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Large electric arc furnace used in steel production. Such loads on the
electricity supply system often require reactive power control equipment
of the type described in Chapter 9.

Reproduced by kind permission of United States Steel, American
Bridge Division.



FOREWORD

Reactive power has been recognized as a significant factor in the design
and operation of alternating current electric power systems for a long
time. In a very general and greatly oversimplified way, it has been ob-
served that, since the impedances of the network components are
predominantly reactive, the transmission of active power requires a
difference in angular phase between the voltages at the sending and re-
ceiving points (which is feasible within rather wide limits), whereas the
transmission of reactive power requires a difference in magnitude of these
same voltages (which is feasible only within very narrow limits). )

But why should we want to transmit reactive power anyway? Is it not

just a troublesome concept, invented by the theoreticians, that is best

disregarded? The answer is that reactive power is consumed not only by
most of the network elements, but also by most of the consumer loads,
50 it must be supplied somewhere. If we can’t transmit it very easily,
then it ought to be generated where it is needed. ' '

Of course, the same might be said about active power, but the con-
straints on its- transmission arz much less severe and the penalties on
inappropriate ‘generator siting (and sizing) much more severe. Still, the
differences are only quantitative. Y

It is important to recognize that, when we speak of transmission of
electricity, we must speak of electrical distances. For example; the reac-
tance of a transformer may be as great as that of 50 miles of transmission
line. Thus, when we consider that the average transmission distance in
the United-States is only of the order of 100 miles, it is evident that we
do not really avoid transmission entirely unless the generation of reactive
power is at the same voltage level as is the consumption to be supplied.
This partially explains the superficially strange fact that we can often ob-
sef've in the same network, shunt compensation in the form of capacitors
in the distribution system and shunt inductors in the transmission system.

There is a fundamental and important interrelation between active and
reactive power transmission. We have said that the transmission of active
power requires a phase displacement of voltages. But the magnitudes of
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these voltages are equally important. Not only are they necessary for
power transmission, but also they must be high enough to support the
loads and low enough to avoid equipment breakdown. Thus, we have to
control, and, if necessary, to support or constrain, the voltages at all the
key points of the network. This control may be accomplished in large
part by the supply or consumption of reactive power at these points.
Although these aspects of reactive power have long been recognized,
they have recently acquired increased importance for at least two reasons:
first, the increasing pressures to utilize transmission capacity as much as
possible; and second, the development of newer static types of control-
lable reactive-power compensators. Many years ago, when the growing
extent of electric power networks began to justify it, synchronous con-
.densers were used for voltage support and power transfer capability im-
provement. Al the same time, shunt capacitors began to be installed in
distribution circuits to improve voltage profiles and reduce line loading
and losses by power-factor improvement. The rapid development and rel-
ative economy of these shunt capacitors led to their almost displacing
synchronous condensers in the transmission system also. It was found
that practically as much could be gained by switched capacitors as by syn-
chronous condensers, and at a much lower cost. Now there are signs that
the tide may have turned again, and controlled reactive-power supplies
are beginning to return in the form of static devices. However, from an
economic point of view, it is still the job of the sysiem engineer 1o deter-
mine how much can be accomplished by fixed capacitors (and inductors),
how much needs 1o be switched, and finally how much needs to be rapid-
ly and continuously controlled, as, for example, during disturbances. Of
course, there also remains the question of how much, if any, reactive
power should be obtained from the synchronous geaerators themselves.
We have so far discussed reactive power as being supplied to, or from,
the netweork. However, at the beginning of this Foreword it was pointed
out that some of the consumption of reactive power is in the network
series elements themselves, for example, in transmission lines and
transformer leakage reactances. Thus, a direct way of increasing power
transfer capacity in transmission systems, and of reducing voltage drop in
distribution systems, is to compensate part of the series inductive reac-
tance by series capagitors. Ordinarily, this is looked at from the stand-
point of reducing the net inductive reactance, rather than in terms of
reactive-power supply. Operating problems have been encountered, and
applications to distribution systems have become rare, but the series ca-
pacitor remains the best way to increase transmission capacity in many
cases. It has also been used to balance line loadings among network
branches. As a corollary to this, in a meshed network the application of
series capacitors must be coordinated in order to preserve, or obtain, a
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proper distribution of line loadings, while a shunt capacitor (or other
means of voltage support) can often be applied with benefit at a single
point.

The present book includes both theoretical and practical accounts of
reactive power control and compensation, as well as a detailed chapter on
harmonics. There is no doubt that the subject of reactive power control
is increasing in importance, and the book is therefore particularly ap-
propriate at this time. The authors are all practising power-system en-
gineers who have had a total of many decades of experience in the 1ech-
nologies related to reactive power.

