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Series Introduction

Power engineering is the oldest and most traditional of the
various areas of electrical engineering, yet no other facet of modern
technology continues to undergo a more persistent evolution in tech-
nology and industry structure. The use of capacitors in both shunt
and series applications demonstrates this quite well. Since the ear-
liest applications of AC systems, engineers have known that tight
control of VAR flow and power factor, using capacitors in many
cases, is necessary to attain good operating efficiency and stable vol-
tage. But whereas power factor engineering was once based on simple
rules-of-thumb, with the capacitors literally sized and assembled
plate by plate in the field, today’s capacitor engineering is an intri-
cate analytical process that can select from a diverse range of types
of capacitor technologies, including power electronic devices that
simulate their action.

Power System Capacitors is a well-organized and comprehensive
view of the theory behind capacitors and their practical applications
to modern electric power systems. At both the introductory and
advanced levels, this book provides a solid foundation of theory,
fact, nomenclature, and formula, and offers sound insight into the
philosophies of power factor engineering techniques and capacitor
selection and sizing. Dr. Natarajan’s book will be useful as a day-
to-day reference but will also make an excellent self-paced tutorial:
the book begins with a thorough review of the basics and builds upon
that foundation in a comprehensive and very broad presentation of
all aspects of modern theory and engineering, including the latest
analysis and modeling techniques.

ix
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Like all the books in Marcel Dekker’s Power Engineering
Series, Power System Capacitors puts modern technology in a context
of practical application, making this a useful reference book as well as
a self-study tool and a textbook for advanced classroom use. This
series includes books covering the entire field of power engineering,
its specialties and subgenres, all aimed at providing practicing power
engineers with the knowledge and techniques they need to meet the
electric industry’s challenges in the 21st century.

H. Lee Willis

x Series Introduction
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Preface

In power systems, the reactive power compensation is provided
locally at all voltage levels using fixed capacitors, switched capacitors,
substation capacitor banks, or static VAR compensators. Whatever
the nature of the compensation, capacitors are the common elements
in all the devices. The power factor correction approach using shunt
capacitors has been employed for the past several decades. The capac-
itor banks used for power factor correction include fuses, circuit
breakers, protective relaying, surge arresters, and various mounting
approaches. Technological changes have been tremendous in the past
decade, and these developments have been reported in technical
papers in various journals, but no book has been published on this
subject in the U.S. since the 1950s. This book contributes to this new
direction.

Power system shunt capacitors are important in power factor
correction. Series capacitors are vital to improving the performance
of long-distance transmission. Chapters 1 through 9 examine the
fundamentals of capacitors, mainly related to power factor correc-
tion. Topics include power factor concepts, industry standards, capac-
itor specifications, testing of capacitors, location of shunt capacitors,
power factor improvement, and system benefits. Chapters 10 through
14 deal with series capacitors, surge capacitors, capacitors for motor
applications, capacitors for other applications, and static VAR com-
pensation. Chapters 15 through 18 discuss the protection of shunt
capacitors, overcurrent protection, circuit breakers, and surge pro-
tection of shunt capacitor banks. Chapter 19 explains shunt capacitor
bank maintenance. Chapters 20 through 23 explore system impact

xi
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issues such as harmonics, switching transients, and induced voltages
on the control cables. Chapter 24 discusses economic analysis applic-
able to the power factor compensation. The chapters are ordered
from simple concepts to more complex items. The complexity of capa-
citor bank installation is related to protection and system impact.
The reader is expected to have a basic knowledge of protection equip-
ment such as fuses, circuit breakers, surge arresters, and unbalance
protection, as well as an understanding of the basic concepts of time-
domain analysis in order to follow the transient effects of capacitor
switching. It should be noted that transient-related failures occur
momentarily and sometimes in remote locations.

This book describes the fundamentals, capacitor applications,
protection issues, and system impact based on practical installations
in a step-by-step, easily understandable manner. The subject may
seem complicated because capacitor failures are related to equipment
voltage ratings and power system transients and are very difficult
to correlate even if time-domain measurements are available. For
several years I was involved in system studies for industrial power
systems and utilities. I hope that this book will be a useful tool for
power system engineers in industry, utilities, and consulting, as well
as for professionals involved in the evaluation of practical power
systems. I wish to make it clear that this book has been my spare-
time activity, and I am responsible for its contents, including any
errors that may inadvertently appear in it.

I wish to thank the software manufacturers for permission to
use the copyrighted material in this book, including the EMTP
program from Dr. H. W. Dommel, University of British Columbia,
Canada, and SuperHarm and TOP, the output processor from
Electrotek Concepts, Knoxville, Tennessee. The reprint permission
granted by various publishers and organizations such as IEEE is
greatly appreciated. John Jenkins’ contribution of the photograph
of Leyden jars from the Spark Museum is greatly appreciated.

I also thank the following organizations for providing photo-
graphs of various devices associated with the capacitor bank equip-
ment: Aerovox Division, PPC, New Bedford, Massachusetts; Alpes
Technologies Capacitors, Annecy-Le-Vieux, France; B&K Precision,
Melrose, California; Capacitor Industries Inc., Chicago, Illinois;
Capacitor Technologies, Victoria, Australia; Duke Energy, Charlotte,
North Carolina; FLIR Systems, North Billerica, Massachusetts;
Gilbert Electrical Systems and Products, Beckley, West Virginia;
High Energy Corporation, Parkesburg, Pennsylvania; Maxwell
Technologies, San Diego, California; Maysteel LLC, Menomonee

xii Preface
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Falls, Wisconsin; Mitsubishi Electric Products Inc., Warrendale,
Pennsylvania; National Oceanic and Atmospheric Administration
(NOAA), Washington, D.C.; Ohio Brass (Hubbell Power Systems),
Aiken, South Carolina; and Toshiba Power Systems & Services,
Sydney, Australia.

Finally, I wish to thank the many engineers who, over the past
several years, have discussed the technical problems presented in this
book. I acknowledge the contributions of technical reviewers who
read the manuscript and provided valuable comments. I also express
my sincere thanks to Nora Konopka, Christine Andreasen, and
Preethi Cholmondeley of Taylor & Francis for coordinating editorial
activities. The efforts of Dan Collacott of Keyword Publishing are
greatly appreciated.

I also thank H. Lee Willis, Vice President for Utility Systems
and Asset Management, KEMA T&D Consulting, for his help with
my book projects and other power system projects. I also appreciate
his contributions to the power system area as the editor of the Marcel
Dekker Power Engineering Series.

Ramasamy Natarajan
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1

INTRODUCTION

1.1 HISTORY OF CAPACITORS

William Gilbert, who experimented with magnetism and elec-
tricity in the 1600s, was the first to apply the term ‘‘electric’’
(Greek electron, ‘‘amber’’) to the force realized upon rubbing
certain substances together. He called the force between the
two objects charged by friction ‘‘electric.’’ Gilbert also identi-
fied the difference between magnetism and electricity. In 1729,
Stephen Gray discovered the electrical conductor. Charles
Dufay first expressed the idea of a repulsive electric force in
1733.

In 1745, Pieter van Musschenbroek, a professor of physics
and mathematics at the University of Leyden, the Netherlands,
invented the electrostatic charge. He experimented with a
glass jar, which is now known as the Leyden jar. A photograph
of Leyden jars is shown in Figure 1.1 [1]. Other accounts
claim that Ewald Georg von Kleist, a German inventor, discov-
ered the first capacitor at around the same time. The first
Leyden jar was a glass jar, partially filled with water and
closed with a cork, with a wire that dipped into the water
inserted through its center. The wire is brought into contact
with a static electricity producer and the jar becomes charged.

1
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Any conductor that comes into contact with or in close prox-
imity to the wire will discharge the Leyden jar.

The American statesman Benjamin Franklin conducted
experiments with the Leyden jar and illustrated that the
charge could also be caused by thunder and lightning. In
1752, Franklin proposed the ‘‘electrical fluid theory’’ to prove
that lightning is an electrical phenomenon. It was also
Franklin who used ‘‘þ’’ and ‘‘�’’ for the two types of electric
forces, attraction (positive) and repulsion (negative). His dis-
coveries using the Leyden jar led him to show that a flat piece
of glass would work just as well as a glass container for making
a capacitor. These are called flat capacitors or ‘‘Franklin
squares.’’ Michael Faraday’s experimental research on disk
type static electricity led him to invent a means of measuring
the capacitance. The plate type electrical capacitor that was
used by Faraday was 50 in. in diameter with two sets of rub-
bers; its prime conductor consisted of two brass cylinders
connected by a third, for a total length of 12 ft. The surface
area in contact with air was about 1422 in.2. Under condi-
tions of good excitation, one revolution of the plate will give
10 or 12 sparks from the conductors, each 1 in. in length.

Figure 1.1 Leyden jars. (Courtesy of John Jenkins,
www.sparkmuseum.com.)

2 Power System Capacitors
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Sparks from 10 to 14 in. in length may easily be drawn from
the conductors.

It was Faraday who discovered that moving a magnet
inside a coil creates an electric current. This concept led to
the development of rotating machines such as the dynamo,
generator, and electric motor. To honor his contributions to
electrical engineering, the unit of capacitance, the farad (F),
is named after Faraday. Some of the historical events related
to the invention of the capacitor are summarized in Table 1.1.
Although many of the discoveries seem to be isolated, the tech-
nology was developed over several hundred years. These and
other unreported discoveries are closely related to the overall
design of capacitors.

1.1.1 Other Capacitors

Capacitors are also known as condensers. They find extensive
application in the power industry in power factor correction.
In the electronics industry, numerous capacitor elements are

TABLE 1.1 Historical Developments Related to Capacitance

1600s William Gilbert experimented on magnetism and electricity.
1729 Stephen Gray discovered the electrical conductor.
1745 Pieter van Musschenbroek invented the capacitor (Leyden jar).
1745 Ewald Georg von Kleist invented the capacitor at the same time.
1752 Benjamin Franklin tested his theory on electrical fluid theory to

prove that lightning is an electrical phenomenon.
He invented the flat capacitor.

1785 Charles Coulomb demonstrated the manner in which
charges repel one another.

1831 Michael Faraday’s induction principles.
1820 Hans C. Oersted and André M. Ampère discovered that an

electric field produces a magnetic field.
1915 Karly Willy Wagner and George Campell invented the

LC ladder network for electronic filtering.
1938 Polypropylene was discovered, later used in capacitor manufacture.
1970 All-film design of shunt capacitors.
1970s PCBs (polychlorinated biphenyls) were found to be harmful, prompt-

ing the switchover to biodegradable fluids in power capacitors.
1970s The vacuum and SF6 circuit breakers were developed.

Useful in capacitor switching.

Introduction 3
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used in circuit design for control applications. These capacitors
come in different shapes and sizes. The materials used in the
production of these capacitors include aluminum foil, poly-
propylene, polyester, polycarbonate, mica, Epoxy resins, Teflon,
and Tantalum. The capacitor may vary in size from a frac-
tion of a picofarad (pF) to large ones of the order of several
microfarads (mF). Electronic circuits are usually designed
to operate at DC voltages of the order of 5 or 10 V. The
smaller versions of the components can be soldered easily
to electronic circuit boards and mounted in protected enclo-
sures. Electrolytic capacitors are used in certain DC and
motor starting applications.

1.1.2 Power Capacitors

References [2–4] provide detailed information on shunt capac-
itors. Reference [5] is a collection of standards that provide
guidelines for the application of shunt capacitors. The first
capacitor units were constructed using Kraft paper as the
active dielectric and Askarel as the liquid impregnant. The
unit, with sizes up to 100 kVAR, was commonly known as a
paper capacitor. With the introduction of electrical grade plas-
tic film, also known as polypropylene, the capacitor design was
changed, and larger kVAR ratings were introduced using
a dielectric composed of a combination of Kraft paper and
plastic film. PCBs (polychlorinated biphenyls) were found to
present problems due to their nonbiodegradability and per-
sistence in the environment. As a result, all capacitor units
are now manufactured with a non-PCB biodegradable dielec-
tric fluid.

The capacitor units with all-film design are low loss units,
with increased safety due to reduced probability of tank rup-
ture and increased reliability due to lower operating tempera-
tures. Figure 1.2 shows the concept of the dielectrics in paper
and all-film capacitor units. The corresponding average loss/
kVAR for all three designs [4] are:

Paper, oil impregnated (2.0–2.5)W/kVAR
Paper, PCB impregnated (3.0–3.5)W/kVAR

4 Power System Capacitors
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Plastic file/paper PCB impregnated (0.5–1.0)W/kVAR
Plastic film, oil impregnated (0.5–1.0)W/kVAR
Metalized film Under 0.5W/kVAR
Plastic film Under 0.2W/kVAR

1.2 CAPACITORS FOR THE POWER INDUSTRY

Power factor correction is the main application for shunt
capacitor units in the power system. The advantage of improved
power factor is reduced line and transformer losses,
improved voltage profile, reduced maximum demand, and
improved power quality. The capacitors are installed in a dis-
tribution system on pole-mounted racks, substation banks,
and high voltage (HV) or extra-high voltage (EHV) units for bulk
power applications. In industrial systems, the power factor cor-
rection capacitor units are utilized for group or individual loads.

The capacitors are constructed in an enclosure (tank) and
are designed to provide maintenance-free service. The major
components of a capacitor unit are shown in Figure 1.3.
A cut view of a typical two-terminal high voltage capacitor
unit is shown in Figure 1.4. The capacitor units are designed
and tested according to industry standards. The ratings are
expressed in kVAR, voltage, and frequency of operation

Figure 1.2 The basic components of (a) a paper capacitor and
(b) an all-film capacitor.
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within an ambient temperature range of �40 to þ468C. Single-
phase units are available in 50, 100, 200, 300, and 400 kVAR
sizes. The voltage ratings can be in the range 2.4–23 kV.
A basic capacitor is made up of electrodes, a dielectric, a case,

Figure 1.4 Cut-view of a two-terminal, all-film capacitor.
1. Terminal for connection; 2. Porcelain terminal; 3. Fixing lug;
4. Stainless steel case; 5. Active part. (Reproduced from the website
of Alpes Capacitors, Annecy-Le-Vieux, France; Reference [6].)

Figure 1.3 Components of a capacitor.
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dielectric liquid, bushings, and a discharge resistor. Brief
descriptions of the various components are given below.

1.2.1 The Electrodes

Typically, the electrodes are thin sheets, of the order of 6mm of
pure self-annealed aluminum foil. The electrodes are separated
by sheets of dielectric and wound into a roll according to design
specifications. Electrical connections are soldered or welded to
the electrodes and terminations are made. Usually two elec-
trodes are used in every single-phase capacitor.

1.2.2 The Dielectric

The dielectric or insulation material is used in the capacitors to
separate the electrodes. The various dielectric materials used in
the capacitor industry are listed in Table 2.1 (Chapter 2).
These materials have high dielectric strength, high dielectric
constant, and low dielectric loss. Kraft paper was used in earlier
designs, but polypropylene film is used in present-day capacitor
designs. The paper used for capacitor applications can be of low
density (density¼ 0.8 g/cm3), medium density (density¼ 1.0 g/
cm3), or high density (density¼ 1.2 g/cm3). The permittivity of
the paper used depends on the type of impregnants used on the
paper.

Polypropylene film was invented in the 1930s and was
introduced in the capacitor industry in the 1960s. This mate-
rial has a very low loss and relatively high permittivity, of the
order of 2.25 in the range 50Hz–1MHz. The film thickness is
very low, of the order of 10 mm, and hence the overall volume of
the capacitor for the given kVAR will be small. Some charac-
teristics of the commercially available polypropylene film for
capacitor production are listed in Table 1.2 [4].

1.2.3 The Case

The rolled assembly of the aluminum electrodes and dielectric
material is placed in a metallic case and insulation is provided
in between. A dielectric liquid is used to fill the case. The case
is then sealed and the electrodes are terminated through
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bushings. In high voltage capacitor units, the case may be
made of stainless steel, as shown in Figure 1.4.

1.2.4 The Bushings

In low voltage capacitors, the electrodes are terminated
through ordinary terminals. In high voltage capacitors, the
termination is through porcelain bushings. In the terminal
arrangement, the bushings are provided with metal inserts.

Liquids are used in capacitors to fill the voids in the dielec-
tric material. This is important, because the voids may result
in electrical discharges between the electrodes through the
dielectric, leading to failures. In pre-1975 designs, PCB was
used as the main impregnant. It was then claimed that PCB
was not biodegradable, thus constituting both a health risk and
an environmental hazard. Capacitor manufacturers were
therefore compelled to develop alternative impregnants for
the entire range of capacitors. Some of the characteristics of
the impregnants that were developed are listed in Table 1.3 [4].
The metalized film designs were produced with a non-PCB
insulating fluid. This was followed by completely dry metalized
film designs during the late 1970s. PCB is a fire-resistant fluid
with superior qualities. None of the replacement liquids has
the same characteristics.

1.2.5 Discharge Resistors

As part of the capacitor construction, discharge resistors are
connected to the electrodes to discharge the capacitor when

TABLE 1.2 Characteristics of Plastic Films Used in Capacitor
Production

Plastic Film Permittivity Loss Factor
Dielectric

Strength MV/m

Polypropylene 2.25 0.0005 >32
Polycarbonate (2.7–3.1) 0.0005 120
Polyethylene terephthalate (3.0–3.2) 0.03 100/160
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disconnected from the source. A typical discharge resistor
arrangement is shown in Figure 1.4.

1.3 ORGANIZATION OF THE BOOK

In this book, the fundamentals of capacitance and details
about the applications of both shunt and series capacitor
units are presented in a step-by-step manner. The benefits
of capacitors in the power system are described in both
qualitative and quantitative manners. The complex aspects
of capacitor applications in low and high voltage systems are
also addressed.

In Chapter 2, the fundamental concepts of capacitance,
the parallel plate capacitor, the spherical capacitor, the capac-
itor in composite medium, and the cylindrical capacitor are
presented. The energy stored in the capacitor units, the charg-
ing and discharging of capacitors, the time constraint, and
related concepts are also discussed.

The concepts of real current, reactive current, and total
current are discussed in Chapter 3. The general concepts of
power factor and the power factor correction are explained
with numerical examples.

In Chapter 4, the organizations responsible for the devel-
opment and maintenance of the necessary industry standards
are identified. The industry standards for the design, manufac-
ture, and application of capacitor equipment are identified.
These standards include guidelines for specification of capac-
itors, protection, approaches used in various applications,

TABLE 1.3 Liquid Impregnants for Capacitors

Impregnant Permittivity

Dielectric
Strength
MV/m

Pour
Point
(8C)

Flash
Point
(8C)

Fire
Point
(8C)

Dioctyl phthalate 5.26 10.6 �45 225 251
Diisononyl phthalate 4.68 11.8 �48 221 257
Isopropyl biphenyl 2.83 56 �55 155 175
Benzyl neocaprate 3.8 76 �60 155 165
PCB 6 74 �23 – –
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grounding, unbalanced detection, selection methodology for
circuit breakers in capacitor switching, surge arresters
for protection from switching and lightning, fuses for
protection against overcurrents, and other similar applica-
tion details.

The capacitor units are manufactured, tested, and used in
power factor correction applications. Proper specification of the
applicable parameters is important for safe and efficient opera-
tion. Some of the specifications applicable to these units are
voltage, frequency, insulation class, momentary ratings, nom-
inal kVAR rating, and allowable operating service conditions.
These specifications are presented in Chapter 5.

In Chapter 6, the various tests performed on the capac-
itor units are described. These include capacitor design tests,
routine tests, and field tests. Routine tests are performed by
the manufacturer on all capacitor units and field tests are
performed after assembly at the installed location. These
tests are usually performed according to industry standards.

The shunt capacitor banks can be installed at distribution
systems, loads, feeders, high voltage systems, or extra-high
voltage systems. Further, the capacitor banks can be applied
on individual loads, branch locations, or at the group load.
Furthermore, the banks can be fixed or switched. There are
various methods available for switching these capacitor banks.
The shunt capacitor installations are used in distribution and
high voltage systems, where significant reactive power is sup-
plied to the power system. In such installations, the maximum
and minimum sizes from the voltage regulation point of view
are presented. Also, if a capacitor unit fails, then the voltage of
the good capacitor units increases. These voltages have to be
kept within acceptable limits. All the above-mentioned issues
are discussed in Chapter 7.

In Chapter 8, the basics of power factor improvement are
discussed. The typical power factors of various loads are pre-
sented. The concept of selecting fixed shunt compensation and
switched capacitors is discussed using a typical maximum
kVAR demand curve. A look-up table is provided based on the
existing power factor, known kW, and desired power factor.
Using the constant from the table, the required shunt capacitor
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size can be calculated. The released capacity due to the power
factor correction is shown using an example.

Chapter 9 deals with the system benefits that result from
the installation of power system capacitors. The improvement
in the voltage profile, voltage rise due to the addition of shunt
capacities on unloaded lines, and related calculations are
examined. The release of power system capacity in the trans-
former and generator circuits are discussed with suitable
numerical examples. Finally, the cost savings from reduced
energy losses in various circuits due to the shunt capacitors
are presented.

Series capacitors are used in long lines and distribution
lines to compensate and transmit more power. The protec-
tion of these series capacitors is an important aspect of these
applications. Various approaches used to protect the series
capacitor installations are shown. The limitations and the
self-excitation problems associated with the induction motor-
series capacitor combination are explained. Typical examples
for the series capacitor installations for both distribution
and transmission lines are also illustrated in Chapter 10.

In Chapter 11, surge capacitors suitable for rotating
machines are presented. The acceptable insulation withstand
voltages are available in the form of a curve. The necessary
surge protection for rotating machines includes a surge
arrester and surge capacitor installed at the terminals of the
motor. The surge arrester limits the overvoltage magnitude,
and the surge capacitor limits the rate of rise of the surge
voltage. Example calculations are used to explain the selection
of suitable surge protection for a motor or generator.

In Chapter 12, the fundamental concepts of the applica-
tion of shunt capacitors at motor terminals are discussed. The
reactive power requirements for various induction motor
designs are identified. In order to compensate for the reactive
power, the shunt capacitors are used at the motor terminals.
The associated technical problems due to self-excitation and
transient torques are also discussed with a view to under-
standing how to contain the problems. The motor starting
application using shunt capacitors is presented. The location
of the shunt capacitors can be chosen based on the given
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operating conditions. The motor starting transients are illus-
trated using practical measurements for cases without and
with terminal capacitors. The effect of shunt capacitors on
the voltage and current waveforms as obtained from labora-
tory measurements is shown. Also discussed in Chapter 12
are the motor starting capacitor and surge capacitor for
large motors.

There are many other applications in the industry where
capacitors are used for power factor correction or energy
storage. These include arc furnaces, resistance welding equip-
ment, single-phase capacitor start, capacitor run motors, and
lighting applications. In lighting applications, the capacitor is
used for power factor correction of fluorescent lamps, mercury
vapor lamps, sodium vapor lamps, and other similar lamps of
various designs. The features of these miscellaneous capacitor
applications are discussed in Chapter 13.

In Chapter 14, the basic principles of static VAR com-
pensators (SVC) are presented. A brief description of the
SVC is given along with the various types in use. The effects
of SVC on the bulk power system in terms of damping,
power transfer, reactive power support, and voltage support
are also discussed.

The overall protection of shunt capacitors requires protec-
tion against bus faults, system surge voltages, inrush currents,
discharge current from parallel banks, overcurrent protection,
and rack failures. Chapter 15 presents an extensive analysis
of unbalanced protection for grounded and ungrounded capa-
citor banks.

In Chapter 16, the overcurrent protection of shunt
capacitors using fuses is discussed. The expulsion type K-
and T-link fuses are selected for capacitor protection based
on the steady-state currents. The T-link fuses are used for
slow speed applications, while K-link fuses are used for fast
speed requirements. Whenever the fault current levels are
excessive, the current limiting fuses are used. The other con-
siderations in selecting the fuse links, such as transient over-
currents, fault currents, and back-to-back switching currents,
are also discussed in this chapter.
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The switching devices for capacitor circuits require
careful consideration because of the high frequency
oscillations. Various types of circuit breakers available for
capacitor switching applications are discussed. The important
characteristics of the circuit breakers needed for capacitor
switching and the performance of these devices are outlined
in Chapter 17.

In Chapter 18, the surge protection issues of the shunt
capacitor banks are presented. The type of lightning surges
responsible for the overvoltages in the power systems
are identified. These include direct strokes, back flashover,
and multiple strokes. The characteristics of the metal oxide
varistor type of surge arrester are discussed. The distribution
class, intermediate class, and station type surge arresters,
suitable for the protection of various voltage levels, are
identified. The nature of overvoltages due to the various
switching operations such as energization, de-energization,
fault clearing, backup fault clearing, reclosing, restriking, cur-
rent chopping, sustained overvoltages, ferroresonance, and
ground faults are identified from the surge protection point
of view. The selection procedure for a suitable surge arrester
for a typical shunt capacitor installation is presented.

In Chapter 19, the maintenance issues of the shunt capac-
itor bank are presented. The possible failure mechanisms are
identified for the shunt capacitor units. Shunt capacitor
failures leave very few symptoms of the possible cause. The
various approaches to tracing the origin of failure are pre-
sented in a logical manner. The possible remedial approaches
are also discussed. Typical measurement devices required for
shunt capacitor installations are identified.

In Chapter 20, the harmonic currents from converters,
inverters, pulse width modulation converters, cycloconverters,
static VAR converters, and switched mode power supplies are
discussed. The use of industry standards to design suitable
harmonic filters, including the voltage distortion and current
distortion limits, is discussed. The typical harmonic filters are
outlined and the use of multiple filters is discussed briefly.
An example of a harmonic filter design is shown.
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In certain applications, the transformer and the shunt
capacitors are switched together. An arc furnace is one such
load where the furnace transformer and the shunt capacitors
are energized or de-energized together. Sometimes such a con-
figuration is found to produce harmonic resonance. In EHV
and HV systems, the shunt capacitors are installed at the
substation and the lines are terminated through step-down
transformers. The energization of the shunt capacitors pro-
duces significant transients at the transformer location. Two
specific issues and their remedial measures are discussed in
Chapter 21.

The capacitor switching produces overvoltages, and the
related issues are discussed in Chapter 22. Specifically, the
effects of energization, de-energization, fault clearing, backup
fault clearing, reclosing, restriking, prestrike, back-to-back
switching, voltage magnification, outrush currents due to
close-in faults, and sustained overvoltages are discussed. The
insulation coordination principles for the capacitor-switching
transients are shown.

The induced voltages in substation control cables can pro-
duce unwanted tripping of the relay or circuit breaker. In the
presence of the shunt capacitor equipment, the switching tran-
sients are higher and hence the induced voltages in control
cables have to be minimized. The calculation approaches and
mitigation techniques for induced voltages in the substations
equipped with shunt capacitors are presented in Chapter 23.

The economic analysis suitable for power factor correction
projects is presented in Chapter 24. The fundamental concepts
of present worth and future worth of money are discussed. The
cost components of a power factor correction project are iden-
tified along with the benefits due to the savings from all pos-
sible tariff structures. The economic analysis is presented using
the present worth of money, tax, depreciation, and inflation
effects. The economic analysis for this type of project can be
performed using the payback period, cost-benefit analysis, rate
of return, and break-even analysis. Some of the important
references on shunt capacitors, harmonic filters, and series
capacitors are also presented.
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PROBLEMS

1.1. Give a brief account of the historical development
of capacitors.

1.2. What are the basic components used in the manu-
facture of a high voltage capacitor?

1.3. What is the difference between a low voltage capac-
itor and a high voltage capacitor?

1.4. Draw the cross-sectional view of a power capacitor
and identify the various components used in its
construction.

1.5. In order to reconstruct the ancient capacitor, prepare
two pieces of insulation and two pieces of electrodes.
Cut 1 in.� 40 in. aluminum foil for the electrode.
Cut 1.5 in.� 45 in. paper for insulation. Use two
small pieces of copper wire for the termination.
Place paper as the first layer, aluminum foil as the
second layer, paper as the third layer, and aluminum
foil as the fourth layer. Roll the entire assembly
around a 1.5 in. cardboard cylinder. Attach the
copper wire on the two aluminum foils as the
terminals. Use a 6V DC battery and charge the
assembly. This is a basic capacitor. Remove the bat-
tery and use a multimeter to measure the voltage
across the terminals. What is the value of the
retained charge in volts? Short circuit the terminals
and see if a spark occurs. Change the terminal posi-
tion and see if there is a difference in the retained
charge.
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2

CAPACITOR FUNDAMENTALS

A capacitor consists of two conducting plates separated by a
layer of insulating material called the dielectric. The conduc-
ting surfaces can be in the form of circular or rectangular
plates. The purpose of the capacitor is to store electric
energy. In this chapter, the definitions of capacitance for par-
allel plates, isolated sphere, hollow sphere, parallel plate with a
dielectric, as well as composite medium, are presented [1,2].

2.1 CAPACITANCE OF PARALLEL PLATES AND
SPHERES

A typical parallel plate capacitor is shown in Figure 2.1. One
plate is connected to the positive end of the DC supply, the
other to the negative end, and it is grounded. When such a
capacitor is connected across a battery, there is a momentary
flow of electrons from X to Y. As negatively charged electrons
are withdrawn from X, it becomes positive, and as these elec-
trons collect on Y, it becomes negative. Hence, a potential dif-
ference is established between plates X and Y. The transient
flow of electrons gives rise to a charging current. The strength
of the charging current is maximum when the two plates
are uncharged, then decreases and finally ceases when the
charges across the plates become equal and opposite to the
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electromotive force of the battery. The capacitance of a capac-
itor is defined as the amount of charge required for creating
a unit potential difference between the plates. Suppose Q cou-
lombs of charge is given to one of the two plates of a capacitor
and if a potential difference of V volts is established between
the plates, then the capacitance is:

C ¼
Q

V
¼

Charge

Potential Difference
ð2:1Þ

Therefore, the capacitance is the charge required per unit
potential difference. Pieter van Musschenbroek discovered
the concept of capacitance and Michael Faraday developed
the method for measurement of capacitance. The unit of capac-
itance is the coulomb/volt, which is also called the farad, in
honor of Faraday:

1 farad ¼ 1 coulomb=volt

One farad is defined as the capacitance of a capacitor,
which requires a charge of 1 coulomb to establish a potential
difference of 1 volt between the plates. One farad is actually too
large for practical applications, hence much smaller units like

Figure 2.1 A parallel plate capacitor.
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the microfarad and picofarad are used.

1 Microfarad ð1 mFÞ ¼ 10�6 F
1 Nanofarad ð1nFÞ ¼ 10�9 F
1 Picofarad ð1 pFÞ ¼ 10�12 F

Parallel Plate Capacitor

Consider a parallel plate capacitor consisting of two plates X
and Y, each of area A square meters separated by a thickness of
t meters of a medium of relative permittivity er as shown in
Figure 2.1. If a charge of Q coulombs is given to plate X,
then the flux passing through the medium produces a flux
density of B.

The flux density, B ¼
Q

A
ð2:2Þ

The electric field intensity, E ¼
V

t
ð2:3Þ

B ¼ eE ð2:4Þ

Q

A
¼

eV
t

ð2:5Þ

C ¼
Q

V
¼

eA
t

¼
e0erA

t
ð2:6Þ

where e0¼ 8.854� 10�12 F/m; er¼ relative permittivity.
For measuring relative permittivity, vacuum or free space

is chosen as the reference medium. The relative permittivity of
vacuum with reference to itself is unity. The relative permit-
tivity and dielectric strength in kV/mm for various materials
are shown in Table 2.1.
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Capacitance in a Composite Medium

Consider a parallel plate capacitor with three different med-
iums with thickness t1þ t2þ t3 as shown in Figure 2.2. If V is
the potential difference across the plates and V1, V2, and V3 are
the potential differences across the three dielectric plates, then:

V ¼ V1 þ V2 þ V3 ¼ E1 t1 þ E2 t2 þ E3 t3

¼
B

e0er1
� t1 þ

B

e0er2
� t2 þ

B

e0er3
� t3

¼
Q

e0A
t1
er1

þ
t2
er2

þ
t3
er3

� �
ð2:7Þ

C ¼
Q

V
¼

e0A
t1
er1

þ
t2
er2

þ
t3
er3

� � ð2:8Þ

where er1; er2, and er3 are the permittivity of the various plates.

Example 2.1

A capacitor has two square aluminum plates, each 8 cm� 8 cm,
mounted parallel to each other as shown in Figure 2.1. What
is the capacitance in picofarads, if the distance between the
plates is 1 cm and the relative permittivity is 1.0? If the
space between the plates is filled with mica of relative permit-
tivity of 5.0, what will be the capacitance? In the second case,

TABLE 2.1 Dielectric Constant and Dielectric Strength

Insulating Material
Relative
Permittivity

Dielectric Strength,
kV/mm

Air 1.0 3.2
Glass (5–12) (12.0–20)
Wood (4–6) (20–60)
Micanite (2.5–6.7) —
Paper (4.6–6.0) (25–35)
Wax (1.8–2.6) 30
Porcelain (1.7–2.3) 15
Quartz (4.5–4.7) 8
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if a charge of 300 pC is given, what is the potential difference
between the plates?

Solution

e0 ¼ 8:854� 10�12 F=m, er ¼ 1:0

A ¼ 8� 8 ¼ 64 cm2 ð0:0064m2Þ, t ¼ 1 cm ð0:01mÞ

C ¼
e0erA

t
¼

ð8:854� 10�12Þð1:0Þð0:0064Þ

0:01
¼ 5:66� 10�12 F

If the space is filled with mica of er 5.0, the capacitance is
increased five times.

C (with mica)¼ (5) (5.66� 10�12)¼ 28.3� 10�12

V ¼
Q

C
¼

300� 10�12

28:3� 10�12
¼ 10:6V

Example 2.2

A parallel plate capacitor has a plate area of 1.5 m2 spaced by
three plates of different materials. The relative permittivities
are 3, 4, and 6, respectively. The plate thicknesses are 0.6, 0.8,
and 0.3 mm, respectively. Calculate the combined capacitance
and field strength in each material when the applied voltage
is 500 V.

Figure 2.2 Capacitance with a composite medium.
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Solution

e0¼ 8.854� 10�12 F/m
er1¼ 3.0, er2¼ 4.0, er3¼ 6.0
A¼ 1.5 m2

t1¼ 0.6 mm, t2¼ 0.8 mm, t3¼ 0.3 mm
V¼ 500 V

Using Equation (2.8), the combined capacitance can be calcu-
lated as:

C ¼
ð8:854� 10�12Þð1:5Þ

0:6

3
þ
0:8

4
þ
0:3

6

� �
10�3

¼ 0:0295� 10�6 F

Charge on the plates, Q¼C V¼ (0.0295� 10�6) (500 V)
¼ 14.75 � 10�6 C

B ¼
14:75� 10�6

1:5
¼ 9:83� 10�6 C=m2

E1 ¼
B

e0er1
¼

9:83� 10�6

ð8:854� 10�12Þð3Þ
¼ 370 kV=m

E2 ¼
B

e
0
er2

¼
9:83� 10�6

ð8:854� 10�12Þð4Þ
¼ 277:6 kV=m

E3 ¼
B

e0er3
¼

9:83� 10�6

ð8:854� 10�12Þð6Þ
¼ 185 kV=m

Spherical Capacitor

Consider a charged sphere of radius r meters having a charge
of Q coulombs placed in a medium of relative permittivity er.
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The surface potential V of such a sphere with respect to earth
is given by:

V ¼
Q

4pe0err
ð2:9Þ

Rearranging Equation (2.9) and using Equation (2.1):

C ¼ 4pe0err ð2:10Þ

Consider a spherical capacitor consisting of two concentric
spheres of radii a and b as shown in Figure 2.3. If the inner
sphere is given a charge of þQ coulombs, it will induce a charge
of �Q coulombs on its outer surface, which will go to earth.
The potential difference between the two surfaces is:

V ¼
Q

4pe0er

1

a
�
1

b

� �
ð2:11Þ

The capacitance of the spherical capacitor is given by:

C ¼ 4pe0er
ab

b� a
ð2:12Þ

Knowing the dimensions a and b along with the relative
permittivity, the capacitance value can be calculated.

Figure 2.3 A spherical capacitor.

Capacitor Fundamentals 23

© 2005 by Taylor & Francis Group, LLC



2.2 CYLINDRICAL CAPACITORS

Consider a cylindrical capacitor consisting of two co-axial cylin-
ders of radii a and b as shown in Figure 2.4. A cable conductor
can be considered as a simple cylindrical cable, with a metallic
conductor inside. Assume the charge per unit length of the
cable to be þQ coulombs on the outer side of the inner
cylinder and �Q coulombs on the inner side of the outer cylin-
der. The relative permittivity of the material is taken as er. In
order to evaluate the flux density, electric field, and the capac-
itance of the cylindrical cable, consider an imaginary cylinder
at a radius of x as shown in Figure 2.4. The area A of the
curved surface at radius x is given by:

A ¼ 2px ð1Þ ¼ 2px ð2:13Þ

The electric flux density B on the surface of the imaginary
cylinder is given by:

B ¼
Flux in coulombs

Area in square meters
¼

Q

A
C=m2

ð2:14Þ

Figure 2.4 A cylindrical capacitor.
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The electric field E is given by:

E ¼
B

e0er
¼

Q

2pe0erx
V=m ð2:15Þ

The incremental voltage change is due to the field and
incremental distance, given by:

dV ¼ �E � dx ð2:16Þ

The voltage V between the inner and outer cylinders is
calculated as:

V ¼

Zb

a

�E dx ¼

Zb

a

Q

2pe0erx
¼

Q

2pe0er
loge

b

a
ð2:17Þ

The capacitance C of the cylindrical capacitor is given by:

C ¼
Q

V
¼

2pe0er
2:3 log10 b=að Þ

ð2:18Þ

For a cylinder of length L meters, the capacitance C is
given by:

C ¼
2pe0erL

2:3 log10 b=að Þ
ð2:19Þ

Example 2.3

A simple co-axial cable consists of a 4 mm diameter copper
conductor with an insulation of 3 mm. The relative permittiv-
ity of the insulation is 3. Calculate the capacitance of the cable
for a length of 100 m.
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Solution

A ¼ 4 mm; b ¼ ð4þ 3þ 3Þ ¼ 10 mm, L ¼ 100 m

C ¼
2pe0erL

2:3 log10 b=að Þ
¼

ð2Þð3:14Þð8:854� 10�12Þð3Þ

2:3 log10 10=4ð Þ
ð100Þ

¼ 18:225� 10�9 F

2.3 ENERGY STORED IN A CAPACITOR

The energy is stored in a capacitor in an electrostatic field and
it produces a field flux and flux density. Charging of such an
electric field requires energy. The stored energy in the dielec-
tric medium is important in various calculations. When dis-
charging the capacitor, the field energy is released. In order
to calculate the stored energy in a capacitor, consider the
potential difference between the capacitor plates as v. This
potential is equal to the work done in transferring 1 coulomb
of charge from one plate to another. If dq is the incremental
charge to be transferred, the work done is given by:

dW ¼ v � dq ð2:20Þ

where q ¼ Cv;dq ¼ C � dv ð2:21Þ

Using Equations (2.20) and (2.21), the total work done W
due to V units of potential difference is:

W ¼

ZV

0

Cv dv ¼
1

2
CV2 ð2:22Þ

If capacitance C is in farads and the potential difference V
is in volts, then:

W ¼
1

2
CV2 ¼

1

2
QV ¼

Q2

2C
ð2:23Þ
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If the charge Q is expressed in coulombs and the
capacitance C in farads, then the energy stored is given in
joules.

Example 2.4

A capacitance of 0.01 mF is connected to a circuit with
a DC voltage of 100 V. Then the capacitor is disconnected
and immersed in oil with a relative permittivity of 2. Find
the energy stored in the capacitance before and after immer-
sion in the oil.

Solution

C¼ 0.01 mF; V¼ 100 V

Energy stored in the capacitor ¼
1

2
CV2 ¼

1

2
ð0:01� 10�6Þð100Þ2

¼ 50� 10�6 J

When immersed in oil, the capacitance is increased by a factor
of two. The charge is constant, assuming no losses. The voltage
is decreased by a factor of 2.

C (new)¼ (2) (0.01)¼ 0.02 mF
V (new)¼ 100/2¼ 50 V

Energy stored in the capacitor ¼
1

2
ð0:02� 10�6Þð50Þ2

¼ 50� 10�6 J

The energy in the capacitor remains the same.

2.4 CHARGING AND DISCHARGING OF A
CAPACITOR

The charging and discharging of a capacitor is an important
aspect of electrical circuits. Both functions are controlled by
the circuit time constant, which is proportional to the value of
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the capacitance. In order to explain the concept of the
time constant, a simple RC circuit, shown in Figure 2.5, is
used. The capacitor is charged from the battery, when the
circuit switch is connected to ‘‘X.’’ At any instant during
the charging, the Kirchhoff’s voltage equation is given by:

V ¼ vþ iR ð2:24Þ

i ¼
dq

dt
¼

d

dt
ðCvÞ ¼ C

dv

dt
ð2:25Þ

where

V ¼ Applied voltage

v ¼ Voltage across the capacitor

q ¼ Charge on the capacitor plates

R ¼ Resistance

V ¼ vþRC
dv

dt
ð2:26Þ

Rearranging Equation (2.26):

�
dv

V � v
¼ �

dt

CR
ð2:27Þ

Figure 2.5 Circuit diagram for charging and discharging a
capacitor.
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Integrating both sides of Equation (2.27):

�

Z
dv

V � v
¼ �

1

CR

Z
dt ð2:28Þ

logeðV � vÞ ¼ �
t

CR
þK ð2:29Þ

where K is the constant of integration. At the start of charging,
t¼ 0 and v¼ 0. Then K ¼ loge V : Using this value of K
and rearranging Equation (2.29):

v ¼ Vð1� e�t=RCÞ ¼ Vð1� e�t=tÞ ð2:30Þ

where t¼RC¼ time constant.
The time constant is defined as the time during

which the voltage across the capacitor would have reached its
maximum value had it maintained the initial rate of rise. This
concept is shown in Figure 2.6. In Equation (2.30), let t¼ t,
then:

v ¼ Vð1� e�1Þ ¼ 0:632 V ð2:31Þ

Hence the time constant can also be defined as the time
during which the capacitor voltage reaches 0.632 of the final
steady-state voltage.

Figure 2.6 The time constant; the capacitor voltage reaches 0.632
of the final voltage.

Capacitor Fundamentals 29

© 2005 by Taylor & Francis Group, LLC



Charging Current

It is known that v¼ q/c and V¼Q/C. Using these relations in
Equation (2.30):

q

C
¼

Q

C
ð1� e�t=tÞ ð2:32Þ

Differentiating both sides:

dq

dt
¼ i ¼ Q

d

dt
ð1� e�t=�Þ ¼ Ime

�t=� ð2:33Þ

where Im¼V/R¼maximum current.

Discharging of a Capacitor

In Figure 2.5, if the switch is connected to ‘‘Y,’’ then the
source voltage is disconnected, the capacitor circuit is shorted,
and it will discharge through the resistance. Since the battery
is disconnected, V¼ 0 in Equation (2.26) gives the following
relation:

0 ¼ vþRC
dv

dt
ð2:34Þ

dv

v
¼ �

dt

RC
ð2:35Þ

Integrating both sides of Equation (2.35):

Z
dv

v
¼ �

1

RC

Z
dt ð2:36Þ

loge v ¼ �
t

RC
þK ð2:37Þ

where K is the constant of integration. At the start of
discharge, t¼ 0 and v¼V. Solving for K and rearranging:

v ¼ Ve�t=� ð2:38Þ
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The voltage across the capacitor decreases exponentially
and the decaying curve is shown in Figure 2.7. It also can be
proved that the capacitor current decays according to Equation
(2.39):

i ¼ �Im e�t=e ð2:39Þ

where Im is the maximum value of the current. The capacitor
current decreases from the maximum value of �1.0 per unit in
an exponential manner and is shown in Figure 2.8.

Example 2.5

A 5 mF capacitor is charged through a resistance of
100 k�. (a) Calculate the time constant of the circuit.

Figure 2.7 Voltage across the capacitor during de-energization.

Figure 2.8 Decaying current in the capacitor circuit.

Capacitor Fundamentals 31

© 2005 by Taylor & Francis Group, LLC



(b) Find the time it takes for the capacitor to reach 90% of
the final charge.

Solution

C¼ 5mF R¼ 100 k�

(a) Time constant of the circuit¼ 100,000� 5� 10�6

¼ 0.5 s
(b) When q¼ 0.9Q

0:9�Q ¼ Qð1� e�t=0:5Þ

Rearranging and taking log on both sides:

0:1 ¼ e�t=0:5

logeð0:1Þ ¼
�t

0:5

t¼�(0.5) loge(0.1)¼ 1.15 s

PROBLEMS

2.1. Consider the parallel plate capacitor shown in
Figure 2.1. If the medium consists partly of air
and partly of a dielectric slab of thickness t and
relative permittivity er, find an expression for the
capacitance.

2.2. Consider a spherical capacitor as shown in
Figure 2.3. If the inner sphere is grounded and the
outer sphere is given a charge of þQ coulombs, find
an expression for the capacitance.

2.3. The capacitance of a three-plate arrangement is
derived based on Figure 2.2. Draw a one-line dia-
gram of the capacitor section for a 5-parallel
plate arrangement and derive the equation for the
capacitance. State the assumptions.
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2.4. A capacitor is made of two plates with a distance of
5 mm between them. The area of each of the plates
is 20 cm2. The charge on each plate is 0.7� 10�6 C.
Calculate the electric field strength between the
plates. What is the potential difference between
the plates?

2.5. A power system cable consists of a 6 mm diameter
aluminum conductor and a 3 mm insulation. The
relative permittivity of the insulation material is 4.
Calculate the capacitance of the cable for a length
of 1 km.

2.6. A 4 mF capacitor is charged by a 110 V DC supply
through a 100 k� resistance. How long will it
take the capacitor to develop a voltage of 90 V?
What is the energy stored in the capacitor at that
instant?

2.7. A capacitor is charged to 100 V and then is
connected to a voltmeter with a resistance of
10M�. The voltmeter reading has fallen to 20 V
at the end of an interval of 1 min. Find the value
of the capacitance.

2.8. Construct a parallel plate capacitor with an insula-
tion based on the ideas discussed in this chapter.
Prepare two aluminum electrodes using aluminum
foil, each 5 in.� 5 in. Prepare two paper insulations
of 6 in.� 6 in. Arrange the parallel plate capacitor
and put a charge on the plate using a 6 V battery.
Remove the battery and measure the voltage.
Conduct additional tests and prepare a report.
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3

POWER FACTOR CONCEPTS

3.1 THE POWER FACTOR

The current required by motors, lights, and computers is made
up of real and reactive components. This concept of a two-
component current is helpful in understanding the capacitor
current. Loads such as a heater require the supply of only the
real component of current. Some loads, such as an induction
motor, require both real and reactive currents [1].

The real current is that component that is converted by
the equipment into useful work such as production of heat
through a heater element. The unit of measurement of this
current is ampere (A) and of power (voltage� real current) is
watts (W).

The reactive current is that component that is required to
produce the flux necessary for the functioning of induction
devices. The current is measured in ampere (A) and the
reactive power (voltage� reactive current) in VARs.

Total Current

The total current is the algebraic sum of the real and reactive
current, measured in amperes. VA represents the voltage-
ampere product. The relation between the real, reactive, and
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total current is shown in Figure 3.1. The total current is
given by:

Total current ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðReal currentÞ2 þ ðReactive currentÞ2

q
ð3:1Þ

The square root appears in the equation because these
currents are resolved using orthogonal relations in a triangle.
The other two currents can be calculated using the following
relations:

Real current ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTotal currentÞ2 � ðReactive currentÞ2

q
ð3:2Þ

Reactive current ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTotal currentÞ2 � ðReal currentÞ2

q
ð3:3Þ

These current components also are useful for calculating
both the real and reactive power.

Power Factor

The power factor may be expressed as the ratio of the real
current to the total current in a circuit. Alternatively, the
power factor is the ratio of kW to total kVA:

Power factor ¼
Real current

Total current
¼

kW

kVA
ð3:4Þ

Figure 3.1 The relation between the real, reactive, and total
current.
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Referring to the triangle in Figure 3.1:

Power factor ¼
AB

AC
ð3:5Þ

The angle y is called the power factor angle. This is the
angle included between the total current and the real current.
The cosine of this angle (cos y) is the power factor.

Example 3.1

In a 110V AC circuit, the real and reactive currents are 40A
and 30A, respectively. Calculate the total current. What
are the corresponding total kVA, kW, and kVAR? Verify the
results. What is the power factor of this circuit? What is
the corresponding power factor angle?

Solution

Total current ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
402 þ 302

p
¼ 50A

Total kVA ¼
ð110VÞð50AÞ

1000
¼ 5:5

kW ¼
ð110VÞð40AÞ

1000
¼ 4:4

kVAR ¼
ð110VÞð30AÞ

1000
¼ 3:3

kVA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4:4Þ2 þ ð3:3Þ2

q
¼ 5:5

Power factor ¼
40

50
¼ 0:8

Power factor angle ¼ cos�1ð0:8Þ ¼ 36:88
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The Lagging Power Factor

Consider an inductive load as shown in Figure 3.2. In this
circuit, both watts and VARs are delivered from the source.
The corresponding phasor diagram is shown in Figure 3.2. The
power factor angle in this case is negative, and therefore the
power factor is lagging.

The Leading Power Factor

Consider a capacitive load as shown in Figure 3.3. In this
circuit, the watts are delivered from the source. The reactive
power (VARs) is delivered from the load to the source. The
corresponding phasor diagram is shown in Figure 3.3. The
power factor angle in this case is positive, and therefore
the power factor is leading.

In order to understand this concept, consider the
following generator load circuits, shown in Figure 3.4.

Figure 3.2 The concept of lagging power factor.

Figure 3.3 The concept of leading power factor.
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The power flow at the generator and load can be identified
along with the power factor as shown in Table 3.1. The
power factor is lagging if the load requires reactive power
and leading if the load delivers reactive power. The power
factor of group loads needs careful consideration and is
explained through an example.

Example 3.2

An industrial substation supplies lighting, induction motor,
and synchronous motor load as given below:

Lighting load¼ 40kW at unity power factor
Induction motor load¼ 100 kW at 0.7 power factor
Synchronous motor load¼ 200kW at 0.9 power factor

Find the kW, kVAR, and power factor of each load. Also find
the kW, kVAR, and power factor at the substation level.

Figure 3.4 The power flow in a synchronous motor.

TABLE 3.1 The Real and Reactive Power Flow Concepts in a
Synchronous Motor

At Generator At Load

Load kW kVAR PF kW kVAR PF

Synch. motor underexcited Out Out Lag In In Lag
Synch. motor overexcited Out In Lead In Out Lead
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Solution

kVA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3402 þ 158:52

p
¼ 375

Overall power factor ¼
340

375
¼ 0:907 ðlagÞ

Power Factor Improvement

Many utilities prefer a power factor of the order of 0.95. Since
industrial equipment such as an induction motor operates at
a much lower power factor, the overall power factor of the
industrial load is low. In order to improve the power factor,
synchronous condensers or capacitors are used.

The synchronous machines, when operated at leading
power factor, absorb reactive power and are called synchronous
condensers. These machines need operator attendance and
require periodical maintenance. Power factor capacitors are
static equipment without any rotating parts and require less
maintenance. Therefore, shunt capacitors are widely used
in power factor correction applications. The shunt capacitors
provide kVAR at leading power factor and hence the overall
power factor is improved.

Example 3.3

In Example 3.2, the power factor is to be improved to 0.95
with capacitors. How much shunt capacitor kVAR is needed?
Draw a one-line diagram of the circuit and phasor diagram.

Solution

kW ¼ 340; kVAR ¼ 158:5; Desired power factor ¼ 0:95

Load kW PF kVA kVAR Angle in degrees
Lighting 40 1.0 40 0.0 0
Induction motor 100 0.7 143 71.4 45.6
Synchronous motor 200 0.9 222 87.1 25.8

Total
�����
340

������������
158.5
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Required kVA ¼
340

0:95
¼ 358

Power factor angle, cos�1 (0.95)¼ 18.2
kVAR, [358 sin (18.2)]¼ 112
kVAR supplied by the capacitors (158.5� 112)¼ 46.5

The one-line diagram of the load circuit and the corresponding
power factor improvement phasor relations are shown in
Figure 3.5.

From the right angle triangle in Figures 3.1 and 3.5, the
equations related to the power factor can be written. The
kW component usually remains constant. The kVAR and
the kVA components change with the power factor. Knowing
the desired and existing power factor, the kVAR to be supplied
using shunt capacitors can be calculated as:

cos y ¼ Power factor ¼
kW

kVA
ð3:6Þ

tan y ¼
kVAR

kW
ð3:7Þ

sin y ¼
kVAR

kVA
ð3:8Þ

kVAR ðcapacitorÞ ¼ kW ðtan y1� tan y2Þ ð3:9Þ

Figure 3.5 One-line diagram of the circuit and phasor.
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3.2 THE SYNCHRONOUS CONDENSER

The power factor of a load can be improved by using synchronous
machines operating in the leading power factor mode. Such an
operation of a synchronous machine is called a synchronous
condenser. A photograph of a synchronous condenser is shown
in Figure 3.6. In order to demonstrate this concept for power
factor correction, consider a synchronous machine operating
without any losses. The terminal voltage of the machine is
represented as V and the back emf is represented as E. If a
restraining force is applied to the rotor of the machine, it will
tend to slow down until a torque is developed equal to the
opposite restraining force. Then the rotor will operate at the
same speed as the generator and the back emf will be at an
angle to the terminal voltage vector. There is a resultant
voltage vector, E1, and a current flow occurs (I per phase)
given by:

I ¼
ðV � EÞffiffiffi

3
p

Z
ð3:10Þ

where Z is the impedance per phase. Since the impedance
is dominantly reactive, the current will be lagging the applied
voltage. The power input to the synchronous motor under
this condition will be:

P ¼ V I cosf ð3:11Þ

Figure 3.6 Photograph of a synchronous condenser. (Courtesy of
OSHA, www.osha.gov.)
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where f is the phase angle between the terminal voltage
and the current. This condition is represented in Figure 3.7a.
If the excitation is increased on the synchronous motor,
the unity power factor condition will occur as shown in
Figure 3.7b. The back-emf will be increased from the previous
condition. The resultant voltage has caused the change in the
position and value. The current I is in phase with the terminal
voltage and hence the power factor is unity [2,3].

A further increase in the excitation current will increase
the motor back-emf as shown in Figure 3.7c. The resultant
voltage is modified in value and position. The current is leading
the terminal voltage by an angle f. The in-phase current can
be seen to be equal in all three power factor cases. This must be
true since the same speed and torque are assumed in all three
operating conditions. Then the real power will remain the same
in all three conditions. Since the power factor angle is changed
in each condition, the corresponding reactive power at the
terminal will be different.

V-Curves

Since the line voltage in each operating condition is the same,
it is apparent from the above that the load, excitation, line

Figure 3.7 Phasor diagram of the synchronous motor for lag,
unity, and lead power factor conditions.
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current, and the power factor are closely related. A family of
curves known as V-curves expresses the relationship. This is
represented in a general format in Figure 3.8. The minimum
value of line current for each load condition occurs at unity
power factor and at a specific excitation current. As excitation
is decreased, the line current will increase and the motor will
operate at lagging power factor. If the excitation is increased
from the unity power factor condition, the line current will
again increase, but will operate under a leading power factor
condition.

Therefore, the synchronous condenser can be used to
improve the power factor of the system like a shunt capacitor
bank; however, there are some differences between the syn-
chronous condenser and the shunt capacitor bank, as listed
in Table 3.2. Since the synchronous condenser is expensive to
install and maintain, these devices are not widely used in
power system applications. Since capacitor banks are easier
to install and maintain, these devices are used for power
factor correction at all voltage levels in the utility.

PROBLEMS

3.1. Define power factor using the power triangle.
3.2. What is the advantage of a better power factor?

What are the undesirable effects of a poor power
factor?

Figure 3.8 V-curves showing the relation of load current to
excitation.
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3.3. The real and reactive current components of a
110V, 60Hz, single-phase load are 7A and 4A,
respectively. What is the total line current? What
are the real and reactive power supplied to the load?
What are the kVA and power factor of the load?

3.4. An induction motor load is operating at 0.7 power
factor drawing 600 kW. A synchronous motor is
connected to the same bus and can be operated at
lagging, unity, or leading power factor. Find the
resultant power factor if the synchronous motor is
operated at (a) (200þ j 0) kVA; (b) (200þ j 152) kVA.
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TABLE 3.2 Differences between a Synchronous Condenser and
Shunt Capacitor

Synchronous Condenser Shunt Capacitor

Rotating machine Static equipment
Fine control of Q using excitation In steps
More stabilizing effect Not so
For short periods the machine

can supply excess kVAR
Overloading is not recommended

Losses in synchronous machines
are much higher than the
capacitors

Lower losses

One installation Capacitor can be installed at several
locations in the distribution system

kVAR rating is fixed kVAR can be added/decreased
Failure: unit up or down Can failure is possible
Overvoltage performance

is good
Overvoltage: moderate or limited

Harmonics: none May produce harmonics or resonance
with system inductance

Fast enough response Response is system dependent
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4

INDUSTRY STANDARDS

4.1 STANDARDS ORGANIZATIONS

There are several organizations responsible for providing lead-
ership in developing standards for the capacitor industry.
These organizations play a vital role by conducting seminars
and conferences, producing publications, and disseminating
technical material from various companies or universities.
Otherwise, copyrights, patents, and employer discretion pro-
tect most technical materials. Such a process helps in develop-
ing and maintaining the necessary standards for devices such
as the capacitor. These standards provide guidelines for the
design, manufacture, testing, installation, and maintenance
of power system capacitors. The important organizations
responsible for capacitor standards are identified below along
with their contributions in the form of standards. The mission,
vision, objectives, and services offered by these organizations
are provided at their respective web sites.

4.1.1 The Institute of Electrical and Electronics
Engineers (IEEE)

IEEE is a worldwide technical professional society. The
technical objectives of IEEE focus on advancing the theory
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and practice of electrical, electronics, computer engineering,
and computer science. Society membership is open to all elec-
trical and computer professionals, including students. IEEE
promotes the engineering process of creating, developing,
integrating, sharing, and applying knowledge about electric,
information technologies, and sciences for the benefit of human-
ity and the profession. The IEEE standard documents are
developed by the Technical Committees of the different
IEEE Societies. The software engineering standards are
developed within the Computer Society. Through its members,
IEEE is a leading authority in technical areas ranging from
computer engineering, biomedical technology, telecommunica-
tions, electric power, aerospace, and consumer electronics. The
standards activities within IEEE are coordinated through
various conferences and committees working on various
technical issues. Through its technical publishing, conferences,
and consensus-based standards activities, IEEE is respon-
sible for:

� Approximately 30% of the world’s published literature
in electrical engineering.

� Many conferences and technical exhibitions on various
technologies.

� More than 900 active standards with an additional 700
under development.

� A platform for meetings and networking among pro-
fessionals.

� Educational opportunities to ensure the vitality of
engineers.

� Publishing papers on all aspects of electrical and com-
puter engineering.

� Recognition of technical and professional achievements
through awards.

4.1.2 The International Electrotechnical
Commission (IEC)

IEC is the international standards and conformity assessment
body for all fields of electrotechnology. It provides a forum for
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the preparation and implementation of consensus-based volun-
tary international standards, facilitating international trade
in the relevant fields and helping meet expectations for an
improved quality of life. The membership currently comprises
52 National Committees, representing all electrotechnical
interests in each member country, from manufacturing and
service industries, to government, scientific, research and
development, academic, and consumer bodies. For information
technology standards, ISO and IEC have formed a Joint
Technical Committee. IEC is the leading global organization
that prepares and publishes international standards for all
electrical, electronic, and related technologies. These serve as
a basis for national standardization and as references when
drafting international tenders and contracts. Through its
members, IEC promotes international cooperation on all ques-
tions of electrotechnical standardization and related matters,
such as the assessment of conformity to standards in the fields
of electricity, electronics, and related technologies. The IEC
charter embraces all electrotechnologies, including electronics,
magnetics, electromagnetics, electro-acoustics, multimedia,
telecommunication, energy production, distribution, electro-
magnetic compatibility,measurement, dependability, designand
development, safety, and the environment. The commission’s
objectives are to:

� Meet the requirements of the global market efficiently.
� Ensure worldwide use of its standards and conformity

assessment schemes.
� Assess and improve the quality of products covered by

its standards.
� Establish the conditions for the interoperability of

complex systems.
� Contribute to the improvement of human health and

safety.
� Contribute to the protection of the environment.

IEC’s international standards facilitate world trade by
removing technical barriers to trade, leading to new markets
and economic growth. IEC’s standards are vital since they also
represent the core of the World Trade Organization’s
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Agreement on Technical Barriers to Trade, whose 100-plus
central government members explicitly recognize that inter-
national standards play a critical role in improving industrial
efficiency and developing world trade. The IEC standards pro-
vide the industry and its userswith the framework for economies
of design, greater product and service quality, increased inter-
operability, and better production and delivery efficiency. At
the same time, IEC’s standards also encourage an improved
quality of life by contributing to safety, human health, and
the protection of the environment.

IEC’s multilateral conformity assessment schemes, based
on its international standards, are truly global in concept and
practice, reducing trade barriers caused by different certifica-
tion criteria in various countries and helping industries open
up new markets. Removing the significant delays and costs of
multiple testing and approval allows the industry to deliver its
products to the market more quickly and more cheaply. As
technology becomes more complex, users and consumers are
becoming more aware of their dependence on products whose
design and construction they may not understand. In this
situation, reassurance is needed that the product is reliable
and will meet expectations in terms of performance, safety,
durability and other criteria. IEC’s conformity assessment
and product certification schemes exist to provide just such a
reassurance, and the regulatory nature of some products now
also reflects recognition of the schemes among some govern-
ment regulators.

Using the IEC standards for certification at the national
level ensures that a certified product has been manufactured
and type tested to well-established international standards.
The end user can be sure that the product meets minimum
quality standards, and need not be concerned with further
testing or evaluation of the product.

4.1.3 The National Electrical Manufacturers
Association (NEMA)

NEMA was created in the fall of 1926 by the merger of
the Electric Power Club and the Associated Manufacturers
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of Electrical Supplies. It provides a forum for the stan-
dardization of electrical equipment, enabling consumers to
select from a range of safe, effective, and compatible electri-
cal products. The organization has also made numer-
ous contributions to the electrical industry by shaping
public policy and operating as a central confidential agency
for gathering, compiling, and analyzing market statistics
and economic data. NEMA attempts to promote the
competitiveness of its member companies by providing a
forum for:

� Development of standards for the industry and the
users of its products.

� Establishment and advocacy of industry policies on
legislative and regulatory matters that might affect
the industry and those it serves.

� Collection, analysis, and dissemination of industry
data.

NEMA publishes more than 500 standards along with
certain standards originally developed by the American
National Standards Institute (ANSI) or the International Elec-
trotechnical Commission (IEC). The association promotes
safety in the manufacture and use of electrical products, pro-
vides information about NEMA to the media and the public,
and represents industry interests in new and developing
technologies.

NEMA, with headquarters in Rosslyn, Virginia, has more
than 400 member companies, including large, medium, and
small businesses that manufacture products used in the areas
of generation, transmission, distribution, control, and end-use
of electricity. NEMA is the trade association of choice through
which the electric industry develops and promotes positions on
standards and government regulations. It also helps members
acquire information on industry and market economics.
NEMA’s mission is to promote the competitiveness of its
member companies by providing quality services that will
impact positively on standards, government regulations, and
market economics.
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4.1.4 The American National Standards Institute
(ANSI)

ANSI is a private, nonprofit organization that administers and
coordinates the U.S. voluntary standardization and conformity
assessment system. The institute’s mission is to enhance both
the global competitiveness of U.S. business and the quality of
life by promoting and facilitating voluntary consensus stan-
dards and conformity assessment systems, and safeguarding
their integrity. ANSI currently provides a forum for more
than 270 ANSI-accredited standards, developers representing
approximately 200 distinct organizations in the private and
public sectors. These groups work cooperatively to develop
voluntary national consensus standards and American
National Standards. IEEE is one such organization that devel-
ops standards related to electrical and computer engineering.
The approved standards are reviewed by volunteer groups and
updated on a regular basis.

4.2 STANDARDS RELATED TO CAPACITORS

The following four standards address power system capacitor
specifications, applications, and protection of shunt [1–3] and
series capacitors [4].

IEEE Standard 18 provides definitions, specifications
and testing approaches for the power factor correction shunt
capacitors. There is also a table from which to select the
ratings of capacitors for a given voltage rating [1].

IEEE Standard 1036 outlines the purpose of shunt
capacitors, ratings, application approach to distribution lines,
shunt capacitors for substations, and related issues. Special
applications for harmonic filters, motor applications, and
surge capacitor-related application issues are discussed.
Guidelines for safety and personnel protection, initial inspec-
tion, measurements, and energization issues of shunt capac-
itors are discussed. Periodic inspection, maintenance, and
field-testing issues are outlined in this standard [2].

ANSI/IEEE Standard C37.99 discusses the basics of
unit ratings, bank arrangements such as delta or wye
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configurations, rating requirements, protection issues, effect
of unbalance protection, and system considerations such as
harmonics [3].

IEEE Standard 824 provides guidelines for the applica-
tion of series capacitors in power systems. The series capacitor
compensation is a very special application of power system
capacitors and requires careful consideration [4].

ANSI/IEEE Standard C37.04 establishes the rated
short circuit current as the highest value of the symmetrical
component of the short circuit current measured from the
envelope of the current wave [5].

ANSI/IEEE Standard C37.06 provides the standard
ratings for various circuit breakers, including the following:

� Preferred ratings for indoor circuit breakers.
� Preferred capacitance current switching ratings for

indoor oilless circuit breakers.
� Preferred rated voltage levels of 72.5 kV and below for

outdoor circuit breakers including circuit breakers
applied in gas insulated substations.

� Preferred capacitance current switching ratings for
outdoor circuit breakers of 72.5 kV and below,
including circuit breakers applied in gas insulated
substations.

� Preferred ratings for outdoor circuit breakers of
121 kV and above, including circuit breakers for gas
insulated substations.

� Preferred capacitance current switching ratings for
outdoor circuit breakers of 121 kV and above, includ-
ing circuit breakers for gas insulated substations.

This standard also contains the schedule of dielectric
test values and external insulation for AC high voltage circuit
breakers and gas insulated substations. Particular attention
should be paid when selecting the circuit breakers for capac-
itance current switching applications [6].

ANSI/IEEE Standard C37.09 deals with the specifica-
tions of the design tests, production tests, tests after delivery,
field tests, and conformance tests on various circuit breakers.
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This standard specifies the allowable transient recovery
voltage (TRV) on various switching conditions including
capacitance current switching [7].

ANSI/IEEE Standard C37.010 provides guidelines for
the application of high voltage circuit breakers. This
includes applicable interrupting time, permissible tripping
delay, reclosing time, TRV rate, capacitance current switch-
ing, shunt reactor switching, and short-circuit-related
considerations [8].

ANSI/IEEE Standard C37.011 examines transient recov-
ery voltage concepts. The calculation of transient recovery
voltage for various capacitance-based systems and the TRV
calculations in faulted power systems are also discussed. The
TRV is an important parameter in the selection and opera-
tion of any circuit breaker. Typical capacitance values for
various equipment such as generators, buses, transmission
lines, and instrument transformers are given in this stan-
dard [9].

ANSI/IEEE Standard C37.012 deals mainly with capac-
itance current switching application issues such as interrupt-
ing time, transient overvoltage, and effect of reclosing. The
considerations required for capacitance currents and recovery
voltages under fault conditions are also discussed in this
standard [10]. The GIS substation-related guidelines are
presented in Reference [11].

IEEE Standard 519 is the harmonic standard that deals
with the various sources of generation, system response
characteristics, and effect of harmonics on various power
system components such as motors, generators, cables, and
capacitors. The effects of reactive power compensation and
harmonic control are outlined in detail. The analysis meth-
ods, measurement approaches, and recommended practices
for individual consumers are provided. The standard also
provides recommendations from the utility point of view.
Further, the standard deals with the methodology for eval-
uating new harmonic sources. Finally, some application
examples are presented. Because power factor correction
and harmonic control are performed simultaneously using
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shunt capacitors this standard is important with respect to
capacitor applications [12].

ANSI Standard 141 provides guidelines for system
planning, voltage considerations, surge voltage protection,
coordination of protection devices, fault calculations, ground-
ing, power factor related topics, power switching, instrumen-
tation, cables, bus ways, and energy conservation. The use
of shunt capacitors for improving power factors of industrial
loads is discussed in the chapter on power factor and related
considerations. The application of the shunt capacitor in
induction motors is also presented from the viewpoint of
efficiency and safety [13]. ANSI Standard 399 [14] deals
with computer-aided analysis of power systems.

IEEE Standard C62.11 provides voltage ratings,
maximum continuous overvoltage values, performance testing
evaluation procedures for surge arresters, design tests, con-
struction guidelines, and protective characteristics for the
metal oxide varistor type of surge arresters [16].

IEEE Standard C62.22 presents the general considera-
tions of surge arrester applications such as overvoltage, separa-
tion effects, and insulation coordination from the systems
viewpoint. The protection of transmission systems, surge
arrester selection approaches, and location of equipment are
discussed in this standard. For individual equipment, the
required considerations for the transformer, shunt capacitors,
underground cables, GIS substations, rotating machines,
power line insulation, series capacitors, and circuit breaker
TRV control approaches are also discussed. The required
procedures for the selection of surge arresters for the distribu-
tion system are outlined in this standard [15].

ANSI Standard C37.40 deals with distribution cutouts
and fuses suitable for all electric circuit applications. The
definitions and specifications for both the expulsion and
current limiting fuses are provided in this standard [17].

ANSI Standard C37.42 discusses the distribution cut-
outs and fuses suitable for capacitor circuit applications.
The specifications of the cutouts suitable for mounting the
fuses are outlined along with the testing methods. The rated
voltage, continuous current, interrupting current, short time
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ratings, and basic impulse insulation ratings of cutouts
are presented for voltage levels of 5.2–18 kV. This includes
both the enclosed and open cutout ratings. The melting
currents of expulsion type K (fast) and type T (slow) fuses
are presented in tables for preferred ratings, intermediate
ratings, and ratings below 6A. These two tables are
reproduced in Appendix E [18].

ANSI Standard C37.47 deals with the specifications
for distribution fuse disconnecting switchgear for fuse
supports and current limiting fuses. The voltage and current
ratings of the current limiting fuses are given in this
standard [19].

IEC has several standards on capacitors. These standards
are widely used throughout Europe and elsewhere [20–27].

NEMA also has certain standards applicable to capac-
itors [28,29].

4.3 CONCLUSIONS

As outlined above, there are many standards regarding
shunt capacitor design, manufacture, installation, and test-
ing. Other capacitor standards on these aspects are available
from other countries (e.g., Canada and the U.K.). The guide-
lines provided by these standards may not agree with one
another. The numerical values provided in one version of a
standard may be superseded by a later version. For example,
ANSI Standard 18 contains a table on the preferred kV and
kVAR ratings with modified values in the 1980, 1992, and
2002 versions. Such changes in numerical values imply a
change in the trend in manufacture and application of
shunt capacitors. The user is always encouraged to use
the latest version of any standard; however, the older ver-
sions are still needed for calculations and analysis of the
capacitor banks installed in previous years. In addition to
capacitors, there are many standards associated with other
related equipment such as circuit breakers, surge arresters,
and fuses.
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5

CAPACITOR SPECIFICATIONS

5.1 TYPES OF CAPACITOR BANKS

Capacitor units are manufactured as single-phase units. They
are connected in wye or delta for three-phase applications.
Three-phase capacitor units are also available from certain
manufacturers. Based on fusing arrangement, capacitor banks
are divided into three types:

� Externally fused capacitor banks
� Internally fused capacitor banks
� Fuseless capacitor banks

The features of these capacitor banks are described below.

5.1.1 Externally Fused Capacitor Banks

These are units with fuses connected externally to the capaci-
tor units. The fuses are intended to disconnect the faulted
capacitor unit in a bank, preventing rupture of the capacitor
case. The remaining units can continue in service without
interruption. This type of capacitor bank design consists of
several capacitor units in parallel. A typical externally fused
capacitor bank design is shown in Figure 5.1 [1].
When a capacitor unit is isolated from a bank in one phase,
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the capacitance in other phases is higher, resulting in higher
phase voltages. To limit the incremental overvoltage due to
the removal of a unit in the case of a fuse operation, the unit
kVAR size is limited in this type of design. The faulted unit can
be identified by visual inspection of the failed fuse unit.
However, a failed fuse unit is not an indication of the state
of the capacitor unit (failed or not failed). Further, the external
fuse unit can deteriorate due to pollution or environmental
factors. Such capacitor banks are used in distribution systems
on pole-mounted capacitor banks. Typical specifications of the
externally fused capacitor bank units are:

� Capacitor unit size varies from 50–400kVAR.
� The bank consists of series–parallel combinations.
� When the fuse of a capacitance unit fails, the voltage

in the other phases increases.
� Warning of a defective unit is received through fuse

activation or neutral unbalance detection.

5.1.2 Internally Fused Capacitor Banks

In this design, the entire capacitor is constructed with several
series–parallel combinations. A typical internally fused capaci-
tor bank design is shown in Figure 5.2 [1]. Usually, the current

Figure 5.1 Externally fused capacitor bank [1].

62 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



limiting fuses are used inside the capacitor bank. These fuses
are designed to isolate the failed capacitor unit, allowing
the continued service of the remaining units. The effect of the
single element on the voltage rise will be small and hence the
capacitor bank can operate in normal service. It is claimed
that the capacitor bank can operate satisfactorily even with
several failed capacitor elements. The following advantages
are claimed:

� No sustained arcing and hence no risk of capacitor
case rupture.

� Easy installation and maintenance.
� Fuse elements are not exposed to external environ-

mental factors.
� The capacitor and fuse assemblies are tested together

in the factory.
� They are suitable for substation, HVDC, SVC, and

filter applications.
� The failure of the fuse can be identified through unbal-

ance in the phase currents or neutral current.

The limitation of an internally fused capacitor unit is the
inability to identify the failed capacitor or fuse unit. If a signifi-
cant number of capacitor or fuse elements fail, then the capac-
itor bank should be replaced.

Figure 5.2 Internally fused capacitor bank and capacitor unit [1].
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5.1.3 Fuseless Capacitor Banks

In a fuseless capacitor bank, a number of individual capacitor
units are connected in series, and the group of units is referred
to as a string. One or more strings are then connected in
parallel per phase as shown in Figure 5.3, which is a typical
schematic diagram of one phase of a two-string fuseless bank
[2]. Since individual capacitor units are not connected in par-
allel within a string, the capacitor unit’s internal series groups
can be viewed as being in series with those of the other capac-
itors in that string. Therefore, if one of the internal series
groups of a capacitor unit fails due to a short circuit, the result-
ing increase in current through the capacitor unit is small.
Thus the increase in voltage applied to the internal series
groups in this and other units in the string is also correspond-
ingly small. Because the fault causing this short-circuited
series group within the capacitor unit is stable, the affected
unit may remain in service for an indefinite period of time.
This is the underlying principle for the serviceability of fuseless
banks.

