

RL Differentiator Again like the RC differentiator, the RL differentiator also acts as a 
basic high-pass filter. Because L is connected across the output, less voltage is developed 
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l-OW / 
High/ 

lie value 
I — 

A. 
-High/ 

Low frequencies 
reduced 

I ligh frequencies unaffected 

FIGURE 20-50 

dc component 
eliminated 
(0 average value) 

Time and frequency response rela- 
tionship in an RC diffcrcnlialor (one 
pulse in a repetitive waveform 
shown). 

across it at lower frequencies than at higher ones. There are zero volts across the output for 
dc (ignoring winding resistance). For high frequencies, most of the input voltage is dropped 
across the output coil (XL = 0 for dc; XL = open for high frequencies). Figure 20-51 
shows high-pass filter action. 

? WV 
J L is a 

Vnr X, = 0 I short 
> (ideally). 

(a) 

FIGURE 20-51 

o VAr 
^—T 

ihj°r 

6 v,„„ - 
High-frequency t L approximates 
inpul h^9anoPea 

(h) 

High-pass filtering action. 

(c) 

-Wv- 

oJ L 

Low-frequency 
components 
reduced 

Formulas Relating Time Response to Frequency Response 

The fast transitions of a pulse (rise time, lr. and fall time, if) are related to the highest fre- 
quency component,/;,, in that pulse by the following formula: 

= 
0.35 
fh 

This formula also applies to fall time, and the fastest transition determines the highest fre- 
quency in the pulse waveform. 

Equation 20-1 can be rearranged to give the highest frequency as follows: 

fi, = 
0.35 

Equation 20-1 

Equation 20-2 

also. 

fh = — Equation 20-3 

EXAMPLE 20-11 What is the highest frequency contained in a pulse that has rise and fall times equal to 
10 nanoseconds (10 ns)? 

Solulion fi, = „ = 0.035 X I09Hz 
'r 10 X 10 9s 

= 35 X 106Hz = 35 MHz 

Rel.ited Problem What is the highest frequency in a pulse with lr = 20 ns and If = 15 ns? 
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SECTION 20-8 1. Whattypeoffillerisan integrator? 
CHECKUP 2. What type of filter is a differentiator? 

B. What is the highest frequency component in a pulse waveform having tr and ty equal 
to 1 ps? 

20-9 Troubleshooting  

In this section, RC circuits with pulse inputs arc used to demonstrate the effects of 
common component failures in selected cases. The concepts can then be easily related 
to RL circuits. 

After completing this section, you should be able to 

♦ Troublcshoot RC integrators and RC differentiators 

♦ Recognize the effect of an open capacitor 

♦ Recognize the effect of a leaky capacitor 

♦ Recognize the effect of a shorted capacitor 

♦ Recognize the effect of an open resistor 

— 

Open Capacitor 

If the capacitor in an RC integrator opens, the output has the same waveshape as the input, 
as shown in Figure 20-52(a). If the capacitor in a differentiator opens, the output is zero be- 
cause it is held at ground through the resistor, as illustrated in pail (b). 

K 
o—v/v- 

C 

Open 

(a) Inlegralor 

Open ..J 

(b) Differemiator 

FIGURE 20-52 
Examples of the effect of an open capacitor. 
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Leaky Capacitor 

If the capacitor in an RC integrator becomes leaky, three things happen: (a) the time con- 
stant will be effectively reduced by the leakage resistance (when thevenized, looking from 
C it appears in parallel with R); (b) the waveshape of the output voltage (across C) is 
altered from normal by a shorter charging time: and (c) the amplitude of the output is 
reduced because R and effectively act as a voltage divider. These effects are illus- 
trated in Figure 20-53(a). 

V,„ o 'Mv V,, o—VvV -oV,., —VA  -oV,. 

Looking from C, the lime 
constant is 7 - R,,,C 

10 V 

HIV 
Normal (for 57 < r„.) 

With leaky capacitor 

la) 

V,., o- -o v„. 

ov 

10 V' 

-10 V 
10 v 

Normal (for 5r < /„.) 

R^r)l0V 

With leaky capacitor 

(Wb)1 lov-iov 

(b) 

FIGURE 20-53 
Examples of the effect of a leaky capacitor. 

If the capacitor in a differentiator becomes leaky, the time constant is reduced, just as in 
the integrator (they are both simply series RC circuits). When the capacitor reaches full 
charge, the output voltage (across R) is set by the effective voltage-divider action of R and 
R/cah as shown in Figure 20-53(b). 
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Shorted Capacitor 

If the capacitor in an RC integrator shorts, the output is at ground, as shown in Figure 
20-54(a). If the capacitor in a RC differentiator shorts, the output is the same as the input, 
as shown in part (b). 

R 
-VA- 

Shorted 

-o 0 V 

la) 

10 V 

Shorted 

(b) 

FIGURE 20-54 
Examples of the effect of a shorted capacitor. 

Open Resistor 

If the resistor in an RC integrator opens, the capacitor has no discharge path, and. ideally, 
it will hold its charge. In an actual situation, the charge will gradually leak off or the ca- 
pacitor will discharge slowly through a measuring instrument connected to the output. This 
is illustrated in Figure 20-55(a). 

ov 
o V/V 

Open • 

Output will slowly discharge 
to 0 V through the leakage 

O' resistance or instrument 
impedance when R opens. 

(a) 

(b) 

FIGURE 20-55 

Open 
T" 

T 

Examples of the effects of an open resistor. 
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If the resistor in a differentiator opens, the output looks like the input except for the dc 
level because the capacitor now must charge and discharge through the extremely high re- 
sistance of the oscilloscope, as shown in Figure 20-55(b). 

ECTION 
:heckui 

20-9 1. An RC integrator has a zero output with a square wave input. What are the possible 
causes of this problem? 

2. If the capacitor in a differentiator is shorted, what is the output for a square wave input? 

Application Activity 

In Ihis application activity, you are 
asked to build and test a time-delay 
circuit that will provide five switch- 
selectable delay limes. An RC integra- 

tor is selected for this application. The input is a 5 V pulse of 
long duration, and the output goes to a threshold trigger circuit 
that is used to turn the power on to a portion of a system at any 
of the five selected lime intervals after the occurrence of the 
original pulse. 

A schematic of the selectable time-delay integrating circuit 
is shown in Figure 20-56. The RC integrator is driven by a 
pulse input; and the output is an exponentially increasing volt- 
age that is used to trigger a threshold circuit at the 3.5 V level, 
which then turns power on to part of a system. The basic con- 
cept is shown in Figure 20-57. In this application, the delay 
lime of the integrator is specified to be the lime from the ris- 
ing edge of the input pulse to the point where the output volt- 
age reaches 3.5 V. The specified delay times are as listed in 
Table 20-1. 

R 
-W- 
47 kO ISW 

FIGURE 20-56 
Integrator delay circuit. 

Capacitor Values 

Determine a value for each capacitor that will provide the 
specified delay limes within 10%. Select from the following 
list of standard values (all are in /xF): 0.1, 0.12.0.15. 0.18. 

Threshold circuit triggers on at this point 

5 V 
3.5 V  

-Wv~ 
47 k!! 

I 
►I Time delay 

SW 
Threshold circuit 

Output to system 
power control 

o 

FIGURE 20-57 
Illustration of the time-delay application. 
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TABLE 20-1 

SWITCH POSITION DELAY TIME 
A 10 ms 
B 25 ms 
C 40 ms 
D 65 ms 
E 85 MS 

0.22,0.27, 0.33.0.39,0.47, 0.56, 0.68,0.82, 1.0. 1.2, 1.5, 
1.8.2.2.2.7.3.3. 3.9.4.7.5.6.6.8. 8.2. 

Circuit Connections 
Refer to Figure 20—58. The components for the RC integrator in 
Figure 20-56 are assembled, but not interconnected, on the cir- 
cuit board. 

2, Using the circled numbers, develop a point-to-point wiring 
list to properly connect the circuit on the board. 

• •yj • w ^ ■ • o). ■ ■ • ■ 

Function Generator 0 cd a 
D 0 CD () 
o a a v— 

□ Q dih/ j a o-.« 
a 
a a a 

m ® (IJ fS (3 ill a; g 
[3 9 (3 ® EE! H ^ ^ x 

c J a a c_j 
a a L-i □ a 

VERTICAL M HORIZONTAL 
dOOSITIOHb CD 

a i—• 

a [—i a L_l 
a 

l_D 

J 

22 

FIGURE 20-58 
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3. Indicaic. using ihc appropriate circled numbers, how you 
would connect the instruments to test the circuit. 

Test Procedure 
4. Specify the function, amplitude, and minimum frequency 

sellings for the function generator in order to lest all output 
delay times in Figure 20-58. 

5. Specify the minimum oscilloscope settings for measuring 
each of the specified delay times in Figure 20-58. 

Review 
6. To add an additional time delay to the circuit of Figure 

20-57, what changes must be made? 
7. An additional lime delay of 100 ms is required for the lime-delay 

circuit. Determine the capacitor value that should be added. 

SUMMARY  

♦ In an RC integrating circuit, the output voltage is taken across the capacitor. 
♦ In an RC differentiating circuit, the output voltage is taken across the resistor. 
♦ In an RL integrating circuit, the output voltage is taken across the resistor. 
♦ In an RL differentiating circuit, the output voltage is taken across the inductor. 
♦ In an integrator, when the pulse width (%) of the input is much less than the transient time, the 

output voltage approaches a constant level equal to the average value of the input. 
♦ In an integrator, when the pulse width of the input is much greater than the transient lime, the 

output voltage approaches the shape of the input, 
♦ In a differentiator, when the pulse width of the input is much less than the transient lime, the 

output voltage approaches the shape of the input but with an average value of zero. 
♦ In a differentiator, when the pulse width of the input is much greater than the transient time, the 

output voltage consists of narrow, positive-going and negative-going spikes occurring on the lead- 
ing and trailing edges of the input pulses. 

♦ The rising and falling edges of a pulse waveform contain the higher frequency components. 
♦ The flat portion of the pulse contains the lower frequency components. 

KEY TERMS Key terms and other bold terms in the chapter are defined in the end of-bookglossary. 

DC component The average value of a pulse waveform. 
Differentiator A circuit producing an output that approaches the mathematical derivative of the input. 
Integrator A circuit producing an output that approaches the mathematical integral of the input. 
Steady state The equilibrium condition of a circuit that occurs after an initial transient time. 
Transient time An interval equal to approximately five lime constants. 

FORMULAS   

Rise time 

Highest frequency in relation to rise lime 

Highest frequency in relation to fall lime 

20-1 tr = 

20-2 fh = 

20-3 fh = 

0.35 
fh 
0.35 

tr 
0.35 
'/ 
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TRUE/FALSE QUIZ Answers are at the end of the chapter. 
1. The output of an RC integrator is taken across the capacitor. 
2. The capacitor voltage follows an exponential curve in response to a step input. 
3. The time constant of a circuit is the lime it lakes for the input voltage to get to the output. 
4. For the output of a differentiator to reach the amplitude of the input pulse, the time constant 

must be very large compared to the pulse width. 
5. The transient time of an RC circuit is the time for the capacitor to fully charge or discharge 

when there is a pulse input. 
6. It lakes five transient limes to make up one lime constant. 
7. The output of an RC differentiator is taken across the resistor. 
8. For the output of an integrator to approximate an input pulse, the lime constant must be very 

small compared to the pulse width. 
9. The output of an RL integrator is taken across the inductor. 

10. In terms of frequency response, an integrator acts as a low-pass filter and a differentiator acts 
as a high-pass filler. 

SELF-TEST Answers arc at the end of the chapter. 

1. The output of an RC integrator is taken across the 
(a) resistor (b) capacitor (c) source (d) coil 

2. When a 10 V input pulse with a width equal to one time constant is applied to an RC integrator, 
the capacitor charges to 
(a) 10 V (b) 5 V (c) 6.3 V (d) 3.7 V 

3. When a 10 V pulse with a width equal to one lime constant is applied to an RC differentiator, 
the capacitor charges to 
(a) 6.3 V (b) 10 V (c) 0 V (d) 3.7 V 

4. In an RC integrator, the output pulse closely resembles the input pulse when 
(a) r is much larger than the pulse width (b) r is equal to the pulse width 
(c) t is less than the pulse width (d) r is much less than the pulse width 

5. In an RC differentiator, the output pulse closely resembles the input pulse when 
(a) r is much larger than the pulse width (b) r is equal to the pulse width 
(c) r is less than the pulse width (d) r is much less than the pulse width 

6. The positive and negative portions of a differentiator's output voltage arc equal when 
(a) 5t < tw (b) 5t > tw (c) 5t - tw 

(d) 5t > 0 (e) both (a) and (c) (f) both (b) and (d) 
7. The output of an RL integrator is taken across the 

(a) resistor (b) coil (c) source (d) capacitor 
8. The maximum possible current in an RL integrator is 

(a) / = Vp/XL (b) / = Vp/Z (c) / = Vp/R 
9. The current in an RL differentiator reaches its maximum possible value when 

(a) 5t = tw (b) 5t < lw (c) 5t > iw (d) t = 0.5% 
10. If you have an RC and an RI, differentiator with equal lime constants sitting side-by-side and 

you apply the same input pulse to both, 
(a) the RC has the widest output pulse 
(b) the RL has the most narrow spikes on the output 
(c) the output of one is an increasing exponential and the output of the other is a decreasing 

exponential 
(d) you can't tell the difference by observing the output waveforms 
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CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 

Refer to Figure 20-60. 
1. If /?2 opens, the amplitude of the output voltage 

(a) increases (b) decreases (c) stays the same 
2. If C doubled in value, the lime constant 

(a) increases (b) decreases (c) stays the same 
3. If R\ is reduced in value, the output voltage amplitude 

(a) increases (b) decreases (c) stays (he same 

Refer to Figure 20-63. 
4. If /?3 opens, the amplitude of the output voltage 

(a) increases (b) decreases (c) slays the same 
5. If a constant dc voltage is applied to the input, the output voltage 

(a) increases (b) decreases (c) slays the same 
6. If R\ is 3.3 kli instead of 2.2 kil. the time constant 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 20-66. 
7. If L is increased, the rise lime of the output 

(a) increases (b) decreases (c) stays the same 
8. If the width of the input pulse is increased to 5 ms. the amplitude of the output pulse 

(a) increases (b) decreases (c) stays the same 

Refer to Figure 20-68. 
9. If /?| opens, the maximum amplitude of the output 

(a) increases (b) decreases (c) stays the same 
10. If Rj is shorted, the maximum amplitude of the output 

(a) increases (b) decreases (c) stays the same 

PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 20-1 The RC Integrator 
1. An integrating circuit has R = 2.2 kii in series with C = 0.047 /i,F. What is the lime constant? 
2. Determine how long it takes the capacitor in an integrating circuit to reach full charge for each 

of the following series RC combinations: 
(a) R = 56 O, C = 47/xF (b) R = 330011. C = 0.015/xF 
(c) R = 22 kll. C = 100 pF (d) R = 5.6 Mil. C = 10 pF 

SECTION 20-2 Response of an RC Integrator to a Single Pulse 
3. A 20 V pulse is applied to an RC integrator. The pulse width equals one time constant. To what 

voltage does the capacitor charge during the pulse? Assume that it is initially uncharged. 
4. Repeal Problem 3 for the following values of %: 

(a) 2t (b) 3t (c) 4- (d) 5t 
5. Draw the approximate shape of an integrator output voltage where 5r is much less than the 

pulse width of a 10 V square-wave input. Repeal for the case in which 5r is much larger than 
the pulse width. 

6. Determine the output voltage for an RC integrator with a single input pulse, as shown in Figure 
20-59. For repetitive pulses, how long will it lake this circuit to reach steady stale? 
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rj-L 
-1 ms - 

R 
-VvV- 

1.0 kll 

."F 

20 
'U L 

I 125 ms | 

o V/y- 
10 kll 

10 kll 4.7//F 

FIGURE 20-59 FIGURE 20-60 

7. (a) What is r in Figure 20-60? 
(b) Draw the output voltage. 

8. Sketch the output voltage in Figure 20-60 if the pulse width is increased to 1.25 s. 
9. Repeat Problem 8 if the pulse width is reduced to 23.5 ms. 

SECTION 20-3 Response of RC Integrators to Repetitive Pulses 
10. Determine the transient time for Figure 20-61. 
11. Draw the integrator output voltage in Figure 20-61. showing maximum voltages. 
12. Sketch the output voltage if (he pulse width of V,-,, in Figure 20-60 is changed to 47 ms and the 

frequency is the same. 

12V 
0^ 

R 
o—VvV" 

4.7 kll 

"L 
|500 ms |500 ms |500 nis| 

. C 
' I0.//F 

FIGURE 20-61 

13. A 1 V, 10 kHz pulse waveform with a duty cycle of 25% is applied to an integrator with 
r = 25 /ts. Graph the output voltage for three initial pulses, C is initially uncharged. 

14. What is the steady-slate output voltage of the RC integrator with a square-wave input shown in 
Figure 20-62? 

30 V 

R 
o—Wv- 

10 kll 

/= 100 kHz 

. C" 
" 47//F 

FIGURE 20-62 

SECTION 20-4 Response of an RC Differentiator to a Single Pulse 
15. Repeat Problem 5 for an RC differentiator. 
16. Redraw the circuit in Figure 20-59 to make it a diffcrcnlialor. and repeat Problem 6. 
17. (a) What is t in Figure 20-63? 

(b) Draw the output voltage. 
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Wv 
Lllk ov 470 pK 

.(.) kil 
12467us 

FIGURE 20-63 

SECTION 20-S Response of RC Differentiators to Repetitive Pulses 
18. Draw the differentiator output in Figure 20-64. showing maximum voltages. 

4.5 V 
vH: r "L 

I up 
|10ms|10ms|10ms| 1,0 k!! 

FIGURE 20-64 

19. What is (he steady-slate output voltage of the differentiator with the square-wave input shown 
in Figure 20-65? 

47//K 

/= 100 kHz 
:k 
■ lOkXl 

FIGURE 20-65 

SECTION 20-6 Response of RL Integrators to Pulse Inputs 
20. Determine the output voltage for (he circuit in Figure 20-66. A single input pulse is applied as 

shown. 

10 mH ■ \ 
J L hi n 1-^-1 ms —- 

FIGURE 20-66 
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21. Draw (lie integrator output voltage in Figure 20-67, showing maximum voltages. 

FIGURE 20-67 

12 V 
 1 500ms I  

h ►! 

w- 
50 mH 

1.0 SI 

22. Determine (he lime constant in Figure 20-68. Is this circuit an integrator or a dilTcrcnliaior? 

FIGURE 20-68 

o-W-W 
8 //II 4/(II 

wv 
1,1.1" 

iOU .-<• !! 

SECTION 20-7 Response of R/. Differentiators to Pulse Inputs 
23. (a) What is t in Figure 20-69? 

(b) Draw the output voltage. 

FIGURE 20-69 

IOV p-i 
o I 10//S I  

K 
-Wv- 

22 SI 
1 L 

100/(H 

24. Draw the output waveform if a periodic pulse waveform with tw = 25 /xs and T = 60 /ts is 
applied to the circuit in Figure 20-69. 

SECTION 20-8 Relationship of Time Response to Frequency Response 
25. What is the highest frequency component in the output of an integrator with r = 10/ts? 

Assume that 5t < %. 
26. A certain pulse waveform has a rise time of 53 ns and a fall lime of 42 ns. What is the highest 

frequency component in the waveform? 

SECTION 20-9 Troubleshooting 
27. Determine the most likely faull(s) in the circuit of Figure 20-70(a) for each set of waveforms 

in parts (b) through (d), V(„ is a square wave with a period of 8 ms. 
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FIGURE 20-70 

Id) 

28. Determine the most likely fault(s). if any, in the circuit of Figure 20-71 (a) for each set of wave- 
forms in parts (b) through (d). Vm is a square wave with a period of 8 ms. 

0,22 up 

3.3 k f 

(a) 

5 V 

0 — 
5 V 

0 — 
-5 V 

3 V 
5U 0 1 1_ 

lb) (c) 

A FIGURE 20-71 

(d) 

Multisim Troubleshooting and Analysis 
These problems require Multisim. 
29. Open file P20-29 and determine if there is a fault. If so, find the fault. 
30. Open file P20-30 and determine if there is a fault. If so, find the fault. 
31. Open file P20-3I and determine if (here is a fault. If so. find the fault. 
32. Open file P20-32 and determine if (here is a fault. If so. find the fault. 
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ANSWERS 

SECTION CHECKUPS 

SECTION 20-1 The RC Integrator 
1. An imcgralor is a series KC cireuil in which the output is across the capacitor. 
2. A voltage applied to the input causes the capacitor to charge. A short across the input causes 

the capacitor to discharge. 

SECTION 20-2 Response of an RC Integrator to a Single Pulse 
I. For the output of an integrator to reach amplitude. 5r ^ f^. 
2- V„„rt„lar) = 630 mV; rdisch = 51.7 ins 
3. See Figure 20-72. 

FIGURE 20-72 0,63 V 

10.3 ms 62 ms 

SECTION 20-3 

4. No, C will not fully charge. 
5. The output has approximately the shape of the input when 5r < < /w (5t much less than tw). 

Response of RC Integrators to Repetitive Pulses 
1. C will fully charge and discharge when 5t := Jh and 5t ^ time between pulses. 
2. When r << fw 'he output is approximately like the input. 
3. Transient time 
4. Steady-stale response is the response after the transient lime has passed. 
5. An approximate dc voltage that is the average value of the input 

SECTION 20-4 Response of an RC Differentiator to a Single Pulse 
I. See Figure 20-73. 

FIGURE 20-73 , + iov 

- iov 

SECTION 20-5 

SECTION 20-6 

2. The output resembles the input when 5t >> lw. 
3. The output appears to be positive and negative spikes. 
4. Vn will go to —10 V. 

Response of RC Differentiators to Repetitive Pulses 
1. C will fully charge and discharge when 5t ^ In and 5t ^ time between pulses. 
2. The output appears to be positive and negative spikes. 
3. The average value is 0 V. 

Response of Rt Integrators to Pulse Inputs 
1. The output is taken across the resistor. 
2. The output reaches the input amplitude when 5t £ fw 
3. The output has the approximate shape of the input when 5t << 
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SECTION 20-7 Response of RL Differentiators to Pulse Inputs 
1. The output is taken across the inductor. 
2. The output has (he approximate shape of the input when 5t >> %• 
3. VL will go to -8 V. 

SECTION 20-8 Relationship of Time Response to Frequency Response 

1. A 0 V output may be caused by an open resistor or shorted capacitor. 
2. If C is shorted, the output is the same as the input. 

