~ | Power System
Stability and
Control

PRABHA KUNDUR



POWER SYSTEM STABILITY
AND CONTROL

P. KUNDUR

Vice-President, Power Engineering
Powertech Labs Inc., Surrey, British Columbia

Formerly Manager
Analytical Methods and Specialized Studies Department
Power System Planning Division, Ontario Hydro, Toronto, Ontario

and

Adjunct Professor
Department of Electrical and Computer Engineering
University of Toronto, Toronto, Ontario

Edited by

Neal J. Balu

Mark G. Lauby

Power System Planning and Operations Program
Electrical Systems Division

Electric Power Research Institute

3412 Hillview Avenue

Palo Alto, California

McGraw-Hill, Inc.

New York San Francisco Washington, D.C. Auckland Bogota
Caracas Lisbon London Madrid Mexico City Milan
Montreal New Delhi San Juan Singapore

Sydney Tokyo Toronto



Library of Congress Cataloging-in-Publication Data

Kundur, Prabha.
Power system stability and control / Prabha Kundur.
p. cm.

EPRI Editors, Neal J. Balu and Mark G. Lauby.

Includes bibliographical references and index.

ISBN 0-07-035958-X

1. Electric power system stability. 2. Electric power systems—

+Control. I. Title.

TK1005.K86 1993

621.319—dc20 93-21456
CIP

Copyright © 1994 by McGraw-Hill, Inc. All rights reserved. Printed in the
United States of America. Except as permitted under the United States
Copyright Act of 1976, no part of this publication may be reproduced or
distributed in any form or by any means, or stored in a data base or
retrieval system, without the prior written permission of the publisher.

1234567890 DOH/DOH 99876543

ISBN 0-07-035958-X

The sponsoring editor for this book was Harold B. Crawford, and the
production supervisor was Donald Schmidt.

Printed and bound by R.R. Donnelley & Sons Company.

Information contained in this work has been obtained by McGraw-
Hill, Inc., from sources believed to be reliable. However, neither
McGraw-Hill nor its authors nor its editors guarantee the accuracy
or completeness of any information published herein and neither
McGraw-Hill nor its authors shall be responsible for any errors,
omissions, or damages arising out of use of this information. This
work is published with the understanding that McGraw-Hill and its
authors are supplying information but are not attempting to render
engineering or other professional services. If such services are
required, the assistance of an appropriate professional should be
sought.




The EPRI Power System Engineering Series
Dr. Neal J. Balu, Editor-in-Chief

KuNDUR * Power System Stability and Control
TAYLOR - Power System Voltage Stability



Power System Stability and Control



Dedicated to My Parents



Foreword

To paraphrase the renowned electrical engineer, Charles Steinmetz, the North
American interconnected power system is the largest and most complex machine ever
devised by man. It is truly amazing that such a system has operated with a high
degree of reliability for over a century.

The robustness of a power system is measured by the ability of the system to
operate in a state of equilibrium under normal and perturbed conditions. Power system
stability deals with the study of the behavior of power systems under conditions such
as sudden changes in load or generation or short circuits on transmission lines. A
power system is said to be stable if the interconnected generating units remain in
synchronism.

The ability of a power system to maintain stability depends to a large extent
on the controls available on the system to damp the electromechanical oscillations.
Hence, the study and design of controls are very important.

Of all the complex phenomena on power systems, power system stability is the
most intricate to understand and challenging to analyze. Electric power systems of the
21st century will present an even more formidable challenge as they are forced to
operate closer to their stability limits.

I cannot think of a more qualified person than Dr. Prabha Kundur to write a
book on power system stability and control. Dr. Kundur is an internationally
recognized authority on power system stability. His expertise and practical experience
in developing solutions to stability problems is second to none. Dr. Kundur not only
has a thorough grasp of the fundamental concepts but also has worked on solving
electric utility system stability problems worldwide. He has taught many courses,
made excellent presentations at professional society and industry committee meetings,
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XX Foreword

and has written numerous technical papers on power system stability and control.

It gives me great pleasure to write the Foreword for this timely book, which
I am confident will be of great value to practicing engineers and students in the field
of power engineering.

Dr. Neal J. Balu

Program Manager

Power System Planning and Operations
Electrical Systems Division

Electric Power Research Institute



Preface

This book is concerned with understanding, modelling, analyzing, and
mitigating power system stability and control problems. Such problems constitute very
important considerations in the planning, design, and operation of modern power
systems. The complexity of power systems is continually increasing because of the
growth in interconnections and use of new technologies. At the same time, financial
and regulatory constraints have forced utilities to operate the systems nearly at
stability limits. These two factors have created new types of stability problems.
Greater reliance is, therefore, being placed on the use of special control aids to
enhance system security, facilitate economic design, and provide greater flexibility of
system operation. In addition, advances in computer technology, numerical analysis,
control theory, and equipment modelling have contributed to the development of
improved analytical tools and better system-design procedures. The primary
motivation for writing this book has been to describe these new developments and to
provide a comprehensive treatment of the subject.

