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Preface

Although stability is one of the most studied topics in the theory of time-delay
systems, the corresponding chapters of classic works on time-delay systems (see,
e.g., [3,23,44]) do not include a comprehensive study of a counterpart of the classic
Lyapunov theory for linear delay-free systems. The principal aim of this volume is
to fill this gap and provide the reader with a detailed treatment of the basic concepts
of the Lyapunov—Krasovskii approach to the stability analysis of linear time-delay
systems.

There are two types of stability results. Results of the first type are obtained in
the following manner. First, a positive-definite functional is selected, then its time
derivative along the solutions of a system is computed, and, finally, some negativity
conditions for the derivative are proposed. This is how the majority of LMI type
stability conditions have been obtained. A good account of such stability results can
be found in [16, 17,31, 54,58, 64]. The scheme to obtain results of the second type
is different. First, a desired time derivative is selected, and then a functional with
this time derivative along the solutions is computed. Finally, one needs to check
whether or not the functional is positive definite. Usually, functionals obtained in
this way are more complex than those used to derive results of the first type. But
since these functionals are adjusted to the system under consideration, they provide
more complete information about system behavior. It would be naive to expect that
the second scheme could be successfully applied to general classes of time-delay
systems. Of course, such results should be available for the case of linear time-delay
systems.

This book is divided into two parts. The first part, consisting of four chapters,
considers the case of retarded type time-delay systems. The first chapter of this
part is of the compilation character. The chapter discusses such basic notions as
initial conditions and system state. In the exposition of the existence and uniqueness
results presented in this chapter we follow [19]. Classical stability results based on
the Lyapunov—Krasovskii approach are presented in a form inspired by [72].

In Chap. 2 the class of linear systems with one delay is studied. We start
with a computation of the solutions of such systems. Then we explain in detail a
general scheme used for the computation of Lyapunov functionals with a prescribed

vii



viii Preface

time derivative. Here matrix-valued functions that define these functionals are
introduced. They are a counterpart of the classic Lyapunov matrices that appear
as solutions of the classical Lyapunov matrix equation in the context of Lyapunov
quadratic forms for the case of linear delay-free systems. We call them Lyapunov
matrices for time-delay systems. A substantial part of this chapter is devoted to
an analysis of the basic properties of Lyapunov matrices. Such issues as existence,
uniqueness, and computation are treated. Next, we introduce Lyapunov functionals
that admit quadratic lower and upper bounds. These are functionals of the complete
type. Complete type functionals are then used to derive exponential estimates for
the solutions of time-delay systems and robustness bounds for perturbed systems.
The chapter ends with a brief historical survey, where the results of the principal
contributors to the subject are presented.

The material presented in Chaps. 1 and 2 is recommended for an introductory
course on the stability of time-delay systems. Such courses have been given for
several years in the Department of Automatic Control at CINVESTAV in Mexico
City and now in the Faculty of Applied Mathematics and Control Processes of Saint
Petersburg State University in Russia.

In Chap. 3 we address the case of retarded type linear time-delay systems with
multiple delays. Applying the scheme presented in the previous chapter, we obtain
a general form of quadratic functionals with a prescribed time derivative along the
solutions of such time-delay systems. A special system of matrix equations that
defines the Lyapunov matrices is derived. It is shown that the special system admits
a unique solution if and only if the spectrum of the time-delay system does not
contain points arranged symmetrically with respect to the origin of the complex
plane. This spectrum property is known as the Lyapunov condition. Two numerical
schemes for the computation of Lyapunov matrices are presented. The first one is
applicable to the case where time delays are multiple to a basic one. The other one
allows one to compute approximate Lyapunov matrices in the case of general time
delays. A measure that makes it possible to estimate the quality of an approximation
is provided as well. Quadratic functionals of the complete type are defined, and
several important applications of the functionals are presented in the final part of
the chapter.

In Chap. 4 a linear retarded type system with distributed delay is studied. First,
we introduce quadratic functionals and Lyapunov matrices for the system. Then we
present the existence and uniqueness conditions for the matrices and provide some
numerical schemes for the computation of the Lyapunov matrices. Finally, we derive
a class of time-delay system with distributed delay for which Lyapunov matrices are
solutions of a boundary value problem for an auxiliary system of linear delay-free
matrix differential equations.

The second part of the book, comprising three chapters, is devoted to the case
of neutral type time-delay systems. In Chap. 5 we extend the results presented
in Chap. 1 to the case of neutral type time-delay systems. Issues of existence,
uniqueness, and continuation of solutions of the initial value problem for such
systems are discussed. Stability concepts and basic stability results obtained using
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the Lyapunov—Krasovskii approach, mainly in the form of necessary and sufficient
conditions, are presented.

In Chap. 6 we consider the class of neutral type linear systems with one delay. We
define the fundamental matrix of such a system and present the Cauchy formula for
the solution of an initial value problem. This formula is used to compute a quadratic
functional with a given time derivative along the solutions of the time-delay system.
It is demonstrated that this functional is defined by a Lyapunov matrix for the time-
delay system. A thorough analysis of the basic properties of this Lyapunov matrix
is conducted. Complete type functionals are introduced, and various applications of
the functionals are discussed.

The last chapter is dedicated to the case of neutral type linear systems with
distributed delay. The structure of quadratic functionals with prescribed time
derivatives along the solutions of such a system is defined, and the corresponding
Lyapunov matrices are introduced. A system of matrix equations that defines the
Lyapunov matrices is given. It is proven that under some conditions this system
admits a unique solution. A class of systems with distributed delay for which
Lyapunov matrices are the solutions of standard boundary value problems for
an auxiliary system of linear matrix ordinary differential equations is presented.
Complete type functionals are defined. It is shown that these functionals can be
presented in a special form that is more convenient for the computation of lower
and upper bounds for the functionals.

The book’s bibliography does not pretend to cover all aspects of the stability
analysis of time-delay systems. It includes entries that are closely related to the
problems discussed in the book. More complete lists of literature can be found
in [18,23,41,43,58].

To conclude this preface, I would like to acknowledge the fruitful collaboration
and friendly support of my colleagues Alexei Zhabko, Diederich Hinrichsen, Sabine
Mondie, Alexander Alexandrov, and Silviu-Iulian Niculescu. I greatly appreciate
their comments and suggestions.

Special thanks go to my former doctoral students Marco-Ivan Ramirez Sosa
Moran, Daniel Melchor Aguilar, Eduardo Rodrigues Angeles, Hiram Garcia
Lozano, Joaquin Santos Luna, Omar Santos Sanchez, Manuel-Benjamin Ortiz
Moctezuma, Eduardo Velazquez Velazquez, and Gilberto Ochoa Ortega, now
working at various institutions throughout Mexico, for their collaboration with
me on the research that led to the results presented in this book.

Peterhof, Saint Petersburg, Russia Vladimir L. Kharitonov
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Notations and Symbols

%Y
C([—h,0],R")
PC([~h,0],R")
C'([~h,0],R")
PC'([—h,0],R")
Op

f(t+0)
f(t—0)

loll,

(1)

x/l(t)

Res{f(s),s0}
AT

Field of real numbers

Space of n-vectors with entries in R

Imaginary unit, i> = —1

Field of complex numbers

Space of n-vectors with entries in C

Zero n X n matrix

Identity matrix

Real and imaginary parts of a complex number s € C

Euclidean (Hermitian) norm of a vector x € R" (x € C")
Induced norm of a matrix A, [|A|| = max _; [|Ax]|

Space of R"-valued continuous functions on [—/,0)

Space of R"-valued piecewise continuous functions on [—#,0]
Space of R"-valued continuously differentiable functions on
[—]’l,O]

Space of R"-valued piecewise continuously differentiable func-
tions on [—#, 0]

R"-valued trivial function, 0,(6) =0 € R", 6 € [—h,0]
Right-hand-side limit of f(¢) at a point ¢, f(r +0) =
lime 0 /(1 +[€])

Left-hand-side limit of f(¢) at a point¢, f(r —0) = limg_0 f (1 —
lel)

Uniform norm, |[@|[, = sup_,,<g<o[|¢(6)]|

First derivative of x(r)

Second derivative of x(r)

Restriction of x(¢), x; : 0 — x(r + 6), 6 € [—h,0]

Residue of an analytical function f(s) at a pole sg

Transpose of a matrix A
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XVi Notations and Symbols

A* Hermitian conjugate of a matrix A

A>0(A>0) Symmetric matrix A is positive definite (positive semidefinite)
A(A) Eigenvalue of a matrix A

Amax(A), Amin(A)  Maximum, minimum eigenvalue of a symmetric matrix A
G(A) Spectrum of a square matrix A

ARB Kronecker product of matrices A and B

vec(A) Vector of stacked columns of a matrix A



Chapter 1
General Theory

This chapter serves as a brief introduction to the theory of the retarded type
time-delay system. It starts with a discussion of such basic notions as solutions,
initial conditions, and the state of a time-delay system. Then some results on the
existence and uniqueness of an initial value problem are presented. Continuity
properties of the solutions are discussed as well. The main part of the chapter
is devoted to stability analysis. Here we define concepts of stability, asymptotic
stability, and exponential stability of the trivial solution of a time-delay system.
Classical stability results, obtained using the Lyapunov—Krasovskii approach, are
given in the form of necessary and sufficient conditions. A short section with
historical comments concludes the chapter.

1.1 Preliminaries

We begin with a class of retarded type time-delay systems of the form

dx(r)

n = g(t,x(t),x(r — h)), (1.1)

where x € R" and the time delay & > 0. Let the vector-valued function g(z,x,y) be
defined fort > 0, x € R", and y € R". We assume that this function is continuous in
the variables.

1.1.1 Initial Value Problem

It is well known that a particular solution of a delay-free system, x = G(,x), is
defined by its initial conditions, which include an initial time instant #y and an initial

V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 3
Control Engineering, DOI 10.1007/978-0-8176-8367-2_1,
© Springer Science+Business Media, LLC 2013



4 1 General Theory

state xop € R". This is not the case when dealing with a solution of system (1.1).
Here the knowledge of 7y and x is not sufficient even to define the value of the time
derivative of x(¢) at the initial time instant #y. To define a solution of system (1.1),
one needs to select an initial time instant 7y > 0 and an initial function @ : [—A,0] —
R". The initial value problem for system (1.1) is formulated as follows. Given an
initial time instant 7o > 0 and an initial function ¢, find a solution of the system that
satisfies the condition

x(to+0)=(8), 6€][—h0] (1.2)

The initial function ¢ belongs to a certain functional space. It may be the space of
continuous functions, C ([—4,0],R"), the space of piecewise continuous functions,
PC([—h,0],R"), or some other functional space. The choice of the space is dictated
by a specific problem under investigation. In our case we assume that initial
functions belong to the space PC ([—h,0],R"). Recall that the function ¢ belongs
to the space if it admits at most a finite number of discontinuity points and for each
continuity interval (¢, ) € [—h,0] the function has a finite right-hand-side limit at
0 =a, ¢(oe+0) = limg_,0 @( + |€|), and a finite left-hand-side limit at 6 = f3,
@(B—0) =lime0 (B — [€]).

The Euclidean norm is used for vectors and the corresponding induced norm for
matrices. The space PC ([—h,0],R") is supplied with the standard uniform norm [24,
65,66],

ol = W lo(0)]]-

0c[—h,

On the one hand, the fact that initial functions belong to a functional space
gives rise to the interpretation of time-delay systems as a particular class of infinite-
dimensional systems. On the other hand, the trajectories of a time-delay system lie
in Rt therefore, to some extent such systems can also be treated as systems in the
finite-dimensional space.

1.1.2 Solutions

In this section we discuss the existence issue for the initial value problem (1.1)-
(1.2). The approach presented here is known as the “step-by-step” method [3].

First, we consider a system on the segment [ty, 7 + h]. Here t — h € [ty — h, 19],
and x(¢ — h) is defined by Eq. (1.2), x(r — h) = @(t —tp — h), and the system takes
the form of the following auxiliary system of ordinary differential equations:

dx

3 =G0 =sltxol—t0—h), 1€+l

We are looking for a solution of the system that satisfies the condition x(7p) = ¢(0).
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If such a solution x(#) can be defined on the whole segment [tg, 7o + /1], then we
address the next segment [fo + h, 7y + 2h]. Here t — h € [fy, 1o + h], and the delay state
x(t — h) was already defined in the previous step, x(t — h) = X(¢ — h). Thus, on this
segment system (1.1) is a delay-free system of the form

dx ~

o= G (t,x) = g(t,x,x(t—h)),  t€to+h,io+2h],

and we are looking for a solution of the initial value problem x(to + k) = X(t9 + h).
Applying the step-by-step method, we reduce the computation of a solution of

the initial value problem (1.1)—(1.2) to a series of standard initial value problems for

a set of auxiliary systems of ordinary differential equations.

1.1.3 State Concept

In the theory of dynamic systems the concept of a system state occupies center stage.
In general, we can say that the state of a system at a given time instant #; > o should
include the minimal information that allows one to continue the dynamic for r > ;.
If we adopt this point of view, then the state should be defined in the same manner
as it was for the initial value problem.

The definition of the initial conditions and the step-by-step method of construc-
tion of the system solutions presented previously demonstrate that we need to know
x(ty + 6), for 6 € [—h,0], in order to continue a solution for ¢ > #,. Therefore, along
a given solution of system (1.1) the state of the system at a time instant r > fg
is defined as the restriction of the solution on the segment [t — h,¢]. We use the
following notation for the system state

x:0—=x(t+06), 6¢c[—h0.

In the case where the initial condition (7, ¢) should be indicated explicitly we use
the notations x(z,1y, @) and x;(f, ¢). For time-invariant systems we usually assume
that ) = 0 and omit the argument #( in these notations.

1.2 Existence and Uniqueness Issues

The dynamic of a time-delay system may depend not only on a delay state, x(t — h),
as happens in system (1.1), but on the complete state, x;, of the system. An example
of such a situation is given by the system

0

— = /g(t,x(t—i— 0))de.

—h
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Here the right-hand side of the system depends on the values of x(t +0), 6 € [—,0].
This means that the right-hand side is no longer a function but a functional that is
defined on a particular functional space. It is clear that for such systems the step-by-
step method is no longer applicable. Thus, we must look for an alternative procedure
to compute solutions. Here we present such a procedure, but first we introduce a
definition.

Definition 1.1 ([45]). Given a functional

F:PC([—h,0],R") = R",

we say that the functional is continuous at a point @y € PC([—h,0],R") if for
any € > 0 there exists 6 > 0 such that for ¢ € PC(|—h,0],R") the inequality
llo — @oll, < 6 implies that

[F (@) = F(eo)ll <e.

Functional F is said to be continuous on a set ® C PC ([—h,0],R") if it is continuous
at each point of the set.

Now we consider a functional
f:[0,) x PC([—h,0],R") — R".
The functional defines the time-delay system

dx(1)

a = f(t,x). (1.3)

Theorem 1.1. Given a time-delay system (1.3), where the functional
f:[0,) x PC([-h,0],R") — R"

satisfies the following conditions:

(i) For any H > 0 there exists M(H) > 0 such that
1£(, )| <M(H), (t,¢) € [0,00) x PC([=h,0],R"), and |||, < H;

(ii) The functional f(t,®) is continuous on the set [0,00) x PC([—h,0],R") with
respect to both arguments;

(iii) The functional f(t,Q) satisfies the Lipschitz condition with respect to the
second argument, i.e., for any H > O there exists a Lipschitz constant L(H) > 0
such that the inequality

|70 = 1.0 < L) |0 - 9|
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holds fort >0, ) € PC! ([—h,0],R"), and H<p<’<> Hh <H k=12

Then, for a given ty > 0 and an initial function ¢ € PC ([—h,0],R") there exists
T > 0 such that the system admits a unique solution x(t) of the initial value
problem (1.2), and the solution is defined on the segment [ty — h,fy + T|.

Proof. Given typ > 0 and ¢ € PC([—h,0],R"), let us select H > 0 such that the
inequality
H > Hy= ol

holds. Now we can define the corresponding values M = M(H) and L = L(H).
Let us select 7 > 0 such that

TL < 1, and T™™ < H — Hy,
and let us define a function u : [t) — h, 7 + 7] — R" such that
ulto+0) = 0(6), 0 €[—h,0],

and the function is continuous on [fg, % + 7. Assume additionally that the following
inequality holds:

[u(t) —@(0)|| < (t—10)M, 1€ [to,t0+7].
It follows from the definition that
u()]| < l@0)]| + (t —to)M < ||@||, + TM <H, € to,t0+7].

We denote by U the set of all such functions. On the set U we define the operator A
that acts on the functions of the set as follows:

o(t—1y), tElfo—h,to),

AWD=1 40) +/f(s,us)ds, € [to,10+1],

where u;: 0 — u(s+0), 6 € [—h,0]. It is a matter of simple calculation to check
that the theorem conditions (i) and (ii) guarantee that the transformed function .A(u)
belongs to the same set U:

uelU= A(u)eU.

Let x(z,fy, @) be a solution of the initial value problem (1.3)—(1.2); then
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Q(t—1t0), tE€lto—h,t),
(t,t0,0) = /
x(t,t0, ) = (p(0)+/f(s7xs(to7(p))ds, t € [to,t0 + 7],
fo

and we conclude that this solution defines a fixed point of the operator .A.
Observe that
07 re [t()—h,t()],
t

AV)(1) — Au®) (1) = 7™ = )] ds. 1€ ltosto-+ 71

fo

Hence for ¢ € [tg — h, 1)
[ A @) =A@y )| = o,

and for ¢ € [1g, %0 + 7]

t

[ 4O - Ao < | [1rsa?) - plsuas
< / Hf(s,u§1>)—f(s,u§2))’ ds.

The Lipschitz condition (iii) implies that for ¢ € [to, %) + 7]

th+T

[ Ao - awo)| < [ L

fo

u§1> _ u§2)

‘ds
h

<L sup
s€(to—h,to+1]

uV (s) = u® (S)H .

Since the preceding inequality holds for all ¢ € [y — h, 1y + 7], we conclude that

sup
sE€[to—h,to+7]

AWy (r) - A(M)(;)H <7l sup

sE[to—h,to+7]

uV (s) — u® (S)H .

Now, as 7L < 1, the operator A satisfies the conditions of the contraction mapping
theorem [45], and there exists a unique function u™*) € U such that
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o(t—19), tE l[to—h,to),

W) () = A (1) = (P(o)+/f(s,u§*))ds, t € [to,10+ 7).

The functional f(¢, @) is continuous, so differentiating the preceding equality,

du™) (1)
dr

= f(t,ul?), 1€ [to,10+1],

we arrive at the conclusion that u(*)(t) is the unique solution of the initial value
problem (1.3)—(1.2). O

Remark 1.1. We can take the new initial time instant, #; = fy + 7, and define the new
initial function

0V(0) =u™(t,+6), 6¢e[—h0).

Then the procedure can be repeated, and we extend the solution to the next segment
[f1,11 + T]. This extension process can be continued as long as the solution remains
bounded.

For each solution there exists a maximal interval [fy, 7o+ T') on which the solution
is defined. Here we present conditions under which any solution of system (1.3) is
defined on [, c0).

Theorem 1.2. Let system (1.3) satisfy the conditions of Theorem 1.1. Assume
additionally that f(t, @) satisfies the inequality

Hf(tv(P)H < n(”(PHh)v 1> 07 ¢ EPC([_hvo]an)v

where the function n(r), r € [0,00), is continuous, nondecreasing, and such that for
any ro > 0 the following condition holds:

R
. dr
lim = oo
Res) M(r)

o

Then any solution x(t,ty, Q) of the system is defined on [ty,o).

Proof. Given fp > 0 and ¢ € PC([—h,0],R"), there exists a maximal interval
[t0,f0 + T) on which the corresponding solution x(¢,%, @) is defined. For the sake
of simplicity we denote x(¢,%y, ) by x(z).

Assume by contradiction that 7 < eo. Then there exists a sequence {#; };_; such
that#; € [fg,t0+T),

lim#y =t+7T,
k—yo0
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and
lim [|x(z)[| — oo
k—yo0

otherwise, by Remark 1.1, the solution can be defined on a wider segment [, # +
T + 1], where 7 > 0.
The solution satisfies the equality

t
(1) = 0(0) + / F(s,x0)ds, 1€ [toto+T).
0]
It follows from the preceding equality and the theorem conditions that
t
llxll, < l@ll, + /n ([lxsll,)ds, € [to,t0+T).
fo
Denote the right-hand side of the last inequality by v(¢); then

dv(z)
dr

=n(lblly) <nO@), 1€lo0+T).

This implies that

I
dv(s)
<tr—ty, k=1,2,3,....
0/ n0G)

On the one hand, as

where ro = v(t9) = ||@||,, > 0, and
re=v(ty) > thth > ||x(t)]| = oo, as k — oo,

then

. i dv(s) .
13330/ e

On the other hand,

lim (l‘k — l‘o) =T.

k—>oo
Therefore, T = oo, and we arrive at the contradiction with our assumption that 7' < eo.
This ends the proof of the statement. a
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1.3 Continuity Properties

In this section we analyze the continuity properties of the solutions of system (1.3)
with respect to the initial conditions and with respect to the system perturbations.
These continuity properties are a direct consequence of the following theorem.

Theorem 1.3. Assume that f(t,@) satisfies the conditions of Theorem 1.1. Let
x(t,t0, @) be a solution of system (1.3) such that

x(to+0)=(0), 6 € [—h,0].
Given the perturbed system

d)?d_(tt) = f(t,y:) +8(t,y),

where the functional g(t,@) is continuous on the set [0,00) x PC([—h,0],R"),
satisfies the Lipschitz condition with respect to the second argument, and

18z, @) <m, =0, ¢ € PC([=h,0],R"),
let y(t,t0, W) be a solution of the perturbed system with the initial condition
¥(to+6) =w(8), 6 € [~h,0].
If the solutions are defined fort € [ty — h,to+ T, and if H is such that
Ix(t,0, @) | <H, [yt 00, )| <H, t€[to—hto+T],
then the inequality
[1x(,20, ) = y(t, 20, W)I| < [l (0, @) = yi k0, W)l

_ ) oL(H)(1-10)
<

holds fort € [ty,t0+T).

Proof. For the sake of simplicity we will use the following shorthand notations for
the solutions x(¢) = x(¢,fy, @) and y(¢) = y(¢t,19, ). Observe that

d

a [X(l‘) _y(t)] :f(taxt) _f(tvyt) _g(tvyt)v re [t07t0+T]'
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Integrating the preceding equality we obtain
t
x(t) =y(t) = 9(0) —y(0) + /[f(s,xs) —f(s,y5) —g(s,y)lds, 1 € [to,00+T1.
Io
The last equality implies that for ¢ € [ty, %)+ T the following inequalities hold:

[1x() =y (D) < H(P(O)—W(O)H+/||f(saxs)—f(says)—g(says)Hds

< 19(0) = wO)|+m(t ~10) + L(H) [ I~y s

fo
Since [[@(0) — w(0)[| < [ly — @l|,, we have

() =y < llo = wll +m(—1)
t
L) [ ve=yillds. 1 € oo+ T,
fo
Using similar arguments we can conclude that for #; € [t — h, ], the inequality
t
[lx(t) =y(@)ll < [l =yl +m(t—10) +L(H)/Hxs—ysllhds

fo

holds, which implies

t
up ]||X(f1)—y(f1)|\ < H<P—1I/||h+m(f—fo)+L(H)/||xs—ys|\hds-
tejft—n,t o

So we have

e = yellp < Nl — wll, +m(t—to)
t
+L(H)/Hxs—ysllhds, t € [to,to+T).
0

Denote the right-hand side of the preceding inequality by v(7); then

dv(z)
dr

=m+L(H)|x —yll, <m+LH)v(t), t€/lto,to+T].
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Integrating this inequality we arrive at the desired one:
”x(tvt()v (P) —y(l,l‘(), W)” < ”xt(t()v (P) _yl(t()v W)”h

L(H)

A

|y — (theL(H)(t*to) + (eLH)l=10) _ )

IN

m _
<||W—(P||h+TH))eL(H)(t ) 1€ fto,t0+T). 0

Corollary 1.1. Let g(t,¢) = 0; then m = 0, and both x(t,ty, @) and y(t,ty, ¥) are
solutions of system (1.3). Assume that these solutions are defined fort € [ty,19+ T].
For any € > 0 there exists 6 > 0 such that if ||y — ¢||, < 6, then the following
inequality holds:

HX(I,Z‘(),(P)—X(I,I(),III)” <E, re [t07t0+T]'

In other words, x(t,ty, @) depends continuously on .
L(H)T
O

Proof. The statement follows directly from Theorem 1.3 if we set § = ge™

Corollary 1.2. Let y(0) = ¢(0), 0 € [—h,0]; this means that the solutions
x(t,t0, @) and y(t,1y, W) have the same initial conditions. Assume that these solutions
are defined for t € [ty,t0 + T|. For any € > 0 there exists & > 0 such that if m < 8,
then

||x(t7t07(p)_y(t7t05(l))” <E, re [t07t0+T]'
This means that x(t,ty, ) depends continuously on the right-hand side of
system (1.3).

Proof. The statement follows directly from Theorem 1.3 if we set §=L(H)e ()T ¢,
O

1.4 Stability Concepts

In this section we introduce some stability concepts for system (1.3). Let the system
satisfy the conditions of Theorem 1.1. Assume additionally that the system admits
a trivial solution, i.e., f(#,05) = 0, for r > 0. Here 0y, stands for the trivial function,
0,:0 —=0€R", 6 €[—h,0].

Definition 1.2 ([46]). The trivial solution of system (1.3) is said to be stable if for
any € > 0 and 7y > 0 there exists 0 (€,7)) > 0 such that for every initial function
¢ € PC([—h,0],R"), |l@|l, < O (&,1), the following inequality holds:

x(t,t0,0)|| <&, t>10.
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If 6 (g,1p) can be chosen independently of 7y, then the trivial solution is said to be
uniformly stable.

Remark 1.2. The value 6(g,1y) is always smaller than or equal to €.

Proof. Assume that for some € > 0 and 7y > 0 we have 0 (€,7y) > &; then there is
¢ € PC([—h,0],R") such that ||@||, < 8 (&), and || @(0)|| > €. On the one hand,
the corresponding solution x (¢,#y, @) should satisfy the inequality

H'x(t7t07q'))|| <E§, tzt()u

and, in particular, ||x(t,%,@)|| < €. On the other hand, x(fy,%,®) = ¢(0), so
|lx (0,20, @)|| = ||@(0)|| > €. This contradiction proves the remark. O

Definition 1.3. The trivial solution of system (1.3) is said to be asymptotically
stable if for any € > 0 and 7y > 0 there exists A(g,f) > 0 such that for every
initial function ¢ € PC([—h,0],R"), with |||, < A(&,1), the following conditions
hold.

1. ||lx(t,00,9)| < &, fort > to.

2. x(t,t0, @) = 0ast—tfy —> oo.
If A(g,t9) can be chosen independently of # and there exists H; > 0 such
that x (¢,79,¢) — 0 as t — fp — oo, uniformly with respect to 1o > 0, and ¢ €
PC([—h,0],R"), with |||, < H, then the trivial solution is said to be uniformly
asymptotically stable.

Definition 1.4. The trivial solution of system (1.3) is said to be exponentially stable
if there exist Ag > 0, 0 > 0, and y > 1 such that for every 7y > 0 and any initial
function ¢ € PC([—h,0],R"), with | @||, < Ao, the following inequality holds:

ke (2,10, 0) < ¥ll@llye U, 1 =1,

1.5 Lyapunov-Krasovskii Approach

First we show why the direct application of the classical Lyapunov approach does
not work for time-delay systems. To this end, we consider a scalar linear equation
of the form
dx(z
d_(t) =ax(t)+bx(t—h), t>0,
where a,b are real constants. Since the equation is linear, it seems natural to
apply the positive-definite Lyapunov function v(x) = x?. The time derivative of the
function along the solutions of the equation is

VO — 22(0)fa 1) + bl — ) = 20 (1) +-2b (1) x(c ).
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For the case b = 0 the equation is delay free, and the time derivative is negative
definite when a < 0. According to the Lyapunov stability theory, this implies the
asymptotic stability of the equation.

The situation becomes different when b # 0. In this case the time derivative
includes two terms and, despite the fact that the first term remains negative definite
for a < 0, we are not able to state the same about the time derivative because nothing
certain can be said about the sign and the value of the second term, 2bx(¢)x(t — h).
Therefore, some modifications of the Lyapunov approach should be made if we
would like to apply it to a stability analysis of time-delay systems.

Such modifications have been proposed in two distinct ways.

1. The first one is due to N. N. Krasovskii, who proposed to replace classical
Lyapunov functions that depend on the instant state, x(¢), of a system by
functionals that depend on the true state, x;. This modification is now known
as the Lyapunov—Krasovskii approach [46—48].

2. The other modification was proposed by Razumikhin [61,62]. It uses the classical
Lyapunov functions but adds an additional condition that allows one to compare
the values of x(r) and x(r — i) and provides negativity conditions for the time
derivative of the functions along the solutions of the system.

In this book we do not treat the Razumikhin approach but concentrate on
the Lyapunov—Krasovskii one. We start with the definition of positive-definite
functions.

Definition 1.5. A function v; (x) is said to be positive definite if there exists H >
0 such that the function is continuous on the set {x |||x|| < H} and satisfies the
following conditions:

1. vy (0) =0;

2. vi(x)>0for0 < |x|| <H.

Now we extend the positive-definiteness concept to the case of functionals.

Definition 1.6. Functional v (z, @) is said to be positive definite if there exists H > 0
such that the following conditions are satisfied.

1. The functional v(¢,¢) is defined for + > 0 and any ¢ € PC([—h,0],R") with
ol < H.

2. v(1,0,) = 0,1 >0.

3. There exists a positive-definite function v; (x) such that

Vl((p(o)) < V(tv(p)v 1 >0, and ¢ EPC([—h,O],R”), H(PHh <H.

4. For any given #y > 0 the functional v(f, @) is continuous in @ at the point 0y, i.e.,
for any € > 0 there exists § > 0 such that the inequality ||@||, < & implies

[v(t0, @) — v(to,0n)| = v(to, ) < €.
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We are now ready to present some basic statements of the Lyapunov—Krasovskii
approach.

Theorem 1.4. The trivial solution of system (1.3) is stable if and only if there exists
a positive-definite functional v (t, Q) such that along the solutions of the system the
value of the functional v (t,x;) as a function of t does not increase.

Proof. Sufficiency: The positive definiteness of the functional v (7, @) implies that
there exists a positive-definite function v; (x) such that

Vl((P(O)) < V(ta(P)a t> Oa and ¢ EPC([_haO]an)a H(P“h <H.
For a given € > 0 (¢ < H) we define the positive value

A(€) = min vy (x). (1.4)

llll=¢

Since for a given fy > 0 the functional v (¢, ¢) is continuous in ¢ at the point
0y, there exists 6 > 0 such that v(t, @) < A(e) for any ¢ € PC([—h,0],R") with
loll, <.

It is clear that § < &; otherwise we could present an initial function ¢ €
PC ([—h,0],R") such that |||, < 6 and ||@(0)|| = €. On the one hand, for this initial
function we have v{(¢(0)) > A (). On the other hand, v (¢(0)) <v (19, ¢) < A(¢).
The contradiction proves the inequality 6 < €.

Now let ¢ € PC([—h,0],R"), with || @||,, < . Then the theorem condition implies
that

vi(x(t,10,9)) < v(t,x(to, @) <v(ty, @) < A(€), >to. (1.5)

Assume by contradiction that there exists a time instant t; > fy for which
|lx(#1,20,@)|| > €. Since for t > fy the function ||x(¢,7o, )| is continuous in 7,
and since ||x(,70, @) || = ||@(0)|| < |l@]|, < & < &, there exists t* € [fy,#;] such that
|lx(*,20, @)|| = €. So, on the one hand, by Eq. (1.4), we know that

vi(x(t%,10,9)) = A(e).
On the other hand, inequality (1.5) implies the inequality
Vi (X(t*,l‘o, (P)) < /’1’(8)7

which contradicts the previous one. The contradiction proves that our assumption is
wrong, and the following inequality holds:

|x(t,00,0)|| <&, t>10.

This means that & satisfies Definition 1.2, and therefore the trivial solution of
system (1.3) is stable.
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Fig. 1.1 Value of ||x(¢,to, ¢||, the first case

Necessity: Now, the trivial solution of system (1.3) is stable, and we must prove
that there exists a functional v(z, @) that satisfies the theorem condition.

Construction of the functional: Since the trivial solution of system (1.3) is stable,
for € = H there exists 6 (H,fy) > 0 such that the inequality |||, < 6 (H,t) implies
that ||x(z,%,@)|| < H fort > ty. We define the functional v (¢, ¢) as follows:

sup||x(t,20,9) ||, if [|x(z,10,@)|| < H, forz > 1o,
V(to, ) = { =10 (1.6)
H, if there exists T > t such that ||x(T,z, )| = H.

These two possibilities are illustrated in Figs. 1.1 and 1.2, respectively.
We check first that the functional v(z, @) is positive definite. To this end, we must
verify that it satisfies the conditions of Definition 1.6.

Condition 1: The value v(to, @) is defined for all 7y > 0, and every initial function
¢ € PC([—h,0],R"), with |||, <H.

Condition 2: For the trivial initial function, ¢ = 0y, the corresponding solution is
trivial, x(z,19,0;,) = 0, for > y. Thus v(t,0,) =0, o > 0.

Condition 3: The function v; (x) = ||x|| is positive definite. Given o > 0 and ¢ €
PC ([—h,0],R"), with |||, < H, in the case where ||x(¢,70,9)|| < H, fort > 1o,
we have

71 (9(0)) = ll@(O)l] < sup|x(z,10, @) = v{t0, ).
t>1
In the other case, where there exists T > fy such that ||x(T, o, @)|| = H, we have

vi(9(0)) =[@(0)[| <H =v(t,9).
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Fig. 1.2 Value of ||x(z,19, @||, the second case

Condition 4: Given ty > 0, the stability of the trivial solution means that for any
€ > 0 there exists 6 > 0 such that |||, < 6 implies ||x(,70,¢)|| < € forz > 1.
In other words, for any € > 0 there exists § > 0 such that ||@||, < § implies

v(to, @) = |[v(to, @) —v(t0,05)| < €.

This observation makes it clear that for a fixed 7y > 0 the functional v(zg, @) is
continuous in ¢ at the point 0y,.

Now we check that functional (1.6) satisfies the theorem condition. First, we
consider the case where ||x(¢,%, ¢)|| < H for t > to. In this case, given two time
instants, #; and t,, such that t, > t; >y, we compare the values

v(tl » Xty (t()’ (P)) = Sup ||X(l,l‘(), (P)H

t>1

and
v(t2,%, (to, @)) = sup [|x(, 20, @) -

1>t
Since for the second value the range of the supremum is smaller than that for the
first value, we conclude that

V(12 X, (0, @) < v(t1,x1, (0, 9)).

This means that the functional v(¢,x; (9, )) does not increase along the solution.
In the second case, where there exists T > # such that ||x(7', 7y, ¢)|| = H, we have
the equality

V(valz (to,9)) = V(tlvxtl (to,9)) =H,

and, once again, the functional does not increase along the solution of
system (1.3). O
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Remark 1.3. The functional v(¢, @), defined in the proof of the necessity part of
Theorem 1.4, is of academic interest only. Obviously, we cannot use such function-
als in applications. The computation of practically useful Lyapunov functionals is
not a simple task.

Theorem 1.5. The trivial solution of system (1.3) is uniformly stable if and only if
there exists a positive-definite functional v (t, Q) such that the following conditions
are satisfied.

1. The value of the functional along the solutions of the system, v(t,x;), does not
increase.
2. The functional is continuous in @ at the point Oy, uniformly for t > 0.

Proof. Sufficiency: In the proof of the sufficiency part of Theorem 1.4 the value
6 = 0(e,1p) was chosen such that for any ¢ € PC ([—h,0],R"), with |||, < 6, the
value of the functional for a given 7o > 0 satisfies the inequality v(t, @) < A(€).
Since now the functional is continuous in ¢ at the point 0y, uniformly for # > 0, the
value 6 can be chosen independently of 7.

Necessity: The uniform stability of the trivial solution of system (1.3) implies that
0 can be chosen independently of #y, 6 = 0(€). It was demonstrated in the proof of
Theorem 1.4 that functional (1.6) is positive definite and does not increase along the
solutions of system (1.3). We show that this functional satisfies the second condition
of the theorem. For any ¢ € PC([—h,0],R"), with || @||, < 8(¢), and any 75 > 0 we
have that ||x(z,19, @)|| < € for t > ty. This means that

|V(t05 (P) - V(to,()h)| = V(to, (P) <e.

In other words, functional (1.6) is continuous in ¢ at the point 0y, uniformly for
t>0. O

Remark 1.4. The second condition of Theorem 1.5 is satisfied when v (¢, ) admits
an upper estimate of the form

v(t,0) <wa(@), 120, ¢ € PC([=h,0[,R"), |oll, <H,

with a positive-definite functional v, ().

Theorem 1.6. The trivial solution of system (1.3) is asymptotically stable if and
only if there exists a positive-definite functional v(t,@) such that the following
conditions hold.

1. The value of the functional along the solutions of the system, v(t,x;), does not
increase.

2. Forany ty > 0 there exists a positive value [ (ty) such that if ¢ € PC ([—h,0],R")
and ||@||, < u(t), then v(t,x(to,@)) decreases monotonically to zero as t —
fo—>roo.
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Proof. Sufficiency: The first condition of the theorem implies the stability of the
trivial solution of system (1.3) (Theorem 1.4). Thus, for any € > 0 (¢ < H) and
fo > 0 there exists 0(g,19) > 0 such that if || @||,, < (g, 1), then ||x(z,), )| < € for
t > to. Let us define the value

A(E,t()) = min{S(&‘,t()),[,L(t())}.

For any given initial function ¢ € PC([—h,0],R"), with ||@]|, < A(g,fy), the
following inequality holds:

[x(t,20, @) <&, t>t0.

We will demonstrate that x(z,79,¢) — 0 as t — ty — oo. The functional v(z, @) is
positive definite, so there exists a positive-definite function v; (x) such that

vi(@(0)) <v(t,@), fort >0, and ¢ € PC([—h,0],R"),| o, <H.

The function v (x) is continuous, so for any given & > 0 (g < &) we may define
the positive value
o= min vi(x).
e <lx|<e
By the second condition of the theorem, there exists T > 0 such that v(¢,x; (f9, 0)) <
o fort > 1o+ T. This implies the inequality

Vi (x(tvt()v(p)) <a, 1 > tO+Ta

and we conclude that
[x(t,t0,0)|| < &1, t>t+T.

This means that x(z,y, ¢) — 0 as t —fo — oo, and we must accept that the previously
defined value A(f, €) satisfies Definition 1.3.

Necessity: In this part of the proof we make use of functional (1.6). In the proof of
Theorem 1.4 it was demonstrated that the functional is positive definite and does not
increase along the solutions of system (1.3). This means that the functional satisfies
the first condition of the theorem.
We address the second condition of the theorem and choose the value (7)) as
follows:
wu(to) = A(H,t) > 0.

Now, for any initial function ¢ € PC ([—h,0],R"), with || @||, < u(to), we know that
x(t,t0,@) — 0 as t — ty — oo. This means that for any & > 0 there exists 7 > 0 such
that ||x(z,70,@)|| < & fort >ty + T. According to Eq. (1.6), we have

v(t,x (o, @)) = sup ||x(s,0,@)|| < &1, fort >+ T.

s>t
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The preceding observation means that v(¢,x, (fo, @)) tends to zero as t — . O

Theorem 1.7. The trivial solution of system (1.3) is uniformly asymptotically stable
if and only if there exists a positive-definite functional v (t, @) such that the following
conditions hold.

1. The value of the functional along the solutions of the system, v(t,x;), does not
increase.

2. The functional is continuous in @ at the point Oy, uniformly for t > 0.

3. There exists a positive value 1y such that v (t,x;(ty, 9)) decreases monotonically
to zero as t — ty — oo, uniformly with respect to ty > 0, and ¢ € PC ([—h,0],R"),
with [[g]l, < .

Proof. Sufficiency: Comparing this theorem with Theorem 1.5 we conclude that the
trivial solution of system (1.3) is uniformly stable. Therefore, for a given € > 0 the
value

A(e) =min{u;,0(e)} >0

is such that the following properties hold:

1. Given 1y > 0 and ¢ € PC([—h,0],R"), with ||@||,, < A(€), then ||x(z,70,@)|| < €
fort > 1.

2. v(t,x:(to, @) — 0 ast —1y — oo.
Now we define 1

Hi = 5A(H) > 0.

The functional v(z, @) is positive definite, so there exists a positive-definite function
v1(x) such that

Vl((P(O)) < V(ta(P)a fOI'tZO, and(P EPC([_haO]an)a H(P“h SH

The function v; (x) is continuous; therefore, for any £ > 0 (¢ < H) we may define
the positive value
o= min v(x).
o i
By the third condition of the theorem there exists 7 > 0 such that for any 7y > 0 and
¢ € PC([—h,0],R"), with ||@||, < H, the following inequality holds:

v(t,x(tg, @) <o, t—19>T.

This implies that
vi(x(t,00,0)) <o, t—19>T,

and we conclude that
H.X(l,l(),(p)” < €&y, t_t()ZTa
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for any o > 0, and ¢ € PC([—h,0],R"), with |||, < H;. Therefore, the previously
defined values A(e) and H; satisfy Definition 1.3. This ends the proof of the
sufficiency part of the theorem.

Necessity: The uniform asymptotic stability of the trivial solution of system (1.3)
implies that functional (1.6) satisfies the first two conditions of the theorem. Let

us set

1
Uy = EA(H)u
where A(g) is from Definition 1.3. Now, given & > 0, for any 7 > 0 and ¢ €

PC([—h,0],R"), with |||, < w1, there exists T > 0 such that
Ix(tt0,0)| < &1, t—t0>T.

This means that functional (1.6) satisfies the inequality

V(taxt(IOa(P)):SupHx(sath(P)H Sgla t_t()ZTu
s>0
i.e., the functional decreases monotonically to zero as t —fy — oo, uniformly with
respect to o > 0, and @ € PC([—h,0],R"), with | @], < u;. This ends the proof of
the necessity part. a

The following statement provides sufficient conditions of the uniform asymptotic
stability of the trivial solution of system (1.3).

Theorem 1.8 ([46]). The trivial solution of system (1.3) is uniformly asymptoti-
cally stable if there exist two positive-definite functionals, v (¢, Q) and v, (@), and a
positive-definite function w(x) such that the following two conditions hold.

1. v(t,0) <va (@), fort >0, and ¢ € PC([—h,0],R"), with ||¢||, < H.
2. The value of the functional along the solutions of the system is differentiable by
t, and its time derivative satisfies the inequality

dv(t,x)

o < —w(x(r)).

Proof. Observe that the first condition of the theorem implies that the functional
v(t, ) is continuous in ¢ at the point 0, uniformly for # > 0 (Corollary 1.4). This
means that the second condition of Theorem 1.7 is satisfied. The first condition of
Theorem 1.7 follows directly from the second condition of this theorem.

Now we show that the third condition of Theorem 1.7 is also satisfied. It is
evident that the theorem conditions guarantee that the trivial solution is uniformly
stable, i.e., for any € > 0 there exists §(€) > 0 that satisfies the definition of the
uniform stability. The functional v, (@) is positive definite, so there exists a positive
value 71 such that the following inequality holds:
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v2(@) <H, ¢€PC([=h,0],R"), with [[@]|, <n.

Let us set
1
up = min{§5(H),n}.

We are going to demonstrate that for any given o > 0 there exists 7 > 0 such that if
t —ty > T, then the inequality

v(tu-xt(t()a(p)) <o

holds for any 7o > 0 and ¢ € PC([—h,0],R"), with |||, < u;. Since the functional
v2 (@) is positive definite, there exists § > 0 such that the inequality |¢@||, < B
implies v, (¢) < a. The function w(x) is positive definite, and we can define a
positive constant y as follows:

Y= min w(x).
B<ixi<H

For any function ¢ € PC([—h,0],R"), with |||, < H, we have
£, @) <M(H), fort > 0.

Now we set

r—min{h,m}

and select an entire number N satisfying the inequality
H—yIN <O.
Finally, we define a positive value T as follows:
T =2hN.

Given an initial instant 7y > 0 and function ¢ € PC([—h,0],R") such that ||¢||, <
U1, we will demonstrate that v (¢,x,(f9,¢)) < o for t — 1y > T. First we observe
that the second condition of the theorem implies that v (z,x,(fy, @)) is a decreasing
function of #, so it is enough to check that v (t() + T,x;ﬁr(to, q))) < o Assume by
contradiction that this is not the case, and v (to + T, x547 (10, (p)) > . This means
that

o< V(tvxl (t()v (P)) <wn (xl(t07 (P))

for t € [tg,to+ T]. The inequality o < v, (x;(fo,¢)) implies that |\x,(r9, )], >
B for t € [tg,to+T), i.e., in each segment [t — h,t] C [fg,fo+ T|] there exists a
point t* € [t — h,t] such that ||x(t*,%, @)|| > B. These arguments demonstrate that
we can define an increasing sequence, {tj}ljvzl, such that at the points of the
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sequence |[x(z,70,¢)|| > B. Without any loss of generality we assume that any two
consecutive points of the sequence satisfy the inequalities h < t;,1 —t; < 2h.

According to the choice of the initial function ¢, we know that ||x(,7, ¢)|| < H
fort > 19, and at the points of the sequence the following inequality holds:

B <|x(tjt0,0)||, j=1,2,...,N.

Now observe that

t
x(t,10,9) :x(fj7f07¢)+/f(svxs(fo,¢))d5, t>tj,

tj

and, since || f(s,x5(t0, @))|| < M(H), for t > 0 we have

(2,10, ) — x(tj,10,0) || < ./Ilf(s,xs (10,9))lds

< tM(H), fort € [tj,t;+1T].

According to our choice of 7, we conclude that for r € [t;,7; + ]

™™

|x(2,10,0) — x(tj,10, 9)|| <

As ||x(tj,10,9)|| > B. the inequality

™™

x(t,00, @) = 5, 1€ 1,1+ 7],

holds for j = 1,2,...,N. It is evident that
W(x(tvth(P))Z%te[t,/'atj"—r]a j:1727---7N7
and the second condition of the theorem implies that

to+T
V(t() + T7xlo+T (t()v (P)) < V(t()v (P) - / W(x(s7t07 (p)ds
fo
< H-—vytN <0.

This means that v(fo + T, x,,+7(fo, ¢)) is negative, which contradicts the positive
definiteness of the functional v(z, ¢). The contradiction proves that
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v(t,x(t0,9)) < o, fort —19 > T.
Now to end the proof, it is enough to refer to Theorem 1.7. O

Theorem 1.9. The trivial solution of system (1.3) is exponentially stable if there
exists a positive-definite functional v(t, @) such that the following conditions hold.

1. There are two positive constants 0, , 0 for which

o 90> < v(t,9) < oallglly, fort >0,

fort >0, and ¢ € PC([—h,0],R") with | ¢||, < H.
2. The functional is differentiable along the solutions of the system, and there exists
a positive constant ¢ such that

d
av(t,xt) +20v(t,x) <0

Proof. Let us define the positive-definite function v; (x) = c ||x||* and the positive-
definite functional v, (@) = oy ||@|7. It is evident that the functional v(z, ) satisfies
the conditions of Theorem 1.5. Therefore, the trivial solution of system (1.3)
is uniformly stable, and for every € > O there exists 6(¢) > 0 such that the
inequality ||¢||, < 6(e) implies ||x(z,70, )| < € for t > 1. We will show that
the value Ay = 6(H) satisfies Definition 1.4. To this end, assume that 7y > 0 and
¢ € PC([—h,0],R"), ||@|l;, < Ao. The corresponding solution x(¢,%y, @) is such that

|lx(t,70,0)|| < H, fort > 1.
The second condition of the theorem implies the inequality
v(t,x (10, @) < v(to, @)e 20070 >,
Applying the first condition of the theorem we obtain that
—20(r—t9)

o [|x(t,10,@)|1* < v(to, @)e 27070 < o [||[e , 21

The preceding inequalities provide the desired exponential estimate

(0] _oli—
||x(t7t07¢)l\§\/a—ll\¢llhe o) >, 0
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1.6 Notes and References

The origins of the time-delay systems go back to such giants as L. Euler,
J. L. Lagrange, and P. Laplace. A systematic development of the theory of functional
differential equations began in the twentieth century with Volterra [69, 70],
Myshkis [57], Krasovskii [46], Bellman and Cooke [3], Halanay [19], and Hale [21],
to mention just the principal contributors.

The restriction of a solution, x; : 6 — x(¢ + 6), 6 € [—h,0], as the true state of a
time-delay system was introduced by Krasovskii [48]. This allowed him to develop
the stability theory of time-delay systems to the same level as that of ordinary
differential equations [46].

In the exposition of the basic existence and continuity results we follow the
excellent book by Halanay [19]; see also [3,6,10,11,20,23,49].

The foundations of the Lyapunov second approach for time-delay systems,
which is now known as the Lyapunov—Krasovskii approach, were developed by
Krasovskii [46—48]; see also [44,58]. The form of presentation of the stability results
in Sect. 1.5 was inspired by Zubov [72].



Chapter 2
Single Delay Case

In this chapter we consider the class of retarded type linear systems with one delay.
There are several reasons for restricting our attention to this class before proceeding
to more general ones. First, from a methodological point of view, it seems that
dealing with single-delay systems simplifies the understanding of basic concepts
and creates a firm basis for developing the concepts for more general cases. Second,
for the case of single delay we often obtain more complete results than in a more
general setting. Finally, results for the single-delay case are not as cumbersome as
those for the more general classes of time-delay systems.

We introduce the fundamental matrix of such a system and provide an explicit
expression for the solution of an initial value problem. Exponential stability
conditions, both in terms of characteristic eigenvalues of the system and in terms
of Lyapunov functionals, are presented. The general scheme for the computation of
quadratic functionals with prescribed time derivatives along the solutions of a time-
delay system is explained in detail. It is demonstrated that the functionals are defined
by special matrix-valued functions. We show that these matrix-valued functions
are natural counterparts of the classical Lyapunov matrices that appear in the
computation of Lyapunov quadratic forms for a delay-free linear system; therefore,
they are known as Lyapunov matrices for a time-delay system. A substantial part
of the chapter is devoted to an analysis of the basic properties of the Lyapunov
matrices. Then, Lyapunov functionals that admit various quadratic lower and upper
bounds are introduced. They are called functionals of the complete type. Finally,
we make use of complete type functionals to derive exponential estimates of
the solutions of time-delay systems, robustness bounds for perturbed systems,
evaluation of quadratic performance indices, and computation of critical values of
system parameters.

V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 27
Control Engineering, DOI 10.1007/978-0-8176-8367-2_2,
© Springer Science+Business Media, LLC 2013
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2.1 Preliminaries

We consider a retarded type time-delay system of the form

dx(t)

=~ =Aox(D) T At —h), 120, @2.1)

Here Ap, A are given real n X n matrices, and 4 is a positive time delay.

Let @ : [—h,0] — R" be an initial function. We assume that the function belongs
to the space, PC([—h,0],R"), of piecewise continuous functions defined on the
segment [—h,0]. Let x(z, ¢) stand for the solution of system (2.1) under the initial
condition

x(ev(p) = (P(e)a S [—h,O],

and let x, (@) denote the restriction of the solution to the segment [t — h, 7]
x(@): 60— x(t+0,9), 6<c[—h,0].

We omit the argument ¢ in these notations and write x(¢) and x, instead of x(¢, @)
and x, (@) where no confusion may arise.

Recall that the Euclidean norm is used for vectors and the induced matrix norm
for matrices. For elements of the space PC([—h,0],R") we use the uniform norm

loll, = sup [lo(6)].
0€[—h,0]

The principal objective of this section is to present an explicit expression for the
solutions of system (2.1) in terms of their initial functions.

2.1.1 Fundamental Matrix

The key element needed to derive this expression is the fundamental matrix of
the system. In many respects, the fundamental matrix plays the same role for
system (2.1) as the matrix exponent does for linear delay-free systems.

Definition 2.1 ([3]). It is said that the n x n matrix K(¢) is the fundamental matrix
of system (2.1) if it satisfies the matrix equation

%K(t) =K(t)Ao+K(t—h)A;, t>0, (2.2)

and K () = 0y, forr < 0, K(0) = I. Here [ is the identity matrix.
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Remark 2.1. The fundamental matrix also satisfies the matrix equation

%K(r) =AoK(t)+AK(t—h), t>0.

This does not mean that matrix K(¢) commutes individually with the coefficient
matrices Ay, k=0, 1.

Proof. To verify this remark, it is sufficient to compare the Laplace image of the
fundamental matrix as a solution of matrix Eq. (2.2) with that of the matrix equation
given in the remark. a

2.1.2 Cauchy Formula

Now we are ready to present the main result of this section.

Theorem 2.1 ([3]). Given an initial function ¢ € PC([—h,0],R"), the following
equality holds:

0
x(1,9) = K(1)9(0) + / K(t—6—h)A,p(0)d0, >0, 2.3)
“h
This expression for x(t, @) is known as the Cauchy formula.

Proof. Lett > 0 and assume that & € (0,¢); then

9K~ E)(E.0)] = — [K(t — E)Ao+K(t — & — WAx(E, 9)

98
+K (= &) [Aox(8, ) +Aix(S —h,9)].
Integrating the last equality by & from O to ¢ we obtain that

t t

x(1,0) ~ K(1)9(0) = — [ K(t=& = mA(E9)dE+ [ K(t= OA(E ~ b p)dE.
0

0

The second integral on the right-hand side of the preceding equality can be
transformed as follows:

t t—h

JK=E0AE~ho)aE = (0=E—h = [ K(t—0-mAx(6.9)d0.
“h

0
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Since the matrix K(0) = 0,,x, for 6 € [—h,0), the upper limit of the integral on the
right-hand side can be increased up to ¢,

t

—h t
K(t— 60— h)A1x(6,0)d0 = /K(t — 60— h)A1x(0,9)do.
h —h
As a result we arrive at the equality
0
x(t,0) = K(1)p(0) + /K(t —0—hAx(6,9)d0, 1>0.
—h

Asx(6,¢9) = ¢(0) for 6 € [—h,0], the preceding equality coincides with (2.3). O

2.2 Exponential Stability

We now introduce the stability concept that will be used for system (2.1) in the
remainder of this part of the book.