RELATED PROBLEMS FOR EXAMPLES 
20-1 8.65 V 
20-2 24.7 V 
20-3 1.08 V 
20-4 See Figure 20-74. 

FIGURE 20-74 

20-5 892 mV 
20-6 Impossible with a 5011 rheostat 
20-7 20 V 
20-8 2.5 kil 
20-9 See Figure 20-75. 

FIGURE 20-75  

1. An integrator is a low-pass filler, 
2. A differentiator is a high-pass filter. 
3. fimax = 350 kHz 

SECTION 20-9 Troubleshooting 

20-10 20 kll 
20-11 23.3 MHz 
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TRUE/FALSE QUIZ 
I. T 2. T 3. F 4. F 5. T 
6. F 7. T 8. T 9. F 10. T 

SELF-TEST 
I. (b) 2. (c) 3. (a) 4. (d) 5. (a) 
6. (e) 7. (a) 8. (c) 9. (b) 10. (d) 

CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (a) 3. (c) 4. (a) 5. (b) 
6. (a) 7. (a) 8. (a) 9. (c) 10. (a) 
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Study aids for this chapter are available at 
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1 
NTRODUCTION 

CHAPTER OBJECTIVES 

♦ Discuss the advantages of three-phase generators in power 
applications 

♦ Analyze three-phase generator connections 
♦ Analyze three-phase generators with three-phase loads 
♦ Discuss power measurements in three-phase systems 

In Chapter 11, the basic concepts of three-phase ac genera- 
tors were introduced. In this chapter, the basic generation of 
three-phase sinusoidal waveforms is examined further. The 
advantages of three-phase systems in power applications are 
covered, and various types of three-phase connections and 
power measurement are introduced. 

KEY TERMS 

• Balanced load 
♦ Phase voltage (V,,) 

Phase current {lg) 
Line current (lL) 
Line voltage WL) 

\ 

cs 
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21-1 Generators in Power Applications 

Three-phase generators (alternators) were introduced in Chapter 11. The advantages 
of using three-phase generators to deliver power to a load over using a single-phase 
machine are discussed in this section. 
After completing this section, you should be able to 
♦ Discuss the advantages of three-phase generators in power applications 

♦ Explain the copper advantage 
♦ Compare single-phase and three-phase systems in terms of the copper advantage 
♦ Explain the advantage of constant power 
♦ Explain the advantage of a constant rotating magnetic field 

Rotation 

FIGURE 21-1 
Simplified representation of a single- 
phase generator connected to a 
resistive load. 

The size of the copper wire required to carry current from a generator to a load can be 
reduced when a three-phase rather than a single-phase generator is used. 

Figure 21-1 is a simplified representation of a single-phase generator connected to a re- 
sistive load. The coil symbol represents the generator winding. 

For example, a single-phase sinusoidal voltage is induced in the winding and applied to 
a 60 ft load, as indicated in Figure 21-2. The resulting load current is 

FIGURE 21-2 
Single-phase example. 

1r 
120Z0° V 
60Z0° ft 

= 2Z0°A 

X Rotation 

W:- 
120 V 

: R, = 6011 
- f, = 240 W 

/,, = 2 A 

The total current that must be delivered by the generator to the load is 2Z0oA. This 
means that the two conductors carrying current to and from the load must each be capable 
of handling 2 A; thus, the total copper cross section must handle 4 A. (The copper cross 
section is a measure of the total amount of wire required based on its physical size as re- 
lated to its diameter.) The total load power is 

I'u.on = IILRL = 240 W 
Figure 21-3 shows a simplified representation of a three-phase generator connected to 

three 180ft resistive loads. An equivalent single-phase system would be required to feed 

FIGURE 21-3 
A simplified representation of a 
three-phase generator with each 
phase connected to a 180 II load. 

wv 
son 

20 
I SO 11 Neutral 

.MM 
wv 
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three 180n resistors in parallel, thus creating an effective load resistance of 60 fl. The 
coils represent the generator windings separated by 120°. 

The voltage across Ri\ is 120ZO'' V. the voltage across fl/2 is I20Z 120° V, and the 
voltage across Ru is 120 Z -120° V, as indicated in Figure 21 -4(a). The current from each 
winding to its respective load is as follows: 

I20Z0° V 
Im = TsozonT = 667Z0OmA 

120 Z120"V 
= 667 Z 120'' mA 

isozo-n 
I20Z —120° V 

= —— = 667Z —l20°mA 
180Z0 fl 

*L1 
 zZr  

■ = 667ZI200 mA 120Z120oV 

I20Z1200 V 
+ ^. 

l20Z-1211 - ^ Iwf.i ~ 667ZO ntA I20Z0'V/ 
Neutral T,,., = OA 

- 667Z-I200 mA 1204-120° V 
(a) 

FIGURE 21-4 
Thtee-phase example. 

Iifi -> = 667 mA 

-120 

lRLy = 667 mA 
(b) 

lu, ■ = 667 mA 

The total load power is 

Pu,o,) = iRL^n + 'IliRu. + 'luRn = 240 W 
This is the same total load power as delivered by the single-phase system previously 
discussed. 

Notice that four conductors, including the neutral, are required to carry the currents to 
and from the loads. The current in each of the three conductors is 667 mA, as indicated in 
Figure 21 -4(a). The current in the neutral conductor is the phasor sum of the three load cur- 
rents and is equal to zero, as shown in the following equation, with reference to the phasor 
diagram in Figure 21-4(b). 

hu + I«.2 + 'r/j = 667 ZO" mA + 667ZI20omA + 667Z-120,>mA 
= 667 mA - 333.5 mA + j578 mA - 333.5 mA - y578 mA 
= 667 mA - 667 mA = 0 A 

This condition, where all load currents are equal and the neutral current is zero, is called a 
balanced load condition. 

The total copper cross section must handle 667 mA + 667 mA + 667 mA + 0 mA = 2 A. 
This result shows that considerably less copper is required to deliver the same load power 
with a three-phase system than is required for the single-phase system. The amount of 
copper is an important consideration in power distribution systems. 
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EXAMPLE 21-1 

Related Problem' 

Compare Ihe total copper cross sections in terms of current-carrying capacity for 
single-phase and three-phase 120 V systems with effective load resistances of 12 H. 

Soli/(ion Single-phase system: The load current is 

120 V 
hi = 12 n 

= I0A 

The conductor to the load must carry 10 A, and the conductor from Ihe load must also 
carry 10 A. 

The total copper cross section, therefore, must be sufficient to handle 2 X 10 A = 20 A. 
Three-phase system: For an effective load resistance of 12 ft, the three-phase genera- 
tor feeds three load resistors of 36 ft each. The current in each load resistor is 

120V 
/- = W=3-33A 

Each of ihe three conductors feeding the balanced load must carry 3.33 A, and Ihe 
neutral current is zero. 

Therefore, the total copper cross section must be sufficient to handle 
3 x 3.33 A = 10 A. This is significantly less than for the single-phase system with 
an equivalent load. 

Compare Ihe total copper cross sections in terms of current-carrying capacity for 
single-phase and three-phase 240 V systems with effective load resistances of 100 ft. 

* Answers arc at the end of Ihe chapter. 

A second advantage of three-phase systems over a single-phase system is that three- 
phase systems produce a constant amount of power in the load. As shown in Figure 21-5, 
Ihe load power fluctuates as the square of the sinusoidal voltage divided by Ihe resistance. 
It changes from a maximum of V^ymal)//?/ to a minimum of zero at a frequency equal to 
twice that of the voltage, 

FIGURE 21-5 ii2   v RLimaxI 
Single-phase load power (sin' curve). it, 

Pl 

0 m 

The power waveform across one of the load resistors in a three-phase system is 120° out 
of phase with Ihe power waveforms across (he other loads, as shown in Figure 21-6, 
Examination of the power waveforms shows that when three instantaneous values arc 
added, the sum is always constant and equal to A constant load power means 

► FIGURE 21-6 
  PL 

P, P, P, 
Three-phase power (P, - V2

mmK)/RL). 

0 — ,X AXX .x 
—I2CT—1—120°—| 
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a uniform conversion of mechanical lo electrical energy, which is an important considera- 
tion in many power applications. 

In many applications, ac generators are used lo drive ac motors for conversion of elec- 
trical energy to mechanical energy in the form of shaft rotation in the motor. The original 
energy for operation of the generator can come from any of several sources, such as hy- 
droelectric or steam. Figure 21-7 illustrates the basic concept. 

Three-phase electrical energy FIGURE 21-7 

Shaft 
rotation 

Mechanical 
encrev m 

Shaft 
rotation 

Mechanical 
energy out 

Simple example of mechanical- 
toelectricaltomechanical energy 
conversion. 

When a three-phase generator is connected to the motor windings, a magnetic field is 
created within the motor that has a constant flux density and that rotates at the frequency of 
the three-phase sine wave. The motor's rotor is pulled around at a constant rotational ve- 
locity by the rotating magnetic field, producing a constant shaft rotation, which is an ad- 
vantage of three-phase systems. 

A single-phase system is unsuitable for many applications because it produces a mag- 
netic field that fluctuates in flux density and reverses direction during each cycle without 
providing the advantage of constant rotation. 

I 

SECTION 21-1 1. List three advantages ofthree-phase systems over single-phase systems. 
2. Which advantage is most important in mechanical-to-electrical energy conversions? 

Answers ate at the end of the „   , , . .... ... . , 
Cliap(et 3. Which advantage is most important in electncal-lo-mechamcal energy conversions? 

21-2 Types of Three-Phase Generators 

In the previous sections, the Y-conneclion was used for illustration. In this section, the 
Y-connection is examined further and a second type, the A-connection, is introduced. 

After completing this section, you should be able to 

♦ Analyze three-phase generator eonncctions 

♦ Analyze the Y-connecled generator 

• Analyze the A-conncctcd generator 

The Y-Connected Generator 

A Y-connected system can be either a three-wire or, when the neutral is used, a four-wire 
system, as shown in Figure 21-8, connected to a generalized load, which is indicated by the 
green block. Recall that when the loads are perfectly balanced, the neutral current is zero; 
therefore, the neutral conductor is unnecessary. However, in cases where the loads arc not 
equal (unbalanced), a neutral wire is essential lo provide a return current path because the 
neutral current has a nonzero value. 
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FIGURE 21-8 
Y-connected generator. 

"L 

■>» \ \ /. Load 

-1 

Neutral 

>1 
1 + 

\ L 

' 0-*— 

The voltages across the generator windings are called phase voltages (V"g), and the cur- 
rents through the windings are called phase currents (lg). Also, the currents in the lines 
connecting the generator windings to the load are called line currents (//), and the volt- 
ages across the lines are called the line voltages ( Vj). Note that the magnitude of each line 
current is equal to the corresponding phase current in the Y-connecled circuit. 

Equation 21-1 = /„ 

In Figure 21-9, the line terminations of the windings arc designated o, b, and c, and the 
neutral point is designated n. These letters are added as subscripts to the phase and line cur- 
rents to indicate the phase with which each is associated. The phase voltages arc also des- 
ignated in the same manner. Notice that the phase voltages are always positive at the 
terminal end of the winding and arc negative at the neutral point. The line voltages arc from 
one winding terminal to another, as indicated by the double-letter subscripts. For example, 
ViOxi) 's 1,16 l'ne vo'tage from h to a. 

FIGURE 21-9 
Phase voltages and line voltages in a 
Y-connecled system. 

I i 'ill 

Equation 21-2 

Figure 2I-I0(a) shows a phasor diagram for the phase voltages. By rotation of the pha- 
sors, as shown in part (b), Vea is given a reference angle of zero, and the polar expressions 
for the phasor voltages are as follows: 

= VgaZ0° 
Vm = VebZ 120° 
\0c = V9(.Z —120" 

There are three line voltages: one between a and h. one between a and c, and another be- 
tween b and c. It can be shown that the magnitude of each line voltage is equal to VJ times 
the magnitude of the phase voltage and that there is a phase angle of 30" between each line 
voltage and the nearest phase voltage. 

V, = V3V„ 
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120 

(a) 

FIGURE 21-10 

(b) 

Phase voltage diagram. 

Since all phase voltages are equal in magnitude, 

V UM = V3VgZl50° 
V«„r, = \/3V0Z3O° 
Vuch) = VSVsZ-W 

The line voltage phasor diagram is shown in Figure 21-1 I superimposed on the phasor 
diagram for the phase voltages. Notice that there is a phase angle of 30° between each line 
voltage and the nearest phase voltage and that the line voltages are 120° apart. 

•V,\ 120° 

-120 
90 

FIGURE 21-11 
Phase diagram for the phase voltages and line voltages in a Y-connecled, three-phase system. 

EXAMPLE 21-2 The instantaneous position of a certain Y-eonneeted ae generator is shown in Figure 
21-12. If each phase voltage has a magnitude of 120 V rms, determine the magnitude 
of each line voltage, and draw the phasor diagram. 

FIGURE 21-12 

Solution The magnitude of each line voltage is 

VL = VsVp = V3(l 20 V) = 208 V 

The phasor diagram for the given instantaneous generator position is shown in Figure 
21-13. 
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FIGURE 21-13 V,,„.,I = 208V 

v 
= 208 V 

0° 

Vilft, = 208V 

Ri'I.iIl'J ProhlL'ni Delennine the line voltage magnitude if the generator position indicated in Figure 
21-13 is rotated another 45° clockwise. 

The A-Connected Generator 

In the Y-connecled generator, two voltage magnitudes are available at the terminals in the 
four-wire system: the phase voltage and the line voltage. Also, in the Y-conncctcd genera- 
tor, the line current is equal to the phase current. Keep these characteristics in mind as you 
examine the A-connecled generator. 

The windings of a three-phase generator can be rearranged to form a A-connecled gen- 
erator, as shown in Figure 21-14. By examination of this diagram, you can see that the 
magnitudes of the line voltages and phase voltages are equal, but the line currents do not 
equal the phase currents. 

FIGURE 21-14 l(j 

Since this is a three-wire system, only a single voltage magnitude is available, expressed as 

All of the phase voltages are equal in magnitude; thus, the line voltages are expressed in 
polar form as follows: 

A-connectcd generator. 

Equation 21-3 VL= Ve 

Vyac) = V9Z0° 
= V„ZI2(r- 

Vucb) = VjZ —120° 
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The phasor diagram for the phase currents is shown inFigure 21-15, and the polar ex- 
pressions for each current arc as follows: 

hu = 

lm = leb^m° 
= VZ-l20n 

It can be shown that the magnitude of each line current is equal to V3 times the magni- 
tude of the phase current and that there is a phase angle of 30° between each line current 
and the nearest phase current. 

11 = V3/h Equation 21-4 

Since all phase currents are equal in magnitude, 

la = V3/0Z-3O0 

hi = 
I/j = VJ/oZ -150° 

The current phasor diagram is shown in Figure 21-16, 

-120 

FIGURE 21-15 
Phase current diagram for the 
A-connected system. 

, 30 
-150 

FIGURE 21-16 
Phasor diagram of phase currents 
and line currents. 

EXAMPLE 21-3 The three-phase A-conncctcd generator represented in Figure 21-17 is driving a bal- 
anced load such that each phase current is 10 A in magnitude. When \ga = 10Z300 A, 
determine the following: 

(a) The polar expressions for the other phase currents 

(b) The polar expressions for each of the line currents 

(c) The complete current phasor diagram 

FIGURE 21-17 

Balanced 

lOF; 
10Z30 A 

Solution (a) The phase currents arc separated by 120"; therefore. 

1,,,, = l0Z(30o + 120") = 10Z1500 A 
I9l. = I0Z(30° - 120°) = 10Z —90° A 
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(b) The line eurrenls are separated from the nearest phase current by 30°; therefore, 

I/., = V3/enZ(30o - 30°) = 17.3Z0" A 
1/2 = V3/«„Z(l50o - 30°) = 17.3Z120° A 
1,3 = V3/BrZ(-90o - 30°) = 17.3Z -120° A 

(c) The phasor diagram is shown in Figure 21-18, 

FIGURE 21-18 
. /, , = 17.3 A 

'IDA 

= 17.3 A 

= I0A ::n 
Ml 

911 
120 

Ei = 10 A 

/,. = 17.3 A 

Related Problem Repeal parts (a) and (b) of the example if In,, = 8Z60° A. 

SECTION 21-2 1. In a certain three-wire, Y-connected generator, the phase voltages are 1 kV. Determine 
CHECKUP the magnitude of the line voltages. 

2. In the Y-connccted generator mentioned in Question 1, all the phase currents are 5 A. 
What arc the line current magnitudes? 

3. In a A connected generator, the phase voltages are 240 V. What are the line voltages? 
4. In a A-connecled generator, a phase current is 2 A. Determine the magnitude of the 

line current. 

21-3 Three-Phase Source/Load Analysis  

In this section, we look at four basic types of source/load configurations. As with the 
generator connections, a load can be either a Y or a A configuration. 

After completing this section, you should be able to 

♦ Analyze three-phase generators with three-phase loads 

♦ Analyze the Y-Y source/load configuration 

♦ Analyze the Y-A source/load configuration 

♦ Analyze the A-Y source/load configuration 

♦ Analyze the A-A source/load configuration 
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A Y-connected load is shown in Figure 2I-I9(a), and a A-connected load is shown in 
par! (b). The blocks Z,„ Z)„ and Z,. represent the load impedances, which can be resistive, 
reactive, or both. 

The four source/load configurations are: 

1. Y-conncctcd source driving a Y-conncctcd load (Y-Y system) 

2. Y-connected source driving a A-connected load (Y-A system) 

3. A-connected source driving a Y-connected load (A-Y system) 

4. A-connected source driving a A-connected load (A-A system) 

FIGURE 21-19 
Three-phase loads. 

(a) Y-connected load (b) A-connected load 

The Y-Y System 

Figure 21-20 shows a Y-connected source driving a Y-connected load. The load can be a 
balanced load, such as a three-phase motor where Z„ = Z/, = Z,., or it can be three inde- 
pendent single-phase loads where, for example, 7.a is a lighting circuit, Z;, is a heater, and 
Z(. is an air-conditioning compressor. 

S I 

1, 

FIGURE 21-20 
A Y-connected source driving a 
Y-connecfed load. 

An important feature of a Y-conncctcd source is that two different values of three-phase 
voltage are available: the phase voltage and the line voltage. For example, in the standard 
power distribution system, a three-phase transformer can be considered a source of three-phase 
voltage supplying 120 V and 208 V. In order to utilize a phase voltage of 120 V, the loads are 
connected in the Y configuration. A A-connected load is used for the 208 V line voltages. 

Notice in the Y-Y system in Figure 21-20 that the phase current, the line current, and the 
load current are all equal in each phase. Also, each load voltage equals the corresponding 
phase voltage. These relationships are expressed as follows and are true for either a bal- 
anced or an unbalanced load. 

Ig = li = lz Equation 21-S 

Vu = Vz Equation 21-6 

where V? and 1/ are the load voltage and current, respectively. 



924 ♦ Three-Phase Systems in Power Applications 

For a balanced load, all the phase currents are equal, and the neutral current is zero. For 
an unbalanced load, each phase current is different, and the neutral current is, therefore, 
nonzero. 

EXAMPLE 21-4 In the Y-Y system of Figure 21-21, determine the following: 

(a) Each load current (b) Each line current (c) Each phase current 

(d) Neutral current (c) Each load voltage 

■v <r i. 

Neutral 
22,4Z26.60 !l 

FIGURE 21-21 

Solution This system has a balanced load. Z„ = Z;, = Z,. = 22.4Z 26.6° ft. 

(a) The load currents are 

ly,, — 
I20Z0° V 

Z„ 22.4Z26.6" ft 
Vfl* I20Z120° V 
Z/, 22.4 Z 26.6° ft 

I20Z —120° V 
zc 22.4 Z 26.6° ft 

= 5.36 Z-26.6° A 

= 5.36 Z 93.4° A 

= 5.36 Z —147° A 

(b) The line currents are 

(c) The phase currents are 

(d) Ineul - Izn + hji + Izc 
= 5.36Z—26.6" A 

l;i = 5.36 Z — 26.6° A 
1,2 = 5.36 Z 93.4° A 
I, , = 5.36Z -147" A 

Id,, = 5.36 Z -26.6° A 
l„h = 5.36 Z 93.4" A 
la- = 5.36 Z — 147° A 

5.36Z93.4° A + 5.36Z-I47"A 
= (4.80 A -72,40 A) + (-0.33 A + ;5.35 A) + (-4.47 A - j2.95 A) = 0 A 

If the load impedances were not equal (unbalanced load), the neutral current 
would have a nonzero value. 
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Related Problem 

(e) The load voltages arc equal to the corresponding source phase voltages. 

Wz, = 120 ZO0 V 
V2, = 120Z1200 V 
\z. = I20Z —120° V 

Determine the neutral current if Z,, and Z/, arc the same as in Figure 21-21, but 
Zr = 50 Z 26.6''ft. 

The Y-A System 

Figure 21-22 shows a Y-conncclcd source driving a A-conncctcd load. An important feature 
of this configuration is that each phase of the load has the full line voltage across it. 

Vz = V/, 
The line currents equal the corresponding phase currents, and each line current divides 

into two load currents, as indicated. For a balanced load (Z„ = Z,, = Z,,), the expression 
for the current in each load is 

II = V3/z 

Equation 21-7 

Equation 21-8 

1 

v,. 

FIGURE 21-22 
A Y-connected source driving a 
i-connectcd load. 

EXAMPLE 21-5 Determine the load voltages and load currents in Figure 21-23, and show their rela- 
tionship in a phasor diagram. 

f 
v'-' I00Z300 Si 

* z 

2ZI20t kV 

12Z(T kV 

iooz30o n / 

IO0Z30J tl\ 

FIGURE 21-23 
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Solution Using VL = V3V0 (Equation 21-2) and the fact that there is 30° between each line 
voltage and the nearest phase voltage, the load voltages are 

vZa = V/.i = 2\/3Z 150°kV ^ 
Va,= Vi2 = 2V3Z30okV = 

II iSi 
>

 V/.3 = 2V3Z—90° kV 

The load currents are 

•zo = 
Vza 
Z„ 

3.46 Z150° kV 
l00Z30°n 

la = 
Va 
z„ 

3.46 Z30o kV 
100Z30" 11 

I/c = 
Va 
z, 

3.46Z—90° kV 
l00Z30oSl 

= 34.6 Z120° A 

= 34.6 Z -120° A 

The phasor diagram is shown in Figure 21-24. 

