Preface

This year is the 50th anniversary of Otto J. Smith’s 1959 publication of a control
design idea commonly referred as the Smith predictor for the compensation of
actuator delays. Actuator and sensor delays are among the most common dynamic
phenomena that arise in engineering practice but fall outside the scope of the stan-
dard finite-dimensional systems.

Predictor-based feedbacks and other controllers for systems with input and
output delays have been (and continue to be) an active area of research during the
last five decades. Several books exist that focus on the mathematical and engineer-
ing problems in this area. The goals of this book are not to duplicate the material in
those books nor to present a comprehensive account about control of systems with
input and output delays. Instead, the book’s goal is to shed light on new opportuni-
ties for predictor feedback, through extensions to nonlinear systems, delay-adaptive
control, and actuator dynamics modeled by PDEs more complex than transport (pure
delay) PDEs.
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What Does the Book Cover? This book is a research monograph that introduces the
treatment of systems with input delays as PDE-ODE cascade systems with bound-
ary control. The PDE-based approach yields Lyapunov—Krasovskii functionals that
make the control design constructive and enables stability analysis with quantita-
tive estimates, which leads to the resolution of several long-standing problems in
predictor feedback for linear time-invariant (LTT) systems. More importantly, the
PDE-based approach enables the extension of predictor feedback design to non-
linear systems and to adaptive control for systems with unknown delays.

However, the book’s treatment of input and output delays as transport PDEs
allows it to aim even further, in expanding the predictor feedback ideas to systems
with other types of infinite-dimensional actuator dynamics and sensor dynamics.
We develop methods for compensating heat PDE and wave PDE dynamics at the
input of an arbitrary, possibly unstable, LTI-ODE plant. Similarly, we develop
observers for LTI-ODE systems with similar types of sensor dynamics. Finally, we
introduce problems for PDE-PDE cascades, such as, for example, the notoriously
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—>| delay |—>»| dx/dt=Ax+Bu —>

The standard problem of linear ODE plant with input delay, leading to conventional predictor
feedback control.

ACTUATOR DYNAMICS PLANT
—> delay or other >»| linear ODE, linear PDE, ——>
infinite-dimensional system or nonlinear ODE

The problems considered in this book.

difficult problem of a wave PDE with input delay where, if the delay is left uncom-
pensated, an arbitrarily short delay destroys the closed-loop stability (as shown by
Datko in 1988).

& & *

Who Is the Book For? The book should be of interest to all researchers working on
control of delay systems—engineers, graduate students, and delay systems special-
ists in academia. The latter group will especially benefit from this book, as it opens
several new paradigms for delay research. Many opportunities present themselves
to extend the present results to systems that contain state delays (discrete and/or
distributed) in addition to input delays.

Mathematicians with interest in the broad area of control of distributed parameter
systems, and PDEs in particular, will find the book stimulating because it tackles
nonlinear ODEs simultaneously with linear PDEs, as well as PDEs from different
classes. These problems present many stimulating challenges for further research on
the stabilization of ever-expanding classes of unstable infinite-dimensional systems.

Chemical engineers and process dynamics researchers, who have traditionally
been users of the Smith predictor and related approaches, should find the vari-
ous extensions of this methodology that the book presents (adaptive, nonlinear,
other PDEs) to be useful and exciting. Engineers from other areas—electrical and
computer engineering (telecommunication systems and networks), mechanical and
aerospace engineering (combustion systems and machining), and civil/structural
engineering—have no doubt faced problems with actuator delays and other distrib-
uted parameter input dynamics and will appreciate the advances introduced by this
book.

This book is not meant to be a standalone textbook for any individual gradu-
ate course. However, its parts can be used as supplemental material in lectures or
projects in many graduate courses:

general distributed parameter systems (Chapters 2, 3, 6, 14-20),
linear delay systems (Chapters 2, 3, 6, 18, and 19),

partial differential equations (Chapters 14-20),

nonlinear control (Chapters 10-13),
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state estimators/observers (Chapters 3 and 17),
adaptive control (Chapters 7-9), and

robust control (Chapters 4 and 5),

linear time-varying (LTV) systems (Chapter 6).

The background required to read this book includes little beyond the basics of
function spaces and Lyapunov theory for ODEs. However, the basics of the Poincaré
and Agmon inequalities, Lyapunov and input-to-state stability, parameter projection
for adaptive control, and Bessell functions are summarized in appendices for the
reader’s convenience.

I hope that the reader will not view the book as a collection of problems that
have been solved, but will focus on it as a collection of tools and techniques that
are applicable in open problems, many more of which exist than have been solved
in this book, particularly in the areas of interconnected systems of ODEs and PDE:s,
systems with simultaneous input and state delays, nonlinear delay systems, and
systems with unknown delays.

In no book are all chapters equal in value for the reader. My personal recom-
mendations to a reader on a time budget are Chapters 7, 10, 16, and 18 if the
reader is interested mainly in feedback design problems and tools. A reader pri-
marily interested in analysis and robustness problems for delay systems might also
enjoy Chapter 5.
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