Vasile Dragan - Toader Morozan « Adrian-Mihail Stoica

Mathematical
Methods in

Robust Control of
Discrete-Time Linear
Stochastic Systems




Mathematical Methods
in Robust Control
of Discrete-Time Linear
Stochastic Systems



Mathematical Methods
in Robust Control
of Discrete-Time Linear
Stochastic Systems

Vasile Dragan
Bucharest, Romania

Toader Morozan
Bucharest, Romania

Adrian-Mihail Stoica

Bucharest, Romania

@ Springer



Vasile Dragan

Institute of Mathematics “Simion
Stoilow” of the Romanian Academy
010145 Bucuresti 1

Romania

vdragan@rdslink.ro

Adrian-Mihail Stoica

Faculty of Aerospace Engineering
University “Politehnica” of Bucharest
Polizu 1

011061 Bucuresti

Romania

ISBN 978-1-4419-0629-8
DOI 10.1007/978-1-4419-0630-4

Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2009940257

Toader Morozan

Institute of Mathematics “Simion
Stoilow” of the Romanian Academy
010145 Bucuresti 1

Romania

toader.morozan@imar.ro

e-ISBN 978-1-4419-0630-4

Mathematics Subject Classification (2000): 60Gxx, 60Hxx, 60Jxx, 49Kxx, 65Fxx, 65Pxx

© Springer Science+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part without the
written permission of the publisher (Springer Science+Business Media LLC, 233 Spring Street,
New York, NY 10013, U.S.A.), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed is

forbidden.

The use in this publication of trade names, trademarks, service marks and similar terms, even if
they are not identified as such, is not to be taken as an expression of opinion as to whether or not

they are subject to proprietary rights.

Printed on acid-free paper

Springer is part of Springer+Business Media (www.springer.com)



Preface

This monograph contains recent developments in the control theory of linear
discrete-time stochastic systems subject both to multiplicative white noise
and to Markovian jumping. It provides solutions for various theoretical and
practical aspects in connection with this class of stochastic systems includ-
ing: stability analysis, optimal control, robust stabilization, estimation and
filtering, specific numerical algorithms, and computational procedures.

Interest in the topics of the book was generated not only because the
considered class of stochastic systems includes as particular cases systems
with multiplicative noise and systems with Markov parameters, intensively
investigated over the last four decades, but also due to the increasing area
of applications in which such dynamic models are used. Engineering domains
including communications, fault detection and isolation, robust control, sto-
chastic filtering, navigation, and so on, finance, economics, and biology, are
only some of the major fields in which stochastic models using Markov para-
meters and multiplicative white noise naturally occur.

The monograph can be regarded as a discrete-time counterpart of the
book Mathematical Methods in Robust Control of Linear Stochastic Systems
written by the same authors a few years ago and published by Springer. In fact
the discrete-time framework raises many specific aspects both from theore-
tical and procedural points of view. Therefore when the idea of writing this
book was born the authors kept in mind to emphasize even these particu-
larities of the time-domain setting. Another intention was to provide the
reader with all prerequisites and analysis tools for a comfortable understand-
ing of the stochastic version of some results firstly derived in the deterministic
case, actually belonging to so-called modern control theory. Special attention
has been devoted to the numerical aspects determined by the application of
these results from stochastic control theory. Thus, for the theoretical results
requiring nonstandard numerical procedures, specific algorithms are proposed
and illustrated by numerical examples obtained using common commercial
software packages. In fact the book does not emphasize the whole poten-
tial of the proposed control methods for systems that simultaneously include
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multiplicative noise components and Markov parameters, but it gives all theo-
retical and numerical details necessary for the readers to develop their own
applications when this is suitable with such stochastic modeling.

The target audience of the book includes researchers in theoretical and
applied mathematics, as well as graduate students interested in stochastic
modeling and control. Because the authors’ intention was to provide a self-
contained text, some basic concepts, terminology, and some well-known results
are briefly stated in the first chapter where an outline of the book is also
presented.

The authors are deeply indebted to Professors O.L.V. Costa, Peng Shi,
and I. Yaesh for fruitful discussions on some of the theoretical results and
numerical illustrations presented in the book.

We also should like express our gratitude to Mrs. Viorica Dragan and
Mr. Catalin Dragan for their hard work and patience in writing the manuscript
of this book.

Finally, the authors are very grateful to the publishers for the constant
support and advice offered during this project.
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1

Elements of probability theory

In this introductory chapter we collect several definitions and basic results
from probability theory which are used in the developments in the next
chapters of the book. Our goal is to present in a unified way some concepts
that are presented in different ways in other bibliographic sources. Also we
want to establish the basic terminology used in this book. The known results
in the field are presented without proofs indicating only the bibliographic
source. The less-known results or those which are in less accessible biblio-
graphic sources are presented with their proofs. In the last part of the chapter
we describe the classes of stochastic systems under consideration in the book.

1.1 Probability spaces

Let £2 be a nonempty set and 22 be the family of its subsets.

Definition 1.1 A family F C 2 is called a o-algebra if the following condi-
tions are simultaneously fulfilled.

(i) ReF.
(16) If A€ F then 2\ Aec F.
(iii) For all sequences {Ag}k>1 C F, Upey Ak € F.

In this case the pair (2, F) is known as a measurable space.

Usually if £2 is a finite set or a countable set, then F coincides with 2.

If M C 27 then o[M] stands for the smallest o-algebra that contains M.
It is called the o-algebra generated by M.

For example, the smallest o-algebra containing the set A C 2 is o[A] =
{0,A, 2\ A, 2}

If 7,G C 2% are two o-algebras then F V G stands for the smallest o-
algebra that contains both the o-algebra F and the o-algebra G (i.e., FNV G =
o[F,G]). The operator N may be extended in a natural way to the case of
several o-algebras.

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 1
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 1,
© Springer Science + Business Media, LLC 2010



2 1 Elements of probability theory

The Borel o-algebra B(R™) is the o-algebra generated by the family of the
open subsets of R™. It can be proved that B(R™) coincides with the o-algebra
generated by the family

M ={(=00,a1] X (—00,as] X+ (=00, an)|a; € R,1 <7 < n}. (1.1)
In the case n =1 we write B(R) for the Borel o-algebra on R.

Definition 1.2 A collection M of subsets of (2 is called a m-system if the
following conditions are simultaneously fulfilled.

(i) 0 e M.
(13) If A, B € M then A(\B € M.

If M is the family described in (1.1) then M| J{0} is a mw-system.
The next result is often used in the following.

Theorem 1.1 Let M be a w-system and G be the smallest family of subsets
of £2 having the properties:

(i) M CG.
(1) If A€ G then 2\ Aeg.
(i13) If {Ar}i>1 € G is a sequence such that A;(VA; = 0 for all t # j, then
Uk=1 Ak € G-
Under these conditions G = o[M].

Proof. Because o[M] verifies (7), (i7), and (4i¢) in the statement, it follows
that G C o([M]). To prove the opposite inclusion we show first that G is a
m-system. Let A € G and define G(A) = {B; B € G and AN B € G}. Because
A\ B = 2\ [(ANB)U (£2\ A)], it is easy to check that G(A) verifies the
conditions (i¢) and (i47) and if A € M then (i) is satisfied. Hence for A € M
we have G(A) = G; consequently if A € M and B € G then AN B € G. But
this implies G(B) D M and therefore G(B) = G for any B € G. Hence G is
a m-system and now, inasmuch as G verifies (i7) and (iii) it is easy to verify
that G is a o-algebra and the proof is complete. O

Definition 1.3 Let (£2,F) be a measurable space. A function P : F — [0,1]
is called a probability measure if it has the properties:

(1) P(0) =0,P(£2) =1.

(1) For all sequences {Ar}r>1 € F, with A;NAj =0 for all i # j, we have

P[UZL Ar] = ZZO:1 P[Ag].

A triple (2, F,P) where §2 is a nonempty set F C 2% is a o-algebra
and P: F — [0,1] is a probability measure, is called a probability space.
A set A € F is called an event and P(A) is the probability of the
event A.

Definition 1.4 We say that the o-algebras G1,...,Gn,G; C F,i=1,...,m

are mutually independent if P[~, A;] = I P(A:) for all A; € G,
1<i<m.
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1.2 Random variables

1.2.1 Definitions and basic results
Let (£2,F), (£2', F") be two measurable spaces.

Definition 1.5

(a) A function & : 2 — ' is called an (F,F’)-measurable function if for all
A" € F' we have £ HA') = {w € N¢(w) € A’} € F.
A function &, (F,F')-measurable is called an (F,F') random variable or
simply a random variable if no confusion is possible.

(b) A function & : 2 — R that is (F, B[R])-measurable is called a real random
variable or simply a random variable (if no confusions is possible).

(¢) A function & : 2 — R™ that is (F,B[R])-measurable is called a random
vector.

The following results are well known.

Proposition 1.1 A function £ : 2 — R is a random variable if and only if
for all a € R the sets {w € 2|¢(w) < a} are in F. O

Proposition 1.2 If £,1,&,1 > 1 are real random variables and o, 3 € R,
then of + 0n, |£|,&n are also random variables. If the sequence {&;}i>1 is
convergent then its limit is also a random variable. O

Definition 1.6 A random variable ¢ : 2 — R that takes a finite number of
values is called an elementary random variable or a simple random variable.

If A C £2,xa stands for the indicator function of the set A, that is,
Xalw)=1ifwe Aand yalw)=0ifwe 2\ A.
If A € F then x4 is a simple random variable.

Proposition 1.3 If ¢ : 2 — R is a simple random variable taking the values
ar,as, ..., an then p(w) =31 aixa,(w),w € 2, where A; = {w € N2)p(w) =
ai},AiEf,lgiS’n. O

At the end of this subsection we remark that each random variable
£:2—R can be written as £ = {7 — &7, where {7 = J(|¢] 4+ €),& =
1
2

(€] = €),67 >0, >0.
If £ and 7 are two random variables such that P{w € 2|¢(w) =n(w)} =1
then we write £ = n a.s. (£ = n almost surely).

1.2.2 Integrable random variables. Expectation

Let (£2,F,P) be a given probability space. Firstly we recall the following.
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Theorem 1.2 If £ : {2 — R is a nonnegative random variable then there
exists an increasing sequence of nonnegative elementary random variables
{@j}i>1 such that lim; . ¢;(w) = &(w),w € £2.

Proof. It follows immediately taking ¢;(w) = Z?ijlﬂ ((i— 1)/2j)XAij (w), with

Ai]‘ = {w S .Q|(Z — 1/2]) < §(w) < i/2j},i = 1,2,...,j2j,A2jj+1,j = {w S
2[¢(w) = j}- O

Definition 1.7

(@) If ¢ = > a;xa, is a simple random variable then, by definition,
JopedP =350 aiP(A).

O If £ : 2 — R is a nonnegative random wvariable then, by definition,
Jo &dP = limg_.c [, ordP where g,k > 1 is an increasing sequence
of nonnegative simple random variables that converge to &.

It can be shown that |, o §dP is independent of the increasing sequences of
simple random variables ¢y, k > 1, which converge to &.

Definition 1.8

(a) We say that a random variable & : 2 — R possesses an integral if either

/Qg+d7> <00 (1.2)

or
/ £ dP < . (1.3)
2

In this case we write

/dipz/gﬁdp—/ng—dp (1.4)

(b) A random variable £ : 2 — R is called an integrable random variable if
(1.2) and (1.3) are simultaneously true.

(c) We say that a random vector & : 2 — R™, & = (&1,...,&m)T is integrable
if its components {£;} 17, are integrable random variables.

As usual the superscript T' stands for the transpose of a vector or a matrix.

Because |¢] = €T + £ it follows that a random variable € : 2 — R is
integrable iff [, [£|dP < oo.

If £ : 2 — R is an integrable random variable one denotes F[¢] = fQ &dp;
E[¢] is called the expectation of the random variable . In the case of the
random vector & = (&1,...,&,)T one sets E[¢] = (E[&],..., E[¢m])T. The
definition of the expectation can be extended in a natural manner to matrix-
valued random variables.

For each p > 1,L£P(02, F,R™) is the set of random vectors { with the
property E[|{[P] < 0.
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1.2.3 Independent random variables

If ¢ is a random variable or a random vector then the smallest sub-o-algebra
of F with respect to which £ is a measurable function is denoted by o[¢] and
it is called the o-algebra generated by &.

If {&; }ier is a family of random variables or random vectors then o[&;, i € 1|
stands for the smallest o-algebra with respect to which all §; are measurable
functions.

Definition 1.9

(a) We say that the random variables (or random vectors) &1,&a, ..., &m are
independent if o[&1],...,0(&m] are independent o-algebras.

(b) We say that the random vector £ is independent of o-algebra G C F if the
o-algebra €] is independent of the o-algebra G.

Proposition 1.4 Let z1,...,z,, be independent integrable random variables.
Set x = x1x2...2,,. Then

(1) x is an integrable random variable.
(i) Els) = 1T, Blz,]. u

1.3 Conditional expectation

Let G C F be a g-algebra and = an integrable random variable. By the Radon—
Nicodym theorem it follows that there exists a unique (mod P) random vari-
able y with the following properties.

(a) y is measurable with respect to G.
(b) Ellyl] < oo.
(¢) [yydP = [, zdP forall Aecg.

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

P(A[G) := E[xald]

and it is called the conditional probability of the event A with respect to the
o-algebra G. By definition

Elz|y1,...,yn] = Elz|o[y1,- -, ynl]-

If x is an integrable random variable and A € F with P(A) > 0, then by
definition

Elz|A] = /QdeA,

where Pa : F — [0,1] by Pa(B) = (P(ANB))/(P(A))) for all B € F.
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E[x|A] is called the conditional expectation of x with respect to the event A.

Because 1
B) = d
PaB) = g [ xadP.

E[z|A] = P(lA) /Q(IXA)dP: P(lA)/Aa:dP.

we have

By definition
P(BJA) :==Pa(B),Ac F,Bec F,P(A)>0.
Obviously, P[B|A] = E[xg|A].

Theorem 1.3 Let x,y be integrable random wvariables and G,H C F,
o-algebras; then the following assertions hold.
(i) E(Elz|9]) = Elz].
(i1) E[E[z|G)|H] = Elz|H] a.s.if G D H.
(i13) E[(ax + By)|G] = aE[z|G] + BE[y|G] a.s. o, 5 € R.
() Elzy|G] = yElx|G] a.s. if y is measurable with respect to G and xy is
integrable.
(v) If x is independent of G then E[z|G] = Elx] a.s.
(vi) & > 0 implies E[x|G] > 0 a.s.
(vit) Let x,xk, k > 1 be integrable random variables. If limy_ o zk(w) = z(w)
a.s. and there exists a positive and integrable random variable 1 such
that |z (w)] < P(w) a.s., k> 1, then E[z|G] = limk_co Elzg|G] a.s. O

Remark 1.1 1t is easy to verify the following.

(a) If = is an integrable random variable and y is a simple random variable
with values ¢y, ..., ¢, then

Elzly] = Z Xy:ch[l'|y = ¢jla.s.,
jeEM

where M = {j € {1,2,...,n},P{y =¢;} > 0}.
(b)If Ae F,Ga={0,02,A,02\ A}, and z is an integrable random variable

then
xAE[z|A] + x o\ a E[z]92\ A] if 0<P(4)<1

Blz/Ga] = |
Ex if P(A)=0 or P(A)=1

Therefore E[x|G4] takes at most two values.
(¢) If Ay, Ay, ..., A, € Faresuch that 4;NA; =0 foralli # jand|J;_, A; =
{2 then we have

P(B) =Y P(B|A)P(A;) (1.5)
1=1

for all B € F (with the convention that P(B|A;) = 0 if P(4;) =0).
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1.4 Markov chains

1.4.1 Stochastic matrices

In this subsection we recall several issues concerning stochastic matrices.
This kind of matrices plays a crucial role in the definition and characteri-
zation of Markov chains. More details concerning stochastic matrices as well
as sequences of stochastic matrices may be found in [32].

Definition 1.10

(a) A matriz P € RN*N P = {p(i,4)}; je1.n @8 called a stochastic matrix if

pli,j) > 0,4,j €1,N and 30 pli,j)=1,i=1,...,N.
(b) A stochastic matriz P is a nondegenerate stochastic matrix if all its
columns are not identically zero.

Proposition 1.5 ([32]) If P € RN*Y s a stochastic matriz then the
following Cesaro-type limit limyg_o 1/k Zf:o P’ exists. Moreover if Q =
limy o0 (1/k) Zf:o P then Q is also a stochastic matriz that satisfies PQ =
QP = Q. O

1.4.2 Markov chains

Throughout this book, D stands for the following finite set D = {1,2,..., N},
where N > 1 is a fixed integer. Let ({2, F,P) be a given probability space.

Definition 1.11 A Markov chain is a triple ({n:}+>0, P, D), where for each

t > 0,m : 2 — D is a random variable, P = {P,}y>0 is a sequence of
stochastic matrices Py € RN*N with the property:
P{ne+1 = jlGe} = pe(ne, J) a-s. (1.6)

for allt >0, and j € D, where G; = o[no,n1,...,ne),t > 0.

{P:}+>0 is called the sequence of transition probability matrices and D is
the set of the states of the Markov chain.

If the sequence P is constant, that is, P, = P for all t > 0, then
({ne}i>0, P, D) is called an homogeneous Markov chain.

The following properties of the Markov chains are repeatedly used in this
book.

Theorem 1.4 ([32]) If ({m}i>0, P, D) is a Markov chain then the following
hold.

(1) P{ns = G5, Mst1 = Gst1,-- -5 = Gt}
= P{ns = is}ps(i57 Z.ke—o—l)ps—i-l(is—Q—la is+2) t 'pt_l(it_l, Zt) fOT‘ all t 2 $—|—1,
s > 0.
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(”) P(ns =, Ml = bstly e = Z.t|7)s—1 = Z)
= ps—1(1,15)Ps (s, is+1) - pr—1(it—1,4¢) for all t > s > 1,1 € D, with the
property P(ns—1 = 1) > 0.

(i31) If ¢ is a bounded random variable that is o[ns,s > t]-measurable, then
ElplG:] = Elpln:] a.s. O

For each t > 0 we set m = (m(1),...,m(N)) the distribution of the
random variable n; that is, m (i) = P(n: = i),7 € D. Clearly m (i) > 0,1 <
i< Nand YN m(i) =1, >0.

Consider the set My = {7 = (7(1),...,7(N))|n(i) > 0,1 < i < N,
Zilil 7(i) = 1}. Hence m, € My for all t € Z_..

Based on (7) in Theorem 1.4 for t = s + 1 we may write

N N
Tst1(i) = ZP{US =JyNs+1 =1} = Zﬂs(j)ps(j,i)~

=1 =1

This shows that the sequence {m };>¢ of the distribution of random vari-
ables {1 }+>0 solves the linear equation:

Tt41 = 7TtPt, t 2 0. (17)

Hence the sequence {m; };>0 of the distribution of the random variables 7,
t > 0, is completely determined by the sequence P = { P, };>¢ of the transition
probability matrices and by the initial distribution 7y € M. It is known that
in the case of a standard continuous-time Markov process, m(i) > 0 for all
i€ D;t > 0if mo(j) > 0 for all j € D. From (1.7) we see that in the
discrete-time case it is possible to have m, (i) = 0 for some ¢ > 1 and ¢ € D
even if mo(j) > 0, for all j € D. The consequences of such aspects specific
to the discrete-time case become clearer in Chapter 3 where the difficulties
arising in connection with characterization of exponential stability in the mean
square for discrete-time linear stochastic systems with matrix switching are
investigated.
The next obvious result can be proved by mathematical induction.

Proposition 1.6 Let ({n:}¢>0, P, D) by a Markov chain. Then:

(2) If for each t > 0, P; is a nondegenerate stochastic matriz, then m(j) > 0
forallt > 1,1 <j <N, provided that mo(i) > 0 for all 1 <i < N.

(73) Conversely, if m (i) > 0 for all t > 0 and all i € D then for every t > 0,
P, is a nondegenerate stochastic matriz. O

Throughout the book the following notation is often used.
D, = {i € D|rs(i) > 0}. (1.8)

With this notation the statement of Proposition 1.6 becomes: “The matrices
P, are nondegenerate stochastic matrices for all ¢ > 0, iff D; = D for all t > 1,
if Dy =D.”
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In many control problems for discrete-time linear stochastic systems with
Markovian jumping over an infinite time horizon we are interested in knowing
if there exist lim;_ o, m(7). Also we are interested in knowing under which
conditions these limits are independent of initial distributions .

The next result provides an answer to this issue in the case of an homo-
geneous Markov chain. If P, = P for all ¢ > 0 then from (1.7) we have

7 = mo Pt (1.9)

Setting p'(i,7),1 <4 < N,1 < j < N the elements of the matrix P!, from
(1.9) one obtains that

(i) =ZW0(j)pt(j,i), t>1, 1<i<N (1.10)

for all mg = (mo(1),...,m(N)) € My.

Theorem 1.5 If ({n:}i>0, P, D) is an homogeneous Markov chain then the
following are equivalent.

(1) There exists @ = (6(1),...,0(N)) € MN, such that limy_, oo m¢ (i, 70) =
0(i),1 <i <N, for all my = (mo(1) - - - 7o(N)) € My, where m (i, 7o) are
given by (1.10).

(ii) There exists 0 = (0(1),...,0(N)) € My such that lim;—. p*(i,7) = 0(3)
foralli,j €D.

(iii) There exist to > 1,7 € D such that pto (i, j) > 0 for all i € D.

Proof. To prove the implication (i) — (i7) we chose
7= (7(1),...,7(N) e My, i€D

defined as follows,

From (1.10) one sees that m;(j, 7#%) = P!(i,5). This shows that (ii) holds if
(¢) is true. We now prove implication (i7) — (7i7). Let 6 € My be such that
the equality from (ii) takes place.

Because Zjvzl 0(j) = 1 we deduce that there exists j € D such that 6(j) >
0. From the definition of the limit it follows that for each i € D there exists
to(i) > 1 such that pt(i,5) > 0 for all t > t(i). Take tg = max;ep{to(i)}. One
obtains that p'(i,j) > 0 for all ¢ € D. This means that (ii7) is fulfilled if (i)
holds.

It remains to prove that (iii) — (¢). If (¢i7) holds, then from Chapter V
n ([32]) it follows that there exists # € My, such that lim; p'(i,j) =
0(j),i,j € D.
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Based on (1.10) we may write

N N
Jim mGm0) = Jim 3 w09 (:5) = D m(0905) = 00)
for all 7o = (mo(1),...,m(N)) € My and thus the proof ends. O

At the end of this section we provide a sufficient condition that guaran-
tees the existence of a positive constant 6 > 0 such that m(i) > § for all
t>0,i€D.

In Chapter 3 we show how such a condition is involved in the investigation
of the exponential stability in the mean square.

Proposition 1.7 Let {{n:}i>0, P,D} be an homogeneous Markov chain.
If there exists

Q = lim P! (1.11)

t—o0

and additionally

qii >0, Vi e D, (1.12)
qi; being the diagonal elements of Q, then there exists § > 0 such that

m (i) =P{m =i} >0 (1.13)
forallt >0, if mo(i) > 0 for all i € D.

Proof. One can see that if (1.11)—(1.12) are valid then the matrix P is a
nondegenerate stochastic matrix.

Set 6, =  min{g;;,i € D}. If p'(i, j) are elements of the matrix P, then
from (1.12) it follows that there exists tg > 0 such that p'(i,i) > §; for all
t > to and i € D. From (1.10) one obtains that m(¢) > 7 (7)d1.

Setting 02 = min{m(i)d1,7 € D} we deduce that m(i) > 0o, for all t > tg.
Because P is a nondegenerate stochastic matrix by Proposition 1.6 we have
m(i) > 0 forall t > 0 and ¢ € D. If tg > 1, set 03 = min{m(i);0 < ¢ <
to — 1,7 € D}. Thus one obtains that (1.13) is valid for § = min{ds,d3}. O

1.5 Some remarkable sequences of random variables

In the developments of this book we assume that the controlled systems under
consideration are affected by two classes of stochastic perturbations:

(a) A Markov chain ({n:}+>0,P, D)
(b) A sequence of independent random vectors {w(t) }+>0, where w(t): 2 — R"



1.5 Some remarkable sequences of random variables 11

Throughout this book, by a Markov chain we understand any triple
({n¢}t>0, P, D) where P = { P, };>¢ is a given sequence of stochastic matrices,
D=1{1,2,...,N}is a fixed finite set, and {m: }+>0 is an arbitrary sequence of
random variables 7; : {2 — D that verifies (1.6).

Concerning the sequences {n; }¢>0, {w(t) }+>0 the following assumptions are
made.

H;. E[w(t)] =0, E[Jw(t)]?] < oo, Elw(t)w? (t)] = I,,t > 0, with I, the iden-
tity matrix of size r.

H,. For each ¢t > 0, the o-algebra F; is independent of the o-algebra G,
where F; = o[w(0), ..., w(t)], and G: = a[no, 1, - .-, Nt

Remark 1.21f w(t) is a sequence of random vectors w(t) : 2 — R such
that E[w(t)] = m; € R", and E[w(t)w’ ()] = Y, > 0, then the sequence
{w(t)}1>0, where w(t) = Zg_l/z)(w(t) — my), will satisfy E[w(t)] = 0 and
Elwt)wT (t)] = I,.

This shows that without loss of generality we may assume that the
sequence of independent random vectors {w(t)}:>o satisfies Hj.

Together with the o-algebras F; and G; defined above we also introduce
the following o-algebras generated by the stochastic processes {m}:>0 and

{w(®)}i>0-

e For ecach (u,v) € Zy x Zy we set Hyp = o[, w(s),0 <t <wu,0<s<wvl.
Hence ‘H,,, is the smallest o-algebra containing the o-algebras G, and F,,.
If u = v we write 'H, instead of Hy 4.
For each u € Z we set G, = o[n;,t > u).
If v € Zy, F, is defined by F, = o[w(s),s > v + 1]. Obviously, for all
v € Z,, o-algebra F, is independent of the o-algebra F,.

e For cach (u,v) € Zy x Z; we set Hy, = o[n, w(s),t > u,s > v+ 1].
Hence ﬁu,v is the smallest o-algebra containing the o-algebras F, and G,,.

o H, =ons,w(t),0 < s<u,0<t<u—1]ifu>1and H, = o[no].

The next result plays an important role in many proofs in the next chap-
ters. More precisely in our developments the result proved in the next theorem
has the role played by property (iii) of Theorem 1.4, in the case of systems
subject only to Markov perturbations.

Theorem 1.6 Under the assumptions Hy and Hy if ¥ : 2 — R is an inte-
grable random variable that is H,, ,-measurable then

EW|Hyv]) = E[¥|n.] a.s. (1.14)

Proof. Combining the definition of an integrable random variable, Theo-
rem 1.2, and property (vii) from Theorem 1.3 one obtains that it is suffi-
cient to prove (1.14) in the case when ¥ is a bounded random variable
H,,-measurable. The definition of conditional expectation shows that (1.14)
is equivalent to
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EWxum] = Elzxu] (1.15)
for all M € H,, ., where z = E[¥|n,]. To prove (1.15) we show that

EWfgl = Elzfg] (1.16)

for all f,g bounded functions such that f is F,-measurable and g is
Gy-measurable. As a first step we show that (1.16) holds for ¥ = ¥, ¥, with
¥, and ¥ bounded random variables such that ¥ is G,-measurable and ¥ is
F,-measurable. Because f and Wy are independent random variables and g¥;
is independent of f¥, we have:

EW fg] = E[hWa fg] = E[W] E[f]E[g¥1]. (1.17)

On the other hand E[¥1¢|G.] = gE[¥1|Gu] = gE[¥1|n.]. For the last equality
we have used (ii7) from Theorem 1.4 for ¢ = .
Furthermore, from (1.17) one obtains that

Bl fg] = E[W]E[f]E[gE[W[n.]- (1.18)
We have z = E[Ws|E[¥;|n,]. This leads to
E[fgz] = E[WR]E[fgE[P1|n.]] = E[W]E[f]E[gE[W:|n.]]. (1.19)

Combining (1.18) with (1.19) one obtains that (1.16) is fulfilled for ¥ = ¥, ¥s,.
Particularly (1.16) holds for ¥ = xy,nu, for any Uy € G, and Uy € F,.
Applying Theorem 1.1 we conclude that (1.16) is fulfilled for ¥ = yy for
any U € H.,.,. By a standard procedure in measure theory one obtains (via
Theorem 1.2) that (1.16) is fulfilled for ¥-integrable and H, ,-measurable.
Taking now in (1.16) f = xa,9 = xB, for any A € F,, B € G, one obtains
that (1.15) is verified for x anp. Applying again Theorem 1.1 we deduce that
(1.15) is fulfilled and thus the proof ends. O

Taking u = v =t,¥=xy,,,,—;) We obtain the following from Theorem 1.6.
Corollary 1.1 Under the assumptions Hy and Ha we have
Pl = jlHe} = pe(me, j) as.
forallt>0,5€D.

1.6 Discrete-time controlled stochastic linear systems

The discrete-time linear systems have been intensively considered in the con-
trol literature both in the deterministic framework and in stochastic cases.
This interest is wholly motivated by the wide area of applications includ-
ing engineering, economics, and biology. Most of the results available in
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the control of discrete-time stochastic systems consider either the case of
systems corrupted with white noise perturbations or the case of systems with
Markovian jumps.

The class of controlled stochastic linear systems considered in this book is
described by:

x(t+1) = Ag(t,m)x(t) + Bo(t, n)u(t) + Go(t, n)v(t) (1.20)
+ 3 [Ak(tm)a(t) + Br(tm)u(t) + Gr(t, ne)v(t)wg (1)
k=1
y(t) = Co(t, ne)a(t) + Do(t, e )v(t) (1.21)

+ Z[Ck(tv nt)x(t) + Dk(t7 nt)v(t)]wk (t)v
k=1

where z(t) € R™ is the state vector, u(t) € R™ is the vector of control
parameters, y(t) € RP is a measured signal, and while v(t) € R™v is the
exogenous perturbation.

In (1.20) and (1.21), {n:}t>0 and w(t) = (w1 (t),...,w.(t))T, t > 0 are
stochastic processes whose properties are given in the preceding section.

It n=ieD weset Ag(t, i), Br(t, i), G (t, 1), Cr(t,4), Di(t, 1), k€{0,1,... 7}
for the coefficient matrices of the system (1.20)—(1.21).

If Ag(t,i) = 0, Bi(t,1) = 0,Gg(t,i) = 0,Ck(t,i) = 0, Di(t,i) = 0,1 < k <
r,t > 0,1 € D then the system (1.20)—(1.21) becomes

x(t+1) = Ag(t,m)x(t) + Bo(t, ne)u(t) + Gol(t, ne)v(t) (1.22
y(t) = Co(t,ne)x(t) + Do(t, ne)v(t), (1.23)

t € Zy. If N =1, the system (1.20)—(1.21) is:

x(t+1) = Ao(t)z(t) + Bo(t)u(t) + Go(t)v(t) (1.24)

y(t) = Co(t)x(t) + Do(t)o(t) + > [Cr(t)a(t) + Dy(t)o(t)]wy(t), (1.25)
k=1

t € Z,, with Ak(t) = Ak(t,l),Bk(t) = Bk(t,l),Gk(t) = Gk(t,l),Ck(t) =
Cr(t,1), Di(t) = Di(¢,1),0 < k < r,t € Zy.

The equations (1.22)—(1.23) are the mathematical model of a discrete-time
time-varying controlled stochastic linear system affected by a Markov-type
perturbation, whereas (1.24)—(1.25) is the mathematical model of a discrete-
time time-varying controlled stochastic linear system affected by a sequence of
independent random perturbations (often named discrete-time white noise).

In short, a control problem associated with the system (1.20)—(1.21) asks
us to construct a control law u(t) = K(t,y(t)),t > 0, with the property that
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in the absence of the exogenous perturbations v(t), the trajectories of the
closed-loop system tend towards the equilibrium x = 0, when ¢ — oco.

Additionally it is desired that in the presence of exogenous perturbations
v(t) the trajectories of the corresponding closed-loop system satisfy some pre-
scribed performances (other than stable behavior). Usually the prescribed
performances imposed on the closed-loop system are expressed in terms of
minimization of several norms of some adequately chosen outputs.

Such outputs are of the form

2(t) = C,(t,n)x(t) + D, (t,m)u(t) (1.26)

and are known as controlled outputs or quality outputs.

The control laws considered are in the form of dynamic controllers or static
controllers (memoryless controllers).

The class of dynamic controllers is described by

Te(t+ 1) = Ac(t,ne)xe(t) + Be(t, ne)ue(t) (1.27)
y@(t) = CC(tvnt)l'C(t), t >0,

where z.(t) € R" is the state vector of the controller, u.(t) € RP is the
input signal of the controller, and y. € R™ stands for the output signal of the
controller.

The integer n. > 1 is the order of the controller.

In some control problems n. is prefixed, whereas in other problems it must
be chosen together with the matrix coefficients A.(¢,4), Be(t,1), Cc(t,1).

Let us couple a controller (1.27) to a system (1.20)—(1.21) taking u.(t) =
y(t) and u(t) = ye(?).

The corresponding closed-loop system is

Ll (t + 1) - AOcl(t7 nt)xcl(t) + GOcl(t7 nt)v(t)

) [Aket(tne)zer(t) + Grer(t, 1) v(t)wi () (1.28)
k=1

Zel (t) - Ccl (t, nt)xcl (t)a

where
N AO(tai) BO(t7i)Cc(t’7’)
Ava(t,7) = Be(t,))Co(t,i)  Ae(t,i) )
N Ak(tai) Bk(t’i)cc(tﬁz)
A0 = g 4 et ) 0 ) lsksr
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Cu(t,i) = (Cy(t,i) D.(t,1)Ce(t,1))
v = (@ (t) =l (1)

The closed-loop system (1.28) is obtained under the assumption that the
measurements y; are transferred instantaneously to the controller and the
output of y. of the controller is transmitted instantaneously to the actuators.

If on the channel from the controller to actuators a delay appears in trans-
mission of the dates then u(t) is given by u(t) = y.(t — 1). In this case the
corresponding closed-loop system is given by

2(t +1) = Aot ne)a(t) + Bo(t, ) Colt = Lme—1)ae(t — 1) + Golt, e )o(t)
+2Ak t )T +Bk(t m)Cc(t— 1vnt—l)$0(t_1)

+ Gt e )v(8)]wr(t)
et +1) = Be(t,n)Co(t, me)2(t) + Ac(t, ne)we(t) + Be(t, ne) Do(t, me)v(t)

+Z (&, 1e)Cr(t,me)(8) + Be(, ) Dy (&, 1 )v (8) i () (1.29)

2(t) = C.(t,me)x(t) + Do (t,m:)Ce(t — 1, 1)z (t — 1).
Setting £.(t) = z.(t — 1) we rewrite (1.29) in a compact form as follows.
wer(t +1) = Aot (t, m, ne—1)zer(t) + Goer (t, e )v(t)
+ Z[Akcl (t,me, me—1)wer (t) + Gr(t, ng)v(t)we (1) (1.30)
k=1

Zcl (t) = CCl (ta Tt 77t—1)33cl (t)a

where
za(t) = (z"(t) &) =l ()"
Ao(t, m) Bo(t,n:)Ce(t —1,m¢-1) 0
Aper(t,ne, me—1) = 0 0 Iy,
Be(t,m:)Co(t, ) Ac(t,me) 0
Ay (t,m) By (t,m:)Ce(t —1,1;-1) 0
Akcl(t7nt7nt—1) = 0 0 0 3 1 S k S T
BC(t7nt)Ck(t7nt) 0 0
Gk(t7 nt)
Gre(t,ne) = 0 ., 0<k<r

Bc(t7 nt)Dk(tv 77t)
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Cer(t,mme-1) = (Ca(t,me) Do(t,1:)Ce(t = 1,76-1) 0)
zal(t) = z(¢).
If uc(t) = y(t—1),u(t) = y.(t) the corresponding closed-loop system becomes:
ot +1) = Ao(t, n)z(t) + Bo(t, m)Ce(t, me)ae(t) + Go(t, ne)o(t)

+ Z [Ak(t,ne)2(t) + Be(t, ) Ce(t,m)ae(t) + Gr(t,m)v(t)wi (1)

ze(t+1) = Be(t,m:)Co(t — 1,mp—1)x(t — 1) + Ac(t, )z (t)
+ Bc(t,’r}t)Do(t — l,T}t_l)’U(t — 1)

+Z o(t,m)Cr(t = 1, 1)x(t — 1)

+Bc(t7nt)Dk(t_1777t—1)v(t_ 1)]wk(t_1)7 tZ 17
2(t) = CL(t,me)x(t) + Do (t, nt)Ce(t, me)xc(2).

Setting £(t) = z(t — 1),0(t) = (T (t) vT(t — 1) T, w(t) = (Wi (t) ... wor(t)T
with

. wy(t), 1<k

wk(t) =

wi—r(t—1), 7+1<k<2r
one obtains the following compact form of the closed-loop system,
w(t +1) = Aoar(t, e, ne—1) e (t) + Goer(t, e, me—1)0(1)

2r

+ 3 [Awer(t 1 e—1)er () + Ger(t e, 1e—1)0 ()} () (1.31)
k=1

ZCl(t) = CCl(tantant—l)xCl(t)7t > 17

where
0 I, 0

Aoet(t, 0, 1me—1) = 0 Ao(t,ne) Bo(t,ne)Ce(t,me)

Be(t,n:)Co(t —1,m-1) 0 Ac(t,me)

0 0 0
Ak:cl(t7ntvnt—l) = 0 Ak(t7nt) Bk‘(t7nt)cc(t7nt) ) 1 S k S r

0 0 0

0 00

Ager (t,me,me-1) = 0 001, r4+1<k<2r

BC(tant)Ck—r(t - 1a77t—1) 00
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0 0
Goct(t,ne,m—1) = | Go(t,m) 0
0 Bc(t7nt)D0(t_ 177775—1)

0 0
Gk‘cl(t7nt7nt—l) = Gk(t7nt) 0 ’ 1 S k S r
0 0
0 0
Gre(t,ne,m—1) = | 0 0 , r+1<k<2r

0 Bc(t7nt)Dk—r(t - 1777t—1)
CCl = (t777t777t—1) = (O Cz(tant) Dz(t7nt)cc(t7nt)) .

In the case when there are delays in transmission of the data both from the
sensors to the controller and from the controller to the actuators, the coupling
may be done as follows, u.(t) = y(t — 1), u(t) = y.(t — 1),¢t > 1.

In this case the corresponding closed-loop system is of the form (1.31) with

za(t) = (27t — 1) 2T(t) 2T (t — 1) 2 (1))" .

The structure of the matrix coefficients of the closed-loop system may be
easily derived.

Remark 1.8 1f in the system (1.20)—(1.21) either Bg(t,7) = 0,1 < k < r or
Ci(t,i) = 0,1 < k < r,i € D then a wider class of admissible controllers can
be considered. We refer to dynamic controllers of the form:

Te(t +1) = Ac(t, ne)we(t) + Be(t, ne)uc(t)
Ye(t) = Ce(t,ne)xe(t) + De(t, ne)uc(t). (1.32)

According to the terminology used in the case of control of deterministic
linear systems the class of admissible controllers (1.27) is called strictly proper
controllers, and controllers of type (1.32) are called proper controllers.

In each control problem the class of admissible controllers is taken either
among strictly proper controllers (1.27) or among proper controllers (1.32).
The type of considered controllers depends upon the well-posedness of the
closed-loop system.

1.7 The outline of the book

The material contained in this book could be divided in two main parts. Thus
Chapters 2-5 have a strong theoretic character. In these chapters we offer
the readers the mathematical machinery necessary for a good understanding
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of the robust control problems investigated in the second part of the book.
In Chapters 6-8 we solve several problems of robust control for discrete-time
linear stochastic systems of type (1.20)—(1.21). In the remainder of this section
we briefly present the contents of each chapter.

Chapter 2 deals with discrete-time linear equations defined by positive
operators. The main goal of the developments in this chapter is to provide a
characterization of exponential stability of the equilibrium x = 0 in the case
of discrete-time linear equations defined by positive operators on an ordered
Hilbert space. The criteria for exponential stability derived in this chapter may
be viewed as an alternative approach to the problem of exponential stability
other than the one based on Lyapunov functions or by Hurwitz criteria.

The results derived in Chapter 2 are used in Chapter 3 in order to charac-
terize exponential stability in the mean square of discrete-time linear stochas-
tic systems. Also in Chapter 5 they are involved in the proof of the existence of
some special solutions of Riccati-type equations (maximal solution, stabilizing
solution, minimal solution).

Chapter 3 deals with the problem of exponential stability in the mean
square of a class of discrete-time stochastic linear systems subject both to
independent random perturbations and Markovian switching. We have in
mind discrete-time stochastic linear systems that contain as particular cases
systems of type (1.28), (1.31) with G (t, ) = 0. We show that in the case of
discrete-time stochastic linear systems subject to Markovian jumping there are
several ways to define the exponential stability in the mean square. We show
that the different types of exponential stability in the mean square are not
always equivalent. We emphasize important classes of discrete-time stochastic
linear systems with Markovian switching for which the concepts of exponential
stability in the mean square become equivalent.

In Chapter 4 we investigate several structural properties of stochastic con-
trolled systems such as stabilizability, detectability, and observability. We also
provide useful criteria that allow us to check such properties.

In Chapter 5 we consider a general class of nonlinear difference equations
containing as particular cases several types of discrete-time Riccati equations
involved in many control problems studied in the following chapters. The
results developed in Chapter 5 can also be used in the case of Riccati-type
equations arising in connection with digital control of deterministic systems
and stochastic systems.

In Chapter 6 we deal with several linear quadratic control problems.
In short, by a linear quadratic optimization problem we understand the prob-
lem of minimization of a quadratic cost functional along the trajectories of a
linear controlled system.

Chapter 7 deals with the problem of Hs optimal control for discrete-time
linear stochastic systems subject to sequences of independent random per-
turbations and Markovian switching. Several kinds of Hs-type performance
criteria (often called Hy norms) are introduced and characterized via solu-
tions of some suitable linear equations on the spaces of symmetric matrices.
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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.
The Hs optimal control is solved both in the case of full access of the measure-
ments and in the case of partial access to the measurements. Many aspects
specific to the discrete-time linear stochastic systems perturbed by a Markov
chain are emphasized. The chapter ends with an Hy optimal filtering problem.

In the first part of Chapter 8 we prove a stochastic version of the so-called
bounded real lemma. As is known, such a result provides a necessary and
sufficient condition that guarantees the norm of an input—output operator
from exogenous perturbations v(t) to the controlled output z(¢) is less than a
prescribed level v > 0. Furthermore we prove the small gain theorem and we
introduce the notion of stability radius (several estimates of stability radius
are derived). In the second part of Chapter 8 the problem of attenuation of the
exogenous perturbations under the assumption that the full state is accessible
for measurements is solved.

All theoretical developments are illustrated by numerical case studies.

1.8 Notes and references

The results stated in this chapter for which the proofs are omitted are well
known and can be found in most monographs about stochastic process theory
(see, for instance, [32]). Theorem 1.1 is proved in [114]. Interesting applications
of discrete-time linear systems corrupted by sequences of independent random
perturbations (often known as discrete-time white noise perturbations) and /or
Markovian jumping to model different real-life problems can be seen in [8-12,
27, 63, 83, 84] and their references.
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Discrete-time linear equations defined by
positive operators

In this chapter we study a class of discrete-time deterministic linear equations,
namely discrete-time equations defined by sequences of positive linear opera-
tors acting on ordered Hilbert spaces. As we show in Chapter 3 such equations
play a crucial role in the derivation of some useful criteria for exponential
stability in the mean square of the stochastic systems considered in this book.

The results proved in this chapter also provide some powerful devices that
help us to prove the existence of some global solutions, maximal solutions,
minimal solutions, and stabilizing solutions of a large class of nonlinear equa-
tions including Riccati-type equations.

We want to mention that the results of this chapter may be successfully
used to derive the solution of some control problems for deterministic posi-
tive systems with applications in economy, finances, biology, and so on. Such
applications exceed the purpose of this monograph.

2.1 Some preliminaries

In the first part of this section we recall several definitions concerning convex
cones and ordered linear spaces, and provide some basic results.

In the second part of this section we investigate the properties of the
Minkovski functional and we provide conditions under which such a functional
becomes a norm. The Minkovski norm plays a crucial role in our developments
in this chapter.

2.1.1 Convex cones

Let (X,] - |I) be a real-normed linear space. As usual, if X is a Hilbert space
we use | - |2 instead of || - ||

Definition 2.1
(a) A subset C C X is called a cone if:
V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 21
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(1)c+CccC.
(1i) «C C C for alla« € R, a0 > 0.
(b) A cone C is called a pointed cone if C()(—C) = {0}.
(¢) A cone C is called a solid cone if its interior IntC is not empty.

We recall that if A, B are two subsets of X and o € R, then A + B =
{z+ylr € Ay € B} and oA = {azx|x € A}.

It is easy to see that a cone C is a convex subset and thus we often say
conver cone when we refer to a cone. A cone C C X induces an ordering “<”
on X, by <y (or equivalently y > z) if and only if y — 2 € C. If C is a solid
cone then z < y (or equivalently y > z) if and only if y — z € IntC. Hence
C={ze Xz >0} and IntC = {z € X|z > 0}.

Definition 2.2 IfC 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 f € X* with the property
that f(z) >0 for all x € C.

Based on the Ritz theorem for representation of a bounded linear func-
tional 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,Vz € C},
where (-, ) is the inner product on X'.

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

Lemma 2.1 Let X be a real Banach space and C C X a solid convex cone.
Then C* is a closed and pointed cone.

Proof. Let ¢ € C*. Therefore there exists a sequence {¢r}r>1 C C* such
that limg—o pr(z) = @(z) for all x € X. For z € C we have p(z) =
lim,— ¢x(z) > 0. Hence ¢ € C* and C* is a closed set. To show that C*
is a pointed cone, we choose ¢ € C*((—C*). This leads to ¢(z) = 0 for all
x € C. We have to show that ¢(z) =0 for all x € X.

Let o € & be arbitrary. Let £ € IntC be fixed. For € > 0 small enough we
have that £ 4+ exg € C. Hence p(§ + exg) = 0. Because ¢(£) = 0 we conclude
that ¢(xg) = 0. Thus we obtain that C*((—C*) = {0} and the proof is
complete. O

In the finite-dimensional case we have the following.

Proposition 2.1 Let X be a finite-dimensional real Banach space and C C X
be a closed, pointed, solid, convexr cone. Then the dual cone C* is a closed,
pointed, and solid convex cone.

Proof. The fact that C* is a closed and pointed convex cone follows from
the previous lemma. It remains to show that IntC* is not empty. Applying
Theorem 2.1 [79] one deduces that there exists ¢ € C*, such that po(z) > 0
for all z € C{0}. Because X is a finite-dimensional linear space it follows that
S1 = {z € C|||z|]| = 1} is a compact set. Hence there exists 6 > 0, such that
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wo(x) > 26,Va € Sq. Consider the closed ball B(pg,d) = {¢ € X*|||¢ — ol <
0}. We show that B(gp,0) C C*. If ¢ € B(go,d) then |p(x) — @o(x)| < 4,
Vo € X, with ||z|| = 1. Particularly, for = € S7 we have ¢(x) — po(x) > —0.
Hence o(z) = @o(z) + (p(x) = ¢o(r)) = 20 — 6 = 0.

Thus we have proved that ¢(x) > 6||z|| for all z € C{0} and for all ¢ €
B(po,0). Hence B(pg,d) C C* that means ¢ € IntC* and thus the proof is
complete. O

In the last part of this subsection we recall (see [77]) the following.

Definition 2.3 A cone C C X is a regular cone if for all sequences
{zt}i>1 C X that satisfy x1 > xg > -+ > x > --- > y for somey € X
not depending upon t, then there exists x € X such that lim;_  ||x; — x| = 0.

Ezample 2.1 Let X = R" and C = R/} where R} = {2z = (21,22, ... o)t €
R"z; > 0,1 < i < n}. In this case C is a closed, solid, pointed, selfdual,
regular convex cone. The ordering induced on R™ by this cone is known as
componentwise ordering.

The next result follows immediately from Lemma 1.8 and Theorem 1.12
in [77].

Proposition 2.2 If X is a real Banach space and C € X is a closed, pointed,
and solid convez cone then the dual cone C* is regular.

Corollary 2.1 If X is a real Hilbert space and C C X is a closed, pointed,
solid, and selfdual convex cone then C is a regqular cone.

2.1.2 Minkovski seminorms and Minkovski norms

Let X be a real normed linear space. Let C C & be a solid convex cone.
Assume that C # X. This means that 0 & IntC. Let £ € IntC be fixed. Denote
by B¢ the set defined by Be = {z € X| — ¢ <z < {}. It is easy to see that

Be = (& — IntC) |(—¢ + IntC). (2.1)

From (2.1) one deduces that B is an open and convex set. For each z € X,
we denote 7 (z) = {t € R|t > 0,(1/t)x € B¢}. Because B is an open set
and 0 € B it follows that 7 (z) is not empty for all x € X. The Minkovski
functional associated with the set B is defined by

|z|e = inf 7 (z) (2.2)

for every x € X.
The next theorem collects several important properties of the Minkovski
functional.
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Theorem 2.1 The Minkovski functional introduced in (2.2) has the proper-
lies:
(i
(13
(i1
(v
(v
(vi
(vit
(viii

|z|e > 0 and |0[¢ = 0.

laz|e = |a||z|e for alla € R,z € X.

|z]e <1 if and only if x € Be.

[z +yle < [zl + [yle for allz,y € X.

There exists 5(§) > 0 such that |z|e < B(§)||x|,Vx € X.

|z|e =1 if and only if x € 0Bg, 0B¢ being the border of the set Bg.
|z|¢ <1 iff v € Be where B¢ = B |J 0Bk.

If C is a closed, solid, convex cone then By = {x € X| — £ <z <&}
(iz) [{le = 1.

(x) The set T (x) coincides with (|z|¢, 00).

(xi) If x,y, 2z € X are such that y < x < z then |z|¢ < max{|yle,|2|e}.

N e

Proof. (1) follows immediately from the definition of | - |¢.

(i7) Let o > 0 be fixed. It is easy to see that t € 7 (ax) iff =1t € T (x).
This leads to 7 (ax) = o7 (x). Taking the infimum, one concludes that |az|s =
afzle = |of|zle.

On the other hand = € B¢ iff —x € Be. This allows us to deduce | —z|¢ =
|z|¢. Let a < 0 be fixed. We have |az|¢ = | — |a|z|¢ = [|a|z|¢ = |a||z]e and
thus one obtains that (i¢) holds.

(731) Let © € X be such that |x|¢ < 1. This means that there exists ¢ € (0,1)
such that —t < x < ¢, hence, —§ < x < ¢, therefore x € Be. Conversely
let # € B¢. Based on the continuity at ¢ = 1 of the function ¢t — (1/t)z we
obtain that there exist ¢; € (0,1) such that (1/t;)x € Be. Hence, in this case
we have 7 (z)((0,1) # ¢. This leads to |z|¢ < 1 and thus (ii7) is true.

To prove (iv) it is enough to show that if 7 > |z|¢ + |y|e then 7 > |z + yle.
Let 7 > |z]¢ + |y|e and define ¢ = J(7 — |z]¢ — [yl¢). Let 71 = e + |z,
T2 =€ + |y|e. We have

T+ T2 =T, T1 > |2, T2 > |yle (2.3)

1 T1
p— 2.4
T($+y) ot Ty (2.4)

T2
-
where 21 = (1/71)x, y1 = (1/72)y. From (2.3) and (¢i7) we deduce that z1,y; €
B¢. Because By is a convex set and (71/7) + (72/7) = 1 we get, using (2.4),
that (1/7)(z 4+ y) € Be.

Invoking (#i) again we have |(1/7)(x + y)|e < 1. Applying (i7i) we have
|z 4+ y|e < 7 and thus (iv) is proved.

(v) € € IntC, thus it follows that there exists 6(¢) > 0 such that the ball
B(E,4(6)) < IntC, with B(E,6(€)) = {x € X|z — €] < 5(6)}.

Let € X,z # 0. Because £ = 6(§)z/||z| > 0, one obtains that
(0(&)x)/||z|| € Be. From (iii) we have |6(§)(z/||x]|)|e < 1. Using (it) we deduce
lz|e < B(E)||z| for all z € X, with B(£) = 61(&); thus (v) is proved.
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(vi) Let x € X with |z|¢ = 1. This means that there exists a sequence
{tk}kZI with ¢, > 1, limg ooty = 1, and (l/tk)x S BE' From » =
limy—o0 (1/t)x one obtains that € Be. Based on (iii) * & Be. It follows
that x € 0Bk.

To prove the converse inclusion we choose x € 0B¢ and assume that
|z|e > 1. Set ¢ = |z]¢ — 1. Let V be the open ball; V = {y € X|||ly — z| <
e/(B(€))} where (&) is the constant from (v). Because z € 0B¢ it follows
that there exist y € B¢()V; this means that ||y — z| < &/(8(€)). From
(i4i) one gets that |y|¢ < 1. Combining (i7), (iv), and (v) one obtains succes-
sively € < [z]e — |yle < [z —yle < B(E)llz — yll < e which is a contradiction.
Hence |z|¢ < 1. On the other hand, because Be is an open set we have that
Be(0B¢ = (. This means that = ¢ Be. Hence |z|¢ > 1. Therefore |z|¢ = 1
and (vi) is proved.

(vii) It follows from (¢i7) and (vi).

(viii) Let & € Be. From (vii) we have |z|¢ < 1. If [z|¢ < 1 then z € B¢
which is equivalent to —§ < z < &, implying —¢ < x < £ If |z|¢ = 1 then
there exists a sequence {ty }r>1,tx > 1,limy, o0ty = 1 and (1/ty)z € Be. This
means that £ + (1/t;)z € C.

Taking the limit for ¥ — oo and taking into account that C is a closed
set we conclude that £ + = € C; this is equivalent to —¢ < x < £. Conversely,
if x € X, is such that —¢ <z <, then for all t > 1 we have —t < x < t€.

This means that (1/t)x € Be. Taking the limit for t — 1 we get = € B.

(iz) It follows from (vi).

(x) Let t € (|x|¢, 00). This is equivalent to |(1/t)z|¢ < 1. Hence (1/t)z €
B¢. This means that t € 7 (x). Thus we have proved that (|z|¢,00) C 7 (z).
To prove the converse inclusion we choose t € T (x); that is, (1/t)x € Be.
From (i¢) and (ii7) we have |z|¢ < t; that is, ¢t € (Jz|¢, 00).

(zi) Let x,y,2 € X be such that y < x < z. Let us assume that
max{|yle, |z|¢} < |z|e. Let t be such that:

max{[yle, |zle} <t < |2[e. (2.5)

Based on (), it follows that ¢ € T (y) ()7 (z). This means that - < (1/t)y < &
and —¢ < (1/t)z < & This leads to

1 1 1
< y< x< z2<
<, y= o= 2<¢

and it follows that ¢t € 7 (z). Invoking (z) again one deduces that ¢ > |z|¢
which is a contradiction to (2.5) and thus the proof ends. O

From (%), (i), and (iv) of the previous theorem it follows that the Minkovski
functional defined by (2.2) is a seminorm.

The next theorem provides a condition which ensures that the seminorm
(2.2) is just a norm.
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Theorem 2.2 If Be is a bounded set then the Minkovski seminorm |-|¢ defined
by (2.2) is a norm. Moreover there exists ce > 0 such that ||z|| < agl|z|e for
all v € X.

Proof. To prove that |-|¢ is a norm we have to prove that if |z|¢ = 0 then z = 0.
If |z]¢ = O then, from (z) of Theorem 2.1, we have that 7 (z) = (0, co). Hence,
for all £ > 0 we have (1/t)x € Be. Because Be is a bounded set it follows that
1(1/t)x]] < o, with o > 0 not depending upon x and ¢ but possibly depending
upon &. This leads to ||z|| < at. Taking the limit for ¢ — 0 one obtains that
x|l = 0, hence x = 0. To check the last assertion in the statement we choose
x € X,z # 0. Invoking (z) again, we obtain that for all

1 z

t € (1,00), € Be.

t|zfe

From the boundedness of B¢ one obtains that ||z|| < a|z|s and thus the proof
is complete. O

Corollary 2.2 Assume that X is a finite-dimensional real Banach space.
Assume also that C C X is a solid cone, C # X. If & € IntC then the fol-
lowing are equivalent.

(1) The Minkovski seminorm |x|¢ is a norm.
(#3) Be is a bounded set.

Proof. (ii) — (i) follows from Theorem 2.2. Suppose (i) holds. Because X is
a finite-dimensional Banach space there exists a > 0 (depending on &) such
that ||z| < az|e for all x € X. Now if x € Be then |z|¢ < 1, hence [|z| < o
that is, B¢ is a bounded set. D

In the sequel we provide a sufficient condition which guarantees that | - |¢
is a norm for all £ € IntC.
To this end we introduce the following.

Definition 2.4 We say that the || - || is monotone with respect to the cone C
if from 0 < a <y it follows that ||z| < |ly]|-

Proposition 2.3 If || - || is monotone with respect to the cone C then for all
¢ € IntC the set B is bounded.

Proof. Let £ € IntC be fixed. If x € B¢ we have —¢ < x < § or equivalently
0 < &4z < 28 Hence ||z +£&]|| < 2[[£]|. This leads to ||z|| < 3||¢|| and thus the
proof is complete. O

Furthermore we prove the following proposition.

Proposition 2.4 If X is a real Hilbert space and C C X is a cone then the
following are equivalent.
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(i) The norm | - |2 is monotone with respect to C.

(i7) C C C*.
Proof. (i) — (ii). Let 2 € C. It is easy to see that 0 < x <z + (1/k)y, for all
y € C and k > 1. If (i) is fulfilled then |x|3 < |z + (1/k)y|3 which is equivalent
to 2(z,y) > —(1/k)[yl3.

Taking the limit for & — oo we obtain that (x,y) > 0 for all y € C. This
means that x € C*, hence C C C*.

To prove the converse implication let x, y € X be such that 0 < z < y. This
means that both y—x and y+x are in C. If (i4) is fulfilled then (y—x, y+x) > 0.
This is equivalent to (|y|2)? > (|2]2)? which shows that (i7) — (i) holds. Thus
the proof is complete. O

Remark 2.11f X is a real Hilbert space such that the norm |z|2 is monotone
with respect to the cone C C X then C is a pointed cone. Indeed if both
x € C and —x € C then based on (i) — (ii) of Proposition 2.4 one obtains
that (—x,z) > 0 which leads to (x,x) = 0. Hence = 0. This shows that

cN(=C) ={o}.

The next two examples show that the monotonicity of the norm || - || is
only a sufficient condition for B¢ to be a bounded set for all £ € IntC.
Example 2.2 Let X = R? and the cone

C={(z,y)T €eR?lz >0,y <z} (2.6)

It is easy to verify that for all ¢ € IntC, B¢ is a bounded set. On the other
hand, the dual cone is given by C* = {(u,v) € R*|u > 0, —u < v < 0}.

Hence C* C C. From Proposition 2.4 we deduce that the Euclidian norm
on R? is not monotone with respect to the cone C defined by (2.6).

Example 2.3 Let X = R? and the cone C be defined by:
C={(x,y,2)" €R*lz >0,y <=, |2| <z} (2.7)

It can be verified that for each { € IntC, B¢ is a bounded set. On the other
hand the dual cone C* is described by C* = {(u,v,w)?T € R?u > 0, |v| +
|w| < wu}. Obviously C* C C. Again applying Proposition 2.4 we deduce that
the Euclidian norm on R? is not monotone with respect to the cone (2.7).

2.2 Discrete-time equations defined by positive linear
operators on ordered Hilbert spaces

2.2.1 Positive linear operators on ordered Hilbert spaces

In this subsection as well as in the following X is a real Hilbert space ordered
by the ordering relation “<” induced by the closed, solid, selfdual, con-
vex cone XT. Because X1 is a selfdual convex cone from Lemma 1.8 and
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Theorem 1.12 [77] it follows that X' is a regular cone and from Remark 2.1
and Proposition 2.4 it follows that X'T is a pointed cone.

Based on Proposition 2.2 one deduces that if X is a finite-dimensional
real Hilbert space it is enough to assume that X' is a closed, pointed, solid,
convex cone in order to be sure that it is also a regular cone.

From Proposition 2.4 one obtains that |- |5 defined by

jal> = ({z, )"/ (2.8)

is a monotone with respect to X*.
An example of infinite-dimensional real Hilbert space ordered by a closed,
pointed, solid, selfdual, convex cone is given by the following.

Ezample 2. Let X = (*(Z,,R), where (*(Z,R) = {x = (20,21, ... Tn,...)|
z; € R,Y.7° 22 < oo}. On X we consider the usual inner product (x,y)e2 =
ZZO TiY; forall x = {xi}izo, Yy = {yi}izo. We set X+ = {X = {xi}i20|x0 > 0,
Yoo x? < x3}. It is easy to see that X' is a closed, pointed, convex cone.
In the finite-dimensional case the analogue of this cone is known as a circular
cone.

The interior IntX ™ = {x = {z; };>0|z0 > 0,> 10, #? < x3}. It remains to
prove that X' is selfdual.

Let y € (X1)*. Hence

(X,¥)e2 >0 (2.9)

for all x = {z;};>0 € X". In particular, taking in (2.9) x = {1,0,0,0} one
obtains y > 0. It is easy to verify that if yo = 0 then y, = 0 for all t > 1.
Because yg > 0 it is obvious that if y; = 0 for all ¢ > 1 we have y € X'T.
Suppose now > oo, y? > 0. We take X = {Z; };>¢ defined by

X0 = Yo, Ti = —YYiYo (2.10)

with v = (3272, ¥2) /2. Obviously x € X'*.

Replacing (2.10) in (2.9) one gets > p-, y7 < y3 which shows that y € X™.
Thus it was shown that (XT)* C X'+,

Let now y = {y;}iz0 € XT. We have to show that (2.9) holds for all
x € X*. Indeed for x € X we have (Y po, 2pyr)? < Dopey T Dopey Vi <
z3yd which leads to | Y77, zryx| < woyo. This is equivalent to —zoyy <
220:1 Tryr < zoyo which shows that (2.9) is fullfiled. Thus it was proved that
XT C (XT)*. This shows that X7 is selfdual.

Let £ € IntX'™ be fixed; we associate the Minkovski functional |- |¢ defined
by (2.2). Based on Theorem 2.2 and Proposition 2.3 it follows that | - |¢ is a
norm on X. Moreover, from Theorem 2.1(v) and Theorem (2.2) we deduce
that | - |¢ is equivalent to | - |2 defined by (2.8). Hence (X, |- |¢) is a Banach
space. Moreover | - |¢ has the properties:
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Py If z,y,z € X are such that y <z < z then

|zl < max{lyle, |2le} (2.11)
P,. For arbitrary « € X with |z|¢ <1 it holds that
—¢<a<¢ (2.12)
and ¢l = 1.

If Y is a Banach space, T : ) — ) is a linear bounded operator, and | -| is
a norm on Y, then ||T'|| = sup|,<; [T'7| is the corresponding operator norm.

Remark 2.2

(a) Because |-|¢ and |-|2 are equivalent, then ||-||¢ and ||-||2 are also equivalent.
This means that there are two positive constants ¢; and co such that
allT)le < |72 < e2||T||¢ for all linear bounded operators T : X — X.

(O)If T* : X — X is the adjoint operator of T with respect to the inner
product on X, then ||T||2 = [|7%||2. In general the equality |T']|¢ = ||7||¢
is not true. However, based on (a) it follows that there are two positive
constants ¢, ¢ such that

allTlle < [T |le < EofT]e- (2.13)

Definition 2.5 Let (X, XT) and (Y,YT) be ordered wvector spaces.
An operator T : X — )Y is called positive, if T(XT) C Y. In this case
we write T > 0. If T(IntX™T) C IntY+ we write T > 0.

Proposition 2.5 If T : X — X is a linear bounded operator then the following
hold.

(1) T >0 if and only if T* > 0.
(i) 1 T > 0 then |T]¢ = |T€]c.

Proof.

(i) is a direct consequence of the fact that X7 is a selfdual cone.
(¢¢) If T > 0 then from (2.12) we have —T¢ < Tx < T¢. From (2.11) it follows
that |Tx|e < |T¢|e for all x € X with |x|¢ < 1 which leads to

sup |Tale < |T€|e < sup [Tafe
|z[e<1 |z[e<1

hence ||T||¢ = |T¢|¢ and thus the proof is complete. O
From (i7) of the previous proposition we obtain the following.

Corollary 2.3 Let Ty, : X — X,k = 1,2 be linear bounded and positive oper-
ators. If Tv < Ty then | T1]le < || T2¢.
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Ezample 2.5 (i) As in Example 2.1 we take X = R"™ ordered by the order
relation induced by the cone R’. If T : R® — R" is a linear operator then
T > 0 iff its corresponding matrix A with respect to the canonical basis on
R™ has nonnegative entries. For ¢ = (1,1,1,...,1)” € Int(R") the norm |- |¢
is defined by

fole = max [z (2.14)
The properties Py and P2 are fulfilled for the norm defined by (2.14). The
ordered space (R"™, R}) is considered in connection with the Perron-Frobenius
theorem.

(74) Let X = R™*™ be the space of m x n real matrices, endowed with the
inner product

(A, B) = Tr(BT A), (2.15)

VA, B € R™*" Tr(M) denoting as usual the trace of a matrix M.
On R™*™ we consider the order relation induced by the cone X+ = R,
where

RTxn ={AeR™"|A= {aij},ai; > 0,1 <i<m,1<j<n} (2.16)

The interior of the cone R’"*™ is not empty. Let A be an element of the dual
cone (RY™")*. This means that (A, B) > 0 for arbitrary B € RY'™". Let
E% € RT*™ be such that BV = {ej]} 1, with e = 0 if (I,k) # (4, 7), ej = 1
if (I,k) = (4,7). We have 0 < (A, E”) = aj; which shows that A € R}"™"
and it follows that the cone (2.16) is selfdual. On R™*™ we also con81der the
norm | - |1¢ defined by

A max s 2.17
£ = J

Properties Py and Pg are fulfilled for norm (2.17) with

1 1 1 ...1
E=| ..o ..o oo eIntRT
1 1 1 ...1

An important class of linear operators on R™*" is that of the form
Lap : R™" — R™"™ by LagY = AYB, for all Y € R™*" where
A e R™™ B € R™™ are given fixed matrices. These operators are often
called “nonsymmetric Stein operators”. It can be checked that £4 p > 0 iff
aijbi, > 0,Vi,j € {1,...,m},l,k € {1,...,n}. Hence L4 p > 0 iff the matrix
A® B defines a positive operator on the ordered space (R™", R}'") where ®
is the Kronecker product.

(7i1) Let S, € R™ ™ be the subspace of n X n symmetric matrices. Let
X=85,®885,® &S, =8Y with N > 1 fixed. On SY we consider the inner
product
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N

(X,Y) =) Tr(YiX;) (2.18)
i=1

for arbitrary X = (X1, Xa,...,Xy) and Y = (Y1,Ys,...,Yy) in SY. The
space S is ordered by the convex cone

ST ={X = (X1,X2,..., Xn)[X; 20,1 <i < N} (2.19)
The cone SY'* has the interior nonempty.
IntSN*+ = {X € SN|X; >0,1<i< N}

Here X; > 0, X; > 0, respectively, means that X; is a positive semidefinite
matrix, positive definite matrix. One may show that SY:* is a selfdual cone.

Together with the norm | - | induced by the inner product (2.18), on S¥
we consider the norm | - |¢ defined by

_ . — N
‘X|g—11§niaé}§v|X,|, VX (Xl,...,XN) ESn R (220)

where | X;| = maxyc,(x,) |\, 0(X;) being the set of eigenvalues of the matrix
X;. For the norm defined by (2.20) the properties P1 and Py are fulfilled with
¢=Up, In,...,I,)=J €SN

An important class of positive linear operators on SV is thoroughly inves-
tigated in Section 2.5. The operators considered in Section 2.5 contain as a
particular case the symmetric Stein operators.

2.2.2 Discrete-time affine equations

Let L = {Lx}r>k, be a sequence of linear bounded operators £y : X — X
and f = {fx}r>k, be a sequence of elements f;, € X. These two sequences
define two affine equations on X:

Tr41 = Lrag + [ (2.21)

which is called the “forward” affine equation or “causal affine equation”
defined by (L, f) and

g = LpTrg1 + frs (2.22)

which is called the “backward affine equation” or “anticausal affine equation”
defined by (L, f). For each k > 1 > kg let T'(k,1)° : X — X be the causal
evolution operator defined by the sequence L, T'(k,1)¢ = Lx_1Lk—o--- Ly if
k>1land T(k,1)° = Iy if k =, Iy being the identity operator on X.

For all kg < k <I,T(k,1)*: X — X stands for the anticausal evolution
operator on X defined by the sequence L; that is,

Tk, )" = LxLrsr- L1
it k<l and T(k, 1) = Ty if k = L.
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Often the superscripts a and ¢ are omitted if there will be no confusion.
Let & = T'(k, 1)z, k > 1,1 > ko be fixed. One obtains that {Zj }x>; verifies
the forward linear equation

Th+1 — Ekxk (2.23)

with initial value z; = x. Also, if yr, = T'(k,1)*y, ko < k < [ then from the
definition of T}, one obtains that {yx}r,<r<: is the solution of the backward
linear equation

Yk = LkYr+1 (2.24)

with given terminal value y; = y.

It must be remarked that, in contrast to the continuous-time case,
a solution {zy}r>; of the forward linear equation (2.23) with given initial
values z; = x is well defined for k& > [ whereas a solution {yx}r<; of the
backward linear equation (2.24) with given terminal condition y; = y is well
defined for kg < k <.

If for each k, the operators L; are invertible, then all solutions of the
equations (2.23), (2.24) are well defined for all k > k.

If (T'(k,1)°)* is the adjoint operator of the causal evolution operator
T(k,1)¢ we define

= (T(k, 1))z,  Vko <1<k

By direct calculation one obtains that z; = £]2;+1. This shows that the
adjoint of the causal evolution operator associated with the sequence L gene-
rates anticausal evolution.

Definition 2.6 We say that the sequence L = {Ly}r>k, defines a posi-
tive evolution if for all k > | > ko the causal linear evolution operator
T(kl)¢ > 0.

Because T(1 4 1,1)° = L; it follows that the sequence {Ly}i>k, generates
a positive evolution if and only if for each k > ko, Ly is a positive operator.
Hence, in contrast to the continuous-time case, in the discrete-time case only
sequences of positive operators define equations that generate positive evolu-
tions (see [37]).

The following result is straightforward and is used in the next sections.

Corollary 2.4 Let L = {L} }k>r,,i = 1,2 be two sequences of linear bounded
operators and T(k,l); be the corresponding causal linear evolution operators.
Assume that 0 < E}ﬂ < L’z for all k > ko. Under this assumption we have
T(k,1)2 > T(k,1); for all k > 1> k.

At the end of this subsection we recall the representation formulae of the
solutions of affine equations (2.21), (2.22).
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Each solution of the forward affine equation (2.21) has the representation:

k—1
o =Tk, 1) x + Y T(k,i+1)°f; (2.25)

i=l

for all kK > 1+ 1. Also, any solution of the backward affine equation (2.22) has
a representation

-1
g =T (kD) + > T(k,i)"fi, ko <k<l—1
i=k

2.3 Exponential stability

In this section we deal with the exponential stability of the zero solution of
a discrete-time linear equation defined by a sequence of linear bounded and
positive operators.

