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Preface to the First Edition

This monograph presents a thorough description of the mathematical theory of
robust linear stochastic control systems. The interest in this topic is motivated
by the variety of random phenomena arising in physical, engineering, biological,
and social processes. The study of stochastic systems has a long history, but two
distinct classes of such systems drew much attention in the control literature,
namely stochastic systems subjected to white noise perturbations and systems with
Markovian jumping. At the same time, the remarkable progress in recent decades
in the control theory of deterministic dynamic systems strongly influenced the
research effort in the stochastic area. Thus, the modem treatments of stochastic
systems include optimal control, robust stabilization, and H?-and H*-type results
for both stochastic systems corrupted with white noise and systems with jump
Markov perturbations.

In this context, there are two main objectives of the present book. The first one is
to develop a mathematical theory linear time-varying stochastic systems including
both white noise jump Markov perturbations. From the perspective of this gener-
alized theory the stochastic systems subjected only to white noise perturbations
or to jump Markov perturbations can be regarded as particular cases. The second
objective is to develop analysis and design methods for advanced control problems
of linear stochastic systems with white noise and Markovianjumping as linear-
quadratic control, robust stabilization, and disturbance attenuation problems. Taking
into account the maj or role played by the Riccati equations in these problems, the
book presents this type of equation in a general framework. Particular attention is
paid to the numerical aspects arising in the control problems of stochastic systems;
new numerical algorithms to solve coupled matrix algebraic Riccati equations are
also proposed and illustrated by numerical examples.

The book contains seven chapters. Chapter 1 includes some prerequisites
conceming measure and probability theory that will be used in subsequent devel-
opments in the book. In the second part of this chapter, detailed proofs of some
new results, such as the It6-type formula in a general case covering the classes
of stochastic systems with white noise perturbations and Markovian jumping, are
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viii Preface to the First Edition

given. The It6-type formula plays a cmcial role in the proofs of the main results of
the book.

Chapter 2 is mainly devoted to the exponential stability of linear stochastic
systems. It is proved that the exponential stability in the mean square of the
considered class of stochastic systems is equivalent with the exponential stability
of an appropriate class of deterministic systems over a finite-dimensional Hilbert
space. Necessary and sufficient conditions for exponential stability for such de-
terministic systems are derived in terms of some Lyapunov-type equations. Then
necessary and sufficient conditions in terms of Lyapunov functions for mean
square exponential stability are obtained. These results represent a generalization
of the known conditions conceming the exponential stability of stochastic systems
subjected to white noise and Markovian jumping, respectively.

Some stmctural properties such as controllability, stabilizability, observability,
and detectability linear stochastic systems subjected to both white noise andjump
Markov perturbations are considered in Chapter 3. These properties play a key role
in the following chapters of the book.

In Chapter 4 differential and algebraic generalized Riccati-type equations arising
in the control problems of stochastic systems are introduced. Our attention tums
to the maximal, minimal, and stabilizing solutions of these equations for which
necessary and sufficient existence conditions are derived. The final part of this
chapter provides an iterative procedure for computing the maximal solution of such
equations.

In the fifth chapter of the book, the linear-quadratic problem on the infinite
horizon for stochastic systems with both white noise and jump Markov perturbations
is considered. The problem refers to a general situation: The considered systems are
subjected to both state and control multiplicative white noise and the optimization
is performed under the class of nonanticipative stochastic controls. The optimal
control is expressed in terms of the stabilizing solution of coupled generalized
Riccati equations. As an application of the results deduced in this chapter, we
consider the optimal tracking problem.

Chapter 6 contains corresponding versions of some known results from the
deterministic case, such as the Bounded Real Lemma, the Small Gain Theorem, and
the stability radius, for the considered class of stochastic systems. Such results have
been obtained separately in the stochastic framework for systems subjected to white
noise and Markov perturbations, respectively. In our book, these results appear as
particular situations of a more general class of stochastic systems including both
types of perturbations.

In Chapter 7 the y-attenuation problem of stochastic systems with both white
noise and Markovian jumping is considered. Necessary and sufficient conditions
for the existence of a stabilizing 7y-attenuating controller are obtained in terms
of a system of coupled game-theoretic Riccati equations and inequalities. These
results allow one to solve various robust stabilization problems of stochastic systems
subjected to white noise and Markov perturbations, as illustrated by numerical
examples.
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The monograph is based entirely on original recent results of the authors; some
of these results have been recently published in control joumals and conferences
proceedings. There are also some other results that appear for the first time in this
book.

This book is not intended to be a textbook or a guide for control designers. We
had in mind a rather larger audience, including theoretical and applied mathemati-
cians and research engineers, as well as graduate students in all these fields, and,
for some parts of the book, even undergraduate students. Since our intention was
to provide a self-contained text, only the first chapter reviews known results and
prerequisites used in the rest of the book.

The authors are indebted to Professors Gerhard Freiling and Isaac Yaesh for
fruitful discussions on some of the numerical methods and applications presented in
the book.

Finally, the authors wish to thank the Springer publishing staff and the reviewer
for carefully checking the manuscript and for valuable suggestions.
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This new edition has nine chapters and it includes some new developments and
results in robust control of linear stochastic systems.

In Chapter 1 properties of homogeneous Markov processes with countable
infinite number of states are given together with Ito—type formula for stochastic
systems with white noise perturbations and infinite Markov jumping. Lebesgue’s
Theorem and Fatou’s Lemma for discrete measures are also presented.

Chapter 2 is new. The properties of the Minkovski norm are presented. The
main purpose is to provide a characterization for the exponential stability of the
linear differential equations with positive evolution on ordered Banach spaces.
This characterization is given in terms of the existence of some global defined
and bounded solutions of some suitable forward or backward affine differential
equations and in terms of some forward or backward affine differential inequalities.

The problem of robustness of exponential stability with respect to some additive
perturbations modeled by positive operator valued functions is analized in the case
when the involved operators are periodic. The last part of the chapter is devoted
to the investigation of the properties of linear evolution operators associated to
Lyapunov type differential equations on the Banach spaces S¢, S;° and ¢1(Z ., S,,).
Criteria for exponential stability of the Lyapunov type differential equations on S,
and S,‘f (the latest being also presented in the second chapter of the first edition) are
finally derived as direct consequences of the criteria obtained in the general case.

The novelty of Chapter 3 is the characterization of exponential stability in mean
square for stochastic linear differential equations perturbed both by multiplicative
white noise and by an infinite Markov process. This is based on the representation
theorem of the anticausal linear evolution operator defined by a Lyapunov type
differential equation on the space S, and on the criteria of exponential stability
of the corresponding linear differential equation presented in Chapter 2.

Chapter 4 is the third chapter of the first edition.

Most of the fifth chapter is new. Bounded global solutions for a wide class
of nonlinear differential equations (called GRDE-Generalized Riccati Differential
Equations) on an ordered Banach space of symmetric matrices are analyzed.
They include as particular cases the systems of Riccati—type equations arising in
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xii Preface

the stochastic linear control (SGRDE Stochastic Generalized Riccati Differential
Equations). Comparison theorems and necessary and sufficient conditions for
bounded maximal, minimal and stabilizing solutions of the GRDE and then by
consequence, the corresponding results for the SGRDE which are also included in
Chapter 4 of the first edition, are provided.

For the sake of clarity, the fifth chapter of the first edition has been split in two
chapters, namely Chapter 6 and Chapter 7 of this edition. A new section treating
a Kalman filtering problem for stochastic systems with state—dependent noise and
Markovian jumping has been included in Chapter 7.

Chapters 8 and 9 are just the sixth and the seventh chapters of the first edition.
In the final part of Chapter 9, a new section presenting a mixed H,/H.. filtering
problem has been introduced.

The authors wish to thank to Professors G. Freiling, T. Damm, 1. Yaesh, O.L.V.
Costa, M.D. Fragoso and V. Ungureanu for fruitful discussions on some general
properties of differential equations with positive evolution on ordered Banach
spaces, numerical methods and applications presented in the book.

We also should like express our gratitude to Mrs. Viorica Dragan and Mr. Catalin
Dragan for their hard work in typing the manuscript.

Finally, the authors are indebted to the Springer publishing staff for the valuable
support and suggestions.
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Chapter 1
Preliminaries to Probability Theory
and Stochastic Differential Equations

This first chapter collects for the readers convenience some definitions and
fundamental results concerning the measure theory and the stochastic processes
theory which are needed in the following developments of the book. Classical
results concerning the measure theory, integration, stochastic processes, and
stochastic integrals are presented without proofs. Appropriate references are
given; thus for the measure theory we mention [33, 55, 71, 75, 118, 138];
for the probability theory we refer to [32, 71, 119, 130, 138], and for the
theory of stochastic processes and stochastic differential equations we cite
[6, 18, 32,71, 72, 85, 102, 105, 120, 121, 141, 152, 153]. However several results
which can be found in some references less accessible are proved.

In Sect.1.10 we prove a general version of It6-type formula which plays a
key role in the developments of Chaps.3-5. The results concerning mean square
exponential stability in Chap.3 may be derived using an Ito6-type formula which
refers to stochastic processes which are solutions to a class of stochastic differential
equations. This version of the Ito-type formula can be found in Theorem 1.11.4.
Theorem 1.10.1 used in the proof of It6-type formula and also in Chap. 8 in order to
estimate the stability radius, appears for the first time in this book.

1.1 Elements of Measure Theory

1.1.1 Measurable Spaces

Definition 1.1.1. A measurable space is a pair (Q,F) where Q is a set and F
is a o-algebra of subsets of €, that is, F is a family of subsets A C Q with the
properties

(i) QeF;
(i) IfA € F,then Q—A € F;
(iii) IfA, € F,n> 1, then U=_ A, € F.

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 1
DOI 10.1007/978-1-4614-8663-3_1, © Springer Science+Business Media New York 2013



2 1 Preliminaries

If 71 and F, are two o-algebras of subsets of Q, by F| V F, we denote the
smallest o-algebra of subsets of Q which contains the ¢-algebras F; and F>.

By B(R") we denote the o-algebra of Borel subsets of R”, that is, the smallest
o-algebra containing all open subsets of R”.

For a family C of subsets of Q, ¢ (C) will denote the smallest c-algebra of subsets
of Q containing C; 6(C) will be termed the ¢ -algebra generated by C.

If (Q,G)) and (Q,,G,) are two measurable spaces, by G| ® G, we denote the
smallest o-algebra of subsets of Qi x €, which contains all sets A x B,A € Gy,
B e G;.

Definition 1.1.2. A collection C of subsets of Q is called to be a m-system if

(i) ¢€C,and
(i) ifA,BeC,thenANB .

The next result proved in [154] is frequently used in the probability theory:

Theorem 1.1.1. If C is a w-system and G is the smallest family of subsets of Q
such that

(i) CCG;
(ii) IfA€ G, then Q—A €G;
(iii) A, €G,n>1and AiNA; = ¢ fori# jimplies U, _|A; € G, then
o(C)=4g.

Proof. Since o(C) verifies (i), (i), and (iii) in the statement, it follows that G C
ca(C).

To prove the opposite inclusion we show first that G is a m-system.

Let A € G and define G(A) = {B;B€ Gand ANB € G}.

Since A—B=Q—[(ANB)U(Q—A)], it is easy to check that G(A) verifies the
conditions (ii) and (iii), and if A € C, then (i) is also satisfied. Hence for A € C we
have G(A) = G; consequently, if A € C and B € G, then AN B € G. But this implies
G(B) D C and therefore G(B) = G for any B € G. Hence G is a m-system and now,
since G verifies (ii) and (iii) it is easy to verify that G is a o-algebra and the proof is
complete. a

1.1.2 Measures and Measurable Functions

Definition 1.1.3. (a) Given a measurable space (Q,F), a function y : F — [0, ]
is called a measure if:

(i) pu(9)=0
(ii) if A, € F,n>1and A;NA; = ¢ fori # j, then

oo

p(Up=1An) = 2 1 (An).

n=1



1.1 Elements of Measure Theory 3

(b) A triplet (Q,F,u) is said to be a space with measure.

() If u(Q) =1 we say that u is a probability on F and in this case the triplet
(Q,F, 1) is termed a probability space.

(d) A measure U is called to be o-finite if there exists a sequence A,,,n > 1,A, € F
withA;NA; = ¢ fori # jand Q = U;_ A, and p(A,) < o for every n.

Definition 1.1.4. Given a measurable space (€, F), a function f : Q — R is said
to be a measurable function if for every A € B(R) we have f~!(A) € F where
1A ={oecQf(o) A}

It is easy to prove that f : Q+— R is measurable if and only if f~! ((—co,&)) € F
for every o € R.

Remark 1.1.1. 1t is not difficult to verify that if (Q;,F;) and (Q,,F,) are two
measurable spaces and if f: Q) x Qy — R is F| Q F, measurable, then for each
w; € Q, the function @; — f(w;, @) is F| measurable and for each ; € Q; the
function @, — f (y, @) is F, measurable.

Definition 1.1.5. A measurable function f : Q — R is said to be a simple
measurable function if it takes only a finite number of values.

We shall write a.a. and a.e. for almost all and almost everywhere, respectively;
f=gae. means u(f#g)=0.

Definition 1.1.6. Let (Q,F,u) be a space with measure, f,, : Q@ — R,n > 1 and
f : Q — R be measurable functions.

(1) We say that f;, converges to f for a.a. ® € Q or equivalently lim, ... f;, = f a.e.

(525 )it
ulo: lim f(@) # (@)} =0

(ii) We say that the sequence f,, converges in measure to f (f;, Ly f) if for every
0 > 0, we have lim,,_,.. u{@; | fn(®) — f(®)| > 6} = 0.

Theorem 1.1.2. Assume that lim,_,.. f, = f a.e. and that L(Q) < 0. Then f, Lat f.

Theorem 1.1.3 (Riesz’s Theorem). If f, Ly f, then there exists a subsequence fy,
of the sequence f, such that limy_,.. f,, = f a.e.

Corollary 1.1.4. Let (Q, F, 1) be a space with measure such that [L(Q) < eo. Then
the following assertions are equivalent:

. K
(i) fo— 1
(ii) Any subsequence of f, contains a subsequence converging a.e. to f.

As usual, in the measure theory two measurable functions f and g are identified if
f = ga.e. Moreover if f: Q — R = [—oo, 0] is measurable, thatis f ! ([0, ) € F
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for every o € R and if p (|f| =) = 0, then f will be identified with a function
g : Q — R defined as follows:

| flo)if|f ()] < oo,and
slo) = { AL

Theorem 1.1.5. If (Q;,Fi, 1) and (Qo,F>,lUp) are two spaces with O-finite
measures, then there exists a unique measure [ : F1 @ F, — [0,00] such that
(A xB)=puy (A) 1z (B) forall A € F and B € F. This measure [ will be denoted

by i X .

1.1.3 Integration

Theorem 1.1.6. Let f > 0 be a measurable function. Let us define

n .
2n+ll_1

f”(w) = z on

i=1

XAin (CO),

where

A2"n+1,n = {(!J,f((!)) > I’l}7

and x4 () is the indicator function of the set A; that is Y (®w) =1 if ® € A and
x4 (@) =0if ® € Q—A. Then we have:

(i) 0< fu < fuy1and limn%oofn(w')l :f(a)),a) €Q;
(ii) 0 < a, < ayy where a, = 21-2:’{“ ’gll,u(A,-,,,) (with the convention that 0 -
00 =0).

O

Definition 1.1.7. (i) Let f > 0 be a measurable function on a space with mea-
sure (Q,F,u) and f,,a,,n > 1 be the sequences defined in statement of
Theorem 1.1.6. By definition a, = [, fodit and [ fdu = lim,_seay;

(ii) A measurable function f: Q — Ris called an integrable function if [ |f|du <
o and in this case,

/Qfdu=/gf+du—/gf‘du
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where

1 1 _
f+:§(\f|+f);f :§(|f|*f),

(iii) We say that the integral of a measurable function f exists if at least one of the
integrals [ fTdu or [o fdu is finite; if [ fTdu = oo and [, f~du < oo,
then by definition, [ fdu = o, and if [, fTdp < oo and [, f~dp = oo, by
definition g, fdu = —oo.

Remark 1.1.2. Tt can be proved that the definition of the integral [, fdu in (a) is
not dependent upon the choice of the particular monotonic increasing sequence of
simple measurable functions f,, converging to f. If f is a simple measurable function
with values cy,c3, ...,c,, then by definition

[ ran = Zu ({3 f (@) =ci}).

It is known that:

W) |Jofdu| < [olfldu;
(i) If f=gae.,then [, fdu = [ogdu;
(iii) If A € F, by definition [, fdp = [, xafd.

By L?(Q), p > 1 we denote the space of all measurable functions f : Q — R with
JalflPdu < e

Let us define
1
o ; .
il = ([ 15aw) isrer
Regarding the integrable functions we recall the following useful results.
Theorem 1.1.7 (Holder’s Inequality). If f € LP(Q), p > 1 and g € L1(Q) with
%Jré = 1, then fg € L'(Q) and

[Ifellr < 1711pllgllg-

Taking, in the above theorem, p = 3, f=1hn|", g =1, one obtains the following
result.
Corollary 1.1.8. If u(Q) < e and 1 <r <s, then h € L* (Q) implies h € L" (Q)
and if u (Q) =1, we have ||h||, < |Al|,. O

Definition 1.1.8. Let f,, f € L”. We say that f, — f in L or f, = fif

lim/ \fo— flPdp =0,
*JQ

n—

Theorem 1.1.9. If f, 2 f, then £, %% 1.
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1.2 Convergence Theorems for Integrals

Let (Q,F, 1) be a space with measure. The following results are well known in the
measure theory.

Theorem 1.2.1 (Fatou’s Lemma). Let f,, > 0,n > 1 be a sequence of measurable
functions. Then

A(Mn)du SILHI/andy.

Theorem 1.2.2 (Lebesgue’s Theorem). Let f,, f be measurable functions and
|ful < g,n>1, a.e. where g is an integrable function. If limy,_,. f,, = f a.e., then

1
£ 55 f, and therefore limy e [y fadit = [o fdu. O
Theorem 1.2.3. Ler f, f be measurable functions. If |f,| < g,n > 1 for some
1
integrable function g and f, Ly f, then f, L f.

Theorem 1.2.4 ([32, 71, 133]). Let f,, f be integrable functions. Suppose that
U(Q) < oo and there exists o > 1 such that

sup [ [f,l“dp < .
n Q

1
If fu Ly f, then f, EN f and therefore lim,, . [ fudt = [ fdL.
Theorem 1.2.5 ([55,118]). If f : [a,b] — R is an integrable function, then

.1t
;,13& 7 Joactrnal f(s)ds=f(t) a.e.t€lab].

O

Definition 1.2.1. Let u; and pp be two measures on the measurable space (Q,.F);
we say that y; is absolute continuous with respect to [ (and we write 1) < L) if
U2(A) = 0 implies p;(A) = 0.

Theorem 1.2.6 (Radon-Nicodym Theorem). If A < 1, A(Q) < oo, tt(Q) < oo,

then there exists a unique (mod L) integrable function f such that A(A) = [, fdu
forall A e F. a

Theorem 1.2.7 (Fubini’s Theorem). Let (2, F1, 1), (Q2,F2, U2) be two spaces
with o-finite measures | and L, respectively. Then we have:

(a) If f: Q) x Qo — Ry is a measurable function (with respect to F| Q F»), then
the function wp — le f(op, a)duy is Fy measurable, the function @, —
szf(wl, W) dUy is Fi measurable and
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/lengd(”l X ) = /Q1 (/sz(a)ha)z)duz) dus

= (/ f(wuwz)dul)duz;
Qz Q]

(b) A measurable function f : Qi x Qp; — R is integrable (on the space
(Q) X Qp, F1 Q F, l1 X Wa)) if and only if

/Q] (/Qz f(w1,w2)d/.12> duy < o;

(c) If f: Q1 xQp — Ris an integrable function, then:

(i) Fora.a. o € Q the function ¢1(w1) = [q, f(@1, )d L is well defined,
finite and measurable and integrable on the space {Q F, 1 }.

(ii) For a.a. wy € Qy the function @y(,) = le flo,m)du is well defined,
finite and measurable and integrable on the space {Qa,F, Uz }.

(iii) fgl xQy fd(ur x t2) = fgl Pidy = fgz Prd . o

At the end of this section we provide some useful applications of Fatou’s Lemma
and Lebesque’s Theorem to the study of the series of real numbers.

Let (Z+,9B(Z), 1) be the space with measure, where Z is the set of nonneg-
ative integers, ‘B(Z. ) is the family of all subsets of Z, and u : P(Z) — R, is
defined by p(A) is the number of elements of A if A is a finite subset, U(A) = oo
if A is an infinite subset and (@) = 0. It is obvious that u({i}) =1if i € Z,.
A function a : Z — R is a sequence of real numbers a = {a(i)};cz, . It is easy
to see that every function a : (Z,,B(Z)) — (R,B(R)) is a measurable function.
Definition 1.1.7 (ii) specialized to this framework allows us to say that a function
a = {a(i)};cz, is integrable if and only if ¥7* ; |a(i)| < e. We have

/Z+ adu = Z‘)a(i)

if the right-hand side is well defined.
Applying Theorem 1.2.1 one obtains.

Corollary 1.2.8. Ler a,k > 0 be a sequence of functions ay = {ay(i) }icz, with the
properties:

(i) a;(i) >O0forallk,i€Z,;
(ii) limg_oay (i) =x(i) foralli € Z.

Then Y72 o X (i) < limg_ye Yoo k(i) O

Applying Theorem 1.2.2 one obtains.
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Corollary 1.2.9. Let ay,k > 0 be a sequence of functions ay = {ay(i) }icz, with the
properties:

(a) limy_,eay(i) =x(i) forallie Z;
(b) |ag(i)| <m(i), k> 0,i> 0 where 37 gm(i) < oo.

Under these conditions the following hold:

(i) The series Y72 |ag(i)],k > 0,72 |x(i)| are convergent.
(ii) limy_e X5 |ak(i) —x(i)| = 0.
(iii) limy_seo 272 g ar (i) = X2 o x(i). O

1.3 Elements of Probability Theory

Throughout this section and throughout this monograph {Q,F,P} is a given
probability space (see Definition 1.1.3 (c)).

In the probability theory a measurable function is called random variable and the
integral of a random variable f is called the expectation of f and it is denoted by
EforE(f), thatis Ef = [q fdP.

A random vector is a vector whose components are random variables. All random
vectors are considered column vectors. In the probability theory the words almost
surely (a.s.) and with probability one are often used instead of almost everywhere.

As usual, two random variables (random vectors) x, y are identified if x =y a.s.

With this convention the space L*(€, P) of all random variables x with E[x?| < oo
is a real Hilbert space with respect to the inner product < x,y >= E(xy).

If xo,00 € A is a family of random variables by o(xq,0 € A), we denote
the smallest o-algebra G C F with respect to which all functions x4, € A are
measurable.

1.3.1 Gaussian Random Vectors
Definition 1.3.1. An n-dimensional random vector x is said to be Gaussian if there
exist m € R" and K-n X n symmetric positive semidefinite matrix such that

T T

Eeiu X :eiu m—%uTKu

for all u € R", where u” denotes the transpose of u and i := +/—1.

Remark 1.3.1. The above equality implies

m=ExandK = E (x—m) (x—m)" . (1.1)
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Definition 1.3.2. A Gaussian random vector x is said to be nondegenerate if K is a
positive definite matrix. If x is a nondegenerate Gaussian random vector, then

P(x GA) = ;} / e*%(y—m)rl(*l(yinﬂdy
((2m)" detK)? A

for every A € B(R").

1.4 Independence

Definition 1.4.1. (i) The c-algebras Fi,F,...,F,, F; C F are independent if
P(Mj_1A;) =117_,P(A;)

forallA;je F;, 1 <j<n.

(ii)) The random variables (random vectors) xi,x3,...,x, are independent if the
o-algebras 6(x1),0(x2),...,0(x,) are independent.

(iii) The set {x1,x2,...,x,} of random variables (random vectors) is independent of
the o-algebra G, G C F if the o-algebra ¢ (x;,1 <i < n) is independent of G.

Theorem 1.4.1. (i) If x1,x2,...,x, are independent random variables and if
x; are integrable, 1 < i < n, then the product x\x;...x, is integrable and
E(xixy...x,) = H?ZIE(X,').

(ii) If the random vectors x1,xy,. .., Xy, n > 2 are independent, then o (xi,...,X;) is
independent of 6 (Xg11,...,X,) forevery 1 <k <n—1. O

1.5 Conditional Expectation

Let G C F be a o-algebra and x an integrable random variable. By Radon—-Nicodym
Theorem (Theorem 1.2.6) it follows that there exists a unique (mod P) random
variable y with the following properties:

(a) yis measurable with respect to G.
(b) E|y| < e, and
(¢) [yydP= [,xdPforallA €gG.

The random variable y with these properties is denoted by E[x|G] and is called
the conditional expectation of x with respect to the 6-algebra G.
By definition, for all A € F

P(A|G) : = E[xalG] and
E[x[y1,...,yn) : = E[xlo(y1, -, yn)]

where y4 denotes the indicator function of A.
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If x is an integrable random variable and A € F with P(A) > 0, then by definition
E[x|A] := / P,
Jo

where

P(ANB)

PA F— [O,w)byPA(B) = W

forall B € F.

E|[x|A] is called the conditional expectation of x with respect to the event A.
Since

&@zﬁ%Amw

we have

E[x|A] = %/Q(x)m)dP: ﬁ/Ade.

By definition
P(B|A) :=Ps(B),A € F,Be F,P(A) > 0.
Obviously, P[B|A] = E(xs|A).

Theorem 1.5.1. Let x,y be integrable random variables and G, H C F,c-algebras,
then the following assertions hold:

(i) E(E[G]) =Ex;
(ii) E[E[x|G]|H] = E[x|H] a.s. if G D H;
(iii) E[(ox+By)|G] =aE[x|G] + BE[x|G] a.s. a, B € R;
(iv) Elxy|G] = yE[x|G] a.s. if y is measurable with respect to G and xy is integrable;
(v) If x is independent of G, then E[x|G] = Ex;
(vi) x>0 implies E [x|G] > 0 a.s. O

Remark 1.5.1. 1t is easy to verify that:

(1) If x is an integrable random variable and y is a simple random variable with
values cy,...,c,, then

E[.le] = 2 %}‘=CjE[‘x‘y = Cj]7
jeM
where M = {je{1,2,....n}; P(y=c;) > 0};
(ii) IfA € F, Gy = {®,Q,A,Q — A} and x is an integrable random variable, then

YAE[X|A] + xa_1E[x|Q — A]if0 < P(A) < 1

ElxlGa] = { Ex ifP(A)=00rP(A)= 1.

Therefore E[x|G4] takes at most two values.
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1.6 Stochastic Processes

In this section J C R is an interval. Let us introduce first the following definition:

Definition 1.6.1. An m-dimensional stochastic process is a function x: J x Q — R"
with the property that x(z, ) is a random vector for each ¢ € J.

Usually we denote a stochastic process by {x(¢),t € J},x = {x(t) };ej or x(¢),t €
J, the dependence upon the second argument @ being omitted. The function t —
x(t,®) (with o fixed) are called the sample paths of the process.

If m = 1, we shall simply say that x is a stochastic process.

Definition 1.6.2. (i) We say that the process x = {x(#) };¢; is continuous if for a.a.
o the functions x (-, @) are continuous on J;

(i) x is called to be right continuous if for a.a. @ the functions x(-, @) are right
continuous on J;

(iii) the process x = {x(t) }sey is continuous in probability if t, — 1y with ,,,t0 € J
implies x(z,) ER x(t);

(iv) x is called to be a measurable process if it is measurable on the product space
with respect to the o algebra B(J) @ F ,B(J) being the o-algebra of Borel sets
inJ.

Remark 1.6.1. (i) Every right continuous stochastic process is a measurable
process.

(ii) From the Fubini theorem it follows that if x : J x 2 — R is a measurable process
and E [ |x(r)|dt < e, then for a.a. @, [;x(t)dt is a random variable.

Definition 1.6.3. Two stochastic process x; = {x1(¢) }res, X2 = {x2(¢) }ses are called
stochastically equivalent if P{x|(¢) # x2(t)} = 0 for all t € J. We then say that x; is
a version of xj.

Now let us consider a family M = {M,},c; of o-algebras M,C F with the
property that #; < t, implies M, C M,,.

Definition 1.6.4. We say that the process x = {x(t)},cs is nonanticipative with
respect to the family M, if:

(i) xis a measurable process;
(ii) foreacht € J,x(t,-) is measurable with respect to the o-algebra M;.

When (ii) holds we say that x (¢) is M;-adapted.

As usual, by L? (J x Q,R™), p > 1, we denote the space of all m-dimensional
measurable and p-integrable stochastic processes x : J x Q — R™. By L (J) we
denote the space of all x € L” (J x Q,R™) which are nonanticipative with respect to
the family M = (M;),r € J.

Theorem 1.6.1. If for everyt € J, the 6-algebra M, contains all sets M € F with
P (M) =0, then L, (J x Q,R™) is a closed subspace of L (J x Q,R™).
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Proof. Let x, € L}, (J x Q,R™),n > 1, be a sequence which converges to x €
LP (J x ©,R™). We have to prove that there exists £ € L}, (J x Q,R™) such that
X, converges to £ in the space L? (J x Q,R™). Indeed, since
fim /E|xn (1) —x (1) dr =0,

J

n—soo

by Theorem 1.1.9 the sequence of functions E |x, (1) —x (¢)|” converges in measure
to zero. Hence by virtue of the Riesz’s Theorem there exists a subsequence x;,, and
aset N C J with u (N) = 0 (u being the Lebesgue measure) such that

lim E |x, (1) —x(1)|” = 0

forallt € J—N. Lett € J— N be fixed. Applying again Theorem 1.1.9 and Riesz’s
Theorem one concludes that the sequence x,, (f),k > 1 has a subsequence which
converges a.e. to x (). But x,, () are M;-adapted and M, contains all sets M € F
with P (M) = 0. Therefore x (¢) is measurable with respect to M, for eacht € J —N.
Now, define £ : J x Q — R™ as follows:

21, 0) = x(t,0)ift eJ—N, 0 € Q
T 0ift € Nandw € Q

Obviously £ € L (J x Q,R™) and lim,,. [, E |x,, () — £(¢)|" dt = 0. The proof is
complete. O

The next result is proved in [102, Chap. 4, Sect. 2].

Theorem 1.6.2. Let M = {Mt}te[a,b] be an increasing family of c-algebras with
the property that for each t, M, contains all sets M € F with P(M) = 0. If
x = {x(t) }s¢[ap) is @ nonanticipative process with respect to the family M and if

Ef‘f7 |x(?)|dt < oo, then the process

Y= 0 hefasy(®) = [ x(5)ds

is nonanticipative with respect to the family M. a0

1.7 Stochastic Processes with Independent Increments

Definition 1.7.1. An r-dimensional stochastic process x(¢), ¢ € [0,0) is said to be
a stochastic process with independent increments if for all 0 <ty <t} < ... <f, the
random vectors x (fp), x(t;) —x (), ..., x(fx) — x(ty_1) are independent.

Theorem 1.7.1. If x(t),t > 0 is an r-dimensional stochastic process with
independent increments, then & (x(t)—x(a),t € [a,b]) is independent of
o(x(b+h)—x(b),h>0)forall0<a<b.
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Proof. Let M be the family of all sets of the form N?_, (x(z;) —x(a)) " (A;) where
a<t;<band A; € B(R"),1<i<p,and N be the family of all sets of the form
A (x(b+ ki) —x (b))~ (B:) where 0 < hy, B; € B(R”), 1 < i < m. Obviously M
and \V are m-systems and

oc(M)=0c(x(t)—x(a),t€[a,b]),c(N)=0c(x(b+h)—x(b),h>0).

First we prove that P(M N)=P ) P(N)if M € M and N € N. Indeed, let
M =0l (x(t) —x(@) ™ (A), N = (L (x(b+hi) —x (b))~ (Bi) with

a<t<..<t,<b,0<h <..<hy,AicB(R"),Bic B(R").

Since

and

ox(b+h)—x(b),1<i<m)
=ox(b+mh)—xb),x(b+h)—x(b+h),...,
x(b+hy)—x(b+hpy_1))
from Theorem 1.4.1 (ii) it follows that P(M NN) = P(M) - P (N). Further by using
Theorem 1.1.1 and the equality A — B =A — (AN B) one can prove that P(M NB) =
P(M)-P(B)ifM e MandBe o (x(b+h)—x(b),h>0) and then applying again

Theorem 1.1.1, we prove that P(ANB) =P(A)-P(B)ifAc 6 (M) and B€ 6 (N).
The proof is complete. a

Theorem 1.7.2 ([133]). If x(¢t),t > 0 is a continuous r-dimensional stochastic
process with independent increments, then all increments x (t;) —x (t1) are Gaussian
random vectors. a

1.8 Wiener Processes and Markov process Processes

1.8.1 Standard Wiener Processes

In the next definitions, I is the interval [0, o).

Definition 1.8.1. A continuous stochastic process B = {B(¢) };; is called a stan-
dard Brownian motion or a standard Wiener process if:
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(i) B(0)=0;
(ii) B (¢) is a stochastic process with independent increments;
(iii) EB(t)=0,t € LE|B(t)—B(s)|> = |t —s| witht,s € L.

Definition 1.8.2. An r-dimensional stochastic process w(t) = (wy(t),...,w,(t))7,
t € I is called an r-dimensional standard Wiener process if each process w;(t)
is a standard Brownian motion and the o-algebras o(w;(r),t € I),1 <i < r are
independent.

For each t > 0, by F; we denote the smallest c-algebra which contains all sets
M € F with P(M) = 0 and with respect to which all random vectors {w(s)}s<; are
measurable.

Fort > 0,U; = oc(w(t+h) —w(t),h > 0).

From Theorem 1.7.1 it follows that for each ¢t € I, F; is independent of ;.

Remark 1.8.1. (i) Since w(t) —w(s) is independent of F; if t > s (see Theo-
rem 1.7.1), from Theorem 1.5.1 (v) it follows that

E[(w(t)—w(s)) | F] =0, (1.2)
E|(w(t)—w(s)(w(t)—w(s)" | fs] =1I(t—s),t>s, ae.

(ii) The increments w (t) —w (s), 7 # s are nondegenerate Gaussian random vectors
(see Theorem 1.7.2 and (1.1)).

The converse assertion in (i) is also valid.

Theorem 1.8.1 ([68,102]). Let w(t),t > 0 be a continuous r-dimensional stochas-
tic process with w(0) = 0 and adapted to an increasing family of c-algebras
Fiyt > 0 such that (1.2) holds. Then w(t) ,t > 0 is a standard r-dimensional Wiener
process and all increments w(ty) —w(t1), # 1) are nondegenerate Gaussian
random vectors. O

Theorems 1.7.2 and 1.8.1 will not be used in this book but they are given
because they are interesting by themselves and they give a more detailed view of
the properties of these stochastic processes.

1.8.2 Standard Homogeneous Markov Processes

Throughout this book D is a finite or countable infinite set of positive integers.
Without loss of generality we shall take D = {1,2,...,d} if D is a finite set and
D=7Z,.=10,1,...}, respectively, in the case when D is a countable infinite set.

Definition 1.8.3. A family {P(t)},~0 of matrices P(t) = [p;; (t)],i,j € D x D, is
said to be a transition semigroup if the following two conditions are satisfied:
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(i) For each r > 0, P(t) is a stochastic matrix, that is 0 < p;;(r) < 1 and
Yieppij(t)=1,VieD;
(ii) P(t+s)=P(t)P(s)forallz >0,s>0.

The equality (ii) is termed the homogeneous Chapman—Kolmogorov relation.

Definition 1.8.4. A stochastic process 1(¢),z € [0,0) is called a standard homo-
geneous Markov process with state-space the set D and the transition semigroup

P(t) = [pij(t) i, jjepxp>t > 0, if:

(i) n(t,w) e Dforallr > 0and o € Q;

(i) Pn(t+h)=jn(s),s <t] = py@;(h) as. forallt >0,h>0,j € D;
(111) limhﬁ()Jr p,'j(h) = 5ij where 6,'1' =1ifi= ] and 6,'j =0 1fl7é j;
(iv) n(r),t > 0is a right continuous stochastic process.

In fact, the above definition says that a standard homogeneous Markov process is
a triplet {n(t),P(t), D} satisfying (i)-(iv), P(t), r > 0 being a transition semigroup.
If D={1,2,...,d}, then {n(t),P(¢t),D} is a standard homogeneous Markov
process with a finite number of states.

The next result is proved in [18,21,32].

Theorem 1.8.2. The standard homogeneous Markov process has the properties:

(i) P{n(t+h) = jin(r) =i} = pij(h) forall i, j € D,h > 0,t > 0 with P{n(r) =
i}t >0.
(i) PN(t+h) = jn(s),s <1} = P(t+h) = jin(0)] t > 0,4 >0, j €D, as
(iii) If x is a bounded random variable measurable with respect to the c-algebra
o(n(s),s > 1), then E[x|n(u),u <t] = Ex|n(t)], a.s.t > 0.
(iv) pii(t) >0 forallie D,t > 0.
(v) Foreachic€ D and j € D, lim;_;. p;j(t) exists.
If{n(t),P(t),D} is a standard homogeneous Markov process with a finite
number of states, then the following properties hold:
(vi) n(t) is continuous in probability.
(vii) There exists a constant matrix Q such that P(t) = ¢2',t > 0,0 = [q;j] is a
matrixwithqijinfi;éjandequij:O. O

In fact (ii) follows from (iii) since Xy (;4n)—; is measurable with respect to the
o-algebra 6 (N (u) ,u >1).

The assertion (iii) in Theorem 1.8.2 is termed the Markov property of the process
n(t).

Under some additional assumptions, the assertions (vi)—(vii) are remaining valid
in the case of a standard homogeneous Markov process with an infinite countable
number of states. For more details we refer to Sect. 1.13.

If D= {1,2,...,d} the fact that a transition semigroup P (¢),t > 0 with the
property that lim,_,o, p;j () = 6;; admits an infinitesimal generator Q (P(r) =
e?t > 0) follows from the general theory of semigroups in Banach algebras [79]
but in the theory of Markov processes a probabilistic proof is given in [18,21,32,71].

We assume in the following that &; := P{n(0) =i} > 0 forall i € D.



16 1 Preliminaries

Remark 1.8.2. From the above assumption and from the equality
P{n() =it =3, mP{n(t)=iln(0) = j}
JjED
we deduce that P{n(¢t) =i} > mp;;(t) > 0,t > 0,i € D.

In the following developments G;,t > 0 denotes the family of c-algebras G, =
o(n(s),0 <s<t)and V,,t > 0is the family of o-algebras V, = o(1(s),s > 1).

1.9 Stochastic Integral

Throughout this section and throughout the monograph we consider the pair
(w(t),n(r)),t > 0 where w(z) is an r-dimensional standard Wiener process and
n(t) is a standard homogeneous Markov process (see Definitions 1.8.2 and 1.8.4).
Assume that the o-algebra F; is independent of G, for every t > 0, where F; and G,
have been defined in the preceding section.

Denote by H, := F; V G;,t > 0.

LetG=0(n(t),t >0).

Theorem 1.9.1. For every t > 0, JF; is independent of G and U, is independent of
Fi V' G. Therefore U; and H; are independent G-algebras for every t > 0.

Proof. First one proves that F; is independent of G for all t > 0, s > 0. Indeed if
t < s we have F; C F;. Since Fy is independent of G it follows that F; and G are
independent o-algebras. Similarly one proves in case ¢ > s.

Now let My be the family of all sets of the form N}"_, {n (tx) = i}, with 1 >
0, Ztpifk#Cland iy € D, 1 <k <m,

M={A;AeMoorA=0},N,:{GmF;Ge&,FeE},

and S, be the family of all sets of the form NY_, (w(t +h;) —w (1))~ (B;) with h; >
0,B; € B(R"),1<i< p. Obviously M, N,, and S, are m-systems and o (M) =
G,0(N)=FVGand 6 (S) =U.

Define G (F) = {G €G:P(GNF) = P(G)P(F)} for each F € F;. Since F; is
independent of Gy for all s > 0 it follows that M C G (F). By using the equality
F — G =F — (FNG) one verifies easily that G (F) satisfies conditions (ii) and (iii)
in Theorem 1.1.1. Thus, by virtue of Theorem 1.1.1, G (F) = G for all F € F; and
thus the first assertion in the theorem is proved.

__ Further,if S€ §;,H € N;, H=GNF, G € §, F € F, since F, is independent of
G for every u > 0 and U, is independent of F; (see Theorem 1.7.1), we have

P(SNH) = P(SNGNF) =P(G)P(SNF)
= P(G)P(S)P(F)=P(S)P(H).
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Therefore, by using Theorem 1.1.1, one gets P(UNH) =P (U)P(H) for all U €
U;,H € N, and applying Theorem 1.1.1 again, one concludes that P(UNV) =

P(U)P(V)ifU €U;,V € F,VG. The proof is complete. O

If [a,b] C [0, ) we denote by Ln wla, b] the space of all nonanticipative processes
f(£),t € [a,b] with respect to the family H = (H,),t € [a,b] with Efab 2P (t)dt < o.

Letk € {1,...,r} be fixed and let B(¢) = wy (), > 0.

Since the family of c-algebras H;,t € [a,b] has the properties used in the theory
of the It6 stochastic integral, namely:

(@) Hiy CHyifticty;

(b) o(B(t+h)—PB(t),h> 0) is independent of H, (see Theorem 1.9.1);
(c) B (¢) is measurable with respect to H,;

(d) H; contains all sets M € F with P(M) = 0 for every t > 0,

we can define the It6 stochastic integral fabf(t)dﬁ (¢) (see [18,68,71,102,120,121])
with f € Ly, [a,b].

Definition 1.9.1. A stochastic process f(t),r € [a,b] is called a step function if
there exists a partition a =ty < ;... < t,, = b of [a,b] such that f(¢) = f(;) if
tE [t tir1), 1 <i<m—1.

If f is a nonanticipative step function, by definition

m—1
[ 10a80 =" re B B,

Further, let us remind some properties of the integral | f f(t)dB(r) which are
proved in [68].

Theorem 1.9.2. If f € L, [a,b] we have:

(i) There exists a sequence f, of step functions in Ly ,[a,b] such that E |, ab |fu(®) —
f(t)]?dt — 0 and the sequence |, ab Ja(t)dB(2) is convergent in probability; its
limit is by definition fab F@)dp(z).

(ii) E[f] f(£)aB(t)[Hd) = 0 and therefore E[[} £ (t)dB (t)|n(a) = i] = 0,i € D.
(iii) E[(f2 f(1)dB(t))*|Ha) = E[J? f2(1)dt|H,) and therefore

B[ rwape2in@ =1 =51 Poain@ =i

a

(iv) If € is a bounded random variable measurable with respect to H,, then

[ erwapy=¢ [ rwapo

(v) The process x(t) = [} f(s)dB(s),t € [a,b] admits a continuous version and x (t )
is H, adapted. a
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Theorem 1.9.3. Let f € L%p wla,b] where p is a positive integer. Then:
b 2p b
£( [ rap)) < pep-re-ar e ([ o).
a a

Remark 1.9.1. (i) Since almost all sample paths of a Brownian motion have
infinite variation on any finite interval (see [68]) the stochastic Itd integral
cannot be defined in the usual Lebesgue—Stieljes sense, with @ fixed; therefore,
the assertion (iv) in Theorem 1.9.2 is not trivial and it must be proved.

(i) The stochastic Itd integral can be defined for nonanticipative functions f with
the property j; |f (#)|dt < oo a.s., but the equalities in Theorem 1.9.2 (ii) and

(iii) hold if E [ | (1)|*dt < o».

O

Remark 1.9.2. The proof of assertion (i) in Theorem 1.9.2 shows (see also
Lemma 6.2 Chap.4 in [68]) that if f € Li’,’l ([a,b]) where the increasing family
M of o-algebras has the property in Theorem 1.6.1 then there exists a sequence f;
of step functions, f, € Lf\[/’l ([a,b]) such that lim,H(x,Efab |fu—fI?Pdt=0

The next result has been proved in [101].

Theorem 1.9.4. If f € L, [a,b] we have E )y ;) _i [P F(1)dB (1) M) = O for every
ieD.

Proof. We prove first that if f € Ly ,[a,b] is a step function, then

E (%n<b>-i/abf(t)dl3(t)) —0

Indeed let f(t) = X} f (t)x Xpti]> f(t) being measurable with respect to #,, .

Since H;, Vo (n (b)) C F, vV G by Theorem 1.9.1 it follows that (44 1) — B () is
independent of the o-algebra H;, V o (1 (b)) and thus by Theorem 1.5.1 (v) one gets

E [(B(txs1) = B(t) [Hy Vo (0 (8))] = E (B(tx1) — B(tx)) = 0.

Hence by using the properties of the conditional expectation (see Theorem 1.5.1)
one can write

B || £04B0) zE% i) (Bs1) — B (1)

m—1
= Y E(E [Xnm-if 1) (B(tir1) — B())
k=1

[ Vo (n (b))
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2 (o4 WE(Br) — B 1)

[Hiv o (n (b))
=0

Further, by Theorem 1.9.2 let f;, be a sequence of step functions in L%’W[a7 b] with
E [?1£,(t) = £(1)|2dt — 0. We have by virtue of Corollary 1.1.8 and Theorem 1.9.2

£ (o [ 10a80)| = £ o ([ 100800~ [ r01a80)) |

E\| (fn (1) = f(2))dB ()

£( [ (- rwap <r>ﬂ :

— <E/ab(fn(t) —f(t))zdt> v — 0 for n — co.

<

Hence

EXnw=i [ f(t)dB(t)=0. (1.3)

a

Let & be a bounded random variable measurable with respect to H,,.
Then it follows that £ f € L,z%w [a,b] and hence (1.3) gives

B || ££0)4B(0) =

But, according to Theorem 1.9.2 (iv), we can write

Bt || F04B0) =Bt [ €F0dB0) =0,

Hence, by Theorem 1.5.1 we have

£ (28 [y [ r0apoi) ) = £ (£ x| roapoim] )
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Taking in the above equality & = ya,A € H, we get that

b
et || FOBO)H] =0 as.
a
and the proof is complete. ad

Further let 6 = (0j) be an n X r matrix whose elements are in L, , [a,b]. Then

the stochastic integral fab o (t)dw(t) is an n-column vector whose k-th component is
given by

roorb
S [ ouawi.1 <k<n
i=1'a

where the integral [ ab Oy (t)dwy(t) is the It6 integral for B = w, with respect to the
family of o-algebra H;.
Here w(t) = (wy(t),...,w,(t))T.

Remark 1.9.3. From Theorem 1.9.2 it follows directly that if £ is a bounded random
variable measurable with respect to H,, then

g/ahc(z)dw(t):/abgo(z)dw(r) as.,

the elements of & (¢) being in L,Z%W [a,b].

The next result follows from Theorem 1.9.2 and it can be found in all books
containing the theory of the stochastic Itd integral.

Theorem 1.9.5. [f the elements of & (t) are in L2 7w la,b], then

lo (@)1 = ;Gﬁe (1)=Tr(c" (o).

E/bo(t)dw(t):OandE _E/ o (1) d,

where

Theorem 1.9.3 implies the following result directly.

Theorem 1.9.6. If all elements of the matrix o (t) are in L,sz [a,b], p being a
positive integer, then

b
/a o (t)dw(r)

Applying Theorems 1.9.5 and 1.9.6 for x;)—; 0 and taking into account
Remark 1.9.3 one gets the following results.

2p

E S[ner(Zp—l} (b—a)’” 1Z‘E/ O'k[
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Theorem 1.9.7. Under the assumption of Theorem 1.9.5 we have

el [ owavin@=i -0

b 2 b
el [[owao| n@=i| =] [ lowPain@ =

a a
forallieD. a
Theorem 1.9.8. Under the assumption of Theorem 1.9.6 we have

b 2p
El| [ oawi| In@=i
a

< [nrzp(Zp—l)]p(b—a>’”12E [/bo,i’g(t)dt [n(a)=i
Kl Ja

forallieD. a

Definition 1.9.2. Let x(¢),# € [tp,T] be an n-dimensional stochastic process
verifying

t

x(t) — x(t9) :/toa(s)ds—l—/t:(F(s)a’w(s),a.s.[z‘O:T]7

where a = (a;._,a,)T,0 = (o) with 1 <k <n,1 <¢<r, and a, 0y being in
L3 ,[to,T] for all k and £. Then we say that x(¢) has a stochastic differential dx(t)
given by

dx(t) = a(t)dt + o(t)dw(t), t € [to,T). (1.4)

Obviously if x(#y) is measurable with respect to H,, and E|x(to)|*> < o, the above

stochastic process x = (x(1)), € [to, T] is a continuous process and x € L7 [to, T].

Theorem 1.9.9 (Itd’s Formula). Let v(t,x) be a continuous function in (t,x) €
[0,T] x R" together with its derivatives vy, vy, V. If X(¢) verifies (1.4), then

v

T
le.x0) = | 5050+ (52030 ) ate)

2V
—&-;TrGT(t)aa)ca)c(t,x(t))G(t)} dr

T
(St o),

a.s., t € [to, T). O
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1.10 An It6’s Type Formula

In this section and in the next two ones, we shall assume as in the most part of this
monograph that D = {1,2,...,d}. We are interested in the following to obtain an
It6’s type formula for (1.4) with functions v(¢,x,i),i € D, rather than v(z,x), namely
for functions depending upon the states i of the Markov process 7 (t).

Since H, incorporates properties of 1(¢), we would like to exploit the properties
of both w(t) and 7 (¢). This fact will be more clear in the following developments
when stochastic differential equations with Markovian jumping will be investigated.

A strong argument to consider functions v(z,x,i) instead of v(¢,x) is that the Itd
formula for the function v(z,x) (Theorem 1.9.9) does not retain the fundamental
elements of the process 1(¢) as p;;(¢) and g;;.

We must emphasize the fact that by contrast with the It6’s formula given in
Theorem 1.9.9 which is valid for a.a. @ € Q, when considering functions v(¢, x, i) we
cannot expect to obtain a similar formula for v(z,x(¢), 1 (¢)) holding a.s. This is due
to the fact that the coefficients g;; are strongly related by considering the conditional
expectation with respect to the events {n(r) = i}.

In order to prove an Ito-type formula for functions v(¢,x, i) we need the following
result which is interesting by itself.

Let us denote by R, = U; V V;,t > 0 where the o-algebras U4, and V; have been
defined in Sect. 1.8.

Theorem 1.10.1. If & is an integrable random variable measurable with respect to
Ry that is & € L' (Q, R, P), then E[E|H,] = E[E|n(1)] a.s.

Proof. The proof is made in two steps. In the first step we show the equality in the
statement holds for & = yp for all B € R; and in the second step we consider the
general situation when ¢ is integrable.

Step 1 Define z = E[£|n(¢)]. We have to prove that
E(zxa) = E(Eya) forallA € H;. (1.5)

First we shall prove that (1.5) holds in the particular case when & = yuxn,M €
U,N eV

Let M be the family of all sets A € F verifying (1.5). Itis obvious that M verifies
(ii) and (iii) in Theorem 1.1.1.

LetC ={FNG;F € F;,G € G };itis easy to check that C is a 7 system. We show
now that C C M. Indeed, let F € F;,G € G,; we have to prove that E(zxrxc) =
E(Exrxc). But since yu is independent of {yn 1(¢)}(see Theorem 1.9.1) we
can write

/{n(t):i}E(%M)E [xn[n(1)]dP

=EGoa) [ Ebin@)]ap
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= E(Xm)E QN Xn()=i) = EXmXN X (1)=i)

= / ZM)CNdP

Hence z = E(ym)E [xn|n(?)] (in our case z = E [ypxn|1n(2)]).

From Theorem 1.8.2 (iii) we have E [yn|n(?)] = E [xn|G:] -

Further, since yu is independent of {)r xc xn} and yxr is independent of
{xc,E [xnIn(t)]} (see Theorem 1.9.1), we can write, applying Theorems 1.4.1
and 1.5.1, that:

E(Exrxc) = E (xmavxrxe) =E (xm)E (XnXr Xc)
E () E (xr) E (Xn26) »
E(zxrxc) = E (xm) E (xr XGE [xn[n (1)])
E(
E(
= (Ex.

VE

am) E (xr) E (XGE [xnIn(1)])
JE
M)

(xr)E (xGE [xn1G1])
(Exr)E (E [xcxn1Gi])

= E (xm) E (xr) E (XnXG)
Thus we proved that C C M. Hence by Theorem 1.1.1 o(C) C M. But
o(C) =*H,, thus
E [xmon|Hi) = E [omn|n (1)] for all M € Uy, N € V.
Now let V be the family of B € F with E [yg|H,] = E [x5|n(1)].
We know that A contains C = {MNN,M € U,N € V,}.C is a 7 system and since
N’ verifies (ii) and (iii) in Theorem 1.1.1 it follows that A’ 5 & (C) =R,

Step 2 First assume that £ > 0; by Theorem 1.1.6 there exists a sequence of sim-
ple random variables &, () with the properties 0 < &, < &, 11, lim,_e &, (@) =
¢(w) and &, are measurable with respect to R;. For each n > 1 we have
El&IM] = E[&In()].

Applying Theorem 1.2.2, the equality in the statement is valid in the case when
& is nonnegative, integrable, and measurable with respect to R;.

In the general case we can write & = &+ — &=, where £ = 1(|€| + &) and
E-=3(I&]—&),ET >0, >0 and thus the equality in the statement takes
place for £* and £~ and therefore, according to Theorem 1.5.1 it results that the
proof is complete. d

M

Let us notice that the proof of the above theorem does not require the set D to
be finite.

Theorem 1.10.2 (It6-Type Formula). Let us consider a = (ay, ... 7a,,)T with a; €
L,zﬂl’w([tQ?T]),l <k<n, o= [Gij]lgign,lgjgr with o;; € L%’W([t(),TD and & an n-
dimensional random vector H,, measurable with E|&|* < o and let the function

v(t,x,0) = xT K(t,i)x+2kT (¢,i)x + ko(t, 1),
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where K : [tg, T] x D — R K = KT k: [ty,T] x D —R" ko : [to,T] x D —R are
C'-functions with respect to t. Then the following equality is true:

E [(v(t7x(t)’n(t)) — V(l‘(),g,i)) |n(l‘0) = l]
—E [/to’ {fz\t’(s,x(s)m(s))+aT(s)§;(s,x(s),n(s)) (1.6)

j=1

d
+Tr(c” (s)K(s,n(s))0 () + 3 V(s,X(S)»j)qnm,,,} ds|n(t) = i}

for all i € D and for the stochastic process x(t),t € [ty, T] verifying
dx(t) = a(t)dt + o(t)dw(t),t € [to, T]andx(t9) = &.

Proof. The proof consists in three steps.

Step 1. Assume that & a, o satisfy the assumption in the statement and addition-
ally £ is a bounded random vector a, ¢ are bounded on [fy, T] X Q, and a(t), o (¢)
are, with probability one, right continuous functions on [, T].

Under these assumptions, applying Theorem 1.9.6, we deduce that

sup E (1) < oo,
t€lio. 7]

for all k € N,k > 1. We can write:
eyt + 1), 4+ ) = v(e,x
— V(e hx(e R0 () — v(t,x
+v(t,x(2), (e +h) —v(t,x(t), (1))

d
= z,lln(hth):j(v(t +hx(t +h), j) = v(t,x(1), /)
s

(8, x(1), M (e +h)) —v(1,x(1), (7)),

where y)y is the indicator function of the set M.
For each fixed j € D, we can apply the 1t6 formula (Theorem 1.9.9) and obtain

v(t+h,x(t+h), j)—v(t,x(t), )
= [T my(s)ds +2 [T (9)K (s, j) + K (s, 7)) o (s)dw(s)

where

mj(s) = x" (s)K (s, j)x(s) + 2k (s, j)x(s) + Ko(s, )
+2x7()K (s, j)a(s) + 2kT (s, j)a(s) + Tr(cT (s)K (s, j)o(s)),
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j € D. Using Theorem 1.9.4, we deduce that

t+h
Eltnons | B 6K (s.)+K (5. )]0(5)dbw(s) ] =0.

Hence

1+h
Eltnn- | 6K (s.)+ K (5.0)0(5)abw(s) m(ao) =1 =0
and finally we deduce
E[(v(t+h,x(t4h),n(t+h)) —v(t,x(1),n(t+ 1)) N (1) = i]

d t-+h
=Y E |:ln(t+h)=j/t mj(s)ds|n (i) =i . (1.7)
=1

It is obvious that m;(s) is, with probability 1, right continuous, and hence we
have
1 t+h

}lzl\%ﬁ t mj(s)ds =mj(t),t € [to,T),j€D.

Since 7 (#) is right continuous we can write:
1 t+h
iy Z%nmh):j/t mj(s)ds = xn(o)=m;(1)- (1.8)

On the other hand, since sup;c(, 7 E|x(t) |* < o we obtain that there exists 8 > 0
(not depending upon ¢, &) such that:

2

<B.

1 t+h
E‘th(tJrh)—j/t m;(s)ds
Thus, from (1.7) and (1.8) and Theorem 1.2.4 it follows

lim 2 B[+ e+ e+ ) = (130 0+ 1) o) =1

U

= IE[Xnm:jmj(f)\ﬂ(to) =i] = E[m(t)|n(t) =1, (1.9)
J

t € [t,T),i € D, where

(t) = x" (1)K (2,0 (0))x(c) + 2K (1,0 (1))x() + ko 2, (1))
+2 [ (K (6.0 (0) + & (1.0 (1)] a(t) + Tr(c” (K (t,n(t))o (1))
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where K (t,1 (1)) = a@K (t,m (¢)). Further, by using Theorem 1.5.1 we can write

(0,07t +1)) = v(e. 0 () (1) =
d
(2 e (t)7j)—V(t7X(t)>n(t))>In(to)zi] (1.10)

E [v(t,x(1), )E[Xn e4m)=j|Hil 0 (10) = i]

S

™=

J
—E(t,x(t),n(1)n(w) = 1.
By virtue of Theorem 1.10.1 we have

EXn(4n)=j1 M) = EDtnsn)=iIm©)] = Py (h). (1.11)

Hence from (1.10) and (1.11) we have

E[(v(t,x(1),n(t+h)) —v(t,x(),n(2)))[n(00) = i]

=E| Y, (v(t,x(t),j)—v(t,x(t),n(1)) Py

jm)n(to) =i|.
J#N(t)

Recall that P(h) = [p;;(h)] = 2" h > 0 with Z?ZI gij = 0. Applying Lebesque’s
Theorem we obtain that

lim L E[(0{e,2(0). (e 4+ ) ~v(rx() @) In(o) =1 (112)

= 2 E [v(t,x(t), )qn();)In(to) = i] .

Combining (1.9) with (1.12) we conclude that

K%%E [(0(t 4+ ), x(t 4+ h), 1 (¢ -+ B)) — v(t,x(1)

d
=E Kiﬂ(t) + Z‘,IV(t,x(t),j)qn(z)j) (1) = i] :
=

Denote

(1)) () =]
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and

hi(l‘) =F
=1

d
(m(z) +y v(ux(t»j)q,,(,)j) In(t0) = i] .

Since sup;cy, 7 E((t) + 2721v(t,x(t),j)qn(t)j)2 < oo it follows by Theorem
1.2.4 that h;(z) is right continuous and therefore

1 [t+h
lim — hi(s)ds = hi(t),t € [ty,T).
tim o [ h(s)ds = (o). € [0.7)

Hence

1 t+h
lim — (Gi(t—l—h) —Gi(t) —/ h,»(s)ds) =0,r€[to,T),i € D. (1.13)
NO h t

Since the process 1)(#) is continuous in probability (see Theorem 1.8.2) it follows
by using Corollary 1.1.4 that v(¢,x(z),n(¢)) is continuous in probability.

Having sup, ¢y, 71 E[v(t,x(1),n(1)) |> < oo it follows from Theorem 1.2.4 that
G;(t),i € D is a continuous function and thus from (1.13) we conclude that

1
Gi(t) — Gi(to) = | hi(s)ds,t € [to,T],i € D
fo
and so the equality (1.6) holds.
Step 2. Assume that & is H,,-measurable and E|§ |> < oo, and a, are bounded
on [to, T] x Q,a(t),o(t) are H,-adapted. Let

& = §X|§\§k,
t
ap(t) =k a(s)ds,
k( ) max{lfi,t()} ( )
t
ol(t) = o(s)ds.
k() /n1ax{t,l(,lo} (S) g

It is obvious that a; and o} are continuous (with probability 1), bounded on
[0, T] x €, and H,-adapted (see Theorem 1.6.2). From Theorem 1.2.5 and from
Lebesgue’s Theorem it follows that

lim [ (|ak(t) —a(t)P+ o) — G(t)Hz) dr =0 (1.14)

k=0 J1y

and applying again the Lebesgue’s Theorem we have

k—roo

lim E tT <|ak(t) —a(t)*+ || ok t) G(t)||2) dt = 0.
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From Lebesgue’s Theorem it follows that
lim E|&— &2 =0
Itis easy to verify by using Theorem 1.9.5 that sup, [, 71 E|x(t) |> < oo and

sup Elwy(r) 1) < 35 [zsk—éF T [ lax(t) ~alo)Par

t€[t,T]

+/ lok(r) — o (0)] dt} k> 1,
where
xp =&+ tak(s)ds+ tGk(s)dw(s).
1) 1)
Applying the result of Step 1 for each k > 1 we obtain
E[(v(t,xc(2),n(1)) = v(t0, 8, 1)) 0 (10) = i] (1.15)
= £ [ [ 66109805 427 5,060 36) Ko ms)

Ip

+2 (x,f(s)K(s,n(s)) —i—kT(sm(s))) ar(s) +Tr(cl (s)K(s,n(s))or(s))
d
+ z,lv(svxk(s)vj)qn(s)j] ds|n(to) = i}.
-

Taking the limit for k — o we conclude that (1.6) holds.
Step 3. Now consider that &, a, o verify the general assumptions in the statement.
Define

ax(t) = at) Xja(r) <k
Gi(t) = o (t) X (1) <k-

Applying Lebesque’s Theorem it follows that a; and &y verify an equality of type
(1.14). On the other hand it can be proved by using Theorem 1.9.5:

sup_ E|5(r) —x(r) <2E [ / T{(Tm)@(r)a<r>|2+||6k<r>o<r>|2}dr}

telty,T] fo

where

Rll) =+ a(s)ds + / 53 (s)dw(s).
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Now, applying the results from Step 2 for &,ay, 6, % we obtain an equality of
type (1.15) with &, ay, oy, x; replaced by &, ay, Gy, Xx.

Taking again the limit for k — o we conclude that (1.6) holds and the proof is
complete. a

Remark 1.10.1. (i) The proof of Theorem 1.10.2 has been performed in several
steps since only poor information is available concerning a and ¢, namely their
elements are in L%_W([to, T]).

(ii) The particular form for v(t,x,i) is essentially used when making k — oo in
steps 2 and 3 of the proof.

(iii) The proof shows that the result is true for functions v (¢, x,i) in C ! with respect
to ¢ and in C? with respect to x, the functions v (t,x, i), % (¢,x,i) and % (t,x,0)
have increments with respect to x of the same type as the increments of the
quadratic function used in the theorem. Moreover aax—?x (t,x,i) must be bounded
on [to,T] xR" x D.

1.11 Stochastic Differential Equations

Stochastic differential equations depending on the pair (w(r),n(¢)) with the above
properties are considered in [76, 101, 104], where stability and control problems are
investigated.

In [151], Wonham emphasizes the importance of the differential equations
subject to the white noise perturbations w(f) and Markovian jumping 7(¢) for
control problems.

Consider the system of stochastic differential equations:

dx(t) = [£(0,x(). 0 (1)) +a(O)]dt + [F(t,x(0),1(1) + 0 (O] dw(r)  (1.16)

where the processes w(t) = (wi(t),...,w.(t))T and n(z),t > 0 have the properties
in Sect. 1.9. Assume that a, o, f, and F satisfy the following conditions:

(C1) a:Ry xQ—=R" 0:R; xQ— R"™" and their elements are in L,27‘W[07 T], for
all T > 0; '

(C2) R xR"'XD =R F:R. xR"xD =R and for each i € D, f(-,-,i)
and F(-,-,i) are measurable with respect to B(R. x R"), where B(R; x R")
denotes the o-algebra of Borel sets in Ry x R”;

(C3) Foreach T > 0 there exists y(T') > 0 such that

F(tx1, ) — £, 20,0) |+ | F(2,30,0) — F(t,x0.0) | < Y (T —xa|  (1.17)

forallz € [0,T],x1,x, € R";i € D, and
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|f(,x, )|+ 1F (t,x,0) || < p(T)(1+[x]), (1.13)
forall € [0,T],x € R",i € D.

Using the same technique as in the proof of Theorem 1.1 from [68], Chap. 5, one
can prove the following result:

Theorem 1.11.1. Assume that a, G, f, and F satisfy the conditions (C1)—(C3). Then
for all ty > 0 and & measurable with respect to Hy, and E|E|? < oo there exists a
unique continuous solution x(t) = x(t,x0,&),t > to of (1.16), verifying x(ty) = & and
which components belong to L%LW [to, T] for all T > ty. Moreover we have:

sup E [|X(t)|2m(t0) = i]

) <t<T

<& (1+](lep+ [ (a0 +100F)ar) i) =1] )

where K depends on T and T — ty. The uniqueness must be understood in the sense
that if x1(t) and x,(t) are two solutions of (1.16) satisfying xi (to) = x2(t9) = & and
whose components are in L%ﬁw[to, T], then E|x1(t) —x2(¢)| = 0,1 € 1, T]. O

For the particular case when a () = 0 and o (¢) = 0 one obtains the following
result.

Theorem 1.11.2. Assume that f and F satisfy (C2), (C3) and a(t) =0, o(t) =0, for
allt > 0. Then for all to > 0 and & measurable with respect to H, with E|& 1 < oo,
the system (1.16) has a unique continuous solution x(t), t > to verifying x(ty) =
& whose elements are in L,277w [to, T] for all T > ty. Moreover if E|E|*P < oo then
we have

sup E [|x(t)[*P|n(t0) =i] <K (1+E[|E[*PIn(t) =i]),  (1.19)

to<t<T
i € D, where K depends on T, T —to, and p.

Proof. Consider the sequence of successive approximations defined by
xo(t) = &1 € [t0,T]

et (1) = £+ to'f<s,xm<s>,n<s>>ds+ F(s.00m(5).1(5))dw(s),m > 0.

fp

Using (1.17), (1.18) and Theorem 1.9.8 it is easy to verify by induction that

(t _to)m+l

Elswa 0P Inw) =1 < |e+ o) +.. o+l

x (1+E[|EPP [ n(t) =i]),to <t <T,i€ D,m>0,
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where ¢ > 0 depends only on 7', T —ty, and p. Hence

E [t (070 (10) = ] < e (14 E [|EP7 [ 1 10) = 1])

Since x,,(t) — x(¢) a.s. uniform on [tp,T] (see [68]) from Fatou’s Lemma it
follows that

E [[x(0)*|n(t0) = i] <K (1+E [|EPIn(t0) = 1i]) . € [to, T],i € D

and the proof is complete. ad

With the same proof used for stochastic differential Itd systems (see [120, 141])
one can prove the following result.

Theorem 1.11.3. Under the assumptions of Theorem 1.11.2, suppose that f and F
are continuous functions for each i € D. Then the function

(t,x) € [to, o) X R* = x(t,19,x)

is a.s. continuous for each ty > 0, hence x (t,ty,-) defined on R" x Q is measurable
with respect to B(R") @ Hy, 1, > to, where

Higr = 0 (w(s) —wl(to),n (s);s € [t0,1]).

Based on the inequality (1.19) one can obtain an Ito-type formula for the solution
of the system (1.16) in case a = 0,0 = 0 and in more general assumptions for the
functions v(z,x,) than the ones used in Theorem 1.10.2.

The result giving such a formula has been proved in [101].

Theorem 1.11.4. Assume that the hypothesis of Theorem 1.11.2 are fulfilled and
additionally f(-,-,i),F(-,-,i) are continuous on Ry X R", foralli € D. Let v: R, X
R”" X D be a function which for each i € D is continuous together with its derivatives
Vi Vx, GRd Vi,

Assume also that there exists Yy > 0 such that:

i (t,x,1)
dx0x o

v

ot
< Kr(1+1x|"),t €[0,T],xeR",ieD

|v<z,x,i>|+] (t,x,)

dv .
+ ‘ax(t,x,l)

where Kr > 0 depends on T. Then we have:
Ev(s,x(s),n(s)) n(to) = i] — v(to, x0,1)

) dv v T
—E [/fo {?%(t,x(t)’ﬂ(t))+ (i(r,x(r),n(r))) Ft,x(t),n(1))
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L (0. m0) 2 (430 m(0) (1.20)
2 ’ ’ oxox ’ )

d
XF(t,x(t),n(t) + X V(I,X(t)vn(t))qn(m}dtln(to) = i] ,

i=1
x(1) = x(t,10,x0),x0 € R", 1 > 19 >0,
forall s > 1y,i € D.

Proof. From Theorem 1.11.2 it follows that for all positive integer p we have

sup E[|x(t)[*7[n(t9) = i) < K(1+|xo|*")

to<t<T

Therefore using Theorem 1.2.4 for o = 2 it follows that it is possible to take the

limits in the integrals from the first step in the proof of Theorem 1.10.2, obtaining
that

lim %E[{v((t-l—h),x(t—kh),n(t+h)) (121)

h—0.4

—xn0) - | ”hm<s>ds} n(t0) = i]

where

F (t,x(t),n(t) + X, v(t,x(0),n(1)) an o).

j=1

Taking into account that 71(z) is continuous in probability and using again
Theorems 1.11.2 and 1.2.4 for or = 2 it follows immediately that

t

| (v, - [ m)as) o)~

fo

is a continuous function and therefore from (1.21) it results that (1.20) holds and the
proof is complete. a
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Remark 1.11.1. (i) The proof of the previous theorem shows that the result in the
statement is also valid for random initial conditions &, ‘H;,-measurable, and
E {|‘g’|2p} < oofor p>y+2.
(i) From Theorems 1.11.1 and 1.11.2 it results that for the system (1.16) Theorem
1.11.4 is not applicable while in the case when a(r) =0 and o(r) = 0 we can
use Theorem 1.11.4 due to the estimate (1.19).

(iii) In many cases, in the following developments we shall consider the system
(1.16) with a(r) # 0 and o(r) # 0, being thus obliged to use Theorem 1.10.2.

1.12 Stochastic Linear Differential Equations

Since the problems investigated in this book refer to stochastic linear controlled
systems we recall here some facts concerning the solutions of stochastic linear
differential equations.

Let us consider the system of linear differential equations:

r

dx(r) = Ao (1,1 (0)x () de + 3 Aclt,n () x(Ddwe(r)  (1.22)
k=1
where r — Ay (¢,i) : R — R i € D, are bounded and continuous matrix valued
functions.
The system (1.22) has two important particular forms:

(i) A (t,i)=0,k=1,...,r,t > 0. In this case (1.22) becomes
x(@)=A(t,n(1)x(1),1=0 (1.23)
where A (1,1 (t)) stands for Ao (¢,7 (¢)) and it corresponds to the case when the

system is subject only to Markovian jumping;
(ii) D = {1}; in this situation the system (1.22) becomes

dx (1) =Ao () x(t)dr+ Y Ap (t)x (1) dwy (), 1 >0 (1.24)
k=1
where A (1) := Ax(t,1),k=0,...,r,t > 0, representing the case when the
system is subject only to white noise-type perturbations.

Definition 1.12.1. We say that the system (1.22) is time invariant (or it is in the
stationary case) if Ay (t,i) = Ay (i), forallk =0,...,r,t € R; and i € D. In this case
the system (1.22) becomes

dx(t)=Ao(n (¢))x(t)dt + i Ar(m () x(2) dwy (2). (1.25)
k=1
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Applying Theorem 1.11.2, it follows that for each 7o > 0 and each random
vector &, H,,-measurable and E |§ | < +oo the system (1.22) has a unique solution

x (310, &) which verifies x (19, fo, &) = &. Moreover if E |E|*? < 40, p > 1, then

sup E [[x(1,10, ) [ (10) = i] < cE [|E | n(t0) =],

1€lto, T]

i € D, ¢ > 0 depending upon T,T —t( and p. For each k € {1,2,...,n} we denote
Dy (1,10) = x (1,10, ) where e = (0,0,...,1,0,...,0)" and set

q)(t,l‘o) = ((I)l (t,l‘o) b, (t,to) ... D, (t,to)).

® (2,19) is the matrix valued solution of the system (1.22) which verifies ® (ty,%)) =
I,. If & is a random vector H;,-measurable with E E|* < o0, we denote %(t) =
@ (7,1p) E. By Remark 1.9.3 it is easy to verify that %(¢) is a solution of the
system (1.22) verifying %(¢) = £. Then, by uniqueness arguments we conclude that
x(t) =x(t,10,&) as., t > 1. Hence we have the representation formula

x(t,80,E) =@ (t,10) € as.
The matrix @ (z,19) ,7 > 1o > 0 will be termed the fundamental matrix solution of the
system of stochastic linear differential equations (1.22). By uniqueness argument it
can be proved that
D(t,5)D(s,70) = D (t,00)a.8.7 > s > 19 > 0.
Proposition 1.12.1. The matrix @ (t,1y) is invertible and its inverse is given by:

O (1,10) = DT (t,10)a.s.0 > 19 >0,

where @ (t,t0) is the fundamental matrix solution of the stochastic linear differential
equation:

dy(t) = |-AL e () + Y, (A2 ()" | y(0)de (1.26)
k=1

—ZAk 1,m 1)y () dwy (1).

Proof. Applying the Itd’s formula (Theorem 1.9.9) to the function

V(taxay) :yTxa t > to, X,y eR"
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and to the systems (1.22) and (1.26) we obtain:
T&T T, _ n
y @ (t,10)D(t,00)x—y x=0as.t >1 >0, x,y e R",

hence @7 (t,10) @ (t,10) = I, a.s. t > fo, and the proof is complete. O

Let us consider the affine system of stochastic differential equations:

dx(t) = [Ao (1,1 (1)) x (¢) + fo ()] dt (1.27)

ot
+ 3 Al O)x(0) + fO)awi ),

t > 0, where f; : R x Q — R” are stochastic processes with components in
L,ZLW([O, T]) for all T > 0. Using Theorem 1.11.1 we deduce that for all 7o > 0
and for all random vector &, H,,-measurable with E |& |2 < oo, the system (1.27) has
a unique solution xf (t,70,&), f = (fo, f1,.-., f). Additionally, for all T > fo, there
exists a positive constant ¢ depending on 7', T —fy such that

sup E [\xf (1,10, E)[* | M (o) = i} (1.28)

1€to,T]

<I52+i/T |fk<s>2ds> In(to)i]~
k=0"10

Let ®(¢,1p),t >ty > Obe the fundamental matrix solution of the linear system
obtained by taking f; = 0 in (1.27) and set z (t) = @~ (t,t0) x/ (t,20,&) . Applying
the 1td’s formula (Theorem 1.9.9) to the function v (¢,x,y) = y'x , x,y € R" and to
the systems (1.26) and (1.27), we obtain

< cE

Yz(t) = y"z(t0) +y /‘D (s,10) [fo i (s)] ds

+ Zy (s,20) fi (s)dwy (s) a.s.,

t >,y € R". Since y is arbitrary in R" we may conclude that

) =&+ [ (s,00)

fo

Zi: (s)] ds

+ Z (s,00) fi () dwy (s) a.s.,
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t > ty. Thus we obtained the following representation formula

xr(t,10,8) = @ (t,10) (1.29)

+D(t,10) t‘D_l(S,to) lfo (S)—iAk(Sm(S))fk(S) ds
=1

fp

r

t
+ Z @(1,00) | @' (s,00) fi (s) dwi (5) as.,
k=1 1
t > ty, which extends the well-known constants variation formula from the deter-
ministic framework to the case of stochastic affine system (1.27).

1.13 Standard Homogeneous Markov Processes
with a Countable Infinite Number of States

Several results derived in this book refer to stochastic controlled systems mod-
eled by stochastic differential equations containing an r-dimensional standard
Wiener process {w(t)};>0 together with a standard homogeneous Markov process
{n(#),P(t),Z}. Ttis known (see [32,71]) that if P(z), ¢ > O has the properties from
Definition 1.8.3, together with (iii) from Definition 1.8.4, then there exist the limits:

lim 2\~ % "f(t)t* 3

t—04

= gij (1.30)

i,j€Z,. Wehave g;; € [0,00),if i # jand ¢;; <OVi€ Z,.

One knows (see [32,71]) that in the case D = Z it is possible to have g;; = —o
for some states i € Z,. Even if g;; € (—e,0] for every i € Z it is not sure that
> qij =0, Vi € Z,. That is why, throughout this book, every time when we talk
j=0
about a standard homogeneous Markov process {n(t),P(t),Z.} we assume that
the following conditions are fulfilled:

—o0 < g; <0
2 qij=0,i€Z,, (131
j=0
q= sup Iqii| < o (132)
i€l
and
m=P{n0)=i}>0,VieZ,. (1.33)

One may show (see [71]) that the condition (1.31) is equivalent to the fact that p;;(r)
satisfy the Kolmogorov’s differential equations:
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p,, 2 qikprj(t),i,j € Zy,t > 0. (1.34)

Furthermore, if (1.31) and (1.32) hold, then we have P(t) = ¢, t > 0 where ¢2' =
i k k

3 G
= R

This series of infinite matrices is convergent in the norm

1ol =llQll-= " sup |gijl-

(i,))€Z4xZy

Often the matrix Q = (qij) i, jjez., xz, Will be named the generator matrix.
Based on Theorem 2.2 Chap. 6 in [32] one may derive the following important
result:
Theorem 1.13.1. (i) (1.32) is equivalent with lim p;(t) = 1 uniformly with

t—04
respecttoi € 1,

(ii) 11%1 M = gj; uniformly with respect to i € L. if (1.32) is satisfied.
—
A classical example of a standard homogenous Markov process {1 (), P(t),Z }
satisfying conditions (1.31) and (1.32) is represented by a homogeneous Poisson
process with parameter A > 0. This stochastic process is characterized by

= —i)e Mifj > i
pif(t) = {é(étj{)i/(] )" fj>i,

t>0,i,j€Z;.

In this case, the elements (g;;) of the generator matrix Q are given by: g;; =
—A,qii+1 =A and qgij=0if jeZ, — {i,i+1},ieZ,.

A consequence of the properties (1.31) and (1.32) is.

Theorem 1.13.2. If {n(t),P(t),Z+} is a standard homogeneous Markov process
with a countable number of states, then the stochastic process {n(t)}i>o is
continuous in probability.

The proof is the same as in the case when D is finite (see [32]), using
Theorem 1.13.1 (i). O

In the next chapter, beside the standard homogeneous Markov process
{n(¢#),P(t),Z.} an r-dimensional standard Wiener process {w(t) };>¢ is considered.

In this case, the meaning of the notations F;,G;, H;, R, introduced in Sect. 1.9,
will be preserved.

We will assume also that for any ¢ > 0 the o algebras G, is independent of ;. In
this case, Theorem 1.10.2 becomes.
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Theorem 1.13.3. Leta: [tg,T] x Q = R", 0 : [tg,T] x Q — R"*" be such that a =
(a1,a2,...,a,)", & = (0i))1<i<ni<j<r with ay, 0j are in Ly, ,([to, T]). Let & be an
n-dimensional random vector, which is Hy,-measurable and E|&|* < co.

Consider the functions K(-,i) : [to,T] — R™", k(-,i) : [to,T] — R" and ko(-,i) :
[to,T] — R, i € Z, which are assumed to be C'-functions.

Assume that K(t,i) = KT (t,i), (¢,i) € [to,T] x Z. and

N d . o4 N .
sup (Kt D)+ K, i) +[k(r, )|+ | k(e D)+ ko (£, 8) [+ ko t,0) ) < oo.

i€Zy t<lty,T]

Ifv(t,x,i) = xT K(t,i)x+2kT (t,i)x+ko(t,i), (t,x,i) € [to,T] x R" x Z, then the
following equality holds:

E[(v(t,x(1),n(1)) =v(10,G,8)) In(t0) = i]

+Tr(a” ()K (5,n(s))0(s)) + i V(S,X(S)»j)qn@),,,} ds|n(t) = i}

j=0

0

A {§j<s,x<s>,n<s>>+aT<s>§fc<s7x<s>,n<s>> (135)

Sorall i € Z, and for the stochastic process x(t),t € [to, T] verifying
dx(t) = a(t)dt + o (t)dw(t), t € [tp,T] and x(t0) = &.

Proof. May be done following step by step the proof of Theorem 1.10.2 with an
obvious change of v(-,n(t +h)) = ¥ Xin+m—j (-, J) instead of v(-,n(t +h)) =
j=0

d
Zl Xin(e+m) =iV (s J)-
j:

The conditions (1.31) and (1.32) allow us (via Theorem 1.13.1) to apply
Lebesque’s Theorem to derive the analogous of (1.12). Also, the conditions (1.31)
and (1.32) allow us to show that 4;(¢) are right continuous functions for each i € Z .
and, by using Theorem 1.13.2 one concludes that G;.(t),i € Z is a continuous
function.

Let us notice that all results derived in Sects. 1.11 and 1.12 are also valid, based
on the same proof, in the case when (1(¢),P(¢),,Z, ) is a standard homogeneous
Markov process.



Chapter 2
Linear Differential Equations with Positive
Evolution on Ordered Banach Spaces

In this chapter the problem of exponential stability of the zero state equilibrium of a
class of linear differential equations on a real ordered Banach space is investigated.

The linear differential equations under consideration named differential equa-
tions with positive evolution are defined by a special class of strongly continuous
operator valued functions. These differential equations are natural extensions to
the time-varying case of linear differential equations with constant coefficients on
an ordered Banach space defined by a linear and bounded operator with positive
semigroup.

In the time-varying framework one distinguishes two kinds of positive evo-
lutions: causal positive evolution and anticausal positive evolution. The linear
differential equations with positive evolution studied in this chapter contain as
special cases Lyapunov-type differential equations arising in a natural way in
connection with the problem of exponential stability in mean square of a stochastic
linear differential equation affected simultaneously by multiplicative white noise
perturbations and Markovian jumping.

The main tool in the derivation of the criteria for exponential stability of linear
differential equations with positive evolution is the Minkovski norm introduced
based on a suitable convex subset. A list of useful properties of Minkovski norm
together with the basic properties of linear and positive operators may be found in
the first section of the chapter. This section contains also several examples of infinite
dimensional ordered Banach spaces.

Properties of operator valued functions defining causal positive evolution or
anticausal positive evolution are emphasized in Sect.2.2. Both the case of the
causal exponential stability and the case of the anticausal exponential stability are
considered in the third section of the chapter. The criteria for the two kinds of
exponential stability are derived in terms of the existence of some globally defined
and bounded solutions of some suitable forward and backward affine differential
equations and in terms of solvability of some forward (backward) differential
inequations.

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 39
DOI 10.1007/978-1-4614-8663-3_2, © Springer Science+Business Media New York 2013
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The problem of robustness of exponential stability with respect to some additive
perturbations modeled by positive operator valued functions is analyzed in the case
when the involved operator valued functions are periodic.

The last part of the chapter is devoted to the investigation of the properties of
linear evolution operators associated with Lyapunov-type differential equations on
some suitable ordered Banach spaces of finite or infinite sequences of symmetric
matrices. Criteria for exponential stability of a Lyapunov-type differential equation
are finally derived as direct consequences of the criteria obtained in the general case
in the first part of the chapter.

2.1 Convex Cones. Minkovski Norms

Throughout this chapter, (X, || - ||) is a real Banach space and X'* stands for its dual
space. If M C X is a subset, then intM or M stands for the set of interior elements
of M with respect to the topology induces by the norm || - ||. By M we denote the
smallest closed subset containing M, while dM denotes the border of the subset M.
One can show that M = intM U oM.

2.1.1 Some Basic Facts on Convex Cones

In this subsection we collect several basic definitions and results regarding the
convex cones and ordered Banach spaces. For more details concerning the convex
cones and ordered linear spaces we refer to [27,55,95,97] and references therein.

Definition 2.1.1. A subset C C X is called convex cone if:

(i) C+CcccC
(i) aC C Cforall @ € R, o > 0.

We recall that if A, B are two subsets of X and ot € R, then A+ B = {x+y|x €
A,y € B} and A = {ax|x € A}.

It is easy to see that a cone C is a convex subset and thus we shall say convex
cone when we refer to a cone.

A convex cone C C X induces an ordering “<” on X, by x <y (or equivalently
y>x)ifand only if y—x € C. If C is a convex cone, then x < y (or equivalently y > x)
if and only if y —x € IntC. Hence C = {x € X|x > 0} and IntC = {x € X|x > 0}.
That is why, in the rest of the chapter we shall use the notation X' for the convex
cone which induces the order relation on X'.

Definition 2.1.2. (i) A cone C is called a pointed cone if C(\(—C) = {0}.

(ii) A cone C is called a solid cone if its interior IntC is not empty.

(iii) A cone C is called normal cone if there exists a real number 5 > 0 such that
x| < Byl if 0 <x<y.
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Remark 2.1.1. (i) If in the definition of a normal cone we may take b = 1 we shall
say that the norm || - || is monotone with respect to the convex cone C.

(i) If C is a normal cone, then it is pointed cone. Indeed, if x is such that x and
—x are in C, then from (14 1)x € C we have 0 < —x < 1x. Hence ||x|| < %HxH
Taking the limit for n — o we deduce that ||x|| = 0 hence x = 0. Thus we
obtained that C is pointed cone.

Definition 2.1.3. If C C X is a cone, then C* C X* is called the dual cone of C
if C* consists of all bounded and linear functionals ¢ € A* with the property that
¢(x) >0forallxeC.

Based on Ritz theorem for representation of a bounded linear functional on a
Hilbert space one sees that if X is a real Hilbert space then the dual cone C* of a
convex cone C may be defined as C* = {y € X| < y,x >>0,Vx € C} where < -,- >
is the inner product on X'.

If & is a real Hilbert space a cone C is called selfdual if C* =C.

Remark 2.1.2. Ttis worth mentioning that if X" is a real Hilbert space ordered by the
order relation induced by a self dual convex cone X', then the usual norm on X is
monotone with respect to the cone X’;.. Indeed if x,y € X’y are such that x <y, then
both y+x and y —x lie in X’. Then we have (y+x,y —x) > 0 because X = X, .
We obtain (y,y) — (x,x) > 0 or equivalently ||x||> < ||y||>. Hence, || - || is monotone
with respect to X'y

Remark 2.1.3. (i) If C C X is a convex cone, then the following equivalences hold:
C#X < 0¢IntlC < 0€dC.

(ii) If dimX > 2 and C C X is a convex cone such that C # & and C # {0}, then
dC\ {0} is an infinite subset.

The following two results will be used in the next section; they present also
interest in themselves.

Lemma 2.1.1. Let C C X be a solid convex cone, C # X. Then, for every ¢ €
C*\ {0} we have ¢(x) > 0 for all x € IntC.

Proof. Let @ € C*\ {0}. This means that there exists xo € X" such that ¢(xo) # 0 and
@(x) >0 for all x € C. Let us assume that there exists x| € IntC such that ¢(x;) = 0.
Since IntC is an open set we deduce that there exists & > 0 sufficiently small with
the property that x, = x + mxo € IntC, if |t| < &. So, from ¢ (x,) > 0 we deduce
that ¢+ > O for arbitrary ¢ € (—&, &) which is a contradiction. This completes the
proof. ad

Theorem 2.1.2. Let C C X be a solid convex cone C # X. Then for each xo € dC
there exists @ € C*\ {0} such that ¢(xo) = 0.

Proof. If xo = 0 € dC, the conclusion is obvious. Let us take xo € dC \ {0}. Let
C = {txp;t > 0}. One can see that C is a closed convex cone. If there exists ¢ > 0
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such that rx € IntC, then x € IntC. Hence C N IntC = 0. Since IntC is an open convex
set we may apply a separation theorem to obtain the existence of a linear bounded
functional ¢ € X*\ {0} and a real number c, such that @(y) > ¢ > ¢(z) for arbitrary
y € IntC and z € C (for details see [55]). Since C C IniC (see [55]) we deduce
C C ItC. This allows us to deduce that @(y) > ¢ > ¢(z) for any y € C and z € C.
Taking y = z = 0 we obtain that ¢ = 0; this means that ¢ € C*\ {0}. On the other
hand we have @ (x) >0 > ¢(1-xp) which leads to ¢(xp) = 0. The proof is complete.

O

2.1.2 Several Examples of Ordered Banach Spaces

This subsection collects several examples of real ordered Banach spaces. Part of
them will play an important role in the next chapters of the book.

As usual |x| stands for the euclidian norm of a vector x € R”, that is, |x| =
(x"x)'/2. For a matrix A € R™*", |A| stands for the matrix norm induced by the
euclidian norm | - |, that is

|A| = sup |Ax]|. (2.1)

[x|<1
Also, we shall use the notation |A|, for the Frobenius norm of the matrix A4, i.e.

1/2

Al> = (Tr[AT A]) (2.2)

where Tr[-] stands for the trace operator. Beside the two norms introduced before,
we shall use the norm

Al =Tr {(ATA)VZ} 2.3)

where (A7A)!/2 is the unique positive semidefinite matrix X such that X> = A”A.
Let S,, C R™*" be the linear subspace of symmetric matrices of size n X n, that is
SeS,iff §=5T.
The restrictions of the norm (2.1)—(2.3) to the subspace S, take the equivalent
form:

S| = max{|A|;A € A(S)} = sup {|x" Sx|} (2.4)
lv<1
) 1/2
Sl = (Z 7&) (2.5)
i=1
[S]1 = 1A (2.6)

i=1

where A1,..., A, € A(S) with A(S) is the spectrum of the matrix S.
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For a matrix S € S, the following hold:
S| < [S[2 < [S[1 < nlS]. 2.7)

As we established in the previous chapter D denotes either the set {1,2,...,d} or
the set Z, .

Example 2.1.1. Let X = SP = (~{D,S,} be the linear space of the bounded
sequences of symmetric matrices, that is

£(D.5) = {X= XOheoX () € Syi€ D, sup X()] < 4o .

The space SP equipped with the norm

[1X|e- = sup X (&) (2.8)
i€D

is a real Banach space. On SP we consider the ordering induced by the cone X' =
SP =¢={D,S,:} where

(D, 8,1} = {X = {X(i)}iep:X (i) > 0,i € D}.. 2.9)

Here X (i) > 0 means that X (i) is positive semidefinite. One verifies that X is a
closed, solid, convex cone. Its interior /nt Xy consists of the subset of the sequences
X ={X(i),i € D;X(i) > 8I,,Yi € D for some & > 0 independent of i}.

Based on the monotonicity of the norm |- | on S,, one obtains that || - ||, introduced
by (2.8) is monotone with respect to the cone X;. Hence X, is a normal cone.

In the next chapters we shall use S¢ instead of SP and S%, for SE. when D =
{1,2,..,d}, while 87 is used for S when D = Z, . In the last case, S;° stand for
the convex cone £ (Z,, S, ). It is obvious that (S¢,|| - ||) is a finite dimensional
real ordered Banach space, while (S;, || - ||) is an infinite dimensional real ordered
Banach space.

Example 2.1.2. Let X = ((D,S,), where

(D, 8,) = {X = {X (D) }iep C Sp3 Y, [X(i)|1 <o}.

i€D
Taking
X[l = X (@) (2.10)
i€D
one obtains that (X, - ||1) is a real Banach space.
On the Banach space (X,]| - ||;) we consider the order relation induced by

the convex cone X, = (1(D,S,;) = {X € £(D,S,); X = {X(i) }iep, X (i) > 0}.
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It is a closed convex cone. In the case D = {1,2,...,d}, ¢'(D,S,) coincides with
8¢ and £'(D, S, coincides with 8¢, . In the case D =Z., X = (1(Z,,S,) C S
The convex cone ¢'(Z.,S, ) has empty interior. Finally, let us remark that based
on (2.7) we may introduce a new norm on X, by

X[ = 1x() (2.11)

i€eD

Based on (2.7), (2.11) we deduce that the norms ||- || and [| - |; are equivalent, more
precisely we have:

IXTy < X < n]X] 2.12)

for all X = {X (i) };ep € £1(D,S,).
Example 2.1.3. Let X = (*(D,S,) = {X = {X(i) }iep C Su; z (1X (i)]2)? < oo}
On ¢?(D,S,) we introduce the inner product:
(X,Y)2 =Y TriX (i)Y (i)] (2.13)
i€D

for all X = {X (i) };ep, Y = {Y (i) }iep from £2(D,S,).
To show that the sum from the right-hand side of (2.13) is convergent, let us
remark that

3 Tr{X ()Y ( Z {IXO+Y@O))- X0 -Y@OE} =

i€D IGD

-

{Z|X(i)+ = 1x() }GR
i€D i€D

because

S X (@) +Y ()5 < +eo

i€D

z |X |2 < oo,
i€eD

One may check that the inner product (-,-), induces a real Hilbert space structure
on 2(D,S,). Set

1/2

[1X]l2 = (X, X), (2.14)
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On the space £2(D,S,) we consider the order relation induced by the convex cone
Xy =0(D,S,4) = {X={X(i) }iep € (D, S,): X (i) > 0,i € D}.

The cone éz(D, Su+) is a closed cone. If D = Z, its interior is empty.

Let us show that it is a selfdual convex cone. First, let us show that X} C
2(D,S,+). Let Y = {Y (i) };ep € X%. This means that

(Y,X)2 >0 (2.15)
for all X = {X(i)}iep € ¢*(D,S,+). Choose x € R" and iy € D be arbitrary but
fixed. We define X;, = {X;, (i) }icp as follows: X;, (i) = {O ZT# ‘0 Itis obvious

xx' i =1

that X;, € £2(D,Sp+).

In this case (2.15) becomes Tr[Y (ip)xx’] > 0 or equivalently x"¥ (ip)x > 0.
Since x € R” is arbitrarily chosen we deduce that Y (ip) > 0. Further, since i
is arbitrarily chosen in D we conclude that Y € £2(D, S, ). Now we prove that
2(D,Su+) C X7 Let Y = {Y (i) }iep € *(D,S,+). We show that (Y,X), >0 or
equivalently 2161) TriX())Y (i)] > 0 forall X = {X (i) }iep € X4. Let Aj1, Az, ..., Ai
be real numbers and e;1,ep,...,e;, be a system of orthogonal vectors such that
leij| = 1 and Y (i) = 3i_, Aijeije];. Since Y (i) > 0 it follows that A;; > 0,1 < j <n.
We write

ZTr ZZ?LUTr e,]e ZZ?LU (i)ei; >0

i€D i€D j= i€D j=

because X (i) > 0,i € D. Hence, the equality £*(D,S,;) = ((*(D,S,+))" is true.

Remark 2.1.4. (i) In the case D = {1,2,...,d} the linear spaces ¢~(D,S,),
N(D,S,), *(D,S,) coincide with S¢ = 8 XSy X ... XS,
d

On S¢ we have three norms:

I || introduced via (2.8),

|- |l1 defined in (2.10) and

I - ||z introduced by (2.14) for D = {1,2,...,d}. We have |||l < [|S]|2 <
IISIl1 < nd||S||« for all S € S¢. The convex cone £2(D, S, ) coincide with the
convex cone S,‘f+ =8 XSpr ... Sy if D={1,2,...,d}. The cone S¢ oy s

—_————

d
a closed, solid, selfdual convex cone. It is selfdual with respect to the inner
product

d
= TriX(i)Y(i)] (2.16)
i=1

for all X = (X(1),X(2),...,X(d)),Y = (Y(1),Y(2),...,Y(d)) € S which is
the special form of (2.13) for the case D = {1,2,...,d}.
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(i) In some applications occur in a natural way linear spaces of the form X =
Spy X Spy X ... X Sy, where it is possible to have n; # ny if j # k. This kind of
linear spaces occur, for example, in the study of exponential stability in mean
square as well as in some problems regarding the existence of the stabilizing
solution of Riccati-type equations for linear stochastic systems modeled by
singularly perturbed It6 differential equations (see, e.g., [40, 53, 54]). The
space X introduced before is a finite dimensional ordered Banach space. The
order relation is induced by the closed, solid, selfdual convex cone X, =

Sn1+ X Sn2+ X ... X S"d""
In the case D = Z. we have the following result.

Proposition 2.1.3. If('(Z,,S,) and (*(Z,S,. ) are the linear spaces introduced
in Examples 2.1.2 and 2.1.3, respectively, for D = Z.., then

ZI(Z-Q-’SV!) - 82(Z+38n+)'

Proof. Let X = {X (i) }iez, € ¢*(Z+,S,). This means that the series ¥ |X(i)|; is
i=0
convergent. Since lim |X(¢)|; = 0, we deduce that there exists ip > 1 such that
i—oo0

|X()|1 < 1foralli>i.
Invoking (2.7) we may write:

o ig—1 o ig—1 o
DIXOE=Y XOE+ Y XOBE< Y XOB+ Y X<
i=0 i=0 i=ig i=0 i=ig

ig—1

<X X@B+ Y X))

i=io

o io—1
So we have obtained ¥, [X(i)|3 < b IX(@)[5+ |IX||1 < +oo. Hence X € (2(Z.,S,,).
i=0 i=0

Thus the proof ends. a

At the end of this subsection we present two examples of infinite dimensional
ordered linear spaces which are not involved in the developments of the next
chapters, but they are interesting in themselves.

The first one is an example of an infinite dimensional real Hilbert space ordered
by a closed, solid, selfdual, convex cone, while the second one is an example of
infinite dimensional Banach space ordered by order relation induced by a solid,
closed, convex cone.

Example 2.1.4. Let us consider X = ¢?(Z. ,R) where

(2, ,R) = {x = (X0,X1,-.-Xn,-..); X% €R, lez < oo} )
i=0

=
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On X we consider the usual inner product (X,y),2 = Y7 x;y; for all x = {x; };>0,y =
{y,'},'zo. We set

X, = {x = {x;}iz03%0 > 0, > x7 < xg} : (2.17)

i=1

It is easy to see that X is a closed, pointed convex cone. In the finite dimensional
case the analogous of this cone is known as a circular cone.

The interior Int X'y = {x = {x;}i>0;%0 > 0,X5 , x7 < x3}. It remains to prove that
Xy is selfdual. Lety € X7. Hence

(X,¥)p2 >0 (2.18)

for all x = {x;};>0 € X+. In particular, taking in (2.18) x = {1,0,0,...,0} one
obtains yg > 0. It is easy to verify that if yg = 0 then y, =0 for all ¢ > 1. Since yo >0
it is obvious that if y, = 0 for all # > 1 we have y € X;.. Suppose now ¥~ | y2 > 0.
We take X = {X;}i>0 defined by

Xo = yo,%i = —Yyivo (2.19)
with y = (Zley,%)%]. Obviously X € X;. Replacing (2.19) in (2.18) one gets
p y,% < y% which shows that y € X'y. Thus was shown that X7 C X;. Further
take y = {y;}i>0 € X’+. We have to show that (2.18) holds for all x € X’;.. Indeed for
X € X} wehave | Y x)? < Yt x,% Yl y% < x(z)y(z) which leads to | X7 | x| <
xoyo. This is equivalent with —xoyo < Y37 xyx < xoyo Which shows that (2.18) is
fulfilled. Thus it was proved that X', C A’}. So, we may conclude that &, is selfdual.