Definition 2.2 ([3]). System (2.1) is said to be exponentially stable if there exist
v > 1 and o > 0 such that any solution x(z, @) of the system satisfies the inequality

Ix(t, @)l < ve ™ ll@ll,, >0 (2.4)
Remark 2.2. Tt is well known that the exponential stability of system (2.1) is
equivalent to the asymptotic stability of the system; see [3].

Definition 2.3. A complex number s is said to be an eigenvalue of system (2.1) if
it is a root of the characteristic function,

£(s) = det (sI ~Ao— e’”‘Al) ,
of the system. The set
A={s|f(s) =0}
is known as the spectrum of the system.

The next statement shows that the property of exponential stability depends on
the location of the spectrum of system (2.1).

Theorem 2.2 ([3]). System (2.1) is exponentially stable if and only if the spectrum
of the system lies in the open left half-plane of the complex plane,

Re(so) <0, sp€A.
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The following result is a simplified version of the Krasovskii theorem 1.8.
It provides sufficient conditions for the exponential stability of system (2.1).

Theorem 2.3. System (2.1) is exponentially stable if there exists a functional
v:PC([—h,0],R") — R

such that the following conditions hold.

1. For some positive 01, 0
a e(0)|* < v(g) < alleli, @€ PC([—h,0],R"),
2. For some B > 0 the inequality

d
300 < =B, >0,

holds along the solutions of the system.

2.3 Problem Formulation

Motivated by Theorem 2.3 we address in this section the construction of quadratic
functionals that satisfy the theorem conditions. Our approach is based on one of the
principal ideas of the direct Lyapunov method, which can be formulated in our case
as follows. First, select a time derivative, and then compute the functional whose
time derivative along the solution of system (2.1) coincides with the selected one.
Since the system is linear and time invariant, it seems natural to start with the case
where the time derivative is a quadratic form. One technical assumption needed at
the beginning, and which will be dropped later, is that system (2.1) is exponentially
stable.

Problem 2.1. Let system (2.1) be exponentially stable. Given a quadratic form
w(x) = xT W, find a functional vo(¢), defined on PC([—#,0],R"), such that along
the solutions of the system the following equality holds:

—vo(x;) = —xL ()Wx(r), 1>0. (2.5)
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2.4 Delay-Free Case

Here we would like to explain, using the case of a delay-free system, some principal
ideas behind our approach to the solution of Problem 2.1. Let us consider an
exponentially stable system of the form

dx
i Ax. (2.6)
By x(f,x9) we denote the solution of the system with a given initial condition
x(0,x9) = x. If the initial condition is not important, then we will use the shorthand
notation x(¢) instead of x(z,xp).

Given a quadratic form w(x) = x” Wx, we are looking for a Lyapunov function
v(x) such that the following equality holds:

d
av(x) oo = —w(x). (2.7)

Control theory textbooks, see [24, 30, 71], teach us that the desired Lyapunov
function is also a quadratic form, v(x) = x” Vx. The function satisfies the preceding
equality if matrix V is a solution of the classical Lyapunov matrix equation

ATV +vA=—w. (2.8)

The evident simplicity of the construction of the Lyapunov function v(x) is achieved
due to the valuable information that the function is a quadratic form. Let us assume
now that this information is not available. This is exactly the situation that we
have now in Problem 2.1. The question is: Is it possible to reveal the form of the
Lyapunov function during the construction of v(x)? To answer this question, we
address ourselves to the Eq. (2.7). First, we observe that if we substitute into (2.7) a
solution of system (2.6), then the equation takes the form

d
3 w(0) = —w(x(r)).

It is evident that the preceding equation defines the function v(x(¢)) up to an additive
constant. To define the constant correctly, we recall that the desired Lyapunov
function v(x) should be equal to zero for x = 0, v(0) = 0. Now we integrate the
last equality on the segment [0, 7], where T > 0,

T
v(x(T, %)) = v(x0) = — / o (1,0 )Wox(t, xo)dr.
0
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Since system (2.6) is exponentially stable, x(7,xo) — 0 and v(x(T,x0)) — O, as
T — co. At the limit we obtain the equality

/ (t,x0)Wx(t,x0)dt. (2.9)
0

The improper integral on the right-hand side of the preceding equality converges
due to exponential stability of system (2.6). It is well known that

x(t,x0) = e xp.

Replacing x(#,x0) in (2.9) by this expression we arrive at the equality

oo

T
v(x0) = xb /eA "werdr | xo,
0

which demonstrates that the Lyapunov function is a quadratic form, v(x) = x” Vx,
with the matrix

V= / AWM dr. (2.10)

It is a matter of simple calculation to verify that the matrix satisfies Eq. (2.8).

We summarize now the essential elements of the presented construction process.
First, the exponential stability assumption allows us to justify formula (2.9). Second,
the explicit expression of the solutions of system (2.6) allows us to clarify the form
of the desired function. Finally, we see that there is no need to evaluate the improper
integral (2.10) to compute the matrix since the matrix Eq. (2.8) serves the same
purpose.

It will be shown that this approach to the construction of Lyapunov functions
can be extended to the case of time-delay systems in the sense that it is possible to
compute a Lyapunov functional that solves Problem 2.1.

2.5 Computation of vy(¢)

In this section an important step toward the construction of quadratic functionals
that satisfy Theorem 2.3 will be made. That is, we derive an explicit formula for
a functional that solves Problem 2.1. We also introduce a Lyapunov matrix that
defines the functional.
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Equation (2.5) defines the functional vo(¢) up to an additive constant. It follows
from the first condition of Theorem 2.3 that this additive constant should be set
in such a way that for the trivial initial function 0, € PC([—h,0],R"), vo(0;) = 0.
Integrating Eq. (2.5) from¢ =0tot =T > 0 we obtain

T

vo(xr (@) —vo(p) = —/x(t,(p)Wx(t,(p)dt.
0

Since system (2.1) is exponentially stable, x7(¢) — 0, as T — oo, and we arrive at
the expression

vo(@) = / o (1,0)Wx(t,0)dr, @ € PC([—h,0],R").
0

The exponential stability of system (2.1) implies that the improper integral on the
right-hand side of the preceding equality is well defined. If we replace x(z, ¢) under
the integral sign by Cauchy formula (2.3), then

v0(<p)=/ K(t)(p(O)+/K(t—h—61)A1(p(61)d61 W
0 —h
0

X K(l‘)(p(O)—i—/K(l—h—62)A1(p(62)d92 dr
“n

—¢7(0) | [ KT (WK (1)ar| 9(0)
0

oo

0
—|—2(pT(0)/KT(t)W /K(t—h—B)Al(p(G)dB dr
h

0
w0 r 0
—|—/ /K(t—h—@l)Al(p(Ol)del w /K(l‘—h—@g)Al(p(ez)dez dr.
0 |[—h —h

Here for the first time we encounter the matrix
U(rt) :/KT(t)WK(H—T)dt, (2.11)
0
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which will play a crucial role in the following study. Since the columns of the
fundamental matrix K(¢) are solutions of (2.1) with specific initial conditions, it
is easy to verify that the matrix admits an upper exponential estimate of the form

K@) <ye™®, t>0. (2.12)

This estimate guarantees that the matrix U () is well defined for 7 € R.

Lemma 2.1. Given 1) € R, the improper integral (2.11) converges absolutely and
uniformly with respect to T € [Ty, o).

Proof. Given 1y € R, it follows directly from (2.12) that
K" (WK (+7)|| </ [W[e D, 1 >0.

Now, let T € [1p,c0); then the inequality

')/2

L_|IW]le 9%
= IWe

/HKT(I)WK(H-T)H dr <
0
proves the statement. O

We will demonstrate now that matrix (2.11) allows us to present the functional
vo(@) in a form more suitable for subsequent analysis. To begin with, we observe
that the first term of the functional can be written as

R = 9" (0) /KT(f)WK(f)df 0(0) = 9" (0)U(0)9(0).
0

Lemma 2.1 justifies the following change in the integration order in the second term:

oo

0
Ry = 2(pT(O)/KT(t)W /K(t—h—@)Al(p(G)dG dr
0 —h

=2¢7(0) /U(—h— 0)A10(0)d6.
~h

To present the last term in a similar form, we consider the integral
J= / KT (t — 1) )WK(r — 1p)dt,
0
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where 7) and 7, are two nonnegative constants. This integral can be transformed as
follows:

oo

J = /KT(I—Tl)WK(t—Tz)dt: /KT(é)WK(éJrrl—rz)dg
0 -7
0
= [ KT EWKE+ 7 - )E +U(n )

-7

Since K (&) = 0xp, for & € [—11,0), the first summand on the right-hand side of the
preceding line of equalities disappears, and we obtain

J=U(T1 —Tz).

Now, based on Lemma 2.1, we present the last term in the form

o[ 0 T 0
R3 2/ /K(t—h—el)Al(p(Ol)del w /K(t—h—@z)A1(P(62)d62 dr
0 |on “h
0 [0 /=
:/(pT(GI)AlT / /KT(t—h—Ol)WK(t—h—Gz)dt A10(6,)d6, | d6,
— h 0

0
:/(pT(GI)AlT /U(91—92)A1(p(92)d62 do,.
n n

These transformations show that the quadratic functional vo(¢) can be written as

0
w(@) = 97 (0)U(0)9(0) +2¢7(0) [ U(~h—6)A19(6)d8
~h
0 0
+/<PT(91)A1T /U(91 —6,)A10(6,)d6, | d6;. (2.13)
“h “h

Observe that all the terms on the right-hand side of (2.13) depend on the matrix
U (7). This is the first, but not the last, reason to call this matrix a Lyapunov matrix
of system (2.1).

Definition 2.4. Matrix (2.11) is called a Lyapunov matrix of system (2.1) associ-
ated with matrix W.
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In the following sections the Lyapunov matrices of system (2.1) will be studied
in detail. Here we prove only that they are continuous functions of 7.

Lemma 2.2. Lyapunov matrix (2.11) depends continuously on T > 0.

Proof. The statement is a direct consequence of Lemma 2.1 and the fact that K(z)
is continuous for ¢ > 0. O

2.6 Lyapunov Matrices: Basic Properties

As was mentioned at the end of the previous section, matrix (2.11) depends
continuously on 7. In this section we launch a more detailed analysis of the basic
properties of the matrix. Some of the properties will allow us to provide a new
definition of the matrix.

Lemma 2.3. The Lyapunov matrix U (7) satisfies the dynamic property

diTU(r):U(r)Ao—i—U(r—h)Al, 7>0. (2.14)

Proof. Lett >0 and 7 > 0; then

% (KT ()WK(t+7)] =K' (t)W [K(t + 7)Ao + K (t + T — h)A1].

The exponential stability of system (2.1) implies that

|5 KT 0w )| < KOG o) o
RO WK+~ 4]
< e 0w (ol +e i)

< 772 W ([|Aoll + [|A1 1)

On the one hand, since the integral

/7’2€°he*2°t|IW|\ ([ Aol + [[A1][) dr
0
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converges, the integral

[
/a_ (KT ()WK(t+7)] dt
0

converges absolutely and uniformly with respect to 7 > 0, which in turn implies the
equality

dU(7)
dr

b/ %[K%)Wmuﬂdr:d% / KT ()WK(t+7)dr | =

On the other hand,

St~

% KT (WK (t+7)]dt = /KT(t)WK(t+ 7)dr | Ag
0

/KT(I)WK(I L T—h)dt | AL = U(t)Ao+U (T —h)An,

and we arrive at the dynamic property (2.14). a
Lemma 2.4. A Lyapunov matrix satisfies the symmetry property

U(-t)=U"(1), ©>0. (2.15)

Proof. The matrix

U(-1) = /KT(t)WK(t —1)dr = /KT(é +T)WK(E)dE
0 —T

0

_ / KT (& + D)WK(E)E+UT (7).

Since the matrix K(&) = 0,1z, & € [—7,0), the integral term on the right-hand side
of the preceding line of equalities disappears, and we arrive at (2.15). O

Corollary 2.1. It follows from (2.15) that matrix U (0) is symmetric, UT (0) = U(0).

Corollary 2.2. Lyapunov matrix (2.11) is infinitely many times differentiable for
T € (0,h).
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Indeed, the symmetry property (2.15) and Lemma 2.2 imply that the initial
condition for matrix U (7) as a solution of Eq. (2.14) is continuous, so the Lyapunov
matrix is continuously differentiable. This means, in turn, that the initial condition
is continuously differentiable, so the Lyapunov matrix is two times continuously
differentiable. It is evident that this process may be continued up to infinity.

Lemma 2.5. The Lyapunov matrix satisfies the algebraic property
U(0)Ag+U(—h)A; +AJU(0) +ATU (h) = —W. (2.16)
Proof. We first differentiate the product

% [KT (1 )WK(1)] = [K(1)Ao+ K (t —h)A1) WK(r)

+KT ()W [K(1)Ag+ K(t —h)A{], >0,

and then, integrating the preceding equality from # = 0 to t = oo, we get

oo

W= / K(1)Ao + K(t — AT WK(1)de

0
+ / KT ()W [K(0)Ag + K(t — I)A, ] dt
0

= AJU(0) +ATU (h) +U(0)Ag+U(—h)A;. 0

The symmetry property indicates that the first derivative of the Lyapunov matrix
suffers discontinuity at the point 7 = 0.

Lemma 2.6. Algebraic property (2.16) can be written in the form
U'(+0) - U'(-0) = —W.

Here U'(+0) and U’ (—0) stand respectively for the right-hand-side and the left-
hand-side derivatives of the matrix U(t) at T = 0.

Proof. Observe first that

/ T
U(+0)= rlinlo dt
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Differentiating the symmetry property we first get

dU(-1) _ {dU(T)}T, >0

dr dr
and then
dUu
lim ﬂ =— [U(O)Ao—l—U(—h)Al]T.
——0 dt

Now the statement of the lemma is a simple consequence of the equality

. dU(7) . dU(tr)
rlgilo P LU U4+ U(=h)A,
+[U(0)Ag+U(=m)Al]"
and algebraic property (2.16). O

Despite the fact that functional (2.13) was computed from Eq. (2.5), it seems to
be instructive to demonstrate directly that the functional satisfies the equation.

Theorem 2.4. Functional (2.13), with U(t) given by (2.11), satisfies Eq. (2.5).
Proof. Let x(t) be a solution of system (2.1); then

volx) = < (YU (0)x(t) + 24 (¢) / U(—h—0)Aux(t +0)d0
Ry (1)

Ry(t)

0
+ /xT(t+91 /U 01 — 6,)A1x(t + 6,)d6, | d6;.
Zh “n

Rs(t)

We will differentiate the summands on the right-hand side of the preceding equality
one by one.
It is easy to see that for the first term

SRI(0) = 267 (U (0) [Agx(t) +Arx(c — )

=" (1) [U(0)Ao +A{U(0)] x(t) +2x" (1)U (0)Asx(t — h).
By a simple change of the integration variable we present the second term in a form
more suitable for subsequent differentiation:

/U —h— &+ 1)Ax(E)dE.
h

t—
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Then,

S Ra1) = 2 Aox(t) + Anxle — )" /h U(—h—&+1)Ax(E)dE

+2x7 (1)U (=h)Arx(t) = 2x (1)U (0)A1x(r — h)

2T ( (%U h—E+1) )Alx(g)dg

t
t~h
t

— 2T (1)AT / U(—h—&+0)Ax(E)dE
t—h

t

2 (1 — h)AT / U(—h— & +1)Ax(E)dE

t~h
T ( /h(ai —h— é—i—t)Alx(é)dé

t

(1) [U(=h)A1 +ATU ()] x(1)
27 (YU(0)Ax(t — h).

Applying to the last term a similar change of the integration variables we have
t t
= /XT(fl)A{ [/ U& - fz)Alx(gz)dé] d&;.
t—h t—h

The time derivative of the term is
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+ (/ T (E)ATUE —t)dé) At
—h

_ (/ T (EATU(E —t+h)da§) Arx(t — h).
Zn

Since the term

and the term

J(1) = (/ (EATu & —t+h)d§) Arx(t — h)
—h

t

— T (¢ — m)AT / Ut — h— E)Ax(E)dE,

we obtain that

2T (1 — AT / Ut —h—E)Ax(E)dE.
h

In the computed time derivatives we first collect all terms that include an integral
factor. The sum of such terms is

S1(r) =2x" (1)

t

[A%U(—h —E+n+ATU-&)+ %U(—h—é—i—t) Arx(&)dé.

‘w.\w
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T
rh+!§z‘| .

As & € [t — h,1], the variable T = h+ & — ¢ > 0 and properties (2.14) and (2.15) imply
that

Applying symmetry property (2.15) we find that

%U(—h—&—i—t) _ [%U(Hs—ﬁr —- l(%U(r))

d
EU(—h—§+t) =—AU(~h—E+1)-ATU(—E +1).
The preceding equality means that the sum of the terms with an integral factor

disappears.
Now we collect in the computed time derivatives the algebraic terms. The sum
of the terms is

Sa2(t) = 2" (1) [U(0)Ag +AG U (0) + U (=h)A1 +ATU ()] x(2).

Property (2.16) implies that the preceding quadratic form coincides with —w(x(z));
therefore

Co() = T (OWalr), 120,

O

2.7 Lyapunov Matrices: Limit Case

It is interesting to see what happens with Lyapunov matrices of system (2.1) when
the delay term disappears. It may occur in two cases.
In the first case matrix A tends to 0, x5, and the limit system is of the form

dx(z)
S

Assume that matrix A; tends to 0,x, in such a way that the system remains
exponentially stable. It follows from (2.13) that in this case the functional vo(x;)
tends to the quadratic form x (£)U(0)x(¢). The symmetry property (2.15) implies
that matrix U(0) is symmetric, and the algebraic property (2.16) turns into the
classical Lyapunov matrix equation for U (0):

ZA()X(I).

U(0)Ag+AlU(0) = —w.

In the second case, the delay tends to zero, i — 40, and the new limit system is
of the form
dx(7)

? = (A() +A1)X(l).
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Once again, assume that the system remains exponentially stable when 7 — +0;
then functional (2.13) tends to the quadratic form x” (¢)U (0)x(¢). Symmetry prop-
erty (2.15) implies that matrix U(0) is symmetric, and algebraic property (2.16)
takes the form of the classical Lyapunov matrix equation

U0)[Ag+A1] +[Ao+A]" U0) = -W

for the new limit system.
This brief analysis provides an additional justification for calling matrix U(7) a
Lyapunov matrix of system (2.1).

2.8 Lyapunov Matrices: New Definition

Two serious limitations are associated with the definition of Lyapunov matrices by
means of improper integral (2.11). The first one is that this definition is applicable
to exponentially stable systems only. The second one is that the definition is of
little help from a computational point of view. Indeed, it demands a preliminary
computation of the fundamental matrix K(¢) for ¢ € [0,e0), which by itself is a
difficult task, and the consequent evaluation of integral (2.11) for different values
of 7.

In this section we remove the assumption that system (2.1) is exponentially stable
and propose a new definition of the Lyapunov matrices, which will serve for unstable
systems as well. But first we prove the following result.

Theorem 2.5. Let lNJ(T) be a solution of Eq. (2.14) that satisfies properties (2.15)
and (2.16). If we define the functional vo(@), ¢ € PC([—h,0],R"), by formula (2.13),
where the matrix U(7) is replaced by the matrix U(T), then the functional is such
that along the solutions of system (2.1) the following equality holds:

d_

Evo(x,) = ()Wx(t), t>0.

Proof. A direct inspection shows that the only properties of the matrix U(7) that

were used in the proof of Theorem 2.4 are those given in (2.14)—(2.16). Since the

matrix U (1) satisfies the properties, the functional vo(¢) satisfies Eq. (2.5) as well.
O

Theorem 2.5 justifies the following definition.

Definition 2.5. We say that the matrix U(7) is a Lyapunov matrix of system (2.1)
associated with a symmetric matrix W if it satisfies properties (2.14)—(2.16).

On the one hand, the new definition makes it possible to overcome the first
limitation of the original definition of the Lyapunov matrices — the exponential
stability assumption. On the other hand, it poses a new question: Does Definition 2.5
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define for the case of exponentially stable system (2.1) the same Lyapunov matrix
as that defined by improper integral (2.11)? The following statement provides an
affirmative answer to this question.

Theorem 2.6. Let system (2.1) be exponentially stable. Then matrix (2.11) is the
unique solution of Eq. (2.14) that satisfies properties (2.15) and (2.16).

Proof. Indeed, matrix (2.11) satisfies Eq. (2.14) and properties (2.15) and (2.16)
(Lemmas 2.3-2.5). Assume that there are two matrices, U j(r), j = 1,2, that satisfy
these three properties. We define two functionals of the form (2.13). The first one,
vél)((p), with matrix U(7) = U, (7), and the other one, véz)((p), with matrix U (1) =
U (7). Then, by Theorem 2.5,

Since the difference Av(x;) = v(()z) (%) — v(()1> (x;) satisfies the equality

d
&Av(x,) =0, t>0,

we conclude that the identity

Av(x (@) =Av(e), >0,

holds along any solution of system (2.1). The exponential stability of the system
implies that x; (@) — 0y, as ¢ tends to e. This means that Av(x,(¢)) — 0 as ¢ tend to
oo, and we arrive at the conclusion that for any initial function ¢ € PC([—h,0],R")
the following equality holds:

0
0= Av(g) = ¢" (0)AU(0)p(0) + 207 (0) [ AU(~h—6)A1p(6)d0
~h

0 0
+/¢T(91)A{ /AU(GI—OQ)Al(p(Oz)dOQ de,.  (2.17)
7h ;h

Here matrix AU (1) = U (1) — Ui (7).
Let us select a vector ¥ € R" and define the initial function

gy J 0, 0€[-h0)
o) {% 6=0

For the initial function equality (2.17) takes the form

0=Av(e") =y"AU(0)y.
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The preceding equality holds for an arbitrary vector y. Because matrix AU (0) is
symmetric, we obtain that

AU(0) = Oy (2.18)

Given two vectors ¥, € R" and T € (0, 4], let us select € > 0 such that —7+¢& <0
and define the new initial function

u, S [_Ta_T+8)7
0@(©)=1q 7. 6=0
0, for all other points of segment [—#,0].

It is a matter of direct calculations to demonstrate that

—T+&
Av(p?)y =2 / VAU (=h — 6)A,1ud6

-7

—T+E| —T+E
+ / / uTATAU (6, — 6,)A,1d6, | d6;.
-7 -7

Let € be sufficiently small; then

—T+€

/yTAU —h—0)A;ud6 =2ey" AU (T — h)A 1 + o(€)

and
—1+e[ —1+e€
/ ‘LLTA{AU(Gl — 92)141[.1(192 d@l = 0(8).
-7 -7

Here the notation o(¢€) stands for a quantity that satisfies the condition

e—+0 €&

Since the equality Av((p(z)) = 0 holds for any sufficiently small € > 0, we conclude
that

29T AU (T — h)Aju = 0.
Because the preceding equality holds for any choice of vectors y, u € R", we obtain
that
AU(t—h)A| = Opxp. (2.19)

This is true for any 7 € (0, 4. By continuity arguments we obtain that equality (2.19)
remains true on the closed segment [0, A].
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The matrices U;(7), j = 1,2, satisfy Eq. (2.14), so the matrix AU () does the
same:

d
—AU (1) =AU (7)Ao +AU(T—h)A;, T2>0.

dt
Condition (2.19) implies that
d
&AU(T) =AU (1)Ag, 7T€]0,h].

Because matrix AU () satisfies (2.18), we immediately obtain the identity
AU (T) =04xn, T€[0,h],

which means that U, (1) = U; (7). This ends the proof. O

2.9 Lyapunov Matrices: Existence and Uniqueness Issues

Definition 2.5 raises the question of when a Lyapunov matrix exists. In other words,
we are interested in conditions under which Eq. (2.14) admits a solution that satisfies
properties (2.15) and (2.16). Theorem 2.6 provides a partial answer to the question.
Here we give a detailed account of the existence and uniqueness of Lyapunov
matrices.

First we prove that a Lyapunov matrix U(t) provides a solution of a special
boundary value problem for an auxiliary system of delay-free linear matrix differ-
ential equations. To this end we introduce two auxiliary matrices:

Y(t)=U(t), Z(t)=U(t—h), t€][0,h]. (2.20)

Lemma 2.7. Let U(7) be a Lyapunov matrix associated with a symmetric matrix
W then auxiliary matrices (2.20) satisfy the delay-free system of matrix equations

d d
&Y(r) =Y(1)Ao +Z(1)A1, az(r) =-Alyv(r)-Alz(7) (2.21)

and the boundary value conditions
Y(0)=2Z(h),  AlY(0)+Y(0)Ag+ATY (h)+2(0)A; = —W. (2.22)

Proof. The first equation in (2.21) is a direct consequence of Eq. (2.14). To derive
the second equation, we observe that Z(t) = U (h— 1), T € [0, h], so

dt dr
= ATu(t)-Alu(t—n)=-ATy (1) - Al Z(7).

T
iz(r) = [iU(h—r)} = —[U(h—1)Ag+U(-1)A]]"
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The first boundary value condition follows immediately from (2.20), whereas the
second one is the algebraic property (2.16) written in the terms of the auxiliary
matrices. O

Now we show that, conversely, any solution of the boundary value problem (2.21)
and (2.22) generates a Lyapunov matrix associated with W.

Theorem 2.7. If a pair (Y (7),Z(7)) satisfies (2.21) and (2.22), then the matrix

1
U(r) =5 [Y(1)+Z"(h—1)],7€[0,h], (2.23)
is a Lyapunov matrix associated with W if we extend it to [—h,0) by setting U(—7) =
UT (1) for T € (0,h].

Proof. We check that matrix (2.23) satisfies the conditions of Definition 2.5.
Since we define this matrix on [—h,0) by setting U(—1) = U” (1), to verify the
symmetry property we only need to check that the matrix

U0)= = [¥(0)+Z"(h)]

N =

is symmetric. The first boundary value condition, Y (0) = Z(h), implies that

U0) =5 [r0)+r"(0)],

N =

which proves the desired symmetry property.
Now we address the algebraic property. First we observe that the following
matrix equalities hold:

N = N =

[Y(0) +Y7(0)] A0 + 545 [¥(0) +¥7 (0)]

U(0)A+A§U(0)
[Y(0)A0+AfY(0)] + % [Y(0)A0+AdY(0)] !
and

U(—h)A1 +ATU(h) = = [Y(h)+Z"(0)] Tay+ %A{ [Y(h)+2"(0)]

= (2O +ATY ()] + 3 [2O)A +ATY ()]

N = N =

Therefore,

R =U(0)Ag+AfU(0)+U(=h)A; +A]U(h)
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Y (0)Ag +AJY (0) +Z(0)A; +A]Y (h)]

N —

[
45 [V (040 +ATY (0) + Z(0), +AT¥ ()]

The second boundary value condition in (2.22) implies that

1 1
R=—-W—-wl'=_w.
27 2

Finally, we check the dynamic property. The matrix U (7) satisfies the equation

d
d_’Z'U(T) =

dv(t) 1dzZ"(h—1)
dt 2 dr

Y (000 + Z(0)A1] ~ 5 [~ATY (h— 1) ~ AT 2(h 7))

T NI= D= N =

[Y(1)+Z"(h—1)] Ao+ % [Y(h—1)+Z"(7)]" A,

(1) Ao+ U(t—h)A;, T€][0,h].

Thus, by Definition 2.5, matrix (2.23) is a Lyapunov matrix associated with W.
O

Corollary 2.3. [If the boundary value problem (2.21) and (2.22) admits a unique
solution (Y (7),Z(1)), then the matrix

U(t)=Y (1), T1€][0,h],
is a unique Lyapunov matrix associated with W.
Proof. First we show that if a pair (Y (7),Z(7)) satisfies (2.21) and (2.22), then the
pair
(?(r),i(z)) = (2" (h—1),¥" (h—1)) (2.24)

also satisfies the conditions. It follows directly from (2.24) that

d%f/(r) — —[<ATY(h—1) = A} Z(h—1)]" =V ()40 +Z(D)A,,
%Z(r) = —[Y(h—T)Ag+Z(h—1)A)])" = -ATY (1) - Al Z(7).

Now, we check that matrices (2.24) satisfy the first boundary value condition
in (2.22):
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And, finally, let us check the second boundary value condition in (2.22):

R =Y(0)Ag+AGY (0)+A{Y (h) +Z(0)A,
= ZT (WA +ALZ" (h) +ATZ" (0) + YT (h)A,
— [ADY(0) +Y(0)4g+Z(0)A, +ATY (h)] "
= —w.

Because the boundary value problem (2.21) and (2.22) admits a unique solution, we
conclude that

Y(r)=2"(h—1), 71€[0,h],

and therefore
1

U(t) = 3 Y(1)+Z"(h—1)] =Y(1), T€]0,h],

is a Lyapunov matrix associated with W. a

We present now an important condition for system (2.1). For the delay-free case
this condition is well known and guarantees that the classical Lyapunov matrix
Eq. (2.11) admits a unique solution for any matrix W.

Definition 2.6. We say that system (2.1) satisfies the Lyapunov condition if the
spectrum of the system,

A= {s | det (sI—Ao—e’”‘Al) :0},

does not contain a point sg such that —sq also belongs to the spectrum, or, put another
way, there are no eigenvalues of the system arranged symmetrically with respect to
the origin of the complex plane.

Remark 2.3. If system (2.1) satisfies the Lyapunov condition, then it has no
eigenvalues on the imaginary axis of the complex plane.

The following statement will play an important role in the proof of Theorem 2.8.
Lemma 2.8. [f system (2.21) admits a solution (Y (7),Z(7)) of the boundary value
problem (2.22) with W = Oy, x,, then

Y(t)=Z(h+71), TER. (2.25)

Proof. We verify first that the matrices Y (7) and Z(t) satisfy the second-order
matrix differential equation

d2x  dx dx
— = A A== + AI'XA)—ATXA,. 2.26
a2z~ dr' Odr+ 0240 A1 A4 (2.26)
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To this end, we differentiate the first equation of system (2.21):

d’v(z) dy(7)
= A
dr? ar ° +

dZ(7)
dr

A

The last term on the right-hand side of the preceding equality can be expressed by
means of the second equation of (2.21) as follows:

dZ(7)

A= —Aly(1)A; —AlZ(1)A;.

Then
d’v(r) dv(7) r T
- ar Ao—A Y (T)A1 — A Z(T)A;.

The first equation of (2.21) allows us to present the last term on the right-hand side
of the preceding equality in the form

~Alz(1)A, = —Al [dz—(:) - Y(T)Ao} :

And we arrive at the conclusion that Y (1) satisfies Eq. (2.26). Similar manipulations
prove that the matrix Z(1) is a solution of the equation as well.

Any solution of (2.26) is uniquely determined by the initial conditions, X (1),
X'(19). For W = 0,,x,, the second condition in (2.22) can be transformed as follows:

Onxn = Y(0)Ag +Z(0)A; + AL Z(h) + ATy (h)
=Y'(0)-Z(h).

If we add to the preceding equality the first condition from (2.22), Y (0) = Z(h), then
the identity (2.25) becomes evident. O

Now everything is ready to present the main result of the section.

Theorem 2.8. System (2.1) admits a unique Lyapunov matrix associated with a
given symmetric matrix W if and only if the system satisfies the Lyapunov condition.

Proof. Sufficiency: Given a symmetric matrix W, according to Theorem 2.7, we
can compute a Lyapunov matrix associated with W if there exists a solution of the
boundary value problem (2.21) and (2.22). In what follows, we demonstrate that
under the Lyapunov condition the boundary value problem admits a unique solution.

Let system (2.1) satisfy the Lyapunov condition. System (2.21) is linear and
time invariant. To define a particular solution of the system, one must know the
initial matrices Yy = Y (0), Zy = Z(0). This means that, in total, the initial matrices
have 2n% unknown components. Conditions (2.22) provide a system of 2n> scalar
linear algebraic equations in 2n> unknown components of the initial matrices. The
algebraic system admits a unique solution if and only if the unique solution of the
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system with W = 0,,, is the trivial one. Assume by contradiction that there exists
a nontrivial solution, (¥y,Zy), of the algebraic system with W = 0,,x,,. The initial
matrices generate a nontrivial solution, (Y (7),Z(7)), T € [0,4], of the boundary
value problem (2.21) and (2.22) with W = 0,,«,. The nontrivial solution can be
presented as a sum of eigenmotions of system (2.21):

N N
Y(1) = Zoes”Pv(T), Z(1) = ZoesV’Qv(T).

Here sy, v = 0,1,...,N, are distinct eigenvalues of system (2.21) and P,(7)
and Qy(7) are polynomials with matrix coefficients. The solution (Y (7),Z(7)) is
nontrivial, so at least one of the polynomials P, (7), say Py(T), is nontrivial, because
otherwise Y (7) = 0,,x», and identity (2.25) implies that Z(7) = 0, x,. Let polynomial
Py(T) be of degree £,

l
Py(t) =Y, UBj,
=0

where Bj, j=0,1,...¢, are constant n X n matrices, and By # 0,,x,. It follows from
Lemma 2.8 that Y (1) = Z(h + 1), and therefore

Py(t) =" Qo (T+h).

Hence Qy(7) is also a nontrivial polynomial of degree ¢,
Z .
Qo(1) = Y, 7'Cy,
j=0

where C; = e "B,
Taking into account (2.25), we present the first matrix equation in (2.21) as

follows:
d

d_rY(T) =Y(1)Ao+Y(T—h)A;.
And we obtain that
N
dP,(t
Opscn = 2 evT |:SVPV(T)+¥:|
v=0 T

N
— 3 e [PV(T)AO e VP, (7 — h)Al] .
v=0

Because all eigenvalues s,, v = 0,1,...,N, are distinct, the preceding equality
implies that for each v the polynomial identity

dP,(t B
Onen = 5uBo(®) + LAD _p (2110~ Py (-
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holds. In the polynomial identity for v = 0 we collect the terms of the highest
degree ¢. The sum of these terms is equal to a zero matrix, so we arrive at the
matrix equality

By (S()I—A() — ei‘YOhAl) = 0,xn-

Because By # 0,,p, the preceding equality holds only if
det (S()I —Ap— eiSOhAl) =0,

and we conclude that sq is an eigenvalue of the original system (2.1).
The second equation of system (2.21) and the identity Y (7) = Z(7 + h) imply

that d
d—TZ(r) =-ATZ(t+h) - Al z(7).

The preceding identity generates the new set of polynomial identities

doy(7)
dt

Onxn = svQv(7) + +ATQ,(t+h)+ArQ, (1), v=0,1,...,N.

If in the identity for v = 0 we collect the terms of the highest degree ¢, then
w17
{So]—l—Ao—l—dsO Al} Cr = 0,xn.
As Cy # 0pxp, the preceding equality holds only if
det [(—So)] —Ap— di(i‘YO)hAl} =0.

And we conclude that —sg is an eigenvalue of system (2.1). This means that
system (2.1) does not satisfy the Lyapunov condition. But this contradicts the
theorem condition. The contradiction proves that the only solution of the boundary
value problem (2.21), (2.22), with W = 0,,x,, is the trivial one. Therefore, the
boundary value problem (2.21), (2.22) admits a unique solution for any symmetric
W, and this solution generates a Lyapunov matrix associated with W (Theorem 2.7).

Necessity: Now let us assume that system (2.1) does not satisfy the Lyapunov
condition, i.e., the spectrum of the system contains a point sy such that —sy also
belongs to the spectrum. Then there exist nonzero vectors ¥, L € C" such that

T
,LLT [S()I —Ap— eisOhAl} = 0, {(—SO)I —Ap— e7<7S0)hAl Y= 0.

We show that in this case there exists a nontrivial solution (Y (7),Z(7)), T € [0,A],
of the boundary value problem (2.21), (2.22) with W = 0,,,. To check this, we set
Y(7) =e0Tyu” and Z(t) = e M yu’. Then
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d
EY(T) =s0eTyu” =Ty’ (Ag+e"A)

=Y (7)Ao +Z(7)Ay,
d%z (1) = soe™ ™ Myu” = 0T (AT — e AT yu"

=-Alyv(r)-Alz(7).
It is evident that Y (7) = Z(7 + h), so

= Lz

Y(0) = Z(h), and diTY(r) It

T=h
By Theorem 2.7, the nontrivial solution generates the following nontrivial Lyapunov

matrix associated with W = 0,,,,:

Up(t) == [Y(1)+Z" (h—1)] = % [e0Tyu” +e0Tuy].

R =

Assume now that for a given symmetric matrix W there exists a Lyapunov matrix
U (7). Itis evident that the matrix U (7) 4+ Up(7) is also a Lyapunov matrix associated
with W. This contradicts the theorem condition. The contradiction shows that our
assumption that (2.1) does not satisfy the Lyapunov condition is wrong. This ends
the proof of the necessity part. O

Corollary 2.4. The Lyapunov matrix U(7) associated with W satisfies the second-
order delay-free matrix equation

d*U(r)  dU(7)
dr2  dr

d
Ao ASU()

+A U(DA -ATU(D)A),  T>0,

and the following boundary value conditions:

d
YOI 0+ uTmAy,
dr =40

dU (1) N (dU(r) )T W
L P dt o

Let us now see what happens when system (2.1) does not satisfy the Lyapunov
condition. But first we prove a needed technical result.

Lemma 2.9. Given two nontrivial vectors ¥, L € C", there exists a real symmetric
matrix Wy such that y" Wou # 0.
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Proof. If there exists an index j such that y;u; # 0, then the matrix Wy = e je]T-,
where e; denotes the jth unit column vector, satisfies the desired condition Y Wou =
Yiuj #0.1f y;u; = O for all j, then there exist indices j and k, j # k, such that y; # 0
and y, = 0, while t; = 0 and g # 0. Hence, setting Wy = ¢je} + exel we obtain
Y Wokt = Yjpu # 0. H
Theorem 2.9. If system (2.1) does not satisfy the Lyapunov condition, then there
is a symmetric matrix W for which a Lyapunov matrix associated with W does not
exist.

Proof. Assume by contradiction that for any symmetric matrix W there exists
a Lyapunov matrix associated with W. Since system (2.1) does not satisfy the
Lyapunov condition, then there exists an eigenvalue sy such that —sq is also an
eigenvalue of the system. Let y and p be eigenvectors corresponding to these
eigenvalues. System (2.1) admits two solutions of the form

Ay =evy, D) =ep.

By Lemma 2.9, there exists a symmetric matrix Wy such that y? Wou # 0. According
to our assumption, there is a Lyapunov matrix U(7) associated with Wy. Let us
define the bilinear functional

0
9. ¥) = 97 OUOW(0) +¢7(0) [ U(~h—0)arw(0)de
—h
0
+ /(pT(O)AlTU(h—i—G)d@ v(0)
—h
0 0
—i—./(pT(@l)AlT /U(91—62)A1q/(92)d92 de,.
—h —h

Here it is assumed that ¢, y € PC([—h,0],R"). Given two solutions of (2.1), x(, @)
and x(z, ), one can verify by direct calculation that

dz(x (@), ()

m = —x"(t,0)Wox(t,y), t>0.

On the one hand, this means that
T
20", 5?) = = [{0(0)] Wox® (1) = —y Wop 0. (2.27)

On the other hand, the direct substitution of the solutions into the bilinear functional
yields
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Z(xt(l) 7xt(2)) = ’yT

9 0
U(0)+/U(—h—e)Ale‘Y09d6+/A{U(h+ e)e*m@de
“n e

0 0
—i—/e"OelAlT /e"’oer(Ol —6,)d6, AldGI]u.
—h —h

Observe that the matrix in the square brackets on the right-hand side of the preceding
equality does not depend on ¢ and

d (xt(l),xt(z)) =0, t>0.

—2Z

dr
But this contradicts inequality (2.27). Hence, our assumption is not true, and for
symmetric matrix Wy the associated Lyapunov matrix does not exist. a

2.10 Lyapunov Matrices: Computational Issue

It is evident that the availability of constructive procedures for the computation of
the Lyapunov matrices is crucial for a successful application of the quadratic func-
tionals to the analysis of time-delay systems. It was shown in the previous section
that the computation of Lyapunov matrices can be reduced to the construction of
a solution of a special boundary value problem for a system of delay-free linear
matrix differential equations (see Theorem 2.7). In Theorem 2.8 it was shown that
the Lyapunov condition guarantees that the boundary value problem admits a unique
solution.

With the help of the Kronecker product of matrices [13, 15, 25] the matrix
boundary value problem (2.21), (2.22) can be written in vector form, which
simplifies the computation of the solution of the problem. To this end, we define
the vectorization operation

vec(Q) =gq,

where g € R" is obtained from Q € R™" by stacking up its columns. The operation
satisfies the equality
vec (A0B) = (A® B)q,

where the matrix

b11A bylA - byA

b12A bpA --- bpA

A@B=1| . . .

b1,A bytA  bpA

is known as the Kronecker product of matrices A and B.
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System (2.28) takes the vector form

) (it ) e

Here y(7) = vec(Y (7)) and z(7) = vec(Z(7)). Boundary value conditions (2.22)

take the form
Y ngi) N CEZ; > T <3) = (2.29)

where w = vec (W) and

_ < I1®I1 0n><n®0n><n> N = <On><n®0n><n —I®I

. (230
Ag®I+I®A0 I®A A1T®I 0n><n®0n><n> ( )

It follows from system (2.28) that

Substituting the preceding equality into boundary value condition (2.29) we obtain
the algebraic system for the initial vectors

{M+Ne”1} (ﬁ Eg))) - (3) 2.31)

Assume that the preceding system admits a solution; then this solution generates the
corresponding solution of system (2.28),

and a solution (Y(7),Z(7)) of the boundary value problem (2.21), (2.22). By
Theorem 2.7 we obtain a Lyapunov matrix, associated with W; see (2.23).

We conclude this section with a criterion that system (2.1) satisfies the Lyapunov
condition.

Theorem 2.10. System (2.1) satisfies the Lyapunov condition if and only if the
Jfollowing condition holds:

det (M—i—NeLh) £0.
Proof. Necessity: System (2.1) satisfies the Lyapunov condition. It has been shown

in the proof of the necessity part of Theorem 2.8 that under this condition the only
solution of boundary value problem (2.21), (2.22), with W = 0,,, is the trivial one.
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Therefore, the only solution of system (2.31), with w = 0, is the trivial one. This
implies that the matrix (M + Nel”) is nonsingular.

Sufficiency: Because the matrix (M + Ne'") is nonsingular, for any given w sys-
tem (2.31) admits a unique solution. Therefore, by Corollary 2.3, for any symmetric
matrix W system (2.1) admits a unique Lyapunov matrix U(7). According to
Theorem 2.8, this implies that system (2.1) satisfies the Lyapunov condition. O

2.11 Complete Type Functionals

One of the conditions of Theorem 2.3 states that the functional v(¢) should admit a
quadratic lower bound of the form

o1 [9(0)[]* < v(p), @€ PC([—h,0],R"),

where o > 0. Surprisingly enough, no such bound has been found for func-
tional (2.13). An attempt, undertaken in [26], resulted only in a local cubic lower
bound for the functional. The following example confirms that no such quadratic
lower bound for the functional exists.
Example 2.1 (A.P. Zhabko). The scalar equation
dx(r)
— =—x(t—1 t>0
dr Me=1), £20,

is exponentially stable. This means that there exist Y > 1 and ¢ > 0 such that the
inequality

(@)l <ve " llelly, =0,

holds along any solution of the equation.
For a given € € (0,1) we define the initial function

g, Oe[-1l,—1+¢)
6(6) = 07 S [_1 +870)
e, 6=0

It is clear that || @||; = supge(_y g |@(8)| = €. The corresponding solution, x(z, §),
evaluated by the step-by-step method is of the following form:
Forr € [0,1]

~.  [e(e—1), te]|0,¢],
X1,0) = {O, t€(g1];
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Forr € [1,2]

X(0.5) = —2(r—D)+1le(r—1)%, te[l,1+e],
#)= —1e3,  re(l+e2].

Since [x(t,)| < 33 fort € [1,2], the exponential stability of the equation implies
that the inequality

1,§)] < vete o

holds for # > 2. We now estimate the value vo(Q):

1

/ 2(1,¢ dt+/ 2(t
. 7\ 6
—(1+—= €.
4 ( * 26>

This demonstrates that the functional v (@) does not allow a quadratic lower bound
of the form a; |@(0)[* < vo(¢) with oty > 0; otherwise the inequality

vo (@)

“\8

<

Il
wl — 0\8

1 1
el < - +- 1+ﬁ €°
3 4 (o]

should hold for any € € (0,1).

The preceding example shows that to obtain a functional satisfying the conditions
of Theorem 2.3, we need a certain modification of functional (2.13). We are now
ready to present this modification.

Theorem 2.11. Given three symmetric matrices W;, j = 0,1,2, let us define the
functional

0

w(@) =" (0)Woe(0) + @' (—h)Wi(—h) + / 0" (0)W20(0)d6.  (232)
—h

If there exists a Lyapunov matrix U(T) associated with the matrix W = Wy +
W1 + bW, and vo(@) is functional (2.13) with this Lyapunov matrix, then the time
derivative of the modified functional

0

vo) =vo(e)+ [T (O) Wi+ (h+-OWIp(0)d0  2.33)
—h
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along the solutions of system (2.1) is such that the following equality holds:

d
av(x,) —w(x), t>0.

Proof. Indeed, the time derivative of the first term, vo(x; ), is equal to

) = 0 W+ W ).

The time derivative of the second term

0
R(t) = /xT(t +0)[Wi + (h+ 8)Wa)x(t + 6)d6
~h
t
= [ AT Wit (et 5= )Wl a(s)ds
t—h
is equal to
d t
aR(t) =x"(t) Wy +hWa] x(t) — x" (t — h)Wyx(t — h /xT YWax(s)
t—h
The sum of the time derivatives coincides with —w (x;). O

Definition 2.7. We say that functional (2.33) is of the complete type if matrices W},
j=0,1,2, are positive definite.

Lemma 2.10. Let system (2.1) be exponentially stable. Given positive-definite ma-
trices Wj, j=0,1,2, there exists oty > 0 such that the complete type functional (2.33)
admits the following quadratic lower bound:

o |[@(0)* <v(g), @€ PC(=h,0R"). (2.34)
Proof. Consider the modified functional

i(9) =v(p) — [ p(0)].
Here o is a real parameter. Then

d ~
700 = (),
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where
00) = i)+ 2007 (1) [Aox(e) + Avx(t — )]
> (0" -mwien (0.
The matrix

WO 0n><n> <AO+A(€ Al )
W(a) = + o .
( ) <0n><n Wl AlT Onxn

Since the block diagonal matrix on the right-hand side of the preceding equality
is positive definite, there exists a = a; > 0 such that the matrix W () is positive
definite, too. This means that for o = ¢ the functional w(x,) > 0. The exponential
stability of system (2.1) makes it possible to present the modified functional as
follows:

oo

(p) = [ #(u(g))dr > 0.

0
The last inequality proves that (2.34) holds for a;; > 0. O

Lemma 2.11. Let system (2.1) satisfy the Lyapunov condition (Definition 2.6).
Given symmetric matrices W;, j = 0,1,2, for some positive oy functional (2.33)
satisfies the inequality

v(9) < allglly, @€ PC([~h,0],R").
Proof. To prove the inequality, we introduce the following notations:

v= max IIU( M a=[lAq].
0c[0.h

Now we estimate the terms of functional (2.33). It is evident that

R = 9" (0)U(0)9(0) < v|9(0)[* < v [lo]l;
and
9
— 297 (0) / U(—h—6)A,0(6)d6 < 2vah|o|?.
“n
For the next term we have

0
Ry = /(pT 91 /U 91 92)A1(p(92)d92 d@l

< va'i?||gfy.-
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Finally, we estimate the additional term as follows:

0
Ry = / @7 (0)[Wi + (h+ 0)W,] @(6)d6O
—h

2
< k(W[ +r[Wal) el -

Collecting the estimations we conclude that

v(9) < oz |9l

where 0
o =V (1+ah)* +h(|Wi]|+h|Wa]).
We return now to Theorem 2.3 and show that its conditions are necessary for the
exponential stability of system (2.1).

Theorem 2.12. System (2.1) is exponentially stable if and only if there exists a
functional v : PC([—h,0],R") — R such that the following conditions are satisfied.

1. oy H(p(O)H2 <v(p) <ol i,for some positive o, 0.
2. For some B > 0 the inequality

d
“vlx) < -BlOI, 120,

holds along the solutions of the system.
Proof. Sufficiency follows from Theorem 2.3.

Necessity is a direct consequence of Lemmas 2.10 and 2.11. a

2.12 Applications

In this section we present some applications of Lyapunov matrices and quadratic
functionals.

2.12.1 Quadratic Performance Index

We consider a control system of the form
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— =A B
“ = Ax(r) + Butr)
y(t) = Cx(r)
Given a control law
u(t)=Mx(t—h), t>0, (2.35)

a closed-loop system is of the form

dx

d_(tt) =Aox(t) +Ax(t —h), t>0, (2.36)

where Ao =A and Ay = BM
Assume that the closed-loop system is exponentially stable, and define the value
of the quadratic performance index

=

J (i) = / YT () Py(t) +u” (£)Qu(r)] dr. (2.37)
0
Here P and Q are given symmetric matrices of the appropriate dimensions. The
value of the index can be presented in the form

J(u) = / T, @)Wox(t, @) +x" (t — h, @)Wix(t — h, @)] dr
0

where @ € PC([—h,0],R") is an initial function of the solution x(¢, @) of the closed-
loop system (2.36) and the matrices Wy = CTPC and W, = MT QM.

Theorem 2.13. The value of the performance index (2.37) for the stabilizing
control law (2.35) is equal to

0

1@ =vo(9)+ [ o7 (O)Wip(6)de.
—h

where vy(Q) is functional (2.13) computed for the Lyapunov matrix U () associated
with the matrix W = Wy + W, = CT PC+MTOM.

2.12.2 Exponential Estimates

In this section we apply the complete type functionals, defined in the previous
section, to derive an exponential estimate for the solutions of system (2.1). We begin
with the following statement.
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Lemma 2.12. Let system (2.1) be exponentially stable. Given positive-definite
matrices W;, j = 0,1,2, for the complete type functional (2.33), there exist positive
constants By, £ = 1,2, such that

0
Billo©)I”+B: [ lo(©)I7d6 <v(g), @ ePC(-hOLR). — (238)
~h
Proof. To prove inequality (2.38), we consider the functional

0
(@) =v(9) = Bil00)* - B / lp(6)]>de,
—h

where fB; and B, are real parameters. Along the solutions of system (2.1) the
functional is such that

d_ -
EV(XI) = —W(Xt), t Z 0.

Here

W) = wx) +2Bix" (1) [Aox(r) +Arx(t — h)] + Ba [HX(I) I = [lx(z = R

> [xT(#),x" (t—h)] Q(B1, B) [x()tc(i)h)] .

The matrix

_ WO Onxn AO+A(]; Al 1 Onxn
Q(ﬁ"ﬁ”_(onxn Wi )*ﬁl( AT 00 ) TP\ 0 o1 )

Since the matrices Wy and W, are positive definite, there exist positive constants
B1, B> for which the matrix Q(f;, B2) is positive definite. For such a choice of the
parameters the following inequality holds along the solutions of system (2.1):

W(x,) Z 0, t 2 0.

The preceding inequality implies that
(p) = [#u(g))dr >0,
0

whence (2.38) follows immediately. O

Lemma 2.13. Let system (2.1) satisfy the Lyapunov condition (Definition 2.6).
Given symmetric matrices W;, j = 0,1,2, for functional (2.33), there exist positive
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constants 6, £ = 1,2,such that
0
V(@) < & [|9(0)|* + & / lp(6)]*d6, ¢ € PC([~h,0],R"). (2.39)
—h

Proof. We will use the notations introduced in the proof of Lemma 2.11. It is evident
that the first two terms of the complete type functional (2.33) admit the upper bounds

Ry =" (0)U(0)9(0) < v||o(0)]*
and
0
R, = 2(pT(O)/U(—h— 0)A10(0)d6
—h

0
< vahl|p(O)|*+va [ | p(6)|db.
—h

For the next term we have

0

0
R3 = /(pT(Gl)A{ /U(91 —92)A1(p(92)d92 d@l
2

0 0
<va| [llp(@)do| <vah [ llo(6)|do.
—h —h
Finally, we estimate the additional term

0
Ry = / o7 (0)[Wi + (h+0)W2] 0(6)d6
—h

0
< (HW1||+hHWzH)/||<P(9)H2d9-
—h

Collecting the estimations we conclude that

0
v(p) < & ||<P(0)H2+52/H<P(9)H2d9,
~h
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where
O

S =v(l+ah), &=ad +(|Wi[+h[W]).
We show how an exponential estimate for the solutions of system (2.1) can be
derived with the use of complete type functionals.

Theorem 2.14. System (2.1) is exponentially stable if and only if it admits a
complete type functional v(@) such that for some oy > 0 and o > 0 the following
condition is satisfied:

ar |@(0)|* < v(9) < oallglly, @€ PC([~h,0],R").
Proof. Sufficiency: Let v(@) be a complete type functional that satisfies the theorem

conditions. There exist positive-definite matrices W;, j = 0,1,2 such that the
functional satisfies the equality

d
5\/()6,) =—w(x), t>0,
where
0
w(x;) = xT (£)Wox(t) + xT (t — B)Wyx(t — h) + /xT (t+0)Wrx(t+ 6)do.
“h

First we show that there exists ¢ > 0 for which the inequality

dvéf’) +20v(x) <0, >0, (2.40)

holds. Indeed, on the one hand, according to Lemma 2.13, we can find positive
&) > 0 and & > O such that

0
v(p) < 6 ||<P(0)H2+52/H<P(9)H2d9, ¢ € PC([—h,0],R").
—h
On the other hand, it is evident that
0
w(Q) 2/Lmn(Wo)H(P(0)||2+/1min(Wz)/||<P(9)||2d9, ¢ € PC([—h,0],R"),
—h

where Apin (W) stands for the minimal eigenvalue of a symmetric matrix W. We take
o > 0, which satisfies the inequalities
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2001 < Amin(Wo), 2002 < Amin(W2).

It is evident that such o satisfies (2.40).
Now, inequality (2.40) implies that

V(i (9)) < v(p)e %, 1>0.

Then the theorem condition makes it possible to derive the inequalities

o |[x(t,0)II* < v(x (9)) < v(@)e > < allgllye >, 1 =0.

And we arrive at the desired exponential estimate

ot

[x(t, @) < yllell,e ", t>0,

_ /%
=\

where

Necessity: This part of the proof follows from Theorem 2.11 and Lemmas 2.10

and 2.11.