Definition 2.7 We say that the zero solution of the equation
Th+1 — Ekxk (2.26)

is exponentially stable, or equivalently that the sequence L = {Ly}k>k, gene-
rates an exponentially stable evolution (E.S. evolution) if there are 8 > 0,q €
(0,1) such that

1Tk Dlle < B, k>1> k, (2.27)

T(k,1) being the causal linear evolution operator defined by the sequence L.
Based on Remark 2.2, in (2.27) we may also consider the norm || - ||2. In the
case when Ly = L for all k, if (2.27) is satisfied we say that the operator
L generates a discrete-time exponentially stable evolution. It is well known
that L generates a discrete-time exponentially stable evolution if and only
if plL] < 1,p[] being the spectral radius. It must be remarked that if the
sequence {Lx}r>k, generates an erponentially stable evolution then it is a
bounded sequence.

In this section we derive several conditions that are equivalent to the expo-
nential stability of the zero solution of equation (2.26) in the case {Lx}r>k,-
Such results can be viewed as an alternative characterization of exponential
stability to the one in terms of Lyapunov functions.

Firstly from Proposition 2.5, Corollary 2.3, and Corollary 2.4 we obtain
the following result specific to the case of operators that generate positive
evolution.

Proposition 2.6 Let L = {Lk} x>k, and L' = {Li}i>k, be two sequences of
linear bounded and positive operators on X .
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(i) The following are equivalent.
(a) L(-) defines E.S. evolution.
(b) There exist 3 > 1,q € (0,1) such that |T(k,1)¢|le < Bq"~! for all

k>1> k.
(id) If L} < Ly for all k > ko and L generates an E.S. evolution, then L!
generates an E.S. evolution. O

We further prove the following.

Theorem 2.3 Let {L}r>0 be a sequence of linear bounded and positive
operators Ly : X — X. Then the following are equivalent.

(i) The sequence {Ly}r>0 generates an exponentially stable evolution.
(i7) There exists 6 > 0 such that Zf:ko |Tklle <6 for arbitrary k > ko > 0.
(¢i1) There exists § > 0, such that Zf:kl T(k,1)¢ < o0& for arbitrary
k> ki1 > 0,0 >0 being independent of k, k.
(iv) For arbitrary bounded sequence { fr} x>0 C X the solution with zero initial
value of the forward affine equation

Tip+1 = Lrxk + fr, k>0
18 bounded.

Proof. The implication (iv) — (i) is the discrete-time counterpart of Perron’s
theorem (see [97].) It remains to prove the implications (i) — (i) — (iii) —
(1v).
If () is true then (i7) follows immediately from (2.27) with 6 = /(1 — q).
Let us prove that

for arbitrary k > 1 > 0. If T}, ;& = 0 then from Proposition 2.5(ii) it follows
that ||Ty,||¢ = 0 and (2.28) is fulfilled. If T'(k,1)§ # 0 then from (2.12) applied
to x = (1/|T(k,1)¢|e)T (k,1)¢ one gets 0 < T'(k,1)€ < |T'(k,1)¢|¢€ and (2.28)
follows based on Proposition 2.5(it).

If (4i) holds then (iii) follows from (2.28). We have to prove that (iii) —
(iv). Let { fx}x>0 C & be a bounded sequence; that is, | fx|e < p, k > 0. Based
on (2.12) we obtain that —|f;|¢& < fi < |fil¢£ which leads to —pé < fi < pé
for all I > 0.

Because for each k > 1+ 1> 0,T(k,l+ 1) is a positive operator we have:

—uT(k, 1+ 1) < T(k, 1+ 1)fy < pT(k,1+ 1)¢

and
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Applying (2.11) we deduce that

k—1 k—1
STk I+1)fi| <p|d Tk 1+1)E
=0 13 =0 13

If (zi7) is valid we conclude by again using (2.11) that

k—1

> Tk 1+1)f,

=0

< ud, k>1

13
which shows that (iv) is fulfilled using (2.25) and thus the proof ends. O

We note that the proof of the above theorem shows that in the case of a
discrete-time linear equation (2.26) defined by a sequence of linear bounded
and positive operators the exponential stability is equivalent to the bounded-
ness of the solution with the zero initial value of the forward affine equation
i1 = Lrxy + &

We recall that in the general case of a discrete-time linear equation if
we want to use Perron’s theorem to characterize the exponential stability we
have to check the boundedness of the solution with zero initial value of the
forward affine equation x11 = Lrxy + fi for arbitrary bounded sequence
{fetr=0 C X.

Let us now introduce the concept of uniform positivity.

Definition 2.8 We say that a sequence {fi}k>k, C X is uniformly positive
if there exists ¢ > 0 such that fi, > c§ for all k > ko. If {fi}i>k, C X is
uniformly positive we write fr, > 0,k > ko. If —fr > 0,k > kg then we write
fk < 0, k? 2 ko.

The next result provides a characterization of the exponential stability,
using solutions of some suitable backward affine equations.

Theorem 2.4 Let {Li}r>k, be a sequence of linear bounded and positive
operators Ly, : X — X. Then the following are equivalent.

(i) The sequence {Ly}r>r, generates an exponentially stable evolution.
(i1) There exist f1 > 0,q € (0,1) such that |T*(k,1)|l¢ < Big" !, Vk >
1> k.
(iii) There exists 6 > 0, independent of k, such that >, T*(l, k)& < 6¢€.
(iv) The discrete-time backward affine equation

T = szk—o—l + & (2.29)

has a bounded and uniformly positive solution.
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(v) For arbitrary bounded and uniformly positive sequence {fr}i>r, C
IntX ™ the backward affine equation

xk = Lyxis1 + [k, k> ko (2.30)

has a bounded and uniformly positive solution.

(vi) There exists a bounded and uniformly positive sequence {fi}lr>r, C
IntX™ such that the corresponding backward affine equation (2.30) has
a bounded solution {Zy}r>k, C XT.

(vii) There exists a bounded and uniformly positive sequence {yr}r>k, C
IntX™ that verifies

Ezyk_g_l -y, <0, k > k. (231)

Proof. The equivalence (i) < (ii) follows immediately from (2.13). In a similar
way as in the proof of inequality (2.28) one obtains:

0< T, K)E < T )8 (2.32)

foralll > k> k.

If (i4) holds, then (i4i) follows immediately from (2.32) together with the
property that XT is a regular cone. To show that (iii) — (iv) we define
Yk = > op T*(1, k)Ek > ko. If (4ii) holds it follows that {y }x>0 is well defined.
Because yr = £+ L5 3,2, T*(I,k + 1) one obtains that y. > 0,k > ko
and {yx r>k, solves (2.29) and thus (iv) is true.

Let us prove now that (iv) — (iii). Let {xy}x>k, C IntX™" be a bounded
and uniform positive solution of (2.29); that is,

0 < pié <xp < ok (2.33)

for some positive constants p; independent of k. The solution {xj}r>r, has
the representation formula

-1
o =T, k)a; + Y T k)E

1=k
for all j > k+ 1 > kg. Because T*(I, k) > 0 we obtain

Jj—1

S T k) < . (2.34)

1=k

For each fixed k > ko we define z; = S27_ 1 T*(1, k)¢ for all j > k + 1. The
sequence {z;};>x+1 is monotone increasing. From (2.33) and (2.34) we obtain
that

£ < zj < pok
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Because X7 is a regular cone we may conclude that there exists

lim z; = > T*(1, k)¢ < pat
J]— 00 I—k
and thus (¢47) is valid.
Now we prove (iii) — (v). Let {fi}r>k, C IntX™ be a bounded and
uniformly positive sequence. This means that there exist v; > 0 such that

i€ < fi <k, VI > ko.
Because T*(1, k) > 0 one obtains 1 T*(I, k)¢ < T*(L, k) fi < voT*(1, k)€, VI >
k> ko. ‘
Furthermore we may write the inequalities: 116 < 11> 7_, T*(L, k)¢ <
T TR fi Svo > TH(L K)E < 1adE, 5 >k > ko. Because X' is a regu-
lar cone one concludes that the sequence {> 7_, T*(I,k)f1};>k is convergent.
We define @, = > ;= T*(I,k)fi,k > ko. One obtains that ) = f +
L3021 T*(1k 4+ 1) f; which shows that {Zj}x>k, is a solution with the
desired properties of equation (2.30) and thus (v) holds.
(v) — (vi) is obvious.
We prove now (vi) — (ii). Let us assume that there exists a bounded
and uniformly positive sequence {fj}r>k, C IntX" such that the discrete-

time backward affine equation (2.30) has a bounded solution {&y }g>g, C X™T.
Therefore there exist positive constants 7; such that

0 <& < fi<é
0 <& <@ <73 (2.35)

for all [ > ko. Writing the representation formula

Jj—1

B =T (j, k)3, + Y T*(1,k)fi

=k

and taking into account that T%*(j, k) > 0 if j > k one obtains

j—1
e <Y T (k)i <dr,  j—1>k> ko (2.36)
=k

Set yp = Y pon T*(l, k) fi,k > ko, Xt being a regular cone together with
(2.35), (2.36) guarantee that yj is well defined, and

7€ < Yk < 73é (2.37)

for all k > ko. Let k1 > ko be fixed. We define g = T*(k, k1)yk, k > k1.
Because T*(k, k1) > 0 one obtains that

T (k, k)€ < i < 45T (k, k)€ (2.38)
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for all k > k1. On the other hand we have g, = >_,°, T*(l, k1) f;. This allows
us to write
Urr1 — Uk = =T (k, k1) fr.
From (2.35) we get
Uk1 — e < —n T (k, k)€
Furthermore (2.38) leads to

b1 < (1 - “) e k>

Inductively we deduce
g < d Mg, Yk >k, (2:39)

where ¢ =1 — (v1/73),q € (0,1) (in (2.38) 3 may be chosen large enough so
that v3 > 71). Again invoking (2.38) we may write

T*(k,k‘l)f < 73qk—k1§7
gg!
which by (2.11) leads to |T*(k,k1)éle < (v3/71)¢" %,k > k1. Based on
Proposition 2.5(i1) we have

1Tk, k)l < 2=,
Y1

which means that (i¢) is fulfilled.

The implication (iv) — (vit) follows immediately because a bounded and
uniform positive solution of (2.29) is a solution with the desired properties of
(2.31). To end the proof we show that (vii) — (vi). Let {z; }i>k, C IntX™ be
a bounded and uniformly positive solution of (2.31). Define fk =2 — L} Zp41.
It follows that { fk}kaO is bounded and uniform positive, therefore {zj}r>o0
will be a bounded and positive solution of (2.30) corresponding to {fx }x>k,
and thus the proof ends. O

We remark that in the proof of Theorem 2.4 the fact that X't is a regular
cone was used in order to guarantee the convergence of several series in X.
The result proved in Theorem 2.3 does not use that XT is a regular cone.

The next result provides more information concerning the bounded solu-
tion of the discrete-time backward affine equations.

Theorem 2.5 Let {Li}r>k, be a sequence of linear bounded operators that
generates an exponentially stable evolution on X. Then the following hold.

(i) For each bounded sequence {fi}k>k, C X the discrete-time backward
affine equation

T = ;C;:.xk.l,-] + fr (2.40)
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has an unique bounded solution that is given by

Be=Y T*(Lk)fi, k> k. (2.41)

1=k
(1) If there exists an integer 8 > 1 such that Ly19 = Lk, frro = [fr for all
k then the unique bounded solution of equation (2.40) is also a periodic

sequence with period 6.
(tit) If Ly, = L, fr = [ for all k then the unique bounded solution of
equation (2.40) is constant and it is given by

F=Ix— L) f (2.42)

with Iy the identity operator on X.

(iv) If Ly are positive operators and {fi}k>k, C X is a bounded sequence
then the unique bounded solution of equation (2.40) satisfies T > 0 for
all k > kg.

Moreover if {fi}r>k, C IntX™ is a bounded and uniformly positive
sequence then the unique bounded solution {Zy} x>k, of equation (2.40) is also
uniformly positive.

Proof. (i) Based on (i) — (i) of Theorem 2.4 we deduce that for all k > ko
the series {>_7_, T*(l, k) fi}j>x is absolutely convergent and there exists § > 0
independent of k£ and j such that

J
> T k),

=k

<. (2.43)

3

Set Ty, = limj o Y1 T f1 = Y22, T*(1,k) fi. Taking into account the
definition of T'(1,k)* we obtain I = fr + Ly >, T*(LE+1)fi = fu +
L5 Zr+1 which shows that {Zj, }r>r, solves (2.40).

From (2.43) it follows that {Zj} is a bounded solution of (2.40). Let
{Zk } x>k, be another bounded solution of equation (2.40). For each 0 < k < j
we may write

J
B =T"(j + L, k)&j1 + Y T (LK) fi. (2.44)
1=k

Because {Lk}r>k, generates an exponentially stable evolution and {&x }r>k,
is a bounded sequence we have lim;_,o T*(j+ 1, k)&, 411 = 0. Taking the limit
for j — oo in (2.44) we conclude that &, = Y_,°, T*(l, k) f; = &), which proves
the uniqueness of the bounded solution of equation (2.40).

(13) If {Lx}e>ho, {frtre>k, are periodic sequences with period # then in
a standard way using the representation formula (2.41) one shows that the
unique bounded solution of equation (2.40) is also periodic with period 6.

In this case we may take that kg = —oco.
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(#i7) If L, = L, fr = f for all k, then they may be viewed as periodic
sequences with period § = 1. Based on the above result of (ii) one obtains that
the unique bounded solution of equation (2.40) is also periodic with period
0 =1, so it is constant. In this case & will verify the equation = = L*Z + f.

The operator £ generates an exponentially stable evolution therefore it
follows that p(£) < 1. Hence, the operator Iy — L* is invertible and one
obtains that Z is given by (2.42). Finally, if £ are positive operators the
assertions of (iv) follow immediately from the representation formula (2.41)
and thus the proof ends. O

Remark 2.3 From the representation formula (2.25) one obtains that if the
sequence { L }r>k, generates an exponentially stable evolution and { fi } x>k,
is a bounded sequence, then all solutions of the discrete-time forward affine
equation (2.21) with given initial values at time k = ko are bounded on the
interval [kg,00). On the other hand from Theorem 2.5(7) it follows that
the discrete-time backward equation (2.22) has a unique bounded solution
on the interval [kg, 00) which is the solution provided by the formula (2.41).

In the case of kg = —oo with the same techniques as in the proof of
Theorem 2.5 we may obtain a result concerning the existence and uniqueness
of the bounded solution of a forward affine equation similar to the one proved
for the case of backward affine equations.

Theorem 2.6 Assume that { L }kez is a sequence of linear bounded operators
which generates an exponentially stable evolution on X. Then the following
assertions hold.

(i) For each bounded sequence { fx } ez the discrete-time forward affine equa-
tion

Tp41 = Lrxg + [ (2.45)

has a unique bounded solution {Zj}rez. Moreover this solution has a
representation formula

k—1
gv= Y T(ki+1)f;, VkeZ (2.46)

l=—00

(i3) If { Lk Y kez, { fr trez are periodic sequences with period 6 then the unique
bounded solution of equation (2.45) is periodic with period 6.

(tid) If L, = L,fx = f,k € Z then the unique bounded solution of
equation (2.45) is constant and it is given by & = (Ix — L)1 f.

(iv) If { Lk }rez are positive operators and if { fr}rez C X, then the unique
bounded solution of equation (2.45) satisfies &, > 0 for all k € Z. More-
over, if fr > 0,k € Z then &, > 0,k € Z. O
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If {Li}rez is a sequence of linear operators on X we may associate a new
sequence of linear operators { L%} ez defined as follows.

L#p=L".

Lemma 2.2 Let {Ly}rez be a sequence of linear bounded operators on X.
The following assertions hold.

(i) If T(k,1)* is the causal linear evolution operator on X defined by the
sequence { L% }rez we have

T(k,D)#* =T*(—1+1,—k+1),

where T'(i,7) is the causal linear evolution operator defined on X by the
sequence { Lk} kez-

(ii) {L*k }rez is a sequence of positive linear operators if and only if { Ly} rez
s a sequence of positive linear operators.

(iii) The sequence {L%}}rez generates an exponentially stable evolution if
and only if the sequence {Lyp}rez generates an exponentially stable
evolution.

(iv) The sequence {xy}rez is a solution of the discrete-time backward affine
equation (2.40) if and only if the sequence {y trez defined by yr, = & _g41
is a solution of the discrete-time forward equation ypy1 = Ek#yk + [k,
keZ.

The proof is straightforward and it is omitted. O

The next result provides a characterization of exponential stability in
terms of the existence of the bounded solution of some suitable forward affine
equation.

Theorem 2.7 Let {L}rez be a sequence of positive linear bounded operators
on X. Then the following are equivalent.

(i) The sequence {Ly}rez generates an exponentially stable evolution.
(i7) There exists 6 > 0, independent of k such that

k

> T(kDE<E,  VEEZ.

l=—o00
(7i1) The forward affine equation
Tht1 = Lrxp + € (2.47)

has a bounded and uniformly positive solution.
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(iv) For any bounded and uniformly positive sequence { fr}rez C IntXT the
corresponding forward affine equation

Tr41 = Lrag + [ (2.48)

has a bounded and uniformly positive solution.

(v) There exists a bounded and uniformly positive sequence { fi } kez C IntX'™
such that the corresponding forward affine equation (2.48) has a bounded
solution T,k € Z C XT.

(vi) There exists a bounded and uniformly positive sequence {yg}rez that
verifies yr+1 — Lryr > 0.

The proof follows immediately combining the result proved in Theorem 2.4
and Lemma 2.2. (]

2.4 Some robustness results

In this section we prove some results that provide a “measure” of the
robustness of the exponential stability in the case of positive linear opera-
tors. To state and prove this result some preliminary remarks are needed.

So, ¢>°(Z,X) stands for the real Banach space of bounded sequences of
elements of X. If z € (*°(Z, X) we denote |z| = suppez |k |¢.

Let £°°(Z, X)) C £°°(Z, X) be the subset of bounded sequences {z }rez C
XT. Tt can be checked that ¢>°(Z, X ") is a solid, closed, convex cone. There-
fore, £°°(Z, X) is an ordered real Banach space for which the assumptions of
Theorem 2.11 in [30] are fulfilled.

Now we are in position to prove the following.

Theorem 2.8 Let {Ly;}rez, {Gk trez be sequences of positive linear bounded
operators such that {Gi}trez is a bounded sequence. Under these conditions
the following are equivalent.

(1) The sequence {Li}rez generates an exponentially stable evolution and
plT] < 1 where p[T] is the spectral radius of the operator T : £*°(Z, X) —
(>°(Z,X) by

k—1
y=Tz, ye= » T(k1+1)Ga, (2.49)

|=—0o0

T(k,1) being the linear evolution operator on X defined by the sequence

{Lr}rez-
(i) The sequence {Lx + Gk }rez generates an exponentially stable evolution

on X.
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Proof. (i) — (i) If the sequence {Lk}rez defines an exponentially stable
evolution, then we define the sequence {fx}rez by {Lk}rez,

k—1

fo=>" T(k,1+1). (2.50)

l=—00

We have f, =&+ Z;:_QOO Ty 1+1& which leads to fi, > & thus fi € IntX™ for
all k € Z. This allows us to conclude that f = {fx}rez € Intl>(Z, XT).

Applying Theorem 2.11 [30] with R = —Iy~ and P = 7 we deduce that
there exists x = {zk }rez € Intf>(Z, XT) which verifies the equation:

(I —T)(@) = f. (2.51)

Here Iy stands for the identity operator on ¢°°(Z,X’). Partitioning (2.51)
and taking into account (2.49)—(2.50) we obtain that for each k € Z we have:

k k
wpp1 =y T+ 11+ DGz + Y T(k+1,1+1).

l=—o00 l=—00

Furthermore we may write:

k—1 k—1
T =Gk +E+ Le Y T(h 1+ 1)Ga + Ly, Y T(k,1+1)¢
l=—00 l=—o00

= Grag + &£ + Lrxy.
This shows that {xy}rez verifies the equation
Tpr1 = (Lg + Gr)zp + & (2.52)

Because L, and Gy, are positive operators and z > 0, (2.52) shows that 23 > &.
Thus we get that equation (2.47) associated with the sum operator Lj + G,
has a bounded and uniform positive solution. Applying implication (iii) — (i)
of Theorem 2.7 we conclude that the sequence {L; + Gi}rez generates an
exponentially stable evolution.

Now we prove the converse implication.

If (i7) holds, then based on the implication (i) — (iii) of Theorem 2.7
we deduce that equation (2.52) has a bounded and uniform positive solution
{Zk }rez C IntXT. Equation (2.52) verified by &) may be rewritten as

Tkp1 = Lidn + fr, (2.53)
where f, = Grip + &,k € Z, fp > &,k € Z. Using the implication (v) — (@)

of Theorem 2.7 we deduce that the sequence Lj generates an exponentially
stable evolution. Equation (2.53) has an unique bounded solution which is
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given by the representation formula (2.46), therefore we have Zj = f:__loo
T(k1+1)f1,k€Z,
k-1 k-1
Be= Y T(k1+1)G3+ > T(k1+1). (2.54)
l=—00 l=—00
Invoking (2.49) the equality (2.54) may be written:
i=Ti+3, (2.55)

where § = {Gi }kez, Jr = ;:_100 T(k,141)¢. Tt is obvious that g > ¢ for all

k € Z. Hence g € Intl>(Z, X).
Applying implication (v) — (vi) of Theorem 2.11 in [30] for R = —Ip
and P = 7 one obtains that p[7] < 1 and thus the proof is complete. O

In the time-invariant case one obtains the following version of Theorem 2.8.

Theorem 2.9 Let L : X — X, G : X — X be linear bounded and positive
operators.
Then the following are equivalent.

(1) p[£] < 1 and p[(Ix — L)7'G] < 1.
(i1) p[C + G] < 1.

Proof. If (i) holds, then based on (iii), (iv) of Theorem 2.6 we deduce that
(Iy — £)71¢ € Int X+,

Applying (vi) — (i) in Theorem 2.11 [30] for R = —Iy and P = Iy —
L£71G one obtains that there exists # € IntX+ which verifies

i=[Ix - L]7'G + [Ix — L] 7€,

which leads to Iy — LT = GT + &.
Therefore we obtain that the equation

ZTpp1 = [L+ Glag + & (2.56)

has a bounded and uniform positive solution {Zy }rcz, namely &, = & for all
keZ.

Applying (iit) — (i) of Theorem 2.7 one obtains that the operator £ + G
generates a discrete-time exponentially stable evolution which shows that the
implication (i) — (i7) is valid. Let us prove the converse implication. If (i7)
holds then based on the implication (i) — (i) of Theorem 2.7 we obtain
that equation (2.56) has a bounded and uniform positive solution, &, k € Z.
Furthermore, from (7ii), (iv) of Theorem 2.6 we conclude that ) = & €
IntXt, for all k € Z. Hence & = L& + f, where f = Gi + £ € IntX.

Invoking again (iii) — (i) of Theorem 2.7 one gets that £ generates a
discrete-time exponentially stable evolution. We may write # = (Ixy — L)1 f
which leads to

i=(Ix—L)'Gi+ Ix — L)
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Because (Iy — £)71¢ € IntX™ then from (iv) — (vi) of Theorem 2.11 in [30]
we obtain that p[(Ix — £)7'G] < 1 which ends the proof of the implication
(73) — (7) and the proof is complete. O

In a similar way to that of the proof of Theorem 2.8 we may prove the
following result.

Theorem 2.10 Let {Lx}k>ko, {Gk >k, be two sequences of linear and posi-
tive operators on X such that {Gi}k>k, is a bounded sequence.
Then the following are equivalent.

(1) The sequence {Lx}r>k, generates an exponentially stable evolution and
plT* <1, where T : {>°[Zy,, X] — £>°[Zy,, X] by y = Tz,

ye =Y T (k)G i, k> ko, (2.57)
1=k

T(l, k) being the causal linear evolution operator defined by the sequence
Lk k>ko» Zo) C 2y Zyy = {k € Z]k > Ko}

(ii) The sequence {Ly + gk}kezko generates an exponentially stable evolution
on X.

The proof is made combining the results of the above Theorems 2.4 and
2.5, and Theorem 2.11 in [30]. O

2.5 Lyapunov-type operators

2.5.1 Sequences of Lyapunov-type operators

Consider the sequences { Ak (t,7) }+>0, and {p.(7, j) }1>0, where Ay (¢, i) € R"*"
and p(i,7) > 0, 4,5 € D,0 < k < r. We define the following operators
on SV (SY being the linear space introduced in Example 2.5(iii)), £;S =
(L£:S(1),...,L.S(N)) by

r N
LiS(i) =Y " pe(4, 1) An(t,§)S(G) AL (t, 5) (2.58)

k=0 j=1

foralli e D, t >0 and 4,8 = (A4,5(1),..., 4LS(N)),

r N
AS() =D pia (1) S ()AL (8, 9), (2.59)

k=0 j=1

t>1forallicD,S=(S(1),...,8(N)) € SN. Because p;(i,5) > 0 it follows
easily that £; > 0 for all t > 0 and A; > 0,¢ > 1. The operators £; and A; are
termed Lyapunov-type operators defined by the sequences {Ay(¢,4)}:>0 and
{P;}+>0 (P, is the matrix with the entries p;(7,5),1 <1i,j < N).
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Remark 2.4 The results concerning exponential stability for discrete-time
linear equations defined by the operators £; and A; are directly derived from
the results presented in Section 2.3. To this end we need that £; and A,
be positive operators on S2. This happens if p;(i,7) > 0. On the other hand
there are some results (e.g., Theorem 2.11, Corollary 2.5, Theorem 2.14) asking
for Z;\le pe(i,7) = 1. In those statements we assume that P; are stochastic
matrices.

In a standard way one obtains that the adjoint operators with respect to
the inner product (2.18) are given by £5S = (L5S(1),...,LiS(N)) with

r N
L7SG) =Y peli, ) AY (t,9)S(j) Ak (¢, 4) (2.60)

k=0 j=1

for all t > 0, and A7S = (A7S(1),..., A:S(N)) with

r N
A7SG) =" peoa (i )AL (6,5)S () Ax(t, ) (2.61)
k=0 j=1
forallt>1,i€D, S eSY.
For each t > s we define the linear operators T'(t,s) : S — SN, S(t,s) :
STILV — S,le by

Li 1Ly oL if t>5>0
T(t,s)= . (2.62)
Isrzl\l lf t=s
and
NNy Ay if t>s5>1
S(t,s)_{ o2 Iew if t—s (2.63)

The operators T (¢, s) and S(t, s) are the linear evolution operators on S
defined by the sequences {£;}+>0 and {A;}¢>1, respectively.
We have:

)
)

T*(t,s) = LIT*(t,s+ 1), t>s+1 (2.64)
)

Remark 2.5

(a) If there exists an integer 6 > 2 such that Ag(t+0,1) = Ag(t,1), 0 < k <r,
1 €D, Pyg =P, t €Z,t >0 then we have

T(t+mb,s+mb)="T(t,s), t>s>0m>1
S(t4 mb, s+ mb) = S(t, s), t>s>1,m>1.
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(0) If Ap(t,i) = Ap(i),0 <k <rieD, P,=PtecZt>0then L, = L,
t>0, A=A, and T(t,8) = L1775, S(t,s) = At~5.

The next result establishes a relationship between the linear evolution
operators T*(t, s) and S*(¢, s).

Theorem 2.11 If for all t > 0, P; are stochastic matrices then the following
hold.

(i)
[S°(t. ) Zps 16, )T (¢, 5)71(3) (2.65)
forallt>s>1,i€eD.
(i1)
[T (t,5)J](i) = kTOAﬂs,z‘)[S*(t, s+ 1)J](0) Ax(s. ). (2.66)

t>s+1,5s>0,i€D.

Proof (z) We prove (2.65) by induction with respect to s € {t,t — 1,
t—2,...,1}. If s = ¢, (2.65) holds because

N
> paa(ig) =1, (2.67)
j=1

Let us assume that (2.65) holds for s € {m + 1,m +2,...,t} for some m < ¢
and we prove that (2.65) still holds for s = m, i € D. Indeed, we have

[ (8, m)J1(0)
= [A5,8%(t,m + 1)J)(i)

r N
= 57 o1 (i, )AL ()8 (6 + 1)T)(G) Aw(m, )

k=0 j=1
N r N
= pm1(i,5) > A (m,j Z )T (t,m + 1).J)(1) Ak (m, ).
j=1 k=0 =1
Considering (2.60) and (2.64) one obtains:

- me, 1 1 .] t m)‘]](.])

which is just (2.65) for s =m
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(74) From (2.60) and (2.64) we may write

[T*(t, 8)J)(i) = [CET* (¢, 5 + 1)J] (i)
r N
= AL (5,0) Y pali, T (t, 5+ 1)J](5) Ar(s, 0)-
k=0 j=1

Using (2.65) we deduce

T

[T(t, 9)7)(i) = Y AL (5, 0)[S" (£, 5 + 1) J)() Ax (5, )

k=0
and thus the proof ends. O

Corollary 2.5 If for all t > 0, P, are stochastic matrices then we have
()
157, s)lle < N7, )¢ (2.68)

IT7(t s)lle < als)[S™(E, s+ 1, (2.69)
Vt > s+ 1,5 >0, where a(s) = max;ep{ Y r_q |Ax(s,7)|*}.

Proof. We recall that for any matrix M, |M| stands for the norm defined
by M| = [Amax(MTM)]*/2. Thus from (2.65) we have [[S*(t,s)J](i)] <

S Pac1 (i Tt 5)J](5)] < maxjep |[T*(t, $)7]()| S0y ps—1(i, §)- Invo-
king (2.67) and (2.20) one gets:

|S*(t, 8)J|e < |T*(t,s)] ¢ (2.70)

forallt > s> 1.

Under the considered assumptions we have that S*(¢,s) > 0 and T*(t, s) >
0. Applying Proposition 2.5(i7) we conclude that (2.70) is just (2.68). To prove
(2.69) we use (2.66) and obtain |[T*(t,s)J](i)| < [>j_o |Ak(s,9)][*] maxjep
[[S*(t,s + 1)J](j)|. This leads to |T*(t,s)J]|e < a(s)|S*(t,s + 1)J|¢ for all
t>s+1,5s>0.

The conclusion follows by again applying Proposition 2.5(i7) and thus the
proof ends. O

2.5.2 Exponential stability
Consider the discrete-time linear equations

Xep1 =L:Xy,  t>0 (2.71)
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and
X1 = A Xy, t>1. (2.72)

According to the definition given in Section 2.3 we say that the zero solution
of the equation (2.71), ((2.72), respectively) is exponentially stable if there
exist > 0 and ¢ € (0,1) such that

IT(t,5)]le < Bq""~? (2.73)
forall t > s >0 and
1S(t,s)]le < Bg'—*) (2.74)

for all £ > s > 1, respectively.

Because 82 is a finite-dimensional linear space in (2.73) and (2.74) any
other norm on SY may be used instead of || - ||¢.

If (2.73) ((2.74), respectively) holds we say that the sequence {£;};>¢ (or
{Ai}4>1, respectively) generates an exponentially stable evolution. It is well
known that in the time-invariant case, exponential stability is equivalent to
the fact that the eigenvalues of the operator £ (or the eigenvalues of the
operator A) are located inside the unit disk |z| < 1.

This may be checked, for example, by applying the Routh—-Hurwitz criteria
(see [7?760]) to the polynomials

fe=re (1))

x z+1

fo=n(:1).
fc and f4 being the characteristic polynomials of the matrices with respect to
the canonical base on SJ¥ associated with the operators £ and A. The degree
of these two characteristic polynomials is (Nn(n + 1))/2.

For the time-varying case, criteria for exponential stability of the zero
solution of the equations (2.71) and (2.72) (other than Lyapunov criteria) are
obtained from Theorem 2.4 in Section 2.3. So, applying Theorem 2.4 to the
sequence {L;};>¢ one obtains the following.

or

Theorem 2.12 Under the considered assumptions the following are
equivalent.

(1) The sequence {Li}i>0 generates an exponentially stable evolution.
(¢i) There exist > 0,q € (0,1) such that

1T (t, 5)lle < Bg"

for allt > s>0.
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(iii) There exists a bounded sequence {X;}i>0 C IntSN* solving the following
system of equations,

r N
=Y AL () pelis ) Xes1 () Akt i) + I (2.75)
k=0 =1

forallt > 0,7 € D.
(iv) There exists a bounded sequence {Y;}ir>0 C IntSYT, Y; > 0 and a posi-
tive scalar « that verifies the following system of inequalities,

r N
> ALt 1) _Z (i, §)Yerr () Ax (t,1) — i (i) < —aly, (2.76)

Vi€ D,t>0. O

Applying Theorem 2.4 to the sequence {A;};>1 one obtains the following
theorem.

Theorem 2.13 The following are equivalent.

(1) The sequence {Ai}i1>1 generates an exponentially stable evolution.
(i1) There exist 8> 0,q € (0,1) such that ||S*(t, )|l < Bg"*~%), Vt > s > 1.
(iii) There exists a bounded sequence {X;}i>1 C IntSNT wverifying the follow-
ing system of linear equations,

r N

D)= AL P (6 5) Xep1 () Ar(t, §) + I, (2.77)
k=0 j=1
VieD,t > 1.
(iv) There exists a positive scalar o« and a bounded sequence {Y;}i>1 C
IntSN* Y, > 0 verifying the following system of linear inequalities,

r N
DO AT P )Y () Akt §) = Yi(i) < —al,,  (2.78)

k=0 j=1
t>1,ieD. O

In the above results, Y; > 0 means that there exists § > 0 such that
Y; > 0J for all t. Based on Theorem 2.5 one obtains that if the sequences
{Ak(t,0) }i>0, {p1(i,j)}>0 are periodic sequences with period 6 then the
bounded solutions of (2.75) and (2.77), respectively, are periodic sequences
with the same period 6.

Moreover if the above sequences are constant then the bounded solutions
of (2.75) and (2.77), respectively, are constant.
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Thus we have the following.
Corollary 2.6 Assume that there exists an integer 0 > 2 such that
Ap(t+0,i) = Ag(t, 1), 0<k<r
pe+o(i, 7)) = pe(i,j) > 0, i,jeD, t>0.
Then the following are equivalent.

(i) The sequence {L;}i>0 generates an exponentially stable evolution.
(i) There exist positive definite matrices X¢(i), 0 < t < 0 — 1,4 € D that
verify the following system of linear equations,

r N
=Y AL(,4) Y peli, ) Xep1 () Ar(t, i) + In, (2.79)
k=0 j=1
0<t<6-—2,

N
Xo-1( ZAT — 1,4 Zpe 14, )Xo () Ar(0 — 1,7) + I,.

Corollary 2.7 Under the assumptions of Corollary 2.6 the following are
equivalent.

(1) The sequence {Ai}i1>1 generates an exponentially stable evolution.
(i) There exist positive definite matrices X4(i),1 <t < 60,1 < i < N that
verify the following system of linear equations,

r N
Xi(i) =YY peoalin DAL (6 5) X1 () Ak(t, 5) + I, (2.80)
k=0 j=1
1<t<6-1,
r N
Xp(i) =D po-1(i,5)AL(0,)X1(j)Ak(0,§) + I, i €D.
k=0 j=1

Corollary 2.8 Assume that Ay (t,i) = Ar(i), 0 < k <r, p:(i,5) =p(i,j) >0,
1,7 € D,t > 0; then the following are equivalent.

(i) The eigenvalues of the operator L are located in the inside of the unit disk
|z| < 1.

(i1) There exist positive definite matrices X (i),1 < i < N that verify the
following system of algebraic matrix equations,

T N
= ALY p(6 )X (ARG + I, i€D. (2.81)
k= Jj=1
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Corollary 2.9 Under the assumptions of Corollary 2.8 the following are
equivalent.

(1) The eigenvalues of the operator A are located inside the unit disk |z| < 1.
(i1) There exist positive definite matrices X (i),1 < i < N that verify the
following system of algebraic matrix equations,

r N
X(i)=>> p(i )AL ()X () Ar(j) + In,  i€D. (2.82)

k=0j=1
Remark 2.6

(a) It is easy to see that the systems (2.79), (2.80) contain 7 linear scalar
equations with 7 scalar unknowns, where 7 = (Nfn(n +1))/2.

(b) Each of the system (2.81), (2.82) contains 7 scalar linear equations with 7
scalar unknowns with 7 = (Nn(n + 1))/2. The solvability of these systems
with additional condition X (i) > 0, i € D may be viewed as an alternative
test (those based on Routh-Hurwitz criteria) for stability.

In the last part of this subsection we provide a result that establishes
a relationship between the property of generating an exponentially stable
evolution of the sequences {£;}1>0 and {A;}4>1.

Theorem 2.14 Assume that for each t > 0, Py is a stochastic matriz. Then
the following hold.

() If the sequence {L;}i>0 generates an exponentially stable evolution then
the sequence {A;}1>1 generates an exponentially stable evolution.

(43) If in addition {Ag(t, i)} >0, 0 <k <7, i € D are bounded sequences then
the sequence {L}1>0 generates an exponentially stable evolution if and
only if the sequence {A;}1>1 generates an exponentially stable evolution.

Proof.

(i) It follows immediately from (2.68) and the equivalences (i) <= (i) from
Theorem 2.12 and Theorem 2.13.

(#7) Under the assumption of (i) it follows that the sequence {a(s)}s>0 from
(2.69) is bounded. The equivalence from (i4) is straightforward. O

Remark 2.7

(a) If Zj\;l pe(i,7) = 1, from the second part of Theorem 2.14 it follows that
assertion (i7) of Corollary 2.6 is equivalent to assertion (i7) of Corollary 2.7
and assertion (ii) of Corollary 2.7 is equivalent to assertion (ii) from
Corollary 2.9.

(b) If { Ak (t,7) }+>0, are bounded sequences and P, are stochastic matrices then
assertions (7)—(iv) of Theorem 2.12 are equivalent to the assertions (i)—(iv)
of Theorem 2.13.
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The next two examples show that in the absence of the assumption con-
cerning the boundedness of the sequences {A(t,?)}+>0, it is possible that
the sequence {4, };>1 generates an exponentially stable evolution whereas the
sequence {L;};>¢ does not generate an exponentially stable evolution.

Ezample 2.6 Consider the Lyapunov-type operators (2.58), (2.59) in the parti-
cular case

N=2P= (} 8) , Ak(t,l) =0, Ap(t,2) =tl,.

Direct calculation shows that

(LeH)( ZZpt 5, 1) A(t, ) H ()AL (¢, §) = (1 + ) H(2)
k=0 j=1
(LeH)(2) =0,

H = (H(1),H(2)) € 82. Also (2.59) now gives (A,H)(i) =0,i= 1,2, H =
(H(1),H(2)) € §2. Therefore S(t,s) = 0 for all t > s > 1 and thus (2.74) is
fulfilled.

On the other hand we deduce that

IT(t+1,0)||e = |T(t+1,t)J]e = (1 +7),

which shows that lim; .o [|T'(t + 1,t)||¢ = +oo and therefore the sequence
{L:}+>0 does not generate an exponentially stable evolution.

Ezample 2.7 Consider the Lyapunov-type operators (2.58), (2.59) in the parti-
cular case n=2, N =2, r =1,

1 - 2t]«.+2 2t£»2
Pt = 1 1 )
1- 2t+2 2t+2
Ap(t,1) =0, Ap(t,2) = 2=D/4[,. We have (A H)(1) = 0,

(AH)(2) = 22)' ) () H@) = L () + H(2),
for all H = (H(1), H(2)).
It follows that [S(t, s).J](1) = 0. Furthermore, [S(s+1, 5).J](2) = (1/v/2)*~!
I> and

1 s—1 1 s+24s5+3+-4t 1 (t+s+1)(t—s)/4
S(t, $)J](2) = I, =2 I
snnn=(1)” ()" )

if ¢t > s+ 1. Because
t+s+1 < s+1 > 1

4 - 2 =
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ift > s+ 1,s > 1 one obtains

1 1

o(t+s+1)(t-5)/a = gi—s’ (2.83)

From Proposition 2.5(i7) together with (2.20) and (2.83) we obtain that

St 8)lle = [S(t,s)J|e < 2(1/2)'° for all ¢ > s > 1 which shows that

the sequence {4,};>1 generates an exponentially stable evolution.
Furthermore, one gets:

(Led) (i) = 224D 2)py(2,i) [, i =1,2.

Therefore

_ 1
I+ Lo)le = TG+ 1le > 20702 (1= L ).

Hence limy_,o ||T'(t + 1,%)||¢ = oo and thus we conclude that the sequence
{ﬁt}tzl does not generate an exponentially stable evolution.

Remark 2.81t is known that if the sequences {Li}i>0 or {A:}i>1
generate an exponentially stable evolution then those sequences are bounded.
Suppose now that the assumptions of Theorem 2.14 are fulfilled. From (2.60)
we have

(L0)(i) = Z At )T Aw(t ) € e, 0). (2.84)

k=0

The boundedness of the sequence {L;};>0 together with (2.13) and
Proposition 2.5(47) lead to the inequality

)\max(M(ty 7/)) S ﬂl (285)

with some 7 > 0 not depending upon (¢,7) where Ayax(-) stands for the
largest eigenvalue of a matrix. From (2.84) and (2.85) we conclude that if the
sequence {L;};>0 generates an exponentially stable evolution then

{Ak(t,i)}tzo, 1 E D, 0<k<r (286)

are bounded sequences. In a similar way we may deduce that if the sequence
{A;}4>1 generates an exponentially stable evolution then

{(VDia(i, ) Akt i)}ez1,  6,5€D,  0<k<r (2.87)

are bounded sequences.
This remark shows that the assumption from Theorem 2.14(ii) could be
replaced by a weaker one as the boundedness of the sequences (2.87).
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2.5.3 Several special cases

In the particular case N = 1,p;(1,1) = 1, the operators (2.58) and (2.59)
reduce to

LS = Z Ap(t)SAL(t) (2.88)
k=0

for all S € S,,, where Ay (t) = Ax(t, 1).
If Ag(t,i) =0,1 <k <r,t>0,i € D the operators (2.58)—(2.59) become:

(£9S) = ((£Y9)(1),..., (LIS)(N))
= ipt(jvi)AO(tJ)S(j)AoT(tJ) (2.89)

APS = ((A7S)(1),..., (A]S)(N))
(A98)(i) = Ao(t,i Zpt 17, 1)S ()AL (¢,4) (2.90)

for all S = (S(1),...,S(N)) € SN.

The sequence (2.88) is usually involved in the characterization of the expo-
nential stability in the mean square of discrete-time stochastic linear systems
of the form

z(t+1) = +2Ak wi(t) | (t).

The operators (2.89), (2.90) are related to the problem of exponential stability
in the mean square of discrete-time stochastic linear systems with Markov
switching:
z(t+1) = Ao(t,m)z(t).
From (2.58) and (2.89), (2.59) and (2.90), respectively, one can see that £, >
E?ZOforalltZOandAtZ/l?ZOforalltZ1.
From Corollary 2.4 one obtains that

T(t,s)>Tt,s)>0 (2.91)
for all ¢t > s and
S(t,s) > St,s) >0 (2.92)

forallt > s> 1.
TO(t,s) is the linear evolution operator on S defined by the sequence
{£%}>0 and S°(t,s) is the linear evolution operator on SY defined by

{AY}i>1
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In Chapter 4 we use the following Lyapunov-type linear operators con-
structed based on {Ay(¢,7) }+>0 and {P, }4+>0. Thus for each ¢ € D we consider
the operator L;; : S, — S, by

k=0

forall S e S,,t>0.
In Chapters 2 and 4 we show that the operators (2.93) appear in connection
with the systems with independent random perturbations

o(t+1) = Ao(t,i)+iAk(t,i)wk(t) 2(t).

k=0
From (2.58) and (2.93) one obtains that
Li1S(1) < (L£:5)(3) (2.94)

for all S = (S(1),...,S(N)) € SN, t>0.

If T;(t, s) is the linear evolution operator on SY defined by the sequence
(2.93) and T(t,s) is the linear evolution operator on SY defined by the
sequence L; one obtains from (2.94) that

Ti(t, 5)S(i) < (T(t, 5)S)(i), (2.95)

i€D,t>s5>0,5€S8Y.
At the end of this subsection we consider the linear operator L; : S — S¥
defined by

LiS = (Ag(t,1)S(1) AL (t,1),..., Ao(t, N)S(N) AT (t, N)) (2.96)

for all S = (S(1),...,S(N)) € SY,
t>0.

In the case N = 1, the operator (2.96) is just the symmetric Stein operator
defined by Ag(t,1).

Let Ty, (t, s) be the linear evolution operator on S2¥ defined by the sequence
{Li}1>0. By direct calculation one obtains that

Tp(t,s)S = (D 4(t,s,1)S()@%(t, 5,1),...,D4(t, s, N)S(N)D%(t,s,N)),
(2.97)

where Ay (t,7) = \/pi(i,i)Ao(t,i),i € D,

where & ;(t,s,4) = Ag(t — 1,i)Ag(t — 2,3)--- Ag(s,i) if t > s+ 1,5 > 0 and
Di(t,s,i) =1, if t =s.

If the L} is the adjoint of the operator L; with respect to the inner product
(2.18) then

LS = (AT (t,1)S(1) Ag(t,1),..., AT (t, N)S(N)Ao(t, N))
for all S € SV.
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Also the adjoint of the linear evolution operator T (¢, s) is

Ti(t,s)S = (P5(t,5,1)S(1)@ 4(t,5,1),...,D%5(t, 5, N)S(N)D 4(t, s, N))
(2.98)

for all S € SY.
From (2.89) and (2.96) together with Corollary 2.4 one obtains the
following.

Corollary 2.10 The following hold.

(i) LY > L; >0 for all t > 0.
(i) TO(t,s) > Ty (t,s),t > s > 0.

2.5.4 A class of generalized Lyapunov-type operators

Consider the sequences { Ay (t,4, J) }i>0, Ak (t,i,7) € R™*™", 0 <k <r,i,j €D,
{P}i>0, Py = (pi(i, 7)) € RV*N with p,(i,7) > 0. Based on these sequences
we construct the linear operators 1; : SN — SN 1,8 = (1,5(1),...,:S(N))
with

r N
S =YY pa( ARt 1, )SHAL (t,4,5),  t>1,5€8).
k=0 j=1
(2.99)

Obviously 1; > 0. By direct calculation based on the definition of the
adjoint operator with respect to the inner product (2.18) one obtains that

TS = (17S(1),..., Y S(N)) with

=3 pea (DAL 5, D)SG) Ak, 5,0), =1, SesY.

k=0 j=1
(2.100)

Let R(t, s) be the linear evolution operator defined on SY by the sequence
{Ti}i>1. Hence R(t,s) = 131Tio--Ts if t > s+ 1 and R(t,s) = Zsn if
t=s>1.

The next result shows that the Lyapunov-type operators (2.58)—(2.59) can
be viewed as special cases of (2.99).

Proposition 2.7 We have the following.

(i) If Ap(t,i,§) = Ap(t,d),0 < k <7, i,j €D, t > 1 then

7:S = AS, Sesh, (2.101)
R(t,s)S = S(t,s), t>s>1. (2.102)
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(0d) If Ap(t,i,5) = Ap(t —1,5),0 <k <r,i,j € D,t > 1 then

1S =L11S (2.103)
R(t,s)=T(t—1,s—1),t>s>1. (2.104)

The proof follows immediately based on (2.58), (2.99) and (2.59), (2.99),
respectively. O

Criteria for exponential stability of the zero solution of the equation
Xir1 =11 X, can be derived from Theorem 2.4.

2.6 Notes and references

The Minkovski functional and the Minkovski seminorm associated with some
convex sets in topological linear spaces are widely investigated in many mono-
graphs on functional analysis (we refer to [51, 76, 100]). The assertions (i)—(iv)
and (i), (vii) in Theorem 2.1 follow from general facts in topological linear
spaces.

Positive functionals, positive, monotone, quasimonotone linear operators
on finite- or infinite-dimensional Banach spaces ordered by cones with different
properties are intensively studied in many works (see [5, 30, 79, 78, 77, 101]).
The finite-dimensional counterpart of the results in Section 2.3 was published
in [38]. The results in this chapter can be found in [46].
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Mean square exponential stability

The problem of mean square exponential stability for a class of discrete-time
linear stochastic systems subject to independent random perturbations and
Markovian switching is investigated. Four different definitions of the concept
of exponential stability in the mean square are introduced and it is shown
that they are not always equivalent. One definition of the concept of mean
square exponential stability is done in terms of the exponential stability of
the evolution defined by a sequence of linear positive operators on an ordered
Hilbert space. The other three definitions are given in terms of different types
of exponential behavior of the trajectories of the considered system. In our
approach the Markov chain is not prefixed. The only available information
about the Markov chain is the sequence of probability transition matrices and
the set of its states. In this way one obtains that if the system is affected by
Markovian jumping the property of exponential stability is independent of the
initial distribution of the Markov chain.

The definition expressed in terms of exponential stability of the evolution
generated by a sequence of linear positive operators allows us to characterize
the mean square exponential stability based on the existence of some quadratic
Lyapunov functions. Unlike the continuous-time framework, for the discrete-
time linear stochastic systems with Markovian jumping two types of Lyapunov
operators are introduced. Therefore in the case of discrete-time linear stochas-
tic systems subject to Markovian perturbations one obtains characterizations
of the mean square exponential stability that do not have an analogue in
continuous time.

The results developed in this chapter may be used to derive some proce-
dures for designing stabilizing controllers for the considered class of discrete-
time linear stochastic systems.

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 59
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 3,
© Springer Science + Business Media, LLC 2010
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3.1 Some representation theorems

Let us consider discrete-time linear stochastic systems of the form:

1‘(t + 1) = AO(t’nt) + ZAk(t7nt)wk(t) l‘(t), (31)
k=1

t > 0,t € Zg, where z(t) € R", {m}i>0 and {wi(t)}i>0,1 < k < r
are sequences of independent random variables with the properties given in
Section 1.5.

Remark 3.1 We remark that the only available information concerning the
system (3.1) is the set D and the sequences {P;}iecz, , {Ar(t,9) ez, .0 <k <
r,i € D. The initial distribution of the Markov chain is not prefixed.

The concept of exponential stability in the mean square introduced in this
chapter is a property of the sequences {P; }¢>0, {Ak(t,9)}+>0,0 <k <r,ieD
and it does not depend upon the initial distribution 7y of the Markov chain.

If Ag(t,i) =0,1 <k <r;i € D,t >0 the system (3.1) reduces to

x(t + 1) = Ao(t,m)z(t). (3.2)

In the particular case N = 1, the system (3.1) takes the form

o(t+1) = Ao(t)+iAk(t)wk(t) (1), (3.3)
k=1

t >0, where Ap(t) = Ar(t,1),0 <k <r.

In the control literature linear stochastic systems of type (3.2) subject
to Markov perturbations and stochastic systems of type (3.3) subject to
sequences of independent random perturbations are usually separately investi-
gated.

In this chapter we study the problem of mean square exponential stability
for linear stochastic systems of type (3.1). The results derived here contain
as particular cases the known results concerning mean square exponential
stability for linear stochastic systems with Markov perturbations and for linear
stochastic systems with independent random perturbations, respectively.

Set A(t) = Ao(t,me) + D41 Ak(t, ne)wy(t). Then (3.1) becomes:

x(t+1) = A(t)x(t), t>0.
For each t > s > 0 we define
D(t,s) = At — DAt —2)---A(s), ift>s

and
b(t,s) =1, ift=s.
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In the sequel @(t,s) is called the fundamental (random) matriz solution of
(3.1). Each solution of (3.1) verifies x(t) = @(t, s)z(s), t > s, s > 0.

The next result provides a connection between the adjoint of the linear
evolution operators defined by (2.62)—(2.63) and the trajectories of the system
(3.1).

Theorem 3.1 Under the assumptions Hy and Ho the following hold.
(1) T*(t,s)H = (T*(t,s)H(1),...,T*(t,s)H(N)) with
T*(t,s)H(i) = E[® (t, s)H (n:)P(t, s)|ns = i] (3.4)

for all t > s,i € Dg,s > 0,H = (H(1),...,H(N)) € SY¥,T(t,s) being
the linear evolution operator on SY defined by the Lyapunov operator
(2.58) corresponding to the given matrices Ax(t, i) and stochastic matrices
Pt >0.
(i7) S*(t,s)H = (S*(t,s)H(1),...,58*(t,s)H(N)) with

S*(t,s)H (i) = E[®" (¢, s)H (1:-1)(t, 5)|1s—1 = i] (3.5)
for all t > s,i € Dy_1,s > 1,H € SY,S(t,s) being the linear evolution
operator on S defined by the Lyapunov operator (2.59) corresponding to

the given matrices Ay(t,1) and stochastic matrices P, t > 0, where Dy are
defined in (1.8).

Proof. (i) Consider the linear operators U(t,s) : SY — SNt > s > 0
defined by
U(t,s)H = (U(t, s)H(L),...,U(t,s)H(N)),

Ut,s)H (i) = E[®T(t,s)H (n:)d(t,s)|ns = i] if i € Dy and U(t,s)H(i) =
T*(t,s)H (i) if i € D\ Dy, for arbitrary H = (H(1)... H(N)) € SY. From the
definition of the fundamental matrix solution we have @(t+1, s) = A(t)D(t, s).

Because @(t,s) and A(t) are Hi-measurable (where H; is the o-algebra
introduced in Section 1.5) one obtains, based on Corollary 1.1, that

Bl (t, ) AT () H () AR)D(E, 5)X (5,41 =5} | He]
= 07 (t,s) AT (t)H () A()D(t, ) E[X .. =5y [He] (3.6)
= T (t,s)AT(t)H () A()D(t, s)pe (ne, 7)) as.

ConSiNder the o-algebra 'Flt = Hi—1 V o[n:]. Because d(t, s) is ﬂt—measurable
and H; C H; we obtain from (3.6) that

E[®7(t,5)AT (t)H(j)A()D(t, )X (., =5 [ He]
= Elpe(ne, T (t. ) AT (1) H(5) A$)D (¢, 5) Ty
= pe(ne, )P (1, ) B[AT () H () A(t)[He) (1, ). (3.7)

From the assumption Hy we have that the random vector w(t) is inde-
pendent of H;. This shows (via Theorem 1.3(v)) that E[w(t)|H;] = 0 and
E[wl(t)wk(t)|Ht} = 0y with d, =0 for [ # k and 9, = 1 for [ = k.
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This allows us to write
EIAT () HG)AGH] = > AL (8, m0) H (5) Ar(t, 1) (3.8)

Combining (3.7) and (3.8) we get
E[®7(t,5) AT (t)H (j)A(DD(t, )X (5, =53 [ He]

T

= pe(ne, )T (t,8) | > AL () H () Ae(t,me) | D(t,s). (3.9
k=0

On the other hand we have

E[(pT (t, S)AT(t)H(nt-‘rl)A(t)@(t’ 3)|773}

N
Z B[ (t,5)AT () H () A(E)B(t, )X (3,11 =5} I1s)- (3.10)
For t > s we have a[n,] C Hy.
Thus (3.9) and (3.10) give:

E[ng(t? S)AT(t)H(erl)A(t)@(t, 3)|773]

QZST t,s {ZAk t nt Z (ﬂt7j)H(j)Ak(t,77t)}¢(t73)|ﬂs]-

Invoking (2.60) we obtain:
E[®" (¢, 5)AT () H (n11)(1, 5) ]
= E[@7 (1, 5)(L; H)(n)®(t, 5)[n.)-
Because &(t + 1, s) = A(t)d(t, s) we obtain
EIO7 (t+ 1, 5)H (50 )B(t + 1, 8)|1] = E[B7 (1, 8) (L3 H) () D (2, 8)]ns].
If i € D, by Remark 1.1 we may write
EI®" (¢ + 1, 8)H (g )B(t + 1, 5) |, = ]
= E@7 (1, 8)(L; H)(n)B(t, 5)ns = i (3.11)

forallHESﬁ,tZsZO.
Taking into account the definition of U(t, s) (3.11) may be written as

Ut +1,8)H (i) = U(t, s)(L:H)(i) (3.12)

for alltZs,ieDs,sZO,HeSfy.
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On the other hand if i € D\ D, we obtain
U+ 1,s)H)(@) = (T (t+1,8)H) (i) = (T"(t,s) L H)(3)
= (U(t, s) L7 H)(i).
This equality together with (3.12) shows that
Ut +1,5)H) (i) = WU(t,5) L1 H) (D)

for all i € D, H € SY, which leads to U(t + 1,s) =U(t,s)L;,Vt > s > 0.
Thus we obtain that the sequence of operators {U(t,s)}+>s verifies the
same discrete-time equation as the sequence of operators {T*(¢,s)}i>s.
Because U(s,s)H = T*(s,s)H = H we conclude that U(t,s)H = T*(t,s)H
for arbitrary ¢t > s > 0, H € SY which shows that (3.4) is valid.
(ii) To prove (3.5) we define the operators V(t,s) : S — SN by

V(t,s)H = (V(t,s)H(1),...,V(t,s)H(N)),
V(t,s)H (i) = E[®T (¢, 5)H (n,—1)2(t, 8)|ns—1 = i] (3.13)
forallt > s,i€eDy_1,8 > 1.
V(t,s)H (i) = S*(t, s)H (i) (3.14)

ifi€e D\ Ds_1,5>1,HcSYN.
We write

E®T(t+1,8)H(n)®(t + 1,8)|ns—1]

= E[®7(t,s) AT (t)H () A()D(t, 5)|ns—1] (3.15)
N T

ZZ {Aotj +2Akt]wk()}
=1 k=1

x H(j) {Ao(t’j) + ZAl(t,j)wl(t)} o(t, S)X{m—j}ﬁs—ll :

=1

On the other hand as in the proof of the first assertion we may write:

r T
E @Ta,s){Ao<t,j>+ZAk<t,j>wk<t>} H(j)

k=1

X {Ao(t,j) + Z A (t,j)wl(t)} b(t, S)X{nt_j}|ﬂt]

=1
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= X{n=}®" (t,5)E
k=1

” T
{Ao(t,j) + ZAk(tJ)wk(t)}

X H (j) {Ao(t,j> - ZAl(t,ﬁwl(t)} [He| D(t, )

=1

= X(n=1®" (t,8) D AL (t,5)H (j) Ax(t, ) (1, 5).
k=0

Again applying Corollary 1.1 we obtain
ElX{n=pHe-1] = pe—1(m-1,7)- (3.16)
Because o[n,_1] C Hs_1 C H; we obtain from (3.15) and (3.16) that

E[QT(t + 17 S)H(Ut)é(ta 3)‘775—1}

N r
=E ["7(t,s)> pi-1(n-1,7) {Z Aif(aj)H(j)Ak(t,j)} D(t, 5)|ns—1
k=0

j=1
Invoking (2.61), we further obtain
E[@T(t+1,5)H(n)P(t + 1, 8)[n5-1] = E[@T (¢, 5) (A7 H) (0e—1) (L, 5)|1s-1]-
If ¢ € Ds_1 the last equality leads to
B0 (t+1,8)H (1) ®(t + 1, 5)[ns1 = 1]
— B (¢, 5) (A} H) (g1 0(t, )me1 = ).
In view of (3.13) this may be written as
V(t+1,8)H)(i) = (V(t,s) AL H)(4) (3.17)

foralli € Dy_q.
As in the proof of (i) one checks that (3.17) is also valid for ¢ € D\ Ds_1.
Thus we obtain that V(t +1,s)H = V(t,s)A;H, for allt > s > 1,H € SN.
Thus we conclude that V(t,s)H = S*(t,s)H and the proof is complete.
(]

Corollary 3.1 Under the assumptions Hy and Hg the following are valid.

(i) [T*(t,0)J](i) = E[®T (t,0)®;(t,0)] for all t > 0,i € D.

(ii) [S*(t,1)J](i) = E[@T(t,1)®;(t,1)] for all t > 1,i € D, where &;(t,s) is
the fundamental matriz solution of the system (3.1) in the particular case
of Do = {i}; that is, mo(j) =0 if j £ i and mo(j) =1 if j = i.
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Remark 3.2

(a) From (3.4) and (3.5) we conclude that the conditional expectations
E[@(t,5)H () 8(t, s)lns =], i €D

and
E[®T (t,8)H (1,-1)®(t, s)|ns—1 = 1], i€ Dy

do not depend upon the initial distributions (i) of the Markov chain.
(b) In the case D = {1} (the case of the system of type (3.3)) the two equalities
from Theorem 3.1 reduce to

T*(t,s)H = E[® (t,s) HD(t, 5)]
forallt>s>0,H € S,.

Now we consider the discrete-time time-varying stochastic linear system
of the form

2(t+1) = |Ao(tne 1) + D Akt 1, -1 )wi () | 2(t), (3.18)
k=1

t > 1, where {n; }+>0, {wk(t) }+>0 are as in system (3.1).

The investigation of the problem of exponential stability in the mean
square for systems of type (3.18) is motivated by the exponential stability
in the mean square of the zero state equilibrium of systems of type (1.30) or
(1.31), in the absence of exogenous perturbation v(t). Concerning the systems
(3.18) we assume that only the sequences { Ay (t,4,7)}i>1, { P }t>0, and the set
D are prefixed.

The initial distributions of the Markov chain are arbitrary. Here Ay (¢, 1, )
€ R for all 4,5 € D,t > 1 and P, € RV*N. Set A(t) = Ao(t, e, mi—1) +
Sy Ac(t,me, m—1)wi(t),t > 1 and define O(t,s) as follows. O(t,s) =
At —1DA(E—2)... A(s) if t > s+ 1and O(t,s) =1, if t =s,5 > 1.

Any solution z(t) of (3.18) verifies

x(t) = O(t, s)xz(s).
O(t, s) is called the fundamental (random) matrix solution of (3.18).
Theorem 3.2 Under the assumption Hy, Hs the following equality holds.
(R*(t, ) H)(i) = B[O (¢, 5)H (n:—1)O(t, 5)|115—1 = 1] (3.19)
for all H = (H(1),...,H(N)) € S¥,t > s > 1,i € Ds_1, R(t,s) being

the linear evolution operator on SN generated by the sequence of generalized
Lyapunov-type operators (2.99).
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Proof. We consider the family of linear operators V(t,s) : SN — SNt >
s > 1 defined as follows. (V(t,s)H)(i) = E[OT (t,8)H (n:—1)O(t, s)|ns—1 = i

if i € D,y and (V(t,s)H)(i) = (R*(t, s)H)(i) if i € D\ D,_; for all H € SV.
Firstly we write

OT(t+1,s)H(n,)O(t +1,5)

= @T(t7 S)AT (t)H (n:)A(t)O(t, 5)

N r T
= Z@T(t,s) (AO(tv.j7 nt—l) + ZAk(tL]? nt—l)wk(t)> H(])

k=1

=1

X (AO(tv .j7 nt—l) + Z Al (t7.ja 77j—1)wl (t)> @(t7 S)X{m:j}' (320)
Because O(t, s) and x(,,—;} are H;-measurable one obtains:

E

s T
o (t.s) (AO(t»J} 1) + Y Ax(t, j, nt—l)wk(t)>

k=1

XH(.]) (AO(tv.j7 nt—l) + Z Al(t7.ja nt—l)wl (t)> @(t’ S)X{m:j} ﬂt]

=1

. T
= X(n=y}O" (t,8)E (Ao(td} Ne—1) + +Z Ag(t, J, nt—l)wk(t)> H(j)

k=1

X (AO(t7j7 nt—l) +2Al(t7j7 nt—l)wl(t)> |7:lt @(t7s)

=1

= X{nt:j}QT(t7 S) Z Ag(@ j7 nt—l)H(j)Ak:(t?j7 nt—l)e(t7 S)
k=0

For the last equality we take into account that n;— is H;-measurable whereas
wy(t) are independent of the o-algebra H;.
As we already saw, in this case we have

Elwy,(t)|He] =0
Elwy,(t)wi (t)[Hy] = 611,

Ok being introduced in the proof of Theorem 3.1.
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Because H;—; C H; and O(t,s),ni—1 are H;_1-measurable we may apply
Theorem 1.3(), (iv) to obtain

r T
E X{T]t:j}QT(t7 S) (Ao(t7j7 77t—1) + Z Ak:(t7j7 nt—l)wk(t)>

k=1

XH(.]) <A0(t7j’ 77t—1) + ZAl(tv.j7 Ut—l)wl (t)> @(t’ 3)|Ht—1] (321)
=1

T

= @T(t’ 3) Z(Ag(tv Js nt—l)H(.j)Ak(tv Js nt—l))@(t7 S)E[X{m:j} ‘Ht—1]~
k=0

Based on Corollary 1.1 one gets:

@T(t, 5) Z A{(t;j, nt—l)H(j)Ak(taja Ut—l)@(ta S)E[X{m:j} ‘Ht—l]
k=0

T

= pt—l(nt—bj)@T(t? S) Z(Ag(u j7 nt—l)H(j)Ak(t7j7 nt—l))e(tv S)

o (3.22)
Combining (3.20)(3.22) with (2.100) we obtain:
E[OT(t+1,5)H(n)O(t + 1, )| H;_1]
=0T (t,s) (V7 H)(ni—1)O(t, s) (3.23)

forallt > s> 1.
The inclusion o(ns—1) C H;—1 together with Theorem 1.3 (i) allows us to
obtain from (3.23) that

E[OT(t+1,5)H (n,)O(t + 1, 5)|151]
= BT (t,5)(T; H)(n-1)O(t, 5)(ns—1)]- (3.24)
If i € Dy_; then (3.24) leads to
ElOT(t +1,8)H(n:)O(t +1,5)[ns—1 = i]
= E[0"(t,s) (17 H)(n:—1)O(t, 5)[ns—1 = il. (3.25)

Having in mind the definition of V(t,s) we see that (3.25) may be
rewritten as

(V(t+1,s)H)(i) = V(t, s)(T*H)|(4) (3.26)

foralli e Ds_1,H € S,le.
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As in the proof of Theorem 3.1 one establishes that (3.26) still holds for
i € D\ Ds_1. Thus we may conclude that

V(t+1,s)=V(ts)T, t>s>1. (3.27)

On the other hand it is easy to see that V(s,s)H = H for all H € SN. Hence
V(s,s) = Isn = R*(s,8).

This equality together with (3.27) shows that V(t,s) = R*(t,s) and thus
the proof ends. O

Remark 3.3 1t is easy to see that in the case Ax(t,i,j) = Ag(t, i), for all
0<k<mrt>1,i,j € D the system (3.18) reduces to (3.1). In this case we
have O(t,s) = ®(t,s). Based on (2.102) one establishes that (3.19) becomes
(3.5).

3.2 Mean square exponential stability. The general case

In this section we introduce four different definitions of the concept of
exponential stability in the mean square of the zero solution of system (3.1)
and we emphasize that in the general case of time-varying coefficients these
definitions are not always equivalent.

Definition 3.1

(a) We say that the zero state equilibrium of system (3.1) is strongly exponen-
tially stable in the mean square of the first kind (SESMS-I) if there exist
B> 1,q € (0,1) such that || T(t,s)|e < Bq'™* for all t > s, T(t,s) being
the linear evolution operator on SY defined by the corresponding sequence
of Lyapunov operators {L}1>0.

(b) We say that the zero state equilibrium of system (3.1) is strongly exponen-
tially stable in the mean square of the second kind (SESMS-I1)if there exist
B> 1,q € (0,1) such that ||S(t,s)|le < Bq"™* for all t > s, S(t,s) being
the linear solution operator on S defined by the corresponding sequence
of Lyapunov operators {A;}i>1, associated with system (3.1).

(¢) We say that the zero state equilibrium of system (3.1) is exponentially
stable in the mean square with conditioning of type I (ESMS-CI) if there
exist B > 1,q € (0,1) such that for any sequence of independent random
vectors {w(t)}1>0 and for any Markov chain ({n:}i>0,{P:}i>0,D) that
satisfy Hy, Ha we have E[|®(t, s)xo|*Ins = i] < Bq'~*|xo|? for all t > s,
i € Ds,s>0,20 € R".

(d) We say that the zero state equilibrium of system (3.1) is exponentially
stable in the mean square with conditioning of type II (ESMS-CII) if
there exist 5 > 1,q € (0,1) such that for any sequence of independent
random vectors {w(t)}i>0 and for any Markov chain that satisfy Hq, Ho
we have B[|D(t, s)xo*[ns—1 = i] < Bq"*|xol? for all t > s,i € Dy_y,
s>1,x9€ R™.
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(e) We say that the zero state equilibrium of system (3.1) is exponentially
stable in the mean square (ESMS) if there exist 3 > 1, q € (0,1)
such that for any sequence of independent random vectors {w(t)}i>0 and
for any Markov chain ({n:}i>0,{P:}i>0,D) satisfying Hi,Ha we have
E[|@(t, s)z0|?] < Bg'~5|z0|? for allt > s> 0,29 € R™.

If LY is defined as in (2.89) and T°(t,s) is its corresponding linear evolu-
tion operator, then from (2.91) and Proposition 2.6(ii) one can conclude that
SESMS of the zero state equilibrium of system (3.1) implies SESMS of the
zero state equilibrium of system (3.2).

It can be seen that the concept of strong exponential stability in the
mean square introduced by the previous definition does not depend upon the
initial distribution of the Markov chain. It depends only on the sequences
{Ak(t,9) }e>0, {Pi}i>0. Also it must be remarked that in the definitions of
exponential stability in the mean square in terms of the state space trajec-
tories, the sequences {w(t)}i>0,{m}t>0 are not prefixzed. We show later (see
Theorems 3.4 and 3.5) that under some additional assumptions the exponen-
tially stable behavior of the trajectories of the system (3.1) for a suitable pair
{w(t)}e>0, {me}e>0) is enough to guarantee the exponentially stable behavior
of the trajectories of the system (3.1) for all pairs ({w(t)}i>0,{n}t>0) that
verify Hy, Ha.

Now we have the following theorem.

Theorem 3.3 Under Hy,Ha the following implications hold.

(i) If the zero state equilibrium of (3.1) is SESMS-I then it is ESMS-CI.

(1) If the zero state equilibrium of (3.1) is ESMS-CI then it is ESMS-CII.

(¢i1) If the zero state equilibrium of (3.1) is ESMS-CII then it is ESMS.

(iv) If the zero state equilibrium of the system (3.1) is SESMS-I then it is
SESMS-1I.

(v) If the zero state equilibrium of the system (3.1) is SESMS-II then it is
ESMS-CIL

Proof. The implication from (i) follows immediately combining Theorem 3.1(%)
and Theorem 2.12. We now prove the implication from (i:). Assume that
the zero state equilibrium of (3.1) is ESMS-CI. This means that there exist
B>1,q € (0,1) such that

E[|®(t, s)zo|*[ns = i] < Bq"™|xo|? (3.28)

for all t > s > 0,i € Ds,xg € R™. Applying Theorem 1.6 for u = s,v =
s — 1,0 = |®(t, s)xo|* we obtain

E[|®(t, s)xo|*[Hs 1] = E[|P(t, s)xo|*|ns]  a.s. (3.29)
forallt > s,s > 1,29 € R". From Remark 1.1 we have

E[|(t, s)zo*ns] < ) E[l#(t, s)zol*lns = ] as.
j€Ds
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and using (3.28) we have that
E[|®(t, 5)x0|?ns] < NBq'™*|zo|*. (3.30)
Combining (3.29) and (3.30) we may conclude that if s > 1,7 € Ds_1 we have
E[|D(t, s)xo|*|ns—1 = i] < NBq"*|xo|?

for all t > s, 29 € R™ which shows that the implication from (iz) holds.

