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| PREFACE

The emphasis of this fourth edition is on strengthening its use as a textbook for under-
graduates who desire to obtain a solid foundation in control theory. Both analog and
sampled-data single-input single-output (SISO) feedback-control systems are cov-
ered in detail. This has been accomplished by deleting the optimal control chapters
of the prior editions and by strengthening the digital control chapter. The text was
further strengthened by improving the latter chapters, which present an introduction
to advanced control system design techniques for both SISO and multiple-input and
multiple-output (MIMO) control systems. These latter chapters are intended for ad-
vanced undergraduate and first-year graduate students majoring in control theory. A
major revision has also been made in the problem section. To support this emphasis,
revisions were incorporated throughout this new edition to enhance the clarity and
- 1o streamline for the student a comprehensive presentation of control theory and de-
sign. Extensive use is made of computer-aided-design (CAD) packages to assist and
simplify the design process.

The authors have exerted meticulous care with explanations, diagrams, calcu-
lations, tables, and symbols. The student is made aware that rigor is necessary for
design applications and advanced control work. Also stressed is the importance of
clearly understanding the concepts that provide the rigorous foundations of modern
control theory. The text provides a strong, comprehensive, and illuminating account
of those elements of conventional control theory that have relevance in the analysis
and design of control systems. The presentation of a variety of different techniques
contributes to the development of the student’s working understanding of what A. T.
Fuller has called “the enigmatic control system.” To provide a coherent development
of the subject, an attempt is made to eschew formal proofs and lemmas, with an or-
ganization that draws the perceptive student steadily and surely into the demanding
theory of multivariable control systems. Design examples are included throughout
each chapter in order to enhance and solidify the student’s understanding of the text
material. It is the opinion of the authors that a student who has reached this point is
fully equipped to undertake with confidence the challenges presented by more ad-
vanced control theories, as typified by Chapters 16 through 18. The importance and
necessity of making extensive use of computers is emphasized by references to com-
prehensive computer-aided-design (CAD) programs. The book uses the computer

xiii



XiV  PREFACE

programs MATLAB®, by The MathWorks, Inc.; ICECAP-PC; and TOTAL-PC (see
App. B). These programs have viable control system computational tools.

After much consideration, it was decided to retain Chapter 2, which sets forth
the appropriate differential equations to describe the performance of physical sys-
tems, networks, and devices. Some elementary matrix algebra, the block diagram,
and the transfer function are also included. The essential concept of modern control
theory, the state space, is also introduced. The approach used is the simultaneous
derivation of the state-vector differential equation with the single-input single-output
(SISO) differential equation for a chosen physical system. The relationship of the
transfer function to the state equation of the system is deferred until Chapter 4. The
derivation of a mathematical description of a physical system by using Lagrange
equations is also given.

Chapter 3 serves as reference material for the reader, presenting the classical
method of solving differential equations and the nature of the resulting response.
Once the state-variable equation has been introduced, careful account is given of its
solution. The central importance of the state transition matrix is brought out, and the
state transition equation is derived. The idea of an eigenvalue is next explained, and
this theory is used with the Cayley-Hamilton and Sylvester theorems to evaluate the
state transition matrix.

The early part of Chapter 4 presents a comprehensive description of Laplace
transform methods and pole-zero maps. Some further aspects of matrix algebra are
introduced before the solution of the state equation by the use of Laplace transforms
is dealt with. Finally, the evaluation of transfer matrices is clearly explained.

Chapter 5 begins with system representation by the conventional block-
diagram approach. It is followed by a straightforward account of simulation dia-
grams and the determination of the state transition equation by the use of signal
flow graphs. By deriving parallel state diagrams from system transfer functions, the
advantages of having the state equation in uncoupled form are established. This is
followed by the methods of diagonalizing the system matrix, a clear treatment of how
to transform an A matrix that has complex eigenvalues into a suitable alternative
block-diagonal form, and the transformation to companion form.

In Chapter 6 the basic feedback system characteristics are introduced. This
includes the relationship between system type and the ability of the system to follow
or track polynomial inputs.

In Chapter 7 the details of the root-locus method of analysis are thoroughly pre-
sented. Then the frequency-response method of analysis is given in Chapters 8 and
9, using both the log and the polar plots. These chapters include the following top-
ics: Nyquist stability criterion; correlation between the s plane, frequency domain,
and time domain; and gain setting to achieve a desired output response peak value.
Chapters 10 and 11 describe the methods for improving system performance, along
with examples of the techniques for applying cascade and feedback compensators.
Both the root-locus and frequency-response methods of designing compensators are
covered. Use of computer-aided-design (CAD) programs to assist the designer is
illustrated throughout the text.

The concept of modeling a desired control ratio that has figures of merit that
satisfy the system performance specifications is developed in Chapter 12. The sys-
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tem inputs generally fall into two categories: (1) a desired input, which the system
output is to track (a tracking system), and (2) a disturbance input, for which the
system output is to be minimal (a disturbance-rejection system). Desired control
ratios for both types of systems are synthesized by the proper placement of poles
and inclusion of zeros, if required. Chapter 12 also includes the Guillemin-Truxal
design procedure for designing a tracking control system and a design procedure
emphasizing disturbance rejection. .

