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Preface

The first edition of this book was published in 1993 by Kluwer Academic Publishers
and the Science Press of China. In the preface of the first edition, we briefly intro-
duced the history, main results and new developments of the Lurie control system,
as well as the well-known Lurie problem. We also pointed out the importance of
studying Lurie control systems in both theoretical development and applications. The
materials presented in the first edition were chosen mainly from the author’s results
on the necessary and sufficient conditions, as well as simple, practically useful alge-
braic sufficient conditions for the absolute stability of various Lurie control systems.
The characteristics of these results are: theoretically, to give many possible necessary
and sufficient conditions of absolute stability of various nonlinear control systems; in
applications, to derive simple enough and even constructive algebraic sufficient con-
ditions from these theoretical necessary and sufficient conditions for use in practical
work and in methodology. Whilst promoting the extensive use of modern methods
and tools such as M-matrices, K-class functions, Dini-derivatives, partial stability,
and set stability, we have not neglected traditional methods and results. Related
works produced by other researchers have also been introduced.

In the ten years that have passed since the first edition of the book was published,
new theories and methodologies have developed rapidly, and many new results have
been obtained in this area. Also, applications have been extended to many frontier
areas such as neural networks, chaos control, and chaos synchronization, etc. These
developments have been the driving motivation behind the substantial revision and
update this book has received for its second edition.

Since 1944, the study of the absolute stability of Lurie control systems, and its
applications, has attracted many researchers. The well-known Lurie problem and the
concept of absolute stability are presented, which is of universal significance both in
theory and practice. The field of absolute stability was, until the end of the 1950s,
monopolized mainly by Russian scholars such as A.l. Lurie, M.A. Aizeman, A.M.
Letov, and others. Then, at the beginning of the 1960s, American mathematicians,
such as J.P. LaSalle, S. Lefschetz, and R.E. Kalman, engaged themselves in this
field. Meanwhile, the Romanian scholar Popov presented a well-known frequency
criterion and consequently made a decisive breakthrough in the study of absolute
stability. Since then, V.A. Yacobovich, R.E. Kalman, K.R. Meyer, and others have
devoted themselves to the study of equivalent relations between Lurie’s method (inte-
gral term and quadratic Lyapunov function method) and Popov’s frequency method.
In the first 30 years, this greatly stimulated the development of Lyapunov stability
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theory, and the importance of Lyapunov theory was finally recognized by the control
society and mathematicians. The study of the Lurie problem has led to the develop-
ment of new mathematical methods and techniques, such as Lurie-Lyapunov type
V function, S program, the well-known Popov frequency method, and positive real
function theory. It has also established various relations between complex function,
linear algebra, calculus, and linear matrix inequality. The study of the Lurie con-
trol system has not only resulted in new mathematical theory and methodology, but
also laid the foundations for the development of the modern control theory (mainly
based on nonlinear controls) from the classical control theory (mainly based on time-
invariant linear controls) leading to, in particular, the development of a new and
important control area; robust control.

During the past two decades, more and more evidences have been found revealing
the close relation between the absolute stability of the Lurie system and chaos con-
trol, chaos synchronization and the stability of neural networks. This has poured new
vigor into this classical research area. In the early 1990s, Pecoron and Carroll were
the first to use the chaos synchronization principal to design two chaotic circuits that
could be synchronized, an accomplishment which was than applied to secure com-
munications. This development was able to change opinion that chaos cannot be con-
trolled, nor synchronized. This finding has, in turn, attracted many more researchers
in to this challenging research area. Since then, despite more results being produced,
a general theory of chaos synchronization has not been completely established. Cur-
ran and Chua were the first ones to suggest employing absolute stability to develop
a more general theory and methodology for chaos synchronization, as the study of
absolute stability has proved useful in providing new information and ideas.

Across the world, an increase in the study of neural networks began when a new
neural model, now called Hopfield neural network, was proposed by Hopfield and
Tank. They used electronic circuit simulations to solve nonlinear algebraic or tran-
scendental equations, with automated process. This new method, due to its novel
advantage, was immediately applied to many areas such as optimal computation,
signal processing, and pattern recognition. The demanding of optimal computation
has made it possible to relate it to the idea of the absolute stability of the Lurie
control system. Following this, a new concept of the absolute stability of neural net-
works was proposed, establishing the relation between the existence and uniqueness
of equilibrium points and the Lyapunov local stability and global attractive. Such
properties are not dependent on the particular form of activation functions, or the
strength of currents in circuits. This is indeed an extension of the absolute stability
of the Lurie system to neural networks.

The developments in Chaos theory and neural networks have promoted new stud-
ies on absolute stability. In the last two decades, we have continuously studied the
absolute stability of the Lurie system and obtained some new results. Therefore, we
believed it necessary to revise the book and publish a second edition to catch up with
the new developments in this area. Based on the six chapters of the first edition, the
second edition has been expanded to 13 chapters. Amongst these, five chapters are
completely new, and two chapters have been expanded by adding new results. We
have also added an introductory chapter (Chap. 1) to give the reader a brief guide to



Preface vii

the book. The new chapters are chapters 1, 8, 10, 12, and 13. On the following two
pages, we have briefly described each chapter for you.

Chapter 1 is an introduction, presenting the Lurie problem, the relation between
the Lyapunov stability and the absolute stability of the Lurie control system, as well
as the recent developments in this area.

Chapter 2 describes the main tools and principal results, which play fundamental
roles throughout the book.

Chapter 3 has been revised and expanded from the first edition. In particular, we
describe the Lurie problem and Lurie system, and present three classical methods for
studying absolute stability; the Lurie-Lyapunov V-function method (quadratic form
plus integral terms); the Lurie method based on V' function and S-program; and the
classical Popov frequency criterion and the simplified Popov criterion.

Chapter 4 is devoted to the Lurie control systems described by ordinary differen-
tial equations. We obtain the necessary and sufficient conditions for absolute stability
of various Lurie control systems. The absolute stability of these systems is equivalent
to that of partial variables and the matrix Hurwitz stability.

Chapter 5 presents some necessary and sufficient algebraic conditions for the
absolute stability of several special classes of Lurie-type control systems.

Non-autonomous systems are considered in Chapter 6.

In Chapter 7, we discuss the absolute stability of control systems with multiple
nonlinear control terms.

The material presented in Chapters2—7 and 11 are mainly taken from the first
edition of the book, but have been improved and expanded by the addition of new
results.

Chapter 8 presents the results for the robust absolute stability of interval control
systems including the Lurie system and the Yocubovich system. Strictly speaking,
for a control system, the form of feedback control function is not known exactly, but
is known to belong to certain types of functions. Also, the information on the system
coefficients is usually given in upper and lower bounds, not exact values. In the past
two decades, the stability study for linear control systems with parameters varied
within a finite closed interval has been a hot topic in control society. However, there
has been a lack of results obtained on the stability of nonlinear control systems with
varied parameters in an interval. Thus, we have added this chapter in order to present
the new results obtained in this direction.

In Chapter 9, the theory and methodology for continuous Lurie control systems
are generalized to study discrete Lurie control systems described by difference equa-
tions. This topic was only discussed in one section of the first edition. Due to the wide
applications of discrete Lurie control systems in real applications, such as chaotic
systems and neural networks, it became necessary to expand this into a chapter of
its own. Moreover, the first edition only discussed the direct Lurie control system.
In this new edition, we have added the results for Lurie control systems with loop
feedback.

The absolute stability of the time-delayed and neutral Lurie control system is
considered in Chapter 10. The first edition did not include the absolute stability of
Lurie control systems, described by differential and difference equations, but instead
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jumped from ordinary differential equations straight to functional equations (FDE).
Though FDE has general theoretical foundations, most practical problems and appli-
cations are based on differential and difference equations. Thus, we have added this
chapter to introduce the results we recently obtained in this direction.

Chapter 11 considers the Lurie control systems described by functional differen-
tial equations. The results obtained by applying the ideas and methods described in
Chapter 4 to abstract functional differential equations are presented here. Also, new
results on control systems with multiple nonlinear feedback controls are given.

Chapter 12 introduces the concept of absolute stability for neural networks, and
particular attention is given to the Hopfield neural network. The inherent relation
between neural networks and Lurie control systems is discussed.

Finally, the theory of absolute stability is applied to consider the new area of
chaos control and chaos synchronization in Chapter 13. The main attention is focused
on the use of absolute stability of Lurie control systems to consider the synchroniza-
tion of two Chua circuits. New concepts are proposed for the absolutely exponential
stability of error systems, and the absolutely exponential stabilization using feedback
controls when the error system is not absolutely stable.

The remaining four chapters of the first edition have also been modified, with
new results added or new formulas used. We have omitted some parts of the old
edition which are no longer useful in applications. Also, we corrected a few minor
typographical errors from the first edition.

Finally, we would like to thank Mr. Z. Chen and Mr. F. Xu for their patience
in typing a partial manuscript of the book, and we thank the support received from
NNSF (No. 60274007, 60474011), NSERC (No. R2686A02), and PREA. Also our
thanks go to the Department of Applied Mathematics, The University of Western
Ontario, for hosting the visit of one of the authors (X.X. Liao) whilst the book was
under preparation.

London, Canada, Xiaoxin Liao
November 2005 Pei Yu
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1

Introduction

As we know, the stability is the most fundamental problem in the design of automatic
control systems, since only a stable system can keep working properly under distur-
bances [3,4, 6,8-10]. In fact, automatic control theory began from Maxwell’s study
on the stability of Watt centrifugal governor. When one designs a control system, one
first needs to consider some type of stability for the system and then investigate other
problems.

Among various stability theories, the Lyapunov stability is still the most impor-
tant one [56-63, 101-109, 128, 164, 186, 187]. However, the main difficulty in
analyzing Lyapunov stability is how to determine a Lyapunov function for a given
system. There does not exist general rules for constructing Lyapunov functions, but
are merely based on a researcher or designer’s experience and some particular tech-
niques. The first-order approximation method and many results obtained for the first
and second critical cases demand very restrictive requirements on nonlinear terms,
which cause difficulties in applications. Moreover, it should be pointed out that
the Lyapunov stability theory is mainly applicable for local stability, while many
practical problems need to consider globally asymptotic stability or even globally
exponential stability.

1.1 Lurie Control System

To solve the stability problem, in 1944, the former Soviet Union’s scholar and control
expert, A. I. Lurie, based on the study of many practical control systems includ-
ing aircraft automatic control, proposed the following well-known Lurie nonlinear
control system [10, 12,13,16-18,100, 116]:

dx
— Ax+b

g ~AxTbf(o), (1.1)

o =Ty,

where x € R", b,c € R", A € R"*", and ¢ f(06) > 0 when ¢ # 0. Lurie developed
a new method to deal with the stability of nonlinear control system (1.1), which is
now called nonlinear isolation method in the literature, that is, the nonlinear part
of the system is isolated so that the system becomes one with closed-loop form. The
principal of the isolation method is illustrated in Fig. 1.1, where the box containing L

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 1
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L=Ax =
Fig. 1.1 Nonlinear isolation NL=bf(0) =
method
6 —— NL —— f(0)
Fig. 1.2 Nonlinear part

denotes the linear part of the system, and the box having NL represents the nonlinear
part of the system. Note that the L and NL parts in Fig. 1.1 do not necessarily corre-
spond to the open-loop part and the closed-loop part of a real control system. In the
early studies, the NL part was usually assumed to be a simple nonlinear function, but
was later quickly extended to more complicated nonlinear cases [159].

Lurie et al. raised the following question: when the nonlinear part of a control
system is isolated, but without having much information about the nonlinear charac-
teristics, how to choose the parameters of the nonlinear part such that the system is
globally asymptotically stable?

Let us consider a simple case [159]. Suppose that the NL in Fig. 1.1 represents
a single-input single-output time-invariant nonlinear part. Let the input be ¢ and
output f(o), and both ¢ and f are scalars (see Fig. 1.2). All we know about f is
that (o) is a continuous function, located in a sectional region in the first and third
quadrants of the - f plane.

In many practical problems, the nonlinearity of a system is not exactly known
or there exist many nondeterministic elements or disturbances, or the form of f is
known but is very difficult to apply. In all these situations, the nonlinear isolation
method is a useful approach.

1.2 Lurie Absolute Stability and Lyapunov Stability

With many research works, the isolation method became an important and particu-
larly useful tool for the study of absolute stability [16—18,48]. Later, the well-known
control expert, V. M. Popov [120-123], developed a frequency criterion for absolute
stability theory, which is a natural extension of the stability of linear feedback sys-
tems. Since then, the absolute stability theory played the main role in the stability
analysis of nonlinear control systems.

Lurie control system or Lurie control problem not only plays an important role
in nonlinear control systems, but also greatly influences other research areas. From
the applied mathematics point of view, the Lurie system has proposed the important
concept for the family of differential equations (containing an infinite number of
equations), or multivalued differential equations, or nondeterministic systems. Many
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new mathematical methodologies and techniques have been generated from the study
of absolute stability [2,49,62,63,69,99, 105,137,138, 140, 144-146, 149-151, 159].
For instance, the positive real function theory and the Fourier transform are success-
fully employed in Popov principal; various methods and techniques of constructing
Lyapunov functions promoted the development of matrix theory, leading to the most
practically useful linear matrix inequality. General speaking, the study of absolute
stability has greatly promoted the development of applied mathematics.

On the other hand, from the control theory point of view, the Lurie control sys-
tem actually proposed the concept of robust control of nondeterministic systems,
which is the pioneer work of robust stability. Moreover, many practical nonlinear
control systems can be transformed to a unified Lurie control system to deal with. In
the monograph [159], many applications using Lurie absolute stability have been
discussed, such as transient stability of electrical network, stability of computer
network, nonlinear capacity limit problem of optimal regulator, theory of nuclear
reaction, etc.

The development of Lurie absolute stability also motivated the further devel-
opment of the Lyapunov theory [97, 155-157]. As mentioned above, the Lyapunov
stability is usually restricted to local behavior of a system, while the Lurie control
system studies the globally asymptotic stability of equilibrium points, which is not
for single equation, but for a family of differential equations consisting an infinite
number of differential equations. This certainly poses new difficulty and challenges.
Though still based on the Lyapunov function, the study of absolute stability has been
greatly generalized. Because of the demanding of practical applications, the classical
Lyapunov theory, which was developed 50 years earlier than the Lurie absolute sta-
bility theory, has reattracted many researchers’ attention. In the 1960s, an American
mathematician LaSalle pointed out that the stability theory is attracting the atten-
tion of mathematicians in the world, the Lyapunov direct method is widely used by
engineers, and the stability theory has become a standard part in training control
engineers. The stability theory started from the research of former Soviet Union’s
scholars finally became an area attracting all researchers in the world.

1.3 Recent Development of Absolute Stability Theory
in New Areas

With the development of modern science and technology, the stability theory still
plays very important and fundamental roles. For example, since 1990s, Pecoron
etal. [117,118] discovered that under certain conditions two chaotic systems can be
synchronized, which changed the long time viewpoint: chaos cannot be controlled,
nor can be synchronized. However, though many results for chaos control and chaos
synchronization have been obtained, the general theory of chaos synchronization is
still under development. Therefore, Curran and Chua have proposed [20, 141] that
the general theory of chaos synchronization should be established under the frame
of Lurie absolute stability. Chua and his coworkers did many pioneer work in this
direction [142, 143]. We have also spent years in research in this direction [8§1-84].
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This has made it possible for the Lurie absolute stability theory to be applied to a
new research area.

Another new research area, which has been very active in the past two decades,
is the study of dynamics of neural networks, which has resulted in new idea and
methods for the development of optimal computation, connective memory, pattern
recognition, signal processing, etc. To solve the optimal computation problem, many
researchers have proposed the concept and methodology for the absolute stability of
neural networks, which is basically motivated from the idea of the absolute stability
of Lurie control systems.

From the above discussions, we have seen that the Lurie absolute stability is
indeed important for further researches from both theoretical and application aspects.

1.4 The Lurie Problem

The basic Lurie problem is [62] What is the necessary and sufficient condition for the
equilibrium point of system (1.1) to be globally asymptotically stable (i.e., absolutely
stable)? There are many publications (papers, monographs, reports, etc.) appearing
in the literature considering the absolute stability of the Lurie system and various
generalized Lurie control systems. Recent results may be found in, for example,
monographs [2, 62, 63,99, 105, 159] and papers [31-36]. People hoped to obtain
the necessary and sufficient condition to answer the well-known Lurie problem in
the form of a, b, c in finite conditions. However, for a long time, whether Lurie or
Popov, all were able to obtain only the sufficient condition for the absolute stability of
single-valued nonlinear Lurie systems, yet these sufficient conditions depend upon
the existence of unknown Lyapunov matrix solutions (satisfying Lyapunov matrix
equation) and unknown parameters (satisfying some rational inequality).

The main difficulty of the Lurie problem is due to that the system has an infinite
number of equations. Using a, b, ¢ finite form to find the necessary and sufficient
condition may not be possible (might be only possible for very specific systems).

The authors have been studying the absolute stability of Lurie control system for
many years, and have found that the partial variable stability, which was developed
by the former Soviet Union’s mechanist, is useful in the study of the stability of Lurie
systems. Also, many modern mathematical tools such as Dini derivative, K-function,
M-matrix, linear matrix inequality [68], etc. can be efficiently applied to investigate
the absolute stability of Lurie control systems. Most results of this book are based on
the authors’ research work in the past two decades.

1.5 The Aizerman Problem and Aizerman Conjecture

To this end, we would like to briefly introduce the Aizerman problem [2] (or the
Aizerman conjecture), which made an important contribution in the study of global
stability of nonlinear control systems and absolute stability of Lurie control systems.
In 1949, the former Soviet Union control expert, M. A. Aizerman, proposed the
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global stability problem for the following nonlinear control system with separable
variables:

Z xj),  fij(0)=0, i=12,..n (1.2)

This type of control systems has particular meaning in control systems, since a Lurie
control system in the form of (1.1) can be transformed into (1.2) via a proper topo-
logical transform (or a full-rank linear transform). Further, system (1.2) is a natural
generalization of linear systems, since a linear control system with some linear part
replaced by nonlinear part becomes the system (1.2).

In early stage of stability study, when people encountered the difficulty in ana-
lyzing the global stability of nonlinear control systems, Aizerman proposed the
following method for the global stability of system (1.2): rewrite (1.2) as

dx; " " f(x; n
dr Z,lfij(xj) = Zl f/f.f/) xji= Zldij(xj')x]'7 (1.3)
J= j= j=

J

and consider the formal “characteristic equation”:
det(AI_A (aij(xi))nxn) = an(x))‘n +an—1 (x)a'n71 +ota (x)l +a0(x) =0, (1.4)

where (—1)ia;(x) is the summation of all the principal minor determinants of the
function matrix A(a;;(x;))nxn (Whichis the function of x = (x1,x2,...,x,)T). Denote
the generalized Hurwitz determinants by

ap(x) =1, Di(x):=a(x), ...,

) (12/(,1()6)
X) az(x) -« ag—a(x)
(x)

- ay—3(x) , k=1,2,...,n,

0 0 -
where a;(x) =0 if j > k. Then Aizrman conjecture is as follows [1,2]: the necessary
and sufficient conditions for the zero solution of (1.2) being globally stable are

n
Di(x) >0, 1<k<n, []x#0. (1.5)
i=1

When (1.2) is a linear system, the Aizrman conjecture is the Hurwitz crite-
rion [37]; when (1.2) is a nonlinear system but n = 1, the conjecture is true. However,
when n = 2, mathematician Krossovskii found a counter example, and thus dis-
proved the conjecture. However, in the earlier studies, because of very few methods
that could be used, there were many scholars who investigated under what extra con-
ditions added to (1.5) would the zero solution of system (1.2) became globally stable
but restricted to cases n =2, 3. Very little has been achieved for n > 4. Now, almost
nobody continues to follow the Aizrman conjecture to study the global stability of the
zero solution of system (1.2), but the proposal of the Aizrman conjecture had made

an important contribution in putting forward the research of the stability problem.



6 1 Introduction

1.6 Modern Mathematical Tools for Absolute Stability

In 1964, when most people were not familiar with M-matrix and Dini derivative,
Li [64,65] broke the limit of the Aizrman conjecture, and creatively constructed gen-
eral nonsmooth linear type of Lyapunov function to obtain the sufficient condition
for the equilibrium point of system (1.2), with arbitrary dimension n being globally
stable. The results can be found in the papers [64, 65] and the monograph [127].

In 1979, the author [70,71] further constructed general, variable-separable, radi-
ally unbounded, and positive definite function and obtained a series of constructive
sufficient conditions for the equilibrium points of system (1.2) being globally stable.
This has resulted in the development of many methods and techniques for studying
the global stability and instability of system (1.2) which, used as the tools for this
book, will be introduced in the next chapter.

The systems with separable variables, first proposed by Aizerman, not only have
generality in control systems, but also are applicable to recently developed biomath
models (e.g., Volterra model, Gilpin-Ayala model), neural network model (e.g.,
Cohen-Grossheig model), which can all be considered as the special cases of (1.2),
but with new contents. Therefore, the tools described in Chap. 2 can also be used by
the researchers who are working in the areas of biomath and neural networks.



2
Principal Theorems on Global Stability

In this chapter, we introduce the main tools and principal results that play funda-
mental roles for the whole book, such as Lyapunov function, K-class function (or
wedge function), Dini-derivative, M-matrix, Hurwitz matrix, positive (negative) def-
inite matrix; and the principal theorems on global stability, partial global stability,
and global stability of sets.

Partial materials presented in this chapter are due to Lyapunov [97], Hahn [38],
Malkin [102] (Sect.2.1), Yoshizawa [170] (Sect.2.2), Rumyantsev [133, 134]
(Sect.2.4.2), Liao [68,69] (Sect. 2.3-2.6), and Liao [69,70] (Sect. 2.7 and 2.8).

2.1 Lyapunov Function and K-Class Function

Suppose that W (x) € C[R",R'], that is, W: R" — R is continuous, W (0) = 0; V(¢,x) €
C[I x R",R"], V(t,0) = 0, where I = [tg, +o0).

Definition 2.1. The function W (x) is said to be positive (negative) definite if W (x) >
0 (—W(x) >0) and W(x) = 0 if and only if x = 0. The function W (x) is said to be
positive (negative) semi-definite if W(x) > 0 (=W (x) > 0). [41]

Definition 2.2. The function W (x) is said to be radially unbounded, positive definite
if W (x) is positive definite and W (x) — +oo as ||x|| — o

Definition 2.3. The function V (¢,x) is said to be positive definite if there is a positive
Sunction W (x) such that V (t,x) > W(x). The function V(t,x) is said to be negative
definite if —V (t,x) is positive definite.

Definition 2.4. The function V (t,x) is said to have infinitesimal upper bound if there
exists a positive definite function Wy (x) such that ||V (t,x)|| < Wi (x). The function
V(t,x) is said to be radially unbounded, positive definite if there exists a radially
unbounded, positive definite function W (x) such that V (t,x) > W (x).

The positive or negative definite functions are usually called Lyapunov functions.

In the following, we introduce K-class function.

If a function @ € [RT,R"] (where R := [0, +o0)), @ is continuous, strictly
monotone increasing, and ¢ (0) = 0, we call ¢ a K-class function, denoted by ¢ € K.

If @ € K and lim,_, o @(r) = +oo, then @(r) is called a radially unbounded,
K-class function, denoted by ¢ € KR.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 7
(© Springer Science + Business Media B.V. 2008
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Among the positive definite functions and the K-class functions, some essential
equivalence relations hold.

Lemma 2.5. Given a positive definite function W (x), there exist two functions, @y,
¢ € K such that

e1([lx]l) < W(x) < @a([lx]))- 2.0

Proof. For any R > 0, we prove that (2.1) holds on |x|| < R. Let ¢(r) =
inf,< |y <<g W (x). Evidently, we have ¢(0) =0, ¢(r) > 0 for r > 0, and @(r) is
a monotone nondecreasing function on [0, R]. (It may not be strictly monotonic.)
Now, we proceed to prove that ¢(r) is continuous. Since W (x) is continuous, for any
€ > 0, there exists (&) > 0 such that

rn)—@(r) = inf Wkx)— inf W(x
@(r2) = ¢(r1) ra<|lx||<R (x) ri<[lxl[<R )
= inf W(x)-W
n<|x<r ® o)

< W(x) —W(xo)
< € (when ||x; —xo|| < —r1 < 6),

we take x| = xq for xo € Dy = {x|r> <||x|| <R} and x; is an intersection point of the
ray Oxg and ||x|| = r, for xo € Dy = {x|r; < ||x|| < R}.

Let @1 (r) := "\ < @(r). Evidently, we have ¢;(0) = 0 and further if 0 < r <
r < R we get

ne(r) _ re(r) - r¢(r2)

piln)=""."=" "4 R = 0un)

Thus @;(r) is strictly monotone increasing and hence ¢; € K. If y(r) :=
max | <, W (x), then it follows that y(0) = 0. By the same argument, we can prove
that ¥ is a monotone nondecreasing and continuous function. Choosing @, (r) :=
y(r)+kr (k> 0) we have

@a(r1) = y(r) +kr < y(r) +kr < y(r) +kra= @(r).

Hence, @,(r) is strictly monotone increasing and ¢,(r) € K. From above, it is
inferred that

@1 ([l < @ Cllxl) = qugiflléf\\glew(g) =W < ||§Tgﬁxllw -

= y(|lx[]) < @2(r2)-

Thus,
o1([lx])) < W(x) < @a([[x]]).

This completes the proof of Lemma 2.5. ]
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Lemma 2.6. For a given radially unbounded, positive definite function W (x), there
must exist two functions @1(r), @(r) € KR such that

@1 ([lxll) < W) < @a(]lxl)-

Consequently, without loss of generality, the positive definite functions and the
radially unbounded, positive definite functions can be replaced, respectively, by
K-class functions and radially unbounded K-class functions.

2.2 Dini Derivative

Suppose f(t) € C[I, R'], I = [ty,+oo). For any ¢ € I, the following four derivatives

D7 f@) = tim (40— ),

h—0T
Dof@) = tim (40— (),
D f@) = tim  (F+ ) - ),

D_f(1):= lim ]11<f(t+h)—f(t)>

are called right upper derivative, right lower derivative, left upper derivative, and left
lower derivative of f(t) at ¢, respectively. They are all called Dini-derivative [170].

Sometimes the Dini-derivative may be oo, otherwise there always exists Dini-
derivative. In particular, when f(¢) satisfies local Lipschitz condition, the four Dini-
derivatives are finite. Moreover, the derivative of f(¢) exists if and only if the four
derivatives are equal.

For a continuous function, the relation between the monotonicity and the definite
sign of the Dini-derivative is as follows.

Theorem 2.7. If f(t) € C[I, R"), then f(t) is monotone nondecreasing on I if and
only if DT f(t) > 0 fort € L

Proof. The necessity is obvious.

Sufficiency. First, we suppose DT f(¢) > 0 on [. If there are two points &, § € I
anda < B, f(o) > f(B), then there exist u satisfying f(a) > u > f(B) and some
point 7 € [, B] such that f(z) > u.

Let & be the supreme of those points. Then & € (¢, 3), and the continuity of f(7)
leads to f(&) = u. Therefore, for ¢ € [€, B], it follows
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Hence, we obtain DT f(&) < 0, which contradicts the hypothesis. Thus, f(r) is
monotone nondecreasing.
Next, assume that D f(z) > 0. For any € > 0 we have

D*(f(z)+sz) =D"f(t)+e>e>0.

As a consequence, f(7) + €7 is monotone nondecreasing on I. Since € is arbitrary,
f(t) is monotone nondecreasing on /. O

Remark 2.8. If DT f(¢) > 0 is replaced by D, f(¢) > 0, the sufficient condition of
Theorem 1.2.1 still holds because the latter implies the former.

Similarly, if we replace D f(t) > 0 byD™ f(¢) > 0, it suffices to change the
supreme of the points satisfying f(#) > u to the infirm of the points satisfying
f(t) < p. We may further intensify D~ f(z) > 0 to be D~ f(¢) > 0, and thus any of
the four derivatives is not less than zero, each of which implies that f(¢) is monotone
nondecreasing.

In the following, we consider the Dini-derivative of a function along the solution
of a differential equation.

Let a system of differential equations be given by

£= f(t,%), (2.2)

where the dot denotes differentiation with respect to time ¢, and f(z,x) € C[I x
R",R".

Theorem 2.9. [170] Suppose that V(t,x) € C[I x ,R"], where Q C R", Q is a
neighborhood containing the origin, and V (t,x) satisfies local Lipschitz condition in
x fort (expressed by V (t,x) € Cy(x)), that is,

‘V(trx) _V(tay)l < LH'x_y”

Then the right upper derivative and the right lower derivative of V (t,x) along the
solution x(t) of (2.2) have the forms

DYV (t,x(1)) = lim ;l [V(z+h,x+hf(t,x)) fV(t,x)}, 2.3)
D.V(1,x(t)) = lim ;l {V(tJrh,erhf(t,x)) fV(t,x)] 2.4)
h—0t

Proof. Assume that x(¢) is the solution in the region I x Q. For (¢,x) € I x £ and
0 < h < 1, there exists a neighborhood U of (#,x) such that U C I x Q, (¢ + h,
x+hf(t,x)) €U, and (t+h,x(t,x)) € U. Let L be the Lipschitz constant of V(z,x) in
x on U. Making use of the Taylor expansion and the Lipschitz condition we arrive at

V(t+h,x(t,x)) = V(t,x(t))
=V(@t+hx+hf(t,x)+he)—V(t,x)
<V(t+hx+hf(t,x))+Lhle|—V(t,x),
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where € — 0 as i — 0. Hence,

DV(t,x(t)) := lim : [V (t+h,x(t,x)) = V(t,x(1))]

1
<l [V(+hoxe+hf(e,0) +Lhle] - V()

.1
= Jim V(b b (0) V().

2.5)

On the other hand,
V(t+h,x(t,x+h))—V(t,x(1))
=V(@t+hx+hf(t,x)+he)—V(t,x)
>V(t+hx+hf(t,x))—Lhle|—V(t,x).

Thus,

DIV (ra(r) = lim ;11 V(¢ + (e, x4+ h)) — V(t,x(2)]

> lim ;11 [V(t+hx+hf(tx)— V(). (2.6)

Combining (2.5) and (2.6), we find that

1
DHV(tx(1) = lim | [V{t+hoxth f(r.0) = V(e.x)].
Thus, (2.3) is true. The proof of (2.4) goes along the same line. O

If V(¢,x) has a continuous partial derivative of the first order, then along the

solution x(¢) of (2.2)

dv v a9V oV
d | ) = o T oox flt,x) = Y +gradV - f(1,x)
and
DV (t,x(t)) =DV (t,x(t)) = D"V (t,x(t)) = D_V(t,x(t)) = dV(t(,l;c(t)).

By Theorem 2.7, V(¢,x(t)) is nondecreasing (nonincreasing) along the solution
of (2.2) if and only if
D*V(t,x(r)) >0  (DTV(t,x(r)) <0).

The significance of Theorem 2.9 lies in the fact that one does not need to know the
solution when calculating the Dini-derivative of V (¢,x(¢)) along the solution of (2.2).
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2.3 M-Matrix, Hurwitz Matrix, Positive (Negative) Definite
Matrix

In this section, we introduce several useful matrices, including M matrix, Hurwitz
matrix, and positive (negative) definite matrix. First we discuss M matrix, which
is a practically applicable mathematical tool in the study of discrete or continuous
dynamical systems, computational mathematics, and statistics. M matrix has many
equivalent conditions. Here, we present only some of them which will be used in
this book. More details about M matrix can be found in the book of Ortega and
Rheinhold [113].

Definition 2.10. A real symmetric matrix A (a;j)nxn is called a nonsingular M matrix
(simply M matrix) if the following conditions are satisfied:

1. aj; >0(i: 1,2,...771), aijgo (175‘], i,j= ],2,...771).
2. The following n determinants are greater than zero:

aig - Ay
det| : ... >0 i=1,2,...,n.

aip -+ i

There are many equivalent conditions for M matrix, among them frequently used
conditions are listed below.

La;i>0(i=1,2,...,n),a;<0 (i#j,i,j=1,2,...,n),and A~ >0, that
is, A lisa nonnegative matrix.

I a; >0 (i=1,2,...,n), a;; <0 (i#Jj, i,j=1,2,...,n), and there exist
constants ¢; > O such that }i_ cja;; >0,i=1,2,....n.

L a; >0, a;; <0, i,j=1,2,...,n, and there exist constants d; > 0 such that
Z;’:ld,’a,’j >0,j=1,2,...,n.

IV. a; >0 (i=1,2,...,n),a;; <0 (i#j,i,j=1,2,...,n), and for any positive
real numbers & = (&1, &, ..., &,)T, the algebraic equations A x = € has positive
solution 1 = (N1, M2, .., M) 7.

V. ai;>0,a;<0,i,j=1,2,...,n,i # j, and there exists a positive diagonal
matrix P = diag(p1,pa, ..., pn), such that PA + AP is positive definite.

VL a;>0,a;; <0 (i#j,i,j=1,2,...,n), and —A is a Hurwitz matrix, that is,
all eigenvalues of A have negative real parts.

VIL a; >0 (i=1,2,...,n), a;; <0 (i# j, i,j=1,2,...,n), and the spectral
radius of the matrix G := (I — D~ 'A), p(G) < 1 (i.e., all the eigenvalues of G
are located inside the unit circle on the complex plane, which is said that G is
Schur stable [77]). Here, D = diag(ay1, a2, ..., amn), D~' denotes the inverse
of D.

The conditions I given in Definition 2.10 are relatively easy to verify since it has
constructive computing program.
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Next, we briefly discuss Hurwitz matrix. If all eigenvalues of A (a;j)ux, have
negative real parts, then A is called a Hurwitz matrix [68]. Let

det(AI—A) =ay A"+ ay A" '+ +a1A+ag (an=1).

Then the criterion for A being a Hurwitz matrix is the well-known Hurwitz criterion:
Ifai>0,i=0,1,...,n, then A is a Hurwitz matrix if and only if A; > 0, i =
1,2,...,n, where

ar ap 0 0
asz  dpy aj 0
ap ap . .
Al i=ay, A= sy Ay = : : =A,_1a
1 1, 2 Cl3 612 ’ 9 n T e e : n—10Un,
ap—1 ap—2
ap—1 " An

in which a; = 0 for s <0 or s > n.
Finally, we introduce the Sylvester condition for a matrix to be positive (or
negative) definite. Let the corresponding quadratic form of the real symmetric matrix

be V(x) = xTAx. Then the positive definite (negative definite), sign change, etc. can
be determined by the Sylvester condition, simply called A positive (negative) definite,
or positive semi-definite (negative semi-definite). Let

ap -+ ai
A=

ajp - i

The well-known Sylvester criterion can be stated as follows.

A is positive definite if and only if A; >0, i=1,2, ..., n.

A is positive semi-definite if and only if A; >0, i=1,2,...,n.

A is negative definite if and only if (—1)/A; >0, i=1,2,...,n.

A is semi-negative definite if and only if (—1)'4; >0, i=1,2,...,n.

The above criteria or conditions show that when one wants to verify whether a
matrix is an M matrix, or sign definite or Hurwitz matrix, one has to check all the
signs of n determinants. This is certainly very tedious and time consuming. Now
we introduce a method that needs only to check the last one of the n determinants.
The calculations of the other determinants can be obtained in the process of com-
puting the last determinant, implying that the first n — 1 determinants are completely
dependent upon the last determinant.

Now present a simple method [68, 69].
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Definition 2.11. The change of a determinant caused by multiplying a positive num-
ber to a row (column), or a row (column) multiplied by an arbitrary number and
added to another row (column) is called a sign-invariant transform (SIT). The trans-
formations keeping every sub-principal determinant invariant is called a series of
sign-invariant transformations (SSIT).

It is easy to see that a determinant can be always transformed to a triangle
determinant via sign-invariant transform, that is,

aiy ap -+ diy b11 b1y -+ b1,
az| ax -+ Ay, SSIT 0 by --- by
T LU = |B]
an] an2 ... ann 0 ...... bnn
or
C11 0 . 0
(SSIT) 21 0 -0
— . = C]
C21 ...... Cnn

Theorem 2.12. (1) Suppose A = AT. If |A| can be transformed to |B| or |C| via a

series of sign-invariant transformations, then A > 0 (A > 0) if and only if b;; > 0 or

cii>0 (bi,' >0orci;> 0); A<O (A < 0) if and only if b;; < 0 or cj; <0 (bi,' <O0or

¢i<0)i=1,2,...,n

(2)Ifa; >0, a;;<0i#j,i,j=1,2,...,n, Ais an M matrix if and only if b;; > 0
(orc;;>0),i=12,...,n

(3) When a; >0 (i=0,1,....,n—1), f(A) = A" +a, A" '+~ +ajA +agisa
Hurwitz polynomial if and only if

a1 do 0 0 biy biz -+ by
a'; a2 oooooo O b .
(SSIT) 2
A1 = —
an-3 ‘ '
0 -+ 0 br_1yne
oy s e o (1) 1)

or

where bj; >0 (rc;; >0),i=1,2,....,n—1.
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Proof. We prove only the case when A is a symmetric, positive definite matrix. Other
cases can be similarly proved and thus not repeated. Since

aiy -+ A
ap a
A>0 < a;; >0, "2 50 o) > 0.
az| ax -
Anl -+ Apn
. ap ap
So from a;; > 0, we know by > 0. Then it follows from o a > 0 that
21 22

bi1 b12
0 by

Continuing this procedure shows that b; >0 (i=1,2,...,n).
On the other hand, suppose b; >0 (i =1, 2, ..., n), we can deduce that

‘bll b1 >0 we know that by, > 0.

>0. Hence, from a;; >0, b;; >0, and ‘
2

b b1y -+ bin
A~1!=b11>0, AEZZ’ o1 >0, - A~n:: M >0,
0 by Lo
0 - by
and then we can further prove that
apy - Ay
A i=a11 >0, Ay := @11 dn >0, -+ A= 0 > 0.
azy ax T
Adpl * Apn
The proof is complete. (]

Example 2.13. Verify if the following matrix is an M matrix:

4-1-2-3
1 3-2-1
A=
e
0-1-1 5

Itis easy to see from the matrix that a; > 0, a;; <0, i # j, but the diagonal elements
are not dominating. We can apply the above method to verify that A is an M matrix.

4-1-2-3]
-1 3-2-1
A = (2nd row — 4throw x 2; 1st row + 2nd row x 4)
—y-1 40
0-1-1 5]
4 x * k|
= 8 _1; _:8 _Z (3rd row — 3rdrow X 5; 2nd row + 4th row x 11)

0-1 -1 5



16 2 Principal Theorems on Global Stability

(4« * *
011 % = 1
= 10 0 15_24 (3rd column x 5 4th column x 24)
|0 021 48
(4 % % x
011 = =« 7
=10 0 5-1 (3rd column + 4th column x 2)
0 0-7 2
(4 % % x
011 %%
e 3 = ‘B‘v
0 0=
10 002

which clearly shows that all the diagonal elements of the above matrix are positive,
implying that A is an M matrix.

Remark 2.14. The elements marked by * in the above procedure of calculation are
not explicitly expressed since they do not affect the result. That is, they do not influ-
ence the calculation in the next step. When all a;; (i > j) are transformed to zero, a;;
no longer play any role and can be ignored.

2.4 Principal Theorems on Global Stability

In this section, we first introduce global stability with respect to all the variables
of a system, and then partial global stability with respect to partial variables of the
system.

2.4.1 Global Stability

Consider an n-dimensional autonomous system:

x=f(x), f(0)=0, 2.7

where x € R", f € C[R",R"]. Suppose that the solution x(z,7p;xp) of the initial value
problem (2.7) is unique.

Definition 2.15. The zero solution of (2.7) is globally asymptotically stable (globally
stable for short) if for any € > 0, there exists 6(€) > 0 such that

|x(2,t0;x0)|| <€ forall t>17 if |xol <o(e),

and for any xy € R",

tli}l’ilmx(l‘,to;XQ) =0.
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Definition 2.16. The set E = {x|x(t,t0;x0),t > 1y} is called a positive semi-trajectory
of (2.7) through xg at t = ty; if xo # 0, then E is a nontrivial positive semi-trajectory.
x* is called an @-limiting point of x(t,tp;x0) if there is a sequence {t;} with tj, — oo
as k — o0 such that x* = 1imy_ o X(tx, 03 X0).

Note that 2 (xp) is the set of @-limiting points of the trajectory through xg.

Lemma 2.17. Suppose that x* is an w-limiting point of x(t,ty; xo). Then the points on
the positive semi-trajectory of x(t,to;x*) are all the @-limiting points of x(t,t;xo)-

Proof. From the hypothesis, there exists a sequence {z,} with f, — +o0 as n — +oo
such that

x" = lim x(t,,f0;x0) = 0.
n—-+oo

For an arbitrary point x(z,y;x0) on the trajectory through x*, the property of the
group for the solutions of autonomous systems and the relationship of continuous
dependence of the solution on the initial value lead to

lim x(z, +,t0;%0) = nEme(t,to,x(tn,to;xo)) = x(t,10;x").

ty—+oo
In other words, x(¢,7;x*) is an @-limiting point of x(z,y;xg). O
Theorem 2.18. [5] If there exists a radially unbounded, positive definite differen-
tiable function 'V (x) € C[R",R] such that
dv
<0, (2.8)
dr |(29)

and the set M := {x: ‘fi‘t/ = 0} does not contain any entire semi-trajectory of nonzero
solutions of (2.7) except x = 0, then the zero solution of (2.7) is globally stable.

Proof. Since V(x) is a radially unbounded, positive definite function, there exists
¢ € KR such that

V(x) = o(]lx[]).

From the continuity of V(x) and V(0) =0, V(x) > 0, so for any &€ > 0, there exists
6(&) > 0 such that
Vixo) < o(e) if [xofl <d(e).

It follows from (2.8) that
@([[x(2,10:x0) ) <V (x(1,103%0)) < V(x0) < @(€) 2.9)
for all # > 1. Since @ € KR, (2.9) implies that
|lx(2,20;x0) || < €.

Therefore, the zero solution of (2.7) is stable.
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Similar to (2.9), for any xo € R", we get

@(|lx(2,705%0)[[) <V (x(z,10:x0)) <V (x0),
thus
le(t,10:x0) | < 71 (V(x0)) := M.
Hence, according to the Weierstrass’s accumulation principle, we see that the set
Q(xp) is nonempty and bounded.

Now we proceed to prove that Q(xo) = {0}. If this is not true, then there is a
sequence {7, } satisfying f, — o0 as n — oo such that

lim x(tp,10;x0) = x* # 0.
n— oo

In virtue of the positive definiteness of V(x) and dV(d’;(t)) < 0, we know that
V(x(t,19;x0)) is monotone nonincreasing, continuous, and nonnegative. In our case,
this gives

;ETMV(X(Z)’I();XO)) =V(x*)>0. (2.10)

Consider the trajectory x(¢,#p;x") through x*. Since

dv

<0
dt ’

(2.7)

it follows that
V(x(t,00;x")) < V(x*).
If for every t > 19, V (x(t,19;x*)) = V(x*), then there exists

dv

=0.
dr

(2.7)

Thus the set M contains the entire positive semi-trajectory of the nonzero solution
x(t,10;x*), which is inconsistent with the hypothesis. Then there exists #; > #; such
that

V(x(t1,t0:x™)) < V(x¥).
By Lemma 2.17, we find that x(#,#p;x*) is an @-limiting point of x(z,7y;x*). Thus
there exist a sequence {#,} with {¢*} — oo such that

lim x(z;,t0;x") = x(11,20;x™).
n—-+oo

Hence, we obtain

lim x(¢,20;x") =V (x(11,00;x7)) < V(x*),

n—-+too

which leads to a contradiction with (2.10), and therefore, Q = {0}, that is,
lim x(t,to;xo) = lim x(t,to;xo) =0= lim x(t,to;xo). O
t——+oo t—+too t——+oo
Corollary 2.19. If there exists a radially unbounded positive definite function V (x) €

[R", R] such that ‘é‘t/ ‘ is negative definite, then the zero solution of (2.7) is globally
stable.

(2.7)
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2.4.2 Partial Global Stability

In the following, a notion of partly global stability of zero solution for (2.7) will be
introduced [133, 134].
Letx= (y,2)T, y=(x1,%0, ..o, Xm) s 2= (Xm 1, Xmi2s -, Xn) L.

Definition 2.20. The zero solution of (2.7) is said to be globally stable with respect
to (w.r.t.) the partial variable y if for any € > 0, there exists 6(€) > 0 such that

lly(z,t0;y0)|| <€ forall t>1y if |xol < O(€),
and for any xoy € R", there exists

tim_[ly(1t03%) | = 0.

Definition 2.21. A function V(x) € C[R",R"] is said to be radially unbounded pos-
itive definite w.r.t y if there exists a function ¢ € KR such that V(x) > o(||y|]). A
function V (x) € C[R",R"] is negative definite w.r.t. y if there exists a function ¢ € K
such that V(x) < —o(||y|])-

Theorem 2.22. If there is a function V (x) € C[R",R] satisfying
k 5\ 1/2
o)<V <e((Xd) "), m<k<n @.11)
i=1
with @1, ¢ € KR; and

dv
dr

§w<<ix%)1/2), e (2.12)

2.7)
then the zero solution of (2.7) is globally stable w.r.t. the partial variable y.

Proof. Since V (x) is continuous and V (0) = 0, for given € > 0, there exists d(&) >0
such that
Vixo) <@i(e) if [lxoll <d(e).

Equations (2.11) and (2.12) yield

o1 ([[y(2,203x0)[1) <V (x(t,t03%0)) < V(x0) < @1(€).

Thus we have
ly(t,t05x0) || < €,

implying that the zero solution of (2.7) is stable w.r.t. the partial variable y.
Next, we prove that

tliIJP V(x(t,10;x0)) =0 forany xp€R";
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thus the expression
@1(|[y(t,10:x0) ) <V (x(r,t0:x0)) — 0 as 1— oo
implies
[y(t,00:x0)[| = 0 as 1 — oo
If this is not true, then there exists xg € R” such that
V(x(t,t0;x0)) /= 0 as t— oo
Using (2.12) we derive

IETOOV()C(I,I();XQ)) =V,

then
V(x(,10;%0)) > Vieo > 0.

It follows from (2.11) that

a 2 1/2 -1
(Zx,. (t,to;xo)) > 07 (Vao). (2.13)
i=1
Applying the expressions (2.12) and (2.13), we write
0 <V (x(t,10:%)) < V(x(10)) — w(@~ (Va) )t —10). (2.14)
However, when ¢ >> t¢, the expression (2.14) does not hold; thus
IETOOV()C(I,I();XQ)) =0
and

Jim[[y(7,03x0) | = 0.

The proof is complete. O

2.5 Global Stability of Sets

Let M C R" be a manifold or an arbitrary set of points.
For convenience, we define

() = inf v ]|

that is, d(x, M) is the distance from x to M.

Definition 2.23. The solution of (2.7) is said to be globally stable w.r.t. the set M if
Sor any € > 0, there exists 8(€) such that d(xo,M) < 6(€) implies

d(x(t,10;x0),M) < € for all 7 > fo,
and for any xy € R",
lim d(x(t,to;xo),M) =0.

t— o0
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Theorem 2.24. Suppose that V (x) € C[R",R"] and that V (x) satisfies
Pi(d(x,M)) <V(x) < ga(d(x, M), @1, ¢ €KR,
dv

dr 2.7)
Then the solution of (2.7) is globally stable w.r.t. the set M.

<—yldxM)),  yeKk.

Proof. For any € > 0, choosing 5(€) := ¢, (91 (€)), we write
@1 (d(x(t,1050),M)) <V (x(t,20:x0)) <V (x0) < @2(d(x0,M)) < 92(5(¢))
if d(xo,M) < 8(€). Thus
d(x(t,103x0),M)) < @; ' (¢2(d(€))) = ¢ for all ¢ > #.
In the following, we prove the validity of
d(x(t,10;x0),M)) :=d(x(t),M) — 0 as — oo,

For any € > 0, any xo € R", and any 11 > 0, since

WD < y(atete) m),
and
O1(d(x(1) M) < V(x(1)) < ald(x(6). M),
we have
WD < (o vt <0
that is,

< —dr. (2.15)

Therefore, (2.15) yields

or

V(xo) dv
/ . >t —1.
Vi) y(, (V)
Suppose V(xp) < ¢ (d(xo,M)) < ¢»(1), then
V(xo) dv ¢2(n) dv
t— tO S / —1 S / _1
ve) w(ey (V) ~ Jeiaa.m) wies ' (V)
[ (¢) dv /(pz(n) dv

+ .
o1 (dx(0).00) (95 (V) Jowte) w(os ' (V)
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Defining -
¢2(n
r=7(n) > [ v
Jore) wipy (V)

it is easy to see that
o1 (g) dv »(n) dv

/ o Zt—lo—/ O >t—tg—T2>0

Jor(ax(o.m) y(@y " (V) Jore) w(@, (V)
if t >ty 4+ T. Hence,

¢1(€) > @1 (d(x(2),M)),
that is,
d(x(t),M) <e if t >1t+T(g,m).

The proof is complete. ]

2.6 Nonautonomous Systems

Consider an n-dimensional nonautonomous system [68]:

x=f{tx), f(,0)=0, (2.16)
where x = (x1, X2, ..., ;) ', f € C[I x R*,R"], I = [ty,+oo). Suppose that the solution
of the initial value problem (2.16) is unique, and let y = (x1, x2, ..., %,)" and z =

(xm+1 s X425 + -+ xn)T~
In analogy with Definition 2.20 and 2.23, we can formulate the definition of
globally uniform stability of the zero solution of (2.16) (see [68]).

Theorem 2.25. If there exists a function V (t,x) € C[I X R",R"|, satisfying
eu((lxl) <V(ex) < @a(lixll), @1, 92 €KR

and
dv

K
o =-vl), ek

(2.16)
then the zero solution of (2.16) is globally uniformly stable.

We can follow the proof of Theorem 2.22 to prove Theorem 2.25.
Theorem 2.26. If there exists a function V (t,x) € C[I x R" R satisfying

or(yll) < V(t,x) <<p2((zx)‘/2), m<k<n

and

dv
dr

(£ ver

then the zero solution of (2.16) is globally uniformly stable w.r.t. the partial vari-
able y.

@. 16)

The proof of this theorem goes along the same line as in Theorem 2.22.
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2.7 Systems with Separable Variables

It will be shown later that by topological transformations a number of automatic
control systems of different forms can be reduced to systems with separable variables
or to systems with generalized separable variables. In this section, we discuss the
systems with separable variables in detail.

Consider a nonlinear system with separable variables [68]:

x—(Zflj xj . Zf”! xj) , (2.17)

where the dot denotes differentiation with respect to time ¢, f;j(x;) € C[R',R'],
fij(0)=0,1i,j=1,2,...,n Suppose that the solution of the initial value problem
(2.17) is unique.
Let y = (x1,X2, ..., %) T and z = (Xpsi1, Xmi2, ..., %) . Then (2.17) can be
written as
r=(xs

=

Similar to the Sylvester’s condition, we first establish a criterion of positive
definiteness and negative definiteness of quadratic forms w.r.t. partial variables [68].

Al A . .
A2 g symmetric, where A1, A2, Ao,

'l"l=

ifmj xj ) ,

f(m+1 . anj Xj ) . (2.18)

J

(o

1

J

Az1 A
and Ay are m X m, m X p, p X m, and p X p matrices, respectively, and m+ p = n.

Let us assume that A(a;j)nxn = {

Definition 2.27. The quadratic form

T
y A A | (y
z A1 A | \z
is said to be positive (negative) definite w.r.t. y if there are constants & > 0 (i =
1,2, ..., m) such that

m
xTAx2 Zeixiz (xTAxS fZEixlz).
i=1
TTA; A
Lemma 2.28. The quadratic form Y AR () G positive (negative) def-
z A Axn | \z

.. . . . A — €l Ap|.
inite w.r.t. y if and only if there exists a constant € > 0 such that [ H A mam A]Z is
21 22

positive semi-definite ( At €l Ar
Az A |

is negative semi-definite ), where Ly, is

an m X m matrix.



24 2 Principal Theorems on Global Stability
Proof. For illustration we prove the positive semi-definite case. The proof of the

negative semi-definite is similar and omitted.

Ay A |\ z

some constants & >0 (i =1,2, ..., n) such that

T m
y AjtAn | [y 2
>V gk,
<z> {Azl Azz} <z> _l; i

Let € = min;<;<, &. Then we can find
T m m T
y AnnAp | (y 2 2 y €lusxm O [y
>YVe2>eV 2= )
(z> {Am Azz] (Z> _l; % = l;xl <z) { 0 0f\z
T
y Ay —Elpyxm A2 (Y >0
z Ay An|\z/) =7

Al — Elpxm Ar
Ay A

T
Necessity. Since ()Z) > {A” A1z] (y > is positive definite w.r.t. y, there exist

Thus

which indicates that } is positive semi-definite. In particular, Ay

is positive definite.
Sufficiency. The assumptions can be reduced to

T
y Ay —Elpyxm A2 [y >0
Z Az Apn|\z) =7

T m
y At A [y 2
>V ex?

This implies our claim. O

Thus we have

Lemma 2.29. [fthere exist functions @;(x;) on (—eo,4e0) (i =1, 2, ..., n), which are
continuous or have only finite discontinuous points of the first or third kind (i.e., at
the discontinuous points, the left- and right-hand limits of ¢ (x;) exist) such that

1 @i(xi)x; >0forx; 20, i=1,2,....m; @(x))x; >0, i=m+1,...,n;

2. fO m(pi(xi)dxi = oo, i = 1, 27 e, my

3. There is a positive definite function y(y) satisfying

G(x):=

M-

I
=

<pi<xiio>iﬁj<xj> < (),

1

then the zero solution of (2.18) is globally stable w.r.t. the partial variable y.
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Proof. First of all, we construct the Lyapunov function
n X;
V=Y /0 ¢i(xi) d;.
=1
Obviously, conditions (1) and (2) imply that
m X;
Ve 2 Y [Motwdui=p0) — +eas ] = +e
=1

Hence, V (x) is radially unbounded, positive definite w.r.t. y, and along the solution
of (2.18), the Dini-derivative of V (x) is given by

n m
Z oi(x;) Z fij(x;) atthe continuous points of @;(x;),
=1 = i=1,...n

D+V(x)|(2.18)

max{i(pi(xiJrO) ifij(x]'), i(pi(x,’()) iﬁj(x])}
i= Jj= i= Jj=

at the discontinuous points of ¢@;(x;),i=1,...,n.

Therefore, the condition (3) implies that
DV 510 < —W0)-

As a result, the zero solution of (2.18) is globally stable w.r.t. the partial vari-
able y. (]

Remark 2.30. When m = n, the conditions of Lemma 2.29 imply that the zero solu-
tion of (2.17) is globally stable w.r.t. all variables. In Theorem 2.31 given below, for
m = n, the statement follows from the global stability of all variables.

Theorem 2.31. If system (2.18) satisfies
1. fii(xi)xi <O forxi #0,i=1,2,....m; fi(x)xi <0, i=m+1,....n;
2. 5" fi(xi)dxi = —e0, i=1,2, ..., m;

3. There are constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1,...,n), € >0such
that

A(@ij)nxn + [glnéxm 8} is negative semi — definite,
nxn
where
1reifij(xj) | cjfii(xi)
- + ), xixi #0, . .
aij(x) = 2< fiiGg)  filx) X i j=12,...,n,
0, XiXj = 0,

then the zero solution of (2.18) is globally stable w.r.t. the partial variable y.
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Proof. We construct the Lyapunov function
n Xi
*Z/ C,'fi,'(xi)dx
i=17/0
Clearly, V(x) is radially unbounded, positive definite w.r.t. y. This is because
m Xi
@2 =Y [(afil)dii=o0) = 4o as |y =+
i=1

Now we prove that

dv
dr

n n
Zc,f,, Xi Zf,] Xj)

(2.18)

is negative definite w.r.t. y.
For any x = £ € R", without loss of generality we can assume that

k n
Héi#a Zéizzo, mgkgn
i=1 i=k+1
Then, we obtain

k k

G(&)=—-Y cifi(&) Y fij(&),
i=1 j=1
1 k

) X |ei@)faE) +eifiiE) &),

=it

R o EY Sodyeifi(xg) | eifii)y e . e
== X afi@) ,»,;,»#2{ PR K | e fiite),

k
= Z,aii( fu él +Z€fu gt + Zau flt él fjj é} ngn gt

i,j=1

fzt (gl)

\\Ms

Since & is arbitrary, we obtain that G(x) is negative definite w.r.t. the partial variable
y. Then the zero solution of (2.18) is globally stable w.r.t. the partial variable y. [

Theorem 2.32. If system (2.18) satisfies the following conditions:

1. The condition (1) of Theorem 2.31;

2. There exist n functions c¢;(x;) (i=1,2, ..., n), which are continuous or have only
finite discontinuous points of the first or third kind, and satisfy
ci(x;) > 0 for x; # 0 and foiwci(xi)dxi =4oo,i=1,2,...,m
ci(xi)) >0, i=m+1,....n;
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3. There exist functions & (x;) >0 (i=1,2, ..., n) such that

diag(81 (xl) Sm(xm)) 0

A(d) xn
v 0 0 nxn
is negative semi-definite, where
o Ci(xi)fij(xj)+Cj(xj)fji(xi)7xixj#07 o
aij(x) = 2\/Ifii(x) £75(x))) ij=1,2,....n,
0, x,'Xj:O,

then the zero solution of (2.18) is globally stable w.r.t. the partial variable y.
Proof. We can set .
Xi
V(X) = Z/() ci(xi)dxi,
i=1
and then proceed along the line of Theorem 2.26 to complete the proof. ]

Theorem 2.33. If system (2.18) satisfies

1. The condition (1) of Theorem 2.31;
2. There exist n functions ¢; >0 (i=1,2,...,m)and c; >0 (j=m+1,...,n) such
that

n
—cjlfiix)l+ Y alfij(x) <0 for x; #0, j=1,...,m,
[y Y
n

—cjlfiixp)l+ Y alfiix)] <o, j=m+1,...n,
i=Litj

then the zero solution of (2.18) is globally stable w.r.t. the partial variable y.

Proof. We construct the Lyapunov function
n
Vix)= Zci\xi|.
i=1
Clearly,

V(x) = ) cibil == 9(y) — 4o as |yl = +ee,
1

and @(y) is positive definite. On the other hand, we have

DV pg < X [l + Y alfiu)l]

Jj=1 i=1i#]
m n
<Y [-elrl+ X alfi)l]
j=1 i=L,i#j

<0 if y#0.

Therefore, the zero solution of (2.18) is globally stable w.r.t. the partial vari-
able y. (|



28 2 Principal Theorems on Global Stability

Theorem 2.34. Suppose that system (2.18) satisfies the following conditions:
1. The condition (1) of Theorem 2.31;

2. J]:;J](();J]; Sblj = const., l#]a la.]: L...,n
L =by - —by
_b21 1 _bn2 All AIZ
I : : Ay An
“biy by 1

where Ay1, Ay, Ay, and Ary are m X m, m X p, p X m, and p X p matrices,
respectively, and Ay, Axy, [ — A11 A12A22 A,y are all M matrices.

Then the zero solution of (2.18) is globally stable w.r.t. the partial variable y.
Proof. For any & = (&,...,&,)" >0, n = (n1,...,1m,)' >0, and m+p=n, we
consider the linear algebraic equations w.r.t. ¢ = (cy,...,c,) " and ¢ = (&1,...,¢,)":
A]] C+A125 = <§,
Az] C+A225 =n,

or the equivalent ones:

= 7A22A21 C+A22 n,

o (2.19)
c :A11A12A22A21C7A11A12A22 n+A11 é

Since A1, Ay, are M matrices, we have Aﬁl >0, AZ’Z] >0.ButA;; <0and £ >0,
n > 0; therefore, there exist

—AApALyn >0 and A E>o.

Since [ fAilA]zAzleA}l is an M matrix, the second equation in (2.19) has a posi-
tive solution w.r.t. ¢, and the first one in (2.19) has a nonnegative solution w.r.t. ¢.
Thus, the conditions in Theorem 2.33 are satisfied. Therefore, we conclude that the
zero solution of (2.18) is globally stable w.r.t. the partial variable y. (|

In the following, we consider a more specific system given by

y= (Zaljf/ Xj)s - Zam/f/ x;) )T’

/1 T
i= (Z A(mr1)j fi (X)), - Zan]f] x]) , (2.20)

where f(x;) € C[R,R], fj(0) =0, j=1, ..., n. Suppose that the solution of the initial
value problem (2.20) is unique.
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Theorem 2.35. Suppose system (2.18) satisfies the following conditions:

L fi(xj)xi > 0 for xi # 0 and [y fi(xi)dxi = 4o0, a; <0, i =1,2,...,m,
filx)xi >0, i=m+1,... n;

2. There exist constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1, ..., n), €>0
such that

el 0
B(bij) +[ e }
j/nXn O 0 e

is negative semi-definite, where

7C,"ai,", i:j:I,Z,...,m;
b,'j:

1 .
72(Ciaij+cjaji)a 17&]? 171:172""'7’1'

Then the zero solution of (2.20) is globally stable w.r.t. the partial variable y.

Proof. First we construct the radially unbounded, positive definite Lyapunov func-
tion w.r.t. the partial variable y:

V(x)= i‘ici/OXiﬁ(xi)dxi.

Then the proof is analogous to that of Theorem 2.31, and is thus omitted. ]
Theorem 2.36. Let system (2.18) satisfy the following conditions:

1. fi(xi)xi <O0forx; #0a; >0, i=m—+1,m=+2,...,n, and fi(x;)x; <0, a; >0,
i=1,2,...,n;

2. There exist n functions c¢;(x;) (i=1,2, ..., n), which are continuous or have only
finite discontinuous points of the first or third kind, and satisfy
ci(x;)x; > 0 for x; # 0 and foimci(xi)dxi =+4oo, i=1,2,...,m;
ci(xi)xi >0, i=m+1,...,n;

3. There exist functions & (x;) >0 (i=1,2, ..., m) such that

s di
BBy -+ | EED) - Enlan)) 0
is negative semi-definite, where
cixiaijfij (xj)+ej(ep)ajifiiCa) 40
7 ) 1 )
bij(x) = 2/|fili) £ (x;)] !

0, XiXj = 0,

i,j=1,...,n,

then the zero solution of (2.20) is globally stable w.r.t. the partial variable y.

Proof. Construct the Lyapunov function

V(x) = i/:i ci(xi)dxi

which is radially unbounded, positive definite w.r.t. the partial variable y. The proof
can be completed as in the case of Theorem 2.33. (|
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Theorem 2.37. If system (2.18) satisfies

1 fi(xi)x;i >0 for x; #0 a; <0, i=m+1,...,n, and fi(x))x; >0, a; <0,
i=1,2,...,n;
2. There exist constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1, ..., n) such that

n
—cjlajjl+ Y cilaij] <0, j=1,....m,
=T
n

—cjlajl+ ), clayl <0, j=m+1,...n,
i=1i]

then the zero solution of (2.20) is globally stable w.r.t. the partial variable y.

Proof. We construct the Lyapunov function

n
x) = Zci |xi].
i=1

Obviously, V(x) is radially unbounded, positive definite w.r.t. y. Then the proof
follows that of Theorem 2.34. ]

Theorem 2.38. Suppose system (2.20) satisfies the following conditions:

1. fi(x))x;i>0forx; #20,a;<0,i=1,2,...,n,and fi(x;))x; >0, i=m+1,....,n
2.

1 _ a2 _ An1
ari ari
any 1 an2 - ~
} _ . i i
A= an ap |.— |21 212
. . . Ay Ax
_4n _A2n 1
L Ann Ann J

where Ay1, Ay, Ay, and Ary are m X m, m X p, p X m, and p X p matrices,
respectively, and A1y, Ax, 1 —AfllAlgAEZIAzl are all M matrices. Then the zero
solution of (2.20) is globally stable w.r.t. the partial variable y.

Proof. It follows the same idea applied in the proof of Theorem 2.35. (|

2.8 Autonomous Systems with Generalized Separable Variables

Consider the system with generalized separable variables:
ZF,] ) fii(xp), i=1,2,...n, (2.21)

where x = (x1, X2, ..., x,) ', F;; € C[R",R], f;j €C[R,R), £;;(0)=0,i, j=1,2,...,n
Suppose that the solution of the initial value problem (2.21) is unique.
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Clearly, (2.18) is a special case of (2.21) with Fj;(x) = 1.
In fact, we see in what follows that both the Lurie direct control system and the
Lurie indirect one can be reduced to system (2.21).
We still let y = (x1,x2,...,%,)" and z = (X1, Xmi2, ..., Xn) ', and rewrite
(2.21) as
=

~

Theorem 2.39. If system (2.22) satisfies the following conditions:

1. fii(xi)xi > 0 for x; # 0 and [;~ fii(xi)dx; = 4o, i = 1,2, ..., m, fii(x;)x; >0,
i=m+1,...,n;

2. There exist constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1,...,n), €>0
such that

n

T
Fyj(x) fij(x)), - Z fm/xj>’

j=1

n T
Fing1) (%) fomer) (X)), - Z x) fuj(x)) ) . (2.22)

'M=

J

-

J

B(bij)nxn+ [Slnéxm 8} is negative semi-definite,
nxn

where
Fij(0) fi(xg) | Fii) fiaa)y
bijlx) = 2( Fii(xj) " Jii(xi) )’ xixj 70,

0, XiXj :0,

ih,j=1,...,n,

then the zero solution of (2.22) is globally stable w.r.t. the partial variable y.

Proof. Let
n X;
=) / Jii (i) dx;
=170

Clearly,

>Z/ filxi)dxi == @(y) — 4o as [y — +oo.

Hence, V (x) is radially unbounded, positive definite w.r.t. the partial variable y.
Now we proceed to prove that

dv

dt

n

= Zfii Xi Z x) fij(xj)
i=1

]:

(2.22) -

is negative definite w.r.t. y.
For any x = £ € R", without loss of generality we can assume that

k
Héi?é()’ ié,Z:O, m<k<n.
i=1

i=k+1
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Then, we obtain

k k
) = Z Jii é, Z fu é}
k k
=Y RWRE Y [RE)fE) + fiiE)FuE) i8],
i=1 zjzl,i;éj
k k
:Zb fu gt +Z€fu gt + Z blj fu gt fjj 'xj ngu gt
i=1 i,j=1,i#j
<Y efiE) <o
i=1
Since & is arbitrary, we have shown that ¢ ’(2 2) is negative definite w.r.t. the partial
variable y. Hence the proof is finished. |

Theorem 2.40. If system (2.22) satisfies the following conditions:

1 Fi(%) fiil(xi)x; <O for x; 20 i=1,2,...,m, and Fy(x) fii(xi)x; <0, i = m+
1,2,...,n;
2. There exist constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1, ..., n) such that

n
—cj|Fj(x)fjj(xj)|+ Z cilFij(x)fij(xj)| <0, forx; #0, j=1,.
i=1,i#j

n
—cilFji()fii ()l + Y, cilFij(x) fij(xj)] <0, j=m+1,.
i=1,i#j

then the zero solution of (2.22) is globally stable w.r.t. the partial variable y.

Proof. We construct the radially unbounded, positive definite Lyapunov function

w.r.t. y:
y n
x) =) cilxi,
i=1

and complete the proof using a similar procedure as in Theorem 2.33. ([l

2.9 Nonautonomous Systems with Separable Variables

Consider the nonautonomous system with separable variables [71]:

y—(Zfljtx] - mejfx/ )T’

(meH (t,x)), . Zf,,]tx]), (2.23)

J=1
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where y = (x1,%2, ..., Xm) Ty 2= (Xmt1, Xme2, - %) s fij(t,x;) € C[I x R,R],
fij(0) =0, i,j=1,2, ..., n. Suppose that the solution of the initial value problem
(2.16) is unique.

Lemma 2.41. If there exist functions @;(x;) on (—eo,+o0) (i=1,2, ..., n), which are
continuous or have only finite discontinuous points of the first or third kind (i.e., at
the discontinuous points, the left- and right-hand limits of ¢ (x;) exist) such that

L @i(xi)xi >0 forxi #0,i=1,2,....m; @(x;)x; 20, i=m+1,....n;
2. foim(pi(xi)dxi =+4oo, i=1,2,...,m;
3. There is a positive definite function y(y) satisfying

M-

I
=

Glx) == ¢i(xi10)iﬁj(Xj) < (),

then the zero solution of (2.23) is globally stable w.r.t. the partial variable y.
Proof. The proof repeats the one for Lemma 2.29 and is omitted. ]

Theorem 2.42. Let system (2.23) satisfy the following conditions:

L. fi(t,xi)xi <Oforx; #0,i=1,2,....m, and fi;(t,x;)x; <0, i=m+1,2,...,n;
2. There exist functions Fy;(x;) on (—oo,+o0) (i = 1,2, ..., n), which are continuous
or have only finite discontinuous points of the first or third kind such that

Fi(xj))x; >0 for x; 20, i=1,2,...,m,

Fii(x;)x; > 0, i=m+1,m+2,...,n,

f() mEi(xi)dxi:+°°7 i:1a27"'7ma

|Ei(xi)|§|ﬁi(t7xi)|a l:1,2,7l’l,

; €lnxm 0 . . . .
3. The matrix A(a;j(t,x))nxn + 0 0 is negative semi-definite, where
nxn
0<ex 1, and
1, i=j=12...n,
Lo fij(e,x) | fii(t,xi) -
a;j(t,x) = ( + ), xix; #0, i,j=1,2,....n,
! 2\ Fjilx;)  Filxi) A

0, xx;=0,i,j=12,...,n
Then the zero solution of (2.23) is globally stable w.r.t. the partial variable y.

Proof. Consider the radially unbounded, positive definite Lyapunov function
W.I.t. y:

Vix) = Zl/o Fi(x) ;.
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Then

x) > ,;/0 Fij(xi) dxi == @(y).

Clearly we have @(y) — o0 as [|y|| — oo
We further prove that

n n

=G(t,x) = ZF” Xi Zfljtxj

(223) i=1 =1

dv
dr

is negative definite w.r.t. y.
For any x = & € R", without of loss of generality we can assume that

k
Héi#a iéizzo, mgkgn
i=1

i=k+1

Then, it follows that

k k
G(t@)zgﬂi(éz)g 5(1.8)
k

gzan éz +Z£

k
+ Z t(g)uéz jj-xj Z

i.j=Ti#] i=1

< -Y eF;(&) <o.
i=1

. . . . dV
Since & is arbitrary, we have derived that dt ‘ (223)

tial variable y. Hence the zero solution of (2.23) is globally stable w.r.t. the partial
variable y. (|

is negative definite w.r.t. the par-

Theorem 2.43. If system (2.23) satisfies the following conditions:

1. fil(xi) xi <Oforx; £0,i=1,2,...,m, and fii(x;) x; <0, i=m+ 1,2, ..., n;
2. There exist constants ¢; >0 (i=1,2,...,m), ¢; >0 (j=m+1, ..., n) such that

n
—cilfijl+ Y clfit,x)| <0, j=1,....,m,
i=1ij
n

—cjlajil+ Y, cilfi(t,x)[ <0, j=1,....,m,
i=1,i]

then the zero solution of (2.23) is globally stable w.r.t. the partial variable y.
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Proof. Let us choose

n
x) =Y cilxil,
i=1

which is radially unbounded, positive definite w.r.t. y. Analogous to the proof of
Theorem 2.33, we can verify the validity of this theorem. ([l

Theorem 2.44. Let system (2.23) satisfy the following conditions:

1.

. There are functions a;(x;) > 0 with a;(x;) > 0 for x; #0 (i =

There exist functions @Q;(x;) on (—eo,+o0) (i = 1,2,...,n), which are continu-
ous or have only finite discontinuous points of the first or third kind (i.e., at the
discontinuous points, the left- and right-hand limits of Q(x;) exist) such that
©i(x;)x; > 0 for x; # 0, and foim Qi(xi)dx; =400, i=1,2,....m

0i(x)x; >0, i=m+1,m+2,...,n;

1,2, ..., m) such that

n

Y oifi(x)) < —aj(x)), j=1,....,m,
=

n

Y oifii(x;) <0, j=m+1,...,n
=

then the zero solution of (2.23) is globally stable w.r.t. the partial variable y.

Proof. We construct the Lyapunov function

x) = Ii‘i/oxj ¢i(xi) dxi,

which is radially unbounded, positive definite w.r.t. y. Then we have

Ms

dV n n m n
Z i (x; Zf,jtx] §ZZ 0;(xi) fij(t,xj) < —

aj(x;).
dr |03~ S !

1

J

Thus %‘t/ ‘(223) is negative definite w.r.t. y. Therefore, we conclude that the zero
solution of (2.23) is globally stable w.r.t. the partial variable y. ]
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Sufficient Conditions of Absolute Stability:
Classical Methods

The development of control theory began from Maxwell’s study on the stability of
Watt centrifugal governor. In early 1940s, the former Soviet Union scholars Lurie,
Postnikov, and others developed a method to deal with a class of nonlinear systems,
now called nonlinear isolate method. Lurie and his coworkers studied many real con-
trol systems, including the Bulgakov problem of aircraft automatic control. They first
isolated the nonlinear part from the system and considered it as a feedback control
of the system so that the system has a closed-loop form. This problem is the well-
known Lurie problem [99, 100]. The research on Lurie’s problem has so far resulted
in a number of monographs and several hundred of scientific publications. In fact,
the pose of the Lurie problem actually initiated the research on the robust control and
robust stability for nondeterministic systems or multivalued differential equations. It
promoted the application and development of stability theory. In recent years, the
developments in chaos control and chaos synchronization, neural networks, electri-
cal systems have revealed that these research areas are closely related to Lurie control
systems. Thus, it is useful and important to further study Lurie control systems, in
particular, from the point of control theory and stability theory. [164, 173—-179]

In this chapter, we briefly introduce the background of Lurie problem, the mathe-
matical methodology for solving Lurie problem, and consider three classical methods
for studying absolute stability: the Lyapunov—Lurie V-function method (having inte-
grals and quadratic form), S-program, and Popov frequency-domain criterion and
simplified Popov method. We also consider some equivalent conditions at which the
derivative of the Lyapunov-Lurie V-function is negative definite.

Some materials are based on the results of Liao [68] (Sects. 3.1 and 3.2), Lurie
[99,100] (Sect.3.3), Zhu [184] and Zhao [180] (Sect.3.4), as well as Popov [120-
123] and Zhang [178] (Sect. 3.5).

3.1 Absolute Stability of Lurie Control System

We first introduce the centrifugal governor as the earliest example of Lurie control
system. As shown in Fig. 3.1, the angular velocity of the generator, @, is measured
by the centrifugal governor. The centrifugal governor is connected to the server 4
through the level 2 and the sliding valve 3. The server 4 makes the regulator 5 move

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 37
(© Springer Science + Business Media B.V. 2008
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1

2
AZ\H/ ! ] At

As
|
N/ _ | 4
0+A® _>—‘
3

generator
. . o 5
Fig. 3.1 Working principal I_L/Z

of centrifugal governor ——

such that the generator rotates with a constant speed. When the load of the gen-
erator is reducing and thus the speed of the generator is increasing, the governor
sleeve moves up to raise the sliding valve via the level. Thus high pressure gasoline
enters the upper part of the server cylinder, and the gasoline left in the lower part of
the cylinder is drained off through the lower narrow passage. Therefore, the piston
descends to move the regulator to reduce the amount of gasoline so that the angu-
lar velocity of the generator is reduced. On the other hand, when the speed of the
generator is below the normal speed, the server moves up to adjust the regulator to
increase the amount of gasoline. Thus, the speed of the generator increases. Because
of the negative feedback of the centrifugal governor, the generator’s angular velocity
can be kept a constant. As we know, a generator usually works in an environment
where the end-users’ loads are frequently varying. If the generator is not kept at a
constant angular velocity, the users will not have a constant currency, which could
cause disaster.

Now we consider the mathematical model of the centrifugal governor. The
differential equation of the generator is given by

7989 Ao+ AL,
dt
where J is the angular inertia, A® is the increment of the angular velocity, AL is
the position increment of the regulator, k and k; are the rates of the changes of the
moments per unit.
The dynamic equation for the centrifugal governor is

d’AzZ _dAZ
M C =F Ao+ FAZ
42 + dr 1AW+ FLAZ,
where M is the generalized mass, C is the damping coefficient, AZ is the mea-
surement of the position change of the governor sleeve, F| and F, represent the
generalized forces per unit, respectively, for @ and Z.
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The equation for the server is given by

dAL
ASL = r),
where A is the cross-area of the governor cylinder, As is the amount of change of
the sliding valve, f(As) is the amount of gasoline entering the cylinder per unit time.
The nonlinearity of f is determined by the shape of the sliding valve. In general, it is
difficulty to know the exact form of f.

The kinematics of the feedback level is
As=aAZ—bAL,
where a and b are constants.
The above four equations can be transformed to the following dimensionless
equations:
arQ+arp=—H,
byl +baf+b3n =@,
= f(o),
C=cn—Ccl,

where ¢, 1, U, O are, respectively, variables proportional to Aw, AZ, AL, As, while
o is the control signal, which determines the amount of the gasoline entering into
the cylinder.

Let ¢ = x1, N =x2, 1 = x3, L = x4. Then the above equations take the following
standard form:

. ap 1
X == "x1— x4,
aj ai
Xy = X3,
1 b3 by 3.1
X3 = b] X1 bl X2 b] X3,
X4 = f(0),

O =C1X] —C2X4.
When the generator is working in normal condition, we have
Xy =x3=x3=x4 =0,

which is the equilibrium position of the system. It is required that the equilibrium
point is globally stable.

Next, we introduce the Lurie-type nonlinear control system, that is, the so
called Lurie problem and its mathematical description. Around 1944, the former
Soviet Union mathematical control scholar A.I. Lurie, based on the study of air-
craft automatic control system, proposed a control model described by the following
general differential equations [99, 100]:

x=Ax+bf(o),

n

2

G:CT)C:ZCixi, (3 )
i=1



40 3 Sufficient Conditions of Absolute Stability: Classical Methods

T |z o=clx

A gl

Ax f(o)

S

Fig. 3.2 Lurie control system

where x € R" is the state variable, b, c € R" are known constant vectors, o is the
feedback control variable, f(o) is a nonlinear function. System (3.2) is shown in
Fig.3.2.

The form of f is not specified, but it is known that it belongs to some type of
functions Fjo 4, Flox)» Fix, x,) OF Feo. Here,

Fioy :={f1f(0)=0,0< 0 f(0) <kc? & #0, f continues} ;
Fiox :={f1f(0)=0,0< 0o f(c) <ko? o #0, f continues  ;
Fiytg) = {/1(0) =0, ki 0> < 6 f(0) < k2 6%, & #0, f continues} ;
F.:={f|f(0)=0, o f(c) >0, c#0, f continues} .