FIGURE 21-24 
- 34.6 A l'„. = 3.46 kV P,, = 3.46 kV k" 

i:u 

311 

/ /a, = 34.6 A 

/ 
-120° 

/ 
= 34,5 A 

VV = 3.46 kV 

ReLih d Problem Determine the load currents in Figure 21-23 if the phase voltages have a magnitude of 
240 V. 

The A-Y System 

Figure 21-25 shows a A-connected source driving a Y-connected balanced load. By exami- 
nation of the figure, you can see that the line voltages are equal to the corresponding phase 
voltages of the source. Also, each phase voltage equals the difference of the corresponding 
load voltages, as you can sec by the polarities. 

Each load current equals the corresponding line current. The sum of the load currents is 
zero because the load is balanced; thus, there is no need for a neutral return. 

FIGURE 21-25  I,.2 _ 
A A connected source driving a 
Y-cnnnccled load. 
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The relationship between the load voltages and the corresponding phase voltages (and 
line voltages) is 

Vfl = V3V/_ Equation 21-9 

The line currents and corresponding load currents are equal, and for a balanced load, the 
sum of the load currents is zero. 

lL = Iz Equation 21-10 

As you can sec in Figure 21 -25, each line current is the difference of two phase currents. 

'/.I = ha ~ hit 
't2 = he ~ ha 
Its = hh ~ he 

EXAMPLE 21-6 Determine the currents and voltages in the balanced load and the magnitude of the line 
voltages in Figure 21-26. 

It, = 1.52120° A 

lu = 1.52-120° A 

V V 
vw%v /^y v' 0o 

X1'V 
Y' 

CL 

Y It, = 1.520'A 
Zo 

i 

o ri l o 

FIGURE 21-26 

Sola lion The load currents equal the specified line currents. 

ha = hi = 1-5ZO" A 
Izfc = I(.2 = 1.5 z 120° A 
lXr = 1,3 = 1.5 Z —120° A 

The load voltages are 

Vz., = Izi.Zn 

= (l.5Z0° A)(50n - jiofl) 
= (1.5Z00 A)(53.9Z—21.8° fl) = 80.9Z-21.80 V 

va> - IzfcZ,, 
= (1.5 Z120° A)(53.9Z—21.8° fl) = 80.9 Z 98.2° V 

V/, = IfrZe 
= (I.5Z —120° A)(53.9Z—21.8° fl) = 80.9 Z — 142° V 

Tlie magnitude of the line voltages is 

VL = Vg = V3VZ = V3(80.9V) = 140 V 

Related Problem If the magnitudes of the line currents arc 1 A, what arc the load currents? 
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The A-A System 

Figure 21-27 shows a A-conncclcd source driving a A-connected load. Notice that the load 
voltage, line voltage, and source phase voltage are all equal for a given phase. 

Vfe = VLl = VyM 

Vol. = VL2 = Va 
Vfe = Va = Fa 

FIGURE 21-27 
A A-connccled source driving a 
A connected load. v, \ 

Wr 
vSu 

Of course, when the load is balanced, all the voltages are equal, and a general expres- 
sion can be written 

Equation 21-11 = F/_ = Vy 

For a balanced load and equal source phase voltages, it can be shown that 

Equation 21-12 lr = V3/z 

EXAMPLE 21-7 

FIGURE 21-28 

Determine the magnitude of the load currents and the line currents in Figure 21-28. 

«. 

4(1' c 

2002:65° n 

Solution Fz„ = Fa, = FZ(. = 240 V 

The magnitude of the load currents is 

Fz,, 240 V 
^ = ^ = ^ = x=wrr1-20A 

The magnitude of the line currents is 

lL = V3/z = V3(1.20A) = 2.08 A 

ReLiwd Prohlem Determine the magnitude of the load and line currents in Figure 21-28 if the magni- 
tude of the load voltages is 120 V and the impedances are 600 il. 
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SECTION 21-3 1. List the four types of three-phase source/load configurations. 
CHECKUP 2. In a certain Y-Y system, the source phase currents each have a magnitude of 3.5 A. 

What is the magnitude of each load current for a balanced load condition? 
3. In a given Y-A system, V, = 220 V. Determine Vz. 
4. Determine the line voltages in a balanced A-Y system when the magnitude of the 

source phase voltages is 60 V. 
5. Determine the magnitude of the load currents in a balanced A-A system having a line 

current magnitude of 3.2 A. 

21-4 Three-Phase Power  

In this section, power in three-phase systems is studied and methods of pow er mea- 
surement are introduced. 

After completing this section, you should be able to 

♦ Discuss power measurements in three-phase systems 

♦ Describe the three-wattmeter method 

• Describe the two-wattmeter method 

Each phase of a balanced three-phase load has an equal amount of power. Therefore, the 
total true load power is three times the power in each phase of the load. 

/'/(„„) = 3 V/Z/Cos II Equation 21-13 

where V/ and 1/ are the voltage and current associated with each phase of the load, and 
cos II is the power factor. 

Recall that in a balanced Y-connected system, the line voltage and line current were 

VL = VJVZ and lL = lz 

and in a balanced A-eonnecled system, the line voltage and line current were 

VL = Vz and /, = V3/z 

When either of these relationships is substituted into Equation 21-13, the total true power 
for both Y- and A-connected systems is 

I'liwi) = 'VlViJ/cosll Equation 21-14 

EXAMPLE 21-8 Inacertain A-connected balanced load, the line voltages are 250 V and the imped- 
ances arc SOZSO" II. Determine the total load power. 

Solution In a A-connected system. Vy = V/ and //_ = V3/z. The load current magnitudes are 

Vz 250 V „ 
/z_ z ~ son ~ "A 

and 

= V3/z = V3(5 A) = 8.66 A 
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Related Problem 

The power factor is 

cos 0 = cos 30° = 0.866 

The total load power is 

Puiot) = V3VLlLcosd = V3(250V)(8,66A)(0.866) = 3.25 kW 
Determine the total load power if V/ = 120 V and /. = 100Z30"!!, 

Power Measurement 

Power is measured in three-phase systems using wattmeters. The wattmeter uses a basic 
electrodynamometer-lype movement consisting of two coils. One coil is used to measure 
the current, and the other is used to measure the voltage. Figure 21-29 shows a basic 
wattmeter schematic and the connections for measuring power in a load. The resistor in sc- 
ries with the voltage coil limits the current through the coil to a small amount proportional 
to the voltage across the coil. 

Current coil 
-w~ 

Voltage 
coil ' 

(a) Waitinctcr schematic (b) Wattmeter connected to measure load power 

FIGURE 21-29 

Three-Wattmeter Method Power can be measured easily in a balanced or unbalanced 
three-phase load of either the Y or the A type by using three wattmeters connected as 
shown in Figure 21-30. This is sometimes known as the three-wattmeter method. 

wi .me 

4r Line 

W3 f o 

Neutral 

(a) Y-conncctcd load 

FIGURE 21-30 

(b) A-connected load 

Three-wattmeter method of power measurement. 
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The total power is determined by summing the three wattmeter readings, 

Pioi = P\ + P2 + Pi Equation 21-15 
If the load is balanced, the total power is simply three limes the reading on any one wattmeter. 

In many thrcc-phasc loads, particularly the A configuration, it is difficult to connect a 
wattmeter such that the voltage coil is across the load or such that the current coil is in 
series with the load because of inaccessibility of points within the load. 

Two-Wattmeter Method Another method of three-phase power measurement uses only 
two wattmeters. The connections for this two-wattmeter method are shown in Figure 
21-31. Notice that the voltage coil of each wattmeter is connected across a line voltage and 
that the current coil has a line current through it. It can be shown that the algebraic sum of 
the two wattmeter readings equals the total power in the Y- or A-connccted load. 

F,,,, = F| ±2*2 Equation 21-16 

3-phase 
input 

W2 

3 V, 

in 

A or Y 
load 

FIGURE 21-31 
Two-wattmeter method. 

SECTION 21-4 1. Vi = 30 V, /f = 1.2 A, and the power factor is 0.257. What is the total power in a bal- 
CHECKUP anced Y-connected load? In a balanced A-connected load? 

2. Three wattmeters connected to measure the power in a certain balanced load indicate 
a total of 2678 W. How much power does each meter measure? 

SUMMARY 

♦ A simple three-phase generator consists of three conductive loops separated by 120°. 
♦ Three advantages of three-phase systems over single-phase systems are a smaller copper cross 

section for the same power delivered to the load, constant power delivered to the load, and a con- 
stant. rotating magnetic field. 

♦ In a Y-connecled generator, = /# and = VoV^. 
♦ In a Y-connecled generator, there Is a 30° difference between each line voltage and the nearest 

phase voltage. 
♦ In a A-connected generator, VL = V0andlL = VT/y. 
♦ In a A-connected generator, there is a 30° difference between each line current and the nearest 

phase current. 
♦ A balanced load is one in which all the impedances are equal. 
♦ Power is measured in a three-phase load using either the three-wattmeter method or the two- 

wattmeter method. 
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KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Balanced load A condition where all Ihe load currents arc equal and the neutral eurrcnl is zero. 
Line current (// ) The current through a line feeding a load. 
Line voltage (V/) The voltage between lines feeding a load. 
Phase current (/,)) The current through a generator winding. 
Phase voltage (Vn) The voltage across a generator winding. 

FORMULAS  

Y Generator 
21-1 /,. = /„ 
21-2 V,, = V3V0 

A Generator 
21-3 VL = Vff 
21-4 /t = Vl/» 

Y-Y System 
21-5 I,, = 11, = ly, 
21-6 V„ = Vy 

Y-A System 
21-7 Vz = VL 

21-8 //, = V3/z 

A-to-Y System 
21-9 V0 = V3VZ 

21-1(1 //, = ly 

A-A System 
21-11 Vll= VL= Vy 
21-12 lL = V3/z 

Three-Phase Power 
21-13 /W, = 3Vz/zeos 0 
21-14 = V3VLlLcose 

Three-Wattmeter Method 
21-15 P,„, = P, + P2 + Pj 

Two-Wattmeter Method 
21-16 P,ol = P, ± P2 

TRUE/FALSE QUIZ Answers are at the end of the chapter. 

1. The copper wire in a three-phase system can be smaller than in a single-phase system. 
2. A balanced load condition occurs when all load currents and the neutral current are equal, 
3. A three-phase system produces a constant amount of power to Ihe load. 
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4. A Y-connecied syscem can have either three or four wires. 
5. Voltages across the generator windings are called line voltages. 
6. In a A-connecied generator the line currents and the phase currents are equal. 
7. Source-load connections can be Y-Y. A-Y, Y-A, or A-A. 
8. The three-wattmeter method and the two-wattmeter method are two ways of measuring 

three-phase power. 
9. A wattmeter uses a basic electrodynameler-type movement consisting of three coils. 

10. If a three-phase load is balanced, the total power is indicated by any one of the three 
meters. 

S E LF-TEST Answers arc at the end of the chapter. 

1. In a three-phase system, the voltages are separated by 
(a) 90° (b) 30- (c) 180° (d) 120° 

2. Two major parts of an ac generator arc 
(a) rotor and stalor (b) rotor and stabilizer 
(c) regulator and slip-ring (d) magnets and brushes 

3. Advantages of a three-phase system over a single-phase system are 
(a) smaller cross-sectional area for the copper conductors 
(b) slower rotor speed 
(c) constant power 
(d) smaller chance of overheating 
(e) both (a) and <c) 
(f) both (b) and (c) 

4. The phase current produced by a certain 240 V. Y-connected generator is 12 A. The correspon- 
ding line current is 
(a) 36 A (b) 4 A (c) 12 A (d) 6 A 

5. A certain A-connected generator produces phase voltages of 30 V. The magnitude of the line 
voltages are 
(a) 10 V (b) 30 V (c) 90 V (d) none of these 

6. A certain A-A system produces phase currents of 5 A. The line currents are 
(a) 5 A (b) ISA (c) 8.66 A (d) 2.87 A 

7. A certain Y-Y system produces phase currents of 15 A. Each line and load current is 
(a) 26 A (b) 8.66 A (c) 5 A (d)15A 

8. If the source phase voltages of a A-Y system are 220 V. the magnitude of the load voltages is 
(a) 220 V (b) 381 V (c)127V (d) 73.3 V 

More difficult problems arc indicated by an asterisk C). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 

SECTION 21-1 Generators in Power Applications 
1. A single-phase generator drives a load consisting of a 20011 resistor and a capacitor with a 

reactance of 17511. The generator produces a voltage of 100 V. Determine the magnitude of 
the load current. 

2. Determine the phase of the load current with respect to the generator voltage in Problem I. 
3. A certain three-phase unbalanced load in a four-wire system has currents of 2 Z 2(1 A. 

3Z140° A, and 1.5 Z-100° A. Determine the current in the neutral line. 
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SECTION 21-2 Types of Three-Phase Generators 
4. Delermine (he line voltages in Figure 21—32. 

► FIGURE 21-32 

600^120° V 

5002 

60020" V 

5. Delermine the line currents in Figure 21-33. 
6. Develop a complete current phasor diagram for Figure 21—33. 

FIGURE 21-33 

3-phase 
load 

1^, = 520'A 

SECTION 21-3 Three-Phase Source/Load Analysis 
7. Determine (he following quantities for the Y-Y system in Figure 21-34: 

(a) Line voltages (b) Phase currents (c) Line currents 
(d) Load currents (e) Load voltages 

'■V 

232' kll 

FIGURE 21-34 

Repeal Problem 7 for the system in Figure 21-35. and also Find the neutral current. 

^ > J VV'AO- 

10020 V 

FIGURE 21-35 
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9. Repeal Problem 7 for the system in Figure 21-36, 

600X70° SI 
0 - ■ 0 « z„ 

* ay- 0 WK . \ 

4^ 

FIGURE 21-36 

10. Repeal Problem 7 for the system in Figure 21-37. 

b 

I20Z00 V n/Mi U 

FIGURE 21-37 

II. Determine the line voltages and load currents for the system in Figure 21-38. 

FIGURE 21-38 h 

5Z60 11 

SECTION 21-4 Three Phase Power 
12. The power in each phase of a balanced Ihrcc-phasc system is 1200 W. What is the total power ? 
13. Determine the load power in Figures 21-34 through 21-38. 
14. Find the total load power in Figure 21-39, 

FIGURE 21-39 I  I20Z-90°V Xc 
* 10011 

I20ZI50C V 

1IX) (! 
Xr 

mi << 

I20Z30° V 
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■"IS. Using ihe ihree-waltmeter method for the system in Figure 21-39. how much power does each 
wattmeter indicate? 
Repeal Problem 15 using the two-wattmeter method. 

ANSWERS  

SECTION CHECKUPS 

SECTION 21-1 Generators in Power Applications 
1. The advantages of polyphase systems are less copper cross section to conduct current; constant 

power to load; and constant, rotating magnetic field. 
2. Constant power 
3. Constant magnetic field 

SECTION 21-2 Types of Three-Phase Generators 
1. VL = 1.73 kV 
2. IL = 5 A 
3. VL = 240 V 
4. IL = 3.46 A 

SECTION 21-3 Three Phase Source/Load Analysis 
1. The source/load configurations are Y-Y, Y-A, A-Y, and A-A. 
2. /,. = 3.5 A 
3. V/ = 220 V 
4. VL = 60 V 
5. I7. = I -85 A 

SECTION 21-4 Three Phase Power 
1. fy = 16.0 W;/^ = 16.0 W 
2. /» = 893 W 

RELATED PROBLEMS FOR EXAMPLES 
21-1 4.8 A total for single phase; 2.4 A total for three-phase 
21-2 208 V 
21-3 (a) I,,/, - 8Z180" A. - 8Z-60oA 

(b) ly = I3.9Z300A.lu = 13.9Z150° A.Ijj = 13.9Z-90°A 
21-4 2.96 Z 33.4° A 
21-5 Iz, - 4.l6ZI20°A.Ia, = 4,16Z0M& - 4.16Z-I20°A 
21-6 Iu = Iza = 1 Z 0° A. I(s - - lZI200A.Io = Izc = IZ-I20°A 
21-7 = 200 mA. /t - 346 mA 
21-8 374 W 

TRUE/FALSE QUIZ 
I. T 2. F 3. T 4. T 5. F 6. F 7. T 8. T 9. F 10. F 

SELF-TEST 
I. (d) 2. (a) 3. (e) 4. (c) 5. (b) 6. (c) 7. (d) 8. (c) 



Table of Standard 

Resistor Values 

Appendix 

A 

Resistance Tolerance (±%) 

0.1% 
0.25% 
0.5% 

1% 2% 
5% 

10% 
0.1% 

0.25% 
0.5% 

1% 2% 
5% 

10% 
0.1% 

0.25% 
0.5% 

1% 2% 
5% 

10% 
0.1% 
0.25% 
0.5% 

1% 2% 
5% 

10% 
0.1% 
0.25% 
0.5% 

1% 2% 
5% 

10% 
0.1% 
0.25% 
0.5% 

1% 2% 
5% 

10% 

10.0 10.0 10 10 14.7 14.7 — — 21.5 21.5 — — 31.6 31.6 — — 45.4 46.4 — — 68.1 68.1 68 68 
10.1 — — 14.9 — — — 21.8 — — — 32.0 — — — 47.0 — 47 47 690 — -S — 
10.2 10.2 liL — 150 15.0 IS 15 22.1 22,1 22 22 32.4 32.4 — — 47.5 47,5 — — 69,8 59.8 -S — 
10.4 — liL — 15.2 — — — 22.3 — — — 32.8 — — — 48.1 — — — 70,6 — -S — 
10.5 10.5 — 15,4 15.4 — — 22.5 22.6 — — 33,2 33,2 33 33 48.7 48.7 — — 71.5 71,5 -S — 
10.6 — — — 15.6 — — — 22.9 — — — 33.5 — — — 49.3 — — — 72.3 — — — 
10.7 10.7 — — 15.8 15.8 — — 23.2 23,2 — — 34.0 34,0 — — 49.9 49.9 — — 73.2 73.2 — — 
10.9 — — — 16.0 — 16 — 23.4 — — — 34.4 — — — 50.5 — — — 74.1 — — — 
11,0 no II — 16.2 16.2 — — 23.7 23,7 — — 34.8 34.8 — — 51.1 51.1 51 — 75.0 75.0 75 — 
II.1 — — — 16.4 — — — 24,0 — 24 — 35.2 — — — 51.7 — — — 75.9 — — — 
11,3 11.3 — — 16.5 16.5 — — 24,3 24,3 — — 35.7 35.7 — — 52.3 52.3 — — 76.8 76.8 — — 
11.4 — — — 16.7 — — — 24.6 — — — 36.1 — 36 — 53.0 — — — 77.7 — — — 
11.5 11.5 — — 16.9 16.9 — — 24.9 24.9 — — 35.5 36.5 — — 53.6 53.5 — — 78.7 78.7 — — 
11.7 — — — 17.2 — — — 25.2 — — — 37.0 — — — 54.2 — — — 79.6 — — — 
11.8 11.8 — — 17.4 17.4 — — 25.5 25.5 — — 37.4 37.4 — — 54.9 54.9 — — 80.6 80.6 — — 
12.0 — 12 12 17.6 — — — 25.8 — — — 37.9 — — — 56.2 — — — 81.6 — — — 
12.1 12.1 — — 17.8 17,8 — — 26.1 26.1 — — 38.3 38.3 — — 56.6 56.5 56 55 82.5 82.5 82 82 
12.3 — — — 18.0 — 18 18 26.4 — — — 38.8 — — — 56.9 — — — 83.5 — — — 
12.4 12.4 — 18.2 18.2 — — 26.7 26.7 — 1— 39.2 39.2 39 39 57.6 57.6 — — 84.5 84.5 — — 
12,6 — — 18.4 — — — 27.1 — 27 27 39.7 — — — 58.3 — — — 85.6 — — — 
12.7 12.7 — 18.7 18.7 — — 27.4 27.4 — 1— 40.2 40.2 — — 59.0 59,0 — — 86,6 86.6 — — 
12.9 — — 18.9 — — — 27.7 — — 1— 40.7 — — — 59.7 — — — 87.6 — — — 
13,0 130 13 — 19.1 19.1 — — 28,0 280 — 1— 41.2 41.2 — — 60.4 60.4 — — 88.7 88.7 — — 
13.2 — — — 19,3 — — — 28.4 — — 1— 41.7 — — — 61.2 — — — 89.8 — — — 
13,3 13.3 — 19.5 19.6 — — 28.7 28.7 — 1— 42.2 42.2 — — 61.9 51.9 62 — 90.9 90.9 91 — 
13.5 — — 19.8 — — — 29.1 — — 1— 42.7 — — — 62.6 — — — 920 — — — 
13.7 13.7 — 20.0 20.0 20 — 29.4 29.4 — 1— 43.2 43,2 43 — 63.4 63.4 — — 93.1 93.1 — — 
13.8 — — 20.3 — — — 29.8 — — 1— 43,7 — — — 64.2 — — — 94.2 — — — 
14.0 140 — 20.5 20.5 — — 30.1 30.1 30 1— 44.2 44,2 — — 64.9 64.9 — — 95.3 95.3 — — 
14.2 — — 20.8 — — — 30.5 — — 1— 44.8 — — — 65.7 — — — 96.5 — — — 
14,3 14,3 — 21.0 21.0 — — 30.9 30.9 — 1— 45.3 45,3 — — 66.5 66.5 — — 97,6 97.6 — — 
14,5 - - - 21.3 - - - 31,2 — - - 45.9 — - - 67.3 - - - 98.8 - - - 

NOTR: These values are generally available in nuilliplesofO.I. I, 10, 100, I k, and I M. 
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B 
Derivations 

mk 

Equation 7-3 Output Voltage of Temperature 
Measuring Bridge 

At balance Vout = 0 and all resistances have the value R. For a small imbalance: 

VB = Y and ^ = (2/? +  )VS Z \ZK + ^AJHERM/ 

AKOUT =VB-VA = ^- vs 

= (L ^ V. 
V2 2R + A/fTHERM/ 

_ f-R+ A/?THERv, - 
V 2(2R + A/fTHERM) / s 

= ( Aj?THKR.M \ 
\4R + 2A«Therm/ S 

Assume 2ASTHERM << 4R, then 

~ /'ARthermY, 
T 
s = a/?™er-A«J 

v'r. 

Equation 11-5 RMS (Effective) Value of a Sine Wave 

The abbreviation "rms" stands for the root mean square process by which this value is de- 
rived. In the process, we first square the equation of a sine wave. 

v2 = V2 sin2d 

Next, we obtain the mean or average value of v by dividing the area under a half-cycle 
of the curve by tt (see Figure B-l), The area is found by integration and trigonometric 
identities. 