67

a

Remark 2.4. 1t is worth mentioning that the exponential estimate obtained by
Theorem 2.14 depends on the choice of positive-definite matrices W;, j = 0,1,2.
These matrices may serve as free parameters for optimization of the estimate. A
special choice of matrices W;, j =0, 1,2, may result in a tighter exponential estimate

for the solutions of system (2.1). We do not try here to optimize the estimate.

We can obtain an exponential estimate for the solutions of a time-delay system

even if it is not exponentially stable. Indeed, assume that the spectrum of sys-

tem (2.1),
A= {s ‘ det (sI—Ao —e’”‘Al) - 0},
lies in the half-plane
T'={s |Re(s) <A}.
Then the spectrum of the modified system,

d -
(0 = (Ao = ADy(r) +e P Ayt —h), 120,

is as follows:

X:{s

— {s—A|scA}.

det [(H—A)I —Ag— e’(”A)hAl} = 0}
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This implies that the modified system is exponentially stable. Observe that the
solutions of these systems satisfy the identity

y(t, @) =e Yx(t,9), 1>—h, (2.41)

where ¢(6) =e 2% (0), 6 € [~h,0]. Since the modified system is exponentially
stable, we can apply Theorem 2.14 to the system and compute ¥ > 1 and & > 0 such
that

@) <7I@l,e®, 1=0.

It follows from identity (2.4 1) that the solutions of system (2.1) satisfy the inequality

(@ @)l < vllell,e, =0,

olAlh

where y = ¥, and 0 = G + A. We may apply this procedure for A = Ag + €,

where

Ay = maxRe(s)
SEA

and € is a given positive number.

2.12.3 Critical Values of Delay

In this section an interesting connection between the spectrum of the original
system (2.1) and that of the auxiliary system (2.21) will be established. But first
we prove the following theorem.

Theorem 2.15. Let Ay be an eigenvalue of system (2.21). Then —Ay is also an
eigenvalue of the system.

Proof. Because Ay is an eigenvalue of system (2.21), there exists a nontrivial pair
(Y0,Zp) of n x n matrices such that

MoYo = YoAo +ZoA1, AZo = —ATYy— Al Zy.
Applying the transposition to the preceding matrix equalities we obtain that the pair
M,Z1) = (25.Yy )
satisfies the following matrix equalities:
—doY1 =ViAg+Z1A1,  —MZi = —ATY —A{Z;.

This means that —A is also an eigenvalue of system (2.21). O



2.12  Applications 69

The following theorem provides a connection between the spectrum of
time-delay system (2.1) and that of delay-free system (2.21). This connection
may be effectively used for the computation of critical delay values of system (2.1),
i.e., the values for which system (2.1) admits an eigenvalue on the imaginary axis
of the complex plane.

Theorem 2.16. If sq is an eigenvalue of time-delay system (2.1) such that —sg is
also an eigenvalue of the system, then so and — so belong to the spectrum of delay-
free system (2.21).

Proof. Since points sy and —s( belong to the spectrum of time-delay system (2.1),
there exist two nonzero vectors 7y, 4 € C" such that

[,LT [S()I—A() — eiSOhAl} =0,
[(—so)l —Ag— e*(*fomAl} Ty o

Now, premultiplying the first equality by y and postmultiplying the second one by
e0"yT we obtain

’)/[.LT [S()I—A()—eisohAl} = Opxn,
—(=so)h T —sohn,, T
[(—S())I—A() —€ 0 Al} e 0 YU = Onx,,.

If we set Yo = yu” and Zy = e *0"yu”, then the preceding equalities take the form
soYo = YoAo+ZpA;, and s59Zy = —AlTY() —AgZ().

This means that sy belongs to the spectrum of delay-free system (2.21). By
Theorem 2.15, —sp belongs to the spectrum as well. a

Remark 2.5. The spectrum A of delay system (2.1) depends on the delay value
h, whereas the spectrum of delay-free system (2.21) does not depend on /. In
particular, this means that system (2.1) remains exponentially stable (unstable) for
all values of delay i > 0 if the spectrum of system (2.21) has no common points
with the imaginary axis of the complex plane. On the other hand, the common points
represent possible crossing points of the imaginary axis through which eigenvalues
of system (2.1) may migrate from one half-plane to the other as the system delay &
varies.

2.12.4 Robustness Bounds

It is well known that Lyapunov functions for delay-free systems are effectively used
for estimating the robustness bounds for perturbed systems. The main contribution
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of this section consists in the demonstration that complete type functionals may also
provide reasonable robustness bounds for time-delay systems.
Consider a perturbed system of the form

dy()
dr

Here matrices Ay and A; are unknown but such that

= (Ao +20)y(t) + (A1 +A))y(t—h), t>0. (2.42)

Al < pr, k=0, 1. (2.43)

Let system (2.1) be exponentially stable. We would like to find some conditions
on pg and p; under which system (2.42) remains stable for all Ag and A
satisfying (2.43). To this end, we will use a complete type functional v(¢@) defined
by formula (2.33).

We compute the time derivative of the functional along the solutions of perturbed
system (2.42).

Lemma 2.14. The time derivative of functional (2.33) along the solutions of
perturbed system (2.42) is of the form

&) = w0 +21803(0) + At~ B L), 120,
where
0
1) =U(O)(0) + [ U(=h—0)A1y(r +)de.
—h

Proof. Recall that v(y,) is written as follows:

0
w(n) =" (OUO(0)+257 (1) [U(=h=0)ry(a+6)d
~h

+ / V(14 61)A / U6 — 0:)A1y(t + 62)d6, | d6,

0
+/yT(t +0) Wi + (h+0)Ws] y(t + 6)d6.

The time derivative of the first term,

is
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dR; (l )
dr
For the next term,

= 2y" (1)U (0) [(Ao +20) y(t) + (A1 + A1) y(t — h)].

0
Ra(t) =27 (1) [ U(=h—6)A1(r + 6)de,
“h

0
= 2((Ao+ A0)y(0)+ (A1 -+ &)yl =) [ U(=h—0)Ary(+6)de
—h

+2yT (U (=h)Ary(t) = 2" (1)U (0)A1y(r — h)

dR, (1)
dr

0
e / [U'(h+6)]" Ayy(t + 0)do.
“n
The time derivative of the double integral
/y 4 0))A /U (61 — 62)A (i + 62)d65 | d6,

is of the form

dR; (l)
dr

0
= 27(0) [ (O] Ary(i+6)d6
~h

0
—2y"(r —h)AT /U(—h —0)Ay(r+6)d6.
Zh

And, finally, the time derivative of the last term,
Re = /yT(t 4 0) Wi + (7 + 0)Wa] y(t + 6)d6,
is

dR4(t)
dr

=y (1) Wi+ hWa] y(1) —y" (t — )Wiy(t — h)

- /yT(t + 0)Way(t + 6)d6.
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Now, repeating the arguments applied in the proof of Theorem 2.4 we arrive at the
desired expression for the derivative of v(y; ). O

Let

erg[%f;l]ll @), a=lAll

Then the following estimates hold:
N(1) = 25" ()ATU(0)y(1) < 2vpoly(1)]1%,

Ja(t) = 29" (1= WATU(0)y(1) < vp [Hy(f)||2+ ly(r=m)||,

0
J3(t) = 297 (1)AD / U(=h—60)Ay(i+0)d6
Zh

0
< hvpua ly(e) |+ vpoa [ [1x(e+6)de
—h

0
1a() = 297 (¢ — W)AT / U(=h—0)Ay(i +0)do
“n

0
< mvpially(t =)+ vpia [ 5+ )] *de.
—h

From the preceding inequalities we obtain that

d

37" 01) = —wln) +v[2po+hpoa + pi] ()1 + vpr [L+ha] |y(c =)

0
+vlpo+pila [ [1x(e+ )| de.
—h

and we arrive at the following statement.

Theorem 2.17. Let system (2.1) be exponentially stable. Given positive-definite
matrices Wy, W, W,, system (2.42) remains exponentially stable for all Ao and Ay
satisfying (2.43) if the following inequalities hold:

1. Zanin(Wo) > v [2po + hpoa + pi],

2. Amin(Wi) = vpy [1 + hal,

3. Amin (W2) = V[po+pi]a.

Remark 2.6. Theorem 2.17 remains true if we assume that the uncertain matrices
Ao and A are continuous functions of ¢ and x;.
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2.13 Notes and References

The first work dedicated to the construction of quadratic Lyapunov functionals
with a given time derivative was that by Repin [63]. In this seminal contribution
a quadratic functional of a general form was suggested. The time derivative of
the functional was computed, and then, equating the derivative to the prescribed
one, a system of equations for the matrices that define the functional was derived.
The system includes a linear matrix partial differential equation, ordinary matrix
differential equations, and algebraic relations between the matrices. Under some
simplifying assumptions the system was reduced to a system of two matrix
differential equations similar to that given by (2.21). Many essential elements
needed for the computation of Lyapunov matrices, some in explicit form and some
in implicit form, can be found there. Without a doubt this three-page contribution
has had a profound impact on research in the area.

In the paper by Datko, [7], the main object was a presentation of an infinite-
dimensional version of the Lyapunov—Krasovskii approach to the stability analysis
of linear time-delay systems. In particular, the paper provides an interpretation from
the operator point of view of the results given in [63].

The paper by Castelan and Infante [4] is dedicated to the following initial value
problem:

do(r)
dt

=A4Q(7)+BQ" (h—1), Q (;) =K, (2.44)

where K is a given n X n matrix. It is worth mentioning that the dynamic property
in [63] was written in this form. In that paper, it was shown that for any given K
the initial value problem admits a unique solution. An exhaustive analysis of the
solution space of Eq. (2.44) is presented in the paper as well. The reader may find
there interesting observations on the spectrum of an auxiliary system, similar to that
presented in Sect. 2.12.3.

More interesting for us is the second paper by the same authors, [28]. There,
for the first time, the three basic properties of Lyapunov matrices are explicitly
indicated. Once again, following the tradition established in [63], the dynamic
property was written in the form of Eq. (2.44). The symmetry property did not
receive its due attention but was simply mentioned as a property of a matrix Q(1)
similar to that of the improper integral (2.11). The algebraic property was introduced
as a bridge connecting the matrices Q(7) and Q(7). What is very important for us
is that the paper discusses functionals similar to that of the complete type. For these
functionals quadratic lower and upper bounds of the form given in Lemmas 2.12 and
2.13 were provided. The main goal of the paper was to demonstrate that functionals
may be effectively applied to the computation of upper exponential estimates of
the solutions of time-delay systems. Unfortunately, at one of the intermediate
steps, namely, in the computation of an upper bound for a functional, the desired
exponential estimate was explicitly used. The paper also contains a remark that for
the case of exponentially stable systems functionals of the form (2.13) do not admit
quadratic lower bounds.
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The next serious breakthrough in this direction was made in the paper by
Huang [26], where the existence of lower bounds for functionals of the form (2.13)
is studied. The paper demonstrates, for the case of exponentially stable systems, that
functionals admit local cubic lower bounds of the form

allpO)|* < vo(e), @ €C([~h,0],R"), and ||, <H,

where o and H are two positive constants. It is important to note here that this
result, as well as others in the present contribution, have been proven for a very
general class of linear time-delay systems. This was probably the first paper to state
explicitly that Lyapunov matrices are completely defined by three basic properties:
dynamic, symmetry, and algebraic properties. The most important result presented
in that paper is the existence theorem. The theorem states that if a time-delay
system satisfies the Lyapunov condition, then for any symmetric matrix W there
exists a corresponding Lyapunov matrix. Additionally, an explicit frequency domain
expression for the Lyapunov matrix is given as well.

Theorem 2.8 was proven in [40]. The complete type functionals were introduced
in [42], where some robustness bounds are derived as well. Complete type func-
tionals are applied to the computation of exponential estimates of the solutions
of system (2.1) in [38]. A brief account of the theory of Lyapunov matrices and
functionals appears in [36].

A detailed account of the application of functionals of the form (2.13) to the
computation of various quadratic performance indices can be found in an interesting
book [55]; see also [8,9, 14,22,27,51,52].

In the paper by Louisell [53] a relation between the spectrum of a time-delay
system and that of an auxiliary delay-free system of matrix equations is established.
That is, it is shown that any pure imaginary eigenvalue of a time-delay system is
also an eigenvalue of an auxiliary system. The statement was obtained for the case
of neutral type systems with one delay. In some sense the statement of Theorem 2.16
is a generalization of this important result.

The following open problem is one of the most important problems related to
Lyapunov matrices and deserves to be mentioned here: Find the conditions of the
exponential stability of system (2.1) expressed in the terms of a Lyapunov matrix
U (7), associated with a positive-definite matrix W. The first result in this direction
was obtained by Mondie [56], where some necessary and sufficient conditions are
derived for the case of scalar equations.



Chapter 3
Multiple Delay Case

In this chapter we address the case of retarded type linear time-delay systems with
multiple delays. The fundamental matrix of such a system is defined. Then this
matrix is used to derive an explicit expression for the solution of an initial value
problem. Applying the scheme presented in the previous chapter, a general form
of quadratic functionals with prescribed time derivatives along the solutions of the
time-delay systems is obtained. It is shown that the functionals are defined by special
matrix valued functions known as Lyapunov matrices for the system. A special
system of matrix equations that defines Lyapunov matrices is derived. It is shown
that the system admits a unique solution if and only if the spectrum of the time-delay
system does not contain points arranged symmetrically with respect to the origin of
the complex plane. This spectrum property is known as a Lyapunov condition. Two
numerical schemes for the computation of Lyapunov matrices are presented. The
first one is applicable to the case where time delays are multiple to a basic one.
The other one makes it possible to compute approximate Lyapunov matrices in the
case of general time delays. A measure that allows one to estimate the quality of the
approximation is provided as well. Quadratic functionals of the complete type are
defined, and several important applications of the functionals are presented in the
final part of the chapter.

3.1 Preliminaries

We consider now a retarded type time-delay system of the form

dx(t) _
T:Zij(t—hj), t>0, (3.1
j=0
where A, j=0,1,...,m, are givenreal n x n matrices and 0 = hy < hy <--- < hy, =
h are time delays.
V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 75

Control Engineering, DOI 10.1007/978-0-8176-8367-2_3,
© Springer Science+Business Media, LLC 2013



76 3 Multiple Delay Case

Definition 3.1 ([3]). The n x n matrix K(¢) is said to be the fundamental matrix for
any system of the form (3.1) there is only one fundamental matrix

=Y K(t—hj)A;, 1>0, (3.2)
0

and K (1) = 0,xp fort <0, K(0) =1.

Theorem 3.1 ([3]). Given an initial function ¢ € PC([—h,0],R"), the following
equality holds:

Jj=1

0
x(t,9) = K()9(0)+ Y, /K(t—@—hj)Aj(p(G)dO, 10, (33)
—hj

This equality is known as the Cauchy formula for system (3.1).

Proof. Assume that 7 > 0, and compute for & € (0,7) the partial derivative

9K E(E,0) = — | S K(—E—h)A; | x(E.0)
9% P
ﬁoij@ hy.0)
= 5 K=& . 0) Kt~ —hA(E.0))

Integrating the preceding equality by & on the segment [0,7], we obtain that the
integral of the left-hand side is equal to

t

d
[ (5 K- &x2.001) a2 =x(1.0) - K )0(0).
0
Before computing the integral on the right-hand side we evaluate the integral

= [ K= 8)A(E ~hj.0) — K(t— &~ h)Ajx(E. 9)] &
0

tfhj t

= [ K—0—h)ax(0,9)d0— [ Klt—&—ha;x(E,9)d8

3 0
0 t
+7 [ K(t— 60— hj)A;x(6,¢)d6 _t{ | K(t— & —hj)Ax(E, @)dE.

J J
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Sincet —& —hj < 0for & € (1 — hj,¢t], matrix K(t — & — hj) = 0,,x, and the second
integral on the right-hand side of the last equality disappears. We arrive at the
equality
0
J= / K(t— 6 —h;)Ax(6,0)d6

—h;

As a result, we conclude that

m .
X(t.0) = K()9(0) = 3, [ K(t—8—h))A;x(6.9)d0
The initial value condition x(60, ) = @(0) for 6 € [—h,0] implies that the preceding
equality coincides with (3.3). O

3.2 Quadratic Functionals

The statement of Theorem 2.3 remains valid for system (3.1), too. In this section we
derive for system (3.1) functionals that satisfy the theorem conditions.

Like the case of single-delay systems we first define a quadratic functional vy (),
¢ € PC([—h,0],R"), that satisfies the equality

d

EVO(XZ) A ()Wx(r), 1>0, (3.4)
along the solutions of system (3.1). Here W is a given symmetric matrix.

If system (3.1) is exponentially stable, then the functional admits the integral
representation

/ (t,@)Wx(t,@)dr, @ € PC([—h,0],R"). (3.5)
0

We replace x(¢, @) under the integral sign on the right-hand side of (3.5) by Cauchy
formula (3.3), and, after some straightforward manipulations, similar to that done in
Sect. 2.5, we arrive at the following expression for the functional:

0

w(e) = 9" (OU +22<p ) [ u(=0—hpas0(0)d6
—hj

0
+ 33 [0 @0AT | [ U6+ hi—6:—hpase(e)d0: | do,
iy “h;

(3.6)
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where the matrix

U(t) = / KT (O )WK(r +7)dr (3.7)
0
is the Lyapunov matrix of system (3.1) associated with W.

Lemma 3.1. Let system (3.1) be exponentially stable. The matrix U(T) is continu-
ous for T > 0.

Proof. The matrix K (t)WK(t+ ) is continuous for + > 0 and 7 > 0. The
exponential stability of system (3.1) implies that there exist Y > 1 and o > 0 such
that

K@) <ye™®, 1>0.
Hence
KT OWK (@ +1)|| < K@ WK+ )l < 7 [W][e >

Since the integral
[P Iwlear
0

converges, the improper integral on the right-hand side of (3.7) converges absolutely
and uniformly with respect to 7, on the set [0,e0), and therefore the integral is a
continuous function of the variable 7 for 7 > 0. O

Lemma 3.2. Let system (3.1) be exponentially stable. Lyapunov matrix (3.7)
satisfies the following properties:

1. Dynamic property:

d m

U _ S ye—npa, >0 (3.8)

dr = .
2. Symmetry property:

U(—1)=U"(1); (3.9)

3. Algebraic property:

m

2 [U(=hpA;+AjU ()] =-W. (3.10)
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Proof. Dynamic property: Let T > 0; then

%[KT(t)WK(H—Tﬂ =Y KT (()WK(t+1—hj)A;, t>0.

.
1M

The exponential stability of system (3.1) implies that

d
|5 K ow o) < S 1K) W e+ 2=
2

m

z ‘W” ||AJ|| ,yze*G(Zlﬂdrfhj)

P W] (2 I4; H) 20,

On the one hand, since the integral

< m
[Pt (£ )
0 j=0
converges, the integral
= 5 .
/ > (K" (1)WK(t + 7)] dt

converges absolutely and uniformly with respect to T on the set [0, ), which implies
the equality

/ai (OWK(r+1)|dt = I /KT(t)WK(t-l-T)dt
0

_dU(7)

=g 7>0.

On the other hand, for 7 > 0

/i (OWK(t+1)]dt = /KT(t)W i[((mr hj)A; | dt
0 ? 0 Jj=0
:iU(T hj)A
j=0

and we arrive at (3.8).
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Symmetry property: The property follows directly from (3.7).

Algebraic property: To derive this property, we consider the time derivative

T
% (KT (WK(1)] = | Y K(t—hj)A;| WK(r)
j=0
+KT ()W iK(t—hj)Aj], >0
j=0

Now, integrating the preceding equality from O to o, we arrive at the equality
m
2 [ATUT (=hj) +U(=hj)A;] .

If we take into account (3.9), then it becomes evident that this equality coincides
with (3.10). O

Lemma 3.3. The first derivative of Lyapunov matrix (3.7) suffers discontinuity at
T =0, namely,

U'(+0)-U'(-0) = —W.
Proof. The proof of the lemma is similar to that of Lemma 2.6. O
Theorem 3.2. Let the matrix U(T), T € [—h,h), satisfy properties (3.8)~(3.10). If
we define the functional vo(¢) by formula (3.6), where the matrix U(7) is replaced

by the matrix U (1), then the functional is such that along the solutions of system
(3.1) the following equality holds:

Co0() = T (OWle), 120,

Proof. Given a solution x(¢) of system (3.1),

0

Tolx) = (1 +22x /U 06— h;)Ax(1 +6)d6
—h
Ro(t) U

Rj(r)
0

0
2 /)CT(Z‘—|—91)A]]€w /ﬁ(91+hk 6—h ) ,x(t—|—92)d92 de,.
Iy

1j=1
~h;

_|_

M=

k

Ryj(t)
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Let us differentiate term by term the summands on the right-hand side of the
preceding equality.
The time derivative of the first term is

dRy (l)
dr

O) éij(l—hj)‘| .

The time derivative of the term

0 t
Rj(t):2xT(t)/17(—9—hj) e(t+0)d6 =247 ( /U (=& +1—hj)Ax(E)dE
—h; t—h;

is equal to

dr =

T t

AR (1) :zlekx(t_hk)] / U(=&+1—hpAx(§)dé
t—h;

+ 2 () U (—hj)Ajx(t) — 2xT (1)U (0)A jx(r — h;)

2 ( /( (—E+1—h ))ij(g)dg.

i—h;

The time derivative of the term

0 0
Rkj(l‘) = / (t+61)A / U(61+hy— 0, —h;j)Ajx(t+6,)d6, | d6,
,hk hj

= [@al | [ OG+h-e-max(Eae | a
h

t—hy [—nj

is written as

t

dRyj(1) _ r (1)AT / U(t+he— & —hj)Ajx(E)dE

dr
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[ A ©ALTE + 1 —t—hj)dé) A()
—hy
- ( [ A @niue +hk—r>d&)A.,-x<r—hj>
—Iy
:xT(t)A,{/ U+ — & — hj)Ax(E)dE

—xT(t=h)a] [ Ol—&—hpa;(§)as
1—h;

+ 2 (1)AT / (=& — g+t 4+ hj)Aw(E)dE

l;hk

— T (= h)AT / U(—& — by + 1) Awx(E)dE.
—hy

idet(t)—Z[ZAkxt hk] i/U —&+1—hj)Ax(&)dE

+2x

and

Ajx(5)dE

T t
-2 [ZAkx(t—hk)] > /ﬁ(t—é—hj)AjX(i)dé-
k=1 .

j=1
t—h;
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Let us collect in the computed time derivatives all terms that have no integral factor.
The sum of these terms is

Si(t) = 2x Zijt— +2x7 (1) if](—hj)Aj x(1)
-
2 (1)U (0) iij(t
j=1
=l U(—h;)A,] (1)
-

T
=x"(1) (%ﬁ(—hﬂf\j> + (%ﬁ(_h'i)Aj> x(t).
j= j=

Since matrix U (7) satisfies the symmetry and algebraic properties, the sum

S1(t) = —xT (1)Wx(t).

Now we collect all terms that include an integral factor:

Sz(t) =2

iAkx(t—hk] 3 /U LB 1 h)A(E)dE

J=1,

AU(—E+1—h))
e G

—

k

m
+2x z

.

I=hj

t

%/

t—h;

+2x

Ms

.
Il
—

T
2 (—t—he+&+hj)A ] Ajx(€)déE

<

T
—ZlZAkx(t—hk)] Z/Ut—§ hj)Ax(E)dE
k=1 Jj=1

1=h;j

t ~ T
& &~ dUu(t
=" (1) Y, / N U(t—h)Ag— d(r) Ajx(E)dE.
J=1 2y L0 T=E—1+h;
In the integral
P a(r)]"

[ |3 0G-ma-= A(E)E,

S k=0 T -

tfhj 1757l+hj
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the argument T = & —7+h; € [0,4;]. The matrix U (7) satisfies the dynamic property
(3.8), so we conclude that this integral is equal to zero. Therefore, S»(7) = 0,,x,, and
we arrive at the equality

d
a%(xt) =l ()Wx(t), t>0. O

Remark 3.1. In the proof of Theorem 3.2 we do not assume that system (3.1) is
exponentially stable.

As in the case of single-delay systems, Theorem 3.2 lays the foundation for a
new definition of the Lyapunov matrices.

Definition 3.2. Let the n x n matrix U(7) satisfy Eq. (3.8). We say that it is a
Lyapunov matrix of system (3.1) associated with a symmetric matrix W if it satisfies
properties (3.9) and (3.10).

Because there are two definitions of a Lyapunov matrix, we must verify that they
define the same matrix. During this verification we must keep in mind that (3.7) is
valid for the exponentially stable systems only.

Theorem 3.3. Let system (3.1) be exponentially stable; then matrix (3.7) is a
unique solution of Eq. (3.8) that satisfies properties (3.9) and (3.10).

Proof. Part I: It was shown in Lemma 3.2 that matrix (3.7) satisfies Eq. (3.8)
and properties (3.9) and (3.10). Thus, we need only prove the uniqueness of
the solution. Assume that for a given W Eq. (3.8) admits two solutions, U;(T)
and U, (1), that satisfy (3.9) and (3.10). Then we define two functionals véj ) (9),
j = 1,2, of the form (3.6), the first one with the matrix U, (), the second one
with the matrix U (7). By Theorem 3.2, we know that the equalities

d ;
avéj)(x,) =l (OWx(t), j=1,2,

hold along the solutions of system (3.1). Hence, the difference Av(x;) = véz) (x)—

v(()l) (x¢) is such that

d
EAv(x,) =0, t>0.

The preceding equality implies that for any initial function ¢ € PC([—h,0],R")
the following identity holds:

Av(x () =Av(p), t>0.

Since system (3.1) is exponentially stable, x(¢) — 0, as t — o and
Av(x;(@)) — 0 as t — . This means that Av(¢) = 0 for any initial function
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¢ € PC([—h,0],R") or, in explicit form,

0
0= 0" (0)AU()p(0) + . 207 (0) [ AU(-6—h)A;9(6)d0
j=1 h

0 0
+22 / ACIH /AU(GI+hk—62_hj)Aj(P(92)d92 deo;.
7hk 7hj

(3.11)
Here the matrix AU (1) = U, (1) — U, (7) satisfies Eq. (3.8) and properties (3.9)

and (3.10) with W = Oy
Part 2: Now, given a vector y € R", consider the piecewise continuous initial

function
’ 0 :07
o (0)=17
0, 6¢[-h,0).

For this initial function equality (3.11) takes the form

0=Av(e") =y"AU(0)y.

Since ¥ is an arbitrary vector and AU (0) is a symmetric matrix, the following
equality holds:
AU (0) = 0y - (3.12)

Let us fix an index i € {1,2...,m} and choose T € (h;_1,h;]and € > 0 such that
—7+ €& < —h;_1. Now, for given vectors 7,1) € R" we define the initial function

Y 0=0,
(P(Z)(e): 777 66 [_17_T+8]7
0, forallother 6 € [—h,0).

For this initial function, equality (3.11) is of the form

—T+e m
0= /ZyT S AU(—hj— 0)A;| 1d6
“r J=i
m om "THE[ —Tre
—‘rzz /T]TAI{AU(Gl+hk—92—hj)Ajnd92 de,.

k=ij=i 7,
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For sufficiently small € > 0 the first integral on the right-hand side of the
preceding equality is of the order €, whereas the double integrals are of the
order £2. This means that the preceding equality can be written as

0=2ey" (iAU(r— hj)Aj) n+o(e),

J=i

where ”(8> — 0 as € = +0. As y and n are arbitrary vectors and € can be made
arbltrarlly small, it follows from the preceding equality that

m
N AU(t—hj)Aj =Opxn, for € (hiy,h). (3.13)
j=i

Equality (3.13) holds for each i = 1,2, ...,m. Since for i = 1 we have

m
2 T h A = Opxn, TE(Ovhl]’

on the segment (0, A;] differential equation (3.8) for matrix AU (1) takes the form

d

d—TAU(r) =AU(7)Ag, 7€ (0,hy].
Now equality (3.12) implies that AU (7) = 0yx, for T € [0,/4]. On the interval
(h1,h3] Eq. (3.8) and equality (3.13) for i = 2 yield the delay equation

diTAU(T)ZAU(T)A()—I—AU(T—hl)Al, TE (/’ll,hz].

It has been shown that AU (t) = 0,,x,, on the interval [0, /,]; therefore, AU (7) =
Onxn for T € (hy,hy] as well. Continuing this process we conclude that AU (7) =

Onxy for T € [0,A],i.e., Uy () = Ua(7) for all T € [—h, h]. And the unique solution
of Eq. (3.8) that satisfies properties (3.9) and (3.10) is given by (3.7).

O
Theorem 3.4. Given the symmetric matrices W;, j =0,1,...,2m, let us define the
functional
< T
w(@) = D, 0" (—h)Wep(—hy)
k=0

0
+3 [ 07 (0)Wnij0(0)06, < PC(-hOLR). (.14
Jj=1 h

J
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If there exists a Lyapunov matrix U (T) associated with the matrix

m
W= Wo + z (W/ + therj) P
j=1

and vo(Q) is the functional (3.6) with this Lyapunov matrix, then the time derivative
of the functional

0
m

o) =w(p)+ 3 [ 0" (©) W+ (h;+ )W, | 9(6)d8 (3.15)
=

J

along the solutions of system (3.1) is such that

d
aV(X;) —w(x), t>0.
Proof. We know that
EV()()C[) (t)Wx(t) = —X (t) Wo + 2 (Wj+thm+j) x(t).
j=1

A simple change of the integration variable provides the equality

Qij(t) = [ X" (t+6) W+ (hj+ 0)W jlx(t +6)d6

A (E) W+ (hj+ & = )W ] x(8)dE;

0
t
t—h;

therefore,
Y 500 =) [2 W)+ Wmﬂ)] ()
j=1 j=1
0
_zx (t —h))Wix(t —h Z/XTH-G Wy 2t + 6)d6.

j=1

.

—hj
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The theorem statement follows directly from the preceding expressions for the time
derivatives. O

Definition 3.3. We say that functional (3.15) is of the complete type if the matrices
Wi, j=0,1,...,2m, are positive definite.

Lemma 3.4. Let system (3.1) be exponentially stable. Given the positive-definite
matrices Wj, j = 0,1,...,2m, there exists a positive constant 04 such that the
complete type functional (3.15) satisfies the inequality

o |9(0)[* < v(@), @€ PC(~h,0},R").

Proof. To prove the inequality, we consider a modified functional of the form

() =v(9) — o |9(0)]* = v(9) — 9" (0)(0),

where o is a real parameter. Then

d ~
EV(X[) —W(Xt), tZ 0.
Here
W) = wix) + 20 ( ZAJx ]
x(1)
x(t—hy
> (XT(I),XT(t—hl),...7xT(t—hm))L(a) ( . )
(t —hpy)
The matrix
Wo Ouxn +* Onxn Ag +Ag Ay - Ap
Onxn Wl 0n><n A{ 0n><n 0n><n
Lley=| . . . . |+to|
Onxn Onxn Wm Aa Onxn Onxn
Because the matrices W;, j = 0,1,...,m, are positive definite, there exists oy > 0

such that the matrix L(o) is positive definite, and we conclude that

w(x) > 0.
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The exponential stability of system (3.1) makes it possible to present v(¢) in the

form

/ w(x(r,@))dt > 0.

0
The preceding inequality demonstrates that o [|@(0)]|* < v(). O
Lemma 3.5. Given the symmetric matrices Wj, j=0,1,...,2m, assume that system

(3.1) admits a Lyapunov matrix associated with the matrix

m
W =Wy+ 2 (Wj+thm+j).
j=1

Then there exists a positive constant 0y such that the complete type functional (3.15)
satisfies the inequalities

v() < loli, @€ PC(~h0]R").
Proof. First we introduce the notations

vema 0@ a= [l j=12m

The following estimates hold for the terms of functional (3.15):

Ry = 9" (0)U(0)p(0) < v o]};

now, for j =1,2,...,m,

0
R; =297 (0) [ U(=0—h)a,0(6)d6 <2va;h ol
for j,k € {1,2,...,m},
0
Ry = [ o7 (00aL | [ U(0r-+h—6:—hpasp(e)d0; | do
Iy ~h;

IN

vayajhih; ||,
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and, finally,

0

R=[ 07 (6)W,+(h;-+0)Woi ;) 0(6)d0
—h;

< hy (|Wi ]| + g || Wan]]) N0l

As aresult, we arrive at an upper estimation of the form

v(9) < o2 ||oll7.

where

2

m m

oc2=V<1+Zlajhj> +Zlhj(||WjH+hj||Wm+JH)' 0
i =

Lemma 3.6. Let system (3.1) be exponentially stable. Given the positive-definite
matrices Wj, j =0,1,...,2m, there exist positive constants B, j =0,1,...,m, such
that the complete type functional (3.15) admits a lower estimate of the form

0
m
Bollo0)I7+ 3. B; [ l9(6)]*d6 <v(p). @€ PC(-mOLR).  (3.16)
j:I —h
Proof. To prove the inequality, we consider the functional

0
(9) = (o)~ Follo O ~ X B [ llo(o)|Pdo.
=

Along the solutions of system (3.1) the functional is such that
S ) = ), 120
g ) =—wln), 120,

where

() = wx) + 20" (1) liAkx(r—m
k=0

+ 3B (1)1 e =)
J=

x(1)
> [XT(I)vxT(t_hl)v"'vxT(t _hm)] Q(ﬁ07ﬁ17"'7ﬁm) X(t_.hl)

x(r _ Bom)
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Here the matrix

WO 0n><n "'0n><n A0+Ag Al Am
0n><n Wl 0n><n A{ 0n><n 0n><n
Q(B()aﬁla"'vﬁm): . . . + Po . . .
Onxn Onxn Wm Ayz,; Onxn Onxn
(Bl+ﬁ2+"'+ﬁm>l Onxn ==+ Onxn
Opxn _ﬁll Onxn
+ . . .
Onxn Onxn _ﬁml
Since the matrices W;, j = 0,1,...,m, are positive definite, there exist positive

constants 3;, j = 0,1,2,...,m, for which the matrix Q(fo,Bi,...,Bn) is positive
definite. For such a choice of the constants we have that

W(xt) Z 07 t Z 0.

The preceding inequality implies that
p) = [ Wu(@))d 20, @€ PC(-h0LR"),
0

from where the desired inequality (3.16) follows immediately. a

Lemma 3.7. Given the symmetric matrices W, j=0,1,...,2m, assume that system
(3.1) admits a Lyapunov matrix associated with the matrix

m
W =Wy+ 2 (Wj+thm+j).
j=1
Then for functional (3.15) there exist positive constants 8;, j =0,1,....m, such that
the following inequality holds:

0
W) <& 9O+ 38 [ lp(@)*ds, ¢ ePC(-hOLR).  (17)
Jj=1 7hj

Proof. In the proof of the statement we make use of the notations introduced in the
proof of Lemma 3.5.

It is evident that for the first term of functional (3.15) the following inequality
holds:

Ro= 9" (0)U(0)9(0) < v|p(0)|.
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The term

admits the upper bound

0
R; < vajh; 9O +va; [ 96| ds.

—hj
Now for the term
0 0
Rkj:/q)T(el)A,{ /U(@l+hk—92—hj)Aj(P(62)d62 de,
—Iy —h;

we have

0 [ 0
R < vaa, | [ lo®)d0| | [ lo()]do
iy -4
- 2 2

0 0

1 1

Svaa; | [ lo(@)do| +3vaa; | [ llo(®)la6
—hy —hj

IN

IN

0 0
1 1
Svaashe [ o(0)2d0+ 3 vasazhy [ l19(6)|*de.
—hy —hj

Finally, we estimate the term

0
< (Wl W) [ o0 a6.
*hj

Collecting the obtained estimations we conclude that

0
10) < &0+ 35 [ lo©)IPde,
=t
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where

5()=V<1—|—iajhj>,

Jj=1

m
0j = va; <l+hjzak>+(HWj||+hj||Wm+jH)7 j=12,....m. 0
k=1

3.3 Lyapunov Matrices

Let us define the Laplace image of the fundamental matrix K(z) of system (3.1),
o ~1
m
H(s) = /e*S’K(t)dt = (sl - eSthj> :
0 j=0
The function

m

fls) =det | s1— e A, (3.18)
Jj=0

is the characteristic function of the system. The zeros of the function form the

spectrum

A={s|f(s)=0}

of the system. These zeros are poles of H (s). If system (3.1) satisfies the Lyapunov
condition, i.e., the set A does not contain a point sy such that —sg € A, then the
spectrum A can be split into two sets; the first one, AH), includes the system
eigenvalues with positive real part, whereas the second one, A(’), includes the
system eigenvalues with negative real part.

3.3.1 Exponentially Stable Case

In the case where system (3.1) is exponentially stable, the set A s empty. The
Lyapunov matrix associated with a symmetric matrix W can be written as follows:

U(t) = / KT (WK (i +7)dr;
0
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see (3.7). The fundamental matrix K(¢) = 0,x, for r < 0. Because the components
of the matrix belong to the intersection of the spaces L! (—oo, 4+-00) and L?(—oo, +o0),
the Fourier image [1] of the matrix is of the form

=

H(iw) = / K(t)e 'dr = /K(t)e*"“”dt,
and the Fourier image of K(r + 7) is

/ K(t41)e " dr = " / K(r+1)e 04 = ¢ H(iw).

—oo

Application of Plansherel’s theorem [45] leads to the following expression for the
Lyapunov matrix:

U(t) = /HT YWH(—&)e ™dE,

—joo

27rz

where the notation V.P.(Valeur Principle) is defined as follows:

b / <5>d5—}£2m/‘°

3.3.2 General Case

We present now an extension to the general case of the preceding expression for the
Lyapunov matrices proven in [26]. But first we denote by

Res{F(s),s0}
the residue of F(s) at the point s.

Theorem 3.5. Let system (3.1) satisfy the Lyapunov condition. Then for any
symmetric matrix W, the matrix

U(r)— /HT YWH(—&)e *6dé

—joo

+ Y Res{H"(s\WH(—s)e ™,s0}

S()EA(+)

+ Y Res{H"(—s)WH(s)e™,s0} (3.19)

Y()EA(J“)

27rz

is a Lyapunov matrix of the system associated with W.
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Proof. System (3.1) satisfies the Lyapunov condition, so the matrices H(s) and
H(—s) have no poles on the imaginary axis of the complex plane. Let y be a real
number; then for sufficiently large |y| the matrix H” (iy)WH (—iy)e ™ is of the
order |y| ~2. This means that the improper integral on the right-hand side of (3.19) is
well defined for all real 7.

Since for the case of exponentially stable systems the existence statement
has already been proven (Theorem 3.3), we assume that system (3.1) is not
exponentially stable. In this case A is not empty and contains a finite set of
complex numbers.

Part I:  Let us check first that matrix (3.19) satisfies symmetry property (3.9). By
direct inspection of the matrices

O(—1) = > . /HT YWH(—E)e™dE

—joo

+ Y Res{H"(s\WH(—s)e™,s50}

S0€A(+)

+ Y Res{H"(—s)WH(s)e ™50}

S()EA(+)

(making a change in the integration variable A = —¢&)

_ T —TA
- 2m / H H(L)e ™dA

—joo

+ Y Res{H"(s\WH(—s)e"™,s50}

S()EA(+)
+ Y Res{H"(—s)WH(s)e ™50}

S()EA(+)

and

o] = oo e

—joo

+ Y Res{H"(—s)WH(s)e ™50}
S()EA(+)

+ Y Res{H"(s\WH(—s)e™,s0},

S0€A(+)

we conclude that they are equal.
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Part 2: We address now algebraic property (3.10). To verify it, we compute the
following matrix:

O =Y U(-hj)A;+ iAJTﬁ(hj)
4 =

-5 <HT<§>WH(—§> Lﬁoehﬁfxi

T
ZehféAj] HT(E)WH(-&) | d&
j=0

Zeh%] HT (—s)WH(s),s0
It is a matter of simple calculation to check the identities

— sH(s) -

[Zeh%

and

=—sH(—s)—1.

[z&m
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Additionally,

2m /WH == —5>=% /WH(A)dA.

—ioo —joo

Now, the matrix O has the form

0= [ [FHEW W (&)
+ Y, Res{—-H'(s\W,s0}+ Y, Res{—H'(s)W,s0}
soeAt) soEAM)
+ Y Res{—H'(=s)W.s0}+ >, Res{-H"(—s)W,s0}.
speAt) speA)

The Lyapunov condition implies that no poles of the matrix H(—s) lie in the set
A, so the last two sums on the right-hand side of the preceding equality are
zero matrices, and

vp. T
0= -3 [ [H W+ WHE)]d
— Y, Res{H"(s)W+WH(s),s0} - (3.20)
S0€A(+)

By the residue theorem [1,50],

> Res{H"(s\W +WH(s so}—rlggz—my{[HT(E)WJrWH(é)]dé,
Y0€A(+) ]—:(r)

where T'(r) is the Nyquist contour, consisting of the semicircle C(r) =
{ re® |(p € [~%,%Z] } and the segment [ir, —ir] of the imaginary axis.
The contour integral

o [T @ wH(E)] ag
I(r)

J(r) =

= o [ EWwHE)] 6

1

5 [HT (re'?)W + WH (re'?) | re?dg;

\mm

+

]
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98
therefore
lim J(r) = — 2 / [HT (&)W + WH(E)] d&
r—yeo 2mi )
! 3
EO T ip ip ip
—l—rlgrolo = / [H" (re'®)W + WH (re'?)] re’®dg.
=
Since H (re'?)re’® — I as r — oo, uniformly by ¢ € [—5, %],
= Y Res{H'(s)W+WH(s),s0}
SoeA(+)
vp. [
=~ [ [T+ WHE)] g +w.
—joo
Substituting the preceding equality into (3.20) we obtain that O = —W. Thus
matrix (3.19) satisfies (3.10).
Part 3:  Let us address dynamic property (3.8). For a given 7 > 0 we compute the

matrix

F(o) = S0(0)- Y U(r-h))a,
4+ Y, Res {HT(S)WH(—S) [—sl— i eI°A; em,so}
speAt) j=0

+ Y Res{HT(—s)WH(s) [Sl—iehjsAj] e”,so}

speAt) j=0

= 27171 /HT EYWe TS dE + D Res{HT We ™ 50}

S0€A(+)

—joo

+ Y Res{H"(—s)We™,s50}.

S0€A(+)



3.3 Lyapunov Matrices 99

Because the matrix H(—s) has no poles in the set A(*), the sum

Y Res{H"(—s)We™,s0} = Opxn,

S0€A(+)

and we obtain

F(1)=

T (19 T —Ts
27rz /H E)We ™=dE+ Y Res{H'(s)We ™,s0}.

—joo Y()GA(J“)

Once again, applying the residue theorem,

N

Res {H” (s)We ™ 5o} = lim — 75 HT (&)We *d
Z‘H ® { SO} o 2mi ¢ ¢
soEA I(r)

E

/HT We*“:dé—i-hm—/HT rel?)Wrel® *"ewdq).

r—oo 27T

27'Cl

—joo

By Jordan’s theorem [1, 50], the equality

i 1
im —
r—e0 27T

HT (rei‘P)Wrei‘pe*T’eiwd(p = Opxn

\N\a

]

holds for any 7 > 0, and we arrive at the conclusion that

m
F(1)= 2 T—hj)Aj=0nxp, T>0.

The preceding equality remains valid when 7 — 40, so matrix (3.19) satisfies
property (3.8) for T > 0. This concludes the proof. O

We now show that the Lyapunov condition provides the uniqueness of the
Lyapunov matrices. But first we recall the following statement; see [2].

Lemma 3.8. Given a quasipolynomial

N=3 eipi(t)
j=1
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where zj, j =1,...,m, are complex numbers such that zj # z for j # k and p(t),
Jj=1,...,m, are polynomials, the identity f(t) =0, t > 0, implies p;(t) = 0, for
j=1,...,m

Theorem 3.6. Let system (3.1) satisfy the Lyapunov condition. Then for any
symmetric matrix W there exists a unique Lyapunov matrix of the system associated
with W.

Proof. Since for exponentially stable systems the statement was proven in The-
orem 3.3, we restrict our attention here to the case where system (3.1) is not
exponentially stable.

It was shown in Theorem 3.5 that for a given symmetric matrix W there exists
a Lyapunov matrix U (1) associated with W. Thus, in the remainder of the proof
we concentrate on the uniqueness issue. Assume that there are two such matrices,
U;j(t), j = 1,2. Then, by Theorem 3.2, the functionals vé’)(q)), Jj =1,2, computed
by formula (3.6) with these matrices are such that the equalities

d .
v (n) = —w(x(r), 1>0; j=1.2,

hold along the solutions of system (3.1). The difference Av(x,) = véz) (%) — vél) ()
is such that

dr
We obtain that for any ¢ € PC([—h,0],R") the identity

Av(x (@) =Av(e), >0, (3.21)

holds along the solution x(z, @) of system (3.1). This means that along any solution
x(r) of the system Av(x;) maintains a constant value.

The rest of the proof is divided into two parts. In the first one we show that under
the Lyapunov condition the functional Av(¢) is trivial, i.e., for any initial function
¢ € PC([—h,0],R") the following equality holds:

0=Av(p). (3.22)

In the other part we demonstrate that equality (3.22) implies that

AU (t) =Us(1) — Ui (1) =O0pxn, T€10,A].

Part I: Let ¥ > 0 be an upper bound for the real parts of the system eigenvalues.
Only a finite number of the system eigenvalues, s1,s3,...,Sy, lie in the vertical
stripe

Z={s|-x<Re(s)<x }

of the complex plane; see [3].
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Every solution x(#, ¢) of the system can be presented as the sum

x(t,0) =x (1) +x2 (1),

where x(l)(t) corresponds to the part of the system spectrum that lies in Z and
x@ (t) corresponds to the rest of the spectrum, which lies to the left of the vertical
line Re(s) = — .

The first term, x{!) (), is a finite sum of the form

e p(1), (3.23)

M=

xD(r) =

(=1

where p(¥) (t) is a polynomial with vector coefficients of degree less than the
multiplicity of sy as a zero of the characteristic function (3.18), { =1,2,...,N.
The second term, @ (t), admits an upper estimate of the form

Hx(2> (I)H <ce O 4>, (3.24)

Here c is a positive constant and € is a small positive number.
The functional Av(x;(¢)) can be decomposed as follows:

Av(x (@) =Av (x,m) +2Az (x,(1>,x,(2>) +Av (xt(z)) ,

where
T n 9
+[x“>(t)} Y /AU(—hj—e)ij<2)(t+e)de
0
/AU(—hj—O)ij(l)(t—i— 6)de

—i—ii/o t—|—91

k=1j=1,

0
/ ATAU (6 + i — 6, — hj)A @ (¢ + 62)d6, | d6.
n

M
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On the one hand, since x(V(¢) and x?)(¢) satisfy system (3.1), Av(x\") and

Av(xt(z)) maintain constant values, and we obtain that Az(x,(1>,x,(2>) is also a

constant. On the other hand, the choice of y and inequality (3.24) guarantee
that

Av (x,(z)) — 0, and Az (xt(l),x,(z)) —0, ast— oo
This means that
Av (xt(z)) =0, and Az (xt(l),xt(z)) =0, t>o0

iy )

and we arrive at the identity

Av (x,“)) — Av(p), 1>0. (3.25)

Here

0
) = [00] a0 +2 [ 00] 3 [ au(-h;— )+ 0)a0

Jj=1

—hj

I (1)

h(t)

0

m m T
+ / [x(l)(;+91)] AZ /AU(Q] +hk—ez—hj)ij(l)(t-i-ez)dez de; .
k=1j=1, iy

L(t)

Expression (3.23) provides that

el [p00)] AU ).

M=
M=

Ri(0)= [V AU () =

(=1r=1

,
Il

T

Here [p(a (t)} AU(O)p(’) (t) is a polynomial in ¢ of degree less than the sum of
the multiplicities of s, and s,

The second term

0
Ryt)=2Y [ﬂ“(z)f /AU(—hj—G)ij(l)(t—i-G)dG
Jj=1 —h;

J

0
T
et [p0(0)] / AU(—h;j—8)A ;e p) (1 + 6)d6

—h;

I
s
M=
M=

~
Il
—
o~
Il
—

r=1
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It is easy to verify that

0
/ AU(—h;—6)A;e" p)(t + 6)dO
v
is also a polynomial in ¢ of degree less than the sum of the multiplicities of s,

and s,.
The last term

0
x / ATAU(6) + Iy — 0 — hj)A D (1 + 6,)d65 | dB,

—h;
m N 0 T
—23 Y [ DY bt / [ewl PO+ 91)}
k=1j=1 \(=1r=1 e

X A,{AU(Gl +h,— 6, — hj)Ajes’ezp(r) (t+6,)d6, [ do; |,

=

.\O

J

and, once again, the function

0 0
T
/ [ewl p(f)(t—l—@l)} / ATAU (04— 6,—h)A e % pU") (1 + 6,)d6, |d6;
g “h;

is a polynomial in 7 of degree less than the sum of the multiplicities of s, and s,
This analysis demonstrates that Av (x,(l)) is a function of the form

@ N N
Av (x, ) =y Ze(””’)tocg,(t),

where oy, (t), £,r =1,2,...,N, are polynomials. Now identity (3.25) takes the
form

N N
33 bty (1) = e Av(p), t>0.
1

o~
Il
—
-
Il
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Because no one of the sums (s +s,), £,r € {1,2,...,N}, is equal to zero, by

Lemma 3.8, the preceding identity implies that Av(¢) = 0.

We may summarize our analysis as follows. If system (3.1) satisfies the Lyapunov

condition, then equality (3.22) holds for any initial function ¢ € PC([—h,0],R").
Part 2:  In the proof of Theorem 3.3 it was demonstrated (see Part 2 of the proof)

how equality (3.22) implies the uniqueness of the Lyapunov matrix associated

with W. This concludes the proof. O

We now consider the situation with Lyapunov matrices where the Lyapunov
condition fails.

Theorem 3.7. Suppose system (3.1) does not satisfy the Lyapunov condition. Then
there exists a nontrivial Lyapunov matrix of the system associated with W = 0y, x .

Proof. According to the theorem condition, there exists an eigenvalue s of system
(3.1) such that —sy is also an eigenvalue of the system. The characteristic matrix of
system (3.1) is of the form

m
G(s)=sI— e A,
k=0

Since matrices G(sg) and G(—sp) are singular, there exist nonzero vectors y and u
such that

Y G(so) =0, u'G(—sp)=0.

Let us define the following matrix:

Uo(T) =ty e +yuTe ™",

It is evident that the matrix is nontrivial. We verify that Uy () is a Lyapunov matrix
associated with W = 0,,,. First we note that the matrix satisfies the symmetry

property
_ . T _— N T ST __ T
Uo(=7) =py e ™" +yu e = U (7).

Then we verify that the matrix satisfies the dynamic property

d m
&UO(T) =Y Up(t— h)Ax = uy" G(s0)e™" + yu' G(—sg)e 0"
=0

= Opxn-
According to Lemma 3.3, the algebraic property can be written as

U'(+0)-U'(-0) = —W.
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Since the matrix Up(7) is differentiable at T = 0, we conclude that
Up(40) — Up(—0) = Opn.

This concludes the proof. a

Corollary 3.1. If Uy(t) is a complex valued matrix, then matrices X(t) =
Re{Up(7)} and Y(t) = Im{Uy(7)} are real Lyapunov matrices of system (3.1)
associated with W = 0,,,,.

Corollary 3.2. Let system (3.1) admit an eigenvalue so such that —sg is also an
eigenvalue of the system. If there exists a Lyapunov matrix U () associated with a
symmetric matrix W, then for any constant o. the matrix U(7) + oUy(7) is also a
Lyapunov matrix associated with W.

Theorem 3.8. Suppose system (3.1) does not satisfy the Lyapunov condition. Then
there exists a symmetric matrix W such that there is no Lyapunov matrix associated
with W.

Proof. According to the theorem condition, there exists an eigenvalue s( of system
(3.1) such that —sq is also an eigenvalue of the system. System (3.1) admits two
solutions of the form

D (r) = ey, (1) =e 0y,

where y and p are nontrivial vectors. Assume by contradiction that for any
symmetric matrix W there is a Lyapunov matrix associated with W. According to
Lemma 2.9, there exists a symmetric matrix Wy such that Y/ Wou # 0. Let U(7) be
a Lyapunov matrix associated with Wj. Let us define the bilinear functional

0
9. w) = 9T OUO)Y(0)+ Y. ¢ (0) [ U(~h;—6)a,y(6)d0
h!

+
M=

0
/(pT 0)ATU (h; + 6)d6 | y(0)
—h;

J

~.
Il
.

0
+2 / o' (61)A] /U(91+hk—92—hj)Ajl//(62)d62 de,.

=y —h;

M=

k

Il
—
~.

Given two solutions of system (3.1), x(¢,¢) and x(¢, ), one can verify by direct
calculation that

©2u(0). (W) =~ (1, 0)Woa(r, ).
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In particular, for the solutions x{!)(r) and x(?)(r) we obtain

eV ) = - [xm(t)} Wox®) (1) = —y Wop # 0. (3.26)

On the other hand, direct substitution of these solutions into the bilinear functional
yields

0

m
2V ) = +2/ —hj = 0)Aje ™ +ATU (b + 0)e™®) do
J
+3 ) /e*m"l /esoezA,{U(61+hk—ez—hj)Ajdez de; | u.
k=1j=12, -y

Observe that the matrix in the square brackets does not depend on ¢, therefore

But this contradicts (3.26). Thus, no Lyapunov matrix associated with the selected
W, exists. O

3.4 Computational Schemes

3.4.1 Semianalytic Method

Here a system with one basic delay h > 0 is considered, i.e., we study the case where
hy=kbh, k=1,....m.
Delay matrix Eq. (3.8) is now of the form

dU(z) _ iU(r—kh)Ak, 7>0. (3.27)
v 5

Let us define for & € [0, ] the auxiliary matrices

Y;i(E)=U(jb+&), j=—-m—m+1,...,0,....m—1. (3.28)
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Lemma 3.9. Let U(7) be a Lyapunov matrix associated with W. Then for & € [0, b)
auxiliary matrices (3.28) satisfy the system of linear delay-free matrix differential
equations

d m

El©)= 2Y@A j=01.m—1,

d =0, (3.29)
_Y*/(g):_zAI{Y*Prk(&)v j:1727---7m
dg k=0

and the boundary value conditions

Y;(0) =Y 1(h), j=-m+1,—m+2,...,0,...,m—1, (3.30)
m—1

W =" [Y_1(0)Ax+ALY(0)] + Y1 (5)Am + ALY, (0). (3.31)
k=0

Proof. First, we observe that for j € {0,1,....m—1}

d d . & )
&YJ‘(?) = @U(J[H—f) :IZE)U(JU‘F&—/CU)A/(
= iyjfk(é)Ak-
k=0

Now, assume that j € {1,2,...,m}; then
Y- (&) =U(=jh+8&)=U"(jn-2&),
and for & € [0,h] we have

m

T
Q2 UGh-&~ kb)Ak]

k=0

T
) [%uowfﬂ ..

