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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,

XiX



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 1s, 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

XXi



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 IT 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 [ worked on this book.

Prabha Shankar Kundur
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General Characteristics
of Modern Power Systems

The purpose of this introductory chapter is to provide a general description of
electric power systems beginning with a historical sketch of their evolution. The basic
characteristics and structure of modern power systems are then identified. The
performance requirements of a properly designed power system and the various levels
of controls used to meet these requirements are also described.

This chapter, together with the next, provides general background information
and lays the groundwork for the remainder of the book.

1.1 EVOLUTION OF ELECTRIC POWER SYSTEMS

The commercial use of electricity began in the late 1870s when arc lamps were
used for lighthouse illumination and street lighting.

The first complete electric power system (comprising a generator, cable, fuse,
meter, and loads) was built by Thomas Edison - the historic Pearl Street Station in
New York City which began operation in September 1882. This was a dc system
consisting of a steam-engine-driven dc generator supplying power to 59 customers
within an area roughly 1.5 km in radius. The load, which consisted entirely of
incandescent lamps, was supplied at 110 V through an underground cable system.
Within a few years similar systems were in operation in most large cities throughout
the world. With the development of motors by Frank Sprague in 1884, motor loads
were added to such systems. This was the beginning of what would develop Into one
of the largest 1ndustrles in the world.
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In spite of the initial widespread use of dc systems, they were almost
completely superseded by ac systems. By 1886, the limitations of dc systems were
becoming increasingly apparent. They could deliver power only a short distance from
the generators. To keep transmission power losses (R[?) and voltage drops to
acceptable levels, voltage levels had to be high for long-distance power transmission.
Such high voltages were not acceptable for generation and consumption of power;
therefore, a convenient means for voltage transformation became a necessity.

The development of the transformer and ac transmission by L. Gaulard and
J.D. Gibbs of Paris, France, led to ac electric power systems. George Westinghouse
secured rights to these developments in the United States. In 1886, William Stanley,
an associate of Westinghouse, developed and tested a commercially practical
transformer and ac distribution system for 150 lamps at Great Barrington,
Massachusetts. In 1889, the first ac transmission line in North America was put into
operation in Oregon between Willamette Falls and Portland. It was a single-phase line
transmitting power at 4,000 V over a distance of 21 km.

With the development of polyphase systems by Nikola Tesla, the ac system
became even more attractive. By 1888, Tesla held several patents on ac motors,
generators, transformers, and transmission systems. Westinghouse bought the patents
to these early inventions, and they formed the basis of the present-day ac systems.

In the 1890s, there was considerable controversy over whether the electric
utility industry should be standardized on dc or ac. There were passionate arguments
between Edison, who advocated dc, and Westinghouse, who favoured ac. By the turn
of the century, the ac system had won out over the dc system for the following

reasons:

o Voltage levels can be easily transformed in ac systems, thus providing the
flexibility for use of different voltages for generation, transmission, and
consumption.

. AC generators are much simpler than dc generators.

o AC motors are much simpler and cheaper than dc motors.

The first three-phase line in North America went into operation in 1893 - a
2,300 V, 12 km line in southern California. Around this time, ac was chosen at
Niagara Falls because dc was not practical for transmitting power to Buffalo, about
30 km away. This decision ended the ac versus dc controversy and established victory
for the ac system.

In the early period of ac power transmission, frequency was not standardized.
Many different frequencies were in use: 25, 50, 60, 125, and 133 Hz. This posed a
problem for interconnection. Eventually 60 Hz was adopted as standard in North
America, although many other countries use 50 Hz.

The increasing need for transmitting larger amounts of power over longer
distances created an incentive to use progressively higher voltage levels. The early ac
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systems used 12, 44, and 60 kV (RMS line-to-line). This rose to 165 kV in 1922, 220
kV in 1923, 287 kV in 1935, 330 kV in 1953, and 500 kV in 1965. Hydro Quebec
energized its first 735 kV in 1966, and 765 kV was introduced in the United States
in 1969. |

To avoid the proliferation of an unlimited number of voltages, the industry has
standardized voltage levels. The standards are 115, 138, 161, and 230 kV for the high
voltage (HV) class, and 345, 500 and 765 kV for the extra-high voltage (EHV) class

1,2].