The above functions are demonstrated in Fig. 3.3.

Many practical nonlinear feedback control problems can be described by system
(3.2), but the form of f is usually not known. Partial information about f may be
obtained from experiments. However, experiments can only be carried out under
specific loads, and thus f depends upon the leads. Usually one only knows that f
belongs to Fjg i, Flo x> OF Flt, k,)- Any other information is not available in practice.
For example, for the above centrifugal governor, the control signal ¢ of the governor
is proportional to the change of the sliding valve’s position, As. f(o) measures the
amount of the gasoline entering into the server, which is a nonlinear function of
the open degree of the sliding valve. Besides knowing that when ¢ > 0, f(o) >0
(which means a increase of the gasoline in the upper part of the server cylinder),
when o <0, f(0) < 0 (implying the reduction of the gasoline in the upper part of
the server cylinder), and f(0) = 0, very little is known about the function f (o).

Therefore, the Lurie control system (3.2) is actually a multivalued differential
equations, also called differential involving or nondeterministic system.

In general, Lurie systems can be divided into three types [2, 159]:

1. Direct control system when A of system (3.2) is a Hurwitz matrix;
2. Indirect control system when A of system (3.2) has an eigenvalues with zero real
part and remains have negative real parts;
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f(o) ko f(c) k,G
Fo, 1
. [k, k,]
0,k
(0.1 ko
0 () 0 (&
(a) (b)
f(o)
Fo,
0 o
(©)

Fig. 3.3 Different types of f(0): (a) Fjgx and Figx); (b) Fiy, ,); and (¢) Fw

3. Ciritical control system when no eigenvalues of A of system (3.2) have positive
real parts.

Definition 3.1. The zero solution of system (3.2) is absolutely stable if Vf(0) € F,
the zero solution of system (3.2) is globally stable. The zero solution of system (3.2)
is absolutely stable in the Hurwitz angle region [0,k] ([0,k), [k1,k2]) if Vf(0) € Fioy
(Vf(0) € Fox), Vf(0) € Fig, 4))> the zero solution of system (3.2) is globally stable.

The well-known American mathematician Lefschetz gave the precise mathemati-
cal description for the Lurie problem [62]: The Lurie problem is to find the sufficient
and necessary conditions of absolute stability for the equilibrium points of system
(3.2). Therefore, as long as a sufficient and necessary condition is obtained, it is con-
sidered as a solution to the Lurie problem. The particular form of the condition is not
a concern here. However, certainly, the simpler the condition, the better it is.

We now first discuss the necessary conditions for the absolute stability of system
(3.2) when f € F..
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Theorem 3.2. The following conditions are all the necessary conditions for the
absolute stability of system (3.2) [68, 159]:

(1) Ve >0, (0 < & <k), the matrix A+ €bcT is a Hurwitz matrix;

(2) ReA(A) <0, i.e., all eigenvalues of A are located in the closed left half of the
complex plane;

(3) b < 0.

Proof. 1. Let f(0) = €0 = €clx. Then system (3.2) becomes
Xx=(A+ebch)x.

Since the zero solution of (3.2) is asymptotically stable, A+ ebcT is a Hurwitz
matrix.

2. Suppose at least one of eigenvalues of A has positive real part, say, ReAdg(A) >
0. Because of the the continuous dependence of the eigenvalue on the elements
of the matrix, we can always choose 0 < € < 1 such that at least one of the
eigenvalues of A+ ebc! has Redg(A +ebc”) > 0, leading to a contradiction
with absolute stability. Thus Re(4) < 0.

3. Suppose c'h > 0. Let f(0) = ho. Then system (3.2) can be written as

x=(A+hbc)x.
Since tr(bcT) = cTh, when ¢Th >0, h>> 1,
tr(A+hbc") = trA + htrbc” = trA +he'b > 0.

Thus the zero solution of system (3.2) is unstable, a contradiction, implying that
Th <. O

3.2 Lyapunov-Lurie Function Method

We first consider system (3.2) being a direct control system, that is, A is a Hurwitz
matrix, and introduce the sufficient condition that was first derived by Lurie [99,100]
for the absolute stability of the zero solution of system (3.2). Since A is a Hurwitz
matrix, for a given arbitrary symmetric, negative definite matrix —B, the Lyapunov
matrix equation,

AP+ PA=—B, (3.3)

has symmetric positive definite matrix solution.

Theorem 3.3. [99, 100] If there exists a symmetric, positive definite matrix P such
that the derivative of the radially unbounded, positive definite Lyapunov function

V(x) :xTPx—f—/Gf(c)dc, (3.4)
0

evaluated along the trajectories of system (3.2), given by
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dv

a | = —x'Bx+ (cTA+2b"P)x f(0) + b f2(0), (3.5)
3.2

is negative definite. Then the zero solution of the system (3.2) is absolutely stable.

The conclusion of Theorem 3.3 is correct, which was the earliest original method
used to study the absolute stability of Lurie controls systems. However, it is difficult
to verify the negativity of (3.5). Researchers once considered equation (3.5) as a
quadratic form with respect to (w.r.t.) (x, (o)), and hoped to find the condition of
(x,f(0)) satisfying Sylvester condition to overcome the difficulty. However, this

failed. This idea is equivalent to add a differential equation to system (3.2) to obtain
x=Ax+bf(o),
(3.6)
6 =cTAx+c'b f(o).

We only need to consider a special case by choosing f(6) = ¢ from which the
failure can be seen immediately. Thus, (3.6) becomes
X=Ax+bo,
3.7)
6 =cTAx+c"bo.

The last equation of (3.7) is actually not independent, but a linear combination of
the previous n equations. If formally considering this equation as an independent
equation, we may construct the following Lyapunov function:

1
V=x"Px+ 202.

Then if & ’(32
pendent variable and so the zero solution of the system is also asymptotically stable.

Thus the matrix
A b
cTA Th

) is negative definite, it implies that system (3.7) treats ¢ as an inde-

is Hurwitz stable. However,

A b
det LTA ch] =0

A b
cTA ¢Tb

is not a Hurwitz matrix, a contradiction, showing the failure of this method.
However, the Lyapunov function given in the form of

indicates that

V(x) = CTPX+/OGf(G)dG

can still be used as a valid V function to study the absolute stability. To obtain

the absolute stability, one only needs to show that %‘t/ (32) is negative w.r.t. x, not
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necessarily for (x, f(o)). Nevertheless, even considering the negativity of V w.r.t.
x 1is still difficult. This is the main source causing the mistakes made by the early
researchers who tried to get rid of the difficulty. This is also the motivation for the
latter researchers to develop new methodology and new techniques to overcome the
difficulty of verifying ‘fl‘; ](3.2> being negative definite w.r.t. x.

3.3 Lyapunov-Lurie Type V-Function Method Plus S-Program

In this section, we introduce the S-program, which was developed by Lurie to verify

the negativity of ‘g; ’(32) w.r.t. to x. This is a very efficient classical method to verify

%&’ ] (32) being negative definite w.r.t. x, and widely used.

We first point out that the use of the following two Lurie types of V functions are
equivalent:

V(x) = TPx+ﬁ/06f(G)dG (B>0,P=P' P>0) (3.8)

and
W(x) =x"0x+ /0 flo) (@=0" 0>0). (3.9)

That is, the result of application is same. Obviously, the latter is a special case of
the former. In fact, let Q = g . Then W (x) = Véx) , and the latter becomes the former.

Therefore, we use the latter to reduce a variable, and assume 3 = 1 hereafter.
If f(0) € Fe, we can add and subtract the same term 2T ¢l x (where T > 0 to be
determined) to rewrite system (3.5) as

dv
dr

= x"Bx—2 (;CTA-i-bTP—I—TCT)xf(G) —c"hf?(0)+21cxf (o)

(32)
=8(x,f)+210 f(0). (3.10)
Obviously, because of 216 f(c) > 0, if

S(x, f) = TBx—z(;

is positive definite w.r.t. x, f(o), then |(

TA+bTP+ rcT) xf(c) - b (o)

32) 18 negative definite w.r.t. x. The

Sylvester condition for S(x, f) being positive definite w.r.t. (x, f(0)) can usually
be realized by choosing appropriate T > 0.
Since B is positive definite, Vx # 0, let y = Bx. We then have y'B~'y =
xTBTB~'Bx =xTBB~'Bx=xTBx >0 (x # 0), and thus B~ is positive definite.
Because of B being positive definite, the condition for S(x, f) being positive
definite w.r.t. (x, f(0)) is

1
B —<2AT6+Pb+rc)

det 1 T
—<2AT6+Pb+rc) —Tp

>0,
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which is equivalent to

1
o B 7( ATc+Pb+rc)
det[BO (1)] det 1 T 2
7<2ATc+Pb+‘Ec) — T
—1 1 T
I _B ( A c+Pb+rc)
—<2AT0+Pb+rc) —Tp

1 T 1
= —c'b— (ZATc—i—Pb—i— ‘L’C) B! <2ATc+Pb+ Tc) > 0.
Hence, the following Lurie theorem (also called Lurie S-program) is obtained.

Theorem 3.4. If there exist a symmetric positive definite matrix B and a positive
number T > 0 such that

1 T 1
T > (ZATc—i—Pb—f—rc) B! (ZATc—i—Pb—i—rc),

then the zero solution of (3.2) is absolutely stable, where P is the solution of the
matrix equation (3.3).

Corollary 3.5. If there exists a symmetric positive definite matrix B such that
1 T 1
> (2ATc+Pb+c) B! <2ATc+Pb+c),
then the zero solution of (3.2) is absolutely stable.

Corollary 3.5 is special case of Theorem 3.4 when 7 = 1.
If f(0) € Fo ), in (3.5) add and subtract the same term

2f(o) <6 - Ilcf(G)) (T > 0 to be determined),

then (3.5) becomes

(il‘l/ ) = — TBerZ(;cTAerTPJrTCT)xf(G)
(%) o) 2140 >( )
= =Si(x.f(0) 22 f(0) (0~ f(o)). (3.11)

since /(o) (o - ]i 1(0)) >0 (Y6 £0).

S(x, f) = TBx72<;cTA+bTP+TCT) xf(o)— (chf zkr)fZ(c)

is positive definite w.r.t. (x, f(c)), then ¢
to a similar theorem.

‘(3 ) is negative definite w.r.t. x. It leads
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Theorem 3.6. If there exist a symmetric positive definite matrix B and a positive
number € > 0 such that

2
— (Cbe t

1 T 1
] ) > <2ATc+Pb+Tc) B’l(ZATchPbJrTc),

then the zero solution of (3.2) is absolutely stable in the Hurwitz region [0,k).

The above method is called S-program [159].
It should be noted that S(x, f) being positive definite w.r.t. (x, f) is only a suffi-
cient condition for (21‘1/ ’(32) being negative definite w.r.t. x, not a necessary condition.

Does there exist a system such that %‘t/ |( is negative definite w.r.t. x, but no

3.2)
T > 0 exists for S(x,f) being positive definite. If this is true, then S-program is

called defective, otherwise, it is called nondefective. A counter example has been
found by Zhao [182] indicating that S-program is defective. This shows that the
S-method gives only a sufficient condition for the derivative of the Lyapunov-Lurie
type V function being negative, not a necessary condition. However, S-method first
solved the difficulty in verifying the negativity of V. It is convenient in applica-
tions and widely used. Furthermore, we show that the S-method is equivalent to the
well-known Popov method.

3.4 Several Equivalent SANC for Negative Definite Derivatives

Now we turn to introduce several sufficient and necessary conditions (SANC) for
determining the negativity of the derivative of the Lurie type V function, Cgf , given
in (3.5) along the trajectories of (3.2).

Zhao [180] obtained the following result.

Theorem 3.7. [180] Assume that system (3.2) is a direct control system, then the
sufficient and necessary conditions for V given by (3.4) such that its derivative
dav

= —x"Bx+ (cTA+2b"P)x f(0) +cTb f* (o)
dr |35

is negative definite with respect to x are the following:

(1) U(x) :==x"Bx— (cTA+2bTP)x — c"h > 0 (when c"x =0, i.e., U(x) is positive
semi-definite on the hyperplane ¢ = 0);

(2) c"HHY(ATc +2P"h) <0 (where H'BH =1).

The proof of Theorem 3.7 is quite lengthy (see [180]), yet the condition (2) is still

not easy to verify. If one can determine the lowest bound of U(x) on ¢ = c'x =0,

then one can use infyc ¢y —0} U(x) > 0 to replace the condition (1).
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Based on this idea with the principle of Theorem 3.7, Zhu [184] proved the
following theorem.

Theorem 3.8. [184] Suppose A is a Hurwitz matrix. For a given symmetric positive

definite matrix B, V(o) C Fyy, choose (3.4),

V(x)=x"Px+ /ch(O')dO',

then the sufficient and necessary conditions for

dv

1
o =— TBerZxT(PbJrZATC) f(o)+c'bf*(0) (3.12)

(3.2)
being negative definite w.r.t. x are

! —c"B'd >0,
‘ 1 L N U R s T G-13)
g (p—¢Bd) —d"B =T >0,
where d = Pb+ éATC.

Proof. Since B is a symmetric positive definite, so is B~!, and there exists matrix
H such that
B=H'H, B'=H'(H "

Rewrite (3.12) as

- ‘Z‘Z/ . Bx— 24" (Pb+ ;ATC) £(0) =" £2(0)
= x"HTHx—2x"d f(c) — c"b f*(0)
= (Hx)'(Hx)=2(Hx)"(H ")d f(0) - c'd f*(o)
— [Hx—(H ") 'df(0)] ' [Hx—(H ") df(0)] —(d"B"'d+c"b) (o)
0 when x =0,
=< (Hx)T(Hx) =x"TBx>0 when f(c) >0, x#0, (3.14)
U f*(o) when f(c) #0,
where
U= [Hf(xc) - (H’l)d}T{Hf(xG) —((H Y| - (@B 'd+cTh).  (3.15)
Since
cTx c 1
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1
we only need to prove that for any ¢Tx > © we have U > 0. To achieve this,

introduce the nonsingular transform
y=Hx—(H "Y'd

under which U becomes
U=y'y—p,
where
p=d" B 'd+c"h.
Then the condition ¢Tx > }( is now equivalent to
1

TH [y+(H )] > e (3.16)
Therefore, we need and only need to prove that U > 0 on the half closed space R,
defined by (3.16).

It is easy to show that p > 0. So when y =0, U < 0. Thus y =0 is not on the
half closed space (3.16), implying that

1
cTH 0+ (H D) d] =" H (H ) d=c"Bld <, GA7)

which is the first equation of (3.13).
It is easy to see that on the half closed space R}, U reaches its minimum at the
intersection point, y = y*, of the hyperplane:

1

CTH71 [y+(H71)Td] _ L

and its normal line n passing through y = 0, as shown in Fig. 3.4.

n (CTHfl)T

FH My + () ) =

hyperplane

0
Half space Ry: ¢ H 'y + (H ")"d] >

Fig. 3.4 Hyperplane and the half space R}
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Let
v =A("H™H)T (A to be determined).

Then solve for A from the equation

1

TH A (TH Y +(H Y] = '

to obtain
}( — B4

2=
cTB-1¢

Hence,
Uy ) =0u")y —p>0

is equivalent to U > 0 on the half closed plane Ry (3.16). That is,

UG) = [ACH T [ATHT] - p,
= A%"B e — (d"B'd +c"b),

I 2
= 151 (,—¢"B'd) —d"B'd=cTb > 0. (3.18)
C C

(3.18) is the condition (3.13) and thus the proof is complete. ([l
Following Theorem 3.7, we can prove the following results [184].

Corollary 3.9. Take the V function in the form (3.4), where f(0) € Fioy), then the
sufficient and necessary conditions for Cgf ’(3.2> being negative definite w.r.t. x are

1
L —c"Bld >0,

1 L I R, s T
g (p—¢"Bd) —d"Bd—cTb >0,
Letting k — oo in the above condition yields

Corollary 3.10. Choose the V function in the form (3.4), where f(0) € Fw, then the
sufficient and necessary conditions for %‘t/ ’(3.2> being negative definite w.r.t. x are

"B~ 'd <0,
g1, (¢ B71d)? =d'B"ld—cTb > 0.
C C

Peng [119] used the V function given in (3.4) to prove the following equivalent
result.

Theorem 3.11. [119] The following three conditions are equivalent, any of them

gives a sufficient and necessary condition for %‘t/ being negative definite w.r.t. x.

(32)
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(1) U(x) =x"Bx—2d"™x—c"h >0 (cTx=0),
! { (2) c"B~'d <0,
which is the condition given in Theorem 3.7;
2. "B 'd 4 \/cTB~1¢(dTB~1d + cTh) < 0;

(cTB~d)?

1) c"b+n"B'd - <0
(1) etbn ™B~'c = where d=)(ATc+2Pb).

3.
(2) TB~'d <0,
To prove Theorem 3.11, we need the following lemma.
Lemma 3.12. For any symmetric matrix B, we have

cTb+d"B'd >0,
where

1
d=, (ATc4+2Pb), PA+A'P=-B.

Proof. Let V(x) = x'Px+ [; f(0)do. Then we have

- Vloa= ( f(x(,)>T Bﬂ _ﬁb] ( f(’;)) (3.19)

Since B is positive definite, det B > 0. Then,

-1
det |:%T (1)] —=detB~! = (detB)"! >0,
and
B 10 B —d I —Bl4 . .
det{{ oT ]:| l:_dT _CTb:|}—det|:_dT _Tp :| =—cb—d B 'd.
Thus,
det| B T4 | = (b d'Bd) det (3.20)
7dT 7CTb . )

(3.20) is an important formula and has many applications.
If ¢"h+d"™B~'d < 0, then (3.19) is positive definite w.r.t. (x, f(c)), which is,
however, impossible as shown above. Therefore,
'h+d"B'd>0. 0
Now we prove Theorem 3.11 following the order (1) —= (2) = (3) = ().

Proof. Suppose condition (1) of Theorem 3.11 holds. It readily follows from (3.15)
that Vxq # 0, U(xp) > 0 when cTxq > 0. Let
"B ld—m 1

- _ p-1
X=B 'd- T B c,
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where m is a constant. Thus,

Tp—1
B 'd—
¢ mCTBflc:

Tx=c"Bld— T
c'B 'c

m.

So for all m € (0,+e0), U(X) > 0. However, on the other hand,

U(X) =3 Bi—2d"x— b,

TBfld_
_ [dT(Bfl)Tic CTBflcmCT(Bil)T}
Tp-1
1 ¢'B d*m -1
<B[pta- " 0 B
T[piyt, ¢ B ld—m T
—2d" (5= B =T, (3.21)
C C

Because B is a symmetric positive definite matrix, so is B~', and (B~")T =B~
Hence,

Tp-1 Tp-1
N [, ¢Bd-m 17, cB7'd—m __,
U(x)—[d - TB e c][B - B¢ B C}
Tp—1
B 'd—
—2d"[gta= B =,
c c
Tp-1 2
B 'd—
= (c -1 m) —d"™B'd—Tb,
c c
1 5 c'B7'd  ("BTYdY? o . ¢
g™ T g™ T g —d'Bd—cb,

which is quadratic polynomial of m, and the coefficient of m? is

1

> 0.
B~ 1c
The discriminant of U (x) =0 is
Tp-10)2 1 TR-1,4)2
A :4(c ) _ (e ) —d"B'd—"p
(cTB~1e)2 " ¢™B7lc | "B~ le

4
= 11, (d'B7ld+c"b).

By Lemma 3.12, we know that A > 0, so the equation U (X) = 0 has two real roots:
my =c'B 'd+\/cTB~1c(dTB~1d 4 cTb).

From the second condition of condition (1), we know m_ < 0. If my > 0, then
Vm € (0,m), we obtain U(X) < 0, a contradiction to the fact that U(x) > 0 for
m € (0,+c0). Thus,
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my =c' B 'd+\/cTB=1c(dTB=1d + cTh) <0,

which is the condition (2), and the proof from (1) to (2) is finished.
Next proof (2) = (3). Suppose condition (2) holds, that is,

c"B7d+/cTB-1e(dTB~1d + cTh) < 0,
so cTB~!d < 0, which is the second condition of (3). Thus we have

—c"B'd > \/cTB~1¢(d"B~'d + cTb),

that is,
(c"B'd)? > "B c(d"B~'d +cMh),
or ( Tp-1 )2
T Tp—1 cBd
Tod'B - T <0,

which is the first condition of (3).

Finally we want to prove (3) = (1). We only need to prove that the first
condition of (1) is true under the condition (3). Since B is positive definite, there
exists a nonsingular matrix H such that HTBH =1, and so B~' = HH™. Take the
nonsingular transform

1
x=H|y+ 2HT(ATc+2Pb) =H(y+H"d).

Let the vector yy correspond to xg, then from cTxo = 0, we have
c"Hyo+c"HH d = c"Hyy + B ld= 0,

and thus
("B 'd)* = (c"Hyo)*.

From the Cauchy inequality:
(c"B~d)* < || H|1* |yol?,

we obtain
(cTB*'d)2 B (cTB”d)2

T
> -
Y00 = (cTH)(HTc) cTB~ ¢

Therefore, from the first condition of (3), we know that when ¢Txy = 0,

(CTBfld)Z

Ulxo) =ygyo—d'B~'d—~bTe> " 1|7 —d"B~'d—b'c >0,

C C

This indicates that the first condition of (1) is true. The proof of Theorem 3.11 is
complete. (I
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3.5 Popov Frequency Criterion

In this section, we briefly introduce the Popov frequency method and the simplified
Popov criterion.

3.5.1 The Classical Popov Criterion

In the late 1950s, Popov developed the popov frequency criterion [120-123]. First,
we give three Lemmas.

Lemma 3.13. Suppose the function f(t) is defined for t > 0, and is continuous
and piecewise continuously differentiable. Further assume that f(t) and f'(t) are
bounded. The function G(x) is defined for all x, and is continuous, positive definite
forall x. If

/Ow G(f(1))dt = g < o, (3.22)
then we have
tlggf(t) =0. (3.23)

Proof. Let |f(t)| < a (r>0), |f'(t)| < &', where a and &' are positive constants.
Suppose (3.23) is not true. Then there exist an € > 0 and a monotone increasing
infinite divergent series {#;} such that

[f(@)] = 2€.

Without loss of generality, assume #; > 8, and f; | —t > 20, where 0 is an
appropriately chosen positive number.
Since when 1, — 6 <1, + 6,

() = f@)l <1 (E)l]r—ul < o 8.

From

oo

00 f+06
[atmya= Y [* 6t

k=1"1k—0

we can derive

FO] > f@)| = 1f(6) = fte)| >2e—8d' =¢

by taking 6 = 7. Let n = infe<|y<q G(x) > 0. Then
g:/ G(f(1)di >k6n (k=1,2,...) —oo as k- oo
0

a contradiction. This finishes the proof of Lemma 3.13. O
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Lemma 3.14. Let the functions f;. (k=1,2,3) be defined for t > 0 and continuous.
Further suppose that there exist constants ay such that

|[fie(t)[e® < ¢ (for g 2 0),
then their Fourier transforms
Flio) = / R)e @ dr (k=1,2,3) (3.24)
JO

exist. Let
Fi(io) =H(io) F(io) + B(io),

where .
Hlio) = / ht)e @ di, ©>0, ReH(iw)>8§>0.
JO

Then we have
oo 1 o0 1 oo
[ aoswaz-y=— [ |pie)Pde- [ Boa 625

Proof. The existence of the Fourier transforms is obvious. To prove (3.25), we use
the Parseval formula, the fact that |F3(i®)|? is even function, and that

2]7: /:" ((/Owh(t) i sin(a)z)dz) dw — 0

(due to / h(t)isin(cr)dt being odd) to obtain
0

= 1o
/ fi@) f3()de = o Fi(io)F(io)do  (Parseval formula),
Jo J—eo

= 21” /:o {Fl(iw)F3(iw)+Fz(iw)}F3(iw)d(07
21” /:Q {ReFI(iw) B (io)?

+ ; [Fz(ia)) B(io)+ F(io) F (iw)} } do,

I T e /25 (s F(io) 2
"o [m ’(RCHO(D)) FS(lw)+2(ReFI(iw))1/2’ do
_ 1 /+°° \Fz(iaz)|2 do,
87 /-« ReH

Y

1o
~8x [m |F(io)|” do.

This shows that (3.25) is true. O
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Lemma 3.15. If A = (ajj)nxn is Hurwitz stable, and f(t) is a continuous function
defined for t > 1y, and lim,_, ;.. f(t) = 0, then every solution of the nonhomogeneous
equation

X=Ax+bf() (3.26)
holds and x(¢) — 0 as t — oo, where
x=(xp,x2, ..., %), b=(b1,bs,...,b,)".

Proof. By the method of constant variation, the solution of system (3.26) can be
expressed as

1
x(1) =0y + [ AIp (1) de
to
Since A is Hurwitz stable, there exist M > 1 and « > 0 such that
||eA(t7to>|| < Me 2l—10),

so the first term of x(z) goes to zero as t — +oo. For the second term of x, we have

[ @] < [ @ 120
fiye1f(5) e

eat

=M|b| ™
Then by L’Hospital Rule we obtain

i o STV@IT e O] A0

=0
1o et H+w ae  i—te @ ’

which implies that
tlir+n x(r)=0.

This proves Lemma 3.15. O

Theorem 3.16. [120, 122] If there exists a real number q such that
1
Re[(l +iqw)W(iw)} +, >0 for @>0, (3.27)

where

dot [1@T—AD
K(iow) 0

WD) = i) = det(ior—A)

then the zero solution of (3.2) is absolutely stable in the Hurwitz angle region [0,k|.
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Because the proof is very lengthy and many people are familiar with the result
of this classical method, we will not give the detailed proof here (interested readers
can find the complete proof in [127]), but give some geometrical explanation, and
outline the proof.

Let
B .. Re{K(iw)D(iw)}
X(w) =ReW(io) = Dio)2 (3.28)
e I (K(i0) D{i@)}
. Im iw)D(io
Y(w) = olmW(io) = o D(io) (3.29)
Then the condition of theorem (3.27) is equivalent to
X(0)—q¥(@)+ ' >0 (0>0). (330)

k

Thus, on the complex plane X +iY, for all w, the graph of the characteristic curve
W o)=X(0)+iY (o) (W*(—o)=W" (o)) (3.31)
is located on the right side of the line /*, which passes the point (—1/k,0) with the
slope 1/q (see Figs.3.5-3.7).
The following is the outline of the proof for Popov theorem.

(1) First prove that the solution of (3.2), x(¢), is defined for # > 0. Consider an
arbitrary solution of (3.2), x(¢,%y,xo) := x(¢), which can be written as

T
x(t) = eMxo + / F(c"x(1)) e Ppdr. (3.32)
0
Since A is stable, there exists o > 1, M > 0 such that

!
Il < Mol + [ M o] el ()] e d.

Y

W(io)

Fig. 3.5 The characteristic
frequency curve W (iw) with
slope 1/¢g >0
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Fig. 3.6 The characteristic
frequency curve W (iw) with
slope 1/g <0

W(im)

=Y

@ K
(-1/k,0) \ \\0

Then from the Gronwall-Bellman inequality we obtain

Fig. 3.7 The characteristic
frequency curve W (i®w) with
slope 1/g = +oo

lx(2)|| < MHxOHe(MKHbH llcll—o)t

from which we know that x(¢) globally exists for all ¢ > 0.
(2) Suppose in (3.27) g > 0. Take 0 < h < 1 and rewrite (3.2) as

x=Ax+(f(o)—ho)b.
Further let

f(o)=ho+f(o) (h< f(;) <k+h, 0#0).

Then (3.34) can be rewritten as

Xx=A_x+f(o)b  (A,=A—hbc").

W(iw)

=Y

(3.33)

(3.34)

(3.35)



58 3 Sufficient Conditions of Absolute Stability: Classical Methods

For any L > 0, we have

{ E(t) = f(o(t) = f(c"x(t,t0,x0)) (0<t<L),

Repeatedly apply Lemma 3.14 to prove [, " f(o(t))dt < eo. Then apply Lemma 3.13
to show that o(r) — 0 as ¢t — 0. Finally use Lemma 3.15 to obtain x(r) — 0 as
t — +o0. This shows that the zero solution of (3.2) is absolutely stable in the Hurwitz
angle region [0, k].

Definition 3.17. Suppose A has eigenvalues with zero real parts, but no eigenvalues
with positive real parts. Then Ve > 0, when f(0) = € 0, the zero solution of (3.2) is
globally stable, and we say that the zero solution of (3.2) is limit (or €) stable.

Theorem 3.18. Suppose the following system

X=Ax+bf(0),
- f(e) (3.36)
o=cux
satisfies the limit stability in the singular situation, and
1
Re[(1+igo)W(iw)]+ 0> 0, ®>0 (qisaconstant), (3.37)
then for each continuous function satisfying
O<e< f(;) <k (0#0),

the zero solution of (3.36) is globally asymptotically stable, that is, the zero solution
0f (3.36) is absolutely stable in the Hurwitz angle region [€,k|.

The proof can be found in [127] and omitted here.

3.5.2 The Simplified Popov Criterion

Popov frequency criterion is actually a generalization of the Nyquist frequency crite-
rion. Since the domain of the characteristic curve can be infinite, it is not convenient
in applications. In the following, we introduce a simplified Popov criterion, due to
Zhang [178]. The result obtained in [178] applied the idea of Wang [152, 153] to
change the domain of frequency characteristic curve from an infinite interval [0, o]
to a finite interval [0,p] (p > 0), which improves the Popov criterion from both
theoretical and application aspects.
Again consider system (3.2). Let

W(io)=—c'(iol —A)"'b=

where D(iw) = det(iol — A), and
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X () = ReW (i) = RC{KIS(?;)Z(M)},
Im{K(io)D(io)} _ H(o)
Dio)* " [D(io)*

Suppose the real polynomial H(®) is in the form of

Y(0) = o ImW(io) =

H(®) = hy+hyp 1 @+ -+ 1y 0™ (3.38)
Further let 5
=t+ma {[ 0]} -
p +22]i?§n ]’l] (3 39)

Then we have

Lemma 3.19. In system (3.2) let f(c) = €0 (0 < &€ < k). Then the sufficient and
necessary condition for the asymptotic stability of the corresponding linear system
is that the frequency characteristic curve W(i®) (0 < @ < p) does not intersect the
part of the real axis (—oo, —1/k).

Proof. When 0 < & < k, the sufficient and necessary condition for the asymptotic
stability of the corresponding linear system is that the characteristic frequency curve
W(i®) (—oo < @ < +o0) does not intersect the part of the real axis (—oo, —1/k). So
the necessity of Lemma 3.19 is obvious.

For sufficiency, since W (io) = X (@) +iY (@), from the bounded value theorem
of zero point for polynomials, we know that all zeros of H(®) = 0 satisfy |@;| <
p (1<j<2n—1).Thus, H(®) # 0 for |®| > p, thatis, Y (®) # 0 when |o| > p,
for which W (i®) does not intersect the real axis. From

K(io)D(—iw)+ K(—iw)D(iw)

X(w)= 2D(i0)D(—io)

we obtain

X(—0)=X(w).
Hence, if W(iw) (0 < w < p) does not intersect the part of the real axis
(—o0, —1/k), then W(iw) (—p < @ < 0) also does not intersect the part of the
real axis (—oo, —1/k). Therefore, W(i®) (—eo < @ < +o0) does not intersect the
part of the real axis (—oo, —1/k). The sufficiency is proved. O

Lemma 3.19 actually provides the necessary condition for system (3.2) being
absolutely stable in the Hurwitz angle region [0, ].

Before discussing the absolute stability of system (3.2), we introduce the follow-
ing notations:

Re {K(io) D(io)} _ Alo)
(i) 2 (0)
Im (K (io) D(i0)} _ B(w)
ID(iw) 2 E(0)

X*(0) = ReW (iw) =

b

Y* (@) = ImW (io) =
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Theorem 3.20. [178] If there exists a real number, q, such that
1
Re[(l+iqw)W(iw)]+k >0, we]l0,p], (3.40)

then the zero solution of system (3.2) is absolutely stable in the Hurwitz angle region
[0,k], where

p =14+ max ’ pi ,
2<i<on+11py
in which p; (i=1,2,...,2n+ 1) are the coefficients of the polynomial:
1
p(w)=A(0) —gB(o) + E(0).

Proof. The condition (3.40) is equivalent to

X*(w)qu*(w)Jr]l( >0, el0,p], (3.41)
that is, ( ()

Alw B(w

E((L))_qE((L))+ >0> COE[O,p],
or

A(0) —gB(0)+ E(0) _p(o)
= >0 0,p].
E(0) E) > % ©€0p]
From the definition of p and the intermediate value theorem, we have p(®) # 0.
When @ > p, p(®) > 0. Thus when @ > p, p(®) > 0, that is,

1 p(o)

X*(w)qu*(w)Jrk = E(w)

>0, (w>p).
Combining the above result with (3.41) yields
1
Re[(1+igw)W(iw)]+ s 0, (0>0).

Therefore, the zero solution of (3.2) is absolutely stable in the Hurwitz angle region
[0,k]. O

By Theorem 3.20 it makes possible to use a finite part of the characteristic
frequency curve to determine the absolute stability of nonlinear control systems.
Comparing with the Popov criterion, it greatly reduces computational demanding.
From the geometrical point of view, the zero solution of (3.2) is absolutely stable
provided that for @ € [0, p), the graph of the characteristic curve

W (o) =X(0) +iY (o) (3.42)

is located on the right side of the line that passes through the point [—1/k,0] having
the slope 1/4.
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However, the parameter p in Theorem 3.20 still depends upon ¢ and k, where
q 1is an existence parameter. Thus, it is still difficult to determine p, and needs to
further overcome this obstacle.

For a given k > 0, let

1
G(0w) =A(w) + kE(a)) = Cop+Com 1 O+ -+ co 0",
B(®) = by + b1 0+ -+ by 0",
—1 ‘
pr=ttm el
P> =14 max ‘
1<i<2n cg

Theorem 3.21. [178] If one of the following two conditions holds, then the zero
solution of system (3.2) is absolutely stable in the Hurwitz angle region [0,k]:

(1) bo <0 (orby=0, by <0), and there exits g > 0 such that
Re[(l+igo)W(io)] + Ilc >0, for wel0,p]; (3.43)

(2) bo > 0 (or by =0, by > 0), and there exits g < 0 such that
Re[(1+igo)W(im)] +/1< >0, for wel0,p]. (3.44)

Here p = max(pi, p2).

Proof. Since (3.41) is equivalent to

A(®) —¢B(0) + E(0)

E(o) >0, oel0,p],

we only need to prove
A(w)—gB(o)+ IICE(w) =G(w)—gB(w) >0 (0>p). (3.45)

If condition (1) holds, then from the definition of p, we know that when w > p,
G(w) # 0 and B(w) # 0. Further from by > 0 (or by =0, b; < 0), B(w) <0
for enough large . Noticing that the degree of A(®) is at least one less than that
of E(w), the coefficient of the highest order term is 1/k. Therefore, when @ > 1,
G(w) > 0. This implies that when @ > p, G(®) > 0 and B(®) < 0, and so (3.43)
holds.

A similar proof can be given to condition (2). ]

Finally, to end this section, we establish a criterion that p is independent of g
and k. Let

A(a)) =ay_1+ay >0+ ---+a; w2n72+a0 (1)2”717

where at least one of @ and a; is nonzero, and p3 = 1 + maxp<j<z,—1 \;’(’) |
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Theorem 3.22. [178] If one of the following two conditions holds, then the zero
solution of system (3.2) is absolutely stable in the Hurwitz angle region [0,k]:

(1)aop >0 (orap=0, a; <0), bo <0 (or by =0, by > 0), and there exists g > 0
such that

Re[(1+iq @) W(io)] + ]1( >0, for o€ [0,pl: (3.46)

(2)ap <0 (orag=0, a; <0), bg >0 (or by =0, by > 0), and there exists g <0
such that

Re[(1+iq @) W(io)] + ]1( >0, for e 0,p]. (3.47)

Here p = max(pa, p3)-
Proof. If condition (1) holds, (3.46) is equivalent to

X' (0) —g¥(0)+ = 1) g

1
; + ibs 0 for o€ ]0,p]. (3.48)
From the definition of p, we know that when @ > p, A(®) # 0 and B(w) # 0.
Further it follows from condition (1) that when @ > p, A(w) > 0 and B(®) < 0.
Thus when w > p,
A(0) —gB() >0,

which implies that

A(w) B(w) 1
E@) B Tk

Combining this with (3.46) results in
1
Re[(14+igo)W(iw)]+ e 0, for @ >0.

Hence, the zero solution of system (3.2) is absolutely stable. Similarly, we can prove
condition (2). O

By the improved Popov criterion, one only needs to obtain the characteristic
frequency curve for @ € [0, p], and the verification of Theorem 3.21 can be easily
carried out by a digital computer. The condition given in Theorem 3.22 is a lit-
tle bit stronger than that of the standard Popov criterion, but much convenient in
applications.

In this chapter, we have discussed three classical methods: Lurie-type V-function
method, Lurie-type V-function combined with the S-program, and the Popov fre-
quency approach. Naturally a question is raised: How are the three methods related?
This has been discussed in detail in [159]. A simple relationship is given
below.
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Lurie Method O S-program <= Popov Criterion <= Simplified Popov
Criterion

Thm3.3 O Thm34 Thm 3.16 Thm 3.20
T Thm 3.6
Thm 3.7

0

Thm 3.8

0

Thm 3.11

The condition of Popov method is merely sufficient condition, which guarantees
6(t) — 0 as t — +-oo. Are there any other conditions different from that of Popov’s
method that also guarantees () — 0 as t — +o0? Is the condition that ¢ () — 0 as
t — +oo still a necessary condition for absolute stability? These questions motivate
us to find sufficient and necessary conditions for the absolute stability, which will be
discussed in the next chapter.



4

Necessary and Sufficient Conditions
for Absolute Stability

In this chapter, we discuss the necessary and sufficient conditions for absolute sta-
bility of various Lurie control systems described by ordinary differential equations.
The absolute stability for all the system’s variables will be equivalently transformed
into that of a single variable or partial variables, and that of the Hurwitz stabil-
ity for matrix, which is easy to be verified. Based on obtained theoretical results,
some practically useful algebraic sufficient conditions will be derived, which pro-
vide guidelines for designers and engineers. The material given in 4.1 and 4.3 is
chosen from [78, 80] and that presented in 4.2 and 4.4 is based on [67,76,77]. The
results given in 4.5 are mainly taken from [89].

4.1 Necessary and Sufficient Conditions for Absolute Stability

Consider the general Lurie control system:

X =Ax+bf(o),

n
oc=cx= Zcixi, 4.1)
i=1

where f(0) € Fu, f(0) € Fox) f(0) € Fjg i, or f(0) € Fig, -

Definition 4.1. The zero solution of (4.1) is said to be absolutely stable for the set
Q = {x: 0 =0} (absolutely stable for Q in [0,k), or [0,k], [ki,k2]) if for every € > 0,
there exists 5(&) > 0 such that for any f(0) € Fw (for any f(0) € Fo) or Fjog,
Fig, ky))» the solution x(t) = x(t,19,x0) of (4.1) satisfies

|6 (1,10,%0)| = |cx(t,t0,%0)| < € forall t>1y
if ||xo|| < 6(¢), and for any xy €R",

. o . T o
tEIPmG(I,to,XQ) = tEIJPooC x(t,to,xo) =0.
Definition 4.2. A function V(x) € C[R",R"] is said to be positive definite for the set
Qif
=0 when xe€Q,
V() { >0 when x¢ Q.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 65
(© Springer Science + Business Media B.V. 2008
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V(x) € C[R",R"] is negative definite for Q if —V (x) is positive definite for Q. V (x) €
C[R",R"] is radially unbounded, positive definite for Q if V(x) is positive definite for
Q and V (x) — 4o as |6] = |cTx| — +oo.

Theorem 4.3. The necessary and sufficient conditions for the zero solution of (4.1)
to be absolutely stable (absolutely stable in [0,k), [0,k], [ki,k2]) are the following:

(1) The matrix A+ bc'0 := B is Hurwitz stable, where =0 o0r 6 =1 (6 =0 or
0=1kor0=)(k—k))

(2) The zero solution of (4.1) is absolutely stable for Q (absolutely stable in [0,k) or
[0,k] or Fiy, x,) for Q).

Proof. Necessity. (1) When ReA(A) < 0, we choose 6 = 0; when ReA(A) <0, we
take 6 =1 (6 = Jkor 8 = (k, —k;)). By putting f(6) = 6 =c'x (f(0) = Jko =
;chx) in (4.1) it follows that the matrix B = A + bcT0 is Hurwitz stable.

(2) For any € > 0, we take & = €max; <<y |¢;|. Then there exists §(g) > 0 such
that for any f € F. (for any f € Fjo ), Fio 4 O Fig, x,))s %ol < 8(€) implies that

[lx(2,20,%0)|| := [|x(@)|| = Z |xi(z)| <& forall 7> to,

and further
n
61,10, x0) := |0 ()| = Y |cixi(1)]
i=1

< =
_1n<1[a<x|cl\2|x, \<max|cl\8 €.

Clearly, we have

< =
i Jo()] < lm. el . 0]~
for any xp € R”".
Sufficiency. For any f € F. (for any f € Fiox), Fou or Fi, kz]) the solution of
(4.1) can be expressed as

x(1) = eBU0) x4 " Bl-) [bf(o(t)) — 0bo(T)]dr.

Since B is Hurwitz stable, there exist constants M > 1 and o > O such that
|eBU=0) || < Me=®t=0)  forall > 1.

Since o(t) — 0 ast — oo, 6(¢) continuously depends on xg, and f(c(z)) is a con-
tinuous function of xg and f(o(¢)) — 0 ast — oo, for any € > 0, there exit d;(€) >0
and 7| > ty such that



4.1 Necessary and Sufficient Conditions for Absolute Stability 67
€
" Me et of(o(@) + [poo ()l [ar < § for >0
to

I lbrte()l+boo(e)l|dr < forall +=n,

1
&
[eBU10)xo || < Me™* 1= |xo|| < 5, forall 121
if
[[xoll < 81 ().

Thus, it follows
1
lx(@O)] < ||eB<“’°)XOII+/I Me %) [HW(G(T))IHH%G(T)II de
0

+ [ M oy (o (0) + obo(@) Jas

<£+8+8*£ forall >t
37373 =

Vxo €R”, by using the L’Hospital rule we have

0 < lim |jx(z)]]

{——+oo

< lim Me™ &(t=10) | xo |

+ lim Me [ bf(o ()] + 6bo (D)) | de =

{——+oo

Therefore, the zero solution of (4.1) is absolutely stable (absolutely stable in [0,k)
[O,k], or kl,kg]). O

Theorem 4.4. The necessary and sufficient conditions for the zero solution of (4.1)
to be absolutely stable (absolutely stable in [0,k), [0,k or [ki,k3]) are the following:

(1) The condition (1) of Theorem 4.3 is true;
(2) There exists a differentiable function Vy(x) € C[R",R'] such that V;(0) = 0, and

Vi(x) > ¢s(lo]), ¢r €KR, 4.2)
vy _
ar L) <-Vs(lo]), wreK. (4.3)

Proof. Sufficiency. It suffices to prove that condition (2) implies that the zero
solution of (4.1) is absolutely stable for Q.

Since V;(0) =0 (0 € £) and V/(x) is continuous, for any € > 0, there exists
6(€) > 0 such that

Vixo) < gs(e) for [xofl < 8(e).
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From (4.2) and (4.3), it follows

er(lo(0)]) < Vi(x(t)) < Vi(xo) < @r(e)-

Hence, we deduce that |0 (7)| < €, that is, the zero solution of (4.1) is Hurwitz stable
for Q.
Next, we prove that ) lirll o(t)=0.

For any xo €R” it follows from (4.3) that V(x(z)) is monotone decreasing and
has a lower bound. Thus there exists

. o >
g% Vi(x(1)) IETme(x(t)). o >0,

and « can only be reached on Q. If « is reached outside 2, then there must exist
a constant B > 0 such that |o(7)| > B > 0 for all t > 1. Otherwise, there exists a
sequence {f; } with #; — +oo as k — oo such thatt lir1+1 o (#) = 0. Thus

— oo

o = inf Vy(x(r)) = lim Vi(x(r)) = tkir}lw Vix(e)) = 1i n Ve(x(t)),

>t t—o0 o(t)

namely, & is reached on (2, a contradiction with that ¢ is reached outside (2.
For any xg €R”, from (4.3), it follows that

lo(1)] < |cTx(10)] := h < +oo.
If tlir+n o(t) # 0, then according to the uniform continuity of o(¢), there exist
constants § > 0, 7 > 0 and a sequence {z;} such that
lo(t)|>B for telftj—n,tj+n].

We fix rp = B§i|rc1yf\§h Vr(|o]) > 0, then

Vo) = VyGato) + [\ a

< Vf(.x(to))_/t: Vr(lo(T)])dt

<Viato) - Y [ plo(@ar
j=174-n
< Vi(x(tg)) —2nnry — —oo as  n— oo,

This is in contradiction with V(x(z)) > 0, and so zliT o(t) = 0. Then the zero solu-

tion of (4.1) is absolutely stable for £ (absolutely stable in [0,k), [0,k] or [k, k>] for
£). The sufficiency follows directly from Theorem 4.3.

Necessity. Since the zero solution of (4.1) is absolutely stable, R" is a region of
attraction. For any xy €R”, let

@y (x) = sup x(z,0,)||.
>0
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Obviously, @r(x) possesses the following properties:

1. @7(x) > 0, where the equality holds if and only if x = 0, and ¢(x) is radially
unbounded, positive definite;
2. @7(x(n)) = sup[x(t)||* is monotone decreasing;
>n

3. ¢f(x) is continuous on R”.
Again we define

+o0
Vi(x) = A @f(x(n,0,x))e”Tdn,

then we get
Vi) = [ oGl +m)ean,
Denoting
o) = [ orx(&)a,
we obtain

Py = B = s (x(t +1)).

Using integration by parts, we obtain

V(x(t)) = /0 e nde

=e! /Hn <pf(x(<§))dé‘;w+ O+w¢(t+n)e*"dn

~+o0

0
=~ [opx(nag+ [ @+menan

Since @(x(&)) is monotone decreasing, it is bounded. Thus

t— o0

141
lim ¢ / r(x(£))dE = 0.

Jo
Now we take the derivative of V; along the solution of (4.1). Clearly,

dVi(x(1))

+oo
— —Or /oM
. ‘<4.1> 0 (x(1)) + /0 ®/eMdn

+o0
= —@s(x(t)) + A @r(x(r+m))e Tdn
oo
= || ot +m) = gy(x(0)]e an.
Since @¢(x(¢)) is monotone decreasing, we have

@r(x(t)) > @p(x(t+m)) for 1n>0.
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In particular, if x(¢) is not the zero solution, then there exists

@r(x(t)) # @r(x(z+m)).

Otherwise, we have

Pr(x(1) = @r(x(1+1)) =0 as 1 — oo,

that is, @7(x(r)) = 0, which is a contradiction. Thus if x(r) # 0, we have

(/O+w[(P(x(t+n)) —o(x(r))]e Mdn <0,

that is,
dvy
0 f 0.
dr ’(4A1)< or x7#
Therefore, we see that
dvy < W)
—We(x
dr lany = "IV

where Wy (x) is a positive definite function. From the equivalence relation between
the positive definite function and the K-class function, it follows that there exist
@7(r) € KR and {(r) € K such that

@(llxll) < Vr(x) and  =Wr(x) < =y (|lx])-

Therefore, we write

1

=@ o|):= o|) € KR,

( ma 1o191) = @110
1<i<n

and confirm that V/(x) is positive definite for . Moreover, we have
dvy .
< —We(x) < — s
dr ‘(4” < =Wi(x) < = (llxll)

] n
< N y / ')
= lI’f( max |Ci‘ ; |szz|
1<i<n -

1

o
max |c;|
1<i<n

= ( ) ==—oy(lo]) € K.

The condition (2) of Theorem 4.4 is satisfied.
The proof of condition (1) of Theorem 4.4 is trivial. (|
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By imitating Theorem 4.3 and 4.4 we formulate

Theorem 4.5. The necessary and sufficient conditions for the zero solution of (4.1)
to be absolutely stable (absolutely stable in [0,k), [0,k] or [ky,kz]) are given below:

(1) There exists b € R" such that A + beT is Hurwitz stable;
(2) The condition (2) of Theorem 4.3 is satisfied.

Theorem 4.6. The necessary and sufficient conditions for the zero solution of (4.1)
to be absolutely stable (absolutely stable in [0,k), [0,k], or [ki,kz]) are given by the
following:

(1) The condition (1) of Theorem 4.5 is satisfied;
(2) The condition (2) of Theorem 4.4 is satisfied.

Theorems 4.5 and 4.6 are useful because sometime it is more convenient to verify
the stability of A+ bcT than that of A +bcT6.

Theorem 4.7. Suppose the following conditions are satisfied:

(1) A+ 0bcT is Hurwitz stable, where =0 or 6 = 1;
(2) There exists a symmetric matrix P, such that

X'Px>ac?, o>0,

xT(PA+ATP)x+ (2Pb+ BATe)Txf (o) + Bcbf? (o) < —et, B >0,
or

xTPx>0, [ f(0)do = +oo,

xT(PA+ATP)x+ (2Pb+ BATe)Txf (o) + Bcbf? (o) < —et, B >0,

where T € {c6%,6f(0),f*(0)}, 0< e < 1, a, B, € are constants.
Then the zero solution of (4.1) is absolutely stable.

Proof. It suffices to prove that the condition (2) of Theorem 4.7 implies the condition
(2) of Theorem 4.4.
In fact, we can construct the Lyapunov function

o
V(x) :xTPerﬁ/ f(o)do.
0
By condition (2), it bears
V(x) > ac’ > ¢(ol), ¢ kR

or

V=B [ flo)do > (o)), pekR.
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and
dv

it |y =% (PAFATP)x+(2Pb+ ATe) xf(0) + fe'bf (o)

< —et<—y([o]), ¢ek.

Thus, all the conditions of Theorem 4.4 are satisfied, and the desired conclusion of
the theorem holds. O

As a special case, Theorem 4.7 can contain all the criteria of absolute stability
obtained by the Lyapunov function

(o
V(x)= xTPerﬁ/ f(o)do,
0
which makes %‘t/ 1) negative definite for positive definite P.

Corollary 4.8. If A is a Hurwitz matrix and there exists a constant 3 > 0 and a
symmetric positive definite matrix P such that

xT(PA+ATP)x+2(Pb + ; BATe)Txf (o) + Bc b (o)

is negative definite, then the zero solution of (4.1) is absolutely stable.

Proof. It suffices to prove that the conditions of Theorem 4.7 are satisfied. In fact,
since A is Hurwitz stable, the condition (1) of Theorem 4.7 holds.
Now we construct the positive definite and radially unbounded Lyapunov function

V() :xTPer[S(/OGf(G)dG.

Obviously, V(0) = 0 and

n n 2
nZ\cixi|2 (Zcixi)
i=1

V) >axx>a T > 5
n max |¢;| n max |cj|
1<i<n 1<i<n
G2
=M , = 9(|o|) € KR.
n max |c;|
1<i<n

Here, A, refers to the smallest eigenvalue of P. Thus, V(x) is radially unbounded,
positive definite for 2. Again, we have

dv 1
by < 00 <=0 (Y e

=—o( ' o) :=—aol)
= 7P max |ci] =0 ’
1<i<n
where @1, ¢ € K. Therefore, all the conditions of Theorem 4.7 are satisfied and the

corollary follows. (|
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Now we turn to the Lurie indirect control system:
1 =Ax+bf(0o)
. ’ (4.4)
C=cx— pf(G)a

where A ER™", b eR", c €R", f(0) EF.

Corollary 4.9. If A and {?T IIZ} are Hurwitz stable, and there exist a symmetric

positive semi-definite matrix G and a positive constant p such that
W(x) = —x"Gx+ f(o){2u"x+ pc"A"'x} — pf*(0)

c
is negative semi-definite, where u = Pb+ 5 P is the solution of the Lyapunov matrix
equation

PA+A"P= -G,

then the zero solution of (4.4) is absolutely stable.
Proof. We construct the Lyapunov function

p

Tya-1. 32
Z(p—l—cTA*]b)(CA x—0)".

V(x,0) =xTPx+ /Odf(o) do +

It is obvious that V (x, ¢) is radially unbounded, positive definite with respect to ©.
Then,

av T
d ‘(44) = ~x Gx+2/(0) <Pb+ zc) x—pf*(o)
+ (p_i_chflb) (CTAle—G)(p+CTA71b)f(G)

= — TGerf(G){ZuTerpCTA’Ix}
—pfi(c) - pof(o)

= W(x) —pof(o)

< —pof(o)<0 if oc#0.

Thus, the zero solution of (4.4) is absolutely stable w.r.t. the single variable 6. [

Example 4.10. Discuss the absolute stability of the zero solution of the following

system:
%1 =x— f(x1 —x2), @.5)
Xy = —x1+ f(x1 —x2),

where f € F., and the coefficient matrix A = has a pair of purely imagi-

-10
nary eigenvalues. Thus, Example 4.10 is neither a Lurie direct control system, nor
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a Lurie indirect control system, but a more complicated critical case. Therefore, the
Lyapunov matrix equation
AP+A'P= -G

has no solution P of symmetric positive definite matrix for any positive definite
matrix G. Thus, the traditional Lurie method, that is, the method of using the
Lyapunov function

(o2
Vix) = x'Px+ / f(o)do (P being positive definite),
Jo

which makes i,‘t/ 43) negative definite, cannot be applied. The traditional Popov

method cannot be applied either. Instead we can use Theorem 4.7.

(i) Let f(x; —x32) = x1 —x. Then system (4.5) changes to
X = —x1+2x,
(4.6)

XQ = —X2.

2] is Hurwitz stable.

Obviously, the coefficient matrix B = { N (1) 1

(ii) Construct the Lyapunov function:
1
V)= (3 +33).

Then,

dv

dr las) = 7x1f(x1 7X2) Jerf(xl 7)62)

= — (¥ —x2)f(x1 —x2)

is negative definite for Q = {x: 6 = x| —xp = 0}. Thus, all the conditions of
Theorem 4.7 are satisfied. The zero solution of (4.5) is absolutely stable.

Example 4.11. Consider the three-dimensional system:

X1 = —3x1+x +x3ff(x1 +2)Q+X3),
Xy = x1 = 2x0 +x3+ f (1 + 222 +x3), 4.7)
X3 = x1+3x—3x3 72f(x1 +2xp +X3).

It is easy to verify that

-3 1 1
A= 1-2 1
1 3-3

is not Hurwitz stable matrix. We construct the positive semi-definite Lyapunov
function
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V= ()C1 +2)Q—|—)C3)2.
Then,

dv

dr ‘(4.7) = 2()61 +2)Q—|—)C3) (Xl + 2% +X3)

= —2()61 +2x7 +x3)f(x1 +2x7 +)C3).

av
Consequently, “

: is negative definite for Q = {x: 6 = x; +2x, +x3 = 0}.
7

Clearly, V is radially unbounded, positive definite for @ = {x: 6 = x| +2x, +x3 =
0}. We conclude that the zero solution of (4.7) is absolutely stable.

Example 4.12. Consider the indirect control system:
X1 =x— f(0),
% = —x1 + f(0), (4.8)
6 =x1—x2—pf(o),

where 6 =x; —x2, p >0, f(0) € Fo, and [~ f(0)do = oo,

Since A = {_(1) (1)} is not Hurwitz stable, the Lyapunov matrix equation

ATP+PA= -G

has no positive definite matrix solution for any positive definite matrix G. So the
traditional Lurie method and Popov method cannot be applied. Instead, we can use
Theorem 4.7.

(i) Let f(o) = 0. Then (4.8) changes into

X1 =X, —O,
Xy = —x1+ O, “4.9)
szl—X2—pG.
Since
A —1 1
detiAb—B|=| 1 A —1 |=A%+pA>+34+p,
-1 1A+p

the necessary and sufficient conditions for the characteristic polynomial to be
Hurwitz are given by

p>0, A :=3>0, Al:‘?g‘2p>0.
Thus
0 1-1
B=|-1 0 1
1-1-p

is Hurwitz stable.
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(ii) Construct the Lyapunov function:
L5 °
V(o) =, (3+53)+ | f(o)do,

then ¢/ s = —pf*(o) < 0 when o # 0. Therefore, the zero solution of (4.8)

is absolutely stable.

4.2 Lurie Direct Control Systems

In this section, we first transform the n-dimensional direct control system to a
variable-separated nonlinear system with full rank linear transformation. The feed-
back control variable ¢ is changed into a state variable. It will be shown that the
absolute stability of the Lurie direct control system is equivalent to the absolute
stability of this new state variable. Also, some algebraic sufficient conditions for
absolute stability will be obtained.

The conditions for all the results in this section are based on the systems’ param-
eters, which are independent of the unknown function V, or the solutions of the
Lyapunov matrix equation. Thus, the conditions are easily verified.

Consider the n-dimensional Lurie direct control system [76,77]:

& =Y agj+hif(o) i=1...n,
P (4.10)

where d;j, hi, ¢i (i,j = 1,...,n) are all constants. A= (@ij)nxn is a Hurwitz matrix
and f € F.. The description of the control system (4.10) is shown in Fig. 4.1.

D
) h

Fig. 4.1 Lurie direct control system
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Without loss of generality, we assume ¢, # 0 (otherwise, we can adjust the orders
of the state variables and the equations to make ¢, # 0). With the full rank linear
transformation x = Q£, that is,

X1 10 -0 &
S : S @.11)

Xy 0--- 1 0 Eni

Xn Cl " Cp—1Cn én

Equation (4.10) then changes into
n
xi:Zaijxj—i—bif(x,,) (i=1,...,n—1),

=1 (4.12)

n
x,, = Z anjxj +b,,f(x,,),
j=1

where x, = ¢ is an independent state variable, and

_ dij ..
aij:(aij— l]Cj) (l,]=],...,n—1),

Cn
din
Ain = (i=1,...,n—1),
Cn
n n ~
Ain o
a,,]ch,a,]fZCi ¢j (j=1,....,n—1),

N
3
S
Il
0=
&
X
5

It is easy to prove that if f € F., the necessary and sufficient condition for the zero
solution of (4.12) to be absolutely stable is 4, < 0. It is obvious that the absolute sta-
bility of (4.10) and that of (4.12) are equivalent, and A(a;;)nxn in (4.12) is a Hurwitz
matrix.

Definition 4.13. The zero solution of (4.12) is absolutely stable w.r.t. the partial vari-
n

able x, if Vf € Fo, Y€ >0, 38(¢) > 0, when inz(to) < 0(€), the component of the
i=1
solution x(t,1y,x(to)) of equation (4.12) satisfies

x2(t,10,x(10)) < €, if t>19
and

lim xn(t,l‘o,x(to)) =0 Vx(to) ER".

{——+oo
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Theorem 4.14. The necessary and sufficient condition for the zero solution of the
direct control system (4.10) to be absolutely stable is that the zero solution of (4.12)
is absolutely stable w.r.t. the single variable x,,.

Proof. Necessity. If the zero solution of (4.10) is absolutely stable, for any € > 0,
there exists (&) > 0 such that

lEE &) < i (&) <8, (4.13)

el

Also, we have the condition

X0 :Qé(). (414)
Let R’é and R” be the n-dimensional linear spaces having the components £ and x,
respectively, Q2 :R’é —R! is a nonsingular linear transformation. From the uniqueness

of the solution, we can establish the one to one map between the solution of (4.10)
and that of (4.12) using (4.14). Assume the initial conditions of (4.10) and (4.12)
satisfy (4.14), we have

1)

1l < 127" - ol < 8, if onH<||971H-
Thus,

€

b (70, %0) | = [l & (1,10, &) | < || 1€ (1,10, o) | < el

el =.

For all xy €R”, we have
tEImen(tJOer) = tETooCTg ([at0> go) = 07

as tliT &(t,10,&0) = 0. The necessity is proved.

Sufficiency. Express the solution of (4.12) x(¢) := x(¢,%9,%0) as

1
x(t) = A0 x(t0) + [ AT bf(x,(t, 10, x0)) dT. (4.15)

J1y

Using the Hurwitz stability of matrix A, we can complete the proof by imitating
Theorem 4.3. ]

Definition 4.15. The zero solution of (4.12) is absolutely stable w.r.t. the partial vari-
n

ables xj,xji1,....%, if Vf(x,) € Foo, V€ > 0, 35(€) > 0, when inz(to) < 0(€), we
i=1

=
have

n
ZX%(Z‘,I(),X(Z‘())) <€ lf t>1
i=j

and

n
tgrfm;xlz(t,to,x(to)) =0 for xp€R"
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Theorem 4.16. The zero solution of (4.10) is absolutely stable if and only if the zero
solution of (4.12) is absolutely stable w.r.t. xj, ... ,x,.

Proof. If the zero solution of (4.12) is absolutely stable w.r.t. x;,...,x, (1 < j <n),
especially it is absolutely stable w.r.t. x,,, the conditions of Theorem 4.14 are satisfied.
The sufficiency holds.

On the other hand, assume that the zero solution of (4.10) is absolutely stable,
especially it is absolutely stable w.r.t. §;,...,&,. We have the equation x = Q& (i.e.,

n

xi=& (i=j,j+1,....n—1),x, = Zciéi) between (4.10) and (4.12). Thus, the
i=1
zero solution of (4.12) is absolutely stable w.r.t. x;,...,x;,. O

In the above proof, we have changed the feedback control variable o to a state
variable, which not only avoids the difficulty in discussing the absolute stability, but
also shows that the absolute stability with respect to all variables is equivalent to that
with respect to a single variable in Lurie direct control system.

The conditions of Theorem 4.16 seem stronger than that of Theorem 4.14, but
we can see from the following theorem that the requirement for the conditions of
Theorem 4.16 can be reduced.

Theorem 4.17. For a given symmetric positive definite matrix G,xp, there exists
€ > 0 such that the following matrix

1
—Guxn Pb+ 2A,,+ee,,
1 T
<Pb + 2An + 86,,) by,
n—1
. . . . T - N .
is negative semi-definite, where A, = (a1,...,am), en = (0,...,0,1), P is the sym-

metric positive definite solution of the Lyapunov matrix equation:
PA+ATP = G,
then the zero solution of (4.12) is absolutely stable.

Proof. Construct the radially unbounded, positive definite Lyapunov function:

V(x) =x Px+ / nf(xn)dxm (4.16)
Jo
Then,
v = XV Px+xTPx+ [A x + b f ()] f (3x0)
dr 1(4.12) " 7

= [Ax+ bf(xn)}TPerxTP [Ax +bf (xn)] + [AExJanf(xn)] f(xn),

= xTATPx +xTPAx + [bTPx +x'Pb+ (AIx + bnf (xa))] f(x),
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= x"ATPx+x"PAx + [bTPx+x"Pb+ A}x] f(xn) + buf (xn),

X1 ! 1 X1
—Gpxn Pb+ 2A,,+Sen
= . 1 T .
Xn <Pb + A, + 8€n> b, Xn
£ () 2 £ ()
T
X1 X1
: 0 ¢€e, .
Xn [ (Ee‘n)T 0 ] Xn
f(xn) f(xn)

< =2ex,f(x,) <0 for x,#0.

Thus, we know that the zero solution of (4.12) is absolutely stable from Theorem
4.14. O

If f € F., the necessary and sufficient condition for the absolute stability of the
zero solution of (4.12) is b, < 0. In the following, we assume b, < 0. With the full
rank linear transformation

_b
Y1 1 bn X1
y=| = [=01 D=y (4.17)
Yn—1 ,bzfl Xn—1
Yn 0--- 1” Xn

(4.12) changes into the following system having the same absolute stability,

n
yi:Zrijyj iil,...,l’l*l,
=1 (4.18)

n
Yn = Z Tnjyj Janf(yn)v
=1

n—1

A~ N
where R(rij)nxn = HAH " and h = Hb = (0,...,0,b,)".

Theorem 4.18. There exists a symmetric positive semi-definite matrix given by

pir 0 pra—1 O
P= : : s Pnn > 0>
Pn-1,1 """ Pn—1n—1 O
0 .- 0  pm
such that
PR+R'P

is negative semi-definite, then the zero solution of (4.12) is absolutely stable.
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Proof. Construct V = yTPy, then V is a radially unbounded, positive definite
Lyapunov function w.r.t. y,.

dv

dr laig) — VTPy+yTPy = (Ry+hf(ya)"Py+y P(Ry +bf (),

= yT(RTP+PR)y + 2Pnnbnynf(yn)a
<0 for y,#0.

Thus, the zero solution of (4.18) is absolutely stable w.r.t. y,. The zero solution
of (4.12) is absolutely stable as x;,, = y,. From Theorem 4.14, the conclusion holds.
(]

Theorem 4.19. There exist constants c; >0 (j=1,...,n—1), ¢, > 0 such that one

of the following inequalities

n
—cjajj = Y, alal, j=1,....n—1,

holds, and at least one of the last two inequalities is a strict inequality, then the zero
solution of (4.12) is absolutely stable.

Proof. Construct a radially unbounded, positive definite Lyapunov function w.r.t. x,,:

n
V= ZC,’|X,“.
i=1

Then we have

n— n

I
D'V]gy < Y [CjajjJF Y Ci‘aij@ x|
= =T

L

<0 if x,#0.

n—1 n—1
+ |:Cnann+ Z Ci‘ain|:| |xn‘ + |:Cnbn+ Z Ci|bi|:| |f(xn)‘>
i=1 i=1

From Theorems 2.33, the conclusion holds. O

According to Theorem 2.33 and (4.11), some useful algebraic sufficient condi-
tions for absolute stability are given in the following.
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Corollary 4.20. If one of the following conditions is satisfied,
n—1 a. <0

1 2 =0and{ "~

()j;an] an {bn<07
nl anpp <0

2 ni=0.andq ™ 7

()j;an, an {bngo’

the zero solution of (4.12) is absolutely stable.

Proof. Construct a radially unbounded, positive definite Lyapunov function V (x) =
x,zl w.r.t. x,. Then,

dv .
dr 1(4.12) - Za””xl% +2bpx,f(x,) <0 if x, #0.
The condition of Theorem 4.14 is satisfied. The conclusion holds. 0

Next, we generalize the results of Corollary 4.20 to more general cases. To do
this, let the variables and matrices in system (4.12) be

xm = (xl e 7xm)T7 xln=m) = (xm+1 7 7x")T7

plm) — (b17~~~7bm)T7 pln—m) — (bm+1,...7bn)T

A A
Apxn = |:A21 Ay | where
aip - Aim _01(m+1> © Al
A= © ... Ap = : :
Am1 = Amm ] s L m(m+1) " Gmn mx (n—m)
[ At 1) ms1) = Gt )n
Ay = [0} (n—m)xm Ap = : .
L Yn(mt1) 7 dnn (n—m)x (n—m)

Then system (4.12) can be rewritten as
= Ay ) A x4 b f (), 412y
x0=m) — O xm) o Ay x(=m)  pln=m) £y,
For system (4.12)’, we have the following result.

Corollary 4.21. If Ay is a Hurwitz matrix, then the zero solution of the following
(n — m)-dimensional system

(n=m) :A22x(n*m) er("*m)f(xn) (4.19)

is absolutely stable, implying that the zero solution of system (4.12)" is absolutely
stable.
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Proof. Since the zero solution of system (4.19) is abosultely stable, the zero solution
of system (4.12)' is absolutely stable with respect to the partial variable x(=m) The
solution for the first m variables of system (4.12) can be expressed as

1
2 — A (t=to) ,.(m) (o) + (=7 [Alzx("*m)(f) +plm) f(xn(T))} T.

J1y

The rest can follow the part of the proof for the sufficient condition of Theorem 4.3,
and thus omitted here. (|

In the following, we discuss the absolute stability in the Hurwitz angle [0, k] when
f € Foy in (4.12).

Theorem 4.22. Suppose that the following conditions hold:

(1) A has stability degree at least oc > 0, that is, there exists M > 1 such that
||eA(l*fo>|| < Me o),

(2)0< f(o) < Foy.

Then the zero solution of (4.12) is absolutely stable in the Hurwitz angle [0,k] if
Mk||b|| < a.

Proof. Expressing the solution of (4.12) as

x(t) := x(t,19,x0) = A0 xy + ttb f(xq(7))dT (4.20)
0
yields
ea ()] < [lx() || < Mol 1) + /ttMe*“(“”kHbH ()] d7,
iy
that is,

1
070, (1) < Mo+ | MKl x, ()| d.
T
Applying the Gronwall-Bellman inequality yields
e"‘(’*"’)\xn(t)\ < M||x0||eMkHbH<’*’°),

that is,
6 (£)] < Mol ¢ HMKIEINE=10) 0 as £ — oo, 4.21)

Thus, the conditions of Theorem 4.14 are satisfied, the zero solution of (4.12) is
absolutely stable in the Hurwitz angle [0, ]. (]
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Rewrite (4.12) as

n—1
xi:Zaijxj—i—[am—i—big(xn)]xn (i=l,...,m—]), (4.22)
=1
where
0 if x, =0,
Xp) = 0<g(xy) <k).
g(xn) S xn) if x, £ 0, (0<g(xy) <k)
Xn

It is obvious that if m = n, (4.22) is exactly (4.12), and if m < n, (4.22) has the same
form as (4.19).

Note that f(0) € Fio 4» bm < 0 may not be the necessary condition for the absolute
stability of the zero solution of (4.22).

We denote
ajj 1<i,j<n—1,
|ain + bik]| if b, >0,i=1,....n—1,j=n,
max{|ap|,k|bi|} if bian <0, i=1,....n—1,j=n,
W= Janl i—n1<j<n—1,
Ann if b, <0, i,j=n,
a,—1 —buk if b,>0, i,j=n.

Theorem 4.23. If the following conditions are satisfied:

(1)gqi<0,i=1,....,m;
(2) —0(qij)mxm is an M-matrix;

then the zero solution of (4.22) is absolutely stable in the Hurwitz angle [0, k|.
Proof. If —Q(gij)mxm is an M-matrix, there exists 1; > 0 (i = 1,...,m) such that
n
g+ Y, migij <0.
i=Li#]

Construct a radially unbounded, positive definite Lyapunov function for (4.22):

n
V= Z T’,’|xi‘.
i=1
Then

n—1
D"V < Y mi [aijx it (am—i—big(xn))xn} signx;
i=1

n—

Jrnn[‘

=

1
anjxj+ (apn + b,,g(x,,))xn] signx,,
1

n n
<Y [anjj+ ) niCIij] lxj| <O when x#0.
j=1 =T

Thus, the conclusion is true. (|



4.3 The S-Method and Modified S-Method 85
4.3 The S-Method and Modified S-Method

If the system (4.10) is a direct control system, the Lyapunov function consists of an
integral term and a quadratic form:

(o
V(x) = x"Px+ 5/ () do,
0
where P denotes the solution of the Lyapunov matrix equation
PA+ATP = R,

R stands for a given n x n symmetric positive definite matrix and 8 > 0 is a constant.
Provided that

dv T T 1 o \T .

dr s lo)—x (PA+A'P)x+2(Pb+ ZﬁA c) xf(o)+Bc' bf (o) (4.23)

is negative definite, the zero solution of (4.10) is absolutely stable. One can consider
(4.23) as a quadratic form in x and f(0), and estimate its sign by means of the
Sylvester condition. Thus, (4.23) is negative definite in x and f(o) if and only if

1
R - < 5 ﬁATc+Pb>
1 T
— ( ) ﬁATc+Pb) —Bcp

But the condition (4.24) can never be satisfied. It can be shown that
1
R — < ) BATc+ Pb>
1 T
— (2 BATc+ Pb) —Bcp

det > 0. (4.24)

det <0. (4.25)

Hence, it is impossible to use Sylvester condition to find the sign of (4.23) regarded
as a quadratic form in x and f (o). This was pointed out by Xie [159].

4.3.1 The S-Method

To overcome this difficulty, consider f(-) € Fjg x))- A new method called S-method or
S-process was developed.

1
By adding and subtracting a.f (o) <0‘ - kf(a)) in (4.23) with constant a > 0,

we deduce
dv

1 T
— T T T
a o) = x (PA+A P)x+2(Pb+2[3A c) xf(o)

+Bb0)+ s () (0 L 110) ~ (@) (- 1))
= —-S(x,0)—of(0) (0 - llcf(a)) ,
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where

S(x,0) = x"Rx+2d"xf(c) +rf*(o),
R=—-PA—-A"P
d

- [Pb + ;((Xc + ﬁATc)} ,

T, «
= — b .
r Be —|—k

If S(x,0) is positive definite in x and o, then is negative definite. The

.|

dr 1(4.10)
Sylvester condition for S(x, o) to be positive definite in x and o is usually satisfied.
Then the following result is valid.

Theorem 4.24. (S-process) Let A be stable and suppose there exist constants
a >0, B >0, and a real symmetric positive definite matrix P such that

1
r>0, R— dd'>0
r
or
R>0, r—d"'R7'd>o0.

Then (4.23) is negative definite, and the zero solution of (4.10) is absolutely stable in
the Hurwitz angle [0, k].

Proof. It suffices to prove that
S(x,6) = x"Rx+2d"xf(c) + rf?(c)

is positive definite, that is,

R d
det[dT r} > 0.

Using linear algebra, we reach the conclusion from the following two relations:

o VL L =[S

I O][Rd|[I-R '] _[R 0 O
—d"R'1||d'r| |0 1 “lor—d"Rd |

Naturally, readers can easily see that positive definiteness of S(x,o) is only the

sufficient condition for 0(11‘: to be negative definite. If this condition is not nec-

essary, we say that the S-method is defect. Aizeman and Gantmather [1] (p.119)
presented two problems. The second one is whether there is an example in which

the S-method cannot be applied but one can judge if %‘z/ 10) is negative definite by

other methods.
In [182] Zhao presented the following example.
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Example 4.25. Consider the system

X1 = —2x1 + f(x2),
k: -|—oo7 (4.26)
Xo =X —Xx2— 2f()Cz)7

where A = {? _ﬂ is stable; b = (1,—1/2)T; ¢ = (0,1)T, and take

L, - (7
V= 2x1+x2+/0 S(x)dxs

Then we arrive at

dv
dt (426):72x%+2x1x2*2x%+2)€1f(xz —2x2f(x2) —f
X1 Tr—a 1
A\ b= —1—|—(x —20xyf(x2).
f(x2) 1 —14+a —1/2

It is not difficult to verify that there is no o > 0 such that

-2 1 1
det| 1 -2 —l+al<o0.
1 —l+a —1/2

However, Zhao [182] proved that %‘t/ (426) is negative definite by another method.

4.3.2 The Modified S-Method

When we verify if the derivative, V, of the function V with the Lurie form is negative
definite, the original S-method is the most useful one and is used extensively. This
method is also widely used for nonautonomous systems, multiple adjusted systems,
etc. However, the original S-method requires that S(x, ) is negative definite in x and
o. If it requires only negative semi-definite, one can apply Barbashin—Krasovskii’s
theorem [5, 53] or LaSalle’s invariance principle [61]. But it is rather troublesome.
Our goal is to improve the S-method such that it can be widely used [78].

Theorem 4.26. Assume that A is stable. If there exists constants o0 > 0, 8 > 0, and
a real symmetric positive definite matrix P such that

1
r>0, R— dd">0 (4.27)
r

or

R>0, r—d'R7'd>0, (4.28)
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then the zero solution of (4.10) is absolutely stable in the Hurwitz angle [0, k|, where

R=—-PA-A"P,

1
d=— Pb—l—z(ac—i—ﬁATc) )
T, o
= —BTb
r=-Bh+
ng(;)<k§+oo.

Proof. We construct the Lyapunov function

V(x) :xTPx—i—ﬁ(/ch(O')dO'.

Then we have

av T T 1, \
=x (PA+A'P 2| Pb A
dt Lo x (PA+ )x+ ( —I—Zﬁ c¢) xf(o)
+ Bcbf (o).
. av
By using the S-method, we rearrange — (4.10) as follows
dv T T 5 1
_ — TRy +2 ( _
it 1oy = X Rx+2d"ef(0) 4 (@) + af(o) (0~ f(0))

= S(x,0)+af(o) (G_ ]if(c)),

where
S(x,0) = x"Rx+2d"xf(c) + rf* (o).
When k — oo, the condition (4.27) or (4.28) implies that S(x,5) > 0. Thus,

dav
dr 1(4.10)

< —oaf(o)o

is negative definite for 2. Therefore, from Theorem 4.14 it follows that the conclu-
sion is true. 0

Corollary 4.27. Suppose k — oo and one of the following conditions holds:

(P4 ) () g
(2) (ﬁéTC +Pb)TR*lc <0and
O R CRP R
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BATc
2

(P2 pn)rotc (R [ (P4 o) ro (PR eb) . eth] 0.

(3)( +Pb)TR*‘cg0and

Then there exists ot > 0 such that S(x,c) > 0. Therefore, the zero solution of (4.10)
is absolutely stable.

Proof. We have R > 0. Let dTR™'d — r = 0, that is,

AT T AT
(ﬁz C+Pb+O;C) R’1<ﬁ2 C+Pb+oéc)+[3ch:0,

or

2 2 2

TGS

T AT T T AT
¢ R’lcaz—i-[ BA%e by 1€ € R’1<ﬁ C+Pb)}a
2 2 2
T AT
+Pb) R’1<ﬁ2 C+Pb)+/3ch:o. (4.29)

Equation (4.29) has the positive solution « if and only if one of the conditions (1),
(2) and (3) holds. In this case, the condition of Theorem 4.26 is satisfied, so the
conclusion is clear. O

Corollary 4.28. If k < o0 and the following conditions hold:

1
r —c"R7'd >0,

1 2
(k - cTRfld) —c"R7Ye(d"R™'d + BcTh) > 0,

then the derivative of V(x) = x"Px+ B [y f(0)do along the solution of (4.10) is
negative definite for Q. Thus, the zero solution of (4.10) is absolutely stable in the
Hurwitz angle [0, k].

Proof. The conditions imply that there exists € with 0 < € < 1 such that

Tp—1
—"R'd >0 430
k+e © - (4.30)

2
_ Tp-1,\"_ Tp-l . Tp-I T
(He TR d) TR e(d"R™'d + BcTb) > 0. 431)

Consequently, we derive

_(cll‘t/ ‘(4_10) = x'Rx+2d"xf(0) +7f*(0) +af(o) (G
1

= S(x,o)+af(0)(<f— k+e

f(0)),
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where
1 T
d= —[Pb—l—z(ac—i—ﬁA c)],

T (X
<ﬁc k+¢€
Obviously, R is positive definite. Thus, the conditions (4.30) and (4.31) guarantee
that the equation
R d

det AT 7

-0

has positive solution for ¢, implying that S’(x, o) > 0. Therefore, the zero solution
of (4.10) is absolutely stable in the Hurwitz angle [0,4]. O

Example 4.25 indicates that the original S-method is not efficient. In the follow-
ing, we again adopt this example to illustrate that the modified S-method can be used
to easily verify the absolute stability.