=— Y AfU(—jh+&+kb)
k=0

N W a3}
k=0

Conditions (3.30) follow directly from the definition of matrices (3.28). The last
boundary value condition is algebraic property (3.10) written in the terms of the
auxiliary matrices. O

Theorem 3.9. Assume that the boundary value problem (3.29)—(3.31) admits a

solution
{Ym71(€)7Ym72(§)7"-7Y0(§)7"'7Y*m(€)}7 é € [Ovb]
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Then the matrix U (7), defined for T € [0,mb] by the expressions

UGjh+&) =z [Yi(&)+Y", 1 (h—¢&)], E€[0,b], j=0,1,....m—1, (3.32)

NIH

is a Lyapunov matrix associated with W if we extend it to [—mb,0) by setting
U(—1)=U" (1) for T € (0,mb)].

Proof. We prove that the matrices
?/(5) :ijfl(b—é), j=—-m,—m+1,...,0,.... m—1,

satisfy boundary value problem (3.29)—(3.31) as well. To this end, we verify first
that the matrices satisfy system (3.29). For j € {0,1,...,m — 1} we have

d ~

r T
70 = [ Frn0-0] —=|-Talrn0- é)]

and for j € {1,2,...,m}

d - d T m !
EYﬁ'(é) = [Ele(b—é)] =— Lganlk(h_é)Ak

== ZAk —j+k(8
Then we verify conditions (3.30)

Yi(0) =Y 1(5) = [Y_; 1 (5) = Y_;(0)]" = Opsn,
j=-—-m+1,-m+2,...0,....m—1.

And, finally, we address condition (3.31). If we take into account the equalities
Y;(0)=Y", () =Y";(0), j=-m+1,—m+2,... .m—1,

and

?7,”(0) :Yrgfl(b)v ?mfl(b) :Yzm(o)v
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then
z [V 4(0)A4+ATT(0)] + ¥y 1 ()4 + ALY 1 (0)
£ TyT T TyT
= 2 [ k (O)Ak +Ak Yfk (0)} + Yfm(O)Am +AmYm71 (b)
k=0
m—1 r
= [ X [AL%(0) + Y _1(0)AL] + ALY (0) + Y1 () A
k=0
= -wl=—w.
Using the matrices z(é), j=-m,—m-+1,...,0,....m— 1 we present the matrix

U(t), T € [0,mb], in the form

UGiv+8) =5 &) +1©)]. &<l

Now we check that the matrix U(7) defined by (3.32) satisfies Definition 3.2. We
start with symmetry property (3.9). Since we define this matrix on [—mb,0) by
setting U(—1) = U (1), we only have to show that the matrix U (0) is symmetric.
It follows from (3.32) and (3.30) that

U(0)=+

5 - Yo(0) + Yy (0)] =U"(0).

Then we verify algebraic property (3.10). Here we observe that

U(jh) = [(0)+Y(0)}, j=—m—m+1,..m—1,

l\)l>—‘

and

Ulm) = 3 [Fo 1(0) 4T 1(0)].

Substituting the preceding expressions for the matrices U (jh) into (3.10) we obtain
that

U(jb)+U(—jh)A;]

Il
M§

J

~.
I

NI'~
A o

—_

HM\

Y_;(0)A;] +A5Ym1(h)+ Ym<0>Am>
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+% (’"21 [AJTY (0)+Y_ (O)A.,} +AY,, 1(h) +?m(0)Am>
j=0

oy ly oy

o207 20 T

Finally, we show that matrix (3.32) satisfies for T € [0, mbh] dynamic property (3.27).
We have already seen that for j € {0,1,...,m — 1} the following expression holds:

Yi(©)+¥&)], eeob].

NI>—*

UG +8) =
Now for j € {1,2,...,m} we have
U(=jh+&) =U"(jh-&) =U"((j-1bh+b-&)
= 2 [rae-o+Ta0-0)
=2 [Fao+ra@]. gelon

Keeping in mind these expressions we compute the first derivative of the matrix
U(t).Lett= jh+&, where j € {0,1,....m—1} and & € (0,h); then

d 1 .
SU() = U +8) - g( [Y(E)JrYj(é)D
= 3 3 [1 O T @) A= S Ul +E k)AL
k=0 k=0

Y
grkb

It is left to check that for j € {1,2,...,m} the right-hand-side limit of the derivative
of U(1) at T = jh coincides with the left-hand-side limit of the derivative at the
point. The right-hand-side limit is equal to

m

kgb % [ijk(o) + ?jfk(o)] Ag,

whereas the left-hand-side limit is

m

Y % {ijlfk(h) +?jflfk([))} Ag.

k=0
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The equality of these two limits is a direct consequence of the fact that the matrices
Y;(&) and Y;(&) satisfy boundary value conditions (3.30). O

Corollary 3.3. If boundary value problem (3.29)—(3.31) admits a unique solution

{Ym71(§)7Ym72(§)3"'7Y0(§)a"'7Y*i'n(§)}’ & € [Oab]a

then there exists a unique Lyapunov matrix U (T) associated with the matrix W, and
the matrix is defined on [0,mb] by the equalities

UGh+E)=Y;(&), E<cl0,h], j=0,1,....m—1.

Remark 3.2. The size of delay-free system (3.29) may become very large even for
a reasonably simple time-delay system. To illustrate this, let us consider a system
with two delays, #; = 0.571 and sy = 1. The basic delay here is equal to h = 0.001.
Therefore, in this case the number of auxiliary matrices in system (3.29) is equal to
2,000.

3.4.2 Scalar Equation

We consider a scalar time-delay equation of the form

dx(z 2 :
# =Y ap(t—jb), 120, (3.33)
t fr)
where aj, j =0,1,...,m, are real coefficients and h > 0 is a basic time delay.

For Eq. (3.33) Lyapunov matrices are scalar functions, and we call them scalar
Lyapunov functions. Here W is a 1 x 1 matrix, and in this section we will use the
lowercase letter u instead of W. According to Definition 3.2, a scalar Lyapunov
function associated with a given scalar value p is a function that satisfies the
following three properties:

1. Dynamic property:

2. Symmetry property:

3. Algebraic property:
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Remark 3.3. If u(t) is a scalar Lyapunov function associated with u = 1, then
ou(T) is a scalar Lyapunov function associated with u = oc. Therefore, in the scalar
case it is sufficient to compute the scalar Lyapunov function u(7) associated with
u = 1. The algebraic property for this function is of the form

i 1
> aju(jb) =—7. (3.34)
Jj=0

Let us introduce for & € [0, b] the auxiliary functions

yj(é)zu(]h—i_é)? j:_m7_m+17"'70717"'7m_1'

Delay-free system (3.29) is now of the form

Ym—1 Ym—1
d | Yo
— =L , (3.35)
dg | v yo1
Y—m Y—m
where
aO al “ e e am
0 ap aip an
L _ ao al ------ am :
_am _am71 “ e DY —aO
_am _am71 “ e ... —aO
_am _am71 .« e ... _a()

and boundary value conditions (3.30) and (3.31) are written as

yi(0)=yj1(h), j=—-m+1,—m+2,...,0,....om—1,

1

m—1
2 a;yk(0) + amym-1(b) = — 5
k=0

Remark 3.4. The matrix L in system (3.35) is the resultant matrix of the
polynomials

pi(s) = aps" +ars™ '+ +am,

m—1

pa(s) = —ams™ —ap_1s" " — - —ap=—5"py (sil) )
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3.4.3 Numerical Scheme

Let us return to the case of general delays. The dynamic equation for the Lyapunov
matrices is now of the form (3.8). We propose a computational scheme that consists
of two stages. At the first one a piecewise linear approximation of the initial
condition for the Lyapunov matrix is computed. Then, at the second stage, this
initial condition is used for the computation of the approximate Lyapunov matrix
as a solution of Eq. (3.8).

Initial Conditions

In this subsection we present an algorithm for the computation of a continuous
piecewise linear approximation of the initial condition for a Lyapunov matrix U (7).

First we divide the interval [—4,0] into N equal segments [—(k+ 1)r, —kr], k =
0,1,. — 1, where r = h . Then we introduce N + 1 auxiliary matrices ®;, j =
0,1,. N and define the contmuous piecewise linear matrix valued function

0+jr . _jrt+6 . [ _ s
o)~ [ (1+52) @ (~52) @pr, 0=t Drmirl 5 5
J=0,1,. N1,

It follows directly from Eq. (3.8) that the solution of the equation with the initial
matrix function ®(60), 6 € [—h,0], satisfies the equality

m
U(t,®)e T =g+ Y /U(éj — Iy, D)Age M08 dE.
k=1
For 7 = jr we have
m jl‘
U(jr@)e o =@+ 3, [U(E o @)geEag.

Comparing matrices U (jr, @) and U ((j+ 1) r,®) we arrive at the equality

m WD
U((j‘i‘l)r,q))e*AOr Jr(I) — 2 / é hk )AkefA()(éfjr)dé'
k=1 jr
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Let us express delays i as by = jir + 6, 6 € [0,r), and introduce the matrices
Uy = U (kr,®), k=0,1,2,...,N. If we define the new integration variable by n =
& — 6, — jr, then the previous equality can be written as

r—Gk
m
Upie ™ —U; =Y /U((j—jk)r+n,c1>)Ake*A0<"+9k>dn. (3.37)
k=1 "
—6

Each integral on the right-hand side of (3.37) can be written as follows:

r—6;
L= [ U= jo)r+n.@)ae ondne o
o
0
= [ U= jr+n,®)Ae dne o
o
r—6;
+ / U((j— ji)r+mn,®@)Ae "0 dne 400, (3.38)
0

To obtain an approximate value of the integral we replace the matrix U(t,®) under
the integral by its piecewise linear approximation

O(t) = (1 ‘T;’) Ui+ (’7’) Uppr, T€Ljn(i+1),
j=0,1,....N—1.
The sign of the argument of U (-) under the integral (3.38) depends on the factor (j —

Ji)- The following lemma provides evaluations of the integral for different values of
the factor.

Lemma 3.10. The piecewise linear approximation U (1) provides the following
expressions for integral (3.38).

e If j— ji > 1, then the integral

rf(-)k
L = / U((j— ji)r+m)Age 200 dn
—6;
=Ujj—1bc+Uj—j, O+ Uj— 1Ry
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o If j— jx < —1, then the integral

rf(-)k

L= / U((j— ji)r+m)Ae 0% dn
—6

=@ jt 1P+ Pj— jOr+Pj— j— 1Rk

e If j— jx =0, then the integral

r—6
L= /ﬁ((j—jk)r—l—n)Ake’AO(”wk)dn
o,
= D P+ UoQr + Ui Ry,
where the matrices
[ o
P = Ay /(—H) e 4oNdn | e 0%
L6k '
Mo r—6
Or = Ay /(1+n) e A0 dn + / ) e Mg | ¢ Aok
-6k "
o,
Ry = Ay / (%)e’AO”dn e Aobk,
0

Thus, all the summands on the right-hand side of (3.37) can be expressed in the
terms of the matrices ®; and U, and we arrive at the set of N linear matrix equations
for these matrices. Application of the symmetry property at the partition points

Uj =t

T j=0,1,...,N, (3.39)

makes it possible to exclude the matrices U; from these matrix equations and obtain
a set of N matrix equations for N + 1 matrices @, k =0,1,...,N. If we add to this
set algebraic condition (3.31) expressed in the terms of the matrices

—W = A{®o+ Do + Y, A] [(1 ——") D+ ( ") qa,kﬂ}
k=1

+ 2 [(1 - —) o, + (ek) q:,,-kﬂ] A
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then we finally obtain the system of N 4 1 matrix equations for the matrices.
The solution of the system provides the matrices @, k = 0,1,...,N. Now
formula (3.36) defines the desired approximation of the initial matrix function.

Approximate Lyapunov Matrices

Now with the piecewise linear initial matrix ®(0), 6 € [—h,0], computed at the
previous stage, we compute the corresponding solution of matrix equation (3.8).
This can be done by the step-by-step method. The computed solution, U (1,D),
defines the desired approximation of the Lyapunov matrix U(7).

3.4.4 Error Estimation

In the case of general delays the semianalytic method is not applicable, so it is
not possible to evaluate the quality of the approximate Lyapunov matrix by means
of direct comparison with the exact Lyapunov matrix obtained by the semianalytic
method. In this section we provide a different approach to the estimation of the
quality of the approximate Lyapunov matrices.

By construction, the matrix U (7) = U (7, ®) satisfies dynamic property (3.8), and
U (0) = @y is symmetric. But it is not required that properties (3.9) and (3.10) be
satisfied. The error matrix

A(t)=U(1) — @' (1), 7€]0,h],

describes the discrepancy of the symmetry property. The algebraic property (3.10)
can be written in the form

i [UT(hj)A;j+A]U(hj)] = -W.
j=0

Let us define the matrix W as follows:

3 <[(7(hj)}TAj+AJT.ﬁ(hl,-)> =W,

j=0

Then the matrix AW = W — W evaluates the violation of the algebraic property.

Given the positive-definite matrices W;, j =0,1,...,2m, let system (3.1) satisfy
the Lyapunov condition. Then there exists a Lyapunov matrix U (7) associated with
W =Wy + X" (Wj+hjWyy;). The Lyapunov matrix defines the complete type
functional (3.15). It is convenient to present the functional in the form
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0

+(0) = 07 OUO)0(0) + 3:207(0) [ UT(0-+1)4,0(0)d0

0
+ X3 [ 07 00AT | [ UT (024 hy— 01— sp(0)d0; | do
k=1j=1, by

0
+ 3 [ 07 (O) W+ (hj+0)Wae ] 0(6)d0.

Let us replace matrix U (1) in the preceding functional by the approximate matrix
U () and denote the new functional by v(@):

0
7o) = 9" O)00)9(0) + 3.267(0) [ [G(0 1] a,0(0)d0

0

0
£33 [o @l | [ [0@+n—6-m)] ajp@:)00: |6,

—hy —h;

i/ ) Wi+ (hic+ 0) Wik 9(6)d6.
k=1 —Iy,

Lemma 3.11. The time derivative of V(@) along the solutions of system (3.1) is
equal to

d

Ev(x,) = —w(x)

||
g
_l’_
><
/‘\
=
_l’_
M
/‘\
\_/
:|>
_|_
b
c
=
N——
=

—-U(-6 —hk)>Akx(t+ 6)de, t>0.
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Proof. We first compute the time derivative of the individual terms of the functional.
For the first term,

we have
d]/é() (l)

TR 2x7 (1)U (0)

The time derivative of the term

0
Ry =27 0) [ [G(0+np] Aptr+0)a0

"y
is equal to
dR; (1) " r
(;t —ZlZAJx(t—hj)] /[lA/(G—i—hj)] Ajx(r+0)de
Jj=0 ;h'
J

+2x7(1) < [ﬁ(hj)} Tij(t) - [f](o)} Tij(l —hj)

0 ~
d
_/ % ij(t+6)d9>.
;hj T:9+hj

Now we compute the time derivative of the term

0 0
~ ~ T
Rkj(l‘) = / X! (l‘ + 6 )A/{ / [U(@z + hj -0, — hk)} ij(l‘ + 92)(?192 de,.
g “h;
It is equal to the expression
dRy;(1) " T
L~ (AT / (06 -+hj— )| Apx(e+0)a6
—h
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0

= X7 (1) Wi+ luWo ] x() = x (1 = ) Wax (1 — )

0
_/ T (1 + 0) Wy 1x(t + 6)d6.
—hy

Now, collecting the computed time derivatives we obtain

d_. U PN T .

) =) (;E){(U(hj)) A.,-—I—AJTU(hj)})x(t)

o [ [0 e $ 0o ] Apetr+ 00
J=1 —hj- dz k=1 T:6+hj

+ i ixT(t—hj)A]T-/O ([U(G—i—hk)r—lA](—G—hk)>Akx(t+ 0)d6
e

j=lk=1

m
)Y, Wi+ W)
k=1

+x7(r)

m
z l— hy, ka(l — hk)

Ms

0
/xT 1+ 0)W,, x(t + 6)d6.
—hy

k=1
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Since for 6 € [—h;,0], 6 +hj > 0, then

0 ~ T
du(t) =~ X~
2xT(t)/ —%—FU(T}AO—FZU(T—}%)AO
,hj. k=1 T:9+hj

Ajx(t+0)d0=0, j=1,2,....m,

and we arrive at the equality

0
+j;I;1xT(t—hj)AJT[k < [17(9 +hk)r

—-U(-6 —hk)>Akx(t+ 6)d6.
For 0 € [—,0], 6 + hy > 0, hence

~ T —~ ~ T
Ge(0) = [0(0+m)| ~0(=0—h) = [0(0+h)] —0(~0 1)
=AT(0+h), k=12,...m,

and

~ ~ T
Fij(0) =U(=0 —hi+h;) — |U(6 + hy— hj)

. —AT(Q—Fhk—hj), ifO+h—h;j>0
L A(=0—hg+hy), ifO+h—h;<O.

We propose to evaluate the quality of the approximate matrix U (t) comparing the
time derivative of the functional V(x;) with that of the functional v(x;): the smaller
the difference between the time derivatives, the better the approximation. To this
end, we define the quantities
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Po = HW—W

»opr=sup AT, @i = Al i= 1 m
7€[0,h]

Observe that

thus
1(1)] < pollx(e)]1*

Now we estimate the term

Jz(t)sz(t—hj)AJT/O [(ﬁ(@—khk))T—f](—@—hk)} Apx(t+6)do
i

0
= T (1 hy)AT / Gu(0)Agx(t + 0)d6.
—hy

Here we have

0
|L(t)] < %ajak (thx(t—hj)Hz—i— / |x(t+9)||2d6) :

7/1](
In a similar way we obtain the estimation of the term

0

J5(t) = 2T (1)AT / {ﬁ(—e—hm—hj)_ (,7(9+hk—hj)ﬂ Ax(t + 6)d6

e

0
— T (1)AT / Fij(8)Ax(t + 6)d6,
*.hk

0
0] < Dajar | helie)P+ [ [1xte+0)[Pdo
—hy
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Finally, we arrive at the inequality

m

<3 ellxlt — ) |\2+28m+k / Ix(r+0)2d0,  (3.40)
k=0

& = P0+—<2 )(2%‘%’),
k=1 j=1
=—ak<2a1 ), 8m+k:p1ak< aj>, k=1,2,...,m. O
J

Remark 3.5. If Apin(Wi) > &, k = 0,1,....,m, and lmin(Werj) > Emtjs

where

1=

Jj=1,...,m, then the time derivative of the functional V(x;) remains negative
definite.
The quantity
&
= ma — 3.41
x zo,Lme{lmm(VVz)} G40

is proposed as a qualitative measure of the approximation of a Lyapunov matrix: the
smaller the measure, the better the approximation.

3.5 Exponential Estimates

In this section we show how one can use the complete type functionals to obtain
exponential estimates for the solutions of system (3.1).

Theorem 3.10. Assume we have two functionals v,w : PC([—h,0],R") — R such
that the following conditions are satisfied:

1. oy ||(p(0)||2 <v(p) <o ||(p|\ﬁf0r some positive 0, 04.
2. There exists ¢ > 0 for which 2ov(¢) < w(@).
3. Along the solutions of system (3.1) the following equality holds:

d
av(x;) —w(x), t>0.

Then the solutions of the system admit the exponential estimate

(05
Ix(t, )l </ — o © “ell,, >o0. (3.42)
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Proof. Given any ¢ € PC([—h,0],R"), conditions 1 and 3 imply that

%v(xt((p)) +20v(x(9)) <0, t>0.

Integrating this inequality we get
v(x (@) < v(p)e ', 1>0.
Then condition 1 yields
o |x(t,9)[* < v(x(9) < v(p)e > < aalgllre >, 1>0.

Comparing the left- and right-hand sides of the preceding inequalities we arrive at
the exponential estimate (3.42). O

We will now show that, conversely, if system (3.1) is exponentially stable, then a
complete type functional (3.15) satisfies the conditions of Theorem 3.10.

Theorem 3.11. [f system (3.1) is exponentially stable and Wy, Wy, ..., Wy, are
positive-definite n X n matrices, then there exist positive constants 0,0 ,0C such
that complete type functional (3.15) and functional (3.14) satisfy the conditions of
Theorem 3.10.

Proof. We have already seen that the exponential stability of system (3.1) implies
that functionals (3.15) and (3.14) satisfy the last condition of Theorem 3.10.
Lemmas 3.4 and 3.5 provide positive o, 0, that satisfy the first condition of
Theorem 3.10. It is evident that

0
m m
> Zmin(W) [@(=1) 7 + Y Auin (W) / @(6)]*d6 < w(gp).
k=0 j=1 b
J
By Lemma 3.7, there exist positive constants &,, r = 0, 1,...,m, such that

0
m
v(0) < &[10O)7+ 38 [ llo(0)]d6.
J=1 —h:
Comparing the last two inequalities we conclude that if ¢ > 0 satisfies the
inequalities
2660 S)l'min(WO)u and 266] S)lqnin(Wm+j)7 ]: 1,2,...,}’}1,

then the second condition of Theorem 3.10 is satisfied. This concludes the proof.
O
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Remark 3.6. The preceding proof shows that the first (m + 1) terms in (3.14) are
needed to prove that the corresponding complete type functional (3.15) satisfies the
left-hand-side inequality of the first condition of Theorem 3.10. The last m terms
in (3.14), along with the first one, are used to derive the second inequality of the
condition.

Remark 3.7. Clearly the exponential estimate obtained in Theorem 3.11 depends
on the choice of positive-definite matrices W;, j =0, 1,...,2m. These matrices may
serve as free parameters in an optimization of the estimate.

3.6 Robustness Bounds

3.6.1 Robust Stability Conditions: General Case

Assume that system (3.1) is exponentially stable, and consider a perturbed system
of the form

dy(t 2
d_(l‘) = (A0+A0)y(t)+ z (Ak—|—Ak)y(l‘—hk), t>0, (3.43)
k=1
where Ay, k =0,1,...,m, are unknown but the norm bounded matrices

|Akll < px, k=0,1,... ,m. (3.44)

We would like to estimate the bounds p; for which perturbed system (3.43) remains
exponentially stable for all possible perturbations Ay satisfying (3.44).

Lemma 3.12. Given the positive-definite matrices W;, j = 0,1,...,2m, and func-
tional (3.15), the time derivative of the functional along the solutions of perturbed
system (3.43) is equal to

T
%V()’t) = —w(y)+2 [Aoy(t) + Y Ary(t — hk)‘| I(y:), t=>0,
k=1
where
m 9
1) =UO)(0)+ Y, [ U(-8—h)Aw(e-+6)de.
k:li'hk

Proof. The proof of the lemma is similar to that of Lemma 2.14. O
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Let us define the following constants:

Amin = _min {)l'mm }7 aj:‘

0<;<2m

,j=1,....m, v=max |U(T
il max V(7).

It is not difficult to show that

d 2v m 2
3 00 = —wn) l—ﬂmmllpl\ <1+thai> :

k=1

1
where ||p[| = (p§ +p?+ -+ p2) . And we arrive at the following statement.

Theorem 3.12. Let system (3.1) be exponentially stable. Given the positive-definite
matrices Wy, k=0,1,...,2m, perturbed system (3.43) remains exponentially stable
for all possible perturbations satisfying (3.44) if

IW<MIO+ZWQ .

3.6.2 Robust Stability Conditions: Scalar Case

Let us consider scalar equation (3.33). Assume that it is exponentially stable, and
consider the scalar perturbed equation

m
=Y (aj+A))y(t—jb), t=>0. (3.45)
Jj=0
Here unknown values A;, j =0,1,...,m, are assumed to satisfy the inequalities
|Aj| <pji j=0,1,....m, (3.46)

where p; are nonnegative numbers. We are going to find bounds on p;, j =
0,1,...,m, such that the perturbed equation remains exponentially stable for all A},
j=0,1,...,m, satisfying (3.46).

To derive such bounds, we apply functional (3.15) constructed for the nominal
equation (3.33). The first time derivative of the functional along the solutions of
Eq. (3.45)is



126 3 Multiple Delay Case

) = i)

0

i /yt—JbH i [ utkt-+ )i+ 0)a0

— b

+2u

)+ 2 S Ayl — j)u(O)y(1)

j=0

0
2uS S Al jha [ utiy + 03500+ 6)36.
j=0k=1 '

where (= o + 371 (W) + Ol j)-
We estimate the term

= [24,y(t — jH)u(0)y(1)] < pju(0) [y* (1) +y*(t — jh)] .

Now consider the term

0
Tjk(t) = |24,y(t — jb)ax / u(kh+6)y(r+ 6)d6
kb
0
< pjlarl [ lulky+0)| [t~ jo) + (s + )l
—kb

0 0
= pjlarl (1) [ lulky+0)|a6+ pla [ lu(ky+ )1y +)de.
—kb —kb

These estimations generate the following upper bound for the time derivative:

0
%V(Yz) < —u [@ - <Po+ ZP]) u(0) — po Y |ax] / |u(kb + 9)|d9] YA (t)
j=0 &,

-zu[%—pku pkz\a,|/|u m+e>|de}y (1 —kb)
—Jjb

(r+0)de.

0
S ] | ot 01 S

—Jjb

The next theorem follows directly from the last inequality.
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Theorem 3.13. Let Eq. (3.33) be exponentially stable. Then system (3.45) remains
stable for all perturbations satisfying (3.46) if the values pj, j=0,1,...,m, are such
that the following inequalities hold:

0
% > <P0+ > Pj) u(0)+po Y lax| [ |u(kh+6)d6;
=0 S

e Fork=1,2,....m

0

B> pu0) 4 pi X fas] [ It -+ 0)]ao;
j=1 J
—Jb

e Forj=1,2,...m
P> Jau(jy+0)| X i, 0 [0.0]
k=0

Remark 3.8. If pj, j =0,1,...,m, satisfy the conditions of Theorem 3.13, then the
trivial solution of Eq. (3.45) remains exponentially stable even if the perturbations
Aj, j=0,1,...,m, are time varying or depend on y,. The only two assumptions
needed are that they are continuous with respect to their arguments and satisfy (3.46)
for all values of the arguments.

3.7 Applications

3.7.1 Critical Values

A system with one basic delay is considered, i.e., we study the case where iy = kb,

k=1,...,m, so the delay system is now of the form
dx(r <
d—(t) = Apx(r—kh), 1>0. (3.47)
k=0

Here h > 0 is the basic delay and Ay € R™", k = 0,...,m. The characteristic
quasipolynomial of the system is written as

£(s) = det <s1— i eh'“Ak> . (3.48)

k=0
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It was shown in Lemma 3.9 that for the computation of the Lyapunov matrix of
the system one must find a special solution of the delay-free system of matrix
Egs. (3.29).

The spectrum of delay system (3.47) and that of delay-free system (3.29) are
connected, as is explained in the following statement.

Theorem 3.14. Let 5o be an eigenvalue of system (3.47) such that —sq is also an
eigenvalue of the system. Then sy belongs to the spectrum of delay-free system
(3.29). Furthermore, the spectrum of the delay-free system is symmetrical with
respect to the imaginary axis of the complex plane.

Proof. The characteristic matrix of system (3.47) is

m
G(s) = sl — ZAkefkhs.
k=0

Since 5o and —s are eigenvalues of the systems, there exist nonzero vectors ¥ and
u such that
Y'G(s0) =0,  G"(—s0)u=0. (3.49)

A complex number s belongs to the spectrum of delay-free system (3.29) if and only

if there exists a nontrivial set of 2m constant matrices X jo ,j=—m,...,0,....om—1
of dimension n X n such that

X0 =31 X0 An =00, m 1 .
SX/(O — 2 ()AT j(Jr)k, j=—m,—m+1,...,—1.

Multiplying the first equality in (3.49) on the left-hand side by e/%*0u, j=0,...,m—

1, and the second equality (3.49) on the right-hand side by e/9%0y", j = —m, ..., —1,
we obtain

soe/ouyl — 3 uy'elU=hv0A = 0,5, j=0,...,m—1

_Soejhs()‘u»yT - Zzn:OAI{e(j+k>hsO:uyT - On><n7 J = —m,—m + 17 ceey T L.
If we define the matrices XJ{O) =uyle/™o, j=—m,...,—1,0,1,...,m — 1, then

these equalities take the form

S()X zk OX kAk7 j:O,l,...,m—l

SOX( -2 oATX,(Jr)k, j=—-m,—m+1,...,—1.
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Since the matrices XJ(O), j=-m,...,—1,0,1,...,m— 1, are not trivial, 5o is an

eigenvalue of the delay-free system of matrix equations (3.29). The same is true
for —sp.

The fact that the spectrum of system (3.29) is symmetrical with respect to the
imaginary axis follows directly from the observation that if for s there exists a

nontrivial set of matrices X](O), j=—m,...,0,...,m—1, satisfying (3.50), then,

applying the transposition operation to the equalities in (3.50), one can check that

the matrices )?](0) = [Xg.),l]T, j=-m,...,0,...,m—1,satisfy (3.50) for —s. O

The following observations are useful for the analysis of the roots of the system
of matrix equations (3.29).

Remark 3.9. The characteristic polynomial p(s) of system (3.29) is of degree 2mn?.
Because of the symmetry of the system spectrum with respect to the imaginary axis,
the polynomial can be written as pj(A), where 2 = s°>. A numerically important
consequence of this fact is that the problem of determining the purely imaginary
roots of p(s) reduces to finding nonpositive real roots of the real polynomial p; (1)

of degree mn>.

Remark 3.10. System (3.29) does not depend on the value of h. Thus the spectrum
of this system does not depend on § either. On the other hand, the spectrum of the
original system (3.47) depends on §.

When the matrices of system (3.47) depend continuously on parameters or the
value of the basic delay § is not fixed, we can exploit Theorem 3.14 to compute
the critical values of the parameters, i.e., the values for which system (3.47) admits
eigenvalues on the imaginary axis of the complex plane. As the first step, one must
find the set K of parameters for which the polynomial p;(4) of Remark 3.9 has
negative real roots. The knowledge of the roots allows one to define for every
member of the set I the corresponding set S of candidate critical frequencies of
system (3.47). Then for each member of the set U one must compute the values
of quasipolynomial (3.48) at the points of the corresponding set of the candidate
critical frequencies. A candidate critical frequency for which the quasipolynomial
vanishes is a critical frequency, and the corresponding system parameters are critical
parameter values.

Let us consider the case where the only free system parameter is the basic delay b.
In this case all the coefficients of the polynomial p;(A) are given real numbers. The
set of negative real roots of this polynomial defines the set S of candidate critical
frequencies of system (3.47). Clearly, when this set is empty and system (3.47) is
stable (unstable) for the zero basic delay, the system is delay independent stable
(unstable). If this set is not empty, one can substitute the elements of S into the
characteristic quasipolynomial of system (3.47) and compute the critical values
of h for which the quasipolynomial vanishes. Using these critical values one can
determine the stability and instability intervals of the basic delay by applying
methods reported in the literature.

Finally, we illustrate how the results of this section can be employed in the
stability analysis of time-delay systems with delays that are multiple of a basic delay.



130 3 Multiple Delay Case
3.7.2 The H; Norm of a Transfer Matrix

In some applications it is important to compute the value of the H, norm of the
transfer matrix of a control system. In this section we consider an exponentially
stable control system of the form

m

= Akx l—hk +Bku(t —hk)] t>0, (3.51)
=0

;v

The transfer matrix of the system is of the form
m
F(s)y=e™C(s1-Y, e*hkSAk 2 e "*B; | =e ™CH(s)B(s),
k=0

where the matrix H(s) is the Laplace image of the fundamental matrix K(¢) of
control system (3.51),

oo -1
H(s) = /K(t)e*“dt = <sl— D ehkSAk> :
0 k=0

The H, norm of the transfer matrix is defined as follows:

1FI, = 50 [ Trace {FT(€)F(-£)}de

= Traced 5 [ BT (E)HT (6)CT CH(-&)B(~E)d¢

—joo

= ZZTrace B! % / HT(&)CTCH(=¢&)e a8 4é | B,
p=0g=0 [

Here Trace{Q} is the trace of a square n X n matrix Q,

Trace{Q} = 2 qjj-
j=1
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Applying the frequency domain expression for Lyapunov matrices (Sect. 3.3.1) we
obtain the equality

ori | HTEICTCH(=8)e g = U, — 1),

where the matrix U(7) on the right-hand side of the preceding equality is the
Lyapunov matrix U(7) of system (3.51), with the trivial input u(z) = 0 associated
with matrix W = CT C.

As a result we arrive at the following expression for the 7, norm of the transfer

matrix:
1

[1F |y, = <i iTrace{BlT,U(hp—hq)Bq}> .

p=0¢=0

3.8 Notes and References

Lyapunov matrices and functionals for an exponentially stable system (3.1) are
studied in [55]; see also [33,39,42,59].

The piecewise linear approximation of Lyapunov matrices and error estimation
are presented in [12]; see also [29]. Upper and lower bounds for quadratic Lyapunov
functionals (Lemmas 3.4-3.17) are reported in [42] and [38]. These bounds are
used to derive exponential estimates for the solutions of time-delay systems in [38]
(Theorem 3.11); for the robustness analysis of an uncertain time-delay system in
[42], see Theorem 3.12.

As was mentioned in Sect. 2.13, in [26] an explicit expression for Lyapunov
matrices of a general time-delay system is obtained. The proof of Theorem 3.5 is an
adaptation of the original proof of the theorem in [26] to the case of systems with
multiple delays. A detailed analysis of Theorem 3.5 in the case of scalar time-delay
equations can be found in [23]. The uniqueness statement of Theorem 3.6 is proven
in [37]. The results presented in Sect. 3.4.1 are reported in [60].

Theorem 3.14 was obtained in [40]. The special case of the statement, namely,
the case of eigenvalues of system (3.1) on an imaginary axis, was first reported in
[53], where the idea of exploiting the fact that these eigenvalues are also roots of the
characteristic polynomial of delay-free system (3.29) in the computation of critical
delay values was proposed; see also [36] and references therein.

Application of Lyapunov matrices to the computation of the H, norm of the
transfer matrix of control system (3.51) presented in Sect. 3.7.2 is due to [29].



Chapter 4
Systems with Distributed Delay

In this chapter a linear retarded type system with distributed delays is studied. First,
we introduce quadratic functionals and Lyapunov matrices for the system. Then
we present the existence and uniqueness conditions for the matrices and provide
some numerical schemes for the computation of the matrices. In the last part of the
chapter functionals of the complete type are introduced, and some applications of
the functionals are discussed.

4.1 System Description

We start with the following retarded type time-delay system:

0
%x(t) =Aox(t) +Ax(t —h) + / G(0)x(r+6)do, t>0. 4.1
~h

Here Ag and A are given real n X n matrices, delay 4 > 0, and G(6) is a continuous
matrix defined for 6 € [—h,0].

4.2 Quadratic Functionals
Given a symmetric matrix W, we are looking for a quadratic functional

vo : PC([—h,0],R") — R

V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 133
Control Engineering, DOI 10.1007/978-0-8176-8367-2_4,
© Springer Science+Business Media, LLC 2013
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such that along the solutions of system (4.1) the following equality holds:

%vo(x,) =l ()Wx(t), t>0. 4.2)

Definition 4.1. The matrix U(7) is said to be a Lyapunov matrix of system (4.1)
associated with a symmetric matrix W if it satisfies the following properties:

1. Dynamic property:
d 0
LUt = U(1)Ao+U(t— A, +/U(T+ 0)G(6)d6, ©>0. (43)

dt
“h

2. Symmetry property:
U(-t)=U"(1), 1>0; (4.4)
3. Algebraic property:
0

W = U(0)Ag+ U(—h)A, +/U(6)G(9)d6 +4TU(0)
“h

0
+A1TU(h)+/GT(9)U(—9)d6. 4.5)
“h

Remark 4.1. The algebraic property can also be written as
U'(+0) - U'(-0) = —W. (4.6)
For a given matrix U (7) we define on PC([—h,0],R") a functional of the form

0
(@) = 97 (OU(0)p(0) +2¢7 (0) [ U(~h—6)41p(6)de
“h
0 0
+/(PT(91)A1T /U(91—92)A1(P(92)d92 do,
~h —h
0 0
+29"0) [ | [uE-0)6(6)4¢ | (6106

—h \-h
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0 0T 6
+2 [ o' (00Af (/ [/ U+ —62+é)G<é)dé] <p(ez)dez) a6,
Zh S
0 0
+/(PT(91) {/ [/ G"(&) (/U (61 —6, -5 +8&)G (52)‘152) d§1:|
“h

—h —h

X (p(ez)dez} d@l. (47)

We can now prove the theorem.

Theorem 4.1. Let U(T) be a Lyapunov matrix of system (4.1) associated with W.
Then the time derivative of functional (4.7) along the solutions of the system satisfies
equality (4.2).

Proof. Let x(t),t > 0, be a solution of system (4.1); then

0
vo(xr) = <7 (YU (0)x(t) + 247 (1) / U(—h—6)Ax(t + 6)d6
“h

0
+ /XT(I+ 91 AT (/ U6, — 92)A1X(l+ 92)(162) do;

—h —h

2 /[/U& 0)G g] x(r+6)d6

—h |=h

0 0/
+2./ X (t+6;)AT {/ (/ U(h+ 6, — 62+52)G(§z)d€z)

—h —h \-h

x(t+ 62)d92] do,

+/0xT(t+91 (/ [/GT (&1) (/U (61— 6, -& +8)G (éz)déz)d&]
“n

—h L-h

x(t + 92)(192) de;.

At the first stage we compute the time derivative of each term of the functional.
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For the first term, Ry(t) = x” (t)U(0)x(t), the time derivative is computed as

%Ro(t) = 227 (1)U (0)Aox(t) + 24 (1)U (0)A1x(r — )

0
24 (1)U(0) / G(8)x(1 + 6)d6.
“n

The time derivative of the term

0

is equal to

T t
%Rl(t) —2 {%} /h Ut — s — h)Ax(s)ds

t

+2xT (1)U (—h)A1x(t) — 2xT (1)U (0)A 1 x(t — h)

CoT (1) / L%U(r)
“h

t

]TAlx(s)ds.

T=h+s—t

For the term

—h

= /XT(Sl)AlT (/ U(Sl —Sz)Alx(Sz)dSZ) dS1
—h

t—h

0 0
Ry(t) = /xT(t—i- o)Al (/U(61 —0,)Ax(t + 92)(192) de,
—h

we have
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xT()ATU (s — t)ds) Ajx(t)

+
<~ N
:‘r\“

I
< N
:‘r\“

t
/ S tA1 A]X
—h

Now we consider the term

A (ATU(s—1+ h)ds) Ax(t—h)

0 0
/h[{zjg 0)G ] (1+6)d6
=2"(r) / [thT(—§+s—t)G(§)d§] x(s)ds.

t—h |—h

Its time derivative is given as

%R3(t)=2[dxd—(tt)r/t {/ (E—s+1)G } x(s)ds
h h

—

0 t
+24 1) [ / U(é)G(é)dé] X0 =24 WU (o) [
—h

o (1) ( / d%_U(r) B
t—h \—h
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The time derivative of the next term

0 6,
/ (t + 61)AT [/ (/U h+61—62+§)G(§)d§) x(t+62)d92] d6,
—h

—h \-h

T(s) AT[ / (/ U(h+s1—sz+§)G(€>d€> X(mdh] ds,
t—h \—h

is equal to

s—t

%R4() 2x7 (1) /(/AT (h+t—s+&)G (f)df)x(s)ds

t—h \~h

2 )T / (/ Ult—s+ 5)G(§)dg) x(s)ds

t—h \~h

t 0
+2 [ /xT(s) (/AITU(h—i—s—t—i-&)G(é)dé) ds] x(1)
t—h —h

r t

—2/ /xT(s1)A1TU(h+s1—t)G(Sz—t)x(sz)dsldsz.
t=ht=h

And, finally, the time derivative of the last term,

0
Rs@) = [+ (40 ( / {/ ¢’ (@) ( Jve-e-a+& @)d@) d&]
—h —h |=h

x x(t+ 62)d62) do;

- /th( ( / [YI/IGT &) (7IU (s1—=52—81+&)G (éz)déz) d€1]
h “h

t— —h

X x(sz)dsz) dsy,
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can be computed as

o
h

t—

0 s—t
/GT(&) (/ Ult—s—& +§2)G(§2)d§2) dél] x(s)ds

—h —h

t s—t 0
+ (/ A (s) [ /h T (&) ( /h Ulsi—1—& +§2)G(§2)d§2) d&] ds) x(1)

= [ ( 1/ GT<s1—t>U(—s2+z+5>c<§>d§] x(s2>ds2> dsy
t—h t—h L—h

j -/ GT U(s)—&— G(Qt)dé] x(sz)dsz) ds;
h L
=T /t [ /OGT &) (/ Uit—s—& +&)G (éz)déz) d§1] x(s)ds

t—h
£ T t [ s—t
2[ /h G(‘”’)x(“‘l)d‘“] { /h ( /h U<s2+t+¢>c<é>dé) x(sz)dsz].

At the next stage we collect terms in the computed time derivatives. We start with
the terms that are underlined by a single straight line. Their sum is

S1(2) = 2xT (1)U (0)Agx(t) + 24" (1)U (—h)A1x(2) + 24" (2) [ / U(é)G(é)dé] x(1)

= —xT(t)Wx(r).
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Now we collect the terms underlined by a single curved line. Their sum is

Sa(t) =2 dxd_(tt) —A; (t—h)—/G(Q)x(t—i—@)dQ X / U(t—s—h)Ax(s)ds
—h t—h
= 2T (r)A] / U(t—s—h)Ax(s)ds 4.8)
t—h

S3(1) = 2x" (1) / —%U(T)+U(T—h)A1
t—h
0 T
+ /U(T—I—f)G(f)df Aqx(s)ds
—h T=h+s—t

and it is cancelled by (4.8). The sum of the terms underlined by a double straight
line is equal to

0
S4(t) =2 dxd—(tt) —Alx(t — h) — /G(G)x(t—i— 6)(19

s—t

x / / U(E —s+1)G(E)AE | x(s)ds
Zh

t —h

— 2.7 (1)A? / / U(E —s+1)G(E)E | x(s)ds. 4.9)
t—h \—h

Finally, the sum of the nonunderlined terms is
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SS(t):2xT(t)/ / —diU(r)JrU(r—h)A1
t—h |—h
0 T
+ [ulr+&)6EE G(E)dE | x(s)ds
—h T=—&+s—t

= — 2l (n)Al] / /U(t—s—i—é)G(é)dé x(s)ds,
ho\h

t

and it is cancelled by (4.9).

Summarizing our computations we arrive at the conclusion that the time deriva-
tive of the functional vo(¢) along the solutions of system (4.1) satisfies equal-
ity (4.2). O

4.3 Lyapunov Matrices: Existence Issue

In this section we study the existence issue for the Lyapunov matrices of sys-
tem (4.1).
The characteristic function of the system is of the form

0
f(s) =det | sI—Ag—e A, — / e®G(0)do | . (4.10)
“h
We define the matrix
0 -1
H(s) = | sT—Ag—e A, — /esGG(e)de
“h
The poles of H(s) form the spectrum,
A={s|f(s)=0},

of the system. If system (4.1) satisfies the Lyapunov condition, then the spectrum
can be divided into two parts; the first one, A, includes eigenvalues with positive
real part, whereas the second one, A, includes eigenvalues with negative real part.
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Theorem 4.2 ([26]). Let system (4.1) satisfy the Lyapunov condition; then for any
symmetric matrix W matrix

U(r)_ 2m /HT WH(~E)e ™dE+ Y Res{HT (s\WH(—s)e ™,s50}
—joo S()EA<+)
+ Y Res{H"(—s)WH(s)e"™,s0} (4.11)
SoeA(+)

is a Lyapunov matrix of the system associated with W.

Proof. System (4.1) satisfies the Lyapunov condition, so neither the matrix H(s)
nor the matrix H(—s) has a pole on the imaginary axis of the complex plane. Let &
be a real number; then for sufficiently large |&| the matrix H (i€ )W H (—i& )e %% is
of the order |€ |72. This means that the improper integral on the right-hand side of
(4.11) is well defined for all real 7.

Part I: The proof of symmetry property (4.4) coincides with that of Theorem 3.5.
Part 2: We address now the algebraic property. To check (4.5), we compute the
following matrix:

O = T(0)Ag+U(— Al—l—/U 6)d6 + AT T (0)
+ATU( +/GT )de
vpe T ’
= 27[/ HT (E)WH(-&) Ao+e5hA1+/e*5"G(e)de
l
—joo h

0 T

+ Ao+e’5hA1+/e‘59G(6)d9 HT(EWH(=E) | dé

+ Y Res{ HT(s\WH(~s) | Ag+eA; + / e0G(6)d8 | ,s0
S()EA(Jr) L |

+ Y Res{ H' (—s)WH(s) A0+e’ShA1+/eseG(6)d9 50

S()EA(+)
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- 4T

0
+ Y, Res Ao—i—e’s’lAl—i—/eseG(@)dG HT (s\WH(-s),50
SOGA(+) L —h ]
- O _T
+ Y, Res Ao—i—eShAl—i-/e’seG(@)dG HT (—s)WH(s),s0
SOGA(+) L —h ]

It is a matter of simple calculation to verify the identities
0
H(s) |Ag+e "+ / e0G(0)d0 | = sH(s) 1
~h

and

0
H(—s) Ao—i-eShAl—i-/e’seG(G)d@ = —sH(—s)—1.
—h
Additionally,

joo

\;—75 / WH(=§)dE = (A =€) = Z; / WH(A)dA.

—loo —loo

Now, the matrix O can be written as

O:—E/[HT(E)W—i-WH(é)]dé

2mi

—joo
—~ Res{H" (s)W,s0} — Y, Res{H'(s)W,s0}
soEALH) spEAL)

— Y Res{H"(—s)W,s0} — Y, Res{H"(—s)W,s0}.

S()GAH') ‘Y0€A(+)

Since the Lyapunov condition implies that no poles of the matrix H(—s) lie in
the set A(*), the last two sums on the right-hand side of the preceding equality
disappear and

joo

/[HT(g)W+WH(§)]d§— Y Res{H"(s)W+WH(s),s0}.

—joo S0€A(+)

V.P.

O:_Zm‘

The remainder of the proof of this part is identical to that of Theorem 3.5.
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Part 3: Let us address property (4.3). For a given T > 0 we compute the matrix

Fo) = S0 -0~ 0w - [ O+ 0)6(0)a0
0
= ni 7/ H (EWH(=¢) —51—Ao—e5”A1‘/heif’G(9)d9] e-Ear

I 0
+ X Res{ (s)WH(—s) —SI—Ao—eShAl—/e‘YGG(O)dOI e“7s0}

_S()EA(+ —h

I 0
+ Y Res{ (—=s)WH(s) | sI —Ag—e~*"A, /eseG(G)del e”,so}

YOGA(+) —h

= /HT E)We T dE + Y Res{HT(s)Weff‘Y?so}

2mi
T 30€A<+)

—joo

+ > Res {HT(—S)WGT‘Y7S()} .

SOEA(+)
Since the matrix H(—s) has no poles in the set A(*), the sum

2 Res {HT(—s)We”,so} = 00,

S()EA(+)
and we obtain
F(1)= 2m /HT EYWe ™dE+ Y Res{H(s\We ™,s5}.
—joo S0€A(+)
The remainder of the proof of this part repeats that of Theorem 3.5. O

Corollary 4.1. If system (4.1) is exponentially stable, then the Lyapunov matrix
associated with a symmetric matrix W can be written as

ur) = v o / HT(EYWH(~E)e SdE

/ KWKt + 7)dx.
0

Here K(t) is the fundamental matrix of the system.
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4.4 Lyapunov Matrices: Uniqueness Issue

Here we study the uniqueness issue for Lyapunov matrices.

Lemma 4.1. Given an integral-differential system of the form

d

—al(r) =Az(®)+ /B(s, D)z(s)ds T3>0, (4.12)
0

where A is a constant matrix and B(s,T) is a continuous bivariate matrix, the only
solution of the system that satisfies the condition z(0) = 0 is the trivial one.

Proof. Given H > 0, let us consider the system on the segment [0, H]. Compute the
values

a=|A|l, b= max |B(s,1)|.
4l b= max 807

Integrating Eq. (4.12) from 0 to T we obtain

T T /&
2(1) = 2(0) + A / 2E)dE + / / B(s,E)z(s)ds | dE.
0 0 0

Thus,
. e /¢
=) < 120)+a [ 1@ ag+b [ | [lo)las | ag
0 0 0
— 120)]1+a [ 12E)1dE + [ (=) 2] ds
0 0

< ||Z(0)H+(a+bH)/||z(s)||ds.
0

Now, by the Gronwall lemma,
l=(7)ll < e “TPTYO)]], 7 < [0,H).
In our case z(0) = 0, and we arrive at the conclusion that
z(t) =0, 71€][0,H]. O

Theorem 4.3. Let system (4.1) satisfy the Lyapunov condition. Then for any
symmetric matrix W there exists a unique Lyapunov matrix associated with W.
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Proof. Part I: The fact that under the theorem condition matrix (4.11) satisfies
Definition 4.1 was demonstrated in Theorem 4.2. Assume that for a given
symmetric matrix W there exist two Lyapunov matrices, U (1)(1’) and

U (). Each of the matrices defines the corresponding functional, v(()j ) (9),
j=1,2, of the form (4.7). The functionals satisfy the equality

d ;
Evéj)(x,) =l (OWx(t), j=1,2,

along the solutions of system (4.1). The difference, Av(x;) = véz) (x) —
v(()1> (x¢), 18 such that

d
EAv(x,) =0, >0,

and we obtain that for any ¢ € PC([—h,0],R") the identity
Av(xi (@) =Av(g), 120, (4.13)

holds along the solution x(¢, @) of the system. In the case where system
(4.1) is exponentially stable, x; (@) — 0, as t — oo, and we arrive at the
conclusion that

Av(g) =0, ¢ € PC([~h,0],R"). (4.14)

If system (4.1) is not exponentially stable, then by the Lyapunov condition it
has no eigenvalues on the imaginary axis of the complex plane, and there is a
finite number of the eigenvalues in the open right half-plane of the complex
plane. Let ¥ > 0 be an upper bound for the real part of the eigenvalues
in the right half-plane. Only a finite number of the system eigenvalues,
S1,82,...,5N, lies in the vertical stripe

Z={s|—-x<Re(s)<yx}

of the complex plane. Every solution x(¢, ) of the system can be presented
as the sum

x(t,0) =x (1) +x2 (1),

where x(1) (t) corresponds to the part of the system spectrum that lies in Z
and x?) (1) corresponds to the rest of the spectrum, which lies to the left of
the vertical line Re(s) = —y.

The first term, x{') (), is a finite sum of the form
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where p(*) (t) is a polynomial with vector coefficients of degree less than
the multiplicity of s, as a zero of the system characteristic function (4.10),
{=1,2,...,N.

The second term, x@ (t), admits an upper estimate of the form

Hx<2) (I)H <ce @t 4>, (4.15)

Here c is a positive constant and € is a small positive number.
The functional Av(x;(¢)) can be decomposed as follows:

Av(x (@) = Av (xt(l)) +2Az (xt(l),xt(z)) + Av (x,(2>) ,

where

T
az(xV ) = [0 0] v 1)
- _T 0
+ [0 /AU(—h—B)Alx(2>(t+ 6)d6
) C

0

- 1T
+ @) / AU(—h—0)Ax (1 + 0)d6
) C

0

L0 [ [ avE = 0)6(&)de | @+ 0)do
ol ][]

—h

0 °]
+[ 20" [ [ aveE - 0)6(E)de |+ + 0)do
ol

0
1T
[xm(t—l— 61)| Al ( / AU (6 — 62)A1x®) (¢ + 92)(192) do,
_ h

+

0 /6
[x(l)(t+ 91)_ TAIT [/ (/AU(h+ 0, — 92+§2)G(§2)d52)

—h h

x x2) (t+6,)d6,|d6;

0 0 &)
+/ [x(2> (1 + 91)_ TAIT [/ (/AU(iH— 0 — 92+§2)G(§2)d52)
Ch

—h —h
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s xW(t+ 92)d62] de,
0
—I—/[x t+91 / /GT 51)
—h \-h
0,

/ AU(0) — 6, — &1+ £)G(&)dE | A& | xP) (1 + 6,)d6, p 6.

On the one hand, since x!")(r) and x(?)(¢) are solutions of system (4.1),
Av (xt(l)) and Av (x,(z)) maintain constant values, and we conclude that

Az xt(l),xﬁz) is also constant. On the other hand, the choice of ) and
inequality (4.15) guarantee that

Av (x,(z)) — 0, and Az (xt(l),x,(z)) —0, ast— oo
This means that
Av (xt(z)) =0, and Az (x,(1>,x,(2>) =0, t>0.

The first summand, Av (x,(l) ), can be written as follows:

Av (xt(l)) =

where the functions oy, (t), ¢,r = 1,2,...,N, are of the form

e(S[+Sr>l oy (l‘),

M=
M=

14

,
Il

1r=1

aér(t):[p(é)(t)]TAU(O) D)+ 2 /AU —h—0)A1e"p1) (1 4+ 6)d6

or 8
+2 [p<f«>(z)] ! / l / AU(E — O)G(é)dé} e p(r) (1 + 9)do

—h |[=h

0 0
+ / [esfelp(é)(t+el)]TAlT (/AU(@l _ez)Ales’ezl?(’)(f'l‘@z)dez) de,
~h

? T
+2 / [eff"l p<“)(t+el)] AT

Zn
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0 6
X [/ (/AU(h+ 0, —6,+ éz)G(éz)déz) es’ezp(r) (r+ 92)(192] do;
S \ln

0

o s o]

—h

0 6, 6
X {/ ( G" (&) [/AU(Gl -6, & +§2)G(§2)d§2] d§1)
“h

~h \-h

x &% pt) (1 4 62)(192} de,.
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A careful inspection of oy, (t) reveals that it is a polynomial in ¢ of
degree less than the sum of the multiplicities of s, and s, as zeros of the
characteristic function (4.10). This means that identity (4.13) takes the form

e("”‘”)t(x@r(l‘) = eOIAv((p)7 t>0.