[ With the development of mercury arc valves in the early 1950s, high voltage
dc (HVDC) transmission systems became economical in special situations. The HVDC
transmission is attractive for transmission of large blocks of power over long
distances. The cross-over point beyond which dc transmission may become a
competitive alternative to ac transmission is around 500 km for overhead lines and 50
km for underground or submarine cables. HVDC transmission also provides an
asynchronous link between systems where ac interconnection would be impractical
because of system stability considerations or because nominal frequencies of the
systems are different. The first modern commercial application of HVDC transmission
occurred in 1954 when the Swedish mainland and the island of Gotland were
interconnected by a 96 km submarine cable.

With the advent of thyristor valve converters, HVDC transmission became
even more attractive. The first application of an HVDC system using thyristor valves
was at Eel River in 1972 - a back-to-back scheme providing an asynchronous tie
between the power systems of Quebec and New Brunswick. With the cost and size
of conversion equipment decreasing and its reliability increasing, there has been a
steady increase in the use of HVDC transmission. '

Interconnection of neighbouring utilities usually leads to improved system
security and economy of operation. Improved security results from the mutual
emergency assistance that the utilities can provide. Improved economy results from
the need for less generating reserve capacity on each system. In addition, the
interconnection permits the utilities to make economy transfers and thus take
advantage of the most economical sources of power. These benefits have been
recognized from the beginning and interconnections continue to grow. Almost all the
utilities in the United States and Canada are now part of one interconnected system.
The result is a very large system of enormous complexity. The design of such a
system and its secure operation are indeed challenging problems.

1.2 STRUCTURE OF THE POWER SYSTEM

Electric power systems vary in size and structural components. However, they
all have the same basic characteristics: ‘

* Are comprised of three-phase ac systems operating essentially at constant
voltage. Generation and transmission facilities use three-phase equipment.
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Industrial loads are invariably three-phase; single-phase residential and
commercial loads are distributed equally among the phases so as to effectively
form a balanced three-phase system.

J Use synchronous machines for generation of electricity. Prime movers convert
the primary sources of energy (fossil, nuclear, and hydraulic) to mechanical
energy that is, in turn, converted to electrical energy by synchronous
generators.

o Transmit power over significant distances to consumers spread over a wide
area. This requires a transmission system comprising subsystems operating at
different voltage levels.

Figure 1.1 illustrates the basic elements of a modern power system. Electric
power is produced at generating stations (GS) and transmitted to consumers through
a complex network of individual components, including transmission lines,

transformers, and switching devices.
It is common practice to classify the transmission network into the following

subsystems:

l. Transmission system
2. Subtransmission system
3. Distribution system

The transmission system interconnects all major generating stations and main
load centres in the system. It forms the backbone of the integrated power system and
operates at the highest voltage levels (typically, 230 kV and above). The generator -
voltages are usually in the range of 11 to 35 kV. These are stepped up to the
transmission voltage level, and power is transmitted to transmission substations where
the voltages are stepped down to the subtransmission level (typically, 69 kV to 138
kV). The generation and transmission subsystems are often referred to as the bulk
power system.

The subtransmission system transmits power in smaller quantities from the
transmission substations to the distribution substations. Large industrial customers are
commonly supplied directly from the subtransmission system. In some systems, there
is no clear demarcation between subtransmission and transmission circuits. As the
system expands and higher voltage levels become necessary for transmission, the
older transmission lines are often relegated to subtransmission function.

The distribution system represents the final stage in the transfer of power to
the individual customers. The primary distribution voltage is typically between 4.0 kV
and 34.5 kV. Small industrial customers are supplied by primary feeders at this
voltage level. The secondary distribution feeders supply residential and commercial
customers at 120/240 V.
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Small generating plants located near the load are often connected to the
subtransmission or distribution system directly.

Interconnections to neighbouring power systems are usually formed at the
transmission system level.

The overall system thus consists of multiple generating sources and several
layers of transmission networks. This provides a high degree of structural redundancy
that enables the system to withstand unusual contingencies without service disruption
to the consumers.

1.3 POWER SYSTEM CONTROL

The function of an electric power system is to convert energy from one of the
naturally available forms to the electrical form and to transport it to the points of
consumption. Energy is seldom consumed in the electrical form but is rather
converted to other forms such as heat, light, and mechanical energy. The advantage
of the electrical form of energy is that it can be transported and controlled with
relative ease and with a high degree of efficiency and reliability. A properly designed
and operated power system should, therefore, meet the following fundamental
requirements:

l. The system must be able to meet the continually changing load demand for
active and reactive power. Unlike other types of energy, electricity cannot be
conveniently stored in sufficient quantities. Therefore, adequate “spinning”
reserve of active and reactive power should be maintained and appropriately

controlled at all times.

