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Foreword

The purpose of this book is to merge, update, and extend the material in both classical power system
analysis books and power economics books, within the framework of currently restructured electric
energy systems. This effort is clearly needed to address the operations and planning problems in
nowadays unbundled generation, transmission, and distribution systems.

In addressing the aforementioned issues, we realized that the challenges were significant. First
of all, we had to provide added value to the reference books on the topic. Fortunately, achieving
this goal was facilitated by the economic and technical revolution that the electric sector has been
undergoing during the last two decades. This revolution has dramatically changed or made obsolete
many important concepts as they are considered in existing books. Another difference between this
and earlier books lies in the addition of some advanced chapters, which are usually covered in
specialized monographs, as well as in the deeper treatment of certain classical topics.

The second and perhaps more difficult challenge was the need to avoid an encyclopedic approach,
both in scope and content. A book coauthored by 24 researchers, each one writing on his own area of
expertise, can easily degenerate into a voluminous collection of disconnected papers, which might
only be useful for a minority of specialists. Being aware of this risk, the authors have made a
significant effort to begin with the basic principles, paying attention to the topics any power engineer
should know, including many solved examples, and directing the reader to other chapters if necessary.
Some redundant material has been intentionally left out in order not to distract the reader’s attention
by cross referencing. An added advantage of the approach used here is that many chapters become
self-sufficient for those readers with a certain background in power systems who simply desire to
keep themselves updated.

Our objective was to keep the spectrum of readers to whom this book is directed fairly broad. On
the one hand, instructors and undergraduate students of engineering schools can use it as a textbook,
with the material being possibly fully covered in two terms. Depending on the particular context, the
instructor may have to pick up only a subset of chapters, discarding those that are covered in other
subjects of the curriculum. This may be the case of protections, overvoltages, synchronous machines,
etc. On the other hand, considering the advanced level of certain chapters, and the inclusion, for the
first time in a textbook of this breadth and depth, of the regulatory issues, which are changing
the electric sector, this volume can also serve as a handbook for graduate students and practicing
professionals who lack the time to search for original sources (papers and technical reports). These
readers will surely welcome the large number of references at the end of each chapter, which will
allow them to acquire a deeper knowledge on the topics of their own interest.

It is assumed here that the reader has a minimum background in algebra (matrices, complex
numbers, etc.), calculus (linear differential equations, Laplace and Fourier transform, etc.), physics
(electromagnetic fields, rotating mass dynamics, etc.), circuits (nodal equations, three-phase circuits,
etc.) and, if possible, electric machines and microeconomics. This is usually the case of those
undergraduate students who enroll for the first time in a course on power system analysis.

Owing to space limitations, the book is mainly focused on the operation of generation and
transmission systems, although part of the material (e.g., certain component models, three- phase
and harmonic load flows, reliability indices and protections) is of application also in the analysis of
distribution networks. For the same reason, the long-term planning problem has not been explicitly
dealt with; nevertheless, several chapters and parts of others (e.g., load flow, generation scheduling,
security, reliability, and stability) present essential tools for network expansion studies, design and
comparison of alternatives, etc., which are directly linked with the short-term planning problem.
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The book has been organized in 12 chapters and 3 appendices, which could have been arranged
in several ways. A possibility could have been to begin with the most classical chapters (load flow,
frequency regulation, economic dispatch, short circuits, and transient stability), and then continue
with what could be labeled advanced topics (market issues, state estimation, electromagnetic tran-
sients, harmonics, etc.). However, it is difficult in many cases to place the division between basic
and advanced material properly speaking, particularly in those chapters specifically dealing with the
operation of generation and transmission systems. The scheme adopted in this book is based instead
on the different working regimes of the power system, which are crucial to determine the techniques
and tools needed to study the time scales involved.

The five chapters following the introductory one cover what is essentially the balanced sinusoidal
steady-state regime, which, rigorously speaking, should be called quasi-steady-state because of the
slow but continuous variation of the loads. In this context, mainly related to the real-time operation
of power systems, phasors and complex power constitute the basic tools on which the different
analytical and computational methods are built. On the other hand, the last six chapters are devoted
to the transient and nonsinusoidal states of a power system, including both balanced and unbalanced
conditions. The system under transients originated by faults is first dealt with, followed by the slower
electromechanical oscillations, to end with the faster electromagnetic transients.

Chapter 1 makes an original presentation of what power systems have been in the past and what
they have become nowadays, from the technical, economical and regulatory points of view. It consti-
tutes by itself very valuable material to be disseminated among those young students who erroneously
believe that professional challenges can only be found in computer engineering and communications.

Besides conventional components, Chapter 2 briefly deals with cables and asynchronous machine
modeling, of renewed interest in view of the growth of distributed generation. An introduction to
load forecasting techniques is also presented.