Example 2.1.5. Let X = ('(Z.,R) be the space of sequences of real numbers x =

oo

{xi}icz, satisfying the condition '20 |xi] < eo. On X we introduce the usual norm
=

[x[l =Y |xil. (2.20)
i=0

It is known that (X, || - ||1) is a Banach space. If x = (x0,x1,...,X,,...) € X, then we
write X = (xo,X) where X = (x,x2,...,%,,...). We have ||x||; = |xo| + ||X]]1
Let Xy C X be defined by

X, ={x€l"(Zy,R);x = (x0,%),x0 > 0,[|%]1 < axo} (2.21)
where @ € (0,1) is fixed. One obtains that X, is a closed convex cone. Let & =
(1,0,...,0,...) € X;. Consider the ball B(§, o) = {x € X; ||[x—&||1 < ar}. We show

that

X+:R+-B(§,Oc):{y:tx,t6R+,xeB(’g',a)}. (2.22)
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First we show that B(E, o) C X+. Let x € B(&, &). This means that |x — &||; < o.
Hence

lxo — 1| +[1%]1 < e (2.23)

Thus 1 —xp < |xp— 1| <aand 1 —a <xp < 1+ «, hence xp > 1 —a > 0. Also
considering the cases 1 —a < xp < 1 or 1 <x9 <1+ o we can prove that

o — |xo— 1| < axp. (2.24)

Combining (2.23) and (2.24) we deduce that ||%||; < oxp. This means that x € X
Thus the inclusion

B(E,0) C X. (2.25)

is true. As a consequence of this inclusion one obtains that & € Int X, i.e. X} is a
solid convex cone. From (2.25) one obtains

R, B(E,0) C X, (2.26)

To prove the converse inclusion of (2.26) we choose x = (xg,X) € X.. Hence xo > 0.
If xo = 0, then x = 0,x = 0- & and obviously x € R, - B(&, o). Suppose now xq > 0.
We have x = xpz with z = (1,%2). We see that ||z—&||; = xiOHf(Hl < . So we
obtained z € B(&, &) which means that x € R, - B(&, &) and the equality (2.22)
holds.

Further we prove that || - ||; is monotone with respect to the cone X. Let 0 <
x <y. This means that x = (xg,%X), y = (yo,¥) with xo > 0, ||X||; < axo, yo —x0 >
0, ||§ — %|l1 < a(yo —x0). Based on these inequalities we may write successively:
Il =0+ K11y < o+ 91 = 1§ — %I <x0-+ 9]} + 0¢(yo —x0). Thus we obtain
IIx|l1 < |lyll1 — (1 — ) (yo —x0). Hence ||x||1 < ||y||1 for all 0 < x <'y. This means
that || - ||; is monotone.

2.1.3 Minkovski Norms

In order to make clearer the role of each property of the cone in the characterization
of the Minkovski norms, we assume for the beginning that X" is a real Banach space
ordered by an order relation induced by a solid convex cone X, where X’} # X. For
afixed & € Int X, we consider the open and convex subset

B: ={xecX;-E <x<&}. (2.27)

The Minkovski functional |- |¢ : &' — R associated with the subset B is
) 1
[x|e = inf St >0; TXE Be o (2.28)

The main properties of the Minkovski functional introduced by (2.28) are collected
in the next theorem.
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Theorem 2.1.4. The Minkovski functional introduced in (2.28) has the
properties:

(i) |x|e > 0and |0l =0.

(ii) |ax|e = |o||x|g for all x € R,x € X.

(iii) |x|e < 1if and only if x € Bg.

(v) |x+yle <|xlg +|yle forall x,y € X.

(v) There exists (&) > 0 such that |x|¢ < B(&)||x][,(V)x € X.

(vi) |x|¢ =1 if and only if x € dBk.

(vii) |x|g¢ < 1ifand only if x € Be.
(viii) If Xy is closed, then Eg ={xeX;-€E<x<E&}

(ix) ¢le = 1.

(x) Theset T(x)={t>0;1x€ B } coincides with the interval (|x|¢ o).
(xi) Ifx,y,z € X are such thaty < x < z, then |x|¢ < max{[y|e,|zl¢}-

Proof. Properties (i)—(iv), (vi) and (vii) can be proved in a more general setting
of Minkovski functionals, associated with some open and convex subsets in linear
topological spaces (see [55,90, 125]). The other properties are based on the special
form of the set Be given in (2.27). For details see [51]. O

From (i) and (iv) in Theorem 2.1.4 one obtains that the Minkovski functional is
a seminorm.

The next result provides a sufficient condition such that the Minkovski seminorm
becomes a norm.

Proposition 2.1.5 ([51]). If B¢ is a bounded set, then the Minkovski seminorm |- \5
defined by (2.28) is a norm. Moreover there exists o > 0 such that ||x|| < o |x|e
forallx e X.

Proposition 2.1.6 ([51]). If the cone X, is normal, then for all & € Int X, the set
Be is bounded.

Specializing the results from Theorem 2.1.4, Proposition 2.1.5, Proposition 2.1.6,
to the Banach spaces given in Example 2.1.1, Example 2.1.4, and Example 2.1.5,
we obtain:

Corollary 2.1.7. In the case of the Banach space (ST, || - ||-) introduced in the
Example 2.1.1, the following hold:

(i) IfD=1{1,2,....d} and J* = (I,,1,,...,1I,) € Int..S',‘fJr then the Minkovski norm
—_———
d
defined by (2.28) for & = J% is:
X0 = 11X |- (2.29)

forall X = (X(1),X(2),...,X(d)) € SZ.
(ii) If D =Z4 and J* = (Iy,1n,...,1y,...) € IntS;;. then the Minkovski norm
introduced by (2.28) for & = J= is given by
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X = [1X]|eo (2.30)

forall X = {X(i)}icz, .

Remark 2.1.5. For shake of brevity we shall use |X| and |X| respectively, instead of
|X| 4 and |X| =, respectively, for the Minkovski norms defined by (2.29) and (2.30),
respectively, if no confusions are possible.

Corollary 2.1.8. (i) In the case of the Banach space X = (*{Z, R} ordered by
the order relation induced by the cone (2.17) the Minkovski norm defined by
the sequence § = (1,0,...,0,...) € IntX, is given by |x|¢ = |xo| +[&[2, Vx =
(x0,%) € *(Z,R).

(ii) In the case of the Banach space X = ('{Z. ,R} ordered by the order relation
induced by the cone (2.21) the Minkovski norm defined by the sequence
& =(1,0,...,0,...) € IntX, is given by x|z = |xo| + & [I&]|1, VX = (x0,%) €
(Y(Z, ,R).

2.1.4 Linear Positive Operators on Ordered Banach Spaces

Let (X,]]-||) be a real Banach space ordered by the closed, solid, normal, convex
cone X,.

If (), || -||) is another Banach space, then B(X',)) stands for the space of linear
and bounded operators defined on A" and taking values in ).

When X’ = Y we shall write B(X') instead of B(X', X).

Under the considered assumptions, the Minkovski functional |- [ is a norm
equivalent with the norm || - || on X.

If T € B(X) then ||| and ||T'[|¢ are the operator norms of 7', induced by || - ||
and |- [¢, respectively. This means that

ITI] = sup [|Tx]| (2.31)
xf<1

T]le = sup |Txe. (2.32)
[xle<1

Remark 2.1.6. Based on (2.31) and (2.32) and the equivalence of the norms || - ||
and |- [ one deduces that there exists the positive constants ¢y, ¢z such that

allTl < Tlle < e Tl (2.33)

forall T € B(X).
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Definition 2.1.4. Let (X, X, ), (), V) be two ordered linear spaces with the order
relation induced by the convex cones X and ).y, respectively. An operator T €
B(X,)) is called positive operator if 7X} C Y. In this case we shall write T > 0.

By definition, if 77,7, € B(X) then T} < T or equivalently 7> > T; if and only if
T».—T > 0.
Also T <0if and only if =7 > 0.

Remark 2.1.7. If T : X — X is a linear bounded and positive operator then 7 is a
monotone operator. This means that Tx < Ty if x <y. Indeed, x <y iff y—x € X}
hence, T'(y —x) > 0 which is equivalent to Tx < Ty.

Proposition 2.1.9. If X is a real Hilbert space ordered by the selfdual convex cone
Xy and if T € B(X) then T > 0iff T* > 0.

Proof. “—” Let us assume that 7 > 0. This means that Tx € X, if x € X, Since
X, = X} we deduce that (Tx,y) > 0 for arbitrary y € X’. This is equivalent to
(x,T*y) > 0 for all x € X.. Hence T*y € X} which leads to T*y € X, because
Xy = &7, Since y € A, is arbitrary, we may conclude that 7* > 0. The converse
implication may be proved in a similar way using 7" instead of 7 and taking into
account that (7*)* = T. Thus the proof in complete. O

The next result will be repeatedly used in the developments of this chapter.
It provides a simple formula of the operator norm of a bounded linear positive
operator induced by the Minkovski norm.

Theorem 2.1.10. Let (X,||-||) be a real Banach space ordered by a solid, closed,

normal, convex cone X.. Let & € Int X be fixed. Then for every positive operator
T € B(X) we have ||T||¢ = [T&]c.

Proof. Based on (vii) and (viii) in Theorem 2.1.4 we deduce that |x| £ < 1 if and
only if —§ <x < €. Since T > 0 we deduce that it is a monotone operator; hence
—T& < Tx < TE forall x € X with lxle < 1.

Applying (xi) from Theorem 2.1.4 we infer that |Tx[z < |T & for all x € X with
g < 1.

Since [§]e = 1 we get: [TE|e < ‘s‘up |Txle <|TE]e.

X§§1
Invoking (2.32) we may conclude that ||T ||z = |T'|¢ which ends the proof. [

Using the equality proved in the above theorem together with the monotonicity
of the Minkovski norm, we obtain:

Corollary 2.1.11. [fT; € B(X), k= 1,2 are such that Ty < T then ||Ti||¢ < ||T2||¢.
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2.2 Linear Differential Equations with Positive Evolution
on Ordered Banach Spaces

2.2.1 Linear Evolution Operators on Ordered Banach Spaces

Let (X,] - ||) be a real Banach space. Let Z C R be an interval of real numbers. Let
L : T — B(X) be a strongly continuous operator valued function. This means that
for each x € X the vector valued function r — £(z)x is continuous on Z.

We consider the linear differential equation on X’:

d
Ex(t) = L(1)x(1). (2.34)

Based on the developments in Chap.3 of [31] we deduce that for each (¢y,xp) €
T x X there exists a unique C'-function x(+310,x0) : Z — X satisfying (2.34) and the
initial condition x(#y; 2, X0) = Xo.

In Chap. 3 of [31] it is shown that there exists an operator valued function 7 : Z X
7 — B(X) with the property that x(¢;t9,x0) = T (¢,f0)xo for all #,29 € Z and xp € X.
The operator valued function (¢,7) — T (¢,T) or T(¢,7) for shortness is named
the linear evolution operator on X defined by the operator valued function £(-)
or equivalently the linear evolution operator defined on X’ by the linear differential
equation (2.34).

Often, we shall write T'(¢, 7) instead of T, (¢, ) if confusions are not possible.

Remark 2.2.1. A linear evolution operator 7' (¢,7) on a Banach space X has the
properties (see [31] Chap. 3 for details).

(i) t — T(¢t,7) is the unique solution of the problem with given initial value on

B(x)
d
X0 =LOX (@), X(7) =Lz
where Iy is the identity operator on X'. More precisely,
d
ETO’T) =L()T(t,7),t €T (2.35)
T(t,7)=Ix.

(i) T—T(t,7):Z — B(X) satisfies

%T(n 7)=—-T(t,7)L(T)VT € L. (2.36)

(iii)

T(t,0)T(1,5) = T(t,s), (V) t,7,5 €. (2.37)
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(iv) Foreach (¢,7) € Z x T, the operator T (¢, 7) is invertible and 7! (¢,7) € B(&X).
More precisely, we have T7!(t,7) = T(1,1).

@ o< e

(vi) If L(t) = £ € B(X) then T'(t,7) = ¢“(~7), where e* Z o " C*. This series
k=

is convergent in the topology induced by the operator norm unlformly on any
compact subinterval of R.

(vii) fZ=Rand L(r+0) = L(r) forallt € R and some 6 > 0 then T (t +k0, 7+
k@) =T(t,7) foranyr,7 € R, k€ Z.

(viii) Based on the uniqueness of the linear evolution operator one shows that for
any o € R, Ty, (1,7) := e®~IT (1, 7) = e XU~ T (¢, 7) is the linear evolution
operator on X defined by

%x(t) — (ol + L(1))x(1).

The strongly continuous operator valued function £(-) defines also the linear
differential equation

d
(1) + L)y () =0, (238)

Applying the results from Chap. 3 of [31] to the operator valued function t — —L(t)
we deduce that for each (79, y0) € Z x X the linear differential equation (2.38) has a
unique solution y(+;#y,y0) : Z — X which satisfy the initial condition y(#y;1,y0) =
Yo One proves also that y(;19,y0) = T2 (t,f0)yo for all (£;19,y0) € Z x Z x X where
TA(t,10) : T x T — B(X) is the anticausal linear evolution operator on X generated
by the operator valued function £L(-) or, equivalently, the anticausal linear evolution
operator on X generated by the linear differential equation (2.38).

In the sequel, we shall write T%(t,1y) instead of T/(z,1), if confusions are not
possible.

Remark 2.2.2. Many of the assertions of Remark 2.2.1 remains valid if the causal
linear evolution operator T(¢,7) is replaced by the anticausal linear evolution
operator T%(¢, 7).

In the case of anticausal linear evolution operator, the statements (i), (ii), (vi)
from Remark 2.2.1 become:

(') for each T € Z, t — T%t,7) is a C'-function which satisfies the linear
differential equation on B(X'):

%T”(r,r) = —L(OT*(1,7) (2.39)

and the initial condition T%(7,T) = Iy.
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(ii’) foreachr € Z, T — T%(r,1) satisfies:

d a _ a
ET (t,7) =Tt,7)L(1). (2.40)

(vi') if L(r) = L € B(X), 1 € R, then, T¢(r,7) = “(F ),V 1,7 € R,

Beside the linear differential equations (2.34) and (2.38) respectively, we associate
the following affine differential equations:

9 x(0) = L)+ £0) (2.41)
and
)+ L) +5() =0 42

where L(-) is an operator valued function as before, and f: Z — X, g: Z — X are
continuous vector valued functions.
The solutions of (2.41) and (2.42) have the following representation formulae:

x(t310,%0) = Tt 10)x0 + / T(t,5)f(5)ds (2.43)

fo

forall € [tg,o°) NZ, xp € X and

fo
(tt0.30) = T*(tsto)yo + [ T(e,5)g(s)ds (2.44)
t

forallz € (—eo;19] NZ, yo € X.

In the development from this chapter, the affine differential equation of type
(2.41) will be called forward affine differential equation while affine differential
equations of type (2.42) will be named backward affine differential equations.

Remark 2.2.3. If y(t) is a solution of the backward affine differential equation

0+ L) +50) =0

then £(t) defined by £(r) = y(—) is a solution of the forward affine equation <x(r) =
L(t)x(t) + f(t) where L(t) = L(—t) and f(t) = g(—1).

Moreover if T“(t,1y) is the anticausal evolution operator defined by the operator
valued function £(-), then T'(,ty) defined by

T(t,t0) = T*(—t,~t0), Vt,to €L ={t cR;—t € I} (2.45)

is the causal evolution operator defined by the operator valued function L£:7T—
B(X), L(t) = L(—1).
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2.2.2 Linear Differential Equations with Positive Evolutions
on Ordered Banach Spaces

Let (X,] -||) be a real Banach space ordered by a solid, closed, normal, convex cone
X,
Let £: 7 — B(X) be a strongly continuous operator valued function.

Definition 2.2.1. We say that the operator valued function £(-) generates:

(1) a causal positive evolution on X, or a positive evolution (for shortness) if
Te(t,10) Xy C Xy, forallt > 19, 1,00 € L.

(ii) an anticausal positive evolution on X, if T{(t,10)X. C Xy, for all
t <tp,t,tg €.

With other words, the operator valued function £(-) generates a positive evolution
on A if the solutions of the linear differential equation (2.34) have the property that
x(t;t0,x0) € Xy forall t > 1, t,1g € Z if xo € X. In this case we shall say that the
linear differential equation (2.34) defines a positive evolution on X'.

Similarly the operator valued function £(-) generates an anticausal positive
evolution on X if and only if the solutions of linear differential equation (2.38)
have the property that y(;f0,y0) € X4, for all t < 1y, t,10 € Z, if yp € X. In this
case, we shall say that the linear differential equation (2.38) defines on anticausal
positive evolution on A’

Based on (2.45) we obtain.

Corollary 2.2.1. Let L : Z — B(X) be a strongly continuous operator valued
function and L(t) = L(—t), t € L. Then the operator valued function L(-) defines
an anticausal positive evolution if and only if the operator valued function ﬁ()
generates a causal positive evolution on X.

In the sequel we shall provide some useful properties of the operator valued
functions which generate positive evolution on X.

Definition 2.2.2. Let £ € B(X). We say that the linear and bounded operator

L is:

(i) resolvent positive if there exists Ay € R such that (AIy — £)~' € B(X) and
(Aly —L£)~' >0, forall 1 > Ao.

(i) quasimonotone if for all x € d X, there exists ¢ € X\ {0} such that ¢(x) =0
and @(Lx) > 0.

Theorem 2.2.2. Let (X,||-||) be a real Banach space ordered by a solid, closed,
normal convex cone X If L € B(X) then the following are equivalent:

(i) e~ >0, (V)t >0.

(ii) L is a resolvent positive operator.
(iii) For all x € dX, and all ¢ € X7\ {0} with ¢(x) =0 it follows ¢(Lx) > 0.
(iv) L is a quasimonotone operator.
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Proof. (i) — (ii) If (i) is true, then e“’xy > 0 for all + > 0 if xo € X,.. Obviously
el L=Mx)xy e X, forallr >0, A € R, xg € Xy. On the other hand

et EA2) || < QlIEI=R -y > g, (2.46)

T T
Chose A > ||£]|. Since ||fe(£’“X)’xodt|| < f||e<£’“?f)txo|\dt we obtain via

o

(2.46) that R(A,L)xo fe(L Mx)txodt is well defined by fe (L=Alx)ty dr =

(=]

lim fe (£=ALx )yt
T—e0p)

Moreover R(l L) is a linear operator. Using again (2.46) we deduce
IR(A, L)x|| < RV Hﬁll ||x|| This allows us to conclude that R(A, L) € B(X) for all
A >|L]]. On the other hand R(A, L)X C X, because X is a closed convex cone.
Further, by direct calculation one obtains that:

My —L)R(A,L)x=x
and
RAL)Y ALy — L)x =

for all x € X. Hence R(4,L) = (Ax — £)~!, for all A > ||£]|. So we have shown
that for arbitrary A > || £, (Alxy — £)~! is well defined and it is a positive operator.
Thus the proof of implication (i) — (ii) is complete.

We prove now that (ii) — (iii). Let x € X and @ € X \ {0} be such that
@(x) = 0. If (ii) holds then there exists o > 0 such that (Iy —¢£)~' > 0 for all
t€10,00).

Let k : [0,00) — R be defined by K(¢)

e

= @((Ix —tL£)"'x). It follows that
x(0) =

k(1) > 0,Vr € [0, ) because ¢ € X7. Sinc 0 we obtain
d
EK(fﬂt:o = ¢(Lx). (2.47)

Thus we may conclude via (2.47) that ¢(Lx) > 0 which confirms that (i) — (iii)
is true. Let us assume that (iii) holds and let us show that £ is quasimonotone.
Take xp € d X} be arbitrary. Based on Theorem 2.1.2 we deduce that there exists
¢ € X\ {0} such that @(xp) = 0. If (iii) holds, it follows that @(Lxg) > 0. This
confirms that £ is quasimonotone.

Finally, let us show that (iv) — (i). Assume that (iv) holds. Choose & € Int X, and
6 > 0 a small parameter. Let x5(¢), r > 0 be the solution of the linear differential
equation

d
Ex(t) = Lx(t)+6& (2.48)
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with the initial condition x5(0) = xo € IntX,. It is obvious that x5(¢) € Int X if
t > 0 is sufficiently small. We show that xg(7) € Int X for arbitrary ¢ > 0.

Let us assume by contrary that there exists 7 > 0 such that x5 (f) & Int X, . Let
fo = inf{z > 0;x5(¢) & Int X }. From the definition of 7o, one obtains that x5(fp) €
dX; and xg(r) € Im Xy if 0 <t < ty. From (iv) and Theorem 2.1.2 it follows that
there exists ¢ € X} \ {0} such that ¢(x5(t9)) = 0 and @(Lxs(to)) > 0. Let us define

g(t) = ¢(x5(1)), 1 > 0. We have g(r) > 0if 0 <7 < 1o and g(fo) = 0. Thus £2 <0

Tp
if # < ty. This leads to %g(t)|t=,0 < 0. On the other hand, from (2.48) one obtains

778(10) = 9(Lxg(10)) +89(8).

Invoking Lemma 2.1.1 we may conclude that 0 > % g(t) > 0 which is a contradic-
tion. Therefore we may conclude that x5 (¢) € Int X for all £ > 0. On the other hand,
from (2.43) we deduce that

t
x5(t) = ¢“'x0 + 5/ e“UEds,
0

Hence for each fixed t > 0 we have

lim x5(t) = e“'xo. (2.49)
0—04
This leads to e“'xo € X, ¥t > 0, and xo € Int X, because X, is a closed convex
cone.
Taking again into account that &X', is a closed convex cone and Xy C Int X, (see
[55]), we deduce that (i) is true. Thus the proof is complete. O

The result proved in the previous theorem may be extended to the time-varying
case:

Theorem 2.2.3. Let (X, ||-||) be a real Banach space, ordered by the closed, solid,
normal convex cone Xy.

Let L : T — B(X) be a strongly continuous operator valued function. Under
these conditions the following are equivalent:

(i) L(-) generates a positive evolution on X;
(ii) foreacht € L, L(t) is a resolvent positive operator.

Proof. (i) — (ii) Let us assume that £(-) generates a positive evolution on X and
we prove that L£(¢) is resolvent positive for all # € Z. Let us assume by contrary that
there exists 7 € Z such that £(7) is not resolvent positive. Based on the equivalence
(ii) < (iii) from Theorem 2.2.2 we deduce that there exists x € d X \ {0} and ¢ €
X7\ {0} such that ¢(x) =0 and @(L(7)x) < 0. Let x(r) be the solution of the
problem with given initial values:
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Hence x(f) € X, for all ¢ € [1,00) NZ, because L(-) generates a positive evolution
on X. On the other hand if g(¢) = ¢@(x()) we have g(7) =0 and %g(r) <0.

Therefore there exists & > 0 sufficiently small such that g(t+1¢) < 0 or
equivalently ¢(x(t+8)) < 0. Hence, x(7+ &) ¢ X which contradicts the fact that
L(+) generates a positive evolution. So we have shown that the implication (i) — (ii)
holds.

The proof of the implication (ii) — (i) may be done in a similar way as the proof
of implication (iv) — (i) in Theorem 2.2.2. Here we shall display only the parts
which are specific to the time-varying case. Let x5(¢) be the solution of the problem
with given initial values

d

EXS (1) = L(t)xs(t) + 6& (2.50)
)C3(l‘0) =Xp € IntX+7

where & > 0 is sufficiently small and & € Int X, is fixed. Following step by step

the reasoning in the proof of implication (iv) — (i) in Theorem 2.2.2 we deduce that

x5(t) € Int X, for all ¢ € [tg,o0) NZ. Using (2.43) in the case of (2.50) we obtain

t
x5(t) =T(t,10)x0+ 0 [ T(t,s)Eds. Letting § — 0, and taking into account that X’}
1

0
is a closed, convex cone, we deduce that

T(t,10)x0 > 0,Y19 € Z,1 € [t9,00) N T 2.51)

and xo € Int X, . Using again the fact that X, is a closed convex cone, we conclude
that (2.51) holds for any ¢ € [tg,o) NZ and any #y € Z, xo € X4. Thus the proof is
complete. a

Further we prove.

Lemma 2.2.4. Let (X,||-||) be a real Banach space ordered by the closed, solid,
normal, convex cone Xy. Let L € B(X), k = 1,2, be such that L1 < L. If L1 is
resolvent positive operator, then L; is resolvent positive operator too.

Proof. Let A > ||L1]|. As in the proof of implication (i) — (ii) of Theorem 2.2.2

one shows that (Aly — L)~ 'x = [e£1=*x)xds, Vx € X. Moreover we have that
0

(11—51)7])6 € X+ ifx e X+ and

1

My —L)7V < —nue
H( X 1) H = A_HEIH

(2.52)

for all A > ||£1||. Further we write

(M — L£2) = (Mx — £1)(Ix —U(1)) 2.53)
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where U(A) = (Alx —£1) "' (L2 —L1). We have U(A) >0 forall A > || £ || because
(AIX —£1)71 >0 and (,Cz —[:]) > 0.

Moreover if A > Ao := || £1]| + ||£2 — £1|| we obtain that ||[U(A)]| < 1. Hence,
Iy —U(A) is invertible and (Iy —U())~! € B(X). Since (Ix —U(A))~! =
Y (U(A))* we deduce that (Iy —U(A))~' >0 for all 2 > Ao. Finally, from (2.53)

we deduce that (Ax — £2)~' = (Iy —U(A)) " (Ix — £1)', VA > A9 > 0. So the
proof is complete. ad

In the time-varying case the following result holds.

Theorem 2.2.5. Let (X, || -||) be a real Banach space ordered by the closed, solid,
normal, convex cone X.. Let Ly : T — B(X), k = 1,2, be two strongly continuous
operator valued functions. Assume that L1(t) < L;(t) for all t € . Under these
conditions, the following hold:

(i) If the operator valued function Li(-) generates a positive evolution on X,
then the operator valued function L, (-) generates a positive evolution on X.
Moreover, if Ti(t,1y) are the causal linear evolution operators on X, defined by
the linear differential equations

d
dr’
then Ty (t,10) < Ta(t,t0) for all t > to, t,t9 € L.

(ii) If the operator valued function L|(-) generates an anticausal evolution oper-
ator on X, then the operator valued function Ly(-) generates an anticausal
positive evolution operator on X. Furthermore, if T{(t,19), k = 1,2, are the
anticausal linear evolution operators on X defined by the linear differential
equations

() = Ly()x(2), k=1,2,

d
7O+ L0)y(r) =0,k =1,2,
then T (t,t0) < T5(t,1t0) Vit <to, 1,00 € L.

Proof. (i) The fact that £,(-) generates a causal positive evolution on X’ follows
combining Theorem 2.2.3 and Lemma 2.2.4. Further, we write %x(t) = Lo(1)x(z)

as %x(t) = L1(t)x(t) + f(¢) where f(¢) = (La(t) — L1(2))x(1).
Applying (2.43) and using x(¢) = T»(¢,#)) we obtain:

Tz(tJ())X() =T (t,to)Xo -l-/T] (Ls)(ﬁg(s) — ﬁl(s))Tz(S,t())X()dS (2.54)

fp

Vit>1,t,t0 €L, x9 € Xy
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Since L () generate a positive evolution on X we have Ti(z,s) > 0, Tx(s,7) > 0
for all + > s > 19, t,1p € Z. Based on L3(s) — L£1(s) > 0 we may conclude that

'
le (t,S)(LQ(S) — ﬂl(s))Tz(S,lo)deS >O0forallt > 1y, t,t0 €Z, xg € Xy. So (2.54)
fo
leads to
(Ta(t,10) — Ti (t,10))x0 = O

forall t > 1y, 1,00 € Z, Vxo € Xy. Hence T»(t,19) > T (¢,to) and thus the proof of (i)
is complete.

The proof of (ii) follows immediately from the first part, (i) and the Corol-
lary 2.2.1. a

Corollary 2.2.6. Let L(-),I1(-) be two strongly continuous operator valued func-
tions defined on T, taking values in B(X'). Assume that T1(¢t) > 0 for all t € T. Then
the following are true:

(i) If L(-) generates a positive evolution on X, then L(-) +TI(-) generates a
positive evolution on X.
(ii) If L(-) generates an anticausal positive evolution on X, then L(-) +TI(-)
generates an anticausal positive evolution on X.
(iii) TI(-) generates both a causal positive evolution and anticausal positive
evolution on X.

Proof. (i) and (ii) follows immediately from Theorem 2.2.5 taking £,(¢) = L(r)
and £(r) = L(t) +TI(¢). For (iii) one applies Theorem 2.2.5 for £;(t) = 0 and
Lo(1) =TI(¢).

2.3 Exponential Stability of Linear Differential Equations
with Positive Evolution on Ordered Banach Spaces

In this section (X, || - ||) is a real Banach space ordered by a solid, closed, normal,
convex cone Ay .

Let £:Z — B(X) be a strongly continuous operator valued function. This
function defines the forward linear differential equation (2.34) as well as the
backward linear differential equation (2.38). In the developments of this section
T(t,7) stands for the causal linear evolution operator on X" defined by the linear
differential equation (2.34) while T“(¢,7) denotes the anticausal linear evolution
operator on X defined by the backward linear differential equation (2.38).

Definition 2.3.1. (i) We say that the zero state equilibrium of the linear differen-
tial equation (2.34) is exponentially stable, or equivalently, the operator valued
function £(-) generates an exponentially stable evolution if there exist the
constants 8 > 1, oo > 0 such that

IT(t,t0)|| < Be~*(—10) (2.55)

forallt > 1y, t,t0 € L.
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(i) We say that the zero state equilibrium of the linear differential equation (2.38)
is anticausal exponentially stable, or equivalently, the operator valued function
L(-) generates an anticausal exponentially stable evolution on X’ if there exist
the constants § > 1, o > 0 such that

IT%(t,10)[| < Be™—10) (2.56)

forallt <ty,t,t0 € L.

Since both (2.34) and (2.38) are linear differential equations we will often say
that the linear differential equation (2.34) is exponentially stable and the linear
differential equation (2.38) is anticausal exponentially stable, respectively, if (2.55)
and (2.56), respectively, are fulfilled.

It is worth mentioning that under the considered assumptions for any & € Int X,
the corresponding Minkovski functional || - [|¢ is a norm equivalent with the norm
Il -1l (see (2.33)). Therefore, the above definition may be stated in terms of the
operator norm || - ||¢ for some & € Int X,

The criteria for exponential stability derived in this section are different from the
ones based on the method of Lyapunov functions.

t
In the developments of this section the following integrals [ T(z,s)f(s)ds

—oo

oo t
and fT“(t,s)g(s)ds will be involved. By definition, [ T(t,s)f(s)ds =

T——co

o T
lim fT(t $)f(s)ds and [T%(t,s)g(s)ds = Tlgn JT%t,s)g(s)ds if the limits
t <t

t
from the right-hand side exist. In this case we shall say that [ T(¢,s)f(s)ds

—oo

and [T“(t,s)g(s)ds are convergent. We shall say that these integrals are absolute
t

t oo
convergent if [ ||T(z,s)f(s)||ds < +eoand [ ||T(z,5)g(s)||ds < +oo.
t

—oo

Remark 2.3.1. Based on the inequalities of the form:

/T(t,s)f(s)ds—/T(t,s) /HTts lds|, Vi, <t

or,

/
)

/T“ts dsf/( /||T“ts 5)ds|,
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respectively, one obtains via Cauchy criteria of the existence of the limit of
t oo

a function that [ T(z,s)f(s)ds and [T%(t,s)g(s)ds are convergent if they are
—oo t

absolute convergent.

The converse implication is not always true. However in the next subsections we
shall see that they become equivalent under the exponential stability condition of
linear differential equations (2.34) and (2.38), respectively.

The next result will be repeatedly used in the proofs of this section:

Lemma 2.3.1. (i) Assume T = (—o;a) with a < . Let L : T — B(X) be a
strongly continuous operator valued function and f : T — X be a continuous

t
vector valued function. If for each t € Z, [ T(t,s)f(s)ds is convergent, then

t
the function %(t) = [ T(t,s)f(s)ds is differentiable and solves the affine

differential equation %x(t) = L(t)x(t) + f(2).

(ii) Assume T = (a,o) with a > —eo. Let L : T — B(X) be strongly continuous
operator valued function and T®(t,T) be the anticausal linear evolution
operator on X generated by L(+). Let g : T — X be a continuous vector valued

Sunction. If for each t € Z, [T%(t,s)g(s)ds is convergent, then the function
t

$(t) = [T(t,s)g(s)ds is differentiable and solves the backward affine equation
t
Ly(O)+ L) +8(t) =0,V t€T.

Proof. (1) Let 7 € 7 be fixed. Based on the properties of the linear evolution operator
T(t,s) (see Remark 2.2.1) we may write:

1
K1) = T(t, 7)x(1) + / T(1,5)f(s)ds, ¥ 1 € .
T
Therefore (see [31]) %(¢) is differentiable and it solves the affine differential
equation:
45
dt
(i) May be proved similarly. The details are omitted.

(6)=L(@)x¢)+f(t), tel.

2.3.1 Ciriteria for Causal Exponential Stability

Throughout this section & € Int X, is a fixed vector. We know that the Minkovski
functional | -|¢ is a norm equivalent with the norm || - || of the Banach space X". Thus
we obtain via (2.33) that the exponential stability of the linear differential equation
(2.34) is equivalent to
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1T (1,10)||¢ < Be™ ") (2.57)

for all t > 1y, t,t9 € Z, for some 3 > 1, a > 0 not depending upon ¢, .
The first result specific to the case of linear differential equations defined by
operator valued functions which generates a positive evolution is the following.

Proposition 2.3.2. Under the considered assumptions the following statements
hold:

(i) If L:T — B(X) is a bounded and strongly continuous operator valued function
which generates a positive evolution, then the corresponding linear differential
equation (2.34) is exponentially stable iff there exist B > 1, o > 0 such that

ke(t3t0. &) < Be™*= g

forallt >ty, t,ty € L.
(ii) Let Ly : T — B(X), k= 1,2 be two bounded and strongly continuous operator
valued functions.

Assume: (a) L1(t) < Ly(t), t € L.

(b) L1(-) generates a positive evolution on X.

(c) The linear differential equation %x(r) = L,(t)x(t) is exponentially stable.
Under these conditions the linear differential equation %x(l) = L1(0)x(t) is
exponentially stable.

Proof. (i) Follows immediately from x(¢;t,&) = T (¢,4)& together with (2.57) and

Theorem 2.1.10

To prove (ii) we remark that from assumptions (a) and (b) together with
Theorem 2.2.5 (i) we deduce that £,(-) generates also a positive evolution and
Ti(t,t0) < Ta(t,to). Further from Corollary 2.1.11 we deduce that ||T;(z,%)|g <
||T2(l‘,t())H5, forallt > 1y, t,10 € L.

The conclusion follows from (2.57) written for 75(¢,fp). Thus the proof is
complete. a

Remark 2.3.2. The statement of Proposition 2.3.2 (i) emphasizes an interesting fact
specific to linear differential equations with positive evolution. In the case of these
kinds of linear differential equations, the exponentially stable behavior of a single
solution x(t;1, &) implies the exponentially stable behavior of all solutions, that is,
the exponential stability of the considered differential equation.

We note that if Z C R is a right unbounded but left bounded interval, then without
loss of generality, we may take Z =R .
In this case we have:

Theorem 2.3.3. Let L : Ry — B(X) be a bounded and strongly continuous
operator valued function. Assume that L(-) defines a positive evolution on X. Then
the following are equivalent:
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(i) L(-) defines an exponentially stable evolution on X.
(ii) There exists 6 > 0 not depending upon t and to such that ft IT(z,s)||ds < &, for
allt >ty > 0. °
(iii) There exists & > 0 not depending upon t and 1y such that f[T(t,s)éds < 8¢,

fo
forallt >ty > 0.

(iv) The solution with initial value x(0) = 0 of the affine differential equation

d
X0 = L(0)x(1) +8 (2.58)

is bounded.
(v) For each bounded and continuous vector function f : Ry — X the solution
with initial value x(0) = 0 of the affine differential equation

d
Ex(t) =L(t)x(t)+ f(2) (2.59)

is bounded.

Proof. The proof of the implications (i) — (ii) — (iii) — (iv) are obvious. We proof
(iv) = (v). If (iv), holds then there exists it > 0 such that | [§ 7'(¢,5)&ds|¢ < p for all
t e R,. Let f: Ry — X be a continuous and bounded vector function. This means
that there exist the real numbers 0y, 6, such that

018 < f(s) < &E

for all s > 0. Since T'(z,s) > 0 we deduce that it is a monotone operator. Hence

ST (1,5)6 <T(t,5)f(s<&T(t,5)G

for all + > s > 0. This leads to

o1 ./OZT(t,s)éds < /OtT(t,s)f(s)ds < 52/(;T(t,s)§ds

for all > 0. Applying Theorem 2.1.4 (xi) we deduce that

/t T(t,s)f(s)ds
0

. ) ‘/(;T([,S)éds

¢

for all 1 > 0 where & = max{|8,|,|8|}. Thus we have obtained

<ou

/ T (,5)f(s)ds
0

¢
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for all #+ > 0. This allows us to conclude that

for all + > 0 which shows that (v) is true. The implication (v) — (i) is the infinite
dimensional version of the Peron’s theorem (see [74,107]). O

<ih

/HXLQf@Ms
0

Remark 2.3.3. The equivalence (i) <> (iv) of Theorem 2.3.3 reveals another interest-
ing fact specific to linear differential equations with positive evolution. It is known
from Peron’s theorem that the exponential stability of a linear differential equation is
characterized via the boundedness of the solutions with zero initial value of all affine
differential equations of type (2.59) corresponding to all forcing terms f(-) which
are bounded and continuous vector valued functions. In the case of linear differential
equations with positive evolution, the exponential stability can be deduced from
the boundedness of the solution with zero initial value of a single affine equation,
namely (2.58).

Definition 2.3.2. We say that the vector valued function f : Z — X is uniformly
positive if there exists a constant ¢ = ¢(f) > 0 such that f(¢) > ¢&, forallz € Z. In
this case we shall write f(z) > 0, t € Z. Also we shall write f(t) < 0, € Z if and
only if —f(r) > 0,1 € 1.

Remark 2.3.4. A more natural definition of uniform positivity of a vector valued
function would be: f : Z — X is a uniform positive vector valued function if there
exists § = §(f) € Int X+ such that f(¢) > { forall r € T.

Let By be the open and convex set associated via (2.27) with the vector e
IntX,.. Then, by (2.28), there exists ¢ > 0 such that ¢§ € By. That is —{ < & <
{. Thus we obtain that f(r) > ¢& for all r € Z, and thus we proved that the two
definitions of uniform positivity are equivalent.

The next auxiliary result will be repeatedly used in the developments in this
section.

Lemma 2.3.4. Let £: 7 — B(X) be a bounded and strongly continuous operator
valued function. Let T (t,ty) be the corresponding linear evolution operator. Then
foreach § € IntX,, there exists 1y = 19({) > 0 such that

¢ (2.60)

| —

T(t,7)¢ >

forallt,t€eZ,t>1,t—7< 1.
Proof. Let T € Z be arbitrary but fixed and x;(¢) = T'(¢,7){. We have

xao:c+/cwhum& 2.61)
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t
Hence ||x;(t)]| < |||+ B [ ||xz(s)||ds where B = sup ||L(s)||. Applying Gronwall’s
T sel

Lemma we deduce ||x¢(¢)|| < || ||eB*=7), forallt > 7,r,7 € T.
Using the last inequality we obtain from (2.61) that:

ke (r) = £ < NP — 1),

Furthermore we deduce, via Theorem 2.1.4 (v) that

re(t) = Ele < BONSNEP —1). (2.62)

Choose 7y > 0 such that B(&)[|¢||(eP*=% — 1) < 1 for all # — 7 < 7). Hence (2.62)
becomes |x;(1) — (s < 1 or equivalently |2(x(t) — Ole < 1.

Applying Theorem 2.1.4 (iii) we get 2(x¢(t) — {) € B or equivalently —§ <
2(x¢(t) — &) < & which leads to x;(t) > 1 ¢, forallt > 7,7 — 7 < 7y which completes
the proof. 0

Remark 2.3.5. The result proved in Lemma 2.3.4 remains valid in a more general
setting than the one adopted in this section. In the proof of this result we do not need
to assume 7'(¢,7) > O or that the Minkovski functional || - ||¢ is a norm.

Corollary 2.3.5. Assume I = (—o0,a),a < +oo. Let L : T — B(X) be a bounded
and strongly continuous operator valued function generating a positive evolution on
X. Let f: T — X, be a continuous vector valued function such that f(t) > 0,t € I.
Ifx: T — X is a solution of the affine differential equation %x(t) =L()x(t)+ f (1),
then x(t) >0, t € L.

Proof. Recall that f(¢) > 0, t € Z means that there exists ¢ > 0 such that f(r) > ¢&,
t € Z. Since T (t,s) > 0 for t > s we deduce that

T(t,s)f(s) >cT(t,5)& (2.63)
forallt > s,t,s € Z. Let 1o = 79(&) > 0 be provided by Lemma 2.3.4 for §{ = £. We
write x(t) = T (¢, 7)x(7) —|—jt'T(t,s)f(s)ds. We have x(¢) > jt'T(t,s)f(s)ds. Invoking
(2.63) we have: i i

x(t) > C/T(t,s)éds,t > 1.

Taking T =t — 7p we obtain via Lemma 2.3.4 that

To

x(r) > ¢( > )6, (V) tel.

Thus we obtain x(7) > 0, r € Z which completes the proof. O
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The next result provides a list of criteria for exponential stability for linear
differential equations with positive evolution in the case when Z is a left unbounded
interval.

Theorem 2.3.6. Assume Z = (—eo,a) witha < +oo. Let L : T — B(X) be a bounded
and strongly continuous operator valued function. Assume that L(-) generates a
positive evolution on X. Under these assumptions the following statements are
equivalent:

(i) L(-) generates an exponentially stable evolution.
t
(ii) For each t € T the integral [ T(t,s)Eds is absolute convergent and there

—oo

exists & > 0 not depending upon t, such that

t
0< /T(;,s)gdsg 5, VieT. (2.64)

1
(iii) For eacht € T the integral [ T(t,s)Eds is convergent and there exists § > 0

not depending upon t, such that

t
0< /T(t,s)&ds <8, Vel (2.65)
(iv) The affine differential equation
d
%x(t) =L()x(r)+& (2.66)

has a bounded and uniformly positive solution.
(v) For each bounded, continuous, and uniformly positive vector valued function
f:Z — X the affine differential equation

d
Ex(t) = L(t)x(t)+ f(2) (2.67)

has a bounded and uniformly positive solution.

(vi) There exists a bounded, continuous, and uniformly positive vector valued
function f:T — X such that the corresponding affine differential equation
(2.67) has a bounded solution X : T — X,..

(vii) There exists a C' vector valued function z : T — X bounded with bounded
derivative z(t) > 0, t € Z which solves the following linear differential
inequality:

- %z(r) +L(t)z(t) < 0, t € T. (2.68)
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Proof. If (i) holds, then we obtain, via (2.57) that

t
/HT(I,S)HgdS <8, VieT (2.69)

with § = g Based on the equivalence of the operator norms, || - || and || - ||z we

deduce that there exists a positive constant ¥ such that

t t
JIr@slds <y [I7(.)lzds < v8, e T,

1
This allows us to conclude that [ ||T(z,5)E||ds < y8]|E]|. Thus we proved that

1
| T(z,s)Eds is absolute convergent.

—oo

Applying Theorem 2.1.4 (vii) and (viii) for x = |7T(Et5§)§|§ we deduce that

0<T(19)E < [T(1.8)E]sE = |T(15) g€, ¥ >0.05€T.  (270)

t
Since X is a closed convex cone we deduce via (2.70) that 0 < [ T(z,5)Eds <

0&, Vrel.

This shows that (2.64) is true and the implication (i) — (ii) is valid. The
implication (ii) — (iii) is obvious. Now we prove (iii) — (iv). If (iii) is true, then
we define

t
(1) = /T(z,s)gds, reT. @.71)

We have
0<x(t)<06&, rel. (2.72)

Applying Lemma 2.3.1 we deduce that + — X(r) is a differentiable function and
it solves the affine equation (2.66). Moreover, from (2.72) it follows that %(¢) is
a bounded and positive solution of (2.66). Finally applying Corollary 2.3.5 we
conclude that %(¢) is a bounded and uniformly positive solution of affine differential
equation (2.66) and thus (iii) — (iv) is confirmed.

The implication (iv) — (vii) is obvious since a bounded and uniformly positive
solution of (2.66) verifies the linear differential inequality (2.68). Let us assume that
z:T — X, is aC' function bounded with bounded derivative, z(t) > 0 which solves
(2.68).
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Define

f(t)= %z(t) —L(t)z(¢), t€T. (2.73)

One sees that f:Z — X, is a bounded, continuous, and uniformly positive
vector valued function. Moreover z(¢) is a bounded and positive solution of the
corresponding affine equation of type (2.67) associated with f(-) defined by (2.73).
Thus we proved that (vii) — (vi).

Now we prove (i) — (V).

Let f:Z — X be a bounded and uniformly positive continuous vector valued
function. This means that f(¢) > &, V¢ € Z and |f(t)]e < ua, t € T for some

positive constants {1, lp. Applying Theorem 2.1.4 (vi) and (viii) for x = | f%t))\g we

deduce that

f() <If(0)[€.
Thus we have
wé < f(t) < &, Vi el (2.74)

Since T'(t,s) > 0 forallt > s, t,s € Z we deduce, via (2.74) that

‘LLIT(I,S)é < T(t,s)f(s) < .u2T(tus)§ (2.75)

Vt>s, t,sel.
Using the monotonicity of the Minkovski norm, we get

mT(5)Ele < IT(08)f(5)]e < ol 7o)€ 2.76)

Vt>s, t,seT.
Reasoning as in the proof of the implication (i) — (ii) we may prove that

[T f)lds <8 @77)

t
for some 0 > 0 not depending upon ¢. This shows that [ T'(z,s)f(s)ds is absolute

—oo

t
convergent. Set z(t) = [ T(t,s)f(s)ds. It follows that z(z) is well defined for all

t € T and from (2.76) and (2.77) we deduce that z(r) € X and ||z()|| < 6. Applying
Lemma 2.3.1 we obtain that ¢t — z(¢) is a differentiable function and it verifies the
affine differential equation (2.67). Applying Corollary 2.3.5 we deduce that z(¢)
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is a bounded and uniformly positive solution of (2.67) and thus the proof of the
implication (i) — (v) is complete. The implication (v) — (vi) is obvious.

It remains to prove the implication (vi) — (i). If (vi) is true, then there exists
a bounded, continuous, and uniformly positive vector valued function f : 7 —
Xy such that the corresponding affine differential equation (2.67) has a bounded
solution % : Z — X;. Further, we deduce via Corollary 2.3.5 that ¥(z) >0, ¢ € Z.
Hence, there exist positive constants t;, 1 <i <4 such that

s < f(1) < wé, a8 < () < uad (2.78)

tel.
Since T'(¢,s) > 0if r > s, we deduce that

IT(1,5)E < T(6,5)f(s) < T (t,5)E, 1> 5, 1,5 €T, (2.79)
Let 7 € Z be fixed. Let z : (—eo, 7] — X be defined by
z2(t) =T(1,0)X(t), t € (—oo;1]. (2.80)
From the (2.78) one obtains
UsT (7,6)€ < z(t) < uT(1,0)E, Vi € (—o0; 7). (2.81)

Based on the properties of the linear evolution operators we obtain from (2.80) that
z(t) is differentiable and we have

%Z(I) =—T(7,0)L()&(t) + T (7,t)L(t)%(t) + T (z,1) f(¢)
d
az(t) =T(t,0)f(¢), Vit <.

Combining (2.79) and (2.81) we deduce that 4 z(r) > oz(t), with o0 = >0
The last inequality is equivalent to

%(ea“*’)z(t)) >0, <1 (2.82)

Let g(t) = %(e““”)z(t)), t < 1. Since X, is a closed convex cone, we deduce

from (2.82) that

15}
/g(s)ds >0, Vii<p<rT. (2.83)

3l



2.3 Exponential Stability of Linear Differential Equations 71

Integrating (2.82) we obtain via (2.83) that e*(*")z(r) < z(t), V¢ < 7. Using again
(2.81) one gets

0T (e < e
M3

Using the monotonicity of the Minkovski norm we conclude:

T(7,0)€]; < %H Vi<t
3

Applying Theorem 2.1.10 we conclude that the last inequality is equivalent to

IT(z,0)]e < %e—a“—ﬂ, 1< 1. (2.84)

Since T was arbitrary chosen in Z, we deduce that (2.84) is just (2.57). Thus the
proof is complete. a

Concerning the bounded on Z solutions of the affine differential equations of type
(2.67) we have:

Theorem 2.3.7. Assume that T = (—eo;a) with a < +oeo. Let L : T — B(X) be a
bounded and strongly continuous operator valued function defining an exponen-
tially stable evolution on X. Under these conditions the following hold:

(i) For each bounded and continuous vector valued function f : T — X the affine
differential equation

d

Ex(t) =L(t)x(t)+ f(2) (2.85)
has a unique bounded solution X : I — X. Moreover this solution has the
representation

t
i) = / T(t,5)f(s)ds, t € T. (2.86)

—oo

(ii) Assume T =R and there exists 0 > 0 such that L(t +0) = L(z), f(t+0) =
f(t), (V) t €I, then the unique bounded on T solution of (2.85) is a periodic
Sfunction with the same period 6.

(iii) Assume ZT=Rand L(t) =L, f(t) = f for allt € R. Then the unique bounded
on R solution of (2.85) is constant. It is given by ¥ = —L ™\ f and it solves the
linear equation LX+ f = 0.

(iv) If L(-) generates a positive evolution on X and f(t) > 0, t € Z, then the unique
bounded solution % of (2.85) satisfies X(t) > 0, t € Z. Moreover, if f(t) > 0,
t€Z, theni(t) >0,t€T.
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Proof. (i) Based on (2.55) we obtain

(ii)

(iii)

[ 17s)56)1ds < B supezisio)) 287

for all ¢ € Z. This shows that for arbitrary ¢ € Z, the integral [ _T(t,s)f(s)ds
is absolute convergent; hence, it is convergent. So, %(¢) is well defined by
(2.86). Applying Lemma 2.3.1 together with (2.87) we deduce that r — X(z)
is differentiable and it is a bounded solution of the affine differential equation
(2.85). Let £(t),t € Z be another bounded solution of (2.85). Let r € Z be
arbitrary but fixed. We may write

() =T(t,7)%(7) +/Tt T(t,s)f(s)ds (2.88)

for all T < ¢. Invoking again (2.55) and using the boundedness of £(7) we
deduce that lim;_,_., T'(¢, T)%(7) = 0. Letting T — —eo in (2.88) one gets £(t) =
limes_w [T (t,5)f(s)ds = [*_T(t,s)f(s)ds for all ¢ € Z. This allows us to
conclude that £(¢) = %(¢) for all + € Z. This confirms the uniqueness of the
bounded on Z solution of the differential equation (2.85).

Assume that both £(-) and f(-) are periodic functions with period 6 > 0.
We show that under these conditions the unique bounded solution of (2.85)
is also a periodic function of period 6. By direct calculations one obtains from
(2.86):

r+0)= t+6T(t+6,s)f(s)ds:/[ T(t+0,5+0)f(s+0)ds.

—oo

Further, the property (vii) from Remark 2.2.1 together with the periodicity
property of f(-) allows us to deduce that %(t +0) = [*_ T(t,s)f(s)ds = (t)
forallr € R.

If L(t) =L, f(t) = f for all t € Z, then (2.86) becomes:

!
)Z(t):/ P15 fds

for all # € R. A straightforward change of the variable of integration leads to

()= /_i e~ fds

for all ¢+ € R. This shows that under the considered assumptions the unique
bounded on R solution of the differential equation (2.85) is constant. Therefore
it solves the equation £+ f = 0, because in this case we have %i(r) =0 forall
t € R. On the other hand, the exponential stability of the differential equation
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%x(r) — Lx(r)
allows us to deduce that A = 0 does not in the spectrum of the operator L.
Therefore the operator £ is invertible and £~! € B(X'). Thus we obtained that
F=L71f.

(iv) If L(-) generates a positive evolution on X and f(s) € Xy for all s € Z then,
[t T(t,s)f(s)ds>0forallt € T because X, is a closed convex cone. Thus we
obtained via (2.86) that under the considered assumptions the unique bounded
solution of the differential equation (2.85) lies in X’;. The second part follows
from the Corollary 2.3.5. Thus the proof is complete.

O

Remark 2.3.6. Based on (2.43) one sees that under the conditions of Theorem 2.3.7,
if Z is a left bounded interval, then all solutions of the affine differential equation
(2.41) are bounded on Z if f(-) is a bounded and continuous function. Therefore, in
order to have a unique bounded on Z solution of the differential equation (2.85) it is
necessary that 7 be a left unbounded interval.

The next corollary summarizes a set of criteria for exponential stability of linear
differential equations defined by periodic operator valued functions which generates
a positive evolution.

Corollary 2.3.8. Let L : R — B(X) be a strongly continuous operator valued
function which generates a positive evolution on X. Assume that there exists 0 > 0
such that L(t 4 0) = L(t), t € R. Then the following are equivalent:

(i) The operator valued function L(-) generates an exponentially stable evolution
on X.

(ii) The affine differential equation (2.66) has a 0-periodic solution ¥ : R — X
such that X(t) > 0,t € R.

(iii) For each continuous and 0-periodic vector valued function f : R — X,
f(t) > 0, t € R, the affine differential equation (2.67) has a 0-periodic
solution, >0, t € R.

(iv) There exists a 0-periodic, uniformly positive, continuous vector valued func-
tion f : R — X such that the corresponding affine differential equation (2.67)
has a 8-periodic solution X(t) > 0, t € R.

(v) There exists a C' function y : R — X periodic with period 0 and uniformly
positive which solves the linear differential inequality Ly(t) — L(t)y(t) >
0, r€10,6].

(vi) p[T(6,0)] < 1, p[-] being the spectral radius.

Proof. (i) <> (i) = (iii) +> (iv) <> (v) follow immediately combining Theo-
rems 2.3.6 and 2.3.7 (i), (ii), (iv). The proof of (i) +> (vi) follows in a standard
way. Indeed, let U = T(6,0) and pp = p(U). From [55] it follows that

po = p(U") < ||U"]| = [T (n6,0]|.
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Therefore (i) implies that lim,_,.. pj = 0, hence py < 1. Conversely, if pg < 1, then
1im,Hm(HU"||ﬁ < 1. We deduce that there exist np > 1 and y € (0, 1) such that

|7 (kno®,0)|| < 7% k> 1.

Further, using Remark 2.2.1 (iii), (v), (vii) one can obtain (2.55) with oo = Iny. The
proof is complete. O

Let us consider the case when the function r — £(t) is constant, then
T(t,10) =~ >1, 1,10 € R.

In this case we have:

Corollary 2.3.9. Let £ € B(X) be such that e*' > 0, ift > 0. Under this condition
the following are equivalent:

(i) The linear differential equation %x(r) = Lx(t) is exponentially stable.
(ii) The linear equation Lx+ & = 0 has a solution X € Int X
(iii) For each vector f € Int X, there exists X € Int Xy which solves L+ f = 0.
(iv) There exists y € Int X such that Ly < 0.
(v) SpecL C C~ where C~ ={A € C;ReA <0} and SpecL is the spectrum of the
operator L.

Proof. (i) <> (ii) <> (iii) <> (iv) follow immediately combining Theorems 2.3.6 and
2.3.7, (1), (ii1), (iv). (i) <> (v) follows directly from Corollary 2.3.8 for 6 = 1. The
proof is complete. O

Based on the equivalence (i) < (ii) of Theorem 2.2.2 we infer that the criteria for
exponential stability collected in Corollary 2.3.9 recover the criteria for exponential
stability known in the case of resolvent positive operators (see [27,29]).

2.3.2 Criteria for Anticausal Exponential Stability

Based on the identity (2.45) together with the Definition 2.3.1 we obtain:

Corollary 2.3.10. Let £ :Z — B(X) be a strongly continuous operator valued
function and L(t) = L(—t), t € T = {t € R;—t € I}. Then the operator valued
Sunction L(-) defines an anticausal exponentially stable evolution if and only if the
operator valued function ﬁ() generates a causal exponentially stable evolution.

The above corollary allows us to derive criteria for anticausal exponential stability
of a linear differential equation defined by an operator valued function £(-) directly
from the criteria for causal exponential stability for the linear differential equation
defined by the operator valued function £(-).
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First we remark that due to the equivalence of the operator norms || - || and
| -Ile we may say that the operator valued function L(-) defines an anticausal
exponentially stable evolution if there exist B > 1, o > 0 such that || 7(¢,1)||¢ <

Be®=10) Nt <19, 1,00 € L.
The analogous of Proposition 2.3.2 is the following.
Proposition 2.3.11. Under the considered assumptions the following hold:

(i) If L:T — B(X) is a bounded and strongly continuous operator valued
function generating an anticausal positive evolution on X, the following are
equivalent:

(a) L(-) generates an anticausal exponentially stable evolution;

(b) there exist o >0, B > 1 such that |y(t;19,&)]e < Be®t=0) it <19, 1,10 €L,
y(t;t0, &) being the solution of the differential equation (2.38) starting from
& at the initial time t = 1.

(ii) Let Ly : T — B(X), k= 1,2 be two bounded and strongly continuous operator
valued functions.
Assume (a) L1(t) < L(1), t €T

(b) the operator valued function L, (-) defines an anticausal positive evolution.
(c) the operator valued function L,(-) defines an anticausal exponentially
stable evolution.

Under these conditions, L) (-) generates an anticausal exponentially stable evolu-
tion, too.

Combining Corollary 2.3.10 and Theorem 2.3.6 we obtain the following result.

Theorem 2.3.12. Assume I = (a,°) witha > —oo. Let L : T — B(X') be a bounded
and strongly continuous operator valued function generating an anticausal positive
evolution on X.

Under these conditions the following are equivalent:

(i) The operator valued function L(-) generates an anticausal exponentially
stable evolution.

(ii) Foreacht € T the integral [ T(t,s)Eds is absolute convergent and there exists
t
0 > 0 not depending upon t such that 0 < [T(t,s)Eds < 6&, Vre T
t
(iii) For eacht € T the integral [T°(t,s)Eds is convergent and there exists 0 > 0
t

not depending upon t such that 0 < [T%(t,s)Eds < 6&, Vi € T.
t

(iv) The backward affine differential equations
d
Ex(t) +L()x(t)+&E=0 (2.89)

has a bounded and uniformly positive solution.
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(v) For each bounded, continuous, uniformly positive vector valued function f :
T — X the backward affine differential equation

G x(0)+ L)+ £0) =0 (2.90)
has a bounded and uniformly positive solution.

(vi) There exists a bounded, continuous, and uniformly positive vector valued
function f : T — X with the property that the corresponding backward affine
differential equation of type (2.90) has a bounded solution %(t) > 0, t € T.

(vii) There exists a C" functiony : T — X uniform positive, bounded with bounded
derivative which verifies the following linear differential inequality:

%y(l) +L()y(t) <0, t L.

The analogous of Theorem 2.3.7, in the case of backward affine differential
equations of type (2.90), is the following.

Theorem 2.3.13. Assume T = (a,°) witha > —eo. Let L : T — B(X') be a bounded
and strongly continuous operator valued function defining an anticausal stable
evolution on X.

Then the following statements are true:

(i) for each bounded and continuous vector valued function f : 71 — X the
backward affine differential equation

%x(t) +L()x(t)+ f(1) =0, t €T (2.91)

has a unique bounded on T solution. Moreover, that solution has the following
representation

=

ﬂﬂz/ﬂmﬂﬂmmtel (2.92)

t

(ii) If there exists 0 > 0 such that L(t+0) = L(1), f(t+0) = f(t), t €Z, then the
unique bounded solution %(t) of the differential equation (2.91) is a periodic
function with the same period 6.

(iii) If L(t) =L, f(t) = f, Vt €L, then the unique bounded solution of (2.91) is
constant. It solves the linear equation Lx+ f = 0.

(iv) If the operator valued function L(-) defines an anticausal positive evolution
and f : T — X, is a bounded and continuous vector valued function, then the
unique bounded solution of (2.91) satisfies X(t) > 0. Moreover, X(t) > 0,t € Z,
iff(t)>0, tel.
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Combining Theorems 2.3.12 and 2.3.13 (i), (ii), (iv) we obtain the following set of
criteria for anticausal exponential stability of a linear differential equation defined
by a periodic operator valued function.

Corollary 2.3.14. Let £ : R — B(X) be a strongly continuous operator valued
function which defines an anticausal positive evolution on X. Assume that there
exists 6 > 0 such that L(t+0) = L(t), Vt € R.

Then the following are equivalent:

(i) the operator valued function L(-) generates an anticausal exponentially stable
evolution;

(ii) the backward affine differential equation (2.89) has a 0-periodic and uniformly
positive solution;

(iii) for each continuous, 0-periodic, and uniformly positive vector function f :
R — X the backward affine differential equation (2.90) has a 0-periodic and
uniformly positive solution;

(iv) there exists a continuous, uniformly positive vector valued function f : R — X
periodic, with period 0 such that the corresponding affine differential equation
(2.90) has a 0-periodic solution ¥ : R — X;

(v) there exists a C' vector valued function, y : R — X, uniformly positive and
periodic, with period 0, which solves

S0+ L0V <0, 1€[0,6]

i) p[T(0,0)] < 1.

Remark 2.3.7. 1In the time invariant case (i.e., £L(r) = £, V¢ € R), when combining
Theorems 2.3.12 and 2.3.13 (i), (iii), (iv) one obtains the same list of criteria as in
Corollary 2.3.9. This is not an unexpected fact, because, in the time invariant case,
there exists no difference between the causal exponential stability and anticausal
exponential stability.

2.4 The Case of Differential Equations with Positive
Evolution on Ordered Hilbert Spaces

Throughout this section (X;(-,-)) is a real Hilbert space, ordered by the ordering
“<” induced by the closed, solid, selfdual, convex cone. Based on Remark 2.1.2 we
deduce that the norm || - ||, induced by the inner product is monotone with respect to
the cone X,.. So, X', is a normal cone with a constant b = 1.

An example of an infinite dimensional Hilbert space equipped with a closed,
solid, self-dual, convex cone is provided by Example 2.1.4.

Throughout this section § € Int X, is fixed and |- |¢ is the corresponding
Minkovski norm. As we already seen, Propositions 2.1.5 and 2.1.6 guarantee the
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fact that | - [¢ is equivalent with the norm || - || of the Hilbert space X'. It is known
that, if 7 € B(X) and T* is its adjoint operator, then, |7*|| = ||T||. The equality
|7*[|e = ||T||¢ is not, in general, true. However, one can proof, via the equivalence
of the operator norms || - || and || - [|¢, that there exist positive constants, ¢1,¢; such
that

alTlle <17l <lTle, ¥T € B(X). (2.93)

Let £ :Z — B(X) be a continuous operator valued function, Z C R being a right
unbounded interval. In this case r — L£*(r) : Z — B(X) is also a continuous operator
valued function. It is known that if (¢, T), ¢,7 € Z, is the linear evolution operator
defined by the linear differential equation

%x(r) =L(t)x(t), t€T (2.94)
then, T — T*(z,T) verifies
iT*(t T)=—-LY(1)T*(£,7) (2.95)
aT ) - ) *
T*(t,t) =Ix
So we have:
T*(t,7) =T/ (1,1) (2.96)

V t,7 € Z, where T4 (t,t) is the anticausal linear evolution operator defined by
the operator valued function £*(-). This means that, T/.(7,?) is a linear evolution
operator associated with the linear differential equation

(@)=L (). 2.97)

Combining (2.93), (2.96) and the result stated in Proposition 2.1.9 one obtains the
following result.

Proposition 2.4.1. If L : T — B(X) is a continuous operator valued function, then
the following statements are true:

(i) The operator valued function L(-) defines a causal positive evolution on X, iff
the operator valued function L*(-) defines an anticausal positive evolution on
X.

(ii) The operator valued function L(-) defines an exponentially stable evolution on
X iff the operator valued function L*(-) defines an anticausal exponentially
stable evolution on X.
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Applying Theorem 2.3.12 to the operator valued function £*(-) and taking into
account the equality (2.96) and Proposition 2.4.1 we obtain the following set of
criteria for causal exponential stability of linear differential equation (2.94). Such
criteria are specific to the linear differential equations with positive evolution on
ordered Hilbert spaces.

Theorem 2.4.2. Assume that T = (a,), a > —oo. Let L : T — B(X) be a bounded
and continuous vector valued function which defines a positive evolution on the
Hilbert space X. Then the following statements are equivalent:

(i) the corresponding linear differential equation (2.94) is exponentially stable;
(ii) there exist B> 1, ot > 0 such that | T*(t,7)|| < Bie= %), YVt >1, 1,71€1;

(iii) for each t € I, the integral [T*(s,t)Eds is absolute convergent and there
t
exists 6 > 0, not depending upon t, such that 0 < [T*(s,1)Eds < 6E, Vi€ Z;
t
(iv) foreacht € T, the integral [ T*(s,t)Eds is convergent and there exists 6 > 0,
t

not depending upon t, such that 0 < [T*(s,t)Eds < 8&, V t € T;
t
(v) the backward affine differential equation

%y(l) L) +E =0 (2.98)

has a bounded and uniformly positive solution;
(vi) for each bounded and continuous vector valued function f : T — X, f(t) >
0, t € Z, the backward affine differential equation

Ey(t) +L(t)y(t)+ f(1) =0, teT (2.99)
has a bounded and uniformly positive solution;

(vii) there exists a bounded, continuous, and uniformly positive vector valued func-
tion f : T — X, with the property that the corresponding affine differential
equation of type (2.99) has a bounded solution 5 : 7 — X ;

(viii) there exists a C' vector valued function y : T — X bounded with bounded
derivative and the scalars Ay >0, Ay > 0 such that &y (t)+L*(t)y(t) < — M€,
y(@t) > &, tel.

The identity (2.96) and Proposition 2.4.1 allow us to obtain the following result.

Theorem 2.4.3. Assume that T = (a,), a > —oo. Let L : T — B(X) be a bounded
and continuous vector valued function which defines an exponentially stable
evolution on the Hilbert space X. Then the following statements hold:

(i) for each bounded and continuous vector valued function f : 71 — X the
backward affine differential equation
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d

Ex(t) +L)x(t)+ f(t)=0, 1€ (2.100)
has a unique bounded on T solution. Moreover; that solution has the following
representation

=

i) = / T*(s.0)f(s)ds, 1 € T. 2.101)

t

(ii) If there exists © > 0 such that L(t+0) = L(2), f(t+0) = f(t), t €Z, then the
unique bounded solution X(t) of the differential equation (2.100) is a periodic
function with the same period 0.

(iii) If L(t) =L, f(t) = f, (V)t €L, then the unique bounded solution of (2.100)
is constant. It solves the linear equation Lx+ f = 0.

(iv) If the operator valued function L(-) defines a causal positive evolution and f
T — X4 is a bounded and continuous vector valued function, then the unique
bounded solution of (2.100) satisfies %(t) > 0. Moreover;, X(t) > 0, t € I, if
f)y>0, te

Combining Theorem 2.4.2 with Theorem 2.4.3 (i), (ii), (iv) we may obtain a list
of criteria for exponential stability of a linear differential equation with periodic
coefficients and positive evolution on an ordered Hilbert space.

Corollary 2.4.4. Let L : R — B(X) be a continuous operator valued function
which defines a causal positive evolution on the ordered Hilbert space X. Assume
that there exists 0 > 0 such that L(t +0) = L(t), Vt € R.

Then the following are equivalent:

(i) the operator valued function L(-) generates an exponentially stable evolution;
(ii) the backward affine differential equation (2.98) has a 0-periodic and uniformly
positive solution;

(iii) for each continuous, 0-periodic and uniformly positive vector function f :
R — X the backward affine differential equation (2.99) has a 0-periodic and
uniformly positive solution;

(iv) there exists a continuous, uniformly positive vector valued function f : R — X
periodic, with period 0 such that the corresponding affine differential equation
(2.99) has a 0-periodic solution X : R — X_;

(v) there exists a C' vector valued function y : R — X, uniformly positive and
periodic, with period 0, which solves

30+ L) <0, 1€ [0,0]

(vi) pIT(6,0)] < 1.
The Theorems 2.4.2 and 2.4.3 (i), (ii), (iv) yield:



2.5 Robustness of Exponential Stability 81

Corollary 2.4.5. Let £ € B(X) be such that e*' > 0, ift > 0. Under this condition
the following are equivalent:

(i) The linear differential equation %x(r) = Lx(t) is exponentially stable.

(ii) The linear equation L*x+ & = 0 has a solution X € Int X, .
(iii) For each vector f € Int X, there exists X € Int X, which solves L X+ f = 0.
(iv) There exists y € Int Xy such that L*y < 0.

2.5 Robustness of the Exponential Stability Under
the Additive Perturbations

Let (X, || - ||) be a real Banach space equipped with a closed, solid, normal, convex
cone Xy C X.Let £L:Z — B(X),I1:Z — B(X') be two continuous operator valued
functions. Assume that £(-) generates a positive and exponentially stable evolution
on X, while T1(¢) is a positive operator on X for all t € Z.

In this section we want to provide a set of necessary and sufficient conditions
which guarantee that the zero state equilibrium of the perturbed linear differential
equation

Ex(t) = L(t)x(t) +T1(r)x(¢) (2.102)
is exponentially stable.

In the time invariant case (i.e., £(¢t) = £, I1(t) =II, t € Z) the answer to this
problem may be obtained from the following theorem.

Theorem 2.5.1. Let X be a real Banach space ordered by a closed, solid, normal
convex cone X.. Suppose L € B(X) to be resolvent positive operator and T1 € B(X)
to be positive operator and set T = L+ I1. Then the following are equivalent:

(i) T is stable, that is the spectrum of T is located in C~ = {A € C;RelA < 0};
(ii) T~ iswell defined and —T-'>0;
(iii) for all f € Int X, there exists x € Int X such that —Tx = f;
(iv) there exists x € Int X, such that —Tx € Int X ;
(v) there exists x € X, such that —Tx € Int X, ;
(vi) L is stable and p[L~'TI] < 1, p(-) being the spectral radius.

Proof. The equivalences (i) <+ (iii) <> (iv) <> (v) follow from Corollary 2.3.9 and
the equivalence (ii) <> (iii) is obvious. The equivalence (i) <> (vi) is proved in
Theorem 2.11 in [29]. O

In this section we provide the answer to this issue in the case of differential
equations with periodic coefficients.

Let us assume that there exists 6 > 0 such that L(r+0) = L(z), [I(t + 0) =
[1(z) for all + € Z. Without loss of generality, we may assume that Z = R. Let
T(t,7), t,7 € R be the linear evolution operator defined on X by the linear
differential equation
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Ex(t) = L(t)x(1). (2.103)
If the zero state equilibrium of (2.103) is exponentially stable, then, p[T(0,0)] < 1
50, the linear and bounded operator Iy — T (6,0) is invertible and (I —T(6,0)) !
B(X). This allows us to associate the so-called Green operator defined by the
differential equation (2.103):

G(t,s) =T(t,0)(Ix — T(0,0)) ' T(0,5) +T(t,5)xj0,(5)
for all (¢,s) € [0, 0] x [0, 0], where

()= 1,if s € [0,7];
Xoa\8) = 0, in other case.

is the indicator function on the interval [0,7].
Let us define the operator 3 : Co{[0, 0], X} — Cp{[0, 0], X'} by

0
(F)(1) = / G(t,5)TI(s)x(s)ds (2.104)
0

0 <r < 6 where Cy{[0,0], X} is the space of continuous functions x : [0,0] — X
with the property that x(0) = x(6).

The linear space Co{[0,60], X'} equipped with the norm || - || defined by ||x|| =
sup{||x(#)|||0 < < 0} becomes a real Banach space. Moreover Co{[0, 6], X'} is an
ordered Banach space ordered by the order relation induced by the closed, solid,
normal convex cone, Cp{ [0, 6], X }.

Lemma 2.5.2. Assume: (a) L(-),I1(-) are continuous operator valued functions
periodic with period 0,

(b) L(-) generates a positive and exponentially stable evolution and T1(t) is a
positive operator.

Then B defined by (2.104) is a bounded linear operator. Moreover
mCO{[Oﬂ 9], X+} - C(){[O, 6]7X+}'

Proof. The fact that 3 is a linear and bounded operator follows immediately
from (2.104) and the formula of G(t,s). Let f € Co{[0,6],X;} and ¥ = Pf. Let

:R— X, f: R — X be periodic functions such that #[j0,0) = X and f| 0.0 = f-
The periodicity of I(-) implies that £(7) is a periodic solutlon with perlod 6 of the
affine equation

Ex(t) =L()x(t)+g(t) with g(t)=TI(t)f (), t €R. (2.105)



2.5 Robustness of Exponential Stability 83

Since II(z) > 0, f(t) > 0 it follows that g(z) > 0, r € R. Theorem 2.3.7 now
yields £(f) > 0. Thus we obtained that (f)(¢) > 0,¢ € [0,6] or equivalently
PBf € Co{[0,6],X+}. The proof is complete. O

Theorem 2.5.3. Under the assumptions from Lemma 2.5.2 the following are
equivalent:

(i) The zero state equilibrium of the perturbed linear differential equation (2.102)
is exponentially stable.

(ii) The zero state equilibrium of the unperturbed linear differential equation
(2.103) is exponentially stable and p[B] < 1.

Proof. (i) = (ii): If (i) holds, then based on the implication (i) = (iv) in Theorem
2.3.6 one deduces that for an arbitrary & € Int. X the forward equation

d
Ex(t) = [L(t) +I1(s)]x(¢) + & (2.106)
has a bounded and uniformly positive solution ¥ : R — Int X, .

It can be seen that () satisfies (2.67) with f(r) = I1(¢)%(¢) + £ and thus one
concludes that £(+) defines an E.S. evolution because f(¢) > 0,7 € R. Theorem 2.3.7
(i) yields that %(+) is a periodic function with period 6. Hence from (2.106) we have
that

() = /0 ’ G(t,5)T1(s)%(s) ds + /0 ’ G(t.s)éds t€[0,6].  (2.107)
If £(t) = [j0,6) We obtain from (2.107) that £ solves the equation
(=Zc, +P)2+g =0, (2.108)
where Z¢, is the identity operator on Co{[0, 0], X'}, and g(r) = foe G(t,s)E ds is the
bounded solution on R of the affine equation

d
Ex(t) = L(t)x(r)+&. (2.109)

Applying Theorem 2.3.7 (iv) we deduce that g(z) > 0, ¢ € R. That means that § €
Int Co{[0, 6], X, }. Using the implication (v) = (vi) of Theorem 2.5.1 for £ = —I¢,
and P = ‘B one obtains that p () < 1 and so (ii) is valid.

(i) = (i): Let & € Int X, . If (ii) holds, then g is well defined by

(1) = /Oec;(t,s)gds . 1e[0,0].

Let ¢ : R — X be a periodic function with period 6 such that § = g, r € [0, 0].
Then g(-) is the unique bounded on R solution of (2.109). By Theorem 2.3.7 (iv) we
deduce that g(¢) > 0, ¢ € R. Hence g € IntCo{[0, 6], X} }. Applying Theorem 2.5.1
we conclude that the equation

[~Zc, +P]x+g=0
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has a solution £ € Cy{[0, 0], X }. Let ¥ : R — X’ be the periodic function with period
0 such that %(z) = £(¢) for all # € [0, 6]. It follows that %(-) >> 0 is a bounded solution
of the equation

d
Z(0) = [£(0) + 1)) + €.

The implication (iv) = (i) of Theorem 2.3.6 yields that £ + IT generates an E.S.
evolution. O

Let us consider the case when the operator valued function £(-) defines an
anticausal exponentially stable evolution on X and I1(z) > 0, V¢ € R. Our aim is
to find necessary and sufficient conditions under which the zero solution of the
perturbed equation

9(0) =~y -T10)(0) @.110)

is anticausal exponentially stable.

The answer to this issue will be done also under the assumption that the operator
valued functions are periodic with period 6.

Let T%(¢,7) be the anticausal linear evolution operator defined by the linear
differential equation

(0= —LO¥0) @111)

If the zero solution of the differential equation (2.111) is anticausal exponentially
stable, then, p[T“(0,0)] < 1. So, the linear operator Iy — 7%(0, 6) is invertible and

(Ix —T%(0,0))~! € B(X). Thus we may construct the Green operator associated
with (2.111) as follows:

G(t,5)=T"(t,0)(Ix—T°(0,8))'T*(0,5)+T*(t,5)xy0)(5), ¥(1,5)€[0,6]x[0,6],
where x|, g)(-) is the indicator function of the set [t, 0].

Consider the operator B¢ : Cp{[0, 8], X'} — Co{[0, 6], X'} defined by

0

(Rx) (1) = / G (1, $)T1(s)x(s)ds. 2.112)

0

One shows that 3¢ is a bounded and positive linear operator. Combining Theo-
rems 2.3.12 and 2.5.1 from above, one proves:

Theorem 2.5.4. Let £L:R — B(X), I1: R — B(X) be two continuous operator
valued functions which are periodic with period 6 > 0. Assume that L(-) defines an
anticausal positive evolution and T1(r) > 0, for all t € R. Under these conditions the
following are equivalent:
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(i) the zero solution of the perturbed linear differential equation (2.110) is
anticausal exponentially stable;

(ii) the zero solution of the unperturbed linear differential equation (2.111) is
anticausal exponentially stable and p[P?] < 1.

2.6 Lyapunov-Type Linear Differential
Equations on the Space SP

In this section we emphasize several properties of an important class of operator
valued functions on the Banach spaces SP and ¢'(Z,,S,), respectively. These
operators extend to this framework the well-known Lyapunov operators and they
will play an important role in the characterization of the exponential stability in
mean square of stochastic linear differential equation.

2.6.1 Extended Lyapunov Operators

Let MD := ¢=(D,R™") be the space of the bounded sequences of matrices A =
{A(i)}iep where A(i) € R™". We introduce the norm ||A|l. = sup|A(i)| where
i€D

|A(i)| is defined by (2.1). One obtains that (M2 || -||.) is a real Banach space.
If m = n we shall write M? instead of MP . In the special case D = {1,2,...,d}
we often write M% and MY, respectively, instead of M2 and MP. If D=7,
M, and M7, respectively, stand for ML and MP  Itis obvious that S ¢ MP.

We make the following convention of notation:

(a) If A = {A(i)}iep € MD,. X = {X(i)}iep € M}, by ¥ = AX we understand

the sequence Y = {Y (i) }iep € ML Y (i) = A(i)X (i), i € D.
(b) A ={A(i)}iep € MPE , then AT = {AT (i)};ecp € MD.

We have
1AX || < (Al | X [, VA, X € M, (2.113)
AT oo = [|Af]co-

Let A: T — MP be a continuous function. This means that A(¢) = {A(t,i) }icp,
where r — A(t,i) are matrix valued functions which are continuous on Z uniformly
with respectto i € D.

The extended Lyapunov operators associated with A(z):

La(t):SP — SP,

L) : Sy = 87,
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are defined as follows

La(H)X =A()X +XAT (1) (2.114)
La()X =AT ()X +XA(r) (2.115)

for all X = {X (i) };ep € SP.
According to the notation introduced at the beginning of this subsection the i-th
component of (2.114) and (2.115), respectively, is:

[Ca(t)X](i) = A(r,0)X (i) + X (DA (1,1)
[Ca(0)X]()) = AT (1,0)X (i) + X (DA(r,1)

ieDitel.

Based on (2.113) we deduce that || £4(#)X ||e < 2||A(#) ||oo]| X ||o and || €4 (£)X ]| <
2||A(#)]|eo]|X || o- Hence, L4(t),£a(t) € B(SP). Moreover t — L4(t) and t — £4(¢)
are continuous functions in the topology induced by the operator norm.

Remark 2.6.1. (i) From (2.114) and (2.115) one sees that both L£4(¢) and £4(¢)
can be extended to M. This extension is not of interest for applications to the
exponential stability in mean square of stochastic linear differential equations.
That is why such extensions are not considered in this chapter.

(i) To be sure that the linear differential equations (2.116), (2.121), respectively,
defined by L (t) and £4(¢) on SP have nice properties, would be sufficient to
assume that 7 — L4 (r) and t — £4(¢) are strongly continuous operator valued
functions. This means that for each X € SP, t — L4(t)X and t — £4(t)X are
continuous vector valued functions. If we take X = {X (i) };cp with X (i) = I,
Vi € D one obtains that  — AT () +A(¢) must be continuous. This condition is
not far from our assumption that # — A(z) is a continuous function.

Let us consider the extended Lyapunov equation

d
EX(I) =La(t)X(2), t €T (2.116)
Let Ty(t,t0) t,tp € Z be the linear operator defined by

(Ta(t,10)X) (i) = Di(t,10)X ()] (t,10) (2.117)

Vie Dand X = {X(i) }icp € S, where ®;(t,1) is the fundamental matrix solution
of the linear differential equation on R":
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This means that 1 — ;(¢,19) verifies

%(Di(t,to) = A(t,i)D;(t,10) (2.118)

(Di(t(),t()) =1,.

Based on the convention of notations introduced before we may write (2.117) in the
compact form:

Ta(t,10)X = ®(1,10)X DT (1,19) (2.119)

for all ¢,49 € Z, where ®(¢,10) = {®;(t,10) }iep. If D ={1,2,...,d}, one may check
that t — ®(t,1y) is differentiable map and it satisfies:

%d)(t,to) — A1), Dltorto) = I = (...

By direct calculations one obtains from (2.119) that

ETA(110)X = La()Tr (1 10)X (2.120)

TA(I(),I())X =X

for all ,¢9 € Z,X € S¢. Therefore Ty(t,ty) defined by (2.117), or equivalently by
(2.119) is just the linear evolution operator on S,’f defined by the linear differential
equation (2.116).

It remains to show that (2.117) defines also the linear evolution operator
generated by (2.116) on S;°. To this end, let us remark that

,(1,5)] < 70—

foralli € Z,,t,s € Z, where ¥ = sup,cp ||A(t)||. Using also the fact that r — A(z, i)
are continuous functions uniformly with respect to i € Z we deduce that

1
lim — |D;(t 4 h,t9) — D;(t,10) — hA(t,1)D;(2,10)

=0
h—0 |h|

uniformly with respecttoi € Z, .
This shows that 1 — ®(z,19) : Z — M is a differentiable map and it satisfies:

d
E<I>(t,t0) =La[)D(t,10), P(to,t0) =J"=Iy...I,...) €S,

Thus we may obtain that Ty(z,7y) defined by (2.119) for D = Z is differentiable
and satisfies (2.120).
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Remark 2.6.2. From (2.117) one sees that Ty (t,79)X € ST, if X € SF,. This shows
that the operator valued function L£4(+) generates a positive evolution on the Banach
space SP.

Changing A(t,i) with AT (¢,i) in (2.117), (2.118) one obtains that the operator
valued function £4(-) generates also positive evolution on the Banach space SP.
However, concerning the operator valued function £4(-) we are interested by the
anticausal evolution operator T¢ (z,1)) defined by the linear differential equation

%Y(l)—I—SA(t)Y(t) =0. (2.121)

Reasoning as in the case of (2.116) we may conclude that
(T (1,10)Y ) (i) = ®F (10,1)Y (i) Di(to, 1) (2.122)
foralli€ D,0<t<t),Y ={Y(i)}iecp € SP.

From (2.122) one deduces that the operator valued function £4(-) generates an
anticausal positive evolution on the Banach space SP.

2.6.2 Lyapunov-Type Differential Equations on the Space S¢

Let Z C R be an interval and Ay : T — MY k=0, ...,r be continuous functions
Ap (1) = (Ar(t,1),... Ac (1,d)), k€ {0,....r},t €T.
Denote by Q € R¥*¢ a matrix which elements g; ; verify the condition
gij > 0if i# j. (2.123)
For each t € T we define the linear operator £ (¢) : S¢ — S¢ by

(L(2)S) (i) = Ao (t,i) S (i) + S (i) A] (¢,1) (2.124)

r d
+ Y A (1) S()AL (1,0) + Y, 458 ()
k=1 j=1

i€D,S eS8 Itis easy to see that t — L(¢) is a continuous operator valued
function.

Definition 2.6.1. The operator L£(¢) defined by (2.124) is called the Lyapunov
operator associated with Ay, ..., A, and Q.
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The Lyapunov operator L (¢) defines the following linear differential equation
on S¢:

d
Es(t) =L()St),teT. (2.125)
For each to € Z and H € S¢, S(t,ty,H) stands for the solution of the differential
equation (2.125) which verifies the initial condition S (ry,7y,H) = H.
Let us denote by T (z,#)) the linear evolution operator on S¢ defined by the
differential equation (2.125), that is

T (t,00)H = S(t,t0,H); t,tg €T, H € S,

It is said that T (¢,19) is the linear evolution operator associated with the system

(Ao, A3 Q).
‘We have

9T (010) = LOT (10)

T(t(),t()) = fd,

where J? : ¢ — 8¢ is the identity operator.

It is easy to check (see also Remark 2.2.1 for a more general case) that
T(t,s)T (s,7) =T (t,7) for all 1,5,7 € Z. For all pairs (t,7) € Z x Z, the operator
T (¢,7) is invertible and its inverse is T~ (¢,7) = T (7,1).

If T*(z,7) denotes the adjoint operator of T (¢,7) with respect to the inner
product (2.16), the following hold:

T (t,t0) = T (s,10) T" (¢,5), (2.126)
%T* (t,5) =T*(t,s)L" (1), (2.127)
d * _ _p* *

T (s0) = =LY T (s,1). (2.128)

It is not difficult to see that the adjoint operator £* (¢) : S¢ — S is given by

(L (1)S) (i) = AL (1,i) S (i) + S (i) Ao (£, 1) (2.129)

r

d
+ 3 AL (1,0) S (DA (1,0) + Y 4iS ()
k=1 j=1

ieD,secS.
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Remark 2.6.3. (i) If A (t,i), k = 1,...,r do not depend on 7, then the oper-
ator £ defined by (2.124) is independent of r. More precisely, if Ay =
(Ak(1),...,Ag(d)), then

(LS) (i) = Ao (i) S (i) + S () A} (i) + Xj_ Ak (i) S (D) AT (i)

2.130
+30 4 () 130

ieD,Se S,’f . In this situation the evolution operator defined by the differential

equation
d
—S({)=LS(¢
S50 =£5()
is given by
T (t,10) = 1710 (2.131)
where

o  rkok
oL L
k!

k=0

(the above series being uniform convergent on every compact subset of the real
axis). £¥ stands for the kth iteration of the operator £ and £° = J4,

(i) If Ay : Z — M are O-periodic functions, then T (t + 6,1y + 0) = T (t,1o) for all
t,to € Zsuchthatr+ 0,60+ 6 € 7.

Theorem 2.6.1. IfT(t,ty) is a linear evolution operator on S¢ defined by the linear
differential equation (2.125), then the following hold:

(i) T(t,00) >0,T*(t,t0) >0 forallt > 1y,t,10 € L;
(ii) Ift — Ay () are bounded functions, then there exist & > 0,y > 0 such that:

T(t,10)J¢ > e 10 g4 T*(1,19)J¢ > 8¢ V710 j¢

forallt > ty,t,to € L.

Proof. To prove (i) we consider the linear operators £ (¢) : S¢ — S¢ TI(t) : S¢ —
S? defined by

T
(1O 0 = (Aot + 3aitn ) H)-+HG) (Aofei) + 50t )

2
r d
(()H) (i) = Y, Aclt, DHDAL (1,0) + Y, qjiH(j),i €D
k=1 Jj=1,j#i

H=(H(1),H(2),...,H(d)) eS¢ teT.
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It is easy to see that for each ¢ € Z, the operator I1(#) is a positive operator on
S4. On the other hand one sees that the operator £ (¢) coincides with the extended
Lyapunov operator L4(t) : S¢ — 8¢ associated via (2.114) to the matrices A(t,i) =
Ao(t,i) + %qiiln. Based on Remark 2.6.2 we infer that the operator valued function
L1(-) defines a positive evolution on S,‘f . Applying Corollary 2.2.6 (i) we obtain that
t — L(t) = L1(t) +T1(¢) defines a positive evolution on S¢. Therefore, T'(t,1y) > 0
for all r > to,¢,tp € Z. Applying Proposition 2.1.9 we conclude that 7*(z,#) > 0 for
allt > ty,t,10 € 1.

(ii) Firstly, we show that there exist 6 > 0,y > 0, such that

T (t,10)H| > e "'")|H)| (2.132)
|T*(t,00)H| > 87~ |H]|

forall H € 84t > ty,t,t9 € T.
Let us denote

<T([7t0)H7 T(I7ZO)H> 5

| —

(o) = 51T e o) =

1
where ||| - ||| denotes the norm induced by the inner product, that is ||| - ||| := (-,-)2.
By direct calculation, we obtain

%v(l) =(L()T(t,00)H,T(t,00)H) ,t > 19.

Under the considered assumptions there exists y > 0 such that

—v(O)| < AT @) HIIP,

—v(t)| <2w(t), t>1.

Further we have

d
— > -2 >
le(t) > =2yv(t), t>1o

or equivalently

[V(t)e%'(t*fo)} >0
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for all r > fo. Hence the function t — v(r)e?’ ") is not decreasing and v(r) >
e~ 21=10)y(1y). Considering the definition of v(¢) we conclude that there exists § > 0
such that

T (t,10)H| > 8| H|

which is the first inequality in (2.132).
To prove the second inequality (2.132), we consider the function

0(s) = 1/2|||T*(t,5)H|||*,H € S¢,s <t,5,t € T.
By direct computation we obtain
—V(s) == (L (s)T*(¢t,s)H, T"(t,8)H) .

Further we have

and

4 [P0 <o,

thus we obtain that the function s — ¥(s)e?’"*) is not increasing and therefore
(s)e?7"=%) > §(z) for all s <  hence

17 (2,9)H]|] = e 7| ||H]].
Using the inequality |S| < [||S||| < nd|S| for all S € S? we obtain the second

inequality in (2.132).
Let x € R, i € D be fixed; consider A € S? defined by

Fl(j){ 0if j Ai,

ol ifj=i
We may write successively

(T ( (1, to)Jd) (i)x = Tr [xx (T(r,to)ﬂ)(i)} - <I:1,T(t,to)1d>

<T*(t [OHJd> ZTr[ (t,10)H] ()
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d
;‘ (T*(t,10)H ])‘>rjréag| *(t,10)H) (j)|

= |T*(t,10)H| > §e 70 70)|x?
Since x € R" is arbitrary we get

(T(t,to)Jd) (i) > 8¢ V0L, (V)ie Dyt >to,t,00 €L

or equivalently T'(z,19)J¢ > 8e~"=10) J? Yt > 1. The second inequality in (ii) may
be proved in the same way. a

Having in mind the equality stated in the Corollary 2.1.7 (i) and the convention
of notation made in Remark 2.1.5, we may deduce via Theorem 2.1.10 and
Theorem 2.6.1 (i) some useful equalities.

Corollary 2.6.2. If ||T(t,t0)|| and |T*(t,1)|| are the norms induced by the usual
norm || - ||.. on the space S¢, then we have:
1T (2,101 = |7 (1,10)J]
17 (1.10) | = 1T (1,10)J.
Proof. The equalities from the statement are obtained applying Theorem 2.1.10 to
the positive operators T (¢,19) and T*(t, 1)), respectively, and taking into account that

the usual norm || - ||. on the space S¢ coincides with the Minkovski norm associated
with the element & = J¢.

Remark 2.6.4. (i) Combining the result in Theorem 2.1.4 (vii) for £ = J and X =

WT(LIO)J"’ orX = T*(t,19)J¢, respectively, we obtain

1
T (t,t0)J¢]
T (1,10)J¢ < |IT (2,10) (1%, (2.133)
T* (t,10)J¢ < | T* (t,10)]| ¢

for all t > 1y,t,t0 € Z.
(ii) If the dependence ¢t — || £ (¢)]| is a bounded function, we deduce easily that
there exists ¥ > 0 such that

I (1.10)]| < &7,

1T (1,10) | < &7

for all t > 1y,t,10 € I.
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Corollary 2.6.3. Suppose that A;,0 < k < r are continuous and bounded functions.
Then there exist 6 > 0 and y > 0 such that

8 YI10)J < T (1,19) J¢ < V710 j7,
SeVU=10) g < T (1,1) J¢ < £¥10) J4

forallt >1tg,t,tg € T.

At the end of this section let us remark two important particular cases:
Case (a) A (t) =0,k =1,...,r; in this case the linear operator (2.124) becomes:

(Z (r)s) (i) = Ao (1,) S (i) + S () AL (1,1) (2.134)
d
+2.4iS(),
=1

i€D,S eS8 Ttis easy to check that the evolution operator T (t,t)) defined by
(2.125) has the representation:

T (t,10) =T (t,10) + t?(t,s)cz(s)T(s,zO)ds,

fo

t > to,t,t0 € I, where T(t,to) is the evolution operator on S¢ defined by the
differential equation

(L2()H) (i) = Y, A (t,1) H (i) Ay (1,1),
k=1
teZ, He 8,‘,1, i € D. Also, we have
L(t) = L(t) + La(1). (2.135)

Remark 2.6.5. (i) Since (2.134) is the special case of (2.124) for A;(7,i) = 0,1 <k <
r we deduce that the operator valued function £(-) generates a positive evolution on
S¢. From (2.135) we deduce that £(¢) < L(t) for all € Z. Applying Theorem 2.2.5
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(i) we have that T (¢,79) > T (t,t0) for all t > 1o, t,to € Z. Further, Corollaries 2.1.11
and 2.6.2 yield

T (t,50)|| > Hf(t,to)H t> 10, 110 € L. (2.136)

The evolution operator 7 (z,1) will be called the evolution operator on the space
S? defined by the pair (Ao, Q). In Sect. 3.1 we shall see that if additionally Q verifies

d
zq,’j =0,YieD
=1

then (2.134) is the Lyapunov-type operator associated with the system (1.23);
Case (b) D = {1} and ¢1; = 0. In this case S¢ reduces to S, and the operator £ (t)
is defined by

L(t)S=Ao(t)S+SAL (¢ +2Ak )SAT (¢ (2.137)

t €Z,S € S, where we denoted Ay (¢) := A (¢,1). The evolution operator T (¢,1)
will be called the evolution operator on S, defined by the system (A, ...,A;). In
Sect. 3.1 we shall see that the operator (2.137) corresponds to the stochastic linear
system (1.24).

2.6.3 Lyapunov-Type Differential Equations on the Space S,

Let Ay : Z — M;’,0 < k < r be continuous and bounded functions. This means
that Ax () = {Ax(t,i) }icz, are such that t — A.(z,i) are continuous functions on Z
uniformly with respect to i € Z, and sup,c7 ||Ax(t) || < oo. Let Q = (gij)i jez, be
an infinite real matrix whose elements satisfy the conditions:

gij >0, if i#] (2.138)
and
sup (|gil + D, qij) =V <o (2.139)
€2y J=0,j#i

It is worth mentioning that the conditions (2.138) and (2.139) are satisfied by
the generator matrix of a standard homogeneous Markov process with an infinite
countable number of states (1(¢),P,Z.) (see Sect. 1.13 for more details).
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Based on the functions r — A(z,i) and the elements g;; of the matrix Q, one
constructs the operators £ and £ by:

(LX) () = Aol )X () + X DAL (1) + 3 Aclr. DX (DAL (1,1) + io aiX())
k=1 j=
(2.140)

(L(0)X) (i) = AG (1,0)X (i) + X (i)Ao (1, 1) + iAf(f,i)X(i)Ak(f,i) + 2)61in(1')
k=1 j=
(2.141)
for all sequences X = {X (i) }icz, -

Lemma 2.6.4. If the real numbers q;; satisfy conditions (2.138) and (2.139), then
foreacht € T, L(t) € B({'(Z,S,)) and £(t) € B(SY).

Proof. 1f X € ¢(Z,S,), then one obtains via (2.11), (2.138)—~(2.140) that:

T@x], = g(ﬁ(r)xxm <yl
where
Y1) = 20lAo(0) o+ 3 [A40)] 4 v. (2.142)
k=1

Based on (2.12) we may write ||£(£)X||; < n]|£(t)X[[; < ny(t)[X]); which yields
I£@®)X |1 < ny()|1X]|1. This shows that £(¢) introduced by (2.140) defines a linear
and bounded operator on ¢!(Z,,S,) and | £(¢)||; < ny(t), t > 0.

Similarly, if X € S;° one obtains via (2.113), (2.138), (2.139), (2.141) that

[€()X |0 < ¥(1) [ X |-

where ¥(t) is defined by (2.142). This completes the proof. O

In the developments of this book the linear operator £(¢) introduced via (2.140)
will be named the Lyapunov-type operator on the space ¢'(Z,S,) defined by the
system (Ag,A1,...,A,; Q) while £(¢) will be named the Lyapunov-type operator on
the space S;7 defined by the system (Ao, A1, ...,Ar; Q).

Proposition 2.6.5. Under the considered assumptions, the operator valued func-
tion L(-) introduced by (2.140) defines a positive evolution on (' (Z. ,S,) while, the
operator valued function £(-) introduced by (2.141) defines an anticausal positive
evolution on the Banach space S;;.

Proof. From (2.140) and (2.141) one obtains the decomposition: L£(¢) = L4(¢) +
T1(¢) and £(¢) = £4(¢) +T1(¢) where L4(t) and £4(¢) are the extended Lyapunov
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operators associated via (2.114) and (2.115) with the sequence A(r) = {A(t,i) }icz.,
with A(t,i) = Ao(t,i) + 3qiily, i€Zy, t €T

MOX)0) = S A XOAT )+ Y, oX()  (@143)
k=1 J=0,j#i
and
FOX) 6 = S ALXOA )+ Y, aX(). 214d)
k=1 =0, ji

One obtains that for all X € ¢'(Z,,S,) we have [|TT(t)X[[; < 7(¢)||X||; where
r
70) = X A2 +v. (2.145)
k=1

Also [|T1(£)X || < 7(¢)|X || for all X € S;°. Hence I(¢) € B(¢'(Z,S,)) and [1(¢) €
B(S;°). Based on (2.138), (2.139) and (2.143), (2.144) we deduce that I1()X €
N2y, Sy ) if X €01(Z4,S,1) and TI(1)X € S, if X € S7,).

The conclusion follows directly from Corollary 2.2.6 (i) and (ii). a

Let T(t,7), (t,7) € T x T be the linear evolution operator on ¢! (Z ,S,) defined
by the linear differential equation

EX(t) =L()X(¢). (2.146)
This means that %T(t,r) =LOT(t,7), T(1,7)=Ipg, s,

Consider, also T%(¢, ) the anticausal linear evolution operator on S, defined by
the backward linear differential equation

CX(0)+ 20X () =0. (2.147)

This means that

9 a - a

(?IT (t77’-) Q‘(t)T (t7T)7 (2148)
Ta(T7 T) = IS;c

Remark 2.6.6. Under the considered assumptions the operator valued functions t —

L(t) and t — £(¢) are continuous in the topology induced by the norms of Banach

algebras B(¢!(Z,S,)) and B(S7), respectively.

In the previous subsection we saw that in the case D ={1,2,...,d} the analogous
of the operator £(¢) coincides with the adjoint £L*() of the operator L(t).
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In the case D = Z., such an equality is not possible because the operators L(r)
and £(z) act on different linear spaces.

In the next developments we shall see that under some additional assumptions
the restriction of the operator £(¢) to the Hilbert space (¢2(Z,S,),|| - ||2) coincides
with the adjoint operator of L(t).

First we prove an auxiliary result which could be also of interest in itself.

Lemma 2.6.6. If A,M € R"" are given matrices, then |AM|, < min{|A||M]|a,
|A|2|M|} where |- | and |- |, are the norms introduced by (2.1) and (2.2).