2. The system should supply energy at minimum cost and with minimum
ecological impact.

3. The “quality” of power supply must meet certain minimum standards with
regard to the following factors:

(a) constancy of frequency;
(b) constancy of voltage; and
(c) level of reliability.

Several levels of controls involving a complex array of devices are used to meet the
above requirements. These are depicted in Figure 1.2 which identifies the various
subsystems of a power system and the associated controls. In this overall structure,
there are controllers operating directly on individual system elements. In a generating
unit these consist of prime mover controls and excitation controls. The prime mover
controls are concerned with speed regulation and control of energy supply system
variables such as boiler pressures, temperatures, and flows. The function of the
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excitation control is to regulate generator voltage and reactive power output. The
desired MW outputs of the individual generating units are determined by the system-
generation control.

The primary purpose of the system-generation control is to balance the total
system generation against system load and losses so that the desired frequency and
power interchange with neighbouring systems (tie flows) is maintained.

The transmission controls include power and voltage control devices, such as
static var compensators, synchronous condensers, switched capacitors and reactors,
tap-changing transformers, phase-shifting transformers, and HVDC transmission
controls. :
The controls described above contribute to the satisfactory operation of the
power system by maintaining system voltages and frequency and other system
variables within their acceptable limits. They also have a profound effect on the
dynamic performance of the power system and on its ability to cope with
disturbances. :

The control objectives are dependent on the operating state of the power
system. Under normal conditions, the control objective is to operate as efficiently as
possible with voltages and frequency close to nominal values. When an abnormal
condition develops, new objectives must be met to restore the system to normal
operation.

Major system failures are rarely the result of a single catastrophic disturbance
causing collapse of an apparently secure system. Such failures are usually brought
about by a combination of circumstances that stress the network beyond its capability.
Severe natural disturbances (such as a tornado, severe storm, or freezing rain),
equipment malfunction, human error, and inadequate design combine to weaken the
power system and eventually lead to its breakdown. This may result in cascading
outages that must be contained within a small part of the system if a major blackout
is to be prevented.

Operating states of a power system and control strategies [3,4]

For purposes of analyzing power system sccurity and designing appropriate
control systems, it is helpful to conceptually classify the system-operating conditions
into five states: normal, alert, emergency, in extremis, and restorative. Figure 1.3
depicts these operating states and the ways in which transition can take place from
one state to another.

In the normal state, all system variables are within the normal range and no
equipment is being overloaded. The system operates in a secure manner and is able
to withstand a contingency without violating any of the constraints.

The system enters the alerf state if the security level falls below a certain limit
of adequacy, or if the possibility of a disturbance increases because of adverse
weather conditions such as the approach of severe storms. In this state, all system
variables are still within the acceptable range and all constraints are satisfied.
However, the system has been weakened to a level where a contingency may cause



Sec. 1.3 Power System Control 11

Restorative

In extremis Emergency
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an overloadmg of equipment that places the system in an emergency state. If the
disturbance is very severe, the in extremis (or extreme emergency) state may result
directly from the alert state.

Preventive action, such as generation shifting (security dispatch) or increased
reserve, can be taken to restore the system to the normal state. If the restorative steps
do not succeed, the system remains in the alert state.

The system enters the emergency state if a sufficiently severe disturbance
occurs when the system is in the alert state. In this state, voltages at many buses are
low and/or equipment loadings exceed short-term emergency ratings. The system is
still intact and may be restored to the alert state by the initiating of emergency control
actions: fault clearing, excitation control, fast-valving, generation tripping, generation
run-back, HVDC modulation, and load curtailment.

If the above measures are not applied or are ineffective, the system is in
extremis; the result is cascading outages and possibly a shut-down of a major portion
of the system. Control actions, such as load shedding and controlled system
separation, are aimed at savmg as much of the system as possible from a widespread
blackout.

The restorative state represents a condition in which control action is being
taken to reconnect all the facilities and to restore system load. The system transits
from this state to either the alert state or the normal state, depending on the system
conditions.

