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PREFACE

This book represents a fairly extensive revision of the 1977 edition of
DIGITAL CONTROL SYSTEMS published by the SRL Publishing Company.
Since 1963, the author has written several books on the subject of digital and
sampled-data control systems. The first text, ANALYSIS AND SYNTHESIS
OF SAMPLED-DATA CONTROL SYSTEMS, was published in 1963 by
Prentice-Hall, Inc. This earlier book features the classical analysis and design of
sampled-data control systems, and has a chapter on nonlinear systems. In gen-
eral, the book treats a wide range of sampled~lata control systems problems in
a comprehensive manner. The second book, DISCRETE-DATA CONTROL
SYSTEMS, was published in 1970 by Prentice-Hall, Inc. The book represents
a completely new approach from the 1963 edition by concentrating on the
state variable approach and modern control theory. DIGITAL CONTROL
SYSTEMS is a complete revision and expansion of DISCRETE-DATA CON-
TROL SYSTEMS.

In the 1960°s, at the height of the expansion of the aerospace industries,
development of sampled-data control systems theory enjoyed the most prolific
period. A large number of papers and bcoks were published during this period
on discrete-data and sampled-data control systems. In recent years although
research and development activities in the aerospace sector have stabilized, the
advances made in microcomputers and microprocessors and the process control
industry have infused new life to the growth of digital control systems. How-
ever. the popularity of microprocessor control has put new emphasis on digital
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Preface

control systems theory. Because microprocessors are slow digital machines, and
are usually equipped with a small wordlength, it is necessary to place impor-
tance on these constraints and the effects of time delays and amplitude quanti-
zation when designing a digital control system. Many practicing engineers apply
microprocessors in control systems simply by implementing an analog control
algorithm and using a very small sampling period, in order to keep the overall
system stable. While this scheme may work in many non-critical situations,
it would not be an acceptable solution for more critical design cases.

For those who are familiar with the first edition, DIGITAL CONTROL
SYSTEMS, the following major revisions are made in the current edition:

1.

The conventional analysis and design methods are expanded. This
step was taken because a majority of the systems designed in the
industry still rely on the use of the conventional design techniques,
This happens to be true for both analog and digital control systems.
The design of digital control systems is greatly expanded. Chapter 10
presents a variety of the design techniques encompassing the con-
ventional as well as the modern control theory.

A chapter on microprocessor control is introduced. It is difficult to
draw a line on how much and what portion of the microprocessor
applications should be included in a text such as this. Most electrical
engineering curricula now have courses on the application of micro-
processors. The author believes that the learning of the programming
aspects should not belong to this book. However, it is impossible that
every reader of this text is proficient in microcomputer programming.
It is quite possible that the control system engineer is assigned with
the task of designing the digital control system, and a programmer or
software engineer would probably be more proficient in programming
the digital controller. However, it is important that the control system
designer understands how a microcomputer works, and all the pro-
gramming ramifications, so that a realistic digital controller can be
designed subject to all the physical constraints of the microcomputer.
With this in mind, Chapter 14 introduces the basic components and
the programming logic of a microprocessor without dwelling into
specific details, but places emphasis on pointing out all the effects due
to time delays and quantization due to a finite wordlength.

In order to conserve space and make room for all the expanded ma-
terial. the chapters on statistical design have been eliminated. Since
this new edition is now intended to be used at the senior or first-year
graduate level, the omission of the material on statistical design may
not be a serious handicap to the majority of the users.

The home problems have been expanded. Many practical analysis and
design problems are introduced in the problem sections.
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As a college text, the material presented should be more than adequate
for a one-semester course. This will give the instructor some flexibility in
selecting the subjects he would like to cover. All the material has been class-
tested by the author teaching at the University of Illinois at Urbana-Champaign.
The book is also prepared with the needs of the practicing engineers in mind;
it should be suitable as a reference and for self-study purposes.

It is assumed that the reader has a knowledge on the basic principles of
feedback control systems. Background on the basics of matrix algebra, Laplace
transform is essential. A prior knowledge of the state-variable analysis and
microprocessor programming would be helpful.

Chapter 1 gives a general introduction to the subject of digital control sys-
tems. Some typical examples of digital control systems are presented.