, area I / -i . i,, , 
FIGURE B-l Vavs =  = — V,, smzddO 
  F TT TT ' /2 „jr 1/2 \/z rTT yt- /-tt yT ^ 

= ——- / (I - cos KiyUi = T- I d!) — I (-cos 211} (II) 2TTJ0 277 Jo 27T JO 

= ^(t)_lsin2e)J = ^(w_0) = ^ 

Finally, the square root of Vavg is Vrms. 
V 

Vnaa = VV2" = \/vJ/2 = ^ = 0.707F,, 
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Equation 11-11 Average Value of a Half-Cycle Sine Wave 

The average value of a sine wave is determined for a half-cycle because the average over a 
full cycle is zero. 

The equation for a sine wave is 

v = Vp sin 8 

The average value of the half-cycle is the area under the curve divided by the distance of 
the curve along the horizontal axis (see Figure B-2). 

area v avp 

v„ 

FIGURE B-2 

To find the area, we use integral calculus. 

^ = i 
vn 

VpSinddd = —(—cos 6) 
o TT 0 

V V 
= COS TT - (-COS 0)1 = -f[-(-I) - (-1)1 TT 77 

Vp 2 
= ^<2» = —Vp = 0.637 Vp 

Equations 12-25 and 13-12 Reactance Derivations 

Derivation of Capacitive Reactance 

8 = lirfl = ioI 
dv </( V(,sin 8) 

i = C— = C- 
ch dl 

d( VpSin col) 
= C = (oC(V„cos oil) 

dl 1 

Xr = 
I 

<uCVn 

I 
(OC lirfC 

Derivation of Inductive Reactance 

di dUpSin coi) 
v = L— = L ; = (oL(lp cos col) 

dl dl 

X, = 
coU,, 

= ojl. = IttJ'L 
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Equation 15-33 

The feedback circuit in the phase-shift oscillator consists of three RC stages, as shown 
in Figure B-3. An expression for the attenuation is derived using the loop analysis 
method for the loop assignment shown. All Rs are equal in value, and all Cs are equal in 
value. 

(R - jMltr/Qh - Kh + O/j = Vm 

-R/i + (2/f - jl/2irfC)I2 - Rl} = 0 
0/, - RI2 + (2R - jXn-irfOh = 0 

R 

FIGURE B-3 

In order to get I7,,,,,, we must solve for /j using determinants; 

(R - jillTTfC) -R Vin 
-R ( 2R - _/l/2-7r/C) 0 
0 -R 0 

(R - jmnfo -R 0 
-R (2R - y 1/277/0 -R 
0 -R (2R - y I/277/O 

| =  tfVm  
3 (R - JUltrfQilR - J\l2irJC)2 - R2<2R - JUItt/C) - R2(R - U2irfC) 

Vo!!L=Rh 
v,n Vin 

= ^  
(R — j\l2irfO(2R — j\l2irJ02 - R3(2 - yl/27r/RC) - ^(l - l/2ir/RC) 

= ^  
R\l - j\/2TrfRC)(2 - j\l2TTjRC)2 - R\{2 - j\l2irfRC) - (I - jillTrfRQi 

_  ^  
~ R3(l - j\l2irfRC)(2 - jmirfRC)2 - /?3(3 - yi/2ir/«0 

Vin (1 - j\/2irfRC)(2 - j\l2irfRC)2 - (3 - jU2irfRC) 

Expanding and combining the real terms and the j terms separately, 

fl 5 ^ 1 / 6 ' ^ 
V 47T2f2R2C2J J\2TTfRC (277/-)-V5C-V 



For oscillalion in the phase-shift amplifier, the phase shift through the RC circuit must equal 
180". For this condition to exist, the j term must be 0 at the frequency of oscillation fr 

 6 1 = o 

2TTf,RC (27r/r)
3R3d ~ 

(,a7Tfj;R2C2 - I 

6(2TT)2f2R2C2 -1=0 

fr =   6(2tt) R C 

■'r ~ 2TTV^RC 

Equation 17-13 Resonant Frequency 
for a Nonideal Parallel Resonant Circuit 

I • + 
Z -jxc Rw + jXL 

= + «»■ - JXl = /±\ + Rw - JXL J\xc) (Rw + jXL)(Rw - JXl) J\XcJ rI + xj. 

The first term plus splitting the numerator of the second term yields 

I ./ I \ / X, \ Rw 

z J\XCJ 
j\rI, + xU ' Ri + xl 

The; terms are equal. 

Thus. 

I 
Xc Rw + Xt 

Rw = xi = XLXC 

R» + <2^'1 - ISs 

Rfr+ ATT2f2L2 = ^ 

4^f2l? =l--Rl 

Solving forf2. 

/; = 
-1 - Rw 

4tt-L 2,2 

Multiplying both numerator and denominator by C, 

.2 _ /- - KjyC _ L - ffiyC 
fr ~ 47r2L2C ~ IJATr2LC) 

Factoring an L out of the numerator and canceling gives 

,2 I — (RwC/L) 
Jr- * r, „ 
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Taking the square root of both sides yields 

Vi - (Rlai.) 
fr = IttVLC 

Equation 17-16 Impedance of Nonideal Tank Circuit at Resonance 

Begin with the following expression for l/Z that was developed in the derivation for 
Equation 17-13. 

'-tm-xyuu s- Z \XC) + xl) Rl, + xl 

At resonance, Z is purely resistive; so it has no j part (the j terms in the last expression 
cancel). Thus, only the real part is left, as stated in the following equation for Z at reso- 
nance: 

Zr = 
Rw + X2

L 

Rw 
Splitting the denominator, we get 

Factoring out Rw gives 

Since Xl/Rw = Q2, then 

Rw xl Xl Zr = —+ — =RW + — 
Rw Rw Rw 

Xf 
Z, = Rw\ I + —j R 

7-r = Rw(Q2 + 1) 



Capacitor Label Coding 

Appendix 

c 

Some capacitors have color-coded designations. The color code used for capacitors is ba- 
sically the same as that used for resistors. Some variations occur in tolerance designation. 
The basic color codes arc shown in Table C-l, and some typical color-coded capacitors arc 
illustrated in Figure C-1. 

4 TABLE C-l 
Typical composite color codes for 
capacitors (picofarads). 

COLOR DIGIT MULTIPLIER TOLERANCE 
Black 0 1 20% 
Brown 1 10 1% 
Red 2 100 2% 
Orange 3 1000 3% 
Yellow 4 10000 
Green 5 100000 5% (EIA) 
Blue 6 1000000 
Violet 1 
Gray 8 
While 9 
Gold 0.1 5% (JAN) 
Silver 0.01 10% 

NOTE; EIA stands for Electronic Industries Association, and JAN stands for Joint 
Army-Navy, a military standard. 

While (tilA> Black (JAN) 

'st I Significant 
2nd ] f'S"1" 

s Multiplier 

Tolerance 

Class or characicrisiic 

(a) Molded mica 

A FIGURE C-l 

• • 

'• 

I SI I Significant 
2nd ( figures 
Multiplier 
Tolerance 

Temperature coefficient 

Significant 
2nd ) ti8ures 

Multiplier 

(b) Disk ceramic 

ls' I Significant 
2nd ) figures 
Multiplier 
Tolerance 

/TTM n 

Indicates outer 
foil. May be on 
either end. May 
also be indicated by 
other methods such as 
typographical marking 
or black stripe. 

(c) Molded tubular 

\\ Ist 
V2nd 

Significant 
voltage 
figures 

Add two zeros to significant 
voltage figures. One band 
indicates voltage ratings 
under 1000 volts. 

Typical color-codcd capacitors. 
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Marking Systems 

A capacitor, as shown in Figure C-2, has certain identifying features, 

♦ Body of one solid color (off-while, beige, gray, tan or brown). 

♦ End electrodes completely enclose ends of pail. 

♦ Many different sizes: 

1. Type 1206: 0.125 inch long by 0.063 inch wide (3.2 mm X 1.6 mm) with variable 
thickness and color. 

2. Type 0805: 0.080 inch long by 0.050 inch wide (2.0 mm x 1.25 mm) with vari- 
able thickness and color, 

3. Variably sized with a single color (usually translucent Ian or brown). Sizes range 
from 0.059 inch (1.5 mm) to 0.220 inch (5.6 mm) in length and in width from 
0.032 inch (0.8 mm) to 0.197 inch (5.0 mm). 

♦ Three different marking systems: 

1. Two place (letter and number only). 

2. Two place (letter and number or two numbers). 

3. One place (letter of varying color). 

Value marking 

Body 

FIGURE C-2 
Capacitor marking. 

Standard Two-Place Code 

Refer to Table C-2. 

J3 = 2.2 X I03 = 2200 pF 

Multiplier (0-9) 

Value (1st and 2nd significant digits) 

Examples: S2 = 4.7 X 100 = 470 pF 
bO = 3.5 X 1.0 = 3.5 pF 
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VALUE" MULTIPLIER 
A 1.0 L 2.7 T 5.1 0 = xl.O 
B 1.1 M 3.0 U 5.6 1 = X10 
C 1.2 N 3.3 m 6.0 2 = X100 
D 1.3 b 3.5 V 6.2 3 = X1000 
E 1.5 P 3.6 W 6.8 4= X10000 
F 1,6 Q 3.9 n 7.0 5 = X100000 
G 1.8 d 4,0 X 7.5 etc. 
H 2.0 R 4.3 8.0 
J 2.2 e 4.5 Y 8.2 
K 2.4 S 4.7 y 9.0 
a 2.5 f 5.0 z 9.1 

"Nole uppercase and lowercase letrers. 

Alternate Two-Place Code 

Refer lo Table C-3. 

♦ Values below IDOpF—Value read directly 

05 = 5pF 82 = 82 pF 

Values 100 pF and above—Letter/Number code 

A1 = 10 X 10 = 100 pF N3 = 33 x 1000 
= 33000 pF = .033 /aF 

■ Multiplier (1-9) 

" Value (Isi and 2nd significant digits) 

TABLE C-3 

A 10 J 22 S 47 1 = XIO 
B 11 K 24 T 51 2 = X100 
C 12 L 27 U 56 3 = XI000 
D 13 M 30 V 62 4 = X10000 
E 15 N 33 w 68 5 = X100000 
F 16 P 36 X 75 etc. 
G 18 Q 39 Y 82 
H 20 R 43 Z 91 

*Notc uppercase leitcrs only. 



Standard Single-Place Code 

Refer to Table C-4, 

-w 
(orange) 

= 4.7 X 1.0 = 4.7 pF 

Color-multiplier 

Value symbol 

Examples: R (Green) = 3.3 X 100 = 330 pF 
7 (Blue) = 8.2 X 1000 = 8200 pF 

VALUE MULTIPLIER (COLOR) 
A 1.0 K 2.2 W 4.7 Orange - XI.O 
B I.I L 2.4 X 5.1 Black = XI0 
C 1.2 N 2.7 Y 5.6 Green = XI00 
D 1.3 O 3.0 Z 6.2 Blue = XI000 
E 1.5 R 3.3 3 6.8 Violet = xioooo 
H 1.6 S 3.6 4 7.5 Red = X100000 
1 1.8 T 3.9 7 8.2 
J 2.0 V 4.3 9 9.1 



Ml Multisim for Circuit Ap^"dlx 

Simulation D 

Simulate, Prototype, and Test Circuits 

Theory, Design, and Prototype 

As electronic circuits and systems become more advanced, circuit designers rely on com- 
puters in the design process. It is essential for engineers and technicians to systematically 
design, simulate, prototype, and lay out the circuit. Students can also use the engineering 
and design process to reinforce concepts and theory in the classroom. The three stages of 
the student design process are illustrated in Figure D-l. 

THEORY DESIGN PROTOTYPE 

Concepts and Textbooks Circuit Simulation Hands-On Circuit Design 

"2, 2.7 kti: 

R. 
1.0 kti 

C, 
0,1 |ip 

+5.0 V 

555 4 
RESET 
DISCH 

0171' 
THRESH 
TRIG CND 

3 K,, 
Ri 

330 S2 

FIGURE D-l 
Three steps of the student design process for a practical circuit. 

>330Q 
nisi \ 

t-" >_CREEN_RATI 
SB 

© Copyright 2009 National Instruments Corporation. All rights reserved. LabVIEW, Multisim. NI. 
Ultiboard and National Instruments are trademarks and trade names of National Instruments. Other 
product and company names arc trademarks or trade names of their respective companies. 
Notice: This appendix was written for use with the Multisim Version 10.0 software. Some or all of 
the information in this Appendix may not apply to other versions of the software. 
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The National Instruments Electronics Education Platform is an end-to-end tool-chain 
designed to meet student and educator needs. The platform consists of Nl Multisim simu- 
lation software, the NI Educational Laboratory Virtual Instrumentation Suite (Nl ELVIS) 
prototyping workstation, and the Nl LabVlEW graphical programming environment. Nl 
Multisim provides intuitive schematic capture, SPICE simulation, and integration with the 
Nl ELVIS to help students explore circuit theory and design circuits to investigate behav- 
ior. Nl ELVIS is a prototyping platform that allows students to quickly and easily create 
their circuits. With NI LabVIEW, students can measure real-world signals and compare 
simulation results. 

J. Investigate Theory Learn the fundamental theory of circuit design through the 
Principles of Electric Circuits textbook and course lectures. Reinforce important concepts 
in the easy-to-use Multisim environment by downloading the Multisim circuit files for the 
textbook. The Multisim circuit files help build the foundation for an in-depth understand- 
ing of circuit behavior. Using the prebuilt circuit files, simulate and analyze the circuit be- 
havior of examples and problems in each chapter. 

2. Design and Simulate Circuit simulation provides an interactive view into a circuit. 
Build a circuit from scratch and learn about the design performance using built-in circuit 
instruments and probes in an ideal pre-laboratory environment. With the 3D breadboard in 
Multisim, lake the leap from circuit diagram to real-world physical implementation. 

3. Prototype, Measure, and Compare Hands-on experience building physical circuitry 
is essential. Move from the 3D breadboard in Multisim to a real-world breadboard on NI 
ELVIS to seamlessly complete the entire design process by prototyping the circuit. Within 
the LabVIEW environment, compare real-world measurements to the simulation values to 
reinforce theory, fully understand circuit behavior, and build the foundations of profes- 
sional engineering analysis, 

Nl Multisim 

Multisim software integrates powerful SPICE simulation and schematic capture into a 
highly intuitive electronics lab on the computer. Use the Multisim Student Edition to enhance 
learning by: 

Building circuits in a simple, easy-to-learn environment 
Simulating and analyzing circuits for homework and prelab assignments 
Breadboarding in 3D at home before lab sessions 
Creating designs of up to 50 components using a library of nearly 4,000 devices 
Integrating with the Nl ELVIS prototyping workstation 

While using industry-standard SPICE in the background, you can take advantage of the 
Multisim drag-and-drop interface to make circuit drawing, wiring, and analysis simple and 
easy to use. You can build circuits from scratch and learn about design performances using 
built-in virtual instruments and probes in an ideal environment for experimentation. With 
the 3D breadboard, you can easily take the leap from circuit diagram to real-world 
implementation. 

Using Multisim with Principles of Electric Circuits Create an example from the text- 
book to get familiar with the Multisim environment. First, launch Multisim and open a new 
schematic window (File » New » Schematic Capture). Design circuits in the circuit 
window by placing components from the component toolbar. Clicking on the component 
toolbar opens the component browser. Choose the family of components and select an in- 
dividual component to place on the circuit window by double-clicking on it. 

Once you have selected a component, it attaches itself and "ghosts" the mouse cursor. 
Place the component by clicking again on the desired location in the schematic. If you are 
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DMM 

Analog 
outputs 

Function 
eenerator 

.VWIRF 
CURRENT HI 
CURRENT LO 
VOLTAGE HI 

_ VOLTAGE LO 
DACO 
DACI 

FUNC OUT 
SYNC OUT 

AM IN 
  FM IN 

BANANA A 
BANANA B 
BANANA( User BANANA D configurable BN( I/O BNC 1 

BNC2+ 
BNC 2- 

SUFPLY + 
Variable power 

supplies 
GROUND 

SI I'rl.v 
• 15 V 

DC Power - 5V 
supplies □ROUND 

5 V 

DS9 DSIO DS11 

nnnp VA 
1 kfi 47 m 

0 nf- 

+ 15 -15 
A FIGURE D-2 

+5 

Mullisim schematic of RLC circuit. 

new to Mullisim, you should use the BASIC VIRTUAI. family of components, which you 
can assign any arbitrary value. As an example of a simple Mullisim circuit, an RLC circuit 
is shown in Figure D-2. The circuit connects a I kfl resistor, a 47 mi l inductor, and a 10 nF 
capacitor. All these components arc found in the Basic Group of the Component Database. 

The next step is to wire the components together. Simply left-click on the source termi- 
nal and left-click on the destination terminal. Mullisim automatically chooses the best path 
for the virtual wire between the two terminals. Always be sure you have fully captured your 
circuit; then you can simulate it. You can use your simulation results as a comparison with 
the physical circuit. 

To analyze the circuit, use a measurement probe to measure the voltages and other char- 
acteristics from the circuit while the simulation is running. Use the virtual oscilloscope to 
analyze the output signal from our sample RLC circuit. 

M ELVIS 

NI ELVIS is a LabVIEW-based design and prototyping environment based on LabVlEW 
for university science and engineering laboratories. NI ELVIS consists of virtual instru- 
ments, or functions, based on LabVIEW; a multifunction data acquisition device; and a 
custom-designed bcnchlop workstation and prototyping board. This combination provides 
a ready-to-use suite of instruments for educational laboratories. The NI ELVIS workstation 
is shown in Figure D-3. 

NI ELVIS is an ideal companion to any electronics lab that uses Multisim. It features 
USB connectivity for easy setup, maintenance, and portability, as well as a portable bread- 
board for real-world circuit prototyping. 
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► FIGURE D-3  
The Nl ELVIS workstalion. 

Nl ELVIS features a breadboard prototyping environment with built-in instruments in- 
cluding a function generator, digital multimeter (DMM), oscilloscope, and variable power 
supplies. The breadboard is detachable, so you can work on your projects and labs inde- 
pendently of the Nl ELVIS unit. Nl ELVIS provides software based on LabVlEW for in- 
teracting with virtual instruments. 

Using Nl ELVIS with Principles of Electric Circuits Reluming to the RI.C circuit in- 
troduced with Multisim as an example, you can continue the prototyping step. With proto- 
typing hardware, you can quickly construct a circuit on a standard protoboard and lest it 
with the laboratory instruments to complete the design. 

Alternatively, you can repeat the simulation step but this lime as a prototype using the 
Virtual 3D Nl ELVIS from within Multisim. To construct a 3D Nl ELVIS prototype, open 
the 3D breadboard by clicking Tools >> Show Breadboard. Place components and wires 
to build up your circuit. The corresponding connection points and symbols on the Nl 
ELVIS schematic turn green, indicating the 3D connections are correct. If you create a tra- 
ditional schematic, you see a standard breadboard. Figure D-4 shows the circuit on 3D Virtual 

E E G H I J 

1 

■ 
FIGURE D-4 

C D 

■ J ■ ■ ■ ■ 

Prototyped circuit in multisim. 
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FIGURE D-5 FIGURE D-6 
Mullisim simulated signal. Nl ELVIS measured signal. 

Ml ELVIS prototyped in Mullisim and ready for construction. Once you have verified the 
layout of your circuit using the 3D virtual environment, you can physically build it on NI 

After constructing the circuit, you can use the Nl ELVIS instrument launcher to meas- 
ure the output signal of this circuit. Figure D-5 shows the simulated signal of the RLC cir- 
cuit on the Mullisim oscilloscope. Figure D-6 shows the measured signal using the ELVIS 
II Oscilloscope. The most important step in the process is to compare the measurement of 
the prototyped circuit to the simulation. This helps you determine where potential errors 
exist in the design. After comparing the measurement with the theoretical values, you can 
revisit your design to improve it or prepare it for layout on a PCB board, using software 
such as Nl Ultiboard. 

Nl Mullisim Circuit Files Download the Multisira circuit files to develop in-depth un- 
derstanding of circuit behavior. To download the prc-built circuit files and Mullisim re- 
sources, visit: ni.com/academic/floyd 

Nl Mullisim Resources The link provides references to the following resources to help 
you gel started with Nl Mullisim: 

Download the free Mullisim 30-day evaluation version 
View the Getting Started Guide to Multisim 
Learn Mullisim in 3-Hours tutorial 
Discuss Mullisim in an online discussion forum 

ELVIS. 



Answers to Odd-Numbered 

Problems 

Chapter 1 

1. (a) 3 X I03 

3. (a) 8.4 X 103 

5. (a) 3.2 X 104 

7. (a) 0.0000025 
9. (a) 4.32 X I07 

(c) 6.06 X I0"s 

II. (a) 2.0 X I09 

13. (a) 4.20 X I02 

IS. (a) 89 x I03 

17. (a) 345 X I0~6 

(b) 7.5 X 10" (c) 2 X 10" 
(b) 9.9 X 104 (c) 2 X I05 

(b) 6.8 X I0"3 (c) 8.7 X 10'° 
(b) 500 (c) 0.39 
(b) 5.00085 X I03 

(b) 3.6 X 10" (c) 1.54 X 10 
(b) 6 X 1012 (c) 11 X I04 

(b) 450 X 103 (c) 12.04 X I0I: 

(b) 25 X 10 (c) 1.29 X 10 
19. (a) 7.1 X 10_3 (b) 101 X I06 (c) 1.50 X I06 

21. (a) 22,7 X I0"3 (b) 200 X lO6 (c) 848 X lO"3 

23. (a) 345 M (b) 25 mA (c) 1.29 nA 
25. (a) 3/tF (b) 3.3 Mil (c) 350 nA 

(c) 2.8 X 10"'W 
29. (a) 5000/xA (b) 3.2 mW 

(c) 5 MV (d) 10.000 kW 
31. (a) 50.68 mA (b) 2.32 MO 
33. (a) 3 (b) 2 (c) 5 

(d) 2 (e) 3 (f) 2 

(c) 0.0233 /xF 

Chapter 2 

1. 4.64 X IO~laC 
3. 80 X I012C 
5. (a) 10 V (b) 2.5 V (c) 4 V 
7. 20 V 
9. 33.3 V 

11. Elcciromagnciic induclion 
13. 100 m A 
15. 0.2 A 
17. 0.15 C 
19. (a) 200 mS 
21. (a) 27 kS! * 

(b) 40 mS (c) 10 mS 
5% (b) 1.8 kll * 10% 

23. 33012; orange, orange, brown, gold 
2.2 kll: red. red, red, gold 
56 kS2: green, blue, orange, gold 
KM) kll: brown, black, yellow, gold 
39 kll: orange, white, orange, gold 

25. (a) 27 kll ± 10% <b) 10012 ± 10% 
(c) 5.6 Mil ± 5% (d) 6.8 kll ± 10% 
(e) 3311 * 10% (f) 47 kll * 5% 

27. (a) yellow, violet, silver, gold 
(b) red. violet, yellow, gold 
(c) green, brown, green, gold 

29. (a) brown, yellow, violet, red. brown 
(b) orange, white, red. gold, brown 
(c) white, violet, blue, brown, brown 

31. 4.7 kll 
33. Through lamp 2 
35. Circuit (b) 
37. Sec Figure P-1. 