Proof. Let0<A; € R, 1<i<n,ande; € R", 1 <i<nbe orthogonal vectors such
n n

that |ex| = 1,1 <k <nand MMT = 3, A;eie!. We have [M|, = (3, A;)?. We obtain
i=1 i=1

n
|AM|3 = Tr[(AM)TAM] = Tr[ATAMMT] = 3, X;|Ae;|*. Since |Ae;|* < |A|? we infer
i=1

|AM|3 < |A]> 37, A; which leads to [AM|, < |A||M|,. Changing the role of A with
M we get also the inequality [AM|, < |A|2|M].
So the proof is complete. a

Theorem 2.6.7. Assume that beside the conditions (2.138) and (2.139) the real
numbers q;; satisfy the condition:

sup Y |gjil = G < +-eo. (2.149)

i€Z4 j=0

Let £(1) = £(1) |2z, s, be the restriction of the operator £(t) to (Z.,S,) CS.
Under these conditions, for eacht € L, the following hold:
(i) £(1) € B(*(Z+.,Sy)).
(i) L(t) € B(*(Z+,Sy)).
(iii) £(¢t) = L*(2).
Proof. (i) LetX = {X (i) }iez, € ¢*(Z+,S,) be arbitrary but fixed. Based on (2.141)
we obtain

(ENX) ()5 < 4 l|A§(t7i)X(i)|%+ X (Ao (1) + IIiAZ(t?i)X(i)Ak(hi)%
=1

+1 24X (|-
j=0

Based on Lemma 2.6.6 we deduce

2
61ij||X(j)2> (2.150)
j=0

(EOX)HE <4 | n@XOE+ (

where 7 (1) = 2| Ao (1) ]2 tri Ak (2) |12
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Let N € Z, N > 1 be arbitrary but fixed. We have

2
<Z|qz/IX ) Z\qUIZIqUHX . (2.151)

Using (2.139) we obtain:

N 2 N
(Z qijIIX(j)z> <v Y laillX ()
Jj=0 j=0

Ny N . 2 N Ni N
Further we have ‘20 ‘20|q,‘j||X(J)|2 <v ZO (‘20|q,-j||X(])2) for all Ny €
i=0 \ j= j= —

Z_.,N; > 1. Using (2.149) one gets:
N /N 2 ,
D XXl ) <vallx|3
i=0 \j=0

forall Ny,Ne€ Z,.
Taking the limit for N — oo, N| — oo one obtains

2
Z(ZI%;IIX ) <Z<Zlqu|IX > <vi|x|} (2.152)
i=0

forallieZ,.
So, we have shown that the right-hand side of (2.150) is finite. Further, from
(2.150) to (2.152) we deduce:

2 EOX) D) <4 (0) +va)llX|3.

This shows that (£(t)X) € (2(Z,S,) if X € (*(Z.,S,). Furthermore we have
I€OX 2 < B0 IX]l2 VX € 2(Z+,S,), with

w(t) =20 (1) +vg)?. (2.153)

Thus (i) is proved.
Further we show that (2.140) is well defined if X = {X(i)}iez, € (*(Z+,Sy).
Proceeding as in the proof of (i), we show that
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- 2
(LOX)DE <4 | nOX )5+ ( Olqj'ilX(ih) (2.154)

J

i€Z., % (t) being as in (2.150).
N N N
For each N > 1 we have ( _20|qj,-||X(j)\2)2 < 20|f1ji| 'zo‘qﬁHX(j)'% which yields
= = =

2
N N Ni N
(Zolqﬁux(j)lz)2 <q zo|qji||x(j)|§. Further we obtain 3, (Zo|qji|X(j)|2> <
Jj= Jj= =0 \Jj=
v X |3

2
Taking the limits for N — oo and Nj — o we deduce Y;7 ( Y |gjil |X(])|2> <
j=0

2 ZOIqﬁIIX(j)Iz)Z < vgl|X|[3 foralli € Zy, X € (*(Z+,S,).
=0 j=
This shows that the right-hand side of (2.154) is finite for all i € Z_ . Furthermore

we obtain that

=3

;}\(E(t)x)(i)@ <pOIX|E, (V) X € (Z4,S,)

where 75 (t) is defined as in (2.153). Thus we have proved that £(¢) € B(2(Z,S,).

In order to prove (iii) one employs (2.13), (2.140), (2.141) to show that the
equality (£(£)X,Y)> = (X, L()Y), holds for all X,Y € ¢>(Z. ,L,). Thus the proof
is complete. a

Remark 2.6.7. The condition (2.149) is satisfied if there exist #; > 0, h, > 0 such
that g;; =0 if i < j—hy or i > j+ hy. In this case (2.149) is satisfied with § =
(h1 + hy 4+ 1)v where v is the constant from (2.139).

By direct calculation one shows that £ : 7 — B(¢*(Z,S,)) is a strongly continuous

operator valued function. This function defines the linear differential equation:
d ~
EY(I) +L(1)Y(t)=0 (2.155)

t € T on the space ((>(Z4,Sy), | - [|2)-
Let T4(1,7), 1,7 € Z, be the anticausal linear evolution operator on *(Z.1,S,)
defined by the linear differential equation (2.155).

Corollary 2.6.8. Under the assumptions of Theorem 2.6.7 we have:
Ti(t,t)=T"(t,7), Vt,1eLl

T(t,7) being the linear evolution operator defined by L(t) € B({*(Z.,S,)).

Proof. follows from Theorem 2.6.7 (iii) and the equality (2.96).
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2.7 Exponential Stability for Lyapunov-Type Differential
Equations on S¢

In this section Z C R denotes a right-unbounded interval. Consider the Lyapunov
operator (2.124) on S,”f, where Q satisfies (2.123) and A are continuous and
bounded functions. Let T (t,%) be the linear evolution operator on S¢ defined by
(2.125).

Definition 2.7.1. We say that the Lyapunov-type operator £ (t) generates an ex-
ponentially stable evolution or equivalently, the system (A, ...,A,; Q) is stable, if
there exist the constants 3 > 1, o > 0 such that

IT (1,20)|| < Be ™) 1 > 19,10 € L. (2.156)

Remark 2.7.1. (i) In(2.156) ||T(¢,to)]| is the norm of the linear evolution operator
computed via (2.31) based on the usual norm of the Banach space S?. On
the other hand from Corollary 2.1.7 (i) the usual norm of the space S¢
coincides with the Minkovski norm |- |¢ corresponding to § = J?. Hence, if
we have in mind the convention of notation made in Remark 2.1.5 and apply
Corollary 2.6.2 we may rewrite (2.156) in the equivalent form:

T (t,10)J9| < Be*11—10)

for all t > 1y,t,t0 € Z.
(ii) From Remark 2.6.5 immediately follows that if (Ao,...,A,; Q) is stable, then
there exists § > 1 and o > 0 such that

] <pei-s
forall t > 19, 1,19 € T, where T (¢,1o) is the evolution operator on S? defined by

the pair (Ao, Q).

As usually we denote

/WT*(s,t)H(s)ds:: lim [ 7% (5,0 H (s)ds

T—eo J;

each time when the limit in the right-hand side exists. In this case we say that the
integral in the left-hand side is convergent.

Lemma 2.7.1. Let H : T — S? be a continuous function. Assume that the integral
J7T* (s,t)H (s)ds is convergent for all t € L. Set

K{t) = /th* (5,4) H (s) ds.
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Then K (t) is a solution of the affine differential equation

d
EK(I) +L(t)K(t)+H () =0.
The proof is similar with the proof of Lemma 2.3.1. The details are omitted.
The next lemma shows that the integrals used in this section are absolute
convergent.

Lemma 2.7.2. Let H : T — S¢ be a continuous function such that H (t) > 0 for all
t € I. Then the following are equivalent:

(i) The integral [;°|T* (s,t)H (s)|ds is convergent for all t € I;
(ii) The integral [°T*(s,t)H (s)ds is convergent for all t € T.

Proof. (i) =>(ii) follows immediately.
(i) = (i) Let

y(@) = ,tel.

/l.oc T* (s,t)H (s)ds

We have
/tw T* (s,t)H (s)ds < y(t)J9,t € T,

which leads to

/tw(T* (s,))H (s)) (i)ds < y(t)) I, i € D, 1 € T.
Hence

/thr(T* (s,()H(s)) (i)ds <ny(t),i€ Dt € T
from which we deduce that

/tTTr(T* (5,0 H (5)) (i)ds < ny(t), T >1.
The above inequality gives
:
1 (5.0 H 5)) (Dl ds < my ()

which leads to
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d T
;/t (T* (s,t)H (5)) (i)|ds < dny(t).

Since

d

T (s,0) H ()] < X [(T™ (s,0) H (5)) ()],

i=1

we get
T
[ 1T s b () ds < nay(0)
t

for all T > ¢ and the proof is complete. ad

The following result provides necessary and sufficient conditions ensuring
exponential stability of the considered class of differential equations.

Theorem 2.7.3. Let 7 = R. The following are equivalent:

(i) The system (Ag,...,A,; Q) is stable;
(ii) There exists 6 > 0 such that

t
/ 1T (1,5)||ds < &
fo

forallt > 1y, t,tg € Z;
(iii) There exists a constant 6 > 0 such that

t
T (t,5)J%ds < 8J¢
T
forallt > ty, t,tg € L.
(iv) The solution of the initial value problem

—X(1) =L)X (1) +J?, t€R,X(0) =0

is bounded.
(v) For any bounded and continuous function H : R, — S,‘f, the solution of initial
value problem:

EX(I) =L)X (t)+H(t), t€R:,X(0)=0

is bounded.

The proof follows directly from Theorem 2.3.3.
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Definition 2.7.2. We say that the vector valued function H : T — S¢ _ is uniformly
positive if there exists a constant ¢ = ¢(H) > 0 such that H(¢,i) > cl,, for all t €
Z,i € D. In this case we shall write H(z) > 0, r € Z. Also we shall write H(r) < 0,
t€Zifand only if —H(t) > 0,r € T.

Since S¢ is an ordered real Hilbert space we may apply the results from Sect. 2.4
to derive a list of necessary and sufficient conditions for exponential stability of
Lyapunov-type equation (2.125).

Theorem 2.7.4. The following are equivalent:

()

(it)

(iii)

(v)

(v)

(vi)

(vii)

(viii)

The system (Ao, ...,Ay; Q) is stable.
There exist the constants B > 1, o0 > 0 such that

1T (1.10) | < Bre™ ),

forallt > ty, t,tg € L;
There exists a constant 6 > 0 such that

[ solas<s
t

forallt € T.
There exists 6 > 0 such that

/ T (s,8)J%ds < 8J¢
t

forallt € T.
The affine differential equation:
d * d
EK(I)+£ (HK@)+J =0 (2.157)

has a bounded and uniform positive solution on I.
ForeachH : T — S,‘lj continuous, bounded and uniform positive function, the
affine differential equation on S¢:

SR+ L (K@) +H (@) =0 (2.158)

has a bounded and uniform positive solution defined on I.

There exists a bounded uniform positive and continuous function H : T — Sf,
for which the affine Lyapunov-type equation (2.158) has a bounded solution
Ko (t) = (Ko (2,1),...,Ko(t,d)) with Ko (¢,i) > 0,7 € T.

There exists a C l-function K:7T— S,‘f, bounded with bounded derivative,
K > 0 solving the differential inequality:
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d

EK(t)JrE* (H)K(t) < 0,r€T. (2.159)
The proof follows directly from Theorem 2.4.2.

The analogous of Theorem 2.4.3 is:

Theorem 2.7.5. If the system (Ao, ...,A,; Q) is stable, then the following hold:

(i) For all bounded and continuous function H : T — S,”,l, the corresponding
Lyapunov-type equation (2.158) has a unique bounded solution given by

K1) = /tm T* (s,1)H (s) ds.

(ii) If t — A (t,),k=0,...,r,t — H (¢t,i), i € D are O-periodic functions of
period 0, then the unique bounded solution of (2.158) is a 0-periodic function
too.

(iii) If Ay (t,i) =Ax(i),k=0,...,rand H (t,i) = H(i),t € Z,i € D, then the unique
bounded solution of (2.158) is constant and it solves the algebraic equation

LK+H=0.

(iv) If H(t,i) > 0 for all t € T and i € D, then the unique bounded solution
K(t) of (2.158) satisfies K(t,i) > 0 for all t € T and i € D. Furthermore, if
H(t) > 0,t €T, then K(t) > 0, € T.

If the matrix valued function t — Ay (t,i) are periodic of period 6 without loss
of generality we may take Z = R. In this case, we may apply both Corollaries 2.3.8
and 2.4.4 in order to obtain a set of criteria for exponential stability of Lyapunov
differential equation (2.125).

Theorem 2.7.6. Assume that there exists 6 > 0 such that Ai(t + 0,i) = Ax(t,i) for
allt e R;i € D,0 < k < r. Then the following are equivalent:

(i) The system (Ao, ...,Ar;Q) is stable.
(ii) The affine differential equation

d
—K(t) = L(t)+J?
SR =L()+
has a 0-periodic solution K : R — S;ﬂ such that K(t) > 0,t € R.
(iii) For each continuous and 0-periodic vector valued function H : R — S,”er,
H(t) >0, t €R, the affine differential equation

d
EK(I) =L(t)+H(t) (2.160)

has a 0-periodic solution, K >0, t € R.



106 2 Linear Differential Equations with Positive Evolution

(iv) There exists a O-periodic, uniformly positive, continuous vector valued
function H : R — S¢ . such that the corresponding affine differential equation
(2.160) has a 8-periodic solution Ky(t) > 0,1 € R.

(v) There exists a C' function Y : R — S,‘f+ periodic with period 0
and uniformly positive which solves the linear differential inequality
Ly (t)— L)Y (1) >0, t €]0,6].

(vi) The backward affine differential equation (2.157) has a 0 periodic and
uniformly positive solution.

(vii) For each continuous, 0-periodic and uniformly positive function H : R —
sS4 . the backward affine differential equation (2.158) has a 0-periodic and
uniformly positive solution.

(viii) There exists a continuous, uniformly positive vector valued function H : R —
sS4 . periodic, with period 0 such that the corresponding affine differential
equation (2.158) has a 0-periodic solution Ky : R — S,‘f+.

(ix) There exists a C' function, Y : R — S,f ., uniformly positive and periodic, with
period 0, which solves

%m) +L (1Y (1) <0, 1€0,6].

(x) pIT(6,0)] < 1.

In the time invariant case we obtain directly from Corollaries 2.3.9 and 2.4.5 the
following result.

Theorem 2.7.7. Assume that Ay(t,i) = Ax(i) for allt e R,i € D,0 <k < r. Then
the following are equivalent:

(i) The system (Ag,...,A,;Q) is stable.
(ii) For all H= (H(1),...,H(d)) € 8¢, H(i) > 0, i € D the algebraic linear
equation on S¢.

LK+H=0 (2.161)

has a unique solution K = (K(1),...,K(d)) € 8¢, K(i) >0, i € D.
(iii) For each H= (H(1),...,H(d)) € 8¢, H(i) > 0, i € D the linear inequality

L'K+H <0 (2.162)
has a solution K = (K(1),...,K(d)), K(i) >0, i € D.
(iv) There exists K > 0 satisfying L*K < 0.
(v) Foreach H € 8¢, H > 0, the linear equation on S¢

LK+H=0 (2.163)

has a unique positive solution K = (K(1),...,K(d)).
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(vi) Foreach H € 8¢, H > 0 the linear inequality
LK+H<O0 (2.164)

has a solution K > 0.
(vii) There exists K > 0 satisfying LK < 0.
(viii) SpecL C C™.

Remark 2.7.2. The affine differential equation (2.158) is the compact version of the
following system of matrix linear differential equations:

d 1 T 1
Dkt (Ao (1,0)+ 2q,-,-1n) K(0i)+ K (1,1) (Ao 1)+ 2qiiln)

r d
+ Y AL (6K (60 A (i) + Y, qiK (1)) +H (t,0) (2.165)
k=1 J=1j#
=0,ieD.

In the time invariant case the algebraic equation L*K + H = 0 is the compact form
of the following system of linear equations:

(Ao (i) + ;Qiiln> TK(i) +K (i) (Ao (i) + ;qiiln)

d
+Y ALK DAD+ Y, qiK (j)+H (i) (2.166)

k=1 J=Lj#

A consequence of Theorems 2.7.4 and 2.7.7 is the following corollary.

Corollary 2.7.8. If the system (Ay,...,A; Q) is stable, then for all i € D the system
of linear differential equations on R"

d

preL (1) = (Ao (¢,0) + lqi,-ln) yi(t),tel (2.167)

2

defines an exponentially stable evolution.

In the invariant case, if the system (Ao, ...,A,;Q) is stable, then for all i € D,
the eigenvalues of the matrices Ay (i) + %qi,-ln are located in the half plane C~ =
{z€ C|Re(z) < 0}.

Proof. Since the system (Ay,...,A,; Q) is stable, from Theorem 2.7.4 it follows that
(2.165) has a uniform positive and bounded solution K (¢) = (I? (t,1),....K (Ld)).
For each i € D we can write
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d, . LN
—K(t,i)+ (Ao (t,))+ =qiil, | K(2,i)+
dt 2
= N ] S~
K (t,i) | Ao (t,0) + = qiil, | +H (2,i)

2
=0

where

~ r ~ d ~
H(t,i):=H (t,i)+ Y, AL (DK (6,0 A (6,0) + Y, qiK (1))
k=1 j=1,j

It is obvious that H (¢,i) > 0 for all t € Z. By standard Lyapunov function arguments
we conclude that the system (2.167) is exponentially stable and the proof ends. O

The next result shows that the bounded solution of (2.158) can be obtained as a
limit of a sequence of bounded solutions of some Lyapunov equations.

Proposition 2.7.9. Assume that the system (Ao,...,A;;Q) is stable. Let H :
T — 8¢ be a bounded and positive semidefinite continuous function, H (t) =
(H(t,1),...,H (t,d)). For each i € D we define the sequence {K! (t)}pEZ+ where
t— Kip (t) is the unique bounded solution of the differential equation:

d ho L !
EK;” (1) + (Ao (t,i) + 261iiln) K} (1)

1
+K7 (1) <A0 (t,0) + 2‘]iiln> +H! (1) (2.168)
=0,ieD
with

r d
HP (1) + =H(t,i)+ Y AL (LO)K T (OA( )+ Y gk (1),
k=1 j=1,j#i

p=1,...,t€Zand K (r) = 0.

The sequences {Klp (t)} i € D are increasing and bounded. If we denote

PpEN’

K= (t,i)y=lim K" (t), i€ D, t €L,
poee !

then K= (t) = (K= (¢,1),...,K” (t,d)) is the unique bounded solution of (2.158) or
equivalently (2.165).
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Proof. Let K(1) = (I?(t,l),...,l?(t,d)) be the unique bounded solution of
(2.158). From Theorem 2.7.5 (iv) it follows that K > 0; then we have

LK (1,0)+ (Ao (t,0) + Lgal,) K (1,0 +K (1, 1) (Ao (t,0) + 3qiil,)
+ X5 AL (60K (1,0) Ay (6,0) + 292, 00K (6,)) +H (t,i) =0, i€ D, t € T.

By direct calculations we obtain
d (~, . p N Trso P
(R =k )+ (400 + 50t ) (R(.) =K (1))
-~ . p . 1 p
+ (R(,) =K (1) ( A0 () + 54 ) + 47 (1) (2.169)

=0,ieD,

where

ie€D, p>2andfor p=1 we have

r d
Z tzAktl+Zq,JKtJ>01€Dt€I
k=1 J=1j#i

Since for each i € D, Ay (¢,i) + %qiiln defines an exponentially stable evolution,
from (2.169) for p = 1 we deduce that I?(t, i)—K!(t)>0,i€D,tcT. Further, by
induction with respect to p we obtain that A” ~!(#) > 0 which shows together with
(2.169) that E(t,i) —Ki” (t) >0forall p>1,i€D,tecZ. Hence, the sequence
{k? (t)}pzo is bounded. On the other hand, for each p > 1, (2.168) gives:

jt (KP+1 (1) K" (t)) + (AO (t,i)+ ;qiiln)T (K{’“ (1) — K" (r))
+ (Kl."+ "(t)—K? (r)) (AO (t,i) + ;qi,-l,,> +AP (1) (2.170)

=0,ieD,
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where

~ r d

B0y =X al i) (K 0 -k 0) A+ Y, iy (K -K (),
k=1 j=1,j#i

i€eD,p>2 For p=1wehave

d
AL (D) K (A () + Y, qiK] (1) > 0.
1 j=Lj#i

M-

Z} (1) =
k

By induction with respect to p, one can easily show that Zf (t) > 0 which implies
that K”™' (1) = K? (1) > 0,i € D, p > 0. Therefore the sequence {K? (t)}pZO is
increasing and hence the sequence is convergent. Let K;” (r,i) = lim,_,.. K! (1).
By standard arguments based on Lesbegue theorem (Chap.1) we deduce that
t — K> (t,i),i € D, is a solution of the system (2.165). Since K~ (¢, i) is bounded
with respect to ¢, it follows that K= (¢,i) = K (¢,i) and the proof ends. O
Remark 2.7.3. (i) In the time-invariant case the unique bounded solution of
(2.168) is constant and it solves the standard Lyapunov equation

N T o
(Ao (i) + zqiiln) K’ +K? (Ao (i) + 261ii1n> +H'=0

where

r d
H =Y ALK ')+ Y, gkl +H (i), i€D;
k=1 J=Lj#

(i) Ift+—— Ay (t),t — H (t) are O-periodic functions, then for each p and i € D,
the unique bounded solution on Z of the Lyapunov differential equation (2.168)
is a O-periodic function. Therefore it is sufficient to compute only the values of
K? (¢) on the interval [fg, ) + 6]. We have

Kip(t) :q)lr(l()—Fe,t)KlfD(l‘()—|—9)q)i(l‘0+9,t)
+ [0 T (5,0)HY (5) D; (s5,0)ds, t <19+ 0

®@; (s,¢) denoting the fundamental matrix solution of (2.167). The periodicity
condition K7 (t) = K (r+6) shows that K (p+ 60) is a solution of the
following algebraic discrete-time Lyapunov equation:

X; =@ (to+ 6,10) X;; (to + 6,10) 2.171)
+sz0+9 7 (s,t0) HY (5)®; (s,20)ds, i € D. '

The eigenvalues of the matrices ®; (o + 0,#) which are the Floquet multipliers
[74] of the system (2.167) are inside the unit disk |A| < 1, A € C. Therefore
(2.171) has a unique positive semidefinite solution.
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2.8 Exponential Stability for Lyapunov-Type Differential
Equations on S;°

In this section we shall provide a set of criteria for anticausal exponential stability
and the exponential stability of linear differential equations (2.147) and (2.146),
respectively. Throughout in this section £(¢) and £(¢) are Lyapunov-type operators
on ('(Z,,S,) and S;°, respectively, defined by the system (Ag,A1,...,A,;Q). For
each 0 <k <r, Ay : T — M; is a bounded and continuous function and Q is an
infinite real matrix which elements satisfy the conditions (2.138), (2.139). Here
7 C Ris an right unbounded interval.

Definition 2.8.1. We say that the linear differential equation (2.147) is anticausal
exponentially stable or equivalently, the system (Ag,A1,...,A,;Q) defines an anti-
causal exponentially stable evolution on S;7 if there exist the constants § > 1,0, >0
such that

T4 (2,10)]| < Bt~ (2.172)

forallt <r1y,t,10 € L.

In (2.172) ||T(t,t0)| is the norm of the anticausal linear evolution operator
computed via (2.31) based on the usual norm || - || of the Banach space S;°. On the
other hand, according to Corollary 2.1.7 (ii), || - ||l coincides with the Minkovski
norm induced by & = J*. Hence we have ||T“(t,10)|| = [|T%(¢,%)||¢. Since the
cone S, is a solid, closed, normal, convex cone we may apply the general results
developed in Sect. 2.3.2 in order to obtain necessary and sufficient conditions of the
anticausal exponentially stable evolution generated by the system (Ag,A1,...,A,; Q)
onS;.

So, from Proposition 2.3.11 we obtain:

Corollary 2.8.1. Under the considered assumptions the following are equiva-
lent:

(i) The system (Ao,Al,...,Ar;Q) generates an anticausal exponentially stable
evolution on S;; .

(ii) There exist o >0, B > 1 such that |Y (t;19,J=)| < Be®t=0) V1 <1y, 1,10 € T,
Y (t;10,J7) being the solution of the differential equation (2.147) starting from
J= at the initial time t = 1.

We recall that according to the convention made in Remark 2.1.6 | - | stands for the
Minkovski norm |- | when & = J*.
From Theorem 2.3.12 we obtain the following result.

Theorem 2.8.2. Assume I = (a,) with a > —oco. Let Ay : T — M;?,0 <k <r be
continuous and bounded functions and Q be an infinite real matrix whose elements

verify (2.138) and (2.139).



112 2 Linear Differential Equations with Positive Evolution

Under these conditions the following are equivalent:

(i) The system (Ao,A1,...,Ar;Q) generates an anticausal exponentially stable
evolution.

(ii) For each t € T the integral [T%(t,s)J"ds is absolute convergent and there
t
exists 6 > 0 not depending upon t such that 0 < [T(t,s)J"ds < 6J°, V t € L.
t
(iii) For eacht € T the integral [ T*(t,s)Jds is convergent and there exists & > 0
t

not depending upon t such that 0 < [(T(t,s)J=)(i)ds < 6l,, Vt€ZL,i€Zy.

t
(iv) The backward affine differential equation

d

EY(t)+£(t)Y(t)+J°° =0 (2.173)
has a bounded and uniformly positive solution.

(v) For each bounded, continuous, uniformly positive function H : T — S;° the
backward affine differential equation

Dy () +20Y () +H@) =0 (2.174)
has a bounded and uniformly positive solution.

(vi) There exists a bounded, continuous, and uniformly positive function H : T —
S,;> with the property that the corresponding backward affine differential
equation of type (2.174) has a bounded solution Y (t) with the property that
Y(t,i)>0, forallt € T,i€Z,.

(vii) There exists positive scalars 11, i and a C' functionY : T — S;7, bounded with
bounded derivative, which verifies the following linear differential inequality:

d
EY(I) +LOY (@) +wJ” <0, Y(,i) > wl,

forallteZicZ,.

We recall that a function H : Z — S, is named uniform positive if there exists
6 >0, such that H(¢,i) > 6, forallt € Z,i € Z.
In the case of periodic coefficients we obtain the following result.

Corollary 2.8.3. Assume that T = R and there exists 0 > 0 such that Ai(t + 0,i) =
Ap(t,i),VO<k<nteZ,iceZ,.
Then the following are equivalent:

(i) The system (Ag,A1,...,A,;Q) generates an anticausal exponentially stable
evolution on S;;.
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(ii) The backward affine differential equation (2.173) has a 0 periodic and
uniformly positive solution.

(iii) For each continuous, 0-periodic, and uniformly positive function H : R —
S, the backward dffine differential equation (2.174) has a 0-periodic and
uniformly positive solution.

(iv) There exists a continuous, uniformly positive valued function H : R — S
periodic, with period 0 such that the corresponding affine differential equation
(2.174) has a 0-periodic solution Y : R — S

(v) There exist a scalar § > 0 and a C" valued function, Y : R — S:°, uniformly
positive and periodic, with period 0, which solves

%Y(l) LS (1) 487 <0, 1€]0,6).

Proof. It is a special case of Corollary 2.3.14.

In the time invariant case we have the following list of criteria for anticausal
exponentially stable evolution generated by the Lyapunov-type operator £.

Corollary 2.8.4. Assume Ay(t,i) = Ay (i) forallt € T,i € Z+,0 <k <r. Then the
following are equivalent:

(i) The system (Ao,A1,...,Ar;Q) defines an anticausal exponentially stable evo-
lution on S;.
(ii) The linear equation £X +J= = 0 has a solution X = {X(i)}icz, such that
X (i) > 81, for all i € Z... where § > 0 does not depend upon i.
(i) For each sequence H = {H(i)}icz, € IntSy, there exists X = {X (i) }iez, €
IntS;? which solves £X+H = 0.
(iv) There exists a scalar 6 >0 and Y € IntS;;, such that £Y + 6J% <O0.

Definition 2.8.2. We say that the linear differential equation (2.146) is exponen-
tially stable, or equivalently the system (Ag,Ay,...,A,; Q) defines an exponentially
stable evolution on the space ¢! (Z. ,S,) if there exist 8 > 1, & > 0 such that

|7 (.10)[|; < Be™*0—10) (2.175)

forall t > 1y, t,t9 € Z.

In (2.175), || T (¢,%0)||1 is operator norm induced via (2.31) by the usual norm || - ||
on (Y(Z,S,).

Since the cone ¢! (Z. , S, ) has empty interior we cannot apply the developments
from Sect.2.3 in order to derive criteria for exponential stability of the linear
differential equation (2.146) on (' (Z,S,).

The result proved in Corollary 2.8.8 shows that the criteria for anticausal
exponential stability of (2.147) could be used as necessary and sufficient conditions
for the exponential stability of (2.146).
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Let £(t) = £4(t) +TI(¢) be the partition of the linear operator £(¢) considered in
the proof of Proposition 2.6.5, [1(¢) being defined by (2.144).
We prove:

Lemma 2.8.5. For any monotone and bounded sequence {Xi}trez, C Sy we
have:

(i) lim (F(0)[X)) () = (1O [X])) i) for all i € 2. 1 € T.
(i) klim (T(t,00)Xx) (i) = (T(t,10)X) (i) foralli € Zy, t <19, 1,19 € L, where X =
{X(i)}icz, €Sy is defined by X (i) = klim X (i), i € Zy.

Proof. Without loss of generality we may assume that {X; }xcz is a increasing and
bounded sequence. This means that there exist tt; € R, j = 1,2 such that

iy < Xe(i) < Xeir (i) < poly, (ki) €Zy X Z, (2.176)
Therefore, for eachi € Z, X (i) € S, is well defined by

X (i) = lim X, (i). (2.177)

k—yoo

Based on (2.176) we infer that X = {X (i) }icz, € S;’. From (2.144) we obtain

(T1(1)X) ()—(T1(r)X )(i):griAzT(hi) (X ()X (i) Ay (1, i)+§6q,- i (X () =X (). (2.178)
- i
First, from (2.176) we obtain
Jim iAIT(t,i)(Xk(i) —X(i)A;(t,i) =0 (2.179)
=1

On the other hand applying Corollary 1.2.9 for ax(j) = qi|Xi(j) —X ()| we deduce
that limy—e. X7 j2;9ij|1Xk(j) — X (j)| = 0 which leads to

lim % g3 (Xu(j) — X (})) =0. (2.180)
T j=0,j#i

Combining (2.178)—(2.180) we obtain that (i) is true.

Let us now prove that (ii) holds. To this end, let us denote Y;(¢) = T%(¢,0) X,
t € (—eo,19] NZ, 1y € T being fixed. Since T4(¢,1y) is a positive operator, if ¢ < 7y the
inequalities (2.176) yield

i (T4(2,20)77°) (0) < Yie(t,0) < Yier1 (2,0) < po(T(2,10)77) (1) (2.181)
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foralli€ Z,t <ty,t € Z. From (2.181) we obtain that the matrices Z(z,i) are well
defined by
Z(t,i) = klim Yi(t,0),i € Zy,t € (—oostp] NT.
—o0
Furthermore (2.181) yields |Z(¢,i)| < us|T(t,10)J| = u3||T%(t,10)|| foralli € Z,.
This leads to
|Z(1)| < w3 ||T(¢,10)||, VteI,t<t,

where Z(t) = {Z(t,i) }icz, .
Since t — || £(t)]|- is a bounded function we deduce that ||T%(z,0)|| < 0=,
forallt € 7, t <ty. This leads to

1Z(1)] < pae0™). (2.182)

Reasoning in the same way we obtain from (2.181)
Y (t)] < pzecto™) (2.183)

forallt € Z,t <ty,k€Z,.
Let T¢(t,s) be the anticausal linear evolution operator on S, defined by the
extended Lyapunov operator £4(¢). We have the representation formula

Yilt) = T2 (1,10)Xe + / T2(t,5)T1(s)Yi (s)ds

forallt <1y, t €.
Based on (2.122) written for A(z,i) replaced by Ag(z,i) + %q,-,-ln, we obtain the
component wise representation formula

Yet,i) = D7 (10,) X, (1) Dy (10,1) / &7 (5,1)(F1(5)Yi () (1) ®i (s, 70)ds (2.184)

foralli e Z,,t <1, t € Z, where ®;(s,7) is the fundamental matrix solution of the
differential equation

4,
dt

Using the result proved in the part (i) of the lemma, we obtain that

(t) = (Ao(t,1) + %q,’iln)x(t).

im @ (5,0) (F1(5)i(5)) () @i(s.1) = @ (5,0) (T1(5)2(5)) () @i(s.1) (2185

forallieZ ,t <s<r.
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We recall that the boundedness of the function s — ||Ag(s)|| together with
(2.139) allow us to deduce that

|D;(s,1)| < 1071, (2.186)

vt < s <tg,t €L, where c; > 0 is a constant not depending upon s,?.
Further, from (2.184), (2.186) together with the boundedness of the functions
5= [|JA1(8) |, 0 < I < ryield

T ®F (5,1) (TT(5) Y (s)) () Di(5,1)x < B |x[? (2.187)
for all t < s <1y, where B, ¢ are positive constants. Applying Lebesque’s Theorem

1) _
we obtain via (2.185) and (2.187) that klim JxT®T (5,1)(T1(s)Yi(s)) (i) D; (s, 1) xds =
—0

fo

[xT®T (5,1)(T1(s)Z(s))(i)®i(s,t)xds for all x € R". By a standard procedure, one
t

obtains finally that

0]

lim ‘I’iT(S7f)(ﬁ(S)Yk(S))(i)q’i(svt)dS=/CI’iT(87t)(ﬁ(S)Z(S))(i)@i(s,f)dS

for all <1y, t € Z. Taking the limit for k — o in (2.184) we obtain that
0}
2(1.1) = O (10, )X () ®i(t0,1) + [ O] (5.0)(FU(5)Z(5)) ()i(s.1)ds
t

forallieZ ,t <rty,te€T.
The above equality may be rewritten in a compact form:

2(6) = Tt 10)X + / T(t,5)T1(s)Z(s)ds. (2.188)

Under the considered assumptions the identity (2.188) allows us to deduce that
t — Z(t) is differentiable and additionally it solves the problem with given terminal

condition:
d
EZ(t) +L(1)Z(1)=0, t <g (2.189)

Z(ty) =X.
From the uniqueness of the solution of the problem (2.189) we conclude that
Z(t,i) = (T%(t,00)X)(i) (2.190)

forallieZ,,t <tg,t € L.
The conclusion follows now from (2.190). So the proof is complete. ad
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Lemma 2.8.6. Assume that the assumptions of Theorem 2.6.7 are fulfilled. Let
={H}(j)}jez, be defined by

H(j) = {0 ¢l @.191)

where x € R" and i € Z, are arbitrary but fixed.
Under the considered assumptions we have:

T (¢, T)HE ||y = xT [(T(,0)07) (i)]x (2.192)

forallt > 1,t,7 €L

Proof. First we notice that HY € ¢'(Z,S,) and |H}||; = |x|. Therefore T (¢, 7)H}
is well defined and we have

|7, M |1 = Y, Tr((T (1, 1)H) ()] (2.193)
=0
forallz,t € Z.
For each k € Z we consider J;” = {J;°(j) } jez. where

o (L,if0< j<k
Joo — n» = =
() {O,ifj>k.

It is obvious that J;> € ¢*(Z,S,) C S and we have ||J;°|l = (k+1)/n and
7 [l = 1. Also we have Ji° < J;°; <J forall k € Z,.. This yields: T¢(t,¢)J; <
T(t,t)J5 <TT,t)J”, forallk e Z,,t > 7,t,7 € T because T%(7,) > 0 for all
t>7

This allows us to obtain

S [T @)x < 2 (T (2,0)J5) () < X [(T4(.0)07) (D)) (2.194)
for all k € Z.. Moreover, applying Lemma 2.8.5 (ii) for X; = J;° we obtain that

lim 7 (T9(z, 05 (i)x = 27 (T%(1,0)07) (i)x. (2.195)

k—voo

On the other hand, from Theorem 2.6.7 (i) we deduce that T79(7,t)J;° € (2(Z1,Sy).
Therefore we may write:

A [(T(7,0)J7) (D))x = Tr((T(,0)J7) (D] =

oo

Z [(T(7.0)J) DH] ()] = (T (7, 0)J Hf ).
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Further, the equality proved in Theorem 2.6.7 (iii) together with (2.96) yield:
k
(T4(7,0)J7 Wi )2 = (T (1, 0)J Hi )2 = (I, T (1, D HE )2 Z T (1, 7)H) (J)]-
Thus we obtain
k
(T (eI (Dl = 3 Tr{(T (e, 0)H) (7). (2.196)
Based on (2.196) we get

k
IT (¢, OB [y = Jim 3" Tr{(T (1, )H) ()] = Jim x"[(T(z,0) ) (). (2.197)
j=0

k—yoo

The conclusion follows from (2.197) and (2.195). Thus the proof is complete. O

Theorem 2.8.7. Assume that the assumptions of Theorem 2.6.7 are fulfilled. Then
we have

170 < 1T Vit n1el. (2.198)

Proof Let i € Z, be arbitrary but fixed and y; : (1(Z,,S,) — (1 (Z.,S,) be
defined by

[0, £
(X)(j) = 2.1
wx) = { G 2.199)
k o
for any X = {X(j)} ez, € £"(Z+,S,). We have || X — 'ZOIII,'(X) = % 1|X(l')|1
= 1 1=K+
k
which leads to lim [|X— Y y;(X)|| =0.
k—reo i=0 1
Hence X = ¥ y;(X) forall X € (1(Z.,S,).
i=0
Further we have
T(t,7)X =Y T(t,7)wi(X) (2.200)
i=0

because T(t,7) € B(¢{1(Z1,S,)).
Let Ai1, A2, - - ., Ain be real numbers and e;1, e, . . . , ¢in € R" be orthogonal vectors

suchthat |e;j|=1,1<j<mand X(i)= X ?Lijeijel?;-. Combining (2.191) and (2.199)
j=1

we deduce:
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n o
X) =Y A;H;" (2.201)
j=1

where H;" is defined as in (2.191) with ¢;; instead of x.
For each k > 1 we write

k

DT, 1)wi(X

i=0

<2||Tmm ||1<22|x,,|HTm

1 i=0 j=

Applying Lemma 2.8.6 we obtain

ZHTIT H1<22\%;|el,[T“(T 1)J” 1ez,<22m,|| T4(7,0)77)(D)].
i=0 j= i=0 j=
k
Invoking (2.6) we infer Y, ||T(t,7)wi(X)||i < |[T%(7,6)J|| 2 |X(i)]; for all
i=0

k> 1.
Hence we have shown that

2T (e )y Xl < 1T(z, 07| |IX |1 (2.202)
i=0

Further, from (2.200) to (2.202) we get:
IT (60X < 70007 [ IX][1, (V) X€£Y(Zy,8,), t>7, 1,T€T.

So we may conclude that ||7(¢,7)||; < ||T%(7,1)J”||- forallt > 7,t,7 € Z. To show
that the last inequality coincides with (2.198) we apply Theorem 2.1.10 in the
special case of the positive operator T¢(7,7) together with Corollary 2.1.7 (ii) and
obtain that || T%(t,#)J” || = ||T%(7,t)]|. This ends the proof. O

Corollary 2.8.8. Under the assumptions of Theorem 2.6.7 the following are equiv-
alent:

(i) the operator valued function £(-) defines an exponentially stable anticausal
evolution on S;’;

(ii) the operator valued function L(-) defines an exponentially stable evolution on
NZ,,S,).

Proof (i) — (ii). If (i) holds, then there exist § > 1, o > 0 such that | T9(7,1)|| <
Be= (=7 forall 7, € Z, ¢ > 7. Then from Theorem 2.8.7 we get

IT(t,7)|]) < Be =7 (2.203)

forallt > 7,t,7 € Z. This shows that (ii) is true.



120 2 Linear Differential Equations with Positive Evolution

Let us prove now that (ii) — (i). If (ii) holds, then there exist B > 1, a >0
such that (2.203) is true. From Lemma 2.8.6 we have x' (T%(t,t)J=)(i)x <
|7 (¢, 7)||1|HY||; which yields x” (T%(t,1)J)(i)x < Be=*~P|x|> forall t > T €
Z,x € R", i € Z,. Therefore |(T%(t,1)J=)(i)| < Be** "), (V) i€ Zy, which
leads to

IT%(2,0)J%|... < Be™ 7). (2.204)

Applying Theorem 2.1.10 to the positive operator 7%(t,) and using Corollary 2.1.7
(ii) we obtain from (2.204) that | T%(t,7)|| < Be®*), for all t > 7, 1,7 € Z. This
confirms that the implication (ii) — (i) is true. So the proof is complete. a

Notes and References

The term resolvent positive seems to have been coined by Arendt, e.g., [5].
A resolvent positive operator is also called Metzler operator, e.g., in [62,88]. Con-
dition (i) from Theorem 2.2.2 is often called exponential positivity or exponential
nonnegativity, e.g., [9,10,96]. The notion of quasi-monotonic is introduced in [60].
Operators satisfying (iii) in Theorem 2.2.2 are called cross-positive in [128]. In the
finite dimensional case Theorem 2.2.2 is proved in [60], while Theorem 2.2.3 is
proved in [50]. Lemma 2.2.4 and Theorem 2.5.1 can be found in [27,29]. The result
stated in Theorem 2.1.2 was proved in [97]. Many results of this chapter may be
found in [52].



Chapter 3
Exponential Stability in Mean Square

In this chapter the problem of mean square exponential stability of the zero solution
to the stochastic differential equations of type (1.22) is studied. The stability of a
steady-state is one of the main tasks which appears in many design problems of
controllers with prescribed performances.

In the case of stochastic systems there are several possibilities to define the
concept of stability of a steady-state. Among them, one of the most popular is
the so-called exponential stability in mean-square (ESMS). The ESMS has the
advantage that it may be characterized by some conditions easy to be checked.
Moreover in some particular cases as the time invariant case or in the periodic
case, the ESMS is equivalent with other types of stability in mean square. From
the representation formula proved in Theorems 3.1.1 and 3.1.4 one obtains that the
ESMS of the zero-solution of (1.22) is equivalent with the exponential stability
of the zero-solution of a deterministic linear differential equation on a finite or
infinite dimensional linear space adequately chosen. The deterministic differential
equations are defined by the so-called Lyapunov-type operators acting on a space
of symmetric matrices. Criteria for exponential stability of the zero solution of
Lyapunov differential equations were derived in a more general setting in Chap. 2.

This chapter starts with several theorems, named representation theorems, which
emphasize the relationship between the linear evolution operators defined by
Lyapunov differential equations and the fundamental matrix solution of (1.22)

In the last section of the chapter some useful estimates of the solutions of
affine equations are derived. Some aspects concerning the ESMS of the zero state
equilibrium for nonlinear stochastic differential equations of type (1.16) will be
discussed in Chap. 8.

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 121
DOI 10.1007/978-1-4614-8663-3_3, © Springer Science+Business Media New York 2013
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3.1 Representation Theorems

3.1.1 The First Representation Theorem

A. The case D ={1,2,...,d}.

Consider the system of linear stochastic differential equations (1.22) where
n(t) is a standard homogeneous Markov process with the finite set of states
D =1{1,2,...,d}. Based on the coefficients Ag(z,i),0 < k < r of the system (1.22)
and the elements g;; of the generator matrix Q of the Markov process we define
the Lyapunov-type operators £(¢) via (2.124). We also recall T'(¢,7y) stands for the
linear evolution operator on S,‘f defined by the linear differential equation (2.125).

In order to motivate the definition of the Lyapunov operator L (¢) and its
corresponding evolution operator T (z,7y), we shall prove the following result
which establishes the relationship between the evolution operator 7T (z,7y) and the
fundamental matrix solution of a system of stochastic linear differential equations
of type (1.22).

Theorem 3.1.1. Assume that T = R and that the elements of Q satisfy (2.123) and
the additional condition 27: 19ij = 0,1 € D. Under these assumptions we have

(T*(t,10)H) (i) = E [® (1,10)H(1 (1)) D(1,10) |1 (t0) = i
forallt >ty >0, H€E S,‘f, i € D, where @ (t,1y) is the fundamental matrix solution
of the system (1.22).
Proof. LetU(t,tp) : S¢ — 89 be defined by

(U(t,t0)(H)) (i) = E [® (t,10)H (n(1))D(t,10) |0 (10) =] ,

HeS ieD, t>u.

Take H € S¢, we define v(t,x,i) =x" H(i)x, x eR", i € D, t > 0.

Applying Theorem 1.10.2 from Chap. 1 (the It6-type formula) to the function
v(t,x,i) and to (1.22) we obtain

X U(t,10)(H)) (i)x —x" H(i)x = xT (/t (U(s,10) (L (s)H)) (i)ds) X,

J1y

and hence

d
71/{([71‘0) = u(tatO)L:*(t)'
dt
Since U (to,t0) = T*(to, o) it follows using (2.127) that

U(t,s) =T"(t,s)

t > s and the proof is complete. a
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As we shall see in Sect. 3.2, the above result allows us to reduce the study of the
exponential stability for the linear stochastic system (1.22) to the problem of the
exponential stability for a deterministic system of type (2.125).

Remark 3.1.1. (i) If in the system (1.22) we have Ay (t + 0) = A, (¢),t > 0,i € D,
then from Theorem 3.1.1 and the Remark 2.6.3 (ii) we deduce that
E[1@(+0,0+ )30/ | 1 (10 +6) = ]

—F [|cp(t,t0)xo|2 1N (t0) = i}

forallt >1>0,i€D,xy€R",
(ii) If the system (1.22) is time invariant, then according to Theorem 3.1.1 and the
Remark 2.6.3 (i), we have

E[|®(t.0) %0/ | 1 (10) = ]
—E [|<1>(t—t070)x0|2 I (0) = i}

forallt >1>0,i€D,xy €R".

Let lj(t) be the Lyapunov-type operator defined by the pair (A;Q) via (2.134)
with Ay (¢, i) replaced by A(z,i). The following result provides a relationship between
the linear evolution operator 7'(z,ty) defined by the linear differential equation
45(t) = L()S(r) and the fundamental matrix solution ®(r,19) of (1.23).

Proposition 3.1.2. Under the assumptions of Theorem 3.1.1 we have
(T*(t,t0)H) (i) = E [® (1,t0)H(n(2))D(t,10)| 1 (t0) = i]

forallt >1y>0, Hc S?, i € D, where ®(t,t0) is the fundamental matrix solution
of the system (1.23).

Let us consider now the case D = {1} and ¢1; = 0. In this case S¢ reduces to
S, Let L(t) be the linear Lyapunov operator defined by the system (Ao, ...,A;) by
(2.137) where Ai(t) = Ax(t,1). The evolution operator T (z,7y) will be called the
evolution operator on S,, defined by the system (Ao, ...,A,). The operator (2.137)
corresponds to the stochastic linear system (1.24).

Proposition 3.1.3. IfZ = Ry and T (t,1y) is the linear evolution operator on S,
defined by the Lyapunov operator (2.137), then we have the following representation
formulae

T (t,t0)S = E [®(t,10) SO (t,19)] ,
T* (t,10)S = E [® (1,0) S® (¢,10)]

forallt > 1 >0, €8,, ©(t,tp) denoting the fundamental matrix solution of the
system (1.24).
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Proof. The second equality follows directly from Theorem 3.1.1 and the first
follows from the second one and the definition of the adjoint operator. o

B. Thecase D =7,

Let us assume that the system (1.22) is affected by a standard homogeneous
Markov chain with an infinite countable set of states (1(¢),P(¢),Z. ). In the sequel
£(¢) is the Lyapunov-type operator on S;° defined by (2.141) using the coefficients
of the system (1.22) and the elements g;; of the generator matrix Q. The following
result establishes a relationship between the anticausal linear evolution operator

T%(t,7) generated by £(¢) and the fundamental matrix solution ®(z,7y) of the
system (1.22).

Theorem 3.1.4. Assume that

(a) The functionst — Ay(t,i) are continuous on R uniformly with respecttoi € Z.
and sup;>o|Ax (1) < 00,0 <k <7

(b) The elements of the generator matrix Q satisfy the conditions (1.31) and (1.32).

(c) The initial distributions of the Markov process satisfy (1.33).

Under these conditions we have

(T%(z.0)H)(i) = E[@" (t, D)H( (1))@ (t, 7)|n (1) =] VieZy, (.1
H={H(i)}icz, €S;, t>71>0.

Proof. For t > 7 > 0 consider the linear bounded operators, V(£,7) : S, — S;7,
defined by

(V(t,7)H)(i) = E[®T (r,7)H(n (1)) ®(t,7)|n(t) =], Vi€ Z,, HE S7. (3.2)

Let 7 > 0 be fixed. Applying It6-type formula (1.35) for x(¢; 29, x0) = D(¢,0)x0, X0 €
R",K(t)=H € S;7,k(t) = 0,ko(r) = 0, one obtains

B OOl =G0+ ( [ EOT () (S @0. Dln(r) = a5 )

T

forallie Z,, t > 1, xp € R". Invoking (3.2) and taking into account that xy, i are
arbitrary, we deduce that

t
V(t,7)H = H+ / V(s 7)(£(s)H)ds.
T
This shows that 7 — V(¢, 7) verifies the following integral equation on B(S;”)

V(t,1) =1Is- —|—/ZV(S, T)L(s)ds (3.3)
T



3.1 Representation Theorems 125

for all # > 7. On the other hand, from the properties of the linear evolution operators
we obtain

%Ta(r,s) = T%(2,5)2(s).

Integrating the last equation one obtains
t
T9(1,0) = Iss + / T%(t,5)L(s)ds (3.4)
T

for all 7 > 7. From (3.3) and (3.4) one sees that both r — V(z,7) and t — T%(7,1)
are two solutions of the same integral equation on B(S;”). From the uniqueness of
the solution of the above integral equation we may conclude that

V(t,t)=T1,1) (3.5)

for all + > 7. Since 7 was arbitrary chosen we deduce that (3.5) is true for all r >
7 > 0. From (3.5) and (3.2) we conclude that (3.1) is fulfilled and this completes the
proof. a

Remark 3.1.2. (i) The properties of the fundamental matrix solution ®(z,#y) of
(1.22) displayed in the Remark 3.1.1 remain true also in the case when the
system (1.22) is affected by a standard homogeneous Markov process with an
infinite countable number of states.

(ii) Taking H(i) = I,,i € Z, in (3.1) we obtain E[®T (¢,10)D(t,10)|n(t9) =
i] = [T%(to,2)J](i), for all i € Z,, t > tp > 0. Based on (2.8) we get
E[|®(t,10)*|n(to) = i] < ||[T%(to,t)J”||w. Further Corollary 2.1.7 (ii),
Theorem 2.1.10 and Proposition 2.6.5 yield

E[|®(t,10)*[n(t0) = i] < (| (z0,1)]

for all i € Z,t > to > 0. This allows us to deduce via Remark 2.2.1 (v) the
estimates

E[|®(t,10)|2n (10) = i] < &/ (3.6)
forallie Z,,
E[|®(t,10)[?] < V010 (3.7)

for all > 7y > 0, where y = sup;>o||.£(¢)|.
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3.1.2 The Second Representation Theorem

In this subsection we provide some representation formulae of the causal evolution
operators T (¢,ty) defined on S¢ and ¢!(Z,S,), respectively.
For the beginning we consider the case D = {1,2,...,d}.

Remark 3.1.3. Although in Theorem 3.1.1 we determined a representation formula
for the adjoint operator T* (1,1y), a representation formula for T (¢,1y) can be also be
given, namely

d

(T (t,10) H) (j) = 2 E [@(t,10) HiD (1,10) Xn(r)=; | 1 (t0) = 1], (3.8)
i=1

t>1>0,j€D, He Sf. Indeed, we have for T =T (¢,19),
d

(TH,G) = (H,T*G) = Y. Tr [HiE [®" (t,t1) G(n (1)) @ (t,10) | 1 (to) = i]]
i=1

M=

-3

i=1j

ITF[ E [ (1,10) G (j) @ (.10) xn()=, | N (10) = i]]

~.
Il

|
M=
M=

E [T (110)G () ®(0:0)) iy | 1 1) =]

Lj

d
2. E[TrI(GU) @ (t,10) HOT (100)) = | 1 () = ]

d
:ZT
j=1

I
Mm.

Il
=

i

(ZE[ (t,10) Hi®" (2,10) %n()—; | M (10) —l})] :

from which (3.8) directly follows.

Consider now the case D =Z,.
For each H = {H (i) }icz, € (' (Z.,S,) we define:

oo

(YH)(i) = 3 E[@(t,10)H (/)@ (1.10) X n(0)=iy N (t0) = J]. (3.9)
j=0

We have [E[®(t,10)H (j)® (1,10) X(n)=iyIn(t0) = jll < E[®(t,10)* (5=}
[n(to) = jI|H(Jj)|. Let N,N, € Z. be arbltrary but fixed. Invoking (3.6) we may
write successively
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Ny

N;
z ZE (t,00)H(H)®" (,10) (0= 11 (10) = j]| <

N, N;

2}ﬁﬂ¢mﬂzm =iy In(t0) = j] [H(j)| <

J=01
N Ny
%EWWmem%#WﬂMSﬂ“W%WUM
J= j=

Taking the limits for N| — oo, N, — oo we get

E[®(t,10)H (/)@ (1,10) X{n(1)=i) 1N (o) = j]| < " "O[H]; (3.10)
0

DM s
YL

l

with ﬂ . ﬂ 1 being introduced by (2.11). Thus from (3.9) and (3.10) we obtain that

IYH]; < "[H];. (3.11)

This allows us to conclude that Y defined via (3.9) lies in B(¢'(Z.,,S,)). Now we are
in position to prove a representation formula of the causal linear evolution operator
T (t,1p) defined by the Lyapunov-type operator (2.140).

Proposition 3.1.5. Assume that

(a) The assumptions from Theorem 3.1.4 are fulfilled;
(b) The elements q;; of the generator matrix Q satisfy the condition (2.149).

Under these conditions we have

<nmmwn=iE@mmHm¢0mmm Lyt =j]  (3.12)
Z

forallicZ, He ("(Z,,S,),t >1)>0.

Proof. Let H = {H(i)}icz, € 0'(Z+,S,) and G = {G(i)}iez, € (*(Z+,S,) be
arbitrary but fixed. Invoking Proposition 2.1.3 and Theorem 2.6.7 (ii) we may write

(G,T(t,t0)H)y = (T*(t,10) G, H)s.
Using Corollary 2.6.8 we may infer that

(G, T(,10)H)2 = (T*(10,1)G, H)>. (3.13)
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Based on (2.13) and (3.1) we deduce

oo

(T%(t0,1)G, H)a 2 “(t0,1)G)(J)H (j)] =

3 E e womOet e = 1) G

Similarly with the case D = {1,2,...,d} we can show that
S50 Tr [E0 (o) GO0 ) < IHOD] = 5
o Tr[G(i)(YH) ()] = (G, YH)>.
Combining (3.13)—(3.15) one obtains
<G7T(t,to)H>2 = <G7YH>2.
Since G is arbitrary in (*(Z,S,) it follows that
T(t,10)H=TH (3.16)

forall He ¢'(Z, ,S,). The conclusion follows from (3.9) and (3.16). Thus the proof
is complete. O

Let { be a random vector or a random matrix with the property that
E[|{]] < eo. Let us define E[C] £ {E[{¥{n()-]}icz,. From the inequality

2 E[SXn)=it]l < EI|]] we deduce that E,[C] € (NZ.,R") or E[l] €
ie
Iz ( , R respectively.
Particularly, for § = x(t;10,x0)x" (t;10,%0), we have E[|{|] = E[|x(t;10,%0)[%] <
+-o0. Hence, E; [x(t;10,x0)x" (t:t0,%0)] € 1 (Z+,S,).
Now we prove a representation theorem for the operator 7'(¢,4y) in the absence
of the additional condition (2.149).

Theorem 3.1.6. Under the assumptions of Theorem 3.1.4 the solution of the system
(1.22) satisfies:

E,[x(t;t(),xo)xT(t;to,xo)] = T(t,t())EtO [xoxg], Vt>1>0, xo € xto

where X, is the set of n-dimensional random vectors xo, H,-measurable and
2
EHXO‘ } < oo,

Proof. Applying the Ito-type formula (1.35) for x(z;19,x0) = ®@(z,19)x0, Xxo €
X, K(t)=H € S;7,k(t) = 0,ko(r) = 0, one gets
E [x"(t310,%0)H (0 (1) )x(1310,%0) |1 (t0) = i} = E[x{ H (i)x0|n (t0) = i]

-I-l.;E [XT(S?tO’xO)(S(S)H(S))(TI(S))x(s;t07x0)|n(t0) _ i] ds (3.17)
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forallie€ Z, t > 19 > 0, xg € X, where £(s) : Sy — S, is defined as in (2.141).
Taking the expectation in (3.17) it follows that
E [x" (t310,x0)H (1 (1) )x(t310,%0)] = E[xg H(n (1) )x0]

+jE [xT (s310,%0) (L(s)H) (1 (5))x(s310,%0) | ds (3.18)

forallt > 1 >0,H€S;, xo € Xy,
Letx € R, ip € Z be arbitrary but fixed. Let H;, € S; be defined by H;, (i) =0
if i # ip and Hj, (i) = xxT if i = iy. In this case, (3.18) becomes,

xTE [x(t;to,xo)xT(t;to,xo)x{n@):io}] X = xTE[xoxgx{n(,O):io}]x

+jE[xT(S;tO,X0)(£(S)Hi )(n(s))x(s;to,xo)]ds. (319)

By direct calculations, based on (2.140)—(2.141) as well as by the special form of
H, one obtains that

E xT(s;to,xo)(S(s)H,-O)(n (s))x(s;to.,xo)] =T (ll(s)Es [x(s;to,xo)xT(s;to,xo)]) (ig)x.
(3.20)

Plugging (3.20) in (3.19) and taking into account that x, iy were arbitrarily chosen,
we obtain:

t
Et[x(t;to,xo)xT(t;to,xo)] :E,O [xoxg]+/L:(s)Ex[x(s;to,xo)xT(s;to,xo)]ds.
fo

This shows that t — E, [x(¢;9,%0)x” (t;t0,x0)] solves the linear differential equation
(2.147). Thus it is the representation formula from the statement and therefore the
proof is complete. a

3.1.3 The Third Representation Theorem

In this subsection D ={1,2,...,d}.
Throughout this monograph (R”)d stands for the direct product

R :=R"x..-xR"
d b)

thatis y € (R")? if and only if y = (y(1),...,y(d)), y(i) e R",i € D.
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We consider the inner product on (R")“

d

(y2) =Yy (i)z(i)

i=1

forally=(y(1),...,y(d)) and z= (z(1),...,z(d)) in (R")“.
By ||y|| we denote the norm defined by:

Iyl = Gny) = D Iy ().

If 7: (R")? — (R")? is a linear operator, then ||| stands for the operator norm
induced by the considered norm in (R")d.
LetA:R; — Mg be a bounded and continuous function, that is

Alt)=(A(,1),...,A(t,d)),t € R;.

For each > 0 we define the linear operator M (1) : (R")? — (R")? by
d
(M(6)y) (D) =A(t,0)y (D) + X av(j),i€ D (3.21)
j=1

y=01),...,y(d) € R)?, 0= (g;;) € R¥* satisfies the conditions g;; > 0 for

i # jand 2?:1 gij = 0. It is easy to check that for each > 0, M (¢) is a linear and

bounded operator on the Hilbert space (R")? and 1 — ||M (t)|| is a bounded function.
Let us consider the linear differential equation on (R")“:

Sy =M@y, (3.22)

Let R (t,1)) be the linear evolution operator associated with (3.22), that is

d
ER(IJO) =M(t)R(t,t0), R(to,t0)y =y

forall 7,9 >0,y € (R")“.
By M*(t) and R* (¢,tp) we denote the adjoint operators of M (t) and R (,1),
respectively, on (R")d. One can easily see that

d
(M (1)) (i) = AT (1,0)y () + X aipy (), 1 € D, y € (R
=1
SR (110) = R (110) M* 1) (3.23)

d * _ * *
ER (s,6) = —M" (t)R" (s,1)

forallz,s € R,.. The operator R (¢, 7o) will be termed the evolution operator on (R")*
defined by the pair (A, Q).
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The next result provides the relationship between the evolution operator R (¢,#))

and the fundamental matrix solution @ (,7y) of the stochastic system (1.23).

Proposition 3.1.7. Under the assumptions given at the beginning of the section, the
following equality holds

(R"(1,0)y) (i) = E [@" (,10)y(n (1)) | 0 (10) = i] .1 =19 >0
ieD,y=((1),....y(d) € (R"™
Proof. Lett >ty > 0 and the operator V (z,19) : (R")? — (R")? be defined by
(V (1.10)) (i) = E [®" (1,10) y(n (1)) | 1 (r0) = ] ,

ieD,y=(y(1),...,y(d)) € (R")" Let y be fixed and consider the function v :
R" x D — R by

v(xi) =xTy(i).

Applying the It6-type formula (Theorem 1.10.2) to the function v and to the system
(1.23), we obtain:

Elv(x(t),n (1)) | n(t0) =] x5y (D)

t d
[ (A% (516N 1)+ X (j)) ds | 1) = i]

=FE

where x (s) = @ (s,%o) xo. Further, we write

BV 02 O =y () = [V (5.0 M (5)) () ds

T

forallt >ty > 0, x9 € R", i € D. Therefore we may conclude that
13
Vitto)y—y= [ V(s10)M" (9)5ds
Ip

forall 7 > 1o and y € (R")“.
By differentiation, we deduce that

d x
SV (10)y =V (L0) M (1)

for all y € (R")?. Hence

d
Ev(t’to) =V (t,00)M* (t),t > 1.

Since V (to,t0) = R*(to,t0), from (3.23) it results that V (¢,4)) = R*(¢,1), for all
t > to > 0 and the proof ends. O
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3.2 Mean Square Exponential Stability

In this section we introduce the concept of mean square exponential stability of
the zero-solution of the stochastic linear differential equations of type (1.22) and
we also give necessary and sufficient conditions ensuring this kind of stability. The
results proved in this section extend the ones corresponding to the particular cases
for the systems (1.23) and (1.24), respectively.

For the beginning we do not separate the case D = {1,2,...,d} and the case
D == Z+.
Definition 3.2.1. We say that the zero state equilibrium of the system of stochastic

linear differential equations (1.22) is

(1) Exponentially stable in mean square with conditioning (ESMS-C), if there exist
B > 1, a > 0 such that

E[|®(t,10)x0]* [N (tg) = i] < Be™*70)|xo|? (3.24)

forallt >ty >0, xg € R", i € D and for every admissible initial distribution 7,
of the Markov process;

(ii) Exponentially stable in mean square (ESMS), if there exist B > 1, o > 0, such
that

E[|®(t,19)x0]*] < Be™ 1) |xo[2 (3.25)
forall r > 1y > 0, xo € R", and for any admissible initial distribution 7y of the

Markov process.

Remark 3.2.1. Since (1.22) and its special forms (1.23)—(1.25) are stochastic linear
differential equations, the ESMS of the zero state equilibrium is equivalent with
the exponential stability of every solution. Hence, both the properties of ESMS-C
and ESMS characterize the full system of differential equations, not only the zero
solution. Hence in the sequel we shall say that the system (1.22) is ESMS-C or
ESMS, respectively, if (3.24) or (3.25), respectively, are fulfilled.

Proposition 3.2.1. The following are equivalent

(i) The system (1.22) defines an ESMS-C evolution;
(ii) There exist B > 1, o0 > 0 such that

E [|d>(z,to)\2 |1 (to) = i} < Be M0 1 >10>0,i€D;
(iii) There exist B; > 1, oy > 0 such that

E [\‘D(MONZ In (to)] < Bre= ) g5t > 19> 0;
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(iv) There existB > 1, & > 0 such that

E[j@(t.0) & | n (1) = i] < Be ™ E[|EP |0 (10) =]

t>19>0,i€D,and & is any random vector H,,-measurable and E [\ﬁ |2} <

o,

Proof. ()<= (ii), (iii)=-(ii) and (iv)=-(i) are obvious.

We prove now the implication (i) = (iii). Let ey,...,e, be the canonical basis
in R”, that is ¢; = (0,...,0, 1,0,...,O)T with 1 being the k-th element. From the
inequality

n
@ (1,00)]” < Y 1@ (t,10) ex]
k=1
we deduce that
n
E[|0(r,10) |0 (1)] < z[mmo el | (1)

Since 7 (#) has either a finite set of states or an infinite countable set of states we
have

E[l@ o)l 1) <

||M=

X o=/ ([0 10) e | m (1) = ] as
€D

Using (3.24) we can write

which shows that (iii) holds. Now we prove (iii) =(iv). Let £ be an arbitrary random
vector H,,-measurable and E [|§ \2} < oo, From the inequality

(@ (1,10) &> < @ (1,10) £

we deduce that
E[10(r,10) &1 | Hy| < E [10(t,10)* €| Py

= (6P E [l (1,0) |



134 3 Exponential Stability in Mean Square

Since the components of ® (¢,1)) are measurable with respect to 11 (s), w; (s), 0 <
s<t,j=1,...,r, it follows that we may apply Theorem 1.10.1 and we get

E[10(,10)EP | ] < IEPE (10 (0)P [ 1(10)] as.
Using (iii) we deduce that
E [|q>(t,zo)§|2 | Hto} < Bre~ M) |E17 as, 1> 1> 0.

Further one easily deduces that

E[l@(t,10)EP [ () = i] < Bre™ B [|EP [ 1(10) = ]
forallt > 1 >0, i € D, and the proof ends. O

Remark 3.2.2. (i) In the particular case when the considered system of stochastic
differential equations is of type (1.24), the two types of mean square exponen-
tial stability introduced in Definition 3.2.1 reduce to

E {\d)(t,to)xo\z} < Bem 1) [ 2 (3.26)

for all t > 1y, xp € R".

(i) From (3.24) and (3.25) it follows that if the system (1.22) is ESMS-C, then it is
ESMS. However, we can notice that in the presence of Markovian perturbations
in the system, the reverse implication is not always true. We shall see later (see
Theorems 3.2.4 and 3.2.5) that ESMS-C is equivalent to ESMS in the case
D ={1,2,...,d} and the system (1.22) is either in the special case of (1.25) or
it has periodic coefficients.

(iii) In the time-invariant case, based on Remark 3.1.1 (ii) we obtain that the system
(1.25) defines an ESMS-C evolution if and only if there exist § > 1, ¢ > 0
such that

E [ (1.0)x0 | 1(0) =] < B Jxol?

forallt >0,i€D,xg € R".

The next result emphasizes the relationship between the ESMS with conditioning
ESMS-C of the system (1.22) and the exponential stability of Lyapunov-type
differential equations on SP.

Theorem 3.2.2. (a) If D = {1,2,...,d}, the following statements are equiva-
lent:

(i) The system (1.22) defines an ESMS-C evolution;

(ii) The linear evolution operator T(t,ty) defined by the corresponding
Lyapunov-type equation (2.125) satisfies (2.156) for some B > 1 and
o > 0, that is the system (Ao,A1,...,Ar; Q) is stable.
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(b) If D=1, the following are equivalent:

(j) The system (1.22) defines an ESMS-C evolution;

(jj) The anticausal linear evolution operator T(t,7) defined by the correspond-
ing Lyapunov-type differential equation (2.147) associated with (1.22) satis-
fies an estimate of type (2.172) for some B > 1,00 > O, that is the system
(Ao,A1,...,A.; Q) is stable.

Proof. (a) follows from the representation Theorem 3.1.1 and Remark 2.7.1 (i). The
equivalences (j) <> (jj) from (b) follow from the representation Theorem 3.1.4 and
Definition 2.8.1. O

Corollary 3.2.3. The following are equivalent:

(i) The system (1.22) defines an ESMS-C evolution;
(ii) There exists 8 > 0 not depending upon t € Ry xo € R" and an initial
distribution 1y, such that

E[/”|d><s,r>x02ds|n<t>:i < 8’
t

forallt > 0 and xg € R,

Proof. If D = {1,2,...,d} the equivalence follows combining Theorem 3.2.2
(a), Theorem 2.7.4 and the representation Theorem 3.1.1. In the case D = Z
one applies Theorem 3.2.2 (b), Theorem 2.8.2 together with the representation
Theorem 3.1.4. O

The following result shows that in the time-invariant case the ESMS with
conditioning is equivalent to the ESMS and with a type of attractivity of the zero
solution.

Theorem 3.2.4. Assume that D = {1,2,...,d}, then the following assertions are
equivalent:

(i) The system (1.25) defines an ESMS-C evolution;
(( ii 3 The system (1.25) defines an ESMS evolution;
iii

lim E [\x(t)ﬂ =0

(iv) for any solution x (t) of the system (1.25) with x (0) = xo, xo € R";
iv

limE [x(¢)x" (1)] =0

t—roo

for all solution x (t) of (1.25) as above;
(v)

limE [®" (+,0)®@(¢,0)] =0.

t—>oo
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Proof. The implications (i) = (ii) = (iii) directly follow from Remark 3.2.2 (ii) and
(iii). (iii) = (iv) follows from the inequality

0<ux(r)x” (1) < |x(t)|21,1.
(iv) = (iii) follows from
e (0)]F = Tr[x(1)x" (1)] .

(iii) = (v) easily follows using the identity

E[T (1,00 (.0)y] = ; {E [0.0) (e +9)F] ~E [l0.0) (e~ )]}
(3.27)
for all x,y € R".
It remains to prove that (v)=-(i). Since P (1 (0) = i) > 0, i € D, then from (v) we
have

lim £ (@7 (£,0)®@(2,0) | n (0) =i] =0,i € D.
Based on Theorem 3.1.1 and Remark 2.6.3 (i), the above equality gives:

lim (eﬁ*fﬂ) (i)=0,i€D,
f—roo

and therefore lim;_,. ’e‘:*’Jd| = 0. Applying Corollary 2.6.2 we conclude that
lim; e Heﬂ*’ H = 0. Further from (2.93) in the special case { = J4 we obtain that

lim [|e“’|| = 0. (3.28)

f—roo
Since L is a linear operator on a finite dimensional Hilbert space, from (3.28)
we deduce that the eigenvalues of the operator £ are located in the half plane
C~, and hence there exists B > 1, & > 0 such that ||e£’H < Be~*. Invoking
again (2.93) we get ||e£™!|| < Bie=® for all 1 > 0. Combining Corollaries 2.1.7 (i)
and 2.6.2 we deduce | (¢"J?)(i)| < | J?| < Bre~* for all > 0. Finally, applying
Theorems 3.1.1 we obtain that (3.24) is fulfilled. O

In the case of periodic coefficients we obtain the following analogous result:

Theorem 3.2.5. Assume that D = {1,2,...,d} and t — Ay (t,i), k=0,...,r are
0-periodic and continuous functions. Then the following are equivalent:

(i) The system (1.22) defines an ESMS-C evolution;
(ii) The system (1.22) defines an ESMS evolution;



3.2 Mean Square Exponential Stability 137
(iii)

lim E [|x(pe)|2] -0

p—reo

for all solutions x (t) of (1.22) with x (0) = xo, xo € R";
(iv)

lim E [x(p6)x" (p6)] =0

p—yeo

for any solution x () of (1.22) as above;
(v)

lim E [® (p6,0)® (p6,0)] =0.

p—reo
Proof. The implications (i) = (ii) = (iii) and the equivalence (iii) <= (iv) are
similar with the proof of Theorem 3.2.4;

(iii) = (v) immediately follows from (3.27) and the Remark 3.1.1 (i). We prove
(v) = (1). If (v) is fulfilled then

lim E [® (p0,0)®(p6,0) | n(0)=i] =0,i€D.

p—yeo

Using Theorem 3.1.1 we obtain

lim (T* (pG,O)Jd) (i)=0,ieD

p—roe
and therefore

lim ’(T (p0,0)Jd) (i)‘ —0,ieD

p—reo
which leads to

lim ’T* (pB,O)Jd‘ —0.

p—ree
Based on Corollary 2.6.2 we deduce that

o -
lim |7 (p6.0)]| = 0.

Using (2.93) in the case of the Hilbert space S¢ and & = J? we get

lim [T (p6,0)][ =0
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which is equivalent with

lim ||(7 (8,0))”|| =0, (3.29)

P>

T (6,0) being the monodromy operator associated with the differential equation
(2.125). From (3.29) we deduce that the eigenvalues of 7 (6,0) are inside of the
unit disk |4 | < 1 or equivalently, p(78,0) < 1. Using the implication (x) = (i) from
Theorem 2.7.6 we deduce that the zero solution of (2.125) is exponentially stable.
This fact implies, via Theorem 3.2.2 (i), that (1.22) defines an ESMS-C evolution.
The proof is complete. O

In the case of systems of stochastic linear differential equations (1.22) with
periodic coefficients but perturbed by a Markov chain with an infinite countable set
of states, we have:

Theorem 3.2.6. Assume that:

(a) D=Z7Z,;

(b) The assumptions from Theorem 3.1.4 are fulfilled;

(c) there exists 0 > 0 such that Ap(t + 6,i) = Ag(t,i), for all 0 < k <, (1,i) €
Ri XZ,.

Under these conditions, the following statements are equivalent:

(i) The system (1.22) is ESMS-C;
(ii) }LmE[|x(t;to,xo)|2|n,0 = i] = 0 uniformly with respect to i € Z., for all ty > 0,
xo € R" and every admissible distribution my;
(iii) There exists an admissible initial distribution 7y such that for all xo € R"

lim E[|x(k6;0,x0)[*[n(0) =i =0
k—ro0
uniformly with respect toi € L, ;
(iv) p[T4(0,0)] < 1.

Proof. The implications (i) — (ii) — (iii) are obvious. Let us prove the implication
(iii) — (iv). Using (3.1) we deduce that if (iii) is true then

lim x2 [(T%(0,k0)&)(i)]xo = 0 (3.30)

k—>oo

uniformly with respect to i € Z for all xo € R". Taking x = ¢;,y = ej,l,j €
{1,2,...,n} in the identity

AxT[(T(0,k0)&) (D)]y=(x+y)" [(T(0,k0)&) (i)] (x+y)— (x—y) " [(T(0,k0)&) ()] (x—)
(e;,e; being vectors of the canonical base of R") we deduce via (3.30) that

lim |(7(0,k0)&)(i)| =0 (3.31)

k—yoo0
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uniformly with respect to i € Z.,.. Combining (2.8) and Theorem 2.1.10 it follows
that (3.31) yields

lim |(7(0.k6)) | = 0. (3.32)

Based on the uniqueness of the anticausal evolution operator as well as on the
periodicity property of the coefficients one may prove inductively that

T s+ k0,1 +kOB) =T"(s,1), t,seR., keZ, (3.33)
and
T9(0,k0) = (T°(0,0))*, keZ,. (3.34)
Using (3.34) we obtain that (3.32) is equivalent with

lim ||(7%(0,0))¥|| = 0. (3.35)
k—yo0
Hence by [55] p[T“(0,0)] < 1. This shows that (iv) is true. It remains to prove the

implication (iv) — (i). If (iv) is fulfilled, then one shows, in a standard way (see the
proof of Corollary 2.3.8), that there exist 3 > 1, o > 0 such that

|T%(z,1)|| < Be =P, Wr>1>0.

To this end, (3.33) and (3.34) are repeatedly used. Applying (jj) — (j) from
Theorem 3.2.2 (b) we obtain that the system (1.22) is ESMS-C and thus the proof is
complete. a

Remark 3.2.3. The statements (i)—(iii) of the previous Theorem are still valid (with
0 = 1) in the case A(t,i) = Ax(i), 0 <k <r, (t,i) € Ry x Z. In this case, the
statement (iv) is replaced with:

(iv’) The spectrum of £ lies in the half plane C_ = {z € C, Rez < 0}.

If Ag(2,i) = 0,1 <k <r, (¢t,i) € Ry X Z, we obtain the following special form
of (1.22):

%x(t) — Ao(t,1(0))x(1), £ > 0. (3.36)

Let £o(7) : S — S;° be defined by

(Lol H)(i) = AT (1.)H () + H()Ao(1.i) + Y, isH (]) (3.37)
Jj=0
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forall i€ Z,, H={H(i)}icz, € S;. Since £y(r) is obtained from £(¢) taking
Ap(t,i) =0, 1 <k < r, we deduce that £y(r) defines also an anticausal positive
evolution on S;°. Moreover £y(¢) < £(r), Vr > 0. Hence, we deduce, via Propo-
sition 2.3.11 (ii), that the operator valued function £y(-) generates an anticausal
exponentially stable evolution if the operator valued function £(-) generates an
anticausal exponentially stable evolution.

If ®y(t,19), t > 1o > 0 is the fundamental random matrix solution of the system
(3.36), then the following representation formula holds:

E[®q (1,10)H (1 (1)) ®o(1,10) |0 (t0) = i} = (T (t0,1)H) (i) (3.38)

forallt >1>0,ic€Z,, H €S, Ty (t,7) being the anticausal evolution operator
on S;° defined by the operator valued function £¢(-).

The concepts of ESMS-C and ESMS introduced via Definition 3.2.1 for the
system (1.22) can be specialized to the system (3.36), replacing ®(z,1y) by Dy(z,10)
in (3.24), (3.25), respectively.

Based on Theorem 3.2.2 (b) and Proposition 2.3.11 (ii) one obtains:

Corollary 3.2.7. Assume that: (a) D =7,
(b) The assumptions in Theorem 3.1.4 are fulfilled.
Then the system (3.36) is ESMS-C if the system (1.22) is ESMS-C.

The converse implication of the ones from Corollary 3.2.7 is not always true.

To obtain conditions under which these assertions become equivalent, one may
use the developments from Sect. 2.5 applied to the operator valued functions £y(+)
and £(-).

Further we consider the case of system (1.22) affected by a Markov chain with a
finite number of states.

Theorem 3.2.8. Assume that the system (1.23) defines an ESMS-C evolution; then
there exist B> 1 and o > 0 such that |R(t,1)|| < Be =) for all t > 1y >
0, R(t,19) being the linear evolution operator on (R”)d defined by the differential
equation (3.22).

Proof. Lety = (y(1),...,y(d)) € (R")?; then we have
E[@7 (1.10)y (0 (1)) | 1 (10) = 1] | (3.39)
< E[|07 ()] |0 (o) = 1] E [ly(n ) | n (10) =]

t >ty > 0. On the other hand

E[ly (@) |0 (o) =]

E [%n(z):j | () = i] b’(])|2

VR

1

J
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d
2
it—10)ly(j Z = Iyl

T M&

Thus (3.39) leads to
E[@7 (1,00)y(n (1)) | n (10) = ]|
<E[j0" (o) 11 6) =] Iyl

Since the system (1.23) defines an ESMS-C evolution and |®7 (1,19)| = |®(2,19)],
there exist § > 1, a > 0 such that

E [|q’T (t.10)[* | 1 (10) = ir < Bt
Therefore
|E [‘I’T (t,00)y(m (1)) | n () = i] |2 < Be—a(t—to) Hsz

for all # > 7y > 0. Based on Proposition 3.1.7 we deduce that

(R (2,10)y) (i) < Be™ @0 |ly.

Hence

IR* (¢,10) yII* = ZIR*HO ) (i)

< dBe 1 |y

which gives

IR* (1,10)[| < /dBe™ 20 )
for all t > 1y > 0. Since |R* (t,19)|| = ||R (¢,1)|| we conclude that

IR (1,10)]| < \/dBe 51—,

Thus the proof ends. g

Corollary 3.2.9. If the system (1.23) defines an ESMS-C evolution, then for all
h:Ry — (R")d continuous and bounded, the affine differential equation

30+ M (1)y(0) +h(1) =0
has a unique bounded on R solution, M (t) being defined by (3.21).

The next result is the counterpart of Corollary 3.2.7 in the case D ={1,2,...,d}.
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Corollary 3.2.10. [fthe system (1.22) defines an ESMS-C evolution, then the linear
system

X(1) =Ao (1,0 (1)) x(r)
obtained by ignoring the white noise perturbations in (1.22), defines an ESMS-C
evolution, too.

3.3 Lyapunov-Type Criteria for Mean Square Exponential
Stability in the Case D={1,2,....d}

The results derived in Sect.2.7 allow us to obtain useful criteria for ESMS of
systems of stochastic linear differential equations (1.22)—(1.25) affected by a
standard homogeneous Markov process with a finite number of states. Based on
Theorems 2.7.4 and 3.2.2 we obtain the next result.

Theorem 3.3.1. The following are equivalent:

(i) The system (1.22) defines an ESMS-C evolution;
(ii) The system of linear differential equations:

dt
+30 1K (1)) + 1, =0
i € D,t >0, has a bounded solution K > 0
K(@t)=(K(1),...,K(t,d));

iK(m) +AL (8,0)K (t,i) + K (t,1) Ao (t,1) + iA{ (t,0) K (t,1) Ay (1,0)
k=1

(iii) There exists a bounded uniform positive and continuous function H : Ry —
SI H(t)= (H(t,1),...,H(t,d)) such that the system of linear differential
equations

d
d—K(z,i)JrAg(t,z) (t,0) + K (1,0) Ao (,i) + ZAk 1,0)K (1,0) Ay (t,0)

+2q,1 (t,j))+H(,i)=0
(3.40)

has a bounded and uniform positive solution K (t) = (K (1,1) ..., K (1, d))
(iv) For every bounded uniform positive and continuous function H R+ d

the system (3.40) has a bounded solution Ko(t) = (Ko(t,1),...,Ko(t,d)) with
Ko(t,i) >0 forall (t,i) e Ry X D;

(v) For each H (t) as above, there exists a C' function K : Ry — S¢, bounded
with bounded derivative, K > 0 which solves the following system of linear
differential inequalities
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%K(r,i) +AY (1,0 K (1,i) + K (t,i) Ao (£,1) + iA,{ (t,0) K (t,0) Ax (2,0)
k=1

+26;=1 quK(ta]) +H(t7l) <0
i € D, uniformly with respect to t, witht > 0;
(vi) There exists a C'function K : R — S,‘f , bounded with bounded derivative,
K > 0 which solves the following system of linear differential inequalities

r

%K(m’) +AG (41K (8,0)+ K (t,) Ao (1,0) + 3, AL (t,0) K (t,0) Ax (2,1)
k=1

+34,qiiK (t,j) <0

i € D, uniformly with respect to t, with t > 0.

Combining the results of Theorems 3.1.1 and 2.7.7 we obtain the following result
for the time-invariant case.

Theorem 3.3.2. The following are equivalent:

(i) The system (1.25) defines an ESMS evolution;
(ii) The system of linear matrix equalities (LME)

r

d
Af (DX (i) +X (i) Ao (i) +k21AZ (i) X (i) Ay (i) + 21 qi;X (j) +1, =0,
- ~

i €D, has a solution X = (X (1),...,X(d)) with X (i) >0,i € D;
(iii) There exists H= (H (1),...,H(d)) € S with H (i) > 0 such that the system
of LME

r

d
AG (DX (i) +X (D) Ao (i) + D, AL ()X (i) A (i) + z,l%'jx (J)+H (i) =0,

k=1
(3.41)
i € D, has a positive semidefinite solution X = (X (1),...,X (d));
(iv) For every H= (H(1),...H(d)) € 8¢ with H > 0, the system of LME (3.41)
has a positive solution X = (X (1),...,X (d));
(v) ForeachH = (H(1),...H(d)) € 8¢ with H > 0, the system of LMI
r d
AG ()X (1) +X () Ao (i) + 3 AL ()X (i) Ax (D) + 3 qiX () +H (i) <0,
k=1 j=1

i € D, has a positive solution X = (X (1),...,X (d));
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(vi) The system of LMI:
r d
A ()X () +X () Ao (i) + 3, AL () X () A (i) + Y, 41X
k=1 J=1

i € D has a positive solution X = (X (1),...,X(d)).
Similarly we have the next result.
Theorem 3.3.3. The following are equivalent:

(i) The system (1.25) defines an ESMS evolution;
(ii) The system of linear matrix equalities (LME)

Ao(i)Y(i)+Y(i)Ag(i)+iAk(i) +2qﬂ ) +1, =0,
k=1

i € D, has a solutionY = (Y (1),...,Y (d)) withY (i) > 0,i € D;
(iii) There exists H=(H(1),...H (d)) € 84 with H (i) > 0 such that the system of
LME:

d
Ao (i)Y (i) +Y (i) +2Ak DAL (i) + Y qiY (j)+H (i) =0,
j=1

(3.42)
i € D, has a positive semidefinite solutionY = (Y (1),...,Y (d));
(iv) For every H= (H(1),...H(d)) € 8¢ with H > 0, the system of LME (3.42)
has a positive solutionY = (Y (1),...,Y (d));
(v) ForeachH = (H(1),...H(d)) € 8¢ with H > 0, the system of LMI

r d
Ao (i)Y (i) +Y (D) A (i) +k21Ak(i)Y(i)AZ (i) + Z,]‘Uiy () +H (i) <0,
- j=

i € D has a positive solutionY = (Y (1),...,Y (d));
(vi) The system of LMI:

r d
Ao (D)Y (i) +Y () A (i) +k21Ak (0)Y (DAL () + 21 q;iY (j) <0,
- j=

i € D has a positive solutionY = (Y (1),...,Y (d)).

In the following we consider the cases when the stochastic system (1.22) is
subject only either to Markov jumping or to multiplicative white noise. Thus, in
the case of system (1.23), Theorem 3.3.1 becomes as follows.



3.3 Lyapunov-Type Criteria for Mean Square Exponential Stability 145

Theorem 3.3.4. The following assertions are equivalent:

(i) The system (1.23) defines an ESMS-C evolution;
(ii) The system of linear differential equations

d
EKO@+ATMDKQD+KUﬂAUﬁ
+391qiK (1,))+1, =0

i € D,t >0, has a bounded and uniform positive solution
K@) = (K(1,1),....K (1,d));

(iii) There exists a bounded uniform positive and continuous function H : Ry —
S H(t)=(H(t,1),....,H(t,d)) such that the system of linear differential
equations

%K@@+ATmﬂkmo+K@ﬁAa@

(3.43)
+z£j{:16ﬁjK(t’j) +H(t7i) =0

has a bounded solution K (t) = (K (t,1),...,K (¢t,d)) with K(t,i) > 0, for all
(t,i) e Ry x Dy

(iv) For every bounded uniform positive and continuous function H : R, — 8,‘1! , the
system (3.43) has a bounded and uniform positive solution;

(v) For each H (t) as above, there exists a C' function K : R, — S¢, bounded
with bounded derivative, K > 0 which solves the following system of linear
differential inequalities

%K@@+ATmnkmo+K@ﬁAa@
+26jl=1quK(t7])+H(t7l) <0

i € D, uniformly with respect to t, witht > 0;
(vi) There exists a C' function K : R, — S,‘f , bounded with bounded derivative,
K > 0 which solves the following system of linear differential inequalities

d d
EKQ@+ATm0Km0+K@@Am0+}ymK@ﬁ<0
j=1

i € D, uniformly with respect to t, witht > 0.

Remark 3.3.1. 1If the system (1.23) is in “time-invariant” case that is A (¢,i) = A (i),
for all + > 0, i € D, similar results with the ones in Theorems 3.3.2 and 3.3.3 can
also be formulated. In this case one obtains the well-known results concerning the
ESMS of linear systems with jump Markov perturbations.
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Let us consider now the case when the system (1.22) is subject only to white
noise perturbations, that is the system under consideration is of the form (1.24).
In this case from Theorem 3.3.1 one obtains some known results concerning the
exponential stability of linear systems described by It6 differential equations [92].

Theorem 3.3.5. The following assertions are equivalent:

(i) The system (1.24) defines an ESMS evolution;
(ii) The affine differential equation over the space of symmetric matrices
d r
X +AF (X () +X () Ao () + X AL ()X () Ak (t) +1, =0
k=1

has a bounded and uniform positive solution X (t);
(iii) There exists H : Ry — S, bounded and continuous function H (t) > 0 such
that the affine differential equation

X (1) +AS (DX () +X (1) Ao (1) + D AL ()X () Ak (1) +H (1) =0 (3.44)
k=1

has a bounded solution X (t) with X (t) > 0,t € R;;

(iv) Foreach H : Ry — S, bounded, continuous and H > 0, the affine differential
equation (3.44) has a bounded solution X > 0

(v) For each H : Ry — S, bounded, continuous function, H > 0, the linear
differential inequality

%X (t) + AL ()X (1) +X (1) Ao (1) + iA,f OX)A)+H () <0
k=1

uniformly with respect to t > 0, has a solution X (t) bounded with bounded
derivative X > 0;
(vi) The linear differential inequality

r

%x (1) + AT ()X (1) +X (A0 (1) + 3. AT (1)X (1) A¢ (1) < 0
k=1

uniformly with respect to t > 0, has a C' solution X : R, — S, which is
bounded with bounded derivative and X (t) > 0.

Remark 3.3.2. 1If the system (1.24) is in “time-invariant” case, similar results with
the ones in Theorems 3.3.2 and 3.3.3 can also be stated.

The next result is proved in a more general situation in [100].
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Theorem 3.3.6. The linear system of stochastic differential equations
dx(t) = Ax(t)dt +bc" x(t)dw (t); b,c € R" (3.45)

has an ESMS evolution if and only if A is stable and [, |cTeA’b|2dt <L

Proof. From Theorem 3.3.5 and Remark 3.3.2 it follows that (3.45) has an ESMS
evolution if and only if there exists X > 0 such that

ATX + XA+ cb" Xbe! = —1,
or equivalently,
ATX + XA+ cb"Xbc" +1, =0. (3.46)

Assume that (3.46) is fulfilled for X > 0. Then it follows that A is stable and
therefore we can define the linear operator G : S, — S, by

G(G) = / A1GeM
0
and H = G (G) is the unique solution of the Lyapunov equation

ATH+HA = —G. (3.47)

If G > 0, then G (G) > 0; applying the operator G to the matrix from the left side
of (3.46) and using (3.47) we obtain that

—X +b"XbG (cc") +G (I,) = 0.
Hence
—b"Xb+ (b"Xb)b"G (cc") b+b"G(1,)b=0
and therefore
b'Xb (1-b"G (cc")b) =G (I,)b

which implies that 1 —b” G (cc”) b > 0, since if b = 0 the inequality is obvious and
if b # 0 we have b Xb > 0, bT G (I,) b > 0. Taking into account that

ng(ccT)b:/w|cTeA’b|2dt,
0

the inequality in the statement directly follows.
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The condition in the statement is sufficient. Indeed, assume that A is stable and
that f;”|¢"e*b|* dr < 1, namely b7G (ccT) b < 1. Let

bTG(I,)b

X = g (In) + Wg (CCT) .

It is obvious that X > 0 and a direct calculation using (3.47) shows that X verifies
(3.46) and the proof is complete. a

Remark 3.3.3. From the Parseval’s formula one easily obtains that:
T T A2 L = =12
/ || dt:—/ e (A= irL) b dn.
0 2T J -

where i = /—1.

For each i € D we can consider the following system subject only to white noise
perturbations

L1 i .
dx; (1) = (AO (t,0) + 2q,~,~1,,) x; (¢)de+ 2 Ap (t,0)x; () dwy (t) (3.48)
k=1
t >0, i€ D. In this case one obtains

Corollary 3.3.7. If the system (1.22) defines an ESMS evolution, then:

(i) The system (3.48) defines an ESMS evolution for each i € D;
(ii) For each i € D the deterministic system

X () = (Ao (t,i)+ ;qﬁln> x; (1)

defines an exponentially stable evolution.

At the end of this section we prove the following result under the assumptions in
Sect. 2.7.

Theorem 3.3.8. Assume that there exist a bounded and uniform positive function
K:Ry =84 K(t)=(K(t,1),...,K(t,d)) and the constants T > 0, § € (0,1)
such that

(T* (t+71,0)K(t+7)) (i) < 6K (1,i)
forallt > 0,i € D. Then the system (Ag,Ar,...,A,; Q) is stable.

Proof. From the statement of the theorem it follows that

T (t+71,0)K(t+7)<6K(t),1>0.
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Let 1y > 0 be fixed; since T (z,1) is a positive operator, we obtain by induction that
T* (to+m7,00) K (to + mt) < 6"K (19)

for all m > 1. Since K is bounded and uniformly positive there exist §; > 0,i = 1,2
such that B;J¢ < K(t) < B,J¢ therefore

T* (to+mt,10) J¢ < B&™J¢
which leads to
‘T* (t0+mr,t0)ﬂ‘ <B&", m>1.

Based on Corollary 2.6.2 we obtain:

Since sup,~g [|[L* (¢)|| < o, we easily deduce (using (2.127) together with Remark
2.2.1 (i) that ||T* (z,s)|| < By for all 0 < —s < 7. Using (2.126) we deduce that
|7 (t,10)|| < Bre=*t—10) for all £ > 15 > 0 for some B, >0 and o = —11né. The
proof ends. a

T* (t0+m1,to)JdH < Bo™.

3.4 Lyapunov-Type Criteria for Mean Square Exponential
Stability in the Case D =Z

Combining the results of Theorems 2.8.2 and 3.2.2 (b), one obtains the following
Lyapunov-type criteria for the property of ESMS-C of system (1.22) affected by a
standard homogeneous Markov process with an infinite countable set of states.

Theorem 3.4.1. Under the assumptions of Theorem 3.1.4 the following statements
are equivalent:

(i) The system (1.22) is ESMS-C;
(ii) There exists a C' function X : R, — S bounded with bounded derivative,
satisfying the affine differential equation on S,;:
d
EX(t)—FQ(t)X(t)—FJ” =0 (3.49)
and X (t,i) > Wiy, for all (t,i) € Ry x Zy, u > 0 is a constant;
(iii) There exists a C' functionY : Ry — S;° bounded with bounded derivative and
the scalars ;> 0, j = 1,2 satisfying
d

EY(t)4—1)(t)Y(t)4—u1]°" <0 (3.50)
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teRy,
Y(t,0) > pol, (3.51)
forall (t,i) e Ry X Z.
From Corollary 2.8.3 and Theorem 3.2.2 (b) the next result directly follows.
Corollary 3.4.2. Assume that

(a) The assumptions of Theorem 3.1.4 are fulfilled;
(b) There exists 0 > 0 such that Ay (t +0,i) = Ap(1,i),0<k<rteR; i€ Zy;

Under these assumptions the following are equivalent

(i) The system (1.22) is ESMS-C;

(ii) The affine differential equation on S,° (3.49) has a periodic solution X(t) =
{X(t,i)}icz. . t > O with the same period 6, having the property X (t,i) > pl,,
forall (t,i) € [0,0] X Z, where L > 0 is a constant;

(iii) There exists a C' function which is periodic with period 6, Y(t) =
{Y(t,i)}iez+, t >0, and the scalars |1j > 0, j = 1,2, which satisfy (3.50),
(3.51) fort €0, 0].

Based on the Remark 2.3.7 and Corollary 2.3.9 one obtains the following list of
Lyapunov-type criteria for the property of ESMS in the invariant case of differential
systems of type (1.25).

Corollary 3.4.3. Assume that Ay (t,i) = Ag(i), 0 <k <r, (t,i) € Ry X Z. Then the
following statements are equivalent

(i) The system (1.25) is ESMS-C;
(ii) There exist X ={X(i)}icz, € S; and the scalar L > 0 such that £X +J* =0,
X(l) Z Mln» i€ Z+;
(iii) There existY = {Y (i)}icz, € Sy and the scalars uj >0, j = 1,2, satisfying

LY +J= <0, (3.52)

Y(i) > ol i€ Z,.

At the end of this section we provide a result which is a simple consequence of
the representation Theorem 3.1.6.

Proposition 3.4.4. Under the assumptions of Theorem 3.1.4 the system (1.22) is
ESMS if the zero state equilibrium of the linear differential equation on ¢'(Z.,,S,)

LX) =L)X (1) (3.53)

is exponentially stable.
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Proof. If x(t;t0,x0) is a solution of (1.22) we write successively

=

El|x(t:10,%0)*]= Y E[lx(t:10,%0) *2n(0y=il= X Tr{E[x(t:10,%0)x" (1310,%0) i )=l }
i=0 i=0

<nY |E[x(t:10,0)x" (£:0,%0) o) =i) | | B¢ [x(£: 0, %0)x" (£320,%0)] |1
i=0
Applying Theorem 3.1.6 we obtain:
E[|x(t:10,%0)[*) < nl|T (1,10 || [xo]*. (3.54)

The conclusion follows now from (3.54) and thus the proof is complete. ad

In the case of systems of type (1.22) with A (7,i) = 0,1 <k <rand Ao(t,i) = A(i)
for all (¢,i) € Ry x Z the inequality (3.54) was proved in Lemma 4.7 in [66].

3.5 Ilustrative Examples

For the beginning we consider the case D = {1,2,...,d}.

Example 3.5.1. Let us consider the particular case n = 1 in which situation the
system (1.25) reduces to the linear differential equation

dx(t) =a(n () x(O)dt+ Y g (0 (1) x(O)dwe(t),1 >0. (355
k=1
We shall prove that if
2a (i) + igz (i) <0, i€ D, (3.56)
k=1

then (3.55) defines an ESMS evolution.
Indeed, taking K = (1,...,1) and using the fact that 27:1 gij =0, we get

r

d
2a(i)K (i) + Y, i () K (i) + zlql-,-KU) =2a(i)+ Y & (i),
=

k=1

i € D. Since the left side in the above equation coincides with L*K and K > 0, from
Theorem 3.3.2 it follows that if (3.56) is fulfilled then the system (3.55) defines an
ESMS evolution.
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Remark 3.5.1. (i) The above example shows that (3.56) are sufficient conditions
under which (3.55) defines an ESMS evolution. As we shall see in the next
example, these conditions are not necessary.

(i) Using Theorem 3.3.5 and Remark 3.3.2, it is easy to check that (3.56) is a
necessary and sufficient condition for ESMS for the Itd equation

r

ax(0) =a( @)+ X ()3 (0 dw 1),

with i € D fixed.
Example 3.5.2. Assume that in (3.55) we have d =2, r =1 and

-0 o
o= %
o —ao
with o > 0. From Theorem 3.3.2 it results that (3.55) defines an ESMS evolution if
and only if there exists K = (K1,K3), K; > 0 such that
2
2a;K;+ g Ki+ Y, qijKj = —0a, i=1,2,
j=1

where we denoted a; = a (i), g; = g (i) and K; = K (i), i = 1,2. Then from the above
equations we obtain:

(2a1+ g} —a)Ki +aKr = —a (3.57)
(2a2 +g—a)K+akK = —a,
from which yields the necessary conditions for stability
2a;+g>—0<0,i=1,2.
Further, solving (3.57) we get

o (2a,+ g3 —20)

a (2a1 —|—g% +2ay —|—g%) — (2a1 +g%) (Zaz -l-g%)
o (2a1 Jrg% — 206)

o (2a1 + gt +2a2+83) — (2a1 +¢3) (2a2+¢3)

K =

K>, =

Since 2a; +g,2 —2a < 0, it follows that

o (2a1 +g} +2ar + g3) — (2a1 + g3) (2a2 +¢3) < 0. (3.58)
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Then the following cases can occur:

Casea. 1If2a;+ g% +2a, + g% < 0, the condition (3.58) is accomplished for

| Ca+g) Qa+d)
2a1+g}+2ay+g3

Caseb. 1f 2a; + g3 +2ax + g3 > 0, then (3.58) holds for

(2a1 +&3) (2a2 + &3)
2a; +g%+2a2+g% '

(3.59)

The case (b) implies 2a; + 81‘2 > 0,7 = 1,2 then (3.59) contradicts the necessary
condition o > 2a; + g%. Therefore we conclude that the Case (b) from above must
be excluded.

Summarizing, the stochastic system (3.55) with d = 2 and r = 1 considered in
this example defines an ESMS evolution if and only if:

2a; + g3 < 0and 2a; + g3 < 0
(situation considered in Example 3.5.1), or if

2a +g%+2a2+g% < 0and

2 2) (2 2
a>max{2a1+g%72a2+g%7( a1 +g7) (2a2 +83) }

2a1+ g3 +2a2 + g3

Example 3.5.3. Consider the stochastic system with jump Markov perturbations in
whichn =d =2:

dx(t) _
DU =AM 0)x(0),r 20 (3.60)
where
Avi=A)= {—ZO‘ —20(}
e[

with a > 0 and
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with a > 0. Then, according to Theorem 3.3.2, (3.60) defines an ESMS evolution if
and only if there exist

such that X; > 0, X; > 0 and

|

|
g,
[ )

ATX +X1A1+ Y, q1jX) =
Jj=1

2
Ang +X0A; + Z qiX; = —oal
J=1

which are equivalent with

Bxi —2y1 —x =1
Byi—z1—y2=0
Bzi—z =1
Bxy—x; =1
By2—x2—y1 =0
Bz -2y -z =1,

where we denoted 3 := 2a+ 1. By solving the above system of algebraic equations
it follows that

B+1
(B>=B>=B-1)(B*+p>—B+1)

Then for a — 0 one obtains that z; — — 3. This shows that although A (1) and A (2)
have their eigenvalues in C_, that is they are stable in the deterministic sense, the
stochastic system (3.60) defines an unstable evolution.

1 =

Example 3.5.4. We consider now the case n = d = 2 and r = 1, namely the
situation when the stochastic system is subject both to Markovian jumping and to
multiplicative white noise:

dx(t) =Ao(n (1)) x(r)dt +A; (n (1)) x(t)dwi (1), £ >0 (3.61)
where

R I PR
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v [ - p

and
-1 1
o-[3' 4]

According to Theorem 3.3.2, the necessary and sufficient condition such that
(Ap,A1;Q) defines an ESMS evolution is that the equations

2
AG ()X () +X (i) Ao (i) + AT (i) X (i) A1 (i) + zlqijx (j) = —b,
£

i = 1,2, have the solution X (i) > 0 with

X (i) = {x"y"],izm.
Yi Zi

The above equation leads to

(3-a*)xi—2y1—x =1 (3.62)
3yi—z—y»=0
31— =1
3x0—x1 =1

3yp—x—-y1=0
B-a)-2m-u=1,

from we deduce that

(24-9a*) x, + (3a> — 10) z; = 8 —24° (3.63)
(3a> —10) x2 + (24 —9a%) z1 = 8 —2a”.

