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Preface

The area of adaptive control has grown to be one of the richest in terms of
algorithms, design techniques, analytical tools, and modifications. Several
books and research monographs already exist on the topics of parameter
estimation and adaptive control.

Despite this rich literature, the field of adaptive control may easily appear
to an outsider as a collection of unrelated tricks and modifications. Students
are often overwhelmed and sometimes confused by the vast number of what
appear to be unrelated designs and analytical methods achieving similar re-
sults. Researchers concentrating on different approaches in adaptive control
often find it difficult to relate their techniques with others without additional
research efforts.

The purpose of this book is to alleviate some of the confusion and diffi-
culty in understanding the design, analysis, and robustness of a wide class
of adaptive control for continuous-time plants. The book is the outcome of
several years of research, whose main purpose was not to generate new re-
sults, but rather unify, simplify, and present in a tutorial manner most of the
existing techniques for designing and analyzing adaptive control systems.

The book is written in a self-contained fashion to be used as a textbook
on adaptive systems at the senior undergraduate, or first and second gradu-
ate level. It is assumed that the reader is familiar with the materials taught
in undergraduate courses on linear systems, differential equations, and auto-
matic control. The book is also useful for an industrial audience where the
interest is to implement adaptive control rather than analyze its stability
properties. Tables with descriptions of adaptive control schemes presented
in the book are meant to serve this audience. The personal computer floppy
disk, included with the book, provides several examples of simple adaptive

xiii
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control systems that will help the reader understand some of the implemen-
tation aspects of adaptive systems.

A significant part of the book, devoted to parameter estimation and
learning in general, provides techniques and algorithms for on-line fitting
of dynamic or static models to data generated by real systems. The tools
for design and analysis presented in the book are very valuable in under-
standing and analyzing similar parameter estimation problems that appear
in neural networks, fuzzy systems, and other universal approximators. The
book will be of great interest to the neural and fuzzy logic audience who
will benefit from the strong similarity that exists between adaptive systems,
whose stability properties are well established, and neural networks, fuzzy
logic systems where stability and convergence issues are yet to be resolved.

The book is organized as follows: Chapter 1 is used to introduce adap-
tive control as a method for controlling plants with parametric uncertainty.
It also provides some background and a brief history of the development
of adaptive control. Chapter 2 presents a review of various plant model
representations that are useful for parameter identification and control. A
considerable number of stability results that are useful in analyzing and un-
derstanding the properties of adaptive and nonlinear systems in general are
presented in Chapter 3. Chapter 4 deals with the design and analysis of on-
line parameter estimators or adaptive laws that form the backbone of every
adaptive control scheme presented in the chapters to follow. The design of
parameter identifiers and adaptive observers for stable plants is presented
in Chapter 5. Chapter 6 is devoted to the design and analysis of a wide
class of model reference adaptive controllers for minimum phase plants. The
design of adaptive control for plants that are not necessarily minimum phase
is presented in Chapter 7. These schemes are based on pole placement con-
trol strategies and are referred to as adaptive pole placement control. While
Chapters 4 through 7 deal with plant models that are free of disturbances,
unmodeled dynamics and noise, Chapters 8 and 9 deal with the robustness
issues in adaptive control when plant model uncertainties, such as bounded
disturbances and unmodeled dynamics, are present.

The book can be used in various ways. The reader who is familiar with
stability and linear systems may start from Chapter 4. An introductory
course in adaptive control could be covered in Chapters 1, 2, and 4 to 9,
by excluding the more elaborate and difficult proofs of theorems that are
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presented either in the last section of chapters or in the appendices. Chapter
3 could be used for reference and for covering relevant stability results that
arise during the course. A higher-level course intended for graduate students
that are interested in a deeper understanding of adaptive control could cover
all chapters with more emphasis on the design and stability proofs. A course
for an industrial audience could contain Chapters 1, 2, and 4 to 9 with
emphasis on the design of adaptive control algorithms rather than stability
proofs and convergence.
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Chapter 1

Introduction

1.1 Control System Design Steps

The design of a controller that can alter or modify the behavior and response
of an unknown plant to meet certain performance requirements can be a
tedious and challenging problem in many control applications. By plant, we
mean any process characterized by a certain number of inputs u and outputs
y, as shown in Figure 1.1.

The plant inputs u are processed to produce several plant outputs y that
represent the measured output response of the plant. The control design task
is to choose the input u so that the output response y(t) satisfies certain given
performance requirements. Because the plant process is usually complex,
i.e., it may consist of various mechanical, electronic, hydraulic parts, etc.,
the appropriate choice of u is in general not straightforward. The control
design steps often followed by most control engineers in choosing the input
u are shown in Figure 1.2 and are explained below.

©©HH
Plant

Process
P

HH©©
Inputs

u
Outputs

y

Figure 1.1 Plant representation.
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2 CHAPTER 1. INTRODUCTION

Step 1. Modeling
The task of the control engineer in this step is to understand the pro-

cessing mechanism of the plant, which takes a given input signal u(t) and
produces the output response y(t), to the point that he or she can describe
it in the form of some mathematical equations. These equations constitute
the mathematical model of the plant. An exact plant model should produce
the same output response as the plant, provided the input to the model and
initial conditions are exactly the same as those of the plant. The complexity
of most physical plants, however, makes the development of such an exact
model unwarranted or even impossible. But even if the exact plant model
becomes available, its dimension is likely to be infinite, and its description
nonlinear or time varying to the point that its usefulness from the control
design viewpoint is minimal or none. This makes the task of modeling even
more difficult and challenging, because the control engineer has to come up
with a mathematical model that describes accurately the input/output be-
havior of the plant and yet is simple enough to be used for control design
purposes. A simple model usually leads to a simple controller that is easier
to understand and implement, and often more reliable for practical purposes.

A plant model may be developed by using physical laws or by processing
the plant input/output (I/O) data obtained by performing various experi-
ments. Such a model, however, may still be complicated enough from the
control design viewpoint and further simplifications may be necessary. Some
of the approaches often used to obtain a simplified model are

(i) Linearization around operating points
(ii) Model order reduction techniques

In approach (i) the plant is approximated by a linear model that is valid
around a given operating point. Different operating points may lead to
several different linear models that are used as plant models. Linearization
is achieved by using Taylor’s series expansion and approximation, fitting of
experimental data to a linear model, etc.

In approach (ii) small effects and phenomena outside the frequency range
of interest are neglected leading to a lower order and simpler plant model.
The reader is referred to references [67, 106] for more details on model re-
duction techniques and approximations.
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Step 3: Implementation
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Figure 1.2 Control system design steps.

In general, the task of modeling involves a good understanding of the
plant process and performance requirements, and may require some experi-
ence from the part of the control engineer.

Step 2. Controller Design
Once a model of the plant is available, one can proceed with the controller

design. The controller is designed to meet the performance requirements for
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