Chapter 2 covers signal conversion, signal processing, and the sampling
operation. It gives the motivation to the mathematical and analytical treatment
of digital data and signals in control systems. Chapter 3 gives a careful treat-
ment of the z-transform theory. Modified z-transform, signal flow graph appli-
cations, and nonuniform and multirate digital control systems are included in
the chapter. Chapter 4 gives a comprehensive treatment of state variable
technique applied to digital systems. Time-invariant as well as time-varying
systems are included. Chapter 5 covers the subject on stability. Various me-
thods of testing the stability of linear digital control systems are given. The
second method of Liapunov and its use in optimal system design is also covered.
The subject on digital simulation is given in Chapter 6. Numerical integration
and the z-form methods are discussed. Also included in this chapter is the
subject on digital redesign, which is on how to approximate a continuous-data
system by an equivalent digital system. Chapter 7 is on time-domain analysis
of digital control systems. Emphasis is placed on the prediction of time re-
sponse from pole-zero locations, root locus method, steady-state and transient
analysis. Chapter 8 is on frequency-domain analysis of digital control systems.
The conventional methods such as the Nyquist criterion, Bode plot, Nichols’
chart, gain margin and phase margin are all extended to digital control systems.
Chapter 9 is devoted to the subject on controllability, observability and time-
optimal control. Chapter 10 covers a wide range of design techniques, from
conventional to state-feedback and output-feedback controls. Chapters 11
through 13 are devoted to optimal control of digital control systems. The sub-
Jects include maximum principle, optimal linear regulator design, dynamic
programming, sampling-period sensitivity, and observer design. The last chap-
ter, Chapter 14, is on microprocessor control.

The book contains a large number of illustrative examples, and many are
derived from the practical experiences of the author, although most problems
are simplified in order to be suitable for textbook presentation. Many practical
digital control systems problems are given in the problems section at the end
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of each chapter. A solution manual to the problems is available, and qualified
users should make inquiry to the publisher.

The auther is grateful to many of his graduate students whose assistance
in the form of thesis work and classroom discussions has contributed in many
ways to the preparation of this book. He wishes to acknowledge his daughter
Tina for doing most of the illustrations in the book, and his other two daugh-
ters, Lori and Linda, for proofreading the typed manuscript. Special thanks go
to Jane Carlton, his former secretary, for typing the complete manuscript in a
professional and efficient manner. Finally, the author wishes to pay tribute
to his wife, Margaret, for her contribution in many ways to this and many
other projects throughout the years Without her moral and physical assis-
tance, these projects could never have been accomplished.

B. C. Kuo
Champaign, Illinois
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.
INTRODUCTIGN

1.1 INTRODUCTION

In recent years significant progress has been made in discrete-data and digital
control systerns. These systems have gained popularity and importance in all
industries due in part to the advances made in digital computers, and more
recently in microcomputers, as well as the advantages found in working with
digital signals.

Discrete-data and digital control systems differ from the continuous-data
or analog systems in that the signals in one or more parts of these systems are
in the form of either a pulse train or a numerical code. The terms, sampled-data
systems, discrete-data systems, discrete-data, discrete-time systems, and digital
systems have been used loosely in the control literature. Strictly, sampled-data
refers to signals that are pulse-amplitude modulated, that is, trains of pulses
with signal information carried by the amplitudes, whereas digital data usually
refer to signals which are generated by digital computers or digital transducers
and thus are in some kind of coded form. However, it will be shown later that
a practical system such as an industrial process control usually is of such com-
plexity that it contains analog and sampled as well as digital data. Thercfore, in
this text we shall use the term discrete-data systems in a broad sense to describe
all systems in which some form of digital or sampled signals takes place.