For a* = % we obtain that x; +z; = 719—4 which is not admissible since X (i) >
0,i=1,2 imply that x > 0 and z; > 0.
On the other hand, if a*> = % the system (3.63) is incompatible and if a® # %

and @’ # % this system has the unique solution

a’*—4

x2=Z1:m
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which gives in (3.62)

a—4
Xl =2=— andy1:y2:2(

3a2 -7 3a2-17)
Therefore X (1) > 0 and X (2) > 0 if and only if > < %, from which we conclude
that (Ag,A1; Q) defines an ESMS evolution if and only if a* < %

The next examples will illustrate the applicability of the Lyapunov-type criteria
derived in Sect. 3.4 in the investigation of the ESMS of stochastic linear differential
equations (1.22) affected by a standard homogeneous Markov chain with an infinite
countable set of states.

Example 3.5.5. Consider the system (1.22) in the special case n = 1, Ag(z,i) =
a(i),Ar(t,i) = 0,1 <k <r(t,i) € Ry x Z,. We have the differential equation:

d
“x(t) = a(m(e)(0), 1> 0. (3.64)

Here {1(¢)};>0 is an homogeneous Markov process having the state space Z. and
the generator matrix Q with the elements {g; j}(i, j)ez. xz.. such that for each i €
Z..gii=—A,qiis1 =A,A>0and g;; =0if j € Z, \ {i,i+1}. Hence {n(t)}i>0
is an homogeneous Poisson process with parameter A. Assume that the sequence
{a(i)}icz., has the properties:

o) the sequence {a(i) }icz. is bounded and a(i) < A/4forallic€ Z,.

B) lim;_.a(i) <O0.

We show that in this case the zero state equilibrium of (3.64) is ESMS-C. To this
end, we shall use the equivalence (i)<>(iii) from the Corollary 3.4.3. Let 6 > 0 be
defined by:

Tima(i) = —26. (3.65)

i—roo

Therefore there exists ig > 1 such that a(i) < —& for all i > is. The system of LMIs
(3.52) becomes

Ra(i)—A)y()+Ay(i+1)+u <0,i€Z.. (3.66)

Taking y(i) = 1,i > ig we obtain from (3.66) that 2a(i) + y; < 0 for all i > is. If we
take into account the choice of ig one obtains that (3.66) is verified by y(i) = 1,i > i
if uy € (0,26).

Forie {0,1,...,ig — 1} we construct recursively ¥(i) from the equation

300 = 75 G+ 1+ 1),
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i <ig—1,9(is) = 1. So (3.66) is solved by {y(i)}icz, where y(i) =1if i > is,
y(i) = 9(i),i < i, and p1, iy satisfying

0 <y <min{A,26}, ,uzzmin{l,minogk,-éx_lza(i)}.

Example 3.5.6. Consider the special case of the system (1.22) with n = 1,A¢(¢,i) =

m(t)a(i),
Ap(t,i) =0,1 <k <r(t,i) € Ry XxZ,. We have

d
Sx(t) = m(n)a(m)x(r). (3.67)

As in the previous example {1 (¢)};>0 is an homogeneous Poisson process with
parameter A > 0. Assume:

(') m:R; — Ry is a continuous function with the property that 0 < mo < m(t) <
my for all # > 0, where mg,m are positive constants.

(B’) The sequence a(i),i € Z is bounded and additionally m(t)a(i) < A /4 for all
(f,i) S R+ X Z+.

(7) lim;_ea(i) <O.
To show that the zero state equilibrium of (3.67) is ESMS-C we apply the equiv-

alence (i)<+(iii) from Theorem 3.4.1. The system of linear differential inequalities
(3.50)—(3.51) becomes

() + (2m0)a(i) — A)y(o,0) + (e, + 1)+ <0

y(t,i) > o, (t,i) E Ry X Zy. (3.68)
Let ig > 1 be defined as in the previous example. One sees that for i > ig y(¢,i) = 1

verifies (3.68) if 0 < ) < 2md.Fori <is— 1, y(z,i) may be constructed recursively
as the unique bounded solution of the linear differential equation

%y(r,i) + m()a(i) = My, + A0+ 1) +1) =0, i<is—1,(3.69)

y(l‘,i5) =1,t>0.
Take
$(t,i) = A / JPEmE)a)=MdZ (| 4 5(5 i 4 1))ds (3.70)
t

0<i<is—1,9(tis) = 1,6 > 0. From () we have [’(2m(Z)a(i) — A)dX <
,%(5 —1) for all s >t > 0. This allows us to conclude that the integral from (3.70)
is absolutely convergent and t — ¥(z,i) is bounded. Applying Lemma 2.3.4 for the

special case X = R,XT = R,,{ = 1, we deduce that there exists 7 > 0 such
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that el (2m(Z)a(i)—24)dx > % for all t < s <t+ 19, > 0. This allows us to deduce
that §(t,i) > A [ el Gm®)al)=2)dZ g5 > 1) 7o for all 1 > 0,0 < i < is — 1. We have
shown that (3.70) is solvable by y(z,i) = 1 if i > ig, y(t,i) = $(¢,i) if 0 <i<ig—1
and p; € (0,min{2,2mo8}), tr = min{1, A1}

Example 3.5.7. Consider the special case of the system (1.22) with n = 1, i.e.

r

dx(t) = ao(t,1(1))dt + Y a (1,1 (1)) x(t)dwi (1) 3.71)
k=1
where r — a;(z,i) : R — R are continuous function uniformly with respect to
i €Zy; {n(t)}i>o0 is an homogeneous Markov process and {w(¢)};>¢ is a standard
Wiener process. Assume

sup sup (i ai(t,i) +2a0(t,i)> <0. (3.72)

t>0icZy \ k=1

Under these conditions the zero state equilibrium of (3.71) is ESMS-C. One sees
that if (3.72) is fulfilled, then y(z,i) = 1,¢ > 0,i € Z, verifies (3.50)—(3.51) written
for (3.71).

3.6 Affine Systems
Throughout this section we assume that D = {1,2,...,d}. Consider the system

dx(t) = [Ao(t,n(2))x(t) + fo(t)]dr + i [Ar(t,m(0)x(t) + fr(£)]dwi(r)  (3.73)
k=1

where Ay (t,i),0 <k < rare bounded on R and continuous matrix valued functions.
Denote

u(t) = (fo (0), fT(0), ooy SEO)T

If 79 > 0,x0 € R" and f; € L ,([to,T],R"),0 < k < r for all T >ty by Theo-
rem 1.11.1 it follows that there exists a unique solution x,(,%,xp) of the system
(3.73) with x,(fo,%0,x0) = xo and x,(-,t0,x0) € L3 ,,([to, T],R"),T > to, that is all
components of the vector x,, are in L3, ([0, T]).

Unfortunately the representation formula (1.29) cannot be used to obtain some
useful estimates for solutions of system (3.73) as in the deterministic case. Such
estimations are obtained in an indirect way using some techniques based on
Lyapunov functions.
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Theorem 3.6.1. Assume that the system (Ag,A1,...,A,;Q) is stable. Then

(i) There exist c > 1,0 > 0 such that

E [‘xu(tvthXO)P'”(tO)—i] SC< a(t=to) ‘XO|2
+ Er E te a(=5)| fi(s 2ds|n =i
= {/fo | fi(s)["ds|n (1) })

forallt > 19> 0,x0 e R",i€Dandall fi € Ln w([f0,20),R"),0 <k <r;
(ii) There exists B > 0 such that

fo

e[ [ bt Pin) =] < B (i

é [ | fe(s 2d5|71(t0)=iD
<

forallty > 0,x0 € R", fi € L}, ([fo, ), R"),0
(iii)

k<rieD.

lim E|x, (1,10,%0)[* = 0

forallty>0,x0 €R", fiy € L3 ,([to,%),R"), 0 <k <.

Proof. Since (Ag,A1,...,A,;Q) is stable then by Theorem 2.7.4 the Lyapunov-type
equation (2.157) has a unique bounded on R, and uniformly positive solution
K(t) = (K(t,1),...,K(t,d)). Therefore there exist c; > 0,0 > 0 such that

o J <K(1) < onJ?, 1>0.
Let x, (1) = x,(,%0,0),t > 9. Applying the Itd-type formula (1.6) to the function

v(t,x,i) = xT K(t,i)x and to the system (3.73), taking into account (2.157) for K(¢)
we obtain:

B0 n0)in) =1 | [ (-7 +2600) K6 (0)0)

+ Y AL ()R (5,0(5)) Al

k=1

+er, fi ()R (s,n(s)) fi(s) } ds|n (o) = i] ,
=1
Denote

hi(t) = Ev(t,xu(1),n(1))[n (o) =] ,i € D
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= VE[m@PInt) =i,ieD

gi) = | S ENA@0)PInt0) =i.i €D.
k=0

Then we may write
() = E [{~ ()

+2x5 (1)

k<tvn(t))f0<t) + iAZ(t7n(t))k(tvn(t))fk(t)‘|

k=1
2R <r>k<r,n<r>>fk<t>} n(t) = l-]

ae.t >1y,i€D.
Since Ak,K are bounded, there exist ¥ > 0,6 > 0 such that

1
Ri(t) < —mi(t) +y [mi(t)gi(t) + g7 (1)] < —Em%(t)+3gi2(f)-
Taking into account that o1, < K(t,n(t)) < o1, it follows that
oum? (1) < hi(t) < opm?(1).

Hence Ki(t) < —5—h;(t) + 8g2(t). Since h;(ty) = 0 we obtain

2 062

t
oum?(t) <hi(t) <8 | e g2 (s)ds, t > t9,i € D (3.74)

T
with & = 5. On the other hand,
2
Xu(t,t0,x0) = x,(,20,0) + D(2,19)x0. (3.75)

Combining (3.74) and (3.75), (i) is proved. The assertion (ii) follows by (i) and
Fubini theorem. We prove now (iii). Since

d

11 0 k=0

/ Z | fic(£)[*dt|n (to) —l] < oo,
it follows that for every € > 0 there exists 7z > #y such that

2 t)dt < e.
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For each ¢t > t, we have

ot te
/efwf*‘)g%(s)ds:e*a<f*fe> / e gl (s)ds+ | e gi(s)ds

J1y Iy 1‘5

< e_a(t_t€>/ g (s)ds +e.

fo

From this inequality and (3.74) we conclude
limE (122,70, 0) N (o) = i] = 0.

Finally, using (3.75) we obtain
lim E [xu(2,0,%0) P (0) = i] =0

and the proof is complete. a

Remark 3.6.1. 1If we do not know that the system (Ag,Ay,...,A,; Q) is stable, then
the estimation from Theorem 3.6.1 (i) is not uniform with respect to #,7p € R;. In
general we may prove that for any compact interval [fp,#;] there exists a positive
constant ¢ depending upon #; — fo such that

k=0

E I, t0,50) (1) =] < ¢ <|x0|2+ S e[ [ 1) Pasinto) - D

forall € [10,11],x0 € R",i € Dand all fi € L}, ,([to,11],R"),0 <k <r.

To this end we notice that since Ag(,7),0 <k < r,i € D are bounded on R, from
(3.73) and Theorem 1.9.7 it follows easily that there exists an absolute constant y > 1
such that for all ¢ € [to,11],i € D we have

E [[xu(t,t0,50)PIn(t0) = ] < y{ bol> + E [ [ [ (5,10,%0) Pdls| (10) = ]
X (11 = t0) + 1)+ Zio E [ [ 1 (5) Pdsin(io) = i] (0 —10) + 1) }

By using the Gronwall Lemma we get

sup [l (110,50)/ nto)_l]<c<|x0|2+zEU AEP () = D

to<t<t;

i € D, where ¢ > 0 depends only on #; — #.



162 3 Exponential Stability in Mean Square
Notes and References

In the control literature one can find a large number of works devoted to the stability
of Ito-type differential equations systems. For this reason it is impossible to give
an exhaustive bibliography for this topics. We shall limit ourselves to indicate the
monographs of [6,7,14,22,26,92,98,99, 148] where one can found many references
concerning this subject. Theorem 3.3.6 has been proved in [100] for a larger class
of systems of linear stochastic differential equations.

ESMS for stochastic systems of differential equations with Markov perturbations
has been introduced and studied for the first time in [91] in which characterizations
using Lyapunov-type equations are given.

The results in this chapter concerning time-varying linear differential systems
with jump Markov perturbations have been proved in [112]. The mean square
exponential stability for time-invariant differential systems with jump Markov
perturbations has been investigated in [61,64,86, 103,106, 108, 109].

The ESMS problem for differential equations subject both with Markov pertur-
bations and with multiplicative white noise has also been considered in [104]. In that
paper sufficient conditions for stability are given in terms of some M-matrices and
it is proved that ESMS implies almost sure stability. Results concerning the stability
and the boundedness of solutions of nonlinear Itd differential systems subject to
Markov perturbations can be also found in [101].

The most results included in Sects. 3.2-3.3 have been proved in [41], while the
ones from Sect. 3.4 were proved in [52].



Chapter 4
Structural Properties of Linear Stochastic
Systems

In this chapter we present the stochastic version of some basic concepts in control
theory, namely the stabilizability, detectability, observability and controllability. All
these concepts are defined both in Lyapunov operators terms and in stochastic
systems terms. The definitions given in this chapter extend the corresponding
definitions from the deterministic time-varying systems. Some examples will show
that the stochastic observability does not always imply stochastic detectability and
stochastic controllability does not necessarily imply stochastic stabilizability. As in
the deterministic case the concepts of stochastic detectability and observability
are used in some criteria of exponential stability in mean square. Throughout this
chapter we will assume that D = {1,2,...,d} even if some of its developments
remain true when D =Z (see, e.g., [63, 144]).

4.1 Stabilizability and Detectability of Stochastic
Linear Systems

Let us consider the following stochastic input—output system:

dx(t) = [Ao(t,n(2))x(t) + Bo(t,n(¢))u(t)] dt
i [Ap(2,m(2))x(t) + Be(t,m(2))u(t)] dwy(2) 4.1)

y(t) = Co(t,n(1))x(r)

t € Ry with the inputs u € R™ and the outputs y € R?. We denote A =
(Ao,A1,...,A,) and B= (By,B,...,B,).

Definition 4.1.1. (a) We say that the system (4.1) is stochastically stabilizable or
equivalently, the triple (A,B; Q) is stabilizable if there exists F : Ry — ./\/lgw
bounded and continuous function such that the zero solution of the system
obtained by taking u () = F (¢,m (¢)) x (¢), namely

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 163
DOI 10.1007/978-1-4614-8663-3_4, © Springer Science+Business Media New York 2013
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dx(t) = [Ao(t.1(6)) + Bo(t. (1)) F (1.1 (0))]x(0)dr
© 3 A1) + Bele, n () E (O] (0 dwi 1),
k=1

t > 01is ESMS-C.

(b) We say that the system (4.1) is stochastically detectable, or equivalently, the
triple (Co,A;Q) is detectable if there exists K : Ry — Mﬂlp continuous and
bounded function such that the zero solution of the system

dx(t) = [Ao(#,n () + K (t,1(1))Co(z,n (2))] x(r)dr + iAk(Ia n(2))x(t)dwi(t)
k=1

is ESMS-C.

Remark 4.1.1. (a) The above definition of the stochastic detectability could also be
stated if the output of the system (4.1) is of the form

r

dy(t) = Co(t,n(1))x(r)dt + Y, Ce(t,n(2))x(r)dwi (7).
k=1

(b) The function F(r) = (F(t,1),F(t,2),...F(t,d)) and the function
K(t) = (K(t,1),K(t,2),...,K(t,d)), respectively, from the above definition
will be termed stabilizing feedback gain and stabilizing injection, respectively.

The concepts of stochastic stabilizability and stochastic detectability in the par-
ticular cases when the system (4.1) is subject only either to Markovian jumping (i.e.,
Ar=0,B;, =0, 1 <k <r)or to multiplicative white noise (i.e., D = {1}) are defined
obviously in the same way. In the case of the systems with Markovian jumping only
we shall say that (Ag,Bo; Q) is stabilizable and (Cp,Ao; Q) is detectable and in the
case of Itd systems we shall say that (A,B) is stabilizable and (Cp,A) is detectable.

Remark 4.1.2. If the system (4.1) is in “stationary case”, then the stabilizing
feedback gain and the stabilizing injection are supposed to be of the form F =
(F(1),...,F(d)), K = (K(1),....K(d)).

In the next chapter we shall show that in the case when the coefficients of the
system (4.1) are O-periodic functions with respect to their first argument, then this
system is stochastically stabilizable (stochastically detectable), if and only if there
exists a O-periodic stabilizing feedback gain (a O-periodic stabilizing injection,
respectively). Moreover, if the system (4.1) is in the time invariant case, then it
is stochastically stabilizable (stochastically detectable) if and only if there exists a
stabilizing feedback gain F = (F(1),F(2),...,F(d)) (a stabilizing injection K =
(K(1),K(2),...,K(d)), respectively).

Let us consider the following illustrative example with n =2, d =2 and r = 1
where
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e I RO e PR N

wo=[od] m=[o2].o00- [{].o- [}

with a®> < 7/3 and a, 8,7,8 € R. The system (Ag,A1,B;Q) is stabilizable. Indeed,
let F(1)=[1-a —1-B],F(2)=[-1-y1-8].Then

Ao(1)+B(1)F(1) = [11 _OJ and A (2) +B(2)F (2) = [01 _11}

from which we deduce, according to Example 3.5.4 that (Ag + BF,A;; Q) is stable.
Let us remark that the pairs (Ag (1),B(1)) and (Ao (2),B(2)) are not controllable.
One can also note that if B > 1/2 or y > 1/2 then the system (Ag,A;; Q) is not stable
since it does not satisfy the necessary conditions of stability, namely the matrices
Ao (i) + 2q,,12, i = 1,2 be stable.

The next result 1mmed1ate1y follows.

Proposition 4.1.1. (i) The system (4.1) is stochastically stabilizable if and only if
there exists a continuous and bounded function F : Ry — M, such that the
system (Ao + BoF,A| + B\F,...,A,+ B,F;Q) is stable.

(ii) The system (4.1) is stochastically detectable lf and only if there exists a
continuous and bounded function K : Ry — M2 such that the system (Ao +
KCy,Ay,...Ay;Q) is stable.

n,p

From Theorems 3.3.1, 3.3.4, and 3.3.5 the following result can be obtained.

Proposition 4.1.2. (i) If the system (4.1) is stochastically stabilizable (stochasti-
cally detectable, respectively), then the system with Markovian jumping:

x(t) = Ao(t,M(1))x(1) + Bo(t,1(¢))ul?)
y(t) = Co(t,n(1))x(r)

is stochastically stabilizable (stochastically detectable, respectively).

(ii) If the system (4.1) is stochastically stabilizable (stochastically detectable,
respectively) then, for each i € D, the system described by It6 differential
equations:

dxi(t) = [Ao(t,i)xi(r) + Bo(t, i)u(r)]dr

ol
i A1) (1) + B e, D) i 1)

yi(t) = Co(t,i)xi(t)

is stochastically stabilizable (stochastically detectable, respectively) where
Ao(t,i) = Ao(t,1) + 3 qiily-
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Remark 4.1.3. Tt is not difficult to see that the definition of the stochastic
stabilizability and stochastic detectability can be stated for triplets (A,B;Q) and
(C,A;Q) in the case when the elements of the matrix Q verify only condition
(2.123); C = (Cy,Cy,...,Cy) and Ay, By, Cy. are continuous matrix valued functions
on an right unbounded interval Z C R.

More precisely:

Definition 4.1.2. (a) The triple (A,B; Q) is stabilizable if there exists a bounded
and continuous function F : Z — M¢? such that

mn
1Tr(2,5)|| < Be™ ™), W > s €1,

(a >0, > 0 being constants), 7 (-,-) is the linear evolution operator defined
by the linear differential equation over S,‘f :
d
dt
where Lr(t) : S — 8¢ by

S(1) = L (1)S(1),

(Lr(0)S)() = [Ao(t,i) + Bo(t,i)F (1,0)] S(i) +S() [Ao (1, 1) + Bo(t,i)F (1,)]"

+ i [Ar(2,0) + By (2,i)F(£,1)] S(i) 4.2)
k=1

d
X [Ax(t,i) + By (t,i)F (t,1)]" + Y 4iS(j)
=1

ieD,SeS.
(b) The triple (C,A;Q) is detectable if there exists a bounded and continuous
function K : Z — M¢ . such that [|TX(z,5)|| < Be 09, vt >s€ I,B >
0, o > 0 being constants. TX (¢, s) is the linear evolution operator defined by the
linear differential equation:
d
—8(t) = LX(1)S(¢
28(1) = £X(0)S(0)
where £X (1) : 8¢ — S? by
[£5(0)S] (i) = [Ao(t,i) + K (1,6)Colt,i)] (i) + S(i) [Ao(t, i) + K (1.8)Co(t, )]

Y [Ae(d) + () Cele, D] SG) [Aer.d) + K (6, )Celr.0)]
k=1

d
+ Y, qiS()) (4.3)
j=1

iecD,SeS
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The next result easily follows from Theorem 3.3.3.

Proposition 4.1.3. Assume that the system (4.1) is in the time-invariant case. Then
the following are equivalent:

(i) The system (4.1) is stochastically stabilizable;
(i) There exists F = (F(1), F(2), ...., F(d)) € M%,, such that the affine
Lyapunov equation over S,‘f :
LrX+J=0
has a solution X > 0;

(iii) The linear matrix inequalities

LX,T)() PX,T)()

P RE)G) | 0 @5

have a solution (X,T') € 8¢ x M, ,,X >0, where

d
ﬁ@JﬂU=mﬁﬂﬁﬂxﬁmaﬁ+%®ﬂﬁ+ﬂUWHﬁ+E%JU)
=

PXD)(0) = A(OX @) +B1(OTGE)  A2(OX (@) +B2()0() ... ADX(E) + BT ()
“XG@) 0 0 0
0 —X({@) 0 0
RX)(Q) = 0 0 —-X(@) 0 €Sm
0 0 0 —X (i)

Moreover, if (X,T) € 8¢ x /\/l;inyn is a solution of the linear matrix inequalities
(4.4) withX >0, then F = (F(1), F(2), ...F(d)), with

F(i)=THX@)™! (4.5)
i € D is a stabilizing feedback gain.
In the particular case with By =0,k = 1,2...,r we have the following result.

Proposition 4.1.4. Assume that the system (4.1) is in the time-invariant case and
Bi(i) =0,i € D,k =1,..,r, then the following are equivalent:

(i) The system (4.1) is stochastically stabilizable;
(ii) The system of linear matrix equations

Ao()X (i) + X ()AL (i) + Bo()T(i) + T (i) B (i)

4.6
i AdDX DAL () + 3, X () + 1 =0 0
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i € D, has a solution (X,T') € S¢ x Mfmn,X > 0. Moreover, if (X,T') € 8¢ x
an’n is a solution of the system (4.6) with X > 0 then a stabilizing feedback
gain may be obtained as in (4.5).

The next result follows easily from Theorem 3.3.2.

Proposition 4.1.5. Assume that the system (4.1) is in the time-invariant case, then
the following are equivalent:

(i) The system (4.1) is stochastically detectable;
(ii) The system of linear matrix equations

AT ()Y (i) + Y (i)Ao(i) + A())Co(i) + Co(i)T AT (i) W
+ 35 AT ()Y (DA + 2, i () +1, =0 :

i € D has a solution (Y,A) € S¢
(K

md p,Y > 0. Moreover, if (Y, A) is a solution
of the system (4.7), then K = )y

X
(1 K(d)), with

K(i) =Y ' ()A() (4.8)

i € D is a stabilizing injection;
(iii) The system of linear matrix inequalities

AF (Y (1) + Y (DAo(i) + A)Co(0) +CF (DAT () wo
i ALY (DA + 50 0¥ () <0 |

i € D has a solution (Y,A) € 8¢ x Mﬁp, Y > 0. Moreover if (Y,A) is a solution

of the system (4.9) with Y > 0, then a stabilizing injection is obtained as in
(4.8).

Based on the Remark 4.1.3 we can establish a duality relationship between the
stabilizability and detectability in this stochastic framework.

Proposition 4.1.6. Assume that

(i) Ay : R — ./\/lz, By : R — MZ’m are continuous and bounded functions, k =
0,1,...,r,
(ii) The elements of the matrix Q, verify (2.123).

Then the triple (A,B;Q) is stabilizable if and only if the triple (Bn,An;Qﬁ) is
detectable, where

Al — (A%,A’L...?AE),BL‘: (B?VB%,...,BE),
Ab(r) = (Aﬁ(t 1), AL(1,2) ... AL d))
k K\ y LA\ AR EEY AN} )

BY(0) = (B, 1), B}(1,2) .. B} (1,))
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AL(t,i) = AL (—1,i),

Bi(1,i) : =Bl (—1,i)

teRieDk=0,1,...,r

Proof. If (A,B;Q) is stabilizable, then there exists a bounded and continuous
function F : R — ./\/li,n such that:

| Tr (z,5)|| < Be™*—9) (4.10)

for all r > s,¢,5 € R, > 0, > 0 being positive constants T (-, ) being the linear
evolution operator defined by linear differential equation over S,

4
dt
L (t) being defined as in (4.2).
It is easy to see that S(¢) is a solution of (4.11) if and only if r — S(—¢) is a
solution of the equation

S(t) = Lp()S(¢) 4.11)

4
dt
where £F(t) : S¢ — S? is defined by

(L4(0)S)() = [A3(e,0) + K (e, )BE (1,0)] S(0)

X(1)+ (L¥1)*X (1) =0 (4.12)

+5(i) [Aﬁ(r,i) +Kﬁ(t,i)Bg(t,i)} !

+

M\

k [A;{(t,i) +Kﬁ(t,i)3,{(t,i)} S(i)

—

t t, A"
x {Ak(t,i)-l-Kﬁ(t,i)Bk(t,i)}
d
+ Y ¢S(j)ieD,sesy,
j=1

where Az,Bﬁ were defined in the statement and K*(z,i) = FT(—t,i),qg.i =gqij,i,j €
D. If Tﬁ(t,s) stands for the linear evolution operator over S,‘f defined by the
differential equation

d

S0 = LE(1)S(1)

then we obtain from (4.12) that S(—z) = (T*%(s,t))*S(—s) for all < s, hence S(r) =
(T*(—s,—1))*S(s) forall £ > s.
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On the other hand S(t) = Tr(t,s)S(s),t > s. Hence we have T'(t,s) =
T (—s,—t), (V)t > s. Finally invoking (4.10) we deduce that

T (t,5)|| < Be =), (V)1 >s

which shows that (B#, A% Q%) is detectable and the proof ends. O

Remark 4.1.4. (i) In the same way may prove that (C,A; Q) is detectable, if and
only if (A%, C*; Qf) is stabilizable.

(i) From Proposition 4.1.6 it follows immediately that in the time invariant case
(A,B; Q) is stabilizable if and only if the triple (B”,AT;Q7) is detectable.

Now we prove the following theorem, which extends a well-known result from
the deterministic framework.

Theorem 4.1.7. Suppose that

(i) (Co,A;Q) is stochastically detectable.
(ii) The differential equation

d ~

EK(t)+£*(t)K(t)+C(t) =0 (4.13)
has a bounded solution K: Ry — S,‘f,f{(t) = (I{(t7 1),....K(t,d)) ,K(t,i) >
0,1 >0,i € Dwhere C(t) = (C(t,1),...,C(t,d)) ,C(t,i) = C} (t,i)Co(t,i). Then
the solution of the system (1.22) is ESMS-C (or equivalently the system
((Ap,A1,...,A,); Q) is stable.

Proof. Consider v: R} x R? x D — R,v(t,x,i) = xT K(¢t,i)x. Let x(t) = x(t,t0,%0)

be a solution of the system (1.22). Applying the identity (1.6) to the function v and

to the system (1.22) and taking into account (4.13) we get for all > #p and i € D

Elp(e,x(1),n(1))n(t0)=1] —xgk(to,i)xO:—E{ t:ICo(s,n(s))X(s)|2ds|n(to) =il.
Hence
E [/t“’ |C0(t,n(t))x(t)|2dz|n(t0) = i} < ng(to,i)xo < }’|xo|2 4.14)

t0>0,x0 e R"ieD.
We may write

dx(t) = (Aot (1)) + H(t.n(0))Colt. 1 (1)]x(r) + fo(t) } d
Y At n(0)x(0)dwi (o)
k=1

where fo(t) = —H(t,1(t))Co(t,1(1) ().
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Since the system (Ao + HCp,Ay,...,A;; Q) is stable and fj € L%,W ([to,0) x R™)
(see (4.14)) we may use the Theorem 3.6.1 (ii) to obtain;

E |:/t:|q)(t,t0)x0|2df|n(t0) :,} < §[|x0]*+E [/t: fo(t)Pdt|n (1) = i
< Blxof

forall 7o > 0,x0 € R",i € D.
Using Corollary 3.2.3 we conclude that the system (Ag,A1,...,A,;Q) is stable
and the proof is complete. a

Remark 4.1.5. If (C,A;Q) is detectable, then it follows based on a similar proof
that the result proved in Theorem 4.1.7 remains valid if one replaces C (r) with

- r

C(t,i) =Y, Cl (t,i)Cr(t,0).
k=0

4.2 Stochastic Observability

Definition 4.2.1. We say that the system (4.1) is stochastically uniformly observ-
able (or equivalently (Cy,A; Q) is uniformly observable) if there exist T > 0,8 > 0
such that

+1 .
T*(s,1)C(s)ds > BJ? (4.15)
t
for all ¢ > 0, where C(s) = (C(s, 1), C’(s,2),...,€(s,d)) , C(s,i) = CF (s,0)Co(s,1),
i € D,s > 0. In the time invariant case we shall say that the system (4.1) is
stochastically observable, or the triple (Cp, A; Q) is observable.

Remark 4.2.1. (a) If in the system (4.1) we have A (¢,i) =0,k=1,...,n,D={1},
then the Lyapunov operator (2.124) is the Lyapunov operator of deterministic
framework. In this case (4.15) becomes

14T
/ @ (5,0)CL (5)Co(s)@o(s,1)ds > BI,, ¥t >0
t

where ®g(-,-) is the fundamental matrix solution of the differential equation
x(r) = Ao (t)x(2).

This shows that the above definition of stochastic uniform observability is
a natural extension of the uniform observability used for linear time-varying
deterministic systems (see [89]).
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(b) If the system (4.1) is subject only to Markovian jumping, then the condition
(4.15) becomes [T T*(s,r)C(s)ds > BJC. If this is fulfilled we shall say that
the triple (Co,Ap; Q) is uniformly observable.

(c) If the system (4.1) is subject only to multiplicative white noise and the corre-
sponding inequality (4.15) is fulfilled, then we shall say that (Cp,A,Aq,...,A,)
or shortly (Co,A) is uniformly observable.

The following result follows immediately from Theorem 3.1.1.

Proposition 4.2.1. The system (4.1) is stochastically uniformly observable if and
only if there exist B > 0,7 > 0 such that

E [/{IH @7 (5,1)CY (5,1 (5))Co(s,m(5))D(s,1)ds|n (t) = i| > BI,

forallt >0,i € D,®(-,-) being the fundamental matrix solution of the system (1.22).

The proof of the next result is based on some preliminary results that develop the
ones presented in Sect. 2.7. First, remark that since

D; (1,10) = €29 —0)P, (1, 1)

where ®; (¢,0) is the fundamental matrix solution for fixed i € D of the deterministic
linear differential equation on R”

dx

2~ [a0te+ Jaun] 0,

and @i(t,to) is the fundamental matrix solution for fixed i € D of the deterministic
linear differential equation

%:Ag(t,i)x(t),

it follows that for each i € D the pair (Co (i), Ao (-, z)) is uniformly observable if
and only if the pair (Cy (,i),Aq (+,)) is uniformly observable, where

~ 1

AO (t7 l) = AO (tv l) + eqlln
Further, for each i € D, let L (t) : S, — S, be the Lyapunov-type linear operator
defined by

r

L()M = Ao (t,i) M +MAJ (1,0)+ ¥ A; (1,i) MAT (1,i), M € S,

Jj=1

and let T' (t,1) be the linear evolution operator on S, associated with the operator

Li(t).
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Let £ () : S¢ — 8¢ defined by
(C()H) ()=L(t)H (i), HES!,ieD
and let T (¢,9) be the linear evolution operator on S¢ associated with the linear

t
operator L (t). It is easy to prove that

(T (t,t0)H) (i) =T (t,t0)H (i), H € S, i € D.

From the definitions of 7 (¢,19), Ti (t,10) (see Sect. 2.6.2) easily follows
T (t,00) > T (t,10) > Ti(1,10),
T(tat()) > T(tat()) :

(4.16)

From (4.16) one obtains the following result.
Proposition 4.2.2. (i) If for each i € D, the pair (Co(-,i),Ao(-,i)) is uniformly
observable then the triple (Cy,Ao; Q) is uniformly observable.
(ii) If (Co,Ao; Q) is uniformly observable, then (Cy,A; Q) is uniformly observable.
(iii) If for every i € D, the system (C0(~,i),go(-,i) AL AR (D)) is uni-
Sformly observable then the system (Co,A; Q) is uniformly observable, too.

Proposition 4.2.3. Assume that the system (4.1) is in the time-invariant case. Then

the following are equivalent.
(i) The system (4.1) is stochastically observable.
(ii) There exists T > 0 such that
T o o~
/ e“Cds > 0.
0
(iii) There exists T > 0 such that Xo(t) > 0, where Xo(t) is the solution of the

problem with initial value:

d Xo(t) =L Xo(t) +C, Xo(0)=0.

dt

Proof. (i) <= (ii) follows from (2.132).
o _ 1.~
Since Xo(f) = / £ )5 = / ¢£'5Cds, t > 0 it follows that (ifi) <= (ii).
. 0
The proof is complete. a

Proposition 4.2.4. Assume that the system (4.1) is in the time-invariant case. Let
Xo(t) be the solution of the Cauchy problem on S¢

iXO(I) = ﬁ*X()(t) +C7 t>0, Xo(0)=0.

dt
If there exists T > 0, such that Xo(T) > 0 then Xo(t) > 0 for all t > 0.

Proof. For each t > 0, we write the representation
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Xo(t) = (Xo(t, 1), Xo(1,2), ... X(t,d)) = /0 "L =9y,

Since £ (=) . S,‘f — 8,‘,1 is a positive operator, we deduce that Xy (¢) > 0, for all
t > 0. Moreover if # > T we have Xo(t) > Xo(7), therefore if Xo(7) > 0, we have
Xo(t) > O for all + > 7. It remains to show that Xo(z) > 0,0 < ¢t < 7. To this
end we show that derXo(r,i) > 0, 0 <t < 7, i € D. Indeed, since detXy(t,i) =
det {( et =) Cds) (i) }, we deduce that t — detXy(t,i) is an analytic function.
The set of its zeros on [0, 7] has no accumulation point. In this way it will follow
that there exists 7; > 0 such that detXy(z,i) > 0 for all t € (0, 7]. Invoking again the
monotonicity of the function r — Xo(r) we conclude that Xy(¢) > 0 for all t > 1,
and the proof ends. a

Remark 4.2.2. From Propositions 4.2.3 and 4.2.4 it follows that the stochastic
observability for a system (4.1) in the time invariant case may be checked by using a
numerical procedure to compute the solution Xy (#) through an enough long interval
of time.

The following two results can be considered as Barbashin—Krasovskii type
theorems [74].

Theorem 4.2.5. Assume that (Cy,A;Q) is uniformly observable and the affine
differential equation

9 X0+ £ 0X () +C0) =0 @.17)

has a bounded and positive semidefinite solution X (t),t > 0. Then
(i) The system (Ao,Ay,...,Ar; Q) is stable;
(ii) X(t)>0;

(iii) Equation (4.17) has only one bounded solution which is uniform positive.

Proof. From (2.127) it follows that
~ s ~
X(1) = T*(s,1)X (s) + / T*(u,)C(w)du, s >1. (4.18)
t

Since 0 < X(s) < BoJ¢ with some By > 0 and T(s,z) > 0 one gets 0 <
I T*(u,t)C(u)du < X(t) < BoJ¢ for all s > > 0. Hence the integral X(r) =
fth*(s,t)Cv(s)ds is convergent and 0 < X(r) < BoJ9, > 0. By (2.127) it
follows directly that Xisa solution of (4.17). Since (Co3Ao,...,Ar, Q) is uniformly
observable it follows that X is uniform positive. Since T*(t + 7,6)T*(s,t + 7) =
T*(s,t) we have

T (t+1,0)X(t+17) = NT*(S,I)E(s)ds:}?(I)— T*(s,1)C(s)ds

+7T t
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Hence T*(t 4+ 7)X (1 +7) < X(t) — BJ? < ( - %) X(t),t > 0. Thus by Theorem
3.3.8 it follows that the system (Ao,...,A,, Q) is stable. Hence by Theo/r\em 2.74
@i), ||T*(s,1)|| < ye~®=1) s > t. Taking s — oo in (4.18) one gets X (1) = X (t),t > 0
and thus the proof is complete. O
Corollary 4.2.6. Suppose that A(t,i) = Ax(i), Co(t,i) =C(i),t > 0,i € D,0<k <
r. Assume that (Cp; Ao, . .., Ay, Q) is observable and the algebraic equation on Sg

LX+C=0 (4.19)
has a solution X > 0. Then
(i) The system (Ao,Ar,...,Ay; Q) is stable.
(ii) X >0.
(iii) Equation (4.19) has a unique positive semidefinite solution.

The next result gives sufficient conditions concerning the observability of the
system (Cy, Ao, ...A; Q).

Theorem 4.2.7. Under the assumption of Proposition 4.2.3 if the system
(Co3Ao, - - - ,Ar, Q) is not observable then there exist xo € R",xy # 0 and iy € D such
that

(i) Colio)xo =0.
(ii) qiyiCo(i)xo =0 for all i € D.
(iii) Co(io)(Ao(ip))™x0 =0 for allm > 1.
(v) qipiqijCo(j)xo = 0 for all i # iy, j € D.
v) Co(io)Ak(l())xO =0,1<k<r
Proof. Suppose that (Cy,Ao,...,A,; Q) is not observable. From Proposition 4.2.3 it
I
follows that there exist xg € R”, xp # 0 and iy € D such thatx} / (e£71C) (ip)dtxg = 0.

Hence x7 (¢£7'C) (ig)xo = 0 for all £ € [0, 1]. Since e > e£'* > ¢£i (see 4.16 and
Remark 2.6.3) one gets x{ (e £ 1C) (ig)xo = 0,x) (e“1 i'C) (io)xo = 0,1 € [0,1]. From
the last equality we get Co(ig)e?0)'xy = 0,1 € [0, 1).

Hence differentiating successively we have

((L)"C)(io)xo =0, m>0 (4.20)
Colio)(Ao(io))"x0 =0, m>0 (4.21)
x4 ((£7)"C) (io)xo = 0,25 ((L£7)"C) (ig)x0 =0 (4.22)

for all m > 0. Thus (i) and (iii) follow from (4.21).
Now, from (4.20) and (4.22) we have

0 = x4 (L*C) (io)x0 = x4 (£5C) (i0)x0 + x4 (£*C) (i0)x0
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r
= g(ﬁzc l() =X ZA 10 CO l() Co(lo)Ak(lo) X0
k=1

and thus (v) follows.
Further, by (4.22) we can write

A

0 = x§ (L*C)(io)xo = x§ (L3C) (io)x0 + x5 (L£3C) (i0)xo
T
0)%0

= x4 (L3C) (io)x0 = x§ Y, 4iy;C (J)Co(j)x0
J#io

where L, ﬁ, L are defined in Sect. 2.6.2 and £, = L — £ and L3 = L— L. Then
since g;; > 0 if i # j one gets (ii). From (4.22) it also follows that
0 =x ((£)*C)(io)xo =
=xg {[((L)*+ LiL5+ L5L7+(£5)%) ] (io) } xo
=X [(ﬁl»CsC)(io)+(E§£TC)(1'0)+((E§) C)(io)] xo-

Further, using (ii) we can write

xg(ﬁ’fﬁﬁé)(io)xo = 2xg [Ag(l() quolo ] z q,O,CO Nxo=0
i#ig

X PRV [0 . 1
B0 =248 3 ayi (A50) + Jailh ) CF (a0 =0
i
Hence one gets
= x5 ((£3)*C)(io)xo = %G Y, D" 4i0itiiCo ())Co(J)xo0
i#ig j#i

and since gjyig;j > 0 for i # iy, j # i one obtains g;,iq;;C(j)xo = 0 for all i # iy and
J # i and thus by (ii) it follows that (iv) holds and hence the proof is complete. O

Corollary 4.2.8. Under the assumption of Proposition 4.2.3 if for every i € D, rank
M(i) = n, where

M(i) = [C3 (1), 45 ()CF (i), (AG ()"~ CG (@),

qi1Co (1);.-,4iaCo (d), AT ()G (1), .. AT (DCG (i) ]

then the system (Cy,Ao,A1,...,Ar; Q) is observable.

In the following examples, the stochastic observability used in this paper
is compared with other types of stochastic observability, for example the one
introduced in [86, 109, 110]. We also show that the stochastic observability used
in this paper doesn’t imply the stochastic detectability as we would expect.
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Example 4.2.1. The case of a system with Markovian jumping with d = 2,n =
2, p=1.
Take

G =1t 0. =0 1.0=| ¢ acrg>0

It is obvious that the pairs (Cp(1),A0(1)), (Co(2),A0(2)) are not observable. There-
fore this system is not stochastically observable, in the sense of [109]. We shall
show that this system is stochastically observable in the sense of Definition 4.2.1.

To this end we use the implication (iii) = (i) in Proposition 4.2.3. We show that
there exists 7 > 0 such that X; (7) > 0,X»(7) > 0, where X;(r),i = 1,2 is the solution
of the Cauchy problem:

2
%Xi(t) = A§ ()X (t) + X (D) Ao (D) + Y qi;X;(t) (4.23)
j=1
+C§ (i)Coli),

Xi(0)=0, i=1,2.

From the representation formula

T A -
(). Xa(0) = [ e9Cds
0
it follows that X;(¢) > 0 for all + > 0. Therefore it is sufficient to show that there
exists T > 0 such that detX;(1) > 0.
Set X;(1) = ( xi(t) yilt )> .i = 1,2 and obtain from (4.23) the following system
yi(t) zi(t)

of affine differential equations:

x1(t) = (200 —gq)xi (1) + g2 (1) + 1
X(1) = gxi (1) + (20— g)xa (1)
yi(t) = (200 =)y (t) +gya ()
Ya(t) = ayi () + (20— g)ya (1)
21(t) = 2o —q)zi(t) +qz(1)
2(t) = gz (t) + (20— q)za (1) + 1
xi(0) = yi(0) = z(0) =0,i = 1,2.
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Hence y; (t) = y2(¢) =0, > 0.

From the uniqueness of the solution of a Cauchy problem it follows that x; (1) =
22(t) = %(r) and x2(r) = z1(¢t) = Z(t) where t — (%(¢),Z(¢)) is the solution of the
problem

C5(0) = (20— g)i(0) +42(1) + 1
20 = ax(0) + (200~ g)201)

But

t
f(l) _ %/0 [eOCSJre(zOC—(])S}dS

t
~ t) _ %/O [eZOcsieZ(oc—q)S]dS.

It is easy to see that for every o € R, g > 0 we have lim,_,.. %(¢)Z(z) > 0.

Remark 4.2.3. Let us consider the system of type (4.1) withn=2,d =2,p=1,r=
land Ap(1) =A0(2) = ah,Co(1)=[1 0],Co(2)=[0 1],A1(i ) a2x?2 arbltrary

matrix, Q = [—q 9 } ,a € R,g > 0. Combining the conclusion of Example 4.2.1
q —9
with Proposition 4.2.2 it follows that the system (Cp, (Ag,A1); Q) is observable.

Example 4.2.2. The stochastic observability does not imply always stochastic
detectability. Let us consider the system with Markovian jumping with d = 2,
n=2p=1,

Ao(1) =40(2) = 2n, (1) =[1 0], Go(2) =0 1],qu_"q]. (4.24)

From the previous example we conclude that the system (Cp,Ao; Q) is observable.
Invoking (i) < (ii) from Proposition 4.1.5 we deduce that if the system (4.24) would
be stochastically detectable, then would exist the matrices X (i) > 0, and A(i) =

{il El” ,i = 1,2 which verify the following system of linear equations:
2 (i

A§ (D)X (D) + X ()Ao (i) + A(D)Co(i) +CF (i) +qu, )+L=0,i=1,2
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22 (1) 2(1)
w(l) 0

Example 4.2.3. Let us consider the stochastic system
dx(t) = Ag(n(t))x(t)dt + A1 (N (2))x(t)dw: (1) (4.25)
(1) = Co(n(1))x(1)
withn=2,d=2,r=1,p=1,A0(1) =A¢(2) = alr, Co(1)=[1 0], Co(2) =

which implies I, + [ } < 0 which is a contradiction.

[0 1], A;(1) =B, A;(2)is a2 x 2 arbitrary matrix, Q = [q 1 },aeR,ﬁe
q —q

R, ¢ > 0 which satisfy 20t — g+ B2 = 0.

From Remark 4.2.3 it follows that the system described by (4.25) is stochastically
observable. We show that it is not stochastically detectable. If by contrary the
system (4.25) is stochastically detectable, then, using again Proposition 4.1.5, we

M (’)} , A (i) € R which verify

deduce that there exist matrices X (i) > 0,A(i) = [l (0
21

the following system of linear equations

AG ()X (i) + X (1)Ao (i) + A(0)Co(i) +C§ (AT (i) +AT ()X (1)A1 (i)
+35 14X () +R =0

which leads to the same contradiction as in the previous example.

Remark 4.2.4. One can see that the system

dx(t) = Ap(n(0)x(1)di + Y. Ax(n(0))x(r)dw 1) (4.26)
k=1

¥(t) = Co(n(1))x(1)

with Ag(i),Co(i) as in (4.24) and Ai(i),k = 1,2,...,r, 2 X 2 arbitrary matrices, is
stochastically observable but it is not stochastically detectable. If, by contrary, (4.26)
would be stochastically detectable, then by Proposition 4.1.2 (i) could follow that
the system described by (4.24) would be stochastically detectable, which contradicts
the conclusion of Example 4.2.2.

From the representation formula in Theorem 3.1.1 it follows the next result.

Proposition 4.2.9. Assume that the system (4.1) is in the time-invariant case. Then
the triple (Cy,A; Q) is observable if and only if they do not exist T > 0,i € D and
xo # 0 such that

E [[y(t.0.x0)2In(0) =] =0

V't € [0,7] where y(t,0,x0) = Co(n(t))x(¢,0,x0), x(¢,0,x0) being the solution of
(4.1) for u(t) = 0 and having the initial condition x(0,0,xp) = xo.
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In the deterministic framework the analogous of the above statement is one of
the usual definitions of observability.

Remark 4.2.5. In Definition 4.2.1 of observability no condition on Q is imposed.
All the results proved above except Propositions 4.2.2 and 4.2.9 require only the
condition g;; > 0 for i # j. The additional condition 2721 gij = 01is used only in the
proof of the two aforementioned propositions.

4.3 Stochastic Controllability

In this section the controllability of stochastic systems will be introduced. For
simplicity we shall consider only the time-invariant case.

Let Ay (l) eR 0<k<rieD, B(i) eRY" Q= [qij} , 1, j € D with qij >0
fori # j.
Definition 4.3.1. We say that the system (Ao,A1,...,Ar,B;Q) is controllable if it
exists T > 0 such that

T
/ e“'Bdt >0
Jo

where £ is defined by (2.130) and B € S¢, B (i) = B(i) BT (i),i € D.

Remark 4.3.1. One can easily see that in the deterministic case, namely if D =
{1}, q11 =0and A; (1) =0, 1 <k <r, the above definition reduces to the definition
of controllability of the pair (Ag (1),B(1)).

The following result can be directly proved.

Proposition 4.3.1. The system (Ag,A1,...,Ar,B;Q) is controllable if and only if
the system (BT,Ag,AlT, el ,A,T;QT) is observable.

From the above proposition and from Propositions 4.2.3, 4.2.4 and Remark 4.3.1,
immediately follows.

Proposition 4.3.2. The following assertions are equivalent

(i) The system (Ag,A1,...,Ar,B;Q) is controllable.
(ii) It exists T > O such that Ko (t) > 0 where Ky (t) denotes the solution of the
affine equation in the space S,‘f :

d "
EKO (t) = LK (t) +B

with Ko (0) = 0.
(iii) Foranyt >0, Ky (t) > 0.
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In the following we shall consider the situation when the system is subject only
to white noise perturbations, namely D = {1}, g =0, Ay (1) = A, B(1) = B. The
inequality in Definition 4.3.1 becomes

T
/e"édr>0
0

where £ denotes the linear operator defined on S, by (2.137) and B = BB . If this
inequality is fulfilled for some 7 > 0 we shall say that the system (Ag,Ay,...,A,,B)
is controllable. Therefore in the case of systems with multiplicative white noise the
above proposition gives the following result.

Proposition 4.3.3. The following assertions are equivalent
(i) The system (Ao,A1,...,Ar,B) is controllable;
(ii) It exists T > O such that K (7) > 0 where

%k(r) =AoK (1) + K (1)A§ + Y, AkK (t)A{ +BB" with K (0) =0; (4.27)
k=1
(iii) K (t)>0forallt > 0.

From Proposition 3.1.3 immediately follows that
e“'H=E [®(1,0)HO (1,0)],1 >0, H € S,,

where @ (¢,19), ¢ > 1y denotes the fundamental matrix solution associated with the
linear Itd system

dx(t) =Apx (t)dt + i Apx () dwy (1) .
k=1

Therefore the next result directly follows.

Proposition 4.3.4. The system (Ao,A1,...,A;,B) is controllable if and only if it
exists T > 0 such that E [ [®(¢,0) BBT® (1,0)] dr > 0.

We shall give now another characterization, in stochastic terms, of the controlla-
bility of the system (Ag,Aj,...,A,,B). Consider the affine It system:

dx(t) =Apx (t)dt + i Apx (t)dwi (1) +Bdv(t), 1 >0 (4.28)
k=1

where (w (¢),v(¢))" is a standard r+ m-dimensional Wiener process. Let £(¢) ,z > 0
be the solution of (4.28) with £ (0) = 0. Using the It6’s formula (Theorem 1.9.9) one
can easily verify that K (1) = E [%(¢) %7 (¢)], K being defined in Proposition 4.3.3.
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Then the following result is immediately obtained.

Proposition 4.3.5. The system (Ao,A1,...,Ay,B) is controllable if and only if
E[x(t)% (1)] >0

forallt > 0.

The above characterization has been considered as a definition of controllability
of the system (Ag,Ay,...,A,,B)in [13].

The next result proved in [13] characterizes the controllability of the system
(Ap,Al1,...,A,,B) in terms of invariant subspaces as in the deterministic case (Ay =
0,1 <k<r).

Theorem 4.3.6. The system (Ao,A1,...,Ar,B) is controllable if and only if no
invariant subspace exists with the dimension less than n of the collection Ay, 0 <
k < r containing all columns of B.

For the proof of the above theorem we need the following lemma.
Lemma 4.3.7. The following two assertions are equivalent

(i) It exists an invariant subspace with the dimension less than n of the matrices
Ar,0 <k <r containing all columns of B;

(ii) It exists & € R", & 0 such that ETMB = 0 for all M = AAT . .Ai’: where
0<ij<rands;>0,1<j<p, p>1arenatural numbers.

Proof. (i)=-(ii) Let S be an invariant subspace of the matrices A,0 < k < r with
the dimension less than n containing all columns of B. Denote by S the orthogonal
subspace of S. Since St # {0}, consider & € S* such that £ # 0. Since all the
columns of the matrices MB with M as in the statement are included in S it follows
that E”MB = 0.

(ii) = (i) Assume that it exists & # O satisfying (ii). Let S be the subspace
generated by the columns of all matrices MB, M being defined as in the statement.
Since & # 0 it follows that S  R". On the other hand it is easy to check that if x € S
then Agx € S for all 0 < k < r. Thus the proof is complete. ad

Proof of Theorem 4.3.6. Necessity. Assume that the system (Ao,A1,...,A;,B) is
controllable. It follows that B # 0 and therefore if n = 1 the condition in the
statement is automatically accomplished. We consider now the case n > 2 and that
it exists a subspace S, S # {0}, S # R” invariant of A;,0 < k < r containing all
columns of B. Then it follows that it exists a basis in R” with respect to which the
matrices A; have the structure

A=

and B has the form
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= [5]
0
where Ay, are s x s matrices with 1 <s < n.Let K (¢),¢ > 0 be the solution of (4.27)
corresponding to the matrices A; and B and K (0) = 0. It is easy to check that if

.\ [ Ki(t) Ki2(2)
K= {Kzl (t) K2 (1)]

then Ky (7) verifies a linear equation. Since K (0) = 0 it follows that K2 () = 0
for all + > 0 and therefore Ko (¢) is not positive definite for all + > 0. Taking into
account that K (t) = TK (t) TT with T nonsingular it follows that K (¢) is not positive
definite which fact contradicts the assumption (see Proposition 4.3.3).

Sufficiency. We prove that K () > 0 for all # > 0. Indeed, assume that it exists
7>0and £ € R", & # 0 such that 7K (1) & = 0. Then one can easily check that

r t t
ko)=Y / A9 AR (5) AT &40 =5 ds + / A BBT A05ds. (4.29)
k=170 0

Since K (¢) > 0 from (4.29) we successively obtain:

t
R@t) > / A BBT 103 ds.
0

r t X
IR ( | 1er«—mA“ersoBBTAgeA(?(t—mds) ds),

i=1

t Sy [Sp_ s
K@n)y= Y, O T P T (e W T ) PR
- ~Jo Jo Jo 0 ? p-1
l,,,lp,l,...,ll

.. ,er(Sz—Sl)Al.l erSOBBTAgeAg(SZ—Sl) . .AiTpeAg(’*SP)dsO -odsp.

Therefore ET¢A0’B =0 forall 0 < s < 7 and
gTer(T—s,,)Aiper(sp—sp,l) R O WP )

forall T>sp >s5p 1>+ >s>s1>s9>0andforall 1 <i; <r,1<s<p. It

follows that ETAB = 0, k > 0 and
ETAN AL ARA; |- Ay ATB =0

forall 1 <i; <r 1< j<pandk;>0,0<s < p. Therefore éTMBzoforallM

as in the statement of the Lemma 4.3.7 and according to this lemma, we obtained a

contradiction. Thus the proof of the theorem is complete. O



184 4 Structural Properties

From the above theorem immediately follows.

Corollary 4.3.8. Ifa pair (Ay,B) is controllable for a certaink € {0,1,...,r}, then
the system (Ao,A1,...,Ay,B) is controllable.

We shall show below that the converse of the corollary is not usually true.
However in the case n =2, m = 1, r = 1 such implication is valid, namely one can
prove:

Proposition 4.3.9. I[fn=2,m=1,r =1 and the pairs (Ao, B) and (A1,B) are not
controllable, then the system (Ag,A1,B) is not controllable.

Proof. Let
_ ab _ Olﬁ o by
wella] =[5 mes-[3)]

such that (Ao, B) and (A1, B) are not controllable, that is
b1by (d —a) = bbs — bic and bib, (8 — o) = Bb3 — by (4.30)
According to Proposition 4.3.3 the considered system (Ag,A1,B) is controllable if

and only if K (t) > 0 for all t > 0 where K verifies (4.27) written for this particular
case. Taking

vz
(4.27) gives

D (gt o) x+2(b 24 b2

i (2a+a”)x+2(b+af)y+p°z+b]

d

d%:(c+ay)x+(a+d+yﬁ+a5)y+(b+ﬁ5)z+b1bz 431)
dz

d—j:y2x+2(c+y6)y+(2d+52)z+b%.

If by =0 and by = 0 immediately follows that x () = y(¢) = z(t) = 0 for all
teR

If by # 0 and b, = 0 from (4.30), one obtains that ¢ = 0 and y = 0 and therefore
z(t)=0forallr € R.

If b; =0 and b, # 0, then (4.30) gives b = f3 = 0 and hence x (1) =0 forallz € R.

Assume that b; # 0 and b, # 0. Using (4.30) one can easily check that (%,7,Z)
verifies (4.31) where
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x(1) = Z—;w), (1) =250)

I8l

and ¥ (¢) is the solution of the equation

dy b b
d% _ (c+ocy)b—1+(a+d+yﬁ+oc5)+(b+ﬁ6)b—2 y+bibs
2 1

and y (0) = 0. From the uniqueness of the solution it follows thatx (t) =X (¢), y (¢) =
(1), z(t) =7 (r) and therefore x (1) z (1) — (y(1))> = 0 for all € R, and therefore by
Proposition 4.3.3 (Ag,A1,B) is not controllable. O

The next example shows that the converse of the Corollary 4.3.8 is not generally
true, namely it is possible to have a controllable system (Ao, A, B) but with the pairs
(Ap,B) and (A1, B) not controllable.

Example 4.3.1. Consider the case n =3, m = 1 and r = 1 in which

1 00 300 1
Ap=(0-13|,A1=1|210 |,B=]|1
002 00-1 1

It is easy to check that (Ag,B) and (A}, B) are not controllable. In this case (4.27)
gives for

Xyz

K= |yuv],
zvq

dx

— =11 1

I x—+

dy

— =3y+6x+3z+1

ur Y+ 0x+3z+

dz

= -1

dt

d

d—?:—u+6v+4x+4y+1

dv

— =3¢g—2z+1

ar q Z+

dq

— =35 1

dt a+

with x(0) = y(0) =z(0) = u(0) =v(0) = g(0) = 0. One can directly check that
the solution of the above system is given by
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and u (¢) has the form:

11
x(t)—ﬁ(e 1)
3 11t 5 3t 16
Y =get e T3
z(r) =t

4 Structural Properties

17
u(t) = —e'"+ o™ + e’ + aze ™ + oyt + ast + .

132

Then it follows that lim, ,..detK (t) = oo, which fact implies that K (t) > 0 for
some ¢ > 0 and therefore, according to Proposition 4.3.3 the system (Ag,A;,B) is

controllable.

Remark 4.3.2. 'We have previously shown that by contrast with the deterministic
case, the stochastic controllability of Markovian systems does not imply their
stochastic stabilizability. A similar affirmation is valid for the stochastic systems
subject to Itd multiplicative noise.

Indeed the system (Ag,A;,B) in the above example is controllable but it is not
stabilizable since in such situation, according to Proposition 4.1.4 applied in this
case (D = {1}, g11 = 0) it exists (X,A),X >0,

Xy 2z 2fi  fithhit+h
X=|yuv|andA=|fi+H2H fr+f

zvq

such that

Therefore

AoX + XA +AIXAT+B+A=0.

Ix+1+2f1 =0
3y+6x+3z+fi+ =0
h+/f=0
—u+6v+dx+4y+1+2f/ =0

h+HhL+625
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3g—2z+ L+ f3=0
5q+1+42f=0

Since x > 0 and g > 0 it follows f; < 0, f3 < 0 which contradicts fj + f3 = 0. Hence
(Ap,A1,B) is not stabilizable.

Notes and References

Stochastic controllability for It differential equations has been introduced in [13].
Theorem 4.3.6 can be found in [13]. The numerical example and Remark 4.3.2
appear for the first time in this book.

Other concepts of stochastic controllability have been studied in terms of control
which generalize recurrence notions of stochastic processes (see, e.g., [15, 16, 56,
93,94,131, 132, 155]) for Itd systems and [86] for jump linear Markovian systems.
In the present book the concept of stochastic controllability is not used and therefore
areduced space is devoted to this concept.

The stochastic uniform observability has been defined in [111] for It6 systems
and in [112] for systems with jump Markovian perturbations. Stochastic uniform
observability of linear differential equations with multiplicative noise were studied
also in [142,143] and for systems driven by Markov processes with infinite number
of states in [63, 144].

These concepts have been used to solve the linear quadratic problem with infinite
horizon for these corresponding systems. The results in this chapter devoted to
stochastic stabilizability, detectability and observability can be found in [41, 45]
and in [46].



Chapter 5

A Class of Nonlinear Differential Equations
on an Ordered Linear Space of Symmetric
Matrices with Applications to Riccati
Differential Equations of Stochastic Control

In many control problems, both in deterministic and in stochastic framework,
a crucial role is played by a class of nonlinear matrix differential equations or
nonlinear matrix algebraic equations known as matrix Riccati equations.

In this chapter we deal with a class of systems of matrix differential equations
as well as systems of nonlinear algebraic equations arising in connection with the
solution of several control problems as: linear quadratic optimization, H> control
and H* control problem for stochastic systems. These will be called stochastic gen-
eralized Riccati differential equations (SGRDE) or stochastic generalized Riccati
algebraic equations (SGRAE). It is easy to see that the systems of matrix Riccati
differential equations considered in this chapter contain as particular cases many
types of matrix Riccati equations which are known both in the deterministic and in
the stochastic framework. The results derived in the general case considered in this
chapter are also applicable to the aforementioned particular cases.

In the first part of this chapter we shall study global solutions of a class of
nonlinear differential equations on the Banach space ST which will be called
generalized Riccati differential equations (GRDEs). These kinds of GRDEs are
regarded as mathematical objects with interest in themselves and the proofs are done
avoiding any connection with some optimization problems. The proofs are mainly
based on positivity properties of linear evolution operators defined by the Lyapunov
differential equations. We provide conditions which guarantee the existence and
the uniqueness of some global solutions of GRDE as maximal solution, minimal
solution, and stabilizing solution.

In the second part of this chapter, the general results obtained for GRDEs are
specialized to obtain necessary and sufficient conditions for the existence of the
maximal solution, stabilizing solution, and minimal solution of SGRDEs. We prove
that if the coefficients of SGRDE are periodic functions, then the maximal solution,
the minimal solution, and the stabilizing solution are also periodic functions.
Moreover, if the coefficients of the SGRDE are not depending on the time parameter
t, then the above-mentioned special solutions are constant and they solve the
corresponding SGRAE. The necessary and sufficient conditions which guarantee the
existence of the maximal solution, of the minimal, and of the stabilizing solution,

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 189
DOI 10.1007/978-1-4614-8663-3_5, © Springer Science+Business Media New York 2013
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respectively, are expressed in terms of solvability of a class of suitable systems of
linear matrix inequalities. Finally we shall provide an iterative procedure which
allows to compute these special solutions to the SGRDE and to the SGRAE.

5.1 Generalized Riccati Differential Equations: Preliminaries

On the Banach space SP we consider the nonlinear differential equation often
named GRDE

%X(tHAT(I)X(t)+X(t)A(t)+H1 (OX O] ={X (0)B(e)+Ta (1) [X (1)]+L(2) } X

{R(0)+T2 (1) [X ()]}~ {X (1) B(6)+TLia (1) [X ()] +-L (1)} +M(£)=0  (5.1)

where A:Z - MP B:T - MD M:T—-SP, L:7T— MP R:T— SE are
bounded and continuous functions and I1; : Z — B(SP), I} : Z — B(SP, ML),
I, : T — B(SP,SP) are operator valued functions, Z C R is a right unbounded
interval.

In (5.1) we have used the conventions of notation established in Sect.2.6.1. So,
the i-th component of the GRDE (5.1) is:

%X(r, i) +AT(,0)X (1,0) + X (1,0) A1) + T () [X ()] (i) — {X (¢,0)B(t,i)+

i (1) [X (1)) (1) +L (e, i) {2 (0)[X (1)) () + R(z,8) } X (1,0)B(1, )+
Mo (1)[X (1)) () +L(2,0)} +M(1,i) =0,

i €D, t eI where X — Ii(t)[X](i) € B(SP,S,), X — Mpn@)[X]() €
B(SP,R™™), X — I (¢)[X](i) € B(SP,S,).

The GRDE (5.1) contains as special cases various types of Riccati differential
equations arising in connection with the linear quadratic optimization control
problems, both in the deterministic and in the stochastic framework. Thus, if
D={1}and I, (¢)[X] =0, 12(z)[X] =0, I (¢)[X] =0 for all (t,X) € Z xS, (5.1)
reduces to the well-known matrix Riccati equation intensively investigated starting
with the pioneering work of Kalman [89].

In this chapter we will especially deal with systems of coupled Riccati differential
equations (SGRDE) of the form

d 1 T 1
%X(t’ i)+ {Ao(f, i)+ zqn'ln:| X(t,i)+X(t,i) [Ao(t, i)+ ZQiiln] +
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2 AL D)X (DA + Y, qiX(t,7) — {X(t,)Bo(t,i)+
k=1 J€D\{i}

iA( HX(t, z)Bk(terLtz}{ZB,frz (t,0)Bi(t,i)+ (5.2)

r

T
R(t,i)} ! {X(t,i)Bo(t,i) + Y AL(t,0)X (¢,0)B(t, i) +L(t,i)} +M(t,i)=0

k=1

ieD,teRy.

The SGRDEs (5.2) occur in connection with the linear quadratic optimization
problems described by controlled systems of type (4.1) and quadratic cost function-
als of the form:

s | [(20) (ene) ooy (20

fo

This problem of optimal control will be detailed studied in the next chapter, where
the role of some global solutions of (5.2) will be clarified.

Further we introduce the notations Q(z) = {Q(t,i)}icp and TII(7)[X] =
{I(1)[X] (1) }iep where

Q1) = ( %((Z‘l)) Iﬁgg) € Snim (53)
N Th()[X]@E) o) [X](0)
(2)[X] (i) = ((Hsz(t)[X](i))T I (1) [X]() > , (5.4)

i€D, X €8P, teT Itis obvious that for t € T we have X — TI(¢)[X] €
B(SP,SP,,,). Regarding the operator valued function, I(-) we make the assump-
tions:
(My): ) :Z — B(SP,SE,,
function;
(ii) For each t € Z, TI(¢) is a positive operator, that is TI(¢)[X] > 0if X > 0.

Remark 5.1.1. In the special case of SGRDE (5.2) we have

) is a bounded and continuous operator valued

=3 (550 ) %0 (e Bie0)+ 3 0y (X0) 69

JjeD\{i}

It is easy to see thatif D = {1,2,...,d} then the operator valued function introduced
by (5.5) satisfies the assumptions (ITy), if the scalars g;; > 0 for i # j. If D = Z
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and the scalars g;; satisfy the conditions (2.138) and (2.139), then reasoning as in
the proof of Proposition 2.6.5 one may show that I1(r) defined in (5.5) satisfies also
the assumptions (IT).

If W:Z — MP is a bounded and continuous function, then Iy : Z — B(SP)
is defined by

My )] = (42 W) o (7 ) 56)
for all X € SP and
My (1) = (JP WT (1)) Q(r) (;&) (5.7

JEif D=1{1,2,...,d}
JifD=17..
So, the i-th component of ITy(¢)[X], Mw(t), respectively, are given by

My O)XIG) = (1 W70 IO (0 ) a0t Mlr) = (1, W70.0)

(505500 () rone oo

Further we denote

In (5.6) and (5.7) JP is defined by J? = {

DomR = {(r,x) €I x SnD;iiEr% |det [T, (¢)[X] (i) + R(¢,i)]| > & > 0} (5.8)

and % : DomR — SP by
R(t,X) = AT()X +XA() + 0 (1) [X] = {XB(t) + Ty2(1) [X] + L(t) HTTa(r) [X] +
R(1)} " YXB(t) + T ()[X] + L)} +M(r). (5.9)

In (5.8) & may depend upon (7,X).
The differential equation (5.1) may be written in the following compact form

d

EX(z)+9‘i(t7X(t)) =0. (5.10)
Definition 5.1.1. A C'-function X : 7; C T — SP is a solution of (5.1) if (t,X (1)) €
DomR  forall t€7Z; andif X verifies the relation (5.1) onZ;. If Z; = Z, then X (+)
is named global solution of GRDE (5.1), or equivalently of (5.10).

The next results will be repeatedly used in the rest of this book.
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Lemma 5.1.1. IfW :Z — MP then, for all (t,X) € Dom9R we have

R(t,X) = (A() +BOW (1)) X + X (A(r) +B()W (2)) + Ty (1)[X] + My (1) —
(W () = F* ()" (Ta(t)[X]+R())(W (1) = F¥ (1)) (5.11)

where Ty and My were introduced by (5.6) and (5.7) and FX(t) € MT is defined
by:

FX(t) = —{IL(t)[X] +R(2)} " Y{XB(t) + (1) [X] + L()}T. (5.12)
Proof is done by standard direct calculation. The details are omitted.

The next version of parameterized Schur complement technique will be fre-
quently used in the next developments.

Lemma 5.1.2 (Schur Complement). LetS:7 — SP,

n+m

Sll(l‘) Slz(l)
SHORAG
Sx(t) € SE. Assume that Sy (t) > 0, t € I. Under these conditions, S(t) > 0,
t €I (S(t) >0, €I)ifand only if S11(t) — S12(t)Sy, (1)ST, (1) >0, 1 € T (S11(t) —
S12(1)S5, (£)ST, (1) > 0,1 € Z).

be a bounded function. For

each t we consider the partition S(t) = ( > where S11(t) € SP and

Proof. Under the considered assumptions there exist positive constants y,v such
that ||S(¢)|l < u and Sy (t,i) > vI, for all + € Z,i € D. The last inequality
guarantees the invertibility of the matrices Sx(t,i) and we have [Sy, (¢,i)| < v~!
for all (r,i) € Z x D. For each ¢t € Z,i € D we consider U(t,i) € R¥m>n+m
defined by

Ui <€) —S12(t,2152_21(t7i)) .

One obtains that U(z,i) is invertible and we have

1. I, S12(t,0)S5,(t,1)
U l(l,l):(o 12 ImZZ )

By direct calculation we deduce

U108, DU (t,i) = (S(g’i) 522(()r i)> (5.13)

for all (t,i) € Z x D, where S(t,i) = S11(t,i) — Si12(t,i)Sy,) (,i)ST,(¢,i). From
_ No—l/, »
U(0) = o+ (8 512(”’0)522 (t’l)>,we infer [U(1,1)] < 1+ [S12(t,0)S5, (1,)|-

Since [S12(t,8)| < [S(z,i)| <||S(¢)]| we conclude that
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U] < & (5.14)
for all (¢,i) € Z x D where I = 1+ uv~!. In a similar way one obtains

Ui < i (5.15)
for all (¢,i) € Z x D. Employing (5.14) and (5.15) we get

Ut,i)U" (t,i) > i Lyym
W (,)U0) ™ = 0 hm (5.16)

for all (¢,i) € Z x D. Now, we are in position to prove that S(t) > 0,¢ € Z, if
and only if S(z) > 0,7 € Z. Indeed, if S(f) > 0,¢ € Z there exists § > 0 such that
S(t,i) > 8,4y for all (z,i) € Z x D. From (5.13) we get (S(t’l) 0 ) ) >
0 Sx» (l,l)
SU(t,i)UT (¢,i). Invoking the first inequality from (5.16) we deduce that
<S<t’l) 0 , ) > 81 2I,+ ;. This allows us to conclude that S(z,i) > S 21,
0 Sx» (l,l)

for all (t,i) € Z x D. So, we have obtained that §(¢) > 0,7 € Z.

Let us prove the converse implication. To this end, we assume that S(¢) >
0,1 € Z. This means that there exists & > 0 such that $(z,i) > &1, for all (1,i) €
S(t,i) 0

7 x D. Therefore, .
0 Szz(t,l)

) > 3]n+m for all (¢,i) € Z x D where 5=

min{§, v}. Further (5.13) yields S(¢,i) = U~(,i) Sti) 0 LWt (e,i)~h
0 Sx(t,i)

Hence S(t,i) > §(UT (¢,i)U(r,i))~". Invoking the second inequality (5.16) we

deduce

S(t,i) > 6V 2Ly

for all (¢,i) € Z x D. Thus we have proved that S(¢) > 0,# € Z. The equivalence
S(¢) > 0,t € T +» S(t) > 0,1 € T may be proved in a similar way. Thus the proof is
complete. a

The case when the Banach space of the sequences of symmetric matrices is
replaced by a Banach space of the sequences of self-adjoint linear operators on a
Hilbert space may be viewed in [146].

As usual, S(t) = S11(t) — S12(t)S5,) (1)ST,(¢) is named Schur complement of
Szz(l) in S(I).

One sees that the operator R and consequently equation (5.10) are associated
with the quadruple £ = (A,B,T1,Q) where (A,B,II) are as before and Q is
defined by (5.3). We introduce the so-called generalized dissipation operator
A¥: CY(Z,8P) — SP,, associated with the quadruple X by

n—+m
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3 _ Aq (1) X ()B(t)+i2 (1) [X (#)]+L(7)
AT X 0l= ({x(t)B(t)mlz(t)[x(;)HL(t)}T R(1)+TL (1) [X (1) )
where
Av(0) = SX(0) +AT (X (1) + X (OAW) + T O )] + M)

and C!(Z,SP) is the space of C'-functions defined on the interval Z taking values in
SP. Notice that 4X () +9(¢,X (¢)) is the Schur complement of R(r) + T, ()[X ()]
in A%(t)[X (1)].

The following two subsets of

d
CL(Z,8P) = {X ecl(z,8P) X’EX are bounded}

will play an important role in the next developments:

I*={X €Cy(Z,SP) | A*(1)[X(1)] >0, R(t) + L (t)[X (t)] > 0,1 € T},
I*={XecC)(Z,8P) | A*(1)[X(1)] >0,1€T}.

Remark 5.1.2. (a) Inthe case when I, (¢) is the zero operator then in the definition
of the set I'* we ask R(¢) > 0 which is the usual condition used in the case of
Riccati differential equations of deterministic and stochastic control. If IT,(¢) is
not the zero operator it is not necessary to make any assumptions concerning
the sign of R(7).

(b) We shall see later that if A, B, I1, Q are 0-periodic functions and if reis
not empty (I’ is not empty, respectively), then I'* contains also a 6-periodic
function (I'* contains also a O-periodic function). Moreover, we shall show
that if A(t) = A, B(t) = B, I1(t) =1, Q(¢t) = Q for all r € R and if I'* is not
empty, (I'* is not empty, respectively), then there exists X € SP which lies in
'Y (X € T'%, respectively).

(c) Based on the Schur complement technique one obtains that I'* contains in
particular all bounded solutions of (5.1) verifying the additional condition
R(t)+TL(¢)[X(r)] > 0.

Now we introduce the following linear operators £4gw (t) and £44pwm,, () by

Larsw(®)[X] = (A@) +BOW (@)X +X(A(r) +B()W(1)) (5.17)

Savpw, (OX]=(AO+BOW (1)) X+X (A1) +B(OW (1)) +y (1)[X] (5.18)

forall X € SP.
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Remark 5.1.3. (a) f W : 7 — an is a bounded and continuous function, then
under the assumption (IT;), ITy (¢) introduced via (5.6) is a positive operator.

(b) Combining (2.122) written for A(r) replaced by A(¢) + B(t)W(¢) and Corollary
2.2.6 (ii) we obtain that the operator valued function £4w m,, (-) generates an
anticausal positive evolution on the space ST.

(c) The equality proved in Lemma 5.1.1 may be rewritten in the form

R(t,X)=Larsw.y (1)+Mw (1) =(W (1) =F¥ (1)) (T (0) [X]+R() (W (1) = F*(1)). (5.19)

At the end of this section let us remark that if (¢,X) € Dom9R and Y € SP then
there exists /2 > 0 such that (¢,X +hY) € DomR for all h, with |1] < k. This allows
us to compute the Fréchet derivative SR (¢,X) of the operator valued function X —
R (t,X) when (1,X) € DomiR.

Lemma 5.1.3. If (t,X) € DomR, then the Fréchet derivative R (t,X) is given by

R (1,X)[Y] = (A(t) +B()F*(t))'Y + (5.20)
Y(A(r) +BOF (1) +Tpx (0[Y] = L4y ppx O], VY €SP

where FX(t) is introduced by (5.12).

Proof. From (5.8) and (5.9) one sees that %(¢,-) is Fréchet differentiable in X if
(t,X) € DomfR. The formula (5.20) is obtained by direct calculation taking into
account that R (1, X)[Y] = }lling)%[%(t,X +hY) —R(t,X)].

—

5.2 A Comparison Theorem and Several Consequences

First we prove the following important result concerning the monotonic dependence
of the solutions of (5.1) with respect to the data.

Theorem 5.2.1 (Comparison Theorem). Let R ?e the operator (5.9)
associated with the quadruple ¥ = (A,B,T1,Q) and R be the operator of type
(5.9) associated with the quadruple £ = (A,B,TI, Q) where A, B, I1 are as
A A M(t,i) L(t,i
before and Q(1) = {Q(N)}iep. Q1) = {Q(t.i)kien, Qi) = (7 ).
X M(t,i) Lt,i . . . N Ay -
O(1,i) = (z(ft,f; Rgg) with L(t,i),L(t,i) € R™™  Ni(t,i),M(t,i) € Sy and
R(t,i),R(t,i) € Sp. Let X;: T) C T — SP, i = 1,2, be the solutions of
d o d -
EXI( )+R(1,X1(2)) =0, Exz(t)+9{(t7Xz(t)):0.
Assume that: (a) Q(t,i) > O(t,i) forall (t,i) € T x D; (b) R(t,i) + T (t)[X2 (1)) (i) >
0 for (t,i) € Ty x D; (c) There exists T € I such that X;(t,i) > X»(t,i) foralli € D.
Under these conditions we have X\ (t,i) > Xa(t,i) for all (¢,i) € ((—oo,T|NZ1) X D.
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Proof. Let
1) i= —{R() +TLOX ()]}~ {X (0)B() + )X (1) + L)}
and
B (1) == —{R1) + Th(t) %]} {(Xa()B() + T2 (6) X (0)] + L(1)}

Applying Lemma 5.1.1 with W () = Fi(¢) both for (¢, X; (t)) and $R(z, X (z)), one
obtains

%Xl (1) + Larsr, (DX (O] + g (O[X1 ()] + M, (1) =0

and
in(f) +Latpr (1) [Xo (1)) + TR (1) [Xa (1)) + MF, (1)

dt
—[F() ] {R(t) + T (1) [X2 (1)) } [F1 (1) — F2(1)] = 0.

This leads to

jt [Xi1(1) = X2 (1)] + Lavnr, (1) [X1 (1) = Xa(1)] + T, (1) [X2 (1) — Xa(1)] + H () =0,

and
H(t) := [Fi(1) = B(0)] {R(t) + Ta(t) 5o (0)] } [Fi (1) = B2 ()]
1 Mr, (1) — M, (1)-

Since

My, (t,i) — M, (t,i) = (Fléllj,i))T [O(1,i) — O(t,1)] (Flg’;’ l.)) >

it follows that H(¢,i) > 0 for all (¢,i) € Z; x D.

Since I, (r) is a positive operator, applying Corollary 2.2.6 (ii), to the operator
X — Laypr, (t)[X]+T1F, (1) [X] one gets that X; () —X»(r) > 0 forall z € (—eo, T|NZ;
and thus the proof is complete. a

Using the above theorem we prove the following result concerning the maximal
interval of definition of a solution of (5.1) with given terminal conditions.

Theorem 5.2.2. Assume that = = (A, B,T1, Q) satisfies T* # 0. Let
—{ ) € Dom 9‘{);3)261"2 such thatXZX(T)}

and let X (-,7,Xo) be the solution of (5.1) with X (7, 7,Xo) = Xo.
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If (7,X0) € D(R) then the solution X (-,T,Xy) is well defined on (—eo, TN L.

Proof. Let I x, C (—o°, 7] be the maximal interval on which X(-,7,Xo) is defined
and let X € T'* be such that Xy > X (7). Obviously there exists a bounded and
continuous function M;: T — SP such that M,(t) < 0 and

%X(r) FRLR (1)) + My(1) = 0,

Applying Theorem 5.2.1 for the quadruples £ = X and £ = (4, B,T1, Q) with

<o [M(t,0)+M(t,i) L(t,i)\ . My(t,i) O
des= (M ) = eea (M5)

we conclude that
X(t,7,X0) > X(t) forall t€Zy,. (5.21)

Let Y be the solution of the terminal value problem

%Y(t) FAT(OY (1) + Y (DA@) +TL ([ ()] = M() =0, ¥(7) = Xo. (5.22)

Since Y — IT; (¢)[Y] is a linear operator it follows that Y () is well defined for all
tel.
By direct calculation we obtain that

d

S YO=XO] + L) [y ()-X O]+ () [Y (1) =X ()] +A (1) =0 (5.23)

fort € I x, where X (1) = X (t,7,Xo). Here
H(t):==F" (t){R(t) + T (t) X (t)] } F (¢)

with F(t) := FX(t). From (5.21) and assumptions (IT;) we deduce that

A

R(1) + T2 (1)[X (1)] = R(r) + o (1) [X (1)] > 0.

So H (t) > 0 for t € I x,. Corollary 2.2.6 (ii) and (2.44), applied in the case of
(5.23), gives

X(t) <Y(r) (5.24)
forallt € I x,.

From (5.21), (5.24), X € T'* and [129] vol. 2, it follows easily that X (¢, 7, Xo) is
defined for all # € (—oe, 7] NZ and thus the proof ends. O



5.2 A Comparison Theorem and Several Consequences 199

The proof of Theorem 5.2.2 shows that—as a consequence of the Comparison
Theorem—each element X € T'¥ is providing a lower bound for the solution
X(-,7,Xo) of (5.1) (see (5.21), whereas the solution ¥ of (5.22) gives an upper
bound).

Corollary 5.2.3. Assume that 0 € T'*. Then for all (1,Xo) € T x S, the solution
X(-,7,X0) of the GRDE (5.1) is defined on the whole interval (—eo, T|NZ and fulfills
the inequality

0<X(t,7,X0) <Y(2t)
where Y is the solution of (5.22). Moreover if D = {1,2,...,d} and Xo = {Xo(i) }icD
with Xo(i) > 0, then X (t,7,X0) > 0 for allt € T witht < 1.

Proof. Since 0 € T¥ it follows that Z x SE c D(R). So from the above theorem one
obtains that X (7, 7,Xo) is well defined for all 7 € (—eo, | NZ for arbitrary (7,Xp) €
IxSPE.

The inequality X (¢, 7,Xo) > 0 is just (5.21) for X () = 0. On account of (5.24) it
remains to prove that X (¢,7,Xo) > 0if Xo > 0. To this end we set X (r) = X (¢, 7,Xp)
and F(t) = FX(t) fort € T with t < 7. Applying Lemma 5.1.1 for W(¢) = F(t) one
obtains

d

27 X0+ Laspr ()X (0)] +Ip ()X ()] + Mp (1) = 0.

Further we write the representation formula

T
X(1) :CDX-&-BF(TJ)XO(DAJrBF(TJ)J'_/ Dy, pr(s,1)H (5)Paspr(s,t) ds,
t

where @4 pr (s,1) is the fundamental matrix solution defined by

%‘PAH;F(SJ) = [A(s) +B(s)F (s)| @arpr(s,t), @aipr(t,t)=1

and where
H(s)=Tr(s)[X(s)]+Mp(s) for s€Z with s<T7.

The assumption 0 € T'* is equivalent to

R(t)>0 and <LA/§((?)II;8>ZO (5.25)

From (5.25) and the monotonicity of TI(s)[-] we conclude that H(s) > O forall s € Z
with s < 7. From the representation formula we obtain that
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X(t) > @F g (7,6)Xo®aspr(7,1) > 0.

For the last inequality we have taken into account that Xy > 0 and ®4.pr(7,?) is
invertible, thus the proof is complete. a

5.3 The Maximal Solution of GRDE

First we introduce the concept of maximal solution of the GRDE (5.1).

Definition 5.3.1. A solution X: Z — SP of the GRDE (5.1) is said to be the
maximal solution with respect to T'* (or maximal solution for shortness) if X (¢) >
X (t) for arbitrary X € T'%.

Remark 5.3.1. If TZ is not empty and X is a bounded and maximal solution of (5.1),
then from X (1) > X () for arbitrary X € T'*, it follows that X € T'®. Therefore the
bounded and maximal solution of (5.1) (if it exists) is unique (under the assumption
' £ 0).

In this section we prove a result concerning the existence of the bounded and
maximal solution with respect to I'* of (5.1). First, we give a definition which will
play a crucial role in the next developments. That is the concept of stabilizability for
the triple (A, B, IT).

Definition 5.3.2. We say that the triple (A,B,I1) is stabilizable if there exists a
bounded and continuous function F: T — M?P  such that the operator valued
function £44pFm,(-) generates an anticausal exponentially stable evolution. The
function F will be termed a stabilizing feedback gain.

We shall show later (Corollary 5.4.9) that if A, B, I1 are periodic functions with
period 0 and if the triple (A,B,II) is stabilizable then there exists a stabilizing
feedback gain which is a periodic function with period 6. Moreover if A(f) = A,
B(t) =B, I1(t) =11 for € R, and if the triple (A,B,II) is stabilizable, then there
exists a stabilizing feedback gain which is constant.

In the particular case when T1(¢) is of the form (5.5) then the above definition
of stabilizability reduces to the standard definition of stabilizability for stochastic
systems (mean-square stabilizability—see also Chap. 4).

Applying Theorem 2.3.12 we have the following result.

Corollary 5.3.1. The triple (A,B,I1) is stabilizable if and only if there exists some
X €CH(Z,SP) with X (t) > 0,t € T and a bounded and continuous function F : T —
MP such that

d

Ex(t) + Lavprny (D)[X ()] <0 forall teX.



5.3 The Maximal Solution of GRDE 201

Remark 5.3.2. In the case D = {1,2,...,d} we may define the linear oper-
ators La.prmy - St — Sy, by Laprmy [X] = (A() + B)F(1))X + X (A(r) +
B(t)F(1))T + T (¢)[X] where IT; (¢) : S — 8¢ is the adjoint of the operator I (t)
with respect to the inner product (2.16) and F : Z — Mgm is a given bounded and
continuous function. By direct calculation, based on the definition of the adjoint
operator we obtain the equality

Sarsrn (1) = Ly g (1) (5.26)

for all # € Z and all bounded and continuous function F : T — M .

Applying Proposition 2.4.1 in the case of operator valued function L4 gr: (-)
and using (5.26) we obtain that in the case D = {1,2,...,d} the triple (A,B,TI) is
stabilizable, if and only if there exists a bounded and continuous function F : 7 —
M¢ such that the operator valued function EAJFBFH;(-) defines an exponentially

stable evolution on S¢.
In the case Z = R, using Theorem 2.3.6, we get

Corollary 5.3.2. ForZT=RandD =1{1,2,...,d} the following are equivalent: (a)
The triple (A,B,T1) is stabilizable. (b) There exists a bounded C'-function X : R —
SP. with bounded derivative, X (t) > 0 and a bounded and continuous function
F: R — MP which satisfy

d
LX)~ Lasgrm (OX(1)] > 0. (5.27)

dt
Remark 5.3.3. In the particular case when the coefficients do not depend on 7 and I'1
takes the special form of (5.5), (5.27) can be converted in a system of LMIs which
can be solved using an LMI solver (see [124]).

Now we state an auxiliary result which together with Lemma 5.1.1 plays a crucial
role in the proof of the main result of this section and follows directly from (5.18).

Lemma 5.3.3. IfW: T — MP is a continuous function and if X is a solution of
the differential equation

d

X+ Samwy (X ()] + My (1) =0

and if det{R(t,i) + IL(t)[X(1)](i)} # O, then X verifies also the following
differential equation:

EX(W)+ Samrny (VX (0)] + M (1)

+[F()—W(©)] 0. X(0)[F(t)—W()] =0
where F(t) := FX(t) and ©(t,X (t)) := R(t) + T, (¢)[X (¢)].
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Regarding the operator valued function IT we make the assumption
(I1) for each ¢t € T and for any bounded and monotone sequence {X; }x>0 C ST
we have
lim T1(#) [X;] (1) = T (1) [X] (i) (5.28)

k—yo0

for all i € D where X = {X(i)};ep € SP is such that

X (i) = lim X (i) (5.29)
k—>oo

Remark 5.3.4. (a) Since S, and S,, respectively, are finite dimensional linear
spaces, the limits from (5.28) and (5.29) hold under any norms of these linear
spaces, as well as component wise.

(b) If in (5.29) the convergence is uniform with respect to i € D, then (5.28)
is automatically satisfied because TI(¢) is a linear and bounded operator.
Therefore, the operator I1(z) satisfies the assumption (IT,) if it satisfies (5.28)
even if the limit (5.29) is not uniform with respectto i € D.

(c¢) From (a) we deduce that in the case D = {1,2,...,d} any linear operator T1(¢)
satisfies the assumption (IT5).

(d) Following step by step the proof of Lemma 2.8.5 (i) one obtains that the
operator I1(¢) described in (5.5) satisfies the assumption (IT,) both in the case
D={1,2,...,d} andinthecase D=7Z,.

Lemma 5.3.4. Assume that:

(a) A(-),B(-),0(-) are bounded and continuous functions;
(b) The operator valued function T1(-) satisfies the assumptions (I11), (I1,).

Let X € SP be such that R(t,i) +T1,(¢)[X](i) > 81, for all i € D, where § > 0
may depend on't € T. Under these conditions for any sequence {X; };>0 C SE which
satisfy X (i) > Xi1 (i) > X (i), for all k> 0, i € D we have

lim 9R(2, X¢) (1) = R(1,X) (1) (5.30)

foralli € D, where X = {X (i) }icp is such that X (i) = lim X; (i), i € D.

k—yoo

Proof. First, let us remark that based on the Remark 5.3.4 (a) we infer that

,}E&Hl(r)[xk](i) =1L, () [X](0), I =1,2. (5.31)
and
Tim Mo ()X (1) = T2 (1) X](0) (5.32)

i € D, if X is defined by (5.29).
Employing (5.31) for / = 1 we deduce that (5.30) is true if and only if

lim G(1,X) (i) = G(.X)(0) (5.33)
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for all i € D, where

+R (t)) NYB(r) + M (t)[Y } (t))T, Y={Y()liep CS7. ™
Before showing that (5.33) holds we prove that
Jim LG (1, %) (D)x = xT G(£,X) (i)x (5.35)
foralli € D, x € R", is true.
We have
X G(1, X)) (Dx —x" G, X) (i)x = yi (,8) [(Ma (0) [Xe) () + R (1, ) ™" = (5.36)
— (M) [X](0)+R (e, 1)~ yn (1, 1) 27 [(Xe () =X (0))B(2,8) + T2 (6) X, (D)= (5.37)

—Tia (1) [X](0)] [T (1) [X](0) + R(1,8)] ™ [(Xi () + X () B(1,8) + Tz (1) [Xe] (7) +
(1) [X] (i) +2L(1,)] x

where y(t,) = [Xi (1)B(t,i) +T12(¢)[Xe] (i) + LT (¢,7)]x € R™. Since {|| X« }r>0 is
a bounded sequence we deduce via (5.32) that

i (2,0)] < elx| (5.38)

forallk>0,t€Z,ieD.
On the other hand, since

T (1) (X (0) + R(1,) > T (1) [X] (D) + R(z,8) > T (1) [R] () + R(t,) > 81y
we get
| () [Xel (1) + R, )~ < | ()[X]() +R(.D)) < 870 (539)

forallk>0,i € D.
Further, we write

y;f(t»i)[(Hz()[Xk]()ﬂLR( D)~ = (Ma()[X] (D) + R(2,0)) ~ ye(r,1) =
Vi ()M (0)[X] (7) + R(e,1)) ™ (M (1) [X](0)
—T (1) [X,] (1) (T2 (1) [X](0) + R (2, 1))~y (1)

Employing (5.31) for / = 2 together with (5.38) and (5.39) we obtain
gggoyf(t,z)[(ﬂz( )X () +R(1,) " = (Ma(6)[X] (D) + R(2,)) " Iye(t,8) = 0 (5.40)

forallie D, x € R
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On the other hand, (5.39) together with the boundedness of the sequence
{11Xk]l b0 yields

(T2 (1) [X](0) +R(2, 1)~ [(Xe (0) +X () B(1,8) +Tua (1) [Xi] (1) + L2 (1) [X] (1) +2L (e, )] x| <ea x|

forall k > 0,i €D, x € R?, where c; > 0 is a constant. So, combining (5.29) and
(5.32) we may infer

limy oo x” [(Xi (1) — X (1)) B(2, ) + T (1) [Xe) () — T () [X] ()]
x [T (¢)[X] (i) +R(t,i)] ! (5.41)
X [(Xi (i) + X (i))B(t, i) + T (1) [Xe] (i) + a2 () [X] (i) + 2L(,0)]"x = 0

for all i € D, x € R". Now, (5.36), (5.40), (5.41) allow us to conclude that (5.35) is
true. Further, invoking the identity x” My = }[(x +y)"M(x+y) — (x—y)TM(x—y)]
for all x,y € R" (M € S,,) we deduce that (5.35) yields

lim LG (1, %) (D)y = xT G(1,X) (i)y (5.42)
—$o0
foralli e D, x,y € R".

Replacing x and y by the vectors of the canonical basis of R" in (5.42) we obtain
that (5.33) holds component wise. Thus the proof is complete. a

The main result of this section is the following theorem.
Theorem 5.3.5. Assume that:

(a) The assumptions of Lemma 5.3.4 are fulfilled,
(b) The triple (A,B,I1) is stabilizable.

Then the following are equivalent: (i) T'* # 0. (ii) The GRDE (5.1) has a maximal
and bounded solution X : T — SP which verifies R(t) + Ty (t)[X(¢)] >0, te€ T
If A, B, I1, Q are B-periodic functions, then X isalso a 0- periodic function.

Moreover, if A(t) =A € MP, B(t) =B e ML, TI(t) =11 € B(SP,SE,,.),
o) =Q¢e SnDer, then the maximal solution of (5.1) is constant and it solves the
nonlinear algebraic equation

ATX 4 XA+TT [X]— [X B+ [X]+L) [T [X]+R] X B+TT12[X]+L]T +-M=0. (5.43)

Proof. (ii) = (i) is obvious, since X € I'~.

It remains to prove the implication (i) = (ii). Since (A,B,II) is stabilizable it
follows that there exists a bounded and continuous function Fy: Z — ML such
that the operator £A+BF0.,HF0 generates an exponentially stable anticausal evolution.

Let € > 0 be fixed. Using Theorem 2.3.13 one obtains that the backward affine
differential equation

d
27X+ Lacpr g, (X (0)] + My (1) + eJP =0 (5.44)
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has a unique bounded solution X : Z — SP. We shall show that X; (r) > X (t) for
arbitrary X € T, If X € T'Z, then we obtain immediately via Lemma 5.1.2 that
t — X (1) verifies

d .
EX(I) +R(t,X(t)) >0 for tel;
consequently 7 — X (1) solves the equation
d . .
EX(I) +R(t,X(t)—M()=0, (5.45)

where M(t) = %X(I) +R(t,X(t)) > 0. Applying Lemma 5.1.1, (5.45) may be
written as

SR+ S iy (0K 0]+ My 1)

— [Fo(t) —E ()] ©(1,X (1)) [Fot) — E(1)] = M(1) =0, (5.46)

where F (1) := FX (t). From (5.44) and (5.45) we deduce that 7 — X; (t) — X (¢) is a
bounded solution of the differential equation

%Y(t) + Lavpry g, (DY ()] +Hi (1) =0

with

~

Hi(t) = &J® + [Fo(r) = F ()] ©(0, R (1)) [Fo (1) — F(r)] + M(r).

Clearly H; (t) > &JP > 0. Hence Theorem 2.3.13 (iv) implies X; (t) — X (¢) > 0,1 €
Z. Therefore R(t) +TIp(¢)[X; (t)] > R(t) +Ta(t)[X (t)] > O for t € Z. Thus we obtain
that Fy(¢) := FX1(¢) is well defined. We show that F] is a stabilizing feedback gain
for the triple (A, B,IT). To this end, based on Lemma 5.3.3, we rewrite (5.44) as

X0+ Sasar, 1, 00K ()] + M, (1) + &7
+[F (@) - R(@)] 0@t,Xi (1) [Fi (1) - Fo(t)] = 0. (5.47)

On the other hand, based on Lemma 5.1.1, (5.45) can be rewritten as

SR+ S g, (IR(0)] + M, (1) — W11

—[F@)-E®)] 0@t,X@) [F(1) - F()] =0.
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Subtracting the last equation from (5.47) we obtain

X0~ KO) + Lasr g (0%~ K] +A() =0

where

H(t)=¢eJ + [Fi(t) - Fo(t)] To(,x (1)) [Fi(1) — Fo(1)]
+[F@)—E0)] 00X 1) [Fi(1)—F@)] +M(t) >0, t€T.

Applying the implication (vi)=>(i) in Theorem 2.3.12 we infer that £4,pr, Tp,

generates an anticausal exponentially stable evolution. This means that F; = FX1
is a stabilizing feedback gain; notice that, as a consequence of Theorem 2.3.13,
Fi is constant (or periodic) if the coefficients of (5.1) are constant (or periodic,
respectively).

Taking X;, Fy as a first step we construct two sequences {Xg }x>1 and {F¢}i>1.
where X (t) = {Xi(¢,7) }iep,t € T is the unique bounded solution of the differential
equation

d €
X0+ Lasmr g (O] + M (1) + 77 =0 (5.48)

and Fy(t) := F*(t). We show inductively that the following items hold

(ar) Xi(t,i) — X (t,i) > wl, for all (¢,i) € T x D, and for arbitrary X(t) =
{X(t,i)}iep € T'%, Wi > 0 independent of X.

(bx) Fy is a stabilizing feedback gain for the triple (A, B,IT).

(cr) Xi(t,0) > Xyo1(2,0) for (¢,i) e T x D.

For k = 1, items (ay), (b1) were proved before.
To prove (c1) we subtract (5.48), written for k = 2, from (5.47) and get

%[Xl (1) — Xa(1)] + La+8R 11, (1) [X1(t) = Xa(1)] +As (1) =0,

where
Ay (1) := %JD + [Fi (1) — Fo(1)] "o, x, (1)) [Fi(1) = Fo(t)] > 0,1 € Z.

Invoking Theorem 2.3.13 (iv), one obtains that X; () — X5(¢) > 0 and thus (c;) is
fulfilled. Let us assume that (;), (b;), (c;) are fulfilled for i < k— 1 and let us prove
them for i = k.

Based on (by_;) and Theorem 2.3.13 (i) we deduce that (5.48) has a unique
bounded solution X;: Z — SP. Applying Lemma 5.1.1 with W(t) := F;,_;(t) one
obtains that (5.45) may be rewritten as
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A

SR+ Samn | OKO]+ e (1)

— (R () —F@)] 06, X)) [Fi(t) — E(1)] —M(1) = 0.

Subtracting this equation from (5.48) one obtains that # — X; () — X (¢) is a bounded
solution of the equation

d

X0+ Lavpr_ynp_ (DX O]+ Hilr) =0,

where
Hi(t) = %JD +[F1 (1) — F(t)]TG(t,Y(t))[Fk,l (t) —F"(t)} +M(t) > %JD > 0.

Since £A+BFI<71»”F1¢71 generates an anticausal exponentially stable evolution, we
obtain from Theorem 2.3.13 (iv), that there exist

>0 suchthat X;(t)—X(¢) > wJ? for t€7T, (5.49)

thus (ay) is fulfilled.
Let us show that (by) is fulfilled. Firstly from (5.49) we have

R(t) + T (2)[Xe (£)] > 0,

therefore F; is well defined. Applying Lemma 5.3.3 to (5.48), one obtains that X
solves the backward affine differential equation

d €
27X+ Lasmrn (OX(0)] + M (1) + 7

+ [F(t) = B ()] 00, X (1)) [Flt) — B (£)] = O (5.50)
On the other hand, Lemma 5.1.1 applied to (5.45) gives

SR+ Sasmrg, (K 0]+ M (1)

— [F(t) = F()] 01, & (1)) [Filt) = F (1)] = M (1) = 0.
From the last two equations one obtains

% [Xk(t) —X(l)] +£A+3Fk-,nl~"k (1) [Xk(l‘) —X(l‘)] +I‘~Ik(t) =0

with
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+ [Fe(t) —F(z)]TG(t,X(t)) [Fe(t) —F(t)] +M(t) > %JD > 0.

Implication (vi) = (i) of Theorem 2.3.12 allows us to conclude that £A+3Fk7an
generates an anticausal exponentially stable evolution which shows that (by) is
fulfilled.