Fuseless capacitor banks have a number of advantages
over fused banks, but they also have their own unique set of
limitations and concerns. Although both fused and fuseless
banks will provide good service when properly designed,
before purchasing a fuseless bank, the user should be aware

Figure 5.3 Fuseless capacitor bank assembly of a 320 kVAR/phase.
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of the differences. Some of the advantages of fuseless banks
compared to externally fused banks are:

� Typically require one half the substation space of
externally fused banks.

� Usually less expensive than fused banks.
� Exhibit greater resistance to animal-related outages as

interconnecting material can be insulated.

Some of the problems associated with fuseless capacitors
compared to externally fused banks are:

� Bushing faults and internal failures to the tank
require the bank to be immediately tripped offline
because no fuse is present to clear the faulted unit.

� Replacement capacitor units must be of internal
electrical construction similar to those originally sup-
plied. This increases the spares stocking requirements
because commonly available standard units cannot
be used.

� The bank should be tripped in the event of loss of
power to the relay control. The loss of a capacitor
unit can be detected through the neutral current flow.

� Transient current duties are higher for the individual
capacitor units, possibly requiring the addition of a
current-limiting reactor.

The maintenance time required to locate faulty units is longer
than for externally fused banks. Although the concept is very
attractive and simple to assemble, in the event of a large
number of capacitor units, the identification and replacement
of the failed units require significant effort.

5.2 CAPACITOR SPECIFICATIONS

The specifications for capacitors are identified by the industry
standards. They include tolerances and acceptable operating
ranges. The capacitors shall be capable of continuous operation
without exceeding the following limits [3]:

� 110% of peak voltage
� 120% of rms voltage
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� 135% of nameplate kVAR
� 180% of nominal rms current based on rated kVAR

and rated voltage

Other important specifications are identified below.

5.2.1 Voltage

Nominal system voltages are specified line to line. The capaci-
tor units are single phase and appropriate phase voltage is to
be used. Capacitors are capable of operation at 110% of rated
rms voltage and the crest should not exceed 1:2

ffiffiffi
2

p
rated rms

voltage. The maximum operating voltages for shunt capacitors
are listed in Table 5.1.

5.2.2 kVAR Ratings

Capacitor unit ratings are specified in kVAR. Normally
available capacitor ratings are 50, 100, 150, 200, 300, and
400 kVAR per unit. The capacitor units are capable of
continuous operation but not exceeding 135% of nameplate
kVAR. The typical kVAR ratings are listed in Table 5.2.
If the operating voltage increases or decreases from the

TABLE 5.1 Maximum Permissible Operating Voltages
for Shunt Capacitors

Capacitor Voltage, V
Maximum Permissible

Voltage, V

230 253
460 506
575 633

2,400 2,640
4,160 4,575
6,900 7,590
7,200 7,920
7,970 8,767

12,000 13,200
13,800 15,180
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TABLE 5.2 Voltage and kVAR Ratings of the Capacitor Units

Terminal-to-
Terminal Voltage kVAR

No. of
Phases BIL, kV

216 5, 7.5, 13.3, 20, and 25 1 and 3 30

240 2.5, 5, 7.5, 10, 15, 20, 25, and 50 1 and 3 30

480 5, 10, 15, 20, 25, 35, 50, 60, and 100 1 and 3 30

600 5, 10, 15, 20, 25, 35, 50, 60, and 100 1 and 3 30

2,400 50, 100, 150, and 200 1 75

2,770 50, 100, 150, and 200 1 75

4,160 50, 100, 150, and 200 1 75

4,800 50, 100, 150, and 200 1 75

6,640 50, 100, 150, 200, 300, and 400 1 95

7,200 50, 100, 150, 200, 300, and 400 1 95

7,620 50, 100, 150, 200, 300, and 400 1 95

7,960 50, 100, 150, 200, 300, and 400 1 95

8,320 50, 100, 150, 200, 300, and 400 1 95

9,540 50, 100, 150, 200, 300, and 400 1 95

9,960 50, 100, 150, 200, 300, and 400 1 95

11,400 50, 100, 150, 200, 300, and 400 1 95

12,470 50, 100, 150, 200, 300, and 400 1 95

13,280 50, 100, 150, 200, 300, and 400 1 95 and 125

13,800 50, 100, 150, 200, 300, and 400 1 95 and 125

14,400 50, 100, 150, 200, 300, and 400 1 95 and 125

15,125 50, 100, 150, 200, 300, and 400 1 125

19,920 100, 150, 200, 300, and 400 1 125

20,800 100, 150, 200, 300, and 400 1 150 and 200

21,600 100, 150, 200, 300, and 400 1 150 and 200

22,800 100, 150, 200, 300, and 400 1 150 and 200

23,800 100, 150, 200, 300, and 400 1 150 and 200

23,940 100, 150, 200, 300, and 400 1 150 and 200

4,160 GrdY/2400 300 and 400 3 75

4,800 GrdY/2770 300 and 400 3 75

7,200 GrdY/4160 300 and 400 3 75

8,320 GrdY/4800 300 and 400 3 75

12,470 GrdY/7200 300 and 400 3 95

13,200 GrdY/7620 300 and 400 3 95

13,800 GrdY/7960 300 and 400 3 95

14,400 GrdY/8320 300 and 400 3 95
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nominal operating voltage, then the kVAR delivered changes
accordingly.

kVARdelivered ¼ Rated kVAR
Operating Voltage

RatedVoltage

� �2

ð5:1Þ

Example 5.1

A capacitor unit rated for 200 kVAR, 2.4 kV, 60Hz is operated
at 2.52 kV (1.05P.U.). What is the kVAR delivered at this volt-
age? If the operating voltage at the plant during peak load is
0.95P.U., what is the kVAR delivered at that voltage?

Solution

kVAR ¼ 200; Voltage ¼ 2:4 kV

kVAR delivered at 2:52V ¼ 200
2:52

2:40

� �2

¼ 220:5 kVAR

The voltage increases by 5% and the kVAR increases by
10.25%.

kVARdelivered at 0:95P:U: voltage ¼ 200
0:95

1:0

� �2

¼180:5 kVAR

In this case, the voltage decreases by 5% and the kVAR
delivered decreases by 9.8%.

The allowable basic insulation levels (BIL) of standard
capacitors are defined by the standards. Typical values are
shown in Table 5.2.

5.2.3 Frequency

Power factor capacitors are designed for operation at 50 or
60Hz. The capacitor kVAR output is directly proportional to
the system operating frequency. If the capacitor operates
at a different frequency than the rated frequency, then the
kVAR delivered is:

kVAR delivered ¼ Rated kVAR
Operating Frequency

Rated Frequency

� �
ð5:2Þ
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Example 5.2

A capacitor unit rated for 200 kVAR, 2.4 kV, 60Hz is operated
at 50Hz supply. What is the kVAR delivered at this frequency?

Solution

kVAR ¼ 200; Voltage ¼ 2:40V; f ¼ 60Hz

kVAR delivered at 50Hz ¼ 200
50

60

� �
¼ 166:6 kVAR

The frequency decreases by 16.7% and the kVAR decreases
by 16.7%.

5.2.4 Ambient Temperature

Capacitors are designed for switched and continuous opera-
tion in outdoor locations with unrestricted ventilation and
direct sunlight, at ambient temperatures, for various mount-
ing arrangements. The acceptable ambient temperatures for
various capacitor installations are presented in Table 5.3.
The ambient and operating temperature of the capacitor
banks should take the following additional factors into
consideration:

1. Radiation from the sun and other sources such as arc
furnaces.

2. If the kVAR delivered is increased, the losses are
increased.

Table 5.3 Maximum Ambient Temperatures

Mounting Method 24-h Average Normal Annual

Isolated capacitor 46�C 35�C
Single row 46�C 35�C
Multiple rows and tiers 40�C 25�C
Metal enclosed 40�C 25�C
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3. During installations, if the capacitors are mounted
close to each other, then the effective cooling is reduced.
Proper mounting and ventilation are required for long
capacitor life.

Some of the approaches used to improve the cooling are forced
air cooling, increased space between capacitor units, and locat-
ing capacitor banks at lower ambient temperatures.

5.2.5 Service Conditions

The capacitor units can be operated at their specified ratings
and the following service conditions are to be observed:

1. The ambient temperature is to be within allowed
limits.

2. The altitude does not exceed 6,000 ft (1,800 m) above
mean sea level.

3. The voltage applied between terminals and case is not
to exceed the insulation class.

4. The applied voltage does not contain excess harmonics.
5. The nominal operating frequency is equal to the rated

frequency.

Any abnormal operating service condition such as expo-
sure to fumes, explosive dust, mechanical shock or vibrations,
radiated heat from nearby sources, restricted mounting, out-
side ambient temperature limits, higher altitudes, and excessive
momentary duties may pose stress to the capacitor units.

5.2.6 Types of Bushing

Capacitors are manufactured as single-phase or three-phase
units. Single bushing or double bushing capacitor units are
available for single-phase capacitors. The single bushing out-
door units are terminated with only one bushing. The other
electrode is terminated through the case and has a suitable
connection point at the other terminal. In two-bushing capaci-
tor units, the two electrodes are terminated through two bush-
ings. The case is insulated from the electrodes. The cost of the
two-bushing unit is higher than the cost of the one-bushing
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unit. Typical one- and two-bushing capacitor units are shown
in Figures 5.4 and 5.5 [5], respectively. Low voltage capac-
itor units and distribution capacitor units are generally
single-phase units. The ratings can be from 20 to 1000kVAR
per unit. These units may be:

1. Two-bushing units with open terminal and dead
casing

2. Two-bushing units with terminal enclosure and dead
casing

3. One-bushing unit with open terminal and live casing

These units are suitable for indoor or outdoor applications.
Three-phase capacitor units are available from 1 through

24 kV. The ratings may be from 20 through 800kVAR/can.
These units may be:

1. Three-bushing, open terminal, and dead casing for
indoor or outdoor application

Figure 5.4 One-bushing type of capacitor [5].
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2. Three-bushing, protected terminals suitable for indoor
or outdoor applications

A three-phase capacitor is shown in Figure 5.6. The
three-phase unit has three terminals. There is no neutral
terminal.

5.2.7 Impulse Level

The power capacitors shall be able to withstand the impulse
levels as identified in Table 5.4.

5.2.8 Internal Discharge Devices

Capacitors are usually equipped with an internal discharge
device that will reduce the residual voltage to 50 V or less
within the time specified in Table 5.5, after the capacitor is
disconnected from the supply. The internal discharge device
may not ensure adequate discharge of the capacitors in the

Figure 5.5 Two-bushing type of capacitor [5].
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Figure 5.6 Three-phase capacitor unit. (Courtesy of Aerovox
Division PPC, New Bedford, MA.)

TABLE 5.4 Impulse Levels for Capacitors per IEEE Standard 18 [3]

Capacitor Voltage Rating,
Terminal-to-Terminal,
V, rms

Impulse Level,
Terminal-to-Terminal,

Peak kV

216–1,199 30
1,200–5,000 75
5,001–15,000 95
13,200–25,000 125

TABLE 5.5 Time Limits for Discharging the
Capacitors after Disconnection [4]

Capacitor Voltage Rating,
Terminal-to-Terminal,
V, rms

Maximum
Time Limit

600 V or less 1 min
Over 600 V 5 min
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power system applications, and therefore suitable discharge
resistances should be considered.

5.2.9 Momentary Power Frequency
Overvoltage

During normal service life, a capacitor may be expected to
withstand a combined total of 300 applications of power
frequency terminal-to-terminal overvoltages without super-
imposed transients or harmonic content. The acceptable
magnitudes and duration are presented in Table 5.6.

5.2.10 Transient Overcurrent

The power system capacitors may be exposed to overcurrents
due to energization, de-energization, and similar switching
operations. The allowable overcurrent magnitudes and dura-
tion are specified in Table 5.7. The total rms voltage and rms

TABLE 5.6 Maximum Permissible Power Frequency
Overvoltages and Durations [4]

Duration
Maximum Permissible

Overvoltage, P.U.

6 cycles 2.20
15 cycles 2.00
1 s 1.70
15 s 1.40
1 min 1.30

TABLE 5.7 Allowable Overcurrent Magnitudes and
Durations [3]

Probable Number of
Transients per Year

Permissible
Overcurrent, P.U.

4 1,500
40 1,150

400 800
4000 400
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current may be determined on a particular circuit from a con-
ventional voltmeter and ammeter. It is possible to determine
the percent of rated rms current allowable based on 135% per-
missible working kVA from the curves shown in Figure 5.7.

Example 5.3

What is the maximum current in a 500 kVAR, 4.8 kV capacitor
bank? If the bank is subjected to 105% of the rated voltage,
what is the permissible capacitor current? Is there any possi-
bility of exceeding the thermal rating?

Solution

I ðratedÞ ¼
500 kVAR

ð
ffiffiffi
3

p
Þ ð4:8 kVÞ

¼ 60:142A

Assuming that only the third harmonic voltages are present
in the system to cause overcurrent, 105% voltage will cause
146% of rated current.

I (permissible)¼ (60.142A) (1.46)¼ 87.807A

If the capacitor current (measured) is below the permissible
current, then there is no overload.

5.2.11 Connections for Three-Phase
Configurations

The single-phase capacitor units are applied in a three-phase
power system using ungrounded wye, grounded wye, delta,
ungrounded split-wye, and H-configuration. The configurations
are to be verified carefully for proper ground connections in
order to avoid ferroresonance in the system.

Figure 5.7 Thermal operating limits of standard capacitors.
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5.2.12 Leakage Currents

This is the current flowing from the capacitor roll to the capac-
itor case. Leakage current can be tested by applying a voltage
between the terminals tied together to the case. Alternatively,
the voltage can be applied to one terminal to the case and the
leakage current can be measured.

5.2.13 Dissipation Factor

All capacitors have some resistance associated with them
due to the electrodes and the terminal connections. There are
also dielectric losses. The total losses can be represented by an
equivalent resistance loss due to Re. The dissipation factor is
defined as the tangent of the angle d between the reactance Xe

and the impedance Ze of the capacitor. The phasor diagram for
the dissipation factor is shown in Figure 5.8. The dissipation
factor varies with the temperature and system frequency.

Capacitor Specifications
System line-to-line voltage,

kV rms
System phase voltage,

kV rms
Supply frequency, Hz Capacitor nominal voltage,

kV rms
Capacitor peak voltage,

kV peak
Nominal capacitance, mF

Harmonic current, A Energization transient,
kV peak

Rating of single-phase
unit, kVAR

Total rating per phase,
kVAR

Total rating of three-phase
unit, kVAR

Capacitor bank connection (a) Grounded wye,
(b) Ungrounded wye,
(c) Delta, (d) Split wye

Type of connection (a) Fixed, (b) Switched
Type of circuit breaker (a) Vacuum, (b) Oil,

(c) Other, specify
Type of bushing (a) Single, (b) Double
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Example 5.4

Power factor correction capacitors are required for a 4.16 kV,
three-phase, 60 Hz industrial load. The design requirements
are 150 kVAR single-phase units. Select and verify the rating
of the capacitor from Table 5.2.

Solution

Voltage (line-to-line)¼ 4.16 kV
Phase voltage (4.16 kV/1.732)¼ 2.402 kV
Peak voltage/phase 2.402� 1.414)¼ 3.396 kV

Type of mounting (a) Pole mounted,
(b) Substation,
(c) Metal enclosed,
(d) Rack mounted

Type of fusing (a) Individual, (b) Group,
(c) Fuseless

Other Options
Current transformer Yes or No
Potential transformer Yes or No
Ground switch for phase Yes or No
Ground switch for neutral Yes or No
Surge arrester (a) Distribution,

(b) Intermediate,
(c) Station

Reactor (a) Current limiting,
(b) Harmonic notch filter

Figure 5.8 Phasor diagram related to the dissipation factor.
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Select capacitor unit voltage, kVAR, and current levels of
150 kVAR from Table 5.2.

Capacitor rms voltage¼ 2.77 kV
Peak voltage (2.77 kV� 1.414)¼ 3.917 kV
Current rating (150/2.77)¼ 54.2 A

kVAR delivered at 2:402 kV ¼ 150
2:402 kV

2:77 kV

� �2

¼ 112:8 kVAR

Actual current at rated voltage (112.8 kVAR/2.402 kV)¼
46.96 A.

Verify the actual ratios versus the acceptable limit.

The voltage, current, and kVAR ratios are within acceptable
limits.

Example 5.5

Select suitable capacitor units for a 75 MVAR, three-phase,
138 kV, 60 Hz power factor correction bank. Specify the
assumptions made.

Solution

Three-phase MVAR¼ 75
MVAR per phase¼ 25
Line-to-line voltage¼ 138 kV
Phase voltage (138 kV/1.732)¼ 79.7 kV

Item Limit Actual

rms Voltage 110% 2:402kV

2:77kV
� 100 ¼ 86:7%

Peak voltage 120%
3:396kV

3:917kV
� 100 ¼ 86:7%

Current 180%
46:96A

54:2A
� 100 ¼ 86:7%

kVAR 135%
112:8kVAR

150 kVAR
� 100 ¼ 75:2%
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Select 400 kVAR per unit, 20.8 kV per unit, 200 kV BIL from
Table 5.2. Select four units per series group.

Voltage across the series group (4� 20.8)¼ 83.2 kV
No. of parallel groups/phase (25,000/(4� 400))¼ 15.5

Select 16 parallel groups per phase.

KVAR per phase (4� 16� 400)¼ 25,600
Three-phase kVAR (3� 25.6 MVAR)¼ 76.8 MVAR
Delivered MVAR [(134/144)2

� 76.8]¼ 74.9 MVAR

5.3 OTHER TYPES OF CAPACITORS

Other types of capacitors used in power system applications
include electrolytic capacitors, metalized-paper capacitors,
dry metalized-film capacitors [6], ultra capacitors, and high
frequency capacitors. Some features of these capacitors are
discussed below.

5.3.1 Electrolytic Capacitors

Electrolytic capacitors use aluminum foil that has been treated
anodically to produce an oxide film. One electrode is the
aluminum itself, and for unidirectional application, a plain
aluminum foil is used. For alternating current operation, a
second anodized foil is used as the other electrode. The foils
are separated by paper insulation that is soaked in electrolyte
to provide contact between the oxide layers. The aluminum can
be treated by etching to increase the surface area. This is
known as etched foil. In some other capacitors, the aluminum
electrode can be sprayed on the fabric before anodizing to
increase the surface area. This is known as sprayed foil. In
this way, the capacitance per unit is increased significantly.
The electrolytic capacitors are for short time applications
only. For example, the electrolytic capacitors for motor start
applications in the voltage range of 125–350V rms are suitable
for 30-second operation. The starting capacitors are used in
single-phase motors. Electrolytic capacitors are not suitable
for continuous duty. A photograph of a typical electrolytic
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capacitor is shown in Figure 5.9. Usually the electrolytic capa-
citors are housed in cylindrical aluminum cans.

5.3.2 Metalized-Paper Capacitors

One way to reduce the size of the capacitor is to use thin
electrodes and reduced insulation thickness. Using metal
deposition techniques, it is possible to reduce the thickness of
the electrodes. In this type of capacitor, one layer of insulation
is used instead of the two layers used in conventional capaci-
tors. The paper insulation has to be impregnated in order to
withstand excessive voltage stress. These capacitors are also
used for motor start and run applications and are short time
rated. They are much heavier than the electrolytic capacitors
but tend to provide longer service life with lower losses. These
capacitors can be operated continuously and are therefore
suitable for motor start and run applications. The capacitor
can be fixed on the motor frames.

5.3.3 Dry Metallized-Film Capacitors

The power factor of the fluorescent and discharge lighting
circuits is around 0.4 and needs to be compensated. These
capacitor units should be low cost and highly reliable. Since
these capacitors used in lighting fittings are mounted in ballast

Figure 5.9 Electrolytic capacitors used for motor starting.
(Courtesy of Capacitor Industries Inc., Chicago.)
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assembly, the operating temperatures can be high. The light-
ing capacitor consists of a thin oriented polypropylene film,
metalized on one side, and two films wound together as a
cylindrical element. The dry metalized-film type capacitors
are available up to 440V.

5.3.4 Impregnated Paper/Foil Capacitors

With the use of impregnated paper instead of paper as the
insulation, the size of the capacitor can be reduced. This
method has been used to make capacitors for motor start
and run applications. These capacitors have been replaced by
other designs such as metalized paper capacitors.

5.3.5 Ultra Capacitors

An ultra capacitor is an electrochemical device consisting of
two porous electrodes in an electrolyte solution that stores
charge electrostatically. A typical view of an ultra capacitor is
shown in Figure 5.10. The device consists of two porous elec-
trodes, usually made up of activated carbon immersed in an
electrolyte solution that flows into and around the electrode
plates. The electrolytic solution is typically potassium hydrox-
ide or sulfuric acid. This structure effectively creates two
capacitors, one at each carbon electrode, connected in series.
The ultra capacitors share the same battery chemistry, but
the approach is to operate them at a cell voltage range that
leads to electrostatic storage of charge. The resistance between
the cells due to the electrolyte is much smaller than that of a
battery. Therefore, ultra capacitors can achieve much higher
power density than batteries, by a factor of 10 or more. Other

Figure 5.10 An ultra capacitor.
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designs of ultra capacitor with different electrodes [7] are used
in energy storage applications of very short duration.

5.3.6 Capacitor Use for Commutation

One application for capacitors is in thyristor controlled chopper
and inverter circuits for commutation. Once the thyristor
begins to conduct, it continues to conduct until turned off
(commutated) by interruption of the supply or by the appli-
cation of an opposing current supplied by a commutating
capacitor. The capacitors available for this purpose are those
with impregnated paper dielectric, metalized paper, and plastic
film dielectric/mixed dielectric. The operating voltages can be
200–1,200 V DC. These capacitors are subject to charging
and discharging at supply frequency or at higher levels.
Therefore, proper care should be taken in choosing the capaci-
tors for the application.

5.3.7 High Frequency Capacitors

In high frequency applications, the amount of heat generated
in a capacitor is greater and requires special considerations.
The high frequency capacitors are used in induction heating,
pulse, commutation, broadcast transmission, drives, bypass
equipment, frequency converters, filters, high voltage power
supplies, snubbers, couplers, voltage dividers, spark generators,
and harmonic filters. The voltage range may be 1–300kV
and capacitance size may be 100 pF–5000 mF. Typical high
frequency capacitors are shown in Figure 5.11. These capaci-
tors are oil filled. The oil serves as insulation and acts as a
cooling agent [8]. An example rating of a high frequency capac-
itor is 800 kVAR, 800 V, 10,000 Hz, 1000 A, and 19.19 MFD.

PROBLEMS

5.1. What are the allowable limits for rms voltage,
peak voltage, current, and kVAR in applying power
capacitors? Why are these factors important?
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5.2. Power factor correction capacitors are required for
a 13.8 kV, three-phase, 60 Hz industrial load. The
design requirements are 200 kVAR single-phase
units. Select and verify the rating of the capacitor
from Table 5.2.

5.3. What considerations are necessary when selecting
single bushing capacitors versus double bushing
capacitors?

5.4. Is there a possibility of current overloading in a
capacitor circuit when the voltages are kept
within nominal ranges? If there is any, describe
how it can happen and how to mitigate it.

5.5. In Example 5.1, if the supply voltage is raised to
1.10 P.U. for a duration of 6 h, what will happen to
the capacitors?

5.6. A capacitor unit is rated at 200 kVAR, 4.16 kV,
60 Hz, and single-phase. Calculate the kVAR deliv-
ered if it is operated in a 2.4 kV circuit. Calculate
the kVAR delivered.

5.7. A capacitor unit is rated at 200 kVAR, 4.16 kV,
60 Hz, and single-phase. Determine the kVAR

Figure 5.11 High frequency capacitors with several taps.
(Courtesy of High Energy Corporation, Parkesburg, PA.)
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delivered if the capacitor is used in a 16.67 Hz
traction power system application.

5.8. Describe an ultra capacitor. How is it similar to
and different from a battery?
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6

TESTING OF CAPACITORS

Power capacitors are manufactured and tested according to
industry standards. ANSI, IEEE, NEMA, or IEC provides
the standard guidelines for ratings, testing, application, and
operating service conditions. The membership of these organ-
izations consists of manufacturers, industry, utilities, and
system engineers. The tests prescribed for the capacitor equip-
ment take into account all the necessary application factors.
These tests are classified as design tests, production tests, and
field tests [1,2].

6.1 DESIGN TESTS

The manufacturer performs design tests on a sufficient num-
ber of selected units in order to show compliance with the
standards. These tests are not to be repeated unless there is
a specific design change in the capacitor unit that would
change the characteristics of the unit. The following design
tests are performed.

6.1.1 Impulse Withstand Test

Impulse withstand tests are performed between terminals and
case, with the terminals connected together. For capacitors
with bushings of two different BIL ratings, this test is based
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on the bushing of the lower BIL. Single bushing capacitors
having one electrode shall not be subjected to the impulse with-
stand test. The impulse voltage recommended for this test
is 1.2/50 ms full wave with a tolerance on the crest value
of �3%. The time to crest of a 1.2/50 ms impulse wave is
measured as 1.67 times the time required for the voltage to
rise from 30 to 90% of the crest value. The capacitor shall
successfully withstand three consecutive positive impulses.
The impulse test voltages for various capacitor designs are
listed in Table 6.1.

6.1.2 Bushing Test

This is a supply frequency test. The bushing successfully passes
the impulse test if no flashover occurs with the first three
applications of the test voltage. If there is a flashover, then
three additional impulses shall be applied. If no additional
flashover occurs, the bushings shall be considered as having
passed the test successfully.

6.1.3 Thermal Stability Test

The test capacitor is considered thermally stable if the hotspot
case temperature reaches and maintains a constant value
within a variation of 3�C for 24 hours. One sample shall be

TABLE 6.1 Voltages for Impulse Withstand Test from Standard 18

Withstand
Test Voltage

BIL, kV

Minimum
Insulation Creepage

Distance, mm

60Hz Dry
1min, kV,

rms

60Hz Wet
10 s, kV,

rms

Impulse
1.2/50 ms Full
Wave kV Crest

30 51 10 6 30
75 140 27 24 75
95 250 35 30 95

125 410 42 36 125
150 430 60 50 150
200 660 80 75 200
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selected as the test capacitor. Two other capacitors having the
same ratings and approximately the same power factor and
capacitance are selected for barrier capacitors. The barrier
capacitors are units mounted adjacent to the test capacitor
during the thermal stability test.

Resistor models with the same power loss, thermal char-
acteristics, and physical dimensions as the test capacitor may
be substituted for the barrier capacitors. The test capacitor is
mounted in an enclosure between the two barrier capacitors at
the manufacturer’s recommended center-to-center spacing.
The mounting position selected shall be the recommended
operating position that produces the highest internal tempera-
tures. The air inside the test enclosure is maintained at an
average temperature of 46�C and must not be force circulated.
The inside wall temperature of the enclosure shall be within
�5�C of the ambient temperature. The ambient temperature
shall be measured by means of a thermocouple on the case,
supported and positioned in such a way that it is subjected to
the minimum possible thermal radiation from the three ener-
gized samples. All three sample capacitors shall be energized at
a test voltage given by:

VT ¼ 1:1VR

ffiffiffiffiffiffiffiffi
WM

WA

s
ð6:1Þ

where VT¼Test voltage
VR¼Capacitor rated rms voltage
WM¼Maximum allowable power loss
WA¼Actual power loss of the test capacitor

The test voltage calculated for this test is limited to a
value that will result in the operation of the test capacitor at
a maximum of 144% of its kVAR rating. This voltage is main-
tained constant, within �2% throughout the 24 hours of the
test period.

6.1.4 Radio Influence Voltage (RIV) Test

The RIV test is performed at rated frequency and 115% of
the rated rms voltage of the capacitor. Capacitors with two
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bushings fully insulated from the case shall be tested with the
case grounded. Capacitors having only one bushing per phase
and the case as the other terminal should not be tested. The
following precautions should be observed when measuring the
RIV of the capacitors:

� The capacitor should be at room temperature.
� The capacitor bushings shall be dry and clean.
� The capacitor shall be mounted in its recommended

position.

When measured in accordance with the above conditions at a
frequency of 1 MHz, the RIV shall not exceed 250 mV.

6.1.5 Voltage Decay Test

The capacitor shall be energized at a direct current voltage
equal to the peak of rated AC voltage. The decay of the
voltage, when de-energized, shall be measured by suitable
means. The time for decay of residual voltage to 50 V or less
shall not exceed 5 min for capacitors rated higher than 600 V
or 1 min for capacitors rated 600 V or less.

6.1.6 Short-Circuit Discharge Test

The purpose of the short-circuit discharge test is to verify the
integrity of the internal connections and conductors of the
capacitor operating under normal service conditions. The test
shall be carried out by the manufacturer for a particular design
or on a similar design that has equal or smaller size conduc-
tors. As such, the testing of a particular rating will be appli-
cable to a wide range of capacitor ratings. One unit shall be
charged to a DC voltage 2.5 times the rated rms voltage and
then discharged. It shall be subjected to five such discharges.
Before and after the five discharges, the terminal-to-terminal
capacitance shall be measured at low voltage. The discharge
circuit shall have no inductive or resistive devices included.
The discharge device may be a switch or spark gap and may
be situated up to 1 m from the capacitor such that the total
perimeter of the external discharge loop is less than 3 m. The
conductors used to connect the capacitor to the discharge
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device shall be of copper and shall have a cross section of at
least 10 mm2. The difference in capacitance between the initial
and final measurements shall be less than an amount corre-
sponding to either the shorting of an element or operation of
an internal fuse.

6.2 ROUTINE TESTS

Routine tests are production tests performed by the manufac-
turer on each capacitor. During the test, new and clean capac-
itors are used. The ambient temperature is maintained at
25� 5�C. The AC voltage used for the test is 60 Hz. The follow-
ing tests are applicable.

6.2.1 Short Time Overvoltage Tests

Each capacitor shall withstand the following test voltages for
at least 10 seconds. Each capacitor shall, with its case and
internal temperature at 25� 5�C, withstand for at least 10
seconds a terminal-to-terminal insulation test at a standard
test voltage of either of the following:

� A direct current test voltage of 4.3 times the rated rms
voltage, or

� An alternating sinusoidal voltage of two times the
rated rms voltage.

For three-phase, wye connected units, either with a neu-
tral bushing or with the neutral connected to the case, the
above testing for terminal to neutral shall be followed by a
test at

p
3 times the above standard test voltage between

each pair of bushings. This test is performed to evaluate the
phase-to-phase insulation. For three-phase, wye connected
units, where there is no neutral bushing and the neutral is
not connected to the case, the rated voltage is the phase-
to-phase voltage of the capacitor unit. In order to test both
the phase-to-phase insulation and each leg of the wye at the
appropriate voltage, the test voltage shall be 1.16 times the
above standard test voltage between each pair of bushings
(2/

p
3� 1.16). For three-phase, delta connected units, the
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rated voltage is the phase-to-phase voltage of the capacitor
unit. The test voltage shall be the above standard test voltage
between each pair of bushings.

The capacitance shall be measured on each unit both
before and after the application of the test voltage. The initial
capacitance measurement shall be at low voltage. The change
in capacitance, as a result of the test voltage, shall be less than
either a value of 2% of the originally measured capacitance
or that caused by failure of a single element of the particular
design, whichever is smaller.

6.2.2 Terminal-to-Case Test

This test is not applicable to capacitors having one terminal
common to the case. Terminal-to-case tests shall be made on
capacitors having terminals that are insulated from the case.
The appropriate test voltage from Table 6.2 shall be applied
for at least 10 seconds between an insulated terminal con-
nected together and the case. For capacitors with bushings of
two different BIL ratings, this test shall be based on the
bushing with the lower BIL.

TABLE 6.2 Test Voltages for Short Time Overvoltage Test,
Terminal to Case, from Standard 18

Range of Capacitor
RMS Voltage
Ratings Terminal
to Terminal, V

Terminal-to-Case Test
Voltage, rms V

BIL kV,
Crest

Indoor or Housed
Equipment Outdoor

216–300 30* 3,000 10,000
301–1,199 30* 5,000 10,000

1,200–5,000 75* 11,000 26,000
1,200–15,000 95 – 34,000
1,200–20,000 125 – 40,000
1,200–25,000 150 – 50,000
1,200–25,000 200 – 60,000

*Outdoor
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6.2.3 Capacitance Test

Capacitance tests shall be made on each capacitor to demon-
strate that it will deliver the rated reactive power and not
more than 110% of rated reactive power at rated voltage and
frequency, corrected to an internal temperature of 25�C.
Measurements made at other than 25�C are corrected by adjust-
ing for temperature differences according to the established
temperature relationship for the capacitor tested.

6.2.4 Leak Test

A suitable test shall be performed on each capacitor to ensure
that it is free from leaks. The completed and sealed capacitor
units are heated in an oven to increase the internal hydrostatic
pressure and force liquid out if there are leaks. This test is
conducted to ensure that all seams, bushes, and filled holes
are sealed properly.

6.2.5 Discharge Resistor Tests

A suitable test shall be performed on each capacitor to ensure
that the internal discharge device will reduce an initial residual
voltage equal to

p
2 times the rated voltage rms to 50V or less

in the time limits.

6.2.6 Loss Determination Test

Loss measurement shall be made by the manufacturer on each
capacitor to demonstrate that the capacitor losses are equal to
or less than the maximum allowed power loss for the given
unit. A loss determination test is performed to confirm that
the losses are within acceptable limits.

6.2.7 Fuse Capability Tests for Internally Fused
Capacitors

Internally fused capacitors shall be subjected to one short-
circuit discharge test, from a DC voltage of 1.7 times the
rated voltage through a gap situated as closely as possible to
the capacitor, without any additional impedance in the circuit.
It is permitted that the DC charging voltage be generated by
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initially energizing with an AC voltage having a peak value of
1.7 times the rated voltage and disconnecting at a current of
zero. The capacitor is then immediately discharged from this
peak value. Alternatively, if the capacitor is disconnected at
a slightly higher voltage, the discharge may be delayed until
the discharge resistor reduces the voltage to 1.7 times the rated
voltage.

The capacitance shall be measured before and after the
discharge test. The difference between the two measured
values shall be less than an amount corresponding to one inter-
nal fuse operation. The discharge test may be made before or
after the voltage test between terminals. However, if it is made
after the voltage test between terminals, a capacitance meas-
urement at rated voltage shall be made after the discharge test
to detect fuse operation. If the capacitors are accepted with
operated fuses, the voltage test between terminals shall be
made after the discharge test.

6.3 INSTALLATION TESTS OR FIELD TESTS

When the capacitor banks are installed in the desired location,
certain tests are performed to ensure that the units are con-
nected to the specifications. The following tests are performed
before energization of the capacitor banks.

6.3.1 Capacitance Measurement

A capacitance meter is used to measure the effective capaci-
tance of the bank to determine the accuracy of the connection.
The voltage used for this type of test is only a fraction of
the rated voltage. Any failure in the capacitor bank may have
low impedance for these low applied voltages and partial
failures can be identified. A 10% increase in the capacitance
indicates a partially failed capacitor unit. The same method can
be used to identify partially failed paper or film capacitors
with reasonable accuracy. With several swollen capacitors,
the capacitance measurement can show normal reading even
though the capacitor is failed. This is because the interpack
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connections are burned open. All bulged capacitor units are
considered to be failed units.

6.3.2 Low Voltage Energization Test

In this test method, the capacitive reactance is measured by
applying a low voltage to the capacitor bank. A circuit diagram
suitable for such a test is shown in Figure 6.1. The applied
voltage for this type of test will be of the order of 120V. The
low voltage is supplied to the capacitor bank through fuses.
If there is a short circuit or a ground fault, the fuses will
act and the power supply will be protected. The capacitor
voltage and the current are measured as follows:

The capacitance, C ¼
I

oV
ð6:2Þ

where C¼Capacitance, F
I¼Current, A
V¼Voltage, V
o¼Constant, 377.7

6.3.3 High Voltage Insulation Strength Tests

High voltage insulation tests can be performed in accordance
with NEMA CP-1. Test voltages for this test are presented in
Table 6.3. Extreme caution needs to be taken in performing
these tests because these are high voltage tests and the
capacitor is an energy-storing device. The capacitors should

Figure 6.1 Circuit diagram to measure the capacitive reactance.
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be protected from tank rupture by an appropriate fuse. The
fault current during the test should be limited. It is possible
that the stored energy in the capacitor during the direct
current test would be enough to rupture a capacitor if the
capacitor fails during the test.

When performing the alternating current test, the capaci-
tor should be switched online at or below the rated voltage. The
voltage is slowly increased to a level shown in Table 6.3. At the
end of the test, the voltage should be decreased to rated voltage
or less before the test circuit is opened. The length of time
during which a capacitor operates above the rate voltage
should not exceed 20 seconds for the test.

When conducting the direct current test, the charging and
discharging test should be limited to a maximum of one
ampere. This can be achieved by connecting a resistance
in series with the test capacitor. The capacitor should be

TABLE 6.3 Capacitor Field Test Voltage per NEMA Standard CP-1

Rated Capacitor

Terminal-to-
Terminal

Voltage, kV Rated
Capacitor BIL,

Terminal-to-
Terminal Test
Voltage, kV

Voltage, V AC DC kV AC DC

2,400 3.6 7.74 75 19.5 28.5
2,700 4.15 8.93
4,160 6.24 13.4
4,800 7.20 15.4

6,640 9.96 21.4 95 25.5 39.0
7,200 10.8 23.2
7,620 11.4 24.5
7,960 11.9 25.6
9,960 14.9 32.1

12,470 18.7 40.2
13,280 19.9 42.8 95/125 25.5/ 39.0/

30.0 45.0
13,800 20.7 44.5
14,400 21.6 46.4
19,920 29.8 64.2 125 30 45.0
21,600 32.4 69.6
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discharged through a suitable resistance after performing the
test. Any attempt to short-circuit the capacitor will damage
the unit.

PROBLEMS

6.1. What are the different tests performed on capacitor
units? Why are these tests conducted on capacitor
units?

6.2. How can you measure the capacitance of a capac-
itor bank in service? Assume that the bank is a
three-phase unit.

REFERENCES

1. ANSI/IEEE Standard 18 (2002), IEEE Standard for Shunt
Capacitors.

2. IEEE Standard 1036 (1992), IEEE Guide for Application of
Shunt Capacitors.

3. NEMA Standard CP-1 (1992), Shunt Capacitors.
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7

LOCATION OF SHUNT
CAPACITORS

7.1 INTRODUCTION

Power factor correction capacitors can be installed at high
voltage bus, distribution, or at the load [1–3]. The following
power factor correction approaches are commonly used.

7.1.1 Group Capacitor Bank

A group capacitor bank installation is shown in Figure 7.1.
In this approach, the power factor correction is applied to a
group of loads at one location. This technique is suitable for
utility or industrial customers with distributed load. If the
entire load comes on or off together, then it is reasonable to
switch the capacitor bank in this manner. If part of the load is
switched on and off on a regular basis, then this type of reac-
tive compensation is not appropriate. It is economical to have
a large capacitor bank for reactive compensation rather than
several smaller banks.

7.1.2 Branch Capacitor Bank

In certain industrial applications, the load is switched on
and off based on shifts. Such a load group can be related to

97

© 2005 by Taylor & Francis Group, LLC



individual feeders or branch circuits. Therefore, it is advan-
tageous to switch the capacitor banks along with the specific
branches. An example branch capacitor bank scheme is shown
in Figure 7.2. This type of capacitor bank will not help reduce
the losses in the primary circuit.

7.1.3 Local Capacitor Bank

An example of local capacitor bank application for the power
factor correction is shown in Figure 7.3. In this scheme, the
individual loads are provided with separate capacitor banks.
This type of reactive compensation is mainly suitable for
industrial loads. The localized power factor correction can be
expensive.

Figure 7.1 Group capacitor bank.

Figure 7.2 Branch capacitor bank.

98 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



7.2 CONSIDERATIONS IN LOCATING
CAPACITORS

Shunt capacitors provide reactive power locally, resulting in
reduced maximum kVA demand, improved voltage profile,
reduced line/feeder losses, and decreased payments for the
energy. Maximum benefit can be obtained by installing the
shunt capacitors at the load. This is not always practical due
to the size of the load, distribution of the load, and voltage level.
Depending on the need, the capacitor banks are installed at
extra-high voltage (above 230 kV), high voltage (66–145kV),
and feeders at 13.8 and 33kV. In industrial and distribution
systems, capacitor banks are installed at 4.16 kV.

7.2.1 Pole-Mounted Capacitor Banks

In the distribution systems, the power factor correction capac-
itors are installed on the poles. These installations are similar
to the pole-mounted distribution transformers. In the case of
capacitor banks, the following components are installed on a
stable platform.

Figure 7.3 Local capacitor bank.

Capacitor banks Fuse units along with mounting
Vacuum or oil switches Distribution class surge arrester
Controller to switch
the capacitor units

Junction box

Control transformer Current limiter or harmonic
filter reactor
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The interconnections are made using insulated power
cables. Pole-mounted capacitor banks can be fixed units or
switched units to meet the varying load conditions. The voltage
rating can be 460V–33kV. The size of the capacitor units can
be 300–3,000 kVAR. A typical pole-mounted installation of a
capacitor bank is shown in Figure 7.4.

7.2.2 Shunt Capacitor Banks at EHV Levels

Usually extra-high voltage (EHV) lines are used to transmit
bulk power from remote generations to load centers. These
long lines tend to produce significant voltage drops during
peak loads. Therefore, shunt capacitors are used at the EHV
substations to provide reactive power. Sometimes these capac-
itor banks are switched as and when required. A typical high
voltage harmonic filter bank is shown in Figure 7.5.

Figure 7.4 A pole-mounted harmonic filter bank. (Courtesy of
Gilbert Electrical Systems and Products, Beckley, WV.)
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7.2.3 Substation Capacitor Banks

When large reactive power is to be delivered at medium or high
voltages, then shunt capacitor banks are installed in substation
locations. These open stack shunt capacitor units are installed
for operating voltages 2.4–765 kV. The open rack construction
and exposed connection need significant protection in the sub-
station. Such installations contain capacitor banks, cutout
units with fuses, circuit breakers, surge arresters, controllers,
insulator units at high voltage, and interconnections. A typical
substation type capacitor bank installation is shown in
Figure 7.6 [7]. At high voltage levels, the shunt capacitor banks
are used for reactive power support, voltage profile improve-
ment, reduction in line, and transformer losses. These shunt

Figure 7.5 A high voltage filter bank. (Courtesy of Gilbert
Electrical Systems and Products, Beckley, WV.)
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capacitor banks are also installed in select substations after
careful load flow and stability analysis.

7.2.4 Metal-Enclosed Capacitor Banks

When the capacitor banks are installed in industrial or small
substations in indoor settings, then metal-enclosed cabinet
type construction is employed. Such units are compact and
require less maintenance. A typical metal-enclosed capacitor
bank is shown in Figure 7.7. The life expectancy of these
type of units is longer because they are not exposed to external
environmental factors such as severe heat, cold, humidity,
and dust.

Figure 7.6 Substation capacitor bank. (Courtesy of U.S. Depart-
ment of Labor, OSHA website.)
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7.2.5 Distribution Capacitor Banks

Distribution capacitors are installed close to the load, on the
poles, or at the substations. Although these capacitor units
provide reactive power support to local load, they may not
help reduce the feeder and transformer losses. Low voltage
capacitor units are cheaper than high voltage capacitor
banks. Protecting distribution capacitor banks from all types
of fault conditions is difficult. Sometimes pad-mounted instal-
lations are used for low or medium voltage distribution capac-
itors. A typical pad-mounted capacitor bank is shown in
Figure 7.8 [8]. Although the pad-mounted capacitors are
outdoor installations, they are protected by metal enclosures
from outdoor environment and are similar to pad-mounted
transformer installations.

7.2.6 Fixed Capacitor Banks

In distribution and certain industrial loads, the reactive power
requirement to meet the required power factor is constant.

Figure 7.7 A metal-enclosed harmonic filter bank. (Courtesy of
Gilbert Electrical Systems and Products, Beckley, WV.)
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In such applications, fixed capacitor banks are used.
Sometimes such fixed capacitor banks can be switched along
with the load. If the load is constant for the 24-hour period, the
capacitor banks can be on without the need for switching on
and off.

7.2.7 Switched Capacitor Banks

In high voltage and feeder applications, the reactive power
support is required during peak load conditions. Therefore
the capacitor banks are switched on during the peak load and
switched off during off-peak load. The switching schemes keep
the reactive power levels more or less constant, maintain the
desired power factor, reduce overvoltage during light load
conditions, and reduce losses at the transformers and feeders.

Figure 7.8 A pad-mounted 15 kV, 1,200 kVAR, three-phase
capacitor bank. (Courtesy of S&C Electric Company, Chicago.)
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The switching controls are operated using one of the following
signals:

� Voltage: since the voltage varies with load.
� Current: as the load is switched on.
� kVAR: as the kVAR demand increases, the capacitor

banks can be switched on and vice versa.
� Power factor: as the power factor falls below a

predetermined value, the capacitor banks can be
switched on.

� Time: sometimes the capacitor banks can be switched
on using a timer and switched off at the end of a
factory shift.

The general practice is to switch the capacitor in steps in
order to accommodate large voltage changes. Several layouts
for switching capacitor banks are shown in Figure 7.9.
In Figure 7.9a, one capacitor bank is switched by a circuit
breaker. Figure 7.9b shows one fixed capacitor and two auto-
matically switched capacitor banks. The circuit breakers must
have suitable short-circuit ratings to handle the energization
and back-to-back switching requirements.

Figure 7.9 Various configurations of switched capacitor schemes.
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Figure 7.9c shows the capacitor bank switching arrange-
ment with one automatic and two nonautomatic circuit break-
ers. In certain applications with random variations in the
reactive power requirements, the capacitors are to be switched
in and out using a binary arrangement. Such a scheme is
shown in Figure 7.9d. The corresponding choice of capacitors
is listed in Table 7.1. This arrangement can be used to switch
seven steps of capacitor banks using three capacitor banks
and three circuit breakers. The selection requires careful pro-
gramming and is achievable using programmable controllers.
Figure 7.9e shows another scheme where one automatic circuit
breaker can switch three capacitor banks equipped with fuses
and nonautomatic circuit breakers. The capacitor banks can be
of equal size.

7.2.8 Installation of Capacitors on the Low
Voltage Side of the Transformer

The capacitor bank is installed close to the load to provide
reactive power locally. In a system in which a large number
of small equipment are compensated, the reactive power
demand may fluctuate, depending on the load. During off-
peak load condition, the capacitor bank voltage may go up
and hence overcompensation should be avoided. This may
result in unwanted fuse operation and failure of capacitor

TABLE 7.1 Selection of Capacitors in Binary Order for Power Factor
Control

Item Bit 0 Bit 1 Bit 2 Remarks

1 0 0 0 All switches are open.
2 1 0 0 Switch 1 is closed.
3 0 1 0 Switch 2 is closed.
4 1 1 0 Switches 1 and 2 are closed.
5 0 0 1 Switch 3 is closed.
6 1 0 1 Switches 1 and 3 are closed.
7 0 1 1 Switches 2 and 3 are closed.
8 1 1 1 All three switches are closed.
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units. Therefore, a switched capacitor bank on the low
voltage side of the transformer may be a good choice.
Harmonics in the system should be checked to determine if
the capacitor and the reactance of the power transformer are
in series and create resonance. A typical scheme is shown in
Figure 7.10.

7.2.9 Installation of Capacitors on the High
Voltage Side of the Transformer

This type of installation provides the same kind of reactive
power compensation as a low voltage capacitor bank. The
installation can be safe from overvoltage if it is switched on
and off, depending on the reactive power requirement. One of
the main advantages of high voltage capacitor installation is
that the losses in the stepdown transformer are reduced.
The cost of a high voltage capacitor scheme will be higher.
As in the low voltage capacitor scheme, the possibility of
overcompensation and resonance issues should be checked.
A typical scheme is shown in Figure 7.11. Sometimes it may

Figure 7.10 Per phase representation of the low voltage capacitor
installation.

Figure 7.11 Per phase representation of the high voltage capacitor.
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be possible to correct the power factor at the individual load
location. The relative advantages and disadvantages are
presented in Table 7.2.

7.2.10 Mobile Capacitor Banks

When there is need to apply shunt capacitors in distribution
systems to relieve overloaded facilities until permanent
changes are made, portable capacitor banks can be used. These
banks are available in three-phase and single-phase units. A
typical mobile capacitor bank mounted on a truck is shown
in Figure 7.12.

7.3 CONSIDERATIONS IN HANDLING
SUBSTATION CAPACITORS

Shunt capacitors are connected to the power system at the
substation locations for power factor improvement both at dis-
tribution and transmission levels. The distribution capacitors

TABLE 7.2 Power Factor Correction on the HV Side versus at the
Load Location

On the Transformer Primary Side Capacitor at the Load Location

Need one capacitor bank. Need three capacitor banks.
One physical location. Three physical locations.
Rack mounted outdoor or metal
enclosed indoor.

Metal enclosed indoor or pole
mounted.

Easy to maintain. Multiple locations require
more maintenance.

Can be designed as a tuned filter. Filtering with transformer.
Controlled resonant point. Multiple resonant points.
Stable system impedance from
filter location.

System impedance sees resonance
points in the impedance mode.

Relatively low cost due to one
location.

Higher cost due to multiple
locations.

May not be able to switch based on
load changes.

Load changes can be handled.

Need to have one circuit breaker to
handle capacitor switching.

Need to have circuit switches to
handle capacitor switching.
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are designed for VAR supply at the high voltage side in the
transformers. This improves the power factor of the trans-
former at the high voltage side. Transmission level capacitors
are selected based on the power factor and the stability needs
of the network. The shunt capacitor banks are used to improve
the power factor, minimize losses, increase system voltage,
and increase stability margins [4,5].

7.3.1 Maximum Capacitor Bank Size

The maximum capacitor bank size is determined by the change
in the steady-state voltage, switching transient limits, and
circuit breaker capabilities. When a shunt capacitor bank is
energized or de-energized, the steady-state voltage increases
or decreases. In order to have a minimal effect on the customer
load and on the system, the voltage change is often limited
to a value in the range of 2–3%. This voltage change can be
estimated using the following equation:

�V ¼
MVAC

MVASC

� �
� 100% ð7:1Þ

Figure 7.12 A mobile capacitor bank. (Courtesy of Gilbert
Electrical Systems and Products, Beckley, WV.)
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where MVAC¼MVAR size of the capacitor bank
MVASC¼Short-circuit MVA at the substation location.

The continuous current rating of the circuit breaker for
the use of shunt breaker switching is an important factor in
determining the maximum size of the capacitor bank. This
rating is determined by the nominal capacitor current, 1.25
times for ungrounded operation and 1.35 times for grounded
operation.

Example 7.1

A capacitor bank installation is considered at a 115 kV, three-
phase, 60Hz substation. The short-circuit rating at the substa-
tion is 40 kA. The capacitor bank under consideration consists
of two 30MVAR, wye connected banks. One suggestion is to
switch both the banks using the same circuit breaker. The
other alternative is to use each bank with a time delay using
individual breakers. Discuss the technical issues related to this
project.

Solution

One of the important items is the voltage change during the
energization process due to the size of the capacitor bank.
Therefore, the voltage change for 30MVAR and 60MVAR
capacitor banks is calculated.

Short circuit MVA at the substation¼ 1.732� 115 kV� 40kA
¼ 7,967MVA

�V due to 30 MVAR bankð Þ ¼
30 MVAR

7,967 MVA

� �
� 100% ¼ 0:38%

�V due to 60 MVAR bankð Þ ¼
60 MVAR

7,967 MVA

� �
� 100% ¼ 0:75%

The voltage change in both cases is not significant. Therefore,
both options are acceptable. By having individual circuit break-
ers, it is possible to energize only one bank. The two circuit
breaker option provides greater flexibility and reliability.
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7.3.2 Minimum Capacitor Bank Size

Minimum shunt capacitor size is influenced by the capacitor
bank unbalance detection schemes and fuse coordination.
When a capacitor fuse operates to indicate a failed capacitor,
an unbalanced condition can occur that subjects units in the
same series group to a 60Hz overvoltage. A common criterion
is to limit this overvoltage to 110% of the rated voltage with
one unit out. This requires a minimum number of units in
parallel as given in Table 7.3. This condition has to be satisfied
for safe and efficient operation of a capacitor bank. When a
capacitor is completely shorted, other series groups within
the capacitor bank are subject to a 60Hz overvoltage until
the fuse clears. The fuse should clear the fault fast enough
so that damage to good capacitors is avoided. A capacitor is
expected to withstand power frequency phase-to-phase voltages
without superimposed transients or harmonics as listed in
Table 5.6, Chapter 5. It is noted that the durations of the
allowable overvoltages are significantly small. Within the given
duration, the capacitor bank has to be isolated from the
supply to avoid further failures. Table 7.4 lists the 60 Hz volt-
ages on the other series groups in the bank when a capacitor

TABLE 7.3 Minimum Numbers of Units in Parallel per Series
Group to Limit Voltage

Number of
Series Groups

Grounded Wye
or Delta

Ungrounded
Wye

Ungrounded
Split Wye

1 — 4 2
2 6 8 2
3 8 9 8
4 9 10 9
5 9 10 10
6 10 10 10
7 10 10 10
8 10 11 10
9 10 11 10

10 10 11 11
11 10 11 11
12 and over 11 11 11
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is shorted on phase A. The values in Tables 5.6 and 7.4,
coupled with the fuse size being used, will indicate the
minimum number of capacitor units to be used. The capacitor
bank should be designed such that the durations of the
overvoltages defined in Table 7.4 are not exceeded. The factors
that influence this design include the bank connection, the
number of series groups, the number of parallel units, and
the fuse characteristics.

7.3.3 Bank Size and the Loss Reduction

The loss reduction in the line and transformer is one of the
benefits to consider when selecting the shunt capacitor bank.
A larger capacitor bank may be preferable from a cost stand-
point. Several banks at a given location provide flexibility in
switching the needed sizes. For a uniformly distributed load,
the impact of the number of capacitor banks on the loss reduc-
tion is shown in Figure 7.13. For a given load level, the loss
reduction is the greatest when one or two capacitor banks are
optimally located. Beyond that point, the incremental gain in
the loss reduction becomes insignificant and is soon offset by
increased capital costs [5].

7.3.4 Effect of Voltage Rise Limit on the
Switched Capacitor

The voltage rise limit restricts the amount of kVAR that can be
switched. Based on the flicker problems, the voltage rise limit

TABLE 7.4 Per Unit Voltage on Good Capacitors

No. of
Series

Grounded Wye
or Delta

Ungrounded
Wye

Ungrounded
Split Wye

Groups Va Vb Vc Va Vb Vc Va Vb Vc

1 — 1.00 1.00 — 1.73 1.73 0.00 1.73 1.73
2 2.00 1.00 1.00 1.50 1.15 1.15 1.71 1.08 1.08
3 1.50 1.00 1.00 1.29 1.08 1.08 1.38 1.04 1.04
4 1.33 1.00 1.00 1.20 1.05 1.05 1.26 1.03 1.03
5 1.25 1.00 1.00 1.15 1.04 1.04 1.20 1.02 1.02
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either restricts the maximum capacitor bank size for a given
location or requires that a given bank be located closer to the
substation as illustrated in Figure 7.14 [5].

7.4 SHUNT CAPACITOR BANK
CONFIGURATIONS

7.4.1 Grounded Wye

A grounded wye capacitor configuration is shown in Figure
7.15(a). The advantages of the grounded wye connection
compared to the ungrounded wye connection are that the
initial cost of the bank may be lower because neutral is not
insulated to the system BIL level; the circuit breaker tran-
sient recovery voltages are reduced; the mechanical duties

Figure 7.13 The loss reduction benefit for a given load level.

Figure 7.14 The voltage rise limit restricts the maximum size or
its location on the feeder.
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may be less severe for the structure or racks; and the dis-
advantages of the grounded wye connection compared to the
ungrounded wye connection are high inrush and ground
currents. The ground currents also may cause telephone inter-
ference. Further, the grounded schemes offer a low impedance
path for fault currents and hence require a neutral relay. For
grounded wye banks, the current limiting fuses are required
because of the line-to-ground fault currents. In the event of a
fault on one phase, before the fuse operation, the voltage on
the faulted phase can go to zero. Such a condition is shown in
Figure 17.15(b). Since the neutral is grounded, the phase volt-
ages on the remaining phases will be 1.0 P.U. and the current
through the capacitor units in the unfaulted phases will be 1.0
P.U. This means the capacitor units in the unfaulted phases
are safe.

7.4.2 Ungrounded Wye

An ungrounded wye capacitor configuration is shown in Figure
7.16(a). In this scheme, the phase voltages and currents are
symmetrical during normal operation. If the capacitor in one
phase fails before the fuse clears the fault, the neutral is shifted
as shown in Figure 7.16(b). Then the voltage across the capac-
itor units in phases B and C (the unfaulted phases) are equal to
the line-to-line voltage (1.732 P.U.). The current through
the capacitors in the unfaulted phases reaches 1.732 P.U. of
the nominal value. At the fault point, the expected maximum

Figure 7.15 (a) Grounded wye connection; (b) phasor diagram
with a single line-to-ground fault.
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current will be 3.0 P.U. Such an increase in the voltage and
current in the unfaulted phases may result in additional fail-
ures. Ungrounded wye banks do not permit the flow of zero
sequence currents, third harmonic currents, or large capacitor
discharge currents during system ground faults. (Phase-to-
phase faults may still occur and will result in large discharge
currents.) The other advantage is that overvoltages appearing
at the CT secondaries are not as high as in grounded banks.
However, the neutral should be insulated for full line voltage
because it is momentarily at phase potential when the bank is
switched or when one capacitor unit fails in a bank configured
with a single group of units. For banks above 15kV this may be
expensive.

7.4.3 Ungrounded Split-Wye

A typical ungrounded split-wye capacitor bank is shown in
Figure 7.17. This scheme is equivalent to the ungrounded
wye scheme. The split-wye connection scheme is popular
because it is easy to detect unbalance at the neutral. The
grounded wye, ungrounded wye, and delta connected capac-
itors may be subject to ferroresonant overvoltages if they are
switched together with transformer units using single-pole
switching devices. For the ungrounded capacitor banks, if the
transformer has a grounded neutral or even if it consists of
many single-phase transformers applied equally along the
feeder, a ferroresonant circuit exists only if a single-phase

Figure 7.16 (a) Ungrounded wye connection; (b) phasor diagram
with a single line-to-ground fault.
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switching device is operated upstream. Both transformers and
surge arresters will fail under such conditions. If the transfor-
mer is three-phase ungrounded, then the grounded capacitor
bank should be avoided for the same reason. Although ferro-
resonance can occur on these circuits, significant resistive load
on the transformers can prevent it.

7.4.4 Grounded Split-Wye

When a capacitor bank becomes too large, making the parallel
energy of a series group too great (above 4650 kVAR) for the
capacitor units or fuses, the bank may be split into two wye
sections. The characteristics of the grounded double wye are
similar to a grounded single-wye bank. The two neutrals
should be directly connected with a single connection to
ground. The double-wye design allows a secure and faster
unbalance protection with a simple uncompensated relay
because any system zero sequence component affects both
wyes equally, but a failed capacitor unit will appear as unbal-
anced in the neutral. Time coordination may be required to
allow a fuse, in or on a failed capacitor unit, to blow. If it is
a fuseless design, the time delay may be set short because no
fuse coordination is required. If the current through the string
exceeds the continuous current capability of the capacitor unit,
more strings shall be added in parallel.

7.4.5 Delta Connected

Delta connected capacitor banks are used only at low voltages.
A typical scheme is shown in Figure 7.18. Delta connection

Figure 7.17 Ungrounded split-wye connection.
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arrangement of capacitors requires two bushing units with a
grounded rack or single bushing unit with isolated rack. With
only one series group, overvoltage of a capacitor unit cannot
occur due to unbalance, and therefore the unbalance detection
is not required. The third harmonic currents can flow in the
delta circuit of the capacitor bank. The individual capacitor
fuse must be used for interrupting the system phase-to-
phase, short-circuit current. This necessitates an expensive
current limiting fuse rather than the expulsion fuse.

7.4.6 The H-Configuration

A schematic of the H-configuration of capacitor banks is
shown in Figure 7.19 [6]. In this configuration, the capacitors
per phase are divided into four quadrants and a current trans-
former sensor is installed across the bridge. The unbalance
current through the bridge is used to monitor the change
in the capacitance value. Any change in the capacitance value
of the H will produce a current flow through the unbalance
sensor. Such a configuration is used in Europe and Australia.

Figure 7.19 The H-configuration of capacitors for a three-phase
system.

Figure 7.18 The delta connected capacitors.
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Example 7.2

Select all possible capacitor combinations for power factor cor-
rection of a load supplied through a 13.8 kV, 60Hz, three-phase
system. The total load is (1,800þ j 1,400) kVA.

Solution

The solution is presented in Table 7.5. The resultant kVAR,
the current, and the power factor are listed for various unit
sizes.

7.5 CABLES FOR POWER CAPACITORS

Usually three-phase cables are used to connect the power factor
correction capacitors to the power supply. The power factor
capacitors draw a constant current from the power supply.
Due to the various tolerances, the cable may be forced to
carry a larger current. The tolerances include:

� Increase in supply voltage, up to 1.1 times the nominal.
� Increase in the system supply frequency, �0.5%.
� Increase in the capacitor manufacturing tolerance

of þ10%.
� Effect of harmonic currents.

A safety factor of 1.25–1.30 can provide adequate current
rating for the cable circuit.

7.5.1 Selection of Cables for Capacitor Circuit

There are several cable configurations available for the capac-
itor circuit interconnection application. The cables are classi-
fied according to voltage level, type of conductor material
(copper or aluminum), type of insulation, type of shielding,
and type of installation. In order to demonstrate the basic
principles of cable selection, consider a 5,000 V, unshielded
cable with copper conductor. The typical parameters for such
a cable for installing on a nonmagnetic tray are presented in
Table 7.6. The cable size, conductor area, the resistance per
1,000 ft, the reactance per 1,000 ft, and the nominal current
are useful in the voltage drop and short-circuit current calcula-
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TABLE 7.5 Solution to Example 7.2

Unit
kVAR kV Numbers

Total
kVAR

Delivered
kVAR

Resultant
kVAR kVA

Current
A

Power
Factor

0 0 0 0 0 1400.00 2280.35 95.41 0.79
50 15.125 3 150 124.87 1275.13 2205.89 92.29 0.82

100 15.125 3 300 249.74 1150.26 2136.14 89.37 0.84
150 15.125 3 450 374.61 1025.39 2071.58 86.67 0.87
200 15.125 3 600 499.48 900.52 2012.69 84.21 0.89
300 15.125 3 900 749.22 650.78 1914.03 80.08 0.94
50 15.125 6 300 249.74 1150.26 2136.14 89.37 0.84

100 15.125 6 600 499.48 900.52 2012.69 84.21 0.89
150 15.125 6 900 749.22 650.78 1914.03 80.08 0.94
200 15.125 6 1200 998.96 401.04 1844.13 77.16 0.98

Lo
catio

n
o
f
Sh

u
n
t
C
ap

acito
rs

1
1
9

© 2005 by Taylor & Francis Group, LLC



tions. The voltage drop per phase (Vd) due to the current I
through the cable is given by:

Vd ¼ IR cos yð Þ þ IX sin yð Þ ð7:2Þ

where y is the power factor angle and R and X are the resis-
tance and reactance of the cable, respectively. The voltage drop
has to be within acceptable limits. The cable also should be
able to carry the short-circuit current during fault conditions.
The cable short-circuit current (ISC) for copper conductor can
be calculated as:

ISC ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0297

t
log10

T2 þ 234:5ð Þ

T1 þ 234:5ð Þ

� �s
ð7:3Þ

where t is the fault clearing time in seconds and A is the cable
size in millimeters. T1 and T2 are the Centigrade temperatures
before and after the fault.

Example 7.3

Consider a three-phase, 1,800kVA capacitor bank, 4.16 kV,
60Hz connected to the power supply through a 300 ft cable.

TABLE 7.6 Typical Cable Data for Three 5,000V Unshielded Cables

KCMIL mm2 R/1000 ft X/1000 ft Current A

8 8.37 0.8170 0.0374 55
6 13.20 0.5140 0.0353 84
4 21.15 0.3230 0.0334 109
2 33.62 0.2030 0.0317 140
1 44.21 0.1610 0.0317 160
1/0 53.49 0.1280 0.0308 182
2/0 67.43 0.1020 0.0302 207
3/0 85.01 0.0809 0.0294 235
4/0 107.20 0.0644 0.0288 267
250 127.00 0.0546 0.0293 291
350 177.00 0.0395 0.0279 350
500 253.00 0.0286 0.0270 419
750 380.00 0.0202 0.0267 505
1000 507.00 0.0164 0.0260 568
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The capacitor bank can be switched on and off through a cir-
cuit breaker. Select a suitable cable for this application. State
the assumptions made.

Solution

kVA¼ 1,800
kV¼ 4.160V
V/phase¼ 2,401.8V

I¼ 249.8A/phase
Assume a power factor of 0.9, angle¼ 25.8�

Safety factor¼ 1.3
Required cable ampacity (1.3� 249.8A)¼ 324.8A/phase

Select cable 350 kcmil from Table 7.6, with I¼ 350A

Z per 1000 ft¼ (0.0395þ j 0.0279)�/phase
Z (for 300 ft)¼ (0.01185þ j 0.00837)�/phase
Vd [324.8(0.01185 cos 25.8þ 0.0084 sin 25.8)¼ 46.3V/phase
Percentage voltage drop (46.3� 100/2401.8)¼ 1.9%
Temperature of the cable before fault¼ 90�C (assumed)
Temperature of the cable after fault¼ 250�C (assumed)
Conductor, A¼ 350,000 cmil
Fault clearing time, t¼ 0.05 s (3 cycles, assumed)
Using Equation (7.3), Isc¼ 112,521A
Substation symmetrical short-circuit current¼ 40,000A
Asymmetrical ISC (1.6� 40,000A)¼ 64,000A

The symmetrical and asymmetrical short-circuit current values
are less than the cable short-circuit current. Therefore, the
cable rating is acceptable.

PROBLEMS

7.1. Power factor correction is performed at distribu-
tion, medium voltage, high voltage, and extra-high
voltage levels. Why is the power factor correction
applied at all voltage levels? Explain.

7.2. What are the advantages of pole-mounted capacitor
banks?
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7.3. A 13.8 kV/4.16 kV transformer is supplying loads
at seven locations. The power factor range is
0.50–0.75. Compare the power factor correction on
the high voltage side of the transformer versus the
correction at individual load locations.

7.4. What are the trends in the installation of capacitor
banks on the low voltage side versus the high
voltage side of the transformer?

7.5. What are the commonly used connections for
capacitor banks? Is there a specific relation between
the transformer connection and the capacitor
connection? If so, what is it?

7.6. Why is ferroresonance a factor in the capacitor
bank connections?

7.7. Delta connected banks are recommended for low
voltage applications. What will be the technical
problems in using delta connected banks for a
large MVAR rating with several series and parallel
combinations?

7.8. A capacitor bank installation is needed in a 230 kV,
three-phase, 60 Hz high voltage substation. The
short-circuit rating at the substation is 46 kA. The
total capacitor bank requirement is 100MVAR,
wye connected. How many steps are recommended
from the switching point of view?

7.9. Select a three-phase cable for the interconnec-
tion of a 3,000 kVA capacitor bank, 4.16 kV,
60 Hz connected to the power supply through a
200 ft cable. The capacitor bank can be switched
on and off through a circuit breaker. Use a fault
clearing time of 0.1 s. State the assumptions made.
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8

POWER FACTOR IMPROVEMENT

8.1 INTRODUCTION

Most industrial loads such as induction motors operate at
moderately low power factors. Around 60% of the utility load
consists of motors and hence the overall power factor of the
power system is low. Depending on the level of the load, these
motors are inherently low power factor devices. The power
factor of these motors varies from 0.30 to 0.95, depending on
the size of the motor and other operating conditions. Therefore,
the power factor level is always a concern for industrial power
systems, utilities, and the user. The system performance can be
improved by correcting the power factor. The system power
factor is given by (see Figure 8.1):

Power factor ¼ P=kVA ð8:1Þ

where P and kVA are the real and apparent power, respec-
tively. The relation between the power factor and the Q/P
ratio is shown in Table 8.1. From Table 8.1, it can be seen
that even at 90% power factor, the reactive power requirement
is 48% of the real power. At low power factors, the reactive
power demand is much higher. Therefore, some form of
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power factor correction is required in all the industrial facil-
ities. The power factor of any operating system can be lagging
or leading. The direction of active and reactive power can be
used to determine the nature of the power factor. If both the
real and reactive power flow are in the same direction, then the
power factor is lagging. If the reactive power flows in the direc-
tion opposite to that of the real power, then the power factor is
leading. A typical lagging power factor load is an induction
motor [1–3]. A typical leading power factor load is a capacitor.
Some typical power factors of industrial plants are presented
in Table 8.2.

Example 8.1

The power factor of a 100 kVA load is 0.8. It is necessary to
improve the power factor to 0.95. What is the rating of the
shunt capacitor bank?

TABLE 8.1 Power Factor and Q/P Ratio

Power Factor % Angle Degree Q/P Ratio

100 0 0.00
95 11.4 0.20
90 26.8 0.48
85 31.8 0.62
80 36.8 0.75
70.7 45.0 1.00
60 53.1 1.33
50 60.0 1.73

Figure 8.1 Relationship between real, reactive, and apparent
power (kVA).
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Solution

kVA¼ 100
P (100� 0.8)¼ 80kW
y1 (cos�1(0.8))¼ 36.8�

Q1 (100� sin 36.8�)¼ 60 kVAR

Improved power factor condition:

kVA¼ 100
y2 (cos�1(0.95))¼ 18.2�

Q2 (100� sin 18.2�)¼ 31kVAR

Required shunt capacitors, (60� 31)¼ 29 kVAR

The power factor correction capacitors can be installed at
high voltage bus, distribution, or at the load [1–3]. The power
factor correction capacitors can be installed for a group of
loads, at the branch location, or for a local load. The benefits
due to the power factor correction for the utility are release in
system generation capacity, savings in transformer capacity,
reduction in line loss, and improved voltage profile. The bene-
fits due to power factor correction to the customer are reduced
rate associated with power factor improvement, reduced loss
causing lower peak demand, reduced energy consumption, and
increased short-circuit rating for the system.

TABLE 8.2 Typical Power Factor of Some Industrial Plants

Industry
% Power

Factor Industry
% Power
Factor

Chemical 80–85 Arc welding 35–60
Coal mine 65–80 Machine shop 45–60
Electroplating 65–70 Arc furnace 75–90
Hospital 75–80 Spraying 60–65
Office building 80–90 Weaving 60–75
Cement 80–85 Clothing 30–60
Textile 65–75 Machining 40–65
Foundry 75–80 Plastic 75–80
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8.2 FIXED VERSUS SWITCHED CAPACITORS

Shunt capacitors applied to distribution systems are generally
located on the distribution lines or in the substations. The
distribution capacitors may be in pole-mounted racks, pad-
mounted banks, or submersible installations. The distribution
banks often include three to nine capacitor units connected in
three-phase grounded wye, ungrounded wye, or in delta config-
uration. The distribution capacitors are intended for local power
factor correction by supplying reactive power and minimizing
the system losses. The distribution capacitors can be fixed
or switched depending on the load conditions. The following
guidelines apply:

� Fixed capacitors for minimum load condition.
� Switched capacitors for load levels above the minimum

load and up to the peak load.

Figure 8.2 shows the reactive power requirements of a
distribution system are shown for a period of 24 hours. Such
base load and peak load conditions are common in most
utilities. Usually, the fixed capacitors satisfy the reactive
power requirements for the base load and the switched
capacitors compensate the inductive kVAR requirements of
the peak load.

Figure 8.2 Distribution curve showing the base reactive power
requirement (for fixed capacitors) and peak kVAR needs (for
switched capacitors).
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8.2.1 Sizing and Location of Capacitors

To obtain the best results, shunt capacitors should be located
where they produce maximum loss reduction, provide better
voltage profile, and are close to the load. When this is not
practical, the following approaches can be used.

� For uniformly distributed loads, the capacitor can
be placed at two thirds of the distance from the
substation.

� For uniformly decreasing distributed loads, the
capacitor can be placed at half the distance from the
substation.

� For maximum voltage rise, the capacitor should be
placed near the load.

Usually, the capacitor banks are placed at the location of
minimum power factor by measuring the voltage, current, kW,
kVAR, and kVA on the feeder to determine the maximum and
minimum load conditions. Many utilities prefer a power factor
of 0.95. The peaks and valleys in the kVAR demand curve make
it difficult to use a single fixed capacitor bank to correct the
power factor to the desired level. If a unity power factor is
achieved during the peak load, then there would be leading
kVAR on the line during off-peak condition, resulting in an
over-corrected condition. Over-correction of power factor can
produce excess loss in the system, similar to the lagging
power factor condition. Overvoltage condition may occur
during leading power factor condition causing damage to the
equipment. Therefore, a leading power factor is not an advan-
tageous condition. In order to handle such conditions, fixed
capacitors are used to supply the constant kVAR requirements
and switched capacitors are used for supplying the kVAR
for the peak load conditions. Specifically, this will prevent
over-correction of the power factor. Figure 8.2 shows the
selection approach for the fixed and switched capacitors. The
capacitive kVAR required to correct the given power factor to
the desired level can be calculated as shown below.

y1¼Power factor angle of the given load
y2¼Desired power factor angle
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kW¼Three-phase real power

kVAR from shunt capacitors, ðQ1 �Q2Þ

¼ kVA1 sin y1 � kVA2 sin y2

The above relation can be expressed in the form of a chart as
shown in Table 8.3. To determine the needed capacitive reac-
tive power, select the multiplying factor that corresponds to
the present power factor and the desired power factor. Then
multiply this factor by the kW load of the system. Select a
kVAR bank close to the required kVAR.

Example 8.2

The power factor of a system is 0.60. The desired power factor
of the system is 0.95. The kW demand of the system is 100.
Calculate the required shunt capacitors for power factor
correction.

Solution

The given power factor of the system¼ 0.60
Desired power factor¼ 0.95
Multiplying factor from Table 8.3¼ 1.005
kW demand¼ 100
Capacitive kVAR required (1.005) (100 kW)¼ 100.5 kVAR
Select 100 kVAR shunt capacitors.