M=
M=

14

~
Il

1r=1

Part 2: According to the Lyapunov condition, no one of the sums (s;+s,), £,r €
{1,2,...,N}, is equal to zero. Therefore, by Lemma 3.8, we conclude
from the last identity that equality (4.14) holds for any initial function

Q< PC([—]’!,O],R”)
Part 3: Equality (4.14) can be written as follows:

0= ¢’ (0)AU(0)¢(0)

0 7]
+2(pT(O)/ AU(—h—@)Al—i—/AU(é—G)G(é)dé 0(6)d6
“n “n

00
+ [ [0 |afav (o -6,
“hh

6,
+ 2/A1TAU(h + 61— 6, +&)G(&)dé
—h
0, 6,

+//GT(fl)AU(Gl—92—§1+§2)G(§2)d52d§1 ¢(62)d6,d6;.

—h—h

(4.16)
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For a given vector y € R" we define the initial function

(1) 9) — v, for6 =0
¢ (0) {0, for € [~h,0)

For this function equality (4.16) takes the form

Y AU (0)y = 0.

Since the last equality holds for any vector y and the matrix AU (0) is
symmetric, we conclude that

AU(0) = 0. 4.17)

Now, given vectors Y € R" and i € R", let us select T € (0,4] and € > 0 such
that —7 4 € < 0. Then we define the following initial function:

Y, for 6 =0,
02 (0)={ pu, for0 e [-1,—T+¢],
0, for all other points of segment [—#,0].

For this initial function equality (4.16) takes the form

0=2ey" AU(r—h)Al—l—/AU(T—i—é)G(é)dé Lt ole),
“h
where

lim 2¢)
e—>+0 €&

=0.

Since y and u are arbitrary vectors and € > 0 may be arbitrarily small, we
conclude that the equality

-7
AU(T—h)A; + /AU(T+ EVG(E)dE = Oy
“h
holds for 7 € (0,4]. By continuity arguments, we obtain

AU(r—h)A1+/AU(H&)G(g)dg:om, Te(0,h).  (4.18)
“n
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The matrix AU (7) satisfies the equation

0
%AU(T) — AU(T)Ag+ AU (T— h)A; + /AU(T+ 0)G(0)d6, e [0,A].
“h

Condition (4.18) makes it possible to present the preceding equation in the
form

0
d%AU(r) = AU+ [AU(c+0)G(0)d0, € (0,4

or

d%_AU(r) =AU(1)A¢ + O/AU(s)G(s —1)ds, 7T€10,h].

We are looking for a solution of this equation that satisfies condition (4.17).
By Lemma 4.1, the solution is trivial, and

AU(1) =UP (1) = UV (1) = 0p, T €0,h]. O

4.5 Lyapunov Matrices: Computational Issue

In this section we present some approaches to the computation of Lyapunov
matrices for system (4.1). The main difficulty that appears in the computation of the
matrices as solutions of delay equation (4.3) is the luck of the corresponding initial
conditions. To some extent, symmetry condition (4.4) compensates this deficiency,
but the computation problem remains complicated.

4.5.1 A Particular Case

In what follows we show that in the case of a polynomial matrix

G(6) = i 6/7'B;, (4.19)
j=1
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where By,...,B, are constant n X n matrices, a Lyapunov matrix U(T) may
be computed as a solution of an auxiliary delay-free system of linear ordinary

differential matrix equations. To this end, we first define the matrices
Z(t)=U(r), V(r)=U(r—h), t€[0,h],

and the set of 2m auxiliary matrices

0 0
r):/@-/’*lu(we)de, Yj(r):/ef*IU(r—e—h)de, j=1,....m
h

Then Eq. (4.3) can be written as

dZ(7)
dr

= Z(T)Ao —I—V(T)Al + in(T)BJ
j=1

Now we compute the first derivative of the matrix V(1):

dav(r) d T
= — h—
i =g V-7
0 T
=~ |U(h—1)Ag+U(~7)A; + /eHU(h—rJr 0)doB;
Observe that
Uh—1)=VI(1), U(-1)=2"(1)
and
0 0 r

/ejflU(h_T_i_ 6)(19: /6]'*1U(T_9_h)d@ :YJ.T(T), j=12...

—h —h

hence
dv(r)

dt

=—A{V(1)—ATZ(7 2 BYY;
The first derivatives of the matrices X, (7) and Y (7) are

dXi(7)

o =V@ U=k =2(1)-V(),

d‘gf) — V(D) +V(t+h) = =V (1) + Z(1).
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Now, for j =2,...,m,

0
KO Chytue—n - -1 /h 612U/t +6)do
- —(—h)jflv(r)— (j—1DXj1(7)
and
ay i
cjl‘if) _ (_h)j—lU(T)+(j_1)/9/’*2U(r—9—h)d9

—h

= (=h)'Z(1)+ (j = )Y (7).
As a result, we arrive at the conclusion that the set of matrices
{Z(T),V(T),Xl (T)a cee aXm(T)ayl (T)v ce 7Ym(T)}

satisfies the following delay-free system of 2 (m+ 1) ordinary differential matrix
equations:

d m

2= ZAo+ VA + Y X;Bj,

T =

d

—V=-A{Z-A)V-Y BlY;

ddr i

0=z

d (4.20)
=z

d i1 , .
&Xj:—(—h)- V—(-1)Xj—1, j=2,....m,
d i1 . ,
&Y/:(—h) Z+(J—1)Yj71, J:Z,...,m.

Lemma 4.2. The spectrum of system (4.20) is symmetrical with respect to the
origin of the complex plane.

Proof. A complex number sg is an eigenvalue of system (4.20) if and only if there
exists a nontrivial set of n X n matrices

{Z(O),V(O),Xl(o), LxOyO ,Y,Ef’)}
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satisfying the following system of matrix equations:
502 = 2040+ v A, + 2 X

soV (0 = —ATZ0) — ATy (© ZBTY

SoXI(O) — 7(0) _y(0)

(4.21)
SOY1(0> =70 _yO)
s0X\” = (=)~ VO — (- D)x\%, j=2,.m,
so¥ ) = (=m) 12O+ (j- )Y, j=2,..m.
It is easy to check that the matrices
- () 0= () 8- ()
7O _ (yo\" .
Y, = (Xj ) , Jj=1,....m,
satisfy the system
7SOZ(O) AS >A0+V(0 A+ ZX(O Bj,
Jj=
—s5oV© = —ATZ(O) — ATV () 2 BTY|
—soX" =70 —y(©),
—sp¥ V) = Z(O) _y(©O
_SOXVJ((» = _(_h)]71§(0> ( _1) /( >15 j:25"'7m5
—soyj(o) = (=h)'ZO) 4 (j— I)Y( )1, Jj=2,...,m.
This means that —sg belongs to the spectrum of system (4.20). a

The solution of system (4.20) defined by the matrix U(7) satisfies also the
following set of boundary value conditions:

2(0)=V"(h),
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T
X;( /GJIUOdG— /eflvh 6 —h)de
—h
=Y/ (h), j=1,...,m,
0 0 r
n(O):/ef*IU(—e—h)de: /6-7’1U(h+6)d9
—h —h
_yT s
_Xj(h)7 j=1,...,m,
as well as the algebraic condition
m
Z(0)Ag +V(0)A; + 3. X;(0)B; + AV (h) + AT Z(h) + ZBT —-W.

j=1
We finally arrive at the following statement.

Theorem 4.4. Given a time-delay system (4.1), where matrix G(0) is of the form
(4.19), let U(7) be a Lyapunov matrix of the system associated with the matrix W.
Then the set of matrices

{Z(7),V(7),X1(7),..., Xm(7),Y1(T),...,Ym(T)}

is a solution of system (4.20) that satisfies the boundary value conditions

Z(0) =V (h),
X;(0)=Y[(h), and ¥;(0) =X (h), j=1,....m

Z(0)Ao+V(0)A; + X7, X;(0)B; +AGV (h) + AT Z(h)
+30 BIY(h) = —W.

4.22)

There exist some relations between the auxiliary matrices that are described in
the following lemma.

Lemma 4.3. The auxiliary matrices Xj(t) and Y;(t), j = 1,...,m, satisfy the
relations



156 4 Systems with Distributed Delay

and
Y;( )yt X (), j=1,...
./ Zk'] k—l) J k( )7 J ’ ,m
Proof. The first set of relations can be easily obtained as follows:

0
X;(t) = /eHU(H 6+ h—h)do
—h

0
—(E=—0—n)= [(-h-&)'U(r-E-nas

. . 0
=y e [0 -

“n
_ (_1)Hji %Wj,k(r).

The second set of relations can be obtained in a similar way. a

Lemma 4.3 provides a reduction of system (4.20). We have the sum
i Ty i g7 le G-Dr 7)
BY )= —h Xi (1) |-
= / = Sk (j—k—1)!

If we define the matrix

then we obtain the sum

ilB]T.Y,(r) =Y [ﬁB"‘”(h)} Xi(7),
o

k=1

where
d“'B(§)

df k—1 ’5—h
The second equation of system (4.20) takes the form

B (p) = . k=12,....m

dv(r)

= ~Alz(7r)-AlV(7) _lil [(k_l

B(kl)(h)] X (7).
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Therefore, system (4.20) is reduced to the following system of (m + 2) matrix
equations:

d m
—Z=Z7ZAy+VA, + ZXBj,

dt s

d T T L -

V= AIZ-AY - 2 = 1)!3 (h) | Xi(7),

P J=1 (4.23)
—X|=Z-V,

dr

d i .
EX/:_(_h)j lv ( 1) Jj—1 J:25"'7m'

In a similar way, the set of boundary value conditions (4.22) is reduced to the next
one:

Z(0) = VT(h)

X;(0) = (= 1)k 1S ——  pixI (h), k=1,...

k 70] k ]_1) k— j() ) , 1,
Z(0)Ag+ArZ(0)+V(0)A; +ATVT(0) 2[ i+BiX[(0)] =-w.

In the following statement we show that the spectrum of system (4.1) and that of
system (4.20) are connected.

Theorem 4.5. Given a time-delay system (4.1), where the matrix G(0) is of the
form (4.19), let 5o be an eigenvalue of the time-delay system such that —s is also
an eigenvalue of the system. Then so belongs to the spectrum of delay-free system

(4.20).

Proof. The characteristic matrix of system (4.1) is
G(s) = sI —Ag—e A — ka D (s)By,

where

el &= £(s)

0 _ k—1 _ _
FOs) = p ,and F& U (5) = T k=2

Because sg and —sq are eigenvalues of the system, there exist nonzero vectors y and
U such that
Y G(s0) =0, G"(—s0)u =0, (4.24)

A complex number s( belongs to the spectrum of system (4.20) if and only if there
exists a nontrivial set of n X n matrices
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{zm),v(‘”,xf‘)), X0 y©O ,Y,§°>}

that satisfies (4.21). Multiplying the first equality in (4.24) by u from the left and
the second equality by —e"%0y” from the right we obtain

sony" =y Ag—e " ouy" Ay =Y FED (s0) v B = Open
k=1

and

soe "0py" +AGe oy ATy + Y e 0 D (o) B{ Y = O
k=1

If we introduce the nontrivial matrices
20 =y, v =eouyl,
X = fUD sy, v =0 pUD (o), =1, m

then the preceding equalities take the form

5020 =70 45—V 04, = Y X\ VB = 0,0,
k=1

m
soV @ +AIv O 4 ATZO £ Y BTy — 0,
k=1

In other words, the matrices satisfy the first two equations of system (4.21). To
verify that these matrices satisfy the remaining 2(m + 1) matrix equations in (4.21),
we multiply the identity

sfO(s)=1—e"

by the matrix py” and set s = sp; then we obtain the equality
50X =20 _y O,
Now we compute the derivatives
S [ = s+ (G- D)
= —(=h)y e, j=2,... . m—1.

This means that the following identities hold:
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sfUV(s) = =(=n)/ e = (= 1) fU(s), j=2,.m.

If we multiply these identities by the matrix uy” and set s = ¢, then we obtain the
desired set of matrix equalities

sz/(O) :_(—h)'iilV(())—(j_l)X(o) J=2,...m.

v

In a similar way one can verify the remaining equalities in (4.21).
It is evident that the set of matrices introduced previously,

{ZOvOx" x0T

is not trivial. Therefore, the complex value so belongs to the spectrum of system
(4.20). The same is true for —sg. a

Remark 4.2. The statement remains valid if we replace in Theorem 4.5 system
(4.20) by the reduced system (4.23).

4.5.2 A Special Case

Now we consider the case where the matrix G(6) is of the form

m
G(6) =Y, n;(6)B;, (4.25)
j=1
where By, ...,B,, are given n X n matrices and the scalar functions 11;(6),...,1,,(0)

are such that

dn;(0)
de

m
=Y oym(0), j=1,..m.
k=1

Remark 4.3. In the previous subsection we had n;(0) = 677!, j=1,...,m. These
functions satisfy the equations

dn(0)
de

dn;(0)
doe

:07 :(]_1)17]71(6)7 ]:2,,}71

The time-delay matrix equation for U () is now of the form

dUu(r)
dt

0
—U(DA+U(t— A + S /n.,-(B)U(T—l- 0)B,d6, ©>0. (426)
]':17h
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Let us define for 7 € [0, 4] the matrices Z(t) = U(t), V(1) = U(7 —h), and

0 0
X,-(‘c):/nj(G)U(‘c+9)d6, Yj(r):/nj(e)U(T—G—h)dG, i=1,....m
—h —h

Then Eq. (4.26) has the form

di{:) :Z(T)Ao—I—V(T)Al + in(T)Bj, TE [O,h],
j=1
and v .
o= A7~ ALV(0) - 3B ).
Now
dx;(7) ’
S0 - = (/hn,(e) (t+ B)de)
7 dn;(0)
= n,(OU(x) = (~hU(z—h)— [ LU (e +0)d6
—h
— 0 (0)Z(0) — M~V (5) — 3 0uXe(T), J= T,
k=1
and

= 0 O)U(x— k) + (W)U (2) + / 6~ h)3ds

=1n;(—h)Z(t)—n;(0)V(7)+ i oiiYe(t), j=0,1,....m
k=1

We arrive at the following system of delay-free matrix equations:
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d m
32 =20+ VAL + Y X;B;,
j=1
dy_ —Alv —ATz - i BY;
dt i—1 7
. j= ", 4.27)
_Xj:nj(O)Z—nj(—h)V—Z(Xijk, J=1...,m,
dt k=1
d

m
d—TYjZTIj(—h)Z—TIj(O)V-FzajkYk, j=1,...,m.
k=1

Because the auxiliary matrices Z(7), V(7), X;(1), Y;(7), j = 1,...,m, satisfy the
boundary value conditions (4.22), the following result holds.

Theorem 4.6. Given a time-delay system (4.1), where the matrix G(0) is of the
Sform (4.25), let U(7) be a Lyapunov matrix of the delay system associated with the
matrix W. Then the matrices Z(t), V (1), X;(7), Y;(1), j=1,...,m, define a solution
of the auxiliary boundary value problem (4.27), (4.22).

For the special case the statement of Theorem 4.5 remains true.

Theorem 4.7. Given a time-delay system (4.1), where the matrix G(0) is of the
form (4.25), let so be an eigenvalue of the time-delay system such that —s is also
an eigenvalue of the system. Then sy belongs to the spectrum of system (4.27).

Sometimes it is possible to perform a reduction of delay-free system (4.27). This
happens when the functions 1;(6), j = 1,...,m, satisfy the conditions

n(—0—h) =Y yum(0), O€[-h0], j=1,..m
k=1

In this case

0
Yi(0) = [ n;(0)U(x—0-h)do = (£ = ~0—h)
—h

0 0

[ni-g-mu+&as= 3 v [ m@ e+ ag
-’ =1

m
=Y vuXe(1), j=1,....m,
k=1

and one can exclude the matrices Y;(7) of system (4.27), as well as those of
boundary value conditions (4.22).
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4.5.3 Numerical Scheme

In this section we propose a numerical scheme to approximate Lyapunov matrices.
Given a symmetric matrix W, we are looking for an approximate initial condition
for the Lyapunov matrix associated with W of the form

m
D(6) = 6/d;, 6¢c[-h0],
j=0

where ®;, j = 0,1,...,m, are n X n constant matrices. We address symmetry
property (4.4). According to this property,

_ (_1)k |:de(1’-)

T
o ] . k>0. (4.28)

7=-0

k
Here w and ———
dr =40 dr T=—

side derivatives of U(7) of the order k at T = 0, respectively. It follows from (4.3)

that
dU(t
) Ao+ < E{ )
=40 dr

0
k
+/d UO) Giovde, k>o.
“h

d“U (1)

o stand for the right-hand side and the left-hand

dkHU(T)
drk+1 —t

dtk

- (de(r)

)
T=—h+0

dex

If we replace U () in the preceding equality by ®(6), then we obtain that

_ (dkﬁ(r)
=+

drtk

gk+1 0(1)

)Ao—I—ij(j—l)...(j—k—l)d)j
=40 J=k

0
X (—h)j’kAl—i—/Oj’kG(O)dG . k>0.
—h

For k = 0 we have

dU(t)
dr

m . m .
= QAo+ Y (—h) DA+ )Y D; /efG(e)de
=40 J=0 J=0 ih
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where

Lgl>:Ao+A1+/G(e)d9, M :(—h)fA1+/e-fG(9)de, i=1,2,....m.

Fork=1
d2U dU m . .
@ (¥ A+ Y (—h)/’1A1+/6/’1G(9)d6
dt dr =
=40 =40 J=
m
Jj=0
where

Ly =130, L

D=t =12, m

On the one hand, repeating this process we obtain the following expressions for the
right-hand-side derivatives:

d‘U(z) A
di :zq)ll‘j ’ k:1727 ,m
=40 /=0
Here
(k1) .
1® _ L{kfl)Ao, o j=0,1,....k—2,
/ i At =1) . (G—k+2)L 5, j=k—Lk....m.

On the other hand, the left-hand-side derivatives at T = 0 are of the form

d*U (1)
drtk

=kl®d,, k=12,....m
T=—0

Substituting these expressions into (4.28) we obtain a system of (m+ 1) matrix
equations for (m + 1) matrices ®;, j=0,1,...,m:

Dkl = Zch] . k=12,....m
(4.29)
Zcp,-Lj +q>{:—w.
=0

The last equation of this system is property (4.6), written in terms of the matrices.
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If system (4.29) admits a solution, ®;, j =0, 1,...,m, then we arrive at the matrix
m .
D(0) = zz)ej!q)j, 6 € [—h,0].
j=

The desired approximation of the Lyapunov matrix associated with W is now of the
form R
U(r)=[@(-0)", 704

4.6 Complete Type Functionals

Here we define a new class of quadratic functionals. But first we prove the statement.

Theorem 4.8. Define for the given symmetric matrices Wy, Wy, and W, the
functional

w(p) = 9" (0)Wop(0) + " (=)W1 9(—h)

0
—l—/(pT(B)Wg(p(B)dG, @ € PC([—h,0],R"). (4.30)
—h

Let there exist a Lyapunov matrix U (T) associated with matrix
W =Wy + W + hW,.

This Lyapunov matrix defines the functional vo(@); see (4.7). The time derivative of
the functional

0
v(<p)ZVo(<p)+/<pT(9)[W1+(h+ 0)W2] 0(6)d6, ¢ € PC([—h,0],R"), (4.31)
—h

along the solutions of system (4.1) is such that

d
5\/()6,) =—w(x), t>0.
Proof. The proof is similar to that of Theorem 3.4. O

Definition 4.2. We say that functional (4.31) is of the complete type if the matrices
Wo, Wi, and W, are positive definite.
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Lemma 4.4. Let system (4.1) be exponentially stable. Given the positive-definite
matrices Wy, Wi, and Wa, the complete type functional (4.31) admits a lower bound
of the form

Bi H‘P(O)H2+Bz/||(l’(9)||2d9 <v(9), ¢@€PC([~h,0,R"),
“h

where B and B, are positive constants.

Proof. We define an auxiliary functional of the form

0
5(¢) = vig) = Bill0(0)I* =Bz [ llo(6)|"de,
—h

where 1 and 3, are assumed to be positive constants. The time derivative of the
functional along the solution of system (4.1) is

d -
av(x,) —w(x),

where
0
) = wla) + 2B (1) | Aox(e) + Avx(r — ) + / G(6)x(t + 6)do
“n
+ Box” (t)x(t) — BoxT (t — h)x(t — ), 1>0.

The functional w(¢) admits a lower estimation of the form

(0) = [07(0).0" CHlR (BB | *O) ]+ /<p JR2(6.81)(6)do.
where

R = (o0 S )em (TR Y () )
and

R2(6,B1) = W2 — BiG" (8)G(6).
The matrices Wy, Wy, and W, are positive definite, so there exist f; > 0 and 5, > 0
such that the following inequalities hold

Ri(B1,B2) >0, R2(6,B1) >0, 6 €[-h,0]
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For these 1 B, we have

Therefore,

o) = [Wule)ar=0, g ePC((—h0)R").
0

and we arrive at the conclusion that

0
Bi |\(P(0)|\2+52/||(P(9)||2d9 <v(p), ¢€PC([~h,0]R"). O
“h

Corollary 4.2. If we assume B, =0 and set B = oy, then there exists o > 0 such
that the following inequalities hold:

Rl(a170)207 RZ(eaal) 207 S [_hvo]

Therefore, the complete type functional v(Q) admits a lower bound of the form

o ||e(0)|I* <v(e), @€ PC([—h,0],R"). (4.32)

Lemma 4.5. Let system (4.1) satisfy the Lyapunov condition. Given the symmetric
matrices Wy, Wy, and Ws, there exist positive constants 01 and & such that
functional (4.31) admits an upper bound of the form

0
v(p) <& ||(P(0)||2+52/H(P(9)||2d9a ¢ € PC([-h,0,R"). (4.33)
Zh

Proof. The Lyapunov condition implies that there exists a Lyapunov matrix U (1)
associated with matrix W = Wy + W + hW,. We define the following constants:

v: U T s = A 5 = G 6 .
TQ%?Z]H Ol, a=lAil, g e?ﬂf‘ﬁm” )l

Now we estimate the summands that constitute functional (4.31). The sum of the
first two terms admits the upper bound
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0
Ri+Ry = ' (0)U(0)9(0) +2¢7(0) [ U(~h—0)A19(6)d0
—h

0
< V(1+ha)|\¢(0)||2+va/||<P(9)||2d9-
—h

The sum of the next two terms can be estimated as follows:

0 0
Ry+Ry =207 (0) [ (/ U —G)G(é)dé) 0(0)d0
0

0
+/ o’ (0)A] [/U(Ql —92)A1(P(92)d92] de,
“h “h

0 0 2
< 2vgllp(0)] [ (1+ ) l9(6)]146 +va® ( / ||<p<e>||de)
—h

—h

0
gh
< vehllo)*+vh (5 +¢) [llo(@)Pao.
—h

The fifth term admits the estimation

0 0 6,
Rs =2 [ o' (6] ( / [ Jun+ 91—92+§2)G(§2)d§2] (P(Gz)dez) do,
~h

—h L-h

0 0
< 2vag ( / |<p<el>||del) ( / (h+92)|¢(92)||d92)

—h —h

< 2vag <\/h / in(p(elwdel) (\/ ay) Oh|(P(92)||2d92)

0
2
< 2 / 0)/2de.
<7 agih||(P( )
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The next term can be estimated as follows:

0

0 6, 6,
Rs—/h(pT(Gl) / /GT(&) /hU(91—92—§1+§2)G(§2)d§2 d&

—h |=h

X (p(@z)d@z d91

0 0
<ve| [tronlplae | | [ n+ )l 6.
—h —h

IN

0
1
v [ llo(e)]"do.
—h
And, finally,

0
Ry = / 07 (0) Wi+ (h+0)Ws] (8)do
—h

0
< (HW1||+hHWzH)/||<P(9)H2d9-
“h

If we collect the estimations, then inequality (4.33) holds for
01 =v(l+ha+hg),
1 2
8 = va(l+ha)+zvgh (1+2\/§a+hg)+|\W1H+h||Wz||. u]

Corollary 4.3. If we assume that o = &) + ho,, then functional (4.31) admits an
upper bound of the form

v(@) <o |ol?, ¢ €PC(|~h,0],R"). (4.34)

4.7 Exponential Estimates

Lemma 4.6. Given the positive-definite matrices Wy, Wy, and Wa, functional (4.30)
admits the following exponential estimate:
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0
i (W0) [ ()1 + Zin(W2) [ 19(0)12d0 < wig). ¢ € PC([~,0].R").
—h

Proof. The proof follows directly from (4.30). O

Lemma 4.7. Let system (4.1) be exponentially stable. Given the positive-definite
matrices Wy, Wy, and Wy, there exists o > 0 such that the complete type functional
(4.31) satisfies the inequality

d
Véf) +20v(x) <0, >0, (4.35)

along the solutions of the system.

Proof. On the one hand, by Lemma 4.5, there exist positive constants d; and &,
such that

0
v(p) <6 ||<P(0)H2+52/H<P(9)H2d9-
“h

On the other hand, Lemma 4.6 provides the estimate

dv(x)
dr

0
= —w(x) < —Aumin (W) [1x(1)[|* = Anin(W2) / lx(+ )] d6.
“h

Therefore, any ¢ > 0 that satisfies the inequalities

2001 < Anin(Wo) and 2068 < Amin(W5)

also satisfies (4.35). O

Theorem 4.9. Let system (4.1) be exponentially stable. Given the positive-definite
matrices Wy, Wi, and Wa, the inequality

o _
[[x(t, @) || < \/a—l loll,e ™, >0,

holds for any solution of the system. Here 0, and 0y are as defined in Corollaries 4.2
and 4.3, respectively, and ¢ > 0 is as computed in Lemma 4.7.

Proof. Let o > 0 satisfy Lemma 4.7. Then, integrating inequality (4.35), we obtain
that

V(i (9)) < v(p)e %, 120
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Now inequalities (4.32) and (4.34) imply that
o |Ix(t.9)” < v(u(9)) < v(@)e > < o [lplre >, 1>0.

The desired exponential estimate is a direct consequence of the preceding

inequalities. a



Chapter 5
General Theory

This chapter starts the second part of the book, where neutral type time-delay
systems are studied. Issues related to the existence, uniqueness, and continuation
of solutions of an initial value problem for such systems are discussed. In addition,
stability concepts and basic stability results obtained with the use of the Lyapunov—
Krasovskii approach, mainly in the form of necessary and sufficient conditions, are
presented here.

5.1 System Description

We consider a neutral type time-delay system of the form

d
E[x(t)—Dx(t—h)] = f(t,x). (5.1

Here the functional f(z,¢) is defined for ¢ € [0,) and ¢ € PC' ([~h,0],R"),
[:[0,00) x PC! ([=h,0],R") — R",

and is continuous in both arguments. The matrix D is a given n X n matrix, delay
h > 0. The information needed to begin the computation of a particular solution of
the system includes an initial time instant o > 0 and an initial function @ : [—h,0] —
R", and it is assumed that

x(to+0)=0(0), 6<c[—h,0]. (5.2)
As usual, the state of the system at the time instant ¢ > #; is defined as the restriction,

x:0—=x(t+06), 0¢c[—h,0,

V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 173
Control Engineering, DOI 10.1007/978-0-8176-8367-2_5,
© Springer Science+Business Media, LLC 2013
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of the solution x(¢) on the segment [t — A, #]. If the initial condition (79, @) is indicated
explicitly, then we use the notations x(z,7p, ) and x,(fo, @). In the case of time-
invariant systems we usually assume that ) = 0 and omit the argument 7 in these
notations.

We will use initial functions from the space PC' ([~h,0],R") C PC([—h,0],R").
Here it is assumed that a function ¢ € PC([—h,0],R") belongs to PC' ([—h,0],R")
if on each continuity interval (c, ) € [—h,0] the function is continuously differ-
entiable and the first derivative of the function, ¢’ (0), has a finite right-hand-side
limit at 0 = a, ¢'(ot +0) = limg_0 ¢’ (0 + |€|), and a finite left-hand-side limit
at 0=, ¢'(f —0)=1limg_0 @' (B — |€]). On the one hand, such a choice creates
certain technical difficulties. But on the other hand, it provides several advantages
in the formulations and proofs of some statements presented in the chapter. In
particular, it follows from Theorem 5.1 that if ¢ € PC! ([—h,0],R"), then x; (to, @) €
PC' ([~h,0],R") for t > to.

Henceforth we assume that the following assumptions hold.

Assumption 5.1. The difference x(t,ty,Q) — Dx(t — h,fy, Q) is continuous and
differentiable for t > ty, except possibly for a countable number of points. This does
not imply that x(t,1y, @) is differentiable, or even continuous, fort > 1.

Assumption 5.2. In Eq. (5.1) the right-hand-side derivative of the difference
x(t,t0, @) — Dx(t — h,to, @) is assumed at the point t = ty. By default, such agreement
remains valid in situations where only a one-sided variation of the independent
variable is allowed.

Let x(¢) be a solution of the initial value problem (5.1)—(5.2); then
t
x(t) =Dx(t—h)+ [(0) —Do(—h)]+ /f(s,xs)ds, > 1. (5.3)
fo

System (5.3) is the integral form of the initial value problem. In some sense it is
more convenient to consider the integral system than the original one. For example,
the choice of PC ([—h,0],R") as the space of initial functions for system (5.3) seems
natural. The integral form substantially simplifies the study of discontinuity points
of the solutions of system (5.1). If 6; € [—h,0] is a discontinuity point of @, then,
according to Assumption 5.1, the function

2(t) = Dx(t = h) + [¢(0) — Do(—h)]
has a jump discontinuity at ; = #y + 61 + & and the size of the jump at the point is

such that
Ax(t1) = DA(0)),
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where Ax(r;) = x(t; +0) —x(t; — 0). If x(¢) is defined for ¢ € [ty — h, o), then, as
follows from Eq. (5.3), the solution suffers a jump discontinuity at the points #; =
to+ 01 +kh, k > 0, and the jumps are subjected to the equation

Ax(lk+1) = DAx(tk), k>0.

One of the special features of neutral type time-delay systems is the following. The
discontinuity of a solution results in the discontinuity of the derivative on the left-
hand side of system (5.1). Indeed, consider the system

d
p” [x(t) — Dx(t — h)] = F (x(2),x(r — h)).

If 6; € [—h,0] is a discontinuity point of ¢, then

Jim S [x(0,9) — Dalr — )] = F(x(t ~0,6),0(61 )

and

im S [5(.9) = Dalt — . )] = F (sl —0, )+ Ax(1,9). (61 —0)+ Ap(0).

This means that the left-hand-side and right-hand-side derivatives at = #; may not
coincide. The following assumption makes it possible to overcome this technical
difficulty.

Assumption 5.3. [t is assumed that x(t,ty, @), t € [to — h,to+ T, where T >0, is a
solution of system (5.1) if it satisfies the system almost everywhere on [ty,ty + T|.

5.2 Existence Issue

We start with the following existence result.

Theorem 5.1. Let the functional
f:]0,00) x PC' ([=h,0],R") — R"

satisfy the following conditions:

(i) For any H > 0 there exists M(H) > 0 such that

If (@)l <M(H), (1.9) € [0,%0) x PC' ([~h,0],R"), ||gl|, < H.
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(ii) The functional f(t,Q) is continuous with respect to both arguments.
(iii) The functional f(t, @) is Lipschitz with respect to the second argument, i.e., for
any H > 0 there exists a Lipschitz constant L(H) such that the inequality

70— 1.0 < L) |0 - 9|

holds fort > 0, o € PC! ([—h,0],R"), and qu(k) Hh <H k=1,

Then, for given ty > 0 and an initial function ¢ € PC' ([—h,0],R") there exists
T > 0 such that the initial value problem (5.1)—(5.2) admits a unique solution
defined on the segment [ty — h, 1y + T].

Proof. Giventg > 0and ¢ € PC' ([~h,0],R"), we introduce the function
2(t) = Dot =10 —h) +¢(0) = Dp(—h), 1€ [to,10+].

Let us select H > 0 such that the following inequality holds:

H>Ho—maX{ sup [[@(0)], sup IZ(t)II}-
6€[—h,0] 1€[to,to+4]

Now we can define the corresponding values M = M(H) and L = L(H); see
conditions (i) and (iii) of the theorem.
Let 7 € (0,/) be such that
7L < 1 and T™™ < H — H).

Denote by © the set of discontinuity points of the initial function ¢, and define a
piecewise continuous function u : [to — h,to + T| — R" as follows:

ulto+0)=0(0), 06€[—h0],

and any discontinuity point #* € (ty, o + 7] of the function is such that t* —y —h € ©.
Finally, assume that the following inequality holds:

[u(t) —z(2)|| < (# —t0)M, 1 € [to,t0 + 7]
The preceding inequality implies that
lu(t)|| <Ho+tM < H, t€ ty,to+ 1]
It follows from the definition of the function that

|u(t)|| < Ho < H, t€ [ty—h,t)].
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We denote by U the set of all such functions. On the set U we define an operator A
that acts on the functions of the set

(p(t—tot), t € [to — h,to],
Alw)(r) = Z(t)—l—/f(s,us)ds, t € [to,t0 + T].

fo

Here u;: 0 — u(s+0), 6 € [—h,0] and |Jus||, < H for s € [to,10 + 7]. It is easy
to verify that the theorem conditions (i) and (ii) guarantee that the transformed
function, A(u), belongs to the same set U,

uelU= A(u) eU.

Any solution x(¢) of the initial value problem (5.1)—(5.2) defines a fixed point of the
operator,
xX(@t)=AX)(1), telto—hito+1].

Observe that
07 re [t()—h,t()],

AGEO = AWEDO =9 [ — s s, 1€ foto +7]

Hence, for t € [ty — h, 1]
A0 = Aw®)0)|| =0

and for ¢ € 19,19 + 7]

th+T

[ A6~ a0 | < [ i) = sl as.

Because Hu§1> |l <H and ||u§2) l» < H, the Lipschitz condition (iii) implies that the
inequality

th+T

[ Ao - awo| <2 [

fo

NORNe)

‘ds
h

<7tL sup uV(s) —u®(s)

s€ltg—h,tp+7]
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holds fort € [ty, o+ 7]. Since the preceding inequality holds for all 7 € [ty — h, fo+ 7],
we conclude that

sup
s€lto—h,to+7]

AWy (r) - A(M)(;)H <7l sup

s€(to—h,to+1]

uV (s) — u® (S)H .

Now, because L7 < 1, the operator A satisfies the conditions of the contraction
mapping theorem, and there exists a unique fixed point of the operator u'*) € U.
This means that

(p(l‘—to), re [l‘o—h,l‘o],

W0 = A0 = )4 [ sl s, 1 € fo.to-+ 7,

io

ie.,
t
u(*)(t) —Du(*)(z‘ —h)=¢(0)—Do(—h)+ /f(s,ug*))ds, t € [to,t0 + 1.
fo

The functional f(z, @) is continuous, and 1u*)(¢) is piecewise continuous; therefore,
the right-hand side of the last equality is differentiable on [to,# + T|, except at most
a finite number of points, and we arrive at the conclusion that the following equality
holds almost everywhere:

d *

3 [,A*)(t) _Du<*>(t_h)} = f(.ud™), 1€ to,10+1).

Because function u(*>(t) satisfies Eq. (5.2), it is the unique solution of the initial
value problem (5.1)—(5.2). O

Remark 5.1. We can take t; =ty + T as a new initial time instant and define the new
initial function

0V (0)=u(t;+6), 6e|-h,0).
Then the construction process can be repeated, and we extend the solution to the next

segment [r1,7; + T]. This extension process can be continued as far as the solution
remains bounded.

For each solution there exists a maximal interval [fy, 7o+ T') on which the solution
is defined. Here we present conditions under which any solution of system (5.1) is
defined on the interval [fy, ).

Theorem 5.2. Let system (5.1) satisfy the conditions of Theorem 5.1. Assume
additionally that f(t, @) satisfies the inequality

£ @)l <n(loll,), >0, ¢ePC ([~h,0],R"),
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where the function 1 (r), r € [0,e0), is continuous, nondecreasing, and such that for
any ro > 0 the following condition holds:

R
. dr

lim =0

Re ) M(r)

o

Then any solution x(t,ty, Q) of the system is defined on [ty,o).

Proof. Given ty > 0 and ¢ € PC' ([—h,0],R"), there exists a maximal interval
[fo,70 + T') on which the corresponding solution x(¢,7p, @) is defined. For the sake
of simplicity we denote x(,1y, @) by x(t).

Denote by [tg,fo + T) the maximal interval on which the solution is defined.
Assume by contradiction that 7 < oo, and define the smallest entire N such that
T < Nh. There exists an increasing sequence {f; },_, such that

limy =t0+T
k—>oo

and
lim [|x(#g ) || — .
k—yoo

Otherwise, by Remark 5.1, the solution can be defined on a wider segment [fg, 7y +

T+1],7>0.
The solution satisfies the equality

x(t) =Dx(t —h)+[@(0) — Do(— —l—/fsxs 1€ lto,to+T).

For a givent € [ty,70+T) we define an integer k such that s € [fo+ (k — 1) h,to + kh).
Now, iterating the preceding equality k — 1 times, we obtain that

B 1—jh
x(1) = D*x(t — kh) +klef'[<p(0) )N+ 2 D’ / £(s,x;)ds.
j=0

fo

There exist d > 1 and p > 0 such that HD"H < dpk for k > 0. Thus

(@)l < K||(p||h+%/||f(svx8)”dsv t € [to,t0 +T),

where

N-1
x=dY p/, k=max{d,dp"}+(1+p)x
=0
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For 8 € [—h,0] the following inequality holds:

max{r+6.,1}
lx(t +0)|l < Kol + > / 1/ (s,xs) | ds

fo

t
< wllgll+5¢ [ 175, ds:
1o

hence we arrive at the inequality

t
Il < Kll@l+ 2 [ 1 Gx)lds, 1€ oo +T)

fo

It follows from the theorem conditions that

t
Il < K1l + ¢ [ nlsll)ds. € oo+ 7).

fo

Denote the right-hand side of the last inequality by v(¢); then

=sN(|bally) < >n(v(@)), 1€ lio,t0+T).

This implies that

T av(s) ) )
[O/n(v(s))ﬁ"(‘k fo), k=1,23,....

On the one hand, since
T

T av(s) ¢
J&mnz/ﬁa’

o

where ro = v(fp) = k|| @||, >0, and
e =v(00) 2 [ ], = ()| > o, as k= o

we conclude that

k
lim / dls) _,
) 10()

0
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On the other hand,

lim s (1 — 19) = »T;
k—yo0

therefore T = oo. This contradicts our assumption that 7 < e. The contradiction
concludes the proof of the theorem. O

5.3 Continuity of Solutions

In this section we analyze the continuity properties of the solutions of system (5.1)
with respect to initial conditions as well as the system right-hand-side perturbations.
These continuity properties are a direct consequence of the following theorem.

Theorem 5.3. Assume that the right-hand side of system (5.1), f(t, @), satisfies the
conditions of Theorem 5.1. Let x(t 1y, @) be a solution of system (5.1) with the initial
condition

x(to+0)=9(0), 06¢c[—h0].

Given a perturbed system of the form

) =Dy — 1) = fly) + 5oy, 120,

where the functional g(t,) is continuous on the set [0,o0) x PC' ([~h,0],R"),
the functional g(t, @) satisfies the Lipschitz condition with respect to the second
argument and

gt @)l <m, 1>0, ¢ €PC'([~h,0],R").
Let y(t,19, W) be a solution of the perturbed system with the initial condition
¥(to+0) = y(6), 6 € [~h,0].

If both solutions are defined for t € [ty,t9 + T, where 0 < T < oo, then there exist
positive constants o, 3,y such that the following inequality holds:

be(t,10, @) = y(1,00. W) < (et [[y = Iy +Bm)e? ™), 1 € 19,10 +T].

Proof. For the matrix D there existd > 1 and p > 0 such that HD" || < dpk fork > 0.
For the sake of simplicity we will use the following shorthand notations for the
solutions x(¢,%o, ) = x(¢) and y(z,y, ) = y(t). Observe that for ¢ > 1,

d

) = Dale = h)] = 3 I(e) = Dyl — )] = £(1.3) = £0:30) ~ 80,3
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Integrating the preceding equality we obtain that

x(t) = y(t) = Dx(t —h) —y(t — h)]
+[9(0) = Do(—h)] — [y(0) — Dy(—h)]

+ [ s5) = Fls.3) — gls3))ds, 1210

Let us first define the smallest integer N such that 7 < hN. Then for a given ¢ €
[t0.t0 + T| we define an integer k such that 7 € [ty + (k — 1) h, 1y + kh). Now, after
k — 1 iterations we arrive at the equality

k—1

x(t) = y(t) = D" [x(t — kh) — y(t — kh)] + ;)Dj [@(0) — y(0)]

k—1
- ZOD"“ [p(=h) = y(=h)]
j=
t—jh

k=1
+ 2 D’ / [f(s,2x5) = f(s,y5) — &(s,5)] ds. (5.4)
j=0

fo

Since t — kh € [tg — h, 1], we conclude that
| D bxte k) = yta = k)| < dp* g = wl, < max {d.dp™} o — -

It is obvious that the following two inequalities hold:

k—1
N D/ [p(0) — w(0)]|| < x|l —wl|,,
=0
where
N-1
x=d z p’
j=0
and
S
Y DI p(—h) — y(=h)]|| < spllo — wl|,-
j=0
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Finally, we find that

wq  th
>o |
=0

0

[£(s.0) = Fo.30))ds | < 2 [ 17(s,0) = £5.30) | s

t
< sl [ ve= s

fo

and
-1 !
307 [ slods| < x [ llg(s.30)[ds < samlr —10).
j=0 1o 1o

Here L; = L(H,) and
H, —maX{ sup |[x(r)[|,  sup IIy(t)l}-
t€ltg—h.to+T] t€lto—h.1o+T)

Now equality (5.4) implies that for ¢ € [ty, 7o + T the inequality

t
() =yl < x [ - l//Hh+%m(t—to)+%L1/Hxs—ysllhds

fo

holds, where
k =max {d,dp" } + (1 +p).

Applying arguments similar to that used in the proof of Theorem 5.2 we obtain that

t
1% =yellp < xll@ = Wl + zem(t —10) + 2Ly /Hxs—ysllhds, t € [to,to+T].

fo

Denote the right-hand side of the last inequality by v(¢); then

@)

i =sem—+ Ly |x —y|,, t€ [to,to+T].

Direct integration of this inequality leads to the desired result

Hx(tvt()v(p) _y(tat()vl”)” < ”xt(t()vq)) _yl(t()vl”)”h

< xllw— sy (1—tg) 4 ™ oL (1—10)
< kly—olje t1e

IN

(o =@l +Bm) e 1 € 19,10+ T,

wherea:K,[B:Ll’l,andy:%Ll. O
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Corollary 5.1. Let g(t,¢) =0, then m = 0, and both x(t,ty, ) and y(t,ty, ) are
solutions of system (5.1). Assume that these solutions are defined for t € [ty,t90+ T].
Then for any € > 0O there exists 6 > 0 such that if |y — @||,, < 0, then the following
inequality holds:

HX(IJO,(P) _'x(tat()ay/)” <g, re [t07t0+T]'

In other words, x(t,ty, @) depends continuously on the initial function Q.
Proof. The statement follows directly from Theorem 5.3 if we set § = o~ le~"7.00

Corollary 5.2. Let y(0) = ¢(0), 0 € [—h,0]; then the solutions x(t,ty,Q) and
y(t,t0, W) have the same initial function. Assume that these solutions are defined
fort € [ty,to+ T]. Then for any € > 0 there exists & > 0 such that if m < 0, then the
following inequality holds:

Hx(tvtov(p) _y(tvth(P)” <E, re [t07t0+T]'

This means that the solutions depend continuously on the right-hand side of
system (5.1).

Proof. The statement follows directly from Theorem 5.3 if we set § = g3 ~'e~"".0

5.4 Stability Concepts

In the rest of the chapter we assume that system (5.1) satisfies the conditions of
Theorem 5.1 and additionally that it admits the trivial solution, i.e., the following
identity holds:

f(,0,) =0, fort > 0.

Definition 5.1. The trivial solution of system (5.1) is said to be stable if for any
€ > 0 and 7y > 0 there exists 0 (&,7) > 0 such that for every initial function ¢ €
PC'([—h,0],R"), with || @l|, < & (&,1), the following inequality holds:

H'x(t7t07q'))|| <E, tZ[O
If 6 (€,19) can be chosen independently of 7, then the trivial solution is said to be

uniformly stable.

Definition 5.2. The trivial solution of system (5.1) is said to be asymptotically
stable if for any € > 0 and #y > 0 there exists A (g,7p) > 0 such that for every initial
function @ € PC!([—h,0],R"), with ||@||, < A(&,1), the following conditions hold.
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1. ||lx(t,00,9)| < &, fort > 1.

2. x(t,t0, @) — 0,ast —tg — oo.
If A(g,tp) can be chosen independently of 7y and there exists H; > 0 such that
x(t,t0,0) — 0, because 1 — fy — o, uniformly with respect to 7y > 0, and ¢ €
PC'([~h,0],R"), with ||@||, < H|, then the trivial solution is said to be uniformly
asymptotically stable.

Definition 5.3. The trivial solution of system (5.1) is said to be exponentially
stable if there exist A9 > 0, o > 0, and y > 1 such that for every 7y > 0 and
@ € PC'([—h,0],R"), with || @], < Ao, the following inequality holds:

ke (2,10, 9) < ve O o]y, =10,

As mentioned in Sect. 5.1, if an initial function ¢ admits a jump point 0y, then
the corresponding solution, x(z,7, @), has jump discontinuity at the points # = 1o+
0 + kh, k > 1, and the jumps at these points satisfy the jump equation

Ax(lk+1) = DAx(tk), k>1.

As a consequence, we observe that system (5.1) cannot be stable if the matrix D
admits an eigenvalue with magnitude greater than one. Otherwise, for any 6 > 0
there exists an initial function ¢ € PC'([—h,0],R"), with ||@||, < &, such that the
corresponding solution x(z,y, @) has a sequence of jumps, and the size of the jumps
tends to infinity. This observation motivates the following assumption.

Assumption 5.4. In the rest of the chapter we assume that matrix D is Schur stable,
i.e., the spectrum of the matrix lies in the open unit disc of the complex plane.

5.5 Lyapunov—Krasovskii Approach

We will use the following concept of positive-definite functionals for system (5.1).

Definition 5.4. The functional v(z, @) is said to be positive definite if there exists
H > 0 such that the following conditions are satisfied:

1. The functional v (¢, ) is defined for ¢ > 0 and ¢ € PC! ([—h,0],R"), with || ||, <
H.

2. v(t,0,) = 0,1 > 0.

3. There exists a positive-definite function v; (x) such that

Vl((P(O) _D(p(_h)) S V(t, (p)a
t>0, ¢ € PC' ([~h,0],R"), with |||, < H.
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4. For any given #y > 0 the functional v (y, @) is continuous in @ at the point 0y,
i.e., for any € > 0 there exists 6 > 0 such that the inequality ||@||, < 6 implies

[v(to, @) — v(to,0n)| = v(to, @) < €.

We are now ready to present some basic results of the Lyapunov—Krasovskii
approach.

Theorem 5.4. The trivial solution of system (5.1) is stable if and only if there exists
a positive-definite functional v(t,) such that along the solutions of the system
v(t,x;), as a function of t, does not increase.

Proof. Sufficiency: Since the matrix D is Schur stable, there exist d > land p €
(0, 1) such that the inequality ||Dk H < dp* holds for k > 0. The positive definiteness
of the functional v (¢, @) implies that there exists a positive-definite function v; (x)
satisfying Definition 5.4. Let H > 0 be that of Definition 5.4.

For a given € € (0,H) we first set

1—
g = 7 P e>0
and then introduce the positive value
)L(El) = min vl(x). (5.5)
[lll=&1

Since for a given £y > 0 functional v (#y, ) is continuous in ¢ at the point 0y, there
exists &) (g,7)) > 0 such that v(f9, ) < A(g;) for any ¢ € PC' ([—h,0],R"), with
loll, < 6i(e,10).

It is clear that &;(g,f9) < &1; otherwise we can present an initial function ¢ €
PC! ([~h,0],R") such that |||, < & (g,%) and ||¢(0) — Do(—h)|| = &. On the
one hand, for this initial function we have v;(¢(0) — Do(—h)) > A(g;). On the
other hand, v (¢(0) — Do(—h)) < v(to,®) < A(&1). The contradiction proves the
desired inequality.

Now we define the positive value

01 (&,t
5(e,10) = ;Efd;’)).

Let ¢ € PC! ([~h,0],R") with || ||, < 8(€,t). Then the theorem condition implies
that

vi(x(t,20,9) — Dx(t — h,t0,9)) < v(t,x(10,9))
<v(tg,p) < A(ey), t=>to. (5.6)
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We prove that
H-x(t7t07(p)_D'x(t_hat()u(p)” < €1, tZt()'

Assume by contradiction that there exists a time instant #; > fy for which
||x(t17t07 (p) _Dx(tl - hat()a (P)” Z €.
Since

l|lx(t0,%0, ) — Dx(to — h, 10, @)|| = [|@(0) — Do (—h)||
< (1+dp)lloll, < ébi(e,t0) <&

and ||x(z,10,9) — Dx(t — h,to, @)|| is a continuous function of #, there exists t* €
[f0,#1] such that

||x(t*7t07 (p) _Dx(t* - hvth (P)” =&.
On the one hand, it follows from Eq. (5.5) that

vi(x(t*,t0,0) — Dx(t* — h,to,0)) > A(€r).
On the other hand, Eq. (5.6) provides the opposite inequality
vi(x(t*,t0, @) — Dx(t* — h,19,9)) < A(e1).
The contradiction proves that our assumption is wrong, and
[[x(z,20, ) — Dx(t — h,to, @)|| < &1, 1 =1o.
The preceding inequality means that
x(t,10,9) = Dx(t —h,t9,0) +&(1), 1>1, (5.7
where £ (7) is such that || & (¢)]| < &1, > to.

For a given ¢ > £y we define the entire number k such that ¢ € [to + (k — 1)h, 1 +
kh). Tterating equality (5.7) k — 1 times we obtain that

k—1
x(t,10,9) = D*x(t — kh,t,9) + Y, DE(t — jh).
=0

Since t — kh € [ty — h, 1),

[x(z = k1o, @) || < [[@ll), < &(e,0) < &1,
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ERIE
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Fig. 5.1 Value of ||x(¢,to, ¢||, the first case

and we arrive at the following inequality:

k=1
(o109 | < || D It = sto, @)+ X [P 1€ 2 = jm) |
j=0

k1

. d

< dp*8(e,10)+ Y, dpler < 8¢ > 1.
i—0

F —

This means that J(&,#y) satisfies Definition 5.1, and the trivial solution of Eq. (5.1)
is stable.

Necessity: Now, the trivial solution of system (5.1) is stable, and we must prove
that there exists a functional v(z, @) that satisfies the theorem conditions.

Construction of the functional: Since the trivial solution of system (5.1) is stable,
for € = H there exists §(H,1y) > 0 such that the inequality || ¢||, < 6(H 1) implies
that ||x(,%,@)|| < H fort > ty. We define the functional v (¢, ¢) as follows:

sup [|x(z,70, @) — Dx(t — h,t0@) ||, if |[x(1,10, )| < H, fort > o,
v(to, ) = { 1200
(14 dp)H if there exists T > f such that ||x(T, %, @)|| > H.
(5.8)
These two possibilities are illustrated in Figs. 5.1 and 5.2, respectively.

We verify first that the functional is positive definite. To this end, we must verify
that it satisfies the conditions of Definition 5.4.

Condition I: Actually, Eq. (5.8) allows us to compute v(fy, @) for any #y > 0 and
¢ € PC' ([~h,0],R"), with || @], < H.
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A
[

H _____________

~y

to T
Fig. 5.2 Value of ||x(¢,1, ¢||, the second case
Condition 2: Since for ¢ = 0, the corresponding solution is trivial, x(¢,7,0,) = 0,
t > to, then v(1,0;,) = 0.

Condition 3: The function vy (x) = ||x|| is positive definite. In the case where
lx(t,70,9)|| < H fort > ty, we have

vi (9(0) —Do(—h)) = [[@(0) = Do(—h)||
< Sup”x(t’t()v(p) _Dx(t_h’t()vq))” = V(t()v(p)'

t>1

And in the other case where there exists T > 1 such that ||x(T,#, )| > H, the
following inequality holds:

vi(9(0) —=Do(—h)) = [|9(0) = Do(=h)|| < (1+dp)H = v(to, ¢).

Condition 4: Given to > 0, the stability of the trivial solution means that for any
€ > 0 there exists §; = 5(@@) > 0 such that ||¢||, < 0, implies

”x(t’t()v(p)” < fo-

£
— (=
14+dp

This means that

||X(t,t0, (P) - D‘x(t - hat()a (P)” < ||X(t,t0, (P)” + dp H‘x(t - hat()v (p)H <§& I 2 lo.
The preceding inequality demonstrates that

|V(t07 (P) - v(t()uoh)| = V(l‘(), (p) <e.
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This observation makes it clear that for a fixed #y > 0 the functional v(1, @) is
continuous in @ at the point 0y,.

Now we check that functional (5.8) satisfies the theorem condition. First, we
consider the case where ||x(¢,%, )| < H for t > ty. In this case, given two time
instants #; and #, such that r, > t; > 1y, we have that

V(tlvxn (t()v (P)) = sup ”x(t’t()v (P) _Dx(t — h,1o, (P)H

1>t

and
V(t27xl2 (t()v (P)) = sup ”x(t’t()v (P) - Dx(t — h, 1o, (P)” .
t>t)
Since for the second value the range of the supremum is smaller than that for the
first one, we conclude that

V(12 %, (0, @) < v(t1,x1, (0, 9)).

This means that along the solution the functional v(z,x, (79, @)) does not increase as a
function of z. In the second case, where there exists T > £y such that ||x(T,z, @)| >
H, we have the equality

v(12, %1, (10, 9)) = V(11,5 (0, 9)) = (1 +dp)H,

and, once again, the functional does not increase along the solution of system (5.1).0

Remark 5.2. On the one hand, functional (5.8) has only an academic value.
Obviously, we cannot use such functionals in applications. On the other hand,
it demonstrates that the Lyapunov—Krasovskii approach is universal: for any
system with a stable trivial solution there are positive-definite functionals satisfying
Theorem 5.4.

Theorem 5.5. The trivial solution of system (5.1) is uniformly stable if and only if
there exists a positive-definite functional v (t, Q) such that the following conditions
are satisfied:

1. The value of the functional along the solutions of the system, v(t,x;), as a
function of t does not increase.
2. The functional is continuous in ¢ at the point Oy, uniformly for t > 0.

