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Preface

This book describes digital control using
digital signal processors (DSPs). Most textbooks on digital control contain much control
system theory but little information on using DSPs in control systems. Textbooks on DSP
cover digital signal processing well but do not show how to use DSPs in control systems.
This book covers fundamental digital control theory, as well as DSPs and how to use DSPs
in control systems.

This book can be used as part of a first course in digital control systems. It is based on
material taught to practicing engineers at the University of California at Berkeley Extension,
and on material presented in several controls courses taught to graduate and undergraduate
electrical engineering students at San Jose State University. Its level is appropriate for
seniors or graduate students in engineering and practicing engineers for self-study. This
book requires some background in linear systems theory and some understanding of linear
algebra. The first courses in these areas would more than suffice.

The first half of the book (Chapters 1 through 4) covers the basic analysis and design
of digital control systems. The second half (Chapters 5 and 6) covers the fundamentals of
DSPs as well as modern techniques of digital control system design and compensation using
DSPs as discrete controllers.

In Chapter 1 we introduce digital control and contrast it with analog control. There is
a brief discussion of the difference between classical control theory and modern control
theory. We also present an overview of the design process and the role of DSPs in the
design of controt systems. The capabilities of CAE packages and their role in the analysis

and design of digital control systems are covered. The MATLAB and MATRIX_ software
packages, discussed in Appendix A, are tools found to be most useful in the analysis and
design of the digital control systems that are at issue in the following chapters.

Chapter 2 covers the basic mathematics of discrete systems: difference equations, the
unit pulse response, discrete convolution, z-transforms, the discrete system transfer function,
frequency response, Fourier transforms, and mappings from s to z domains. Appendices C
and D, on transform pairs and partial-fraction expansions, should be used in conjunction
with this chapter.

xi
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In Chapter 3 we use discussions of sampled-data systems, state-variable methods,
nonlinear systems issues, stability, and sensitivity analysis to give the reader the basic
knowledge needed to analyze digital control systems. Appendix E, on matrix algebra,
should be reviewed before reading this chapter.

In Chapter 4 we discuss methods used to design control systems and, specifically,
controllers used in control systems. We review design parameters from classical control in
its discussion of steady-state response and cover conventional classical design methods,
such as Bode plots and root locus, and discuss compensation techniques.

Chapter 5 covers the fundamentals of DSPs and shows a general guideline for
selecting DSP chips for specific control system applications. The basics of computer
architecture as necessary DSP background are provided in Appendix H. We compare
analog and digital signal-processing methods and discuss generic DSPs and their
architectures. Software and hardware support tools for commercial DSPs are discussed. We
include examples of the application of DSPs in control systems.

In Chapter 6 we present the fundamentals of modern control systems design,
emphasizing techniques such as state controllability, observability, and pole placement.
There is also a brief discussion of the linear quadratic optimal design methodology. The
implementation of designs as DSPs is stressed. A detailed example from the area of motion
control is included to illustrate these modern design techniques. In addition, the basic ideas
of fuzzy logic control are discussed.

In Appendix A we describe the CAE design and analysis packages MATRIX and
MATLAB, and in Appendix B we describe tools from dSPACE which are used in the
implementation of DSP technology in control systems. Appendices C, D, and E provide
tables of z-transforms and Laplace transforms, a description of the partial-fraction expansion
method, and a description of matrix analysis, respectively. Appendix F contains a functional
description of some of the most popular motion controller boards. In Appendix G we give
examples of some DSP programs written for control system applications. Appendix H
covers the basics of computer architecture.

Undergraduate students should find that the first half of the book, together with
selected topics from the final two chapters, provides an adequate introduction to the
business of digital control systems, an increasingly important topic of concern in the
unfolding of the Information Era. As the century comes fo. a close, the Age of Energy is
shifting into the Age of Information. That disciplines, such as control systems, focused for
so long in the analog world, are more and more favoring digital representations and
implementations comes as no surprise to most people today. Students, in particular, seem to
have no reluctance toward embracing the digitalness of contemporary reality. Graduate
students should find sufficient material in the six chapters of the text for a first-year grad
course in digital controls using DSPs. They might find that the first three chapters need
only be reviewed because most of the material therein has probably been encountered in
undergraduate courses.

Instructors might want to skip some material, such as the discussion of discrete
equation solutions in the early part of Chapter 2, or they may want to supplement the
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material in various places, such as the classical frequency-domain topics in Chapter 3, which
consider Bode and root-locus analysis but not Nyquist analysis. If students already have a
good digital controls background, Chapter 5 on DSP material can be studied independently.
Then if the instructor supplements the material with topics from the controls literature,
Chapter 5 coupled with Chapter 6 on modern design techniques using DSPs should make a
good graduate course at a more advanced level.