8.2.2 Effect of Shunt Capacitors on
Radial Feeders

Fixed capacitors can be used to improve the power factor on
radial feeders [3]. The capacitors can be located at the source
or at the load. In a radial system, the capacitor can be located
very close to the load as shown in Figure 8.3. The voltage
profile during light load on the radial system without and
with shunt capacitors is shown in Figure 8.4. The voltage
drop effects are dominant in the radial system when shunt
capacitors are not present. The voltage rise effects are seen
when the capacitor is present and during light load conditions.
The voltage profile along the heavily loaded condition is shown
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TABLE 8.3 Power Factor Correction Selection Table

Desired Power Factor

PF 0.80 0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89

0.55 0.768 0.794 0.820 0.846 0.873 0.899 0.925 0.952 0.979 1.006

0.56 0.729 0.755 0.781 0.807 0.834 0.860 0.886 0.913 0.940 0.967

0.57 0.691 0.717 0.743 0.769 0.796 0.822 0.848 0.875 0.902 0.929

0.58 0.655 0.681 0.707 0.733 0.759 0.785 0.811 0.838 0.865 0.892

0.59 0.618 0.644 0.670 0.696 0.723 0.749 0.775 0.802 0.829 0.856

0.60 0.583 0.609 0.635 0.661 0.687 0.714 0.740 0.767 0.794 0.821

0.61 0.549 0.575 0.601 0.627 0.653 0.679 0.706 0.732 0.759 0.787

0.62 0.515 0.541 0.567 0.593 0.620 0.646 0.672 0.699 0.726 0.753

0.63 0.483 0.509 0.535 0.561 0.587 0.613 0.639 0.666 0.693 0.720

0.64 0.451 0.477 0.503 0.529 0.555 0.581 0.607 0.634 0.661 0.688

0.65 0.419 0.445 0.471 0.497 0.523 0.549 0.576 0.602 0.629 0.657

0.66 0.388 0.414 0.440 0.466 0.492 0.519 0.545 0.572 0.599 0.626

0.67 0.358 0.384 0.410 0.436 0.462 0.488 0.515 0.541 0.568 0.596

0.68 0.328 0.354 0.380 0.406 0.432 0.459 0.485 0.512 0.539 0.566

0.69 0.299 0.325 0.351 0.377 0.403 0.429 0.456 0.482 0.509 0.537

0.70 0.270 0.296 0.322 0.348 0.374 0.400 0.427 0.453 0.480 0.508

0.71 0.242 0.268 0.294 0.320 0.346 0.372 0.398 0.425 0.452 0.480

0.72 0.214 0.240 0.266 0.292 0.318 0.344 0.370 0.397 0.424 0.452

0.73 0.186 0.212 0.238 0.264 0.290 0.316 0.343 0.370 0.396 0.424

0.74 0.159 0.185 0.211 0.237 0.263 0.289 0.316 0.342 0.369 0.397

0.75 0.132 0.158 0.184 0.210 0.236 0.262 0.289 0.315 0.342 0.370

0.76 0.105 0.131 0.157 0.183 0.209 0.235 0.262 0.288 0.315 0.343

0.77 0.079 0.105 0.131 0.157 0.183 0.209 0.235 0.262 0.289 0.316

0.78 0.052 0.078 0.104 0.130 0.156 0.183 0.209 0.236 0.263 0.290

0.79 0.026 0.052 0.078 0.104 0.130 0.156 0.183 0.209 0.236 0.264

0.80 0.026 0.052 0.078 0.104 0.130 0.157 0.183 0.210 0.238

0.81 0.026 0.052 0.078 0.104 0.131 0.157 0.184 0.212

0.82 0.026 0.052 0.078 0.105 0.131 0.158 0.186

0.83 0.026 0.052 0.079 0.105 0.132 0.160

0.84 0.026 0.053 0.079 0.106 0.134

0.85 0.026 0.053 0.080 0.107

0.86 0.027 0.054 0.081

0.87 0.027 0.054

0.88 0.027

(Continued)
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TABLE 8.3 (CONTINUED) Power Factor Correction Selection Table

Desired Power Factor

PF 0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.55 1.034 1.063 1.092 1.123 1.156 1.190 1.227 1.268 1.315 1.376

0.56 0.995 1.024 1.053 1.084 1.116 1.151 1.188 1.229 1.276 1.337

0.57 0.957 0.986 1.015 1.046 1.079 1.113 1.150 1.191 1.238 1.299

0.58 0.920 0.949 0.979 1.009 1.042 1.076 1.113 1.154 1.201 1.262

0.59 0.884 0.913 0.942 0.973 1.006 1.040 1.077 1.118 1.165 1.226

0.60 0.849 0.878 0.907 0.938 0.970 1.005 1.042 1.083 1.130 1.191

0.61 0.815 0.843 0.873 0.904 0.936 0.970 1.007 1.048 1.096 1.157

0.62 0.781 0.810 0.839 0.870 0.903 0.937 0.974 1.015 1.062 1.123

0.63 0.748 0.777 0.807 0.837 0.870 0.904 0.941 0.982 1.030 1.090

0.64 0.716 0.745 0.775 0.805 0.838 0.872 0.909 0.950 0.998 1.058

0.65 0.685 0.714 0.743 0.774 0.806 0.840 0.877 0.919 0.966 1.027

0.66 0.654 0.683 0.712 0.743 0.755 0.810 0.847 0.888 0.935 0.996

0.67 0.624 0.652 0.682 0.713 0.745 0.779 0.816 .857 0.905 0.966

0.68 0.594 0.623 0.652 0.683 0.715 0.750 0.787 0.828 0.875 0.936

0.69 0.565 0.593 0.623 0.654 0.686 0.720 0.757 0.798 0.846 0.907

0.70 0.536 0.565 0.594 0.625 0.657 0.692 0.729 0.770 0.817 0.878

0.71 0.508 0.836 0.566 0.597 0.629 0.663 0.700 0.741 0.789 0.849

0.72 0.480 0.508 0.538 0.569 0.601 0.635 0.672 0.713 0.761 0.821

0.73 0.452 0.481 0.510 0.541 0.573 0.608 0.645 0.686 0.733 0.794

0.74 0.425 0.453 0.483 0.514 0.546 0.580 0.617 0.658 0.706 0.766

0.75 0.398 0.426 0.456 0.487 0.519 0.553 0.590 0.631 0.679 0.739

0.76 0.371 0.400 0.429 0.460 0.492 0.526 0.563 0.605 0.652 0.713

0.77 0.344 0.373 0.403 0.433 0.466 0.500 0.537 0.578 0.626 0.686

0.78 0.318 0.347 0.376 0.407 0.439 0.474 0.511 0.552 0.599 0.660

0.79 0.292 0.320 0.350 0.381 0.413 0.447 0.484 0.525 0.573 0.634

0.80 0.266 0.294 0.324 0.355 0.387 0.421 0.458 0.499 0.547 0.608

0.81 0.240 0.268 0.298 0.329 0.361 0.395 0.432 0.473 0.521 0.581

0.82 0.214 0.242 0.272 0.303 0.335 0.369 0.406 0.447 0.495 0.556

0.83 0.188 0.216 0.246 0.277 0.309 0.343 0.380 0.421 0.469 0.530

0.84 0.162 0.190 0.220 0.251 0.283 0.317 0.354 0.395 0.443 0.503

0.85 0.135 0.164 0.194 0.225 0.257 0.291 0.328 0.369 0.417 0.477

0.86 0.109 0.138 0.167 0.198 0.230 0.265 0.302 0.343 0.390 0.451

0.87 0.082 0.111 0.141 0.172 0.204 0.238 0.275 0.316 0.364 0.424

0.88 0.055 0.084 0.114 0.145 0.177 0.211 0.248 0.289 0.337 0.397

0.89 0.028 0.057 0.086 0.117 0.149 0.184 0.221 0.262 0.309 0.370

0.90 0.029 0.058 0.089 0.121 0.156 0.193 0.234 0.281 0.342

0.91 0.030 0.060 0.093 0.127 0.164 0.205 0.253 0.313

(Continued)
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in Figure 8.5. The voltage profile is within allowed limits
with the shunt capacitors. Therefore, there is always a need
to find the optimum location for the installation of fixed shunt
capacitors.

TABLE 8.3 (CONTINUED) Power Factor Correction Selection Table

Desired Power Factor

PF 0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.92 0.000 0.031 0.063 0.097 0.134 0.175 0.223 0.284

0.93 0.000 0.032 0.067 0.104 0.145 0.192 0.253

0.94 0.000 0.034 0.071 0.112 0.160 0.220

0.95 0.000 0.037 0.078 0.126 0.186

0.96 0.041 0.089 0.149

0.97 0.048 0.108

0.98 0.061

0.99

Figure 8.3 Example radial system.

Figure 8.4 Voltage profile along the feeder during light load.
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8.2.3 Switched Capacitors

Switched capacitors provide additional flexibility to control
system voltage, power factor, and losses. Switched capacitors
are usually applied with some type of automatic switching con-
trol. A sensor detects a particular condition and then initiates
a close or trip signal to the circuit breaker connected to the
capacitor bank. A typical automatic capacitor control includes
the following:

� Voltage: Control of the voltage regulation is a major
consideration.

� Current: If current magnitude is directly proportional
to the VAR demand.

� VAR control: VAR demand increases with certain
loads and decreases when the specific load is off.

� Time switch: To switch on the capacitors during peak
hours and to switch them off during off-peak hours.

� Temperature: In certain loads such as air conditioners,
the VAR demand goes up when temperature increases.

The fixed capacitor banks are usually left energized on
a continuous basis. In certain loading conditions, selected
capacitor banks can be switched on and off based on seasonal
conditions. Remote switching of capacitor banks is used in
some areas. The capacitor switching is generally performed
using radio signals, a power line carrier, or through telephone
signals.

Figure 8.5 Voltage profile along the feeder during heavy load.
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A typical controller for switching the capacitors automat-
ically is shown in Figure 8.6. Such a controller is suitable
for pole- and pad-mounted capacitor stations. Switching is
accomplished by using VAR control with voltage override.
This type of controller provides precise and economical control
of capacitor banks as well as dependable operation over years
of service. Such controllers have reliable data recorder capabil-
ity because they feature high-level graphics and Windows
software. Their intuitive front panel design and LCD display
make reading from any angle easy. Selection of manual or
automatic settings can be made with the turn of a dial.

8.2.4 Released System Capacity

The power factor correction reduces the kVA demand through
the line, cable, transformer, or generator. This means capac-
itors can be used to reduce the equipment overloading of
existing facilities. The released capacity due to power factor
correction is shown by means of an example.

Figure 8.6 A typical automatic capacitor controller. (Courtesy of
Maysteel LLC, Menomonee Falls, WI.)
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Example 8.3

A 4.16 kV/440V, three-phase, 300 kVA, delta/wye transformer
is used to supply a load at 0.65 power factor. The transformer
is overloaded by 10%. Analyze this condition and suggest a
suitable mitigation approach through power factor correction.

Solution

kVA¼ 300
Power factor¼ 0.65
Delivered kVA load when overloaded (300� 1.1)¼

330kVA
cos y¼ 0.65, sin y¼ 0.7599
Before shunt compensation, kW (330 kVA� 0.65)¼

214.5
kVAR (330 kVA� 0.7599)¼ 250.8
After power factor correction, kVA¼ 300, kW¼ 214.5

kVAR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3002 � 214:52

p
¼ 210 kVAR

Select a 60 kVAR, three-phase shunt capacitor bank.

New kVA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
214:52 þ ð250:8� 60Þ2

q
¼ 287 kVA

New power factor ¼
214:5

287
¼ 0:75

By using a 60kVAR shunt capacitor on the 4.16 kV side of the
transformer, the power factor can be improved from 0.65 to
0.75. The load on the transformer will be 287 kVA and hence
the load on the transformer remains within the nominal rating
of 300 kVA.

8.3 FIXED AND SWITCHED CAPACITOR
APPLICATIONS

To improve the voltage profile, fixed capacitors are used in high
voltage circuits at a point two thirds of the distance from the

136 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



source. The shunt capacitor size will be determined by the
voltage rise during light load conditions. If too much shunt
compensation is connected, the losses in the system will
increase during light load conditions.

After adding the fixed capacitors according to the above
guideline, switched capacitors are added to about two thirds
of the peak load reactive power requirements. The switched
capacitors should be added to a location from a voltage correc-
tion point of view, but generally in the last one third of the
circuit, close to the load. The switching can be performed using
remote control mechanisms.

When shunt capacitors are used for improving the voltage
profile, the fixed capacitors should not increase the voltage at
light load above the allowed values. Additional capacitors can
be switched to improve the power factor to 0.95 at rated load.
The following examples illustrates the use of fixed and
switched shunt capacitors.

Example 8.4

The maximum load of a high voltage circuit is 5,000 kVA. The
initial power factor is 0.85. The minimal load in the circuit is
25% of the maximum load, with a power factor of 0.80. The
minimum kVAR demand is 0.6 of the maximum reactive
power. The allowable power factor at light load is 0.95. Select
the required fixed and switched capacitors.

Solution

Maximum load¼ 5,000 kVA
cos y¼ 0.85, sin y¼ 0.527
Maximum kW (5,000 kVA� 0.85)¼ 4,250 kW
Maximum kVAR (5,000 kVA� 0.527)¼ 2,635 kVAR
Minimum load (5,000 kVA� 0.25)¼ 1,250 kVA
cos y¼ 0.80 sin y¼ 0.60
Minimum kW (1,250 kVA� 0.80)¼ 1,000 kW
Minimum kVAR (1,250 kVA� 0.60)¼ 750 kVAR
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Selection of fixed capacitor: Select a 600 kVAR, fixed shunt
capacitor.

KVA with fixed capacitor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1,0002 þ 1502

p
¼ 1,011 kVA

Power factor during light load (1,000/1,011)¼ 0.989
Allowable power factor¼ 0.95
Switched capacitor to meet the peak demand (2,635�
600)¼ 2,035kVAR

Select a 1,800 kVAR switched capacitor.

KVA with fixed and switched capacitor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4,2502 þ 2352

p
¼ 4,257kVA

Power factor with fixed and switched capacitors
(4,250/4,257)¼ 0.998

A smaller fixed and switched capacitor bank can meet the
power factor correction requirement to achieve a power factor
of 0.95. To minimize the losses, the fixed capacitor can be
located at a point two thirds on the line from the source. The
switched capacitor can be located at one third of the distance
from the load.

PROBLEMS

8.1 Why is the power factor of many industrial loads
poor?

8.2 When would you recommend a fixed capacitor bank
for power factor correction? When is a switched
capacitor considered for power factor correction?

8.3 What are the different methods used to switch
power factor capacitors remotely?

8.4 The power factor of a 200 kW induction motor load
is 0.87. It is desired to improve the power factor
to 0.95. What is the required kVAR of the shunt
capacitor bank? What types of technical issues are
expected when applying power factor correction to
an induction motor?
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8.5 A 4.16 kV overhead line is rated at 150 A but is
carrying a load of 200 A at 0.67 power factor. Is it
possible to reduce the load current to the rated
value using power factor improvement? What is
the value of reactive power to be supplied through
shunt capacitors? What is the new power factor?

8.6 A load consists of a 50 hp, three-phase induction
motor operating at 0.75 lagging power factor.
There is an auxiliary load of (15þ j 0.0) kVA. What
is the power factor of the combined load? If the
power factor has to be improved to 0.95, what is the
value of capacitor kVAR required to perform this
function?

8.7 What will happen if a large capacitor bank is
installed at the end of a long feeder in order to
correct the power factor during peak load?
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9

SYSTEM BENEFITS

9.1 INTRODUCTION

Using shunt capacitors to supply the leading currents required
by the load relieves the generator from supplying that part of
the inductive current. The system benefits due to the applica-
tion of shunt capacitors include [1,2]:

� Reactive power support.
� Voltage profile improvements.
� Line and transformer loss reductions.
� Release of power system capacity.
� Savings due to increased energy loss.

These benefits apply for both distribution and transmission
systems.

9.2 REACTIVE POWER SUPPORT

In distribution systems, the voltage at the load end tends to get
lower due to the lack of reactive power. In such cases, local
VAR support is offered using shunt capacitors. In the case of
long transmission lines, the reactive power available at the end
of the line during peak load conditions is small and hence needs
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to be supplied using shunt capacitors. The advantage of provid-
ing local reactive power can be demonstrated by an example.
Consider a 460V, three-phase radial system without and with
shunt capacitors as shown in Figure 9.1. The load at the end
of the radial feeder is (40þ j 53.4) kVA. It can be seen that
the load requires significant reactive power, which can be sup-
plied using shunt capacitors as illustrated in Figure 9.1. Let
the reactive power supplied by the shunt capacitors be
42.1 kVAR. Now compare the load flows from the source with-
out and with shunt capacitors as listed in Table 9.1. From the
table it can be seen that the reactive power drawn from the
supply is substantially less, and the kVA and the current flows
are less. The power factor at the load is improved.

9.3 VOLTAGE PROFILE IMPROVEMENTS

The shunt capacitors reduce the amount of inductive current
in an electric circuit. The reduction in the line current

TABLE 9.1 Example Load Flows in a Three-Phase Radial System

Description
Without Shunt

Capacitor
With Shunt
Capacitor

Power, kW 40 40
Reactive power, kVAR 53.4 13.1
kVA 66.7 42.1
Power factor 0.6 0.95
Line current, A 83.7 52.8

Figure 9.1 Per phase diagram of three-phase radial system.
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decreases the IR and IX voltage drops, thereby improving the
voltage level of the system from the capacitor location back
to the source. In both the distribution and transmission sys-
tems, there is a need to maintain a voltage in the range
0.95–1.05 P.U. A lower system voltage will cause induction
motors to operate with a larger than nominal current. With
lower voltages, the recovery voltages after fault clearing will
be slow. Therefore, maintaining acceptable voltage levels in the
power system is an important objective. A one-line diagram of a
power system for the voltage drop analysis is shown in Figure
9.1. The phasor diagram of the system without shunt capaci-
tors is shown in Figure 9.2. The corresponding voltage rela-
tions are:

VR ¼ VS � I cos y� j sin yð Þ Rþ jXð Þ ð9:1Þ

where VS¼Sending end voltage/phase
VR¼Receiving end voltage/phase
I¼Current, A
R¼Resistance,�/phase
X¼Reactance,�/phase
y¼Power factor angle, degrees

The phasor diagram of the system with shunt capacitors
is shown in Figure 9.3. The corresponding current relations
are:

I0 ¼ I cos y� j sin yð Þ � jIC ð9:2Þ

Figure 9.2 Phasor diagram of the system without shunt capacitor.
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where the capacitor current is

IC ¼
V

XC
ð9:3Þ

The improved voltage profile at the load is due to the
decrease in the line current and reduced voltage drop. This is
illustrated by the following example.

Example 9.1

Consider a one-line diagram of the system as shown in
Figure 9.1. The three-phase load is 40 kW, 460V, and 0.6
power factor lagging. The line impedance is (0.1þ j 0.3)�/
phase. If the power factor is improved to 0.95 (lag) from the
existing level using shunt capacitors, what is the reduction in
the voltage drop?

Solution

Before power factor correction

I ¼
40,000ffiffiffi

3
p

� 460� 0:6
¼ 83:7A=phase

I¼ 83.7 (0.6� j 0.8) A /phase
Z¼ (0.1þ j 0.3)�/Phase
Voltage drop, V1¼ 83.7 (0.6� j 0.8) (0.1þ j 0.3)

¼ (25.1þ j 8.4)

After power factor correction

I ¼
40,000ffiffiffi

3
p

� 460� 0:95
¼ 52:9A=phase

Figure 9.3 Phasor diagram of the system with shunt capacitor.
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I¼ 52.9 (0.95� j 0.31)A
Voltage drop, V2¼ 52.9 (0.95� j 0.31) (0.1þ j 0.3)¼
(10þ j 13.4)

Improvement in the voltage drop (V1�V2):

Reduction in the voltage drop¼ 15.1� j 5.0

There is a 15.2V reduction in the resistive voltage drop,
which is responsible for the I2R loss. Overall reduction in the
voltage drop is 16.0V.

9.3.1 Voltage Rise due to the Addition of Shunt
Capacitors

The addition of a shunt capacitor bank raises the voltage at
the point of installation. The voltage drop equations without
shunt capacitors (VD1) and with shunt capacitors (VD2) are:

VD1 ¼
kVA1

10ð Þ kVð Þ
2
R cos y1 � jX sin y1ð Þ ð9:4Þ

VD2 ¼
kVA2

10ð Þ kVð Þ
2
R cos y2 � jX sin y2ð Þ ð9:5Þ

VD1� VD2 ¼
1

ð10Þ ðkVÞ2
f½RðkVA1 cos y1 � kVA2 cos y2Þ�

þ jX½ðkVA1 sin y1 � kVA2 sin y2Þ�g ð9:6Þ

VD1� VD2 ¼
kVAC

10ð Þ kVð Þ
2
X ð9:7Þ

where kVA1 cos y1 � kVA2 cos y2ð Þ is the change in the real
power, which is equal to zero. The other component,
kVA1 sin y1 � kVA2 sin y2ð Þ, is the change in the reactive
power due to the addition of reactive power supplied through
shunt capacitors.
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9.3.2 Voltage Rise at the Transformer

Every transformer on the power system from the location of
the capacitor bank to the generator will experience a voltage
rise. This is an important component of the voltage rise due to
the shunt capacitor. Since the transformer impedance is always
a significant value, the voltage drop due to the transformer
reactance in the presence of the shunt capacitor is given by:

VD1 � VD2 ¼
kVAC

10ð Þ kVð Þ
2
Xt ð9:8Þ

kV baseð Þ ¼ MVAbaseð Þ Xbð Þ ð9:9Þ

VD1� VD2 ¼
kVARC

10ð Þ MVA baseð Þ Xbð Þ
¼

kVARC

10 MVAbð Þ
Xt

1

Xb
ð9:10Þ

Voltage at the transformer location ¼
kVARC Xtð Þ

10ð Þ kVAtð Þ
ð9:11Þ

where Xt is the transformer reactance per unit and kVAt

is the base kVA of the transformer. If the voltage rise is exces-
sive, then tap changers can be used to keep the voltage within
acceptable levels.

Example 9.2

The rating of a three-phase transformer is 500 kVA, 7%
impedance, and delta/wye connected. A 100 kVAR capacitor
bank is used on the high voltage side of the transformer.
Calculate the voltage rise due to the installation of the capaci-
tor bank.

Solution

Transformer kVA¼ 500, Xt¼ 0.07 P.U., kVARC¼ 100

Voltage rise ¼
kVARC Xtð Þ

kVAt
� 100 ¼

100� 0:07

500
� 100 ¼ 1:4%
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Example 9.3

Consider a three-phase, 345 kV, 60Hz system with a shunt
capacitor bank of 135 MVAR. The short-circuit duty at the
three-phase source is 2,000A. Calculate the voltage rise due
to the installation of the capacitor bank.

Solution

kV¼ 345 kV, MVARC¼ 135

XSC ¼
345 kVffiffiffi
3

p
� 2kA

¼ 100�

Z baseð Þ ¼
345 kVð Þ

2

100 MVA
¼ 1,190�

XSC P:U:ð Þ ¼
100�

1,190�
¼ 0:084P:U:

XC ¼
kV2

MVA
¼

345 kVð Þ
2

135 MVA
¼ 881�

XC (P.U.)¼ 881�/1190�¼ 0.74 P.U.

V at the transformer ¼ VS 1þ
XSC

XC � XSCð Þ

� �

¼ 1:0 1þ
0:084

0:74� 0:084

� �
¼ 1:128 P:U:

9.4 LINE AND TRANSFORMER LOSS
REDUCTIONS

When shunt capacitors are installed for power factor correc-
tion, the line current magnitude is decreased. Therefore, both
I2R and I2X losses are reduced. In industrial power systems,
the I2R losses vary from 3–8% of the rated load current
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depending on the hours of full load operation, conductor size,
length of the feeder circuit, and the transformer impedance. The
load on most electric circuits will vary depending on the time
of the day. In order to account for the average load, the load
factor is defined as:

Load factor LDFð Þ ¼
Average kW demand

Peak kW demand
ð9:12Þ

The current also varies with time. The loss factor is
defined in order to estimate the loss in the system. The loss
factor is a function of the load factor and is given by:

Loss factor LFð Þ ¼ 0:15 LDFþ 0:85 LDF2
ð9:13Þ

Average loss ¼ 3 I2R
� �

Loss factorð Þ ð9:14Þ

Example 9.4

Consider a 4.16 kV line with a total impedance of (1.5þ j 7.0)�.
The peak load on this line is 5MW at 0.8 power factor. The load
factor is 0.6. The customer wants to improve the power factor
to 0.95. What will be the annual savings with the improved
power factor? How much capacitive kVARs are to be installed
in order to achieve this objective?

Solution

Without capacitor bank:

kV¼ 4.16, PF¼ 0.6, MW¼ 5
MVA (5/0.6)¼ 6.25

I ¼
5,000 kWffiffiffi

3
p

� 4:16kV � 0:8
¼ 857:4A=phase

Loss factor¼ (0.15)(0.6)þ (0.85)(0.6)2¼ 0.396
Average loss¼ (857.42�1.5� 0.396)10�3

¼ 436.7kW/phase
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With capacitor bank:

The new power factor¼ 0.95

I ¼
5,000 kWffiffiffi

3
p

� 4:16 kV � 0:95
¼ 730:5A=phase

Average loss(730.52�1.5� 0.396� 10�3)¼ 316.9 kW/phase
Total savings [3(436.7�316.9)]¼ 359.4 kW

9.4.1 Savings due to Reduced Energy Losses

If the reactive compensation is provided in a feeder circuit,
then the current through the feeder and the transformer cir-
cuit is reduced. If I1 and I2 are the currents through the feeder
before and after compensation and if R is the resistance of
the circuit, then the cost of energy savings (CL) due to reduced
losses per year is given by [1]:

CL ¼ 3 CWð Þ I21 � I22
� �

R 8,760ð Þ LFð Þ 10�3 ð9:15Þ

where LF is the load factor, 8,760 is the number of hours in a
year, and CW is the cost of the electric energy per kWh.

Example 9.5

Consider a power system with shunt capacitors. The phase
currents in the line without and with shunt capacitors are
80A and 50A, respectively. The feeder resistance is 0.2�.
The cost of electrical energy is $0.06 per kWh. The loss
factor of the system is 0.6. Calculate the savings per year due
to the reduced current as a result of power factor correction.

Solution

Current before power factor correction (I1)¼ 80A
Current after power factor correction (I2)¼ 50A
Feeder resistance/phase¼ 0.2�
Loss factor (LF)¼ 0.6
Cost of electrical energy/kWh¼ $0.06
Savings due to reduced energy savings¼S

S¼3� 0:60 802 � 502
� �

0:2ð Þ 8,760ð Þ 0:6ð Þ 10�3
� �

¼$738
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9.4.2 Loss Reduction due to Improved Power
Factor

In industrial plants, the I2R losses vary from 2–7% of the load
kWh depending on the duration of the rated load and the
light load. Further, the losses are proportional to the circuit
resistance and feeder length. When the shunt capacitors are
installed, the line current is reduced. The relation can be
expressed as:

kW losses /
Original PF

Improved PF

� �2

ð9:16Þ

Loss reduction ¼ 1�
Original PF

Improved PF

� �2

ð9:17Þ

This relation plotted in Figure 9.4 is based on the assumption
that the kW load remains the same.

Example 9.6

The power is supplied through a substation for a group of loads
and the electric consumption per year is 120,000 kWh. The
power factor at the substation is 0.72. It is decided to improve
the power factor to 0.87 using shunt capacitors. Assuming
the losses are 5% of the total kWh, what will be the annual
savings in kWh if the power factor is improved?

Figure 9.4 Reduction in losses due to improved power factor.
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Solution

Total kWh/year¼ 120,000
Loss per year (120,000� 0.05)¼ 6,000kWh
Original power factor¼ 0.72
Improved power factor¼ 0.87
Loss reduction, 1� 0:72=0:87ð Þ

2
¼ 0:315

Reduction in the loss (6,000 kWh� 0.315)¼ 1,890 kWh

9.5 RELEASE OF POWER SYSTEM CAPACITY

Power factor correction capacitors provide the reactive current
requirements locally and reduce the line current. Reduced
line current means less kVA for transformers and feeder cir-
cuits. Thus, the shunt capacitor compensation helps to reduce
the thermal overloads on transformers, transmission lines,
generator, and cables.

Example 9.7

A 4.16 kV, three-phase cable circuit is rated for 200 A, but it
is carrying a load current of 250 A at a power factor of 0.6
lagging. How much reactive power compensation can reduce
the load current to rated value?

Solution

kV¼ 4.16, I¼ 250 A
Existing load demand (1.732� 4.16� 250)¼ 1,801 kVA
Rated power of the cable (1,801 kVA� 0.6)¼ 1,081 kW
Rated kVA of the cable (1.732� 4.16� 200)¼ 1,441 kVA
Power factor at rated load (1081/1,441)¼ 0.75
Capacitive kVAR required (kVARC)¼kW(tan y1� tan y2)
kVARC [1,081(tan 53.1� tan 41.4)]¼ 488.7

Use 500 kVAR, three-phase capacitors, with the nearest rating.
With this power factor correction, the kVA demand on the
cable circuit will be less than the allowable rating.

9.5.1 Release of Generator Capacity

The synchronous generator has kW limit as well as kVA limit.
The kVA limit of the generator may correspond to unity power
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factor operation. If the load is a low power factor apparatus,
then the generator has to deliver a kW at a lower power factor.
But the generator output cannot exceed the nominal kVA
rating. The power factor correction at the generator terminals
can release the kVA capability.

Example 9.8

A 500 kW, 0.8 power factor, 625 kVA, three-phase generator is
operating at the rated load. An emergency load of 100 kW at a
power factor of 0.9 is to be added. Calculate the kVAR of the
shunt capacitors to be connected at the terminals in order to
keep the generator output within the rated value?

Solution

Allowable power factor (600/625)¼ 0.96
Allowable kVAR for this condition (625� sin 16.3)¼

175 kVAR
Capacitive kVAR required (423� 175)¼ 248 kVAR

9.6 CONCLUSIONS

In this chapter, the benefits of power factor correction were
identified. The local reactive power support, voltage profile
improvements, line and transformer loss reductions, release
of power system capacity, and increased power flow capabil-
ity can be achieved by the use of shunt capacitors. Specific
examples were presented to illustrate the advantages of power
factor correction.

kW kVAR kVA
Power Factor

Angle

Original load degree 500 375 625 38.6
Additional load degree 100 48 111 25.8
Total load degree 600 423 734 35.2
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PROBLEMS

9.1. What are the benefits of power factor correction in
a distribution system?

9.2. In Example 9.2, if the shunt capacitor rating is
270KVAR, estimate the voltage rise due to the
power factor correction.

9.3. A 13.8 kV cable circuit is rated for 150 A, but it is
carrying a load current of 180 A at a power factor of
0.67 lagging. How much reactive power compensa-
tion can reduce the load current to rated value?
What is the location of the shunt capacitors?

9.4. In a three-phase, 480V circuit, the total impedance
is (0.5þ j 4.0) � per phase. The peak load on this
line is 4.5 kW at 0.72 power factor. The load factor
is 0.62. The customer wants to improve the power
factor to 0.95. What will be the annual savings with
the improved power factor? How much capacitive
kVARs are to be installed in order to achieve this
objective?

9.5. The power consumption per year at a group load is
180,000 kWh. The power factor at the substation is
0.77. It is decided to improve the power factor to
0.95 using shunt capacitors. Assume the losses are
5.5% of the total kWh. What will be the annual
savings in kWh if the power factor is improved?
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10

SERIES CAPACITORS

10.1 INTRODUCTION

Shunt capacitor units are connected from phase to neutral or
across the load. Series capacitors are connected in series in the
circuit and hence carry the full line current. Therefore, the
voltage across the shunt capacitor remains constant, and the
drop across the series bank changes with load. It is this
characteristic that produces an effect that is dependent on
load and makes the series capacitor a valuable item in
transmission and distribution line compensation.

The series capacitor is a negative reactance in series with
a transmission line. The voltage rise across the capacitor is a
function of circuit current and acts like a voltage regulator.
The negative voltage drop across the series capacitor opposes
the voltage drop due to the inductive reactance. Such effects
are very valuable in radial feeders to reduce voltage drop and
flicker effects. In the tie lines, the power transfer capability is
significantly increased if the series compensation is applied.

A typical shunt-compensated circuit and the correspond-
ing phasor diagrams are shown in Figure 10.1. The out-of-
phase current component provides the reactive compensation
in this arrangement. An example series-compensated circuit is
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shown in Figure 10.2. In the series compensation circuit, the
power factor improvement is achieved by using an out-of-phase
component of the voltage. In practical applications, the
reactive power provided by the series capacitor may be too
low to improve the power factor.

10.2 SERIES CAPACITORS ON RADIAL
FEEDERS

Consider a radial feeder shown in Figure 10.3 and the corre-
sponding phasor diagram. The feeder impedance is given by:

Z ¼ Rþ j XLð Þ ð10:1Þ

The approximate voltage drop (VD) in this circuit is given by:

VD ¼ IR cos yþ XL sin y ð10:2Þ

where I¼Total current, A
R¼Resistance, �

Figure 10.2 Series compensation.

Figure 10.1 Shunt compensation.
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XL¼Reactance, �
y¼Power factor angle

Now consider the line with series compensation using
a capacitive reactance (XC) as shown in Figure 10.4. The
impedance (Z0) of the circuit is given by:

Z0 ¼ Rþ j XL � XCð Þ ð10:3Þ

The corresponding approximate voltage drop (VD0)is given by:

VD0 ¼ IR cos yþ I XL � XCð Þ sin y ð10:4Þ

If XC¼XL, then the voltage drop is IR cos y. In practical
applications, XC is chosen to be smaller than XL in order to
avoid overcompensation. Using kVA of the sending and receiv-
ing ends, the voltage relation can be calculated as:

kVA Receiving endð Þ

kVA Sending endð Þ
¼

Vr

Vs
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP2

r þQ2
r

p
ffiffiffiffiffiffi
P2
r

p
þ Qr �Qcð Þ

2
ð10:5Þ

where Qc is the reactive power supplied by the series capac-
itor bank. The reactive power supplied by the series capacitor

Figure 10.4 Radial feeder circuit with series capacitor.

Figure 10.3 Radial feeder circuit.
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bank can be calculated using the following relation:

Qc ¼ ICj j
2XC ð10:6Þ

where ICj j is the magnitude of the current through the capaci-
tance and XC is the reactance of the series capacitor. The total
reactive power supplied by a three-phase series capacitor bank
is obtained by multiplying Equation (10.6) by 3.

Example 10.1

The total three-phase power supplied at the end of a radial line
is 1,000 kVA at 0.6 power factor. The supply voltage is 13.8 kV
at 60Hz. The line impedance is (0.03þ j 7.2) �/phase. A series
capacitor with a reactance of 6 �/phase was included at the
end of the line to improve the voltage profile. Calculate the
improvement in the voltage profile. What is the reactive
power rating of the series capacitor bank?

Solution

V (line-to-line)¼ 13.8 kV, V (phase)¼ 7.967 kV
I (load), [1,000 kVA/(1.732� 13.8 kV� 0.6)]¼ 69.74A
Voltage drop, [(69.74(0.6� j0.8)(0.03þ j 7.2)]¼

(402.9� j 299.6) V/phase
Voltage at the load, [7,967� (402.9� j 288.6)]¼

(7,564.1�j 299.6)¼ 7,570.7 V/phase
Voltage regulation, (7,967� 7,570.7)� 100/7,967¼ 4.98%
With the � j 6 �/phase capacitive reactance at the end

of the line:
Line impedance (0.03þ j 7.2� j 6.0)¼ (0.03þ j 1.2)�/phase
Voltage drop, IZ [(69.74(0.6� j 0.8)(0.03þ j 1.2)]¼

(69.78þ j 68.2) V/phase
Voltage at the load, [7,967� (69.8þ j 68.2)]¼

(7,897.2� j 68.2)¼ 7,899.6 V/phase
Voltage regulation (7,967� 7,899.6)� 100/7,967¼ 0.85%

There is a significant improvement in the voltage profile
due to the series compensation using a � j 6.0 �/phase
capacitive reactance.
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Q of the series capacitor, (3� I2�XC)¼ 3� (69.74)2 (6)/
1000¼ 87.5 kVAR

10.2.1 Series Capacitor on Distribution Systems

The starting of a motor draws a large current with a low power
factor and causes a momentary voltage dip along the feeder.
The voltage dip is sudden and lasts for a few seconds until the
motor reaches the rated speed. The voltage flicker due to motor
starting is objectionable in certain cases. Such a problem exists
with large motors, welding equipment, furnaces, and other fluc-
tuating loads. The traditional solutions to the voltage flicker
problem are re-conductoring the feeder, upgrading the system
voltage, providing a new feeder, constructing a new substation,
or installing other compensating equipment across the load. The
series capacitor is a viable solution to the flicker problem [1–5].
For the 60 Hz component of the motor starting current, the
capacitive reactance of the series capacitor nullifies the induc-
tive reactance of the feeder. Therefore, the series capacitor
reduces the flicker level significantly at the load side. The
effect is instantaneous and self-regulating. In order to have
better results, the series capacitor location has to be carefully
chosen. Further, the reactance of the series capacitor should be
smaller than the total source reactance in order to avoid over-
compensation. A one-line diagram of such a system is shown in
Figure 10.5, along with the corresponding block diagram.

Flicker ¼ 1�
Z2

Z2 þ Z1

����
����

� �
� 100% ð10:5Þ

Z1 ¼ Rþ j X1 � XCð Þ ð10:6Þ

Z2 ¼ R2 þ jX2 ð10:7Þ

where Z1¼ Impedance of the transformer, feeder, and series
capacitor

Z2¼ Impedance of the feeder and starting motor
Such a flicker reduction approach is discussed in

Reference [3] for a utility distribution system. The calculated
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flicker value can be compared with the acceptable flicker
levels available in Figure 10.6.

10.2.2 Protection of Series Capacitor

The series capacitor installations include capacitors, over-
voltage protection equipment, a bypass switch, and a control
system. There are several schemes available for overvoltage
protection. Some of the schemes include [4,5], self-sparking
gap protection, triggered gap and varistor protection, varistor
protection, and thyristor protected series capacitor.

10.2.2.1 Self-Sparking Gap Protection

In this scheme, the overvoltage protection of the series capac-
itors is provided by a spark gap connected in parallel as shown

Figure 10.6 The flicker curve.

Figure 10.5 One-line diagram to analyze flicker reduction
technique.
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in Figure 10.7. The spark gap is set to a predetermined over-
voltage level at which it sparks and the bypass switch is
closed across the series capacitors. The spark overvoltage
is sensitive to weather conditions, dirt, and insects. Further,
if the control fails to close the bypass switch, there will be
prolonged arc-over.

10.2.2.2 Triggered Gap and Varistor Protection

A schematic of this protection scheme is shown in Figure 10.8.
In this scheme, the spark gap is triggered as soon as an
overvoltage condition occurs across the series capacitors. The

Figure 10.8 Series capacitor scheme with spark gap and varistor
protection.

Figure 10.7 Series capacitor scheme with spark gap protection.
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trigger voltage level is set by the varistor across the series
capacitor. Most of the transient overvoltages are controlled
by the varistor and this scheme is more efficient than the
simple spark gap arrangement. The sparking remains across
the gaps until the bypass switch is closed.

10.2.2.3 Varistor Protection

A one-line diagram of a series capacitor with varistor protec-
tion scheme is shown in Figure 10.9. The distribution series
capacitor design consists of a capacitor assembly, high energy
varistor, bypass switch, discharge reactor, inrush bypass device,
and a master control. The distribution series capacitor contains
a varistor connected in parallel with the capacitor. The varistor
limits the voltage across the capacitor in the event of power
system faults. In the event of a single line-to-ground fault,
ferroresonance occurs between the series capacitors and the
distribution transformers (see Figure 10.13). Such a problem
leads to the failure of the distribution transformers.

10.2.2.4 Thyristor Protected Series Capacitor

A typical thyristor protected series capacitor scheme is shown
in Figure 10.10. Using this scheme, the thyristor can be trig-
gered as soon as the overvoltage condition occurs due to
a power system fault. The firing angle of a thyristor can be
controlled closely and the protection is much smoother than

Figure 10.9 Distribution series capacitor with varistor protection.
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the other schemes. It should be noted that in varistor protec-
tion there may be differences in the phase voltages at which the
conduction occurs due to the mismatch in the devices. The
thyristor protected scheme is gaining acceptance in utility
applications. A typical thyristor protected scheme is shown
in Figure 10.11 [5].

The capacitor bank

The capacitor assembly is made up of a number of standard
capacitor units connected in parallel. Each capacitor unit is

Figure 10.11 Photographic view of one phase of the thyristor
protected series capacitor project. (Courtesy of IEEE, Reproduced
from Reference [5].)

Figure 10.10 Series capacitor with thyristor controller protection.
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equipped with an expulsion type fuse. Standard capacitor units
can withstand slightly more than twice the rated voltage for a
second; accordingly, the varistor protective level is selected at
around twice the rated voltage of capacitor units. The bypass
switches are closed as soon as the varistor conduction is
detected. Consequently, the protective level voltage appears
across the capacitor units for only a fraction of a second.

Varistors

This is a surge arrester with nonlinear volt-ampere character-
istics which will conduct in the event of a temporary over-
voltage, switching surge, or an overvoltage due to a system
fault. The selected varistor should have adequate energy
capability to withstand the maximum fault current for the
time required to operate the bypass device.

Bypass switch

The bypass switch is closed by the control system as soon as a
fault is identified and the varistor starts conduction. Therefore,
in addition to the discharge current, the switch must carry the
fault current from the series capacitor equipment. The bypass
switch is closed when there are problems in the series capacitor
circuit and is therefore expected to carry rated line current.

Current limiting reactor

The purpose of the current limiting reactor is to control the
capacitor discharge current when the bypass switch is closed.
The inductance of the current limiting reactor is chosen to
control the peak amplitude of the discharge current and the
frequency of oscillation. Further, the resistance of the reactor
provides damping of the capacitor discharge current.

Control systems

In earlier versions, electromechanical devices performed the
switching of the bypass switches. Now the electronic feedback
control type of circuit is employed using current and voltage
sensing signals.

The electronic controller is more flexible in setting the
necessary time delays and accurate closing times. In the
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thyristor controlled capacitor schemes, the entire control
function can be microprocessor based. A controller monitors
the series capacitor through a voltage transformer connected
to all three phases. The bypass switch is automatically closed if
the voltage across the capacitor indicates the presence of a
system fault.

10.3 SERIES CAPACITORS FOR
TRANSMISSION LINES

Thermal considerations and transient or steady-state stability
restrict the maximum power capability of a transmission
system. The series capacitors are used on long transmission
lines to increase the power transfer capability and to improve
system stability.

The power transfer through a transmission line is given by:

P ¼
EVsin d

XL
ð10:8Þ

where d is the angle between the sending end voltage (E)
and receiving end voltage (V ). With a series capacitor, the
expression for power transfer is:

P ¼
EVsin d
ðXL � XCÞ

ð10:9Þ

Therefore, for a given phase angle difference between the volt-
ages, the power transfer is greater with a series capacitor.
Thus, by making a greater interchange of power possible, the
normal load transfer and the synchronizing power flowing
during transient conditions are increased, thereby improving
stability.

Figure 10.12 shows the power transfer for a typical
line without and with series capacitors. With the series capa-
citors, the maximum power transfer is increased significantly.
Further, to transfer the same amount of power, the power
angle d is smaller, thus improving the stability.
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10.4 LIMITATIONS OF SERIES CAPACITOR
APPLICATIONS

Most of the series capacitor applications have been successful
in improving the power system performance. However, in a few
circumstances, unforeseen difficulties have been encountered,
including ferroresonance, hunting of synchronous machines,
and subsynchronous resonance.

10.4.1 Ferroresonance

Usually an unloaded transformer draws a significant inrush
current during energization. The series capacitor may interact
with the transformer inductance, producing a resonant condi-
tion that causes oscillatory or undamped currents to flow. This
is known as ferroresonance. Also, in the case of series capacitor
installations without the protection of MOV, any single line-to-
ground fault can introduce ferroresonance problems. One such
circuit reported in Reference [3] is shown in Figure 10.13.
Such a condition leads to the failure of the distribution trans-
former. In order to avoid such a condition, the MOV arresters,
bypass switches, damping resistance, and suitable controls are
employed. A series capacitor, when installed in a long circuit
supplying a transformer of very high no-load current, may
resonate during normal operation at a frequency corresponding
to a harmonic component of the exciting current. Sometimes a

Figure 10.12 Power transfer of a line without and with series
capacitors.
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fluctuating load may cause resonance when the transformer is
energized. In many instances, a damping resistor can be used
across the series capacitors. Typical waveforms of such oscilla-
tory cases are shown in Reference [3].

10.4.2 Hunting of Synchronous Motors

Power systems are equipped with synchronous machines either
for generation or motoring. Lightly loaded synchronous
machines can go into hunting due to system disturbances
such as switching operations or changes in the load or excita-
tion. The presence of series capacitors in the feeder circuits
reduces the effective reactance and hence violent hunting is
experienced in some motors. A synchronous motor, when
fed through a long line with overcompensation by a series
capacitor, may hunt if started during periods of light load.
Series capacitors should not be applied to circuits
supplying either synchronous or induction motors driving
reciprocating loads such as pumps or compressors. In such
cases, both hunting and voltage flicker problems will be
encountered.

Figure 10.13 Equivalent circuit showing ferroresonance followed
by a single line-to-ground fault between a series capacitor and
transformer.
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10.4.3 Subsynchronous Resonance

Consider an induction or a synchronous machine started
through a series capacitor. The rotor may lock and continue
to rotate at a speed below the rated speed. This condition is
known as subsynchronous resonance. The speed will be due to
a resonant frequency dictated by the series capacitor and
the circuit inductance. Such a resonant circuit conducts
a large current and may damage the motor due to excessive
heating and vibrations. This frequency is usually 20–30 cycles
for a 60 cycle motor. In order to damp out such resonance,
suitable damping resistance can be installed across the series
capacitors. The value of the damping resistance has to be high
in order to reduce continuous losses. In general, the possibility
of subsynchronous resonance has to be checked for all the
larger motors where the series capacitor is installed. Some util-
ities use subsynchronous relays at the generators to sense sus-
tained low frequency operation and trip the unit.

10.4.4 Self-Excitation of Induction Motors

Consider an induction motor supplied through a line contain-
ing a series capacitor bank. Under certain circumstances, the
motor may act as an induction generator producing current of
lower than normal frequency. This low frequency current is
limited only by the impedance of the supply circuit and may
reach relatively large values. These large low frequency cur-
rents manifest not only as current surges and voltage swings,
but also as strong oscillations of the rotor, producing large
pulsating torques. This phenomenon of self-excitation will
not always take place and may be eliminated by sufficient
line or shunt resistance, or by locating the capacitor at a suit-
able distance. Such a self-excitation trend can also occur with
synchronous machines [2].

Example 10.2

A simplified diagram of a 360 mile, double-circuit, two-section,
525 kVAC transmission link connecting two areas is shown
in Figure 10.14. For simplicity of calculations, neglect the
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resistance and shunt capacitor effects. Determine the maxi-
mum power that can be transmitted between the two areas
under the following conditions.

1. X¼ 53 � and XC¼ 0 � (No series compensation)
2. X¼ 53 � and XC¼ 53 �
3. X¼ 53 � and XC¼ 0 � (One section of the line is out

of service)
4. X¼ 53 � and XC¼ 53 � (One section of the line is out

of service)

Solution

1. X¼ 53 � and XC¼ 0 � (No series compensation)
X¼ (53� 4)/2þ 12.5þ 23.5¼ 142 �

Pmax ¼
kV2

X
¼

5252

142
¼ 1,941MW

2. X¼ 53 � and XC¼ 53 �

Inductive reactance ¼ 12:5þ 2�
106

2
þ 23:5

¼ 142 �

Capacitive reactance¼ 2� (53/2)¼ 53 �
Net reactance, X¼ 142� 53¼ 89 �

Pmax ¼
kV2

X
¼

5252

89
¼ 3,097MW

Figure 10.14 One-line diagram for Example 10.2.
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3. X¼ 53 � and XC¼ 0 � (One section of the line is out
of service)

Inductive reactance ¼ 12:5þ 53� 2ð Þ þ 2

�
2� 53

2
þ 23:5 ¼ 195 �

Capacitive reactance¼ 0�
Net reactance, X¼ 195� 0¼ 195�

Pmax ¼
kV2

X
¼

5252

195
¼ 1,413 MW

4. X¼ 53 � and XC¼ 53 � (One section of the line is out
of service)

Inductive reactance ¼ 12:5þ 53� 2ð Þ þ 2

�
2� 53

2
þ 23:5 ¼ 195 �

Capacitive reactance¼ 53þ 53/2¼ 79.5�
Net reactance, X¼ 195� 79.5¼ 115.5�

Pmax ¼
kV2

X
¼

5252

115:5
¼ 2,387 MW

The benefits due to the use of series capacitors can be seen
from the MWs transmitted.

Example 10.3

A series capacitor scheme is required to control the flicker
problem due to a 500 hp motor starting. A line diagram of
the system is shown in Figure 10.15. The kVA of the motor
during starting was 2,200 at a power factor of 0.32. Assume
the nominal kVA of the motor to be 555 at a power factor of
0.9. Use a flicker limit of 7.5%.
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Solution

Impedance data on 2,000 MVA base:

Source impedance¼ 0.0þ j 0.02 P.U.
Feeder impedance¼ 0.04þ j 0.09 P.U.
Transformer impedance¼ 0.009þ j 0.06 P.U.
Total impedance¼ 0.049þ j 0.17 P.U.

Load kW, kVAR, and kVA; load is 1000 kVA at a power factor
of 0.8:

kW (1000� 0.8)¼ 800 kW
kVAR (1000� 0.6)¼ 600 kVAR

During motor starting, kVA¼ 2,200 at a power factor of 0.32.

kW (2,200� 0.342)¼ 704 kW
kVAR (2,200� 0.947)¼ 2083 kVAR

kVA of the load (15042þ 26832)0.5¼ 3076

cos y ¼ 0:4889, sin y ¼ 0:8722

Per unit load ¼
3,076

2,000
¼ 1:538

Figure 10.15 One-line diagram for Example 10.3.

kW kVAR

Load 800 600
Motor starting 704 2083
Total 1504 2683
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Normal load, motor operating at rated power factor:

cos y ¼ 0:90, sin y ¼ 0:436

kW (555� 0.90)¼ 500 kW
kVAR (555� 0.436)¼ 242 kVAR

kVA of the load (1,3002þ 8422)0.5¼ 1,549

cos y ¼ 0:839, sin y ¼ 0:544

Per unit load ¼
1,549

2,000
¼ 0:775

To limit the flicker level to 7.5%, calculate the capacitive
reactance (XC):

e ¼ IR cos yþ I XL � XCð Þ sin y

7:5 ¼ 1:538ð Þ 4:9ð Þ 0:4889ð Þ þ 1:538 17� XCð Þ 0:8772ð Þ

Solving the above equation, XC¼ 14.566%

Base impedance, Z ¼
2:22

2,000
¼ 242 �

XC¼ (242 �) (0.14566P.U.)¼ 35.23 �

Motor starting current ¼
3,076 kVAffiffiffi
3

p
� 22 kV

¼ 80:7A

This current magnitude corresponds to 150% factor for the
momentary load of a series capacitor, and the current through
the series capacitor is:

IC ¼
80:7

1:5
¼ 54 A

kW kVAR

Load 800 600
Motor starting 500 242
Total 1300 842
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The voltage across the series capacitor is:

EC¼ (54A) (35.23 �)¼ 1,902V
Say EC¼ 1,920V
XC at 60Hz¼ 246�
Rated current¼ 7.81A

Number of capacitor units ¼
246 �

35:23 �
¼ 7

Select the next whole number, i.e., 8 units.

The actual capacitive reactance of 8 units in parallel
(246/8)¼ 30.75 �

The series capacitor bank will consist of 8 units in parallel,
each rated 1,920V, 246 �, and 7.81A

The rated current of the series capacitor bank
(8�7.81A)¼ 62.48A

Momentary current rating (1.5� 62.48A)¼ 93.72A
kVAR rating of the bank (1.732� 22 kV� 93.72 A)¼

3,571 kVAR

XC ¼
30:75ð Þ 2,000ð Þ

10ð Þ 22kVð Þ
2

¼ 12:71%

The capacitive reactance is less than the value required
(14.566%) and the actual voltage drop will be less than 7.5%.

Location of the capacitor

The series capacitor can be located by considering the
voltage drop without and with series capacitors. As a first
approximation, assume that the capacitor is located at the
middle of the feeder. The voltages at various locations without
and with the series capacitor for the motor starting condition
are listed in Table 10.1. From this table, it can be seen that
the voltage drop without series capacitor during the motor
starting condition is not acceptable. With a series capacitor,
the voltage drop during the motor starting is acceptable.
From Table 10.2, it can be seen that the voltage drop without
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a series capacitor during the normal motor operation is not
acceptable. With a series capacitor, the voltage drop during
the normal motor operation is acceptable.

10.5 OTHER SERIES CAPACITOR
APPLICATIONS

Series capacitors are used in many applications where the load
is fluctuating in nature. Such applications include resistance
welding, arc furnaces, saw mills, rolling mills, crusher load,
traction applications, induction generator-wind turbines, and
arc welding. Some details of these applications are discussed
below.

TABLE 10.2 Voltages without and with Series Capacitor
for Normal Condition

Location

Without Series
Capacitor Voltage

Drop %

With Series
Capacitor Voltage

Drop %

Utility source 0.84 0.84
1/2 Line 2.59 2.59
Series Capacitor �3.04
Line 5.19 �0.44
Transformer 8.87 3.24

TABLE 10.1 Voltages without and with Series Capacitor
for Motor Starting

Location

Without Series
Capacitor Voltage

Drop %

With Series
Capacitor Voltage

Drop %

Utility source 2.68 2.68
1/2 Line 7.42 7.42
Series Capacitor �10.49
Line 14.83 �3.07
Transformer 26.19 8.28

174 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



10.5.1 Series Capacitance in Arc Furnace Power
Supply

A one-line diagram of an arc furnace installation with series
capacitor scheme is shown in Figure 10.16 [7]. The system con-
sists of a 30MVA arc furnace, supplied through a 30MVA fur-
nace transformer. The series capacitor is connected in an
H-configuration and is protected by a shunt bypass arrangement
consisting of a bypass circuit breaker along with spark gaps.
The principle of operation behind this protection system
involves the instantaneous operation of the spark gap when-
ever the voltage across the spark gap exceeds the predeter-
mined safe value. Thus, the series capacitor voltages are
maintained within acceptable value. The current required in
the arc furnace during the melting process is fluctuating
and the series capacitor offers a means of smoothing the
current flow.

10.5.2 Series Capacitors for Induction
Generator Applications

The induction machine is a very simple and robust device. As
a motor, it performs very well and as a generator it has
limitations due to the absence of excitation. The excitation
requirements can be supplied through shunt capacitors but
self-excitation limits the size of the capacitor equipment.
Also, for better performance, the capacitor has to be switched.

Figure 10.16 One-line diagram of power supply for an arc furnace
with series capacitors.
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The shunt capacitor and series capacitor combination is con-
sidered to provide self-excitation and self-regulation. The prime
mover can be diesel engine, water-turbine, or wind-turbine. The
voltage regulation of a stand-alone generator can be achieved
by using series capacitors. A one-line diagram of such a scheme
is shown in Figure 10.17. The performance characteristic of
such a scheme is discussed in Reference [8].

10.5.3 Series Capacitor for Traction
Applications

In traction systems, the system supply voltages are limited due
to the presence of tunnels, bridges, etc. As a rule of thumb, a
20 mile line is acceptable with 25kV and a 40 mile line for 50 kV
system voltages. If the distance between the substations is short
and if the train loading is high, the voltage drop imposes a limit
on the performance of the locomotive. With heavy loading on the
long lines, the performance is again limited by the voltage drop.
Some viable solutions to the voltage drop may be to add more
substations, low impedance catenary, shunt capacitors, series
capacitors, or higher catenary voltage.

In the coal-mining industry, the shunt and series capacitor
compensation was applied in order to maintain the voltage at
the remote end [9]. The series capacitor was used in the Black
Mesa and Lake Powell Railroad at 50 kV system voltage. In this
coal-haul railroad, two trainswere to operatewith three 6,000hp
locomotives per train. The catenary was fed radially for 78 miles
with no intermediate substations. The load of 36MVA was

Figure 10.17 Induction generator with shunt and series
capacitors.
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simply far too great to supply over 78 miles by one substation.
The shunt and series capacitor scheme used to compensate
the line is shown in Figure 10.18. The shunt capacitor-
supported filter bank is installed at 42 miles from the substa-
tion. The harmonic filters are tuned to 3rd and 5th harmonics.
The series capacitors are 21 � and 6.5 �, installed at the
substation and at the 42 mile location. The performance of
the traction system is described in Reference [9]. The system
was installed in early 1980.

10.5.4 Control of Load Sharing Between
Feeders

Consider an overhead transmission line or distribution line to
be reinforced by a second circuit operating in parallel. If the
second circuit is of different length with different impedance,
then there may be a load sharing problem. This concept
is illustrated in Figure 10.19. In this circuit arrangement,
the circuit impedances are different and hence the load sharing
will be different. In order to ensure equal load current through
both the lines, a series capacitor can be used in the longer line
with higher impedance (Figure 10.19b).

Example 10.4

Consider an 11 kV, 60Hz, three-phase distribution line between
X and Y as shown in Figure 10.19. The reactance of line 1 is
4 �/phase. The reactance of the second line is 6 �/phase.

Third Harmonic Filter Fifth Harmonic Filter

Figure 10.18 Shunt and series capacitor compensated traction
power system.
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The load supplied at substation Y is 5,000 kVA. Calculate the
current through each line. In order to ensure equal load cur-
rent through each feeder, a series capacitor bank is proposed at
the middle of line 2. Calculate the reactance of the series capa-
citor. Ignore the effect of resistance and assume that the con-
ductors in both circuits are the same.

Solution

Reactance of line 1¼ 4 �/phase
Reactance of line 2¼ 6 �/phase
Total load current (5,000 kVA/1.732� 11kV)¼ 262A/phase
Current through line 1 (262� 6/10)¼ 157.2 A/phase
Current through line 2 (262� 4/10)¼ 104.8 A/phase

Since both line conductors are the same, an equal current dis-
tribution is expected. In order to ensure equal current distri-
bution through the conductors, a series capacitor is proposed,
as shown in Figure 10.19b. The expected current in line 1 is
equal to the current in line 2, 131A.

The new reactance of line 2¼ 4 �/phase
Reactance of the series capacitor bank (6� 4) �¼

2 �/phase

10.5.5 Capacitors for Induction Heaters

Induction heaters are designed to heat ferrous or nonferrous
materials. A typical one-line diagram of a power supply for
an induction heater is shown in Figure 10.20. A motor gen-
erator set can be used to generate the required high frequency
voltage. The induction coil can be supplied through a series

Figure 10.19 Load sharing between two lines: (a) without series
capacitor; (b) with series capacitor.
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capacitor. The power factor of the induction furnace is always
low and can be improved by using shunt capacitors. The series
capacitor is used to improve the voltage regulation. A typical
voltage range for a high voltage capacitor for induction heat-
ing is 2.5–6 kV single-phase or three-phase. The heater ratings
are 1.5–4MW.

CONCLUSIONS

The fundamentals of the shunt and series capacitor were pre-
sented using phasor diagrams. The series capacitors in the
radial system can be used to improve the voltage profile on
distribution systems. The basic components used in a series
capacitor scheme in a radial system were explained. The
theory of application of series capacitors for the transmission
line to increase the transfer capability is shown. The numerical
examples show how the power transfer is increased and how
the flicker problem can be controlled. Other applications of the
series capacitor, such as the arc furnace, induction gen-
erator, and the traction system performance improvement,
are illustrated.

PROBLEMS

10.1. Explain series compensation.
10.2. What is the difference between series and shunt

compensation?

Figure 10.20 A induction heater supplied from a motor generator
set through a series capacitor.
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10.3. Why are series capacitors provided with bypass
arrangement in transmission projects?

10.4. Explain why ferroresonance occurs in a series
compensated transmission line.

10.5. Consider a double-circuit 345 kV AC transmission
line (similar to Figure 10.14) connecting two
areas. Use the source impedance given in
Example 10.2. Determine the maximum power
that can be transmitted between the two areas
under the following conditions:

1. X¼ 51 � and XC¼ 0 � (No series
compensation)

2. X¼ 51 � and XC¼ 41 �
3. X¼ 51 � and XC¼ 0 � (One section of the

line is out of service)
4. X¼ 51 � and XC¼ 41 � (One section of

the line is out of service)

10.6. Define hunting in the context of series com-
pensation.

10.7. Repeat Example 10.3 using a 100 hp motor.
10.8. Consider a 6.6 kV, 60Hz, three-phase distribution

line between X and Y as shown in Figure 10.19.
The reactance of line 1 is 3.5 �/phase. The
reactance of line 2 is 6.5 �/phase. The load sup-
plied at the substation Y is 4,000 kVA. Calculate
the current through each line. In order to ensure
equal load current through each feeder, a series
capacitor bank is proposed at the middle of line
2. Calculate the reactance of the series capacitor.
Ignore the effect of resistance and assume that the
conductors in both circuits are the same.
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11

SURGE CAPACITORS

11.1 INTRODUCTION

Oil is used on circuit breakers and transformers as an insu-
lation to smooth the stress that results from electric voltage.
In the case of rotating machines such as motors and genera-
tors, there is no oil insulation and the windings are equipped
with dry insulation. Therefore, rotating machines are more
vulnerable to high stress and failure compared to circuit
breakers or transformers. With the fast front transients,
the winding structure can cause surge reflections and oscilla-
tions that can damage winding insulation. There are rotating
machines connected directly to overhead lines and exposed to
lightning surges. Other electrical machines are connected
through transformers and are exposed to traveling waves
produced by lightning strikes. There are overvoltages gener-
ated due to insulation failure of the electric motor. Such
effects are important in the reliable operation of the motor.
Almost all rotating machines are exposed to lightning surges,
switching surges, and internally generated surge voltages
[1–5].
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11.2 INSULATION WITHSTAND STRENGTH

The air gaps in electrical machines are very small and hence
the built-in impulse insulation strength is low. With multi-turn
coils in the same slot, the inter-turn insulation level is much
lower than the coil slot insulation. With series-connected
stator coils, there is a larger capacitance coupling between
the conductors of each coil and the grounded slots into which
they are fitted. Table 11.1 compares the BIL of AC motors,
transformers, and switchgears in order to illustrate that the
rotating machines are weak from the insulation point of
view [1]. The fast front transients can cause voltage gradients
among the turns, and hence there is a need to reduce the
magnitude and rate of rise of the surge voltages traveling to
the rotating machines.

A typical time-voltage envelope of the impulse strength of
a rotating machine based on an IEEE working group report
is shown in Figure 11.1. The insulation withstand capabilities
of a rotating machine can be derived based on the following
considerations. A generally accepted maximum rate is equal to
one tenth of the maximum permitted line-to-ground impulse
voltage per microsecond, which is a 10 ms surge, front to crest.
The various voltage levels defined in Figure 11.1 are listed in
Table 11.2. From the impulse withstand curve, the following
observations can be made.

1. The initial fast rising or nearly instantaneous step
voltage must not exceed the rated peak voltage of

TABLE 11.1 BIL Levels of Motors, Transformers, and Switchgear
and Acceptable Rate of Rise of Surge Voltage [1]

Voltage
Rating V

Voltage
Class kV

Basic Insulation Level kV

AC Motor
kV

Transformer
kV

Enclosed
Switchgear

480 0.6 3.4 45 30
2,300 2.5 10.0 60 60
4,000 5.0 16.0 75 60

12,000 15.0 44.0 110 95
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the machine. Usually the rated peak voltage of a
motor or generator can be assumed to be 110% of
the nameplate rating.

2. For surge voltages of short duration, the maximum
peak voltage must not exceed 200% of the rated
instantaneous peak value. This value is shown as
voltage V2 in Figure 11.1.

3. The rate of rise of the fast front of the fast rising
voltage surge, after the initial step voltage, must not
exceed the rate based on a minimum rise time
of 5 ms, relative to the short duration withstand
strength. This value is shown as voltage V2 in
Figure 11.1.

TABLE 11.2 Probable Impulse Withstand Volt-Time Impulse
Voltage [2]

Rated kV (L–L) V0 kV V1 kV V2 kV V2 P.U.

0.46 0.375 0.75 3.4 9.0
0.575 0.470 0.94 3.8 8.1
2.3 1.9 3.8 9.9 5.27
4.0 3.3 6.5 15.9 4.87
4.6 3.8 7.5 18.1 4.80
6.6 5.4 10.8 25.1 4.66

13.2 10.8 21.6 48.4 4.49
18.0 14.7 29.4 65.4 4.45
20 16.3 32.7 72.5 4.44
25 20.4 40.8 90.2 4.42

Figure 11.1 Impulse strength of rotating machines.
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The surge withstand strength of a rotating machine
depends on the peak magnitude, duration, rise time, and repe-
tition rate. The acceptable impulse insulation strength and
permissible rate of rise at the machine terminals are presented
in Table 11.3 [2]. These values differ slightly from the
Table 11.1 values (which illustrate the BIL capabilities of AC
machines, transformers, and switchgear). The station type
surge arresters to be considered for various voltage classes
are presented in Table 11.4 [1]. An effectively grounded
system is defined as the system in which the reactance ratio
X0/X1 is positive and less than 3. The ratio R0/X1 is positive and
less than 1. These values are presented for guideline purposes.
Detailed calculations are necessary to select a surge arrester

TABLE 11.4 Station Type Arresters for Rotating Machines [1]

Machine
kV

System Not Effectively Grounded System Effectively Grounded

Arrester
kV
rms

Impulse
Sparkover
kV, Peak

Discharge
Voltage
kV, Peak

Arrester
kV
rms

Impulse
Sparkover
kV, Peak

Discharge
Voltage
kV, Peak

0.6 0.75 2.8 2.6 0.75 2.8 2.6
2.4 3.00 12.0 5.0 3.00 12.0 5.0
4.16 4.5 16 7.4 3 12 5.0
7.20 7.5 25 12.2 20 9.8
12.0 12 39 19.4 9 30 14.6
13.8 15 48 24.2 12 39 19.4

TABLE 11.3 Impulse Insulation Strength and Permissible Surge
Voltage Rate of Rise at the Motor Terminals [2]

Machine Voltage, kV Impulse Withstand, kV Capacitance, mF

0.65 4 0.4
2.4 10 1.0
4.16 16 1.6
4.8 19 1.9
6.9 21 2.1

11.5 42 4.2
13.8 50 5.0
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type. Surge capacitors recommended for rotating machines are
presented in Table 11.5 [1]. Again, calculations are necessary
to verify the suitability of the surge arrester and surge capaci-
tor for the specific application.

11.3 SOURCES OF FAST FRONT SURGES

The sources of overvoltages traveling to the rotating machines
may be lightning surges or switching surges. A lightning surge
on an overhead conductor can travel through the line and can
produce an overvoltage problem on a rotating machine. The
lightning can be a direct stroke or a back flashover through
an insulator. Whatever the nature of the surge, lightning
surges are known to have very sharp rise times and thus the
rotating machine needs protection. The characteristics of the
various lightning strokes are discussed in Chapter 18.

Switching surges are another source of overvoltages in
the power system. These are due to circuit breaker operations
such as energizing, de-energizing, fault clearing, reclosing,
backup fault clearing, capacitor switching, prestriking, restrik-
ing, and other similar circuit breaker operations. The nature
of the overvoltages and the resulting waveforms are discussed
in Chapter 22. Surge voltages may be generated within the
rotating machine due to switching or a fault outside the
machine. Steep wave fronts may be generated due to switching

TABLE 11.5 Station Type Surge Capacitors for Rotating
Machines [1]

Machine
kV

System Not Effectively Grounded System Effectively Grounded

Arrester
kV
rms

Impulse
Sparkover
kV, Peak

Discharge
Voltage
kV, Peak

Arrester
kV rms

Impulse
Sparkover
kV, Peak

Discharge
Voltage
kV, Peak

0.6 0.75 2.8 2.6 0.75 2.8 2.6
2.4 3 12 5 3 12 5
4.16 4.5 16 7.4 3 12 5
7.2 7.5 25 12.2 20 9.8
12 12 39 19.4 9 30 14.6
13.8 15 48 24.2 12 39 19.4
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operations or breakdown of insulation. Sparkover at the surge
arrester produces overvoltages that are harmful to the machine
windings. Insulation failure can produce overvoltages in
unfaulted phases. Motor starting can produce oscillatory vol-
tages due to the inductance of the motor and capacitance of
the cable connecting the motor and the starting device.

11.4 THE PROTECTION SYSTEM

In order to control the rate of voltage rise in an LC circuit, the
impressed voltage has to be limited. Consider an LC circuit
as shown in Figure 11.2, where a voltage V is applied. The
voltage across the capacitor VC will be oscillatory. The period
of oscillation will be T ¼ 2p

ffiffiffiffiffiffiffi
LC

p
. The capacitor voltage reaches

a peak value at a time T/2. By properly choosing the values
of L and C, the rate of rise of the voltage can be controlled.
Still, the amplitude of the surge voltage can be higher. In this
context, the three items required to control the rate of rise and
the peak voltage are a capacitance, an inductance, and a means
to limit the voltage magnitude. In practical circuits, the voltage
can be limited by using a surge arrester. In Figure 11.3,
the voltage across the capacitor VC and the applied voltage V
are shown for two conditions. The capacitor voltage rise can be
twice the value of the applied voltage V and is oscillatory. In
practical circuits, there will be some damping and hence the
voltage rise will be smaller. However, the crest of value of VC

may exceed the applied voltage V by a considerable amount. In
order to limit the voltage across the capacitor, a surge arrester
is needed. The surge arrester will clip the capacitor voltage VC

if it exceeds the sparkover voltage.

Figure 11.2 The LC oscillatory circuit.
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The surge protection circuit based on the above principles
is shown in Figure 11.4. The inductance may be distributed in
the cable or line conductors. The surge arrester SA1 is installed
at the high voltage side of the transformer. The surge capacitor
and the surge arrester SA2 are installed at the motor terminals.
The various voltage waveforms of the surge protection scheme
are shown in Figure 11.5. The surge arrester limits the voltage
at the motor terminals and the rate of rise of the voltage is
controlled by the capacitor.

Example 11.1

Consider a 0.125 microfarad/phase at the terminal of a 2MVA,
60Hz, three-phase, 4.2 kV motor along with a surge arrester to
ground. Calculate the steady-state current through the surge
capacitor. Also calculate the current through the surge

Figure 11.3 Voltage across the capacitor in the circuit shown in
Figure 11.2.

Figure 11.4 The surge capacitor–surge arrester protection scheme.
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capacitor if a surge voltage arrives at the capacitor with a
frequency of 10 kHz. State your observations.

Solution

C ¼ 0:125 MFD=phase

XC ¼
1

2p� 60� 0:125� 10�6

� �
¼ 21,231 �=phase

Steady-state current ¼
4,200V

1:732� 21,231

� �
¼ 0:11A=phase

Current through the capacitor at 10 kHz transient

XC ¼
1

2p� 10� 103 � 0:125� 10�6

� �
¼ 127:4�=phase

Current due to high frequency surge ¼
4,200V

1:732� 127:4

� �

¼ 19A=phase

It is observed that the current through the surge capacitor
during steady-state condition is very small. The current
through the capacitor during the high frequency surge is
significant.

Figure 11.5 (1)¼Voltage across the motor terminals without the
surge arrester SA2; (2)¼Voltage across the surge arrester SA1;
(3)¼Voltage across the motor terminals with SA2 in service.
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11.4.1 Calculation of Peak Surge Voltage
at the Motor

Figure 11.6 shows a motor supplied through a transformer.
A surge arrester at the primary of the transformer protects
the transformer from the incoming lightning and switching
surges. In order to calculate the maximum overvoltages
arriving at the motor terminals, consider the following
parameters:

kVA¼Transformer kVA
V1¼Primary voltage of the transformer (line-to

line), kV
V2¼Secondary voltage of the transformer (line-to

line), kV
Z¼Transformer impedance, %
K¼Transformer correction factor (see Figure 11.7)
Ea¼Surge arrester spark overvoltage, kV
R¼Surge impedance of the motor, �
A¼Minimum number of running motors
B¼Length of the cable between circuit breaker

and motor, ft
Cf¼Capacitance of the cable per 100 ft, MFD
CS¼Surge capacitance, MFD; typical surge capaci-

tance values are presented in Table 11.5
L¼Transformer inductance, mH

The time period T of the wave, the surge voltage at the motor
terminals Vm, and the surge voltage rate of rise are calculated
in order to evaluate the need for surge capacitor protection.

Figure 11.6 Motor supplied through a transformer.
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The inductance of the transformer L is calculated from the
given parameters as:

Transformer inductance, L ¼
26:5 Zð Þ V2ð Þ

2103

kVA
ð11:1Þ

Time period, T ¼ 2p
ffiffiffiffiffiffiffi
LC

p
ð11:2Þ

Multiplying factor, M ¼

ffiffiffiffiffiffiffi
LC

p

2RC
ð11:3Þ

Figure 11.7 The overvoltage factor curve from Reference [1].
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The surge voltage at the transformer terminals (Es) is given by:

Es ¼
V2

V1
KEa ð11:4Þ

Knowing the factor M, the corresponding peak voltage factor
can be read from the graph given in Figure 11.7. The peak
voltage at the motor terminals (Vm) is given by:

Vm ¼ Factor from Figure 11:7ð Þ Es ð11:5Þ

The surge voltage rate of rise ¼
Vm

0:5 T
ð11:6Þ

If the peak voltage is below the BIL of the motor and if the
surge voltage rate of rise is less than the maximum value, then
there is no need to have additional surge protection. If these
parameters exceed the allowed values, then there is a need to
have a surge capacitor and surge arrester protection.

Example 11.2

Consider a motor supplied through a 5,000 kVA, 12 kV/2.4 kV,
delta/delta connected transformer with 5.5% impedance.
The cable length is 200 ft and the cable is 500 kcmil,
unshielded. The surge arrester located at the primary of the
transformer is 12 kV and has a sparkover voltage of 45 kV.
Evaluate if a surge capacitor and surge arrester protection
are needed for this motor. Make suitable assumptions.

Solution

Transformer kVA kVA 5,000
Primary voltage of the transformer (line-to-line), kV V1 12
Secondary voltage of the transformer (line-to-line), kV V2 2.4
Transformer impedance, % Z 5.5
Transformer correction factor K 0.67
Surge impedance of the motor R 1,000
Minimum number of running motors A 2
Length of the cable between CB and motor, ft B 200
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This voltage (Vm¼ 11.6 kV) exceeds the BIL rating of the motor
and hence a surge capacitor is required. With a surge capacitor
of 0.125MFD/phase and 2.4 kV surge arrester:

The maximum surge voltage is below the BIL of the motor. The
surge voltage rate of rise is below the acceptable value of
1.0 kV/ms.

The surge arrester calculation procedure is presented in
Chapter 18. It is necessary to have the correct surge arrester at
the motor terminal along with the surge capacitor. The cable
lead length in surge arrester applications has been discussed in
various documents. It is better to have a short lead length and
install the surge capacitor and the surge arrester close to the
motor terminals.

Capacitance of the cable, MFD C (Cable) 0.032
Surge capacitance, MFD CS 0.125
Total capacitance, MFD C 0.157
Transformer inductance, mH L 167.9
Surge impedance motor, � RA 500
Time period, ms T 32.243
M M 0.033
Surge arrester spark overvoltage, kV Ea 12
Es Es 1.608
Factor from Figure 11.7 Fa 1.9
Maximum voltage Vm 3.06
BIL of the motor from Table 11.3, kV BIL 10
Surge voltage rate of rise, kV/ms 0.095

Capacitance of the cable per 100 ft, MFD 0.016
Capacitance of the cable, MFD C (Cable) 0.032
Surge capacitance, MFD CS 0
Total capacitance, MFD C 0.032
Transformer inductance, mH L 167.904
Surge impedance motor, � RA 500
Time period, ms T 14.557
M M 0.072
Surge arrester spark overvoltage, kV Ea 45
Es Es 6.03
Factor from Figure 11.7 Fa 1.85
Maximum voltage Vm 11.16
BIL of the motor from Table 11.3, kV BIL 10
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11.5 CAPACITORS FOR CIRCUIT BREAKERS

11.5.1 Grading Capacitors for EHV Circuit
Breakers

In EHV circuit breakers, the voltage across the open circuit
breaker blades is significant. In order to distribute the voltage
uniformly across the multi-break interrupters in an open
circuit condition, grading capacitors are used as shown in
Figure 11.8. The grading capacitors also provide control on
the rate of rise of the transient recovery voltage. Such grading
capacitors provide an indirect connection between the load
side to the source side of the circuit breaker when the circuit
breaker is in an open condition. Sometimes the grading capac-
itance and the magnetizing reactance of the transformer form
a resonant circuit and produce ferroresonance. The resonant
circuit is excited by the main supply source through the
grading capacitance. A typical value of grading capacitance
on a 500 kV circuit breaker is 700 pF/phase. A photograph
of a grading capacitor is shown in Figure 11.9(a) [4].
The grading capacitor is usually installed in parallel to the
porcelain insulator.

