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FOREWORD

Control systems need to be designed so that certain essential properties remain
unchanged under perturbations. The design problem of maintaining invariance of
system properties under small perturbations of the system parameters were consid-
ered in the initial stages of the development of Control Theory. These properties
included the stability and performance of systems. It was understood later that
even more important was the requirement that a control system function satisfac-
torily under large perturbations. Thus the problems of stability and performance
validation for a family of controlled systems with parameters or frequency responses
lying within admissible sets, have attracted considerable attention. This field has
come to be known as Robust Control.

The theory of Robust Control has been elegantly developed within the H,
framework. This framework can effectively deal with robust stability and perfor-
mance problems under unstructured perturbations. It is however quite deficient in
addressing the same issues when parameter uncertainty is considered.

The treatment of robust stability problems under parameter uncertainty has
been pioneered by the Ttalian mathematician Faedo (1953) and the Russian scientist
Kharitonov (1978). A rich array of useful results have been developed over the last
ten years and at present there exists an extensive literature in this specific field.

The authors of the present book are well known as experts in the area of Robust
Control under parameter uncertainty. They have actively participated in the de-
velopment of the theory, and their personal contribution cannot be overestimated.
It suffices to mention their developments of the Generalized Kharitonov Theorem,
the theory of disk polynomials, the extremal properties of interval systems, the cal-
culation of the real parametric stability margin and their contributions to design
problems under simultaneous parametric and nonparametric uncertainty, among
others.

The book contains a complete account of most of the fundamental results in
this field. The proofs of the results are elegant, simple and insightful. At the
same time careful attention i1s paid to basic aspects of control problems such as
design, performance, and synthesis and their relationship to the theory developed.
The organization and sequence of the material has many significant merits and the

1x



X FOREWORD

entire book is written with great expertise, style, rigour and clarity.

The reader will find here a unified approach to robust stability theory. It in-
cludes both linear and nonlinear systems. A systematic use of frequency domain
methods allowed the authors to combine different types of uncertainty and to link
parametric robust stability with nonlinear perturbations and the results of H,, the-
ory. Numerous examples of various origins, as well as exercises are included. It will
be helpful to a broad audience of control theorists and students, and indispensable
to the specialist in Robust Control.

The book should stand as an outstanding and fundamental contribution to the
science of automatic control and I commend the authors for their effort. I felt a true
pleasure when reading this book, and I believe the reader will share my feelings.

Ya. 7. Tsypkin
Institute of Control Science
Moscow, Russia

August 1994



PREFACE

The subject of robust control began to receive worldwide attention in the late 1970°s
when it was found that Linear Quadratic Optimal Control (H» optimal control),
state feedback through observers, and other prevailing methods of control system
synthesis such as Adaptive Control, lacked any guarantees of stability or perfor-
mance under uncertainty. Thus, the issue of robustness, prominent in Classical
Control, took rebirth in a modern setting.

H., optimal control was proposed as a first approach to the solution of the
robustness problem. This elegant approach, and its offshoots, such as p theory, have
been intensely developed over the past 12 years or so, and constitutes one of the
triumphs of control theory. The theory provides a precise formulation and solution
of the problem of synthesizing an output feedback compensator that minimizes the
H., norm of a prescribed system transfer function. Many robust stabilization and
performance problems can be cast in this formulation and there now exists effective,
and fairly complete theory for control system synthesis subjected to perturbations,
in the H., framework.

The Hs or H,, theory delivers an “optimal” feedback compensator for the sys-
tem. Before such a compensator can be deployed in a physical (real-world) system
it is natural to test its capabilities with regard to additional design criteria, not
covered by the optimality criterion used. In particular the performance of any con-
troller under real parameter uncertainty, as well as mixed parametric-unstructured
uncertainty, is an issue which is vital to most control systems. However, optimal
Hs or Hy, theory is incapable of providing a direct and nonconservative answer to
this important question.

The problem of robustness under parametric uncertainty received a shot in the
arm in the form of Kharitonov’s Theorem for interval polynomials, which appeared
in the mid-1980’s in the Western literature. It was originally published in 1978 in
a Russian journal. With this surprising theorem the entire field of robust control
under real parametric uncertainty came alive and it can be said that Kharitonov’s
Theorem is the most important occurrence in this area after the development of the
Routh-Hurwitz criterion. A significant development following Kharitonov’s Theo-
rem was the calculation, in 1985, by Soh, Berger and Dabke of the radius of the

x1
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stability ball in the space of coefficients of a polynomial.

From the mid-1980’s rapid and spectacular developments have taken place in
this field. As a result we now have a rigorous, coherent, and comprehensive theory
to deal directly and effectively with real parameter uncertainty in control systems.
This theory nicely complements the optimal H- and H., theories as well as Classical
Control and considerably extends the range of possibilities available to the control
specialist.

The main accomplishment of this theory is that it allows us to determine if a
linear time invariant control system, containing several uncertain real parameters
remains stable as the parameters vary over a set. This question can be answered in
a precise manner, that is, nonconservatively, when the parameters appear linearly
or multilinearly in the characteristic polynomial. In developing the solution to the
above problem, several important control system design problems are answered.
These are 1) the calculation of the real parametric stability margin, 2) the determi-
nation of stability and stability margins under mixed parametric and unstructured
(norm-bounded or nonlinear) uncertainty 3) the evaluation of the worst case or
robust performance measured in the H., norm, over a prescribed parametric un-
certainty set and 4) the extension of classical design techniques involving Nyquist,
Nichols and Bode plots and root-loci to systems containing several uncertain real
parameters.