Characterization of the system conditions into the five states as described
above provides a framework in which control strategies can be developed and operator
actions identified to deal effectively with each state. :
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For a system that has been disturbed and that has entered a degraded operating
state, power system controls assist the operator in returning the system to a normal
state. If the disturbance is small, power system controls by themselves may be able
to achieve this task. However, if the disturbance is large, it is possible that operator
actions such as generation rescheduling or element switching may be required for a
return to the normal state.

The philosophy that has evolved to cope with the diverse requirements of
system control comprises a hierarchial structure as shown in Figure 1.4. In this
structure, there are controllers operating directly on individual system elements such
as excitation systems, prime movers, boilers, transformer tap changers, and dc
converters. There is usually some form of overall plant controller that coordinates the
controls of closely linked elements. The plant controllers are in turn supervised by
system controllers at the operating centres. The system-controller actions are
coordinated by pool-level master controllers. The overall control system is thus highly
distributed, and relies on many different types of telemetering and control signals.
Supervisory Control and Data Acquisition (SCADA) systems provide information to
indicate the system status. State estimation programs filter monitored data and provide
an accurate picture of the system’s condition. The human operator is an important link
at various levels in this control hierarchy and at key locations on the system. The
primary function of the operator is to monitor system performance and manage
resources so as to ensure economic operation while maintaining the required quality

Pool control centre

/ ' \

To other systems System control centre To other systems

Transmission plant Power plant

S — g

Distribution centres Generating units

Figure 1.4 Power system control hierarchy
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and reliability of power supply. During system emergencies, the operator plays a key
role by coordinating related information from diverse sources and developing
corrective strategies to restore the system to a more secure state of operation.

1.4 DESIGN AND OPERATING CRITERIA FOR STABILITY

For reliable service, a bulk electricity system must remain intact and be
capable of withstanding a wide variety of disturbances. Therefore, it is essential that
the system be designed and operated so that the more probable contingencies can be
sustained ‘with no loss of load (except that connected to the faulted element) and so
that the most adverse possible contingencies do not result in uncontrolled, widespread
and cascading power interruptions.

The November 1965 blackout in the northeastern part of the United States and
Ontario had a profound impact on the electric utility industry, particularly in North
America. Many questions were raised relating to design concepts and planning
criteria. These led to the formation of the National Electric Reliability Council in
1968. The name was later changed to the North American Electric Reliability Council
(NERC). Its purpose is to augment the reliability and adequacy of bulk power supply
in the electricity systems of North America. NERC is composed of nine regional
reliability councils and encompasses virtually all the power systems in the United
States and Canada. Reliability criteria for system design and operation have been
established by each regional council. Since differences exist in geography, load
pattern, and power sources, criteria for the various regions differ to some extent [5].

Design and operating criteria play an essential role in preventing major system
disturbances following severe contingencies. The use of criteria ensures that, for all
frequently occurring contingencies, the system will, at worst, transit from the normal
state to the alert state, rather than to a more severe state such as the emergency state
or the in extremis state. When the alert state is entered following a contingency,
operators can take actions to return the system to the normal state.

The following example of design and operating criteria related to system
stability is based on those of the Northeast Power Coordinating Council (NPCC) [6].
It does not attempt to provide an exact reproduction of the NPCC criteria but gives
an indication of the types of contingencies considered for stability assessment.

Normal design contingencies

The criteria require’ that the stability of the bulk power system be maintained
during and after the most severe of the contingencies specified below, with due regard
to reclosing facilities. These contingencies are selected on the basis that they have a
significant probability of occurrence given the large number of elements comprising
the power system.

The normal design contingencies include the following:
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(a) A permanent three-phase fault on any generator, transmission circuit,
transformer or bus section, with normal fault clearing and with due regard to

reclosing facilities.

(b) Simultaneous permanent phase-to-ground faults on different phases of each of
two adjacent transmission circuits on a multiple-circuit tower, cleared in

normal time.

(c) A permanent phase-to-ground fault on any transmission circuit, transformer,
or bus section with delayed clearing because of malfunction of circuit breakers,

relay, or signal channel.
(d) Loss of any element without a fault.

(e) A permanent phase-to-ground fault on a circuit breaker, cleared in normal
time.

9] Simultaneous permanent loss of both poles of a dc bipolar facility.

The criteria require that, following any of the above contingencies, the stability of the
system be maintained, and voltages and line and equipment loadings be within

applicable limits.
These requirements apply to the following two basic conditions:

(1) Al facilities in service.