+ DPDT 

.. I 

FIGURE P-l 

39. See Figure P-2. 

FIGURE P-2 
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41. Position I: VI = 0V.V2 = K, 
Position 2: VI = VS.V2 = OV 

43. See Figure P-3. 

3. V = //? 
5. The graph is a straight line, indiealing a linear relationship 

between V and /. 
7. «, = 0.5 Si,= l.0!i,«3 = 2!! 
9. See Figure P-5. 

/(mA) 

10 

8 

FIGURE P-3 

45. 251) V 
47. (a) 20 H (b) 1.50 Mil (c) 4500!! 
49. See Figure P-4. 

DC- volts 

DC mA 
12 

«. K 

I 

10 V -=. 

(a) and (h) 

Ohms X 1000 
il 

10 V 

(c) 

FIGURE P-4 

Iroin source 

I 

Chapter 3 

I. (a) Current triples. (b) Current is reduced 75%. 
(c) Current is halved. (d) Current increases 54%. 
(e) Currcnl quadruples. (f) Current is unchanged. 

0 

IV curve 
1.58 kn 

for a 
resistor 

0 2 

▲ FIGURE P-5 

V(V) 

11. The voltage decreased by 4 V (from 10 V to 6 V). 
13. See Figure P-6. 
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A FIGURE P-6 

IS. (a) 5 A (b) 1.5A (c) 500 mA 
(d) 2 mA (c) 44.6 M 

17. 1.2 A 

PtV) 
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FIGURE P-7 

(b) 

A R, 

(c) 

(c) 1700 V 

(c) 4.61 mV 
(c) 2kft 

19. 532 M 
21. Yes. The current is now 0.642 A, which exceeds the rating of 

the fuse. 
23. 9.1 mA 
25. (a) 36 V (b) 280 V 

(d) 28.2 V (c) 56 V 
27. 81 V 
29. (a) 59.9 mA (b) 5.99 V 
31. (a) 2kll (b) 3.5 kl! 

(d) 100 k!! (e) 1.0 Ml! 
33. 15011 
35. 13311; 10011; the source can be shorted if the rheostat is set 

to 011. 
37. 9511 
39. Five 
41. Ra = 560 kll; /?;j = 2.2 Mil; 

Kc = 1.8 kll; K(, = 3311 
43. V = 18 V; / = 5.455 mA; 

R = 3.3 kl! 

Chapter 4 
I. volt = joule/coulomb 

amp — coulomb/second 
VI - joule/coulomb X coulomb/sccond = joule/sec = watt 

3. 350 W 
5. 20 kW 
7. (a) 1 MW (b) 3 MW 

(c) 150 MW (d) 8.7 MW 
9. (a) 2,000.000/xW (b) 500/AV 

(c) 250 /xW 
II. 8640J 
13. 2.02 kW/day 
15. 0.00186 kW'h 
17. 37.511 
19. 360 W 
21. 100/xW 
23. 40.2 mW 
25. (a) 0.480 Wh 

(d) 6.67/tW 

27. 2 W. to provide a safely margin 
29. At least 12 W. to allow a safety margin of 20% 
31. 7.07 V 
33. 50.544 J 
35. 8 A 
37. 100 mW. 80% 
39. 0.08 kWh 
41. V = 5V;/ = 5mA; 

R = I kll 

Chapter 5 
1. See Figure P-7. 
3. 170 kll 
5. R^Rj. Rg. and R u, arc in scries, 

/?2, R*. /?5. and R\ \ are in series. 
R-,, A';, /?9, and A' 12 are in series. 

7. (a) 156011 (b) 10311 
(c) 13.7 kll (d) 3.671 Mil 
67.2 kll 
3.9 kl! 
17.8 Mil 
/ = 100 m A 
See Figure P-8. The currenl through A3. A*;, A'j, and Ag is also 
measured by Ihis set-up. 

5 
I si t 

(b) Equal FIGURE P-8 
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19. (a) 625/lA (b) 4.26/xA 
21. (a) 34 mA (b) 16 V (c) 0.543 W 
23. /f, = 33011, = 220 fl, R3 = 100(1,RA = 47011 
25. (a) 33111 

(b) Position 8: 9.15 mA 
Position C: 14.3 mA 
Position D: 36.3 mA 

(c) No 
27. 14 V 
29. (a) 23 V (b) 85 V 
31. 4 V 
33. 221! 
35. Position A: 4.0 V 

Position B: 4.5 V 
Position C: 5.4 V 
Position D: 7.2 V 

37. 4.82% 
39. A output = 15 V 

B output = 10.6 V 
C" output = 2.62 V 

41. Vk = 6V, V2K = 12V. = 18 V. 
V4R = 24V.V5R = 30 V 

43. V2 = 1.79 V. Vj = I V. V4 = 17.9 V 
45. See Figure P-9. 

>- FIGURE P-9  120V 0 , 

1.0 kl! < 

ff, < 
1.0 kll < 

fi, —01/ , 3 ^ '"Mf 
9.1 kfl -y 

1.0 kll < 

47. 54.9 mW 
49. 12.5 Mil 
51. = IOOV,Ve = 57.7 V. VC= 15,2 V. V0 = 7,58 V 
S3. Vi = 14.82 V, Vyj = 12.97 V, Vc = 12.64 V, VD = 9.34 V 
55. -2.18 V 
57. (a) B4 is open. (b) Short from A to B 
59. Table 5-1 is correct. 
61. Yes. There is a short between pin 4 and the upper side of Bj i* 
63. B'| - 7.481 kll 

65. Rj = 2211 
67. A'| shorted 

Chapter 6 

I. See Figure P-10. 

Ri 

1 B. I L 
.L 

iR' i 
T 

R, 
I 1 

FIGURE P-I0 

3. B|. AS, Bj. Ki.,. Rio, and R12 are in parallel. 
R4. Rf,. B;. and B8 are in parallel. 
Bi and B| | are in parallel, 

5. 100V 
7. Position A; V, = 15 V, Vj = 0 V, Vj = 0 V, V4 = 15 V 

Position B: V, = 15V, Vj = 0V.V, = 15V. V4 = 0V 
Position C: V, = 15V. Vj - 15V. V3 = 0V, V4 = 0V 

9. 1.35 A 
II. B, = 22 ll.Bi = Kill 11. Bj = 3311 
13. 11.4 mA 
IS. (a) 6.4 A (b| 6.4 A 
17. (a) 359 fl (b) 25.611 (c) 8191! (d) 99711 
19. 56711 
21. 24.611 
23. (a) 510kll (b) 245k!i (c) 510kll (d) 193kll 
25. 1.5 A 
27. 50 mA; When one bulb burns out, the others remain on. 
29. 53.711 
31. I2 — 167 mA. /3 — 83.3 mA. /-[• = 300 mA. 

B, = 2 kll, R2 = 600 0 
33. Position A: 2.25 mA 

Position 6; 4.75 mA 
Position C: 7 mA 

35. (a) /| = 6.88 ^A, A = 3.I2/4A 
(b) /[ = 5.25mA,/2 = 2.39mA./3 = 1.59 mA. 

/4 = 111 nA 
37. R| = 3.3 kll. Bi = 1.8 kll, R3 = 5.6 kll, R4 = 3.9 kll 
39. (a) 1 mil (b) 5 /xA 
41. (a) 68,8/xW (b) 52.5 mW 
43. P| = 1.25 W,/2 = 75 mA. /] = 125 mA, Vs = 10 V, 

Rl = 8011.R2 = 13311 
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45. 625 mA, 3.13 A 
47. The 8.2 kil resistor is open. 
49. Connect ohmmclcr between the follow ing pins; 
Pins 1-2 

Correct reading: R = 1.11 kd || 3.3 kfi = 767 il 
Rl open: K = 3,3 k!! 
R2 open: A' — 1.11 kit 

Pins 3-4 
Correct reading: R = 270 f! || 390 SI = 159.5 S! 
Rj open: R = 390 SI 
/A; open: R = 270 SI 

Pins 5-6 
Correct reading: 
R = 1.0 MSI II 1.8 MS! II 680 kS! || 510 kSl = 201 kS! 
Ri open: R = 1.8 MSI || 680kSl || 510 kSl = 251kSl 
Rb open: R = 1.0 MSI || 680 kSl || 510 kS! = 226 kSl 

open: R = 1.0 MSI || 1.8 MSI || 510 kSl = 284 kSl 
fts open: R = 1.0 MSI || 1.8 MSI || 680 kSl = 330 kSl 

51. Short between pins 3 and 4: 
(a) fi|.2 = (R|||R2ll«3l|R4ll«llll'?l2) 

+ (R5II Rfi IIR, IRSIIRRIIRIO) =• y40S! 
(b) Rj.j - RSIIRBI R7IIR8IIK9I RIO = 518Si 
(c) R2.4 = Rj 1R6 1R, IIR8IIR91 Rl0 = 518 SI 
(d) R|_r = R1IIR2IIR3IIR4IIR11IIR12 = 422 51 

S3. Rjopen 
55. Ps = 3.30 V 

Chapter 7 

1. See Figure P-U. 

R2 5-A , 
R. R, 

la) lb) 

(e) 

FIGURE P-11 

(b) R| is in series with the parallel combination of R?, A'i, 
and R4. 

(c) The parallel combination of R2 and R3 is in series with 
the parallel combination of R4 and R5. This is all in 
parallel with R|, 

5. See Figure P-12. 

"io R11 R' 
4 0—VW—Wv—VW 

1.6MSI 4.7 kll 1.0kl! 510k!l 

Bo- 

/;„ ^ 1.0 MSI 

R. 4.7 kl! Ri R, 
—Wv VvV 

4.7 kll 390II 

—VW VW 
27011 3.3 k!! 

FIGURE P-l2 

7. See Figure P-13. 

ai 

illp. 

R1 

n 

A FIGURE P-13 

3. (a) R| and R4 are in series with the parallel combination of 
R2 and R3. 

9. (a) 133 SI (b) 779 SI (c) 852 SI 
U. (a) I, = U = 11.3 mA. /j = l3 = 5.64 mA, 

Pi = 633 mV. Pj = P3 - 564 mV. 
Pt = 305 mV 

(b) /| = 3.85 mA. Ij = 563 /lA. 
/j = 1.16 mA. I4 — 2.13 mA, P| = 2.62 V. 
P, = P, = P4 = 383 mV 

(c) /| = 5 mA, I2 = 303 /iA, 
1} = 568/4A./4 = 313 nA, 
1$ = 558 ixA. P, = 5 V. 
V2 = P, = 1.88 V. P4 = P5 = 3.13 V 



13. SWI closed, SW2 open: 220 fi 
SWI closed, SW2 closed: 200 !i 
SW I open, SW2 open: 320II 
SW I open, SW2 closed: 300 fi 

15. VA= 100 V, Ve = 61.5 V. Vc = I5,7V.V0 = 7.87 V 
17. Measure the voltage at /I with respect to ground and lite volt- 

age at B with respect to ground. The dilicrcnce is V/^. 
19. 303 kll 
21. (a) 110 kll (b) UOmW 
23. Rmi = 1.32 kll 

Rue = 1.32 kll 
Rcd = 011 

25. 7.5 V unloaded, 7.29 V loaded 
27. 47 kll 
29. 8.77 V 
31. ft, = 1000II; R? = = 50011; 

lower tap loaded: V|0wer = 1.82 V. VUp|)er = 4.55 V 
upper tap loaded: V|0„,cr - 1.67 V, Vu!lllcr - 3.33 V 

33. (a) V,; = 1.75 V, Vs = 3.25 V 
(b) /| = /i = 6.48 fiA, lD = /s = 2.17 mA 
(c) VDS - 2.55 V. V'DG - 4.05 V 

35. 1000 V 
37. (a) 0.5 V range (b) Approximately I mV 
39. 33.3% 
41. (a) 27111 (b) 221 mA (c) 58.7 mA (d) 12 V 
43. 62111,/| = l9= 16.1 mA. /j = 8.27 mA, 

h '= h = mA, /j — 4.06 mA. 1$ — If, — li = 3.78 mA 
45. 971 mA 
47. (a) 9 V (b| 3.75 V (c) 11.25 V 
49. 6 mV (right side positive with respect to left side) 
51. No, it should be 4.39 V. 
53. The 2.2 kll resistor (RO is open. 
55. The 3,3 kll resistor (R4) is open. 
57. Rt = 296.7 II 
59. Ry = 560 kll 
61. K5 shorted 

Chapters 

1. Is = 6 A, Rs = 501! 
3. 200 mil 
5. Vs = 720 V. Rs = 1.2 kll 
7. 845 M 
9. 1.13 mA 

II. 1.6 mA 

Answers to Odd-Numbered Problems ♦ 957 

13. V,„,„ = 3.72 V; V„lf„ = 1.32 V 
15. 90.7 V 
17. /S1 = 2.28mA./S2 = 1.35 mA 
19. I I6ju-A 
21. R-ni = 88.611. VT,I = 1.09 V 
23. 100/tA 
25. (a) /N - I IOmA,RN = 76.711 

(b) /N = I I.I mA,fiN = 7311 
(c) /N = 50 pA. Rn = 35.9 kll 
(d) Ifi = 68.8 mA, RN = 1.3 kll 

27. 17.9 V 
29. /N = 953 ijA. Rn = 117511 
31. /N = -48.2 mA. RN = 56.91! 
33. I I.I 11 
35. Rm - 48 II, R4 = 16011 
37. (a) Ra = 39.8 II. R,, = 73II. Rc = 48.711 

(b) Ra = 21.2 kll, Rg = 10.3 kll. Rc = 14.9 kll 
39. R) leaky 
41. /N = 0.383 mA; RN = 9.674 kll 
43. IAB = 1.206 mA; VAB = 3.432 V; 

Rl = 2.846 kll 

Chapter 9 
I. I, - 371 mA;/2 - -143mA 
3. /, = 0 A, /2 = 2 A 
5. (a) -16.470 (b) -1,59 
7. /, = I.24A./2 = 2.05 A, ly = 1.89 A 
9. XI = .371428571429(/| = 371 mA) 

X2 - -.142857142857 (/2 = -143 mA) 
ii. i, - h- h " 0 
13. V, = 5.66 V, V2 = 6.33 V, Vy = 325 mV 
15. - 1.84 V 
17. /, = -5.11 mA. Ij = -3.52 mA 
19. V, = 5.11 V, V, = 890 mV, V, = 2.89 V 
21. /, = 15.6 mA. ly = —61.3 mA. ly = 61.5 mA 
23. — 11.2 mV 
25. Note: all Rs (coefticients) are in kll. 

Loop A; 5.48/a - 3.3/B - l.5/c = 0 
Loop B: —3.3/a + 4.I2/b - 0.82/c = 15 
Loop C: — L5/a - 0.82/b + 4.52/c = 0 

27. 4.76 V 
29. /, = 20.6mA. ly = l93mA./2 = -172mA 
31. VA = 1.5 V, VB = -5.65 V 
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33. /, = 193M./2 = 370 M. h = 179/xA, 
u = 328 fiA, /g = 1.46mA,/6 = 522/x A, 
!-] = 2.l6mA./8 = 1.64mA. = -3.70 V. 
VB = -5.85 V, Vc = -15.7 V 

35. No fault 
37. K., open 
39. Lower fuse open 
41. /?4 open 

Chapter 10 
1. Decreases 
3. 37.5 ^Wb 
5. 1000 G 
7. 597 
9. 150 At 

II. (a) Electromagnetic field (b) Spring 
13. Forces produced by the interaction of the electromagnetic 

field and die permanent magnetic field 
15. Change the current. 
17. Material A 
19. The strength of the magnetic field, the length of the conductor 

exposed to the field, and the rotational rale of the conductor 
21. Lenz's law defines the polarity of the induced voltage. 
23. The commutator and brush arrangement electrically connect 

the loop to the external circuit. 
25. Figure P-14. 

FIGURE P-14 

27. (a) 168 W (b) 14 W 
29. 81% 

Chapter 11 

I. (a) I Hz (b) 5 Hz (c) 20 Hz 
(d) I kHz (e) 2 kHz (f) 100 kHz 

3. 2Ats 
5. 10 ms 
7. (a) 7.07 mA (b) 0 A (full cycle). 4.5 mA (half-cycle) 

(c) 14.14 mA 
9. (a) 0.524 or jr/6 rad (b) 0.785 or 7r/4rad 

(c) 1,361 or 39-/90 rad (d) 2.356 or 37r/4 rad 
(c) 3.491 or I (WO rad (f) 5.236 or 5ir/3 rad 

11. 15°. A leading 

FIGURE P-I5 

13. See Figure P-15. 
15. (a) 57.4 mA 

(c) -17.4mA 
(c) -99.6 mA 

17. 30°; 13.0 V 
45°: 14.5 V 
90°: 13.0 V 
180°; -7.5 V 
200°:-11.5 V 
3(8)°: -7.5 V 

19. 22.1 V 
21. See Figure P-16. 

V 

(b) 99.6 mA 
(d) -57.4 mA 
(f) 0 mA 

FIGURE P-16 

23. (a) 156 mV (b) IV (c) 0 V 
25. V„avgl = 49.6 V, V2|avg) = 31.5 V 
27. Vlmx = 39 V, Vmi„ = 9 V 
29. -IV 
31. 250 Hz 
33. 200 rps 
35. The single-phase motor requires a starting winding; the three- 

phase docs not. 
37. lr = 3.0 ms, tf = 3.0 ms, Iw = l2.0ms,Ampl. a 5 V 
39. 5.84 V 
41. (a) -0.375 V (b) 3,01 V 
43. (a) 50 kHz (b) 10 Hz 
45. 75 kHz, 125 kHz. 175 kHz, 225 kHz. 275 kHz. 325 kHz 
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49. Vpii„) = 4,44 V, /;„ = 2 Hz 
51. V, = 16.717 Vw; V, =5.911 V^; 

V2 = 36.766 VW;V2 = 13-005 V[ms; 
14.378 Vp,,; 1/3 = 5.084 

S3. Nofaull 
55. Vmin = 2.000 Vp; = 22.000 Vp 

Chapter 12 

1. (a) 5 /iF (b) 1 nC (c) 10 V 
3. (a) 0.001 mF (b) 0.0035 mF (c) 0.00025 mF 
5. 125 J 
7. (a) 8.85 X 10-'2F/m (b) 35.4 X 10_l2F/m 

3.22 V 

"F/m (d) 17.7 X 10 F/m (c) 66.4 X 10 
9. 983 pF 

11. 0.0249 ^F 
13. 12.5 pF increase 
IS. Ceramic 
17. Aluminum, tantalum; they are polarized. 
19. (a) 0.022 nF (b) 0.047 ^F 

(d) 220 pF 
(b| 69.7 pF (c) 2.64 nF 

(b) 0.121 jiF 
(b) 689 pF (c) I.6AIF 

(c) 0.001 /iF 
21. (a) 0.688/zF 
23. 2^F 
25. (a) 1057 pF 
27. (a) 2.62/xF 
29. (a) 0.411 /iC 

(b» V, = 10.47 V 
V2 = 1.54 V 
V3 = 6.52 V 
V4 = 5.48 V 

31. (a) 13.2 ms (b) 247.5 us 
33. (a) 9.20 V (b) 1.24 V 
35. (a) 17.9 V (b) 12.8 V 
37. 7.62/is 
39. 3.00/is 
41. See Figure P-17. 
43. (a) 30.4 fi (b) Il6k!l 
45. 20011 
47. 0 W, 3.39 mVAR 
49. 0.00541 /xF 
51. The ripple is reduced. 
S3. 4.55 kli 
55. I', = 3.103 V; VS = 6.828 V; V3 = 2.069 V 

(c) ll/xs 
(c) 0.458 V 
(c) 6.59 V 

(e) 49.711 

(d) 280/ts 
(d) 0.168 V 

0 ms 22? ms 

20 V 

2.85 V 

0 ms 15 ms 

1 G RL '- / 

57. /c@ I kHz = 1.383 mA;/c@ 500 Hz = 0.691 mA 
/c I® 2 kHz = 2.768 mA 

59. C4 shorted 

Chapter 13 

i. 
3. 
5. 
7. 
9. 

II. 
13. 
15. 
17. 
19. 
21. 

23. 
25. 
27. 
29. 
31. 
33. 
35. 
37. 
39. 

41. 

(c) 0.01 mH (d) 0.5 mH 

(c) 57.1 /xH 
(c) 2/xs 

(c) 747 mV 

(a) 1000 mH (b) 0.25 mH 
50 mV 
20 mV 
0.94/1,1 
Inductor 2 has three-fourths the inductance of inductor I 
155 /iH 
50.5 mH 
7.14/tH 
(a) 4.33 H 
(a) 1 /is 
(a) 5.52 V 
(d) 275 mV 
9.15/is 
(a) 12.3 V 
11.0/xs 
0.722 /is 
136/iA 
(a) 14411 
(a) 55.5 Hz 
26.1 mA 
V| = 12.953 V; V2 = II .047 V; Vj - 5.948 V; 
V'4 = 5.099 V; V5 = 5.099 V 

open 

(b) 50 mH 
(b) 2.13/is 

(b) 2.03 V 
(e) 101 mV 

(b) 9.10 V (c) 3.35 V 

(b) 10.11! 
(b) 796 Hz 

(c) 13.411 
(c) 597 Hz 
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(b) 100 V mis; out of phase 

(b) 240 V 
(h) 50 mA (c) 15 V |d| 750 mW 

Chapter 14 

1. 1.5/iH 
3. 4;0.25 
5. (a) 100 V rms; in phase 

(c) 20 V rms; out of phase 
7. 600 V 
9. 0.25(4:1) 

11. 60 V 
13. (a) 10 V 
15. (a) 25 mA 
17. 1.83 
19. 9.76 W 
21. 94.5 W 
23. 0.98 
25. 25 kVA 
27. V, = 12.0 V. Vj = 24.0 V. Vj = 24.0 V.V4 = 48.0 V 
29. (a) 48 V (b) 25 V 
31. (a) VKL - 35 V, = 2.92 A. Vc - 15 V,/c- = 1,5 A 

(b) 34.5!! 
33. Excessive primary current is drawn, potentially burning out 

the source and/or the transformer unless the primary is pro- 
tected by a fuse, 

35. Turns ratio 0.5 
37. /?2 open 

Chapter 15 
I. Magnitude, angle 
3. See Figure F-18. 