Now we prove the implication from (ii7). Let us assume that the zero state
equilibrium of (3.1) is ESMS-CII. That means that there exist 3 > 1,4 € (0,1)
such that

(. 5)w0 [ ne—1 = ] < Bq'~*|xo? (3.31)

forallt>s>1,9€Ds_ 1,29 € R™.
For t > s > 1,29 € R™ we have E[|D(t,s)xo|?] < > jeD. E[|®(t, s)xo|?
|ns—1 = j]. Invoking (3.31) one gets

E[|®(t, s)x0]*] < NBg"~*|zol? (3.32)
forallt > s> 1,29 € R™. Now we show that there exists B > 1 such that
E[|®(t,0)0|%] < Bt |zo|?

for all t > 0,29 € R", where ¢ is the same as in (3.31). For t > 1 we
have &(t,0)xg = &(¢,1)€, where £ = &(1,0)xq is o(n, w(0))-measurable. This
allows us to write

E|9(t,0)z0[*| (10, w(0))] < E[|(t, 1)*[£]| (10, w(0))]
< &Y B8t exl*|(m0, w(0))],
k=1

where e, = (0,...,0,1,0,...,0) are vectors of canonical bases in R"™. Because
for t > 2,|®(t, 1)ex]? is o(no,m,...m—1,w(1),...w(t),)-measurable and
|&(1,1)ex|* = 1 are obtained via Theorem 1.6 (for u = v = 0) that

Bl(t, 1)ex|*| (0, w(0))] = E|®(¢, erl*lno]  a.s. (3.33)

for all ¢ > 1. This allows us to write

E[|(t, 0)o|*| (no, w(0))] < [ Y ElID(t, 1)ex)?|no]

k=1

< ¢ ZZ [1D(t, Ver|?Ino = 4] < nN ¢ Bg" .

k=1j€Dy
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Taking the expectation one obtains E[|®(t,0)x¢|?] < p1¢'E[|¢|?]. Having in
mind the definition of £ we deduce that

E[|®(t,0)x0[*] < Bg’|xol? (3.34)

for all t > 0,29 € R™. From (3.32) and (3.34) we conclude that the zero state
equilibrium of (3.1) is ESMS. The implication from (iv) follows immediately
from the Theorem 2.14(¢) and the implication from (v) follows combining
Theorem 3.1(i7) and Theorem 2.13. Thus the proof ends. O

Remark 3.4

(a) In the case D = {1} the concepts introduced by Definition 3.1(c¢) and
(d) are the same as the concept introduced in Definition 3.1(e). Also,
in this case, the concepts of strong exponential stability introduced by
Definition 3.1(a) and (b) coincide. Therefore in the case of systems of
type (3.3) we can talk only about the concepts of SESMS and ESMS.
On the other hand the equality from Remark 3.2(b) shows that the zero
state equilibrium of (3.3) is SESMS iff it is ESMS.

(b) Examples 3.1 and 3.2 show that a part of converse implications in
Theorem 3.3 are not always true. Hence in the absence of some additional
assumptions the five types of mean square exponential stability introduced
by Definition 3.1 are not equivalent. In Theorems 3.4 and 3.5 below, one
shows that under some additional assumptions the converse implications
from (i) and (v) of Theorem 3.3 hold.

Now we prove the following.

Theorem 3.4 Assume that Py, t > 0 are nondegenerate stochastic matrices.
Then the following are equivalent.

(i) The zero state equilibrium of the system (3.1) is SESMS-I.
(i1) The zero state equilibrium of the system (3.1) is ESMS-CIL.
(#3i) There exist a sequence of independent random vectors {w(t)}i>0 and a
Markov chain ({n:}i>0,{ P }t>0. D) satisfying Hy, Ha and P{ny =i} >0
for all i € D such that

E[|9(t, s)xo|*Ins = ] < Bq"*|xol? (3.35)
forallt > s>0,i€D,xg € R", where 3 >0 and ¢ € (0,1).

Proof. (i) — (ii) follows from Theorem 3.3 and (ii) — (ii4) is obvious.
It remains to prove implication (iii) — (i). Applying Theorem 3.1 (i) for
H =J = (I,...,1I,), from (3.35) and Proposition 1.6 we obtain that
oL [T*(t,8)J]|(i)xo < Bq'~|xo|? for all t > s > 0,i € D, 79 € R".

This allows us to conclude that |[T*(t,s)J](i)| < B¢"™* for all t > s >
0,7 € D. Based on (2.20) one gets [T*(t,s)J|¢ < B¢'~* for all t > s.

Furthermore, from Proposition 2.5(ii) we have ||T*(t, s)||¢ < Bq¢'* for all
t > s > 0. The conclusion follows now from (2.13). O
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Theorem 3.5 Assume that for each t > 0, P, is a nondegenerate stochastic
matrix.
Then the following are equivalent.

(i) The zero state equilibrium of the system (3.1) is SESMS-II.
(i1) The zero state equilibrium of the system (3.1) is ESMS-CIL.
(i7i) There exist a sequence of independent random vectors {w(t)}i>0 and a
Markov chain ({n}+>0, {P: }e>0, D) that satisfy Hy, Hy and P{ny =i} >
0 for all i € D, such that we have E[|P(t,s)xo|?|ns—1 = i] < Bgt=*|xo|?
forallt>s,s>1,i€D,zg € R", where 3> 1,q € (0,1).

Proof. 1t is similar to that of Theorem 3.4 and is based on Theorems 3.3,
3.1(i1), and 2.13(7). g

The next result follows immediately from Theorems 2.14(i4), 3.4, and 3.5.

Corollary 3.2 Assume that {Ag(t,i)}1>0,0 < k < r,i € D are bounded
sequences; then

(1) The zero state equilibrium of the system (3.1) is SESMS-I iff it is
SESMS-I1.

(#1) If additionally for each t € Z,, P; is a nondegenerate stochastic matriz,
then the zero state equilibrium of the system (3.1) is ESMS-CI iff it is
ESMS-CII.

Ezample 3.1 (i) Consider the system (3.1) in the particular case n = 2, N = 2,
r=1,

Ap(t,1) =0, Ap(t,2) = 20714, ke {0,1},

1 1 1
pt:(l 2 Z‘tl“), t>0. (3.36)

T ot+2 2t+2

For each ¢t > 0, P, is a nondegenerate matrix, thus via Theorems 3.4 and
3.5, one obtains that for the considered system the SESMS-I is equivalent to
ESMS-C I and SESMS-II is equivalent to ESMS-CII.

From Example 2.7 we deduce that the zero state equilibrium of the system
under consideration is SESMS-II but it is not SESMS-I. Hence the zero state
equilibrium of this system is ESMS-CII but it is not ESMS-CI.

(7i) The following example shows that ESMS-CII does not always imply
SESMS-II, SESMS-I, and ESMS-CI. Consider system (3.1) in the particular
case n = 1, N = 2, and having the coefficients described by

Ap(t,1) =0Vt > 0; Ap(t,2) =2Y/% if t is even,
Ao(t,2) =0 iftis odd (3.37)
Au(ti)=0,ie€{1,2}, 1<k<rtecZ, (3.38)



3.2 Mean square exponential stability. The general case 73

The transition probability matrix is

pt:G 8) t=om (3.39)
1 - 4t£»1 4t%+1

P, = , t=2m+1,meZ, (3.40)
11—« «

where 0 < a < 1. Because Ai(t,i) = 0,1 < k < rji € {1,2},¢t > 0 it follows
that fp(t, S) = Ao(t — 1,77t_1) ‘e Ao(S + 1,775+1)A0(8,7’]5) ift>s Z 0.

Moreover if ¢ > s+ 2,s > 1 we deduce that ®(¢,s) = 0 a.s. because
Ao(1,n-) =0, if 7 is odd. Hence

E[|D(t, s)x|*|ns—1 =] = 0 (3.41)

forallt > s+2,s > 1,i € Dy_y. For s odd @(s + 1,5) = Ag(s,ns) = 0 a.s.
This shows that (3.41) holds also for t > s+ 1, s odd. It remains to estimate
E[|®(s + 1,8)z|?|ns—1 = i] for s even, s > 2. Firstly we show that if s is even
then Ds_1 = {1}. To this end, we write the equality:

P{ne =2} = P{n—1 = 1}p:-1(1,2)
S Py = 24pe1(2,2), t>1teZ. (3.42)

Writing (3.40) for t = s — 1, s even, s > 2 we obtain that P{n,_1 =2} =0
for all s even, s > 2. Therefore D;_1 = {1}. we have

2
E[d(s + 1,8)x*|ne—1 = 1] = 2> Y _ A(s,5)ps-1(1,5) = 2 Af(s,2)ps-1(1,2)
j=1
1 1 1
208 4 _ 20 42 _
x24s x2572x, Vr e R
Thus we obtain
1 72
Blid(s + 1, 8)aPlns 1 =1 < oy

for all s > 2, even. The last inequality together with (3.39) shows that the
property of ESMS-CII takes place for system (3.1) with the coefficients given
by (3.37)-(3.38). On the other hand if s > 2 is even, we have

2
(S(S+178)J) A2 S 2 Zps 1 ]7

1
= 2°[ps—1(1,2) + ps-1(2,2)] = 2° (48 - a) > a2°.
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Because ||S(s + 1,s)|le = |S(s + 1,s)J] > [(S(s + 1,s)J)(2)| one obtains
that lims_o [[S(s + 1, 8)||¢ > lims_.o 2° = +00. Thus we conclude that the
property of SESMS-IT cannot take place for system (3.1) with the coefficients
given by (3.37)—(3.38). Based on Theorem 2.14(i) we deduce that the property
SESMS-I cannot take place for this system, too.

Now we show that the zero state equilibrium of the system (3.1) with the
coefficients given by (3.37)—(3.38) cannot be ESMS-CI. First we show that if
s > 2, even, then the state i = 2 is in Ds. To this end we write (3.42) for
t = s,s even, and obtain: P{n, = 2} = p,_1(1,2) = (1/4%) > 0. Therefore we
may compute

E[|®(s + 1, s)x|*[ns = 2] = E[|Ao(s, ns)x|*|ns = 2] = 2% A3(s,2).
Hence for s even, s > 2, we have
E[|®(s + 1, 5)z[*|ns = 2] = 2°[|*.

Thus one gets lim, .o E[|®(s+ 1, s)z|?|ns = 2] = co. This shows that the zero
state equilibrium of the system under consideration cannot be ESMS-CI.

The previous computations show that the zero state equilibrium of system
(3.1) with the coefficients given by (3.37)-(3.38) is only ESMS-CII and ESMS
and it is not SESMS-I, SESMS-II, and ESMS-CI.

The next simple example shows that even in the case of discrete-time linear
stochastic systems subject to an homogeneous Markov chain, ESMS does not
always imply SESMS.

Example 3.2 Let the system (3.1) in the particular case when {n}i>0 is a
Markov chain with two states, having the transition probability matrix

10
(i 0)
and the coefficients matrices be Ag(t,1) = 0, Ag(t,2) = t1,, Ax(t,i) = 0,1 <
k<rie{l,2},t>0.

We have P{n; = 2} = 0 a.s. for all ¢ > 1. This leads to n: = 1 a.s,
t > 1. Hence @(t,s) = 0 as. if t > s+ 1,8 > 0 for any Markov chain
({n¢}+>0, P,{1,2}). This shows that in this particular case the zero state equi-
librium of the considered system is both ESMS-CI and ESMS-CII, as well as
ESMS.

On the other hand we see that (T*(t + 1,t)J)(2) = t?I,. From
Proposition 2.5(ii) and (2.20) it follows that ||7*(¢ + 1,¢)||¢ > ¢*. This shows
that limy . || 77*(¢t + 1,1)||¢ = +o0. This allows us to conclude that the zero
state equilibrium of the considered system is not SESMS-I. Furthermore,
one sees that for the system under consideration we have (S(t,s)H)(i) = 0,
i € {1,2},H = (H(1),H(2)) € S2. hence the zero state equilibrium of the
system under consideration is SESMS-II.
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Remark 3.5 The validity of the converse implication in (i#i) of Theorem 3.3
in the absence of some additional assumptions still remains an open problem.
Our conjecture is that this converse implication is not true.

The next result provides a sufficient condition which guarantees that in
the special case of system (3.2) four types of exponential stability introduced
in Definition 3.1 become equivalent.

Theorem 3.6 Assume that for a Markov chain ({7:}i>0,{P:}i>0,D) there
exists & > 0 such that

(i) =P =i} >0 (3.43)
for allt > 0,1 € D. Then the following are equivalent.
(i) There exist 3 > 0,q € (0,1) such that
E[6(t, s)ao[2/ii(s) = ] < Ba~|aol? (3.44)

forallt > s> 0,i € D,xg € R",®(t, s) being the fundamental matriz
solution of the system (3.2) corresponding to the Markov chain 7.

(i) The zero state equilibrium of (3.2) is SESMS-1.

(7i1) The zero state equilibrium of (3.2) is ESMS-CIL.

(iv) The zero state equilibrium of (3.2) is ESMS-CII.

(v) The zero state equilibrium of (3.2) is ESMS.

Proof. To prove (i) — (ii) we remark firstly that (3.43) implies that for the
Markov chain {7;}+>0 we have Dy = D for all s > 0. Combining Proposi-
tion 1.6(77), Theorem 3.1(7) and the inequality (3.44) one gets

IT*(t,s)lle < Bq' ™,

for all £ > s > 0. Now, Theorem 2.12 allows us to conclude that the zero state
equilibrium of (3.2) is SESMS-I, hence (i) — (i) is true. The implications
(i1) — (ii1) — (iv) — (v) follow from Theorem 3.3.

It remains to prove (v) — (7).

If (v) holds then there exist § > 1,¢ € (0,1) such that

E[|®(t, s)z0l*] < Bg"*|zol?
forallt > s> 0,29 € R". From
75 (i) E[|B(t, s)ao|*|ils = i] < B[|9(t, s)xo[?]
we obtain 3
E[|®(t, s)xo|?|i]s = i) < 071 Bq" "o l?

forallt > s>0,i € D,zy € R"™ and thus the proof ends. O
Remark 3.6 Proposition 1.7 provides a sufficient condition assuring the validity

of condition (3.43) in the case of an homogeneous Markov chain ({n; }+>0, P, D)
with P{ng =i} > 0 for all : € D.
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3.3 Lyapunov-type criteria

Based on Theorem 2.12, Theorem 2.13, and Definition 3.1(a) one immediately

obtains two results that allow us to characterize the SESMS-I in terms of solv-

ability of some systems of linear matrix equations or linear matrix inequalities.
We have the following.

Theorem 3.7 (Lyapunov-type criteria derived via operators L;) The
following are equivalent.

(i) The zero state equilibrium of the system (3.1) is SESMS-I.
(#7) There exists a bounded sequence {X¢}i>0, Xi € SN, X; > 0,t > 0 solving
the following system of equations,

r N
=Y AL () pelis ) Xes1(5) Akt i) + I (3.45)
k=0 =1

forallt > 0,1 € D.
(i7i) There exists a bounded sequence {Y;}i>0, Y1 > 0,t > 0 and a positive
scalar a that verify the following system of inequalities,

r N
> ALt Z i, ) Yeu1 () Ar(t, i) — Y (i) < —al, (3.46)

foralli e D,t >0

Theorem 3.8 (Lyapunov-type criteria derived via operators A;) The
following are equivalent.

(i) The zero state equilibrium of (3.1) is SESMS-II.
(ii) There exists a bounded sequence {Xi}i>1 C SN, Xy > 0,t > 1 verifying
the following system of linear equations,

N

D)= 3 AL P16 ) Xear () Ax(t, ) + I (3.47)

k=0 j=1

foralli e Dt > 1.
(7i1) There exists a positive scalar o and a bounded sequence {Yt}tzl C
SN Y, > 0,t > 1 verifying the following system of linear inequalities,

r N

SN AL P16, §)Yerr (D Ak(t,§) — Yi(i) < —al,  (3.48)

k=0 j=1

t>1,i€D.
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Proof. From Theorem 2.13 it follows that the assertions (i¢) and (iii) are
equivalent to the fact that the sequence {A;};>1 generates an exponentially
stable evolution. O

It is worth mentioning that under the assumption of the boundedness of
the sequences { A (t)}1>0,0 < k < r,i € D, Theorem 3.8 provides criteria for
SESMS-T for the system (3.1).

Even if the criteria provided by Theorems 3.7 and 3.8 are expressed in
terms of solvability of some systems of linear equations or linear inequations
with an infinite number of unknowns, they may be useful in the derivation of
some sufficient conditions for SESMS-I and ESMS. This is illustrated by the
following simple example.

Ezample 3.3 Consider the system (3.1) in the particular case n = 1. That is,

2(t+1) = (ao(t,m) + > ar(t,n)we(t))z(t), (3.49)
k=1

t>0,z(t) € R,ag(t,i) € R.
If

max sup {i ai(t,i)} <1, (3.50)

€D t>0 =0

then the zero state equilibrium of (3.49) is SESMS-I. Indeed if (3.50) holds
then the system (3.46) associated with (3.49) is verified for Y;(i) = 1 for all
1€D,t>0.

We remark that in the particular case of (3.49) given by z(t + 1) =
ao(ne)z(t), the condition (3.50) reduces to |ag(i)] < 1,7 € D. This shows
that in the one-dimensional case the zero state equilibrium of a system with
jump Markov perturbations is SESMS-T if for each mode 7 the deterministic
system y(t + 1) = ao(?)y(t) is exponentially stable. We show later that for
n > 2 the fact that for each mode i the deterministic system is exponentially
stable does not always imply exponential stability in the mean square of the
stochastic system.

3.4 The case of homogeneous Markov chain

The next result shows that in the case of homogeneous Markov chain strong
mean square exponential stability of the zero state equilibrium of the system
(3.2) is always equivalent with SESMS of the zero solution of a system of the
form:

x(t+1) = Ag(t,ne)x(t),
where {{7;}+>0, P, D} is an homogeneous Markov chain with the transition
probability matrix P which is a nondegenerate stochastic matrix.
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If the stochastic matrix P has some null columns then we set D = D —
{j1,792,- .., Jp} where j;,1 < < p are such that P(i,7) = 0 for all i € D.
Let P be the (N —p) x (N — p) matrix obtained by canceling the columns
Jis---,Jp and the corresponding rows in P. Obviously, P is still a stochastic
matrix. Let {{nt}t>0,P D} be the homogeneous Markov chain, having the
state space D and the transition probability matrix P defined above.

We have the following.

Theorem 3.9 If the sequences {Ao(t,i)}i>0,7 € D are bounded and if the
matriz P has some null columns the following are equivalent.

(i) The zero state equilibrium of the system (3.2) is SESMS-1.
(i1) The zero state equilibrium of the system

y(t+1) = Ag(t, me)y(t) (3.51)

is SESMS-I, where (ﬁt,fD, f)) is a Markov chain defined above from the
given Markov chain {{n:}i>0, P,D} and Ay(t,i) = Ao(t,i), i € D,t > 0.

Proof. If (i) holds then based on Definition 3.1(a) and the equivalence
(i) < (i1) in Theorem 3.7 (in the particular case Ag(t,i) = 0,1 <
kE < rt > 0,i € D) one deduces that there exists the bounded sequence
{Xt}t207Xt = {Xt(l), Ce ,Xt(N)}, Xt(Z) > 0 that solves (345)

It is immediate that in this particular case (3.45) may be written as

Xi(i) = AF (8,4) > pli, ) Xer1 (§) Ao(t, 1) + In, (3.52)
JED
for all i € D.

Considering (3.52) for i € D one obtains based on the implication
(i) = (i) of Theorem 3.7 that the sequence of Lyapunov operators {£;};>0
associated with the system (3.41) generates an exponentially stable evolution.
This means that (4¢) is fulfilled. To prove the converse implication, we remark
that if (¢7) holds then based on the implication (i) = (i¢) of Theorem 3.7
and Definition 3.1(a) there exist the bounded sequences {X;(i)}i>0,i € D
that verify X;(i) > 0,t> 0,7 € D and

Xy(i) = AF (¢,4) ZP(Z’J)X:&HAO(W) + In. (3.53)
jeD
Let i € D and define X;(i) = X, (i) if i € D and

Xo(i) = AF (t,4) Y p(i, 5) Xe1(5) Ao (t,4) + I

jeD
if i € D\ D,t > 0. Obviously X;(i) > 0, > 0,i € D, {X;(i)}s>0,7 € D are
bounded sequences and X (i) verifies (3.45) for t > 0,7 € D. Therefore by

again using implication (ii) — (¢) of Theorem 3.7 one concludes that the zero
state equilibrium of system (3.2) is SESMS-I and thus the proof ends. O
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If we repeatedly apply the reduction of number of states of the Markov
chain described above we finally obtain a system of the form

a(t+ 1) = Ag(t, ) (t)

driven by a Markov chain ({7 }+>0, P, D) such that P is a nondegenerate
stochastic matrix.

3.5 Some special cases

3.5.1 The periodic case

In this subsection we consider the case of systems (3.1) with periodic coeffi-
cients. For such a class of stochastic systems we prove that the five types
of mean square exponential stability introduced by Definition 3.1 are equi-
valent. First we remark that if the coefficients {Ax(t,7)};>0 of the system
(3.1) are periodic sequences then they are bounded sequences. Therefore from
Corollary 3.2 we deduce that in this case the two types of strong exponential
stability introduced by Definition 3.1(a) and (b) coincide.
Firstly we introduce the following definition.

Definition 3.2 We say that the zero state equilibrium of system (3.1) is
asymptotically stable in mean square (ASMS) if for any sequence of indepen-
dent random vectors {w(t) }1>o and for any Markov chain ({n:}1>0, { P }t>0, D)
that satisfy Hy and Ha we have lim;_, o E[|®(t,0)x0]?] =0 for all o € R™.

Now we prove the following.

Theorem 3.10 Assume that there exists an integer 6 > 1 such that
Ak(t+977’) = Ak(tvi)70 S k S 7077; S D: Pt—&-e(i»j) = pt(l7])727] S D7t 2 0.
Under these conditions the following are equivalent.

(i) The zero state equilibrium of system (3.1) is SESMS-I.

) The zero state equilibrium of system (3.1) is ESMS-CIL.
(2it) The zero state equilibrium of system (3.1) is ESMS-CII.
(tv) The zero state equilibrium of system (3.4) is ESMS.

) The zero state equilibrium of system (3.4) is ASMS.

)

a Markov chain ({n:}1>0,{ P }t>0, D) with P{ny =i} >0 for all i € D
which satisfy Hy and Hy such that

lim E[|®(mb,0)x|?] =0

m—00

for all g € R™.
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(vii) limy,— 00 E[|®:(m0,0)z0|?] = 0 for all i € D and zo € R™, where
®;(t,s) is the fundamental matriz solution of the system (3.1) for a
fized sequence of independent random vectors {w(t)}+>0 and a Markov
chain ({ni}1>0, {Pi}i>0, D) with Dy = {i} that satisfy Hy and Ha.

(vidi) limp,— 00 E[|@;(mb, 1)xo|?] = 0 for all i € D,xzo € R",®;(t,s) being as
before.

Proof. The implications (i) = (i1) = (iii) = (iv) follow from Theorem 3.3;
(1) = (iv) = (v) = (vii), (iti) = (viit), and (v) = (vi) are obvious.
Now we prove (vi) = (i). Because Dy = D we may write E[|®(mf,0)zo|?] =
S iep Pl = 1} E[(mb, 0)zol2Ino = il

Hence (vi) is equivalent to

lim E[|®(mb,0)zo|*|no =i] =0 (3.54)

for all i € D and ¢ € R".
Based on (3.4) one obtains that

lim_af (17 (m,0))(D)xo = lim_E[|&(mf, 0)ao|*[no =i = 0. (3.55)
This allows us to write
Tim_ (7" (m,0)J)()] = 0.
Based on (2.20) and Proposition 2.5(i7) one gets:
Tim |7 (mé, 0)]|¢ = 0. (3.56)

From the periodicity assumption it follows that £}, , = L for all ¢ > 0.
By induction one obtains that

T*(m#,0) = (T7(6,0))™,
for all m > 0. Therefore (3.54) may be written as

Jim_[[[7(0,0)]" ¢ = 0. (337)

Let mg > 1 be such that [[(T*(6,0))™||¢ < }. It follows that

1 l
ot 0l < (3 )

for all [ > 1.
In a standard way, by using Remark 2.5(a) and the equality

T*(t,s) = T"(u, s)T™(t,u), t>u>s>0 (3.58)
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one obtains that there exist # > 1 and ¢ € 0,1,(q = (é)l/mo) such that
|T*(t, s)|le < Bqg'~*, for all t > s > 0.

Invoking Theorem 2.12 we deduce that the sequence {£;};>( generates an
exponentially stable evolution and thus, in view of Definition 3.1(a) it follows
that (¢) holds.

We prove now (vii) = (i). The representation formula (3.4) together with
(vii) shows that (3.55) is fulfilled for all i € D and xy € R™. The remainder of
the proof of this implication is similar to that of the implication (vi) = (4).

It remains to prove (viii) = (). If (viii) holds then from the represen-
tation formula (3.5) one obtains that

lim xd (8*(m6,1)J)(i)xo = 0
for all ¢ € D, xzp € R". This leads to
i[5 (m0, 1) e = 0.
Based on Corollary 2.5(i%) one gets
[T(m#,0)[l¢ < a(0)[|S™(mb, 1)]e.

This shows that lim,, .o |77 (md,0)|[¢ = 0. The conclusion is obtained now
as in the proof of the implication (vi) — (¢). Thus the proof is complete. O

Remark 3.7 Part of the equivalences in the above theorem are known from
the case of discrete-time time-invariant linear systems affected by Markov
perturbations (see [52, 86, 87]). Here we have shown that these equivalences
are still valid for the periodic case without the additional assumption that P
is a nondegenerate stochastic matrix.

Based on Theorem 2.5 one obtains that if the sequences {Ag(t,)}i>0,
{p:(%, j) }+>0 are periodic sequences with period 6 then the bounded solu-
tions of (3.45) and (3.47), respectively, are periodic sequences with the same
period 6.

Combining Theorems 2.5, 2.7, and 2.4 we obtain the following specialized
version of Theorems 3.7 and 3.8.

Theorem 3.11 (Lyapunov-type criteria derived via operators L;)
Under the periodicity assumption of Theorem 3.10 with 6 > 2, the follow-
ing are equivalent.

(i) The zero state equilibrium of (3.1) is ESMS.
(¢i) There exist positive definite matrices X(i), 0 <t < 0 —1, i € D that
verify the following system of linear equations,

r N
Xi(i) =Y AL () pelis ) Xes1 () Ak (t,7) + 1

k=0 j=1

0<t<6-2, (3.59)
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T

N
Xoo1(i) =Y AT —1,1)> po-1(i, )Xo () Ar(0 — 1,i) + L.

k=0 j=1

(¢i1) There exist positive definite matrices X;(i),0 < t < 6 —1,i € D that
solve the following system of linear equations,

r N
X1 (1) = DD pel, i) An(t, )Xo () AL (8, 5) + I,
k=0 j=1
0<t<h—2
r N
Xo(i) = > Y o1, ) A0 — 1, )Xo 1 ()AL (6 — 1, ) + I, (3.60)
k=0 j=1
i €D.

(iv) There exist positive definite matrices Y;(i),0 <t <60—1,i € D that solve
the following system of LMIs,

r N
DO pel i) Ax(t 5)Yi(G) AT (£ 5) = Yiga (i) <0,

k=0 j=1

0<t<6-2

r N
DD po-1 (4 D) ARO — 1,5)Yo1 (AL (0 — 1,5) = Yo(i)) <0 (3.61)
k=0 j=1

1€ D.

Proof. The equivalence (i) < (i7) follows from Theorems 2.4 and 2.5 applied
to the sequence of operators {L]}icz. The equivalences (i) < (iii) < (iv)
follow from Theorems 2.6 and 2.7 applied to the sequence {L;}iez.

In fact (i) < (i) is just the equivalence (i) < (ii) of Theorem 3.7 above
specialized for the periodic case. It is worth mentioning that conditions for the
existence of a Lyapunov function expressed in terms of the sequence {L£;};>0
instead of the sequence {£; };>¢ can be derived if £; are defined for all ¢ € Z.
This is the case if {£;}; is a periodic sequence or a constant sequence. O

Theorem 3.12 (Lyapunov-type criteria derived via operators A;)
Under the assumptions of Theorem 3.10 with 6 > 2 the following are equiva-
lent.

(i) The zero state equilibrium of (3.1) is ESMS.
(1) There exist positive definite matrices X¢(i),1 <t < 0,1 < i < N that
verify the following system of linear equations,
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r N
Xi(0) =Y ) pea (i DAL (6, ) X1 () Ak (8, 5) + L, (3.62)
k=0 j=1
1<t<6-—1,
r N
Xo(i) = > Y o165 AL(0, /) X1(5) Ak (0, §) + L,
k=0 j=1
i € D.

(7i1) There exist positive definite matrices Xi(i), 1 <t < 0,7 € D that solve
the following system of linear equations,

r N
Xpar (i) = > Aw(t,i) Y peo1 (3 0) Xe () AR (8,4) + I, (3.63)
k=0 j=1
1<t<h—-1,ieD

r N
X1(i) = > Ar(0.9) > po-1(j. )Xo ()AL (0,1) + I,

k=0 j=1
i1 €D.

(iv) There exist positive definite matrices Yi(i),1 < t < 0,4 € D that solve
the following system of LMIs,

r N

DD pa (@ DAL (1) Ve (1) Ax(t,) = Ya(i) <0,
k=0 j=1

1<t<0-1,ieD

r N
DD po-1(i, DAL, )Y1()AR(8, ) — Yo(i) <0,  i€D.

k=0 j=1

Proof. The equivalence (i) « (ii) < (iv) follows from combining Theo-
rem 2.14(i3) with Theorems 2.4 and 2.5 applied to the sequence {A}}cz.
The equivalence (i) < (ii7) follows from Theorem 2.14(ii) together with
Theorems 2.6 and 2.7 applied to the sequence {A;}icz. O

Remark 3.8 1t is easy to see that the systems (3.57), (3.58) and (3.60), (3.61),
respectively, contain n linear scalar equations with n scalar unknowns, where
= (NOn(n+1))/2.
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3.5.2 The time-invariant case

Let us consider the following version of the system (3.1),

a(t+1) = |Ao(m) + > Ar(ne)wi(t) | z(2). (3.64)
k=1

It corresponds to the case Ak (t,7) = Ax(i),t > 0,i € D,0 <k <.

Definition 3.3 We say that the system (3.1) is in the time-invariant case if
it takes the form (3.64), and n,t > 0 is an homogeneous Markov chain.

We note that the time-invariant case may be viewed as a periodic case with
period 6 = 1. Hence the equivalences proved in Theorem 3.10 are still valid in
the time-invariant case.

The next example shows that if there exists ig € D such that P{ny = io} =0
it is possible that the zero solution of the considered stochastic system is not
mean square exponentially stable even if

tlim E[|®(t, s)z0|*] = 0

for all xyg € R".

Ezample 3.4 Consider the system (3.2) in the particular case n = 1, N = 2,
A1) =0,A2)=1,P{no=2} =0, P{npp =1} =1,

a 11—«
r=(5 )

a € (0,1), xpp1 = A(ne)xe,t > 0. Because g = 1 a.s. it follows that x; =
A(1)zg = 0 a.s. By induction one obtains z; = 0 a.s. for all ¢ > 1.

Therefore lim; .o E[|z(t)|?] = 0. On the other hand (£;J)(1) = (£*)!
J(1) = 0,t > 1 and (£;J)(2) = ((£L*)'JI)(2) = 1,t > 0 hence [[(L*)!]|c =1,
lim o [(£°)!lc = 1 20,

Therefore in order to have exponential stability in the mean square, in (vi)
of Theorem 3.10 we asked P{ny =i} > 0 for all i € D.

In the time-invariant case, the results of Theorems 3.11 and 3.12 become
the following.

Corollary 3.3 (Lyapunov-type criteria derived via the operator [)
Assume that Ag(t,i) = Ag(i), 0 < k < r, p:(i,5) = p(i,j), i,j € D,t > 0;
then the following are equivalent.
(i) The zero state equilibrium of (3.1) is ESMS.
(1i) There exist positive definite matrices X (i),1 < ¢ < N that verify the
following system of algebraic matriz equations,

r N
X(i) =Y AL6)> pi.j)X (j)Ak(i) + I, (3.65)
k=0 =1

1€D.
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(7i1) There exist positive definite matrices X (i),1 € D that solve the following
system of linear equations,

r N
X(0) =Y " p(. i) Ar(G)X (5) AL () + I, (3.66)
k=0 j=1
1€ D.
(iv) There exist positive definite matrices Y (i),1 € D that solve the following
system of LMIs,

r N
DO pG ARG Y ()AL () = Y (i) <0, (3.67)

k=0 j=1
i €D.

Corollary 3.4 (Lyapunov-type criteria derived via the operator A)
Under the assumptions of Corollary 3.2 the following are equivalent.

(i) The zero state equilibrium of (3.1) is ESMS.
(ii) There exist positive definite matrices X (i),1 < ¢ < N that verify the
following system of algebraic matrix equations,

r N
X (i)=Y pli, )AL ()X () Ar(j) + In, (3.68)
k=0 j=1
1€ D.
(¢i1) There exist positive definite matrices X (i),1 < i < N that verify the
following system of algebraic matrixz equations,

r N
X(i) =" Ap(i) > p(j,i) X (5)AL (i) + I, (3.69)
k=0

Jj=1

1€D.
(iv) There exist positive definite matrices Y (i), i € D that solve the following
system of LMIs

r N
SN ol HALG)Y () Ak(G) — Y (i) <0,

k=0 j=1
i €D.

For Markovian systems (i.e., Ax(i) = 0,1 < k < r) the equivalence (i) <
(i4) in Corollary 3.2 has been proved in [21, 22, 53, 54, 75, 86, 88]. The
equivalence (i) < (4i) in Corollary 3.3 has been proved in a different way in
52, 86].
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3.5.3 Another particular case

In this subsection we focus our attention on a particular case of system (3.1)
which may be interesting in applications. We refer to the case p;(i,7) = p:(j)
for all i,j € D,t > 0.
This means that P{n:11 = j|n: = i} does not depend upon i. It is easy to
see that in this case the solution of the system (3.62) does not depend upon .
This remark together with the Theorem 3.12 leads to the following.

Corollary 3.5 Assume that:

(a) There exists an integer 6 > 2 such that Ap(t + 0,i) = Ag(t,1),0 < k <
i €D, Piyg =Py, forallt > 0.

(b) pt(l,]) Ept(j)a VZ,] € th > 0.
Then the following are equivalent.

(1) The zero state equilibrium of the system (3.1) is ESMS.
(ii) There exist positive definite matrices Xy, 1 <t <0, that satisfy

r N
SN p i DAL (5. ) X1 An(s, ) — Xo = ~Ln, (3.70)
k=0 j=1
1<s<0—1,

r N
S5 po-1()AF (0, 5) X1 Ak(0, §) — X = I,

k=0 j=1
Also from Corollary 3.3 we obtain the following.

Corollary 3.6 Assume that:

() Ag(t,i) = A(i),0 <k <ri €D, P, = Pt >0.
(0) p(i,j) = p(j),i,j € D.

Then the following are equivalent.

(1) The zero state equilibrium of system (3.1) is ESMS.
(ii) There exists a positive definite matriz X € S,, that solves

r N
X =33 p()AL (DX ARG) + In- (3.71)

k=0 j=1

We remark that under the assumption of Corollary 3.4 to check the exponential
stability we need to solve a system of ny scalar linear equations with ny scalar
unknowns, with ny = (On(n +1))/2.

In the case of system (3.1) which verifies the assumptions of Corollary 3.5
to check the mean square exponential stability means to solve a system of no
scalar linear equations with ng scalar unknowns with (ne = n(n + 1))/2.
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Remark 3.9 In applications (see the next examples), Theorem 3.12 and
Corollaries 3.4-3.6 often are used.

These results provide characterizations of the mean square exponential
stability in terms of the operators A, Af,t > 1. Such operators do not have
an analogue in the continuous-time case. We consider that the usefulness
of the aforementioned criteria for SESMS represents a good motivation to
introduce the sequences A¢, Af, S(t, s), S*(¢, s).

At the end of this section we present several examples that illustrate the
applicability of the criteria for exponential stability in the mean square derived
in this section.

Ezxample 3.5 Consider the time-invariant system with n = 1, N = 2 des-
cribed by

z(t+1) = <a0(m) +y ak(m)wk(t)> z(t), (3.72)
k=1

where the probability transition matrix is

a 1l—«
Pz( >7 a € [0,1].
a 1l—«

Applying Corollary 3.6 we deduce that the zero state equilibrium of (3.72)
is ESMS if and only if

adr + (1 —a)de —1 <0, (3.73)

where §; = >, _,ai(j),j = 1,2. The inequality (3.71) is verified if and
only if
0 <dr<1 and «a€]0,1]

or

6o —1
1) 1 0 >1 1
1 <1, 2 =1, ae<62_617:|

or
d2 < min{1,d; }, a<min< 1, =0 .
01 — 62

Example 3.6 Consider the discrete-time time-invariant system with jump Markov
perturbations, in the particular case n =1, N = 2,

x(t+1) = ag(n:)z(t) (3.74)

and the probability transition matrix

(a 1—a>
P = .
a 11—«
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Considering the discussions from FExample 3.5 in the particular case
ar(i) = 0,1 <k <r,ie€{1,2} we conclude that the zero state equilibrium of
(3.74) is ESMS if and only if

ag(1) < ai(2) < 1, a€[0,1]
or 2(2) 1
ag(1) < 1, at(2) > 1, ae <a%(;) - ag(1)’1]
or

a2(2) < min{1,a3(1)} 0<a<min<l L —a5(2)
’ ool 0 a0 a3 )
Particularly, if a(1) = },a3(2) = 2,a = ? the zero state equilibrium of the
corresponding equation (3.74) is ESMS.

This example shows that it is possible for the zero state equilibrium of a
linear stochastic system with Markov perturbations to be ESMS even if for
some mode ¢ € D the deterministic system is not exponentially stable.

Ezample 3.7 Consider the particular case of (3.2) with

N =N

N =N
SN~——

described by

x(t+1) = Ag(n)x(t), (3.75)

A0(1):<‘1L 2) AO(Z):<8 Cll) a€R.

Applying Corollary 3.6 we deduce that the zero state equilibrium of (3.75)
is ESMS if and only if there exists

Xz(x y>>0
y =z

) D ATG)XAo() ~ X = 1.

where

such that

j=1
One obtains
2(1 — a?) 2a
xr =z = 5 y =
204 — 5a? +1 2a* —5a?2 +1

therefore X > 0 if and only if a®> € [0,(5—+/17/4)). We see that if
a® € [(5—+/17/4),1) the spectral radii of the matrices Ay(1) and Ag(2) are
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less than 1, but the corresponding system (3.75) does not have a mean square
exponentially stable evolution. This shows that for n > 2 it is possible that
for each mode i € D the deterministic system y(t + 1) = Ag(:)y(t) is expo-
nentially stable, whereas the corresponding stochastic system of type (3.2) is
not exponentially stable in the mean square.

Ezample 3.8 Consider the periodic case of (3.1) for r = 1, N = 2,0 = 2;
that is,

x(t+1) = (Ao(t,n) + A1 (¢, ne)wi (2))z(t), (3.76)

where the probability transition matrices

11 1
2 2 3
Po=1|7 11> Py=17
2 2 3

Ap(t,i) = ap(i) I, k € {0,1},i € D,t > 0.

W W

Applying Corollary 3.5 we deduce that the zero state equilibrium of system
(3.76) is ESMS iff there exist X; > 0, X2 > 0 such that

13+ a32) + a3(1) + A% — X = 1,
1
3

This is equivalent to

[a5(1) + a5 (2) + af (1) + af(2)][ag (1) + aF(1) + 2a5(2) + 243 (2)] < 6.

[(a2(1) 4+ a2(1)) + 2(a2(2) + a2(2))] X1 — X5 = —1I,.

3.6 The case of the systems with coefficients depending
upon 7, and 1);_;

In this section we study the problem of mean square exponential stability of
the linear stochastic systems (3.18).

As in the case of the systems of type (3.1), we define the exponential
stability in the mean square both in terms of exponential stability of the
evolution generated by the Lyapunov operators associated with the system
(3.18) as well as in terms of exponentially stable behavior of the state space
trajectories of the system.

Definition 3.4

(a) We say that the zero state equilibrium of the system (3.18) is strongly
exponentially stable in the mean square (SESMS) if there exist 3> 1,q €
(0,1) such that ||R(t,s)|l¢ < Bq'™% for all t > s > 1, R(t,s) being the
linear evolution operator on SY defined by the sequence Yy associated with
the system (3.18).



90 3 Mean square exponential stability

(b) We say that the zero state equilibrium of the system (3.18) is exponen-
tially stable in the mean square with conditioning (ESMS-C) if there exist
B8>1,q¢€ (0,1) such that for any sequence of independent random vectors
{w(t)}1>1 and for any Markov chain ({n:}i>0,P,D) that satisfy Hy, Ho
we have:

BlO(t, s)z*Ins-1 =] < Bg"*|z?

forallt>s>1,x € R",i € Ds_1.

(¢) We say that the zero state equilibrium of the system (3.18) is exponentially
stable in the mean square (ESMS) if there exist § > 1,q € (0,1) such that
for any sequence of independent random vectors {w(t)}i>1 and for any
Markov chain ({n:}1>0, P, D) that satisfy Hi, Hy we have:

E[|6(t, s)z|*] < Bq"°|z|?
forallt>s>1,2z€R".

Remark 3.10 As we have seen in Remark 3.3 the system (3.1) may be viewed
as a special case of the system (3.18). It is natural to want to see if the
types of exponential stability in the mean square introduced by Definition 3.4
reduce to the ones introduced by Definition 3.1 if the systems (3.18) take the
particular form (3.1).

It is obvious that if the system (3.1) is regarded as a system of type
(3.18) then the concepts of ESMS introduced by Definition 3.1(e) and Defini-
tion 3.4(c) coincide. The concept of ESMS-C introduced by Definition 3.4(b)
coincides with the concept ESMS-CII introduced by Definition 3.1(d). The
concept of SESMS introduced by Definition 3.4(a) coincides with the concept
of SESMS-II introduced by Definition 3.1(b).

Concerning the relations between the concepts of exponential stability in
the mean square introduced by Definition 3.4 we have the following theorem.

Theorem 3.13 Under the assumptions Hq, Hy we have:

(1) If the zero state equilibrium of the system (3.18) is SESMS then it is
ESMS-C.

(ii) If the zero state equilibrium of the system (3.18) is ESMS-C then it is
ESMS.

Proof. (i) follows immediately from (3.19); (i) follows from the inequality

E(|6(ts)2l ) < Y E[6(t, s)al*|ne-1 = dl.
i€Ds_1

The analogue of Theorem 3.5 for the systems (3.18) is as follows. O

Theorem 3.14 If for all t > 0, P; are nondegenerate stochastic matrices then
the following are equivalent.
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(i) The zero state equilibrium of the system (3.18) is SESMS.
(i) The zero state equilibrium of the system (3.18) is ESMS-C.
(#3i) There exist a sequence of independent random vectors {w(t)}+>1 and a
Markov chain ({n:}1>0, P, D) with P{(no = 4)} > 0,i € D satisfying
H., Hy such that

E[|O(t, s)x[*|ns—1 = i] < Bg"*|z|?
forallt>s>1,1€ D,x € R", where § > 1,q € (0,1).

Proof. 1t is similar to the proof of Theorem 3.4 and is based on Theorem 3.2.
The details are omitted. O

As in the case of the systems of type (3.1), it is expected that the types of
exponential stability in the mean square introduced for systems of type (3.18)
will not be equivalent in the absence of some additional assumptions.

In the sequel we show that under the periodicity assumption the con-
cepts of exponential stability introduced by Definition 3.4 become equi-
valent.

Firstly we introduce the following.

Definition 3.5 We say that the zero state equilibrium of the system (3.18) is
asymptotically stable in the mean square (ASMS) if for any sequence of inde-
pendent random vectors {w(t)}i>1 and for any Markov chain ({n:}i>0, P, D)
that satisfy Hy, Ho we have

Jlim Eflo(t, 1)z]?] = 0,Vz € R™.

Now we are in position to state the following.

Theorem 3.15 Assume that there exists an integer 0 > 1 such that Ag(t +
0,i,5) = Ap(t,4,7),0 < k < ri,j € D,Pirg = Pi,t > 0. Under these condi-
tions the following are equivalent.

(i) The zero state equilibrium of the system (3.18) is (SESMS).
(i) The zero state equilibrium of the system (3.18) is (ESMS-C).
(i41) The zero state equilibrium of the system (3.18) is (ESMS).
(iv) The zero state equilibrium of the system (3.18) is (ASMS).
(v) There exist a sequence of independent random vectors {w(t)}i>1 and a
Markov chain ({n:}i>0, {Pi}e>0, D) with P{(no =)} > 0,7 € D satisfy-
ing Hy, Hy such that

Jlim Elo(0t, Dz[*] =0 (3.77)

for all x € R™.
(vi) p[R(O 4 1,1)] < 1 where p[-] is the spectral radius.
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Proof. The implications (i) — (i) — (#i7) follow from Theorem 3.13. The
implications (iii) — (iv) — (v) are straightforward. Now we prove the impli-
cation (v) — (vi).

From (3.77) together with the equality:

E[|6(6t,1)x]?] Zwo E[|00t, x| |no = 1]

we deduce that
Jim Elo(0t, D} ln =i =0, i€D. (3.78)
Based on (3.19) and (3.78) one gets

Jim 2T [(R*(0t,1)J)(i)]x = 0. (3.79)

If we take into account the definition of the norm |- |¢ (see (2.20)), we may
write

tlim |R*(6t,1)J|¢ =0
or equivalently

Jlim [[R*(0t, 1) = 0. (3.80)

Because |- |¢, || -||2 are equivalent norms on SY and || R*(0¢,1)|2 = || R(6t,1)|]2
one obtains from (3.80) that lim; .. ||R(0¢,1)||¢ = 0. Using the fact that
ROt +1,1) =Yy R(60t,1) = Yy R(6t,1) we deduce that

Jlim [[R(0t + 1, 1)1 = 0. (3.81)

Based on periodicity of the coefficients, one shows inductively that
R(0t +1,1) = (R(6 + 1,1))t for all ¢ > 1. Thus (3.81) may be rewritten
lim oo | (R0 + 1), 1)) = 0.

From the definition of the spectral radius we conclude that (3.81) is equi-
valent to p[R(6 + 1,1)]¢ < 1. This shows that (vi) holds. If (vi) is true then
there exist 3 > 1,q € (0,1) such that ||[(R(6 + 1,1))!||¢ < Bq¢'. Furthermore
one shows in a standard way that there exists 8; > 8 such that || R(¢, s)||¢ <
Brglt=s) forallt > s > 1 (for more details one can see the proof of implication
(vi) — (i) in Theorem 3.10). Thus we obtain that the implication (vi) — (4)
holds and the proof is complete. O

Definition 3.6 We say that the system (3.18) is in the time-invariant case if
Ap(t,i,5) = Ak(i, ) for allt > 1,4,5 € D, 0 <k <r and P, = P for all
t>0.
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In this case we have 73 = 7', for all ¢ > 1. One sees that the system (3.18)
is in the time-invariant case if and only if it is periodic with period 8 = 1.
Hence, the equivalences from the above theorem hold in the time-invariant
case too. In this case, the statement (vi) becomes p(7) < 1.

Based on Theorems 2.4 and 2.5 applied to the sequence (2.99) we obtain
a set of Lyapunov-type criteria based on the properties of the sequence 17"

Theorem 3.16 Under the assumption of Theorem 3.15 with 0 > 2 the fol-
lowing are equivalent.

(1) The zero state equilibrium of the system (3.18) is ESMS.
(i) There exist the positive definite matrices X;(i) € SN,1 <t < 6,i € D
that solve the following system of linear matriz equations,

N

Xt(z) = Z Zpt—l(ZaJ)Ag(tL]aZ)XH—I(.])Ak(tL]aZ) + In
k=1 =1

foralll <t<0-1,

r N

Xo(i) =Y po-1(6,5) AL (0, 5,1) X1 (5) Ar(0, 4,1) + I

k=0 j=1
forieD.

(¢i1) There exist positive definite matrices Yi(i) € S, 1 <t < 0,1 € D that
solve the following system of LMIs,

r N
ZZpt—l(l7])A£(t7]77’)}/;5+1(])Ak(t7.772) - )/t(l) <0
k=0 j=1

for1<t<6-—1,

r N

DD po-1(i AL (0,4, 0)Y1() Aw(6, 5. 7) — Yo(i) <0

k=0 j=1
forieD.

Proof. From Theorems 2.4 and 2.5 applied to the sequence 17 it follows that
(i4) and (i4i) in the statement are equivalent to the fact that the sequence
{T}}1>1 generates an exponentially stable evolution. Definition 3.4(a) and
Theorem 3.15 show that this is equivalent to ESMS of the zero state equili-
brium of the system (3.18). O

The next result provides a set of Lyapunov-type criteria based on expo-
nential stability of the evolution defined by the sequence {17 }icz.

Theorem 3.17 Under the assumptions of Theorem 3.16 the following are
equivalent.
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(i) The zero state equilibrium of the system (3.18) is ESMS.
(i) The system of linear matriz equations

r N
Xpa1 (1) = D> piea (G i) Ar(t i, 5)
k=0 j=1
x Xo()AL (4, 5) + 1, 1<t<-1 (3.82)
r N
X1(0) =Y po-1(4,1)Ar(6,1, ) Xo(§) AL (0,1, §) + I,
k=0 j=1

i € D, has a solution X; = (X;(1),...,X(N)) such that X;(i) > 0,
1 €D.

(7i1) There exist positive definite matrices Yi(i),1 < t < 0,i € D, that solve
the following system of LMIs,

r N
DD pealh i) Ax(t, i, ) Vi) AL (84, )
k=0 j=1
Vi) <0 1<t<6-1 (3.83)
r N
ZZp@—l(]vZ)Ak(07z7])}/9(])A,£(977’7]) - Yl(Z) < 07
k—0 j=1

1 €D.
In the time-invariant case the results of Theorems 3.16 and 3.17 become

as follows.
Corollary 3.7 If the system is in the time-invariant case, the following are

equivalent.

(i) The zero state equilibrium of the system (3.18) is ESMS.
(i) The system of linear equations

R N
X (i) =33 pli, )AL (G, )X () Ak (5, 8) + In,

k=0 j=1

i € D, has a solution X = (X (1),..., X (N)) with X (i) > 0,7 € D.
(7i1) There exist positive definite matrices Y (i),1 € D, that solve the following
system of LMIs,

r N
DD p( DAL G Y () Ax(G6) = Y (@) <0,

k=0 j=1

i €D.
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Corollary 3.8 Under the conditions of Corollary 3.6 the following are equi-
valent.

(i) The zero state equilibrium of the system (3.18) is ESMS.
(ii) The system of linear matriz equations

r N
i)=Y p(i,i)Axli, )X ()AL (i, 5) + In,
k=0 j=1

1 € D, has a solution X = (X(1),...,X(N)) with X(i) > 0,71 € D.
(i7i) There exist positive definite matrices Y (i),i € D, that solve the following
system of LMIs,

r N
DO p( DALY ()AL G, §) = Y () <0, i€D.

k=0 j=1

3.7 Discrete-time affine systems

In this section we deal with discrete-time affine stochastic systems obtained
from (3.1) adding some forcing terms. More precisely, the systems under con-
sideration are of the form

w(t+1) = Ao(t,n)x(t) + go(t)
+ Zwk AR, )2 (t) + gi(t)],t = 0, (3.84)

where {gr(t)}¢>0,0 < k < r are stochastic processes with the property that
for each t > 0, the vectors gi(t) are Hy-measurable and E|gx(t)|? < oo, H;
being the o-algebra defined in Section 1.5.

The following result is used repeatedly in the developments of the next
chapters.

Lemma 3.1 Let V(t,z,i) = 27 X (t,4)x + 22T k(t, 1) + u(t, i), where X (t,i) =
XT(t,i) € R, k(t,i) € R™, u(t,i) € R, (t,4) € Zy+ x D. Then we have:

E[V(t +1, 1‘(t + 1)7 77t+1)\77to}
= ZE ()AL (8, 710)En, (8, X (+ 1) Ag(t,m0)a(t) + 227 () AL (8,70

X En, (8, X (t+1))gr(t) + gt ()€, (£, X (t+ 1)) gk () 10,
+ 2E[(Ao(t, 1)) + go(t) " €y, (¢, K(t+1)) 1)

+ E[gm (t7 /J'(t + 1))|77t0}
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for all t > tg > 0 and any trajectories {x(t)}1>1, of the system (3.84) with
x(to) Hy,-measurable and E[|z(to)|?] < oo, where

N
Eilt, Z) = Zm(i,j)Z(j), (3.85)

1<i<N, foral Z=(Z(1),Z(2),...,Z(N)), where either Z(i) € R"*",
Z(i) e R™, or Z(i) € R, respectively.

Proof. Because V(t + 1,z(t + 1),7) is Hi-measurable we obtain via Corol-
lary 1.1 the equalities:

M=

EV(E+ 12+ 1), n)[He] = ) VE+ 1,20+ 1), ) EX 0=y [Hi]

<.
Il
-

[
] =

V(t+1ax(t+1)a.])pt(77t7])7 a.s.

<.
Il
-

(3.86)

Taking into account that 75(,5 C He, gr(t), z(t), and n; are H,;-measurable and
wy(t) are independent of H;, we obtain from (3.86) the equality

E[V(t+1,a(t+1),m41)|He) = (Ao(t, me)z(t) + go(t) T En, (£, X (t + 1))
X (Ao(t,ne)x(t) + go(t))
+ 2(Ao(t, ne)x(t) + go(t)T &y, (t, X (¢ + 1))

XY (Ar(t, )z (t) + gu()) Elwy (£)[He)
k=1

+ Zr: (Ak(t,me)2 () +g1 (1)), (£, X (t+1))

k,l=1

X (Ai(t me)a(t) + gi(t)) Elwg (¢)wi (1) H]

+ (Ao (t m)x(t) + go(t) " Ey, (¢, K(t+ 1))

+2 ZT:(Ak (t, )z (t)+ i) En, (¢, K(E+1))
k=1

X Elwy ()| He] + g, (¢, pes1)-

From assumption H; and Theorem 1.3(v) we deduce: Elwg(t)|Hy] =
Elwy(t)] = 0 and Elwy (t)w;(t)|H:] = Elwk(t)w;(t)] = 0 where as usual
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S — 0, k#I;
MY, k=1

This allows us to write:

s

E[WV(t+1,2(t+ 1), my1)[He) = > (Ax(tmo)z(t) + gi ()"
k=0

X gﬁt (t7 X(t + 1))(Ak (tv nt)x(t) + gk(t))
+2(Ao(t, o) (t) + go(t)”
x Ep, (t,k(t+ 1))+ &, (t, n(t+1)). (3.87)

Finally, taking the conditional expectation with respect to o(n,) C H, in
(3.87) one obtains the equality in the statement and thus the proof ends. O

Concerning the trajectories of the affine system (3.84) we prove the
following.

Theorem 3.18 Under the assumptions Hy, Ho if the zero state equilibrium
of the linear system (3.1) is SESMS-I then the trajectories x(t),t > to of the
affine system (3.84) such that x(ty) is Hy,-measurable and E[|z(ty)|?] < oo
satisfy the estimates

r t—1
Ell(t)?[ns,] < ¢ {qt_tOE[ﬂf(to)lzlnto] +> 03 qt_s_lE[gk(S)lzmo}}
k=0 s=tg
(3.88)
for all t > to, where ¢ >0, q € (0,1), are independent of t,ty € Z+.

Proof. Based on the property of SESMS-I one obtains via Theorem 3.7 that
there exists the sequence {X(¢)}i>0, X(t) = (X(¢,1),X(¢,2),...,X(¢,N))
that satisfies

X(t,i) = Z AT (4, 9)E(t, X (t+ 1)) A ((t,3) + I, (3.89)
k=0

t>0,i €D and
I, < X(t,i) <él, (3.90)
forall £ > 0,7 € D, ¢ > 1 not depending upon ¢, 1.

Applying Lemma 3.1 to the function V(¢,z,i) = 27 X (¢,4)z and to the
system (3.84) we obtain, via (3.89) that
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BV (t+ 1ot +1),ma1) ] — EIV (& 2(t), 1) o] = —Ell(t)]?|ne)

+2 ZE ()AL (8, m0)En, (£, X (4 1)) gi (£) 1,

+ZE9k En, (8, X (4 1)) gk (1) 11, ]- (3.91)

Denoting ¢(t) the right-hand side of (3.91) we may write:

1 1 — 1
(t) = —_ E[|lz(t)]*|n:,] — E x(t)
7 2 Mol = o k;) H Vr41
2
|nto‘|

+ZE9k (&) M (t, 70 ) gk () 776 ], (3.92)

=2v/r + LA (£, )&y, (X (t + 1)) gr (1)

where My(t,i) = &, X+ 1)) + 2(r + )&, X (t + 1)) Ak(t,9) AL (t,4)
Ei(t, X(t+1)).

Because the zero state equilibrium of the system (3.1) is SESMS-T it follows
that the sequences {Ax(t,4)}+>0, 0 < k <r, i € D are bounded. This guaran-
tees that we have

0 < My(t,i) < vl,, (3.93)

0<k<r,ieD,te Z, where v > 0 does not depend upon t, k,i. Setting
v(t) = E[V (¢, z(t),n¢)|n,] we obtain from (3.93), (3.92), and (3.91) that

ot 1) — olt) < — ) Ellalt)Plng] + v 3 Ellgs (), ]

k=0
Using (3.90) one gets:
v(t+1) < qu(t) + g(t), (3.94)
where ¢ =1—¢"'and g(t) = v Y _, Ellgr(®)|*|ne,], ¢ € (0,1).

0,
Let 0(t), t > to be the solution of v(t + 1) = qv(t) + g(t), 0(tg) = v(to);
hence

(1) = ¢""u(to) + > 4" g(s) (3.95)

for all t > t¢. Furthermore, one obtains inductively via (3.94) that v(t) < o(¢),
t > to.
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Thus from (3.95) we deduce that v(t) < ¢'~w(te) +v S f_o S0 1, 05!
El|gk(5)|?|n4,]. Invoking again (3.90) one obtains

r t—1

Ellz(t)]*[ne,) < v(t) < &g Ella(to)*lnee) +v > > ¢ Ellgn(s) ).
k=0 s=to

Thus the proof is complete. O

Corollary 3.9 Under the assumptions in Theorem 3.18 the following hold.

(i) If the series Y oo Ellgi(t)[*|ny, =], 0 < k <r, i € Dy, are convergent
then the series Y~ , E[x(t)|*|n:, = i] are convergent for alli € Dy, and

for all trajectories of the system (3.84) with x(ty), ﬂto—measumble, and
E[|z(to)|?] < 0co. Moreover, we have

> Blla(t)Plne, =]

t=to

<a (E[Ix(to)lzlnto =i+ > > Ellge®)lmo = ﬂ) :

k=0 t=to
(ii) If sup E[|gr(t)|?|ne, = 4] < +00, 0 <k <71, i € Dy, then
>0
sup Ef|z(t)[*|nt, = 1] < ¢ < 400
t>to

for all t > 0 and all the trajectories of the affine system (3.84) with the
properties as in ().

(iii) If limi—oo Ellgx(t)*ney = i] = 0, 0 < k < 7, and i € Dy,, then
limy oo El|z(t)]?|nt, = i] = 0 for any trajectories of the affine system
(3.84) with the additional properties as in (i).

Proof. (i) If i € D,,, then taking the conditional expectation with respect to
the event {n;,, =i} in (3.88) one gets

Bllx(t)[m, =] < C(qt_t"E[x(to)leo = il

+> Z_: ¢ Ellgk () |ne, = z’]) : (3.96)

k=0 s=tg
This leads to

Z Ela(t)*|ne, = ] ( > g Ea(to)*In, = ]

t=to+1 t=to+1

D) iqt_s_lEHgk(s)F??to:i]) (3.97)

k=0t=to+1 s=to
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for all 7 > tg > 0, @ € Dy,. Performing a change of the order of summation we
obtain:

T t—1 T—-1 7
ST d T Elgk )Pl =1 > a7 Ellgr(s)*Ine, = .

t=to+1 s=to s=tg t=s+1

Because ¢ € (0,1) we deduce

T t—1
Z Z qt_s_lEHgk(S)lz\mo _ Z < Z E ‘gk | |7, = z]. (3.98)

t=to+1 s=to s=to

From (3.97) and (3.98) we obtain

> Ellat)lne, =]

t=to+1

( [l (t0) P10 = i+ Z Ellgr(s)*|me, = Z]) (3.99)

k=0 s=to

forall 7 > tg > 0,7 € Dy,.
The conclusion from () follows by taking the limit for 7 — oo in (3.99).
(74) This follows immediately from (3.96).
(797) From (3.96) it follows that we have to prove

lim ¢ El|gi(s)|*In, =] =0, i€ Dy, (3.100)

t—oo
t=to

0 < k < r. To this end we use Stolz—Cesaro criteria for the convergence of a
sequence of real numbers. Denoting

= ¢ Ellgr(s)Plm, =i, t>1t0>0

Szto

one sees that & (t) = (§(t))/q~* with &.(t) = Y024, = El|gr(s)[2|ne, = i].

We have ~ ~ )
Ee(t+1) — &(t) q- .
g—t-1— gt = g1 — IEHQk(t)mnto = .
Hence - -
t+1)— t

Jim 5’“(_4[_1) f_’“t( ) _o.

- g —q
This implies that lim;—, o & () = 0 and thus the proof is complete. O

At the end of this section it should be noted that if x(t) is a trajec-
tory of the affine system (3.84) starting from zy € R™ at time ¢ = #, then
under the assumptions Hy, Hz one deduces that x(tp) is Hto -measurable and

E[|x(t0)]?] < oo for any tq > {.
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3.8 Notes and references

The exponential stability in the mean square for discrete-time stochastic
systems affected by multiplicative white noise perturbations is discussed in
[7, 13, 34, 58, 65, 88, 92, 93, 96, 113].

The exponential stability in the mean square for discrete-time systems
with Markovian perturbations is studied in a great number of papers; see
[6, 15, 16, 18, 21, 22, 27, 38, 52-54, 75, 80, 84, 86-90, 95]. Theorem 3.6 is
proved in [41]. The results from Section 3.6 are proved in [38, 43] and those
from Section 3.7 can be found in [45]. Example 3.1(44) is presented for the first
time in this work. All other results from this chapter can be found in [42].



4

Structural properties of linear stochastic
systems

In this chapter we present the stochastic version of some basic concepts
in control theory, namely stabilizability, detectability, and observability. All
these concepts are defined both in Lyapunov operator terms and in stochastic
system terms. The definitions given in this chapter extend the corresponding
definitions from the deterministic time-varying systems. Some examples show
that stochastic observability does not always imply stochastic detectability
and stochastic controllability does not necessarily imply stochastic stabiliz-
ability. As in the deterministic case the concepts of stochastic detectability
and observability are used in some criteria of exponential stability in the mean
square.

4.1 Stochastic stabilizability and stochastic detectability

4.1.1 Definitions and criteria for stochastic stabilizability and
stochastic detectability

In this subsection we introduce the stochastic version of concept of stabiliz-

ability and detectability. These two properties of controlled systems play an

important role in the developments in the next chapters of the book.
Consider the discrete-time controlled system

x(t+1) = Ao(t, ne)z(t) + Bo(t, n:)u(t)
+ ) [Ak(tne)z(t) + Br(t, nu(t)|wi(t), (4.1)
k=1

where u € R™ is the control input, {w(t)};>0 is a sequence of independent
random vectors with w(t) = (wi(t),...,w. ()T, and ({n:}i>0, { P }+>0, D) is
a Markov chain such that assumptions Hy and Ha are fulfilled.

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 103
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 4,
© Springer Science + Business Media, LLC 2010
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Definition 4.1 We say that the system (4.1) is stochastic stabilizable if there
exist the bounded sequences {F'(t,i)}1>0,1 € D, F(t,i) € R™*™ such that the
zero state equilibrium of the closed-loop system

x(t+1) = [Ao(t,n:) + Bo(t,n:)F(t,mt)

+ ) (Ar(t,m) + Bi(t,me) F(tm0) ywi (1) | 2(t) (4.2)
k=1
is SESMS-I1. The sequences {F(t)}i>0,F(t) = (F(t,1),F(t,2),...,F(t,N))
inwolved in the above definition are called stabilizing feedback gains.
Let us consider the discrete-time system:

w(t+1) = (Ao(t,ne) + ) Aw(t, 1w (t))(t) (4.3)
k=1

y(t) = (Co(t, ﬁt) + Z Ck(t7 ﬁt)wk(t))x(t)7
k=1

x(t) € R™ and y(t) € RP.

Definition 4.2 We say that the system (4.3) is stochastic detectable if there
exist sequences {K(t,i)}1>0,1 € D,K(t,i) € R™ P such that the zero state
equilibrium of the following system,

w(t+1) = | Aot me) + K (8, 0:)Co(t,m0)

T
+ > (At ) + K (6, n) Cr(tn))wn(t) | 2(t)  (4.4)
k=1
is SESMS-1.

The sequences {K (t,i)}i>0, tnvolved in the previous definition, are called
stabilizing injections.

In the case of periodic coefficients in the definition of stochastic stabiliza-
bility and stochastic detectability we restrict our attention only to stabilizing
feedback gains and stabilizing injections that are periodic sequences. In the
time-invariant case in the definition of stochastic stabilizability and stochastic
detectability we consider only stabilizing feedback gains F = (F(1),..., F(N))
and stabilizing injections of the form K = (K(1),...,K(N)). In the next
chapter we show that this can be done without loss of generality.

The following notations are often used in this chapter.

AR(t) = (Ap(t,1),..., Ap(t, N)) e R " @ ... o R .= MDY
Bi(t) = (Bi(t,1),...,Bp(t, N)) e R™*™ @ ... g R"™ := MY
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Cr(t) = (Ck(t,1),...,C(t,n)) ERP" @ - ®RP*"™ := M),
At) = (Ao(t), A (D), ..., A,(t) e MY @ - MY,
B(t) = (Bo(t), Bi(t),...,B.(t)) e MN & ... MV
C(t) = (Co(t), Cr(t), ..., Cr(t)) € Mp), @ --- B M,
A={A()}iz0, B={B)}hz, C={C(t)}iz0, P={P}iz0.

We remark that in the time-invariant case A, B, C, P are constant sequences;
that is, A = (Ao,Al,...,Ar) S MN @ - @MTJY,B = (Bo,Bl,...,B ) S
MEN @ oMY C=(CyC,...,C) € MN ®---eMJ P =PeR™"

Now we introduce a definition of stabzlzzabzlzty and detectability expressed

in terms of Lyapunov operators.

Definition 4.3 Let {L:}:>0 be a sequence of operators of type (2.58) and

{B(t)}+>0 and {C(t)}i>0 be as before.

(a) We say that the pair (Li, B(t)) is stabilizable, or equivalently the triple
(A,B,P) is stabilizable if there exists a bounded sequence {F(t)}:>0,
F(t) = (F(t,1),...,F(t,N)),F(t,i) € R™ "™ such that the sequence
Lr¢,t >0 generates an exponentially stable evolution, where Lr STILV —
STJLV, ﬁF,tX = (EF,tX(l), ey EF,tX(N)) with

LraX() = 30 (At 3) + Bt )F ()X () (Ax (1)

k=0 j=1
+ Bi(t, ) F(t, )" (4.5)

for all X € SY.

(b) We say that the pair (C(t),L;) is detectable or equivalently the triple
(C,A,P) is detectable if there exists a bounded sequence {H(t)}>0,
where H(t) = (H(t,1),...,H(t,N)), H(t,i) € R"*P such that the sequence
{LE} > generates an exponentially stable evolution, where LI is defined
by LEX = (CEX(1),...,LEX(N)) with

(LX) (i ZZM 4, D) (Ax(t, 5)

k=0 j=1
+ H(t,§)Cr(t, )X () (Ar(t,5) + H(t,§)Cu(t,§))T  (4.6)
for all X € SY.

Remark 4.1 The concepts of stabilizability and detectability introduced by
Definition 4.3 do not require that p.(i,7) be necessarily the elements of a
stochastic matrix. Only the condition p:(i,j) > 0,i,5 € D,t > 0 is assumed.

The next simple result provides the relation between the concept of
stabilizability and detectability defined above.
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Corollary 4.1 Assume that the scalars p.(i, ) satisfy the additional condition

Z;-Vzlpt(i,j) =1,i€D,t>0.
Then the following two equivalences are true.

(a) The system (4.1) is stochastic stabilizable iff the pair (L, B(t)) is detec-
table.
(b) The system (4.3) is stochastic detectable iff the pair (C(t), L) is detectable.

Based on Lyapunov criteria for SESMS derived in Chapter 3, one obtains
some criteria for stochastic stabilizability and stochastic detectability as
well as for stabilizability of the pair (£, B(t)) and detectability of the pair
(C(t), L:). Applying Corollary 3.3 to the time-invariant version of system (4.3)
we have the following.

Corollary 4.2 Assume that Ag(t,i) = Ar(i),Bk(t,i) = Bi(i), k €
{0,1,...,7r},i € D, P, = P,t € Z. Then the following are equivalent.

(i) The system (4.1) is stochastic stabilizable.
(i) There exist Y = (Y(1),...,Y(N)) € SN, Z = (Z(1),...,Z(N)), Z(i) €
R™*™ Y (i) > 0,1 € D, that solve the following system of LMIs,

Y@ Uu(Y,Z) W(Y,Z) ... (Y, Z)
vI(Y, Z) —y 0 .. 0
wi(Y, Z) 0 -y 0 <0, (47
wL(Y, Z) 0 0 . -y

where Wy, (Y, Z) = (\/p(1,4) (A (1)Y (1) + Bx(1)Z(1)) ... \/p(N, ) (A (N)
Y(N) + Be(N ) (N )))k€{01 T

Y = diag(Y (1),..., Y(N)).

If (4.7) is solvable then a stabilizing feedback gain is given by F (i) =
Z()Y~1(i),i € D.

Applying Corollary 3.4 to the time-invariant case of the closed-loop system
(4.4) one obtains the following.

Corollary 4.3 Under the assumptions of Corollary 4.2 the following are
equivalent.

(1) The system (4.3) is stochastic detectable.
(ii) There existY = (Y(1),...,Y(N)) € SY and Z = (Z(1),...,Z(N)), Z(i) €
R"*P Y (i) > 0,7 € D that solve the following system of LMIs,
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—Y (i) Wu(Y,Z) (Y,Z) ... Psiu(Y,Z)
I (Y, Z) -y 0 . 0
vy, Z) 0 -y . 0 <0,
(Y, Z) 0 0 . -y

i € D, where Ui (Y, Z) = (\/p (z,l)(Ag(l)Y( ) + CT(1)Z7 (1))
;/J]fo(i,N)(A{(N) (N) + CE(N)ZT(N))), k € {0,1,...,7} and Y is as

If the previous system of LMIs is feasible then a stabilizing injection is
given by K (i) =Y ~1(i)Z(i),i € D.

Similar results as in Corollary 4.2 and Corollary 4.3 can be easily derived
for the periodic case applying Theorem 3.11 and Theorem 3.12, respectively.

4.1.2 A stability criterion

In this subsection we prove a necessary and sufficient condition for the
exponential stability of the evolution generated by the operators (2.58).
That condition may not be directly derived from the result proved in
Section 2.3.

Theorem 4.1 Let {L;}1>0 be a sequence defined by (2.58) with the additional
property that {p.(i,7)}i>0 and {Ak(t,7)}i>0 are bounded sequences.
Consider the discrete-time backward affine equation

Y =LY +C(1), t>0, (4.8)

) Cl(t, ).
t), L) is

where C(t) = (C(t,1),C(t,2),...,C(t,N)),C(t,i) = Sp_o CF(t,i
Assume that {Cy(t,7)}1>0 are bounded sequences and the pair (C(
detectable.

Under these conditions the following are equivalent.

(1) The sequence {Li}i>0 generates an exponentially stable evolution.
(i1) The equation (4.8) has a bounded solution {Y;}+>o C Shr.