11.5.2 Surge Capacitors for Circuit Breakers

A close-in fault at the generating stationwill result in a very high
short-circuit current. The circuit breakers used to clear such

Figure 11.8 Grading capacitor in a circuit breaker.
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fault currents may experience significant Transient Recovery
Voltage (TRV) and Rate of Rise of Recovery Voltage (RRRV).
In order to control both the TRV and RRRV at the circuit
breaker blades, surge capacitors are installed on both sides of
the circuit breaker as shown in Figure 11.10. A typical surge
capacitor used in a 13.8 kV generator circuit breaker is of the
order of 0.13–0.25mF/phase depending on short-circuit rating
and other factors. Sometimes the surge capacitor is also called
the couplingcapacitor in circuit breaker terminology.Thisdevice
is similar to the grading capacitor shown in Figure 11.9(a).

11.5.3 Gas Insulated Switchgear (GIS)
Capacitors

The gas insulated switchgear (GIS) type of circuit breaker has
been used extensively in utility and industrial applications

Figure 11.9 Photograph of (a) two designs of grading capacitor
and (b) a grading capacitor for GIS circuit breaker. (Courtesy of
Maxwell Technologies, San Diego, CA.)

Figure 11.10 Diagram showing the coupling (surge) capacitor at
the circuit breaker.
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in the past few years. This is due to the superior performance
of GIS equipment and related technological advantages.
GIS circuit breakers for tough environments with
extreme temperature variations, dust, pollution, or con-
fined space use grading capacitors to control the rate of rise
in voltage during switching conditions. The minimum grading
capacitor available for the 500 kV level GIS circuit breaker
is 200 pF/phase. An example of a GIS grading capacitor is
shown in Figure 11.9(b) [4].

11.6 CONCLUSIONS

Rotating machines are equipped with dry type insulation in the
windings, and hence the impulse withstand capability is lower
than the transformers or circuit breakers with oil insulation.
The impulse withstand capability of the rotating machines are
represented by a curve. The basis of surge protection on any
rotating machine is to install a surge capacitor to reduce the
rate of rise in voltage and to install a surge arrester to limit the
amplitude of the voltage rise. A typical surge protection circuit
is presented. The use of grading capacitors in the EHV circuit
breakers is a common practice to distribute the voltage uni-
formly across the interrupting chambers. Grading capacitors
are also used in GIS circuit breakers. The use of surge capaci-
tors in circuit breakers for controlling the rate of rise in voltage
during a close-in fault is a common practice. These concepts
are illustrated using one-line diagrams and photographs.

PROBLEMS

1. What are the sources of surge voltage in a motor or
generator circuit?

2. Describe features of the impulse withstand curve of a
motor or generator.

3. Describe functions of the surge protector circuit when
installed at the motor terminal.

4. Consider a 0.25 mF/phase at the terminal of a 7.5MVA,
60Hz, three-phase, 6.6 kV circuit along with a surge
arrester to ground. Calculate the steady-state current
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through the surge capacitor. Also calculate the current
through the surge capacitor if a short surge arrives at
the capacitor with a frequency of 12 kHz. State your
observations.

5. What are the advantages of coupling capacitors across
the generator circuit breaker?

6. Discuss the grading capacitors used in EHV circuit
breakers.

7. A three-phase motor is supplied through a 2,000 kVA,
4.16 kV/0.6 kV, delta/wye connected transformer with
7% impedance. The cable length is 150 ft and the
cable is 500 kcmil, unshielded. The surge arrester
located at the primary of the transformer is 4.5 kV
and has a sparkover voltage of 16 kV. Evaluate if a
surge capacitor and surge arrester protection are
needed for this motor. State the assumptions.
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12

CAPACITORS FOR
MOTOR APPLICATIONS

12.1 INTRODUCTION

Motors are classified by the National Electrical Manufacturers
Association (NEMA) as Designs A, B, C, D, F, and wound rotor
machines. Design A motors usually have low resistance rotors
that provide good running characteristics at the expense of high
starting current. A reduced voltage starter may be required for
starting this type of motor. Example loads are blowers, fans,
machine tools, and centrifugal pumps [1].

Design B motors have a double cage motor and are used
for full voltage starting. They have the same starting torque as
Design A, but with only 75% of the starting current of a Design
A motor. The applications are the same as Design A. Design B
motors are more popular than Design A motors.

Design C motors have a double cage and deep bar
construction, with higher rotor resistance than Design B.
Design C motors have higher starting torque, but lower effi-
ciency and somewhat greater slip than Design B motors.
These motors are suitable for constant speed loads, requiring
fairly high starting torque while drawing relatively low starting
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current. Typical loads are compressors, conveyors, crushers,
and reciprocating pumps.

Design D motors have the highest starting torque of all
the designs. They are single cage motors that provide high
starting torque but also have high slip with correspondingly
lower efficiency. Design D motors are used for high inertia
loads such as bulldozers, die-stamping machines, punch press,
and shears.

Design F motors are usually high speed drives directly
connected to loads that require low starting torques such as
fans or centrifugal pumps. The rotor has low resistance, which
produces low slip and correspondingly high efficiency but also
low starting torque.

The wound rotor machines are provided with slip rings in
the rotor circuit. These machines can be controlled from the
rotor circuit using variable resistance or solid state controllers.

12.1.1 Effect of Voltage Variation on Induction
Motor Characteristics

The typical characteristics of an induction motor correspond-
ing to the voltage variation are listed in Table 12.1. The most
important effect of low voltage is the reduction in the starting
torque and increase in temperature rise when delivering
the rated load. The significant effects with increased voltage
are increased starting torque, increased starting current, and
decreased power factor. The increased starting torque may
cause the couplings to shear off or damage the load equipment.

12.2 REACTIVE POWER REQUIREMENTS

The real, reactive, and total current components of a lagging
current are shown in Figure 12.1. It can be seen that the
reactive current is 90� out of phase with the real current. The
magnitude of the current at zero voltage gives the maximum
reactive current component of the given current. Induction
motors are used in all types of drive applications such as
pumps, fans, and industrial drives. More than 60% of the
connected load in the electric utility is the induction motor.
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The typical reactive power characteristics of an induction motor
are shown in Figure 12.2. It can be seen that the minimum
demand for reactive power occurs at no-load, very close to the
synchronous speed. As the load increases, the motor speed
decreases and the reactive power consumption increases.

TABLE 12.1 Effect of Voltage Variation on Induction Motor
Characteristics

Item Function of V
90% of
Voltage

110% of
Voltage

Torque Voltage2 Decrease 18% Increase 20%
Slip 1/Voltage2 Increase 20% Decrease 17%
Full load speed Slip speed Decrease 1% Increase 1%
Efficiency

Full load – Decrease 2% Increase 1%
1/2 Load – Increase 2% Decrease 1%

Power
Full load – Increase 1% Decrease 4%
1/2 Load – Increase 4% Decrease 5%

Full load – Increase 10% Decrease 7%
current

Starting Voltage Decrease 10% Increase 10%
current

Temperature – Increase 6�C Decrease 2�C
rise

Full load Voltage2

Max. overload Decrease 19% Increase 20%

Figure 12.1 The real, reactive, and total current components of a
lagging current.
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The power factor of an induction motor at rated load is
between 25 and 90%, depending on the size and speed of the
motor. At lighter loads, the power factor is poor. In fact, many
induction motors operate below the nominal rating, resulting in
a lower power factor. Further, the reactive power drawn by these
motors is almost constant. These characteristics make the
motor load a potential candidate for power factor improvement
using shunt capacitors. Addition of significant shunt capacitors
at the motor terminal may lead to overvoltages due to self-
excitation when the motors are switched off with capacitors.

12.3 ADDITIONAL EFFECTS DUE TO
CAPACITORS

12.3.1 Self-Excitation

The magnetizing current of an induction motor can vary
significantly depending on the design. For example, the high
efficiency motors operate at lower flux density, and hence the
magnetizing current will be less. A capacitor can be used to
supply part of the magnetizing current. When the contactor is
open and disconnected from the power source, the shunt

Figure 12.2 Reactive power profile of an induction motor.
NS¼Synchronous speed. Nr¼Rated speed.
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capacitor provides the magnetizing current and the motor will
self-excite or act as a generator. The magnitude of the generated
voltage will depend on the capacitor current and the motor
speed. In Figure 12.3 the motor excitation curve and the
self-excitation curves for various capacitor ratings are shown.
The self-excitation is measured by using a voltmeter across the
motor terminals. If the capacitor volt-ampere curve does not
cross the motor magnetization curve, there can be no voltage
due to self-excitation. This condition is represented in Figure
12.3 by capacitor C1. Self-excitation occurs only if the capacitive
reactance is equal to or less than the inductive reactance of the
motor. The capacitor of curve C2 is approximately the size
required to correct the no-load power factor of the motor.
Capacitor C3 is approximately large enough to correct the full
load power factor of the motor, and the voltage due to self-exci-
tation will be of the order of 1.40 P.U. Such overvoltage magni-
tudes are not acceptable. The magnitude of the self-excitation
voltage depends on the motor design, speed, and inertia of
the rotor circuits. However, the actual motor slows down rapidly
after the switch is opened and the induced voltage decreases
rapidly. The voltage of self-excitation usually collapses in a
few seconds as the motor slows down. With high inertia
loads, the voltage due to self-excitation is sustained for several
minutes.

Figure 12.3 Capacitor and motor magnetization curve for self-
excitation.
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12.3.2 Transient Torques

Even if the capacitor has been properly chosen from the over-
voltage point of view, it may still be large enough to produce
excessive torques in certain motor applications with high iner-
tia loads such as large compressors and air conditioners. High
stresses may be produced in the shaft and couplings if the
motor is reconnected while still rotating and generating a volt-
age due to self-excitation. The magnitude of the line and motor
voltages, the angle between them, and the impedance of
the motor determine the peak value of electrical torque.
In motors, the peak transient torque should not be permitted
to exceed the allowable peak torque.

12.4 SELECTION OF CAPACITOR RATINGS

The capacitor ratings selected for the power factor correction
of an induction motor should not produce self-excitation and
undesirable transient torques. Usually the capacitor current
should not exceed the motor no-load current. The desirable
capacitor ratings for various motors are listed in Tables 12.2
through 12.5:

Table 12.2: Maximum capacitor ratings for pre-U-frame
NEMA Design B, 230V, 460V, and 575V squirrel-case
induction motors

Table 12.3: Maximum capacitor ratings for U-frame
NEMA Design B, 230V, 460V, and 575V squirrel-cage
motors

Table 12.4: Maximum capacitor ratings for T-frame
NEMA Design B, 230V, 460V, and 575V squirrel-cage
motors

Table 12.5: Maximum capacitor ratings for NEMA Design
C, D, and wound rotor motors

Example 12.1

Consider a 100 hp, 460 V, 3,600 rpm, three-phase NEMA
U-frame motor. Select a suitable capacitor bank from the
table and calculate the reduction in the line current.
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TABLE 12.2 Maximum Capacitor Ratings for Pre-U Frame NEMA Design B Induction Motors

Motor hp
kVAR for

3,600 rpm Motor
kVAR for

1,800 rpm Motor
kVAR for

1,200 rpm Motor
kVAR for

900 rpm Motor
kVAR for

720 rpm Motor
kVAR for

600 rpm Motor

3 1.5 1.5 1.5 1.5 2.5 3.5
5 2 2 2 2 4 4.5
7.5 2.5 3 3 4 5.5 6
10 3 3.5 3.5 5 6.5 7.5
15 4 5 5 6.5 8 9.5
20 5 5 6.5 7.5 9 12
25 6 6 7.5 9 11 14
30 7 7 9 10 12 16
40 9 9 11 12 15 20
50 12 11 13 15 19 24
60 14 14 15 18 22 27
75 17 16 18 21 26 32.5
100 22 21 25 27 32.5 40
125 27 26 30 32.5 40 47.5
150 32.5 30 35 37.5 47.5 52.5
200 40 37.5 42.5 47.5 60 65
250 50 45 52.5 57.5 70 75
300 57.5 52.5 60 65 80 87.5
350 65 60 67.5 75 87.5 95
400 70 65 75 85 95 105
450 75 67.5 80 92.5 100 110
500 77.5 72.5 82.5 97.5 107.5 115
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TABLE 12.3 Capacitor Ratings for U-Frame NEMA Design B Motors

Motor hp
kVAR for

3,600 rpm Motor
kVAR for

1,800 rpm Motor
kVAR for

1,200 rpm Motor
kVAR for

900 rpm Motor
kVAR for

720 rpm Motor
kVAR for

600 rpm Motor

2 1 1 1 1 – –
3 1 1 1 2 – –
5 2 2 2 2 – –
7.5 1 2 4 4 – –
10 2 2 4 5 5 5
15 4 4 4 5 5 5
20 4 5 5 5 10 10
25 5 5 5 5 10 10
30 5 5 5 10 10 10
40 5 10 10 10 10 15
50 5 10 10 15 15 20
60 10 10 10 15 20 30
75 15 15 15 20 25 35
100 15 20 25 25 40 45
125 20 25 30 30 45 45
150 25 30 30 40 45 50
200 35 40 60 55 55 60
250 40 40 60 80 60 100
300 45 45 80 80 80 120
350 60 70 80 80 – –
400 60 80 80 160 – –
450 70 100 – – – –
500 70 – – – – –
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TABLE 12.4 Capacitor Ratings for T-Frame NEMA Design B Motors

Motor hp
kVAR for

3,600 rpm Motor
kVAR for

1,800 rpm Motor
kVAR for

1,200 rpm Motor
kVAR for

900 rpm Motor
kVAR for

720 rpm Motor
kVAR for

600 rpm Motor

3 1.5 1.5 2.5 3 3 3
5 2 2.5 3 4 4 4
7.5 2.5 3 4 5 5 5
10 4 4 5 6 7.5 8
15 5 5 6 7.5 8 10
20 6 6 7.5 9 10 12
25 7.5 7.5 8 10 12 18
30 8 8 10 14 15 22.5
40 12 13 16 18 22.5 25
50 15 18 20 22.5 24 30
60 18 21 22.5 26 30 35
75 20 23 25 28 33 40
100 22.5 30 30 35 40 45
125 25 36 35 42 45 50
150 30 42 40 52.5 52.5 60
200 35 50 50 65 68 90
250 40 60 62.5 82 87.5 100
300 45 68 75 100 100 120
350 50 75 90 120 120 135
400 75 80 100 130 140 150
450 80 90 80 140 160 160
500 100 120 82.5 160 180 180
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Solution

HP¼ 100, V¼ 460

Capacitor bank for power factor correction from
Table 12.3¼ 15 kVAR

Assume a power factor of 0.8.

I ¼
100hp� 746ffiffiffi
3

p
� 460V � 0:8

¼ 117A

I ¼ 117A ð0:8� j 0:6Þ ¼ ð93:6� j 70:2ÞA

IC ¼
15,000ffiffiffi
3

p
� 460V

¼ 18:8A

Ir ¼ 93:6� j 70:2þ j 18:8 ¼ ð93:6� j 51:4Þ ¼ 106A

Reduction in the phase current¼
ð117� 106Þ

117
� 100 ¼ 9:4%

TABLE 12.5 Capacitor Ratings for NEMA Design C, D, and Wound
Rotor Motors

Motor
hp

Design C
1800 rpm and

1200 rpm Motor

Design C
900 rpm
Motor

Design D
1,200 rpm
Motor

Wound Rotor
Motor

15 5 5 5 5.5
20 5 6 6 7
25 6 6 6 7
30 75 9 10 11
40 10 12 12 13
50 12 15 15 17.5
60 17.5 18 18 20
75 19 22.5 22.5 25

100 27 27 30 33
125 35 37.5 37.5 40
150 37.5 45 45 50
200 45 60 60 65
250 54 70 70 75
300 65 90 75 85
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12.4.1 Location of Shunt Capacitors

The shunt capacitors can be connected across the motor
terminals in three different modes as shown in Figure 12.4.
The three important schemes are described below.

12.4.1.1 Shunt Capacitors at the Motor Terminal

The shunt capacitors can be connected at the motor terminals
as shown in Figure 12.4(a). Usually the induction motors are
equipped with thermal overload relay. If shunt capacitors are
applied, the line current will be reduced. Therefore the thermal
overload relays need careful resetting. This scheme is suitable
for new motor installations; both the fuse and overload relay
setting can be selected for reduced line current.

12.4.1.2 Switching Motor and Capacitor as
One Unit

In the case of an existing motor and overload relay, the
capacitor bank can be installed after the overload relay,
as shown in Figure 12.4(b). The line current seen by the
overload relay will be same before and after the shunt capacitor
installation.

Figure 12.4 Location of shunt capacitors for power factor
correction.
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12.4.1.3 Shunt Capacitor on the Line Side of
the Starter

In certain motor applications such as hoist and crane, the motor
is used for plugging, reversing, and different speeds with higher
inertia. In such applications, it is advisable to have the shunt
capacitors connected to the line side of the starter as shown
in Figure 12.4(c). In this scheme, the capacitor is connected
before the starting device and the capacitor can be left
permanently.

Each scheme has its own advantages and drawbacks. In
the first two cases, when the capacitor bank is switched along
with the motor as a unit, overvoltages can be produced due to
self-excitation and transient torques. In the third scheme, the
overvoltage problem can arise at the open end, once the motor
load is disconnected.

12.5 MOTOR STARTING
AND RELATED ISSUES

Large squirrel-cage motors and industrial synchronous motors
draw several times their full load current from the supply
during starting. The power factor during the starting is usually
in the range of 0.15–0.30 lagging. A typical starting current
profile is illustrated in Figure 12.5. The actual shape and mag-
nitude of the staring current curve depends on the motor
design, the voltage at the motor terminals, and the speed-
torque characteristic of the mechanical load connected to the
motor. The starting current through the system impedances

Figure 12.5 Starting current profile of a typical motor.
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can result in an unacceptable voltage drop that may be
large enough to cause contactors to drop out and influence
the ability of the motor to start [2,3].

Shunt capacitors are sometimes used to reduce the voltage
dip when starting a large motor. Their effect is to reduce the
reactive component of the input kVA. With this method, the
high inductive component of the normal starting current is
offset, at least partially, by the addition of capacitors to the
motor bus during the starting period. The capacitor size
needed for this purpose is usually 2–3 times the motor full
load kVA rating. In order to control the voltage properly, the
capacitor is usually switched out in steps as the motor
accelerates. Due to the large kVAR size of these capacitors,
they are usually in the circuit for only a few seconds during
motor starting. Such a scheme with two steps of capacitor is
shown in Figure 12.6.

Example 12.2

Consider a 100 hp, three-phase, 60 Hz induction motor. The
estimated starting current is six times the rated current and
the power factor is 0.3. If the full load kVA is 100, calculate the
capacitor rating required for starting.

Solution

Inrush kVA ð6� 100Þ ¼ 600 kVA

Power factor ðcos yÞ ¼ 0:3

Figure 12.6 Switched capacitors for motor starting; shown for one
phase only.

Capacitors for Motor Applications 211

© 2005 by Taylor & Francis Group, LLC



y ¼ cos�1ð0:3Þ ¼ 818, sin y ¼ 0:954

kVAR ð600� 0:954Þ ¼ 572:4 kVAR

Consider kVAR sizes of 200, 200, and 100 and arrive at an
optimum value. Use a switched capacitor controller.

12.5.1 Motor Starting Using Shunt
Capacitors [2,3]

An experimental controller with fixed and thyristor switched
capacitors was used to analyze the performance of motor
starting. The per phase schematic of the controller is shown
in Figure 12.7. The motor is a 2 hp, 220V, 60Hz, 7A, 3600 rpm,
and wye-connected induction machine. The minimum reactive
power requirement of this motor is 1,000 VAR. A fixed
capacitor of 50mF/phase is required to provide this compensa-
tion. To avoid self-excitation, a fixed capacitor value of 40 mF
was used. The corresponding reactive power profile is shown in
Figure 12.8, curve B. The switched capacitors are selected to
provide the varying load demand of the reactive power. The
required switched capacitors are provided in two steps with
values of 10 and 20 mF/phase, respectively. The measured reac-
tive power of the motor with fixed and switched capacitors is
shown in Figure 12.8, curve C. The power factor profile of
the conventional motor, with 40 mF fixed capacitors and with
both fixed and switched capacitors, is shown in Figure 12.9.

Figure 12.7 Fixed and thyristor switched capacitors for motor
starting.
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Figure 12.8 Reactive power profile of the induction motor.
A. Conventional motor. B. With fixed capacitors. C. With fixed and
switched capacitors.

Figure 12.9 Power factor profile of the induction motor.
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This experiment shows that the combination of fixed and
switched capacitors can improve the power factor considerably
throughout the operating range.

The starting current and the speed are recorded for the
laboratory experimental motor without and with shunt capaci-
tors. The starting time of the test motor is 2.5 and 3 s at
no-load and rated-load, respectively. The starting current and
the speed of the motor for the no-load without any
shunt capacitors are shown in Figure 12.10. The starting
current is 40A and is 2.5 times the rated current. The
steady-state, no-load current is 4.3A and the rated-load cur-
rent is 16A.

12.5.2 Starting Transients with
Fixed Capacitors

The starting current of the motor, the capacitor, and the
motor speed of a motor with fixed capacitors are shown in
Figure 12.11. The starting current reduces significantly.
The steady-state line current increases, depending on the size
of the capacitor. The capacitor current remains constant.

Figure 12.10 Measured no-load starting current and speed of
a 2hp, 220V, 7A, 3,600 rpm, three-phase motor, no capacitors;
X axis: 1 division¼ 0.5 s.
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12.5.3 Starting Transients with
Switched Capacitors

The starting current of the motor, the capacitor, and the
motor speed of a motor with switched capacitors are shown
in Figure 12.12. The starting current of the motor reduces

Figure 12.12 Measured no-load starting current and speed of
a 2 hp, 220V, 7A, 3,600 rpm, three-phase motor with switched
capacitors; X axis: 1 division¼ 0.5 s.

Figure 12.11 Measured no-load starting current and speed of a
2 hp, 220V, 7A, 3,600 rpm, three-phase motor; C¼ 240MFD/phase;
X axis: 1 division¼ 0.5 s.
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significantly with fixed capacitors. The steady-state line
current decreases since the capacitor is switched off after the
starting. The summary of the measured starting currents is
shown in Table 12.6.

With switched capacitors, the starting current is reduced
and the steady-state current remains unchanged. It should be
noted that this is a very small motor with a large air gap and
the no-load current is higher. This demonstrates the use of
fixed or switched capacitors for motor starting.

12.5.4 Effect of Shunt Capacitors on the Motor
Voltage and Current

In order to show the effect of shunt capacitors at the motor
terminal, the voltage and the current waveforms are
analyzed without and with shunt capacitors. The circuit
current in the 2 hp motor was measured using a 1,000:1
ratio clamp on a current transducer equipped with a 10�
burden in the secondary. The output of the current sensor
will produce 1V for a line current of 100A. A DC tacho-
generator mounted on the motor shaft provides a signal
proportional to the motor speed. The output of the
speed signal is 140V DC at a rated speed of 3,000 rpm. The
voltage is input to a potential divider with 70k� and 1k� in
series. The voltage across the 1k� with respect to the ground
is used as the speed signal, which is 2V at rated 3,600 rpm.
The steady-state and the transient waveforms are recorded
using a storage oscilloscope. Polaroid pictures are taken for

TABLE 12.6 Summary of Measured Currents in the 2hp Laboratory
Test Motor

Condition
Starting

Current, A
Steady-State
Current, A

Without capacitors 50.0 4.3
With 240MFD/phase 40.0 6.0
With 480MFD/phase 35.0 28.0
With switched capacitors 32.0 4.3
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future use. The following waveforms are presented at no-load
and at rated-load.

1. No-load voltage and current without capacitors. The
steady-state voltage and the current of the motor
without shunt capacitors are presented at no-load,
120V/phase, 3A, 3,590 rpm in Figure 12.13. The
voltage is a sine wave and the current is distorted.
The phase angle between the voltage and the current
is 72� and the corresponding power factor is 0.31.

2. Rated-load voltage and current without capacitors. The
steady-state voltage and the current of the motor
without shunt capacitors are presented at rated-load,
120V/phase, 7A, 3,200 rpm in Figure 12.14. The vol-
tage is a sine wave and the current is peaky and
distorted. The phase angle between the voltage and
the current is 31� and the corresponding power
factor is 0.86.

3. No-load voltage and current with 240MFD/phase. The
steady-state voltage and the current of the motor with
240MFD/phase shunt capacitors are presented at

Figure 12.13 Steady-state voltage and phase current at
120V/phase, 3A, 3,590 rpm and at no-load without capacitors;
X axis: 1 division¼ 2ms.
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Figure 12.15 Steady-state voltage and phase current at
120V/phase, 3A, 3,590 rpm and at no-load with 240MFD/phase;
X axis: 1 division¼ 2ms.

Figure 12.14 Steady-state voltage and phase current at
120V/phase, 7A, 3,200 rpm and at rated-load without capacitors;
X axis: 1 division¼ 2ms.
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no-load, 120V/phase, 3A, 3,590 rpm in Figure 12.15.
The voltage is a sine wave and the current is dis-
torted. The phase angle between the voltage and the
current is 22� and the corresponding power factor is
0.93. The capacitor current is leading.

4. Rated-load voltage and current with 240MFD/phase.
The steady-state voltage and the current of the motor
with 240MFD/phase shunt capacitors are presented
at rated-load, 120V/phase in Figure 12.16. The phase
angle between the voltage and the current is 10� and
the corresponding power factor is 0.99. The capacitor
current is leading. The capacitor current and the line
are distorted to some extent.

From the waveforms it can be seen that the shunt capacitors at
the motor terminal cause distortion in the line current to a
certain level. The level of distortion depends on the loading
level of the motor.

Figure 12.16 Steady-state voltage and phase current at
120V/phase, 7A, 3,200 rpm and at no-load with 240MFD/phase;
X axis: 1 division¼ 2ms.
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PROBLEMS

12.1. What are the different types of induction motor?
Which design of induction motor is commonly
used in drive applications?

12.2. Explain self-excitation as it applies to induction
motors.

12.3. What is the typical power factor of an induction
motor? How is the power factor related to the load
of the motor?

12.4. Explain where the shunt compensation capacitors
can be connected in the motor? Which is the most
desirable location?

12.5. Consider a 20 hp, 575V, 3,600 rpm, three-phase
NEMA Design D motor. Select a capacitor bank
for power factor correction from the table and cal-
culate the reduction in the line current. State the
assumptions, if any.

12.6. A 400hp, three-phase, 60Hz induction motor is
used for pumping application. The estimated
starting current is 6.2 times the rated current
and the power factor is 0.32. If the full load
KVA is 400, calculate the capacitor rating required
for starting. How can the required capacitive
compensation be applied?
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13

CAPACITORS FOR MISCELLANEOUS
APPLICATIONS

13.1 INTRODUCTION

Capacitors are used in many industrial applications other than
utility installations for power factor correction purposes [1–11].
Applications are discussed for arc furnaces, resistive welding
equipment, lighting, capacitor-start, capacitor-run motors, fer-
roresonance transformers, and inverters. Pulsed power supply
applications are also discussed.

13.2 ELECTRIC ARC FURNANCE

Steel production with electric arc furnaces is vital to the
infrastructure of industrialized countries. As is well known,
there are three types of electric furnaces available: the resis-
tance, induction, and arc types. The resistance furnace pro-
duces limited flicker due to the resistive nature of the load.
Most induction furnaces operate at high frequency and are
therefore connected to the power system through frequency
converters and present a constant load. Three-phase electric
arc furnaces are used extensively to make high quality
steel with significant melting capabilities. During the melting
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period, pieces of steel between the electrodes in these furnaces
produce short circuits on the secondary of the transformer to
which the electrodes are connected. Therefore, the melting
period is characterized by severe fluctuations of current at
low power factor values. This melting process takes around
50–120 min, depending on the type of fur-nace. When the
steel is melted down to a pool, the arc length can be maintained
uniformly by regulating the electrodes. This is known as
the refining mode and the electrical load is constant with
fairly high power factor. During the refining period,
the power is supplied to the furnace every 2 h for a period of
10–40 min, depending on the size of the furnace. The
severe fluctuation during the melting process is responsible
for significant voltage drop in the power system and causes
flicker. Voltage flicker in an electric arc furnace corres-
ponds to oscillations in the bus voltages with a frequency of
1–30Hz. Therefore, suitable filters or static VAR controllers
are used to reduce flicker and harmonics, and to improve the
power factor.

A typical power supply system for an electric arc furnace is
shown in Figure 13.1. In this case, the power system consists of

 

Figure 13.1 One-line diagram of the power supply for two arc
furnaces.
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two 138 kV lines with a normally open tie switch between them.
The stepdown transformer is 75MVA, 138 kV/34.5 kV, delta/
grounded wye, 8% impedance. The 34.5 kV circuit breakers are
intended to open and close so that each arc furnace can operate
independently. The arc furnace transformer is rated at 75MVA,
34.5 kV/277V, delta/wye connected. Each arc furnace has a 200
ton capacity. In order to improve the power factor of the arc
furnace, each unit is provided with a 27MVAR shunt capacitor
bank. To protect the capacitor bank from energization transi-
ents, pre-insertion resistors are used in the circuit switcher.
Vacuum circuit breakers are used to energize the arc furnaces.
The power factor is 0.707 during the melting process without
reactive compensation and the desired power factor is 0.90. In
order to provide enough voltagemargins on the capacitor rating,
three series capacitors are used in each phase. This gives a
voltage rating of 3� 7,200V/can� 1.732¼ 37,400V/phase. The
voltage rating of the system is 34.5 kV. The capacitor bank is
connected in ungrounded wye with neutral unbalance detection
scheme [1].

Figure 13.2 shows the typical real power and reactive
power flow through an arc furnace for one cycle. It can be
seen that the furnace is charged in three stages during the
melting period. Toward the end of each charging, the power
output is reduced since a continuous arc is established and
the power input is decreased to prevent overheating of the
refractory. During the refining period, both the real and reac-
tive power requirements are very small. The power supply
characteristics of a few practical arc furnace installations are
presented in Table 13.1. It can be seen that if the furnace
transformer rating to main transformer ratio is around 75%
the furnace operates satisfactorily. Significant filter rating is
needed in each application.

13.3 RESISTIVE SPOT WELDING

In the electric welding process, two pieces of metal are brought
together and then fused by generating heat. Resistance weld-
ing (butt welding, flash butt welding, spot welding, projection
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welding, seam welding, and energy storage welding), arc weld-
ing (metal arc welding and carbon arc welding), hydrogen weld-
ing, and helium or organ welding are commonly used welding
methods [2,3].

Figure 13.2 Typical P and Q profiles of an arc furnace.

TABLE 13.1 Power Supply Systems for a Few Arc Furnaces

Description Furnace A Furnace B Furnace C Furnace D

Rating MW 20 60 40 57
Transformer MVA 27.1 56 56 60
Transformer kV 230/22.8 230/66 230/66 230/35
Furnace voltage 22.8 33 33 34.5
Furnace MVA/
Transformer MVA

0.73 1.07 0.71 0.95

Filter MVA 15 (3rd) 65, SVC 65, SVC 25 (3rd)
Operation Well No Well Not clear
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Resistive welding is used to weld two plates by placing
them together between the electrodes. The welding current
flows through the electrode tips, producing spot-weld. In a spe-
cific configuration, there are four electrode pairs (top and
bottom), a total of eight electrodes. A speed control cam deter-
mines the mechanical timing of the welder. During each rota-
tion of the cam, the electrodes move to the next position,
squeeze the welding material, make the weld, and hold the
material. Then the electrodes move to the next position.
The front and back electrodes are 180� out of phase, so that
when the front electrodes are welding, the back welding time is
1–4 cycles.

The power supply arrangement for a pair of electrodes is
shown in Figure 13.3. The three-phase power supply uses
triacs, which are equivalent to back-to-back thyristors with
common gates to determine the weld time and heat. The
triacs control the amount of current flow through the elec-
trodes. The current flow through the electrodes is peaky,
lasting only for a few cycles. The equivalent AC currents can
be peaky and the power factor is very low. When the welder
current magnitude reaches around 1,000A, there will be voltage
dips and hence flicker problems. The rating of a typical three-
phase spot welder in Reference [2] is 1500 kVA. The power
supply system for the resistive spot welder is shown in
Figure 13.4. The power factor is compensated at the 12.47 kV
level using a three-phase, 1,200 kVAR shunt capacitor bank.
At 480V, there is a 900kVAR switched capacitor bank.

Figure 13.3 Power supply configuration for a pair of electrodes.
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13.4 CAPACITORS FOR LIGHTING
APPLICATIONS

The tungsten filament lamp is a resistive element, operating
at unity power factor and sensitive to voltage changes. The
electric discharge lamps produce light based on the phenome-
non of excitation and ionization in a gas or vapor. The
commonly used lamps for advertisement or decoration pur-
poses are the sodium vapor lamp for yellow light, the mercury
vapor lamp with low pressure for bluish green light, the mer-
cury vapor lamp with high pressure for bluish white light, and
the neon vapor lamp for red light. In these types of lamps, the
electrons have to be emitted from the cathode for starting and
maintaining the arc. In the cold cathode type of lamps, a volt-
age supply of 100–200V is required between the electrodes.
Therefore, a transformer is required to provide such a voltage.
The hot cathode lamp can work from a standard distribution
supply. The cathode needs to be heated using a power supply.
Some of the power supplies and the role of capacitors in these
circuits are presented below.

13.4.1 Neon Lamps for Red Light

The neon lamp is a cold cathode type and the electrodes are in
the form of iron shells and coated on the inside. The neon gas is
used in the tube and the color emitted is red. The power supply

Figure 13.4 One-line diagram of the power supply circuit to the
electric spot welder.
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is provided through a transformer. The circuit is shown in
Figure 13.5. The transformer has a high leakage reactance to
stabilize the arc in the lamp. A capacitor is used to improve the
power factor of the circuit. Helium and neon with color tubing
produces a variety of color effects on the light.

13.4.2 Sodium Vapor Lamp

A typical electric circuit of a sodium vapor lamp is shown in
Figure 13.6. The lamp consists of a discharge tube suitable for
withstanding high temperatures. An outer tube for filtering
certain parts of the spectrum of the emitted light surrounds
the discharge tube. The cathodes are heated by a power
supply from a transformer. The lamp is started using the

Figure 13.5 Power supply for a neon lamp.

Figure 13.6 Power supply for a sodium vapor lamp.
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neon gas inside the tube. The sodium is provided in the form of
a solid material and the initial discharge vaporizes sodium. The
operating temperature of the light is around 300�C. A choke is
provided for stabilizing the electric discharge and the terminal
capacitor is used to improve the power factor. These vapor
lamps are designed to produce yellow light, and they are
mainly used for street and highway lighting.

13.4.3 Mercury Vapor Lamp

A typical electric circuit of a mercury vapor lamp is shown in
Figure 13.7. The lamp consists of a discharge tube suitable for
withstanding high temperatures. An outer tube for filtering
certain spectrum of the emitted light surrounds the discharge
tube. The space between the two tubes is filled with an inert
gas. The lamp is started using argon gas inside the tube.
The mercury is provided in the form of a solid material and
the initial discharge vaporizes mercury. The choke is provided
for stabilizing the electric discharge and the terminal capac-
itor is used to improve the power factor. The pressure inside
the discharge tube is of the order of 1–10 atmospheres used
for lighting purposes. If the pressure is low in the discharge
tube, most of the radiation is in the ultraviolet region. By
coating the inside of the lamp with phosphor, the ultraviolet
radiation is converted to visible light. Depending on the
pressure inside the lamp, bluish green or bluish white type of
light will be available.

Figure 13.7 Power supply for a mercury vapor lamp.
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13.4.4 Fluorescent Lamps

The power supply circuit for a typical fluorescent lamp is shown
in Figure 13.8. The fluorescent lamp is a low intensity type of
electric discharge lamp using mercury vapor. There are two
electrodes at the end of the tube. The electrons are propelled
at extremely high speeds at each end of the lamp. The energy
resulting from the collisions between the electrons and the
mercury atom because of the very low vapor pressure is
emitted in the ultraviolet region. To convert the ultraviolet
into visible light, the inside of the tube is coated with phos-
phors. An autotransformer is used to provide much of the
voltage to start the lamp. The starting voltage directly strikes
the arc. A small amount of voltage from the autotransformer
heats the electrodes. Fluorescent lamps produce flicker or
stroboscopic effect since the 60 Hz AC supply goes to voltage
zero on a regular basis. Flicker corrections can be applied to
a pair of lamps. There are many designs available based on
the same principle. In this circuit, the capacitor is used to
correct the power factor. The typical values of capacitor units
used in some lamp circuits are summarized in Table 13.2.

13.5 CAPACITOR RUN SINGLE-PHASE
MOTORS

A one-line diagram of a single-phase, capacitor start, capac-
itor run motor is shown in Figure 13.9. The specification of a

Figure 13.8 Power supply for a fluorescent lamp.
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typical single-phase capacitor motor is 1.5 kW, 220V, 60-Hz,
1800 r/min, capacitor start capacitor run. These motors are
produced for ratings of 0.25 hp, 0.33 hp, 0.5 hp, 0.75 hp, 1 hp, and
1.5 hp. The main winding is designed for 120V operation. The
auxiliary winding is connected to the starting capacitor and the
run capacitor. As soon as the motor is started, the starting
winding circuit is opened through the centrifugal switch. The
run capacitor remains in service and provides power factor
correction. The current through the auxiliary winding and
the run capacitor is phase-shifted from the main winding and
a rotating magnetic field is created. The capacitor produces
phase-shifted currents and also improves the overall power
factor of the motor. The typical values of capacitor units used
in some single-phase capacitor motors are summarized in

TABLE 13.2 Typical Capacitor Values Used in Lamp Circuits

Lamp Type Wattage Capacitor mF

High pressure sodium lamp 50 10
High pressure sodium lamp 200 32
Metal halide lamp 70, 100 12
Metal halide lamp 150 20
High mercury vapor lamp 50 7
High mercury vapor lamp 250 18
Fluorescent lamp 18, 36 4.5
Fluorescent lamp 58 7
Compact fluorescent lamp 26 4.5

Figure 13.9 Single-phase capacitor motor.
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Table 13.3. A brief description of the electrolytic capacitors
used for starting of the AC induction motors is given in
Chapter 5.

13.6 FERRORESONANT TRANSFORMER
APPLICATIONS

13.6.1 Ferroresonant Transformer

In certain AC and DC applications, there is a need to
maintain constant input voltage. Such loads include compu-
ters, televisions, and microprocessor-supported equipment.
Ferroresonant transformers have been used to provide con-
stant voltage supply over the past several decades. This is a
robust type of power supply with no maintenance require-
ments. A ferroresonant transformer is a nonlinear device
that is designed to provide passive voltage regulation, using
magnetics. There are no complex feedback circuits to monitor
and adjust the output voltage level. This transformer is
designed to operate within a predetermined regulation band,
typically 1–4%. A nonlinear transformer differs from a linear
transformer in that the output voltage will not deviate outside
this regulation band, regardless of what happens on the input.
On the other hand, as the term implies, the output of a linear
transformer is directly proportional to the input. That is, what-
ever happens at the input will directly affect the output.
Ferroresonant transformers also have the unique characteris-
tic of being able to store energy up to one half cycle because of
their ‘‘tank circuit’’ design. A typical ferroresonant transform-
er is shown in Figure 13.10. It consists of a primary winding,

TABLE 13.3 Typical Capacitor Values Used in Capacitor Motors

Motor Rating Voltage Capacitor mF

0.25–hp, 1075RPM (208 to 230)V 5MFD, 370V
0.5–hp, 1075RPM (208 to 230)V 5MFD, 370V
0.75–hp, 1075RPM 277V 15MFD, 370V

Capacitors for Miscellaneous Applications 231

© 2005 by Taylor & Francis Group, LLC



a secondary winding, and a capacitor. For a typical input var-
iation of 180–250V, the output will be maintained at �1%.
The capacitor is used to produce resonance in the circuit and
the output voltage is maintained constant. The advantages of
the ferroresonant transformer are that it provides isolation,
it has no moving parts, and it responds within one cycle.
The disadvantages of the ferroresonant transformer are that
the output contains some harmonics, it is less efficient, and
it can be noisy.

13.6.2 Ferroresonant Inverter

The basic function of an inverter is to convert DC voltage
into AC voltage at the desired frequency. A simplified block
diagram of a ferroresonant inverter is shown in Figure 13.11.
The inverter consists of a DC filter, a thyristor controlled
inverter bridge, a triggering circuit to the thyristor circuit,
and a ferroresonant transformer. The DC filter protects the
inverter circuit from the voltage transients of the DC source.
The thyristor controlled circuit produces square wave output
at the desired frequency. The triggering circuit provides the
firing signal to the inverter circuit and the frequency control.
The ferroresonant transformer takes the square wave input
voltage and produces sine wave output voltage at the desired
frequency.

Figure 13.10 A typical ferroresonant transformer for constant
voltage output.
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13.7 CAPACITORS FOR PULSED POWER
SUPPLY

Capacitors are used in pulsed power supplies to store energy
for a short duration and rapid discharge. The main difficulty
in a pulsed power supply is the commutation of currents
within the short duration. A conventional pulse generator uses
an active commutator in which flows the same current as
the load. Consequently, the output power is limited by the cap-
ability of the commutation switch device. Plasma switches such
as thyratrons have limited repetition rate and lifetime. The
magnetic compression network can go beyond this limit and
generate high power pulses in tens of nanoseconds. The principle
is to generate a long pulse with a classical switching device
such as a fast thyristor and apply it at the input of a multi-
stage magnetic compression circuit shown in Figure 13.12.
Each stage of magnetic compression will reduce the time dura-
tion of the pulse, increasing the power of the pulse. A compres-
sion stage is built with a capacitor and a saturable inductor that
acts as a switch off when it is unsaturated and as a switch on
when it is saturated [4,5].

13.7.1 Transformer Pulse Generator

A transformer pulse generator consists of a high efficiency
low leakage inductance pulse transformer, a charging circuit

Figure 13.11 A typical ferroresonant inverter for constant voltage
output.
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(inductance and capacitance), and a switching device such as
an IGBT. The primary coils are supplied by the charging cir-
cuit. The pulse is produced by alternate switching on and off by
the switching device. It is well suited for pulse power up to
10MW with a duty cycle up to 5% and a mean power up to
20kW. Pulse transformers have an exceptionally low
leakage inductance that permits the obtaining of a rise time
of less than 1 ms for 100 kV/100A pulses. A typical pulse gen-
erator circuit is shown in Figure 13.13.

13.7.2 Resonant Charge Transformer Circuit

A resonant charge transformer generator consists of a reso-
nant circuit for storing the energy, a switching device, and a

Figure 13.13 A typical pulse circuit.

Figure 13.12 Magnetic compression circuit.
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transformer for transferring the pulse to the load circuit. This
makes it particularly suitable for nonlinear loads. A typical
resonant charge transformer circuit is shown in Figure 13.14.
The high voltage pulsed power-based technologies are rapidly
emerging as key to the efficient and flexible use of electrical
power for many industrial applications. Some of the applica-
tions include laser power supply, pulsed electric field steriliza-
tion of liquids, corona plasma discharge oxidation for
sterilization and de-pollution, electromagnetic forming, and
particle accelerators for fruit and vegetable juice extraction.

13.7.3 Pulsed Power Supply for Varistor Testing

Power system equipment such as circuit breakers, power
transformers, surge arresters, varistors, current transformers,
and voltage transformers are tested for short time rating
and insulation withstand capability in the laboratory setup.
Such testing requires power supplies with high voltages
and specific waveforms to simulate the expected impedance
loading. To demonstrate this concept, consider a high voltage
power supply used to evaluate the transient immunity of a
varistor. There are three different tests involved in this appli-
cation. One of them is the 0.5 ms, 10 kHz ring wave, suitable for
medium impedance load. The typical load impedance used is of
the order of 100�. The circuit diagram to generate such high
voltage power supply is shown in Figure 13.15. The output
of the power supply to test the varistor to the industry speci-
fications is shown in Figure 13.16. It can be seen that the

Figure 13.14 Resonant charge transformer circuit.
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capacitors are used in this power supply to generate such spe-
cific waveforms [6,7].

13.7.4 High Voltage Power Supply for
Transformer Testing

All transformers are tested and evaluated to meet the
industry standards in order to ensure adequate performance
in the power system. Sometimes the transformers are tested at
the substation locations. A typical no-load test of a high voltage
transformer requires power supplies with rated voltage
and adequate MVA output. A portable power supply for testing

of

Figure 13.16 Open circuit waveform from the Figure 13.15 circuit.

Figure 13.15 Circuit diagram to produce 0.5 ms, 100 kHz ring
wave.
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a high voltage power transformer is discussed in Reference [8].
The capacitors are used as feedback elements. A one-line dia-
gram of the power supply is shown in Figure 13.17. A twin-
engine generator set is used to produce a 10kV output.
A single-phase three winding transformer is to be tested for
no-load performance. A series inductance L is used and the
power supply is connected at a suitable tap level. A capacitance
bank is connected across the main winding that can excite
the entire transformer. The tertiary winding is left open.
The parameters of the various components used in testing a
550 kV/230 kV/13.8 kV, 60Hz, single-phase autotransformer
are shown in Figure 13.17. It can be seen that the capacitors
are important items in this test setup.

13.7.5 Power Supply for Circuit Breaker Testing

The circuit breaker interrupter capabilities are evaluated
to meet the industry standard requirements and include both
direct and indirect tests. In the direct test, the rated voltage
and full load conditions are applied and the performance
is evaluated. The indirect tests are performed in the field
or in a laboratory setup. The laboratory tests are performed
using specialized equipment. The basic diagram of a typical
high power laboratory setup for circuit breaker testing
is shown in Figure 13.18 [9]. The main equipment used in
the test circuit are the main power supply source from the
utility or generators with adequate short-circuit capability.

Figure 13.17 No-load test arrangement of an EHV transformer [8].
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A protective circuit breaker P is used that can clear the fault
if the test circuit breaker fails during the testing conditions. A
circuit breaker M, with independent pole closing capabilities to
simulate various test conditions such as single pole closing and
two pole closing, is used. A current limiting reactor L is used to
control the short-circuit current to the desired values. A trans-
former is used to vary the secondary voltage accordingly. A
shunt capacitor bank is used to control the transient recovery
voltage to the desired test values. The circuit voltage and cur-
rent are recorded in the time domain. Although the shunt
capacitor value is not specified, the requirements are based
on the size of the circuit breaker to be tested.

13.8 CAPACITORS IN EHV APPLICATIONS

13.8.1 Carrier Coupling Capacitor

In power systems, overhead lines are used to transmit
60Hz power and communication signals. The circuits used to
transmit signals through the power circuits are called
carrier communication. The frequency spectrum used in this
type of communication is 30–500kHz. Since the signal is
applied directly to the power line, this type of communication
is very reliable for a few channels. Long distance communi-
cation can be handled without the use of repeaters. Since
the power line is maintained for continuous operation,
the maintenance cost of the carrier communication is low.

Figure 13.18 A high voltage test circuit for circuit breakers.
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The communication signals are susceptible to line noise
and disturbances, if any, on the power line. A typical carrier
communication arrangement between two substations is
shown in Figure 13.19. In this arrangement, the communica-
tion signal from the transmitter is passed through a tuned
circuit to the overhead line. The tuned circuit contains a
coupling capacitor and an inductor. The coupling capacitor is
a high frequency element in porcelain housing with cast
metal ends, containing several capacitor elements in series.
A typical coupling capacitor is shown in Figure 13.20 along
with a substation line trap. The cylindrical device is the line
trap inductor [10]. Each capacitor unit is made up of paper/
foil, noninductively wound and impregnated. The capacitor
units are mounted on a metal base that contains a ground-
ing arrangement, protection, and a drain coil. The drain coil
connects the capacitor to the ground and provides high impe-
dance at the carrier frequency. The typical values of coupling
capacitors are shown in Table 13.4.

13.8.2 Line Trap Capacitors

A line trap is a tuned circuit connected in series with the
transmission line, as shown in Figure 13.19. A line trap cir-
cuit is used to break the carrier current from one section
to the other. This is a parallel resonant circuit tuned to provide
high impedance at a specific carrier frequency. This is a very
low impedance device and does not produce significant voltage

Figure 13.19 Carrier communication arrangement.
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drop at the power frequency. The main coil is rated to carry the
full power current of the line conductor. The coil is wound on a
porcelain cylinder, which is the housing for the adjustable
capacitor unit. The coil and the capacitor unit are tuned to

Figure 13.20 Photograph of a coupling capacitor for carrier com-
munication (left) and a substation line trap (right). (Courtesy of
U.S. Department of Labor, OSHA website [10].)

TABLE 13.4 Ratings of Capacitive Voltage Transformers

kV Maximum C pF BIL

72.5 23,000 350
110 12,000 550
145 10,000 650
170 100,000 750
220 9,000 1,050
300 7,000 1,050
362 5,000 1,175
420 4,500 1,425
500 4,500 1,425
750 3,000 2,250

(Courtesy of Maxwell Technologies, San Diego, CA.)
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specific frequency. Usually, a surge arrester is connected across
the line trap to protect the tuned circuit from lightning surges
and other traveling waves.

13.8.3 Capacitive Coupling Voltage Transformer
(CCVT)

At extra high voltage levels such as 500 kV, conventional vol-
tage transformers are expensive. Also, such transformers will
have many turns of very small conductors and thus introduce
weakness into the high voltage insulation system. An effective
alternative is to use a CCVT for the voltage measurement.
The CCVT output is used for monitoring, protection relays,
and control applications. A typical one-line diagram of a
CCVT is shown in Figure 13.21. A photograph of a CCVT is
shown in Figure 13.22.

13.8.4 Capacitors for Laboratory Applications

High voltage capacitors are used in laboratory applications
as coupling capacitors for potential discharge measurement,
high voltage potential dividers for 60Hz measurement, as
high voltage RC dividers for impulse measurement, in capa-
citive loads for series resonance installation, and as power
supplies for equipment testing. The capacitor range for such
applications can be 150 pF–500nF. The voltage range can be
from 20 to 1,000 kV. Some examples of these special capacitors
are shown in Figure 13.23.

Figure 13.21 One-line diagram of a capacitive coupling voltage
transformer (CCVT).
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13.9 CAPACITORS FOR ENERGY STORAGE

Standby power generators are used in order to achieve a
system with high reliability in telecommunication circuits.
Battery backup, DC-DC converters, and parallel type UPS
are examples of highly reliable power systems. The other
approach is to use engine generators or fuel cells to achieve
both high reliability and better efficiency. In these systems,
the standby power unit does not operate in normal mode
when the line voltage is present but starts to operate in the
event of line outage. These units require certain time to start.
To overcome this problem, it is necessary to hold the output
voltage during the starting time. Ultra capacitors provide
an interesting and simple solution to this problem. The ultra

Figure 13.23 Photograph of laboratory capacitors. (Courtesy of
Maxwell Technologies, San Diego, CA.)

Figure 13.22 Photograph of a capacitive coupling voltage trans-
former (CCVT). (Courtesy of Maxwell Technologies, San Diego, CA.)
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capacitors are available in hundreds of farads in very small size
with significant energy, are maintenance free, and have a long
lifetime. Consequently, there is a possibility that the output
voltage of the system is backed up during the starting time.
A block diagram of such a standby power system is shown in
Figure 13.24. Usually the voltage rating of an ultra capac-
itor is very small (2–3V) and hence several units are to be
connected in series–parallel combination. Several such
applications are discussed in Reference [11], including power
quality ride through applications, power stabilization, adjust-
able speed drive support, and voltage flicker mitigation.

PROBLEMS

13.1. Draw the power supply circuit of an electric arc
furnace installation and identify the power factor
values in different locations without and with
power factor correction.

13.2. How is the low power factor condition created in the
resistive arc welding units? How do you improve the
power factor in the resistive arc welding circuit?

13.3. Discuss the basic principles behind vapor lamps.
Show the circuit diagram of a neon lamp. What is
the purpose of the capacitor?

13.4. What are the main differences between the sodium
vapor lamp and the fluorescent lamp?

13.5. Draw the power supply circuit suitable for a
mercury vapor lamp.

13.6. How are capacitor-run motors different from other
single-phase induction motors?

13.7. Discuss the use of capacitors in pulsed power
supplies.

Figure 13.24 A typical standby power system with ultra capacitor.
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14

STATIC VAR COMPENSATORS

14.1 INTRODUCTION

The need to control reactive power through transmission
and distribution lines has been recognized since the emergence
of the AC power system. Fixed and switched shunt capacitors
are used to ensure desirable voltage profile along the transmis-
sion and distribution lines. To handle dynamic disturbances
such as line switching, loss of generation, load rejection, and
system faults, the reactive power has to be supplied quickly
to keep the system stable. With fluctuating loads such as arc
furnaces, crushing mills, paper mills, and continuous miners
in the mining industry, there is a need for adaptive power
factor correcting devices. The thyristor controlled static VAR
compensators (SVC) offer such opportunities for dynamic
power control.

14.2 COMPENSATION CONCEPTS

Consider the simple two-machine model shown in Figure 14.1
for the basic power transfer. The sending end voltage (VS) and
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receiving end voltages (VR) are given by [1]:

VS ¼ V cos
d
2
þ j sin

d
2

� �
ð14:1Þ

VR ¼ V cos
d
2
� j sin

d
2

� �
ð14:2Þ

The voltage at the midpoint is:

VM ¼
VS þ VR

2

� �
¼ V cos

d
2

� �
ð14:3Þ

The current through the line is given by:

I ¼
VS � VR

jX

� �
¼

2V

X
sin

d
2

ð14:4Þ

The relation between VS, VR, and I is shown in the phasor
diagram, Figure 14.2. If a line without any loss is assumed,
the power delivered is:

P ¼
V2

X
sin d ð14:5Þ

The reactive power entering at each end of the line is:

QS ¼ QR ¼
V2

X
ð1� cos dÞ ð14:6Þ

Figure 14.1 Two-machine system for the analysis.
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The total reactive power is:

Q ¼ 2QS ¼
2V2

X
ð1� cos dÞ ð14:7Þ

The relationship between P, Q, and d is plotted in Figure 14.3.
The maximum real power limit is 1.0 P.U. and the maximum
reactive power limit is 2.0 P.U.

14.3 EFFECT OF SHUNT COMPENSATION

If a controllable synchronous voltage source is connected at the
midpoint, then the reactive power loss can be compensated.
Such reactive compensation will increase the real power

Figure 14.2 Phasor diagram showing the relationship between VS,
VR, and I.

Figure 14.3 Power angle diagram.
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transmission capability as well. This concept is shown in
Figure 14.4. If the voltage at the midpoint is kept the same
as the sending end voltage then the real power Pc is:

Pc ¼
2V2

X
sin

d
2

ð14:8Þ

The corresponding reactive power relation is:

Qc ¼
4V2

X
1� cos

d
2

� �
ð14:9Þ

The power and the reactive power plots are shown in
Figure 14.5. This example demonstrates the effect of shunt
compensation. In lines with losses, the maximum P and Q
will be significantly less. The maximum power transmission
in the uncompensated line P occurs at 90�. The maximum
power and reactive power of the compensated line occurs at
the 180� position.

Figure 14.5 P and Q of the compensated scheme.

Figure 14.4 Two-machine system with compensation at the
midpoint.

248 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



Synchronous condenser and shunt capacitors provide
shunt compensation. The following SVCs are used to provide
dynamic shunt compensation.

� Thyristor controlled reactor and fixed capacitor
� Thyristor controlled reactor and thyristor switched

capacitor
� Thyristor controlled reactor and mechanically switched

capacitor
� Thyristor switched capacitor
� Microprocessor-based SVC
� STATCOM type of static compensator

The required type of SVC is selected [3] based on application
requirements and cost.

14.4 DESCRIPTION OF AN SVC

A typical SVC includes thyristors with control circuits, a cool-
ing system for thyristor heat sinks, electronic control equip-
ment, capacitor banks, filter reactors, power circuit breakers,
and mounting racks. The thyristors are still low or medium
voltage devices and hence the SVCs are manufactured at low
or medium voltage levels. In the microprocessor-based SVCs,
the thyristor switched capacitor and thyristor controlled
reactor are present along with intelligent control. Usually an
interfacing transformer connects the device to a high voltage
power system.

14.4.1 Thyristor Controlled Reactor (TCR) and
Fixed Capacitor (FC)

In this scheme, the capacitors are usually selected to provide the
maximum reactive power needed at the point of installation.
The required inductive power is dynamically controlled to
maintain the desired voltage profile when the demand for reac-
tive power is less than the maximum. The control is performed
through phase angle variation. A typical scheme is shown in
Figure 14.6. The result of this compensation is a power
factor of nearly unity, with minimum voltage changes due to
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continuous phase control on the reactor. At maximum leading
VAR, the switch is open and the current in the reactor is zero.
As the firing angle increases, the harmonic content increases.
A 10MVAR unit typically consists of 10MVAR of capacitor
bank and 10MVAR of reactor in addition to the thyristor
controls. The variation of inductive, capacitive VARS with
the system voltage is shown in Figure 14.7.

 

Figure 14.6 Thyristor controlled reactor (TCR) and fixed
capacitor (FC).

Figure 14.7 Voltage characteristics with a fixed capacitor and a
controlled reactor.
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14.4.2 Thyristor Controlled Reactor (TCR) and
Thyristor Switched Capacitor (TSC)

Another variation of the above-mentioned scheme is shown in
Figure 14.8. It contains several capacitor sections operating in
parallel with a phase controlled reactor. The task of controlling
both the reactor and capacitor requires an electronic controller.
The overall efficiency of the scheme is less due to losses in the
reactor. The number of capacitor branches depends on the
amount of kVAR, thyristor ratings, etc. The variation of reac-
tive power due to a two-switched capacitor and one reactor
per phase is shown in Figure 14.8. For a 10 MVAR SVC, the
capacitor bank will be two 5 MVAR (or in some other com-
bination) and the reactor will be 10 MVAR. A typical VAR
demand versus VAR output profile of a scheme is shown in
Figure 14.9.

Figure 14.8 Thyristor controlled reactor (TCR) and thyristor
switched capacitor (TSC).
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14.4.3 Thyristor Controlled Reactor (TCR) and
Mechanically Switched Capacitor (MC)

Such a scheme is shown in Figure 14.10 where the capacitors
are switched through mechanical switches. This method is
suitable for steady load conditions, where the reactive power
requirements are predictable and the capacitors can be
switched using circuit breakers. Depending on the need, the
three capacitor banks can be selected in various combinations.
The reactor provides a smooth control. This scheme is lower
in cost but has a slower response. For a 10MVAR SVC, the
capacitor bank will be in three steps, 3.33MVAR each, and
the reactor will be 10MVAR.

14.4.4 Thyristor Switched Capacitor (TSC)

In this case, all the required capacitors are switched in and
out using SCRs. To reduce the number of capacitors, binary
grouping is sometimes employed. This scheme is suitable
for both balanced and unbalanced loads. A typical scheme is
shown in Figure 14.11. For a 10MVAR size, bank 1 is 4MVAR,
bank 2 is 3MVAR, and bank 3 is 3MVAR. Some designs
use binary-based steps. In this scheme, only the capacitor
banks are used. In the previous schemes, a controlled reactor

Figure 14.9 VAR output versus VAR demand characteristics of
TSC and TCR.
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of equivalent capacity is used. It can be noted that the
cost of this kind of scheme will be considerably less than the
previous schemes. With this scheme, the reactive compensation
is corrected on a cycle-by-cycle basis. Each phase is compensated

Figure 14.10 Thyristor controlled reactor (TCR) and mechani-
cally switched capacitors (MC).

Figure 14.11 Thyristor switched capacitors (TSC).
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independently and correction to unbalance is made.
Ferroresonance conditions are suppressed since the capacitors
are switched in and out on every cycle. The phase controlled
reactor is absent and there is no harmonic generation due to
the reactor currents.

14.4.5 Microprocessor-Based Static VAR
Controller

In this type of device, both the thyristor switched capacitors
and thryristor controlled reactors are controlled by a micro-
processor. Such a scheme gives a stepless control and is
suitable for fluctuating loads such as paper mills, arc welders,
arc furnaces, large motors, large power supplies, and pumping
stations. The performance of an SVC in a distribution system is
demonstrated from a practical standpoint [8]. The one-line
diagram of the microprocessor-based controller is shown in
Figure 14.12. The photographic view of the pole-mounted
installation is shown in Figure 14.13. The controller has a
range of 50 kVAR lagging to 750 kVAR leading per phase.
The other features of this controller are:

� For a paper mill application, where the motor load
may cause flicker.

Figure 14.12 One-line diagram of a microprocessor-based SVC.
(Reproduced from Reference [5], with permission from IEEE.)
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� 7,200V line to neutral rating.
� 50 kVAR inductive to 750kVAR capacitive per phase,

stepless control.
� Power factor ranging from 0.70 lagging to 0.866 leading.

The measured voltage profile before and after the installation
of the SVC is shown in Figure 14.14. It is claimed that before
installation of the SVC there were noticeable voltage fluctua-
tions. After the installation of the SVC, the voltage profile was
smoother and it was claimed that the flicker problem was
corrected.

14.4.6 STATCOM

The STATic synchronous COMpensator (STATCOM) consists
of a solid-state voltage source inverter with several Gate Turn
Off thyristor switch-based valves, a DC link capacitor, mag-
netic circuit, and a controller. The number of thyristors and
the various configurations of the magnetic circuit depend on
the desired quality of AC waveforms generated by the con-
troller. A one-line diagram of a typical STATCOM is shown
in Figure 14.15. The DC link capacitor is switched through
the inverter circuit and the required reactive power is injected
to the transmission circuit. The injected current is almost

Figure 14.13 Photographic view of the SVC installed at the paper
mill. (Reproduced from Reference [8], with permission from IEEE.)

Static VAR Compensators 255

© 2005 by Taylor & Francis Group, LLC



in quadrature with the line voltage, thereby emulating an
inductive or capacitive reactance at the point of connection
[9]. If Vt is the voltage at the line and Vi is the voltage at the
inverter terminal, then

� Vi >Vt: The inverter generates Q and the net effective
is capacitive.

Figure 14.14 Voltage profile without and with SVC. (Reproduced
from Reference [8], with permission from IEEE.)

Figure 14.15 A typical STATCOM (one phase only).
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� Vi <Vt: The inverter absorbs Q and the net effective
is inductive.

� Vi¼Vt: No net exchange of Q between the inverter
and the line.

14.5 LOSSES AND HARMONICS IN THE SVC

The losses in an SVC are important to consider when selecting
the rating. Since the thyristor controlled reactor operates at
various firing angles depending on the circuit, it is difficult to
specify the total losses at any given operating point. For a fixed
capacitor and switched reactor configuration, at no-load oper-
ating point, the capacitive and inductive VARS cancel. That
means that all the capacitive currents are circulated through
the inductive circuit. Then the losses decrease with the increase
in the capacitive VAR output, as shown in Figure 14.16 [7].
The overall expected losses in such a configuration are around
1% of the rating. In the switched capacitor and thyristor con-
trolled reactor configuration, the losses are low at the no-load
condition and increase with the increase in the capacitive VAR
output as shown in Figure 14.17. The losses in the thyristor
controlled reactor schemes will be higher than the estimated
values due to the presence of the harmonics.

14.5.1 Harmonics

In thyristor controlled reactor schemes, harmonics are gener-
ated due to the phase control. The amount of harmonics

Figure 14.16 Reactive power output versus losses in per unit.
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generated depends on the firing angle. There are advantages in
controlling the harmonic voltage distortion in terms of
decreased losses, decreased heating, less maintenance, reduced
misoperation of relaying, etc. Some issues related to certain
harmonics are discussed below.

14.5.1.1 Harmonics in Delta Connected
Configurations

The triple harmonic currents produced by the thyristor opera-
tion circulate in the delta. Such harmonics will not be present
in the system output.

14.5.1.2 Harmonics in the Wye Connected
Configurations

Wye connected reactor and capacitor banks are commonly used
and all types of harmonics are expected in the output. In order
to control the harmonics, tuned filters are generally employed
in the SVC installations. The filters can be 3rd, 5th, 7th, etc.,
depending on the harmonic magnitudes present at the given
installation. In order to demonstrate this concept, the ratings
of the switched reactor, capacitor, and the filter ratings of some
SVC installations are presented in Table 14.1. It can be seen
that SVC design is application specific and does not follow any
general specific guidelines.

Example 14.1

Consider a 17 mile distribution feeder supplied from a 69kV/
25 kV transformer (see Figure 14.18). A 600hp, three-phase
induction motor is supplied from the feeder through a 25kV/

Figure 14.17 Losses in the thyristor controlled reactor and
switched capacitor.
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12.5 kV transformer. The motor, starting at the pumping sta-
tion, was found to cause voltage dips of 12.5% on the 25 kV
feeder. The voltage dip duration was up to 15 s. An SVC
was considered for this application. Estimate the rating of
the SVC. Assume a suitable starting current/rated current
ratio.

Solution

Based on Reference [2] the SVC calculations are projected
below.

Motor hp (assumed motor hp¼kVA)¼ 600 kVA
Starting current/rated current¼ 4.125
Starting kVA of the motor (600� 4.125)¼ 2,475 kVA

Figure 14.18 One-line diagram of the SVC used in Example 14.1.

TABLE 14.1 Example Ratings of Some Practical SVC Installations

Location
kV

Reactor
MVAR

Cap.
MVAR

Transformer
kV

Filter
5th

Filter
7th Notes

KG&E 0.60 – 2.475 25/0.600 – – Ref [2]
Chester 18 163 363 138/18 Two Two Filter 31

MVAR [4]
Beaver 8.3 125 125 128/8.3 One One Filter 8

MVAR [6]
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Select an SVC voltage rating¼ 600V
Transformer voltage ratio¼ 12.5/25 kV/600V
Transformer kVA¼ 2,500
SVC, use 5�450 kVAR banks¼ 2,250 kVAR
Use one 225 kVAR bank¼ 225 kVAR
Total¼ 2,475 kVAR

Eleven possible switching combinations are identified and
listed below.

225 kVAR 1350 kVAR 2475 kVAR
450 kVAR 1575 kVAR
675 kVAR 1800 kVAR
900 kVAR 2025 kVAR

1125 kVAR 2250 kVAR

The one-line diagram of the system is shown in
Figure 14.18. The SVC reduces the flicker levels during the
motor starting to 1.55%.

14.6 EFFECT OF SVC ON BULK POWER
SYSTEMS

The application of SVC on a power system contributes to
damping power system oscillations, transient stability improve-
ment, and voltage support to prevent voltage instability.

14.6.1 Power Oscillation Damping

The dynamic behavior of a system is described by the swing
equation:

H
d2d

dt2
¼ Pm � Pe ð14:10Þ

where Pm ¼Mechanical power
Pe ¼Electrical power
H ¼System inertia
d ¼Rotor angle

Pm¼Pe ¼Accelerating power
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For small variations, assuming constant mechanical power
and expressing the change in electrical power in terms of
controllable voltage Vm at the midpoint voltage:

H
d2�d
dt2

þ
dPe

dVm
�Vm þ

dPe

dd
�d ¼ 0 ð14:11Þ

In the above equation if Vm¼ constant and �Vm¼ 0, then the
angle �d would oscillate with a frequency of:

o0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

H

qPe

qd

r
ð14:12Þ

To provide damping, the midpoint voltage must be varied as a
function of d qd=qtð Þ:

�Vm ¼ K
dð�dÞ
dt

ð14:13Þ

where K is a constant. If the midpoint voltage is increased by
providing capacitive VARS, then ðdð�dÞ=dtÞ must be positive in
order to increase the transmitted electric power. It is decreased
by absorbing inductive VARS when ðdð�dÞ=dtÞ is negative.
Power oscillation damping is achieved by alternating the
maximum available VAR output.

14.6.2 Improvement of the Transient Stability

Suppose Equation (14.5) is applied to each half of the line.
Then:

P ¼
V2

ðX=2Þ
sin

d
2

ð14:14Þ

The maximum power transfer obtained at ðd=2Þ ¼ ðp=2Þ
is ð2V2=X Þ, twice the steady-state limit of the uncompen-
sated case. In general, the transmission line reactance X can
be divided into equal sections with a perfect synchronous
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compensator. In such a case the power transfer is:

P ¼
V2

ðX=nÞ
sin

d
n

ð14:15Þ

which gives a maximum power transfer of nðV2=XÞ, n times
the steady-state power limit of the uncompensated line.
The improvement in transient stability will follow based on
the increase in the steady-state maximum power transfer.

14.6.3 Voltage Support

The receiving end voltage of a transmission line is a function
of the line impedance, the load, and the power factor. The
magnitude of voltage at the receiving end of a typical line as
a function of the receiving end power is given in Figure 14.19.
In the case of a weak power system, load changes, switching
of transmission lines, transformers, or large capacitor and
reactor banks can cause significant voltage variation at the
receiving end. In the extreme case, when the power demand
of the load exceeds the transmittable power limit at the given
load power factor, the receiving end voltage may collapse. A
typical system configuration for potential voltage instability is
a large load area supplied from two or more generator plants
with independent transmission lines. The loss of one of the
power sources could suddenly increase the load demand on

Figure 14.19 Variation of receiving end voltage as a function of P.

262 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



the remaining part of the system, causing the receiving end
voltage to collapse. The maximum transmittable power over a
given transmission line can be increased by increasing the
reactive power at the receiving end using an SVC. This sug-
gests that with a rapidly variable VAR source of appropriate
rating connected to the receiving end terminal, voltage col-
lapse could be prevented and constant terminal voltage can
be maintained.

14.7 CONCLUSIONS

The basic concepts of shunt reactive power compensations are
presented along with the effect on P and Q. It is shown that
by providing shunt compensation, the power transfer can be
increased between two terminals. The following five SVCs are
commonly used in the industry. Types of approximate reactor
and capacitor ratings are presented for comparison purposes.

It can be seen that the thyristor switched capacitor
scheme requires smaller bank size and the cost will be lower.
The response offered by this scheme will be in steps and will
require significant electronic control. Many of the schemes
in operation are thyristor controlled, reactor supported, with
fixed capacitors or switched capacitors. Such schemes
require significant harmonic filtering. The effect of SVC
on the bulk power system is to increase the power transfer
limits, increase the stability limits, and improve the voltage
profile.

Type
Capacitor
(MVAR)

Reactor
(MVAR)

Total
(MVAR)

TCR and FC 10 10 20
TCR and TSC 10 10 20
TCR and MC 10 10 20
TSC – 10 10
Microprocessor based [8] 2,250 kVAR 150 kVAR 2,400 kVAR
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SVS Specifications

Nominal system voltage
(line to line)

Nominal phase to
ground voltage

Maximum voltage, P.U Minimum voltage, P.U
Nominal frequency, Hz Minimum frequency, Hz
Maximum frequency, Hz Maximum frequency

and duration
Minimum frequency and
duration

Maximum short
circuit current

Maximum system short circuit
current, single-phase

Minimum system short circuit
current, three-phase

Minimum system short circuit
current, single-phase

Rated surge arrester voltage,
kV/phase

Rated basic insulation
level, kV

Rated switching surge
insulation level, kV peak

Maximum allowable voltage
distortion

Individual harmonic

Expected annual operating
hours (�100 toþ25%),
(�25 toþ25%),
(þ25 toþ100%)

Maximum operating
temperature, �C

Minimum operating
temperature, �C

Relative humidity, %
Elevation above mean sea level,
m or ft

Maximum wind velocity, mph/h
Isokereraunic level in G
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PROBLEMS

14.1. What are the different types of SVCs available?
Which is the popular type for utility applications?

14.2. Name a few applications for the static VAR
controller.

14.3. In a thyristor switched capacitor controller, if
there are three capacitor banks per phase with rat-
ings of 2, 4, and 8 MVAR, how many switching
choices are available?

14.4. What is the role of a thyristor controlled reactor?
What are the side effects of the controlled reactor?

14.5. What are the effects of SVC on a bulk power
system?

14.6. There are a few SVCs installed in utility applica-
tions. What prevents the application of these
devices on a large scale like shunt capacitors?
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15

PROTECTION OF SHUNT
CAPACITORS

15.1 INTRODUCTION

Protective relaying is applied to power system components
to separate the faulted equipment from the rest of the
system so that the system can continue to function, to limit
damage to faulted equipment, to minimize the possibility of
fire, and to ensure personnel safety. The shunt capacitor
banks are built using individual units connected in a series–
parallel combination. Capacitor bank protection is provided
against the following conditions [1–4]:

1. Overcurrent due to faults
2. Transient overvoltages
3. Overcurrents due to individual capacitor failure
4. Continuous capacitor unit overvoltage
5. Discharge of capacitor unit overvoltage
6. Inrush current during switching
7. Arc-over within the capacitor bank
8. Lightning

Table 15.1 identifies the types of faults in shunt capaci-
tor banks and the protection methods. Capacitor overcurrent
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protection, which is obtained through fuses, is outlined in
Chapter 16. Overall fault protection is performed through the
use of circuit breakers as discussed in Chapter 17. Surge pro-
tection, which is achieved through surge arresters, is presented
in Chapter 18. Protective relaying arrangements are discussed
in this chapter.

15.2 OVERCURRENT PROTECTION

Overcurrent condition may arise in individual capacitor units
or in the capacitor bank within the capacitor phases and also
due to system unbalances. In order to protect the capacitor
banks from various failures, several protective measures are
taken. The first line of overcurrent protection of the capacitor
bank is the fuse. Protecting a capacitor bank against a single
line-to-ground fault, line-to-line fault, or three-phase fault
requires an overcurrent protection scheme. Consider power
fuses or circuit breakers with associated relay circuits as
shown in Figure 15.1. The primary and the secondary over-
current relays are provided and are designated as:

1. 51, 51N for overcurrent protection.
2. 52, AC circuit breaker for tripping the capacitor bank.

TABLE 15.1 Shunt Capacitor Protection Methods

Fault Condition Protection Measures

Bus faults Circuit breaker with overcurrent
relay, fuses

System surge voltages Surge arrester and spark gaps
Inrush currents Series reactors or controlled switching
Discharge current from
parallel banks

1. Current limiting reactors
2. Proper bank selection

Overcurrent due to individual
unit fuse operation

Current limiting or expulsion fuse

Continuous capacitor unit
overvoltage

1. Unbalance detection with
current/voltage relays or double
wye banks

2. Phase voltage relays
Rack faults Unbalance detection, overcurrent relays
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These relays are set to clear capacitor bank failures by sensing
the overcurrent magnitudes. Usually the overcurrent magni-
tudes are sensed using the CT and the circuit breaker is
tripped. Capacitor banks can operate at 135% of rated current
according to the requirements of the standards, but with
the switched capacitors, the current can vary depending
on the number of capacitors in service, and setting the phase
overcurrent relay may be difficult. Time overcurrent relays
may be given normal settings without experiencing false opera-
tions during switching or inrush currents. Instantaneous
relays must be set high to override these transient currents.
The recommended instantaneous overcurrent relay setting is
three times the capacitor current when no parallel banks are
present.