These results are made possible because the theory developed provides buili-
i solutions to several extremal problems. It identifies apriori the critical subset
of the uncertain parameter set over which stability or performance will be lost
and thereby reduces to a very small set, usually points or lines, the parameters over
which robustness must be verified. This built-in optimality of the parametric theory
is its main strong point particularly from the point of view of applications. It allows
us, for the first time, to devise methods to effectively carry out robust stability and
performance analysis of control systems under parametric and mixed uncertainty.
To balance this rather strong claim we point out that a significant deficiency of
control theory at the present time is the lack of nonconservative synthesis methods
to achieve robustness under parameter uncertainty. Nevertheless, even here the
sharp analysis results obtained in the parametric framework can be exploited in
conjunction with synthesis techniques developed in the H., framework to develop
design techniques to partially cover this drawback.

The objective of this book 1s to describe the parametric theory in a self-contained
manner. The book is suitable for use as a graduate textbook and also for self-study.
The entire subject matter of the book is developed from the single fundamental
fact that the roots of a polynomial depend continuously on its coefficients. This
fact 1s the basis of the Boundary Crossing Theorem developed in Chapter 1 and is
repeatedly used throughout the book. Surprisingly enough this simple idea, used
systematically is sufficient to derive even the most mathematically sophisticated
results. This economy and transparency of concepts is another strength of the
parametric theory. It makes the results accessible and appealing to a wide audience
and allows for a unified and systematic development of the subject. The contents
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of the book can therefore be covered in one semester despite the size of the book.
In accordance with our focus we do not develop any results in H,, or H, theory
although some results from H., theory are used in the chapter on synthesis. In
Chapter 0, which serves as an extension of this preface, we rapidly overview some
basic aspects of control systems, uncertainty models and robustness issues. We also
give a brief historical sketch of Control Theory, and then describe the contents of
the rest of the chapters in some detail.

The theory developed in the book is presented in mathematical language. The
results described in these theorems and lemmas however are completely oriented
towards control systems applications and in fact lead to effective algorithms and
graphical displays for design and analysis. We have throughout included examples
to illustrate the theory and indeed the reader who wants to avoid reading the proofs
can understand the significance and utility of the results by reading through the
examples. A MATLAB based software package, the Robust Parametric Control
ToolBox, has been developed by the authors in collaboration with Samir Ahmad,
our graduate student. It implements most of the theory presented in the book. In
fact, all the examples and figures in this book have been generated by this ToolBox.
We gratefully acknowledge Samir’s dedication and help in the preparation of the
numerical examples given in the book. A demonstration diskette illustrating this
package is included with this book.

S.P.B. would like to thank R. Kishan Baheti, Director of the Engineering Sys-
tems Program at the National Science Foundation, for supporting his research pro-
gram. L.H.K. thanks Harry Frisch and Frank Bauer of NASA Goddard Space Flight
Center and Jer-Nan Juang of NASA Langley Research Center for their support of
his research, and Mike Busby, Director of the Center of Excellence in Information
Systems at Tennessee State University for his encouragement.

It is a pleasure to express our gratitude to several colleagues and coworkers in
this field. We thank Antonio Vicino, Alberto Tesi, Mario Milanese, Jo W. Howze,
Aniruddha Datta, Mohammed Mansour, J. Boyd Pearson, Peter Dorato, Yakov Z.
Tsypkin, Boris T. Polyak, Vladimir .. Kharitonov, Kris Hollot, Juergen Ackermann,
Diedrich Hinrichsen, Tony Pritchard, Dragoslav D. Siljak, Charles A. Desoer, Soura
Dasgupta, Suhada Jayasuriya, Rama K. Yedavalli, Bob R. Barmish, Mohammed
Dahleh, and Biswa N. Datta for their, support, enthusiasm, ideas and friendship.
In particular we thank Nirmal K. Bose, John A. Fleming and Bahram Shafai for
thoroughly reviewing the manuscript and suggesting many improvements.

We are indeed honored that Academician Ya. Z. Tsypkin, one of the leading con-
trol theorists of the world, has written a Foreword to our book. Professor Tsypkin’s
pioneering contributions range from the stability analysis of time-delay systems in
the 1940’s, learning control systems in the 1960’s to robust control under parameter
uncertainty in the 1980°s and 1990’°s. His observations on the contents of the book
and this subject based on this wide perspective are of great value.

The first draft of this book was written in 1989. We have added new results of
our own and others as we became aware of them. However, because of the rapid
pace of developments of the subject and the sheer volume of literature that has been
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published in the last few years, it is possible that we have inadvertently omitted
some results and references worthy of inclusion. We apologize in advance to any
authors or readers who feel that we have not given credit where it is due.

S. P. Bhattacharyya

H. Chapellat

L. H. Keel

December 5, 1994.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Text1: This book was published previously by Prentice Hall PTR (1995) with ISBN 0-13-781576-X.