Proof. The implication (i) — (i7) follows immediately from Theorem 2.5(iv).
It remains to prove the converse implication.
Let {X;}+>¢, be a solution of the problem with given initial values:

Xt+1 - EtXt, t Z to (49)
X, =H, HecS)+. (4.10)
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We show that there exists v > 0 not depending upon ¢ty and H such that

(oo}

D 1Xile <ylHe (4.11)

t=to

for all to > 0, H € Sn
Let {H;}:>0 be a stabilizing injection. This means that there exist 61 > 0,
¢1 € (0,1) such that
IT(t, )" |le < Brar

for all t > s > 0,7(t,s)" being the causal linear evolution operator defined
on &Y by the sequence {L£{};>o where £ is defined as in (4.6).
The equation (4.9) may be rewritten as

X1 = LI X, + G X, (4.12)
Where tht = (tht(l), ey tht(N)),
G X4(4) ZZM 5, OH (t, §)Cu(t, ) Xe (7) AR (t,5)
k=0 j=1
+ Ak (t,5) X, ()CR (8. )H (£, 5)
Furthermore we define the perturbed operators
L; =L + G, (4.13)
where G: X = (G:X(1),...,G(N)) with
r N
=D pel i) Axlt, )X ()AL (£, 5)
k=0 j=1

for all X = (X(1),...,X(N)) € SV.
If ¢ € (q1,1) one shows in a standard way using a discrete-time version of
the Belman—Gronwall lemma that there exists eg > 0 such that

IT=(t, s)|le < Bg"*, (4.14)

forallt > s> 0,0 <e <ep,T(t, s) being the causal linear evolution operator
defined on SY by the sequence (L5);>o.

Let € € (0,¢0) be fixed and {Z;}4>4, be the solution of the problem with
given initial condition:

1
oo = LiZit LW Zoy =1, (4.15)
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where ¥, = (¥(1),...,%(N)),

”

N
> v iV H (t 5)Cr(t, 5) X ()CF (¢, 5)H (¢, )" (4.16)
k=0 j=1

If we set Z, = Z; — X, then by direct calculations based on (4.12) and (4.15)
one obtains that Z; solves

Zio1r = L5 7, + Wy, Zy, =0, (4.17)

where ¥, = (F,(1),...,%(N)),

Y Y i ) (sAute iy + Lartedrcute)

k=0 j=1

T
< X,00) (2Au(t) + LH DO

+ZZpt 4 )V H (¢, §)Cr(t, ) Xe () CE (8, ) H (£, 7).

k=0 j=1

The solution of (4.9) is in S,JlV*, thus it follows that !l:/t(z) > 0 for all t > tg
and i € D; that is, ¥, € SN+

Because L§ are positive operators, then based on (4.17) one obtains
inductively that Z, > 0 for all t > to, which is equivalent to X; < Z; for
all t 2 to.

The last inequality allows us to write

[ Xile < [Zele,  t>to. (4.18)

From (4.15) we obtain the representation formula

t—1

1
Zy =T(tto)H + _ Y T(t1+ 1),  t>to+1.
£ l:to
Based on (4.14) we get:
ﬂ t—1
Zile < Ba " Hle+ L 3™ Wl (4.19)
I=tgo

Taking into account the definition of the norm |- |¢ on S one obtains (see
also (4.16)):

r N

1] = max [# ()| < max Y 0> i (3, H (L J)Cr (1) Xa(G)CE (L) HT (1, 5)],

k=0 j=1
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which leads to
(4.20)

r N
Wile < prp2 Y > 1C(L )X ()Cr (L, 5) "],

k=0 j=1
¢ (4,1), p2 > |H(L,7)|? for alll > 0,4, j € D. Because |Ck (I, ) X;(5)
dx[ckt(l?j)Xl(])C (l ])} we may write

<

N T

= pip2 T S (CF UL )OI Xi(5)).

j=1 k=0

In view of the definition of the inner product on S we get
(4.21)

Wle < p1pa(C(1), X1).

Based on equation (4.8) verified by {Y;};>0 we may write

<‘C7Y/2+17Xl> = <Y/27Xl> - <ﬁ+17Xl+1>‘ (4'22)

(Cr, X)) = (Y1, X) —
Because (Y;);>0 is a bounded sequence and (Y, X;) > 0 for arbitrary i > 0
we obtain from (4.21) and (4.22) that
t1
> Wle < pslHle, Vit >t (4.23)
I=tg

with p3 > 0 independent of tg,t; and H. Using (4.19) we may write

to to to -
<1+5 5 q) e+ b S S

Yo 1Zie <
t=to+1 t=to+11l=to

t=to
Changing the order of summation and taking into account (4.23) we obtain

finally
to
Z|Zt\£§W\H|£7 Vi >to

t=to

and )
-
yo14 PO P
I-q¢ 1—g¢
does not depend upon tg, t2, H. Taking the limit for to — oo one gets

Y| Zile < AlHle.

t=to
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Invoking (4.18) we conclude that (4.11) is valid. Taking H = J = (I,
Lo,y In), (4.11) becomes Y22, [T'(t,tg)J]e < 7 for all to > 0, or equiv-
alently

> to)lle <. (4.24)

t=to

Based on (2.13), (4.24) leads to 3.2, [ T*(t,to)|le <~ for all tp > 0, 71 >0
being independent of .
Because T*(t,t0)J < || T*(t,t0)||¢J one obtains 0 < Y772, T*(t,t0)J < d.J.
Applying now the implication (iii) — (i) of Theorem 2.4 we conclude that
the sequence L; generates an exponentially stable evolution and thus the proof
ends. O

The result proved in the above theorem may be viewed as an alternative of
the equivalence (i) < (vi) of Theorem 2.4 for the case when the forced term
of the corresponding equation (2.30) is not uniform positive.

Remark 4.2 In Theorem 4.1 we do not assume that P; are stochastic matrices.
In this way, we may apply the result proved in Theorem 4.1 for Lyapunov-
type operators £; constructed with PtT instead of P;. The transposed P; is
not always a stochastic matrix even if P, is a stochastic matrix.

4.2 Stochastic observability

Let us consider discrete-time linear stochastic systems of the form

ot +1) = [Ao(t, ) ZAktm wy ()] (t) (4.25)

y(t) = C(tv ﬂt)fc(t)7

t € Zy, where {n:}i>0 and {w(t)}+>0 are as in the case of system (4.1),
x(t) € R, y(t) € RP.

If Ap(t,i) = 0,1 <k < rie D,t >0 (4.25) reduces to a system with
Markovian perturbations:

x(t+1) = Ag(t, ne)x(t) (4.26)
y(t) = CO(t,me)z(t), teZy.

In the particular case N = 1, system (4.25) takes the form

z(t+1) )+ Z A () wi ()] (t) (4.27)

t >0, where Ay (t) = Ax(t,1),0 <k <r,C(t) = C(t,1).
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The time-invariant version of the systems (4.25), (4.26), and (4.27),
respectively, is described by

x(t+1) = [Ao(n) + ZAk(m)wk(t) x(t) (4.28)
k=1
y(t) = Cne)x(t)
z(t+1) = Ao(n)z(t) (4.29)

y(t) = C(ne)x(?)

and

z(t+1)=

Ag+ i Apwy (t)] x(t) (4.30)

k=1
y(t) = Cx(t).

In the case of systems (4.28), (4.29) {n; }:+>0 is an homogeneous Markov chain.
It must be remarked that the coefficients of the systems (4.28)—(4.30) are not
constants as in the time-invariant case of a deterministic framework. They are
still time-dependent via the stochastic processes w(t) and 7;.

Setting C for the sequences {C(t,%)}+>0,7 € D we introduce the following
definition.

Definition 4.4 We say that the system (4.25) is stochastic uniformly observ-
able or equivalently the triple (C, A, P) is uniformly observable if there exist
T0 € Z4+ and vy > 0 such that

s+To

> Tt s)C(t) > T (4.31)

for all s > 0 where C(t) = (C(t,1),...,C(t,N)) with C(t,i) = CT(t,i)C(t,1)
and J = (I, In,...,1,) € SY, T(t,s) being the linear evolution operator
defined by the sequence of Lyapunov-type operators {Li}i>0 introduced in
(2.58).

In the time-invariant case we say that the system (4.28) is stochastic
observable or that (C, A, P) is observable if (4.31) is fulfilled.

Remark 4.3

(a) In the case of the discrete-time linear stochastic systems affected only by
Markov perturbations we say that the system (4.26) is stochastic uniformly
observable or equivalently the triple (C, Ag, P) is uniformly observable if
(4.31) is satisfied with T°(t, s) instead of T'(t, s).
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(b) In the case of discrete-time linear stochastic systems subject to indepen-
dent random perturbations we say that the system (4.27) is stochastic
uniformly observable or equivalently that the pair (C,A) is uniformly
observable if

Ss+70

Tt s)(CT(1C(1) = Al (4.32)

for all s > 0, T(t s) being the linear evolution operator on S, defined by
the sequence {£;}i>0, £; being defined by (2.88).

(¢) If we take into account the expression of T*(t, s) for N = 1 it is easy to see
that the condition (4.31) is a natural extension of the definition of uniform
observability in a deterministic framework (see [68] and [81]).

(d) We remark that the concept of stochastic observability introduced above
is completely characterized by the sequences Aj,C, and P where the
matrices P, have only the property that p.(i,7) > 0,4, € D.

The fact that P, are stochastic matrices, that is, > i pe(i,j) = 1, is used
only in Theorem 3.1 and in the results based on this theorem, namely
Theorem 4.4 below.

(e) Based on Remark 2.5(b) one obtains that in the time-invariant case the

triple (C, A, P) is observable if and only if there exists 7o € Z such that

70

> (L)t >0, (4.33)

t=0

where C' = (C(1),...,C(N)),C(i) = CT(i)C(i),i € D.

In the case of the system (4.30) the pair (C, A) is observable if and only
if there exists 79 € Z4 such that

70

> (LT e) > 0. (4.34)

t=0

For each 0 < k < r we set
Ap(t,i) = /peli, i) Ag(t, 1), t>0,ieD. (4.35)
Now we prove the following.

Theorem 4.2 We have:

(i) If for each 1 < i < N the pair (C(-,4), Ag(-,4)) is uniformly observable
(in the deterministic sense) then the system (4.26) is stochastic uniformly
observable.

(1) If the system (4.26) is stochastic uniformly observable then the system
(4.25) is stochastic uniformly observable,
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(¢i1) If for each 1 < i < N the discrete-time linear stochastic system with
independent random perturbations

z(t+1) = (Ao(t,i) + iflk(t,i)wk(t)> (t)

k=1
y(t) = C(t,4)x(t) (4.36)

is stochastic uniformly observable then the system (4.25) is stochastic
uniformly observable.

() If there ezists ko € {0,...,r} such that the pair (C(-), Ak, (+)) is uni-
formly observable (in the deterministic sense) then the system (4.27) is
stochastic uniformly observable.

Proof. (i) If (C(-,4), Ao(-,7)) is uniformly observable then there exist 7, €
Z .75 > 0 (depending upon i) such that

s+To
> &L (ts)CT(t,40)C(t i) Dilt, 5) > AL, (4.37)

t=s

for all s > 0 where &(t,s) = @ ;(t,s,i) defined by (2.97).
Consider the operators Ly : SN — S2 defined by (2.96). From (4.37) we
deduce that there exist 7o € Z4,7 > 0 such that

s+7o

> Tt s)CE) = AT (4.38)

for all s > 0.
Applying Corollary 2.10 one gets that T9(t,s) > Ty(t, s) for all t > s > 0.
This inequality together with (4.38) leads to

s+7o
D (T (ts)C(t) > 4T (4.39)
t=s

and thus (¢) is fulfilled.

(i) If the triple (C, Ag, P) is uniformly observable then there exist 7o € Z
and v > 0 such that (4.39) is fulfilled. On the other hand from (2.91) we have
that T'(t,s) > T°(t,s) for all t > s > 0. This last inequality together with
(4.39) shows that (4.31) is fulfilled and thus (i%) is proved.

To prove (iii) we consider the operators L;; and T;(t,s) defined in
Section 2.5.3. If the system (4.36) is uniformly observable then there exist
T; € Z4,7v; > 0 such that

S+T;
DT () (CT (#,4)C(t, ) > il (4.40)

t=s

for all s > 0.
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Taking into account (4.40) and (2.95) and by using Proposition 2.5 we
obtain that (4.31) is verified and thus the proof of (iii) is complete.
It remains to prove (iv). To this end we define the operators

LigY = A, ()Y AL (t) (4.41)

forallY € S,.

Let Tk, (t, s) be the linear evolution operator on S,, defined by the sequence
{ Lyt }>0. If the pair (C(+), Ag, (-)) is uniformly observable it follows that there
exist 79 > 0, > 0 such that

s+To

> T3, (. s)(CT()C(1) = AL, (4.42)

for all s > 0.

Because L; > Ly, + for all t > 0 we deduce that T'(t,s) > T, (t, s) for all
t > s > 0. Using again Proposition 2.5 we obtain that (4.32) is verified and
thus the proof ends. O

From (i) and (iv) one obtains the following result concerning the systems
(4.29) and (4.30).

Corollary 4.4

() If for each i € D,p(i,i) > 0 and the pair (C(i), Ao(i)) is observable (in
the deterministic sense) then the system (4.29) is stochastic observable.

(i) If there exists 0 < ko < r such that the pair (C, Ay, ) is observable (in the
deterministic sense) then the system (4.30) is stochastic observable.

Remark 4.4

(a) Theorem 4.2 and Corollary 4.4 provide a set of sufficient conditions for
stochastic observability. We show later by some examples that the con-
verse implications are not always true. This means that these sufficient
conditions are not also necessary conditions for stochastic observability.

(b) In [87, 88] the following concept of stochastic observability is introduced.
The system (2.6) is stochastic observable if for each i € D, p(i,i) > 0 and
the pair (C(i), Ao(i)) is observable. The result of Corollary 4.4(i) shows
that the concept of stochastic observability introduced here is more general
then the one defined in the above-cited paper.

By Remark 3.2(b) we have:
T*(t,t0)Y = E[@7 (t,t0)Y B(t, 1)), (4.43)

tZtoZO,YESn.
Combining (4.32) with (4.43) we obtain the following directly.
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Theorem 4.3 The following are equivalent.

(i) The pair (C, A) is uniformly observable.
1t) There exist 1o € Zy,v > 0, such that
+

s+T0
> E@"(t,5)CT ()C()B(t, 5)] = yIn (4.44)

t=s
forall s e Z,.

In the case when the system is subject to Markov perturbations an addi-
tional assumption is required in order to obtain some significant results.

Hj3. Assume that for each ¢t > 0 the stochastic matrices P; is nondegenerate.

The next result follows directly from Definition 4.3 and Theorem 3.1.

Theorem 4.4 Under the assumption Hs the following are equivalent.

(i) The triple (C, A, P) is uniformly observable.

(i1) There exist 79 € Z4 and v > 0 such that for an arbitrary sequence
of independent random vectors {w(t)}i>0 and for an arbitrary Markov
chain ({n}1>0, {Pi }1>0, D) which verify Hi and Ha we have:

s+To

> E@"(t,5)CT (b, ) C(tm)B(E, 8)ns = i] > VI,

t=s

for all s > 0,i € Dy.

(i7i) There exist a sequence of independent random vectors {w(t)}i>0 and a
Markov chain ({f:}4>0,{Pi}t>0,D) with P{ny = i} > 0 for all i € D,
that verify Hy and Ho with the property that there exist 9 > 0,v > 0
such that

s+70
> E@"(t,5)CT (i) C (L ) B(E, 9)]ils = i] > VI,

t=s
for all s > 0,i € D.

Proof. The implication (i) — (ii) follows from (4.31) and Theorem 3.1(i) and
the implication (ii) — (ii¢) is obvious. The implication (iii) — (i) follows by
using assumption Hg, Theorem 3.1, and Proposition 1.6. O

In the time-invariant case we do not need the assumption Hg and we prove
the following.

Theorem 4.5 The following are equivalent.

(i) The system (4.28) is stochastic observable.
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(i) There exist 1o € Zi,v > 0 such that for an arbitrary sequence of
independent random vectors {w(t)}+>0 and for an arbitrary homogeneous
Markov chain ({n:}1>0, P, D) which verify Hy and Ha we have:

70
Y ENY (t2)Plno = i] = vl
t=0

for all i € Dy, 0 # x € R™ where Y (t,2) = C(n,)P(¢,0)z.

(i7i) There exist a sequence of independent random vectors {w(t)}i>0 and an
homogeneous Markov chain ({7 }1>0, P, D) with P{no =i} > 0 for alli €
D wverifying Hy and Ho with the property that there exist 7o € Zy,vy >0
such that

70
> E[Y (t,2)lio = i] > yla|?
t=0
for allz € R", 2 #0,i € D, where Y (t,z) = C(7},)®(t,0)x.

(iv) There exists 79 € Z4 such that for an arbitrary sequence of indepen-
dent random vectors {w(t) };>0 and for an arbitrary homogeneous Markov
chain ({n¢}+>0, P, D) which verify Hy and Hy there exists § > 0 such that
we have

i E[®T(t,0)CT (n:)C (n:)®(t,0)] > 51,,. (4.45)

(v) For each i € D there exist 7, € Zy,7; > 0 such that

ZE (£,0)CT (1) C(n})®4(t, 0)] > i,

where @;(t, s) is the fundamental matriz solution of the system (4.28) for
a pair ({w(t)}i>0, {ni}i>0), where {w(t)}i>0 is a sequence of indepen-
dent random vectors and {n}}+>0 is an homogeneous Markov chain with
P{né =i} =1 verifying Hy and Ha.

Proof. The implications (i) = (it) = (i7i) = (i) follow from Theorem 3.1 and
Remark 4.3(e). We now prove (ii) = (iv).
We write:

Z E[@T (t, O)CT(nt)C(nt)@(tv 0)]
t=0

= Zm B[ (£,0)C7 () (1, 0)|no =],

i€Dy t=0
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If (i7) holds we obtain that

70

S B (1,0)C7 (1) C(n) (1, 0)] > 61,
t=0
where 6 = >, mo(i)y and we see that J depends upon the Markov chain.
The implication (iv) = (v) is obvious.
It remains to prove (v) — (¢). To this end, let {w(t)}+>0 be a sequence
of independent random vectors and ({n}}:>0, P, D) an homogeneous Markov
chain with P{n$ =i} =1 that verify H; and Ha. We have

BT (t,0)CT () C (n)®(t, 0)] = BT (¢,0)C7 (1) C (n)(t, 0)|my = ).
Applying Theorem 3.1 one obtains that
E[@7(t,0)CT (1;)C (n)&(¢, 0)] = [T (t,0)C] (i)
If (v) holds then for each i € D we have:

Ti

D (T (t,0)C) (i) > v, (4.46)

t=0

for all i € D.

Taking 790 = max; 7;,y = min; 7;, and taking into account Remark 2.5(b)
we obtain from (4.46) that S°7°(£*)'C' > .J which shows that the system
(4.28) is stochastic observable and thus the proof is complete. U

Remark 4.5 If (4.45) is fulfilled only for a pair ({w(t) }¢+>0, {m }+>0) that verifies
H; and Hs it is not sure that the corresponding system (4.28) is stochastic
observable. This may be illustrated by the following particular case of the
system (4.28) withn =2, N =2,p =1,

Ag(1) = Ao(2) = ((1) (1)) :

A(i) =0,k >1,ie {1,2},C(1)=(1 0),C2)=(0 1),{m}i>0 is a homo-
geneous Markov chain with two states and the probability transition matrix

0 1
P-(0 o)
and the initial distribution P{no = 1} = P{ny = 2} = ;. It is shown later (sce

Example 4.2) that the triple (C, Ao, P) is not stochastic observable. On the
other hand we have

EIC" (m)Clmo)] = ,OT(1)C() + ) €T (2)0(2)

G0+ D=2 ) =an
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This shows that in this particular case (4.45) is fulfilled with 7o = 0 and § = .
In the time-invariant case we also prove the following result which provides

some useful necessary and sufficient conditions for stochastic observability.
Theorem 4.6 The following are equivalent.
(i) The system (4.28) is stochastic observable.
(i7) There exists 1o € Z4 such that
70

> (L)e>o.

t=0

(iii) There exists 79 > 1 such that K. (i) > 0 for all i € D, where t —

f(t(i),i € D wverifies the system of affine forward equations:

Kiya(i) ZZP i, §) AR (1) K+ (§) Ax (4) + CT (1)C(0), (4.47)
k=0 j=1
Ko(i) = 0,i € D. i
(iv) limy—oo detK (i) > 0 for alli € D, where K (i) is the solution of (4.47).
Proof. (i) <= (ii) follows immediately from Remark 4.3(e). We now prove
the equivalence (ii) <= (ii4). To this end, we define K; = (K¢(1),..., Ki(N))
by Ko = (0,...,0), K; = Y020 (£*)*C if t > 1. We have

t t—1
Kipp=)Y (L)C=Lr) (L)C+C (4.48)
s=0 s=0

hence f(H_l =L*K,+C.
The ith component of this equation is

Kea(i) = (LK) (i) + CT ()C(0). (4.49)

If we consider the formula for £* we see that (4.49) is just (4.47).

If (i) is valid then from (4.48) we deduce that there exists 79 > 1 such
that K., > 0 and (444) is fulfilled. The implication (iii) — (i) follows in the
same way.

To prove (iii) — (iv) we rewrite that from (4.48) it follows that 0 <
K (i) < K;41(i) for all t > 0,7 € D. Applying Theorem 3, Chapter 7 in [4] we
obtain that detK;(i) < detKH_l( ) for all t > 0,7 € D. Hence the sequences
{detK;(i)}+>0 are monotone increasing. From (zzz) it follows that there exists
70 > 1 such that detK, (i) > 0. Because lim; ., detK;(i) > detK,, (i) we
conclude that (iv) holds.

Finally we prove (iv) — (iii). From (4.47) one sees that K;(i) = KtT(Z)
0. If (iv) holds then for each i € D there exist 7; > 1 such that detK,, (i) >
which shows that K, (i) > 0. Taking 7o = max; 7; one obtains that (i) hold
and thus the proof is complete.

Dv o IV

With the same proof one obtains the following.
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Theorem 4.7 The following are equivalent.

(i) The system (4.30) is stochastic observable.
(i7) There exists 1o € Z4 such that

70

> (Lrrcte) > o.

s=0

(7i1) There exists 79 > 1 such that f(m > 0, where t — K, is the solution of
the following problem with initial value,

Kipn =Y A{K A, +C"C
k=0

Ko =0. (4.50)
(i) limy_ o0 detK; > 0, where K, is the solution of the problem (4.23).

Now we show that in a particular case the converse implication from
Corollary 4.3(i7) is true.

Proposition 4.1 The following assertions are equivalent.

(i) The system (4.30) in the particular case n = 2,1 = 1,p = 1 is stochastic
observable.

(i7) There exists ko € {0,1} such that the pair (C, Ay,) is observable in the
deterministic sense.

Proof. (ii) — (i) follows from Corollary 4.3(ii). It remains to prove that
(i) — (i1). Let

AO:<CC‘ Z) Alz(f; f) C=(c1 c)

Assume that the pairs (C, Ag), (C, A1) are not observable and we prove
that in this case detK; = 0 for all ¢ > 0, where K is the solution of (4.50)
for the considered case. The fact that (C, Ay), (C, A1) are not observable is
equivalent to the following equalities,

be? — ccs 4 cica(d —a) =0 (4.51)
Bt —7c5 + era(8 — a) = 0. (4.52)

Yt zt

The equation (4.50) in this particular case becomes:

Let
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i1 = (@® + a®)ay + 2(ac+ an)ye + (P +7%)z + o]
Yer1 = (ab+ af)z; + (ad +be + ad + By)y, + (cd +0)z + crez (4.53)
Zip1 = (b2 + %)z 4+ 2(bd + B8)ye + (d2 + 6%)z + ¢,

o =yo =20 =0.If ¢g = 0 or co = 0 from (4.51)—(4.53) we obtain that
=1y =0,t >0, 0or yp =2, =0 for all £ > 0 hence detf(t =0,t>0.
Assume that ¢; # 0 and o # 0. Let §i41 = {(ab + aB)(c1/c2) + 2(ad +
be + ad + 0v) + (ed + ) (ca/c1) Yt + cica, o = 0 and let & = (c1/ca)it,
Zt = (c2/c1)3t. Using (4.51) and (4.52) it can be verified by direct computation
that &, g, 2, verify (4.53). Because Ty = §p = Zp = 0 one obtains from
uniqueness that x; = Zy,ys = ¢, 2t = Z;. Hence detf(t =0 for all ¢t > 0 and
the proof is complete. O

4.3 Some illustrative examples

The next example shows that the converse implication from Corollary 4.3(i7)
is not true if n > 3.

Ezample 4.1 Consider the system (4.30) in the particular case n = 3,
r=1,p =1, described by

1 0 0 3.2 0
Ag=[0 -1 0], A=|l01 0], Cc=1 1 1)
0 3 2 00 -1

By direct calculations one verifies that (C, Ag), (C, A1) are not observable
but the corresponding system (4.30) is stochastic observable. This is due to
the fact that

11 12 0
Ko=112 14 2| >0.
0 2 6

The next example shows that the condition p(i,i) > 0,7 € D is essential
for Corollary 4.3(7) in order for the assertion of that corollary to be valid.

Ezample 4.2 Consider the system (4.29) in the particular case n = 2
N=2p=1,

)

wm =)= (1 ). cwm=a o,

c@ =0 1), p:(‘l) (1))



122 4 Structural properties of linear stochastic systems

The pairs (C(1), Ag(1)), (C(2), Ao(2)) are observable in the deterministic
sense. However, the corresponding system (4.29) is not stochastic observable
because by direct calculations one obtains that if

K (i) = A5(0) 3 plis ) Ke(i) Ao (i) + C* (0)C (0), (454)

t >0, Ko(i) = 0 it follows that

Kt(l):(é 8) and Kt(2):<8 g) £>0.

Using Theorem 4.6 we conclude that the triple (C, Ag, P) is not observable.

The next example shows that it is possible that (C(i), Ag(¢)) are not
observable for each i € D but the corresponding system (4.29) is stochas-
tic observable.

Ezample 4.3 Consider the system (4.29) in the particular case n = 2, N =
2ap = lAO(l) = AO(Q) = aIQa

cay=(1 0, c@=0 1), P:(liq 1;(1), g€ (0,1).

It is easy to see that the pairs (C(1), Ag(1)) and (C(2), Ag(2)) are not
observable. On the other hand if K} solves (4.54) for this choice of the matrix
coeflicients then

Ko(l) = <a2q+ 1 0 > 7 Kp(2) = <a2(1 —q) 0 ) .

0 a?(1—q) 0 a’q+1

Hence K3(1) > 0, K2(2) > 0forallg € (0,1) and o € R, @ # 0 thus (C, Ay, P)
is observable due to Theorem 4.6.

Ezample 4.4 Consider the following particular form of (4.29), namely n =

1,N =2,
1_
p_ (4 q 7
qg 1—gq

q€(0,1),C(1)=0,0(2) =1,A0(1) = a1, Ap(2) = az,a; # 0. The equations
(4.47) lead to

Ky(1)=aj(l—q) >0, Ky2)=a3(l—q)+1>0

hence (C, Ay, P) is observable. Because in our case p(i, j) do not depend upon
i, by using Corollary 3.5 (C, Ay, P) is detectable iff there exist d; such that
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2
Zaj—i—écj i,j)—1<0.
j=1

If i = 1 we have (ag + 02)*(1 — q) + a3¢ — 1 < 0. Hence (C, A, P) is not
detectable for a%q —1>0,q € (0,1).

FEzample 4.5 Consider the following scalar version of equation (4.30),

x(t+1) = apx(t) + ayw(t)z(t),
y(t) = cx(t), a; #0, c#0. (4.55)

Applying Theorem 4.7(iii) one verifies that the system (4.55) is stochastic
observable. On the other hand if we use Corollary 3.3 for D = {1} we obtain
that the system (4.55) is not stochastic detectable if 1 —a? < 0.

Ezample 4.6 Consider again Example 4.3. Hence the triple (C,Ag, P) is
observable, but (C,Ag, P) cannot be detectable if ga? — 1 > 0. Indeed
from Corollary 3.2(ii) it follows that if (C, Ag, P) is detectable then the pair
(/aC(1),/qA(1)) is detectable. But this pair is detectable iff go® —1 < 0.

4.4 A generalization of the concept of uniform
observability

In this section we show how we can extend the concept of uniform observability
to an abstract framework of ordered Hilbert spaces.

Let X be a real Hilbert space. We assume that X is ordered by a order
relation “<” induced by a solid, closed, pointed, selfdual, and convex cone
Xt Let € € int X' be fixed.

Definition 4.5 Let {L,}+>0 be a sequence of linear bounded positive operators
on X and {gi}1>0 C XT. We say that {gs, L+} is uniformly observable if there
exist 1o € Z4 and v > 0 such that

Ss+70

DTt s)ge = 6 (4.56)

t=s
for all s > 0.

Remark 4.61f X = SN, Xt = SN+, The triple (C,A,P) is uniformly
observable (in the sense of the Definition 4.4) if and only if (g¢, £¢) is uni-
formly observable, where

g = C(t) = (CT(t,1)C(t,1),...,CT(t,N)C(t,N))

and £; : S — S¥is the Lyapunov operator defined by (2.58).
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We need the next result.

Lemma 4.1 Let {L£;}>0 be a bounded sequence of linear bounded and positive
operators on X. Also let {h;}i>0 be a bounded and uniform positive sequence.
If there exist 7o > 1,q € (0,1) such that

T*(t + 10, ) httr, < qhy (4.57)
for allt >0, then {L,}1>0 generates an exponentially stable evolution.
Proof. Tt is obvious that

T(1,8)T*(t,7) =T"(t, s) (4.58)
for all t > 7 > s > 0. Combining (4.58) and (4.57) we obtain inductively that
T*(s +m70,8)hstmry < ¢ hs (4.59)

for all s > 0,m > 1. Because {h;}+>0 is a bounded and uniform positive
sequence one obtains that

0 < T*(s+mmo,5)E < (1¢™¢ (4.60)

for all s > 0,m > 1, for some $; > 1. From Proposition 2.5(i7) one obtains
that (4.60) leads to

177 (s + mTo, s)[l¢ < Brg™ (4.61)

for all s > 0,m > 1. On the other hand from the boundedness of the sequence
{Li}1>0 we deduce that there exist J2 > 1 such that

IT*(t,8) ]l < B (4.62)

forallt>s>0.Ift > s >0, we have t — s = m7g + ng with 0 < ng < 79 — 1.
Invoking again (4.58) we obtain from (4.61) that

1T, 8)lle < ¢"Brll T (¢, s + m7o) ¢
Also, using (4.62) we deduce that
IT*(t,)lle < BrB7 " g™
Because m = (t — s/19) — (no/70) we finally obtain
I7(¢, 5)lle < Baqr ", (4.63)
where (3 = 31350 ¢~ (/™) and q; = ¢/ € (0,1). Combining (2.13) with

(4.63) we conclude that | T(t,s)|¢ < B¢i *,Vt > s > 0 and thus the proof
ends. 0
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The next result may be viewed as a criterion for exponential stability in
the case of sequences of linear and positive operators.

Theorem 4.8 Let {L;}1>0 be a bounded sequence of linear bounded and posi-
tive operators on X and {gi}1>0 C XT be a bounded sequence.

Assume that (gi, Li) is uniformly observable. Under these conditions the
following are equivalent.

(1) {Li}i>0 defines an exponentially stable evolution.
(7i) The backward affine equation
Tty = E:LL‘H_l + gt (464)

has a bounded solution {Z}i>0 C XT.

Proof. The implication (i) — (i¢) follows from Theorem 2.5. Now we prove
(73) — (7). It is easy to see that for each 0 <t < m we have

=T*(m+1,8)Ems1 + »_ T (1, t)g1. (4.65)
1=t

Because &1 > 0,7*(m + 1,t) > 0 and {Z; }4+>0 is a bounded sequence we
deduce from (4.65) that

Z (ILt)g < & < pé (4.66)

for all 0 < ¢t < m and g > 0 not depending upon t and m. Because
XT is a regular cone (see Proposition 2.2) we conclude that the sequence
{57, T*(1,t)gi }m>t is convergent.

Set hy = 2, T*(1,t)g;. From (4.66) we get that

hy < pg (4.67)

for all ¢ > 0.
On the other hand from the uniform observability condition one obtains
that there exist 79 > 1,y > 0 such that (4.56) is valid. This allows us to write

he = 4§ (4.68)

for all ¢ > 0. From (4.67) and (4.68) we have that {h;};>0 is a bounded and
uniformly positive sequence.
For 1y from (4.56) we may write:

t+10—1

T*(t + 7o, O)hisr, = Z Tty =he— Y T, D)
I=t+70 =
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Based on (4.56) and (4.67) we obtain
T*(t + 10, t)htgr, < qhe

for all t > 0 where ¢ = (1 — (y/p)) € (0,1). The conclusion now follows from
Lemma 4.1 and the proof ends. O

Remark 4.7 From Theorem 2.5 one obtains that under the assumptions of
Theorem 4.8, if the backward affine equation (4.64) has a bounded solution
{Z4}1>0 C X then {Z}i>0 is a unique bounded solution of (4.64) and &, >
0,t>0.

Specializing the above to X = S we have the following.

Corollary 4.5 Assume that:

(@) {Ar(t,9)}450,0 < k < r, {C(t,9)}+>0,7 € D, and {Pi}i>0 are bounded
sequences.

(b) (C, A, P) is uniform observable.
Then the following are equivalent.

(i) The sequence {L,}i>0 defined by (2.58) generates an exponentially stable
evolution.
(i) The system of linear backward equations

r N

Xi(i) =YY pe(i, )AL () Xe1 () Ax(t,7) + CT(£,0)C(t,4) - (4.69)

k=0 j=1

has a bounded solution X; = (X;(1)--- X4(N)), with X,(i) > 0, for all
t>0,ie€D.

Moreover the bounded solution of (4.69) if it exists is unique and uniform
positive definite.

If P,,t > 0 are stochastic matrices, then under the assumptions of
Corollary 4.5, (i7) holds iff the zero solution of the system (4.25) is SESMS-I.

4.5 The case of the systems with coefficients depending
upon 7, Mg—1

Consider the system

z(t+1) = [Ao(t, e, me—1) + Zwk(t)Ak(t7nt»nt—l)] z(t)

k=1

+ Bo(t,nt,nt_l)+Zwk(t)Bk(t,m,m_1)] u(t). (4.70)

k=1
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Definition 4.6 We say that the system (4.70) is stochastic stabilizable if
there exist bounded sequences {F(t,i1)}+>1,1 < ¢ < N, such that the zero
state equilibrium of the closed-loop system

1’(t+1) = AO(taﬁtaﬁt—l) +BO(ta77ta77t—1)F(t77lt—1)

+ > we()(Ar(t e 1) + Bt me, me—1 ) F(tme-1)) | () (4.71)
k=1

t>11s SESMS.

Let Tr(t) : S8 — S¥ be the Lyapunov-type operator associated with
(4.7). Yr(t)H = (Yrt)H), Yrt)H(2),...,Yr(t)H(N)),

r N
Yr(WH () =Y > peo1(G.)[Ak(t i, §) + Bi(t, i, 5)F(t, )1 H(5)[Ax(t.4, )
k=0 j=1
+ Bi(t, i, j))Ft, )", VHeSY, ieD. (4.72)

Using Corollary 3.7 and some Schur complement techniques one obtains the
following criteria for stochastic stabilizability of the systems (4.70) in the
time-invariant case.

Corollary 4.6 Assume that the system (4.70) is in the time-invariant case.
Under the assumptions Hy and Ha the following are equivalent.

(i) The system (4.70) is stochastic stabilizable.
(19) There exist F' = (F(1),F(2),...,F(N)),F(i) € R™" i € D, X =
(X(1),X(2),...,X(N)) € SY, X (i) > 0,i € D that solve
TrX(i)— X(i) <0, ieD. (4.73)
(iii) There exist X = (X(1),X(2),...,X(N)) € S¥, I = (I'(1),I'(2),...,
I'(N)), (i) € R™*™ i € D that solve the following system of LMIs,

—X(i) Mo(i) My(i) ... M)
MEGE -X 0 0
MT (i) 0 -X ... 0 <0, (4.74)
MIG) 0 0 .. X

i € D, where My (i) = (/p(1,4)(Ar(i, 1) X (1)+ B (i, 1) T(1))1/p(2, ) (A
(i72)kX(2)+Bk(i>2)F(2))"'\/p(N’i)(Ak(i>N)X(N>+Bk(i7N)F(N)))7
0<k<r,
X = diag (X (1), X(2),...,X(N)) € R"*V,
Moreover, if (X, I") is a solution of (4.73) then F (i) = I'({)X ~'(i),i € D
provide a stabilizing feedback gain for (4.70).
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4.6 A generalization of the concept of stabilizability

In this section we introduce a general definition of stabilizability that con-
tains the concepts of stabilizability introduced by Definitions 4.1 and 4.6 as
special cases. Let {II(t)}+cz be a sequence of linear operators and II(t) :
SY — 8N, T C Zis a right unbounded set of consecutive integers.
Hence I1(t)X = (II;()X, II2(t)X, ..., IIyX) for all X € SN. Let F(t) =
(F(t,1),F(t,2),...,F(t,N)),F(t,i) € R™*™ be given. Then the pair
(I1(t), F(t)) defines a linear operator IIp(t) : SN — SI as follows,

HOp)X = (I ()X, Hp2(t)X, ..., Hrn(t)X),
where
Me()X = (I, FT(t,0) X (I, FT(t,4)" (4.75)
for all X € 8. Tt should be remarked that ITx(t) > 0 if I1(t) > 0.

Definition 4.7 We say that the sequence of linear and positive operators
{II(t)}1ez is stabilizable if there exist bounded sequences {F(t,i)}iez C
R™*" 1 < i < N, such that the zero state equilibrium of the discrete-time
linear equation

X(t+1) = (Mp(t)" X (1)

is exponentially stable, where (IIr(t))* is the adjoint operator of I p(t) with
respect to the inner product (2.18), IIp(t) being defined as in (4.75).

The sequence {F(t)}iez, F(t) = (F(t,1),F(t,2),...,F(t,N)) involved in
the above definition is termed the stabilizing feedback gain.

Remark 4.8

(a) In the special case of II(t) = II,II : S5 — SN_ = being a linear operator,
we say that the operator I is stabilizable if the conditions of the previous
definition are fulfilled for the constant sequence {F'}; that is, F(t,i) =
F(i),1<i< N.

(O) If Lp(t) and Yr(t) are the linear operators defined by (4.5) and (4.72),
respectively, then the equalities

Ly (t) = Hp(t) (4.76)
and
Ti(t) = p(t) (4.77)

show that the system (4.1) is stochastic stabilizable if and only if the
sequence {II(t)}:>o is stabilizable, and the system (4.70) is stochastic
stabilizable if and only if the sequence {II(t)};>1 is stabilizable. In (4.76)
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r N
X =>> pili, i) (A(t i) Bi(ti)" X (5)(Ak(t, i) Bi(t, i)

k=0 j=1

whereas in (4.77), IT(t)X = Y4 _o S0y pe1(i. ) (Ax(t,4.3)  Bi(t,5,i)T
X (j)(Ak(t,4,7) Bui(t,j,i)). Therefore the operators II and IT are posi-
tive.

4.7 Notes and references

Different concepts of stochastic detectability and observability for discrete-
time linear stochastic systems are defined and studied in [25-27, 38, 44, 58,
86-91, 107, 108, 113]. The results from Section 4.1.1 may be found in [42]. The
notions from Section 4.6 are in [48]. Theorem 4.1 is proved in [38]. All other
results presented in this chapter are proved in [39]. Here the loss of the uniform
positivity is compensated by the detectability property. The continuous-time
time-invariant version of the result proved in Theorem 4.1 may be found in
[57], and the continuous-time time-varying counterpart of this result may be
found in [35].

Such a result is sometimes useful to derive the existence of the stabilizing
solutions for generalized Riccati equations; see [44].
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Discrete-time Riccati equations of stochastic
control

In this chapter a class of discrete-time backward nonlinear equations defined
on the ordered Hilbert space S¥ is considered. The problem of the existence
of some global solutions is investigated. The class of considered discrete-time
nonlinear equations contains, as special cases, a great number of difference
Riccati equations both from the deterministic and the stochastic framework.
The results proved in Sections 5.3-5.6 provide sets of necessary and sufficient
conditions that guarantee the existence of some special solutions of the con-
sidered equations such as the maximal solution, the stabilizing solution, and
the minimal positive semidefinite solution. These conditions are expressed in
terms of the feasibility of some suitable systems of linear matrix inequalities,
LMIs. One shows that in the case of the equations with periodic coefficients
to verify the conditions that guarantee the existence of the maximal or the
stabilizing solution we have to check the solvability of some systems of LMI
with a finite number of inequations. The proofs are based on some suitable
properties of discrete-time linear equations defined by positive operators on
some ordered Hilbert spaces developed in Chapter 2. In Section 5.7 an itera-
tive procedure is proposed for the computation of the maximal and stabilizing
solution of the discrete-time backward nonlinear equations under considera-
tion. In the last part of this chapter, one shows how the obtained results can
be specialized to derive useful conditions that guarantee the existence of the
maximal solution or the stabilizing solution for different classes of difference
matrix Riccati equations involved in many problems of robust control in the
stochastic framework.

5.1 An overview on discrete-time Riccati-type equations
of stochastic control

In the literature related to the topic of control of discrete-time linear stochastic
systems two types of discrete-time Riccati equations are usually involved.

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 131
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 5,
© Springer Science + Business Media, LLC 2010
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— Z AL (X1 Ar(t) +CT () O(t) — (Z AT (1) X1 Bi(t) + CT(t)D(t)>

k=0 k=0

r -1
X (DT(t)D(t) + Z B,{(t)XtHBk(t))

k=0

x (Z BY () X141 Ax(t) +DT(t)C(t)> . teZ  t>0  (5.1)
k=0

N
X(t,i) =Y peliy j)AT (£, 1) X (¢ + 1, j)A(t, i) + CT(t,4)C (¢, 4)

j=1

- Zpt i, §)A(t, i) X (t +1,5)B(t,i) + CT(t,i)D(t,7)

-1

N
x | DT (t,4)D(t,4) + Zpt(i,j)B(t, DX (t+1,7)B(t,i)

N
< | > pe(i, )BT (8,4)X (¢ + 1,4)A(t, i) + DT (t,4)C(t,4) |

1<i<N, teZ  t>0. (5.2)

The equation (5.1) occurs in connection with the linear quadratic optimiza-
tion problem associated with a discrete-time linear system with independent
random perturbations described by

z(t+1) = +Zwk (t)Ax(t)| =(t) +Zwk )Bre(t) | u(t)

and the output
y(t) = C()z(t) + D(t)u(?),

where {wy(t)}i>0,1 < k < r, are independent random perturbations on a
given probability space (£2, F,P), with zero mean and finite second moments.

Systems of coupled discrete-time Riccati equations (5.2) occur in connec-
tion with the linear quadratic optimization problems associated with discrete-
time linear systems subject to Markovian switching:

x(t+1) = A(t,n)x(t) + B(t,n)u(t)
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and the output
y(t) = C(t,ne)x(t) + D(t, ne)u(t),

where {n;}+>0 is a Markov chain with the set of states D = {1,2,..., N} and
the sequence of transition probability matrix {P;}i>0, Py = (pe(i,7))1<ij<nN-

Lately, there exists an increasing interest in considering discrete-time linear
stochastic systems subject to both independent random perturbations and
Markovian jumping.

In this case the following type of discrete-time Riccati equations is
involved.

r N
X(ti) = pi(i, 5)AL (6, D)X (E+1,5)Ax(t, ) + CT (¢,4)C (¢, 1)

k=0 j=1

r N
— (D20 0, ) Akt )X (t+1,5)Bi(t, i) + CT (t,4) D(t, i)

k=0 j=1
-1

r N
< | DT(t,0)D(t,i) + > > pe(i, 5) B (1) X (t+ 1, 5) Ba(t, 1)
k=0 j=1

r N
< YD T peli, 5)Blt, i) X (t+ 1, ) Ag(t, i) + DT (t,4)C(t,0) | |
k=0 j=1

tez,  t>0. (5.3)

A more general case is the one of the discrete-time linear stochastic systems
of the form:

z(t+1)=

Ao(t,ne, me—1) + Zwk(t)Ak(ta M, nt—l)] z(t)
k=1

_|_

Bo(t,ne,me—1) + Zwk(t)Bk(t, Mt Ut—l)l u(t)
k=1

z(t) = C(t, e, me—1)x(t) + D(t, me, ne—1)u(t),

where {n; }1>0, {wk(t) }i1>0,k € {1,2,...,7} are as before.

Such a system occurs when in the control process for a discrete-time linear
stochastic system subject to Markovian jumping and independent random
perturbations, some delays in the transmission of the data are possible (see
Chapter 1, Section 1.6).

To solve the LQG problem and the Hy control problem for this type of sto-
chastic system the following system of coupled discrete-time Riccati equations
is involved.
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X(t,q)

r N
= > pea(i DAL (5, )X (41, 7) At 5, 1)

k=0 j=1

N
Zpt 1 (t7]aZ)D(t7]vZ)

Jj=1

]
)|

+Zpt IZ] t.]a t.]a

N

Zpt 1(¢ .] ( (t,j,i)D(t,j,i)

+ 3 BY(t,4,0) X (t+1,§)B(t, j,1)

+ Y AL(t,5,)X (¢4 1,5)Bi(t, j i )
k=0

N
Zpt—l(imj) (DT(t7j7 i)C(t,j, 7’)
j=1

+ Bt g, i) X (t+ l,j)Ak(t,j,i)>] (5.4)
k=0

Let us consider the following linear stochastic system with finite jumps,
dx (1) = Agz(7)dr + Ara(7)dv(7), T £ th
x(thy) = Apgx(th) + Bogu(t) 4+ [A1ax(th) + Biau(t)]va(t)

with the continuous time output z(r) = Cz(7) and discrete-time output
za(t) = Cyx(th) + Dgu(t),t € {0,1,2,...};h > 0 is the sampling period,
where {v(7)};>0 is a standard scalar Wiener process; and {vq(t)}i>0 is a
sequence of independent random variables.

Such systems occur in connection with the control by piecewise constant
controls of linear stochastic systems described by Ito differential equations.
To solve the LQG problem or the Hy optimal control problem for this type of
controlled system the following system of Riccati equations with jumps

dX(r)
dr

X(th-) = AL X (th) Aga + AT, X (th) Arq + CJ Cy

= ATX (1) + X(1) Ao + AT X (1) A, + CTC, T # th

(A X (th)Bog + A 4 X (th)B1g + Cd Dd)
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x (DY Dy + BL,X (th)Boa + B, X (th)B1g) ™"
x (BgyX (th)Aoa + BTy X (th)Ara + DY Cy), (5.5)

t€{0,1,2,...} is used.
From the first equation of (5.5) one obtains:

h
X (th) = “" X ((t + 1)h_) +/eﬁSCTCds, (5.6)
0

where L is the perturbed Lyapunov operator, £S = AT'S + SAg+ AT SA; for
any symmetric matrices S, and

ch > [,khk
k!
k=0
We remark that in the special case A; = 0 we have e£"S = eAoh GeAoh,
By replacing (5.6) in the second equation of (5.5) one obtains a discrete-time
backward nonlinear equation for the sequence X (th_),t > 0. It is shown that
this discrete-time nonlinear equation is of type (5.8) below.

Our goal is to find a large enough class of discrete-time nonlinear equations
containing as special cases all discrete-time Riccati equations described above.
For this class of discrete-time nonlinear equation which we call a discrete-time
system of generalized Riccati equations (DTSGRE) we provide necessary and
sufficient conditions for the existence of some global special solutions such as
maximal solution, stabilizing solution, minimal solution, and so on.

The results derived in that general framework can be applied to each of the
Riccati-type equations described above as well as to other Riccati equations
connected with different control problems in both a stochastic framework and
deterministic framework.

The conditions that guarantee the existence of the maximal solution, sta-
bilizing solution, and minimal solution of DTSGRE considered in this chapter
are expressed in terms of solvability of some suitable systems of LMIs.

5.2 A class of discrete-time backward nonlinear
equations

5.2.1 Several notations

Together with the notations introduced in Example 2.5(ii¢) in this chapter
we use new conventions of notations displayed in this subsection. For a fixed
integer N > 1, MY = R™ ™ @ R"™™ @ ... R"™™. Hence B € MY if

and only if B = (B(1), B(2),...,B(N)) with B(i) € R™™ i € {1,2,...,N}.
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In the sequel we write MY instead of ML . Obviously S ¢ MY. MY is
a Hilbert space with respect to the following inner product,

(X,Y) = ZTr[YT(i)X(z’)] (5.7)

for all X = (X (1), X(2),...,X(N)),Y = (Y(1),Y(2),...,Y(N)) from MY .
If m = n the inner product (5.7) induces a Hilbert space structure on M
and on its subspace SY. The restriction of (5.7) to the subspace SV is just
(2.18).

Throughout this chapter we use the following calculus convention.

() IfC = (C(1),C(2),...,C(N)) € MY then CT € ML and it is defined

by CT = (CT(1),CT(2),...,CT(N)).

(B) It A= (A1), A(2),...,A(N)) € MY with det A(i) #0, 1 <i < N, then

A7l = (A71(1),A71(2),..., A7 (N)) € MY and det A # 0 means that
det A(i) #0 for all 1 <i < N.

(M I Be M}, Ce MY, B = (B(1),B2),...,B(N)),C = (CQ1),
C(2),...,C(N)), then D = CB € MY, D = (D(1), D(2),...,D(N)),
D(i) = C(i)B(i),1 < i < N.

(6) C =(C(1),C(2),...,C(N)) e M), and F = (F(1), F(2),...,F(N)) €
MX - then

(6) If K = (K(1),K(2),...,K(N)) € M}, and B = (B(1), B(2),...,B(N))
e MY, then Y = (K B) e M . is defined by Y = (Y(1),Y(2),

LLY(N),Y () = (K() B@))ie{l,2,...,N}

We often use the special element of S,le, Jo=(I, I, --- 1I),I, being
the identity matrix. Throughout the chapter 7 C Z is a subset of consecutive
integers. That is, Z = Z or Z = {s,s+ 1,...}. Often 7 is called the interval
of integers.

B(SN,S).,,) denotes the set of linear operators II : SY — SN .

5.2.2 A class of discrete-time generalized Riccati equations

In this chapter we deal with nonlinear discrete-time backward equations on
the space SY, of the form:
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Xt)=ILH({t)X{t+1)+ M) — (L(t) + ()X (t+ 1)) (R(t)
+ I5(4) X (t+ 1) (L) + () X (t+1))T, (5.8)

t € Z, where T C Z is a right unbounded interval of integers.

For each t € Z,M(t) € SN,L(t) € MY R(t) € SN, II1(t) : SY —
SN Iy(t) : S8 — MY 115 : S& — SN are linear operators, where n, m, N
are fixed positive integers.

The equation (5.8) contains as special cases the Riccati equations (5.1)—
(5.5) that appear in stochastic control. Therefore the results proved in this
chapter concerning the properties of the solutions of equation (5.8) allow us to
obtain useful information about the solutions of a wide class of discrete-time
Riccati-type equations, involved in both deterministic and stochastic control.

Equation (5.8) can be written in a compact form as

X)) =Rt X({t+1)), (5.9)
where R : DomR — SY is given by

R(t, X) = T, ()X — (L(t) + () X )(R(t) + T3(t)X) "

x (L(t) + () X)T + M(t) (5.10)
and
DomR = {(t, X) € T x S| det(R(t) + II3(t)X) # 0}. (5.11)
We set
[ IMmX ()X
= <<n2<t>X>T n3<t>X> (512
(M) L)
ot) = (LT(t) R(t)>. (5.13)

We have II(t) € B(SY,S2.,,) and Q(t) € SY. It is clear that the equa-
tions (5.8) and (5.9) are associated with the pair X = ({IT(t) }+er, {Q(t) }er)-
We often write X' = (II, Q) for simplicity.

Throughout the chapter we make the following assumption.

A.5.1

(i) The sequences {II(t)}iez C B(SY,SY,,,) and {Q(t)}iez C SV, are
bounded.
(17) For each t € Z,II(t) is a positive operator; that is, I1(t)X > 0 if X > 0.
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Let (>°{Z,8Y} be the set of bounded sequences X = {X(¢)}iez C SV.
With a pair X = (I, Q) we associate the so-called dissipation operator D* :

IHOX(E+1)+ M(t)—X(t) L)+ I(t)

X _
(D=X)(t) = ( (L(t) + L)X (t+1)T  R(t) + Is(H) X (t 4 1)

=
~
+
=
N———

for arbitrary X = {X (¢)}+ez € £>°(Z,SY).

Remark 5.1 It is easy to see that

prxn = (" o)

0 0
FII()X(t+1) + O(t) for any X = {X (£)}rez.

The following two subsets of £>°(Z,SX) play an important role in our
further developments.

I'* = {X = {X(t)}iez € (>(Z,S8))|D* (X(t)) > 0,
R(t) + II3(t) X (t +1) > 0,t € 7} (5.15)
I ={X = {X(t)}er € (L, 8N)|D¥(X(t)) >0, teI}.  (5.16)

We mention that for a sequence {X(t)}ez the notation X(t) > 0,t € T is
equivalent to X(¢,7) > el,, > 0 for all t € Z,1 < i < N. Such a sequence is
called uniformly positive.

Remark 5.2

(a) From (5.15) and (5.16) it follows that I'¥ ¢ I'¥.

(b) Based on the Schur complement technique, one deduces that I'* contains
all global and bounded solutions {X (¢)}+cz of (5.8) that verify the addi-
tional condition R(t) + H5(t)X (¢t +1) > 0,t € T.

Definition 5.1 We say that {X(t)}iez s a maximal solution of DTSGRE
(5.8) if X(t) > X(t),t € T for arbitrary {X (t)}1ez € I'*.

If {X (t)}tez is a solution of (5.8) then R'(t, X (t + 1)) : SY — SN stands
for the Frechet derivative of the operator R given by (5.10)—(5.11).

A new kind of global solution of (5.8) that plays an important role in
different applications is introduced by the following.

Definition 5.2 A solution {Xs(t)}ier C SN is called a stabilizing solution
of DTSGRE (5.8) if the zero solution of the discrete-time linear equation
on SV,
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Z(t+1) = (R'(t, Xs(t + 1)) Z(2), (5.17)

is exponentially stable, where (R'(t, Xs(t + 1)))* is the adjoint operator of
R/ (t, Xs(t + 1)) with respect to the inner product (5.7).

The next result is used repeatedly in the next developments in this chapter.

Lemma 5.1 Let { X (t)}1ez, be a solution of (5.8) and {W (t)}rez, C ML, be
a giwen sequence; I1 C T is a subinterval of integers. Under these conditions
{X (t)}tez, also verifies the following modified backward affine equation,

X(t) = Hw ()X (t+ 1) + Qw (t) — (W(t) — FX(1))"
x (R(t) + ()X (t+ 1)) (W(t) — FX(t),

where for each t € Iy, Iy (t) : SN — SN is given by

Hl(t)X Hg(t)X JIn
Iy ()X = (J, WT(t))<(H2(t)X)T Hs(t)X> (W(t)>, VX e SV,
(5.18)
Quw(t) = (Jn WT(t))(LAﬁ((?) ;8) (V;zt)) (5.19)

FX(t) = —(R(t) + I3(1) X (t + 1)) " (L(t) + o () X (t + 1)) 7. (5.20)

Proof. Tt can be done by direct computations and can be a useful exercise for
the reader.

At the end of this subsection we rewrite the Frechet derivative of the
operator R in a easier form which is used in the developments of the next
sections.

If we take into account that

R'(t, X)U = lim 1(72(75,X +eU) —R(t, X))

e—0 ¢
for arbitrary (¢, X) € DomR and U € 82 we obtain
R'(t, X)U = IIpx (1)U, (5.21)

where ITpx (t) is defined as in (5.18) with W replaced by FX and
FX = —(R(t) + 3(t)X) " (L(t) + M2 (t) X)T. (5.22)
Thus we see that the discrete-time linear equation (5.17) may be written as
Z(t+1) =I5, (t)Z(t) (5.23)
with
FXa(t) = —(R(t) + IIs(t) Xs(t + 1)) "N (L(t) + () Xt + 10T, (5.24)
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5.3 A comparison theorem and several consequences

In this section we prove a result that mainly shows the monotonicity of the
solutions of DTSGRE (5.8) with respect to Q(t). So we extend to this general
framework a similar result in [58].

Theorem 5.1 Let {Xy(t)} ez, k = 1,2,Z1 C T be the solutions of the equa-
tions

Xp(t) = Rilt, Xt +1)), (5.25)

where Ry : DomRy, — SN are operators of the form (5.10) defined by the
pairs Xy, = (I, Qx), where IT = {I1(t)}ie7 is as in the previous section and
Qi = {Qx(t) }rez, where

Assume:

(a) Qi(t) > Qo(t), t € T.
(b) RQ(t) + Hg(t)XQ(t + 1) >0,t,t+1€Zy.
(¢) There exists T € Ty such that X1(T) > Xo(T).

Under these conditions X1 (t) > Xo(t) for allt € Ty, t < 7.

Proof. Let Fy(t) = FX*(t),k = 1,2 be defined as in (5.22) with X (t + 1)
instead of X.

Applying Lemma 5.1 to equations (5.25) with W (t) = Fi(t) we obtain
that X;(t) — Xo(¢) verifies the discrete-time backward affine equation:

X1 (t) = Xo(t) = Hp, (1) (X1 (t + 1) — Xo(t + 1))+ M(t), teI, (5.26)

where

M(t) = (Fi(t) — Fa(t))" (Ra(t) 4 Is(t) Xt + 1)) (Fi(t) — Fa(t))

2\ t t I
+ Fi(t) (Qi1(t) — Qa(t)) )

Based on assumptions (a), and (b) in the statement one obtains that M(t) >
0,t € Z;. Furthermore, from (5.18) and assumption A5.1(i7) we conclude that
IIg, (t) > 0 for all t € Z;. The conclusion now follows inductively from (5.26)
and assumption (¢) in the statement. Thus the proof ends. O

Based on the above theorem we may provide a sufficient condition that
guarantees the existence of a solution of equation (5.8) with the given ter-
minal values. Before stating this result we introduce a notation. So, for
each 7 € Z,X(t,7,H) denotes the solution of DTSGRE (5.8) that verifies
X(r,7,H)=H.
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Theorem 5.2 Let {X(t)}ez € I'" and 7 € T be given. If H > X (1) then
X(t,7,H) is well defined for allt € T,t <.

Proof. Suppose that 7 —1 € Z. From H > X (7) and (5.15) we obtain

R(r—1)4+H35(r—1)H > R(t — 1)+ II5(r — 1) X (1) > 0.

This shows that (7—1, H) € DomR and X (¢, 7, H) is well defined for ¢t = 7—1.

Let Z, = {t,t + 1,t +2,...,7} C T be the maximal interval of inte-
gers where X (¢, 7, H) is defined. If Z, = (—o0; 7] N Z then the proof is com-
plete. In contrast, we prove that the solution X (¢, 7, H) may be computed for
t=t—1.

Let M(t) = R(t,X(t+1)) — X(t),t € Z. Using the Schur complement
technique one obtains from (5.15) that M (¢) > 0,¢ € Z. Hence X (t) verifies
the equation

X(t) =R(t, X(t+ 1)), (5.27)

where R : DomR — SN is an operator of type (5.10) defined by the pair
Y = (II,Q), where II is as before and

Q = {Q(t)}rer, Q(t):<M(2T_(tj;4(t) f?%)

It is obvious that Q(t) > Q(t),t € Z. Applying Theorem 5.1 to equations
(5.8) and (5.27) one obtains that X (t,7,H) > X(t) for all t € Z,. Hence
R(E—1)+I3(f—1)X (£, 7, H) > R(f—1)+ IT3(f —1)X (£) > 0. This shows that
(t—1,X(t,7,H)) € DomR. Therefore X (t, 7, H) is well defined for t = — 1
and thus the proof is complete. O

Corollary 5.1 Assume that 0 € I'*. Then for arbitrary H € SN+ and 7 €
T the solution X (t,7,H) of (5.8) is defined for all t € I,t < 7. Moreover
X(t,7,H)>0,teT,t<r.

5.4 The maximal solution

In this section we study the problem of the existence of the maximal solution
of equation (5.8). We also display the monotonicity of the maximal solution
with respect to Q(t). The next auxiliary result is used repeatedly in the proofs
of this section.

Lemma 5.2 Let W(t) € MY = be given and X (t),t € Iy be a solution of the
following discrete-time backward affine equation,

X(t)=IHw#t)X(t+1)+ Qwl(t)
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with the additional property [R(t) + H3(t)X (t + 1)]71 is well defined for all
t,t+1 € Iy, where ITy (t) and Qw (t) are as in (5.18) and (5.19), respectively.
Under these conditions {X (t)}1ez, also solves the following modified equa-
tion, X(t) = Hpx()X(t + 1) + Qpx(t) + (FX(t) — W)L (R(t) + II5(t)
X(t+1)(FX(t) — W(t)), where FX(t) is defined as in (5.22).

Proof. 1t is based on standard algebraic calculations. O

The next result provides a necessary and sufficient condition for the exis-
tence of the maximal solution of the DTSGRE (5.8).

Theorem 5.3 Assume that the sequence of linear operators {II(t)her C
B(SY,8N.,,) is stabilizable. Then the following are equivalent.

(i) The set I'* is not empty.
(i1) The equation (5.8) has a mazimal and bounded solution { Xmax(t) }tez that
satisfies the condition:

R(t) + II3(t) Xmax(t + 1) > 0.

Moreover if there exists an integer > 1 such that II(t + 0) = II(t),
Q(t +0) = Q(t) for all t € I, then the mazimal solution Xpax(-) is
periodic with period 0.

Proof. The implication (i7) — (4) is obvious because { Xax (t) }rez, if it exists,
belongs to I'*. It remains to prove the converse implication. Based on the sta-
bilizability property we may choose a bounded sequence {Fy(t)}er € MY
such that the zero state equilibrium of the discrete-time linear equation:

X(t+1) = Mg (HX (1) (5.28)

is exponentially stable.
Applying Theorem 2.5 one obtains that the discrete-time affine equation

Xi(t) = I, () X1 (t + 1) + Qpy (t) + e, (5.29)

has a unique bounded solution {X1(¢)}+ez C S, where € > 0 is fixed.
Taking {X;(t)}tczr as a first step, we iteratively construct sequences

{Xk() beez, {Fr(t)} ez, k > 1 as follows. At each step k, {Xk(t)}iez is the

unique bounded solution of the discrete-time backward affine equation:

Xp(t) = I ()Xk(t+1) + Op, () + ZJn (5.30)

and

Fi(t) = —(R(t) + I3(t) X5 (t + 1)) 1L + () Xk(t+1)7. (5.31)
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The following items are proved inductively.

(ar) Xp(t) — X(t) > piJy for any {X(t)} ez € I'¥, where pp > 0 do not
depend upon X(t).

(br) The sequence { L (t) }tez defines an exponentially stable evolution, where
Li(t) = (5, (1)"

(cx) Xi(t) > Xpqa(t),Vt € T.

 Let {X(t)}rez € I'". Applying Lemma 5.1 to equation (5.27) verified by

X(t) and W(t) = Fy(t) one obtains

X(t) = Hp, ()X (t+1) + Qr, (1) — M (1)

— (Fo(t) = F(&))T(R(t) + ()X (t + 1) (Fo(t) = F(t),  (5.32)

F(t) = —(R(t) + H3() X (t + 1)) YL(t) + L)X (t +1))7. (5.33)

Subtracting (5.32) from (5.29) one obtains that X;(t) — X (¢) is a bounded
solution of the backward affine equation:

X1(t) = X(t) = Op, (1) (X1 (t+1) — X(t+ 1)) + Ay (2), (5.34)

where Ay (t) = eJ,+M (t)+(Fo (t)—F (£))T (R(t)+I3(t) X (t+1)) (Fo (t)— F (t)).
Because {X(t)}iez € I'¥ one gets that Aq(t) > ¢eJ, > 0,t € T.

Invoking Theorem 2.5(iv), we deduce that equation (5.34) has a unique
bounded solution which is also uniformly positive. Moreover from (5.34) one
obtains that X, (t)— X (t) > eJ,,, ¢ € Z. This confirms the validity of item (ay)
for k = 1.

If (aq1) is fulfilled, then R(t) + II3(t)X1(t + 1) > 0 and thus Fi(¢) is well
defined by (5.31) for k = 1.

Applying Lemma 5.1 again to the equation (5.27) with W (t) = Fy(t) we
obtain:

X(t) =L)X+ 1)+ Qp, (t) — M(t) — (F1(t) — F(t)T
x (R(t) + Is(t) X (t 4+ 1)) (Fy(t) — F(t)). (5.35)
On the other hand, applying Lemma 5.2 to equation (5.29) we obtain:
X1(t) = L5 X1 (t +1) + Qp, (t) + ey + (F1(t) — Fo(t)T
X (R(t) + I3 (t) X1 (t + 1)) (F1(t) — Fo(t)). (5.36)

Subtracting (5.35) from (5.36) we deduce that X; (t)— X (t) solves the following
discrete-time backward affine equation,

Xi(t) — X(t) = L3 () (Xa(t+1) — X(t 4+ 1)) + Hi(2), (5.37)
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t € Z, where

Hy(t) = eJp+M(t) + (Fi(t) — Fo()T (R()+IT3(t) X1 (t + 1)) (Fi(t) — Fo(t))
+ (Fu(t) = F(0))T(R() + T3(6) X (t + 1) (Fu () = F(1)).

Because {X (t)}ie7 € I'” and (a,) is fulfilled, we may conclude that H;(t) >
e, >0,tel.

Using implication (vi) — (i) in Theorem 2.4 with equation (5.37), we
deduce that the sequence {£4(t)}+ez generates an exponentially stable evolu-
tion and thus we obtain that item (by) for £ = 1 holds.

Furthermore, based on (b1) together with Theorem 2.5, we deduce that
{X2(t)}rez is well defined as a unique bounded solution of (5.30) for k = 2.

To check the validity of item (¢1) we subtract equation (5.30) written for
k = 2 from equation (5.36) and obtain

X1 (t) — Xo(t) = L3()(X1(t 4+ 1) — Xo(t + 1)) + Hy(t) (5.38)

with H(t) = (/2)Jn+ (F1(t) — Fo(£)) (R(t) + 3(t) X1 (t 4 1)) (F1 () — Fo(t)).
We have Hy(t) > (¢/2)J, > 0,t € T.
Using Theorem 2.5(iv) again in the case of equation (5.38), we conclude
that
Xi(t) — Xo(t) >0

which confirms the validity of item (cj) for k = 1.

Let us assume that the items (a;), (b;), (¢;) are fulfilled for 1 < i < k—1
and prove their validity for i = k.

Using Lemma 5.1 with W (t) = Fi_1(t) we rewrite equation (5.27) as

X(t)=Hp,_, ()X(t+1)+ Qp,_, (t) — M(t)
— (Fhe1(t) = F()T(R(t) + H3() X (t + 1)) (Fao1 () — F(2)), (5.39)

t € T with F(t) as in (5.33). )
Subtracting (5.39) from (5.30) we deduce that Xj(t) — X(¢) solves the
discrete-time affine equation

Xp(t) = X(t) = g (1)(Xp(t) — X(t+1)) + Ap(t) (5.40)

with Ag(t) = (e/k)Jn + M(t) + (Fioi(t) — F(£)T(R(t) + H3(t) X (t + 1))
(Fr—1(t) — F(1)).

Because {X(t)}ier € I'* it follows that Ap(t) > (¢/k)J, > 0,t € T.
Again applying Theorem 2.5(iv) we deduce that X (t)—X (£) > 0; furthermore

from (5.40) we get that

Xi(t) — X(t) > ZJn (5.41)

which confirms the validity of (ax) with uy = ¢/k.
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From (5.41) it follows that R(t) + II3(t) X% (¢t + 1) > 0. This allows us to
construct Fy(t) as in (5.31).

To check the validity of (by) we apply Lemma 5.2 to rewrite equation (5.30)
in the form:

Xi(t) = LL(OXx(t+ 1) + Qp () + | T
+ (Ft) = Fiea () (RU) + Ta(0)Xa(t 4+ D)(FL(t) ~ Froa ().
(5.42)

On the other hand applying Lemma 5.1 with W (t) = Fj(t) we rewrite (5.27)
in the form:

X(t) =L)X (t+1)+ Qr,(t) — M(t)
— (Fu(t) = F@) " (R(t) + 30X (t + 1)) (Fi(t) — F(t))  (5.43)

with F(t) as in (5.32). Subtracting (5.43) from (5.42) and taking into account

(5.41) we obtain that X () — X (¢),t € 7 is a bounded and uniform positive
solution of the following discrete-time backward affine equation,

Y(t) = LE(0)Y (t+1) + Hy(t), (5.44)

where Hy(t) = (g/k)Jn + M(t) + (Fi(t) — Fro1(t)T (R(t) + Is() Xk (t +
1) (Fy (t) = Fre1 () +(F3 (8) = F ()T (R() + I3 (£) X (t+1)) (F (t) - F (1)), t € T.

Because (a) is fulfilled it follows that Hg(t) > (¢/k)J, > 0,t € T.
Applying the implication (vi) — (#) of Theorem 2.4 to equation (5.44) we
may conclude that {L(¢)}:cz generates an exponentially stable evolution.
This confirms the validity of (by). To check that (cj) holds we subtract equa-
tion (5.30) (with & replaced by k + 1) from (5.42) and obtain:

Xp(t) = X1 () = LE(O)(Xp(t+1) = X (E 4+ 1)) + He(t), teT,
(5.45)

where Hy(t) = (¢/(k(k + 1)))Jn + (Fi(t) — Fem1 ()T (R(t) + M3(t) Xk (t +
1)) (F(t) — Fr—1(t)). We have Hy(t) > (¢/(k(k+1)))J, > 0,t € I.

Applying Theorem 2.5(iv) to equation (5.45) we deduce that Xj(t) —
Xk41(t) > 0 and thus (¢g) is fulfilled.

From (ax) and (cx) we conclude that for each ¢ € Z the sequence
{X)(t)}r>1 is convergent in SIV.

Let

Xoax(t) = lim Xi(t),  teT. (5.46)

Taking the limit for & — oo in (5.30) and (5.31) one obtains that { Xmax () }rez
defined by (5.46) solves (5.8).
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On the other hand from (ax) one obtains that Xy,ax () > X(t), t € 7 for the
arbitrary sequence {X (t)}1ez € I'. This shows that { Xmax(t) }rez defined by
(5.46) is the maximal and bounded solution of (5.8). If {I1(¢)}iez, {Q(t) }tex
are periodic sequences with period # > 1, then, based on Theorem 5.7, we
may choose a stabilizing feedback gain { Fy(t) }+cz which is a periodic sequence
with the same period . Using Theorem 2.5(i7), we deduce that the unique
bounded solutions {Xy(t)}tez of (5.29), (5.30) are periodic with period 6.
Also the feedback gains {Fj(t) }+ez defined by (5.31) will be periodic with the
same period 6.

Thus from (5.46) we conclude that { Xyax(t) }1ez is periodic with the same
period 0 and the proof is complete. O

The following result can be viewed as an extension of the comparison
theorem to the case of maximal solutions of (5.8).

Theorem 5.4 Let X; = (II,Q;);>1, X = (II,Q), where for each t € I,
II(t), Q(t) are as in (5.12) and (5.13), respectively, and

Myt Ly()
%) = (Lf(t) R;»(t))'

For each j > 1 let X(t) = R;(t, X (t + 1)) be the solution of the equation of
type (5.9) associated with the pair X; = (II, Q;). Assume that:

(a) The sequence of linear positive operators {II(t)}+cz is stabilizable.
(b) Q;(t) > Qjya(t) > Q(t),t € Z,j > 1.

(©) hm Q;(t) = Q(t),t e T.
)

(d FE is not empty.
Then:

(i) For each j > 1 the corresponding equation (5.8) associated with the
pair X; has a mazimal and bounded solution {X} , (t)}iez that satis-
fies R( )+ 1L () X1 (t+1) > 0,t € T.
(i1) X7, (t) > an‘;}(( ) > Xmax(t),t € Z, Xmax(t) being the mazimal solu-
tion of (5.8).
(491) imj oo X7 (t) = Xmax(t),t € T.