It remains to prove that (ck) holds. To this end we subtract (5.48), written for
k+ 1 instead of k, from (5.50) and get

% [Xi(1) = Xiei1 (1)) + Lapr g, (6) [Xe () = Xesr ()] + k(,le)JD (5.51)

+[R() - B (1)) 0, %)) [Fi(t) — B (1)] = 0.

Since £448F, 11 5, generates an anticausal exponentially stable evolution one obtains,

via Theorem 2.3.13 (iv), that (5.51) has a unique bounded solution which addition-

ally is uniformly positive. Therefore X; (t) — X;.1(¢) >> 0 and thus (cy) holds.
Now, from (ay) and (cx) we obtain that for each (z,i) € Z x D we have

Xi(1,0) > Xay1 (2,0) > X (1,0) (5.52)

for all X(t) = {X(¢t,i) }iep € T
Let X(t,i) be defined by X (z,i) = klirn X (t,i) for all ¢,i € Z x D. We show that
—Soo

t — X(t) = {X(t,i)}iep : T — SP is just the maximal and bounded solution of
GRDE (5.1). First we show that for all € Z, (¢,X(t)) € Dom®R.

Let X(-) € T'* be arbitrary but fixed, this means that there exists v > 0 such that
R(t,i)+To(¢)[X ()] (i) > VI, ¥ (t,i) €I x D. Invoking again (a;) we obtain that

R(t,i) + T () [Xe(1)] (i) = R(2,0) + T (1) [X ()] (i) > Vi (5.53)

V (t,i) € Z x D. Taking the limit for k — o we obtain via (5.31) for / = 2 and X (i)
replaced by X (¢,i): R(¢,i) + T2 (¢)[X (¢)] (i) > VI, V(t,i) € Z x D. Thus we have
shown that both (¢,X;(¢)) and (t,X(¢)) lie in Dom®R.

Let us show that t — X (t) is differentiable and satisfies the (GRDE) (5.1).

To this end we rewrite (5.48) in the integral form

T

X (1) = X (1) = /(£A+3Fk—1:an71 () [Xe ()] +Mp,_, (s) + %JD)dS

t
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for all t <1, t,7 € Z, k > 1. Further, using (5.19) for X replaced by X;(¢) and
T
W(t) replaced by Fp_i(r) we obtain X;(7) — Xi(t) = [[R(s,Xk(s)) + (Fr(s) —
t
Fi1(9))T (R(s) + T2 (5)[Xie(5)]) (Fic(5) = Fe1(s)) + £ P ]ds.
This may be written as

T

Xi(7,0) — X (t,1) = /[m(S,Xk(S))(i) + (Fi(s,i) = Fi 1 (s,0)" (5.54)

t

(R(s. i) + T ($)Xe5)) (1) (Fils, i) — Fi1(5,0) + s

forallt <71,t,7€Z,ieD.
Proceeding as in the proof of Lemma 5.3.4 one may prove that

’zim (Fk(s,i) —kal(s,l’D =0. (555)

Let X,f !(1,1) be the scalar component, jI-th of the matrix X(t, i). We have X; M(t,i)—
. T
X/ (t,i) = ;f @] (s,i)ds where

o' (5,1) = {R(s, Xk () (i) + (Fe(s, ) — Fie1 (s,))T (5.56)
(R(s, 1) + T (s) [Xic(5)] (1)) (Fi(s.0) —Fk71<s7i>>+21n}ﬂ

is the jl-th component of the integrant from (5.54). Employing (5.35) and (5.52)

we deduce that there exists a positive constant T' such that |(p,§l (s,i)] < T for all
t <5 < 1 € Z. On the other hand, (5.30) written for Xk( ), X (i) replaced by X;(s, i),

X (s, i), respectively, together with (5.55) yield hm (pk Y, )= R i(s,X(5))(i). Thus,
applying Lebesques’s Theorem for each component Jjl, we finally obtain

lim [ {R(s, Xe(s)) () + (Fis, 1) = Fea (s, D))" (R(s, )+

t

T (s, 1) [Xi ()] (0)) (Fi (s, ) — Frr (s, 8)) + zln}ds = / N(s, X (5))(i)ds

for all i € D. Taking the limit for k — o in the both sides of (5.54) one gets
T

X(1,i)—X(t,i)= [ R(s,X(s))(i)ds, or, in a compact form
t

- / R(s, X (s))ds (5.57)
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for all < 7, ¢,7 € Z. On the other hand, from (5.35) and (5.53) we deduce that
there exists a constant I' > 0 such that ||9R(s,X(s))||« <T, V s € Z. Therefore
1X(7) = X(#)|| < y(t—1t), V t<1,t,1€Z. This allows us to obtain that s —
R(s,X(s)) : T — SP is a continuous function. So, we may conclude that the right-
hand side of (5.57) is differentiable with respect to ¢ € Z. Hence, t — X(t) is also
differentiable. Differentiating (5.57) we obtain that

d~

pr X(t)+R(t,X(1) =0, t €T,

which means X () is a global solution of GRDE (5.1). Taking the limit for k — oo in
(5.53) we obtain that X (t) > X(¢), t € Z, VX(-) € T'X. Thus we have obtained X(-)
is just the maximal solution of (5.1) and thus (i) = (ii) is proved.

To complete the proof, let us remark that if A, B, I1, Q are periodic functions
with the same period 0 then via Corollary 5.4.9, (i), it follows that there exists a
stabilizing feedback gain which is a 8-periodic function. Applying Theorem 2.3.13
(i), one obtains that Xy, F; are @-periodic functions for all k and thus X will be
a B-periodic function, too. Also if A(r) = A, B(t) =B, I1(¢) =11, Q(¢) = Q and
(A,B,II) is stabilizable, then from Corollary 5.4.9 (ii), we obtain that there exists
a stabilizing feedback gain which is constant. Applying again Theorem 2.3.13 (iii),
one obtains that X; and Fj are constant functions for all k > 1 and therefore X is
constant. Thus the proof is complete. O

In order to facility the statement of the next result we introduce several notations.
Let ¥/ = (A,B,I1,Q/), j =0,1,... where A(-),B(-),I1(-) are as in the case of the
GRDE (5.1) and Q/ : T — SP,,, are bounded and continuous functions. For each

PN e s N MI(ti) L/(1,i)
t GI? Qj(t) - {Qj(tﬂl)}iGD’ Q](tvl) - ((Lj(l,l))T Rj(l7l)
and R/(t,i) € Sy, Vi € D. Set M/ (t ) {MI(1,0) }iep € S7, R/ (t) = {R/ (t,1) }ieD €
SP and L/(t )= {L/(t,i)}iep € /\/lnm For each quadruple X/ we define the operator
R/ : DomR/ — SP where DomR/ is defined as in (5. 8) and R/ (t,X) is defined as
in (5.35) replacmg M(t),L(t),R(t) by M/(t),L/(t),R’(t). To the quadruple X/ we
associate the GRDE

> where M/(t,i) € S,

d

- X(1)+ R (1,X(t)) = 0. (5.58)

Theorem 5.3.6. Let /=(A,B,I1,Q/), j=0,1,... be as before and =(A,B,T1, Q)
be the quadruple defining the GRDE (5.1). We assume that

(a) (A,B,T0) is stabilizable and T'* is not empty.
(b) Foreacht € T the operator I1(t) satisfies the assumptions (I11) and (I1>).
(c) Q(t,i) > QM (1,i) > Q(t,i), V j>0,1,ieIxD.

Under these conditions, the following hold

@ rEfcr¥cr¥' v j>1;
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(ii) IfX/(t) = {X/(t,i)}iep, t € L, is the bounded maximal solution of the GRDE
(5.58) satisfying the condition

RI(t) + (1) [X/(1)] >0, teT (5.59)
then:
XI(1,i) > X4 (2,0) > X (1,0), V¥ j>0,(t,i) eI xD, (5.60)

where X (t) = {X(t,i)}iep, t € T, is the maximal and bounded solution of
the GRDE (5.1) which satisfies the condition R(t) +TIy(t)[X(¢)] > 0, t € T.
Furthermore if

lim Q/(t,i) = Q(t,i) (5.61)

J—ree

forall (t,i) € T x D then lim X/ (t,i) = X (t,i), for all (t,i) € T x D.
e

Proof. (i) If AY (1) and A¥ (1), respectively, are the generalized dissipation operators
associated with £/ and , respectively, we obtain:

A

A¥ (X (0] = AXOK ()] + Q' (1) - Q(1). (5.62)
Let X(-) € T'%, this means that
t €T, and R(t,i) + T (1) [X ()] (i
depending upon ¢, i. .
From (5.62), we obtain that A¥ (£)[X (¢)] > 0, V¢ € Z. On the other hand, R/ (,i) +
TL(6)[X ()] (i) > R(t,i) + T (6)[X(£)](i) > VI, Y(t,i) € T x D, thus we may
conclude that TZ ¢ T¥ . The fact that F.Zj b may be proved in a similar way.
Since (A, B,T1) is stabilizable and T'>’ is not empty we may apply Theorem 5.3.5
to (5.58) to obtain the existence of the bounded and maximal solution X/(¢)
satisfying the condition (5.59). From X/*!(-) e I'¥"" ¢ I'Y we obtain that

) E Cb(I SP) which satisfies A¥(¢)[X (¢)] > 0,

X(
) > v, V(t,i) € Z x D, v > 0 being a constant not

X7t e,y < XU(1,i) forall j>0,t,ieIxD. (5.63)

Thus the first part of (ii) is proved. Let Y (¢,i) = lim X/(t,i), (¢,i) € Z x D. We show
Joe

that if (5.61) is satisfied, then Y (¢) = {Y (¢,7) };ep coincides with the maximal and
bounded solution X (¢) of the GRDE (5.1).
To this end, we write (5.58) in the form

T
Xi(1,i) — XU (1,i) = / R(s,X/(5))(D)ds, Vi<trreTicD. (5.64)
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Let us remark that i)f{j(s,f((s))(i) = %(s.,)?jgs.))(i) + (Gj(s,)?/;(s')))(i) where
(G(s, X)) () = MI(5,1) — M(5.1) + (G (5, X ())) (i) — (G5, X (s))) (i) with
G(s,X/(s)) defined as in (5.34), with Y replaced by X/(s) and G/(s,X/(s)) is
defined as in (5.34) with Y replaced by X (s) and L(s), R(s) replaced by L/ (s), R/ (s).

Proceeding as in the proof of Lemma 5.3.4 one may show that lim (G/(s, X/
Jree

(5)))(i) = 0, if (5.61) holds. This allows us to deduce that lim (937 (s, X/ (s)))(i) =
e

(M(s,Y(s)))(i).i € D, s € I. Also, one obtains that there exists ¥ > 0, not depending
upon s and j, such that |(R/(s,X/(s)))(i)] <7y, Vs,j. By a standard reasoning
based on Lebesque’s Theorem of the convergence of integrals we obtain that

T T
lim [(R/(s,X(s)))(i)ds = [R(s,Y (s))ds. Taking the limit for j — oo in (5.64) we
J=e g t

T
finally obtain Y (1) — Y (¢t) = [R(s,Y (s))ds, Vt < 7, t,7 € Z. This allows us to con-
t

clude that t+ — Y (¢) is differentiable and it is a bounded solution of the GRDE (5.1).

From X/(t,i) > X(t,i), (V) j > 0 we deduce that Y (¢,i) > X(¢,i), V(t,i) €
Z x D. Based on the uniqueness of the maximal solution we deduce that Y ()
coincides with X (). This completes the proof. O

5.4 The Stabilizing Solution of the GRDE

In this section we deal with the stabilizing solutions of the GRDE (5.1) in the case
when X — TI(¢)[X] satisfies the assumptions (IT;) and (IT;). We shall prove the
uniqueness of a bounded and stabilizing solution and we shall provide a necessary
and sufficient condition for the existence of a bounded and stabilizing solution of
the GRDE 5.1.

Definition 5.4.1. Let X;: Z — SP be a solution of the GRDE (5.1) and denote by
Fy(t) := FXs(t) the corresponding feedback matrix. Then X; is called a stabilizing
solution if the operator £44pF, 1, generates an anticausal exponentially stable
evolution where T1f, is defined as in (5.6) for W (¢) = F;(¢). This means that there
exist § > 1, a > 0 such that

ITE (t,00)]| < Be®U ™), ¥ t<t,t,19 €T (5.65)

where T (t,1p) is the anticausal linear evolution operator on SP defined by the
backward linear differential equation

d

oY O+ Lavsrng (O (1)) =0.

We recall that for each 1 € Z Fy(t) = {F;(t,i) }iep € ME, where
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Fy(t,))=—[T () [X, (1)) () +R (2, 1)) " [Xs (2,0)B(2,8) + 112 (1) [Xs (] () +L(2, )] (5.66)

Remark 5.4.1. (a) According to (5.20) we obtain that the global solution X;(-) is
a stabilizing solution of GRDE (5.1) if and only if the backward differential
equation

d : _
Y O+R X )Y ()] =0

defines an anticausal exponentially stable evolution.

(b) If D=1{1,2,...,d}, then the equality (5.26) written for F(¢) = F;(¢) yields via
Proposition 2.4.1 that X;(-) is a stabilizing solution of GRDE (5.1) if and only
if the operator valued function £A+BFS.,H’;Y(') defines an exponentially stable

evolution on Sr’f. This means that there exist f; > 1, o > 0 such that
| T5, (1,10)]] < Bre *10), ¥ 1 >19,1,00€T (5.67)

Tr,(t,19) being the linear evolution operator on S? defined by the linear
differential equation:

d

SX(0) = Lo, (X))

In fact the equivalence between (5.65) and (5.67) is obtained using the identity
T;-;(r,t) = T,;‘S(t, 7).

Theorem 5.4.1. Let = = (A,B,T1,Q) be such that T* # 0. If X;: T — SP is a
bounded and stabilizing solution of the GRDE (5.1) then X, coincides with the
maximal solution with respect to T of (5.1).

Proof. Applying Lemma 5.1.1 we deduce that X, verifies the differential equation

d
X0+ S rny (0)[X, ()] + M (1) = 0 (5.68)
where F; is as in (5.66). Let X be arbitrary in I'Z. As in the proof of Theorem 5.3.5
one obtains that there exists M(¢) > 0 such that X verifies a differential equation of
the form (5.45). Applying Lemma 5.1.1 to (5.45) we get

SR+ Sarr, 1, (R ()] My (1) — W10

~[R@)—E£®] 01.X(1))[F(r)—£()] =0.

Subtracting the last two equations we obtain that ¢ — X;(t) — X(¢) is a bounded
solution of the backward differential equation
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d

2 X0+ Laspr g, ()X (0)] + Hy(1) = 0

where

~

Hy(t) = [Fy(t) = F (1)) O, X (1) [F(r) — F (1)] + M (1) > 0.

Since £41prF, 11, generates an anticausal exponentially stable evolution one obtains,
using Theorem 2.3.13 (iv), that X(t) — X(¢) > 0, € T and thus the proof is
complete. a

Remark 5.4.2. From Theorem 5.4.1 it follows that if I'* is not empty then a
bounded and stabilizing solution of the GRDE (5.1) (if it exists) will verify the
condition

R(1) + T (1) [X,(2)] > 0,1 € 7.

The next result follows directly from Theorem 5.4.1 and Remark 5.3.1.

Corollary 5.4.2. IfT'* is not empty, then the differential equation (5.1) has at most
one bounded and stabilizing solution.

In Sect. 5.6 we will show that in the particular case when II(¢) is of the form
(5.5), the uniqueness of the bounded and stabilizing solution of (5.1) follows in the
absence of any assumption concerning I'*. In that case R(¢) +IT(¢)[X;(¢)] has not
a definite sign.

Theorem 5.4.3. Assume that A, B, I1, Q are periodic functions with period 6 and
that T’ is not empty. Then the bounded and stabilizing solution of (5.1) (if it exists)
is O-periodic.

Proof. Let X;: T — SP be a bounded and stabilizing solution of (5.1). We define
X(t) := X;(t + 0),t € Z. By direct computation we obtain that X is a solution of
(5.1) too. We shall prove that X is also a stabilizing solution of (5.1).

Set F(t) := FX(t). We show that the operator valued function Laipr, ()

generates an anticausal exponentially stable evolution. Let 74(¢, 1)) be the anticausal
linear evolution operator defined by the backward linear differential equation

d
2750+ Laiprn, (0IS0)] =0. (5.69)
Because of the periodicity we obtain that

Lavprn (1) =Layprg (t+0) for 1€l

If S(¢,t,H) is the solution of (5.69) with S(t9,ty, H) = H, then we have
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d
Es(tvt(% )+£A+BF H* (t+ 9) (t thH) 0.
From the uniqueness of the solution of this initial value problem we infer that
S(t,to,H) =S(t+0,t0+6,H),

where ¢ — S(¢,7,H) is the solution of the problem

d
ES(I) +£A+BFmHFS (l)[S(l)] =0, S(T,T,H) =H. (5.70)

Thus we get T%(r,10) = T¢ (1 + 6,10 + 6) where T{ (t,19) is the anticausal linear
evolution operator defined by (5.70). The last equality leads to

I17%(t,10)[| = I T4 (14 0,10+ 0) || < Be®* ™) for 1 <1y

with a, 8 > 0, which shows that X is also a bounded and stabilizing solution of
GRDE (5.1).
Applying Corollary 5.4.2 one obtains that X () = X,(¢) for ¢t € Z, that means
X;(t+ 6) = X;(¢) for all ¢, which shows that X; is a 0-periodic function and thus the
proof ends. a

Corollary 5.4.4. IfT* A0 and A(t) =A, B(t) =B, TI(t) =11, Q(t) = Q, t € R,
then the stabilizing solution of (5.1) (if it exists) is constant and solves the algebraic
equation (5.43).

Proof. Since the matrix coefficients of (5.1) are constant functions they may be
viewed as periodic functions with arbitrary period. Applying Theorem 5.4.3 it
follows that the bounded and stabilizing solution of (5.1) is a periodic function with
arbitrary period. Therefore it is a constant function and thus the proof ends. a

The following lemma which is a generalization of the invariance under feedback
transformations of standard Riccati differential equations will be useful in the next
developments. Since

(W (t,i) FXzz] {R(t, i)+ T (1) [X (1)] (i) }
=X (£,0)B(t, i)+ (t)[X ()] (D) +WT (¢,0) o (2) [X (£)] (i) +L(t, 1)+ W7 (2,0)R(z,i)

the conclusion of this lemma follows immediately from Lemma 5.1.1.

Lemma 5.4.5. Let W: T — MY be a bounded and continuous function. Then
X: Iy C T — SP is a solution of the differential equation (5.1) associated with
the quadruple T = (A,B,I1,Q) if and only if X is a solution of the differential
equation of type (5.1) associated with the quadruple £V = (A + BW,B, 11V, QV),
where TTV (t): SP — ST, is given by

n—+m
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T
W (B 0\ ( MOXG ToxO) (L o0
ORI = (0 ) ({le(t)[x](i)}T mmmo») (Wit s)
_ ( T (1) X)) ) nu(r)[x](i)+WT<t,i>nz<r>[X}<i>>
(M) X)) +W (L) K)() o (1) X3

and

oy ( O "M@ La )\ (L 0
L \W (i) Iy) \LT(t,0) R(t,i)) \W(¢,i) L,
— MW(tai) L(tai)+WT(tai)R<t>i)
 \LT(t,0) +R(t,))W(¢,i) R(t,i) '
Theorem 5.4.6. Under the considered assumptions the following assertions are
equivalent

(i) (A,B,T1) is stabilizable and the set T'* is not empty;
(ii) The GRDE (5.1) has a stabilizing and bounded solution X;: T — ST satisfying

R(t,i) + L (0)[X,()]()) = VI, ¥ (t,i) € T x D, (5.71)

v > 0 is a constant.

Proof. First we notice that according to the adopted convention of notations the sign
conditions (5.71) may be written in the following compact form

R(t) +11,(1)[Xs(2)] > 0,1 € T.

(i) = (ii). If (i) holds, then Theorem 5.3.5 yields that (5.1) has a bounded
maximal solution X : Z — SP satisfying the sign condition R(¢) +TT,()[X (¢)] > 0.
We show that X is just the stabilizing solution. If F is the feedback matrix associated
with X, then (5.45) may be written as

X0+ Ly g, (DX (@] +Mp (1) = M(1)

Since X € T'* then it is a solution of an equation of type (5.45) with M(z) > 0.
Using again Lemma 5.1.1 one obtains that 7 — X (¢) — X (¢) is a bounded and positive
semi-definite solution of the backward differential equation

XW)+ S, OX O]+ H() =0,
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where

~ A

H(t):=M(t)+ [F(r) - F(1)] T@(t,)?(t)) [F(r)—F(1)].
Since M(t) > 0,t € T it follows that H(¢) >0, € Z. Applying implication (vi) = (i)

of Theorem 2.3.12 one gets that £, pz . generates an anticausal exponentially

stable evolution which shows that X is a stabilizing solution of (5.1).

We prove now (ii) = (i). If (5.1) has a bounded and stabilizing solution X;: Z —
SP, then F; := FX is a stabilizing feedback gain and therefore (A,B,II) is
stabilizable.

Applying Lemma 5.4.5 with W (¢) = F;(¢) we rewrite (5.1) as

d

EX(f) + Lavpr g, ()X ()] + M, (1)

—PIZS(I7X(I))®(Z,X(I))7]PR (I7X(t)) =0,

where X +— P, (t,X): SP — MZT is given by

Pr,(6,X) (i) = x{ X ()B(t,1) + T2 (1) [X](0) + F (1, )T (1) [X] () + L(1,1)
+E (1R}
i €D and O(,X) is as in Lemma 5.3.3. Let Tf (%) be the anticausal linear
evolution operator defined by

%smswﬂ,nﬂ (1)[S(1)] =0.

Since F; is a stabilizing feedback gain it follows that there exist o, 3 > 0 such that
(5.65) holds.

Let C»(Z,SP) be the Banach space of bounded and continuous functions X : Z —
SP. Since O(t,X;(t)) > 0 for ¢ € Z, it follows that there exist an open set U C
Cy(Z,SP) such that X; € U and O(¢,X(t)) > 0 forall X € U. Let ¥: U xR — C,
be defined by

W(X,8)(t) = /t T8 (t,0) M, () + 817
— Pt (0,X(0))0 ! (0,X(0))Pr,(0,X(0))] do —X(t),t € L.
We apply the implicit functions theorem to the equation
Y(X,8) =0 (5.72)

in order to obtain that there exists a function X5 € U/ such that
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X5(1) = /t T8 (1,0) M, () + 817
— Pk (0,X5(0))0 ' (0,X5(0))Pr(0,Xs5(0)] do

for |6| small enough.
It is clear that (X;,0) is a solution of (5.72). We show now that

dl\P(Xs(')’O): C;,(I,S,?) — Cb(I7SI?)

is an isomorphism, d;'¥ being the derivative of ¥ with respect to its first argument.
Since

1
d'P(X,,0)Y = lim —[¥(X; +€Y,0) —¥(X,,0)]

e—0

and Pr,(0,X;(0)) = 0 we obtain that d;'¥(X;,0)Y = —Y for all Y € C,(Z,SP).
Therefore d;'¥(X;,0) = —Ic,, where I, is the identity operator of C,(Z,S?) which
is an isomorphism. Also we see that d;¥(X, §) is continuous in (X,8) = (X;,0).
Applying the implicit function theorem (see [129] vol. 1) we deduce that there exists
6 > 0 and a smooth function Xs(-): (—8,8) — U which satisfies ¥(X5(-),8) = 0
for all § € (=4,8). It is easy to see that if § € (—8,0) then X5(-) € I'" and the
proof is complete. O

Corollary 5.4.7. Assume that A, B, T1, Q are periodic functions with period 6 > 0.
Under these conditions the following are equivalent

(i) (A,B,T0) is stabilizable and T'* is not empty.
(ii) The GRDE (5.1) has a bounded, 0-periodic and stabilizing solution Xs: T —
SP which verifies R(t) + T (¢)[X;(¢)] > 0,1 € L.
(iii) (A,B,IN) is stabilizable and I'T contains at least a 0-periodic function X.

Proof. (i) < (ii) follows from Theorems 5.4.6 and 5.4.3.

(iii) = (i) is obvious.

It remains to prove (ii) = (iii). In the proof of the implication (ii)=- (i) in
Theorem 5.4.6 we have shown that there exists 6 > 0 and a smooth function
8 X5(-): (—8,8) — Cy(Z,SP) which satisfies

%xﬁ(t) R, X5 (1)) + 847 = 0.

Choose 8; € (—&,0) and set 2; := (A, B,T1,Q;) with

N [ M(t,i))+ 611, L(2,0)) .
Ql(m).—( LT(t,i)l R(t,i))’lep'
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It is easy to see that if § € (—&, ;) then X5(-) € I'*1. Applying implication (i) = (ii)
of Theorem 5.4.6 one obtains that the equation

%X(r) +R(t,X(1)) 4+ 8J° =

has a bounded and stabilizing solution Ygl . Based on Theorem 5.4.3 one obtains that

)?51 is a periodic function. The conclusion follows since )?51 (-) € T'* and the proof
is complete. O

With the similar proof based on Corollary 5.4.4 and Theorem 5.4.6 we obtain:

Corollary 5.4.8. Assume that A( )=AeMP, Bt)=Be MDD, TI(t) =T ¢
B(SP,SP,,) and Q(t) = Q € SE,,,.. Then the following are equivalent:

(i) (A,B,T0) is stabilizable and T'* is not empty;
(ii) The GRDE (5.1) has a bounded and stabilizing solution X; which is constant
and solves the algebraic equation (5.43).
(iii) (A,B,I1) is stabilizable and there exists at least a sequence of symmetric
matrices X = {X (i) Yiep such that X € T'=.

As a simple consequence of Theorem 5.4.6 we have:
Corollary 5.4.9. Assume that (A,B,11) is stabilizable. Then:

(i) If A, B, I1 are periodic functions with period 0, then there exists a stabilizing
feedback gain F : R — MPE which is a periodic function with period 6.

(ii) If A(r) = A, B(t) =B, H( ) =TI for all t € R, then there exists a stabilizing
feedback gain F € MP

mn*

Proof. Consider the differential equation

X0+ AT(OX (1) + X (OAG) + P+ Ty ()X (1)
—{X(®)B(t) + Mo (1)[X (1)] } { Ry + T2 (¢) }‘
x{X (0)B() + M (e >[x<r>]}T =0, (5.73)

where R; € SP.R; = {R;(i)}iep € SP,Ry(i) = ILy,i € D. Equation (5.73) is a
GRDE of type (5.1) corresponding to the quadruple Xy := (A,B,I1, Qy) where A4,

B, I are as in (5.1) and Qq(¢,i) = (’0” 1(:1)

It is seen that A>0(1)[0](i) = (I” 0 ) >0,V i € D and hence 0 € T'%.

Therefore (5.73) has a bounded and stabilizing solution X; with the
corresponding stabilizing feedback gain

Fy(t,i) = — {1, + T (¢) (i)} X, B, ) + T () X (0] ()}
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If the matrix coefficients of (5.73) are periodic functions with period 6, then by
Theorem 5.4.3 we obtain that F; is a periodic function with the same period 6. If the
matrix coefficients of (5.73) are constants, then by Corollary 5.4.4 one obtains that
F; is constant and thus the proof is complete. ad

The result of Corollary 5.4.9 shows that if A, B, I are periodic functions, then,
without loss of generality, we may restrict the definition of stabilizability working
only with periodic stabilizing feedback gains. Also, if A, B, IT are constant functions,
then, without loss of generality the definition of stabilizability may be restricted only
to the class of stabilizing feedback gains which are constant functions.

5.5 The Minimal Solution of the GRDE

In this section we focus our attention on those equations (5.1) associated with
the quadruple X = (A, B,I1, Q) where the operator valued function I1(-) satisfies
the assumptions (II;),(IT,). Additionally, we assume that 0 € T'*. This means
M(t,i) L(t,i)
LT (¢,i) R(t,i)
Lemma 5.1.2 we deduce that these are equivalent to

that R(¢,i) > vI, and < > > 0, for all (z,i) € Z x D. Applying

R(1,i) > VI,
M(t,i) — Lt )R- (6, )L (1,i) >0,V (1,i) € TxD (5.74)

v > 0 being a constant.

Remark 5.5.1. Let W : T — MZT, be a continuous and bounded function. Let X :
T — SP be a solution of the backward differential equation

d

2 X0+ Lavpwm, (X (0] +H() =0

where H : Z — ST is a continuous function such that H(¢) > 0, ¢ € Z. If there exists
7 € 7 such that X(7) > 0, then X () > 0 for all 1 € (—eo, 7| N Z. Indeed we have the
following representation formula:

T
X(0) =Tt 0X () + [ o) H()ds (5.75)
t
T (t,s) being the anticausal linear evolution operator on S defined by the linear

differential equation

%X (1) + Lavpw,my, ()X (1)] = 0.
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Since Ty (t,s) is a positive operator for ¢ < s we obtain via (5.75) that X (¢) > 0 for
allt < t,rel.

First we prove the following result.

Theorem 5.5.1. Assume that the quadruple ¥ = (A, B,11, Q) verifies the following
assumptions: (a) (A, B,T1) is stabilizable;

(b) 0 € T*. Then the GRDE (5.1) has two bounded solutions X: T — S,,D,
X : T — SP with the property X (t) > X (t) > X (t) > 0 for all t € T and for arbitrary
bounded and positive semi-definite solution X : T — SP of (5.1).

Moreover if A, B, I1, Q are periodic functions with period 6 > 0, then both X
and X are periodic functions with period . If A(t) = A, B(t) = B, 1(t) = Il and
Q(t) = Q, then both X and X are constant and solve the algebraic equation (5.43).

Proof. The existence of the solution X is guaranteed by Theorem 5.3.5. Now we
prove the existence of X. For each 7 from the interior of Z we consider X;(t) :=
X (2,7,0) the solution of the following problem with given terminal conditions

LX)+ R(t,X(1) =0

X(t,7,0) = 0. (576)

Applying Corollary 5.2.3 we infer that X;(¢) is well defined for all 7 € (—e, T|NZ,
and additionally we have, X(¢,i) > 0 for all t € Z,r < 7,i € D. We set F;(t) =
FX(t). Based on (5.74) it follows that F;(¢) is well defined for all € (—o0, 7| NZ.
Let 71 < 1, be arbitrary in the interior of Z. We show that

Xo, (2,0) < Xgy (2,0) (5.77)

forallr € Z,r < 1y,i € D. Applying Lemma 5.1.1 with W (¢) = Fz, (1) we obtain that
X5, (1) solves the following backward differential equation:

d
Esz (1) + LA+BF Tp, (1) Xz, (1)) + M, (1) = 0,t < ot € T.

Applying again Lemma 5.1.1 taking W (r) = Fy,(r) we obtain that X, (¢) satisfies
the following backward differential equation

X (0 + Laspre, g, ()X (0] +Mr,, (1) = (Fe, (1) = Fey (1) ©(1, X, (1)) (Fy, (1)
—F, (1) =0,r<7,t€Z

with
O(1. X (1)) (1) = TTa(1) [Xe, (1))(0) +R(t.0) > V.

Subtracting the last two equations we deduce that  — X, (1) — X¢, (f) satisfies the
backward differential equation:
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Ly (1) + Sasmry iy, (O (O] +A0) =0

dt
where A(t,i) = [Fr, (t,i) — Fy, (t,0)]7O(t, Xz, (1)) (i) [Fy, (t,i) — Fr,(t,i)] > 0. Since
Xy, (11) — X1, (1) = X, (71) > 0 we may conclude based on Remark 5.5.1 that
Xo, (1) — X, (1) > Ofor all t < 71, € Z. Therefore (5.77) is true. Further, if (A, B,II)
is stabilizable, then there exists a bounded and continuous function F: Z — MP
such that the corresponding operator £4pr 1, generates an anticausal exponen-
tially stable evolution. Based on Theorem 2.3.13 we deduce that the equation

%Y(t) + Sas ey (O (1] + Me (1) = 0 (5.78)

has a unique bounded solution ¥(¢) > 0 on Z.
Let X; be the solution of the problem with given terminal value (5.76). Applying
Lemma 5.1.1 equation (5.76) verified by X; can be rewritten as:

d

SX0)+ Sasmrny, (OXe(0)]+ M, (1) = 0, (5.79)

On the other hand, applying Lemma 5.3.3 with W (¢) = F(¢) to (5.78) one obtains

im) T Sasr i, (O ()] + M, (1)

dt
+ [Fr( ]{R +IL ([ (1))} [Fe(t) - F(t)] =0 (5.80)

fort € Z,t < 7. From (5.79) and (5.80) one obtains

- [F(0) = Xe(0)] + Larreng, (0[F(1) = Xe(1)]

+ [Fe(t) = F(0)] " {R() +TL(0)[F (1)] } [Fe(r) = F (1)] = 0.

Since ¥ (1) — X;(7) =¥ (1) > 0, then invoking again Remark 5.5.1 we conclude that

Q..‘Q_

Y(t)—X:(t) >0 forall t€ (—oo,1]NZ. (5.81)

Inequality (5.81) together with (5.77) shows that the sequence {X;(#)}rez is
monotonically increasing and bounded, hence it is convergent. Define

X(t,i) = lim Xe(,i) for (1,i) €I xD. (5.82)

First we show that r — )?(t) = {)?(t,i)}iep : T — SP is a solution of the
GRDE (5.1). From (5.82) we obtain that )?(t,i) > X;(t,i) > 0. Therefore, R(z,i) +
T, (1)[X (1)](i) > VI,,. Hence (t,X(t)) € Dom for all ¢ € T. Let T be arbitrary but
fixed in the interior of Z. Let {7} }x>0 C Z be a strictly increasing sequence with the
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properties: 7; > Ty for all k > 0 and limy_,., Ty = +oo. Let Xy, () be the solution of
the problem with given terminal conditions (5.76) for T = 7;. We have

Xo,(T0,) — Xo, (1,1) = /; * R(s, Xe, () (0)dis (5.83)

for all + < 19,t € Z,i € D. Following step by step the proof of Lemma 5.3.4 one
shows that limy .. 93(s, X, (s)) (i) = R(s, X (s)) (i) forall i € D, 1 < 19,¢ € T. Further,
reasoning as in the proof of Theorem 5.3.5 one obtains based on the convergence
theorem of Lebesque that Timy_,.. [% R (s, Xy, (s))(i)ds = [© R(s, Xy () (i)ds for
alli € D,t < 19,t € Z. Taking the limit for K — e in (5.83) we get

R(w)-X() = /I'TO R(s, % (s))ds

for all t < 7y,¢,7p € Z. This allows us to conclude that # — X (¢) is differentiable and
satisfies the differential equation (5.1). Let now X : Z — SP be an arbitrary global
solution of (5.1) such that X () > 0 for all r € Z. Applying Theorem 5.2.1 we obtain
that X (1) > X (¢) for all r < 7,¢, T € Z. Taking the limit for T — o we may conclude
that X (t) < X(¢) for all t € Z. Thus we have shown that X is the minimal positive
semidefinite solution of the GRDE (5.1).

Let us assume that A, B,I1, Q are periodic functions with period 6 > 0. For each
7 € T we define Y¢(r) by

Y:(t) =Xrro(t+0),t €.

One obtains that Y;(¢) is a solution of GRDE (5.1). Additionally we have Y;(7) =
0 = X;(7). From the uniqueness of the solution of the problem (5.76) we deduce
that Yz (¢,1) = X (¢,i) forall i € D, < 7,1t € Z. We have )?(t,i) = limr_yeo X (2,0) =
limg e Yo (£,1) = limgyeo Xz g (t + 0,1) = X (t + 0,i) for all (¢,i) € T x D. So, we
have shown that X (+) is a 6 periodic function if the coefficients of GRDE (5.1) are
periodic functions of the same period 6. Thus the proof is complete. a

In the rest of this section we restrict our attention to the case D = {1,2,...,d}.
First we introduce a concept of detectability which extends to more general
framework the concept of detectability introduced by Definition 4.1.2 (b).

Definition 5.5.1. LetA:Z — MP,C:Z — M5, T1: T — B(S¢) be bounded and

continuous functions. We say that the triple (C,A,T1) is detectable if there exists
a bounded and continuous function K : 7 — ./\/lﬁp such that the operator valued

function £, ¢ () defines an exponentially stable evolution on S,

Here X — L, g (X)) = (A(r,i) + K(2,0)C(1,i))X (i) + X(i)(A(#,i) +
K(t,i)C(t,i))" +1T*()[X](i), i € D.
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Lemma 5.5.2. Assume that the quadruple ¥ = (A,B,T1, Q) satisfies (a) 0 € T%.
(b) The triple (C,A+ BW,I1};) is detectable, where W (t,i) = —R~'(t,i)LT (¢,i) and
C is such that CT (¢,i)C(t,i) = M(t,i) — L(t,i)R™'(¢,i)LT (¢,i),i € D. Under these
assumptions any bounded and positive semi-definite solution of GRDE (5.1) is a
stabilizing solution.

Proof. The proof has two stages. Firstly, the proof of the lemma is made in the
particular case L(¢,i) = 0. Secondly, we shall show that the general case may be
reduced to the particular case of the first step.

(i) Assume that L(z,i) = 0. In this case W(¢,i) =0 and Iy () =1, (¢) fort €
and the assumption (b) in the statement is equivalent to the detectability of the
triple (C,A,IT}) where C is such that CT (¢,i)C(t,i) = M(t,i) fort € Z,i € D. Let
X(t) = {X(¢,i) };ep be a bounded and positive semi-definite solution of (5.1),
that is X (¢,i) > 0 for all (¢,i) € Z x D. Set F(t) := FX(t). We have to show that
Lar BF,IT; generates an exponentially stable evolution.

Let (to,H) € T x 8%, be fixed and let S be the solution of the initial value
problem

250 = Lasrm (IS0, (o) =H. (5849

We show that
|18l < 3]
0

where 6 > 0 is constant independent of 7y and H. By the detectability
assumption it follows that there exists a bounded and continuous function K
such that the operator £44kc,1, generates an exponentially stable evolution,
where

Lakem, (0)X](0) = [A@,i)+K(t,i)C(1,i)] X (i)+X (i) [A(t,i)+K(t,i)C(t7i)]T
+IT; (1) [X] (D). (5.85)

Using (5.85) equation 5.84 may be written as

%S(t) = Lacxe, (1)[S()] = K()C(1)S()=S()CT ()K" (1)
+ [ (1) [S()] =TT (1) [S(0)]] +B()F (1)S (1) +S(0)F (1) B (1).

(5.86)
We introduce the following perturbed operator X — L (¢)[X] by
Le()[X](0) := Larkem, (O)[X] () + 262X (i) + €T} (1) [X] (i)

Let T'(z,s) be the evolution operator on S¢ defined by
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d

dtS() Lavken, (1)[S(t)].

Since La+kc,m, generates an exponentially stable evolution, we have
IT(t,)|| < Be2*C=) for t>s,t,5€T

for some constants ¢, 3 > 0. By a standard argument based on Gronwall’s
Lemma one obtains that for € > 0 small enough

|Te(r,5)|] < Be ™ *=) for t>s,1,5€, (5.87)

where T¢(t,s) is the linear evolution operator on S¢ defined by the linear
differential equation

d

SY() = L (1)

Let € > 0 be such that (5.87) is fulfilled and let Y (¢) be the solution of the
following forward differential equation

Gy () = ce< >[ )+
) 1
with initial condition Y (o) = H, where

Tp (1)[X] = FT ()TL (1) [X]F (7).
Set Z(t) := Y (1) — S(t). We obtain from (5.86) and (5.88) that

20 = L2 + U, Z0) =0,

where

U(t,i) = [eh+LK(t,i)C(1,0)] S(t,i) [el + LK (1,0)C(2,i)]
+I0; 5 (0)[S(2)] (D)4 (el — 1B(t,)F (¢,0))S(t,i) (el — £ B(t,i)F (1,i))"

with
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Taking into account that S(fp) = H > 0 it follows that S(z) > 0 for t > 1y and
hence U(t) > 0 for ¢ > 9. On the other hand X ~ 2&%X + €*IT;(¢)[X] is a
positive linear operator.

Since Laipkm, generates a positive evolution it follows from Corol-
lary 2.2.6 (i) that L, generates a positive evolution. So, from the representation
formula Z(¢) = j,f) T:(t,5)U(s)ds we may conclude that Z(¢) > 0 for all > 0,
hence 0 < S(7) < Y () which leads to

0 <[IS@)[leo < [[Y (#)]|eo- (5.89)

Applying the representation formula (2.43) to (5.88) we may write

t
Y(t)=Te(t,t0)H+ | Te(t,s)Ui(s)ds for t>1, (5.90)

fo

where

iK(s, i)C(s,0)S(s,i)CT (s,0) K" (s,10)

U](S,i): 2

1)~ 1
(1 ) OISO+ BP0 (508 (5.
Taking into account the definition of the adjoint operator we obtain
5 (9)[S(9)](0) = TI5(s) [F(5)S(5)F" ()] ().
This allows us to write U (s) as

Ui (s,i) = 612[ (5,0)C(s,0)S(s,i)CT (5,i)KT (s,i)

K (5,0)R2 (5,)F (5,0)S(s, i) FT (s, 1)R? (5,1)KT (s,1)]
+( L

&) Tla(5) [RV2(5)F()S(5)FT (s)RV2(5)] (),
where ¥ — ITy(s)[Y] is defined by
Ma(s)[Y) o= T3 (9) [R ™2 (5)YR™/2(s)]

and K, (s, i) = B(s,i))R™2 (s, 1).
Further we have

1019l = maxiepiu oy < (14 ) YICESECT (5)]

(5.91)
HIRVZ(S)F (5)S()F" ()R (5)]|]

where y = max {sup,c7 || K ()2, supscz [[K1 (5)I|2, supyez [ TT2(5)]]}-
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From Remark 2.1.4 we deduce

IC()S(5)C" (5) o+ IRV (5)F (5)S(5)F ()R (s) |- <

IC()S()CT ()]l + IRV (5)F (5)S(s)FT ()R (5) 1 =
d
;{Tr[C(s,i)S(s,i)CT (5,0)] + Tr[RY?(s,i)F (s,i)S(s,i)FT (s,i)R"?(s,i)]}.

Using the properties of the trace together with (2.16) we have

IC(5)S(5)CT (5) oo + IR (5)F (5)S(s)F " (5)R'2(s5) |
< (CT(s)C(s) + FT($)R()F (5),S(s))-

Applying Lemma 5.1.1 we may write (5.1), verified by the bounded and
positive semi-definite solution X, in the form

(5.92)

%X () + Lasprm;, ()X ()] +CT (5)C(s) + FT (s)R(s)F (s) = 0.

Thus we obtain

(CT (5)C(s) + FT (s)R(s)F (s),5(s))
== <%X(s)vs(5)> ’C;;JrBF,l‘l;( )X ()], S(s) (5.93)
= —(£X(5).5(s)) = (X(5), Larsrm; (5)[S(5)] '

From (5.92), (5.93) we get

/ [IC@SECT (Ol + IR0 F()SEFT (R ()] ds
< (X(10), S(10)) — (X(1),5(0)).

Taking into account that (X (7),S(¢)) > 0 fort > g and || X (¢)|| < p forallt € Z
where p > 0 is a constant not depending on ¢, we obtain

[ (1S @l 1R F (ISP (R (5] ds < pll-

(5.94)
for t > ty. From (5.87), (5.90), and (5.91) we have

YOl < e+ By (145 ) [ IS 0

fp

+ RV (s)F (5)S(s)F" (s)R"2(5)]|..] ds
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which leads to
T ﬁ o(t—s) T
[ roledc< Cialepy (145 ) [ [ e lcwsec o)l
0
+||R"? (s)F(s)S(s)FT(s)Rl/Z(s)HM} dsdt.
Changing the order of integration and invoking (5.94) we obtain
T ﬁ 1
¥ (0) e < |1+ (1 ) 70| 1]l = 8]l
0
Taking the limit for T — oo we deduce
/ 1Y ()|lwdt < S|H| forall €T, HeSL,,
fo
where § is independent of 7y and H. From (5.89) it follows now that

/ IS()|lwd < 8||H||. forall e, HESY,.  (5.95)
T

Taking H = J¢ the last inequality becomes:

/ 1T (5, 10)J|odis < &
fo

for all to € Z, T (s,p) being the linear evolution operator on S¢ defined by the
linear differential equation (5.84). Further from Corollary 2.6.2 we obtain

[ IrGlds < 6 (5.96)
fo
for all 7y € Z. Applying (2.93) we deduce from (5.96) that

/ 1T (s,10) | ds < &

J1y

for all 1y € Z where 6 is a constant not depending upon #. Using implication
(iii) — (i) of Theorem 2.7.4 we deduce that the zero solution of (5.84) is
exponentially stable. This completes the proof of part (a).

Let us consider the general case when L(#,i) # 0. Let X be a bounded and
positive semi-definite solution of the GRDE (5.1). Applying Lemma 5.4.5 for
W (t) = —R~'(¢)LT (t) we obtain that X is a bounded and positive semi-definite
solution of the equation
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()+£;§ sty (DX O] +CT(1)C(t) + Ty (1)[X (1)]
_{x )+1‘[12W(t)[X( HR(1) + T (1) [x ()]}
<{X(1)B(t) + 11 <>[X<>]}T—o,

(5.97)

where Iy (¢) is defined as in (5.6),

Miow (1) := Mz (1) = LR ™ (1) (1)
and

CT(1)C(t) = M(t) = LR (1)L (1).

Equation (5.97) is an equation of type (5.1) with L(z) = 0. Applying the first
part of the proof we deduce that X is a stabilizing solution of (5.97). Let

F(t) = —{R(O) +TLO)X (0]} {X(0)B() + Taw (0)[x (1))}

be the stabilizing feedback gain associated with the solution X regarded as a
solution of (5.97). Then it is easy to see that F'(t) — R~ (¢)L” (t) = F(t), where
F(t) := FX(t) is defined as in (5.12). Hence,

A(t) =B(OR Y()LT (1) + B(t)F (1) = A(r) + B(1)F (1),

j 13"
() (5 )H < o) (o)
F(t,i) 0 In R™ ltzLTzz)Im F(t,0)

T
- (F(’;’,l.)> () X)) <F(IZ ,->> =T ()[X](0).

These facts allow us to conclude that X is a stabilizing solution of (5.1) and the
proof ends. o

Remark 5.5.2. Assume that the quadruple X = (A, B, 11, Q) satisfies 0 € T'*. Then
any bounded and positive semi-definite solution X : Z — S, + of (5.1) is a stabilizing
solution, and we have X (¢) > 0 for t € Z. Indeed by using (5.11) with W = FX,
together with Theorems 2.3.12 and 2.3.13, we conclude that the above assertions
hold.
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Theorem 5.5.3. Assume that the quadruple £ = (A, B,I1, Q) satisfies the following
assumptions

(a) 0€T%;

(b) (A,B,T0) is stabilizable.

(c) (C,LA—BRLT TI},) is detectable where Tly is defined as in (5.6) for W(t) =
—RYt)LT (t) and C is such that CT (t)C(t) = M(t) — L(t)R™ (t)LT (¢).

Then (5.1) has a unique bounded solution X : T — Sf | which is stabilizing.

Proof. Based on Theorem 5.5.1 we deduce that (5.1) has both a bounded maximal
solution X and a bounded minimal positive semi-definite solution X such that X (1) >
X(t) > X (1) > 0 for all t € Z, where X is an arbitrary bounded and positive semi-
definite solution of (5.1). Applying Lemma 5.5.2 it follows that both X and X are

stabilizing solutions.
From the uniqueness of the stabilizing and bounded solution of (5.1) we conclude

that X (t) = X(t) for all t € T and thus the proof is complete. O

Remark 5.5.3. As we have seen in Theorem 5.5.1 equation (5.1) has two remarkable
bounded solutions, namely X:T— Sff , which is the maximal solution, and X : 7 —
S¢, which is the minimal solution in the class of all bounded and positive semi-
definite solutions of (5.1). Theorem 5.5.3 shows that under the assumption of
detectability these two solutions coincide. However in the absence of detectability
these two solutions may be different (see the illustrative example from Sect. 5.6.4).
If in addition to the assumptions of Theorem 5.5.3 we assume that 0 € I'’*—which
is equivalent to Q(t) > O—then X > 0. This follows immediately from Theorem
2.3.13 (iv) and formula (5.11) with X := X and W := FX.

5.6 Systems of Generalized Riccati Equations
on the Space S¢

5.6.1 Preliminaries

In this section we study systems of nonlinear matrix differential equations of the
form:

LX(t,0) + AL (6, 0)X (t,0) + X (t,0)A0(t,1) + Ty AT (8,0)X (t,0)Ax(t,1)
+ 391 qiX (¢, ) — (X(1,0)Bo(1,) + Xp_, AL (1,0)X (f i)By(t,1)
+L(t,0))(R(t,i) + Xy Bf (6,0)X (¢,)By(1,0)) ' (BY (¢,0)X (¢,1)+
Z,ﬁle{(t,t) (t,0)Ax(t,i) + LT (t,i)) +M(t,i) = O.

(5.98)

wheret — Ay (¢,i): T >R t = By (t,i) : Z >R 0<k<rt—M(t,i): T —
Sp,t = L(t,i): T — R t — R(t,i): T — Sy, i € D are bounded and continuous
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matrix valued functions. 7 C R is a right unbounded interval. The elements g;; of
the matrix Q verify only the weaker assumption ¢;; > 0 for i # j. The assumption
Z?:l gij = 0 will be used only for the results referring to stochastic observability and
detectability. If Ay (¢,i) = 0, By (t,i) = 0, 1 <k <r, (t,i) € T x D the system (5.98)
becomes the system of Riccati-type equations intensively investigated in connection
with the linear quadratic problem for linear stochastic systems with Markovian
jumping. In the particular case D = {1} the system (5.98) reduces to:

GX (1) + AT ()X (1) + X (1) Ao (1) + Zi_y AL (1)X (1) A (1)
—(X(1)Bo(1) + k=t AL ()X (1)Bi(1)

+L(1)) (R(r) + Xk B ()X (1) B (1))~ (B (1)X (1) +
Yic1 BLOX(OA() +LT (1) +M(1) =0, 1 €T

(5.99)

where we denoted Ag () = Ao (7,1) + %q“lmAk (1) =Ap(t,1), 1 <k <1 Bi(t) =
Bp(t,1),0 <k <r, M(t) =M(t,1),L(t) =L(t,1),R(t) = R(t,1). If Ax(t) =
0,Bc(t) =0,1 <k <nrteZ (599) becomes the well-known matrix Riccati
differential equation intensively investigated in connection with various types of
control problems in the deterministic framework.

In this book the system (5.98) and its particular form (5.99) will be called
SGRDE.

Remark 5.6.1. (i) The SGRDE (5.98) is a special form of SGRDE (5.1) for the
case D = {1,2,...,d}. Therefore, in this section we shall apply the results
derived in the previous sections to obtain necessary and sufficient conditions for
the existence of the maximal solution, stabilizing solution and minimal solution
of SGRDE (5.98) and its special form (5.99).

(i) In the developments of the previous sections, the GRDEs (5.1) are defined by
the quadruple X = (A, B,I1, Q). In the special case of SGRDE (5.98) regarded
as a special form of (5.1) the operator I(z) is the one described in (5.5) while

1
A(t,i) = Ao(t,i) + S il (5.100)
B(t,i) =By(t,i),1 <i<d,teT.

Hence, in the special case of SGRDE (5.98) the triple (A,B,IT) may
be identified with the triple (A,B,Q) where A = (Ap,Al,...,A,),B =
(B(),B] b ,Br), 0= (q:'j)i,jED- Heret —)Ak(l‘):(Ak(t, 1),Ak(t,2), ... ,Ak(l‘,d)) :
T — Mt — Bi(t)=(Bi(t,1),Bi(t,2),...,Bi(t,d)) : T — M2, . This allows us
as every time when we refer to SGRDE (5.98) to say without loss of generality
that this kind of Riccati differential equations are associated with a quadruple

Z = (A7B7Q7 Q).
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Lemma 5.6.1. If (A,B,I) is the triple described according to (5.5) and (5.100),
then the following are equivalent

(i) The triple (A, B,I1) is stabilizable in the sense of Definition 5.3.2.
(ii) The triple (A,B,Q) is stabilizable in the sense of Definition 4.1.2 (a).

Proof. According to Remark 5.3.2, the triple (A, B,T1) is stabilizable if and only if

there exists a bounded and continuous function F : Z — M such that the operator

valued function L4, grr=(+) generates an exponentially stable evolution on S{f .
E

We have

Laspr (0[X](0) = (Ao(r,1) +Bo(t,i)F (1,1))X (i) + X (i) (Ao (1, ) + Bo(t, ) F (1,0)" +

(Ak(2,0) +Be(t,0)F (1,0) X (i) (Ax (1,) + By (1,0)F (1,0)) " = (L (1)X) (i)

M\

d
Y qiX(j)+
=1

k=1

foralli € D,X = (X(1),X(2),...,X(d)) € §¢. So, we have obtained that

Laiprn (1) = Lr(1) (5.101)

LF(r) being the linear operator introduced via (4.2).
The equivalence of the assertions in the statement follows employing (5.101),
Remark 5.3.2 and Definition 4.1.2 (a). a

Using the conventions of notations established in Sect.2.6.1, the system of
differential equations (5.98) may be written in the following compact form on the
space S¢

%X(t) + LX) =P 6, X)) R, X(1))P(t,X (1)) +M(t) =0, (5.102)

L*(1) being the adjoint operator of £(¢) defined as in (2.124)

X = P,X): S M,
P, X) = (Pi1(t,X), Po(t,X), ..., Ps(t,X)),
P;(t,X) = B (1,)X (i) + i BE (1,)X (0)Ax(1,1) + LT (1,0)
k=1
X = R(t,X): 81 = 8% by
R(,X) = (Ri1(£,X), Ra(2,X), ..., Ra(t,X)),
Ri(t,X) = R(t,i) + iB,{(t,i)X(i)Bk(t,i),
k=1
M(t) = (M(t,1), M(1,2), ...M(t,d)) € SI.

If the coefficients of (5.98) do not depend upon ¢, then the operators £,P, R are
also independent upon ¢. In this case we shall use the following algebraic nonlinear
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equation over S¢

LX —P*(X)RNX)P(X)+M=0. (5.103)
Let us remark that (5.102) is defined on the set

l"z{(t,X)eIxS,‘f\detR[(t,X)yéO,VieD}.

Now we recall the definitions of the dissipation operator A* and of the sets
I'*, T'% introduced in Sect. 5.1 updated with the notations introduced in connection
with (5.102).

IfX:7— Sff is a C! function, we denote

_[@x (f,l)+ﬁ* 1) (X (1)) +M (2,i) P (1,X (1))

AF (X (1)] Pi(1,X (1)) Ri(1,X (1))

which will be called the dissipation matrix, where

L) (X (1) = (£ (0) X (1)) (D),

L* (¢) being the adjoint operator of the Lyapunov operator £(¢) with respect to the
inner product (2.16) and P;, R; are defined above related to (5.102). We shall also
denote

A ()X (0] = (AT O X (O], .., AF () [X (1)]) € Sl

To a quadruple X = (A, B, Q, Q) we associate the following two sets of C! functions
which will play an important role in the next developments:

r= {XeCh(ISd)MZ( % (£)] > 0, R (¢, ())>>0,teI,ieD} (5.104)

and

= {X ec) (I,S;j) IAE()[R )]} >0,1eT,ie D} (5.105)

where C} (Z,8¢) = {X € C'(Z,S,)|X, 4X are bounded functions }.

Remark 5.6.2. Excepting some particular cases which will be displayed later, we
do not make any assumption concerning the signature of the matrices Q (t,i) in
(5.3) and R(z,i). As we shall see in the next developments an important role in the
characterization of SGRDE (5.98) is played by the sign of the expression

Ri(t,X (1)) =R(t,i) + i BY (1,i)X (t,i) By (t,0) .
k=1
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In this chapter we consider only the case R; (f,X (f)) > 0 because this is the case
required by the quadratic optimization problem. In Chap. 8 the case R; (¢, X (¢)) <0
will be considered in connection with some Bounded Real Lemma type results.

5.6.2 The Maximal Solution of the SGRDE

The notion of the maximal solution of SGRDE (5.98) is similar to the one introduced
for the GRDE (5.1) (see Definition 5.3.1).

Theorem 5.6.2. Assume that (A,B;Q) is stabilizable. Then the following are
equivalent:

(i) The set T is not empty;
(ii) The SGRDE (5.98) has a bounded maximal solution X : T — S,‘,i which verifies

Ri(t,X (1)) >0,t €Z,i€D. (5.106)

Moreover if the coefficients of the SGRDE (5.98) are 0-periodic functions then
the maximal solution X (t) is a 0-periodic function too. If the coefficients of
(5.98) do not depend upon t, then the maximal solution X (t) is constant and it
solves (5.103).

Proof follows directly from Theorem 5.3.5.
Corollary 5.6.3. Assume that

(a) (A,B;Q) is stabilizable;

(b) R(t,i) > p*Ly, (1,i) €I xD.

(c) M(t,i)—L(t,)R™(¢,i))LT (¢,i) >0, (t,i) €I xD.

Under these conditions (5.102) has a bounded solution X (t) > 0. Moreover X (t) >
X(t) for any bounded and semipositive solution X (t) of (5.102).

Proof. Under the considered assumptions X (¢) = 0 solves the differential inequality
AZ(t)[X ()] >0, (t,i) € Z x D and thus we obtain 0 € I'>. Therefore the assump-
tions of Theorem 5.6.2 are fulfilled. O

With the same technique as in Theorem 5.6.2 we may prove the following dual
result.

Theorem 5.6.4. Assume that
(a) (A,B;Q) is stabilizable;
(b) The differential inequality

A*(1)[X(1)] <0, (5.107)
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LX)+ L)X () +M(t) P*(t,X (1))
AOBROI= "0 x0) RX(1))

has a bounded solution X (t) which verifies
R(t,X(1)) < 0. (5.108)

Under these conditions the differential equation (5.102) has a bounded solution
X (t) which verifies X (t) < X (t) for any bounded solutions X (t) of the inequality
(5.107) which satisfies (5.108).

5.6.3 Stabilizing Solution of the SGRDE

In this subsection we investigate some aspects concerning the stabilizing solution of
the SGRDE (5.98). First we show that the SGRDE (5.98) has at most one bounded
and stabilizing solution. The uniqueness of the stabilizing solution is proved
without any assumption concerning the sign of R; (¢,X (¢)). Further we provide
a necessary and sufficient condition which guarantees the existence of the bounded
and stabilizing solution of (5.98) satisfying the additional condition (5.106).

Definition 5.6.1. A solution X : Z — S? of (5.98) is called stabilizing solution if it
has the following properties:

(a)

,
inf R(t,i BT (¢t.)X(t,i)B ] € D.
i derlR(,0)+ 30 BE 0.0 (1081, ]| >0, i<

(b) The system
(Ao+BoF,A|+B\F,...,A,+B,F;Q)

is stable in the sense of Definition 2.7.1, where
F(t) = (F(t,1), F(1,2), ..., F(t,d)), (5.109)

Ft.i) = —[R(i)+ 3 BE(1.0)K (1, 0)Be(t. )~ [Bo(r. DR (1)
k=1
+ 2 B (1,)X (1,0) A (t,1) + LT (1,1)).
k=1

Remark 5.6.3. (a) The condition (a) in Definition 5.6.1 is assumed in order to be
sure that the stabilizing feedback gain in (5.109) is bounded if X () is bounded.
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(b) If the scalars g;; satisfy the additional condition 2?:1 gij = 0foralli € D, then
the solution X(¢) of the system (5.98) is a stabilizing solution if the control
u(t) = F(t,n(t))x(t) stabilizes the system

dx (1) = [Ao (1, (1)) x (1) +Bo (1,1 (1)) u (1)} dt
i [Ak (1,11 (£)) x (1) + Bic (6,1 (1)) u (£) dwy (¢) -

(c) Employing Remark 5.4.1 (b) together with formula (5.101) written for F (1)
instead of F(¢) we obtain that the solution X (¢),¢ € T is stabilizing in the sense
of Definition 5.6.1 if and only if it is a stabilizing solution of SGRDE (5.98)
regarded as a special form of (5.1) in the sense of Definition 5.4.1. This fact
allows us to use the general results from Sect. 5.4 to derive similar results for
the stabilizing solution of SGRDE (5.98).

Theorem 5.6.5. (i) The system of generalized matrix Riccati differential equa-
tions (5.98) has at most one stabilizing and bounded on I solution.

(ii) If the coefficients of the system (5.98) are O-periodic functions, then the
stabilizing and bounded solution X (t) (if it exists) is @-periodic function too.

(iii) If the coefficients of the system (5.98) do not depend upon t, then its stabilizing
and bounded solution X (t) is constant and solves the following system of
nonlinear algebraic equations

A§ DX (D) +X (D) Ao (i) + Zj_ AT
—(X(i)Bo(i) + Xi—y AL (DX (D)Bi (i) + L)) (R(i)
+ i1 BLOX (0)Bi(0) " (Bf (DX (i)

+ i BLOX (DA () + LT (i) +M(i) =0, i€ D

(DX (ALD) + 510X ()
( (5.110)

Proof. (i) Let us suppose that the differential equation (5.98) has two bounded and
stabilizing solutions, X; : Z — S,‘f,l = 1,2; hence, the systems (Ao + BoFj,A1 +
B\F},...,A, + B,F;;0),l = 1,2 are stable, the stabilizing feedback gain being
defined as in (5.109). By direct computation we obtain that:

%Xl([ﬂ.) + [AO(tai) +BO(tvi)Fl (tai)]TXl(tvi) +Xl(t’i)[A0([7i)
+Bo(t,0)Fa(t,i)] + X5 [Ak(t,1) + By (t, i) Fi (¢,)) T X, (2,0)
X [AR(1, 1) + B (1, i) Fa (t,0)] + X9_y qiiXi (¢, ) + F (1,0)R(2, 1) Fa 1, 6)
+M(t,i)+L(t,i)Fa(t,i) + F[ (t,i)LT (,i) =0

1=1,2;ieD, tel.

Set X(t,i) = Xi(t,i) — Xa(t,i), i € D, t € T and obtain that X(t) =
(X(t,1),...,X(t,d)) is a bounded solution of the system:
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LR (1,1) + [Ao(t,0) + Bo(t, i)Fy (1,0)]T X (t,1) + X (1,1)[Ao (¢, i)
+Bo(t,0)Fa(t,1)] + Xh_ 1 [Ak(t,7) + By (t,0) Fi (¢,1)]" (5.111)
X (t,0)[Ac(t,i) + Bi(t,0) Fa(1,0)] + X9, qijX (¢, /) =0,

(
(
ieD, t €I Itis easy to see that (5.111) is equivalent to the following linear
equation on SY :

—X,(t) + L:()X,(t) =0 (5.112)

where £,(t): 8¢ — 8} ,ieD,teT

N At D)+ Bi(t,i)Fi (i) 0
Ak’e(t,l) o ( ' 8 1 Ak(t,l')—|—Bk(t,l')Fz(l‘,i))7
k=0,1,...r.
oo [0 X(t,0)
Xelt1) = [;2(:,1') 0 }

From Theorem 2.7.4 we deduce that there exist the C' functions Ki:T—
S? K i(t) > 0 which are bounded on Z and verify the linear differential equations

Ki(t)+ L5()K;(t)+J1 =0, j=1,2.

di
where £ ; are the Lyapunov operators associated with (Ao + BoFj,...,A, + B,Fj;Q),
j=12.SetK.(t) = (Klo(t) Ko(t) ) . It is easy to see that K, (r) is a solution of the
2

linear differential equation on S5,

%K40+Lxgmmy+ﬁd:0 (5.113)

where, by definition J2¢ = (J24(1),...,J%4(d)) with J*(i) = (I(;‘IO) From
n

Theorem 2.7.4 (v)—(i) we conclude that the augmented system (Ao, -..,Are; Q)
is stable. Applying Theorem 2.7.5 we deduce that (5.112) has a unique bounded
solution. Therefore X, (¢) = 0 and hence X, (t,i) = X(¢,i) for all (¢,i) € Z x D, and
the proof of part (i) is complete.

(i) Let X(¢) = (X(#,1),...,X(t,d)) be the bounded and stabilizing solution of
(5.98). According to Remark 5.6.3 (c) it follows that X (¢) is the stabilizing solution
of SGRDE (5.98) in the sense of Definition 5.4.1. Then, applying Theorem 5.4.3 we
obtain that X (¢) is periodic of period 6.
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The assertion (iii) follows directly from Corollary 5.4.4. O

A result concerning the existence of a stabilizing solution of SGRDE (5.98) is
given by the next theorem.

Theorem 5.6.6. The following are equivalent:

(i) The triple (A,B;Q) is stabilizable and it exists a C' function X : T — 84
bounded, with bounded derivative such that the differential inequality

-~

AZ () [X (1)] > 0; (5.114)

is satisfied.
(ii) The differential equation on S,‘f (5.98) has a bounded on I and stabilizing
solution X (t) which satisfies R(t,X(t)) > 0,t € T.

Proof follows directly from Theorem 5.4.6.

Corollary 5.6.7. If the SGRDE (5.98) has a stabilizing and bounded on I solution
X which verifies (5.106), then X (t) is the maximal solution with respect to = of
(5.98).

Proof. Suppose that (5.98) has a stabilizing and bounded on Z solution X which
satisfies (5.106). Then by Theorem 5.6.6 it follows that the assumptions of
Theorem 5.6.2 are fulfilled. Therefore there exists a bounded solution X of (5.98)
with the maximality property as in Theorem 5.6.2. The conclusion follows now
applying Theorem 5.4.1 and thus the proof is complete. ad

The counterpart of the above theorem for the periodic case is the following.

Theorem 5.6.8. Assume that the coefficients of (5.98) are O0-periodic functions.
Then the following are equivalent

(i) (A,B;Q) is stabilizable and the differential inequality (5.114) has a 0-periodic
solution.

(ii) Equation (5.98) has a stabilizing 0-periodic solution X (t) which verifies
(5.1006).

Proof. (i) — (ii)) Applying Theorem 5.6.6 (i) = (ii) we deduce that (5.98) has
a stabilizing and bounded on Z solution X(¢) which verifies (5.106). Using
Theorem 5.6.5 (i) we conclude that X (¢) is a 8-periodic function too.
(i) — (i) follows from the implication (ii) — (iii) of Corollary 5.4.7 together with
Lemma 5.6.1. a
With the same proof as in the previous theorem we get the time-invariant
counterpart of Theorem 5.6.6.

Theorem 5.6.9. Assume that the coefficients of (5.98) do not depend upon t. Then
the following are equivalent

(i) The triple (A,B;Q) is stabilizable and it exists Xe 8¢ such that A* <)?) >0
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(ii) The system of generalized Riccati algebraic equations (5.110) has a stabilizing
solution X which verifies R; ()?) > 0forallieD.

Remark 5.6.4. (a) From Corollary 5.4.9 and Lemma 5.6.1 we may conclude that if
Ai(+,0),Bi(+,i), k = 0,1,...,r, are continuous O-periodic functions and the
triple (A,B;Q) is stabilizable, then there exists a stabilizing feedback gain
F(t)=(F(t,1), ...,F(t,d)) which is 6-periodic function too. Also, if A(t,i) =
A (i), Bi(t,i) = By (i),k=0,1,...,1, (t,i) € Z x D, and (A,B; Q) is stabilizable,
then there exists a stabilizing feedback gain, F = (F(1), ... F(d)). Therefore we
may infer, without loss of generality, that in the case of periodic coefficients the
triple (A, B; Q) is stabilizable, if and only if there exists a stabilizing feedback
gain F(t) which is 8-periodic function; in the time invariant case the triple
(A,B; Q) is stabilizable if and only if there exists a stabilizing feedback gain
F = (F(1), ...F(d)) not depending upon ¢.

(b) Combining the result in Corollary 5.4.9, Lemma 5.6.1 and Remark 4.1.4 we
may conclude that if Ag(-,i),C(+,i),k = 0,1,...r, are O-periodic functions
defined on R x D, then the triple (C, A; Q) is detectable if and only if there exists
a stabilizing injection K (#) which is continuous 6-periodic function. Also, in the
time invariant case the triple (C,A; Q) is detectable, if and only if there exists a
stabilizing injection K = (K(1), K(2),...,K(d)) € M¢ .

5.6.4 The Minimal Solution of the SGRDE

In the following we focus our attention to the case when the coefficients of the
SGRDE (5.98) (and equivalently of (5.102)) satisfy the additional conditions of type
(5.74).

From (5.104) we see that conditions (5.74) are equivalent with the fact that
X (t) = 0 belongs to I'>. We start presenting several results with interest in
themselves which follows immediately from the general results proved in Sect. 5.2.

Lemma 5.6.10. Assume that (5.74) holds. Then

(i) Let X : ) CT — S,‘f be a solution of (5.98). If there exists T € 11 such that
X(1,i) > 0,i € D, then X(t,i) > 0 forallt € T; N (—eo, 1].
(ii) Let X : T, C T — Sf,)vf L1 CcI— S,‘f be two solutions of (5.98).
If there exists T € Ty such that X (t) > X(t) > 0, then X (t) > X (t) for all
t €T1N(—oo,1].

Proof. (i) follows directly applying Theorem 5.2.2.
(ii) is obtained applying Theorem 5.2.1 to SGRDE (5.98) regarded as special case
of (5.1) and taking Q(¢) = O(r). O
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For each 7 € 7 we denote X;(-) the solution of (5.98) which verifies the condition
X:(7,i)=0, ieD.

Proposition 5.6.11. Assume that (A,B; Q) is stabilizable and the conditions (5.74)
are fulfilled. Then

(i) For each t € I, the solution X.(-) is defined on I N (—e, ). Moreover there
exists ¢ > 0, such that 0 < X;(t) < cJi. Vi<t tel.
(ii) Xy (1) <Xp)(t) VI< T <T, tE€T.

Proof. (i) The fact that + — X(¢) is well defined and X (¢) > 0 for all ¢t <
T,t € T follows from Corollary 5.2.3. Since (A,B;Q) is stabilizable, there
exists FO: 7 — an’n continuous and bounded function, such that the system
(Ao +BoF° Ay + B1F°,... A, + B,F°;Q) is stable. Let X°(¢) be the unique
bounded on Z solution of the affine Lyapunov-type differential equation

%x%) Lh (X0 + M) = 0

where MO(t) = (M°(t,1),M°(¢,2),...,M°(t,d)),
MO (2,i) = M(t,i)+L(t,))FO(t,i)+ (F°(¢,0))TLT (¢,i) 4+ (F°(r,))TR(¢,i)F°(1,i).

Since (5.74) is fulfilled we obtain that M°(r) > 0, t € Z. Hence by Theo-
rem 2.7.5 there exists ¢ > 0 such that 0 < X°(¢) < ¢J? for all t € Z. By direct
computation we obtain that X°(r) — X (¢) verifies the affine differential equation
of Lyapunov-type

8 X00) Xe(0) + L3 VX0 X))+ =0, G119

t € Z,t < twhere M°(t) = (M°(t,1),M°(¢,2),...,M°(t,d))
Mo(tvi) = (Fo(tai) 7FT(t7i))TRi(t7XT(t))(FO(t7i) 7F‘L'(t7i))7
(t,i) € T x D,t < T where Fy(t) = FX*(¢t). Since X;(t) > 0 we get M°(t) >
0,reZ,t<1.
From (5.115) we deduce that
X0(t) =X, (1) >0 (5.116)

Vt € Z,t < T whichleads to 0 < X;(¢) < X°(t) <cJd, V€Tt <.
(ii) follows immediately from Lemma 5.6.10 and the proof is complete. a

Now we have the following result.
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Theorem 5.6.12. Assume that (A,B;Q) is stabilizable and the conditions (5.74)
are fulfilled. Under these assumptions the SGRDE (5.98) has two bounded solutions
X:T 8% X:T— S with the property X (t) > X (t) > X (t) >0 forallt € Z, X (¢)
being any bounded and positive semidefinite solution of (5.98).

Proof. follows applying Theorem 5.5.1 to the SGRDE (5.98). a

To solve the linear quadratic problems, a crucial role is played by the minimal
solution, stabilizing solution, respectively, of the following system of matrix
nonlinear differential equations

DX (,0) + AT (t,0)X (8,0) + X (1,0)A0(t,1) + Sy AT (1,0)X (¢,1)Ax(t, 1)
+2?:1qin(t,j)f[X(t,i)B()(t,l')+212:1A]{(t,l')X(t,l) ( 7’)] (5.117)
X [R(t,0) + X5y B (¢,0)X (t,0)By(t,i)] ! '
X [BY (t,0)X (t,i) +Xj_; BE (,0)X (t,0)Ax(t,i)] + C§ (,i)Co(t,i) = 0

t > 0,i € D where R(t,i) = DJ (t,i)Do(t,i), T = R.

Remark 5.6.5. Itis worth mentioning that under the assumption 0 € I'* the SGRDE
(5.98) may be rewritten as a system of coupled Riccati differential equation of type
(5.117). Indeed, applying Lemma 5.4.5 to (5.98) regarded as a GRDE of type (5.1)
with the operator I1(¢) described in (5.5) and A(z),B(¢) given in (5.100) we obtain
that X (-) is a solution of SGRDE (5.98) if and only if it is a solution of the following
system of Riccati-type equations

LX(t,1) +[Ao(t,i) +Bo(t, i)W (t,i
+ X [Ar(r ) + Bi(r, )W (2,0)]"
—(X(7,0)Bo(z, l)+2k 1 (Ax(2,1)
X [R(t, l)Jer B (2,0)X (¢,0) By (t,1)] 1 [BE (2,
+ 3 B (6,0)X (2, )(Ak(tvl) Bk(f nW(t,i))]
FM(t,i) — L(t,i))R™\(t,0)L7 (¢,i) =

17X (t,i) +
(D) [Ax(t,
By (t,))W(t,
7By

><v

X(t,1)[Ao(t, )+ Bolt,)W (1, 1)]

D)+ Bi(t, ()W (1,0)] + X9, i X (¢, )
)) X( 7Z)Bk(tai))

i (5.118)

A+

k

i € D, where W(t,i) = —R~(t,i)L” (t,i). It is clear that the SGRDE (5.118) with
Do(t,t) R'2(1,i), Co(t,i) defined via the factorization C, (t,i)Co(t,i) = M(t,i) —
L(t,i)R™(¢,i)LT (¢,i) and Ag(t,i) + Bi(t,i)W(t,i) replaced by A(t,i) is of type
(5.117).

The next result will be used in the following developments.
Lemma 5.6.13. Assume that

(a) There exists p > 0 such that Dg (t,i) Do (t,i) > ply forallt > 0,i € D.
(b) The triple (Co,A; Q) is detectable.
(c) The elements of the matrix Q verify q;; > 0,i # j,i,j € D.

Under these assumptions any positive semidefinite and bounded solution of the
system (5.117) is stabilizing.
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Proof. If (Cp,A;Q) is detectable, then there exists a bounded and continuous
function K : R, — M? » such that the operator valued function LK(.) generates an
exponentially stable evolution where (£X (£)X) (i) = (Ao(t,i) + K(t,i)Co(t,i))X (i) +
X (i)(Ao(t,i) + K(,i)Co(t,i))T + Xp_; Ax(t, )X (D)AT (,i) + 2?:1 qjiX(j). A direct
calculation leads to

(LE()X) (i) = (A(t,i) + K (t,i)Co(t, )X (i) + X (i) (A(t,i) + K (t,0)Co(t, 1))
d : p N AT (0 . (5.119)
+ X1, 4iX () + 2oy Ak (8, DX (DA (8,0) := Lagkcym; () [X](0),
where A(r,i) = Ao(t,i) + 1/2q;l, and IT;(r) is the adjoint of the linear op-
erator X — T (1)[X] : 8¢ — S? defined by II;(1)[X](i) = ZleJﬁqin(j) +
i Ar(t,i)TX (i)Ax(,i) which coincides with the element (1,1) of the operator
I1(¢) described in (5.5) in the case D = {1,2,...,d}. Employing (5.119) and the
Definition 5.5.1 we may conclude that (Cp,A;Q) is detectable in the sense of
Definition 4.1.2 (b) if and only if the triple (Cp,A;I1;) is detectable in the sense
of Definition 5.5.1. The conclusion follows applying Lemma 5.5.2 in the case of
(5.117) regarded as a special case of GRDE (5.1) thus the proof ends. a

Proposition 5.6.14. Assume that

(a) DE(t,i)Do(t,i) > pl, for all (t,i) € Ry x D

(b) The elements of the matrix Q satisfy q;; > 0 if i # j,i,j € D and Z?Zlq,-j =
0,ieD.

(c) (Co,Ap,ArL,...,As;Q) is uniformly observable.

Then if K is a positive semidefinite and bounded on R solution of system (5.117)
we have

(i) K is uniform positive;
(ii) K is a stabilizing solution.

Proof. Let K be a positive semidefinite and bounded on R, solution of system
(5.117). Set

FK (tai) = _R:1 (taK(t))Pi (t7K(t)) ’
A (1,1) = Ag (t,i) + By (t,0) Fx (t,i), 0<k<r
and X (¢,70) be the fundamental matrix solution associated with the linear system

dx(t) = Ao(t, () x(0)dt + 3 Aelt.1(0))x(0)dwi ).
k=1

We have to prove that (go,g] . _Xr; Q) is stable.
Let 7 > 0 and 8 > O verifying the inequality in Proposition 4.2.1. Define
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T
G(t,i) = E[/, X7 (5,0)[C5 (5,1(5))Co(s, M (s)) + FX (5,1(5))R(5,n(s))
% Fi (5,1 ()X (5,0)dsn(6) = i, = 0, i € D).
We shall prove that inf{x? G(t,i)x; |x| = 1,£ > 0,i € D} > 0. Suppose on the contrary
that for every € > 0 there exist x¢ € R",|x¢| = 1, > 0 and iz € D such that

xLG(te,ig)xe <&
Let x¢(t) = X (t,1¢ )xe and ug (1) = Fx(t,1(2))xe(¢). We can write

€ > xL G(tg,ig)xe > E UteJrT S(OR(1,M(1))ue (t)dt N (te) = ie]
> SE [ ti£+1|u8( 1)[*dt|n (te) = ie |

with some & > 0. On the other hand, x¢(r) = ®(¢t,ts)xe + £(2), ¢ >t where
Xe(te) =0 and
dxe (1) = (Ao(r,n(1))xe () +Bo(t,n (1) Jue (1)) dr

o7,

,
Z [Ax(t,1(0))xe (1) + By (1,1 (1)) ue ()] dwi ().
Hence, by Remark 3.6.1 it exists }p > 0 such that

B () Fintee) =ie] <308 | [ lusto)PainGe) =i | < dve
Further, we can write
> XL Glte,ehxe > E [ ¥|Cot,n(0) e (1) Pt r0) = i
= E [ ICo (e, m(0) @ te)xe + Colt, (1)) () P (r0) = i
> LB ([ Colen(0)(t t0)we Pt 1) = i
B[ Colt,n(0)%e () P ) = i
B—Se &>0.

v
NI

Thus we get a contradiction, because 3 > 0. Hence, there exists 3; > 0 such that
G(t,i) > Bil,, t > 0,i € D. Applying the identity (1.6) to the function v (¢,x,i) =
xTK (¢,i)x and to the system

dx(1) = Ao (1,0 (1) x(0)di + 3, A (1,1 (1)) x (1) dow 1)
k=1

and taking into account (5.117) for K (z,i) we get
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BE|XT(t+1,0K(t+1,n(t+17)X (4 7,0)|[n (1) = i| x0 — K (t,1)x0 =
—xrG(t,i)xg, t>0,x €R" i€D.

Therefore
B ‘XQ|2 < ng(t,i)X() < ﬁ2|x0\2, t>0,ieD,xp e R"

Thus K is a uniform positive function and
E [?T(t+r,t>1<(t+ Tn(t+1)X(t+1,0n() = z} < (1 - ) K(t,i).

By virtue of Theorems 3.1.1 and 3.3.8 it follows that (20721 yes .K,; Q> is stable and
thus the proof is complete. a

Theorem 5.6.15. Assume that

(a) Either the assumptions of Lemma 5.6.13 or the assumptions of Proposition
5.6.14 are fulfilled.
(b) The triple (A,B; Q) is stabilizable.
Then the Riccati-type system (5.117) has a unique positive semidefinite and
bounded on R solution. Moreover this solution is stabilizing.

Proof. The proof follows immediately from Theorem 5.6.12, Proposition 5.6.14,
Lemma 5.6.13, and Theorem 5.6.5. O

In the particular case when D = {1}, the system (5.117) becomes

X (1) AT ()X (1) + X (1)Ao(1) + Zf_y AT (1) X ()AL (1)
_[X(t)BO(t)+ZI};=1AIZ(Z‘)X(Z‘)B/€(Z‘)] (5 120)
X [R(t) + Xh_y BE(1)X (1) Bi(1))] ! '
< [BY ()X (1) + Xi—y B ()X (1)Ax(1)] + CF (1)Co(r) =0

A direct consequence of Theorem 5.6.15 is the following corollary.

Corollary 5.6.16. Assume that

(a) There exists p > 0 such that DY (t) Dy (t) > pl for all t > 0.
(b) The pair (A,B) is stabilizable.
(¢) The pair (Co,A) is either detectable or uniformly observable.

Then the Riccati-type equation (5.120) has a unique positive semidefinite and
bounded on R solution. Moreover this solution is stabilizing.

Remark 5.6.6. Based on Theorem 5.6.12 one obtains that under the assumption
that (A,B;Q) is stabilizable, the SGRDE (5.117) has two remarkable positive
semidefinite and bounded solutions. We refer to the maximal solution X (¢) and to
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the minimal solution X (¢), respectively. If additionally (Cy,A; Q) is either detectable

or uniformly observable, then these two solutions coincide, namely X (1) = X (¢).
However in the absence of property of detectability and uniform observability X ()
does not always coincide with X. This can be seen in the following numerical
example.

Hllustrative Example. Consider n =2,d = 1,r =1, p=1, m = 1. In this case
(5.117) reduces to:

%X(I) +AG ()X (1) + X (1)Ao (1) + AT (1)X (1) A (1)
~[X(1)Bo(r) + AT ()X (1)B1 ()] [R(¢) + B (1)X (¢)B1 (1)~

X [BY ()X (t) + BT (1)X (1A (£)] 4+ CL (1)Co(z) = 0. (5.121)

Choose

One can see (see Propositions 4.1.5 and 4.3.9) that in the stochastic case the
pair (Cop; (Ag,A1)) is neither detectable nor observable. The maximal solution of
(5.121) is

X(0)= {—821 _6231] >0

and the minimal solution is

%)= [(1)8] > 0.

Indeed, by Theorem 2.7.7 (iv), X is the stabilizing solution of (5.121) and based on
Corollary 5.6.7 it coincides with the maximal solution.

On the other hand if X; (+) is the solution of (5.121) with the given final condition
X: (t) =0, one obtains that

where
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1_675(‘[70 ; s <
X(t)—m Oraltif.

Therefore

. 10 3
Jim Xz (1) = {0 0} =X

and thus one obtains that ):( 1~s the minimal semipositive definite solution of (5.121).
Obviously in this case X # X.

5.7 The Filtering Riccati Equation

In this section we focus our attention on the so-called stochastic generalized filtering
Riccati equation (SGFRE) for stochastic systems. We shall restrict our investigation
only to the time-invariant case and D = {1,2,...,d}.

Consider the SGFRE

Ao (@)Y () ¥ (AT )+ Thoa Ax (DY DAL () + 21 7 ()
~ (YT D +Zi A @)Y ()T () +L0))
—1
< (RG) +zk G Y () (D) (-2
~ T ~
x (Y () CF () + Sy Ak ()Y (VCT () +L (D) +M (i) =0

with the unknown variables (Y (1),...,Y (d)) € 8¢ and A (i) € R™", G (i) €
RPNk =0,....r, L(i) € R™P, R(i) € Sp, M(i) € S,. If D = {1}, Ac(i) = 0,
Ce(i) =0, k=1,2,...,r then (5.122) reduces to the well-known Bucy—Kalman

[151] filtering algebraic Riccati equation.
The system (5.122) can be rewritten in a compact form as a nonlinear equation

in 8¢ as follows:

LY —PY)R (V)P (Y)+M=0 (5.123)

where L is the Lyapunov operator defined by the system (Ao,A1,...,A;Q), P :
Sd— M,‘fp by

P(Y) = (751 (y),...,ﬁd(y)),

Pi(Y) = +2Ak { () +L(),ieD
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R : Sff%Sp by
R() = (Ri(1),.. Ra()),

R (Y) :ﬁ(i)+§€k(i)Y(i)CkT(i), ieD
=1

Equation (5.123) is defined on a subset of S¢ consisting in ¥ = (Y (1),...,Y (d))
such that detR; (Y) # 0.

The dissipation matrix corresponding to the filtering Riccati equation under
investigation is defined as follows

N(Y) = (/\71(Y),...7J\7[1(Y)> where

N = (Ep (i) +M (i) P (Y)
’ P () R (Y)

forallY € 8¢,i € D.

Definition 5.7.1. A solution ¥ = ()7 (1),....Y (d)) of (5.123) is a stabilizing
solution if the system (AO —|—I}C0,A1 +KC, yee sy Ap +KC,; Q) is stable in the sense
of Definition 2.7.1, where K = (E(l) " ,E(d)) ,

K@) =P (?) R (17) ieD. (5.124)

Recalling that A = (Ay,...,A,) and C = (Cy,...,C,) we prove the following
result.

Theorem 5.7.1. The following are equivalent:

~

(i) (C,A:Q) is detectable and it exists ¥ = (Y (1),....,Y (d)) € 8¢ satisfying
N (?) > 0;

(ii) Equation (5.123) has a stabilizing solution Y which verifies ﬁ; (17) > 0.

Proof. 1Tt is easy to see that (5.123) is an equation of type (5.98), associated with the

iple (A, C%; Q) where A* = (Ag,...,AE) ,CH= (Cg,...,ci) and Q° = QT A} =

(AF (1),...,AT (d)),Ci = (CT (1),...,CT (d)), k=0,...,r. From Remark 4.1.4 it
follows that (A*,C*;QF) is stabilizable if and only if (C,A;Q) is detectable. The
result in the statement follows then from Theorem 5.6.6. a
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5.8 Iterative Procedures

In the first part of this section we present an iterative procedure to compute the
maximal solution X(¢) of (5.102) or equivalently the maximal solution of the
SGRDE (5.98). This procedure may also provide a proof of the implication (i) — (ii)
in Theorem 5.6.2.

Lemma 5.8.1. Assume that the triple (A,B;Q) is stabilizable. Let Fy(t)=(Fo(r,1),
Fo(t,2), ..., Fy(t,d)) be a stabilizing feedback gain and let Xo(t) = (Xo(t,1), ...,
Xo(t,d)) be a bounded with bounded derivative solution of the linear differential
inequality on S¢:

< Xo(0) + L3, (0Xo(o) + Molt) <0 (5.125)

where El*ﬁo (t) is the adjoint of the operator defined in (4.2) with F(t) replaced by
Fo(t), Mo(t) = (Mo(t,1), My(t,2), ...,Mo(t,d)),

Mo (t,i) = M(t,i) +el, + L(t,i)Fo(t,i) + By (t,))LT (t,i) + Fo(t,0)R(t,i) Fo(t,i),

€ > 0 be fixed.
Under the considered assumptions we have

Xo(t) = X(t) >0 (5.126)

for arbitrary X (t) € T'* which verifies the condition of type (5.106).

Proof. If X(t) € T'%, then applying Lemma 5.1.2 one obtains, via (5.104), that it
solves the following linear differential inequality:

A A

if((t) + LR (1) =P (t,X(1))R (1, X(0))P(t,X (1)) +M(t) >0, 1 € Ry.

d (5.127)
We define M (1) = (M(t,1), M(t,2), ...M(t,d)) by
M(t) = %X(t) + LX) =P (6, X ()R (t,X(1))P(t,X (1)) +M(t),t €R,.
(5.128)

Clearly M(¢) > 0. By Lemma 5.1.1 we infer that

LX)+ L5 ()X () +M () +L(t)Fo(t) + E (0)LT (¢) + B (t)R(t) Fy (1) — M (1)

(5.129)
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~

F(t,i) =R (t,X(1))Pi(t,X (1)), t€Z, i€ D. (5.130)

1

From (5.129) and (5.125) we get:
i (Xo(t) =X (1) + L, (1)(Xo(r) = X (1)) + (Fo(r) — £(1)) TR (1, X (1)) (Fo(r)

—F(t)+eJ'+M(t) <0, t>0.

This allows us by Theorem 2.7.5 to conclude that Xo(t) — X(¢) > Y (¢) where t —

Y(t)=(Y(¢,1),Y(¢,2),...Y(¢,d)) is the unique bounded solution of the Lyapunov-

type equation

EY(r)+£}0(t)Y(t)+eJd =0. (5.131)

Let Ty(t,s) be the linear evolution operator on S¢, defined by the linear differential
equation:

ES(I) =L (1)S(t).

Since Fy(t) is a stabilizing feedback gain, then there exist positive constants Sy, 0

such that ||Ty(z,s)|| < Boe=%=%) VYt >, t,5 € T. Therefore the unique bounded
solution of (5.131) is uniform positive and the proof is complete. ad

Remark 5.8.1. Based on Remark 5.6.4 it follows that if (Ag(¢,i),Bi(t,i)) , 0 <k <
r,i € D are O-periodic functions then a stabilizing feedback gain which is 8-periodic
function may be chosen. Therefore in the periodic case the inequality (5.125) has
a periodic solution with the same period as the coefficients. Moreover if Ay (z,i) =
Ay (i), Bi(t,i) = By(i),t € Z,0 < k < r,i € D we may choose constant solutions of
(5.125), Xp = (Xo(1), Xo(2) ...Xo(d)). Detailing (5.125) in the time-invariant case,
it follows that Xy may be obtained as a solution of the following LMI system

[Ao(i) + Bo (i) ]
+ Shoy [Ax(i )+Bk( )
+M(i) + ely + L(i)Fy

Xo(7) + Xo(i) [A o(i)+30(i) o(i)]
F()} o(i) [Aw(i

(i) + Fy (DLT (i
Based on (5.126) we deduce that there exists o > 0, such that R;(¢,Xo(z)) >

Uoln, t € Z, i € D. Hence the feedback gain Fy(t) = (Fo(t,1), ... Fo(t,d)) is well
defined by

\/;7.
+
~q

SN

=
=

—

=

S

~
IN
=
m
3

Fo(t,i) = —R; ' (t,X0(t))Pi(t,Xo(t)), i€ D, t € T. (5.133)

We shall show that Fj(¢) is a stabilizing feedback gain for the triple (A,B; Q).
To this end we consider X(t) € . By direct computation and using (5.127),
(5.128) and (5.133) we get
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LR (1) + L3, (0R() + M)+ LOR(0) + B (O (0)+ 513
F ORWRN) — (F(0)— Fole) T Rit () (1)~ Fole)) 41 =0,

Further (5.125) may be rewritten as:
< Xo(0) + L3, ()Xo (e) 4 M(e) + LFo(e) + Y (L7 1) + B (0R()Fol0)
+(Fo(r) = Fo(1)) R (1, Xo(1)) (Fo (1) — Fo(t)) + €4 < 0. (5.135)

From (5.134), (5.135), and (5.126) we deduce that t — Xo(t) — X (¢) is a bounded
and uniform positive solution of the linear differential inequality on S,‘f:

* €
EX(I) + Ly, ()X (1) + 51 < 0.

Using Theorem 2.7.4 (viii) — (i) we deduce that the system (Ao + BoFp, A +
B\Fy, ...,Ar+ B.Fy; Q) is stable which shows that Fy(r) is a stabilizing feedback
gain. As a consequence we deduce that for each i € D, the zero state equilibrium of
the linear differential equation on R"

d

() = (Ao(t, i)+ %qﬁln +Bo(t,i)Fo(t, i)) x(1)

is exponentially stable.

Particularly in the time invariant case it follows that the eigenvalues of the
matrices Ao(i) + % qiil, + Bo(i)Fo (i) are located in the half plane ReA < 0.

Taking Xo(t),Fo(¢) as a first step, we construct iteratively the sequences:
{X1(t,)}1>0, {Fi(t,i)}1>0, i € D as follows: t — X;+1(¢,i) is the unique bounded
solution of the Lyapunov equation

T
4X11(1,0) + [Aot,1) + Bo(t, D (1,0)] X131 (1,1

(5.136)
Xy (t,) [Ao(t,i) —&-Bo(t,i)F;(t,i)} My (1) =0

where My 1(t) = (My41(2,1), ..., My41(t,d)) with
Mg (1,0) = M(t,0) + 1551+ L(t, D) Fi 1, i)
+FI(t,i)LT (2,i) + F (t,i)R(t,i)Fy(t,0)
+ Sk (At 1)+ Be(t,0) Fi (2, )] X (1,0) [Ax(,1) + Bi(8,0) Fy (¢, 1))
+ 34 qiXi(t, ) (5.137)
Ao(t,i) = Ao(t,i)+ 1qul,
Fioa(1,0) = —(R(t,i) + Xp—y B (1,0)X:(2,0)Bi(t,0)) ' (B (1,0) X1 41(2,0)
+ 31 B ()X, (1,0) A (2,0) + LT (2,i)), 1>0,i€D.

Further we show that
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(@) X;(t,i) — X(t,i) > wl, > 0 for all integers [ > 0, i € D,I;t € T,X(t) =
(X(t,1) ...X(t,d)) being an arbitrary bounded function in I'* and y; is a
positive constant which does not depend upon X (7).

(b) The zero state equilibrium of the linear differential equation on R”

@ x(t) = olt,)+ Bo(t, 1)1, D))

is exponentially stable for each i € D, [ > 0.

() Xi(t,i) > Xj41(2,0),Vl > 0,(t,i) € Z x D. We remark that the properties (a) and
(b) have already been proved for I = 0. We shall verify by induction that (a),
(b), (c) are fulfilled for every [ > 0.

Let us assume that (a), (b), (c) are fulfilled for the first / — 1 terms of the sequences
defined by (5.136) and (5.137). By direct computation we obtain that if X (r) € |
then

LR (t,) + (Ao(t,i) + Bolt, ) Fy1 (1,0)) T X (1,1)
+X (t,i)(Ao(t,) + Bo(t,i)Fi—1(2,i))

30 (A, 0) + B, i) Fy (2,0)])7 R (2,0) [Ar(t, i) + Be(t,0) Fi— 1 (£,1)]
+z‘;=17j7éiqij)2(taj) +M(t7 l) +L(t7 l.)Flfl (tvi) +Fl7;1 (ta i)LT(t7 l)
+E ()R, 0)Fy (t,i) — M (t,0)

_(F(t7 l) - Fl*l (t?i))TRi(t7)?(t))(ﬁ(ta l) - Fl*l (tvl)) = 07

M(t,i),F(t,i) being defined in (5.128) and (5.130), respectively.
Using (5.136) with / replaced by [ — 1 we get

L1X,(t,i) — X (t,1)] + [Ao(t,i) + Bo(t,)) Fi_1 (¢, l)] )(1,1) — X (1,1))]

(X (r,i) —
+[X; (2,1) = X (1,0)] [Ao(t,) + Bo(t, i) Fi—1 (1,0)] + 551+ Ay (1,) = 0 (5.138)

where we denoted

r

Al(tvi) = Z [Ak(tai) +Bk(tai)Fl—l(t?i)]T[Xl—l(tvi) _X(tai)}
k=1

d
x[Ae(t,1) +B(t, )y (1, D)]+ Y, qij(Xi—1 () =X (2, )))
J=1j#i

+M (tai)+ (F(tvl) _Fl*l(tvi))TRi(tv)z(t))(ﬁ(tai) _Flfl(tvi))'

Since X;_(t,i) — X (¢,i) > w_1I, we get A(t,i) > 0. Taking into account that
Ao(t,i) + Bo(t,i)Fj_(t,i) generates an exponentially stable evolution we may
conclude that (5.138) has a unique bounded solution which is uniform positive
definite. Hence there exists t; > 0, such that X;(¢,i) — X (¢,i) > I, and thus (a)
is fulfilled. Further we have that R;(¢,X;(¢)) > viI,, > 0.
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Using (5.137) we write

LX) (i) + [Ao(t,i) + Bo(t,) Fi (¢,1)] "X, (¢,1) + X, (t,0)[Ao(t,7) + Bo(t,1) Fy(t,1)]
+ Xk [Ar(t,0) + Bi(r, ) Fy (2,0)) " X1 (1,0) [Ax (2,0) + By (1,0) Fi(1,7)]
A3 X1 (8 )+ M(t,0) + 255 L+ L, D Fy(1,0) + B (1,0 LT (2,0)
HFT (1, )R, ) Fy (2,0) + [Fi(1,0) — Froa (6,0)] T R, X1 (1) [Fa () —
F}—l(tai)} =0.
(5.139)
It is easy to see that # — X (¢, 7) verifies the equation

LR (t,i)+ (Ao(t,i) + Bo t,i)F,(t,i)

+ 30 (Ag(2,0)+By(t,i) X(t,i
+M(t, l)—i—Fl (t,z)LT
—(F(,i)—

Thus we obtain that for each i € D, t — X;(t,i) — X (¢,i) is a bounded and uniform
positive definite solution of the linear differential inequality:

dY(t i) [AO(I i)+BO(tai)Fl(t7i)]TY(t7i)+Y([7i)[A0(tai)+BO(tai)Fl(tvi)]
+agyth <0

which allow us to conclude that the zero state equilibrium of the linear differential

equation

9 x(0) = (Rolt, 1) + Bo(t,)Fi(,))x1) (5.140)

is exponentially stable and (b) is fulfilled.
Subtracting (5.136) from (5.139) we get that 7 — X;(¢,i) — X, (¢,7) is a bounded
solution of the equation

%(Xl(t7i)7Xl+1(tai))+~(A~0(t’i)+BO(t7i)Fl(t7i))f(Xl(tai)7Xl+1(tai)) (5.141)
+(Xp(1,8) = X141 (2,0)) (Ao (2, 8) + Bo (2, ) Fi(t,0)) + Ay (1,i) = 0 '

where

Bu(t.) = g+ I 00) — F (60 R X1 () i)~ Fies (0.0
+ 30 [Ak(#,0) + Bi(t, i) Fy (¢,0)]T (X1—1(,0) — Xy (¢,7)) [Ax(2,7) + By (t,i) Fy (t,1)]
+Zj{:1#,~qu(XH (t,j) _Xl(t7j))»

for ! > 1 and
A(t,i) > %I,,+ (Fo(t,i) — Fo(t,0)TRi(t,Xo (1)) (Fo(t,i) — Fy(t,i))

for [ =0.



5.8 [Iterative Procedures 253

Since Ao(t,i) > 0 and the zero state equilibrium of (5.140) for [ = 0 is
exponentially stable it follows from (5.141) for [ = 0 that Xo(¢,i) — X;(¢,i) > 0.
Further by induction we obtain that A; > 0 for [ > 1 which leads to X;(r,i) —
X;11(t,i) > 0 and (c) is fulfilled.

From (a) and (c) we conclude that the sequences {X;(t,i)};>0,i € D are
convergent. More precisely we have the following theorem.

Theorem 5.8.2. Assume that

(a) The system (A,B; Q) is stabilizable.
(b) There exists X (t) € T*.
Then for any choice of a stabilizing feedback gain Fy(t) = (Fo(t,1),
Fo(t,2),...Fo(t,d)), the sequences {X;(t,i) }1>0, i € D, constructed as solutions
of (5.136) (the first terms Xo(t,i) obtained by solving (5.125)) are convergent.

If

X(t,i) = lim X;(¢,i), (t,i)€IxD (5.142)

- [—roo

then X(t) = (X(t,1), X(¢,2)...X(t,d)) is the maximal bounded solution of the
system (5.98) verifying (5.106).

Remark 5.8.2. (a) If condition (i) of Theorem 5.6.6 is fulfilled, the solution X (¢)
provided by (5.142) is just the stabilizing solution of the SGRDE (5.98).

(b) Excepting the first step, when to obtain Xo(#,i) we need to solve a system of
linear inequalities of higher dimension, namely (5.125), further to obtain the
next terms of the sequences {X;(,i)};>1, i € D, we need to solve a system of d
uncoupled Lyapunov equations. We remark that to compute the gains F;(z,i) in
(5.137) we need both the value of X;(z,i) and the value of X;_(z,1).