(2) A critical generator, transmission circuit, or transformer out of service,
assuming that the area generation and power flows are adjusted between

outages by use of ten minute reserve.

Extreme contingency assessment

The extreme contingency assessment recognizes that the interconnected bulk
power system can be subjected to events that exceed in severity the normal design
contingencies. The objective is to determine the effects of extreme contingencies on
system performance in order to obtain an indication of system strength and to
determine the extent of a widespread system disturbance even though extreme
contingencies do have very low probabilities of occurrence. After an analysis and
assessment of extreme contingencies, measures are to be utilized, where appropriate,
to reduce the frequency of occurrence of such contingencies or to mitigate the
consequences that are indicated as a result of simulating for such contingencies.

The extreme contingencies include the following:

(a)  Loss of the entire capability of a generating station.
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(b) Loss of all lines emanating from a generating station, switching station or
substation.

(c) Loss of all transmission circuits on a common right-of-way.

(d) A permanent three-phase fault on any generator, transmission circuit,
transformer, or bus section, with delayed fault clearing and with due regard to
reclosing facilities.

(e) The sudden dropping of a large-load or major-load centre.

(N The effect of severe power swings arising from disturbances outside the NPCC
interconnected systems.

(2) Failure or misoperation of a special protection system, such as a generation
rejection, load rejection, or transmission cross-tripping scheme.

System design for stability

The design of a large interconnected system to ensure stable operation at
minimum cost 1s a very complex problem. The economic gains to be realized through
the solution to this problem are enormous. From a control theory point of view, the
power system is a very high-order multivariable process, operating in a constantly
changing environment. Because of the high dimensionality and complexity of the
system, it is essential to make simplifying assumptions and to analyze specific
problems using the right degree of detail of system representation. This requires a
good grasp of the characteristics of the overall system as well as of those of its
individual elements.

The power system is a highly nonlinear system whose dynamic performance
is influenced by a wide array of devices with different response rates and
characteristics. System stability must be viewed not as a single problem, but rather in
terms of its different aspects. The next chapter describes the different forms of power
system stability problems.

Characteristics of virtually every major element of the power system have an
effect on system stability. A knowledge of these characteristics is essential for the
understanding and study of power system stability. Therefore, equipment
characteristics and modelling will be discussed in Part II. Intricacies of the physical
aspects of various categories of the system stability, methods of their analysis, and
special measures for enhancing stability performance of the power system will be
presented in Part III.
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Chapter 2

Introduction to the
Power System Stability Problem

This chapter presents a general introduction to the power system stability
problem including physical concepts, classification, and definition of related terms.
Analysis of elementary power system configurations by means of idealized models
illustrates some of the fundamental stability properties of power systems. In addition,
a historical review of the emergence of different forms of stability problems as power
systems evolved and of the developments in the associated methods of analysis is
presented. The objective is to provide an overview of the power system stability
phenomena and to lay a foundation based on relatively simple physical reasoning.
This will help prepare for a detailed treatment of the various aspects of the subject in

subsequent chapters.

2.1 BASIC CONCEPTS AND DEFINITIONS

_ Power system stability may be broadly defined as that property of a power
system that enables it to remain in a state of operating equilibrium under normal
operating conditions and to regain an acceptable state of equilibrium after being
subjected to a disturbance.

Instability in a power system may be manifested in many different ways
depending on the system configuration and operating mode. Traditionally, the stability
problem has been one of maintaining synchronous operation. Since power systems

17
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rely on synchronous machines for generation of electrical power, a necessary
condition for satisfactory system operation is that all synchronous machines remain
in synchronism or, colloquially, “in step.” This aspect of stability is influenced by the
dynamics of generator rotor angles and power-angle relationships.

Instability may also be encountered without loss of synchronism. For example,
a system consisting of a synchronous generator feeding an induction motor load
through a transmission line can become unstable because of the collapse of load
voltage. Maintenance of synchronism is not an issue in this instance; instead, the
concern is stability and control of voltage. This form of instability can also occur in
loads covering an extensive area supplied by a large system.