Proof. Based on Remark 5.1 one obtains that I'* C I'*i+1 C I'*i. Applying
(i) — (1) in Theorem 5.3 we deduce the existence of the maximal and bounded
solutions { X7 _ (t)}ez,j > 1. Thus (i) is proved. _

For each fixed j > 1, we consider the corresponding iterations { X7 (t)}iez
and {Fji(t)}tez, k > 1 defined by (5.30) and (5.31) specialized for the pairs
X = (I, Qj). More precisely {Xj(t)}iez is the unique and bounded solu-
tion of:

X]Jg(t) :HFj,k—l( )Xj(t+1)+ J +QF e 1()

k



5.4 The maximal solution 147

and
Fyn(t) = —(Ry(t) + Ms(H) X}, (t + 1) (L () + Mo (6) X1t +1))",

where
j I ' .
O 1) = (Fj,k—l(t)> % (Fng_l(t)) .

From item (by) in the proof of Theorem 5.3 we deduce that the sequences
{£;x(t)}1ez generate exponentially stable evolutions, where £;(t) = II}, | ().
On the other hand applying Lemma 5.1 with W (t) = F} ;—1(t) one obtains
that {X7(t) — X7%L(t)}sez is a bounded solution of

max

X)) = X5 = L O - XIHL @+ 1))+ GL(t),  teT
(5.47)

with
Gh(t) =, J oy o

+ (Fja(t) = Fino1 (D))" Ry (8) + s () XTEL(E + 1))

X (Fj+1(t) = Fjg-1(t)).

We have Gi(t) > (e/k)J, >0,t €T.
Invoking Theorem 2.5(iv) one deduces that (5.47) has a unique bounded
solution that is positive, hence

X)) - Xttty >0, VteI,k>1. (5.48)
Taking the limit for & — oo in (5.48) one gets that X7 (t) > XItL(t),t €

Z,7 > 1. Thus the first inequality from (iz) is confirmed.

To obtain the second inequality of (ii) in the statement one repeats the
above reasoning replacing {X/t1(¢)};ez with an arbitrary {Xi}ier € I'*.
Thus we deduce that

Xihax(t) = X (1) (5.49)
forall j > 1,t€Z.

The second inequality of (ii) follows from (5.49) because { Xax(t) }tez €
I'*. Furthermore, from (ii) one obtains that for each ¢ € Z, the sequence

{X{7 ()} j>1 is convergent. Set
Y(t)= lim X7 (t), ted.
J—00

Taking the limit for j — oo in equation (5.48) verified by X{ .. (#) one obtains
that {Y(¢)}ez is a solution of (5.8). On the other hand taking the limit for
j — oo in (5.49) one obtains that Y (£) > X (t),t € Z for arbitrary { X (t)}1e7 €
I'*. This shows that Y (t) = Xax(t) and thus the proof is complete. O
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5.5 The stabilizing solution

In this section we deal with the problem of the existence of the stabilizing
solution of DTSGRE (5.8). Also we display several useful properties of the
stabilizing solution.

First, we prove the following.

Proposition 5.1 If the set I'* is not empty then the stabilizing solution of
the equation (5.8) if it exists coincides with the mazimal solution of the equa-
tion (5.8).

Proof. Let X; = {X(t)}+ez be a stabilizing solution of (5.8) and F(¢) the
stabilizing feedback gain constructed as in (5.24). Let X = {X()}4ez be an
arbitrary sequence in I'*. Applying Lemma 5.1 with W (t) = F,(t), equa-
tion (5.8) verified by X may be written as

Xo(t) = 1p, ()Xt + 1) + Qr, (1) (5.50)

On the other hand equation (5.27) verified by X may be rewritten in the form:
X(t) = Hp, ()X (t+1) + Qr, (t) = M(t) — (Fy(t) — F(t))"

x (R(t) + IT3(t) X (t + 1)) (Fys(t) — F(2)), (5.51)

where M(t) > 0 and F(t) is defined as in (5.33). Subtracting (5.51) from

(5.50) we obtain that X () — X (¢) is a bounded solution of the discrete-time
backward affine equation:

Z(t)=L;t)Z(t+ 1)+ Hy(t), (5.52)
where Lg(t) = IHj (t) and H(t) = (Fi(t) — FaNT(R(t) + IIs(t)
X(t+ 1) (Fi(t) — F(t)) + M(¢).

From (5.15) one obtains that H,(t) > 0,¢ € 7.

On the other hand, the fact that X is a stabilizing solution guarantees that
the sequence {L(t) }tez generates an exponentially stable evolution. Applying
Theorem 2.5 we conclude that (5.52) has a unique bounded solution that
belongs to SN*. Hence X, (t)— X (t) > 0,t € T for arbitrary {X (t)}er € I'”.
This means that X, is just the maximal solution of (5.8) and the proof is
complete. O

From the above proposition one obtains the following corollary.

Corollary 5.2 If I'* is not empty then equation (5.8) has at most one stabi-
lizing solution.

The next result provides an interesting property of the stabilizing solution
of equation (5.8).
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Theorem 5.5 Assume:

(a) There exists an integer @ > 1, such that II(t +6) = II1(t), Q(t +6) = Q(t)
forallt € T.
(b) The set I'¥ is not empty.

Under these conditions the stabilizing solution of equation (5.8), if it exists,
is periodic with the same period 6.

Proof. Let Xy = {X;(t)}+ez be a stabilizing solution of (5.8). This means that
if T, (t,t0) is the linear evolution operator on 82 defined by the corresponding
equation (5.23) then

ITs(t,to)|| < Bg'~*,  t>to, titoe€l (5.53)

for some 3> 1,q € (0,1) independent of ¢ and .

We define the sequence { X (t)?},ez by X (t)? = X(t +0),t € Z. It is easy
to check that the sequence {X()?}:c7 is a solution of (5.8). We show that
{X(t)%} ez is a stabilizing solution of (5.8) too.

Let F?(t) be defined as in (5.24) with X (¢)? instead of X,(¢). From (a) in
the statement one obtains that F9(t) = Fi(t +6),t € Z. In the same way one
can see that

Iro(t) = Ip, (t+0), tel. (5.54)

Let Ty(¢,to) be the linear evolution operator defined by the discrete-time linear
equation
Z(t+1)=1I;4(t)Z(1).

This means that Ty(t,t0) = Hje(t — 1)1 5o (t —2) - 11 (to) if ¢ > to and
Ty(t,to) = Isn if t = to, where Ign is the identity operator on S).

From (5.54) one gets Ty(t,tg) = Ts(t + 0,to + 0) for all t > tg,t,to € Z.
Hence ||Ty(t, to)|| = || Ts(t+0,to+0)|| < Bg'~t. This shows that {X (¢)?},e7 is
also a stabilizing solution of (5.8). Furthermore, from Corollary 5.2 we obtain
that equation (5.8) has at most one bounded and stabilizing solution. Thus
X ()% = X4(t),t € T, which is equivalent to Xs(t+0) = Xs(t),t € T and thus
the proof is complete. O

Remark 5.3 In the special case 6§ = 1, the coefficients of equation (5.8) are
constant sequences. This corresponds to the so-called time-invariant case. The
above theorem shows that in the time-invariant case the stabilizing solution
of (5.8), if it exists, is constant and solves the following nonlinear algebraic
equation,

X=IIX+M—(L+ILX)R+ X)L+ II,X)T. (5.55)
The main result of this section is the following.

Theorem 5.6 Under the considered assumptions the following are equi-
valent.
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(i) The sequence of linear and positive operators {II(t)} ez C B(SY,SY...)
is stabilizable and the set I'* is not empty.

(ii) The equation (5.8) has a bounded and stabilizing solution {X(t)}1ez that
satisfies

R(t)+ IIs(t) Xs(t + 1) > 0, tel. (5.56)

Proof. To prove (i) — (ii) we remark that if (i) holds then I'* is not empty.
We apply the implication (i) — (i4) in Theorem 5.3 and deduce that equa-
tion (5.8) has a maximal solution {Xpax(t)}tez which satisfies

R(t) + 3(t) Xmax (t + 1) > 0, tel. (5.57)
We show that {X,ax(t) }tez is just a stabilizing solution. Set
F(t) = —(R(t) + I3(t) Xmax (t + 1)) "HL(t) + s (t) Xmax (t + 1), (5.58)

Let {X(t)}tez € I'* be fixed. We define M (t) = R(t, X (t+1)) — X (t),t € T.
Using the Schur complement technique one obtains via (5.16) that M(t) >
0,t € Z. Applying Lemma 5.1 with W (¢) = F(¢) to the equation of type (5.27)
verified by X; one obtains the following modified equation,

X(t) = Hp(t)X(t+ 1)+ Qp(t) — M(t) — (F(t) — F@t)T
X (R(t) + IIs() X (t + 1)) (F(t) — EF(t)), (5.59)

where F(t) is defined as in (5.33).
On the other hand, the DTSGRE (5.8) verified by Xp.x(t) can be
written as

Xmax(t) = Hp(t) Xmax(t + 1) + Qp (). (5.60)
Subtracting (5.59) from (5.60) one obtains that Xax(t) — X (£) is a bounded
and positive semidefinite solution of the following backward affine equation,

Z(t)=Hrt)Z(t+1) + G(t), (5.61)

where G(t) = M(t)+ (F(t)— F(t)T (R(t)+ IIs(t) X (t4+1))(F () — F(t)),t € .

We have G(t) > M(t) > 0,t € T.

Using the implication (vi) — (¢) in Theorem 2.4 in the case of equa-
tion (5.61) we conclude that the sequence {II;:(t)};cz generates an expo-
nentially stable evolution on SY. This shows that {Xpax(t)}ier is just the
stabilizing solution of (5.8) and thus we obtain the validity of the implication

Conversely, if (i7) is fulfilled, we denote { X;(¢) }+ez the stabilizing solution
of DTSGRE (5.8) that satisfies (5.56).
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Let {Fs(t)}tez be the corresponding stabilizing feedback gain associated
as in (5.24). This means that the sequence {II}, (t)}iez generates an expo-
nentially stable evolution on S2.

Thus we obtained that the sequence of linear and positive operators
{II(t)}tez is stabilizable.

It remains to show that I'* is not empty. To this end let us consider
0>°(Z,8N) equipped with the norm:

X[ = sup [ X(t)]2
teT
for all X = {X (t) }+ez € £>°(Z,SY), | - |2 being the norm induced by the inner

product (2.7).
(=T.80).11- 1)

is a real Banach space.

In this Banach space we consider the subset U = {X € (*(Z,S))|X =
{X ()} ez and R(t) + II3(t) X (t + 1) > 0,t € T}.

One sees that {X;(t)}ez € U and U is an open subset. Let ¥ : U x R —
0>°(Z,8N) be defined by

U(X,6) =Y, (5.62)
where Y = {Y(¢) }+cz, and
Y(t)=R(@EX(t+1)) — X(t)+0J,, (5.63)

VX €U, 5 €R.
We apply the implicit function theorem (see [102]) to the equation

¥(X,5) = 0. (5.64)

We have ¥(X,,0) = 0. Let (0¥/0X) : £>°(Z,8Y) — ¢°°(Z,SY) be the par-
tial derivative of the operator ¥ with respect to X. We have to show that
(0¥ /0X)(Xs,0) is an isomorphism. To check that (0¥/0X)(Xs,0) is injec-
tive, we have to show that the linear equation on ¢>(Z,SN),

ov

ox Xs0U =0, (5.65)

has only the solution U = 0. The equation (5.15) may be written as
R (t, Xs(t + 1)) U1 — Uy = 0, tel. (5.66)
Based on (5.21) one obtains that (5.65) becomes
Up = IF, (t)Ups1. (5.67)

The fact that X, is the stabilizing solution and (5.8) together with Theo-
rem 2.5 allows us to conclude that equation (5.67) has only the solution
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Uy = 0,t € Z. Thus we have that the equation (5.65) has only the solution
U = 0 which is equivalent to the injectivity of (0¥ /0X)(Xs,0).
To show the surjectivity of the partial derivative, we have to check that

for any Z € (°°(Z,SY) the equation
ov
X.,00U = Z .
oy (Xe: 00 (5.68)

has a solution. Based on (5.21), one obtains that (5.68) may be written as
Uy = g, (U1 — Z(1). (5.69)

Applying Theorem 2.5 one obtains that the equation (5.69) has a solution
{U; ez € €°(Z,SY). This confirms the surjectivity of the partial derivative
(0¥ /0X)(Xs,0). Also the continuity of (X, ) — (0¥/0X)(X, ) at (X,0) =
(Xs,0) is obvious. Thus we obtained that the assumptions of the implicit
function theorem are fulfilled for equation (5.64). Hence we deduce that there
exist 0 > 0 and a smooth function § — X : (—0;0) — U that satisfy

7 (X;,8) =0 (5.70)

for all § € (—4,4) and lims_o X5 = X,.
From (5.63) one obtains that (5.70) becomes

Xs(t) =R(t, Xs(t+1))+0J, (5.71)

for all t € Z,6 € (—0,9).
Because X5 € U it follows that

R(t)+ IIs(t) Xs(t + 1) > 0, tel. (5.72)

From (5.71) and (5.72) it follows that X5 € I'> if § € (—4,0) and thus the
proof ends. O

Furthermore we have the following.

Theorem 5.7 Let {II(t)}ter C B(SY,S),,,) be a sequence of linear and
positive operators. If there exists an integer 6 > 1 such that II(t + 0) = II(t)

for allt € Z, then the following are equivalent.

(2) The sequence {II(t)}te1 is stabilizable.
¢
(i) There exists a stabilizing feedback gain {F(t)}iez with the property
F(t+0)=F(t),teZ.

Proof. The implication (ii) — (i) is obvious. We have to prove (i) — (7).
To this end we apply Theorem 5.6 to the DTSGRE defined by the pair Xy =

(H, QO)7 Where
Jn 0
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It is obvious that 0 € I'®0. Thus from Theorem 5.6 we deduce that the
equation

X(t)=1L{t)X({t+1)+ J, — (I (t) X (t + 1))
X (Jp + M3(8) X (t 4+ 1)) (I (1) X (t +1))T (5.73)

has a bounded and stabilizing solution {X(¢)}1ez.

This means that the sequence of linear operators {II}, (t)}+c7 generates an
exponentially stable evolution on SY, with F(t) defined as in (5.24). On the
other hand from Theorem 5.5 applied to equation (5.73) we deduce that the
stabilizing solution is periodic with period 6. Therefore the stabilizing feedback
gain Fy(t) is periodic. The proof is complete. O

Remark 5.4 The result proved in the above theorem shows that in the case of
periodic sequences of linear and positive operators {II(t)}:cz, the definition
of the concept of stabilizability may be done using only stabilizing feedback
gains {F(t)}tez C M) , that are periodic sequences.

Finally one can conclude that from Theorem 5.5 and the proof of Theo-
rem 5.6 (see (5.71), (5.72)) the next result directly follows.

Proposition 5.2 Assume that the pair X = (11, Q) that defines the DTSGRE
(5.8) satisfies the condition II(t+60) = II1(t) and Q(t+0) = Q(t),t € Z,6 > 1.
Under these assumptions the following are equivalent.

(i) The sequence {II(t)}iez is stabilizable and the set I'> is not empty.
(¢i) The DTSGRE (5.8) has a bounded and stabilizing solution {Xs(t)} ez
that satisfies the condition R(t) + II3(t)Xs(t+1) > 0,t € .
(¢i1) The sequence {II(t)}icz is stabilizable and there exists a periodic
sequence with period § {X (t)}ier € I'>.

Remark 5.5 From the above proposition we deduce that in the periodic case,
with period 6 > 1, to check the fact that ' is not empty we have to verify
the solvability of the system of LMIs D*[X](t) > 0,tg < t < to+6 — 1
for some ty € Z where D¥ is the dissipation operator introduced by (5.14).
Combining Corollary 5.2, Theorem 5.5, and Proposition 5.2 one obtains the
following time-invariant counterpart of Theorem 5.6.

Theorem 5.8 If II(t) = II € B(SY,8).,.),Q(t) = Qe S).,.. t €I, then
the following are equivalent.

(i) The linear and positive operator II is stabilizable and there erist X e
SN X =(X(1),X(2),...,X(N)) such that

D¥X > 0. (5.74)
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(i) The algebraic equation
X=ILHX+M—(IILX +L)(R+ X)) Y (II,X +L)" (5.75)

has a stabilizing solution X, = (Xs(1), Xs(2),..., X(N)) that satisfies
R+ 113X, > 0.
Remark 5.6

(a) Based on (5.14) it follows that the inequality (5.74) becomes
IhX-X+M ILX+L .
(ILX +L)T R+ IIsX ’

(57 2

is the corresponding partition of Q.

(b) In the time-invariant case the stabilizing solution of (5.8) is a con-
stant sequence and it solves (5.75), therefore one obtains that X, =
(Xs(1), Xs(2),...,Xs(N)) is a stabilizing solution of (5.75) if and only
if the eigenvalues of the operators R'(X) are located in the inside of the
disk [A] < 1.

(5.76)

where

5.6 The Minimal Solution
In this section we focus our attention on the case 0 € I'*. From (5.15) it
follows that 0 € I'* if and only if
R(t) >0, tel (5.77)

and

M(t)— LR ) LT (t) >0, teT. (5.78)
In this case we prove the following.
Theorem 5.9 Assume:

(a) the sequence of positive operators {II(t)}ier C B(SY,SN.,,) is stabiliz-
able.
(b)0eI*.
Under these conditions the DTSGRE defined by X = (II, Q) has two global
and bounded solutions { Xmax(t)}tez and {Xmin(t) bez with the property:

0< Xomin(t) € X(1) < Xmax(t), t€7T (5.79)

for arbitrary bounded solution {X(t)}iez of (5.8) with X(t) > 0,t € Z.
Furthermore, if there exists an integer 0 > 1 such that II(t + 0) = II(t),
Q(t+0) = Q(t),t € Z, then Xmax(t +0) = Xmax(t), Xmin(t +0) = Xmin(t),
tel.
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Proof. The assumptions (a) and (b) in the statement guarantee (via Theo-
rem 5.3) the existence of the maximal solution { Xax(¢) }rez with the required
properties. We have to prove the existence of the minimal solution
{Xmin(t) }1ez. For each integer 7 € Z, let X (t) = X (¢, 7,0) be the solution of
(5.8) with the terminal value X (7,7,0) = 0.

From Corollary 5.1 we deduce that X, (t) is well defined for all t € Z, =
(—o0; 7] Z and

X-(t) >0 (5.80)

forallt € I,.
Ifr <7o,71,72 €7 we have X, (1) > 0= X, (11)-
Applying Theorem 5.1 we conclude that

Xry(t) = X7, (8) (5.81)

for all t € Z,,. Based on assumption (a) in the statement we deduce that there
exists a stabilizing feedback gain {Fy(t)}iez C MJ),, such that the sequence
of linear and positive operators {II}, (t)}:ez generates an exponentially stable
evolution.

Applying Theorem 2.5(i) we deduce that the discrete-time backward affine
equation

Yb(t) = HFO (t)Yb(t + 1) + QFO (t) (582)

has a bounded solution {Yy(t)} ez C SNT, Ik, (t), QF,(t) being defined as
in (5.18) and (5.19), respectively, with Fy instead of W. On the other hand,
Lemma 5.1 applied to equation (5.8) verified by X, (t) leads to

X (t) = Ip, ()X, (t +1) + Qry () — (Fo(t) — Fr(1)"
X (R(t) + Is3(t) X (t + 1)) (Fo(t) — F-(t)), tel, (5.83)

where Fy(t) = —(R(t) + II3(t) X, (t + 1)) "L (Il (t) X, (t + 1) + L(t))7.
Subtracting (5.83) from (5.82) we obtain

Yo(t) — X-(t) = Ip, (t)(Yo(t +1) — X (t+ 1)) + H(t), (5.84)
where H, (t) = (Fo(t) — Fr ()T (R(t) + H3(t) X, (t + 1)) (Fo(t) — Fr(t)). From
(5.77) and (5.80) we conclude that H () > 0,t € T.

Because Yy(7) — X+ (7) = Yy(7) > 0 we deduce inductively from (5.84)
that

X-(t) < Yo(t) (5.85)
for all t € Z; and all 7 € Z. From (5.80), (5.81), and (5.85)

0< Xo, () < Xny(£) < Yolt) < e (5.86)
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forallt € Z,,, 71 < 12, 71,72 € Z, where ¢ > 0 is independent of ¢ and 7;. From
(5.86) one deduces that for each ¢ € 7 the sequence {X,(t)},>; is convergent.
Set

Xuwinlt) = lim X,(t),  teT. (5.87)
Replacing X (¢) by X,(t) in (5.8) and taking the limit for 7 — oo one obtains
that Xmin(¢) solves DTSGRE (5.8).
Moreover from (5.86) and (5.87) we have Xy(t) > 0,t € Z. Let
{X(t)}tez € SN+ be another bounded solution of DTSGRE (5.8). From
X(1) > 0= X.(7) together with Theorem 5.1 we deduce that

X(t) = X-(t) (5.88)

forall t € Z,.

From (5.87) and (5.88) we obtain that Xyin(t) < X (t) for all ¢t € Z. This
confirms the validity of (5.79).

It remains to prove that if {I1(t) }+cz and {Q(¢) }tez are periodic sequences
with period 0 > 1, then { Xy,in(t) }+e7 is also a periodic sequence with the same
period 6.

To this end we define

X (t) =X, 19(t+0), teZ,. (5.89)

Based on the periodicity assumption one obtains that { X, () }+ez, is a solution
of DTSGRE (5.8).

Also we have X, (1) = 0 = X,(7). This allows us to obtain inductively
that

X (t) = X, (1), teZ, (5.90)
for all 7 € Z. From (5.87) and (5.90) one obtains

lim X, (t) = Xmin(t), tel. (5.91)

T—00

On the other hand from (5.87) and (5.89) we deduce that

lim X, () = Xmin(t +6). (5.92)

T—00

From (5.91) and (5.92) one concludes that X, (t +6) = Xpmin(t) for allt € 7
and thus the proof is complete. O

The result proved in the previous theorem suggests the following definition.

Definition 5.3 We say that a solution {Xmin(t)}er of DTSGRE (5.8) is
minimal in the class of positive semidefinite solutions of (5.8) if 0 < Xyin(t) <
X (t) for any solution {X (t)}tezr € SN of DTSGRE (5.8).
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Remark 5.7Tt is known (see [27, 89, 90]) that under the assumption of sto-
chastic detectability, any positive semidefinite solution of difference Riccati
equations (5.1)—(5.3) is a stabilizing solution. On the other hand from the
uniqueness of the stabilizing solution, in the presence of stochastic detectabil-
ity the discrete-time Riccati equations (5.1)—(5.3) have at most one positive
semidefinite solution. In this case Xyin(t) = Xmax(t),t € Z.

The following example shows that in the absence of stochastic detectability
the maximal solution does not coincide with the minimal solution.

Ezample 5.1 Consider equation (5.1) in the special case n = 2,7 = 1:
X)) =ATX(t+ 1A+ ATX(t+1)A +CTC
— (AT X (t+1)Bo + ATX(t +1)B, + CTD)

x (DD + BT X (t+1)By+ BI X(t +1)B;) ™"

x (BEX(t4+1)Ag + BT X(t +1)A, + DTC), (5.93)
where
g 0 3 T T
Ao = 0 s )i A1=512; By=(2 1) Bi=(0 0);
5

4 0 .
= 5 N D = 1 .
c=(§ o) 0 1)
It can be seen that the pair (C, (Ap, A1)) is not stochastic detectable. Let

X, = ( s 33+ V2) > . (5.94)

—3(3+v2) 3(11+6v2)

By direct calculations one verifies that X is a solution of (5.93). We prove
that X is the stabilizing solution of (5.93). Indeed, by the special case of
Theorem 3.7 for N = 1 one obtains that X, is the stabilizing solution of
(5.93), iff there exists X > 0 such that AT XA + (9/25)X — X < 0, where

i 4\5/2 —152(7—6\/2) |
2-1+v2  2(7-6V2)
The above inequality is equivalent to ATXA — X < 0, where A = (5/4)A.
By the well-known discrete-time Lyapunov theorem from the deterministic
case the preceding inequality is equivalent to p(A) < 1. This inequality is
verified easily by simple calculations. Thus we conclude that X is a stabilizing
solution of (5.93).
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Because 0 € I'* one obtains via Proposition 5.1 that X, = X ,ax. By direct
calculations one obtains that (5.93) has only two positive semidefinite solu-

tions, namely X and
R 1+v/2 0
X = 2 . (5.95)
0 0

Because X, > X it follows that X is the minimal solution of (5.93).
From (5.94) and (5.95) we conclude that in the case of equation (5.93) the
maximal solution does not coincide with the minimal solution.

5.7 An iterative procedure to compute the maximal
solution and the stabilizing solution of DTSGRE

The iterative procedure described by (5.30)—(5.31) could be used to com-
pute numerically the maximal solution of (5.8). However, at each step of
the above procedure, we have to compute the unique bounded solution of
a linear equation on 8. Unfortunately, in the case of discrete-time Riccati
equations, corresponding to the stochastic framework, the equations (5.30)
have a complicated structure and consequently it is not easy to solve them
efficiently. That is why it is desirable to have numerical procedures to com-
pute the maximal solution of DTSGRE (5.8), simpler than the ones based
on the Newton—Kantorovich method. Our goal is to provide such an iterative
procedure to compute the maximal (stabilizing) solution of (5.8).

Assume that {II(t)}:e7 is a stabilizable sequence of linear operators. Let
{Fo(t)}tez be a stabilizing feedback gain. This means that the zero state
equilibrium of the linear equation Z(t + 1) = 1Ty (t)Z(t) is exponentially
stable.

Let {Xo(t)}+ez be a bounded solution of the following inequality,

Xo(t) > Mg, () Xo(t + 1) + Qp, () + e, (5.96)

and t € Z, € > 0 are fixed.
We prove the following.

Lemma 5.3 Assume:

(a) The sequence {II(t)}ier is stabilizable.
(b) The set I'¥ is not empty.

Let {Fy(t)}rez be a stabilizing feedback gain. Then any bounded solution
{Xo(t)}rex of (5.96) has the properties:
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(1) Xo(t) > X(t) for any {X(t)}tez er~.
(ii) If Fy is defined by

Fo(t) = —(R(t) + I3(t) Xo(t + 1)) (L) + () Xo(t + 1)) (5.97)

then the zero state equilibrium of the linear equation Z(t+ 1) = ITg, (t)*
Z(t) is exponentially stable.
(7i1) Let {X1(t)}iez be defined by

X1(t) =Hp, ()Xot + 1)+ Qr,(t) +eJ, (5.98)
t € Z. Then we have Xo(t) > X1(t), t € L.

Proof. At the beginning we remark that (5.96) can be written as a linear
equation:

Xo(t) = Hp () Xo(t + 1) + Qp, (t) +eJn + M(t), (5.99)
where M(t) € SN+, t €.
IF{X () ez € I ¥ then one obtains via the Schur complement technique
that {X(t)}+ez solves

X(t) =Rt X(t+1))— M(t) (5.100)

for some M(t) € SN*. Applying Lemma 5.1(i) to the operator R(t,X) =
R(t, X)— M(t) with W (t) = Fy(t) one obtains that equation (5.100) may be
rewritten:

X(t) =g ()X (t+1)+ Qp (t) — M(t) — (Fo(t) — F(t)”
X (R(t) 4+ IIs(t) X (t + 1)) (Fo(t) — F(t)), (5.101)

t € T, where F(t) = FX(t), being as in (5.20) with X(t) instead of X (¢).
From (5.101) and (5.99) one deduces that {Xo(t) — X (¢) }+ez is a bounded
solution of

Xo(t) — X(t) = Hﬁo (t)[Xo(t +1) - X(t+ 1)] + Ho(t), (5.102)

where H(t) = eJ, + (Fo(t) — F(t))T(R(t) + Hs(t) X (t + 1)) (Fo(t) — F(t)) +
M(t) + M(t).

Based on (5.15) we may conclude that Hy(t) > eJ,,Vt € Z. This allows us
to deduce via Theorem 2.5 that (5.102) has a unique bounded solution that
is uniformly positive. More precisely, we have

Xo(t) = X(t) > eJ,, ted. (5.103)
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Thus (i) is proved. Furthermore, from (5.103) we obtain
R(t) + II3() Xo(t +1) > R(t) + II3() X (t +1) >0, teZl.

Hence Fy(t) is well defined by (5.97).
To check that (i) holds we rewrite (5.99) (via Lemma 5.2) as

Xo(t) = Ip, (1) Xo(t + 1) + Qr, (t) + e + (Fo(t) — Fo(t))"
x (R(t) + I (t) Xo(t + 1)) (Fo(t) — Fo(t)) + M(t). (5.104)

On the other hand, applying Lemma 5.1 with W (t) = Fy(t) in the case of
equation (5.100) we obtain that {X (¢)}:ez verifies:

X(t) = Mg, (DX (t+1) + Qry (1) — (Fo(t) — F(1)"
X (R(t) + II5(t) X (t + 1)) (Fo(t) — F(t)) — M(t). (5.105)

Subtracting (5.105) from (5.104) we deduce that {Xo(t) — X (t)}ier is a
bounded and uniform positive solution of the following backward affine equa-
tion,

Y(t) =g, ()Y (t+ 1)+ Ho(t), teT, (5.106)

where Ho(t) = eJn + M(t) + M() + (Fo(t) — Fo())T(R(t) + II5(t)
Xolt+1)) (Fo(t)— Fo(£))+ (Fo(£) — F(8) T (R(£)+ Iy (1) X (¢ 1)) (Fo (t) — (1),

One sees that Hy(t) > eJ,,,t € T.

Using the implication (vi) — (i) in Theorem 2.4 together with (5.103) to
equation (5.106) we conclude that the zero state equilibrium of the equation
Z(t+1) = I, (t)Z(t) is exponentially stable. This shows that (i) is valid.

To check the validity of (#i7) one subtracts (5.98) from (5.104) and we
obtain that

Xo(t) — X1(t) = Ao(t), (5.107)

where Ag(t) = M(t) + (Fo(t) — Fo(t))" (R(t) + I5(8) Xo(t + 1)) (Fo(t) — Fo (1))
We have Ag(t) > M(t) > 0,t € Z. Therefore (5.107) shows that Xo(t) —
X1(t) > 0,t € Z. Thus the proof is complete. O

Taking {Xo(t)}tez, {Fo(t)}iez as the first step we construct inductively
the sequences {Xx(¢) }e>1, {Fr(t)}e>1, t € T as follows,

S, tel,  k>1,

Xi(t) =g, () Xp-1(t+1) + Qp, (1) + i
(5.108)

Fi(t) = —(R(t) + H3(t) Xp(t + 1)) (L(t) + Mo (t) Xi(t + 1))7,
tel, k>1. (5.109)
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Remark 5.8 Applying Theorem 5.7, we deduce that if {I1(¢)}+c7 is a periodic
sequence with period 6 > 1, then it is stabilizable if and only if there exists a
stabilizing feedback gain {Fp(t)}se7 that is a periodic sequence with the same
period €. This allows us to conclude that if the coefficients of the DTSGRE
(5.8) are periodic sequences with period > 1, then one can find a solu-
tion {Xo(t) }+ez of (5.96) that is a periodic sequence with the same period 6.
Furthermore, from (5.108) and (5.109) it follows that at each step k,
{ X (t)}tez will be periodic sequences with the same period 6.

To prove the convergence of the sequences defined above, the following
auxiliary result is helpful.

Lemma 5.4 Assume that for a k > 1, the sequences {X,(t)}rez
are well defined via (5.108) and (t, X4(t + 1)) € Dom(R), 1
Then the following equality holds.

wl/\
m I/\

k,
7.

I/\>—‘

teT
<gq

Xk(t) =1, (t)Xk(t + 1) + Hkal(t)(Xk_l(t + 1) — Xk(t + 1)) + QFk (t)
+ (F(t) = Feea (1) T (R(t) + () X (t + 1))

X (Fy(t) — Fro1(t)) + ZJn. (5.110)

Proof. From the assumption in the statement of the lemma it follows that
{F,(t)}rez are well defined via (5.109). Applying Lemma 5.1 with W(t) =
Fj—1(t) we obtain:

R(t, Xi(t +1)) = Ip,_, () X5t + 1) + Qp_, (1) — (Fi(t) — Frr ()"

X (R(t) + H3(t) Xk (t + 1)) (Fi(t) — Fr—1(t)), tel.
(5.111)

Furthermore, using (5.108) we have
R(t,Xk(t + 1)) = Xk(t) —IIF, (t)(Xk_l(t + 1) - Xk(t + 1))

= n(F(t) = Fie1 (8) T (R(t) + I3(8) X (t + 1))

€

X (Fp(t) — Fy—1(t)) — kJn. (5.112)
Rewriting the left-hand side of (5.112) via Lemma 5.1 with W (t) = Fj(t) one
obtains (5.110) and thus the proof ends. O

Now we are in position to prove the main result of this section.

Theorem 5.10 Assume:

(a) The sequence of linear and positive operators {II(t)}iez is stabilizable.
(b) The set I'* is not empty.
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Let ¢ > 0 be fized and {Fy(t)}rez be a stabilizing feedback gain. Then
for any bounded solution {Xo(t)}iez of (5.96) the sequences {Xi(t)}r>1,
{Frp(t)}r>1, t € T introduced by (5.108), and (5.109), respectively, are well
defined and convergent. Moreover, if Xmax(t) = limg_ oo Xp(t), then
{Xmax(t) }rez is just the maximal solution of DTSGRE (5.8) satisfying R(t) +
H3() Xmax (t+1) >0, t € T.

Proof. We prove inductively for & > 1 the following items.

(ax) Xi(t) — X(t) > ppd, for arbitrary {X(¢)}ez € I'F, where pp > 0 do
not depend upon X (t).

(bx) The zero state equilibrium of the linear equation Z(t + 1) = Iy, (t)Z(t)
is exponentially stable.

(Ck) Xk(t) > Xk+1(t), tel.

Subtracting (5.105) from (5.98) one obtains that {X;(t) — X (t)}ez is a
bounded solution of the discrete-time backward affine equation:

Zy(t) = Op, () Zy(t+1) + Hy(t), teTl (5.113)

with Hy(t) = e, + M)+ (Fo(t)— F ()T (R(t)+ I3 (t) X (t+1)) (Fo (t) — F(t)).
It is obvious that Hi(t) > eJ, > 0,t € Z.
Because {Fy(t)}iez is a stabilizing feedback gain, one obtains, via Theo-
rem 2.5, that equation (5.113) has a unique bounded solution and that solution
is uniformly positive. Finally from (5.113) follows

Xi(t) - X(t) > ey, tel. (5.114)

This shows that (a1) is valid with y; =€ > 0.

Furthermore, from (5.114) one obtains that Fj (¢) is well defined via (5.109)
for k = 1. To check that (by) is fulfilled we rewrite equation (5.100) in the
form:

X(t) = g, ()X (t) + Qr, (1) — M (1) — (Fu(t) — F(t)"
X (R(t) + I3(t) X (t 4+ 1)) (F1(t) — F(t)). (5.115)

Subtracting (5.115) from (5.110) (written for k& = 1), we obtain that { X1 (t) —
X (t) }tez is a bounded and uniformly positive solution of

Vi(t) = I, (H)Yi(t +1) + Hi(t), teT, (5.116)

where H,(t) = g, ()[Xo(t + 1) — Xyt + 1)] + ey +M(t)+( 1(t) —
F@6)T(R(t) + I3(6) X (¢ + 1) (FL () = F()) + (Fu () = Fo(t) T (R(1) + I3(t)
Xt + 1)(Fu(t) - Folt)), t €T, )

Based on Lemma 5.3(iii) we conclude that H;(t) > eJ, > 0, t € Z. Now,
the implication (vi) — (i) of Theorem 2.4 together with (5.114) applied to
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equation (5.116) leads to the exponential stability of the zero state equilibrium
of the equation
Z(t+1)= I (t)Z(t).
Thus the validity of item (b1) is confirmed.
Furthermore, subtracting (5.108) (written for k = 2) from (5.110) (written
for k = 1) we obtain:

Xi(t) — Xa(t) = Ao(t), (5.117)

where Ay(t) = (£/2)Jn + (Fo(t) — Fi(t))T(R(t) + Hs(t) X1 (t + 1)) (Fo(t) —
Fi(t) + Ip, (t)(Xo(t+ 1) — X1 (t 4+ 1)).
From Lemma 5.3(ii7) we conclude that As(t)
Therefore (5.117) leads to X;(t) — Xa(t) > 0, t € Z, and thus the item
(c1) is fulfilled. Let us assume that (aq), (by), (¢q) are fulfilled for 1 < g <
k — 1 and we prove that they are fulfilled for ¢ = k. If (ax—1) holds then
R(t)+ II5(t)Xp—1(t+1) > 0, t € Z. Hence, Fj_1(t) is well defined by (5.109)
written for k£ — 1 instead of k. This allows us to construct X(t) via (5.108).
Applying Lemma 5.1 with W (t) = Fi_1(t) we rewrite equation (5.100) in
the form:

X(t) = Mg, (X + 1)+ Qr,(t) = (Fr—a(t) = F(1))"

% (R() + M3 ()X (t+ 1) (Foor () — B@) — NI(5) (5,118

> (¢/2)J, > 0,t € T.
€

with M (t) > 0. Subtracting (5.118) from (5.108) one obtains that {Xj(t) —
X (t) }+ez verifies

Xp(t) = X(t) = Op, ,(t)(Xp—1(t+1) — X(t+1)) + He(t), teT,
(5.119)

where Hi(t) = (/M) + M() + (Fs(t) — F@)T(RE) + ()
X(t+1))(Fr—1(t) — F(t)). From (5.15) we have that Hy(t) > (¢/k )J > 0,
t € Z. Invoking again (ar—1) one obtains that ITp, , (t)(Xp—1(t + 1) —
X(t+1)>0,tel

Thus we obtain via (5.119) that

Xi(t) — X(t) > ZJn (5.120)
which confirms the validity of (ax) with u, = (¢/k) > 0.

From (5.120) it follows that R(t) + II3(t)Xx(t + 1) > 0, t € Z. This
shows that F(t) is well defined via (5.109). Moreover {F(¢) }1e7 is a bounded
sequence.

Applying again Lemma 5.1 with W (t) = Fj(t) we obtain:

X(t) = Ur ()X (t+1) + Qr (1) — (Fi(t) — F ()"

X (R(t) + ()X (t + 1)) (F(t) — F(t)) = M(t), teZ. (5.121)
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Subtracting (5.121) from (5.110) we obtain that {Xj(t) — X (t)}iez is a
bounded and uniformly positive solution of the discrete-time backward affine
equation:

Z3,(t) = g, (1) Zi(t + 1) + Hy(t), (5.122)

where Hk( ) = (e/k)Jn + M(t) + g, (1) (Xp-1(t) — Xi(t + 1)) + (Fi(t) —
Fre1 ()T (R(t) + H3(t) X (t + 1)) (Fi(t) — Feo1(8)) + (Fi(t) — F(t) T (R(t) +
TR+ D)EG L Fy, )

Because (cx—1) is fulfilled we deduce that Hy(t) > (¢/k)J, > 0,t € T.
Using the implication (vi) — (i) from Theorem 2.4 with equation (5.122) we
conclude that the zero state equilibrium of the linear equation

Z(t+1) =g, (t)Z(t),

t € 7 is exponentially stable. Thus we have shown that (bg) is true. Finally
subtracting equation (5.108), written for k + 1, from equation (5.110) w
obtain:

Xk(t) — Xk+1(t) = Ak(t), tel, (5123)

where Ay (t) = (¢/(k(k+1)))Jn+ g, (¢)(Xp—1(t+1) — X (t+1))+ (Fr(t) —
Fo—1 ()T (R(t) + H3(8) Xi(t + 1)) (Fi(t) — Fr—1(t)).

If we take into account that (ay),(cx—1) are fulfilled, we deduce that
Ag(t) > (e/(k(k+1)))J,. Thus from (5.123) we deduce that Xy (t)— Xp4+1(t) >
0 which means that (¢g) is true. Furthermore, from (ay) and (¢x) one deduces
that the sequences { Xy (t)}r>1, t € T are convergent. From (5.109) one gets
that {Fj(t)}k>1, t € T are also convergent. Let

Xax(t) = lim Xi(t),  teZ (5.124)
Fuax(t) = lim Fi(t),  teT.

Taking the limit for & — oo in (5.108) and (5.109) one obtains that
{Xmax(t) }rez is a bounded solution of DTSGRE (5.8). On the other hand
taking the limit in (aj) one obtains that {Xy,ax(t)}tez is just the maximal
solution of (5.8). Thus the proof is complete. O

Remark 5.9

(a) As we have already pointed out in Remark 5.8, if {II(¢) }tez and {Q(¢) }1ez
are periodic sequences with period 6 > 1, then we may construct a periodic
solution Xy (t) of (5.96). Furthermore, if X (¢) is a periodic sequence with
period 6 > 1, then the iterations {Xy(t)}iez, {Fi(t)}tez, & > 1 are also
periodic sequences with the same period # > 1. Hence, in the periodic
case at each iteration we need to compute finite sequences {Xj(t)} and
{Fk(t)}, to <t<tg+60—1k>1, where tg € 7 is fixed.
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(b) In the special case § = 1 the coefficients of DTSGRE (5.8) are constant.
In this case, the stabilizing feedback gain Fy will be constant and (5.96)
will become a system of LMIs. Thus Xy(¢) and consequently all iterations
X} and F}, are also constant.

(c) If I'¥ is not empty then the maximal solution of (5.8) coincides with
the stabilizing solution of (5.8). Thus the iterative procedure described
in Theorem 5.10 can also be used to compute the stabilizing solution of
DTSGRE (5.8).

The following result may be viewed as an alternative procedure for finding
a periodic solution of (5.96).

Proposition 5.3 Assume that the assumptions from Theorem 5.10 are ful-
filled. Let {Fo(t)}ter be a stabilizing feedback gain and € > 0 be given. Let
{Yi(t)}k>0,t € T be defined iteratively as follows,

Yi(t) = g () Ye-1(t + 1) + Qp () + 2eJn, (5.125)
teZ, k>1,Yy(t) =0. Then we have
0<Yi(t) <V (t) <Y (), VE>1, tel, (5.126)

where ?(t) is the unique bounded solution of the linear equation

Y(t)=Hp )Y (t+1)+ Qp (t) +2eJ,, teL (5.127)
Additionally, for each t € T we have limy_o Yi(t) = Y (t).

Proof. The inequalities (5.126) can be proved inductively. Furthermore, from
(5.126) one deduces that the sequences {Yi(t)}x>1, t € Z, are convergent.
Set Z(t) = limp—o Yi(t), t € Z. Taking the limit for & — oo in (5.125) one
obtains that {Z(t)}:ez is a bounded solution of (5.127). Because (5.127) has a
unique bounded solution we conclude that Z(t) coincides with Y (t) and thus
the proof ends. O

Corollary 5.3 Assume that the sequence of linear and positive operators
{II(t)}+ez and the sequence of symmetric matrices {Q(t)}rez are periodic
with period 0 > 1. Assume that the stabilizing feedback gain {Fy(t)}sez is also
a periodic sequence with period 6. Then {Yy(t)}tez constructed by (5.125) are
also periodic sequences with the same period 6. Moreover, if ko is such that
g () Yke—1(t+1) = Y (¢ + 1) +eJp >0, t0 <t < to+0—1 (for a fived
to € I), then {Yi,(t)}tez is a solution of (5.96).

Proof. 1t follows immediately writing (5.125) in the form:
Yieo (1) = Hﬁ‘o )Yy, (t+1)+ QFO (t) +edy
+ (Hﬁ‘o(t)(yko—l(t + 1) — Y, (t + 1)) + EJN)

Thus the proof is complete. O
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5.8 Discrete-time Riccati equations of stochastic control

In this section we apply the general results proved in the previous sections
to derive necessary and sufficient conditions for the existence of the stabi-
lizing solution of discrete-time Riccati-type equations arising in connection
with several kinds of linear quadratic optimization problems associated with
discrete-time stochastic systems with Markovian jumping and independent
random perturbations.

5.8.1 The maximal solution and the stabilizing solution of
DTSRE-C

Let us consider the following system of discrete-time Riccati-type equations
of stochastic control (DTSRE-C).

ZAT (t,9)E(t, X (¢ + 1)) A(t, 1) + M(t, 1)

ZAT (t,)E(t, X (t + 1))By(t,i) + L(m’))

s

X

x (th +ZBk (t,0)E tX(t—l—l)))_

BF(t,0)&(t, X (t 4+ 1)) Ay (t, 1) +LT(t,i)> , 1<i<N,
=0
(5.128)

where & (t, X (t+1)) = Y0, pi(i, )X (t+ 1, 5), M(t,4) = M7 (t,4), R(t,i) =
RT(t,i) for all (t,i) € Z4 x D.

We remark that no assumption concerning the sign of the matrices M (¢, 1)
and R(t,4) is made.

Remark 5.10

(a) The DTSGRE-C (5.128) arises in connection with an optimization problem
described by a system of type (4.1) and a quadratic cost functional

oo}

J(u) = Z ElzT (t)M (t,n:)2(t) + 227 (t)L(t, n)u(t) + u” (£)R(t, ne)u(t)].

t=to

Details concerning the classes of the admissible controls are fully discussed
in the next chapter.
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(b) Motivated by the definition of &;(¢,-) from above we may define a linear
operator X — E(t,X);SY — SN by £(t, X) = (&1(t, X),...,En(t, X));

N
X)= Zpt(i,j)X(j), VX =(X(1),...,X(N)) e SN. (5.129)

It is clear that for each ¢, £(t,) is a linear and positive operator on S2.
(¢) In the special case M(t,i) = CT(t,i)C(t,i), L(t,i) = CT(t,i)D(t,14),
R(t,i) = DT(t,i)D(t,i) the DTSRE-C (5.128) reduces to (5.4).

Set IT,()X = (IIn() X, H()X, ..., Iin()X), | = 1,2,3, with

()X = iAf(t,i)Si(t,X)Ak(t,i) (5.130)
k=0

My ()X = > AL (t,9)E(t, X) Bi(t, 1)
k=0

I3 (t ZBk (t,0)&(t, X)By(t, i),

1 <4 < N. With these notations the DTSRE-C (5.128) takes the form of (5.8).
The analogue of the dissipation operator (5.14) is: DX(t) = (D:X(¢),...,
DnX(t)) with

DX (t)

=

AT (4, 4)E (8, X (t+ 1)) Ax(t, i) — X (t,1) + M(t,4)

b
Il
o

=

BF(t,i)&(t, X (t + 1)) Ax(t, i) + LT (t,4)

x>
Il
o

S Au(t,i)E(t, X (t + 1))By(t,d) + L(t, 1)
k=0

> Bi(t,0)&i(t, X (t + 1)) Bi(t, i) + R(t,1)
k=0
for all X = {X(t)}is0 € 1°(Zy, SN).
Thus we can associate the sets I'* and I'* as in (5.15) and (5.16), respec-
tively.

In order to be sure that the assumption A.5.1 is fulfilled for the operators
(5.130) we make the following new assumption.

A.5.2 The sequences {Ag(t,7)}i>0, {Br(t, i)} >0, 0 < k < r, {M(t,i)}i>0,
{L(t,9) }e>0, {R(t, 1) }i>0, 1 <i < N, {P,}4>0 are bounded and py(Z,7) > 0.
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It is worth mentioning that the results in this section could be derived
without the assumption that P; is a stochastic matrix. We need only the fact
that P, is a matrix with nonnegative elements. Thus the assumption that
{P,}1>0 is a bounded sequence is not redundant.

Theorem 5.3 together with Remark 4.8(b) leads to the following.

Theorem 5.11 Assume:

(a) The triple A, B, P is stabilizable.

(b) There exists a sequence X = {X (t)}i>0 € (°°(Z4,SY) with the properties
D;X(t) > 0, R(t,i) + Y p_o BE (t,9)E(t, X (t + 1)) By(t,i) > vI, for all
1<i<N.

Under these conditions the DTSRE-C (5.128) has a bounded and mazimal
solution {Xmax(t) }e>0 with the additional property
ZBk (t,0)Ei(t, Xmax (t, 7)) Bi(t,i) > vy, (5.131)

Vt>0,1<i<N. O

Definition 5.4 We say that a solution {Xs(t)}i>0 s a stabilizing solution of
(5.128) if the sequence of perturbed Lyapunov operators {Lp, (t) }1>0 generates
an exponentially stable evolution where Lp, (t) : SN — SN is defined as in
(4.5) with Fs(t,1) instead of F(t,i), where

, -1
Fy(t,i) = — (R(t, i)+ > Bilt, 1)Ei(t, Xo(t + 1)) Bi(t, i))
k=0

o (6, 1) 7 T(t,4) ). .
(ZB t,0)Eit, Xo(t + 1)) Ap(t, i) + LT (t, )) (5.132)

It should be noted that any time we refer to a solution {X(t)}i>0 of
DTSRE-C (5.128) we assume tacitly that the matrices R(t,1)+ > ,_o BE (1)
Ei(t, X (t+1))Bg(t, i) are invertible.

Remark 5.11 If P, are stochastic matrices then one obtains via Corollary 4.1
that {X}i>0 is a stabilizing solution of (5.128) if and only if the zero state
equilibrium of the closed-loop system

w(t +1) = [ Aot me) + Bo(t, 1) Fs (¢, )

+Zwk (Ag(t,me) + Br(t,ne) Fs(t,me)) | 2(t), 6 >0 (5.133)

is SESMS-I.
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Let {Lp, (t)}+>0 be the sequence of Lyapunov operators introduced by
(4.5) and IIp (t) be associated with the operators (5.130) via (5.18) with
W(t) = Fi(t), Fs(t) as in (5.132). Then the equality Lr,(t) = II}. (t) shows
that {X;(t)}+>0 is a stabilizing solution of DTSRE-C (5.128) in the sense of
Definition 5.4 if and only if it is a stabilizing solution of the corresponding
equation (5.8).

Therefore from Corollary 5.2 we deduce that (5.128) has at most one
bounded and stabilizing solution.

From Theorem 5.6 one obtains the following.

Theorem 5.12 The following are equivalent.

(1) The triple A,B,P is stabilizable and there exists a sequence
X = {X(t)}i>0 € I°(Zy,SN) that satisfies (D;X)(t) > vlpym, for all
teZy,1<i<N, withv >0 independent of t and 1.

(13) The DTSRE-C (5.128) has a bounded and stabilizing solution {Xs(t)}i>o0
such that

R(t,i) + Z BF(t,1)&(t, Xs(t + 1)) By (t, i) > v, (5.134)
k=0

forallteZ,, 1 <i<N.

In the previous developments we considered the time-varying case in order
to cover the systems with periodic coefficients with period 6 > 1.

As we already remarked in Section 5.5 to check the validity of the condi-
tions of (7) in Theorem 5.12 we have to verify the feasability of some system
of LMIs with a finite number of inequalities.

The case 6 = 1 is more frequent in applications therefore we present a
version of Theorem 5.12 for this special case. From Theorem 5.5 it follows
that in this case the stabilizing solution of DTSRE-C (5.128) if it exists, is
constant and it solves:

X(i) =Y AL ()E(X)AR(i) + M(i) — (Z AL (1)E(X) B (i) + L(z‘))
k=0 k=0

X (R(i) > BkT(i)&(X)Bk(i)> (Z By (1)€:(X) Ax(q) +LT(Z’)> :
k=0 k=0

(5.135)
We also set DX = (D1 X,...,DyX),
DX =
kz;:() AL (DE(X) AR (i) — X (i) + M (i) éo AL (3)E:(X)B(i) + L(i)

for all X = (X (1),...,X(N)) € SN.
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Applying Theorem 5.8 we have the following.

Theorem 5.13 Assume that P, = P, A (t,i) = Ax(i), Br(t,i) = Bi(i), 0 <
k<wr, M(t,i) = M (i), L(t,i) = L(i), R(t,i) = R(i), t € Z, 1 <i < N. Then
the following are equivalent.

(1) The triple (A, B, P) is stabilizable and there exists X € 8V, such that

DX >0,1<i<N.
(#9) DTSRE-C (5.135) has a stabilizing solution Xs = (Xs(1),...,Xs(N))
that satisfies

R(i) + Z BF(i)&;(X,)Br(i) > 0, 1<i<N. (5.136)

5.8.2 The case of DTSRE-C with definite sign of weighting
matrices

In the developments in the previous subsection no assumptions about the
sign of the weighting matrices M (¢, i), R(t,7) were made. The absence of
information about the sign of those matrices was supplied by conditions
(5.131), (5.134), and (5.136) verified by the maximal solution and the sta-
bilizing solution, respectively.

In this subsection we consider the case of DTSRE-C (5.128) for which
conditions (5.77) and (5.78) are verified.

By direct calculation one obtains that (5.128) can be rewritten as

X(t,i) = (Ax(t,i) — Br(t,i)R™(t,i) L7 (t,1))7&(t, X (t + 1))
k=0

x (Ag(t,i) — Bg(t,i)R™1(t,i)L(t,))
+ M(t,i) — L(t,i) R~ (t,i) LT (t,4)

- (ZT:(Ak(t,i)— Bk(t,i)R‘l(t,i)LT(t,i))T> Ei(t, X (t+1))By(t,1)

k=0

-1
( (t,9) +ZBk (t,9)E tX(t+1))Bk(t,i)>

(Z BF(t,0)&(t, X (t + 1))(Ag(t, ) —Bk(t,i)R_l(t,i)LT(t,i)> .
(5.137)

To simplify the presentation we write Ay (t,i) instead of Ag(t,i) — By(t,4)
R=(t,i)LT(t,) in (5.137). Thus we obtain:
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X(t,i) = - AL (t, )& (t, X (t + 1)) A(t, i) + CT(t,1)C(t, 1)
=0

x>

<

— ( AL (4 0)E(t, X (t+ 1))Bk(t,i)>
k=0

><< (t,1) +ZBk (t,7)€ tX(t+1))Bk(t,i)>

X ( - BF(t,)&(t, X (t + 1))Ak(t,i)> ,JI<i< N,  (5.138)
k=0

where CT'(t,7)C(t,i) = M(t,i) — L(t,i) R~ (t,i) LT (¢,i) > 0.

Applying Theorem 5.9 to the special case of DTSRE-C (5.138) we deduce
that under the assumption of stabilizability of the triple (A,B,P), the
DTSRE-C (5.138) has a bounded and maximal solution Xpax(t), ¢ > 0 and
a bounded and minimal solution Xpin(t), ¢ > 0. As we already remarked in
Section 5.6, these two global solutions do not always coincide.

In this section we show that under the additional assumption of detectabil-
ity these two solutions coincide.

Setting Cy(t,i) = C(t,i),Cx(t,i) = 0,1 < k < r (t,i) € Z1 x D, we may
define the sequences C, A, P as in Section 4.1. We prove the following lemma.

Lemma 5.5 Assume that A.5.2 is fulfilled and the triple (C,A,P) is
detectable. Under these assumptions any bounded solution X (t) = (X(t,1),...,
X (t,N)) of DTSRE (5.138) with X (t,i) > 0 for allt > 0,i € D is a stabilizing
solution.

Proof. Let X(t) = (X(t,1),X(t,2),...,X(t,N)) be a bounded and posi-
tive semidefinite solution of (5.138). Set F(t,i) = FX(t,4), (t,i) € Zy x D.
Applying Lemma 5.1 with W (t,i) = F(¢,4) one obtains that X (¢) solves:

s

X(t,i) = (Ax(t,i) + B(t,i)F(t,1) " E(t, X (t + 1))
k=0

X (A(t, i)+ Bi(t,i)F(t,i)) + CT(t,i)C(t, 1)
+ FT(t,0)R(t,i)F(t,7). (5.139)
Also, (5.139) may be written in a compact form as
X(t)=LL0X(t+1)+C(t), (5.140)

C(t,N)),C(t,i) = Sh_oCr(t,i)TCy(t,i) with

where C(t) = (C(t,1),.
=p+ (7‘ —|— 1)m given by

ék(t,i) € RP™ p
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Ot i)
(r+ 1) Y2 R(t, i) /2F(t,4)
Co(ti) = O

Omn

0p+m,m
(r+ 1)~ U2 RY2(t i) F(t, 1)
Cy(t,i) = O

Omn

Op-&-mm

Omn

Omn

(r 4+ 1)~ RY2(t i) F(t,1)

Setting Ci(t) = (Ck(t,i),...,Cu(t,N)),C(t) = (Co(t),...,Cr(t)) we show

that (C(t), Lz (t)) is detectable. To this end, we show that there exist some
bounded sequences {K(t,i)};>0,1 < i < N such that the sequence of

Lyapunov operators {£X(t)}+>0 generates an exponentially stable evolution,
where LK ()X = (LX) X)(1),..., (LK #)X)(N)) with

s

(LR X)) = D (Axltsi) + Byt i) F(t,1) + K (¢,)Cr(t, )

k=0
x E(t, X)(Ap(t, i) + Bi(t,i)F(t,i) + K (t,i)Cr(t,)).
(5.141)

The assumption concerning the detectability of C, A P guarantees the
existence of the bounded sequences {K(t,7)}+>0 such that the sequence of
Lyapunov operators {L£X (¢)}:>0 generates an exponentially stable evolution,
where LE ()X = ((LX(#)X)(1),...,(LX(#)X)(N)) with

(L5 ()" X)(0) = (Ao(t, i) + K (t,1)C(t,9)) T Ei(t, X)(Ao(t,4) + K (t,1)C(t,7))

+ Z Ap(t,0)E:(t, X) AR (L, ). (5.142)
k=1
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We take K(t,i) = (Ko(t,))K1(t,) ... K,(t,i)) € R"*? as follows.
Ko(t,i) = (K(t,i) — (r + 1)"2Bo(t,i) R~/ (t,4),
Ki(t,i) = —(r +1)Y2By(t,)) R-V/D(t,i),1 < k < r.

By direct calculation one obtains that Ag(t,i) + Bo(t,i)F(t,i) + K(t,i)
Co(t,i) = Ao(t,i)+K (t,1)C(t, ) and Ay (t,i)+By(t, 1) F(t, i)+ K (t,i)Cr(t,i) =
Ap(t,i),1 < k < r. Thus we obtain that (5.141) is just (5.142). This allows
us to conclude that (C(t), £z (t) is detectable. Now, applying Theorem 4.1 to
equation (5.140) we deduce that the sequence {L£(t)}+>0 generates an expo-
nentially stable evolution. Hence {X (t)};>0 is a stabilizing solution of (5.138)
and thus the proof is complete. O

At the end of this subsection we prove the following.

Theorem 5.14 Assume:

(a) The assumption A 5.2 is fulfilled.
(b) The triple (A, B,P) is stabilizable.
(¢) The triple (C, A, P) is detectable.
(d) There exists § > 0 such that R(t,i) > 61, for all (t,i) € Zy x D.

Under these conditions DTSRE-C (5.138) has a unique bounded and posi-
tive semidefinite solution X (t) = (X (t,1), X (t,2),..., X (t,N)). This solution
is also the stabilizing solution.

Moreover if the coefficients of the DTSRE-C (5.138) are periodic sequences
with period 6 > 1 then X(t) s a periodic solution with the same period 6.

Proof. Tt follows immediately from Theorem 5.9, Lemma 5.5, and Corol-
lary 5.2.

5.8.3 The case of the systems with coefficients depending upon n;
and ;1

Let us consider the following discrete-time system of generalized Riccati equa-
tions DTSRE-C,

N

r N
X () =>> p(i, DAL G, D)X (G) Ak d) + > p(i, 5)CT (4,1)C= (4, 4)

k=0 j=1 j=1

N
- Z ( )(CT(J7 .]7 +ZAT .]a Bk(.]7 ))
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-1

[~

[~
X Zp(i,j) (DZ(J, 2 (i +ZBk 7, 1) X () Ak (4, i )) . (5.143)

This kind of DTSRE-C arises in connection with the solution of the Hs control
problem for discrete-time linear stochastic systems of the form:

2(t11) = (Aomt,nt_l) s wk<t>Ak<m,nt_1>) ()
k=1
+ (Bo(nn Ne—1) + kil wy, (t) Br, (0, 77t—1)) w(t) + By(ne, ni—1)v(t)
y(t) = a(1)

2(t) = Co(ne, ne—1)2(t) + D (e, ne—1)u(t), t>1.

(5.144)

A solution X, = (X;(1), Xs(2),...,Xs(N)) of DTSRE-C (5.143) is called a
stabilizing solution if the zero state equilibrium of the corresponding closed-
loop system

ws(t+1) = [ Ao(ne, me—1) + Bo(me, me—1) Fs(ne—1)

+Zwk V( Ak (e, me—1) + Bre(ne, me— 1)Fs(77t—1))‘| xs(t) (5.145)

is ESMS where

. ]
Zp(i,j) (DZT 2y +ZBk J:1)X () B (jy i ))

N r T
> p(i,4) (DZ(j, )C=(3,1) + Y B (3, 1) X () Ar (4, z‘))
j=1 k=0 |

(5.146)

In this subsection we briefly show how we can use the result proved in the
previous sections of the chapter to obtain a set of conditions that guarantee
the existence of a stabilizing solution of DTSRE-C (5.143).

Let F = (F(1),F(2),...,F(N)),F(i) € R™*" i € D be a stabilizing
feedback gain for (5.144); this means that the zero state equilibrium of the
closed-loop system,



5.8 Discrete-time Riccati equations of stochastic control 175

z(t+1) = | Ao(me, ne—1) + Bo(ne, me—1) F(me—1)

Zwk YAk (e, me—1) + Br(ne, ne—1)F(me—1)) | 2(t), (5.147)

t > 11is ESMS.
Let Tr : SY — SN be the Lyapunov-type operator associated with
(5147) ‘We have TFH = (TFH(l), TFH(2), e ,TFH(N)),

ToHG) =SS A7) + Bl ) FGNHG) A §) + Beli. )FG)T
k=0 j=1

(5.148)

for all H € SY,i e D.
The adjoint operator of T with respect to the inner product (5.7) is given

by TpH = (YpH)(1), (T H)(2),. .., (TR H)(N)),
(TR H)(i)

T

N
> w0, ) (A5, 8) + Bu(G. ) F (D))" H(j) (A, 1) + Bi(j, ) F(0)-
k=0 j=1

(5.149)

One sees that

T 3 .
(T*H)(i):< I, ) ( (I1.H)(3) (H2H)(z)> ( I, ) (5.150)
r F(i) ((IH)(@)" (I3H)(i) ) \ F(i) )’
where

r N
=3 (i, )AL (i) H () A (5, 1),

k=0 j=1

r N
= 3 w6 A)AL G H () Bl )

k=0 j=1

(I3 H)(i ZZP (i,4) B (3, 4) H (§) Bk (4, 4),

k=0 j=1

i € D,H € SY. Setting II,H = ((IIH)(1), ([T H)(2),...,(II,H)(N)) we
may define the operator IT : S — SY, by

n+m
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ILH  I,H
IIH = . . (5.151)
(IL,H)T  IIsH

Here we use the notation convention introduced in Section 5.2.1 Using the
above operators equation (5.143) can be rewritten in a compact form as

X =ILX+M— (II,X + L)(R+ II;X) ' (Il,X + L)*, (5.152)
where M = (M (1), M(2),..., M(N)),

N
M(i) =" p(i,§)CT (j,i)C: (4, 1),
j=1

R(i) =Y p(i,j)D!(j,i)D.(j,i),  i€D.

j=1

Also the equalities (5.150), (5.151) show that the system (5.144) is stochas-
tic stabilizable iff the linear positive operator IT is stabilizable in the sense of
Definition 4.7.

With the above notations we may introduce the so-called dissipation
operator associated with (5.152), D : S¥ — S by

n+m

(IMX)(i) + M(i) - X (i) (IT2X)(é) + L(3) ) . (5.153)

i€eD,X eSY.
Applying Theorem 5.8 to equation (5.152) we obtain the following.

Theorem 5.15 Under the assumptions Hy and Ha the following are equiva-
lent.

(i) The system (5.144) is stochastic stabilizable and there exist X =
(X(1),X(2),...,X(N)) € SY such that

(DX)(i) >0, ieD. (5.154)
(#9) The DTSRE-C (5.143) has a stabilizing solution X, that satisfies

N r
> 0@, 5)(DL G, i) D=0, 6) + Y BL(4,1)X:(j)Bi (4, i) >0,  i€D.
Jj=1 k=1

(5.155)
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We remark that a set of conditions equivalent to the existence of a stabiliz-
ing solution of (5.143) that verify condition (5.155) consists of the solvability
of the systems of LMIs (4.74) and (5.154).

5.9 Discrete-time Riccati filtering equations

To derive the optimal controller in the Hs optimization problem, together with
the stabilizing solution of DTSRE-C (5.135) we need the stabilizing solution
of the following system of so-called discrete-time Riccati filtering equations
(DTSRE-F):

N

Y(i)=> pi)

Jj=1

T

Ar()Y ()AL () + €. (7)Bo(§) By (4)
k=0

- (Z A()Y (H)Cr (7) + eu(5)Bo(§) Dy (j))
k=0
x (eu(j)Dv(j)DZ () + Y C()Y ()Y (j))
k=0

X (Z Ce()Y ()AL () +eu(i) Do (5) By (j))] : (5.156)
k=0

where £,(j) are some given nonnegative real numbers. Anytime we refer to a
solution Y of (5.156) we assume tacitly that

detle, () Du () D7 (7) + Y Ch(G)Y ()CE (4)] # 0
k=0

for all j € D.

We say that a solution Ys = (Y5(1),Ys(2),...,Ys(N)) is a stabilizing
solution of DTSRE-F (5.156) if the zero state equilibrium of the closed-loop
system

2(t+1) = | Ao(ne) + Ks(n)Co(m) + Y wi(t)(Ax (i) + Ko(m)Ch(m)) | x(t)
o (5.157)
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is ESMS, where

Ks(z) = -

DAY (D)CF () + €u(i)3v(i)D3(i)]
k=0

—1
., 1<i<N.

» [ammzawvm Y COVOCEE)
k=0

(5.158)

One sees that (5.156) cannot be written in the form (5.152) in order to
apply the general result from Section 5.5 to obtain the existence of the
stabilizing solution Y;. Following the ideas from [27] for the special case
Ap(i) = 0,1 <k <r/1<i<N, we associate a new system of discrete-time
Riccati equations, called a “dual Riccati equation.” To this dual equation one
may apply Theorem 5.8. Thus, if Y = (Y(1),Y(2),...,Y(N)) is a solution of
(5.156), we define

k=0
X Cr()Y ()AL (5) + () Do (5) By (4) (5.159)
k=0
Hence
N
Y(i) = p(,i)X () (5.160)
j=1

From (5.159), (5.160) one deduces that X = (X(1),X(2),...,X(N)) is a
solution of the following DTSRE-C,

X (i) =) Ax(D)E (X)AL (i) +,(0) B () By (i)
k=0

- (Z Ar(DE; (X)CE (i) + eu(i) By (i)DvT(i)>
k=0
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r -1
x (eN‘)Dv(z‘)DE () + > Crl(i)EF(X)CF (z‘))
k=0

X (ZT: Cr())EF (X)AT (i) + 6u(i)Dv(i)Bg(i)> , 1<i<N, (5.161)
k=0
where
N
E/(X) =D p(G:)X(j),  1<i<N. (5.162)

One can see that £* : S — S defined by (5.162) is the adjoint operator of
the defined (5.129). Conversely, if X = (X (1), X(2),...,X(N)) is a solution
of (5.161) then Y = (Y(1),Y(2),...,Y(N)) defined by YY) = E(X) is a
solution of (5.156). The system (5. 161) can be written in a compact form as
a nonlinear equation on SY:

X =ILX+M— (L+ILX)(R+ X)L+ I1,X)". (5.163)
The i-th component of (5.163) is
X (i) = X + M (i) — (L(i) + o X)(R(3) + I3;) " (L(3) + M2 X)7,
where

X = 3 A ()AL (),

k=0

Iy X = ZAk EH(X)Cy, (i), (5.164)
k=0

My X = CL()E; (X)CF (i),
k=0

M(l) i/(z) - ' By (i) By (i) T
(iT(i) é(i)) =eull) (Dv(i)> (DU(¢)> : (5.165)

Lemma 5.6 The following hold.
(i) The system

z(t+1) = (Ao(ﬂt) + Zwk(t)Ak(ﬁt)> z(t) (5.166)

k=1

y(t) = (Co(nt) + Zwk(t)Ck(m)> a(t)

k=1
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is stochastic detectable if and only if the linear operator IT defined by
(5.164) is stabilizable.

(1) If Yy = (Y5(1),Y5(2),...,Y5(N)) is the stabilizing solution of DTSRE-
F (5.156) then Xs = (Xs(1),Xs(2),...,Xs(N)) defined by Xs(i) =
Ri(Ys(4)), is the stabilizing solution of DTSRE-C (5.161).

(1i1) If Xs = (Xs(1), Xs(2), ..., Xs(N)) is the stabilizing solution of DTSRE-
C (5.161) then Y, = (Yo(1),Y4(2), ..., Ya(N))defined by Ya(i) = S0,
p(J,1)Xs(4),1 < i < N is the stabilizing solution of DTSRE-F (5.156).

Proof. (i) Let K = (K(1),K(2),...,K(N)) be a stabilizing injection for the
system (5.166). Based on Theorem 2.14 and Corollary 3.3 one obtains that
the zero state equilibrium of

2(t+1) = | Ao(m) + K(n)Co(ne) + Y wi(t)(Ar(ne) + K (1) Ci(me)) | ()
o (5.167)

is ESMS if and only if the eigenvalues of the operator Ax : SY — SN are
located in the inside of the disk |A\| < 1, where

(e X) (1)
= S () + KGC@)E () (An(i) + KGO, 1<i <N,
k=0

By direct calculation one sees that Ax = IIp with F = (F(1),F(2),...,
F(N)), F(i) = KT (i). Thus we obtained that the system (5.166) is stochastic
detectable iff there exists a feedback gain F' = (F(1), F(2),...,F(N)), F(i) €
R™*" guch that the eigenvalues of the operator IIr are in the inside of the
disk [A| < 1, which means that the operator IT is stabilizable. Thus the proof
of (i) is complete.

(#7) Let Yy, = (Y5(1),Y5(2),...,Y5(N)) be the stabilizing solution of
DTSRE-F (5.156). Invoking again Theorem 2.14 and Corollary 3.3, we deduce
that the zero state equilibrium of the closed-loop system (5.157) is ESMS if
and only if the eigenvalues of the linear operator A : SN — SI are located
in the inside of the disk |A| < 1, where

Ak, Y (i)

= S (Anl) + KGR )E (V) (Ali) + Ku()C(@)T.  1<i<N
e (5.168)

for all Y € SY. Set
Xs(1) = Ri(Ys(4)), 1<i<N (5.169)
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and define
F.(i) = —(R() + T3, X))~ Y(L(G) + M X)T,  1<i<N.  (5.170)

Then X; = (X5(1), Xs(2),...,Xs(N)) is the solution of (5.161). By direct
calculation one obtains that Agx, = ITp, where ITp, is defined as in (5.18) with
IT instead of IT and F,(i) instead of W(i). The equality Agx, = IIp, shows
that X is the stabilizing solution of (3.40) if Y is the stabilizing solution of
(5.156). Thus (i7) holds.
The implication of (i4i) can be proved in a similar manner as the one in
(#4) and it is based on the equality ﬁFs = Ag,.Thus the proof is complete.
O

_ The generalized dissipation operator corresponding to equation (5.163) is
D:SY — 8Y

n+ny:
DY (i) = (H”Y_ Y+ ME L0 H?Q"Y). (5.171)
(L(i) + I Y)T  R(i) + II3;Y

Combining Theorem 5.8 and Lemma 5.6 from above, one obtains the following.

Theorem 5.16 The following are equivalent.

