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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. 
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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. 



Self-Test ♦ 15 

♦ 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. 



Atomic Structure ♦ 21 

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. 
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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. 
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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. 