In the evaluation of stability the concern is the behaviour of the power system
when subjected to a transient disturbance. The disturbance may be small or large.
Small disturbances in the form of load changes take place continually, and the system
adjusts itself to the changing conditions. The system must be able to operate
satisfactorily under these conditions and successfully supply the maximum amount of
load. It must also be capable of surviving numerous disturbances of a severe nature,
such as a short-circuit on a transmission line, loss of a large generator or load, or loss
of a tie between two subsystems. The system response to a disturbance involves much
of the equipment. For example, a short-circuit on a critical element followed by its
isolation by protective relays will cause variations in power transfers, machine rotor
speeds, and bus voltages; the voltage variations will actuate both generator and
transmission system voltage regulators; the speed variations will actuate prime mover
governors; the change in tie line loadings may actuate generation controls; the changes
in voltage and frequency will affect loads on the system in varying degrees depending
on their individual characteristics. In addition, devices used to protect individual
equipment may respond to variations in system variables and thus affect the system
performance. In any given situation, however, the responses of only a limited amount
of equipment may be significant. Therefore, many assumptions are usually made to
simplify the problem and to focus on factors influencing the specific type of stability
problem. The understanding of stability problems is greatly facilitated by the
classification of stability into various categories.

The following sections will explore different forms of power system instability
and associated concepts by considering, where appropriate, simple power system
configurations. Analysis of such systems using idealized models will help identify
fundamental properties of each form of stability problem. |

2.1.1 Rotor Angle Stability

Rotor angle stability is the ability of interconnected synchronous machines of
a power system to remain in synchronism. The stability problem involves the study
of the electromechanical oscillations inherent in power systems. A fundamental factor
in this problem is the manner in which the power outputs of synchronous machines
vary as their rotors oscillate. A brief. discussion of synchronous machine
characteristics is helpful as a first step in developing the related basic concepts.
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Synchronous machine characteristics

The characteristics and modelling of synchronous machines will be covered in
considerable detail in Chapters 3, 4, and 5. Here discussion is limited to the basic
characteristics associated with synchronous operation.

A synchronous machine has two essential elements: the field and the armature.
Normally, the field is on the rotor and the armature is on the stator. The field winding
is excited by direct current. When the rotor is driven by a prime mover (turbine), the
rotating magnetic field of the field winding induces alternating voltages in the three-
phase armature windings of the stator. The frequency of the induced alternating
voltages and of the resulting currents that flow in the stator windings when a load is
connected depends on the speed of the rotor. The frequency of the stator electrical
quantities is thus synchronized with the rotor mechanical speed: hence the designation
“synchronous machine.”

When two or more synchronous machines arc interconnected, the stator
voltages and currents of all the machines must have the same frequency and the rotor
mechanical speed of each is synchronized to this frequency. Therefore, the rotors of
all interconnected synchronous machines must be in synchronism.

The physical arrangement (spatial distribution) of the stator armature windings
is such that the time-varying alternating currents flowing in the three-phase windings
produce a rotating magnetic field that, under steady-state operation, rotates at the same
speed as the rotor (see Chapter 3, Section 3.1.3). The stator and rotor fields react with
each other and an electromagnetic torque results from the tendency of the two fields
to align themselves. In a generator, this electromagnetic torque opposes rotation of the
rotor, so that mechanical torque must be applied by the prime mover to sustain
rotation. The electrical torque (or power) output of the generator is changed only by
changing the mechanical torque input by the prime mover. The effect of increasing
the mechanical torque input is to advance the rotor to a new position relative to the
revolving magnetic field of the stator. Conversely, a reduction of mechanical torque
or power input will retard the rotor position. Under steady-state operating conditions,
the rotor field and the revolving field of the stator have the same speed. However,
there is an angular separation between them depending on the electrical torque (or
power) output of the generator.

In a synchronous motor, the roles of electrical and mechanical torques are
reversed compared. to those in a generator. The electromagnetic torque sustains
rotation while mechanical load opposes rotation. The effect of increasing the
mechanical load is to retard the rotor position with respect to the revolving field of
the stator.

In the above discussion, the terms forque and power have been used
interchangeably. This is common practice in the power system stability literature,
since the average rotational velocity of the machines is constant even though there
may be small momentary excursions above and below synchronous speed. The per
unit values of torque and power are, in fact, very nearly equal.
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Power versus angle relationship

An important characteristic that has a bearing on power system stability is the
relationship between interchange power and angular positions of the rotors of
synchronous machines. This relationship is highly nonlinear. To illustrate this let us
consider the simple system shown in Figure 2.1(a). It consists of two synchronous
machines connected by a transmission line having an inductive reactance X, but
negligible resistance and capacitance. Let us assume that machine 1 represents a
generator feeding power to a synchronous motor represented by machine 2.