15.3 PROTECTION AGAINST RACK FAILURES

Sometimes arc-over occurs in the capacitor units between the
series or parallel units due to animal intrusion or contamina-
tion. A typical rack fault between two phases is shown in
Figure 15.2 [5]. When allowed to burn, such faults may produce
very little phase overcurrent. If allowed to continue, it may
involve more and more series groups of the same phase until
the instantaneous overcurrent relay trips or the fuses clear the
fault. The time involved in such faults may be of the order of
a few seconds. Such a failure may lead to case rupture and
blown fuses. Therefore, instantaneous overcurrent relays and
fuses may not be the best protection against rack failures.

Figure 15.1 Overcurrent protection for capacitor banks.
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Unbalance protection schemes are used to protect against rack
failures in the ungrounded capacitor banks. In the case of
ungrounded schemes the midrack failures are not detectable
using normal relaying. The most efficient protection for mid-
rack phase-to-phase faults is the negative sequence current.

15.4 UNBALANCE PROTECTION

The purpose of an unbalance detection scheme is to remove a
capacitor bank from the system in the event of a fuse opera-
tion. This will prevent damaging overvoltages across the
remaining capacitor units in the group where the operation
occurs, thereby protecting against a situation that can be
immediately harmful to the capacitor units or associated equip-
ment. Consider the capacitor connection shown in Figure 15.3.
When all the four capacitors are in service, the voltage across
each unit will be V/2. If one of the fuses is open, then the

Figure 15.3 Open fuse and voltage distribution in a series group.

 
Figure 15.2 Phase-to-phase fault leading to a rack failure.
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voltage across the upper branch is 2⁄3V and the lower branch is
1⁄3V. Such a voltage increase in any capacitor unit is unaccept-
able. The unbalance in the voltage has to be detected and the
unit must be isolated before significant damage occurs.

There are many methods available for detecting unbal-
ances in capacitor banks, but there is no practical method
that will provide protection under all possible conditions.
All unbalance detection schemes are set up to signal an
alarm upon an initial failure in a bank. Upon subsequent
critical failures, where damaging overvoltages are produced,
the bank would be tripped from the line. Typical detection
schemes associated with grounded and ungrounded wye banks
are discussed below. Since the delta connected banks are so
seldom used and ungrounded wye banks serve the same pur-
pose, delta configurations are not evaluated. Ten schemes
are discussed in this chapter. The failure of one or more capa-
citor units in a bank causes voltage unbalance. Unbalance in
the capacitor banks is identified based on the following
considerations.

� The unbalance relay should provide an alarm on 5% or
less overvoltage and trip the bank for overvoltages in
excess of 10% of the rated voltage.

� The unbalance relay should have time delay to mini-
mize the damage due to arcing fault between capacitor
units. Also, the time delay should be short enough to
avoid damage to sensors such as a voltage transformer
or current transformer.

� The unbalance relay should have time delay to avoid
false operations due to inrush, ground faults, light-
ning, and switching of equipment nearby. A 0.5
second delay should be adequate for most applications.

15.4.1 Scheme 1: Unbalance Relaying for
Grounded Capacitor Banks

In Figure 15.4, a grounded capacitor arrangement is shown
with neutral current relay. For a grounded wye bank or each
wye of a grounded split-wye bank, the allowable number of
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units that can be removed from one series group, given a max-
imum %VR on the remaining units, can be calculated using the
following formula [3]:

F ¼
NS

S� 1

� �
1�

Vph

SVc
�

100

%VR

� �
ð15:1Þ

If F is fractional, use the next lower whole number. The relay
is then set to signal the alarm upon failure of F units. The
neutral-to-ground current flow IN and relay setting upon
loss of F units for this scheme is determined by the following
formula:

IN ¼
IcVph

SVc

� �
�

NF

SðN � FÞ þ F

� �
ð15:2Þ

The relay would further be set to trip the bank upon loss of
Fþ 1 units. The neutral-to-ground current flow and relay set-
ting can be determined using Fþ 1 in place of F. The percent of
overvoltage for any number of units removed from a series
group can be determined by the following formula:

%VR ¼
Vph

SVc

� �
�

100SN

SðN � FÞ þ F

� �
ð15:3Þ

Figure 15.4 Neutral current sensing using a current transformer.
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where Vph¼Applied line-to-neutral voltage, kV
Vc¼Rated voltage of capacitor units, kV
VR¼Voltage on remaining units in group, %
F¼Units removed from one series group
IN¼Neutral-to-ground current flow, A
IU¼Rated current of one unit, A
S¼Number of series groups per phase
N¼Number of parallel units in one series group
F¼Number of units removed from one series group

A typical unbalance protective scheme consists of a current
transformer with a 5A secondary using a burden of 10–25 �
connected to a time-delayed voltage relay through suitable
filters. The advantages of this scheme are:

1. The capacitor bank contains twice as many parallel
units per series group compared to the double wye
bank for a given kVAR size which reduces the over-
voltage seen by the remaining units in a group in
event of a fuse operation.

2. This bank may require less substation area and
connections than a double wye bank.

3. Relatively inexpensive protection scheme.

The disadvantages of this scheme are:

1. Sensitive to system unbalance, which is a significant
factor for large banks.

2. Sensitive to triple harmonics and will generally require
a filter circuit.

3. Will not act when there is similar failure in all the
phases.

4. It is not possible to identify the phase of the failed
capacitor unit.

15.4.2 Scheme 2: Summation of Intermediate
Tap-Point Voltage; Grounded Wye
Capacitor Banks

Figure 15.5 shows an unbalance protection scheme for a
grounded wye capacitor bank using capacitor tap point
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voltages. Any unbalance in the capacitor units will cause an
unbalance in the voltages at the tap points. The resultant volt-
age in the open delta provides an indication of the unbalance.
The changes in the neutral current magnitude and voltage
are given by Equations (15.2) and (15.3), respectively.

15.4.3 Scheme 3: Neutral Current Differential
Protection; Grounded Split-Wye
Capacitor Banks

In this scheme shown in Figure 15.6, the neutrals of the two
sections are grounded through separate current transformers.
The CT secondaries are connected to an overcurrent relay,
which makes it insensitive to any outside condition, which

 

Figure 15.5 Unbalance detection using summation of inter-
mediate tap-point voltage in a grounded wye capacitor bank.

C

CT

C

CT Relay

Figure 15.6 Unbalance detection in a grounded split-wye capaci-
tor bank using two CTs.
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may affect both sections of the capacitor bank. The advantages
of this scheme are:

1. The scheme is not sensitive to system unbalance and
it is sensitive in detecting capacitor unit outages even
on very large capacitor banks.

2. Harmonic currents do not affect this scheme.
3. For very large banks with more than one series group

the amount of energy in the capacitors will decrease.
This will lower the fuse interrupting duty and may
reduce the cost of fuses.

By splitting the wye into two sections, the number of parallel
units per series group is decreased, thereby increasing the over-
voltages on the remaining units in the series group in the event
of a fuse operation. A double-wye type of capacitor bank needs
more substation area and connections. A balanced failure in
each wye does not provide any indication in this scheme.

15.4.4 Scheme 4: Voltage Differential
Protection Method for Grounded Wye
Capacitor Banks

In this scheme, shown in Figure 15.7, two three-phase
voltage transformer outputs are compared in a differential

Figure 15.7 Voltage difference prediction method for a grounded
wye connected capacitor bank.
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relay. Loss of capacitor unit in each phase can be detected
independently. The zero sequence voltage is present during
the unbalance in the shunt capacitor bank. The advantages
of this scheme are:

1. The capacitor bank contains twice as many parallel
units per series group compared to a split-wye
bank. The overvoltages seen by the remaining
units in a group in the event of a fuse operation
will be less.

2. This capacitor bank may require less substation area.
3. This scheme is less sensitive to system unbalance. It is

sensitive to failure detection in the series capacitors.

The main limitation of this scheme is that the number of PTs
required is six and extensive connections are also required.

15.4.4.1 Unbalance Detection in Ungrounded
Capacitor Banks

In order to detect the unbalance in ungrounded capacitor
banks, the voltage transformer or current transformer sensors
are used along with appropriate relays in the secondary circuit.
Six different schemes for the detection of unbalance in the
ungrounded capacitor circuits are presented.

15.4.5 Scheme 5: Neutral Voltage Unbalance
Protection Using Ungrounded Wye
Connected Capacitor Banks

Using a voltage transformer connected between the neutral
and the ground, any neutral voltage shift due to the failure of
a capacitor unit is sensed (see Figure 15.8) . The neutral voltage
shift (VNS) due to the loss of individual capacitor unit can be
calculated as:

%VNS ¼
100F

3SðN � FÞ þ 2F

� �
ð15:4Þ
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where F is the number of units removed from one series group.
The percentage overvoltage for any number of units removed
from a series group is given by:

%VR ¼
Vph

SVc

� �
�

300NS

3SðN � FÞ þ 2F

� �
ð15:5Þ

The unbalance protective scheme consists of a time-delayed
voltage relay with third harmonic filter connected across the
secondary of the PT. The potential transformer may be a
voltage transformer or a capacitive device. The voltage trans-
former for this application should be rated for full system
voltage because the neutral voltage can be expected to rise
above the rated voltage during certain switching operations.
The advantages of this scheme are:

1. The capacitor bank contains twice as many parallel
units per series group compared to a split-wye
bank. The overvoltages seen by the remaining
units in a group in the event of a fuse operation
will be less.

2. This capacitor bank may require less substation area
and connection in the power circuit.

3. This scheme is less sensitive to system unbalance.

Figure 15.8 Neutral voltage unbalance protection for ungrounded
wye capacitor bank using a PT.
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15.4.6 Scheme 6: Neutral Voltage Unbalance
Protection Method for Ungrounded
Capacitor Banks Using Capacitive
Voltage Divider

This scheme is similar to the PT scheme shown above (see
Figure 15.9). A conventional inverse time voltage relay is con-
nected across the grounded end capacitor. The grounded capac-
itor is a low voltage unit, 2400V or less, sized to provide the
desired unbalance voltage to the relay. In the event of one
phase open, the voltage in the neutral relay exceeds the short
time rating and a limiter has to be used. Scheme 6 has the
same advantages and disadvantages as Scheme 5.

15.4.7 Scheme 7: Neutral Voltage Unbalance
Detection Method for Ungrounded Wye
Capacitor Banks Using Three PTs

This scheme is shown in Figure 15.10. This protection scheme
uses three lines to neutral PTs with the secondary connected in
the broken delta and an overvoltage relay. This scheme has
advantages similar to Scheme 5. This scheme is sensitive to
triple harmonics and it is expensive.

Figure 15.9 Neutral voltage unbalance protection for an un-
grounded wye capacitor bank using a capacitor voltage divider.

278 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



15.4.8 Scheme 8: Neutral Current Unbalance
Detection Method for Ungrounded
Split-Wye Capacitor Banks

This scheme is shown in Figure 15.11. In this protection
scheme, a current transformer is used in the neutral circuit
to identify the unbalanced current. An overcurrent relay can
be used to provide an alarm or trip signal. The neutral current
due to the loss of individual capacitor units in a bank of two
individual capacitors units, in a bank of two equal sections, can
be determined [3]:

IN ¼ IcN½ �
Vph

SVc

� �
3F

6SðN � FÞ þ 5F

� �
ð15:6Þ

Figure 15.11 Ungrounded split-wye connected capacitor bank;
unbalance detection method using neutral current sensing.

Figure 15.10 Summation of line-to-neutral voltages with optional
line-to-neutral overvoltage protection using three PTs.
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The neutral voltage shift can be determined by:

%VR ¼
Vph

SVc

� �
600SN

6SðN � FÞ þ 5F

� �
ð15:7Þ

The scheme is not sensitive to system unbalance. The scheme
is sensitive to detection of capacitor unit outages and is not
affected by the harmonic currents. This scheme contains only
one CT and a relay. The disadvantages of this scheme are an
increase in the overvoltages per unit because there are
fewer parallel units per series group. The scheme requires
more substation area compared to a wye connected capacitor
bank.

15.4.9 Scheme 9: Neutral Voltage Protection
Method for Ungrounded Split-Wye
Connected Capacitor Banks

A schematic of this scheme is shown in Figure 15.12.
This scheme is similar to Scheme 8. The sensor is a PT. This
scheme is not sensitive to system unbalance, but it is sensitive
to unit outage and is relatively inexpensive. The split-wye may
require more substation area.

15.4.10 Scheme 10: Neutral Voltage Unbalance
Protection Method for Ungrounded
Split-Wye Connected Capacitor Banks

A schematic of this scheme is shown in Figure 15.13. The
relay is 59N. This scheme is not sensitive to system

Figure 15.12 Ungrounded split-wye connected capacitor bank;
unbalance detection method using a PT.
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unbalance, but it is sensitive to unit outage and is relatively
inexpensive.

15.4.10.1 Overvoltage and
Undervoltage Protection

The relaying for the overvoltage and undervoltage are
designated as:

59 for overvoltage protection
27 for undervoltage protection

These relays are normally set to coordinate with the system
characteristics and with shunt capacitor banks on the system.
Tripping for overvoltage typically occurs at 110% of the rated
voltage. The low voltage tripping is set at 0.95 of the rated
voltage. In certain circumstances, the undervoltage relays are
used to trip the capacitor banks when the system is
re-energized.

15.4.10.2 Voltage Differential Relays

The voltage differential relay is designated as 60 voltage or
current unbalance relay that operates on a given difference.
These relays compare the voltage across the total capacitor
bank with the midpoint voltage of the bank for each phase.
If one of the capacitor units is lost, then the ratio of the
two voltages will change. The change in the voltage will be

Figure 15.13 Ungrounded split-wye connected capacitor bank;
unbalance detection method using a neutral voltage sensing method.
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proportional to the change in the impedance in the capacitor
bank. The voltage differential relays are set to alarm for greater
than 0.7% but less than 1% change in the voltage ratio and
will trip at greater than 2% change in the voltage ratio.

15.4.10.3 Voltage Detection Relays

The voltage detection relays use the midpoint voltage and are
designated as 59–1/S and 59–2/S overvoltage relays. These
relays are set to alarm for one capacitor unit out and will
trip the circuit breaker for two capacitor units out.

15.4.10.4 Neutral Voltage Relays

The neutral voltage relays measure the voltages developed by
the neutral current through the capacitor bank and are desig-
nated as 59–1/P and 59–2/P overvoltage relays. The neutral
voltage relays need to filter the harmonics and only the voltage
due to the fundamental frequency will be used to operate
the relay. Loss of one capacitor unit is indicated by an alarm.
Loss of two capacitor units indicates the capacitor bank was
tripped.

Example 15.1

A 115kV, 97MVAR, three-phase, 60Hz, grounded wye capac-
itor bank is used for power factor correction. The capacitor
bank consists of 14 series capacitors per phase and 12 parallel
capacitors per phase. Each capacitor is rated for 5 kV and
300 kVAR per unit. The allowable continuous overvoltage of
these capacitor units is 110%. Calculate the relay settings for
the alarm and trip signals.

Solution

V/phase (115 kV/1.732)¼ 66.397 kV
Voltage per unit¼ 5 kV
kVAR per can¼ 300
Number of series units/phase, S¼ 14
Number of parallel units/phase, N¼ 12
Current per capacitor unit, Ic¼ 60A
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The percentage of overvoltage when one capacitor unit fails
(F¼ 1) is:

%VR ¼
Vph

SVc

� �
100SN

SðN � FÞ þ F

� �
¼

66:397

14� 5

ð100� 14� 12Þ

ð14Þð12� 1Þ þ 1

¼ 102:8%

If the system voltage is 1.05 times the nominal voltage, the
voltage will increase by 107.9%. This is within the acceptable
limits for continuous operation of the capacitor. Loss of
one unit should initiate an alarm. The neutral current of the
transformer is given by:

IN ¼
Ic=unit� Vph

SV

� �
NF

SðN � FÞ þ 1

� �

¼
60� 66:397

14� 5

12� 1

14ð12� 1Þ þ 1
¼ 4:4A

The percentage of overvoltage when a two-capacitor unit fails
(F¼ 2) is:

%VR ¼
66:397

14� 5

ð100� 14� 12Þ

ð14Þð12� 2Þ þ 2
¼ 112:2%

This voltage exceeds the voltage rating of the capacitor. Loss
of two units should initiate a circuit breaker trip to protect
the capacitor bank. The neutral current of the transformer is
given by:

IN ¼
60� 66:397

14� 5

12� 2

14ð12� 2Þ þ 2
¼ 9:6A

The neutral currents calculated due to the loss of one and two
units are based on a nominal voltage of 115 kV. If the system
voltage reaches 1.05 P.U., then the neutral will increase
directly with the system voltage.
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15.5 CONCLUSIONS

The basic protection schemes for shunt capacitor banks are
discussed, including overcurrent protection, rack fault failures,
and unbalance protection. A total of 10 schemes are presented
for grounded and ungrounded capacitor bank unbalance detec-
tion. A suitable unbalance detection scheme can be selected
based on the capacitor bank connection.

PROBLEMS

15.1. What are the different fault conditions against
which protection is required in a capacitor bank?
Which is the most severe form of fault in a capa-
citor bank?

15.2. What considerations must be taken into account
to identify unbalance in capacitor banks?

15.3. Identify an efficient unbalance detection scheme
for a grounded wye capacitor bank.

15.4. Identify an unbalance detection scheme suitable
for an ungrounded wye capacitor bank. What are
the advantages and disadvantages of this scheme?

15.5. A 230 kV, three-phase, 60Hz, grounded wye
capacitor bank is used for power factor correc-
tion. The capacitor bank consists of 14 series
capacitors per phase and seven parallel capacitors
per phase. Each capacitor is rated for 10.9 kV and
300kVAR per unit. The allowable continuous
overvoltage of these capacitor units is 110%.
Calculate the relay settings for the alarm and
trip signals. What is the design MVAR of the
capacitor bank? What is the delivered MVAR of
this bank at rated operating voltage?
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16

OVERCURRENT PROTECTION

16.1 INTRODUCTION

Capacitor units are protected from overcurrent by fuse links.
A fuse is a protection device with a melting part that is heated
by the passage of overcurrent through it. When a fuse opens,
the device is protected [1–5].

16.2 TYPES OF FUSING

The capacitor banks are protected either by an individual fuse
for each capacitor or by a group fuse.

16.2.1 Individual Fusing

In individual fusing, each capacitor unit is provided with a
separate fuse. The typical individual fusing arrangement for
an ungrounded wye capacitor bank is shown in Figure 16.1.
This type of fusing is used in outdoor substation capacitor
banks. Individual fusing is not commonly used in the
ungrounded wye capacitor banks due to the overvoltage
stress on units adjacent to a unit isolated by a fuse operation.
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16.2.2 Group Fusing

In group fusing, one fuse is used to protect several
capacitor units. An example of a group fusing for an
ungrounded wye capacitor bank is shown in Figure 16.2. The
group fuse protection is commonly used for the pole-mounted
capacitor banks. The fuses are mounted on cutouts and
installed on the cross arm above the capacitor bank. The func-
tion of the group fuse is to detect the escalating failure of a
single capacitor unit and remove the capacitor group from serv-
ice to prevent case rupture and damage to other units. The
group fuse should withstand the normal capacitor bank oper-
ating conditions without spurious fuse operations. The group
fuse should have the following withstand capabilities for
normal operation:

1. Continuous current. This includes consideration for a
harmonic component, capacitance tolerance (maximum
of 15%), and overvoltage (þ 10%). The continuous

Figure 16.2 Example of group fuse arrangement.

Figure 16.1 Example of individual fuse arrangement.
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current capability of the fuse is a minimum of
125–135% of the capacitor normal current.

2. Switching inrush current. The minimum melting curve
of the fuse is coordinated with the bank inrush cur-
rent to minimize the possibility of nuisance tripping.

3. Surge current. The surge current due to lightning
strike or a nearby arcing fault can be a concern in pole-
mounted capacitor banks with fuse ratings of small
value. In high lightning areas, slower fuse speeds
with higher surge withstand capability (T-speed) are
often used instead of high speed fuses (K-links).

4. Rated fuse voltage. The group fuse is rated for phase-
to-phase voltage in ungrounded wye banks and in
grounded wye banks. A higher voltage rating is
needed for ungrounded wye banks due to the higher
recovery voltage across the fuse when clearing a failed
fuse unit.

To minimize the possibility of case rupture of the failed unit
and damage to other units, the fuse should be selected to:

1. Interrupt the maximum 60Hz fault current expected.
In grounded wye and delta connected applications,
the maximum current is the system available fault
current at the capacitor location.

2. Coordinate with the capacitor case rupture curve for
each capacitor unit. The maximum total clearing time
of the fuse to be used must be on the left side of the
case rupture curve.

3. Remove the failed unit without impressing the excess-
ive overvoltages on good units. In ungrounded wye
applications, the line-to-line voltage will be impressed
on the good phases during shorting of a capacitor unit.

16.3 CAPACITOR FUSES

16.3.1 Expulsion Fuse

NEMA K-links usually are used in all the capacitor appli-
cations. NEMA K-link fuses are for faster applications.
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The T-link fuses are used for slower operations. A typical
cutout and a fuse link are shown in Figure 16.3. The typical
minimum melting time–current characteristic curves of
K-link fuses are shown in Figure E-1, Appendix E. The
preferred ratings are 6, 10, 25, 40, 65, 100, 140, and 200 K.
The intermediate ratings are 8, 12, 20, 30, 50, and 80 K.
The corresponding melting time for K-link fuses are listed
in Table E-1. The typical minimum melting time–current
characteristic curves of T-link fuses are shown in Figure E-2.
The preferred ratings of T-link fuses are the same as
K-link fuses. The melting times of T-link fuses are shown in
Table E-2.

A typical expulsion fuse has a short fusible element to
sense the overcurrent and start the arcing required for inter-
ruption. Attached to this fusible element is a large conductor
(fuse leader), which then connects to the fuse hardware.
During the fault, the fuse element will melt, producing an
arc inside the fuse cartridge. When the arc is produced, it
will rapidly create gases that will de-ionize and remove the

Figure 16.3 View of the cutout for an expulsion type of fuse and a
fuse link. (Courtesy of S&C Electric Company, Chicago.)
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arc generated by the ionized gases and allow a rapid buildup of
dielectric strength that can withstand the transient recovery
voltage and steady-state power system voltage. The expulsion
type of fuse link can be replaced with a new link. The difference
between the K-link and the T-link fuses is the speed ratio. The
K-links have speed ratios between 6 and 8.1. The T-links have
speed ratios between 10.0 and 13.0 [1]. The fault clearing of
an expulsion type of fuse is shown in Figure 16.4.

16.3.2 Current Limiting Fuse

The current limiting fuse limits the current to a substantially
lower value than the peak value of the fault current. An outline
of a current limiting fuse is shown in Figure 16.5. A current
limiting fuse consists of a fusible element made of silver,
packed with quartz filler, and sealed inside a strong ceramic
case. During a fault, the fusible element vaporizes and the

Figure 16.4 Fault clearing with an expulsion type of fuse.
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resulting arcs melt the surrounding quartz. This absorbs the
heat from the arcs, quickly extinguishing the arcs and clearing
the fault. The molten quartz cools and solidifies, forming insu-
lating plugs between the ends of the fuse links, thus preventing
restriking. This type of current limiting fuse is a one-time,
nonrenewable fuse that is discarded after operation and
replaced by a completely new fuse. Current limiting fuses are
available in two types, general purpose and backup. The fuses
usually cover 150–200% of the rated capacitor current.
The backup fuse is capable of interrupting all currents
from the rated interrupting current to the rated minimum
interrupting current. The backup fuse is used to clear high
fault current [2].

Figure 16.6 shows the plot of the fault current against
time in a typical current limiting fuse and the resulting ability
of the fuse to limit the magnitude of the let-through current.
The current through the fuse is asymmetrical, since the fuse
acts fast within the first cycle of the prospective fault current.
Heat is generated as the current rises rapidly, causing the fuse
element to melt before the current can reach the instantaneous
peak value. The area under the curve represents the total
energy and is referred to as the I2t value.

16.4 SELECTION OF FUSE LINKS

The following factors are considered when selecting a fuse link
for capacitor protection:

1. Continuous current
2. Voltage rating

Figure 16.5 The current limiting fuse.
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3. Capacitor tolerance
4. Harmonic currents
5. Fault current magnitudes
6. Transient currents due to back-to-back switching
7. Case rupture characteristics
8. Voltage on good capacitor units
9. Energy discharge into failed units

10. Outrush current
11. Coordination with unbalanced detection schemes

Consideration of these factors in the selection of a suitable fuse
link is discussed below.

16.4.1 Continuous Current

For capacitor applications, the fuse should withstand 135% of
rated current. For a single-phase capacitor unit:

I ðCapacitorÞ ¼
kVAR=unit

kV=unit
ð16:1Þ

Figure 16.6 Fault current interruption by the current limiting
fuse.
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For a capacitor in a three-phase circuit, the capacitor current is:

I ðCapacitorÞ ¼
kVAR=unitffiffiffiffi
3

p
kV=unit

ð16:2Þ

Capacitors are manufactured in accordance with industry
standards capable of operating at:

� 135% of rated kVAR
� 180% of rated current
� 110% of rated voltage continuously
� þ15% tolerance on capacitor production tolerance

The rms current (Irms) through the capacitor in a harmonic
environment can be calculated, knowing the harmonic compo-
nents and using Equation (16.3):

Irms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ I22 þ I23 . . . I

2
n

q
ð16:3Þ

The current through the individual fuse link required in a
capacitor circuit is given by:

I ðlinkÞ ¼
kVAR=unit

kV=unit
� 1:35 ð16:4Þ

In the case of NEMA K- and T-link fuses, which are 150% of
the rated capacitor current, Equation (16.4) should be divided
by 1.5 to get the desired fuse rating:

I ðlinkÞ ¼
kVAR=unit

kV=unit
�

1:35

1:5
ð16:5Þ

The fuse current for a three-phase capacitor bank is given by:

I ðGroup FuseÞ ¼
kVAR=unitffiffiffiffi
3

p
kV=unit

�
1:35

1:5
ð16:6Þ

16.4.2 Voltage Rating

In a power system, the acceptable tolerance on the voltage is
�5%. For example, the expected operating voltage range for a
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2.4 kV system is 2.28–2.52 kV. The voltage rating of the fuse
link has to be higher than the supply voltage. Based on
Equation (16.5), the fuse links for individual capacitor units
are shown in Table 16.1. Based on Equation (16.6), the fuses
for group capacitors for a few selected ratings are listed in
Table 16.2.

Example 16.1

Select a fuse link for a 100 kVAR, 2.4 kV, single-phase capacitor
unit.

Solution

kVAR ¼ 100, kV ¼ 2:4

I ðlinkÞ ¼
100 kVAR

2:4kV
�

1:35

1:5
¼ 37:4A

Select a 40K-link fuse with a voltage rating of 4.3 kV.
As indicated in the current limiting fuses, the

capacitor banks are sometimes protected with fast acting
current limiting fuses. The capacitor current is calculated
using Equation (16.1) or (16.2). Then the fuse current is
calculated as:

I ðCurrent limiting fuseÞ ¼ 1:5� Capacitor current ð16:7Þ

The factor 1.5 is a safety margin to account for overvoltage,
harmonics, capacitor tolerances, and I2t melting characteris-
tics. Typical current limiting fuses for various kVAR ratings
based on Equation (16.7) are presented in Table 16.3.

Example 16.2

Select a current limiting fuse for a 100 kVAR, 2.4 kV, single-
phase capacitor unit.
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TABLE 16.1 Expulsion Fuses for Individual Capacitors Based on Equation (16.5) for Grounded Wye
Connection

Cap
Unit

Fuse
Voltage

50 kVAR Unit 100 kVAR Unit 150kVAR Unit 200kVAR Unit 300kVAR Unit

kV kV
I (Fuse)

A
Fuse
Link

I (Fuse)
A

Fuse
Link

I (Fuse)
A

Fuse
Link

I (Fuse)
A

Fuse
Link

I (Fuse)
A

Fuse
Link

2.4 4.3 18.8 25K 37.5 40K 56.3 65K 75.0 80K 112.5 140K
2.77 4.3 16.2 25K 32.5 40K 48.7 65K 65.0 80K 97.5 140K
4.16 4.3 10.8 25K 21.6 40K 32.5 40K 43.3 65K 64.9 80K
4.8 5.5 9.4 10K 18.8 25K 28.1 40K 37.5 40K 56.3 65K
7.2 15.5 6.3 10K 12.5 25K 18.8 25K 25.0 40K 37.5 40K
7.62 15.5 5.9 10K 11.8 25K 17.7 25K 23.6 40K 35.4 40K
7.96 15.5 5.7 10K 11.3 25K 17.0 25K 22.6 40K 33.9 40K
8.32 15.5 5.4 8K 10.8 8K 16.2 25K 21.6 40K 32.5 40K

12.47 15.5 3.6 8K 7.2 10K 10.8 12K 14.4 25K 21.7 40K
13.28 35.0 3.4 8K 6.8 10K 10.2 12K 13.6 25K 20.3 40K
13.80 35.0 3.3 8K 6.5 10K 9.8 12K 13.0 25K 19.6 40K
14.40 35.0 3.1 8K 6.3 10K 9.4 12K 12.5 25K 18.8 40K
19.92 35 2.3 8K 4.5 10K 6.8 10K 9.0 10K 13.6 20K

2
9
6

P
o
w
er

System
C
ap

acito
rs
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TABLE 16.2 Expulsion Fuse for Group Capacitors Based on Equation (16.6) for Grounded Wye Connection
(MVAR Given is Three Phase)

System
kV

Fuse
kV

150
kVAR

300
kVAR

450
kVAR

600
kVAR

900
kVAR

1200
kVAR

1800
kVAR

2400
kVAR

3000
kVAR

2.4 4.3 40K 80K - - - - - - -
2.77 4.3 40K 80K 100K - - - - - -
4.16 4.3 30K 65K 65K 100K - - - - -
4.8 5.5 25K 40K 65K 80K - - - - -
6.64 15.5 20K 40K 50K 65K 80K - - - -
7.2 15.5 20K 30K 40K 65K 80K 100K - - -
7.96 15.5 20K 30K 40K 65K 80K 100K - - -
8.32 15.5 20K 30K 40K 50K 65K 100K - - -
9.96 15.5 10K 25K 30K 50K 65K 80K 140K - -

12.47 15.5 10K 25K 30K 40K 50K 65K 100K 120K -
13.8 35.0 10K 25K 25K 40K 50K 65K 80K 120K -
14.4 35 10K 25K 25K 30K 40K 65K 80K 100K -
19.2 35 6K 10K 20K 30K 40K 40K 65K 80K 100K
21.6 35 - - 20K 25K 40K 40K 65K 80K 100K
23.0 35 - - 12K 25K 30K 40K 65K 80K 80K
24.8 35 - - 12K 12K 30K 30K 65K 65K 80K
34.5 35 - - - 12K 20K 30K 40K 50K 65K

O
vercu

rren
t
P
ro
tectio

n
2
9
7
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TABLE 16.3 Current Limiting Fuses for Capacitor Applications Based on Equation (16.7)

100 kVAR Unit 200kVAR Unit 300kVAR Unit 400kVAR Unit

Capacitor
kV

Fuse
kV I (Cap) I (Fuse)

Fuse
A I (Cap) I (Fuse)

Fuse
A I (Cap) I (Fuse)

Fuse
A I (Cap) I (Fuse)

Fuse
A

2.40 4.3 42 63 65 83 125 130 125 188 200
2.77 4.3 36 54 65 72 108 130 108 162 200
4.16 4.3 24 36 65 48 72 75 82 108 130 96 144 150
4.8 5.5 21 31 40 42 63 65 63 94 100 83 125 130
6.64 8.3 15 23 25 30 45 50 45 68 80 60 90 100
7.20 8.3 14 21 25 28 42 50 42 63 65 56 83 100
7.96 8.3 13 19 20 25 38 40 38 57 65 50 75 80
8.32 8.3 12 18 20 24 36 40 36 54 65 48 72 80
9.96 15.5 10 15 18 20 30 40 30 45 50 40 60 65

12.47 15.5 8 12 18 16 24 25 24 36 40 32 48 50
13.80 15.5 7 12 18 14 22 25 22 33 40 29 43 50
14.40 15.5 7 12 18 14 21 25 21 31 40 28 43 50
19.2 23 5 8 12 10 18 25 16 23 25 21 31 40
21.6 23 5 8 12 9 18 25 14 21 25 19 28 30

2
9
8
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Solution

kVAR ¼ 100; kV ¼ 2:4

I ðCapacitorÞ ¼
100 kVAR

2:4 kV
¼ 41:7A

I ðCurrent limiting fuseÞ ¼ 1:5� I ðcapacitorÞ

¼ 1:5� 41:7A ¼ 62:5A

Select a 65A fuse and a 4.3 kV fuse link.

16.4.3 Capacitor Tolerance

The acceptable tolerance on the capacitor unit is þ15%.

16.4.4 Harmonic Currents

When capacitor units are added to the power system for power
factor correction, this will change the frequency response char-
acteristics of the system. This is illustrated using the circuit in
Figure 20.8 and the response without and with shunt capaci-
tors in Figure 20.9 (Chapter 20). The effect of a tuned filter is
studied using the circuit in Figure 20.10. The frequency
response of the system with a tuned filter is shown in Figure
14.9. Results also show that the individual voltage and current
harmonics are reduced by the use of tuned filters. The source of
harmonic resonance and voltage magnification are discussed in
Chapter 22, using Figure 22.22. During energization of high
voltage capacitors, the low voltage capacitor circuit shows
significant oscillations in the absence of suitable damping.
Such a condition will increase the harmonic currents. The
harmonic currents have to be accounted for in calculating the
rms current through the capacitor using Equation (16.3).

16.4.5 Fault Current Magnitudes

The available current at the capacitor location should be
considered in the selection of the fuse link. When there is
a fault, the capacitor must be able to withstand the fault
current until the fuse interrupts the fault current successfully.
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The fault current duty will be very severe in the case of a
bus fault [3], close to the capacitor location. An example circuit
with such a fault is shown in Figure 16.7. During the bus
fault, there is a small impedance between the capacitor and
the fault location to control the fault current. A typical wave-
form of the current is shown in Figure 16.8. The frequency
of the fault current is 5,000Hz. For typical all-film capac-
itors, the available fault current should not exceed the limits
given in Table 16.4 [4]. If these levels are exceeded, then
current limiting fuses should be used. For specific capacitors,
the fault current limit value should be obtained from the
manufacturer.

Figure 16.8 The current during SLG fault close to the shunt
capacitor location.

Figure 16.7 Circuit diagram showing a bus fault with a shunt
capacitor bank.
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16.4.6 Transient Currents due to
Back-to-Back Switching

Consider two capacitor banks connected to the same bus as
shown in Figure 16.9. The capacitor unit C1 is in service and
the capacitor unit C2 is not in service. C1 is charged and C2 is
not charged. Therefore, closing the switch to energize the
capacitor bank produces a transient inrush current. A typical
time domain plot is shown in Figure 16.10. This may not be the
case in pole-mounted capacitors, but in many industrial and
substation capacitors, such back-to-back switching can occur.
The magnitude and frequency of transient inrush current
depends on applied voltage, the point of closing, the capac-
itance MVAR rating of the banks, and damping due to closing
resistance in the circuit breaker. The frequency of the transi-
ent current in the example is 1,300Hz. The capacitor fuses are

TABLE 16.4 Fault Current Limits for All-Film Capacitors

Max. Sym. Fault Current
rms A, When X/R is

Maximum Fuse
Rating Used

TV Level 0 5 10 15 K-Link T-Link

50 and 100kVAR
Less than 5kV 4300 3000 2600 2500 50 25
Above 30kV 3100 2200 1900 1800 30 20
With 38 kV cutout 2000 1700 1500 1400 30EK 20ET
150, 200, 300, and 400 kVAR
Less than 9kV 8400 5900 5100 4800 80 50
Less than 9kV 7900 5600 4800 4600 100 -
Greater than 9kV 6300 4400 3800 3600 65 40
Greater than 9kV 5700 4000 3400 3300 80 -
With 38 kV cutout 4100 3400 3100 2900 65EK 40ET

Figure 16.9 Back-to-back capacitor on a 230 kV system for
phase A.
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also subject to high frequency transient currents due to light-
ning surges. To minimize spurious operations due to lightning
surges, T-links are used in low current circuits below 25A. The
K-link fuses are used for circuits above 25A. T-link fuses can
withstand a higher surge current than K-link fuses.

16.4.7 Case Rupture Characteristics

The maximum clearing time characteristics curve for the fuse
link must coordinate with the case rupture curve of the capac-
itor. Such coordination is necessary to ensure that the fuse will
clear the circuit prior to case rupture when an internal fault
occurs. The maximum clearing time of the fuse must fall to
the left of the case rupture curve at and below the level of
the available fault current. Figure 16.11 shows a typical case
rupture curve for a capacitor. The safe and unsafe zones are

Figure 16.11 Typical capacitor tank rupture curve.

Figure 16.10 Current waveform during back-to-back switching in
phase A.
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identified in this curve. The melting characteristics of the fuse
have to be in the safe zone of this curve. In the event of a fault,
the fuse will go first and the case rupture will not occur.

16.4.8 Voltage on Good Capacitor Units

In ungroundedwye connected capacitor banks, when a capacitor
in one phase fails, the voltage on the unfaulted phases will be
1.732 times the rated voltage. If the failed unit is not removed
quickly, then the other units will fail due to overvoltage, leading
to phase-to-phase fault. Therefore, it is desirable to use a fault-
clearing fuse to minimize the possibility of second unit failure.
This criterion requires a fast acting fuse such as a K-link. The
transient clearing requires a slow acting fuse such as a T-link. A
smaller rating fuse can perform a faster clearing. Table 7.4,
Chapter 7 presents the voltage on other series groups in the
bank when a capacitor unit is shorted on phase A.

16.4.9 Energy Discharge into Failed Capacitor
Units

Both the capacitor and the fuse should be capable of handling
the energy available in the parallel units. When a capacitor
failure occurs, all the stored energy of the parallel capacitor
units can discharge through the failed capacitor and the fuse.
Figure 16.12 shows a diagram illustrating this condition.
The calculated stored energy should not exceed the energy
capability of the capacitor unit and the fuse. Exceeding this
rating may result in a fuse failure and rupture of the capacitor
case. The calculated value of energy should not exceed 10,000 J
(i.e., 3,100 kVAR in parallel) for paper or film capacitors and

Figure 16.12 Current flow into a failed capacitor unit; only one
phase is shown.
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15,000 J (i.e., 4,650 kVAR in parallel) for all-film capacitors.
When the calculated value of the energy exceeds the limits,
the following two options are available.

� Redesign the capacitor bank to reduce the amount of
stored energy in the parallel units. This can be done
using additional series groups or reconnecting the
bank in a split-wye configuration.

� Use current limiting fuses. This involves more losses
in the fuses and increased cost.

Therefore, it can be seen that fusing is not the limit in the
design of large banks.

16.4.10 Outrush Currents

The fuses connected to the unfailed capacitor units must
withstand high frequency I2t discharge of the failed capacitor.
When a capacitor failure occurs, the remaining units will dis-
charge energy into the failed unit. The fuses on the unfailed
capacitor should be able to withstand the high frequency
discharge in order to avoid multiple fuse operations. Proper
consideration of the criteria requires an understanding of the
I2t capabilities of the fuse and the I2t outrush capacity of the
capacitor. The application requires the fastest fuse link to meet
the outrush current.

16.4.11 Coordination with Unbalanced
Detection Schemes

When a fuse operates in a capacitor bank, an increase in the
voltage occurs on the remaining units in the series group.
Usually, an unbalance detection scheme is used to monitor
such conditions. Upon operation of the first fuse, if the over-
voltage on the remaining capacitors is less than 110%, an alarm
will sound. If the overvoltage exceeds 110%, the capacitor bank
will be tripped. Load break switches or circuit breakers are
used to switch capacitor banks on and off. Unbalance detection
scheme settings should be coordinated with fuse TCC, so that
the fuse will be allowed to clear a failed capacitor unit before the
unbalance detection scheme trips the capacitor bank. If the

304 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



capacitor bank is tripped before the fuse operates, there will be
no visible indication of the cause for the removal of the bank. A
proper time delay has to be included so that the fuse operates
first and the unbalance detection operates at a delayed time.

16.5 EFFECT OF OPEN FUSES

In cable connected circuits, there is significant capacitance and
the effect of one open phase has to be considered. If there is
a potential transformer connected in the same circuit, then
there will be interaction between the cable capacitance and
magnetizing reactance of the potential transformer, causing
ferroresonance. One such circuit used in ferroresonance simu-
lation is shown in Figure 16.13. One open fuse will produce
unbalanced voltage in all the 13.8 kV circuits, including the
voltage transformer circuit. The fuse is modeled as a three-
pole switch. The 75 ft cable between the fuse and the service
transformer is represented by an impedance and 0.003 mF.

One phase open is a serious type of fault in unloaded lines
because the voltage in the open phase can go up to 2 P.U.
This is called neutral inversion. The motors can start running
in the reverse direction with this type of supply condition. The
issues related to open conductor and remedial approaches are
discussed in IEEE Standard C57.105. Neutral inversion is
a steady-state voltage condition and the corresponding
unbalanced condition is difficult to control. If the transformer
is not protected properly, it will fail due to overload (ther-
mally). The lightning arrester in the circuit will fail because

Figure 16.13 Circuit diagram to simulate one fuse open.
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the MCOV voltage rating is exceeded for a prolonged duration.
Unbalanced voltage is produced in the broken delta. The volt-
ages for the three phases are presented in Figure 16.14. The
voltages in the phases are 17, 14, and 7kV, respectively. The
corresponding per unit values are 1.5, 1.24, and 0.62 P.U.,
respectively. The voltage in the open circuit is 1.5P.U., which
will cause damage to sensitive equipment. Any capacitor bank
in such a circuit has to be tripped in order to avoid
equipment damage.

16.6 CONCLUSIONS

The following conclusions are made regarding capacitor
fusing.

1. To meet the continuous current requirement, a mini-
mum fuse link is required, such as a T-link. To meet
the faster fault clearing, a K-link fuse is required.

2. To meet the fault current to discharge into a failed
capacitor, the unit needs a current limiting type of
fuse.

3. Faster fuse clearing time characteristics are needed
to coordinate with the capacitor case rupture curve.

Figure 16.14 Voltage waveforms in a 13.8 kV circuit with one fuse
open.
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A faster fuse clearing also minimizes the overvoltages
on good capacitor units during a unit failure.

4. Slow fuse melting characteristics are needed to with-
stand the transient currents due to back-to-back
switching and outrush current due to unit failure.

It is not always possible to meet all the criteria. A fuse link is
chosen based on the steady-state current and the desired safety
factors.

PROBLEMS

16.1. What type of fusing arrangement can be provided
for capacitors?

16.2. What fuses are used in capacitor protection?
16.3. List the considerations when selecting a fuse for a

capacitor circuit.
16.4. Consider a 300kVAR, 13.8 kV, 60Hz, single-phase

capacitor unit. Select a suitable fuse link for this
capacitor application. If this capacitor is applied in
a 6.6 kV circuit, then what is the delivered kVAR?
What rating of fuse link is to be used for proper
overcurrent protection?

16.5. It was identified that the transient inrush current
during a back-to-back capacitor switching contains
high frequency components. What is the source of
this high frequency?

16.6. Consider a three-phase, 480V, 60Hz supply. The
circuit is provided with grounded wye capacitors
for power factor correction. The fuse in one phase
is open. The fuses in the other two phases are in
good condition. Can you estimate the voltage in
the other phases? Use phasor, symmetrical compo-
nents, or any other technique. Explain why such
voltage magnitudes are observed.

16.7. Select a current limiting fuse for a single-phase,
400 kVAR, 13.8 kV capacitor unit.
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17

CIRCUIT BREAKERS

17.1 INTRODUCTION

Circuit breakers are electromechanical devices used in the
power system to connect or disconnect the power supply at
the generator, substation, or load location. The circuit breaker
consists of current-carrying contacts called electrodes. When
the power is on, these electrodes are normally in contact and
they will be apart when the power is disconnected. During the
disconnection of the power supply, the contacts are separated
and an arc is struck between them. The arc plays an important
role in the interruption process by providing for the gradual
transition from current-carrying to voltage-withstanding state
of the contacts. Most of the technical problems in the circuit
breaker are related to arc quenching and transient overvolt-
ages across the circuit breaker blades in the open condition.
The opening and closing of the circuit breakers in a capacitive
circuit poses additional technical problems due to the energy
stored in the capacitor elements.

17.2 TYPES OF CIRCUIT BREAKERS

The circuit breaker is a mechanical device capable of making,
carrying, and breaking currents under normal conditions.
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The circuit breaker also should have the capability of making,
carrying, and breaking currents under specific abnormal cir-
cuit conditions. The circuit breakers are classified into various
categories based on voltage levels, switching duty, installation,
and interrupting medium [1–5].

17.2.1 Circuit Breakers Based on Voltage Levels

Industry standards identify circuit breakers as (a) below 72.5 kV
and (b) above 121kV. Such classification is applicable to all
circuit breakers including gas insulated switchgear [4]. The
list of circuit breakers based on the above classification is
presented in Appendix C.

17.2.2 Circuit Breakers Based on Switching
Duty

Circuit breakers are used for switching resistive, inductive, and
capacitive load currents. The resistive and inductive current
handling can be performed by circuit breakers designed for
normal switching operations. The circuit breakers intended
for capacitive current switching operations are special purpose
devices. The classification based on the switching duty is:

� Normal duty circuit breakers for inductive currents.
� Special circuit breakers for capacitive current applica-

tions.

Such classification of circuit breakers is identified in Appendix
C for voltages below 72.5 kV and above 121 kV levels.

17.2.3 Circuit Breakers Based on Installations

Circuit breakers can be used in either indoor or outdoor instal-
lations. Indoor circuit breakers are designed for use only inside
buildings or weather-resistant enclosures. For example, the
medium voltage circuit breakers are designed for use inside a
metal-clad switchgear enclosure. The circuit breakers for out-
door applications are equipped with enclosures resistant to
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weather changes. The internal parts in both the indoor and
outdoor circuit breakers are the same.

The outdoor circuit breakers can be classified as
dead tank or live tank. A dead tank circuit breaker is a
device in which the tank of the circuit breaker is at ground
potential. The interrupters are surrounded by an insulating
medium inside the tank. A live tank breaker is a switching
device in which the tank housing the interrupters and insu-
lating medium is above the ground potential. The IEC
standard on the live tank circuit breakers claims the following
advantages [6]:

� Low cost and smaller size.
� Less installation space requirements.
� Use of lesser amount of insulating medium.

However, the live circuit breakers are likely to cause problems
during an earthquake. The dead tank circuit breakers are
commonly used in U.S. utilities. The ANSI standard claims
the following advantages:

� Better seismic withstand capability.
� Factory assembled and contains safe enclosure.
� The separate input and output bushing helps to install

current transformers for measurement.

The dead tank circuit breakers are more robust and expensive
compared to the live tank circuit breakers.

17.2.4 Circuit Breakers Based on Interrupting
Medium

In an air circuit breaker, the main components are the inter-
rupting mechanisms, the interrupting medium, and the tank.
The methods that are used to achieve interaction between the
interrupting medium and the electric arc are different in var-
ious circuit breakers. Some of the interrupting media used in
circuit breaker applications are air, oil, compressed air, vacuum,
and SF6. A description of the circuit breakers using these
media is presented below.
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17.2.4.1 Air Circuit Breakers

This type of circuit breaker consists of three single-pole units
linked together by an insulating crossbar. The pole assembly is
mounted on a panel of insulating material with arc resisting
barriers on both sides of each pole. The arc interruption process
of air circuit breakers is based on the de-ionization of the gases
by a cooling action. In the simplest type of air circuit breaker,
the contacts are made in the form of two horns. The arc initially
strikes across the shortest distance between the horns. Then the
arc extends upwards across the horns and slowly decays as the
distance between the electrodes increases.

In the magnetic blowout type of air circuit breaker, the
arc extinction is performed by means of a magnetic blast. In
this case, the arc is subjected to the action of a magnetic field
setup by the coils connected in series with the circuit being
interrupted. The arc is blown magnetically into the vertical
arc chutes, where the arc is lengthened, cooled, and extin-
guished. The arc chutes help break the arc and prevent the
spreading of the arc to adjacent metal parts. This type of circuit
breaker is used at voltage levels up to 11 kV.

Another air circuit breaker design is based on the arc
splitter type. In this design, the blowouts consist of steel
inserts in the arc chutes. The arc chutes divide the moving
arc in the vertical direction. When the arc comes into contact
with long steel plates, it cools rapidly. Such construction is
useful for heavy duty applications. Air circuit breakers are sui-
table for the control of power plant auxiliary systems and
industrial plants. These circuit breakers are installed on the
ground and provide a high degree of safety.

17.2.4.2 Oil Circuit Breakers

In this type of circuit breaker, the interrupting contacts are
immersed in oil. The arc produced during the separation of
electrodes evaporates the surrounding oil. The arcing in the
oil produces the hydrogen gas. The presence of oil helps
extinguish the arc rapidly and provides much needed insulation
for the live exposed metal parts. Usually, the oil is flammable
and may cause fire hazards if a failure occurs. Carbon is formed
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during the arcing process and the oil is polluted, decreasing the
dielectric strength over a period of time. Therefore, periodic
maintenance and replacement of oil are necessary. There are
different versions of these breakers such as plain oil circuit
breakers, bulk oil circuit breakers, and minimum oil circuit
breakers. The oil breakers are commonly used up to 110 kV
levels.

17.2.4.3 Air Blast Circuit Breaker

In the high voltage systems, high speed operations are achieved
by using compressed air as a circuit breaking medium.
Compressed air, nitrogen, carbon dioxide, hydrogen, and freon
type of gases are used in the circuit breaker applications. The
compressed air is passed through the parting electrodes and
the arc is extinguished rapidly. The three types of air blast
arrangements used are axial blast, radial blast, and cross
blast. This type of circuit breaker construction is used for
currents of 2,000–4,000A.

17.2.4.4 Vacuum Circuit Breakers

Vacuum has the highest insulating strength. When the
electrodes of a circuit breaker are opened, the interruption
occurs at the first current zero. Therefore, the dielectric
strength across the electrodes will build up faster than that
obtained in a conventional circuit breaker. The vacuum circuit
breaker is a very simple device compared to the oil or air blast
circuit breakers. Two contacts are mounted inside an insulat-
ing vacuum-sealed container. One of the electrodes is fixed and
the other may be moveable through a short distance. A metallic
shield surrounds the contacts and protects the insulating con-
tainer. One end of the fixed contact is brought out of the cham-
ber, to which external connection can be made. The moving
contact is firmly joined to the operating rod of the mechanism.
The lower end is fixed to a spring-operated mechanism, so that
the metallic bellows inside the chamber are moved upward or
downward during closing and opening operations, respectively.
These operations are performed without bouncing. These
features enable the vacuum circuit breaker to operate for
a large number of opening and closing operations without
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significant maintenance. Since there is no bouncing during
the operation, vaccum circuit breakers can interrupt the
capacitive currents without restrike.

17.2.4.5 Sulphur Hexafluoride (SF6) Circuit
Breakers

SF6 is about five times heavier than air and is used as the
medium of insulation and arc interruption in this type of
circuit breaker. The gas is claimed to be chemically stable, odor-
less, inert, nonflammable, and nontoxic. The gas has high dielec-
tric strength and outstanding arc quenching properties. The
main parts of an SF6 circuit breaker are a tank, the interrupter
units, the operating mechanisms, the bushings, and the gas
system. Since the by-products of the decomposed SF6 are
unhealthy, the circuit breaker requires a sealed construction,
which is expensive. The overall performance of the SF6 circuit
breaker is superior to similar equipment operating in the pre-
sence of other media. An example of a definite purpose, 120 kV,
40 kA, three-phase, SF6 circuit breaker is shown in Figure 17.1.

This type of circuit breaker is suitable for shunt capacitor
switching and has a significant effect on the magnitude of over-
voltages produced. For many years, oil circuit breakers were
commonly used to switch shunt capacitor banks. The interrup-
ters in these circuit breakers require several cycles of arcing
prior to successful interruption of the fault current. Such a
delayed interruption results in restriking and high transient
overvoltages. Although oil circuit breakers are still used by
utilities for capacitor switching, these circuit breakers are
known to produce overvoltage problems.

The gas circuit breakers such as air blast and SF6 can
interrupt the capacitive currents without restrike during
de-energization and are extensively used in high voltage sys-
tems. It becomes expensive to install closing resistors in gas
breakers at higher voltage levels in order to handle the energi-
zation transients.

Vacuum circuit breakers are known to produce signi-
ficant overvoltages when switching shunt capacitor banks.
It is difficult to fit vacuum interrupters with closing or
opening resistors. Vacuum interrupters can interrupt high
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frequency currents successfully, and they can produce transi-
ents on closing due to multiple prestrikes. If a restrike occurs
during de-energization of a vacuum interrupter, then that will
produce transients higher than any other types of circuit
breakers can produce.

17.3 CIRCUIT BREAKER RATINGS

A circuit breaker should have the capability of carrying the
rated current at rated voltage conditions. During a short
circuit, the circuit breaker must be capable of opening upon
occurrence of the fault and performing fault clearing. Also, the

Figure 17.1 Definite purpose, 120 kV, three-phase, 40 kA dead
tank SF6 circuit breaker. (Courtesy of Mitsubishi Electric Products
Inc., Warrendale, PA.)
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circuit breaker must withstand electromagnetic forces during
the faults. Further, the circuit breaker must be capable of car-
rying the fault current for a short time before clearing the
fault. The parameters of the circuit breaker covering all
these aspects are defined below.

17.3.1 Rated Voltage

A circuit breaker is designed for a nominal voltage for a specific
system condition. The same circuit breaker is assigned with a
maximum operating voltage, which should not be exceeded.
The standard voltage rating of a circuit breaker is presented
in terms of the three-phase, line-to-line voltage. The specified
ratings are based on operation at altitudes of 3,300 ft or less. At
higher altitudes the rating should be de-rated. The preferred
voltage ratings recommended by ANSI [4] and IEC [6] are
listed in Table 17.1(a) and (b).

Example 17.1

Circuit breakers are needed for a substation project with oper-
ating voltages of 345 kV and 110kV. Based on the voltage
rating, select suitable circuit breaker ratings from the ANSI
and IEC preferred ratings.

Solution

Rated voltage¼ 345 kV
Maximum voltage (345� 1.05)¼ 362 kV

TABLE 17.1 Preferred Ratings of ANSI and IEC for Voltages

(a) Below 72.5 kV

ANSI 4.76 8.25 15.0 15.5 25.8 38.0 48.3 72.5
IEC 3.6 7.2 12.0 17.5 24.0 36.0 52.0 72.5

(b) Above 72.5 kV

ANSI – 121 145 169 242 – 362 – 550 800
IEC 100 123 145 170 245 300 362 420 525 800
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A 362kV circuit breaker is adequate to accommodate the
maximum system voltage requirement.

Rated voltage¼ 110 kV
Maximum voltage (110� 1.05)¼ 115.5 kV

The 121kV circuit breaker from the ANSI rating and the
123 kV circuit breaker from the IEC rating are suitable for
this application.

17.3.2 Frequency

The standard power system circuit breakers are rated at 60
or 50Hz. Service at other frequencies must be given special
consideration.

17.3.3 Rated Continuous Current

The nominal current rating of a circuit breaker is the rms
current, which the circuit breaker shall be able to carry con-
tinuously at the rated voltage and frequency. The ambient
temperature outside the enclosure is 40�C.

17.3.4 Rated Short Circuit Current

This is the highest value of symmetrical rms short-circuit
current (see Figure 17.2).

17.3.5 Symmetrical Interrupting Current

At any operating voltage, the symmetrical interrupting current
is given by:

IðintÞ ¼ IscðratedÞ
Vmax

Voperating

� �
ð17:1Þ

17.3.6 Latching Current

This is the current rating of the circuit breaker that will latch
when it closes on a fault. The latching current is measured
during the maximum cycle and the interrupting current
is measured at the time of contact. This rating is equal to
1.6 times the rated short-circuit current (see Figure 17.3). If
expressed in peak value, it is equal to 2.7 times the rated short-
circuit current. Sometimes, this current is called momentary
current and is measured one half cycle after the fault occurs.
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17.3.7 Rated Interrupting Time

This is the maximum permissible interval between energizing
the trip circuit at rated control voltage and interrupting the
main circuit on all the poles when interrupting a current. The
response time of the relaying is 0.5–1 cycle. The typical normal
fault clearing time is 6 cycles, as shown in Figure 17.4.

Figure 17.3 Relation of short-circuit current to closing and latch-
ing current.

Figure 17.2 Components of the fault current.
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17.3.8 The Reclosing Time

In order to avoid power interruption followed by a circuit
breaker tripping, the circuit breaker is closed after a small
time delay. See Figure 17.4. Typical reclosing time in a high
voltage circuit breaker is of the order of 16 cycles.

17.3.9 The Symmetrical Breaking Current

This is the rms value of the AC component in the pole at the
instant of separation:

Isym ¼
IACffiffiffi
2

p ð17:2Þ

17.3.10 The Asymmetrical Breaking Current

This is the rms value of the total current comprising the AC
and DC components of the current at the pole at the instant
of contact separation:

Iasym ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IACffiffiffi
2

p

� �2

þI2DC

" #vuut ð17:3Þ

Figure 17.4 Components of the circuit breaker operating time.
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17.3.11 Rated Dielectric Strength

The required dielectric strength of a circuit breaker is defined
in terms of the following three ratings:

� Lightning impulse withstand
� Basic impulse level (BIL)
� Chopped wave withstand voltage

Relations between the ANSI and IEC short-circuit currents [7]
are given below.

Example 17.2

A circuit breaker has a specification of 25 kV, three-phase,
60Hz, 1,200A, 2000MVA. What are the rated current, latching
current, and breaking current? If the circuit breaker handles
a capacitor bank with a steady-state current of 850A /phase,
what is the available safety margin?

Solution

Rated current¼ 1,200A/phase

Symmetrical breaking current ¼
2,000MVAffiffiffi

3
p

ð25kVÞ
¼ 46:2 kA

Latching current (46.2 kA� 1.6)¼ 73.9A
Steady-state current¼ 850A /phase
Safety margin to handle tolerances, etc.¼ 1.3
Required steady-state current (850� 1.3)¼ 1,105A /phase

ANSI Current Ratings IEC Current Ratings
First cycle Initial (Ik’’)
Closing and latching Peak (Ip)
Interrupting Breaking current (Ib)
Time delayed Steady-state current

ANSI Current Ratings IEC Current Ratings
Momentary (1) Steady state� 1.6
Interrupting Interrupting or breaking (Ib)

Note (1): Momentary rating¼Symmetrical short-circuit current� 1.6.
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There is adequate safety margin available in the steady-state
current rating.

17.4 CIRCUIT BREAKER PERFORMANCE

The performance of the circuit breakers is measured in terms
of their behavior in the arc interruption, transient recovery
voltage (TRV), rate of rise of recovery voltage (RRRV), and
the performance towards the capacitive high-frequency cur-
rents during transient conditions. Figure 17.5 shows a simple
power system and the equivalent circuit. Both the circuit
inductance L and the system capacitance are responsible for
storing energy during normal operation of the system.
Switching and faults cause overvoltages. The transients result-
ing from switching are caused by stored energy in both L and C
when it undergoes a change from one state to another due to
circuit interruption. The capacitor voltage during the opening
of the circuit breaker is shown in Figure 17.6. The source
voltage is displayed as a reference voltage.

17.4.1 Arc Phenomena and Arc Voltage

The arc is produced between the electrodes during the opening
of the circuit breaker. This is due to the column of ionized
gases produced during the circuit breaker opening. The arc
voltage is mainly resistive and is in phase with the arc current.
The magnitude of the arc voltage increases in each successive
current loop because the contacts of the circuit breaker are

Figure 17.5 Power system (a) and the equivalent circuit (b).
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assumed to be separating, thereby increasing the arc length.
The voltage appearing across the opening contacts is the arc
voltage.

17.4.1.1 Arc Interruption

As the contacts are separated, the effective resistance between
the contacts increases with time. The corresponding time
domain current decreases to a value insufficient to maintain
the arc. With an alternating current, the total resistance of the
circuit tends to bring the current in phase with the voltage at
the current zero and the arc extinguishes.

17.4.2 Transient Recovery Voltage (TRV)

The TRV is defined as the normal frequency voltage appearing
between the circuit breaker poles after the final arc extinction.
Sometimes, after the extinction of the arc, the voltage across
the circuit breaker blades can re-ignite the arc. Such a transi-
ent voltage is called restriking voltage. The arc voltage across
the contacts at the instant of arc extinction is very low,
whereas the power frequency voltage in the circuit is at the
peak value. Considering Figure 17.7, the voltage across the
opened contacts of the circuit breaker is given by:

Vc ¼
ðVmax =pÞ

pLþ 1=pC
¼

Vmax

L

1

p p2 þ o2ð Þ

� �
ð17:4Þ

Figure 17.6 Capacitor voltage during de-energization.
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where o ¼ ð1=
ffiffiffiffiffiffiffi
LC

p
Þ and Vmax is the peak value of the recov-

ery voltage. Transforming Equation (17.4) into time domain
function:

Vc ¼ Vmaxð1� cos otÞ ð17:5Þ

The maximum value of the recovery voltage is 2Vmax and
occurs at t¼ p/o. The oscillatory transient voltage has a fre-
quency of ð1=2p

ffiffiffiffiffiffiffi
LC

p
Þ Hz. One of the important factors affect-

ing the restriking voltage of the circuit breaker performance
is the rate of rise of recovery voltage (RRRV).

17.4.3 Rate of Rise of Recovery Voltage (RRRV)

With a single frequency transient:

RRRV ¼
Peak restriking voltage

Time between voltage zero and peak voltage
ð17:6Þ

The RRRV concept is shown in Figure 17.8. According to the
terminology in Figure 17.8, RRRV¼Vmax/Tp. The expression
for RRRV can be derived from the restriking voltage, given

Figure 17.7 Diagram showing the TRV across the circuit breaker
blades (Vr).
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by Equation (17.5):

RRRV ¼
dVc

dt
¼ Vmax o sin o t ð17:7Þ

The maximum value of RRRV occurs when ot ¼ p=2, t ¼ p=2o,
or t ¼

ffiffiffiffiffiffiffi
LC

p
ðp=2Þ. The maximum RRRV value is Vmax o.

17.5 CIRCUIT BREAKERS FOR CAPACITOR
SWITCHING

The circuit breakers for capacitor switching require additional
withstand capabilities compared to a normal circuit breaker.
The following items need careful consideration.

17.5.1 Voltage Rating

A service factor has to be applied when calculating the capac-
itance current. This factor can be 1.1 because the capacitors
can be operators continuously up to 10% above the nameplate
rating.

Figure 17.8 Diagram to illustrate the definition of RRRV.
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17.5.2 Capacitor Tolerance

A multiplier in the range of 1.05–1.15 should be used to adjust
the nominal current to account for the manufacturing
tolerance.

17.5.3 Harmonic Current

Capacitor banks provide a low impedance path for the flow of
harmonic currents. When capacitor banks are ungrounded,
no path is provided for zero sequence (third, sixth, etc.)
currents. A multiplier of 1.1 is used for grounded neutral
banks and a multiplier of 1.05 is used for ungrounded banks.
In the absence of specific information on the capacitor bank, a
total multiplier of 1.25 is used for ungrounded systems and
1.35 is used for grounded capacitor banks.

17.5.4 Isolated Capacitor Banks

A capacitor bank is considered to be isolated when the inrush
current on energization is limited by the inductance of the
source and capacitance of the bank. A capacitor bank is also
considered to be isolated if the maximum rate of change, with
respect to time, of the transient inrush current on energizing
an uncharged capacitor bank does not exceed the maximum
rate of change of symmetrical interrupting current of the
circuit breaker. The limiting value is:

di

dt

� �
max

¼ o
ffiffiffi
2

p Rated maximum voltage

Operating voltage

� �
I A=s ð17:8Þ

where I is the rated short-circuit current in amperes.

17.5.5 Back-to-Back Capacitor Banks

The inrush current of a single capacitor bank will be increased
when other capacitor banks are connected to the same bus.
Provisions should be made to control the inrush current due
to back-to-back capacitor switching currents.
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17.5.6 Inrush Currents

The energization of a capacitor bank by closing a circuit break-
er produces significant transient inrush currents. The magni-
tude and frequency of the inrush current is a function of the
applied voltage, capacitance of the circuit, inductance of
the circuit, charge on the capacitance, instant of closing, and
damping, if any, in the circuit. The circuit breaker should have
sufficient momentary current rating to meet the transient
inrush current. The same logic is applicable to the back-to-
back energization. Table 17.2 summarizes the inrush current
and frequency for switching capacitor banks. The following
notations are used in Table 17.2:

fs¼Supply frequency
Leq¼Equivalent inductance, mH
I1¼Steady-state current of bank 1 with a multiplier

of 1.15
I2¼Steady-state current of bank with a multiplier

of 1.15
Vll¼Line-to-line voltage, kV
Isc¼ symmetrical rms short-circuit current, A

TABLE 17.2 Inrush Current and Frequency

Condition Ipeak and Frequency

Isolated bank Imax ,peak ¼ 1:41
ffiffiffiffiffiffiffiffiffiffiffi
Isc I1

p

f ¼ fs

ffiffiffiffiffiffi
Isc
I1

s

Energize a capacitor bank with
another of the same size

Imax ,peak ¼ 1:747

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVllÞ ðI1 I2 Þ

Leq ðI1 I2Þ

s

f ðkHzÞ ¼ 9:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fs ðVllÞ ðI1 I2 Þ

Leq ðI1 I2Þ

s

Energize a capacitor bank with
an equal bank energized
on the same bus

Imax ,peak ¼ 1:747

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVllÞ ðI1Þ

Leq

s

f ðkHzÞ ¼ 13:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fs ðVllÞ

Leq ðI1Þ

s
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Example 17.3

In a 230 kV, three-phase, 60Hz system, a short circuit occurs
very close to a circuit breaker. The maximum restriking volt-
age is 2P.U. The natural frequency of the recovery voltage is
15,000Hz. Estimate the RRRV.

Solution

V (line-to-line)¼230 kV, V (phase)¼ 132.8 kV
Maximum restriking voltage¼2� 132.8� 1.414¼ 376 kV

t ¼
1

2 fn
¼

1

2� 15,000
¼ 3:333� 10�5 s

RRRV ¼
Peak restriking voltage

t

¼
376 kV

3:333� 10�5
¼ 11:28kV=ms

17.5.7 Effect of Transients on the
Circuit Breaker

The capacitor switching operations include energization, de-
energization, fault clearing, reclosing, restriking, pre-strike,
back-to-back switching, and similar events as discussed in
Chapter 22 for a 230 kV system. The circuit breaker is expected
to withstand each of these switching transients. The overvoltage
magnitudes and the TRVs in each of the selected cases are
presented in Table 17.3. For the practical cases listed in
Table 17.3, the corresponding maximum overvoltages, TRV,
and frequency of oscillation are identified. In some cases, the
maximumovervoltage is excessive, TRV is high, or the frequency
of oscillation is excessive. The acceptable TRV is 2.4P.U. and the
frequency of oscillation is 4,250Hz. Therefore, it can be seen that
the capacitor switching requires additional measures to control
the overvoltages, TRV, and frequency of oscillation.

17.5.8 Additional Considerations in Transient
Control during Capacitor Switching

In capacitor switching applications, the selection of a specific
circuit breaker may not meet all the system requirements.
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In order to limit the short-circuit currents and transient
oscillatory voltages, other control approaches are used, includ-
ing series reactors, high impedance transformers, and high
resistance grounding. The series reactor can be used in the
generator circuits, bus bars, feeders, and the shunt capaci-
tance circuits. There are advantages and limitations to
these approaches. With the application of shunt capacitor
banks for power factor correction, there is always the inrush
current issue during energization. The outrush current from
the capacitor banks is a concern when a line circuit
breaker closes into a nearby fault. In order to limit both the
inrush and outrush currents, series reactors are used. Three
schemes of series reactors for shunt capacitor application
are discussed.

Scheme 1: Series reactor with each capacitor bank. Such a
scheme is shown in Figure 17.9. In order to satisfy the criteria
(Iph f ) to less than 2.0Eþ 7, there will be two reactors with two
capacitor banks.

Scheme 2: Series capacitors in the bus and capacitor
circuits. The required scheme is shown in Figure 17.9. The
reactor size for each capacitor bank will be small to limit the
inrush current. A third reactor will be used to limit the outrush
current.

TABLE 17.3 Overvoltages, Oscillation Frequencies, and TRV

Description Vmax, P.U. f, HZ
TRV,
P.U. Remarks

Energization 2.1 588 – Acceptable
De-energization 1.0 DC 2.0 Acceptable
Fault clearing 2.3 5,000 2.3 Frequency of oscillation

is unacceptable
Reclosing 2.5 400 – Vmax is unacceptable
Restriking 3.2 400 6.4 Vmax and TRV are high

Prestrike 3.28 – – Vmax is unacceptable
Back-to-back 1.48 400 – Acceptable
Voltage

magnification
2.1, 1.6 – Vmax is high
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Scheme 3: Reactor to limit the outrush current and
breaker to limit the inrush current. The inrush current can
be controlled by using a circuit breaker with controlled switch-
ing or by using a closing resistor/inductor. The outrush current
can be controlled by using a series reactor. Such a scheme is
shown in Figure 17.9.

Example 17.4

Select a circuit breaker for switching a three-phase, 345kV,
60Hz shunt capacitor bank. The capacitor bank consists of

Figure 17.9 Series reactor schemes for current limiting.
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two 50MVAR banks. The short-circuit rating of the 345 kV
system is 40 kA. Verify the rating of the circuit breaker with
the industry standards. In case the switching requirements are
not satisfied, select a suitable series reactor to control the short-
circuit current and frequency of oscillation during switching.

Solution

The circuit breaker is intended to switch 50MVAR shunt
capacitor banks and should meet the performance criteria
described in ANSI C37.06. The desired performance specifica-
tions of the circuit breaker to meet the capacitor switching
application (definite purpose) of the 345 kV systems are:

Nominal voltage rating¼ 345 kV
Maximum voltage rating (345 kV� 1.05)¼ 362 kV
Rated current¼ 2,000A
Three-phase, short-circuit rating¼ 40kA
Lightning impulse withstand voltage¼ 1,175 kV
Power frequency withstand voltage¼ 450 kV
Switching impulse withstand voltage¼ 950 kV

When a system fault occurs near the capacitor bank location,
the electrical energy stored in the capacitor bank discharges
through the low fault impedance with considerable magnitude
and at high frequency. Such a system is shown in Figure 17.10.
The size of the 345 kV capacitor bank is 50MVAR, three-phase.
The expected outrush current magnitude and frequency, for a
single 50MVAR, 345kV capacitor bank is given by:

C ¼
MVAR

2 p� 60� kV2
¼

50

2 p� 60� 3452
¼ 1:11 MFD

Ipk ¼
Vpkffiffiffiffiffiffiffiffiffiffiffi
Lf=C

p ¼
345 kV �

ffiffiffi
2

p
=
ffiffiffi
3

p� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36 mH=1:11mF

p ¼ 49:5 kA

f ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf � C

p ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36mH� 1:11 mF

p ¼ 25:2kHz
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An inductance of 10mH for the bank and 0.26 mH/ft with a
100 ft cable length is used.

The calculated outrush current magnitude of 49.5 kA is
much higher than the allowable IEEE Standard C37.06 value
of 20 kA. The frequency of the outrush current is also higher
than the allowed value of 4,250Hz. The outrush current from
the capacitor bank needs to be controlled using current limit-
ing series reactors. The minimum series reactor needed to limit
the (Ipk f) product to less than 2.0� 107 is given by:

Lmin ¼
Vpk

2p� 2� 107
ð17:9Þ

With current limiting reactor
The equivalent circuit with a series reactor in the shunt

capacitor circuit is shown in Figure 17.11. For the proposed
345 kV, 50MVAR bank the minimum reactor needed is:

Lmin ¼
345 kV �

ffiffiffi
2

p
=
ffiffiffi
3

p� �
2pð2� 107Þ

¼ 2:24mH

For the high outrush current to occur, a breaker must close into
a fault very close to the 345 kV substation. A series inductor of
3mH is selected for the 345 kV circuit and the corresponding

Figure 17.10 Fault outside the circuit breaker without series
reactor.
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Ipk and the frequency of oscillation are given by

Ipk ¼
Vpkffiffiffiffiffiffiffiffiffiffiffi
Lf=C

p ¼
345 kV �

ffiffiffi
2

p
=
ffiffiffi
3

p� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3,000 mH=1:1mF

p ¼ 5:42kA

f ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf � C

p ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3,000 mH� 1:1 mF

p ¼ 2:76kHz

This peak current and the frequency of oscillation are below
the ANSI C37.06 values. Therefore, the circuit breaker is
acceptable for the energization of the 345 kV, 50MVAR shunt
capacitor bank. From this example, it is clear that series reac-
tors can be useful in shunt capacitor circuits to limit the fault
current magnitudes to protect circuit breakers.

17.6 CONCLUSIONS

The types of circuit breakers used in the switching applications
are classified based on voltage levels, switching duty, installa-
tion, and interrupting medium. The existing capacitor installa-
tions use circuit breakers with air, oil, air blast, vacuum, and
SF6 medium. For the new projects, circuit breakers using
vacuum and SF6 media are selected. The circuit breakers
used in capacitor switching applications have to satisfy the
following:

Figure 17.11 Capacitor circuit with series reactor.
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� Higher TRV magnitudes
� Restriking due to the stored energy in the capacitors
� Prestrike in the case of vacuum circuit breakers
� Overvoltages in the remote substation or transformer
� High inrush currents
� Overvoltages due to inrush or outrush currents
� Higher outrush currents due to fault or back-to-back

switching
� Voltage magnifications in the low voltage capacitors

due to the switching of high voltage capacitor banks
� High-frequency transients in the circuit breaker tran-

sients

Therefore, in many cases, just selecting a circuit breaker may
not be enough to meet all the required technical requirements.
In all the capacitor switching applications, suitable measures
to limit the transients are to be implemented. Some of the
approaches to controlling system transients due to the capaci-
tor switching include:

� Series reactor (see Example 17.4)
� Closing resistor to control the inrush related

transients (see Section 21.3)
� Controlled closing
� Staggered closing of the circuit breaker contacts
� Surge arresters to control the overvoltages
� Suitable capacitor bank connection based on

experience

Usually, series inductors are very effective in controlling the
high-frequency transients. An example calculation is shown in
Example 17.4. The usefulness of closing resistors in the control
of overvoltages is discussed in Chapter 21. The circuit breaker
rating and typical performance features are also presented in
this chapter.

PROBLEMS

17.1. Circuit breakers are needed for a substation proj-
ect with operating voltages of 500 kV and 138kV.
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Based on the voltage ratings, select a suitable
circuit breaker rating from the ANSI and IEC
preferred ratings.

17.2. Define TRV. Derive an expression for TRV.
17.3. Define RRRV. Derive an expression for RRRV.
17.4. What is restriking?
17.5. A three-phase, 100MVA, 13.8 kV generator is con-

nected to a bus through a circuit breaker and tie
line. The reactance of the cable is 3�/phase.
The capacitance of the cable is 0.015 mF/phase.
Calculate the frequency of restriking, TRV,
and RRRV when the circuit breaker is used to
de-energize the circuit.