CHARLES CONCORDIA

Venice, Florida
Ocrober 1982



PREFACE

About thirty percent of all primary energy fesources. worldwide are used
to generate electrical energy, and almost all of this is transmitted and dis-
tributed by alternating current at 50 or 60 Hz. It is now more important
than ever to design and operate power systems with not only the highest
practicable efficiency but also the highest degree of security and reliability.
These requirements are maotivating a wide range of advances in the tech-
nology of ac power transmission and the purpose of this book is to
describe some of the more important theoretical and practical develop-
ments.

Because of the fundamental importance of reactive power control, and
because of the wide range of subjects treated, as well as the method of
treatment, this book .should appeal to a broad cross section of electrical,
electronicg, and control engineers. Practising engineers in the utility in-
dustry and”in industrial plants will find both the theory and the descrip-
tion of reactive power control equipment invaluable in solving problems
in power-factor correction, voltage control and stabilization, phase balanc-
ing and the handling of harmonics. In universities the book should form
an ideal basis for a postgraduate or even an undergraduate course in
power systems, and several sections of it have already been used for this
purpose at the University of Wisconsin and in the General Electric Power
Systems Engineering Course.

Reactive power control, which is the theme of the book, has grown in
importance for a number of reasons which are briefly as follows. First,
the requirement for more efficient operation of power systems has in-
creased with the price of fuels. For a given distribution of power, the
losses in the system can be reduced by minimizing the total flow of reac-
tive power.. This principle is applied throughout the system, from tha
simple power-factor correction capacitor used with a single inductive load,
to the sophisticated algorithms described in Chapter 11 which may be
used in large interconnected networks controlied by computers. Second,
the extension of transmission networks has been curtailed in general by
high interest rates, and in particular cases by the difficulty of acquiring
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right-of-way. In many cases the power transmitted through older circuits
has been increased, requiring the application of reactive power control
measures to restore stability margins. Third, the exploitation of hydro-
power resources has proceeded spectacularly to the point where remote,
hostile generation sites have been developed, such as those around Hud-
son Bay and in mountainous regions of Africa and South America. In
spite of the parallel development of dc transmission technology, ac
transmission has been preferred in many of these schemes. The prob-
lems of stability and voltage control are identifiable as problems in reac-
tive power control, and a wide range of different solutions has been
developed, ranging from the use of fixed shunt reactors and capacitors, to
series capacitors, synchronous condensers, and the modern static compen-
sator. Fourth, the requirement for a high quality of supply has increased
because of the increasing use of electronic equipment (especially comput-
ers and color television receivers), and because of the growth in
continuous-process industries.

Voltage or frequency depressions are particularly undesirable with such
loads, and interruptions of supply can be very harmful and expensive.
Reactive power control is an essential tool in maintaining the quality of
supply, especially in preventing voltage disturbances, which are the com-
monest type of disturbance. Certain types of industrial load, including
electric furnaces, rolling mills, mine hoists, and dragline excavators, im-
pose on the supply large and rapid variations in their demand for power
and reactive power, and it is often necessary to compensate for them with
voltage stabilizing equipment in the form of static reactive power com-
pensators. Fifth, the development and application of dc transmission
schemes has created a requirement for reactive power control on the ac
side of the converters, to stabilize the voltage and to assist the commuta-
tion of the converter.

All these aspects of ac power engineering are discussed, from both a
theoretical and a practical point of view. Chapters 1 through 3 deal with
the theory of ac power transmission, starting with the simplest case of
power-factor correction and moving on to the detailed principles on which
the extremely rapid-response static compensator is designed and applied.
In Chapter 2 the principles of transmitting power at high voltages and
over longer distances are treated, and Chapter 3 deals with the important
aspects of the dynamics of ac power systems and the effect of reactive
power control. The unified approach to the “‘compensation™ problem is
particularly emphasized in Chapter 2, where the three fundamental tech-
niques of compensation by sectioning, surge-impedance compensatiin,
and line-length compensation are defined and compared. Chapter 1 is
also unified in its approach to the compensation or reactive power control
of loads; the compensating network is successively described in terms of
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its power-factor correction attributes, its voltage-stabilizing attributes, and
finally its properties as a set of sequence networks capable of voltage sta-
bilization, power-factor correction, and phase balancing, both in terms of
phasors and instantaneous voltages and currents.

Chapter 4 introduces and describes in detail the principles of modern
static reactive power compensators, including the thyristor-controlled
reactor, the thyristor-switched capacitor, and the saturated reactor. Partic-
ular attention is given to control aspects, and a detailed treatment of
switching phenomena in the thyristor-switched capacitor is included.

The modern static compensator receives further detailed treatment in
Chapters 5 and 6. Chapter 5 describes the high-power ac thyristor con-
troller and associated systems, while Chapter 6 gives a complete descrip-
tion of a modern compensator installation including details of the control
system and performance testing. )

In Chapter 7 the series capacitor is described. The solution of the sub-
synchronous resonance (SSR) problem, together with the introduction of
virtually instantaneous reinsertion using metal-oxide varistors, have
helped restore the series capacitor to its place as an economic and very
effective means for increasing the power transmission capability and sta-
bility of long lines. Both the varistor and the means for controlling SSR
are described in this chapter.