-- 3. <5 5 . 

-7,/l 
I - I I - I 

---ID 

II. 
13. 

15. 

17. 

19. 
21. 

23. 

25. 

27. 

29. 

31. 
33. 

35. 
37. 

(a) —5, +j3 and 5. —j3 
(b) -1. -p and I. +/7 
(c) -10. +/10 and 10. -;T0 
18.0 
(a) 643 - /766 (b) -14.1 + 75,13 
(el -17.7 - 717.7 (d) -3 + 70 
(a) Fourth (b) Fourth (e) Fourth 
(a) I2Z115° (hi 20Z2300 

(d) 50Z160° 
(b) -81 - 735 

(d) -50.4 + 762.5 
(b) 7Z—101° 
(d) 2.79 Z-63.5° 

(d) First 

(c) 100 Z190° 
(a) 1.1 + 70.7 
(c) 5.28 - 75.27 
(a) 3.2Z 11° 
(c) 1.52 Z 70.6° 
8 kHz. 8 kHz 
(a) 270 ft -7100 0,288 Z-20.3° fl 
(b) 68011 - 71000 n, 1.21 Z-55.8° kit 
(a) 56 kli — 7723 kll 
(b) 56 kll - 7145 kll 
(c) 56 kll - 772.3 kll 
(d) 56 kll - 728.9 kll 
(a) R = 33 il.Xc = 5011 
(b) R = 27211, Xc = 12711 
(c) R = 69811.Xc = 1.66kll 
(d) R = 55811, Xc = 5581! 
(a) 32.5 mA + 712.0 mA 
(b) 2.32 mA + 73.42 mA 
(a) 98.3 M + 7154/xA 
(b) 466 fiA + 7395/tA 
(c) 0.472 mA + 71.92 mA 
-14.5° 
(a) 97,3Z—54.9°!! (b) l03Z54.9°mA 
(c) 5.76Z54.9°V (d| 8.I8Z-35.I°V 
Rx = 1211. ('x — 13.3/xF in series. 

FIGURE P-18 

0 Hz 1 V 
1 kHz 723 mV 
2 kHz 464 mV 
3 kHz 329 mV 
4 kHz 253 mV 
5 kHz 205 mV 
6 kHz 172 mV 
7 kHz, 148 mV 
8 kHz 130 mV 
9 kHz 115 mV 

10 kHz 104 mV 
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0 Hz OV IRS - I80Z75.I°/XA 
1 kHz 5.32 V Irr = IC3 = 101 Z 135° M 
2 kHz 7.82 V Ic2 = I01Z1310^A 
3 kHz 8.83 V 59. 4.03 VA 
4 kHz 9.29 V 61. 0.914 
5 kHz 9.53 V 63. (a) liA - 4.8 A. //./, - 3.33 A 
6 kHz 9.66 V (b) PrA = 606 VAR, Prg = 250 VAR 
7 kHz 9.76 V (c) Piruen = 979 W, = 759 W 
8 kHz 9.80 V (d) PA = 1151 VA, PuB = 799 VA 
9 kHz 9.84 V (e) 1 ,oud A 

10 kHz 9.87 V 65. 0.0796/iF 

See Figure P-19. 
67. 
69. 

Reduces VM to 2.83 V and 9 to -56.7' 
(a) No output voltage (b) 320 Z- 

5,32 V 

57.S 

S.46 V 

FIGURE P-I9 

(b) lOZCmA 
(d) l5.2Z48.8°mA 

(c) SOOZO-mV (d) 0 V 
71. No fault 
73. R\ open 
75. No fault 
77. 48.4 Hz 

Chapter 16 

I. 15 kHz 
3. (a) lOOfi+j50n; ll2Z26.6°fi 

(b) 1.5 k!i + jl kfl; I.80Z33.70 kO 

43. 245 !i. —80.5° 
45. Vc - VK = l0Z0oV 

I,„, = I84Z37.10 mA 
I/( = l47Z0oniA 
Ic = 111 Z90o mA 

47. (a) 6.59 Z-48.8° <i 
(c) 11.4Z90° mA 
(e) -48.8° leading Vj) 

49. 18.4 kfl resistor in -series with 196 pF capacitor. 
51. VCT = 8.42Z-2.9°V, Vcz = 1.58Z-57.50V 

Vfj = 3.65Z6.8° V. V,,, = 3.29Z32.5° V 
Vw = 2,36Z6.8"' V. VKi = l.29Z6.8"V 

S3. I,„, = 79.5Z87.l°mA,Iaff, = 6.99 Z 32.5° mA 
IC3 = 75.7Z96.8°mA.I/i2K3 = 7.16Z6.8°mA 

55. O.IOS^F 
57. IC| = Iri = 2.27Z74.5° mA 

IRZ = 2.04Z72.00 mA 
Ir3 = 246Z84.3°/LA 
I/M = 149Z4l.2°/iA 

5. (a) 17.4Z46.4° fl 
(c) 127Z 84.60fl 

7. 806 £1,4.11 mH 
9. 0.370 V 

II. (a) 43.5Z—55° mA 
13. 0 increases from 38.7° to 58.1 °. 
15. (a) Vr - 4,85Z-14.1° V 

Vt = 1.22 Z 75.9° V 
(b) Vr = 3.83 Z—40.0° V 

\L = 3.21 Z 50.0° V 
(cl Vr = 2.16Z—64.5° V 

\L = 4.51 Z25..5° V 
(d) Vr = 1.I6Z—76.6° V 

Vr = 4.86 Z 13.4° V 
17. (a) -0.0923° (b) -9.15° 

(b) 64.0 Z 79.2° !1 
(d) 251Z 87.3° £2 

(b) I I.8Z—34.6°mA 

(e) -58.2° Id) -86.4° 
19. (a) 80.5 Z 90°/iV 

(c) 7.95 Z 80.9° mV 
21. 4.99 £1 + /5.93 £1 
23. 2.39 kHz 
25. (a) 274 Z 60.7° £1 

(c) 159Z —90° mA 

(b) 805 Z 90°/iV 
Id) 42.5 Z 31.8° mV 

(b| 89.3 Z0° mA 
(d) 182 Z—60.7° mA 

(e) 60.7° lagging VJ 
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27. 1.83 krt resistor in series with 4.21 kii inductive reactance 
29. VK| = 21.8Z-3.89°V 

VK = 7.27 Z 9.61 "V 
Vrj = 3.38 Z-53.3° V 
Vu = V,_2 - 6.44Z37,3° V 

31. Iri = /T = 389Z—3.89° mA 
Ir2 = 330 Z 9.61 °tnA 
I„3 - 102Z—53.3°mA 
1/1 = I/i - 51.3Z—52.7° mA 

33. (a) 588Z—50.5°mA (b) 22.0ZI6.I°V 
(c) 8.63Z —135° V 

35. 0 = 52.5° (V,„„ lags V/„), 0.143 
37. See Figure P-20. 

FIGURE P-20 1211 

2.5 k!! 

39. 1.29 W, 1.04 VAR 
41. Plme = 290 mW; Pr = 50.8 mVAR; 

Pa - 296 mVA; PF = 0.985 
R 43. Use the formula, V,,,,, = I  See Figure P-21. vZ,. 

FREQUENCY 
(kHz) *1 I'ouf 

0 on 39.011 1 V 
1 62,8 n 73.9 n 528 mV 
2 i26n 13211 296 mV 
3 18911 19311 203 mV 
4 251 n 254 n 153 mV 
5 31411 317 n 123 mV 

VL = 997 mV 

, -85.6° 4.44° 

Ps = 77.4 mV 

VL = 49.9 mV 

-85.6° 

Pr = 3.87 mV 

FIGURE P-22 

45. See Figure P-22. 
47. (a) 0 V 

(c) 1.62Z—25.8° V 
49. L\ leaky 
51. L\ open 
53. No fault 
55. fc ~ 53,214 kHz 

Chapter 17 

1. 520Z-88.9° 11; 520 !i capacitive 
3. Impedance increases to 1501 i 
5. I„„ = 61.4Z-43.8° mA 

Vr = 2.89Z—43.8° V 
\L - 4.91 Z46.2° V 
Vc = 2.15 Z —134° V 

7. (a) 35.8Z65.l°mA 
(b) 181 mW 
(c) 390 mVAR 
(d) 430 mVA 

9. 12 V 
II. Z = 20011. Xc = X/. = 2kn 
13. 500 mA 
15. See Figure P-23. 

(b) 0 V 
(d) 2.15Z—64.5°V 

V,„„(n.V) 

1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 

0 

\ 

\ 
\ 

0.001 «F 

101 //H 
W—1 
25.3 all 

1 

c 11.3 //H 

6.33 .HH 
W—' 

■/(kiiy 

FIGURE P-21 FIGURE P-23 
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17. The phase angle of —4.43° indicates a slightly capacilive 
circuit. 

19. IK = 50 Z Cm A 
It = 4.42Z—90° mA 
Ic = 8.29 Z 90° mA 
I,,,, = 50.2Z4.43° mA 
V/( =• Vt = Vc= 5Z0° V 

21. I„ = 50Z00 mA, I,, = 531 Z-90' (iA. 
If = 69.1 Z90°tiA. = 84.9 Z 53.9° mA 

23. 53.5 Mil. 104 kHz, 
25. P, = 0 VAR. P„ = 7.45 /iVA, Plnll, - 538 mW 
27. (a) -1.97° (Vv lags/,,,,) (b) 23.0° (K, leads /„„) 
29. 49.1 k!l resistor in series with 1,38 H inductor 
31. 45.2° (/y leads V,) 
33. IRI = IC| = 1.09 Z—25.7° mA 

1^2 = 767Zl9.3°/iA 
If2 = 767 Z 109.3° M 
It= 1.53Z—70.7° mA 
\Kl - Va - Vt - 7.67 Z 19.3° V 
\ H\ = 3.60 Z—25.7° V 
VC| = 1.09Z —116° V 

35. 52,2Z 126° mA 
37. /kscks) = 4.11 kHz 

V„„, = 4.83Z—61.0° V 
/^parallel) = 2.6 kHz 
V„u, = I0Z0°V 

39. 62.5 Hz 
41. 1.38 W 

43. 200 Hz 
45. C| leaky 
47. C,leaky 
49. No fault 
51. f. « 338.698 kHz 

Chapter 18 

I. 2.22Z-77.2°Vims 
3. (a) 9.36Z—20.7°V (b) 7.I8Z-44.1°V 

(c) 9.96Z—5.44° V (d) 9.95Z-5.74° V 
5. (a) 12.1 /xF (b) 1.45/xF 

(c) 0.723/tF (d) 0.144/xF 
7. See Figure P-24. 
9. (a) 7.13 V (b) 5.67 V (c) 4.01 V (d) 0.800 V 

II. (a) OdB (b) -3 dB (0 dB ideal) (c) -20dB 
13. 9.75 Z 12.8° V 
15. (a) 3.53Z69.3°V (b) 4.85Z6I.0°V 

(c) 947 Z 84.6° mV (d) 995 Z 84.3° mV 
17. See Figure P-25. 
19. (a) 14.5 kHz (b) 24.0 kHz 
21. (a) 15.06 kHz. 13.94 kHz (b) 25.3 kHz. 22.7 kHz 
23. (a) 117 V (b) 115 V 
25. C = 0.064/xF, L = 989/xH,/r = 20 kHz 
27. (a) 86.3 Hz (b) 7.34 MHz 
29. L[ = 0.08/xH, 

Lt = 0.554/xH 
31. C2 leaky 

0 (IB OdB 

60 Hz 
(a) lb) 

500 Hz 

OdB 

1 kHz 
(c) 

A FIGURE P-24 

OdB 

5 kHz 
(d) 
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FIGURE P-25 
OdB IcB 

/ 0 159 I I 720 11/ 

(I ilR I (IB 

10.5 kHz. 
(c) (d) 

19.9 kHz 

33. C| shorled 
35. No fault 
37. BW = 88.93 MHz 

Chapter 19 
1. 1.22 Z 28.6° mA 
3. 81.0/6 —11.9° mA 
5- VAdc) - 0 V. Va(dcl = 16.1 V, VC(lfc) = 15,1 V. 

V/xdc) = 0 V. V^(pcak) = 9 V. Vm^k) - 5.96 V. 
Vc(peak| = V/jjpjak) = 4.96 V 

7. 766Z—71.70mA 
9. (a) V„, = I5Z—53.1°V 

7,1, = 63 SI - J4Sn = 79.2 Z-37.3° 1! 
(b) V,,, = 1.22Z0° V 

7..1, = y237 ft = 237 Z 90° ft 
(c) V,,, = 12.1 Z11.9° V 

7.1, = 50 kft - j20kft = 53.9Z—21.8° kft 
11. 16.9 Z 88.2° V 
13. (a) I„ = 189 Z —15.8° mA 

Z„ = 63 ft - 748 ft 
<b) I„ = 5.I5Z—90°mA 

Z„ = 7237 ft 
(c) l„ = 224 Z 33.7° M 

Z„ = 50 kft - 720 kft 
15. 16.8 Z 88.5° V 
17. 9.18ft + 72.90ft 
19. 95.2 ft + 742,7 !! 
21. C2 leaky 
23. No fault 

25. I„ = 30.l42Z-ll3.1°/xA 
Z„ - 30.3 Z 64.28° kft 

Chapter 20 

I. 103/ts 
3. 12,6 V 
5. See Figure P-26. 

10 V 
r « iw 

0 
10V 

r » iw 

0 

A FIGURE P-26 

7. (a) 23.5 ms (b) See Figure P-27. 

10 V -I- - 

0 
125 242.5 

-((ms) 

FIGURE P-27 

9. See Figure P-28. 

► FIGURE P-28 
6.32 V  
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II. See Figure P-29. 

235 500 735 970 1205 1440 1575 

A FIGURE P-29  

13. See Figure P-30. 

• ((ms| 

0.532 V j ^7 0644 V j .'0.644 V 
1/ 1/ 
/ 0.0316 V l' 0.032 V 

25 fis 15 fis 

FIGURE P-30 

IS. See Figure P-31. 

+ 10 V 

r « iw o 

- 10 V 

I » /,!, 0 - 

FIGURE P-31 

17. (a) 493.5 ns (b) See Figure P-32. 

-2.461/1!,- 

— 5V 

FIGURE P-32 

19. An approximate square wave with an average value of zero. 
21. See Figure P-33. 

2 V - - 

250 MXJ 'Ml 
t(ms) 

FIGURE P-33 

23. (a) 4.55^8 (b) See Figure P-34. 

10 V 

K 1,11V 
II 10 MS 32.8 MS 

-8.89 V 
A FIGURE P-34 

25. 15.9 kHz. 
27. (a) Capacitor open or R shoited. 

(b) C leaky or R > 3,3 k!l or C > 0.22 /iF 
(c) Resistor open or capacitor shorted 

29. C| open or R\ shorted 
31. Ri or R2 open 

Chapter 21 

I. 376 mA 
3. 1.32Z 121° A 
5. 1^ - 8.66Z-30° A 

I,A = X.66Z90" A 
I,,. = 8.66Z —150° A 

7. (a) VUab) - 866Z-300 V 
V/M*,) = 866Z-150° V 
"Ubc) = 866Z90°V 

(bl I,- 500Z—320mA 
loh = 500Z88° mA 
Ift. = 500Z —152° mA 

(c) lu - 500Z-32omA 
I/j, = .500Z88'>mA 
I ^ = 500Z-l52°mA 

(d) Ifa, - 500Z-32'5mA 
l/j, = 500Z88°mA 
I/,. = 500Z —152° mA 
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(e) V2a = 500 Z0° V 
v», = 500Z120°V 
Va = 500Z —120° V 

(a) ^Uah) = 86.6Z—30° V 
^Uca) = 86.6Z —150° \ 
VUbc) = 86.6Z90° V 

(b) ha - 250 Z 110° mA 
klh = 250 Z —130° mA 
I»c = 250Z —10° mA 

(c) ILU = 250 Z110° mA 
Ili = 250 Z —130° mA 
lie = 250Z —10°mA 

(d) l2» = I44Z 140° m A 
la, = I44Z20° mA 
Iz = I44Z —100° mA 

(t) = 86.6 Z —15(1'' V 
Vja, - 86.6 Z 90° V 
\jl, = 86.6Z—30° V 

"■ = 330Z —120° V 
Vu«,) = 330 Z120° V 
V,,lM - 330Z0" V 

= 38.2 Z- 150° A 
la, - 38.2Z—30° A 
rz. = 38.2Z90° A 

13. Figure 21-34: 636 W 
Figure 21-35: 149 W 
Figure 21-36: 12.8 W 
Figure 21-37: 2.78 kW 
Figure 21-38: 10.9 kW 

15. 24.2 W 



Glossary 

accuracy The degree to which a measured value represents the 
true or accepted value of a quantity. 
admittance (T) A measure of the ability of a reactive circuit to per- 
mit current; the reciprocal of impedance. The unit is the Siemens (S). 
alternator An ac generator that converts energy of motion into 
electrical energy. 
ammeter An electrical instrument used to measure current, 
ampere (A) The unit of electrical current, 
ampere-hour (Ah) rating A capacity rating for batteries deter- 
mined by multiplying the current (A) times the length of time 
(h) a battery can deliver that current to a load, 
ampere-turn The current in a single loop (turn) of wire, 
amplitude The maximum value of a voltage or current, 
angular velocity The rotational rale of a phasor which is related 
to the frequency of the sine wave that the phasor represents, 
anode The terminal of a polarized device that electrons flow 
from. For a battery that is supplying current, this is the negative 
terminal; for a diode, it is the positive terminal, 
apparent power The phasor combination of resistive power (true 
power) and reactive power. The unit is the volt-ampere (VA). 
apparent power rating The method of rating transformers in 
which the power capability is expressed in volt-amperes (VA). 
armature The power-producing coil in an alternator, generator, 
or motor. In dc generators, the armature is the rotor, but in alterna- 
tors it can be either the rotor or the stalor. In motors, the armature 
is the rotor. 
atom The smallest particle of an element possessing the unique 
characteristics of that clement. 
atomic number The number of protons in a nucleus, 
attenuation A reduction of the output signal compared to the in- 
put signal, resulting in a ratio with a value of less than I for the 
output voltage to the input voltage of a circuit, 
autotransformer A transformer in which the primary and 
secondary arc in a single winding. 
average value The average of a sine wave over one half-cycle. It 
is 0.637 times the peak value. 
AWG American wire gauge; a standardization based on wire 
diameter. 

back cmf (electromotive force) A voltage developed across a 
spinning armature that opposes the original applied voltage, 
balun A type of transformer used to convert a balanced line (such 
as twisted pair wiring) to an unbalanced line (such as coaxial 
cable) or vice-versa. 
balanced bridge A bridge circuit that is in the balanced stale as 
indicated by 0 V across the output. 

balanced load A condition where all the load currents are equal 
and the neutral current is zero. 
band-pass filter A filter that passes a range of frequencies lying 
between two critical frequencies and rejects frequencies above 
and below that range. 
band-slop filter A filter that rejects a range of frequencies lying 
between two critical frequencies and passes frequencies above and 
below that range. 
bandwidth The range of frequencies for which the current (or 
output voltage) is equal to or greater than 70.7% of its value at the 
resonant frequency that is considered to be passed by a filler, 
baseline The normal level of a pulse waveform: the voltage level 
in the absence of a pulse. 
battery An energy source that uses a chemical reaction to convert 
chemical energy into electrical energy. 
bias The application of a dc voltage to an electronic device to 
produce a desired mode of operation. 
bleeder current The current left after the total load current is 
subtracted from the total current into the circuit. 
Bode plot The graph of a filter's frequency response showing the 
change in the output voltage to input voltage ratio expressed in dB 
as a function of frequency for a constant input voltage. 
branch One current path in a parallel circuit; a current path that 
connects two nodes. 
branch current The actual current in a branch. 

capacitance The ability of a capacitor to store electrical charge, 
capacitive reactance The opposition of a capacitor to sinusoidal 
current. The unit is the ohm (11). 
capacitive susceplance (Be) The ability of a capacitor to permit 
current; the reciprocal of capacitive reactance. The unit is the 
Siemens (S). 
capacitor An electrical device consisting of two conductive 
plates separated by an insulating material and possessing the 
property of capacitance. 
cathode The terminal of a polarized device that electrons flow to. 
For a battery that is supplying current, this is the positive terminal; 
for a diode, it is (he negative terminal. 
center frequency (/o) The resonant frequency of a bandpass or 
band-slop filler. 
center tap (CT) A connection at the midpoint of a winding in a 
transformer. 
charge An electrical property of matter that exists because of an 
excess or a deficiency of electrons. Charge can be either positive 
or negative. 
choke A type of inductor used to block or choke off high 
frequencies. 
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circuit An interconnection of electrical components designed to 
produce a desired result. A basic circuit consists of a source, a 
load, and an interconnecting current path, 
circuit breaker A resettable protective device used for interrupt- 
ing excessive current in an electric circuit, 
circular mil (CM) A unit of the cross-sectional area of a wire, 
closed circuit A circuit with a complete current path, 
coefficient The constant number that appears in front of a variable, 
coefficient of coupling (A:) A constant associated with transformers 
that is the ratio of secondary magnetic flux to primary magnetic 
flux. The ideal value of I indicates that all the flux in the primary 
winding is coupled into the secondary winding, 
common Reference ground. 
complex conjugate A complex number having the same real part 
and an oppositely signed imaginary part; an impedance containing 
the same resistance and a reactance opposite in phase but equal in 
magnitude to that of a given impedance, 
complex plane An area consisting of four quadrants on which a 
quantity containing both magnitude and direction can be represented, 
conductance (G) The ability of a circuit to allow current; the 
reciprocal of resistance. The unit is the Siemens (S). 
conductor A material in which electric current is easily estab- 
lished. An example is copper. 
core The physical structure around which the winding of an in- 
ductor is formed. The core material influences the electromagnetic 
characteristics of the inductor. Also, the inner shells of an atom, 
coulomb (C) The unit of electrical charge; the total charge pos- 
sessed by 6.25 X 1018 electrons. 
Coulomb's law A law that stales a force exists between two 
charged bodies that is directly proportional to the product of the 
two charges and inversely proportional to the square of the dis- 
tance between them. 
critical frequency (/c) The frequency at which a filter's output 
voltage is 70.7% of the maximum, 
current The rale of flow of charge (electrons), 
current divider A parallel circuit in which the currents divide in- 
versely proportional to the parallel branch resistances, 
current source A device that provides a constant current for a 
varying load. 
cutoff frequency (/c) The frequency at which the output voltage 
of a filter is 70.7% of the maximum output voltage; another term 
for critical frequency. 
cycle One rcpeiition of a periodic waveform. 