The text presented in this book draws together material on power system
stability and control from many sources: graduate courses I have taught at the
University of Toronto since 1979, several EPRI research projects (RP1208, RP2447,
RP3040, RP3141, RP4000, RP849, and RP997) with which I have been closely
associated, and a vast number of technical papers published by the IEEE, IEE, and
CIGRE.

This book is intended to meet the needs of practicing engineers associated with
the electric utility industry as well as those of graduate students and researchers.
Books on this subject are at least 15 years old; some well-known books are 30 to 40
years old. In the absence of a comprehensive text, courses on power system stability
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xxii Preface

often tend to address narrow aspects of the subject with emphasis on special analytical
techniques. Moreover, both the teaching staff and students do not have ready access
to information on the practical aspects. Since the subject requires an understanding of
a wide range of areas, practicing engineers just entering this field are faced with the
formidable task of gathering the necessary information from widely scattered sources.

This book attempts to fill the gap by providing the necessary fundamentals,
explaining the practical aspects, and giving an integrated treatment of the latest
developments in modelling techniques and analytical tools. It is divided into three
parts. Part I provides general background information in two chapters. Chapter 1
describes the structure of modern power systems and identifies different levels of
control. Chapter 2 introduces the stability problem and provides basic concepts,
definitions, and classification.

Part II of the book, comprising Chapters 3 to 11, is devoted to equipment
characteristics and modelling. System stability is affected by the characteristics of
every major element of the power system. A knowledge of the physical characteristics
of the individual elements and their capabilities is essential for the understanding of
system stability. The representation of these elements by means of appropriate
mathematical models is critical to the analysis of stability. Chapters 3 to 10 are
devoted to generators, excitation systems, prime movers, ac and dc transmission, and
system loads. Chapter 11 describes the principles of active power and reactive power
control and develops models for the control equipment.

Part III, comprising Chapters 12 to 17, considers different categories of power
system stability. Emphasis is placed on physical understanding of many facets of the
stability phenomena. Methods of analysis along with control measures for mitigation
of stability problems are described in detail.

The notions of power system stability and power system control are closely
related. The overall controls in a power system are highly distributed in a hierarchical
structure. System stability is strongly influenced by these controls.

In each chapter, the theory is developed from simple beginnings and is
gradually evolved so that it can be applied to complex practical situations. This is
supplemented by a large number of illustrative examples. Wherever appropriate,
historical perspectives and past experiences are highlighted.

Because this is the first edition, it is likely that some aspects of the subject
may not be adequately covered. It is also likely that there may be some errors,
typographical or otherwise. I welcome feedback on such errors as well as suggestions
for improvements in the event that a second edition should be published.

I am indebted to many people who assisted me in the preparation of this book.
Baofu Gao and Sainath Moorty helped me with many of the calculations and
computer simulations included in the book. Kip Morison, Solomon Yirga, Meir Klein,
Chi Tang, and Deepa Kundur also helped me with some of the results presented.
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Atef Morched, Kip Morison, Ernie Neudorf, Graham Rogers, David Wong,
Hamid Hamadanizadeh, Behnam Danai, Saeed Arabi, and Lew Rubino reviewed
various chapters of the book and provided valuable comments.

David Lee reviewed Chapters 8 and 9 and provided valuable comments and
suggestions. I have worked very closely with Mr. Lee for the last 22 years on a
number of complex power system stability-related problems; the results of our joint
effort are reflected in various parts of the book.

Carson Taylor reviewed the manuscript and provided many helpful suggestions
for improving the text. In addition, many stimulating discussions I have had with Mr.
Taylor, Dr. Charles Concordia, and with Mr. Yakout Mansour helped me develop a
better perspective of current and future needs of power system stability analysis.

Patti Scott and Christine Hebscher edited the first draft of the manuscript. Janet
Kibblewhite edited the final draft and suggested many improvements.

I am deeply indebted to Lei Wang and his wife, Xiaolu Meng, for their
outstanding work in the preparation of the manuscript, including the illustrations.

I wish to take this opportunity to express my gratitude to Mr. Paul L. Dandeno
for the encouragement he gave me and the confidence he showed in me during the
early part of my career at Ontario Hydro. It is because of him that I joined the electric
utility industry and then ventured into the many areas of power system dynamic
performance covered in this book.

I am grateful to the Electric Power Research Institute for sponsoring this book.
In particular, I am thankful to Dr. Neal Balu and Mr. Mark Lauby for their inspiration
and support. Mark Lauby also reviewed the manuscript and provided many helpful
suggestions.

I wish to express my appreciation to Liz Doherty and Patty Jones for helping
me with the correspondence and other business matters related to this book.

Finally, I wish to thank my wife, Geetha Kundur, for her unfailing support and
patience during the many months I worked on this book.

Prabha Shankar Kundur
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