The technique of achieving desired system characteristics by using com-
plete state-variable feedback is developed thoroughly and carefully in Chapter
13. The very important concepts of modern control theory—controllability and
observability—are treated in a simple, straightforward, and correct manner. This
provides a useful foundation for the work of Chapters 16 and 17.

Chapter 14 includes a presentation of the sensitivity concepts of Bode for the
variation of system parameters. Also included is the method of using feedback trans-
fer functions to form estimates of inaccessible states for use in state feedback. An
account of trajectories in the state space and some associated phase-plane techniques
are also given. A feature of this approach is that the arguments are extended to non-
linear systems. The treatment of such systems by linearization is presented.

Chapter 15 presents an introduction to the analysis and design of digital control
systems. This permits an extension from linear control system design to the rapidly
growing area of digital control. The effectiveness of digital compensation is clearly
demonstrated. The concept of a pseudo-continuous-time (PCT) model of a digital
system permits the use of continuous-time methods for the design of digital control
systems.

Chapter 16 provides a thorough presentation of the principles and techniques
of entire eigenstructure assignment for MIMO systems by means of state feedback.
Eigenvalue assignment is extended to include the simultaneous assignment of the
associated eigenvectors and provides the means for shaping the output response to
meet design specifications.

There are many worthwhile control system design techniques available in the
technical literature, which are based on both modern and conventional control the-
ory. The applicability of each technique may be limited to certain classes of design
probiems. The controt engineer must have a sufficiently broad perspective to be able
to apply the right technique to the right design problem. For some techniques the
designer is assisted by available computer-aided-design (CAD) packages. Design
techniques such as LQR, LQG, or LTR are thoroughly covered in the literature. Two
design techniques that have very desirable design characteristics for MIMO systems
are covered in detail in this text. Chapter 17 presents an output feedback state-space
technique based on singular perturbation theory. This leads to the design principles
developed by Professor B. Porter, which incorporate proportional plus integral con-
trollers. Application to a practical aircraft control system is demonstrated. Chapter
18 presents a control system design method based on quantitative feedback theory
(QFT). This is a very powerful design method when plant parameters vary over a
broad range of operating conditions. Chapter 18 presents an introduction to and lays
the foundation for the quantitative feedback theory (QFT) developed by Professor
1. M. Horowitz. This technique incorporates the concept of designing a robust control
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system that maintains the desired system performance over a prescribed region of
structured plant parameter uncertainty. The authors feel that these methods have
proven their applicability to the design of practical MIMO control systems. These
chapters are intended to further strengthen the fundamentals presented earlier in
the text and to “whet the appetite” of the budding control engineer. They are very
effective in achieving robust output feedback high-gain systems.

This textbook provides students of control engineering with a clear, unambigu-
ous, and relevant account of appropriate, contemporary, and state-of-the-art control
theory. It is suitable as an introductory and bridging text for undergraduate and grad-
uate students.

The text is arranged so that it can also be used for self-study by the engineer in
practice. Included are many examples of feedback control systems in various areas
of practice (electrical, aeronautical, mechanical, etc.). It is a strong basic feedback
control text that can be used for study in any of the various branches of engineer-
ing. To make the text meaningful and valuable to all engineers, the authors have
attempted to unify the treatment of physical control systems through use of math-
ematical and block-diagram models common to all. The text has been thoroughly
class-tested, thus enhancing its value for classroom and self-study use. There are
many computer-aided-design (CAD) packages available to assist a control engineer
in the analysis, design, and simulation of control systems. Some of these are listed
in App. B. The use of these packages, such as MATLAB, ICECAP-PC and TOTAL-
PC, are stressed throughout the text. In adapting to the use of these packages, an
engineer must become computer literate. Throughout the text the authors stress the
use of computer-aided-design accuracy checks (CADAC), in order to assist the en-
gineer in becoming computer literate. CADAC stresses the use of the appropriate
fundamentals in assuring the viability of a computer solution.

The authors express their thanks to the students who have used this book and
to the faculty who have reviewed it for their helpful comments and recommenda-
tions. Especial appreciation is expressed to Dr. R. E. Fontana, Professor Emeritus of
Electrical Engineering, Air Force Institute of Technology, for the encouragement he
has provided, and to Dr. T. J. Higgins, Professor Emeritus of Electrical Engineering,
University of Wisconsin, for his thorough review of the earlier manuscripts.

Appreciation is expressed to Professor Donald McLean, the University of
Southampton, England, formerly a visiting Professor at the Air Force Institute of
Technology. Our association with him has been an enlightening and refreshing expe-
rience. Important advanced concepts are based on collaborative work with Professor
Brian Porter, University of Salford, England, and Isaac M. Horowitz, Professor
Emeritus, Weizmann Institute of Science, Rehovot, Israel and University of Cali-
fornia, Davis. The personal relationship with them has been a source of inspiration
and deep respect.

John J. D' Azzo
Constantine H. Houpis
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