DC component The average value of a pulse waveform, 
decade A tenfold change in frequency or other parameter, 
decibel A logarithmic measurement of the ratio of one power to 
another or one voltage to another, which can be used to express 
the input-to-outpul relationship of a filler, 
degree The unit of angular measure corresponding to 1/360 of a 
complete revolution. 
determinant The solution of a matrix consisting of an array of 
coefficients and constants for a set of simultaneous equations, 
dielectric The insulating material between the plates of a capacitor, 
dielectric constant A measure of the ability of a dielectric mate- 
rial to establish an electric field. 

dielectric strength A measure of the ability of a dielectric male- 
rial to withstand voltage without breaking down, 
differentiator A circuit producing an output that approaches the 
mathematical derivative of the input, 
digital multimeter An electronic instrument that combines 
meters for the measurement of voltage, current, and resistance. 
DMM Digital multimeter; an electronic instrument that combines 
meters for measurement of voltage, current, and resistance, 
duly cycle A characteristic of a pulse waveform that indicates the 
percentage of lime that a pulse is present during a cycle; the ratio 
of pulse width to period, expressed as either a fraction or as a 
percentage. 

effective value A measure of the healing effect of a sine wave; 
also known as the rms (root mean square) value, 
efficiency The ratio of the output power delivered to a load to the 
input power to a circuit, usually expressed as a percentage, 
electrical Related to the use of electrical voltage and current to 
achieve desired results. 
electrical isolation The condition in which two circuits have no 
common conductive path between them, 
electrical shock The physical sensation resulting from electrical 
current through the body. 
electromagnetic field A formation of a group of magnetic lines 
of force surrounding a conductor created by electrical current in 
the conductor. 
electromagnetism The production of a magnetic field by current 
in a conductor. 
electromagnetic induction The phenomenon or process by which 
a voltage is produced in a conductor when there is relative motion 
between the conductor and a magnetic or electromagnetic field, 
electron A basic particle of electrical charge in matter. The elec- 
tron possesses negative charge. 
electronic Related to the movement and control of free electrons 
in semiconductors or vacuum devices. 
electronic power supply A voltage source that converts the ac 
voltage from a wall outlet to a constant (dc) voltage at a level suit- 
able for electronic components. 
element One of the unique substances that make up the known uni- 
verse. Each element is characterized by a unique atomic structure, 
energy The ability to do work. 
engineering notation A system for representing any number as a 
one-, two-, or three-digit number times a power of ten with an 
exponent that is a multiple of 3. 
equivalent circuit A circuit that produces the same voltage and 
current to a given load as the original circuit that it replaces, 
error The difference between the true or best-accepted value of 
some quantity and the measured value. 
exciter A separate dc generator used to supply current to the field 
coils of a large generator or alternator. Normally, excitation cur- 
rent is controlled automatically. 
exponent The number to which a base number is raised. 

falling edge The negative-going transition of a pulse, 
fall time (tf) The time interval required for a pulse to change 
from 90% to 10% of its amplitude, 
farad (F) The unit of capacitance. 
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Faraday's law A law slating that the voltage induced across a 
coil of wire equals the number of turns in the coil times the rale of 
change of the magnetic flux. 
field winding The winding on the rotor of an ac generator, 
filter A type of circuit thai passes certain frequencies and rejects 
all others. 
free electron A valence electron that has broken away from its 
parent atom and is free to move from atom to atom within the 
atomic structure of a material. 
frequency A measure of the rate of change of a periodic func- 
tion; the number of cycles completed in I s. The unit of frequency 
is the hertz. 
frequency response In electric circuits, the variation in the out- 
put voltage (or current) over a specified range of frequencies, 
fuel cell A device that converts electrochemical energy into dc 
voltage directly. 
function generator An electronic instrument that produces elec- 
trical signals in the form of sine waves, triangular waves, and 
pulses. 
fundamental frequency The repetition rale of a waveform, 
fuse A protective device that burns open when there is excessive 
current in a circuit. 

gauss (G) A COS unit of flux density, 
generator An energy source that produces electrical signals, 
ground In electric circuits, the common or reference point, 
ground plane A conducting surface used as a reference point for 
circuit returns; a conducting surface used in antenna systems to 
image a radiating structure. 

half-power frequency The frequency at which the output power 
of a resonant circuit is 50% of the maximum (the output voltage is 
70,7% of maximum); another name for critical or cutoff frequency, 
half-splitting A troubleshooting procedure where one starts in 
the middle of a circuit or system and, depending on the first meas- 
urement. works toward the output or toward the input to find the 
fault. 
Hall effect A change in current across a conductor or semicon- 
ductor when current in the material is perpendicular to a magnetic 
field. The change in current produces a small transverse voltage in 
the material, called the Hall voltage. 
harmonics The frequencies contained in a composite waveform, 
which are integer multiples of the repetition frequency 
(fundamental). 
henry (H) The unit of inductance. 
hertz (Hz) The unit of frequency. One hertz equals one cycle per 
second. 
high-pass filter A type of filter that passes all frequencies above 
a critical frequency and rejects all frequencies below that critical 
frequency. 
hysteresis A characteristic of a magnetic material whereby a change 
in magnetization lags the application of magnetic field intensity. 

imaginary nuinher A number that exists on the vertical axis of 
the complex plane. 
impedance The total opposition to sinusoidal current expressed 
in ohms. 

impedance matching A technique used to match a load resist- 
ance to a source resistance in order to achieve maximum transfer 
of power. 
induced current (find) A current induced in a conductor when the 
conductor moves through a magnetic field, 
induced voltage (I'ind) Voltage produced as a result of a changing 
magnetic field. 
inductance The property of an inductor whereby a change in cur- 
rent causes the inductor to produce a voltage that opposes the 
change in current. 
induction motor An ac motor that achieves excitation to the rotor 
by transformer action. 
inductive reactance The opposition of an inductor to sinusoidal 
current. The unit is the ohm (11). 
inductive susceptance The ability of an inductor to permit current; 
the reciprocal of inductive reactance. The unit is the Siemens (S). 
inductor An electrical device formed by a coil of wire a having 
the property of inductance: also known as coil. 
instantaneous power The value of power in a circuit at any given 
instant of lime. 
instantaneous value The voltage or current value of a waveform 
at a given instant in lime. 
insulator A material thai does not allow current under normal 
conditions. 
integrator A circuit producing an output that approaches the 
mathematical integral of the input. 
ion An atom that has a net positive or negative charge. 

joule (J) The SI unit of energy. 
junction A point at which two or more components arc 
connected. 

kilowatt-hour (kVVh) A large unit of energy used mainly by util- 
ity companies. 
KirchholT's current law A law staling that the total current into a 
node equals the total current out of the node. Equivalently, the 
algebraic sum of all the currents entering and leaving a node is zero. 
KirchhofTs voltage law A law slating that (I) the sum of the 
voltage drops around a single closed path equals the source volt- 
age in that loop or (2) the algebraic sum of all the voltages around 
any closed path in a circuit is zero. 

lag Refers to a condition of the phase or time relationship of wave- 
forms in which one waveform is behind the other in phase or time, 
lead Refers to a condition of the phase or lime relationship of 
waveforms in which one waveform is ahead of the other in phase 
or time; also, a wire or cable connection to a device or instrument, 
leading edge The first step or transition of a pulse. 
Lenz's law A law that stales when the current through a coil 
changes, the polarity of the induced voltage created by the chang- 
ing magnetic field is such that it always opposes the change in 
current that caused it. The current cannot change instantaneously, 
linear Characterized by a straight-line relationship, 
line current The current through a line feeding a load, 
lines offeree Magnetic flux lines in a magnetic field radiating 
from the north pole to the south pole. 
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line voltage The voltage between lines feeding a load, 
load An element (resistor or other component) connected across 
the output terminals of a circuit that draws current from the 
source; an element in a circuit upon which work is done, 
load cell A transducer that uses strain gauges to convert mechani- 
cal force into an electrical signal, 
loop A closed eurrcnl path in a circuit. 
loop current A current assigned to a circuit purely for the pur- 
pose of mathematical analysis and not normally representing the 
actual physical current. 
low-pass filter A type of filter that passes all frequencies below a 
critical frequency and rejects all frequencies above that critical 
frequency. 

magnetic coupling The magnetic connection between two coils 
as a result of the changing magnetic flux lines of one coil culling 
through the second coil. 
magnetic field A force field radiating from the north pole to the 
south pole of a magnet. 
magnetic field intensity The amount of mmf per unit length of 
magnetic material; also called magnetizing force. 
magnetic flux The lines of force between the north and south 
poles of a permanent magnet or an electromagnet, 
magnetic flux density The amount of flux per unit area perpen- 
dicular to the magnetic field. 
magnetomotive force (mmf) The cause of a magnetic field, 
measured in ampere-lums. 
magnitude The value of a quantity, such as the number of volts 
of voltage or the number of amperes of current, 
matrix An array of numbers. 
maximum pow er transfer A transfer of maximum power from a 
source to a load when the load resistance equals the internal 
source resistance. 
metric prefix An affix that represents a power-of-ten number 
expressed in engineering notation. 
multimeter An instrument that measures voltage, current, and 
resistance. 
mutual inductance The inductance between two separate coils, 
such as in a transformer. 

neutron An atomic particle having no electrical charge, 
node A point in a circuit where two or more components are con- 
nected; also known as a junction. 
Norton's theorem A method for simplifying a two-terminal lin- 
ear circuit to an equivalent circuit with only a current source in 
parallel with a resistance or impedance, 
nucleus The central part of an atom containing protons and 
neutrons. 

ohm (fi) The unit of resistance. 
ohmmeter An instrument for measuring resistance. 
Ohm's law A law staling that current is directly proportional to 
voltage and inversely proportional to resistance. 
open A circuit condition in which there is not a complete current 
path. 
open circuit A circuit in which there is not a complete current path. 

oscillator An electronic circuit that produces a time-varying sig- 
nal without an external input signal using positive feedback, 
oscilloscope A measurement instrument that displays signal 
waveforms on a screen. 

parallel The relationship between two circuit components that 
exists when they are connected between the same pair of nodes, 
parallel resonance A condition in a parallel RLC circuit in which 
the reactances ideally are equal and the impedance is maximum, 
passband The range of frequencies passed by a filler, 
pcak-to-peak value The voltage or current value of a waveform 
measured from its minimum to its maximum points, 
peak value The voltage or current value of a waveform at its 
maximum positive or negative points. 
period (T) The lime interval of one complete cycle of a periodic 
waveform. 
periodic Characterized by a repetition at fixed-time intervals, 
permeability The measure of case with which a magnetic field 
can be established in a material. 
phase The relative angular displacement of a lime-varying quan- 
tity with rcspcet to a given reference. 
phase current (/y) The current through a generator winding, 
phase voltage (Vy) The voltage across a generator winding, 
phasor A representation of a sine wave in terms of its magnitude 
(amplitude) and direction (phase angle), 
photoconductivc cell A type of variable resistor that is light- 
sensitive. 
photovoltaic effect The process whereby light energy is con- 
verted directly into electrical energy. 
piezoelectric effect The properly of a crystal whereby a changing 
mechanical stress produces a voltage across the crystal, 
polar form One form of a complex number made up of a magni- 
tude and an angle. 
potentiometer A three-terminal variable resistor, 
power The rate of energy usage. The unit is the wall, 
power factor The relationship between volt-amperes and true 
power or watts. Volt-amperes multiplied by the power factor 
equals true power. 
power of ten A numerical rcprcscntaiion consisting of a base of 
10 and an exponent; the number 10 raised to a power, 
power rating The maximum amount of power that a resistor can 
dissipate without being damaged by excessive heat buildup, 
power supply An electronic device that converts ac voltage to dc 
voltage. 
primary w inding The input winding of a transformer; also called 
primary. 
proton A positively charged atomic particle, 
pulse A type of waveform that consists of two equal and opposite 
steps in voltage or current separated by a lime interval, 
pulse repetition frequency The fundamental frequency of a 
repetitive pulse waveform; the rale at which the pulses repeal ex- 
pressed in either hertz or pulses per second, 
pulse width (/^) For a nonideal pulse, the time between the 50% 
points of the leading and trailing edges; the lime interval between 
the opposite steps of an ideal pulse. 



Glossary ♦ 971 

quality factor (Q) The ratio of true power to reactive power in a 
resonant circuit or the ratio of inductive reactance to winding re- 
sistance in an inductor. 

radian A unit of angular measurement. There are 277 radians in 
one complete 360° revolution. One radian equals 57.3°. 
ramp A type of waveform characterized by a linear increase or 
decrease in voltage or current. 
KC lag circuit A phase shift circuit in which the output voltage, 
taken across the capacitor, lags the input voltage by a specified 
angle. 
RC lead circuit A phase shift circuit in which the output voltage, 
taken across the resistor, leads the input voltage by a specified angle. 
RC time constant A fixed time interval set by the values of R and 
C that determines the time response of a scries RC circuit. It 
equals the product of the resistance and the capacitance, 
reactive power The rale at which energy is alternately stored and 
relumed to the source by a capacitor or inductor. The unit is the 
VAR. 
real number A number that exists on the horizontal axis of the 
complex plane. 
rectangular form One form of a complex number made up of a 
real part and an imaginary part. 
rectifier An electronic circuit that converts ac into pulsating dc; 
one part of a power supply. 
reference ground A method of grounding whereby a large con- 
ducive area on a printed circuit board or the metal chassis that 
houses the assembly is used as the common or reference point, 
reflected load The load as it appears to the source in the primary 
of a transformer. 
reflected resistance The resistance in the secondary circuit re- 
flected into the primary circuit. 
regulate To constantly sense and automatically adjust an output if 
it tries to change because of a change in the line voltage of the load, 
relay An electromagnetically controlled mechanical device in 
which electrical contacts are opened or closed by a magnetizing 
current. 
reluctance The opposition to the establishment of a magnetic 
field in a material. 
resistance Opposition to current. The unit is the ohm (O). 
resistor An electrical component specifically designed to have a 
certain amount of resistance. 
resolution The smallest increment of a quantity that a DMM can 
measure. 
resonance A condition in a series RLC circuit in which the ca- 
pacitive and inductive reactances are equal in magnitude; thus, 
they cancel each other and result in a purely resistive impedance, 
resonant frequency The frequency at which resonance occurs; 
also known as center frequency. 
rctcntivity The ability of a material, once magnetized, to main- 
tain a magnetized stale without the presence of a magnetizing 
force. 
rheostat A two-terminal variable resistor, 
ripple voltage The variation in the dc voltage on the output of a 
filtered rectifier caused by the slight charging and discharging ac- 
tion of the filler capacitor. 

rise time (/r) The lime interval required for a pulse to change 
from 10% to 90%' of its amplitude. 
rising edge The positive-going transition of a pulse. 
RL lag circuit A phase shift circuit in which the output voltage. 
taken across the resistor, lags the input voltage by a specified angle. 
RL lead circuit A phase shift circuit in which the output voltage, 
taken across the inductor, leads the input voltage by a specified 
angle. 
RL time constant A fixed time interval set by the values of/? 
and L that determines the time response of a circuit and is equal 
to L/R. 
roll-off The rale of decrease of a filler's frequency response, 
mis value The value of a sinusoidal voltage that indicates its 
heating effect, also known as the effective value. It is equal to 
0.707 times the peak value, rms stands for root mean square, 
rotor The rotating assembly in a generator or motor. 

sawtooth waveform A type of electrical waveform composed of 
ramps; a special case of a triangular waveform in which one ramp 
is much shorter than the other. 
schematic A symbolized diagram of an electrical or electronic 
circuit. 
scientific notation A system for representing any number as a 
number between I and 10 limes an appropriate power of ten. 
secondary winding The output winding of a transformer; also 
called secondary. 
Sccbeck effect The generation of a voltage at the junction of two 
different materials that have a temperature difference between them, 
selectivity A measure of how effectively a resonant circuit passes 
certain desired frequencies and rejects all others. Generally, the 
nairower the bandwidth, the greater the selectivity. 
self-excited generator A generator in which the field windings 
derive their current from the output. 
semiconductor A material that has a conductance value between 
that of a conductor and an insulator. Silicon and germanium are 
examples. 
series In an electric circuit, a relationship of components in 
which the components are connected such that they provide a sin- 
gle current path between two points. 
series resonance A condition in a series RLC circuit in which the 
reactances ideally cancel and the impedance is minimum. 
shell The orbit in which an electron revolves. 
short A circuit condition in which there is a zero or abnormally 
low resistance path between two points; usually an inadvertent 
condition. 
SI Standardized international system of units used for all engi- 
neering and scientific work; abbreviation for French Le Systeme 
International d'Unites. 
Siemens (S) The unit of conductance. 
simultaneous equations A set of n equations containing n un- 
knowns, where n is a number with a value of 2 or more, 
sine wave A type of waveform that follows a cyclic sinusoidal 
pattern defined by the formula y = A sin d. 
slip The difference between the synchronous speed of the slalor 
field and the rotor speed in an induction motor. 
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solenoid An electromagneiically controlled device in which the 
mechanical movement of a shaft or plunger is activated by a mag- 
netizing current. 
solenoid valve An electrically controlled valve for control of air- 
water. steam, oils, refrigerants, and other fluids, 
source A device that produces electrical energy, 
speaker An electromagnetic device that converts electrical sig- 
nals to sound waves. 
squirrel cage An aluminum frame within the rotor of an induction 
motor that forms the electrical conductors for a rotating current, 
stator The stationary outer part of a generator or motor, 
steady state The equilibrium condition of a circuit that occurs 
after an initial transient lime. 
step-down transformer A transformer in which the secondary 
voltage is less than the primary voltage. 
step-up transformer A transformer in which the secondary 
voltage is greater than the primary voltage. 
stiff voltage Voltage in which the load resistor is at least ten 
limes larger than the divider resistors. 
strain gauge A type of variable resistor that changes resistance 
w hen force is applied. 
superposition theorem A method for the analysis of circuits 
with more than one source. 
switch An electrical device for opening and closing a current path, 
synchronous motor An ac motor in which the rotor moves at the 
same rate as the rotating magnetic field of the stator. 

tank circuit A parallel resonant circuit, 
tapered Nonlinear, such as a tapered potentiometer, 
temperature coefficient A constant specifying the amount of 
change in the value of a quantity for a given change in temperature, 
terminal equivalency The concept that when any given load re- 
sistance is connected to two sources, the same load voltage and 
load current are produced by both sources, 
tesla (T) The SI unit of flux density. 
thermistor A type of variable resistor that is temperature-sensitive, 
thermocouple A thermoelectric type of voltage source com- 
monly used to sense temperature. 
Thcvcnin's theorem A method for simplifying a two-terminal 
linear circuit to an equivalent circuit with only a voltage source in 
series with a resistance or impedance. 
time constant A fixed-time interval, set by R and C. or R and L 
values, that determines the time response of a circuit, 
tolerance The limits of variation in the value of a component, 
trailing edge The second step or transition of a pulse, 
transducer A device that senses a change in a physical parameter 
and converts that change into an electrical quantity, such as a 
change in resistance. 

transformer An electrical device constructed of two or more 
coils (windings) that are electromagneiically coupled to each other 
to provide a transfer of power from one coil to another, 
transient lime An interval equal to approximately five time 
constants, 
triangular waveform A type of electrical waveform that consists 
of two ramps. 
trigger The activating signal for some electronic devices or 
instruments. 
trimmer A small variable capacitor. 
troubleshooting A systematic process of isolating, identifying, 
and correcting a fault in a circuit or system, 
true power The power that is dissipated in a circuit, usually in 
the form of heat. 
turns ratio (n) The ratio of turns in the secondary winding to 
turns in the primary winding. 

unbalanced bridge A bridge circuit that is in the unbalanced 
stale as indicated by a voltage across the bridge that is propor- 
tional to the amount of deviation from the balanced state. 

valance Related to the outer shell or orbit of an atom, 
valence electron An electron that is present in the outermost 
shell of an atom. 
VAR (volt-ampere reactive) The unit of reactive power, 
varactor A semiconductor device that exhibits a capacitance char- 
acteristic that is varied by changing the voltage across its terminals, 
volt The unit of voltage or electromotive force, 
voltage The amount of energy per charge available to move elec- 
trons from one point to another in an electric circuit, 
voltage divider A circuit consisting of scries resistors across 
which one or more output voltages arc taken, 
voltage drop The decrease in voltage across a resistor due to a 
loss of energy. 
voltage source A device that provides a constant voltage for a 
varying load. 
voltmeter An instrument used to measure voltage. 

Walt (W) The unit of power. One watt is the power when 1 J of 
energy is used in I s. 
Walt's law A law that stales the relationships of power to current, 
voltage, and resistance. 
waveform The pattern of variations of a voltage or current show- 
ing how the quantity changes with time, 
weber The SI unit of magnetic flux, which represents 10s lines. 
Wheatstone bridge A 4-lcgged type of bridge circuit with which 
an unknown resistance can be accurately measured using the bal- 
anced stale of the bridge. Deviations in resistance can be meas- 
ured using the unbalanced state, 
winding The loops or turns of wire in an inductor, 
wiper The sliding contact in a potentiometer. 
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Absolute value, 752 
Absolute permittivity, 491 
Accuracy, 12, 15.55 
Admittance. 652,685.716.766 
Addition, 6 
Alarm system, 410 
Allemaling current, 421-446 
Alternation, 421 
Alternator, 447-450,914 
Ammeter, 52.65,206 
Ampere. 34.65 
Ampere-hour. 112,115 
Ampcrc-lurn, 386.413 
Amplifier, tuned, 786 
Amplitude, 427,456,470 
Amplitude modulation (AM), 467,788 
Analog multimeter, 56, 107.206,250 
Analog oscilloscope, 461 
Angled 1,438,625 
Angular measurement, 430-434 
Angular velocity, 441.470 
Antenna. 599,786 
APM (Analysis, Planning, and Measurement) 

method, 87 
Apparent power, 600,614, 666, 668,685, 726 
Arbitrary waveform generator, 426 
Armature, 405 
Armature winding. 448 
Atom. 21,65 
Alomie number, 22 
Attenuation, 461,806,826 
Audio crossover network, 788 
Automotive application, 205,401 
Autoranging, 55 
Autotransformer, 606 
Average value, 429,456,470 
AWG (American Wire Gauge), 49.65 
Axis, imaginary. 624 
Axis, real, 624 

Back emf, 408 
Balanced bridge. 258,269 
Balanced load, 915,932 
Balanced signal. 599 
Balun, 599 
Bandwidth, 674,685,782-786, 815 
Bar graph. 52 
Baseline. 454.456 
Battery. 28-30,45, 109 
Bias voltage, 148,675 
Bleeder current, 247,269 
Bode plot, 807, 813, 826 

Body resistance, 58 
Bohr model, 21 
Branch. 179, 198,208.212,216,240,294. 

