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Preface

Singular perturbation theory plays a significant role in analysis and design of control
laws. It presents control engineers with the advantage of model reduction that simpli-
fies both the software and hardware implementation of control algorithms. Through this
book, our goal is to present the reader with control design techniques that extend these
benefits to a larger class of systems, specifically to those that are not traditionally con-
trolled through this methodology. Our aim in doing so is to show the reader that some
classes of nonminimum phase control problems can be actively controlled in real-time
through use of singular perturbation methods.

The motivation of our work came from the realization that a large set of multiple time
scale systems cannot be cast in the standard singularly perturbed form required for the re-
sults of singular perturbation theory to hold. Take for instance the large-scale systems
we find around us today. A majority of these systems possess interacting phenomena that
occur at widely different speeds. If these interactions and the associated systems are lin-
ear, then one can use either aggregation, block-diagonalization, or linear systems theory
concepts [61, 9] to relate the wide spectrum of speeds to small quantities that are a func-
tion of the system parameters. The presence of these small quantities causes stiffness and
high dimensionality in dynamic equations, which is remedied by singular perturbation
techniques in the control literature. However, for nonlinear systems these small parame-
ters are not only difficult to find, but also a function of the operating conditions. Recent
research also indicates that these small parameters are not unique to a physical system and
are an artifact of the choice of the underlying coordinate system [64]. Such dynamical
models are called nonstandard singularly perturbed systems, and control of these systems is
the focus of this book.

Nonstandard singularly perturbed systems are not uncommon. From aerospace vehi-
cles to high-gain feedback systems, all exhibit multiple time scales and are nonstandard.
In general, a dynamical model of any multiple time scale system developed using Hamil-
ton’s principle or Newton’s laws of motion is in nonstandard form. From this viewpoint,
we begin the book with a general discussion of multiple time scale phenomena in Chap-
ter 1 and motivate the reader to follow our development of different examples to qual-
itatively understand this concept. The latter end of this chapter formally addresses the
issue of modeling time scale systems in singularly perturbed standard and nonstandard
forms. Our main modeling tool for casting multiple time scale systems in these forms is
the forced singular perturbation method, and we provide the reader with the basic idea of
this method throughout the book.

Chapter 2 revisits the essential concepts of singular perturbation theory. We intro-
duce the necessary conditions for the model reduction results to hold in this chapter and
provide also a geometric perspective for them. We do not provide proofs of the results
detailed in this chapter, and we refer the reader to books [75, 98, 73] for rigorous details.
Additionally, in this chapter we detail the composite Lyapunov function approach that
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we employ throughout the book for analyzing the stability and robustness properties of
the control algorithms designed.

In this book, nonlinear techniques to address two main control problems are pre-
sented. In the first control problem, we are interested in developing control techniques
to ensure the closed-loop system asymptotically follows a desired slow state reference.
To help motivate and elucidate the concepts of the new ideas, we first consider the two
time scale counterpart of this problem. We further break down the problem to separately
consider standard and nonstandard forms of singularly perturbed systems in Chapter 3
and Chapter 4, respectively. Chapter 3 revisits the composite control scheme for con-
trolling standard forms of singularly perturbed systems, and our aim is to provide the
reader with a slightly different perspective on this control scheme than the one presented
in [51]. We motivate our discussion through simple examples and encourage the reader
to see why this approach is widely employed. We detail its shortcomings and develop
new results to avoid these in Section 3.2. This new approach is called modified composite
control, and we show how a slight but important modification to the composite control
scheme assists in controlling a larger class of standard singularly perturbed systems. We
end this chapter with a discussion of both techniques, and open discussion for controlling
nonstandard singularly perturbed systems. In Chapter 4 we develop a novel indirect man-
ifold construction approach to counter some of the challenges that appear while controlling
nonstandard singularly perturbed systems. Our primary goal here is to show how a con-
trol engineer can still take advantage of model reduction for systems that do not satisfy the
essential conditions of singular perturbation theory. Our results are independent of the
small parameter, and hence are valid for both standard and nonstandard forms of multiple
time scale systems. Our presentation will allow us to consider control of these systems
through different controller speeds, and this we discuss in Section 4.2. Finally, we move
to Chapter 5 to extend the indirect manifold construction approach to systems with mul-
tiple time scales. The major contribution of these results is best detailed in Chapter 6,
where we show application of these techniques to some benchmark nonminimum phase
control problems.