17.6. Select a circuit breaker for switching a three-
phase, 110kV, 60Hz shunt capacitor bank. The
capacitor bank consists of two 30MVAR banks.
The short-circuit rating of the 110 kV system is
30 kA. Verify the rating of the circuit breaker
with the industry standards. If the switching
requirements are not satisfied, select a suitable
series reactor to control the short-circuit current
and frequency of oscillation during switching.

17.7. Classify the circuit breakers based on the medium
of operation. Which of these circuit breakers is
suitable for capacitor switching?
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18

SURGE PROTECTION

18.1 INTRODUCTION

Shunt capacitors are installed on pole-mounted structures and
in substation locations for power factor improvement. Like any
other transmission or distribution equipment such as transfor-
mers, circuit breakers, or transmission lines, shunt capacitors
are exposed to both switching and lightning surges.
The overvoltages from the above sources can be limited to
acceptable levels by using surge arresters. The source of over-
voltages, types of surge arresters available, and the selection
and application of surge arresters for capacitors are discussed
in this chapter [1–4].

18.2 LIGHTNING SURGES

Rain clouds are formed from the collection of water vapor from
the Earth’s surface. A charge of a specific polarity occurs
within the cloud. An equivalent and opposite charge is prod-
uced on the earth under the cloud as shown in Figure 18.1.
When the potential difference between the cloud and earth
reaches a critical value, a flashover occurs between the cloud
and the ground point. This type of flashover can be initiated
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from the cloud to the ground as a downward streamer as
shown in Figure 18.1(a). Sometimes such a stepped leader
can be initiated from the ground to the cloud. Such a surge
is an upward streamer as shown in Figure 18.1(b). During the
flashover the air column breaks and a loud noise, called thun-
der, is produced. The flashover produces a visible light called
lightning. A large current flow occurs during the flashover and
passes through the object on the ground and produces over-
voltage magnitudes on electrical equipment. Significant over-
voltages can cause failure in electrical insulation, leading
to equipment outage. A typical photograph of a direct lightning
stroke from cloud to ground is shown in Figure 18.2.
The downward streamer, the branching streamer, and the visi-
ble light are observable in this photograph. Several other
strokes also visible in this photograph. The arc is larger
at the cloud and smaller near the ground and is therefore a
downward stroke equivalent to Figure 18.1(a) from cloud to
ground.

18.3 TYPES OF LIGHTNING SURGES

The lightning surges interacting with the power system are
identified as direct lightning strokes, back flashover strokes,
and multiple strokes.

18.3.1 Direct Lightning Strokes

A photograph of direct lightning stroke from cloud to ground is
shown in Figure 18.2. Consider a charged cloud with lightning

Figure 18.1 The concept of lightning: (a) downward streamer;
(b) upward streamer.
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stroke to ground as shown in Figure 18.3. In this photograph,
the downward stroke is traveling from the cloud to the ground.
At the same instant, the upward stroke is traveling from the
ground to cloud as identified by a larger current magnitude at
the ground level. Both the downward and upward strokes meet
at a middle location as shown in Figure 18.3. Lightning strokes
with magnitudes of a few tens of kA can bypass the overhead
shield wire and can strike directly on the phase conductor.
From the geometry of the tower, the maximum lightning
current that can strike the phase conductors of an overhead
transmission line can be estimated. A typical lightning surge
can be represented by a wave as shown in Figure 18.4. The
wave is characterized by [1]:

� Crest or peak value; usually 25% of the strokes are
below 10kA, 60% of the strokes are below 50kA,
11% of the strokes are 50–100 kA, and so on.

Figure 18.2 Photograph of two direct strokes from cloud to
ground. Bright light¼ downward leader. Small lines¼ branching
streamers. (Courtesy of National Oceanic and Atmospheric
Administration, U.S. Department of Commerce.)
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� The rise time varies from 1–10 ms.
� The duration of the wave TD varies from 10–100 ms.

If a direct stroke hits an overhead line, the expected over-
voltage is given by:

V ¼ ðISÞ ðZ=2Þ ð18:1Þ

where IS is the magnitude of the lightning current and Z is the
surge impedance of the line. With a 50kA surge current,

Figure 18.3 A lightning stroke from ground to cloud, edited
version. (Courtesy of National Oceanic and Atmospheric
Administration, U.S. Department of Commerce.)

Figure 18.4 A typical model of a lightning surge.
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Z¼ 500�, and the voltage rise is 25,000 kV. The corona effects
associated with lightning current will reduce the overvoltages
significantly. Direct strokes are infrequent.

18.3.2 Back Flashover

Lightning strokes are of very high potential with the capacity
to discharge hundreds of kA with low rise time. The surges can
strike overhead neutral wires, towers, or phase conductors, and
they may produce overvoltages sufficient to cause sparkover
across the insulators. Since most of the stroke current flows
into the ground during the back flashover, the tower footing
resistance has a major impact on the overvoltages generated.
The back flashover causes a line-to-ground fault that will be
cleared by a circuit breaker. A line outage will result until
the circuit breaker is reclosed. Typical ranges of lightning
surge characteristics causing the back flashover are [1]:

Peak current¼ 5–10kA
Rate of rise¼ 5–30 kA/ms
Rise time¼ 0.5–30 ms
Tail time¼ 20–200 ms

The surge current from the tower or neutral conductor to the
phase conductor is characterized by a sharp rise time and much
smaller magnitude of the order of 10–20 kA. As a conservative
approach, both the direct strokes and flashover caused by a
stroke to the tower (back flashover) are modeled with a
standard 1.2/50 ms current wave, with a peak of appropriate
magnitude.

18.3.3 Multiple Strokes

A photograph of multiple lightning strokes is shown in
Figure 18.5. The cloud has a very large charge center and
the lightning strike to ground occurs at many locations.
Many lightning strikes are actually multiple strokes and have
serious consequences for the electrical system. Multiple strokes
are caused by quickly charging the cloud area after the first
stroke occurs. Sometimes there may be a time delay between
strokes. Equipment such as a surge arrester is designed to
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withstand one lightning stroke successfully. Subsequent light-
ning strokes will damage the surge arrester, and hence the
importance of multiple strokes cannot be underestimated.

18.4 SURGE ARRESTERS

Before the 1970s, most of the surge arresters used in the utility
industry were the gapped type silicon carbide. These devices
are equipped with silicon carbide valve elements and a series of
gaps that act as insulators. These gaps provide protection from
continuous power frequency voltage. These series gaps will
break down during high transient overvoltage conditions. The
voltage and current zeros occur simultaneously, permitting the
gap to clear the circuit established through the surge arrester
[2,3].

In a metal oxide varistor (MOV) type of surge arrester, the
disks are mounted one over the other and there are no gaps.
The metal oxide disks insulate the arrester electrically from the
ground. The disk is made up of the zinc oxide type of semi-
conductor material. The surge arrester starts conduction at a

Figure 18.5 Photograph of multiple lightning strokes from a large
cloud to ground. (Courtesy of National Oceanic and Atmospheric
Administration, U.S. Department of Commerce.)
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specific voltage and stops conduction when the voltage falls
below a threshold voltage. The main differences between the
silicon carbide and MOV type of surge arresters are:

1. There are no gaps in MOV surge arresters.
2. Disks are used in the zinc oxide arresters and draw a

very small current through the arrester at normal
operating conditions. The volt-ampere characteristics
of the silicon carbide and the MOV surge arresters
are shown in Figure 18.6. The cross-sectional view of
typical MOV surge arresters is shown in Figure 18.7.

18.4.1 Classes of Surge Arresters

There are three classes of surge arresters available: distribu-
tion, intermediate, and station. Distribution arresters are used
in distribution systems and intermediate and station class
arresters are used in substation applications. Intermediate
class arresters may be used on smaller substations, subtrans-
mission lines, and cable terminal poles. Station class arresters
are used on large substations and equipment to be protected
under partly shielded environment. The energy levels of
these arresters differ from one another. The typical data for

Figure 18.6 Volt-ampere curves of silicon carbide and MOV surge
arrester.
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the distribution, intermediate, and station class surge arresters
are presented in Appendix D. The proper application of surge
arresters requires knowledge of the maximum operating vol-
tage, magnitude, and duration of the temporary overvoltages
(TOV) during abnormal operating conditions. Such data must
be compared with the MCOV rating of the surge arrester. The
gas-insulated substations and the gas-insulated transformers
are provided with the gas-insulated type of surge arresters.
For the traction power system, the surge arresters are con-
structed with a robust casing to withstand the vibrations
caused by continuous movement. Typical surge arresters are
shown in Figure 18.8 [6]. The preferred voltage ratings of surge
arresters are listed in Table 18.1.

Figure 18.7 A typical cut view of a MOV surge arrester. (Courtesy
of Ohio Brass (Hubbell Power Systems), Aiken, SC.)
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The voltage ratings mentioned above are typical; surge
arresters with other voltage ratings are available. In the
station class, additional ratings available beyond 228kV are
240, 258, 264, 276, 288, 294, 300, 312, 336, 360, 396, 420,
444, and 588 kV.

18.4.2 The Gas Insulated Surge Arresters

The protection of GIS equipment against overvoltages is per-
formed by the use of metal-enclosed surge arresters in which
the ZnO blocks are contained in an earthed vessel filled
with SF6 gas under pressure. The GIS switchgear is known
to produce fast front transients and the surge arrester is spe-
cially tested for current wave shapes of 8/20 and 30/60 ms

Gas insulated type

Enclosed
type

Rolling stock
type

Distribution
type

Porcelain type

For power station
transmission

For distribution For rolling stock

Figure 18.8 Types of surge arresters; the station class,
distribution. (Reproduced from Toshiba Power Systems & Services,
Sydney, Australia.)

TABLE 18.1 Voltage Ratings of Surge Arresters

Distribution 3 6 9 10 12 15 18 21 24 27 30 36
Intermediate 3 6 9 10 12 15 18 21 24 27 30 36
Station Class 3 6 9 10 12 15 18 21 24 27 30 36
Intermediate 39 45 48 54 60 72 90 96 108 120
Station Class 39 45 48 54 60 72 90 96 108 120
Station Class 132 144 168 172 180 192 228
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having a front time shorter than 1 ms. Such equipment is larger
than conventional surge arresters and it is expensive.

18.4.3 Polymer Surge Arresters

The high voltage surge arresters are equipped with porcelain
housing. Recently, surge arresters housed in polymer have
become available, and several advantages are claimed over
the porcelain-housed units. The polymer type of surge arrester
has a better mechanical behavior and a higher safety level
in the case of a failure. The polymer arresters are much
lighter in weight and are claimed to be superior in the polluted
environment. Typical polymer types of surge arresters are
shown in Figure 18.9.

Figure 18.9 Typical polymer types of surge arresters. (Courtesy of
Ohio Brass (Hubbell Power Systems), Aiken, SC.)
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18.5 SURGE ARRESTER CHARACTERISTICS

The metal oxide varistor type of surge arrester has nonlinear
volt-ampere characteristics. It performs as a blocking device
at lower voltages and as a good conducting device at higher
voltages. Typical volt-ampere characteristics of a MOV arrester
are shown in Figure 18.10. The important operating features
of such a surge arrester can be identified as:

� Very small leakage current at the operating voltage.
� The MCOV level between the operating voltage and

rated voltage.
� The TOV voltage and a current of around 10A.
� The switching surge capability with a current of up to

1 kA.
� The lightning surge conduction capability of about

10 kA.

The allowable time durations for various operating points are
different and are defined accordingly.

18.5.1 Rated Voltage

The rated voltage of a surge arrester is presented in line-to-line
voltage. This voltage rating must be higher than the system
voltage in order to withstand the voltage rise during the system
fault conditions. The voltage rating of the arrester is equal to
the line-to-line voltage� the coefficient of earthing to account
for the system voltage change.

Figure 18.10 Typical volt-ampere characteristics of an MOV type
of surge arrester.
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18.5.2 Temporary Overvoltage (TOV)

The common source of temporary overvoltage is the rise in
unfaulted phases during the line-to-ground fault. Such voltage
shift depends on the type of grounding. On a delta connected
system, a single line-to-ground (SLG) fault produces line-
to-line voltage on the unfaulted phases. Such a condition is
shown in Figure 18.11. If the surge arrester is connected
phase-to-ground, such arresters will experience 1.732 times
the phase voltage. In a solidly grounded wye connected
system, during an SLG fault, there will be phase voltages on
faulted phases as shown in Figure 18.12. There will be certain
increases in the voltages on the unfaulted phases due to line
charging. Such voltages can be calculated, and the results are
available in the form of a graph as shown in Figure 18.13
[4]. If the X0/X1 and R0/X1 ratios are known, the multiplying
factor can be identified.

18.5.3 Maximum Continuous Operating Voltage
(MCOV)

The MCOV rating of a surge arrester is the maximum rms
value of the power frequency voltage that may be applied con-
tinuously between the terminals of the surge arrester. The
MCOV of the surge arrester is approximately 84% of the
arrester rating. For example, if the arrester rating is 10 kV,

Figure 18.11 The concept of voltage rise in unfaulted phases
during SLG fault in the delta system. (a) Normal operation.
(b) SLG fault, phase voltages in unfaulted phases are equal to
line-to-line voltages.
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the MCOV of the device is 8.4 kV. The minimum required
MCOV for a solidly grounded system is the maximum phase-
to-ground voltage divided by

ffiffiffi
3

p
: In the case of phase-to-

phase arresters, the required MCOV is the maximum phase-
to-phase operating voltage. Commonly used surge arresters in
the utility system are listed in Table 18.2.

Figure 18.13 The multiplying factor based on X0/X1 and R0/X1.

Figure 18.12 The concept of voltage rise in unfaulted
phases during SLG fault in a grounded wye system. (a) Normal
operation. (b) SLG fault, phase voltages in unfaulted phases are
equal to Vph.
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Example 18.1

A surge arrester is needed for a 13.8 kV, 60Hz, ungrounded
system. Select a surge arrester and find out the MCOV of
this device. If the system can be grounded, then what is
the rating of the surge arrester? Use a safety of factor of 1.2
due to temporary overvoltages during single line-to-ground
fault.

Solution

In an ungrounded system, the expected phase voltage during
a single line-to-ground fault is the rated line voltage. The

TABLE 18.2 Commonly Used Surge Arresters [4]

System Voltage,
Line-to-Line, kV rms

Surge Arrester
Rating kV, rms

Nominal Maximum Solidly Grounded Ungrounded

2.40 2.52 3
4.16 4.37 3–4.5 6
4.80 5.04 6
6.90 7.25 4.5–5.1 9

12.47 13.09 9–10
13.20 13.86 10 15–18
13.80 14.49 10–12 15–18
20.70 21.74 15
23.00 24.15 24–27
24.90 26.15 18–21
27.60 28.98 21–24 27–30
34.50 36.23 27–30 36–39
46.00 48.30 48
69.00 72.45 54–60 66–72

115.00 120.75 90–96 108–120
138.00 144.90 108–120 132–144
161.00 169.05 120–144 144–168
230.00 241.50 172–192 228–240
345.00 362.25 258–312 –
500.00 525.00 396–444 –
765.00 803.25 588 –

For EHV systems 230 to 765 kV, the maximum voltages are 1.1 P.U.
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metal oxide surge arrester has to withstand the rated line-
to-line voltage of 13.8 kV. A station class surge arrester is
selected.

Temporary overvoltage (13.8 kV� 1.2)¼ 16.6 kV
Select a surge arrester from Table D-3, Appendix D with

MCOV above 16.6 kV.
Surge arrester voltage rating¼ 21kV
MCOV of the surge arrester¼ 17kV
MCOV of the arrester (21 kV� 0.84)¼ 17.64 kV (verified)

For a grounded system, the expected maximum phase voltage
during a single line-to-ground fault is the rated phase voltage.
The metal oxide surge arrester has to withstand the rated
phase voltage (13.8 kV/1.732)¼ 7.97 kV. A station class surge
arrester is selected.

Temporary overvoltage (7.97 kV� 1.2)¼ 9.56 kV
Select a surge arrester from Table D-3, Appendix D with

MCOV above 9.56 kV.
Surge arrester voltage rating¼ 12kV
MCOV of the surge arrester¼ 10.2 kV
MCOV of the arrester (12 kV� 0.84)¼ 10.08 kV (verified)

18.5.4 Nominal Discharge Current

A discharge current having a specified crest value shape is used
because of its protective characteristics. Usually 1.5 kA, 3.0 kA,
5.0 kA, 10 kA, 15 kA, 20 kA, and 40kA ratings are specified
using a 8� 20 ms current wave. The recommended use of
these ratings is:

1. 10 kA current and above. For the protection of
major power stations and substations with frequent
lightning and system voltages above 66kV.

2. 5 kA current rating. For protection of substations on
systems with nominal system voltages not exceeding
66 kV.

3. 3 kA current rating. For protection of small substa-
tions where diverters of higher current rating are
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not economically justified. System voltage can be of
the order of 22 kV.

4. 1.5 kA current rating. For protection of rural distribu-
tion systems with system voltages not exceeding
22kV.

18.5.5 Front of Wave Protective Level (FOW)

This is the discharge voltage for a faster (0.6� 1.5 ms), 10 kA
impulse current (15 kA for ratings 396–444kV, 20 kA for
588 kV), which results in a voltage wave cresting in 0.5 ms.
The resultant crest wave is specified and is used to calculate
the percentage of margin.

18.5.6 Switching Surge Protective Level

The switching surge discharge voltage of a surge arrester
increases with increasing current. A switching surge coordina-
tion current of 3 kA (45� 90 ms) is used for ratings 54–588kV
and 500A is used for ratings 2.7–48 kV.

18.5.7 Impulse Discharge Voltage Using
8� 20 ms Wave

The resultant voltage across the surge arrester due to the
forced current is usually presented for various current levels.

18.5.8 Magnitude of Discharge Currents

The discharge current through a surge arrester depends on the
flash overvoltage of the insulation, surge impedance of the
incoming line, and the type of grounding. For effectively
shielded installations, the discharge current will vary from
1 to 20kA, depending on the system voltage. A conservative
approximation of the maximum discharge current IA for a
specific application can be calculated using the following
equation:

IA ¼
2V0 � VA

Z
ð18:2Þ
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where
V0 ¼ 1.2� line insulation level, critical flash over-

voltage, kV
Z¼Surge impedance, �

VA¼Arrester discharge voltage, kV

18.5.9 Energy Absorption Capability

Any discharge of a capacitor bank through a surge arrester
results in significant currents. Thus energy absorption capa-
bility is a critical factor to consider when selecting a surge
arrester for capacitor bank applications. If V0 and Va are the
voltages without and with surge arrester, then the energy due
to the presence of a capacitor can be expressed as:

E ¼
C

2
V2
0 � V2

a

� �
J ð18:3Þ

Therefore, the available energy capability of a surge arrester is
to be examined carefully for shunt capacitor application. The
typical energy capability of the surge arresters available for
utility applications is listed in Table 18.3.

Example 18.2

A surge arrester is to be used in a 230 kV, three-phase, 60Hz
system for the surge protection of a shunt capacitor bank.
What is the energy capability of the surge arrester? Assume
a surge arrester with a 180 kV rating.

Solution

Voltage rating of the 230 kV surge arrester¼ 180 kV
Energy of the surge arrester¼ 7.2 kJ/kV

TABLE 18.3 Energy Capability of Surge Arresters

kV Range Energy, kJ/kV

2.7–4.8 4
54–360 7.2
396–588 13.1
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Rated energy capability (7.2 kJ/kV� 180 kV)¼ 1,296 J
Energy at the operating voltage (7.2 kJ/kV� 132.8 kV)¼

956.2 J

18.6 NATURE OF TEMPORARY
OVERVOLTAGES

The power system equipment is exposed to sustained over-
voltages, temporary overvoltages (TOV), switching surges,
and lightning surges. The nature of the lightning surge is dis-
cussed in Section 18.1. The important switching surges are
discussed below for the switching operations.

18.6.1 Energization

The energization of a capacitor bank produces oscillatory volt-
age and current waveforms. An example voltage waveform due
to energization of a capacitor bank is shown in Figure 22.2,
Chapter 22. The maximum overvoltage magnitude is 2.1 P.U.
and the frequency of oscillation is 588 Hz.

18.6.2 De-Energization

The de-energization of a capacitor bank leaves a DC voltage in
the opened line and the capacitor circuit. An example voltage
waveform due to de-energization of a capacitor bank is shown
in Figure 22.4, Chapter 22. The corresponding TRV waveform
is shown in Figure 22.5. The maximum TRV voltage in the
example case is 2.0 P.U.

18.6.3 Fault Clearing

Most power system faults are single line-to-ground faults.
Opening the circuit breaker on both ends of the affected circuit
performs the fault clearing. Such fault clearing produces over-
voltages in the unfaulted phases and oscillatory currents in the
faulted phase. An example voltage waveform due to fault clear-
ing is shown in Figure 22.7, Chapter 22. The corresponding
TRV waveform is shown in Figure 22.8. The maximum TRV
voltage in the example case is 2.3 P.U.
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18.6.4 Backup Fault Clearing

During normal fault clearing, the circuit breaker blades some-
times get stuck and fail to open. Then the backup fault clearing
is performed using the circuit breaker in the upstream of the
failed breaker. Such a fault clearing procedure is similar to the
normal fault clearing and produces larger overvoltage
magnitudes because of the delayed clearing.

18.6.5 Reclosing

In order to improve the power system reliability, the circuit
breakers sometimes are closed after a fault clearing with a
small time delay. Such reclosing operation is performed with
trapped charges on the line from the previous opening. If no
discharge mechanisms are available on the lines or capacitors,
such reclosing produces significant overvoltages. An example
voltage waveform during the reclosing is shown in Figure 22.9,
Chapter 22. The maximum overvoltage is 2.5 P.U. and the
frequency of oscillation is 400Hz.

18.6.6 Restriking

During the de-energization of a capacitor bank, if the transient
recovery voltage across the circuit breaker exceeds the circuit
breaker capability, then the arc across the interrupting con-
tacts is re-established. Such a phenomenon, called restriking,
produces significant overvoltages on the system. A typical
voltage waveform during a restrike is shown in Figure 22.10,
Chapter 22. The overvoltage magnitude is 2.4 P.U. and the
TRV is 6.4 P.U.

18.6.7 Prestrike

During energization of the capacitor banks, an arc can estab-
lish even before the physical circuit breaker blades are closed.
This phenomenon is called prestrike. During the prestrike, the
normal high frequency current flow occurs. When the
circuit breaker blades actually establish the physical contacts,
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the transients are much higher than the ordinary energization
transients. The typical capacitor voltage and the capacitor
current are shown in Figures 22.13 and 22.14, respectively,
in Chapter 22. The peak transient voltage in the capacitor
circuit has increased from 2.0 P.U. to 3.28 P.U., which will
result in a surge arrester operation.

18.6.8 Current Chopping

During de-energization of an unloaded transformer, circuit
breakers are allowed to interrupt the magnetizing currents.
When such currents are chopped, voltages many times the
value of the phase voltages are produced.

18.6.9 Sustained Overvoltages

Overvoltages may be produced due to circuit conditions
and will prevail for long durations. Every attempt should
be made to avoid such voltages in order to prevent damage
to the equipment connected to the power system. Some of
the sources of sustained overvoltages are load rejection in a
shunt compensated line, ferroresonance, and ground fault
conditions.

18.6.10 Ferroresonance

The overvoltages produced due to the interaction of the trans-
formers and capacitive elements in the power system are
classified in this category. For example, a ferroresonance
can occur due to the opening of one phase of a three-phase
system equipped with a three-phase potential transformer
for instrumentation. The resulting overvoltage in the open-
phase is significantly higher than the normal operating
voltage. The one-phase condition may occur due to a blown
fuse in a circuit, failure of circuit breaker poles to close
properly, or a broken conductor. The voltage waveforms
during a one-phase open are shown in Figure 16.14, Chapter
16. The overvoltage magnitudes observed in this condition
are 1.6 P.U.
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18.6.11 Ground Faults

When there is a single line-to-ground fault, there will be an
increase in the voltages on the unfaulty phases in the effec-
tively grounded power systems. The highest overvoltage on
an unfaulted phase during faulted condition is of the order of
1.4 times the rated value.

18.7 PROTECTIVE COORDINATION

Once the system specifications, including the voltage rating,
number of phases, and ratios X0/X1 and R0/X1 are known,
then the surge arrester can be selected following these six
steps [5]:

1. Determine the system phase-to-neutral voltage.
2. Select the multiplying factor from Figure 18.13,

knowing X0/X1 and R0/X1.
3. The TOV rating¼ (Phase voltage�multiplying factor).

Select a surge arrester.
4. Compare the MCOV/TOV ratio; this has to be greater

than 1.0.
5. Calculate the margins.
6. Calculate the current through the surge arrester

during conduction.

Once a surge arrester is selected, then the arrester character-
istics such as the MCOV, front of wave (FOW) sparkover,
lightning protective level (LPL), and the switching surge
protective (SSP) level voltages are known. Then the system
temporary overvoltage (TOV) is to be compared with the
MCOV. The equipment insulation withstand voltages are to
be identified. These include the chopped wave withstand
CWW, BIL, and BSL. These voltages are discussed below.

18.7.1 Basic Impulse Insulation Level (BIL)

A basic insulation level is expressed in terms of the crest value
of a standard switching impulse. The BIL values, which are
related to the system voltage, are listed in Table 18.4.
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18.7.2 Chopped Wave Withstand (CWW)

The chopped wave withstand voltage is a crest value of 1.2� 50
ms impulse wave chopped by the action of a rod gap placed in
parallel with the insulation.

18.7.3 Basic Switching Impulse Insulation Level
(BSL)

A specific insulation level is expressed in terms of the crest
value of a standard switching impulse. The typical insulation
withstands for various equipment are shown in Table 18.4.

The process of correlating the insulation withstand levels
of electrical equipment with expected overvoltages and with
the characteristics of the surge arrester is called insulation
coordination. The degree of coordination is measured by
the protection margin (PM). The fundamental definition is
given as:

Protective margin ðPMÞ

¼
Insulation withstand level

Voltage at protected equipment
� 1

� �
� 100 ð18:4Þ

In the three-point method of insulation withstand-to-arrester
protection levels are verified for the front of wave, full wave,

TABLE 18.4 Insulation Withstand for Various Equipment [4]

Test Withstand Voltage Equipment

Front of wave
0.5 ms

(1.3–1.5) BIL Transformers, reactors

Chopped wave
2 ms

1.29 BIL Circuit breakers 15.5 kV
and above

Chopped wave
3 ms

(1.1–1.15) BIL
1.15 BIL

Transformers and reactors
Circuit breakers 15.5 kV

and above
Switching surge

100� 200 ms
0.83 BIL Transformers and reactors

Switching surge
250� 2500 ms

(0.63–0.69) BIL Circuit breakers (362� 765) kV
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and switching surge protective levels. The following three
protective margins are used:

PMð1Þ ¼
CWW

FOW
� 1

� �
100 ð18:5Þ

PMð2Þ ¼
BIL

LPL
� 1

� �
100 ð18:6Þ

PMð3Þ ¼
BSL

SSP
� 1

� �
100 ð18:7Þ

where CWW, BIL, and BSL are equipment insulation
capabilities as defined above. The parameters FOW, LPL,
and SSP are related to the surge arrester. The acceptable
margins are:

PMð1Þ � 20%, PMð2Þ � 20% and PMð3Þ � 15% ð18:8Þ

The results can be presented in graphical format as shown in
Figure 18.14. The current through the surge arrester (IA) is
calculated using Equation (18.2).

 

Figure 18.14 The coordination curve for surge arrester selection.
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Example 18.3

A 60MVAR, three-phase, 115 kV, 60Hz capacitor bank needs
surge protection. The BIL rating of the bank is 550 kV. The
three-phase, short-circuit rating of the 115kV system is
22,760A. The single line-to-ground fault current is 21,340A.
The flash overvoltage of the insulator is 610 kV. The
surge impedance of the line is 375�. The system is
effectively grounded. Select a suitable surge arrester for this
application.

Solution

Assume a 100MVA base.

Base current¼ 100,000 kVA/(1.732� 115 kV)¼ 502A
Three-phase, short-circuit current¼ 22,760A/502A¼

45.33 P.U.
SLG short-circuit current¼ 21,340/502¼ 42.51 P.U.
X1 on 100MVA base¼1/45.33¼ 0.0221 P.U.

IðSLGÞ ¼
3E

X0 þ 2X1
; 42:51 ¼

3ð1Þ

X0 þ ð2� 0:0221Þ

Solving the above equation, X0¼ 0.0264 P.U.

X0

X1
¼

0:0264

0:0221
¼ 1:2

Assume X/R¼ 30 for the solidly grounded system.

R0¼ 0.0264/30¼ 0.0009P.U.

R0

X1
¼

0:0009

0:0221
¼ 0:04

The K constant from Figure 18.13¼ 1.18
The system voltage (line-to-line)¼ 115 kV
Phase voltage (115 kV/1.732)¼ 66.4 kV
Maximum temporary overvoltage (66.4� 1.18)¼ 78.35 kV
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Select a surge arrester of 108 kV with MCOV of 84 kV. For
the surge arrester of 108 kV:

FOW¼ 279 kV, LPL¼ 254 kV, SSP¼ 202 kV
For the 115 kV capacitor bank, BIL¼ 550 kV, CWW¼

605 kV, BSL¼ 465 kV

MCOV

Maximum System Voltage
¼

84kV

78:35kV
¼ 1:07

This ratio is above unity and hence the arrester rating is
acceptable for the steady-state voltage.

Calculation of protective margins:

PMð1Þ ¼
605

279
� 1 ¼ 1:16 P:U:

PMð2Þ ¼
550

254
� 1 ¼ 1:16 P:U:

PMð3Þ ¼
465

202
� 1 ¼ 1:30 P:U:

Protective margins PM(1) and PM(2) are above 0.2 P.U.
Protective margin PM(3) is above 0.15 P.U. and is adequate.

VA¼ 202 kV, Zs¼ 375 �, FLV¼ 610 �

The current through the surge arrester:

IA ¼
ð2� 1:2� 610Þ � 202

375

¼ 3:36kA

A 10kA surge arrester is suitable for this application.

18.7.4 Location of Surge Arrester

It is always good practice to connect the surge arresters very
close to the equipment to be protected. In the case of effectively
shielded substations, where the chance of direct stroke to
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the equipment is minimal, the surge impedance limits the dis-
charge current. Therefore, sometimes a surge arrester can pro-
tect more than one piece of equipment. In the noneffectively
shielded substations, the surge arresters should be installed at
the terminals of the equipment to be protected.

18.7.4.1 Separation Effect

Sometimes it may not be practical to install the surge arrester
at the equipment terminals. In such cases a cable of definite
length is used to connect the equipment to the surge arrester.
A typical connection of a surge arrester with separation dis-
tance d is shown in Figure 18.15. A traveling wave coming into
the substation is limited in magnitude at the surge arrester
location to the value of discharge voltage. When a surge
arrester is separated from the protected equipment by leads
of significant length, oscillations occur which result in a voltage
higher than the arrester voltage at the equipment. The voltage
at the equipment Vt at a distance of d from the surge arrester is
given by:

Vt ¼ Va þ 2
de

dt
�

d

1,000
; upon the maximum of 2Va ð18:8Þ

where Va¼Discharge voltage of the surge arrester, kV
de/dt¼Rate of rise of the wave front, kV/ms

d¼Separation distance, ft

Figure 18.15 Diagram showing the separation effect.
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Using Equation (18.8), the effect of separation distance on the
voltage at the equipment is shown in Figure 18.16 for different
incoming waves. In addition to the reflected wave, it is
always possible that still higher peak voltages can occur at
the equipment due to the oscillations caused by the inductance
of the cable between the surge arrester and the protected
equipment.

Example 18.4

A surge arrester is located at a distance of d feet from a
40MVAR shunt capacitor bank. The BIL rating of the capac-
itor bank is 550 kV. A traveling wave is arriving at the surge
arrester with a rate of rise of 600 kV/ms. The discharge voltage
of the surge arrester is 280kV. Determine whether
the surge arrester can protect the capacitor banks adequately
in the following two cases: (a) d¼ 20 ft; (b) d¼ 300 ft.

Solution

Va ¼ 280 kV,
de

dt
¼ 600 kV=ms

(a) Using Equation (18.8):

Vt ¼ 280þ ð2Þð600 kV=msÞ � 20 ft=1;000 ¼ 304 kV

Figure 18.16 Effect of separation with different incoming waves.
A ¼ 1000 kV/ms; B ¼ 500 kV/ms; C ¼ 100 kV/ms.
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The BIL rating of the capacitor bank is 550 kV. The magnitude
of the incoming wave is 304kV. The capacitor bank will be
protected.

ðbÞ Vt ¼ 280þ ð2Þð600 kV=msÞ � 300 feet=1;000 ¼ 640 kV

The BIL rating of the capacitor bank is 550 kV. The magnitude
of the incoming wave is 640 kV. The capacitor bank is not
protected suitably since the incoming surge voltage is much
higher than the BIL of the equipment.

18.7.5 Effect of Transients on the Surge Arrester

It is necessary to understand the effect of transient overvolt-
ages due to various switchings on the surge arrester. The typi-
cal switching surges due to various switching operations
are discussed in Chapter 22 and summarized in Table 18.5.
For the practical cases listed in Table 18.5, the corresponding
maximum overvoltages, TRV, and frequency of oscillation are
identified. In some cases, the maximum overvoltage is exces-
sive, TRV is high, or the frequency of oscillation is excessive.
The acceptable TRV is 2.4 P.U. and the frequency of oscillation
is 4,250 Hz. Therefore, it can be seen that the capacitor
switching produces overvoltages in some cases and the surge

TABLE 18.5 Overvoltages, Oscillation Frequencies, and TRV

Description Vmax, P.U. f, Hz TRV, P.U. Remarks

Energization 2.1 588 – Arrester will conduct
De-energization 1.0 DC 2.0 Acceptable
Fault clearing 2.3 5,000 2.3 Frequency of oscillation

is unacceptable
Reclosing 2.5 400 – Vmax is unacceptable

Restriking 3.2 400 6.4 Vmax and TRV are high
Prestrike 3.28 – – Vmax is unacceptable
Back-to-back 1.48 400 – Acceptable
Voltage

magnification
2.1, 1.6 – Arrester will conduct
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arrester will conduct. In some cases, however, the overvoltages
are excessive, and the effectiveness of the surge arrester has
to be evaluated suitably. It should be noted that if there is
continuous conduction, the surge arrester may fail.

18.8 CONCLUSIONS

The surge arrester is used in the power system for surge
protection. Lightning surges and switching operations produce
overvoltages. The important characteristics of the metal oxide
varistor type of surge arrester are presented. The approach for
surge arrester selection for capacitor application is shown with
the help of an example. The separation effect is discussed. The
effects of various switching operations on the surge arrester
conduction are identified.

PROBLEMS

18.1. What are the different types of lightning surges
that affect a power system?

18.2. What are the types of surge arresters available for
protection of shunt capacitor banks?

18.3. Identify the typical specification of a surge
arrester.

18.4. Define MCOV. How is it important in the MOV
arresters? In this respect, identify the differences
between MOV and silicon carbide surge arresters.

18.5. A 30MVAR, three-phase, 13.8 kV, 60Hz capacitor
bank is to be provided with surge arresters. The
BIL rating of the bank is 95 kV. The ratios are
X0/X1¼2 and R0/X1¼ 0.35 at the substation loca-
tion. Evaluate 10 kV and 12kV surge arresters for
this application. Which arrester is suitable for this
application and why?

18.6. What are the different types of overvoltages
expected in a capacitor bank installation? Which
one is the most severe?
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18.7. A surge arrester is needed for the protection of a
30MVAR shunt capacitor bank. The BIL rating of
the capacitor bank is 550 kV. The expected travel-
ing wave at the surge arrester has a rate of rise of
800 kV/ms. The discharge voltage of the surge
arrester is 280kV. Since there is no space for
installation of the surge arrester at the terminal
of the capacitor bank, it has to be installed at a
distance. What is the recommended separation
distance?
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19

MAINTENANCE AND
TROUBLESHOOTING

19.1 INTRODUCTION

For proper operation of capacitor banks, it is necessary to
maintain balanced phase voltages and current flows through
the three-phase power system. Any unbalance in the phase
voltages or currents is an indication of a system problem.
The actual harmonic voltages and harmonic currents at any
given operating point may be measured using oscillograph
records or harmonic analyzers.

19.2 MAINTENANCE

Capacitor banks require very little maintenance because they
are static equipment. However, regular inspection of the capac-
itor units should include a check of ventilation, fuses, ambient
temperature, phase voltages, line currents, and cleaning of the
surfaces for removal of dust. The recommended inspection and
maintenance including initial inspection, maintenance before
energization, periodic inspection, and required measurements
are identified below [1].
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19.2.1 Inspection and Maintenance

Standard safety practices should be followed during installa-
tion, inspection, and maintenance of capacitors. In addition,
there are procedures that are unique to capacitor equipment
that should be followed to protect operating staff and equip-
ment in accordance with the National Electrical Safety Code.
Some of the items of importance are listed below.

19.2.1.1 Clearance and Grounding

After a capacitor bank is de-energized, there will be residual
charges in the units. Therefore, wait at least 5 min before
approaching it to allow sufficient time for the internal dis-
charge resistors in each capacitor unit to dissipate the stored
energy. These resistors are designed to reduce the voltage
across the individual capacitor units to less than 50V within
5 min. However, the grounding leads should be applied to all
three phases to short out and ground the capacitor bank. On
larger substations, permanent grounding switches may be
used to achieve this function. Even after grounding, it is
recommended that individual capacitor units be shorted and
grounded before personnel come into contact with them to
ensure that no stored energy is present.

19.2.1.2 Bulged Capacitor Units

One of the failure modes of capacitor units is bulging.
Excessively bulged units indicate excessive internal pressure
caused by overheating and generation of gases due to probable
arcing condition. These units should be handled carefully.
The manufacturer should be consulted regarding the handling
of bulged units.

19.2.1.3 Leaking from Capacitor Units

Another mode of failure in the capacitor bank is leaking
due to the failure of the cans. When handling the leaking
fluid, avoid contact with the skin and take measures to prevent
entry into sensitive areas such as eyes. Handling and disposal
of capacitor insulating fluid should comply with state, federal,
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and local regulations. Some capacitor units contain combusti-
ble liquid and require careful handling.

19.2.1.4 Re-Energization of the Capacitor Banks

When returning to service, verify that all ground connections
that were installed for maintenance purpose are removed.
Allow a minimum of 5 min between de-energization of the
capacitor bank and re-energization of the capacitor bank to
allow enough time for the stored energy to dissipate.

19.2.1.5 Initial Inspection Measurements and
Energization Procedures

During the initial inspection before energization of the
capacitor banks the following measures should be taken:

1. Verify proper mechanical assembly of the capacitor
units, clearances as per the electrical code, and
soundness of the structure of all capacitor banks.

2. It may be useful to measure the capacitance of the
banks and keep the measurements as benchmark
data for future comparison.

3. Check the electrical connections for proper installa-
tion and good electrical contact. Verify that all term-
inal connections are tightened properly. Check the
individual fuse connections to ensure that they are
tight and make good contact.

4. Clean all insulators, fuses, and bushings to prevent
the possibility of dirty porcelain creating a flashover
danger. Inspect all porcelain insulators for cracks or
breaks.

5. Test the operation of all controls and load break,
disconnect, and grounding switches prior to energiz-
ing the capacitor banks.

6. Prior to energizing the bank, verify the capacitance
values of each phase and compare them with the
coordination values used in the relay settings. The
capacitance unbalance should not result in a voltage
of more than 110% of the rated voltage on any one
unit.
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7. Immediately after energization, verify the voltage
increase on the terminals and compare it with the
calculated values. Also, measure and verify if the
supply voltage, phase currents, and the kVAR of
the capacitor bank are within the allowed limits.
Approximately 8 h after energization, conduct a
visual inspection of the bank for blown fuses,
bulged units, and proper balance in the currents.

19.2.1.6 Periodic Inspection, Measurement, and
Maintenance

The substation and distribution capacitor banks should be
inspected and electrical measurements be made periodically.
The frequency of the inspection should be determined by
local conditions such as environmental factors and type of
controller used to switch the capacitors on and off.

19.2.1.7 Visual Inspections

Visual inspection of the capacitor bank must be conducted
for blown capacitor fuses, capacitor unit leaks, bulged cases,
discolored cases, and ruptured cases. During such inspection,
check the ground for spilled dielectric fluid, dirty insulating
surface on the bushings, signs of overheated electrical joints,
open switches, and tripped protective devices. An infrared
camera is very useful for inspecting the substation equipment
for overheated joints and surfaces, and records can be main-
tained for future reference. Pole-mounted capacitor units
should be examined for exterior corrosion.

19.2.1.8 Physical Inspection and Measurements

Physical inspection and measurements should include loose
connections, overheated lead wires, and faulty fuse tubes.
Fuses should be inspected for evidence of overheating or
other such damage. The protection devices should be inspected
for proper settings including the position of the current trans-
former and the potential transformer. The capacitance of the
bank should be measured and compared with the previous
measurements.
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19.2.2 Difficulties in Field Measurements

Capacitor bank installations present inherent difficulties
with respect to the measurement process. These include the
following [2]:

1. Accessibility of equipment. The capacitor banks are
usually installed in rack mountings in the substation
environment. Gaining access to the capacitors for
measurement requires a boom truck or extended
ladder. Space is limited in capacitor banks.

2. Terminal connections. In order to make measure-
ments on a capacitor bank, the terminals have to
be disconnected. Such practices are not advisable in
an existing bank. If the connections were not made
properly after the measurements, there may be
additional problems.

3. Measuring environment. In a substation, there will
be induced voltages due to the electrostatic and elec-
tromagnetic couplings on other equipment such as
bus bars for various lines and circuit breakers.
Therefore, the measurements made at the substation
location may be inaccurate.

4. Impact due to the number of units. In capacitor
banks, there are several series and parallel units,
often hundreds in number. Troubleshooting by meas-
uring unit by unit can be tedious and time
consuming.

5. Historical data. Capacitance measurements often are
made in the factory and the data are retained in an
office location. Such historical data may not be easily
retrievable by maintenance personnel for comparison
purposes.

19.2.3 Measuring Techniques

Many electrical devices are available for measuring capac-
itance. Most of these devices are delicate and are operated
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indoors. The following categories can be identified:

1. Laboratory type meter. This type of equipment
is delicate and produces accurate readings. Port-
ability is limited due to its sensitivity and sometimes
requires accessory equipment. Such equipment will
be installed in a manufacturing plant or testing
laboratory. Some modified equipment is available,
but it is heavy and is used for measuring the capaci-
tance in a restricted laboratory.

2. Handheld digital capacitance meter. The capacitance
meter is a small, battery-operated, low voltage device
suitable for capacitance measurement in different
environments. Some of these devices are accurate
enough to measure the loss of one capacitor unit,
with a precision of 0.5%. The digital capacitance
meter can be used to measure the capacitance of
the units in the field. A typical digital capacitance
meter is shown in Figure 19.1. This hand-held
digital meter looks like a multimeter and can be
used to measure resistance, inductance, and capaci-
tance. The range of measurement in the capacitance
is 20 nF–200mF. This range is suitable for measur-
ing capacitors used in power factor correction
applications.

3. Substation capacitance devices. These are devices
suitable for direct measurement of capacitor
units in a rack assembly without disconnecting the
connections. A low voltage is applied to the group of
units to be measured. A clamp-on meter is placed
around the bushing of the unit to be measured.
A capacitance reading is obtained from the current
measured by the clamp. Even though there is
improvement in the measurement process, it is diffi-
cult to obtain repetition of the measurement.
The degree of precision (2–5%) is not enough to
accommodate the internally fused and fuseless
capacitor technologies [2].
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4. Infrared camera for temperature measurement. An
infrared camera is a very useful tool for measuring
the temperature of joints and other critical parts
from the substation yard. The infrared camera can
be used to ‘‘see’’ and ‘‘measure’’ thermal energy
emitted from an object. Thermal or infrared energy
is light that is not visible because its wavelength
is too long to be detected by the human eye. It
is the part of the electromagnetic spectrum that we

Figure 19.1 A digital capacitance meter, type 830A. (Courtesy of
B&K Precision, Melrose, MA. )
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perceive as heat. Unlike visible light, in the infrared
world, everything with a temperature above absolute
zero emits heat. Even very cold objects, like ice
cubes, emit infrared radiation. The higher the
object’s temperature, the greater the infrared radia-
tion emitted. The infrared camera allows us to see
what our eyes cannot. The infrared cameras produce
images of invisible infrared or ‘‘heat’’ radiation and
provide precise noncontact temperature measurement
capabilities. Nearly everything gets hot before it fails,
making infrared cameras extremely cost-effective and
valuable diagnostic tools in many diverse applica-
tions. As industry strives to improve manufacturing
efficiency, improve product quality, and enhance
worker safety, new applications for infrared cameras
continually emerge. An example of an infrared
camera is shown in Figure 19.2. This camera can
produce images suitable for jpeg format.

19.3 TROUBLESHOOTING

Some of the failure problems associated with capacitor banks
are well known. A few of the failures are traceable to the

Figure 19.2 A typical infrared camera, ThermaCAM P60.
(Courtesy of FLIR Systems, North Billerica, MA. )

374 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



original source and sometimes that may be difficult to do.
In many instances, the final result of a failure may be cata-
strophic explosion of the capacitor into pieces or fire. A
capacitor bank failure caused by a fire in a utility application
is shown in Figure 19.3. Although the capacitor unit does not
seem damaged, the damage to the doors is visible. There is
debris on the floor. The typical causes for capacitor failure
are discussed below.

1. Capacitor failure due to inadequate voltage rating.
In the filter banks, the capacitor units are connected
in series with inductors. Sometimes the voltage
across the capacitor units exceeds the design
values. In such circumstances, the capacitor units

Figure 19.3 A failed capacitor bank due to fire. (Courtesy of Duke
Energy, Charlotte, NC.)
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fail catastrophically due to inadequate voltage rating.
This is demonstrated using an example.

Example 19.1

Consider a second harmonic filter, a part of a multiple filter
bank located at a 13.8 kV, 60Hz, three-phase system. The
reactance of the inductor and the reactance of the capacitor
units are 4.5� and 17.7�, respectively, at 60Hz. The capacitor
bank consists of 400 kVAR, 9.96 kV, single-phase units, 21
units in parallel per phase. The filter bank is wye connected
and ungrounded. Analyze the adequacy of the filter bank.

Solution

kVAR/unit¼ 400
kV/unit¼ 9.96 kV
System line-to-line voltage¼ 13.8 kV
Phase voltage (13.8 kV/1.732)¼ 7.97 kV
The capacitor voltage¼ 9.96 kV (There seems to be

adequate margin)
Reactance of the inductor¼ 4.5�
Reactance of the capacitor units¼ 17.7�

Expected MVAR delivered ¼
kV2

Xc � Xlð Þ
¼

13:82

17:7� 4:5ð Þ

¼ 14:42 MVAR

Circuit current I ¼
kVARffiffiffi
3

p
ðkV Þ

¼
14,420

1:732� 13:8 kV
¼ 603A

Voltage across the inductor¼ (I�Xl )¼ (603A� 4.5)¼
2,713V

Voltage across the capacitor units¼ (I�Xc )¼ (603A�

17.7)¼ 10,673V
The rating of the capacitor unit¼ 9.96 kV
Max. continuous capacitor voltage¼ 9.96� 1.1¼ 10,956V
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The nominal system voltage is 13.8 kV and the allowed
limit on the high side is 1.05 P.U. The corresponding
voltage across the capacitor unit is (1.05� 10.673), i.e.,
11.2 kV. The capacitor voltage is higher than the allowed
maximum voltage of 10.956 kV. The capacitor unit will fail
catastrophically due to excessive continuous voltage if
the system is operated at 1.05 times the rated setting.
Although it looks as if the selection of the capacitor
voltage is acceptable at the beginning, careful considera-
tion of the capacitor voltage shows that it is not adequate.

2. Fuse blowing. The blowing of a fuse may be due to
short circuit in a capacitor unit, overcurrent due
to an overvoltage, or harmonics. A short-circuited
capacitor unit can be determined by inspecting
the capacitor can for bulging or case rupture.
Sometimes the fuse rating can be lower than the
necessary rating. High contact resistance of the fuse
unit can cause excessive temperatures and failure of
the fuse. Failure of a fuse means blowing of the fuse
under circumstances other than when performing its
designed function. Thus a fuse that blows after a
capacitor short is not classified as a fuse failure.
Fuse failure may occur due to fatigue, incorrect
application, and improper branch protection.

Example 19.2

In Example 19.1, the fuse selected for the application is 40T,
9.96 kV. Perform a suitability analysis.

Solution

kVAR per unit¼ 400
kV¼ 9.96
Capacitor current (400 kVAR/9.96 kV )¼ 40A
Desired fuse current (40 A� 1.35/1.5)¼ 36A

A 40 T fuse is applicable. The fuse voltage is 9.96 kV. As per
Example 19.1, the maximum capacitor voltage will be
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11.2 kV. The fuse will also fail due to inadequate
voltage rating if the system voltage is at 1.05 times
the nominal rating. Select the next nearest fuse voltage,
i.e., 15 kV.

3. Thermal failure. Capacitors operated at extreme hot
conditions can fail due to excessive temperature. The
excessive heat can be due to high ambient tempera-
ture, radiated heat from adjacent equipment, or extra
losses.

4. Ferroresonance. The capacitor banks tend to interact
with the source or transformer inductance and pro-
duce ferroresonance. This can produce undamped
oscillations in the current or voltage, depending
on the type of resonance. If the system is not ade-
quately damped, then there is a possibility of capaci-
tance or transformer failure. This is due to the
system condition and cannot be identified by visual
inspection.

5. Harmonics. Any nonlinear load in the system such as
an arc furnace or converter equipment produces har-
monics. Filters are used to control the harmonics.
If the tuning of the filters is not sharp enough, then
there may be excessive harmonic currents through
the capacitor bank. Harmonics cause overheating
and failure of the capacitor units.

6. Open circuited capacitor units. Field measurement
can determine if the fuse is blown and if there is
an open circuit due to capacitor failure.

7. Dielectric failures. When an internal series group of a
capacitor unit fails, the voltage on the remaining
internal series groups in the string increases. It is
desirable to remove the bank from service when the
voltage applied to the remaining internal series
groups exceeds 110% of their rated voltage. The sen-
sitivity necessary to detect individual internal series
group failures requires an unbalance detection
scheme that is not sensitive to system unbalance
and can be adjusted to null out the capacitor bank’s
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inherent unbalance. It is important to note that as
the internal design of the capacitor units used in
fuseless banks becomes an integral part of the
relay scheme, replacement of faulty units in a bank
should be made only with units sharing the same
internal electrical configuration.

8. Rack faults and insulation failures. The two failure
modes of greatest concern in a fuseless bank are
the failure of a unit’s major insulation and the flash-
over of a unit’s bushing. If a unit in an externally
fused bank experiences either of these two failure
modes, the external fuse will operate and remove
the unit from service; however, fuseless banks have
no external fuses.

9. Manufacturing defects. These defects are to be identi-
fied during the testing of capacitor units in the
factory. The typical bathtub curve of failure of any
electrical component is shown in Figure 19.4. The
bathtub curve consists of three periods: an infant
mortality period with a decreasing failure rate;
then a normal life period, also known as useful life
with a low, relatively constant failure rate; and
finally, a wear-out period that exhibits an increas-
ing failure rate. If there are any manufactur-
ing defects in the capacitor units, the failure will

Figure 19.4 A typical bathtub curve.
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occur in the factory during testing. During useful
life, any capacitor failure may be due to stress-related
causes.

10. Failures due to internal stress in the capacitor units.
The application of ripple currents, surge voltages,
and high frequency oscillatory currents can cause
internal stress in the capacitor units and premature
failure. Figure 19.5 shows how the ripple current
affects the life of capacitors. Considering a typical
case at 45�C ambient temperature, a capacitor
with a predicted life of 10,000 h at 39% ripple current
has a life of 600 h at 100% ripple current. In addition
to ripple current and overvoltages, the type of wave-
forms and duration of the current pulses also affect
the life of the capacitor units.

11. Failures due to external stress. Sometimes the capa-
citor banks are exposed to extreme operating condi-
tions, including excessive ambient temperatures,
humidity, temperature cycling, vibrations, shock,
and lack of ventilation. Such conditions can occur
in substation capacitor installations. In certain
applications, forced air cooling is used. In many ap-
plications, the capacitor banks are exposed without

Figure 19.5 Typical variation of capacitor life with ripple current
at various ambient temperatures.
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any forced air cooling. Extra cooling of these units is
expected to improve the life expectancy.

12. Human error. Sometimes human error is res-
ponsible for capacitor bank failure. If the protec-
tion coordination of the fuse selection is not
performed correctly, fuse or capacitor failure may
occur. For energization of the capacitor banks,
a circuit switcher equipped with closing resistor
is used. When a capacitor bank is tripped due to
a fault, the circuit breaker is open. The circuit
switcher is still in the closed position. Now, if the
circuit breaker is used to energize the capacitor
bank, there is no closing resistor in the circuit and
the capacitor bank may fail due to excessive energi-
zation transients. To perform this operation cor-
rectly, the circuit switcher is opened. Then
the circuit breaker is closed. The energization of
the capacitor bank is performed using the circuit
switcher with closing resistance in the circuit.
Such human error is common but very difficult to
prove, unless the operator admits or records such
error.

13. Surge arrester connection. The surge arrester is
connected across the filter bank for protecting
from switching and lightning surges. Sometimes the
surge arrester is connected across the reactor as
shown in Figure 19.6(a). In such a connection,
during overvoltage, the surge arrester conducts
and forces large currents through the capacitors.
Such large currents can cause capacitor failure
momentarily. At the same time, there is no surge
protection for the capacitors. The recommended
connection of the surge arrester in a filter bank is
shown in Figure 19.6(b). Applying a surge arrester
in an ungrounded wye connection has other per-
formance issues as outlined in IEEE Standard
C62.22. A solidly grounded filter circuit with surge
arrester across the filter circuit is recommended.
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14. Converter harmonic production and related issues.
If the converter produces more than acceptable
harmonics, the filter components such as capacitor
and inductor will be overloaded, leading to premature
failure. If firing timing is not identical for a parallel
set of thyristors, uneven loading can result,
producing individual semiconductor failures and
gravitating toward a subsequent cascade of failures
through the system as fewer devices carry more and
more of the load current. Even harmonics can be
created in rectifier systems by firing irregularities.
The various modes of timing irregularities in a
converter occur for the following reasons [3]:

Pulse deviation related: Consider a six-pulse recti-
fier, in which one of the six pulses does not occur
in the correct time. This results in an across-the-
board increase in harmonic currents, with poor
cancellation of odd harmonics and production
of even harmonic currents due to half-wave
dissymmetry about zero.

Phase unbalance related: Phase unbalance does
not produce even harmonics. It acts like a single-
phase rectifier and produces the full spectrum of
odd harmonics with modulation components of
two of the normal harmonic frequencies.

 

Figure 19.6 Surge arrester application for the filter bank per
phase. (a) Surge arrester across the inductor. (b) Surge arrester
across the filter.
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Group unbalance related: Sometimes pulses 1, 3,
and 5 are displaced by an equal amount from 2, 4,
and 6. This results in the generation of even har-
monics, that is, multiples of 3n� 1. In such cases,
the second, fourth, and other such even harmonics
can be observed. In Reference [3], the fourth
harmonic resonance was observed.

15. Failure problems associated with the H-configuration
capacitor banks. Consider an H-capacitor bank as
shown in Figure 19.8. Each quadrant of the bank
consists of several series–parallel capacitor units.
The H-configuration is used in order to identify the
failure in the groups using the resultant current
through the bridge. When one element fails, it
produces a temporary short circuit. The measured
current on the secondary of the current transformer
is shown in Figure 19.7. It can be seen that the peaky
short-circuit current remains for a duration of 50ms.
Then the adjacent elements discharge into the failed
element and the fuse blows under excessive current.
The unbalance current decays and settles to a lower

Figure 19.7 Secondary current of a current sensor during a
capacitor failure. (From Reference [4].)
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value. If the value is large enough to produce an
alarm or a trip signal, then there will be some activ-
ity to protect the bank. If the capacitor elements fail
in adjacent quadrants, then there will be a cancella-
tion effect on the unbalance current level. Therefore,
if elements are failing in the adjacent quadrant, the
alarm or trip settings for unbalance protection may
not be effective [4].

Example 19.3

Consider an H-configuration of a capacitor bank as shown in
Figure 19.8. The current transformer ratio used in the bridge
circuit is 50:5. The reactance of X1¼X2¼X3¼X4¼ 10�. Due
to the failure of one internal capacitor, the value of X1 changes
to 9.5�. Assume a capacitor bank current of 500A. Solve for
the following.

(a) Write an equation to find the secondary current in
the bridge circuit for relaying applications. What is
the secondary current in the CT circuit?

(b) Assume that due to the failure of some capacitor
elements in the first quadrant, X1¼ 9.5�. What is
the secondary current in the CT circuit?

(c) Assume that X1¼X2¼ 9.5� due to failures. What is
the secondary current in the CT circuit?

(d) Assume that X1¼X2¼X3¼X4¼ 9.5�. What is the
secondary current in the CT circuit? State your
conclusions.

Figure 19.8 Capacitor bank in H-configuration for Example 19.2.
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Solution

Ibank¼ 500A

(a) X1¼X2¼X3¼X4¼ 10�
Current transformer ratio¼ 500 A / 5 A

Ib ¼
ðX1ÞðX2Þ � ðX2ÞðX4Þ

X1 þ X2ð Þ X3 þ X4ð Þ
� Ibank �

N2

N1

where X1¼Reactance of quadrant 1
X2¼Reactance of quadrant 2
X3¼Reactance of quadrant 3
X4¼Reactance of quadrant 4

N1¼Primary current rating of the CT
N2¼Secondary current rating of the CT

Ib ¼
ð10� 10Þ � ð10� 10Þ

10þ 10ð Þ 10þ 10ð Þ
� 500 A �

5

50
¼ 0 A

When the reactances of all the four branches of the H-
configuration are equal, there will be no resultant cur-
rent in the bridge circuit.

(b) X1¼ 9.5�; X2¼X3¼X4¼ 10�

Ib ¼
ð9:5� 10Þ � ð10� 10Þ

9:5þ 10ð Þ 10þ 10ð Þ
� 500 A �

5

500
¼ 0:0128 A

When there is a failure in one quadrant of the
H-configuration, such a failure can be identified.

(c) X1¼X2¼ 9.5�; X3¼X4¼ 10�

Ib ¼
ð9:5� 10Þ � ð9:5� 10Þ

9:5þ 9:5ð Þ 10þ 10ð Þ
� 500A �

5

500
¼ 0 A

When there are an equal number of failures in one
and two quadrants of the H-configuration, such a
failure cannot be identified.
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(d) X1¼X2¼X3¼X4¼ 9.5�

Ib ¼
ð9:5� 9:5Þ � ð9:5� 9:5Þ

9:5þ 9:5ð Þ 9:5þ 9:5ð Þ
� 500 A �

5

500
¼ 0 A

When there is an equal number of failures on all four
branches of the H-configuration, such a failure cannot
be identified.

The symptoms, possible cause, and remedial approach for
various types of capacitor failures are identified in Table 19.1.
It can be seen from the table that the possible symptoms are
capacitor failure, fuse failure, false tripping of the control or
relay equipment, failure of surge arresters, reactor failure,
overheating of transformer or machines, and telephone inter-
ference. The possible causes are resonance, excessive harmo-
nics, and insufficient filtering. The possible remedy in many
causes is to tune the existing filter correctly. Although it is
not mentioned specifically to include a resistance to modify
the filter as a high-pass filter, it is a very effective solution in
the case of oscillatory cases. In some cases, it may be necessary
to have multiple filters to control several dominant harmonics.
In certain light loaded systems, it is possible to control the
harmonic distortion by switching off the filter or capacitor
bank. These issues are all application specific and require care-
ful examination of the given system condition.

PROBLEMS

19.1. What are the different types of maintenance
requirements for capacitor banks?

19.2. Why is field-testing required for the capacitor
banks? How can thermal photography be used to
evaluate the soundness of capacitor units?

19.3. An open circuit is one of the suspected faulted
conditions in a capacitor bank. How can this be
detected?

19.4. There are three filter banks in an arc furnace
installation. The filter banks are tuned to third,
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TABLE 19.1 Capacitor Unit Failures: Symptoms, Causes, and Remedies

Symptom Possible Cause Remedy

Capacitor failure near a
harmonic load

Harmonic resonance Detune the filter bank; change
the capacitor size

Misoperation of electronic
controllers

Distorted voltages; see
the waveforms

Use a harmonic filter

Capacitor fuse blowing Resonance Detune the filter
Power transformer overheats
below rated load

Excessive harmonic currents Use a filter bank;
detune the existing filter

Induction motors overheat
at part load

Excessive harmonic currents Use a filter bank;
detune the existing filter

Capacitor failure Inadequate voltage rating Check the voltage rating and use
adequate voltage rating

Surge arrester failure Harmonic resonance;
arrester rating

Tune the filter;
check the arrester rating

Filter reactor failure Harmonic resonance Tune the filter
False relay trips Harmonic resonance Perform system study and determine

what to do
Telephone interference Harmonic currents in the

path of telephone circuit
due to inductive coupling

Reduce system harmonics;
examine ungrounded filter bank or change
filter location

Voltage exceeds limit Too much harmonics Apply necessary filtering
Harmonic distortion at
light loads

The harmonics exist only
at light loads

Avoid switching capacitor banks
at light loads

Harmonic distortion at
peak loads

Inadequate filtering Detune the existing filters;
apply filters at the load
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fifth, and seventh harmonics. If the capacitor
units in the fifth harmonic filter alone fail on a
regular basis, what items should be examined in
order to identify the cause of the failure? The
other banks are operating normally.

19.5. What are the possible human errors that lead to
the failure of capacitor units?

19.6. List the various causes of capacitor failure.
19.7. Consider a fifth harmonic filter, a part of a multi-

ple filter bank located at a 13.8 kV, 60Hz, three-
phase system. The capacitor bank consists of
400 kVAR, 9.96 kV units, 24 in parallel. The
rating of the reactor is 3.13mH/phase and
13.8 kV. The filter bank is wye connected and
ungrounded. Analyze the adequacy of the filter
bank. The system operating voltage is 1.05 P.U.

19.8. If the fuse used in the fifth harmonic filter
(Problem 19.7) is 40 T, is this rating adequate
for continuous operation? Assume that the
system voltage setting is changed to 1.05 P.U.
for several hours during the day.
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20

HARMONIC FILTERING

20.1 INTRODUCTION

Until the 1960s, the main harmonic sources in the power
system were the arc furnace and a few converter loads. In
the 1970s, with thyristors and static power supplies, many
variable speed drives were introduced in all industries. With
the increase in the converter load in the power system, several
new problems became noticeable, including:

� Flow of harmonic currents from the converter to the
AC system

� Poor power factor on the AC side
� Poor voltage regulation on the AC side due to low

power factor
� Interference in the telecommunication systems due

to induced voltages
� Distortions of AC supply voltages that affect the

performance of computer equipment
� Error in the metering
� Continuous neutral currents in the neutral conductors

of four-wire systems
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Therefore, it is necessary to understand the behavior of indus-
trial power systems with converter/inverter equipment. With
the introduction of the new filtering devices and the need to
improve the power factor and control the harmonics, utilities
can encounter new system problems. In this chapter, the
sources of harmonics, the system response, modeling of the
system for harmonic analysis, acceptable harmonic limits,
and the approach for harmonic analysis are presented. In
order to show the effect of harmonics on the system, consider
a fundamental and third harmonic, both in phase, as shown in
Figure 20.1. The total amplitude is less than the maximum
fundamental. Now consider the fundamental and out-of-
phase third harmonic along with the total magnitude in
Figure 20.2. It can be seen that the total magnitude is higher

Figure 20.1 Fundamental and third harmonic in phase with the
total amplitude.

Figure 20.2 Fundamental and third harmonic out of phase with
the total amplitude.

390 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



than the fundamental. This illustrates that, depending on the
phase angle of the harmonics, the total amplitude of the cur-
rent can exceed the normal rating. The overloaded current will
produce excessive heating. Therefore, the effect of harmonics
requires careful consideration.

20.2 HARMONIC SOURCES

There are several harmonic sources in the distribution
systems. These are loads with nonlinear characteristics. The
AC–DC converters, pulse width modulated converters, cyclo-
converters, arc furnaces, static VAR compensators, and
switched mode power supplies are typical nonlinear loads
producing harmonics. The typical harmonic frequencies and
the corresponding magnitudes produced by various harmonic
producing equipment are listed below.

20.2.1 Converters

A six-pulse type of AC to DC converter is used in variable
speed drives, battery charging applications, and HVDC circuits.
In the converter circuit, each pair of thyristors is triggered
and conducts until it is reverse biased. If a thyristor is trig-
gered at zero firing angle, it acts exactly as a diode. With dif-
ferent firing angles, there will be increased harmonics. An
analysis of the converter harmonics will yield the following
harmonic contents:

h ¼ kq� 1 ð20:1Þ

Ih ¼ I1=h ð20:2Þ

where h¼Harmonic order
k¼Any integer (0, 1, 2 . . .)
q¼Pulse number of the circuit
Ih¼Magnitude of the harmonic component
I1¼Magnitude of the fundamental component

The harmonic contents of a six-pulse converter are listed in
Table 20.1 [1].
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20.2.2 Pulse Width Modulated (PWM)
Converters

PWM converters use power electronic devices that can be
turned on and off. The input power is usually obtained from
a converter source and the output voltage is shaped according
to requirement using thyristor switching. The output pulse
widths are varied to obtain a three-phase voltage wave at the
load. The load is usually an AC motor used as a variable speed
drive. The harmonic contents due to a typical PWM drive at
various load conditions are listed in Table 20.2 [1].

20.2.3 Cycloconverters

These are devices that convert AC power at one frequency to
AC power at a lower frequency. These converters are used to
drive large AC motors at lower speeds. These types of con-
verters produce a significant amount of harmonics. The
harmonic components due to the operation of a cycloconverter
are given by:

fh ¼ f1ðkq� 1Þ � 6n f0 ð20:3Þ

where fh¼Harmonic frequency imposed on AC system
k, n ¼ Integers

f0¼Output frequency of the cycloconverter
f1¼Fundamental frequency of the AC system

TABLE 20.1 Harmonic Contents of a Six-Pulse Converter

h Order Magnitude Angle

1 100 �75
5 33.6 �156
7 1.6 �151

11 8.7 �131
13 1.2 54
17 4.5 �57
18 1.3 �226
23 2.7 17
25 1.2 149
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20.2.4 Arc Furnace

The harmonic produced by an electric arc furnace is very diffi-
cult to predict due to the variation of the arc impedance on a
cycle-by-cycle basis. Therefore, the arc current is nonperiodic
and the analysis shows both integer and noninteger harmonic.
The harmonic content is different both for melting and refining
periods. Table 20.3 presents the harmonic contents of the arc
furnace operation [1].

20.2.5 Static VAR Compensator (SVC)

The thyristor controlled reactor with fixed capacitors has been
used to control the power factor of the electric arc furnaces and

TABLE 20.2 Harmonic Contents of a PWM Drive

100% Load 75% Load 50% Load

h Order Magnitude Angle Magnitude Angle Magnitude Angle

1 100.00 0 100.00 0 100.00 0
3 0.35 �159 0.59 �44 0.54 �96
5 60.82 �175 69.75 �174 75.09 �174
7 33.42 �172 47.03 �171 54.61 �171
9 0.50 158 0.32 �96 0.24 �102

11 3.84 166 6.86 17 14.65 16
13 7.74 �177 4.52 �178 1.95 71
15 0.41 135 0.37 �124 0.32 28
17 1.27 32 7.56 9 9.61 10
19 1.54 179 3.81 9 7.66 16
21 0.32 110 0.43 �163 0.43 95
23 1.08 38 2.59 11 0.94 �8
25 0.16 49 3.70 10 3.78 7

TABLE 20.3 Harmonic Contents of the Arc Furnace Current

Harmonic Order in %

Furnace Condition 1 2 3 4 5 7

Initial melting 100 7.7 5.8 2.5 4.2 3.1
Refining 100 – 2.0 – 2.1 –
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similar distribution loads to reduce the voltage flicker.
Harmonics are produced because the thyristor controlled reac-
tor current is adjusted to correct the power factor. Typical
harmonic components produced due to the operation of an
SVC are listed in Table 20.4 [1].

20.2.6 Switched Mode Power Supplies

In all personal computers, switched mode power supplies are
used. These are very economical designs in which energy is
stored in a capacitor and discharged in order to get a DC volt-
age through an electronic circuit. Since the load seen by the AC
side is capacitive, the current flow is not continuous. The typi-
cal harmonic components due to a switched mode power supply
are shown in Table 20.5 [1].

20.3 SYSTEM RESPONSE TO HARMONICS

The effect of harmonics on the power system depends on the
frequency response characteristics of the system. Some of the
important contributing factors are discussed below.

TABLE 20.4 Typical Harmonic Amplitudes due to an SVC

Harmonic Order Amplitude, % Harmonic Order Amplitude, %

1 100 3 13.78
5 5.05 7 2.59
9 1.57 11 1.05

13 0.75 15 0.57
17 0.44 19 0.35
21 0.29 23 0.24
25 0.20

TABLE 20.5 Harmonic Contents of a Switched Mode Power Supply

Harmonic Order Amplitude, % Harmonic Order Amplitude, %

1 100.0 3 81.00
5 60.6 7 37.00
9 15.7 11 2.40

13 6.30 15 7.90

394 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



20.3.1 System Short-Circuit Rating

A system with a large short-circuit capacity will produce a low
voltage distortion. A system with a lower short-circuit rating
will produce a large voltage distortion. The system short-circuit
rating depends on the amount of generation, transmission
voltage level, number of parallel lines, and other system
characteristics.

20.3.2 Load Characteristics

The resistive component of the load produces damping in the
circuit and hence reduces voltage magnification. The reactive
component of the load can shift the point at which resonance
occurs, hence a reactive load can amplify the voltage magnifi-
cation. A lightly loaded system is likely to have less damping
and hence a higher voltage distortion. A heavily loaded system
is likely to offer better damping.

20.3.3 Parallel Resonance

Parallel resonance occurs when the system inductive reactance
and the capacitive reactance are equal at some frequency. If
the resonant frequency happens to coincide with a harmonic
frequency of a nonlinear load, then an oscillatory current
flow will occur between the inductive source and the capaci-
tance. A typical parallel resonant circuit is shown in
Figure 20.3, with a resonant frequency of f0.

20.3.4 Series Resonance

Series resonance is the result of the series combination of the
capacitor banks and the transformer inductance as shown in
Figure 20.4. A series resonant circuit offers a low impedance
path for the harmonic currents and traps any harmonic cur-
rent at the tuned frequency. The series resonant circuit will
cause voltage distortion. The resonant frequency ( f0) for both
parallel and series resonance is given by Equation (20.4):

f0 ¼
1

2p
ffiffiffiffiffiffiffi
LC

p ð20:4Þ
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where L is the circuit inductance and C is the capacitance.
Both the parallel and series resonance can cause oscillatory
currents in the power system.

20.4 ACCEPTABLE PERFORMANCE

20.4.1 Power Factor

When installing a filter bank for controlling the harmonic cur-
rents, the capacitor banks improve the power factor of the
system. Most utilities like the customer to operate the load at
a power factor of 95%. Sometimes a better power factor is
prescribed.

20.4.2 Total Harmonic Distortion (THD)
of the Voltage

This is a commonly used index for measuring the harmonic
distortion in the voltage waveform. It is defined as:

THD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
2 þ V2

3 þ V2
4 þ . . .V2

n

q
V1

ð20:5Þ

Figure 20.4 Series resonant circuit and frequency response.

Figure 20.3 Parallel resonant circuit and frequency response.
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where V2, V3, V4, . . .Vn are individual rms harmonic voltage
components and V1 is the fundamental frequency rms voltage.
This is the ratio of the total rms value of the harmonic vol-
tages to the rms value of the fundamental component. The
voltage THD is important in industrial power systems because
the voltage distortion affects the other loads in parallel with
the harmonic producing load. The intent of IEEE Standard 519
is to show that the power supplier is responsible for maintain-
ing the quality of the voltage of the power system. The accep-
table voltage distortion limits for different system voltage
levels are presented in Table 20.6.

20.4.3 Total Demand Distortion (TDD)

The total demand distortion is the total harmonic current
distortion. It is defined as:

TDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I22 þ I23 þ I24 þ . . . I2n

q
ILoad

ð20:6Þ

where I2, I3, I4, . . . In are the individual rms harmonic current
components and ILoad is the maximum load current at the point
of common coupling. As per IEEE Standard 519, the customer
is responsible for keeping the current harmonic components
within acceptable limits. The current harmonic is defined in
terms of the total demand distortion based on the customer
load demand. Faced with a proliferation of harmonic producing
loads, utilities attempt to use IEEE 519 to limit harmonics
from individual customers or even individual loads. However,

TABLE 20.6 Maximum Voltage Distortion in Accordance with IEEE
Standard 519

System Voltage

Maximum Distortion % Below 69kV 69–161 kV 4 161kV

Individual harmonic 3.0 1.5 1.0
Total harmonic 5.0 2.5 1.5

For periods less than 1h/day increase limit by 50%.

Harmonic Filtering 397

© 2005 by Taylor & Francis Group, LLC



this approach has limitations because the voltage distortion on
the utility system is also a function of the system frequency
response characteristic and harmonic sources from all custom-
ers. Large customers face stricter limits because they have
more impact on voltage distortion. The acceptable TDD is
listed in Table 20.7.

20.4.4 Frequency Domain Analysis

Filters are added to the power system to improve both the
power factor and the harmonic performance. The addition of
shunt capacitors introduces resonance peaks in the system.
The resonant harmonic number h can be calculated using the
equation:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MVAS

MVARC

s
ð20:7Þ

where MVAS is the short-circuit rating of the system and
MVARC is the rating of the shunt capacitor. In a system
with many components, the resonant peaks can be predicted
using the frequency scanning approach. By this method, one
ampere of current is injected at the bus where the harmonic
source is connected. The frequency domain characteristics
of the system are typically plotted up to 3,000 Hz. If the

TABLE 20.7 Harmonic Current Limits in %, IEEE Standard 519

Harmonic Order

ISC/ILOAD 5 11 11–16 17–22 23–24 435 TDD

5 20 4.0 2.0 1.5 0.6 0.3 5.0
20–50 7.0 3.5 2.5 1.0 0.5 8.0
50–100 10.0 4.5 4.0 1.5 0.7 12.0
100–1000 12.0 5.5 5.0 2.0 1.0 15.0
4 1000 15.0 7.0 6.0 2.5 1.4 20.0

where ISC¼Maximum short circuit current at point of common coupling.
ILoad¼Maximum demand load current at fundamental frequency.

TDD¼Total demand distortion in % of maximum demand.

For conditions lasting more than 1h/day. For shorter periods increase the limit

by 50%.
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impedance value at some harmonic h is less than 1.0, then the
filters are attenuating currents at that harmonic. If the
impedance value is greater than 1.0, then the filters are
amplifying the harmonic. A near-zero value on an amplifica-
tion curve indicates a series resonance (see Figure 20.4). This
is the value where a filter branch is tuned to provide max-
imum attenuation. A sharp maximum amplification curve
indicates a parallel resonance (see Figure 20.3). This occurs
at a harmonic where the net resonance of a filter branch
is capacitive and equal in magnitude to the system or
transformer reactance.