Taking
Lo 5 ™
V= » M +x2+/0 f(x2)dxs,
we derive
dv
at Lo = —Zx% + 2x1X) — Zx% +2x1f(x2) — 2x2f (x2) 2
a \'[—2 1
= X2 1 -2 —1—|—OC 72(1X2f XQ
F(x2) l-14a —1/2
Choosing o0 = 1/2, we get
-2 1 1
det 1 -2 —1+af=0.
I —l4+a —1/2
Thus < —x3 f(x). That is : is negative definite for Q = {x: 0 =

Cu (4.26) — u (2.20

= 0}. Therefore, the zero solution of (4.26) is absolutely stable. Obviously, the
modified S-method is more general than the standard one.

4.4 Lurie Indirect Control System

Consider the Lurie indirect control system
y = Dy+s6,
£ = f(o), (4.32)
o =cly—pé,
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f(o) 4

Fig. 4.2 Lurie indirect control system

where D = (d;j)nxn € R, s € R", y e R", £ € R, p € R, and f(0) € F... The
indirect Lurie control system descried by (4.32) is depicted in Fig. 4.2.
It can be easily proved that the necessary conditions for absolute stability of the

zero solution of (4.32) are that p > 0 and LDT _;] is Hurwitz stable.
If p # 0, introduce the n-dimensional full-rank linear transformation:

Xi = i, l:1,...,l’l,

C 433
Xn+1:6:ZCiyi*P<§~ ( )
i=1

14
Then (4.33) is transformed into the following system with separable variables
n+1
Xi :Zaijxj, i=1,...,n,
j=1

n+1
npl = Y ans1, X — P (Snt1),
j=1

(4.34)

where

Si ..
al‘j:dij+pCj, l,le,...,n,

Si .
dint+1 = — lil,...ﬂl,

P



92 4 Necessary and Sufficient Conditions for Absolute Stability

n n S:C:
iCj .
anJr],j:ZCiaij: Ci (dl]+ P )a J= 1a"'ana
i=1 i=1

1 1=

n n 5
l
Anilnil = Y Ciling1 = Y Ci (— ) :
i=1 i=1 p
Since the necessary condition for absolute stability of the zero solution of (4.32) is
D being stable, we take b-s nonsingular.
T —p g > T p gular.
Again, by the nonsingular linear transformation
z=Dy+s¢,
i1 =c'y—pé,

(4.34) can be rewritten as

7,y €R", (4.35)

2= Bz+hf(za11),

Gnp1 = 2= Pflant),

R

(-5) =[]

Obviously, under the condition that p # 0 and LDT 7; } is nonsingular, the stabilities

of (4.32), (4.34), and (4.35) are equivalent. In analogy with Theorems 4.3—4.4, we
formulate [75] the following:

Theorem 4.29. The zero solution of (4.34) is absolutely stable if and only if

(1) The zero solution of (4.34) is absolutely stable for x,+1;
(2) The matrix G(gij)(ns1)x (n+1) is Hurwitz stable, where

(4.36)

where

niint1— P, I=j=n+1,
8ij = .
ajj, otherwise.
Theorem 4.30. The zero solution of (4.34) is absolutely stable if and only if

(1) The zero solution of (4.34) is absolutely stable for the partial variables x;, ...,
Xur1 (i<j<n+1);
(2) The condition (2) of Theorem 4.29 holds.

Theorem 4.31. The zero solution of (4.36) is absolutely stable if and only if
(1) The zero solution of (4.36) is absolutely stable for z,41;

(2) LBT ][;} is Hurwitz stable.
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Theorem 4.32. The zero solution of (4.36) is absolutely stable if and only if

(1) The zero solution of (4.36) is absolutely stable for the partial variables zj, ...,
1 (1 <j<n41);

(2) [CBT g} is Hurwitz stable.
The proofs for Theorems 4.29-4.32 can be completed similarly to that of Theo-
rem 4.3, and are omitted.

In the following, we derive a series of practical sufficient conditions from the
above theorems. Henceforth, we assume p > 0 (p > 0).

Theorem 4.33. [fa;; <0,i=1,...,n+ 1, and
G, = —((—1)5"1'|a,~j\)(,,+l)x<n+l) is an M-matrix,
the zero solution of (4.34) is absolutely stable.

Proof. Since G, is an M-matrix and a; < 0 (i = 1,...,n+ 1), there exists n+ 1
positive constants ; >0 (i = 1,...,n+ 1) such that

n+l
—rjajj > Z rilaijl, j=1,...,n+1
i=Li#]
We construct the radially unbounded, positive definite Lyapunov function
n+l

Vix) = ; rilxil.

Then, we obtain

n+1 n+1
DV (x)|4sa) < Y {rjajj + Y ri‘aij@ |xj| = pras1lf (Xns1)]
Jj=1 i=Li#]
<0 for x#0.
Consequently, the zero solution of (4.34) is absolutely stable. ]

Theorem 4.34. Suppose that

0n><n 0n><1
01><n —p
(2) There exists constants r; > 0 (i =1,...,n), ryq1 > 0 such that

(1) The matrix A or the matrix A + { ] is Hurwitz stable;

n+1
—rjajj > Z ri\aij\, j=1,...,n+1.
i=Li#]

Then the zero solution of (4.34) is absolutely stable.
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Proof. We construct the radially unbounded, positive definite Lyapunov function

for x,,:
n+1

x) = Z rilxil.
i=1

The argument used in the proof of Theorem 4.33 works, and

n+1
Y il ] bl = praca £

i=Li#]

S_Prn+1‘f(xn+1)|<0 for x,.1#0.

+
D+V 434 Z [rja”

Thus, the zero solution of (4.34) is absolutely stable for x,;. According to Theo-
rem 4.29 the assertion holds. ]

Theorem 4.35. Ifb;; <0, i=1,...,n,p >0, and

bul =[bia| -+ =|bin| =[]
—|ba1] [baa| -+ —|bau| —|h2|
Q= is an M-matrix,
_|bn1| _‘bn2| ‘brm‘ _|hn‘
—leil —leaf -+ —leal P

then the zero solution of (4.36) is absolutely stable.

Proof. Since Q is an M-matrix, there exist constants 7, >0 (i =1,...,n+ 1) such
that

n
rilbjjl > Z rilbij| + ragilejl, j=1,...,n,
i=1iAj

n
r,,Hﬁ > Zr‘,’|h,’|.
i=1
We construct the radially unbounded and positive definite Lyapunov function
n+1

V(z) =) rilzl-
i=

As in Theorem 4.33, we obtain
n n
DV(2)l436) < ). {ijjﬂr Y Vilbij|+rn+1|0j|} k4]
i=1 i=1,i#]

[ = Brwer+ Y il 1f )
i=1

<0 for z#0.

.

Thus, the zero solution of (4.36) is absolutely stable. (]
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Theorem 4.36. (1) Let the matrix LI?F _g ] be Hurwitz stable;
(2) Suppose that there exist constants r; > 0 (i=1,...,n), r,41 > 0 such that

n
rilbjjl = Z rilbij| + ragilejl, j=1,...,n,
i=Litj

n
Tnp1P > Zri\hi\-
y

i=
Then the zero solution of (4.36) is absolutely stable.

Proof. We construct the radially unbounded, positive definite Lyapunov function for

Zn+l:
n+1
V(z) =) rilzl-
i=1
Then,
n
DYV@use < X [ribii+ Y, rilbil+rasileil] Il
j=1 i=1,i#j

[ = Braer+ X it ] £ ne)
i=1

< [ = pruci+ Ll 1)
i=1

<0 for zy+1 #0.

Accordingly, DV (z)| (4 36) is negative definite for z,, 1, and it follows from condition
(1) that the conditions of Theorem 4.31 are satisfied. Hence, the conclusion of this

theorem holds. O

In the following, we take

[an - aj, ] [apjo+1 -+ aips
A= | A=) |
L%jol " Qjojo | L Qjo.jo+1 """ @jo,n+1
[ b1y -+ b, | [ D1 jgr1 - bin Iy
Bijpy=| e BUH = | BN
_bjol bjojo_ _bjo7jo+1 bjo" hjo
X(jo) = (xl,...,ij)T, xlmtl=jo) = (xjoHv---aan)Ta
2jo) = (Z1>"'7i{0)T7 200 = (gt (@)
n+1-jo

f(n+17j0) = (67 767 _pf(xn+1))-
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Theorem 4.37. Suppose that

(1) The matrix A(jo) is Hurwitz stable;
(2) There exist constants r; >0 (i=1,...,jo),r; >0 (j=jo+1,...,n+1) such that

n+1

—rjaj; > Z rilail, j=1,...,jos
i=Litj
n+1

—rjajj > Z rilaijl, j=jo+1,...,n+1.
i=Ti%j

Then the zero solution of (4.34) is absolutely stable.

Proof. We construct the radially unbounded, positive definite Lyapunov function
w.r.t. the partial variables x4 1,..., X 41:

n+1
V(z) = Z rilxi|.
i=1
Then,
Jo n+1
DYV|usg < Y, [rjajﬂr Y Vi\aij\} x| = praealf (g1
=1 i=Litj
n+1 n+1
< Y [mag+ X nlagl] il = ol G,
J=Jot1 i=1ij
n+1
<0 for ) x3#0.
J=o+1

Thus, the zero solution of (4.34) is absolutely stable w.r.t. the partial variables

Xjo+1seeesXnt1-
The first jo components of the solution of (4.34) can be expressed as
X(j())(t,t(),xO) = eA(~f0)(t7t0>X(j0>(l0)

+ t[eA(jo)(f*ﬂA(nH*jo)x(nH*jo)(T)+f(n+17jo>(xnn(1-)) dr.

A

Following the proof of the sufficiency in Theorem 4.3, we can complete the rest of
the proof. |

Similarly, we have the following theorems.

Theorem 4.38. Suppose that

(1) The matrix B, is Hurwitz stable;
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(2) There exist constants r; >0 (i=1,...,jo), rj >0(j= jo+1,...,n+1) such that

n+1

—ribjj > Y rilbilFraalels =1,
i=1,itj
n+1

—rjbjj> Z ri|bij|+r,,+1|c‘j|, j=Jjo+1,....n+1,
i=1,itj

n
Tni1P > Z rilhi.
i=1
Then the zero solution of (4.36) is absolutely stable.
Theorem 4.39. Assume that

00 . .
(1) A(@ij) (ns1)x (n+1) OT A+ {0 —P} is Hurwitz stable;

(2) There exist a symmetric positive semi-definite matrix of the form
puc-pim 0

pP= (Pnt141>0)

Pnl * Pnn 0
0 -+ 0 putin+
such that ATP + PA is negative semi-definite.
Then the zero solution of (4.34) is absolutely stable.

Proof. Obviously, the condition (1) is the same as the condition (2) in Theorem 4.29.
We construct the radially unbounded, positive definite Lyapunov function w.r.t.

Xn41:
V(x) = x"Px.

n
P

<
We fix [ = (0,...,0,—p)T, then

dv

= xT(ATP+ PA)x + (I"Px +xTP
dr 1(4.34) X (AP A+ PA)x+ (I Px+x P f (1),

= xT(ATP+PA)x7 2pPnt1 a1 Xns 1 f (1),

< =20Pns 11X 1f (Xny1),

<0 for x,.1 #0.

Thus, the condition (1) of Theorem 4.29 is satisfied and the conclusion of this
theorem is true. O

Theorem 4.40. Assume that
(1) The condition (1) of Theorem 4.39 holds;
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(2) There exist a constant € > 0 and an (n+ 1) x (n+ 1) symmetric, positive semi-
definite matrix P such that

1
ATP+PA Pl + 2A,,+1 +Ee,
1
(Pl + o Anti +eenin)" -p

is negative semi-definite, where

j=)\

( 7"'707_p)T7

T
Apt1 = (Ang1 05 niipr), ¢
n

A~ N
€nt+1 = (07"'7071)T;

(3) Jo = f(xng1) Ay g = oo,
Then the zero solution of (4.34) is absolutely stable.

Proof. We construct the Lyapunov function

Xn+1
V(X) :xTPX+/O f(xn+])dxn+1.

Obviously,
V(x) > Oxn+lf(xn+l)dxn+l >0 for x,41 #0,
and V (x) — o0 as |x,11| — +eo. Moreover, we have
dV‘ = XPx+x" P+ [Ay X = pf (s )] (in),
dr 1(4.34)

= X (ATP+ PA)x + ["Px+ x"PL+ Ay 1 X f (%41) = P (1))

An+1

« \T ATP+PA Pl +eens X
= <f(xn+l)> (Pl+A;12+1 +8€n+1)T —p <f()€n+l))

< X >T 0(n+1)x(n+1)€€n+1< x )
a f(Xng1) (£€n+l)T 0 fny1) )7

< _28xn+1f(xn+1) <0 as x4 #0.
Thus, the zero solution of (4.34) is absolutely stable. O

Remark 4.41. Suppose that the condition for the matrix P being positive semi-
definite is replaced by the condition for the matrix P being positive definite, or that
there exists a constant € > 0 satisfying

xTPx > ngﬂ.

Then the condition (3) of Theorem 4.40 can be dropped.
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Theorem 4.42. (1) Let the condition (1) of Theorem 4.40 be satisfied.

(2) Suppose that there exists an n X n symmetric, positive semi-definite matrix P such
that B'P + PB := —Q is negative semi-definite, and that there exists a constant
€ > 0 such that .

0 —(Ph+ )

f(Pth;)T p—e

det

and
+oo

f(ZnJrl)dZnH = oo
Then the zero solution of (4.36) is absolutely stable.

Proof. We construct the Lyapunov function

Zn+1
V(z)=z"Pz+ /0 F(zng1) dzngr
with z = (z1,...,2,)T. Obviously, V(z) is radially unbounded, positive definite for
Znt1, and

dv

=~z + 2 (zet) (Ph+ 5Tz = P (za),

T —Q  Ph+"
= z 2 d B )
(f <Zn+1>) (Ph+ )" —p+e (f(zn+1)) o )
< _gfz(ZnJrl) <0 for z,.1#0.

In this case, the zero solution of (4.36) is absolutely stable for z,,,1. Hence, all the
conditions of Theorem 4.31 are satisfied; thus the conclusion of this theorem is valid.
O

Theorem 4.43. Suppose the following conditions are satisfied:
(1) Ajy) is stable;
(2) There exist an n X n matrix P and a constant € > 0 (€ < 1) such that

n+1
T 2
x' Px>¢€ . Z x;
Jj=Jjo+1

( . )T ATP+PA Ph—i—;A,,H < y )
f(Xng1) (Ph+ ;AnJrl)T —p S(Xnt1)

and
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n
—€ Z X7 —ef*(xpy1), or

i=jo+1
n+1
<q —€ Z X;, or
i=jo+1
n
2
_€|: Z xi+xn+1f(xn+l)}7
i=jo+1
where A1 = (a a )T
n+1 n+1,1y---sUn+1.n+1) -

Then the zero solution of (4.34) is absolutely stable.

Proof. We construct the Lyapunov function

T *n+1
V=x Px+ b S (Xn1) At

The condition (2) asserts that V (x) is radially unbounded and positive definite w.r.t.

the partial variables xj,.1,...,Xx,41, and that is negative definite w.r.t.

dv ’
dr 1(4.34)
Xjo+1s++sXn+1-
In addition, the first jy components of the solution of (4.34) can be expressed as
A (1—
X(jo)(t,to,xo) =¢ (10)(t tO)X(jO)(to)

+ ' [eA(,-O)(H)A(n+17jo)x(n+lfjo)(f) + i) | dr.
T

The rest of the proof can be completed as in Theorem 4.3. ]

Similarly, we formulate

Theorem 4.44. (1) Let B ;) be stable;
(2) Suppose that there exist an n X n matrix P and a constant € > 0 such that

n+l
ZTBZZS Z Z,'z
i=jo+1
and
C
| B'P+PB Ph+ il

z 2 z e N 2 e )
(f(zn+1)) (Ph+§)T _p (f(zn+1)) < i:%;r]l I (@n+1);

(3) fo = fzns1) dzpgr = +oo.
Then the zero solution of (4.36) is absolutely stable.
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4.5 Lurie Systems with Loop Feedbacks

The result presented in this section is new and is in press [89].
Consider the more general Lurie control system with loop feedbacks:

£ = Ax+bE +df(o),

& = f(o), (4.37)
o =cx—rE—Nf(o),

wherex € R", A € R b,c,d € R", N,r eR!, f € F,, When N =0,d =0, (4.37) is
a standard Lurie indirect control system. If the second scalar equation does not exist,
and N =& =0,b =0, A is a Hurwitz matrix. Then (4.37) is a standard Lurie direct
control system. If the second scalar equation does not exist, and N =& =0,b =0,
ReA(A) <0, A has only one zero eigenvalue, and all other eigenvalues have negative
real parts, then (4.37) is a Lurie critical control system. The system (4.37) describing
the Lurie system with loop feedback is shown in Fig. 4.3.

In the above three control systems, we have N = 0, that is, the feedback control
variable o is a linear combination of state variables. When N # 0 in (4.37), the feed-
back variable ¢ and the state variables are in an implicit relation. To consider the
effect of delay, we can further see that the feedback control variable and the feed-
back function f(o) have a recursive relation. This is more complicated, but better
describes practical control process.

|
A
S

T -

b
flo) / o
-N
— ®

Fig. 4.3 Lurie system with loop feedback
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Let Q = {||cTx—r&|| = 0}. Similar to Definition 4.13, we can define the absolute
stability of the zero solution of (4.37) w.r.t. Q. Similar to Definition 4.15, we can also
define the Lyapunov function V (x,&) € C[R"*! R'], which is radially unbounded and
positive definite w.r.t. the set Q.

Definition 4.45. V (x, &) is positive definite (negative definite) w.r.t. ¢ = 0 if

V<x7€>={>8 Z’;iigf <V<x7§>={<8 §§#8T>

V(x,&) is radially unbounded w.r.t. 6 if V(x,&) — +oo as 6 — oo,

Note that o is not a state variable. Its relation with x and & is not explicit. Thus,
it is difficult to check if the above conditions are satisfied.

In the following, we assume that |o + N f(0)| is positive definite. | +Nf(0)]| is
obviously positive definite as N > 0. If N < 0, and |f(0)| < 4 |o| or |f(0)] > x |0,
we can also make |6 + N f(0)| positive definite.

Lemma 4.46. The zero solution of (4.37) is absolutely stable with respect to the set
Q if and only if it is absolutely stable with respect to ¢ = 0.

Proof. The conclusion is obvious if N = 0. In this case, o is explicitly expressed by
the linear combination of the state variables as 6 = cTx — r€ = 0.

Next, consider the case N # 0.

Sufficiency. Assume that the zero solution of (4.37) is absolutely stable w.r.t.
o =0. Since f(0) =0 and f(o) is continuous, Ve > 0, there exists 8(&) > 0 such
that ‘G(l,l‘o,(fo)‘ < ; and ‘Nf(o‘(l,l‘o,(fo)” < ; when |0'()| < 0. Thus,

E &
+ ., =E€.

€Tx(t) = rE (1)] <10 (1,10, 00)| + INF(0(t,10,00))| < 5 + -

For all (xg, &) €R™!,

tim_[¢"x(r) — rE ()| < tim_ |o(0)] + lim [Nf(o(0))| =0.

t— oo

Thus, the zero solution of (4.37) is absolutely stable with respect to Q.

Necessity. Assume that the zero solution of (4.37) is absolutely stable w.r.t. Q,
and |0 + Nf(0o)| is positive definite w.r.t. 6. From Lemmas 2.5 and 2.6, we know
that there exists kth order function ¢ (&) such that

o(lo]) <|o() +Nf(o())| = [c"x(r) = r&(1)].
From the characteristics of the K-class function, we have
o] <@ 'cTx(r) = rE(1)].
Ve > 0, there exists 6(€) > 0 such that

o(0)] < @~ (Ic"x(r) —rE(1)]) <&,
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if ||x0|| + |§0| < 0. Also, V()C(),g()) e R,
6(t) <@~ (| x(1) = rE (1)) = 0, as t— oo,

Thus, the zero solution of (4.37) is absolutely stable w.r.t. ¢ = 0. The proof is
complete. |

Theorem 4.47. The zero solution of (4.37) is absolutely stable if and only if the
following two conditions are satisfied:

(1) By, By, and B are all Hurwitz matrices, where

[A+dct b—dr
BIZ T 5 lf NZOa
C —r
'A+1dcTN 1drN
B = T+ + ; lf N >0,
C r
L 14N 1+N
T dcT d
Af]f] b+Nr
By = , if N<O;
CT r
L N N

(2) The zero solution of (4.37) is absolutely stable w.r.t. the set Q.
Proof. Necessity. If N =0, f(6) = c'x—ré = ¢. Then (4.37) becomes

()-[  )m(2) o
If N # 0, we have £(0) = © 5% Then (4.37) can be rewritten as
(g((t[))) B % b}; (g(é))) + (df(f:)> : (4.39)

If N >0, let f(0) = 0. Itis obvious that |6 + N f(0)] is positive definite. Substituting
6= "% in (4.39) yields

1+N
- d(cTx—r&)
A b
X(l) - x(t) 1+N
<5(t)> S (ﬁ(t))+ Tx=rE |7
-NN N(1+N)
i dcT dr
A+ b—
_ 14+N L+N | (X)) _p [ x(1)
| o SU(E) = (50) - e
L 1+N 14N
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If N <0, let f(6) = — 5. It is clear that |6 + Nf(0)| = }|o] is positive definite.
Substituting & = 2(cTx — r€) in (4.39) results in

con (A0 T 7d<cT);v—ré)
(50)) C};—;’ <5(f)>+ —2(CT;—r§) ’
A= b (1) )
= a0 () =2()- o
L N N

Thus, B}, B, and Bj3 are all Hurwitz matrices, and the condition (1) holds.
Vf(:) € Fos let max[lmax (|eil), |r]) = r. V& > 0, there exists 8 (&) > 0 such that

Z|xl ) +18(7)

Thus,

n

Y Jewi(t)] + [rE (1)) < r- j —¢.

i=1

V(x0,&0) € R"™!, we have
0< tim |c"x(r) & ()] < lim [Z\c,x, O]+ r&@)] | =0.

Thus, the zero solution of (4.37) is absolutely stable w.r.t. Q. The condition (2) holds,
and the necessity is proved.

Sufficiency. Using (4.38), (4.40), and (4.41), we can rewrite (4.37) as the follow-
ing three equations:

When N =0,

()-n ()(Fea) wo
When N > 0,

()= () (s ) e
When N <0,

)\, [ x() d(f(o(1)))—ol(t)
(é(t)) =B (é(t)) T ( flo()+ o(t) . (4.44)
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In the following, we first prove the absolute stability of the zero solution of (4.42).
With the formula of variation of constants, the solution of (4.42) can be expressed as

<g((’[))) _ i) <)§C((lz?)))> +/t0teBl<tf> <d(fz(‘f((f);) G"(( )))) dr. (4.45)

Since B is a Hurwitz matrix, there exist £ > 0 and M > 1 such that

HeBl (t=t0) || < pre=50—10),

Further, because of that continuity of f(o) — o, Ve > 0, there exists 6; > 0 such that

when |o| < §;. The absolute stability of the zero solution of (4.42) w.r.t. the set Q is
equivalent to that w.r.t. ¢ = 0. Thus, for d; > 0, there exists § > 0 such that (4.42)
satisfies

£ ( 6\<

/es., 7) [ (f(o(1) - G(T))}

(f(o()) — o(z)
< [ ] |y -eo o
< [we 0| {iso) - otear

< gs/ e -4dr <

fo

when g((tt(()))) < dand |lo(r)| < .
Let 6, = min 2M,5}.F0r the above €, we have
x(t) B (1—1p) x(to) ‘ oB1(=7) H f(o(r))—o(7)) H d
] < 1o |5 (o(2)~o(z) |7
< et | K00 4 o091 (o) - o) 0n
e ¢
< ) + , =€ (4.46)
when g((tt(()))) ’ < &,. Thus, the zero solution of (4.42) is stable.
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The first term in (4.45) — 0 as t — 4o due to Re[A(B;)] < 0. Since
tliIJP o(t) =0, f(o) — o is continuous, and f(0) = 0, we have

lim [f(o(1)) —o(r)] = 0.

t— o0

Now we derive

e (d(f(ff(f)) - o(r))) P

flo(r))—o(7) Jio f(o(7))
1 .¢x||d(f(o(1))—0o(1))
<Mfzoe f(c(rgt)—o(r) de
Using the L’Hospital rule, we have
d(f(o(r)) —o(7))
M e o, i 4100~ O] g
(—+oo b’ Eimte|| flo(r)—o(2)

. x(1)
Thus, lim H E(0)

Since (4.43) has the same nonlinear terms as that of (4.42), B, B, have the same
Hurwitz’s characteristics. Thus, the proof of the absolute stability of the zero solution
of (4.43) is same as that of (4.42).

Although the nonlinear terms of (4.44) are different from that of (4.42), we have
the following estimation:

= 0. The zero solution of (4.42) is absolutely stable.

[f(o)| +o]). (4.47)
157 =

From Lemma 4.46, we know that Ve > 0, there exists &3 > 0 such that

€
fel+lol< 1 (4.48)

2 1

max [ZN’ 1]
when || < 83. Also, tlir+n o(t) = 0 implies

lim | £(o(1) +0 ()| =0. (4.49)
With (4.47), (4.48), and (4.49), the proof of the absolute stability of the zero solution
of (4.44) is similar to that of (4.42). The proof is completed. O

Theorem 4.48. The zero solution of (4.37) is absolutely stable if and only if

(1) The condition (1) of Theorem 4.47 holds;
(2) There exists radially unbounded positive definite Lyapunov function V_(x,ﬁ) €
C[R™ ' R'] w.r.t. Q such that D"V (x, &)l(4.37) is negative definite w.r.t. Q.
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Proof. Sufficiency. From condition (2), we know that there exist ¢(|cTx—r|) € KR
and y(|cTx —r€|) € K such that

o(IcTx—re|) <V(x.8) (4.50)

and
DV 4y <~ (1eTx - rE]). 4.51)

Thus the zero solution of (4.37) is absolutely stable w.r.t. Q.

Necessity. (4.37) is an autonomous system. The globally and uniformly asymp-
totic stability is equivalent to the globally and asymptotic stability. The Lyapunov
theorem for globally and uniformly asymptotic stability is invertible, that is, the nec-
essary and sufficient condition for the zero solution of a system to be globally and
uniformly asymptotically stable is that there exists a radially unbounded, positive
definite Lyapunov function, whose derivative evaluated on the solution of the system
is negative definite. Thus, Vf (o) € Fjo 4, there exists a radially unbounded, posi-
tive definite Lyapunov function V (x,&) € C[R"™,RY], (X1, |xi| + |£|) € KR, and
y(Xr, x|+ |&|) € K such that

o( LIl +1E) < V() (4.52)
i=1
and .
DV (xE) < —y( ) bl +1€]): (453)
i=1

Letu = max[ln<1?<xn |cil, |ri]], we have

(P(\ch—r§|) = (:L ch—r§|) <o <2?1 |cixi| + |r5)

u
< p(Llul +1E) <Vd) (4.54)
i=1
and
DV (x.8)la < —w(i|xl~+§|) < —w(ﬂ"l 'Ciﬁlﬂré)
B lcTx —r&|| (T,
< v (") e ).

where ¢ € KR and ¥ € K. Thus, the condition (2) holds. The proof is complete. [

In the following, we further discuss how to change the absolute stability of the
zero solution of (4.37) to the Hurwitz stability of a matrix, and the absolute stability
with respect to 2 or o = 0.
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For N = 0, system (4.37) is the Lurie indirect control system, which has been
discussed earlier in detail. Thus, we only consider the case N # 0.

Assume f € C', and ®(0) = 1+Ng£ > 0. From 6 = c'x — ré — Nf(c), we
have & = r~!(c"x — 6 — Nf(o)). Thus, system (4.37) can be written as

% = Ax+bo +df(o),

4.55
0(0)6 = é'x—Fo —Nf(o), (4:9)

where - . ~
A=A+br '", b=—r"'b,d=d—r"'bN,
T =cA, 7= —CTE, N=—-c"d+r
In (4.55), o is a state variable and & is replaced by o, but the derivative of f(0o)

appears on the left-hand side of (4.55).
System (4.37) can be further rewritten as

i = Ax+bE+df(0),

. T o (4.56)
E= x— 7 — .

N N N

Therefore, we use (4.55) to obtain the absolute stability of the zero solution of (4.37)
with respect to o, and use the fact that the coefficient matrix of the linear part of

A
@4s56)W:=|r .

N ~N
is absolutely stable.

] is a Hurwitz matrix to show that the zero solution of (4.37)

Theorem 4.49. Suppose that
(1) (o) >0and [, o(c)do = +oo;

N TN
(3) There exist constants M; > 0, (i=1,...,n), Ny41 > 0 such that
n

A b
(2) W := |:CT , } is a Hurwitz matrix;

M@ > Y, nilagl+nealel (G=1,...,n),
i= 1]
and

=

M7 > Y |bi|ni,
i=1

nildil,

-

nn+1N2

where at least one of the last two inequalities strictly holds. Then the zero solution of
(4.37) is absolutely stable.

Proof. Construct the radially unbounded, positive definite Lyapunov function
w.rt. 0.
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o

n (e2
V(x,0) =Y milnil +nn+1/ (signo)o(c)do > n,,H/ (sign o) () do € KR.
i=1 0 0

Then we obtain

n
DYV(x,0)|4ss) < Y. [mﬁjﬁ Y ni|‘7ij‘+nn+l‘5j@ ;]
=1 i=1ij

[ = a7 Y Bl 1))
=1

L

~

[ ma+ L (o)

[—Mai N+ X0 mildi|] | f(o(1))] <0, 0 #0,
< or ~ (457)
[~ M1 P+ X0 [bilni] [o (1)), o #0.

Thus, the zero solution of (4.55) is absolutely stable w.r.t. o = 0.
The general solution of (4.56) can be expressed as

(50) =erem () + foroeo (415 e

and the remaining proof is similar to that of Theorem 4.47. |

Theorem 4.50. Suppose that the following conditions are satisfied:

(1) (o) >0and [, ®(0)0do = +oo;
(2)ajj<0,F>0,N>0(j=1,...,n);

@ | —la| - —la| —|bi|]
—la| |axn| - —|am| —|bs|
(3)(a) Gi:= : : .o :
_‘dnl‘ *‘an‘ |‘7nn| *‘i’n|
L ] —lef o —lé]  F
is an M-matrix and |b;| > |d;| (i=1,...,n),7 <N, or
@ | —la| - —la| —|d|]
—laa| |ax| -+ —ldon| —|dal
(b) Gy:= : : .o :
_‘&nl‘ _‘anZ‘ |dﬂn| _‘?"|
el ] - —lel N

is an M-matrix and N <T.

Then the zero solution of (4.55) is absolutely stable.

Proof. If conditions (1), (2), and (3)(a) are all satisfied, there exist constants
N >0, (i=1,...,n—1) such that
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n
njdjj+ Y, il + Mg <0,
i=1,i#]
n ~
—Nup1F+ Y, milbi| <O0.
i=Li#]

Construct the radially unbounded, positive definite Lyapunov function
n (e}
V(x,0) = Z nilxi| + Nns1 /0 o(o)signodo. (4.58)
i=1 -
Using |b;| > |di|, (i=1,...,n), 7 <N, and

n
—Npp17+ Z nilbi| <0,
i=Li#]

we have

n
—Mp1N+ Y nildi| <0.
i=1
Thus,
n
DV (x,0)lwss) < X | Myt X mlagl+nuilé)]
=1 i=1,i#j

~

[~ mer+ X o

+[ =M+ Y niddi] ] 1 (o)
i=1
<0, when [x|+|co|#0.

Thus, the zero solution of (4.55) is absolutely stable. Similarly, we can prove that
the conditions (1), (2), and (3)(b) imply that the zero solution of (4.55) is absolutely
stable. The theorem is proved. ]

Theorem 4.51. Suppose that
pi= (bi+d,»f((f))
and the following conditions are satisfied
(1) (o) >0, [ 0w(0)do = too;
(2) There exist constants 1n; > 0, (i = 1,...,n+ 1) such that the matrix H =
(Bij) (n+1)x (n+1) is negative definite, where
njdij+ndi  1<i,j
hij=hji= < Mipi+Mwrici 1<i<n, j=n+l,
2Nn41Pn+1 i=j=n+1
Then the zero solution of (4.55) is absolutely stable.



4.5 Lurie Systems with Loop Feedbacks 111

Proof. Construct the radially unbounded, positive definite Lyapunov function

n o
V(x,0) =Y ni? +2nn+1/ o(c)odo. (4.59)
i=1 0
Then,
T
X1 X1
X2 hir - hig o)
dav
=1 : Do : | <0 when |x|+]|o|#0.
dr 1(4.55) : : . :
Xn a1l - hagi 4 Xn
(o2 o
Thus, the zero solution of (4.55) is absolutely stable. O

Theorem 4.52. Suppose that the following conditions are satisfied:

(1) (o) >0, [y "w(c)odo =+, and [} ©(0)f(0)do = +oo;
(2) There exist a symmetric positive definite matrix P = (pij)nxn and & >0, >0
such that B .
PA+ATP  Pb+oa¢ pd+pé
G= | (Pb+ad)t —2aF 0
(pd + Bé)T 0 —2BN

is negative definite.

Then the zero solution of (4.55) is absolutely stable.

Proof. Construct the radially unbounded, positive definite Lyapunov function
(e} (e}
V(x,0) = TPx+2a/ w(0)6d6+2[3/ o(o)f(o)do. (4.60)
0 0
Then we obtain
DTV (x,0)|4s5) = XTPx+x"Pi+2a0(c)c6+2Bw(0)f(0)0,
= x"(PA+ATP)x+2x"Pbo + 2x"Pdf (o)
+20é"x0 — 2076% —2aNo f(0)

+2B&'xf(0) —2BFof(c) —2BNf*(0),

T

x PA+ATP Pb+aé pd+ Bé x
=| o (Pb+aéd)t —2aF 0 o
flo)) Lpd+pe)" 0  —2BN |\ f(o)
— (2aN +2B#) o f(0)
<0, when |x|+]|o|#0, (4.61)

indicating that the conclusion of the theorem is true. |
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Theorem 4.53. Suppose that

(1) The condition (1) of Theorem 4.52 is satisfied;
(2) G is negative definite in the condition (2) of Theorem 4.52,
(3) A is a Hurwitz matrix.

Then the zero solution of (4.55) is absolutely stable.

Proof. Use the same Lyapunov function as that in Theorem 4.53. Applying (4.61)
and condition (2) yields

dv

< B v F .
dr liass) = (2aN+2B7)cf(6) <O when ©#0

Thus, the zero solution of (4.55) is absolutely stable w.r.t. ©.
Then, using

x(t) = A0 x(r0) 1 [ A (B (7) + df(a(c))dr,

fo

we can prove that the zero solution of (4.55) is absolutely stable w.r.t. x(¢). The proof
is complete. O

Example 4.54. Consider a system in the form of (4.45):

X (@ anas b di] [ x
X _ | G21 G2 a3 by dy X
X3 asy @z azs by ds x|’
(D(G)O' L 51 52 53 —F —N_ f(O')
- 35
—4 1 1 272 X1
— | =1-4 1 1 -1 2o (4.62)
1 2-3-1 1 *3
1 2 1-4 4] \[f(o)

Assume that ®(c) > 0, f(0) € Fjgy, and Ji= @(6)0do = +oo. It is obvious that
|bi| > |di|, (i=1,2,3),and r =N =4.
It is easy to show that

j@ni| —|an| —las| —|b| 4-1-1-2

Gy = | Tlanl lan| —laxs| =k | _ | -1 4-1-1
—lazi| —las| |azs| —[bs] —1-2 3-1

=& —leal —les| [F -1-2-1 4

is an M-matrix. Thus, the conditions of Theorem 4.50 are all satisfied. The zero
solution of (4.62) is absolutely stable.
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Special Lurie-Type Control Systems

In this chapter, we present some necessary and sufficient algebraic conditions for the
absolute stability of several special classes of Lurie-type control systems. Moreover,
the algebraic sufficient conditions for absolute stability of other systems are obtained.
All conditions are convenient in applications, in particular, for designing absolute
stable control systems, or for stabilizing nonabsolute stable control systems.

Part of this chapter is based on the results of Ye [163], Xie [158], and Zhang [177]
(Sect.5.1); Liao [72,78] (Sects. 5.3-5.5); Letov [63] (Sects. 5.2 and 5.4); and Shu
et al. [136] (Sect. 5.6).

5.1 Three Special Order Control Systems

In this section, we present results for second-order direct control system, a class of
third-order control system, and special nth-order direct control systems.

5.1.1 The Second-Order Direct Control Systems
‘We consider the second-order Lurie-type direct control system:

X1 = anx) +apx+bif(cix) +cax2), 5.1

Xy = axxy +axnxs +barf(ci1xi +coxa),

where f(0) € Fuo, 6 = cTx = c1x1 + c2x2. Let

sl =) =) =) o
az) ap X2 by c
Ye [163] obtained the necessary and sufficient conditions for the absolute stability of

the zero solution of system (5.1).

Theorem 5.1. If the matrix A is a Hurwitz matrix, then the necessary and sufficient
conditions for the absolute stability of the zero solution of (5.1) are

cTb<0 and TA7'b>0.

To prove the theorem, a theorem by Krasovaskii [53] must be used and the following
lemma is needed.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 113
(© Springer Science + Business Media B.V. 2008
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Lemma 5.2. For the second order nonlinear system,
X = fi(x)+by,
y = fa(x) +dy,
if the following conditions are satisfied:
(1) [bfa(x) —dfi(x)]x <0 for x#0;
2) "9 4 d <0 for x#0;
(3)limyy o { (i (6) + d)sgnx — [{1dfi () = bfp()] dr | = o
Then the zero solution of system (5.3) is globally stable.

f1(0) = £2(0) =0, (5.3)

Now we turn to prove Theorem 5.1.

Proof. Necessity. This is a special case of Theorem 3.2 proved in Chap. 3.
Sufficiency. Without loss of generality, let ¢; # 0, and we introduce the transfor-

mation
1 (&)
-xl — (&} - C1 }’1 (54)
X2 0 1 )’

which reduces the system (5.1) to

{YH = fily1) +bya,

(5.5)
2 = fr(y1)+dys,

where
C
fibn) = (6111 + ;am)m + (c1by +c2b2) (1),

faln) = aczllyl +baf(y1),
2

¢
2
b= —cra — o, +crap + caay,
1
2
d=— "ax +an,
(&)

yif(yi)>0 if y;#0, f(0)=0.

Now we prove that the conditions of Theorem 5.1 imply the condition of Lemma 5.2.
We observe that

T
ot —anooln == [a o2t ()| 2 o] () o)
<0 if y #0, (5.6)
flgl) +d = (a11 +axn)+(c1b +Czbz)f(yyll)

<0 if y #0. (5.7
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Obviously, (5.6) yields

V1
,(/0 [dfl(}ﬂ)*bfz(yl)}dylﬂfm as  |yj| — oo,

and (5.7) gives

lim (fi(y1)+dyr)sgny; = —oo.
[y1[—teo

So, the condition (3) of Lemma 5.2 is satisfied.
As a result, the zero solution of the system (5.1) is absolutely stable. ]

The conclusion can be proved in the case of ¢; # 0 as well.

apy a2

azy a2
numbers, then the zero solution of system (5.1) is absolutely stable if and only if

Theorem 5.3. Ifthe two eigenvalues of the matrix A = [ ] are pure imaginary

<0 and A 'b>0.

app ap
azy a2
and the other is negative, then the zero solution of the system (5.1) is absolutely
stable if and only if

Theorem 54. [fA = { } has two real eigenvalues, namely, one equals zero

c'h<0 and c"(adjA)b>0,
where adj A is the adjoint matrix of A, that is,

adjA = { 422 _“21} :
—ap dan

We can prove Theorems 5.3 and 5.4 similar to that for Theorem 5.1, and
therefore, omit the proofs.

Example 5.5. Discuss the absolute stability of the zero solution of the system:
X1 = —2x1+x—2f(x1 —x2),
' Flor—x2) 58
Xp = —x1—x2+ flx1 —x2),

where

Since

o= (2 [44] (7)o

A has two eigenvalues with negative real parts, and thus, the zero solution of (5.8) is
absolutely stable on the basis of Theorem 5.1.
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5.1.2 A Class of the Third-Order Control Systems
Consider the third-order control system:
X =Ax+bf(0),

o = cTx,

(5.9)

where x € R®,A € R¥3, c € R?, £(0) =0, and
0 < f(0)o <ko? (k< 4oo) forall o #0.

Xie [159] has proved that for a class of the third-order control systems including the
third-order indirect control systems, the conditions of Popov’s frequency criterion are
not only sufficient but also necessary for absolute stability. Then the Lurie problem
of this class of control systems has been solved completely.

Theorem 5.6. In system (5.9), suppose that A has at least one eigenvalue with zero
real part and no eigenvalues with positive real parts. If there exist two constants
p > 0and q, both of which are not zero, such that

Re{(p+iwg)c'(A—ioT) 'b} +’]Z >0 for € (—oo,+o), (5.10)

then (5.10) is the necessary and sufficient condition for the absolute stability of the
zero solution to the system (5.9) in the Hurwitz angle [0, k).

Popov’s criterion implies sufficiency, while the proof of necessity is too lengthy
to be quoted in detail; the reader is referred to Xie [159].

5.1.3 Special nth-Order Direct Control Systems

Consider a special Lurie direct control system [177]:

X =Ax+bf(0),

o = cTx,

(5.11)

where A € R"™", ¢,b € R" and f(0) € Fjo 4.
Theorem 5.7. Let the matrix A of the system (5.11) be of the form
A1 -0

0 —
Then the necessary and sufficient conditions for the absolute stability of the zero

solution of system (5.11) are

cTh<0 and A 'b>0.
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Proof. Necessity. It has been proved in Chap. 3 (see Theorem 3.2).
Sufficiency. By virtue of Popov’s criterion, if there exists a real number g > 0
such that
Re{(1 +iwg)W(iw)} >0 forall >0, (5.12)

where W (z) = —cT(zf — A)~'b, then the zero solution of system (5.11) is absolutely
stable.
The condition (5.12) can be equivalently rewritten as

Re{(1+iwg)c"A, b} <0 for ® >0,

where A;, = iwl — A. In this case, we have

ion+A -1 0--- 0
0 iw+A -
Aico: . ! )
: P |
0 i+ A
— | . i
io+A (io+2)?
1
—1 0 0+ A
Aio = : l : 1 ’
C(iw+A)?
1
0
L io+A |

thus

CTA;(()]b = (C17C27"'acn)A;a)] (bl,bz,...’bn)T

_ i bjCj C1b2
Sio+2 (io+A)%

CTb(ﬁ, — i(l)) Clbg(ﬁ,z — (1)2) —c1by- 2(1),'1
A+ w? (A2 — ?)> + 4072

We conclude

Re{(1 +iwg)c"A;,) b}

c'hi c1hry(A? — @?) qo*(ch)
T2t (-0 402 T 224 a2
2qw’c1by)A
(A? — 0?)? +-40?A?
F(®?)

A2+ 0?)[(A? — @0?)> + 4120
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where
F(o?) = [(/12 — )+ 4w212} [(CTb)x + qu(CTb)}
n [ﬂ n wz} [clbz(ﬂ o)+ zqw%lbzx} :
= ()[4*+20°2° + 0] [A +q07]
+c1by (A — %) +2gA3 w e by 4+ 2qwte A,
— g(c"h)w® + [(ch)x F2(TB)A2g — c1ba + 2qclbzl} o*
n [(ch)ﬂq F2(ThIAR + 2ql3clb2} ?
+ [(ch)/IS + clbzzl“] )
The conditions

1
Tb<0 and —c"ATb= ) [(ch)/l +c1b2] <0
indicate that the coefficient of the @® term and the constant term of F(®?) are not
positive. Now we discuss the coefficients of ®* and @ terms.

1. If ¢1br <0, then, obviously, for any ¢ > 0
(cTh)A*q +2(cTh)A> +2gA3c1by < 0.
Choosing g > )} , it follows that
(cTH)A +2(cTh)A%g — c1by +2qc 12
= (") +2(c"h)A%q + c1ba(2gA — 1) <0.

Therefore, the coefficients of w* and w? terms are not positive.
2. If ¢1by > 0, we choose g = 0. Then the coefficient of @* term is (cTh)A —c1by <0
and the coefficient of ®? term is 2(cTh)A3 < 0.

In any case, we can choose g > 0 such that F’ (a)z) < 0; therefore, the zero solution
of system (5.11) is absolutely stable by Popov’s criterion (5.12). ]

Corollary 5.8. If there exists a real similarity transformation that transforms the
matrix A of the system (5.11) into the form presented in Theorem 5.7, then the neces-
sary and sufficient conditions for the absolute stability of the zero solution of system
(5.11) are b <0 and c"A~'b > 0.

Proof. It is suffices to prove that ¢Th and ¢TA~!b are not changed by similarity
transformation.
By the nonsingular transformation x = By, B € R"*", system (5.11) is trans-
formed into
y=B"'ABy+ B 'bf(c"By) := Ay+bf(c"y),
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where A =B 'AB,b=B'b, &= B"c. Thus,
&b =c"BB 'b=c"h,
A b =c"BB'AT'BB b= cTA'b.
The corollary follows. ]

Theorem 5.9. In system (5.11), we assume that

A A O _ —AL O
0 A 0 —-phL|’
where L > 0,p > 0,I; € R"*™" I, € R"*™ qare identity matrices and ny + np = n.

Then the necessary and sufficient conditions for the absolute stability of the zero
solution of system (5.11) amount to c"h < 0, cTA='b > 0.

Proof. The conditions are obviously necessary.
Now we prove that they are also sufficient. From

1

. I 0
A — (la)‘f')u)[l 0 ‘71: l(!)‘f*z, 1
10 0 (io+p)h |’ 0 0 1 A ’
io+p
taking
- | h 0 . | 0 0
=10 o0 “ 210 p “
nxn nxn
~ | L 0 ~ [0 0
1_{0 o}b’ 2_{0 Iz}b’
we observe
i0+A  io+p
E;rl;ll — if;rlgl 0] 5;];2[) — ifgéza)
0+ A2 w’+p?
Then,
. _ ETi?l}L + qa)szi?l 5T];2p + q(DZETl;g
Re{(lJrlw‘I)CTAiwlb} =" @2+ A2 ! ? w2+ p2 o
F(w?)

(02 +2A2) (w2 +p2)’
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where

F(0?) = q(éTh1 +&by)* + [T b1 A +E5bap
éTh
191

1 +

~T~
+al@hip?+ Ao+ () + 2,

The conditions of Theorem 5.9 give
b = 5;17)1 JrEgi)z <0,
_pty = Gib Gb <
A p

It is easy to prove that there exists ¢ > 0 such that
DA +ESbyp + q(E?i)]Pz + C‘gi)zlz) <0,

that is, there exists ¢ > 0 satisfying F(w?) < 0. Then, the zero solution of system
(5.11) is absolutely stable. O

Corollary 5.10. Assume that in system (5.11) A = AT and that A has at most two
different real eigenvalues and simple elementary divisor. Then the necessary and
sufficient condition for the absolute stability of the zero solution of system (5.11) are
b <0and cTA~'b > 0.

Corollary 5.11. Suppose that in system (5.11) A = AT, while A has only one real
eigenvalue and corresponds to the simple elementary divisor. Then the necessary
and sufficient condition for the absolute stability of the zero solution of system (5.11)
i T

isc' b <.

Theorem 5.12. Suppose that in system (5.11) the vector b is an eigenvector of A, or
the vector c is an eigenvector of AT. Then the zero solution of the system (5.11) is
absolutely stable if and only if ¢'b < 0.

Proof. The necessity is trivial. We prove the sufficiency only. First, suppose Ab =
—Ab (A > 0). Then,

1
ol —A)b=[A+iolb, ©>0, (iol—A)"'= b.
(0 - b= +iolp, @>0, (ol-4)" =, |
Thus,
T
T(: —1 c'b
wl—-A)" b= .
c (i ) 0+ A
It follows from the condition ¢Th < 0 that
AcTh

<0.

T(: -1
Re{c (iol—A) b} = PERIpER=

This shows that the zero solution of system (5.11) is absolutely stable.
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Next, suppose that ATc = —2Ac¢ (A > 0). Then we obtain
1

ol —AT) e = :
(i )¢ inrAc
Thus,
T
T/. 1 C b
wl—A)" b= .
c (i ) o+ A

We also have
Re{cT(iol —A)"'b} <0.

Consequently, the zero solution of system (5.11) is absolutely stable. |
Theorem 5.13. Suppose that in system (5.11) A is a quasi-diagonal matrix:
A =diag(A,Az,...,An),

where A, (r = 1,...,m) are square submatrices. If b, is an eigenvector of A, for r =
1,...,m, or ¢, is an eigenvector ofAI, then Eflgr <0(r=1,...,m) imply the absolute
stability of the zero solution of system (5.11), where ¢, b, refer to column vectors
corresponding to A,, b= (131, ... ,E,n)T, c=(¢1,...,én)Y, and I, is the identity matrix
corresponding to A.

Proof. If A,b, = —Ab,, since

- &Th
& (iol, —Ay)~'by = xcr+ o’
we get
- AETh
~T/- -1 _ rr —
Re{é, (iwl, —A,)” by} = 124 @2 <0, r=1,...,m.
When ATé, = —A¢,, it gives rise to
- Aé%
(il —A) by = iwc;/’l,

Re{é! (iwl, —A,)7'b,} <0, r=1,...,m.
Now we proceed to prove that the expressions Re{é! (iwl, —A,)"'b,} <0 (r =
1,...,m) imply the absolute stability of the zero solution of system (5.11). Since
A= diag(Al,Az, e 7Am),
Ap = diag(iol, —Ay,...iol, —Ay),

AL D = (&1,...,¢n) diag((iol, —A)) ', (iol, —Ay) ") (BT, ...,b5)T
m
=Y él(iol,—A,) b,
r=1

it follows that "
Re(c"A;,'b) = Y Reé] (iol, —A,)~'b, <0.
r=1

Therefore, the zero solution of system (5.11) is absolutely stable. O
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Example 5.14. Consider the three-dimensional control system:
X1 = —x1+x—x3+ f(x1 —x2 —x3),
Xp = xp—xa—x3+ fx1 —x—x3),
X3 = X1 +x2—3x3+ f(x1 —x2—x3),
where

-1 1-1 1 1
A= | 1=1-1|, b=[1[|, e=[~-1], f€Fou.
1 1-3 1 —1

It is clear that A is a stable matrix and b is an eigenvector of A associated with the
eigenvalue A = —1. Moreover

Th=-1<0.

Thus, the system is absolutely stable by Theorem 5.12.

5.2 The First Canonical Form of Control Systems

Letov [63] has considered a class of control systems called the first canonical form
in which A is diagonal:
Xj=—-Aixj+f(o), A;>0, j=1,...n,
n
o =cTx= Zcixi. (5.13)
i=1

We discuss the absolute stability of system (5.13).
For a real number g > 0, let

cjq if cj(gAj—1) >0,

0= cj/Aj ifcj(qh;j—1) <0,
cj/A; ifcj(ghj—1)=0,c; #0,
0 ifcj(gAj—1)=0,¢; =0

Theorem 5.15. [177] If there exists g > 0 such that ):7:1 a; < }{, then the zero
solution of system (5.13) is absolutely stable in the Hurwitz angle [0, k].

Proof. Since

- _
0 0
—Ar - 0 o+ A
: 0
A= . _}LQ, , Al;ol — l(!)‘i’ﬂQ ;
0 2, i
0 .
L 0+ A, |
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it follows that

n

¢
cTAfwlbz Z J

]':ll.CL)JrAj7
cj(Aj+qw?)
Re{(1+ing)c"A, b} =Y 77 .
(1 ioetagtn) = X7 0T
(it
Let fi(@) = (:;{IZ? ) We compute the derivative of f;(®):

2qu(1)((1)2 —i—ﬁ,jz) — (Cjﬁ,j +qua)2)260 _ chlj(qu — 1)60

fi®) = (@2 +A2)? T (@4 A2

We see that fi(@) = 0 only if @ = 0. The function f;(®) is monotone increasing
on [0,00) when cj(gA; — 1) > 0, thus fj(®) < fj(ec) = ¢jq; fj(®w) is monotone
decreasing on [0,00) when cj(gA; — 1) < 0, thus fj(®w) < f;(0) = ¢j/A;. Since
fi(@)=0,q=1/A;, when cj(qgA;— 1) =0, c; # 0, we have

ci(Aj+ /) ¢

fi(o) = w2+7tj2 A

When cj(gA;—1) =0, c; = 0, it obviously follows that fj(®) = 0. Choosing appro-
priate @, we always have fj(®) < a;. From the hypothesis of the theorem, we can
deduce that

) cj(A;+ ? 1 " 1
Re{(1 + iog)c Ay b} = Y, 1M T497) =LA@ <X
RO = =

that is,
1
Re{(1+iwg)c A, b} — < 0
Thus, the zero solution of system (5.13) is absolutely stable in the Hurwitz angle

[0, k] by Popov’s criterion. O

We can always rearrange the equations in (5.13) and the unknown functions x;
such that

<0, jil,...,j],
cjy =0, j=j1+1,....)2,
>07 j:12+1,77’l
oroliary J>.10. < ,l en the zero solution o system . s abso-
Corollary 5.16. [, ,mlif }, then th luti (5.13) is ab

lutely stable in the Hurwitz angle [0, k).

The conclusion may be easily derived by choosing ¢ = 0 in Theorem 4.4.1.
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Corollary 5.17. If A; > 2k(n— j2)cj(j = jo+1,...,n), then the zero solution of
system (5.13) is absolutely stable in the Hurwitz angle [0, k].

Proof. From lj > Zk(l’lsz)Cj (j:j2+ 1,...,1’1),
i i 1 1
< .
J=i 1 M =gt Zk k

The condition of Corollary 5.16 is satisfied, and so Corollary 5.17 is proved. (Il

Theorem 5.18. If there exists g > 0 such that ):7:1 aj <0, then the zero solution of
system (5.13) is absolutely stable.

Proof. Repeating the proof of Theorem 5.15, we have fj(®w) < a;. From

Re{(1+iwg)c"A, b} = Zf, a; <0,

~
Hl‘ =
—

the conclusion is valid by Popov’s criterion. (]

5.3 Critical Systems

Theorem 5.19. [72] In system (5.13), assume that A; >0 (i=1,...,n—1), 4, =0,
cn <0, ¢ < 2k(ii1) (i=1,...,n—1). Then the zero solution of system (5.13) is
absolutely stable in [0,k].

Proof. It is clear that the quadratic inequalities for &;
k(n — 1)§i2+2[k(n7 l)c,'fl,} Etk(n—1)2<0,i=1,...n—1  (5.14)

have positive solutions if and only if

Ai

i < )
S 2k(n—1)

i=1,....n—1.

Suppose that & =r; (i=1,...,n— 1) is a positive solution of (5.14). Let

2rixi, i=1,....n—1,
¢i(xi) =

—2cixi, i=n.

Choose the radially unbounded, positive definite Lyapunov function

x) = 21/0 " i) d
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Then,

dav o
dr |(s.13)

n dx;
= i:Zl(pi(xi) dr’

n—1 n—1
-2 Z rilixiz +2 Z rixif(G) — ZCnx,,f(G),
i=1 i=1

n—1

n—1 n
=2 Y ridix; +2 Y (ri+ci)xif(6) =2 cxif (o)
i=1 i=1

i=1

(o)
\/k ’ —20'f(0'),

IN

n—1 n—1
-2 Z ridix +2 |Vk Z (ri +ci)x;

< —ZZrllx +k(n—1 i (ri+c¢)*x? + o f(0) —20f(0),

h [k(n—1)(ri+¢;)* = 2ridi]x? — o f (o),

i

IA
Il

n—

— Y {k(n—=1)r?+2[k(n—1)c;i—A] ri+k(n—1)c2 }x? —o f(o),

=
— =

=W
Now we have
G(x) <W(x) <0.

If W(%) = 0, since 6f(c) > 0 for 6 # 0, we have Y7~ %2 = 0, and therefore,
cnXnf(cnXy) = 0. This implies ¢, %, = 0. From ¢, < 0, we have £, = 0; thus ¥ = 0. It
follows that W (x) is negative definite. Therefore, the zero solution of system (5.13)
is absolutely stable in the Hurwitz angle [0, k]. (]

Corollary 5.20. IfA; >0(i=1,....n—1),4,=0,¢,<0,¢; <0, (i=1,...,n—1).
Then the zero solution of system (5.13) is absolutely stable in the Hurwitz angle [0, k].

Corollary 5.21. Provided that A; >0(i=1,....n—1), A, =0,¢; <0(i=1,...,n),
the zero solution of system (5.13) is absolutely stable.

Proof. Let ¢;(x;) = —cixi (i = 1,...,n). We still use the same Lyapunov function
V(x) =X Jo' @i(x;)dxi. Then

dv
dr 513

G(x):=

dxi n—1 ) n
i (x;) &= ;cilixi f;c‘ix,'f(c)

cidi — 6 f(0).

DG

1

Thus, G(x) is negative definite and the zero solution of system (5.13) is absolutely
stable. ]
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Theorem 5.22. If the following conditions are satisfied:

(DA>0G=1,...n), =00 =r+1,...n),¢; < Ji (i=1,...,r),¢; <0(j =
r+1,...,n);

(2) the matrix diag(—Ay, ..., —Ay) +beT is Hurwitz stable with b= (1,...,1)T, then
the zero solution of system (5.13) is absolutely stable.

Proof. The condition ¢; < ;;"r implies that the equations for 7;
krni2 + 2(kre; — A)m; Jrkrci2 =0, i=1,...,r
have positive solutions n; =& > 0,i=1,...,r. Let

Zéix,', izl,...,r,
(Pi(xi)Z{ .

—2cjxj, j=r+1,....n

We again employ the same Lyapunov function V (x) = ¥, [¢7 ¢;(x;) dx; to obtain
dav < dx;
=G =Y o)
dr {513 ,; T ar
r r n
= 2Y &l +2Y Exif(6) =2 Y cjxif(o)
i=1 i=1 j=r+1
= fZchllx JrZZ (& +ci)xif(o ZZcx,
< —ZZéllx +2\/k2 Ei+ci) |xil (k|) 20f (o),
i=1
r
< -2 &dix; + er(ﬁi +c)’xi +0f(0)—20f(0),
i=1 i=1
-
< =Y kr(&i+ci)* —28Ax — o f(0),
i=1
< —of(0).
Hence, G(x) is negative definite w.r.t. 6. The conclusion follows. O
Corollary 5.23. If the condition (2) in Theorem 5.22 is satisfied, and
Ai>0(G=1,....r), ¢i<0(i=1,...,r),

Ai=0(j=r+1,...,n), ¢;<0(j=r+1,...,n),
then the zero solution of system (5.13) is absolutely stable in the Hurwitz angle [0, k].
Corollary 5.24. If the condition (1) in Theorem 5.22 is satisfied, and
Ai>0(=1,....r), Aj=0(j=r+1,...,n),
ci<0(i=1,...,n),

then the zero solution of the system (5.13) is absolutely stable.
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5.4 The Second Canonical Form of Control Systems
Consider the second canonical form of the control system [63]:

Xi=—pixi+o, i=1,...,n,

. o 5.15
6 =Y Bixi—po—rf(o), 61
i=1

where p > 0, r > 0, p; > 0 are constants.

Theorem 5.25. [78] Suppose

p>

I

()

Then the zero solution of system (5.15) is absolutely stable.

Proof. We construct the Lyapunov function:
n
V(x,0) = Zcixiz + 0.
i=1

Obviously, V (x, o) is radially unbounded and positive definite for

—B; if B; <0,
Cci = 8i(0<8i<<1) lfﬁl:07
Bi if B; > 0.
Then,

X1 T 72C1p] 0 0 (&) +ﬁ1 X1
X2 0 72C2p2 0 C2+ﬁ2 X2
-| L || | ese
X 0 0 - =2cupncnt+PBul| xn
o ci+Pr cat+ Pyt B —2p c

dv
dr |55

Now we prove

—2c1p1 0 0 Cl‘f‘ﬁl
L] O ame 0 etk

) Dp= 0 U
O O —ZCnPn Cn"’ﬁn

ci+pBica+Pr e+ B —2p
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By induction it can be verified that

Dyy1 = (—1) "“4Hcplp+ ~1) Z]’[cp, i+ B (5.16)
= 1i=1
. = i#]
Forn+1=2,
—2c1p1 c1+ B 2 2
D = :4 —1 _] .
2= 4B —2p cipip(=1)"+ (=1)(e1+B)

Assume that whenn+1 =%

—2cp0 0 - 0 cat+pi
1 0 —2cp3-- 0 o+p

D= n| : : R
0 0 - —2ckpr ck+ Pr

Cz+[32 c3+Bs - e+ B —2p

= (1) 4Hcp,p+ (—1)k= 12Hcpz cj+Bj)*.

2 i=2
a i#]
Then, forn+1=k+ 1, we have
726‘1[)1 0 0 Cl+ﬁ]
1 0 —20p-- 0 o+p
Dyi1 = k-1 )

0 0 - =2ckpx ck+ B
ca+pi ca+Pr - +P —2p

1 _

= i1 [ 72012 D+ (1) e+ Br)? k“H (—2cipi) |,

= k+l4Hc pip+(—1 kZHc pi(cj+B;)?

J 2 i=1
i#]

+(_])k+2(_1)k+l k IHCsz Cl+ﬁ1) ,

= (-1 k+l4HC1PzP+ kZHCle c]+ﬁ]

= 1i=1
- a i#]
Therefore, for any natural number n, the expression (5.16) holds. Since,
< 1 Jrsignﬁi) ﬁ,’ >

p— ) o 2

-
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we write ) )
- (ci+ B - (4 i+ Bi
i § BT (et
i=1 CiPi -1\ CiPi
Consequently,
(=1)"*'Dyy1 >0
and
dv
< —-2rof(c) <0 when o #0.
dr |5 15

Thus, the zero solution of system (5.15) is absolutely stable w.r.t. ©.
On the other hand, take f(0) = & in (5.15). Then system (5.15) is turned to be a
linear system

Xj = —pixi + 0O,

6= ;ﬁixi—(p—i—r)c. (5.17)

For system (5.17), using the Lyapunov function discussed above, we can prove that

X1 T 72C1p1 0 0 Cl+ﬁ]

X1

X2 0 72C2p2 0 C2+ﬁ2 X2

av | : : : : .
dr . . . . . .
G|, 0 0 - —2cupn catPBu | | xn

(e ci1+P1 ca+Br - ent+ By —2p—2r (¢

is negative definite. Then the zero solution of system (5.17) is globally stable and
thus the coefficient matrix is stable. This completes the proof. (]

Example 5.26. Consider the equations of longitudinal motion of a plane
xi:_Pixi+Ga i:17273a4a

4 5.18
6 =Y Bixj—rpo—f(o), 19
j=1

where rp, > 0,p;, >0 (i=1,2,3,4), f(0) € F.
System (5.18) is clearly a particular case of (5.15) for n = 4.

For the above system (5.18), we have the following result.

Corollary 5.27. [78] Ifrp, > Z?:l l+8i2g“Bi gf, then the zero solution of system (5.18)
is absolutely stable.

It is of great interest in estimating the parameter values for the stability of air-
crafts in the vertical direction. The larger the stable parameter regimes, the better
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Bj Bj BJ
R/2

R/4 R/4
B By <> B,

N
/

\
N

Bi

2
o

Fig. 5.1 Stable parameter regimes for (a) ¥}, 7 < 14?; (b) max<j<4 |Bi| < f; (¢) maxj<i<4|Bi| <

’;; and (d) rps > Y4, HSizgnBi g:

the designing technical characteristics. The typical stable parameter regimes in the
literature are given below:

4
(@) min p?r*p3—16Y B? > 0;
== i=1
(b) min pirpy ggﬂﬁ:l >0;
4
(¢) min p?r®p3—43 B7 >0.
St i=1

Let R = minj<;<4p;rp2. Then the geometrical meaning of the above cases are
demonstrated in Fig. 5.1a—c. The result given in Corollary 5.27 substantially increases
the stable parameter regimes, as shown in Fig.5.1d. Note that Fig.5.1a—c are all
compact set, but Fig. 5.1d is unbounded set.

5.5 Two Special Systems
Consider the following special Lurie system [78]:

Xx=Ax+hf(x,), (5.19)
where f € Fo, A € R™" h= (hy,...,h,)T € R".
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Theorem 5.28. Ifa;; <0 (i=1,2,...,n),a;; >0 (i# j,i,j=1,...,n), h, <0, h; >
0(i=1,2,...,n—1),and

(al,,,azn,...,a,m):l(hl,...,hn), A>07

then the zero solution of system (5.19) is absolutely stable if and only if A is a Hurwitz
matrix.

Proof. Necessity. Let f(x,) = x,, system (5.19) becomes
X =Ax+hx, = [A+ (Opy(n_1):h)] x, (5.20)

where
0...0Mm
(Onx(nfl)’h) =1
0...0h], .,
Since the zero solution of (S — Z,) is asymptotically stable.

Thus, [A+ (O (n—1),h)] is a Hurwitz matrix, which is equivalent to that —[A +
(Onx(n—1),1)] is an M matrix because a;; <0 (i =1,2,...,n), aij >0 (i # j, i,j =

l,...,n), hy <0, h; >0 (i=1,2,...,n—1). Thus, there exist constants r; > 0 (i =
1,...,n) such that

n
7Vjajj> Z ridjj, jil,...,l’l*l,
i=Liz] (5.21)

n—1

*rn[annJth] > Z ri(ain+hi)-
i=1

Rewriting the last inequality in equation (5.21) yields
1 = 1
—ry <1 + l)a,m > ;ri <1 + l)am’

n—1
— Gy > ridin. (5.22)

i=1

that is,

It is obvious that —A is an M matrix, that is, A is a Hurwitz matrix, followed from
the first n — 1 inequalities in equation (5.21) and equation (5.22).

Sufficiency. Since the condition implies that there exist constants r; > 0,i =
1,2,...,n such that

n
riajj+ Y, nail <0, i=1,2...n,
i=Titj
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we construct the radially unbounded, a positive definite Lyapunov function

n
x) = Zri|xl~\.
i=1

From the conditions

n—1

Ahi=ap(i=1,2,...,n), and —ryam,, > Z rilain),
i=L1,i#]
we have
frn LS Z ‘am|
that is,
n—1
7}”,1}1,, > Z ri\hi\.
i=1
Thus,
n
DYV (x ’ 5.19) Z [V]a]]+ Z r,|a,]|} |x]|+[rnh +Z ri|hi |] |f ()]
j=1 i=1,i#j i=
<0, if x#0,
which indicates that the zero solution of (5.19) is absolutely stable. O
Equation (5.19) can be transformed into
§ =HAH '+ Hhf(xa) := P& +qf (&), (5.23)
with a nonsingular linear transformation
I
&1 1o--- =4 X1
& e X2
3 I 01 : . — Hr.
. o hy—1
Sn 00--- 1h Xn
Rewrite equation (5.23) as
é:(nfl) = Pu—1)S(n—1) + K&, (5.24)
Sn = Lg(n—l) + Pun&n + hnf (&n),
where
P11 0 Pia-1

Enny=(C1, - &), Poony=1| ¢ . ;

Pn—11 " Pn—1n—1
K:(plna"wpnfl,n)a L:(pn,lw'wpn,nfl)-
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Theorem 5.29. (1) If L =0, the zero solution of system (5.24) is absolutely stable if
and only if (i) ppn < 0 and (ii) P, _y) is a Hurwitz matrix.

(2) IfK=0and [, f(&,)dE, = +oo, the zero solution of system (5.24) is absolutely
stable if and only if ppn < 0 and P,y is a Hurwitz matrix.

(3) If K =0 and pp, <0, the zero solution of system (5.24) is absolutely stable if and
only if P,_y) is a Hurwitz matrix.

Proof. Sufficiency.

(1) f L=0, pu, <0, P,_1 is a Hurwitz matrix. Choosing the radially unbounded,
positive definite Lyapunov function w.r.t. &,: V(&) = ,12 we have

dv

= 2P 4+ 2mEf(E,) <0, if &, #0. (5.25)
dr {(5.24)

Thus, the zero solution of system (5.24) is absolutely stable w.r.t. &,.
&(n—1)(t) can be expressed as

t
oy (t) = 0 T0E (1) + [ M0 TIKE, (1) dr. (5.26)

fo

It follows from equation (5.26) that the zero solution of system (5.24) is also
absolutely stable w.r.t. &, _).
(2) Suppose K =0 and [, f(&y)dE, = +oo, then pu, <0, P,y is a Hurwitz
matrix.
Choose the radially unbounded, positive definite Lyapunov function:

V()= 5(7171)3(;171)5(” 1 +€/ f(&:)dE,, €=const.,

where B(,,_1) is the solution of the Lyapunov matrix equation

B 1yPiu—1)+ o 1yBa1) = —ln-1)- (5.27)
Then we have
av . .
dr *5'1 B &1+ &1y Bin—1)&n-1) +8(n).f (6n)
(5.24
T T 1 T T
- <5<n1>> —’f(nfw 2L (5(n1>>
f(En) LEL el f(&)

<0, if E#£0,0<e< 1.

Thus, the zero solution of system (5.24) is absolutely stable.
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3) If K =0,pu <0, we construct the radially unbounded, positive definite
Lyapunov function:

V(€)= 5(271)3(;171)5(;171) +8§nza

where € = const., 0 < € < 1, and B(,_) satisfies the Lyapunov matrix equa-
tion (5.27). Thus,

dv(é)
dr

_ T
( )géTLIf;SI; ]5<0, if E£0 (0<e<1),
5.24 nn

from which it is easy to see that the zero solution of system (5.24) is absolutely
stable.
Necessity. Let f(&,) = €&, (0 < € < 1). Then (5.24) becomes

5(;51) = Pou-1Epn-1)+ K&, 5.28)
én = L‘S(nfl) + (pnn + ghn)é;m
When K = 0 or L = 0, the Hurwitz stability of the matrix
Py KT
L pnn + Shﬂ

implies that the matrix P, _) is Hurwitz stable and py, + &h, < 0. Thus, pp, <0
dueto0< e 1andh, <O0. O

5.6 The Systems with ATA =AAT,AT=A,orA +AT=2pE

In this section, we consider the absolute stability for the following nonlinear direct
control system [136]:

x=Ax+bf(0),
o =clx, (5.29)
where
X ap -+ ay by c
x= , A= , b= , = ,
Xn dpl * " Ann by Cn

f(0o) is an arbitrary continuous function of o, satisfying the condition f(0) = 0,
of(o)>0(c#0).

In [102], Malkin gave a criterion for the absolute stability of system (5.29),
but this criterion can not be realized [179]. Later in 1979, using different methods,
Zhang [179] and Zhao [183] established a criterion for the absolute stability of sys-
tem (5.29), in which A is stable, that is, A has only characteristic roots with negative
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real parts. However, this criterion is not an explicit criterion depending only on the
system parameters A, b, ¢, and so it is inconvenient to use. Now, we propose some
explicit criteria for the absolute stability of several classes of systems (5.29) in which
A is stable and ATA = AAT, especially AT =A orA4+AT = —2pE.

Theorem 5.30. Assume in system (5.29) that ATA = AA" and A is stable. If there
exist two integers £ and m such that

Az =0, A <0 when Ay <0,
A3:0, A()Al ZO when AQZO,

A3 —AA3>0, Ay+4/AZ—A1A3 > —AgA; when Ay >0,

where
Ao = 2(=1)"cT(A+AT) b/ T (AAT) H(A+AT) e,
1 2
A=, (@A) @A AT

_CT(AAT)ff(A +AT)7”1CCT(AAT)7€+1(A +AT)7mC7
1
AZ — 2(_])m+1CT(A +AT)71bCT(AAT)7f+1(A +AT)7m+1C

(= 1)"T(AAT) A+ AT e [bT(A +AT) AT - ch} :
Ay = ["(A+AT)1b] = TAAT) (A +AT) e bT(AATY (A+AT)" 2, (5.30)
then the zero solution of (5.29) is absolutely stable.

Proof. We give a brief proof. Let A = E and A~¥ = (A=")¥ (k> 0). If A is stable and
ATA =AAT, then A+ AT is negative definite and (—1)™ (A +AT)™ is positive definite
for any integer m, and A*(A +AT)" = (A + AT)"A” and (—1)"(AAT) (A +AT)™ are
positive definite for any integers ¢ and m. Using these facts, we obtain A; < 0 and
Az < 01in Theorem 5.30. From the results in [183] we know that when A is stable, the
zero solution of (5.29) is absolutely stable if and only if there exist a positive definite
matrix B and a nonnegative number 3 (noting that in [183], B > 0 is assumed, but
the relevant proof in [183] also holds for 8 = 0) such that

(i) "B~ ld<o, (5.31)
(i) (c"B7'd)?— ("B~ '¢)(d"B'd+2BcTh) >0, (5.32)
where d = Gb+ BATc and G is determined by equation ATG + GA = —B. Now
we take B = (—1)"(AAT)"(A +AT)™, then B is positive definite. Next, we take G =
(—1)" "1 (AAT)¢(A +AT)"=!, then B and G satisfy the equation ATG +GA = —B.

Substituting the expressions of B, G, and d in the left-hand sides of the inequalities
(5.31) and (5.32) and writing them in the form of a polynomial of 3, we have

1
2

(c"B7'd)?> — ("B '¢) (d"B~'d + 2B c"d) = A B + 248 + As.

B 14 = (71)m+1CT(AAT)7é(A+AT)7m+1C(AO7ﬁ)’
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Since

(1)1 AAT)E(A + AT+ = (1)~ (AAT) (A 4 AT) L
which is positive definite, we know that

1

5 (-1 )T (AAT) A + ATY e > 0.

Hence, the inequalities (5.31) and (5.32) are equivalent to
A~ B <0, AB*+2A8+43>0. (5.33)

Because A; < 0 and Az < 0, we know that the inequalities given in (5.33) have
nonnegative solution of 3 if and only if the conditions of Theorem 5.30 hold. The
proof is complete. ]

Theorem 5.31. Assume in system (5.29) that AT = A, A is stable, cTb <0, and
cTA=b > 0. If there exists an integer m such that

5=0 when & =0,
522—515320 when & >0,

where

81 = (cTA™™ )2 — TA e cTA™ 2,
& = (=)™ TA T b TA™ e (— 1) cTA™ e e,
8 = (cTA7'p)> —cTAchTA™ 2b,
(5.34)

then the zero solution of system (5.29) is absolutely stable.

When AT+ A = —2pE, we still have ATA = AAT. Let £ = m = 0 and —2p R take the
place of A + AT in Theorem 5.30, we obtain the following theorem.

Theorem 5.32. Assume in (5.29) that AT +A = —2pR, A is stable, and ¢™b < 0. If

(cTb)? —cTeb™ =0 when bTATc+3cThp >0,
cTe(bATc +3cThp)?
—(cTep? — cTATAC) [(c"b)> — cTeb™b] >0 when bTATc+3cTbp <0,

then the zero solution of system (5.29) is absolutely stable.

Theorems 5.31 and 5.32 include the corresponding results given in [148, 150].
Applying Theorem 5.31 to the following second-order first canonical form of
control system:
xi=—-pixi+ f(o), pi>0, i=1,2,

O =r1X1 +1x; (5.35)
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yields the necessary and sufficient conditions for the absolute stability of the sys-
tem as

n ’"2<0

+ S
p1 P2
Note that employing the criteria given in [148, 150] to system (5.35) can give only
sufficient conditions. This shows that Theorems 5.30 and 5.31 are better than the
results in [148, 150].

r+rn <0 and
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Nonautonomous Systems

In this chapter, we consider nonautonomous systems. Lurie control systems are
mainly autonomous systems. Thus, the Lurie method or Popov method was devel-
oped for single-variable autonomous systems, which are very difficult to be used
to study nonautonomous systems. However, many practical systems contain time-
variant parameters though they usually vary slowly. Stability of time-variant systems
has been a relatively difficult problem in control systems and dynamical systems,
and has less results compared to that of autonomous systems. The results presented
in this chapter are mainly taken from [67, 86] for Sects. 6.1-6.4, and from [67, 105]
for Sect. 6.5.

6.1 Nonautonomous Systems

Consider the nonlinear nonautonomous control system:
x(t) = A(t)x(t) +bf(0,1),
n
.1
oc=clx= ZC,’X,‘, 6.1
i=1

where A(t) € C[[0,+o0),R""],b € R", c € R", x € R", and
fE€Fon:={f:f(t0)=0,0<f(0,t)/0 <k < +oo,

f €C[[0,+) x R",R']}.

If for any f € Fjo 4, the zero solution of (6.1) is globally stable, we say that the zero
solution of (6.1) to be absolutely stable in [0,k].

Definition 6.1. We say that the zero solution of (6.1) is absolutely stable w.r.t. the set
Q = {x: 6 = c"x =0} in the Hurwitz angle [0,k], if for any f € Flo4 and any € >0
there exists 8(€) > 0 such that the solution x(t,ty,x0) of (6.1) satisfies

n
’CTX(l,t(),XO)‘ = ’Zcixi(t,to,xo)‘ <€ forall t>1
i=1
if ||xo|| < 6(¢), and for any xy € R",

tEIPmG(I,to,xO) = IEIJPDOCTX(Z‘,I(),X()) =0.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 139
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Definition 6.2. A function V(x) € C[R",R"] is said to be positive definite (negative
definite) w.r.t. the set Q = {x|c =0} if

V(x){zo forx € Q, (V(x>{:0 foerQ,)

>0 forxeQ. <0 forxeQ.

The function V (x) is said to be radially unbounded positive definite for Q if V(x) is
positive definite for Q, and V (x) — 4o as |G| — +oo.

Theorem 6.3. Suppose that the following conditions are satisfied:
(1) The zero solution of the following linear system
X=A(t)x (6.2)

is uniformly asymptotically stable;
(2) The zero solution of (6.1) is absolutely stable for the set Q in [0,k].

Then the zero solution of (6.1) is absolutely stable in [0, k].

