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Preface

This book is dedicated to the robust controller design of nonlinear systems. We
believe that every effort in this direction will be rewarding in both theoretical and
practical results. Systems with nonlinear uncertainties frequently appear in engi-
neering. Typical examples of nonlinear uncertain systems are chemical processes,
underwater vehicles, manipulator systems, biosystems and so on. The presence of
nonlinear uncertainties makes system analysis and control design very complicated.
The stability analysis would become much more complicated when there involves
highly complex nonlinear couplings. Due to these difficulties, compared with a mass
of results on controller design for SISO nonlinear systems, robust control for MIMO
nonlinear systems needs to be further developed. Different kinds of control strate-
gies, such as sliding mode control, robust control, adaptive control, intelligent con-
trol, have been developed for both theoretical interests and practical applications. In
the last 20 years, backstepping control has become one of the most popular control
methods for some special classes of nonlinear systems, since it provides a system-
atic procedure for designing a controller by a step-by-step recursive algorithm. For
better control performance, different control strategies are combined together by tak-
ing advantage of their strengths respectively. Combined with backstepping control
strategy, many effective methods have been proposed for stability analysis and con-
troller design. However, backstepping control has the drawback of the phenomenon
of ’explosion of complexity’ in the control law due to repeated differentiations of the

virtual control functions.
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This book collects work carried out recently by the authors in this field. It covers
the whole range of robust control of strict-feedback system: from the description of
the mathematic model, controller design to controller implementation; from theoret-
ical developments to practical issues; from flight control, chemical process control,
temperature control, flexible manipulator control, to intelligent traffic control. The
main aim is to ‘make everything as simple as possible’. The phenomenon of ’explo-
sion of complexity’ is avoid and a linear robust controller is proposed. This book is
intended for graduate students and researchers in control theory and application. It
may also be used for self study or reference by engineers and applied mathematicians.
We assumed the reader has a basic knowledge of linear systems, nonlinear analysis,
design tools, electrical engineering, and mechanical engineering. The mathematical
background is the usual level of calculus, matrix theory, and differential equations
that any graduate student in mathematics or engineering would have. This book
pay much effort to solve complicated problems using simple mathematical tools.

The book has been divided into four parts: normal form systems, fractional-
order singular systems, strict-feedback form systems, and time delay systems. This
book is organized as follows. Chapter 1 introduces the research background of ro-
bust control for nonlinear systems. Chapter 2 proposes a robust output feedback
control of a class of nonlinear systems in normal form. Then, we extend our results
to MIMO helicopter systems. Chapter 3 focuses on the sufficient and necessary ad-
missibility condition for fractional-order singular system with order @ € (0,1). In
Chapter 4, it is shown that linear state-feedback may be used in order to make a
given system to behave like a given linear one. Chapter 5 deals with the synthe-
sis of robust control law for time-delay systems. The system uncertainties include
unknown nonlinear functions, unmodeled dynamic, time delay states, time delay
inputs, couplings among control channels, and bounded external disturbances, and
noninteracting control method based on signal compensation is presented.

We are grateful to University of Science and Technology Beijing for provid-

ing an environment that allowed us to write this book, and to National Nature



Preface iii

Science Foundation of China (61473324), National Outstanding Youth Science Foun-
dation (61125306), National Natural Science Foundation of Major Research Plan
(91016004), Specialized Research Fund for the Doctoral Program of Higher Educa-
tion (20110092110020 and 20130006120027), Beijing Higher Education Young Elite
Teacher Project (YETP0378) for supporting our research on robust control for non-
linear systems.

As much as we wish the book to be free of errors, we know this will not be the case.

Therefore, reports of errors, sent electronically to us will be greatly appreciated.

Changyin Sun
Yao Yu
June 2014






Acronyms

ABS
PID
SISO
MIMO
BIBS
3-DoF
CSTR
VTOL

anti-lock braking system
proportional-integral-derivative
single-input single-output
multi-input multi-output
bounded-input bounded-state
three degrees of freedom
continuous stirred-tank reactor

vertical take-off and landing
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Chapter 1

Introduction

Abstract In practice there are many cases where the plant involves large property
uncertainties. Typical examples for nonlinear systems include power stations, robots,
flights, rail trains, ABS for cars etc. The types of nonlinear systems are very abun-
dant, and we focus on several types of nonlinear systems, such as strict-feedback
form systems, normal form systems, fractional-order singular systems, and time
delay systems. These systems have very wide application background. This chapter
will introduce these nonlinear systems from the point of view of the practical applica-
tion. For such systems, the control problem is very complicated due to the nonlinear
uncertainties, couplings, time delays, and fractional-order nonlinearity. Different
kinds of control strategies, such as PID control, sliding mode control, robust control,
adaptive control, intelligent control, have been developed for both theoretical
interests and practical applications. With the help of their efforts, substantial
achievements have been made in the field of nonlinear control systems. In this
book, we will present tools for the stability analysis and controller design of these

nonlinear systems.

1.1 Background

Control problem of nonlinear systems has attracted considerable attention, especially

in the last two decades. In practice, typical examples include flights ), PM syn-

(3]

chronous motor (2, automatic guidance of farm vehicles 3/, and active suspensions

for cars [4l etc. Different kinds of control strategies, such as feedback linearization, ro-
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bust control, adaptive control, intelligent control, backstepping, have been developed
for both theoretical interests and practical applications. The main analysis meth-
ods for nonlinear systems are Lyapunov stability theory, input and output analy-
sis theory, passive theory, LaSalle’s invariance principle, phase plane analysis and
describing function analysis methods. In this book, four kinds of nonlinear systems
are discussed: strict-feedback form systems, normal form systems, fractional-order

singular systems, and time delay systems.

The strict-feedback systems are described as 1°!

&1 =g1(w, z1)x2 + f1(w, 1)
j‘,i:gi(waxla"' 7'ri)'7:i+l +fi(w’m13"' ,-Ti)
1=2,3,---,n—1

En=gnlm i, % sop)u -+ falto,mi; <F By

Y w:f(;v)+g(w,:1:)

where w € R” and x are states. The feature of strict-feedback systems is that for

each subsystem, the nonlinear functions f; and g; are related to w, 2, -+ ,2; and
independent of x;y1, - ,x,. So this kind of systems is also named lower triangular
systems.

If the nonlinear functions f;=0(i=1,2,--- ,n—1)and ¢;=1(:=1,2,--- ,n—1),

the strict-feedback systems are simplified to Byrnes-Isidori normal form systems ©!

fiflz.’L'z
Ti=Tiy1, ©=2,3,--,n—1

s, (1.2)
Tn:[j,(l‘7w)u + OZ(.T/‘, w)

Y=

Zw w = (b(.I’,W)

Fractional-order systems are also considered in this book. Based on the definition

of fractional-order integral, the well known definition of Caputo fractional-order