20.4.5 Acceptable Capacitor Performance

The allowable rms current loading of a capacitor is
180%. Knowing the various current components, Irms can be
calculated as:

Irms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ I23 þ I25 þ . . . I2n

q
ð20:8Þ

The rms voltage magnitude Vrms can be calculated know-
ing the various currents In and the reactance components Xn.
The allowed Vrms for a capacitor is 110% of the nominal
voltage. The actual Vrms is:

Vrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðI1X1Þ

2
þ ðI3X3Þ

2
þ . . . ðInXnÞ

2
q

ð20:9Þ

The allowable kVAR loading of a capacitor unit is 135% of
the nominal rating. The actual loading is given by:

kVAR ¼ V2
1oCþ V2

3 ð3oÞ þ . . .V2
nðnoÞC ð20:10Þ

The allowable peak voltage on a capacitor unit is given by 120%
of the nominal voltage. The actual peak voltage is given by:

Vpk ¼
ffiffiffi
2

p
ðI1X1 þ I3X3 þ . . . InXnÞ ð20:11Þ
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where the current components In and the reactance
components Xn are known for a given project.

20.5 HARMONIC FILTERS

Filtering the dominant harmonics can reduce the effect of
harmonics. There are several filters available to perform this
function. The single-tuned notch filter and the high-pass filter
are two commonly used devices [1–5].

20.5.1 Single-Tuned Filters

A single-tuned or notch filter can be used to filter harmonics
at a particular frequency. Figure 20.5 illustrates a common
single-tuned notch filter to control a single dominant harmonic
component. The impedance characteristics of the filter are also
shown in Figure 20.5. The tuned frequency and the operating
point may change due to temperature, tolerances, and change
in the supply frequency. The single-tuned filter is the simplest
device for harmonic control.

20.5.2 High-Pass Filter

The frequency of the high-pass filter, the optimal factor m, and
the MVAR of the capacitor bank are required. A typical high-
pass filter and the frequency response are shown in Figure 20.6.
As can be seen from the frequency response, the high-pass filter

 

Figure 20.5 Single-tuned filter with frequency response
characteristics.
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reduces the impedance at high harmonic orders to lower
values. This filter is more efficient in reducing the harmonics
across the entire frequency spectrum. The high-pass filter is
not sensitive to the tuned frequency. This type of filter can
control harmonic frequencies over a wide range. The resistor
produces significant power loss at the fundamental frequency.

20.5.3 Multiple Filter Banks

Sometimes there will be several dominant harmonic frequen-
cies in the system. In order to control harmonic frequencies
such as the 5th and 7th, single-tuned filters will be used. In
order to control the 11th and higher harmonic frequencies, a
high-pass filter will be used. Such an arrangement is shown in
Figure 20.7. In this example, L1 and C1 are responsible for
controlling harmonics at a specific frequency. Similarly L2

and C2 provide harmonic control at another frequency. The
L3, R, and C3 combination is a high-pass filter that provides
harmonic control over a wide range of frequencies.

20.6 SYSTEM RESPONSE CONSIDERATIONS

The addition of power factor correction equipment produces
parallel resonance between system reactance and the shunt
capacitance. In the case of tuned filters, such responses are
expected and there is a need to avoid voltage magnifications.

 

Figure 20.6 High-pass filter and frequency response
characteristics.

Harmonic Filtering 401

© 2005 by Taylor & Francis Group, LLC



20.6.1 Resonance Problems

The addition of power factor correction capacitors at low vol-
tage level causes parallel resonance between the source induc-
tance and the capacitance. Harmonic currents close to the
parallel resonant frequency are amplified. Higher harmonic
currents at the point of common coupling are reduced because
the capacitors offer low impedance at high frequencies. At the
parallel resonant frequencies, the magnified current can cause
excessive voltage distortion and significant harmonic problems
within the industrial plant. Consider the simple power system
shown in Figure 20.8. The frequency response of the system
without shunt capacitors and with 300kVAR shunt capacitors
is shown in Figure 20.9 [6,7]. Without shunt capacitors, the
frequency response is a straight line and there is no magnifica-
tion at any frequency. With shunt capacitors, there is a reso-
nant frequency at 13f that will magnify the harmonics at that

Figure 20.8 Power system to demonstrate the effect of resonance
problem.

Figure 20.7 Multiple filters and frequency response charac-
teristics.
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frequency. Therefore, with shunt capacitors it is more difficult
to meet the harmonic requirements.

20.6.2 Power Factor Correction with Tuned
Capacitors

Harmonic control and power factor correction are provided
simultaneously by installing tuned filters. This prevents volt-
age magnification at any specific harmonic component from
the nonlinear loads. In order to demonstrate this, consider
the power system shown in Figure 20.10. The converter load
is producing the harmonics. In order to control the harmonics
a 5th harmonic filter with 1,200kVAR and a high-pass filter at
the 11th harmonic are used. The corresponding frequency
domain analysis is shown in Figure 20.11.

20.6.3 Total Harmonic Distortion (THD) of the
Voltage

The calculated value of THD of the voltage and the acceptable
values are presented in Table 20.8 for all the three cases
considered above. The THD of the voltage is acceptable in
the base case and with the filters.

Figure 20.9 Example power system to show the frequency
response without and with 300 kVAR shunt capacitors. (Courtesy
of Electrotek Concepts, output from TOP Program.)
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Figure 20.11 Frequency response characteristics of the power
system in Figure 20.10. (Courtesy of Electrotek Concepts, output
from TOP Program.)

Figure 20.10 Power system with the tuned filters.

TABLE 20.8 Total Harmonic Distortion (THD) at PCC

Case Description THD %
Acceptable
THD %

1 No capacitors present 2.3% 5%
2 With 300 kVAR capacitors 6.3% 5%
3 5th and 11th harmonic filters 4.6% 5%
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20.6.4 Total Demand Distortion (TDD)

From the calculated harmonic currents, the TDD is calculated
for all three cases at the point of common coupling. The 5th,
7th, 11th, and 13th harmonic components are dominant and
are compared with the allowed values in Table 20.9. The IEEE
519 values are chosen for a ratio of Isc/ILoad of 60. From Table
20.9 it can be seen that without shunt capacitors, the indivi-
dual harmonic components due to dominant 11th and 13th
harmonics are above the acceptable limits. With shunt capaci-
tors, the dominant harmonic level increases significantly and is
not acceptable. With the 5th harmonic filter and 11th harmo-
nic high-pass filter, all the individual harmonic components
and the TDD levels are acceptable.

20.7 FILTER DESIGN

The harmonic filter is one of the important components used in
the power factor and harmonic control. The main components
of a harmonic filter are the capacitors, reactor, and a damping
resistance if necessary, as in the case of a high-pass filter. The
required kVAR of the capacitor bank can be determined from
the given kVA, the existing power factor, and the desired power
factor of the load. The design procedure is presented for a
simple notch filter and high-pass filter.

Total kVAR of the filter¼kVAR
kVAR per phase¼kVAR/3
System line-to-line voltage¼kV (line)
System voltage per phase¼kV (line)/1.732
Select suitable capacitor units from Table 5.2,

Chapter 5.

TABLE 20.9 Calculated TDD Components

Case I5,% I7,% I11,% I13,% TDD %

1 1.28 0.07 22.5 14.8 6.57
2 1.38 2.18 42.4 42.4 11.3
3 1.47 0.44 2.26 1.14 5.04
IEEE 519 10.00 10.00 4.50 4.50 12.00
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Number of cans per phase¼ x
Total number of cans for the bank¼ 3x

kVAR ðdeliveredÞ ¼
Voperating

Vrated

� �2

kVAR ðdesignÞ ð20:12Þ

Xc ¼
kV2

MVAR
�;C ¼

106

377:7Xc
mF ð20:13Þ

The resonant frequency f0 of a notch filter is given by:

f0 ¼
1

2p
ffiffiffiffiffiffiffi
LC

p ð20:14Þ

where L and C are the inductance and capacitance of the filter.
The inductance of the notch filter is given by:

L ¼
1

ð2pÞ2ð f 20 ÞðCÞ
ð20:15Þ

The fundamental current through the filter I1 is given by:

I1 ¼
kVARffiffiffi
3

p
ðkVÞ

ð20:16Þ

The inductive reactance of the filter reactor is given by:

XL ¼ oL ð20:17Þ

The Xc and XL are related by the harmonic order and are
represented by Equation (20.18):

XL ¼
Xc

n2
ð20:18Þ

The use of an inductor in series with a capacitor results in a
voltage rise at the capacitor terminals given by:

Vc ¼
n2

n2 � 1

� �
Vsys ð20:19Þ
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where n¼Tuned impedance harmonic number of the
frequency

Vsys¼System line-to-line voltage, kV
Vc¼Capacitor line-to-line voltage, kV

The fundamental current through a harmonic filter is given by:

I1 ¼
Vðline-lineÞffiffiffi
3

p
ðXc � XLÞ

ð20:20Þ

The nth harmonic current through a filter can be calculated as:

If ðnÞ ¼
I1
n

ð20:21Þ

The rms current through the filter is given by:

Irms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ . . . I2n

q
ð20:22Þ

The fundamental voltage component across a capacitor is
given by:

Vc1 ¼ I1 � Xc ð20:23Þ

The nth harmonic voltage across the nth harmonic filter is
given by:

Vcn ¼ In
Xc

n
ð20:24Þ

The peak voltage Vpk across a capacitor unit can be calculated
as:

Vpeak ¼ Vc1 þ . . .Vpn ð20:25Þ

The rms voltage Vrms across a capacitor unit can be calculated
as:

Vrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
c1 þ . . .V2

cn

q
ð20:26Þ
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The filter kVAR can be calculated knowing the voltage and the
current components:

kVAR ¼ Vrms � Irms ð20:27Þ

The presence of the filter reactor changes the effective
MVAR delivered. The output MVAR of the filter is:

MVARfilter ¼
kV2

ðXc � XLÞ
ð20:28Þ

where XL is the inductive reactance of the filter reactor. The
kVAR of the inductance is given by:

kVAR of the Inductance ¼
I2oL
1000

ð20:29Þ

where L is in henrys. The connection can be ungrounded wye
in order to use the unbalance detection scheme. The reactor
rated current is 1.5 times the maximum rms current in order
to allow protective coordination with a suitable overcurrent
relay.

Example 20.1

Design a simple notch filter for a 4.16 kV, three-phase, 60Hz
system where harmonics are produced due to a converter load.
The power factor correction approach indicates a need for
460 kVAR shunt capacitors. What is the delivered kVAR?
The harmonic is produced due to the presence of a 12-pulse
converter supplied load.

Solution

Total kVAR of the filter (round it)¼ 600 kVAR
kVAR per phase (600/3)¼ 200 kVAR
System line-to-line voltage¼ 4.16 kV (line)
System voltage per phase (4.16 kV/1.732)¼ 2.4 kV
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Select 100kVAR, 2.77 kV capacitor cans from the
capacitor table.

Number of cans per phase¼ 2
Total number of cans for the bank¼ 6

kVAR ðdeliveredÞ ¼
2:4 kV

2:77kV

� �2

600 ¼ 451 kVAR

Xc ¼
4:16kV2

0:451MVAR
¼ 38:37�; C ¼

106

377:7� 38:37
¼ 69 mF

The dominant harmonic of the 12-pulse converter is the 11th.
The desired frequency of the notch filter is 10.7 F (642 Hz).
The inductance of the notch filter is given by:

L ¼
106

ð2pÞ2ð642Þ2ð69Þ
¼ 0:877mH

I (filter), [451 kVAR/(1.732� 4.16 kV)]¼ 62.5A
Inductor current (1.5� 62.5A)¼ 93.9A
kVAR of the inductor (93.92� 377.7� 0.877� 10�3)¼

2.916 kVAR
Inductive reactance (377.7� 0.877� 10�3)¼ 0.33�

I1 ¼
4,160ffiffiffi

3
p

ð38:37� 0:33Þ
¼ 63:1A

I (10.7f)¼ (63.1/10.7)¼ 5.9A

Irms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
63:12 þ 5:92

p
¼ 63:3A

Allowed current through the capacitor (200 kVAR/2.4 kV)
¼ 72.2A

Vc1, (63.1A� 38.37�)¼ 2,412V
Vc(10.7f), (63.1 A� 38.37�/10.7)¼ 226.3V
Peak voltage Vpk¼ 2,421þ 226.3¼ 2,647V
The allowed peak voltage (2,400� 1.414)¼ 3,917V

Vrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2,4122 þ 226:32

p
¼ 2,431V
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Delivered kVAR of the unit (2,412V�63.4A/1000)¼
154.2 kVAR

Resistance for the high-pass filter R¼ 2� 10.7� 0.33)¼
7.1�

The one-line diagram of the filter is shown in Figure 20.12.
Use 100MFD, 2.77 kV capacitors, and a total of six cans.
The inductor is 0.877mH, 2.916 kVAR, and a total of three
numbers. The BIL of the capacitor bank and the inductor is
75 kV. The filter bank is connected in ungrounded split-wye.
The neutral unbalance current can be sensed in this connec-
tion using a current transformer. For the high-pass filter, add a
7.1� resistance across the filter reactance. This is not shown
in the diagram.

Example 20.2

The measured load current at the 4.16 kV level is 500A. The
measured 5th and 7th harmonic currents due to a converter
load is 80A and 60A, respectively. Calculate the following:
(a) Irms at the 4.16 kV level; (b) TDD; (c) distortion of 5th har-
monic component; (d) distortion of 7th harmonic component.

Solution

(a) Irms at 4.16 kV level

Irms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ I25 þ I27

q
¼ 509:9 A

Figure 20.12 One-line diagram of the filter circuit.
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(b) TDD at 4.16 kV level

TDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
802 þ 602

p

500

 !
100 ¼ 2:0%

(c) Distortion of 5th harmonic component

Distortion of 5th harmonic ¼
I5
If

� �
100 ¼

80

500

� �
100 ¼ 16%

(d) Distortion of 7th harmonic component

Distortion of 7th harmonic ¼
I7
If

� �
� 100 ¼

60

500

� �
100 ¼ 12%

20.7.1 Practical Filter Installations

A typical filter installation consists of capacitor banks, fuse
cutouts with fuses, a reactor, and surge arresters with proper
mounting arrangements. An example filter installation is shown
in Figure 20.13 [8]. The capacitor banks and the reactors can

Figure 20.13 A typical filter installation at a chemical factory.
(Courtesy of IEEE, Reproduced from Reference [8].)
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be seen in the rack-mounted installation. The following three
photographs shown in Chapter 7 illustrate the pole-mounted,
metal-enclosed, and open structure harmonic filters.

Figure 7.4 A pole-mounted harmonic filter bank
Figure 7.7 A metal-enclosed harmonic filter bank
Figure 7.5 An open structure harmonic filter bank

These harmonic filters can be operated using oil switches,
vacuum circuit breakers, or vacuum switches.

20.8 SUMMARY AND CONCLUSIONS

In this chapter, the harmonic sources and harmonic ampli-
tudes are identified from the system’s operational point of
view. The acceptable voltage distortion and total demand dis-
tortion are presented from IEEE Standard 519. The effect of
the shunt capacitor alone on the power system is to introduce
new harmonic resonant frequency due to the interaction with
source impedance. A tuned harmonic filter is used to control
both the power factor and harmonics within acceptable limits.
The approach to designing a notch filter is shown.

Filter Capacitor Specifications

System line-to-line voltage kV rms
System phase voltage kV rms
Supply frequency Hz
Capacitor nominal voltage kV rms
Capacitor peak voltage kV peak
Filter tuned frequency Hz
Nominal capacitance mF
Nominal reactive power MVAR
Filter capacitor current A
Harmonic current A
Energization transient kV peak

Filter Reactor

Rated reactance mH
Tolerance %
Fundamental current A
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Harmonic current A
Lightning impulse withstand kV
Energization transient kV peak

PROBLEMS

20.1. Name a few harmonic-producing loads. What
makes them nonlinear?

20.2. What is the difference between series resonance
and parallel resonance?

20.3. Is there any relation between voltage and current
harmonics?

20.4. The industry standard places a limit on individual
harmonics and total harmonics. This is applicable
both for current and voltage harmonics. Explain
why this is necessary.

20.5. The measured fundamental, 5th, and 7th harmo-
nic components of a nonlinear load are 900A,
100A, and 40A, respectively. Calculate the total
demand distortion (TDD) and distortion due to
5th and 7th harmonics individually.

20.6. The short-circuit impedance of the source is
always used in the harmonic analysis. How will
the harmonic change for (a) high source impe-
dance and (b) low source impedance?

20.7. There are 5th and 7th harmonic problems in a
power supply connected to a nonlinear load. One
of the management decisions based on budget
limits is to apply one filter at 5th harmonic
level. Will that be sufficient to mitigate the har-
monic problem? How can you ensure that the
single-tuned filter will solve this harmonic prob-
lem satisfactorily?

20.8. Design a notch filter for a 13.8 kV, 60Hz, three-
phase system. The harmonics are produced due to
a nonlinear load of 2,000 kVA. The existing facility
power factor of 0.72 has to be corrected to 0.95.
Select a suitable 5th harmonic notch filter.
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21

CAPACITOR TRANSFORMER
TRANSIENTS

21.1 INTRODUCTION

Use of shunt capacitors in the power system for power factor
correction results in significant economic savings. Some of
the additional effects of the application of shunt capacitors,
such as harmonics, voltage magnification, overvoltage prob-
lems, ferroresonance, and related issues, are identified in
other chapters. One effect of capacitor switching on a power
transformer is to produce high frequency oscillations and in
some cases, equipment failure. In order to understand this
problem in a system, detailed knowledge of the switching
pattern and time/frequency results is needed. In certain appli-
cations, the transformer and the shunt capacitors are switched
together. The arc furnace is one such load where the furnace
transformer and the shunt capacitors are energized or
de-energized together. Such a configuration is found to produce
harmonic resonance [1]. In EHV and HV systems, the shunt
capacitors are installed at the substation and the lines are
terminated through stepdown transformers. The switching of
these capacitors causes traveling waves and phase-to-phase
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overvoltages at the transformer termination [2,3]. The trans-
ients due to capacitor energizations with a transformer are
discussed in this chapter.

21.2 TRANSFORMER CAPACITOR
ENERGIZATION

Transformers used in industrial facilities such as an arc
furnace installation are switched many times during a 24-h
period. Under normal conditions, the inrush current does not
cause problems. However, overvoltages may occur if the system
is sharply tuned at one dominant harmonics produced by the
inrush current. This is possible when a large power factor cor-
rection capacitor bank is installed at the secondary voltage
level of the transformer that is being energized. If the energi-
zation occurs 25–50 times a day, the capacitor may be unable
to withstand the overvoltages for an extended period of time.
A typical arc furnace circuit is shown in Figure 21.1. The power
factor correction capacitors interact with the system induct-
ance to produce harmonic resonance at some frequency.
That resonant frequency number h can be calculated using
the following equation:

h ¼

ffiffiffiffiffiffi
Xc

XL

s
ð21:1Þ

Figure 21.1 Arc furnace with capacitor installation.
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where Xc and XL are the reactances of the capacitor bank and
the combined reactance of the transformer and the source. The
effect of resonance on the energization transient is to amplify
the harmonics and produce overvoltages. In order to evaluate
the harmonics and overvoltages without and with shunt capac-
itors, the time domain simulations are performed using the
EMTP. The following cases are studied:

1. Time domain plots without shunt capacitors
(Figure 21.2).

2. Time domain plots with shunt capacitors (Figure 21.3).
3. Frequency domain plots with shunt capacitors

(Figure 21.4).

Figure 21.2 shows the voltage waveform when the trans-
former alone is energized. The transformer inrush current

Figure 21.2 Voltage waveform when energizing the transformer
alone.

Figure 21.3 Voltage waveform when energizing the transformer
and capacitor bank together.

Capacitor Transformer Transients 417

© 2005 by Taylor & Francis Group, LLC



will produce a small amount of voltage distortion. The
maximum line-to-ground transient overvoltage is 1.05 P.U.
Figure 21.3 shows the voltage waveform during the energiza-
tion of both the transformer and the capacitance. In this
case, the voltage waveform is distorted and the maximum
magnitude of the voltage is 1.54 P.U. The distorted voltage is
dominant with several harmonics. Figure 21.4 shows the
Fast Fourier Transform (FFT) of the voltage waveform
shown in Figure 21.3. The dominant harmonics are presented
in Table 21.1. As the table shows, the harmonic magnitudes
in the voltage waveform are significant. Although 1.54 P.U.

Figure 21.4 Harmonic analysis of the voltage waveform presented
in Figure 21.3.

TABLE 21.1 Dominant Harmonics in the Voltage Waveform in
Figure 21.3

Frequency, Hz Harmonic Number
Harmonic

Magnitude, P.U.

60 1f 0.80
120 2f 0.77
180 3f 0.73
240 4f 0.67
300 5f 0.62
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overvoltage is not a concern to the insulation of the electrical
system, the duration and frequency of oscillation of the harmo-
nics can cause stress on individual capacitor units and prema-
ture failure of the transformer.

21.3 CAPACITOR SWITCHING AND
TRANSFORMER TRANSIENTS

Energization of the shunt capacitors with long line and trans-
former termination can produce transients at the remote
transformer. Such transients will produce phase-to-phase over-
voltages of high frequency. The energization of a capacitor
bank at the substation produces traveling waves along the
transmission lines toward the transformer. These waves
reflect at the transformer with the same sign doubling the
incoming waves. It is possible to obtain transients approaching
twice the peak system voltage with opposite polarity, resulting
in a phase-to-phase transient approaching four times the peak
phase-to-ground voltage. These transients can easily exceed the
phase-to-phase withstand characteristics of three-phase trans-
formers. This topic has been addressed in many references
[2,3]. Some of the results are discussed below.

In Reference [2], a 230 kV phase shifting transformer was
installed at the end of a 34.5 mi transmission line. A one-line
diagram of the simplified system is shown in Figure 21.5.
A 50MVAR shunt capacitor bank is located at the Klamath

Figure 21.5 One-line diagram of the system where a phase
shifter failed, followed by the energization of the 50MVAR capacitor
bank.
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Falls substation. The phase shifter was protected by 180 kV
lightning arresters. The capacitor bank was switched using
the circuit breaker, which was not equipped with closing resis-
tances. The phase shifter failed from what appeared to be
a phase-to-phase insulation failure between B and C phases.
The surge arrester did not conduct during the energization of
the capacitor bank.

In Reference [2], a 115 kV transmission line is shown with
transformer termination at the Riverton 115 kV substation.
A one-line diagram of the simplified system is shown in
Figure 21.6. The 15MVAR capacitor bank at the Pilot Butte
substation was installed. The circuit breaker 762 was closed
first. Using circuit switcher 764, the capacitor bank was ener-
gized. The circuit breaker 762 tripped via the fault bus protec-
tion relay. Upon investigation, it was determined that the fault
bus relay was set too sensitively. Coincident with the capacitor
bank switching, the Riverton transformer failed. Inspection of
the transformer indicated a turn-to-turn failure in the B-phase
series-winding group closest to the 115 kV bushing. The trans-
former manufacturer indicated that the turn-to-turn failure
was due to the overvoltage condition. In addition to the trans-
former failure, evidence of an overvoltage condition was indi-
cated by a failed internal protective gap on the B-phase of the
CCVT at Riverton.

Figure 21.6 One-line diagram of the system where the Riverton
transformer failed followed by the energization of the 15 MVAR
capacitor bank.
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An example circuit configuration, which produces such
overvoltages, is shown in Figure 21.7. The 345 kV substation
is connected to a 42-mi-long transmission line terminating at
a three-phase transformer. Switched shunt capacitors are
installed at the 345 kV substation. This case is simulated
using the EMTP program to examine the voltages at the trans-
former termination. The energization of the capacitor bank at
the substation produces overvoltage and the phase A and C
voltages in time domain at the transformer termination are
shown in Figures 21.8 and 21.9, respectively. The maxi-
mum voltages observed at the transformer termination in
phase A and C are 750kV (2.66P.U.) and 700kV (2.48P.U.)
respectively. The phase A to phase C voltage is shown in
Figure 21.10. The maximum voltage between phase A and C
is 1,250 kV (4.43P.U.). The allowable phase-to-phase switching
surge insulation level for the 345 kV transformer is 1,050 kV or
3.73P.U. The transient overvoltage between phase A and
phase C exceeds the allowable insulation level.

Figure 21.8 Voltage waveform in phase A at the transformer
termination.

Figure 21.7 Example circuit diagram used in the study.
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21.4 REDUCING THE VOLTAGE TRANSIENTS

There are several approaches available to reduce the effect of
transformer transients. Some of the approaches are discussed
below.

21.4.1 Closing Resistors

The circuit breakers used to perform capacitor switching
can be equipped with closing resistors. An example of a closing
resistor used in a circuit breaker in one phase is shown in
Figure 21.11. In this arrangement, the auxiliary circuit breaker
is connected across the main circuit breaker contacts. A suit-
able closing resistor is connected in the auxiliary circuit break-
er circuit. Figure 21.11 shows two equal resistors. This model
is used in the EMTP simulation. The auxiliary contacts are
closed first and the main circuit breaker contacts are closed

Figure 21.9 Voltage waveform in phase C at the transformer
termination.

Figure 21.10 Voltage waveform between phases A and C at the
transformer termination.
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after a time delay. The closing resistor in the auxiliary circuit
breaker controls the inrush current. The auxiliary contacts are
opened after a short duration. The effect of using a closing
resistor in the circuit breaker is simulated and the voltage
waveforms in phase A, phase C, and the voltage between
phases A and C are shown in Figures 21.12, 21.13, and 21.14,
respectively. The voltages in phases A, C, and between phases
A and C are shown in Table 21.2. These transient overvoltages
at the transformer location are acceptable.

21.4.2 Controlled Closing

With certain circuit breakers, it is possible to control the point
of closing of the poles in order to minimize the transient over-
voltages. If the contacts close when the voltage across them

Figure 21.11 Illustration of a closing resistance.

Figure 21.12 Voltage waveform at phase A with closing resistor.
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is nearly zero, the transients will be reduced. An example of a
synchronized control switching circuit breaker suitable for a
230 kV, 40 kA, three-phase application is shown in Figure 21.15.

21.4.3 Staggered Closing of the Circuit Breaker
Contacts

In grounded wye capacitor banks, it is possible to reduce the
phase-to-phase transients by staggering the closing times to

Figure 21.14 Voltage waveform between phase A and phase C
with closing resistor in the circuit breaker.

Figure 21.13 Voltage waveform at phase C with closing resistor.

TABLE 21.2 Transient Overvoltages with Closing Resistor

Location Voltage, kV
Voltage, P.U.
with Closing R

Voltage, P.U.
without Closing R

Phase A 600 2.12 2.66
Phase C 580 2.06 2.48
Phase-to-phase (A – C) 620 2.19 4.43
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ensure that no two phases close together. This does not help in
the case of ungrounded wye banks and also does not reduce the
internal resonance condition.

21.4.4 Capacitor Bank Reactors

A reactor in each phase of the capacitor bank can also act to
reduce the transient voltage. Such series reactors are
commonly used in shunt capacitor banks to reduce the
inrush currents and transient overvoltages.

21.4.5 Surge Arresters

Surge arresters at the transformer terminal will also act to
reduce the transient. Using the required MOV arresters, the
line-to-ground voltage on each phase can be limited to nearly
2.0P.U. For the worst case, the phase-to-phase condition of
þ2.0 per unit on one phase and �2.0 per unit on another
phase, the phase-to-phase voltage can reach 4.0 per unit. If
surge arresters of lowest rating were applied phase to phase,
protection can be provided to 87% of that for phase-to-ground
arresters. This would reduce the maximum transient from
4.0 per unit to 3.5 per unit.

Figure 21.15 Synchronized switching SF6 circuit breaker 120 kV,
three-phase, 40 kA. (Courtesy of Mitsubishi Electric Products Inc.,
Warrendale, PA.)
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21.4.6 Capacitor Bank Connection

For switching devices that are random in closing times,
ungrounded wye capacitor banks will tend to have a higher
percentage of phase-to-phase voltages while grounded wye
banks will have a significantly lower percentage. For a grounded
wye bank, the transients on each phase are nearly independent
of each other. A high phase-to-phase voltage will occur on a
grounded wye bank.

On an ungrounded wye bank, the first phase to close does
not generate a transient. The second phase will then generate a
significant phase-to-phase voltage depending on the exact clos-
ing time. This is the main reason why ungrounded wye banks
will tend to result in high phase-to-phase voltages as compared
to grounded banks.

21.5 CONCLUSIONS

The transients due to the energization of a transformer and
shunt capacitor bank are identified. The energization voltages
contain significant harmonics and the voltage waveform is dis-
torted. Therefore, there is need to control such energizations
using a closing resistor in the circuit breaker or similar
approaches.

The energization of a capacitor bank at a substation can
produce significant overvoltages at the transformer terminated
through a transmission line.

The transients produced at the terminated transformer
can be reduced by using a closing resistor in the circuit break-
er, controlled closing, staggered closing, capacitor bank reac-
tors, and surge arresters at the transformer terminals. Some
capacitor bank connections, such as wye grounded, produce
limited transients.

Other conditions not discussed in this chapter are the
transformer terminated through a transmission line with tem-
porary faults. Single or double line-to-ground faults tend to
increase the voltage on the unfaulted phase of the transformer.
If the line is compensated using shunt capacitor banks, then
the voltage rise will be higher and ferroresonance may be likely
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to occur. In such faulted cases, the damage may occur to both
the transformer and capacitor equipment. In the case of one
open conductor in the transmission line, the voltage on the
open conductor can rise to unacceptable values. There may
be interaction between the shunt capacitors and the magnetiz-
ing reactance of the transformer causing ferroresonance. The
transformer connection on both the ends of the transmission
line plays an important role in such cases. The
grounding of the transformer and the capacitor bank is
another important factor.

PROBLEMS

21.1. Energization of a transformer and capacitor bank
together produces damaging transients in installa-
tions such as an arc furnace. Is it possible to ener-
gize the transformer first and then energize the
capacitor bank?

21.2. How can you reduce the transients due to the
energization of a transformer and capacitor bank
together?

21.3. It is seen that the energization of a capacitor bank
produces transients at the transformer terminated
at the end of the transmission line. Is there any
other circuit configuration to avoid this condition?

21.4. What are the approaches available to reduce the
transients at the transformer termination due to
the energization of the capacitor banks?

21.5. Are there any similar line/transformer/capa-
citor configurations that can produce damaging
overvoltages?
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22

CAPACITOR SWITCHING

22.1 INTRODUCTION

It is common practice to install shunt capacitors to improve
the power factor and voltage profile at all voltage levels in the
power system. It is also a well-accepted practice to improve the
power factor of the industrial systems using local capacitor
banks. If the industrial load is fed from converter equipment,
then notch filters are used to control the power factor and
harmonics simultaneously. These shunt capacitor banks are
switched in and out as needed. The switching operations
include energizing, de-energizing, fault clearing, backup fault
clearing, and reclosing. Sometimes a restrike occurs due to
excessive voltage across the circuit breaker blades. Further,
in the capacitor banks there may be bus fault conditions
responsible for significant outrush current. There is also ener-
gization of a capacitor bank when another capacitor bank is
charged, i.e., the back-to-back switching. Sometimes the EHV
or HV systems are connected to the low voltage system
using stepdown transformers. It is known that the voltage
magnification will occur in the low voltage capacitor banks at
certain conditions when the switched HV capacitors are sig-
nificantly larger in size. It can be seen that there are several
technical issues involved in switching of the capacitor banks.
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Such capacitor switching transients are analyzed in References
[1–3]. The switching studies are performed using the Electro
Magnetic Transients Program [4].

22.2 SWITCHING OPERATIONS

Cases of energization, de-energization, fault clearing, backup
fault clearing, reclosing, and restriking are examined for a
radial power system. In this study, a 230kV, three-phase,
60Hz source is used with a peak voltage of 188.8 kV. The impe-
dance of the radial line is (0.10þ 1.02) �/phase. The shunt
capacitance is 3 mF/phase. The size of the shunt capacitor
is 60 MVAR. The circuit breaker is represented as a time-
dependent switch that is opened or closed as needed.

22.2.1 Energization

The circuit diagram used in this study is shown in Figure 22.1.
In order to show the overvoltage transients due to the energi-
zation of a capacitor bank, the circuit breaker is closed at a
predetermined time. The time domain waveform at the capac-
itor location is shown in Figure 22.2 for phase A. The maxi-
mum overvoltage during the energization is 2.1 P.U. and the
frequency of oscillation is 588Hz. The inrush current magni-
tude and frequency of the inrush current during energization
of the capacitor bank are given by:

Ipk ¼
V

Zs
ð22:1Þ

where

Zs ¼

ffiffiffiffi
L

C

r
ð22:2Þ

Figure 22.1 One-line diagram of the system for energization study
for phase A.
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V¼Peak system voltage (line-to-ground), kV/phase
L¼Circuit inductance, H/phase
C¼Circuit capacitance, F/phase
Zs¼Circuit surge impedance, �/phase

The frequency of oscillation ( f0) is given by:

f0 ¼
1

2p
ffiffiffiffiffiffiffi
LC

p ð22:3Þ

Example 22.1

For the 230 kV system the source impedance is 9.5�/phase.
The shunt capacitance is 3MFD/phase. Calculate the magni-
tude and frequency of oscillation of the inrush current if the
capacitor banks are energized.

Solution

V (line-line)¼ 230 kV
X¼ 9.5�/phase
C¼ 3 MFD/phase
L¼ 9.5/377.7¼ 0.025 H/phase

Zs ¼

ffiffiffiffi
L

C

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:025

3� 10�6

r
¼ 91:3 �=phase

Figure 22.2 Time domain waveform of the voltage at the capacitor
during energization.
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Ipk ¼
Vpk

Zs
¼

230 kV �
ffiffiffi
2

p � ffiffiffi
3

p� �
91:3 �

¼ 2:07kA

f ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:025� 3 mF

p ¼ 581Hz

The calculated frequency using the EMTP program is 588Hz
as per Figure 22.2.

22.2.2 De-Energization

The circuit diagram used in the study is shown in Figure 22.3.
The circuit breaker is opened at a specific time and the elec-
trical circuit opens at respective current zeros in various
phases. The voltage wave at the open end of the line is pre-
sented in Figure 22.4. It can be seen that the voltages go to
the DC mode and the charges stay on the lines. This is due to
the presence of the shunt capacitance at the end of the open

Figure 22.4 Voltage waveform at the capacitance during
de-energization.

Figure 22.3 One-line diagram of the system for de-energization
study for phase A.
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line. Another waveform of importance is the transient recovery
voltage (TRV) across the circuit breaker. The TRV waveforms
are shown in Figure 22.5. The maximum overvoltage and the
TRV during de-energization are 1 and 2 P.U., respectively. If
the TRV magnitudes exceed the allowed ratings of the circuit
breaker, then there may be a restrike at the circuit breaker
blades.

22.2.3 Fault Clearing

The circuit diagram used in the study is shown in Figure 22.6.
It is assumed that a single line-to-ground fault occurs in phase
A. The circuit breaker is opened and the voltage waveforms are
studied. The phase voltages at the end of the line are illus-
trated in Figure 22.7. It can be seen that the voltage of the
faulted line is zero and the unfaulted lines have a maximum of
1.0 P.U. The circuit breaker TRV voltage waveforms are shown
in Figure 22.8. The maximum TRV is 2.3P.U. The frequency of
oscillation of the TRV is 5,000 Hz.

22.2.4 Reclosing

This is the process of reconnecting a three-phase source to the
transmission line with trapped charges in the line by closing

Figure 22.5 TRV waveforms at the switch during de-energization.

Figure 22.6 One-line diagram of the system for fault clearing
study for phase A.
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the circuit breaker. In this case, there is a shunt capacitor bank
connected at the end of the open line. The one-line diagram
used in the study is shown in Figure 22.1. Such an operation is
performed in order to minimize the time of discontinuity in the
service. In this case, the circuit breaker is assumed to be closed
and is opened at 10ms. This leaves the residual charges in the
line. The circuit beaker is reclosed at 20ms. The voltage at the
source is presented in Figure 22.9. The maximum overvoltage
magnitude due to the presence of trapped charges is 2.5 P.U.
and the frequency of oscillation is approximately 400 Hz.

22.2.5 Backup Fault Clearing

Consider two transmission lines connected to the same source.
If there is a fault at the open end of the line and if the primary
circuit breaker fails to clear, then the backup circuit breaker is
operated to clear the fault. Such an operation is called backup

Figure 22.7 Time domain waveforms at the end of the line during
fault clearing.

Figure 22.8 TRV waveforms at the switch during fault clearing.

434 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



fault clearing and takes place at a delayed clearing time. The
switching surge results are similar to the fault clearing cases
and are not shown.

22.2.6 Restriking

Sometimes during the de-energization of the capacitive cir-
cuits an arc is re-established if the voltage between the circuit
breaker blades exceeds the breakdown voltage. The worst case
restriking occurs one half cycle after initial clearing, when
the system voltage is at a peak, with polarity opposite to that
of the trapped charge on the capacitor. The simulated wave-
forms are presented for the circuit shown in Figure 22.3. The
restrike is simulated using a voltage-dependent switch, which
will close at a specified overvoltage. The voltage at the source
during restrike is shown in Figure 22.10. The circuit breaker

Figure 22.9 Voltage waveforms at the source during reclosing for
phase A.

Figure 22.10 Voltage waveforms at the source during restriking
for phase A.
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TRV is shown in Figure 22.11. The capacitor voltage is shown
in Figure 22.12. The restriking transient produces an overvol-
tage of 3.2 P.U. in the phase, 2.2 P.U. in the capacitor circuit,
and a TRV of 6.4 P.U. in the circuit breaker. These are signifi-
cantly higher overvoltages that will produce severe stress on
various equipment, including the surge arrester.

22.2.7 Prestrike

During energization of the capacitor banks, an arc can estab-
lish even before the physical circuit breaker blades are closed.
This phenomenon is called prestrike. During the prestrike,
normal high frequency current flow occurs. When the circuit
breaker blades actually establish physical contact, the trans-
ients are much higher than the ordinary energization trans-
ients. Such prestrikes are well known in vacuum circuit

Figure 22.11 TRV across the circuit breaker during restriking
for phase A.

Figure 22.12 Voltage waveforms at the capacitor during restrik-
ing for phase A.
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breakers. An example is presented based on the circuit shown
in Figure 22.1. The capacitor voltage and the capacitor current
are shown in Figures 22.13 and 22.14, respectively. The peak
transient voltage in the capacitor circuit has increased from
2.0 P.U. to 3.28 P.U., which will result in a surge arrester
operation. The capacitor inrush current also is significantly
higher, which may damage the capacitor bank.

22.2.8 Back-to-Back Switching

Energizing a capacitor bank with an adjacent capacitor bank
already in service is known as back-to-back switching. High
magnitude and frequency currents can be associated with
back-to-back switching. The current must be limited to accep-
table levels for switching devices and current transformer
burdens. Usually, series reactors are used with individual
capacitor banks to limit the current magnitude and frequency.

Figure 22.14 Current through the capacitor during prestrike for
phase C.

Figure 22.13 Voltage at the capacitor bank during prestrike for
phase C.
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Figure 22.15 illustrates the simplified circuit that can be used
to analyze the inrush currents during back-to-back switching
without current limiting series reactors. The voltage wave-
forms at the source, at the 230 kV capacitor in service, and
at the capacitor bank to be connected are shown in Figures
22.16, 22.17, and 22.18, respectively. The peak voltages at
the source, existing capacitor in service, and the switched
capacitor are 1.48 P.U. Note that capacitors C1 and C2 are
equal in size.

Figure 22.16 Voltage waveform at the source during back-to-back
switching.

Figure 22.17 Voltage waveform at the 230 kV capacitor in service.

Figure 22.15 Back-to-back capacitor switching for phase A.
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22.2.8.1 With Series Reactor in the Capacitor
Bank Circuit

In order to control the inrush current during the energization
of the second bank, when the first bank is already in service,
a current limiting reactor is required. A circuit switcher can
be used for this application with 20mH in the series circuit
during the energization. The inductor is short circuited imme-
diately after the energization. A typical circuit diagram for the
back-to-back switching using a series reactor is shown in
Figure 22.19. A typical three-phase circuit switcher suitable
for capacitor switching is shown in Figure 22.20. The three
closing reactors are clearly visible in this photograph. Such
circuit switchers are less expensive than circuit breakers
and very effective in controlling switching surges [6]. The
voltage waveform at the source with series reactor switching
is shown in Figure 22.21. The peak transient voltage is
1.32 P.U.

Figure 22.18 Voltage waveform at the 230 kV capacitor to be
connected.

Figure 22.19 Back-to-back switching with series reactor for
phase A.
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22.2.9 Voltage Magnification

Consider the presence of capacitor banks at the high and low
voltage power systems as shown in Figure 22.22. Severe

Figure 22.20 Mark V three-phase circuit switcher for capacitor
applications. (Courtesy of S&C Electric Company, Chicago.)

Figure 22.21 Source voltage during back-to-back switching with
series reactor.
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overvoltages can result in the switching of high voltage capa-
citors, due to voltage magnification at the low voltage capa-
citors at a remote location. The magnification will be highest
when:

� The natural frequencies of the coupled inductive-
capacitive circuits are equal; L1C1¼L2C2.

� The capacitive MVAR of the high voltage capacitor
is significantly higher than the low voltage capacitor
bank; MVAR of C14 25 times of C2.

� There is not enough damping at the low voltage
capacitor bank.

In order to show the voltage magnification effect, the low volt-
age capacitors in Figure 22.22 are already in service and the
high voltage capacitors are switched in. In a normal electrical
circuit, the switching transients are expected to be present only
at the high voltage capacitors. In this case, the inductive-
capacitive coupling produces oscillations in the low voltage
capacitor circuits as well. Voltage magnification will occur at
the low voltage capacitor banks when the natural frequencies
f1 and f2 are equal, the switched capacitive MVAR is signifi-
cantly higher than the MVAR of the remote capacitor and the
equivalent source of the remote source is weak. The voltage
plot at the switched capacitor is shown in Figure 22.23. The
corresponding voltage at the 13.8 kV filter capacitor is shown
in Figure 22.24. It can be seen in both plots that the oscilla-
tions are sustained and are not decaying. The overvoltage
magnitudes at the 230kV capacitor bank and the 13.8 kV
capacitor are 2.1 P.U. and 1.6 P.U., respectively. This type of
oscillation at the remote low voltage bus is not acceptable.

   

  
 

 
 

Figure 22.22 Circuit for the analysis of voltage magnification for
phase A.
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22.2.9.1 Corrective Action to Control the
Voltage Amplification

One way to control the voltage magnification at the low voltage
bus is to provide adequate damping. Converting the fifth
harmonic notch filter to a high-pass filter can achieve this.
The high-pass filter contains a damping resistance across
the reactor. In the example case it is 9 �/phase. The volt-
age waveforms at the 230 kV capacitor bank and the 13.8 kV
capacitor during the energization of the high voltage capacitor
bank are shown in Figures 22.25 and 22.26, respectively.
The overvoltage magnitudes at the 230 kV capacitor bank
and the 13.8 kV capacitor are 1.5 P.U. each. There is a signifi-
cant reduction in the magnitudes and the oscillations are
decaying rapidly.

22.2.10 Outrush Currents due to Close-In Faults

Consider a circuit breaker closing on a nearby bus fault as
shown in Figure 22.27a. This produces a severe duty on the

Figure 22.23 Voltage waveform at the 230 kV bus; R is absent.

Figure 22.24 Voltage waveform at the 13.8 kV bus; R is absent.

442 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



circuit breaker. If there is a capacitor involved in such a fault,
then there will be significant outrush current from the capac-
itor bank. This fault current has to be limited such that the
product of the peak current and the frequency is less than

Figure 22.25 Voltage waveform at the 230 kV capacitor; R¼

9 �/phase.

Figure 22.27 (a) Outrush current from a capacitor bank to a bus
fault. (b) Current limiting reactor at the bus location to limit the
outrush current.

Figure 22.26 Voltage waveform at the 13.8 kV capacitor; R¼

9 �/phase.
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2� 107 in the circuit-breaker location. For the specific purpose
of circuit breakers intended for capacitor applications, the
Ipk� f can be calculated as [3]:

Ipk � f ¼
Vp

2pL
ð22:4Þ

where Vpk is the peak voltage of the system and L is the induc-
tance between the capacitor bank and the fault location. The
outrush currents can be limited by adding current limiting
reactors. An example current limiting reactor is shown at a
bus and shunt capacitor bank in Figure 22.27b. There are
several ways to place current limiting reactors in the multiple
capacitor banks.

22.2.11 Sustained Overvoltages

The possibility of high steady-state and resonant overvoltages
caused by the capacitor energization is a matter of practical
importance. The steady-state voltage following the capacitor
energization can be calculated using the following equation [3]:

Vbus ¼ Vp 1þ
Xs

Xc � Xs

� �
ð22:5Þ

where Xs is the reactance of the source, Xc is the reactance of
the capacitor bank, and Vp is the bus voltage before energiza-
tion of the capacitors. Consider a three-phase, short-circuit
rating at the 230 kV substation without shunt capacitors as
4,092MVA. The corresponding source reactance is 12.92�.
For a shunt capacitor rating of 105MVAR at the 230 kV
substation, the steady-state voltage is 1.0407P.U. At times,
increased voltages may exceed the rating of the capacitors
and fuses in the filter bank. The surge arrester rating at
230 kV is 180 kV. The MCOV rating of the arrester is 144 kV.
This rating is very close to the steady-state voltage
of the system with switched capacitors at no-load. Suitable
overvoltage relaying is recommended to avoid this operating
condition.

444 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



22.2.12 Resonance Effects

The addition of a shunt capacitor to a bus produces a resonant
frequency due to the interaction with the source impedance. If
the resonant frequency coincides with a harmonic frequency of
the power supply, there will be oscillations in the voltage and
current waveforms. The resonant frequency number h1 due
to the capacitor banks can be calculated using the following
equation:

h1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MVAsc

MVARc

s
ð22:6Þ

where MVAsc is the short-circuit rating of the source and
MVARc is the rating of the capacitor bank.

Example 22.2

The short-circuit current at a 230 kV bus is 16,900MVA. The
power factor at this location has to be improved by installing
100 MVAR shunt capacitors. What is the new resonant
frequency at this bus location?

Solution

MVAsc¼ 16,900MVA, MVARc¼ 100
Using Equation (22.6), the resonant frequency number is
given by:

h1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16,900

100

r
¼ 13

22.3 VOLTAGE ACCEPTANCE CRITERIA

Equipment overvoltage withstand capability is related to the
magnitude and duration of the overvoltages. The following
types of overvoltages are considered.

22.3.1 Transient Overvoltage

These are the overvoltages caused by switching operations.
They last for a few milliseconds up to a few cycles. The switch-
ing surge voltage withstand capability of the equipment is
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determined based on the switching surge withstand voltages
specified in the applicable industry standards.

The allowed peak switching surge voltages are compared
with the calculated switching surge voltages. In all cases, the
peak switching surge voltage has to be less than the allowed
switching surge voltage.

22.3.2 Transient Recovery Voltage (TRV)

The TRVs are the voltages measured across the circuit breaker
poles during opening. The severity of a TRV depends on both
the magnitude and the rate of rise of voltage across the opening
circuit breaker poles. Based on ANSI Standard C37.09,
the allowable TRV values for various circuits are given in
Table 22.1.

22.3.3 Surge Arrester Transient Overvoltage
Capability and Protective Levels

The surge arrester should have adequate protective margins.
The maximum switching surge spark overvoltage has to be
higher than the calculated switching surge voltage in all
cases. The calculated switching surge voltages for all three
phases in all critical locations and the TRV are compared
with equipment capabilities. The TRV of circuit breakers,
switching surge spark overvoltage of surge arresters, insula-
tion, and switching surge withstand capabilities of critical
equipment are presented in Appendix C.

22.4 INSULATION COORDINATION

Based on the switching surge study, an insulation coordination
study can be conducted for the 230 kV example system. The

Transformer C57.12.00 BIL and switching surge
Shunt reactor C57.21.00 BIL and switching surge
Shunt capacitors IEEE Std 18 BIL and switching surge
GIS C37.122 BIL and switching surge
Circuit breaker C37.06 BIL and switching surge
Circuit breaker TRV C37.09 Circuit breaker TRV
Insulator [1] BIL and switching surge
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equipment overvoltage withstand capability is related to the
magnitude and duration of the overvoltages. These over-
voltages are caused by switching operations and last for a
few milliseconds up to a few cycles. The switching surge
withstand capability can be assessed using the switching
surge withstand voltages specified by the applicable industry
standards. The resulting surge voltage limitations are listed in
Table 22.2.

22.4.1 The Surge Arrester Transient Overvoltage
Capability and Protective Levels

A 180kV surge arrester is marginal with regard to its maxi-
mum continuous operating voltage (MCOV) capability. The
arrester protective margins are well within those recom-
mended in ANSI Standard C62.2. The maximum switching
surge protective level of the 180 kV surge arrester is 351 kV
(1.87P.U. on 230kV base).

TABLE 22.2 Switching Surge Voltage Limitations for Selected
Cases

Equipment BIL kV

Impulse
Withstand
Level kV

Switching
Surge

Limit P.U.

Related IEEE
or ANSI
Standard

Transformer 900 745 3.9 C57.12
Capacitor 1050 750 3.9 IEEE 824
Circuit breaker 900 675 3.6 C37.06
CB TRV 2.4 C37.09

TABLE 22.1 Allowable TRV Values

Type of Capacitor Circuit
Allowed

Maximum TRV

Grounded shunt capacitor 2.0 P.U.
Unloaded cable 2.0 P.U.
Unloaded transmission line 2.4 P.U.
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22.4.2 Transient Recovery Voltage (TRV)

The TRVs are the voltages measured across the circuit breaker
poles after opening. The severity of the TRV depends on both
the magnitude and the rate of rise of the voltage across the
opening circuit breaker poles. Based on ANSI Standard C37.09,
the circuit breaker switching capability is tested at the max-
imum TRV of 2.4 P.U. The TRV voltages experienced in the
fault clearing are less than 2.4 P.U.

22.5 CONCLUSIONS

In this chapter, the effects of switching the power factor
correction capacitors are studied. The following aspects of
capacitor installation and switching are examined:

The nature of the transient overvoltages and the impact on the
insulation coordination are identified.

PROBLEMS

22.1. What is the difference between energization and
de-energization?

22.2. What are the various capacitor switching
problems?

22.3. In a 230 kV, three-phase power system, the short-
circuit rating is 18,000MVA. 110MVAR shunt
capacitors are added to improve the power
factor. In the distribution system close to this
high voltage system, there is a filter bank

Energization De-energization
Fault clearing Reclosing
Backup fault clearing Restriking
Prestrike Back-to-back capacitor switching
Voltage magnification High frequency overvoltages
Outrush currents Sustained overvoltages
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at 13.8 kV tuned to the 6.7th harmonic. Are there
any technical problems due to the installation of
the high voltage capacitor bank? Explain.

22.4. What is TRV? Is there any relation between over-
voltages in the phase circuit and the TRV of the
circuit breaker?

22.5. Why are the reclosing transients higher than the
energization transient?

22.6. Define restrike. How can restrike be avoided?
22.7. Define prestrike. Is there any difference between

restrike and prestrike?
22.8. Is there a need to perform back-to-back capacitor

switching? Is it possible to avoid such an opera-
tion in a power system?

22.9. Define voltage magnification. The HV capacitor
system is large, and it is a high-pass filter. The
low voltage system contains a capacitor bank. Is
it still possible to see oscillations in the low volt-
age capacitor bank? Explain.

22.10. Define outrush current. What is the difference
between inrush and outrush currents?
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23

INDUCED VOLTAGES IN
CONTROL CABLES

23.1 INTRODUCTION

In high voltage substations, there are different kinds of
conductors close to one another, such as high voltage buses,
current transformers, potential transformers, carrier couplers,
bushing, control cables, substation ground conductors, and
equipment ground connections. The control cables are used
to carry potential transformer outputs, current transformer
outputs, circuit breaker control signals, relaying, and other
communication signals. Increasingly, electronic equipment is
used in switchyards and control houses. The induced voltage
produced inside a substation can couple into low voltage
control cables and electronic equipment unless it is suitably
protected. Parallel conductors exhibit both mutual inductance
and capacitance. Since the power conductors carry relatively
large currents and operate at higher voltages as compared to
control cables, power frequency voltages may appear on the
control cables through this coupling and cause considerable
noise problems. In addition, if care is not taken to ground
the system properly, ground currents at these frequencies
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may be coupled with the instrumentation and control system
resistively, capacitively, or inductively, producing nuisance
trips [1–3]. This chapter deals with the calculation of the
induced voltages in the control cables due to switching and
lightning surges. In the presence of shunt capacitor banks in
the substation, the magnitude and frequency of the switching
surges increase.

23.2 SOURCES OF INDUCED VOLTAGES

23.2.1 Capacitive Coupling

The electrostatic coupling between the power system conductor
and the control cable can produce voltage induction at the
supply frequency. An example capacitance coupling between
a power conductor and control cable is shown in Figure 23.1.
The capacitance acts as a voltage divider. During transient
switching operations, there will be induced currents in the
control cable, given by Equation (23.1):

i ¼ C
dV

dt
ð23:1Þ

Increased distance between the power conductor and the
control cable can reduce the induced voltage in the control
cable.

Figure 23.1 Capacitive coupling between a power conductor and
control cable.
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23.2.2 Inductive Coupling

The presence of a power conductor close to a control cable can
produce inductive coupling between the two. The current
through the power conductor produces magnetic flux as
shown in Figure 23.2. If a control cable is present in the
magnetic field, then there will be induced voltage at the
power frequency. The magnitude of the induced voltage
depends on the mutual coupling between the conductors and
the current through the conductor. The induced voltage in the
control cable is given by:

e ðcontrol cableÞ ¼ M
di

dt
ð23:2Þ

where M is the mutual inductance between the power
conductor and the control cable and i is the current through
the conductor.

The electric field is proportional to the charge per unit
length r on the bus and is inversely proportional to the short-
est distance r between the field point on the bus given by:

E ¼
r

2pe0r
ð23:3Þ

r ¼ CVph ð23:4Þ

C ¼
1

Zs � c
ð23:5Þ

Figure 23.2 Inductive coupling between the power conductor and
the control cable.
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where c¼Velocity of light¼ 3� 108m/s
C¼Capacitance of the bus

Vph¼Voltage per phase
Zs¼Surge impedance, �/phase

Re-arranging the above equations:

E ¼
377� Vph

2pZs h
ð23:6Þ

where

Z ¼

ffiffiffiffiffi
m0
e0

r
¼

1

e0c
¼ 377� ð23:6Þ

The radius r is equal to the bus height h. The vertical electric
field is doubled upon reflection from the ground. For 1.0 per
unit switching transients, the electric field is given by:

E ¼
377� Vph

pZs h
ð23:7Þ

Example 23.1

Calculate the electric field at a distance of 8m from the phase
conductor of a 230 kV system. Assume a surge impedance of
350�/phase.

Solution

h¼ 8m, Zs¼ 350�/phase

System line-to-line voltage¼ 230 kV

Phase voltage (230 kV/1.732)¼ 132.8 kV

E ¼
ð377�Þð132:8 kVÞ

pð350�Þ ð8mÞ
¼ 5:7 kV=m
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The transient induced voltages in the control cables are due to
circuit breaker switching operations and to the traveling waves
produced by the lightning strike. The transient current ampli-
tudes depend on the surge impedance of the conductor and the
peak instantaneous phase-to-ground system voltage.

23.2.3 Switching Transients due to Circuit
Breaker Operations

The moving contacts of the circuit breakers not only allow
multiple breakdowns of the insulating medium between the
components of the high voltage system, but also allow the
breakdown potentials to exceed the system operating voltage
due to trapped charges. The oscillation frequencies may vary
from the nominal supply frequency to several kHz. When
control cables are present, there will be induced voltages due
to mutual coupling.

23.2.4 Lightning Transients

Lightning strikes can also cause arcing in substation equip-
ment and produce transients. When control cables are laid in
parallel to the power line conductors transmitting such
transients there will be induced voltages.

In a substation, the induced voltages in the control cables
may be due to conducted coupling, radiated coupling such
as electrostatic coupling, or inductive coupling. The induced
voltage through the control cables can cause damage to elec-
tronic equipment.

23.3 ACCEPTABLE INDUCED VOLTAGES

The acceptable induced voltages in control cables are adopted
from IEC Standard 801-4 due to fast electrical transients. The
following four levels of environmental conditions are identified:

Level 1 Well protected
Level 2 Protected
Level 3 Typical industrial
Level 4 Severe industrial
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The acceptable peak amplitudes for various severity levels are
presented in Table 23.1. The open circuit voltage for each
severity level for both the power supplies and data lines are
given in Table 23.1. The short-circuit values are estimated by
dividing the open circuit voltage by 50� source impedance.
This value represents the worst-case voltage seen by the
surge suppression element. A typical 230 kV substation is situ-
ated with open bus bars and other equipment, which can be
identified as a level 4 severity. The corresponding acceptable
peak-to-peak open circuit voltage during switching operations
is 4 kV. The acceptable induced open circuit voltage in data
lines is 2 kV.

23.4 EXAMPLE SYSTEM

The 230kV and the 115 kV substation used in this study is
operated with the entire cross-bays closed. The substation
uses a one and a half circuit breaker scheme with double
bus system. The 60MVAR capacitor bank is connected to the
230 kV system. The specifications of the capacitor bank are:

Nominal system voltage¼ 230kV
Maximum system voltage¼ 253kV (þ10%)
Rating of capacitor bank at 230kV¼ 60MVAR
Frequency¼ 60Hz
Connection¼Grounded wye

TABLE 23.1 Severity and Acceptable Induced Voltage Levels

Level

On Power Supply
On Signal and
Control Cable

Voc kV Isc A Voc kV Isc A

1 0.5 10 0.25 5
2 1.0 20 0.50 10
3 2.0 40 1.00 20
4 4.0 80 2.00 40
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23.4.1 Circuit Breaker for
Capacitance Switching

Maximum voltage¼ 242kV
Interrupting current¼ 40 kA
Continuous current¼ 3,000A
BIL level¼ 1,050 kV
Bus diameter¼ 12.5 cm
Diameter of the control cable¼ 0.8 cm
Diameter of the shield¼ 0.3 cm

The 230kV and 115kV circuit breakers along with the
60MVAR capacitor banks are shown in Figure 23.3. The elec-
tromagnetic interference was suspected to be responsible for
equipment failure or nuisance tripping in the other 115 kV
power factor capacitor installation project within the utility.
A study was performed to identify the related issues and
apply suitable mitigation measures. The induced voltages in
the control cables can emanate in a substation due to the

Figure 23.3 230 kV and 115kV substations and capacitor location.
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switching operations (energizing, de-energizing, reclosing, fault
clearing, backup fault clearing) and lightning strikes.

23.5 CALCULATION OF INDUCED VOLTAGES

The Electro Magnetic Transients Program (EMTP) is the com-
monly used software for studying the steady state and tran-
sients in time domain. This program is used to simulate the
induced voltages in the control cables due to the switching of
230 kV lines in the substation. The buses in the substation and
the representative control cable are shown in Figure 23.4. The
equivalent circuit of the system used in the transient analysis
is shown in Figure 23.5. The following assumptions are made
in this analysis [4]:

1. The load resistance in the 230 kV system is taken as
351�. This produces the required current flow
through the 230 kV bus.

2. Only one control cable is used in this study.
3. The induced voltages due to energization are

dominant.
4. The shield of the control cable is represented as a

conductor.

Figure 23.4 The 230kV bus, control cable, and the shield.
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5. The voltage source of the control cable is taken as
24V.

6. A load of 150� is assumed in the control cable. This is
a typical load impedance in a current transformer cir-
cuit.

The following five cases are simulated in order to evaluate the
induced voltages in the cable by studying the voltage at the
open end or load of the control cable, shield voltage at the
left end, and shield voltage at the right end. The time domain
plots of the induced voltages in the control cables are shown in
Figures 23.6 and 23.7 for case 1 and in Figures 23.8 and 23.9
for case 4. The summary of the peak voltages is presented in
Table 23.2. The descriptions of the cases and the observations
are listed below.

1. Energize the 230 kV line with the control cable load
end open. The shield end is not grounded. The induced

Figure 23.5 Circuit diagram used in the EMTP simulation.
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voltage in the control cable (6 kV) is higher than the
allowed open circuit voltage per IEC 801-4 [3], which
is 4 kV. The induced voltages at the ungrounded shield
at both ends are 4.0 and 3.2 kV, respectively.

Figure 23.6 Voltage at the load end of the control cable, case 1.

Figure 23.7 Voltage at the left end of the shield, case 1.

Figure 23.8 Voltage at the 150� load of the cable, case 4.
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2. Energize the 230 kV line with a 150� load on the con-
trol cable. The shield ends are not grounded. With a
150� load resistance and ungrounded shields, the
induced voltage in the control cable circuit is 600V.

3. Energize the 230 kV line with 150� load on the
control cable. The left end of the shield is grounded
and the right end is not grounded. The induced
voltage in the control cable is 1.3 kV.

4. Energize the 230 kV line with 150� load on the
control cable. Both ends of the shield are grounded.
The induced voltage in the control cable is 70V.
This is acceptable.

5. Energize the 230 kV line with no load on the control
cable circuit. Both ends of the shield are grounded.
The voltage in the control cable is 3.5 kV. This is
acceptable as per IEC 801-4, but this induced voltage
magnitude is not acceptable in data cables.

Table 23.2 Induced Voltage in the Control Cable

Case

V at Control Cable Load/Open End
Shield Voltage
Left End kV

Shield Voltage
Right End kVEMTP kV IEC kV

1 6.00 4.0 3.20 3.200
2 0.60 – 1.20 1.200
3 1.00 – 0.03 2.500
4 0.07 – 5.00 0.007
5 3.50 4.0 6.00 0.007

Figure 23.9 Voltage at the left end of the shield, case 4.
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When both ends of the shield are not grounded, the induced
voltages on the shield are high. If the shield is grounded at only
one end, the induced voltage on the grounded end is small, but
the induced voltage on the ungrounded end is still very high.
When the shield is grounded at both ends, the induced voltages
on the shields and control cable are very small.

When the control cable shields are grounded on both ends,
an alternative ground path should be provided for power fault
currents. During a power system fault involving the substation
ground, voltage differences exist between points on the ground.
The shield of the control cable will be subject to large currents
and will be fused. A separate ground cable of at least #2/0
(approximately 68mm2) copper cable should be included to
provide an alternate ground fault current path. Due to the
complex nature of the switching arc during the transients,
the calculated induced voltages do not reflect the lower or
upper boundary values. These values are in line with the
other published simulation results and measurements.

23.6 EFFECT OF LIGHTNING ON
CONTROL CABLES

Lightning is one of the major causes of equipment failure
in the power system. During a lightning strike, there are
induced voltages in the control cables due to the coupling
between the phase conductors and control cables. The light-
ning surge can be modeled as a current source or as a voltage
source. In this study, the lightning surge is modeled as a
voltage source with 2,000 kV surge voltage as shown in
Figure 23.10. It is assumed that the lightning strikes at the
end of the line. From a practical point of view, lightning can
strike at any location in the transmission line or substation.
The equivalent circuit of the system used in the transient
analysis is shown in Figure 23.11. The effect of a lightning
arrester is not included in the study. With the lightning
arrester, the magnitude of the traveling waves will be small
and hence the induced voltages in the control cables may be
less [4].
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The following cases are simulated in order to evaluate the
induced voltages in the cable. The voltage at the open end or
load of the control cable, the shield voltage at the left end, and
the shield voltage at the right end are studied. The time
domain plots of the induced voltages in the control cables
are shown in Figures 23.12 and 23.13 for case L1 and in

Figure 23.11 Circuit diagram used in the lightning surge study.

Figure 23.10 Waveform of the lightning surge voltage.
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Figures 23.14 and 23.15 for case L4. The summary of the peak
voltages is presented in Table 23.3. A description of the cases
and observations are given below.

L1. Lightning strike to the 230 kV line when the control
cable load end is open. The shield ends are not
grounded. The induced voltage in the control cable
(50 kV) is higher than the allowed open circuit

Figure 23.13 Voltage at the shield end, case L1.

Figure 23.14 Voltage at the open end of the cable, case L4.

Figure 23.12 Voltage at the cable end, case L1.

464 Power System Capacitors

© 2005 by Taylor & Francis Group, LLC



voltage as per IEC 801-4 [3], which is 4 kV. The
induced voltage at the ungrounded shield is 120 kV.

L2. Lightning strike to the 230 kV line when the load on
the control cable is 150O. The shield ends are not
grounded. With 150� load resistance and with
ungrounded shields, the induced voltage in the con-
trol cable circuit is 65 kV. This voltage is very high
for a control cable.

L3. Lightning strike to the 230 kV line when the load on
the control cable circuit is 150O. The left end of the
shield is grounded and the right end is not grounded.
With one end of the shield grounded, the induced
voltage in the control cable is 18 kV. Again, this
voltage is very high for a control cable.

L4. Lightning strike to the 230 kV line when the load on
the control cable circuit is 150O with both ends
of the shield grounded. With both ends of the shield
grounded, the induced voltage in the control cable is
3.5 kV. This is acceptable.

TABLE 23.3 Induced Voltages in the Control Cables due to Lightning

Case

V at Control Cable Load/Open End
Shield Voltage
Left End kV

Shield Voltage
Right End kVEMTP kV IEC kV

1 50.0 4.0 120.0 120.0
2 65.0 – 40.0 40.0
3 18.0 – 1.5 110.0
4 3.5 – 2.5 2.5
5 135.0 4.0 2.5 2.5

Figure 23.15 Voltage at the left end of the shield, case L4.

Induced Voltages in Control Cables 465

© 2005 by Taylor & Francis Group, LLC



L5. Lightning strike to the 230 kV line. There is no load
on the control cable circuit. Both ends of the shield
are grounded. The induced voltage in the control
cable is 135 kV. This voltage is very high as per
IEC 801-4.

In any substation location, there are control cables between the
control room and the substation equipment. A control wire
conduit in a substation location is shown in Figure 23.16 [5].
Due to the nature of the lightning strike, lightning arresters
are required at the substation terminals. A measured wave-
form of an induced voltage in a control cable is shown in
Figure 23.17 [1]. The maximum measured voltage in a current
transformer control cable is 3 kV in a 500 kV system.

23.7 CONCLUSIONS

The allowable induced voltage magnitude for control cables in
a 230 kV substation is 4 kV. The corresponding allowable
induced voltage in the data cables is 2 kV as per IEC Standard
801-4. The induced voltage in the control cables is studied
during switching and lightning using the transients program.

Figure 23.16 Control wire conduit in a substation location.
(Courtesy of U.S. Department of Labor, OSHA website,
Reference [5].)
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With one end of the shield grounded, the induced volt-
age in the control cable is 1.3 kV. With both ends of the
shield grounded, the voltage in the control cable is 70V. This
is acceptable as per IEC 801-4.

A similar study was performed to evaluate the induced
voltages due to a lightning strike and it was found that the
induced voltages are acceptable with both ends of the shield
grounded.

The control cables to be used in the 230 kV substation are
equipped with shields. When the cable shields are grounded on
both ends, an alternative ground path should be provided for
power fault currents.

PROBLEMS

23.1. Why are voltages induced in the control cables in
the substation environment? What are the sources
of these induced voltages?

23.2. Explain the basic reason for identifying the induced
voltages based on the severity of the environment.
Can you give an example of a well-protected envi-
ronment?

Figure 23.17 Measured induced voltage in a control cable in a
500 kV system.
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23.3. Is there a difference between an ordinary substa-
tion and one with capacitor banks?

23.4. Name some of the control cables used in the sub-
station. What is the approximate length of these
cables? Where do these cables originate and
where are they terminated?

23.5. Most of the power system conductors are on over-
head towers and the control cables are in under-
ground ducts. Is it possible to get voltage induction
in the control cables? Draw the flux lines showing
the induction mechanism.

23.6. Consider a control cable in a substation where a
lightning strike occurs. Give the relative magnitude
of induced voltages under the following conditions:
(a) with no lightning arrester present in the sub-
station; (b) with a lightning arrester present in the
substation.

23.7. Calculate the electric field at a distance of 10m
from the phase conductor of a 500 kV system.
Assume a surge impedance of 375�.
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24

ECONOMIC ANALYSIS

24.1 INTRODUCTION

In all engineering applications, it is necessary to justify the
installation of new equipment. In weighing the various alter-
natives, the economic analysis problems can be classified as
fixed input type, fixed output type, or situations where neither
input nor output is fixed. Whatever the nature of the problem,
the proper economic criteria are to optimize the benefit/cost
ratio. Such an approach may not be applicable to government
projects, where the funds often are allotted based on political
reasoning. The present worth approach is useful for evaluating
the investment, cost of losses, operating cost, and savings [1,2].

24.2 BASIS OF ENGINEERING ECONOMICS

24.2.1 Time Value of Money

When cash flow-related consequences occur in a very short
duration, the income and expenditures can be summed and
the net cash balance can be calculated. When the time span
is longer, the effect of interest on the investment needs to be
calculated. For example, an investment of $100 at 6% interest
for 1 year will result in $6 interest and the total will be $106
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after a year. This example illustrates the time value of
money. When considering projects with a useful life of
several years, the time value of money has to be taken into
account.

24.2.2 Present Worth Value of Money

The process of calculating the future value of money in today’s
value is called present worth. The present worth P is given by:

P ¼ F
1

ð1þ iÞn

� �
ð24:1Þ

where F is the value of money after n years and i is the interest
rate. This concept is illustrated in Figure 24.1. F, n, and i are
known in this problem and P is to be calculated.

Example 24.1

What is the present value of $10,000 that will be received after
3 years from today? Assume an interest rate of 8%.

Solution

n¼ 3 years, i¼ 8%
P¼ $10,000, (1þ 0.08)�3

¼ $7,938 (using Equation (24.1))

24.2.3 Annual Cash Flow Analysis

Suppose an amount A is deposited at the end of every year
for n years. If i is the interest rate compounded annually,

Figure 24.1 Present worth value P of future money F.
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then the present worth amount P can be represented as shown
in Figure 24.2. The mathematical representation is:

P ¼ A
ð1þ iÞn � 1

iðiþ 1Þn

� �
ð24:2Þ

Example 24.2

If a $500 annual deposit is made for 5 years, what is the
present worth value of those deposits? The interest rate is 6%.

Solution

n¼ 5 years, i¼ 6%

P ¼ 500
ð1þ 0:06Þ5 � 1

0:06ð0:06þ 1Þ5

" #
¼ $2,106 ðusing Equation ð24:2ÞÞ

24.2.4 Future Worth Value of Money

The process of calculating the future distribution of money is
called future worth. Consider a one-time investment of P at
today’s value and find the future worth F of the money after
n years. The concept is displayed in Figure 24.1, where P is
given and F is to be evaluated. For a given payment of P at
today’s value, the future worth F is given by:

F ¼ Pð1þ iÞn ð24:3Þ

This is the inverse of the present worth approach given by
Equation (24.1).

Figure 24.2 Present worth value of money, for a uniform annual
amount A.
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Example 24.3

Calculate the future worth, F, for a deposit of $6,000. The
number of investment years is 3, and the interest rate is 8%.

Solution

n¼ 3 years, i¼ 8%
F¼ 6,000, (1þ 0.08)3¼ $7,558 (using Equation (24.3))

24.2.5 Annual Cash Flow Analysis Using Future
Worth

Suppose an amount A is deposited at the end of every year for
n years. If i is the interest rate compounded annually, then the
future worth amount F can be represented as shown in Figure
24.3. The mathematical representation is:

F ¼ A
ð1þ iÞn � 1

i

� �
ð24:4Þ

Example 24.4

If a $6,000 annual deposit is made for 5 years, what is the
future worth value of those deposits? The interest rate is 8%.

Solution

n¼ 5 years, i¼ 8%

F ¼ 6,000
ð1þ 0:08Þ5 � 1

0:08

" #
¼ $35,200 ðusing Equation ð24:4ÞÞ

Figure 24.3 Evaluation of the future worth F, for a uniform
investment of A/year.
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24.3 COST COMPONENTS

Installation of shunt capacitors for power factor correction and
harmonic control is an efficient way to improve power system
performance. When electric equipment such as a capacitor
bank, a circuit breaker, or a transformer is purchased, there
are several associated cost components. These include the capi-
tal cost of the equipment, installation cost, maintenance cost,
salvage value, and the annual returns. There are other factors
related to income tax, depreciation, tax credit, property tax,
and insurance. All these factors are taken into account in
order to evaluate the economic efficiency of the investment.
The following description is for power factor correction capaci-
tors, but it is applicable to similar equipment such as trans-
formers or circuit breakers.

1. Capital cost of the capacitor banks, C(cap). The
capacitor units are available in 50–400 kVAR ratings
and can be purchased from the manufacturer. These
units can be connected in series parallel combination
to achieve the desired MVAR rating. In addition to
the capacitor units, reactors, circuit breakers, protec-
tive relaying, fuses, mounting racks, surge arresters,
and cables are required for the assembly.

2. Cost of installation, C(inst). The capacitor units are
installed on pole-mounted structures, in substations,
or in metal-enclosed cabinets. In substations, suitable
foundations have to be erected. The capacitor units
are installed in the racks and the necessary series–
parallel connections are performed in the field. The
installation cost is application dependent and varies
from project to project.

3. Maintenance cost, C(maint). The cost of maintenance
depends on the type of design and the location of
installation.

4. Salvage value, C(sal). Usually any electrical equipment
is designed for certain useful life. This depends on the
type of equipment, design life, maintenance of the equip-
ment and operating conditions. Sometimes the equip-
ment may have zero value at the end of useful life.
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24.3.1 Benefits Resulting from the Installation of
Capacitor Banks

As identified in Chapter 9, the benefits resulting from the
installation of capacitor banks may include one or more of
the following:

1. Savings due to release of transformer capacity.
2. Savings due to improved power factor.
3. Savings due to reduced losses in the transformer and

feeder.
4. Cost involved with reactive energy.
5. Savings due to avoiding power factor penalty.
6. Savings due to decrease in the kVA demand.
7. Savings due to the reduction in the kVAR demand.

It should be noted that the specific savings at a location depend
on the tariff structure. All the above savings will not be avail-
able in any specific application.

1. Savings due to release of transformer capacity. If the
power factor of the load is corrected by shunt capaci-
tors, then there is less kVA demand from the trans-
former. The release in the transformer kVA demand
can be calculated as:

kVAR ¼ ðP=PF1 � P=PF2Þ ð24:5Þ

where P is the real power demand and PF1 and PF2 are
the power factors before and after the power factor
correction. If CTR is the charge on the released trans-
former capacity per kVA per year, then the total sav-
ings due to the released transformer capacity CTRS is
given by:

CTRS ¼ kVAR � CTR ð24:6Þ

2. Savings due to improved power factor. If the power
factor of the load is improved from PF1 to PF2, then
the savings in the kVAR demand is given by:

kVARS ¼ Pðtan y1 � tan y2Þ ð24:7Þ
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If CQD is the cost of the reactive power per unit, then
the cost savings CkVAR due to reduction in the kVAR
demand is given by:

CkVAR ¼ CQD � kVARS ð24:8Þ

3. Savings due to reduced losses in the transformer and
feeder. This is an indirect system cost reflected on the
total tariff. If the reactive compensation is available at
the terminals, then the current in the feeder and
transformer circuit is reduced, and that leads to
reduced I2R losses in both of them. If I1 and I2 are
the respective rms current magnitudes before and
after the compensation and if R is the combined trans-
former and feeder resistance per phase, then the total
average cost savings CL due to reduced ohmic losses
per year can be expressed as:

CL ¼ 3ðCWÞ ðI21 � I22Þ ðR� 8;760� LF� 10�3Þ ð24:9Þ

where LF is the loss factor, CW is the cost of energy per
kWh, and 8760 is the number of hours in a year. The
load factor is defined as the ratio of the average real
power loss to the maximum real power loss over a spe-
cified period of time.