The power transferred from the generator to the motor is a function of angular
separation (8) between the rotors of the two machines. This angular separation is due
to three components: generator internal angle &, (angle by which the generator rotor
leads the revolving field of the stator); angular difference between the terminal
voltages of the generator and motor (angle by which the stator field of the generator
leads that of the motor); and the internal angle of the motor (angle by which the rotor
lags the revolving stator field). Figure 2.1(b) shows a model of the system that can
be used to determine the power versus angle relationship. A simple model comprising
an internal voltage behind an effective reactance is used to represent each synchronous
machine. The value of the machine reactance used depends on the purpose of the
study. For analysis of steady-state performance, it is appropriate to use the
synchronous reactance with the internal voltage equal to the excitation voltage. The
basis for such a model and the approximations associated with it are presented in
Chapter 3.

A phasor diagram identifying the relationships between generator and motor
voltages is shown in Figure 2.1(c). The power transferred from the generator to the
motor is given by

EE
= = Ysing 2.1)

"o
|

where

X

r = Xt X Xy

The corresponding power versus angle relationship is plotted in Figure 2.1(d). With
the somewhat idealized models used for representing the synchronous machines, the
power varies as a sine of the angle: a highly nonlinear relationship. With more
accurate machine models including the effects of automatic voltage regulators, the
variation in power with angle would deviate significantly from the sinusoidal
relationship; however, the general form would be similar. When the angle is zero, no
power is transferred. As the angle is increased, the power transfer increases up to a
maximum. After a certain angle, nominally 90°, a further increase in angle results in
a decrease in power transferred. There is thus a maximum steady-state power that can
be transmitted between the two machines. The magnitude of the maximum power is
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Figure 2.1 Power transfer characteristic of
a two-machine system
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directly proportional to the machine internal voltages and inversely proportional to the
reactance between the voltages, which includes reactance of the transmission line
connecting the machines and the reactances of the machines.

When there are more than two machines, their relative angular displacements
affect the interchange of power in a similar manner. However, limiting values of
power transfers and angular separation are a complex function of generation and load
distribution. An angular separation of 90° between any two machines (the nominal
limiting value for a two-machine system) in itself has no particular significance.

The stability phenomena

Stability is a condition of equilibrium between opposing forces. The
mechanism by which interconnected synchronous machines maintain synchronism
with one another is through restoring forces, which act whenever there are forces
tending to accelerate or decelerate one or more machines with respect to other
machines. Under steady-state conditions, there is equilibrium between the input
mechanical torque and the output electrical torque of each machine, and the speed
remains constant. If the system is perturbed this equilibrium is upset, resulting in
acceleration or deceleration of the rotors of the machines according to the laws of
motion of a rotating body. If one generator temporarily runs faster than another, the
angular position of its rotor relative to that of the slower machine will advance. The
resulting angular difference transfers part of the load from the slow machine to the
fast machine, depending on the power-angle relationship. This tends to reduce the
speed difference and hence the angular separation. The power-angle relationship, as
discussed above, is highly nonlinear. Beyond a certain limit, an increase in angular
separation is accompanied by a decrease in power transfer; this increases the angular
separation further and leads to instability. For any given situation, the stability of the
system depends on whether or not the deviations in angular positions of the rotors
result in sufficient restoring torques.

When a synchronous machine loses synchronism or “falls out of step” with the
rest of the system, its rotor runs at a higher or lower speed than that required to
generate voltages at system frequency. The “slip” between rotating stator field
(corresponding to system frequency) and the rotor field results in large fluctuations:
in the machine power output, current, and voltage; this causes the protection system
to isolate the unstable machine from the system.

Loss of synchronism can occur between one machine and the rest of the
system or between groups of machines. In the latter case synchronism may be
maintained within each group after its separation from the others.

The synchronous operation of interconnected synchronous machines is in some
ways analogous to several cars speeding around a circular track while joined to each
other by elastic links or rubber bands. The cars represent the synchronous machine
rotors and the rubber bands are analogous to transmission lines. When all the cars run
side by side, the rubber bands remain intact, If force applied to one of the cars causes
it to speed up temporarily, the rubber bands connecting it to the other cars will
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stretch; this tends to slow down the faster car and speed up the other cars. A chain
reaction results until all the cars run at the same speed once again. If the pull on one
of the rubber bands exceeds its strength, it will break and one or more cars will pull
away from the other cars.