(c) Based on the uniqueness of the bounded solution of a Lyapunov equation, it
follows that if the coefficients of the system (5.98) do not depend upon ¢ then
the matrices X; and F; do not depend upon ¢. In this case (5.136) and (5.137)
become

[A0(i) +Bo())Fi—1 (D))" X1 (i) + X1 (i) [Ao (i) + Bo(D)Fi—1 ()] + My (i) = 0, i € D
My (i) = M(i) + 755 L+ L() Fr—y (i) + FL ()LT (i) + FL (DR (i) Fr—1 (i)

+ Si 1 [Ak() + Br(i)Fi ()] X1 ()[4 (D) + B () Fioy (D] + 51 2iqiiXi-1 (), 12 1,
(5.143)

Ao(i) = Ao(i) + 3 qiiln,
F(i) = —[R() +Xp_; BF(0)X,—1 () Bi ()]~ [BY ()X, (i) (5.144)
+ X BE ()X -1 (DA) + LT (i), 1 > 1

while X () is obtained solving the following system of LMI
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[A0 (i) +Bo (i) Fo )] Xo(i) + Xo(#)[A0(i) + Bo(i) Fo (1))
+ 31 [Ak() + Br(i) Fo (1)) Xo (i) [Ax (1) + By (1) Fo ()] + X1 4i;X0(j)
+M (i) + eI, + L(i)Fo (i) + F{ ()LT (i) + F{ ()R(i)Fo(i) <0, i€ D
(5.145)
and
. -1
Fo(i) = — |R(i) +kz By (i)XO(i)Bk(i)]
=1
x | BG (i)Xo (i) + ZBk )Xo (i)A(i) + L (i )]
k=
From the uniqueness of the bounded solution of a Lyapunov equation we also

deduce that if the coefficients of the system (5.98) are O-periodic functions
defined on R, then the bounded solution of (5.136) are 6-periodic functions
too. Hence it is sufficient to compute the values of X;(¢,i), F;(¢,{) on the interval
[0,0]. At each step [, the initial condition X;(0,{) is obtained by solving the
linear equation

%]
X;(0,i) = @} ;(6,0)X,(0,i)®;,:(6,0) + / @ ;(5,0)M;(s,1) Dy ;(s,0)ds
; o b ;
@, ;(t,s) being the fundamental matrix solution of (5.140). For the first step

Xo(2,i) is chosen as a periodic solution of the Lyapunov-type equation on S,

“Xo(0) + L3, (X (6) + Mo(r) =0

where My (1) = (Mo(z,1), My(2,2),...Mo(t,d)),
Mo(t,i) = M(t,i) + b, + L(t,i)Fo(t,i) + Fy (¢,0)L7 (¢,i) + Ff (¢,0)R(t,i)Fo(t, ).

If To(z,19) is the linear evolution operator defined by the linear differential
equation on S¢:

dtS( ) = Lz (0)S(1) (5.146)

then the initial condition Xo(0) = (Xo(0,1), X(0,2),...X0(0,d)) is given by
[*]
Xo(0) = 77580 [ 75 (s.0)Mo(s)ds
Jo

where J is the identity operator on S¢; J — T;(6,0) is invertible due to
the exponential stability of the evolution defined by the differential equation
(5.146).
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In the last part of this section we present a procedure to compute the minimal
semipositive solution X (¢).

First we recall that the minimal solution X (t) is obtained as

X (1) = lim Xc(r) (5.147)

where X;(t) = (X¢(t,1), X¢(¢,2), ...,X:(t,d)) is the solution of the system (5.117)
with the terminal condition X;(7,i) =0, i € D (see Theorem 5.6.12).
Let us consider the following systems of Itd differential equations:

dx;(t) = [Ao(t,)xi(t) + Bo(t,i)u;(t)]dt
3 At i)lt) + et (0w ()

k=1
yi(t) = Co(t,i)xi(t), i€ D (5.148)

where

- N
Ao(t,l) = Ao(t, l) + Eqiiln.

For each i € D, we consider the Riccati-type differential equation

(5.149)
If for each i € D, the system (5.148) is stochastically stabilizable and stochastically
detectable or stochastically uniformly observable, then invoking Corollary 5.6.16
we obtain that (5.149) has a bounded, stabilizing, and semipositive definite solution
XP(r).
Taking Xl-o(t) as a first step, we construct the sequences {Xil (1) }i>0, i € D where
foreach [, t — Xil (1) is the unique bounded semipositive and stabilizing solution of
the Riccati differential equation:

LX)+ AL (1,0)X] (1) + X} (Ao (1,) + iy AT (1,0)X] (A1, 1)
— X/ (0)Bo(r,i) + i AL (1,0)X] (1) By (t,1)]

X[R(t,0) + Xy BY (t,0)X] (1) By (2,0)] !

x [BY ()X} (t) + X4 BY (,0)X] (t)Ax(t,1)] + My (t,i) = 0

(5.150)

where M (1,i) = C§ (t,))Co(1,i) + 29_, ;241X (¢)-

Remark 5.8.3. Clearly, for each fixed i € D, (5.150) is just the Riccati equation
(5.120) associated with the following controlled system with multiplicative white
noise:
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dxi(1) = [Xo(z,i)xi(t) +Bo(r,i)u(r)] dr (5.151)
r
+ 2 [A(t,i)xi(t) + Byt iu(r)] dw (1)
k=1

(1) = Gt D)xi(1)

where

~ . L1
Ao(t,i) = Ao(f7l)+511ii1m

~ . . (G,
Cl(l‘,l) = (é\(l)(t,l)) C] tl

It is easy to see that if the system (5.148) is stochastically detectable, then the
system (5.151) is stochastically detectable, and if the system (5.148) is stochastically
uniformly observable, then (5.151) is stochastically uniformly observable too.

zquxl 1

JF

Proposition 5.8.3. Assume that for each i € D

(a) The system (5.148) is stochastically stabilizable;
(b) The system (5.148) is stochastically detectable or stochastically uniformly
observable.

Under these assumptions we have

(i) X' (t)>X!(1)>0, V1>0,i€D, t€Ry;
(ii) X!(t) <X(t,i), (t,i) eRy xD, 1>0, VX(t) = (X(t,1),...,X(t,d)) semipos-
itive and bounded solution of (5.117).

Proof. Combining Remark 5.8.3 with Corollary 5.6.16 we deduce that (5.150) has
a stabilizing semipositive and bounded solution X} (¢), I > 0, i € D. By induction
we obtain that M, (t,i) > 0 which leads to X! (¢) > 0.

For each [ > 0, i € D consider the stabilizing feedback gain defined as follows:

Fl(t) = = [R(e,i) + Sy BY (6.0)X] ()Bi(1,)] '

(5.152)
x [BY (1, 0)X] () + Xy By (1,0)X] (0A(1,1)]

By direct calculation using (5.150) and (5.152) (for / replaced by [ + 1) we obtain
LXIT(t) + [Ao(t,1) + Bo(t,i)F T (¢,0)] X+ X[ Ao (1, 1)
1

+Bo(t,0)F TN (0)] + 2y [Ak(2,1) + Bie(1,0)F (0] X ! (0)[Ae (1, )
+By(t,0)E ()] 4+ My (¢,1) + (F Y @) TR(e, 1) F T (2) = 0
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(1) + [Ao(r, )+ Bo(e, i) F 1 (0] X[ (1) + X] (1) [Ao(1,1)

Xm
)+ Si 1 [Ak(e,0) + Bi(t, ) F ()] X (1) [Ax (1)

dri

+Bo(l,l)Fl 1([
Bt FL )]+ M (1,0) + (FE () TR (1,0 F (1)
~(FN0) = B @) (R + B B ()X (0B ) (F (1)~ F/ (1)) = 0

which leads to the fact that  — X/ *!(z) — X/(¢) is the bounded solution of the

Lyapunov equation on S;:

Y (0,0) + [Ao(t,0) +Bo (1, ) F 1 ()] Yie) + Yi(0) [Ao (1, 0) +Bo (1, ) (1)]

+ X Akt 0) + Be(r, ) F (0] 7Y (0) [Ar(t,8) + Bi(t, ) F ()] + Ay (1,8) = 0
(5.153)

where
i qij[Xj(6) =X O]+ (F ' (1) = F (1)) [R(1,0)
J#ij=1

+ 3 By (6,0)X] (0)Bi(1,0)] (T (1) = F (1)),
k=1

Let T, 1;(¢,s) be the linear evolution operator on S, defined by (5.153) with

A(t,i) =0.
Since X' (1) is the stabilizing solution of (5.150) then we have ||Tj,1 ;(z,s)|| <
ﬁ1+1’ieial+l’i(tix) for some positive constants B ;, 041
From the uniqueness of the bounded solution of (5.153) we deduce that
X0 =X = [T 5.3 ..
Since T}', ; (s,¢) is a positive operator on S, from the above equality we obtain that

(X)) X/ (1) =0

if A;(s,i) > 0. This can be checked easily by induction.

For [ = 0 we have

unXO El(s) = F(s)T (R(s,1)

J#

+iBT(S DXP (1)Bi(s, ) (F (s) = F(5)) > 0.

Thus assertion (i) in the statement is completely proved
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To prove (ii) we recall that

Xl (1) = lim X (1) (5.154)
(see the proof of Theorem 5.6.12) where Xéyi(t) is the solution of (5 150) with
the terminal condition X/ () = 0. Let X(r) = (X(s,1) X(¢,2) ...X(t,d)) b

d)
a bounded and semlposmve solution of the system (5.117) and let F (t)
(F(t, 1) (t 2) ...F(t,d)) be the corresponding feedback gain, ie. F(t,i) =
~R7N(t,X(1))Pi(t,X (1)), i € D,t >0.
By direct calculation we get

LX(t,1) + [Ao(t,i) +Bo(t,)F (¢, zZ]T)?(t ,
+ it [Ar(r, ) + Bi (1, D) F (1,0)]" X(2,0)[Ax(r, l)+Bk(f7l)F(fll)] [Co(t,i)+
Do(t,i)F (1,)]" [Co(t, i) + Dot ) F (8,0)] + X, ;91X (1,)) =0

XL () + [Ao(t,0) + Bo(t, i) F (¢,0)]TXL (1) + XL (1) [Ao (¢, i)+Bo(t,l)F(t i)]
+ Xh [Ak(r,8) + By (1, i) F (1,0)] T X (¢ ()[Ak(t i)+ By (t,0)F (1,0)]
+34 1,¢lquX’ 1) = [F(t,0) = FL (O [R(t,0) + Xy BE (1,0)XL; (£) Be(2,0)]
x[F(t,i)— F} (O] +CT(t,i)Co(t, i)+ FT (¢,)R(t,i)F (t,i) = 0

where Frlyl-(t) is as in (5.152) with X! () replaced by Xéyl-(t).
We obtain in this way that r — X (t,i) — Xéﬂi(t) is the solution of the problem

d ~ A
E’C(f)‘f'ﬁf(f)yi(f)‘f‘Al(%i):0 (5.155)
Yi(t) = X(t,i) > 0, where £!(¢) is the adjoint operator of the linear Lyapunov
operator on S, defined by

ﬁi(t)Y = [A~0(tai)+BO(t7i)F(I7i)]Y+Y[~O( )+BO(I l) ( ) )]
+ i [Ak(,0) + Bi(r, D) F (0,0)]Y [Ar(2,0) + Bi(t, i) (1,0)]"

and

~

A(,i) = 2 jaqiy (X (2,)) — Xéfjl(t))jr( (1,0) = F (1, ) " [R(2,7)
+ X BE(1,0)X2,(0)Bi(r, D] (F (1,0) — F (¢ (1)),

If T;(t,s) is the linear evolution operator on S, defined by the linear differential
equation

d o
EY(I) = L)Y (¢),

then from (5.155) we have the representation formula

T ~
R(t,1) — XL.(1) = T (1,0)% (1,1) +/ 7 (5,0)Ar(s,i)ds, 0 <1 < 1.
’ t
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Since Ti*(s,t) is a linear positive operator on S, then from the above equality
we deduce that X (t,i) —Xé_’i(t) >0,V 0<t<1,ieDif Afs,i) > 0. This last
condition may be checked by induction. To this end, we remark that if [ = 0, we
have

~

Bo(s.1) = 4, saiR (5, )+ (Fls.) — FLy ()T R(s,i)
35 B (s 0)X2,(9)B(s, )] (F(s.6) — F2,(s))

and it is obvious that Ay(s,i) >0, 0 < s < T < e, i € D, which leads to X(t,l)
Xgl( ) > 0. Further, invoking (5.154) with [ =0 we conclude that X (¢,i) — X (¢) >
and the proof is complete.

I:Iol

Theorem 5.8.4. Assume that:

(a) (A,B;Q) is stabilizable.
(b) For each i € D, the system (5.148) is either stochastically detectable or
stochastically uniformly observable.

Let {X!(t)}1>0, i € D be the sequences where X} (t) is the unique bounded and
stabilizing solution of (5.150). Under the considered assumptions these sequences

are convergent and if we define X(t,i) =lim; .. X! (1), (t,i) Ry x D, then X (1) =

( X(t,1) ... X(t,d)) is the minimal positive semidefinite and bounded solution of the
system (5.]]7).

Proof. If (A,B;Q) is stabilizable, then for each i € D, the system (5.148) is
stochastically stabilizable. Therefore the assumptions of Proposition 5.8.3 are
fulfilled and the sequences {X!(¢)};>1,i € D are well defined and monotonically
increasing.

On the other hand if assumption (a) is fulfilled, then applying Theorem 5.6.12 we
obtain that the set of semipositive and bounded solutions of the system (5.117) is
not empty. From Proposition 5.8.3 (ii) we deduce that the sequences {X!(¢)};>1,i €

D are bounded above. Then the functions X(7,i) are well defined by X(r,i) =
hmHmX ( ). By a standard way (based on Lebesgue Theorem) we obtain that

)?(t) = (X(t,1) ... X(t,d)) is a semipositive and bounded solution of (5.117).

Applying again Proposition 5.8.3 (ii) we obtain that X is the minimal semipositive
and bounded solution of (5.143) and the proof ends. O

Remark 5.8.4. (a) In the particular case Ag(t,i) = 0, Bi(¢,i) =0, k =1,2,...,r
and the system is in the time invariant case, the iterative procedure proposed in
the previous theorem was used in [1] to compute the stabilizing solution of a
system of coupled algebraic Riccati equations associated with a linear system
with Markovian jumping.

(b) If for each i € D the system (5.148) is stochastically uniformly observable, then
the system (Cp,Ao,...,A,; Q) is uniformly observable (see Proposition 4.2.2
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(iii) and in this case the solution X (¢) obtained in the previous theorem is just the

stabilizing, bounded, and positive semidefinite solution of the system (5.117).
(c) At each step [ > 0 the stabilizing solution Xil (r) of (5.149) and (5.150),

respectively, can be computed using the procedure provided by Theorem 5.8.2.

Numerical Examples

We shall illustrate the above iterative numerical procedures considering the linear
time-invariant stochastic system of order n = 2, subject to both multiplicative noise
and Markovian jumps with » = 1 and D = {1,2} having:

o =10 Jw@-3 ]
m ==
=] Be-]]

mm =13 m@=]1}).

R(1)=1,R(2)=2.

Our purpose is to solve the SGRDE (5.98) corresponding to the above numerical
values using the iterative procedure indicated in the statement of Theorem 5.8.2.
Three distinct cases have been considered: the case when the system is subject only
to Markov jumps, the case when the system is subject only to multiplicative white
noise, and the case when the system is perturbed with both multiplicative white
noise and Markovian jumps.

Case a. The Markovian jumping case: A, (i) = 0,B;({) = 0,i € D. Using
Proposition 4.1.3 we determined for the numerical values above:

Fo(1)=1[0.5923 —0.7004], Fy(2) = [—0.0330 0.0653].

Then, solving (5.143) we obtained:
1.5519 —0.0524

1
% (1) =10 [—0.0524 1.7776 ] ’

X(2) = 10° [1.1139 0.2680} '

0.2680 1.3970
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The solution of (5.98) for this case was determined solving iteratively (5.143).
For an imposed level of accuracy || X, 1 (i) — X; (i)|| < 10~® we obtained after 69
iterations:

X(1) = 30.7868 24.3960
24.3960 26.2218

X(2) = {21.5504 —11.7226]

—11.7226 19.2254

Case b. The multiplicative white noise perturbations case: D={1},A;=A;(1);
B;=B;(1),i=0,1.
In this case we obtained the initial values:

Fo = [—0.4094 0.8482],

 [292.8945 163.9337
0= 1163.9337 140.9240

and, after 202 iterations, the solution of (5.98):

~ [1.0782 1.0307
~11.0307 0.5878 |

Case c. The case when the system is subject to both Markovian jumps and
multiplicative white noise.
In this situation we obtained the initial values:

Fo(1)=[-0.3852 0.8594], Fy(2)=[—0.9000 0.5763],

X (1) = 108 [5.8005 —4.5733]

—4.5733 -3.7733

Xo(2) = 10° {—0.7123 —0.5110] .

0.5110 —4.8453

The solution of (5.98) was obtained after 133 iterations solving (5.143); thus, we
obtained:

(1) = 2.1893 2.0159 X(2) = 0.7940 —0.4088
~2.0159 2.0998 |’ | —-0.4088 3.3714 |’
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5.9 Systems of Generalized Riccati Differential Equations
on the Space S,”

Let A = (Ag,Ay,...,Ar),B=(Bo,Bi,...,B;) be such that Ay : Z — M By : T —
M, ,0 < k < r, are bounded and continuous functions, Z C R being a right
unbounded interval. Let Q = (g;j,i,j € Z,) be an infinite matrix which elements
q;j satisfy the conditions (2.138) and (2.139). We associate the following system of
generalized Riccati differential equations SGRDE on the Banach space S;°

LX(t,i) + AL (t,0)X (1,0) + X (t,)Ao(t,i) + X5 AT (£,i)X
+ 37 0qiX (8, ) — (X(2,0)Bo(t,8) + Zj_ AL (£,0)X (1,
+L(t,0)) (R(2,0) + Xy BY (1,0)X (¢,0)By(1,1)) ~" (B (1

+ 3oy BE(0,0)X (2,0)Ar(t,i) + LT (i) + M(2,7)

(z,i

)Bk( ’l)
7’)X( 7i)
—0.

(5.156)

The SGRDE (5.156) is the special case of GRDE (5.1) for A(#,i) = Ao(¢,i) +
34iiln, B(t,i) = Bo(t,i), (t,i) € T x Z. and the operator I1() defined as in (5.5) in
the case D = Z. One may check that if the scalars g;; satisfy conditions (2.138)
and (2.139) then the operator valued function I(-) satisfies the assumptions IT;, IT,
(see the Remarks 5.1.1 and 5.3.4 (d)). Therefore, we may apply the general results
derived in Sects.5.3-5.5 in order to obtain necessary and sufficient conditions
for the existence of the bounded and maximal solution, bounded and stabilizing
solution or minimal and positive semidefinite solution of SGRDE (5.156). Here,
we show how can the concept of stabilizability of a triple (A, B,IT) introduced via
Definition 5.3.2 can be restated in terms of the stabilizability of the triple (A, B, Q)
in the case when I1 is described via (5.5) and D =Z,.

Definition 5.9.1. We say that the triple (A,B,Q) is stabilizable if there exists
a bounded and continuous function F' : Z — M, such that the operator valued
function £5(-) defines an anticausal exponentially stable evolution on S;° where
Lr(t) : 8¢ — Sy is defined by

(Lr(1)X) (i) = [Ao(r, 1) +Bo(t,i)F(1,0)] X (i) + X (i) [Ao (1) + Bo(t,i) F (t,1)]

Z Ar(t,0) + By (t,0)F (t,0)]" X (i) [Ar(t,7) + By (t,0)F (¢,i)]
+qu, ),i€Z,, (5.157)

forall X = {X (i) }icz, € Sy

Remark 5.9.1. (a) Using Definition 2.8.1 and Definition 5.9.1 we deduce that
(A,B,Q) is stabilizable if and only if there exists a bounded and continuous
function F : T — M, such that

ITE (1, 10) || < B0, ¥, 1 <to,1,10 € T (5.158)
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for some constants o > 0,8 > 1, T#(z,7p) being the anticausal evolution
operator on S;° defined by the linear differential equation

Ly )+ 2r ()Y (1) = 0.

dt

(b) Based on Corollary 2.8.8 one obtains that if the scalars g;; satisfy the additional
condition (2.149) then we may define the stabilizability of the triple (A, B, Q) in
terms of exponentially stable evolution defined by the operator valued function
Lr(-) on the Banach space ¢'(Z.,S,) where Lr(t) is defined as in (2.140)
with Ag(¢,7) replaced by Ay (z,i) + By (t,0)F (¢,i), 0 < k <r,(t,i) €T xZ, fora

suitable bounded and continuous function F : Z — M, .

Corollary 5.9.1. Assume that Ay (-),By(-) are bounded and continuous functions
and the scalars q;; satisfy the conditions (2.138), (2.139). If I1(t) is defined as
in (5.5) and A(t,i) = Ao(t,i) + $qiils, B(t,i) = Bo(t,i),(t,i) € I x Z, then the
following are equivalent

(i) The triple (A,B,11) is stabilizable according to the Definition 5.3.2;
(ii) The triple (A, B, Q) is stabilizable according to the Definition 5.9.1.

Proof is obvious because, in this special case, the operator valued function
La+prg(-) coincides with the operator valued function £¢(-) introduced by
(5.157). O

From Corollary 5.9.1 and Remark 5.3.2 one sees that if A;(-),Bi(-) are periodic
functions of period 8, then, without loss of generality in the Definition of stabi-
lizability of the triple (A,B,Q) we may consider only continuous and 6-periodic
functions F : Z — M. Also, if Ag(z,i) = Ag (i), B(2,i) = Bi(i), (t,i) € T x 24,0 <
k < r, then in the definition of the triple (A,B,Q) we may involve only constant
feedback gains F € M,

According to the Remark 2.3.7 and Corollary 2.3.9 we deduce that in the time
invariant case the triple (A, B, Q) is stabilizable if and only if there exists F € M,
such that the eigenvalues of the linear operator £5 be located in the half plane C™.

Let us assume that the linear stochastic system (4.1) is perturbed by a stan-
dard homogeneous Markov process with an infinite countable number of states
(n(t),P(t),Z+). In this case the system (4.1) is stochastically stabilizable if and

only if there exists a bounded and continuous function F : R, — M, such that the
closed loop system
dx(r) = (Ao(t,1(0)) + Bo(t, 0(6))F(t,m(0))x(e)di + 5.159)

Tt (Ak(t,m(2)) + Bi(2,n (1)) F (2,1 (2)) )x(1)dwi (1)

is ESMS-C.
Corollary 5.9.2. Assume that

(a) The functions Ai(-),Bi(-) are continuous and bounded.
(b) D =17, and the scalars q;; satisfy the assumptions of Theorem 3.1.4.
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Under these conditions the following are equivalent

(i) The system of type (4.1) is stochastic stabilizable;
(ii) The triple (A,B, Q) is stabilizable.

The results stated in Corollaries 5.9.1 and 5.9.2 allow us to replace the abstract
concept of the stabilizability of a triple (A, B,TI) by the stabilizability of the triple
(A,B, Q) or the stochastic stabilizability of the system (4.1) in the assumptions of
the theorems from Sects. 5.3—-5.5 in order to deduce conditions for the existence of
maximal, stabilizing, minimal global solutions of SGRDE (5.156).

Notes and References

The Riccati equations of stochastic control were generally studied in connection
with the linear quadratic problem either for controlled linear stochastic systems
with state-dependent noise or for systems with Markov perturbations. For references
concerning linear quadratic problems in the stochastic framework, see Chap. 6.
Most of the results contained in this chapter were published for the first time in
[44, 49]. The iterative procedure to compute the stabilizing solution of SGRDE
was also published in [42,45]. Classes of nonlinear matrix differential equations
which contain as particular cases Riccati differential equations arising in control
problems for stochastic systems with multiplicative white noise have been studied
in [28,29,50,65,67]. Iterative procedures for computation of the stabilizing solution
of the algebraic Riccati equations associated with the linear stochastic systems with
multiplicative white noise may be found in [73]. Iterative procedures to compute the
stabilizing solution of systems of Riccati equations involved in the linear quadratic
problem for stochastic systems with Markov parameters can be found, for example,
in [1,69]. Several aspects concerning the algebraic Riccati equations arising in
the control of linear stochastic systems may be found in [2,27] were rich lists of
references dealing with symmetric and non-symmetric Riccati equations may be
found.

Systems with an infinite number of coupled algebraic Riccati equations arising in
connection with linear quadratic problems associated with controlled linear systems
perturbed by a standard homogeneous Markov chain with an infinite number
countable of states were studied in [8, 63]. An iterative method to compute the
minimal solution of a system of coupled algebraic Riccati equations associated with
a controlled system perturbed by a standard homogeneous Markov process with a
finite number of states may be found in [20].



Chapter 6
Linear Quadratic Optimization Problems
for Linear Stochastic Systems

In this chapter as well as in the next chapters one shows how the mathematical
results derived in the previous chapters are involved in the design of stabilizing
controllers with some imposed performances for a wide class of linear stochastic
systems. The design problem of some stabilizing controls minimizing quadratic
performance criteria is studied. More precisely, this chapter deals with the so-called
linear quadratic optimization problem (LQOP). LQOP has received much attention
in control literature due to its wide area of applications. The main objective of the
theoretical developments presented in the following consists in providing a unified
approach to solve LQOP for systems subject both to multiplicative white noise and
to Markovian jumping. It will be seen that depending on the class of admissible
controls, the corresponding optimal control is obtained either with the stabilizing
solution or with the minimal solution of a corresponding system of generalized
Riccati differential equations. We also consider the case when the weights matrices
are not with definite sign. Such situations may occur in a natural way in economy,
ecology, and financial applications. A tracking problem is considered in Sect. 6.4.
Throughout this chapter we assume that D = {1,2,...,d} (for the case D = Z see
Remark 6.3.4).

6.1 Preliminaries

In this section we shall present some auxiliary results which are used in the
derivation of the solutions of the optimization problems stated and solved in this
chapter.

Let us consider the system subject both to multiplicative white noise and to
Markovian jumping, which dynamics is described by the state-space equation:

dx(t) = [Aolt,11(1))x(t) + Bo(t, () u() dt o
S (AR (0)x(0) + Bale, m (1) u(t)] dwi (1) '

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 265
DOI 10.1007/978-1-4614-8663-3_6, © Springer Science+Business Media New York 2013
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where r € R, with the state vector x € R" and with the control inputs u €
R™, {w(t) }ier,w(t) = (wi(t),w2(t),...,w.(t))T is a standard Wiener process and
{N(#)}+>0 is a standard homogeneous Markov process which satisfy the assump-
tions stated in Chap. l. Here we assume that 7(¢) takes values in the finite set
D={1,2,...,d}.

For each quadruple (t0,T,X0,1), 0 <tp < T <ooxy € R" i€ D we consider the
auxiliary cost functions: J(1o,7,xo,i,-) : L ,,([fo, 7], R™) — R by

T

J(lo,‘L'7X()7i;u) =F |:/
1o

0

0 @) o) |0 |anw) =i| 62

where

N M(t,0) L(t,i)\ ;
Q1) = (LT(m‘) R(m‘)) =Q' ()

and x(t) = x,(¢,%,x0) is the solution of the system (6.1) corresponding to the input
u(t) and having the initial condition (f9,x).
Applying the It6-type formula (Theorem 1.10.2) we obtain the following result.

Lemma 6.1.1. Ift — K(t,i) : Ry — S,,i € D are C'-functions, then we have

J(t0,7,x0,i510) = x¢ K (10, ))x0 — E[x" (0)K (7,1 (2))x(7) | (10) = i]

ve| [0 0] @) |10 [ ani) =],

J1o u(t)

Jorall 0 <ty <t <o, xo€R", i€D,uc L,z%w([to,’r],Rm) where

with

Ok (t,i) = LK(1,i) + Al (1,)K (t,i)
3 AL (DK (DA D) + 20— qigK (1, ) +M(1,0)
= LK (t,i)+ (L (OK@0)](0) +M(1,0)
K(t,i)Bo(t,i) +Xj_ A} (¢,0)K (¢,0)By(t,i) + L(t,i)
=Pl (t,K(1))
Q% (1,4) = R(1,i) + X4y By (t,)K(t,0)Bi (t,1)
=R;(t,K()). O

K DA )

Q{(2 (tv i)
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Corollary 6.1.2. IfX(t) = (X(t,1), X(¢,2) ...X(t,d)) is a solution of the SGRDE
of type (5.98) defined on |1y, T|, then we have

0, 0,10) = xEX (10,1030 — EIET (2)X (2,1 (2))x(2) (10 =

HELE () = F¥ (6 n ()x(0)T [R(e.n (0) 63
B 0 n )X (0,1 0) Bt (1)) 1) |
—F¥ (1, n(0)x(0)drln (r0) =

forallu e L ([to,7],R™), xo € R",i € D where
FX(1,8) = =Ry (1, X (1) Pile, X (1) (6.4)

(2,i) € [to, T] X D and x(t) = x,(t,t0,%0).

6.2 The Linear Quadratic Optimization Problem
for Stochastic Systems: The General Case

6.2.1 The Problem

Let us consider the cost function:

11(IO>XO7M)=EII°°H() (£ (1)) 2 (1) + g () L (.1 (1)) u
+ul () LT (6,1 (1)) x (1) +u” (1) R ( n(6)u(r)]dr

where M (t,i) = M? (t,i); R(t,i) = RT (t,i), (¢,i) € Ry x D and x, (¢) denotes the
solution of the system (6.1) corresponding to the input u (.) with the initial condition
(t(),xo) € R; xR".

The optimization problem treated in this section consists in determining the
optimal state-feedback control

®) (6.5)

u(t) =F(1,n(1)x(1) (6.6)

which stabilizes (6.1) and minimizes the cost function (6.5). The class of admissible
controls for this problem is the set Upn (fo,xp) of stochastic processes u(t) €
L%’W ([to,T],R™) for all T > fy with the additional properties that J; (9, xo, u) exists

and it is finite and lim, .. E |x, (1)]* = 0. The fact that J; (f9,xo, ) exists means that
there exists

limy e E J7 (50 (6)M (6.1 (1)) x, (1) 40 ()L (2,1 (1)) u ()
+ul () LT (6,1 (1)) xu (1) +u” (£)R(t,1 (1)) u(r)] dt €R.
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An important feature specific to the systems subject to multiplicative white noise is
the one related to the well-posedness of the problem. Indeed it will be shown that in
contrast to the deterministic case where the matrix

2 e

must be positive semidefinite, in the stochastic case this condition is not neces-
sary. Often in this chapter the optimization problem described by the controlled
system (6.1), the cost functional (6.5) and the set of admissible controls U, (t0,x0)
will be called the first linear quadratic optimization problem (LQOP1).

6.2.2 The Solution of LOOPI1

In the following, we investigate the LQOP described by the cost function (6.5) and
the system (6.1). As it is shown in [4, 17], while the cost functions of type (6.20)
are always bounded below, the cost function J; may have values which approach to
—oo. The same thing is expected to happen in the more general case of the systems
subject both to multiplicative white noise and to Markovian jumping. In order to
clarify this fact, we introduce the notion of the value function of the considered
optimization problem. For each (7p,x0) € Ry x R" we denote

V(t()7)C0> = ~inf Ji (l(),)C(),u)
uEUn (to,%0)

the value function associated with the optimization problem LQOP1.

Definition 6.2.1. We say that the optimization problem described by the cost
function (6.5) and the system (6.1) is well-posed if —eo < V(fy,x) < oo for all
(to,xO) S R+ x R".

With the notations introduced in the previous chapter we have the following
theorem.

Theorem 6.2.1. Assume that

(i) The system (6.1) is stochastically stabilizable.
(ii) The set T defined in (5.104) is not empty.

Under the above conditions the LOOP described by the cost function (6.5) and

the system (6.1) is well-posed. Moreover,

V(t9,x0) = z ﬂi(to)ng(to,i)xO 6.7)
i€eD
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where ;(ty) = P(n(to) =i) and X(t) = (X(t,1) ... X(¢,d)) is the maximal
bounded solution of the SGRDE (5.98) which verifies

Ri(t,X(t)) > ply > 0. (6.8)

Proof. Let us remark that the assumption (i) implies Z;{m(to,xo) #(, for all g > 0 and
xo € R”. Based on Theorem 5.6.2 we deduce that the system (5.98) has a maximal
solution X (t) which verifies (6.8). Applying Corollary 6.1.2 for X (t,i) replaced by
X(t,i) we get

+E[ﬁ0( <~> Flen(s
X (ur) = F(t,n (1))t

for all u € Z/:{m(to,xg),to < T,x0 € R",i € D where F(t,i) is defined as in (6.4) for
X (t) replaced by X (¢). Since X(¢) is a bounded solution, it follows that there exists
&> 0 such that [X(¢,i)| <&, (V) (t,i) € R;. x D. Then from the following inequality

7,1
)x(1) R (£, X (1)) (6.9)
t

El" (9)X(7,n(7)x(7)|n(10) = i]| < EE[|x()[*|n (10) = i]
we obtain

lim E[" (1)% (2, 1(2))x(1)|n(10) = i] = 0.

T—poo

Taking the limit in (6.9) we get

Ji(t0,%0,u) = Zepﬂz(()) X (10, 1)x0 + Xiep mi(to) E[ fy, (u(?)

B ()X(0) Ry (6,X(0) wle) — Flen(@)x(0)dein o) =i

forall u € Z/:lm (to,x0),x0 € R", 1y € R. Combining (6.10) with (6.8) we obtain that
Ji(t0,%0,u) > Yiep mi(to)x X (to,i)x0, ¥ t € U (to,x0) which leads to

V(to,x0) > Y milto)xg X (to,i)x0
i€eD

This last inequality shows the well-posedness of the considered optimization
problem. It remains to show that (6.7) holds.
To this end let us consider the following perturbed differential equations on S¢:

X0 +L X X(6) =P (e, X(0))R™H (. X (1)) P(1,X (1)) +M(1) +£J¢ =0 (6.11)
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where {&};>0 is a monotonically decreasing sequence with lim;_,..& = 0. The
SGRDE (6.11) is associated with the quadruple X/ = (A,B,Q, Q') where A,B,Q
are as in the case of the SGRDE (5.98) (see Remark 5.6.1) while,

. M(t,i)+ gl, L(1,i)
= (MG )

Invoking Lemma 5.1.2 one may show that T= ¢ T=' ¢ I="' forall / > 1. Applying
Theorem 5.6.6 (one uses the assumptions (i) and (ii)) we deduce that (6.11)
has a bounded and stabilizing solution X (7). Since the stabilizing solution of
SGRDE (6.11) is just the maximal solution one obtains via Theorem 5.3.6 that
the sequence {X, (t)};>0 is convergent and lim;_,.. X, (t) = X (¢), where X (7) is the
maximal solution of the SGRDE (5.98) which verifies (6.8).

For each [ > 0 we associate the cost function

0. x0,u) = E [ o7 (M () + ed)x(0)

+al (L, (1)) +u” ()L (6,0(0))x(0) +u” ()R(e, 0 (1))u(r) Yt ]],

ue Zflm (to,x0) where ij(t(),)c()) consists of all stochastic processes u € Z/:{m(to,x())
such that lim7 .. E ;| [x,(t)[2dt < eo.
Clearly,

T4 (10, %0, 16) = 1 (f0, X0, 1) + E1E { /'m |x(t)|2dt] 6.12)

J1y

for all u € Zf{m(to,xo). Reasoning as in the first part of the proof we obtain the
analogous of (6.10) for the perturbed cost function J% (fy,xq,u):

Te(t0,%0,u) = Sjep Mi(10)x) Xe; (f0,1)%0 + Xiep Ti(to) E {J}O( (r)
—Fe, (,1(1))x(8)) " Rop ) (8, Xe, (1)) (u(t) — Fe, (6,1 (1))x(e))dt [0 (r0) = i

forall u € Ij{m(to,xo) C Z/:{m(to,xo).
Let us consider the control

u&‘l() FE[(t 77( ))Xg]()

(6.13)

where
Fsl (Zai) = 7R;1([7X€1 (t))Pi(tvxfl (t))

and xg, (7) is the solution of system (6.1) corresponding to the control ug, (¢) and the
initial condition xg, (f9) = xo.
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Since X, (t) is a stabilizing solution of the system (6.11) it follows that ue, €

Ui (to, X0). Hence, from (6.13) with u(t) replaced by ug, (t) we obtain:

Jé (t07x07u£l) = Z n,-(to)nggl (t(),i)xo.

i€D
Therefore:
2 ni(to)ngel (t(), i))C() =J& (t(),xO, ugl)
i€D
> Ji(to,x0,ug) >V (to,%0) > Y 7;(t0)x¢ X (to, 1)xo.
i€D
Taking the limit for [ — oo, we obtain that (6.7) holds and the proof ends. O

Definition 6.2.2. A pair (%(¢),4(t)) where i(t) € U (to,x0) and %(t) = xz(t,10,X0)
is the solution of (6.1) corresponding to the input i(¢) is called optimal pair if
V(to,x0) = J1(t0,X0, ). In this case the control i(t) is termed the optimal control.

Corollary 6.2.2. Assume that the system (5.98) has a bounded and stabilizing
solution, X (t) = (X (¢,1) ... X (t,d)) which verifies (6.8). Set

ﬁ(t) :F(t7n(t))i(t)> F(t,i)Z—R;I(LX(I))'P,‘(LX(I))

and X(t) is a solution of system (6.1) corresponding to the control ii and the initial
condition X (to) = xo. Under these assumptions (%(t),i(t)) is an optimal pair for the
optimization problem described by (6.1) and (6.5).

Proof. From Corollary 5.6.7 it follows that the bounded and stabilizing solution
of SGRDE (5.98), if it exists, then it is just the maximal bounded solution X (z)
which verifies (6.8). Now, the conclusion of this corollary follows in an obvious

way, from (6.7), since i € U, (to,xo). O

Theorem 6.2.3. Assume that the assumptions of Theorem 6.2.1 hold. Then the
LQOP described by (6.1) and (6.5) has an optimal pair (£(t),i(t)) for some (tp,xo)
if and only if

lim x} {Tl;f(t,to)Jd] (i)x0 =0 (6.14)

t—roo

for all i € D, where Tj(t,19) is the linear evolution operator on Sg defined by the
linear differential equation

—S(t) = Lz(1)S(1), (6.15)
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F(t)=(F(t,1) ... F(t,d)) is associated by (6.4) with the maximal bounded solution
of (5.98) which verifies (6.8).

Proof. Let (£(¢),i(t)) be an optimal pair. Using (6.10) we may write

V(to,x0) = J1(to, X0, 1) zﬂl t0)x0 X (to,1)x0 + E [/ (a(t)
fo

—F(t,n(0)%(0)" Ry (r, X (0) (a(r) = F(1,0(1))2(r))dr] .

Taking into account the value of V (¢, xp) given in Theorem 6.2.1, we get

E [/{:(ﬁ(t) — F(t,n(0))2(0) Ry (0, X (1)) (aa(r) — F (z, n(z)))e(;))dt} -0
which leads to

a(t) — F(t,m(t))%(t) =0, a.e.

By the uniqueness arguments we deduce that £(¢) coincides almost surely with the
solution %(¢) of the problem

dx(t) = [AO(t7 n (t)) +BO(t7 n (t))F(t n (t)) x(l)dt (616)

+21€:1 [Ak(t7 Tl(f)) +Bk(t7

t > 19, x(to) = xo.

Hence #(t) coincide almost surely with () given by i(t) = F(¢,n(¢))%(t).

Let ®(z,t) be the fundamental matrix solution of the stochastic differential
equation (6.16), hence

#(t) = ®(t,10)x0

Since the optimal control ii(t) € U,y (2o, x0) it follows that
lim E[|®(z,10)x0|*|n (to) = 1] = 0, i € D.

Based on representation formula, given in Theorem 3.1.1 we obtain (6.14). The
converse implication follows in the similar way. ad

Corollary 6.2.4. Suppose that the assumptions of Theorem 6.2.1 are fulfilled. Then
the following are equivalent

(i) For each (to,x0) € Ry x R" the optimization problem described by (6.1)
and (6.5) has an optimal control u0~0) that is V (tg,x0) = J1 (0, X0, u<’07"0)).
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(ii)
lim ||T; (,40)|| = 0, V1o > 0 (6.17)
o0

Tz (t,10) is the linear evolution operator defined by the differential equa-
tion (6.15).

Furthermore if (i) or (ii) holds, then u0*0) (1) = F(t,1(t))%(t) where (1) is
the solution of (6.16).

Proof. The proof follows immediately taking into account that (6.14) is fulfilled for
alltp >0, i€ D,xo € R" and

1T, 00)| = T3 (2, 10)07 | = max sup ([ [770,00)5] (x| }
x0|=

and the norms of the operators 77 (t,t9) and Tz (t,to) are equivalent. O

Remark 6.2.1. The property of the evolution operator Ty (t,7)) stated in (6.17)
shows that the maximal solution X (¢) of the system (5.98) has an additional property
which consists in the attractivity of the zero solution of the corresponding closed-
loop system (6.16), that is

}imE[|&>(;,zo)xo|2|n(zo) =i=0,i€D, >0, xo €R".
—>o0

We have to remark that in general, this property is not equivalent to the expo-
nential stability in mean square of the zero solution of the system (6.16); hence,
condition (6.17) does not imply that the maximal solution X (¢) coincides with the
stabilizing solution of the system (5.98).

However, if the coefficients of the system (5.98) are O-periodic functions,
then (6.17) implies that the maximal solution X (¢) is just the stabilizing solution
of the system (5.98).

This fact is stated in the following theorem.

Theorem 6.2.5. Assume that the coefficients of the SGRDE (5.98) are 0-periodic
functions and the assumptions of Theorem 6.2.1 are fulfilled. Then the following are
equivalent

(i) For all (19,x0) € Ry x R" there exists a control ulto-x0) ¢ Z/:{m(to,xo) which
verifies

V (t0,x0) = J1 (10, %0, u00)).

(ii) The system of differential equations (5.98) has a stabilizing and bounded
solution X (t) which verifies (6.8).
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Proof. From Corollary 6.2.4 we deduce that (i) is equivalent to (6.17). Particularly

lim ||7(16,0)|| = 0. (6.18)
[—re0

Based on the identity T3(t + 60,10 + 0) = T (t,t9), ¥V t,1p > 0 we may show by
induction that T3 (16,0) = (Tz(6,0))’. Hence (6.18) is equivalent to

lim ||T%(6,0))"|| = 0. (6.19)
[—o0

Since T(6,0) : S¢ — S is a linear operator acting on a finite dimensional Banach
space, we obtain from (6.19) that all eigenvalues of 73(6,0) are located in the
inside of the unit disk |A| < 1. But 73(6,0) is the monodromy matrix of (6.15)
then, applying a well-known result concerning the uniform asymptotic stability of
the zero state equilibrium of a linear differential equation with periodic coefficients,
(see [74]) we conclude that the zero solution of (6.15) is exponentially stable. This
means that the solution X (¢) is just the stabilizing solution of the system (5.98) and
thus the proof of the implication (i) = (ii) is complete. The implication (ii) = (i)
follows from Corollary 6.2.2. O

Corollary 6.2.6. Assume the following.

(a) The system (6.1) and the cost function (6.5) are in the time invariant case;
(b) (A,B;Q) is stabilizable;
(c) The inequality L*X —P*(X)R~'(X)P(X)+M > 0 has a solution

which verifies the conditions R;(X) > 0, i € D. Then the following are equivalent

(i) For all xy € R" there exists an optimal control u* &€ Z/:lm(O,xo), that is
V(0,x0) = J1(0,x0,u™).
(ii) The system of algebraic equations (5.103) has a stabilizing solution

£ =(X(1), X2),.....X(d))

which verifies R;(X) >0, i€ D.
(iii) The system of linear matrix inequalities

( (LX) (i) +M(i) P (X)
Pi(X) Ri(X)
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has solutions in S¢. Under these conditions w* (t) = F (1 (t))%(t) where

F(i)y=-R ' X)Pi(X), i € D,

1

X being the stabilizing solution of (5.103) and %(t) is a solution of the
corresponding closed loop system (6.16).

Proof. (i) < (ii) follows from the previous theorem and (ii) < (iii) follows from
Theorem 5.6.8. d

6.3 The Linear Quadratic Optimal Regulator
for a Stochastic System

6.3.1 The Problem

The second problem treated in the present chapter, known also as a linear quadratic
optimal regulator problem (LQORP), requires to find the control of the form (6.6)
such that the cost function

Ra(to.x0.0) = E [y (0)dr (620)
o

is minimized in the class U (19, xo) of all stochastic processes u € Ly, ([fo, T],R™)
for all T > tg, J» (fo,x0,u) < oo, where

Yu (t) = yu (t,t0,%0) = Co (t,1 (t)) x,, (t) +Do (¢,1 (1)) u(t) (6.21)

is an output in R”. This problem often will be termed the second linear quadratic
optimization problem (LQOP2).

In order to simplify the expressions involved in the solution of this problem we
make the following assumption:

Assumption (A):

(a) There exists p > 0 such that D¥ (t,i) Do (t,i) > ply, ¥ (t,i) € Ry x D;
(b) DE (t,i)Co(t,i) =0,V (t,i) € Ry x D.

Remark 6.3.1. If the system (6.1) with the output (6.21) verifies the Assumption A
(a), then without loss of generality, the Assumption A (b) is fulfilled. Indeed, if A
(a) is fulfilled, then by the change of control variables described by

u(t) = —[DG (r,n(1))Do(t, 1 (1))~ DG (1.1 (1)) Colr, 1 (1))x(r) + i (¢)
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we may replace the given system (6.1), (6.21) by the following modified system

dx(r) = [Ao(t, n(6))x(t) + Bot, n())a(z)] dr
+ki (e, (0)x(0) + Be(t, 1 (1))i(e)] dwi (1)

=1
¥(0) = Colt, 1 (1))x(t) + Dolt, n(1))a(r)

where

AAk(t,i) = A(t,i) — Br(t,))R™' (t,0)D} (1,i)Co(t,i), k=0,1,...,r,
Co(t,i) = [I, — Do (t,i) R~ (¢,i)D (t, l)]Co(t i),
R(t,i) =D} (t,i)Do(t,i), (t,i) € Ry xD.

Clearly, this new system verifies both assumptions A (a) and A (b).

6.3.2 Solution of LOORP

Since the cost functional (6.20) is a particular case of the cost functional (6.5) it
follows that the solution of the optimization problem described by the controlled
system (6;1), the cost functional (6.20) and the corresponding set of admissible
controls Uy, (fo,x0) is obtained from the results derived in the previous section.
The optimal control of this optimization problem is constructed with the stabilizing
solution of SGRDE (5.117).

In this subsection we derive the solution of the optimization problem described
by the controlled system (6.1), the cost functional (6.20) and the set of admissible
controls U (tp,xp). Let X (¢) be a semipositive definite solution of the system (5.117)
and let

FX(t) = (F*(,1) FX(1,2) ...F¥(1,d))

be the corresponding feedback gain defined by (6.4). Set u* () = FX(¢,1(t))x* (1),
t > 0 where x* (¢) is the solution of the system

dx(r) = [Ao(t,n (1)) + Bo(t, (1)) F¥ (t,n(t)))x(t)dt

+ 30 Ak, (2) + Bi(t,n () FX (£,0(0))]x () dwy (), (6.22)

t > 1y, x(to) = xo.

Lemma 6.3.1. For each bounded and positive semidefinite solution X(t) of the
system (5.117) the control u* (t) belongs to U (ty,xo), to > 0, xo € R".
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Proof. Obviously the control u*(t) € L%,w([tl ,12],R™) for every compact interval
[f1,22] C [fo,°°). Applying Corollary 6.1.2 for

we obtain

E [ [ 1Gale,n 01 @)+ Do @) WParn() =i|  623)

= x] X (t0,1)x0 — E [ ()X (1,0 ())x(7) [0 (t0) = 1] ,

Vo<1, x €R" ieD, x(t) =xX(t).
Taking into account that X (7) is a positive semidefinite and bounded solution of
the system (5.117) it follows that there exists a positive constant ¢, such that

E [ [*|Cotr,())xte) + Dote,n 1) (1) P 1) = z} < X (t0,i)x0 < clro,

(V) T > 19, xo € R", i € D. Hence
E | [ 1Cotrn(e)xo)+ Dofe. ) o) Parin ) = ] <X (0.0

which shows that J5 (to, xo,u”) is well defined and we have
Jz(to,)C(),uX) < 2 ﬂj(to)ng(to,j)xO (6.24)
j€ED
and the proof is complete. a

Theorem 6.3.2. Assume that the system (A,B;Q) is stabilizable. Then the opti-
mization problem LOORP has a solution given by

i(r) =F(t,n(0)i(1), t>1

where I%(z‘7 i) is defined as in (6.4) for X replaced by the minimal positive
semidefinite and bounded solution X (t) of the system (5.117) and % is the solution of

the problem (6.22) where FX (t,i) is replaced by F (t,i). Moreover the optimal value
of the cost function is

d -
Da(to,x0,5) = Y mi(t0)x X (1o, 1)
i-1
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Proof. Let X(t) = (X¢(t,1) ... X¢(¢,d)) be the solution of the SGRDE (5.117)
which verifies the terminal condition X (7,i) = 0.

Based on Corollary 5.2.3 and Theorem 5.6.12 it follows that the solution X(¢) is
defined for all 7 € [0, 7] and

lim X (f) = X (¢).

T—roo

Applying Corollary 6.1.2 for X(¢,i) replaced by X;(,i) we obtain

E {ITICb07n(ﬂ)xU)4-DoO,n(ﬂ)uO)Vdﬂn(m)::i = xb Xz (10, )x0

| [ Tue) = Felem OO Ry 1 X))~ Fee,n ()0 ) =i

4]
(6.25)
Yue L,277W([t0, 7],R™).
Hence

[ [ Parin ) =] 2 x50, (6:26)
0

and equality is possible if u(t) = Fr(t,n(¢))x:(¢), t € [to, 7], x ( ) being the solution
of the problem (6.22) for FX (¢, i) replaced by Fy(t,i) = —R; ! (t, X1 (t))P;i(t, X1 (1)).
From (6.26) for u(t) = i(t) we obtain easily that

S (to,x0,8) > Y milto )xb X (19, 1)x0. (6.27)
i€D

Combining (6.24) with (6.27) we get

t(),)C(), z T tO )C() tOv )
i€eD

Let u € U(tp,x0) be arbitrary. Applying (6.25) to the restriction of u to the interval
70, 7] and taking the limit for T — e we obtain:

B[ [ boRantn) =i| =55 %
0

+E [ / () = F (e, m(0)x(0)T Ropo (1, K (0)) () — F (1,1 ())x(2) e (50) = i

which leads to

tX(), Z TT; t() xO t(); )
i€D

+ 3 mlw)E [ @) = Op0) R 1. X0) 1)

—F(t,n(0)x(0))dt[n (1) = 1]

¥ u € U(ty,x0) which completes the proof. O
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Remark 6.3.2. From (6.23) and (6.26) for u(t) = ii(t) we obtain

lim £ | (2)X (7,0 (1)) ¥(1)|n (10) = i| =0

T—o0

which is the single information concerning the behavior of the optimal trajectory of
the system for t — oo,

Theorem 6.3.3. Assume that the assumptions in Theorem 5.6.15 are fulfilled.
Under these conditions the solutions of the optimization problems LQOPI and
LQORP described by the cost function (6.20) and the controlled system (6.1)
coincide and they are given by

i(t) = F(t,n(t))x(1) (6.28)

where F (t,i) is defined as in (6.4) with X (t) replaced by the stabilizing and bounded
solution X (t) of the system (5.117) and %(t) is the solution of the problem (6.22)
with FX(t,i) replaced by F (t,i). Moreover the optimal value of the cost function is
given by

2(to,x0, 1) =Y, mi(t0)xg X (t0,1)x0
i€D

Proof. Under the considered assumptions the SGRDE (5.117) has a unique bounded
and positive semidefinite solution and that solution is a stabilizing one. Therefore
the control () given by (6.28) coincides with 7i(¢) and hence the conclusion of the
theorem follows immediately. O

Remark 6.3.3. Since L:{m (to,x0) € U(to,x0) it follows that

.12 (thana) = minuGZ}m(t(),xo
=/ (to,X(),I/:t) .

)J2 ([0,)60, M) > minuGZ/{(lo,xo) JZ (t07x07 M) (629)

On the other hand, from Theorem 6.3.3 and Corollary 6.2.2 it follows that if the
system (6.1) is stochastic stabilizable and the system

dx (1) = Ao (t,n (1)) x(t)dt + 35 A (1,1 (2)) x (1) dwy (1)
y() =Co(t,n(1))x(r)

is either stochastic detectable or stochastic uniformly observable, then in (6.29) we
have equality and additionally, i = i (a.s.).

The next illustrative example shows that in the absence of the properties of
detectability and observability in (6.29) the equality does not always take place.
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Hllustrative example. Consider the system (6.1) in the particular case n =2, r =
1,d =1, m = 1. In this case the system becomes:

dx(t) = (Aox (t) +Bou (t))dt + (A1 x (¢) + Bru(t)) dw (1) (6.30)

x = {xl} eR? u(r)eR
X

and the coefficient matrices are those from the numerical example at the end of
Sect. 5.6. The cost functional is

1> (0,x0,1) = E Uow (2 (1) +2% (1)) dt | . 6.31)

From Corollary 6.2.2 one obtains that the solution of the optimization problem
described by the system (6.30), the cost functional (6.31), and the set of admissible
controls I, (0,xp) is constructed with the stabilizing solution of the SGRAE (5.103)
and the optimal value is given by:

. 8 —21
J2 (0,0, ) = [ x10 x20 | {_21 63 } {gﬂ (6.32)

where xo = [x19 xzo]T. On the other hand from Theorem 6.3.2 it follows that
the solution of the optimization problem described by the system (6.30), the cost
function (6.31), and the set of admissible controls 2/(0,x) is constructed with the
minimal solution of the SGRAE (5.103). The optimal value is:

2 (0,x0,) = [x10 x20 ] Ll) 8} [iﬁ (6.33)

From (6.32) and (6.33) one sees that J, (0,xo,i) # J» (O,X(),ﬁ).

Remark 6.3.4. Using the results of the previous chapter (Sect. 5.9) and the proofs
of Theorems 6.2.1, 6.3.2, and 6.3.3, we may conclude that the results stated in these
theorems are valid in the case D =7Z..

6.4 A Tracking Problem

Consider the stochastic system (6.1) with the output (6.21) together with assump-

tions A (a) and A (b) stated in Sect. 6.2. Then ift — r(¢) = (r(z,1),r(2,2),...,r(t,d)) :
R, — (R? )d is a continuous and bounded function, the tracking problem consists

in finding a control ii(-) € U, (to,x0) which minimizes the cost function

T
E [ yu(t,t0,x0) — r(t,m(1))|?dt (6.34)

fo
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in the class of all stochastic processes U, (f,Xo), where U, (to,xo) is the set of all
stochastic processes u : [fg, o) x £ — R™ with the properties: u € L%’W ([to,T],R™)
for all T > to and supE |x, (1,10, x0)|* < oo, 1 > 1o

For each (fo,7,x0,i) € Ry x Ry x R" x D with 0 <y < 7 we consider the
auxiliary cost functions

T
W(to,r,xo,i,u):E[t V(e t0,%0) = (e, (1)) Pt |0 (r0) = i,
0

forall u € Ly ([0, 7],R™). Based on Itd-type formula given in Theorem 1.10.2 we
obtain the following lemma.

Lemma 6.4.1. Lert — K(t,i): Ry —= S, t = g(r,i) : Ry =R t = h(t,i) : Ry —
R, i € D be C'-functions, and let
v(t,x,1) = xTK(t,i)x+2g" (t,i)x +h(t,i).
Then
Wlto, T,x0,i,u) = v(to, X0,i) — E [v(7,x(7),n(7))[n(t0) = i]
FE {270 uT(r))QK(nn(r»(xE

¢ (1,1 () A0 (11 (0) + T g &” (1) — 7 (6, m()Cole,n (1)) (1)
+2[g" (1.n(1)Bo(t,n () —r (1, n(t))Do(t,n(1))] u(r)
rT(nn(r))r(nn(r))+%h<nn<r>)+z, V() (0 ) Yt () = i

for all 1, 0 <10 < T,x0 € R", i € D,u € L ,([to,7],R™) where x(t) =
xu(t,to,xo), QK(t,i) being as in Lemma 6.1.1 with M(t,i) = CF(t,i)Co(t,i),
L(t,i) =0, R(t,i) = D} (t,i)Do(t,i).

Let X(t (t) be the stabilizing and bounded solution of the SGRDE (5.117). Set
F(t)=(F(t,1), F(t,2) ...F(t,d)), F(t,i)=—R; " (t,X(¢))Pi(t,X(t)) be the stabi-
lizing feedback gain. ThlS means that the zero state equilibrium of the corresponding
closed-loop system (6.16) is ESMS-C. Then by Corollary 3.2.10, the zero solution
of the differential equation with Markovian jumping

%x(t) = [Ao(t,n (1)) + Bo(t, n(0)) F (1, (1))] x(1)

is ESMS-C.
Now, applying Theorem 3.2.8 we deduce that the zero state equilibrium of the
linear differential equation on (R")¢:

d

d
Eyi(t) = [Ao(l‘,i)—I—Bo(t,i)F(l‘,i)] yi(t) + ZjSyj(t), ieD

Jj=1

is exponentially stable.
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Letg(r) = (g(s,1) g(1,2) ...8(t,d)) (see Corollary 3.2.9) be the unique bounded
solution on R of the affine dlfferential equations

(6,07 yi (6) + X1 43y (1)
Ft,)]7r(1,) ~ (6.35)

2yi(t) + [Ao(t,1) + Bo(t,i)F
[Co(tl +D0( )

i € D. From the previous lemma we have the following corollary.

Corollary 6.4.2. Assume that the system (5.117) has a bounded and stabilizing
solution X(t). Take &(t) the unique bounded solution of (6.35) and h(t,i) be
arbitrary C'-function as in the previous lemma. If v(t,x,i) = x" X (t,i)x+287 (¢,i)x+
h(t,i), we have
W(Z‘O,’onﬂ.,u) (thXOa ) [ (
+E [ { [ue)=F (.0 0)x(0)] " R (1 X)) |
+2[g"(t,n (1)) Bo(r,n (1))~ (1, 71()) o(t,1(1)) [M(f) F(t,n(1)x(1)]
G () T (e, )T (6, 0(0))r(e 0 (0)) ble I (r0) =]

<
P
=
v
"11
—~
=
—~
~
=
=
PaN
=
=

forallty, 0<1)<7,x0€R" ie€D,ueL;,(to,],R™), x(t) = x,(t,10,x0).

Remark 6.4.1. If X is a bounded and stabilizing solution of the SGRDE (5.117),
then we may write

d~

X+ LEOX (1) + [Co(t) +Do(1)F (0]" [Colt) +Do(t)F(r)] =0

which shows that the stabilizing and bounded solution of the system (5.117) if it
exists is always positive semidefinite. Therefore, the condition R;(t,X(¢)) > pl, >
0 is fulfilled.

For each T > 0 set h.(t) = (h:(t,1) ...h(t,d))7, the solution of the system of
affine differential equations

Eh(t) +Qh(t) +m(t) =0

with the terminal condition % (7) = 0, where

(

l) = (ffl](t) fﬁz(t) ﬁ’ld(t))r
i

) = rT(t,j)r(t,j) - [gT(l,j)Bo(l,j) —rT(l‘,j)Do(Lj)} R;l(t,)?(t))(637)
x[Bg (1, /)&(t, j) = Dg (1, j)r(t, )],

ieD,t>0,0= {Qij}i,jED- Let VT(L)C?I') be defined by

N

ve(t,x,0) = xT X (¢,i)x+ 287 (¢,i)x + he(t,0).
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From Corollary 6.4.2 we get:

W(to, T, x0,i,u) = ve(to,%0,i) — E[ve(7,x(7),n(7))[n(t0) = i]
+E [ft(f(u(t) —F(t,n(0)x(t) = w(t,n(0) Ry (1, X (1)) (u(t) (6.38)
—F(t,n(0))x(t) — w(t,n(t))dt|n (o) = i]

forallzg, 0<1)<7,x €R", i€ D, ue L} ([, 7),R™), x(t) = x,(t,10,%0) where

w(t,i) = =Ry (1, X (0))[BG (¢,0)&(r, 1) — Dg (2,i)r(2,)]. (6.39)

Now we are able to prove the main result of this section.

Theorem 6.4.3. Assume that the system of differential equations (5.117) has a
bounded and stabilizing solution X (t). Let (t) = (§(t,1), &(t,2), ...&(t,d)) be the
unique bounded on Ry solution of (6.35) and y(t,i) defined by (6.39). Under these
conditions we have

A

min Ju:j,;ihm i (t0) i (1)t
uel;lm(to,xo) ( ) ( T—oo T ;‘sz: p/ j

for all ty > 0, xo € R", where i(t) = F(t,n(t))x(t) + w(t,n(t)), X(t) being the
solution of the problem

dx(t) = [(Ao(t,n(t)) + Bo(t,n (1)) F (t,n(2)))x(t) + Bo(t,n (1)) w(t,n(¢))] dt
+3y [(A(e,n (1)) +Bi(t,n(0)F (2,1(1)))x(r) (6.40)
+Bi(1,n (1)) y(2,n(t))] dw (1)

t >, f(t()) = xg and

B (5N 1 — lim o2
P = (pij)ijep = lim P(¢) = lim e*".

Proof. Applying Theorem 3.6.1 to the system (6.40) we deduce that sup,., E|%(t) |?
< oo and therefore i(t) belongs to U, (fo,Xo). It is easy to see that for each u €

Ui (to,x0) we have

J(u) = limsup

T—oo

1 d
z 7'C,'(l0)W(I07T,xO,i,u>.
—hi5
Then from (6.38) we have for u € U, (t,x0)
d

Jw) > timsup 3 710) {vr f0,30,0) — Elvr (T,x(T), 0(T)) 1) = ]}

T—oo — 10 ;=

. R NP
= limsup —— >, mi(to)hr (10,i) = J(@).

T—oo —10 ;=
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But

T T
hr (1) = / 260 i (5)ds = / P(s— 1) (s)ds.
t t
Therefore

T
hT(t0)=/ [P(s—1t0) — P (s)ds+ [ Pin(s)ds.

fo fo

Since lim, .. P (t) = P and 77 (¢) is a continuous and bounded function we have

1 T ~
li P(s—ty)—P)m(s)ds =0.
TI—IEOT—tO/t;) ( (s—1) )m(S) s
Hence
1 d
li i (to) hr (2,1
Tlg:osup 7[01.:21”!(0) T(07l)
L T d d
= Timy e 7 / D, X, mi(to) pijn; (1) dt
- I

0 =1 j=I

S
:1imT_>oo?/ zzﬂt tO pz/m/ d

i=1j=

The last equality follows since 3¢, 34 %=1 (to) pijm; (t) is a bounded function on
R . Thus the proof ends. O

Remark 6.4.2. Concerning the feasibility aspects of the control i(t) = F(t,n(t))
X(t)+w(t,m(¢)) which is the solution of the above tracking problem, we distinguish
two important situations:

(a) Ifthe system (6.1), (6.21) is in the time invariant case and the signal r(¢) satisfies
r(t,i) = r(i), (t,i) € Ry x D, then the stabilizing solution of the system (5.117)
is constant and solves the system of algebraic equations. This solution may be
computed applying the iterative procedure described in Sect. 5.8. By uniqueness
arguments it follows that the bounded solution of the system (6.35) is constant
and it solves the system of linear equations

[A0(D) +Bo()E (i) & +zq,,g — [Co(i) + Do(DE (i) r(i) =0, i € D.

(b) If the coefficients of the system (6.1), (6.21) are O-periodic functions, then the
stabilizing solution of the system (5.117) is a 8-periodic function, and it can be
computed with the iterative procedure given in Sect. 5.8. From the uniqueness
arguments the bounded solution of the system (6.35) is a -periodic function
and its initial conditions can be obtained by solving a linear system of algebraic
equations.

(c) Under the assumptions of Theorem 6.4.3 it follows that the optimal value of the
tracking problem does not depend upon xg.
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The results presented in this chapter are mainly based on the papers [44,45,117].
The linear quadratic problem in the stochastic case has been investigated starting
with [151]. For stochastic linear systems with multiplicative noise we mention [3,4,
11,17,76,77,82-84,98,111,126,127,147,149,150] and for infinite dimensional case
we cite [23-25, 123, 139]. In the case of stochastic systems subject to Markovian
perturbations, the linear quadratic problem has been addressed in [86,87,109,112].



Chapter 7
Stochastic H, Optimal Control

In this chapter the problem of H,-control of a continuous-time linear system
subject to Markovian jumping and independent multiplicative and additive white
noise perturbations is considered. Several kinds of H; type of performance criteria
(often called H»-norms) are introduced and characterized via solutions of some
suitable linear equations on the spaces of symmetric matrices. The purpose of such
performance criteria is to provide a measure of the effect of additive white noise
perturbation over an output of the controlled system. Different aspects specific
to systems affected by Markov processes are emphasized. Firstly, the problem of
optimization of Hp-norms is solved under the assumption that full state vector is
available for measurements. One shows that among all stabilizing controllers of
arbitrary dimension, the best performance is achieved by a zero order controller.
The corresponding feedback gain of the optimal controller is constructed based
on the stabilizing solution of a system of generalized Riccati equations. Secondly,
the H, optimization problem is solved under the assumption that only an output is
available for measurements. The state-space realization of the H>-optimal controller
coincides with the stochastic version of the well-known Kalman—Bucy filter. In
the construction of the optimal controller the stabilizing solutions of two systems
of coupled Riccati equations are involved. Finally a problem of the H, filtering
in the case of stochastic systems affected by multiplicative and additive white
noise and Markovian switching is solved. Throughout this chapter we assume that
D ={1,2,...,d} and the controlled systems are in the time invariant setting.

7.1 Stochastic H, Norms

Consider the linear stochastic system G described by

+B,(n())dv(t) (7.1
2(1) =C(n@)x()
V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 287
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withx e R", ze R?, A (i) e RV k=0,...,r, B, (i) eR"*™ C(i) eRI*" i€ D,
wy (1), ¢ > 01is a scalar Wiener process and v (¢), ¢ > 0 is an m,-dimensional Wiener
process.

As in the previous chapters, w (t) = (wi (¢),...,w,(t))" and n (r) are standard
Wiener process and Markov process, respectively, with the properties in Sect. 1.8;
v(t),t > 0is an m,-dimensional standard Wiener process independent of the pair
(w(t),n (¢)), t > 0. Throughout this chapter, F;, G;, H, are the c-algebras defined
in Chap. 1 related to the processes w (¢) and 1 (r) and H, is the smallest c-algebra
containing H, and the o-algebra generated by v (s),0 < s <1.

Denoting by @ (z,s) the fundamental matrix solution of the system

dx (t) = Ao (n (1)) x () di + iAk (1 () x () dwy (1), (7.2)
k=1

according to (1.29) the solutions of (7.1) have the following representation

x(t) = ®(t,0)x0 + P (t,0) /thr‘ (5,0)B, (1 (s))dv(s). (7.3)

Particularly, the solution of (7.1) with zero initial conditions is:

50 = @(0.0) [ @ (503, (1 () v ). (7.4

We prove
Lemma 7.1.1. For each T > 0 and j € D we have
E (50 (115 (5) 5] =F | [ @(5.9)B, (1)) B (1)@ (5.9 -5
(7.5)
Proof. Set
¥ (s) =0 ' (5,0)B, (1 (). (7.6)
It is obvious that the components of ¥ belong to L%{’ [0, 7] for all integer p > 1 and

in particular for p = 2.
We show that

E

(@.0) [ @0 (@(r,()) [ e <t>)Txn<r>j]

=E /(;T(I)(T,O)‘I—’(t)‘PT () D" (7,0) ) (z)= et (7.7)
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To this end we prove (7.7) for the case when the elements of ¥ are step functions in
L} ,,[0,7]. Indeed, let

Z‘Pt, Aiiii) 0=10 <t <...<f_1 <f =T,

¥ (1;) being H;, measurable, 0 <i <k, E ¥ (1;)|* < eo. We have

T T T
®(1,0) /0 ¥ (1) dv (1) ((D(T,O) /0 ‘}’(t)dv(t)) xnm,-w}

@ (7,0) YW (t:) (v (tir1) —v (1) (v (1) —v ()T (1)

il
x®" (7,0) xn (1= | He] (7.8)

= OO TP WE (v (ts1) = v(6) (1) = v(w)" [ 7]

=FE

<P (1) D" (7,0) 2 ()=
(2 V()Y () (tia —fz)> @' (1,0) Xn(0)=j

The last equality above has been obtained by taking into account that the o-algebra
generated by {v(¢) —v(s),t,s € [0,7]} is independent of 7, and therefore

E (1) =v (@) (0 (1) =v (@) | He
= E|((t01) =v () (0 (t11) = (1)) | = 831 (11 =) o,

where 0;; are the Kronecker coefficients. Hence by taking expectation in (7.8) one
concludes that (7.5) holds if the elements of ¥ are step functions in L‘,‘W ([0, 7)).
Now, based on Remark 1.9.2 take a sequence {W (¢)} k=o.1,... of step functions in

L}, ([0,7]) such that

HmE/\Tk )| dt = (7.9)

k—yoo

Writing (7.7) for each ¥ one obtains

£ [(@ (2,0 J§ ¥ () v (1)) (@ (2.0) J§ ¥ ) v (1) Tncos] .10,
_EfO ( )\Pk()\I’Z(t)(DT(Tvo)Xn(‘L') ]dt
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Using Theorem 1.9.3 and (7.9) above it follows that

lim E

k—yoo

(o0 [Yown) (w0 | T\P(")d"(’))T%n(T)j]

(o0 ["mwan) (oo [ <r>dv<r>)rxn<f>j]

=E

and

T
imE [ ®(7,0) W (1) W] (1)@ (1,0) (1)t
k—yoo 0

_ E/OT(D(T,O)‘{’(t)‘PT (1) 7 (7,0) 1y (e) -

Combining the last two equalities with (7.10) one obtains (7.7). By replacing ¥ ()
in (7.7) with (7.6), (7.5) directly follows because ® (7,0)®~! (5,0) = ®(1,s) a.s.
and thus the proof ends. a

Remark 7.1.1. If we consider the particular case when A, (i) =0,1 <k <rieD
the proof of the above lemma does not become simpler. This is due to the fact that
in the representation formula (7.4) we cannot write

x0(7) = /OTQD(T,s)BV(n (s))dv (s) (7.11)

because the expression under integral is random and it is measurable with respect
to H¢. On the other hand, the integral in (7.11) is well defined if the function under
integral is measurable with respect to

Hy=H,Vo(v(t),0<1<s)
forall s < 7.

Let us introduce the following notations

m(t) =P{n(t) =i}, (7.12)
pP= lim P (1) with elements j; (7.13)
m =P (0)=i)=m(0) (7.14)
d
oo = Z 7'Ejp~j,'. (715)
j=1

It is obvious that

d
m(t) = 2’1 mipji(t).
p
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Hence
}Lr?o 7 (1) = Tieo.
Set
B, (s,i) = m;(s) By (i) B] (i) (7.16)
B, (i) = mwB, (i) B! (i). (7.17)
It is clear that
lim B, (s,i) = B, (i) foralli € D (7.18)

§—ro0

With these notations we prove the following lemma.

Lemma 7.1.2. With xq (t) defined by (7.4) we have

E [x0 (7) x4 (T) Xn(r)= ]—/T (eﬁ(fﬂ>§v(s)) (j)ds

0

where B, (s) = <§V (s,1),...,B, (s,d)) with B, (s,i) given by (7.16) and L is the
Lyapunov operator defined by the system (Ag,A1,...,A; Q).

Proof. Based on Lemma 7.1.1 we may write successively:
E [x0(7) x5 (T) Xn(r)=;]

T

= | E[®@(z.5)B, (0 () By (1 (5) @ (7.5) sn(e)=] ds

=0;nf<s>E[@(r,swv(n(s))B{(n(>><1>T<rs>xn i () =i]ds

- / B,(s)) (j)ds.

For the last equality above we used the representation formula (3.8) of the evolution
operator T (¢,s). The conclusion follows because in time-invariant case T (¢,s) =
e£=5) (see Remark 2.6.3). |

Lemma 7.1.3. Assume that the system (Ag,A1,...,A,; Q) is stable. Then we have

1im E [x0 (7)) (7) Xn(o)=;] = B- () (7.19)

T—oo



292 7 Stochastic H, Optimal Control

where P, = (ﬁc (1),...,P. (d)) is the unique positive semidefinite solution of the

Lyapunov like equation LP + B, = 0 with B, = (gv(l),...,gv (d)), B, being
defined by (7.17).

Proof. Based on Lemma 7.1.2 we have
T Y97 -
E [x0(7) x5 (T) Xy (0)=j] = /o (e "By (S)) (7)ds
T
_ L) (R (o _ B .
| (569 (Buts)~B.) ) (s
T
L-97 )/
+/0 (e BV) (j)ds.
By a simple change of integration variable we get
T
T 1= L(t—s) (B ) :
E [0 (05 (9 ] = [ (7 (B.9)-B.)) () ds
T ~
+ / (eﬁSBv> (j)ds. (7.20)
0

Since the system (Ag,Aj,...,A;; Q) is stable, there exist § > 1, o > 0 such that
HeCSH < Be=*™ for all s > 0. Further we have:

/0 ' (eﬁ(rfs) (Ev (s) — Ev)) (j)ds /O i (eqH) (Av (s) — §V)) ds
<B /0 Tt

Taking T — oo one obtains from (7.18) by standard arguments

T
: —a(t—s)
lim B /0 ¢

<

B, (s)—B,|ds.

~

B,(s)—B,|ds =0

which leads to

lim OT (eﬁ(f_s) ( v (s) _Bv)) (j)ds=0.

T—ro0

Hence from (7.20) we get

lim E [X() (‘L’)xg (’L’)Xn(f):j] = /Om (eﬁsgv) (])ds:i)\c(])

T—>o0

The last equality follows from the proof of Theorem 2.7.7 combined with
Theorem 2.3.7 (iii). Thus the proof is complete. a
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Remark 7.1.2. From the representation formulae (7.3) and (7.4) together with
Lemma 7.1.3 it follows that if the system (Ag,A1,...,A;; Q) is stable then

)

tim E [x (1)o7 (1) o)) = i E [0 ()55 () (0] = B2 ()

t—ro0

for all j € D and for any solution x (¢) of the system (7.1).
Theorem 7.1.4. Assume that the system (Ag,A1,...,Ar;Q) is stable. Then

lim E |z (¢) ZTr( (HCT (j ))

[—ro0

where P, = (130 (1),...,P, (d)) is the unique positive semidefinite solution of the
equation

LP,+C=0
with C = (6(1)7...,6(61)), C(j)=CT (j)C(j),jeD.

Proof. First we shall prove the result in the statement for zo = C (1 (¢))xo (¢). To
this end we have

. 2 .
ZIEEE lzo (1)]” = tlL% TrE [z0 (1)) (t)]

= lim 77E [C (1 (1))x0 (1) x5 (1) CT (1 (1))]

d

= }ggz, TrE [C(n (t))x0 (1) (1) Xn(y=,C" (0 (1))]
d

Z}LI{L;TFC(J)E[XO() 0 (1) Xnw=4] €T ()

Then based on Lemma 7.1.3 we get
: T
,IEE,E‘ZO | = E Tr( ()C" (j )) (7.21)

Taking into account the deﬁmtlon of the inner product in Sd (see (2.16) and the
representation formulae of P and PU, we have
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Finally we remark that based on the representation formula (7.3) it follows that for
any output z () we have

. 2 5. 2
lim E |z (1)[" = lim £z ()]

and the proof is complete. a

For the system G defined by (7.1), under the assumption of Theorem 7.1.4 we
introduce the following norm.

Definition 7.1.1. We call the H, norm of the system (7.1)

1

161, = [Jim £ ()] (122)

Remark 7.1.3. The result in Theorem 7.1.4 shows that the right-hand side of (7.22)
is well defined and a characterization of the > norm can be given in terms of the
controllability and observability Gramians P. and P, respectively, which extends
to the case of stochastic systems of type (7.1) the well-known results from the
deterministic setting.

Further we prove the following theorem.

Theorem 7.1.5. Under the assumption of Theorem 7.1.4 we have

T—oo T

i 12 [ [ e6Pas i) =] = £ (5020 0) e 720

Proof. Applying the It6-type formula (Theorem 1.10.2) for the system (7.1) and for
the function v (x,i) = x” P, (i)x, x € R", i € D one obtains
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E Aﬁdgﬁwnmy:ﬂ (7.24)

—&| [ 1 (B 0D P (n )3, (n ) ) s [ 10) = ]
+x} By ()30~ E [ (T) B, (n (7)) x(T) | n (0) =1

But

|31 (BL (PGB () =5 s (1.25)

Since limy—,. p;j (s) = p;; we obtain from (7.25) that

iim 26 | [ 77 (B (1) 2 (1 (6B (1) s [ (0)= ]

T —roo
d
Ty
=1
d o~
= 3 1 (BL ()P ()B. () B
j=1

Based on Lemma 7.1.3 it follows that
. 1 TH /- T T%H .
lim = {2, ()20 —E [x" ()7 B, (n (1)(T) | m (0) = ]}
.1 = = .
:%QT{gg@m_ T&&UD (7.27)

xE [x(T)x" (T) xnry)=j I (0) =] }
=0.

~.
=
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Finally from (7.24) combined with (7.26) and (7.27) we get (7.23) and the proof

ends. O

Evidently that the next result holds.
Corollary 7.1.6. Under the assumptions of Theorem 7.1.4 the following hold:
lim i/T l2()Pdt = Tim E|2(T)]* = |G| O
T—o T Jo T—oo 2

Theorem 7.1.7. Assume that the system (Ag,A1,...,A;; Q) is stable. Then

where

and

is the unique positive semidefinite solution of the equation LP+M =0, withM (i)=
5I'Bv (l) B\{‘ <l>

Proof. From Theorem 7.1.5 we have

im 73 [/ 0Pasn0) =1

= i 7r (B () Po () B (1)) By

g 7r (BL () B (1) B ()

<ﬁ @ / <e£*raﬁ>d;
- /0 (C.ef'M)di = (C.F.)
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d ~
= > 1r(cHR(HC ()
j=1

and hence the proof is complete. ad

Using the result in the above theorem, one can introduce a new norm for the
system G given by Theorem 7.1.7.

Definition 7.1.2. If the zero-solution of the system (7.1) in the absence of the
additive noise v (¢) is ESMS, then we define:

1 g T
2_ g L 2 —;
61 = fim 7 32| [P as (@) =]

Remark 7.1.4. (a) Based on the results in Theorems 7.1.4 and 7.1.7 it follows that
while ||G||, depends on the initial distribution & = (m,...,7,) of the process
7N (¢), the norm |||G|||2 does not depend on the initial distribution of 1 (7).

(b) In the particular case when the system (7.1) is subject only to white noise
perturbations, the two norms defined above coincides. The difference between
them is due to the Markov jump perturbations.

(c) Itis obvious that

1G> < [IGlll2-

7.2 Stochastic H, Optimal Control: The Case of Perfect State
Measurements

In this section we shall state and solve the design problem of a stabilizing controller
that minimizes the H, norm of a controlled system whose states are accessible for
measurements.

Consider the system G described by

oy
=
S~—
I
ES

0(1 (1)) x (1) +Bo (1 (1)) u(r)]dt

+ i [Ak(n () x () + Be (1 () u (1) dwi (1) (7.28)

where x € R” is the state vector, u € R™ denotes the vector of control variables,
z € R? is the regulated output, and A, (i), B¢ (i), 0 <k <r,C(i),D(i),B,(i),i € D
are constant matrices of appropriate dimensions with real elements. The stochastic
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processes {w(t)},~o = (Wi (t),...,wr )", {n (t)},50 and {v(t)},5, have the
properties stated in the preceding section.
Consider the following family of controllers G, described by

X (1) =Ac(n (I))xc(t)""Bc(n (t))uc(t) (7.29)

where x, € R" u. € R", y. € R™. Let us remark that the controller G, of form (7.29)
is completely determined by the set of parameters (n.,A. (i),B. (i),C. (i),D. (i),
i € D) where n, > 0 denotes the controller order. In the particular case n. = 0 the
controller (7.29) reduces to

Ye (t) =De (1 (1)) ue (2)

which shows that the zero order (state-feedback) controllers are included in the set
of controllers (7.29).

The resulting system G; obtained by coupling a controller of the form (7.29) to
the system (7.28) by taking u. (1) = x(¢) and u(¢) = y. (¢) is

r

dixer (1) = Aoer (11 (1)) xer (1) dt + Y, Ager (1 (£)) xer (2) dwc (2)

k=1
By (1 (1)) dv (1) (7.30)
Yel (t) =Cy (n (t))xcl (t)
where
el = L Xcl ’
[ Ao (i) +Bo (i) De (i) Bo (i) Cc (i)
i = [ PO TP OGO
ol = [HOTBODO BOGO),
By (l) = :Bvo(l> 5

Ca (i) = [CH)+D ) D (i) D(>)Ce(i)].-

Definition 7.2.1. A controller G, of form (7.29) is called stabilizing for the
system (7.28) if the zero solution of the closed-loop system (7.30) (in the absence
of the noise v) is ESMS.
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By K5 (G) we denote the set of all stabilizing controllers G, of the form (7.29).
Then two optimization problems will be formulated and solved in the following:

(OP1) Find a stabilizing controller of the form (7.29) minimizing || G|,
(OP2) Find a stabilizing controller of the form (7.29) minimizing |||G|||2-

For the sake of simplicity we shall unify the notations writing ||+, ,, £ = 1,2
where ||-||, ; stands for ||-||, and [|-||, , stands for ||| [|2. Thus from Theorems 7.1.4
and 7.1.7 we have

IGal, = zg,n( £t 1) Pot (1) B 7)) @31)

where

& = M, for £ =1 and (7.32)
& = 5,‘ for £ =2

and P, (i) = (IA’(,CI (1),... Py (d)) is the unique positive semidefinite solution of
the Lyapunov-type equation on S¢ +n.» With ne denoting the order of the controller:
AOcl()Pocl()+P (

() +C

) Aoct (i) + Xh_y ALy (i) Poct (1) Ager (i)
+2] 1 9ijFoct T( (7.33)

Cy(i)=0,ieD.

One can associate with the system (7.28) the following stochastic generalized
Riccati algebraic equations (SGRAE)

AT ()X (1) +X (i) Ao (i) + Zf_ AT (i) X () Ax (i)

+34 1 giX () — [X (i) Bo (i) + X4, AT (i) X (i) Bi () +CT (i) D (i)

x [DT (i) D (i) + $f_, B ()X (i) By ()] "

x [BY ()X (i) +$4_, BY (i) X (i) Ax (i) + D7 (1) C (i)] +CT (i) C (i) = 0,

(7.34)

i € D, which can be written in a compact form as
LX-PTX)RT(X)P(X)+C=0
where L is the Lyapunov operator defined by the system (Ag,Aq,...,A,; Q) and
PX)=(Pi(X),...,Ps(X))

with
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and
R(X) = (Ri (X),.... Ry (X))
with
R, (x) = D' (i) D (i) +k_ilB£ (1)X (1) B ()
Denote by _

AZ(X) = (AIZ(X)a"'aAg(X)) €Sy

n+m
the generalized dissipation matrix, where

() - [<£*x> (i) +C (i) P <x>} |

Pi(X) Ri (X)

Assume that the following conditions are fulfilled

H1. The system (A,B; Q) is stabilizable, where as usual, A = (Ap,A1,...,A,;), B=

(B(),Bl,...,Br);
H2. It exists X = (f(l),...,f(d)) such that A~ ()?) > 0.

Applying Theorem 5.6.9 we deduce that the SGRAE (7.34) has a stabilizing

solution X. Defining now the gains
F(i)=-R;! (52) Pi ()’Z) L ieD
it results that the control

u=Fm()x)

stabilizes the system (7.28) in the absence of the additive noise v (¢).
The corresponding closed-loop system G; is

Then the following result is valid.

(7.35)

(7.36)
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Proposition 7.2.1. Under the assumptions H1 and H2 we have

~ 2
Gl =
H “lae

d ~
> e (B )X ()B.().

Proof. By direct algebraic manipulations (see also Lemma 5.1.1 with W (i) = F (i)
we obtain that the SGRAE (7.34) satisfied by X can be written in a Lyapunov form
as follows:

[0 )+ Bo ) F ()] K1)+ X (1) [A0 (i) +Bo () F (0]
3 [ B OF )] X0 [+ B F ()
FXaX )+ [CW+DWOF G| [c)+DHF ] =0
which shows that the observability Gramian P, associated with the closed-loop

system (7.36) coincides with the stabilizing solution X of the SGRAE (7.34). The
conclusion in the statement follows from Theorems 7.1.4 and 7.1.7. O

The main result of this section is the following theorem.

Theorem 7.2.2. Assume that H1 and H2 are fulfilled. Under these conditions we
have

Gce ’Ca j=1

. !
min _ [Garl = [Zs,Tr(BTu)xo)Bv(j))]

and the optimal control is

u(t) =F(n(t)x(t)

where X is the stabilizing solution of SGRAE (7.34), F = (ﬁ(l) yen ,f(d)) is the
stabilizing feedback gain defined by (7.35) and €; are defined in (7.32).

Proof. Let G, € Ks(G) and G; be the corresponding closed-loop system and
P, (i) denotes the observability Gramian. Let

[Ull (i) U12(i)}
UL, (i) Ux (i)

be a partition of IA’(,CI( ) conformably with the partition of the state matrix of the
resulting system. Partitioning (7.33) according to the partition of P,,L, (i) we get:

(Ao (i) + Bo (i) D¢ z))TUn(z)JrBZ(i)U
+U11 (i) (Ao (i) + Bo (i) De i) B,

St (A () + B (1) De )" Ut () (A () + Bi (1) De (1)
+34qijUn (j)+ (C (i) + D (i) De (i) (C (i) + D (i) De (i) = 0

(7.37)
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(Ao (i) +Bo (i) De (i))" Una (i) + B (i) Una (i) +Un1 (i) Bo (i) Ce (i)
U (1) Ac (1) + Zhy (Ax () + Bic () De (i) Uni (i) B (i) Ce (i) (7.38)
+39_ qijUr2 () + (C (i) + D (i) D (i) D (i) Cc (i) = 0

C! (1)Bg () U2 (i) + AL (i) Uz (i) + U5 Bo (i) Ce (i)

+U22() HOED Y ICT() ¢ (D) Un () B (i) Cc (i) (7.39)

I )
+Z? 14ijU2 (j )+CT() (Z)D(i)cc(i) =0.

Using Lemma 5.1.1 with W(i) = D.(i), SGRAE (7.34) satisfied by the stabilizing
solution X can be written as follows:

(Ao (i) + Bo (i) D, (i)
+Zk 1 (Ak (1) + B (i) De
+Z =14ij ()+(C(i

) C@+D@D) 740
0
Denoting by
Uy (i) = Uny (i) — X (i)
and subtracting (7.40) from (7.37) one easily obtains that the triplets (U 11 (0),Un2 (i),
U (i )) solve the following system of algebraic equations:
(Ao (i) +Bo (i) De (i) Uni (i) + Ui (i) (Ao (i) +Bo (i) D (i) )

)
+BT(1) (l)+U2()BL(l)+Zk 1 (Ac (i) + B (i) De (i)
Uy (i) (Ag (i) + By (i) De l))+zj lq,]UH( ) (7.41)
e(

(o) R (5) (0 Fi0) -

(A0 (i) +Bo (i) De ()" Una (i) + BE (i) Uz (i) + Uny (i) Bo (i) Ce (i)
+U12 (i) Ac (i) + iy (Ax (i) + By (i) De ()" Uny (i) Be (i) Ce (i (7.42)

£ 400 )+ (Do) ~F () R (R) €. =0

CI (i) B (i) U (i) + AT (i) Uz i)+UT2(i)BO(i)Cc(i)
+U22() ()+Zk 1CT i i) By (i) Cc (i) (7.43)

Setting
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(7.41)—(7.43) can be written in a compact form as follows:

AL (DT () +T () g (1) + S AL ()T () Ager ()
+3%,4;U () +07 () Ry (x) 0 (i) =0,

where

Since the system (Agcj,A1cl, - - - Are; Q) s stable it follows that U (i) > 0. Further
we have

d
1Gall3, = 3 & (Bl (i) Pot (i) B (7))
i=1

- ieiTr (B{ (i) X (i) B, (i)) +

S e (L ()0 ()8 0).

i=1

Since U (i) is positive semidefinite it follows that

d ~
IGall, = B atr (BT )X ()8.()

for all stabilizing controllers G.. Using Proposition 7.2.1 the conclusion in the
statement immediately follows. a

Remark 7.2.1. From Theorem 7.2.2 it follows that both optimization problems
(OP1) and (OP2) have the same optimal solution given by the controllers with the
set of parameters n. = 0, A, (i) = 0, B. (i) = 0, C. (i) = 0, D. (i) = F (i), i € D.
The theoretical results derived in this section are illustrated by the following
numerical example.
Consider the stochastic linear system subject both to Markovian jumps and to
multiplicative noise of form (7.28) with n =2, D = {1,2} and r = 1, where:

o =7 Jwa= 1]
ORI PYCE I |
= | me =[]




304 7 Stochastic H, Optimal Control

-1 1
o= 1)

and the initial distribution (0.5 0.5). Applying the iterative algorithm presented in
Sect. 5.8 for a precision of 1079, after 205 iterations the following solution has been
obtained:

F(1) =[-0.2863 —1.5672];
F(2) =[-0.8547  0.2353],

providing the optimal H, norm of the resulting system which equals 4.4028.

7.3 Stochastic H, Optimal Control: The Output Feedback
Control

Consider the system G described by:

&
=
S—

Il
ES

0 (1 (£))x (1) +Bo (1 (1)) u(t)]dr

k=1
+B, (0 (1) dv (1) (7.44)

dy(t) = Co(n (1)) x () dr + Z Gie(n (1)) x (1) dwi (1)
k=1

D, (1 (2))dv(t)
(n(®)x(@)+D(n (1)) ut)
where x € R” denotes the state, u € R™ is the control variable, y € R” is the

measured output, and z € R® denotes the regulated output; 1 (¢t), w(z), v(¢),1 >0
are stochastic processes with the properties given in the previous sections.

+
z(r)=C
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Associate with the system (7.44) the following class of controllers G, of the form

dx, (t) =A. (77 (t))xc (f)dlﬁ-EIZ:]Akc (77 (t))xc (t)dwk (t)
+B.(n())dy(t) (7.45)
u(t) =Ce(n(t))x().

By coupling G, to G one obtains the resulting system G.; with the state equations

et (1) = Aget (1 () xet (1)t + Y Ager (7 (1)) xet (£) v (1)
k=1

+Bvcl (77 (t)) dv (t) (746)
Z(t) =Cy (n (t)>xcl ([>

where

Xel = )

= [, 200 BOCO]

[ A0 BOCO]
Akd(l)__Bc(lka(i) kAkC(l) ],k L....r
[ B
20~ | (o)
Ca (i) = [C(i) DG)C.(i)], ieD

Definition 7.3.1. The controller G, is said stabilizing controller of G if the zero-
solution of the closed-loop system (7.46) in the absence of the white noise v () is
ESMS. The set of all stabilizing controllers will be denoted by K (G).

A controller in K (G) is determined by the set of the following parameters:
ne > 1,A. (i) € R"*" B, (i) € R"*P C,(i) € R™*" The controller order n. is
not a priori fixed. For a stabilizing controller G, we consider the norms ||G||, and
[[|Ger]||2 corresponding to the closed-loop system. Then two optimization problems
will be formulated and solved in the following:

(OP1’) Find a stabilizing controller of type (7.45) minimizing ||G/|,.
(OP2’) Find a stabilizing controller of type (7.45) minimizing |||G|||>.

It is expected that the solutions of the two problems formulated above be
different. In the particular case when the whole state vector is available for
measurements the solutions of (OP1’) and (OP2’) coincide and they are given by
a stabilizing state feedback.
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Consider the associated SGRAE

Ao (i)Y (i) +Y (A (i) + Zioy Ak () Y (DAL (D) + 25 g ()
)

(
-[r@ 5(1)+Zk 1A ()Y ()CZ(Z +& (z)DT()}
x [&D, (i) DL (i) + 35—, Ck (i)Y )C,{(z] (7.47)
x [Co (z)Y(z)+2k 1 G (D) Y (i) AL (i) + &Dy (i) By (i)]
+&B,(i)BI (i)=0, i€D

where &; have been introduced in the previous section. Recall that
Y = (;7(1),...,17@1)) es!
is a stabilizing solution of (7.47) if the system
(Ao £ RCo, A +KCy,... A+ l?c,;Q)
is stable, where

R (i) =~ [V () CF )+ Sy Ak ()Y () CT (i) + B, (1) DY (1)

( ( 1 (7.48)
x [&D, (i) Dy (i) +Xi— G (DY (i) C] (i)] , i€ D.

A necessary and sufficient condition which guarantees the existence of the stabiliz-
ing solution of (7.47) is provided by Theorem 5.7.1. To this end we introduce the
corresponding generalized dissipation matrix

N(Y)= (/\71 (Y),.... Ny (y))

where
Ni(y) = [(‘CY)(i) %;if;)(i)BvT ® Z ((?) (7.49)
with
Pi(Y) = i)+ ZAk ¢ (i) +&B, (i) Dy (i)
and

R;(Y) = &D, (i) DL (i) + Z C()Y (i) CL (i), ieD
k=1

for all ¥ = (Y(1),...,Y(d)) € S¢. From Theorem 5.7.1 it follows that the
SGRAE (7.47) has a stabilizing solution if and only if the triplet (C,A;Q) is
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detectable and there exists ¥ € S,‘f such that A/ (?) > 0. Further, if G; is the

closed-loop system obtained by coupling a stabilizing controller of the set K (G)
to the system (7.44), then according to Theorems 7.1.4 and 7.1.7 we have

1Gall3 = Ze,Tr( 1ot (1) Poct (1) Buct (1)) (7.50)

where

]

Prct = (Poct (1), Poct (@)

is the observability Gramian of the closed-loop system and it verifies the Lyapunov-
type system:

AOCI( )Pocl( )+ﬁ
)+

) Aocr (i) + Zj_y AL (i) Poct (i) Ager (i)
+2, IQ]l ocl T() (751)

(i
+CT (i)Cu (i) = 0.

Since (Aocl,Ald,...,é,d;Q) is stable, the system (7.51) has a unique positive
semidefinite solution P,; (i)

Let X = ()? 1),....X (d)) be the stabilizing solution of SGRAE (7.34). Denote
by

U (i) = Pt (i) — [f(") 0] ieD.

By direct calculation one obtains as in the proof of Theorem 7.2.2 that

U=(U(1),...,U(d)eS?

n-+ne

is the solution of the Lyapunov-type equation

Al (U (i) +U (i) Agar (i )+Zk 1ALy (DU (i) Ager (i)

7.52
+34 iU (j) +Ch (1) Cu (i) =0, i€ D (7.32)

where

with
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Since the system (Age;,A1cl, - - -, Arer; Q) is stable it follows that the unique solution
of (7.52) is positive semidefinite. As in the proof of Theorem 7.2.2, the equal-

ity (7.50) can be written as

d ~
1Gall3, = X & (B ()X (), (7))

d
+ Y &Tr (Bl (DU () Bua (1)

i=1

On the other hand since

is the observability Gramian associated with the triplet

(6017 (AOCla s 7Arcl) 5 Q) )

then according to the results in Theorems 7.1.4 and 7.1.7 we get

$ 67 (8, ()0 ()8 1) = £ 177 (€0 0P (1 0)
P :
where
P = (Pt (1), P (@)
is the unique solution of the Lyapunov equation on S¢ e

AOcl() ccl()+ et (D) A (1) + 25 1Akd() 1 ()AL (i)
+z] 1q]l l( )+£l vcl()Bvcl():O.

From (7.53) and (7.54) one obtains

d ~
IGall3, = Y &1r (BT ()% ()B. (1))

i=1
+2Tr( (i) Bt (1) €T, ()

Let

(7.53)

(7.54)

(7.55)

(7.56)
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be the stabilizing solution of the SGRAE (7.47) and define:
5 o [Y@)oO
V(i)=P.(i)— [ ® ] .
Let

[Y“ (i) Y1o (i)]
Y (i) Yoz (3)

be the partition of }/’\cd (i) according to the partition of the state matrix of the closed-
loop system. It is easy to see that (7.55) can be partitioned as follows:

Ao()Yll()+Yll(l) 6 (i) +Bo (i) Ce (D) Y5 (i)
+Y12(i))CL (i) B (l)+2k 1(Ak() Yii (i) Af (i) +
+Ak()Y12() () ¢ () 4B (i) Ce (i) Yar () CF (l)BZ(l))
+X0 1 qYn (J )+813v (i)B) (i)=0

Ao () Y12 (i) +Bo (i) Ce ()Y22(1)+Y (l)Cg (i) BL (i) + Y12 (i) AT (i)
+ 31 (A () Yu () L () BE (i

)
+Ak()Y12()A,{C()+Bk() L()Y2(1)Afc(l)) (1.57)
Jij:l‘]/zle(J)+Sl v()D (i) Z(I)ZO
B (i) Co (i) Y12 (i) +A¢ ()Y22()+Y1T2(1)C()T(t)BZ(i)
+Yo (§) AL (D) + 2f— 1( (i) Ce () Y11 (i) Cf (i) BE (i) +
Are (0] () CF (0BT (1) + Be (1) Ge (1) Yoo (DAL, (i) + Age () Y2 (DAL, (1)
) B, (i)

i (
30, gi¥er (j) +&iBe (1) D, (i) D (i) BY (i

By direct calculations based on (7.57) and (7.47) we deduce that V =
(V(1),...,V(d)) is a solution of the following Lyapunov-type equation on S¢ i

1Ak (D V (D) A (i)

Aoer () V (i) +V (D) Ay (1) + X4

+Z?:1‘1ﬂ (j)+B, (;(l)gv[cz() 0,ieD (7.58)
where
with

,i€D.

=
Il
N
+
i\l
Q)
~
=
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Since the system

(AOcla cee 7Arcl; Q)

is stable, (7.58) has a unique solution V (i) > 0. Furthermore (7.56) can be rewritten
in the form

d ~
1Gall3, = Y &Tr (BY ()% (0)B. (1))
i=1

d
YT (n(i)f (i)Y (i) FT (i)H(i)) (7.59)

Now we are able to prove the main result of this section.
Theorem 7.3.1. Assume that

(i) The triplet (AA,B; Q) is stabilizable and (C,A; Q) is detectable.
(ii) There exists X € S? verifying

A* ()? ) >0
where AT denotes the generalized dissipation matrix associated with

SGRAE (7.34).
(iii) There exists Y € S? verifying

where N is defined by (7.49).
Under the above conditions we have

d
in [ Gyl?, = e-T(BT')'Z'B )
Gcré‘;é?(;)” alla ; iTr (B (i)X (i) B, (i)
d ~ ~ o~
+3 77 (n(i)F(i)Y(i)FT(i)H(i))
i=1
and this minimum is attained by the optimal controller

dx,. (t) = AVOc (77 (t))xc (t)dt

£3 Ao (005 (6w (1) 7.60)
k=1



7.3 Stochastic H, Optimal Control 311

+B (1 (1)) dy (1)
u(t) = Ce (1 (1)) (1)

with

where K (i) and F (i) are defined by (7.48) and (7.35), respectively.
Proof. From (7.59) and from the positivity of the solution V of (7.58) it follows that

d ~
IGalB = X &Tr (BL ()X (1)B. (1)) 7.61)
i=1
d ~ ~ o~
+ ; Tr (H ()F ()Y () FT ()1 (i))

for all stabilizing controllers G, € K(G). We show now that the controller
given by (7.60) belongs to the class of stabilizing controllers K (G) and for this
controller (7.61) becomes equality. The closed-loop system corresponding to the
controller (7.60) is

dx(r) = (A0 (0 (1) x(1) +Bo (1 (1)) F (n (1)) (1)) i

+ 3 (A (0)x () + B () F (1 (1)) % 1)) dw (1)

z(t) = C(n(0)x (1) +D (0 (1)) F (0 (1)) xe (1)
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If [xT (1) I (1)] " is a solution of (7.62) in the absence of the additive noise v(t),
we define:

E@)=x(t)—x.(t),t>0.