4. Cost involved with reactive energy. In the absence of
suitable power factor correction, the utility has to
supply the necessary reactive power to the low
power factor load. If CQ is the cost per unit of reactive
energy and if the kVARh is known, then the total cost
of reactive energy is:

CQT ¼ ðCQÞ ðkVARhÞ ð24:10Þ

5. Savings due to avoiding power factor penalty. If the
power factor of the load is improved to acceptable
levels of the utility such as 0.95 or above, then
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the power factor penalty can be avoided. If CkVAR is
the cost of the reactive power demand per unit and if
the kVAR saved is known, then cost savings due to
power factor improvement CPF can be calculated:

CPF ¼ ðCkVARÞ ðkVARÞ ð24:11Þ

6. Savings due to decrease in the kVA demand. If the
decrease in kVA demand is known due to the power
factor improvement from Equation (24.5), then the
cost savings due to the decrease in the kVA demand
CS can be calculated:

CS ¼ CSD � kVAR ð24:12Þ

where CSD is the maximum demand cost per kVA.
7. Savings due to the reduction in the kVAR demand. If

the kVARs saved due to power correction are known
from Equation (24.7), and if CQD is the cost of reactive
power demand, then the cost savings CQDT is given by:

CQDT ¼ CQD � kVARs ð24:13Þ

Each utility has its own tariff structure and billing
approaches. The cost savings due to improved power
factor has to be calculated taking into account all the
related tariffs appropriately. The cost functions can be
identified as follows:

CðINVÞ ¼ CðcapÞ þ CðinstÞ þ CðmaintÞ � CðsalÞ ð24:14Þ

CðBENÞ ¼ CTRS þ CkVAR þ CQT þ CL þ CPF þ CS þ CQDT

ð24:15Þ

Depending on the type of tariff, the components in the
benefits will be selected.
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24.4 EFFECT OF INCOME TAX AND
RELATED FACTORS

In order to perform a realistic economic analysis, the effects of
federal income tax, depreciation, tax credits, and the inflation
have to be included in the calculations.

24.4.1 Taxes

Federal, state, and city taxes are part of the business
expenditure. Income tax forms a major portion of the taxes.

24.4.2 Tax credits

Federal and state governments provide tax credits in order to
encourage investments in energy-related projects. For example,
in 1978, the U.S. Congress enacted the Energy Tax Act to
provide a 10% energy tax credit in addition to the 10% regular
investment tax credit on alternate energy sources. In pass-
ing the Crude Oil Windfall Tax Act of 1980, Congress increased
the energy tax credit to 15% for renewable energy sources.
These tax credits will come and go and the prevailing rates
are to be used for the academic (¼ current) year. Some of the
specific projects for tax credits are:

Alternative energy sources Wind or solar energy
Recycling equipment Shale oil equipment
Cogeneration projects Hydroelectric generation

equipment

24.4.3 Depreciation

The depreciation approach is a useful method for the recovery
of an investment through income tax over a period of time.
Usually, the depreciation is accounted on capital assets such
as a house, car, and industrial equipment. Depreciation is
not applicable for items such as land, salvage value, and
interest amounts. There are two types of depreciation, book
and tax depreciation. With book depreciation, a certain
amount is written off each year and credited to a depreciation
reserve for the purpose of reinvesting in a new plant. Tax
depreciation is based on the existing tax laws and is used by
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the government as a tool to encourage investment. The rate is
basically decided by the government and can be changed at
any time. The following depreciation methods are used in
engineering economic analysis:

Straight-line method
Sum of year of digits method
Declining balance method
The accelerated cost recovery system

Sometimes the recovery of depreciation on a specific asset
may be related to the use rather than time. In such situations,
the depreciation will be calculated by unit of production depre-
ciation method. This is not applicable to electrical equipment.

24.4.3.1 The Straight-Line Method

If the investment amount and the number of years of
depreciation are known, then:

Straight-line depreciation per year

¼
Investment

Life of the equipment, years
ð24:16Þ

Typically, this approach is used for book purposes and is not
used for tax applications. As an example, if the investment is
$50,000 and if the useful economic life is 5 years, then the
annual depreciation by the straight-line method is ($50,000/5)
or $10,000.

24.4.3.2 Sum of Years of Digit Method

With this method, a greater depreciation amount is used in
earlier years and there is lesser depreciation in the later
years compared to the straight-line method. The sum of
years of digits (SYD) is found by using the formula:

SYD ¼
nðnþ 1Þ

2
ð24:17Þ

For a 5-year economic life, the SYD is [5� (5þ 1)/2], which
equals 15 years. The depreciation for the example case year
by year is given in Table 24.1.
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24.4.3.3 Declining Balance Depreciation

Using this method, a constant depreciation rate is applied to
the book value of the property. This depreciation rate is based
on the type of property and when it was acquired. The three
rates described in the Economic Recovery Tax Act of 1981 are
200%, 175%, and 150% of the straight-line rate method. Since
200% is twice the straight line rate, it is called the double
declining balance method and is given by the formula:

Double declining balance depreciation in any year

¼ 2� Book Value=n ð24:18Þ

The book value equals the cost depreciation to date.

Double declining depreciation in any year

¼ 2 ðCost� depreciation to dateÞ=n ð24:19Þ

Example 24.5

The investment in equipment is $50,000. Calculate the double
declining depreciation schedule. Assume n¼ 5 years.

Solution

Using the formula given by Equation (24.19).

First year depreciation¼ 2($50,000� $0)/5¼ $20,000
Second year depreciation¼ 2($50,000� $20,000)/5¼
$12,000

Third year depreciation¼ 2($50,000� $32,000)/5¼
$7,200

TABLE 24.1 SYD of Depreciation for the Example Case

Year Fraction Depreciation, $

1 5/15 16,667
2 4/15 13,333
3 3/15 10,000
4 2/15 6,667
5 1/15 3,333
Total 50,000
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Fourth year depreciation¼ 2($50,000� $39,200)/5¼
$4,320

Fifth year depreciation¼ 2($50,000� $43,520)/5¼ $2,592
Salvage value¼ $3,888
Total¼ $50,000

24.4.3.4 Accelerated Cost Recovery Depreciation
System (ACRS)

The Economic Recovery Act of 1981 established the ACRS
depreciation. With this method, the depreciation life is far
less than the actual equipment life. The salvage value is
assumed to be zero. The first step in calculating the deprecia-
tion is to identify the property class from Table 24.2. The next
step is to read the depreciation schedule from Table 24.3.

Example 24.6

A desktop computer is personal property and costs $3,000.
Compute the ACSR for tax purposes.

Solution

A desktop computer is personal property. As Table 24.2 shows,
this equipment is in a 5-year ACRS depreciation class. The
depreciation schedule is calculated and is shown in Table 24.4.

TABLE 24.2 ACRS Classes of Depreciable Property

Personal Property Property Class

Auto and light duty trucks 3 year
Machinery and equipment used for research
Special tools and other personal property with
a life of 4 years or less

Most machinery and equipment 5 year
Office furniture and equipment
Heavy duty trucks, ships, aircraft
Public utility property with a life of
25 years or less

10 year

Railroad tank class, manufactured homes
Public utility property with a life of more
than 30 years

15 year

Real property (real estate), all buildings
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24.5 ECONOMIC EVALUATIONS

There are many approaches available for the evaluation of
the economic efficiency of one or more project options, includ-
ing the following:

Payback method
Rate of return method
Benefit–cost ratio analysis
Breakeven analysis

TABLE 24.3 ACRS Depreciation for Real Property

Year 3 Year (%) 5 Year (%) 10 Year (%) 15 Year (%)

1 33 20 10 7
2 45 32 18 12
3 22 24 16 12
4 16 14 11
5 8 12 10
6 10 9
7 8 8
8 6 7
9 4 6

10 2 5
11 4
12 3
13 3
14 2
15 1

TABLE 24.4 Depreciation Using 5-Year ACRS Method

Year ACRS% Cost ($) Depreciation ($)

1 20 3,000 600
2 32 3,000 960
3 24 3,000 720
4 16 3,000 480
5 8 3,000 240
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Generally, the following assumptions are made in this type of
analysis:

� One of the parameters in the present worth analysis is
assumed. It may be either the interest rate or the
useful life.

� The salvage value is usually taken as zero.
� Even if the interest rate is provided, it is likely to

change in the future.
� When comparing products from a superior technology

versus the older technology, the latter will be the
attractive choice. In such cases, the economic advan-
tages and the technical merits are to be weighted
together.

24.5.1 Payback Period

The payback period is the time required for the benefits of an
investment to equal the cost of the investment.

24.5.1.1 Simple Payback Period

The simple payback period can be calculated as:

Simple payback period ¼
Investment

Benefits per year
ð24:20Þ

The simple payback period calculation ignores the time value of
money. One of the ways of comparing mutually exclusive eco-
nomic aspects is to resolve the consequences to the present
time using the present worth method. The present worth of
the benefits per year is obtained by multiplying the benefits
with the present worth factor given by:

Present worth factor ðPWFÞ ¼
1

ð1þ iÞn
ð24:21Þ

where n is the number of years. The cumulative value of
benefits is given by:

P ¼ A
X1
n¼1

1

ð1þ iÞn

� �
¼ A

ð1þ iÞn � 1

iðiþ 1Þn

� �
ð24:22Þ
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where A is the benefits per year. The investment and the
economic returns are expressed on a time-varying basis as
shown in Figure 24.4. For a given project, the calculation of
the payback period using the present worth analysis involves
the evaluation of the present worth factor, benefits per year,
and the present worth of the cumulative benefits.

In order to perform the economic analysis, the effect of
income tax must be included. Sometimes certain tax credits
may be available for energy-related projects and they need
careful consideration. Using this provision, the business can
deduct a percentage of its new equipment purchases as a tax
credit, usually after computing the tax return. At the same
time the basis for the depreciation remains the full cost of
the equipment. The main components taking into account
the tax effects are:

� Cash flow before taxes
� Depreciation¼ Investment� depreciation rate
� Change in taxable income¼Cash flow before taxes�

depreciation
� Income taxes¼Taxable income� incremental

income tax
� After tax cash flow¼Before tax cash flow�

income tax

24.5.1.1 Effect of Inflation on the Payback Period

In general, the prices and cost of services change with time and
hence the inflationary trend should be included in the payback

Figure 24.4 Application of present worth analysis for payback
period.
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period calculations. The following steps are included in the
analysis.

� Cash flow before taxes
� Actual cash¼Cash flow before taxes� (1þ f )n

� Depreciation¼ Investment� depreciation rate
� Change in taxable income¼Actual cash flow�

depreciation
� Income taxes¼Change in taxable income�

incremental income tax
� After tax cash flow¼After tax cash flow� (1þ f )n

The calculation approach is demonstrated using an example.

Example 24.7

A power factor controller was installed in order to correct the
power factor of an induction generator [1]. A one-line diagram
of the system is shown in Figure 24.5. The cost of the device
was $10,000. The Federal tax credit during 1984 on wind elec-
tric generation was 25%. The California State tax credit was
25%. The incremental tax rate was 46%. The system-related
and cost data are:

Transformer impedance ¼ (0.0046þ j 0.0036) �/ phase
Feeder impedance ¼ (0.0359þ j 0.0652) �/ phase
Total circuit

resistance (R) ¼ 0.0405�

Figure 24.5 One-line diagram of the system for Example 24.7.
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Generator output ¼ 50kW
Power factor before

compensation (PF1) ¼ 0.60
Power factor after

compensation (PF2) ¼ 0.95
Current before

compensation (I1 ) ¼ 80A
Current after

compensation (I2 ) ¼ 51A
Loss factor (LF) ¼ 0.4
Maximum kVAR ¼ 40.3 kVAR
Cost of the power factor

correction device ¼ $10,000
Cost of released

transformer kVA (CTR) ¼ $12 per kVA/year
Cost of real energy (CW) ¼ $0.06/kWh
Cost of reactive

energy (CQ) ¼ $0.0025/kVARh
Maximum demand cost

of kW, kVAR, kVA ¼ $3.80/kW/month
Interest rate, (i) ¼ 10%

Calculate (a) the simple payback period, (b) the payback period
taking into account the present worth value of money along
with the tax credits, and (c) the payback period taking into
account the inflation. Consider the accelerated depreciation
scheme of 5 years with rates at 20%, 32%, 24%, 16%, and 8%.

Solution

P¼ $10,000
i¼ 10%
Total tax credits¼ 50%
Savings due to power factor penalty per year¼ $1,064

ðCPFP ¼ 23:3 kVAR� $3:80=kVAR� 12Þ

Savings due to reactive power factor reactive power
cost¼ $23

ðCQT ¼ 93,500 kVARh� 0:4� $0:0025=kVARhÞ

Economic Analysis 485

© 2005 by Taylor & Francis Group, LLC



Savings due to transformer capacity (CTRS¼ 23.6�
$12/kVA)¼ $295

Savings due to loss reduction (CL¼ 3� $0.06(802�
512)� 0.0405� 8,760� 0.4� 10�3

¼ $97

A ¼ $1,064þ $23þ $295þ $97 ¼ $1,479

(a) Simple payback period¼
10,000

1,479
¼ 6:8 years:

(b) The present worth value calculations are shown
for 12 years using Equations (24.21) and (24.22) in
Table 24.5. The investment of $10,000 will be
equal to the PWV of benefits at 11.2 years. The
calculation of the cash flow, taking into account
depreciation and income tax, is shown in Table
24.6. The effective investment taking the tax credit
into account is $5,000. The payback period is 3.1
years.

(c) The calculation of the cash flow taking the inflation
into account is shown in Table 24.7. The effective
investment after tax credit is $5,000. The payback

TABLE 24.5 Benefits and Payback Period Calculations Using
Present Worth Analysis

Year Benefits $ PWF
Present Worth
of Benefits $

Cumulative
PWV $

1 1,479 0.9091 1,345 1,345
2 1,479 0.8264 1,222 2,567
3 1,479 0.7513 1,111 3,678
4 1,479 0.6830 1,010 4,688
5 1,479 0.6209 918 5,607
6 1,479 0.5645 835 6,441
7 1,479 0.5132 759 7,200
8 1,479 0.4665 690 7,890
9 1,479 0.4241 627 8,518

10 1,479 0.3855 570 9,088
11 1,479 0.3505 518 9,606
12 1,479 0.3186 471 10,077
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TABLE 24.6 Cash Flow Analysis Taking into Account Tax, Tax Credits, and Depreciation

Year Benefits $ Depreciation $
Taxable
Income $

Income
Tax $

After
Tax $ PWF

Present Worth
of Benefits $

Cumulative
PWV $

1 1,479 2,000 �521 �239.66 1,718.66 0.9091 1,562 1,562
2 1,479 3,200 �1,721 �791.66 2,270.66 0.8264 1,877 3,439
3 1,479 2,400 �921 �423.66 1,902.66 0.7513 1,429 4,868
4 1,479 1,600 �121 �55.66 1,534.66 0.6830 1,048 5,917
5 1,479 800 679 �312.34 1,166.66 0.6209 724 6,641
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TABLE 24.7 Cash Flow Calculations Taking into Account Inflation

Year Benefits $ Depreciation $
Taxable
Income $

Income
Tax $

After
Tax $ PWF

Present Worth
of Benefits $

Cumulative
PWV $

1 1,422.1154 2,000 �577.8846 �265.8269 1,687.942 0.9091 1,475 1,475
2 1,367.4186 3,200 �1,832.581 �842.9874 2,210.406 0.8264 1,689 3,164
3 1,314.8256 2,400 �1,085.174 �499.1802 1,814.006 0.7513 1,212 4,376
4 1,264.2554 1,600 �335.7446 �154.4425 1,418.698 0.6830 828 5,204
5 1,215.6302 800 415.6302 191.1899 1,024.440 0.6209 523 5,727

4
8
8

P
o
w
er

System
C
ap

acito
rs

© 2005 by Taylor & Francis Group, LLC



period taking depreciation, tax, and inflation into
account is 3.8 years.

24.5.2 Rate of Return Analysis

The rate of return may be defined as the interest rate paid
on the unpaid balance such that the loan is exactly repaid
within the schedule of payments. This type of analysis is
useful when the economic activity is very slow and the interest
rate is too low (e.g., years 2002 and 2003). When the interest
rate is around 2%, the effect of compounding is insignificant.
To calculate the rate of return on an investment, use:

Present Worth of Benefits

Present Worth of Costs
¼ 1 ð24:23Þ

In Equation (24.23) the only unknown is the interest rate, i.
An example is shown below.

Example 24.8

An investment of $57,400 was made to install a capacitor bank.
The expected project lifetime is 10 years. It was estimated
that the cost savings due to kVA reduction and loss reduction
would be $8,173 per year. Calculate the rate of return on this
investment.

Solution

n¼ 10 years, A¼ $8,173, P ¼ $57,400
Using Equation (24.22) and solving for i:

57,400 ¼ 8,173
ð1þ iÞ10 � 1

iðiþ 1Þ10

" #

Solving this equation by trial and error, i¼ 7%.

The rate of return analysis is probably the most frequently
used analysis in engineering projects. The rate of return
gives a measure of the desirability of the project in terms
that are easily understood. Sometimes the rate of return prob-
lem cannot be solved with a positive interest rate due to the
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nature of the cash flow. Therefore, there is a need to be careful
when choosing this technique.

24.5.3 Benefit–Cost Ratio Analysis

At a given minimum attractive rate of return, an alternative
can be acceptable if:

Benefit–Cost ratio ¼
Present Worth of Benefits

Present Worth of Costs
ð24:24Þ

This analysis can be used for all the three types of economic
problems namely, fixed input, fixed output, and where neither
input nor output is fixed. In this case, obtain the benefit–cost
ratio. If it is greater than 1.0, then the project is viable.

Example 24.9

An investment of $57,400 was made to install a capacitor bank.
The prevailing interest rate is 6%. The projected life duration is
20 years according to the manufacturer. The life duration is to
be de-rated due to the environmental operating conditions.
Life duration of 10 or 15 years is under consideration.
Calculate the benefit–cost ratio for each of the life durations.
The estimated annual benefits due to this project are $8,173.

Solution

P¼ $57,400, A¼ $8,173, i¼ 6%

For n ¼ 10 years:

8,173
ð1þ 0:06Þ10 � 1

0:06ð1þ 0:06Þ10

" #

57,400
¼ 1:048

For n ¼ 15 years:

8,173
ð1þ 0:06Þ15 � 1

0:06ð1þ 0:06Þ15

" #

57,400
¼ 1:383
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For n ¼ 20 years :

8,173
ð1þ 0:06Þ20 � 1

0:06ð1þ 0:06Þ20

" #

57,400
¼ 1:633

All the project life duration (10, 15, and 20) years provide
benefit–cost ratios greater than 1.

24.5.4 Breakeven Analysis

Breakeven analysis is a form of sensitivity approach to the
economic analysis problem. This type of analysis is useful in
engineering problems involving stage construction. Should a
project be constructed now to meet the present and part of
the future requirement, or should it be constructed in stages
as the need for increased capacity arises? A power factor cor-
rection project falls into such a category in an expanding load
growth situation. Consider a situation with an existing power
factor of 0.80. The desired power factor of the utility to meet
the standard requirements is 0.95. The required power factor
correction equipment is 100MVAR. Then there is a new trans-
mission project to be completed in 3 years at the same location
and the expected power factor correction equipment is another
100MVAR. The question is whether to install all the 200MVAR
equipment in one or two stages. Such a problem can be ana-
lyzed using the breakeven analysis.

Example 24.10

Consider a typical power factor correction project that can be
installed in one or two stages. The expected installation cost
is as follows:

Full project install in one stage, 200 MVAR¼ $350,000
Install 100MVAR in stage 1 now¼ $190,000
Install another 100MVAR after n years¼ $200,000

The expected life duration of the project is 20 years,
irrespective of whether it is a one- or two-stage construction.
The interest rate is 6%. Perform a breakeven analysis.
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Solution

One-stage construction cost¼ $350,000.

Two-stage construction. The first stage construction to be done
now and the second stage after n years. Calculate the present
worth value for several values of n.

PW of cost ¼ $19,000þ $200,000ð1þ 0:06Þ�n

n ¼ 2 years; PW of cost ¼ 19,000þ 177,999 ¼ $367,999

n ¼ 3 years; PW of cost ¼ 19,000þ 167,923 ¼ $357,923

n ¼ 4 years; PW of cost ¼ 19,000þ 158,418 ¼ $348,418

n ¼ 5 years; PW of cost ¼ 19,000þ 149,451 ¼ $339,451

n ¼ 10 years; PWof cost ¼ 19,000þ 111,678 ¼ $301,678

The data is plotted in the form of a graph to find the breakeven
point and is shown in Figure 24.6. The breakeven point is the
time at which both the project alternatives have equal costs.
This is around 4 years in this example. However, the project
decision has to consider the capacity requirement as well.

24.6 CONCLUSIONS

Economic analysis is an important aspect of the decision
making process. The fundamentals of present worth and
future worth analyses are discussed. The cost components

Figure 24.6 Breakeven chart for Example 24.10.
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involved in a power factor correction project are identified. The
effects of taxes, depreciation, tax credits, and inflation on
economic analysis are discussed. The payback period approach
is analyzed for the simple case, taking into account the present
worth value of money, taxes, depreciation, tax credits, and
inflation. The other important approaches suitable for the ana-
lysis of the power factor correction project are benefit–
cost analysis and rate of return analysis. Finally, the breakeven
analysis is presented for construction of a project in stages. It
should be noted that there are other economic analysis techni-
ques available for the power factor correction problem. These
include incremental rate of return analysis and gradient
method, where the benefits are nonuniform every year.

PROBLEMS

24.1. What are the different approaches available for
the economic analysis of engineering projects?
What is the basis for the selection of a suitable
approach for a specific project?

24.2. A man bought $4,000 worth of office furniture. He
expects it to last for 12 years. What will be
the equivalent uniform annual cost if the interest
rate is 6%?

24.3. An investor purchased a lot for $3,500. Each year
he paid $80 for the property taxes. At the end of
4 years he sold the lot and received $4,400. What
is the rate of return on his investment?

24.4. Describe the rate of return method.
24.5. Which of the four methods (payback period, rate

of return, benefit–cost, and breakeven) of analyses
is suitable for power factor correction projects?
Why?

24.6. Consider the installation of a solar electric panel
during the tax year 2003. The cost of the solar
panels and installation is 1,900 per kW. The
rating of the panel is 30 kW. Assume a tax credit
of 30%. The expected benefits due to the sale of
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electricity per year are $4,900. Calculate (a) the
simple payback period; (b) the payback period
taking into account the present worth value of
money; (c) the payback period using the PWV
method along with the tax credits; and (d) the
payback period for (c) taking into account the
inflation. Consider the accelerated depreciation
scheme of 5 years with rates at 20%, 32%, 24%,
16%, and 8%.

24.7. There are two alternatives available for a power
system project. The first alternative, to install
the entire equipment in one stage, would cost
$220,000. The maintenance cost would be
$100,000 per year. The equipment life would be
25 years and the interest rate is 4%. The second
alternative is to install stage one now at a cost of
$142,000. The maintenance cost would be $75,000
per year. The cost of the second stage of construc-
tion would be $126,000. Calculate the present
worth of the cost and select a suitable alternative.

24.8. Compare the straight-line, sum of digits, 200%
double declining balance, and ACRS methods of
depreciation for a $10,000 investment and a
5-year useful life.
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Appendix A

CAPACITOR CIRCUIT
FUNDAMENTALS

There are several equations commonly used for power system
calculations when dealing with capacitor circuits. Some of the
important relationships are listed below.

Equivalent capacitance C when several capacitors are
connected in parallel is given by:

C ¼ C1 þ C2 þ C3 þ . . . ðA:1Þ

Equivalent kVAR when several capacitor banks are connected
in parallel is given by:

kVAR ¼ kVAR1 þ kVAR2 þ kVAR3 þ . . . ðA:2Þ

Equivalent capacitance C when several capacitors are
connected in series:

C ¼
1

ð1=C1Þþ ð1=C2Þ þ ð1=C3Þ
. . . ðA:3Þ
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Equivalent kVAR when several capacitor banks are connected
in series:

kVAR ¼
1

ð1=kVAR1Þ þ ð1=kVAR2Þ þ ð1=kVAR3Þ
. . . ðA:4Þ

The capacitive reactance XC for a capacitance C is in micro-
farads:

XC ¼
106

ð2�f ÞC
¼

2;653

C
at 60Hz ðA:5Þ

In terms of kVAR, the capacitance is given by:

C ¼
106

ð2�f ÞXC
¼

ð1;000Þ kVAR

ð2�f ÞðkVÞ2
ðA:6Þ

kVAR ¼
ð2�fcÞðkVÞ2

1;000
¼

ð1;000ÞðkVÞ2

XC
ðA:7Þ

For a three-phase system with voltage in kV and current in A
the kVA is:

kVA ¼
ffiffiffi
3

p
ðkV ÞðI Þ ðA:8Þ

The following relations can be used for motor-related
calculations:

Induction motor kVA¼Motor hp rating (approximately)
Synchronous motor at 0.8 power factor, kVA¼Motor hp
rating (approximately)

Synchronous motor at 1.0 power factor, kVA¼ (0.8) Motor
hp rating (approximately)

The short circuit current Isc at the terminal of a transformer is
given by:

Isc ¼
Full load current

Transformer impedance
ðA:9Þ
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Calculate the I(RMS) in the harmonic environment:

IðRMSÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiX1
n¼1

I2n

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ I23 þ I25

q
ðA:10Þ

The total demand distortion (TDD) is calculated using
Equation (A.11):

TDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiP1
n¼2

I2n

s

IL
ðA:11Þ

where IL is the load current and In is the harmonic current
component. The TDD due to a specific harmonic is calculated
using Equation (A.12):

TDD ¼
In
IL

ðA:12Þ

Example A.1

Three capacitors have capacitances 5, 10, and 15 MFD,
respectively. The three elements are connected in parallel
across a 100V DC supply. (a) Calculate the charge on each
capacitor. (b) Calculate the total capacitance. (c) Connect the
three capacitances in series and calculate the voltage across
each unit.

Solution

(a) The three capacitor units are connected in parallel as
shown in Figure A.1:

Q1¼C1 V¼ (5� 10�6) (100V)¼ 500 mC
Q2¼C2 V¼ (10� 10�6) (100V)¼ 1,000 mC
Q3¼C3 V¼ (15� 10�6) (100V)¼ 1,500 mC

(b) Total capacitance:

C ¼ C1 þ C2 þ C3 ¼ ð5þ 10þ 15Þ � 10�6 ¼ 30mF
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(c) The series connection is shown in Figure A.2:

1

C
¼

1

C1
þ

1

C2
þ

1

C3
,

1

C
¼

1

5� 10�6
þ

1

10� 10�6
þ

1

15� 10�6

Solving C¼ 2.727 mF:

Q ¼ CV ¼ ð2:727� 10�6 FÞ ð100 VÞ ¼ 272:7mC

The charge is the same in all three capacitor units:

V1 ¼
Q

C1
¼

272:7mC
5mF

¼ 54:5 V

V2 ¼
Q

C2
¼

272:7mC
10 mF

¼ 27:3 V

V3 ¼
Q

C3
¼

272:7mC
15 mF

¼ 18:2 V

V ¼ V1 þ V2 þ V3 ¼ 54:5V þ 27:3V þ 18:2V ¼ 100V

Figure A.1 Three capacitors in parallel.

Figure A.2 Three capacitors in series.
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Example A.2

The value of shunt capacitance used in a 230 kV, 60Hz,
three-phase system is 3 mF per phase. Calculate the reactance
per phase. What is the total kVAR delivered by the shunt capa-
citor bank?

Solution

C¼ 3MFD/phase

XC ¼
2;653

3
¼ 884:3 �/phase, using Equation (A.5)

kVAR ðtotalÞ ¼
ð1;000Þð230 kVÞ2

884:3

¼ 59,821 kVAR, using Equation ðA:7Þ

Example A.3

Consider a 1,000 kVA, three-phase transformer, 6% impedance,
33 kV/4.16 kV. Find the short-circuit current at the terminal of
the transformer.

Solution

Iðfull load currentÞ ¼
1,000 kVAffiffiffi
3

p
ð4:16 kVÞ

¼ 138:8A

Isc ¼
138:8

0:06
¼ 2,312A, using Equation ðA:9Þ

Example A.4

The fundamental, 5th, and 7th harmonic current magnitudes
are 100A, 11A, and 5A, respectively. Calculate the total RMS
current, TDD, and TDD of the specific harmonics.

Solution

IðRMSÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1002 þ 112 þ 52

p
¼ 100:72A, using Equation ðA:10Þ

Appendix A 499

© 2005 by Taylor & Francis Group, LLC



TDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
112 þ 52

p

100
� 100 ¼ 12%, using Equation ðA:11Þ

TDD (at 5th harmonic) ¼
11

100
� 100 ¼ 11%

TDD (at 9th harmonic) ¼
5

100
� 100 ¼ 5%

PROBLEM

A.1. Two capacitors, C1 and C2, are connected in series.
The capacitors are connected to a 100V DC
voltage. The measured voltage across C1 is 70V
and the voltage across C2 is 30V. A 1.0mF is con-
nected across C1. Then the measured voltages across
(C1 and 1.0MFD) and C2 are 20V and 80V, respec-
tively. Calculate the values of C1 and C2. Draw the
necessary circuit diagram.
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Appendix B

DEFINITIONS

Active power The in-phase component of volt-amperes in
an electric circuit. Also called real power.

Adjustable speed drive (ASD) An electric drive designed
to provide easily operable means for speed adjustment of
the motor.

Alternating current (AC) An electric current or voltage
that reverses direction of flow periodically, as opposed
to direct current, and that has alternately positive and
negative values.

Ampere (A) A unit of measurement of electric current,
which is the rate at which electrons flow in a wire; one
ampere is 6.023� 1023 electrons per second.

Apparent power The mathematical product of volts and
amperes.

Back-to-back switching The switching of a capacitor bank
that is connected in parallel with one or more other
capacitor banks.

Background harmonic The harmonic voltage distortion at
a location, which is not caused by the voltage distortion
levels.
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Bus A conductor or group of conductors that serves as a
common connection for two or more circuits and is used
to interconnect equipment of the same voltage.

Capacitance The property of an arrangement of conductors
and dielectrics that stores energy in the form of an elec-
trical charge when potential differences exist between the
conductors.

Capacitor In a power system, the capacitor is installed
to supply reactive power. The power system capacitor con-
sists of metal foil plates separated by paper or plastic
insulation with suitable insulating fluid and sealed in a
metal tank.

Capacitor control The device required for automatically
switching shunt power capacitor banks.

Capacitor inrush current The transient charging current
that flows in a capacitor when a capacitor bank is initially
connected to a voltage source.

Capacitor fuse A fuse applied to disconnect a faulted phase
in its capacitor bank from a (capacitor group fuse) power
system.

Capacitor outrush current The high frequency, high mag-
nitude current discharge of one or more capacitors into a
short circuit—such as into a failed capacitor unit con-
nected in parallel with the discharging units, or into a
breaker closing into a fault.

Characteristic harmonic One of the predominant
frequencies present in a harmonic source. For example,
the characteristic harmonics of a six-pulse converter are
5, 7, 11, 13, 17, 19, . . ..

Circuit breaker A switching device for closing, carrying,
and interrupting currents under normal circuit condi-
tions, and closing, carrying for a specified time, and inter-
rupting currents under abnormal circuit conditions such
as those under faults or short circuits. The medium in
which circuit interruption is performed may be designated
as oil circuit breakers, air-blast circuit breakers, gas or
sulfur hexafluoride circuit breakers, or vacuum circuit
breakers.
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Converter A device that changes alternating current to
direct current.

Crest factor (Cf) The ratio of the peak value of a periodic
waveform to the rms value. The crest factor of a sine wave
is 1.414. For distorted waveforms, the crest factor can
vary.

Current transformer A device used to sense currents in
high voltage circuits for instrumentation or control
purposes.

Damping A power system characteristic that tends to retard
the effects of transient conditions or harmonics.

Delta connected A connection of the windings of a three-
phase transformer or three single-phase transformers
making up a three-phase bank that is in series, to form
a closed path. Delta connections are also used for three-
phase shunt reactor banks, shunt capacitor banks, or
generator windings.

Displacement power factor (DPF) The ratio of the active
power to the apparent power between the fundamental
(60Hz) components of the voltage and current, neglecting
the influence of harmonics.

Distortion power The harmonic content of apparent power
not contributing toward real power.

Filter In an electric system, a device that blocks certain
frequencies while allowing other frequencies to pass.

Filter capacitors Utilized with inductors and/or resistors
for controlling harmonic problems in the power system,
such as reducing voltage distortion due to large rectifier
loads or arc furnaces.

Fixed capacitor bank A capacitor bank that is left in
circuit, without any automatic controls.

Frequency The repetition rate of a periodically recurring
quantity, commonly stated in hertz (Hz). The standard
frequency of alternating current in the U.S. is 60Hz.

Frequency response A formula or a graph that depicts
the impedance of an electrical network or devices versus
driving frequency.
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Fundamental frequency The lowest frequency component
of a periodically recurring complex wave.

Fuse An overcurrent protective device with a circuit-opening
fusible part that is heated and melted by the passage of
excessive current through it.

Harmonic A sinusoidal wave having a frequency that is an
integral multiple of a fundamental frequency.

Harmonic distortion Distortion in the wave shape of
voltage or current caused by the presence of harmonics.

Harmonic resonance Conditions where circuit inductive
and capacitive reactance negate each other at a particular
harmonic frequency.

Hertz (Hz) The unit of frequency in cycles per second.

I Symbol for current
I2R losses Heating losses due to the flow of current through

a resistance in a transformer, motor, or conductor.
Isolated capacitor bank A capacitor bank that is not in

parallel with other capacitor banks.
Individual capacitor fuse A fuse applied to disconnect an

individual faulted capacitor from its bank.
Impedance A characteristic of an electric circuit that deter-

mines its hindrance to the flow of electricity. The
higher the impedance, the lower the current. The unit of
measure is �.

Inductance The property of an electric circuit that causes it
to store energy in the form of a magnetic field, because
of which a varying current in a circuit induces an
electromotive force (voltage) in that circuit.

kilo (k) A prefix indicating 1,000.
kVA Kilo-Volt-Amperes.
kVAR Kilo-Volt-Amperes Reactive.
kW Kilowatts.

Lagging An electrical current whose phasing is behind the
voltage phasing is said to lag.
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Leading An electrical current whose phasing is ahead of the
voltage phasing is said to lead.

Line-to-line voltage The voltage reference for three-phase
power systems.

Line-to-neutral voltage The voltage reference for
single-phase power systems.

Linear load An electrical load that draws a sinusoidal
current from a sinusoidal voltage source.

Load A device that receives electrical power.
Losses The term applied to energy (kilowatt-hours) and

power (kilowatts) lost when operating an electric system,
occurring mainly as energy turning to waste heat in
electrical conductors and apparatus.

Maximum demand The greatest demand of a load
occurring during a specified time period.

Mega (M) Prefix meaning 1,000,000.
Micro (k) Prefix meaning 1/1,000,000th.
Milli (m) Prefix meaning 1/1,000th.
Modeling Technique of system analysis and design using

mathematical or physical idealizations of all or a portion
of the system.

MVA Megavolt amperes.

Neutral The common connection between three phases of a
power system.

Nominal system voltage The voltage by which the system
is designated and to which certain operating characteris-
tics are related, near the voltage level at which the system
operates.

Nonlinear load An electrical device drawing power that
does not draw a sinusoidal current.

One-line diagram A diagram that, by means of a single-
phase representation, shows the structure of electric
circuits and components.

Overcurrent Current in excess of the rated capacity of a
circuit.
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Overvoltage A voltage above the normal rated voltage or
above the maximum statutory limits.

Parallel Two circuit elements connected across the same
two points.

Parallel resonance A resonance occurs when the capacitive
reactance and inductive reactance of a device are adjusted
so that the device either maximizes or minimizes current
flow at a specific frequency.

Phase angle In a power system, the displacement in time of
the phase of one quantity (voltage or current) from the
phase of the same quantity at a different or reference
location.

Positive sequence The component of three-phase voltages
or currents that are balanced.

Power Power is expressed in watts, the product of applied
voltage and resulting in-phase current.

Power factor The ratio of power in watts to the apparent
power (product of volts times amperes) in volt-amperes.

Power factor correction A method to improve the power
factor toward unity.

Pulse width modulated A power electronic switching tech-
nique where voltage (or current) switches on and off many
times during the fundamental period.

Quality factor (Q) The electrical quality of a coil, capacitor,
or circuit. Mathematically, Q is the ratio of reactance to
resistance. The higher the Q, the greater the selectivity of
the circuit.

Reactive power (VAR) The out-of-phase component of the
total volt-amperes in an electric circuit, usually expressed
in VAR (volt-amperes reactive).

Reactor In an electrical system, a device used to introduce
inductive reactance into a circuit.

Rectifier A device that converts alternating current into
direct current.

rms The value of an alternating current or voltage that pro-
duces the same amount of heat at a certain resistance as
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an equal direct current or voltage is called the effective, or
the rms value.

Series connected Two electrical circuit elements are series
connected when the same identical current must flow
through both.

Series resonance If the circuit capacitance and inductance
are in series, the device exhibits low impedance and
maximized current flow at resonance.

Short circuit An unintentional connection between a point
in a circuit and ground, or between two points in a circuit.

Short circuit capacity The kVA capability of a circuit
during short circuit.

Sinusoidal The shape of a wave form such as an alternating
current or voltage that has alternating positive and
negative cycles.

Six-pulse converter A three-phase rectifier that utilizes six
diodes or other power electronic switches to convert AC
voltage to DC voltage.

Source impedance The strength of electrical supply, as
characterized by the equivalent impedance, seen by a
short circuit to ground.

Steady state When the operating condition of a system is
consistent.

Stiff system A system with low source impedance.
Surge arrester A device that is used to protect other

electrical equipment from overvoltage by discharging or
bypassing surge current.

Switched capacitor bank A power factor correction bank
that has automatic controls to vary the amount of power
factor correction, according to the site power factor or
voltage.

Synchronous machine An electric motor with an excita-
tion system that allows it to rotate at synchronous
frequency.

Thyristor A semiconductor switch with on and off states.
May be unidirectional or bidirectional, and may be a
triggered three-terminal device (a controlled rectifier).
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Total harmonic distortion (THD) The ratio of the rms
value of the harmonic content to the rms value of the
fundamental. THD is usually expressed as a percent of
the fundamental.

Transformer A device for transferring electrical energy
from one circuit to another by magnetic induction, usually
between circuits of different voltages. Consists of a
magnetic core on which there are two or more windings.

Twelve-pulse converter A three-phase rectifier that
utilizes two six-pulse converters connected to cancel the
5th and 7th harmonic components.

Volt (V) The unit of electromotive force, or voltage, that if
steadily applied to a circuit with a resistance of one ohm
will produce a current of one ampere.

Voltage (V ) The driving force that causes a current to flow
in an electric circuit. Voltage and volt are often used
interchangeably.

Volt-Ampere (VA) The mathematical product of volt
and ampere.

Watt (W) The electrical unit of power.
Wye connected A connection of the windings of a three-

phase transformer or three single-phase transformers
making up a three-phase bank such that one end of each
winding is connected to a common point.

Z Symbol for impedance
Zero sequence The component of unbalance in a

three-phase system that is in phase for all phases.
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Appendix C

CIRCUIT BREAKER DATA

The circuit breakers used in the power system applications are
classified into two categories in the ANSI Standard C37.06,
1979 as general purpose and definite purpose.

General Purpose Circuit Breakers

These are used for the switching of lines, transformers, reac-
tors, and buses. The preferred ratings of such circuit breakers
are from ANSI Standard C37.06, Tables C-1, C-2, and C-3
representing the indoor, outdoor, and gas insulated switchgear
as follows.

Table C-1 Preferred Ratings for Oilless Indoor Circuit
Breakers (4.76 kV–38 kV).

Table C-2 Preferred Ratings for Outdoor Circuit
Breakers 72.5 kV and Below, Including Circuit Breakers
in Gas Insulated Substations (15.5 kV–72.5 kV).

Table C-3 Preferred Ratings for Outdoor Circuit
Breakers 121 kV and Above, Including Circuit Breakers
Applied in Gas Insulated Substations (121 kV–800 kV).

509

© 2005 by Taylor & Francis Group, LLC



TABLE C-1 Preferred Ratings for Indoor Oilless Circuit Breakers

Rated
Maximum
Voltage kV,
rms

Rated
Voltage
Range

Factor K

Rated
Continuous
Current at

60 Hz
A, rms

Rated Short
Circuit
Current

(at Rated
Maximum

kV) kA, rms

Rate
Interrupting
Time Cycles

Rated
Maximum

Voltage
Divided

by K kV, rms

Maximum
Symmetrical
Interrupting

Capability
and Rated Short

Time Current
kA, rms

Closing and
Latching

Capability
2.7K Times
Rated Short

Circuit Current
kA, Crest

4.76 1.36 1,200 8.8 5 3.50 12 32
4.76 1.24 1,200, 2,000 29.0 5 3.85 36 97
4.76 1.19 1,200, 2,000, 3,000 41.0 5 4.00 49 132
8.25 1.25 1,200, 2,000 33.0 5 6.60 41 111

15.00 1.30 1,200, 2,000 18.0 5 11.50 23 62
15.00 1.30 1,200, 2,000 28.0 5 11.50 36 97
15.00 1.30 1,200, 2,000, 3,000 37.0 5 11.50 48 130
38.00 1.65 1,200, 2,000, 3,000 21.0 5 23.00 35 95
38.00 1.00 1,200, 3,000 40.0 5 38.00 40 108
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TABLE C-2 Preferred Ratings for Outdoor Circuit Breakers 72.5 kV and Below, Including Circuit Breakers
Applied in Gas Insulated Substations

Rated
Maximum
Voltage kV,
rms

Rated
Voltage
Range

Factor K

Rated
Continuous
Current at

60 Hz A, rms

Rated Short
Circuit Current

(at Rated
Maximum

kV) kA, rms

Rated
Maximum

Voltage
Divided

by K kV, rms

Maximum Symmetrical
Interrupting Capability

and Rated Short
Time Current

kA, rms

Closing and Latching
Capability

2.7 K Times
Rated Short

Circuit Current
kA, Crest

15.5 1.0 600, 1,200 12.5 15.5 12.5 34
15.5 1.0 1,200, 2,000 20.2 15.5 20.2 54
15.5 1.0 1,200, 2,000 25.0 15.5 25.0 68
15.5 1.0 1,200, 2,000, 3,000 40.0 15.5 40.0 108
25.8 1.0 1,200, 2,000 12.5 25.8 12.5 34
25.8 1.0 1,200, 2,000 25.0 25.8 25.0 68
38.0 1.0 1,200, 2,000 16.0 38.0 16.0 43
38.0 1.0 1,200, 2,000 20.0 38.0 20.0 54
38.0 1.0 1,200, 2,000 25.0 38.0 25.0 68
38.0 1.0 1,200, 2,000 31.5 38.0 31.5 85
38.0 1.0 1,200, 2,000, 3,000 40.0 38.0 40.0 108
48.3 1.0 1,200, 2,000 20.0 48.3 20.0 54
48.3 1.0 1,200, 2,000 31.5 48.3 31.5 85
48.3 1.0 1,200, 2,000, 3,000 40.0 48.3 40.0 108
72.5 1.0 1,200, 2,000 20.0 72.5 20.0 54
72.5 1.0 1,200, 2,000, 31.5 72.5 31.5 85
72.5 1.0 1,200, 2,000, 3,000 40.0 72.5 40.0 108
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TABLE C-3 Preferred Ratings for Outdoor Circuit Breakers 121 kV and Above, Including Circuit Breakers
Applied in Gas Insulated Substations

Rated
Maximum
Voltage kV,
rms

Rated
Voltage
Range

Factor K

Rated
Continuous
Current at

60 Hz A, rms

Rated Short
Circuit Current

(at Rated
Maximum

kV) kA, rms

Rate
Interrupting

Time
Cycles

Rated
Maximum

Voltage
Divided

by K kV, rms

Maximum
Symmetrical
Interrupting

Capability
and Rated Short

Time Current
kA, rms

Closing and
Latching

Capability
2.7 K Times
Rated Short

Circuit Current
kA, Crest

121 1.0 1,200 20 3 121 20 54
121 1.0 1,600, 2,000,

3,000
40 3 121 40 1,808

121 1.0 2,000, 3,000 63 3 121 63 170
145 1.0 1,200 20 3 145 20 54
145 1.0 1,600, 2,000,

3,000
40 3 145 40 108

5
1
2

P
o
w
er

System
C
ap

acito
rs

© 2005 by Taylor & Francis Group, LLC



145 1.0 2,000, 3,000 63 3 145 63 170
145 1.0 2,000, 3,000 80 3 145 80 216
169 1.0 1,200 16 3 169 16 43
169 1.0 1,600 31.5 3 169 31.5 85
169 1.0 2,000 40 3 169 40 108
169 1.0 2,000 50 3 169 50 135
169 1.0 2,000 63 3 169 63 170
242 1.0 1,600, 2,000,

3,000
31.5 3 242 31.5 85

242 1.0 2,000, 3,000 40 3 242 40 108
242 1.0 2,000 50 3 242 50 135
242 1.0 2,000, 3,000 63 3 242 63 170
362 1.0 2,000, 3,000 40 2 362 40 108
362 1.0 2,000 63 2 362 63 170
550 1.0 2,000, 3,000 40 2 550 40 108
550 1.0 3,000 63 2 550 63 170
800 1.0 2,000, 3,000 40 2 800 40 108
800 1.0 3,000 63 2 800 63 170
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Definite Purpose Circuit Breakers

These are used for the switching of shunt capacitors. Preferred
ratings of such circuit breakers from ANSI Standard C37.06,
Tables C-1A, C-2A, and C-3A, for indoor, outdoor, and gas
insulated switchgear are:

Table C-1A Preferred Capacitance Current Switching
Ratings for Indoor Circuit Breakers (4.76 kV–38kV).

Table C-2A Preferred Capacitance Current Switching
Ratings for Outdoor Circuit Breakers 72.5 kV and below
Including Circuit Breakers in Gas Insulated Substations
(15.5 kV–72.5 kV).

Table C-3A Preferred Capacitance Current Switching
Ratings for Outdoor Circuit Breakers 121 kV and Above
Including Circuit Breakers Applied in Gas Insulated Substa-
tions (121 kV–800kV).

REFERENCES

1. ANSI Standard C37.06 (2000), Preferred Ratings and Related
Required Capabilities for AC High Voltage Breakers.

2. IEEE Standard 141 (1993), Recommended Practice for
Electric Power Distribution for Industrial Plants.
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TABLE C-1A Preferred Capacitance Current Switching Ratings for Indoor Oilless Circuit Breakers

Rated
Maximum
Voltage kV,
rms

Rated Short
Circuit Current

kA, rms

Rated
Continuous
Current A,

rms

General Purpose
Circuit Breakers

Rated Capacitance
Switching Current

Definite Purpose Circuit Breakers Rated
Capacitance Switching Current

Shunt Capacitor Bank or Cable

Overhead Line
Current
A, rms

Back-to-Back

Shunt Capacitor
Bank or Cable

Isolated
Current
A, rms

Inrush Current

Isolated Current
A, rms

Peak
Current kA

Frequency
Hz

4.76 8.80 1,200 400 630 630 15 2,000
4.76 29.00 1,200 400 630 630 15 2,000
4.76 29.00 2,000 400 1,000 1,000 15 1,270
4.76 41.00 1,200, 2,000 400 630 630 15 2,000
4.76 41.00 3,000 400 1,000 1,000 15 1,270
8.25 33.00 1,200 250 630 630 15 2,000
8.25 33.00 2,000 250 1,000 1,000 15 1,270

15.00 18.00 1,200 250 630 630 15 2,000
15.00 18.00 2,000 250 1,000 1,000 15 1,270
15.00 28.00 1,200 250 630 630 15 2,000
15.00 28.00 2,000 250 1,000 1,000 15 1,270
15.00 37.00 1,200 250 630 630 15 2,000
15.00 37.00 2,000 250 1,000 1,000 18 2,400
15.00 37.00 3,000 250 1,600 1,600 25 1,330
38.00 21.00 1,200, 2,000, 3,000 50 250 250 18 6,000
38.00 40.00 1,200, 3,000 50 250 250 25 8,480
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TABLE C-2A Preferred Capacitance Current Switching Ratings for Outdoor Circuit Breakers 72.5 kV and
Below, Including Circuit Breakers Applied in Gas Insulated Substations

Rated
Maximum
Voltage kV,
rms

Rated Short
Circuit Current

kA, rms

Rated
Continuous
Current A,

rms

General Purpose
Circuit Breakers

Rated Capacitance
Switching Current

Definite Purpose Circuit Breakers Rated
Capacitance Switching Current

Shunt Capacitor Bank or Cable

Overhead Line
Current
A, rms

Back-to-Back

Shunt Capacitor
Bank or Cable

Isolated
Current
A, rms

Inrush Current

Isolated Current
A, rms

Peak
Current kA

Frequency
Hz

15.5 12.5 600, 1,200 250 100 400 20 4,240
15.5 20.2 1,200, 2,000 250 100 400 20 4,240
15.5 25.0 1,200, 2,000 250 100 400 20 4,240
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15.5 40.0 1,200, 2,000, 3,000 250 100 400 20 4,240
25.8 12.5 1,200, 2,000 160 100 400 20 4,240
25.8 25.0 1,200, 2,000 160 100 400 20 4,240
38.0 16.0 1,200, 2,000 100 100 250 20 4,240
38.0 20.0 1,200, 2,000 100 100 250 20 4,240
38.0 25.0 1,200, 2,000 100 100 250 20 4,240
38.0 31.5 1,200, 2,000 100 100 250 20 4,240
38.0 40.0 1,200, 2,000, 3,000 100 100 250 20 4,240
48.3 20.0 1,200, 2,000 10 100 250 20 6,800
48.3 31.5 1,200, 2,000 10 100 250 20 6,800
48.3 40.0 1,200, 2,000, 3,000 10 100 250 20 6,800
72.5 20.0 1,200, 2,000 20 100 630 25 3,360
72.5 31.5 1,200, 2,000 20 100 630 25 3,360
72.5 40.0 1,200, 2,000, 3,000 20 100 630 25 3,360
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TABLE C-3A Preferred Capacitance Current Switching Ratings for Outdoor Circuit Breakers 121 kV and
Above, Including Circuit Breakers Applied in Gas Insulated Substations

Rated
Maximum
Voltage kV,
rms

Rated Short
Circuit
Current
kA, rms

Rated
Continuous

Current
A, rms

General Purpose Circuit
Breakers Rated

Capacitance Switching
Current

Definite Purpose Circuit
Breakers Rated Capacitance

Switching Current

Overhead
Line Current

A, rms

Isolated
Current
A, rms

Shunt Capacitor
Bank or Cable

Back-to-Back

Shunt Capacitor
Bank or Cable

Isolated
Current
A, rms

Inrush Current

Overhead
Line Current

A, rms

Isolated
Current
A, rms

Peak
Current

kA
Frequency

Hz

121 20 1,200 50 50 160 315 315 16 4,250
121 40 1,600, 2,000, 3,000 50 50 160 315 315 16 4,250
121 63 2,000, 3,000 50 50 160 315 315 16 4,250
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145 20 1,200, 2,000 63 63 160 315 315 16 4,250
145 40 1,600, 2,000, 3,000 80 80 160 315 315 16 4,250
145 63 2,000, 3,000 80 80 160 315 315 16 4,250
145 80 2,000, 3,000 80 80 160 315 315 16 4,250
169 16 1,200 100 100 160 400 400 20 4,250
169 31.5 1,600 100 100 160 400 400 20 4,250
169 40 2,000 100 100 160 400 400 20 4,250
169 50 2,000 100 100 160 400 400 20 4,250
169 63 2,000 100 100 160 400 400 20 4,250
242 31.5 1,600, 2,000, 3,000 160 160 200 400 400 20 4,250
242 40 2,000, 3,000 160 160 200 400 400 20 4,250
242 50 2,000 160 160 200 400 400 20 4,250
242 63 2,000, 3,000 160 160 200 400 400 20 4,250
362 40 2,000, 3,000 250 250 315 500 500 25 4,250
362 63 2,000 250 250 315 500 500 25 4,250
550 40 2,000, 3,000 400 400 500 500 500
550 63 3,000 400 400 500 500 500
800 40 2,000, 3,000 500 500 500 500 500
800 63 3,000 500 500 500 500 500
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Appendix D

SURGE ARRESTER DATA

Surge arresters are used to protect the power system equip-
ment from overvoltages produced due to switching and light-
ning. Before the 1980s, gaped silicon carbide arresters were
used. Metal Oxide Varistors (MOV) were introduced in the
1980s for the same applications. Presently, MOV arresters
are used in the protection of overhead lines, underground
cables, transformers, circuit breakers, shunt capacitors, and
other power system equipment. The following MOV surge
arrester ratings are reproduced from IEEE Standard 141.

Table D-1 Station Class MOV Arrester Characteristics
Table D-2 Intermediate Class MOV Arrester
Characteristics

Table D-3 Distribution Class MOV Arrester
Characteristics, Normal Duty

Table D-4 Distribution Class MOV Arrester
Characteristics, Heavy Duty

Table D-5 Distribution Class MOV Arrester
Characteristics, Riser Pole
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TABLE D-1 Station Class MOV Arrester Characteristics

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 9.1 6.9 7.2 7.5 8.0 9.0 10.3 6.3
6 5.10 17.9 13.6 14.2 14.8 15.8 17.7 20.3 12.4
9 7.65 26.6 20.2 21.2 22.0 23.5 26.4 30.2 18.4

10 8.40 29.3 22.2 23.3 24.2 25.9 29.1 33.3 20.3
12 10.20 35.5 26.9 28.2 29.4 31.4 35.2 40.4 24.6
15 12.70 44.2 33.5 35.1 36.6 39.1 43.9 50.3 30.6
18 15.30 53.3 40.4 42.3 44.1 47.1 52.8 60.6 36.8
21 17.00 59.1 44.8 46.9 48.9 52.3 58.7 67.2 40.9
24 19.50 67.8 51.4 53.8 56.1 60.0 67.3 77.1 46.9
27 22.00 76.5 58.0 60.8 63.3 67.7 75.9 87.0 52.9
30 24.40 84.9 64.3 67.4 70.3 75.1 84.2 96.5 58.7
36 29.00 101.0 76.4 80.0 83.4 8.2 100.0 115.0 69.7
39 31.50 110.0 83.0 86.9 90.6 96.9 109.0 125.0 75.8
45 36.50 128.0 96.8 102.0 106.0 113.0 127.0 146.0 88.3
48 39.00 136.0 103.0 108.0 113.0 120.0 135.0 155.0 93.8
54 42.00 135.0 105.0 112.0 115.0 122.0 136.0 151.0 98.0
60 48.00 154.0 120.0 127.0 131.0 139.0 155.0 173.0 110.0
72 57.00 183.0 142.0 151.0 156.0 165.0 184.0 205.0 131.0
90 70.00 223.0 174.0 184.0 190.0 202.0 226.0 251.0 161.0
90 70.00 236.0 185.0 195.0 202.0 214.0 237.0 266.0 169.0
96 74.00 242.0 190.0 201.0 208.0 220.0 245.0 274.0 175.0

108 76.00 267.0 209.0 221.0 229.0 243.0 271.0 301.0 193.0
108 84.00 279.0 219.0 232.0 239.0 254.0 284.0 316.0 202.0
120 98.00 311.0 244.0 257.0 266.0 283.0 315.0 351.0 231.0
132 106.00 340.0 264.0 280.0 289.0 306.0 342.0 381.0 249.0
144 115.00 368.0 287.0 303.0 314.0 332.0 369.0 413.0 271.0
168 131.00 418.0 326.0 345.0 357.0 379.4 421.0 470.0 308.0
172 140.00 446.0 348.0 368.0 381.0 404.0 448.0 502.0 330.0
180 144.00 458.0 359.0 380.0 392.0 417.0 463.0 517.0 339.0
192 152.00 483.0 379.0 401.0 414.0 440.0 488.0 546.0 360.0
228 182.00 571.0 447.0 474.0 489.0 520.0 578.0 645.0 424.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-2 Intermediate Class MOV Arrester Characteristics

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 10.4 6.6 7.2 7.5 8.0 9.3 10.8 5.9
6 5.10 18.9 13.1 14.2 14.8 16.2 18.2 21.2 11.7
9 7.65 30.5 22.0 23.5 23.5 26.0 31.5 38.0 20.0

10 8.40 33.5 24.5 28.0 28.0 29.0 35.0 42.0 22.5
12 10.20 41.0 30.0 31.5 31.5 35.5 42.5 51.0 27.5
15 12.70 61.0 37.0 39.5 39.5 44.0 52.5 61.5 34.0
18 15.30 61.0 44.5 48.0 48.0 52.0 63.0 77.0 40.5
21 17.00 68.5 49.5 53.5 53.5 59.0 70.5 95.5 45.5
24 19.50 78.0 57.0 60.0 60.0 67.0 81.0 98.0 52.0
27 22.00 88.0 64.0 68.5 68.5 76.0 91.0 110.0 58.5
30 24.40 97.5 71.0 76.0 76.0 84.5 101.0 122.0 66.0
36 29.00 116.0 84.0 91.0 91.0 101.0 121.0 145.0 78.0
39 31.50 126.0 91.5 98.0 98.0 109.0 131.0 158.0 84.0
45 36.50 146.0 106.0 114.0 114.0 126.0 152.0 183.0 97.0
48 39.00 156.0 113.0 122.0 122.0 135.0 163.0 195.0 104.0
54 42.00 168.0 122.0 130.0 130.0 145.0 174.0 210.0 112.5
60 48.00 191.0 13.0 149.0 149.0 165.0 198.0 239.0 127.0
72 57.00 227.0 165.0 177.0 177.0 196.0 236.0 284.0 151.0
90 70.00 280.0 203.0 218.0 218.0 242.0 290.0 351.0 186.0
90 70.00 294.0 214.0 230.0 230.0 255.0 306.0 370.0 196.0
96 74.00 303.0 220.0 236.0 236.0 262.0 314.0 379.0 201.0

108 76.00 335.0 244.0 261.0 261.0 290.0 348.0 420.0 223.0
108 84.00 350.0 254.0 273.0 273.0 303.0 364.0 439.0 233.0
120 98.00 390.0 284.0 304.0 321.0 336.0 406.0 490.0 260.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-4 Distribution Class MOV Arrester Characteristics,
Heavy Duty

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 12.5 9.5 10.0 10.5 11.0 13.0 15.3 8.0
6 5.10 25.0 19.0 20.0 21.0 22.0 26.0 30.5 16.0
9 7.65 34.0 24.5 26.0 27.5 30.0 35.0 41.0 22.5

10 8.40 36.5 26.0 28.0 29.5 32.0 37.5 43.5 23.5
12 10.20 50.0 38.0 40.0 42.0 44.0 52.0 61.0 32.0
15 12.70 59.0 43.5 46.0 48.5 52.0 61.0 71.5 38.5
18 15.30 68.0 49.0 52.0 55.0 60.0 70.0 82.0 45.0
21 17.00 75.0 53.0 57.0 60.0 65.0 76.0 88.5 48.0
24 19.50 93.0 68.0 72.0 76.0 82.0 96.0 112.5 61.0
27 22.00 102.0 73.5 78.0 82.5 90.0 105.0 123.0 67.5
30 24.40 109.5 78.0 84.0 88.5 96.0 112.5 130.5 70.5
36 29.00 136.0 98.0 104.0 110.0 120.0 140.0 164 90.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.

TABLE D-3 Distribution Class MOV Arrester Characteristics,
Normal Duty

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 12.5 9.8 10.3 11.0 12.3 14.3 18.5 8.5
6 5.10 25.0 19.5 20.5 22.0 24.5 28.5 37.0 17.0
9 7.65 33.5 26.0 28.0 30.0 33.0 39.0 50.5 23.0

10 8.40 36.0 27.0 29.5 31.5 36.0 41.5 53.0 24.0
12 10.20 50.0 39.0 41.0 44.0 49.0 57.0 74.0 34.0
15 12.70 58.5 45.5 48.5 52.0 57.5 67.5 87.5 40.0
18 15.30 67.0 52.0 56.0 60.0 66.0 76.0 101.0 46.0
21 17.00 73.0 55.0 60.0 64.0 73.0 84.0 107.0 49.0
24 19.50 92.0 71.5 76.5 82.0 90.5 106.5 138.0 63.0
27 22.00 100.5 78.0 84.0 90.0 99.0 117.0 151.5 69.0
30 24.40 108.0 81.0 88.5 94.5 108.0 124.5 159.0 72.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-5 Distribution Class MOV Arrester Characteristics, Riser
Pole

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 – – – – – – – –
6 5.10 17.4 13.0 14.0 14.7 16.2 18.1 21.1 11.7
9 7.65 25.7 19.3 21.0 21.9 24.0 27.0 31.6 17.5

10 8.40 28.5 21.2 23.0 24.0 26.5 29.8 34.8 19.2
12 10.20 34.8 25.9 28.0 29.4 32.3 36.2 42.2 23.3
15 12.70 43.1 32.3 36.0 36.6 40.2 46.1 52.7 29.1
18 15.30 51.4 38.6 41.9 43.8 48.0 54.0 63.2 34.9
21 17.00 57.6 42.8 46.4 48.6 53.6 60.2 70.5 38.7
24 19.50 68.6 51.6 55.9 58.5 64.2 72.1 84.3 46.6
27 22.00 77.1 57.9 62.9 65.7 72.0 81.0 94.8 52.4
30 24.40 88.5 63.5 69.0 72.0 79.5 89.4 104.4 57.6
36 29.00 102.8 77.2 83.8 87.6 96.0 108.8 126.4 69.8

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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Appendix D

SURGE ARRESTER DATA

Surge arresters are used to protect the power system equip-
ment from overvoltages produced due to switching and light-
ning. Before the 1980s, gaped silicon carbide arresters were
used. Metal Oxide Varistors (MOV) were introduced in the
1980s for the same applications. Presently, MOV arresters
are used in the protection of overhead lines, underground
cables, transformers, circuit breakers, shunt capacitors, and
other power system equipment. The following MOV surge
arrester ratings are reproduced from IEEE Standard 141.

Table D-1 Station Class MOV Arrester Characteristics
Table D-2 Intermediate Class MOV Arrester
Characteristics

Table D-3 Distribution Class MOV Arrester
Characteristics, Normal Duty

Table D-4 Distribution Class MOV Arrester
Characteristics, Heavy Duty

Table D-5 Distribution Class MOV Arrester
Characteristics, Riser Pole
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TABLE D-1 Station Class MOV Arrester Characteristics

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 9.1 6.9 7.2 7.5 8.0 9.0 10.3 6.3
6 5.10 17.9 13.6 14.2 14.8 15.8 17.7 20.3 12.4
9 7.65 26.6 20.2 21.2 22.0 23.5 26.4 30.2 18.4

10 8.40 29.3 22.2 23.3 24.2 25.9 29.1 33.3 20.3
12 10.20 35.5 26.9 28.2 29.4 31.4 35.2 40.4 24.6
15 12.70 44.2 33.5 35.1 36.6 39.1 43.9 50.3 30.6
18 15.30 53.3 40.4 42.3 44.1 47.1 52.8 60.6 36.8
21 17.00 59.1 44.8 46.9 48.9 52.3 58.7 67.2 40.9
24 19.50 67.8 51.4 53.8 56.1 60.0 67.3 77.1 46.9
27 22.00 76.5 58.0 60.8 63.3 67.7 75.9 87.0 52.9
30 24.40 84.9 64.3 67.4 70.3 75.1 84.2 96.5 58.7
36 29.00 101.0 76.4 80.0 83.4 8.2 100.0 115.0 69.7
39 31.50 110.0 83.0 86.9 90.6 96.9 109.0 125.0 75.8
45 36.50 128.0 96.8 102.0 106.0 113.0 127.0 146.0 88.3
48 39.00 136.0 103.0 108.0 113.0 120.0 135.0 155.0 93.8
54 42.00 135.0 105.0 112.0 115.0 122.0 136.0 151.0 98.0
60 48.00 154.0 120.0 127.0 131.0 139.0 155.0 173.0 110.0
72 57.00 183.0 142.0 151.0 156.0 165.0 184.0 205.0 131.0
90 70.00 223.0 174.0 184.0 190.0 202.0 226.0 251.0 161.0
90 70.00 236.0 185.0 195.0 202.0 214.0 237.0 266.0 169.0
96 74.00 242.0 190.0 201.0 208.0 220.0 245.0 274.0 175.0

108 76.00 267.0 209.0 221.0 229.0 243.0 271.0 301.0 193.0
108 84.00 279.0 219.0 232.0 239.0 254.0 284.0 316.0 202.0
120 98.00 311.0 244.0 257.0 266.0 283.0 315.0 351.0 231.0
132 106.00 340.0 264.0 280.0 289.0 306.0 342.0 381.0 249.0
144 115.00 368.0 287.0 303.0 314.0 332.0 369.0 413.0 271.0
168 131.00 418.0 326.0 345.0 357.0 379.4 421.0 470.0 308.0
172 140.00 446.0 348.0 368.0 381.0 404.0 448.0 502.0 330.0
180 144.00 458.0 359.0 380.0 392.0 417.0 463.0 517.0 339.0
192 152.00 483.0 379.0 401.0 414.0 440.0 488.0 546.0 360.0
228 182.00 571.0 447.0 474.0 489.0 520.0 578.0 645.0 424.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-2 Intermediate Class MOV Arrester Characteristics

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 10.4 6.6 7.2 7.5 8.0 9.3 10.8 5.9
6 5.10 18.9 13.1 14.2 14.8 16.2 18.2 21.2 11.7
9 7.65 30.5 22.0 23.5 23.5 26.0 31.5 38.0 20.0

10 8.40 33.5 24.5 28.0 28.0 29.0 35.0 42.0 22.5
12 10.20 41.0 30.0 31.5 31.5 35.5 42.5 51.0 27.5
15 12.70 61.0 37.0 39.5 39.5 44.0 52.5 61.5 34.0
18 15.30 61.0 44.5 48.0 48.0 52.0 63.0 77.0 40.5
21 17.00 68.5 49.5 53.5 53.5 59.0 70.5 95.5 45.5
24 19.50 78.0 57.0 60.0 60.0 67.0 81.0 98.0 52.0
27 22.00 88.0 64.0 68.5 68.5 76.0 91.0 110.0 58.5
30 24.40 97.5 71.0 76.0 76.0 84.5 101.0 122.0 66.0
36 29.00 116.0 84.0 91.0 91.0 101.0 121.0 145.0 78.0
39 31.50 126.0 91.5 98.0 98.0 109.0 131.0 158.0 84.0
45 36.50 146.0 106.0 114.0 114.0 126.0 152.0 183.0 97.0
48 39.00 156.0 113.0 122.0 122.0 135.0 163.0 195.0 104.0
54 42.00 168.0 122.0 130.0 130.0 145.0 174.0 210.0 112.5
60 48.00 191.0 13.0 149.0 149.0 165.0 198.0 239.0 127.0
72 57.00 227.0 165.0 177.0 177.0 196.0 236.0 284.0 151.0
90 70.00 280.0 203.0 218.0 218.0 242.0 290.0 351.0 186.0
90 70.00 294.0 214.0 230.0 230.0 255.0 306.0 370.0 196.0
96 74.00 303.0 220.0 236.0 236.0 262.0 314.0 379.0 201.0

108 76.00 335.0 244.0 261.0 261.0 290.0 348.0 420.0 223.0
108 84.00 350.0 254.0 273.0 273.0 303.0 364.0 439.0 233.0
120 98.00 390.0 284.0 304.0 321.0 336.0 406.0 490.0 260.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-4 Distribution Class MOV Arrester Characteristics,
Heavy Duty

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 12.5 9.5 10.0 10.5 11.0 13.0 15.3 8.0
6 5.10 25.0 19.0 20.0 21.0 22.0 26.0 30.5 16.0
9 7.65 34.0 24.5 26.0 27.5 30.0 35.0 41.0 22.5

10 8.40 36.5 26.0 28.0 29.5 32.0 37.5 43.5 23.5
12 10.20 50.0 38.0 40.0 42.0 44.0 52.0 61.0 32.0
15 12.70 59.0 43.5 46.0 48.5 52.0 61.0 71.5 38.5
18 15.30 68.0 49.0 52.0 55.0 60.0 70.0 82.0 45.0
21 17.00 75.0 53.0 57.0 60.0 65.0 76.0 88.5 48.0
24 19.50 93.0 68.0 72.0 76.0 82.0 96.0 112.5 61.0
27 22.00 102.0 73.5 78.0 82.5 90.0 105.0 123.0 67.5
30 24.40 109.5 78.0 84.0 88.5 96.0 112.5 130.5 70.5
36 29.00 136.0 98.0 104.0 110.0 120.0 140.0 164 90.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.

TABLE D-3 Distribution Class MOV Arrester Characteristics,
Normal Duty

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 12.5 9.8 10.3 11.0 12.3 14.3 18.5 8.5
6 5.10 25.0 19.5 20.5 22.0 24.5 28.5 37.0 17.0
9 7.65 33.5 26.0 28.0 30.0 33.0 39.0 50.5 23.0

10 8.40 36.0 27.0 29.5 31.5 36.0 41.5 53.0 24.0
12 10.20 50.0 39.0 41.0 44.0 49.0 57.0 74.0 34.0
15 12.70 58.5 45.5 48.5 52.0 57.5 67.5 87.5 40.0
18 15.30 67.0 52.0 56.0 60.0 66.0 76.0 101.0 46.0
21 17.00 73.0 55.0 60.0 64.0 73.0 84.0 107.0 49.0
24 19.50 92.0 71.5 76.5 82.0 90.5 106.5 138.0 63.0
27 22.00 100.5 78.0 84.0 90.0 99.0 117.0 151.5 69.0
30 24.40 108.0 81.0 88.5 94.5 108.0 124.5 159.0 72.0

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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TABLE D-5 Distribution Class MOV Arrester Characteristics, Riser
Pole

kV,
MCOV
kV,

FOW
kV,

Discharge Peak kV at Indicated
Impulse Current for an 8/20 Wave SSP

kV,
rms rms Peak 1.5 kA 3kA 5kA 10kA 20kA 40kA Peak

3 2.55 – – – – – – – –
6 5.10 17.4 13.0 14.0 14.7 16.2 18.1 21.1 11.7
9 7.65 25.7 19.3 21.0 21.9 24.0 27.0 31.6 17.5

10 8.40 28.5 21.2 23.0 24.0 26.5 29.8 34.8 19.2
12 10.20 34.8 25.9 28.0 29.4 32.3 36.2 42.2 23.3
15 12.70 43.1 32.3 36.0 36.6 40.2 46.1 52.7 29.1
18 15.30 51.4 38.6 41.9 43.8 48.0 54.0 63.2 34.9
21 17.00 57.6 42.8 46.4 48.6 53.6 60.2 70.5 38.7
24 19.50 68.6 51.6 55.9 58.5 64.2 72.1 84.3 46.6
27 22.00 77.1 57.9 62.9 65.7 72.0 81.0 94.8 52.4
30 24.40 88.5 63.5 69.0 72.0 79.5 89.4 104.4 57.6
36 29.00 102.8 77.2 83.8 87.6 96.0 108.8 126.4 69.8

Notes:
MCOV¼Maximum continuous overvoltage.
FOW¼Front of wave protective level.
SSP¼Maximum switching surge protective level.
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Appendix E

FUSE CHARACTERISTICS

E-1 EXPULSION FUSES

Two types of expulsion fuses are available for capacitor bank
protection:

� K-link fuses for faster speed
� T-link fuses for slower speed

The needed information for the expulsion type of fuses such as
cut outs, voltage, current, and testing methods are presented in
ANSI Standard C37.42. The minimum melting time-current
characteristics of the expulsion fuses are presented in this
appendix in two figures and two tables:

Figure E-1 Minimum melting time-current character-
istics of the K-link fuses

Figure E-2 Minimum melting time-current character-
istics of the T-link fuses

Table E-1 Melting Currents for Type K (Fast) Fuse
Links

Table E-2 Melting Currents for Type T (Slow) Fuse
Links

527

© 2005 by Taylor & Francis Group, LLC



Figure E-1 Typical minimum melting time-current characteristic
curves of the K-link fuses. (Courtesy of S&C Electric Company,
Chicago.)
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Figure E-2 Typical minimum melting time-current characteristic
curves of the T-link fuses. (Courtesy of S&C Electric Company,
Chicago.)
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TABLE E-1 Melting Currents for Type K (Fast) Fuse Links

Rated
Continuous

300 or 600 s
Melting Current A

10 s Melting
Current A

0.1 s Melting
Current A

Speed
Current A Minimum Maximum Minimum Maximum Minimum Maximum Ratio

Preferred Ratings
6 12 14.4 13.5 20.5 72 86 6.0

10 19.5 23.4 22.5 34 128 154 6.6
15 31 37.2 37 55 215 258 6.9
25 50 60 60 90 360 420 7.0
40 80 96 98 148 565 680 7.1
65 128 153 159 237 918 1100 7.2

140 200 240 258 388 1520 1820 7.6
200 310 372 430 650 2470 2970 8.0

480 576 760 1150 3880 4650 8.1

Intermediate Ratings
8 15 18 18 27 97 116 6.5

12 25 30 29.5 44 166 199 6.6
20 39 47 48 71 273 328 7.0
30 63 76 77.5 115 447 546 7.1
50 101 121 126 188 719 862 7.1
80 160 192 205 307 1180 1420 7.4

Ratings below 6 A
1 2 2.4 1 10 1 58 –
2 4 4.8 1 10 1 58 –
3 6 7.2 1 10 1 58 –
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TABLE E-2 Melting Currents for Type T (Slow) Fuse Links

Rated
Continuous

300 or 600 s
Melting Current A

10 s Melting
Current A

0.1 s Melting
Current A

Speed
Current A Minimum Maximum Minimum Maximum Minimum Maximum Ratio

Preferred Ratings
6 12 14.4 15.3 23 120 144 10.0

10 19.5 23.4 23.4 40 224 269 11.5
15 31 37.2 37.2 67 388 466 12.5
25 50 60 60 109 635 762 12.7
40 80 96 96 178 1040 1240 13.0
65 128 153 153 291 1650 1975 12.9

140 200 240 240 475 2620 3150 12.1
200 310 372 372 775 4000 4800 12.9

480 576 576 1275 6250 7470 13.0

Intermediate Ratings
8 15 18 20.5 31 166 199 11.1

12 25 30 34.5 52 296 355 11.8
20 39 47 57 85 496 595 12.7
30 63 76 93 138 812 975 12.9
50 101 121 152 226 1310 1570 13.0
80 160 192 248 370 2080 2500 13.0

Ratings below 6 A
1 2 2.4 1 11 1 100 –
2 4 4.8 1 11 1 100 –
3 6 7.2 1 11 1 100 –
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