(i) The system (5.166) is stochastic detectable and there emists ¥ =
(Y(1),Y(2),...,Y(N)) € SY such that (DY)(i) > 0,1 <i < N.

(#9) The DTSRE-F (5.156) has a stabilizing solution Ys = (Ys(1),Ys(2),...,
Y5 (N)) with the additional property:

£,(1)D, (i) DT (i) + iCk(i))Q(i)Cg(i) >0, 1<i<N. (5.172)
k=0

5.10 A numerical example

In order to illustrate the iterative procedure given by Theorem 5.10 the fol-
lowing Riccati-type system was considered,

X (i)=Y ALGEX)A(i) + CTG)C () = Y AL @)E(X)B(i)
k=0 k=0

, -1
x(R(z‘)+ZBE(z‘>&(X>Bk<z‘>> B ()E(X)A(i), i=1,...,N,
k=0

(5.173)
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where R(i) > 0,i=1,...,Nand £ : SN — SN, £(X) = (&1(X),...,En(X)),
N

E(X) =Y p(i,)X(j),i=1,...,N. (5.174)
j=1

Such systems are used to determine the solutions of linear quadratic optimiza-
tion problems for discrete-time stochastic systems with state-dependent noise
and Markovian jumps (see Chapter 6). In this numerical example, n = 3,
N =2, r=1, and

05 —05 1 —025 0 0.5
A =[15 1 05|, A2=| 05 —075 025 |,
1 05 2 025 -0.25 —0.75
02 04 —0.2 02 03 —0.1
A)=|( 04 02 06 |, A@=[o01 01 02|,
02 04 02 ~0.1 0.1 0.1
1 —2
Bo)=|-1]|, Bu@2=| 1|,
2 3
—0.1 -1
Bi)=|( 01|, B@=|05],
0.2 L5

c)=(1 -1 2), C@=(2 -1 1), R1)=R) =1,
p(L1) =p2,1) =01, p(1,2) = p(2,2) = 0.9.
With the notations introduced in Section 5.8, one can directly see that

II; X = XT:Af(i)Ei(X)Ak(i)

k=0

M X := ) AL (1)Ei(X) By (i)
k=0

13X = 3 BIGE) Byl
k=0

M(@i):=CT(@HC®G),  L(i):=0,i=1,...,N.

Before starting the iterative procedure one must determine the initial
values Fy(i) and Xo(i),1 = 1,...,N. A stabilizing gain Fy(i),1 = 1,...,N
can be determined using Corollary 4.3. Thus for ¢ = 1072 one obtains the
stabilizing gain
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Fo(l) = (0.0074 0.1585 —0.8732) ,

Fo(2) = (—0.1432  0.1440 0.1898). (5.175)

Then substituting the above values for Fy in (5.96) and solving this system
of LMIs with respect to Xy one obtains

10.1414  0.0119  3.8104
Xo(1) = 0.0119 84770 —3.0157 |,
3.8104 —3.0157  9.3539

8.1611 —3.4041 2.4325
Xo(2) = | —3.4041 4.2300 —3.4394
2.4325 —3.4394 4.5159

Further applying the iterative procedure given in Theorem 5.10 with the stop
condition

max (X5 (1) — Xer1(1), Xp(2) — Xp11(2)) <1074,

after 53 iterations one obtains the following stabilizing solution of the system
(5.173),

2.2913 —1.0861 2.6794
X(1)=1[ —1.0861 2.7089 —2.9888 |,
2.6794 —2.9888 5.5858

46750 —2.3108 2.2413
X(2) = —2.3108 18165 —1.6733
22413  —1.6733 1.7533

5.11 Notes and references

Different aspects concerning the existence and properties of the solutions
of discrete-time Riccati-type equations arising in different stochastic control
problems are investigated in numerous works. Here we refer only to the mono-
graphs [1, 27, 84, 85, 63, 64]. Monotonicity properties of the solutions of such
equations may be found in [1, 58, 104]. The main part of the results contained
in this chapter are presented in [48]. The results from Section 5.7 were pub-
lished for the first time in [44], and the ones from Section 5.9 appear for the
first time in [50]. For the continuous-time case, similar results were proved in
[35] and [40]. Numerical aspects concerning the computation of the stabiliz-
ing solution of the systems of coupled algebraic Riccati equations arising in
connection with the linear quadratic problem for discrete-time linear systems
with Markovian jumping can be found in [72-74].
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Linear quadratic optimization problems

In this chapter several problems of the optimization of a quadratic cost func-
tional along the trajectories of a discrete-time linear stochastic system affected
by jumping Markov perturbations are independent random perturbations are
investigated. In Section 6.2 we deal with the classical problem of the linear
quadratic optimal regulator which means the minimization of a quadratic cost
functional with definite sign along the trajectories of a controlled linear sys-
tem. Also in Section 6.3 the general case of a linear quadratic optimization
problem with a cost functional without sign is treated. It is shown that in
the case of a linear quadratic optimal regulator, the optimal control is con-
structed via the minimal solution of a system of discrete-time Riccati-type
equations, whereas in the general case of the linear quadratic optimization
problem without sign, the optimal control, if it exists, is constructed based
on the stabilizing solution of a system of discrete-time Riccati-type equations.
In Section 6.4 we deal with the problem of the optimization of a quadratic
cost functional of a discrete-time affine stochastic system affected by jump-
ing Markov perturbations and independent random perturbations. Both the
case of finite time horizon as well as the infinite time horizon are considered.
Optimal control is constructed using the stabilizing solution for a system of
discrete-time Riccati-type equations. A set of necessary and sufficient con-
ditions ensuring the existence of the desired solutions of the discrete-time
Riccati equations involved in this chapter were given in Chapter 5. A tracking
problem is also solved.

6.1 Some preliminaries

6.1.1 A brief discussion on the linear quadratic optimization
problems

Let us consider the discrete-time linear controlled system with the state space
representation given by:

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 185
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 6,
© Springer Science + Business Media, LLC 2010
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x(t+1) = (Ao(t,nt) + Zwk(t)Ak(t,m)> x(t)

k=1

+ (Bo(t,nt) + Zwk(t)Bk(tﬂ?t)> u(t) + By (t,ne)v(t)

k=1

k=1

y(t) = (C’o(t,m) + Zwk(t)C’k(t,nt)> x(t) + Dy(t,m)v(t) (6.1)

z(t) = C(t,ne)a(t) + D(t, e )ult),

where z(t) € R™ is the state vector; u(t) € R™ is the vector of the control
parameters; y(t) € R™ is the vector of the measurements; z(t) € R"= is the
regulated output; {wg(t)}i>0, 1 < k < r are sequences of random variables;
{v(t)}1>0 is a sequence of m,-dimensional independent random vectors; and
{nt}1>0 is a Markov chain on a given probability space (£2,F,P).

The class of admissible controls consists of static or dynamic controllers,

u(t) = (Ge(my)(t), (6.2)

where G.(n) is a linear and causal operator. This means that at each time ¢, the
control parameters u(t) are computed via the measurements y(s), 0 < s < ¢.
It should be remarked that together with the measurements y(¢) it is assumed
that we have access to the current mode ¢ of the Markov chain.

By coupling the state space realization of the controller (6.2) to (6.1) one
obtains a closed-loop system of the form:

za(t+1) = (Aod(t, ne) + Z wi () Ager (¢, 7)t)> x(t) + Byer(t,me)v(t)

k=1
ch(t) = Ccl(t777t)xcl (t) (6.3)

The coefficient matrices Ay (t,4), Byel(t, 1), Cei(t, i) of the closed-loop system
(6.3) are detailed later.

If @.(t,to), t > to > 0 is the fundamental matrix solution of the linear
system obtained from (6.3) by taking B, (t,7) = 0, then we may write the
following representation of the trajectories of the closed-loop system,

t—1
Zei(t) = Pt to)xe(to) + Z Do (t, s+ 1)Byer(s,ns)v(s).

S:to
This allows us to obtain the following decomposition of the output z.(t),
za(t) = 21 (t, to) + 22(t, to,v).

The component z!(t,ty) depends only upon the initial state x.(ty) of the
closed-loop system, whereas the component z2(t,tg,v) depends upon the
additive noises v(s), 0 < s <t — 1.
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In short, the linear quadratic regulator problem denotes the optimization
problem that is required to find a controller in the class of the controllers of
type (6.2) minimizing a suitable norm of the component z! (¢, ) of the output
of the closed-loop system.

An optimization problem asking for the construction of a controller of type
(6.2) minimizing a suitable norm of the component 22(t,tg,v) of the output
of the closed-loop system is usually known as an Hy optimal control problem.

In the next sections of this chapter we investigate in detail the linear
quadratic regulator problem (LQRP). We show that depending upon the class
of admissible controls the optimal regulator is constructed either via the mini-
mal solution of DTSRE-C (5.128) or the maximal and stabilizing solution of
that Riccati equation, respectively.

In the developments of this chapter we consider systems with time-varying
coeflicients in order to cover the case of systems with periodic coefficients.
The problem of Hy optimal control associated with a system of type (6.1) is
discussed in detail in the next chapter. The Hs control problem is addressed
to the time-invariant case of systems (6.1) because in this case there are more
possibilities to introduce the Hy performances, than in the case of systems
with time-varying coefficients.

6.1.2 A usual class of stochastic processes

In this subsection we describe a class of stochastic processes widely involved
in the construction of the class of admissible controls in the developments
of this chapter. First we recall that ¢2{to,c0; R?} stands for the space of
d-dimensional stochastic processes {u(t)}i>¢, with the property that Y .7,
Effu(t)|?] < oo. .

If F = {Fi,to <t <t} is an increasing sequence of g-algebras F; C Fyi1
C F, then é;{to,tl;Rd} stands for the d-dimensional stochastic processes
F={fO ig<t<ts, () : 2 =R E[|f(#)]?] < o0, and f(t) is Fi-measurable
for all tg < t < t1. Also Ezﬁ{to,oo;Rd} denotes the subspace of stochastic
processes f = {f(t)}izt,, f(t) 1 2 = R% 372, B[ f()|*) < 400, and f(1) is
Fi-measurable for all ¢ > #o. In the developments in this chapter an impor-
tant role is played by é%{to,oo;Rm} and E%{to,tl;Rm}, where H; are the
o-algebras defined in Section 1.5.

6.1.3 Several auxiliary results

In this subsection we deduce several useful equalities used in the solu-
tion of the linear quadratic optimization problems discussed in this
chapter.
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Consider the discrete-time controlled system described by:

w(t+1) = |Ao(t,ne) + iwk(t)Ak(tnt)] (t)
k=1
+ | Bo(t, 1) +Zwk(t)3k(t,m)1 u(t)
k=1
y(t) = a(t) (6.4)

z(t) = C(t, ne)x(t) + D(t,me)u(t)

obtained from (6.1) by taking B, (t,i) = 0, Co(t,i) = I,,, Ci(t,i) =01<k <,
Dy(t,i) =0, (t,i) € Z4 x D.
If0o <ty <ty e Z, xo € R", i€ Dto we define J(to,tl,xo,i,~) : g%(to,
t1 —1;R™) — R by
“” a(t)
J(to, t1, 0,1, u) = Z E {(xT(t) u® () Q(t, mt) (u(t)) 1t = 2} , (6.5)

t=to

where

(M) L) |
Q(t,l) = (LT(tﬂ,) R(t,z)> S Sn+m7 (t,Z) S Z+ X Dt0~

The following simple result provides the so-called “squares completion
technique” and is used repeatedly in the next developments.

Lemma 6.1 Let
Q@@=@TUU<%~Qﬁ<$
Q Qs/\u
be a quadratic form on R ™™, If Q3 is an invertible matriz then we have:
Q& u) =€"(Q1 — QQ3 ' Q2)E + (u+ Q3 Q)" Qs(u+ Q3 ' Q2 )
forallE e R™, ue R™.
Proof. Tt consists of simple calculations and is omitted. O
Now we prove the following.

Proposition 6.1 Assume Hy and Ha. Let 0 < tg < t1 € Z, and X(t) =
(X(t,1),X(t,2),...,X(t,N)) be a solution of DTSRE-C (5.128) defined for
all to <t <ty. Then we have the representation:
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J(to, t1, 20,4, u) = x4 X(to, o — E[xT(tl)X(tl,ntl)x(tl)mto =]

t1—1
3 B (ule) = P (el ()

t=to

+ Z BE(t, ne)En, (¢, X (t + 1)) By (t,me))
k=0

< (ult) = FX (o), =] (6.6)
for all i € Dy, uw = {u(t),to <t < t1 —1} € £2{to,t1 — 1,R™}, z(t)

being the solution of (6.4) corresponding to the input w starting from xg
at t =to,

-1
FX(t,i) = — | R(t,7) +ZBk (t, )& (t X(t+1))Bk(t,i)]

ZBk t,)Ei(t, X (t 4 1)) Ag(t,4) + LT (¢, z)] : (6.7)

Proof. Setting gr(t) = Bg(t,n:)u(t), 0 < k < r, we obtain that gx(¢) is
H,;-measurable. Hence the system (6.4) is of type (3.84). Thus we may apply
Lemma 3.1 to system (6.4) and the function V(t,2,i) = z? X(t,9)x to
obtain:

E[V(th 1‘(t1), nt1)|nto] - V(tO’ x(to), nto)

oy ( t>T<H1m<t>X<t+1>—X<t,m> Hzm<t>x<t+1>>
! (o, (DX (E+1)T oy, (DX (t+1)

t=to

x (ZEZ) m] , (6:5)

where II};(t) are the operators introduced in (5.130). Taking the expectation
with respect to the event {n, = i}, i € Dy, in (6.8) and adding (6.5) we
obtain:

J(t07t17x07i7u)

= 2§ X (to, i)xo — Elz” (t1) X (t1, e, )2 (t1)|ne, = 1]
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t1—1
+Y E

x(t)

5 |G
Iy, ()X (t+1) = X () + M(t,ne) g, ()X (t +1) + L(t,7)
: (I2q, ()X (t+ 1) + L(t,me))" R(t, 1) + Iz, ()X (¢ +1)

T

for all u € E%{to,tl — L;R™}, i € Dy,. Applying Lemma 6.1 with Qs =
R(t,m) + II3,,(t)X(t + 1) and taking into account that X(¢) solves the
DTSRE-C (5.128) one obtains (6.6). Thus the proof is complete. O

Let us consider the discrete-time affine controlled system of the form

a(t+1) = (Ao(tﬂ)t) + Zwk(t)Ak(tant)> z(t) + <BO(ta77t) (6.10)

k=1

+ > wi(t)Be(t, m)) u(t) + folt,m) + > wi(t) fi(t, ne)

k=1 k=1
obtained from (6.4) by adding the forcing terms fx(¢,7:). For each solution
X(t) = (X(t,1),X(t,2),...,X(t,N)) of DTSRE-C (5.128) defined for t; <
t < t1 we construct the following discrete-time backward affine equations on
R"®R"®---® R" and RY, respectively:

k(t,3) = [Ao(t,3) + Bo(t, i) FX (t,0)]T & (t, k(t + 1)) + g(t, 1), 1<i<N
(6.11)

w(t) = Pt + 1) + h(t) (6.12)

with the unknowns x(t) = (k(t,1),...,k(t, N)) e R"@®R"®--- & R"™, u(t) =
(u(t, 1),...,ut, N)T € RN, where

”

glt,i) =Y [Ak(t,i) + Be(t, i) FX (t,0)] " Ei(t, X (t + 1)) fi(t,0);
k=0

h(t) = (h(t,1),...,h(t,N))T with
h(t,i) = > i (6 0)E(E, X (¢ + 1)) frlt, i) — (] (t, 5t + 1)) Bo(t, 4)
k=0
+ T Lt )&i(t, X (t + 1)) By(t,4))(R(t, 1)
k=0
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T

+ 3 BL(t0)E(t, X (¢ + 1)) Be(t,4)) (B (t,4)Ei(t, m(t + 1))
k=0

+ 3 BE)E( X (t+ 1) fr(t, i) + 2f3 (4,)E:(t, k(t+1)).  (6.13)

k=0

If we denote .J(to, t1, o, %, u) the value of (6.5) along the trajectories of the
affine system (6.10) we obtain the following.

Proposition 6.2 Assume Hy and Ha. Let 0 < tg < t1 € Z be given. Then
for any solution X (t) = (X(¢,1),...,X(t,N)) of DTSRE-C (5.128) defined
forto <t < t1 and for any solution k™ (t) = (kX (t,1),..., k% (t,N)) of (6.11)
defined for ty <t <t1, we have:

J(to,tl,xo,l,u) =T X(to, )xo + 2&80 K (to,i) + [LX(to,i)
— BT (t0) X (b1, me,)2(t0) + 227 (885 (t1, 76, )ty = 4]

t1—1

+ > E|(u

t=to

FX(tn)x(t) — X (tm)"

X (R(t7 nt) + i Bl{(t’ nt)gm (t’ X(t + 1))Bk(t’ 77t)>

k=0

X (u(t) = FX(t,n)z(t) — ™ (t,ne)) e, = i

for all u € E%{to,tl — L;R™}, i € Dy, 0 € R, where p~(t) =

(wX(t,1), ..., uX(t, N)T is the solution of (6.12), with pX(t1,i) = 0, 1 <
i < N, and
-1
X (i) = — ( (t,1 +ZBk (t,1)&(t X(t—i—l))Bk(t,i))
(BO (t,))E(t, k¥ (t +1))
+Y  BF(t,)E(t, X (t + 1))fk(t,z')> : (6.14)
k=0

Proof. Applying Lemma 3.1 to the system (6.10) and the function
V(t,z,i) =zt X(t,9)x + 207 &5 (t,4) + p™ (t,19),

taking the conditional expectation with respect to the event {n,, =i}, € Dy,
and summing for ¢ from ¢y to t; — 1, one gets:
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j(thtlax07i7u)

= V(to, 2o, 1)
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- E[V(tlvx(tl)7nt1)|nto = Z]

0N
1
1

u(t)

for all u € E%{to,tl — 1;R™} where

Wit i)

with

Wi (t, Z)
ng t, Z

W13(t, Z)
W14(t, Z)

Wzgtz

W23(t, Z)

W24t7,

Wis(t,1) =
W34(t, Z)
W44(t, Z)

Finally applying Lemma 6.
taking into account that X (¢),

=I,t)X({t+1)

= AL (t,9)&(t,

= fg(t,l)

— X(t,4) + M(t,1),
(6, X (t+ 1)) fru(t,9),

ZAth

RY (1)) — k¥ (8,4),

= Iy ()X (t + 1) + L(t, ),

(6, X (t+ 1)) fr(t,9),

ka (t,9)€&,
Ei(t, k¥ (t+1)),

(6, X (t + 1)) By (t,1),

ka (t,1)¢&,

Eilt, pX (t+1)) — X (t,9),

= &F(t, kX (t +1))Bol(t, 1),

=I5 ()X (t+ 1) + R(t, ).

1in (6.15) with Qs = R(t,i) + II3;(t)X (t + 1) and
kX (t), uX () are solutions of (5.128), (6.11) and

(6.12), respectively, one obtains the equality in the statement and thus the

proof ends.

O
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6.2 The problem of the linear quadratic regulator

Considering the controlled system (6.4) we associate the cost function

J1(to, 2o, u ZE |2 (, to, 20)|?] (6.16)

t=to
with
Zu(ta to, .ZE()) = C(t, nt)xu (ta to, 1’0) + D(t7 Ut)u(t)7

Xy (t, to, xo) being the solution of (6.4) corresponding to the control u(t) and
having the initial condition x, (to, o, zo) = 0.

The class of admissible controls U (tg, ) consists of the stochastic
processes u = {u(t)}i>t, € €5 {to,t1; R} for all t; > to, with the property
that the series in (6.16) is convergent. The optimization problem we want to
solve asks us to find the control uepy € Ui (to, o) such that Ji(tg, zo, Uopt) <
J1(to, xo, u) for any u € U (to, xo). We solve this optimization problem under
the following assumption.

A.6.1 The coefficient matrices of the system (6.4) have the properties:

(Z) {Ak (t7 i)}t207 {Bk(t7 i)}t207 {C(t7 i)}t207 {D(tv 7;)}1‘207 (t7 Z) € Zy x D are
bounded sequences.

(i7) CT(t,4)D(t,i) = 0, (t,i) € Zy x D.
(7i1) There exists § > 0, such that
R(t,i) := DT (t,i)D(t,i) > 81, (6.17)
for all (¢,i) € Z+ x D.

It should be noted that if (6.17) is fulfilled then the condition (i) can be
obtained without losing generality with the following change of the control
variable u(t) = a(t) — R™(t,n:) DT (t,n:)C (¢, m:)x(t), where @(t) denotes the
new input variable.

Let 2% (t),t > to be the solution of the following problem with given initial
values

:L‘(t + 1) = (Ao(t7nt) + Bo(tvnt)FX(tvnt)

+Zwk )(Ak(t,ne) + Bi(t, m)FX(t,m))> a(t) (6.18)

X(to) = X,

F*X being defined as in (6.7).
Let u = FX(t,n;)xX(t), t > to. Then we have the following useful result.
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Lemma 6.2 Under the assumptions Hy, H, and A6.1, for any bounded and
positive semidefinite solution X (t) of DTSRE-C (5.138) and for any (to,xo) €
Z. x R" the controls u™ = {uX (t)}1>4, are in Ui (to, o).

Proof. Because xX(t) is H;_j-measurable and H;_; C H, one obtains that

u™(t) € 0% {to,t1;R™} for arbitrary ¢; > to. Thus it remains to show that
Ji(to, zo,u”X) is well defined. Applying Proposition 6.1 in the special case

M(t,i) = CT(t,i)C(t,i),L(t,i) = 0,R(t,i) = DT(t,i)D(t,i),u(t) = u*(¢t),
one deduces that

> BICE n)a™ )7 + [D(t,me)u™ (0)] |, = i)

=l X (to,i)xo — E[(zX (1 + 1) X (7 + 1, 010) 2™ (7 + 1) |y, = i]
(6.19)

for all ¢ € Dy,. Under the considered assumptions it follows that there exists
a positive constant ¢ such that 0 < X (¢,i) < cI, for all (¢,i) € Z+ x D. Thus
from (6.19) it follows that

> ElCEn)a™ () + (Dt ne)u™ () Iney = i) < w5 X (to, 1) < clof
t=to
for all 7 > tg. Therefore we may conclude that
> ElCEn)a™ () + Dt ne)u™ () ne, = i)
t=to
is convergent. Moreover, we have
> ElCEn)a™ () + Dt ne)u™ () ne, = 4]
t=to

<al X(to,i)xo, i€Dy,  x0€R™ (6.20)
Furthermore, (6.20) shows that Ji (tg, 2o, u) is well defined and

Jl(to,xo,’U,X) S Z Wto(i)ng(to,i)xo (621)
1€Dy,

for all (to,x0) € Zy x R™ with m,(i) = P{n, = i}; thus the proof is
complete. O

The main result of this section is given in the following theorem.

Theorem 6.1 Assume that the system (6.4) is stochastic stabilizable. Then
the optimal solution of the problem of the linear quadratic requlator described
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by the controlled system (6.4), the cost functional (6.16), and the class of
admissible controls Uy (to, zo) is given by

Uopt(t) = FOpt(ta 77t)1'opt (t), (6.22)

where Fopy(t,i) = FXmin(t i) is associated by (6.7) with the minimal solu-
tion Xmin(t) = (Xmin(t,1),. .., Xmin(t, N)) of the DTSRE-C (5.138) and
{Zopt (t) }e>t, 18 the solution of the closed-loop system (6.18) written for
Fopi(t,1) instead of FX(t,i). The minimal value of the cost functional is

Jl(to,xo,uopt) = Z Wto(i)ngmin(to,i)Jio. (623)
1€Dy,,

~—

the solution of DTSRE-C (5.138) with the terminal value X, (7,7) = 0,
i < N. From Corollary 5.1 it follows that X, (t) is well defined for
t < 7; we also deduce from the proof of Theorem 5.9 that Xpin(t,1)
lim, o X;(t,17), (t,9) € Zy x D. Further choose u = {u(t)}s>+, € Ui (to, zo)-
Applying Proposition 6.1 for X(¢,7) = X, (¢,4) one obtains

Proof. For each integer 7 > to + 1 we consider X, (t) = (X (¢,1),...,X(¢t, N
1<
0 <

T—1
> BlCEn)z(®) + Dt neyu(t) e, =1

t=to

= x X, (to, i)zo + i E [(u(t) — Fr(t,ne)z(t)”

t=to
x (R(t, )+ Y BE (), (t, X (8 + 1) Bi(t, 77t)>
k=0
x (u(t) = Fr(tne)z(t))ne, =]
for all i € Dy,, where F,(t,i) = FX(t,i) is constructed as in (6.7) with
R(t,i) = D" (t,1)D(t, i), L(t,i) = 0

and X, (t) instead of X (¢). The fact that X,(¢,i) > 0 together with (6.17)
allows us to deduce that

T—1
> ElCEn)z ) + Dt ne)u()Plne, = i] > a5 X-(to, i)zo (6.24)

t=to

for all 7 >t + 1, u € Uy (to, x0), (to, xo) € Zy x R™. Taking the limit 7 — oo
in (6.24) it follows that

(oo}

> Bl n)a®) + [D(t,m)ult)*ne, = i] = 2§ Xuin(to, i)ao

t=to
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for all i € Dy, u € Uy (to, o), (to, o) € Z+ x R™. This allows us to conclude
that

Jl(to,l‘o,u) Z Z Wto(i)l‘gxmin(to,i)l‘o (625)
1€Dy,

for all w € U (to, xo). However, from (6.22) and from Lemma 6.2 it follows that
Uopt = {Uopt (£) }1>0 is in U (to, z0). From (6.21) and (6.25) we deduce that
J1(to, o, Uopt) = ZieDtO oo (1) 28 Xnin(to, )20, respectively. This shows that
the equality (6.23) holds. Now (6.25) becomes Ji(to, xo, u) > Ji(to, o, Uopt)
for all w € U(to, xzp). This confirms the optimality of uepy and thus the proof
is complete. O

Remark 6.1 In the definition of the class of admissible controls U (tg, zo) no
assumption about the asymptotic behavior for ¢ — oo of the trajectories
x4, (t, 1o, o) is made. However, from the convergence of the series in (6.16) one
deduces that

tliIgCE[|C(t,nt)xu(t,to,xo)\z] =0.

On the other hand from (6.19) with u = uepy and taking into account (6.23)
we deduce that

TILII;O Z Tto (i)E[xgpt(T)Xmin(T7 N )Topt (7)1, = 1] = 0,

1€Dy,,
or equivalently

lim Elz opt( 7) Ximin (7, UT)xOPt(T)‘nto =il =0, 1 € Dy,.

T—00

This is additional information concerning the asymptotic behavior for t — oo
for the optimal trajectory @ope(t).
6.3 The linear quadratic optimization problem

In this section we deal with the optimization problem described by the system
(6.4) and the cost functional

J to,xo, ZE t to,Io)M(t,’r]t)xu(t,to,xo)
+ 22X (¢, to, 20) L(t, me)u(t) + u” (t)R(t,n)u(t)],  (6.26)

where x,(t, to, zo) is the solution of (6.4) corresponding to the input « having
the initial value z,, (o, to, z0) = xo. The class of admissible controls Us (g, zo)
consists of the stochastic processes u = {u(t)}i>¢, € E%{to,tl;Rm} for all
t1 > to, with the property that the series (6.26) is convergent and
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Tim E[Jz (¢, to. 20) e, = i] = 0 (6.27)

for all i € Dy,.
Throughout this section we assume that the following hypothesis is true.

A.6.2 The sequences {Ag(t,7)} >0 CR™ ™, {Bg(t, i) >0 CR™™, 0<k <r,
{M(t,9) } >0 C Spy {L(t,9) b0 CR™™, {R(t, 1) }4>0 C Sp are bounded.

The optimization problem investigated in this section requires us to find
a control & = {u(t)}i>t, € Ua(to, o) with the property that Jo(to,xo,u) <
Ja(to, xo, u) for all u € Us(tg, zp).

Remark 6.2 Tt can be seen that the cost functional Ji (o, zo, w) from (6.16) is a
special case of Ja(tg, 2o, u) from (6.26). Hence in the case of the cost functional
J1(to, zo, -) we may construct two classes of admissible controls U (tg, o) and
Us(to, o). We have Us(to, xo) C Uy (tg, 20). This leads to

inf Jl(to,xo,u) S inf Jl(to,{);‘o,u). (628)
u€U (to,zo0) u€Usz (to,x0)
Because in (6.26) no assumptions concerning the sign of the weighting matrices
M(-,-),L(-,-), and R(-,-) were made, it is possible that u — Ja(tg,zo,u) :
Us(to,x0) — R is unbounded from below.
Set

V(to,xo) = inf Jl(to,{);‘o,u), (to,{L‘o) S Z+ x R" (629)
ueuz(to,wo)

to be the value function associated with the optimization problem under con-
sideration.

Definition 6.1 We say that the linear quadratic optimization problem des-
cribed by the controlled system (6.4), the cost functional (6.26), and the class
of admissible controls Us(to, xg) is well posed if —oo < V(tg,z9) < 400 for
all (to,xo) € Z+ x R™.

To make the statement of the next results clearer we adopt the following
notations.

()X Iyt X
(I () X)T Ms(H)X )
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I1};(t) X being constructed as in (5.130) using the coefficients of the system
(6.4) and the elements p;(i,7) of P;.

In the sequel, I'* is the set associated with the DTSRE-C (5.128) via
(5.15).

Theorem 6.2 Assume:
(a) The system (6.4) is stochastic stabilizable.
(b) The set I'* is not empty.

Under these conditions the linear quadratic optimization problem described
by the system (6.4), the cost functional (6.26), and the class of admissible
controls Us(to, o) is well posed. Moreover, we have

V(to,0) = Y o (1)1 Xmax(to, )0 (6.30)
i€D

for all (to,x0) € Zy x R™, where
Xmax(t) = (Xmax(t7 1)7 cee 7Xmax(t7 N))
is the mazimal bounded solution of the DTSRE-C (5.128) that verifies (5.131).

Proof. First we remark that under the assumptions (a) and (b) in the state-
ment, the DTSRE-C (5.128) has a bounded and maximal solution Xax(t)
that verifies (5.131). Also from assumption (a) it follows that Us(to, xo) # P
for each typ > 0 and z¢p € R™. Applying Proposition 6.1 for X (¢,7) = Xax(t,1)
we obtain

T—1

;E (T(Etg))T Q(t,m:) (‘i;é?) ey = Z]

= ngmaX(th i)wo — E[xz(T)XmaX(Ta N7 )Zu(T) |0ty = 1]

+ Z E( t )2 ()T (Rt me) + 3y, () Xmax (t + 1))
X (u(t) = F(t,n0)za(t)) e, = i) (6.31)

for all 7 > to + 1, € Dy, u € Us(to,x0), (to, z0) € Zy x R, and F(t,i) =
FXmax(t ). Because { Xmax(t) }+>0 is a bounded sequence it follows that there
exists a positive constant ¢ such that |Xyax(t,7)] < ¢ for all (¢,7) € Zy x D
(| - | being the Euclidian norm of a matrix). This allows us to write

| Bl (1) Xmax (7, 17) 2 (7)1 = 1] < 1 Bllwu (1) |0, = 4]
for all T >ty + 1, ¢ € Dy,. Taking into account (6.27) we deduce that

lim E[2T (1) Xmax (T, 77 )Tu () |16, = 1] = 0, Vi € Dy, . (6.32)

T—00
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From (6.31) we get

= za(t)\ " zu(t) .
2| () @wm ()| + B Kot st
- Zﬂ—to {L‘O max to, Zo + Z E t nt)xu( ))T
€D t=tg
X (R(t7 7775) + H377t (t)XmaX(t + 1))(u(t) - F(t7 nt)xU(t))]‘ (6'33)

Because the left-hand side of (6.33) converges for 7 — oo it follows that the
right-hand side is also convergent. Taking the limit for 7 — oo in (6.33) and
taking into account (6.32) we obtain

t07x07 Zﬂ—to x() max to, Zo + Z E t nt)xu( ))T
€D t=to
X (R(t,me) + Iy, (8) Xmax (t + 1)) (u(t) — F(tant)xu(t))}
(6.34)

for all u € Us(to, x0); (to, z0) € Z4 x R™. Furthermore, (6.34) together with
(5.131) leads to

J2 (th Zo, u) Z Z Tto (i)ngmax(th 1)3«”0
i€D

for all w € Us(to, z0); (to, x0) € Z4 x R™. Hence

V(toro) = Y 7ty (i) Xmax(to,1)70. (6.35)

i€D
Thus we obtain that the linear quadratic optimization problem under con-
sideration is well posed. It remains to show that in (6.35) we have equality.

To this end we choose a decreasing sequence of real and positive numbers
{€;};>0 such that lim;_, €; = 0. We associate the cost functionals

J% (to, w0, u) = Ja(to, o, u) + &5 Y Ef|z(t)]?] (6.36)

t=to

u € Us(to, xo), where x,(t) = x,(t, to, zo) and Us(to, z0) = {u = {u(t)}i>t, €
UQ(to, {L‘o)‘l'u S g%(to, o0, Rn)}

Let Vi (tg, xg) = infue%(towzo) JEi (to,x0). Because Z:{Q(to,xo) C Us(to, o)
and Ja(to, xo,u) < J%(tg, o), u € ag(to,xo) we deduce that yj(to,xo) >
V(to, x¢) for all j >0. We remark that under the assumptions (a), Uz (to, xo) # P,
to > 0,29 € R™.
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Consider the DTSRE-C
X(t,9) =I; ()X (t+ 1)+ M(t, 1) + e;1, — [L(t,4) + Iz (£) X (t + 1)]
X [R(t,4) + Is; () X (t + 1)] Y L(t,4) + I (1) X (t + 1)]T,  (6.37)
where IT;;(t),1 € {1,2,3} are defined as in (5.130). The DTSRE-C (6.37) is

defined by the pair X; = (11(t), Q7(t)), where II(t) is given by (5.130) and
where

Qj(t) = (Qj(t7 1)’ R Qj(t’N))z

o M(t,i) +¢e;I, L(t,1)
Q7 (t,i) = ( LT(t,7) R(t,i)> .

For each j > 0, I is not empty because ¥ >r*, Applying Theorem 5.12
we deduce that for each j > 0, DTSRE-C (6.37) has a bounded and stabilizing
solution X7(t) = (XI(t,1),...,X2(t,N)),t > 0. Based on Corollary 5.2 it
follows that X7 (¢) coincides with the maximal solution of (6.37). Furthermore,
from Theorem 5.4 one deduces that X7(t,i) > XIt1(t,i) > Xpax(t, i) for all
j >0 and limj_o X7(¢,i) = Xmax(t, i) for all t > 0,i € D. Proceeding as in
the first part of the proof we deduce that

T (to, wo, w) = > i, (i)xg X1 (to, i $0+2E FI(t,n)zu(t)”
€D t=tg

X (R(t, 1) + Mz, ()Xt + 1)) (u(t) = FL(t, me)zu(t))]
(6.38)

for all u € Us(to, z0), where FJ(t,i) = FX:(t,4) is a stabilizing feedback asso-
ciated with X7(¢). Take the control w!(t) = FJ(t,n:)xl(t), {xL(t)}+>¢, being
the solution of the system (6.18) when FX (¢,1) is replaced by FJ(t,i). Because
X7 (t) is the stabilizing solution of (6.37) it follows that ul = {u(t)}+>¢, €
Us(to, o). Taking u = ul in (6.38) we obtain

J than Zﬂ-to 1'0 XJ th )
i€D

This leads to V(to, z0) < VI(to,z0) < > ;cp T, (1)§ X1 (to, i) for all j > 0.
Taking the limit for j — oo, we obtain

V(to,l‘o) < Z’]Tto (i)ngmaX(to,i)xo, V(to,l‘o) S Zt x R"™. (639)
i€D
Thus from (6.39) and (6.35) one obtains (6.30) and the proof is complete. [

The previous theorem provides a lower bound of the cost functional
Ja(to, xo, u) on Us(tg, zo). However, it cannot provide any information about
the existence of an optimal control.
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Definition 6.2 We say that a control uepy = {topt(t)}i>e, € Ua(to, o)
is called the optimal control for the linear quadratic optimization problem
under consideration if V(to,zo) = Jo(to,Zo, Uops) < J2(to,zo,u) for all
u e Z/[Q(to,xo).

The following result provides a sufficient condition for the existence of an
optimal control for the optimization problem described by the cost functional
(6.26), the controlled system (6.4), and the set of admissible controls Us(to, o).

Proposition 6.3 If DTSRE-C (5.128) has a bounded and stabilizing solu-
tion {Xs(t)}>0 that satisfies (5.134) then the linear quadratic optimiza-
tion problem under consideration has an optimal control given by uopt(t) =
Fy(t,m)xs(t) where Fy(t,1) is defined in (5.132) and {xs(t) }i>¢, is the solution
of the system (5.133) with the initial condition x4(ty) = xo.

Proof. Because {X;(t)}1>0 is the bounded and stabilizing solution of (5.128)
one obtains that the control uepy = Fs(t, n)xs(t) is admissible. The conclusion
follows immediately from (6.34) written for u = up, and taking into account
(5.134). O

Now we prove a result that provides a necessary and sufficient condition
for the existence of an optimal control.

Theorem 6.3 Assume that

(a) The assumptions of Theorem 6.2 are fulfilled.
(b) For each t > 0, P, is a nondegenerate stochastic matriz.
(¢) mo(i) =P{no=1i} >0 for 1L <i<N.

Then the following are equivalent.

(i) For any (to,x0) € Zi+ x R™ the optimization problem described by
the system (6.4), the cost functional (6.26), and the class of admissi-
ble controls Us(to, xo) admits an optimal control Gy, 4, (t),t > to; that s,
V(to,l‘o) = J2(t07x077:5t0,w0)~

(i) lim | Ts(t,to)]le =0, Vto € Zs, (6.40)

where Ty(t,to) is the linear evolution operator on SY defined by the
sequence of Lyapunov operators { L (t)}1>0, L being defined by (4.5) with
F(t,i) instead of F(t,i) and F(t,i) = FXmax(t q).

If (i) or (ii) are fulfilled then the optimal control of the problem under

consideration is given by uept(t) = F(t,m)&(t), where Z(t) is the solution of
the system (6.43).

Proof. Let us assume that (¢) is fulfilled. Let (to,z0) € Z4 x R™ and @ =
{ﬂ(t)}tzto € UQ(tQ,LEQ) be such that V(to,xo) = Jz(to,xo,ﬂ). From (634) one
obtains
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t(), LEO Z 7Tt0 1'0 max to, 1)xo + Z E t Ut)jf(t))T

i€D t=to

X (R(t,me) + My, () Xinax (¢ + 1)) (@(t) = F(t, )2 (t))],  (6.41)

where & = 24(t) is the optimal trajectory. Combining (6.30) and (6.41) we
deduce

Z E[( F(t,m0)2(1)"

X (R(t, 1) + My, () Xinax (t + 1)) (@) — F(t,m)2(1)] = 0. (6.42)

If we take into account (5.131) then (6.42) leads to a(t) = F(t,n,)&(t) a.s.
t > to. Substituting this equality in (6.4) one obtains that #(¢) is the solution
of the following problem with given initial value,

#(t+1) = [Ao(t, m) + Bo(t,m) F (¢, m)

+Zwk )(Ax(t,me) + Bu(t,me) F(t,me)) | 2(t),  @(to) = 0.

(6.43)
Because @ € Us(tg, xo) it follows from (6.27) that
Jim Ellz(t)|?n, =] =0, i€D. (6.44)

If &5(t,t0) is the fundamental matrix solution of (6.43) then (6.44) may be
rewritten

Jim E[xf @L(t, t0)Pp(t, to)xolm, =] =0, VieD, (to,w0) € Zyx R™

Based on Theorem 3.1(i) we deduce that the last equality is equivalent to
limy oo xOT(T;i(t,to)J)(i)xo =0, for all (tg,x0) € Z+ x R™, i € D. Recalling
that

1Tt to)lle = IT7(t,t0) I = T S g [TE(t,t0) ] ()20
zo|<1

we deduce that

Tim |75 (¢ t0) e = 0. (6.45)

Finally invoking (2.13) we deduce that (6.45) is equivalent to (6.40). Thus we
obtain that the implication (i) = (i) is true.

To prove the converse implication, one obtains via Theorem 3.1(7) that
if (6.40) is true then (6.44) holds. This means by (6.33) that the control
a(t) = F(t,n)#(t) is admissible. Furthermore, from (6.34) and (6.30) one
obtains that @ is an optimal control and thus the proof is complete. O
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Remark 6.3 Combining Definition 3.1(a) and Definition 5.4 one obtains that
the maximal solution X,.x(t) of DTSRE-C (5.128) is a stabilizing solution if
and only if there exist 5 > 1, ¢ € (0, 1) such that

I T5(t, to)lle < Bg" ™" (6.46)

for all t > tg > 0.

From Theorem 6.3 we deduce that the condition verified by the maximal
solution of (5.128) which is equivalent to the existence of an optimal control
of the problem under consideration is weaker than (6.46). This can explain
why the result proved in Proposition 6.3 provides only a sufficient condition
for the existence of an optimal control.

Theorem 6.4 Assume that

(a) The coefficients of the system (6.4) and the weights of the cost functional
(6.26) are periodic sequences with the period 6 > 1 and Piyg = P, t > 0;
(b) The assumptions of Theorem 6.2 are fulfilled.

Under these conditions the following are equivalent.

(i) For every (to,mo) € Zi x R™ the optimization problem described by
the controlled system (6.4), the cost functional (6.26), and the class of
admissible controls Us(to, xo) has the optimal control ti,zo ={Utywo () H>to
(z'.e., V(to,l‘o) = Jg(to,l‘o,ﬂtozo)).

(i) The DTSRE-C (5.128) has a bounded stabilizing solution {X,(t)}i>0 that
satisfies (5.134).

Proof. The implication (i1) = (i) follows from Proposition 6.3. If (¢) is fulfilled,
reasoning as in the proof of Theorem 6.3 one deduces by Theorem 3.10 that
the zero state equilibrium of the closed-loop system (6.43) is SESMS. This
allows us to conclude that the maximal solution {Xy,ax(t)} coincides with the
stabilizing solution of (5.128). Thus the proof ends. O

Remark 6.4 As we have already seen in Remark 6.2 for the cost functional
J1(to,zo,+) we may consider two optimization problems. Based on Theo-
rem 6.1 one obtains that the optimal control uep of the optimization prob-
lem described by the cost functional Ji (g, zo, -), the controlled system (6.4),
and the class of admissible controls U (to, zp) is constructed via the mini-
mal solution of DTSRE-C (5.138), whereas from Theorem 6.3 we have that
the optimal control 1ep of the optimization problem described by the cost
functional Ji(to,xo,+), the controlled system (6.4), and the class of admissi-
ble controls Us(tg, zp) is constructed via the maximal solution of DTSRE-C
(5.138) (viewed as a special form of (5.128)).
From (6.28) one obtains that

J1(to, o, topt) < J1(to, Zo, Uopt)- (6.47)
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Invoking Theorem 5.14 one obtains that under the assumption of stochastic
detectability, the minimal solution of (5.138) coincides with its stabilizing
solution. In this case (6.47) becomes Ji(to, Zo, Uopt) = J1(t0, 0, Uopt). By the
next example we show that in the absence of the assumption of stochastic
detectability uqpy may not coincide with iy, and in this case Ji (to, Zo, Uopt) <
Jl(to,l‘o,ﬂopt).

Ezample 6.1 Consider the system (6.4) in the particular case N=1,n=2r=1,
z(t+1) = (4o +wr (t)Al):r(t) + Bou(t) (6.48)

with

A = (% 2) Ay = ‘;’12, By = G) o(t) = (i;gg) €R?, u(t)eR.

The cost functional is
10, 20, u ZE [ (t)} . (6.49)

In this case the DTSRE-C (5.138) reduces to (5.93). Hence the maximal solu-
tion coincides with the stabilizing solution and it is given by (5.94). The
minimal solution is given by (5.95). From Theorem 6.1 we have

+v2 Z10
J1(0, w0, uopt) = (w10 220) ( (2) 0> (x )
20

Using Theorem 6.3 or Theorem 6.4 one obtains that

+V2 -~ )
J1(0, 20, flopt) = (210 I20)< + 3(3+\/2)>< 0>

—3(3++2) 3(11+6v2) ) \ 220

for all zg = (w10 @20 )T

6.4 The linear quadratic problem. The affine case

In this section we consider the linear quadratic optimization problem asso-
ciated with the affine system (6.10). We consider both the finite time hori-
zon and infinite time horizon. The results developed in this section are used
in the next section to solve a tracking problem for discrete-time linear sto-
chastic systems subject to independent random perturbations and Markovian
jumping.
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6.4.1 The problem setting

Let us consider the controlled system (6.10) where w(t) = (w1 (t),...,w. ()T
and 7; are stochastic processes that verify the general assumptions Hy and
H,. Throughout this section {7 };>0 is assumed to be a nonhomogeneous
Markov chain with the transition probability matrices P, t > 0.

The following two classes of admissible controls are involved in this section.

(@) O <ty < ty € Z, Uy, ¢, consists of the stochastic processes u =
{u(t),to <t < ty}, where u(t) is an m-dimensional random vector with
finite second moments and ﬂt—measurable; that is, U, ;= é%{to,t ;-
LR™}

(b) If ty = 0o and zg € R", Uy, (o) consists of all stochastic processes u =
u(t), to <t < oo where for each ¢, u(t) is an m-dimensional random vector
that is H-measurable, having the following two additional properties,

() Ellu®)P] <oo,  t>to

(3)  sup E[|zy(t, to, 20)|?] < o0, (6.50)
t>to
Xy (+, to, o) being the solution of (6.10) determined by the control u and
starting from xg at t = tg

It must be remarked that in the case t; < +o0 the initial value x¢ does not
play any role in the definition of the admissible controls Uy,¢,. On the other
hand in the infinite time horizon case (t; = +00) it is expected that the set
of admissible controls will be dependent upon the initial state zy. This could
happened due to condition (6.50).

That is why the dependence with respect to the initial state z is empha-
sized, writing Uz, oo (x0).

We associate the following two cost functionals with the system (6.10):
Jg(to,tf,l‘o, ) . Uto,tf — R and J3(t0, o0, T, ) : Z/[to,oo(xo) — R by

tf—].
Js(to. tr xo,u) = E |2 (t0)Kr(ne)a(ts) + > ly()]? (6.51)

t=to

1 T
= 1 E 2 52
Ja(to, 00,0, u) = fim . © t;o [y, (6.52)
where

y(t) = C(t,ne)zu(t, to, zo) + D(t,ne)ult) (6.53)

and z,(t,to, xg) is as before.
Now we are in position to formulate the two optimization problems that
are solved in this section.
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OP 1. Given 0 < tyg <ty € Z and xo € R", find an admissible control i €
Usy ¢, that satisfies J3(to,ty, 0, ) < J3(to,ts,z0,u) for allu € Us, .
OP 2. Given ty > 0,29 € R" find a control & € Uy, oo(z0) such that
J3(to, 00, 2o, ) < 0o and J3(to, 00, zo, @) < J(tg, 00, x0,u) for all
u e Z/{to7 (fL'O)

In the case of the cost functional (6.52) it is not known that there exists
u € Uy, 00 (o) such that

J3(to, 00, o, u) < 400. (6.54)
That is why it is natural to introduce the following definition.

Definition 6.3 We say that the optimization problem OP 2 is well posed if
for every xy € R™ and to € Z+ there exists u € Uy, oo (z0) such that (6.54) is
fulfilled.

In the construction of the optimal control u in the above optimization
problems a crucial role is played by the solutions of the following system of
discrete-time stochastic generalized Riccati equations (DTSRE-C),

ZAth (t, X (t+1)) ZATtZ J(t, X (t + 1)) By (t, 1)

-1

+CT(t,i)D(t, )] [DT (t,i)D(t,i +ZBk t, 1) (t, X (t+1)) By (t.7)

|§:Bk (t, ))& (t, X (t+1)) Ag(t, i)+ DT (t,0)C(t,i)| +CT (t,9)C(t,14),

(6.55)

where &;(t,Y) = Zjvzl p+(i, 7)Y (j) (see also (5.129)).

For the problem OP 1 we need the solution of (6.55) with the termi-
nal condition X (tf,i) = Ky(7), whereas in the case of problem OP 2 the
bounded stabilizing solution of (6.55) is involved. It should be remarked that
the DTSRE-C (6.55) is a special case of (5.128). It follows that the existence of
the solutions of (6.55) involved in this section can be obtained via the results
derived in Chapter 5.

6.4.2 Solution of the problem OP 1

Concerning the optimization problem OP 1 we prove the following.

Theorem 6.5 Assume that in the cost functional (6.51) we have:

()Kf()>OZ€D
b) DT (t,i)D(t,i) > 0,tg <t <t;—1,i €D.
( f
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Let X(t) = (X(t,1),...,X(t,N)) be the solution of the system (6.55) that
verifies the terminal condition X (t7,i) = K;(i),i € D.

Let /(t) = (k(t,1),...,R(t,N)) be the solution of the corresponding back-
ward affine equation (6.11), with the terminal condition ~(ty,i) = 0,1 € D.
Under these conditions the optimal control in the optimization problem OP 1
s given by

ﬁ‘(t) = F(tvnt)i‘(t) + &(tﬂh)? (656)

where F(t,i) = FX(t i) and p(t,4) is as in (6.14) with (X (t,1), &(t, 1)) instead
of (X(t,1),k(t,7)) and &(t) is a solution of the problem with given initial
values

(t+ 1) = [Ao(t,ne) + Bo(t,ne) F(t,me)x(t) + folt,ne)

+ Zwk M(Ar(t,me) + Br(t, Ut)F(tﬂlt))l”(t) + fk(t’nt)]a (6.57)

x(to) = o and fi(t,i) = By(t, i) (t, i) + fi(t,i),0 <k <r.
The optimal value is

Jg(to, ty, o, U Z 71'750 {{L‘O to, ){L‘o + 2{)3‘(,1)—':‘%@0, l) + ﬂ(to, Z)}, (658)

where T, (1) = P{m, = l} is the distribution of the Markov chain and j(t) =
(a(t,1)---ja(t, N)T is the solution of (6.12) written for X(t,i),#(t,i) and
having the terminal value ji(ty,i) = 0.

Proof. The assumptions (a) and (b) guarantee (via Corollary 5.1) that the
solution X (t) of (6.55) is well defined for to < t < t; — 1 and X (t,i) > 0.
On the other hand &(t,4) is well defined as the solution of (6.11). Applying
Proposition 6.2 for the triple (X (t,4), &(t, i), i(t,7)) and taking into account
that if v is a random integrable variable then Fa = ZieDtO 1o (1) Ea|ne, = 1,
one gets:

Ts(to,ty, w0, u) = Elag X (to, 1ho) o + 225 Alto, o) + ito, mey)] - (6.59)
n Z E[( () Ry, (8, X (¢ + 1)) (u(t) — a(t)],

where 4(t) is given by (6.56) and

Ri(t, X (t+1)) ZBk (t,0)Ei(t, X (t + 1)) By(t, 7). (6.60)
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The fact that @ € Uy, ¢, follows from its formula. From (6.59) we deduce that
J3(to, ty, xo,u) > Js(to, tr, xo, )
= Elag X (to, 1o )70 + 25 A(to, i) + Atos 1eo)]- (6.61)

The fact that R, (t, X (t + 1)) > 0 if X(t,7) > 0 was used. Equation (6.59)
also shows that u is the unique optimal control. Using

E[ng(t07 nto)xo + 2:L‘g:‘%(t0, nto) + /l(t07 77750)]
N
Z X (to, D)o + 223 (to, 1) = fi(to, 1))
in (6.61) one obtains (6.58) and thus the proof ends. O

6.4.3 On the global bounded solution of (6.11)

To derive the solution of the problem OP 2 we need the global bounded
solution of the backward affine equation of type (6.11), written for X,(¢) and
Fy(t,q) instead of X(¢) and FX(¢,i), where X4(t) = (Xs(t,1),..., Xs(t,N))
is the stabilizing bounded solution of DTSRE-C (6.55) and Fjs(t,i) is the
corresponding stabilizing feedback gain. To obtain conditions that guarantee
the existence of such a global solution we need some auxiliary results.

Let R = R" @ R" @ --- @ R"(N times). If # € R™" then z =
(z(1),...,2(N)) with (i) € R", (i) = (v1(i),22(i),..., 2. (i))T. R*¥ is
a Hilbert space with the inner product

N
= 32" (i)y(0) (6.62)
i=1

for all z,y € R™"N. Together with the norm | - |2 induced on R™M by the
inner product (6.62) we consider also the norm

2|1 = max;ep (27 (i)x(i))/2. (6.63)

If L:R™Y —R™7¥ is a linear operator then || L|;. is the operator norm induced
by ||k, k €{1,2}. Based on the sequences {Ag(t,?) }+>0, {P:}+>0 we construct
the linear operators A; : RN — RN by Az = ((Aiz)(1), ..., (Ax)(N))
with

(A (i Zpt jr i) Ao(t, (). (6.64)

It is easy to see that the adjoint operator of A; with respect to the inner
product (6.62) is given by Afzx = ((A;z)(1),..., (Afz)(N)) with
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(Ajz)(i) = AG (t,)Eilt, ), (6.65)

where &;(t,z) is defined as in (5.129) with x(¢) instead of X (i). In the
sequel Z(t, s) stands for the linear evolution operator on R™" defined by Aj;
that is,
A1 Ay i t>5>0

IRn-N if t= S,

=) = {

where Ign.~ is the identity operator on R™ .
Consider the linear system derived from (6.10)

x(t+1) =

Ao(t,m:) + iwk(t)Ak(t,nt)] x(t), t>0. (6.66)

k=1

We denote @(t, s) the fundamental matrix solution of (6.66). We have

D(t+1,s) = |Ao(t,m) + i w () Ag (t,m1) | D(E, 8). (6.67)

k=1

The next result provides a connection between the adjoint of linear evolution
operators defined by (6.64) and the trajectories of the system (6.66). It can
be viewed as a counterpart of Theorem 3.1.

Lemma 6.3 Under the assumptions Hy, Ha we have

(Z%(t,5)2) (i) = E[@T (¢, s)a(ne)|ns = 1] (6.68)
for alli € Dg, t > s >0, z = (x(1),...,z(N)) € RV,
Proof. We define the linear operators U(t,s) : R*Y — R"¥ t > s> 0 by

E[®T(t,s)x(ne)|ns =4 if i €D,

it i) — 6.69
U(t, s)z)(i) {(5*(75,3)95)(1’) if i €D — Dy, (6.69)

where Dy is defined as in (1.8). Taking successively the conditional expectation
with respect to Hy, Hy, and o(ns) and taking into account Corollary 1.1, one
obtains via (6.67) that

N
E@"(t + 1 s)a(ms1)lns] = Y E@7 (¢, 5)AG (¢, m)a(§)pe (ne, ) |ns]. (6.70)

Jj=1

We also used the fact that Efwy(t)|H;] = Elwy(t)] = 0,1 <k <r. Ifi € D,
(6.70) leads to

N

B[O (t + 1, 8)a (1) ns = 1] = ZE@T(@ $)AG (8, 1e)(7)pe (e, 3) s = ).
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Using (6.65) one gets
BIOT(t+ 1, 8)z(ner1)ns = i) = BIOT(t, 5)(Arz)(ne) s = 1]. (6.71)
Based on (6.69), the equality (6.71) may be written:
U+ 1,8)x)(@) = (UL, s)ATx)(3), (6.72)

i € Ds. By direct calculation one obtains that (6.72) still holds for i € D\ Ds.
Therefore (6.72) leads to U(t+1,s) = U(t, s).A;. This shows that the sequence
{U(t, s) }+>s solves the same equation as =*(t, s). Also we have U(s, s)z =z =
Z(s,s)z for all z € R™". This allows us to conclude that U(t,s) = Z*(t, s)
for all ¢ > s > 0 and thus the proof ends. O

In the sequel we use the following assumption.

A.6.3 For each t > 0, P, is a nondegenerate stochastic matrix.

From the representation formula (6.68) and Theorem 3.4 one obtains the
following.

Corollary 6.1 Under the assumptions H1, H2, and A.6.3, if the zero solu-
tion of (6.66) is exponentially stable in the mean square with conditioning of
type I (ESMS-CI) then the zero solution of the discrete-time linear equation
on R*N,

Tt41 = Ay

is exponentially stable.

Let us consider the system of backward affine equations
k(t,i) = (Ao(t, i) 4+ Bo(t, i) Fs(t,i)) &t k(t 4+ 1)) + g(t, 1), (6.73)

1 € D, where

T

g(t,i) = Z(Ak(t,i) + Bi(t, i) Fo(t, )T & (t, Xo(t 4+ 1)) fr(t, 1),
k=0

F(t,i) being the stabilizing feedback gain determined by the stabilizing
bounded solution of (6.55).
In the sequel we need the following assumption.

A.6.4

(i) {Ak(t, 1) } >0, {Br(t,9) 10,0 < k < r, {C(t,) }+>0, {D(t, i) }+>0 are bounded
sequences.
(43) {fr(t,9)}+>0,0 < k <r,i € D are bounded sequences.
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(i4i) (a) There exists 69 > 0 not depending upon ¢ such that
R(t,i) := DT (t,i)D(t,) > 0oL, V(t,i) € Zy x D.
(b) CT(t,i)D(t,i) = 0,Y(t,i) € Zy x D.

It should be noted that under the assumption A.6.4 the DTSRE-C (6.55)
takes the form of (5.138).

Lemma 6.4 Under the assumptions A.6.4 the system of backward affine
equations (6.73) has a unique bounded solution on
Z,, i&(t) = (k(t,1),...,k(t,N)).

Proof. Let Xs(t) = (X5(t,1),...,Xs(t,N)) be the stabilizing bounded solu-
tion of (6.55) and F(t) = (Fs(t,1),..., Fs(t, N)) be the corresponding stabi-

lizing feedback gain. Let A; : R*Y — R™" defined by

N

(Aex) (i) = > pe(4,)(Ao(t, 5) + Bo(t, j)Fu(t, §))x(5)

Jj=1

for all z = (z(1),...,2(N)) € R"N. It is easy to see that the backward affine
equation (6.73) may be written as

k() = Afk(t+ 1) + g(t) (6.74)

with g(¢t) = (g(¢,1),...,g(t, N)). Under the considered assumptions it follows
that |§(¢)}1 < w, where p > 0 is independent of ¢. From Corollary 6.1 it fol-
lows that the sequence {flt}tgo defines an exponentially stable evolution. The
conclusion of Lemma 6.4 now follows, applying Theorem 2.5(i) to equation
(6.74). O

6.4.4 The solution of the problem OP 2

In this subsection we derive the solution of the optimization problem OP 2
stated in Section 6.4.1.

Based on the stabilizing bounded solution X () of (6.55) and the unique
bounded solution #(t) of (6.73) we construct the following control law,

a(t) = Fo(t,m)Z(t) +(t,me), (6.75)

where F(t,4) is the stabilizing feedback gain,

” -1
D(t,i) = — (R(t, i)+ 3 BE(t0)€:(t, X, (t + 1) Bult, i))
k=0

X (BOT(t, 0)E(t, Rt + 1))+ZT:B,{(t, D)Ei(t, Xs(t+ 1)) fr(t, z)) :
o (6.76)
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and Z(t) is the solution of the closed-loop system

Z(t+ 1) = [Ao(t,me) + Bo(t,ne) Fu(t, m))Z(t) + folt, m)
+ Zwk )(Ak(t,me) + Bielt, m) Fo(t,me)E(t) + fr(t,me)] (6.77)

i‘(to) = X,

where fi(t,i) = By(t,i)0(t, i) + fu(t,i),0 < k <7, (t,7) € Z, x D. It is easy
to see that if fx(t,7) = 0,0 < k < r, i € D, t € Zy then R(t,i) = 0; this
leads to ¢(t,i) = 0, t > 0, i € D. In this case the control (6.75) reduces to
a(t) = Fs(t,me)Z(t), Z(t ) being the solution of (6.77).

Lemma 6.5 Under the assumptions Hy, Ha, A.6.3, and A.6.4 the following
hold.

(i) For each xg € R™, & € Upyoo(x0).
(ZZ) Jg(to,oo,l‘o,fb) < +00.

Proof. Based on Lemma 6.4 and the assumption A.6.4 we deduce that

sup | fr(t,9)| < 400, 0<k<r, 1<i<N.
t>0

Applying Corollary 3.8(ii) to the system (6.77) we conclude that in the case
of the control @ condition (6.50) is fulfilled. Because Z(t) is H;—1-measurable
and Hy_1 C 'H; we obtain from (6.75) that @(t) is H-measurable. This allows
us to conclude that @ is an admissible control. Also from (6.75) it follows
that sup;>,, E[|a(t)|?] < 4+o0. Hence Js(to,zo, @) < +00. This completes the
proof. O

For each (t9,z0) € Z4+ x R™ we introduce the sets
Z/N[to,oo(l'o) = {u S Z/[to,oo(xo)|J(t07 OO,.’IJQ,U) < +OO}

Under the conditions of the above lemma it follows that u defined by
(6.75-6.77) leads in U, oo (o).

Moreover based on Corollary 3.8(i7) one obtains that if the linear control
system (6.10) (with f5(¢,4) = 0,0 < k < r) is stochastic stabilizable and if the
assumptions Hy, Ha, and A.6.4 are fulfilled then for each (¢, z0) € Z4 x R™
the set Z/N{to,oo(xo) contains the controls of the form

u(t) = F(t,n:)2(t) + h(t)

for arbitrary stabilizing feedback gain {F(t,%)}i>0,7 € D and for arbitrary
stochastic process {h(t)}:>0 with the properties:

(a) For each t € Z, , h(t) is H;-measurable.
(b) sup,>q E[|h(t)|?] < oc.
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Z(t) is the solution of
2t + 1) = [Ao(t, ) + Bo(t,me) F(t, )] (t) + fo(t)

+Z wk(t)[(Ak(t7 ne)+Bi(t, nt)F(t7 nt))x(t)"’_fk(t)]? QA;‘(to) ="o,
k=1

where 3
() = fr(t,me) + Br(t,m:)h(t).

Let us consider the backward affine equation on
u(t) = Pou(t + 1) + h(t), (6.78)

where h(t) = (h(t,1),...,h(t,N))T, h(t,i) being constructed as in (6.13)
replacing X (t), FX(t,4), and kX (t) by X(t), Fs(t,1), and &(t).

Lemma 6.6 Under the assumptions of Lemma 6.5, if
pr(t) = (ur(t, 1), ..., pr(t, N))T is the solution of (6.78) with the final value
ur(T,i) =0,1<i <N, then, for all i € D,

1
y L
A gy Hr(tord)

is finite.

Proof. We have:

T-1
pr(to) = Z P(to, s)h(s), (6.79)

Szto

where P(t,s) = PiPiy1---Ps—q if s > ¢t and P(t,s) = Iy if s = t. One
can verify that P(tg, s) is also a stochastic matrix. Based on the assumptions
A.6.3 and A.6.4 we deduce that |7L(t) < ¢p, for all t > 0, where ¢y, is a positive
constant not depending upon ¢. Therefore, if P;(tg, s) is the ith row of P(¢, s),
one obtains that

[Pi(to, s)h(s)| < cn (6.80)
for all s >ty > 0. The conclusion follows combining (6.79) and (6.80). O
The main result of this section is the following.

Theorem 6.6 Assume that:

(a) The hypotheses Hy,Ha, A.6.3, and A.6.4, are fulfilled.
(b) The DTSRE-C (6.55) has a bounded stabilizing solution.
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Under these conditions the optimal control of the problem OP 2 is given
by (6.75)—(6.77).
The optimal value of the cost functional is given by

Jg(to,oo,xo, = hm Z’ﬂ'o ,uT 0 l (681)

where pr(t) = (ur(t,1)---ur(t, N))T is the solution of (6.78) with the final
value
MT(T7 l) =

Proof. Let X(t) = (X(t,1),...,X(t,N)) be the bounded stabilizing solution
of DTSRE-C (6.55) and #(t) = (k(t,1),...,&(t,N)) be the unique bounded
solution of the corresponding backward affine equation (6.73). For each T' > tg
let pria(t) = (pr41(t, 1) - - - pra (¢, N)) be the solution of the backward affine
equation (6.78) with the terminal value ppyi(T + 1,4) = 0,1 < i < N.
Applying Proposition 6.2, one obtains:

ZE y()*|ney = i) = x5 X (to, i)w0 + 22 F(to, i) + pr1 (to, 1)

t=to

— ET(T+ D)X(T + 1,19741)x(T + 1)
+ 207 (T + DR(T + 1,0741) |06, = 4]

+ Z E[(u(t) = F(t,m)x(6)T (R(t, )

+ Y Bit (.10, (£, X (¢ + 1)) Bi(t, mt))
k=0
X (u(t) — F(t,ne)x(t)) e, = i]

for all u € Uy o0(xo) and x(t) stands for the trajectory (¢, ¢, zo) of (6.10)
corresponding to the control u. Invoking (6.50) together with Lemma 6.4 we
deduce that

1 -
Jim " {2 X (to,i)wo + 208 R (to, 1)

— BElz™(T + 1)X(T + 1,np41)z(T + 1)

+22T(T + DAR(T 4 1,07401) |0 = 4]} = 0, i € Dy,.
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So we obtain

J3(to, 00,0, u) = tllm T {Zﬂ'to pr+1(to, 1)
—00 — 1o

+ZE

t=to

F(t.ne)a(t)” (R(t,nt)JrZB,{(t,m)

o]

X En (t, X (1 + 1))Bk(tﬂ7t)> (ut) = F(t, )z (t)

= T—»ooT —t Zﬂ-to pr1(to, 1) = J3(to, 00, 2o, )

for all u € Upyoo(xo). Here we used the fact that the bounded stabilizing
solution of (6.55) verifies

R(t,i +ZBk (t,0)&(t, X (t +1))By(t,i) > vl >0

for all (¢,i) € Z4 x D. Finally we remark that under the considered assump-
tions by using (1.7) and (6.79) we have

N N
1 !
gm o ;mo (Dursa(to,1) = lim . ;ﬂo(l)uT(O, ).

This completes the proof. O

Remark 6.5

(a) From (6.81) it follows that under the assumptions of Theorem 6.6 the
optimal value of the problem OP 2 does not depend upon ¢ and zo.

(b) In the time-invariant case we have P, = P, h(t,i) = h(i), t > 0 and there-
fore by Theorem 6.6 and Proposition 1.5 one obtains that the optimal value
of the problem OP is Zé\[:l Zjvzl q(0, ))h()mo(£); in the time-invariant
case it is not necessary to assume that P is a nondegenerate stochastic
matrix (see Theorem 3.10).

(¢) If the condition (6.50) from the definition of the set of admissible controls
Uty 00 (T0) 1s replaced by

Jim El|zu(t, to, z0)|*] =0 (6.82)

one obtains a new class of admissible controls Z/A{to,oo(xo). It is obvious that
uto,oo(xo) C utoyoo(xo)'
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Thus we may consider a new optimization problem asking for the mini-
mization of the cost functional (6.52) over the set of admissible controls
Usy 0o (20). To be sure that condition (6.82) is satisfied, the assumption
A.6.4(7i) should be replaced with a stronger one:

A.6.5limy_oo f(t,i) =0, i€D,0<k<r

One proves that the unique bounded solution of (6.73) satisfies
limy oo #(t) = 0. i

Furthermore if (¢,7) is defined by (6.76) we have lim; o ¥(t,i) = 0,
i € D. Applying Corollary 3.9(iii), one obtains that the solution of (6.77)
satisfies lim;_., F[|Z(¢)|*] = 0. This shows that the control @(t) defined by
(6.75)—(6.77) belongs to the new class of admissible controls Uy, o (20).

Reasoning as in the proof of Theorem 6.6 one obtains that if the assump-
tion A.6.4(ii) is replaced by A.6.5 the control @(t) defined by (6.75)—(6.77)
achieves the optimal value of the cost functional (6.52) with respect to both
classes of admissible controls Uy, o (20) as well as Uy, o (20).

6.5 Tracking problems

Consider the discrete-time controlled system described by

x(t+1) = Ag(t,m)z(t) + Bo(t, ne)u(t)
+ Z[Ak (t,me)x(t) + Br(t, ne)u(t) wg(t), (6.83)
k=1

t Z to, x(to) = X0-

Let {r(t)}+>0, r(t) € R™ be a given signal called the reference signal. The
control problem we want to solve is to find a control «(¢) that minimizes the
deviation z(t) — r(t).

For a more rigorous setting of this problem let us introduce the following
cost functionals,

Ju(to, ty, o, u) = E{(x(tf) —r(tp)) rp(ne)(2(ty) — r(ty))
ty—1

+ 3 [((t) = ()" Mt me) (2 (1) = r(2)

t=to

+ uT(t)R(t, m)u(t)}} (6.84)
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in the case of a finite time horizon and

J4(t0a OO,l’(),U)

1

=limg—oe,) 2 Bl(x(t) — r(t))" M (t,ne)(x(t) — r(t)

+ul (t)R(t, m,)u(t)] (6.85)

in the case of an infinite time horizon, where M (t,i) = M7 (t,i) > 0, K¢(i) =
K§(i) >0, R(t,i) = R"(t,i) > 0, and x(t) = xu(t, to, zo).

The tracking problems considered in this section ask for finding a control
law wuops € Uty tps (Topt € Usy,00(20), Tespectively) in order to minimize the
cost (6.84) (the cost (6.85), respectively). If we set £(t) = z(t) — r(t) then we
obtain &(t+1) = Ag(t,1:)§(t) + Bo(t, me)u(t) + fot, me) + > —1 [Ar(t, me)E() +
By (t,m)u(t) + fr(t, n:)]wg(t) and the cost functionals

Jalto, ty, o, u) = E[ET (t5) K p(ne)&(ty)

+ Z (€T ()M (8, m)E(E) + uT () R(E m)u(t))]
and
1 T
Ji(to, 00,20, u) = limr—co 1, o E[ET ()M (t, m)& () +u(t)" R(t, me)u(t)],
where

fo(t,i) = Ao(t,i)’/‘(t) — ’/’(t + 1)
fulti) = Ag(t,i)r(t), 1<k<rt>1 (6.86)

Let us consider the following system of Riccati type equations.

ZAT (t,3)E(t, X (t 4 1)) Ag(t, 1)
- ZAT (t,9)E(t, X (t + 1))Bk(t,i)]

-1
x | R(t,1) +ZBk (t,9)E(t X(t+1))Bk(t,i)]

X BF(t,)&(t, X (t 4 1)) Ap(t, )
Lk=0

+ M(t, ), (6.87)
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where &;(t,-) is defined as in (5.129). It is easy to see that (6.87) is a special
case of (5.128) with L(t,4) = 0.

The solutions of the tracking problems are derived directly from
Theorem 6.5 and Theorem 6.6.

Corollary 6.2 Under the considered assumptions, the optimal control of the
tracking problem described by the system (6.83) and the cost (6.84) is given by

opt (t) = F(t,0e) (& (t) — (1)) +(t,me), (6.88)

where F(t,i) = FX(t,4) is constructed as in (6.7) based on the solution X (t,7)
of the system (6.87) with the terminal condition X (t;,i) = K (i), i € D,
O(t,) is constructed as in (6.14) based on X(t,i); and &(t) with (k(t) =
(R(t,1),...,5(t,N)) is the solution of the system of backward affine equations

k(t, 1) = (Ao(t, i) + Bo(t, i) F(t, i) & (t, k(t + 1)) + §(t, 1), (6.89)
"%(tﬁ ) 0,

i € D, where .@(tvz) = ZZ:O(A/C(LZ') + Bk(t7z)ﬁ(t77’))ng(t7X(t + 1)fk(t77’):
Jr(t,i) given by (6.86), Z(t) is the solution of the closed-loop system:

#(t+1) = [Ao(t,me) + Bolt,ne) E(t,me)

+ Z(Ak(tﬂ)t) + Bt me) P (t,me))w (8) | 2(8)
k=1

+ folt,ne)+Bo(t, m) v (t, me +Zwk (f(t: 1)+ Br(t o) (t, me)),

t > to, Z(to) = mo. The optimal cost is given by Ja(to,tf,To,Uopt) =

leil[ﬂo(l)[(% —7(t0))T X (to, ) (zo — 7(t0)) +2(z0 — r(to)) T k(to, ) + fulto, 1)],
where [i(t,1) are as in Theorem 6.5.