Proof. According to the formula of variation of constants, the solutions of (6.1) can
be expressed as

x(1) = x(t,10,%0) = K(t, 100+ | K(t,0)bf(0(7),7)dr, 6.3)

fo

where K(t,1) is the Cauchy matrix solution of (6.2), that is,

dK (t,19)
=A(t)K
o = AWK 1),
K(t9,t0) = I.

Since the condition (1) is satisfied if and only if the zero solution of (6.2) is
exponentially stable, there exist constants @ > 0 and M > 1 such that

1K (2,10) || < Me= =00,

Since o (t,19,x0) — 0 as t — +oo, and &(7,y,xp) continuously depends on xy,
f(o(t,19,x0),t) is a continuous function of xg, and | f (o (¢,1), 09),?)| < k|o(2,9,00)|,
which implies that

flo(t,10,x0),t) =0 as t— oo,

Thus, Ve > 0, there exist d;(¢) > 0 and 7; > 7 such that

Me =0 x|l < ;: forall 7> 1o, ©4)
1y
/ Me= %"= pf(o(T),7)||dT < ;f (©2)
J1y
t
/ Me I||bf(o(t),7)|dT < § forall r=n ©
J1

if ||x0|| < 51 (8)
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Let us take 6,(€) = 53,, 6(€) = min(5;(€), 8, (€)). From (6.3), (6.4), (6.5), and
(6.6), we have
[1x(2,20,20) | < [[K(2,20) | |0l +/,: IK(z, )] Ibf (o(7), 7)|[dT
+ [ KG9 Ibfo(@). 7)ar.
< Me g+ [ me I of(o(2), ) de
0
+/ttMe*a<f*f>||bf(c(r),r)||dr
i

< € n € i €
3 33
=g forall 1> if ||xo| < 8(e).

Therefore, the zero solution of (6.1) is stable.
For any xg € R", by using the L’Hospital rule, we deduce

1
: . —a(t—ty) : —a(t—1)
0< t11r+nm||x(z)|| < zETwMe +tlerw i Me lbf(o(z),7)||dT

] t
— 0+ lim w/tOMeMHbf(G(T),r)HdTZO.

f—+oo @

Therefore, the zero solution of (6.1) is absolutely stable in [0,k]. The proof of the
theorem is completed. O

Theorem 6.4. If there exists a function V (x) € [R",R'] such that

V(0)=0, V(x)=o(o]), ¢EcKR,

+ (6.7)
D*V(¥)|en <—v(ol), YEeK,
then the zero solution of (6.1) is absolutely stable for the set Q in [0,k].

Proof. Since V(0) =0 (0 € Q) and V(x) € C[R",R!], V& > 0, there exists 5(&) > 0
such that V (xg) < @(€) for ||xo|| < d(€). According to (6.7), it yields

oo (t,10,%0)[) <V (x(t,10,%0)) < V(x0) < @(e) forall 1> 1y,

which implies
|o(t,t0,x0)] <€ forall 7> .

Now, we prove that

tlir+r1 o(t,t9,x0) =0, forall xo€R".
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Expression (6.7) gives

infV(x(r)) = lim V(x(¢)) := o >0.

t>1y t—+o0

We can easily check that the function V (x(¢)) can reach its inferior limit only in .
For any xo € R", it follows from (6.7) that

lo(t)] < |c"x(ty)| :=h < H < +oo.

Assuming that lim,_.. o(f) # 0, from the uniform continuity of o(z), there exist
constants § > 0, 7 > 0 and a sequence {z;} such that

lo(t)|>B for teltj—n,tj+n].

Letr= infﬁgwgh (P(‘GD > 0. We have

0<V(t) <Vi(t)+ tD*V(r)dz,

A

< Vi)~ [ wllo(x))de

n tj+n
<Vio) - Y [ Twllo())as.
j=174-n
< V(ty) —2nMr— —eo as n— +oo,
leading to a contradiction. Thus

lim G(l‘,t(),xO) =0.

{——+oo
The theorem is proved. ]

Theorem 6.5. (1) Let the condition (1) of Theorem 6.3 be satisfied, and |f(o,t)| >
o(lo]) € K;

(2) Suppose that there exist a symmetric matrix B(t),x, and constants o > 0, B >
0, € > 0 such that X" B(t)x > B|oc|?, and the matrix

G(t) &)
gh(r) —a/(k+e) |’

is negative semi-definite, where

G(t) = AT(1)B(t) + B(t)A(t) + B(z),

g(t) = B(1)b+ ‘; c.

(6.8)

Then the zero solution of (6.1) is absolutely stable in [0, k].
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Proof. We choose the Lyapunov function:
V(t,x) = x"B(t)x.
Then V (¢, x) is radially unbounded, positive definite for the set . Using the fact that

dv

4 = x"(AT(t)B(t) + B(t) + B(t)A(t))x + 2x"B(t )b f(0,1),

U AT 0B 1 B+ BOAW)x + 267B)bf (o.0)

a5
e

oo

N (f(g,w)T [ST((% —ﬁm)} (f(:;,t))’

+acxf(o,r) -

IA
)
//~
Q
\

=

>

S~
=
Q

|

|
)
pd
a

av
We see that dt ’(6_1)

are satisfied, and therefore the zero solution of (6.1) is absolutely stable in [0,k]. O

is negative definite for the set £2. The conditions of Theorem 6.4

6.2 Systems with Separable Variables

In this section, we study the absolute stability for the set £ by turning this stability
into the absolute stability for one state variable.
Without loss of generality, we assume that ¢, # 0. Let

yi = X, i:1,...7n—1,
n

Yn :ch: Zcixi.
i=1

System (6.1) is then transformed into

YiZidij(l)YJ+5if(yn’f), i=1,...,m, (6.9)
=
where

aij(r) = a;j(r) aZnCZ, iLj=1,...,n—1,

din(t):aij([), i=1,...,n—1,
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n

. ci .

a,,j(t): E ciaij(t)—E C,'Cl,'n(l) Cj, j=1,...,n—1,
i=1 n

Obviously, the stability of the zero solution of (6.1) is equivalent to that of (6.9).

Definition 6.6. The zero solution of (6.9) is said to be absolutely stable in [0,k] w.r.1.
partial variables y;, ...,y if for any f € F ) and any € > 0, there exists 6(€) > 0
such that

[y(t,t0,50) = yu(tst0,y0)| <€ forall t>1t9

when ||yo|| < 8(€), and for any yo € R",
dmly;(,20,50) -y 210, y0) | = 0.

Theorem 6.7. Suppose that
(1) The zero solution of the following linear system
y=A(t)y

be uniformly asymptotically stable;
(2) There exist constants r; >0 (i=1,....n—1),r, >0, and 6 > 0 such that

n
—rjdjj(t)z Z ri|d,~j(t)|, j=1,...,n—1, (6.10)
i=1,i#j
n—1
—FnGin (1) =Y rildin(t)| 4 6, (6.11)
i=1
~ n71 ~
—raby =Y rilbil, (6.12)

or

—rjdjj(t)z Z ri|d,~j(t)|, j=1,...,n—1,
n—1

raint) > Y il (o), (6.13)
i=1

n—1
—raby > Y rilbil. (6.14)
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(3) |f(o,1)| = ¢(lo]) € K.
In other words, either (6.10), (6.11), and (6.12), or (6.10), (6.13), and (6.14) are
simultaneously valid.

Then the zero solution of (6.9) is absolutely stable in [0,k].

Proof. We construct the Lyapunov function:

n
V(y) =Y rilyil-
i=1

V(y) > rplyn| — +o0 as y, — +oo and, as a consequence, V (y) is radially unbounded,
positive definite for y,. In addition, there exists

n
D'V (y <Y [rja]] + Z rildij(t }\y,H[r,,b +Zr] }|f(yn,t)|,
j=1 i=1,i#j j=1
n—1
< | +ann]WA+hb+anmﬂm»m

[
< [rat ‘

+2Mw MM+hb+ZMMMWMI

thus DV (y)|(6.9) is negative definite for y,. According to Theorem 6.5, the conclu-
sion of this theorem is valid. O

Theorem 6.8. (1) Let the condition (1) of Theorem 6.7 hold;
(2) Suppose there exist a symmetric matrix B(t),x, and constants o >0, f >0, € >

0 such that
TB(t)y > By;,

and either

(o) (8 ~afttre] Csodnn ) <05
)

G(r) gt

or the matrix L’T 0 — } is negative semi-definite, where

a
(k+e)

G(r) = AT(1)B(1) + B(t)A(r) + B(1),

and |f(yn,1)| = @(|yn|) € K.
Then the zero solution of (6.9) is absolutely stable in [0, k].
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Proof. We choose the Lyapunov function:

V(t,y) =y B(t)y.

According to the hypothesis, we know that V (¢, y) is radially unbounded and positive
definite, and

¥ o = ATOBO) £ B0+ BOAW)+25TBOB 1)1,
=T ATOB) +B0) - BORO)-+ TBOBS 0400
+0€yn(t)f(yn() 1)— 2(yn (t),1)
(ww) 70
k+ © )] 190a)]. or
—ey,(t),
<0 for y2#£0.
As aresult, the zero solution of (6.9) is absolutely stable in [0, k]. ]

Assume b, < 0. By the topological transformation

7] 10---0 —by/by, by
22 01---0 7b2/bn 2
I E R e
Zn—1 00---1 _bnfl/bn Yn—1
Zn 00---0 1 Vn

the system (6.9) becomes

n
Zj :Zpij(t)zj7 i:17"'7n71a

= (6.15)
in = anj(t)ZjJrhnf(Zn(l‘),t),

j=1
where P(t) = (p;ij(t))nxn = HA(t)H™!
Theorem 6.9. Assume that

(1) The condition (1) of Theorem 6.7 be satisfied;
(2) There exists a symmetric positive semi-definite matrix

byy - by O

B= : : ; bpn > 0),
by_11 - by1p-1 O (bun > 0)

0 : 0 b
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such that either
ZL(PT(1)B+BP(1))z < —€z,
or
ZN(PY(t)B+BP(1)z2<0 and z,f(zn,t) is positive definite.
Then the zero solution of (6.15) is absolutely stable in [0,k|.

Proof. We choose the Lyapunov function:
V(z) = 2" Bz + bz,
which is radially bounded, positive definite w.r.t. z,,. Then,

dv

. _ ZT(PT(I)B—I—BP(I))Z""ZE"Z”f”(Z”’[)’

(6.15)

—e72, or
< - <0 when Z,#0
2hnan(Zn7[)-

Consequently, the zero solution of (6.15) is absolutely stable in [0, 4]. O

6.3 Direct Control Systems

Consider the general nonautonomous direct control system
X=A(t)x+b(t)f(o,t), o=c'x, (6.16)

where x € R", A(t) is an n x n continuous matrix, ¢(t) and b(r) are n-dimensional
continuous vectors, which are bounded and differentiable, and

fEFyy={f:f(0,)=0,0<0f(0.1) <ko>,0 <k < s,
[ €C[[0,400) x R",R']}.

Theorem 6.10. Suppose that there exists a symmetric, differentiable, and bounded
n x n matrix B(t) such that x'B(t)x is radially unbounded, positive definite, and
there exists a constant o > 0 such that

() [0 <0 1(5)

~G(r) = ATOB() + BO)A®) +B).
8(t) = B+ clr).

is negative definite, where

Then the zero solution of (6.16) is absolutely stable in [0,k].



148 6 Nonautonomous Systems

Proof. We construct the radially unbounded, positive definite Lyapunov function
V = x"B(t)x. Using the S-method, we deduce

V| = xT@T0B0) + BOAW + B0+ 2670 BO)X(0f(0(0).0),
! 1(6.16)

= —x'G(t)x+2b"(1)B(1)x(t) f (o (1),1) + oo (1) f (o (t),1)

S WACON B CORWILOM MEORE
X T —G(t) g() X

= (f(G(f)J)) {gT(f) a/k} <f(0(l)af))’

<0 for x#0.
Thus, the zero solution of (6.16) is absolutely stable in [0, k]. O

6.4 Indirect Control Systems

Consider the nonautonomous indirect control system
% = A(t)x+b(1)E +d(1)f(0.1),
§ = flo.1), o =cT(t)x—r(n)E,

where x € R", b(t),d(t), c(t) are n-dimensional continuous differentiable vectors;
&, 0 are scalars; and () # 0 is a scalar continuously differentiable function.
Suppose that the coefficients in system (6.17) are continuously differentiable, and

(6.17)

A(r) b(r)
—cT(t) r(t)
[ € Figyjo) = {f : f(0,1) =0,k16° < 6f(0,1) < kaa” for 6 # 0,
f €C[[0,4e) x R",R]}.

A(t) = det #0 forall 7€ [0,+o0),

We set
c=c'(t)x—r(t)é, thatis, &(r)=r"'(t)(c"(t)x— o).
Then (6.17) can be reduced to
X :AT(t)erb(t)Ger(t)f(G,t), 6.18)
6 =¢()x—p(t)o—yt)f(o,1),

where
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p(t) = —c"(Ob(t) +i(1)r™ (1),
Y1) = = (B)d (1) +r(r)
Let
" [§$>ﬁ%] (5) 0=(50)
Then system (6.18) can be written as
z=P(t)z+1(1)f(0,1). (6.19)

Theorem 6.11. Suppose that there exists an n x n symmetric differentiable matrix
H(t) such that x"H(t)x is radially unbounded, positive definite, and x'(G(t) +
k1S(¢)S™(t))x is positive definite, where
G(t) = PT(0)H (1) + H()P() + H(),
o =51z
S(t) = 2H(1)I(r).
Then the solution of (6.19) is absolutely stable in [k k).

Proof. We construct the radially unbounded, positive definite Lyapunov function
V(t,x) = xTH(t)x. It follows that

- (:1‘; =7'G(t)z+ 0 f(0,1).

(6.19)

Since k; 02 < of(o) < kyo? for ¢ # 0, we deduce

(G(H) + ki S()ST(1))z < —

Furthermore, there exists

v < —Z(G(t) + k1 S1)ST(1))z <0 for z#0.
d | (6.19

This completes the proof. ]

In the following, we use the method of absolute stability for partial variables to
determine the absolute stability of the zero solution of (6.18).
Suppose that all the coefficients in (6.19) are bounded, and that

fEFy:={f:f(0,1)=0,0<0f(0,1) < k0> (ky < +o0) for & #0,

f €C[[0,4) x R",R']}.
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For the coefficients of (6.19), we adopt the following notations:

pu(t) - prat(t)

| Prg1,0(2) - Pt (2)

[ pu(r) - pijy(r)

_pjo;(t) pjo/jo(t)

[ Prjos1(t) -+ pras(t)

P(n+17j0) _ : : ’
| Pjojo+1(t) - Pjons1(t)
l(f) = (L(1),.. n+1(f))T>
Joy (@) = (1), Ly ()T,
jo) (1) = (x1(2),.-. x/o(t)) )
Z(1) = (xjo1 (1), xa(1), 0)T

Theorem 6.12. Assume that the following conditions are satisfied:

(1) The zero solution of the system
2jo) = Ajo(1)2jo (6.20)

is uniformly asymptotically stable;
(2) There exist constants r; >0 (i=1,...,jo),r; >0(j=jo+1,...,n+1),e>0
such that

n+1

—ripij(t) > Y rlpi@)], =1, jo,
i=1,itj
n+1

—rjaji(t) > Y, rilpij(0)+e,  j=jo+1,....n+1,
i=1,itj

n
b1 () rng1 > Zrili(t)
i=1

Then the zero solution of (6.19) is absolutely stable in [0, k3].

Proof. We construct the radially unbounded, positive definite Lyapunov function for

Zj()Jrl?' <y Zntlt
n+1

2) =Y rilzl.
i=1
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Then,
n+1 n+1
DV (519 Z[r,p,, Y nlpul] ]

i=1,i#j
|:rn+lln+1 +Zrl|l :|‘f0'l)‘

n+1 n+1
Z [rjp,, + Zrl“’l} } 1)
st l#/
n+1
<—& Y [zl
J=Jo+1
n+1 )
<0 for Z zj #0.
J=Jjo+1

As a result, the zero solution of (6.19) is absolutely stable w.r.t. the variables

Zj()Jrl g9 Zn+l-
Assume that the Cauchy matrix solution of (6.20) is K(¢,#p). The condition (1)
indicates that there exist two constants M > 1 and o > 0 such that

1K (t,10)|| < M@0, (6.21)

The first jo components of the solution of (6.19) can be expressed as

Z(jo) (t,10,20) = K(t,10)z( o) (to) + K(f )P 1=i) (7)1 =i) (7) de
T

“r( tt K(t, ’C)l(jo)(’C)f((j(ﬁl;)7 7)dr.

Using (6.21) and the method used in proving Theorem 4.3, we can easily prove that
the zero solution of (6.19) is absolutely stable w.r.t zj,11,...,2, as well. The proof
is complete. ]

We can also prove the following corollary, along the same line.

Corollary 6.13. (1) Let the zero solution of the system gf = P(t)z be uniformly
asymptotically stable;

(2) Suppose that there exist constants r; > 0 (i=1,...,n), r,41 > 0, € > 0 such that

n+1
—ripji(t) = Y (0], j=1,...,n+1,
i=1itj

—Ly (¢ r,,+1>Zr,\l N+e O<e<l.

i=1

Then the zero solution of (6.19) is absolutely stable in [0, k].
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Theorem 6.14. (1) Let the condition (1) of Corollary 6.13 be satisfied;
(2) Suppose that there exists a symmetric differentiable bounded (n+1) x (n+1)
matrix B(t) such that

zTB(t)z >ezlz, O<e<1;

(3) Suppose that there exists a constant o > 0 such that
T ~
z —-G(t) g(r)}( z >< s
~ 01, 0<okl,
(f(cm)) {g%) “ajk) \ flon)) =

—G(t) = PT(t)B(t) + B(t)P(t) + B(1),
3(1) = B + 5 ¢(o),

© € {o%,0f(0,1).f(o.1)}.
Then the zero solution of (6.19) is absolutely stable in [0, k].

where

Proof. We construct the radially unbounded positive definite Lyapunov function
V(z) = z'B(t)z. Differentiating V w.r.t. time ¢ along the solution of (6.19), making
use of the S-method and the proof of Theorem 6.10, we get

oo (o) 76 %0 (e

~a(ot)~ , f(6().0) F(o().0),

k
<(se HG k) (o) =00

Therefore, the zero solution of (6.19) is absolutely stable for o in [0, £].
Suppose that the Cauchy matrix solution of the system z = P(¢)zis K(¢,%y). Using
the method of variation of constants, we can express the solution of (6.19) as

dv
dr

2(t,10,20) = K(t,10)z0 + tK(t,T)l(T)f(G(‘L’),T) dr.

A

A similar reasoning to that used in the proof of Theorem 4.3 can be applied here. [J

6.5 Systems with Loop Revolving Feedbacks

Consider the control systems with loop revolving feedbacks [67, 105]:

= A(t)x+b(t)§ +d(1)f(0),

* 6.22
¢ =flo), o=c"()x—r(t)s—Nf(o). @22
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Again we adopt the notations used in (6.17). However, note that here the control
function f(0) is assumed to be differentiable and satisfy

— < 8f(0-) <y
Jdo

— b

where v, v, are some positive constants.
Suppose that r(¢) # 0. Using (6.22), we can write

E(r)=r'(n)(c" (Nx— o~ Nf(0)). (6.23)
Then substituting (6.23) into (6.22) yields
Xx=A(t)x+b(t)o —|—~a7(t)f(0), 6.24)

where
A(r) = A@W) +b(0)r~ (1) (1),
b(r) = b(r)r~ (1),
1(1) = d(t) =~ (1)b())N,
p(r) = =T (0)b(r) — ()r~" (1),
&l(e) = M (OA@) +T(0) = i)~ (e (1),
w(o) =1 +N§£7

Theorem 6.15. Suppose that

(1) w(o) does not change its sign for any f € Fy, 1,);

(2) There exists an (n+ 1) x (n+ 1) symmetric matrix H(t) such that x'H (t)x is
radially unbounded, positive definite;

(3)
o\ G(r) H()b(1) —a&(t)—H(n)d(r)] [ x
c BT OH ) 20p(t)ks ap(r) c
f) L-ed )~ H@)d)™ ap’() 20N f

is positive definite, where o is a constant with the same sign as ©(c), and H(t)
is solution of the Lyapunov matrix equation:

ANOH(1) +H()A@) +H(t) = =G(1),
in which G(t) is a given positive definite matrix.

Then the zero solution of (6.22) is absolutely stable in [k; k).
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Proof. We take the Lyapunov function

V(x,0) = x"H()x + 200 /0 ° #(o)w(0)do,

where a is a constant having the same sign as @(o). Obviously, V(x,c) is radially
unbounded, positive definite. Differentiating V along the solution of (6.22), we obtain

4

= x'G(t)x — 2x"H(1)b(t)o — 2x"H(1)d (1) f (5)
dr {(6.22)

—2axTc(t)f(o) +2ap(t)of(c) +2aNf* (o),  (6.25)

where —G(t) = AT(1)H (1) + H(1)A(r) + H(t).
We introduce the following notations: y = (x, o, )T and

G(r) —H(1)b(t) —ac(t) —H(t)d(r)
G, = —bT( HH (1) 2ap(t)k; ap(r) . i=1,2.
—ad ()~ (H)d0)T ap™ (1) 2aN

Using the facts that f(0) = 0 and k;6% < 6f(0) < ky62, the expression (6.25)
becomes

dv
YGiy < <y'Gy(1)y.
! {(6.24)
From (6.25) we find that ‘L‘;|(6.24) is negative definite. Thus, the zero solution
of (6.24) is absolutely stable in [k, k). O

Theorem 6.16. Assume that

(1) The condition (1) of Theorem 6.15 is satisfied;
(2) The zero solution of the system x = A(t) x is uniformly asymptotically stable;
(3) There exist constants r; > 0 (i = 1,...,n), ryy1 > 0 such that

r]a]](t) > Z Vi|dij([)‘ +V]|6]([)‘, ]: 17"'7”7 (626)
i=1i]
n ~
rar1p(t) > Y |bi(1)|ri+ e, (6.27)
i=1
~ " ~
Fnp1N > Z l‘ z([)‘> (6.28)

where € is a constant with 0 < € < 1;
(4) [y " |o(o)|do = +e.

Then the zero solution of (6.24) is absolutely stable in [k k).

Proof. We construct the Lyapunov function

n (o
V=Y rilxil+ s / signo|w(o)|do.
i=1 0
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V is radially unbounded, positive definite for o, and thus

=

DVigan < X [rag+ Y rlag)l+ )]
=1 i=1,i#j

+[-rpte +Z|b )Ir:| o

~.

+[- Nrn+1+zr,|d ) 17(o)l,

< —¢l[f(o),
<0 for o#0.

In this case, D*V\((,.M) is negative definite in o. Therefore, the zero solution of (6.24)
is absolutely stable in [k;, k] for partial variabel ©.
Let the Cauchy matrix solution of the following system be K(z,1):

=A(t)x.
From the condition (2), we know that there exist constants M > 1, a > 0 such that
1K (#,10)| < M0,

The first equations in (6.24) gives

t ~

x(t,10,%0) = K(t,t0)x0 + | K(t,7)[b()o () +d(1)f(0(7))] dt.

fo

The proof can be completed along the lines of the proof for the sufficiency of
Theorem 4.3. This proves the theorem. (Il

Theorem 6.17. If the conditions (1) and (2) of Theorem 6.16 hold, and (6.26) holds
as well, while (6.27) and (6.28) are replaced by

S
—
~
—

IV
1=
)

rn+1p(t)

rn+1]V2 rildi()|+e, 0<e<,

M:

then the zero solution of (6.24) is absolutely stable in [k, k].

Proof. We construct the radially unbounded, positive definite Lyapunov function:

n o
V= Zri|x,~\ +rn+1/0 signo|w(o)|do,
i=1 -
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then we have

n
D™V < ). {rjdjj(f)Jr Y ri\ﬁij(t)|+rj\5j(f)|} ;]
=1 =104

~

+| = rap1p(2) +i1|l;i(t)rl} ol

+[ =M+ L nldi0l] 1£(0)l,
i=1

< —¢lf(o)],
<0 for o#0.

Thus, the zero solution of (6.24) is absolutely stable for ¢ in [k}, k;]. The rest of the
proof is identical to that of Theorem 6.16. ]



7

Systems with Multiple Nonlinear Feedback
Controls

As a result of the fast development of science and technology, control systems have
become more and more complex. Usually, single feedback control is not enough
to finish a complicated task and needs multiple feedbacks. In 1988, SIAM pub-
lished a research report “The Future Development of Control Theory — Mathematical
Prospect.” It was indicated in this report that though the stability of nonlinear con-
trol systems had been paid much attention and many mathematical results had been
found, the results are still mainly on single-variable nonlinear control systems such
as Popov’s principal and Lyapunov method. Multivariable nonlinear control systems
are not yet well generalized. It is still difficult to extend the single-variable case to
the multivariable case.

In this chapter, we will discuss the absolute stability of control systems with
multiple nonlinear control terms. The results given in Sects. 7.1-7.4 are taken from
Liao et al. [91,92], and that presented in Sect. 7.5 are from Gan and Ge [29].

7.1 Necessary and Sufficient Conditions for Absolute Stability

Consider the following control system with m nonlinear control terms [91]:

X=Ax+ ijfj(dj),
= (7.1)

_ T, .
ijcjfoC,’jx,', j=1,...,m,
i=1

where A GRnxn,x: (xl,...,x,,)T, bj = (b]j,...,bnj)T, cj= (Clj,...,an)T,
fi € Foi={F: f(0) =0, f(6)5 >0, 5 £0, f(0) € Cl(=, +==), R'] },
j=1,...,m,

ReA(A) <0. Let

Q; :{XZG]':CJT)C:O}, j=1,...,m,

m m
0 { lol =Y loj| = Z|c}x|o}.
j=1 j=1

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 157
(© Springer Science + Business Media B.V. 2008
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Definition 7.1. The zero solution of (7.1) is said to be absolutely stable for the set
Q(Q)] iffor any fj(0}) € Fu(j = 1,...,m) and any € > 0, there exits 6(&) > 0 such
that for ||xo|| < 8 (&) the distance from the solution x(t) 1= x(t,ty,xp) to the set Q[;]
satisfies

m

pQ) =Y el <e  (p(x,2) = lcfxn) <e),

J=1
and

m
. T o
tEij; |cjx(t)[ =0 < lim |c;x(t)| :())

t— o0

for every xo € R".

Definition 7.2. A function V (x) € C[R",R'] is said to be positive definite w.r.t. the set

Qe if
V(x){ =0 for x € Q, (V(x){ =0 for x € Qj, )
>0 for x € Q. >0 for x € Q;.

The function V(x) € C[R",R!] is said to be negative definite w.r.t. the set Q (;) if
—V(x) is positive definite for Q (£;).

Definition 7.3. A function V(x) € C[R",R] is said to be radially unbounded, posi-
tive definite for Q (;) if V(x) is positive definite for Q (2;) and V(x) — +oo as
57 0] — +en (|| — -+,

Theorem 7.4. The necessary and sufficient conditions for the absolute stability of
the zero solution of (7.1) are given by

I.B:=A+Y7 6;bjcj isHurwitzstable with 6;=1 or 6;=0,j=1,...,m;
2. The zero solution of (7.1) is absolutely stable for €.

Proof. Necessity. (1) In the case ReA(A) < 0, we take §; =0, j=1,...,m, and then
B = A. B is obviously Hurwitz stable. In the case ReA (A) < 0, we take some 0; = 1.
Letin (7.1) fj(oj) = 0; = ch.x(j =1,...,m). Then (7.1) can be transformed into

m
X = (A + Z ejbjc}> X.
=

Therefore, B=A + ZT:] 0;b jch. is Hurwitz stable.
(2) Ve > 0, taking

. €
et llei Il
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there exits 6(&) > 0 such that for ||xo|| < 8(€),
[Ix(@) := llx(z,0,20) || := Z\x, )| <& forallr>1.

This implies that

m

m
lecx |<lechle <2 EHEST:

forall t > 1.
Furthermore, since z]iT ||lx(#)]] = O for every xy € R”, we have

m

m
< 1 T. T =
02 tim 3 [0 < X [} tim. ()] =0

Consequently, the zero solution of (7.1) is absolutely stable for £2. The necessity is
proved.

Sufficiency. In accordance with the formula of variation of constants, the solution
x(r) := x(z,89,x0) of (7.1) satisfies

m

x(1) =Pl ’0>x0+ Z ifi(ci(t)) — 6,b;0;(1)] dr.

Since B is Hurwitz stable, there exist constants M > 1 and o > 0 such that

B(t—t) < Mefa(tft(’), t> 1.

|

We define 0;(t) = 0;(t,%,x). Since 6 = Y7, |0;(t)] — 0 as t — oo, we have
lim;_. 1 0;(¢) = 0. Because o;(r) continuously depends on the initial value xo, and
fj(oj(r)) is a composite continuous function of xo and f;(0;(t)) — +oo ast — oo
Ve > 0 there exits 6(€) > 0 and #; > 1o such that ||x|| < d(€) implies

el < el < 5

3

for t > 1,

1 m m e
/t Me= DY |lbifi(0y() + X 8jllbjo(7)| | dT < ; forosn <t
1o =1 =1

m m
Me-at-o [2 Ibii(oi(e)) I+ Y 6llbjo(x >]dr< for 11,
j=1

n

Thus, we have
1 m m
[0)] < [P ag]+ | b= [Z LHICIQNEDS ejubjcj(r)n] de
710 j=1 j=1
1 m m
+/t Me*=7) lz I16;fi(oi(oN]+ Y, 9j||bj0j(f)||] dt
1 j=1 j=1

cELEL e
373 3
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For any xy € R", by the L’Hospital rule, we get
0 < lim t
< Jim (1)

< lim Me *~)
T t—too

— o0 tO

¢ m m
+ lim [ Me (=P [Z 16;fi(a; (N + Y. 6jllbjoi(7)|| | dt
p= =
— 0.

Thus the zero solution of (7.1) is absolutely stable. The proof of the theorem is
complete. (I

Theorem 7.5. The zero solution of (7.1) is absolutely stable if and only if

m
1. A+ Z Gjbjc]T := B is a Hurwitz matrix, where 0; =0o0r 0;=1,j=1,....m
j=1
2. There exists a differential Lyapunov function Vy € [R",R!], where Vi (x) is radially

unbounded, positive definite for L2, i.e., there exist Oy € KR and Wy € K such that

Vi(x) = ¢ ([a]);

dv

< —yy(lo]). (7.2)
dr |7y !

Proof. Sufficiency. It is suffice to prove that the condition (2) implies that the zero
solution of (7.1) is absolutely stable for Q.

Since V;(0) =0, 0 € , and V/(x) is a continuous function of x Ve > 0 there
exists 6 (&) > 0 such that

Vi(xo) < gs(e) for [xofl < 8(e).

If follows from (7.2) that:

or(lo]) < Vr(x(r)) < Vr(xo) < @r(e),

and therefore, |0 (7)| < €. Thus, the zero solution of (7.1) is stable for 2. Now we
prove that lim,_, ;. 0/(t,f9,x9) = 0 for any xo € R".
Since Vy(x(¢)) := V(t) is a monotone decreasing and bounded function,

inf V¢(x(t)) := li (x(t)) :==a>0.

inf Vy(x(1)) = lim Vy(x(1)) = 020
We want to show that o can be reached only in Q. If it can be reached outside €2, then
there must exist a sequence #; with 7 — +oe0 as k — +eo such that lim;, o) =0.
As aresult,

a= lim Vf(lk) = lim Vf(lk).
tg—too

[k~>+oo
G(Ik>*>0
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In other words, o can be reached in €2, a contradiction with the pre-assumption that
a can be reached outside Q.
For any xog € R”, the expression (7.1) gives

lo(t)] <|o(to)] :=h < H < +oo.

Now, let us prove that lim;_ ;. 6(7) = 0. Assume that lim;_, ;.. 5(¢) # 0. Since o(7)
is uniformly continuous, there exist constants § > 0, n > 0 and point sequence ¢;
such that o ()| > B forr € [t;—n,t;+1n],j=1,2,....
Setting ¥y = limg<5<, Wy (o), we deduce
t

Vv
! dr
o dt

< V(o) - / "vy(lo(o))de

0< V(1) < Vyio) +

n 141
<Vt =X [ Cwrllo(@)ar
< Vf(l()) —2nMNYr— — as n — oo,

This yields a contradiction; thus lim,_, ., &(¢) = 0. This proves that the zero solution
of (7.1) is absolutely stable for 2. The sufficiency is proved.

Necessity. Since the zero solution of (7.1) is absolutely stable, R” is an attractive
space. forany f; € F(j=1,...,m) and any x € R", let

Wy (x) = sup|lxs(1,0,0)]%, 1>0,
where x(¢) denotes a solution of (7.1). From Theorem 3.2 of Bhatia and Szegd [7],
we know that Wy(x) has the following properties:

1. Wg(x) > 0 and Wy(x) = 0 if and only if x = 0, Wy(x) is radially unbounded,
positive definite

2. Wy(x) is monotone decreasing function

3. Wr(x) is continuous in R”

Furthermore, we define
+oo B
Vi(x) = A Wr(xr(n,0,x))e”Mdn.

Obviously, V(x) is radially unbounded, positive definite. Thus, there exists ¢y € KR
such that

Let
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If follows that:
Dy = B = Wy(xs(t+m)).

Integrating by parts yields
oo . +oc
Vi) = [ Cemao=en [ WO | menan
/Wf xp(& d§+ <15(t+n)e ndn.

Since Wy (xs(t)) is a monotone nonincreasing function, Wy(x(¢)) is bounded. Fur-
thermore, we note that

rl~>+oc

tim e [ Wiy (£))08 =0

and

dvy T _
ol = Wit 0)+ [ @leTan

= WyGar)+ [ Wytag(e e an

= O+°° [Wf(Xf(lJrTl)) fo(xf(t))] dn.

Since W (x¢(r)) is a monotone nonincreasing function, we obtain
Wiep(t+m)) = Wrlxs(r)), n=0.
In particular, if x(¢) is a nonzero solution of (7.1),
Wi(xp(t+m)) # W (xs (1))

Wr(xp(t4+1)) =Wr(xs(t)) =0 as 1 — +oo.

Thus, Wy (xs(t 4+ 1)) = 0 that fact
— 2
W (x) = sup{ [le/(1,0.2)| %, £ > 0} # 0.

Therefore, if x¢(t) # 0, then

| et m) = Wit ele am,

i.e.
dvy

dr <0 for x#0.

(7.1)
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Therefore, we conclude

vy

i < —uys(x) for x##0

(7.1)

with uy(x) being a positive definite function. Thus, we have

up(x) = @r([lxl]) = ¢y (Zn: Ixz')

i=1

1
max  |cij Z leujxi
i<n1<j<m 1 HI=

A%
@1
IS ~
1=

1
in

1 1

m_ max  |cjj| 4
1<i<n,1<j<m J

Y
3

m
|cijxil
=1

:= ¢7(0) €KR.
Hence, uy(x) is radially unbounded, positive definite for Q. Further, we have
dvy N
<) < —gs(lnl) < —os(0), gr k.
dr (7.1)

The condition (2) of Theorem 7.5 is satisfied; the condition (2) of this theorem is
trivial. The necessity is proved. |

Theorem 7.6. The zero solution of (7.1) is absolutely stable if and only if

1. The condition (1) of Theorem 7.5 is satisfied
2. Forany fj € F (j=1,...,m), there exist m Lyapunov fictions Vf(j)(x) € [R",R"]
(j=1,...,m) such that

V@ o o). o ckr j=1...m,

(/)
s ’ <o), wWek, j=1..m
dt lgay= ST ' T

Proof. Necessity. Theorem 7.5 guarantees that the condition (1) is satisfied, and that
there exists Vy(x) > @;(0) € KR such that

dve
(fll(x) <-vyy(o), ¢rek.

(7.1)

Take Vf(j) =Vs(x), j=1,...,m.Due to

:q)f(|cj\)eKR, j=1,....m,
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we have

Jj=1

()

dv dv n

f = < =_ T

o a |y = vr(o) = —yy (ZC,X)

(7.1)
< —l[/f(‘cr]ljxD =vyi(0j), v;€K, j=1,...,m.

This verifies the necessity.

Sufficiency. Similar to the proof of sufficiency for Theorem 7.5, the condition
(2) can be proved to imply that the zero solution of (7.1) is absolutely stable for
Qj, j=1,...,m. Thus, as in Theorem 7.4 one can show that the zero solution of
(7.1) is absolutely stable. This verifies the sufficiency. J

Theorem 7.7. Let the following conditions be satisfied:

1. The condition (1) of Theorem 7.4 holds.
2. There exist an n x n real symmetric matrix B and constants B; > 0
(i=1,...,m), o0 > 0 such that

m o
V(x) =x"Bx+ Z ﬁ,/ ' fi(o,)do;
=1 70
with
m
x'Bx > o Z Giz

i=1

or

m Gj +o0 .
V=Y [3,»/0 1i(6,)d0y, B >0, [ f(0))do; = +eo, = 1,...m.
= :

m m

3. %‘I/‘(T]) < —€T,TE {62, Y oifi(o)), ijz(cj)}.
j=1 j=1

Then the zero solution of (7.1) is absolutely stable.

Proof. It is suffice to prove that the conditions (2) and (3) of this theorem imply
Theorem 7.5.
In fact, by the Lyapunov function

V(x) =x"Bx+ iﬁi/cj fi(o;)da;,
j=1 70

the condition (2) implies that

V(x)zazo}+2ﬁi/ ' f,(0,)d0; = 9(c) € KR
=1 =170
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or
m o;
0>y /3,/0 f5(6,)do; := 9(c) € KR,
j=1
and
dv
dar l71)=—€1:=—y(0), y€K.
Therefore the conditions of Theorem 7.5 are satisfied. Theorem 7.7 is proved. (]

Corollary 7.8. Suppose that there exit constant B; >0 (j =1,...,m) and a symmet-
ric positive matrix P such that the function:

V(x) —TPx+Zﬁj/ fi(oj)do;

satisfies %;/ ’(7_1) < 0 for x # 0. Then the zero solution of (7.1) is absolutely stable.

Proof. It is suffice to prove that V(x) is radially unbounded, positive definite for €,
while %‘t/ |(7_1) is negative definite for Q.

Letc=  max , A = min A;(P), and A; be eigenvalues of P. Then
1<i<n,1<i<n 1<i<n
oonYt eiixi m o2
V(x)>x"Px>2Axx> 1 L= Zlil eiji > o o(|lo|) € KR.
mnc mnc

Therefore, V (x) is radially unbounded, positive definite for Q, and

dv L
Ul < vl < (| Lo o) == —vi(0), yi € K.

Thus Cgf |(7.1) is negative definite for Q. The conditions of Theorem 7.7 are satisfied.
The proof of Corollary 7.8 is complete. (|

7.2 Some Simple Sufficient Conditions for Absolute Stability

Without loss of generality, we assume that ¢; = (ci1,...,cim)’ (i=1,...,m) are lin-
early independent. by an n-dimensional full-rank linear transformation, (7.1) can be
transformed into the following form:

n
x=Ax+ Y bifi(x)), (7.3)
Jj=m+1
or into the vector component form:

Zaux/+ Z b;fi(xj). (7.4)

Jj=m+1
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Theorem 7.9. Suppose that

1. A = (aij)nxn is a Hurwitz matrix,
2. There exist constantrj >0 (j=1,...,m), r; >0 (j=m+1,...,n) such that

n
—rjaji+ Y, rnilag| <0, j=1...m,

=T
n
—rjajj+ Z rilaij| <0, j=m+1,...,n,
=T
n
—7rjbjj+ rilbij| <0, j=m+1,....n
=T

or

n
—rjaji+ Y, rilaif] <0, j=1,....m,

=T
n
—rjajj+ Z rilaij| <0, j=m+1,....n,
=T
n
—rjbjj+ Z rilbij|l <0, j=m+1,...,n.
=T

Then the zero solution of the system (7.3) is absolutely stable.

Proof. We construct the Lyapunov function:

n
V= Zri\xi\.
i=1

Obviously, we have

n

V= Zr,|xl\> Z rilxi] = 4o as Z |xi| — —oo.

i=m+1 i=m+1
Thus, V is radially unbounded, positive definite for x,_,;+1,...,X,. Since
n n
DYV (x)|73) < Z jaji+ Y, rilail | x|
j=1 i=1,i#£j
n n
+ ) | mbut Y Jrbal | [fi(u)]
I=m+1 i=1,i#l
n
<0 for ) |xj|#0,
j=m+1

the zero solution of (7.3) is absolutely stable w.r.t. x,,,+1,...,X,. Since the matrix A is

Hurwitz stable, there exit M > 1 and o > 0 such that

”eA(tfto)” < Mefoc(tfto).
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The solution of (7.3) can be expressed in the following form:

r
x(t, 107x0)_eA(t )% 4 A=) Z bifj(xj(t))dt

fo j=m+1

Following the proof of sufficiency for Theorem 7.4, we can prove that the zero
solution of (7.3) is absolutely stable. O

~ ajj,i=1,...,n, j=1,....m,
dij = . .

Let us denote

bij,i=1,...,n, j=m+1,....n

Theorem 7.10. The zero solution of (7.3) is absolutely stable if either of the follow-
ing two sets of conditions is satisfied:

1.a; <0,i=1,...,n, the matrix((—1)% |a;j|)nxn is Hurwitz stable
2. There exits a constant k > 0 such that

kby < ay, l=m+1,...,n,
klby| <ay, i=1,...,n, i#l, l=m+1,....n

Proof. Since the condition (1) implies that —((—1)% |a;;|)nxn is an M-matrix, there
exist constant r; > 0, (j = 1,...,n) such that

n
rjajj+ Z lriaij| <0, j=1,....n
i=1i#j
Condition 2 implies that

n
by + Z \r, zl‘< (r1a11+2ri\ail\><0 l=m+1,....n
=LAl i=1

We construct the radially unbounded, positive definite Lyapunov function:

n
V= Zri\xi|
i=1

and we deduce that

n n
D'V|p3 < ), |rjajj+ ), r,~a,~,~|] Bl
j=1 i=1,i#j
n n
+ Y | rbut Y |rbal | fi(a)]
I=m+1 i=1,i#l

<0 for x #0,

Consequently, the zero solution of (7.3) is absolutely stable. (|
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Example 7.11. Consider the absolute stability of the following system:
X1 = —x1 = 2f1(x1) +2f2(x2),
Xo=—x2+2f (xl) — Zfz(XQ),

We choose the radially unbounded, positive definite Lyapunov function:

fi, f2, € Fe. (7.5)

V = |x1] + x|
Thus,
DYV|i75) < —lxi| = o] + [=2+2]| fi(x1)|
+(=2+2)|f2(x2)]
< —lxi|—|x| <0 for x#£0
and the zero solution of (7.5) is absolutely stable.
Example 7.12. Consider the absolute stability of the system:
X1 = —4x1 +2x2 +x3 +2/2(x2) +2/3(x3),
Xy =2x1 —3x+x3—4fr(x2) —2f3(x3), (7.6)
X3 = —2x1 +x2 = 3x3+ f2(x2) = 7f3(x3),
where f1, f> € Fw, and

ay] aip aiz —4 2 1
ay ap axp | = 2 =3 14,
ay; axp a3 | | -2 1 -3

b2 bz | 2 2

by by | =] —4 -2

b3 b33_ i 1 =7

It is easy to prove that the matrix ((—1)%|a;;|) is stable. Furthermore, notice that

0>axn >bxn, |ap|=|bp|, i=1,3,

1 . . 1
\%3\:2\171'3\7 i=1,2,  bytaking k= .

Thus, the condition of Theorem 7.10 are satisfied. The zero solution of (7.6) is
absolutely stable.

Let
. aijijrbijf(xj), i=1,...,n, j=m+1,...;n
Jij(xj) = , :
aijxj, i=1,....n, j=1,....om

System (7.4) can be written as

n
xi=Y fijlxy), i=1,....n (7.7
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Theorem 7.13. Let the following conditions be satisfied:

1. A = (ajj)nxn is Hurwitz stable

2. foioofii(xi)dxi = —oo, fii(xi)xi <0 for x;#0, i=1,....,n

3. There exist constants ¢; >0 (i=1,...,m), ¢; >0 (i=m+1,...,n), € >0, such
that the matrix

0 0
Glihnt [ 0 €E(wm)x(n-m) ]
is negative semi-definite, where
_1 (Ci{ﬁj(xj) N ijji(xz'))?
2\ fijxg) o fiilx)

0, XiXj = 0,

gij(x) =

Then the zero solution of (7.7) is absolutely stable.

Proof. We construct the radially unbounded, positive definite Lyapunov function
n X; -
V(X) = 72/0 ciﬁi(xi)dxi.
i=1

Following the proof of Theorem 7.4, we can show that ‘3‘; \(7.7) is negative definite for
Xm1,---,Xn. Thus, the zero solution of (7.7) is absolutely stable w.r.t. x;;41,...,X,,
i.e., the zero solution of (7.3) is absolutely stable for x,,+1,...,xy.

Using the fact that the matrix A is Hurwitz stable, the solution of (7.3) can be
expressed as

! n
x(t,10,x0) = A0y - [ 407D Y bifi(xj(z))dz.
o Jj=m+1

As in the proof of Theorem 7.4, we can prove that the zero solution of (7.3) is
absolutely stable. Consequently, the zero solution of (7.7) is absolutely stable. |

Theorem 7.14. Let the following conditions be satisfied:

1. The conditions (1) and (2) of Theorem 7.5 are satisfied
Fii(xj)

L < bjj
2 | Fytep | < b
L =by -+ —bm
B— —byp 1 - =byp L B]]Blz
] R " | B2 B
—bin —byy - 1

with Byy, By, and I — Eflll?lzl?;z]l?gl being M-matrices, where Bi1, Bia, By,
and By are mxm, mx (n—m), (n—m) X m and (n —m) x (n —m) matrices,
respectively.

Then the zero solution of (7.7) is absolutely stable.
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Proof. Forany & = (§;,...,&,)T >0andany n = (11,...,Mw—m)T >0, we consider
the following equations:

Biic+ B =&,
_ (7.8)
Byic+Bye = 1.
Obviously, (7.8) is equivalent to
= —322 321C + 322 n, (7.9)
c= B?llé +Br] 312352 Bz]C*BalEuBz}ln. (7.10)

Since n > 0, B\, and By, are M-matrices, we have E’]’ll >0, 3521 >0, B, <0, and
F—1p p—1 51
73113123227720, BH(S>0.

Recalling that 7 — I?f111§121§2’2] B is an M-matrix, we know that there exist a positive
solution of (7.10) for ¢ and a nonnegative solution of (7.9) for c.
We choose the Lyapunov function

V= Zc,|xl\> Z cilxi-

i=m+1

Then

D+V|(7.7 Z [ Cj‘f]] Xj )+ Z Ct|fl/] ‘xj‘

j=1 i=1,i#]

[ijjj(x/')Jr ) Cilfijl] x;
=1,

n
—c;j+ Y, Cibij]xj'] 155 (x)]
i=1,i#j

n

<0 for ) [f;(x)#0.

Jj=n—m+1

L
L

Therefore, the zero solution of system (7.7) is absolutely stale w.r.t. X,—4; (j =

1,...,m), i.e., the zero solution of system (7.3) is absolutely stable w.r.t. x, 1 (j =
1,...,m). Following the proof of Theorem 7.5, we can complete the proof of the
remaining part of this theorem. ]

Example 7.15. We examine the absolute stability of the following system:

1 1
X =—x— 2x2—f1(x1) - 2f2(x2),
(7.11)
o 1
b= x—xt o fila) - ),

where f1, f» € Fw.
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Let
fir(x1) = —x1 = fi(x1), f12(x2):_;x2_;f2(x2)a

for(xr) = !

LW Hfilx)), ()= —x = folw).

We choose the positive definite and radially unbounded Lyapunov function

V(x) = 7/0):1 Fi1 (xr )dixy */Oxz Fo2(x2)dxs.

It follows that:

dv

i = —fA(x) = FH(x) <0 for x2+x3 #0.

(7.11)

Therefore, the zero solution of (7.11) is absolutely stable.

7.3 Special Systems

Consider the following special system:

x = Ax+Bf(0),

7.12
o =CTly, ( )

where A € R™" x € R", B and C are n x m constant matrices, ¢ and f are
m-dimensional vectors, and f (o) satisfies:

f(0)=0 and o"K 0 <c'Ks3f(0) < 0'K;0, (7.13)
where K, K>, and K3 are m X m symmetric positive definite constant matrices.
Remark 7.16.
1. Let o(0) = K3f(0) — K0, K = K» — K}, then (7.13) becomes

9(0)=0, 0<oc'e(c)<oc'Ko.
2. If K3 is a nonsingular matrix, then using the transformation, we have
flo)=K;'Kio+K;'9(0).
System (7.12) is then transformed into

x = Ax+Bf(o),

7.14
o = Clx, ( )

where A = A+ BK; 'K,C" and B = BK; .
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Theorem 7.17. Assume that

1. The matrix A is stable;
2. There exists a positive definite matrix G such that the solution of the Lyapunov
matrix equation:

ATH+HA = -2G (7.15)

satisfies
C=—-HB (7.16)

Then the zero solution of (7.14) is absolutely stable.

Proof. Since A is stable, the Lyapunov matrix equation (7.15) has only a symmetric
and positive definite solution H.
Constructing the Lyapunov function:

V(x) = x"Hx

which is radically unbounded, positive definite. We deduce

dav ~ . ~
dt = 2x'Gx+2x"HBp(0) = —2x"Gx— 206 p(c) <0 for x#0.
(7.14)
Therefore, the zero solution of (7.14) is absolutely stable. O

The significance of Theorem 7.4 lies in the fact that when A is Hurwitz stable,
we can first construct a positive definite matrix H, by choosing the control matrix C
such that H satisfies (7.16). This makes an easy design for stable systems.

Theorem 7.18. Assume that

1. The matrix A is stable
2. 9"k 'p < ¢To
3. There exists a constant T > 0 such that

26 -0
—0T tk~!

is positive definite, where G is a positive definite matrix defined by (7.15), and
Q=HB+ )1C.
Then the zero solution of system (7.15) is absolutely stable.
Proof. We construct the Lyapunov function in the positive definite quadratic form:
V(x) =x" Hx,
where H denotes a solution of (7.15). Then

dv

= —2x"Gx+2x"HB .
ar Lo x Gx+2x o(0)
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Using the S-process, we obtain

dv ~
) T 2 T _ TKfl
dr ‘(7.14) X Gx+2x' 00 —10¢ ()
(5] [621)
¢) [-Q"K | \o
<0 for x # 0.
This completes the proof of Theorem 6.3.2. ]

7.4 Nonautonomous Systems

Consider the m-dimensional nonautonomous and nonlinear control system:
(7.17)

where
£ € For = {£] £(0) =0,0 < 0;f(0,1) < ky0}, kj < +ov
f € C(—oo, +o0) x [0, +oo),R}}, j=m+1,...n,
A(t) = (aij(t))nxn is continuous matrix function matrix on [0, +ee), and
bi(t) = (bji(1),....bu(1)) € C[0,+e0)T,R"],

Cj(t) = (cji(t),....,cju(t))T is a constant vector. Suppose that ¢; (j =m+1,...,n)
are linearly independent. Without loss of generality, we assume that

Cm+1,m+1 """ Cm+1n
det : : #0.

Cmm+1 **° Cnn

By the following nonsingular linear transformation:

x=Qy,

ie.,
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System (7.17) can be transformed into
fx+ Z bi(t)fi(xj,t
Jj=m+1

where ~
A(t)=Q "A(t)Q, B;(t)=0Q "b;(1),

or, in the vector component form

Za,] )X+ Z bij(t)fi(xjt), i=1,....n (7.18)
Jj=m+1
Theorem 7.19. Assume that there exist constantr; >0 (i=1,...,m) and r; >0 (i =
m+1,...,n), 8 >0 such that
—rjaj(t)+ Z rilaij(t)] <0, j=1,....m,
i= lnﬁél
—rjaji(t)+ Z ri\aij(t)|§—5<0, j=m+1,...n,
=154
—rjbji(t)+ Z rilbij(t)] <0, j=m+1,...,n.
i=1,j#i
Let the zero solution of the linear system
(7.19)

m
Xi = Zaij(t)xj, i=1,....m
=1

be uniformly asymptotically stable.
Then the zero solution of system (7.18) is absolutely stable in

K = diag ([O,kl],...,[o,km]).

Proof. We choose the Lyapunov function:

n
x) = Zci\xi|,
i=1

which is radially unbounded, positive definite w.r.t. X,,,+1,...,X,. Then
Dt 718 < Z riaji(t)+ Z rilaij()]] |x)]
j=1 i=1,i#j

+ Z |"’J ji(t) + Z rilbij(t ]|fj(xjvt)|

Jj=m+1 i=1,i#]j

n
< Z [’"ja// + Z rilaij(t ]|xj|

Jj=m+1 i=1,i#j

-5 Y Ixjl-

Jj=m+1
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Thus, D*V\(“g) is negative definite w.r.t. X,41,...,Xx,, and the zero solution of
(7.18) is absolutely stable W.r.t. X4 1,...,X, in K = diag([0, k1], ..., [0,kn]).
The Cauchy matrix solution K(z,1y) of (7.19) satisfies

K (2,10)|| < Me=*—0),
Let

n—m) = (mer] PR axn)Ta

AUT(E) = (a3(0)) ) -m)-
b;nim)(t) == (berl.,j(t)v"'7b"7j(t))T'

Then, the first n — m components of the solution of (7.18) can be written as

%l

t
A (1 10,30) = K(t,to)xy ™ + [ K(t,2)AT) (1)x ) (1)de
fo

+ [ K0 Y BT () f(x(n), T)dr.
fo j=m+1

Since 0 < fj(x;j,t)x; < kx?, we have fj(x;(t),#) — 0 as x; — O uniformly in z.
Following the proof of Theorem 4.3, we can prove that the zero solution of (7.18)

is absolutely stable w.r.t. xX""~") in K = diag([0,ky],...,[0,ku]). Theorem 7.19 is

proved. |

Theorem 7.20. I. Suppose that there exist constantsr; > (i=1,...,m), r; >0 (i =
m+1,...,n) 6 > 0 such that

n
—rja;i(t)+ Y. rilaij(t) <0, j=1,...,m,
=i
S . fi,freFs
—ribji(t)+ Y rilbij(t)| < =6 <0, j=m+1,....n,
i=1
i)

2. Let the condition (2) of Theorem 7.19 be satisfied
3. Let | fi(x;,t)| be positive definite,j = 1,...,m.
Then the zero solution of the system (7.18) is absolutely stable in

K = diag ([O,kl],...,[o,km]).

Proof. We choose the Lyapunov function:

n
V(x) = Zri|xi\,
i=1
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which is radially unbounded, positive definite for x,_,+1,...,x,. We find

DYV(x)|qas) < ), | ki) + Y rilby(0) | |fi(o.1)]
j=m+1 i=1,i£j
<0 for x""™ £0,

Thus, the zero solution of (7.18) is absolutely stable w.r.t. x*~". The rest of the proof
is exactly the same as in Theorem 7.19 and we do not repeat it here. ]

Example 7.21. Examine the absolute stability of the following system:

X1 = (—4 +sint)x; + (sint)xy + (; cost)xz + fo(x2) + (1 +sint) f3(x3),

Xp = (2cost)x; —3x — i 2/ (x2) + 2f3(x3), (7.20)
t
X3 = |42 X1 — (COSI)Xz —2x3 —fg()Q) —4f3()€3),

where fa € Fig,]» f3 € Fjo -

Proof. Choosing the radially unbounded and positive definite Lyapunov function:
V= x|+ x2f + |xs],
we deduce that
1
D'V < | (—4+sinr) + |2 cost
lran < | (~4sine)+ eost + L |
+ [=3 + |sint| + | cost|] |x2]

1 1
+ {—2—}— 1+t2+2008t} P4+ (=2 + 14+ 1) | fa(x2)]

+(—4+2+ 1+ sint|) | f3(x3)]
1
<—2|x1|—|x2|—|x3\ for 12> 1,

implying that the zero solution of system (7.20) is absolutely stable in
K:diag([O,kl],[O,kﬂ). O
Next, take
- aij(t)Xj+bij(t)fj(t,Xj), i=1,...,n, j=n—m+1,...n,
Jij(xj;1) = . :
aij(t)x;, i=1,....n, j=1,....n—m.
Then system (7.18) can be rewritten as
L ~
xi:Z ij(xjat)v (721)
j=1

where f; € Fy,, j=1,...,n.
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Theorem 7.22. Let the following conditions be satisfied:

1. fjj(Xj,l)Xj <0,j= 1,...,n,xj #0
2. There exist function F;j(x;) defined on (—eo,40), j=1,...,m, which are con-
tinuous or have only finite discontinuous points of the first or third kind such

that
Fjj(xj)x;j <0 for x; #0, [Fj;(x;)| < |[fjj(xj,1)],
“+co
Fjj(xj)dxj = —co, j=1,...,m;

3. The matrix G(gij)nxn is negative definite, where

=—1
1
8ij 22

) i=1,...,n,
ﬁj(xj7t)+fji(xi7t)
Fij(xj) — Fa(x)

=0, i#j, xx;=0,i,j,=1,...,n.

s iF j,xixj#0, 0, j,=1,...,n,

Then the zero solution of system (7.21) is absolutely stable in
K =diag ([0,k1],...,[0,kun]).

Proof. We choose the Lyapunov function

Vix) = Zl /0 " Fie) .

Obviously, it is radically unbounded, positive definite.

Following the proof of Theorem 7.19, we can prove that D+V|(7_21) is neg-
ative definite. Therefore, the zero solution of (7.21) is absolutely stable in K =
diag([1,k1],...,[0,kn]). O

Theorem 7.23. 1. The condition (1) of Theorem 7.22 is satisfied
2. |fjj(xj,t)| is positive definite, j =1,...,m

f}'j(xjwt)
3. h Folent)

<&y i#j i, j=1,..,nand

I =g —8&un
o | e
_gnl _gnZ 1

is an M-matrix.
Then the zero solution of the system (7.21) is absolutely stable in

K = diag([0,k1],...,[0,ku]).
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Proof. Since G is an M-matrix, for any & = (§i,...,&,)T > 0, the algebraic equation
G'™n = & has a positive solution:

r=n=(G"'é>o.
Constructing the Lyapunov function

n
Z[Sgnfn Xyt ] rilxil,
1

we find

DTV()|¢721) < Y, [—rjfjj(xj"f)lﬂL Y rilﬁj(xjwl)]

i=1 i=1,i#]

.

IA
D=

1 i=1,i#]

for x#0.

n
—ri+ Y, Vigij‘| | fji(xj,1)]

<

Therefore, the zero solution of the system (7.21) is absolutely stable in K =
diag([1,k1],...,[0,ky]). The theorem is proved. O

7.5 Lurie Systems with Multiple Nonlinear Loop Feedbacks

Consider a Lurie system with multiple nonlinear loop feedbacks:

m
i=Ax+Y bjfi(0)),
j=1

oj = C}x+djﬁ(6j),

(7.22)

where A € R, ReA(A) <0,x,bj,¢;€R", d; <0,j=1,...m,and f;(-) € F.
Similar to Sect. 7.1, we can define Qy,...,Q;, (j=1,...,m) and its correspond-
ing Lyapunov functions. £,...,£2; are radially unbounded, positive definite.
Similarly, as in Sect. 7.1, we can define the absolute stability of the zero solution
of (7.22) w.r.t. 2, Q;. Here, we will give the absolute stability for the zero solution
of (7.22) w.rt. .

Definition 7.24. The zero solution of (7.22) is said to be absolutely stable if ¥ f;(-) €
Fo(j=1,...,m) Ve > 0, there exists 6(€) > 0 such that when ||xo|| < d(€),
llo(8(€))| < € and Vxy € R", lim;—.o O(¢,t0,%0) = 0, where 0y depends on x.

Since in (7.22), o;’s are no longer given in explicit linear combinations of the
state variables, but implicitly depend on the state variables, the positive definite, neg-
ative definite, and radially unboundedness for the corresponding Lyapunov functions
can only be formally defined. They are not easy to verify. Noticing the property of
fi(o) and d; <0, we have the following important property:
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o; and c]Tx have the same sign, and 6; — 0 if and only if c]Tx — 0. Thus, do not
need to distinguish the absolute stabilities w.r.t. the set ;, c =0, or 6; = 0. They
can be employed and replaced with each other.

When we determine the sign and radial unboundedness of a Lyapunov function,
we need the explicit of the state variables 2, ;. We also need the property that
o — 0 as t — +oo in proofs.

Theorem 7.25. The necessary and sufficient conditions for the zero solution of
system (7.22) being absolutely stable are given by

ojbjc] . . . .
1. B :A+):’]’»’:1 {dej is a Hurwitz matrix, where 0, =10r 0; =0, j=1,2,...,m;

2. The zero solution of (7.22) is absolutely stable w.r.t. .

Theorem 7.26. The necessary and sufficient conditions for the zero solution of the
system (7.22) being absolutely stable are:

1. The condition (1) of Theorem 7.25 is satisfied
2. There exits a differentiable function V & [R",Rl] which is positive definite and
radially unbounded w.r.t. 2 satisfying

V> o(lc'xl), ¢ €KR,
dv

4 = —wle), ek,

Theorem 7.27. The necessary and sufficient conditions for system (7.22) being
absolutely stable are:

1. The condition (1) of Theorem 7.25 is satisfied
2. The zero solution of (7.22) is absolutely stable w.r.t. ©.

Theorem 7.28. The necessary and sufficient condition for system (7.22) being abso-
lutely stable are:

1. The condition (1) of Theorem 7.25 is satisfied
2. There exits a differentiable function V € [R",R!] satisfies:

V>o(lc'), ¢@eKR,

dv

o <=y (l"x]), wek.
(7.22)

The proofs for the above four theorems are almost exactly same as those in proving
the theorems in Sects. 7.1 and 7.2, and thus omitted here. Note that the relationship
between the variable ¢ and the state variable x is not clear in (7.22). Although the
first condition in Theorems 7.25 and 7.28 is algebraic and easy to verify, verifying
second condition is quite difficult. However, we may, in addition, assume that f is
continuously differentiable, then we have the following practically useful corollary.
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Corollary 7.29. Assume the following conditions are satisfied.:

1. The condition (1) in Theorem 7.25 is satisfied
2. There exists an n x n symmetric matrix B and constant J3; ) ; >0, j=1,...,n such
that B is positive definite or positive semi-definite and [;™ f,(G,)dG, = oo or

(}grgofj() Foo
3. ijCl and

m Gj 1 m
V(x,0) =x"Bx+ ) B; / flopdj—, ). Bid;f} (o))
=1 70 j=1

satisfying V(x.0)
X, 0

dr

”L’G{GG iajfj (o)), zn: }

j=1 j=1

|(7.22) < —€T7,

where

Then the zero solution of system (7.22) is absolutely stable.

Proof. We only need to prove that the zero solution of (7.22) is absolutely stable
w.r.t. ¢ under the conditions (1) and (2).

1. When B is positive definite, if T = xTx, dvg;ﬁ) \(7.22) < —ex"x. Thus, the zero

solution of (7.22) is absolutely stable.
If

n

te{o'o, chfj o)), Z
then the zero solution of (7.22) is absolutely stable w.r.t. ©.
2. When B is positive semi-definite, if

re{ac icjfj (o)), i }

J=1 J=1

dv(x,0)

i l7.22) is negative definite w.r.t. ©.

2 2 2
If T = x"x, since HHCXH” < e HcleH =xTx, V72 < —7xTx < 7,L.||”ch”H2 < 0. When

XE Q, Cgf is negative w.r.t. . Thus, the zero solution of (7.22) is absolutely stable
w.I.l. 0.
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Example 7.30. Consider a two-dimensional system with two loop feedback nonlinear

terms:
(2)- (3 2)(2)+ (3o (&) s
o1 = (1,0) (2) —0.5f1(01),
o =(0,1) <2> —0.3f(0). (7.23)

(H A= {(1) (1)] is a Hurwitz matrix.

(2) Assume f; € F., where f; is differentiable, and ;" f(0;)dj = +oo or sz(Gj) —
+oo when 0 — oo. Let

vio)= [" Alondoi+ [ aledor+ (o) + 5 o).

and thus,
av| doy dor 1 df doy 3 df doy
dt |72y fi(o1) dr + f2(02) dr +2fl(61)d0'1 a lofz(Gz) doy dr
1 dfy | doy 3 dfp] doy
fl(al){ +2d61} dr +f2(62){ 10 doj dr

= fi(o1) d(;tl + fa(02) d;ctz

= /i(0) [-x1~ /i(0)] + (02) [-22 - fo(02)]
— o) |01 Ao |+ () |02 10 )|
= o1 fi(o1) 3 i (01) - 01 fle) — |0 ()

<0  when 6 +07#£0.

This indicates that the conditions in Corollary 7.29 are satisfied, and the proof is
complete. g
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Robust Absolute Stability of Interval Control
Systems

Strictly speaking, a mathematical model is only an approximate description of a real
system since the information of the system coefficients are usually the upper and
lower bounds, not the exact values [44]. In the past two decades, the stability study
for linear control systems with parameters varied in a finite closed interval has been
a hot topic in control society. However, not many results have been obtained for
stability of nonlinear control systems with varied parameters in an interval. In this
chapter, we will systematically introduce robust stability of control systems with
interval varied parameters. In fact, such idea and methodology can be generalized
to consider other Lurie control systems. The materials presented in this chapter are
chosen from Liao et al. [85] (Sects. 8.1-8.4), and from Yu and Liao [172] (Sects. 8.5—
8.9) and Liao [79].

8.1 Interval Lurie Control Systems

In Sect. 2.4, we have used a linear transform to change a general Lurie control system
(including direct, indirect, and critical control systems) into two types of nonlinear
control systems with separable variables in which feedback states become part of the
state variables. Therefore, without loss of generality, here we assume the system is
given in the transformed standard form.

Consider the following Lurie interval control system:

= Arx+hy f(x), @8.1)

and a simpler system:
)3=Bly+rlf(yn), 8.2)

where
F() €F := {x2]0 < xf (xy) < 400, %, #0, f(x) € C[(—00, +0),R"],
Ap = {A(aij)nxn: ASA<A ie,a;;<ajj<aj i, j=12,...,n},
hyi=1{h: h<h<h, ie hi <hi<hyi=1,2,...,n},
Br := {B(bij)nxn: B<B<B, ie. bjj<bj<bij, i,j=1,2,...,n},
rri={rir<r<rjie.,ri<ri<r, r;=ri=0,i=1,...,n—1,r,<r,}

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 183
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in which A, A, B, B are known n X n matrices, A, h, r, r are known n-dimensional
vectors, while A, B, h and r are not precisely known.

VA € A;Vh € h; (VB € By, Vr € ry), the corresponding Lurie systems of (8.1) and
(8.2) are given, respectively, by

x=Ax+hf(x,), (8.1

y:Ay—I—rf(xn). (8'2)/

Definition 8.1. If VA € A;, Vh € h; (VB € By, Vr € r1), the zero solutions of the cor-
responding systems (8.1) and (8.2)" are absolutely stable, then it is said the the zero
solutions of the Lurie interval control systems (8.1) and (8.2) are robustly absolutely
stable.

Definition 8.2. If VA € A;, Vh € hy (VB € By, Vr € 1), the zero solutions of the cor-
responding systems (8.1) and (8.2) are absolutely stable w.r.t. the partial variables

Xjg1y Xj42y ooy Xu (Yjs1,Yj+2, -+, V) then it is said the the zero solutions of the
Lurie interval control systems (8.1) and (8.2) are robustly absolutely stable w.r.t. the
partial variables X1, Xj42, ..., Xp, (Vjt1,Yj4+25 -+ Yn)-

Definition 8.3. If VA € A;, (VB € By), A (B) is a Hurwitz matrix, then Aj (By) is
called an interval Hurwitz matrix.

8.2 Sufficient and Necessary Conditions for Robust Absolute
Stability

Since system (8.2) is a special case of system (8.1), we only discuss system (8.1),
and the results for system (8.2) can be directly obtained from the results of system
(8.1), as corollaries of the theorems obtained for system (8.1).

Theorem 8.4. The sufficient and necessary conditions for the robust absolute stabil-
ity of the zero solution of the Lurie interval control system (8.1) are:
1. A1+ (Ops(n-1) hi0) is an interval Hurwitz matrix, where =0 or 1, and Opnx(n—1)
is an n x (n—1) zero matrix, i.e.,
0---0 n0O
(Onx(nfl)ahle): ’ hie[hhhi]a i:1727"'7n'

2. The zero solution of system (8.1) is robustly absolutely stable w.r.t. the partial
variable x,,.

Proof. Necessity. When the Lurie interval control system (8.1) is a direct control
system, i.e., A; is a Hurwitz matrix, then take 6 = 0; otherwise, choosing f(x,) =
X, 6 =1, we know that Aj+ (O, (,—1)h8) is a Hurwitz matrix. Thus condition (1)
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holds. Condition 2 is obvious since the robust absolute stability of the zero solution of
system (8.1) implies that the zero solution is robustly absolutely stable with respect
to (w.r.t.) the partial variable x;,.

Sufficiency. Let W = A+ (O, (4—1), h6). Then the zero solution of (8.1)" can be
expressed as

1
x(t,10:x0) = VU 0)x(10) + | VIR F(xu(T)) — Oxu(1)]dT.  (8.3)

fo
Then, we can follow Theorem 4.3 to prove that Ve > 0, there exists 6(€) such that
when ||xo|| < 8, we have ||x(,70;x0)|| < €, and Vxo € R", ;mf x(t,19;x0) = 0. This

completes the proof. |

Corollary 8.5. The sufficient and necessary conditions for the robust absolute sta-
bility of the zero solution of the Lurie interval control system (8.2) are:

1. B+ (O,,X(n,l)rle) is a interval Hurwitz matrix, where 6 =0 or 1
2. The zero solution of system (8.2) is robustly absolutely stable w.r.t. the partial
variable y,,.

Since in (8.2), r;=r;=0(i=1,...,n— 1), which is a special case of (8.1).

Theorem 8.6. The sufficient and necessary conditions for the robust absolute stabil-
ity of the zero solution of the Lurie interval control system (8.1) are:

1. There exists an n-dimensional interval vector My such that Ay + (Onx(,,,l),nl) is
an interval Hurwitz matrix.

2. The zero solution of system (8.1) is robustly absolutely stable w.r.t. the partial
variable x,.

Proof. Necessity. The existence of condition (1) is obvious. When A; is a Hurwitz
matrix, we can choose 1; = (0,0, ...,0)T; otherwise, take 17 = hy, f(x,) = x,. It
is easy to verify under these choices, condition (1) holds. Condition 2 is obviously
true.

Sufficiency. VA € Ap, let W = A+ (O, (4—1), 11)- Then rewrite (8.1) as

¥ =Wx+hf(x,) —nx. (8.4)

Now for system (8.4), applying the method of constant variation yields

x(t,10;%0) = eW(“’O)x(to) + tew(’*r> [hf(xa(t)) —Mxp(7)]d7.

fo

The remaining proof can follow Theorem 8.4. This completes the proof. ]

Corollary 8.7. The zero solution of the Lurie interval control system (8.2) is robustly
absolutely stable if and only if the following conditions are satisfied:

1. There exists an n-dimensional interval vector My such that By + (O,,X(n,l)n/) is
an interval Hurwitz matrix
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2. The zero solution of system (8.2) is robustly absolutely stable w.r.t. the partial
variable y;,.

Remark 8.8. Compared to the constructive conditions given in Theorem 8.4 and
Corollary 8.5, the existence conditions in Theorem 8.6 and Corollary 8.7 are not
so convenient. However, if they are chosen properly, sometimes the verification of
the conditions can be simplified.

Similar to Theorems 8.4 and 8.6, we can prove the following theorem and
corollary.

Theorem 8.9. The zero solution of the Lurie interval control system (8.1) is robustly
absolutely stable if and only if

1. The condition (1) in Theorem 8.4 or condition (1) in Theorem 8.6 holds.
2. The zero solution of system (8.1) is robustly absolutely stable w.r.t. the partial
variables xj1,Xj42, ..., Xy

Corollary 8.10. The zero solution of the Lurie interval control system (8.2) is robustly
absolutely stable if and only if

1. The condition (1) in Corollary 8.5 or condition (1) in Corollary 8.7 holds.
2. The zero solution of system (8.2) is robustly absolutely stable w.r.t. partial vari-

ables Yi+1: Yj+2s o5 Yn-

8.3 Sufficient Conditions for Robust Absolute Stability

First we introduce the following notations:

ap - dij A1(jo+1) " Ain

A = LA = L i<jo<n

Ajo1 *** Ajojo Ajo(jo+1) """ Qjon
Similarly, we define B§j°> and B;j(’)C, aij<aij<ajj, 1<i<jo, 1<j<n.
Theorem 8.11. If the following conditions are satisfied:

1. AEJO) is an interval Hurwitz matrix.
2. The zero solution of system (8.1) is robustly absolutely stable w.r.t. the partial
variables Xj, 11, Xjy+2, - - Xn-

Then the zero solution of system (8.1) is robustly absolutely stable w.r.t. all the state
variables.
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Proof. YA € Ay, h € hy, let x(j(’)(t) = x(j())(t,t();)C()) = (x1 (l,l‘o;)Co), Xy (l,l‘o;xO))T,
xU0)C(r) = (xjo+1(7,70330) o Xu(t,103%0)) T, hYO) (1) := (hy (2), ..., hjy(t))T. Thus,
the first jy solutions, xUio) (1), of system (8.1) can be expressed as

x(j(’)(t) :eA(jO)(t*to)x(jo)(to)Jr d (10)( 7) A(J0)C (jO)C(T)dT
to

¢ . )
N eA(Jo)(t—T)h(m)f(xn(‘L')) dr. (8.5)

fo

Since ||xU0) (#9)|| < ||x(to)]|, the zero solution of (8.1)" is robustly absolutely stable
w.r.t. xU0), Then we may follow the proof of the sufficiency of Theorem 8.4 to show
that Ve > 0, there exists &(¢) such that when [x\0) (ro)| < [|x(t0)|| < 8, we have
|xU0)(2)|| < €, and Vxo € R, ;Eme(jO)(t) = 0. Thus the zero solution of system

(8.1) is robustly absolutely stable w.r.t. x(/0)(r), and thus also robustly absolutely
stable w.r.t. all the state variables. ]

Corollary 8.12. If the following conditions hold:

1. B;j()) is an interval Hurwitz matrix
2. The zero solution of system (8.2) is robustly absolutely stable w.r.t. partial vari-

ables Yjo+15 Yjo+2s -+ Yn

the zero solution of system (8.2) is robustly absolutely stable w.rt. all the state
variables.

Theorem 8.13. If there exist constants ¢; >0 (i=1,2,...,n) such that

—cjaj; > Z cia ”)j—l 2,...,n—1,
i= llyéj
—Cnlpp 2> ch a;, 7 (8.6)

—cnhy >Zc, ,

and at least one of the last two inequalities in (8.6) is a strict inequality. Then

the zero solution of system (8.1) is robustly absolutely stable. Here, ag;”)

ii }, and hl(m) = maxizl_,z_ﬁ_._yn,l {|h,", |h,|}

max; j=12..n {

Proof. VA € Ay, h € hy, construct the radially unbounded, positive definite Lyapunov

function: .,
V= Z Ci |x,~\.
i=1
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Thus,
n n—1
DVlsy < X |esait Y. ailayl| L)1+ [euhnt X colil| 0sa(0)
j=1 i=1,i#j j=1
n
Z jajj+ ch a;; |xj )+ | enhn JFZCI |f (xn (2))]
j=1 i=1,i#j J=1
<0 when x # 0.
Therefore, the zero solution of system (8.1)" is robustly absolutely stable. (]

Corollary 8.14. When r, < 0, if there exist constants ¢; >0 (i=1,2,...,n) such
that

—cjbj; > Z eb™ j=1,2,...,n—1,
L 8.7)
—cpbpy > Z cibl(;"),
i=1
while when r, <0, the the last inequality in (8.7) is a strict inequality, then the zero
solution of system (8.2) is robustly absolutely stable.

Example 8.15. Consider the robust absolute stability of the zero solution of the
following Lurie interval control system:

X [—1.2,-1] [}, 3] [-2,2]
= 22 (’“ > + fx), (88
X2 [-2,2] [-5,-4]| \*2 [—4.5,—4.2]
where f(-) € Fa.
It is easy to verify that the conditions in Theorem 8.13 are satisfied: a;; = — 1,

ay =—4, agr;) = g, agln) =2, bgm) =2, bp=—4.2.Take ¢y =2.1 and ¢, = 1. Then
construct the radially unbounded, positive definite Lyapunov function:

V =ci x|+ ¢z |x2]
and find that
D+V|(8.8> < (cla” +c2a21 )|x1|+ (02a22+c1a12 )|x2\
(czszrc]b )\f(xg)\
(=2.142) Pri|+ (4421 % 3) x| + (—4.2+4.2) | f(x2)|

< —0.1x |x1|—0.85 X |)C2‘

<0, when  |x;|+ |x2| #O.

Thus, all the conditions in Theorem 8.13 are satisfied. Hence, the zero solution of
system (8.8) is robustly absolutely stable.
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Theorem 8.16. If the following conditions are satisfied:

1. A;j()) is an interval Hurwitz matrix
2. If there exist constants ¢; >0 (i=1,2,..., jo), ¢; >0, j=jo+1,...,n, €>0
such that

2
bl \ " faau miz e M) |x1] —Ei_ZHx,- o
! myp 2c2a2 o My(py) ! o
: : : ) : : <{-eY x}—&f(x,) or
=
JJECJ?') Myl o0 2CnGnn My JJE‘;|) thE-l*-
n n
My = Mppn 2hn —€ inz—exnfz(xn),
i=jo+1
where
mij = mji = max leiaij+cjajll, i#j, 1<i,j<n,
M1y =Mipyy = max  [|eihi+anl], 1<i<n,
Ani < Api < api
hi < h; <h;

then the zero solution of the Lurie interval control system (8.1) is robustly
absolutely stable.