If the reader is already a practicing engineer, the book can serve as a reference for
digital controls using DSPs, in particular, a theoretical framework for digital controls, the
practical aspects with which the reader may be conversant. The use of computer-assisted
engineering (CAE) tools should be' of special interest to the practicing engineer, who
generally needs to handle higher-order systems than most texts deal with.
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CHAPTER1

Introduction to Digital Control Using
Digital Signal Processing

1.1 BACKGROUND

I n this book we introduce the reader to the
challenging process of implementing discrete system design concepts by programming
digital signal processors (DSPs) to function as controllers in digital control systems. Fig.
1.1 indicates a standard feedback control system configuration. The plant is the process to
be controlled. The feedback element is typically a sensor that feeds the plant output back to
the input side of the system. The essential task of the designer is to determine the structure
of the controller, which is driven by the difference between the input and fed-back output
signals.
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+
Input——F—=|  Controller » Plant Output

Feedback
element

Figure 1.1  Block diagram of a standard feedback control system.

Traditionally, control systems have been designed and analyzed using analog
techniques, and their controllers have been implemented with analog components, such as
resistors, capacitors, and operational amplifiers. But today, because of the explosive growth
and expanding efficiency of digital technology, controllers are typically implemented as
programmable digital hardware or as programs on digital computers. The concepts and
techniques for analysis and design of digital controllers, implemented as DSPs, are central
concerns of this book.

To be useable by digital computers, analog signals need to be sampled and converted
to digital form by an analog-to-digital (A/D) converter (also known as an ADC). After
being processed by the digital computer, the digital signals need to be converted back to
analog form by a digital-to-analog (D/A) converter (DAC). Such a configuration of ADCs,
DACs, analog systems to be controlled, sensors, and digital computers functioning as
controllers is called a sampled-data system. Fig. 1.2 indicates a standard sampled-data
digital feedback control system configuration.

+ Microcontroller/
Input—{ ADC ®— DSP/ DAC Plant — Output
= | Digital computer

| ADC Sensor |=

Figure 1.2  Block diagram of a standard digital control system.

Although the expression digital control system refers to a control system some part of
which is in digital form (and that generally means a sampled-data control system),
occasionally we may have a plant completely described by digital mathematics, and when
this plant is combined with a digital controller, the system is entirely digital.

Readers may be familiar with the basic ideas of analog control systems analysis and
design. Many of the ideas of digital analysis and design transfer over directly from the
analog world. Those that do not, of course, require more elaboration. For example, the use



1.2 Digital Control versus Analog Control 3

of digital computers and microcontrollers such as DSPs in the loop for controlling systems
is a very different procedure than using computers outside the loop, as is common in the
analysis and design of both analog and digital controllers. Within the closed loop of a
feedback system, a DSP functions as an information-processing device. Similar to the way
in which philosopher of technology Albert Borgmann distinguishes between information
about reality and information for reality [1], we might say that a computer in the loop (e.g.,
a DSP) provides information for the system, whereas a computer outside the loop only
provides information about the system.

Although the DSP is an information transformation device, the systems to be
controlled, systems such as airplanes or robots or air conditioners, are primarily energy-
based devices. But the notions of energy and information are hard to separate. Energy- .
based systems typically include their information-based controllers, and these controllers, in
turn, inform the energy-based systems of which they are a part. At the close of the
twentieth century, we are witnessing the rapid proliferation of information-based technology
and the gradual diminution of energy-based technology: the postindustrial era is shaping up
as the age of information. Yet it seems unlikely that information will totally supplant
energy— that virtual reality will totally replace actual reality. The physical,- mechanical, and
energy aspects of control systems will be essential components for some time to come,
because a control system generally seeks to provide or prevent a physical displacement or
motion of some kind, and displacement and movement are classical energy notions.
Although the hardware or mechanical aspects of energy-based systems tend to become less
obtrusive and less obvious to the user, such aspects continue to be of concern to control
systems engineers. Despite the recent shift in emphasis between the two, energy and
information both play important roles in the control systems of today.

1.2 DIGITAL CONTROL VERSUS ANALOG CONTROL

Fig. 1.3 (elaborated from Fig. 1.1) shows a block diagram representation of a typical analog
control system. The basic components of the loop in Fig. 1.3 are the controller, the plant,
and the feedback blocks, represented, respectively, by the transfer functions G (s), G,(s),
and H(s). Controllers or compensators are usually filters used to compensate or change the
frequency response of the system. R(s) is the Laplace transform of the input and C(s) is the
Laplace transform of the output.
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Input + G, (9) Gp(s) ' Output
A(s) = Cs)

H(S) |=-

Figure 1.3  Block diagram of an analog control system.

If the output of the summing device is E(s), then

C@s) MGs) = G.(5)G,(s)
Rs) 1+ G.(s)G,(s)H(s) (1.1)
and
Gc(s)Gp(s)E(s) = C(s) (1.2)
from which
@ = M(s) = G.(6)G, () (1.3)
Rs) 1+ G.(5G,H(s) '

M(s) is called the closed-loop transfer function. (We assume that readers are familiar with
the Laplace transform and the concept of transfer function as the ratio of Laplace transform
of output to Laplace transform of input.)

Fig. 1.4 (elaborated from Fig. 1.2) shows a block diagram of a basic digital control
system.

Input : | G.(2) Gy (2) Output
A(2) - a2

H2) =

Figure 1.4  Digital control systemn block diagram.