For the tracking problem on the infinite time horizon, we have the
following.

Corollary 6.3 Assume:

(a) The hypotheses Hy,Ha, A.6.3 are fulfilled.

(b) The sequences { Ak (t, 1) }1>0, {Br(t, 1) }i>0,0 < k <r, {M(t,1)}i>o0,
{R(t,9) }+>0,1 € D, {r(t) }i>0 are bounded.

(¢) R(t,i) > I, >0 for all (t,i) € Zy x D.

(d) The DTSRE-C (6.87) has a bounded stabilizing solution.
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Under these conditions the optimal control of the tracking problem des-
cribed by the system (6.83) and the cost (6.85) is:

Gopt (1) = F(t, 1) ((t) — (1)) + P(t,me), (6.90)
where F(t,i) = FX (t,4) is constructed as in (6.7) based on the bounded stabi-

lizing solution X (t) = (X(t,1),...,X(t,N)) of DTSRE-C (6.87) and t(t,1)
s given by

&(t,i):—( t,i +ZBktz tX(t—l—l))Bk(t,i))

Bé)r(t7 i)gi(tv '%(t + 1)) + i Bg(tv i)gi(t7 X(t + 1))fk(t7 Z)] )

k=0

where k(t) = (k(t,1),...,&(t, N)) is the unique bounded solution of the system
of backward affine equations

k(t,1) = (Ao(t, i) 4+ Bo(t,i)F(t, 1)) Ei(t, k(t + 1)) + §(t, 1) (6.91)

with
r

Gt,i) =Y (Ax(t,i) + Bi(t,i)F(t,0) " Ei(t, X (t+ 1)) fi(t,4),

k=0

fr(t,i) given by (6.86); Z(t) is the solution of the closed-loop system

E(t+1) = |Ao(t,m) + Bo(t,n,)F(t,n,)

+ Z(Ak(t7 1e) + B (8, 00) F () yw (8) | 2(8) + fo(t,7e)
k=1

+ Bo(t, n)(t,m) + Y wi(t 1) (Fi(tm0) + Bi(t, o) (¢, m1)),
k=1

t Z to, ZE(to) = Xp-

Remark 6.6 Necessary and sufficient conditions that guarantee the existence of
the bounded stabilizing solution of (6.87) are obtained via Theorem 5.12. The
condition R(t,4)+ > p_o BF (t,1)E(t, X (t+1))By(t,i) > vI,,¥(t,i) € Zy x D
is automatically satisfied, due to assumption (c), together with M (¢,i) =
M7T(t,i) > 0.
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Remark 6.7 The construction of the optimal control in the case of the track-
ing problem investigated in this section is based on advance knowledge of
the reference signal on the whole time interval. This is a difficulty that
is hard to overcome if the reference signal {r(t};>0 is a sequence without
other additional properties. In this case an infinite is required to compute
the terms ¥(t,7) occurring in the optimal control. However, in some impor-
tant cases, such as the case of periodic reference signals or in the case of a
constant reference signal, we need a finite memory to compute the bounded
solution on Zy of the backward affine equation (6.91). Let us assume that
there exists an integer # > 2 such that the coefficients of the system (6.83),
the weights of the cost functional (6.85), and the reference signal satisfy:
Ap(t + 0,i) = Ar(t,i), Be(t + 6,4) = By(t,i),0 < k < r,M(t + 6,7) =
M(t,i), R(t + 0,i) = R(t,i),i € D, and r(t + 0) = r(t) for all t € Z. Under
these conditions one obtains, via Theorem 5.5, that the stabilizing solution of
the DTSRE-C (6.87) is a bounded sequence with the same period 6. There-
fore the corresponding stabilizing feedback gain F (t,7) is also periodic with
the period 6. Applying Theorem 2.5(ii) to equation (6.91) we deduce that the
unique bounded solution £(t) of (6.91) is periodic with period 6. As in the
case of the equation (6.73), equation (6.91) can be regarded as a discrete-time
backward affine equation on the space R™V:

R(t) = AR(t+ 1)+ §(t), (6.92)

where fl’{Nis the adjoint of the operator A; defined in the proof of Lemma 6.4.
Setting Z(t,s) for the linear evolution operator on R™Y defined by the
sequence {A; };>0 we obtain the representation

R(t) = Z*(0,)R(0) + Y 5% (s,)3(s), (6.93)

0 <t <6 —1. The final value %(0) of the periodic solution is obtained solving
the following linear equation, on R™V;

(Zrnny — Z7(0,0)z = =%(s,0)g(s), (6.94)

where Zgnn is the identity operator on R™V. Because the sequence {flt}tzo
defines an exponentially stable evolution, it follows that A = 1 is not in the
spectrum of the operator =* (0,0). Hence equation (6.94) has a unique solution
7(0) = (Tpev — Z%(0,0))" (X724 5%(s,0)3(s)). Plugging this in (6.93) we
obtain the values of the solution &(t) required for the construction of the
optimal control.

In the time-invariant case (f = 1), the bounded solution of (6.91) is con-
stant. It is given by & = (Zg»~ — .A)~'§. In this case 1(t,7) — (7).
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6.6 Notes and references

In the discrete-time stochastic framework the linear quadratic optimization
problem was separately investigated for systems with independent random
perturbations and systems with Markov perturbations, respectively. Thus, for
the case of discrete-time stochastic systems with independent random pertur-
bations we refer to [88, 89, 113], and for discrete-time systems with Markovian
switching we mention [2, 6, 15, 16, 18, 27, 55, 59, 75, 84, 86, 87, 90, 89].

In this chapter we consider different aspects of the linear quadratic
optimization problem for a general class of discrete-time time-varying linear
stochastic systems subject to multiplicative white noise perturbations and
Markov jump perturbations. The results contained in Sections 6.2 and 6.3 are
the discrete-time counterparts of those published in Sections 5.1 and 5.2 from
[40]. They are presented in detail for the first time in this monograph. The
results included in Section 6.4 were presented firstly in [45], and the tracking
problem on the infinite time horizon was published in [44].
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Discrete-time stochastic H, optimal control

In this chapter the problem of H; control of a discrete-time linear system
subject to Markovian jumping and independent random perturbations is con-
sidered. Several kinds of Ha-type performance criteria (often called Hy norms)
are introduced and characterized via solutions of some suitable linear equa-
tions on the spaces of symmetric matrices. The purpose of such performance
criteria is to provide a measure of the effect of additive white noise perturba-
tion over an output of the controlled system. Different aspects specific to the
discrete-time framework are emphasized. Firstly, the problem of optimization
of Hs norms is solved under the assumption that a full state vector is available
for measurements. One shows that among all stabilizing controllers of higher
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 discrete-time generalized Riccati
equations. The case of discrete-time linear stochastic systems with coefficients
depending upon the states both at time ¢ and at time ¢t —1 of the Markov chain
is also considered. Secondly, the Hs optimization problem is solved under the
assumption that only an output is available for measurements. The state space
realization of the Hs optimal controller coincides with the stochastic version
of the well-known Kalman—Bucy filter. In the construction of the optimal con-
troller the stabilizing solutions of two systems of discrete-time coupled Riccati
equations are involved. Because in the case of the systems affected by multi-
plicative white noise the optimal controller is hard to implement, a procedure
for designing a suboptimal controller with the state space realization in a
state estimator form is provided. Finally a problem of Hs filtering in the case
of stochastic systems affected by multiplicative and additive white noise and
Markovian switching is solved.

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 223
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 7,
© Springer Science + Business Media, LLC 2010
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7.1 H, norms of discrete-time linear stochastic systems

7.1.1 Model setting

Consider the discrete-time linear system (G) described by:

st 1) = (Aol + £ w4000 ) 2(0) + B (o)

z(t) = Cln)a(t),t € Zy,

(7.1)

where z(t) € R" is the state vector, z(t) € R"= a controlled output, {w(t)}:>0
(where w(t) = (wy(t),...,w,(t))T) is a sequence of independent random vec-
tors, {v(t)}+>0 is a sequence of m,-dimensional independent random vectors
on a given probability space (£2, F, P), and {n; }+>0 is an homogeneous Markov
chain with the set of the states D = {1,2,..., N} and the transition proba-
bility matrix P. In (7.1), Ax(i) € R"*", B, (i) € R®*™> and C(i) € R"*"=
are given matrices. As usually, Z, stands for the set of nonnegative integers.
Throughout this chapter, we assume that the stochastic processes {n; }:+>0,
{w(t)}1>0 satisfy the hypotheses Hy, and Hy introduced in Section 1.5, and
related to the sequence {v(t)}i>0, we make the following assumptions.

A.7.1 {v(t)}4+>0 is a sequence of independent random vectors with the pro-
perties:
E(t)] =0,Ep(t)w" (t)] = In,, t>0

and {v(t)}+>0 is independent of stochastic processes {w(t)}i>0 and {n: }i>o0.

IR

Let A(t) = Ao(n,) + 32 wi(t) A (), ¢ > 0. Set

=~
I

1

At — 1At —2)---A(s), if t>s+1
pit.g) — [ A7 DAC=2)4G)
I, if t=s.
If x(t, to,zo,v) is the solution of (7.1) with the initial value z(to,to,
Zo,v) = xo then we have the following representation formula,

t—1
a(t, to, m0,v) = B(t,to)g + Y D(t, 1+ 1)By(m)v(l) (7.2)

l=to

forallt > tg+ 1.
Due to the linearity of (7.2), we have the decomposition:

x(t, to, xo,v) = x(t, to, 20, 0) + x(t, to, 0, v) (7.3)
with x(t, to, x0,0) = f;tlo &(t,l + 1)B,(n)v(l). The corresponding output is

Z(ta th Zo, U) = C(?’]t)l’(t, th Zo, O) + Z(t, tOz Oa U)? (74)
where z(t,t0,0,v) = C(n)xz(t, to, 0,v).
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In (7.4) C(ne)x(t, to, xo,0) is the transitory component of the output signal,
whereas z(¢, to, 0, v) is the answer of the system determined by the exogenous
noise v(t).

7.1.2 Hy-type norms

The linear system obtained from (7.1) is

2(t+1) = (Ao(me) + Y wi(t) Ax(me))2(2). (7.5)

k=1

Under the assumption that the zero state equilibrium of (7.5) is exponentially
stable in the mean square (ESMS), we introduce the following performance
criteria associated with the system (7.1).

. 1/2
1Glls = (llggo . ZE[zu,o,xo,v)]) (7.6)

t=0

l—o0

t=0 i€Dg

1/2
[TellB <hm ZZZE\ztO 20, 0)[? 770—2]> , (7.7)

where Dy C D is the subset introduced by (1.8) for s = 0,

) 1/2
G2 = ((lim E[J2(2,0,20,0)]) . (7.8)

Because in the deterministic framework (i.e., D = {1} and Ax(1) = 0,1 <
k <) the right-hand side of (7.6)—(7.8) provides the state space characteri-
zation of the Hs norm of a linear time-invariant deterministic system, we
preserve the same terminology in this general framework of stochastic sys-
tems (7.1). That is why we call Hy norms the cost functionals introduced by
(7.6)-(7.8).

Having in mind (7.4) together with the exponential stability in the mean
square of the zero state equilibrium of (7.5) one can see that the transitory
component of the output z(t,s,xo,v) does not influence the performances
(7.6)—(7.8). Explicit formulae for the performances (7.6)—(7.8) are derived in
Section 7.2.

It is worth mentioning that in the literature which deals with the problem
of Hs optimal control for discrete-time linear stochastic systems only the Hy
performances of type (7.8) are considered. In this chapter we consider also
Hj norms defined via Cesaro limits (see (7.6)—(7.7)). In the next section we
show that the Hy norms (7.6)—(7.7) can be computed under some weaker
assumptions than (7.8).
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7.1.3 Systems with coefficients depending upon 7; and 7;_1

The explicit formulae of the Ho norms (7.6)—(7.8) are derived as special cases
of some corresponding Hy norms defined for a class of discrete-time stochastic
systems with coefficients depending upon 7; and 7;—1. A motivation for the
consideration of the systems with coefficients depending upon n; and 71
can be found in Section 1.6. Here we show that regarding systems (7.1) as
special cases of systems (7.9) allows us to obtain new formulae for the Hs
performances (7.6)—(7.8) that do not have an analogue in the continuous-time
case.

To redefine the Hy norms of type (7.6)—(7.8) in the case of systems with
coeflicients depending upon 7; and 7;_1 we consider the uncontrolled system:

z(t+1) = (Ao(ﬁtﬂ?t—l)
(G): + ;;; wy(t) Ak (1, 77t—1)>x(t) + By(ne, me—1)v(t) (7.9)
2(t)  =Cn,me—1)x(t), t > 1.

As in the case of system (7.1), x(t, to, o, v),t > to > 1,20 € R™ stands for the
trajectory of (7.9) with the initial value x(to, to, o, v) = zo and z(t, to, xo,v) =
C(neymi—1)x(t, to, o, v) is a corresponding output.

The analogues of norms (7.6)—(7.8) defined for the system (7.9) are:

G2

l—o00

1/2
hleE 2(t,1,20)] ]1 (7.10)

1/2
N\GN\Z = | lim ; Z Z El|z(t, 1, x0) | |no = 2]1 (7.11)

l—o0
t=11€Dy

- 1/2
lim E[\z(t,s,xo)m . (7.12)

G2
In the next section we show how we can express the right-hand side of (7.10)—
(7.12) in terms of the solution of some suitable linear equations. Such linear

equations extend to this framework the well-known equations of observability
Gramian and controllability Gramian from the deterministic framework.

7.2 The computation of H,-type norms

Consider the discrete-time linear system

2t +1) = | Ao(ne,me—1) + Y wiet) Ax(me, m—1) | 2(t) (7.13)
k=1
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obtained from (7.9) taking B, (i,j) = 0. Using the matrices Ak (i,7) and the
transition probability matrix P we construct the linear operator (see also
(299) T :SN = SN asTH = (YH(1),YH(2),...,YH(N)) with

r N
TH() =Y > p( ) A, ) HG)AL G, j), (7.14)

k=0 j=1

i € D,H € SY. By direct computation one obtains that the adjoint
operator 7* with respect to the inner product (2.18) is given by T™*H =
(T*H(1), T*H(2),...,T"H(N)),

r N
TUHG) =YY p(i, )AL G i) H(j)Ak(G i), €D, (7.15)
k=0 j=1

H € S8Y. From Theorem 3.15 for # = 1 one obtains that the zero state
equilibrium of (7.13) is ESMS if and only if the eigenvalues of the operator 1"
are in the inside of the disk |A| < 1.

For the proofs of the results in this section we need the following auxiliary
results derived from Theorem 1.6. For each (¢,s) € Z, x Z,, we denote

His = o, w(v);0 < p < t,0<v< s,

where either w(v) = w(v) or w(v) = (w(v),v(v)),v > 0.

In the special case t = s we write H, instead of Hy. It is obvious that
Hy = H; if w(v) = w(v) and Hy = Hy if w(v) = (w(v),v(v)),v > 0. The next
result is derived directly from Theorem 1.6.

Corollary 7.1 Under the assumptions Hy, Hs, and A.7.1 the following equa-
lity holds:

E[X{nt+1:j}|7:‘t} = E[X{m+1:j}|nt] = p(nta.]) a.s.
forall j € D;t > 0.

It must be remarked that equality in the previous corollary extends (1.6)
to the joint process {ne, w(t)}e>0 or {ne, w(t),v(t)}=0-

7.2.1 The computations of the norm |G|z and the norm [|G||,
We start with the following auxiliary result.
Lemma 7.1 Under the assumptions Hy, Hy, and A.7.1 we have
B[z (t + 1)H (ns)x(t + 1)|ns_1]
= Bl (t)(TH) (1je-1)2(t)[15-1]

N
+ Z E[Tr[H()By(j, ne—1) By (4, m—1)1p(—1, 5) Ins—1],

j=1
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Vt>s>1, HeSY, where x(t) = x(t,s,z0,v) is a trajectory of the system

(7.9) starting from xo at t = s.

Proof. First we write
T (t+ 1) H(ny)a(t +1)

=" (t)AJ (e, e—1)H () Ao (1, me—1)x(t)

+ > wetwi )z ()AL (g, me—1) H (1) Ar (g, me—1) ()

k=1

+ 0T (&) B (e, me—1) H () Bo (e, ne—1)v(t)
+2Zwk 0 (s me—1)H () Ak (e, me—1)2(t)
+ 227 () AT (e, me—1) H (ne) B (ne, me—1)v(t)

+2 Z wi ()" ()AL (e, ne—1)H (ne) By (ne, ne—1)v(t). (7.16)

If we take into account that x(t) is H,;_1-measurable, H;_1 C H;, and wy(t),
v(t) are independent of H, one obtains

E[x" (£) A (1, e—1)H (0¢) Ao (ne, me—1)x(£) [ He)
= xT (£) A (e, me—1) H (116) Ao (e, 1ie—1) (1) (7.17)

E [Z wy (Eywy (8" () AL (e, me—1) H (16) Ar (1, me—1) () | H

k=1

= > @ ()AL (e, me—1 ) H (0e) Ar (e, mi—1) 2 (8) By (8)wn (1) | He]

k=1

<

T ()AL (mene—1) H (1) Ay (e, 1e—1) 2 (8) E[w (8w (1)),
k=1

Based on H; one gets:

Z wi(B)wy ()2 (£) AL (e, me—1)H (ne) Ai(ne, me—1) () [ He

k=1

E

—Zﬂs £) AR (e, me—1 ) H (1) Ak (6, 1 -1) (1) (7.18)
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T

E Y wi(t)z" (6) AT (1) H () A, me—1)(8) [ He

k=1

T

= > a" (O)AG (e, e—1) H (0e) A (e, e—1 )2 (8) E[wy (£) [ Hy ]

= @ () A (e, 1e—1) H (0e) A (e, e—1)(t) E[wi (¢)).
k=1

Invoking again the assumption H; we conclude:

Zwk 77t ne—1)H (nt)Ak(m»nt—l)x(t)lﬂt] =0 (7.19)

Zwk () A% (e 1 1)H(Tlt)Bv(77t7Ut—l)”(t)mt]

—Zﬂs t) A% (e, me—1) H (11e) By (e, 10e—1) E[wi (8)v(£) [ He]

= Zf )AL (e, 1) H (ne) By (e, 1) Elwy ()0 (2)].
Based on the assumptions Hy, Hs, and A.7.1 we deduce:

wac ()AL (e, me—1)H (1) By (e, me—1)v(t)[He | =0. (7.20)

Similarly

Ela" () A (e, ne—1)H (1) By (ne, ne—1)v(t)[He] = 0. (7.21)
Invoking again A.7.1 we write:
= E[Tr(By (1, ne—1) H (1) By (e, o1 ) ()0 (1)) | He]
= Tr[By (11, —1)H (1) B [o(t)
= T?“[Bf(m,nt—l)H(m)Bv(m ne—1) Elo(t)v” (¢)]]
(m)B

:TT[BE(TIt,Ut—l)H 1) By (0, Me—1)]- (7.22)
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Combining (7.16)—(7.22) one obtains
Ela" (t+ 1) H (ne)x(t + 1)[Hy]

—Zl” Ak Nt Ne—1) H (0) Ak (0e, me—1)2(t)

+ Tr[BY (1, 11 ) H (1) Bu (e, mi—1))- (7.23)

Further taking the conditional expectation with respect to Hi_q in (7.23) one
obtains:

ElT(t + 1) H(n)z(t + 1) Hy—1]

—ZZA% 161V H () Ak (G, e—1) (O E[X oy [ Hi—1]

k=0 j=1

N
Tr ZH Gyne-1) By Gy ne-1) Elx o=y [ Hea] | - (7.24)
Jj=1

Applying Corollary 7.1 one deduces

E[X{m:j}mt—l] = E[X{m:j}mt—ﬂp(??t—l,j) a.s. (7'25)

Combining (7.24) and (7.25) and taking the conditional expectation with
respect to o[ns—1] C H;_1 we obtain the equality in the statement and thus
the proof is complete. O
Let A(t) = Ao, mi—1) + Y peq wi(t) Ak (e, mi—1). We define O(t,s) =
At — DAt —2)---A(s) if t > s >1and O(t,s) = I, if t = s. O(t, s) is the
fundamental matrix solution of the system (7.13).
The solutions of the affine system (7.9) have the representation

t—1

x(t, s,xp,v) = O(t, $)xo + Z@(t,l + 1)By (i, m—1)v(l) (7.26)

l=s
forallt > s+1,s > 1,20 € R™. We often write z((¢, s, v) instead of z(¢, s, 0, v).
Lemma 7.2 Under the assumptions Hy,Ho, and A.7.1 the following hold.
(7’) E[:L‘o(t, S, v)xg(tv S, ’U)] = f;sl E[Q(tv [+ 1)Bv(ﬂl» Ul—l)Bg(ﬂl» 77l—1)9T
(t,l+1)].
(i)
E[IO(ta S, ’U)l’g(t, S, /U)X{m71:j}]

t—1
=Y EO(t 1+ 1)By(m,m—1)BL (i, m—1)O" (4, 1+ 1)xn, =13

l=s

forallt >s>1.
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Proof. Using (7.26) for xo = 0 one first computes the conditional expectations
Elzo(t, s,v)xd (t,5,0)|Hi—1]
and
E[IO (ta S, U)l’g (ta S, U)X{mflzj} ‘Ht—1]~

To this end one takes into account that O(t,l + 1), B, (i, m—1) are Hy_1-
measurable, and v(l) are independent of H;_;. Details are omitted. O

Remark 7.1 If together with assumptions Hy, Hy, and A.7.1 we assume that
the zero state equilibrium of (7.13) is ESMS, then from Lemma 7.2 one obtains
that:

sup Ef|zo(t,s,v)*] <7 < oc. (7.27)
t>5>1

On the other hand from the representation formula (7.26) one deduces that
E[|z(t, s, 20,v) — zo(t, s,v)[*] < Bg"%|2o|? (7.28)

forallt > s> 1,20 € R", 8> 1,q € (0,1). Combining (7.27) and (7.28) we
may conclude that

sup El|z(t, s, x0,v)|*] < y1(1 + |zo]?), YV xo € R™ (7.29)
t>s>1

Lemma 7.3 Assume:

(a) The assumptions Hi,Ha, and A.7.1 are fulfilled.
(b) The zero state equilibrium of (7.13) is ESMS.

Under these conditions we have:
hm n ZE |C (e, e—1)z(t, 1, 20, v) 00 = i

N

= > Tr[Bl(i1,i2) X (i1) By (i1, ia)Ip(iz, i1)q(i, i2)

11712 1

for all xo € R",i € Dy, x(t,1,20,v) is the trajectory of (7.9) starting from
zo att=1, X = (X(1),X(2),...,X(N)) is the unique solution of the affine
equation on SN

X=7"X+0C, (7.30)
where C' = (C(1),C(2),...,C(N)) with

N
C(i)=>_p(i,5)CT(4,1)C (1), (7.31)
j=1

and q(i,12) are the entries of the matriz Q introduced by the Cesaro limit from
Proposition 1.5.
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Proof. Under the considered assumptions the eigenvalues of the operator 1°
introduced by (7.14) are located in the inside of the disk |A| < 1. Then
applying Theorem 2.5(iii) we deduce that the linear equation (7.30)—(7.31) has
a unique solution X = (X (1), X(2),..., X(N)) € SN*. Applying Lemma 7.1
for H (i) = X (i) one obtains for i € Dy,

E[z"(t+ 1)X (n)x(t + 1)|no = i] = Ela" ()(T* X) (ne—1)2(t)|no = )]
N

+ Y E[Tr[X(§) By Gy ne—1) By Gym—1)lp(e—1, 5)Ino = i,
=

V x(t) = x(t, 1,20, v) the solution of (7.9) with the initial value z¢ at t = 1.
Based on (7.30) we deduce

E[z(t+ 1) X ()x(t + 1)no = i] — Elz” (£)X (ne—1)()|no = 1]

= —E[2T(t)C(ne_1)x(t)|no = 1]
N
+ 2 BITrX () By Gy me1) BY (G )Ip(me-1, 3)lmo = i,

where C(i) is defined in (7.31).
Furthermore we have

Elz"(t + D)X ()2t + 1)|no = i] — Ele™ (8)X (1) (t)|no = i]
= — B[z (t)C(n—1)x(t)|no = i]

+ Z Tr[X (7) By (s i2) By (s i2)lpliz, j)p' = (i, i2), (7.32)

J,i2=1

where p'~1(i,is) is an element of P*~!. On the other hand,

N
E[|C (e, me—1)2(t) |* | Fe—1] ZE|CJ M—1)T ()X (=g} |2 Fe-1]
Jj=1

N
Z Gy m—1)x ()P Elx =y | He—1].  (7.33)

Using Corollary 7.1 again, one deduces that
ElX{n=i} [He—1] = p(ne—1.5). (7.34)
Combining (7.33) and (7.34) together with (7.31) we may write
E[|C (e me—1)x(t)P[Heo1] = 2" (£)C (ne—1)2(t).
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Taking the conditional expectation with respect to the event {ny = i} in the
last equality and replacing the obtained result in (7.32) we have

E[|C (e, me-1)z()[* 0 = 1]

Z TT ]77’2)Bg(j7 ig)]p(ig,j)pt_l(i,ig)

Jsi2=1

+ Elz" ()X (ni—1)z(t)Ino = i] — Elz” (t + 1) X (n)x(t + 1)lno = i
Thus

l
LS BIC m-a(t) Pl = 7

t=1
N ) !
Z Tr(X (i1)By(i1,i2) By (i1, 12)|p(i2, 1) Zpt Y, ig)|  (7.35)
iriz=1 t=1
1 5 5 )
+ ; [xd X ()xo — ElzT (1 + 1) X (m)z(l + 1)|no = 4]].

Based on Remark 7.1 we obtain E[zT (I41)X (n)z(1+1)|no = i] < (1 /70 (7)) (1+
|z0|?). Therefore

lim ! [zl X (i)xo — ElzT (1 + 1) X (m)z(l + 1)|no = i]] = 0. (7.36)

—)OOZ

On the other hand from Proposition 1.5 we obtain

hm n Zpt Yi,ia) = q(i,i2). (7.37)

Taking the limit for I — oo in (7.35) and taking into account (7.36)—(7.37)
one obtains the equality in the statement and thus the proof is complete. [

Now we are in position to prove the result that provides the explicit for-
mulae of the Hy norms (7.10)—(7.11).

Theorem 7.1 Assume:

(a) The assumptions Hi,Ho, and A.7.1 are fulfilled.
(b) The zero state equilibrium of (7.13) is ESMS.
Then:

(4)

N
(IGl2) Z g™ (i2)p(ia, 1) Tr[X (i1) By (i1, 32) By (i1, i2)]

N
Z 21,7,2 TT (Zz,il)yﬂo(il)c(i27il)]

21722 1
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(id)
N -~
> qP0(i2)p(ia,in)Tr[X (i1) By (i1, iz) By (i1, i2)]

i1,in=1

(I1Gl2)*

N
= > plin,i2)Tr[Cin, i)Y (i1)C iz, 1)),

i1,i0=1

where X € SN+ is the unique solution of the linear equation (7.30)-
(7.31) and Y™ = (Y™ (1),Y™(2),...,Y™(N)) € SN*, and YPo =
(YPo(1),YPo(2),...,YPo(N)) € SN*, respectively, are the unique
solutions of the linear equations:

Y=7Y +B™ (7.38)
and

Y =YY + BP?, (7.39)
respectively, with B™ = (B™ (1), B™(2),...,B™(N)),

N
B™ (i) =Y q™(j)p(j, i) By (i, 5) B (i, 5), (7.40)

j=1
and BP0 = (BPo(1), BP0(2),..., BP(N)),

N
BP0 (i) = ZqDO ()p(4,9)Bu(i, j)Br (3,5), 1<i<N, (7.41)
g™ (i) = Y0, mo(3)a(s, i) and ¢P0 (i) = 3, 4(j,4),1 < i < N.

Proof. We start with the proof of (ii). Directly from the equalities in Lemma 7.3
one obtains that

l
(16l = Jim | >° 3 Blls(e,1,20) Pl =

t=1i€Dy

N
> D aliio)pliz, i) Tr[X (ir) By (ir,i2) By (i1, 2)]

i1,i2=11€Dy

N
> @™ (ia)pliz, in)Tr[X (1) By (i, i2) By (i1,42)]  (7.42)

iy =1

which confirms the validity of the first equality of (i).
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Furthermore (2.18) and (7.41) allow us to write

N
Z q ZQ,Zl)T’I“[X(il)BU(il,7;2)35(7;1,ig)}

’L],’Lz 1
N - ~
- Z Tr[X (i1) B (iy)] = (X, B).

Using the equation verified by Y0 and equality (7.42) we have:
(HGHQ)Q = <)~(aYDO> - <X7TYDO> = <X - T*XaYDO> = <éa YD0>'
Taking into account (2.18) and (7.31) we may write finally

N
IGll2)* = > plin, io)Tr[CT (2, i1)C iz, 11)Y ™ (in)],
inin=1
which confirms the second equality of (i7).
To prove (i) we take into account that E[|z(t,1,20)’] = > ;cp, m0(i)

El|z(t,1,20)%|n0 = i]. Thus, multiplying by mo(i) the equalities proved in
Lemma 7.3 and proceeding as in the first part of the proof one obtains that
(7) holds and the proof is complete. O

Using Lemma 7.1 for H = X one can prove the following.
Proposition 7.1 Assume:

(a) Assumptions Hy,Hy, and A.7.1 are fulfilled.
(b) The zero state equilibrium of (7.13) is ESMS.
(¢) P is a nondegenerate stochastic matriz.

(d) mo(i) >0, 1<i<N.

Under these conditions, the following hold.

(4)

s+i—-1 N

.1 .
tim >0 S BIC s w1 )a(t, 5, 20) 1 =i

l—o0 .
t=s =1

N
= > G(ia)pliz, i)Tr[X (i1) By (i1, i2) By (i1, i2).

iy ip=1

(i)

s+l 1
hm o 1 Z ‘C Mt Me— 1) (t7571‘0)|2}

N
X Z q™ (i2)pliz, i1)Tr[X (i1) By (i, i2) B (i1, 42),

i1,in=1
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for every solution x(t,s,xzo,v) of the system (7.9) starting from xo at
t =s,q™(i2) is defined as in Theorem 7.1 and G(iz) = Zi\[:l q(i,42).

To prove the equality in (i7) one uses the fact that ms_1 (i) = Zjvzl 0 (J)
s=1(4,4), where p*~1(j,4) are the entries of P*~!. The details are omitted.

From Theorem 7.1 one sees that the Hs norms introduced by (7.10) and
(7.11) do not depend upon the initial values xq of the solutions x(¢, 1, zq, v) of
the system (7.9). The result stated in Proposition 7.1 shows that under some
additional assumptions the norms (7.10) and (7.11) do not depend upon the
initial time t = s, too.

p

7.2.2 The computation of the norm |||G|||2
We start with the following.

Lemma 7.4 Under the assumptions Hy, Hy, and A.7.1 the following hold.

t—1
E[Z‘o(t, S, v)xOT(t, S, U)X{m71:j}] = Z(Tt_l_lHl)(j)7

l=s
where H; = (Hl(1)7 Hl(2)7 RN Hl(N))7

N
Hy(i) = Y mo(in)p'™ (i, i2)p(iz, ) Bu(i,i2) By (i,i2),

i1yia=1
with p'~1(i1,i2) as in Proposition 7.1.

Proof. For each 1 < j < N we choose H? = (HY(1),H?(2),...,H/(N)) € S¥
defined as follows: H7(i) = 0if i A~j and HY (i) = ££7 if i = j, where £ € R”
is arbitrary but fixed. Applying Lemma 7.1 for H = H7, one obtains

Elag (t+1,5,0)& o (t + 1, 5,0)X (g, =53 Ins—1]
= Blag (t,5,0) (T H?) (ne—1)wo(t, 5,v)|15-1]
+ Blp(e—1, )Tr[By (7, 1e-1)6€" Bo(G, me—1)]15—1]- (7.43)
Using (7.15) we obtain

(V" H) (1) = p(mi—1,5) Y AF (G me-1)6€" Ak (G me—1).-
k=0
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This leads to
@ (t, 5,0)(T* H?)(ne—1)zo(t, 5, 0)

=Tr | > AL (G m—1)6€7 Ak, me—1)o(t, 5,0)8 (t,5,0) | pO1-1.5)
k=0

N

= Z Zp(ia.j)gTAk(.j’ i)[xo(t, 5, ’U)l‘g(t, 5, U)X{mfl:i}]Ag(.j’ Z)f

k=0 i=1

Now (7.43) becomes:

E[l’g(t + 17 S, ’U)ffoo(t + 17 S, U)X{m:j} |ns—l]

r N
=3 > (i, HET AR, i) Elwo(t, 5, 0)a (¢, 5,0)X n, =iy Ins—1] AL (7, D)€

k=0 i=1
N

+ > (i, )E By, 1) BY (G, )EE X (=i} Ins—1]. (7.44)
i=1

Taking the expectation in (7.44) and having in mind that
N
ElX (e 1=i}] ZWO (i1, 1)
=1
we get:
é-TE[xO(t + 17 S, U)$g(t =+ 1a S, U)X{m:j}]f

r N
= ET (Z Zp(ZaJ)Ak(J7 i)E[l‘o(t, S U)iﬁg(t, S, U)X{m71:i}]A£(j7 Z)) §

k=0 i=1
N
+& Y molin)p' ™ (i, D, ) Bu(G, ) BY (4,1) | € (7.45)
iyip=1
Because ¢ is arbitrarily chosen, (7.45) becomes:
E[xo(t +1,s, v)xg(t +1,s, U)X{m:j”

= ZZP(Z7J)A’€(]72) [(L‘o(t 5 1)){1,‘0 (t 5 U)X{m 1= 1}}Ak (]7 )+Ht( )
k=0 i=1

(7.46)
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Let Y(t) = (Y(t,1),Y(¢,2)...,Y(t,N)), where
Y(t,i) = BElxo(t, s,v)zd (t, 8, V)X (e =i} t>s.
With this notation (7.46) may be rewritten in a compact form:
Y(t+1)=2Y(t)+Hy, t>s. (7.47)
Because Y (s) = 0 one obtains via (7.47) that

t—1
Y(t)=> r'"'H,. (7.48)
l=s

But the jth component of (7.48) coincides with the equality from the state-
ment. Thus the proof ends. O

Before stating the next result we introduce an additional assumption.

A.7.2 The transition probability matrix P has the following property:
lim;_, o P exists.

Remark 7.2 Under the assumption A.7.2 if Q = lim;_,o, P' then the matrix
@ is the same as the one given by the Cesaro limit in Proposition 1.5.

Lemma 7.5 Assume:

(a) The assumptions Hy,Ha, A.7.1 and A.7.2 are fulfilled.
(b) The zero state equilibrium of the system (7.13) is ESMS.

Under these conditions we have:
tEI& E[{l?(t, S, X0, /U)xT (t7 S, 20, /U)X{nt71:j}]y7r0 (])
for all j € D, where Y™ = (Y™ (1),Y™(2),...,Y™(N)) € SN+ is a unique
solution of the linear equation (7.38), (7.40).

Proof. If the assumption A.7.2 is fulfilled it follows that lim;_., H;(i1) =
B™o (il),Vil e D.
Using the equality proved in Lemma 7.4 we may write successively

E[fo (ta S, 7])1'(,1; (t7 S U)X{nt—lzj}}

= S ) G)
l=s

= S BTG + S (- BR))G)
l=s l=s
t—s—1 t—1
=3 @BYG) + S (- B (). (7.49)
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From assumption (b) in the statement we deduce firstly that
t—s—1

lim > (Y'B™)(j) = Y _(X'B™)(j) = Y™(j). (7.50)
=0 =0

t—o0

Also from assumption (b) we deduce that there exist § > 1,4 € (0,1) such
that

M < Bg', VI, (7.51)

where || - ||¢ is the Minkovsky norm of the operator 7" induced by (2.20).
If |M| is the spectral norm of a symmetric matrix then based on the
definition of (2.20) we deduce

t—1

D TN H — B™)()

l=s

<

t—1—1

Z Tt—l—l(Hl o BT!'Q)
l=s 13
t—1

<D N gl H - B
l=s

Furthermore, (7.51) allows us to write

t—1 t—1
SN H - BTG <> Bt H, — B (7.52)
l=s l=s
Because lim;_,o [H; — B™|¢ = 0 and ¢ € (0, 1) one obtains from (7.52) that
t—1
lim Y [V H, — B™)](4) = 0. (7.53)

t—o0
l=s

Taking the limit for ¢t — oo in (7.49) and using (7.50) and (7.53) one obtains
lim Elzo(t,s,v)zd (¢ 8,0) X, =]V ™ (), VjeD, s>1. (7.54)

t—o0

Furthermore, the representation formula (7.26) together with assumption
(b) in the statement allows us to write

E[|1’(t,5,1’0,v) - 130(t,3,'l/)|2] S ﬁqt_s‘xOPa

Vit>s>1,20 € R", where > 1,q € (0,1).
Hence

lim E[x(t,s,xo,v)xT(t,s,xo,v)X{mflzj}]

t—oo
= thm E[xo(t757U)xg(t757U)X{m71:j}} (755)

forallt > s > 1,29 € R". The equality in the statement now follows from
(7.54) and (7.55) and thus the proof ends. O
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The main result of this subsection is the following.

Theorem 7.2 Under the assumptions of Lemma 7.5 we have the following
formula for the Hy norm (7.12).

(I1Gl]2* = Z Tr[C(ir,i2)Y ™ (i2) CT (i1, i2)|p(ia, i1)

’L] ,’Lz 1

N
= Y @™ (i2)pliz, i1)Tr[B] (in,i2) X (i1) By (i1, ia)],
i1yia=1

where X = (X(1),X(2),...,X(N)) € SNt is the unique solution of the linear
equation (7.30) and (7.31), Y™ = (Y™ (1),Y™0(2),..., Y™ (N)) € SN+ is the
unique solution of the linear equation (7.38)—(7.40), and ¢q™ is defined as in
Theorem 7.1.

Proof. Set x(t) = x(t,s,z0,v) and 2(t) = z(t,s,20,v),t > s > 1,70 € R".
Because x(t) is H¢—1-measurable we may write successively

E[|2(t)]*[He-1]
= E[Tr(C(ne, m—1)z(t)x” ()C” (e, m1—1))[He-1]

Z E[Tr(Cir,ig)a(t)a” ())CT (i1, 12)) X ne=ir} X {11 =ia} [ Hi—1]

21722 1

Z Tr(C iy, ig)a(t)a” ()CT (i1,12) X (n, 1 —ia} EIX (ne—in} He-1].

21722 1

Using Corollary 7.1 with H,_; instead of H,; we obtain ElX{n=i1} |7:lt_1] =

p(Nt—1,71)-
Thus we have
N

Ellz(0)PHe-a] = Y plio, i) Tr[Clin, in)a(t)z” ()CT (i1, i2)]X g, 1 =iz}

i1ia=1
Taking the expectation in the last equality one gets:
N

Ellz()P) = > pliz,i1)Tr{Cir, i2) Ele(t)z” (t)x (g, -, =ia})C” (i1,12)},

i1,ip=1
t>s>1,z0 € R". Based on Lemma 7.5 we may conclude

Jlim B[z (t, 5,20, v) ]

N
Z p(ig,il)TT[C(il,ig)Yﬂ—o (ig)CT(il,ig)],S >1, o € R"™.

i1,in=1
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This confirms the validity of the first equality in the statement. The second
equality may be proved in the same way as in Theorem 7.1. Thus the proof
ends. O

7.2.3 The computation of the Hs norms for the system of type
(7.1)

The systems described by (7.1) can be regarded as systems of type (7.9) in
two ways.
First we may transform the system (7.1) as

. Z(t+1) = <A0(77t777t 1)+Zwk() k(N Ne— 1)) E(t)+ By (ne, ne—1)v(t)

(G): \
Z(t) = C(ne,me—1)x(t ),
(7.56)
t > 1, where
Ak(i’j):Ak(i% OS]CS’/’, Bv(i’j):Bv(i)a
C(i,j)=C(i), i,jeD. (7.57)

Also, (7.1) could be viewed as a system of type (7.9) as follows:

r

E(t4+1) = [Ao(me, 1)+ X2 k() Ag (e, me—1) | () + By (e, me—1) (1)

(G): : =
2(t) = CMeyme—1)2(t), t>1,
(7.58)
where
Ap(i,j) = Ar(j),  0<k<r  Bu(i,j) = B.(j),
C(i,j) = C(j), i,j €D () =x(t—1),
Wp(t) =wi(t—1), o) =v(t—1), t>1. (7.59)

For each s > 1,29 € R™, let Z(t,s,xg,v),&(t, s, 0, 0),z(t,s,20,v) be the
solutions of (7.56), (7.58), and (7.1), respectively, starting from xg, at t = s.
It is easy to see that

Z(t, s, x0,v) = x(t, 8,20, v), t>s>1, 9 € R" (7.60)
Z(t,s,20,0) =x(t — 1,8 — 1,20, v), t>s>1, x0o € R".  (7.61)

Furthermore, if

g(ty S, 20, U) = C’(nt’ nt—l)i‘(t’ S, 20, 7])’
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2(t, 5,20, 8) = Cne, mi—1)2(t, 5, 0, 0),
z(t, s, x0,v) = C(n)x(t, s, 20,v), t>s>1,
then from (7.57) and (7.59)—(7.61) we have
Z(t, s, z0,v) = z(t, s, 0, v), t>s>1, 9 € R" (7.62)
2(t,s,20,0) = 2(t — 1,8 — 1, 20, v), t>s>1, x9 € R™ (7.63)
If7:8N — SN T:8Y — SN are the Lyapunov operators associated with

system (7.56), (7.58), respectively, then from (7.14), (7.57), and (7.59) we
have:

S G AGHGALG) = (A (76)

k=0 j=1

ZZP 4,0 AR () H (7) AL, (7) = (LH) (i) (7.65)

k=0 j=1
for all i € D,H € S~ where £ and A are the Lyapunov-type operators
associated with the linear system (7.5) by (2.58) and (2.59), respectively.
Using the equality (7.63) and Theorem 7.1 specialized to the system (G)
we obtain the following.

Theorem 7.3 Assume:

(a) The assumptions Hy,Hy, and A.7.1 are fulfilled.
(b) The zero state equilibrium of the system (7.5) is ESMS.

Under these conditions the Ho norms of the system (7.1) defined by (7.6)
and (7.7) are given by

()
N ~
IG5 = ' Z q™ (ia)p(ia, i1 ) Tr[X (i1) By (i2) By (i2)]
:ZTT (i)Y (i)CT (4)]
(i)
- o~ N -
Gl5 = Z g0 (i2)p(iz, i1)Tr[X (i1) By (iz) By (i2)]
N
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where X = (X(1), X(2),...,X(N)) € SNt is the unique solution of the alge-
braic equation

X=LX+C, (7.66)

where C = (C(1),C(2),...,C(N)),
C(i)=CT@)C@), ieD, (7.67)
Y= (Ym(1),y™(2),...,. Y (N)) € S and YPo = (YP0(1), YP(2),...,

YPo(N)) € SN+ are the unique solutions of the algebraic equations

Y=LY+B™ (7.68)
V=LY +B, (7.69)
where B™ = (B™(1),B7(2),...,B™(N)),
N
B™(i) = _Z 7™ ()p(j, i) Bu(§) BY (7) (7.70)
and BP0 = (BPo(1),BP0(2),...,BP(N)),
N
BP(i) = ¢ (j)p(j,i)Bu(§) By (),  i€D, (7.71)
=1

g™ (j) = Yiry mo(i)q(i,§) and ¢P°(§) = Yiep, ais ).

It must be remarked that if Dy = D then the Hs norm defined by (7.7)
does not depend upon the initial distribution of the Markov chain.

From Theorem 7.2 specialized for the system G, defined by (7.58),
we obtain the following

Theorem 7.4 Assume:

(a) Assumptions Hy,Hy, A.7.1, and A.7.2 are fulfilled.
(b) The zero state equilibrium of the system (7.5) is ESMS.

Under these conditions the Ha norm of the system (7.1) defined by (7.8)
s given by

\I\G\I\Q—ZTT NY™GHCT ()]

X Z 22,zl)Tr[QE(h)Bv(iz)BZ(iz)]y

11722 1

where Y™ is the unique solution of the equation (7.68),(7.70) and X is the
unique solution of the equation (7.66), (7.67) and g™ is defined as before.
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At the end of this subsection we remark that the equality (7.62) together
with Theorems 7.1 and 7.2 lead to some expressions of the Hs norms (7.6)—
(7.8) that do not have a correspondent in the continuous time framework.

Thus we have the following.

Theorem 7.5 Under the assumptions of Theorem 7.4 the following hold.

(4)

N
(IG12)* = (1G1ll2)? Z g™ (i2)pliz, i1)Tr[By (i1)X (i1) By (i1)]

p(ix, i2)Tr[C(i2) 2™ (iy)C7 (ia)).

Mz

iy ,ip=1

N
(G122 = > qPo(in)pliz, in)Tr[BE (i1) X (i1) By (ir)]

’L],’Lz 1
N
= Y plir,iz)Tr[C(iz) 27 (i1)CT (i2)],
i1 yia—=1

where X = (X(1),X(2),...,X(N)) € SNT is the unique solution of the
algebraic equation

X=AX+C, (7.72)
where C = (C(1),C(2),...,C(N)),

N
C(i) =Y _p(i,5)CT()C(j), €D, (7.73)

j=1
and Z™ = (Z7(1),27(2),...,2Z™(N)) and ZP° = (ZPo(1),
ZDo(2),..., ZPo(N)) are the unique solutions of the algebraic equations
Z = AZ + B (7.74)
Z = AZ 4 BP, (7.75)

respectively, with B™ and BP0 given by (7.70) and (7.71).

Taking into account Theorem 7.1, assertion (7¢) in the above theorem holds
if the assumptions of Theorem 7.3 are fulfilled.
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7.3 Some robustness issues

As we can see from Theorems 7.1, 7.2, 7.3, and 7.4, respectively, if N > 2
the Hs norms associated with the stochastic systems (7.9) and (7.1), respec-
tively, are strongly dependent upon the initial distributions 7y of the Markov
chain, or upon the subset Dy of the states i, such that P{ny = i} > 0.
Unfortunately, the initial distributions of the Markov chain are not known
a priori. To avoid such inconvenience specific to the stochastic systems sub-
ject to Markovian jumping, one could make the additional assumption: for
each i € D, lim;_ P{n: = i} exists and it does not depend upon the initial
distribution P{no = j},j € D.

One can obtain, via Theorem 1.5, that the above hypothesis is equivalent
to the fact that assumption A.7.2 is fulfilled and additionally the matrix
Q = lim;_, o, P! has the property q(i, j) = q(j),i,5 € D.

Another idea to overcome the problems due to the presence of the initial
distribution of the Markov chain in the formula of the H5 norms is to introduce
a suitable upper bound of these norms.

Thus in the case of the system (7.9) we define

N
(IG5 = 3= dG2)pliz,i)TrBI (i1, 2) X (i) Bu(in,i2)),  (7.76)
where ¢(iz) = Zf\f:l q(i1,12). We have
q"° (iz) < q(i2)
g™ (i) < q(i2) (7.77)

for every initial distribution 7y and for all subsets Dy C D. So, under the
assumptions of Theorem 7.1 we have:

1Gll2 < [[Gll2, [Gll2 < G2 (7.78)
Under the assumptions of Theorem 7.2 we also have
IGll2 < IG][2. (7.79)
Reasoning as in the proof of Theorem 7.1 we may obtain

N
(IGfl2)? = Z G(i2)p(ia, in)Tr[BY (i1,i2) X (i1) By (i1, i2)]

i1,i0=1
N ~
= > plir,i2)Tr[Cin,i1)Y (i1)C7 (ia, i1)], (7.80)

iy =1
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where X is the solution of (7.30) and (7.31), whereas Y = (Y(1),Y(2),...,
Y (N)) € SN+ is the unique solution of the algebraic equation

Y =7Y +B (7.81)

with B = (B(1), B(2),...,B(N)),

N
j (i,7)BL (i, 7). (7.82)

j:l
Using Lemma 7.3 we may prove the following.

Proposition 7.2 Under the assumptions in Theorem 7.1

N

1
(G = hm ;ZZEV (t,1,20)%],

t=1 i=1

>

where 2%(t,1,20) = C(ne, 1), 24 (t,1,10),2*(t,1,70),t > 1 being the solu-
tion of the system (7.9) corresponding to the Markov chain with the initial
distribution P{no =1} =1 and P{no =73} =0 if j # 1.

In the case of system (7.1) the equality (7.80) becomes

N
(IGMl2)2 = > lia)p(iz, in)Tr[BY (i2) X (i1) By (i2)]

= >_TrCEYHOT (), (7.83)

where X = (X(1),X(2 2), - /\;(Nz) is the unique solution of the equations
(7.66) and (7.67) and Y = ( (1),Y(2),...,Y(N)) € SN+ is the unique solu-
tion of the algebraic equation

V=LY +B, (7.84)

where B = (B(1),B(2),...,B(N)),
N
B(i) =Y q(j)p(,4)Bu(5)BL (5), (7.85)

G(7) being as before.

In the process of designing an H, optimal controller one may add to the
list of Hs performance criteria another one which asks the minimization of
| - ||2 of the closed-loop system.
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7.4 H, optimal controllers. The case with full access to
measurements

In this section we illustrate how the results proved in the previous sections can
be used to solve several Hs optimization problems for discrete-time linear sto-
chastic systems subject to independent random perturbations and Markovian
jumping. We consider the case of full access to the measurements. This means
that at each time ¢, the pair (x(t), n;) are available and can be used to compute
the control. The general case when only an output is available for measure-
ments is considered in the next section.

7.4.1 H, optimization

Consider the discrete-time controlled stochastic system (G) described by

oft+1) = | Aol + wk<t>Ak<m>} #(t)
k=1
@ | Botn) + £ 0Bt | )+ Bulae®) (156
g =)
A = Coln)alt) + Dlmult),

where z(t) € R™ is the state vector, u(t) € R™ is the control input, y(t) € R”
is the vector of the measurements, z(t) € R" is the controlled output, and
{wr(t)}i>0,1 <k <7, {n}i>0, {v(t) }s>0 are as before and verify Hy, Ha, and
A.7.1. Tt is assumed that the whole state vector x(t) and the system mode
i are available for measurements. The coefficients Ag(i), Bk(i),0 < k < r,
B,(i),C.(i), D,(i),i € D are constant matrices of appropriate dimensions.

To control the systems of type (7.86) we consider dynamic controllers of
the form:

ro(t41) = [Aco(flt) n

bl
-

wi (t) Ack (1 )] (1)

(G.) : (7.87)

+( ) + 3 it ck<m>)uc<t>
bet) = Colm)e(t) + Fuln)uclt),

t > 0, where z. € R is the vector of the states of the controller, u.(t) € R"
is the vector of the inputs of the controller, and y.(t) € R™ is the output of the
controller. The integer n., often known as the order of the controller, is not pre-
fixed. Tt is determined together with the matrices Acy(2), Bek (i), Ce(4), Fe(4).
If n. = 0 the controller (G.) reduces to a feedback gain y.(t) = F.(n:)uc(t).
Coupling a controller (G.) of type (7.87) to a system (G) of type (7.86)
taking u.(t) = y(t), u(t) = y.(t) one obtains the following closed-loop system.
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ralt+1) = [A (1) + 5 wn(t)Au <m>] 2at) + Boa(n ()

(Ga) :
ch(t) = Ll (nt)xcl( )7t Z 07
(7.88)
where x.(t) = <xT(t) mg(t)>T,
Al = (Ak( >+Bk§z)F (i) Bk(i)Cf(i>> C o<ken
Bck(l) Ack(l)
Ca(i) = (C:(i) + D.(i)F.(i) D.(i)Ce(i)) . (7.89)

Definition 7.1 We say that a controller (G.) of type (7.87) is a stabilizing
controller for the system G of type (7.86) if the zero state equilibrium of the
linear system

za(t+1) = (AOCZ (n¢) Zwk )Aker () > xel(t)

is exponentially stable in the mean square.

In the sequel we denote K5 (G) the class of stabilizing controllers for a given
system (G) of type (7.86). Now we are in position to state the optimization
problems associated with a system (7.86).

OP;. Find an admissible controller G. such that the corresponding closed-
loop system G; satisfies

IGetllz = min_[|Gals-
G.EK(G)

OP5. Find an admissible controller G, such that the corresponding closed-
loop system G satisfies |G|z = ming, ek, (@) Gallz.

OPs. Fincj an admissible~ controller GC such that the corresponding closed-
loop system G satisfies |[|Gel||2 = ming cx, (q) [||Gell]-

OP,. Find an admissible controller G, such that the corresponding closed-
loop system G satisfies HGClHQ = ming, ek, (@) HGclH

In the case N =1 the norms (7.6), (7.7), and (7.83) coincide, therefore it
follows that for the system subject to independent random perturbations we
have only two Hy optimization problems, OP; and OP3, respectively.
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To have a unified approach to the four optimization problems stated before,
we introduce the notation || - |2, 1t € {1,2,3,4} as || - ||21 instead of || - [|2
defined by (7.6), || - [|22 instead of || - |2, defined by (7.7), | - ||23 instead of
11| - |||2 defined by (7.8), and || - ||24 instead of || - [|» defined by (7.83).

From Theorem 7.3, Theorem 7.4, and (7.83)—(7.85) applied to the closed-
loop system (7.88) we have

N
IGetll3, = > euliz)p(ia,in)Tr[Bly(i2) Xei (i) Buer(i2)], (7.90)

i1,ip=1

where Xy = (X (1), Xa(2), ..., Xa(N)) € S,leﬁlc is the unique solution of the
linear equation:

r N
Xa(i) =33 pli, ) Ay () Xea () Arer (i) + CH(D)Ca(i), €D (7.91)

k=0 j=1
with
g(iz), for e {1,3)
enlin) = 4 qP0(i2), for p=2;
q(iz), for p=4.

Consider the following system of discrete-time Riccati equations of sto-
chastic control DTSRE-C:

X(i) =Y AL H)E(X) AR (i) + CL())C- (i)
k=0

—~ (Z AT()&(X) B (i) + CT(3)D.(3)
k=0
, -1
x | DT(i)D.(i) + > B (z‘)&(X)Bk(z'))
k=0

X (Z BF(i)&;(X) Ag(4) +Df(i)cz(i)> , i€D, (7.92)
k=0

where
N
E(X) = (i, )X (5) (7.93)
j=1
for all X = (X(1),X(2),...,X(N)) € SV.
Such systems are special cases of DTSRE-C (5.135). We recall that a solu-
tion Xy = (Xs(1), Xs(2), ..., Xs(N)) of DTSRE-C (7.92) is called a stabilizing
solution if the zero state equilibrium of the closed-loop system
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zs(t+1) = | Ao(ne) + Bo(ne) Fa(ny)

+ Zwk (Ak () + Bre(ne) Fs(ne)) | ws(2), t>0 (7.94)

is ESMS, where

Fy(i) = — (DZ(z‘)Dz(w i (z‘)&(Xs)Bk(w)

k=0
x (Z BY (1)E:(X) Ak (i) + DZ(i)OZ(z')) : (7.95)
k=0

In Theorem 5.13 a set of necessary and sufficient conditions for the exis-
tence of a stabilizing solution of (7.92) that satisfies

D, (i) + iB,{(i)&(Xs)Bk(i) >0, €D (7.96)

is given. For each stabilizing controller G, of type (7.87) we introduce the
following performances,

N
Ju(Ge) = Y eulio)pliz, in)Tr[Bl(i2)Xua(i1) Buer(i2)], € {1,2,3,4}.
i1 yia=1

(7.97)

Furthermore, under some additional assumptions which are as in
Theorem 7.3 and in Theorem 7.4, respectively, J,(G.) is just the Hy norm
|| - [|2 of the corresponding closed-loop system. In the process of designing an
H, optimal controller we try to minimize .J,(G.) for some p € {1,2,3,4}.

Now we are in position to prove the following.

Theorem 7.6 Assume that (7.92) has a stabilizing solution X, = (Xs(1),
Xs(2),...,Xs(N)) that satisfies (7.96). Then

N
Gcéﬂlci?(c) Ju(Ge) = i ZZ:lEu(iz)P(ZMl)TT[B (i2) X (i1) By (i2)],
pe{1,2,3,4).

The optimal value is achieved for the zero-order controller
G ug(t) = Fy(ne)zs(t), (7.98)

where Fg(i),1 € D are as in (7.95) and xs(t) is the solution of (7.94).
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Proof. Let us remark that in the case of the zero-order controller (7.98) the
corresponding closed-loop system is:

Tei(t +1) = [ Ao(ne) + Bolm) Fs(ne +Zwk )(Ak(ne)+ B () Fs(ne)) | @i (t)

T By(n)o(t) (7.99)
ch(t) = (CZ(nt) + DZ(nt)FS(nt))xcl(t)a t>0.

On the other hand, by direct calculation one obtains that DTSRE-C (7.92)
verified by X can be rewritten as

S B Aeli) 4 B F )X AR + Bl (1)

k=0 j=1
+(C=(i) + D= (i) Fs(i))"(C= (i) + D.())F(3)), i€ D. (7.100)
One sees that the linear equation (7.91) corresponding to the closed-loop

system (7.99) is just (7.100). Therefore the value of the corresponding perfor-
mance is

N
Ju(Ge) = Y eulin)pliz, i) Tr[BY (i2) X4(i1) By (iz)]. (7.101)

i1yia=1
Let G. be an arbitrary stabilizing controller of type (7.87). Let

X11(i) X12(i)>

%)= (g v

be a partition of the solution of (7.91) according to the partition (7.89) of the
coefficients of the closed-loop system.
Using (7.89) we obtain the following partition of (7.91).

Xa) = 33 000 DA + By F0)T X1 G)(Aeli) + Bu()F0)

k=0 j=1
+ BL(1) X{5(5) (Ar(6) + Br(i) Fo(i))
+ (Ak (i) + Bi(i)Fe(i)" X12(j) Ber (4)
BL(1)X22(§) Ber ()] + [C+(8) + D, (i) Fo ()] " [C (i) + D. (i) Fe(i)]
Xia(i ZZ]@ (i, /) [(Ak (i) + Br(i) Fe(i))" X11(5) Br (1) Ce ()
k=0 j=1

+ BL()) X5 (5) Br (i) Co(i) + (Ag(i) + Br(i)Fe(i)) " X12(j) Aer (4)
+ BL(1)X22(j) Ack (4)] + (C=(3) + D2 (i) Fe(3))" D, (i) Ce (4)
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Xoo(i ZZP (i, )ICZ (1) By (1) X11(7) Bi (1) Ce (4)

k=0 j=1

+ Ak (DX 1 (7) Br(i)Ce (i) + C (1) BY (1) X12(7) Aek (7)

+ AL (1) X22(j) Ack ()] + CF (i) DI (i) D- (i) Ce(i). (7.102)
On the other hand the DTSRE-C (7.92) verified by the stabilizing solution

X, can be rewritten as

S B DA + Bl X))+ B ()

k=0 j=1
+1C2(0) + D (i) Fe(0)] ' [C (i) + D2 (i) Fe(3)]
- [Fs (Z) - FC(Z)}TA(Z)[FS (Z) - FC(Z)L (7103)
where
r N
A(i) = DY (i)D.(i) + > > " p(i, ) B (i) X(§)Br(i) > 0 (7.104)
k=0 j=1
Set
X, X, Xa(i) 0 D
cl(Z) - cl( ) - 0 0 5 1€

Subtracting (7.103) from (7.102) and taking into account (7.95) and (7.104)
one obtains that Xy = (Xu(1), X (2),..., X (N)) is the solution of the
following linear equation,

r N
=SS 0l DAL ()Rt () Ara (i) + UT (D AG)T(), i €D,
k=0 j=1
(7.105)

where ¥ (i) = (Fy(i) — F.(i) —Ce(i)). Because G. is a stabilizing controller
and A(i) > 0, it follows that the unique solution of (7.105) satisfies

Xa(i) >0, ieD. (7.106)
The value of the performance J,(G,) from (7.97) can be rewritten as

N
Ju(Ge) = Y eulin)pliz, iv)Tr[By(iz) Xo(i1) By (i2)]

N
+ Y eulin)plin, i) Tr[Bl (i2) Xei (i) Bua(iz)]. (7.107)

i1,ip=1
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Based on (7.101), (7.106), and (7.107) one obtains that J,(G.) > J,(G.) and
thus the proof is complete. O

Remark 7.3 The result proved in the above theorem shows that in the case
of full access to the measurements of the states, the best performance with
respect to all four Hs performance criteria is provided by the same zero-order
controller. In fact it is the same state feedback that provides the optimal
control in the linear quadratic optimization problem.

7.4.2 The case of systems with coefficients depending upon 7; and
N—1

Let us consider the controlled system:

T

2t 1) = (Ao<m,m_1>+ > wk<t>Ak<m,m_1>) on (Bomt,nt_l)
k=1
@ = 5 OB o) ) ul0)+ Bl 1 )olt)
ut) = ()
2(t) = C.(e,me—1)x(t) + D (ne, me—1)u(t), t>1.

(7.108)

The class of admissible controllers consists of the family of dynamic compen-
sators of the form:

z(t+1) = <Ac0(7lt,77t—1) + XT: wk(t)Ack(m,m_l)) zo(t)
k=1
(Ge) + <B00(nt7 Ne—1) + kél Wi (t) Ber (11, 77t—1)> ue(t)
Yel(t) = Ce(ne—1)zc(t) + Fe(ne—1)uc(t)
rc € R, uc € R", ye € R™.
(7.109)

Coupling (7.109) with (7.108), taking wu.(t) = y(t),u(t) = y.(t), one
obtains the following closed-loop system.

valt+1) = (Aom, met) + 3 (e m_o) zalt)

(Gar) : +Boer(n, me—1)v(t)

ch(t) - cl(’r]ty'r]t—l)xcl(t)a t 2 1,
(7.110)
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Ay(i, ) + Bi(i, j)F.(j) Bk(z‘,j)cc(j)>
Ber(i, ) Aalig) )’

By (i, j
B'Ucl(ivj) = ( (0 ])> 3

Ca(i,j) = (C=(i,4) + D=(i, ) Fe(j)  D:-(i,5)Ce(j)), 4,5 €D.

Let us remark that if we consider the system (7.86) with a controller of type
(7.87) and a delay occurs on the channel between controllers and actuators
(i.e., ye(t — 1) is used instead of y.(t)), then the closed-loop system is of the
form (7.110). Hence it is natural to consider an Hy control problem for the
systems with coefficients depending upon 7;,1;—1. Such a problem is specific
to the discrete-time framework. It has no analogue in the continuous-time
case.

As in the first part of this section we denote |Gell2u, 1 € {1,2,3,4} the
four types of Hy norms defined for the closed-loop system by (7.10), (7.11),
(7.12), and (7.80). Based on Theorem 7.1, Theorem 7.2, and equality (7.80)
one deduces that

where z¢(t) = (a7 (t) I (1) )T € RHne,

Agel(i,5) = (

N
[Getll2n = Z enlin)p(iz, i1)Tr[By (i1, i2) X (i1) Byel (i1, d2),
i1,ia=1
pe{1,2,3,4}, (7.111)
where ¢,,(i2) are defined as before and X = (Xu(1), Xa(2),..., Xa(N)) €

SN ++nc is the unique solution of
r N N
Xea(i) =Y > " pli, )AL G ) X et (§) Aner (5, 8) + > p(i, 5)CE (G, 1)Ca (5, 1),
k=0 j=1 j=1
i€D. (7.112)

As before we introduce the performances of an admissible controller (7.109)
by
N
Ju(Ge) = Y eulin)pliz, iv)T7[Biy(iv, iz) Xa(i1) Buai (i, i2)].  (7.113)
i1,iz=1

It must be remarked that to be sure (7.113) is well defined we need to know
that the assumptions Hy, Ho, and A.7.1 are fulfilled and the zero state equi-
librium of the linear closed-loop system

valt+1) = | Aot (e, me—1) + Y wie(t) Aner(ne, m—1) | e (t)
k=1
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is ESMS. As we proceed in the first part of this section we minimize J,(G;)
in order to obtain the solution of the Hy optimization problem for systems of
type (7.108).
To construct the solution of the Hs optimization problems associated with
the system (7.108) we use the stabilizing solution of the DTSRE-C (5.143).
The main result of this subsection is the following theorem.

Theorem 7.7 Assume that the DTSRE-C (5.143) has a stabilizing solution
Xs = (Xs(1), Xs(2), ..., Xs(N)) which satisfies the condition (5.155). Then

N
in  J,(G. i0)p(ia, i1)T (BT (i1,i2) X (i1) By (i1, 2)).
o i u( )i1§i2:1gu(22)p(22 i1)Tr(B, (i1,12) Xs(i1) By (i1, 12))

The optimal value is achieved by the zero-order controller
Ge i us(t) = Fy(n1)zs(t),

where Fy(i),i € D are constructed in (5.146) and xs(t) is the solution of the
closed-loop system (5.145).

Proof. 1t is similar to the one of Theorem 7.6 and is omitted. O

7.5 The H, optimal control. The case with partial access
to measurements

7.5.1 Problem formulation

Consider a discrete-time controlled system (G) described by

oft-+ 1) = [ Aol + £ wn40(00) o60) + | B

+ 5w OB m)] ult) + B w)olt)

(@) : (7.114)
y(t) :ﬁmm+éwm@mﬂWHﬂmmm
A = Calm)e(t) + Delmult),

where z(t) € R™ is the state vector, u(t) € R+ is the vector of control inputs,
and y(t) € R™ is the measured output, whereas z(t) € R"* is the controlled
output, {wk(t)}+>0,1 < k < r are sequences of random variables, {v(t)}¢>0
is a sequence of m,-dimensional random vectors, and ({n:}:>0, P, D) is an
homogeneous Markov chain with the set of states D = {1,2,..., N} and the
transition probability matrix P. We assume that the assumptions Hj, Ha,
and A.7.1 are fulfilled.
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It should be remarked that (7.114) is a hybrid system with the states
(x(t),i) where z(t) is the vector of the state parameters of the system and 7 is
the mode of the system, which evolves according to the Markov chain. In this
section we assume that the pair (y(t),7) is available at each time t.

In (7.114), Ap(i) € R™™ By(i) € R™™« Cy(i) € RWX", 0 <k <r,
By(i) € R™ ™ C.(i) € R™*",D,(i) € R™*™ D,(i) € R%=*mu, 1 <
1 < N are given matrices.

The family of admissible controllers consists of the dynamic compensators
(G.) of the form:

ze(t+1) = |Aco(n:) + él Wi (1) Ack (1¢) | 2e(t) + Be(ne)ue(t)

Ye(t) = Ce(ne)we(t),

(GC) :

(7.115)

where z.(t) € R™ is the state of the controller, u.(t) € R™ is the input of
the controller, and y. € R™* is the output of the controller. As in the case
discussed in the previous section the order n. of the controllers (7.115) is not
prefixed. It is determined in the process of designing the optimal controller.
Thus a controller (7.115) is described by the set of parameters {n., Aqx(),0 <
k <r,B.(i),C.(i),i € D}. When coupling a controller (G.) of type (7.115) to
the system (G) by taking u.(t) = y(¢), u(t) = y.(t) one obtains the closed-loop
system (G):

za(t+1) = | Ao (ne) + XT: Wi (t) Akel (Ut)] Tei(t) + Buer(ne)v(t)
(Gcl) : k=1

Zel (t) = Ccl (nt)xcl(t)v
(7.116)

where

za = (2" ()l (1), A (i) = (B A Bk(i)cc<i)) ;

()Cr (i) Ack(7)
0<k<r

- B o .
B”C’(Z)_<Bc(¢)pv(i)>’ Culi) = (C.())  D.(i)C.(d)).  (7.117)

A controller (G.) is called a stabilizing controller if the zero state equilibrium
of the linear system

Aocr(me) + Y wi(t) Araa (o) | wa(?) (7.118)
k=1

za(t+1) =

is exponentially stable in the mean square.
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In the sequel K4(G) stands for the family of stabilizing controllers (G..) of
type (7.115).
For a closed-loop system (G¢;), the Hy norms (7.6)—(7.8) are:

l
1
|Gerll3a = Jim ) > Ellza(t)]’] (7.119)
t=0
|Garll3, = Jlim Z > Ellza(t)no = i) (7.120)
t=0 i€Dy
I1Galll3,s = Jim Eflza(t)]?). (7.121)

In (7.119)—(7.121) z,(t),t > 0 is the output of the closed-loop system (Gep).
Also, based on (7.83) applied to the closed-loop system (7.116), one may
introduce the norm |[|(G¢)||24-

The aim of this section is to solve the following optimization problems.

OP,, : u € {1,2,3,4}. Find a controller (G.(1)) € Ks(G) such that the
corresponding closed-loop system (G.;) satisfies

G = i Galla . 7.122
| p Gcg}gﬁa)ll 12, ( )

7.5.2 Some preliminaries

Based on the matrix coefficients Ag.(7) of the closed-loop system and the
elements p(i, j) of the stochastic matrix P we define the linear operator L, :

SfILV+nC S’IILV—‘,-’IL by
(LaX)( ZZP 5:1) Anet ()X (1) Afer (7), 1<i<N, (7.123)
k=0 j=1
for all X = (X(1), X(2),...., X(N)) € S,

Applying Theorems 7.3 and 7.4 to the Hy norms (7.119)—(7.121) one
obtains the following.

Corollary 7.2 Assume:

(a) The assumptions Hy,Hy and A.7.1 are fulfilled.
(b) The zero state equilibrium of the system (7.118) is ESMS.

Under these conditions the Ha norms defined by (7.119) and (7.120) are
given by
(i) N ~
1Gall3 1 = Z q" (i2)p(iz, i1)Tr[Xey (i1) Buer (i2) Bl (i2)]

il,ig—l

=2Tr (D) V5 ()0 (3],
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N
1Geall32 = Z q"° (i2)p(iz, 1) T7[Xei (i1) Buer(i2) Bl (i2)]

il,irl

—ZTT cl )C ()]

where Xy = (Xa(1), X (2), ..., Xa(N)) € € SN s the unique solution
of the algebraic equation

KXoy = L5Xe + Co, (7.124)
whereéclz(é()é() é( );
Ca(i) = Tl( )Ca(i), €D, (7.125)
Vi = RV, YR(IN) € ST and Y= (V°(1),
Yo(2),...,ym (N)) € S,]LVJ:;LC are the unique solutions of the algebraic
equations
Ve = ['clycl + B:’lo (7126)
ycl - ['clycl + 8507 (7127)
where B = (BL(1),B2(2),...,B.(N)),
N
BY () =Y _a™ ()p(: ) Bua()Blali),  i€D (7.128)

J

=1
and BL° = (BL° (1), B5°(2),...,BL°(N),

Bao(i) = a™()p(j, ) Buet(7) By (), i€ D, (7.129)
j=1
qﬂo (]) = Zivzl 71—0(7’)(1(17]) and qDO (]) = ZiG'Do q(lvj)
Corollary 7.3 Assume:

(a) Assumptions Hy,Hy, A.7.1 and A.7.2 are fulfilled.
(b) The zero state equilibrium of the system (7.118) is ESMS.

Under these conditions the Ha norm of the system (7.116) defined by
(7.121) is given by

IGall3 3 —ZTT ()Y ()CL ()]

N
XY g™ (i2)pliz, i1 )Tr[Xua(i1) Buer(ia) By (ia)],

i1,i0=1
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where Y7 is the unique solution of the equation (7.126), (7.128) and X is the
unique solution of the equation (7.124)—(7.125) and ¢q™ is defined as before.