Proof. For the variables x;, 41, ..., X,, construct the radially unbounded, positive
definite Lyapunov function:

Vix)= icixinrZ/Oxnf(xn)dxn.
izl

Then
T
X 2ciayg (craia+caazy) -+ (c1bi+an) X1
dv : (cranntcrar))  2ca - (ciby+ap)
dr (8.1) Xn Xn
f(xn) (c1b1+an) e 2hy f(x)
1| 2c1an  m2 eoom
‘x1| m 2 Mot 1) |x1|
' 21 C2a2) M)y 1)
< : _ :
‘xﬂ| |xn|
m 20,0y M
£ (x)] " nm T\ | £ ()|

Mupr)1 0 M) 2hy
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n
—e Y xf  or

i:j0+1

n—1
—& Y x—ef*(x) or (8.9)

i:j0+1

IN

n—1
—& Z X — ex,f (xa).

i=jo+1

Therefore, the zero solution of (8.1)" is robustly absolutely stable w.r.t. the partial
variables xj 11, ..., x,. Further, due to the condition (1) and Theorem 8.13, we know
that the conclusion of Theorem 8.16 is true. O

Theorem 8.17. If the following conditions are satisfied: when r, <0 and

1. BEJO) is an interval Hurwitz matrix

2. If there exist constants ¢; >0i=1,2,..., jo, ¢; >0, j=jo+1,...,n,and € >0
such that
1| T(|2c1b11 mp - Min |
. ma1 2c2byp - Mo

n
: D <-e Y

. i=jo+1
‘yn| ny1 T My(p—1) 2¢pbnn |}7n|

or when r, <0 and

1. By is an interval Hurwitz matrix
2. If there exist constants ¢; > 0i=1,2,...,n—1, and ¢, > 0 such that

2c1byr mypp miy
myy  2c2byp - moy,
<0,
M1 e M) 2¢,bun

then the zero solution of system (8.2) is robustly absolutely stable. Here m;; = m ; =
max [leibij+cjbjil], i j, 1<i,j<n.
bij<b;j<bij

Proof. When r, < 0, for the variables yj ;1,...,ys, construct the radially
unbounded, positive definite Lyapunov function:

n
V) =Y ciyi
i=1
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Then,

T
‘y1| 2c1b1y myp miy |y1‘
dv - |yl myp 20 - my [y2

dr gy | : : : :
‘yn| My c My (p—1) 2¢ubpy |yn‘
+ zcnrnynf(yn)
n
<-& Y (8.10)
i=jot1

Equation (8.10) indicates that the zero solution of (8.2)" is robustly absolutely stable
w.r.t. the partial variables yj 11, ..., y,. Further, following the proof of Theorem 8.13
for the robust absolute stability w.r.t. x(jO), we can show that the zero solution of
(8.2) is also absolutely stable w.r.t. the partial variables yi, ...,yj;.

Next, consider r, < 0. For the variable y,, construct the radially unbounded,
positive definite Lyapunov function:

n
V(y)=Y ey
i=1
Then differentiating V w.r.t. time ¢ along the trajectory of system (8.2) yields
T
|y1‘ 2C1b1] mio min ‘y1|
av |2 my 20byp o myy |yl
d < . . . +20nrnynf(yn)
Il(s.2y : : . : :
|yn‘ myuy T My(p-) 2¢nbun ‘yn|
< 2curuynf(m) <0 when y, #0. (8.11)

Further, use the method of constant variation to express y(¢) as

t
Y(t,10:v0) = B0y + [ BT f(y,(T)) dr,

J1y

and follow Theorem 8.4 to finish the proof. (Il

8.4 Algebraic Sufficient and Necessary Conditions

For an interval matrix, it is difficult to verify if it is a Hurwitz matrix. Although
we have applied finite cover theorem to show that the Hurwitz stability of an infinite
number of interval matrices can be found from the Hurwitz stability of its finite
number of interval matrices. However, to find these finite number of matrices are very
difficult.
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In this section, we will consider some special Lurie interval control systems
and derive very simple algebraic sufficient and necessary conditions for the robust
absolute stability of these systems.

Again consider system (8.1), but now assume that —a;; = a;;, i # j, i,j =
,2,...,n, a; <0, i=1,2,...,n; h, <0, —h; =h;, i=1,2,...,n—1 and
Ahi=ap, i=1,2,....,n, A > 0. Then we have the following theorem.

Theorem 8.18. The sufficient and necessary condition for the zero solution of the
Lurie interval control system (8.1) being robustly absolutely stable is that — A is an
M matrix.

Proof. Necessity. Take A € Ay, h € hy, f(xn) = x,. Substituting these expressions
into system (8.1)" yields

%= Ax+hxy = (A+ Oy (1), ). (8.12)

So (A+ 0, (n—1)s h) must be a Hurwitz matrix. The diagonal elements of this matrix
are negative, and non-negative elements are non-negative. Thus, the matrix — (A +

Opnx(n—1)s h) is an M matrix. Hence, there exist constants ¢; >0, i=1,2,...,n
such that
n
—cjaij > Z ciajj j=12,...,n—1 (8.13)
i=Lij
and
n—1
—cn(ann+hn) > Y ci(@in+hi). (8.14)

i=1

Equation (8.14) can be rewritten as — ¢, (1 + /{) App > ):?;11 o (1 + i) ap,, 1.e.,

n—1
— Cplpn > Cidin. (8.15)

i=1

Equations (8.14) and (8.15) imply that —A is an M matrix.
Sufficiency. For system (8.1)' choose the radially unbounded, positive definite
Lyapunov function:

n
V(x) = Zci |xi] s
i=1
where ¢; are determined by (8.13) and (8.14). It follows from Ah; = a;, (i =

n—1
1,2,...,n) and —cpay, > lim’};}ciam that —c, A h, > Zlcihi, ie., —cph, >
n—1 i=1
cih;. Thus, by (8.13) and (8.14) we have
1

i=
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=

x| +

n—1
cnhn+ Y ci hi] | (xn)|

i=1

n
D+V(x)‘(8.l), < [cjajﬂr Y cilaijl
J i=Lij

n n n—1
=) [Cjajﬁ Y, ciaij| xjl+ CnthfZCihi] |/ ()|
j=1 i=1,i#] i=1
<0 when x 0. (8.16)

Therefore, the zero solution of system (8.1) is robustly absolutely stable. The proof
is complete. |

Next, consider system (8.2). Assume that b; <0, i=1,2,...,n, —b;; =bjj, i #
i, j=12,...0n —ri=r,i=1,2,...,n—1 and r, <O.

Theorem 8.19. The sufficient and necessary conditions for the zero solution of the
Lurie interval control system (8.2) being robustly absolutely stable are:

1. The zero solution of system (8.2) is robustly absolutely stable w.r.t. y,.

biy - bip-n

2.Bp1)= S : is a Hurwitz matrix.
b1 b—y(n—1)

Proof. Necessity. (1) The robust absolute stability w.r.t. y, is obvious. For 2,
substituting f(y,) =y, into (8.2) results in an interval system:

y= (B, + (Onx(n-1) rl) ).

So (B; + (O (n—1) 1)) is an interval Hurwitz matrix. Thus, (B+ (O, (,—1) 7)) is
a Hurwitz matrix. In particular, B(, ) is a Hurwitz matrix.
Sufficiency. Let

bin -+ biu-y
B .= , B¢ .= (b1n, bon, ...,b(n,l)n)T,
bi-n1 - bn—1)(n-1)

and y" 1V == (y; (), y2(t), ..., ya_1(t))". Then, the first n — 1 solutions of system
(8.2)" can be expressed as

n— 4 n—
y(nfl)(t) _ eB( l)(tfto)y(nfl)(to)_’_ eB( l)(tf’L')B(nfl)Cyn(,l’.) dr
A
maxRe A (B"~") < maxRed (B("il)). (8.17)
There exist constants M > 1 and o > 0 such that

HeB(”")(tfto)” < He(s“f'))(Ho)H < M emaxReA (8" ) —1p) < Me—®(—10),
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Hence,

YD ()] < MemaxReAE" )0 yn=1) 9|

4 (n—1)
+ MemaxRe?L(B )(t—7) \yn(f)ldf

A
< Me~ #0700y (1) |
1
+ [ Me By, (1)lde,

A

where M >> 1. Due to y,(t) — 0 as t — oo, we can follow the proof of Theorem 8.4
to prove that the zero solution of (8.2) is robustly absolutely stable w.r.t. the partial
variable y*~1)(z). O

Remark 8.20. Although the conditions given in Theorems 8.18 and 8.19 are obtained
for special cases, they are quite useful in realizing robust absolute stability via
feedback controls.

Example 8.21. Analyze the stability of the zero solution of the following Lurie
interval control system:

(2) B {[[Sizé]q [[4?73]3]} (2) + <[[3%’2]2])f<xz)7 (8.18)
where f(x;) € F.

2 -3
from hy =2, h, = =2, a3 =3, axpn = —3, and taking A = g yields A h; = ap,
i=1,2, all the conditions in Theorem 8.18 are satisfied. Thus, the zero solution of
system (8.18) is robustly absolutely stable.

. -4 3| .. . . . .
Since A = { ], it is obvious to see that A is a Hurwitz matrix. Further,

8.5 Interval Yocubovich Control Systems

In this section, we consider the robust absolute stability of interval Yocubovich con-
trol systems [172], including the famous Lurie indirect control system [96], the
well-known Popov indirect control system [119] and the Yocubovich indirect control
system [163] as particular cases.

Now, we consider the following interval Yocubovich control system:

(Xl,XQ,...,xn,G)T :A](aij)(nJr])X(,H])(xl,)Cg,... 7)Cn,f(()'))T, (8.19)

which can be written in the vector form:

(é) = Ardij) e 1)< (ne1) (f(xa)>~ (8.19)
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Here, x€R", 6 €R', 6 =cx—p&,p,E€R', p>0,and

Ar(@if) (n1) % (nt 1)

::{WASASA,iewtmgaﬁgmbujzhlnwm+1&
in which A and A are known, but A is not known.
FOEF ={F()10<0f(0) < +eo, 6£0, F(0)=0, () € C(~oo,+0),R'] }

Therefore, system (8.19) (or (8.19)") is an uncertain system.
VA € Aj, the corresponding certain Yocubovich control system is given by

(é) = A(dif) (n41) (n+1) (f(xc)) (8.20)

Now, we show that the Yocubovich control system (8.20) includes the Lurie
indirect control system [96], and the Popov control system [119], as special cases.

1. The famous Lurie indirect control system [96] is given by

{yDy+S& (8.21)

£=f(o),

where y € R", £ € R', D = D(d;j)nxn € R™", c €R", SER", 6 =cTy—p&,
p € R', p > 0. When the necessary condition of absolute stability for the zero
solution of system (8.21) is satisfied, the matrix

K

must be Hurwitz matrix, implying that det LDT S

] # 0. Then, introducing the
following full-rank transformation:
{x=Dy+S&
0= CTy - p éa

we obtain gf = x, and

<c);) - LDT _Sp} <f(xo')) =AY (@) (s 1) (1) (f(xc)>’ (8.22)

which is in the form of (8.20).
2. The well-known Popov indirect control system [119] is described by

x=Dx+Sf(0),
& = f(o), (8.23)

O-:ch_p§7
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where x €R", £ €R',and D € R™*", SER", ccR", p >0, p € R' are fixed
coefficients. Since

d dx d
O _ % _ ¢

d 4 P g = ¢ (Dx+8f(0)=pflo) =c'Dx—(p—c'S)f(0),

we have

(2)(aij)(n+l)><(n+l) <f(xa)) , (8.24)

which is also in the form of (8.20).
3. Finally, the Yocubovich indirect control system [163] is

()= G127
1= AV (@) s ) < f(xc)) : (8.25)

where x € R", 6 € R', ¢,S € R", p € R!, p > 0. Equation (8.25) is again in the
form of (8.20).

Therefore, we only need to study control system (8.20).

Following Definitions 8.1-8.3, it is not difficulty for readers to define the robust
absolute stability as well as the robust absolute stability with respect to partial
variables for the zero solution of system (8.19).

8.6 SANC for the Robust Absolute Stability of the Interval
Yocubovich System (8.19)

In this section, we present several sufficient and necessary conditions (SANC) for
the robust absolute stability of the zero solution of the interval Yocubovich control
system (8.19) [165-168].

Theorem 8.22. The SANC for the robust absolute stability of the zero solution of
system (8.19) are:

1. A1(@ij) (n+1)x (nt1) B @ interval Hurwitz matrix
2. The zero solution of system (8.19) is robustly absolutely stable w.r.t. one vari-
able ©.
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Proof. Necessity. Let f(o) = o. Then system (8.19) becomes an interval linear

systems:
dx

dt
do
dr
Since the zero solution of system (8.26) is robustly globally asymptotically stable,

A1(@ij) (n41)x (ns1) is an interval Hurwitz matrix, i.e., condition (1) of Theorem 8.22
holds. Condition 2 is obvious, since the robustly absolute stability of the zero solution

X
:AI(aij)(n+1)x(n+1) <G)- (8.26)

of (8.19) w.r.t. all variables xy, x>, ..., 0, and particularly, w.r.t. one variable o©.
Sufficiency. VA € Ay, let f(o) = o + [f(0)—o]. Simply noting that A =
A )x (1) Ay xt = (@1(n41)@(nt1)s - A1) (nr1)) > any solution of (8.20)

can be expressed by
(50) =ere (S0 )+ [ lr(ote) - otear. - 527
G(t) G(t()) 0
Since A is a Hurwitz matrix, there exist M > 1 and o > 0 such that

||eA(l*fo>|| < Me 1),

In addition, f(o(t)) — 0 as t — +oo, o(¢) continuously depends on (xg,0p) and
f(o (1)) is a continuous function of x. Thus, Ve > 0, there exist §(g) > 0 and
t; > to such that for all t > #; > ¢,

11 B B £
t Me =9 A1) <1 f (0 (D)) + |41y <10 (D)]]] dT < 3 for 15, <t <1,
0

t o €
Meo=1) U|A(n+1)x1f(6(7))”+A(n+1)x16(T)H]dT< 3 for t > 1y,

13|

QA1) || < pfe—0lt—10) €
oAt < Meetow < O
Thus, when 0 < d(¢), we have
0
x(t) Ali—t0) | || X0 /t At—7) B
s < e |3 1A o) - ot s
< Mefa(tfl‘o) X0
< Go
1
) Me™ D A1)t £ (D) + [Apenx1 o(D)l] de
0
t
) Me D A1yt FO () + A1 o(2)]|] de
1
<®1 %1% e forall 121 (8.28)

3 3 3
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Further, for any (xo,00) € R"*!, applying the L' Hospital rule to the above inequality
yields:

0< fim ||*®) ’
t—+o0 G(t)
< lim M||¢]je @0 —0) || 10
t—+oo Op

!
+ lim [ Me U (A g 410 £ (0 (D) [+ A1) a0 (D)]] de

t—+oo, o

= 04+M lim 1’0 eaT[HA(”Jrl)le(G(T))” + HA(ll‘F])x]o-(T”HdT

t——oo et

M
o m [lAwsaf (G + Ao @]

=0. (8.29)

This implies that the zero solution of system (8.20) is globally asymptotically stable.
Thus, due to arbitrary f(0) € F., the zero solution of system (8.19) is robustly
absolutely stable.

The proof is complete. (]
Let
apy o aip
Al@i))winyen = |0
A(n+1)1 " Ant1)n

aijgaijgaij, 1<i<n+1,1<j<n,

Nntr)x1 = (7117---7Tln+1)T7
AL(@ij) (e 1)x1 = (@1nt1)s @2t 1)s - At 1) (1) s
Ai(ny1) < it 1) < Gigprr), 1 ST<n+1.

Theorem 8.23. The zero solution of the interval Yocubovich control system (8.19) is
robustly absolutely stable if and only if:

1. The zero solution of (8.19) is robustly absolutely stable w.r.t. one variable ¢
2. There exists a constant vector 1, 1)x1 such that
a - aip M
(Al(aij)(nJrl)xm n(n+l)><1) =
An+1)1 " Ant1)n Mt

is an interval Hurwitz matrix.
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Proof. Necessity. Condition 1 of Theorem 8.23 is obvious. Condition 2 holds,
implying the existence of 1,4 )x;. For example, we can take 7, 1) =
(@1(041) - > A1) (nse1)) - When we choose M 1)x1 = (0,...,0, —1)T, the Hur-
witz property of

[Ar(aij) (1) xns Mns1)x1]

is equivalent to the Hurwitz property of
Af(@ij)axn=| * ... 1|,

which has 1 less dimension and so is more convenient to verify.
Sufficiency. Since any solution of (8.20) can be expressed by

(x(t)) — (@i (n1ysns Meur1)x 1) (1=10)

o(r)
t
+ e(AI(ﬂij)(nH)Xmrl(n+1)xl)(’*T)Al(aij)(n+1)xl (8.30)
A
< [f(0(D)=N(us1)<10(7)]dT, (8.31)
we can complete the proof by following the proof of Theorem 8.22. (|

Based on Theorems 8.22 and 8.23, we can prove the following theorem.

Theorem 8.24. The zero solution of the interval indirect control system (8.19) is
robustly absolutely stable if and only if

1. Condition I in Theorem 8.22 (or the condition (2) in Theorem 8.23) holds.
2. The zero solution of system (8.19) is robustly absolutely stable w.r.t. the partial
variable xjyy, ..., Xy, O.

8.7 Sufficient Conditions for the Robust Absolute Stability
of System (8.19)

For the convenience of verifying the conditions in the results given in Sect. 8.6,
in this section, we give some sufficient conditions for the robust absolute stability
of the interval Yocubovich control system (8.19). First, we introduce the following
notation:

(m)

a;; :max{|al~j\, \aij\}, 1<i,j<n+1,i#j; al(l.m) =a;,i=1,2,...,n+1.
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Let
_all cearj,
A;JO)
L%jol " jojo d joxjo
' [ @1ip+1) @it
AEJ())C - . . .
L%joGio+1) ™" Djo(n+1) 1 (o 1)x (n+1—jo)
xW0) s = (x1, ...,ij)T.

Theorem 8.25. If the following conditions are satisfied:

1. AEJO) is an interval Hurwitz matrix
2. There exist constants ¢; > 0,i=1,2,...,jo, ¢; >0, i= jo+ 1, ..., n such that

n+1

—cja;= ), Ciag}"), J=12....jo;
i=1i#j
n+1 (m)

—cjaji> Y cay’, j=jo+1jo+2,...n+1,
i=Litj

Then the zero solution of system (8.19) is robustly absolutely stable.

Proof. VA € A, construct the positive definite and radially unbounded Lyapunov

function:
n+1

x) = Z cilxil.
i=1

Then the derivation of V(x) along the solution of (8.20) is given by

DTV(t) ‘820 < Z [CJ“JJ"‘ Z cia;; ]|x,|

J=Lj#i

+
i=1

Cnr 1) (ns1)+ Y Ci |ai(n+l)|‘| |f (1)

n

< X

J=Jo+1

n+l1 (
cjaji+ Y, cay | |xjl
=i

+

Cn+1G(n+1)(n+1) + Z Ciag(rzll)‘| |f(xn+1)‘
=1

n+1 )
<0 when ' Z x; #0
J=jo+1
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So the zero solution of (8.19) is robustly absolutely stable w.r.t. xj,41,...,%,,0. Then
the first jo solutions: xU0)(¢) := (x1(¢),...,xj, ()T of (8.20) can be expressed as

xU0) (1) = A% 1=10) o) (0

t . . T
1 [ A1) 4 l0)C (xj0+1(1),,..,x,,(1),f(6(f)) dr. (8.32)

T

Then we can follow part of proving the sufficiency of Theorem 8.22 to show
that the zero solution of (8.19) is robustly absolutely stable for the partial vari-

ables xi,...,x;,. With the result of robust absolute stability wW.r.t. xjo+1,...,Xs+1,
we know that the robust absolute stability is w.r.t. all stable variables. The proof of
Theorem 8.25 is complete. ]

Example 8.26. Consider the absolute stability of the zero solution of the following
four-dimensional deterministic Yocubovich control system (i.e., a;; = a;; = a;;):

X ajp ap a13 ai4 X1
Xp | _ | a21 a2 a23 ax w2 7 (8.33)
X3 as) asp ass azq X3
X4 a4) a4y a43 44 X4
where
—-1-1 4 7
1-1-5 2
A = (ajj)axs4 = 0 0-2 1| f(x4) =€ Fa.
0O 0 1-2
It is obvious that
11—-4-7
—-11 5-2
“A=1 00 2-1
00-1 2

is not an M matrix. So there does not exist ¢; >0, i =1, 2, 3, 4 such that

4
cjajj+ Y, cja; <0, i=1,234;
i=1,i#]
but there exist ¢; >0, i=1,2,¢; >0, i = 3,4 such that
4
cjajj—i—chaijSO, j=1,2
i=1

4
cjajj+2cjaij<0, j=3,4.
i=1
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In fact, choosing ¢y = ¢ =0, c3 =c4 = 1, we have

crap +craz +c3az; +cgaq =0—-0=0,
crap+crap+cyazn+csap =0-0=0,
czazz+crapz+cra+cgapz=-24+1=-1<0,

calgq+crag +crang+czazy=-2+1=-1<0.

Thus, for this example, we do not require [;™ f(x4) dxg = 400, but 57 f(xq) dig <
+-o0.

Now, for the variables x3 and x4, we construct the positive definite and radially
unbounded Lyapunov function:

V= chlxz\ |x1\+\xz|>+|x3|+|x4\
and thus
4 2, 2
D V’833 5(|x3|+|x4|) vV x3+x; #0.

Therefore, the zero solution of (8.33) is absolutely stable with respect to the partial
variables x3 and xy4.
Let

-1 -1 4 7 00 -2 1
All{ 1_]], AIZ{_S 2], AZ]{O 0], Azz{_l 2}

It is easy to see that Aq; is a Hurwitz matrix. The solution for the first two variables
of (8.33) can be expressed as

X](t) _ A]l(l‘ft()) (X] ([0)) /t A]l(l‘f‘L’> ( _X3(T) )
=¢ + | e A dt
<x2(l)) x2(to) o 2\ f(xa(7))
from which we know that the zero solution of (8.33) is also absolutely stable with

respect to the variables x; and x;. Summarizing the above results we have shown
that the zero solution of (8.33) is absolutely stable for all its variables.

Corollary 8.27. Assume that
1. There exist constants ¢; >0, i=1,2,..., jo such that
Jo (m)
—Cjaj; > Z ciaj;’, J=12,....jo;
i=1,i#]
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2. The condition (2) of Theorem 8.25 is satisfied
then the zero solution of (8.19) is robustly absolutely stable.

Proof. Since condition (1) implies that A;(a;;)j,xj, is @ Hurwitz interval matrix,
the conditions of Theorem 8.25 hold. This implies that the conclusion of Corollary
is true. |

Theorem 8.28. Suppose that the following conditions are satisfied:
1. A;j(’) is a Hurwitz interval matrix, and [, f(0)do = +-oo;

2. There exists constants ¢; >0, i =1,2,....n+1 and 0 < € < 1 such that the
matrix:

[2c1a11 mi2 myj, M (jo+1) My (i 1)
nip 2026122 s mzjo m2<j0+1) mz(nJrl)
H:=| myj, ma j, - 2¢j,aj,j Mo (jo+1) Mjo(n+1) <0,
Mot t) M2(jot1) " Moot 1) 2Cjot1 @ (jot1) (ot1) TE 0 M(jog1)(nt1)
LM (1) M2(nt1) "0 Mo (nt1) M jot+1) (n+1) 0 200414 (i) (1) TE
(8.34)
where
mij= max [lcja;j+cjapll, i#j, 1<i, j<n+l
a;;<aij<ajj

then the zero solution of system (8.19) is robustly absolutely stable.

Proof. First, we construct the positive definite and radially unbounded Lyapunov
function:

n (e}
V:Zcix%+20n+1/ f(s)ds
i=1 0

from which we obtain

dv 1t . .
d =2 cixixi+26n+1f(6)6
! {(8.20) i=1
| 2c1an mi2 mj, M (n41)

X1 mp  2cax; - maj, My (ny1) X

X2 X2

mijo majy *2Cjojojo 1t Mjg(nt1) ’

Xn . . Xn

f(o) ' f(o)
LM (0 1) M2(ng1) *° Mjg(nt1) **° 2Cn8(ni1)(ni1) ]
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T

X1 X1
X2 X2 n
< H| |- Y ex—ef(o)
X, X, J=Jjo+1
f(o) f(o)

IN

n n
—€ [ Y x,2+f2(c)] <0 when Y x+f%(c)#0. (835
J=Jo+1 J=Jo+1
Thus, the zero solution of system (8.19) is robustly absolutely stable w.r.t. the partial
variables x4 1,...,%,,0.
Next, note that the first jo component solutions xU0) := (x;(t),...,x;,(t))T of
(8.20) can be expressed by (8.32). This shows that the zero solution of (8.19) is

robustly absolutely stable w.r.t. xU0), The proof is complete. (]
Corollary 8.29. If
1. There exist constants ¢; >0, i=1,2,..., jo such that
251(111 7’71]2 I’T’llj()
My 283 -+ 2jo
. <0,
myjy  Tigjy e 285,ajyj,

where

mij = max [|¢ay+&all, iFj, 1<i, j<jot1.
a;j=aij=ajj

2. Condition (2) of Theorem 8.28 holds.
Then the zero solution of (8.19) is robustly absolutely stable.

Proof. Because condition (1) implies that Aj(a;;)j,xj, is a Hurwitz interval matrix,
so the conclusion is true. ([l

Example 8.30. Consider the absolute stability of the zero solution of the following
four-dimensional deterministic Yocubovich control system (i.e., a;; = a;; = a;;):

X 0 3—-1 0 X1
| |-6-1 4-5 X2
x| 2—-4-2 1 X3 (8.36)
X4 0 5-1-3 X4

where f(x4) € F., satisfying foim S (xq)dxq = oo
With the positive definite and radially unbounded Lyapunov function
V(x)=x}+

Lo o x“
, @)+ [l
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we obtain
dv(x)

=2x (3)62 7)63) + X2 [76)61 —Xo+4x3— Sf(X4)]
dr g3

+x3 [2)61 —4x; —2x3 +f(X4)} +f()C4) [5)62 — X3 — 3f()C4)]
—x3—2x3 -3/ (xy)
<0  when X34 x3+x] #0. (8.37)

Thus, the zero solution of (8.36) is absolutely stable about the variables x>, x3, and
X4, and in particular, with respect to the variables x3, and x4.
Now let

0 3 -1 0 2 —4 -2 -1
All{_6_l}7 Alz{ 4_5}7 AZI{O 5], AZZ{—I—J'

Obviously, A1 is a Hurwitz matrix. Expressing the solution of the first two equations
of (8.36) as

X](t) _ A]l(t7t0> X1 (to) /t A]l(l‘f‘L’> _X3(T)
=e + [ ¢ A dr,
(xz(l)> x2(to) ) Jiy 2\ ()
we know that the zero solution of (8.36) is also absolutely stable about variables x;

and x,.
Alternatively, let

) 0 3-1 ) 0 5 .
An=|-6-1 41, Ap=|-5|, Ay=(051), Apn=(-3).
242 1

It is easy to verify that A;; is a Hurwitz matrix. The solution of the first three
equations of (8.36) can be written as

x1(t) ) x1(10) r y
xo(t) | = e [ xy(10) +/ MDAy, fau(t)) dT
x3(1) x3(10) v

from which we can conclude that the zero solution of (8.36) is also stable with respect
to the variables x;, x and x3.

In a summary for this example, the zero solution of (8.36) is absolutely stable
about all of its variables.

Remark 8.31. It is easy to see that for system (8.36) one cannot use the approach
of the so-called diagonal stability, i.e., the following positive definite and radially
unbounded Lyapunov function:

X4
V:C]X%+CQX%+C3X%+C4/ fxa)dxs (c;i>0,i=1,2,3,4)
JO
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cannot be applied just in one step to prove the absolute stability of the zero solution
of system (8.36) about all of its variables. This is because the necessary condition
for applying the above Lyapunov function to get negative definite of %‘z/ is a; < 0.
However, for this example, a;; = 0.

For a similar reason, one cannot use the following form of Lyapunov function:

4
V= Zci |x,~\
i=1

to prove the absolute stability of the zero solution of (8.36) about all of its variables.

However, for such a system, with the theory and method of absolute stability
about partial variables, we have very high flexibility to choose Lyapunov functions,
and use different methods to deal with the absolute stability of partial variables, and
thus obtain the absolute stability for all variables. For example, in Example 8.30,
to obtain the absolute stability of the zero solution of system (8.36) about all its
variables, we first used the direct Lyapunov method to prove that the zero solu-
tion is absolutely stable about the partial variables x3 and x4, then we apply the
Lagrange constant variation approach and L"Hospital rule to that the zero solution is
also absolutely stable with respect to the variables x; and x;.

In the following, we show that there exists a full-rank linear transformation
between systems (8.19) and (8.20) [93].

Since a(, 4 1)(n+1) < 0 is a necessary condition for the robust absolute stability of
the zero solution of (8.19), we only consider the case of a(, 1)(,41) < 0. To achieve
this, we introduce the following nonsingular linear transformation:

_10---0— A1(n+1)
A(nt1 1
" T (ZlJr )(n+1) X
s 01-.-0— 2(n+1) X
y= . _ A(n+1)(n+1) : —H (x(")) (8.38)
: Lol . : (e
Yn ' a. Xn
00-.-1— n(n+1) -
] A(n+1)(n+1)
000 T

into (8.20) yields

y=Hi=HA (f(xo)) —HA Ki) - (f(G())GH
1A (5 ) A () ) -1 (o)

B L 0 0
_HAHy HA(yH])—i—HA(f(G))

= By+hf(c), (8.39)
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where x") = (x,...,x,)T and x = (x*), ). The corresponding interval indirect
control system of (8.39) is given by

y=Bry+hif(yns1), (8.40)
where
Br={B: B<B<B,ie,b;<bj<bj ij=12,....,n+1},
hy={h: h<h<h, ie, h <hi<hji=12,...,n}

A1) (n41) = 1 < ot S hpt = ageg 1) (nrr) <0

System (8.40) is the same as system (2) of [93], except for that (8.40) here has n+ 1
dimension, while that in [93] has n dimension. Therefore, the conclusions obtained
for system (2) of [93] can be directly applied here, and the details are not repeated
here.

Thus, in the following, we will only present two new results.

Theorem 8.32. If the zero solution of system (8.40) is robustly absolutely stable
WL Y1,Y25 - Y, ANd by 1)(ny1) < O, then the zero solution of (8.40) is robustly
absolutely stable w.r:.t. all state variables.

Proof. We employ the following positive definite and radially unbounded Lyapunov
function:
V= y,2,+1 .

Take € satisfying 0 <né& < —b(,41)(,+1), and let

(max{[bg 415, 10gg1)j13)?
€ =5

Then differentiating V' w.r.t. time ¢ along the solution trajectory of system (8.40)
results in

dv u
at |10 =2 bur1jyjyntt +2b(n+1)(n+l)yr21+l + 280 11) Ynr1 S Vnr1)
8.40 j=1

2 (max{|bg 1y jls [biasn)il})
<2y H\)/jg e Y5 VE Vst |+ 2B 1y s 1)V
j=1

n
< b(n+1)(n+1)y1%+1 + Z éjﬁ
j=1

= bV + Z gjﬁ-
j=1
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Thus,
¢ n
yi i (t) < eb(n+l)(n+l)(t7t0)y’21+] (to) + [ b (E=7) y giyi(f) dr. (8.41)
Jio =

Now following the proof for the sufficiency of Theorem 8.22, we can show that the
zero solution of system (8.40) is robustly absolutely stable w.r.t. y,. 1, and therefore,
Theorem 8.32 is proved. (]

Theorem 8.33. If the interval indirect control system (8.40) satisfies one of the
following conditions:

1. By is an interval Hurwitz matrix, and there exist constants ¢c; >0, j=1,2,...,
n+ 1 such that

n+1
cibjj+ Z cimax{\bij\,|bij\}§0, j=12,...,n+1 (8.42)
i=1,ij

2. There exist constants c; >0, j=1,2,...,n+1 such that (8.42) holds and
max{|b(n+1)j‘7 |b(n+1)j‘} 7é 0, Jj= 1,2,...,m
then the zero solution of system (8.40) is robustly absolutely stable.

Proof. First consider when condition (1) is satisfied. For this case, we can construct
the positive definite and radially unbounded Lyapunov function:

n+1

V=13 cll
i=1

and thus obtain

n+1
D+V’(8.4O) < Y ciyisign(yi)
=

1

n+1 n+1

<Y eibji+ Y, cimax{[byl, [bij}| [yl + coribarilf (ui)]
j=1 i=Litj

< enprbns1[f(ns1)| <O when  y,i1 #0. (8.43)

Therefore, the zero solution of (8.40) is robustly absolutely stable w.r.t. y, 1.
Since any solution y(¢) of (8.40) can be expressed as

t
(1) = B0y (1) + [ B Ry £y, (1)) d1, (8.44)
fo

it is easy to follow the proof of Theorem 8.22 to show that the zero solution of (8.40)
is robustly absolutely stable w.r.t. all state variables.
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Now, consider condition (2). We rewrite (8.40) as

Yy =Bry+hrynt1 +h1<f(yn+1) *yn+1>- (8.45)

Let |
Eni1 (Bns 1)ty + 2 /tns1)
bius1)(nr1) T A
Then ¢,41 < cp41. We construct the positive definite and radially unbounded Lya-
punov function:

Cny1 =

n
V=Y cilyil+&stlynsl-
=1

l
Due to max{|b<n+1)j\, |b(n+1)j|} = 0, we consider the linear part of (8.45):
y=Bry+hyu1, (8.46)
and then obtain

n
D+V‘(8.46) = 21
iz

n
cibji+ Z Cimax(|bij|’ ‘bij‘)
=Tt

i max (b |b(n+1>,~)] 5(0)
+ |:5n+1(b(n+1)(n+1)+hn+1)

. C,.max(bi(m,bi(n+1>|)]yn+1<r>

™=

—_

i

F= Z 76]‘)’]" + |:Cn+lb(n+1)(n+1)
=

n 1
+ Zcimax (\bi(n+1)|, \bi(n+1)|) + 2Cn+lhn+1:| Vn+1(t)]
i=1

n 1 n+1
<Y —&ilvil+ 5 Cntthnst|yn| <O when Y il #0.
j=1 i=1

So the coefficient matrix of (8.46) is an interval Hurwitz matrix.
The general solution of (8.45) can be expressed as

y(t) = e[BrH(O0p1)xnhn))(1=10)

1
1 [ eBrHOpnynhn)]e=7) [h, ( FOmer (7)) = ynor (r))} dr.  (8.47)

fo
Then, similarly following the proof of Theorem 8.22, we can show that the zero
solution of (8.45) (i.e., (8.40)) is robustly absolutely stable.
The proof of Theorem 8.33 is complete. (]

To end this section, we give an example to demonstrate the applicability of the
theoretical results obtained in this section.
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8.8 Numerical Examples and Simulation Results

In this section, we present several numerical examples to demonstrate the applicabil-
ity of theorems given in the previous two sections. Numerical simulation is employed
to verify the analytical predictions.

Example 8.34. Consider the robust absolute stability of the zero solution of the
following interval indirect control system:

O lea i) =) rorer oo

Yay € [-2,0], aip € [-2,—1], az1 € [3,4], ax € [-2,—1], the corresponding
system can be written as

X =anx+apnf(o),

o] :a21x+a22f(6).

Construct the positive definite and radially unbounded Lyapunov function:

X +2f06f(S)dS
lai2] ay

(8.49)

Thus,
av 2 2
_ 2an x2_2xf(0)+2xf(°_)+ 2 fz(o_)
dr {(g49)  lan2] a)
2 —2f%
<22 026« 72O o Ghen 6 £0. (850)
azi azy

Thus, the zero solution of (8.48) is robustly absolutely stable w.r.t. ©.

Now, we verify that A; is an interval Hurwitz matrix. In fact, Va;; € [—2,0], a12 €
[—2,—1], ap| € [3,4], ay € [—2,—1], since aj; <0, axpn <0, a;p <0, ay; >0,
ap ap

ai+ax <0, ajpapn+appay >0+appay >3>0,
asy ax

] is a Hurwitz matrix.

apy a2

azy ax
according to Theorem 8.22, the zero solution of (8.48) is robustly absolutely stable.

Due to arbitrary of { ] € Ay, so Aj is an interval Hurwitz matrix. Thus,

Example 8.35. Consider the robust absolute stability of the zero solution of a three-
dimensional interval indirect control system:

X1 ajy app as X1 [_47_3] [374] [_4’_3] X1
Xy | = | ap1 ax a3 X3 = [—3,—2] [—3,—2} [—1, 1] X
6 as1 ax az | \f(0) [1,2]  [-1,1] [-4,-3]| \f(o)

(8.51)
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Construct the positive definite and radially unbounded Lyapunov function:

2 2 c
ol 2 +/ f(s)ds.
0

- 2a12 2a21
Then,
dav ap ags axn a3
= x%+x1 Xy + x1 f(o) —x1x2 — x%f x f(0)
dr g5y an ap a) a

+az1 x1 f(0) +aznx, f(0) +az f2(0)

3 2
< =" xi+ (a13 +a31)x1f(0)7 X%JF‘* 42 +a32’ lx2f (o) =3 (o)
4 an 3 an|
3 2 a 3
< - A= 53+" va|lnf(0)|+ ) s (o) - 3£X(0)
4 3 aln 2
3 1|a
_ O 13+ ‘
‘xl| T 4 2| ap asi ‘xl|
< |l 0 -3 e || el
|f(o)] |f(o)]
] a +a31‘ ;‘—Zi +a32‘ -3
<0 for x}+x3+ f*(0) #0. (8.52)

Thus, the zero solution of (8.48) is robustly absolutely stable.
For simulation of this example, we take the upper bounds of the system coeffi-
cients and f(o) = 6> to obtain the system:

X1 -3 4 -3 X1
XQ = -2-21 X2 . (853)
G 2 1 -3|\¢o?

The simulation result is shown in Fig.8.1, where the initial point is taken as
(x1,x2,0) = (8,—6,4). It is seen that all the three components converge to the origin
— the equilibrium point.

Example 8.36. Analyze the robust absolute stability of the zero solution of the
following interval indirect control system:

Y1 (D11, bur] b1y, D12 [by3, bi3) Vi 0
Y2 | =| [ba1s b21] [byy, b2o] [ba3, bos] | | y2 | + 0 f(o)
c | [b31, b31] [b32, b32] [ba3, b3 ° (A3, 3]
[[~1.1,—1] [0.5,0.5] [-0.5,0.5] | /y, 0
—| [=1,0] [-35-3] [=,1] [[»|+]| 0 |flo). .54
0,1  [-2,2] [-25,-2]| \© [—1.1,—1]
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Fig. 8.1 Simulated solution

of system (8.53) for Exam- -4

ple 8.35 converging to the -6 . . . )

origin, from the initial point: 0 1 2 3 4 5
(x1,x2,0) = (8, —6,4) t

Taking ¢; =2, ¢ = ¢3 = 1, we obtain

c1by + camax(|byy |, [b21|] + c3max[[by, [, [b31[] = =2+ 1+ 1=0,
by + ¢y max[\blz\, |b12|] +c3 max[\b32\, |b32|] =-34+142=0,
c3bsz + ¢y max|[|by3), [bi3]] + comax[|bys), [ba3]] = =2+ 14+ 1=0,
h3 = _]7

and by3b3; b33 # 0. Thus, condition (2) Theorem 8.33 is satisfied. Therefore, the
zero solution of (8.54) is robustly absolutely stable.

For this example, we take b;; < b;; < b;j, h3 = h3 and f(o) = o, giving the
following system:

1 ~105057 [/ 0
yol=|-1-3 1||w|+]| 0 | (8.55)
G 1 2-2|\o —1

The simulated result is depicted in Fig. 8.2, which again shows that all solution
components converge to the origin, as expected. The initial point is taken as the same
as that for Example 8.35: (y1,y2,0) = (8,—6,4).

Example 8.37. The final example is to consider the robust absolute stability of the
zero solution of a four-dimensional interval indirect control system:

X1 [ay, ann] [ap, ai] layz, ai3] lag, ai4] X
B | _ | laar, an ax, an] [axs, ans] [any, azd] x
X3 a3y, a31] [azy, az] lazs, azs] [as, asd] X3
¢ | [aq1, aq1] [agy, awn] [ay3, as3] [agy, a4 f(o)
_[73.1,73] [—2,2] [0,1] [-0.9,0.9] x|
[—1,1] [-4.5,—-4] [-1,1] [0,1] X
| L0 [-1,1] [-35,-3] [-L1] xi - (899
[0,1] 0,1  [-1,00 [-4,-3] | \f(o)
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2|
Fig. 8.2 Simulated solution al

of system (8.55) for Exam-

ple 8.36 converging to the 6 . . . .

origin, from the initial point: 0 1 2 3 4 5
(1,y2,0)=(8,-6.4) t

We take ¢y = ¢y =c3 =c4 = 1. Then

4 3

—cjaji= Y, cal, j=1,23, and — csas > Y ciall, (8.57)
i=1itj i=

(m)

where a;;" = max{|a;;|, |aij| }. So the zero solution of (8.56) is robustly absolutely
stable w.r.t. . But since
3
—cjay > Y qdl’, j=1,2.3, (8.58)
i=1,i#j

implies that A(j0>(a,~j)joxjo = A(3)(a,~j)3x3 is an interval Hurwitz matrix, by Theo-
rem 8.25 we know that the zero solution of (8.56) is robustly absolutely stable.
To simulate this example, we similarly choose a definite system as the follows:

X -32 109 X1
Bl |1 41 1 X
sl -11 =31 x| (8.59)
G 1 1 —-1-3 o’

where f(o) has been taken as f(o) =o".

The simulation result, as shown in Fig. 8.3, again confirms the analytical predic-
tion: all the four state components converge to the origin. Here the initial point is
chosen as (x1,x2,x3,0) = (8,—6,6,1). It is seen that all the three components con-
verge to the origin. However, note that the convergence of the variable o is slow due
to the nonlinear term ¢’ and the relatively large initial condition.

8.9 More General Interval Systems [171,172]

In this section, we consider more general systems, which include interval Yocubovich
control system as a special case, described by

n
6= afylx),  j=1,2,...m, (8.60)
=1
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Fig. 8.3 Simulated solu- 4l

tion of system (8.53) for ;

Example converging to the _6

origin, from the initial point: 0 1 2 3 4 S
(x1, %2, %3, G) = (8, 6,6, 1) t

where a;; € [aij, aij], a; <0,i=1,2,..., n.

Without loss of generality, we may assume that —a;; = a;;, i # j, i,j =
| —a
a;j. The larger interval [—a;;, a;j] is symmetric. Further, assume that |f;;(x;)]
55l fij(xj) € Fooy 1,j = 1,2, on.

Theorem 8.38. The sufficient condition for the zero solution of the interval nonlinear
control system (8.60) being absolutely stable is —A = (fa,‘j),,xn is an M matrix
(i.e., A= (aij)nxn is a Hurwitz matrix).

1,2,...,n, since if —a;; # a;j, we can consider a;; = max||a;;|, |a;j

IN

Proof. Necessity. Take fij(x;) = x;, then system (8.60) becomes an interval linear
system:

n
xi:Zaijxja i=1,2,...,n. (8.61)
=

Since the zero solution of (8.60) is robust absolutely stable, the zero solution of
(8.61) is robust globally and asymptotically stable. In particular, choose A € A; =
{A, A<AL A}. Then the zero solution of the system

n
xi:Zaijxj, i=1,2,...,n
J=1

is globally and asymptotically stable. From the assumption: a; < 0, a;; > 0, we
know that A = (g; j),,xn is a Hurwitz matrix (or —A is an M matrix). The necessity
is proved.

Sufficiency. Since A = (ajj)nxn is an M matrix, based on the definition of M
matrix, there exist positive constants ¢; >0, i =1, 2, ..., n such that

n
cjajj+ Y, ciaij<0, j=1,2,...,n. (8.62)
i=1,i#j
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Constructing the positive definite and radially unbounded Lyapunov function:

n
V= ZC,’ \xi|,
i

we have
n
D+V|(8.60) = EC,’X,‘ sign(xi)
n n
-Ya (Zaijﬁj(xj')) sign(x)
i=1 i
n
< Y ei(anlfile)l + Y alfile)])
i=1 J=1j#
n
=Y cjajilfii(x; H‘chtau |fij ()]
Jj=1 Jj=li=1
i#]
n
< Z cjajjlfij(x;)+ Z Zc,a,] | £55(x))]
Jj=1 Jj=li=1
i#]
n n
Z ("/auJr Y Ct“u) |f55(x)]
j=1 i=Li#]
<0 when ||x|| # 0.
Hence, the zero solution of (8.60) is robust absolutely stable. O

Remark 8.39. Consider the absolute stability of the zero solution of the following
deterministic separate variable control system (i.e., not interval system):

n
X = Zpijfj(x]'), i:1,2,...,n, (863)
Jj=1

where fj(xj) € F., and p;; are fixed constants. Consider the absolute stability of the
zero solution of the comparison system:

n
5i=Y piifilx),  i=12....n, (8.64)
=1

implies the absolute stability of the zero solution of system (8.62). Here,
pi =pi <0, pij=|pijl, i#]J.

It was also proved that the necessary and sufficient condition for the zero solution of
system (8.64) being absolute stable is that there exist constants ¢; > 0 such that

n
Y pijei<0,  i=1,2,...n, (8.65)
;

i.e., —— P = (—pij)nxn is an M matrix.
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Obviously, ajj = ajj = ajj = pij, Qij = ajj = djj = Pii < 0, the condition (8.65)
is equivalent to (8.62), and thus the result can be directly obtained from our above
theorem as special case.

However, in general, fj;(x;) # fj(x;), i.e., for different 1 < k,I < n, there may
exist fij(x;) # fij(x;). Thus, if we suppose fi;(x;) = fj(x;), then one cannot con-
sider any deterministic system in the form of (8.1)" as a particular case of (8.1). This
is because though the last two terms on the right-hand side of (8.1) contain the same
Xn, they can only be written as

Jin(Xn) = ainxn + hi f(x,), i=1,2,...,n.

In general fi, (xn) 7 fin(Xn) F fon(Xn).

Remark 8.40. For the interval Yocubovich control system (considered in Sects. 8.5—
8.8), formally it is a particular case of system (8.60) when f;;(x;) = fj(x;). However,
because every term in (8.60) is nonlinear, the necessary and sufficient condition of the
absolute stability, (8.62) or (8.65) is very strong. (In fact, the necessary and sufficient
condition has restriction, or more precisely, it is a sufficient condition.) In Sects. 8.5—
8.8), we made well use of the property of the linear part of the nonlinear systems,
and thus we transformed the complex stability problem of a nonlinear system to study
the property of interval matrix and the absolute stability of the system about partial
variables (in particular one variable). This is the basic idea of reducing the dimension
of given system and thus solving the original problem becomes easier. Moreover,
there are many existing theories and methods we can use to consider the absolute
stability about partial variables. As a matter of fact, some examples we presented in
Sects. 8.5-8.7) cannot be considered using the M matrix method described in this
section.

Remark 8.41. It is seen from the proof for the sufficiency of Theorem 8.38 that if
the condition

[fij el < 1fii(x)ls fij(xj) € F j=1,2,..0n

is satisfied and allows fij(x;j)€Fw, i # j, then the sufficiency of Theorem 8.38 still
holds. So we have the following result.

Corollary 8.42. If | fij(x;)| < |fij(xj)|, fij(xj) € Fe, i # j, and —A is an M matrix,
then the zero solution of system (8.60) is robust absolutely stable.

Example 8.43. Consider the interval control system:

X1 =anx+ap sin(x%) +az sin(xg),
Xy = an sin(xl) +a22x3 + a3 sin(xg), (8.66)
X3 = as sin(xl) +asz sin(x%) “+as3 sin(xg),

where ajj € [—a,’j, ajj|, —daij = aijj, i;éj, a;; < 0.
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Obviously,

fi1(x1) =x1 € Foo, f2(x2) =%° € Foo, f33(x3) =13 € Fo,
|f21 (e1) | = [ f31 (o) | = [sin(xp)| < ooy | = [ i1 (x1)],
[fi2(2)| = | f2(x2)| = [sin(x3)| < 13| = [ fa2 (x2)],

fi3(63)] = [ f23(x3)| = [ sin(3)| < 3] = [ f33(x3)].

Thus, if — (A(aij)nxn is an M matrix, then the zero solution of the interval system
(8.66) is robust stable.

In [68, 71], we constructed a separate variable positive definite and radially
unbounded Lyapunov function to study the global stability of the zero solution for
the general high dimensional nonlinear autonomous system:

X = f(x), xeR", f(0)=0, feC[R" R (8.67)

and the separate variable high dimensional nonlinear autonomous system:
n
K=Y filx), j=12...,n fi;(0)=0, f(x;)€CRR']. (8.68)
j=1

Here, we shall generalize the method and results to consider the robust stability
of system (8.60).

Theorem 8.44. Suppose

1. a; <0, fi,'(xi) er.,i=1,2,...,n and fbiwﬁi(xi)dxi = o0,

2. There exist continuous functions ci(x;) > 6 > 0 (in particular, ¢; are constants),
i=1,2,...,n such that the interval matrix function B(b;j(X;))nxn is negative
definite.

Then the zero solution of the interval control system (8.60) is robust absolutely stable.
Here,

ci(xi) aii, when i=j,i,j=1,...,n,
bij(xj) = 1 Ci(xj)aijfij(xj') n Cj(xj')ajifji(xi)] when l'?é j7 XiX; 7& 0’
2 fij(xj) fii(xi) ’ ij=1,....n

Proof. We construct the following positive definite and radially unbounded Lya-
punov function

V(x) = Z/O)Ci ci(x;) fii(xi) dx;, (8.69)
i=1
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de

and then evaluate the derivative o dr

along the solution of (8.60) to obtain

dv(x)
dr {360

= Z x, fu xl [Zaljﬁl Xj ‘|

ci(x) aii £ (x;)

Il
- I

Il
-

Z Z ci(xi) aij fii(xi) fij (x;) + cj(xj)ai £ (xj) fi(xi)] -
i=1,i#jj=1

For x = & € R", without loss of generality, we may assume I'Iik: G F0 X éiz =
0 (0 <k < n), then

k
av(é) - Zci(gi)diifi%(éi)

e |ge0) /=

ko k
Z Z ci(Gi) aij fii(Gi) fij(5;) +¢j(6j)aji fii(&}) fi(Gi)]

i=1,i#£jj=1
k
Z, (él)allfu(él)
k Cz i al u i Ci\Gj)aji]ji\Gj
S 51) ! fi(&r)
= lj xj kxk
Jiek( ék i (&)
= W(fir, s fin) < (8.70)

From the conditions of the theorem, we know that the generalized quadratic form
W (fi1, .., fur) is negative definite about fiy, ..., fix. However, due to fj;(x;) € Fe,
we have

k k
wW0)=0 «— Y fi=0 = Y¢&=
i=1 i=1

k k
Wi, fu) <0 = Y fi#0 <« Y& #0.
i=1 i=1

Thus, dvdgé) ’(8 0 is negative definite about &. Due to arbitrary of &, we have proved

dr
interval control system (8.60) is robustly absolutely stable. ([

that av(e) ‘( ) is negative definite about x. Therefore, the zero solution of the
8.60



8.9 More General Interval Systems [171,172] 219

Corollary 8.45. If there exist constants ¢; >0, i = 1,2, ..., n such that the matrix
B(bij)nxn is negative definite, where

= Cidii, when i=j,i,j=1,...,n,
> max C,'Cl,'jfji(x,') + cjaﬂfij(xj) ’ when i?é.j, XiXj #£0,
2 ajj€lai,aif] fii(xi) fjj(xj) i,j=1,...,n,

then the zero solution of system (8.60) is robust absolutely stable.

Proof. Obviously, the condition of the corollary implies the condition of Theo-
rem 8.44, so the conclusion is true. O

Corollary 8.46. Assume condition (1) in Theorem 8.44 holds, and condition
is changed to that there exist continuous functions ci(x;) > 6 > 0, and

M (3 xj) M (3, ) > O satisfying

1 |:Ci aiifij(x;) |, cjajifii(xi)

+

21 fistx) fn’(Xi)2

and Z (Mi(j>(xi,xj)) < —cix)a; (i=1,2,...,n),
J=Li#i

} < M(J)(x,,xj)M(l)(xj,x,)
(8.71)

then the zero solution of the interval control system (8.60) is robust absolutely stable.

Proof. Again take the same Lyapunov function used in Theorem 8.44. For x = £ €
R", Hlk: 1&i#0,and YL, éiz = 0. Then following the derivation in (8.69)—(8.70),
we have

dv (&) N e £2(E
ar 5.0 = ; iaii 1 (&)
k ci(&aiifij(§)) | ¢i(&)anfjixi)] gy o
,:X,‘;g”; Fiir) + i) fi(&i) fii(x;)
k
S Claufu(él)
i=1
k k
+2 lz;é Z]Ml éhé} (51751)‘ﬁl(él)fjj(xj)|
l 7l ]J:
< Zczaufzt él Z Z (M é;l?é;] ) fz%(‘gl)
i=Li#] j=

-

ciait %( (6:¢) ]fi%(éi)

< 0.

Thus, the conclusion of the corollary is true. O
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Particularly, if ¢;(x;), Mi(j ) (&, &j) and M;i) (&, &) can be taken as constants, for
example,

aijfij(xj) n ajifji(xi)):| 1/2

a) =1 MO (6 &) =M &) = | (Y

then the conditions in Corollary 8.46 become

a;<0 and Y aij fifx) | aifita)| 5 (8.72)
j=1,j#i iixj) Jii(xi)
which are easy to verify.
Example 8.47. Consider the interval control system:
n
Xi= Za,’jfj(xj), i=1,2,-,n, (8.73)
j=1

where a;;j € [aij, aij], fj(xj) € Fu.
If a;; < 0 and

n
max [\aij—i-aﬁ\] < —2aj,
=T i ajj€lajj.ajjl

aji€lajj.aj]

then the zero solution of (8.73) is robust absolutely stable.

Remark 8.48.

MaX o;jefa;;.a;) [|aij + ajil]
aji€lajj.aj]

:maxH\aij—l—ajiq, [|“ij+aji|}a [laij+aji], [|aij+aji|”~
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Discrete Control Systems

The Lurie control system and the well-known Lurie problem were originally devel-
oped for solving the nonlinear systems described by ordinary differential equations
(ODE), and the most research interest and results in this area were focused on ODE
systems. With the very fast development of computer systems and technology, the
dynamics and asymptotic behavior of discrete systems described by difference equa-
tions (DE) play more important roles in solving practical problems [115], attracting
more and more researchers [47]. The absolute stability of discrete Lurie control sys-
tems is naturally raised. However, the results obtained so far for such systems are
relatively less than that of continuous Lurie control systems.

In this chapter, we will generalize the recently developed theory and method-
ology for continuous Lurie control systems to study discrete Lurie control systems
described by difference equations. We will mainly discuss the sufficient and nec-
essary conditions of absolute stability, and some practically useful algebraic suffi-
cient conditions of absolute stability. The material of this chapter is mainly chosen
from [77, 84].

9.1 Sufficient and Necessary Conditions for the Absolute Stability

We examine the following discrete Lurie control system:

x(te1) = Ax(t) +h f(0 1)),
G:ch:ZCiXh ©-b
i=1

where x ER", A€ R"" beR",c€R", f € Fo, 0r
fEF[kl,kz] = {f|f(0) =0,0<k Sf(o‘)/(f <k, 0 #0, fEC[(—OO,—l—OO),R]]}.
We choose J = {f;1tg<t) <<t <---}, N:={0,1,2,...}.

Definition 9.1. The zero solution of (9.1) is said to be absolutely stable (absolutely
stable in Hurwitz angle [ki,kz]) if for any f € Fo (f € Fy, 1)), the zero solution
of (9.1) is globally asymptotically stable (globally asymptotically stable in Hurwitz
angle [ky,k3]).

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 221
(© Springer Science + Business Media B.V. 2008
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Definition 9.2. The zero solution of (9.1) is said to be absolutely stable for the set
Q = {x|c"x = 0} (absolutely stable for Q in [ky,k;]) if for any f € Fu (f € Fity ko))
the zero solution of (9.1) is globally asymptotically stable w.r.t. €.

Lemma 9.3. Let x(t;11) be the solution of the following system:
X(ter1) = Ax(te) + F (ti,x(1)),
x(t9) = xo.
Then for any natural number k, the following formula of variation of constants holds:

k
X(tirr) = A xo+ Y ASF (1, x(1).
1=0

Proof. The lemma can be easily verified by the method of mathematical induction,
and the proof is omitted. O

Corollary 9.4. The solution x(ty11) := x(tx11,t0;%0) of (9.1) can be written as
k
(1) =A% xo+ Y A f(o ().
=0

Corollary 9.5. Suppose that f(0) € Fw (Fi, 4,))- For arbitrary fixed m, the solution
of (9.1) depends continuously on the initial value x.

Proof. Obviously, when m = 0, the following expression:
x(t) =xo+hf(o)), o(ty) = c'xo

is a continuous function of xy. Suppose that

k=1
x(te) =A'xo+ Y A f(o (1))
1=0
depends continuously on xg. Since

x(tk+1 ) = Ax(tk) + hf(G(l‘k))
is a continuous function of x(f;), thus x(7;, 1) depends continuously on xg. |

Theorem 9.6. The zero solution of (9.1) is absolutely stable (absolutely stable in
[k, ka]) if and only if

1.p(B) <1 (p(B*) < 1), where p(B) and p(B*) are the respectively, spectral
radius of B and B*

2. The zero solution of (9.1) is absolutely stable for the set Q = {x: cTx = 0}
(absolutely stable for Q in [k;,k;]). Here

B:(bij)nx,,:AJrthG, 6=0 or 60=1,

ko —k
(B* = B =A+heT (7 ‘)).
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Proof. It is suffice to prove the necessary and sufficient conditions (NASC) of the
absolute stability because the proof of NASC of absolute stability in [k;,kp] is the
same.

Necessity. Since the zero solution of (9.1) is absolutely stable, for any € > 0,
there exists 6(€) > 0 such that the solution of (9.1) satisfies

€
x()] < for |lxgl| < 6(¢).
< e o Ioll < 8(e)

Further, we have
n n
lo(t)| = \I;Cixi(fk)\ < 1‘2?5‘,,‘“' ,; i (t )] := lrgfgnki\ [x(t)|l < €.

Obviously, klim x(tx) = 0 implies klim o (#) = 0, which leads to the conclusion
— o0 — 400

that the zero solution of (9.1) is absolutely stable w.r.t. the set Q.
If f(o) = o, then (9.1) is transformed into

x(tk) = Bx(tk,l )

Since the zero solution of (9.1) is globally asymptotically stable, it can be shown that
p(B) < 1. Necessity is proved.
Sufficiency. The solution x(f1 1) of (9.1) can be written as

k
(i) =B o+ Y B (h f(o (1) —h6 6 (1))
=0
Since p(B) < 1, B™ is bounded, we can define
|B* | <M =const.  forall k€N.

For any £ > 0, we take (&) = ,5,. Since klim o(t) =0 and klim flo(t)) =0,
— o0 — o0

there exists a constant k| > ko such that the following estimation holds:

| y B (hf(o(n) ~ho o) < 5.

i=ky+1

By virtue of the facts that limy_ . 0 (#,%;x0) = 0, o (t,%;x0) depends contin-
uously on the initial value xo and f(o(#)) is continuous, there exists a constant
&2(€) > 0 such that

ki
Y B f(0(0) ~hoo)| < for x| < &(e).
=0
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Let 6(¢) = min(J; (&), (€)). Then, we obtain

ki
() || < 1B (o) [ +

B (hf(o(n)) —h90(tz))H
0

=

+

k
Y, B (hf(o(n)) hGG(n))H

I=ki+1
<0 for ||xol] < O(€).

Therefore, the zero solution of (9.1) is stable.
Since limy_, 4 f(0(#)) =0 and limy_, ;. 0 (#;) = 0 for any xp € R", there exists
a constant M; > 0 such that

1hf(c(@)) —h6o(u)| <M.
Taking into account that p(B) < 1, we have Y72, ||B!|| < +o0. We know that there

exists a constant M, > 0 such that

k
Y 1B < M.
=[5
Therefore,
0< 1 It
< Jim_[lx(ro)]]
5]

< lim Bl + tim ¥ (B [ f(o() — hO o)
k—~4o0 k~>+°°l:0

k
+ lim N B [hf(o(n) —hB o)

k— oo
1=[5]+1
k
[2} k—1
=0+M; lim ||B B H + M, lim max ||hf(0(l[))—h90'(l1)||
kHer[;O kﬂ+°°[126]§l§k
=0. ]

Theorem 9.7. The zero solution of (9.1) is absolutely stable (absolutely stable in
[k1,k2]) if and only if

1. The condition (1) of Theorem 9.6 is satisfied
2. For any f € F (f € Fi, 1,)), there exists a Lyapunov function Vy(x) which is
radially unbounded positive definite w.r.t  such that

AVy =V (x(tis1)) — Ve(x(te))

is negative definite for €.
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Proof. It is suffice to prove the NASC for absolute stability, because the NASC of
absolute stability in [k;,k;] can be proved along the same lines.
Sufficiency. On the basis of Theorem 9.6, what we need is to prove that the
condition (2) implies that the zero solution of (9.1) is absolutely stable w.r.t. ©.
Since Vy(x(txy1)) — Vr(x(t)) is negative definite w.r.t. o, we find that

Vi(x(ties)) = Ve(x(t) < —wr(lo(@)l), vy €K.
It can be deduced that there exists ¢ € KR such that
0 < @r(lo(t-1)]) < Vr(x(terr)) < Ve(x(t)) — wr(lo (o))

< Vi) = wr(lo(@)]) — wr(lo(-1)l)
< Vi(x(t0)) = wr(lo(@)]) —--- = wr(|o(w)])-

Consequently,

@r(lo(te—1)]) < Vi(x(tig1)) < Vy(x(to)),
o(t)| < vy (Ve(x(w))) <1 for ol < 1.

Now we show that
klil’n 0(ter1) =0 YV xo €R"
— o0

If there exists some xo € R" satisfying limy_, .. 0(f;11) # 0, then there exist € > 0
and a sequence {k;} such that

G(lki)ZS, i=1,2,...
Provided k; < ky < --- < k; < k+1, k being a sufficiently large constant, we derive
0 < @r(lo(tis1)l) < Ve(x(tesr))

< Vi(x(to)) — wy(lo())) — - = wr(o(w0)])
SVf(x(lo))—S---—€—>—°° as k— —oo,

which yields a contradiction. Hence, we have limy_ .. 0(f1) = 0, i.e., the zero
solution of (9.1) is absolutely stable w.r.t. Q.

Necessity. Since the zero solution of (9.1) is absolutely stable, one can prove that
forany f € F. (F[kl 7,(2]), there exists a radially unbounded, positive definite function
Vi(x) such that

Ve(x(k+1)) = Ve(x(0)) <0 (i.e., negative definite).
Accordingly, there exist two functions, namely ¢ € KR, ¥ € KR such that

Vr(x) = o(|lx])



226 9 Discrete Control Systems

and
Vi(x(tng1)) = V(@) < = w(llx@)|)-
By virtue of

n
o] = < Z,\Ci| i < lﬂglﬁgn\cz'

i=1

n
CiXi
=1

n
) b
i=1

i= max ;] [|x]],
4 1<i<n

4

we obtain

R SR AR ESr ()}

maxi <j<y |ci
where @ € KR, and

Vet ) = Vi) < — () < —vr (10 Y= —gy(lo.

maxlgign ‘C,’|

The condition (2) is satisfied, the condition (1) holds trivially and the conclusion
follows. O

Theorem 9.8. The zero solution of (9.1) is absolutely stable (absolutely stable in

k1, k) if and only if

1. There exists a constant vector 11 = (11, ..., Ny)" such that p(By(b;;)) < 1, where
Bi=A+n T

2. The condition (2) of Theorem 9.6 holds.

Proof. Necessity. The existence of 1 = (11, ..., N,)T is obvious. For example, we

may take n; = h; {ni = kzgkl h,} , and the condition (1) is satisfied. The necessity of

the condition (2) has been proved in Theorem 9.6.
Sufficiency. For any f € Fo (f € Fjg, x,)), We rewrite (9.1) as

X(ter1) = By x(te) +h f(x(tx)) — n o (1)

In accordance with Lemma 9.3, we deduce that

k
x(tier) =By x(to) + Y By (hf(0(0) —n o (ny).
1=0
The proof of the remaining part is similar to that of Theorem 9.7. (I

Similarly, we can prove the following theorem.

Theorem 9.9. The zero solution of (9.1) is absolutely stable (absolutely stable in
[k1,kz)) if and only if both the condition (1) of Theorem 9.7 and the condition (2) of
Theorem 9.6 hold.
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9.2 Sufficient Algebraic Conditions for the Absolute Stability

In this section, we present some useful sufficient algebraic conditions for absolute
stability.
Without loss of generality, we may assume that ¢, # 0. Let

10--- 0 O
01 0 0
Q=1 :: Do
00--- 1 0
Cl1 C2 -+ Cp—1 Cp

A full rank linear transformation, given by

§ =0,

transforms system (9.1) into

E(tir1) =QAQ () + Qhf(&n(t)) :=AE () +hf (&),  (9.2)

where A=QAQ !, h=0Qh.

Obviously, the absolute stability of the zero solution of (9.1) and (9.2) are equiv-
alent. However, all the variables of (9.2) are separated. The definition of the absolute
stability of the zero solution for the variable &, can be stated as in Definition 9.2.

Let
£&) _ { g(&), when &, #0, 03
n 0, when &, =0.
Accordingly, (9.2) can be rewritten as
&i(ter1) Z aij &j(te) + hig(&n(t)) &n (1)
j=1
n—1
= Z i & () + (@in+big(a(8))) &n (1r)- 94
j=1

Theorem 9.10. . Let the condition (1) of Theorem 9.6 be satisfied.
2. Suppose that for any f € Feo (f € Fy, 1,)) there exist positive constants r; (i =
1,2, ...,n) which are independent of f such that

n
ri .
A<
1§1}]§al§1{izlrj |a”}_ ’

" [ ~
)3 :l |@in+hig(&)| < p <1.
n

i=1

Then the zero solution of (9.4) is absolutely stable (absolutely stable in [ky,k]).
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Proof. We take the radially unbounded, positive definite Lyapunov function

n
=Y ri &l
i=1

and obtain

V@mﬂnfwamw:in

X i) s Gl - L)

I A

'iijmmmmmn

n

Z |am<§n tk +h1g én tk er|<§j tk

=Zl2 a1

rj |8 ()l

+

iﬁ@+@@mmﬁmww

i=1
< (p— D) |&n(ti)]|
= =81 |&a(n)l- 9.5)
Thus, it follows that:
Pn |Sn (i )] SV (trr1) < V(1) <V(te1) <+ < V(o). 9.6)

The expression (9.6) shows that the zero solution of (9.4) is stable w.r.t. the partial
variable &,, and (9.5) gives

Tl En(tir)] < Viteer) <V(te) — 8 ra|nlti)]
< V(to) = 81 |Sulti)| — 81 |Eulti—1)] — -+ = 8 |alto)-

Now we will prove that limy_ o &, (fx1) = 0. If limg_ 4o &, (fx11) # 0, then there
exist a constant € > 0 and a sequence {k;} such that

&) >, i=1,2,...

Assume that ky < kp < --- <kj;j < L+ 1, where the constant L is large enough. In
this case,

0 <ru|&(ter1)| < V(t0) = 07 |Snti)| — 8 7ulEnltr—1)| — -+ — 87 |8alt0)]
— — o0 as k— —oo,

which leads to a contradiction. Thus, we have limy_, o & (#41) = 0. Following the
same idea used in proving Theorem 9.6 we see that the conclusion of Theorem 9.10
holds. ]
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Corollary 9.11. I. Let the condition (1) of Theorem 9.6 be satisfied

n n
2. Let lrgflgxn {; |dij} <1 and ; la@im+hig(E:) || < p < 1 holdfor any f(0) € Fe

(f € Fix, ky))- Then the zero solution of (9.4) is absolutely stable (absolutely stable
in [kl,kﬂ).

Proof. Taking r;=1(i=1,2,...,n) in Theorem 9.10, we see that all the conditions
of Theorem 9.10 are satisfied. The conclusion of Corollary 9.11 is true. ]

In the following, we will use another Lyapunov function to consider absolute
stability.
For any € > 0, let

00---00
00---00
D:(dij)nxm Gei= | )
00---00
00---0c¢

nxn

where
dij, 1<i,j<n-—1,
=4 '
am+hig&), i=1,2,....n.

Theorem 9.12. . Let the condition (1) of Theorem 9.6 be satisfied

2. Suppose that there exists a symmetric, positive definite matrix B(bjj)nxn such that
the matrix DYBD — B+ G is negative semi-definite for any f € F., (f € Fiie ko))-
Then the zero solution of (9.4) is absolutely stable (absolutely stable in [k ,k]).

Proof. Choosing the Lyapunov function V = ETBE, we get
Vi) — (1) = &M (trr1) BE (ti) — & (1) BE ()
= (D&(n)"BDE (1)) — & (1) BE ()
(1) (D"BD — B+ Ge) & (1) — €&, (1)

< —€e&n).

Then there exists a constant o > 0 such that
EXte) S aV(n) < aV(t_1)—oe&l (k1)
< aV()—aes (1) — s (o) — - —aed; (i)
The rest of the proof can be completed similarly to the proof of Theorem 9.6. (Il

In the case B = I, we have the following result.
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Corollary 9.13. [. Let the condition (1) of Theorem 9.6 be satisfied

2. Suppose that there exists a symmetric, positive definite matrix D'D — I + G is
negative semi-definite for any f € Fo (f € Fiy, 1,))- Then the zero solution of (9.4)
is absolutely stable (absolutely stable in ki, k]).

Example 9.14. Consider the two-dimensional discrete control system:

ixl(tkfl) - ;Xz(fkfl) + ]30 flea(te—1)),

x () = 130X1(fk71) - 130x2(tk—1)+ if(XZ(tk—l))a

X1 (tk) =
9.7

where f(x2) € Fio )= {f(x2)| £(0)=0,0 < f(x2) /x2 <2, f(x2) € C[(—e0,+e0),R']}.
1. Let f(x2) = x2. Then (9.7) is transformed into

2 1
() = g2 (t-1) + | g w2 te-1),
3 1
X2 (t) = 10" (tr—1) + loxz(tkq),
2 1
where B := 35 191 and p(B) < ||B| < 1. The condition (1) of Theorem 9.6
10 10
holds true.

2. We choose the radially unbounded, positive definite Lyapunov function V(x) =
|x1| + |x2|. By virtue of

an|+lanl = 2+ > = T <1
AHTIERIN= 5T 9T 10
o L 1 3 f(x) 3 2 f(x)
i hag(e)| = |- -
|do1+h1 g(x2)|+|dxn+hag(x2)] ’ 5+10 Xo 10 5 x
Z13 34
=|"5"5 105
2,1 9
5 2 107

the condition of Corollary 9.13 are satisfied.
Thus, the zero solution of (9.7) is absolutely stable in the Hurwitz angle [0, 2].

Example 9.15. Consider the system:

(i) + 3 (),
1 1 1 ©-8)
(1) = M (f) +  x2(1) = 3 Fxa(te)),

x1(ts1) = \/12 xp (tx) —

where f(x2) € Fjo,7/2 = {f(x2)|f(0) = 0,0 < f(x2)/x2 < 7/2, f(x2) € C[(—,
+o0),R']}.



9.3 Discrete Lurie Control Systems with Multiple Loops Feedback 231

Let us discuss the absolute stability of this system.
1. We fix f(x2(#)) = x2(t). The system (9.8) is changed into

x2 (1),

x1(te1) = \}2 x1(t) —

AN = N =

xa(tsr) = ;2x1<rk>+ (1),

!
where By == | VY2
V2 6
condition (1) of Theorem 9.6 is satisfied.

2. We take the radially unbounded, positive definite Lyapunov function
00 }

l .
0 1o

1
®| and p(B)) < ||Bi|| = \}2 + 4 < 1. We see that the

V(x)=xi+x5, Ge= {

By virtue of

1+22()2()+1<1+2X722X7+1
2 g8 VT EWRIT g =T T g 2) T3 2 T o

< ]+2+ 1 <1
- 2 5 10 ’
it follows that
| 1 1 1,1
-5 +38(x2)
273
D'D—h+Ge = 1\/12 | \1/2 ][\/12 >~ 3
—2+3g(x2) 2_3g(x2) N Sg(XZ)

“Jovl o]

0 0
0 _;"" 1]0+382(x2)_§g(x2)
is negative semi-definite.

In accordance with Corollary 9.13, the zero solution of (9.8) is absolutely stable in

[0, 3.

9.3 Discrete Lurie Control Systems with Multiple Loops
Feedback

In this section, we will generalize the results obtained in Sect.9.1 to discrete Lurie
control systems with multiple loops feedback [84]. First, we introduce the sufficient
and necessary conditions for the explicit systems in which feedback control variables
are no longer state variables.
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Consider the following more general discrete Lurie control systems with loops
feedback:
x(k+1) =Ax(k)+Bf(o(k)), ©.9)
o (k) = C'x(k) = D f(o(k)), '
where
Ac Rn><n7 B, Ce Rn><m7 Dc Rmxm’ m< n,
6= (01,0,...,0m)", 0i(k) = 0;(x(k)),
f=(fi(o1)), f2(02)), ..., fu(ow)))" € CIR",R"],
0< fi(oi)

1

<Bi<Hoo, j=1,2,...,m.

Letset Q = {x|CTx=0}, Q;{x|CTx=0},i=1,2, ..., n,where C; is the ith-column
vector of C (1 <i<m).

Similar to Sect.9.1, we can define the absolute stability of the zero solution
of system (9.9) wrt. Q, ©Q;, 6 =0, 0; =0, and positive definite and radially
unbounded Lyapunov function w.r.t. Q, ;.

Since in (9.9) the feedback control variable o (k) is given implicitly, not in
explicit form of state variables, it is not convenient to use ¢ to measure the positivity
or negativity of the Lyapunov function w.r.t. the state variables.

To obtain general conclusion of absolute stability, we need the following basic
hypothesis: ||c + D f(o)]| is positive definite w.r.t. T, i.e.,

>0 when o #0,

=0 when 6 =0.

G+Df(0){

It is obvious that the hypothesis is true when D is a positive definite matrix. When
lloll # |IDf(o)|], if o # 0, the hypothesis is also true. In fact,

lo+Df(o)| = |[ol| = IDf(a)]| >0, when [lo|| > [[Df(o)], o#0,
lo+Df(o)| = Df(o)] —[oll >0, when [|Df(c)[| > [lo]l, o #0.

Lemma 9.16. When |0+ D f(0)|| is positive definite, the zero solution of (9.9) is
absolutely stable w.r.t. the set Q (8;) if and only if the zero solution of (9.9) is
absolutely stable w.r.t. ¢ =0 (c; =0).

Proof. We only prove for the set £2 and ¢ = 0. The cases for the set £2; and 0; =0
are similar and omitted.

Sufficiency. Suppose that the zero solution of (9.9) is absolutely stable w.r.t.
o = 0. Then Ve > 0, there exists 8(¢) > 0 such that when |op| < &, we have
|o(t,10500)| < 5. and |D f(o(t,19:00)| < 5. Further, since f(o) is continuous and
f(0) =0, we obtain

E &
+ =€

IC"x(t,10:x0) || < |0 (t,10:00) || + [P f (0 (¢, t0300) || < 5t 5
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Then Vxg € R", one has

T e < T . ~ ol = 0.
Jim[[Cx(t,t0:%0) || < 1im_[[o(2.10300)[| + lim [ID (o (2,103 00)] =0

which indicates that the zero solution of (9.9) is absolute stable w.r.t. the set €.
Necessity. From the relation of the positive definite function and the R-type
function (see Lemmas 2.5 and 2.6) we know that there exists @(||c||) € R such
that
o(lol) < lo+Df(o)| =IC"x].
Thus,
lo(t,10:00) I < @~ (IC"x(t,03%0) [])-

Now Ve > 0, there exists d(g) > 0, for ||xg]] < (), we have
¢ (ICTx(t, 1030 ) < .
Therefore, Vxy € R,
Tim [lo(t.t0:00)] < tim o™ (|CTx(r.10:0) ) =0

This indicates that the zero solution of (9.9) is absolutely stable w.r.t. o =0. O

Theorem 9.17. The sufficient and necessary conditions for the zero solution of (9.9)
being absolutely stable are:

1. The spectral radius of the matrix G := A+ DOC" is less than 1, i.e., p(G) < 1.

Here,
L when D=0,

=1 1 (1+ D)fl hen D #0
when ;
2D \™ " 2|D||
2. The zero solution of (9.9) is absolutely stable w.r.t. Q.

Proof. Sufficiency. When D = 0, take f(c) = CTx. When D # 0, choose f(c) =

2\\%” . Obviously one can obtain

=|o|| >0, when 6 #0, D=0,

o loll _
2(|D]| 2(|D]|
when o #0, D#0.

1
lo+Df(o)I 4= ol =||p 0 || = sl =D sl >0,

Thus, ||oc+ D f(0)]| is positive definite w.r.t. ©.
Rewrite (9.9) as

x(k+1) = (A+BOCT)x(k) + Bf(c(k)) — BO o (k),

(9.10)
o (k) = CTx(k) — D f(o(k)).
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Applying the constant variation formulas obtained in Corollaries 9.4 and 9.5 for
discrete Lurie control systems into (9.10) yields

k
x(k+1)=G""xo+ Y G*'B[f(0(i,0;00) — 0(i,0:00))],
i=0

1

where xo = x(0), 6y = 6(0). Ve > 0, since p(G) < 1, G**! is bounded. Hence,
there exists M > 0 such that ||G™!|| < M = const. Take & (€) = ;5,, then when
[x0]| < &, we obtain [|G*"'xo|| < M & = §. Further, from Lemma 9.16 and the
condition (2) in Theorem 9.17 we have

C'x(k) =0 <= o(k) =0 and f(o(k))—0 as k— foo.
Now, take enough large k£ > 0 such that
k

Z kaiB[f(G(LO;GO) —9(1.’0;0-0))}
i=[k/2)+1

<s
3

Since the zero solution of (9.9) is absolutely stable w.r.t. Q, it follows from
Lemma 9.16 that it is absolutely stable w.r.t. the set ¢ = 0. x(k,0;x0) depends con-
tinuously on xp, and f(o) is continuous, thus there exists &,(€) > 0 such that for
any ||xo|| < 02, we have

[k/2] , €
Z GF2=B (5 (i,0;00) — 6(i,0:00))] || < 3 (9.11)
i=0

By taking 6 = min(J, 82), it follows from (9.9) and (9.11) that when ||xo|| < &,

Itk + D)l < 6o+

[k/2] .
Y G2 (5 (i,0;00) — 6(i,0:00))] H
i=0

k
+| Y Gk’B[f(a(i,o;ao)—e(i,o;oo))}H
i=[k/2]+1
& & &
—¢. 12
< 3+3+3 € (9.12)

Equation (9.12) indicates that the zero solution of (9.9) is stable.
Since f(o(k)) — 0 as k — oo, there exists constant M; > 0 such that

IBf(0(i,i;00) — 0 0(i,0;00)) || < M.
From p(G) < 1, there exists constant M, > 0 such that

k
Y, 16 B] < Mo

i:[g] +1
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Finally, Vxo € R", we obtain

0< lim [x(k+1)[| < Jim | G5 xo|
— 00

+ lim Z IG 1 11BI[|£(a(i,i: 00))—B(0(i,0; 60) )|
i=[5 Kl+1

5] '
+kgrnglle*’H Bl || f(c(i,i;00)) — 8(c(i,0;00))]|
i=0
=0.