In Chapter 3, which is devoted to the classic power flow or load flow problem, the section on
large-scale systems, complemented by Appendix A, stands out. The reader may find interesting the
discussion about the simplifications behind the fast decoupled load flow. Power flow and voltage
regulating devices are presented, starting from a common framework, in an original manner.

Chapter 4 provides many more details than it is usual in textbooks about advanced topics related
to state estimation, like nonquadratic estimators and topology error identification.

Chapter 5 starts with a rigorous and general treatment of the economic dispatch problem, paying
special attention to transmission loss coefficients, and finishes with the formulation of the optimiza-
tion problems currently faced by producers, cCOnsumers, and other agents of electricity markets.

The presence of Chapter 6, entirely devoted to the operation of the transmission subsystem, is
new in textbooks of this nature, but we believe it is fundamental to provide a comprehensive view
of all the problems and tasks involved at this level. The new paradigm under which transmission
networks are operated, based on open and nondiscriminatory access, and the resulting challenges are
presented and discussed in this chapter.

The second part of the book starts with Chapter 7, which is devoted to a general treatment of
three-phase linear and nonlinear models of power system components, including power electronics
components, such as filters, voltage-source converters, etc. Several of the models described here are
used in the following chapters.

Chapter 8 comprises two closely related subjects, namely fault analysis, including a brief refer-
ence to grounding systems, and protections. More attention than usual is paid to the matrix-based
systematic analysis of short circuits in large-scale systems.

Automatic regulation and control of voltages and frequency is dealt with in Chapter 9 from a
broader perspective, beginning with local or primary control strategies and ending with the region-
wide secondary and tertiary control schemes. These controls and associated concepts, such as
hierarchical and wide-area control, are presented and discussed within the context of practical grid
requirements in Europe and North America, and in view of their role in competitive electricity
markets, particularly in relation to ancillary services.
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Power system stability analysis is discussed in Chapter 10 in a novel and up-to-date manner.
This chapter assumes that the reader is familiar with basic system element models and controls,
particularly those associated with the synchronous machine, as discussed in Chapters 7 and 9 and
Appendix C. Each stability subtopic, that is, angle, voltage, and frequency stability, is first defined
and the main concepts and analysis techniques are then explained using basic and simple system
models. This is followed by a discussion of practical applications, analysis tools and measures for
stability improvement, closing with a brief description of a real instability event, which is a unique
feature of this book with respect to other textbooks in the topic.

Chapters 11 addresses again the power flow problem but under nonsinusoidal and unbalanced
conditions. This chapter presents advanced topics whose relevance is steadily increasing, given the
growing portion and size of electronic converters connected to power systems.

Ignored or superficially covered in most textbooks, in Chapter 12 analytical and computational
techniques for the study of electromagnetic transients are explained in detail, as well as some related
applications, like propagation and limitation of overvoltages.

The book closes with three appendices covering the solution of large-scale sparse systems of
linear equations (Appendix A), the fundamentals of optimization (Appendix B), and the modeling
of induction and synchronous machines (Appendix C).

The analytical and computational techniques covered in this book have been selected taking into
account that the speed of response in the analysis of very large nonlinear systems is often crucial
for the results to be of practical use. In this sense, electric energy systems constitute a unique case,
because of their size, complexity, and strict control requirements.

We are thankful to all the colleagues, students, and institutions who have helped us in the complex
endeavor of editing and partly writing this book. We hope that this book will be helpful for the new gen-
erations of power engineering students and professionals, which is the sole motivation for this project.

A. Gémez Expésito
Sevilla, Spain

A. J. Conejo
Ciudad Real, Spain

C. Caiiizares
Waterloo, Canada
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1.1 A FIRST VISION

1.1.1 THE ENERGY CHALLENGES IN MODERN TIMES

Energy is a fundamental ingredient of modern society and its supply impacts directly on the social and
economic development of nations. Economic growth and energy consumption go hand-in-hand. The
development and quality of our lives and our work are totally dependent on a continuous, abundant,
and economic energy supply. This reality is being faced worldwide as basic energy resources have
become scarce and increasingly costly. While coal remains an abundant resource, oil and natural gas
supply face restrictions, concerns arising on declining volumes in the long term. This reliance on
energy for economic growth has historically implied dependence on third parties for energy supply,
with geopolitical connotations, as energy resources have not been generally in places where high
consumption has developed. Energy has transformed itself into a new form of international political
power, utilized by owners of energy resources (mainly oil and natural gas).

Within that framework, electricity has become a favorite form of energy usage at the consumer
end, with coal, oil, gas, uranium, and other basic resources used to generate electricity. With its ver-
satility and controllability, instant availability and consumer-end cleanliness, electricity has become
an indispensable, multipurpose form of energy. Its domestic use now extends far beyond the initial
purpose, to which it owes its colloquial name (“light” or “lights”), and has become virtually irre-
placeable in kitchens—for refrigerators, ovens, and cookers or ranges, and any number of other
appliances—and in the rest of the house as well, for air conditioner, radio, television, computers, and