Then by direct computations it follows that the stochastic process [x” (1) &7 (1)] ’

verifies the system

ax(t) = (A0 (n (1)) +Bo(n () F (0 (1)) x(0)
—~Bo(n (1) F(n(1)& (1)) dr

—Be(n () F (n (1) & (1)) dwi (1) (7.63)

Since Y is the stabilizing solution of the SGRAE (7.47), from the second equation
of (7.63) one obtains

E[IE@P n(©0)=i] <Be ™ |E(©O)F,1>0,ieD (7.64)

for some o > 0 and 8 > 1. Further the first equation of (7.63) can be rewritten as
follows:

) = (A0t ) +Bo(n ) F(n (1) x(0)+fo0)) s
¥ (( D+ B (0)F (1)) x(0) + £ (1) e 0

k=1
with
fk(t) :_Bk(n(t))f(n(t))é(t>’t207k2071""?r'

Applying Theorem 3.6.1 part (i), one deduces that there exist ﬁ > 1and & > 0 such
that

E[lx()P | m(0) =i] < Be® ((0)*+1E (0)). (7.65)



7.3 Stochastic H, Optimal Control 313

From (7.64) and (7.65) we get

~

E b0 11(0) =i] < B~ (lx(0)P+1Z O)F)

where & = min(a, @), f = max (ﬁ ﬁ) Therefore we may conclude that the

controller (7.60) is a stabilizing controller. On the other hand we may write with
this controller:

2 Tr ( (i)l (i)) =377 (H (i) F (i) (7.66)

X (Vir (1) = Via (i) = Vi () + Va2 () FT ()T1(3))
where

{VH (i) Vi2 (i) ]
Vi (i) Vaa (i)

is the partition of the solution V (i) of (7.58) corresponding to the controller (7.60).
Partitioning (7.58) we obtain the following system:

Ao () Vi (1) +Bo () F () V{5 1)+ Vi ()A] (1) +Via () ET (1) BS (1)
+ i (A ) Var (VAT (1) +Be () F () Vi ()AL (7

AL (1) Via (1) FT (1) BE 1)+ B (i) F (i) Va2 () FT (1) BT (1)
+2?:111jiV11()+ ()HZ(Z) T(i)=0

A0(0)Via 1)+ B0 () (1) Via (1)~ Vll()C () KT () +Via ()AL, (1)
X (A OV O] ORT () =B O F OVE ()] (KT ()
+Ak<'>vu<'>A,Q<>+ C OV F (1) Va2 ()AL (1)) + Xy 4iViz ()
+R ()T () KT (1) =

(7.67)

K (i) Co (i) Via (i) +Aoe (i) Va2 () =V () Co 910K (i )+ Va2 (l)Agc(')
+zk1( () Ce () Vi () CF () RT (1) — Are () V () CL ()R ()
K()G,

(i) iz <z>AC<z>+AkC<>Vn<>A,{C<>)+z, 14iV22 ()
+R ()T (1)K (i) =

By summing the first and the third equations (7.67) and by subtracting then the
second equation of (7.67) and its transposed one obtains that

W (i) = Vi1 (i) — Viz (i) = Vi (i) + Va2 (i)
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solves the equation

(A0 )+ R ()G 0) W (i) +W (1) (A0 () + R () G ()

~ T
+zk1(Ak<>+K<z) @) W) (A () +R ()G ()
+Zj:1q/t (j)=0.

Since the system
(Ao +KCo, A1 +KCy,..., A+ KCy; Q)

is stable, the above equation has a unique solution from which we deduce that
W (i) =0, i € D. Based on (7.65) this shows that

zTr( V() Ch()) =0

and therefore

2 d

= Xelr (BVT (i) X (i) By (i))

i=1

d ~ ~ ~
¥ ; Tr (H ()F ()Y () FT ()1 (i)) ,

where (N}Cl is the closed-loop system corresponding to the controller (7.60) and thus
the proof is complete. a

Remark 7.3.1. In the particular case when D = {1}, A, =0,B; =0,C, =0,k =
1,2,...,rthe controller (7.60) reduces to the well-known Kalman—Bucy filter which
solves the classic H, optimization problem. Therefore it is natural that in the
general framework considered here, the solution of the H, optimization problem
has a similar form with the Kalman—Bucy filter. Unfortunately in the general case
when the nominal plant is corrupted with multiplicative white noise the solution
of the H, optimization problem is a stochastic system with multiplicative noise,
which fact leads to implementation difficulties. This fact suggests to consider an H;
optimization problem in the class of controllers with Ay, (i) =0, k= 1,...,r, which
still remains an open problem.

At the end of this section we focused our attention on the strictly Markovian
case, namely d > 1, Ag (i) =0, By (i) =0, C (i) =0, Agc (i) =0, 1 <k <r, i € D.
Therefore the controlled system is in this case:

dx(t) = (Ao (1 (£))x(t) +Bo (n (1)) u(t)) di + By (1 (¢)) dv (1)
dy(t) = Co(n (t))x ()df+D (n(©))dv () (7.68)
2(t) =C(m@)x@)+Dn1))u()
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In this particular case Theorem 7.3.1 leads to the following corollary:
Corollary 7.3.2. Assume that:

(i) The triplet (Ao, Bo; Q) is stabilizable and (Cy,Ao; Q) is detectable.
(ii) It exists X = (}? 1),....X (d)) € S satisfying the LMI:

LX (i) +C ()C(z) X (i) Bo (i) +CT (i) D (i) -0
)+

X (i) + DT (i) C (i) DT (i)D (i)
where
d
LXK (i) = Ag () X (i) +X () Ao (i) + X, 45X ()

(iii) It exists Y = (17 (1),....Y (d)) € 8¢ satisfying the LMI:

_ (?) i) +€B, () BY () ¥ ()€ () + B ()DL () | _
Co (i)Y (i) +& v( )B (i) &D, (i) Dy (i)
where g; are either T;.. or 6; introduced in Sect. 7.2. Then the controller
dxe (1) = Ac (0 (1)) xc (1) dt +Be (1 (1)) dy (1) (7.69)

with

stabilizes the system (7.68) and

~—
N—

Hécl

=3 arr (B OX ()8
e, Tr((DT ()D (@) F ()T () ET (1) (D7 @D@)%)

. 2
= ming,cx(c) |Getll2¢
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where Gcl is the closed-loop system obtained by coupling the controller (7.69) to
the system (7.68), X and Y are the stabilizing solutions of the Riccati-type equations

Af (D)X (l)+X(13Ao D)+ X9_1 X () — (X (i) Bo (i) + CT (i) D (i))
) =

( /) D
x (DT ()D () (B ()X (i) + DT (1) C (1) +CT () C (i) =0

and

Ao (DY (i) +Y (AT () + X9 gY () — (Y () CF (i) +&B, (i) DY (i)
x (&, () DT (i) ™" (Co (i)Y (i) +&D, (i) BY (i) +&B, (i) BT (i) =0,

and F and K are given by
F(i) == (0" ()p @) (By ()X () +D" ()C (7))
K@) = (Y ()¢ ()+eB, ()DL () (&0, ()DL @) O

In order to illustrate the above results we shall present a numerical example.
The helicopter dynamics is considered having the state-space equations

#(6) = A(m)x(0) + B (1)) u () + Ew(o)
z(t) = Cix(t) +Dyu(r)
(1) = Cox (1) + Dow (1)

where 7 (¢) indicates the airspeed and the state variables are the horizontal velocity

X1, the vertical velocity x;, the pitch rate x3, and the pitch angle x4 . The matrices in
the above state-space representation have the form (see [30]):

—0.0366 0.0271 0.0188 —0.4555
. 0.0482 —1.01 0.0024 —4.0208
A(i) = . .
0.1002 (132(1) —0.707 (134(1)
0 0 1 0
[ 0.4422 0.1761
: by (i) —7.5922
B(i) = ;
D=1 55200 4.4900
L 0 0
L 0
E =[laxa Oaxi]; Ci= [ 4X4] ; D= [ 4X2} ;
0244 by

C=[0 10 0:; D,=[0000 1,i=1,23
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Table 7.1 Parameters as

. Airspeed (knots) a3 asg by
function of speed
135 0.3681 1.4200 3.5446
60 0.0664 0.1198 0.9775
170 0.5047 2.5460 5.1120

Table 7.2 Optimal H> norms Optimal H, norms computed by the method

(0] in the present paper

01 Gally, =4.6735; ||Gall,, = 8.0988
0 |Gl =4.5196; ||Gelll,, =7.8264
03 |IGellp =4.8113; ||Gyll,, = 8.3333

where a3y (+), az4 (+) and by (+) are given in Table 7.1 as function of the airspeed.
The behavior of 1 (¢) is modeled as a Markov chain with three states corresponding
to the three values of the airspeed: 135, 60, and 170 knots.

The following three different transition matrices have been considered:

[—0.0907 0.0671 0.0236 ]
01 = | 00671 —0.0671 0 ;
| 00236 0 —0.0236

[—0.0171 0.0007 0.0164 ]
Q> = | 0.0013 —0.0013 0 ;
| 0.0986 0 —0.0986 |

[ —0.0450 0.0002 0.0448
03 = [0.0171 —0.01710 .
0.0894 0 —0.0894 |

The initial assumed distributions are (0.333 0.333 0.333), (0.6 0.3 0.1), and
(0.6 0.1 0.3), respectively. The optimal H, corresponding norms obtained using
the method described in this section are presented in Table 7.2.

Here only the optimal H, controller for the case Q = Q; is given. Its realization
is the following:

[—0.4431 0.3328 0.4106 0.0327 —0.1509
—3.4133 —10.3798 4.8501 6.3131 3.0100
AC(I): ,Bc(l): )
5.3252  5.2657 —6.8663 —9.4439 —1.1841
0 1.7630 1 0 —1.7630

[ —0.9282 0.0139 0.9616 1.3881
| 0.0226 0.8442 —0.1896 —0.7131 |’
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[—0.4133 0.4164 0.3727 —0.0675 —0.1727
—2.0379 —9.7852 3.6641 4.2692 2.6160
Ac (2) = , Be (2) = ’
5.8528 3.3426 —7.5378 —10.9517 —0.4174
0 1.3828 1 0 —1.3828

[—0.9144 0.1586 0.9440 1.2483

C.(2) =
<(2) | 0.1570 0.8317 —0.3607 —0.9312] ’

[—0.4517 0.2545 0.4437 0.1318 —0.1030
A (3) = —4.3958 —11.1936 5.5719 7.2984 B.(3) = 3.4319 7
5.0354 6.8942 —6.4680 —7.9318 —2.2534
0 2.2062 1 0 —2.2062
C.(3) = [ —0.9240 —0.0573 0.9882 1.5154
¢ | —0.0368 0.8507 —0.0682 —0.4705 |

Let us finally remark that no ill-conditioned computations occurred when the
iterative procedure described in this section has been applied.

7.4 A Kalman Filtering Problem for Stochastic Systems
with State-Dependent Noise and Markovian Jumps

As mentioned in the introductory part of this chapter, the H, norm optimization
problem is strongly related to the Kalman filtering. In this section we shall formulate
and solve a Kalman-type filtering problem for stochastic systems with state-
dependent noise and Markovian jumping.

7.4.1 Problem Formulation and Solution

Consider the following ESMS stochastic system subject both to multiplicative white
noise and to jump Markovian parameters:

dx(t) = A(n(t))x(t)dt + D (n(t)) x(t)d& (2)
+B(n (1)) dB(1) (7.70)
dy(t) = C(n(t))x(t)dt +G(n(t))x(t)dv(t) +dpu(t)

where x € R" denotes the state vector, y € R” is the measurement, 1(¢);>0 is a
standard homogeneous Markov process on a given probability space (Q,F, P) with
the state space D = {1,2,3...,N} and the transition probability matrix P(t) = e
and &, B, v, u are zero-mean independent Wiener processes. The elements of the
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infinitesimal generator Q satisfy g;; > 0 if i # j and Z?-’ZI qij = 0,1 <i <N (see
Theorem 1.8.2 (vii)).

Given the ESMS stochastic system (7.70), the problem analyzed in the following
consists in determining the Luenberger observer-type stable filter of form

di(t) = A(n () 2()dt + L(n (1)) [dy(r) — C(n (1)) £(¢)dt] (7.71)

such that the A, norm of the mapping

ﬁ(f)} .
—e(t) :==x(t) — %(¢) (7.72)
[u(t)

is minimized.

Remark 7.4.1. The observer (7.71) does not include multiplicative white noise.
This structure could provide worse results than in the case of an observer with

state-dependent noises but this is difficult to implement because the state-dependent
noises cannot be directly measured.

Before determining the solution of this filtering problem we state the following
useful result concerning the monotonicity of the stabilizing solution of the Riccati
equation with respect to its free term (see Theorem 5.3.6 and [2]).

Proposition 7.4.1. Consider the following systems of coupled Riccati-type

equations

ADX (@) +X (AT (i) — X ()M ()X (i) + D)X (i)DT (i)
+3 X () + () =0

and

+3 X (j) +R(i) =0

where M (i) > 0and R(i) > P(i) >0,i=1,...,N. IfX (i) > 0 and X (i) > 0 denote the
stabilizing solutions of the above Riccati-type systems and R(i) > P(i) then X (i) >
X(i)i=1,...,N.

The solution of the above problem is given by the following theorem.

Theorem 7.4.2. The optimal gains L(i),i = 1,...,N of the stochastic filter with
Markovian jumps (7.71) for which the Hy norm of the mapping (7.72) is minimized
are given by

L(i) =X (i)CT ()K (i) (7.73)
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where X (i),i=1,...,N is the stabilizing solution of the coupled system of Riccati-
type equations

AWX() + X(AT ()~ X(CT (DK (X (D) -
+371 ;X () + DY (i)D" (i) + mB(i) BT (i) = 0, '
Y(i),i=1,...,N is the solution of the system of Lyapunov-type equations
A@Y (i) +Y()AT (i) + D(i)Y (i)DT (i) + (7.75)
1 4iY () + mieB(i)B” (i) = 0, '
K(i) := Mol + G(i)Y ()G (i),i=1,...,N, (7.76)

with T defined in (7.15)
Proof. Coupling the systems (7.70) and (7.71) one obtains

= A()xdt +D(n)xd& +B(1)dp
)EzA(n)xdt—&—L( )C(1)xdt
+L(n)G(n)xdv +L(n)dp.

Subtracting the above equations one obtains the following equivalent system

] =G

dx 0 Am)] [x
N 0D(N)] [e dE+ 0 —L(n)G(n) (7.77)
o) [1] o 0"

€l gy [B) —L(n)| [dB |
x B(n) 0 du
Using Theorem 7.1.4 it follows that the H, norm of the above stochastic system
with the output z(r) = e(r) equals 27:1 TrC(j)P.(j)CT (j) where C(j):=[I 0], j =
1,...,N, P denoting the solution of the Lyapunov-type equation LP + B, = 0 (see

Lemma 7.1.3) written for the system (7.77). Using the definition (2.124) of the
operator L, this Lyapunov-type equation becomes

A(i)Pe(i) + Pe(i) AT (i) + Dy ()P () Dy (i) " + D2(i) P (i) D2 (i)

+ 31 qijPe(j) + meB(D)B (i) = 0,i=1,...,N (7.78)

where we denoted
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Partitioning P (i) as

N | X)) Z()
70~ o) 20

direct computations gives that the block (1,1) of (7.77) is

A@X (i) +X (DA (i) = X (1)CT (K~ ()C(0)X (i)
+2] 19X (j) +D(@@)Y (i)DT (i) + mwB(i) B (i) (7.79)
[L i) —X(@i)CT (I)K_l (i)] K (i) '

i)CT (K~ 1(1)] =0,i=1,...,.N

and the block (2,2) coincides with (7.75) in the statement. Then applying Proposi-
tion 7.4.1 it follows that for L(i),i = 1,...,N given by (7.74) the solutions X (i)
of the system (7.79) are minimal and thus, since the trace function of positive
semidefinite matrices is increasing, one concludes the H, norm of the system (7.77)
is minimized. O

7.4.2 A Numerical Example

We consider a numerical example that demonstrates the advantages of applying the
estimator of the present paper to a tracking problem where the position x; and the
velocity xp of an evasive guided-vehicle have to be filtered, utilizing their noisy
measurements. The acceleration x3 is related to its command via a first order lag
with a time constant of 1/5s. The acceleration command is generated applying a
proportional-navigation (PN) guidance law to a virtual target which is assumed at
all times. The system is given by:

dx| = xodt
dxy = x3dt

dxz = —Sx3dt — 5 % 3[(x1 +Xatgo) /13, )dt +/Gd + 2x1d&

where t,, = 10s and § = 10~*. The measurements are given by

dy = {xl} dt +R"2dp
X2
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10 0
0 0.1
drives x; to zero, while the state-multiplicative noise term 2x;d& produces evasive

maneuvers that eventually decay to zero. The above system is readily described
by (7.70) where

where R = { ] . We note that in dx3, the PN term upy := [—3(x; +x2tg(,)/t§0}dt

0 10 0
A=| 0 0 1|.,B=vG|0
15/t —15/typ —5 5

ST PR

010 000
and
000
D=1]000
200

Also due to non-unit intensity in the measurement noise, we replace in (7.70) du
by VRdu.

Two filters will be compared: the Kalman filter (KF) and the stochastic filter (SF)
of the present paper.

The KF is derived by solving the Riccati equations

P=AP+PAT —PC"R'CP+BB" ,P(0)=10-1

where its gains were computed using K (k) = PCTR™! resulting in the steady-state
values of

K [0.0002 0.0035}
0.0000 0.0647

The SF gains were found by applying a transient version of Theorem 7.4.2 where
the zeros at the right-hand sides of (7.74) and (7.75) are replaced by X (i) and Y (i),
respectively, and where ;.. was replaced by 7;; and where the term 7./ in (7.76)
was replaced by 7; ;R where 7;, := Zy: | 7jpji.- Note that r; = P (1 (0) = i) denoting
the initial distribution where p;;(¢) are the elements of the matrix P(t) depicted in
Fig.7.1.

The filters were compared using time-domain simulation, the results of which
are in Figs.7.2-7.5 where KF and SF estimated states are compared with the
corresponding true values (Figs.7.2 and 7.3) and where the errors are compared
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----------------------------------------------
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Fig. 7.2 True and estimated position with KF and SF

with each other (Figs.7.4 and 7.5). The results clearly indicate that the SF of the
present paper outperforms, in the estimation bias sense, the standard KF which
ignores both multiplicative noise and Markov transitions of the mode. The SF
provides somewhat more noisy estimates of the states, a phenomenon which is
mainly observed in the velocity estimates. The lower bias in the estimations by the
SF over the KF is the result of closer prediction by the SF of the true covariances
of the state-estimation errors. To statistically establish the merits of the SF over the
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Fig. 7.3 True and estimated velocity with KF and SF
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Fig. 7.4 Position estimation error with KF and SF

KF, a Monte-Carlo simulation study of 20 runs has been performed. The results of
this study are depicted in Fig. 7.6 (position estimation error) and Fig. 7.7 (velocity
estimation error) which show the smaller standard deviations of the estimation error
computed on the 20 runs ensemble as a function of time obtained using the SF than
with the KF.
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Fig. 7.5 Velocity estimation error with KF and SF
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Fig. 7.6 Position estimation error with KF and SF—1o from 20 Monte-Carlo runs
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Fig. 7.7 Velocity estimation error with KF and SF—10 from 20 Monte-Carlo runs

Notes and References

As concerns the H, control problem for stochastic systems with multiplicative white
noise we cite [24,34] and for systems with Markovian jump we mention [19,30,43,
48] where suboptimal solution of the same order as the order of the nominal system
is considered. The application presented in Sect. 7.5 has been previously considered
in [136].



Chapter 8
Stochastic Version of Bounded Real Lemma
and Applications

The main goal of this chapter is to investigate the robustness properties of a stable
linear stochastic system with respect to various classes of uncertainties.

A crucial role in determining a lower bound of robustness radius will be played
by the norm of a linear bounded operator associated with the given plant. This
operator will be called input—output operator and it will be introduced in Sect. 8.1.
In the next section a stochastic version of the so-called Bounded Real Lemma
will be proved. This result provides an estimation of the norm of the input—output
operator in terms of feasibility of some linear matrix inequalities (LMI) or in terms
of existence of the stabilizing solutions of a generalized algebraic Riccati-type
equation.

Further the stochastic version of the so-called Small Gain Theorem (SGT) will be
proved. This result will be used to derive a lower bound of robustness with respect
to linear structural uncertainties. Then we shall investigate the stability robustness
with respect to a wide class of nonlinear uncertainties.

As in the previous chapters a unitary approach will be used for systems
subject both to multiplicative white noise disturbances and to Markovian switching.
Throughout this chapter we assume that the Markov process takes values in the
finite set D = {1,2,...,d}. In order to simplify the developments in this chapter we
restrict our attention to the systems which are in time-invariant case.

8.1 Input-Output Operators

Consider the linear system described by:
dx(t) = [Ao (1 (£))x(t) +Bo (n (1)) u (1)} dt

+ 2 [Ak(n (0)x(t) + B (1 (1)) e (1)) dwy (¢) (8.1)

k=1
y(#)=CM@)x(@)+D(n(t))ut)

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 327
DOI 10.1007/978-1-4614-8663-3_8, © Springer Science+Business Media New York 2013
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with the state x(r) € R", the input u(r) € R” and the output y(r) € RP’.
Ap (i), By (i), k=0,1,...,r,C(i), D(i), i € D are constant matrices of appropriate
dimensions. The stochastic processes 71 (¢),r > 0,w(t) = (wy (£),...,w, (t)),T>O
have the properties given in Chap. 1. If u(¢),¢ > 0 is a stochastic process having
the components in Ln w]0,0), x, (¢), t > 0 stands for the solution of (8.1) with
the initial condition x,(0) = 0. According to the results derived in Chap. I,
Sect. 1.12, the components of the process x, (¢),7 > 0 are in L3 ,[0,7], VT > 0.
Moreover, if the system (Ao, ...,A;;Q) is stable, then based on Theorem 3.6.1,
with fi (f) = B (1 (¢)) u(¢) it follows that x,, (+) is in L%_’w ([0,%0),R™). On the other
hand, by uniqueness arguments one easily obtains that the map u — x,, (-) is linear.
Therefore, if the system (Ao,...,A,;Q) is stable, we may consider the operator
T defined on the space of stochastic processes L,ZT_’W([O,oo%R’") with values in

L,277w ([0,00),R?), as follows:
(Tu) (t) = yu (1),
where
yu(t) =C(n(t))xu (1) +D (0 (1)) u(r). (8.2)
From Theorem 1.6.1 it follows that L7 w ([0,50),R) is a closed subspace of the

Hilbert space L? ([0, <), R"). Therefore L,27 w ([0,00),RY) is a real Hilbert space with
the usual inner product

(,) :E/:MT (t)v(t)dt:'/OwEuT(t)v(t)dt.

The norm induced by this inner product will be denoted by ||-||. Obviously

el = (E/:Iz(t)lzdty (8.3)
(Zn] PRCRIECE ])
forallz € L2

7w ([0,00),RY), where m; = P {n (0) = i}. Invoking again Theorem 3.6.1,
immediately follows that it exists ¢ > 0 not depending on u such that

bl = e [ [P n0) - ]
<cS e[ [ Par n©) =] =elul®.
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This allows us to conclude that the operator 7 defined by (8.2) is linear and
bounded. The operator 7 introduced above will be termed the input—output operator
associated with the system (8.1), and the system (8.1) will be a state-space
realization of the operator 7. As in the deterministic case the state-space realization
of the input—output operator is not unique. The set of operators

)
T:Ly,

([0,%),R™) = L3 ,, ([0,0), R”)
which admit state-space realizations is a subspace of the Banach space
B(Lp , ([0,%),R™),L; , ([0,2),R)).
Indeed, one can easily check that if
Ti: Ly ([0,50),R™) = L |, ([0,00),R?) £ =12

have the state-space realization
dux (1) = [Aoe (1 (1)) x¢ () + Boe (0 () u (1)) dt (8.4)
3 [Aur (1.0 1)+ B (n (1) )] o 1)
k=1

ye(t) = Co(n (8)xe (£) +De(n (1)) u(t), £ = 1,2

then the operators o 71 + 07, will have the state-space realization of form (8.1)
with:

A (i) = {gkl ® gkz(i)} ;

By (i) = {Bkl (lﬂ ;

Bk2 (l
C(i) = [oqu (l) OCzCz (l)] s
D(i) = oDy (l) + opDy (l) and

Remark 8.1.1. For every T > 0, the system (8.1) defines a linear operator
Te: Ly, ([0,7],R™) = Ly, ([0,7],RP)

by y = Tru with

y@)=C(#)x, (1) +D(N@))u(t),t €[0,17],Vuec L,ZA,,W([O,T],R”’),t € [o,1].
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Based on Remark 3.6.1, one immediately deduces that 7; is a bounded operator.
One expects that the norm ||7¢|| depends on 7. Moreover, for any 0 < T) < T, we
have

(T2 1| < T2, I
If the system (Ag,A,...,A,; Q) is stable, then

|71l = sup [|'Tz|.
>0

The last assertion in the above remark is also true if the linear operator 7 defined
by (8.2) on the space L%’w ([0,20),R™) is a bounded operator with values in the space
L%],w ([07 °°)’Rp)'

Concerning the product and the inversion of the input—output operators we have
the following proposition.

Proposition 8.1.1. (i) If
T¢ : L3, ([0,7],R") — L, ([0,7],R7),
T2 : Ly, ((0,7),R™) — L7, (0,7, R™),

have the state-space realizations as in (8.4) with Ay (i) € R By (i) €
R">™M By (i) € R 0 < k < r,Cy (i) € R G (i) € R’”X”2 ,Dy (i) €
RP*™ Dy (i) € R™™ i € D then the product

T T2 Ly, ([0.7),R™) — L}, ([0.7],R?)
has the state-space realization of the form (8.1) where

[B“ } 0<k<r,

Bk2
C(i) =[Ci( ()Cz()]
D(i) D()Dz(),lED,

(ii) Assume that in (8.1) we have p =m and detD(') # 0, i € D. Then for every
T > 0, the input—output operator T : Ly ([0, 7], R’") — Ly, ([0,7],R") is
invertible and its inverse T has the smte -space realization:

(
1)) & (1) +Be(n (1) y (1)] dwi (1) (8.5)
(1)) (t)
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where
A (i) = A () — B () D7 (1) C (i)
Bi(i) =By ()D7 ' (i),0<k<r;
C(i) =-D~'(i)C(7)
D(i) =D '(i),ieD

Moreover if the systems (Ag,Ay,...,Ar;Q) and (AO,A“...,A,;Q) are stable,
then the input—output operator T associated with (8.1) is invertible and its
inverse T~ has the realization given by (8.5).

Proof. Part (i) of the statement immediately follows by the uniqueness of the
solution x, (+) of the linear system (8.1).

(ii) Denote by 7+ the input—output operator defined by (8.5) on [0, 7]. Applying
the result of part (a) one easily checks that

7-77—1: L2 ,,([0,7) R™) 7'17}

where IL% (0.7 Rm) is the identity operator on L%],w ([0,7],R™). The last assertion
follows in the same way as above. a

In the following we shall proof a result that will play an important role in the
proof of the Bounded Real Lemma in the next section. For each continuous function
F:[0,7] = MY, F(t)=(F(t,1),...,F (t,d)), consider the following Lyapunov-
type equation on S¢:

K (8,0 + (Ao (i) + Bo (i) F (1,0))" + K (2,0) (Ao (i) +Bo (i) F (1.1))
+ 34y (Ac () + B () F (1, )) K (1,) (A (i) + B () F (1,1))

+ 341K (1, )+ (C(0)+ D) F (1,0)T (C (i) + D () F (1,i)
—y*FT (t,i)F (t,i)=0,i€D.

(8.6)

For each y > 0, denote by

K, (t) = (Ky(1,1),...,K,(t,d))

the solution of (8.6) verifying the condition Ky (7,i) =0, i € D.

Lemma 8.1.2. Assume that for a fixed T > 0 we have || T¢|| < . Then for all & such
that 0 < €} < y* — || Tz||* we have

M‘

YLy — D" (i))D (i)~ Y Bf (i) Ky (t,i) By (i) > €} (8.7)

k=1

forallt €[0,7], i € D.
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Proof. Denoting

By (i) Ky (1) By (i),

M-~

Ty (t,i) = VLn— D" (i)D (i) —

k=1

(8.7) can be written as 'y (t,i) > €31, YVt € [0,7], i € D. The proof has then two
stages.

Stage 1. We firstly proof that for each y satisfying the condition y > || 7| we
have

Iy (t,i) >0, Vt€(0,7),i € D. (8.8)
If (8.8) does not hold, then it follows that there exists 7y € (0, T), igp € D, up € R™with

lup| = 1 such that ul T, (to,ip)ug < 0. Since the function ¢ — ul Ty (t,ip)uo is
continuous it follows that there exist & > 0, v > 0 such that

ub Ty (t,i0) up < —v < 0, YVt € [to,t + &) (8.9)

with 7o+ & < 7. Let § € (0,8)) be arbitrary but fixed and define the stochastic
process

v (1) = Oiftgé[to,to+6]
6N = UoXn (1)= lfl‘ S [to,lo-‘ré]

It is obvious that vg € L,ZLW ([0,7],R™). Let x5 (¢) , ¢ € [0, 7] be the solution of the
following problem with initial conditions:

dx () = {[A0 (11 (1)) + Bo (1 (1)) F (6,11 (1)) x(1) + Bo (1 (1)) vs (1)} i
35y (A (1) + Be((0) F (6,0 (1)) x() (8.10)
B (1 (1)) vs (1) }dwi (1), 1€ [0,7], x5(0) =0.

Define ug (1) =vs (t) +F (t,n (¢)) x5 (t), t €]0,7]. Since ug (1) € L%,’W ([0,7],R™),
from (8.10) one deduces that

Xus (1) =x5(t), t€]0,7].
Let ys = Trus, therefore

ys () =C(n () x5 (1) +D(n (1)) us (1), 1 € [0,7].
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By direct computations taking into account the definition of ug (¢) we obtain that:

vs ()17 =7 Jus (1)]* = x§ (1) [(C(n (1) +D(n (1)) F (2,1 (1))"
X (€ 0)+DMO)F (60 ()
—PFT (0 (0)F (6,1 (1) | x5 (1) + 245 (1)
x [(C(n () +D M @) F 0 (0)" D(n (1)
— PFT (1,0 (;))] vs (£) + 5 (1) 8.11)
< [DT(n (1) D (1 (1)) = 7In] v5 (1)
Using the It6-type formula for the function
v(t,x,i) = xT Ky (t,i)x
and for the process x5 (¢), t € [0, 7], based on (8.6) and (8.11) one obtains that
4stf—ﬂmﬁmmm—
=E [Jo {225 (1) Py (t,n (1)) v (1) = v () Ty (1,0 (1)) vs (1) p e [ 1 (0) = 1]
for all i € D, where Py (t,i) is defined as

Py (1,i) = Ky (,) Bo (i 2 i)+ By (i) F (1,0))" Ky (1,1) By (i)

+(C()+D)F(1,i —FT (1,1).

Taking into account the definition of vg we further can write

E 5 (Ivs (0P = lus ) dr |1 (0) = ]

_E[ 0 KT (1) Py (1 (1)) o — uf Ty (1,1 (£)) 40 } Znge)—iolt | 1 (0) :i]

=X E {fttﬁﬁ {205 (1) Py (1, ) uo — uf Ty (¢, ) o § Xn(0)=jXn()=in @t | M (0) = l} .

Since X ()=iXn()=ip = 0 for i # io and Xy)=iXn()=iy = Xn()=i, fOr i = io, wWe

obtain:
[ﬁwsﬁ—wmﬂmmm:]

s B 1Y)
E| [ {2xL (0) Py (2,i0) uo — ul Ty (2,i0) uo } xn(1)=ipdt | 1 (0) =i,
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i € D. Based on (8.9) one immediately obtains that:

E[J5 (Ivs () =7 lus[*) dr | 1 (0) =] >
=28 [ [0 155 (1) Py (tio) o sy =iyt | 1 0) = i
FVE [0 2 m:l-odr\n():z},

and therefore

E[J5 (Ivs OF =7 lus ) dt | m (0) =] =
<2 [ [ XL (1) Py (o) o Xyl | 1 (0) = ] (8.13)
+Vft0+6 i, (t)dt, i € D.

Based on Remark 3.6.1 one deduces that there exists ¢; > 0 depending on T such
that

sup E |x6(¢)|2|n(o)=z} <c|E [/OT|V5(t)|2dt|n(())=i]

0<t<t

< 6. (8.14)

On the other hand we have

T
B | [ 138 )Py o) ol i | 10 =

g/OT (E {|x5(t)|2dt|n(O):iD%]P},(I,ioHdt.

Hence, using (8.14) we obtain

o+
2E [/ x5 (£) Py (2, i0) o] (1) =ig @t | n(O)i] <6V8 (8.15)
fo
where ¢, > 0 is a constant depending on 7. Then we have

E[* (s 0 = 7 lusP)
ZiﬂiE{/of(lys |—72|ual)dt\n 0) = } (8.16)

f0+6
2/0 h(t)dt —c26V'8
1
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where we denoted

d
1) =v 2 Tipii (1)
i=1

Since pj, i, (¢) is a continuous function it follows that there exists 6 € (0, &) such
that

1
Pig,io (1) > 2p,0710 (t)) >0 Vi<t<t+3d.

Then for 6 > 0 small enough (8.16) becomes

T
Iyl =2 s | = £ (15 (0 =7 lus ") a
> %6Vﬂi0pl’0,i0 (t()) — C26\/g > 0.

This contradicts the assumption in the statement ||77|| < y. It follows then that (8.8)
is accomplished for ¢ € (0,7). From the continuity with respect to ¢ it follows
that (8.8) is accomplished for 7 € [0, 7].

Stage 2. Let & be such that

0<el <y —|Tl.

1
Then for 7= (y*> —€3)? itis obvious that || T¢|| < 7. According to Stage I we have
Ty(t,i) >0, t€0,7],i€D.

This leads to

YL, — DT (i)D (i) — i Bf (i)Ky (t,i) By (i) > € L. (8.17)
k=1

On the other hand one can immediately check that

& [Ky (1,0) = Ky (1,0)]
+[Ao (i) +Bo () F (1,1)]" [Ky
+ [Ky (t,0) — Ky (t,0)] [A (l (

+ X4y [Ax (0) + B ) F (2,0)]" [Ky (£,0) — Ky (£,1)]

x [Ax (i) + B (i) F (1, )]+2 14ij [Ky (1,1) = Ky (1,1)]
+€&3FT (t,i)F (t,i) =0,

\/N
’:
gﬂ:
=
=
Kad)
|
Ag‘
~
d ~
-
)
= =~
=
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from which it follows that K (t,i) — Ky (¢,i) > 0. Therefore from (8.17) we deduce
that

r

V'L, —D" (i)D (i) — Y. Bf (i) Ky (t,1) By (i) > €oln

i=1

and hence the proof is complete.

Corollary 8.1.3. If there exists T > 0 such that ||T¢| < v, then DT (i)D (i) <
YL, i € D.

Remark 8.1.2. If the system (Ag,Aj,...,A,;Q) is stable and if || 7| < 7, then
| 72|l <y forall T > 0.

8.2 Stochastic Version of the Bounded Real Lemma

In the present section we shall derive necessary and sufficient conditions under
which the norm of the input—output operator is less than a prescribed level of
attenuation y. These conditions extend at the stochastic systems of form (8.1) the
well-known conditions given by the Bounded Real Lemma in the deterministic
framework. The results proved in this section include as particular cases the results
separately proved for stochastic systems with multiplicative white noise and for
systems with Markovian jumps, respectively.
Consider the following system of generalized Riccati algebraic equations:

Aj (DX () X (1) Ao (i) + Zjy AL ()X () Ak (i) + 2 91X ()

(X +zk (AT ()X (1) B <>+cT i)D(i))

(yZIm— D)~ i B (DX (0B (1) : (8.18)
< (B} ()X +zk (B ()X (i)A <> DT () C (i)

+C (Z)C() 0,ieD.

One can notice that in the particular case when A, (i) =0, B; (i) =0, 1 <k<r, D=
{1}, the SGRAE (8.18) reduces to the well-known algebraic Riccati equation used
in the deterministic framework in order to determine the H.. norm of a linear system.
With the notations introduced in Sect. 5.6, the SGRAE (8.18) can be written as the
following nonlinear equation on S¢:

LX-PTX)R(X)P(xX)+C"C=0, (8.19)

L : 84 — 8% being the Lyapunov-type operator defined by the system
(A0,A1, ..., A 0),

PX)=(P1(X),...,Pa(X))
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with
Pi(X) = BL ()X (i) +kiB£ ()X () Ay (i) + DT () C i),
=1
R(X) = (R1 (X),.... Ra (X))
where

Ri(X) =Pl +D" ()D(i)+ Y. Bl ()X (i)Bi (i), i€ D
k=1

and X = (X (1),...,X(d)). We shall also use the following differential equations
on S¢:

%x O+ LX) -PTXORIHPE)+CTC=0  (8.20)

d

LK) =LK (1)~ PT(K ()R (K ()P (K (1)) +CTC. (8.21)

Remark 8.2.1. (i) Both the algebraic equation (8.19) and the differential equa-
tions (8.20) and also (8.21) are defined on the subset U4y, C S,‘f with the elements
X=(X(1),...,X(d)) for which detR;(X) # 0, i € D. From Corollary 8.1.3
it follows that if exists T > O such that ||7¢|| < y then the null element
(0,0,...,0) € S is inUy.

(ii) A C'-function X : [0, 7] — Uy is a solution of (8.20) if and only if K : [0, 7] — Uy
defined as K (1) = X (t —1) is a solution of (8.21).

For every 7 >0, xp € R", y> 0, i € D, consider the following cost functions:

Hy(T.x0.0,-) : Ly, ([0,7]:R") = R
Hy (T,%0,-) L%’W([O, 7];R") = R

defined by
Hy (i) = | [ (el = Pl ) | (0) = ]
and
Hy(x0,) = E [ (Ivalo.0) P =P () ) d

where

Yu (t,%0) = C (M () xu (8,%0) + D (1 (1)) u(2), £ € [0, 7],
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x, (t,x0) being the solution of the system (8.1) determined by the input u (¢) and the
initial condition x, (0,x0) = xo. It is obvious that

d
Hy (T,x0,u) = W Hy (T,50,i,1).
i=1

From Corollary 6.1.2 and from Remark 8.2.1 (ii) one directly obtains:

Lemma8.2.1. If X : [0,7] =S¢, X(t) = (X (t,1),...,X (t,d)) is a solution of
(8.20) and K (1) = X (T —t), then

Hy (T,x0,1,u) = xJ X (0,i)x9—E [xT ()X (7
—E[J§ (u(r) = FX (1.0 (1))«
x [Pln=DT (n (1))
X( (1) - FX(t,n (

) t

fED5(<>fFKmno x(1)"
% [Phn=DT (n (1) D( _
x () = FK (1, (1) () dr [ 0 (0) =1,

R()+3_ B ()X (1,0) B (i)'

—(R()

(B ()X (t,0) + Xh—y Bf (1) X (f,i)Ak(€)+DT (1)C (i)
(R(l)+2k 1BL (DK (T—1,0) By (i)

x (BY (i) K (t—1,i) + Xy B () K (1 —1,0) A (i) + DT (i) C (i),

X

where R (i) = —y*L,, + DT (i) D (i).

We prove now the following useful result.
Lemma 8.2.2. Assume that the system (Ag,A1,...,A,;Q) is stable and | T|| < ¥. In
these conditions it exists a constant p > 0 such that

Hy (T,x0,i,u) < p |xo* V1> 0, x0 €R", ue L2, ([0,7],R™).

Proof. Letx, (t,x0) be the solution of the system (8.1) corresponding to the arbitrary
control u € L%,’W ([0,7],R™). Then one can write

xy (t,%0) = X0 (t,X0) + X, (£,0),

where xo (,x0) is the solution of the system (8.1) for u = 0 satisfying xo (0, x9) = xo.
Therefore xg (t,x0) = ®(¢,0)xo. As in the preceding section the process
X, (t) = x,(¢,0) is the solution of the system (8.1) satisfying the initial condition
x,(0,0) = 0. Denoting
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yo (t,x0) = C(n (1)) xo (¢,x0) and
Yu(t) =C(N (1) x (1) +D(t)u(t),

one obtains that

yu (t,%0) = yo (t,x0) +yu (t) - (8.22)

Since the system (Ao, A1, ...,A,; Q) is stable it exists p; > 0 not depending on xg,
such that

E Uo lyo (t,x0)|2dt] < p?lxol*, Vxo € R (8.23)

On the other hand from the inequalities
Tl <1<y

it follows that it exists v > 0 not depending on u () such that

E./O‘T (|Yu (f)|2_72|“(t)|2) dt < —VZE./O‘T|u(t)|2dt’ (8.24)

Vue L%.w ([0,7],R™). Using the decomposition (8.22) of y, one obtains that

T T
Hy (x00,0) = E [ Do (t20) Pdi+2E |5 (130) v 1)
t 2_p 2
£ [ (I OF =Pl ) dr.
Taking into account (8.23) and (8.24) one immediately obtains:
20,12 200,112
Hy (7,x0,u) < pi [x0|” +2p1yIxo] [ful] = v [ull”, (8.25)
1
Ve L2, ([0,],R"), where [[u]| = (E e |u(t)\2dt) 2 Since the right-hand side

of (8.25) is a second degree polynomial with respect to ||u|| one immediately
deduces that

My (1,30,4) < p* |xof? (8.26)

where p = p;v~!/¥2 + v2 and therefore the proof is complete. O

We shall denote in the following by X (1) = (X (¢,1),...,X; (¢,d)) the solution
of (8.20) satisfying the condition X; (7,i) =0, i€ D.LetZ; () C [0, 7] the maximal
interval on which the solution X; (-) is defined. From Remark 8.2.1 (i) it follows
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that if || 7z|| < y then Z; () is nonempty. Then from Lemma 8.1.2 one obtains the
following lemma.

Lemma 8.2.3. Ifsup,.q||7z|| < v then

M\

YL, —DT ())D (i)=Y B (i)X: (t,1) Bk (i) > €31, € Z; (), (8.27)

k=1

i€ D, >0, where & > 0 does not depend upon 7.

Proof. Let & > 0 be such that & < > — sup1>0||7}||2. Let T >0 and 1 €
Z,(t), ©i < 7. Obviously [t,7] C Z, (7). Denote

—1
Fy (1,) ()/21 - DT (i) (i) X (2,1) By (i )) (8.28)

HM\

X <Bo()Xr ti +sz )Xo (2, l)Ak()JrDT(i)C(i)),

k=1

t € [f1,7], i € D. With Lemma 5.1.1 one immediately obtains that (8.20) satisfied
by X (+) can be written in a Lyapunov form on S,‘f as follows:

DX (1,0) + [Ao (i) + Bo (i) Fr (,1)]) Xz (1,0)

+Xz (,0) [Ao (i) + Bo (i) Fr (t,1)]

+ 30 Ak () + By (i) Fr (1,0)])" Xo (2,0) [Ag (i) + By (i) Fr (2,1)] (8.29)
+301qijXe (1, ) — YZFT (t,1) Fx (t,1)

+[C (i) +D (i) Fe (t,i)]" [C (i) + D (i) Fr (¢,i)] =0,

ten,t],ieD.
Let F : [0,7] — MY, defined as:

F(t) = (F(t,1),...,F(1,d)), (8.30)

. Fr(t,i), t € [n,1]
F =
(t.0) {Ff(tl,i),tE[O,tl]JeD

and let X (1) = (X (,1),...,X (¢,d)) with X () = 0 be the solution of (8.6) corre-
sponding to the feedback F () defined as in (8.30). Then from (8.29) and (8.30) it
follows that X (1) = X (), t € [t1,7]. Applying Lemma 8.1.2 one obtains that (8.27)
is true for all 7 € [r1, 7] and the proof is complete. O

In the following we shall denote by K (t) = (K°(z,1),...,K° (¢,d)) the solution
of (8.21) satisfying the initial condition K (0,i) = 0, i € D. We also denote [0, ()
the maximal interval on which this solution is defined. The next lemma summarizes
some properties of the solution K° (¢).
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Lemma 8.2.4. Assume that the system (Ag,A1,...,Ar; Q) is stable and || T < 7.
Then the solution K° (t) of (8.21) has the following properties:

(i)

BY (i) K (¢,0) Be (i) > €51

M\

Vlu—D" (i) D (i) -

k=1

Vit € [0,tr), & independent of t,
(ii)

x0 KO (t,0) x0 = Hy (T,X0, 1, ic) > Hy (T,X0,i,10)

vVt e (0,4),x € R"i € D,u € Ly, ([0,7],R"), where i (1) =
Fe (6, (1)) 4 (1) and

-1
Fy(t,i) = (yzlm —D" (i)D(i)— Y B (i)K°(T—1,i) B (i))

X (Bg ()K° (t—1,i)+ i BF (i) K (1 —1,i) A (i) + DT (i)C(i))
k=1

and % (), t € [0, 7] is the solution of the equation

d(1) =[Ao(n (1)) +Bo (1 (1)) Fz (1,1 (1))] % (1) dt

M‘t

+ 2, A (1) +Bi(n (1)) Fz (1, (1))] X (2) dw (¢)

k=1

with the initial condition % (0) = xo;
(iii) It exists p > 0 not depending on T such that

0<K(z,i) < pl,, VTE[0,t7), i € D;
(iv)
KO(Tl,i) SKO(Tz,i), VO< T <1 <ty.

Proof. (i) Let 7 € (0,tf) be arbitrary but fixed and denote
X: (1) = (X (2,1),...,X: (¢,d))

defined by

X:(t) =K% (t—1,i), 1 €[0,7], i€ D.
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(ii)

(iii)
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Then X; () is the solution of (8.20) with the final condition X; (7) = 0. Based
on Lemma 8.2.3 and Remark 8.1.1 one obtains

V1, —DT (i zr: (i) X1 (2,0) By (i) >8()Im7 t €10,1]. (8.31)

Since gy does not depend on 7, based on (8.31) and on the definition of X; the
proof of part (i) is complete.
Applying Lemma 8.2.1 for K° (t) = X; (7 —t) one obtains:

T

Hy(T,x0,1,u) = ngO (1,i)xo—E {/0 (u(t)—Fe(t,m (t) x4 (t,xo))T (8.32)

M-

x (fszTm(z))D(n (1)~ Y B (n(1)Xe <r.,n<r>>Bk<n<r>>>

(1 (1) = Fi (e, (6) 3 (1,30)) i | 1 (0) =i

Vxo e R, ieD,uc L,277W([0, 7],R™). From (8.32) and (i) immediately
follows that

Hy (T,x0,1,u) < xb KO (t,i) x0 (8.33)
and for
M(t) :F‘L'(tan (t))xu (Z,X()) :F‘L' (t7n(t))i(t)

the inequality (8.33) becomes equality.
From (8.33) one immediately deduces that

0 < Hy(7,%0,1,0) < x) K° (7,i) x0. (8.34)

On the other hand for every i € D one can write:
0 d
7'5,'on T, l 2 Hy T x07], ) Hy(f,x(),ﬁ).

From Lemma 8.2.2 we have
Hy(l’ X0, U ) <p |)C0| (8.35)

Then from (8.34) and (8.35) it follows that (iii) is satisfied for
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2
0 — max —.
p i€D T

(iv) Let 0 < 71 < T2 < t; and consider the stochastic process uz,,r € [0, 7], as
follows

ey (1) = { 0.1 0al,

0, 1 e (”L’],Tz]

It is obvious that u;, € L%,W ([0,72] ,R™). Let xy, (t) , t € [0, 72] be the solution
of the system (8.1) determined by the input variable w4, () and by the initial
condition x7, (0) = xp. One can easily check that xq, (t) = &, () fort € [0, 71]
and

HY (Tl 3 Xy L ﬁ‘[] ) < Hy (7527.X0, i uTz) .
Invoking again the maximality properties in (ii) one obtains:

ngO (Tlai)x() = 7-[’)/(Tl ;XOaia ﬁrl) < HY(127x07ia ﬁTz)

< xJK° (13,i)x0, Vxo €R", i€ D,

and therefore the proof is complete. a

Remark 8.2.2. From (i) and (iii) in Lemma 8.2.4 it follows that the solution K° (-)
is defined on [0,00), i.e. 7 = oo.

Consider the following subsets of S¢:

M={X=(X(1),....X(d)) €S|

LX-PHX)RTX)PX)+CTC<0,R(X) <0} (8:36)

and

N={X=X(1),....X(d)) €S| (837)
LX-PHX)RTX)PX)+CTC<0,R(X)<0}. '

Remark 8.2.3. (i) TICTIL
(i) If the system (Ag,A,...,A,; Q) is stable, then IT C S, .
(iii) Let us introduce the generalized dissipation matrix

N(X):(NI (XaY)7aNd(X7}/))
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associated with the system (8.1) and with the scalar 7, as follows

g _ ( )Y ) IIZ(Xv’Y)
NI = | (i) (69) My (X,

where

1 (X,y) = A ()X (D) +X () Ao (i) + Y AL (i) X (i) A (i)

k=1

+2‘111 N+cet e

r

067 =X @Bo() + XA DX B() €T (D1 =P (X)
=1
1 (X.7) = Pl DT ()D () + 3 B (1)X (1) Be (i) = Ry (X).
k=1

It is easy to check that
M= {Xesj |V (X) go,R(x)<o}
and

ﬁ:{Xng|N(x)<o}.

From the above inequalities one easily deduces that both IT and IT are convex
sets. The set IT includes the solutions of (8.19) for which the condition R (X) <
0 is accomplished.

Proposition 8.2.5. Assume that the system (Ao,...,A,;Q) is stable and 11 # &.
Then for all

X=(X(1),....X(d)) en
we have
K'(t) <X,Vie0,),

KO denoting the solution of (8.21) verifying the initial condition K° (0) = 0.

Proof. Under the above assumptions, by Remark 8.2.3 (ii) it follows that it exists
X > 0 with R(X) < 0. Therefore y*I,, — DT (i)D (i) > 0, i € D. Thus we may
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conclude that the solution K°(¢) is defined on an interval [0,7], 7 > 0. Let X =
(X(1),...,X (d)) € I be arbitrary but fixed. Define

M= (M(1),...,M(d))
by
M=-LRX+PTX)R'(X)P(X)-CTC.
From the definition of M it follows that X verifies the algebraic equation
LX-PLEX)RTX)P(X)+CTC+M=0. (8.38)
Let 7 € (0,77) and let X; (t) = (X¢ (t,1),...,X¢ (t,d)) defined as
X (t,i)) =K% (1 —1,i), 1 €[0,7],i€D.

Thus one deduces that X;(-) is the solution of (8.20) satisfying the terminal
condition X; (7) = 0. Define

Ff(t):(FT(tvl)>' (td))u
Fy (t,0) —R;l(XT() (X (1)), i€D, t€[0,1].

By direct computations (see also Lemma 5.1.1) one obtains that X verifying (8.38)
is also a solution of the equation parameterized with respect to ¢

Ly, ()X =V (1) Fe (1) + (C+DF (1))" (C+DF (1))

M= (Fe ()= F) R (R) (Fe (1) — F) =0, 1 €[0,1], (8.39)

where L, (t) denotes as usual, the Lyapunov-type operator defined by the system
(Ao + BoFx,...,Ar+ B.F;;Q) and

N

F

A~

(F1),....F(d))
Fli)=-R

F(d)),
T X)Pi(X),ieD.

On the other hand, based on (8.29) one obtains that (8.20) verified by X; (-) can be
rewritten as:

CXe (t)+ Ly (1) X (1) yer()Fr()
+(C+DFT{))T(C+DFf( 1) = (8.40)
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LetY (1) =X — X; (¢), t € [0,7]. From (8.39) and (8.40) one obtains that

d

gy O+ L O () +M() =0 (8.41)

where
— AT A A A
M(t)=—(F(t) - F)" R(X) (F:(t) - F) +M
and it immediately follows that M (z) > 0. Based on Remark 8.2.3 (ii) it follows that
Y(1)= X >0. According to constant variation formula, we have

Y (t) =T (1,0)Y +/ T (s,) M (s)ds, t € 0,7] (8.42)

where T (t,s) is the linear operator of evolution on S¢ defined by the differential
equation

E :EFT (I)Y(t).

Since T; (s,t) is a positive operator on Sff for any s > ¢ from (8.42) it follows that
Y (t) > 0forall ¢ € [0, 7], which leads to X; (1) < X, ¢ € [0, 7], or equivalently,

K'(r) <X, Vrelo,1]. (8.43)

Since 7 has been arbitrarily chosen in [0,7¢) it follows that (8.43) is verified for
any r € [0,1f). O

Before proving the main result of this section we remind the following known
result from the theory of differential equations.

Lemma 8.2.6. Let F : X — X be a continuous function defined on the Banach
space X. If & :|0,00) — X is a solution of the differential equation

§()=F (&)
with the property lim;_.& (t) = & € X, then F (é) =0.

Proof. Let @ : X — R be a linear and continuous functional. Then t — ¢ (& (¢))
satisfies:

and
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Since
OEWN) —p(E W) = [ o(F(E(s))ds

fo

it follows that
t

lim [ ¢(F(&()ds = (&)~ (& (1) € R

t—o0 fo

Then the integral [;” @ (F (£ (5)))ds is convergent. On the other hand
limo (F (£(1) = (F (&)

From the convergence of the above integral it follows that ¢ ( f)) = 0. Since

¢ is an arbitrary linear and continuous functional we deduce that F (é ) =0 and
hence the proof is complete. ad

The main result of this section is the following theorem.

Theorem 8.2.7 (Bounded Real Lemma). The following assertions are equiva-
lent:

(i) The system (Ag,Aq,...,Ar; Q) is stable and || T || < y;

(i) It exists X = (X (1 ) X (d)) € 8¢, X (i) > 0 satisfying the following LMI
on St s

N (X,7) <0,

N (X,7) denoting the generalized dissipation matrix associated with the
system (8.1) and with the parameter 7.

(iii) The SGRAE (8.18) has a stabilizing solution X = (X (1),...,X (d)) satisfying
X (i) > 0 and

-
VL, — D (i 2 (i) >0,ieD. (8.44)
Proof. (i) => (ii). For every 6 > 0 consider the linear and bounded operator:
Ts : L ([0,%0), R™) = L, ([0,00), R"*7)

defined by

7—514 = Yu,5
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where

s =T+ [P0 ue

where x, (¢) is the solution of the system (8.1) with the initial condition x, (0) = 0.
Then

E[ s P ar=E [ 0P+ 8 [P a

Applying Theorem 3.6.1 (ii), one deduces that there exists ¢ > 0 not depending on
u such that

E/ Va5 (1) dt<E/ [y () Idt+520E/ |u (1) dr
< (ITIP+ &%) E [ o ar
JO

Vu e L, ([0,0),R™). Hence we obtain that | 75]1* < | T1]* + 8%c. Therefore it
exists &y > 0 such that

sup |75l <7. (8.45)
0<6<dy

For 0 < & < & let us denote by KJ (¢) the solution of the differential equation

%K () =LK () =P (K@) R (K (1) P(K (1)) (8.46)
+CTC+ 8%

satisfying the initial condition Kg (0) = 0. Since the system (Ag,Aj,...,A;;Q) is
stable and || 75|| < y it follows that one can apply Lemma 8.2.4 and Remark 8.2.2 to
the solution KJ (t), & € (0, &)]. Therefore it exists > 0 such that

0<K§(t,i)<pl,,t>0,i€D (8.47)
K)(11,i) <K3(12,0), VO< 11 < D (8.48)
YL, — D' (i 2 (i) K§ (t,0) By (i) > €1, (8.49)

where &y > 0.
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From (8.47) and (8.48) it also follows that

with
Ks (i) = lim K§(t,i), i€D (8.50)
is well defined.

From Lemma 8.2.6 it follows that K is a stationary solution of the differential
equation (8.46) and hence it satisfies:

L*Ks—P" (Ks) R~ (K5) P (K5) +CTC+ 8% =0.
Using (8.49) one also obtains that K defined by (8.50) verifies:
R (Ks) < —&3ln,i€D. (8.51)

Since (Ag,A1,...,A;; Q) is stable, one easily obtains the following representation:

Rs= [ e [cTet 8 - PT (Rs) R (Rs) P (Rs) | ds
0

Taking into account the positivity of the operator ¢“* and the inequality (8.51) it
follows that

g5 > 8 / o (8.52)
0

From Theorem 2.6.1 (ii) it follows that there exists v > 0 such that e~ 5J9 > ¢~ V54,

Therefore (8.52) reduces to K5 > 572Jd > 0. Finally, notice that for all § € (0,8),
Kj verifies:

LKs— P (Ks) R (Ks5) P (Ks) +CTC <.

This shows, together with (8.51) and Lemma 5.1.2, that K satisfies N(kg) <0
and therefore (ii) is true.

(i) = (iii). From Remark 8.2.3 (iii) it follows that X € 1. Therefore £*X < 0
and X > 0. By using Theorem 2.7.7 (iv) — (i) one concludes that (Ao, ...,A,; Q) is
stable. Hence (A, B; Q) is stabilizable. Now, by virtue of Theorem 5.6.9 where

M (i) = —CT (i)C (i),
L(i) = —CT () D (i),
R(i) = VI, - D" (i)D(i), i€ D,
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we may conclude that the SGRAE (8.18) has a stabilizing solution X =
(X (1),...,X(d)) verifying R (X) < 0. It remains only to show that X > 0. Indeed,
since the system (A, ...,A,; Q) is stable and R()?) < 0, from (8.19) for X and
Theorem 2.7.5 (iii) and (iv) it follows directly that X > 0.

(iii)) = (i). Assume that the SGRAE (8.18) has a stabilizing solution X>0
verifying (8.44). To prove that the system (Ao, ...,A,;Q) is stable we write the
SGRAE (8.18) verified by X in the equivalent form

LX+¢'c=0 (8.53)
where
= —= —= o 61 (l
C=(C)....Cla@). =[]
with
Ci(i) = <721m —-D"(i)D (i) - i B} (l)f((l)Bk(l)>
k=1
X <Bg (i) X (i) +ki3£ (i) X (i) Ay (i) + D" (;)c@)) :
=1
Cy(iy=C(i), ieD
Further take
Hk—(Hk(l), ..,Hk(d)), k:O,l,... r
where

H (i) = B, (i) (~Rs (%)) F 0], i€D,
With the above notations one obtains that
(Ao+HoC,...,A,+H,C;0) = (Ag+BoF,...,A. + B,F;0)

is stable. If x(¢) , > 0 is an arbitrary solution of the equation

dx(t) = Ao(n (0)x()dr + 3, A (1 (1) x (1) (1)
k=1
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then we can write
dx(1) = [(Ao (n (t)) +Ho (n (t))C (n (¢))) x () + fo (¢) ] dt (8.54)

+kil [(Ac(n (1)) +He (0 (1)) C(n (1)) x(£) + fic (¢)] dwi ().

Based on a similar reasoning as in the proof of Lemma 5.6.13 (see also
Theorem 4.1.7) one deduces that the null solution of (8.54) is ESMS. It remains to
prove that ||7|| < 7. Applying the Ito-type formula for the function x” X (i) x and to
the system (8.1) one obtains that:

E [ {buF -7 lu)Par (859

0

for any u € L, ([0,0),R™), x,, (), > 0 denoting the solution of (8.1) with the
input u(¢), ¢ > 0 and with zero initial conditions. The equality (8.55) can be
rewritten as follows:

2

(=Rayey (R)) 2 (u(6) = F (0 (1)) (1)) | a

[ Tull® =7 lull* = — llgull*, (8.56)

where

gu(t) = (ﬁlm —D" (i)D (i) - 2 Bf (i) X (i) B (i)) (8.57)

From (8.56) it follows that
ITI<v. (8.58)
It remains to prove that the equality cannot take place in (8.58). Indeed, if ||7|| =y
there exists a sequence of stochastic processes u;,l > 0, {u;} C L127,w ([0,00),R™)
with
lugl| = 1, V1 >0 (8.59)

and

lim || T = 7. (8.60)
[—yo0
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Let x; (¢), t > 0, be the solution of the system (8.1) determined by the input u; (¢)
and having the initial conditions x; (0) = 0,/ > 0. We also denote by g, (¢) the
process defined by (8.57) in which u has been replaced by u;. Using (8.59), the
equality (8.56) becomes:

2 2
1Twl]* =7 = -l

Then taking into account (8.60) one obtains:

lim | g;|| = 0. (8.61)
[—yoo

Further, from (8.57) and (8.44) it results that:

lim ||g]| =0, (8.62)
[—yoo

where we denoted g; (1) = u; (t) — F (n (t))x; (t), t > 0. The differential equation
verified by x; can be rewritten as:

dx; (1) = {[Ao(n (1)) +Bo(n (1)) F (n ()] x: (¢)
+Bo(n (1)) & (1)} dt

+§{[A’<<” (0)+Bi(n (0) F (1 1)) x 1)

B (1n(1)) & (1) }dwy (1)

Since the system (Ao +BoF,...,A,+B,F; Q) is stable, combining the result in The-
orem 3.6.1 and (8.62) we obtain that lim;_,., ||x;]| = 0 and then, using again (8.62),
it immediately follows that lim;_,.. ||u;|| = O which contradicts (8.59) and thus the
proof is complete. ad

Remark 8.2.4. (i) From the above theorem it follows that
17l = inf{y> 0, for which it exists X = (X (1),...,X (d)) € 8¢,

X > 0 such that \; (X) < o}
=inf{y > 0, SGRAE (8.18) has the stabilizing solution
X=(X(1),....X(d)) satisfying X (i) >0, R; (X) <0,i€ D}.

(i) Let us notice that in contrast to the H, norms associated with a stochastic linear

system that can be directly computed by the results in Theorems 7.1.4 and
7.1.5, the norm of the input—output operator associated with a stochastic linear
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system cannot be directly computed. This norm can be estimated using a y-
procedure as in the deterministic case.

(iii) From the numerical point of view, the equivalence (i) <> (ii) is more effective
to compute ||7 || because for every 7 it reduces to test the feasibility of an LMI
system. The equivalence (i) < (iii) of Theorem 8.2.7 is useful to develop mixed
H,/H.. procedures for robust stabilization.

(iv) In the particular case when it exists r; > 1, such that A; (/) =0, r; <k <rand
Bi(i)=0,0<k<r —1,CT(i)D(i) = 0, i € D, SGRAE (8.18) reduces to
the following Lyapunov-type equation:

AL (§)X (1) +X (1) Ao (i) + 2 AT () X (i) Ax (i)

+34 1 giX (j)+CT ()C (i) =0, i € D. (8.63)

By convention, if r; = 1, the first sum in (8.63) is missing. If the sys-
tem (Ag,...,A;—1;Q) is stable, then (8.63) has a unique solution X =
(X(1),...,X(d)) > 0. Moreover, if (i) in Theorem 8.2.7 is fulfilled, then the
solution of (8.63) satisfies the condition:

DT (i)D (i) + i BY ()X (i) B (i) < VL, i € D.

k:r1

Remark 8.2.5. L%ﬁw ([0,20),R™) can be organized also as a real Hilbert space taking
the inner product

d oo
(u,v) :;E UJ W (£)v (1) dt |1 (0) = i .

The corresponding induced norm will be denoted by ||| - |||
Proposition 8.2.8. Suppose that (Ao, ...,A,; Q) is stable. Then || T|| =||| T |||

Proof. Tt is easy to see that all preceding results and remarks hold if the norm ||-||
is replaced by ||| - |||. In this case the performance index Hy (7,xo,u) is replaced by
2?:1 Hy (7,x0,1,u). Therefore, taking into account Remark 8.2.4 (i), we have:

||| 7]l] = inf{y > 0, SGRAE (8.18) has a stabilizing solution

X >0withR; (X) <0,i€D}.

Hence ||| 7 |||= || T || and thus the proof is complete. O

From Theorem 8.2.7 and Remark 8.2.4 (iv) one immediately obtains the follow-
ing corollary.
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Corollary 8.2.9. Consider the system

ri—1
dx(t) = Ao (n (1)) x (1) dt + 3, Ax(n (1)) x () dwi (1)

k=1

+ 2 B (n (1)) u(t)dwy (1) (8.64)
k=ry

y(&)=Cn@)x@)+D M () ut)

with CT (i)D (i) = 0, i € D. Assume that the system (Ao, . ..,Ay _1;Q) is stable and
denote by

T : L3, ([0,0);R™) = L, ([0,0);R”)
the input—output operator associated with the system (8.64). Then

17 = max v/ Amax (i)

where Amax (i) is the largest eigenvalue of the matrix

sz (i), i€D,

krl

X=(X(1),...,X(d)) being the unique solution of (8.63).

Proposition 8.2.10. Ler D : L7, ([0,%0);R™) — L3, ([0,%0);R?) be the linear
bounded operator defined by (Du) (1) =D (1 (t))u(t),u € L,z%w ([0,00); R™). Then

D = || = max {ID ()] i € D}.
Proof. Since DT (i) D (i) < |D|*I,,, we have
IDu> £ [ “u ()0 (n () D(n () u(0)dr
2 ” 20 — DR lull?
< DPE | (o dr = |DP |

for every u € L7 , ([0,%0);R™). Hence |D|| < |D|.
Further let i € D, u € R™ arbitrary but fixed. Take

a(r) = Uxn(n—=i if t €[0,1]
0ifr>1 '
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Obviously i € L% ([0,20); R™) and therefore & € L%,w ([0,°0); R™). The inequality

~112 21402
[Dall” < |ID][~ ]

becomes
! 2 2 ! 2
| E (100 Exy i) de < DI [ 1 By
Therefore
! . 2 2112 !
| 1D uP Byt < DI uf? | Esy-ids
But

.
/0 Exne= / 2775/ ):i|n(0):j]dt

d 1 1
= 2/ ﬁjpﬂ dl>/0 ﬂipii(l‘)dl‘>0.

Thus we may conclude that
D (i) u| < ||D]|[u|

which leads to |D| < ||D|| and thus the proof is complete. O

Remark 8.2.6. (i) Evidently if u € L% ([0,00); R™) then Du € L% ([0,%0);R?). The
proof in Proposition 8.2.10 shows = |D| = |D|| where D is the
restriction of the operator D to the subspace L% ([0,00);R™) C L%’W ([0,00);R™).

(i) The conclusion of Proposition 8.2.10 can be obtained directly from Corol-
lary 8.2.9. Indeed, if we take C (i) = 0,i € D it follows that X (i) = 0,i € D
and therefore ||D||> = max;ep |D (i)[*.

The following result allows us to increase the number of relations of equivalence
in Theorem 8.2.7 and it is useful in some applications:

Proposition 8.2.11. Let N (X) = (N1 (X),..., Ny (X)) be the generalized dissipa-
tion matrix associated with the matrices Ay (l) « (i),C (i), D (i) and with the scalar
Y > 0. Then the following assertions are equivalent:

(i) There exists X = (X (1),...,X (d)) € 8¢, X > 0 such that N; (X) <0, Vi € D.
(ii) There exists Y = (Y (1),...,Y (d)) € S, Y > 0 such that
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Woo(Y,i) Woi(,i) - Wo,X,i) Wy, (Y,i) Wora(Y,i)
WE i) Wi (Vi) Wi, (YD) Wi (Vi) Wi (Y,0)

WOTW (Y7 i) W{r (Y7 i) T Wr,r (Y, i) Wr,)‘+l (Y7 i) Wr,;‘+2 (Y7 i) =0
W({r+1 (Y> i) W{r+1 (Y7 i) Wz:r+1 (Y, i) Wr+1,r+1 (Y> i) Wr+1,r+2 (Y> i)
_Wg:r+2 (Y7 i) WIT,r+2 (Yv i) e WI?,;‘+2 (Y7 i) WrT+1,1‘+2 (Y7 i) Wr+2,r+2 (Y7 i) ]
(8.65)
i € D, where
Wo (Y,i) = (Ao (i) + % qiily) Y (i)
+Y (i) (Ao (i) + 5qiila) " +Bo (i) Bf (i),
Wor (Y,i) =Y (@)AF (i) +Bo(i)BF (i), k=1,...,r,
WO,r-‘rl (Y7 l) =Y (l) ct (l) +Bo (l) D" (l) )
Woria(Y,i)) = (V@Y (i), /@Y (i) /@Y (i),..., /@Y (i),
Wik (Y1) =B (i))BI (i), 1 <Lk<r, 1#k,
Wi (Y,i) =B (i)Bf (i)-Y(i),1<I<n
Wi (Y,i) =B (Z)DT (i),1<I<r,
Wittr+1 (Y,i) = D(i) DT (i I,

Wira (V,i) =0,1<I<r+1,
Wr+2,r+2(Y7i) :dlag(_Y(l)7>_Y(l_1) _Y(l+1)77 _Y(d))

Proof. Tt is easy to see that the existence of X = (X (1),...,X (d)) > 0 such that
N; (X) < 0is equivalent with the existence of X = (X (1),...,X (d)) > 0 such that

VI (X,0) Voo (X,0) Va3 (X,i)
VL (X,i) VI (X,i) Vi3 (X,0)

Vi (X,0) Viz (X,i) Vi3 (X,i)
<0 (8.66)

where Vi1 (X,i) is a (n+m) X (n+m) matrix given by

A
B

(i) X (i) +X (1) Ao (i) + X5_1 41X (j) X (i) Bo (i)

D s ax ) Pl

)

oSNoN

Vi2 (X,i) is a (n+m) x (r-n) matrix

AT ()X (@) ... A

Vio (X,i) = [BlT(i)X(i) ... B
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Vi3 (X,i) is a (n+m) X p matrix defined by

Vi3 (X, i) = [g; 8} ,

Voo (X,i)isa (n-r) x (n-r) matrix
VZZ (Xal) = dlag(_X (l> ey —X (l)) )
Vo3 (X,i)is a (n-r) x p matrix given by
Vo3 (X,i) =0,
and
V33 (X,i) =—I.
Let us introduce
V(i) =diag (X' () Ln —V5 (X,i) I,).

It is obvious that W (i) = W7 (i) > 0. Pre and post multiplication of (8.66) by ¥ (i)
one obtains that it exists X = (X (1),...,X (d)) > 0, such that

B (i) —9?1,  Vn(X,i) DT (i)
‘>()1T3<X”> Vi (X,i) szs(X,i) D3 (X, 1) <0 (8.67)
c(ix'() pG)  VLX,i) —I,
where
d
Vi (X,0) = Ao (DX () +X (DA () + X g X T (DX ()X (D),
j=1

V33 (X,i) is a rn x rn matrix defined by
V33 (X,i) = diag (—X "' (i),...,—X "' (i),
and V34 (X,i) is an rn x p matrix, Va4 (X,i) = 0. Denoting Z(i) = X' (i)

one immediately obtains that (8.67) is equivalent with the existence of
Z=(Z(1),...,Z(d)) > 0 satisfying
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\:)11 (Z,i) 1:712(27 i) %(i) CT (i) ]:714(27 i) By (i)
VI (Z,0) Vo3 (Z,1) Va3 (Z,0) - Vau(Z,0) Vas (Z,1)
C@{)Z(i) 2T3(Z, i) -1, Vaa (Z,i) D (i) <0, (8.68)
1T4(Z,i) ,\27;‘ (Z.0) V37;1 (Z,i) Y44 (Z.i) Va5 (Z,1)
Bg (l) 2TS (Zv i) DT (l) V4TS (Zv i) _yzlm
where

Vi (Z,i) = [Z()A] (i) ... Z(DA] ()],
(W@ Z (i) ... JTGiaZ (i) @i Z () .. /qaZ (i)]

is an n x (d — 1) n matrix,
V2 (Z,i) = diag (=Z (i) ... —Z(i))

has the dimensions rn x rn, V»3 (Z,i) = 0 is an nr X p matrix, Vou (Z,i) =0 1is an

nr X (d — 1)n matrix,
B (i)
925 (Z7 l) = :
B, (i)
is an nr x m matrix, Va4 (Z,i) = 0 has the dimensions p x (d — 1) n,

Vs (Z,i) = diag(=Z(1) ... = Z(i—1) —Z(i+1) ... —Z(d))

isa (d—1)nx (d— 1)n matrix and Vys (Z,i) = 0 has the dimensions (r — 1)n x m.
Taking the Schur complement of the block —y21,, of (8.68) it follows that this
condition is accomplished if and only if there exists Z = (Z(1),...,Z(d)) > 0 such

that

Wit (2,1) Wiz (Z.0) Z()CT (i) +v 2B () DT (i) Wia (Z,1)

Wi, (Z,1) W (Z.1) W3 (Z.1) Wu(Z.i) | _
C(i)Z(i)+v 2D (i) BY (i) 1/}}22 (z,i) —I+ )A/*2D (i) DT (i) W4 (2.1) '

WI, (2,1) Wi, (2,1) Wi, (2,i) Waa (Z,1)
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where

Wi (Z,i) = (Ao (i) + ;‘Iiiln) Z(i)+Z(i) (Ao (i) + ;Qiiln) '

+’)/72B0 (l) Bg (l) )

Wi (Z,i) = [Z()AT () +vBi () B] (i) ... Z()A] (i) +v *B,(i)B] (i)],
Wia(Z,i) = Vs (Z,i), W (Z,i) =V (Z,1),
Whs (Z,i) = Va3 (Z,i), Wy (Z,1) = Vs (Z,0),
Wis (Z,1) = Vas (Z,i), Was (Z,i) = Vas (Z,0).

Consider the (n(r+d)+ p) x (n(r+d) + p) matrix
I' =diag (Ylnvylrn» Yp, Yln(d—l)) .

By pre and post multiplication of (8.69) with T" and denoting Y (i) = ¥*Z (i), i € D
one obtains (8.65) and therefore the proof is complete. a

At the end of this section we consider the particular cases when the system (8.1)
is subject either only to Markov perturbations or to white noise multiplicative
perturbations.

Assume thatin (8.1) we have Ay (i) =0, B, (i)=0, k=1,...,r, i € D. Then (8.1)
becomes

xX(t) = Ao (n (1)) x(t) +Bo (n (1)) u(t) (8.70)
y() =Cm@)x(@)+Dn(1))ult).

The generalized dissipation matrix is in this case

NX) =M (X),....Na (X))

with
AV (D)X (i) + X (i) Ao (i) . . N
N — +027:1q,~jX ) (et X (i)Bo (i) +CT (i) D (i) 8.71)
B! ()X (i) + DT (i) C (i) —921,+ DT (i)D (i)

forany X = (X (1),...,X (d)) € S?, i € D. The SGRAE (8.18) becomes in this case

AG (DX (i) +X (i) Ao (i) + X1 giX () + [X (i) Bo (i) +C7 (i) D (i)]

< [Pl — DT () D (1] [BL (1)X (i) + D ()C ()] +C7 ()C (i) =0, (8.72)

i € D. Combining Theorem 8.2.7 and Proposition 8.2.11 one directly obtains the
Bounded Real Lemma in the case of systems subject to Markov perturbations.
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Corollary 8.2.12. For the system (8.70) and for a y > 0 the following assertions
are equivalent:

(i) The pair (Ap;Q) is stable and the input—output operator T defined by the
system (8.70) satisfies

TN <7
(ii) Itexists X = (X (1),...,X (d)) > 0 such that N; (X,y) <0,Vie€ D.
(iii) y*I, — DT (i)D (i) > 0 and the SGRAE (8.72) has a stabilizing solution X =

(%(1),....X (d)) >0,
(iv) There exists Y = (Y (1),...,Y (d)) > 0 satisfying the following system of LMI:

Woo (Y,i)  Worr (Vi) Worsa (Ysi)
WE 1 (V,0) West a1 (Y,0) W12 (Y,0) | <0, i€ D,
W()T,r+2 (¥,0) WrT+1,r+2 (Y,i) Wria,r42 (Y,0)

where W;; (Y,i) are the same as in (8.65).

In the following we assume that D = {1}, g;; = 0 and r > 1. In this case the
system (8.1) becomes

dx (1) = [Aox (1) + Bou (1) i (A (1) + Byau (1)) dw (1)
y(@) =Cx(t)+Du(t). (8.73)

Then the generalized dissipation matrix is:

N (X)
AlX+XAo+3_ Al XA+ CTC XBy+3;_ Al XBy+C"D
BYX +3_ BIXA+DTC —¥VL,+D'D+¥}_,BIXB,

for any X € S,,. The SGRAE (8.18) becomes in this case:

AYX +XAo+ Y, A XAx+ [XBo+ 3} _ AT XB,+ CT D]
x [Py —DTD—Y5_ BIXBy) " [BIX +3;_, BTXA(+D'C] (8.74)
+CcTc=o.

Applying again Theorem 8.2.7 and Proposition 8.2.11 one directly obtains the
Bounded Real Lemma for systems subject only to multiplicative white noise
perturbations.

Corollary 8.2.13. For the system (8.73) and for a y > 0, the following are
equivalent:
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(i) The system (Ao,...,A,) is stable and the input—output operator T associated
with the system (8.73) satisfies the condition || T || < ¥.
(ii) There exists a matrix X > 0 satisfying N (X ) <0;
(iii) The SGRAE (8.74) has a positive semidefinite stabilizing solution X satisfying
V1, —D'D—Y,_ | BIXB; > 0.
(iv) There exists Y > 0,Y € S¢ verifying the following LMI:

AoY + YAl +BoBY YAT +BoBT --- YAT + BoB! YCI + BoD”

A\Y+BBl  -Y+BB] .-~ BBl B,D"

: : - E : <0.
AY +B.Bf BB{ .- —Y+BBl  B.D"
CY +DTBy pBl ... DBl  —yI,+DDT

Remark 8.2.7. Itiseasy to see thatinthecase D={1},A;, =0, By=0,k=1,...,r
the results stated in Corollaries 8.2.12 and 8.2.13 reduce to the well-known version
of the Bounded Real Lemma of the deterministic case.

8.3 Robust Stability with Respect to Linear Structured
Uncertainties

At the beginning of this section we shall prove the stochastic version of the so-
called SGT. As it is known from the deterministic framework this is a powerful
tool in analyzing the robust stabilization with respect to different classes of linear
perturbations.

8.3.1 Small Gain Theorem

We prove first the following theorem.
Theorem 8.3.1. Assume that

(a) The system (Ao,...,A,;Q) is stable.
(b) The system (8.1) has the same number of inputs and outputs.

(c) The input—output operator T defined by the system (8.1) satisfies the condition
T < 1.

Then we have:
(i) The matrices I, =D (i), i € D are invertible.
(ii) The system (Xo, e ,Zr;Q) is stable, where

Ac() = A () B (i) Iy TD () ' C(i), k=0,1,....r;
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Proof. (i) Using Corollary 8.1.3 and Remark 8.1.2 for the case ¥ = 1 one obtains
that 1, — DT (i) D (i) > 0, i € D. It follows that all eigenvalues of the matrices
D (i), i € D are inside of the unit circle and therefore det (I, = D (i)) # 0, which
shows that 1,, £ D (i), i € D are invertible.

(i) From the implication (i) = (ii) of Theorem 8.2.7 for y = 1 we deduce that there
exists X = (X (1),...,X (d)) > 0 satisfying

N;(X,1)<0,ieD. (8.75)
Using the Schur complement of the block (2,2) one obtains that (8.75) is
equivalent with the condition
cX-PTX)RTEX)PX)+CTC+M =0 (8.76)
R(X) <0

A

for a certain M >0, M = (M(1),...,M (d)) € S{. By direct computations (see
Lemma 5.1.1) one obtains that (8.76) can be rewritten as:

LEX — GG+ (C+DG)" (C+DG) &7
—(G-F)"R(X)(G-F)+M=0, '
where
G=(G(1),...,G(d)), G(i) =+ (L, FD(i)) "' C(i),
F=(F(),....F@), F(i)=-R ' (R)P,(R), ieD.

Then one obtains:
(C()+DH)G ) (C(i)+D()G(i) ~ G ()G (i)
=" () [l (L= D" (1)) DT ()] [l =D (@) (1 D) | € ()
~G" (i)G (i)
=" (i) (I FD" (i) (b FD() "' C(i) ~GT ()G i)
=G"(i))G(i)-G" (i))G (i) =0.

1

Thus it follows that (8.77) reduces to:
X —(G-F)'R(X)(G-F)+M=0.
Since M — (GfF)TR(X) (Gfﬁ) > 0 and X > 0, one obtains via Theo-

rem 2.7.7 one obtains that the system (Ag+ BoG,...,A,+ B,G;Q) is stable.
But A (i) + By (i) G (i) = A (i) and thus the proof is complete. O
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Theorem 8.3.2 (The First Small Gain Theorem). Assume that the assumptions
in Theorem 8.3.1 hold. Then the operators

IFT: Ly, {[0,50),R"} = L7 |, {[0,0), R"}
are invertible and the operators
(IFT)" :Lg 0 {[0,2),R"} = L3, {[0,),R"}

have the following state-space realization:

dx(t) = [Ao(n (1)) x(t) + Bo(n (1)) y ()] dt (8.78)

+ 2 [A(n (1)) x () +Be (0 (1)) y ()] dw (1)

k=1
u(t)=C(n(0)x(t)+D(n (1)),
IE(Z) being defined as in Theorem 8.3.1, By (i) = By (i) (In :|:D(i))71 ,
Ce(i) =+ FD (i)' C(i), D(i)= I FD(i)) ', 0<k<rieD.

The proof immediately follows using Theorem 8.3.1 and Proposition 8.1.1 (ii).
O

Remark 8.3.1. If ||T|| < 1, then the invertibility of the operators I =7 can be also
obtained by a well-known result from the theory of linear and bounded operators
on a Banach space. Theorem 8.3.2 additionally shows that the operators (I F7) "
have realizations in the state-space.

Consider the following systems

dxy (1) = [Aor (0 (1)) x1 (¢) + Bor (1 (1)) w1 (1)) dt

M-

+ 2, Ak (1(0)x1 (1) + By (0 (1)) wa (1)] dw (1) (8.79)

k
yi(t)=Ci(n())xi (1),

Il
—_

dxy (1) = [Aoz (0 (1)) %2 (¢) + Boz (1 (¢)) u (1)) dt

+ Zr: [Akz (T] (l))XQ (l) + B (T] (t))uz (t)]dwk (l) (8.80)
k=

() =C((t)x2(t)+Da(n(t))ua(t),

—
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with the states x; € R [ = 1,2, the output variables y; € R”, y, € R, the inputs
u; € R™, up € R?. When coupling (8.79) and (8.80) by taking up =y; and u; =y,
one obtains the following resulting system:

d& (1) = Aoer (n (1)) S () dt + i Aset (1 (1)) G (2) dwy (1) (8.81)

k=1

where

A (i) = Ap1 (i) + Bi1 (i) D2 (i) Cy (i) By (i) G (i)

= . . . ,k=0,1,...,r.
Bkz (l) C1 (l) Ak2 (l)

Then another consequence of Theorem 8.3.1 is as follows.

Theorem 8.3.3 (The Second Small Gain Theorem). Assume that the following
assumptions hold:

(i) The systems (Aqy,...,A;;Q), 1 = 1,2 are stable.
(i) |Till <7 | T2l < v~ ! for a certain y > 0, where

Ti: Ly {[0,00),R"} — L3, {[0,%), R},
T2 :L%LW{[O’oo),Rp} - LTZ”I;W{[O’OO)’Rm}

are the input—output operators defined by the systems (8.79) and (8.80),
respectively.

In these conditions the zero solution of the system (8.81) is ESMS.

Proof. From Proposition 8.1.1 one deduces that a state-space realization of the
operator 773 is:

3 (A (10)x(6) + B (0 (1)) (1) e (1) (8.82)

where A (), By (+) are defined as in Proposition 8.1.1 and

ci)=[ci(i) 0], x= [’”].

X2

It is easy to see that

Aret () = A (i) + B () C(i) = Ax (i), k=0,....r, i€ D,
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Ay (i) being the ones in Theorem 8.3.1 with D (i) = 0. The conclusion in the
statement follows applying Theorem 8.3.1 to the system (8.82). We show now
that the assumptions in this theorem are fulfilled. Thus, from assumption (i)
in the statement and from the triangular structure of the matrices Ay (i), using
Theorem 3.6.1 one deduces that the zero solution of the system (8.82) for u (1) = 01is
ESMS. From assumption (ii) we have || 71 7z|| < || 71| ||72]] < 1 and hence the proof
is complete. ad

Remark 8.3.2. Without important changes, the result in Theorem 8.3.3 also remains
valid in the case when the output equation of (8.79) has the form:

yi@)=Ci(m@)x1(t)+D1(n(t))u(t).

From assumption (ii) of Theorem 8.3.3 immediately follows that I,, — D; (i) D; (i)
is invertible for all i € D. The coefficients of the closed-loop system will be changed
accordingly. We shall not detail them since they will be not used in the following
developments.

An interesting case is the one when in the system (8.79) we have n; > 0 and
in (8.80) ny = 0. In this situation the resulting system obtained by coupling (8.79)
with (8.80) reduces to

dx; (t) = [Ao1 (M (1)) +Bo1 (n (1)) D2 (n (1)) C1 (n (1))] x1 (¢) dt (8.83)
+ i [Ak1 (M () +Bra (n (1)) D2 (n (1)) C1 (0 (2))] x1 (1) dwy () -
k=1

The input—output operator 7, associated with the system (8.80) becomes
(Taua) (1) = D2 (0 (1)) w2 (1), £ > 0 ¥z € L2, ([0,2), RP).

From Proposition 8.2.10 it follows that || 72|| = |D| = max {|D (i)|, i € D}. Consider
the system

dx(t) = [Ao(n () x(t) +Bo (n () u(t)]dt
+ i [Ax (1 (£))x(2) + Bie (n (1)) u (2)] dwy (1) (8.84)
k=1
y(t) =Cn()x(t).
Then we have

Corollary 8.3.4. Assume that

(i) The system (Ao, ...,Ar;Q) is stable.
(i) || T|l <vyand|D| <y where

T: L121,w ([0,00),R™) — L%],w ([0,20),R)
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denotes the input—output operator associated with the system (8.84) and D =
(D(1),...,D(d)) € M4,

Then the zero solution of the system
dx(1) =[Ao (n () +Bo (1 (1)) D(n (1)) C(n (¢))]x(z) dt

=1Ao(n
+/§1 [Ac(n (1)) +Bi(n (1)) D (n (1)) C(n (1)) x(£) dwi (1)

is ESMS.

8.3.2 Robust Stability with Respect to Linear Parametric
Uncertainties

It is a known fact that the exponential stability of a solution of a linear deterministic
system is not essentially influenced when the coefficients of the equation describing
the system are subject to “small perturbations.” Taking into account the equivalence
between the exponential stability in mean square of a zero solution of a stochastic
differential equation and the exponential stability of the zero solution of a Lyapunov-
type linear differential equation, one expects that the exponential stability in mean
square not to be affected by the small perturbations of the coefficients in the given
equation. When analyzing the robustness of the solution of a system of stochastic
differential equations we refer to the preservation of the stability property when the
system is subject to coefficients variations not necessarily small. Such variations or
uncertainties are due to the inaccurate knowledge of the system coefficients or to
some simplifications of the mathematical model. One must take into account that a
controller designed for the simplified model will be used for the real system subject
to perturbations.

In the present section the robust stability with respect to a class of linear
uncertainties will be investigated. Consider the linear system described by:

dx (1) = [Ao (11 (1)) + Bo (11 (1)) A (0 (1)) € ( (1)) x (1) dit 555
3 A () + B (M (0) A () C(n ()] (1) dwi (1)

where Ay (i) e R7", 0 <k <rB;(i) e R"" 0<k<r,C(i) e RP”" icD are
assumed known and A (i) € R"*? are unknown matrices. Thus the system (8.85) is
the perturbed system of the nominal one:

dx(1) = Ao (0 (1) x (1) dr + . Ax (0(1) (1) dw (1 (8.86)
k=1
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and the matrices By (i), C (i) determine the structure of the uncertainties. If the zero
solution of the nominal system (8.86) is ESMS, we shall analyze if the zero solution
of the perturbed system (8.85) remains ESMS for A (i) # 0. This is a primary
formulation of the robust stability with respect to structured linear uncertainties for
a stochastic system. For a more precise formulation we shall introduce a norm in the
set of uncertainties. If A = (A(1),...,A(d)) € Mg, . one defines

A = max {|A (D), # € D} = max y/ A ()

where Apay (i) is the largest eigenvalue of the matrix AT (i) A (i).
As a measure of the stability robustness we introduce the stability radius with
respect to linear structured uncertainties.

Definition 8.3.1. The stability radius of the pair (Ao, . ..,A,; Q) with respect to the
structure of linear uncertainties described by (By,...,B,;C) is the number

pr(A,Q|B,C) =inf {P >0[3 A=(A(1),...,A(d)) € an[)
with |A| < p for which the zero solution of the corresponding
system of type (8.85) is not ESMS}.

The result stated in Corollary 8.3.4 allows us to obtain a lower bound of the
stability radius defined above. To this end, let us introduce the fictitious system

dx(t) = [Ao (0 (1)) x(6) + Bo (1 (1)) u (1))
3 A (0 () + Be (0 (1)) u ()] v () 587
k=1

y() = C(n()x(1))

with the known matrices of the perturbed system (8.85).

Corollary 8.3.5. Assume that the zero solution of the nominal system (8.86) is
ESMS. Let

T :L,,([0,),R") = L ,, ([0,%),R?)
be the input—output operator associated with the fictitious system (8.87). Then
pr(A,Q|B,C)>|T|". (8.88)

Proof. Let p < ||T||”" be an arbitrarily fixed number. We show that for any
A€ anp with |A| < p the zero solution of the perturbed system (8.85) is ESMS.

Let A be such that |A] < p < ||T]~". Denoting y = p~!, we have |T| < y
and |A| < y~!. Applying the result of Corollary 8.3.4 one deduces that the zero
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solution of the system (8.85) is ESMS for the considered perturbation A. Therefore
pL(A,Q|B,C) > p. Since p is arbitrary it follows that (8.88) holds and thus the
proof is complete. O

At the end of this subsection we shall show certain structures of the linear
uncertainty frequently used in the literature can be embedded in the general form
of the system (8.85).

Consider first the perturbed system

dx(t) = [Ao (1 (1)) +Bo (n (£)) Ao (n (1)) C (1 (1))] x (1)t (8.89)

+ki1 [Ak () + B (n (1)) A ( (1)) C (0 (1)) ] x () dwy ()

where Ay (i) € R, By (i) € R™™ 0 < k < r,i € D are known and A; (i) €
R™*P 0 <k <r, i€ D are assumed unknown. In order to show that the sys-
tem (8.89) is in fact a particular case of the system (8.85) we define By (i) €
R™™ m=Y;_,my as follows

Bo(i) = [Bo(i) 0 --- 0]
Bi(i)=1[00 ---Bi (i) ---0] (8.90)

1<k<rieD Al)=| :
A (i)

With these notations the system (8.89) can be rewritten in the equivalent form (8.85).
Further we have

|A(i)‘2 = Amax [AT (I)A(l)] = Amax

Y AT () A (i)] |
k=0

Another interesting structure of perturbations is the situation when

A

dx(t) = [Ao (1 (1)) +Bo (0 (£)) Ao (n (1)) Co (1 (1)) ] x (1) dr (8.9

+i [Ax (0 (1) + By (n (1)) A (n (1)) Cic(n (1)) ] x(2) dwic (1)
k=1

where Ay (i) € R, By (i) € R, C; (i) € RP**", are assumed known and
Ag (i) € R™*Pk 0 < k < r,i € D are unknown matrices describing the modeling
uncertainties. Define By (i) € R™™, m =Y _,my as in (8.90),
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C(i) e R”" p="7 pi, C(i) = o
k=0 .

and A (i) = diag (Ao(i), -+, A (7).

With these notations the system (8.91) can be written in (8.85) form. Obviously we
have

ADP = Amax [AT () A()] = max Amax [A (i) A ()]

0<k<

— A ()
o2z, 1A )]

8.3.3 Robust Stability with Respect to a Class
of Nonlinear Uncertainties

In this subsection we shall consider the case when a stochastic linear system is
subject to a class of nonlinear uncertainties. We shall also define the stability radius
and we shall provide an estimation of its lower bound.

Consider the system:

dx(t) = [Ao (n (1)) x(£) +Bo (1 (1)) A(t,y (¢) ,n (1))] dt
+Zk A (@) x (@) + B (n (1)) A,y (1), (1)) dwic (1) (8.92)
y() =Cm)x()

where Ay (i) € R, By (i) e R™™, 0 <k <r, C(i) € RP*" are assumed known and
A: Ry xR? xD — R™ are functions with the following properties:

(i) For any i € D, (t,y) — A(t,y,i) is a continuous function on R} x R? and
A(t,0,i) =0 forall ¢ > 0.
(ii) For every T > 0 there exists v (7) > 0 such that

‘A(t7y17i)_A(t7y27i)| S V(T) b’I _y2‘

forallz € [0,7], yi,y» €RP, i €D.
(iii) There exists 6 > O such that |A(z,y,i| < dy|, V (¢,y,i) € R x R? x D,

In this section we shall denote by A the set of all functions A: Ry x R” xD — R™
satisfying the above conditions. Let us notice that both constants v (7) and & in (ii)
and in (iii) depend on the function A(-,-) € A.
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For every A in A denote

|A(t,y,0)]
|

|MH:&W{ ;tZQy#QieD}. (8.93)

Let &;, the set of all random n-dimensional H,,-measurable vectors & which
additionally satisfy E |& \2 < o, Itis obvious that R” C &}, V1o > 0. For every 79 > 0,
& € &, and A € A denote by xa (,1,) the solution of the perturbed system (8.92)
satisfying the initial condition xa (f9,%0,€) = &. Applying Theorem 1.11.1, one
deduces that x, (-,7,&) € L3, ,, ([0, T],R") for every T > fo. Moreover, if E |& 1% <
oo, b > 1, then

sup {E [[xa (010, 6)” | (10) =] } <& (1+E[I6P" [1(0) =] )

to<t<T

where K depends on 7" and on T —fg.

Definition 8.3.2. The zero solution of the perturbed system (8.92) is called expo-
nentially stable in mean square with conditioning (ESMS-C) if there exist o > 0 and
B > 1 such that

E [ (tt0,00) P 1 t0) = i] < B0 xo 2

foranyt >t >0, xo e R", i€ D.

The constants ¢, 3 of the above definition may depend on the perturbation A € A,
but they do not depend on ¢, #g, xg.

In order to characterize the robustness of the nominal system (8.86) with respect
to the nonlinear perturbations A € A we introduce the following definition.

Definition 8.3.3. The robustness radius with respect to the nonlinear stochastic
uncertainties which structure is determined by B = (By,...,B,) and C, is

pve(A,Q |B,C)=inf {p >0|3 A€ Awith [|[A]| <p
for which the zero solution of the system (8.92)
is not ESMS-C}.

Remark 8.3.3. Since the class of uncertainties A also includes the functions
A(t,y,i) = A(i)y modeling the linear uncertainties considered in the previous
section, it is easy to check that

PNL (AvQ | Bvc) S PL (A7Q | Bvc)

In order to prove the main result of this section, two additional results are
required.
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Lemma 8.3.6. Let ¢ : R" x Q — R, measurable with respect to B(R") @ R, and
g : Q — R" measurable with respect to H;,t > 0 being fixed, where R, and H; are
defined in Chap. 1. Let

h(x,i
¢ (o)

~

Elp(x,)|n(t)=i VxeR" icD,and
¢(¢(0),0).

If ¢ () and @ (x,-) are integrable, then
h(g(w),n(t o) =E[p|H](w) a.s. (8.94)
Proof. We prove first (8.94) for the case when ¢ (x,0) = ¢ (x) @2 (@), with
>

@1 (x) > 0 measurable with respect to B(R") and bounded while ¢, (-) > 0, is R;-
measurable and bounded. From Theorem 1.10.1 one obtains

E[p | H]| =E[p2|n(1)] as.

Therefore
E[¢|H](w) =E[p1(g) 92 | Hi] ()
= ¢1(g(0)E[g | Hi] (o)
=1 (g(w)E[g2 | n(1)] (o).
On the other hand
h(x,n(t,0)) = E[p (x) g2 | 1 (1)] (@)
=01 (N)E[p[n(1)] (w)
and then

h(g(@),n (@) = ¢ (g(@) Elez [ n ()] (@) a.s.

which shows that (8.94) is true for the special considered case.
Further, let

M={AeBR") @R, | xa satisfies (8.94)}
C={UxS|UeBR"),SeN;}.
Since yyxs (x, ®) = yu (x) xs (o) it follows that C C M. One easily can verify that
C is a m-system and M satisfy the conditions (i), (ii), (iii) of Theorem 1.1.1. Thus

it results that M contains ¢ [C], o [C] denoting the smallest c-algebra containing C,
namely 6 [C] = B(R") ® R;. Thus we conclude that (8.94) is verified by any A €
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B(R") ® R,. Further let 0 < @ < @41 < @, @k (x, ®) being a measurable function
with respect to B (R") @ R;, and @ (x, ®) — ¢ (x, ®), for k — oo V x, o. Since (8.94)
is true for ¢, from Legesgue’s theorem (see Theorem 1.2.2) one obtains that this
relation is also true for a function @ verifying the assumptions in the statement and
therefore the proof ends. ad

Consider now the system of stochastic nonlinear differential equations:

dx(t) =Fy(t,x(¢),n (¢))dt + i Fe(t,x(t),m (¢))dwy (2) (8.95)
k=1

where the functions F; : Ry x R" x D — R" have the following properties:

(G) (t,x) = Fi(t,x,i) : Ry x R" — R" are continuous functions and Fy (,0,i) =
0,t>0,ieD,0<k<r.
(jj) For any 7 > 0 it exists v (7) > 0 such that

|Fk(f,X1,i)-Fk(t,X2,i)‘ < V(T) |)C1 —)CQ|,i€D, 0<k<vr

YV x1,x €RY,1e€[0,1].
(jii) There exists § > 0 such that

|Fy (t,x,i)| <8 x|, Vt>0,xeR", ieD, 0<k<r.

It is obvious that for any A € A the perturbed system (8.92) satisfies the
conditions (j), (jj), and (jjj). Applying Theorem 1.11.1 it follows that for any
1o > 0 and & € A& the system (8.95) has a unique solution x(z,7,§),1 > 0
such that x (fo,19, &) = .

Definition 8.3.4. The zero solution of the system (8.95) is ESMS-C if there exist
o >0, 8 > 0 such that

E[Ix(t,10, ) |0 (10) = i] < Bem =0 |g P,

Vi>1n>0,E€R" ieD.

The next result extends to the nonlinear case some results proved in Chap. 3 for
the linear case.

Theorem 8.3.7. The following assertions are equivalent:

(i) The zero solution of the system (8.95) is ESMS-C.
(ii) There exists ¢ > 0 such that

/th [lx(s,0.8)2 [0 (1) =i ds < & (8.96)
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Vt>0,& €R" the constant ¢ being independent of t and &;
(iii) There exist o0 > 0 and B > 1 such that

E[lx(t,10, ) |0 (10) = i] < Be™ B [IE]* |0 (10) =],

Vi>1p>0,6eX,, ieD.