Therefore, the zero solution of (9.9) is absolutely stable.
Necessity. One can apply Lemma 9.16 to prove the necessity. The detail is
omitted here. O

Remark 9.18. The condition (1) in Theorem 9.17 is a constructive algebraic condi-
tion, which is easy to verify in applications, while the condition (2) of Theorem 9.17
is difficult to verify. Thus, we pay particular attention to the absolute stability of the
zero solution of (9.9) w.r.t. to the set Q.

Theorem 9.19. [f there exists a radially unbounded, positive definite Lyapunov func-
tion w.r.t. the set  such that AV|(9_9) is negative definite w.r.t. Q, then the zero
solution of (9.9) is absolutely stable w.r.t. the set 2.

Proof. The condition of the theorem implies that there exists @;(||C'x||) € KR,
¢ (||C"x||) € KR and y(||CTx||) € K such that

o1 ([ICx])) < V(x) < oa([ICTx]) (9.13)

and
AV|gg) =V (x(k+1)) = V(x(k)) < = y(|C"x(K))- (9.14)

Now Ve > 0, take § = @, ' (¢1(€)). Then when ||CTxo|| < 8, we have

o1 (ICTx(0)[) <V (x(k) <V(x(0)) < 2([ICMx0]l) < @2(8) = i (),

x(k)|| < &, implying that the zero solution of (9.9) is stable.
It follows from (9.14) that:

V(x(k+1)) = V(x(0))
= V(x(k+1)) = V(x(k)) +V(x(k)) = V(x(k = 1)) +--- = V(x(0))

k
< =Y w(IC" (). (9.15)
=1

which, in turn, yields Z v([|CTx(j)||) < V(x(0)) and thus y(||CTx(j)||) — O as

J — ~oo. This implies that
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ICTx()|| =0  as j— +oo. (9.16)

Equation (9.16) clearly shows that the zero solution of (9.9) is absolutely stable w.r.t.
the set Q. ]

Corollary 9.20. If D = D", and there exists constant & > 0 such that the following
matrix:

1
ATCCT™A —cC" ATcC'B+ ) éEcC
1
B'CC"B + 5 ECT BTCC"B—-ED

is negative semi-definite, then the zero solution of (9.9) is absolutely stably w.r.t. the
set .

Proof. Choose the radially unbounded, positive definite Lyapunov function w.r.t. the
set Q as

V(x) = (C"x)T(C"x) =xTCCx.
Then we have
AV (x(k))| 9.9y =" (k+1)CC x(k+ 1) —x" (k) CCx(k)
= [x" (k) (ATC + fT(0 (k) B"C] [CTAx(k) + C"Bf (o (k)]
—x"(k)CC x(k) + & fT (o (k) CTx(k)
— & (oK) o(x(k) —& f1 (o (k) Df (o (k)

B (fx k)))>T ATcCTA—cCT ATCCTB—i—;éC <fx(k) )

1
(0(k)) | precTs s JECT BICCB—ED (o(k))
— & f(o(k))o(k)
<0 when ¢ # 0. (9.17)
Thus, the zero solution of (9.9) is absolutely stable w.r.t. the set Q. O

Corollary 9.21. If D = D', and there exist & > 0 and a symmetric matrix P
satisfying x'P x > (CTx)? such that the matrix

1
ATPA-P ATPB+2<§C
1
BTPA+2§CT BTCB—-ED

is negative semi-definite, then the zero solution of (9.9) is absolutely stably w.r.t. the
set €.
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Proof. Construct the radially unbounded, positive definite Lyapunov function w.r.t.
Q as V(x) = x"Px. Then we obtain

AV (x(k))|(9.9) = *" (k+ 1) PAx(k+ 1) —x" (k) Px(k)
=x"(k)ATPx(k)+ fT(c(k)) B"PAx(k)
+x'(k)ATPBf(c (k) + /" (o(k) B'PBf(o(k))
— 21 (k) Px(k)+& /T (o (k) C x(k)
— & (oK) o(x(k) — & f1(a(k)) Df (o (k)

<fx(k)))>T ATPA—P ATPB—i—;éC (fx(k) >

(@) | grpa ; ec” pTpa—ep | V(OW)
— & f(o(k))o(k),
< —Ef(o(k)o(k) <O  when G #0. 9.18)

Thus, AV (x(k))] g is negative definite w.r.t. £. Then it follows from Lemma 9.16
that the zero solution of (9.9) is absolutely stable w.r.t. the set Q. O

9.4 Sufficient Conditions for Discrete Control Systems
with Loops Feedback

In the following, suppose m =n.Let C'x=06+Df(6)=0c+DJo = (I,+DJ)o,

where J = (g(f;

)nxn is the Jacobian matrix of f, but it is not a constant matrix.
J

Theorem 9.22. Suppose that one of the following conditions is satisfied:

1. C" is a full-rank matrix, satisfying
ICTACT) I+ ICTBI N [ +DI) [ =k < 1

or
2. CTA = AC" is a full-rank matrix, satisfying

A+ ICTB|| |+ || (I + D) | =hy < 1.

Then the zero solution of (9.9) is absolutely stable.
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Proof. If the condition (1) holds, we have
ICx(k+ 1) < [ICTACT) (k)| + ICTBI| |1 o (k)|
< [IcTAC) T ICTx () |+ ICBI U1 (o ()]
< ICTACT) ISR [+ ICTB 11 (B +-D) I CTx(K) |
= [IcTAC) " N+ ICBI | VI En+ D)~ T ICTx(R) |
= h[|CTx(k)|| < A(ICTx(k— 1)+ < K[| CTx(0)]]
—0 as k — oo, (9.19)
If the condition (2) is satisfied, we obtain

ICTx(k+ )| < |CTPAX(K) || + ICBI 1] 1| (D)~ ICx(K) |

A

AIIC () |+ IUCTBIL I B+ D) ] (IC (k)|

(Al ICTBI | W1 1G22 1) [CTx(R) |

= Iy ||CTx(k)[| < B3 ||CTx(k— 1) --- < W5 |[CTx(0)]
—0 as k— +oo. (9.20)
Therefore, the zero solution of (9.9) is absolutely stable w.r.t. the set Q. O

In the following, we rewrite system (9.9) into a more detailed form:

x(k+1) = Ax(k) + ibjfj(cj(k)),

oj(k) = Cjx(k) —d; fi(0;(k),  j=1,2,....m, (9.21)
where x € R",A € R™", f; € Fo, Cf = (Cij, Caj, ..., Cpj), b = (b1, baj, -, buj),
j=12,....,m, m <n; Cjj, b;; are column vectors, and Ci,...,C, are linearly
independent.

We assume that |0 +d; fj(o)| is positive definite for j =1,2, ..., m. Without
loss of generality, suppose

det| : ... ¢ | #0.
Cml * " Cmm
Introducing the following linear nonsingular transformation:
cij 1<i<m, 1<j<n,
y=Gx=(gij)uxnx Where gjj=<¢1 i=j=m+1,m+2,....n, (9.22)

0 otherwise
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into system (9.21) yields
(9.23)

Since G is non-singular, the absolute stabilities of the zero solutions of systems
(9.21) and (9.23) are equivalent. More precisely, the zero solution of system (9.21)
is absolutely stable w.r.t. the set Q; = {x|Cfx=0} (i=1,2,...,m) is equivalent to
the absolute stability of the zero solution of system (9.23) w.r.t. the partial variables
N1, N2, --., NMm; and also equivalent to the absolute stability of the zero solution of
system (9.23) w.r.t. 6; =0 (j =1,2,...,m). Thus, similar to Theorems 9.19 and
9.22 we have the following results.

Theorem 9.23. The zero solution of system (9.23) is absolutely stable if and only if
the following conditions are satisfied:

1.B=A+Y", 6:;bicl is a Schur matrix, i.e., the spectral radius of B is less then
1, p(B) < 1, where

1
X when d;=0 i=1,2,...,m,

1
3d. when d;#0 i=1,2,...,m;
2. The zero solution of system (9.23) is absolutely stable w.r.t. the partial variables
M, M2, -+« N

Proof. When d; = 0, take f;(0;) = } §;; while if d; # 0, choose f;(0;) = zg]_ 5;.

Then from 8; =1, —d; f;(0;), we have §; = 3 17;, and then simple calculations lead
to Q; given above.
Rewrite system (9.23) as

s

Yk 1) = Ay(k) + f;le,.;;,.c}(y@)) n

0j(k) = yj(k) —d,; f;(8;(k)).

The remaining of the proof can follow the proof of Theorem 9.22. ]

By £5(5,(0) ilejéjcﬂy(k)),

j=1

Next, we discuss the case d; =0, i = 1,2,..., m. To obtain some applicable
criteria, we further rewrite (9.23) as

ik 4 1) = zl iy (k) + 21 By £1(5(0)),
j= Jj=

aijyj(k)+ Y bijg(yi(k))y;(k), (9.24)
1 j=1

-

J
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Yj 0 when y; = 0.

Theorem 9.24. If system (9.24) satisfies the following conditions:

1. The condition (1) in Theorem 9.23 holds.
2. There exist constants ¢; >0,i=1,2, ...,

b
c ]<§<1and max Z{ |a,j]§l,

where
fibvi) _ {y,»(y,») when y; # 0,

n such that

~ ij
aij+  7gj(nj) pmax_

e
max Z !
=

where & is a constant.
Then the zero solution of system (9.24) is absolutely stable.

Proof. Construct the radially unbounded, positive definite Lyapunov function
n
=) cilyil.
i=1

Then we have
A(y (k)] (9.24y =V (y(k+1)) = V(y(k))

i m(k)Jrif?z yj(k))y;(k) ] —i]ijj(k)
= = -

b’/ )+ Z th \dz/||y1

Jj=m+1i=

H[\Hﬂ=

ci(laij| + 1bijgj(v;(k))

'M=

Il
-

IA
M=

n
— Y cjlyij(k)
j=1

; (laij| + |l§,~,~g,~(y,~(k)))] cjly;(k)|

~.
Il
-

I
M= _
[v]=

=1

n n Cl‘alj
+Z 4 c: ‘]H ‘_chb’zj

~
I

m n Cl
=Y | X (1l + Buigi s 001 ) = 1| el K)]
=1 Li=1 ¢
cila;
+ Z [Z . v —llcjlyj'(k)l
j=m+1 |i=1 J

gmlfg(aAH%&mw»)ﬂqmwn

—

j=
m

<0, when Z\yj\yéO.
j=1
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Therefore, the zero solution of system (9.24) is absolutely stable w.r.t. the partial
variables yi, ¥, ..., ym. Then the conclusion of this theorem follows the condition
(1) of this theorem and Theorem 9.23. O

In particular, in Theorem 9.24 take ¢; =1, i = 1,2 ..., n, the condition (2) of
Theorem 9.24 becomes a form which is easier to verify:

n
max Y [laij| +1bijllg;(vij)]] <€ <1 and  max Z\aul <L
1§J§mi:1

m+1<]<n

In the following, let U = (ut;;)nxn, U= {161 8] » where

(Bl il =12y = 1,2,
Y |dijl, i=1,2,....n, j=m+1,m+2,...,n

Theorem 9.25. If the following conditions are satisfied:

1. The condition (1) in Theorem 9.23 holds.
2. There exist n x n positive definite matrix W = W' and constant € > 0 such that
UTWU —W + €U is negative semi-definite.

Then the zero solution of system (9.24) is absolutely stable.
Proof. Choose the positive definite radially unbounded Lyapunov function:
V(y)=y"Wy.

Thus, we obtain

AV (y(k))l(9.24) = V(y(k+1)) = V(y(k))

=y (k+1)Wy(k+1) —y (k)W y(k)
= (Uy(k))"™W (Uy(k)) —y" (k)W y(k)
Y UTW U y(k) — y" (k)W y(k)

The above result shows that the zero solution of system (9.24) is absolutely stable

w.r.t. the partial variables yi, y2, ..., yn. Then it follows from the condition (1) of
this theorem and the proof of Theorem 9.23 that the conclusion of this theorem is
true. ]

In particular, if take W = I,,, then the condition (2) of Theorem 9.23 becomes
simpler and easier to verify.
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Time-Delayed and Neutral Lurie Control
Systems

In modeling natural and social phenomena, the dynamic behavior of many systems
depends upon not only the current state, but also the system’s history, which is called
time-delayed phenomenon. Mathematical models arising from the areas of engineer-
ing, physics, mechanics, control system, chemical reaction, biological, and medical
systems always involve time delay. In particular, time delay often appears in control
systems. Any system with a feedback control involves unavoidable time delay since
time is needed for the system to appropriately react to the input. Therefore, study-
ing the absolute stability of time-delayed Lurie systems is naturally important and
necessary [51, 66].

In Chap. 3, we have obtained absolute stability conditions for the direct, indirect,
and general controls of Lurie systems without time delay. However, not much atten-
tion has been paid to time-delayed Lurie systems (i.e., the Lurie systems described
by differential difference equations (DDE)). Although many researchers are, with the
aid of the Matlab software LMI, still investigating the stability of Lurie systems with
or without time delay, the conditions they obtained are only sufficient.

In this chapter, based on the results we obtained in Chap. 3, we will continue
to consider the absolute stability of Lurie systems with time delay. Some materials
presented in this chapter are based on the results of [94] (Sects. 10.1 and 10.2), [160,
161] (Sect. 10.3), and Nain [110-112] (Sects. 10.4 and 10.5).

10.1 Lurie Systems with Constant Time Delays

In this section, we consider Lurie system with constant delays. We first derive suf-
ficient and necessary conditions for absolute stability of Lurie systems, and then
present some simple and easy-applicable algebraic sufficient conditions for such
systems.

10.1.1 Sufficient and Necessary Conditions for Absolute Stability

Consider the following Lurie system with constant time delays [94]:

dz - ~ . o ~
df = Az(t)+ Bzt — 1)+ hf(o(t — 1), k= (1, b ..., }n)",
n
oc=cz=Y cz, (10.1)
i=1

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 243
(© Springer Science + Business Media B.V. 2008
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where c, 7 € R" are constant vectors, z € R" is the state vector, and A, B € R
are real matrices; the time delays 7; > 0 and 7, > O are constants; the function f is
defined as

f() € Fa:={f|£(0)=0, 6 f(6) >0, 6 #0, f €C[(—o0, +eo),R"] }

or

f() €Fog = {f1f(0)=0,0 < 0f(0) <ko* 6 #0,f € C[(—e0,+e0),R"]},

where k is a positive real number. Let T = max{1;, 7, }, then C[[— 7, 0], R"] repre-
sents a Banach space with uniformly continuous topological structure.

Definition 10.1. [f Vf(-) € Fe (or Vf(-) € Fo i ), the zero solution of system (10.1)
is globally, asymptotically stable for any values of T1, 7o > 0, then the zero solution
of system (10.1) is said to be time-delay independent absolutely stable (or time-delay
independent, absolutely stable in the Hurwitz angle [0, k]).

It is easy to show that the necessary condition for system (10.1) to be time-delay
independent absolutely stable is ¢Th < 0; and the necessary condition for system
(10.1) to be time-delay independent absolutely stable in the Hurwitz angle [0, ] is
that Vu € [0, k], the matrix A + B+ whc' is a Hurwitz matrix.

In fact, let

flot—mn))=po(t—mn)= i#CiZi(f - D).
i=1

Then system (10.1) becomes

dz - - -

& =Az(t)+Bz(t — 1)+ uhc'z(o(t — ). (10.2)
In particular, when 7 = 7, = 0, for an arbitrary u € [0, 4-0), the matrix A +B+uhc’
is a Hurwitz matrix. Thus we have

tr(A+B+phc") =twA + B+ pte(hc") = wA +uB+ uc'h < 0.

The above inequality holds for g > 1, implying that ¢Th < 0.

Next, take p € [0,k], f(o(t — 7)) = o(t — 1), 71 = 72 = 0. Then it is easy to
see that A + B+ phcT must be a Hurwitz matrix.

In the following, we use two nonsingular linear transformations to change system
(10.1) into a nonlinear system with separable variables. There are two cases.

1. When ¢Th < 0. Without loss of generality, suppose c, # 0. Let

x=0Qz (10.3)
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where
10 0 0
01 0 0
Q= .0
000 1 O

ClLC - Cp-1Cp
Then system (10.1) becomes

(:;; = QAQ 'X(t)+ QBQ 'x(t — 1) + QI f(x,(t — 1))
= Ax(t) + Bx(t — 7))+ hf(onlt — ), (10.4)

where A= QAQ!, B=QBQ !, and h = Qh. Since (10.3) is a nonsingular
linear transformation, the time-delay independent absolute stabilities of the zero
solutions of systems (10.1) and (10.4) are equivalent.

2. When ¢Th < 0. Without loss of generality, assume £, ¢, # 0. Let

y=Gz,

where

Then system (10.1) can be rewritten as

d ~ - -
o = GAG™'y(1)+GBG 'yt — 1)+ Gh (31— )

= Py(t)+Qy(t—11) + b f(yu(t — 1)), (10.5)

n—1
~ ~ ~ -~ ~N ~

where P=GAG™!,Q=GBG ', and b= Gh=(0,0,...,0, ¢Th)". Similarly,
due to the nonsingularity of G, the time-delay independent absolute stabilities of
the zero solutions of systems (10.1) and (10.5) are equivalent.

Definition 10.2. The zero solution of system (10.4) is said to be time-delay indepen-
dent absolutely stable (or time-delay independent absolutely stable in the Hurwitz
angle 0,k]) w.r.t. the partial variable x, of the system, if Vf(-) € Fe (or Vf(-) €
Fio 1), the zero solution of system (10.4) is globally asymptotically time-delay inde-
pendent stable (or globally asymptotically time-delay independent stable in the
Hurwitz angle [0, k]) w.r.t. the partial variable x,,.

Similarly, we can define the time-delay independent stability for the zero solution
of system (10.5) w.r.t. the partial variable y,.
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Theorem 10.3. The sufficient and necessary conditions for the zero solution of
system (10.4) to be time-delay independent stable are:

1. the matrix A+ B+ (O (n—1), h0) is a Hurwitz matrix, where 6 =0 or 6 = 1, and

0---0 no

(Onx(n-1),h0)= |+ =+

0---0 ha60 ], .

2.det(ic—A—Be % — (0, (,_1), h0)e°?) £0 Vo €R, V11,75 > 0.

3. The zero solution of system (10.4) is time-delay independent absolutely stable
w.r.t. the partial variable x,,.

Proof. Necessity. Suppose that the zero solution of system (10.4) is time-delay inde-
pendent, absolutely stable. When A 4 B is a Hurwitz matrix, we can choose 6 =0 and
thus A+ B+ (O, (4—1), h0) = A+ B is a Hurwitz matrix. When A + B is not a Hur-
witz matrix, we take f(x,) = x,. Then system (10.4) becomes a linear time-delayed

system:
dx

dr

From the sufficient and necessary conditions of global time-delay independent abso-
lute stability for constant time-delayed systems with constant coefficients [40], we
know that all the eigenvalues of the characteristic equation of system (10.6), given by

=Ax(t)+Bx(t — 1)+ hx,(t — 7). (10.6)

det (2,1 —A—Be N — (O s}, h6) e*i“2) —0, (10.7)

must have negative real parts. This is equivalent to the conditions (1) and (2) in The-
orem 10.3 (8 = 1) [40]. The condition (3) of Theorem 10.3 is obvious. The necessity
is proved.

Sufficiency. Rewrite system (10.4) as

dx

dt =Ax(t)+Bx(t— 1) +h0x,(t —») +hf(x,(t — 1) — Ohx,(t — 12)). (10.8)

Let x*(r) = x(9, ¢)(¢) be the solution of the following system:
dx
= Ax(t)+Bx(t—11) +hOx,(t — 12),
x(t) =09() to—1<t<ty, T=max[T, n] (10.9)

Then from the method of constant variation, we know that the solution of (10.8)
passing through the initial point (9, ¢) can be expressed as

x(t) =x*(t) + tU(t,s) [hf(xn(s— 1) — Ohx,(t — T2))] ds, (10.10)

T
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where U (z,s) is the fundamental matrix solution, satisfying

U (t,s)

5= AU(t,5)+BU(t —11,5) + (Opx(n-1), h0) Ut — T, 5),

) Owhen T—s<t<s,
~ |7 when t=s.

From the conditions given in Theorem 10.3, it is known that there exist constants
M >1,N >1,and o > 0 such that

1x*(6) (10, @) (1)|| < M||@|le” ") when t > 1, (10.11)
|U(t,s)]] < Ne®=9) when 7 > s. (10.12)
Therefore, we have

k()] < M| lje* ") +N/ A1 f Cont = )|+ 110 (s — 2) [ s

(10.13)
for r > 1y. Ve > 0, since x,,(t) — 0 as t — 40 and f(-) is a continuous function of xo,
there exists 0; (€) > 0 such that when ||@|| < ;(€), the following inequalities hold:

: £
N[ e =) [ f (xat — 1) || + |8 hxa(s — 1) ||]ds < 3 when 1) <t <ft,
NJ'e “A=) (| f (e (t — 1) || 4[]0 Fxa (s — 72) || ds < ;: when 7> 1;.
(10.14)
Further let &, = ,%,, and M||¢||e=*(~0) < £ when ||@[| < §. Then define
0(e) =min (8 (g),5(¢g)). (10.15)

Now combining (10.13), (10.14) and (10.15) yields ||x(¢)|| < € when ¢ > £y and
llo|| < 6(e). Hence, the zero solution of system (10.8) is stable in the sense of
Lyapunov.
Further, it can be shown by applying the L’Hospital rule to (10.13) that Vxy € R",
lim [|x()[| < lim M]|@[le™® (=)

t—+

. 1/t
+ lim /t e® |1 f(xn(s — 1)) + |0 hxa(s — )| d7T
Jto
L] .
=0ty LETw”hf(xn(f — )| +110hx.(1 — )|
which implies that the zero solution of system (10.8) is globally asymptotically sta-

ble. Due to the arbitrary of f(-) € F, the zero solution of system (10.4) is time-delay
independent absolutely stable. The sufficiency is also proved. (|
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Theorem 10.4. The sufficient and necessary conditions for system (10.4) to be time-
delay independent absolutely stable are:

1. There exists non-negative vector 1 = (M1, ..., N,) " such that the matrix A + B +
(Oux(n—1), M) is a Hurwitz matrix.

2.det(ic—A—Be %" — (0, (,_1),N)e°2) £0 Vo ER.

3. The zero solution of system (10.4) is time-delay independent absolutely stable
w.r.t. the partial variable x,,.

The proof of Theorem 10.4 is similar to that of Theorem 10.3, and thus omitted.

Remark 10.5. The existence of the vector n = (1, ..., M,)" is obvious. For exam-
ple, n = 6 h is defined in condition (1) of Theorem 10.3, which is a constructive
condition, while condition (1) in Theorem 10.4 is an existence condition, which is
certainly not as good as condition (1) of Theorem 10.3. The condition (1) of Theo-
rem 10.3 is easy to verify. However, if an appropriate 1 is chosen, it may simplify
the validation of other conditions in the theorem.

Similar to Theorems 10.3 and 10.4, we have the following theorems.

Theorem 10.6. The sufficient and necessary conditions for system (10.5) to be time-
delay independent absolutely stable are:

1. the matrix P+ Q + (Oyx (u—1), 0 b) is a Hurwitz matrix, where

0---0 6b
(Onx(nfl)veb): = (6ij)nxn, 6 =0 or 6 =1.

2. det(ic—P— Qe % — (O, (y_1), 0b)e°2) £0 Vo ER.
3. The zero solution of system (10.5) is time-delay independent, absolutely stable
w.r.t. the partial variable y,.

Theorem 10.7. The sufficient and necessary conditions for system (10.5) to be time-
delay independent absolutely stable are:

1. There exists non-negative vector 1 = (11, --- , My) " such that the matrix P+ Q +
(Onx(n—1); M) is a Hurwitz matrix

2. det(ic—P—Qe 197 — (Onx(n—1)s n)e %) £0 Vo eR;

3. The zero solution of system (10.5) is time-delay independent absolutely stable
w.r.t. the partial variable y,,.

10.1.2 Algebraic Sufficient Conditions

The sufficient and necessary conditions obtained above are sometimes not easy
to verify in practice. Therefore, it is necessary to obtain some simple and practi-
cally useful, algebraic criteria. Again, we consider time-delay independent absolute
stability of constant time-delayed Lurie control systems in the Hurwitz angle [0, k].
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Thus, in system (10.4), assume that
F(-) € Fiogg = {£1£(0) =0, 0 <x, f(x) < kx }
and f is continuous. Then we have the following theorem.

Theorem 10.8. If system (10.4) satisfies the following conditions:

l.a;<0,i=1,2,...;n
2.G6G= {f (—1)% |a;;| — |bij| — Oij\hi\k} is an M matrix, where
nxn

0 1 wheni=1,...,n, j=n, 5 1, wheni=j,
v Owheni=1,...,n, j=1,2,...,n—1, v 0, when i # j.

Then the zero solution of system (10.4) is time-delay independent absolute stable in
the Hurwitz angle [0, k].

Proof. Since G is an M matrix, it is known from the property of M matrix that
VB=(Bi,...,B)T >0(.e,B:>0,i=1,2,...,n),there exist constants ¢; > 0, i =
1,2,...,nsuchthatc = (GT)™'B, c=(c1,...,cn)T. ie.,

n n n
—cjajj— ( Z aij|ci+2bij|ci+zcieijhik> :ﬁj’ j=12,....n
i=Tit) =1 =1

Consider the radially unbounded, positive definite Lyapunov functional:

n n 1 n t
~Ya [|xi<t>|+): il [ xi(s)las+ Y- 6lailk [ x,»<s>|ds] .
i=1 j=1 -7 i=1 -1

Suppose that the initial condition for the solution of system (10.4) is given by x(¢) =
¢(t), —7 <t <0. Then we have

n n n
V(t) < Z [xi(to)l + Y bijlllellc+ Y, 6,~,~|h,~|k<p||12] =M < oo
=1 j=1 j=1
and V(1) > Z ¢ |xi(t)]. Thus, along the trajectory of system (10.4) differentiating V
w.rI.t. time ylelds

n

D+V ‘ 10.4) ;

s1gn xi)+ Z |bij||x;j (1) Z |bij| |x;(t — 1)

G n
+ Y 0l 1x(0)| = Y 6ijlhl |x;(t — )|
j=1 j=1



250 10 Time-Delayed and Neutral Lurie Control Systems

(.

n
Za,jxj + Zbijxj(t— 7))

Jj=1

IN
-

+ Z 6, hi f (xa(t — TZ))] sign (x;)

jf

+ Z |bij [x;(t) Z |bij| |x;(t —

j=1 j=1

+ Z 6jlhil |x; (1) — Z 8ij Il |x;(t — )| }

n n
SZ[C ajj+ Y, Cz\auHchlbuHZ@u\h\k (1))
j=1 i=1,i#j i=
n
Z |x;(1) (10.16)
Hence,
ogV(t)gV(to)—/ Zﬁ,x, 7)|dT < V(o). (10.17)

Equation (10.17) clearly indicates that the zero solution of system (10.4) is time-
delay independent stable in the Hurwitz angle [0, k].

Next, we show that the zero solution of system (10.4) is time-delay independent
attractive in the Hurwitz angle [0, 4].

Because

0< min ;Y7 |x(t)] <V(t) <V(tg) < oo,
1<i<n

Y, |xi(t)] is bounded, and thus Y7, | o | is bounded in [fg,+o0). This implies
that Y , |x;(¢)| is uniformly continuous in [fy,+o). On the other hand, it fol-
lows from (10.17) that ft; =1 Bjlxj(#)|dt < V(t), which, in turn, results in
Y, |xi(t)] € L1[0,+00). Therefore, it follows from calculus that Vo € C[[—7,0],R"],
lim; 4o YI!; |xi(#)| = 0, which implies that the zero solution of system (10.4)
is time-delay independent attractive in the Hurwitz angle [0,k]. The proof of
Theorem 10.8 is complete. ]

Corollary 10.9. If one of the following conditions is satisfied:

n

n n
—aji> Y agl+ Y byl + Y 6 |hilk, j=1,2,....n.

i=1,i#j ifl il
n
—ai > Z \a,,\+2\b,,|+29,,|h|k i=1,2,....n
J=Lj#i J=1 J
1 n n n
—ai > 5 Z (|aij| +lajil) + Z |bij| + |bji|) + Z 6;|hilk + jilh k).
J=1# J: j=1
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Then the zero solution of system (10.4) is time-delay independent attractive in the
Hurwitz angle [0, k].

This is simply because that any of the above conditions implies that a;; < 0 (i =
1,2,...,n)and G is an M matrix.

Similar to Theorem 10.8 and Corollary 10.9, we have the following theorem and
corollary.

Theorem 10.10. If system (10.5) satisfies the following conditions:
1. pi<0,i=1,2,...,n
2.G= [— (—=1)% | pij| — |gij| — 6ij|bil k is an M matrix, where 6;;j and &;; are
nxn
defined in Theorem 10.3.

Then the zero solution of system (10.4) is time-delay independent absolutely stable
in the Hurwitz angle [0, k.

Corollary 10.11. If one of the following conditions is satisfied:

1. —pjj> Z |p,j|+2\qu\+29”|h|k J=12,...,n

i= ll#] zfl i=1
2. —pii > Z |Pij\+2\61ij\+29ij\hi|k7 i=1,2,...,n
=T = =
1 & 1 &
3>y Y pslleah + ) Yl +la)
=i =

1 n
+ ) Z (Gij ‘bi|k+ 0;i |bj|k).
j=1
Then the zero solution of system (10.5) is time-delay independent attractive in the
Hurwitz angle [0,k.
Further, we have the following result.
Theorem 10.12. If system (10.4) satisfies the following conditions:
1. There exist constants c;, i = 1,2, ..., nsuch that
n n
cjai+ Y, clpylt Y elay <0, j=1,2,....n-1
i=1,i#] i=1,i#]

and
n—1

Cnlnn+ Zc,\aln\+2c,|bm|+2c, i |ilk < —8 <0.

2. All eigenvalues of det (l I,—A—Be A1 — (Onx(n-1) Oh)e An ) =0 have neg-
ative real parts.

Then the zero solution of system (10.4) is time-delay independent absolutely stable
in the Hurwitz angle [0, k.



252 10 Time-Delayed and Neutral Lurie Control Systems

Proof. Construct the radially unbounded, positive definite Lyapunov functional as
follows:

n n t n t
V=Y [|xi<t>| F Xl [ l©lds+ Y elnlk [ xj<s>ds] .
e = Ji—1 =1 Ji—1
(10.18)
Following the proof of Theorem 10.3, we obtain

n n n

DV ()] g4 < 21 [Cjajﬁ Y cilaijl+ Y ci |bij|] (1))
= =

i=1,i#] i=1

n—1 n n
< [Cnann+ Y cilain| + Y cilbinl + Y ci eijhi|k] [n (7))
i=1 i=1 j=1
< — O xn (1)) (10.19)
Hence, we have
t
0<V() < Vi)~ 8 | [xuls)|ds < V(io), (10.20)
J1y

which indicates that the zero solution of system (10.4) is time-delay independent
stable.

Again, similar to Theorem 10.3, we can prove that ft; O |xn(s)|ds < V(ty) and
|%,(2)] € L1 ]0, +o0). Therefore, lim;_, 1 |x,(¢)| = 0, which implies that the zero solu-
tion of system (10.4) is time-delay independent attractive w.r.t. the partial variable x,
in the Hurwitz angle [0, k].

Following the proof of Theorem 10.3, we can express the solution of system
(10.4) as )

x(t)=x"(t)+ | U(t,s) [hf(xa(s—1)]ds,
Jtg

where U (1, s) satisfies the following system:

8Ua(?S) =AU(t,5) +BU(t — 7,8) + (Opy(n—1), h0) U(t — 12,5),

0 when 7—s9 <t <y,

Ult,s) = { (10.21)

I when t = s,

and x*(t) = x(t9, @) is the solution of the following equations:

dx
&= Ax(t)+Bx(t— 1) +hO0x(t — 1),

x(t) =), —-t<t<t. (10.22)

The remaining part of the proof can follow the proof of Theorem 10.3 based
on (10.11)—(10.15). The details are omitted here. This completes the proof of
Theorem 10.12. O
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Similar to Theorem 10.12, we have

Theorem 10.13. [f system (10.5) satisfies the following conditions:
1. There exist constants c¢;, i = 1,2,...,n such that

n
cjpii+ Y, clpil+ Y elgl <0, j=1.2,...n—1,
i=Li#] i=Li#j

and
n—1 n n
Cnpnn‘f'zci‘pin“i‘ Ci|‘]in|+ZC,'9m ‘hi‘k§—5<0.

i=1 i=1 i=1

2. All eigenvalues of det (l I,—P—Qe A0 ) = 0 have negative real parts.

Then the zero solution of system (10.5) is time-delay independent absolutely stable
in the Hurwitz angle [0, k).

To end this section, we give an example to demonstrate the applicability of the
theoretical results obtained in this section.

Example 10.14. Consider a three-dimensional Lurie control system in the form of
(10.4), given by

& —40 37 /x0) 1-1 07 /x(t—m) 2
dgtz = ; —42 )C2(l) + é % ‘1‘ )C2(l—‘L'1) +13 f()@(l‘*’[z)),
axs Vo1 —6] \x() =t st —m) 1

where f() S F[O,I/Z]'

Itis seenthata;; = —4 <0, ax = —4 <0 and az3 = — 6 < 0, and easy to verify
that

1 3 1 7
3_1 2 _5_1_3 7 10
G= 272 43 47472 3 —3
1_1 1 1_1 4 21
—5—, —1—3 6—,—) 1 —3 )

is an M matrix. Thus the conditions given in Theorem 10.8 are satisfied, and the zero
solution of this example is time-delay independent absolutely stable in the Hurwitz
angel [0, 1].

10.2 Absolute Stability Based on Partial Variables

In this section, we turn to apply a decomposition method to obtain the absolute sta-
bility of the whole system’s states, based on a lower dimensional linear system whose
all eigenvalues have negative real parts and on that partial variables of the system are
stable.
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Let

L Am><m Am>< (n—m)
ae, |

(n—m)xm A(nfm)x(nfm)

B:

Bixm BlnX(ﬂ*m)
B b

(n—m)xm B(nfm)x(nfm)

Diyxm D/nx(nfm) :|
Oux(n-1),h 6] :=D= ’
[ x(n—1) ] |:D(nm)><m D(nfm)x(nfm)

h(m) = (hla hZa L) hm)Ta h(nfm) = (hm+la hm+2a L) hn)Ta

X(m) = (X1, X2, X)) X(n—m) = (Xmt15 Xm+2, o xn) T
Then system (10.4) can be rewritten as
W)y (1)+B (t—7)+D, (t— 1)
dp Cmxm (m) mxmX(m) 1 mxmX(m) 2
+ Amx(nfm)x(nfm) (t)+ Bmx(,,,m))C(,,,m) (t—m7)
+ Dmx(nfm)x(nfm) (t - TZ)
+ k(m) [f(xn(t — Tz)) — Oxn(t — TQ)] s (10.23)
dx(nfm) - . -

dr = A(nfm)xmx(m) (t) + B(nfm)xmx(m) (t T ) + D(nfm) xmX(m) (t 7’-2)
+ A(nfm)x(nfm)x(nfm) (t) + B(nfm)x(nfm)x(nfm) (t - Tl)
+ D(nfm)x(nfm)x(nfm) (t - TZ)
+ k(n,m) [f(xn (t—1)— Gxn(t — Tz)} . (10.24)

It is obvious that the solutions of system (10.4) are equivalent to that of (10.23) and
(10.24).

Theorem 10.15. If the following conditions are satisfied:

1. All the eigenvalues of det (l Ly — Amsim — Bimsm€ AT — Dy e 42 ) =0 have
negative real parts.

2. There exist constants ¢; >0, i=1,2,....mand ¢; >0, j=m+1,m+2,...,n
such that

n n
cjajj+ Z C,'|aij|+ZC,'b,'j|) <0, j=1,2,....m
i=Lit] i=1
n n
cjajj—i—( Z Ciaij|+zci|bij><0> j=m+1m+2,....n—1;
i=1,it] i=1
n n n
c,,a,,n—i—( Z Ciain+ZCi|bin+ZCi|hik> <0.
i=1,itj i=1 i—1
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Then the zero solution of system (10.23) and (10.24) is time-delay independent
absolutely stable in the Hurwitz angle [0,k].

Proof. For the partial variables of the system: X, 11, Xu+2, ..., Xn, construct the
radially unbounded, positive definite Lyapunov functional:

V(x,t) ch\x,H—ZZ/ cilbijl xj(s) |ds+ch|h|/ k|xn(s)|ds.

i=1j=1

Then

=

dx;
D+V(x,t)‘ i sign(x; +ZZC,\b,]Hx] )|

i=1j=

Ci

(10.4) = <
i=1

t‘bu‘ (1 — 7))

M=
i M=

i

Zc,|h |k |x, (¢ ‘7ZC,V1 |k |xa(t — )]

n—1 n
Z[ a,,+< Y Ci|aij|+zci|bij|>1 lxj (1))

i=1,i#] i=1

:H

Cnlnn + (Zc,|am|+Zc,|bm|+chh k)] [ (2)]
n—1 n n
< Y cai+| Y clail+ Y cilbijl ) | xi@)]

j=mt1 i=Lit] i=1

n—1 n n
Cnlnn + (Z cilam| + Zci|bin| + ZC[hik)] |x’l(t)‘
Py i i

<0 when H)C(n,m)H #0.

+

Therefore, the complete solution of system (10.23) and (10.24), namely the com-
plete solution of system (10.4), is absolutely stable w.r.t. the partial variables x|,

Xm+25 -+ 5 Xn-
Now let x{,, (t) = xm(t0,0m)(t) be the solution of the homogeneous part of

(10.23):

dx(pn
d(t ) _ Amxmx(m) (1) +Bm><m)€(m) (t—11) —i—D,nme(m) (t—1m),
Xn(t) = @u(t), —T<1=0.

Then we may follow the proof of Theorem 10.3 to write the solution of (10.23) as

t
Xm (t) = me) (t) + [U(m) (I,S) {Amx(nfm)x(nfm) (S) + Blnx(nfm)x(nfm) (S - Tl)
Jig

+ Dmx(nfm)x(nfm) (S - TZ) + k(nfm) [f(xn(s - TZ)) —0x,(s— 1) ]} ds,
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where Uy, (t,s) is the fundamental matrix solution of the system:

U (1,5)
ot - AlnXan(m) (Z,S) +Bm><mU(m) (t - T],S) + DmeU(m) ([ - T27S)7
0 when 7—s5 <t <y,
U(m) (I,S) =
L, when t =s.

Finally, we can follow the last part of the proof of Theorem 10.3 to show that the
zero solution of system (10.4) is also time-delay independent absolutely stable w.r.t.
X(m)- This completes the proof of Theorem 10.15. (]

Similarly, let

P

|: Prxm Pm><(n7m) ]
P(nfm)xm P(nfm)x(nfm) ’

Q:|: Omxm me(nfm) :|
Q(nfm)Xm Q(nfm)x(nfm)

Dmxm Dm>< ("7"”) :|
Opx(n_1)b80] :=D= ’
[ x(n—1) ] {D(nm)xm D—m)x (n-m)

b(m) = (bl, b27 Y bm)T7 b(nfm) = (bm+17 bm+27 R bﬂ)T7
y(m) = (yl7y2a ayM)T7 y(nfm) = ()’ln+17ym+2a 7)’n)T~

Then system (10.5) can be equivalently written as

dyd(;") = PuscmY (m) () + P (n—m)Y (n—m) (1)
+Omxm¥(m)(t = 1) + Qo (n-m)Y(n—m) (t = T1)
+ Dinscm¥ (m) (t = 72) + Dy (n—m) Y (n—m) (t — T2)
+ b [fOut— 1)) — Oyu(t —1)], (10.25)

dY(n—m
(dl )= P(n,m)me(m) (t) + P(n*m)x("*m)y("fm) (®)

+Q(nfm)xmy(m) (t - Tl) + Q(nfm)x(nfm)y(nfm) (t - Tl)
+ D(nfm)xmy(m) (t - TZ) + D(nfm)x(nfm)y(nfm) (t - 7’-2)
+ b(n,m) [f(yn (l — Tg)) - Gyn(l — Tg)} . (10.26)

Thus we have a similar theorem, as given below.

Theorem 10.16. If the following conditions are satisfied:

1. All the eigenvalues of det (l L — Poscm — Omxme A7 — Dy e 402 ) =0 have
negative real parts.
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2. There exist constants ¢; >0, i=1,2,....mand ¢; >0, j=m+1,m+2,....n
such that

n n
ijjj+< Y Ci|Pij|+ZCi|qij|> <0, j=12,....m

i=1,i£] i=1
n n
ijjj+ ( C,'|p,'j|+ZCi|q,'j|> <0, j=m+ I,m+2,....n—1;
i=1,i£] i=1
n n n
Cn Pnn+ ( Z Ci|pin+zci|qin|+zci|hik> <O0.
i=1,i#] i=1 j=1
Then the zero solution of system (10.25) and (10.26), namely the zero solution of
system (10.5), is time-delay independent absolutely stable in the Hurwitz angle [0, k|.

The proof of Theorem 10.16 is similar to Theorem 10.15 and thus omitted.

10.3 Lurie Systems with Multiple Time Delays

In this section, we will use modern mathematical tools: linear matrix inequality
(LMI) and Lyapunov functional to study the absolute stability of Lurie systems with
multiple time delays involved in state variables and feedback controls.

Consider the following Lurie system with multiple time delays involved in state
variables and feedback controls:

dx
Gy = A0+ A1) + o fo(G0(0) + Y- b0t (1),
i=1
Gilt) = ¢fx(t), i=0,1,....m,
x([) = (p([)’ re [_H>O]v (1027)
where x(¢) € R" is the state variable, A; € R™",i=0, 1, ..., [ are the real matrices,
bi,ci €R",i=0,1, ..., m are real vectors; the time-variant time delays #;(¢) satisfy

0 < hi(t) < h; < 40 and hi(l) <di<l,i=1,2,....m+1[;H= maxlgig,n+1{h,~},
and
fi() € Foxg = {fi(o)|£i(0) =00 < 0; fi(0}) < ki 67, 0 # 0}

fori=0,1,...,m, where fi(-)’s are continuous, and () is the continuous, initial
vector function.

Here, we assume use U < 0 to denote that U is a negative definite matrix, and
|| - || represents the Euclidean norm in R":

||§0HC([7H.,O]) = sup |[l@(0)].
0c[—H,0]

Lemma 10.17. Let a(s) € R™, b(s) € R™, s € Q, then for any positive definite matrix
X € ™" and any matrix M € R, the following inequality holds:

_z/bT s)ds </ (ZE?;)T[A;X (MTX—i—I)))((A/I'(XM—i—I)} (28)‘“-
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Theorem 10.18. If there exist constants € >0, o >0, i=1,2,...,1, B; >0, j=
1,2, ..., m, and symmetric matrix P > 0 such that

i m
AEP + PAy+ Z o + Z Bi k?c;rci + Sbgbo k(z)cgco I, P LT
i1 i=1 <0,
P —&l, 0

L 0 —R
(10.28)
then the zero solution of system (10.27) is time-delay independent, absolutely stable.
Here,
=[PAy --- PA{ Pby --- Pb,],
R = diag(al(l 7d1)]n (X[(l 7d[)]n S),
§ = diag(Bi(1 =dps1) -+ Bu(l —diim))-

Proof. Construct the radially unbounded, positive definite Lyapunov functional:

V=x (t)Px(t +Z(X,/

There exist constants a; > 0, ar > 0 such that

ds+Z[3,/ f2(s) ds.

hiyq (t>

2 2
ar[eO)[” <V < ax[|@(0)l|¢res1,0-
From the vector inequality:
1
2ulv<eulu+ . vy, (10.29)
where u € R", v € R" and € > 0 is an arbitrary real number, we have

dv
dr

< x'(t) S AJP+ PAg
(10.27)

Z o; + Zﬁlk cici+ SbTbok%coco
i=1 i=1

In—f—iPZ}x(I)
+2):x )PAx(t — h; +2Zx )Pbifi(0i(t — hivi(1)))
- ;a,»(l —dj)x"(t — hi(t)) x(t — (1))

Y Bi1 — disr) SR (0t — his (1))
=1
= 3T (0) By (),
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where

B LT
@ = {LR],

T 1 2
Bi=AGP+PAy+ PP+

/ m
Z o+ Z Bi k?c;rci + Sbgbo k(z)cgco L,
i=1 i=1

y(t) i= [x'(t) X (x—hi(0)) - x (e =h(0) f()],
@) = [filor(t —hi1(2)) - fn(Om(t —him(2)))].
From Theorems 4.24 and 4.26, it is known that @ < 0 is equivalent to the LMI

(10.28). Thus when the inequality holds, there exists a constant a > O such that
a ](10_27) < —al|x(¢)||>. Hence, the zero solution of (10.27) is time-delay indepen-

dent absolutely stable. ]
Theorem 10.19. For a given H > 0, if there exist constants o > 0, o > 0, i =

1,2,...,m, and n x n symmetric matrices P >0, U >0, 0; >0, i=1,2,...,1,
and matrix W such that

By B} Bl .. Bf
By (di—1)A
By (da—1)A <0, (10.30)
B, (d—1DA
then when H < H, the zero solution of system (10.27) is absolutely stable. Here,
[ A -wTa, . —WTA; Pby  Pb Pby, ]
—ATW (dy—1) Qs
_|-Alw (di—1)0
Bo = biP - ’
biP a(diy1—1)
L b;fzp aln(dl+m - 1)_

i ] i m
A=ATP+PA+Y Qi+ W'Y Ai+ Y AW + Y aikic] cil, + acgeoly,

i=1 i=1 i=1 i=1

B — UAAg UAA,| --- UAA; UAiby UA;by --- UA;by, .
i=leHW+P) 0 - 0 0 0 - 0 |''

i=1

I e
A =di = .
diag(U U), 6 [l )2 1di‘|
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Proof. Let ¢(¢t) = ¢(—H),t € [-2H,—H]. Fromt > h;(t), we have

x(t —hi(t)) = x(¢) —/th_(t)x(s)ds, i=1,2,...,1

Thus, (10.27) can be rewritten as

t

I
ZA s)ds + bo fo(oo(t +bez 0i(t —hi(t))), (10.31a)

71,1

dx
dt

x(t)=0@), te€[-2H,0]. (10.310)

Thus, we only need to consider the absolute stability of the above system.
Let V; = x'(t)Px(t). Then

dv;
dr

m

= x" (1) (ATP+PA)x(6) +2 Y x" (6) Pbifi(0i(t — his(1)))
(10.31a) i=1

l t
+2"(1) Pho fo(co(t))—zi;xT(t)PAi 1 )0

From Lemma 10.17 we know that
! t

< zl:hixT(t)P(MTX—i—l)X’](XM—H) Px(t)
+2Y xT (1) PM X A; t ds—l—Z/ s)ATxAx(s)ds.
i=1 —hi(1)

LetW =XMP,U =HX. Then dd‘;' ‘ becomes
(10.31a)

dv;

& <x'(t) [ATP+PA+IH*(WT +P) U (W +P)] x(t)
(10.31a)

Lo T4 [
+22x (Hw Ai(/, .(t)x(s)ds
+ Z/ ()ATU Api(s) ds

+22X ) Pbifi(0i(t — hiya(1))) +2x" (£) Pbo fo (G0 (1))

Further, let

1
7)ATU A;
Vi, = HZI d/ 13 UAx(t)drds,

i=1
!

V3Z/th,-() 5) 0ix( ds+2a,/ f, Gi(s

=17 hit(r)
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Then
dv, Lo 1 Lot
dr (10.31a>§,;17d, (NAJU A(1) Hj;/ﬂf) ()ATU Aii(s)d
[ I
df < x'(s) Y Qix(r) = Y (1 —d)x (1 — hi(1)) Qux(t — hi(1))
(10.31a) py =

+ Z aiki el eix" (1) x(t) - i ai(1 = diy) f7(0i(t = hia (1))
i=1

+ocg eox’ (1)x(r) — o f (0o(1)).

Now take the functional V = V| +V, + V3. Then there exist constants oz > 0,
ay > 0 such that o3| @(0)||> <V < 0‘4H‘P||%[72H_o]- When H < H, we obtain

dv

< x'(t) [A+IH*(WT+P) U (W + P)] x(t)
dr |(10314)

+22x YPbifi(0i(t —hip(1)))

]
+ 2xT (I)Pb()fo((fo(l)) — ZZ)CT(Z)WTA,')C(Z — /’li(l))
i=1

/
1
+) - i (1) ATU A (r)
5:11 i

- ;(1 = di)x" (e = hi(1)) Qix(t — hi(r))

=Y oi(1—diyy) f (it — hiya(1))) — et f5 (00(1))
i=1

=y'(1) Qy(),
where
¥(0) == [T0) 2T = hi(0) - 2T - m() £(T)]
f(t) = [fo(Go( ) f1(61 (t—=hie1)) - fu(Om(t—hipm)))],

Q=B BIA'B,.
0+ Z | —d,
Thus, when H < H, if (10.30) holds, then there exists constant b > 0 such that
a ’(10.3151) < b||x(¢)||>. Therefore, the zero solution of system (10.27) is time-delay
independent absolutely stable. |

Theorem 10.20. For a given H > 0, if there exist constants € >0, A; >0, j=
1,2,...,m0;>0,6>0,9%>0,6>0i=1,2,...,1, and symmetric matrix P > 0
such that
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[r P ' O IO MO II]

g ~ 6, <0, (10.32)

g —6s |

then when H < H, the zero solution of system (10.27) is time-delay independent
absolutely stable. Here,

]
L =A"P+PA+A+ LI, A=Y A

i=0
[l
A= Z(x,ATATAAoJrZZ ﬁ ’ AJT.A,.TA,'A,',
i=1j= J
r=pPP-- P, IH=[HPHP - HP],

@1 = diag(?L]In Az[n A,mln),

G, = diag((l —dl)(Xlln (1 —dy)apl, - (1 _dl) (X[]n),
. 1—d 1—-d 1—d,
®; :dlag( ; 1[311,, / 2[321n lﬁ,l)

@4:diag((17d1)}/11,, (lfdz)}/zln (17d[)’}’[[n),

1—d 1—d 1—d,
05 = diag( YA " 28, - - l5lln),
m A .
p=Y 6’1' kbl bicle; +Z Z o bIATAbjKicTe,
i=1 i+l i=1j= 11 =dj

]
+ Y %ikobo AT Aibocg co + € bybokicoco.
i=1

Proof. Let ¢(t) = o(—H),t € [-2H,—H],V; =x'(t) Px(t), and

]
/ / 7)A0ATAA(x(T) dTds
Hl 1 =S

+ ZZ /h' / (t—hy(2))ATATAA; x(t — h(7)) drds

11/

[

Yik3bd ATA;bocd co / / 7)dtds
i=1
1 I m
i Y sibjATAD k] c,/ / (T—hj(7)x(t — hjp(T))d Tds,

i=1j=1

+
+
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Bi /t T T4T
_ ATATAA
3 YL IR CT IR

¢
brATAb -k2~CT~c-/ xT(s)x(s)ds
SE—di T )

A d
gblbicle; [ T()x(s)ds
=1+ diJrl —hi(r)

Choose the functional V = V| + V5 + V3. Then there exist constants o5 > 0, o > 0
such that o5 [|@(0)||> <V < OC6||§0H%;[,2H - Similar to the proof of Theorem 10.19,
it is easy to show that

dv

< x\(t
dr <x(0)

(10.31a)

1 o&l
AP+PA+| +Y | P
€ =1 }Li

! 2
1 1 1 m\ H 2

+ +,+ + P x(t
izl(ai Bi 5i) 1—d; ©

]

x(t)

+xT(r)

1 [ .
Y aAjATAA+ Y Y | A d.A;FA;FAiA j
j=1 i=1j=1"""%Jj

m A

L

+
Sl1-diy

2, T T

I m

5
+Yy bjATAbjkcc; | XM (t)x(t)
i=1j=1 I —dj

+

l
Y. vikGbo AT Aibocco+ € bgbokgcgcol xT(1)x(r)
i=1

i= x"(t) [ATP+ PA+A+ L, + &P+ Hn P x(t),

where
1 |
= + 5
g € j;l ll‘

[
I 1 1 m 1
n*Z (X'+ﬁ'+'+5i l—d,"

1 1 1
When H < H, we have

2 g2, p2

& (1031a) = () [ATP+ PA+ A+l + E P+ HP P x(1).
Thus, we know that ATP +PA +A + ul, + & P>+ H>n P> < 0 is equivalent to the
linear matrix inequality (10.32). Thus, when H < H, if (10.32) is satisfied, then there

exists constant 8 > 0 such that %‘t/ (10310) =~ 6 ||x(¢)||. Therefore, the zero solution

of system (10.27) is time-delay independent absolutely stable. (|
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To end this section, we give a numerical example below.

Example 10.21. Consider the following time-delayed system:

x(t) = Agx(t) +A1x(t — 1) +bif(01(t—17)),  f€Foo5),
x(t) =o@), t€[-H,0] (10.33)

—2 0 0.00.5 0.5 1
AO{ 0—1]’ A‘{o.so.o}’ b1<0.5>’ C'(—l)'

There exist @ = B =1, and

p_[21821 0
| 0 17813

where

such that the LMI (10.28) holds. Therefore, it follows from Theorem 10.18 that
system (10.33) is time-delay independent absolutely stable. One can apply Theo-
rems 10.19 and 10.20 to verify that when H < 0.69, the system (10.33) is time-delay
independent absolutely stable.

10.4 Time-Delay Dependent Absolute Stability of Lurie Systems

In the previous sections, we have considered time-delay independent absolute sta-

bility of Lurie systems. The conditions obtained for absolute stability are not related

to time delay, and so information of time delay is missed. Thus, these conditions

are conservative. In this section, we discuss the absolute stability of Lurie systems

depending upon time delay, which is called time-delay dependent absolute stability.
Consider the following Lurie system with multiple time delays:

o Ax<t>+f‘,lB,»x<tr,»<r>>+bf<c<t>>,

o(r) = cTx(r), (10.34)

wherex ER", A,B; e R i=1,2,....mh,ceR;0<1(t)<7,i=1,2,...,m,
are time delays; f(-) € Fiy. Let [|A[| = v/ Amax (ATA). Amax (P) and Amin (P) denote
the maximum and minimum eigenvalues of P, respectively. For any vector y, ||y| =

VY.
Theorem 10.22. [f the following conditions are satisfied:

1. The matrix Ay = A+ Y| B; is a Hurwitz matrix.
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2. There exist positive definite matrices P, Q satisfy the Lyapunov matrix equation.
ASP+PAy=—0. (10.35)
3. The time delay 7 satisfies the inequality:

. —€P2 1 b 2 ZkZ
iy e ! Lo
& (m+2) X [IPBil2+ "% (A2 + Xy 1812 + [l fle] %)

where \/ \/
1—y1-p 1+/1-B
2|l0-1/2P|2 <e< 20 2P| (10.37)
and
Ama (P) 4071 2P|2 b1l 42
B L , 10.38
N Anr)” P hin(©) (10.38)

then the zero solution of system (10.34) is time-delay dependent, absolutely stable.

Proof. Rewrite (10.34) as

dx
dr *on ZB/

x(t)+ i Bjx(s — 1j(s)) erf(c(s))] ds+bf(o(t)).
- (10.39)
Construct the radially unbounded, positive definite Lyapunov function:
V(x(t)) =x"(r) Px(z). (10.40)
Then differentiating V w.r.t. time ¢ along the solution of system (10.34) yields

dv

. = —2xT(1) Qx(t) +2x" (1) Pb f (o (1))

(10.34)

m

-2 i /tt » [xT(t)PBiAx(s) + Z x"(t)PB;BjAx(s — 7;(s))

i j=1
+ xT(t)PBibf(c(s))] ds. (10.41)

Based on (10.40) and Razumikhin theorem [126], if for any real number ¢ > 1,
V(x(€)) < @?V(x(t)), t —21 < & <t, then [|(x(§)) (t)||. Then using the
vector inequality

2u'v < euu+ é vy, u,v€R" (g > 0is an arbitrary real number),

we can obtain
xT(t)Pbf(o(t)) < ex" (1) PPx(t) + ; b'h 2 (o(1))

1
<ex () Px()+ _ [ el#[lx(0)]?, (10.42)
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and
-2 i . /, tw) [xT(t)PBiAx(s) + f:le(t)PBiB A (x(s—1(s)))
+xT(1)PBibf(c(s))]| ds

< i[w) {ZSXT(Z)PBi(PBi)Tx(l) + ;xT(s)ATAx(s) + l b'b f(o(1))
+ i |:£xT(t)PBi(PB,')Tx(I) + ixT(sf Tj(S))B}Bjx(t — Tj(S)):| } ds
&(m-+2)|[PBil|*|lx()[*

m
<Yr
=1

J

22

qo Al2 - 1B IRl 2R2 < B2 2
+ AIZ + 1211l + Y 18517 ) 1)l
j=1

€

m
=1|e(m+2) Z | PB;||?
i=1

j=

22 m
mq-o
+ (”AZJFb2C||2k2+Z||Bj||2>] Ix()]. (10.43)
=1

Substituting (10.42) and (10.43) into (10.41) yields

dv 1
o | <[ -er = e Lol?
(10.34)
m
+7|e(m+2) Y |PBi?
i=1
2~2 m
mq- o
+ <||A2+b26||2k2+2||3j2>] lx(2)]1?
j=1
= —w|x(0)]? (10.44)
where

1
wi= Amin(@— £P) — _[]c]R

m

2 mq*o? 2 2011212 1 2
e(m+2)) [|PB|*+ . AP+ 1202 llPE> + Y 1Bil1% || -
i—1 i—1

i= j=

—7T

If the condition (10.36) is satisfied, then there exists constant ¢ > 1 such that w > 0.
Therefore, the system (10.34) is time-delay dependent absolutely stable. ]
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Theorem 10.23. If the following conditions are satisfied:

1. The matrix Ag = A+ Y/ B; is a Hurwitz matrix.
2. There exist positive definite matrices P, Q satisfy the Lyapunov matrix equation:

AGP+PAy=—0Q. (10.45)
3. The time delay 7 satisfies the inequality:

Anin(QMp —2||P|[> [(LM — N||P|[*)(LM — N||P|]* + p) + MNAZ;,(Q)]

T<T:= )
2M [(LM — N||P||>)(LM — N||P||>+ p) + MNAZ, (Q)]
(10.46)
where ,
= [plPllclP?, M= (m+2)Y |PBi|?, (10.47)
i=1
m
N=mo? [ A7+ Y IBil]* + 6]l *k* ) , (10.48)
i=1
and
p =/ (LM~ N|IPIP+ MN2Z,(Q)). (10.49)

then the zero solution of system (10.34) is time-delay dependent, absolutely stable.
Proof. Let

Amin(Q) — €[|P||* = L 1b]2]|c||*&*
g(e) = N " € ” ;
2
e(m+2)Y |PBi|*+ ™ <||A2+ZBi||2+b2||C|2k2>
i=1 i=1
in(0—eP2) — 1 ||b]|2||c||*k>
T(e) = Amin(Q )= ¢ 1B]I7][c]l 7

€(m+2 ZIIPBH2 e <||A2+ZB 12+ 1151 e |2k2>

then g(€) < T'(€). Thus, it follows Theorem 10.22 that system (10.34) is time-delay

dependent, absolutely stable when 7 < g(€).
Setting g’(€) = 0 results in & = LMM;{VJPH )er and g” (&) < 0, we can conclude
that g(€) reaches its maximum value: g(&) = T at € = &. The proof is complete. [J

Example 10.24. Consider the following time-delayed Lurie system:

()= (23 230 i)+ 032803 (=) + (282 ) et

o(t) =0.6x1(1)10.8x2(t), f() € Fio,0.5)-
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Take P =1, then o = 1, and Q = 414 414} , 80 Amin(Q) = 3.4. From Theo-

rem 10.22 we can find 0.0096 < € < 3.3904. Choosing &€ = 1.33 yields 7 = 0.3230.
Thus, it follows from Theorem 10.23 that 7 < 3.3230.
0.23965 —0.05446

If choose Q = I, then o = 1.5880, and P = {_0.05445 0.23965 |°

SO Amin(Q) = 1. From Theorem 10.22 one can obtain 0.0326 < & < 11.5281.
Choosing € = 4.8 gives T = 0.2190. Thus, by Theorem 10.23 we have 7 < 0.2191.

10.5 Neutral Lurie Control Systems

Although some results have been achieved for the absolute stability of Lurie control
systems described by time-delay difference equations or time-delayed functional dif-
ferential equations, not much work has been done on Lurie control systems based on
neutral differential difference equations.

In this section, we introduce the results obtained for the earliest developed
neutral Lurie control systems described by differential difference equations. We
first consider the time-delay independent absolute stability, and then the time-delay
dependent absolute stability.

10.5.1 Time-Delay Independent Absolute Stability

First, consider the first type of neutral Lurie control systems, given by

d’;(;) = Ax(t) + Bx(t — ) + Ci(t — 7) + b f(0 (1)),
6(1) = cTx(t) — p f(o(r)), (10.50)

where 7 > 0 is a constant time delay, f(-) € F, A, B,C € R, x,b,c € R" and
p € R;. Suppose A is a Hurwitz matrix, then for any symmetric positive definite
matrix W, the following Lyapunov matrix equation:

ATP+PA=—W (10.51)
has the symmetric positive matrix solution A.

Theorem 10.25. If there exist positive real numbers o, 3 and Yy such that the
following matrix:

W —al+BATA  —(PB+ BA"B) —(PC+ BATC) —(Pb+ BATb+ L yc)

U —(PB+BA™B)T  olI-BB'B —BBTc — BB
| —(PCc+BATO)T —(BBTo)T BI—Bcle —BcTh
~(P+BAD+3ye)" —(BBTH)T  —(BcD)T vp—BbTh

is positive definite, then the zero solution of system (10.50) is time-delay dependent
absolutely stable.
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Proof. Construct the radially unbounded, positive definite Lyapunov functional:

V(1) = x"(1)Px(1) + a/t <T(6)x(0)d0+B [ £T(0)i(8)d6 + }//Oc(t)f(c)dc.
a o (10.52)
Then
dﬁf’) = £1() Px(t) + " () P(t) + o [« () () = x" (= ) x(t = 7)]
(10.50)

+ B [T (t)x(t) — 5T (t —T)x(t — 7) | + Y6 f(0)
=x'(t) (-W +al+ BATA) x(t) +x"(t) (PB+ BA"B) x(t — 1)
+x7(t) (PC+ BATC) x(t — 7) +x" (1) <Pb +BA D+ ;}/c) f(o)
x'(t—1) (B'P+ BB"A) x(t) +x"(t — 1) (—al + BB'B) x(t — 7)
(- 1)B +i'(1—7)(BB'b) f(0)
X1t —1)(c"P+ B A x(t) + i (t — 1) BTBx(t — T)
At =) (=PI+Bcle)x(t — 1)+ (1 —1)(Bc'b) f(0)
+ <pr+ Bb A+ 5 }/CT) f(o)+ (Bb"B)x(t — 1) f(0)

(Bb'C)i(t— 1) f(0) + (—7p + Bb"b) f*(0)
= 7ZTUZ, (10.53)

BB Ci(t — 1)
)

t—

where Z := (x(t) x(t — 7) %(t — 1) f(0))". Thus, the condition given in this theorem
implies that there exists u > 0 such that
dv(z
(t) < —ux"(t)x(r) <0, when x # 0.
dr |(0.50)

This indicates that the zero solution of system (10.50) is time-delay independent
absolutely stable. ([l
Corollary 10.26. Let A be a Hurwitz matrix, and there exist constants o > 0, § > 0,
and 7y > 0 such that

1
2—o—B|ATA|| ||PB+ BATB| ||PC+BATC| HPbJrﬁATbJrz}/cH

U |PB+BA Bl o—B|B'B|  BBc| BB b
IPC+BA C}H BlIB el B—Bllcel Blle™ol
1Pb+BAT+ yell - BIIB™®I Bllc™s] TP —Bb'h

is positive definite, then the zero solution of system (10.50) is time-delay independent
absolutely stable.
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Proof. In Theorem 10.25, let W = 21, then the matrix equation
PA+ATP =21

has the symmetric positive definite matrix solution P. Following Theorem 10.25 one
can prove that there exists # > 0 such that

v () < —ZT(t)UZ(t) < —ux"(t)x(t) <0  when x#0,
dr |0.50)

where Z := (||x(t)|| ||x(t —7)|| |li(t — 7)|| |f(c)])". The above result implies that
the conclusion of Lemma 10.26 is true. 0

Now we turn to the second type of neutral Lurie indirect control system, described
by

d);(t’) = Ax(t) +Bx(t —T) + Ci(t — 1) + b f(0 (1 — 7)),

6(1) = " x(t) — p f(o(r)). (10.54)

The coefficients of (10.54) are exactly the same as that of (10.50). The only differ-
ence in (10.54) is that its feedback term involves time delay, but not in (10.50).

Theorem 10.27. If there exist positive real numbers o, 3,7y and 1 such that the
following matrix:

. -
~W +al+BATA PB+BATB PC+ BATC J¥e  Pb+ BATD

(PB+BA™B)YT  —al+BB'™B  BBTc 0 BBTb
U*=| (PC+BATC)T  (BBTe)T —BI+BcTe 0 Bcth
1
(,7e)" 0 0 —yp+n 0

(Pb+ BA™D)T (BB™H)T (Bc'h)T 0 —n+pb'b

is negative definite, then the zero solution of system (10.54) is time-delay indepen-
dent absolutely stable. Here, P is the symmetric positive definite matrix solution of
(10.51).

Proof. Construct the radially unbounded, positive definite Lyapunov functional as
follows:

V(t):xT(t)Px(t)-i-Ot/t xT(8)x(0)d6 + B t x7(0)x(6)d6

o) JI=T , Ji—1
+ 7(/0 f(o(6)) d6 +n./t,1f2(0(9))d9' (10.55)

Then similar to Theorem 10.25 we can show that there exists u > 0 such that
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dv(r)

f = $T(0)Px(r) + 2 (1) Pi(t) + o [xT (£)x(r) — 2"t — T)x(z — 7)]
I l(10.54)

+B [T (1) k() — 5" (t — 1) x(t — 7) ]
+y6 f(o) +n(f* (1) — (ot — 1))
=YTU*Y < —ux"(t)x(t) <0,  when x#0, (10.56)
where Y := (x(t) x(t — 1) #(t — 1) f(c(r)) f(c(t—7))) . Thus, the condition of the
Theorem is true, i.e., the zero solution of system (10.54) is time-delay independent
absolutely stable. |
Similar to the proof of Lemma 10.26 we can prove the following lemma.

Lemma 10.28. If there exist positive constants o, B, Yy and 1 such that

~2+a+BlATA|| ||PB+BATB| |[PC+BATCI| yylic| [P+ BATD|

|PB+BATB||  —oa+B|B'B| BB | 0 BB b||
U'=| |PC+BATC| BB | —B+BllcTe| O Bllc"b
el 0 0 —Yp+1 0
P+ BATD|| BB D] Blic"pl| 0 —n+Blpe]

is negative definite, then the zero solution of system (10.54) is time-delay indepen-
dent, absolutely stable. Here, P is the symmetric positive definite matrix solution of
equation ATP+PA = —21.

Example 10.29. Consider the following neutral Lurie indirect control system:

f;; — Ax(t) + Bt — )+ Ci(t — 7) + b f(5 (1)),
6(1) = cTx(t) — p f(o(2)), (10.57)

where
—1.1 0.2 0.30.3 0.30.2 1 -1
A{ 0.1 —1.0}’ b= [0.3 0.2}’ €= [0.20.1}’ b= <1) €= (—1)’ p=10.
Let W =21, o = B = y= 0.5, the a direct calculation shows that:

[0.9215 0.1368}

P=10.1368 1.0273

1.6015 0.0800 —0.1675 —0.1488 —0.1488 —0.0930 —0.3082 ]

0.0800 1.7400 0.2292 —0.1765 —0.1765 —0.1001 —0.5140
—0.1675 —0.0092  0.4100 —0.0750 —0.0750 —0.0450 —0.3000
U = | —0.1488 —0.1765 —0.0750 0.4350 —0.0650 —0.0400 —0.2500
—0.1488 —0.1765 —0.0750 —0.0065 0.4350 —0.0400 —0.2500
—0.0930 —0.1001 —0.0450 —0.0400 —0.0400 0.4750 —0.1500
| —0.3082 —0.5140 —0.3000 —0.2500 —0.2500 —0.1500  4.0000
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Since the smallest eigenvalue of U is Amin(U) = 0.0331 > 0, so U is positive def-
inite, indicating that the conditions of Theorem 10.25 are satisfied. Hence, the zero
solution of the neutral type of Lurie control system (10.57) is time-delay independent
absolutely stable.

10.5.2 Time-Delay Dependent Absolute Stability

Finally, we consider more general neutral Lurie control system, described by

d: =Ax(t)+Bx(t—1)+Di(t— 1)+ Ff(o(t))+ G f(o(t — 1)),

d
o(r) = Cx(1),
x(0) = @(0), 6¢c[-1,0], (10.58)

where x € R", A,B,D € R"™", C € R"™", F,G € R™™. All the matrices are real
constant matrices, and

c=1[c G - G,
o(t) = [o1(1) oa(t) - ow(1)]",
f(0() = [fila1(1)) fi(o2(t)) - fulow(®))]',
fi() € Fr, = {f£(0)=0<o0ifi(6) <kio? 6; 0}, ki >0 (i=1,2,....n),

and 7 > 0 denotes a constant time delay. p(A) = max;<;<, {|4:(4)|}. If A is a sym-
metric matrix, then A > 0 (A < 0) means that A is positive (negative) definite.
C([—r, 0], R") denotes that the continuous function ¢ : [—7, 0] — R" has the norm
defined by
10ll(corn = sup [l(®)]  forall 1>,
0e[—1,0]

x € ([-7, 0], R") is defined by
x%(0):=x(t+0)(—-1<0<0)

and
[xllc, = sup {[[E+O), (X[ +6)]}.

0e[—-1,0

Theorem 10.30. If p(D) < 1, and there exist n X n matrices, P >0, Q >0, R >0,
S > 0 and diagonal matrix oo = diag(oy 0 -+ @) >0, B =diag(B; B2 -+ Bm) >

0 such that
011 612 613 614 615 Bi

022 623 624 625 O
* B33 O34 O35 O3
* % 04 Os5 Osp
* % *x 0Os55 Os¢
x % *x *x Ogg

*

<0, (10.59)

EE S S
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then the zero solution of the neutral Lurie control system is time-delay dependent
absolutely stable. Here, x denotes the corresponding symmetric part, and
011 = P(A+B)+(A+B)'P+R+A"(1Q+5)A +ClakCA+A"C'KaC,
01, = —(A+B)"PD+A"(tQ+S5)B+C"aKCB,
013 =AT(tQ+S)D+CTaKCD,
614 = —TPB,
015 = PF+AT(1Q+S)F+CTaKCF —ATC"a,
016 = PG+AT(t1Q+5)G+CTa KCG,
6, = —R+B'(tQ+9)B,
B'(tQ+S)D
64 = D' PB,
6ys = —D'PF+B'(1Q+S)F—B'C"a,
66 = —D'"PG+B'(1Q+9)G
633 =D (tQ+S)D-S,
634 =0,
635 = D (t1Q+S)F—-D"Ca,
63 = D' (1Q+9)G

P
w
I

04y = — 10,
045 = 0,
946 = Oa

055 = F (tQ+S)F+ B —2aCF,
856 = —CG+F (1Q+S)G
06 = G (1Q+S5)G— B.

Proof. Let ¢(t) = ¢(t — 7). Then for r € [-27, —1], we can equivalently rewrite
system (10.58) as

D=7 = (A+B))—B [ HE)IE+F f(o()+ G (o~ ),
o(t) = Cx(t),
x(6) = 9(6), 6¢[-21,0]. (10.60)

We construct the radially unbounded positive definite Lyapunov functional: V =
2?11 V;, where

Vi = [x(t) = Dx(t = 7)]" P [x(t) = Dt — 7)],

Vo = // &)dédn,
—tJi4n

V= [ TERaE) e,
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t
vi- | xT(é)Sfc(é)dé,
-1
Vs = 2Za,/ [ki o; — fi(07)]do,

Vo= Y5 [ &)
i=1 -
It is easy to verify that there exists § > 0 such that

Amnin(P)||x(1) = Dx(t = 7) | <V < 8 ||,

It is obvious that the absolute stability of the zero solution of system (10.58) is equiv-
alent to that of the zero solution of system (10.60). Calculating the derivatives w.r.t.
time ¢ along the solution of system (10.60) yields

av; P
i |y = 20 DR
{(AJrB B/ E)E + Ff(o(1)+Gf(o(t— 1)),
dvz =it X X
i |y =00 [ @010
Wl T Rx(r) — 2T — T Rx(t — 1),
dr |(10.60)
Wal () sie) — £ — 1) Sk — 1),
dr |(10.60)
dvs = 2%0@ [kiCix(z) —ﬁ(Gi(l))Ci]X(l)
dr |(10.60) i=1
= 2[X"(1)CTak C— fT(o(t))aC] (1)
— ") CTakC—fT(a()ac]”
X [Ax(t)+Bx(t— 1)+ Dx(t — 1)+ F f(o(t)) + Gf(o(t —1))],
Mol = Y BRG0) - e -)
(10.60)  i=1

= fH(c()Bf(o(n)~ [ (o(t—1)B f(o(t—1)).

In the following, we first use Lemma 10.26 to obtain that for any constant matrix
M € R, scalar y > 0, vector function g : [0,7] — R™, the integral inequality

[ omaeas= ([ e ds)TM ([ stras)



10.5 Neutral Lurie Control Systems 275

holds. Then we have

t

oo~ reo - (i ./ztfx(é)dé)T (70 <1 ./Hx(é)dé> ’

and due to negative definiteness of @, we finally obtain that there exists € > 0 such
that

dv,
dr

av 6 qv;
wl =Y ey<—elh@)P <0 when |lx|£0,
(10.60)  i=I (10.60)
where

T

¥(1) 1= |70 (= ) £ = 7) (L x(8) )T fTo(0) fM (ol 1))] -

Therefore, the zero solution of the Lurie system (10.58) is time-delay dependent
absolutely stable. |

Theorem 10.31. If |D|| + ©||B|| < 1, and there exist n x n matrices, P > 0,0 >
0,R > 0,5 > 0 and diagonal matrices o = diag(oy o -+ o) >0, B =
diag(Bi B> -+ PBm) > 0 such that

011012 6013 014 015 B
* 023 023 024 025 026
033 034 035 036
* o+ O4 045 O46
* * * 955 956
* *k k * 966

*

<0, (10.61)

EEE S

then the zero solution of the neutral Lurie control system (10.58) is time-delay
dependent absolutely stable. Here,

011 = P(A+B)+(A+B)'P+R+10+A"SA+C'aKCA+A"C'KaC,
012 = —(A+B)"PD+ATSB+CTaKCB,
013 = ATSD+CTakCD,

614 = 1(A+B)PB,

015 =PF+ATSF+CTaKCF —ATC"a,
016 = PG+A'SG+CTaKCG,

6» = —R+B'SB,

6,3 = BTSD,

024 =0,

05 = —D'PF+B'SF-B'C'a,

0 = —D'PG+B'SG,

033 = D'SD—8,
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034 =0,

035 = D'SF—D'C"a,
035 = D' SG,

044 = — 70,

645 = TBTPF,

046 = TBTPG,

0ss = F'SF+B—20CF,
056 = —aCG+F'SG,
066 = GTSG— .

Proof. Rewrite system (10.58) as

& ) - Dite— 1)+ t}(é)dé] — (A+B)x(t) + Ff(o(r) + GF(o(t 1)),
o(1) = Cx(0),
x(6) = 9(0), 6€[—r0). (10.62)

Choose the radially unbounded positive definite Lyapunov functional: V = 21'6:1 Vi,
where

Vi — {x(r)Dx(tT)JrB ’x(g)dgp{x(t)px(tr)w tx(cﬁ)dé],

v [ @orE e

and the remaining V;’s (i = 3,4,5,6) are the same as that defined in Theorem 10.30.
It is easy to verify that there exists ¥ > 0 such that

1
Denin(P)|lx(t) = Dx(t =) + B | x(§)d&[> <V <yl
Since
dv; t

T
v w7

x[(A+B)x(t) + Ff(o(t)) + Gf(o(t—1))],

=2 {x(r) —Dx(t—1)+B

(10.62) -7

and by Lemma 10.28, we obtain that for any constant matrix M € R"*", scalar y > 0,
vector function g : [0,7] — R™, the integral inequality

t

— Tx()0x(r) - / AT (E) Qx(E)dE

-7

<een- (L[ «@a) o (L] o).

dv;
dr

(10.62)
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Then, we can similarly prove that there exists 0 < u < 0 such that

dav

<y < —ulsOF <0 when [lx] 0.
dr |(19.62)

Hence, the zero solution of the Lurie system (10.58) is time-delay dependent abso-
lutely stable. 0

Remark 10.32. The conditions given in Theorems 10.30 and 10.31 look quite in-
volved, but can be easily implemented on a computer system using existing software
such as Matlab.
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Control Systems Described by Functional
Differential Equations

Control systems described by ordinary differential equations have been thoroughly
studied, and the stability theory of such systems has been developed very rapidly [52].
In practice, in particular, for any automatic control problems with feedbacks, time-
delay always appears in such systems. This is because the system needs time to
process the information and make decision to react. Such time-delays are usually
ignored in classical control theory. However, modern control theory has been paid
attention to the effect of the time-delay in control systems, and some results have
been obtained. Thus, in this second edition, we add the study of Lurie control sys-
tems described by differential and difference equations. From the development of
mathematical theory, since differential and difference equations are special case
of functional differential equations, it is natural to consider Lurie control systems
described by functional differential equations [129-131]. In this chapter, we will
present the results concerning such systems.