The second control problem considered in this book requires us to develop control
algorithms to ensure the closed-loop system follows both prescribed slow and fast state
trajectories simultaneously. This presentation will be limited to two time scale systems
represented in nonstandard form, and we develop a new algorithm in Chapter 7. The tech-
nique presented here is validated through simulation of a generic enzyme kinetic model
and a high-fidelity nonlinear model of an F/A-18 HARV (High Angle-of-Attack Research
Vehicle) aircraft model.

Throughout the book we introduce new ideas and discuss issues through tutorials and
simple examples, after which we formulate and analyze the proposed control techniques
for a general class of dynamical systems. We also discuss the benefits and the limitations of
the techniques developed in the hope that these discussions will guide control engineers
to judiciously choose from different control techniques presented. The book has been
written in such a way that mathematical rigor progressively increases from one chapter to
the next. It is important to point out that our book does not discuss how time scales can
be characterized and when they are defined. Some of these research topics are still being
studied and we refer the reader to details in [51, 64]. Throughout the book we assume
that time scale phenomena exist for the systems we consider.

This book is written for researchers and practitioners in control engineering and ap-
plied mathematicians interested in control theory. It differs from the recent text by Ram-
nath [80] which focuses on linear aerospace systems. The methods and results presented
in this book both generalize and extend the techniques in the book by Kokotović, Khalil
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and O’Reilly [51], and Naidu [70] for a broader class of singularly perturbed systems.
While this book is not a textbook in the traditional style, it can be used as a reference for
an advanced control theory course for a first level graduate course on time scale meth-
ods in nonlinear control. Chapters 1, 2, and 3 and examples from Chapter 6 are also
suitable for a first course on nonlinear control, or for reading/project assignments for un-
dergraduates, while Chapters 4, 5, and 7 can be incorporated in a more advanced course
on nonlinear feedback design.

Acknowledgments

The origins of this book are in Anshu Narang-Siddarth’s dissertation research with John
Valasek in the Vehicle Systems & Control Laboratory at Texas A&M University. We
are thankful to our colleagues Aniruddha Datta, Suman Chakravorty, Helen L. Reed,
James D. Turner, and Srinivas Rao Vadali who inspired us and provided useful discussions
and criticisms on specific sections of the book. We would like to thank the anonymous
reviewers who provided feedback on parts of the book and helped make it stronger. We
also gratefully acknowledge the long term support for this work provided by Dr. Fariba
Fahroo and the U.S. Air Force Office of Scientific Research, and by the Zonta Interna-
tional Foundation. Our sincere thanks to Gina M. Rinelli and Lisa Briggeman and the
wonderful staff at SIAM for helping us improve the quality of the book. Finally, Elizabeth
Greenspan of SIAM has been instrumental in seeing the book through from inception to
completion and has been wonderful to work with. Thank you, Elizabeth.

I would like to extend my gratitude to my family for their love and support. My par-
ents have always been my inspiration and without their motivation I would not have been
able to work this far from home. I am very grateful to Amma and Appa who have sup-
ported me and believed in me. I thank my grandparents for all their sacrifices. I dedicate
this work to all of them and to my rock at home, Siddarth. My eternal gratitude to God
and Guru.

Anshu Narang-Siddarth
Seattle, Washington

anshu@aa.washington.edu
October, 2013

I dedicate this book to my wife, Stephanie, for her love, support, and steadfast encour-
agement in all of my endeavors.

John Valasek
College Station, Texas

valasek@tamu.edu
October, 2013