Proof. Sufficiency: We use notations from the proof of the sufficiency part of
Theorem 5.4. Now the functional v(¢,¢) is continuous in ¢ at the point Op,
uniformly for 7 > 0, so there exists a positive value J;(€) such that the inequality
v(f0,9) < A (&) holds for any fp > 0 and ¢ € PC' ([—h,0],R"), with || @], < & (¢).
Therefore, the value
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does not depend on #y. The remainder of the sufficiency part of the proof coincides
with that of Theorem 5.4.

Necessity: The uniform stability of the trivial solution of system (5.1) implies that &
can be chosen independently of 7y, 6 = &(&). We show that functional (5.8) satisfies
the second condition of the theorem. Let us select for a given € > 0(e < H) the

value
€
o =9 (1+dp) ’

Then, for any ¢ € PC' ([—h,0],R"), with ||¢||, < & and 7 > 0, we have that

t
t,t —— fort > t.
||x(,0,(P)H< 1+dp7 orr =1y

This means that
”x(t’t()v (P) _Dx(t — h, 1o, (P)” < ”x(tvt()v (P)” +dp Hx(t — h, 10, (P)H <Eg, t21.
The preceding inequality demonstrates that

|V([07 (p) - V(t(),Oh)| = V(to, (p) < g, I > 0.

In other words, functional (5.8) is continuous in ¢ at the point 0, uniformly with
respect to fp > 0. a

Corollary 5.3. Let the condition of Theorem 5.4 be fulfilled, and let the functional
v(t, @) admit an upper estimate of the form

v(t,0) <va(@), 1>0, ¢ €PC([=h,0],R"), with ||p], <H,

with a positive-definite functional v,(Q); then the trivial solution of system (5.1) is
uniformly stable.

Theorem 5.6. The trivial solution of system (5.1) is asymptotically stable if and
only if the following conditions hold.

1. There exists a positive-definite functional v(t,@), defined for t > 0 and ¢ €
PC' ([~h,0],R"), with ||@||, < H such that along the solutions of the system
v(t,x;), as a function of t, does not increase.

2. Foranyty > 0 there exists a positive value [1(t) such that if ¢ € PC' ([~h,0],R")
and ||@||, < u(ty), then v(t,x/(to,9)) decreases monotonically to zero as
I —1y —> oo.

Proof. Sufficiency: Since the matrix D is Schur stable, there exists d > 1 and p €
(0, 1) such that the inequality ||Dk H < dp* holds for k > 0. The first condition of the
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theorem implies the stability of the trivial solution of system (5.1); see Theorem 5.4.
Thus, for any € € (0,H) and fy > 0 there exists 0(g,f) > 0 such that if |||, <
6(e, ), then ||x(z,10,9)|| < € forz > 1. Let us define the value

A(e,t0) = min{d (e,10), 1 (to)} -
Now, given an initial function ¢ € PC' ([—h,0],R") such that ||¢||, < A(g, 1), we

will demonstrate that x(¢,zp, @) — 0 as t — o — . The functional v(z, @) is positive
definite, so there exists a positive-definite function v; (x)such that

vi(@(0) —=Do(—h)) <v(t,9)

fort > 0 and ¢ € PC' ([—h,0],R"), with |||, < H. For a given & > 0(g; < €) we
set

1—
& = de >0

and define the positive value
o= min vi(x).
e

By the second condition of the theorem, there exists 7 > 0 such that v(z,x; (19, @)) <
o fort >ty+ T and

vi(x(t,10, 9) — Dx(t — h,t9, @) < v(t,x(f0,0)) <o, t—1t9>T,
so we must conclude that
1x(t,10,0) — Dx(t — h,to,p)|| <&, t—to=T.
This means that
x(t,10,0) = Dx(t — h,t9, @)+ v(t), t—19>T, (5.9)

where
[vi)| <&, t—10>T.

For a given t > 1o + T we define the integer number k such that 7 € [to+ T + (k—
1)h,t9 + T + kh). Then, iterating equality (5.9) (k — 1) times, we obtain that

k—1
x(tat()a(p) = ZDJV(I _]h) +Dk'x(t_kh7t07(p)
J=0
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and

k=1
. d 1
x(t.t0,@)|| < . dple, +dp*e < s +dpte < S € +dpre, t—10>T.
~

; _
Since pk — 0 as k — oo, then, starting from some ky, the following inequality holds:

1
dpke < 581, k > k.
This means that ||x(¢,7, Q)| < & for t > to + T + koh, and we conclude that

x(t,10,0) — 0 as t — 1y — o=. Hence, the previously defined value A(1, €) satisfies
Definition 5.2.

Necessity: In this part of the proof we make use of functional (5.8). In the proof of
Theorem 5.4 it was demonstrated that the functional is positive definite and does not
increase along the solutions of system (5.1). This means that the functional satisfies
the first condition of the theorem.
We address the second condition of the theorem and choose the value p(z) as
follows:
1 (to) = A(H, 19) > 0.

Now for any initial function ¢ € PC' ([—h,0],R"), with ||@]|, < u(ty), we know that
x(t,t9, @) — 0 as t — o — oo. This means that for any &; > 0 there exists #; > fpsuch
that

>1.

Ix(, 10, 9)]| < el

14+dp
According to Eq. (5.8), we have
V(6,3 (10, @) = sup|x(s, 10, @) = Dx(s = h.to, 9}
s>t

L -,
= 1+dp ' " 1+dp!

=g, t>H+h

The preceding observation proves that v(#,x;(fo, ¢)) tends to zero as t —fy — co. O

The following statement gives sufficient conditions for the asymptotic stability
of the trivial solution of system (5.1).

Theorem 5.7. The trivial solution of system (5.1) is asymptotically stable if there
exist a positive-definite functional v (¢, ) and a positive-definite function w(x) such
that along the solutions of the system the functional v (t, @) is differentiable and its
time derivative satisfies the inequality

) xe) - Drtr )
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Proof. Since the matrix D is Schur stable, there exists d > 1 and p € (0, 1) such that
the inequality || D*|| < dp* holds for k > 0.

Observe first that the theorem conditions imply that of Theorem 5.4; therefore,
the trivial solution of system (5.1) is stable, i.e., for any 7y > 0 and € > O there exists
6(¢g,tp) > 0, which satisfies Definition 5.1. Let us set

S

A(E,to) = 6(1+dp7t0

) > 0.

Given o > 0 and an initial function ¢ € PC! ([—h,0],R") such that |¢||, <
A(g, 1), we have that

Ixt,t0, Q) < ——m 12
10, P 1+dp’ =2 1o,
and
|x(2,20,0) — Dx(t — h,to,0)|| <&, t>1ty+h. (5.10)
First we demonstrate that
x(t,t0,@) —Dx(t — h,tg, @) — 0, ast —tg — oo. (5.11)

Assume by contradiction that this is not the case; then there exists oo > 0 and a
sequence {#},_;, fx —to — oo, as k — oo such that

|lx(tk,t0, ) — Dx(t — h,to,@)|| > o, k>1.

Without loss of generality we may assume that #;.| —# > h for kK > 0. It follows
from system (5.1) that

x(t,10, Q) — Dx(t — h,t9, @) = [x(tx,t0, Q) — Dx(t — h, 10, Q)]

t
+ [ FenlogNds, 1>,
i

and since ||x(tx,fo, @) — Dx(tx — h,t0, @)|| > ¢, then
[x(t,10, ) = Dx(t — h, 1o, )| = = M(€)(t — 1), =1

(see condition (i) of Theorem 5.1). Hence, for any k& > 1 the following inequality
holds:

o
||x(t5t05(p)_Dx(t_hat()a(p)”ZE’ te[tk,tk—FT],
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where
T=mins h o
B 2M(e) |

Because the function w(x) is positive definite, we have that

B= min w(x)>0.
§<lxll<e

The second condition of the theorem implies that

v (t,x:(t0,9)) < v(to,9) — /W(X(s,to, @) — Dx(s — h,19,))ds

< v(to, @) — TBN(2),

where N(t) denotes the number of segments [f,# + 7] that belong to [fo,?].
Since N(t) — oo as t —ty — oo, we have that v (z,x:(t9, ¢)) becomes negative for
sufficiently large ¢, which contradicts the positive definiteness of the functional. The
contradiction proves Eq. (5.11). This means that

x(taIOa(P):Dx(t_hvth(P)_'—é(t)v t > 1y,

and £(r) — 0 as r — 1y — oo. Given a positive value & < &, there exists #; > 7y such
that

—p
Il < Lea, 120
Let us define k¢ such that dpks < %81 for k > ko. Now for any t > | 4+ koh we have
ko—1

t 10, ¢ 2 Djé jh +Dk0x(l‘—k0h to,(p)

and

k=1
Iattto. )1 < 3 |16 = w1+ [ | e — oo )]

d l—p ko
1—p< 2d 81>—|—dp £ < g,

and we arrive at the conclusion that x(z,7y, ) — 0 as t — fy — eo. This means that
the previously defined positive value A(g,#y) satisfies Definition 5.2, and the trivial
solution of system (5.1) is asymptotically stable. O
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Now we provide a criterion of the uniform asymptotic stability of the trivial
solution of system (5.1).

Theorem 5.8. The trivial solution of system (5.1) is uniformly asymptotically stable
if and only if there exists a positive-definite functional v (t, @) such that the following
conditions hold.

1. The functional is continuous in ¢ at the point 0, uniformly for t > 0.

2. There exists a positive value 1y such that v (t,x;(ty, 9)) decreases monotonically
t0 zero as t —ty — oo, uniformly with respect to ty > 0, and ¢ € PC' ([~h,0],R"),
with || @], < .

Proof. Sufficiency: Comparing this theorem with Theorems 5.5 and 5.6 we conclude

that the trivial solution of system (5.1) is uniformly stable and asymptotically stable.

Therefore, for a given € > 0 there exists

Ale) = min{%5(£),u1} >0

such that the following properties hold.

1. Given fop > 0 and ¢ € PCI([—h,O],R”), with [[g]l, < A(e), we have that
[[x(z,20, 9)|| < & fort > to.
2. x(tat07(p)—>0,ast—t0—)oo.

Now we define the positive value
H, =A(H).

The functional v(z, @) is positive definite, so there exists a positive-definite function
v (x) such that for t > 0 and ¢ € PC' ([—h,0],R"), with || ¢||, < H, the following
inequality holds:

vi(@(0) = Do(=h)) <v(1,9).

For a given €] > 0(g; < €) we set

1-p
&= g >0
2 2d &
and define the positive value
o= min vi(x).
e <|lx|<e

By the second condition of the theorem, there exists T > 0 such that for any 7y > 0
and ¢ € PC([—h,0],R"), with |||, < H), the following inequality holds:

v(t,x(to,9)) <o, t—tg>T.
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This implies that
vi(x(t,t0,9) — Dx(t — h,to,9)) < o, t—1to>T,
and we conclude that
1x(2,20, @) = Dx(t = h,t0, @)|| < &2, 110 =T,
for any fo > 0, and ¢ € PC' ([—h,0],R"), with ||¢||, < H;. And we again arrive at

equality (5.9). Applying the arguments used in the proof of the sufficiency part of
Theorem 5.6 we obtain the inequality

1
Fe(t,10, 0)] < S & +dp*H, t—1>T.
Since pk — 0 as k — oo, then, starting from some ky, the following inequality holds:

dp*H < %81, k> ko.
This means that ||x(z,70, )| < efor t — 1y > max{T,koh}, and we conclude
that x(¢,7,¢0) — 0 as t — 1y — oo, uniformly with respect to o > 0, and ¢ €
PC! ([~h,0],R"), with ||@||, < H;. Therefore, the previously defined values A(¢)
and H satisfy Definition 5.2. This concludes the proof of the sufficiency part of the
theorem.

Necessity: The uniform asymptotic stability of the trivial solution of system (5.1)
implies that functional (5.8) satisfies the first condition of the theorem. Set

1
= EA(H)a

where A(g) is from Definition 5.2. Now, given & > 0, then for any 7y > 0 and
@ € PC' ([—h,0],R"), with ||@||,, < i, there exists T > 0 such that

€]
1+dp’

HX(Z‘,I(),([))” < t_t02T7

and
|x(r,20, ) — Dx(t — h,10,9)|| <&, t—1t9>T+h.

This means that functional (5.8) satisfies the inequality
V(taxt(t()v(p))églv t—tg>T+h,

for any #o > 0, and ¢ € PC' ([~h,0],R"), with |||, < w;. In other words, under
the conditions of the theorem, the value v (¢,x;(fo, ¢)) decreases monotonically to
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zero as t — ty — oo, uniformly with respect to #y > 0, and ¢ € PC! ([~h,0],R"), with
lloll, < wy. This concludes the proof of the necessity part. O

Theorem 5.9. The trivial solution of system (5.1) is exponentially stable if there
exists a positive-definite functional v(t,Q) such that the following conditions are
satisfied.

1. There are two positive constants 0, , 0 for which the inequalities

o1 | @(0) —Dep(—h)|* < v(t,9) < oz || 0],

hold for t > 0, and ¢ € PC' ([—h,0],R"), with ||¢||, < H.
2. The functional is differentiable along the solutions of the system, and there exists
a positive constant o such that

d
av(l,x,) +20v(t,x%) <0

Proof. Because the matrix D is Schur stable, there existd > 1 and p € (0,1) such
that the inequality || D¥|| < dp* holds for k > 0. There exists 6> > 0 such that p =
e 2k,

If we define the positive-definite function v;(x) = oy |[x||* and the positive-
definite functional v2(@) = o || @]}, then it becomes evident that the functional
v(t, @) satisfies the conditions of Theorem 5.5. Therefore, the trivial solution of
system (5.1) is uniformly stable. This means that for every &€ > O there exists
0(€) > 0 such that the inequality ||¢||, < d(¢) implies ||x(z,7,¢)|| < € for t > 1.
Let us set

Ao = A(H).

We will demonstrate that this value satisfies Definition 5.3. To this end, we assume
that 7 > 0 and ¢ € PC' ([~h,0],R"), ||¢|l, < Ao. The corresponding solution
x(t,t0, @) is such that

lx(2, 20, @)|| < H, t>1o.

The second condition of the theorem implies
v(t,x(f0, @) < v(to, @)e 20=0) 1>,
Applying the first condition we obtain the inequalities

o1 ||x(t,10, @) — Dx(t — h, 10, @) ||* < v(t9, @)e 201 ~10)

< oalgllpe M) 1 > 0.

And, finally, we arrive at the exponential estimate

(1,10, @) = Dx(t = 10, @) < 71|l e @), 1 >0,
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where
N o
This means that
x(t,t0, @) = Dx(t — h,to, @) +n(t), t>1o, (5.12)

where
@l <rillele o, >

For a givent > fo we define an integer number k such that s € [fo + (k— 1)h,to+ kh).
After k — 1 iterations of equality (5.12) we obtain

x(t,10, @ ZD’ — jh) + D*x(t — kh, 1y, @).
The last equality implies that
=1 .
(e, t0,0) 1 < 3 [P/ Ime = i)+ [ D gl
j=0

k=1 .
< 3 (de™7) (m llplly e~ )+ de= " gl
j=0

k—1
< 1d (2 e"the“'“f'“o)) Il +de " |p],.
Jj=0

If we set 6p = min{0oy, 02}, then
(e, 10, 9)1| < d [ke™ D) e g

It follows from the definition of k that (k— 1)k <t —ty < kh, hence

Ix(t,10,9)]] < d [n (—+1) +1] ~o0e-0) g,

< [% <T N 1) N 1} eu(rm) e~ (o=1)t=10) ||

where 1 € (0,0). Observe that the function

{7/1 (T + 1> + 1] e M=) 0, ast — 19 — oo,
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i.e., the function is bounded,
I~ )
din T—i—l +1]e U<y, t>1,
and we arrive at the exponential estimate for the solutions of system (5.1):

(.10, @)1 < 7o~ |l 1> 10,

where y > 1 and 6 = 0y — u > 0. O

5.6 Notes and References

There are several forms in which to present neutral type time-delay systems. In
this book we use the one proposed in the fundamental monograph [23]. This
form assumes that solutions may have discontinuity points, but the difference
x(t) — Dx(t — h) remains continuous for 7 > #p (Assumption 5.1). The main reason to
restrict our study to the case of systems with this simple difference operator is that a
highly complicated stability analysis of more general classes of difference operators
would be required. To the best of our knowledge, even in the case of several delays,
stability conditions often become extremely sensitive to small variations in delays.
An exhaustive stability study of more general classes of difference operators can be
found in [23].

In the exposition of the existence and uniqueness theorem in Sect. 5.2 we follow
an excellent source [19]. For the continuity properties of the solutions see [3,19,23].

A comprehensive treatise on the Lyapunov—Krasovskii approach to the stability
analysis of neutral type time-delay systems is given in [44]. Our method of
presenting basic stability results in Sect. 5.5 was inspired by [19, 72].

A list of contributions with sufficient stability results, mainly presented in the
form of special linear matrix inequalities, can be found in [64]; see also [58] and
references therein.



Chapter 6
Linear Systems

In this chapter we consider the class of neutral type linear systems with one delay.
We define the fundamental matrix of such a system and present the Cauchy formula
for the solution of an initial value problem. This formula is used to compute
a quadratic functional with a given time derivative along the solutions of the
time-delay system. It is demonstrated that this functional is defined by a special
matrix valued function, which is called a Lyapunov matrix for a time-delay system.
A thorough analysis of the basic properties of the matrix is included. Complete type
functionals are introduced, and various applications of the functionals are discussed.

6.1 Preliminaries

In this chapter we consider a linear neutral type time-delay system of the form

d

p [x(¢) — Dx(t — h)] = Aox(t) + A1x(t — h), t>0, (6.1)

where h > 0 and Ay, Aj, and D are given real n x n matrices. The system is time
invariant, so we assume that o = 0 and

x(0)=09(0), 6¢c[-h0].

We set PC' ([—h,0],R") as the space of initial functions.

Remark 6.1. Recall our agreement (Assumptions 5.1-5.3) that the following con-
ditions hold:

1. The difference x(t) — Dx(¢t — h) is continuous and differentiable for ¢ > 7y, except
for possibly a countable number of points.

V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 201
Control Engineering, DOI 10.1007/978-0-8176-8367-2_6,
© Springer Science+Business Media, LLC 2013
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2. In (6.1) the right-hand-side derivative is assumed in the origin, = 0. By default,
such an agreement remains valid in those situations where only a one-sided
variation of the independent variable is allowed.

3. A solution x(¢) satisfies system (6.1) almost everywhere.

6.1.1 Fundamental Matrix

Definition 6.1. Let the n x n matrix K(¢) be a solution of the matrix equation

d
& [K(1)—K(t—h)D] = K(t)Ao+ K(t —h)A;, >0,
that satisfies the following conditions:

1. Initial condition: K(¢) = 0y, fort < 0, and K(0) =1;
2. Sewing condition: K(¢) — K(t — h)D is continuous for t > 0.
Then K(¢) is known as the fundamental matrix of system (6.1).

Remark 6.2. The fundamental matrix K(¢) is also a solution of the equation

d

< [K(0) = DK (1= )] = AK (1) + A iK(1 =), 1 >0.

It follows from Definition 6.1 that the matrix K(z) is piecewise continuous. In
fact, the sewing condition implies that
AK(t) =AK(t—h)D, t>0. (6.2)
Here AK(t) = K(r+0) — K(t — 0). The set of discontinuity points of K(z) is
T={vh| v=0,1,2,...}.

To compute the size of the jumps at these points, one must compute the solution of
the jump Eq. (6.2) with the initial condition

AK(6) = 0,,xp, for 6 € [—h,0), and AK(0) = I

Lemma 6.1. It follows directly from Eq. (6.2) that

| Opxn, t#Vh
AK(I)_{D", t=vh, v>0.

The value of the fundamental matrix K (t) at a discontinuity point coincides with its
right-hand-side limit at the point

K(vh) =K(vh+0) = g1ﬁirr+10K(vh—i— €).
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6.1.2 Cauchy Formula

Theorem 6.1. Given an initial function ¢ € PC'([—h,0],R"), the solution x(t,®)
of system (6.1) admits the following explicit expression:

x(1,¢) = [K(1) = K(t — h)D] 9(0)
0
+/K(t—h—6) Do’ (6)+A190(6)]d6, 1>0. (6.3)
—h

This expression is known as the Cauchy formula for system (6.1).

Proof. Lett > 0and & € (0,7). We compute the partial derivative

J= %[K(t—é)—K(l—é—h)D]x(éa(P)

= — [K(t—&)Ag—K(1— & —h)A|]|x(E, 0)
[K(t—&)—K(t—&—h)D]X (&, ).

Since x(z, @) is a solution of system (6.1), we have that

+

Ji = [K(t—=8)—K(t—&—mDI¥(E,0)
=K(t—&) [DX'(E—h,0) +Apx(E, @) +A1x(§ — 1, 0)]
— K(t=&—h)DX'(E, ),

and we obtain the equality

J= %[K(t—é)—K(l—é—h)D]x(éa(P)

= K(t—=)Ax(E—h @) —K(t =& —h)Aix(&, )
+K(t—&)DX'(E—h,@) —K(t—E—h)DX' (£, 9).

Integrating the preceding equality by & from O to 7 we obtain that

x(t,9) = [K(t) = K(t—h)D] 9(0)

t

+ [ K= )AX(E ~h p)E~ [ Klt—E—hAin(E. 9)a
0 0

t

+ [ K=E)DX(E~hp)E — [ K(—&—n)DX (€. p)d

0 0
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= [K(t) = K(1 = h)D] ¢(0)

0 0
¥ / Kt — & — h)Ax(E)dE + / K(i— & —h)D¥ (£)dE.
—h —h

Because x(§) = @(§), & € [—h,0], the desired Cauchy formula is a direct conse-
quence of the foregoing equalities. O

6.2 Lyapunov Matrices: Stable Case

Definition 6.2. System (6.1) is said to be exponentially stable if there exist c > 0
and y > 1 such that every solution of the system satisfies the inequality

Ix(e @)l < ve ™ llelly, t=0.

Here [[@]|;, = supgc| 0 [|0(0)]]-

Definition 6.3 ([23]). A complex number sy is said to be an eigenvalue of sys-
tem (6.1) if it is a root of the characteristic function,

f(s) =det (sl—se*ShD_Ao_e—shAl) ’

of the system. The set
A={s[f(s)=0}
is known as the spectrum of the system.

The next statement shows that the property of exponential stability depends on
the location of the spectrum of system (6.1).

Theorem 6.2 ([23]). System (6.1) is exponentially stable if and only if there exists
€ > 0 such that the spectrum of the system lies to the left of the vertical line Re(s) =
—¢€ of the complex plane,

Re(so) < —¢g, so €A.

Remark 6.3. If system (6.1) is exponentially stable, then any eigenvalue A¢ of the
matrix D lies in the open unit disc of the complex plane, |A9| < I (Sect. 5.4).
Lemma 6.2. Let system (6.1) be exponentially stable; then there exist vy > 1 and
o1 > 0 such that the following inequality holds:

|K(@)| < ye” ", 1>0.
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Proof. Since the columns of the matrix K(t) — K(t — h)D are solutions of system
(6.1) with special initial conditions, we have that

|K(t) —K(t=h)D|| < ye ™, 1 >0.
This means that the fundamental matrix K (t) satisfies the equality
K(t)—K(t—h)D=®(t), t>0,
where | @(1)|| < ye~ ", t > 0. Define for a given t > 0 an integer number k such

that t € [(k — 1)h,kh). Iterating the preceding equality k — 1 times we obtain that

K(t) = K(t — kh)D* + kil ®(t — jh)D’.
j=0

Because t —kh < 0, the first term on the right-hand side of this equality disappears.
The matrix D is Schur stable, so there existd > 1 and p € (0,1) for which

|D/|| <dp’, j=0,1,2,...

It is clear that p = ¢~ " for some G > 0. Now we arrive at the inequality
k=1 . 1 -
KO < Y | — jn)||D7]| < yd 3 e ot /Meioh,

If we introduce the value 6y = min{c,c}, then the following inequality holds:
IK (0[] < ydke™".
Since (k—1)h <t,
t+h

k< —
— h )

and we obtain the inequality
t+h t+h
1K@ < 7 <%) e = yd (%) ———

For any u > 0 the function
t+h
yd (——Z ) e M

is bounded for t € [0,0). This means that there exists y; > 1 such that

t+h
yd (%) e "<y, t>0.

Ifu €(0,00), then
K@) < ne” ", t>0,

where 61 = op— U > 0. O
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Definition 6.4. Given a symmetric matrix W, let system (6.1) be exponentially
stable; then the n X n matrix

U(t) = / KT (t)WK(t + 7)dr (6.4)
0

is known as a Lyapunov matrix of the system associated with W.

Lemma 6.2 justifies the convergence of the improper integral on the right-hand
side of (6.4).

Lemma 6.3. Let system (6.1) be exponentially stable. Then the Lyapunov matrix
U () is continuous for T > 0.

Proof. The following inequality holds for T > 0:
KT (WKt +7)|| <77 |W[e @D 1 >0.

For a given 7y > 0 we have the difference

Uty +8)~U(w) = [ KTOW [K(r+%+8) — K(r+50)]dr.
0

Assume that |£| < &; then
KT ()WK(t+70+&)|| < 72 [[W[e @070 4 >0,

Given € > 0, there exists T such that
r 1
/HKT(t)WK(H— w+8)|dr < ze, 1E1<8.
T
This implies that

T
[U(0+&)-U(n) < /||KT(I)W[K(f+fo+5)—K(f+To)]||df
0
+/||KT(t)WK(t+To+§)||dt
T
+/||KT(t)WK(t+ro)||dt
T

T
1
< IWI [ 1K+ 1+ &)~ K+ w)dr + e
0



6.2 Lyapunov Matrices: Stable Case 207

Now we estimate the integral

T T+19
[IKG+ 048 Kt mlars [ 1K+ 8) - Kl
0 0

The matrix K(¢) is continuous for ¢ > 0 except for points of the set 7 (Sect. 6.1.1).
We denote by N the smallest integer such that Nh > 15+ 7', and we assume that
26 < h; then

T+719 Jjh+d

N
[ K6+ -K@lds < 3 [ 1K(s+E)~K(s)|dr
0 =0s

vy D=8
+3 / K (s + &) — K(s)|| .
=0 s
It is evident that
jh+6
/||K(s+§)—K(s)Hdt§4y16, ji=0.1,...N.
jh—&

Since the difference K(s+ &) — K(s) is continuous in s and & for s € [jh+ 6, (j +
1)h— 48], |&] < 8, there exists €(8) — 0 as § — 0 such that the inequalities

(j+1)h—8
IK(s+&)—K(s)||dr < (), j=0,1,....N—1,
Jjh+6

hold for any &, with |£] < &. If we select § > 0 such that
1 1
AR IW N+ 1)5 < Le.and yN W] £(8) < L.

then for any & with |&] < &
[U(1+¢) —U(m)| <e.
This proves the continuity property. O

Lemma 6.4. Ler system (6.1) be exponentially stable. Lyapunov matrix (6.4)
satisfies the following properties.

1. Dynamic property:

d

&[U(‘L’)—U(‘L’—h)D]:U(T)A0+U(T—h)A1, T>0; (6.5)
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2. Symmetry property:
U(-1)=U"(1); (6.6)
3. Algebraic property:
—W =ArU(0)4+U(0)Ag—AlU(—n)D — DTU (h)A
+ATU(h) +U(—=h)A; —ATU(0)D — DU (0)A;. (6.7)

Proof. Dynamic property: By definition of the Lyapunov matrix,

U(t)—U(t—h)D = /KT(t)W K(t+7)—K(i+7—h)D]d, 7>0.
0

It follows from Lemma 6.2 that the improper integral on the right-hand side of the
preceding equality converges absolutely and uniformly with respect to 7 > 0. For
t+ T >0 the matrix K(r+ 7) — K(¢t + T — h)D is differentiable and

%[K(t+r)—K(t+r—h)D] =K(t+ 7)Ao+ K(t+1—h)A;.

For similar reasons the integral
o . 5
J= [KNOW (5 [K(+17) ~K@+71-h)D] ) di
0

_ / KT ()W [K(t + T)Ag+ K (t T — h)Ay] dr
0

converges absolutely and uniformly with respect to T > 0. Therefore, we con-
clude that

d [U(t)—U(t—h)D] = /KT(t)W (% [K(t+71)—K(t+ T—h)D]) dr
0
U

(1) Ag+U(t—h)A;, T2>0.

It is important to recall (Remark 6.1) that at T = 0 we understand in (6.5) the right-
hand-side derivative.

Symmetry property: Equality (6.6) is a direct consequence of (6.4).

Algebraic property: To check this property, we first differentiate the product
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R(t) = [K(t) — K(t—h)D|" W [K(t) —K(t — h)D],

 R() = [K()Ao + K (e — WA W K(1) ~ K(t— h)D)

+[K(t) —K(t—h)D)" W [K(t)Ao+ K (t — h)A4],
and then integrate the obtained equality by ¢ from O to co.
On the one hand, the exponential stability of system (6.1) provides that the
integral of the left-hand side of the preceding equality is equal to —W.

On the other hand, a direct application of (6.4) shows that the integration of the
right-hand side leads to the equality

~W = AlU0) - AfU(—h)D+ATUT (—h) - ATU(0)D
+ U(0)Ag+U(=h)A; — DTUT (=h)Ag — DTU(0)A;,
which after some minor transformations coincides with (6.7). O

Corollary 6.1. It follows from Lemma 6.3 and property (6.6) that the matrix U(T)
is continuous for T < 0.

Corollary 6.2. The derivative

is continuous for T > Q.

Lemma 6.5. Ler system (6.1) be exponentially stable. The first derivative of the
matrix U(7T) is continuous for T € [0, h).

Proof. According to Remark 6.1, at T = 0 and T = h we understand the right-hand-
side derivative and the left-hand-side derivative, respectively.
The matrix U (7) satisfies Eq. (6.5). Since
[-D"U(t)+U(t—h)]" =U(h—7)—U(~1)D
and i — 7 > 0 for 7 € [0, 4], then by (6.5),

% [-DTU () +U(t—h)]" = —[U(h—1)Ag+U(~1T)A)]

T
= —[AlU(t)+AJU(t—1)] .
and we arrive at the equality

d% [-D"U(t)+U(t—h)| = —A]U(1) —AJU(t—h), T€[0,h].
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Now we multiply the preceding equality by the matrix D from the right-hand side
and sum the result with (6.5):

% [U(t)—D"U(7)D] = U(1)Ag+U(T—h)A;
~Alu(t)D-AlU(t—h)D, T€[0,h]. (6.8)

All eigenvalues of the matrix D lie in the open unit disc (Remark 6.3). This implies
that the Schur operator S(X) = X — DT X D is regular. The right-hand-side expression
in (6.8) is continuous (Lemma 6.3 and Corollary 6.1). It proves the continuity
property of the first derivative of the Lyapunov matrix. O

We may present now property (6.7) in an alternative form.

Lemma 6.6. The algebraic property (6.7) of the Lyapunov matrix U(T) can be
written as

—W =AU'(0) — DTAU'(0)D, (6.9)
where
du(r) . dU(7)

ST 1 _0) = T _
AU (O)_U(+0) U( 0) ‘L'ligrl() dt rlinflo dt

Proof. On the one hand, we may conclude from (6.8) that
U'(+0) —D'U'(+0)D = U(0)Ag + U (—h)A; — AT U(0)D — AJU (—h)D.

On the other hand, according to (6.6),

dUé;T) B {d(fl(;)r’

50 U'(—0) = — [U’(40)]", and we obtain that
U'(=0) — D'U'(—0)D = — [U(0)A¢ + U (—h)A, —ATU(0) — AL U (—h)D]" .
Now,
AU'(0) — DTAU'(0)D = U(0)Ag + U (—h)A; — ATU(0)D — AlU(—h)D
+ [U(0)Ag+U(—h)A, —ATU(0)D — ATU(—h)D]"
= —W. O

Remark 6.4. The new form of the algebraic property demonstrates that AU’(0) = P,
where P satisfies the matrix equation

P-D'PD=-W. (6.10)
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6.3 Functional vy (o)

Assume that system (6.1) is exponentially stable. Then, for a given quadratic form
xTWx there exists a quadratic functional vo(¢), @ € PC!([—h,0],R"), such that
along the solutions of system (6.1) the following equality holds:

%vo(x,) xT(OWx(t), 1>0. (6.11)

Equation (6.11) defines the functional vo(¢@) up to an additive constant. We select
this constant in such a way that vy(0,) = 0. Integrating the equation from ¢ = 0 to
t =T > 0 we obtain

T

vo(xr (@) —vo(@) = — / o () W(r)dr.

0

The exponential stability of Eq. (6.1) implies that x7(¢) — 0;, as T — o, and we
arrive at the equality

/ t (P Wx t (P) y @ GPCI([_haO]an)'
0
If we replace in the preceding equality x(¢, ¢) by Cauchy formula (6.3), then

w(9) = 97(0) | [ IK()—K(t=mDI" WK() ~K(1—=mDldr | 9(0)
0

0 / o
4207 — DT WK(t —h— 0)di
AVESS
x [D'(0)+A ()] dO
0 0 oo
+//[D(p/(61)+A1(p(61)]T /KT(t—h—Ol)WK(t—h—Gz)dt
“hn

x [D@'(6,) +A19(6,)] d6,d6.

Let U(71) be a Lyapunov matrix associated with W; then the quadratic functional is
of the form

vo() = 9" (0) [U(0) = DU (h) = U(~h)D+D'U(0)D] ¢(0)

+2¢"(0) [ [U(~h—0)—D"U(-0)] [D¢'(8) +A1¢(0)] dO

‘N\o
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0
+./ (D' (61)+A1p(61)]"
“h

0
X / U(@l — 62) [D(pl(ez) +A1(p(62)} dé, | do;. (6.12)
—h

6.4 Lyapunov Matrices: General Case

Given a symmetric matrix W, the associated Lyapunov matrix of system (6.1)
is defined as the improper integral (6.4), where K(z) is the fundamental matrix
of system (6.1). Certainly, this definition makes sense only for the case where
system (6.1) is exponentially stable; otherwise the improper integral is not well
defined. Now we provide an alternative definition of Lyapunov matrices that does
not require the exponential stability of system (6.1).

Definition 6.5. Given a symmetric matrix W, a Lyapunov matrix of system (6.1)
associated with W is a solution of Eq. (6.5) that satisfies properties (6.6) and (6.7).

First we check that functional (6.12) with a newly defined Lyapunov matrix U (T)
satisfies Eq. (6.11).

Theorem 6.3. Let the matrix U(T) in functional (6.12) satisfy Definition 6.5.
Then the time derivative of the functional along the solutions of system (6.1)
satisfies (6.11).

Proof. Let x(t) be a solution of system (6.1). We start with the first term of vy (x;)
[see (6.12)]:
Ro(t) =x"(t) [U(0) = D"U (h) — U(—h)D+D"U(0)D] x(z).

The time derivative of the term is
d

ERo(t) =2x"(t)[U(0) = D"U(h) — U(—h)D+D"U(0)D] X ().

Consider the term
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For this term

4Ry =2 [

5 [U(h4s—1)—U(s—1)D]" [Dx'(s) +Ayx(s)] ds

L

+ 227 (1) [U(h) — U(0)D]" [Dx' (1) +Arx(7)]

— 2T (1) [U(0) —U(~h)D)" [Dx'(t — h) + Asx(t — h)]

T
+ 27 (1) / <% [Uh+s—1t)—U(s— t)D]> [Dx'(s) +Ayx(s)] ds,
t—h

or, if we return to the original integration variables and use the fact that the matrix
U (1) satisfies dynamic property (6.5),

%R 1(t) = 2x"(t) [U(~h)D—D"U(0)D] ¥ ()
+x"(t) [U(=h)Ay + AU (h) — D"U(0)A, —A{U(0)D] x(r)

— 27 (1) [U(0) —U(~h)D]" [Dx (t — h) + Asx(t — h)]

0
+ 20" / U(h+8)—U(0)DI" [DxX' (1 +8) +Awx(r + 6)] dO
“n

0
— 2 (1) / [U(h+8)Ag+ U (8)A,]” [DX'(¢ + 8) + Apx(z + 6)] d6.
“h

We now address the term

0
Ry(t) = / [Dx’(t+91)+A1x(t+91)}T
“n

0
X (/U(@l —6) [Dx’(t—l— 0,) +Ax(t+ 92)] dez) do,
Ch

I
—

[Dx'(s1) +A1x(s1)]T (/ U(si —52) [DX'(52) +A1x(s2)] dsz) dsy.
“h

=

—
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The time derivative of this term is the following

t

d

aRz() [Dx' (1) + Ayx(t T/U t—s2) [DX'(52) +A1x(s2)] dsz
h

—

—

— [DX(t—h) +Ax(t—h)]"

—

U(t—h—s5) [DX'(52) + A1x(s2)] dsz

=

+ [Dx'(s1) + A1x(sy)] r U(si —1t)dsy | [Dx' () +Ax(1)]

[Dx'(s1) + A1x(sy)] ! U(sy —t+h)ds;

/
1=h
/
1=h
x [Dx'(t —h)+Ax(t — h)] .

And applying the symmetry property (6.6) we arrive at the following expression:
0
%Rz( =2 [Dx’(t) +A1x(t)]T/[U(6)]T [Dx’(H— 0)+Ax(t+ 9)} de
~h
—2[DX (1 —h)+Ax(t—h)]"
0
x / U (h+0)]" [Dx (1 + 6) + Ayx(t + 0)] d6.
~h

Now, collecting the computed derivatives we obtain

%vo(x,) = —x"(t)[U(—=h)A; —D"U(0)A; + ATU (h) — A{U(0)D] x(t)

+ 27 (1) [U(0) — U(~h)D]" <% [e(t) — Dx(t — h)] — Ayx(t — h)>

T
+2 (% [x(¢) — Dx(t — h)] — Aox(t) — Ay x(r — h)>

0
X / [Uh+0)]" [DxX'(t+6)+Ax(1+6)] d6.
“h

The last term on the right-hand side of the preceding equality is equal to zero since
x(t) is a solution of system (6.1). By the same reason we have the equality
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% [x(t) — Dx(t — h)] — A1x(t — h) = Agx(1).

This means that

%vo(x,) =x"(t) [U(~h)A1 —D"U(0)A; +A] U(h) — ATU(0)D] x(r)

+x"(t) [AfU(0) =AU (—=h)D + U (0)Ag — D" U (h)Ao] x(2).

According to algebraic property (6.7), the right-hand side of the preceding equality
is equal to —x” (£)Wx(t), and we arrive at the final conclusion that

%vo(x,) =l ()Wx(t), t>0. 0

Now we check that Definition 6.5 is consistent with Definition 6.4.

Theorem 6.4. Let system (6.1) be exponentially stable. Then matrix (6.4) is a
unique solution of Eq. (6.5), which satisfies properties (6.6) and (6.7).

Proof. The fact that matrix (6.4) is a continuous solution of Eq. (6.5) and satisfies
properties (6.6) and (6.7) was proven in Lemmas 6.3 and 6.4.

We show now that this solution is unique. Assume by contradiction that for a
given symmetric matrix W there are two such solutions, U;(7), j = 1,2. Then we
define two functionals, v(()j> (9), j=1,2, of the form (6.12), the first one with U (1) =
U, () and the other with U(t) = U(7). Both U;(7) and U, (7) satisfy (6.5)—(6.7),
so by Theorem 6.3,

%véj)(xt) = —x'()Wx(t), t>0; forj=1,2.

This observation implies that the difference Avg(x;) = vg) () — v(()l) (x¢) is such that
Avo(xi(@)) = Avo (@), 120

System (6.1) is exponentially stable, so x;(¢) — Op, as t — oo, and we conclude that
0 = Avy(¢) for any initial function ¢ € PC'([—h,0],R"). We write this equality in
the explicit form

0= ¢"(0) [AU(0) — D" AU (h) — AU(—h)D + DTAU (0)D] ¢(0)

0
+ 2(pT(O)/[AU(h+ 0) — AU(0)D]" [Dg/(6) + A 9(6)] d6
“h
0 0
+/ [D(P/(91)+A1(P(91)]T /AU(91 —6) [D@'(6:) +A19(6,)] d6; | d6;.
—h —h

(6.13)
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Here the matrix AU (7) = Uy (1) — U; (7).

By definition, the matrix AU(7) is a solution of Eq. (6.5), which satisfies
properties (6.6) and (6.7) with W = 0,,»,,.

Consider the following initial function:

y, for 6 € [—¢,0]

6.14
0, for 6 € [—h,—¢), 619

TOR

where 7 is a constant vector and € is a sufficiently small positive value. For this
function condition (6.13) has the form

0 =7y" [AU(0) —D"AU (h) — AU(—h)D+D"AU(0)D] y
+ 29" [AU(h — &) — AU (—¢)D]" Dy
+2ey" [AU (h) — AU (0)D]" Ay + 9" [DTAU(0)D] y
+2ey" [AU(0)D]" Ay +o(e),

where @ — 0, as € = 4-0. The preceding equality may be written as

0=o0p+eoy+o(e),

from which we deduce that both coefficients o and ¢; should be equal to zero. The
first coefficient

oy =y [AU(0) — D' AU (h) — AU(—h)D + D"AU(0)D] y
+2¢" [AU (h) — AU (0)D]" Dy + 7" [DTAU(0)D] y
=Y AU(0)y.
Because 7 is an arbitrary vector and matrix AU (0) is symmetric, we conclude that
AU (0) = 0y - (6.15)

By Lemma 6.6, the matrices U;(7), j = 1,2, satisfy (6.9). This means that the matrix
AU (1) satisfies the equality

[AU'(+0) — AU'(—0)] — D™ [AU'(+0) — AU'(—0)] D = Oy
Since the matrix D is Schur stable (Remark 6.3), the last equality implies that
AU'(+0) — AU'(=0) = 0. (6.16)

The same result follows from the equality oy = 0.
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Now we consider an initial function of the form

Y, for 6 € [—¢,0]
©(0) =< u, for 0 € [-19,— 10+ €], (6.17)
0, for all other points of [—#,0].

It is assumed here that y and p are two constant vectors, Ty € (0,4), and € > 0
is such that —7y + 2e < 0. Substituting this function into (6.13) and taking into
account (6.15) we observe that the first term

Ry

The term

¢"(0) [AU(0) — D" AU (h) — AU (—h)D + D" AU (0)D] ¢(0)
— " [D"AU(h) +AU(—h)D] y.

0
R — 2(pT(O)/[AU(h+ 0) — AU(0)D]" [Dg/(8) +A19(8)] dO
—h

= 2¢" [AU (h— 1) — AU(=1)D]" D

—2Y' [AU(h— 19+ €) — AU(—19+€)D]" Du
+29" [AU(h— &) — AU (—€)D]" Dy
—T9+e
oyl / [AU(h+6) — AU(6)D]" d6 | A
0
Loyl /[AU(h+6)—AU(9)D]Td6 Ay,

—E

For sufficiently small € we have

Ry, =

AU (h) — AU (0)D]" Dy —2&¥" [AU'(h— 1) — AU'(~19)D]" Dy

—~ 2eyT [AU'(h—0) —AU'(-0)D]" Dy

+ 2e7 [AU (h— 1) — AU (—19)D]" Ay
+2e7" [AU (h) — AU(0)D])" Ay +o(e).
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We split the last term into three summands as follows:

0

0
Rs = / [Dg/ (1) +A19(61)]" (/ AU (6, — 6,) [Dg'(6:) +A19(62)] dez) a6,
—h “n

0

) 0
= / [D(p/(el)]T (/AU(Gl — ez)D(p/(@Q)d@z) do,
Ch

—h

0 0
+ 2./ [D(P/(Gl)]T (/AU(Gl - 92)A1(P(92)d92) do,
Sh

—h

0 0
+/[A1(p(61)]T (/AU(@l —62)A1(p(62)d62) d6,.
We start with the term

0

0
R3 = / (Do’ (61)]" (/ AU(6, - 92)D<P/(92)d92> de,
—h

—h
= u" DT [AU(0)Du — AU (—€)Du + AU (— 19+ £)DY]
— u" D" [AU(e)Du — AU (0)Du + AU (—19 +2¢) Dy
+9yI' DT [AU (19 — €)Du — AU (19 — 2€) D+ AU (0) D]
= y'D"AU(0)Dy—eu” D" [AU'(+0) — AU'(—0)| Du
—2eu DT AU’ (—19)Dy +o(e).
Then we evaluate the term

0

0
R32 = 2./ [D(p’(el)}T (/AU(Gl — 62)A1(p(62)d62) d61
—h —h

—Tp+E€
S / (1" DT AU (~15— )

)

—u'D"'AU(—t+&—0)+ Y DTAU(—¢—0)] A ud6
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0
+2/ (W' DTAU (-1 0)
—&

—u'DTAU(—1+&—0)+ 7' D'AU(—¢—6)] A ydO
= 287/TDTAU(‘L'0)A1H +o(e).

Finally, we observe that the term

0

0
R33:/[A1<P(91)]T /AU(91—92)A1‘P(92)‘192 do; = o(e).
—h —h

Taking into account equalities (6.15) and (6.16) we obtain that

Ry +Ry+Ry = —2ey" [AU'(h— 1) — AU'(—=%)D] " Du

— 2¢y" [AU'(h—0) — AU'(—0)D]" Dy

+ 2ey" [AU(h— 1)) — AU(—19)D]" At

+2ey" [AU (h) — AU(0)D)" Ay —2eu’ DT AU’ (—19)Dy
+2ey" DTAU (10)A 1+ 0(€).

Since for (t = 0 function (6.17) coincides with (6.14), the sum of the quadratic terms
with respect to y in I} + I + I3 disappears. As a result,

Ri+Ry+Ry = —2e7" [AU'(h— )] Du+2ey" [AU(h— )] A +o(e)
=2¢ey" [AU'(tg —h)D+AU (19— h)A] it +o(e).

It follows from this analysis that for function (6.17) equality (6.13) takes the form
2ey" [AU' (19— h)D+ AU (g — h)A1 ] 1+ o(€) = 0.
The preceding equality holds for arbitrarily small positive €, so
¥ [AU'(t9 — h)D + AU (t9— h)A| | 1t = 0
for any given vectors y and pt. This implies that
AU'(t9 — h)D + AU (19— h)A1 = Opxen-

Recall that 1y is an arbitrary value from (0, %), so

AU’ (T —h)D+ AU (T—h)A| = Onxn, T € (0,h).
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From this equality and Lemmas 6.3-6.5 we conclude that Eq. (6.5) for the matrix
AU (7) takes the form

AU'(1) =AU (1)A¢, 7T € [0,h].
Condition (6.15) implies that AU (7) = 0,xn, T € [0, k], or

Ux(t) =Ui(t), 71€][0,h]. O

6.5 Existence and Uniqueness of Lyapunov Matrices

With this new definition of the Lyapunov matrices we do not need to assume that
system (6.1) is exponentially stable, but it is important to know the conditions under
which the matrices do (or do not) exist. In this section we study the existence issue,
as well as the uniqueness one.

For a given Lyapunov matrix U (7) we define two auxiliary matrices

Y(1)=U(r), Z(t)=U(t—h), 7t€][0,h]. (6.18)

Lemma 6.7. Let U(t) be a Lyapunov matrix associated with W, then auxiliary
matrices (6.18) satisfy the following delay-free system of matrix equations:

L¥(r) = Z(7)D] =Y (1)Ag + Z(T)Ay,
(6.19)
a [-DTY (1) +2(7)] = —ATY (1) - 4§ Z(7),
and the boundary value conditions
Y(0) = Z(h),
(6.20)

—W =Y (0)Ao+Z(0)A; + AL Z(h) + ATY (n)
—DT[Y(h)Ag+ Z(h)A1] — [AlZ(0) + ATY (0)] D.

Proof. The first equation in (6.19) is a direct consequence of (6.5) and (6.18). To
derive the second equation, we observe that Z(t) = UT (h— 1), T € [0, 4], so

d d
3 [PV (@ +2(0)] = T U(h—1)~U((h—7) = h)D]"
= —[U(h—1)A0+U(-1)A,]"

= —AlY (1) —AJZ(7).
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The first boundary value condition follows directly from (6.18). The second one is
the algebraic property (6.7) written in the terms of the auxiliary matrices. O

Theorem 6.5. Given a symmetric matrix W, if a pair (Y (1),Z(7)) satisfies (6.19)
and (6.20), then

Y(r)+Z"(h—1)],  T€(0,h], (6.21)

N =

U(tr) =
is a Lyapunov matrix associated with W if we extend it to [—h,0) by setting U (—T) =
UT (1) for T € (0,h).

Proof. Symmetry property: By definition, the matrix U(7) satisfies symmetry
property (6.6) for 7 € (0,A], and we only need to check the property for 7 = 0.
To do this, we observe that the first equality in (6.20) implies that

V()= 5 [Y(0)+27(h)] = 3 [¥(0) +¥7(0)] = U7 (0).

Algebraic property: 1Itis easy to see that the following equalities hold:

[¥(0)+Zz"(h)] = = [z(h) +Y"(0)]

N =

and
1

Y (m)+Z"(0)], U(=h) =5 [Y"(h)+2(0)].

With these equalities in mind we find that

U(0)Ag+U(=h)A; = % [Y(0)+Z"(h)] Ao+ % (YT (h)+2(0)] A
and

ATU(0)+A[U (h) = %Ag [Zz(h)+Y"(0)] + %A{ [Y(h)+2"(0)].
Therefore,

Ji = U(0)Ag+U(—h)A, +ALU(0) +ATU (h)

= % [Y(0)Ao+Z(0)A; +AG Z(h) +ATY (h)]

[¥ (0)Ag+ Z(0)A, + A5 Z(h) + ATy (h)] " .

Ll
2
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In a similar way we obtain that
1
Uh)Ao+U(0)A = 3 [¥ () + 27 (0)] Ao+ 5 [2(h) + 77 (0)] Ay

N = N =

Y ()40 +Z(1)A1] + 5 [452(0) +ATY (0)]
and

AGU(—h)+ATU(0) = ZA§ [YT (h)+2(0)] + %AIT [Y(0)+Z"(h)]

= =

[Y (h)Ag+Z(h)A])" + % [A§Z(0)+ATY(0)],

SO

Jo = =D" [U(h)Ao+U(0)A1] — [AfU(—h) +ATU(0)] D

_ _% (DT [¥ (h)Ao + Z(h)A] + [A§ Z(0) +ATY (0)] D)
1

=5 (D" Y (Ao +Z(W)A1] + [ATZ(0) +ATY (0)] D).

We arrive at the following equality:

Ji4+J2 = U(0)Ag+U(—h)A; +AFU(0) +ATU (k)
—D" [U(h)Ag+U(0)A1] — [AJU(—h) +A{U(0)] D
= % {Y(0)Ao+Z(0)A; +AfZ(h) +ATY ()
— D" [Y (h)Ag + Z(h)A1] — [A§Z(0) +ATY (0)] D}
+ % {Y(0)Ag+Z(0)A; +A§ Z(h) +ATY (h)
— DT [Y (h)Ao+Z(h)A,] — [ALZ(0) +ATY(0)] D}
= —W.

This ends the proof of algebraic property (6.7).
Dynamic property: Observe first that for 7 € [0, 4]

Ult—h)=UT (h—7) = % Y7 (h— 1)+ 2(7)].
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Finally, we compute the derivative

d
U@ -UE-hD]

(% Y(1)+ 2 (h—1)] - % Y7 (h— 1)+ 2(7)] D)

[Y (1) —Z(1)D] +

Sl &=

7N

[=D"Y (h—1)+Z(h— z’)]T)

N =

1
2

Y (0040 + Z(2)A1] — 5 [~AT¥ (h— 1) - ATz~ )"

[Y(1)+Z"(h—1)] Ao+ % [YT(h—1)+2(1)] A

I
T D= =

(1)Ao+U(t—h)A;, T€][0,h].

This proves dynamic property (6.5).
Hence, according to Definition 6.5, the matrix U(t) is a Lyapunov matrix
associated with W. a

Theorem 6.5 raises the existence and uniqueness issues for boundary value
problem (6.19)—(6.20). We will address them, but first we introduce the following
definition.

Definition 6.6. We say that system (6.1) satisfies the Lyapunov condition if there
exists € > 0 such that the sum of any two eigenvalues, sy,s>, of the system has a
module greater than &,

|s1+ 82| > €.

Lemma 6.8. System (6.1) satisfies the Lyapunov condition if and only if the
following two conditions hold:

1. System (6.1) has no eigenvalue sy such that —so is also an eigenvalue of the
system.

2. The matrix D has no eigenvalue Ay such that l&l is also an eigenvalue of the
matrix.

Proof. Necessity: Because system (6.1) satisfies the Lyapunov condition, the first
condition of the lemma obviously holds.

We now address the second condition. Let A be a nonzero eigenvalue of the
matrix D. Then there exists a complex number 5 such that 2 = e~ It is well known

— see, for example, [3] — that A generates a neutral type chain of eigenvalues of
system (6.1) of the form

%
sk:s+i7”+§k, k=+1,42,...,
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where & — 0 as |k| — . Here i is the imaginary unit. Assume that the second
condition fails and there exists an eigenvalue Ay of the matrix D such that A, s
also an eigenvalue of the matrix. Then there exists a complex number s¢ such that
Ao = e "0 and Ay = e, For any given € > 0 there is a sufficiently large integer
N such that system (6.1) has an eigenvalue

2N
st = S0+ hn

+&W,
where ‘é(l)‘ < £, and an eigenvalue
$@ =g i N e
h
where ’§(2>’ < 5. As a consequence

0450 < £+ £ <

This contradicts the Lyapunov condition. The contradiction proves the second
condition of the lemma.

Sufficiency: For any R > 0 at most a finite set of eigenvalues of system (6.1) lies in
the disc
KR)={s||s| <R }.

When R is sufficiently large, the eigenvalues of a system with magnitude greater
than R are distributed among a finite number of asymptotic chains of eigenvalues.
Some of the chains are of the retarded type. The real part of eigenvalues in such
a chain tends to —eo as the magnitude of the eigenvalues tends to c. The other
chains are of the neutral type. They are generated by nonzero eigenvalues of the

matrix D. Assume by contradiction that there exists a sequence { (s(lk) , sgk)) }k | of
eigenvalue pairs such that -

sgk) —i—s(zk) — 0, as k — oo.

The first condition of the lemma implies that for any given R > O there exists € > 0
such that for the eigenvalues from the disc K(R) the following inequality holds:

|s1 4+ 52| > €.

