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Preface

This book provides an introduction to the basic principles &mols for the design
and analysis of feedback systems. It is intended to serveeasd audience of
scientists and engineers who are interested in undersgadd utilizing feedback
in physical, biological, information and social systems Néve attempted to keep
the mathematical prerequisites to a minimum while beingfcdmnot to sacrifice
rigor in the process. We have also attempted to make use ofigga from a
variety of disciplines, illustrating the generality of nyaof the tools while at the
same time showing how they can be applied in specific apphicatbmains.

A major goal of this book is to present a concise and insightiew of the
current knowledge in feedback and control systems. The fielebofrol started
by teaching everything that was known at the time and, as mawledge was
acquired, additional courses were developed to cover nelanigues. A conse-
guence of this evolution is that introductory courses haeained the same for
many years, and it is often necessary to take many individoatses in order
to obtain a good perspective on the field. In developing thiskbave have at-
tempted to condense the current knowledge by emphasizimtafuental concepts.
We believe that it is important to understand why feedbaalseful, to know the
language and basic mathematics of control and to grasp thedmdigms that
have been developed over the past half century. It is alsoritapt to be able to
solve simple feedback problems using back-of-the-eneetephniques, to recog-
nize fundamental limitations and difficult control problearsd to have a feel for
available design methods.

This book was originally developed for use in an experimecoalrse at Cal-
tech involving students from a wide set of backgrounds. Thesswas offered to
undergraduates at the junior and senior levels in traditiengineering disciplines,
as well as first- and second-year graduate students in emgigead science. This
latter group included graduate students in biology, compsitience and physics.
Over the course of several years, the text has been classested at Caltech and
at Lund University, and the feedback from many students alidagues has been
incorporated to help improve the readability and acce#yilof the material.

Because of its intended audience, this book is organizedslightly unusual
fashion compared to many other books on feedback and cohtrparticular, we
introduce a number of concepts in the text that are normabgnved for second-
year courses on control and hence often not available t@stadvho are not con-
trol systems majors. This has been done at the expense ohdeatditional top-
ics, which we felt that the astute student could learn inddpatly and are often
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explored through the exercises. Examples of topics that we inaluded are non-
linear dynamics, Lyapunov stability analysis, the matsip@nential, reachability
and observability, and fundamental limits of performanod eobustness. Topics
that we have deemphasized include root locus techniqued/|dg compensation
and detailed rules for generating Bode and Nyquist plotsamdh

Several features of the book are designed to facilitate asfduction as a basic
engineering text and as an introduction for researcheratimral, information and
social sciences. The bulk of the material is intended to bd usgardless of the
audience and covers the core principles and tools in theysinadnd design of
feedback systems. Advanced sections, marked by the “dangdrend” symbol
shown here, contain material that requires a slightly mechnical background,
of the sort that would be expected of senior undergraduatesdineering. A few
sections are marked by two dangerous bend symbols and areled for readers
with more specialized backgrounds, identified at the beguoif the section. To
limit the length of the text, several standard results aridresions are given in the
exercises, with appropriate hints toward their solutions.

To further augment the printed material contained here napamion web site
has been developed and is available from the publisher'spagb:

http://www.cds.caltech.edumurray/amwiki

The web site contains a database of frequently asked questiopplemental ex-
amples and exercises, and lecture material for coursed bagdéis text. The mate-
rial is organized by chapter and includes a summary of themnpajints in the text
as well as links to external resources. The web site also icenifae source code
for many examples in the book, as well as utilities to implatribe techniques
described in the text. Most of the code was originally writtesing MATLAB M-
files but was also tested with LabView MathScript to ensure caififity with
both packages. Many files can also be run using other scrifatiggiages such as
Octave, SciLab, SysQuake and Xmath.