Chapter 8 on synchronous condensers has been included because of
the continuing importance of this class of compensation equipment. As a
rotating machine the synchronous condenser has a naturat and important
place in the theory of reactive power control, and several of the most re-
cent installations have been very large and technically advanced. Rapid
response excitation systems and new control strategies have steadily
enhanced the performance of the condenser.

In Chapter 9 there is a detailed treatment of reactive power control in
connection with electric arc furnaces, which present one of the most chal-
lenging load compensation problems, requiring large compensator ratings
and extremely rapid response to minimize “‘flicker.” Chapter 9 will be of
interest to the general reader for its exploration of the limits of the speed
of response of different methods of reactive power control. It also shows
clearly the advantages of compensation on the steel-producing process,
which exemplifies the principle that the performance of the load is often
significantly improved by voltage and reactive power control, even when
these are required for other reasons (such as the reduction of flicker).

The subject of reactive power control is closely connected with the sub-
ject of harmonics, because reactive power compensation and control is
often required in connection with loads which are also sources of har-
monics. A separate reason for the importance of harmonics in a book on
reactive power control is that reactive compensation almost always
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influences the resonant frequencies of the power system, at least locally,
and it is important that capacitors, reactors, and compensators be de-
ployed in such a way as to avoid problems with harmonic resonances.
Chapter 10 deals with these matters, and includes a treatment of filters
with practical examples.

The final chapter, Chapter 11, deals with the relatively new subject af
reactive power coordination, and describes a number of systematic ap-
proaches to the coordinated control of reactive power in a large intercon-
nected network. Minimization of system losses is one of several possible
optimal conditions which can be determined and maintained by computer
analysis and control. This promising new subject is given the last word in
leaving the reader to the future.

Many people have contributed to the writing and production of this
book, and the editor would like to record his warmest thanks for ail con-
tributions great and small. Special thanks are due to Dr. Eike Richter of
the General Electric Research and Development Center for his generosity
and sustained support of the project, and also to Dr. F. J. Ellert, D. N,
Ewart, D. Swann, Dr. P. Chadwick, R. J. Moran, D. Lamont, and Dr.
E. P. Cornell.

Special thanks are also due to Mrs. Barbara West for her iremendous
assistance in the preparation (and often the repair) of the manuscript.
Mrs. Christine Quaresimo, Miss Kathy Kinch, and Holly Powers also
helped substantially with the manuscript, and Dean Klimek with the
figures. Composition was by the Word Processing Unit of General
Electric's Corporate Research and Development Center, and thanks are
due to A. E. Starbird and his staff, Acknowledgment is also due to the
staff of John Wiley and Sons for their expert guidance throughout the
writing and production of the book.

Dr. John A. Maliick made several helpful suggestions in connection
with Chapters 1 and 2. We are also especially grateful to Dr. Laszlo Gyu-
gyi of Westinghouse Electric for permission to use some of his ideas in
Section 9 of Chapter 1. Also to S. A. Miske, Ir. for his comments on the
whole work and on Chapters 2 and 7 in particular, and to him and R. J.
Piwko and Dr. F. Nozari (all of the GE Electric Utility Systems Engineer-
ing Department) for contributions to Chapter 3. Acknowledgment is also
due to the U.S. Department of Energy and to Dr. H. Boenig of Los
Alamos Laboratory in connection with studies which formed the basis of
some sections in Chapter 3. Philadelphia Electric Co. is acknowledged for
the photograph of the synchronous condenser station in Chapter 8. Oth-
ers who helped at various stages include D. ]. Young, S. R. Folger, D.
Demarest, R. A. Hughes, H. A. Happ, L. Kirchmayer, W. H. Steinberg,
Dr. W. Berninger and Dr. James Lommel. United States Steel is ac-
knowledged for the Frontispiece arc furnace photograph, and the Institute
of Electrical and Electronics Engineers for the use of several figures and
material throughout the book. The Institution of Electrical Engineers is
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acknowledged for the use of material and figures in Section 3 of
Chapter 4 which are taken from IEE Conference Publication CP205,
““Thyristor and Variable Static Equip.nent for AC and DC Transmission.”

No book is the sole work of its named authors, and acknowledgment is
made to the many unnamed contributors to the technology and applica-
tion of reactive power control. This book does not attempt to set out
hard-and-fast rules for the application of any particular type of equip-
ment, and in particular the authors accept no responsibility for any ad-
verse consequences arising out of the interpretation of material in the
book. The chapters are all written from the individual points of view of
the authors, and do not represent the position of any manufacturing com-
pany or other institution.

T.J. E. MILLER

Schenectady, New York
October 1982
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