350,368.835 
Branch current method. 350-352 
Breakdown voltage, 488 
Bridge circuit, 258-262,269,306,322 
Bridged-T, 357, 364 
Brushes, 403,447 
Brushless motor. 408 
Bypass capacitor, 525 

Calculator. 9.190.347.430.435 
Capacitance, 486-487,496,497, 502,506 
Capacitance meter, 496 
Capacitive reactance, 515-519,531,635, 

752, 770 
Capacitive susceplance, 651,685,766 
Capacitor. 485-491,531 

Aluminum, 494 
Blocking. 524 
Bypass. 525 
Ceramic, 492 
Chip, 38 
Coupling, 524 
Decoupling, 525 
Electrolytic, 489,494 
Filter, 522 
Fixed. 492 
Mica. 492 
Plastic-film, 493 
Polarized, 494 
Tantalum, 494 
Trimmer. 496 
Variable, 496 

Capacitor chaiging. 485.503.506.868.879 
Capacitor color code, 943 
Capacitor discharging. 504.506.868.879 
Capacitor labeling. 496 
Carbon composition resistor, 37 
Cathode ray lube (CRT), 461 
Cell. 30, 31 
Center tap, 603,614 
Ceramic. 33 
CGS system, 3 
Characteristic determinant. 343 
Charge. 25-27,34.65. 109.485.498 
Chassis ground, 51, 152 
Chlorine atom, 26 
Choke. 571,572 
Circuit, 44-52,65 
Circuit breaker, 48 

Circuit ground, 51.152-168 
Circular mil, 49 
Closed circuit, 46,66 
Coaxial cable. 599 
Coefficient, 341 
Coefficient of coupling. 585 
Coercive force, 397 
Coil, 388, 545, 585 
Color code, 39-41 
Common, 51,152 
Commutator. 403 
Complex conjugate. 854.859 
Complex numbers, 624-633 

Polar form, 628,685 
Rectangular form, 628,685 

Complex number conversions, 629,630 
Complex number math, 631-633 
Complex plane. 624.685 
Composite waveform, 459 
Conductance. 37.66. 189.651, 716, 766 
Conductive noise, 571 
Conductor, 24.45,66 
Contact resistance, 213 
Control circuits, 206 
Conventional cunent direction, 45 
Coordinate. 626 
Copper. 23,24, 50,914 
Core, atomic. 23 
Core loss, 601 
Core, magnetic, 547 
Coulomb, 25.34,66.486 
Coulomb's law, 25.66 
Coupling, 524, 675 
Crankshaft position sensor, 401 
Current, 2,28,33-36,45,53,58,66,76,77, 

78.79-82,103,123,129-130, 131. 
184-188,197. 198-202,239,247,294, 
449.504.514.555.557.640,655.707. 
719.760,768.772.835 

Cunent direction, 45 
Cunent divider, 198-202,216 
Current source, 35,66, 197, 288-290, 292, 

300,311,312, 850 
Cunent tracer, 212 
Cycle, 422,470 

d'Arsonval movement. 392 
DC component. 895.903 
DC generator, 32,402-406 
Decade, 807,826 
Decibel, 804 
Decoupling, 525 
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Degree. 430,470 
Delia-connected generator. 920 
Delta-delta system, 928 
Delta-wye conversion, 319 
Delta-wye system, 608.926 
Derivative, 514 
Derived unit. 2 
Determinant. 343-347.368 
Dielectric. 485.490.532 
Dielectric absorption. 495 
Dielectric constant, 490 
Dielectric strength, 488 
Differentiator, 879-885, 891-895, 896,903 
Digital oscilloscope, 462 
Digital-to-analog conversion, 255 
Diode plate. 450 
Division. 7 
DMM (digital multimeter). 54,66, 107,250 
DPDT (double-pole-double-lhrow) switch, 47 
DPST (double-pole-single-lhrow) switch, 47 
Duty cycle, 455,470 

Earth ground. 51 
Eddy current. 601 
Effective value, 428 
Efficiency, 112, 115.602 
Electrical charge, 25-27,34,65,485,498 
Electrical isolation, 585,592 
Electrical units, 3 
Electrical safely, 58-61 
Electrical shock, 58, 66 
Electric circuit, 44-52. 103 
Electric field, 25,488 
Electrode. 28 
Electromagnet, 388 
Electromagnetic field, 383,413,545,549.585 
Electromagnetic induction, 32.397-402, 

413.549 
Electromagnetism, 383-389.413 
Electromotive force, 28 
Eleciron,2l, 22, 23.66 
Electron charge, 26 
Electron flow direction, 45 
Element, 21 
EMI (electromagnetic interference), 572 
Energy, 22,27, 101-103, 109, 115,488,546 
Energy conversion, 109, 110,555 
Energy level, 22,23 
Engineering notation. 8, 15 
Equivalent circuit, 301,313,841.847.859 
Error, 12, 15 
Expansion method for determinants, 345 
Exponent, 4. 15 
Exponential curve, 506,509,556, 558,562 

Fall time, 455, 470, 897 
Earad. 486,532 
Faraday's law, 399-401,413,549 
Fcmto (0.9 
Ferromagnetic. 380,547 
Field winding. 448 
Filler, 672-675,685,729,788.804-826 

Band-pass, 815-819,826 
Band-stop, 820-823.826 
High-pass, 673, 730, 811-815, 826 
Low-pass, 672.729, 804-810, 826 
l-ow-pass/high-pass combination. 816.820 

Power-supply, 522 
Resonant, 817,818,821,822 
Signal, 525 

Flux, magnetic, 378 
Flux density, 379.381 
Free electron, 19, 34,66 
Frequency. 424.447.470.600.641.708, 

771.754, 897 
Break. 804 
Center, 782,783,817,826 
Critical, 782, 804, 811,826 
Cutoff, 674,685,782, 804 
Fundamental, 459,470 
Half-power, 784.793 
-3 dB. 782,804 
Resonant. 759,760.770, 771,793 

Frequency response, 673.675.685, 895, 897 
Fuel cell, 30 
Fuel-level sensor, 147-148 
Full-scale deflection current. 206 
Full-wave rectifier, 522 
Function generator, 425,470 
Fundamental frequency. 459.470 
Fundamental unit, 2 
Fuse. 48 

Galvanometer, 259 
Gauss, 380 
Germanium, 24 
Generator, 32 

AC, 447-450. 914. 917 
DC. 32.402-406 

Giga (G), 9 
Graph, 78, 79,460 

Exponential, 506,507,509.556,558,562 
Logarithmic. 807,808,809,813 

Ground, 51,66, 152 
Ground loop, 571 
Ground plane. 152 
Ground fault circuit interrupter (GFCT). 59 

Half-power frequency. 784.793 
Half-splitting. 89, 157 
Hall effect, 382-383,413 
Harmonics. 459,470 
Helium atom, 22 
Henry (H), 546,575 
Hertz (Hz). 424.470 
Horsepower, 101 
Hydrogen atom, 22, 23,26.30 
Hypotenuse, 629 
Hysteresis. 395 - 397.413 
Hysteresis loss. 601 

IEEE, 589 
Imaginary axis, 624 
Imaginary number. 626,685 
Impedance. 597.635-637,641.650.685, 

703.708, 715, 752.762,765,771. 
779.844. 852 

Impedance matching, 597-600.614 
Impedance triangle. 636, 704 
Induced current, 399,413 
Induced voltage. 398, 413,546,549, 575 
Inductance, 546,575 
Induction, electromagnetic, 32.397-402. 

413,549 

Induction motor, 451,452,470 
Inductive reactance, 565-568,575, 702,703, 

752. 770 
Inductive susceplance, 716,740,766 
Inductor. 545-551,575 

Fixed, 551 
Parallel. 553 
Series, 552 
Variable. 551 

Instantaneous power, 520,532, 569 
Instantaneous value, 426,437,470 
Insulator. 24,66 
Integrator. 868-879,886-891.896.903 
Internal resistance of a voltmeter, 250 
Inverse tangent. 636 
Ion, 23. 26 
lonization, 23 
Isolation, electrical, 585,592 

j operator, 624, 625, 627 
Joule. 27. 101. 115 
Junction, 184,232 

Kilo (k). 9 
Kilowatt (kW), 101 
Kilowatt-hour (kWh), 102, 115 
Kirchhoff's current law, 184-188,216, 240. 

353,360,501 
Kirchhoff's voltage law, 138-142, 162,241, 

443, 498 

Ladder network, 252-257 
Lag circuit. 432.644.685.711,740 
Laser, 394 
LCD (liquid-crystal display), 55 
Lead circuit, 432,647,685, 709.740 
Lead-acid cell, 30 
Leakage, 489,601,677, 899 
LED (light-emitting diode), 55 
I-ength, 2 
Lenz's law. 401,413,549 
Light meter, 315 
Linear. 43. 77.92 
Linecurrenl. 918,932 
Lines of force, 25, 377,384,413,545 
Line voltage, 918,932 
Load, 45,66, 112, 245, 249-252, 287, 301, 

309.592,728,780,923 
Load cell. 262 
Load current. 247 
Loading effect of a voltmeter. 249-252 
Loop. 350.353-359.368,447 
Loop current method. 353-359 
Luminous intensity, 2 

Magnetic coupling. 588,614 
Magnetic domain. 381 
Magnetic disk. 383 
Magnetic field. 32.377-383.396.413.451.545 
Magnetic flux, 378,413. 601 
Magnetic flux density, 379 
Magnetic hysteresis, 395-397 
Magnetic pole, 377,447 
Magnetic switch, 382 
Magnetic units, 3 
Magnetizing force. 396 
Magnetomotive force (mmf), 386,413 
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Magneto-optical disk, 394 
Magnitude, 427,646,648,711,713 
Mass, 2 
Matrix, 343, 368 
Maximum power transfer theorem, 316-319, 

326,854-857 
Measured numbers. 12-14 
Measurement, 12. 52-58, 88.89. 152-155, 

209.210,249.309.496.662.663,930 
Mega (M), 9 
Mesh current method, 353-359 
Meter movement, 206,392 
Metric prefix, 8, 15,80,83,86 
Metric unit conversions, 10-11 
Mho. 37 
Micro (p). 9 
Mil. 49 
Milli (m), 9 
Motor 

DC, 407-410 
AC, 451-453,917 

Motor action, 401, 407 
Motor ratings, 408 
Multimeter. 52,107 
Multiple-source circuit. 294 
Multiple-winding transformer. 604 
Multiplication, 6 
Mutual inductance. 585-586,614 

Nano (n), 9 
Natural logarithm. 507 
Negative charge, 21. 25 
Negative exponent. 4 
Negative number. 624 
Neutron, 21 
Node. 184,216,350,368 
Node voltage method. 359-366 
Noise suppression, 571 
Nonsinusoidal waveforms. 454 -460 
Norton's theorem. 312-316,326,850-853,859 
Nucleus, 21.22 

Ohm. 36.37,66 
Ohmmeler, 52,66, 107 
Ohm's law, 75-92, 131-134, 194-197,239, 

443,518,568,638,653.706 
Ohm's law for magnetic circuits, 387 
Open circuit, 46, 66, 156, 162, 208, 263, 734, 

898 
Open circuit voltage. 301, 309. 841 
Orbit. 22 
Oscillator. 425.470 
Oscilloscope, 460-466,470.664 
Oxidation-reduction reaction, 28 

Parallel circuits 
Capaeitive, 501 -503 
Inductive, 553,715-721 
KC. 650-658 
Resistive, 179-216. 
Resonant. 768. 770-773. 783. 793. 818, 

822 
RL, 715-721 
RLC. 765-773 

Parallel notation, 193 
Parallel resonance, 768.770-773.783.793. 

818,822 

Parallel-to-series conversion. 656 
Passband, 804, 826 
Peak-to-peak value. 427,470 
Peak value, 427,470 
Period. 422,424.470 
Periodic. 455,470, 874 
Periodic table. 22 
Permeability. 385.413.547 
Phase. 432,470,514,564.640.655, 707, 

719.772 
Phase angle. 2,641,663,708,763, 772 
Phase current, 918,932 
Phase dot, 589-590 
Phase shift, 432,435, 810, 814 
Phase shift oscillator, 670-671 
Phase voltage. 918,932 
Phaser. 436-442.470.628 
Pholoconductive cell, 44 
Photovoltaic effect, 31 
Pi (n), 430 
Pico (p), 9 
Piezoelectric sensor. 32 
Plate, capacitor. 485.489 
Polar form, 628,685 
Polarity. 25.401.421 
Pole, magnetic. 377.447 
Pole, switch. 46 
Polyphase power. 433.929, 
Positive charge, 21.25 
Positive number. 624 
Potential difference, 27 
Potentiometer. 43.66, 146 
Power. 101. 103-105. 115. 150-152, 

202-204.317.408.443.569.594. 
666-670,726-729,929 

Apparent, 614,666.668.685,726 
Instantaneous, 520,569 
Reactive, 521,532,569,666 
True, 520, 532, 569, 666,726 

Power dissipation. 112 
Power factor, 667,685,727,728 
Power loss. 112 
Power rating. 105-108.600 
Powers often, 4, 15 
Power supply, 32,66. 110-112, 

212,522 
Power triangle, 666,726 
Power transfer. 316- 319 
Precision. 12,15 
Pressure measurement. 262 
Primary, 587,609,614 
Principal quanlum number, 23 
Printed circuit board, 236 
Probe, oscilloscope, 461,464 
Probe compensation. 454,465 
Product-over-sum, 191 
Proton, 21 
Pulse. 454,470, 869, 874. 880,884,895 
Pulse repetition frequency. 455 
Pulse width. 454.455.470, 870, 874 
Pulser, 212 
Push-button switch, 47 
Pythagorean theorem, 629 

Quadrant, 625 
Quality factor (Q), 570,575.772.778.779. 

784.817 

Quanlum number. 23 
Quartz, 33 

Radian, 430,470 
Radian/degree conversion, 430,431 
Radiated noise, 572 
Radio receiver. 147 
Romp. 457.470 
Range switch, 107,207 
RC circuit, 506.624-685,805, 811,868. 879 
Reactance 

Capaeitive, 515-519,531,635, 752,770 
Inductive, 565-568,575.702.703.752, 

770 
Read/write head, 393 
Real axis, 624 
Real number. 625.685 
Rectangular form, 628,685 
Rectifier, 522 
Reference ground. 51, 152, 162 
Reflected load, 595-597 
Reflected resistance, 595,597,614 
Regulated power supply. 110 
Relative permeability. 385 
Relative permillivily, 490 
Relay. 390-392.413 
Reluctance, 385,413 
Residential application, 205 
Resistance, 36-44,54,66,78,77,85-87, 

125-129, 188-193,238,250,301, 
314 

Resistivity, 50 
Resistor, 37-44.66 

Carbon-composition, 37 
Chip. 38 
Emulated, 528 
Film, 38, 106 
Fixed. 37 
Power, 38,106 
Variable, 43 
Wire-wound. 38.106 

Resistor color code, 39-41 
Resistor label code, 42 
Resistor network, 38 
Resistor power rating, 37. 105-108 
Resistor tolerance, 39 
Resolution, 55 
Resonance 

Parallel, 768,770-773,783.793.818,822 
Series. 754.758 -764.782,793.818, 821 

Resonant circuit Q. 772.778.779.784.817 
Response, 673,675, 806.869.876.895 
Retenlivily, 397,413 
RF choke." 572 
Rheostat, 43,66 
Right-hand rule, 384 
Right triangle. 438 
Ripple voltage, 523,532 
Rise lime, 454.470.897 
RL circuit. 701 -740.808.813,886 
RMS value, 428,471 
Roll-oft". 806.826 
Root mean square (rnts), 428,470 
Rotary switch, 47 
Rotating-armature alternator, 448 
Rotating-field alternator. 448 
Rotor. 404,405,449,450 
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Round off, 13, 15 
R/2R ladder, 254 

Safely, 58-61 
Sawtooth waveform, 457,458 
Schematic, 46 
Schroedinger, Erin, 23 
Scientific notation. 4-7, 15 
Secondary. 587.592.610.614 
Seebeck effect, 32 
Selectivity. 250, 784. 793 
Self-inductance, 546 
Self-exiled generator, 405 
Semiconductor, 24,31, 66 
Sensitivity, 250 
Scries circuits 

Capacilivc. 497-501 
Inductive. 552, 702-714 
RC. 634-649 
Resistive, 123-162 
Resonant, 754,758-764,782,793,818,822 
RL, 702—714 
RLC. 752-764 

Series dc motor, 409 
Series-parallel circuits, 231 -269.659-666, 

722-725,774-781 
Series-parallel to parallel conversion, 111 
Series resonance, 754,758-764,782,793, 

818, 821 
Seven-segment display, 55 
Shell, 22 
Shock, 58 
Short circuit. 158.162.212,263,313.610,900 
Short-circuit current, 313.850 
Shunt dc motor, 410 
Shunt resistor, 206 
Siemens (S), 37.66 
Signal generator. 425 
Significant digit, 12, 15 
Silicon, 24 
Silver, 24 
Simultaneous equations, 341-349, 351, 354. 

368 
Sine wave, 421-426.434,471 
Sine wave formula. 434,437 
Single phase power, 434.914,914 
SI units, 2,3, 15 
Sinusoidal response, 634,702 
Sinusoidal waveform, 421-426 
Slip. 453,471 
Slip ring. 447 
Solar cell, 31 
Solenoid. 389-390,413 
Solenoid valve, 390 
Solid angle, 2 
Source, 28, 35, 197,425-426, 835, 923 
Source conversion, 290-293 
SPDT (single-pole-double-throw) switch. 46 
Speaker, 392.414 
SPST (single-pole-single-throw) switch. 46 
Square wave, 456.512.558 
Squirrel-cage, 452,471 
Static electricity, 25 
Stator, 405 
Slator field, 451 
Stator winding. 449.450 

Steady-slate, 876, 903 
Step, 454 
Stiff voltage divider, 246 
Strain gauge. 44,261 
Shay capacitance. 548 
Substitution method. 342 
Subtraction, 6 
Superheterodyne. 788 
Superimposed voltages, 444 
Superposition theorem, 293-300. 326. 

835-840, 859 
Surface mount technology (SMT), 38 
Susceplance, 651,685,716,766 
Sweep voltage. 461 
Switch, 46 
Switched capacitors. 526-528 
Switching regulator. 732 
Synchronous motor, 451,453,471 

Tank circuit, 771, 79.3, 818, 822 
Tap, 604 
Taper. 43 
Temperature coefficient. 489 
Temperature eonlrollcr, 267 
Temperature measurement, 2,260 
Tcra (T), 9 
Terminal equivalency. 302,304,326 
Tesla (T), 379,414 ' 
Thermistor, 34,260 
Thermocouple, 32 
Thevenin's theorem, 300-312.326. 

840-850,859 
Three-phase power, 433,913-932 
Thrce-wailmclcr method, 930 
Throw. 46 
Time, 2 
Time constant, 506, 510, 532, 555, 575, 869, 

876. 888, 892 
Time response, 867-903 
Timing circuit. 526 
Toggle switch. 48 
Tolerance, 38,39 
Torque, 408 
Transducer. 260 
Transformer, 586-590.614 

Air-core, 587 
Auto, 606 
Balun, 599 
Double-tuned, 797 
Fcrrilc-corc, 587 
Iron-core. 587 
Multiple-winding, 604 
Step-down, 591 
Step-up, 591 
Tapped. 603 
Three-phase, 607 

Transformer efficiency, 602 
Transformer power rating. 600 
Transient lime, 506, 870,903 
Transistor switch, 48 
Triangular waveform, 457,458 
Trigger, 461,462,463 
Trimmer, 496 
Troubleshooting, 87-90,92,156-160, 

208 -212,263-266,609-611, 
676-681.733-737, 898-901 

Tuned circuit, 572,592,786 
Turns ratio, 589, 594, 598, 614 
Two-wattmeter method, 931 

Unbalanced bridge, 260,261,269 
Unbalanced signal, 599 
Units, electrical, 3 
Units, magnetic, 3 
Units. SI. 3 
Universal exponential curve, 509 
Utility voltage, 59.604 

Valence electron, 23 
Valence shell, 23 
Varactor, 496 
Variable resistor, 43 
Variable resistance sensor, 44 
Variac, 606 
Vector, 437 
Volt. 27.66 
Volla. 27 
Voltage, 27-33.53.59.66, 76, 77.83-85. 

182 -184. 301,426,500, 504,514, 
559,600,640,646,648,655,707, 
711,713,719,760,869 

Voltage amplitude, 427 
Voltage divider. 142-149.162,245-249.519 
Voltage drop, 109-110,115,138.143,241 
Voltage measurement, 152-155,309.523 
Voltage rating, 488,496 
Voltage source. 28-33.45.66,135-137, 

286-288,290,292,300,301,425-426 
Volt-ampere (VA). 600 
Volt-ampere reactive (VAR), 521,532 
Voltmeter, 52,66.249 
Volume control, 147 

Wall, 101, 115,668 
Wattmeter, 930 
Watt's law, 104, 115 
Wave mechanics model. 23 
Weber (Wb). 378,414 
Wheatstone bridge. 258-262.269.306,322, 

355. 361 
Winding. 405,545,575,587 
Winding capacitance, 548,602 
Winding resistance, 548,570,601,772 
Wiper. 43, 147 
Wire, 49-51 
Working voltage. 488 
Wye-delta conversion, 320 

Xq (capacitive reactance), 515-519,531, 
635, 752, 770 

Xl (inductive reactance), 565-568,575.702. 
703.752.770 

Y (admittance), 652,685,716,766 
Y-connecled generator, 917 
Y-A system, 608.925 
Y-Y system, 923 

Z (impedance), 597.635-637,641.650.685. 
703.708. 715,752,762,765,771. 
844.852 