This implies that

s(lk) ‘ — oo and

sgk)‘ — o0 as k — oo, Since

Re (sgm + sgk)) — 0, as k — oo,
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the eigenvalues of the sequence belong to neutral type chains of eigenvalues. The
chains are generated by nonzero eigenvalues, A, A,, of the matrix D. Since

. (k) . (k)
A= lime™ | Ay =lime™2
k—>o0 k—so0

we have that

(k) , (k)
)Lllz = hm eh(sl +2 ) =1.

This contradicts the second condition of the lemma. The contradiction ends the
proof of the sufficiency part. a

Remark 6.5. Let system (6.1) satisfy the Lyapunov condition. Then delay-free
system (6.19) is regular and can be written as

{Y/() Z/(0)D = ¥ (1)Ao + Z(1)A;
DTY(2) +Z/(2) = ~AT¥(2) - A}(2).

where

~—

dr(t dZ(7)
dt dr

Proof. Let us add to the first equation of system (6.19) the second one multiplied
from the right-hand side by the matrix D; then

Y'(1)= and Z'(1) =

d% [Y(1)—D"Y(7)D] =Y (7)Ao +Z(1)A1 —A]Y(T)D—A{Z(T)D.  (6.22)

Because the matrix D has no eigenvalue Ay such that A !is also an eigenvalue of
the matrix, the Schur operator S(X) = X — DT XD is regular. This means that the
preceding equation defines the first derivative of the matrix ¥ (7). Now, if we add to
the second equation of system (6.19) the first one multiplied from the left-hand side
by the matrix D7, then

d% (1) —D"z(1)D] = —A[Y (1) —A§Z(1) + D"Y (t)Ag + D" Z(1)A1, (6.23)

and for the same reason this equation defines the first derivative of the matrix Z(7).0

Remark 6.6. Let system (6.1) satisfy the Lyapunov condition. Then the second
boundary value condition in (6.20) can be presented in the form

[Y'(0)—Z'(h)] —=D" [Y'(0) - Z'(h)| D = —W,

where
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Proof. Tt follows from Egs. (6.22) and (6.23) that
Y'(0) = DTY'(0)D =Y (0)Ag + Z(0)A; — AT Y (0)D — AL Z(0)D
and
Z'(h) —D'Z' (h)D = —ATY (h) — A} Z(h) + DY (h)Ao + D" Z(h)A;.

Therefore,
Y'(0) = D'Y'(0)D+Z'(h) — D' Z' (h)D = —W. O

The following auxiliary result will be needed in the proof of Theorem 6.6.

Lemma 6.9. Let system (6.1) satisfy the Lyapunov condition. If system (6.19)
admits a solution (Y(t),Z(7)) that satisfies the boundary value conditions (6.20)
with W = 0,,x,, then

Y(t)=Z(h+71), TER (6.24)
Proof. We check first that the matrices Y (7) and Z(t) satisfy the second-order

delay-free matrix differential equation

’x  pd’X dx rdX dx

—— —DI——D=—"—Ag-Al—+D"—A
dr? dr? a0 04z + ar’ !
AT D ATX A ATXA 6.25
—Aq d_T + 0 0—Aa] 1. ( . )
To this end, we differentiate Eq. (6.22)
?y(r)  ;d%Y(7) dy(t) dz(7) rdY (1) rdZ(t)
—D D= A Al —A D—A D.
dr? dr? ar ° + ar ' g 0 dr

There are two terms on the right-hand side of the last equality that depend on di—(;).
The second equation of system (6.19) implies that the first of the terms can be

expressed as

dz dy
d—(TT)A1 - DT#AI —Aly(1)A, — Al Z(7)Ay,

whereas the first equation of the system makes it possible to present the second term
in the form
_AT dZ(7)
0 dr

ay
D=4 d(rT)

+ALY (1)Ag +AFZ(1)A.
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Substituting these expressions we arrive at the conclusion that Y(7) satisfies
Eq. (6.25). Similar manipulations prove that the matrix Z(7) is also a solution of
the equation.

Note that the Lyapunov condition implies that the matrix D has no eigenvalue A
such that 4, !'is also an eigenvalue of the matrix (Lemma 6.8). This means that the
Schur operator, S(X) =X — D'XD, is nonsingular. Therefore, Eq. (6.25) is regular,
and any solution of the equation is uniquely determined by its initial conditions
X (0), X'(0). According to Remark 6.6, the second condition in (6.20) can be written
as follows:

[Y'(0)—Z'(h)] — D" [Y'(0) — Z'(h)] D = Opxp.

Since the Schur operator S(X) is nonsingular, the preceding equality implies that
Y'(0) —Z'(h) = 0.

If we add the first condition from Eq. (6.20), Y (0) = Z(h), then identity (6.24)
becomes evident. ad

Corollary 6.3. Let system (6.1) satisfy the Lyapunov condition. Then the Lyapunov
matrix U(7) associated with W satisfies the second-order delay-free matrix equation

d’x (1) 42X (1) dX(t) rdX (1) 7dX (1)
—D D = Ag—A D A
dr? dr? dr 0 70 gr + dr !
dX (7
—A{%D-ﬁ-A%X(T)AO
—ATx(1)A;,  t€]0,h], (6.26)

and the boundary value conditions
X'(0)— [x'(w)]" D =X (0)A0+X" (A,

and
W= [X’(O) + (X’(O))T} _p! [X’(O) + (X’(O))T} D.

Theorem 6.6. System (6.1) admits a unique Lyapunov matrix associated with a
given symmetric matrix W if and only if the system satisfies the Lyapunov condition.

Proof. Sufficiency: Given a symmetric matrix W, according to Theorem 6.5, we
can compute a Lyapunov matrix associated with W if there exists a solution of the
boundary value problem (6.19)—(6.20). In what follows, we demonstrate that under
the Lyapunov condition the boundary value problem admits a unique solution for
any symmetric matrix W.

System (6.19) is linear and time invariant. To define a particular solution of the
system, one must know the initial matrices ¥y = Y (0) and Zy = Z(0). The initial
matrices have 21 unknown components. Conditions (6.20) provide a system of 21>
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scalar linear algebraic equations in 2n> unknown components of the initial matrices.
This algebraic system admits a unique solution for any symmetric matrix W if and
only if the unique solution of the system with W = 0, is a trivial one. Assume by
contradiction that there exists a nontrivial solution, (¥y,Zp), of the algebraic system
with W = 0. These initial matrices generate a nontrivial solution, (Y (7),Z(7)), of
boundary value problem (6.19)-(6.20) with W = 0,,,. By Lemma 6.9, the matrices
Y (t) and Z(7) satisfy identity (6.24). The nontrivial solution can be presented as a
sum of the eigenmotions of system (6.19):

N
(¥(1),2(1)) = ZOGSV’(Pv(T)va(T))-

Here sy, v =0,1,...,N, are distinct eigenvalues of system (6.19) and P,(t) and
0Oy (7) are polynomials with matrix coefficients. At least one of the polynomials
P, (7), say Py(7), is nontrivial because otherwise Y (7) = 0,xp, and identity (6.24)
implies that Z(7) = 0,,,. Let polynomial Py(7) be of degree ¢

¢
Py(t) =Y 1B,
20

where B;, j = 0,1,...4, are n x n constant matrices and By # Oyx,. It follows
from (6.24) that
Py(t) =" Qo (T+h).

Hence Qy(7) is also a nontrivial polynomial of degree ¢
Z .
Qo(1) = X, 7'C;
j=0

and Cy = e "By # 0,5
By (6.24) the first matrix equation in (6.19) can be written in the form

% [Y(t)—=Y(t—h)D]=Y(1)Ao+Y (T —h)Ay,

and we obtain that

dpP,(7)

dP,(t—h
i —sve*Sthv(r—h)D—e*Svh—V(T )D

N
Opxn = 2 e’v? |:SVPV(T) + at

v=0

N
~ Y et [PV(T)AO e Svhp, (7 — h)Al} .
v=0
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Since all eigenvalues sy, v = 0,1,...,N, are distinct, for each v we have the
polynomial identity

dP,(t
0nxn = SvPv(T) + % — Sveis"th(T — h)D —e

—Py(1)Ag—e *V"P,(t—h)A;, v=0,1,...,N.

—syh dPV(T — h)

D
dt

If in the polynomial identity for v = 0 we collect the terms of the highest degree /,
then we arrive at the matrix equality

By (S()I - S()eisohD —Ap— eiSOhAl) = 0,xn-
Because By # 0,,xp, the preceding equality holds only if
det (S()I — Soei‘YOhD —Ag— ei‘YOhAl) =0,

and we conclude that sq is an eigenvalue of the original system (6.1).
Once again, identity (6.24) make it possible to present the second equation of
system (6.19) as

d

5 [—-D"Z(t+h)+Z(h)] = —ATZ(t+h) — AT Z(7).

And we arrive at the new set of polynomial equalities

_ovipT dQy(T+h)
dr

+ATQy(t+h)+AF Oy (1), v=0,1,...,N.

dQy(7)
dt

Onxn = _SvesthTQv(T'i‘h) +Sva(T) +

If in the equality for v = 0 we collect the terms of the highest degree ¢, then
h ny 17
- [(_SO)I_ (—so)e” "D —Ag—e (70 Al] Cr = Opscn-
Because C; # 0,xn, the preceding equality holds only if
det {(—So)[ — (—S())ei(is())hD —Ap— ei(isO)hAl} =0,

and we conclude that —sg is also an eigenvalue of the original system (6.1). This
means that system (6.1) does not satisfy the Lyapunov condition. But this contradicts
the theorem condition. The contradiction proves that the only solution of boundary
value problem (6.19)—(6.20), with W = 0,,, is the trivial one. As was mentioned
previously, this implies that for any symmetric W boundary value problem (6.19)—
(6.20) admits a unique solution, and this solution generates a unique Lyapunov
matrix associated with W.
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Necessity: Suppose that system (6.1) does not satisfy the Lyapunov condition. By
Lemma 6.8, this means that either the spectrum of the system contains a point s,
such that —sq also belongs to the spectrum, or there is an eigenvalue Ay of the
matrix D, such that l(; 1'is also an eigenvalue of the matrix.

In the first case, there exist nontrivial vectors ¥, t € C" such that

u' [so (1— efSOhD) — Ao —efs"hAJ =0,
h h T
[—so (I—e"o D) ~Ag— e Al} y=0.

We demonstrate now that there exists a nontrivial solution (Y (7),Z(7)) of boundary
value problem (6.19)—(6.20), with W = 0,,,. To see this, we set Y (1) = e*0Tyu’
and Z(7) = e Myu”; then

% [¥ (1)~ Z(2)D] = ey so (1—e D) = ¥y’ (Ag +¢~"4))
=Y(1)Ao+Z(1)A
and
% [=D"Y(5) +2(x)] = so (1-e"D) T ey T
= (—Af —etA] ey
=-Aly(r)-Alz(7).
Itis evident that Y (1) = Z(T+h), so

_dr(r)
- dr

_dzZ(q)

Y (0) = Z(h), and Y'(0) — Z'(h) L, dr

- 0n><n-
T=h

This implies that the matrices Y (1) = e®%yu” and Z(t) = (T Myu” satisfy
boundary value conditions (6.20), with W = 0,,,.

In the second case, when the matrix D has an eigenvalue A such that )L(; Lis
also an eigenvalue of the matrix, the Schur operator S(X) = X — DT XD is singular.
Therefore, for some symmetric matrix W, Eq. (6.9) is inconsistent. O

Corollary 6.4. Let system (6.1) satisfy the Lyapunov condition. If (Y (7),Z(7)) is
the unique solution of boundary value problem (6.19)—(6.20) with a symmetric
matrix W, then the Lyapunov matrix U (T) associated with W is such that

U(t)=Y (1), t€][0,h].
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Proof. We prove first that if the pair (Y (7),Z(7)) is a solution of the boundary value
problem, then the pair

(Y(T),Z(r)) = (2" (h—1),Y"(h—1))
is also a solution of the problem. To this end, we observe that

[Z(h—1)-D"Y(h—7)]"

=—[-AlY(h—1)-A{Z(h—1)] !
= ?(T)Ao +Z(T)Al

and

d
3 Y (h—7) = Z(h—7)D]'
— —[Y(h—D)Ao+Z(h—T)A)]"

= -AlY (1)~ Al Z(7).

diz' (D77 (1) +Z(v)

Then we have

and

Since (Y(7),Z(7)) is the unique solution of boundary value problem (6.19)—(6.20),
we have that B
F(e)=v(x), te0)

and matrix (6.21) can be written as
1 -
U =5 [Y(r)w(r)] =Y(1), tT€l0,h]. 0
Theorem 6.7. Let system (6.1) not satisfy the Lyapunov condition. Then there exists

a symmetric matrix W for which Eq.(6.5) has no solution satisfying properties (6.6)
and (6.7).
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Proof. By Lemma 6.8, the theorem condition means that either there exists an
eigenvalue sy of system (6.1), such that —s( is also an eigenvalue of the system,
or there exists an eigenvalue Ay of matrix D, such that A, Uis also an eigenvalue of
the matrix.

In the first case system (6.1) admits two solutions of the form

)=y, () =e iy,

where 7, [, are nontrivial vectors.
Recall that by Lemma 2.9 there exists a symmetric matrix W such that

YW #0.

Let us set in (6.7) W = W. Assume that Eq. (6.5) admits a solution, (7(1’), that

satisfies properties (6.6) and (6.7).
Now we define the bilinear functional

2(9,¥) = 97 (0) [U(0) = D" U (k) ~ U(~)D+D" T (0)D] w(0)

0
+(pT(O)/ [ﬁ(me)fﬁ(e)nr (D (0) +41v(6)| 6
Zh
0

+ [ 0o/ (0)+A10(6)]" [T(h+6)~T(0)D] d0w(0)
“n

0 0
+ / (D¢’ (61)+A19(61)]" (/(7(91—92) [D¢(92)+A11//(92)} del) d6».
—h

—h

Here ¢,y € PC'([—h,0],R"). Let x(¢) and y(t) be two solutions of system (6.1).
We compute the time derivative of the function

2a,) =" (1) [U(0) = DT ()~ U(~m)D+ D" T(O0)D] (1)

—l—xT(t)/

» [ﬁ(h +0)— U(e)D} "Dy (1 +6) +Ary( +6)]do

N (/Oh (DY (146)+Ax(t+6)]" [U(h+6) - T(6)D] de) 7
0 T
+.[h [Dx'(t+61) +Arx(t + 61)]

X (/0’16(91 —6,) [Dy’(t—i- 0,)+Ay(t+ 92)} d62> de,.
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The time derivative of the first term is equal to

dR; (l)
dr

= W@)]" [17(0) —DUn) — ﬁ(—h)DJrDTﬁ(O)D] y(1)
(1) [0(0) —DUn) U(—h)DJrDTﬁ(O)D] Y ().

The time derivative of the second term is

dR, (1)
dt

= ¥®]" /i (O(h+0)-T(0)D] " DY+ 0)+ Ayl + )] d6
(0 [0 - 00| (DY) +Ay(0)]
— (1) [000)~T(-mD]" [Dy(1— k) + Ary(c — 1)
_ f(;)/jl [0(h+ 6)Ao+ f/(e)Al} ! [DY (t+6)+Ary(t+6)] d6.
Now the time derivative of the third term has the form

dRs(t)
dr

0 - - T
_ [y’(t)]T[h [G(h+6)~T(6)D] [D2(1+6) + Ax(s + )] d6
+y7 (1) [ﬁ(h) - (7(0)01} ! [Dx' (1) + Ax(1)]
() [00) = T(-m)D]" [t~ k) + Arx(c — 1)
0 - - T
_yT(t).[h [U(h+ 6)A0+U(6)A1] [DxX'(t+6)+Ax(r+6)] d6.

Finally, the time derivative of the last term is equal to

dR4 (t)
dr

_ [Dx’(t)+A1x(t)]T/jl [U(@)]T (DY (t 4 6)+A1y(t + 6)] d6

— DX (e —h) + At —h)]"

X /j, [17(6 + h)} ! [DY'(t+6)+A1y(r+6)]d6

+[Dy (1) +Ay(0)]" /jl 0o)] " DY+ 0) + Arxr +0)] 46
— Dy (t—h) + Ayt —)]"

0 r_ T ,
x/ﬁ}l [U(6+h)} [Dx'(t+6)+Ax(1+6)] d6.
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We replace in the derivatives the terms
DX (t —h) +Ax(t —h), and Dy’ (t —h) + A1y(t — h)

by
/(1) = Agx(1), and y'(r) — Aoy(1),

respectively. Then we collect all terms that have no integral factor, and the sum of
such terms is equal to

Si(1) = [ (1)]" :U(O) DU () - U(—h)D+DTU(0)D] y(1)
+27 (1) [000) - DTT(h) - f](—h)DJrDTﬁ(O)D] V(1)

7 (1) [O(=h) = DTT(0)] [DY (1) + A1y(1)]
[

(1) :lNJ(—h) - DTU(O)} (DX (1) + Arx(r)]

(1) :17(0) - DTﬁ(h)} [¥' (1) — Aox(7)]
After evident reductions the sum takes the form
S1(t) = 7 (1) {U(—h)Al —DTU(0)A; + U(0)Ag— DT U (h)Ao
+ ATT(h) — ATT(0)D + ATT(0) —Agﬁ(—h)D}y(t).
By (6.7) this sum is equal to —x” (£)Wy(t).

Now we collect all terms that contain an integral factor and start with x” (¢) or
[¥'(t)]". Their sum is

SH(t) = [x'(t)f/jl [0(h+ 0) —ﬁ(e)D]T (DY (t+6)+A(t +6)] d6
T Or~ r7 r
x (t)lh 001+ 0)40+T(0)41] [Dy' 1+ 0) +A1y(t+0)] 46
+ DY (1) +A1x(t)]T/j)h [ﬁ(e)f [Dy/ (£ +0) + Apy(t + 6)] d6
~ () _on(t)]T/i [17(9 +h)]T [Dy(t 4 6) +Ay(t + 6)] d6.

It is obvious that the sum is equal to zero.
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The terms that contain an integral factor and start with y(z) or y/(¢) are as follows:

S3(1) = [y'(z)f/ [ﬁ(h+ 9)—17(9)Dr [DX'(t+0) +Aix(t +6)] do

—h

0 r_ - T
() /7}1 [0+ 0)40+T(0)A1]| [DY (1 +0) +Arx(r +0)] d6

+ DY (1) +Ay()]" /jl [17(9)] "X (4 0) + Arx(i + 0)] dO
0

-0 -a00]" [

{U(e +h)} ' [DxX'(t+6)+Ax(+6)] d6.

This sum is also equal to zero. And we arrive at the final conclusion that the time
derivative of the bivariate functional is equal to —x” (£)Wy(t).
On the one hand,

d _ _
S ) = —elo 0y W = — W . (6.27)

On the other hand, a direct substitution shows that
1) (2 _
(Y V) = —ebom0yTou =y o,
where the matrix

Q =U(0)—D"U(h)—U(—h)D+D"U(0)D
0
+/ {lNJ(h—i— 9)—lNJ(O)D}T[—SOD_FAI]estede

+/O[S0D+A1]T [f/(h‘F 9)—5(9)1)} e%dg

0 0
+/[S0D+A1]T /l~](91 — 6) [—soD +A ] e =%)dg, | db,
“h Ch

does not depend on ¢, so

d d
(" ) =~y ou=o0.
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The last equality contradicts inequality (6.27); therefore, our assumption that
Eq. (6.5) admits a solution that satisfies properties (6.6) and (6.7), with W = W,
is wrong.

In the second case, when the matrix D has an eigenvalue Ay such that l(; 1
is also an eigenvalue of the matrix, for some symmetric matrices W Eq. (6.9) is
inconsistent, so there are no Lyapunov matrices associated with such W, either. O

6.6 Computational Issue

It is important to have an efficient numerical procedure for the computation of
Lyapunov matrices. In this section we present such a procedure.

We have already seen that if boundary value problem (6.19)—(6.20) has a
solution, then, by Theorem 6.5, this solution generates a Lyapunov matrix associated
with a given W. In the case where the boundary value problem admits a unique
solution, (Y (7),Z(7)), we have

U(t)=Y (1), t€][0,h].

According to Theorem 6.6 the Lyapunov condition (Definition 6.6) guarantees the
existence of a unique solution of boundary value problem (6.19)—(6.20) with an
arbitrary symmetric matrix W. In the rest of this section we assume that system (6.1)
satisfies this condition.

In vector form, system (6.19) is written

[ —I®D\ d (y(1)\ [ I®A) I®A; \ [(¥(7)
T — = T T . (6.28)
-D'®I I®I )drt\z(7) —Al @I —Aj®1) \z(7)
Here y(7) = vec(Y (7)) and z(7) = vec(Z(1)). Since under the Lyapunov condition
system (6.19) is regular (Remark 6.5), system (6.28) can be written as

8 26)-+(23)

L_( 11 —1eD\ (124 124
\-D'el I®l ~ATeIl -AleI)"

where

Boundary value conditions (6.20) take the form

. (ﬁgi) N CEZ;) - <3) ; (6.29)
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where w = vec (W) and

M J— I®I On><n®0n><n
I9A)—AT®DI®A —Al®D)’

N — 0n><n®0n><n _I®I
AT@I-D' @A AL @1-DT®A,)"

It follows from system (6.28) that

(y(h)) _ ol (y(O))

z(h) 2(0))

Substituting the preceding equality into boundary value condition (2.29) we obtain
an algebraic system for the initial vectors

[M—i—NeLh] @ E(O);) - (3) (6.30)

Under the Lyapunov condition the algebraic system admits a unique solution, which
generates the corresponding solution of system (6.28),

() —ar ()
(7) 2(0))

and a solution (Y(7),Z(7)) of boundary value problem (6.19)—(6.20). Finally, we
arrive at the Lyapunov matrix associated with W:

U(t)=Y(1), 1€l0,h].

We conclude this section with a criterion that system (6.1) satisfies the Lyapunov
condition.

Theorem 6.8. System (6.1) satisfies the Lyapunov condition if and only if the
following condition holds:

det (M—i—Ne”’) £0.

Proof. The proof is similar to that of Theorem 2.10. O

6.7 Spectral Properties

The spectrum of system (6.1) consists of all complex numbers s for which the
characteristic matrix of the system,

G(s)=s (1 - e*shD) ~Ag—e Ay,
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is singular:
A= {SO | detG(So) = 0}

The spectrum of system (6.19) consists of all complex numbers s for which the
system of algebraic matrix equations

{P(sI—Ao)—Q(sD+A1)—0nxn (6.31)

(—=sD" + A )P+ (sI+A{) Q= 0uxn

admits a nontrivial solution (P, Q).
Lemma 6.10. The spectrum of system (6.19) is symmetric with respect to the origin.

Proof. Let s be an eigenvalue of system (6.19). Then there exists a nontrivial
solution (P,Q) of (6.31). If we transpose these equalities, then it becomes evident
that the pair (P, Q1) = (Q”,P") satisfies the equations

{Pl ((=s)I—A0)— Q1 ((—s) D+ A1) = Opxn,
(= (=) DT +AT) Py + ((—s) I+ AL) Q1 = O

Since the new pair is nontrivial, —s is an eigenvalue of system (6.19). O

Theorem 6.9. Let system (6.1) have an eigenvalue so such that —sq is also an
eigenvalue of the system. Then sq belongs to the spectrum of system (6.19).

Proof. Observe first that there exist two nontrivial vectors ¥ and 1 such that
Y ' G(s0) = 7" (sol —Ag) —e *"yT (soD+A;) =0

and
G (—so)u = (—=sol — A — e (=soD” +AT) u =0.

Let us multiply the first equality by u from the left-hand side,
wy" (sol —Ag) —e "y (soD + A1) = Oy
and the second one by —e 0"y’ from the right-hand side,
(sol +Af) e uy" + (—soD" + A7) uy" = 0nsn.

This means that the matrices P = uy’ and Q = e *0"uy” satisfy system (6.31) for
s = so. As these matrices are nontrivial, we arrive at the final conclusion that sy
belongs to the spectrum of system (6.19). The same is true for —sj. O
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6.8 A New Form for Lyapunov Functionals

Here we present functional (6.12) in a new form. The main feature of this new form
is that it does not involve the derivative of the function ¢(6). In other words, we
transform all terms of the functional that include the derivative in such a way that
the new expressions for them do not include it. We assume in what follows that the
initial functions are continuously differentiable, ¢ € C'([—h,0],R").

Functional (6.12) can be written as

vo(@) = 9" (0) [U(0 (h) =U(~h)D+D"U(0)D] ¢(0)

y—D'U
0
+2¢7(0) / U(h+6)—U(6)D]" D¢'(6)d0
“n

+207(0) [ [Uh+6)—U(0)D]" A1p(6)d6

‘F.\o

0
+ /q)T(Gl)AlT /U(61—92)A1q)(92)]d62 de,

Zh —h
0 0
+ 2/ (D' (61)]" /U(91 — 0,)A10(6,)d6, | do,
“h —h

0

0
+ / [D(P/(GlﬂT (/U(Gl - 92)D(P/(92)d92) de.
Ch

—h

Here we underline the terms that depend on ¢'(0).
The first one is

0
7 =297 (0) / [U(h+6)—U(6)D]" D' (6)d6
Zh

=2¢"(0) [U(~h)D—D"U(0)D] ¢(0)
—2¢"(0) [U(0)D—D"U(h)D] ¢(—h)

0
—2¢7(0) / U (h+0)Ao+U(0)A1])” De(6)d6.
“n
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Now, we transform the second one,

0

0
b= 2'/ [Dg'(8))]" (/ U6 — 62)A1(p(62)d62) d6,
—h —h

0

/DT 6)A10(0)d6 — 20" (—h) /DTU(—h—Q)Al(p(G)dO
“n

0 0
—2/ (pT(Gl) (/ DTU/(Ql —92)141([)(92)(192) d@l.
—h —h

Finally, we address the term

0 .
Js— /7 [D¢'(8))] / U(6: — 6,)D¢’(6,)d6, | d6.

R
First, we transform the internal integral

0

— U(61)Dg(0) ~ U(6 + h)Dp(~h) + [ U'(61 ~ 6:)Dp(62)de:
—h

hence the term

0 9
J3 = (/ [D(p/(e)]TU(e)Dw) ¢(0) — (/ [D(p/(e)}TU(eJrh)Dde) @(—h)
—h —h

J31 J3

0

+ /[D(P (61)] (/U (61 — 92)D(P(92)d92) de;.

—h

J33

Here

0
J31 = (/ (Do’ (9)]TU(9)Dd9> »(0)
Ch

= ¢ (0)D"U(0)D9(0) — ¢" (~h)D"U(~h)Dg(0)
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= — @' (0)D"U(h)Do(—h) + ¢" (=h)D" U (0)De(—h)

+
N\o
hS)

S
2
=
+
2
S
o
[ea)

N~ —

=

0 0
T3 = /[D<P/(91)}T (/U/(Gl —92)D‘P(92)) déy

:(pT(O)/DTU'(—G)D(p( )46 — o7 ( /DT —h—68)De(6)d6

0
- [o" (o) (/ DU (6: - Gz)D(p(Gz)dGz) a;.
—h

Remark 6.7. In the computation of I33 one must remember that U’(7) suffers
discontinuity at T = 0; therefore

0

/(PT (61) (/DT U"(6 —6,) D(P(Gz)dez) de,

—h

0 6,
= - /(pT(Gl [/ U” 91 92)D(p(92)d92

+ /U”(91—92)D(P(92)d92] de,
6,40

0
— / @"(0)D" [U'(+0) —U'(—0)] Dp(6)d0
~h
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And we arrive at the following expression for the term J3:

T3 = " (0)D"U(0)De(0) —2¢" (0)D"U (h)D(—h) + @' (—h)D"U (0)De(—h)

0 0
+2(pT(O)DT/U’(—@)D(p(@)dG—Z(pT(—h)DT/U’(—G—h)D(p(G)dG
—h —h

0 6,—0 0
—/(pT(GI)DT ( / U"(6,—6,)0(6,)d6,+ U”(Gl—@z)(p(ﬂz)d@z) de,
—h —h 0,40

0

~ [ " (®)D" [U'(+0) - U'(-0)] Dg()db.
~h

Substituting these expressions for Ji, J», J3 in vo(¢) and collecting similar terms
we arrive at the desired new form of the functional

vo(@) = [@(0) — Do(—h)]" U(0) [@(0) — Dp(—h)]
0
+2[(0) —D(p(—h)]T/ [U'(—h—0)D+U(—h— 0)A)] p(0)d6
Zh

0

0
+/(PT(91) (/AITU(Gl - 92)A1(P(92)d92> de,
Zh

0 0
—/(PT(91) (/ [DTU'(6; — 6,)A; —ATU'(6 — 6,)D] (P(Gz)d92) de,

—h —h

0 6,-0
. / o’ (6,)D" ( / U"(6) — 6:)Dp(6)d6>
Zh

—h

0
+ / U//(91—92)D(P(92)d92) de,
0,40

0
- / o7 (6)D” PDg(6)de. (6.32)
“n

Here P is the solution of the Schur matrix equation (6.10) (Remark 6.4).
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Remark 6.8. 1t follows from Eq. (6.26) that

AlU(t)A, —=D"U'(1)A, +ATU' (1)D - D"U" (7)D
= AGU(T)Ao+U' (7)Ao — AGU' (1) —U"(7), T€0,h],

so the functional can also be written as

vo(9) = [@(0) = Do(~h)]" U(0) [¢(0) — Do(~h)]

0
+2[(p(0)—D(p(—h)]T/ [U'(~h—0)D+U(—h— 0)A] 9(6)d6
“n

0 0
+./ (PT(Gl) (/ [AgU(@l — 92)A0+U/(91 — GZ)AO
Zh Zh

—AGU' (61— 6,)] (P(Gz)d92> do,
0 61 -0
- / o7 (6,)D" ( / U" (61 — 6:)D(65)d6;
2 2
9 9
+ / U6, — 62)D(p(62)]d62) de; — / ¢’ (6)D" PD@(6)d6.
0,40 “h
6.9 Complete Type Functionals
Given symmetric matrices W;, j =0, 1,2, one can define the functional
w(p) = " ()W (0) + " (~h)Wip(~h)
0
+ [ (O)W20(8)06. ¢ & PC([=h.0L.R").
—h

Theorem 6.10. Let system (6.1) satisfy the Lyapunov condition. Then the functional

0

v() = vo(@)+ [ ¢7(8) Wi + (h+0)Wl 9(6)d6. & PC'((=h,0.R").
—h
(6.33)



244 6 Linear Systems

where vo(@) is defined by (6.32) with the Lyapunov matrix U(t) associated with
W =Wy + W + hW,, is such that

d
&v(x,) —w(x), t>0,

along the solutions of the system.

Proof. The proof is similar to that of Theorem 2.11. O

Remark 6.9. Functional (6.33) can be written as

v(p) = [@(0) — Do(—h)]" U(0) [p(0) — Dep(—h)]
0
+2[0(0) = Dp(—h) / [U'(—h— 0)D+U(—h— 0)A)] p(6)d6
h

0 0
+/(PT(91) (/AITU(QI - 92)A1(P(92)d92> de,
“h Zh

0

-‘r/(PT (61) (/ (91 92)D—DTUI(91 — 92)141} (p(ez)dez) de,

0 06—
/ o’ (61)D ( / U"(6) — 6>)D(6,)d6;

—h

0
+ / U//(el—ez)D(p(ez)d92>d61
6,40

+/(p (Wi + (h+ 0)W>— D' PD) ¢(0)d6. (6.34)

Definition 6.7. We say that functional (6.33) [(6.34)] is of the complete type if the
matrices W;, j =0, 1,2, are positive definite.

6.10 Quadratic Bounds

Lemma 6.11. Let system (6.1) be exponentially stable. If the matrices W;, j =
0,1,2, are positive definite, then there exists ¢ > 0 such that the complete type
functional (6.34) satisfies the inequality

o1 9(0) = Do(=h)|[* < v(p), @€ PC'([~h,0],R").
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Proof. Consider the functional

~ 2
V(@) =v(9) — allp(0) = Do(=h)|".
Its time derivative along the solutions of system (6.1) is equal to

d_ -
av(xt) =—w(x), t>0,

where
W(x) = w(x) + 20 [x(t) — Dx(t — h)]" [Aox(t) +A1x(t — h)]

> [ (0),x" (1 — )] L(cx) [x();(i)h)]

and the matrix

Wo Onxn Ao+AT A —-AlD
Llx) = o .
(@) <0m w ) T\ AT —pTAg —DTA, —ATD

It is evident that there exists a = ¢ > 0 such that the matrix L(¢) is positive
definite. For oo = ot the inequality w(x;) > 0 holds, and as a consequence we
conclude that

oo

(p) = [ (@) 0.

0
The preceding inequality implies that

o1 [ 9(0) — Do(—h)||* < v(). 0

Lemma 6.12. Let system (6.1) satisfy the Lyapunov condition. Given the symmetric
matrices Wy, Wy, and Wa, there exists op > 0 such that functional (6.34) satisfies the
inequality

v(@) <o loli, @€PC'([~h,0LR".

Proof. Let us introduce the following quantities:

uo=UO)|, w= sup |-D"U'(r)+A[U(7)|,
7€(0,h)

and

uy = sup |-D"U"(1)Dy +A{U(t)A; —D"U'(1)A; +ATU'(1)D]|.
7€(0,h)
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The first term in (6.34) admits the upper estimation

Ri = [@(0) = Do(~h)]" U(0) [¢(0) = Do(—h)] < uo (1+ | DI|)* || ][5

The second term in (6.34) can be estimated as follows:
0
R» = 2[0(0) — Do(—h)|" / [~DTU'(h+6) +ATU(h+6)]” p(6)d6
—h

< 2hur (1+ D)) -

The double integral admits the estimation

0
R3 /(p 61 / A U(@l 62)A1—DTU’(91—62)A1
—h

+A1TU/(91 — GQ)D] (p(@z)d@z) do,

0 01—
- [o" 0D / U" (61~ 62)Dp(62)dex
Zh Zh

+ [ U(oi-8:)Dg(62)d6: | doy
6,40

2
< hus | @lf;-

Finally, the term
R = /(p ) [Wi + (h+ 0)W,+ DT PD) ¢(6)d6

2
< h(IWil+ AWl + D7 D) [l
As a result, we arrive at the following quadratic upper bound for the functional
2
vie) <ol
where
0 = ug (1 + |[D||)* +2huy (1 + D)) + h?uz + h ||Wi || + 2 ||Wa| + 1 | DT PD)| .
O

We derive now slightly different upper and lower quadratic bounds for the
functionals.
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Lemma 6.13. Let system (6.1) be exponentially stable. Given the positive-definite
matrices Wo, Wi, and W, there exist B; > 0, j = 1,2, such that the complete type
functional (6.34) satisfies the inequality

0
B ||<P(0)—D<1!>(—h)|\2+ﬁz/||<P(9)||2d6 <v(@), @&PC'([~h,0],R").
“h

Proof. Consider the functional

0
(@) = v(9) = Bi [ 9(0) — D(—h)|* - B / lp(6)]> d6.
“h

Its time derivative along the solutions of system (6.1) is equal to

d._ -
47 = =),

where
W(x) = wix,)+2B1 [x(r) — Dx(t — h)]" [Aox(t) + Ax(t — h)]

B2 Il — ixtc = )P
> (00 ) Lppy | 1Y)

and the matrix

L(Br,B2) = ( o Onxn>+ﬁ1 (AAoJrA% A; —A§D )

Opnxn Wi {—DTAO —DTAl —A{D
I 0n><n
+ﬁ2 <0n><n _I > .
The matrix
WO 0n><n>
£(0,0) =
( ) <0n><n Wl

is positive definite, so there exist f; > 0 and 3, > 0 such that L(f3;,;) > 0. For
these values of B and 35, w(x;) > 0 and

W(9) = [ W(u(p)ar >0.
0

The last inequality justifies the statement of the lemma. a
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Lemma 6.14. Let system (6.1) satisfy the Lyapunov condition. Given the symmetric
matrices Wy, Wy, and W, there exist 5j >0, j = 1,2, such that functional (6.34)
satisfies the inequality

0
V(<P)S51H<P(0)—D<P(—h)|\2+5z/H(P(G)sz& ¢ € PC' ([~h,0],R").
Zh

Proof. Using notations introduced in the proof of Lemma 6.12 we derive the
following inequalities:

Ri = [9(0) = Do(=h)]" U(0) [¢(0) — Do(—h)] < uo||(0) — Dp(—h)|*,

0
R> = 2[0(0) = Do(—h)] / [~DTU'(h+6) +ATU (1 +8)]" ¢(6)d6
“h

0
<u [h|@(0)—D<P(—h)||2+/|<P(9)|2d9 :
“h

0
Ry — / ¢ (8) [Wi + (h+ 0)W, + D' PD] (6)d6
Zh

0
< (IWall+ sl + |" D)) [ llo(6) de.
~h
0

0
R4 = /(pT(Gl) (/ [AlTU(el — 92)141 —DTU/(Ql — 92)141
“h Ch

+A{U' (6, — 6,)D] (p(@z)d62> de,

0 6,—0
—/q)T(Gl)DT { / U" (6, — 6;)Do(6,)d6,
—h ~h

0
+ / U”(91 — 62)D(p(62)d62] d91
91.+0

0
<z [ llo(6)]"de.
—h
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Hence, we arrive at the inequality

0
v(p) < &1 1l¢(0) —D<P(—h)||2+5z/ lp(6)]1>d6,
“h

where

81 = uo+huy, and 8 = uy + ||Wi || +h|[|Wa|| + || D PD|| + huy. O

6.11 Applications

We present here some applications of the Lyapunov matrices and quadratic func-
tionals studied in this chapter.

6.11.1 Exponential Estimates

In this section we apply the complete type functionals to derive exponential
estimates for the solutions of system (6.1).

Lemma 6.15. Let system (6.1) be exponentially stable. Given the positive-definite
matrices Wy, Wy, and Wy, there exists o1 > 0 such that the complete type func-
tional (6.34) satisfies the inequality

d
51}()6,) +201v(x) <0, >0,

along the solutions of the system.

Proof. On the one hand, we have for o7 > 0 the inequality

0
2610(x;) < 26161 |x(t) — Dx(i — 1) |* + 2618 / Ix(r +0)2de, >0,
Zh

where 0; and &, are defined in Lemma 6.14.
On the other hand, we know that

0
%v(x,) = —xT ()Wox(t) — xT (t — h)Wyx(t — h) — /xT (t+ 0)Wox(r+ 0)d6.
“h



250 6 Linear Systems

Therefore,

%V(xt)+20w(xz) < = [x@0),x" (t—h)] L(oy) [x x(1) }

0
_ /xT(H— 0)[Ws — 201820 x( + 0)d, 1> 0.
“h

Here the matrix

Wo Onxn I —-D
L = —2010 .
(Gl) (Onxn W ) 0101 <_DT DTD)

Thus, if o0 satisfies the inequalities
L(Gl) >0,and W, > 201521,

then

d
av(x;) +201v(x%) <0, t>0. 0

Corollary 6.5. Lemma 6.15 and Lemmas 6.11 and 6.12 imply the following
exponential estimate for the solutions of system (6.1):

|x(z, ) — Dx(r = h, @)|| < u||@ll, e, >0,

where
“Va
Lemma 6.16. Consider the system
x(t) = Dx(t—h) = f(t), t>0, (6.35)

where
IO <ullelle ", t>0.

Let the matrix D be Schur stable; then there exist Y > 0 and ¢ > 0 such that the
solution x(t,), ¢ € PC'([~h,0],R"), of system (6.35) satisfies the inequality

I @)l < vllell,e™, =0

Proof. The matrix D is Schur stable, so there exist d > 1 and p € (0,1) such that
HDJ H <dp/, j > 0. There exists 6> > 0 for which p = e "2,
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For a given r > 0 we define the integer k such that ¢t € [(k — 1)h,kh). Iterating
Eq. (6.35) k— 1 times we arrive at the equality

k—1
x(t,0) =D*@(E)+ Y. DIf(t — jh). (6.36)
Jj=0

Now equality (6.36) implies that for > 0

k—1
Ix(t, Q)| <d e 24 u Y e /ho2e =M g, .
j=0

If we select 6y = min{oy,0,}, then e (1=iho1 < =(1=jh)00 gpg =702 < g=Jho0,
j=1,...,k—1.Now we have

Ix(t, )| <d[1+ukle ™ [[@],

Since r € [(k— 1) h,kh), we have that kh <t + h and
u
I+ uk<l+pu+ oL
It is easy to verify that for any € > 0

1
—&r\ __
o {re™} = ee’

so if we select
= _ u
o =o0p— ¢, where € € (0,0p), and y=d 1+u+@ ,

then we immediately arrive at the desired inequality. O
We are now able to state the main result of this section.

Theorem 6.11. Let system (6.1) be exponentially stable. Given the positive-definite
matrices Wy, Wy, Wy, the solutions of the system satisfy the inequality

|x(z, @)[| < 7ll@lle™, >0.

Here 'y and © are as computed in the proof of Lemma 6.16.
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6.11.2 Quadratic Performance Index

We consider a control system of the form

% [x(t) — Dx(t — h)] = Aox(r) +A1x(t —h) + Bu(t), t>0,
y(t) = Cx(z).
Given a control law
u(t)=Mx(t—h), t>0, (6.37)

a closed-loop system is of the form
— [x(t) = Dx(t — h)] = Aox(t) +Ax(t —h), >0, (6.38)

where A :Xl + BM.
Assume that the closed-loop system is exponentially stable, and define the value
of the quadratic performance index

=3

J@) = / Y7 (6)Py(t) + u” (1)Qu (1)) d. (6.39)

0

Here P and Q are given symmetric matrices of the appropriate dimensions. The
value of the index can now be written as

J(@) = / (X" (¢, @) Wox(t, @) +x" (t — h, @)Wix(t — h, )] dt
0

where @ € PC'([—h,0],R") is an initial function of the solution x(z,) of closed-
loop system (6.38) and the matrices Wy = CT PC and W; = MT QM.

Theorem 6.12. The value of performance index (6.39) for the stabilizing control
law (6.37) has the form

0

1@ =wo(9)+ [ o (0)Wip(6)d0

—h

where vo(@) is the functional (6.12) computed with the Lyapunov matrix U(T)
associated with the matrix W = Wy + W, = CTPC+MT QM.
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6.11.3 Robustness Bounds

In this section we demonstrate how complete type functionals may be used for the
robust stability analysis of a time-delay system. Consider the following perturbed
system:

d

T (t) =Dyt —h)] = (Ao+2A0)y(t)+ (A1 +Ay) y(t—h), >0, (6.40)

where Ay and A; are unknown but norm-bounded matrices
Al <r =01 (6.41)

Under the assumption that system (6.1) is exponentially stable, we derive bounds
for rg and r| such that system (6.40) remains stable for all perturbation matrices
satisfying (6.41).

We start with functional (6.34) computed for the nominal system (6.1). The time
derivative of the functional along the solutions of system (6.40) is of the form

d

3V 00) = —w0i) +2[y(1) = Dy(r = m)]" U(0) [Aoy(r) + Ary(z — )]

+2[Aoy(r) + Ary(r —h)]"
0

></ —h—0)D+U(—h— 0)A;] y(t + 0)d6.
—h

If we introduce the values

up=U), ur= sup [[-D'U'(t)+A[U(7)],
7€(0,h)

then the following inequalities hold:

Ji(t) = 2[y(t) = Dy(t = h)]" U (0) [Aoy(t) + Ary(t = h)]
o [ri + ro(2+ [DIN] ()11 + o [r1 + (ro + 2r1) | DI[] (¢ = )|

and

0
1 (1) = 2[Aey(t) + Ary(e — b)) / [-D"U'(h+0) + ATU(h + )] y(t + 6)d6
Zh

< hurro [3(0) P+ huar (e = ) P+ (o 1) [ e+ 0) P .
h

Therefore, we arrive at the statement.
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Theorem 6.13. Let the nominal system (6.1) be exponentially stable. Given the
positive-definite matrices Wj, j =0, 1,2, and the Lyapunov matrix U (t) associated
with W = Wy + W) + hW,, perturbed system (6.40) remains exponentially stable for
all perturbations satisfying (6.41) if ro and ry satisfy the following inequalities:

1. Amin(Wo) > [r1 +r0(2 4 ||D||)] uo + hrous,
2. /,Lmin(Wl) > [}’1 + (}’0 +2r1) HDH] ug+ hriuy,
3. A,min(Wz) > (r0+r1)u1.

Corollary 6.6. In Theorem 6.13 one may assume that the perturbation matrices A
and Ay depend continuously on t and ;.

6.12 Notes and References

The classical volume [23] is a basic source of information about neutral type time-
delay systems. It discusses, in a very general context, the principal properties of
fundamental matrices and their application to the computation of the solutions of
linear neutral type systems.

It seems that the first contribution dedicated to the computation of Lyapunov
functionals with a given time derivative in the case of linear neutral type systems was
written by Castelan and Infante [5]. In this contribution the authors first compute a
quadratic functional for a difference approximation of system (6.1). Then the desired
Lyapunov functional appears as a result of an appropriate limiting procedure. It is
shown that the functional is determined by a special matrix valued function, the
Lyapunov matrix in our terminology. The reader can find in this paper the three
basic properties of a matrix valued function — the dynamic, the symmetry, and the
algebraic — as well as the fact that the computation of the matrix is reduced to a
special delay-free system of the form (6.19). The principal aim of this paper was
to demonstrate that the presented functionals could be used in the computation of
exponential estimates of the solutions of system (6.1). Unfortunately, this aim is not
fulfilled since the attempt suffers on the same technical error as that in [28]; see
Sect. 2.13 for details.

The observation that critical delay values can be computed on the basis of the
spectrum of system (6.19) is made in [53].

Several aspects of the problem studied in this chapter are also discussed in the
papers [32,34,35,68].

It is worth mentioning that many of the results presented in this chapter can be
extended to the case of systems with several delays multiple to a basic one at the
expense of much more complicated formulas and expressions.



Chapter 7
Distributed Delay Case

This chapter is dedicated to the case of neutral type linear systems with distributed
delay. The structure of quadratic functionals that have prescribed time derivatives
along the solutions of such a system is defined, and the corresponding Lyapunov
matrices are introduced. A system of matrix equations that defines Lyapunov
matrices is given. It is proven that under some conditions this system admits a unique
solution. A general class of system with distributed delay for which Lyapunov
matrices are solutions of special standard boundary value problems for an auxiliary
system of linear matrix ordinary differential equations is presented. Complete type
functionals are defined. It is shown that these functionals can be presented in a
special form that is more convenient for the computation of lower and upper bounds
for the functionals.

7.1 Preliminaries

Let us consider the time-delay system

0
%[x(t)—Dx(t—h)] :on(t)+A1x(t—h)+/G(G)x(t—i—@)d@, 1>0. (7.1
“h

Here Ag, A, and D are given real n X n matrices, delay 42 > 0, and G(0) is a
continuous matrix valued function defined for 6 € [—#,0].

Remark 7.1. 1t is worth noting that a system of the form

d
— Dx(t — P(0)x(t+6)d6
dr *#) = Dx( / *
9
— Aox(t) + Arx(t— )+ / G(0)x(r + 0)d6
—h
V.L. Kharitonov, Time-Delay Systems: Lyapunov Functionals and Matrices, 255
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can be written as (7.1) with

Ag=Ao+P(0), A=A, —P(—h), and G(8) = G(0) —

7.1.1 Fundamental Matrix

Let the n x n matrix K(¢) satisfy the matrix equation

d

K1) = K(t=h)D] = K()Ao+K (1= )4,

0
+ [ K(t+6)G(0)de,
/

with initial condition
K(t) =0pxn, t<0, K(0)=1I,
and sewing condition

K(t) — K(t — h)D is continuous for ¢ > 0.

Matrix K(z) is known as the fundamental matrix of system (7.1).

7.1.2 Cauchy Formula

dpP(6

de

Given an initial function ¢ € PC!([—h,0],R"), the corresponding solution, x(t, ¢),

admits the following representation:

x(t,9) = [K(t) —K(t —h)D] ¢(0)
0
+ /K(t— 6 1) [A1p(6) + D¢'(8)] d6
“n
0 0

+/ /K(t—9+§)G(§)d§ 0(6)d6, 1> 0.

—h \-h

This expression is known as the Cauchy formula for system (7.1).

(7.2)
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7.2 Lyapunov Functionals

Assume that system (7.1) is exponentially stable. Given a symmetric matrix W, there
exists a quadratic functional vo(¢), defined on PC'([—h,0],R"), such that along the
solutions of system (7.1) the following equality holds:

o) = T (OWalr), 120,

The functional may be presented as
/ (t,)Wx(t,p)ds
0

Substituting on the right-hand side of the last equality x(¢, @) by formula (7.2) we
arrive, after some direct calculations, at the following explicit expression for the
quadratic functional:

vo(@) = 9" (0) [U(0) = U(~h)D— DU (h) +D"U(0)D] 9(0)
0

+2(pT(0)/ [U(~h—0) —DTU(~6)] [A19(6) + Dg'(6)]d6
“h

0 0
+2¢T(0)/ /[U(—@+§)—DTU(—9+§+h)] G(&)de | p(6)do
“n \on
0 0
+/ [Al(p(el)—i—D(p/(@l)]T /U(61 — 92) [Al(p(ez)-i-D(p/(ez)] de, | do;
—h —h

+2 [ [410(0)+Dg'(61)]"

0 /6

x / /U (61 4+h— 6, +E)G(E)dE | 9(6,)d6, | 6,
—h \ch

0

+./0.(pT(91) / /GT (&) /U (61 =& — 62+ 8)G(&)d&, | dE;
Zn

—h L-h

X(p(@z)d@z) d91. (73)
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Here matrix

U(t) = /KT(I)WK(t—i-T)dt, TER, (7.4)
0

is known as a Lyapunov matrix of system (7.1) associated with the matrix W.

7.3 Lyapunov Matrices

Formula (7.3) makes evident the importance of Lyapunov matrices in the construc-
tion of the Lyapunov functionals for system (7.1).

Theorem 7.1. Given a symmetric matrix W, Lyapunov matrix (7.4) satisfies the
following properties:

* Dynamic property:

0
d% [U(2) = U(t—h)D] = U(t)Ag+ U (T — h)A; + /U(r—i— 0)G(0)d0, 1> 0;
- (1.5)
*  Symmetry property:
U(-1)=U"(t), ©>0; (7.6)
e Algebraic property:
[U'(+0) —U'(—0)] = D" [U'(+0) = U'(—0)] D = —W. (1.7

Proof. The first two properties can be easily verified by direct calculation. We now
address the third property. Differentiating the symmetry property (7.6) we obtain
the equality

dU(—7) [dU(7)]”
dt :[ dt } , T>0.

In particular, when 7 — +0, the equality takes the form —U’(—0) = [U'(+0)]”.
Now, differentiating the product

J(t) = [K(t) — K(t — h)D]" W [K(r) — K(t — h)D]
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we obtain

0
%J(t) — [K(1)— K(t — R)DI'W | K(t)Ag+ K(t — h)A, + / K(t+0)G(6)d0
“h

0 T

| K@)+ Kt — A + / K(i+6)G(6)d0| WK()—K(i—h)D].
“h
Integrating the left-hand side of the last equality by 7 from O to e we find that
0/

Compute now the integral of the first term on the right-hand side of the equality

| e

[K(1)—K(t—h)D]" W[K(t) — K(t —h)D]dt = —W.

o

t

Ji

/ K(1) = K(t — h)D]'W
5

0
X K(t)Ao+K(t—h)A1+/K(t+6)G(9)d6 dr
—h

0
D" |U(h)Ay+U(0)A, +/U(h+ 6)G(6)d0
“h

= [U'(+0) - U'(~h+0)D] = D" [U'(h—0) - U'(-0)D]..

The value of the integral of the second term on the right-hand-side of the preceding
equality is as follows:

T

oo 0

J :0/ K(t)A0+K(t—h)A1+/hK(t+ 6)G(6)d6
xW [K(t) — K(t —h)D]dt

= [U'(+0)—U'(=h+0)D]" — [U'(h—0)—U'(—0)D]" D

= ~U'(-0)+D"U'(h—0) +U'(—h+0)D— D"U'(+0)D.

And we arrive at equality (7.7). a
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Remark 7.2. In explicit form property (7.7) has the form

0
—W = U(0)Ag+U(—h)A, +/U(6)G(9)d6
Zh
0
_p’ U(h)Ao+U(O)A1+/U(h+ 0)G(6)d0
Zh
0
+A§U(0)+A{U(h)+/GT(6)U(—6)de
“h

0
— AgU(—h)+A1TU(0)+/GT(e)U(—h—e)de D.  (1.8)
Zh

7.4 Lyapunov Matrices: New Definition

In this section we continue our study of the Lyapunov matrices. We start with a new
definition of the matrices that neither assumes the exponential stability of system
(7.1) nor demands knowledge of the fundamental matrix of the system.

Definition 7.1. Given a symmetric matrix W, we say that the n X n matrix valued
function U(7) is called a Lyapunov matrix of system (7.1) associated with W if it
satisfies properties (7.5)—(7.7).

Then we check that matrices satisfying Definition 7.1 can be used in for-
mula (7.3).

Theorem 7.2. Let matrix U(t) satisfy Definition 7.1. Then functional (7.3) with the
matrix is such that

%vo(x,) =l ()Wx(t), >0,

along the solutions of system (7.1).

Proof. We present functional (7.3) in a form more suitable for the computation of
the time derivative along the solutions of system (7.1):

vo(x;) = x"(¢) [U(0) —U(—h)D— DU (h) + D"U(0)D] x(r)

+2x" (1) / [U(§—1+h)—UE—0)D]" [A1x(§) +Dx'(§)]dE
“h

t
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t t
2T / (/ E—1-0)— (5—t—h)D]TG(e)de) X(E)dE
t—h \—h

+ [ [+ D)’

t—h

X ( / U1 — &) [Aix(&) + DX (&) déz) g,
t—h

t
/ Ax(&))+Dx'(&)]
“h

[/(/ (Ei+h—&+0)G(6 )d@) x(fz)d§2:| d&
hn \—
E—t [ &t
/ { /[/ (/ G'(61)U (& _52_91+92)G(92)d92> del}
1=h t—h

“ho \h
X x(iz)déz} dé;.

The time derivative of the first term,
Ri(t) =x"(t) [U(0) = U(~h)D — D"U (h) + D"U(0)D] x(1),
is equal to

dR; (t)
dr

=2x"(1) [U(0) —U(~h)D—D"U(h) +D"U(0)D] ¥ (1).