5506520



2 Introduction

Figure 1-1 shows the basic elements of a typical closed-loop control sys-
tem with sampled data. The sampler simply represents a device or operation at
the output of which the signal is of the form of a periodic or aperiodic pulse
train, with no information transmitted between two consecutive pulses. Figure
1-2 illustrates a common way of how a sampler operates. A continuous input
signal e(t) is sampled by a sampler, and the output of the sampler is a sequence
of pulses. In the present case the sampler is assumed to have a uniform sam-
pling rate. The magnitudes of the pulses at the sampling instants represent the
values of the input signal e(t) at the corresponding instants. In general, the
sampling schemes exist in many variations; some of these are the periodic,
cyclicrate, multirate, random, and pulsewidth modulated samplings. The most
common variations found in practical systems are the single-rate and multirate
samplings. These various types of sampling and their effects will be discussed
in the subsequent chapters of this book.

r(t) e(t) e¥(1) CONTROLLED
. SAMPLER FILTER PROCESS

+ ¢(t)

Fig. 1.1. Closed-loop sampled-data control system.

e(t) " (1) -
P

| NP ||
, \/ Termar L7

{a) {b)

Fig. 1-2. (a) Continuous-data input to sampler.
(b) Discrete-data output of sampler.

The filter located between the sampler and the cantrolled process is used
for the purpose of smoothing, since most controlled processes are naturally
designed and constructed to receive analog signals. "

A digital control system is defined as one in which the signal at one or
more points of the system is expressed in a numerical code for digital-computer
or digital-transducer processing in the system. The block diagram of a typical
digital control system is shown in Fig. 1-3. The appearance of digitally-coded
signals, such as binary-coded, in certain parts of the system requires the use of
digital-to-analog (D/A) and analog-to-digital (A/D) converters. Although there

-are basic differences between the structures and components of a sampled-data
and a digital control system, we shall show that from an analytical standpoint
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DIGITAL
CODE | DIGITAL DIGITAL- TO - CONTROLLED { QUTPUT
INPUT | COMPUTER ANALOG CONVERTER PROCESS

ANALOG - TO-
DIGITAL CONVERTER

Fig. 1.3. A typical digital control system.

both types of systems are treated by the same analytical tools.

The use of sampled data in control systems can be traced back to at least
seventy years ago. Some of these early applications of sampled data were for
the purpose of improving the performance of the control system in one form or
another. Forinstance, in the chopper-bar galvanometer described by Oldenbourg
and Sartorious [1], (see Fig. 1-4) the sampling operation produces greater sys-
tem sensitivity to a low-level input signal.

With reference to Fig. 1-4, a small signal is normally applied to the galva-
nometer coil. The chopper bar is lowered periodically, and the projected
pointer of the galvanometer causes the load to be driven in proportion to the
signal strength. The torque which is applied to the load shaft is thus determined
by the chopper-bar drive rather than just by the torque developed in the galva-
nometer coil.

Another known example of an early application of the sampling concept
in control systems is the constant-tempera‘ure oven devised by Gouy [2]. The
system consists of the elements shown in Fig. 1-5. The purpose of this system

Chopper-bor

Galvanometer

Motor driven
com

Fig. 1-4. Chopper-bar galvanometer.



4 Introduction

is to maintain a constant temperature in the oven at all times. Whenever the
electrical contact rod is immersed in the mercury, current flows in the relay
coil causing the relay to open, and thus interrupt the heating current. Since the
contact is periodically dipped into the mercury, the heating current consists of
a sequence of pulses. Furthermore, since the time that the contact is immersed
in the mercury depends upon the level of the mercury, and the level in turn
depends upon the temperature of the oven, the pulse widths of the heating
current are varied in proportion to the temperature of the oven, but the pulses
all have equal amplitudes. A typical set of signals of the sampled-data tempera-
ture control system is shown in Fig. 1-6. In contrast to the conventional sam-
pling scheme, such as the one described in Fig. 1-2, in which the amplitude of
the signal is sampled and transmitted by the amplitude of a pulse, the sampled-
data shown in Fig. 1-6 have a constant pulse amplitude, but with the signal in-
formation carried by the widths of the pulses. Therefore, we see that in prac-
tice there are many ways of sampling a signal, or perhaps more appropriately,
of representing a signal in sampled form.

Vv

Normatly closed
i reloy contacts

Contact rod
Mercury

(LI /]
Heating

Oven

Fig. 1-5. A constant-temperature oven control system utilizing sampled-

. data.
Temperature Heating Pulse width
of oven current of proportional
h{t) oven amplitude ot
hrt) h(t) ot t=n

O Larng

kT (k+0)T (k+2)T (k+3)T (k+4)T

Fig. 1-6. Input and output of pulsewidth sampler.