This chapter is mainly due to Somolinos [139] (Sect.11.1), Zhao [181]
(Sect. 11.2), Ruan and Wu [132] (Sect. 11.3), Chukwu [14] (for Sects. 11.4 and 11.5),
and He [42] (Sect. 11.6).

11.1 The Systems Described by RFDE

Consider the Lurie indirect control system described by retarded functional differen-
tial equations (RFDE):

dx
=g(t,x;)+bf(o),
dr g(t,x) f(o) (11.1)

do
dr = Q(tvxl) 7pf(6)7

where g(z,y) € C[[|0,4o0] x C,[—1,0],R"], r is a positive constant, C,[—r,0] is an
n-dimensional vector space of continuous functions defined on [—r,0], g(¢,0) = 0,
q(t, ) € C[[0,+o0] x Cy[~1,0],R'],x ER", b € R", 6 € R, p is a constant and p > 0.
We denote

1/2
lw(@)|:= [ ’ ‘I/,'Z(t)] / (the norm of an n-dimensional vector y(t)),
lw@)| := sup |w(z)| (the norm of C,[—r,0], where v € C,[—r,0]),

te[—r0]

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 279
(© Springer Science + Business Media B.V. 2008
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g(t,y) is Lipschitzian for v, i.e., for given yy, y» € C,[—r,0], we have

8(t,v1) —g(t, v2)| <L|yi—va|l,  L=constant. (11.2)
We also let x; € Cy[—r,0], x,(0) :=x(t+0), —r < 6 <0.

gt w) <cllyll, o= constant, (11.3)

f € Fig = {f1/(0) =0, 0 < 5 f(0) < ko,
G #0, k>0, f€C(—o,+e0),R']}
Somolinos [139] was the first person who discussed the absolutely stability of
the system (11.1).
Concerning the absolute stability of the zero solution, one can establish that for
any given f € Fjg, the zero solution of (11.1) is globally asymptotically stable. We
know that the phase equations of system (11.1) can be written as

=glr
ar =80 (11.4)
x(t) W(t)7 16[7}",0].
Assume that the solution of its Cauchy problem satisfies:
x(7,10,:%0)|| < De *C)|y|,  a>0, D>0. (11.5)

Using Lemma 2.1 in [40], we obtain that for system (11.1) with the condition (11.3)
given any g € (0,1), there exists a functional V(z,y) € C[[0,+oo] x Cy[—r,0],R"]
satisfying

vl <V, v) <Dyl (11.6)
Ve, y1) =Vt )|l < M|y — v, (11.7)
and
v <PVt y), (11.8)
dr (114

o (L+(1—g)a)

where 12 = (1 —q) o, and M = D 4% are constants.

Theorem 11.1. Suppose that (11.2), (11.3), and (11.4) hold and if
e 2
A f(s)ds =400,  4p¥y* > (M|b|+c). (11.9)

Then the zero solution of system (11.1) is absolutely stable in the Hurwitz angle [0, k].

Proof. Assume that V(¢,y) is a functional, which satisfies (11.5)—(11.9). Then
V(t,y) is positive definite and radially unbounded, with infinitesimal upper bound.
Along the solution of (11.1) the derivative of V satisfies
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dv
< —YV+Mbf(o),
dr |
and thus
1% <—PVIEMV|bf(o)|
dr |10
Let

W(t,t0;0) = ;VZ(z, V) +(/06f(a)da.

It is easy to prove that there are two increasing continuous functions /; and %, such
that

hi(lly,oll) <W(t,y:0) < ha([ly, o)),

and ||y, 0] — +oo , as by — +oo.
If (11.9) holds, then we deduce that

daw

b | SPVEVMBlolf(o) ~plf(e)P

(11.1)

and there is 11 > 0 such that

daw

dr <= (V2 +|f(0)°) < =l + f(0)*) == — h3(|lx. o),

(11.1)

where /3 refers to a positive definite continuous function in the norm ||x;,c|| of
(x,, 0-)

From Theorem 11.1 of [40], we know that the conclusion of Theorem 11.1 is
true. O

Somolinos [139] also considered the following direct control system:

dx

=g(t,x,)+bf(o),
dr g(t,x) f(o) (11.10)
o =cly,

where ¢'h = —p < 0, and the meaning of g(¢,x;) and f(o) is similar to that of
g(t,x;), f(o) in (11.1).

Theorem 11.2. If the conditions (11.2) and (11.3) hold, and

2
f(o) - v
o Mlb||c|

then the zero solution of the system (11.1) is absolutely stable in Hurwitz angle [0, k].
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Proof. Suppose that Vis a Lyapunov functional satisfying (11.6)—(11.8). Similar to
the proof of Theorem 11.1, we find

dv

< —PVMIB| |F(0)] < — Pl +M bl [f(o).  (ILID)
dr |11 10)
For 6 = 0, we deduce
dav
dr < —Plxll;
(11.10)

for ¢ # 0, the last term on the right-hand side in (11.11) is multiplied by ]/

clx;
From o = ¢y, it follows that

av f(o)
ol ==l (A Ml D).
I {(11.10) o
Hence, if f(;) < M‘ZZ‘ .+ then v ’(”.10) is negative definite. The proof is complete.

]

Zhu [185] also studied the absolute stability of the zero solution of system (11.10)
in [0,].

Theorem 11.3. [185] Suppose that the conditions (11.2), (11.3), (11.6)—(11.8) hold
and that there is a real number [ such that
Kle| (M [b]+ BILIc]) < 7: (11.12)
2klc| [M|b|+ |c| (|B| L+ B h)| < 7. (11.13)
Moreover, let
1+ Bk|c[*>>0 for B <O.

Then the zero solution of system (11.10) is absolutely stable in the Hurwitz angle
[0, 4.

Proof. Let us set | o
ut.w) =, V3(e.w)+P [ f(0)do.

where V is a functional satisfying (11.6)—(11.8). Thus, V is positive definite, radially
unbounded and has infinitesimal upper bound. It follows from 0 < ¢ (o) < ko?
that

c 1
0< / f(o)do < _ko?,
Jo 2
hence, by (11.6) we have

2
[+ (1 —signB)  kBleP] 1w < ule.w) < [ +(1+ signp) JkBlel?] 1w

(11.14)
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It then follows form the conditions that u(z,y) is a radially unbounded positive
definite functional of y.
In contrast, we have

du

< —PV2 4 (M| +LIBl eV |£(0)| + B "o (o).
dr |(11.10)

Choosing a constant 7 > 0, and taking
N=! (MIbl+LIBI el +zlel)
= C C
2y ’

we deduce that

du
dr | 10

<~ NN+ [V~ (L) |Iro)+ [ ~o] (o).

(11.15)
Clearly, when f = 0, the above form is reduced to

< -7V < —Px|%

(11.10)

du
dr

However, when f # 0, it follows from (¢, y) € C[[0, +oo] x C,[—r,0],R'] that

f(o) ) I o
| k *G]f(c)*f(c){kff(a)}go'
Therefore, only if
N2<z—Bch, (11.16)

can we obtain from (11.15) that glt‘ |(11_10) is a negative definite functional of .

To decide the conditions satisfying (11.16), we substitute the representation of N to
(11.16), which can be further reduced to

M|b y M|b 2 c'h
e [22+2( |C||kCZ+B|L)T+( | ‘+|mL) 29 0 | <0

2
Let b
Y
A= — L
M|b 2 cTh
= (MM i) 2l
" B

Then the above formula is reduced to

cP(T? 4+ 241+ p) = |c]P (T + A — VA2 = p2)(T+ A + /A2 — p?) < 0.
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Clearly, when A < 0, A2 > p, we can find a range of T such that the above inequality
is satisfied, viz.

0<—-A—\A2—pr<t<—A+/A2=p

From A < 0 it follows that kL|B| |k|? < ¥ — kM |b||c|. This is the condition (11.12).
Further, from A% > p, we obtain

M |b| % 7 c'b
-2 L -2 .
Clet T1B1L) e * et > =28 |op

Using the above expression we obtain the condition (11.13).
Till now we proved that when (11.13) is satisfied, ‘31;‘ ] (
functional.
Finally, it follows from the inequality (11.14) that u(z, y) is a positive definite
functional with an infinitesimal small upper bound and radially unbounded.
Therefore, the zero solution of system (11.10) is absolutely stable in the Hurwitz
angle [0,4]. O

11.10) 1 & negative definite

The consequences of Theorems 11.2 and 11.3 exclude each other. Ruan [130]
generalized Theorem 11.2 to obtain the following result.

Theorem 11.4. [130] Suppose that the conditions (11.2), (11.3), and (11.3) hold.

Let
_ kM|b| |c|

2
If one of the following four conditions holds:

a*

, B*=L—kp, p=—c'b.

I.0<a*<1 L
2. a*zland\|p\>k
L L
3.2— o <2 and 0
kp< <2an \p\>k>
L L
4l<a"<2 d — 0
< < +kpcm p < k<

then the zero solution of system (11.10) is absolutely stable in the Hurwitz angle
[0, &].

Proof. First, for the system (11.1), the criterion of absolute stability is that there
exists a real number 3 such that

1
v >, kle|(M]b]+L|B| [c]), (11.17)

v > klc| (M |b|+L|B| ||+ k|c| BcTh), (11.18)
and such that in case of § < 0, there exists

14 Bklc)* >0 (11.19)
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or
47pB > (M|[b|+LI[B] [c])- (11.20)

However, the condition (11.20) makes G a positive definite quadratic form (G will
be given below.) This leads to a contradiction.
Second, we prove that when the conditions of Theorem 11.3 are satisfied there
exists a real number f satisfying (11.17) and (11.20), and thus the theorem is proved.
For the system (11.10), let us set

Wt y) = tw+B/ ds,

where V stands for a functional satisfying (11.6)—(11.8). Then we deduce

2
[+ (1 —signp) | kBIcP] IyIP < Wi, w) < [ + (1 +signp) JkBIc?] 1w

From the hypothesis of the theorem, we find that W is radially unbounded and have
an infinitesimal small upper bound. Below we only find a criterion which W satisfies:

daw

. s (l9(0))

(11. 10)

with /3 being a positive definite continuous nondecreasing function.
Following this line of reasoning, we have

Uy STV EMVIAE) @ elx) P (@)
< =YV Mp|VIf(o)|+|BILIcIVIf (o) - Bplf(o)]?
= —7[V?=2pVIf(o)|+qlf(o)P],
where p = —cTb > 0,2p = M‘b‘?élm el ,and g = ﬁf Furthermore, it follows from

q(t, @) € C[[0,+o0) x Cy[—1,0],R"] that

V(t,x) > x| > 1
|f(cTx (0)| = f(cTx(2)) — klcl
and
dw
dr

< -7G,

(11.10)

where

G=V = (p+ I +Nlf(@)F +2¢ v = L ()| (o),
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and 7 > 0 is yet undetermined constant such that N > 0,

27

N = _
kel

p272p1712+q.

If T > 0 exists, it follows from the condition £(0) = 0,0 < 6 f(0) < ko2, 6 # 0 that
G = [V—(p+0)lf(0)?+NIf(o)]
> V2 (1) + f2(c"x(1))]
> (|l >+ 1f (P x(0) )

> 1l |® > nlx(0),

where [V — (p +7)|f(0)|]* + N|f(c)|* is a positive definite quadratic form in V,
| (o), viz. h3(|9(0)]) = ¥*n|@(0)|?> (n > 0) can hold. Therefore, from Theorem 2.1
in [40], we conclude that the zero solution of system (11.10) is absolutely stable in
the Hurwitz angle [0,4].

Now we are in position to verify that T (7 > 0) exist. We note that

f(t) =1*+ 21T+ p> = —N,

where A* = p— ! and p* = p> — ¢. The conditions of existence of T with 7 > 0 and

1
k|c|
f(t) <0are p* <0Oor A*2 > p* > 0and A* < 0. Expanding them, we obtain (11.17)
or (11.18) and (11.19). The first part is completed.

Note the criterion condition for G > 0. It can be directly obtained from x; >

k‘lc‘ |f(o)], instead of the existence of T > 0. If y = 0, then G = 0; if ¥ # 0 but

cTy(0) = 0, then G is a positive definite function || y||>. Furthermore, if v # 0 and
cTy(0) # 0, then the sufficient conditions for G > 0 are

1

kel >p+VPE—g pP—q>0.

Using these conditions, we obtain (11.17) and (11.18) which in combination with

(11.19) give rise to the following: ddv}/ ’(11_10) is a criterion for a negative definite

function to be smaller than |¢(0)].

Let us turn to the second part of the proof.

First, we analyse the necessary and sufficient conditions for existence of a real
number B, which satisfies (11.17), (11.18), and (11.19).

1. The case of B > 0 satisfying (11.17) and (11.18).
It follows from (11.17) that

27> — kM |c|b

0 <
<P e

From (11.18), we deduce
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v’ — kM| |b| > Bk|c|*(L—kp).

Hence it can be shown that if

¥ —k|c| M |b| (11.21)
or if
y* =klc|Mb, L—kp <0 (11.22)
there exists § with B > 0, which satisfies (11.17) and (11.18). However, if
L B*
2— =1- oaf <2 11.23
o << (11.23)
the existence of B (> 0) implies
L—kp <0 (11.24)
and
¥ —klc[M|b|
0
P> hep—kp) 7
29> — k|c| M |b|
0< .
P<"" ke
Since

27~ Klc|Mb] _ ¥~ Klc|M b
KL|c]? Kle[2(L—kp)
we know that there exists a positive number f8 satisfying (11.17) and (11.18).
If (11.17) and (11.18) are satisfied, (11.21) and (11.22) or (11.23) and (11.24)

holds definitely.
2. The case when 8 with 8 > 0 satisfies (11.17), (11.18), and (11.19).

(11.19) is just 0 > § > fk‘ 2 The form (11.17) implies
c

29% —k|c| M |b|
0>p> kLR
and (11.18) implies

7~ klc| M6 > —Blc](pk+L).

In the case of a* = 1, there exists  with § > 0 satisfying (11.17), (11.18), and
(11.19) only if kp + L < 0. Under the condition (4) of the theorem, we can also
verify the existence of  with B < 0 by the same argument.
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3. The case with 8 = 0 satisfies (11.17) and (11.18).
From (11.17) and (11.18), we have the following independent inequalities

1
7> HKle|Mb]

and
Y > klc|M|b|.

Hence, if y> > k|c| M |b|, there exists B = 0, which satisfies (11.17) and (11.18),
and vice versa.

To summarize the above three cases, we know that if one of the four conditions
is satisfied, the zero solution of the system (11.10) is absolutely stable in the Hurwitz
angle [0, k]. O

11.2 FDE Lurie Systems with Multiple Feedback Controls

In 1988, SIAM published a research report — “The Future Development of Con-
trol Theory: Mathematical Prospect.” It was indicated in the report that though the
stability of nonlinear control systems had been paid much attention to, and many
mathematical results had been found, the results are still mainly on single-variable
nonlinear control systems, such as Popov’s principal and Lyapunov method. For mul-
tivariable nonlinear control systems, they are not well understood. It is still difficult
to extend the single-variable case to multivariable case.

In this section, we will introduce a sufficient condition for the absolutely stability
of Lurie systems described by the FDE with multiple feedback controls.

Consider the Lurie functional system with multiple feedback controls:

dx
= g(t,x) + X7 bjfi(0)),

dr (11.25)
Gj = ch-x,
where
x,bj,c;eR (j=1,---,m<n) Pj:Cijj >0,
5 . (11.26)
g(x,x,) satisfies the condition given in Sect. 10.1.
Assume the phase equation of (11.25), given by
dx
= t’x )
g =86 (11.27)
x(t) = y(1),

satisfies the conditions (11.4)—(11.8) in Sect. 10.1.
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From condition (11.26), there exists a functional V (¢,x;), which satisfies the
conditions (11.6)—(11.8), satisfying:

V(t,x) ] a1
[filen)| — Ifilon)l — kileilllx|l killeill”
ie.
el <kl 1126
Thus, & = /7 € [0,killcill, [ £i(00)| = &V (1,3), & € [0,kileil], & is not a constant,

Theorem 11.5. If there exist constants B; i = 1,---,m (1 + Biki||ci||> > 0 when
Bi < 0), satisfying that V& € [0,k;|c;|], the following condition holds

2, i (M|bi|& + |BILIci & + BicTbiE?) +Z|ﬁ, cThjlEE;.
=1 I#J

Then the zero solution of (11.25) is absolutely stable in the Hurwitz angle [0, k;].

Proof. Use the following Lyapunov functional for (11.25):

W(t,w) = V2 1) +Z[3,/ fi(o,)do;. (11.29)

From the condition (11.26), the following inequality holds:

1 n 1
5+ Y (- Sgnﬁi)4l3iki||CiH2

lwl?

—

+Y (1+senpy), ) Bkl wiP. (1130)

i=1

<W(ry

We know from (11.30) that the Lyapunov functional (11.29) has infinitely small
upper bound, and it is radially unbounded and positive definite.
From the proof of Theorem 11.1, we have

D'V 1125y < =YV +M|bf(c y2V+MZHbH|f, o)l

VD'V 1125 < =¥V +MV||bf(0)|| = —7 V2+MVZ 16il[|fi(ai)][-

Thus,

D W15 < Ve w)Vy ¥ + Y Bifi(ai)e] [gt.%) + Y bifi(0)]
i=1 j=1
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< vy (L bl ton))

m
)
i=1

BLlIVIf(o)|+ Zlﬁic?bjfxaj)ﬁ(oi)]
< <PV L MV + IV i)

+ﬁiC?b,’fiz(Gi) + i ‘ﬁzc;rb]“fl(cl)f](cj)q

J=1

J#
< V2§ (s SO g
< V2= X (Ml gy, IRl
fi(oi) ) Iﬁ Gz)\ 1£i(o)]
+ Bici bi ( + i
Peibi\ v s, ) 112#,"3 v V)]
V2= Y (Mbil&+IBILleil
i=1
+Bici bl + Y, Iﬁicinjléiéj”
J=#
<0, if &#O0. (11.31)
Thus, the zero solution of system (11.25) is absolutely stable in the Hurwitz angles
[0,k1], -+, [0, kpy)- O

In the following, on the basis of Theorem 11.5, we give two two corollaries,
which are convenient to use in applications.

Corollary 11.6. If B; in Theorem 11.5 satisfies that the matrix

1 1 T
Bicib 2|ﬁchb2| 2|ﬁlCTbm|

1 1
G— z\ﬁchbﬂ Bacibo ‘“2|/32C§bm|

1 :
B ‘ﬁlclTbm‘ e ﬁmcibm

is seminegative definite and

n

Y (Mlbilkillell + |BiLl|cill *&i) < 7,

i=1

then the zero solution of (11.25) is absolutely stable in the above Hurwitz angles
[O’kl]a'” ,[O,km].
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Proof. The following conditions are satisfied:
- 2
v > Y (Mki|bil||leill + Lkil Bl [le*)

i=1

> Y (Mol &+ LI ei]1E)

n &\ (&
> Y (MI|b| &+ LIB lleill &) + | 2] G -
i=1 ém ém
- Ty £2 - T
=Y (M||bi|| &+ LIBi| |cill& + Bic; bi&7 + Y. |Bilei bjl&i&;1.
i=1 j=1,j#i
Thus, the conditions in Theorem 11.5 are satisfied. The proof is complete. (]

Let Amax (G) be the largest eigenvalue of matrix G, and [; = M||b;|| + L|Bi] || il

Corollary 11.7. Assume fB; in Theorem 11.5 satisfies the following conditions:

14
1. 1f Ann (G) > 0, y>Z%max e+, 7 )
m 2
2. If Amax(G) <0, 7> — Z4A,ml( G)

Then, the conclusion in Theorem 11.25 holds.

Proof.

n

Y (M|bi)| &+ LIBil l|cil|& + Bici bi& + fgé |Bilci bj1&i&, |

—1 =1,
L[\ (8 .

=Y u&+| | 6| | <Y L&+ Anan(G )
i=1 é;m é;m i=1

:i ()[‘S’ umax } zm:Mmax

i=1

62

lMS

Y Aan (@) [kl + o, " ]T <7 (@) >0,
i=1

23~m()

m 12

- <Y, Amax(G) <0
L () <7 ©)

Thus, the conditions in Theorem 11.5 are satisfied. The proof is finished. O
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11.3 Large-Scale Control Systems Described by RFDE

In this section, we will introduce a notion of the absolute stability of Lurie large-scale
systems described by retarded functional differential equations.
Let xT = ((xM)T - (x")T) e R xD € R Y™y = n, J = [0, +o0).
Assume that 7 > 0, H; > 0 are constants. Let C,,, := C[[—,0],R"]. For o)) € C,,,
we define

lp]l = sup [9()].
—r<06<0
Let G = {90 € Gy, : | 9] < H;}. Then it follows C < Ci' x -+ x Clim,
Consider a Lurie direct control large-scale system, which is described by retarded
functional differential equations:

dx® ;

= &)= bifi(a),
W= (T, (11.32)
o =dly=Y7 dipV, i=1,-.m,

where y € R, x() € R"  b; € R ¢; € R, df € R", 6; € R, g; € C[J x Chi | R"],

gi(£,0) = 0. Moreover, g;(t, ")) is Lipschitzian in ¢, namely for give (pl(i), éi) €

Crll, we have
i(t.01") it 05") < Lillgy” — 93| (1133)
fi(oi) denotes a scalar continuous function satisfying
fl(o) =0,0< fi(o-i)o-i < kio-i2 (O-i 7é O)a ki>0,i=1,---,m.

Suppose that the phase equations are

dxl? ()
dt - gi(t?'xt )? . (1134)
D)y =¥, 7<r<0

We assume that the solution of (11.34) satisfies
D (1,10, < Die M0 |9, i=1,-- m, (11.35)
where A; is a positive constant. For any i there exists a functional V;(z, ¢()) such that
le® | < Vi(r,9®) < Dill "]
Vitt.91") = Valt05") < il t” — 0,7 (1136)
D+‘/i(f,(P(i))|(11.34) <—¥lo?|,

where D;, M; are positive constants, and yiz =(1—g)\;,
Mi = Dl['z'i‘k(lfqi)z'i]/%}'i7 0 S qi < ]7 l — ]7_ —m.
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Theorem 11.8. Suppose that the system (11.32) satisfies (11.33), the system (11.34)

satisfies (11.35), and there are m constants B;i=1,- -

,m, such that the matrix Vi xm

cS
is positive definite and < gT R) is negative definite. Here, V.= (Vi) mxm, C =
2mx2m

(Q’j)mxmy S=

Then the zero solution of the Lurie-type system (11.32) is absolutely stable.

(Sij)m><m> R= (rij)l"X’"7 where
(xj +Z (1= sgnpy)Biovkilc;dlcr |, j=1,
Vil = m
Z 1 — sgnfB3;) Bi ik ‘Cl ilc;r|7 J#FL
1:1
Cii — 7ai/}/i2a l:.]7
Y 0, i #J;
1 1 1 ..
2L icidii Bil o + Zcidiiai+ ZMiOCi\bi\Dh i=j,
S,'j = 1
L|cd],\a,|ﬁ]\+ \Cidji\ai, i#J;
ai|[3,~||d,~,~cin,~\—a,~/ki, i:j>
r,'j =

1 L
) (041l |dijcjbj + ol Bjl |djici bil), i # j.

Proof. Let us choose radially unbounded, positive definite Lyapunov functional

where

o)=Y aut, o),
i=1

, 1 , , Oj .
ui(t7(p(l)) = ZVIT([’(p(l))Vl([’(p(l))—’—ﬁl 0 ﬁ(S)ds’ 1= la , 1M,

Vi(t,") being given by (11.36). It follows from the properties of f;(s) that

O; 1
0< / Fi(s)ds < - ko,
0 2

Combining the first form of (11.36) with (11.37), we deduce

o< [" 5

m

(11.37)

5)ds < k,[z TdTHZdiij)}
Jj=1
k, i NdEdy (v kl Zm‘, )reidfidact (1),
5=l Jjrl=1
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hence
s}rfl 2| H2+Z 1+ sen) ok
% Y lejddact 109 o)),
jil=1
u(t, @) >2 ail| " ||2+2 (1 - sgn ;) ciPiki
% Y lejdTducT 99 9]

JiI=1

= (o™l o™ vl .- llo"™ )T
> Auin(V) Y 012,
i=1

where Api, is the minimum eigenvalue of V.
In addition, along the solution of the system (11.32) we have

D¥ul1130) < i'f][—am%<p<">||2+az~beiDi||<p<f> (ol
3 alpd ﬁ(Gi)]f:l dyeTb11£,(0)]
+li1 ol B ﬁ(Gf)]f:l gLy 99|
+Za,<c, fil ))f,(c,)

S (52 Falo 7

i=1

| /\

: a||(P(m)H)7 C= (Cij)mxm7 S= (Sij)mxm and R = (Vij)mxm are

where w = (||o(!)
the matrices given in the theorem. Since the matrix T RIS negative definite, we

conclude that the zero solution of (11.32) is absolutely stable in the Hurwitz angles
[0,k1],...,[0, k). O
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11.4 Systems Described by NFDE

Consider a Lurie indirect control system described by neutral functional differential
equations:

4 (D)%) =A%) + b (),
d
df =/(o), (11.38)

O'(l) = B(t7-xt) _r§7
Xt():(p, [()EI, (PECn[*h,O],
where I = [tg, +0), C,[—h,0] is a set of continuous functions mapping [—#, 0] to R”,
D(") : [ty,+o0) X Cy[—h,0] — R", and
D(1)p = ¢(0) — (1, 9).

Let [|@[| := sup_,<g<|@(0)|, x; € Co[~h,0] and x;(6) :=x(t +6), —h < 6 <O0.
Suppose that g(z, @) is linear in ¢@. Using Stieltjes integral, we get

§.0)= [ dte )] 0(s),

—h
where u(t,s) is an n X n matrix, t € I, s € [—h,0], satisfying

<1(0) sup [p(&)l,
—-0<E<0

[ jaatesots)

and /() is a nondecreasing continuous function with 6 € [0,4] and /(0) = 0.

We assume that A : I x Cy[—h,0] — R” is continuous, b, ¢ € R" and f(0) is a
continuous function.

Consider the phase equations:

d
4 POX(0) =At.x),

Xy =@, tel, @ecCy[—h0].

(11.39)

Definition 11.9. An operator D is said to be uniformly stable if there exist two con-
stants o0 >0 and B > 0 such that the solution of difference equations D(t)x; =0, x;, =

0, D(19) @ = 0 satisfies
bl < Be ) |g], 1> 10

In the following, we use the existence theorem of neutral functional differential
equations, which is uniformly asymptotic stable. This theorem is due to [19].
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Lemma 11.10. Suppose that D(t) and A(t,-) in system (11.39) are linear bounded
operators mapping C,[—h,0] to R" and there exists Ly > 0 such that fort > ty, ¢ €
Cn[fhvo]:

D(t)o] < Lillo]|

If the zero solution of system (11.39) is uniformly asymptotically stable, then there
exist constants M, y°, K, and a continuous scalar function V (t, @) on I x Cy[—h,0]
such that fort > ty, @, ¢ € Cy[—h,0]

ID(t)| <V(1,9) <M|lol],
atv

dr {139

V(t, @)=V, @) <K(p—9),

represents the upper right derivative of V along the solution

S 7/},2V(tv (P),

atv
dr 1 (11.39)

of (11.39).

where

Lemma 11.11. Suppose that A(¢,0) = 0, and A(t,9) in system (11.39) is locally
Lipschitzian in @ (the Lipschitz constant is N, which is uniform in t.) Assume that

D)ol < Lillell, 1 =>1,
g, o) <i(h)lo], =1

If the zero solution of (11.39) is uniformly asymptotically stable, then there exist & >
0, M = M(&) > 0 together with two positive definite function b(u), ¢(u) (0 < u < &)
and a continuous scalar function V(t,@) (t € I, ¢ € C,[—h,0]) such that for t > 1o,
@1 92 € Go[=h, 0] with [|@i]] < b9 (i =1,2)

D)ol <V (t, @) <b(|le]),
dtV(t, o)

dr (11.39)

Ve, @) =V(t,02)| < M(¢1 — 92).

Lemma 11.12. If D(t) in system (11.39) satisfies the conditions of Lemma 11.11,
then for arbitrary ry > 0, there exists a constant L = L(ry) such that for @y, ¢» €
Cu[—h,0] with ||x;(to, @1)|| < ro and ||x;(to, ®2)|| < ro and for all t >ty

< —c(ID@)el),

e (0, 1) — xe (0, @2) | < €701 — @] .

Chukwu [14] generalized the result of [139] to the system of neutral functional
differential equations.

Theorem 11.13. Suppose that the zero solution of system (11.39) is uniformly asymp-
totically stable. Let y* and K be defined as in Lemma (11.39). Further, let us assume
that
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1. D(r), A(t,+), and B(t,-) are bounded linear operators mapping C,[—h,0] to R"
and

D)ol <Kll@ll, t=>1, ¢ €Cal-h,0],
A, @)| < LID(1)l, t > 10, @ € Cu[=h,0],
B(1,@)| <c[D()@l, t 1
2. feEFR={f: f(0)=0,0< 0f(0) <ko>, f € C(—oo,+c)} and
+oo
A f(s)ds = +oo;
3. For 0 € [0,h] and a function 1(0), there exists
K[| \?
49°r > <C+l—l(|9)) ;
4. The operator D is uniformly stable

Then the zero solution of the system (11.38) is absolutely stable in the Hurwitz angle
[0, 4.

Proof.

1. From the hypothesis, the conditions of Lemma 11.10 are satisfied. Hence, we
use the same Lyapunov functional V (¢, ¢) as in Lemma 11.10. Suppose that x =
x(t9, @) is the solution of (11.39) and that y = y(fo, @) is the solution of (11.38).
We write D"V (11 3g) as the upper right derivative of V(f, ¢) along the solution
of (11.38). Then we deduce

. 1
D+V\(11.38) = r]f(‘)L ,L.[V(H' TYyen(t, @) = V(t,9)]

< lim V(T 9) — Vit e, 9))

r—07t

+lim | V(t+T,x14(2,0)) = V(1,0)],

r—0t T

where x(, @) is a solution of (11.39) through (z, @), i.e., x; = ¢.
Clearly, the second part of above inequality is equal to D+V|(11.39).
In the following, we estimate the first part. Noting that

D(t+7) (Y2 (t,9) = X112(t,9))
:D(I+T)(yt+r(f @) —D(t)yi(t, (P)+D( )X (t, @) —D(t+7) (xi12 (2, @)
—/ A(E,ye) +bf(0(E))]dE — / &,xg)d&

1+T

14T
-/ [A(é,y5>—A<é,x5>]d§+/t bf(0(8))dE,
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and that

D(t +7) (V2 (t,9) — Xe12(t, 0))
=Dt+7)—x(t+ 7)) — [g(t+T,y14¢) — gt + T,x110)],

we find
300+ ) =0+ D) < D+ 0) e =500) 4 10) e =]
47 14T
<KL lyg—xelde+ [ Ibf(o(€)]dE
+ ()| Y47 — X2

In fact, there exists

sup [y(t+71+0)—x(t+74+0)| = ||yr+1 — Xtz
—r<6<0

t+7+6
< swp (KL I xg o2 0o sl
—r<6<0 t

t+74+6
[ roniag]
t+7+6
SKL[ g =gl g+ 1)yee —vese]

t+7+0
[ bre@)E. —c<om <o,

Hence,

e =xaell < o [KL[ o =g+ [Tbso@ia

and

o1 bf(o(t))]
Tl%]+r“yt+7_xl+f“ S 17[(}1) .
Therefore,
K
+
D'V|i1a8) < -7V + 1fl(h)‘bf(6(t))"
2. Defining
W=V +/ f(s)ds,
2 0

we have

b
D Wiy <~V =rr@f+v (| o) irto

The right-hand side of the above expression is a quadratic form with respect to V
and |f(o)|. From the condition (3), we know that it is negative definite.
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Then, there exists a constant m with m > 0 such that
D W|(1138) < —m(V?+|f(0)]*) < —m|D(t)p[*.
Finally, using Theorem 4.1 from [19], we conclude that Theorem 11.13 is true. [

Ruan [131] studied the absolute stability of the Lurie direct control system of
neutral type:

L DWOx] = Al8) +b1(0(), 120,
o(t)=c'D(t)x, (11.40)
Xo =@, to€l, ¢@ecC,[—h,0].
Theorem 11.14. Let the following conditions hold:
1. D(t) and A(t,-) are linear bounded operator mapping C,[—h,0] to R" such that

ID()o| < Lil[oll, |A(r,@)] < LID(t)¢|

forallt > 1.

2. The zero solution of the phase equation (11.39) is globally and uniformly asymp-
totically stable;

5. FEFi={f: f(0)=0,0< Gf(0) < ko?, f € C(—eo, o)},
7 f(5)ds = o
0

4. The operator D is uniformly stable and it is atomic at 0.
In addition, let [(h) < 1. Then the zero solution of system (11.40) is absolutely
stable in 0, k] if one of the following four conditions is satisfied:
Ho<a*<1

L
Z)a*zland|p|>k>0

L L
3)2— *<2and 0
) kp<(x< an p>k>

L L
4)1 <2 —
)l<a* < +kpandp< k(<0),

where a* = kM|b||c|/[1 —L(h)]Y*, ¥* and M are the same as in Lemma 11.10,
and p = —c'b.

Proof.

1. Asin Theorem 11.13, we obtain

D Vi < —PV+ e

2. Let i -
W= 2V2+[3/ f(s)ds,
0
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where f is the undetermined constant. We get

D W|(1140) < V'V 4V 1b||f(( )) +Bf(o)o
gfvzpﬁ|f<c>2+[lM’z')+|ﬁL| Vi)
= —P[V2—2pV|f(o)|+q|f(0)],

where
[ Mp| Jip
= |,y +1BICIE] 1P a="E

In the remainder of this proof, we proceed along the line of Theorem 11.4
with M replaced by M/[1 — I(h)]. We obtain that if one of the four conditions is
satisfied, then we can choose 8 such that

D W/ (11.40) < —m|D(1)p|*, m>0.

The proof of the theorem is completed. ]

11.5 Control Systems in Hilbert Spaces

In this section, we introduce a notion of the absolute stability of the Lurie control
system in Hilbert space [15].
Consider the Lurie indirect control system:

dx
gt = Ax+ bu,
u
- (11.41)
4 = °)

c = (C,X) —pu,
where the operator A is either bounded, or is assumed to generate Cy strongly contin-
uous group T'(¢),t € (—eo,+00) = R. On a real Hilbert space X, we denote an inner
product by (+,-) and a norm by |- |. Above, b,c € X, u,p € R,and 9 : R — Ris a
continuously uniformly Lipschitzan nonlinear function which satisfies the following
properties:

cp(c)>0 for o#0, ¢(0)=0,
lp(o)] <K(Jo|) forall o €R,

where K (s) are some monotonically nondecreasing function, s € Ry = (0, +o0).
Assume that the linear phase equation
dx

_A 11.42
a0 (11.42)
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is exponentially stable, i.e., that there exist constants M > 1 and a > 0 such that
|T(t)\L(x) <Me ¥, t>0, (11.43)

where L(x) is the Banach space of bounded linear operator from X to X. Because
of the condition (11.43), it follows from Theorem 2.1 and Theorem 2.2 in [114] that
there is an unique symmetric positive definite bounded operator P on X such that

(PAx,x) + (x, PAx) = —(x,x), (11.44)
where T (¢) is a strongly continuous group satisfying
(A*Px,x) + (PAx,x) < —A|jx|? (11.45)

for any A with 0 < A < 1. If T(¢) is a strongly continuous semigroup and A is
bounded, a similar result is given by Walker [147]. When A satisfies

(x,(A—wlhx)x <0

for real w € R and for all x in the domain of A, it is clear that (11.41) can be regarded
as equations in the Hilbert space H = X x R with the inner product (-,-) defined by

((x1,11)s (x2,72)) = (x1,22) + 1172
Theorem 11.15. [15]

1. Let the origin be the only singular point of (11.41)
2. Let P be a unique symmetric positive definite bounded operator on H given
by (11.45)
3. Let A in (11.45) satisfy
2
Ap > ‘Pb + ;’
4. [ @(s)ds — +o as 0 — +oo
Then the zero solution of (11.41) is absolutely stable.

Proof. Since (11.42) is uniformly exponentially stable, there exists an unique sym-
metric positive definite bounded operator on H such that

(A*Px,x) + (PAx,x) < —A|x|*
for some A (0 < A < 1). We use P to define the functional on H:
V(x,u) = (Ax+bu,P(Ax+bpu)).

Let

U(x,u)2(46¢(s)ds, GZ(CMC)—PN’
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and
W=V+U.

It is easy to prove that W is positive definite. Since P is symmetric and positive
definite if and only if
SIx|? < |(x, Px)| < 1P,

where |P| < [, we have the estimate
(e}
5|Ax+bm2+/ (s)ds
0
(o}
<Wiep) < v bul+ [ o(s)ds,
0

so that

dv

d d
. - (dt (Ax+bp), P(Ax+ by) ) + (Ax+ b, M (Ax+by) )

= (A(Ax+bp) + bo(c), P(Ax+ b))
+ (Ax+bu,P(A(Ax+bu) +bo(0)))

= (Ax+bu,PA(Ax+bu)) + (PA(Ax+bu), Ax+bpu)
+ (Ax+bu,Pbo(0)) + (Pbo(0),Ax+ bi), (11.46)

(11.41)

dU

i = ¢(0)6 =|[(c,Ax+bu)—po(o)]e(o)

(11.41)
= (Ax+bu,c)p(0) — p9*(0). (11.47)

Hence, using (11.46), (11.47), (11.44), we deduce

dw

dr = (A"P(Ax+bu),Ax+bu) + (PA(Ax+bp),Ax+bp)

(11.41)

+ (Ax+bu,Pbo(c)) + (Pbo(0),Ax+ bu)
+(Ax+bp,c)9(c) — pe*(o)

< ~AlAx+buP+2 (Ax+ b, Pb+ ) ) 9(0) ~ pg*(o).

Therefore,the condition Ap > |Pb+ § ‘2 leads to

dw

i < -2 [IAx+bu\2+2‘Ax+glw(o)fpwz(c)}

(11.41)
< —k[|Ax+bul +p9*(0)] <0, 0<k<I,

dw
and

dr =0if and only if x =0 and ¢t = 0. As a result, we write

(11.41)
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dw

S::{(x,/.L)GH: i

=0} ={0.0},
(11.41)

W (x(t), 1 (1)) < W(x(0),1(0)), #=0.

Therefore, every solution (x,t) € H is bounded. The orbits of (11.41) form a pre-
compact subset of H. The invariance principle of Hale [40] (p. 50) yields (x(z),
u(r)) — 0ast — +oo. This concludes the proof. O

In the following, we will apply the idea of Ladas and Lakshmikantham [54] to
generalize the results to the system with nonlinear phase equation:

X = f(x)+bu,
it = ¢(0), (11.48)
o = (c,x) —pH,

where b, ¢, 4 are defined as in (11.41) and f : X — X is a continuous Frechet differ-
entiable function whose Frechet derivative at x is A(x). To ensure that the solution
of (11.48) exists, we shall always assume, for example, that ¢ : R — R is contin-
uous, uniformly Lipschitzian and that — f is a monotone function. In other words,
there exists a constant M such that

(f(u) = f(v),u—v) §M|M*V\2, u,veX.

We now state a basic stability comparison theorem for the system

dx
=10, (11.49)

where [ : RT x X — X is continuous.
Lemma 11.16. Assume that the following conditions hold:
1.V € (R" x X,R") and for (t,x1) and (t,x;) € RT X X, there exists
V(#,x1) = V()| < L(1)1x1 —x2,
where L(t) > 0 and is continuous on R™

2. There exists a function g € C[RT XR™, R] such that for each (t,x) € RT xR,

1
D'V(t,x) := lim [V(t+hx+hi(t,x))—V(t,x)]
h—0+ h

< g(t,V(t,x))

3. For each (ty,ro) € RT xR, the maximal solution r(t,ty,ro) of the scalar initial
value problem

dr (t )

= r
a s (11.50)
r(to):ro

exists fort >ty
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4. f(1,0)=0,g(1,0)=0and V(,0) =0, 1 €RT
5. There exist functions a(r) and b(r) € K such that

b(lxl) <V (t.x) <a(lx]) for (t,x)€R" xX

Then if the zero solution of (11.50) is uniformly asymptotically stable in the large
then the zero solution of (11.49) has the same property.

Theorem 11.17. Let in (11.48) f(0) = 0 and ¢(0) = 0. Again let A(x) be the Frechet
derivative of f(x) at x. Suppose that

1. There exists a symmetric positive definite operator P such that
((PA(x) +A*(x)P)y,y) < —Aly[?
forall x and y in X and some A > 0, where A* is the adjoint of A
2. 9(s)sgn(s) > 0, p(s) sgn(s) — +o as |s| — +=
1
o'(s) > 211 for some Ay > |P|
3. [f(x) 4 bpa| — oo as [x| + 1] — +oo
4.2p > |Pb+ <[
Then the zero solution of system (11.48) is absolutely stable.
Proof. Let H = X xR be equipped with the inner product (-,-) defined by
(Cerr1), (62, 2) 1 = (x1,22) + 1172

LetV : H — R be defined by
V=W+U,

where
W = (f(x)+bu, p(f(x)+bu)),
(e}
U= / o(s)ds.
0
Since P is positive definite and symmetric, there exist positive constants A; and A,

such that
Aol f(x) +bp| < M| f(x) +bul?,

with A; > |P|. Hence

Ry +bul+ [ o(s)as

Vo) < 4l + bl + [ plsas (11.51)
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It follows from the condition (2) that [y @(s)ds — +o0 as 6 — 0. Thus, by (3) and
(11.51), we find that the condition (5) of Lemma 11.16 is satisfied. Noting

dw

dr = ( ) (f(x) +b.u),P(f(x) —|—b‘u))

dr
(£ +bu.P S () + b))
= (AW (0) +bi] +bo(0), PLA() +bu]
() + b, LA () + bia] +b9(0)))
= (PAW)/ () + b, £(x) +bu)
(A" ()PLF() +bul, £ () + bi)
F2(Pbo(0) £(x) + bi)
< —Alf(x) +bul® +2(Pb(0), f(x) +b),

(11.48)

and
dUu

o = 9(0)6 = 9(0)(c.f(x) + but) — p9*(0),

(11.48)

we obtain

dv
dr

dU
(114g) A

dw
<
(11.48) d

(11.48)
< —A1f()+ bl +29(0) (Pb+ 3 b(x) +bit) — p9*(0)

< Alf()+ bl +209(0)| [Pb+ S| () + bul — p(o).

The condition Ap > [Pb+§ ‘2 implies that there exists 0 < A, < 1 such that

dv

ar < —A[lf(x) +buf + ¢ (o).

(11.48)

By virtue of (11.51), we have the inequality

v~ ["oias}, <100 +buP

and thus
dv

dr

<2 {V 1 /G(p(s)ds—i—(pz(c)}
< A3 - .
(11.48) M Mo

Since @?(0) = 0, it follows that

¢*(0) = 2(/0 o' (s)o(s)ds.
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Consequently,
1 [° o1
/ @(s)ds — *(s) = / [ —2<p’(s)] ¢(s)ds < 0.
A1 Jo Jo [

Using ¢(s)sgn(s) > 0and } A; — ¢/(s) <0, the condition (2), and the above remarks,

we obtain the final inequality
dav
dr

(11.48) T

Thus, the comparison equation takes the form

dr - 13
@~ a0 (11.52)
r(l()) = 19.

It is easy to prove that the solution

A
r(t):roexp{flj(tfto)}, 1> 1

of (11.52) is uniformly asymptotically stable. Theorem 3.1 in [54] yields the absolute
stability of the zero solution of (11.48). ]

11.6 Lurie Systems Described by PFDE

In this section, the necessary and sufficient condition for absolute stability of Lurie
control system is extended to a more general Lurie system described by abstract
functional differential equation, which is also called partial functional differential
equation [42].

n m
Y Y
Let X be a real Banach space, X" :5(><~~~><)2, X" :&x---x)?, XP =

p
A

X% xX,m+p=n, C=C([-1,0],X), Ck = C([~1,0],X*)k = m,p,n, ¢ € C",
y €C", n€CP. Denote [|@flcn = sup [@[xn, [yllor = sup [ylxn, [n]jcn =
—r<6<0 —r<6<0

sup  |n|xr.
—r<06<0

Consider the initial value problem of the following abstract functional differential
equation:

du
— Au—+L(t t t>1>0
g = AU L)+ f(tw), 1 210>0, (11.53)
u :(P(t)7 te[to_rato]?
where u = (uy,---,un)" € X", x = (ur,--- ,up)" € X",y = (Upy1,--+ ) € XP,

L= (Lla'” aLm)T’(p:((p17"' 7(pn)T:(lI/l7"' s Wi Mg 157+ ann)T: (Wan)T’ut:
u(t+0) 6 € [ty — 1), A is a linear operator on X”.

Assume equation (11.53) satisfies the global existence condition of the solution
of Cauchy problem, we have the following two lemmas.
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Lemma 11.18. If the partial variable solution of following linear partial function
differential equation

dv
=Av+L >
g ~AFLEv), 1=10>0, (11.54)
v =0(t), tEelto—nt),
satisfies the following inequality:
_rt
% (t0, @) llcm < K(to) [ @lcme™ 0“1, (11.55)

where €(t) € C[RT,R], K(t) € C[R",R"], then there exists a Lyapunov function
V(t,) € C[R" x C",R"],

satisfying the following conditions:

L lyllen < V(MDE <K@®)(|yllcn +~Hn||Cl’) )
2.Vt @) =V(t,0)[| < K@)y — ¥lcn + [Im —1llcr)
3. D"V|11.53 < —€(t)V(t, )

Proof. Construct the following Lyapunov function

V(t,9) = sup||xisc(r, @) || cmel €IS,

>0
It is obvious that the condition (1) is satisfied. We then have

1V(e9) =V (t:9)]| = sup lxesc(r, @) cmef e
=

— sup |[xpic(t, §)||emel WS
>0

< sup s o(1, 0 — @) |emell €Y
>0
<K@lle—0olle < K([[w—Wllen+[m—7llcr).
Thus, the condition (2) is satisfied. Further, we obtain

.1
D+V|(l].53) = lim h(V(t‘i’h,VtJrh(t,(P)*V(t,(P))

h—0t
. t-+ht
= lim {Sul’ P+ Via(t, @) [ omedion ™ e
h—0t h >0

1+7
— sup||x(t, ) [[ome s(s>ds]
7>0

1 t+h+e
= lim _ |su t, melicn E()ds
h—0+ h [T>€||xf+f( (P)”C

4T
~ supls(t, @) omel E“)ds]
>0



308 11 Control Systems Described by Functional Differential Equations

1 4T ct+h
. t ekt T E()ds ( - i S(S)ds—l)
< hir(r)l+ h(igngHT( @)|)eme €

< —e()V(1,9).
Thus, the condition (3) is satisfied. O

Lemma 11.19. Suppose that the following conditions are satisfied:

1. The partial variable solution x;(t, ) satisfies equation (11.55) and there exists
W (t,r) € C[RT xR*,RT], which is monotonically nondecreasing w.r.t. r, satisfying

[f(E@)lxn <W (@, [[yllem)

2. The initial value problem of the following system

dz
4 = EOHK@OW(), (11.56)

Z(t()) = 20 Z V(t07 90)7
has a maximum right solution Z,(t,ty,70) in R™.

Then there exists the following estimation for the partial variable solution x,(t, Q)
of system (11.53):
X (20, @)l|cm < Zi(2,10,20), 1 = 10. (11.57)

Proof. From Lemma 11.18, we know that there exists a Lyapunov function V (¢, ¢)
satisfying the conditions (1), (2), and (3). Then,

.1
D+V(11A53) < hlllg)lr (V(l+h,‘/}+h(l,§0)) _V(tvq)))
1
+hli%1+ h(V(t +haut+h(t7(p) - V(t +h7Vt+h(t7(p))

s+ — Vignllom

< —g()V(t,p)— Vhllr(r)l+ P (11.58)
From the formula of variation of constants, we have
t+h
Uryn — Vien Z/t U(t+ h,x) f(s,ug)ds.
Thus,
fim Men = Vewallen e o (11.59)

h—0+ h
Substituting equation (11.59) into (11.58) yields

D*Vij1 53 < —€()V(1,0)+K ()| f(t,0)x
< —e(O)V(t,0) +K(O)W(t, | wllcn)
< —e()V(t, @) +KOW(t,V(t,0)).
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Noting that ¢ € C" is arbitrary, we have
DYV (t,u(to,9)) < —€()V(t,u(to, @) + K(O)W(t,V (t,u; (1o, 9))-

From comparison principle and the condition (1) of Lemma 11.18 it is easy to obtain
that

% (0, @) lem < V(t,u,(t0, ®)) < Zi(t,0,20)- O

Defining the inner product (x,x) in Banach space X results in a Hilbert space.
Now consider the following Lurie control system described by the abstract
functional differential equation:

du

=Au+L(t,u;)+bf(t,0;), t>1y>0,
dr (t,u) b1 (1, 01) 0 (11.60)
u T

=@, t€n—rt), O,=cu,
where L= [ dn(1,0)9(0) is a Stieltjes integral, f € C[I x C", X],0 < (o, f(t,07) <
k(O_[,O_[) when Oy # Oa u= (M],"' 7un)T5 b= (bla"' 7bn)T5 Cc= (C17"' >cﬂ)T'

Definition 11.20. If for any f(-) satisfying (f(¢,0;),0:) > 0, 6; # 0, then the zero
solution of system (11.60) is globally asymptotically stable, the zero solution of
equation (11.60) is absolutely stable.

Suppose C,, # 0. Under the transformation
W = G(gij)u,
where
1 i=j=1,---,n—1,
8ij = 0 i#jaizlv"'vnflaj:17"'7”7
ijil,“',n, i:n,
then system (11.60) is transformed into

dw ~ N -
=Aw+L(t,w;) +bf(t,wy,), t>1y,
dr (£ ) 1t W) 0 (11.61)

w =@, tE€ltg—ri,

where w = (wy,--- ,w,)T = (u1,--- ,u,_1,0)T, A and L have the same properties as
A and L, respectively. Then the zero solution of system (11.60) is absolutely stable if
and only if the zero solution of system (11.61) is absolutely stable.

Theorem 11.21. If the solution v,(ty, @) of the following linear system

dv
=Av+L(t,v), t>t,
dr (t,v) 0 (11.62)

v(t) =@, t€]th—1,0),
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satisfies the following inequality
HV;(I(),QD)HCn SKH(P”C”eia(titO% a>0,

then the zero solution of (11.60) is absolutely stable if and only if the zero solution
of (11.61) is absolutely stable w.r.t. the single variable Wy (to, ®).

Proof. Necessity. Assume that the zero solution of (11.60) is absolutely stable and
llc|]| = M, Ve > 0, then there exists §(€) > 0 satisfying

lu(t, @)l <&/M, if t =10, [|@]lcr < 5.
Since W = Gu, p = G, or ¢ = c}l (@, we have
Wt (t0, @)llc < [IC] s (t0, @) [cn < &, 1310, i [|§llcn < 8//IG7"].
For any ¢ € C", from the condition tlir+n |l (20, @) ||cn = O, we have
i [Wa(to, @)llc <M Tim [l (10, @) cr = 0.
The necessity is proved.
Sufficiency. Suppose that the zero solution of (11.61) is absolutely stable w.r.t.

W, (t,®). According to the formula of variation of constants [42], any non-zero
solution of (11.60) can be expressed as

t
wlto,9) = u(t.0)9 -+ [ u(t,s)Xob f(s,0.)ds
T
t
= u(t,zo)(p+/ u(t,19) Xob f (s, Was(to, @)ds, (11.63)
T

where Xy : [—r,0] — B(x,x) is given by X((0) =0, and Xo(0) = I, for —r < 6 <0,
where /; is a unit matrix. Thus,

t
(. ) v < Ke™ e+ | Ke™ ] Lf s, W10, ) .
T
Ve > 0, due to Wy, (o, @) — 0 as t — oo, there exists t* > 1y satisfying

1
/ Ke™ 09 [b]| |£ (s, W (10, ) xdls < £/3.
Jt*

Furthermore, we know that f is continuous, the solution of (11.60) is continuous
w.r.t. the initial conditions, and its zero solution is absolutely stable w.r.t. W, (to, @),
then there exists §; (&) > 0 satisfying

t*
| Ke IG5, Waslto, ) s < /3,
t
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if ||@|lcn < 61(€) and ||@||c» is sufficiently small. Let &;(g) < €/3k, and 6(€) =
min(0; (&), 8 (€)), we have

€ E &£ .
luo @)l < 5+ 5+5 =& it [plor<e).

Thus, the zero solution of system (11.60) is stable.
To prove the zero solution of equation (11.60) being absolutely stable, we need
to show
Hut(to,(p)ch — 0, as t— Hoo.
From the condition

t

u (t0,9) = u(t,to)o+ | u(t,s)Xobf(s,0;)ds

fo

t
= u(t7t0)(p+/ M(t,S)XObf(S,WnS(tO,(p‘))dS,
fo
we have

t
(o, @)llcn < Ke~ gl + | ke ] (s, (a0, 0) s
0

S Ke® ||| f (s, Was (10, @) |xds

_ —a(t—ty)
= Ke 0 ||(pHCn+ o0t

Applying the L’Hospital’s rule yields

.
0< tim |l (to, )]

< lim Ke*0)glca+ lim HkaHf(t’W’Z(ZO"p))'

T t—+too

=0.

Thus, the zero solution of (11.60) is absolutely stable. O
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Absolute Stability of Hopfield Neural Network

In this chapter, we first discuss the relationship between the stability of Hopfield neu-
ral network, Lyapunov stability, and the invariant principle in the sense of LaSalle.
Next, we describe the connection and difference between the Hopfield neural net-
work and the Lurie control systems with multiple nonlinear controllers. Then, we
introduce the concept of absolute stability for neural networks, and present the
sufficient and necessary conditions for two types of neural networks. Finally, we
discuss various sufficient conditions for the absolute stability of Hopfield neural net-
work. Partial materials are chosen Forti et al. [27, 28] and Kaskurewicz et al. [50]
(Sects. 12.3 and 12.4), Liao et al. [87,88,90] (Sect. 12.5), and Liu [98] (Sect. 12.6).

12.1 Hopfield Neural Network

Recently, the study of neural networks and applications has attracted many
researchers from different disciplines. Neural networks have special nonlinear struc-
ture and method of information processing, in analogy of human being’s brain. Great
success has been achieved in many different areas and may solve some difficult prob-
lems, which are difficult to be solved by conventional methods. In particular, the
development of Hopfield neural network has motivated a new high tide in the study
of neural network.

In the 1980s of last century, Hopfield and Tank [43] developed a new continuous
neural network model — the Hopfield model, described by the differential equations:

. ul n
Ciuii=— ' +Y T,Vi+1,
o R j; YR (12.1)
Vi = gi(ui),
where T;; = Tj; (i,j = 1,2, ..., n), the resister R; and the capacitor C; are paral-

lel connected, simulating the output time constant of the ith biological neuron, the
conductor T’ (7;j)uxs is an nxn matrix, called weight matrix or connection matrix,
describing the strength of connections between neurons; u; is the input voltage to the
ith neuron, and V; is the output; and

‘/i:gi(ui)7 i:172a"'7n7

is the ith nonlinear, continuously differentiable and monotone increasing function,
ie., gi(u;) > 0.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 313
(© Springer Science + Business Media B.V. 2008
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Under the symmetry 7;; = Tj; (i,j = 1,2, ..., n), Hopfield constructed the fol-
lowing so-called computational energy function:

lll n n
_ZZTj;TU ; 1+ZR/ g ! (12.2)

Differentiating £ with respect to time ¢ along the trajectory of (12.1) yields

dE
dr

(12.1) -
} dv;
dr

Il
M: \
M
=~
\<

ZTﬂV
Hi% ;) (ZW )y

I
™= M= I
o
s -
a -
<

ﬂ
a
~
a
~

Thus,

dE du;
—0e= T =0(>i=12,..,n)
dr (12.1) dr

. n
— —Z’ + Y TV +L=0(i=1.2,...,n).  (123)
i j=1

According to (12.3), we still cannot assure that the equilibirum point u = u™* is
stable in the sense of Lyapunov, as different solutions starting from different initial
points may converge to different equilibrium point u*. Also, we cannot conclude that
u* must be the minimal point of E(v). It might be a reflection point since first-order
derivative being zero is only the necessary (not sufficient) condition to have minimal
value.

It should be noted that Hopfield’s stability means “movements go to equilibrium,”
or “the attraction of the set for equilibrium points.” It is different from Lyapunov
stability. In Lyapunov stability theory, the equilibrium point is known, and the Lya-
punov function and its derivative take opposite signs in the neighborhood of the
equilibrium point, while the equilibrium point of Hopfield network is unknown, and
it is not required that £ and %f should have opposite signs.

LaSalle first proposed the LaSalle’s invariant principle [58] that a solution
x(t,10,x0) starting from some bounded region in R" is kept bounded in this region,
and one then constructs a Lyapunov function V such V < 0 to show that this solu-
tion is asymptotically approaches a large object (the largest invariant set). However,
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the LaSalle’s principle does not mention stability. Therefore, it is necessary to distin-
guish the difference between the Hopfield stability, Lyapunov stability, and LaSalle
invariant principle.

The advantage of Hopfield’s method is based on the attraction of electronic net-
work and dynamical systems and simulation of differential equations to quickly,
automatically find the fixed points (or equilibrium points) of system (12.1). This
provides new ideas in developing NN computers, which is the most difficult part
encountered using other methodologies, and this is perhaps most attractive part of
neural networks. More precisely, the stability of Hopfiled neural network is to use the
interaction of equilibrium points to find the equilibrium points, rather than studying
the stability of equilibrium points.

The stability of neural networks is one of the fundamental problems in both the-
oretical development and practical applications. It not only provides the theoretical
basis for optimal computations, but is also fundamental in studying convergence of
most learning and training methods, as these problems are finally transformed to
ones of considering stability and attractive property.

12.2 Relation and Difference of Hopfield Neural Network
and Lurie System

For convenience in comparison of Hopfield neural network and Lurie systems with
multiple nonlinear controls, we introduce some transformations to system (12.1). Let

1 T;;

dl:C,»R,»’ bij = .

then the Hopfield neural network (12.1) becomes

1

n
14
U = *diuiJerijgj(“j)Jrég (12.4)
~

L

The original network defines the function g;(u;) as Sigmoidal type of function, i.e.,
D" gi(u;) >0 and |g;(u;)| < K. Now we consider a more general class function.

8i € Fo = {gi\O <uigi(u;) < kiu%, gi is continuous and g;(0) = O}.

Therefore, the nonlinear functions in neural networks and Lurie control systems are
basically same. More precisely, a nonlinear function in neural network requires that
the function is monotone increasing and has its maximum slope at the origin. So
strictly speaking, the nonlinear functions in neural networks belong to a subset of the
nonlinear functions of Lurie control systems.

Let u; = u} be an equilibrium point of (12.4), and

Fxi) = gi(wi) — gi(w;) = gi(xi +u;) — gi(uy),
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then (12.4) can be rewritten as

n
= —dxi+ Y bijfj(x)). (12.5
=1

Since f;(0) = gi(u;) — gi(uj) =0and f/ =g} >0 (i=1,2,...,n), we have

fi € Foy = {ﬁ|0 <xifi <ka2, £(0)=0, fis continuous}.

The above discussions give the following results.

1. Hopfield neural network is actually a special case of the more general Lurie
systems with multiple nonlinear controls, described by

n n
%= Y aixj+ Y bijfi(o)),
j=1 j=1
n
O = Zcixi,
i=1

in which letting ajj = 0,i# j, a;j=—d; <0, and Oj=Xj, Cj= l,c;i=0,i#]j
yields the Hopfield neural network (12.5).

2. The Lurie control system (12.6) does not require a;; < 0 for all i, nor does the
nonlinear function fj(c;) have to be monotone. It only requires o;f(o;) > 0,
o # 0 (i.e., the function is located in the first and third quadrants of the o-f (o)
plane), and is thus more general than the neural network (12.4).

3. However, the study of the Lurie systems with multiple nonlinear controls is far
behind that with single control. As pointed out in a STAM research report (1988)
The Future of Control Theory — Mathematical Prospect that although the study
on the stability of nonlinear control systems has received considerable attentions
and many results have been obtained, most of achievements are limited to the
systems with single control, such as Popov criterion, Lyapunov method, etc. The
problem for the Lurie systems with multiple controls has not been solved with
satisfactory. This indicates the difficulty in generalizing the study from the case
of single control to multiple controls.

4. Note that the Hopfield neural network (12.4) contains an input /;, while the input
in the Lurie system (12.5) is zero. However, this input can be removed by a sim-
ple translation, and thus (12.4) becomes (12.5). Since the activation functions
gi(u;) and f;(x;) are the same type of functions, the absolute stabilities of the
equilibrium point u = u* of (12.4) and x = 0 of (12.5) are not different.

5. The development of neural network (12.5) provides a useful practical model for
the study of Lurie systems with multiple controls, and will greatly promote the
study of Lurie systems with multiple controls.

(12.6)

The study of the global stability of the neural network (12.5) has opened a new area
for optimal computations. Therefore, it is natural to combine studies on the stability
of neural networks and the absolute stability of Lurie control systems.
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12.3 Sufficient and Necessary Conditions for Hopfield
Neural Network

In this section, we introduce the definition of absolute stability of neural network and
the sufficient and necessary conditions for the absolute stability of one type of most
original Hopfield neural network [27,28, 50].

The neural approach for solving optimization problems has attracted consider-
able attention in recent years. Some crucial drawbacks have seriously limited its
applicability. one main drawback is that spurious suboptimal responses, because of
the existence of many stable equilibrium points.

The main features that a neural optimizer of the Hopfield type should posses are
as follows.

1. The interconnection matrix should be symmetric. The property of symmetry is
indeed inherently related to the optimization capabilities.

2. There should be an unique equilibrium point, which is globally asymptotically
stable (GAS), i.e., locally stable and attracting all trajectories of motion. GAS is
a necessary property to avoid the presence of spurious responses and to guarantee
convergence toward the global optimal solution.

3. The neural network should be absolutely stable (ABST).

By ABST, it is meant that there is a GAS equilibrium point for every neuron acti-
vation function belonging to the class S of Sigmoidal (i.e., bounded increasing)
functions and for every constant input vector to the neural network. ABST is impor-
tant because in practical problems the neuron activation is known to belong to the
class S, but its shape is not specified exactly. ABST neural networks are best suited
for optimization problems, being devoid of spurious responses for every choice of
the activation function and of the input vector.

Consider the neural networks, described by the system of differential equations:

Xx=—Dx+Tg(x)+I1, (12.7)

where x = (x1,x2,...,%,)T € R" is the state variable, D = diag(d, da, ..., d,) is
an nxn matrix with diagonal entries d; >0, i=1,2,...,n, T = [T};] is an nxn
constant matrix, g(x) = (g1 (x), g2(x), ..., gn(x))T: R* — R" is a nonlinear diagonal
mapping and I = (I1, b, ..., I,,)T € R" is a constant vector.

According to the usual assumption on the neuron activations, we require that g
belongs to the class S of Sigmoidal functions, defined by the property that g € S
iffor i=1,2,...,n, gi(R) = (ai,b;), a; €R, b; € R, a; < bj, or expressed as g; €
C[R, (ai,bi)].

We will analyze the properties of global asymptotic stability and absolute stabil-
ity, as defined below. An equilibrium point is a constant solution of (12.7) and hence
satisfies the algebraic equation:

H(x)=—Dx+Tg(x)+1=0. (12.8)

For a given g € S, let x(¢;70,xp) denote the solution, which is uniquely deter-
mined by the initial condition xg € R" at ¢t = fy. Under the hypothesis g € S,



318 12 Absolute Stability of Hopfield Neural Network

any solution of (12.7) is ultimately bounded and hence defined for all ¢ > f
(Lemma 12.3). Consider an equilibrium point x* for (12.7).

Definition 12.1. The equilibrium x* is said to be GAS if it is locally stable in
the sense of Lyapunov and globally attractive, where global attractive means that
limy o0 x(£320,%0) = X%, for every initial condition xy € R".

Definition 12.2. System (12.7) is said to be ABST if it possesses a GAS equilibrium
point for every function g € S and for every input vector I € R". When system (12.7)
is ABST, then the vector field defined by the right-hand side of system (12.7) is said
to be structurally stable.

The concept of GAS (and that of ABST) involves a static aspect (i.e., the unique-
ness of the equilibrium point, which is a necessary condition for GAS) and a dynamic
aspect (i.e., local stability and global interactivity of the unique equilibrium).

We find it convenient to analyze the problem of uniqueness of the equilibrium
point in the general case of both symmetric and nonsymmetric connection matrices.

We recall that Py denotes the class of square matrices A defined by one of the
following equivalent properties:

(Po-(1)) All principal minors of A are nonnegative

(Pyp-(i1)) Every real eigenvalues of A as well as of each principal submatrix of A is
nonnegative

(Po-(iii)) det(K + A) # 0 for every diagonal matrix K = diag(Kj,...,K,) with K; >
0,i=1,2,....n

Lemma 12.3. If g € S and —T € Py, then the function H defined in (12.8) is diffeo-
morphism of R" onto R", i.e., H is globally one to one onto and the inverse function
H!is C'(R").

Proof. We state that a C' function H = (H,,...,H,)T is a diffeomorphism of
R" onto R" if and only if: (1) detJy(x) # O for all x € R" (Jy is the Jaco-
bian of H) and: (2) lim|y| . [[H(x)|| = +occ. The Jacobian of H is given by
Ju(x) = —D+ Tdiag(g}(x1),...,8,(xx)). Since —T € Py, from Py-(i), it easily
follows that — T diag(g’(x1),...,&,(xx)) € Py for all x € R". In fact g}(x;) > 0
and the multiplication of —7 by a diagonal matrix with positive diagonal entries
does not alter the sign of the principal minors of —7. Denote with P the class
of matrices defined by the property that all of their principal minors are posi-
tive. Then we can obtain D — T diag(g}(x1),...,8,(xs)) € P. This implies that
det(D — T diag(g’ (x1),...,8,(xs)) = — detJu(x) > 0 forall x € R" and conclusion
(1) holds.

Note that since g € §, then g is a bounded function and so is the function
T g+ 1. Therefore, there exists m > 0 such that ||T g(x)+1|| < m, for all x € R".
Being D a diagonal matrix with positive diagonal entries, we have limjj . | —
Dx|| = +oo. Then, [|H(x)|| = || — Dx+Tg(x)+1|| > || — Dx|| — m, from which
limy| .. [|H (x)|| = +oo and hence also conclusion 2) is true. O
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Theorem 12.4. System (12.7) has an unique equilibrium point for each g € S and
foreach I € R" if and only if the connection matrix —T € F,.

Proof. Sufficiency. From Lemma 12.3 the function H in (12.8) is globally one-to-
one and onto. Then (12.8), H(x) = 0, has an unique solution and hence (12.7) has
unique equilibrium point.

Necessity. Suppose now that — T ¢ Py. We show that we can finda g € S and a
vector I for which (12.8) has more than one solution. If —T ¢ Py, from Py-(i) also
matrix —D~!T ¢ Py, since D™! is a diagonal matrix with positive diagonal entries.
Hence, from Py-(iii), there exists a diagonal matrix K = diag(K,...,K,) with K; >
0,i=1,2,...,n, for which det(K —D~'T) =0. Since K—D~'T =D (DK -T) =
D' (D—TK K, itresults in det(K —D~'T) = det(D~") det(D — T K~') det(K).
Being det(D~') # 0 and also det(K) # 0, we therefore obtain det(D—TK~!) =0.

Now consider a function g(x) = (&1 (x),...,&,(x))T, which belongs to S and is
such that g(x) = K~ 'x, for ||x|| < 1. If we choose I = 0, the solutions of (12.8) in
the set ||x|| < 1 are solutions of the linear system — (D — TK~')x = 0. However, as
det(D — T K~') = 0, we get that for these choices of g and I, (12.8) has infinitely
many solutions for ||x|| < I. O

To prove the following Theorem 12.6, we need the following lemma.

Lemma 12.5. Let g € S; then any solution x(t;ty,x0) of (12.7) is bounded and hence
defined for t > ty. It results in

kIITH>

Itrto,x0) | < v (loll +°, 0 1) for tzm,
min

where k is such that ||g(x)|| <k forall x € R" and dmin > 0, dmin = min{dy, ... d,}.

Proof. Let x(r) = x(t;t9,x9) be solution of (12.7). By the variation of constants
formula, x(z) satisfies

x(t) =Y ()Y (1o) xo + tY(t)Y” (s)T g(x(s))ds, (12.9)

fo

where Y(z) is any fundamental matrix of y = —Dy. We can choose Y(t) =
diag(e=7,..., e=%"). For g € S, there exists k > 0 such that ||g(x)| < k for all
x € R". Therefore, from (12.9), and for ¢ > #,:

@) < 1Y () Y~ o) | [1xoll + &I 7| /tot 1Y (£)Y =" (s)] ds.
We have

1/2
e*dem (t7t0>) /
1

oyl = (L e ) < (o]

n
=

— \/nefdmin(tft())
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for all ¢ > 1y, where dpi, = min{dy,...,d,} > 0. Similarly, we obtain
Y ()Y~ (s)]| < /e minlt=s)

for ¢t > 5. Therefore, for t > ¢,

1
(o) < Ve 0 g 4 ik 1] [t~ s,
A

which by integration yields the desired result, ||x(7)|| < \/n<onH + l;”m), for
t > 1. O

Theorem 12.6. For a symmetric connection matrix T, system (12.7) is ABST if and
onlyif —T € Py, i.e., ifand only if T is negative semidefinite. When these conditions
are satisfied, the Hopfield-Tank vector field defined by the right-hand side of (12.7)
is structurally stable.

Proof. Sufficiency. Suppose T is negative semidefinite. Fix g €S and / € R" and let
X, be the unique equilibrium point of (12.7) on the basis of Theorem 12.4. With the
coordinate change z = x — X, (12.7) can be transformed into the following system,
having an unique equilibrium point at z = 0,

:=—Dz+TG(x), (12.10)

where G(z) = (G (21),--,Gn(zn))" = g(z+x) — g(x) :=g"(z) and g"(0) = g(x) -
g(x) = 0. The function G € S and also G(0) = 0. Thus for (12.10) we can construct
radially unbounded, positive definite Lyapunov function:

V:;A<M®%-

Then we have
dv

=-Y diziGi(§)+ G (2)TG(z) < - Y diziGi(zi) <0
dr (12,10 i=1 i=1

when |z|| # 0. Thus, the zero solution of (12.10) is absolutely stable, and so the
equilibrium point x = x* of (12.7) is absolutely stable.

Necessity. Since a necessary condition for ABST is that there is an unique equi-
librium point for every g € S and for every I € R", the necessity part is a direct
consequence of Theorem 12.4. The proof is completed. |

Since a necessary condition for GAS is that there is an unique equilibrium point,
it readily follows from Theorem 12.4 that a necessary condition for ABST (valid
both for symmetric and nonsymmetric connection matrices) is that —7 € Py. The
question arises whether — T € Py is also sufficient for ABST.

For nonsymmetric matrices 7', the condition — T € Fy is not in general sufficient
for ABST, as the following example of a 3-neuron network shows. The example is
relative to a case where for a given network with —7 € Py, the unique equilibrium
of (12.7) is unstable, so that ABST does not hold.
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Example 12.7. Consider the third-order neural system of the type (12.7):

X1 X1 0—-a0 gl(xl)
|l=—d|x|+]0 0 B g2()€2) , (12.11)
x3 x3 vy 0 0] \g3(x3)

where it is assumed that D = diag(d,d,d) with d > 0 and I = 0. Furthermore,
g(x) € S and is such that g;(0) =0, g(0) =1, i = 1,2,3. Also assume that a, 3,y
are positive constants. It can be verified that — 7T € Py, so that from Theorem 12.4,
(12.11) has the origin x = 0 as its unique equilibrium.

Let us prove that for sufficiently small d > 0, x =0 is unstable. In our hypothesis,
the Jacobian at x =0 is Jy(0) = —D+T. The matrix 7 has two complex conjugate
eigenvalues with a positive real part (o B y)'/3 /2. Since the diagonal matrix —D =
—diag(d,d,d) in Jy(0) translates the eigenvalues of T by the negative quantity —d,
we obtain that for 0 < d < (afy)"/3/2, Ju(0) has two complex eigenvalues with
positive real part. Hence x = 0 is unstable and (12.11) is not ABST.

Different from the nonsymmetric case, for symmetric matrices 7', the fact that
—T € Py (which is equivalent on the basis of Py-(iii) to the fact that T is negative
semidefinite) characterizes both the static and dynamical property of ABST, as the
following result shows.

Since the above argument is true for any choices of g € S and for any vector
I € R", we have proved that (12.10) is ABST.

In the following, we introduce a sufficient condition, obtained by Kaskurewicz
and Bhaya [50], for the absolute stability, which is an improved proof for Theo-
rem 12.8.

Theorem 12.8. [50] If T € Dy, i.e., there exists a positive diagonal matrix Q =
diga(q1,--- ,qn) satisfying QT +TTQ <0, then system (12.7) is ABST w.rit. g € S.
Furthermore, the Hopfield-Tank vector filed, defined by the right-hand side of (12.7)
is structurally stable.

Proof. Since T € Dy implies —T € Py, it follows that x* is the unique equilib-
rium point of (12.7). We now use the radially unbounded, positive definite Lyapunov
function:

n Zi
Ve =2Y a0 [ GiE)dz.
i=1
Along the trajectories of (12.7), the time derivative of V(z) is given by

dv(z)

P G(2)(QT +TT0)G(z) — G(z) 9Dz. (12.12)

Since T € Dy, there exists a positive diagonal matrix Q = diag(q;,g>2,...,¢,) such
that the first term on the right-hand side of (12.12) is negative semidefinite and
G(z)0Dz is negative definite for all G € S. This ensures that system (12.7) is ABST
w.rt. g € S, and the Hopfield-Tank Vector field defined by the right-hand side of
(12.7) is structurally stable. O
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12.4 Absolute Stability of Cooperative Hopfield Neural Network

In Sect. 12.3, we have introduced the sufficient and necessary conditions for the
absolute stability of a special type of Hopfield neural network with weighted matri-
ces [28]. More precisely, these conditions are sufficient conditions as additional
constraints are posed. Therefore, we should look for other sufficient and necessary
conditions without these constraints, but under some other different constraints.

According to the definition of absolute stability, we first need to prove the exis-
tence and uniqueness of equilibrium point for any g; € S and any input /;, and then
prove that it is globally asymptotically stable. Proving the existence and uniqueness
of the equilibrium point belongs to functional analysis and computational math-
ematics, and is usually difficult. However, because of the special property of the
Sigmoidal function, the existence of the equilibrium point can be shown using the
Brown fixed point theory, while the uniqueness of the equilibrium point is the neces-
sary condition for the global asymptotic stability. Thus, once the global asymptotic
stability is asserted, the uniqueness of the equilibrium point is also proved. When
non-Sigmoidal functions are used as activation, the situation is different. Therefore,
next we will consider new sufficient and necessary conditions for Hopfield neural
network.

In the previous section, the weight matrix 7' is assumed symmetric. In this sec-
tion, we introduce the sufficient and necessary conditions for the absolute stability
of cooperative Hopfield neural network. Again, consider system (12.7):

= —Dx+Tg(x)+1, (12.13)

where the definitions for D, g, and I are the same as that defined in the previous
section. The only different is for 7', which now has different constraints, defined
below.

Definition 12.9. If in the Hopfield neural network (12.13), the off-diagonal elements
of the weighted matrix T are nonnegative, i.e., T;j > 0, i # j, then system (12.13) is
called cooperative neural network.

Note that 7 defined above can be either symmetric or nonsymmetric. Thus what
to be discussed in this section is not covered in the previous section. Cooperative neu-
ral networks are widely employed for cooperative learning and other computational
tasks.

Let g € S and |g(x)| < k|x|, k> 0.

Theorem 12.10. For a cooperative Hopfield neural network (12.13) to be ABST if
and only if —T € Ky, where Ky denotes the class of (symmetric or nonsymmet-
ric) matrices with nonpositive off-diagonal entries and with nonnegative principal
Minors.

Proof. Sufficiency. Assume —T € Kj. Fix any function g € S and any vector / € R".
Since — T € K implies — T € Py, system (12.13) has a unique equilibrium point x*.
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By means of the coordinate change z = x — x*, system (12.13) can be transformed
into the following system, having an unique equilibrium at z =0,

t=-Dz+TG(2), (12.14)

where (G(z) = (Gi(z1),-..,Gu(zn))" = glz+x") — g(x*) 1= g*(z) and g*(0) =
g(x*) — g(x*) = 0. The function G € S and also G(0) =0.

For G € S, there exist k;, 0 < k; < oo, i = 1,...,n, such that |G;(z)| < kiz;.
Choose a positive € satisfying € < d;/k; and consider the functions

Di(zi) = dizi — €Gi(z:) i=1,...,n.

Now rewrite system (12.13) by adding and subtracting the same term €G(z) to
obtain (I, is the identity matrix)

t=—(Dz—eGE)+ (T —€l,)G(z) = —2(2) + (T —€l,)G(z).  (12.15)

Since —T € Ky, then — T + €1, € K. From these we get that z =0 is GAS for (12.15)
and hence that x* is GAS for (12.13).

Necessity. Since a necessary condition for ABST is that there exists a unique
equilibrium point for all g € S and for all 7 € R", the necessity part is an immediate
consequence of Theorem 12.6 and the fact that for a cooperative neural network,
—T € Ky is equivalentto —T € Py. O

12.5 Sufficient Conditions for Absolutely Exponential Stability

In this section, we turn to investigate the sufficient conditions for the absolutely expo-
nential stability of Hopfield neural networks [87]. First, we consider the Hopfield
neural networks with finite gains, and then that with finite gains.

12.5.1 Hopfield Neural Networks with Finite Gains

Consider a model of Hopfield neural networks, given by

n
0
Cii =Y Tijgj(uj)— R" +1; (12.16)
=1 i

J

where C;, T;j, R;, I; are the physical parameters depicted in [43]. The circuit scheme
of the neural networks is omitted here. For the system (12.16), we merely assume
that the activation function g;(u;) belong to class S of sigmoidal function, defined by
the property that g;(R) = (a;,b;), a; € R, b; € R, a; < b;, but suppose that the gains
are finite, i.e., supD™g;(u;) := M; < +oo. The matrix T = (T};)nxn needs not to be
symmetric. Here, we assume that system (12.16) has a finite equilibrium point u = u*.