The time derivative of the second term,

K(0) [ (U&= 1+1) - UE =D [Arx(&) + D (e,
h

t—

is computed as follows:
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=2WO]" [ [0E-1+m -UE DI [A1x(§)+ DY'(E))aE
—h

+2x"(t) [U(=h) — D"U(0)] [A1x(¢) + DX (1)]

—2x"(t) [U(0) = D"U (h)] [A1x(t — h) + Dx'(t — )]

+207(0) [ (5 10@-r+1)~UE-0DI" ) Wix(&) + DY(ENGE.

t—h

We now address the next term,

=2 /(/ (E—1—6)— (g—t—e—h)D]TG(e)de)x(g)dg.

t—h \—h

Its time derivative is

dR;

E—t
=20 /(/ E—1-0)-UE—1-0-mD" <e>de)x<é>dé
h

t—h

0
+ 247 (1) (/ [U(8)—D"U(6+h)] G(G)de) x(t)

—h

— 2 (1) [U(0) - D" U (h)] / G(E —1
h

t—

+ 2x"( t/(/( U(E—1—0)— (g—t—e—h)D]>TG(e)de> x(E)dE.

h h

The time derivative of the fourth term,

n= [ [x(&)+ D) ( [ viE-&) [Ax(&) + D& déz) aéy,
h

t—
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is equal to

dR4 (t)
dr

T

—

=2[Ax(t) +DX(1)]" [ U(t—&)[Ax(§) +Dx'(§)] dE

=

t—

—2[Aix(t —h)+D¥ (1 —h)]" / U(t—&—h)[Aix(§)+Dx'(§)] dé.
t—h

Now we differentiate the term

=2 [ (&) +x(E)]

t—h

[ / ( [ vE+n-ga+oa(e >de) x<&2>d&2] .
t— —h

h

Here

dR5 (l)
dr

t [fE—t
=2 [Anx(r) + DY (1)] T/(/U _E+h+0)G (e)de)x(g)dg
h —h

t

t E—t
_2[A1x(t_h)+ox'(t_h)f/ (/U(t—§+e)a(e)de) x(E)dE

t—h \—h

—2xT( /(/GT —&E—h— e)de) [A1x(&)+Dx'(£)] d&

T
_2[/0 t+6d9] /U —&—h) [Arx(&) +Dx' ()] dE.

Finally, we address the term

= /t X&) { /t [7t ( 7IGT(91)U(€1 —& -0+ 92)G(92)d92>
“h

t—h L—h —h

X d91‘| x(iz)diz} dé;.
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The time derivative of this term is as follows:

v f|]

E—t
(/ GT(6)U(t—&— 61+ 92)G(92)d92) d91] x(§)dg
t—h |=h

“h
0 Ty E—t

) [/G(Ol)x(t—i— el)del} /(/U(r—éJrez)G(ez)dez) X(E)dE.
“h

t—h \—h

Now we collect in the computed time derivatives the terms underlined with one solid
line. The sum of these terms is

t

$10) =2[¥0)])" [ WE 1+ ~UE-0DI" A1x(E) +D¥ (§)]d
t—h

t

#2070 [ (5 10@-r+1)-UE-0DI") Wix(§) + DY ()as

t—h

2 [Ax(r) + DX (1 T/ TA1x(&) + DX (£)] dE
h

—

T

—2[A1x(t —h) +Dx'(t — h)] / (& —t+h)" [A1x(E) +Dx'(E)] dE
h

—

ey /(/GT —Eh- B)de) [A1x(&) + Dy (£)] dE
h \ch

T t
-2 [/G x(t+0) d@] ,/h U —1+n)]" [A1x(§)+Dx'(8)] d&.

After simple rearrangement we obtain

0

Si(r) = [2 [x(t) — Dx(t — h)] — Ay x(t — h) — /G(B)x(t+9)d6]

dr .
—h

t

x [ & =r+m)" [Ax(E)+Dr'(E)] a8

1~
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+2[=DY (1) + Aux(t) + DY (1 T/ T [A1x(E) + DX(£)] dé
h

t—

“h

' 0 r
4 2x7( /( U(E—t+h)— (g—t)D]+/U(¢—t+h+e)GT(e)de)

h

+

x[A1x(§) + Dx'(§)]dE.

Because x(7) is a solution of system (7.1), we have that
d 0
(1) = Dx(t = )] — Avx(t —h) — / G(0)x(t +6)d6 = Agx(t), >0,

dr .
—h

and we obtain

$1() = 267 (1) [ [U(E~r+mA” [A1x(€) +D'(8)] 8
h

t—

+2"(1) [ [U(E A" [Ax(§) +Dx'(§)] d&

—

=

t—

0 T
+ 2T ( ( U(E—t+h)-U(E— t)D]+/U(§—t+h+6)GT(6)d9)
—h

t—h
x[A1x(8) +Dx'(£)]dE.

Since & —t+h > 0for & € [t — h,1], we have

QU —1+m) U —1D) = ~U(E 1+ M)A~ U(E 1A,
0

—/U(g i+ h+0)GT(6)d6,
“h

and we conclude that S (z) = 0.
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Now we collect in the time derivatives the double underlined terms. The sum of

these terms is
T T
(E—t—0)—-U(E—t—06—h)D] G(0)d6 | x(&)dE
s ([ )

—h

! " T
+ 2T (/< U(E—1—6)— (g_t_e_h)D]) G(G)de) X(E)dE
t—h
t [ &t
(/U(t—§+h+ 6)G(9)d6> X(&)dE
“h

t E—t
_2[A1x(t_h)+px'(t_h)f/ (/U(t—§+9)G(9)d9) x(E)dE
t—h

o] |f *

t—h |-h

+2[Ax(t) + DX (1)]"

\k\§\

(/ G (0)U(—&—6,+ 92)G(92)d92) d91] x(§)dg

—h

0 Ty E—t
_2 [/hG(Bl)x(t—l-Gl)dBl] z/h (/h U(t—§+62)G(92)d62> X(E)dE.

Rearranging the terms we obtain

0 T
SH(t)=2 {% [x(t) — Dx(t — h)] — A1x(t — h) —/G(61)x(t+ 91)d91:|

—h

t E—t
></ (/U(t—é—i—G)G(@)de) (&)dE

t—h \—h
+2[-Dx (1) +Asx(r) + DX (1 T/ (/U E+h+6)G )de)x(g)dg
t—h —h

t t

( UE—1—6)— (g—t—e—h)u]) G(e)de>x(¢)dg

E—t
(/ G' (6 —§—61+6)G (62)d92) d91] x(§)dé&.

t—

+2x7 (1)
+ 2x

G
/

,/
h
T(t ‘/
h

t—
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Because
0
d

< (e) = Do = ) = Auale — ) — / G(01)x(t + 0))d0) = Aox(r), >0,
“n

we have that

t E—t
/(/ (E—1—0)AG )dﬂ)x(é)dé
t—h h
¢
o[ ([v
Zh
13 z
e
h
T
+ 27 () /[/ (/Ug t—6+1)G (n)dn) G(G)d@] X(E)dE.
“h N\l

t—h

t

(E—t—h—0)A] (e)ae)x(g)dg

t—

+ 2x
+ 2x

:-\N :\N

t—

U(E—t—0)-U(E—t—0—h) ]) G(G)d@)x(é)dé

Since E —t—0 >0 for & € [t —h,t] and 6 € [—h,& — 1], property (7.5) implies the
equality

U —1-0)~UE~1~0-mD] = ~U(§ —1—0)Ag—U(E —1—0—h)A

0

—/U(é —t—0+61)G(6,)d6,

—h

and we arrive at the conclusion that S,(z) = 0.
‘We now collect the nonunderlined terms:

$3(1) = 22" (1) [U(0) —U (- ) —D'U(h)+D"U(0)D] X (1)
+2x7 (1) [U(=h) = DTU(0)] [A1x(t) + DX (1)]
—2x"(1) [U(0) (

0) —D"U(h)] [A1x(t —h) 4+ Dx'(t — h)]
+ 2x7 (1) (

~20 () [U©)-D'Um)] [ GE-1
h

t—

A/_\

\o

[U(8)—D"U(6+h)] G(B)d@) x(t)

=
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Rearranging them as

S3(t) = 2x"(t) [U(0) = DU (h)]

x[;[() Dx(t — )] — Ayx(t — h) — /G t+9)d6]
~h

+2x" (1) [U(=h) = DTU(0)] [-Dx'(¢) + Arx(r) + D' (1)]

0
4 2x7( U(6+h)]G(6)de | x(1),
o {foro-ruo-siae)

we obtain the equality

S3(t)—2xT()[ 0)Ao+U(— AH—/U ]

— 2xT(t)DT [U(h)A(H—U(O)Al +/U(6+h)G(9)d6] x(t).
Since

U(0)Ao+U(—h)A; +/U(6)G(9)d6 - Tlﬂ()(% [U(t) - U(t— h)D]

=U'(+0)-U'(-h+0)D

and

U+ U1+ [U(0+1)G(0)d0 = TE}BO% U(t)—U(t—h)D]

=U'(h—0)-U'(-0)D,
we have that
S3(t) = 2x" () [U'(+0) — U'(—h +0)D] x(t)
—2x"(1)D" [U'(h—0) — U'(—0)D] x(r).
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Property (7.6) implies that

SO
[U'(+0) = U'(~=h+0)D]" = —U'(—0) + DU’ (h—0)

and

(D" [U'(h—0) —U'(=0)D])" = —U'(=h+0)D+D"U'(+0)D.

Simple symmetrization of the preceding expression for S3(¢) shows that

%)
(9]
&
2
S~—r
Il
=
\]
—~
-~
N—
—~
S
3
_|_
(e)
S~—
|
S
T
()
-~
|
w)
\]
S
3
_|_
(e)
SN—
|
)
0
(«)
.
)
S—
=
—~
-~
N—

The last equality follows directly from property (7.7).
The preceding computations demonstrate that

%vo(x,) =l ()Wx(t), 1>0. 0

Finally, we prove that Definition 7.1 does not contradict the initial definition of
Lyapunov matrices.

Lemma 7.1. Let system (7.1) be exponentially stable. Then matrix (7.4) is a unique
solution of delay matrix Eq. (7.5), which satisfies properties (7.6) and (7.7).

Proof. Recall that matrix (7.4) satisfies properties (7.5)—(7.7); see Theorem 7.1.
Let there exist two matrices U;(7) and U, (7) that satisfy (7.5)—(7.7). We define

two functionals (7.3), v(()j>((p), Jj = 1,2, one with U(t) = U;(7), the other with
U(t) = Uy(7). By Theorem 7.2,
iv(j)(x)*— T P —

g () =—=x" (OWx(t), t>0, j=1,2.

Thus, the difference, Avy(x;) = v(()z) (%) — v(()1> (x¢), is such that

d
aAvo(x,) =0, t>0.

Integrating the last equality by ¢ from 0 to 7 > 0 we obtain

Avo(xr(@)) = Avo(@), T =0.
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System (7.1) is exponentially stable, so x7 (@) — 0;, as T — oo, and we arrive at the
conclusion that for any initial function ¢ € PC'([—h,0],R") the following equality
holds:

Avo(@) = 0.

In explicit form this equality is written as

0 = ¢"(0) [AU(0) — AU(—h)D — D" AU (h) + D" AU (0)D] ¢(0)

ARy

0
+ 2(pT(O)/ [AU(~h— 8) — DT AU(—8)] [A19(6) + Do/ (8)]d6
“n

ARy

0 0
+2¢7(0) / (/ [AU(~6+ &)~ DTAU(—6 + & +1)] G(g)dg) 0(6)d0
h

oh

AR3

0 0
+ / [Arp(61) +De'(61)]" (/AU(Ql —6,) [A19(62) + Do’ (61)] dez) de,

—h —h

ARy

0 0 9;
+2 / [A1p(61)+D¢'(61)]" l / ( / AU (6, +h62+§>G(é)dé)cp(62>d62] de,

—h —h \~h
ARs
0 0[] 6 6,
+[o" () (/ [/ (/ G (AU (6~ &1 - 92+§2)G(§2)d§2) déll <P(92)d92) a0,
“h ch =h \oh
ARg

(7.9)

Here the matrix AU (7) = Uy (1) — U; (7).
Let yand i be two constant vectors, T € (0,4], and € > 0 is such that — 74 € < 0.
Then we define the initial function

7Y, for 6 =0,
©(0)=1 u, for0e|—1,—1+¢|,
0, at all other points of [—A,0].

Substitute this function into (7.9). The first term

ARy =" [AU(0) — AU(—h)D — D"AU (h) + D" AU(0)D] y.
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The second term

AR, = 2y" [AU(—h) —D"AU(0)] Dy
+2ey" [AU(t—h)A; — DT AU (T)A;
+ AU'(t—h)D — D" AU'(7)D] p +o(e).

Here o(€) stands for a quantity that satisfies the condition

lim 28)
e—>+0 &

=0.

Now the third term
AR; =2ey" (/ [AU(t+&)—D'AU(t+h+&)] G(&)d&) p+o(e).
—h
The term

ARy = y' DT AU (0)Dy+2ey" D" [AU(7)A, +AU'(7)D] 1
— eu" D" [AU'(+0) — AU'(—0)] D + o(e).

The fifth term
ARs =2y D" /AU(T+h+§)G(§)d§ w+ole).
—h

Finally,
AR6 = 0(8) .

For this initial function equality (7.9) takes the form

0 =y'AU(0)y+2ey" (AU(r—h)Al+AU’(r—h)D+/AU(T+§)G(§)d§) u
—h

— eu" D" [AU'(+0) — AU'(—0)] D + o(e).
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In the preceding equality let ¢t = 0. Then 0 = y" AU(0)7, and since ¥ is an arbitrary
vector and the matrix AU (0) is symmetric, we conclude that

AU (0) = 0pxp- (7.10)
For similar reasons
D" [AU'(+0) — AU'(—0)] D = 0y,
which in light of (7.7) means that
AU’ (+0) — AU’ (—0) = Oy

Finally, because the vectors y and u are arbitrary, we conclude that
—T
AU(T—h)A; + AU (t— h)D+ /AU(T+ E)G(E)dE = Opun, T € (0,4]. (7.11)
—h

By definition, the matrix AU (7) satisfies the equation

AU'(t) — AU'(t — h)D = AU (t)Ag + AU (T — h)A;

0
+/AU(1+§)G(§)d§, T>0.
h

Applying conditions (7.10) and (7.11), we arrive at the conclusion that the matrix
AU (7) is a solution of the matrix equation

AU'(7) = AU (7)Ao + / AU (T + E)G(E)dE
0

T
— AU(T)AO—i—/AU(@)G(G _7)d6, ©>0,
0

with the trivial initial condition AU (0) = 0,,x,. By Lemma 4.1, the solution is trivial,
that is,

AU(7) =U (1) = U (1) = 0psn,  TE[0,A]. 0
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The characteristic function of system (7.1) is of the form

0
F(s) = det | sT—se™"D — Ag— ¢4, — / e?G(0)d6 | . (7.12)
~h
Here the matrix
0 -1
H(s)= | sl —se "D —Ag—e *"A| — / e*?G(0)do
“h

is known as the characteristic matrix of the system.
The spectrum of the system consists of the zeros of the characteristic function

A={s|f(s)=0}.

If system (7.1) satisfies the Lyapunov condition (Definition 6.6), then the spectrum
can be divided into two parts; the first one, A, includes eigenvalues with positive
real part, the second one, A, includes eigenvalues with negative real part.

Remark 7.3. 1f the matrix D is Schur stable, then A(*) either is empty or contains at
most a finite number of points. In the first case system (7.1) is exponentially stable.

Theorem 7.3. Let the matrix D be Schur stable. If system (7.1) satisfies the
Lyapunov condition, then the matrix

0(0) = 50 [ HTEWH(-E)e ag

2mi

—joo
+ Y Res{H"(s\WH(—s)e ™50}
S0€A(+)

+ Y Res{H"(—s)WH(s)e™,s0} (7.13)

S0€A(+)

is a Lyapunov matrix of the system associated with W.

Proof. The matrix D is Schur stable, and system (7.1) satisfies the Lyapunov
condition. Thus, neither the matrix H(s) nor H(—s) has a pole on the imaginary
axis of the complex plane. Let £ be a real number; then for sufficiently large |€| the
matrix H” (i€ )WH (—i&)e ™ is of the order |€| 2. This means that the improper
integral on the right-hand side of (7.13) is well defined for all real 7.
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Part I: The proof of symmetry property (7.6) coincides with that of Theorem 3.5.
Part 2: 'We check that matrix (7.13) satisfies the algebraic property in the form
(7.8). To this end, we compute the following matrix:

O = U(0)Ag+U(-h)A, +/t7(e)G(e)de +AYU0)+ATU(R)

_pT ﬁ(h)Ao+l7(O)A1+/17(h+ 0)G(6)d6

— |AfU(—=hn) +ATU( +/GT —h—6)dé | D.
Observe first that

O1 = U(0)Ag+ T (—h)A, +/I7(9)G(6)d9

0
= HT WH( é) [Ao—l—eéhAl + eéeG(G)del d&
27171 / /h

—joo

_ . -
+ Y Res{ s)WH (—s) A0+es’1A1+/e*X9G(e)d9 ,so}

S0€A(+)

S0€A(+)

_ . -
+ Y Res{HT(—s)WH(s) A0+e*shAl+/eS"G(e)d9 ,so}

and

0, = Agf/(())+A{z7(h)+/GT(e)z7(—e)de

2mi
—h

—joo

T
_ VP / [Ao+e Sy 1 / e59G(6 >de] H (E)WH(—&)dé
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r 1T
+ Y, Res{ Ao—i—e’s’lAl—i-/eseG(@)dG HT(s)WH(—s),so}

‘Y()EA(Jr)

r 1T
+ Y, Res A0+eshA1+/e*SeG(e)de HT (—s)WH(s),s0 ¢ .
s()EA(Jr) —h

Now

0
O3 = -D" [ﬁ(h)AoJrﬁ(O)Al +/z7(h+ e)G(e)de}
—h

e 0
= _% /DTHT(g)WH(_g)eféh {AOJreéhAHL/egeG(e)de} dé
—h

—joo

Y Res{DTHT( YWH (—s)e "

S()EA(+)

0
X [Ao+eShA1+/e"9G(6)d9] ,so}
—h

Y Res {DTHT(—S)WH(s)eSh

S()EA(+)

0
X |:A()+eShA1—|—/eS9G(6)d9] ,So}
—h

and

04_—[A5U( h) + ATT( +/GT —h— e)ae]

oo 0 r
= —V'—Pj/ [Ao—i-e‘?hAl—i-/eéeG(B)dG}
2mi A

x eS"HT (E)WH (—&)DdE

T
-3 Res{[Ao—l-e *"A1+/ 0G0 de}

SoeA(+) —h
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x e"HT (s\WH (—s)D, so

0 T
— Y Res Ao—i-eShAl—i—/e’seG(G)d@
—h

S()GAH')

xe "HT (—s)WH(s)D, s
It is a matter of simple calculation to check the identities

0
H(S) A0—|—e*shA1+/eS6G(9)d6 = —I+SH(S) (I_efshD)
—h

and

0
H(—s) A0+eShA1+/e’seG(6)d9 = —1—sH(-s) (I—eShD).
“h

Using these identities we present the matrices O; as follows:

0 = 22 / [—HT W —eHT (EWH(-&) (1- D) | ag

2mi

+ ¥ Res{—HT(s)W—sHT(s)WH(—s) (I—eShD),so}

50 GAH’)

+SOEZA(+) Res { —HT (—s)W + sHT (—s)WH(s) (1 - e*shD) ,so} ,
Oy = Z; f [—WH(—&)—FE (I—eihD)THT(g)WH(—g)] dé

—joo

+ Y Res {—WH(—S) +s (1 - e*shD) " (s)WH(—s),so}

50 GAH’)

+ Y Res{—WH(S)—s(I—eShD)THT(—s)WH(S),So},

S0 EA(+)
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joo

V.P.
_ —EhpyT T
0y = - /{e DTHT (&)W

—joo

e DT HT (EYWH(-E) (1 - e5hD) } dé

+ Y, Res e *"DTHT (s)W
SoeA(+)

+se " DTHT (s)WH (~s) (1 - eShD) ,so}

+ Y Res {eShDTHT(—s)W

50 GAH’)
—se"DTHT (—s)WH(s) (1 - e*shD) ,so} :

O = V.P. 7{e§hWH(_§)D

2ri .

_gebh (1— eihD)THT(é)WH(—é)D}dé

+ Y Res{eshWH(—s)D

S0 EA(+)

_seth (1 - e’”’D) " (s)WH(—s)D,so}

+ Y, Res {e‘YhWH(s)D

S0 EA(+)

—sh (7 __ .sh T T/
+se " (I—e""D) H' (—s)WH(s)D,so .

Collecting similar terms we obtain that

0-_YP f {(I—eéhD)THT(é)W—i-WH(—&) (I—e‘?hD)} dé

2mi

-y Res{(l—eShD)THT(s)W—l-WH(—s) (I—e"hD),so}

S0 EA(+)

— Y Res { (I—e"hD)THT(—s)W +WH(s) (I— e*‘YhD) ,so} .

S0 EA(+)

2717
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If we take into account the equality
VP T
S [ WH(=&) (1-¢D)ag = (2 = -¢)

2mi )
vp T T
= / WH() (1 D) d2

—joo
and the fact that the Lyapunov condition implies that the matrices

WH(—s) (1 - eShD) : (1 - eShD) "HT (—syw

have no poles in the set A(*), then
VP [ r
= —— _ —&h T . —&h
©= 2m’/{(1 ¢ D) H (5>W+WH(§)(1 e D)}d§(7.14)

— D Res { (I - efShD) THT (s)W+WH(s) (I— efShD) ,so} .
‘Y()GAH')
By the residue theorem
Si= Y Res { (I - e*‘YhD) THT(S)W +WH(s) (I— e"’hD) ,so}
SoeA(+)
1 T
~lim _ath T _ —&h
= lim — 75 [(1 e D) HT ()W + WH(E) (1 e D)] dE,
I(r)

where T'(r) is the Nyquist contour consisting of the semicircle C(r) =
{re'® ‘(p € [-%,Z] } and the segment [ir, —ir] of the imaginary axis.

The contour integral is

1 7{ [(I_eéhD)THT(é)W—l-WH(&)(I—e‘5/‘D)] dé

M= 5

I(r)

{(1— e"?hD)THT(é)W FWH(E) (1— e’?"D)} dé

%
1 i T : : i .
—/ {(I—ehrewD) HT(re’(p)W—l-WH(re"")(I—ehrewD)}re“pd(p.
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Therefore,
joo
V.P. T
- _ o —&h T o —&h
lim Jy (1) = =2 / [(1 e D) H (é)W+WH(¢)(1 e D)]dé
S
- T
s L —hrel® T/, .ip
+lim [(1 e D) HT (re'®)W

]

+ WH(re') (1 - e*’"ei“’D)} rei?dg.

Since H (re'?) (I - e’h’ei(PD) re!® — I, as r — oo, uniformly by ¢ € [—5, 5], we

conclude that

joo

S = _% / {(l—e‘?"D)THT(é)W—FWH(é) (I—e‘ghD)} dE+W.

Comparing the preceding equality with (7.14) we conclude that O = —W. Thus

matrix (7.13) satisfies property (7.7).
Part 3:  Let us address property (7.5). For a given T > 0 we compute the matrix

d r~ ~ ~ ~ 0
F(2) [U(r)—U(r—h)D} —U(t)Ao—U (1—h)A; — /7 Ut +0)G(6)do0

T dr

= 32 [ W EWH(-§) [~¢1+ Ee8D— Ay -,

x—/oe’éeG(B)dG} e TedE + Y Res< H' (s)WH(—s)
—h S()EA<+)

0

X | —sI+se"D—Ag—eA| — / e *9G(6)d6 | e ™, 59
“n

+ Y Res{ H'(—s)WH(s)

S0€A<+)

0
X 31_537ShD—A0—67‘YhA1_/CSGG(O)dG e™,s0
Zh



280 7 Distributed Delay Case

_ T —1&
27rz /H S)Weds

—joo

+ Y Res{H"(s\We ™,s0}+ 3, Res{H'(—s)We™,s0}.

S()GAH') ‘Y0€A(+)

Since the matrix H(—s) has no poles in the set A(*), we have the sum

Z Res {HT(—s)We”,so} = O0pxens

S()EA(+)

and we obtain

F(1) = /HT EYWe ™dE+ Y Res{HT(s\We ™,s5}.

27'Cl
—joo Y()GA(J“)

Applying the residue theorem,

Res {H” (s)We ™ 5o} = lim — 75 HT (&)We *d
Z‘H ® { 7SO} o 2mi ¢ ¢
soEA I(r)

1
HT (E)We " dE + lim —
2m / © §+rg§o b

—joo —

HT(rei‘p)Wrei‘pe’"e"Pd(p.

\w\a

]

By Jordan’s theorem, the equality

121010% /HT (re'*)Wre'%e ”e(Pd(p Ouscn

holds for any 7 > 0, and we arrive at the conclusion that for 7 > 0

i[U(r) U(t—h)D } U(t)Ao—U(7— hAl—/ U(1+0)G(0)dd =0,p.

Since the preceding equality remains true as T — 40, matrix (7.13) satisfies
property (7.5) for T > 0. This concludes the proof. O
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Corollary 7.1. In the case where system (7.1) is exponentially stable the following
expression for the Lyapunov matrix holds:

VP
T 2mi

U(r)

JEAGLECI

and the matrix is a unique solution of Eq. (7.5) that satisfies properties (7.6)
and (7.7).
7.6 Computation Issue

In this section we address the computation of Lyapunov matrices. In general we
must apply numerical schemes to compute an approximate Lyapunov matrix. But
in some cases Lyapunov matrices can be found as solutions of a special boundary
value problem for an auxiliary delay-free system of matrix differential equations.

7.6.1 A Particular Case

We begin with the case where the matrix G(0) is a polynomial of the form

m
G(8)=Y 6/'B,. (7.15)
j=1
Here By,...,B,, are given constant n X n matrices.

Let U(t) be a Lyapunov matrix of system (7.1). We define for T € [0,4] the
following set of 2(m + 1) auxiliary matrices:

0
Z2(t)=U(1), X;(1)= / 0/ 1U(1+6)d0, j—1.....m,
B (7.16)
VD) =U=h), Yie)= [0/ 'U(E-6-ndo, j=1...m
—h

Property (7.5) can be written in the form

C%_ [Z(t) -V (1)D] = Z(1)Ag + V(1)A; + in(T)Bj.
=
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At the same time,

d d
% [-D"Z(r)+V(1)] = L Uh-1)- U(—1)D]"

[ [U(h— ‘L')A()— U(—T)Al

0 T
-3y (/Ole(h—‘H- e)de) B,-] .
=\

J

Observe that
Ul'th—1)=V(1), UT(-1)=2(1)

and

0 T
[/GJ'IU(h—H-@)dG} =X/ (h—1)=Yj(1), j=1,...m.
h

Thus,

d% [-D"Z(7)+V(1)] = —AjV(7) — AT Z(7) — i BIY;(1).

~.
Il
—

The first derivative of the auxiliary matrices X (7) and Y;(7) is

dXi(7) _ dyi(7)

i 12— 2(0) - V().
Now
WD i u-n - (- 1) /0 672U (1 +6)d6
dt A
= —(=h)" V(D) = (-DX;a(7), j=2,...,m,
and
drj(t) _ (_h)jIU(T)+(j_1)/OefZU(T—G—h)dG
dr

—h

= (h ' Z() 4 (- D)Y(D), j=2em.
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And we arrive at the following system of delay-free matrix differential equations:

diT [Z(7) — V(1)D] = Z(t)Ao + V (T)A; +ji1xj(r)3,
[-DTZ(t)+V(1)] = —ATZ(1) - A}V (1) - iBJTYJ

Jj=1

(7.17)

d
dt
d
"
d
) =2(0)-v(),
X0 =~ (V@) - (- DX (@), j=2m
d

SV(E) = (Ch 20+ (G- DY (D), =2

The auxiliary matrices also satisfy some boundary value conditions: It follows from
(7.16) that

and

0 0 r
Y;(h) = /ef*IU(h—e—h)dez /e-/’*lv(e)de
“n “n

:XJT(0)7 j:17...7m-

The algebraic property written in the terms of the auxiliary matrices has the form

W = Z(0)40+V(0)As + 3. X,(0)B,
=1

~D" | Z(h)Ag +V (h)A; + i X;(h)B;
j=1
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m
+AQV (h) +ATZ(R)Ay + Y, B]Y(h)
j=1

— ALV (0)+ATZ(0 +ZBT

We summarize the results of our analysis in the following statement.

Theorem 7.4. Given a time-delay system (7.1), where the matrix G(0) is of the
form (7.15), let U(t) be a Lyapunov matrix of the system associated with a
symmetric matrix W. Then there exists a solution

{Z(T),V(T),Xl (T)a s aXm(T)ayl (T)v s 7Ym(T)}
of the delay-free system (7.17) such that Z(t) = U(1), T € [0,h]. The solution
satisfies the following set of boundary value conditions:

Z(0) =V (h),

Xj(h)=Y[(0), and Y;(h) = X[ (0), j=1,...,m
m

—W =2Z(0)Ao+V(0)A; + Y X;(0)B;
j=1

Z(h)Ag+V(h)A; + ixj(h)Bj] (7.18)
j=1

_pT

m
+ATV () +ATZ(h)A, + Y, BTY;(h)
/71

— |AfV(0)+ATZ(0 +ZBT

Remark 7.4. System (7.17) is regular if and only if the spectrum of the matrix D
does not contain a point Ag such that A, !also belongs to the spectrum.

The following lemma demonstrates that some relations exist between the auxil-
iary matrices.

Lemma 7.2. The auxiliary matrices Xi(t) and Yi(T), k = 1,...,m, satisfy the
relations

—1)! ;
Xk = k 12 _1_ h']Yk,j(T), k:l,...,m,
7()] !
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and
k—1 -~
Y (1) = ( 1)“20j!(1(€k_111 )'hJX,,(r), k=1,...,m

Proof. The first set of relations can be easily obtained as follows. By definition,

0

X (1) = /e’HU(H O+h—h)d0 = (E——0—h)
“h
0

— [(h-8) U g -
~h

“,ZOJ e ().

The second set of relations can be verified in a similar way. O

Lemma 7.2 provides a substantial reduction of system (7.17). Observe that
the sum

\¢E

ZBT _ (_1)]'7137." (jz‘j (._1)' A IX ( ))
1 ! oV —1=v)! v '

J

Thus, if we define the matrix

then

!B(kfl)(h)xk(l'),

and the second equation of system (7.17) takes the form

L [0 4 V(0)] = -AT2(0) - AV (D) - 3
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Therefore, system (7.17) is reduced to the following set of (m -+ 2) matrix equations:

d m
d_‘L' [Z(t) -V (1)D] = Z(1)Ag + V(1)A; + ZXJ‘(T)B]
j=1
d = 1
= V(@) -D"2(x)] = AT Z(1) - 4GV (1) = ¥, B (X (0),
T & (k—1)!
d
—Xi(7) = 2(7) ~V (1),
d i . .
&Xj(f) =—(=h)V(1) = jX;-1(7), j=2,....m.
(7.19)
The set of boundary value conditions (7.18) is now of the form
Z(0) =V (h),
XT(0)=(=1)* 3 — ! — WX i(h), k=1,...,m,
k = ()J k j—l) ( )
— W =2(0)Ag+V(0)A; + ij(O)B,
j=1
— D" | Z(h)Ag+V (h)A1 + Y X;(h)B j] (7.20)
j=1
+ALV () +ATZ()A1+ 2 BTX] (0)
j
— [Ag V(0)+ATZ(0)+ 2 BYX] (h

There is a certain connection between the spectrum of time-delay system (7.1)
and that of delay-free system (7.17).

Theorem 7.5. Given a time-delay system (7.1), where the matrix G(0) is of the
form (7.15), let 5o be an eigenvalue of the system such that —sq is also an eigenvalue
of the system. Then so belongs to the spectrum of delay-free system (7.17).

Proof. The characteristic matrix of system (7.1) is of the form

Gls) = sT —se "D — Ag—e ™A, — Zf“ (5)Bx

where

1—e s b difOs)
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Because sg and —sg are eigenvalues of the system, there exist two nontrivial vectors
Y and u such that

Y G(s0) =0, G"(—s0)u=0. (7.21)

On the other hand, a complex number s belongs to the spectrum of delay-free system
(7.17) if and only if there exists a nontrivial set of n X n constant matrices

{ZOvO X" XDy

)

such that

sZ0 v p =704, 1 vO4, + Z Xfo)Bj,
j=

—sDTZ) 4 5v(0) = —ATZO) ATV () ZBTY(O

sx( =70 _y©
(7.22)
s¥(0 =20 _y©),

YO = (—n)i 10 (j- 1y, j=2,..

Multiplying the first equality in (7.21) by u from the left-hand side and the second
equality by —e 709" from the right-hand side we obtain

Onsn = SoY" —s0e ™0uy"D— puy"Ag—e ™ ouy"Ar = Y, 47V (s0)uy" B
=1
and
Onsn = soe " 0py" —soD" uy" +Afe Mouy" + AT uy"
+ Y e o fE D (—so)BL uy"
k=1

Let us introduce the matrices

70 =py", VO =etopy!

and

= U D sy Y[V = e o fUD (Csp)uy, j=1,,m
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Then the preceding equalities take the form

5020 — sV 0D - 7204, —v 04, = ¥ xB, = 0,.,,
k=1

m
—5oD"Z0) 45V 4 ATV £ ATZO L ¥ BTY " — 0,
k=1
That is, for s = s the matrices satisfy the first two equations of system (7.22). It is
a matter of simple calculation to show that for s = 5 the matrices also satisfy the
remaining 2m matrix equations in (7.22). It is evident that the introduced set of
matrices

{zm),v(‘”,xf‘)), X0 yO ,Y,§°>}

is not trivial. Therefore, the complex value sy belongs to the spectrum of system
(7.17). The same is true also for —s. O

Remark 7.5. The statement of Theorem 7.5 remains valid if we replace system
(7.17) by the reduced system (7.19).

7.6.2 A Special Case

Now we consider the case where the matrix G(6) is of the form

m
G(6) =Y, n;(6)B;, (7.23)

j=1
where By, ...,B,, are given n X n matrices and the scalar functions 11;(6),...,1,,(0)

are such that
dn;(6 2 .
éé ) _ > opm(6), j=1,....m. (7.24)
k=1

Remark 7.6. In the previous subsection 1;(0) = 6/~ j=1,...,m. These func-
tions satisfy the equations

dn(0)
de

dn;(0)
de

:07 :(J_l)njfl(e)? J:2,,m

Matrix equation (7.5) for U(7) is now of the form
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—[U(t)=U(t—h)D] =U(1)Ao+ U (T —h)A,

+2(/n, U(t+6) 9) o T=0. (725

Once again, we introduce the matrices Z(t) = U(7), V(1) =U(t — h), and

0 0
xj(r)z/nj(e)u(r+e)de, n(r)z/nj(e)y(r—e—h)de, i=1,...m.
—h —h

Then Eq. (7.25) has the form

diT (1)~ V(0)D] = Z(2)Ao + V(DA + 3 X;(0)B), T (0,1
=1
and
% [-D"Z(1)+V(1)] = —A{Z(7) Z BlY;
Now,
d 7 dn;(0)
5;@u>=nxmaﬂ—nx—mvu»1{ L0 2+ 0)d0
— MO)Z) N (hV(D) = ¥, apXe(T), =L,
k=1
whereas
0
iY-(r) = —-n;(0)V(t)+n;j(—h)Z(t)+ dn#w)U(r —0—h)do

dr™’ do

—h

= 0 (—MZ() - V(D) + S k() j=1,....m.
k=1

And we arrive at the following system of delay-free matrix equations:
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= [0 - V(D] = L) + V(D)1 + ixJ-(r)B,
Jj=1
di[ D'Z(1)+V(1)] = -AfV(1) - Al Z(t i
d = (7.26)
K (1) =n,(0)Z(7) —nj(—=h)V(1) — 2 apX(t), j=1,...,m,
k,
dd,L.Y( )= le( hZ(t)— nj( +20‘jkYk T), j=1,...,m.

As in the previous case, we obtain the following result.

Theorem 7.6. Given a time-delay system (7.1), where the matrix G(0) is of the
form (7.23), let U(t) be a Lyapunov matrix of the system associated with a
symmetric matrix W. There exists a solution,

{Z(7),V(7),X1(7),...,Xm(7),Y1(T),...,Ym(T)},
of the delay-free system of matrix Egs. (7.26) such that U(t) = Z(7), T € [0,h]. The
solution satisfies boundary value conditions (7.18).
The statement of Theorem 7.5 remains true for this new case.

Theorem 7.7. Given a time-delay system (7.1), where the matrix G(0) is of the
form (7.23), let sy be an eigenvalue of the system such that —s is also an eigenvalue
of the system. Then so belongs to the spectrum of delay-free system (7.26).

Let functions n;(0), j = 1,...,m, satisfy, for 6 € [—h,0], the equalities

—h) = vm(0), j=1,...,m
k=1

with constant coefficients yj;. Then

0

V(1) = [ n;(0)U(x—0-h)do = (£ = ~0 )

—h

0
[mi-&-mu(e+g)ae

k=1

0
Z / U(t+8)dE = Z%ka
=5

and one can exclude the matrices Y;j(7) of system (7.26) and boundary value
conditions (7.18).
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7.7 A New Form of Lyapunov Functionals

Here we present functional (7.3) in a new form that does not include terms that
depend on ¢'. To this end, we assume here that ¢ € C'([—h,0],R"). We will
transform three terms in (7.3).

The first one is the term

0
5 =297(0) [ [U(~h—6)~DTU(-6)] [A19(8) + Dy (6))d6
—h
Q
- 2(pT(0)/ [U(~h—8) —D'U(~8)] A p(6)d6
“n

+2¢7(0) [U(=h) = DU (0)] Dp(0) —2¢"(0) [U(0) — D"U (k)] Do(—h)
0
+ 2(pT(O)/ [U'(~h—0)—D"U'(—6)] Dp(6)do.
—h

The second term is

0

0
Jp = / [A19(61)+Dg'(6))]" (/U(91 —6,) [A19(6:) +D¢'(6,)] d92) de,
—h

0

0
= /(PT(91) (/A{U(Gl —92)A1(P(92)d92) de;
Zh

0 0
+ 2/[A1(P(91)]T (/U(Ql - 92)D(P/(92)d92) de,
Zh

—h

0 0
+ /[D(P/(Ql)]T (/U(Gl —92)D(P/(92)d92) de;.
Ch

~h
Since the integral

0
7= [v(6- D¢ (6)d0;
“h
0
= U(BNDP(0) = U (61 +MDo(~h) + [ U'(81 ~ 6:)Dp(62)65.
“h
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then

0 0
= / o' (61) (/ [ATU (61— 6:)A419(6:)d6, + 247U (6 — ez)D}) dey
—h —h

0 0
_ / o7 (6) (/ DU (6, — 92)D<p(92)d92) do,
Ch

—h

0
+ 207" [ [U(-0)41+U'(~6)D] p(6)d6
—h

0
— 297 (=h)D" / [U(~8—h)A, +U'(—8 — h)D] ¢(8)d6
Zh

+ 9" (0)D"U(0)Dg(0) —2¢" (0)D"U (h)De(—h)
+ ¢" (=h)D"U(0)Do(—h).

Remark 7.7. In the computation of the term

—h

0 0
0= —/(PT(Gl) (/DTU”(Gl - 92)D(P(92)d92> de,
Ch

one must remember that the first derivative of the Lyapunov matrix, U’(7), suffers
a jump discontinuity at the point T = 0; see Eq. (7.7). Therefore, this term can be
presented as

0

0=~ [ (®)D" [U'(+0)~U'(~0)] Dp(6)d6
Zh

—h

0 6,-0
—/¢T(el) ( / DU (6, — 6,)D(6,)d6,
Zh

0
+ / DTU”(91—62)D(p(62)d62) d6,.
0;+0
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Finally, we consider the term

0

h=2/$h¢w0+D¢@Of
—h

0 6,
x {/ (/U(el+h— 92+§)G(§)d€> (P(ez)d@z} ae,

—~h \-h

0 0/ 6
=2 /¢’ (o) [ / ( Jtuce +h—62+§)G(§)d§> ¢(62)d62] a6y

—h —h \-h

0 7]
4207 ( /(/DTUh 0+&)G (g)dg) 0(6)d0

—h \-h

0 [°]
— 297 ( /(/DTU (—0+&)G dg) 0(6)d6

“n \Cn
—2/(p (1) {/ (/DT (61 +h— 6+ )G (é)dé) ¢(92)d62] d6,.
S \on

Now we substitute into (7.3) these new expressions and collect similar terms. We
start with the terms that do not include an integral factor. The sum of the terms is

S1 =" (0) [U(0)—U(~h)D—D"U(h)+D"U(0)D] ¢(0)
+2¢7(0) [U(~h) = D"U(0)] Dp(0) — 297 (0) [U(0) — D"U (k)] De(~h)
+¢"(0)D"U(0)D9(0) — 9" (0)D" U (h)Dep(—h)
— 9" (=h)D"U(=h)De(0) + " (=h)D" U (0)De(—h)
= [9(0) —~ Do(~h)]" U(0)[9(0) — Dop(~h)].
Then we collect terms that include the factor ¢7 (0) and an integral factor

0

S — 2(pT(O)/ [U(~h—8)—D'U(~8)] A p(6)d6
Zh

0
+2¢7(0) / [U'(~h—8) — D'U'(—6)] De(6)d6
“h
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0
+2<pT(0)/DTU( 0)A10(0)d6 + 207 ( /DT

0 0
4207 ( /(/DTUh 0+&)G (é)dé) 0(6)d6

—h \-h

0 /0
+2(pT(0)./ (/ [U(~0+&)—DTU(~0+E&+h)] G(é)dé) 0(6)d6
“n \oh

0

=2<pT(0)/ (U(—h—e)A1+U/(—h—e)D

—h

0
+f U(—9+§)G(€)d€) o(6)d6

—h

0
~2¢"(0) | (U'(—e>—U<—e>Ao— / U(—9+§)G(§)d§) o(6)d6
0

~h
Now we collect terms that include the factor ¢ (—h) and an integral factor

0
Sy = — 207 ( /DTU —0—h)A,p(0)d0

0
—207( /DTU’ —6—1h)Dg(6)d6

— 207 /0(/6DTU -0+&)G 5) ©(6)d6

—h \~h
0

—2[D(p(—h)]T/ (U(—B—h)AH—U/(—B—h)D

—h

o
+/ U(—M&)G(&)d&) 0(6)d0

“h
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0 0
— —2po(-n)" [ (U’(—@) ~U(-6)0- | U(—9+5)G(é)dé) 0(0)de.
0

—h

Thus,
0

52453 = 2(p(0) - Do(-n)]" | (U’(—@) ~U(-0)Ay
~h

0
-/ U(—M&)G(&)d&) 0(6)de.
6
We arrive at the desired new form of the functional
vo(@) = [@(0) = D(=h)|" U(0) [9(0) — Dp(—h)]

+2[@(0) —Do(—h)]" {U(—h —0)A,+U'(=h—0)D

‘?.\.o

0

+ /U(—9+5)G(é)dé} 0(6)d6

“n

0 6,—0
_./ (pT(Gl)DT ( / U//(Gl — GZ)D(p(Gz)d@z
“h “h

0
+ / U”(61 — 62)D(p(62)d62) d@l
91.+0

0
_ / o7 (0)D” [U'(+0) — U'(~0)] Dg(6)d6
Zh

0 0
+/(PT(91) (/ [ATU(6) — 6,)A, +ATU'(6, — 6,) D
“h Ch

—-D"U' (6, — 6:)A1] 9(62)d6,) d6;

0 0/
+/ ¢T<el>{./ (./ ¢ (&)
—h

—h \~h
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%
X / U(@l - 51 — 6+ éz)G(éz)déz dél (p(@z)d@z do,
“h

0 [0 /6
w2 ol 00 | [ | [ATUer+h—6:+5)G(E)z | p(62)06: | aby
—h =h \-h

0 ) 6,
2 [o"00 | [ ( / DTU’(91+h—62+§)G(§)d§) ¢(92)d92] a6
~h

l—h \—h
(7.27)

7.8 Complete Type Functionals

For the given symmetric matrices W;, j = 0, 1,2, we define the functional
w(@) = ¢ (0)Wo(0) + ¢ (—h)Wip(—h)

0
+./ o’ (0)W-(0)d8, ¢ € PC'([—h,0],R").
—h

Theorem 7.8. Let U(T) be a Lyapunov matrix of system (7.1) associated with the
matrix
W =Wy + W) + hW,.

Then the functional
0
o) =w0(@)+ [ 07 (6) Wi+ (h+ )Wl p(6)d6, ¢ € PC!((=h,0).R").
—h

(7.28)
where vo(Q) is defined by (7.3) with this Lyapunov matrix, is such that

d
5\/()6,) =—-w(x), >0,

along the solutions of the system.

Definition 7.2. We say that functional (7.28) is of the complete type if the matrices
W;, j=0,1,2, are positive definite.
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In explicit form functional (7.28) has the form

v(9) = [0(0) — Do(—h)]" U(0) [@(0) — Do (—h)]

+2[0(0) — Do(—h)]"

é‘\o

[U(—h —0)A;+U'(~h—6)D
0
+f U(—6+E)G(é)dé} 0(6)d6

0 0,
—/(pT(61 (/ U” (6 — 6:)Dp(6:)d6s

—h

+ / U”(Gl — 62)D(p(62)d92) d61
0;+0

+/(p (Wi + (h+ 0)W>— DT [U'(+0) — U'(~0)] D) p(6)d6

0

-‘r/(P (61) (/ A U6, — 92)A1+A{U/(91—92)D

—D"U' (61— 6)A1] ¢(6,)d6,) d6;

0 0
+./ (PT(GI){./

—h —h

o 6
(/GT(&) {/ U —¢& —92+§2)G(§2)d€2] dél) @(ez)dez}d91
Zh “h

0 [0 /6
2 [o"0) | [ (/ AlTU(91+h—92+€)G(€)d€) <p<92>d92] do,
h

l-h \h

0 o /6
=2 [o"0n | [ ( / DTU’(el+h—ez+é>G<é>dé> (P(ez)dez} a6

h Lh \oh

(7.29)
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7.9 Quadratic Bounds

Lemma 7.3. Let system (7.1) be exponentially stable. If the matrices W;, j =0,1,2,
are positive definite, then there exists o,y > 0 such that the complete type functional
(7.28) satisfies the inequality

o1 9(0) = Do(=h)|[* < v(p), @€ PC'([~h,0],R").

Proof. Consider the functional

¥(¢) = v(9) — &||@(0) — Dp(—h)|*.

The time derivative of the functional along the solutions of system (7.1) is equal to

d_ ~
Ev(x,) =-—w(x), >0,

where

W(x) = wix) +2ax(t) — Dx(t —h))"
0
% | Agx(t) + Avx(t — h) + / G(6)x(t + 6)d6

Observe that if o > 0, then

This implies the inequality
) 2 W 0.6 | O,
+/OxT (t+6)[Wr—aG" (6)G(8)] x(t + 6)d6,
where the matrix K

L(a) = Wo Owan 4 Ao+ Al —nI Ay —AYD—hD
~ \Ouxn Wy AT —D"Ay—hD" —D"A, —ATD—-hD"D )°
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It is evident that there exists & = o > 0 such that the following conditions hold.

1. The matrix L(o ) is positive definite.
2. The matrix Ws — oy GT (6)G(0) is positive definite for 6 € [—h,0].
For or = oy the inequality w(x;) > 0 holds, and we conclude that

7(p) = [ #n(g))dr > 0.
0

This means that
o1 [[@(0) = Dp(—h)|* < v(9).

O

Lemma 7.4. Let system (7.1) satisfy the Lyapunov condition. Given the symmetric
matrices Wy, Wy, and Wa, there exists op > 0 such that functional (7.28) satisfies the
inequality

v(p) < ool ¢ ePC'([~h,0]R").
Proof. Let us introduce the quantities

up= sup |U(7)||, wr= sup |[U'(7)||, wa= sup ||[U"(7)]
te(0,h) 7€(0,h) te(0,h)

and

0
a=lail, d=laill, ¢= [16(6)]d6.
—h
The first term in (7.29) admits the upper estimation

Ry = [9(0) = Dp(~h)]" U(0) [p(0) — D (~h)] < (1+d)*uo |-

The second term in (7.29),

0
Rs = 2[0(0) —Dq)(—h)]T/ U(—h—8)A,+U'(—h—8)D
“h
[}
+ [U(-6+6)G(E)4E | o(6)a6.
Zh

can be estimated as follows:

Ry < 2h(1+d)(ayuo +duy + guo) || |7
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The third term,
6,—0

0
_ —/(pT(Gl)DT / U"(6) — 62)Dp(6)d6s
“h

0
+ / U”(61—62)D(p(62)d62 do,,
0,40

admits the estimation

Ry < I*d*us [|o];-

The next term,
R4—/(p (Wi + (h+ 6)W>— D" [U'(+0) —U'(—0)] D) ¢(6)d6,

can be estimated as
2
< h(||Wi]|+h|Wal)) +2d%u ) || @l];-

For the term

0
Rs = /(p 91 / A U(@l 92)A1+A1TUI(91—62)D
—h

—-D"U'(6, — 6-)A,] (p(@z)dﬂz) de,

we obtain
Rs < h? (a%uo+2611d'41) H‘P“i
The term
0 0 /6
Re = /(PT(el) /(/GT (&)
—h —h \ch

6,
X /U(91—¢1—92+§2)G(§2)d§2 & | (62)d6, b ae
“h
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admits the upper bound
Rs <2 guo |lo];-
For the sum of the last two terms

0 0 6,
Ro+Rs =2 [07(00) | [ [aTU6i+h—6:+8)G(E)dz | o(62)d0: | doy
h

~h \ch
0 0 /6
-2 / o' (61) / D'U'(61 +h—6,+8)G(§)dE | ¢(6,)d6; | d6,
~h ~h \h

we have the following upper bound:
Ry +Rs < 2h%g(ayuo+duy) | @]l
As a result, we arrive at the following quadratic upper bound for the functional:
v(9) <ol
with

0 = h(||Wi||+R|[Wa|) + (1 +d + hay + hg)*ug
+2hd [1 4 2d + hay + hglu, + h*d*u;. 0

We present here new upper and lower quadratic bounds for functional (7.28).

Lemma 7.5. Let system (7.1) be exponentially stable. Given the positive-definite
matrices Wo, Wi, and Wy, there exist B; > 0, j = 1,2, such that the complete type
functional (7.28) satisfies the inequality

0
Bille(0) —Dfp(—h)l\erBz/ lp(6)|*d6 < v(@), ¢ € PC'([~h,0},R").
—h

Proof. Consider the functional

0
(@) =v(9) = B |9(0) — Do(—h)||* - Bz/ lp(6)]>d6.
Zh

Its time derivative along the solutions of system (7.1) is equal to

d_ -
av(x,) = —w(x),
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where

w(x) = wix;)+ 2By [x(r) — Dx(t — h)]"
0
% |Aox(t) + Avx(t — ) + / G(6)x(1 +6)d6
“n

B IO~ lxtc = )P

> (00 Lpp) | 1]

0
+ /xT(H- 0) [Wa — BiG™ (0)G(8)] x(t + 6)d6.
—h

Here

L(B1,Ba) = ( Wo 0)

Onxn Wi
B Ag+Al —nI A1 —AlD—hD
"\ AT —DTAy—hD" —DTA, — ATD — hD'D
I OV!X”)
+ :
ﬁ2<om 1

It is evident that there exist §; > 0 and 3, > 0 such that

1. The matrix L(f;, ;) is positive definite;
2. The matrix W5 — B;GT (0)G(9) is positive definite for 8 € [—h,0].

For these values of 31 and 35, w(x;) > 0 and
(p) = [ (@) 0.
0

The last inequality proves the statement of the lemma. O

Lemma 7.6. Let system (7.1) satisfy the Lyapunov condition. Given symmetric
matrices Wy, Wy, and W, there exist 5j >0, j = 1,2, such that functional (7.28)
satisfies the inequality

0
V(<P)S51H(P(O)—D<P(—h)||2+5z/H(P(9)||2d9, ¢ € C'([~h,0],R").
Zh
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Proof. Using the notations introduced in the proof of Lemma 7.4 we may derive the
following inequalities:

Ry = [9(0) = Dp(=h)]" U(0) [p(0) — Do (~h)] < uo |9 (0) = Dp(~h)]?,

0
Ry < [(a1 + g)uo+duy] hll(P(O)—D<P(—h)||2+/|\<P(9)||2d9 ,
—h
0
Ry < hay (a1u0+2du1)/||<p(e)|\2de,
—h
0
Ri+Rs < d? (2u1+hu2)/||(p(9)||2d9,
—h

0
Rs + R7+ Ry < hg (2ajug + guo+ 2duy) / lo(6)]>d6.
“h

And we arrive at the upper estimation of functional (7.29):

0
v(0) < 81 19(0) ~ Dop(~h)|+ 5 [ ll9(6)]"de,
—h

with

o = [1 +h(a1+g)] uo + hduy,
& = [Will+ 2 [[Wal| + (a1 + &) [1+ (a1 + )] uo
+d [1 4 2d+2h(ay + g)|us + hus.

7.10 The #, Norm of a Transfer Matrix

We compute here the value of the H{, norm of the transfer matrix of an exponentially
stable control system of the form

0
%[x(t) ~ Dx(t )] = Aga(e) + A vt~ )+ / G(0)x(t + 6)do
“h

+B0u(t) —l—Blu(t - h)
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0
+ / 0(0)u(t+6)d0, 10, (7.30)
“n
y(t) = Cx(t — h).

The transfer matrix of the system is of the form
F(s)=e *"CH(s)B(s),

where the matrix H(s) is the Laplace image of the fundamental matrix K(¢) of
control system (7.30),

H(s) = /K(l)efs’dt = [sI—se "D —Ag—e A, - / ¢®G(6)d6 ’
0 ~h

and the matrix

0
B(s) = Bo-l-efhsBl + /eer(G)de

The H, norm of the transfer matrix is defined as follows:

IFI2, = /Trace{FT F(-&)}dE

—joo

_ Trace % | / BT (£)H" (£)CTCH(~&)B(~&)dE

Applying Corollary 7.1 we arrive at the equality

|IF|3,, = Trace {B{U(0)Bo+ B{U(0)B; +2B{ U (h)Bo}

+2/Trace{[BgU(e)+B{U(h+ 6)]0(6)} d6
Zh
0 0
+ [ [ Trace {Q" (61)U(6: - 8)0(62)} d6rdey,
Zhlhn

where U(1) is the Lyapunov matrix of system (7.30) associated with the matrix
w=CTc.
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