Proof. (i)=>(ii) and (iii) = (i) are obvious. We prove that (ii) = (iii). Define

v(l,x,i):/tmh(s,t,x,i)ds
where
s, tx0) = E [ (.0, P [0 (1) = ]
with s >t > 0,x € R", i € D. By virtue of Theorem 1.11.3 we can apply
Lemma 8.3.6 for the function ¢ (x,®) = |x(s,7,x,0)|*, V (x,0) € R" x Q where

s >t are fixed and for the function g (@) = x(,10,§, @) withr > 19, & € X fixed.
Therefore one obtains that:

h(s,t,x(t,10,&,0),n(t,0)) = E “x(s,t,x(t,to,é,w),a))lz | ”H,}
—E [|x(s,ro,§,w)|2 | 7—[,] : (8.97)
In the following we shall omit to write explicitly the argument @. Define
vi(1) =E[v(t,x(t,0,8),m (1)) [ 0 (t0) =1].
From (8.96) one deduces
i) < E [Je(tt0, &) [0 (10) = ] (3.98)
Further, from (8.97) one obtains

w(t) = E [/t“ms,r,x(am,@,n (1)) ds | 1 (10) = i]

— & | [B s &) 2] as | n )= ]

from which using the properties of conditional mean values, it immediately follows
that

vi(r) = /lmE (1x(s.10,8) | 1 (10) = ] ds, (8.99)
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Vi>1>0,& €A, i€ D.From (8.99) it follows that the function ¢ — v; (r) is
absolutely continuous on [tg,o) and therefore it is derivable a.e. on [fy, ). Then
from (8.99) one obtains that

d .
it =~ [lx(t,10, )P [0 (10) = 1]
Based on (8.98) it results that

d 1
AL (1) < — Vi (t) a.e. t>1. (8.100)

Applying Theorem 1.10.2 to the function |x|* and to the system (8.95) one obtains:
E[lx(t,10.6) 11 (t0) =] —E [|EP [ 1 (10) = ]

=F

[ {M (5,10, E) By (5,510, ) .1 5))

+ 3 1B (5,x(5,00,E) 1 ()2 (8.101)
k=1

d
+ ;Qn(s),j Ix(s7t07€)2}ds | n () = i] :

J

Taking into account (jjj) one obtains that

r
2T Fy (t,x,0) + Y B (2,x,0) 7| < & |2 (8.102)

k=1

where 8 = 8 (2+r9). Hence

,
22T Fy (1,%,1) + X, |Fi (6, 0)* > =0 .
k=1

Denoting
8i(0) = [ (r,10,8) [ 1 (10) =]

from (8.101) it results that g; (-) is an absolute continuous function on [fy,e<) and

d

d
&0 =E [M (1,10, ) Fo (1,2 (1,10, £) .0 (1)) + X Gy, 1x (2,10, E)
j=1

+ _ |Fic (2, (t,00,€) .1 (£))1 | M (t0) =i] :

k=1
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Using (8.102) one obtains that there exists 8; > 0 such that

d
pred (1) > —61gi(t) ae. ,t>1,

which is equivalent with

% [gi (t) 68”} >0,

which leads to
E (10, )P [1(10) = i] = e 0E[IEP | (1) =i
t>19>0,& € X, i € D.From the last inequality one immediately obtains
h(s,t,x,i) > e 30670 |x?
foralls >t >0,x € R" i € D. Therefore v (¢,x,i) > 51’1 |x|2, t>0,xeR"ieD,
vilr) > &' [[x(t,00,8) | (1) = ]
From the above inequality together with (8.98) and (8.100) it follows that
E b (t,10,&)P |1 (10) = i] ds < Be™*E [IE | (10) =1

with = 8;c and o = 1/c, and thus the proof is complete. O

Before proving the main result of this subsection, let us notice that using the
known constant matrices A (i), B (i), and C (i) of the realization of the perturbed
system (8.92) one can associate the following auxiliary system:

dx(t) = [Ao(n (2))x(¢) +Bo (n () u(t)]dt
i A (0 (1)) x (1) + By (1 (1)) u(£)] dwy (1) (8.103)
k=

y()=C(n(1))x(t).

Then we have the following theorem.

Theorem 8.3.8. Assume that the system (Ao, ...Ay; Q) is stable. Then
pr{A:Q|B.C}> T
where

T:L2,,([0,%),R™) — L2, ([0,),RP)
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is the input—output operator associated with the auxiliary system (8.103) defined by
the matrices Ay (i), B (i), and C (i), 0 <k <r, i € D.

Proof. 'We show that for every p < ||| ~" and for all A € A with ||A|| < p, the zero
solution of the perturbed system (8.92) is ESMS-C. Denoting y = p~! it follows
IT] < yand [|Al < 7~'. or

Nt
sup{W;tzo,y¢0,ieD}<y—l. (8.104)

Using the implication (i) = (iii) of Theorem 8.2.7 one deduces that the equation

A§ (D)X (i) +X (i) A ()+Zk IAT(I)X(l) k() + 204X () 1
+[X (i) Bo (i) + Xy AL ()X (i) By (i) ] [¥* L Zk 1BT()X(1)Bk(i)]7
x [BE (1) X (i) + X5y Bf () X () A (i)] +CT )=0
(8.105)
has a stabilizing solution X = (X (1),...,X (d)) > 0 such that
V1, — 2 B! (i)X (i) By (i) > 0 (8.106)
k=1

for any i € D. Applying the Ito-type formula for the function x” X (i)x and for the
process x (t) = xa (,%0,%0) one obtains using (8.105) that:

£ [/r;{|y(t)|2_72A(”Y(f)v”(f))z}dt |1 (1) 21}
=x, X (\)xo—E [x" (1) X (n (7)) x(7) | (o) =]

-F [/ "By (0.0 @)= F (0)x(0)" (8.107)

0

(fz S B ()R (@) B <t>>>

k=1
% (ALY (6) )1 (1) = F (0 (0)x(0)) dr | 1 (10) = 1],

where y(t) = C(n(t))x(t),t > to and F (i) denotes the stabilizing feedback
associated with the solution X'( i), i € D. Taking into account (8.106) it follows
that:

e[ [ {b0P-Placy0.n o)}l nw =

< on( ))C(),
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forany T >ty > 0, xg € R", i € D, which leads to

E[/f{|y<t>|2—f|A<r,y<r>,n<r>>2}dt|n(m)ﬂ} (8.108)

0

< 8xof*, V1o >0,xeR", ieD.
But

Ay (2),m () < (A ly ()]

V1>0,i€D,ycRP.On the other hand (8.104) gives 1 — 12 ||A||* > 0 and then we
deduce from (8.108) that

2
%l 8.109
=y jar (6109

Yty > 0, xop € R", i € D. Finally, applying Theorem 3.6.1 and using (8.108) one
obtains

E [/{: ly () dt | (1) = l} <

B | [ ool Par n 0) =i] < bl
0

Vit >0,x0 € R",i € D, ¢c >0 being independent of #g, xp,i. Applying Theo-
rem 8.3.7 we obtain that the zero solution of the perturbed system (8.92) is ESMS-C.
Therefore pyz {A;Q|B,C} > p. Since p < ||T]||”" is arbitrary, it follows that
pne{A:Q|B,C} > ||T||"" and thus the proof is complete. O

At the end of this section we show that in a particular case of the system (8.92)
we can obtain the exact value of the stability radius pyz. {A;Q | B,C}. To be more
precise, consider the perturbed system:

dx (1) = Aox (1) dt + 37, Apx (1) dwy (1) + Xk, BeA (2, (1)) dwi (1)
y(t) =Cx(r).

The system (8.110) is a perturbation of the nominal system

(8.110)

ri—1
dx(t) =Apx(t)dt + 124 Apx (1) dwy (1) (8.111)
k=1

and it represents a particular case of the system (8.92), namely D = {1},A; =
0, <k<rBy=0,1<k<r —1,q11 =0. In this particular case instead of
pnL{A; Q| B,C} we shall denote the stability radius by pyz, {A | B,C}. Then the
stability radius is given by the following result:

Theorem 8.3.9. Assume that the zero solution of the nominal system (8.111) is
ESMS-C. Then

pvi{A|B,Cy=1"1 (8.112)
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where A denotes the maximal eigenvalue of the matrix Z,t:rl B,{X By, X > 0denoting
the unique solution of the linear Lyapunov-type equation

rlfl
ATX +XAo+ Y AfXAc+CTC=0. (8.113)
k=1

Proof. From Corollary 8.2.9 with D = {1} one obtains that A= |7 || where
T+ L3,([0,).R") = L ([0,2), R?)

is the input—output operator associated with the auxiliary system

dx(t) on(t)dt+2£1:—11Akx(t)dwk () + Xiy, Bru(t) dwy (t) 8.114)
y() =Cx(r). '
From Theorem 8.3.8 it follows that
pvi{A|B.C} > 1 2. (8.115)

It order to prove (8.112) it is sufficient to show that for any € > 0 there exists A, € A
with [|Ag]| < A=2 + & for which the zero solution of (8.110) is not ESMS-C. Let
A € (ﬁr%,i*% —|—£). Since 4.2 < A it exists u € R” with |ug| = 1 and

,
ul (1,,, -2 B,{XBk> ue < 0. (8.116)
k=i’1
Let
Ag (y) = Aeue |y|. (8.117)

Then it is obvious that A; € A and ||A¢|| = Ae. We show that the zero solution of the
system

dx(t) = Aox (1) dt + 3 Agx (1) dwi (1) + Sier, Bile (2, () dwy (1)

o) (8.118)

is not ESMS. If the zero solution of (8.118) is ESMS, then there exists 6 > 0 such
that

E [ |Cx(t,t0,x0)[*dt < 8 |xo|*, V1o >0, xo € R". (8.119)

fo

On the other hand applying the Itd-type formula to the function x” Xx and to the
system (8.118) and using (8.113) one obtains that
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E/ <y )P - S AT (y(1)) BIRBee (v ())) i (8.120)

k}’l

= xy Xxo—E [x" (1) Xx(1)]

vV 1 >0, x(t) = x(t,x) being the solution of (8.118) satisfying x(0,xp) = xo and
y(t) = Cx(t,xp). If the zero solution of (8.118) is ESMS, then (8.120) gives

E/ <|y )2 — ZAT 1)) BIXBiA: (v (¢ ())) dr =xtXxy  (8.121)

k=ry

V xg € R". Taking into account (8.117) one obtains that (8.121) becomes

<1 -2 Z B,{XBk> ugE/ H)|*dt = x} Xxo, V xo € R"
k=ry
which contradicts (8.116), taking xo # 0 such that x] Xxo > 0 (since X > 0, (8.116)
implies that there exists xo € R" such that x; TXxo > 0). Thus the proof is complete.
O

Notes and References

The theoretical developments presented in this chapter are new. They provide a
unified approach of the stochastic version of the Bounded Real Lemma and stability
radius for systems subject both to multiplicative white noise and to Markovian
jumping. The stochastic version of the Bounded Real Lemma for systems with
multiplicative white noise has been studied in [12,47,80,116,122] and for stochastic
systems subject to Markov perturbations we cite [115]. For the case of stochastic
systems subject both to multiplicative white noise and to Markovian jumping, a
stochastic version of the Bounded Real Lemma was proved in [41]. A stochastic
version of the Bounded Real Lemma for systems affected by Markov processes
with an infinite countable number of states was proved in [140]. The stochastic
counterpart of the Small Gain Theorem for systems with multiplicative white
noise is given in [36] and [37,38] for systems subject to Markov perturbations.
As concerns the stability radius for systems with multiplicative white noise we
cite [57,81,113,114,116] and for systems with Markovian jumping, see [115].
Some estimations for the stability radius in the case of stochastic systems with
state multiplicative white noise and Markov jump perturbations are given in [41].
A different approach to estimate the stability radius for systems subject both to
multiplicative white noise and to Markovian jumping can be found in [59].



Chapter 9
Robust Stabilization of Linear Stochastic
Systems

In the present chapter we consider the robust stabilization problem of systems
subject to both multiplicative white noise and to Markovian jumps with respect to
some classes of parametric uncertainty. As it is already known, a wide variety of
aspects of the robust stabilization problem can be embedded in a general disturbance
attenuation problem (DAP) which extends the well-known H* control problem
in the case of deterministic invariant linear systems. A special attention will be
paid in this chapter to the attenuation problem of exogenous perturbations with a
specified level of attenuation. In the same time, some particular robust stabilization
problems which solutions are derived using the results in the preceding chapter
will be presented. The solution of the general attenuation problem will be given
in terms of some linear matrix inequalities which provides necessary and sufficient
solvability conditions. Throughout this chapter we assume that D = {1,2,...,d}.

9.1 Formulation of the DAP

As it was shown in the preceding chapter, a measure of the robustness radius
of stabilization with respect to a wide class of static or dynamic uncertainty can
be characterized using the norm of the input—output operator associated with the
nominal system. Based on this fact it follows that in order to achieve a certain level
of robustness of stability one can design a stabilizing controller such that the norm
of the input—output operator associated with the resulting system be less than the
inverse of the imposed robustness radius.

The design problem of a stabilizing controller such that the norm of the input—
output operator is less than a given level of attenuation is usually called in the
literature the DAP. In this section the formulation of this problem will be given
for the case of the stochastic linear systems considered in the present book.

V. Dragan et al., Mathematical Methods in Robust Control of Linear Stochastic Systems, 381
DOI 10.1007/978-1-4614-8663-3_9, © Springer Science+Business Media New York 2013
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Consider the following stochastic linear system:
dx(t) = [Ao (1 (1)) x (1) + Go (1 (1)) v (1) + Bo (n (1)) u(1)] dr
+Z [Ar(n () x () + G (n () v () + Bi (1 () u (1) dwc (1)

(1) = C:(n (1) x (1) + Doy (10 (1)) v (1) + Dz (0 (1)) ue(7) ©.1)
y(t) = Co(n (1)) x(t)+Do(n (1)) v (1)

with two inputs namely v(r) € R™, u(t) € R™ and two outputs, z(f) €
RP! y(t) € RP2. The input variable v(¢) denotes exogenous signals, u(¢) includes
the control variables, z(¢) is the regulated output, and y(¢) denotes the
measured output. As usual, the state vector x(f) € R". The coefficients
Ax (i), Gr (1), Br (i), 0 < k < r,C,(i), Dy (i), Dzu (i), Co (i), Do (i), i € D are
known matrices with real coefficients with appropriate dimensions. The stochastic
processes {1 (1)},50, 1w () }50, w(t) = (wi(t),...,w,(1))" are defined as in
the preceding chapters. The class of admissible controllers is described by the
following equations:

dxe (1) = [Ac (11 (1)) (1) + Be (0 (1) y (1) i 02
wlt) = Ce(n(0)xe () +De (1) (1),

where x. € R". In fact the controller (9.2) is characterized by the set of param-
eters {n¢,A (i), B: (i), Cc (i), D¢ (i) ,i € D}, where n. > 0 is an integer number
denoting the order of the controller and A. (i) € R"™*" B, (i) € R"*P2 C.(i) €
R™*"e D (i) € R™*P2 | € D. When coupling the controller (9.2) at the system
(9.1) one obtains the following resulting system:

dxei (1) = [Aoct (N (1)) Xer (£) + Gocr (0 (1)) v (¢)] dt
+ Xkt [Aker (0 (1) et (1) + Grar (0 (1)) v (1) dwi (1) ©-3)
2(t)  =Ca(n(t))xa (t)+Da(n()v(t),

where
Aow (i) = [Ao (i) + Bo (i) D (i) Co (i) Bo (i)CC(i)}
R R A0 Acti) ]
At (1) = 'Ak(i)+Bk(2Dc (i) Co (i) Bk(i)OCC (i)} d<k<r
Goa (i) = | @ ();?‘zi()’)DIZL(i().)DO(")}, 94)
Gra = | & (>+Bk(zO)DC(')Do(i>],1<k<r,
Ca (i) = [C. (i) + Dau (i) De (1) Co (i) D (i) Ce (D)),

b

De; (i) = D2y (i) + Dy (i) De (i) Do (i) , i € D.
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Definition 9.1.1. A controller from the class (9.2) is a stabilizing controller of the
system (9.1) if the zero solution of the system:

d& (1) = Ao (n (1)) G (1) di + iAkcl ())& (1) dwi (1)
k=1
is ESMS.

For every stabilizing controller, define by:
7;1:L121,w([0 ) le)_>L121 w([o );Rl)l)
the input—output operator defined by the closed-loop system (9.3), namely:

(Terv) (1) = Cet (0 (1)) Xt (2,v) + D (0 (1)) v (1), £ > 0,

Vve L,Z%W ([0,00); R™), where x,; (¢, v) denotes the solution of the system (9.3) with
the initial condition x.; (0,v) = 0. As it was shown in Sect. 8.1 the input-output
operator 7 is a linear and bounded operator. We are now in position to formulate
the DAP for the system (9.1) with an imposed level of attenuation y > 0.

Problem formulation: Given y > 0, find necessary and sufficient conditions for
the existence of a stabilizing controllers for (9.1) such that || 74| < 7. If such
conditions are fulfilled give a procedure to determine a controller with the required
properties.

Remark 9.1.1. Based on the definition of || 7| it follows that the y-attenuation
problem stated above is equivalent with

veLd ,(0,00):R™1 )0 ”V”

9.2 Robust Stabilization of Linear Stochastic Systems.
The Case of Full State Access

9.2.1 The Solution of DAP in the Case of Complete State
Measurement

Consider the linear stochastic system described by:

dx(t) = [Ao (1 (1)) x (£) + Go (n (1)) v (1) + Bo (n (¢)) u (1)) dt
+Zk 1 A (n (0)x (0) +Ge (0 (1) () + B (0 () u ()] dwi (1) g s
(1) = C(n (1) x(1) + Doy (0 (1)) v (1) + Do (1 (1)) e (1)

W) =xle
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where x (1) e R", v(r) e R™, u(r) € R™, and z(t) € RP! have the same meaning as
in the system (9.1). Assume that the whole state vector is available for measurement.
In fact the system (9.5) is a particular case of (9.1) with p» =n, Cy (i) = I, Do (i) =
0,7 € D. The class of admissible controllers is given by (9.2). We shall solve first
the DAP in the case when zero-order controllers are used, namely n, = 0. In this
case (9.2) reduces to

u(t) = De(n (1)) x(1)

or, with a usual notation,

where F (i) € R"™*" j € D. The closed-loop system obtained with this controller is:

dx(t) = {[Ao(n (1)) +Bo(n (1)) F (n (t))]x(t) +Go (n (1)) v(t) } dt
+ 21 {[Ac(m () +Bx (n (

0)F (0 (1)))x(0) 06
G (1 (1) ()} dw () |
20) = [C:N(0) +Dau (M (0)F (0 (1)} x(0) + Dy (0 (1)) v 0).

If F=(F(1),...,F(d)) is a stabilizing state feedback for the system (9.5), we
denote

Tr L3, ([0,00): R™) — L2, (0,00); R”")

the input—output operator associated with (9.6). Therefore the control u(t) =
F(n(t))x(t) solves the DAP with the level of attenuation y if ||7r|| < 7. The
following result provides necessary and sufficient conditions for the existence of
such state feedback control.

Theorem 9.2.1. For a given y > 0 the following are equivalent

(i) There exists a control u(t) = F (1 (¢))x(t) that stabilizes the system (9.5) and
[Tl <

(ii) There exist Y = (Y (1),...,Y (d)) € 8¢ and T = (I'(1),...,T'(d)) € Mf;z,n,
Y > 0 satisfying the following system of LMI:

Woo (Y,i) Woi(Y,i) - Wo,r(Y,i) Worp1 (Y,i) Wo o (Y,0)
We (Vi) Wia(Y,i) - Wi (Vi) Wi (Vi) Wiga (Vi)

. . o . . < 0’
Wo, (¥si) WLV o Wi (Vi) Wit (V) Wi (Y,)
Wg:r+l (Y’ i) W17jr+l (Y, i) Wrr+1 ( ) Wr—H r+1 (Y i) Wr+1,r+2 (Ya i)
_W({HQ (Y7 i) WIT,H-Z (¥, l) o Wrr+2 (¥,i) Wr+1 42 (¥,i) Wirt2,r12 (¥, l) i
9.7
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i € D, where

Woo (Y,i) = Ao (i) Y (i) +Y () AT (i) +qaY (i) +Bo (i) T (i)
+I7 (i) By (i) + Go (1) G (i)

Wor (Y,i) =Y ()AL (i) +T7 () B (i) + Go (i) G| (i), 1 <k <r
Wo,r+1 (i) =Y (i)CL (i) +T7 (i) D, (i) + Go (i) DL, (i)
Worsz = [Van¥ (i) .. /@itY (i) /G@iietY () - /@i (i) ]
Wik =G ()GL (i), 1<Lk<rl#k
Wi =Gi(i)G] (i)=Y (i), 1 <I<r
Wirs1 (i) = G () D5, (i), 1 < U<
Wi () =0, 1 <1 <r+1
Wit1.r41 (i) = Doy (i) DL, (i) = V1,
Wiiapen (i) = diag (=Y (1) ... =Y (i—1) =Y (i+1) ... —Y(d)).

Moreover, if (Y,T) € 8¢ x anz’n is a solution of (9.7) with Y > 0, then the
control u(t) = F(n (t))x(t) with F (i) = T (i)Y~ (i) solves the y-attenuation
problem for the system (9.5).

Proof. The proof immediately follows applying Theorem 8.2.7 together with
Proposition 8.2.11 to the system (9.6). a

In the following we display the particular cases when the system (9.5) is subject
only to Markovian jumping or to multiplicative white noise, respectively. Consider
the linear stochastic system described by

xX(t) = Ao (n (1) x (1) +Go(n (1)) v (1) +Bo(n (1)) u () ©8)
(1) = C:(n (1)) x(1) + Dy (n (1)) v () + Dz (0 (1)) e (1)
y(t) = x(1)

obtained from (9.5) with A; (i) =0, Gx (/) =0, B; (i) =0, 1 <k <randi€ D. For
the control u (t) = F (1 (t)) x (¢) one obtains the resulting system:

x(t) = [Ao(n (1)) +Bo(n (1)) F (1 ()] x (1) + Go (n (1)) v (1) 9.9)
2(t) = [C:(n (1)) + D (n (1)) F (1 ()] (2) + Dey (0 (1)) v (1) -

Applying Corollary 8.2.12 for the system (9.9) we get the following corollary.

Corollary 9.2.2. For a given y > 0 the following are equivalent
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(i) There exists a control u(t) =F (1 (t)) x (¢) stabilizing the system (9.8) such that
the input-output operator Tr associated with (9.9) verifies ||Tr|| < v;

(ii) There exist Y = (Y (1),...,Y (d)) € S, Y (i) >0and T = (T'(1),...,T'(d)) €
anz,n verifying the system of LMI:

Woo (Y,0)  Worr1 (Y,i)  Wo,ia(Y,0)
Wgr+1(Y l) Wr+] r+1 (Y7l) Wr+1.r+2(Yai) <07 (910)
WO r+2 (Y l) Wr+] r+2 (Yv i) Wr+2«,r+2 (Ya i)

where W;j(Y,i) are the same as in (9.7). Moreover, if the pair (Y,I') €
S? x Mﬁlz . is a solution of (9.10) with Y (i) > O, then the control u(t) =

F(n(t))x(t) with F (i) = T (i)Y ~! (i) solves the y-attenuation problem for the
system (9.8).

In the case when D = {1} and ¢;; = 0 the system (9.5) becomes:

dx (1) = [Aox (t) + Gov (t) + Bou (¢)] dt

2 [Apx (t) + Gyv (1) + Byu (t) dwy (1) 9.11)
2(1) = Cox () + Doyv (1) + Doyu (1)
(1) = x(¢).
Taking u () = Fx(t) one obtains the closed-loop system:

)
dx(t) = [(Ao+ BoF)x(t) + Gov (¢)] dt
i [(Ag + BiF) x () 4+ Gyv (1) dwy (1) 9.12)

7(t) = (Co+ Dy F)x(t) +Dyyv (1)
Using Corollary 8.2.13 for the system (9.12) one obtains the following corollary.
Corollary 9.2.3. For a given y > 0 the following are equivalent:

(i) There exists F stabilizing the system (9.11) such that ||Tr|| < y where Tr
denotes the input—output operator associated with (9.12).
(ii) It exists Y € S,,Y >0, T € R"*" solving the following LMI:

Woo(Y) Woi(Y) - Wo,(Y) Wort1(Y)
Wi (Y) Wi (Y) Wi, (Y) Wi (Y)
: : . : <0, 9.13)
W) WEL(Y) - Wer () Wit (Y)

WOT,r+1 (Y) WIT,H—] (Y) WL—H (Y) Wr+1,r+1 (Y)
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where

(Y) = AoY +YAT +BoT +T7 B + GoGj
() = YA +TTBl + GGl 1 <k <r
(¥) = vcI +17DL, + GoDE,
Wik (Y) = GG, 1 <Lk<,1#k
Wy (Y)=GGl -y, 1<I<r
)
(Y)

Moreover, if the pair (Y,T') € S, x R™*" 'Y > 0 is a solution of (9.13), then the
control u(t) =TY ~'x(t) solves the y-attenuation problem for the system (9.11).

Consider now a controller in the set (9.2) defined by
(ne,Ac (i) ,Be (i) ,Ce (i) ,De (i) ;i € D)
with n. >0, A, (i) € R"*" B (i) e R"*" C. (i) € R"™*" D, (i) e R™*" jeD.

When coupling the controller to the system (9.5) one obtains a resulting system of
form (9.3) with the matrix coefficients given by:

ho (D) = :Ao (i) +Blf(zl§)i)D c (i) BOX?(:S( )] ’

Akcl(l): -Ak(l)+B(l)<(l)DC() (l)OCC():|’ 1<k<r

Gl (i) = Gko(l) ;0<k<r (9.14)

Cer (i) = [C: () + Do () De (i) D (i) Ce ()],
Dy (i) = Doy (i), i € D.

The next result shows that if the y-attenuation problem can be solved with a
dynamic controller (i.e., n, > 0) then the same problem has also a solution expressed
as a state feedback (i.e., n. = 0).

Theorem 9.2.4. For a y > 0 the following are equivalent:

(i) There exists a dynamic controller (9.2) with n. > 0 solving the DAP with the
level of attenuation 7.

(ii) There exists a zero-order controller solving the DAP with the same level of
attenuation y.
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Proof. (i)=-(ii). Assume that there exists a dynamic controller of order n. > 0
solving the 7y-attenuation problem for the system (9.5). Therefore this controller
stabilizes the system (9.5) and the input—output operator 7., associated with the
closed-loop system verifies the condition || 7| < y. Applying Theorem 8.2.7 and
Proposition 8.2.11 for the system (9.3) with the coefficients (9.14) we deduce that
there exists ¥ = (Y (1),...,¥ (d)) € 8%,,,.¥ (i) > 0, i € D satisfying the following
system of LMI:

Woo (¥,i) Wo,l(l:/,i) "'Wo,r(i:’7i) Wo,rt1 (1:’71') Wo,r+2(1:/,i) 1
o1 (Vi Vi) Wi (Vi) Wi (V,0) Wi (V,0)

: : o : : <0,
We, (Vi) W (F,0) W (7)) Wi (V,0) Wi (V,i)
Wo et (Vod) Wy (V) = Wy (Vi) Wegrn (V,8) Wega ez (V1)
_W()T,r+2 (Yvi) WlT,r+2 (Yvi) Wrr+2( ) Wr+1 r+2( ) r+2,r+2 (Y )
(9.15)
where
Woo (Vi) = Ao ()Y (i) + ¥ (i) Agyy (i) + qid (i) + Goer (i) Gy (i)
Wor (¥,i) = Y (i) Al (i) + Goa (i) Gy (i), 1 <k <r
Wor1 (Vi) =¥ (i) C}y (i) + Gou (i) DY (i),
Wosra (Vi) = [ain¥ (i) ... @ia? () /@mi? (i) .- Vaa¥ (i) ],
Wik (Y,i) = Gy (i)sz (i), 1<l#k<r,
Wit (7,i) = Gia (i) Gy (i) =Y (i), 1 <1 <,
Wirit (V,i) = G (i)DLTz( ), 1<1<r,
Wr+1,r+1 (Y,i) =Dy ) ')/211117
Wipsa (Vi) =0,1<1<r+1,
Wisara (Vi) = diag (=Y (1) ... =V (i—1) =Y (i+1) ... =¥ (d))
Let

be the partition of ¥ (i) conformably with the partition of the matrix coefficients
in (9.14), that is ¥y (i) € Sy, Y22 (i) € S, Define ¥ € R ji = (r+d) + py, ii =
(n+n:)(r+d)+p1:
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¥ = diag (%,...,%,1,,1,\PO,...,\P0>
— ——
r+ 1 times d — 1 times

where Wy = [I, Ouxn.]. By pre and post multiplication of (9.15) by ¥7 and ¥,
respectively, one obtains the following system of LMI:

oY ) ):’71') "'VO,r():/ai) Vo,r+1(1:/,i) Vo,r+2(1:/,i) 1
Vou (Vi) Vi (Vi) Vi, (Vi) Vi (Vi) Vi (V,0)

L L o ' : i <0,

VL) VET0) Ve (T0) Vet () Vi ()

Voot (Vi) VI (Vo) - Vi (V,) Vr+1‘r+1 (va i) Vrrrri2 (V,0)

V()T,r+2 (Yvi) VIT,r+2 (Y’i) Vrr+2( ) VrT+1,r+2 (Yvi) V242 (Y’i) " 016
(9.16)

11 (D) + Y11 (D AG (i) + qii¥ia (i)
+By (i) (D (i) Y11 (i) + Cc (i) T3 (i)

+ (De () P11 () + Ce () Y (1) BE (i)
+Go (i) G (i),
Voi (7,i) = Y (DAL (i) + (De (i) Yia () +Ce (i) V5 (i) BY (i)
+Go ()G (i), 1 <k<r,

= [Vainhu (i) ... Vaii1i%1 () a1 () - vgiahii (i) |,

0,
:diag(—Yn(l) —?11(1'—1) —?11(1'—"-1) —Yn(d)).

One can see that the LMI system (9.16) coincides with the LMI system (9.7)
in Theorem 9.2.1 with Y replaced by ¥;; and with T'(i) replaced by D, (i) ¥1; (i)
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+C. (i)Y}, (i), i € D. Applying Theorem 9.2.1 it follows that there exists a control
u(t) = F (n(¢))x(r) solving the y-attenuation problem for the system (9.5). More
precisely,

F (i) = [Dc () +Cc ()Y (D] ¥y (i), i € D.

Hence the first part of the proof is complete.

(ii) = (i). Assume that there exists a stabilizing control state feedback u(¢) =
F (n(2))x(t) solving the DAP with the level of attenuation y for (9.5). Let n, > 0
be a fixed integer and let A, (i) € R"*" be such that the zero solution of the system

X (1) =Ac(n (1)) xc (2)

be ESMS. Then consider the controller (n,A (i), On,xns Omxn,, F (i);i € D). It
is easy to check that this controller is stabilizing and the input—output operator
associated with the closed loop system coincides with the input—output operator
given by the state feedback control. Thus the proof ends. a

Remark 9.2.1. The smallest ¥ can be obtained by solving a semidefinite program-
ming problem. Indeed, considering 7 as a new positive variable, the LMI (9.7) can
be seen as a linear constraint in the minimization of 2.

9.2.2 Solution of Some Robust Stabilization Problems

Consider the system described by

dx(t) = {[Ao(n (1)) + Go (n (1)) A1 (n (1)) € (n (1))] x(2)
+[Bo(n () +Bo(n (1)) Aa(n (1)) D (M (1))] u(r) } dt 9.17)

r

+ 3 {[Acm @)+ Ge(n (1) AL (n (1)) (n (1))] x(2)

k=1
+[Be(n (1)) + B (n (1)) A2 (n (1)) D (n ()] u (1) } dwic (1)

where x (t) € R" is the state, u () € R™ is the control variable, Ay (i) € R™", By (i) €
R Gy (i) € R B (i) e R C(i) e RO D(i) e RPM 0 < k<ri€D
are assumed known. The matrices Aj (i) € R™7 A, (i) € R™7 are unknown
and they describe the uncertainties of the system (9.17). It is assumed that the
whole state vector is accessible for measurement. The robust stabilization problem
considered here can be stated as follows: for a given p > 0 determine a control
u(t) =F(n(t))x(r) stabilizing (9.17) for any A; = (A1 (1),...,A;(d)) and A; =
(A2 (1),...,A2(d)) such that

max ([A], [A2]) <p
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where
1 T/ .
Al = I}é%‘z'rrzlax (Ak (i) Ak (’)) .

The closed loop system obtained with u () = F (1] (t)) x (¢) is given by:

)+Bo(n (1)
+Bo (1 (1) & (1 (1)) D (M (1) F (1 (1))] x(1)ds ©18)
+Ziy [Ac () 4B (0 () F (0 (1)) +Ge (n (1)) A1 (n (1)) € (n (1))
+B (0 (1)) A2 (n () D (M (1)) F (1 (1)) | x (1) dwy (1) -
Denoting by
Gi (i) = [Gr (i) Bi(3)]
Cli) = Cé")}
~ |0
2= |y
_ MA@ 0
a0 =40 50 ]
the system (9.18) can be rewritten as
dx(t) = {Ao(n () +Bo (n (1)) F (n (t)) +Go (n (1)) A(n (1))
x[C(n (1)) +D(n () F (1 ()]} x(1)dr ©.19
+3e 1{Ak(n () + B (n (1)) F (n (1)) + G (n () A(n (1))
x[C(n @) +Dm @) Fn@)]}x(r)dwe(r).

Assume that F (i) is such that the zero solution of the system
dx(t) = [Ao (0 (1)) +Bo (n (1)) F (1 (1)) x (¢) dt

+2 A (1 (1) +Bi(n (1) F (0 (1))]x (2) dw (1)

is ESMS. Then, applying Corollary 8.3.5 it follows that the zero solution of (9.19)
is ESMS for all A with |A| < p if the input-output operator 77 associated with the
system

dx(t) = [(Ao (1 (1)) +Bo (n (1)) (1 (1)) x (1) + Go (n (1)) v (1)] dt
+ 21 (A (n (1) + B (n (1)) F (1 (£))) x (1) + G (11 (1)) v (1) dwi (1)
2(t) = (CMm@)+DM@)Fn))x()

satisfies the condition || 7¢|| < 1/p. Further notice that
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1
Al = rlyé%(),,ﬁax (AT (i)A(i)) =max (|A],|A],).

Therefore F is a robust stabilizing state feedback with the robustness radius p if it
is a solution of the DAP with level of attenuation y = 1/p for the following system:

dx (1) = [Ao (1 (1))x (t) +Go (1 (1)) v () +Bo (1 (1)) u (1)} dr
+er1 [Ac (1 (1)) x(8) + G (0 (1)) v () + Bic (1 (1)) u ()] dwy (1)

(1)

y(t) =x
C(n(t)x@)+D(n (1)) ulr)

2(t)
with G (i), C (i), D (i), i € D defined above.
Applying Theorem 9.2.1 we obtain the following theorem.

Theorem 9.2.5. Suppose that there exist Y = (Y (1),...,Y (d)) € S, Y (i) >
0, T=(I(1),...,I'(d) € Mﬁfw solving the following system of LMI:

Woo (Y,i) Woi(Y,i) - Wo,X,i) Wop1 (Y,i) Wo g2 (Y,0)
ng (Yal) Wl,l (le) Wl,r (le) Wl,r+1 (le) Wl,r+2 (le)

W({r (Yv l) W17:r (Y’ l) e Wr,r (Yv l) Wr,r+1 (Y’ l) Wr,r+2 (Y7 l) =0
WG it VD) Wy (Y,0) - Wy (V0) West gt (YVo0) West 2 (Y1)
_W({H—Z (Y’ i) WlT,r+2 (Ya i) e WZr+2 (Yv i) WrT—o—l,r-t,-2 (Y7 i) Wrt2,r42 (Ya i) i
(9.20)
where
Woo (Y,0) = Ao ()Y (i) +Y ()AL (i) + giiY (i)
+Bo (i) T (i) + T (i) Bf (i) + Go (i) G (i) +Bo (i) Bf (i),
Wox (Y,1) =Y (i) A} () +T7 (i) B (i) +Go (i) Gy (i) +Bo (i) B] (i), 1 <k <r,
Worst (Vi) = [Y()CT () TT @)D" ()],
Wora(V5i) = [\@aY () .. @it (i) \/Gir1Y (i) -~ /Y (i) ],
Wi (Y,i) =G ()Gl (i) + B (i)B] (i), 1 <k#1<r,
Wi (Y,i) =G (i)GT (i) + B, ()BT (i)-Y (i), 1 <1<,
Wi rs1 (Y,i) =0,1<I<r
Wr+l,r+l (Y7 i) = _p721A+ﬁa
Wiy o (Y,i) =diag(=Y (1) ... =Y (i—1) =Y (i+1)... =Y (d)).

Then the state feedback gain F (i) = T'(i)Y ' (i), i € D is a solution of the robust
stabilization problem.
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Consider now the system described by

where x(t) € R” is the state, u(t) € R™ is the control variable and Ay (i) €
R By (i) e R G (i) e R™™ 0 <k<r, C(i) e R"1*" jc D are assumed to
be known. The maps y — A(y, i) are unknown functions including the uncertainties
determined either by parameter variations or by truncation of nonlinear terms in the
dynamic model. Denote by A the class of admissible uncertainty

A=(A(y,1),...,A(y,d))

where y — A(y,i) : R”t — R™ are Lipschitz continuous functions with A(0,i) =
0, i € D. In the following it is assumed that in (9.21) the whole state is available for
measurement. The robust stabilization problem considered can be stated as follows:
for a given p > 0 find a control law u(r) = F (1 (¢))x () stabilizing the system
(9.21) for all A € A with ||A]| < p. Recall that

= sup {22

y#0,y€RP1 i€D vl
Letu(t) = F (1 (¢))x(¢) be such that the zero solution of the system
dx (1) = [Ao (1 (1)) +Bo (n (1)) F (1 ()] x (¢) dt

+ki [Ax (1 (2)) + B (n (1)) F (n (2))]x (1) dwi (2)
=1

is ESMS. When coupling this state feedback to (9.21) one obtains

dx(t) = {[Ao(n (1)) +Bo(n (1)) F (n (1)) x (1)
+Go(n (1)) A (t),n(t))}dt
+ X1 {[Ac (M (1)) +Bx (n (1)) F (0 (2))] x(2) (9.22)
+Ge(n (1) A1), (1))} dwi (1)

@) =C(n(r)x(r).

Applying Theorem 8.3.8 we deduce that the zero solution of (9.22) is ESMS for
arbitrary A € A with ||A]| < p if the input—output operator Tr associated with the
system
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dx(t) = {[Ao (n (1)) +Bo (n (1)) F (1 (1))} x (£) + Go (n (¢)) v (1) } dt
+ 3 {[A (M (0)x (1) +Be (0 (1)) F (n ()] x (1) +Gr (1 (1)) v (1)} dw (1)
(1) =C(n(0)x(t)

satisfies the condition ||7r || < 1/p. Therefore in order to obtain a robust state
feedback control with a given robustness radius p > 0 it is sufficient to solve the
DAP with the level of attenuation y = 1/p for the following auxiliary system

1)+ Go (n (1)) v(1)]x(r)

dx (1) = [Ao (1 (1)) x () + Bo (1 () u(
1 1) (M @) u(t)+Gr(n (2))v(e)]dwy (t) (9-23)

+Zk Ar(n (1)) x (1) +Br
z(1) =Cn())x(r)

From Theorem 9.2.1 applied for the system (9.23) one obtains

Theorem 9.2.6. Assume that there existY = (Y (1),...,Y (d)) €S, Y (i) >0, T =
(T(1),....T'(d)) € M%,, satisfying the following LMI:

Woo (Y,i) Woi(Y,i) - Wo,r(Y,i) Worp1 (Y,i)  Wo o (Y,0)
W&(KU Wi (Y,i) Wi, (Y0 Wi (Vi) Wi (Y1)

. : el . . <0,
W()T,r (¥,i) WlT,r ¥,i) - Wer (¥,i) Wert (¥,i) Wert2 (¥.i)
WGt ) WE L (V) - WE L (V) Wett it (Vi) Westr2 (YV,)
_Wg:r—&-Z (Y7 l) Wil:r+2 (Y’ l) e Wr r+2 (Y l) WZ—&-I,r-&—Z (Y7 l) Wr+2~,f+2 (Y’ l) J
(9.24)

i € D, where

Worra = [Vaa¥ (i) ... g 1¥ (i) Gir1Y (i) - /@Y (i)]
Wik :Gl(i)GZ() 1<lk<rl#k

Wi =G ()Gl (i)=Y (i), 1<I<r

Wit (i) =0,1<I<r

Wira(i) =0,1<I<r+1

Wr+1,r+1 (l) = —J/lel

Wigario (i) = diag(=Y (1) ... =Y (i—1) =Y (i+1) ... =Y (d)).

Then the control u(t) = F (1 (t))x(¢t) with F (i) = T (i)Y' (i), i € D provides a
robust stabilizing feedback gain.

Remark 9.2.2. In order to maximize the robustness radius one can use the idea
presented in Remark 9.2.1 but with the constraint (9.24) instead of (9.7).
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9.2.3 A Case Study

In order to illustrate the theoretical developments concerning the DAP in the case
when the state is measurable we present in the following a case study for which some
comparative aspects with the results provided by deterministic design approaches
will be discussed.

Air launched unmanned air vehicles (UAV) are typically released with the wings
folded in order to achieve a safe separation with respect to the launching aircraft. Its
wings are deployed after several seconds when a glide slope maneuver is required.
The wings deployment determines a “jump” of the aerodynamic coefficients leading
to a transient of the angle of attack which must be minimized in order to prevent the
loss of stability. The longitudinal short-period motion of the UAV has the following
state-space equations:

X = Ax+Bé,, + Gv (9.25)
7= Cx+D3,,
where the state vector is
w
x= ge :
¢

with w denoting the vertical component of the true airspeed, g is the pitch rate, &,
is the internal state of the actuator, and £ denotes the state of the integral action
5 = a; — a, introduced in order to obtain zero steady-state tracking error of the
normal acceleration a, with respect to its commanded piecewise constant value a.,.
The control variable is the elevon command &,, and the input vector v includes the
external reference a,, and disturbances, namely:

a,
V= dW )
dg
dy, and d; denoting the disturbances in w and ¢, respectively. The quality output z
has two components:
(]
p 59(,'

where f3 and p are positive given weights. The matrix coefficients in (9.25) depend
on the two flight conditions mentioned above, namely the situation when the UAV
has the wings folded and the case when the wings are deployed, respectively.
Therefore in this case the Markov chain has two states, that is D = {1,2}. The
numerical values corresponding to these two states are [134]:
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[—0.1077 718.5340 —31.3672 0]
Al) = —0.0219 —0.7209 —19.5316 0 7
0 0 -30 0
L0 2.8870 64.7283 0|
[—0.4628 717.1890 —16.7139 0]
—0.0333 —0.7522 —11.3638 0
A2 =1, 0 -30 0]’
| —0.2990 2.8210  39.1960 0
0
0
B(1) =B(2) =
(1) =B(2) 0
10
01
G(1
00|’
—1 00
00020
cd B [o 000 }
p0) =50~ 1|
100

B =20, p = 100. The transition rate matrix is

11
Q= {0.01 —0.01]'

The problem consists in determining a state feedback control &, (t) = F (1 (¢))x(¢)
such that the closed-loop system obtained when coupling it to (9.25), namely

is ESMS and its associated input—output operator has the norm less than a given
Y > 0.
Applying Corollary 9.2.2 we obtained for y = 20,
F (1) =[0.0290 —2.7269 —1.1120 —1.5065], (9.26)

F(2) =[0.0110 —0.7722 —0.4793 —0.2112].
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Table 2.1 Deterministic |7~ MIC RC SHD
comparison approach

i=1 183 329 181
i=2 157 225 129

Table 9.2 Stochastic

. Method MJC RC  SHD
comparison approach

|7 20 324 767

In order to compare these results with the ones provided by other usual design meth-
ods we solved the same problem using two deterministic alternative approaches.
The first one is the robust control (RC) design consisting in determining a unique
“quadratically stabilizing” controller which stabilizes both systems corresponding
to folded and unfolded wings situations. In this design we obtained using again an
LMI based approach [12]:

Fre =[10.57 —425.6 —180.7 —305.7]

for the minimum closed-loop disturbance attenuation level y = 33.43.

The second deterministic method consists in designing separate H” state feed-
back zero-order controllers corresponding to each flight condition. This design will
be abbreviated SDH and it gives for y = 18.1 and for y = 12.9, respectively, the
following gains corresponding to the two flight conditions considered:

Fsp (1) = [0.0040 —0.0825 —0.7510 —0.4253],
Fspr (2) = [0.1212  1.2540 —1.7674 —1.6579).

Two comparison approaches have been used: the first is completely deterministic
and the second is entirely stochastic. In the first method, the H* norm of the closed-
loop system for i = 1 and i = 2 has determined for all three solutions obtained above.
The results are presented in Table 9.1.

One can see that for MJC and SHD design the achieved H* norms of the closed-
loop system are very close and much lower than those of the RC-feedback gain.

In the second method we computed the levels of attenuation corresponding to
the three solutions using the stochastic framework. To this end, we determined the
closed-loop system with the corresponding feedback gains. Regarding these systems
as stochastic systems with Markov jumps, we applied Theorem 8.2.7 to compute the
corresponding level of attenuation. The obtained results are presented in Table 9.2.

The fact that in the stochastic design case (MJC) the level of attenuation is
significantly lower as expected since the deterministic design (RC and SDH) do
not take into consideration the parameter jumps.

The elements Pj; (t) and Pj» (t) of the transition probability matrix P (¢) = <
as functions of time are illustrated in Fig. 9.1a. In Fig. 9.1b, c the time-responses of
the angle of attack and of the elevon command to unit step acceleration are plotted.
Inspecting these figures one can see that the angle of attack for all three methods
is similar but the MJC uses considerably less control effort than both RC and SDH
design.
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Fig. 9.1 (a) Transition probabilities (b) Angle of attack (c) Elevon angle

9.3 Solution of the DAP in the Case of Output Measurement

In this section we consider the DAP with an imposed level of attenuation y > 0
in the case when the output is available for measurement. Our approach is based
on an LMI technique and it extends to this framework the well-known results in
the deterministic context. As in the deterministic case the necessary and sufficient
conditions guaranteeing the existence of a y-attenuating controller are obtained
using the following result (see [12]):

Lemma 9.3.1 (Projection Lemma). Ler Z cRV*V, Z=ZT YRV andV €
RV2*V with v, vy, v, positive integers. Consider the following basic linear matrix
inequality:

z+uloev+Vvie'u <o (9.27)

with the unknown variable © € RV1*V2, Then the following are equivalent

(i) There exists © € RV1*V2 solving (9.27).
(ii)

WL ZWy, <0 (9.28)
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and
wWhzwy, <0 (9.29)
where Wy and YW\, denote any bases of the null spaces Kerld and KerV,

respectively.

Remark 9.3.1. 1t is known that if V) is a basis of KerM where M is a given matrix
then any other basis of KerM can be expressed as W = WTI with detT" # 0. This
shows that it is sufficient to check the conditions (9.28) and (9.29) for some suitable
bases W, and Wy,
Lemma 9.3.2. LetX,Y €S,,N e R and S € S,  withX > 0 and
Y N
> 0.
s )

Then the following are equivalent

(i)
X=(y-ns'NT)
(ii)
X1, 0
rank | I, Y N | =n+n
0NTS
(iii)

-1
Y NI [Xx
NT § Tk x|
where * denotes irrelevant entries.

The next result provides necessary and sufficient conditions for the existence of
a controller of type (9.2) solving the DAP for the system (9.1).

Theorem 9.3.3. For a y > 0 the following are equivalent

(i) There exists a controller of order n. > 0 which solves the DAP with the level of
attenuation y > 0 for the system (9.1);

(ii) There existX = (X (1),...,X(d)) €84, X (i)>0,i€D,Y = (Y (1),...,Y (d))
€S Y (i)>0,5=(S(1),...,5(d)) €84, 5(i)>0, N=(N(1),...,N(d)),N
€ Mﬁ,nc such that
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Vd (i) v ()N (X) [“j‘; 8] <0, (9.30)
Moo (i)  Mou (i) —Uf ()N(0) U ()N (i) To41 (i)
I, ()~ 0 0 0
~NT()U (i) O —5(i) 0 0
<0
~NT()U, (i) 0 0 —S (i) 0
I05 41 () 0 0 0 141 () |
(9.31)
X@OL 0
rank [In Y (i) N(i)] =n+n, 9.32)
0 N (i) S(>i)

where

is a basis of Ker [Cy (i) Do (i)],

{ Uo (i) ]
Uy (i)

is a basis of Ker [B} (i) ---BI (i) DI, (i)],

o [N (XD M (X
Ni(X) = L\/IT;(X,i) le(x,i)]’

Nt (X,0) = AS () X (i) + X (i) Ao (i) +kiA;; (i) X (i) Ax (i)
=1
+2% EIeROIAGT

Nz (X,i) = X (i) Go (i) + iA,{ (i) X (i) Gy (i) +CT (i) Dy (i),

Naz (X,i) = —VLy, + DL () Doy (i) + Y, G (i) X (i) G (i),
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Moo (i) = Ug (i) [Ao ()Y (i) +Y (i) Ag () +ga¥ (i)] Uo (i)

Y UF ()Y ()AL (VU ) + UZ ()Y ()T () Uy (1)
+U! () C. (i)Y i)+ z UL () Ax (i)Y (i) Uo (i)
—kerU{ )Y (VU (i)~ ULy () Ui (i),

o, (i zUk () + U () Do (i)

Mo,+1 (i) = Ug (i) [I, 0] [\/CITY (i) - Aii—1¥ (D) /@i ¥ (i) -+ vaia¥ ()],
141 (D) = —diag (Y (1) --- Y (i—1), Y (i+1) ---Y (d)),

¥ (i) = [Y(l). N(.’)] LieD.
N* (i) $(i)
Proof. The outline of the proof is similar to the one in the deterministic framework.
The stochastic feature of the considered system does not appear explicitly in the
following developments of the proof. This feature appears only in the specific
formulae of the Bounded Real Lemma. Therefore the proof is also accessible for
the readers who are not very familiar with stochastic systems.

(i) = (ii). Assume that it exists a controller of the form (9.2) stabilizing the
system (9.1) such that || 7¢;|| < 7. Using the implication (i) = (ii) of Theorem 8.2.7
(Bounded Real Lemma) for the closed-loop system we deduce that there exist

Xa=Xa(1),...,Xc(d) €S, Xa (i) >0
such that
Ni(Xer,7) <0 (9-33)
where

(L5Xer) () +Cl () Ca (i) P] (Xar)

i XCa - 9
NiXa )= | p () R (Xa)

(LérXer) (i) = Aley (i) Xea (i) + Xet (i) Act (i)
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+ ZAkcl Akcl + Z CIl] L[

P;i(Xer) = Goo (D) X +];1ch1 Xe1Ager (i)

+D7 (i) Ca (i),

=~V + Z Gley (D) Xet (i) Grer (i) -

Based on Schur complements arguments it is easy to see that (9.33) is equivalent
with

(LX) (i) Xea () Goer (i) Ay () Xea (0) -+ AL (i) Xaa (i) € (i) ]
Gho D Xa )~ Gy DX (0 Gy (X4 () D5 0
X (1) Aver (7) :Xcl ()G (i ) | X (i) 0 0 <0 ©34)
.XCI (i)Arcl (l) .XCI (l) Gl (l) 0 T _ cl (l) 0
) Dal) 0 -0 I, |
where

(£8XL1) (l) = Agcl (l)XLl (l) +Xcl AOcl + Z 6]1] Ll

Let us introduce the following notations:

Ay (i) = g"(’)g} LGy (i) = [G"(’)} L0<k<r,
E’o(l) ?n‘g()(l)]’~ ()[8gk(l>:|’l§k<r’
IO A KU R CIUE

Using (9.4) one obtains
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With the above equations one can easily see that (9.34) can be written in the basic
linear matrix inequality form

ZO)+U" (6. () V(i) + VT ()e! ()u (i) <0,icD, (9.35)
where
(LoXer) (1) Xea (i) Go (i) A (1) Xea (i) - AL (1) Xt (i) €T (i) ]
G ()Xt (i) =7VImy GT (i) X (i) -+ GY (i) Xt (i) DL, (i)
) X, (Z)A1 (l) X, (l) Gy (l) —X. (l) 0 0
Z(l) = 9
)fd(z)/&,(z) X ()G, (i) 0 ~Xg () 0
L 2 (1) Dy, (i) 0 0 —lp, ]
Ul(i) = [35 (i) Xet (i) Ogumyn)scm, BT (0)Xer (i) -+ BY (i) Xt (i) Dzu(l)}v
V(i) = [ Co(0) Do) Oyl rtnenc)) |+ 1 € D (9.36)
with

(£6Xer) (i) = Adey (8) Xer (i) 4 Xei (i) Ager (i +ZCIU el (

Therefore the existence of a stabilizing y-attenuation controller for (9.1) is equiva-
lent with the solvability of (9.35). Based on Lemma 9.3.1, (9.35) is solvable if and
only if there exist:

Wiy Z (i) Wy < 0 9.37)
Wy 2 () Wy <0, i €D, (9.38)

where Wiy, Wi (i) denote bases of the null spaces of ¢ (i) and V (i), respectively.
It is easy to see that a basis of the null space of U (i) is

Wiy = X~ () Wy (9.39)
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where
X (i) = diag (Xt Iny Xey (i) -~ Xer (i) 1))
and Wy ;) is a basis of the null subspace of the matrix:
U(1) = | B (1) Ouynym B () -+ B (1) DL (1) ]

A basis of the null subspace of / (i) is:

[ To@@) 0 0---0]
0 Iy 00
Ti(i) 0 L---0
Wai) = : S (9.40)
T,(i) 00---L
| Up1(i) 0 0---0]
where
Tk(z){Uko(l)],0<k<r,LLO]
and
Uy (i)
Ur+1(i)

is a basis of the null subspace of the matrix:

[B () BY (i) -+ B] (i) DL, (i) ]

r Iu

A suitable choice for Wy,(;) is the following:

Vo (i)

oS O O

0
Vi (i)
0 Ip1+r(n+nc)

where {“ﬁo (l) } is a basis of the null subspace of the matrix [Cy (i) Do (i)].
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Consider the partition of X, (i):

o= [X0 0

M (i) X (i)

with X (i) € R"". Then by direct computations one obtains

Wi Z () W) (9.42)
Woo (i) Wou(i) -+ Wor (i) Yort1(i)
Wi, () —Xq(i) -0 0
W@ 0 e Xa()0
\I'(Q,H(i)o - 0 —I,,
where we denoted
d
Woo (i) = Vi (i) |AJ ()X (i) +X (i) Ao (i)+zlqz‘jx ()| Vo (i)
=
+V5 ()X (i) Go () V1 (i) + V' (i) G§ (i) X (i) Vo (i)
—YV (Vi (i),

o, (i) = ([V{ (i) 0] AL () +V{ ()GT (1) X 1 <k <
o1 (i) =V ()CT () + VT (1) D2 (i)

Using again Schur complement arguments it follows that condition (9.38) together
with (9.42) is equivalent with

Yoo (i) + Y, Wour () X" (1) Wo s (i) +Wors1 () W54 (i) <O
k=1

Detailing the coefficients in the above inequality, (9.37) directly follows.
In order to explicit the condition (9.37) one first computes

Xt zma ) (9.43)
(7)) Goli) T (AT (1) -+ F (DAL (1) 7 ()ET ()]
GL()  —Phy GLG) - GI() Dy
C|Awrocie vo o 0
A7) 60 0 LTG0
()7 (i) D) 0 -0 by
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where

(L5Y) (i) = Ao (i) ¥ (i) + ¥ (i) A (i) (9.44)

V(i) =Xx,'3). (9.45)
We also introduce the notation

7 (i) = [;?20 ;V((l’))} .Y (i) €R™.

Using (9.40), (9.43), (9.44), and (9.39) one obtains that (9.37) becomes

Io,o (i) o, (i) =UT )N (@) --- =UT (i) N (i)
Hg,1 (i) —Vzlmn 0 0
~NT (i)U; (i) 0 =S (i) -0 <0 (9.46)
~NT (U, (i) 0 0 —S (i)
where
o (i) {A0 (DY (i) +Y () Ag (i)

+ X U5 ()Y ()AL () Uk (i) + U5 ()Y (i) CT (i) Upya (3)
+ULL () C. ()Y +2Uk A ()Y (i) Uo (i)
- 2 UL ()Y (Ui ()~ UL, () Urin (),

Mo.1 (¢ ZUk (i) +Uf 1 (1) Doy (i)

By Schur complement arguments one can see that (9.46) is equivalent with an
extended LMI which coincides with (8.79). Taking into account that
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'X(@) I 0
rank | I Y (i) N(i)
L 0 NT(i) S(i)
X (i) = (Y (i) =N () S~ () NT (i)~ 0 0
= rank 0 Y(i)—=N(@G@)S ' (i)NT (i) 0
0 0 S(i)

and S (i) >0, Y (i) — N (i) S~' (i) NT (i) > 0 it follows that (9.45) gives
X (i) = (Y () =N @S~ (N (@)

from which (9.32) directly follows.
(ii) = (i). Assume that there exist X (i), Y (i), N (i) and S (i) verifying (9.30)-
(9.32). From (9.31) it follows that I, .4+ (i) < 0 and therefore

_ - [Y@) NG
P0= 4l 56 ) >©

Hence Y (i) is invertible. From Lemma 9.3.2 it follows that ¥ ~! (i) has the structure

[X(i) *]

where by * we denoted the irrelevant entries. From the developments performed to
prove the implication (i) = (ii) it follows that (9.37) and (9.38) are verified by

X (i) =771 (i)

and hence (9.35) has a solution which fact guarantees the existence of a stabilizing
and y-attenuating controller. Thus the proof ends. a

Remark 9.3.2. In the case of the static output feedback (n. = 0), in the above
theorem we have to remove all variables n., N (i) and S (i), i € D.

Remark 9.3.3. According to the proof of the above result, the algorithm to deter-
mine a solution of the DAP is the following:

Step 1. Solve the system of LMI (9.30) and (9.31) with the constraint (9.32);

Step 2. Compute Z (i), U (i) and V (i) ,i € D according to (9.36);

Step 3. Solve the basic LMI (9.35) with respect to ©.. Then the solution of the DAP
is given by the partition
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Obviously, if n, = 0 then O, (i) = D, (i).

In the following we shall emphasize the important particular cases when the
system (9.1) is subject only to Markovian jumping or to multiplicative white noise.

In the situation when A (i) =0, By (i) =0, G¢ (i) =0, 1 <k <r,i € D the system
(9.1) becomes

x(t) = Ao(n (1)) x(t)+Go(n (1)) v(t) +Bo(n (t))u

C( (£))x(1) + Dy (0 (1)) v (1) + Do (0 (2)) ue(7) 9.47)
y(t) = Co(n (1)) x(t)+Do(n (1)) v (r).

~—

The closed loop system obtained by coupling a controller of the form (9.2) to the
system (9.47) has the following state-space realization:

Xer (t) = Ager (M (1)) xet (£) + Goer (0 (£)) v (2)
2(t) = Ca (N () xer (1) +Der (1 (1)) v (2) (9.48)

where the matrix coefficients are defined as in (9.4). The results in the previous
theorem leads for the particular system (9.47) to the following theorem.

Theorem 9.3.4. For a y > 0 the following are equivalent

(i) There exists a controller of order n. > 0 of type (9.2) which stabilizes the system
(9.47) such that the input—output operator associated with the system (9.48)
verifies || Tai|| <v;

(ii) There exist X = (X (1),...,X(d))

eS;j Y =(Y(1),....Y(d) €8, § =
(S(1)....S(d) € 81, Ne (N (1),....N

N(d)),NeMZ, suchthat:

+301 91X () +CF (i) G, (i)
Gy ()X (i) + DL, () C: (i) —V*Lw + DL, (i) D2y (i)
x[Vo(i) Vi(i)] <0

I ] I
[Vo(i)r Ag (X (1) +X (i) Ao (1) X (i) Go (i) + CT (i) D=, (i)

(9.49)
oo (7,8)  Mor+1(¥0)
. ’ .| <0 9.50
ngﬂ (v,1) 141 (10) ( )
X (i) 0
rank | I Y(i) N(@i)| =n+n., i€D, (9.51)
0 NT (i) S(i)

where
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oo (7,i) = {Ulr]il(l()l) ] T

Ao (i)Y (i) +Y (i) AF (i) o
x| +qiX (l)+v2Go()Gg(z) Y (i)CT (i) +y~2Go (i) DL, (i)
C(i)Y (i) + 7 2Day () GF (i) ~Ip, +7 D2 (1) DL, (0)

x[Uo (i) Up1 ()],

o 41 (v,i) and T,y1 y+1 (7,0) are as in Theorem (9.3.3),

is a basis of the null subspace of [Bj; (i) D?,(i)] and

{Vo (i) ]
Vi (i)
is a basis of the null subspace of [Co (i) Do (i)].

Remark 9.3.4. From the above theorem one can see that the necessary and sufficient
conditions guaranteeing the solvability of the DAP involve the same unknown
variables, namely X (i), Y (i), S(i), N (i), i € D as in the general case of the system
(9.1). It seems that this is the price paid to obtain a controller of order n, < n. In the
particular case when a full order controller (n.) is required the rank condition (9.32)
in the statement of Theorem 9.3.3 is removed (see Theorem 9.4.1 from below).

Consider now the case when D = {1}. Then the system (9.1) becomes:
dx(t) = [Aox (t) + Gov (t) + Bou (¢)] dt

+ z [Agx (1) + Gyv (t) + Bru (1)) dwy (¢)
k=1

z2(t) = Cox(t) + Doy (1) + Doyt (1) (9.52)
y(t) = Cox(t)+Dov(t)
where the matrices A, By, Gi, 0 <k <r, C;, Dy, D,,, Co, Dy are given matrices of

appropriate dimensions. The class of admissible controllers consists in deterministic
controllers of the form:

Xe (t) = Acxc (t) + By (t) (9.53)
u(t) = Cexc (t> +DCY(I> .
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The closed-loop system obtained when coupling (9.53) to (9.52) is:
dx. (t) = [Aoeixer () + Gov (7)) dt (9.54)
i [Akeixer () + Gierv (1)] dwi (1)
z(t) = Caxer (t) +Dav (1)

where the matrix coefficients are as in (9.4) withd = 1.
The next result provides the version of Theorem 9.3.3 for the particular case of
the system (9.52).

Theorem 9.3.5. For a given y > 0 the following are equivalent:

(i) There exist an n. > 0 order controller stabilizing (9.52) such that the input—
output operator associated with the system (9.54) verifies || T4|| < 7.

(ii) There exist X,Y € Sy, S € Sy, N € R satisfying X > 0,Y > 0,5 > 0 such
that

[ ABX + XA XGo + 3| A{X Gy
Vo +3rATXA+CIc, +CI'D,,
GoTX —|—2]’;=1 GZXAk - 2]m1 +DZ1/DZV

9.55
+DIC, +3r_1 GIX Gy ©.53)

oo (Y) Moy —UIN--- —UI'N
ngl ~Vly, 0 - 0
-NTu; 0 =S -0 <0 (9.56)

—-NTu, 0 o - =S

1
Y
NT

rank

S ~ <

0
N| =n+n, (9.57)
S

Uo
where [“;O} and : are bases of the null subspaces of [Co Dy| and

1
Ur+l
[Bg B1T BTD ] respectively, and
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,
oo (Y) = Ug [AeY + YA U+ Y, Ul AY Up
k=1

,
+ Y Ul AYUy +Ug YCI Uiy + UL CY U
k=1
r
- ulvu, vl U,
k=1

H071 = 2 UkTGk-‘rUrTJrlDzv.
k=0

The next result is well known in the deterministic case; however, for the sake of
completeness we shall briefly present it in the following lemma.

Lemma 9.3.6. Let X, € R"*" be partitioned as

X M o
Xcl:|: :|;X€Sn7X€Snc7

MT X

where n. > 1. Assume that X.; > 0 and consider the following partition of chl :

1 Y N
XCZ :|:NTS:|7Y€SH7S€S’1€'
Then we have
x>y '>o0 (9.58)
rank (X =Y ') < n.. (9.59)

Conversely, if there exist X € S, Y € Sy, verifying conditions (9.58) and (9.59) then
there exist M € RV X € S, N € R™" S €S, such that

X M
{MTX}>O
and
X M][y N 10
[MTX] {NT S} - {01} ©-60)

Proof. From X, > 0 it follows that X > 0,X > 0,S > 0. From the condition
Xchcjl = [ one obtains that

X—-yY =y INXNTY"!
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and therefore (9.58) immediately follows. The above conditions also leads to
rank (X —Y_l) = rank (N) < n,

and hence (9.59) results.
Conversely, let X, Y € S, satisfying (9.58) and (9.59). Define M € R"*" as the
Cholesky factor

X—-y '=mm"
and

N=-YM
X =1,
S=1,+M'YM.
Then it follows that:
X-MZ'MT =y '>0
S—NT'Y"IN=1, >0.
Then (9.60) follows by direct computations and thus the proof ends. a

The next result shows that it is possible to remove the unknown variables N and
S but in this case the condition (9.56) in Theorem 9.3.5 becomes nonlinear.

Theorem 9.3.7. For a given y > 0 the following are equivalent

(i) There exists a stabilizing controller with order n. > 0 of the form (9.53) solving
the DAP for the system (9.52).
(ii) There exist X,Y € S, X > 0,Y > 0 satisfying the following conditions

XTI 9.61)
1Y
rank [;( ;] <n+n, (9.62)
, AlX +XAp XGo+ Y| AIXGy
{Vo} +Yi AIXA +CTc, +CT'p,,
4] GIX+3;_,GI'XAy  —¥*1,, +DLD, (9.63)
+DI.C, +Y;_ GIXGy
X [V() Vl] <0

UTA(Y,y)U <0 (9.64)



9.3 Solution of the DAP in the Case of Output Measurement

where L‘jo] is a basis of the null subspace of [Cy Dy,
1

Uy
Uy

U= .

Ur+1

is a basis of the null subspace of [Bg BlT - BT DZTM] and

Aoo - Aoy Aoy

A= : , I .
AO,r Tt Anr Ar+1,r

T T
Ap 1 Argrp Arstrr

Ao = AgY +YAL +772GyG},
Aog = YAl +y2GoGl, 1 <k <,
Aors1 = YCI +y7%GoDl,,
Aix =7 GGl 1 <I#k<r,
A =7GGH —Xx71,
Ay =y 2GDI 1<i<r,

F4'2)

Arstrs1 = —Ip, + 72Dyl

413

Proof. (i)=>(ii). If (i) in the statement is fulfilled, then using the implication
(i) = (ii) of Theorem 9.3.5 we deduce that there exist X,Y € S, S€ S,,., N € R
such that (9.55)—(9.57) are satisfied. One can see that (9.55) is just (9.63). On the

other hand (9.57) leads to:

X=(r-Ns'NT)"".

This means that X is the (1,1) block of the matrix

y N1
NT S ’

Applying Lemma 9.3.6 for

—1
Y N
Xe = |:NTS:|

(9.65)



414 9 Robust Stabilization of Linear Stochastic Systems

it follows that
X-v'>0 (9.66)
and
rank (X =Y ') < n. (9.67)

Itis obvious that (9.66) is equivalent with (9.61) and (9.67) is equivalent with (9.62).
But (9.56) leads to

UZ (AoY +YAD) Up + Sy Sy v Ul GiGT Uy
+ Y5y (UIYAT U+ U AY Up) + UL YCT U, 4
+Ur1CYUp+3jo Y > (U GkDLUr11 + U] DLGLUy)
—UL, (I,, =y D, DL Upy — 35 U (Y =NS™INT) Uy < 0.

(9.68)

Using (9.65), (9.68) becomes (9.64). Therefore there exist X,Y € S,,, X >0,Y >0
verifying (9.61)—(9.64). Suppose now that (ii) holds. From (9.61) one deduces that
X >Y "' >0and rank (X —Y ') < n.. Then according to Lemma 9.3.6 there exist
N e R M e R X € R"%*"_ § ¢ R"*" guch that

—1
X M Y N
%[ s o8
and therefore
X '=y—-nsINT. (9.70)

Thus (9.64) becomes (9.68) and therefore (9.56) holds. Moreover (9.69) and (9.70)
implies (9.57). Taking into account that (9.63) is just (9.55) we conclude that if (ii)
in the statement holds then the condition (ii) in Theorem 9.3.5 are also verified.
Then the implication (ii) = (i) in Theorem 9.3.5 shows that (i) in the statement is
fulfilled and hence the proof ends. O

Remark 9.3.5. In order to solve the system (9.61)—(9.64) one can suggest the
following algorithm:

Step 1. Solve (9.63) with respect to X.
Step 2. Introduce X determined at Step 1 in (9.61), (9.62) and (9.64) and solve the
obtained LMI system with respect to Y.

Consider now the particular case when in (9.52), By = 0,k = 1,...,r. In this
situation the base U becomes
Uy O
U=10 Ly
Ur+1 0
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where

I

U1

is a basis of the null subspace of the matrix B}
becomes

ljlo,o 1?0,1 IjIO,r
Hg,l Iy - Iy,
<0

T
I - I,

where

e [

0,
({AOY + YAl ycT ] Ly { Go

IPI
<\ |
Ur+l

T
o, = Ol vAl +y~ {UO} {GO}GIT, 1<i<r

U1 Dy,
flosy =y 2GIGL, 1 <1#k<r

I, =y2GGHh-x7' 1<i<r

415

D!,]. Then condition (9.64)

9.71)

By Schur complement arguments it results that (9.71) is equivalent with the

extended inequality

Aoo (Y,7) OIYAT --- O YAl Ul Go+U!, D,
ALY, X1 ...0 Gy

AYU, 0 X1 G,
GlU+DLU..1 GT - GI —71,,

where

oo (V.7) = o 1" [AoY +YAT vC!
0,04,Y) = ﬁr+1 cy I,

I

Uy
Uri

|

<0
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Taking the Schur complement of diag (—X L —X ’1) in the above inequality,
one obtains:

Moo (Y,7) _ U§Go+ U/ Dy
+ 35 OoYAT XAY Uy +3;_ U'YAT X Gy

GlUy+ DU, T
. —v1 ' 1 G.XG
+2£=1 G]ZXAkYU() 72 m +2k_1 k k

<0.

The above inequality together with (9.61)—(9.63) are the necessary and sufficient
conditions derived in [81].

In the final part of this section we shall discuss two problems of robust
stabilization with respect to parametric uncertainty.

Consider the system described by

dx(t) = {[Ao (1)) + Go (1 (1)) & (0 (1)) € (1 (1)) x
+ [Bo (1 (1)) +Bo (1 (1)) &2 (1 () D (1 (1))] (1)} i
T3 LA @) + G )AL (M) M) ©.72)
[ (1) + B (0 (6) A2 (0 () D (0 (0))] e (e) } dwi (1)

() =Co(n(0)x()

where x(¢) € R" denotes the state, u(¢r) € R™ is the control variable, and y €
R”2 is the measured output. The matrices Ay (i) € R, B (i) € R™™, G (i) €
RV By (i) € R™™M 0 <k <r,C(i) € R D(i) € R\ Cy (i) € RP2*" are
known matrices and A; € R™>*P1 A, € R™*P1 are unknown matrices describing
the parametric uncertainty.

The robust stabilization problem which we address has the following statement:
find a stabilizing controller of form (9.2) for the system (9.72) for arbitrary Ay, A
with max (|A;],|Az| ) < p for a prescribed p > 0, where |A;| = max;ep |A; (§)], [ =
1,2. The closed-loop system obtained when coupling the controller (9.2)—(9.72) has
the following state-space representation

dx () = {40 (11 (1)) +Bo (0 (1)) De (1 (1)) Co (0 (1)) x(1)
+Bo (1 (1)) Ce (0 (1) xc (1) + [Go (n (1)) At (n (1) € (1 (1))
+Bo (1 (1)) A2 (n (1) D (1 (1)) De (1 (1)) Co (m (1))] x (1)
+B0 (1 (1) A2 (n (1)) D (1 (1)) Ce (1 (1)) xe (1) } dt
Zim1 {Ac( () + B (n (1)) De (0 (1)) Co (1 (2)))x (1) (9.73)
+Bi (0 (1)) Ce (0 (1)) xe (1) + [Gie (0 (1) A (0 (1)) C (0 (1))
+Bc(n (1)) A2 (0 (1)) D (1 (1)) De (0 (1)) Co ( (1))] x (1)
+Bc(n (1)) &2 (1 (1)) D (1 (1)) Ce (0 (1)) xe (1) } dwic (1)
dxe (1) = [Be (1 (1)) Co (1 (1)) x (1) +Ac (0 (1)) xc (£)] dr.
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Denoting
G (i) = [Gi (i) By(i)] e Rt 0 <k <r
C, (l) = C(()i):| c R(ﬁ|+ﬁ|>><” (9.74)
] [0 (P1+p1)xm
D, (i) (1) eR
A— Ar(i) O
0 Ax(i)

the system (9.73) can be rewritten in a compact form as follows:

dé (t) = [AOL'Z (Tl (t)) + Goci ( )) (Tl (t))ccl (71 (t))] é (t)dt (9.75)
+ 2=t ket (1 (£)) +Gier (0 (1)) A () Cer (0 (1))] € (1) dw (£)

where Ay (i), are defined as in (9.4) and

G (i) = _Gko(i) )

Cot (i) = [C. () + Da () De () Co (i) D () Co ()]
_[Cw) 0 ;
= bG)p()Co ) DYC. () )<

Therefore the closed-loop system can be viewed as a perturbation of the system
d& (1) = Aot (N (1) & (1) dt + 3, Aga (0 (1)) & (1) dwic (1)

obtained by coupling the controller (9.2) to the nominal system (9.72) obtained
with A} =0, A, = 0. Applying Corollary 8.3.5 to the system (9.75) it follows that a
controller of type (9.2) stabilizes (9.72) for any A;, Ay with max (|A;|,|Az]) < p if
the input—output operator 7. associated with the fictious system:

d&ei (1) = [Aoct (1 (1)) & (1) + Goer (1 (1)) v (¢)] dt
+§1 [Aket (0 (1)) & (&) + Gt (0 (1)) v (1) dwic (1)
2(1) =Ca(m ()& (1)
verifies the condition ||7¢|| < 1/p. Then a stabilizing controller (9.2) providing

the robustness radius p can be obtained as a solution of the DAP with y = p~!
corresponding to the two-input, two-output generalized system
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dx (1) = [Ao (1 (1)) (1) + Go (1 (1)) v (1) + Bo (1 (1)) (1)) s

i B (1 0)(0)+ G (10) 1)+ B () ) (0 7
2(t) = C:(n(0)x(0) +Dau (0 (1)) u(t) |
V) =Gt )x)

where G (i),0 < k <r, C,(i),Dy(i),i € D are defined as in (9.74). Then a
robust stabilizing controller with the robustness radius p may be obtained applying
Theorem 9.3.3 to the system (9.76) for y=p~'.

The second robust stabilization problem with respect to parametric uncertainty
considered in the final part of this section is the following: find a stabilizing
controller of type (9.2) for the system

dx (1) = [Ao (n (1)) x (1) + Go (n (1)) Ae (1), 1 (1)) + Bo (n (1)) u (1)] dt
+ Xkt [Ae (0 (1) x (1) + G (n (1)) Ao (1), 0 (1))
B (1 (1)) u(t)]dwi (1)

y() = Co(n(6)x(t)+Do(n(1))v ()

where @ (t) = C(n (¢))x(z) and A are unknown Lipschitz functions with A (0,7) =0
and

9.77)

Alzi
wp 1A
i€D,zERP1 z£0 2|

<p. (9.78)

When coupling a controller of type (9.2) to the system (9.77), the closed-loop system
has the following state-space equation:

dxe (t) = [AOCI (77 (t))xcl (t) + Goc (77 (t))A( ( ) (t )] (9.79)
+ Xkt ket (0 (1)) et (1) +Grer (0 (1)) A (1), ()] dw (1)

where Ay (i), Gye (i) are defined as in (9.4),0 < k < r. Invoking Theorem 8.3.8
for the system (9.79), it follows that a controller (9.28) stabilizes (9.77) for any
nonlinear perturbation A satisfying (9.78) if p < 1/||7¢|| where T is the input—
output operator of the system:

d& (1) = [Aoa (N (1)) & (1)
+ =1 [Arer (0 ()
z(t) =1[C(n@) 0] ().

Hence a robust stabilizing controller for (9.77) can be obtained by solving the
DAP for y = 1/p for the system

dx(t) = [Ao (1 (1)) x (£) + Go (n (1)) v (1) + Bo (n (¢)) u (1)) dt

+ 2 [Ac (M (1)) x (1) + Gie (n (1)) v (1)

+Bi (1 (2)) u (1)l dwy (1) (9.81)
z(1) =Cm))x()
y() =Co(n()x(t)+Do(n(1))v(r).

Solvability conditions for this DAP are provided by Theorem 9.3.3.

+Goor (0 (1)) v (1)) dt
() +Gra (N (D) v(D)ldwi (1) (9-80)
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9.4 DAP for Linear Stochastic Systems with Markovian
Jumping

In this section we shall investigate the y-attenuation problem for linear stochastic
systems of form (9.47) looking for strictly proper n-order controllers with D, (i) =0,
i € D. More precisely, the class of considered controllers is given by

ge(t) =Ac( () xc(t)+B:(n(2))y (1)
ut) =Ce(n(t))x:(t) (9.82)

where A, (i) € R™" B.(i) € R"™P2 C.(i) € R™*" i € D. When coupling the
controller (9.82) to the system (9.47) one obtains:

Xel (t) :Acl(n (t))xcl (t)+Gcl(n (t))v(t)
z(t) = Ca (n (1)) Xer (t) + Der (n () v (1),

where
A (i) = [Ao () By (i)Cc(i):|
¢ B, (i)Co (i) Ac (i)
5 — Gy (i
600 =, oo 08

The following result provides necessary and sufficient conditions which guarantee
the existence of a solution of form (9.82) of the DAP.

Theorem 9.4.1. For y > 0 the following are equivalent

(i) There exists a controller of form (9.82) stabilizing (9.47) and solving the DAP
with the level of attenuation ;

(ii) There exist X = (X (1),...,X(d)) € S, Y = (Y (1),...,Y (d)) € S, F =
(F(1),...,F(d)) e Md_,,K=(K(1), ... .K ()) Mpzwhlchverlfy
X (i) >0,

} <0 (9.84)

iy 0 |<o0 (9.85)



420 9 Robust Stabilization of Linear Stochastic Systems

[Z(i) fg(i)} > 0, (9.86)
where
Vit (i) = AG ()X (i) +X (i) Ao (i) + K (1) Co (i) + G (i) K" (i)
+qu, J)+Cr () C. (i)
Via (i) = X (i) Go (i) + K (i) Do (i) +C7 (i) Dz (i)
Vo (i) = =7, + D%, (i) Doy (i)
and

)+ () 0 (i) +Bo (i) F (i) +FT (i) Bg (i)
+¥2Go (i) G (

+qiiY (i) i)
Wiz (i) = Y (i) C] (i) + F" (i) D}, (i) + v *Go (i) D}, (i)
Wiz (i) = [/@inY (i) /@it ¥ (i) /@Y (i) ... /GiaY (i) ]
Wna (i) = —1p, + V"D, (i) DL, (i)
Wiz (i) = —diag (Y (1) ...Y(i—1) Y (i+1)... Y(d)).

Moreover, if (9.84)—(9.86) are feasible, then a controller of the form (9.82) is
given by
Ac(i) = [X )=y~ ()] {AT ) +X (A0 ()Y () +X () Bo () F (1)
+K (i) Co ()Y (1) +C (i) [C. ()Y () + D (D) F (i)]
+[X (i) Go (i) + K (i) Do (i) + CL (i) Doy (i) ] [V Iy — DL, (i) Doy (i)]

( —1
x [Gg (i) + DL, (i) C: (i) Y (i) + D7, (i) Dau (i) F (i)

d
+ 2 aqiY ()Y () } Y1 (i) (9.87)

Proof. (i) = (ii) Assume that there exists a controller of the form (9.82) such that
the zero solution of the system (9.83) for v(¢) = 0 is ESMS and || 7| < y where T
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denotes the input—output operator associated with (9.83). Applying Corollary 8.2.12
for the system (9.83) we deduce that there exists X.; = (X (1), ..., X (d)) €
8§, X1 (i) > 0, i € D such that:

H'.ll (XC]) Hi 12 (Xcl)
M) = g ’ <0 9.88
( Cl) HIZ:IZ(XCI) Hi,22 (Xc[) ( )
where we denoted:
Mt (Xer) = AGy () Xet () +Xer () +2q,, a
+Cl (i) Ce (i)

;12 (X)) = Xt (i) Ger (i) + CLy (i) Doy (i)
;2 (Xet) = —V?h, + D1, (i) Dyt (i)

By a Schur complement reasoning, (9.88) leads to the following two conditions:

Agl(i)xcl(.)"_xcl() ()+zj 149ij Cl(.)'i_CT(.)Ccl(i)
+ [Xt ()) Gt (i) + €L (i) Dt ()] [PPhmy — D (1) Dt ()] (9.89)
x (Gl (i) Xa (i) + D (i ()C ()] <0

YLy, — DY (i) D (i) > 0. (9.90)

Consider the following partition of X,; (i) :
and

where X (i), Y (i) € 8¢, and M (i), N (i) € R™". Without losing the generality one
can assume that M (i) is invertible for every i € D. Indeed, if M (i) is not invertible
for some i € D, then one can replace X; by

Xe = Xo + [gln 81"] with some £ > 0
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such that X > 0, IT; (X¢) < O for all i € D and in addition M, (i) = M (i) + €I, is
invertible for every i € D. Since X (i) N (i) +M (i) S (i) = 0 it follows that N (i) =
—X ' ({)M (i) S (i) and then N (i) is invertible, too. Let us define

R

It is obvious that T (i) is invertible and

Then we have:

T7 (i) X1 (i) = [ XIZi) MO(Z.J 9.91)
and
rixa 7o =" ©92)

From (9.91) together with X,; (i) > 0 give (9.86). By pre and post multiplication of
(9.89) by TT (i) and T (i), respectively, one obtains:

TT ()1 (X) T (i) < 0. 9.93)

where IT; (X,;) is the left-hand side of the inequality (9.89). Let

A =T (ka7 = [ A1 080 ]

~.

where by direct computations, based on (9.89)—(9.92), we have
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Aq1 (i) = Ao ()Y (i) +Bo (i) Ce () NT (i )+Y( )A (z)+N(i)cT (i) BY (i)
( .

+2(jj'=1%j [Y(
+N (i) X ()NT(l)]
Aa1 (i) = AL (i) +X (i) Ao (i) Y (i
+M (i) A (i )NT(t) + [X (i) Go (i) + M (i) B, (i) DY (i) + CT (i) Dy (i)
X [yzlml (i
x [GE (i )+DT (i
+CZT()[C (DY (i) .
+21 19ij [Y( )X(J)+N<)M
Ax (i) = Ag() ()+X(1)A '
+M()B (i) D (i) +CT (i) D, (i)]

()+N()M G

+[X(
[ Zlml_ (

x [G ()X (i +Do()B ())M" (i) + DL, (1) C: (i)]
+CT()CZ()+2] 191X (J) -

Let us introduce the following notations

+Bo (i) F (i) + FT (i) B (i)
)+ FT (i) D, (i) Doy (1)]

1

Y (i) + Do (i) F (i))] (9.94)
F (i)DZTu (D] [C. ()Y (i) + Dy (i) F (i)]

+Z, 1 9ij [Y(z)X(j)Y(i> +N (M ()Y @) +Y ()M ()N (i)
+N (D)X (j)NT (i)]

Gf (1) +-D1, () (
Y T

Azl(i):Ao()+X()A (7

X Wlml

X [Go()"'DT(

()MT (/)]



424 9 Robust Stabilization of Linear Stochastic Systems

A (i) = Aj (DX (i) +X (i) A 0(1) K (i)Co (i) + Cg (i) K" (i)

+[X ()G () K (i) D (i) +CT (i) Do (0)]
X [Pl — Dv(z)] ‘ (9.96)
[Go() () Do (i) KT (i) + DL, (i) C. (i)]
+Z _1CIU () C (l) Z(l)
The condition (9.93) leads to
An (i) <0 (9.97)
Ax (i) < 0. (9.98)

Using (9.96) and (9.98), by a Schur complement argument (9.84) directly follows.
On the other hand we may write

Y ()X ()Y (@) +NGM" ()Y @)+Y ()M YN () +N ()X ()N (i)
=Y [X()-MNHX T OM (DY O+Y MO X GM ()Y ()
+N (M"Y () +Y ()M(J)NT(HN(OY(J')NT(I)
M(j)+N@HX ()] X))

)
=Y (@)Y ()Y ()+[Y(
< [MT ()Y () +X (j)N ()]

Then (9.97) and (9.94) leads to

Ao ()Y (i) +Y (i)

+[Go (i) + (Y (i)
X [V2Ln, — DE, (i)

x (G (i) + DL, (i) (C. (i)

+[Y () CT (i) +F" (i)D

“"2],1‘111 ()Yﬁl(j)y

Ay (i) +Bo (i
CI'(i)+ F" (i) DL, (i) D=, (i)]

(i) D (0] 9.99)

T
Dl (i) + D () F (i))]

Using again Schur complement arguments one can easily see that the above
inequality together with (9.90) implies (9.85) in the statement. Thus the implication
(i) = (i) is proved.

(ii) = (i) Assume that there exist X (i) >0, Y (i

)>0,F (i), K (i), i € D verifying
(9.84)—(9.86). From (9.86) we obtain thatX( -y~ (

i) > 0. Consider

e

X (i)
Y_l(i)*X(i)X() :

Yy-1i) |-

Then we have
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Therefore X,; (i) > 0. Using (9.87) one obtains the closed-loop system

et (1) = Ac (0 (1)) xar (1) + Ge
2(1) = Ca (n (¢))xet (1) + Dey (n(t))V(t)

with the coefficients defined as in (9.83). Let

- 011 (Xer) Mo (Xe)
IL(Xy) = | ~. -
i) 1715 (Xer) i (Xer)
where
i1 (Xe) = AL () Xa () + Xa (i) i)+ 2 qijXel (
Jréch (l) écl (l)
T2 (X)) = Xt (i) Gt (i) + Cy (i) Doy (i)
;20 (Xet) = —VPh, + D2 (i) Dyt (i)
Then for

0 1~\22(l)
where

T, (Xe) = Tl 1 (Xer) + T2 (Xer) (Plny = DY () Der (1))
>~<1=I111( )
Al() Ao ()Y (i) +Y (i) Ay ()+Bo(l)F() Fy (i) B (i)
+[Go (YICZT()+F () 1. (1)) Doy (i)]

[zlml DT ) Dy ()]

[ v (C ()Y ’)JFDZM()F(I.))}

+[r( i)+ F* (i) D, ()] [C: ()Y (i) + Dau (i) F (i)]
+Z, 1qu ()Y ")y (l)

425
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and Ay (i) = Ap (i) defined in (9.96). From (9.84) and (9.85) by Schur complement
arguments it follows that

A]] (l) <0

1~\22 (l) <0,
respectively, and therefore IT; (X.;) < 0. Moreover, from (9.84) it results that yzlml -
DI, (i) D, (i) > 0 which coincides with the condition y*,,, — DY, (i) D (i) > 0. This
last condition together with IT; (X.;) < 0 leads to an inequality of the form (9.88) for

I, (X.;) which shows that the controller (9.87) is a solution of the DAP and thus the
proof ends. O

9.5 An H..-Type Filtering Problem for Signals Corrupted
with Multiplicative White Noise

In this section we consider a particular filtering problem in which the measured
output is subject to multiplicative white noise. Its solution is derived via an He.-type
method based on the Bounded Real Lemma version proved in Corollary 8.2.13.
Consider the following linear stable system
dx(t) = [Ax(t) +Bu(r)]dt (9.100)
dy (t) = Cix(¢) (dt + odw (1))

2 (1) = Cox (t)
where x(f) € R" denotes the state, u(r) € R™ is an input variable,y; € RP1*"
denotes the measured output, y, € R”2*" is a quality output, ¢ € R and w(t) is
a scalar standard Wiener process. Given y > 0, the problem consists in determining
an ny-order deterministic filter where ny > 0 is given, with the input y; and the
output yr € RP2, having the state-space equations:

Xy (1) = Arxy (1) +Byy1 (1) (9.101)

yr (1) = Cpxy (1)

such that the resulting system obtained by coupling it to (9.100) is ESMS and the
input—output operator:

T: vav([oﬁoo)’Rm) - Lgv([Oam)va)

by u — z, where z(¢) = y2 () —yy (¢), has the norm less than y.
The solution of this problem is provided by the following theorem.
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Theorem 9.5.1. The filtering problem has a solution if and only if there exist the

matrices PX €S,, X € Sy P>0,X >0, X > 0 and M € R™"f such that

T 20T71 7Ty
A P—|—PA—|—(; cfuTxvc P _ 9.102)
BTP —I
ATX+XA+MUC +CIUT™MT
+o2CTUTXUC, +CIC, <0 (9.103)
BTX —721
X M
S| >0 9.104
MTX} > (9.104)
rank({PA;TX %]) = ny, (9.105)

where

I
[O h ] ifng > pyand
U (ny=pi)xp (9.106)

{I”f O"fx(m*"/)] ifny <pr-

Proof. When coupling the filter (9.101) to the system (9.100) one obtains the
resulting system:

dx(t) = [Ax(¢) + Bu(t)]dt
de(l‘) = [Afo(t)—FClx(t)] dl‘—‘y-GBfC]x(t)dW(l‘)
Z(I) ZCQX(I)—Cfo(l)

or equivalently

[in] = (e ) 5]+ [0)0) o
7 (1) rCrAr ] Ly

(r)
! {GB(;Q g} [;;(Z,))} dw(1) (9.107)

vt o]
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Let us introduce the following notations:

A 0 0 O
[ a0 e

By = [BO] c=[0 —¢yl.

Applying Theorem 8.2.7 of Chap. 8 for the resulting system (9.107), it follows that
it is ESMS and its associated input—output operator has the norm less than v if and
only if there exists X > 0 such that

[Ag X+XAg+ AT XA +CTC XBy

BT X —)/21} <0. (9.109)

Further consider the partition of X
x=|X M
M" X

where X € R™", X € R " and M € R™"f. Then using (9.108), the condition
(9.109) becomes:

NitNia2Ni3 0
NL Noy Noz Noag

N (X,M,X,As,Bf,Cy) = N AL —p1, 0 <0 (9.110)
0 N0 ~1I,,
where
My =ATX +XA+MB;C, +C{BiM"
+0°C{ BfXBsC1 +C} Cy,
N =A"M+C{B{X +MA;—C; Cy, 9.111)

Ni3 = XB,

Ny = A;X —|—XAf,

Ny = M'B,

Noy = fC;
Assume that By is full rank. This is not a restrictive assumption since in the case
when the filtering problem state above has a solution with By non-full rank, then one
can always find a small enough perturbation of B such that the perturbed matrix B i

be full rank and verifying (9.110). Then, it exists a nonsingular transformation 7
such that
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z
0 if ng Z p1 Or,
_ (np=p1)xp1

TB; =
[\P O"fx(m*"f)} ifny <pi.

where ¥ and W are nonsingular. It follows that applying to B, the nonsingular
transformation

—1
|:§ (I):|Tifnf2p1 or,

YT ifny < p,

one obtains that By = U with U given by (9.106). Therefore, without loosing the
generality one can choose By = U.
The condition (9.110) can be expressed as

Z+PTQo+0TQTP <0 9.112)
where we denoted
[ M ATM+CTBIX Nz 0
z_ MTA+XBfC1 0 Nz 0O
M M L, 0 |’
I 0 0 0 —I,
(MT X00 }
P = ,Q:{OI.OO}, 9.113)
|-G 0 0 —1), "
Q= Af} :
LCr

Using the Projection Lemma (Lemma 9.3.1), it follows that (9.112) has a solution
Q if and only if

WhZWp < 0 9.114)
W5ZWg < 0 (9.115)

where Wp and Wy denote bases of the null subspaces of P and Q, respectively.
Further, perform the partition of X' ~! according to the partition of X’:

Y N
X '= A
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With these notations, one obtains that

'yNO —vcT
T 2
W = 00 —1I,, 0 ’
1,0 0
000
W:
€7 1o1,0
00 1,

Direct algebraic computations using that ¥ ' —X = MNTY ! show that (9.114) is
equivalent with (9.102), where P = Y~ 'and (9.115) is equivalent with (9.103). The
rank condition (9.105) directly follows from the relationship between X and X ~!
and it shows that Y ! = X — MX~!'M” . Thus the proof ends. a

If the necessary and sufficient conditions in Theorem 9.5.1 are fulfilled, then a
solution of the filtering problem can be easily obtained by solving the basic LMI
(9.112) with respect to Q.

In the following we present a numerical example illustrating the above result. The
instrumental landing system (ILS) is a radioelectronic equipment providing at the
board of the aircrafts online information concerning the aircraft position relative to
some glideslope references in the landing phase of the flight. The glideslope signal
is expressed as

igs = Kio, 9.116)

where the multiplicative factor K depends on the glideslope sensitivity and i,
denotes the nominal signal. The offset in the glideslope sensitivity depends on
the performance category of the ILS. If ¢ denotes the mean square deviation of
K, then P(|K (1) — Ko| < 30) > 0.997, where Ky denotes the nominal value of the
multiplicative factor. This probability increases when ¢ — 0. Then, taking ¢ = 0.06
for which 36 = 0.18 one can obtain a maximum deviation from the glideslope
sensitivity of 18 %, conformably with the international standards (Category II of
ILS). Therefore the multiplication factor K in (9.116) can be replaced by

K=Ky+0& (9.117)

where £ is a white noise with unitary covariance. If the altitude dynamics is
approximated by X = Ax + Bu with iy = Cx, then according to (9.116) and (9.117)
the glideslope measured signal is igs = (Ko + 6&) Cx. Thus one obtains a stochastic
system of form (9.100) with the output subject to multiplicative white noise, for
which a deterministic filter is designed. For A = —1/30, B = 50/30,C; = C; =
1 and Ky = 1, using the result stated in Theorem 9.5.1, we obtained for the
level of attenuation y = 5, the following solution of the system of inequalities



9.5 An H..-Type Filtering Problem for Signals Corrupted Multiplicative 431

80 T T T T T

a
60 -
T e ]
40+ g
20 .
0 1 | | 1 1
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Time[s]
80 b T T T T T
60+ -
40+
20r- unfiltered
—— filtered
0 4 1 1 1 1 1
0 50 100 150 200 250 300

Time[s]

Fig. 9.2 Time responses of unfiltered and filtered signals: (a) H., filtering (b) Kalman filtering

(9.102-9.105): X = 1.9457; M = —0.6692; X = 0.3132; P = 0.5161. Solving the
—0.4073

LMI (9.112) it results Q —
(©-112) it results [ 0.4450

} and therefore the solution of the filtering

problem is given by:

X = —0.4073x; 4y
yr= 0.4045)Cf_

In Fig.9.2a the unfiltered and the filtered signals are plotted. For comparison
reasons we further determined a Kalman filter for the attitude dynamics by tuning
the covariance matrices Qp and Ry corresponding to the control and to the output
additive white noise perturbations. For Qg = 100 and Ry = 0.1 the resulting Kalman
filter provides the results shown in Fig. 9.2b where the filtered and unfiltered signals
are represented.

Analyzing the numerical results illustrated in the above figures, one concludes,
as it is expected, that a filter designed using the specific multiplicative feature of
the stochastic perturbation provides better results with respect to the ones given by
Kalman filters which are suitable in the case of additive stochastic perturbations.
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9.6 A Mixed H,/H.. Filtering Problem for Stochastic Systems
with State-Dependent Noise

In this section a mixed H,/H.. filtering problem for stochastic systems with state-
dependent noise will be solved using the results previously derived.

Consider the ESMS linear stochastic system with state-dependent noise

dx(t) =Apx(t)dt +A1x(t)dv (t)+ Bdn (1)

dy(1) = Cox (t)dt + Cyx (1) dp (1) + d& (1) (9.118)

where x € R” denotes the system state vector, y € R? is the measured output, v, 1, u
and & are zero-mean independent Wiener processes on a given probability field
(Q, F,P). The matrices Ag, A} € R, B € R™" and Cy, C; € R?*" are given.

The mixed H; /H.. filtering problem treated in this section consists in determining
a Luenberger-type observer filter

dx(t) = (Ao —LCy) % (t)dt + Ldy(t) (9.119)
such that the following conditions are accomplished

(a) The matrix Ag — LCy is Hurwitz;
(b) The H, norm of the mapping

is minimized under the H.. type constraint

=3

E[ [leP =7 (k)P +@))] de <0

0

for any u € L*>™, v € L*P, where in (9.118) dn (¢) and d& () are replaced by
u(t)dt and v (¢) dt, respectively, and y > 0 is a given level of attenuation.

The solution of the mixed Kalman/H.. estimation problem formulated in the
previous section is given by the following result.

Theorem 9.6.1. The optimal gain L of the filter (9.119) is given by
L=YCIKk™! (9.120)
where Y is the stabilizing solution of the filtering type Riccati equation

AgY +YAL +Y (y 2I-CIK'C) Y

9.121
+BBT +A1PAT =0, ( )
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P. > 0 denoting the unique solution of the Lyapunov equation
AoP.+P.AY + A P.AT +BBT =0 (9.122)
and where, by notation
K=I+CPCl. (9.123)

Proof. When coupling the observer (9.119) to the system (9.118) one obtains the
resulting system

dx = Aoxdt +A1xdv + Bdn
dz = (Ag — LCy) Rdt + LCoxdt + LCixdu + Ld&
e=x—X.

Subtracting the first two equations above one obtains the following equivalent

e =[5 e [oar] [o]
[8 % Hx}dujt{ L] [Zg} (9.124)
sime=[10]|¢].

_|Ap—LCy O 104, |0 =LG
“40_{ 0 AJ’AI_{OAJ”AQ_{O 0 }

B{ﬁ_ﬂ,c[zo].

(9.125)

Then the minimization of the H, norm of the stochastic system (9.125) with the
H..-type constraint is equivalent with the optimization problem

inf7r (cyc™) (9.126)
with the constraints ) > 0 and
AoV + VAT + AL VAT + AV AY +y2YCTCy +BBT < 0. 9.127)

Performing the partition

vt z
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where Y, Z € R"™" are symmetric, the blocks (1,1) and (2,2), of (9.127) give

AoY + YA +A\ZAT + BBT +Y (y 21~ CJK~'Co) ¥ (9.128)
+(L-YCIK K (L-vClk ") <0 |

and
AoZ +ZAY +A,ZAT + BBT <0, (9.129)

respectively, where K is defined in the statement of the theorem. Using the fact that
the stabilizing solution is increasing with respect to the free term (see Theorem 5.3.6
and [2]) it follows that the solution of (9.126) coincides with the minimal solution
of (9.128). Similarly, the controllability Gramian P. > 0 solving the Lyapunov
equation (9.122) (see Theorem 2.7.7 (ii)) has the property that P. < Z for any
solution Z of (9.129). Thus it follows that the minimal solution of (9.128) is obtained
when its free term A ZA” + (L —YCIK') K (L—YCIK~')" is minimal that is for
Z = P, and for L given by (9.120), respectively. O

In order to illustrate the above developments, the following numerical example

is considered
Ag = 0 1 A= 05 03 B— —1 ,
-1 -04 0.3 -0.12 1

Co=[-051],cr=[12].

The minimal value of y for which the Riccati equation (9.121) has a stabilizing
solution is y* = 3.06. For ¥ = 3.1 one obtains the mixed H;/H.. gain

Low — —0.7664

K7 0.8233

for which the eigenvalues of A9 — LxyCp are {—0.803240.9289,}.

In Fig. 9.3, the following time responses are plotted: in (a), the true states of the
stochastic system (9.118), in (b) the measured output y and in (c), the estimated
states.

Making y — e and applying Theorem 9.6.1 one obtains the optimal gain Lg
corresponding to the Kalman-type filter for the stochastic system (9.118). For the
numerical example considered in this section,

~ [-0.2974
=1 03636
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time[sec]

time[sec]

time[sec]

Fig. 9.3 Time responses of (a) true states, (b) measured output and (c) estimated states

one determines the minimal value y = 3.7 for which the Riccati equation

AoY +YAY +A1ZAT + BBT +Y (y 21— CTK~'Co) Y
+(Lg —YCTK K (Ly —YCTK ) =0

has a stabilizing solution. This shows that the optimal Kalman filter provides a y
attenuation level with about 20 % greater than the smallest value for which the mixed
Kalman/H.. filtering problem is feasible.

Notes and References

Most of the results derived in this chapter are presented for the first time in
the first edition of the book. State feedback H.. control for linear systems with
multiplicative white noise has been studied in several works. Among them we cite
[12, 58, 122] and the references therein. For the time-varying case corresponding
results can be found in [35]. In the Markovian systems situation, the problem has
been addressed in [37, 39, 134] for the time-varying case. The design problem of
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a stabilizing y-attenuating controller for systems with state-dependent white noise
is given in [80]. The result derived in Sect. 9.4 is inspired from [30]. The H.-type
filtering problem presented in Sect. 9.5 has been considered in [135] based on the
formulation in [70] where deterministic filters with the same order as the generator
systems are derived. The mixed H,/H.. filtering problem treated at the end of this
chapter has also been presented in [137].
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