Let u = (uy,--- ,uy)" and the equilibrium be u* = (u],--- ,u3)T, and Sp = {g €
S,0 < D"gi(u;) < M}. It is obvious that Sg C S.
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Definition 12.11. If VI;, Vg; € Sp, i = 1,--- ,n, the equilibrium solution of (12.16)
is globally exponentially stable, then (12.16) is said to be absolutely exponentially
stable w.r.t. Sp.

In the following, we assume

) 1 1
Q; = diag (R =Ty My, TnnMn) — (03| T;;|M;) ..,
1 Rn nxn
Q) = di ! ! +(T;))
= dia L.
2 g RlMl’ 7RnMn ij)nxn,

where 0;; = 1 — §;j, 6;; denotes the Kronecker operator.

Theorem 12.12. If the matrix Q1 is an M-matrix, then (12.16) is absolutely expo-
nentially stable.

Proof. Since the Sigmoidal function is bounded, thus we can apply the Brouwer
fixed point theorem to prove that for any 7 and g € Sp, the equilibrium solution of
(12.16) exists.

Assume u* = (uf,---,u})T is the equilibrium point of (12.16) and x =
Gers e x)t = (= uf, e — )Y, f(0) = gilwi) — gi(uf) = gilxi + uf) —
gi(uy), i=1,2,...,n, then (12.16) changes into

n
X .
cix,.:ZTijfj(xj)—R", (i=1,,n). (12.17)
j= i
Since £ is an M-matrix, there exists a group of constants & = (&;,---,&,)T >0,

such that
-1 n '
& (R_ +Tijj> +Y &ioyjlTjIM; <0, j=1,-- ,n.
/ i=1

Without loss of generality, we assume

n
é]T]]+Z<§lGU|T;]|§O7 j:1,~~,n0,1<§no<n,

i=1

n
EiTjj+Y &oij|Tijl >0, j=no+1,-,n.
i=1
- : V(S gy Ea T M) U]

Let A = 1gkgn0%1}r1§jgn {Rka’ (Rj EiTiiM; Zizlilcl,\T,,\M,) 5}_@_}.
Constructing the radically unbounded, positive definite Lyapunov function V(x) =
Y7, &Cilxi|, we find that the right upper Dini derivative of V along the solution to
system (12.17) satisfies
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DYV (x)|(12.17) Z &iCix;isgnx;
n n
< Y& p bl Tl + X ol
i=1 i j=1

< ig. (- fgj,)\xj\ +§, (@T/’ﬁi@jm/’\)\f/’(ﬁf/’)\
Z ( )|XJ|Jr Z (‘SJ ]]+ZGIJ‘E]‘>M ;|

Jj=ngo Jj=no+1 i=1
1o
< Z( 5’)\x,|+ Z [ +§JTJJM +ZGIJ§I }|x1|
j=1 j=no+1
< —AV()C). (12.18)

Then, 0 <V (x(z)) < Vi(x(0))e ¥, and furthermore, we have

1

min &C;
1<i<n

lxi| < V(x(0))e ™.

It implies that the equilibrium of system (12.17) is globally exponentially stable with
Lyapunov exponent —A, i.e., system (12.17) is absolutely exponentially stable w.r.t.
Sp with Lyapunov exponent —A. |

Theorem 12.13. If the matrix €, is Lyapunov-Volterra stable or called diagonal
stable, then system (12.16) is absolutely exponentially stable.

Proof. The Lyapunov-Volterra stability of matrix €2, implies that there exists a pos-
itive definite diagonal matrix H =diag(hy,--- ,h,) such that Q0 = ! , (HS + QFH) is

negative definite, (_QT denotes the transpose of £2;). Let A € (0 mlg RC ) be the
<i<n
maximum positive solution to the following problem:
Cih Cph
QO+ Adiag ( 1 yoee, 1 n) is negative semidefinite.
1 Mn
Construct Lyapunov function
n X;
= ZCihi /0 fl'(x,')d.x,'. (12.19)
i=1 :

Obviously, V(x) is positive definite. Now we verify its radical unboundedness.

Let m; = |r1|1in |//(x)|, m; = min[f;(1), f;(—1)]. For arbitrary x €R", without loss of
x|<1
generality, we assume that

|Xi‘§1,l.:1,"‘7l(), |xi‘>1ai:lo+la”'7n
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It follows from the monotone property of f;(x;) that

n X;
:ZC,»h,»/ i) dx; >Z Chmx + ZChm,|x,H+oo
i=1 0

lp=1

as |x| — oo, indicating that V is radially unbounded.

Also from the monotone property of the function f;(x;), we obtain an estimation
of the derivative of the Lyapunov function My along the solution to system (12.16),
given below:

deMV n X 1 dx
d :leMZCihi/ ﬁ(xi)dxi"‘ehzc"hiﬁ(xi) l
. L Ghi J) : dr
n
< MAY. Cixifilon) Z ifi(x +ZZhﬁ )56 (5)|
i=1 =R i=1j=
A - hi y
M [, Y (p —Cilid)xifi(xi) + Y, Z hifi(xi)Tijfj(xj)}
i=1 " i=1j=1
noh Chﬂ, ok
4"[*2(@ )00+ Y. Y i i )|
i—1 it i=1j=1
fl Cih Cuh
_ HQZ+!22TH)+/Id1ag< PRI "ﬂ
M, M,
fn
(fl(xl }
Jn(xn)
Ji(xr)
C1h1 Cnhn)] .
_ + Adia 3t :
) 0 g M, M, )
fn ) Ju(xn)
<0 (12.20)
Integrating the inequality (12.20) from 0 to #, we have
V(1) < e MV (x(0)) = e MV
That is,
Iy ;W A
;Cihimixi+ )y zcihimz'\xi|§f Vo. (12:21)

i=lp+1
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It follows from (12.21) that

2 A
i(1)] < Voe 2!, 1<i<]|
|xz()|_\/ci§imi\/ oe 2, S LS o,

A
1 -t
(1) < Voe M < Voe 2, lh+1<i<n.
xi(1)] < Cem 0= om0 b +1<i<n
Setting
1
K= \/ 2y, Vol
o [ G&m 'O CiEim;
lp+1<j<n
we obtain |x;(f)] < ke’%’, i = 1,--+,n, implying that the equilibrium u = u* is
absolutely exponentially stable. The proof is complete. ]

12.5.2 Hopfield Neural Networks with Infinite Gains

Now, we consider the sufficient conditions for the absolutely exponential stability
of Hopfield neural networks with a class of sigmoidal nonlinear activation function
(i.e., the activation function with unbounded gains).

Let Syg :={g(x)|g(x) €C[R,R], D" gi(u;) >0,i=1,--- ,n},ie.,supD*g;(u;) <
+o0. Consider (12.16) with g;(u;) € Sya, it is obvious that Sg C Syp. If we still use
the definition 12.11, Vg; € Syp, VI; € R, if the equilibrium of (12.16) is globally
exponentially stable, then (12.16) is absolutely exponentially stable w.r.t. Syp.

Theorem 12.14. If there exist two groups of constants & > 0,1; > 0,i=1,---
such that the matrix A is negative definite, then the following conclusions hold:

1. System (12.16) is absolutely exponentially stable
A

2. The Lyapunov exponent is —

where
- A11A12]
- Al Az 2n><2n7
Ay = diag(—f;] o ’_I%:,)’
Alz:diag(szI];l,...’szz’n)nxn (éiT"";@Tﬁ)m, =12, n
Ao = (MM 0o,

2

[311 312]
B = - ,
B12 322 2nx2n
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. C C
BH = dlag( 1251 PR nzgn )nxm

Clnl Cnnn

BIZ — BIZ = dlag( 2 ) ) 2 )nxna

By = Opsn-
Here, —A denotes the maximum eigenvalue of matrix A and [ is the maximum
eigenvalue of matrix B, the superscript T represents transpose.

Proof.
1. Letx= (x1, - ,x0)" = (uy —uj, - ,up —u;)T. Then,

filxi) = gi(xi+ui’) — gilui).
and system (12.16) can be rewritten as

n

Z Tijfi(xj) — R (i=1,---,n). (12.22)

The global stability of the equilibrium u = u* of system (12.16) is equivalent to
that of the equilibrium x = 0 of system (12.22).
Construct the radially unbounded Lyapunov function:

L Ci&i < i
Ve =¥ e Y nc [ e (1229
i=1 i=1

It is obvious to see that V(0) =0, V(x) > 0, for x # 0, and

v >nCz<§ 2
x) =Y 2x—>—|—oo as  |x| — oo,
i=1

Thus, V(x) is radially unbounded and positive definite.
The derivative of V(x) along the solution of system (12.22) is

dv
dr 1(12.22) Z élx +ZélleTufJ x;j)

_an : +anZszfj Xj fl(xz)

X Al A12:| < X >
= . 12.24
<f(x) ) {AE A |\ f(x) ( )
2. Set V* = ¢V, & > 0 is a sufficiently small constant. Then we obtain
v = ge'V e v ’
dr 1(12.22) dr 1(12.22)

oo (i) T2 (o)
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* Ci&i - i
= ¢! {s (Z 25 xi2+;nicz'/0 fi(xi)dxi)

i=1
) Tz ()
fx)) [ALAn |\ f(x)
et - CiGi 5
<e¥qe Z 5 i +Zn,~Cix,~ﬁ(x,~)
i=1
i) G )
f(x) Al Ay ) \ f(x)
_ ot < x >T{A11+3118 A12+3128}< x ) (12.25)
f(x) ATZ +BIZE Ap+Bye |\ f(x) )" '
Since the eigenvalues continuously depend on the elements of a matrix, the

Ay A

T implies the same property of
Ajy Ax

negative definite property of matrix [

A1 +B11€ App+BpE

when 0 < € < 1. It follows that
ATZ—i—BIzS Ay + By
dv*

dr <0 for O<exl. (12.26)

(12.22)

Integrating (12.26) from 0 to arbitrary ¢ yields
'V (x(t)) =Vi(x(@t)) <V (x(0)) := V.

Hence, we have

n
C‘ .
Y i X <V(x(r)) < e #Vg, (12.27)
i=1
and then ., o
Ve~
Ya2< 0. (e>0). (12.28)
i=1 min 5
1<i<n

Inequality (12.28) implies that the equilibrium x = 0 of system (12.22) (or the
equilibrium point # = u™ of system (12.16)) is globally exponentially stable, i.e.,
system (12.16)) is absolutely exponentially stable. Also, the positive constant €
can be considered as a Lyapunov exponent.

3. Let —A and p be the maximum eigenvalues of matrices A and B, respectively.
From the argument of inequality (12.25), we have

(12.22) <e { (fzcx) >T Eﬁ QZ] (f?x)) }

+e* {8 (i Cfixiz + i nicixifi(xi)> }
i=1

i=1

%
dr
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Seet{ (lx+;iff )}
+eg{g(fg;)) el ()]

[—A +eu] (Zx +Zf, x,) 0. (12.29)

M:

A
Thus, the inequality (12.27) holds and € = u is an estimation of the Lyapunov

exponent.
The proof is complete. |
Set 27 [A“ 'gm],where
A21 A2
o 1 1
= _d ( y Ty )a
A1l 1ag Ry R,
) . 1 1 T+ T
) (37,
A B8R 2R e T2
o TijJrTji)
An = ( 2 nxn
and set 103: [1311 ?12] >
B21 B2 | 400
° . Cl Cn
——ang(9,.G)
Bu e\ o 2 ) uxn
oT C C o
Blz—Blz—dlag< ’Zn) y B2 = Opxp-
nxn

Corollary 12.15. If the matrix;\ is negative definite, then the equilibrium u = u* of
system (12.16) is unique and globally exponentially stable, and the Lyapunov expo-

nent can be chosen as € = ﬁ, where —A and [l are the maximum eigenvalues of the
matrices ,Z and 103, respectively.
Proof. Taking &, =1, =1, i=1,---,n in Theorem 12.14 proves this corollary. [J

Theorem 12.16. If there exist two groups of constants & > 0,1, >0, i=1,--- ,n
such that the matrix G is negative definite, then the conclusion of theorem 12.14
holds, where
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G- |:Gll Gio

51 én)
Gl, G ’

) G = —di < ) )
11 1ag R R,

:| 2nx2n
§iTij+§jTji) G — (TliTij+leTji>
an’ n><n’

G =G, = ((1 =67 5

&j{lwhen i=j,

0 when i # j.
o . . . g &GT A i
The estimation (12.28) is also satisfied, where € = min [ min o, ], —A
1<i<n niCi ‘u*
Ci&i

is the maximum eigenvalue of the matrix G, and I* = max
1<i<n

Proof. From the negative definite property of the matrix G, we know that 7; <
0, i=1,---,n. Using the Lyapunov function (12.23), analogous to the argument
for equation (12.25), we have

dav X T_Gll G X ! 7 n;

= iTixi fi(xi) — i (x7).
dr ‘(1222) (f(x)> G, G |\ () +i:Z1<§z i%i fi (xi) ;:1 R, i)
(12.30)
Let V* = ¢V, analogous to the argument for the inequality (12.25), we obtain

] . )
o= | (00) [ 2] () -eB s
dr |(12.22) f(x) G, G | \ f(x) = 2

i +Y (en,»Ci +&Ti — 2’) xifi(x,»)]

i=1 l
<o [x* (ix%iff(xi)) +u*eix%]
i=1 i=1 i=1

+e" ) (snici +&Ti —

i=1

~

Zi)xifi(xi). (12.31)

Similar to the proof of Theorem 12.14, the proof of this theorem can be completed.
|

12.6 Absolute Stability of Lurie Discrete Delay Neural Networks

In this section, we consider the following Lurie-type neural network model with

discrete time delays:
x(k) = Ax(k) +B1f(0(k)) + Bof (o (k—(k)), (1232
o (k) = Cx(k) + D1f (0 (k) +Daf (o (k= T(k)), |

where A €R"™", B, B, eR"™!, C eR*", D, D, eR™*!, x eR", f R}, £ < n. L is
the number of nonlinear activation functions (i.e., the total number of neurons in the
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implication layers and output layers of the neural network), the delay 7(k) < h, is a
positive integer.

Assume that the only equilibrium of (12.32) is x = 0, and the nonlinear activation
function satisfies

<wu;}, f;is continuous.

fi(oi)
o

1

f S F[q,-.,ki] = {f|fl(0) = Oa qi S

Thus [ﬁ(G,) — q,'Gi] [ﬁ((i,) — u,'('fi] <0.
In the following, we will discuss the absolute stability of (12.32) in the Lurie
sense.

Theorem 12.17. If the following any one condition is satisfied:

1. There exist positive definite symmetric matrices P, I', and positive semidefinite
diagonal matrices A, S such that the following linear matrix inequality (LMI)
holds

Hyy Hz Hi3
H= | Hy Hy» Hy3 | <0, i.e., Hisnegativedefinite,
H3 H3 Hzz
or

2. There exist positive definite symmetric matrices P, I', and positive semidefinite

diagonal matrices A, S such that the following LMI holds

G11 G2 Gi3
G= |Gy Gy Gy | <0,
G31 G32 G33
where
Hiy=A"PA—P, H;,=A"PB,+C"A, Hi3 =ATPB,,
Hy =B{PA+AC, Hy =B{PB+2AD|+I, Hy =B[PBy+AD,,
Hy = BIPA, Hxy = BIPB, +DIA, Hyz=BiIPB,— T,

G =ATPA—P—-2CTSQUC,

G2 =ATPB +CT"A —2CTSQUD; +CT(Q+U)S,

Gi13 =ATPB, —2CTSQU D>,

Gy = BIPB|+2AD+I" —2DISQUD;—25+DT(Q+U)S + S(Q+U)Dy,

Ga3 = BTPBy + AD, —2DTSQUD; + S(Q+ U)D3,

G33 =BiPB, —I' —2D]SQUD,, Gy =Gl,, G311 =GJ;, Gxn =G,
0 =diag(q1,- - ,qn), U = diag(uy,--- ,up),
A =diag(Ay, -+, A,), S =diag(sy, - ,s0).

Then the zero solution of (12.32) is absolutely stable in the sense of Lurie.
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Proof. Construct the following radially unbounded, positive definite Lyapunov
function
k=1

— L k—1
Y, fH(c(i)F (o) + 2; Ai Zz)ﬁ(ci(j))ci(j)~
==

V(xx) = x; P+
i=k—h

Then,

AV (x) = Xy P *XZPXkJrZZn:/Mﬁ(Gi(k))Gi(k) +f1 (o (k)L f(o(h))
i=1

—fM(o(k—h)Lf(c(k—h))
- [Axk +B1f(o(k)) +Baf T (o (k- h))} P

x| Axc+B1f(0(k) +Baf (k1)) |

14
—x P +2 Y Aifi(0i(k)) [Cix + D1if (0(k)) + Daif (0 (k — h))]

i=1
+ (0 (k)T f(a(k)) = 1 (o(k—h)[ f(o(k—h))
X TTATPA—P  ATPB, +CTA ATPB,
= f(o(k) BIPA+AC BTPB|+2AD,+I BIPB,+AD;
) BIPA  BIPB +DJA BPB,—TI

)
flo(k—h

><< f(GIEk)) )
flo(k—h))

Thus, when H < 0, the conditions of Theorem 12.17 imply that the conclusion is
true. Otherwise, from

[fi(a (k) — qioi(k)][fi(o (k) — uici(k)] <O,

(12.33)

we have
(0 (k) —aiCoxk = aiD1if (0 (1) — q:Daif (o (k= )|
x [ (0(k)) — uiCix — wiDyi f(0(k)) — wiDai f (o (k — h))} <0.
Applying the S-method, we can rewrite (12.33) as
X TrATpA—pP  ATPB, +CTA ATPB,
(i) |

BTPA+AC BIPB,+2AD+I" BIPB,+AD,
BIPA BIPB+DIA  BIPB,— T
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X Wi Wiz Wi Xpe
- flo(k) Wa1 Waz Was f(o(k))
flo(k—h)) W31 War Waz |\ f(o(k—h))
Xk T Xk

<| fe®) |G| flok) |<0 when G<0,  (12.34)

where
Wi =2CTSQUC,
Why = 2DTSQUD, 428 — DT(Q+U)S — S(Q+U)Dy,
W33 = 2DISQUD;,
Wi, =Wy, =2CTSQUD, — CT(Q+U)T,
Wiz =W, =2CTTQUD;,
Was = Wi, = 2DTSQUD, — S(Q+U)Ds.
Thus, the conditions implied by the theorem are true. The theorem is proved. (|

When By =0, Dy =0, (12.32) is reduced to the common neural network:

{x(k+1) = Ax(k) + Baf (0 (k— T(K))), (12.35)
o(k) = Cx(k)+Daif(o(k—1(k))),

where ¢; < ﬁgzg)) <u;.

Corollary 12.18. If there exist symmetric positive definite matrices P, I', and positive

semidefinite diagonal matrices A, S such that the following LMI holds
ATPA—P-2C"SQUC  C"A+CY(Q+U)S  A™PB,—2C'SQUD,
(CAT+CT(Q+U)9)T r-2s ADy+S(Q+U)D, |<0,
(ATPB,—2CT'SQUD,)' (ADy+S(Q+U)D,)" BoPB,—TI'—2D>SQUD,

then the zero solution of (12.35) is absolutely stable.

Example 12.19. Consider the absolute stability of the zero solution of the following
discrete time delay neural network:

x(k+1) = Ax(k) + Bi f (xi)) + Baf (x(k —2)), (12.36)
where
fil) = (1] = — 1)), i=1.2,
0.9 0.0 0.1 0.1 .
A[ 0.0 —0.75]’ B= [1.0 —0.1}’ U = diag(1,1),

(PZO,C:12,D1:D2:0,L:2.
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With the helped of Matlab, we obtain the solution:

p_ [ 489.6145 39.7324} r— {236.9766 25.6638

| 39.7324 57.6801 25.6638 34.3699 |’

A = diag(9.9645,1.4662), T = diag(233.1834,66.4001).

P and I' are positive definite matrices, and A and T are positive diagonal matrices.
The conditions of Theorem 12.17 are satisfied. Thus, the zero solution of (12.36) is
absolutely stable in the sense of Lurie.



13

Application to Chaos Control
and Chaos Synchronization

Since Pecora and Carroll [117, 118] first designed an analog electrical circuit to real-
ize chaos synchronization, many researchers have extensively studied the property
of chaos synchronization and possible applications in practice. This has changed a
long time viewpoint: chaos cannot be controlled, nor synchronized.

Although many results about chaos synchronization have been obtained on the
basis of stability theory, general mathematical theory and methodology are still under
development. Recently, Curran and Chua [20] suggested that different chaos syn-
chronization methods should be unified to establish a fundamental mathematical
theory on the basis of the absolute stability theory of Lurie control systems. The
authors and their coworkers have also studied chaos synchronization following Cur-
ran and Chua’s idea [81, 82, 154]. For the Chua’s chaotic circuit, we have recently
found that it could be transformed into a type of Lurie system, and thus the theory and
methodology developed by Liao [72-77] can be used to study the synchronization
of two Chua’s circuits. Chua’s circuit is the first electrical circuit to realize chaos in
experiment, which exhibits very rich complex dynamical behavior, and yet has very
high potential in real applications.

In this chapter, as an application, we will apply the absolute stability of Lurie
control systems developed in previous chapters to study the globally exponential
synchronization of two Chua’s chaotic circuits [95]. Also we propose and develop
the theory and methodology of absolutely exponential stability, and investigate the
global synchronization of two chaotic systems with feedback controls [81, 82, §9].
The materials presented in this chapter are mainly chosen from Liao and Yu [95]
(Sects. 13.1-13.5), Liao et al. [89] (Sect. 13.6.1), and Liao et al. [84] (Sect. 13.6.2).

13.1 The Relation of Chua’s Circuit and Lurie System

Consider the following general Lurie control system in which the feedback state &
has been changed to the state viable x:

Xx=Ax+bf(x;), xER", AcR™ beR" x; €R', (13.1)
where the dot denotes differentiation w.r.t. time 7,
A
f(xl) S F[OA,L] = {xl\ 0<x f(xl) < Lx%, f(O) =0,L< +°°},
f(x1) is a scalar, continuous function of x;.

X. Liao and P. Yu, Absolute Stability of Nonlinear Control Systems, Second Edition. 337
(© Springer Science + Business Media B.V. 2008
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Definition 13.1. V f(x1) € Fjo 1), if the zero solution of (13.1) (i.e., x =0, x; = 0) is
globally exponentially stable (globally asymptotically stable), then the zero solution
is called absolutely exponentially stable (absolutely stable) in Hurwitz angle [0,L)].

Definition 13.2. V f(x|) € Fjo ), if the zero solution of (13.1) is globally exponen-
tially stable (globally asymptotically stable) with respect to (w.r.t.) the variable x;,
then the zero solution is called absolutely exponentially stable (absolutely stable)
w.r.t. x; in Hurwitz angle [0,L)].

Lemma 13.3. If A is a Hurwitz matrix, then the zero solution of (13.1) is absolutely
exponentially stable w.r.t. all state variables if and only if the zero solution of (13.1)
is absolutely exponentially stable w.r.t. x| in Hurwitz angle [0, L].

Proof. Necessity. Necessity is obvious, since Y, x?(t, 19, x0) < M(xg)e *(~10),
and thus particularly, x3 (¢, o, xo) < M(xg) e~ (1),

For sufficiency, from the given condition, we know that there exist constants
M > 1 and o > 0 such that

|00 || < Me™*00)  and |x(¢)] < he ®(710),

where x; (1) =x (¢, 19, x0) and & > 0 is a constant. Without loss of generality, we may
assume & # o. (Otherwise, if & = o, one can always change it to, say, & = 5 o, such
that the second inequality still holds.)

Since the general solution of (13.1) can be written as

!
x(t) = x(t, tg, x0) = " 0xg+ [ ATIb f(x (1)) dr,

J1y

we obtain
x(e)]| = [lx(z, t0, x0)[| < Me* ) |lxo|

t ~
+/ M ||b|| Lhe= =) g=®7=10) 47, (13.2)
fo
It is seen that the first term in (13.2) has a negative exponential estimation, thus we
only need to prove that the second term in (13.2) also has a negative exponential

estimation. To achieve this, let M || b || L& := ¢, then

/tcefa(t—r)efd(r—to) dr = ce ! /t e(a—&)redto dr

fo T

e %) for o> @,

IN

(13.3)
e %) for o < @,
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Equation (13.3) indicates that the second term in (13.2) indeed has a negative
exponential estimation, and therefore, the zero solution of (13.1) is absolutely
exponentially stable in Hurwitz angle [0, L]. This finishes the proof of Lemma 13.3. O

Next, we establish the relation between Chua’s circuit and Lurie system. Chua’s
circuit is described by the following differential equations [11,20]:
x=pl-x+y—fx)],
y=x-y+tg
1= —q, (13.4)
where :
fx)=bx+, (a=b)(+E| - | —E|),
and p =10.0, ¢ =14.87,a = —1.27, b = —0.68, E is a positive constant.
On the basis of (13.4), consider the synchronization of Chua’s circuits, which
consist of two chaotic systems: One is the drive system, given by

X4 = p[—xa+ya— f(xa)],

Yd = Xd —yd+2d,

i = —qYa, (13.5)
where the subscript d denotes the drive system; and the other one is the response
system, described by

Xr=p [*erFYr *f(xr” +ul(xd — X Yd — YrsZd — Zr)7

Ve =X —Yrt+Zr+ MZ(xd —XryYd — YryZd — Zr)a

Ze = —qr+u3(Xd — Xe,Ya = Yrs2d — 2r), (13.6)
where the subscript r indicates the response system, u1, u;, and u3 represent feedback
controls to be determined.

Letting
€x =Xd — Xy, €y =Yd—Vr, €;=2dZr

yields the following error system:

éx = —pext+pey—plflxa) — f(xr)] —ur(xa — X, ya — yrs2a — 2r),

éy = ex—ey+e;—ur(Xd — Xr,Yd — Yr,Zd — ),

é; = —qey—uz(Xd — Xr,Yd — YrsZd — r)- (13.7)
The basic idea here is to choose simple feedback controls uy, up, and u3 such
that the zero solution of the error system (13.7) is globally exponentially stable in

Hurwitz angle [0, L], and therefore the two systems (13.5) and (13.6) are globally
exponentially synchronized in Hurwitz angle [0, L].
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Definition 13.4. If V x4(0), y4(0), z4(0) € R®, and the corresponding x.(0), y:(0),
z(0) € R3, the zero solution of the error system (13.7) is absolutely exponen-
tially stable, then the two systems (13.5) and (13.6) are globally exponentially
synchronized.

Next, we shall show that the error system (13.7) can be considered as a standard
Lurie system. In fact, on the one hand, if all controls uy, u, and u3 are merely linear
functions of ey, ey, and e, then these controls can be included in the linear part A of
the Lurie system. On the other hand, if u; contains f(xg) — f(x:), then

J(xa) = f(xe) = k(xa, %) (xa — %) = k(xg, Xr) ex-
Since a < k(xq, x:) < b < 0, we have

f(xd) _f(xr) _ k(xda xr) €x

Xd — Xr Xd — Xr

a<

<b<0,

which does not satisfy the condition of Lurie function. However, because

0<p< WO =F0)] _ —Klaaes
Xd — Xr Xd — Xr

we can define

glex) == —[f(xa) = f(x)] € F[O,L]>
which satisfies the condition of Lurie function. Therefore, the error system (13.7)
can be always transformed into a standard Lurie system, given by

éx = *P€x+P€y+Pg(€x) *ul(xd*xrayd —Yr,4d *Zr)v
éy = ex_ey+ez_u2(xd_xhyd_yr,Zd_Zr)a

é, = *qey*lﬂ(xd*xrayd*yrazdfzr) (13.8)

13.2 Globally Exponent Synchronization of Two Chua’s
Chaotic Circuits

In this section, we shall show how to choose the feedback controls u;, u;, and u3 such
that the drive-response systems (13.5) and (13.6) are globally exponentially synchro-
nized. We first consider linear feedback control laws, and then nonlinear feedback
control laws.

13.2.1 Linear Feedback Control

Theorem 13.5. In the response system (13.6), take the following feedback controls:
up = p o (xg —x) +p (va—yr) (6 >—(14a)), u=u3=0. (13.9)

Then, the zero solution of (13.7) is globally exponentially stable in Hurwitz angle
[0,L], and thus the two systems (13.5) and (13.6) are absolutely exponentially
synchronized in Hurwitz angle [0,L)].
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Proof. Let §, = &, + (1 +a), i.e., § = 8 — (1 +a). Consider the first equation of
(13.7) and construct the radially unbounded, positive definite Lyapunov function for
this equation: V = é e%, then we have

dv

dr =ecéy = —per+pesey—pecey—exp[f(xa) = f(x)] — pSees
(13.7)

—pei—pklxa, x) e — pdee;

(—p—pa)ei—p|8—(1+a)|e

IN

pSee
=—-2p 5.V,

which implies that | e2(1) = V(1) < V(0)e~ 279, ie,,

A1) =2V(t) <2V(0)e 2P, (13.10)

Equation (13.10) indicates that the zero solution of the error system (13.7) is abso-
lutely exponentially stable in Hurwitz angle [0,L] w.r.t. partial variable e, (i.e., for
any k(xq,xr) 6y).

Next, consider the following matrix:

—p—po6, 00
A= 1 -1 1
0 —q 0

which gives the characteristic polynomial:

A+p+pd O 0
det(A1—A) = -1 A+1 -1
0 q A

= A+ (p+p S+ )A*+ (p+pSi+q) A + (p+p &) q. (13.11)

According to the well-known Hurwitz criterion [68], the sufficient and necessary
conditions for matrix A being a Hurwitz matrix (i.e., all eigenvalues of A have
negative real parts) are

0<(p+pd)g<(p+pd+1)(p+pd+q).

Obviously, the above inequalities hold under the given conditions. Hence, by Lemma
13.3, the zero solution of system (13.7) is absolutely, exponentially stable in Hurwitz
angle [0, L] (i.e., for any k(xq,x;) Ox), and therefore, the drive-response systems (13.5)
and (13.6) are globally exponentially synchronized in Hurwitz angle [0, L]. The proof
of Theorem 13.5 is complete. ]
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Theorem 13.6. In the response system (13.6), choose the following feedback
controls:

uyp = p6x(xd *xr) +ﬁ(yd 7yr) (5x> 7(1 +a)7 p> p)7

Uy = 2d — Zr,

uz = 8;(z4 — ), (13.12)
where 8, > 0 is an arbitrary real number. Then, the zero solution of (13.7) is abso-

lutely exponentially stable in Hurwitz angle [0,L], and thus the two systems (13.5)
and (13.6) are globally exponentially synchronized in Hurwitz angle [0, L].

Proof. Under the controls given in (13.12), the error system (13.7) becomes
éx = _p(ex_eY) _ﬁey_psxex_p[f(xd) _f(xr)]>
ey =ex—ey
é; = —qge,—0.e;. (13.13)

Let p—p=r>0, & =&+ (1 4+ a). Then, consider the first two equations of
(13.13) and construct the radially unbounded, positive definite Lyapunov function
for (ey,eq):

1
V= 5 (2 +re§),

from which we obtain

dav
< —(p+p5x+pa)e§—rexey—i—rexey—re§
dr {1313
<-p [1 +a+(8,—(1+a) e%—rei
= —preﬁ—reg
_ —e%—refz—ZV for pSXZ 1,
—pr(e)zc—i—ref) =—2pb. vV for pd.<1.

Thus, _
V(tg) e 2(t=10) for po, > 1,
V(r) < { :

V(to)e’zf’gx(”m) for p&, <1,

which, in turn, results in

2V (ty) e 2(t—10) for p&, > 1,

() <2V(t) < {

2V (tg) e 2P8=10)  for p&, < 1.

Therefore, the zero solution of system (13.13) is absolutely exponentially stable w.r.t.
partial variables e, and e, in Hurwitz angle [0,L].
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Next, from the linear part of system (13.13), we have the matrix:

—p—p6,—r O
A= 1 —10 |,
0 —q —0;

which yields the characteristic polynomial:

A+p+pd. r 0
det(AI—A) = -1 A+1 0
0 qg A+6;

=(A+8)[A*+(p+pS+)A+p+pSi+r]

It follows from the given conditions: 6, >0, p+pd;+1>0and p+pS:+r>0
that A is a Hurwitz matrix. Thus, by Lemma 13.3, the conclusion of Theorem 13.6 is
true. O

Theorem 13.7. In the response system (13.6), take the following feedback controls:

up = poc(xa—x;) (8 >—(1+a)),

up =1(xg—x)+(za—z), (I>1),

uz =6, (za—z) (6,>0). (13.14)
Then, the zero solution of (13.7) is absolutely exponentially stable in Hurwitz

angle [0,L], and thus the two systems (13.5) and (13.6) are globally exponentially
synchronized in Hurwitz angle [0,L)].

Proof. Under the controls given in (13.14), the error system (13.7) can be rewritten
as
éx = —plex—ey) —pdrex—p[f(xa) — f(xr)],
éy=(1—-1)e,—ey,
é; = —qey— ;. (13.15)

Let §, = 6, + (14+a). Then, consider the first two equations of (13.15) and construct
the Lyapunov function for these two equations:

1 2 1 2
V= .
25T a1

which is radially unbounded, positive definite for (e, ey). It is easy to show that

dv

dt §7(1+a+5x)e§+exe}.fexeyfef:—Sxeier
(13.15)

v
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Similar to the proof of Theorem 13.6, a simple algebraic manipulation leads to the
conclusion: the zero solution of system (13.15) is absolutely exponentially stable
w.r.t. partial variables e, and e, in Hurwitz angle [0,L].

Next, similarly, the linear matrix of (13.15):

-p—pé p O
A= 1-1 -1 0
0 _q_az

yields the characteristic polynomial:

A+p+pd —p O
det(Al—A) = I-1  A+1 0
0 qg A+6;

= (A+8)[A*+(p+pS&+ DA +p+pS+p(l—1)].

It is obvious that A is a Hurwitz matrix. Thus, by Lemma 13.3, the zero solution of
system (13.15) is absolutely exponentially stable in Hurwitz angle [0, L], and there-
fore, the two systems (13.5) and (13.6) are globally exponentially synchronized in
Hurwitz angle [0, L]. O

Theorem 13.8. In the response system (13.6), take the following feedback controls:
up =po(xa—xr) (6 >—(1+a)),

p
= - - — 13.16
uy = Oy(xg — X¢) + (24 — zr) (5y>p+pa+p5x 1), ( )
us=906;(za—z) (6,>0).

Then, the zero solution of (13.7) is absolutely exponentially stable in Hurwitz
angle [0,L], and thus the two systems (13.5) and (13.6) are globally exponentially
synchronized in Hurwitz angle [0, L)].

Proof. Under the controls given in (13.16), the error system (13.7) becomes

éx = —plex—ey) —pdrex—p[flxa) — fx)],
éy =ex—ey,—dyey,
é; = —qey,—Se;. (13.17)

From the given conditions: —p —pa—pd, <0, —1 -6, <0, 8, > erp;erax —1,

we have (p+pa—+ pd,) (1 + 8,) > p. Further, using the sufficient and necessary
conditions for a second-order real matrix to be Lyapunov-Voltlor stable, one can
conclude that there exists & > 0 such that

—2(p+pa+pdy) p+E&

@= prE —28(118)
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is negative definite. Let Amax (£2) denote the largest eigenvalue of Q. Then, similarly,
consider the first two equations of (13.17) and construct the Lyapunov function for
these two equations: V = (2 + & eg). Thus, we have

dv

dr =2eréy+2eyé,

: () RS 2g<+1i6y>} ()
< I (2) (2 +€3),

which implies that the zero solution of system (13.17) is absolutely exponentially
stable in Hurwitz angle [0,L] w.r.t. partial variables e, and e,. In particular, it is
absolutely exponentially stable w.r.t. e, in Hurwitz angle [0,L)].

By considering the linear matrix of system (13.17):

—p—poé p 0
A= 1 -1-68, 0 |,
0 —q -0

we can similarly prove that A is a Hurwitz matrix. Therefore, by Lemma 13.3, the
conclusion of Theorem 13.8 is true. O

In the following, we give another theorem, which is completely different from
Theorems 13.5-13.8.

Theorem 13.9. In the response system (13.6), choose the following feedback con-
trols:

up=pé(xa—x) (6>—(14a)), up=x4—x, u3=0. (13.18)

Then, the zero solution of (13.7) is absolutely exponentially stable in Hurwitz
angle [0,L], and thus the two systems (13.5) and (13.6) are globally exponentially
synchronized in Hurwitz angle [0, L].

Proof. Under the controls given in (13.18), the error system (13.7) becomes
éx = —plex—ey) *Paxe,% —p[f(xa) = flx)],
éy = —eyteyg,
é, = —qey. (13.19)

Consider the second and third equations of (13.19) and construct the Lyapunov
function for these two equations:

1
e T : _28 e e T e
2,12 _ (& vy . [ & y
V—ey—i—qeZ €eye; (ez) 718 1 <€z>' <€z> W<6Z>.
q

2
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It is easy to see that V is positive definite when 0 < € < 1. Further, we have

dv
dr = fZngrZeyezfZeyezfeéyezfeeyéz
(13.19)
= 726378(76}.+ez)62+8qe§
T|—-2+¢ 18
(@), @)
e; 1 e;
€ —&
2
T
= <Z>'> Q(?‘)<O (when e} +¢?#0 and 0 <e < 1).
Z Z
Thus,
dv 2, 2y Amax(Q)
< A : < v,
g St @lere) <) w)

Mmax(Q) (p 4
and so V(1) <V (tg) e max(W) (t—10)
ing these results yields

. Also note that V > Apin(W) (65 +¢2). Combin-

5 5 %max(Q) ([ _ tO)
Amin(W) (€5 +€2) < V(1) < V(1) etmex(W)

)

where Ain (W) and Amax (Q) denote, respectively, the minimum eigenvalue of W and
the maximum eigenvalue of Q. This shows that the zero solution of system (13.19)
is absolutely exponentially stable w.r.t. e, and e, in Hurwitz angle [0,L].

Next, consider the first equation of (13.19) and construct the Lyapunov function

V =} €2, and choose 0 < & < 1 such that (£)* < 1+a+ &, then
dav
q < —(p+patpd)e+pee
'1(13.19)
£\2 1\?
S—(p+pa+p5x)e§+p<2) e+p (8> e
£\2 1
=—{p+pa+p5x—p(2) }fiﬂ?ezef
€\2 1\? ,
=-2 p+pa+p5x—p<2) V+p e ey. (13.20)
Let V(ty) = V, Consider the following initial value problem:
du £\2 1\* ,
i =2 {p+pa+p5xp(2> }Uer <8> 63 with U(fy) = Vo,

(13.21)
which is used for comparison with (13.20). So V(¢) < U(t). Following the proof of
Lemma 13.3, one can show that U(¢) has a negative exponential estimation since
ef has a negative exponential estimation. Therefore, V(¢) and e2(¢) have negative
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exponential estimations. This implies that the zero solution of system (13.19) is also
absolutely exponentially stable w.r.t. ¢, in Hurwitz angle [0,L], and thus the zero
solution of system (13.19) is absolutely exponentially stable in Hurwitz angle [0, L].
Therefore, the drive-response systems (13.5) and (13.6) are globally exponentially
synchronized in Hurwitz angle [0,L]. O

To end this section, we present a general result for existence, and then apply it to
find some useful conditions for practical applications.
In the response system (13.6), take the following feedback controls:

up =pé(xa—x) (6 >0),
uy = 8, (ya—yr) (8 >0),
us =q0o,(za—z) (8,>0). (13.22)
Then, the error system (13.7) becomes
= pley—ex—(f(xa) = f(x))] — pOxex,
by =ex—eyte:—dyey,
é; = —qey,—qéb.e;. (13.23)

Theorem 13.10. There always exist 6, > 0, 6, > 0, O, > 0, such that the zero solu-
tion of (13.23) is absolutely exponentially stable in Hurwitz angle [0, L), and thus the

two systems (13.5) and (13.6) are globally exponentially synchronized in Hurwitz
angle [0,L].
Proof Let the radially unbounded, positive definite Lyapunov function be: V =
e +e +le 2 then
q 2
dv

= 2ey[ey — ex — k(xa,x;) ex — Oy ex ]
dr (133 '

+2ey(ex—ey+e;—Oyey) —2e;(—ey— Oe;)

— 262 —2k(xq,x;) €2 — 28,2 +4exey—26

- 25ye§+26y61726),ez725Zez

ex\ 7| =2 (1 +k(xa, xr) + &) 2 0 e
=1 e 2 -2(14+9,) O ey
4 0 0 —20, €z
e\ | —2(1+a+6) 2 0 e
< | e 2 -2(1+9,) O ey |. (13.24)
€z 0 0 —20, €z

Thus, when e)%—l—ef—i—e # 0, as long as the parameters are chosen to satisfy (14 6y) >
0,(1+a+6)>0and (1+8,) (14+a+68) > 1,ie.,a+ 6+ 6 +ad,+ 65 >0, then
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‘3‘; < 0. For example, when a+ 0, >0, 8, =0, §; >0,0r —1 <a+ 6, <0, 3, >
1+al+6x +1, 8, >0, we have ‘3‘; < 0. Thus, the zero solution of system (13.23) is
absolutely exponentially stable in Hurwitz angle [0, L], and so the two systems (13.5)
and (13.6) are globally exponentially synchronized in Hurwitz angle [0, L]. O

13.2.2 Nonlinear Feedback Control

Now, we turn to apply nonlinear feedback controls to obtain globally exponential
synchronization. To achieve this, in the response system (13.6), let

u = —1[f(xa) — f(x)] = Iglex) (I>p),  wr=u3 =0, (13.25)

where g(ex) = — [ f(xa) — f(xr)] = —k(xq,x;) ey, satisfying 0 < —h < g(::> <-—a:=
L < +o0. Then, system (13.7) becomes “

éx=—p (ex*ey) —(l—p)glex),
6y =ex—ey—eg,

6. = —qey. (13.26)

Further, we can rewrite (13.26) as a standard Lurie direct control system:

éx P PO| /e -5
éy | = 1 -11 ey | + 0 | glex) :=Ae+hg(ex),
é; 0—¢q0 24 0
o:=cle, (13.27)
where 6 = [ — p, and
-p pO -6 1 ex
A= 1-11|, h= 0, ¢c=10], e=|e¢
0 —q 0 0 0 e;
The characteristic polynomial is
det(AI—A) =2+ (p+1)A*+gA+pg=0. (13.28)

According to Hurwitz criterion, the sufficient and necessary conditions for (13.28)
being a Hurwitz polynomial are

g>0, 0<pg<(p+1)g=pq+gq.

Since p > 0, g > 0, the above conditions obviously hold, indicating that A is a Hur-
witz matrix. Thus, by Lemma 13.3, the sufficient and necessary conditions for the
zero solution of system (13.27) being absolutely exponentially stable are that the zero
solution of system (13.27) is absolutely exponentially stable w.r.t. partial variable e,.
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Theorem 13.11. If there exist T > 0 and € > 0 such that

[ 7R1167127+T_
RA+ATR —R215+§
H(T) =
1
7R1157127+T 7R216+127 —R31 6 76+|d‘+8

is negative definite, then the zero solution of system (13.27) is absolutely exponen-
tially stable in Hurwitz angle [0,L], and thus the two systems (13.5) and (13.6) are
globally exponentially synchronized in Hurwitz angle [0,L]. Here, R is the symmetric,
positive definite solution of the Lyapunov matrix equation:

RA+ATR =B, (13.29)
where B is a symmetric, negative definite matrix. R11, Ry, and Rz are the first row
elements of R.

Proof. Construct the Lurie-Lyapunov function: V = e"Re + [;* g(e,) dey, and then
differentiate V along the solution of system (13.27) with the aid of S programming
to obtain

d 1
d‘; = T (RA+ATR e+ 2 (Rh+ , ATC)Tegler) — 65 (ex)
—Ri8\" -\
=e"(RA+A™R e+ 2| —Rud | +[ 0 | |egle))—58%(er)
—R3; o 0
_ P
RS-
: 11 2+T
éx RA+ATR Ry s+ ? Cx
_ ey 2 ey
e, —R31 8 ez
g(ex) p p 1 g(ex)
—Ry;16— —Ry, 6 —Ry 8 -6
|~ 2+T 21 +2 31 +|a\+8_
tgler) ' een
g\éx) | éx ‘a|+€g €x
< 2rmax(l'l) (ex> €y, €z, g(ex)) (em ey, €z, g(ex))T
|alex
rele) <e" al +¢
€
< Afmax(['l)eTefTg(ex) (|a +86x)
<(H
< Amax(H) 1p, TE exgles). (13.30)

~ Amax(R) lal +¢
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One may choose & > 0 such that J & |a| < [b|. Then ey g(ex) > & [3* g(ex) dex. In fact,
since |b|e? < e, g(ey) < |ale2, we have

b ex a
eWas [Meseoe el < g <elen
Thus, inequality (13.30) can be rewritten as

&V ma(H) 1,
At~ Ama(R) € w+a/g“d“

< max| J - 0 e [ steaae
< max| o]

Hence,

which, in turn, results in

T 1 1 max[ ))LL:,M((;I)) — ‘r‘eé ] (t—t9)
eT(t)e(r) < V() < V() e ax(R)? - lal+e . (13.31)
() ()_A'rmm(R) <)_A'mim( ) (0) (
Equation (13.31) implies that the zero solution of (13.27) is absolutely exponentially
stable. ]

Because A is a Hurwitz matrix, the Lyapunov matrix equation (13.29) always has
symmetric, positive definite matrix solution. Thus, to apply Theorem 13.11, one only
needs to verify if there exist 7 > 0 and € > 0 such that H is negative definite. In the
following, we derive an explicit condition for proving the existence of such 7 and €.

Theorem 13.12. Let
B p+T P }Ti(ATc 1c>T
[R115+ 5 , R 6 27R315 =, TRt ).
If there exist T > 0 and € > 0 such that
1
d"B 'd+ 6+ <0, (13.32)

la|+ €

then the zero solution of system (13.27) is absolutely exponentially stable, and thus
the two systems (13.5) and (13.6) are globally exponentially synchronized.

Proof. Because the H(7) given in Theorem 13.11 is negative definite, this implies
that the condition (13.32) is satisfied. ([l



13.3 Globally Exponential Synchronization w.r.t. Partial State Variables 351

Now we expand the inequality (13.32) as a quadratic polynomial of 7:

ATe TeN\T ATe TC T
Rh ) B*l( Rh ) s 0,
( ) +Rh+ ) ) +Rh+ ) +0+ al+ ¢ <
which can be rewritten as
e\T _/¢\ » ATe T ¢ T . ATe 1
B ( ) ( Rh) B B ( Rh)
(2) 2)" J{ ) T 2" 2 )T e T
Ale T /AT
+( ) +Rh) B ( , +Rh)+6<0, (13.33)

from which we can obtain simpler conditions for the existence of 7 as follows.

Corollary 13.13. If one of the following conditions is satisfied, then the quadratic
inequality (13.32) has positive solutions for T:
ATe

(1)( , +Rh)TB*1(AZC+Rh)+6<0
ATe 1

T c
2)2 Rh) B! 0
) (2 + ) 2+|a\+£<

ATc T ,c 1 z
2" +ri) B
{ ) T 2" la| +¢€
AT T AT
—TB e {2( JCern) B (7 Rrn) + 6] >0.

The above conditions indicate that the inequality (13.33) has positive solutions
for 7. Thus, the zero solution of (13.27) is absolutely exponentially stable in Hurwitz
angle [0,L], and so the two systems (13.5) and (13.6) are globally exponentially
synchronized in Hurwitz angle [0,L)].

13.3 Globally Exponential Synchronization w.r.t. Partial State
Variables

Chua’s circuits are perhaps the earliest developed system from which chaos synchro-
nization was observed [117], via a state signal taken from the transmitter system to
drive the response system. In other words, some of the states of the response system
are exactly same as that of the drive system. For example, let x4 = x;. Then, consider
the synchronizations between the two pairs of (yg4, yr) and (zq, z). In this section,
we use partial states stability theory and methodology [68,95] to study the globally
exponential synchronization w.r.t. partial state variables.

(1) For x; = x4, system (13.7) becomes
éy = —eyte;—ur(ya—yr, 4 — %),

é; = —qey—u3(Ya—Yr, 2d — Zr)- (13.34)
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Theorem 13.14. In (13.34), let up = u3 = 0. Then, the zero solution of system (13.34)
is absolutely exponentially stable in Hurwitz angle [0,L], and thus when x; = xq
(i.e., without feedback control), the two systems (13.5) and (13.6) are globally expo-
nentially synchronized in Hurwitz angle [0,L] between the two pairs of (yq, yr) and
(Zda Zr)-

Proof. Construct the radially unbounded, positive definite Lyapunov function for
system (13.34) as follows:

€
1 e\ ! 2| (e
2 2
V:e},—i—qez—SeyeZ: <e§) e 1 <e§> (for 0<ex1).

2 q

Then,

dav

&= fZngrZeyezfZeyerEez(feereZ)78(7qey)ey

€
T|-2+¢eq —
= <?> e 2 (Zy) <0 (when e§+e§7é0f0r0<£<< 1).
4 — —& Z

2

It is easy to see that one can choose an € = &j such that V is positive definite while
‘3‘; is negative definite. Thus, the zero solution of system (13.34) is absolutely expo-
nentially stable, implying that when x; = x4 (i.e., without feedback control), the two
systems (13.5) and (13.6) are globally exponentially synchronized between the two

pairs of (yq, yr) and (z4, z)- 0
(2) For yr = yq4, system (13.7) becomes

éx = —pexr—p[flxa) = f ()] —ur(xa — xr, 20— 2),

é; = _MS(xd_xr, Zd_Zr)- (13.35)
Theorem 13.15. In (13.35), choose
up=p&(xa—x) (6 >—(1+a), uz=-0,(za—2z) (6;>0). (13.36)

Then, the zero solution of system (13.35) is absolutely exponentially stable, and
thus when y. = yq4, the two systems (13.5) and (13.6) are globally exponentially
synchronized between the two pairs of (x4, x) and (zd, zr).

Proof. Construct the radially unbounded, positive definite Lyapunov function:

1 1
V:26§+26§,
which yields
dvi 5 5. < 2 2 6276 2.7732762
dr =€x€y T €6, > —pe,—pae, — POxe€y €, - = — POxé€y €75

where &, = (8, + 1 4 a). Obviously, the conclusion is true. O
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(3) For z; = z4, system (13.7) becomes

b= —pextpey—p[flxa) = f ()] —ui(xa =, ya =),

éy = ex — ey —up(Xqg — X, Ya — Vr)- (13.37)
Theorem 13.16. In (13.37), take either
(i) uy = poc(xa—x:) (O >lal), u, =0; or
(ii) uy = p & (xg —xr) (& > —(1+a)),

up = 8y (ya—yr) (6 > !

Lrars,~ D (13.38)

Then, the zero solution of system (13.37) is absolutely exponentially stable in Hurwitz
angle [0,L], and thus when z; = zq, the two systems (13.5) and (13.6) are globally
exponentially synchronized in Hurwitz angle |0,L] between the two pairs of (xq, X;)

and (ya, yr).
Proof. Construct the radially unbounded, positive definite Lyapunov function:

1

V— 2
p

2
extey.

Then, for Case (i):

dv
dr —

A

—2e2+2eey+2alel —268,e2+2e ey — 2e§

() [—20 +89 2 ] () <0 (for &4&2£0),

IN

€y 2 =2 | \¢
where 8, = 8, — |a| > 0. For Case (ii):

v _ (ex>T —2(1+a+4,) 2
dr = \e 2 —2(1+8)

Hence, the conclusion of Theorem 13.16 is true. O

(ex> <0 (for e)chref;éO).

€y

13.4 Remarks on Nonsynchronization

If no feedback control is applied to the drive-response systems (13.5) and (13.6),
or even with a driving signal but without feedback control, then it may fail to
synchronize the two systems.

(1) Part of variables are not synchronized. Suppose y; = y4, and take u; = u3 =0
(i.e., without feedback). Then, obviously the zero solution of system (13.35) can-
not be asymptotically stable. This is because e (1) = e;(fo) # 0, implying that
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zliT e;(t) # 0, and therefore when x4(0) > E and x;(0) > E (E > 0), zliT ex(t) =
+00; when x4(0) < —F and x:(0) < —E, tlir+n ex(t) = —oo. This indicates that

although yq is used as the driving signal, x4 and x; (z4 and z;) cannot be synchronized.
Let z; = zq and take u; = up = 0 in (13.37). Then, when |x;| < E and |x4| < E,
(xd,ya) = (0, 0) is an equilibrium point of the system:

Xg = —pxa—paxqa=—(1+a)pxqg,
Yd = Xd—Yd-

However, obviously, A = {_(1 -li-a)p (1)] is not a Hurwitz matrix. Thus,

zliT (xf(t) + yf(t)) # 0, implying that x4 and x; (yq and y;) cannot be synchronized,

though z4 is used as the driving signal.

(2) All variables are not synchronized. In (13.6) take u; = up = u3 = 0. Then,
(0,0, 0) is an equilibrium point of system (13.5). However, when |x;| < E, the trace
of the matrix

~(I+a)p p O
A= 1 -10
0 —q 0

is —=p—pa—1>0, so A is not a Hurwitz matrix. Thus, ;ETM(XYZ(I) +y2(1) +
% (1)) #0.

The above discussions may explain why for a long time people believe that
chaotic systems cannot be synchronized. It actually means that chaotic systems can-
not be synchronized without feedback control or with an improper feedback control.
The first observed chaos synchronization [11] was actually obtained using one vari-
able as a driving signal, while the other two variables can be synchronized. Therefore,
chaos synchronization can occur only if certain conditions are satisfied.

13.5 Numerical Simulation Results

In this section, we present several examples using numerical simulations to illustrate
the theoretical predictions. The fourth-order Runge-Kutta method is used to obtain
the results. As the problem of nonsynchronization, discussed in the previous section,
is obvious, we thus only consider synchronization with feedback controls. Further,
for definite, choose E = 1 for the function f(x) in (13.4).

The second example, depicted in Fig. 13.2, uses the control (13.14) with &, =
2.5, 1=1.5,and &, = 0.5. The initial conditions are given in (13.39). It is seen that
the error, ey, quickly, exponentially converges to zero.

The first example takes the control given in (13.9) and choose 6y =2.5 > —(1+
a) = 2.27. The simulation results are shown in Fig. 13.1. Note that Chua’s circuit
exhibits chaos only for the initial values bounded in certain region. For example, the
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Fig. 13.1 Phase portrait (xq,z4) (shown in (a) and (c)) and error time history e, (shown in (b) and
(d)) of systems (13.5) and (13.6) using the control (13.9) for &, = 2.5, with the initial conditions:
x4(0) = —1.2, y4(0) = —0.5, x4(0) = 1.0; x:(0) = 1.0, y:(0) = 0.2, z:(0) = —1.1 for (a) and (b);
and the initial conditions: x4(0) = 1.2, y4(0) = —0.5, x4(0) = 1.0; x:(0) = 0.2, y:(0) = 0.2, x4(0) =

—1.1 for (¢) and (d)

e x -1
Fig. 13.2 Convergence of
e, of system (13.15) using
the control (13.14) for 6, = -1.5
2.5, 1=1.5, 8, =0.5 with
the initial conditions: x4(0) =

—1.2, y4(0) = —0.5, x4(0) = -2
1.0; x:(0) = 1.0, ,(0) = 0
0.2, z(0) =—1.1

0.5 1 1.5 2
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results given in Figs. 13.1a, b use the following initial values:

x4(0) = —1.2, y4(0) = —0.5, z4(0) = 1.0;

(13.39)
x(0)=1.0, »(0)=0.2, z(0)=-1.1,
showing a chaotic attractor. When the initial conditions are chosen as:
xd(0) = 1.2, y4(0) = —0.5, x4(0) = 1.0;
a(0) a(0) a(0) (13.40)

x(0)=0.2, y(0)=0.2, z(0)=-1.1,

the trajectory diverges to infinity. However, both two cases show that the error ey is
exponentially converges to zero within a short transient period. (e, and e;, not shown
in the paper, are also convergent to zero.)
The third example applies the control (13.18) with §, = 2.5. The initial conditions
are given by
xq(0) =1.2, y4(0) =-0.5, z4(0) = —1.0;

x(0) =—1.0, »:(0) =0.2, z(0)=1.1.

The results are shown in Fig. 13.3. Again, it can be seen that the error exponentially
converges to zero. But unlike the previous two examples, it dies out with normal
oscillations.

The next example applies the control (13.22) with the same initial values, given in
(13.41), where the control coefficients are chosen as 6, = 0.1, §,=0.2,and §; =0.3.
The error, shown in Fig. 13.4, exponentially converges to zero with some irregular
oscillations. It is seen from the above examples that the convergent rate depends
upon the initial values. The first two examples converge fast than the third and fourth
examples.

The above four examples use linear controls. The next example employs the non-
linear control (13.25) in which [ = 11 (>p = 10). The error e, is depicted in Fig. 13.5,
again confirming that the error exponentially converges to zero, but for this example,
the convergent rate is very slow, compared with the previous examples.

The sixth example is to demonstrate synchronization with respect to partial sys-
tem variables. It assumes z; = zg, i.e., zq is used as the driving signal. The control

(13.41)

0.8
0.4
e_X

Fig. 13.3 Convergence of e, 0 /\
of system (13.19) using the
control (13.18) for §, = 2.5
with the initial conditions:
x4(0) = 1.2, y4(0) = —0.5, 0.4
x4(0) = —1.0; x:(0) = —1.0, 0 2 4 6 8

¥(0) = 0.2, z,(0) = 1.1 t
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Fig. 13.4 Convergence of e, €_X
of system (13.23) using the
control (13.22) for &, = 0.1 2
6, = 0.2, 8, = 0.3 with the
initial conditions: x4(0) = 1.2,
yd(O) = —0.5, xd(O) = —1.0; 0 n n n n
x(0) = —1.0, »(0) = 0.2, 0 2 4 6 8 10
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Fig. 13.5 Convergence of e,
of system (13.26) using the
control (13.25) for [ =11.9
with the initial conditions:
x4(0) = 1.2, y4(0) = —0.5,
x4(0) = —1.0; x,(0) = —1.0,

60 80 100

¥:(0)=0.2,z(0) = 1.1 t
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Fig. 13.6 Convergence of the error system (13.37) using control (ii) of (13.16) with 6, = 2.5, 8, =
—0.2: (a) for e,; and (b) for e, with the initial conditions: x4(0) = 1.2, y4(0) = —0.5, x4(0) = —1.0;

x:(0) = —1.0, y:(0) = 0.2, z:(0) = 1.1

given in case (ii) of (13.16) is used, where 0, = 2.5, §, = —0.2. There is no feedback
control for the equation 7 (or é;). The initial condition is given in (13.41). The time
histories of the error variables e, and e, are shown in Fig. 13.6, indicating that the
error exponentially converges to zero.
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0 0
(a) (b)
-0.5
-20
-1
e_X e_X
-15
-40
-2
25 -60
2 4 0 0.5 1 15 2
t t

Fig. 13.7 Error time history e, of systems (13.5) and (13.6) using the control (13.9): (a) 6, = 0.1,
convergent; and (b) o, = —0.4, divergent, for the initial conditions: x4(0) = —1.2, y4(0) = —0.5,
x4(0) = 1.0; x:(0) = 1.0, »:(0) = 0.2, z(0) = —1.1

Finally, we give one more example to show that the conditions given in this paper
are sufficient, but not necessary. We use the control (13.9) (which has been used in
Example 1, see Fig. 13.1) with different values of §,. By Theorem 13.5, it is sufficient
to obtain global exponential synchronization if 8, > —(1 +a) = 0.27. In Fig. 13.7,
we present two cases: (a) §, = 0.1 and (b) 6, = —0.4. It is seen from Fig. 13.7 that
the error still quickly converges to zero when §, = 0.1 < 0.27, while it diverges to
infinity when &, = —0.4. This suggests that the sufficient conditions obtained in this
paper might be further improved.

13.6 Master-Slave Synchronization of Two General Lurie
Systems

In this section, we study global synchronization of two general Lurie systems. First,
we consider the Lurie systems with indirect feedback control [89], and the the Lurie
systems with time-delayed feedback control [84].

13.6.1 Indirect Feedback Control
Consider two general Lurie systems with indirect control [89]:
¥ =Ax+b& +df(or),
Master: { & = f(o1), (13.42)

O = ch— ’)/51;

y=Ay+b&+df(o),
Slave: { & = f(02), (13.43)
o =c'y—7&.
Here A€ R", x,y € R",b,c,d € R",y,x € R,and f(0) € Flox-
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Let e(t) = x(t) — y(t), n(t) = & (¢t) — &(¢), o(t) = 01(¢) — 02(¢). Then from
(13.42) and (13.43) we have
ée=Ae(t)+bn(t)+dF(o),

il = F(o), (13.44)

o =cle(t)—yn(),

where
0< F(o) _ flo1)~flo2) _ flo+02)=flo2) _
o o] — Op o1 — 02
From the third equation of (13.44) we have

T

ce—oO do de dn de
— d =c - =c' ~ —yF(o).
n Y an dr ¢ dr ydz ¢ dr vF(9)
Then system (13.44) can be equivalently written as
1 b
¢ = (A+ bcT)e(t)f o +dF(o),
Y Y
. T | cTh T
G=c (Aerbc )e(t)f ) o+ (d=F (o). (13.45)

Thus, if the zero solution of the system (13.44) or (13.45) is absolutely stable, then
the systems (13.42) and (13.43) are globally synchronized.

In general, two chaotic systems are not possible to be synchronized without feed-
back controls. Thus, how to design a feedback control for system (13.45) such that
the zero solution of the system (13.44) or (13.45) becomes absolutely stable is a
new concept in absolutely stabilizing the Lurie systems, which are not absolutely
stable. A simple and easy-applicable feedback control law should be based on some
simple algebraic sufficient conditions of absolute stability. Otherwise, even for a gen-
eral non-Hurwitz matrix, how to choose possible nonconservative feedback control
matrix K such that A + K becomes Hurwitz is not easy to verify in practice. Although
many computer software like those for solving linear matrix inequality (Matlab) can
be used to help solve such kind of problems, only that with all definite parameter val-
ues can be considered. For other design purpose such as parameter study (in which
may parameters are represented by symbolic notations), computer software cannot
provide useful criteria.

In the following, we consider adding as simple feedback controls as possible
to system (13.45) to obtain absolute stability. To achieve this, adding —a I, e and
—Bio, —B,F (o), respectively, to the first and second equations of (13.45) yields the
controlled system as follows:

o I r b
é= (A—|— }/bc —Ocl,,)e(l)— yo‘—i—dF(O'),

T
&=c" <A+ ;/bcT) et) — cyb G- Bio+(Td—y—PB)F(c), (13.46)

where e and o are state variables.
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Theorem 13.17. The sufficient and necessary conditions for the zero solution of sys-
tem (13.45) being absolutely stable, i.e., the two systems (13.42) and (13.43) are
globally synchronized, are given by

1 b
A+ b —al, — o+d
Y 14

1. The matrix H = is a Hurwitz

T I r c'b T
¢ <A+ bc) - —Bi—Br+cd-vy
) Y Y
matrix
2. The zero solution of the system (13.45) is absolutely stable w.r.t. ©

Proof. Necessity. For (1) we let f(0) = ©. Then system (13.45) becomes linear and
thus H must be a Hurwitz matrix. For (2) it is obvious.
Sufficiency. let the solution of (13.45) be expressed as

1 T _b
(6([)) _ A+’ybC1 OCIn Tb }/G‘f’d <€(l))
(1) CT<A+ybcT) —C}/ —Bi—Batctd—y o)

i <ch —dy_ﬁz) F(o(t)) - <CTd _dy_ [32> o(t). (13.47)

Then following Theorem 4.3 we know that the conclusion of the theorem is true. The
proof is complete. 0

Lemma 13.18. If appropriate values of o, By, Bz can be chosen such that

1. The matrix H = | A+ ! bt — ol, | is a Hurwitz matrix
2. The zero solution of the system (13.45) is absolutely stable w.r.t. ©
Then the conclusion of Theorem 13.17 holds.
Rewrite the H in Theorem 13.17 as
H_ { Hypxm Hyx (n41-m)
Hup1-m)xm Hint1-myx (n+1-m)
Then we have

Theorem 13.19. If appropriate values of o, By, B, can be chosen such that

1. The matrix H,, s, is a Hurwitz matrix
2. The zero solution of the system (13.46) is absolutely stable w.r.t. the partial
variables e;;11, emi2, -+, €n, O

Then the zero solution of system (13.46) is absolutely stable, i.e., the two systems
(13.42) and (13.43) are globally synchronized.
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Proof. Let
_ T _ T
er=(e1,e2,....em)", e = (emt1,lmi2,...,€n,0)",

d; = (dl, dy, ..., dm)T, diy = (dm+17 dns2y .., dy, cld— Y- ﬁZ)T7
Rewrite system (13.45) as

é1 = Hpxmer +Hypx (ns1-myen +di F(0),
én = Hy1-myxmer + Hipy 1 -myx(ni1-myeu +din F(0). (13.48)

We can use the method of constant variation to express the solution of the first
equation of (13.48) as

1
6[([) _ emem(tfl(ﬁeI(tO) + t emem(l*T) |:Hm><(n+lfm)en +d1F(G(T)) drt.
0

One can use the absolute stability of the zero solution of (13.48) w.r.t. ej; to complete
the proof. |

Corollary 13.20. If the following conditions are satisfied:

1. The condition (1) of Theorem 13.17 holds

2. There exist positive definite, radially unbounded Lyapunov function V (ej) w.r.t.
the partial variables Gy +1, Opt1, ..., Omt1, O Such that (31‘1/ |(13.46) is negative

definite w.r.t. ejj.

Then the zero solution of system (13.46) is absolutely stable, i.e., the two systems
(13.42) and (13.43) are globally synchronized.

The conclusion of Corollary 13.20 is true simply because the condition (2) of the
Lemma 13.18 implies the condition (2) of Theorem 13.19.

Corollary 13.21. If the following conditions are satisfied:

1. The condition (1) of Theorem 13.19 hold
2. There exist constants ; > 0, i=1,2, ..., mandn; >0, j=m+1,m+2,....n
such that
n+1

nihii+ Y, il <0, j=1,2,...,m,
[Eyy
n+1

njhjj+ Z nillhijl| <0, j=m+1,m+2,... n,
=14

and

Nn+1 h(n+1)(n+l) + Z ni||hi(n+1)|| <0,
i=1

M1t A1) iy + 3 Milldil| <0,
i=1

where at least one of the two inequalities is a strict inequality.
Then the conclusion of Corollary 13.20 holds.
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Proof. Construct radially unbounded, positive definite Lyapunov function:

n
V=Y nileil+ N1 0]|
=1

L

W.I.t. €41, €mt2, - -, €n, 0. Then we have
m n+1 n n+1
D'V|1545 < X ("jhjj+ )3 Tlilhn'l)\ejH )y (njhjj+ )3 n,~|h,~,~\)\e,-\
j=1 i=1,i#] j=m+1 i=1,i#]

F Mt A1) () + 3 M B + Taga (Td = 7) + Y il

1= 1

n+1
<0 when ) e +][o| #0.
j=m+1
Therefore, the conclusion of Corollary 13.20 is true. O

13.6.2 Time-Delayed Feedback Control

Finally, we consider more general two master-slave Lurie systems, given by

Master : { X = Ax(t) +BS(Cx(1), (13.49)
p(t) =Hx(1);

sm:{ y=Ay+Bf(Cy(t))+u(r), (13.50)

q(t) =Hy(t).

Here the control is given by

u(t) = =K (x(t) =y(1)) + M (p(t — 7) —q(t = 7)),

T is a constant time delay, x, y € R", A, B, C, H, K, M € R™", and f(-) =
(flafZa"'7fﬂ)T’ﬁ € F[O,k]'

Let e(t) = x(t) — y(¢). We then obtain the following error system:

é(t)=(A+K)e(t)+Bf(Ce(t),y(t)) +F(e(t — 1)), (13.51)
where
F=-MH,
f(Cey) & f(Ce+Cy)— f(Cy),

C=(c1,c2,...,¢n) ciER",
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and
F(cT (T Tvy — £i(cT
OS f(CiTe7y) — -fl(cl e+c’,1)j) ﬁ(cl y) Sk< +°°7 (1352)
cje cje
fori=1,2,...,n, Ve,y € R".
From (13.52) we have
f(cle,y) (f(cle,y) —kcle) <0, i=1,2,...,n. (13.53)

Here, we allow K # 0, which is more useful in using feedback control to reach
synchronization.

Theorem 13.22. If there exist n X n constant matrices: P = PT >0, 0= QT > 0,
A =diag(Ay, ..., Ay) > 0 and positive number €, 0 < € < 1, such that the following
matrix is negative definite:

P(A+K)+(A+K)"P+Q+¢€l, PB+kC'A PF
BTP+kAC —2A 0 | <o,
F'p 0 -0

then the zero solution of system (13.51) is absolutely stable, i.e., the two systems
(13.49) and (13.50) are globally synchronized.

Proof. Construct the radially unbounded, positive definite Lyapunov function:
1
Vie)=e"Pe+ [ e'(t)Qe(t)dr. (13.54)
-7
Then, we have

dv

. = T (1) Pe(r) + " (1)Pé(t) + € (1) Qel(t) — € (1 — ) Qe(t — )

(13.51)
<) [P(A FK)+(A+ KT)p)} e(r)+ F(CTe,y) B Pe(t)
+ e (t)PBF(C e, y(t)) + ' (t — T)F Pe(t) + €' (t) PF e(t — T)
+ T (1)Qe(t) — € (t — 7)Qel(r — 1)

Y AT (e y(0) [F(CTe.y(e)) — kT
i=1

et) \' [PA+K)+(A+K)"P+Q+el, PB+kCTA PF

= [ f(CTe,y) B'P+kAC 2A 0
e(t—1) FTp 0 -0
e(r)
x| f(CTe,y)
e(t—1)

< —ge'(t)e(t)<0  when e(t) #0.

This completes the proof. O
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In Theorem 13.22 taking Q = I, yields

Corollary 13.23. If there exist n X n constant matrices: P = PT > 0, A =
diag(Ay,...,Ay) > 0and 0 < € < 1 such that

PA+K)+(A+K)"P+(14+¢€)l, PB+kCTA PF
B'P+kAC —2A 0 | <o,
F'p 0 —I,

then the zero solution of system (13.51) is absolutely stable, i.e., the two systems
(13.49) and (13.50) are globally synchronized.

Assume that C € R"*" is a nonsingular matrix. Introduce the transform & (¢) =
C"e(t) into (13.51) to obtain

(1) = C(A+K)C'&(t) + CBF(&(t),y) +CFC (1 — 1),
= AE(t)+BfE(t),y) +FE(t—1). (13.55)
Theorem 13.24. If there exist n X n constant matrices: P = PT > 0, and a constant
€, 0 < ek 1, such that
PA+AP+G+(1+¢)l, PF
N <0, (13.56)
FTp —1I,
where H :==2PB = (hij)nxn» G 1= (8ij)nxn» in which
khij when hi;&f; >0, i#j,
—kh;j  when h;j& f; <0, i# ],
kh;  when h; g,fl >0,
0 when h;& f <0,

8ij =

i,j=1,2,...,n. Then the zero solution of system (13.55) is absolutely stable, i.e.,
the two systems (13.49) and (13.50) are globally synchronized.

Proof. Construct the radially unbounded, positive definite Lyapunov function:

V(e,&) :éTPchr/tiTcST(s)cS(s)ds. (13.57)

Differentiating V w.r.t. time ¢ along the trajectory of system (13.55) yields

Cii‘: = ET(t)(PA+ATP)E(r) +2ET(1)PBF(E (1), y)
(13.55)

+ &N (t—1)FTPE(1) + ET(1)PFE(1—T)ET ()& (1)~ ET (1 — 1) (1)
<ET(PA+ATPIE() +ET(1)GE (1) + & (r — 1) FTPE(r)
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+ENOPFE(—1)+ET (1) &)~ T —1)E(1— 1)
<EN)(PA+ATP)E (1) +ET(1)GE(r) + &7 (1 — 1) F T PE (1)
+ENOPFTE (1) +e&T (1) E(r) — &1 (1) &)

< (L0 ) A P (50 ) -esmzo

<—eET(t)E() <0 when E(t) £0, t > 1.

Thus the conclusion of Theorem 13.24 is true. O
Define
2kb;j  when b;i& fj >0, i# ],
G=(2 _ ) —2kby when by&if; <0, i#],
G: (gij)llxn, Where glj = 5 ~ 5
2kb;;  when b;& fi >0,
0 when b; & f; <0,

i,j=1,2,...,n. Then in Theorem 13.24 taking P = I, gives
Corollary 13.25. If there exists 0 < € < 1 such that

A+AT+(1+€)1,+G F 0
FT -, |~

)

then the zero solution of system (13.55) is absolutely stable, i.e., the two systems
(13.49) and (13.50) are globally synchronized.

In the following, define W = (wj;)nxn, Where
aii + | Fiil when b;; <0,
wij =< d;i+kbi+|Fy|  when b; >0, i,j=1,2,....n.
|| + k|bij + | Fal i # j,
Theorem 13.26. If —W is an M matrix, then the zero solution of system (13.55) is
absolutely stable, i.e., the two systems (13.49) and (13.50) are globally synchronized.

Proof. Since —W is an M matrix, there exists constant & > 0 such that Y| & w; i<
0,i,j=1,2,...,n Construct the radially unbounded, positive definite Lyapunov
function:

v=Yekoit ¥ [ IR

i j=1"""
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Further let B
0 if b; <0,

Wvijl = { kb if by >0, i, j=1,2,...,n
kbij i # j,
Then we have

D+V|(13.55) = Z‘SiDﬂéz )|+ Z |Fij(&;(1)

i,j=1
+ Y IR - Y IR
i,j=1 i,j=1
< ;51'
# X ll§ 01+ X 0o
i &)1~ X &0 -9

Si{z Eiwijl&t }<O when &E(1) £0, 1> fo.

=1 -j=1

alEO+ Y, alE0)

=i

—

=

~.

The proof is complete. |
Theorem 13.27. If there exists a constant matrix P = PT > 0 such that
PA+AP+PBB"P+ (K +1)1,<0,

then the zero solution of system (13.55) is absolutely stable, i.e., the two systems
(13.49) and (13.50) are globally synchronized.

Proof. Choose the radially unbounded, positive definite Lyapunov function as

T t)Pé(t)—i—i‘i/ttréjz(s)ds

Then we obtain

i‘: s =T () PE@) +ET(1)PE(1) +ET()QE (1) — &M (1 — ) Q& (1 — 7)
= &N (1)(PA+AP)E(1) +2&" (1)PBF(§(1),y(1))
+ 28T ()PF(1 =)+ &1 (1)E(1) — &M (1 —1)E(1 — 7)
= EY(t)(PA+ATP+1,)E(t) + ET(1)PBBTPE(1)

~[BTPe0) - FEw 0] [BPE0) -~ FEW.10)]
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+ T (E @), y()) (&), 3(1)) + ET (1) PEFTPE (1)
T Trar
~[FTPe - E(—v)] [FTPEM) ~ &)
< E7(r) [PA +ATP+ (14421, + PBBTP+ PﬁFTP} E(1)
<0 when &(1) #0, t > 1,
which shows that the conclusion of Theorem 13.27 is true. (]

In Theorem 13.27, taking P = I,, yields more practically useful result.

Corollary 13.28. For any given F, let uy.x denote the maximum eigenvalue of the
following matrix:

CAC '+ (CYTATCT + BB + FE™ + (1 + i) 1,

and let A > umax. Then if choosing K = —diag()zL JZL) we obtain A+ AT + BBT +
FFT 4+ (14+k*)1, < 0, and the conclusion of Theorem 13.27 is true.

Proof. For any given £ € R", & # 0, we have
£T [A + AT+ BBT+ FFT 4+ (1 +k2)1,,}§
- [CAC*‘ (CY)TATCT 4 BBT 4 FET
+(1+ k), +CKC + (C*‘)TKCT} 2
< AETE fumaxETE <O when & £0.
This completes the proof. ]

Example 13.29. Consider the following 2D error system in the form of (13.55):

E)) _ | 4] (G@N | 32| (AEQ)D)
(ézm) 3 —6] (éza)) *l 3 ﬂ (f2<é<t>,y<r>>>

LS (&-1)
- —E] <§2(l—r))’ (13.58)

where the three matrices correspond to A, B, and F, respectively. Then —W =

-7/2 1
the zero solution of system (13.58) is absolutely stable.

[ 3 ;/35 ] is an M matrix. The conditions of Theorem 13.24 are satisfied. Hence,
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Example 13.30. Again consider a 2D error system in the form of (13.55), given by

(&)~ (-2 )1 )
1% ﬂ (28:3) (13.59)

where the three matrices correspond to A, B, and F, respectively. Taking k = \/ 3/2
10
and {0 1},wehave

+

1
S - - |
PA+AP+ PBB"P+ PFFTP+ (1 + k%), = [ | 13] <0,
LTy

which indicates that the conditions of Theorem 13.24 are satisfied. Thus, the zero
solution of system (13.59) is absolutely stable.

To end this section, we use an example to demonstrate that linear feedback con-
trol without time delay plays more important role in the study of stability than the
linear feedback with time delay.

Example 13.31. Consider a system in the form of (13.55):
a(t)) _ {11} fer(t)) 13 =21 (filer(t) —ex(t), (1))
(1) 22| \ex(r) 1 =2 | \fale1(r) —ex(t),y(r))
-1 1 el(t—‘L') % 0 el(t)
— , 13.60
+{ 11] (62(t1)> {og er(t) (13.60)
where k = 2 while A is to be determined. If choose A = 0, namely without linear
state feedback, then this system cannot satisfy the conditions given in [162]. That is,
no matter what time-delayed linear feedback control is applied, the zero solution of

system (13.60) cannot be absolutely stabilized.
In fact, if there exist P = PT > 0and Q = Q" > 0 such that PA+ATP+Q < 0, then

we must have PA+ATP < 0. Thus, A is a Hurwitz matrix. However, here A = {; ;]

is not a Hurwitz matrix. Since

3-2 —1 1 20
_ _ — | 2
B[l—z}’ C[ 1—1]’ F‘{og}’
C is nonsingular, we have

CAC' + (CYATCT +- BB + FFT+ (1 4+ 1) I, = {31 8 ]

8 35
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which has the maximum eigenvalue um,x = 35 + 3v/2. Therefore, as long as one
chooses A > umax = 35 +3v/2 and k = /2, the conditions in Corollary 13.28 are

satisfied, i.e.,
A+AT+ BB + FFT + (1+K) 1 < 0.

Therefore, the zero solution of system (13.60) is absolutely stable.
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