With electric power systems, the change in electrical torque of a synchronous
machine following a perturbation can be resolved into two components:

AT, = TAd+TH A0 (2.2)

where

T¢AS is the component of torque change in phase with the rotor angle
perturbation Ad and is referred to as the synchronizing torque component; T
is the synchronizing torque coefficient.

ThA® is the component of torque in phase with the speed deviation Ao and
is referred to as the damping torque component; 7 is the damping torque
coefficient.

System stability depends on the existence of both components of torque for each of
the synchronous machines. Lack of sufficient synchronizing torque results in
instability through an aperiodic drift in rotor angle. On the other hand, lack of
sufficient damping torque results in oscillatory instability. ‘

For convenience in analysis and for gaining useful insight into the nature of
stability problems, it is usual to characterize the rotor angle stability phenomena in
terms of the following two categories:

(a) Small-signal (or small-disturbance) stability is the ability of the power system
to maintain synchronism under small disturbances. Such disturbances occur
continually on the system because of small variations in loads and generation.
The disturbances are considered sufficiently small for linearization of system
equations to be permissible for purposes of analysis. Instability that may result
can be of two forms: (i) steady increase in rotor angle due to lack of sufficient
synchronizing torque, or (ii) rotor oscillations of increasing amplitude due to
lack of sufficient damping torque. The nature of system response to small
disturbances depends on a number of factors including the initial operating, the
transmission system strength, and the type of generator excitation controls
used. For a generator connected radially to a large power system, in the
absence of automatic voltage regulators (i.e., with constant field voltage) the
instability is due to lack of sufficient synchronizing torque. This results in
instability through a non-oscillatory mode, as shown in Figure 2.2(a). With
continuously acting voltage regulators, the small-disturbance stability problem
is one of ensuring sufficient damping of system oscillations. Instability is
normally through oscillations of increasing amplitude. Figure 2.2(b) illustrates
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(b)

the nature of generator response with automatic voltage regulators.

In today’s practical power systems, small-signal stability is largely a problem
of insufficient damping of oscillations. The stability of the following types of
oscillations is of concern:

* Local modes or machine-system modes are associated with the swinging of
units at a generating station with respect to the rest of the power system.
The term Jocal is used because the oscillations are localized at one station
or a small part of the power system.

e [Interarea modes are associated with the swinging of many machines in one
part of the system against machines in other parts. They are caused by two
or more groups of closely coupled machines being interconnected by weak

ties.

o (Control modes are associated with generating units and other controls.
Poorly tuned exciters, speed governors, HVDC converters and static var
compensators are the usual causes of instability of these modes.

o Torsional modes are associated with the turbine-generator shaft system
rotational components. Instability of torsional modes may be caused by
interaction with excitation controls, speed governors, HVDC controls, and
series-capacitor-compensated lines.

Transient stability is the ability of the power system to maintain synchronism
when subjected to a severe transient disturbance. The resulting system response
involves large excursions of generator rotor angles and is influenced by the
nonlinear power-angle relationship. Stability depends on both the initial
operating state of the system and the severity of the disturbance. Usually, the
system is altered so that the post-disturbance steady-state operation differs
from that prior to the disturbance.

Disturbances of widely varying degrees of severity and probability of
occurrence can occur on the system. The system is, however, designed and
operated so as to be stable for a selected set of contingencies. The
contingencies usually considered are short-circuits of different types: phase-to-
ground, phase-to-phase-to-ground, or three-phase. They are usually assumed
to occur on transmission lines, but occasionally bus or transformer faults are
also considered. The fault is assumed to be cleared by the opening of
appropriate breakers to isolate the faulted element. In some cases, high-speed
reclosure may be assumed.

Figure 2.3 illustrates the behaviour of a synchronous machine for stable and
unstable situations. It shows the rotor angle responses for a stable case and for
two unstable cases. In the stable case (Case 1), the rotor angle increases to a
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Figure 2.3 Rotor angle response to a transient disturbance

-maximum, then decreases and oscillates with decreasing amplitude until it
reaches a steady state. In Case 2, the rotor angle continues to increase steadily
until synchronism is lost. This form of instability is referred to as first-swing
instability and is caused by insufficient synchronizing torque. In Case 3; the
system is stable in the first swing but becomes unstable as a result of growing
oscillations as the end state is approached. This form of instability generally
occurs when the postfault steady-