The first half of the book focuses almost exclusively on stadéesgontrol sys-
tems. We begin in Chapter 2 with a description of modelingtofgical, biolog-
ical and information systems using ordinary differentiqliations and difference
equations. Chapter 3 presents a number of examples in sdaik demarily as a
reference for problems that will be used throughout the tesitowing this, Chap-
ter 4 looks at the dynamic behavior of models, including de&ding of stability
and more complicated nonlinear behavior. We provide add@sections in this
chapter on Lyapunov stability analysis because we find thatiseful in a broad
array of applications and is frequently a topic that is nataduced until later in
one’s studies.

The remaining three chapters of the first half of the book foculnear sys-
tems, beginning with a description of input/output behaindChapter 5. In Chap-
ter 6, we formally introduce feedback systems by demornistrditow state space
control laws can be designed. This is followed in Chapter 7 hyemal on output
feedback and estimators. Chapters 6 and 7 introduce thedkeepts of reacha-
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bility and observability, which give tremendous insighbithe choice of actuators
and sensors, whether for engineered or natural systems.

The second half of the book presents material that is oftesidered to be
from the field of “classical control.” This includes the tramsfunction, introduced
in Chapter 8, which is a fundamental tool for understandegdback systems.
Using transfer functions, one can begin to analyze thelgtadi feedback systems
using frequency domain analysis, including the abilitygason about the closed
loop behavior of a system from its open loop characterislibss is the subject of
Chapter 9, which revolves around the Nyquist stabilityseran.

In Chapters 10 and 11, we again look at the design problenusiiog first
on proportional-integral-derivative (PID) controllersdahien on the more general
process of loop shaping. PID control is by far the most comnesigh technique
in control systems and a useful tool for any student. The enamt frequency
domain design introduces many of the ideas of modern cotitealry, including
the sensitivity function. In Chapter 12, we combine the itsftom the second half
of the book to analyze some of the fundamental trade-offgdxen robustness and
performance. This is also a key chapter illustrating the pa@i/the techniques that
have been developed and serving as an introduction for nuwanaed studies.

The book is designed for use in a 10- to 15-week course in fekdbastems
that provides many of the key concepts needed in a varietisoijdines. For a 10-
week course, Chapters 1-2, 4—6 and 8-11 can each be covarateiek’s time,
with the omission of some topics from the final chapters. A neisurely course,
spread out over 14-15 weeks, could cover the entire book, 2witeeks on mod-
eling (Chapters 2 and 3)—particularly for students withowtch background in
ordinary differential equations—and 2 weeks on robustgrarince (Chapter 12).

The mathematical prerequisites for the book are modest akdeping with
our goal of providing an introduction that serves a broadienmk. We assume
familiarity with the basic tools of linear algebra, incladi matrices, vectors and
eigenvalues. These are typically covered in a sophomost-teurse on the sub-
ject, and the textbooks by Apostol [Apo69], Arnold [Arn8fdaStrang [Str88]
can serve as good references. Similarly, we assume basicldagesvof differ-
ential equations, including the concepts of homogeneodgarticular solutions
for linear ordinary differential equations in one variabfgpostol [Apo69] and
Boyce and DiPrima [BD04] cover this material well. Finally, \&kso make use
of complex numbers and functions and, in some of the advaseetibns, more
detailed concepts in complex variables that are typicaileced in a junior-level
engineering or physics course in mathematical methodsst#pApo67] or Stew-
art [Ste02] can be used for the basic material, with Ahlforkl%], Marsden and
Hoffman [MH98] or Saff and Snider [SS02] being good referencestfe more
advanced material. We have chosen not to include apperslicesarizing these
various topics since there are a number of good books alailab

One additional choice that we felt was important was thedi@cinot to rely
on a knowledge of Laplace transforms in the book. While theé is by far the
most common approach to teaching feedback systems in emgigemany stu-
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dents in the natural and information sciences may lack tbessary mathematical
background. Since Laplace transforms are not required in ssgnéial way, we
have included them only in an advanced section intendecetthiings together
for students with that background. Of course, we make treimes use ofrans-
fer functions, which we introduce through the notion of response to exptiale
inputs, an approach we feel is more accessible to a broayl afniscientists and
engineers. For classes in which students have already hdddeajpansforms, it
should be quite natural to build on this background in therepate sections of
the text.
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