One sees that the values of the Hy norms of the closed-loop system (7.116)
are strongly dependent either upon the initial distributions 7y of the Markov
chain or upon the subset Dy of the states i € D, such that P{ny = i} > 0.
To overcome the difficulties due to the dependence of the coefficients of the
system upon a Markov chain, we consider a new performance:

N
1Gell3 = lia)pliz,in)Tr[Bly(iz)Xui(ir) Bue(iz)], (7.130)

i1,i0=1

where

21,12 (7131)

H'MZ

q(i1,12) being the entries of the matrix @ introduced by the Proposition 1.5.

Because ¢™ (iz) < G(i2) and qP°(iz) < G(iz) we deduce that [|Gall2,, <
|Geill2,4, ¢ € {1,2,3}. Hence the minimization of ||G¢/2,4 may lead to satis-
factory suboptimal values for ||Gell2,., it € {1,2,3}. Reasoning as in the proof
of Theorem 7.1, one obtains the following new expression for |G ||2,4 intro-
duced by (7.130),

N
IGal3a= Y dlia)pliz, in)Tr(Bly(iz)Xa(i1) Bualiz)]

i1,i2=1

N
= Z Tr[Ca(i)Ver (i) CF (0)] (7.132)

with Ve = (Var(1), ..., Vu(N)) € SN* is the unique solution of the linear
equation

Y=CLyY+B (7.133)
with B = (B(1), B(2),...,B(N)),

()P0, 1) Boer () BL, (5).- (7.134)

/(_B\z
m
(=}

For a controller G. € Ks(G) we introduce the performances J,(G.), 1 €
{1,2,3,4}, as follows.

N
JM(GC) = Z Eu(i2)p(7;2vil)TT[qu;;l(7;2)Xcl(i1)Bvcl(7;2)]7 we {1727374}7

i1,in=1

(7.135)
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where

euli) = q™ (i), if pe{1,3},

euli) = ¢ (), ifp=2,

eu(i) = (i), if p=4, (7.136)
Ko = (K1), Xa(2), ..., Xa(N)) € S,]lvj;l is the unique solution of equa-

tion (7.124)—(7.125). Based on Corollaries 7.2 and 7.3 one sees that under
some additional assumptions .J,(G.) coincides with the Hy norm [|Gel[3 ..
Therefore, to solve the Hy optimization problems stated before we design
stabilizing controllers G. € K,(G) that minimize the performance J,(G.).
Finally it is worth pointing out the following equality that can be derived
from the above results,

N

> eu()p(, ) Tr(BL (5) Xer () Boer( ZTr (DVE (D) Cu (i) (7.137)
i,j=1
with p € {1,2,3,4}, where Y% (i) = Y7°(i) for i € {1,3}, V(i) = Y° for
=2, and V(i) = Y (i) for p = 4.

7.5.3 The solution of the H, optimization problems

In this subsection we construct the state space realization of a controller
G.(p) € Ks(G) that minimizes the cost J,(G.) in the class of stabilizing
controllers I (G).

In the applications, one may choose one of the performances J,(-), u €
{1,2,3,4} depending upon the available information.

To begin we prove the following.

Lemma 7.6 If X; = (X,(1), Xs(2),...,Xs(N)) is the stabilizing solution of
DTSRE-C (7.92) then for any controller G. € Ks(G) and any p € {1,2,3,4}

we have:

N N
)= 3 OB DX OBG)] + 3 TrCaSCE ()
where
Ca(i) = V(i) (Fu(i) — Ce(i)). (7.138)

F,(i) is the stabilizing feedback gain defined in (7.95),
. 1/2
V(i) = |DI(i)D.(i) + > _ Bl (i)&:(Xs)Br(i)| .,  1<i<N; (7.139)

YH(1) is as in (7.138), p € {1,2,3,4}.
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Proof. Let Xo = (Xa(1),Xe(2),...,Xa(N)) be the solution of (7.124)—

(7.125). Define
U(i) = Xq0) — () 0 7.140
(l) cl(l) 0 0 : ( . )

By direct calculations based on (7.92) and (7.95) one obtains that U =
(U(1),...,U(N)) solves the linear equation on S, :

U=LyU+M (7.141)

with M = (M(1),M(2),..., M(N)), M(i) = CT(i)Cu(i), Cu(i) being
defined by (7.138).

Because G, is a stabilizing controller, one obtains, via Theorem 2.5(iii)
and (iv) that the equation (7.141) has a unique solution and that solution is

. N+
in S,an.

From (7.135) one gets:

N
Tu(Ge) = > u(G)p( ) Tr[BY ()X () B (4)]

N
+ Y (), )T T[BL()U (5) Bue (4))- (7.142)

ij=1

The conclusion now follows from (7.142) applying the equality (7.137) with
U (7) instead of X, (i), Cei(i) instead of Cy (7). Thus the proof is complete. [

The main result of this section is as follows.

Theorem 7.8 Assume that for some p € {1,2,3,4} assertion (i) in
Theorem 5.13 applied to the DTSRE-C (7.92) and assertion (i) in
Theorem 5.16 hold. Let Xy = (X (1),Xs(2),...,Xs(N)) and Ys = (Ys(1),
Y5(2),...,Y5(N)) be the stabilizing solution of DTSRE-C (7.92) and
DTSRE-F (5.156), respectively.

We construct the controller G.(u) described by

ve(t+1) = | Ao(me) + Bo(ne) Fa(ne) + Ko(m)Co(me) + Y wi(t) (A (ne)
k=1

+Br () Fs(ne) + Ks(e)Cr(ne)) | we(t) — Ks(ne)uc(t)  (7.143)

Ye(t) = Fs(ne)ze(t),
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where Fs(i) and K(i) are as in (7.95) and (5.158), respectively. Under the
considered assumptions Geo(p) € Ko(G) and J, (Ge(p)) < Ju(Ge) for any
G. € Ks(G).

Moreover, the optimal value of the performance is:

N
TGelm) = D7 culdpli D Tr[BY ()X (0) B ()]
+ ZTT Y. () F i)V (). (7.144)

Proof. Let us consider the closed-loop system obtained by coupling (7.114)
with (7.143) taking u(t) = y.(t), uc(t) = y(t):

$cl(t + 1) =

Ager(m:) + Z wy (t) Aper (m)] Ze(t) + Boer(n:)v(t)
k=1

za(t) = Ca(ne)zalt).

To check that G.(u) € K4(G) we have to show that the zero state equilibrium
of the linear system

C(:cl(t —+ 1) =

Apea(me) + wk(t)flkcl(ﬂt)] er(t) (7.145)
k=1

is ESMS. To this end, in (7.145) we make the transformation:

Gi(t) L, 0
() = <<2(t)> =Tzq(t),  where7 = (In —In> : (7.146)

It is easy to see that 7! = 7. By direct calculation one obtains that

o o [A@ F Be@F() — By (1) Fs(i
Ape (i) = T Arar (DT = 0 Ap(i) + Ko ()Cr(i) |

(7.147)
1<i<N,0<k<r
Thus (7.145) becomes:

GE+1)=

Ao(me) + Bo(ne) Fs(me +Zwk )(Ag(ne) + B (me) s(nt))] Gi(t)

Bo(ne)Fs(me) + Y wi(6) Bi(ne) F(me) | Ga(1), (7.148)

k=1
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Ga(t) = | Ao () + s (1) Co(m) + > wi(t) (Ax () + K () Cr(mi)) | Ga(8)-

k=1

Let @p_ (t,to) and D _(t,tp) be the fundamental matrix solution of (7.94) and
(5.157), respectively. Because X, and Y are stabilizing solutions of (7.92) and
(5.156), respectively, it follows that there exist 8 > 1, ¢ € (0, 1) such that

E[|r, (t,0)¢1(0)°] < Bq'|¢(0)/* (7.149)
E|2k. (t,0)¢(0)°] < Bq'[¢2(0)? (7.150)

for all ¢1(0),(2(0) € R™, ¢ > 0.
From the second equation of (7.148) one obtains (»(t) = Pk, (t,0)¢(2(0),
t > 0. Hence

E[lG()*] < Bq'[¢2(0)[? (7.151)

for all t > 0, (2(0) € R™. Furthermore, using (7.149) and (7.151) one obtains
via Corollary 3.9(i74), that lim; ., F[|¢1(¢)[?] = 0 for ¢1(0) € R™, {2(0) € R™.

from a)
o f Gl
zalt) =T <C2 (t)>

we deduce lim;_, o E[|zc(t)]?] = 0. Finally invoking the implication (v) — (i)
in Theorem 3.10 in the special case 6 = 1, we conclude that the zero state
equilibrium of (7.145) is ESMS. This confirms that G.(u) € K,(G).

Let Y5 = (Y5 (1),Y4(2),..., Y5 (N)) be as in (7.137) corresponding to an

arbitrary controller G, € Ks(G). Set

Ys(i) 0

U(i) = C"l(z‘)—( . 0)’ 1<i<N.

By direct calculations based on (5.156) and (5.158) together with the equa-
tions verified by V', one gets that U = (U(1),U(2),...,U(N)) solves the
following linear equation on S, s

U=LaU+ B, (7.152)

where BY = (B" (1), B%(2),...,B%(N)) with B (i) = £ (A%) and

K.\ . K.\ "
A% (@) (_B((z)> V(i) (_B((z)> ;
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The eigenvalues of the operator £, are located in the inside of the disk |A] < 1,
therefore we deduce that the unique solution of equation (7.152) lies in S’ S
Furthermore, the equality from Lemma 7.6 may be rewritten:

N
Tu(Ge) = > eu(G)p(, ) TrBY ()X, (i) Bu(3)]

i,j=1

N
+ 2TV E @)Y () Fs () V (0)

N
+ Y Tr(Cali)U(i)Culi)T).
=1

Because U(i) > 0 we deduce that

N

Tu(Ge) > Y ()l ) Tr[BY ()X (1) B ()]
i,j=1

N
+ Z Tr[V (i) F, (i)Y, (i) Fy (1) "V (i)). (7.153)

We remark that the right-hand side of (7.153) does not depend upon the choice
of the stabilizing controller. It remains to show that for the controller G‘C with
the state space realization given by (7.143), we have equality in (7.153). To this
end we remark that in the case of the controller (7.143) we have:

I,

-1,

N I,
(In _In)U(i) (—I )

is the 2 x 2 block of the matrix Z(i) = TU(i)T7, where 7 is as in (7.146).
Based on (7.123) and (7.152) we obtain the following equation verified by
Z=(Z(1),Z(2),...,Z(N)),

Ca (DU ()CH (i) = V(i) Fo(i) (I —1,)U (i) ( ) FI@V(i).  (7.154)

It can be remarked that

r N
Z(i) =Y oG ) Ara () Z() AL () + Ba (@), (7.155)

k=0 j=1
where Ay (j) are as in (7.147), and

B(i) =TB,()TT =

cl

EX(KV2KT) 0
0 0/
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sy (P20 el
-\ ZL6) Zaoli)

one obtains from (7.155) the following equation,

Setting

Zag = Lk Zao, (7.156)

where L _ is the linear Lyapunov operator associated with the system (5.157).

The eigenvalues of the operator Lk, are in the inside of the disk |\ < 1,
therefore we deduce that (7.156) has only the solution Zss = 0. Thus we
prove that in the case of the controller (7.143) we have Zfil Tr[Ca(i)U (1)
CT(i)] = 0. This shows that in the case of the controller (7.143), the inequality
(7.153) becomes equality. This also confirms the validity of (7.144). Thus the
proof is complete. U

Remark 7.4 In the special case N = 1, Ax(1) = 0, Bi(1) = 0,Cx(1) = 0,1 <
k < r, the controller (7.143) reduces to the well-known Kalman-Bucy filter,
which is the solution of the Hs control problem for deterministic systems.
In the stochastic framework, if N = 1 the fact that the controller (7.143) is
optimal is proved in [65].

If N > 2 but Ax(i) = 0,Br(i) = 0,Cr(i) = 0,1 < k < rji € D, the
result proved in Theorem 7.8 reduces to the one derived in [26]; see also [27].
Unfortunately, if Ag(i) # 0, for some k € {1,2,...,r}, i€ {1,2,...,N} then
the controllers of type (7.143) are hard to implement due to the presence of
white noise type perturbation in their coefficients. However, we consider that
the result proved in Theorem 7.8 is useful even if multiplicative white noise
perturbations are presented in the coefficients of the controlled system. Then
equality (7.144) provides the best Hy performance that can be achieved by a
stabilizing controller. The right-hand side of (7.144) can be used to evaluate
the performances of some suboptimal controllers with prescribed structure.
This is illustrated in the next section where we design a suboptimal controller
in the state estimator form.

7.6 H, suboptimal controllers in a state estimator form

In this section we focus our attention on the class of stabilizing controllers of
the form:

ze(t +1) = [Ao(ne) + Bo(ne) Fs(ne) + L) Co(me)]we(t) — L(ne)uc(t) (7.157)
Ye(t) = Fs(ne)zc(t),

where the matrix gains L(i) € R™*™ are unknown and they have to be chosen
in order to obtain a suboptimal Hs performance; Fs(i) are given by (7.95).
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It is clear that the controllers of type (7.157) are special cases of the controllers
(7.115). Hence, for a controller (7.157) the equality given by Lemma 7.6 holds.
Our aim is to describe a procedure that allows us to choose the matrix gains
L(z), 1 <14 < N, such that the deviation of J,(G.) from the right-hand side
of (7.144) is smaller than a prescribed level v > 0.

Throughout this section we suppose that DTSRE-C (7.92) has a stabilizing
solution Xj.

The coefficients (7.117) of the closed-loop system obtained by coupling a
controller (7.157) to the system (7.114) by taking u.(t) = y(¢) and u(t) = y.(t)
are given by

Aou(i) :< Ap(i) Bo(i)F4(i) )
” ~L()Coli) Ao(i) + Bo(i)Fu(i) + L(i)Co(i)
| Ax(i)  Br()F(i)
Aga(i) = (—L(z’)Ck(i) 0 ) , 1<k<r, (7.158)

o~ [ B0
A\ —Lanai))

Applying Lemma 7.6 for a stabilizing controller of type (7.157) one obtains:

N
Ju(Ge) = 3 enli)p(G )T By ()X, (1) By (7))
i,j=1
N
+ ) TrVEF) TV 6T TFL 6V (i), (7.159)
i=1
where 7 = (I, —1I,), V! = (V4(1),V4(2),...,Y4(N)) € Sy is the unique
solution of the linear equation
YV =Ladh+ B (7.160)
with
N
j=1

L. being the linear operator defined by (7.123) for the coefficients Agq; ()
given by (7.158).
Let us consider the following linear inequality on S,

LaW —W + B" <0. (7.162)
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Because the eigenvalues of the operator £ are in the inside of the disk || < 1
then any solution W = (W(1),W(2),...,W(N)) of (7.162) with W (i) > 0
will satisfy

W) > Yh(), 1<i<N. (7.163)
This shows that
N
Tu(Ge) < D7 eu(iIplG ) Tr{B] ()X (1) Bu ()
N
+) - Tr[V () E6)ITW T E (1)V (). (7.164)

Thus, to find a suboptimal controller of the form (7.157) we may proceed in
two ways.

1. Given a prescribed level

N
v > JoPt = '_Z ()P, )T7[BY ()X (i) By (j)]
+ ZTT Y, ())FT (i)V (i)] (7.165)

find the matrix gains L(i), 1 < ¢ < N, such that the corresponding LMI
(7.162) has a solution W = (W (1), W(2),...,W(N)), W(i) > 0 satisfying

N
Z TrV (i) Fs (i) TW (i) T FL i)V (i)]

-ZiilV* Yo()ET()V(0)] < 7. (7.166)

It is worth mentioning that if the gains L(7) are such that the linear inequality
(7.162) has a solution W > 0, then one obtains via Corollary 3.3 that (7.157)
is a stabilizing controller.

2. Solve the following minimization problem,

N

i T T
LB 2 TV ORIV GI T @V @) (7.167)

subject to (7.162) and W (i) > 0,1 <4 < N.
Furthermore we show how we can separate the computation of the variables
W (i) and L(7) in (7.162) in connection with (7.166) and (7.167), respectively.
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To this end, let us remark that JW (i)J T = Z11(i) is the (1,1) block of the
matrix Z(i) = TW ()T, where

~ In _In
T= ( > : (7.168)
0 I,

Ivf Akcl(i)7 Bvcl(i) are as in (7.158) and Akcl(i) TAk:cl( )T 1, Bvcl(') =
T By, 0 <k <r,1<i<N,thenoneobtains that Z = (Z(1), Z(2),...,Z(N))
solves the following system of linear inequalities,

N
Zp(.]7 {ZAICCZ Akcl( )+€#( )BU ( )Bvcl(.)}

—~Z(i)<0, 1<i<N. (7.169)

Lemma 7.7 Assume that P is a nondegenerate stochastic matrix and
DTSRE-C (7.92) has a stabilizing solution X,. Then for any matriz gains
L(i), 1 <1i < N, the following are equivalent.

(i) The system of LMI (7.169) has a solution Z = (Z(1),Z(2),...,Z(N)) €
S, Z(i)>0,1<i<N.

1 e system o s on ,
Th f LMIs on SY,

D Apa(DE (R)AL(0) + £u(i) Bua(i)BLy) (i) — R() <0, 1<i<N,
(7.170)

has a solution R = (R(1),R(2),...,R(N)) with R(i) > 0, 1 < i < N.
Moreover if R = (R(1),R(2),...,R(N)) is a solution of (7.170) then
Z=(2(1),2(2),..., Z(N)) with

Z(i) =Y p(G,))R()) (7.171)

is a solution of (7.169).

Proof. Let Z = (Z(1),Z(2),...,Z(N)) € S be a solution of (7.169) with
Z(i) > 0,1 <i < N. Because P is a nondegenerate stochastic matrix there
exist 6(i) > 0, 1 <1i < N, small enough such that we have:

> (i) {Z Aret (1) Z () At (7)
k=0

+ 60() Boa () By () + 35 )fzn} 1<i<N.  (1172)
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Let

Z Akcl kcl (])

+eu(7)Boet(5) By (7) +6(j) 20, 1< j<N. (7.173)

From (7.172) and (7.173) one obtains
N
Z(i) =Y p(G,i)R(j), 1<i<N. (7.174)
=1

Furthermore, from (7.173) and (7.174) one gets that R = (R(1), R(2),...,
R(N)) solves (7.170), R(j) > 6(j)I2y and thus we have shown that the impli-
cation (i) — (#4) holds.

To check the implication (i7) — (i) one multiplies (7.170) (written with
j instead of i) by p(j,7) and taking the sum with respect to j from 1 to
N. Thus we obtain that Z = (Z(1),Z(2),...,Z(N)) defined by (7.171) is
a solution of (7.169). Because P is a nondegenerate stochastic matrix from
R(i) > 0,1 < i < N it follows that Z(i) > 0,1 < ¢ < N. Thus the proof is
complete. O

From (7.158) and (7.168) one obtains

A(w:<%@+L@%m 0 )
" —L()Co(i)  Aoli) + Bo(i) Fi (i)

(i) = Ap(i) + L(i)Cx(i)  Ax(i) + Br(i)Fs (i) + L(i)Cr (4) Lpen
SR W () e C) —L(i)Ch (i) ’
Bual(i) = (D“(E)Lj;fl()i);”(iv ., 1<i<N. (7.175)
From (7.175) one obtains the decomposition:
Apa(i) = Ar(i) + BL(i)Ik(i),  0<k<r
By (i) = By, (i) + BL(i) D, (i), (7.176)
where
N Ao(Z) O
Aolh) = ( 0 Aoli)+ Boli >F<>>
Aui) = (A;(Z) Ak()+le()F()>7 Lehen
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I, Ny . N
B=| 7). nG)= (Cot) 0),  n) = (Cl)) Cr(d)),

1<k<r 1<i<N

Thus (7.170) becomes:

T

D [AR() + BLE (DI (R)[Ark(i) + BL()[(6)]

k=0
+ £u(1)[Bu (i) + BL(i) Dy (4)][By (i) + BL(i) Dy (i)]"
— R(i) <0, 1<i<N. (7.177)

Lemma 7.8 The system of LMI (7.177) with the unknowns L(i), R(i), 1 <
i < N, can be rewritten as

Z@) +UT G LE)VE) + VI LT ()Ui) < 0, (7.178)

. [ —RG) Z12(1) i
Zm_(gﬂm zm@'))es"

with i = 2n[N(r + 1) 4+ 1] + m,.

where

Z19(i) = (Z5,(0) 25L3G) ... Z() \/5#(1')31)(2-)) € R2XM

n1 =2nN(r+ 1) + m,,.

2530) = (Vp(L ) AGDRA) ... V/p(N,i)Ax(i) R(N)).

Z99(1) = diag{ 2%, 235, . . ., 25 I, ¥

Zk (i) = diag{R(1), R(2), ..., R(N)}.
UG) = (BT Opxi Onxi --r Opxm,) € R 7= 20N (r + 1).
V(i) = Onywze Voli) Vili) . V(i) y/eu())Du(i) € R,

Vlc(l) = (\/p(l,z)Fk(z)R(l) \/p(2,l)rk(Z)R(2)
VoL NILHR(N)),  0<k<r

Proof. Tt is standard and is based on the Schur complement technique. It is
omitted. 0
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In addition (7.178) allows us to separate the computation of R(i) and L(%),
1 <i < N. To this end we apply the projection lemma and Finsler’s lemma.

Lemma 7.9 (The projection lemma [103]) Let Z = ZT € R™" U €
R™*" YV € RPX™ be given matrices, n > max{m,p}. Let U,V be full
column rank matrices such that UU* = 0 and VV+ = 0. Then the following
are equivalent.

(i) The linear matriz inequation:
Z+UTLYV+ VLU <0
with the unknown matriz L € R™*?P s solvable.
(i)
UHTzut <o,
wvHTzytl <o.
Lemma 7.10 (Finsler’s lemma [103]) Let Z = ZT € R™",C € RP*",

n > p be given. Take Ct a full column rank matriz such that CCT = 0. Then
the following are equivalent.

1 ere extst a scalar v such that i Tc <o.
1) Th ’ l h that Z + uC*C <0
2 <U.
() (CL)7 ZCt <0

From Lemma 7.9 one deduces that for each 1 < i < N, there exist L(i) €
R™*™v which solve (7.178), if and only if

UTHZEUL (1) <0 (7.179)
VI()ZGE)V, (i) <0, (7.180)

where U, (i) and V(i) are full column rank matrices with the properties
UEUL (1) =0 and V(i)V (i) = 0, respectively.
One can see that we may choose

B 0
UL (i) = ( OL I )

B In
1= I, .

Thus, using the Schur complement techniques one obtains that (7.179) is
equivalent to:

where

BT (ZT: ApEF (R) Ay (i) — R(i) + aﬂ(i)Bv(i)BZ(i)> B <0, 1<i<N,
o (7.181)

where &7 (+) is defined as in (5.162).
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On the other hand, it can be seen that we have the decomposition

) . R(7) 0
V(Z) = (Ony><2n V(Z)) ( 0 ZQQ(i)) s

where V(i) = Vo(i) WVi(i) ... ) \/£u(3)Dy (i) with

V(i) = (Vp(L, )W) ... /p(N,i)I%(i)).

Thus one obtains that a base for the null subspace of V(i) is given by the
columns of the matrix

S R1(4) 0 I, 0
M‘( 0 2231<i>>(o m'))’

where V) (i) is a full column rank matrix such that V(i)V, (i) =
Setting S(i) instead of R~1(i) one obtains that (7.180) is equlvalent to the
following LMI,

<A —5() AWM(Z.’S)VL(Z;) ><0, (7.182)
V(WL (i, 8) VT (i)Was(i, S)V (4)
where

Wia(i, S) = (S(i)WPa(i)  S(i)Wis(i) ... S(H)Wia(i)

Veu(DS(0)B,(i) with
Wh(i) = (Ve A V(2 1) AG)
\/p(N,i)Ak(i)> ., 0<k<nl1<i<N,
Waa (i, S) = diag(Wey(i,S) Wao(i,S) ... Wiy(i,S) I,) with
W5, (i, 8) = diag(S(1), S(2),...,S(N)).
From the above developments one obtains the following.

Theorem 7.9 Under the assumptions of Theorem 7.8 suppose that P is a
nondegenerate stochastic matriz. Then the following are equivalent.

(i) There exist gain matrices L(i), 1 < i < N, such that the corresponding
controller (G.) of type (7.157) satisfies J,(G.) < JP* 4 for a prescribed
level v > 0.
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(ii) There exist positive definite matrices R(i) € Sapn, S(i) € Son, 1 <i < N
that solve (7.181), (7.182) together with

R(i)S(i) = Iny (7.183)

and
N
ZTT[V(i)Fs(i)(c‘?f(Ru) = Y (i) F/ )V ()] <, (7.184)

where R11(1) € Sy, is the 1 x 1 block of R(i), Fs(i) is given by (7.95), and
JoP is defined in (7.165).

To avoid the conditions (7.182) and (7.183) a sufficient criterion could be
derived via Finsler’s lemma (Lemma 7.10).

Theorem 7.10 Assume that the assumptions in Theorem 7.9 are fulfilled.
Then there exist gain matrices L(i), 1 < i < N such that the corresponding
controller G of type (7.157) satisfies J,(G.) < JP' + v (for a prescribed
level v > 0 and some p € {1,2,3,4}) if there exist positive definite matrices
R(i) € Sap, and the scalars v(i) < 0, 1 < i < N, that solve (7.181), (7.184)
together with

(Z(i) V(i)

V(i) v(i)I ><0, 1<i<N. (7.185)

Proof. Based on Finsler’s lemma (7.180) is equivalent to the existence of the
scalars (i) € R, 0(i) # 0 such that
Z(i) — VT (i)V(E) < 0. (7.186)

If ©(i) < 0 then by the Schur complement technique (7.186) is equivalent to
(7.185) with v (i) = #~1(4). Thus the proof is complete. O

Remark 7.5 To obtain the best level of suboptimality achieved by a controller
of type (7.157) one may solve the following optimization problem,

N I n\"
min TriVEFG) [ e | FT@V ) (7.187)
R(i),v(i) £ 0 0

subject to (7.181), (7.185), R(i) > 0,v(i) < 0,1 < ¢ < N. If R =
(R(1),R(2),...,R(N)) is obtained solving the minimization problem (7.187)
then it is introduced in (7.178) for obtaining the gain matrices L(i).
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7.7 An H, filtering problem

Let us consider the system:

1) = (Ao(m) > wk<t>Ak<m>) £(t) + By (n)o(t)
G: b=l
ut) = (comt) > wku)ck(m)) £(t) + Do(m)o(), 120,

(7.188)

where z(t) € R™ is the state, y(t) € R™ is the vector of the measurements,
{neti>0, {w(t)}i>0, {v(t)}i>0 are as in (7.1) and satisfy the assumptions
H;,H,>, and A.7.1. Throughout this section we assume that the zero state
equilibrium of the linear system

r(t+1) = (Ao(ﬁt) + Z wk(t)Ak(m)> x(t) (7.189)

k=1

is ESMS. Our goal is to construct a discrete-time linear system yp(t) =
(Gr(n)y)(t), called a linear filter, activated by the measurements y(s), 0 <
s < t such that the output yr(t) is a “good estimation” of the state x(t) of
the given system. Because the given system is affected by additive white noise
perturbations, we consider that a good estimation could be expressed in terms
of an Hs norm.

We remark that (7.188) is the special case of (7.114) for Bi(i) = 0,0 < k <
r, C,(i) =1,, D.(i) = —1I,, 1 <i < N. It follows that the best estimation of
x(t) in terms of an Hs norm can be obtained applying the results in Section 7.5.
In this special case the DTSRE-C (7.92) reduces to

X(i) = > AL ()E(X) Ar(i). (7.190)
k=0

Under the assumption of mean square exponential stability of the zero state
equilibrium of (7.189) it follows that the stabilizing solution of (7.190) is
Xs = (X5(1),...,Xs(N)), Xs(i) = 0,1 < i < N. The stabilizing feedback
gain (7.95) is Fs(i) = I,,, 1 <i < N.

Assuming that for some p € {1,2,3,4} the DTSRE-F (5.156) has a stabi-
lizing solution Ys = (Ys(1),...,Ys(V)) then applying Theorem 7.8 one obtains
that the optimal filter has the state space realization given by

zp(t+1) = (Ao(n) + Ko(ne)Co(m) + > wie(t) (Ax ()
= (7.191)
+ Ks(ne)Cr(m))zr (t) — Ks(ne)y(t)

yr(t) =zp(t), t>0,
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where K (i) is the stabilizing injection constructed as in (5.158). Moreover,
the minimal value of the corresponding Hs performance is

N
Jopt = 3 _ Tr(Ya(i). (7.192)
=1

It should be noted that as in the general case investigated in Section 7.5,
the optimal filter (7.191) is hard to implement, due to the presence of the
white noise w(t), t > 0 in its state space realization. To avoid this incon-

venience we try to find a filter with a simpler structure:
wr(t+1) = (Ao(ne) + L(ne)Co(m))zr(t) — L(ne)y(t) (7.103)
yo(t) = zL(t),

where the gain matrices L(¢), 1 <4 < N are arbitrary but have the property
that the zero state equilibrium of the system

a(t +1) = [Ao(ne) + L(ne)Co(ne)]x(t) (7.194)

is ESMS. Let K4(G) be the set of all gains L = (L(1),...,L(N)), L(i) €
R™ ™ such that the zero state equilibrium of the corresponding system
(7.194) is ESMS.

Our aim is to provide conditions that guarantee the existence of a gain
L € K,(G) with the property that

Jim E[|x(t) — 2 (1)) < Jim Ella(t) — 1.(1)] (7.195)

for any L € K4(G). Let er(t) = x(t) — z1(t) be the estimation error corre-
sponding to a filter (7.193). Combining (7.188) and (7.193) one obtains

er(t+1) = (Ao(me) + L(n:)Co(ne))er(t)
+ Zwk (Ax (1) + L(0e) Cro(ne)) () + (Bu (1) + L (1) Do (1) o (t)-
Setting ¢1,(t) = (eX(t) aT(¢))T one obtains the system:

En(t+1) = Aoa(m)Er(t) + ;;; W (t) Aget (e)EL(t) + Boar(ne)v(t)
21, (t) = Ca(m)€r(t),

Gy,

(7.196)

where

Ao(i) + L(i)Co(i) 0
Aocz(i)=< o()+0() 0(%) Ao(i)>7
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AMF:C)AAQ+M®@@)

. 1<k<N, (7.197)
0 Ag(i)

By, (1) + L(2) D, (2
- :< <>;(§)> ()

), Culi)= (I, 0).

Specializing (7.8) to the case of the system (7.196) we may rewrite (7.195) as
NGzlll2 < [lIGLll2- (7.198)

In (7.198) we choose the norm ||| -|||2 to measure the quality of the estimation
achieved by a filter of type (7.193) because this type of Hs norm is more
frequently used in the literature. It is worth mentioning that the use of the
norms || - ||z or || - ||, instead of ||| - |||2 is possible without major changes. They
are pointed out at the end of this section.

Assuming that the hypotheses Hy, Ha, A.7.1, and A.7.2 are fulfilled, we
may obtain via Theorem 7.4 applied to the system (7.196) that:

N
IG5 =D Tr(Ca(i)Y ™ (i)CH (3)], (7.199)
i=1

where Y™ = (Y™ (1),...,Y™(N)) is the unique solution of the following
linear equation on S,

N

Y™ (i) = 3 p(.i)

j=1

> Ak ()Y ™ () Ak (5) + 07 () Boet () By (5) | »
k=0

(7.200)
where ¢™ (j) are defined as in Theorem 7.1.
Let
Yi(i) Ya(i)
Y'(i) Ya(i)
be the partition of the matrix Y™ (i) according to the partition of the coeffi-
cients of (7.196). Thus (7.199) becomes:

N
IGLlll3 =D Trva(i)]. (7.201)

i=1

Using (7.197) one obtains the following partition of (7.200).
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Yi(i) = Zp(jyi){[flo(j) + L(7)Co(1)IY1(5)[Ao(5) + L(5)Co(7)]"

T

+ > [Ak() + LG Ce (DY ()[AR () + L) Cr ()]

k=1
+ 4™ (7)[Bo(4) + L) Do (7)][Bo (4) + L(j)Dv(j)}T} (7.202)
N
Ya(i) = Zp(j,@{[Ao(j) + L(j)Co(7)V2 (1) A7 (7)
+ 3 [A(G) + LG)Cr()]Y3 () AF (5)
k=1
+4™ (7)[Bo(j) + L) Do (5)] By (j)} (7.203)
N r
Ya(i) =Y p(,d) [ D Ae()Ys()AL () + 4™ () Bo()Ba ()| . (7.204)
j=1 k=0

Having in mind (7.201) it follows that only the equation (7.202) would be
of interest for us. However, one sees that it is dependent upon Y3(j) which
solves (7.204). Hence the equation (7.203) is not involved in our developments.
On the other hand if the zero state equilibrium of (7.189) is ESMS one obtains
that (7.204) has a unique solution Y3 = (Y3(1),...,Y3(N)) € SN+. Plugging
Y (4) in (7.202) we look for the gain L € K,(G) such that the right-hand side
of (7.201) minimized.
Let us consider the following system of nonlinear equations on S¥.

N
Yi(i) = p(i.1) | Ao(i)Y1 () AT () — (Ao () Y1 (4)CT ()
j=1

+ > A()Y3()CE () + a7 () Bu() Dy (1)(Co(3)Y1(§)CF (5)
k=1

+ ) Ch()Y3()CE (7)) + ™ (1) Do (5) D1 (7)) ™ (Co(4) Y2 () AT (5)
k=1

+) Ce()Y3 ()AL () + 47 () Do () B (5))
k=1

+ ) AG)Ya() AL (3) + a7 () By (4) By (7) (7.205)
k=1
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with the unknown Y; = (Yi(1),...,Y1(N)). In (7.205) Y3(j) is the jth com-
ponent of the unique solution of (7.204). Let us define B(j), D(j) via the
following factorization,

(B(j))(B(j))T ( J)Y]< J)T
D) ) \ DG) Gy ) ()

Thus, (7.205) can be rewritten:

N
0) = >0 )A()V1() AT (5) — (A ()Y2 ()CT (5)
+BG)D" () (Col)Ya()CT ()

T

+DG)D" (1) (Col)Yi() AL (j) + D(G)B"

(7)) + BG)B' (j))-
(7.206)

Hence (7.206) is the special form of the DTSRE-F (5.156) associated with the
following system subject to Markovian switching,

x(t +1) = Ao(n:e)x(t) + B(ne)u(t)
y(t) = Co(me)x(t) + D(ne)u(t).

Based on this analogy we may introduce the concept of a stabilizing solution
of (7.205). Thus, a solution Y7 = (Y1(1),...,Y1(N)) of (7.205) is a stabilizing
solution if the zero state equilibrium of the closed-loop system

E(t+ 1) = [Ao(me) + L(ne)Co(m)) (1) (7.207)

is ESMS, where

k=1

L(j)=—<Ao() 1(7)Cq (5) +2Ak )Y3(5)CE (5)
+¢™ (§) By () DY (7)) (Co(4)Y1(5)CT (5)

-1
+ch )Y3(j)Ci (j )+q7'°(J)Dv(J')DUT(J')> : (7.208)
k=1
If we take L = (L(1),... L(N)), then L € K(G).

Specializing the result of Theorem 5.16 to the DTSRE-F (7.206) one
obtains the following.
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Corollary 7.4 Assume:

(a) The hypotheses Hy and Ha are fulfilled.
(b) The zero state equilibrium of (7.189) is ESMS.

Then the following are equivalent.

(i) The DTSRE-F (7.205) has a stabilizing solution i = (i(1),...,
Y1(N)) € SN+ werifying the condition:

Co(NVi()CT (3) + Y Cr(DYa()CK (3) + 4™ (1) Du(3) Dy (7) > 0,
k=1
(7.209)
I<j<N.
(ii) There exists Z = (Z(1),...,Z(N)) € SV that solves the following system
of LMIs,

(7.210)

W,(Z)—Z(i) Woul(Z) -
vi(2) W3i(Z) 7

1 <1< N, where

W1i(2) = Ao()EF (Z)AG (i) + D Aw(i)Ya(D) AL (§) + ¢™ () B, (i) BY (i)
k=1

Wi(Z) = Ag(D)E] (2)Cq (i) + Y Ar(i)Y3(i)CF (i) + ¢™ (i) By (i) D} (i)
k=1

W3,(Z) = Co(i)E; (Z)CF (i) + Y Cr(D)Ya())CF (i) + ¢ (1) Dy (i) DY ().
k=1

It must be remarked that if assumption (b) in the statement is fulfilled
then the zero state equilibrium of x(t + 1) = Ag(n)x(t) is ESMS. There-
fore, in this case, the stochastic detectability involved in Theorem 5.16 is
automatically satisfied in the case of the DTSRE-F (7.205).

The next result can be proved by direct calculations.

Lemma 7.11 The stabilizing solution Y of the DTSRE-F (7.205) also solves
the following modified equation.

N
Yi(i) =Y p(j, z‘){[Ao(ﬁ + L(5)Co()Y1(5)[Ao(4) + L(7)Co()]"
j=1

+ 3 [A() + LOG)CR ()] Y3 (5)[Ar () + L(G)Cr (7))
k=1
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+ ¢ (5)[Bu(5) + L(§) Do (5)][Bo(j) + L(§) Dy (5)]"
— [L(j) = LDCo()Y1(5)CF (5)
k=1

where L(j) € R"™ ™, 1< j < N are arbitrary but fited and L(j), 1 < j < N
are given by (7.208).

Taking in (7.211) L(j) = L(j) we obtain the following version of (7.205),
verified by Y7.

+¢"(G)[Bu(4) + L) Do ()][Bu(5) + L(j)Dv(J’)}T}- (7.212)

It is easy to see that (7.212) coincides with equation (7.202) associated with
the gains L(j) = L(j), 1 < j < N. So, (7.201) becomes in this case:

N
IIGENIE = TriYa(i))- (7.213)

Jj=1
Now we are in position to prove the main result of this section.

Theorem 7.11 Assume:

(a) The hypotheses Hy, Ha, A.7.1, and A.7.2 are fulfilled.

(b) The zero state equilibrium of (7.189) is ESMS.

(¢) There exists Z = (Z(1),...,Z(N)) € SN that solves (7.210). Under
these conditions the linear equation (7.204) has a unique solution Ys =
(Y3(1),Y3(2),...,Y3(N)) € SN* and the DTSRE-F (7.205) has a stabi-
lizing solution Y1 = (Y1(1),Ya,...,Y1(N)) € SN that verifies (7.209). Let
L(i) be the stabilizing injection defined by (7.208) and

27 (t+1) = (Ao(m) + L(ne)Co(me))zz () — Lme)y(t) (7.214)
yp(t) = z; ()

be the corresponding filter of type (7.193).
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Under these conditions we have:

Jim ElJe(t) — (0] < Jim Blla(t) - 1 (5]

for all L= (L(1),...,L(N)) € Ks(G).

Proof. The fact that (7.204) has a unique solution follows from assumption
(b), Theorem 2.5, and Theorem 3.10 for § = 1. Furthermore, Corollary 7.4
guarantees the existence of the solution of (7.205) with the property (7.209).
Also, the fact that the zero state equilibrium of (7.194) is ESMS guarantees
the existence of the solution Y3 = (Yi(1),...,Y1(N)) of (7.202), for each
L € K,(Q).

Based on (7.201) and (7.213) it follows that it is sufficient to verify that
Yi(i) > Yi(i) for all 1 < i < N and for all L € K4(G).

Let A = (A(1),..., A(N)) be defined by A(7) = (Y1(i)—Y1(i)),1 <i < N.
Subtracting (7.211) from (7.202) one obtains that A solves the equation:

A(i) = ZP(J} )[(Ao(5) + L(5)Co(1) A (Ao (4) + L(7)Co(7))" + H(j)],
’ (7.215)

where H(j) = (L(j) — L(j))(Co(/)Y1(7)Cq (7) + Xhmy Cr(5)Y3(5)CE (5) +
g™ (7)) Dy (7)) DT (1)) (L(F) — L(4))". Because (7.209) is fulfilled we deduce that
H(j)>0,1<j <N.

From the definition of the admissible gains it is known that the zero state
equilibrium of (7.194) is ESMS. This allows us to deduce, via Theorems 2.5
and 3.10 in the special case § = 1, that equation (7.215) has a unique solution
A= (A(1),...,A(N)). Moreover this solution has the property A(i) > 0, for
all 1 <¢ < N. This means that Y7(i) > Y1 (1), 1 <i < N, and this completes
the proof. O

Remark 7.6

(a) The result proved in the previous theorem shows that the filter (7.214)
provides the best estimation of the states x(t) of the system (7.188) with
respect to the Hy performance |||-|||2. Based on Theorem 7.3(7) one obtains
that the filter (7.214) also provides the best estimation of the states z(t)
of (7.188) with respect to the Hy performance || - ||z defined by (7.6).

(b) If in (7.205) and (7.209) the numbers ¢™ (j) are replaced by ¢P°(j), 1 <
j < N, then one can show that the filter (7.214) constructed using the
new version of the gain L(i) given by (7.209) provides the best estimation
of the states x(t) of (7.188) with respect to the Hj performance || - Hz
introduced by (7.7).

(¢) In light of the discussion in Section 7.3, if in (7.205) and (7.209) the num-
bers ¢™(j) and ¢P°(j) are replaced by G(j) = Zi\[:l ¢i; then the corres-
ponding filter (7.214) has some robustness properties in the sense that it
does not depend upon the initial distribution 7y of the Markov chain.
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7.8 A case study

We next consider a numerical example that demonstrates the advantages
of using the new estimator derived in the present chapter, for a simplified
navigation problem where a vehicle’s attitude is estimated from its noisy
position and velocity measurements (e.g., from GPS) utilizing inaccurate
inertial sensors. The example is a modified version of the three-axis simplified
navigation model of [3].

The three axis model of [3] is given by

T = 590 - g(_¢y)7 _¢.y = jj/Re + (wa: + Ew)¢z — €y
fQZﬁy—gtﬁz, ng:y/Re‘F(wy"’ey)(ﬁz“FEz
Z= ﬁza ¢.z = €z,

where z,y, 2z are the components of the vehicle position, ¢, @,,¢. are the
tilt errors, and w,,wy,w, are the angular rates. In [3] it was assumed
that the constant bias and drifts of the accelerometers and rate sensors
have been compensated via calibration and, therefore, the driving terms
Bz, By, B> and €., €y, €, are white noise processes. In our case, we assume
low-cost noisy measurement devices for the angular rates (e.g., by differen-
tiation of angles computed from magnetometers) and we have, therefore,
added the noise terms 3, to w, and [, to wy. Defining the state vector to
bex=(x @& —¢, y U ¢x 2z @ ¢.)7 and the measurements to be
y=( y z 4 g )7 and considering the discrete-time version of the
above system with a sampling time of h = 0.1sec we obtain the system of
(7.188) with [3], where
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where we slightly abused notations when writing the discrete-time version.
We also define the terms with state-dependent noise:

O2xs  O2x1
Arze(t)w (t) = | O1xs  ea | 2(t)es(t),
Osxs Opx1
O5xs  Osx1
Asz(t)wa(t) = | O1xs €d x(t)ey (t)
O3xs  0O3x1

and we note that the apparent correlation between v and w := [e; €, €.]T does
not affect the results of Theorem 7.1 above. The covariance of the measure-
ment noise is taken as D, DT = diag{100, 100,100, 0.01,0.01,0.01}. We took
€q = 0.0483radian//sec which amounts to 500 deg/v/hour. Although this
level of random walk is very high and beyond commonly encountered practi-
cal values, it may represent cases where angular rates are obtained with very
cheap and noisy components or under severe environmental conditions.

We compare two estimators. One is the classical Kalman filter (KF) which
ignores the state-multiplicative noise and is derived by solving the discrete-
time recursive Riccati equation obtained from Theorem 7.11 above by nulling
Ay, Ay, C1,Cy, and Y3 and by replacing Y7 in the left-hand side of (7.205) by
Y3(t + 1) and by replacing Y3 in the left-hand side of (7.205) by Y3(t + 1).
All values in the right-hand sides of (7.205) and (7.204) correspond to the
moment ¢. Similarly, the new filter of the present paper, is referred to as the
state-multiplicative Kalman filter (MKF).

The vehicle maneuvers are assumed to behave according to w, = w, =
w, = 0.58in(0.5¢ - h). The results of 50 Monte Carlo simulation runs depicting
the standard deviations of the tilt errors ¢, ¢y, ¢. for the KF and MKF
are given in Figures 7.1 and 7.2, respectively. The solid lines are the actual
ensemble based standard deviations whereas the dashed lines are the standard
deviations predicted by the filter, namely the square roots of elements (3,3),
(6,6), and (9,9) respectively, of Y. Clearly the prediction by the MKF is
considerably more accurate and tighter. Moreover, the standard deviations of
the tilt errors are smaller with the MKF, where the benefit of using MKF
over using KF is best observed in the estimation of ¢, where the errors are
smaller by a factor of two with the MKF with respect to the KF. Note also
that with both filters, the errors in ¢, are larger than those in ¢, and ¢, due
to the weaker observability in ¢, due to the lack of direct relation between ¢,
and the measured velocities that exists, in contrast, between & and ¢, and g
and ¢, .

7.9 Notes and references

The Hs optimal control problems refer to the minimization of a quadratic
cost functional in the solutions of a linear control system affected by additive
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white noise. As is known from the deterministic framework (see, e.g., [33]), the
value of such a performance criterion does not depend upon the initial con-
ditions of the trajectories of the controlled system and it coincides with the
Hs norm of a linear time-invariant system. That is why such criteria are often
called Hs norms. As in the case of other controlled problems for discrete-time
linear stochastic systems, the Hs optimal control problems were investigated
separately for the case of discrete-time controlled systems subject to multi-
plicative and additive white noise and for systems subject to jump Markov
perturbations and additive white noise. Thus for the case of discrete-time
linear systems subject to multiplicative and additive white noise the Hy opti-
mal control problem was considered in [63, 65]. For the case of discrete-time
linear stochastic systems with Markovian switching and additive white noise,
the Hy optimal control problem was considered in [26, 27] and their references.
In this chapter we have considered the Hy optimization problem for a gene-
ral class of discrete-time linear stochastic systems affected simultaneously by
multiplicative and additive white noise as well as Markovian switching. The
results included in this chapter may be found in [47, 49]. The results from
Section 7.6, concerning the Hs filtering problem, were published for the first
time in this book. The counterpart of this Hs filtering problem for the case
of discrete-time linear stochastic systems was considered in [106].
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Robust stability and robust stabilization of
discrete-time linear stochastic systems

The main goal of this chapter is to investigate several aspects of the problem
of robust stability and robust stabilization for a class of discrete-time linear
stochastic systems subject to sequences of independent random perturba-
tions and Markov jump perturbations. As a measure of the robustness of
the stability of an equilibrium of a nominal system a concept of stability
radius is introduced. A crucial role in determining the lower bound of the
stability radius is played by the norm of a linear bounded operator associ-
ated with the given plant. This operator is called the input—output operator
and it is introduced in Section 8.2. In Section 8.3 a stochastic version of the
so-called bounded real lemma is proved. This result provides an estimation of
the norm of the input—output operator in terms of the feasibility of some linear
matrix inequalities (LMIs) or in terms of the existence of stabilizing solutions
of a discrete-time generalized algebraic Riccati-type equation. In Section 8.4
the stochastic version of the so-called small gain theorem is proved. Then this
result is used to derive a lower bound of robustness with respect to linear struc-
tured uncertainties. In the second part of this chapter we consider the robust
stabilization problem of systems subject to both multiplicative white noise
and Markovian jumps with respect to some classes of parametric uncertainty.
Based on the bounded real lemma we obtain a set of necessary and sufficient
conditions for the existence of a stabilizing feedback gain that ensures a pre-
scribed level of attenuation of the exogenous disturbance. We also show that
in the case of full state measurement if the disturbance attenuation problem
has a solution in a dynamic controller form then the same problem is solvable
via a control in a state feedback form. Finally a problem of H, filtering is
solved.

8.1 A brief motivation

In many applications the mathematical model of the controlled process is not
completely known. Even if the multiplicative white noise perturbations are

V. Dragan et al., Mathematical Methods in Robust Control of Discrete-Time Linear 287
Stochastic Systems, DOI 10.1007/978-1-4419-0630-4 8,
© Springer Science + Business Media, LLC 2010
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introduced in order to model the stochastic environmental perturbations that
are hard to quantify, it is also possible that some parametric uncertainties
occur in the coefficients of the stochastic system. Thus a robust stabilization
problem, is given asking us to construct a control law in a static or dynamic
feedback form that stabilizes all discrete-time linear stochastic systems into a
neighborhood of a given system often called the nominal system.

To be more specific, let us consider the controlled system:

z(t+1)= (Ao(m) + Aa(t,ne) + Zwk(t)Ak(m)> z(t) + B(n)u(t), (8.1)
k=1

where Ag(i), 0 <k <r, B(i), 1 <i < N, are known matrices of appropriate
dimensions, and A4 (¢,4), t > 0 are unknown matrices. A robust stabilization
problem, via state feedback control law, asks us to construct a control u(t) =
F(n)x(t) such that the zero state equilibrium of the nominal system

w(t+1) = (Ao(m) + B F(n) +) wk(t)Ak(m)> x(t)  (82)

k=1

and the zero state equilibrium of the perturbed system

z(t+1) = (Ao(ﬂt) + B(n) F(ne) + Aalt,ne) + Zwk(t)Ak(nt)> z(t) (8.3)
k=1

are exponentially stable in the mean square (ESMS) for all uncertainties
A4(t,7) in a neighborhood of the origin in R™*".

It is known that if the zero state equilibrium of the nominal system (8.2)
is ESMS then the zero state equilibrium of the perturbed system (8.3) is still
ESMS for some “small perturbations” A4(t,4). In a robust stability problem,
as well as in a robust stabilization problem, the goal is to preserve the stability
of the nominal system for the perturbed systems in the case of the variation
of coefficients of the system that are not necessarily small.

In this chapter we investigate different aspects of the problem of robust
stability and robust stabilization of discrete-time linear stochastic systems
(8.1) with structured parametric uncertainties of the form:

Aalt,m) = (GO(ﬁt) + Zwk(t)Gk(nt)> Ame)C(me),

k=1

where the matrices Gg(i), 0 < k < r, C>i), 1 < ¢ < N are assumed
to be known, and A(:i), 1 < ¢ < N are unknown matrices of appropri-
ate dimensions. We show that in the definition of the set of uncertainties
A= (A(1),...,A(N)) for which the exponential stability in the mean square
is preserved, an important role is played by the norm of the linear operator
adequately chosen, named the input—output operator.
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For this reason we start with the proof of the stochastic version of the
bounded real lemma. This result allows us to obtain information about the
norm of an input-output operator.

We also prove a stochastic version of the small gain theorem which is a
powerful tool in the estimation of the stability radius of a perturbed system,
with structured parametric uncertainties.

8.2 Input—output operators

Let us consider the system (G) with the state space representation:

a(t+1) = (Ao(nt) + Zwk(t)Ak(m)> a(t)

k=1

+ (Bo(ﬁt) + Zwk(t)Bk(nt)> (t)

k=1
z(t) = C(ne)z(t) + D(ne)v(t), (8.4)

where z(t) € R™ is the state of the system; v(¢t) € R is the external input
and z(t) € R™ is the output; {w(t)}i>o, (w(t) = (w1(t), w2(t),...,w.(t)T)
is a sequence of independent random vectors; and the triple ({n;}¢>0, P, D)
is an homogeneous Markov chain, on a given probability space (£2,F,P)
with the set of the states D = {1,2,..., N} and the transition probability
matrix P.

Throughout this chapter we assume that together with the hypotheses Hy
and Hs (introduced in Section 1.5), the Markov chain verifies the following
additional assumption.

A.8.1

(7) The transition probability matrix P is a nondegenerate stochastic matrix.
(i3) 7o (i) = P{mo =i} > 0,1 <i < N.

It should be remarked that in the developments of this chapter the Markov
chain is not prefixed, but it is assumed that the initial distributions my =
(mo(1),...,m(N)) lie in the subset My = {my = (7o(1),...,m0(N))|mo(?) >
0,1<i<N, YN (i) =1}

In (8.4) Ak(4), Br(i), 0 <k <r, C(i), D(i), 1 <i < N are given matrices
of appropriate dimensions.

In this chapter, the inputs v = {v(t)}+>0 are stochastic processes either
in é%{O,T;Rm”} for 7 > 0 or in é%{O,oo;Rm”}. Both f%{O,T;Rm”} and
E%{O, oo; R™v} are real Hilbert spaces.
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The norms induced by the usual inner product on each of these Hilbert
spaces are:

. 1/2
_ 2
||UHE§:‘{0,T;RT”7J} = (E EH’U(t)| }>

t=0
for all v € K%{O,T; R™} and

- 1/2
[vlle2, {0,000} = (ZEHU(UF]) :

t=0

respectively, for all v € E%{O, oo; R™v }.
Let x(t, 0, v) be the solution of the system (8.4) corresponding to the input
v = {v(t)}+>0 with the initial condition z(0,0,v) = 0. Let

2(t,0,v) = C(n)z(t,0,v) + D(n:)v(t) (8.5)

be the corresponding output. One can see that if v € E%{O, 7;R™v} for some
7 > 1, then x(t,0,v) is H;_1-measurable and E[|x(t,0,v)|?] < co. Hence from
(8.5) it follows that {2(t,0,v)}o<i<r € €2{0,7; R}

We have E[|z(t,0,v)?] < §1E[|z(t,0,v)|?] + 62E[|v(t)|?], where 6; =
2max;ep |C(i)]? and dy = 2 max;ep |D(i)|?.

Applying Corollary 3.8(i) we deduce that if the zero state equilibrium of
the system

z(t+1) = (Ao(Tlt) + Z wk(t)Ak(m)> x(t) (8.6)

k=1
is ESMS, then there exists v > 0 such that

ZE (1,0,0)) <7* 3 Blu(0) (5.7)

for all v € E%{O, oo; R™Mv}.

It can be remarked that in the absence of the property of exponential
stability in the mean square of the linear system (8.6) one can prove that for
each 7 > 1 there exists y(7) > 0 such that

ZE\ztOU ZE\U (8.8)

for all v € é%{O,T; R™}.

Because v — z(t,0,v) is a linear dependence, we deduce that if the
state equilibrium of (8.6) is ESMS, we may define a linear operator 7 :
E%{O,oo;Rm”} — g%{O,OO;RnZ} by

(To)(t) = 2(t,0,v) (8.9)
for all v € K%{O, oo; R™Mv}.
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In the absence of the assumption of exponential stability for each 7 > 1, the
equality (8.9) defines a linear operator 77 : £ {0, 7; R™} — £2 {0, 7; R"=}.

From (8.7) and (8.8) one obtains that 7 and 7, are bounded operators.

The linear operator 7 introduced by (8.9) is called the input—output
operator defined by the system (8.4) and the system (8.4) is known as a state
space representation of the operator 7. From the definition of the input—
output operator one sees that such an operator maps only finite-energy dis-
turbance signal v into the corresponding finite energy output signal z of the
considered system.

Concerning the product and the inversion of the input—output operators
we have the following proposition.

Proposition 8.3

(i) Let T} : f%{O,T;Rm} — f%{O,T;Rp} and T2 : K%{O,T;le} — ﬁ%
{0, 7;R™} be the input—output operators with the state space representa-

tions
xi1(t+1)= <A10(77t) + iwk(t)Alk(nt)> z(t)
k=1
+ <B10(77t) + iwk(t)Blk(nt)> v1(t)
k=1
y1(t) = Cr(m)z(t) + D1 (me)va (t)
and

za(t+1) = <A20(77t) + Zwk(t)A%(m)> x(t)

k=1
+ (Bzo(m) +y wi (t)sz(m)> va(t)
k=1
ya(t) = Ca(ne)a(t) + D2 (1) v2(t);

then the product TXT? E%{O, R™MY} — E%{O, 7; RP} has the state space
realization of the form (8.4) where

44(6) (Alk(i) Blk(i)Cg(i)>

0 Ao ()
mo=(" ) s

C(i) = (C1(i) D1(1)Ca(i)), D(i) = Dy (i) D2 (4), i€D.
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(ii) Assume that in (8.4) m, = n, and det D(i) # 0, ¢ € D. Then for every
7 > 0 the input—output operator T, : E%{O,T;R"Z} — é%{O,T;RnZ} 18
invertible and its inverse T.~' has the state space realization

ft+1) = (Aom) + Zwmtmk(m)) (1)

k=1

+ (Bo(m) + Zwk(t)Bk(Tlt)> 2(t)

k=1
o(t) = C(m)E(t) + D(m)z(t), (8.10)

where Ay (i) = Ax(i) — By(i)D™'(i)C (i), Bi(i) = By(i)D~'(i), C(i) =
—D~'(#)C(i),D(i) = D7(i),i € D. Moreover, if the zero state equili-
brium of the system (8.6) and the zero state equilibrium of the system
obtained from (8.10) with By(i) = 0 are ESMS then the input-output
operator T associated with the system (8.4) is invertible and its inverse
T~ has a state space representation given by (8.10).

To obtain an estimate of a robustness radius of the stabilization achieved
by a control law, an important role is played by the norm of an input—output
operator. It is well known, from the deterministic context, that the norm of
an input-output operator cannot be explicitly computed as in the case of
Hy norms. That is why we are looking for necessary and sufficient conditions
which guarantee that the norm of an input—output operator is smaller than a
prescribed level v > 0.

Such conditions are provided by the well-known bounded real lemma. The
discrete-time stochastic version of the bounded real lemma is proved in the
next section.

In the last part of this section we present several auxiliary results useful
in the developments of the next sections.

Remark 8.7 Each stochastic process v = {v(t)}o<i<r € E%{O,T;Rm”} can

be extended in a natural way to a process v = {v(t)}+1>0 € E%{0,00;R"‘“}
by taking v(t) = wv(t) for 0 < ¢t < 7 and v(t) = 0 for t > 7+ 1.
We have [[v]le o,/mmoy = [[7lle2 {0,00mmey and also [ Tovllz (o.rmney <

||TUHZ§:‘{0,<>O;R”Z} < ”T” ) ||UHE§:‘{0,<>O;R""U} = ”T” ’ ”’UHE%{O,T;R"W} for all
v e ﬁ%{o, 7; R™v}. Therefore this leads to

I Z-1| < 17| (8.11)
for all 7 > 1.

Let v > 0,0 < 7 € ZU {0}, and zp € R™ be arbitrary but fixed. We
consider the following cost functionals
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Jy(1,30,1,0) = Y El|z2(t, 20, 0)|* — 7 [u(t)|*|no = i, (8.12)
t=0
i€ D and
Ty(r,20,0) = > E[|2(t, 70,v)]* = ¥*|v(t)[’] (8.13)
t=0

for all v = {v(t) }o<i<+ € E%{O,T; R™v}.

It should be noted that if (8.12) and (8.13) are written for 7 = +oo we
assume tacitly that the zero state equilibrium of the system (8.6) is ESMS.
It is clear that ||7;|| < « if and only if J,(7,0,v) < 0 for all v € E%{O, T R™}

and ||T|| < ~ if and only if .J, (00, 0,v) < 0 for all v € E%{0,00;R"‘“}.
Applying Lemma 3.1 we obtain the following.

Corollary 8.5 For all 7 > 1, o € R"™, and for all X(t) = (X(¢,1),...,
X(t,N))eSN,0<t<7+1, we have

J (T, xo,i,v)xOTX(O,i)xo — E[xT(T + D)X (r+ 1, nr41)2(7 + 1)|no = 4]
T

22| () aem (G )=

for all v ={v(t)}o<i<r € 63%{0,7'; R™}, i € D, where x(t) = z(t,x0,v) and

I X (4 1) — X(t,4) + CT(1)C®)

.4 = ((HziX(t + 1)+ CT(i)D(i)"

Iy X (t+ 1) + CT(3)D(4)
II3; X (t +1) + DT () D(i) — L, ) (8.14)
with
I X(t+1) Iy X (t+1)
(HQiX(t + 1))T H3iX(t + 1)
=" (ArG) Br()) E(X(t+1) (Aul)) B(i)) (8.15)
k=0

with E(X(t+1)) = Y00, p(i, /)X (t+1,4), 1 <i < N.

Proof. One applies Lemma 3.1 to the function V (¢, z,i) = 27 X (t,7)x and to
the system (8.4). Details are omitted. O
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Let F(t) = (F(t,1),...,F(t,N)), F(t,i) e R™>*"0 <t <7, 7 > 1. Let
XE(t) = (XA, 1),...,X5(t,N)) be the solution of the following problem
with the given final value

X(t,i) =Y (Ax(i) + Br(i)F(t,1))"E:(X (t + 1)) (Ax (i) + Bi(i)F(t, 1))
k=0
+(C(i) + D) F(t,1))" (C(i) + D(D)F(t,0)) = ¥ FT(t, ) F(t,9)
(8.16)

X(r+1,i) =0,

1 < i < N. Because (8.16) is a backward affine equation, its solution X p(t)
is well defined for all 0 < ¢ < 7 + 1. Let us remark that (8.16) may be
written as

(F(IZZ'))T Q) (F(IZZ)) =0, (8.17)

0<t<7+1,1i¢€D, where Q(X},i,t) is obtained from (8.14) when X (t) is
replaced by X7.(t). Let zp = {zr(t)}o<i<r+1 be the solution of the following
problem with the initial given value,

z(t+1) = | Ao(ne) + Bo(ne) F'(t,me)
+Zwk )(Ak(ne) +Bk(ﬂt)F(tﬂ7t))1 a(t)
Bo(m) + Y wk(t)Br(m) | v(t) (8.18)
k=1
x(0) = zo.

Lemma 8.12 Let F = {F(t)}o<i<-, F(t) = (F(t,1),...,F(t,N)), F(t,i) €
R™*" be a sequence of gain matrices. If {X}(t)}o<i<r+1 is the solution of
the problem (8.16), then we have:

Jy (T, 20,4,v 4+ Frp) = xf X5(0,i)z0
+ZE (19(XZ(t + 1), m)(t)

+ 20T ()X Rt + 1), m) 2 r ()00 = 4]

for alli € D, xg € R", v € E%{O,T;Rm“}, xp(t) being the solution of the
problem (8.18) corresponding to the input v and
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O (XLt +1),0) = 3 X2 (t + 1) + DT () D(i) — ¥ I, (8.19)

NMX Rt +1),4) = (T XL+ 1)+ CT @) D) + 9, (XL(E+1),4)F(t,1).
(8.20)

Proof. Applying Corollary 8.1 with X (¢,4) replaced by X}.(t,i) and v(t)
replaced by v(t) + F(t,n:)xr(t) we obtain

Jy (T, 20,1, v+ Fap)

T T

= X730, i)z + Z E
k=0

<U(t) + ;l(vt(atgt)xF(t))

5 l‘F(t) .
XQ(X L, me, t) <v(t) +F(t777t)$F(t)) Ino = Z] (8.21)

forallzg e R™, i € D, v € f%{O,T;Rm“}.
Furthermore, we may write

rr(t) g 5 rp(t)
<v<t> LG, m)acF(t)) QLX) <v<t> LG, m)acF(t))

I, \

=kt (F(t,ﬁt)) AXprm-1) (F(-Zlﬁt)) =r(t)

I, \"

+ 2z5(t) (F(t,m)> QXM t) (Izv ) v(t)

e () acsin (0 )

Using (8.17) we deduce

2p(t) . 2 p(t)
<v<t> n F(tmt)xF(t)) QLX) <= o(t) + F(ant)xF(t))
20T (DN + 1), m)arr (8) + 07 (09 (X2 + 1), m)ul).

The conclusion follows plugging the last equality in (8.21). This completes
the proof. O

Now we prove the following.

Proposition 8.4 If for an integer 7 > 1 and a real number v > 0, || 7-|| < 7,
then
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T

> BU@EXE(E+1))Bi(i) + DT ()D(E) =4I, < ~e0lm,  (8:22)
k=0

for all 0 <t <7, with g9 € (0,7% — || Z-|*).
Proof. Let us remark that (8.22) can be rewritten
Hy (XDt +1),4) < —eolp,, 0<t<T. (8.23)
We prove (8.23) in two steps. First we show that
(X0t +1),i) <0 (8.24)

foral0 <t <7,i€eD.

In the second step, using (8.24), we show the validity of (8.23). Let us
assume to the contrary that (8.24) is not true. This implies that there exist
0<ty<rT,ip€D,and v € R™ with |v] = 1, such that

T 9, (X3 (to 4+ 1),i0)v = 1o > 0 (8.25)

for a vg > 0.
Let v = {0(t) }o<t<- be defined as follows,

N . X{m :io}v, lf t= to
U(t)_{o, ’ it to.

It is clear that © € ¢Z {0, 7; R™v}.
Also let & = {&(¢) %f}0<t57+1 be the solution of the problem with zero initial
value:

z(t+1)= | Ao(n) + Bo(ne) F(t, 1) Zwk (Ak(ne) + Br(n) F(t,me)) | x(t)
Bo(ne) + Y wi(t)Br(ne) | 0(2) (8.26)
k=1
2z(0) = 0.

Let o(t) = o0(t) + F(t,n)&(t). It is clear that © = {0(t)}o<i<, lies in
f%{O,T;Rm”}.
Hence

F(,0,8) = |1 Tetl% o ey = N0l oy S0 (827)

Because J., (1, 79, v) = Zi\[:l mo(2)J~ (T, To,1,v) we obtain via Lemma 8.1 and
the inequality (8.27) that
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0> mo(i)Jy(r,0,4,8) = Zwo {Z T(#)9 (X P+ 1),m)0(t)

i=1 t=0

+20T ()X (t + 1), m0)2(t) |0 = i]}

N
Z ) E[0(t0)5- (XF(to + 1), 1m10)0 (ko) o = -
o (8.28)

For the last equality we used the fact that ©(¢) = 0 for ¢ # ¢y and Z(t) = 0 for
t <tp.
On the other hand

07 (t0) 9 (X Jo(to + 1), 774,)0 T (t0)$ (X7 (to + 1), )0 (to) X 1, =13

I\Mz

= UTﬁw(XZﬂ(to +1),00)0X{nyy =io}-  (8:29)

From (8.25), (8.28), and (8.29) we deduce

N
Z BT $95(X}(to + 1), i0)0X (g =i} M0 = 1]

=10 Y 70(D) E[X{nyio} Mo = i] = vomy, (i0) > 0.

This is a contradiction, hence (8.24) is correct. Note that (i) > 0 is a
consequence of the assumption A.8.1.

Let 0 < g9 < 72 — || T7||%. Set 7 = (v — £¢)'/2. We have ||7;|| < 7. Hence
(8.24) is fulfilled for 7 replaced by 4. This means that

95(X5(t+1),i) <0, ieD, 0<t<T, (8.30)

where X ;() is the solution of the problem with given final value

s

X (t,0) = Y (Ak(i) + Be()F(t,6)) "E(X 7 (¢ + 1)
k=0

X (Ax(i) + Bi(i)F(t,4)) + (C(i) + D(i)F(t, )" (C(i)
+ D(i)F(t,3)) — 7*FT(t,9)F(t,1)

XM(r+1,i)=0, ieD. (8.31)
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Subtracting (8.16) from (8.31) one gets

X (td) = XP(t0) = > (Ax(i) + Be(i)F(t,1) " E(XL(t+1)
k=0

— X2 (t 4+ 1) (A (i) + Be(i)F(t,i)) + eoFT (t,9)F(t,1).
The last equality allows us to deduce recursively that
Xp(ti) > X4(t,i), 0<t<r,  ieD. (8.32)
From (8.19), (8.30), and (8.32) we deduce that
95(XL(t+1),4) < H5(XL(t +1),4) <0.
Having in mind the definition of 4 we obtain that
9 (XE(E+1),4) < —eolp,, 0<t<, 1 €D
which completes the proof. O

Let X7(t) = (X7(t,1),...,X7(¢,N)) be the solution of the problem (8.16)
in the special case F'(t) = 0. One obtains recursively for ¢t € {7+1,7,...,0},i €
D that X7(t,i) > 0. Applying Proposition 8.2 for X7(¢) instead of X}.(¢) one
obtains the following.

Corollary 8.6 If there exists an integer 7 > 1 such that | 7| < v, then
V21, — DT(#)D(i) > 0,i € D.

8.3 Stochastic version of bounded real lemma

In the developments of this section an important role is played by the following
backward discrete-time nonlinear equation.

Z AT (D)E(X (t+ 1) Ar(i) + CT(G)C (i)

T

(ZAg X(t+ D)B(i) + CT()D <>)

<

-1
x ( B (i)&(X (t +1))Bx(i) + DT (i) D (i) — 721mv>
k=0

X ( g BI()E(X (t+ 1)) Ax(d) +DT(i)C(i)>, 1<i<N.
o (8.33)
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Using the notation introduced in (8.15) we may rewrite (8.33) in the following
compact form,

Xt)=IhX(t+1)+M—(IILX(t+1)+1L)
X (I3 X (t+1) + R) ' (ILX(t+1)+ L)T, (8.34)

R=(R(1),R(2),...,R(N)) €S} ,

We recall that as in Chapter 5, MY~ stands for R @ R™*™ @ -

R"™™v_ Hence (8.34) is a time-invariant version of (5.8). That is why often

we refer to (8.33) and (8.34) as a discrete-time stochastic generalized Riccati
equation (DTSGRE).

8.3.1 Stochastic bounded real lemma. The finite horizon time case

For each integer 7 > 1, let X, (¢) = (X,(¢,1),...,X,(¢t,N)) be the solution of
DTSGRE (8.33) with the final value

X (r+1,i)=0, ieD. (8.35)

Concerning the well-definedness of the solution X, (¢) of (8.33)—(8.35) we prove
the following.

Lemma 8.13 If for an integer 7 > 1 and a real number v > 0 we have
| Z-|| <, then the solution X, (t) of the problem (8.33)—(8.35) is well defined
for all 0 <t <7 and it has the properties:

X, (t,i) >0 and

S BI(E(X(t + 1)Bui) + DT ()D() — AL, < —col,  (8:36)
k=0

for all0 <t <, i€D, where go € (0,7* — || Z:|*).

Proof. Based on Corollary 8.2 we deduce that X, (7,4) can be computed via
(8.33) for all i € {1,2,...,N}. Also (8.36) is fulfilled for ¢t = 7. Let us assume
that for an integer 0 < ¢y < 7 the solution X (t) is well defined for ¢ €
{to,to + 1,...,7} and has the properties in the statement. Because (8.36) is
fulfilled for ¢t = t( it follows that X, (tg,4) can be computed via (8.33) and
X-(to,i) > 0 for all i € D. Now we show that (8.36) is fulfilled for t = ¢t — 1.
For tg <t < 7 we define
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-1
(Z B (i +(t +1))By(i) + DT () D () — y21mv>
(Z Bl S+ 1) AR(E) + DT(i)C(i)> ., ieD.
(8.37)

By direct calculation one obtains that X, (t) verifies

T

Xo (1) = Y (Ar(i) + Br(i)Fr (8,1) T E(Xr (t 4+ 1) (Ax () + Bu(i)Fr (t, )
k=0

+ (C() 4+ DG)F-(t,9)T(C(i) + D) Fr(t,i)) — Y2 FX (t,9)F(t,1).
(8.38)

Let F = {F(t)}o<i<- be the sequence of the gain matrices defined as follows.

0, if 0<t<to—1,
Fo(t,i), if to<t<T.

F(t) = (F(t,1),...,F(t,N)), F(t,0) = {

If X7, = {X}(t)}o<t<- is the solution of the problem (8.16) corresponding
to this choice of F, from the uniqueness of the solution of this problem with
given final value we conclude that X () = X, (t), to <t < 7.

Applying Proposition 8.2 we deduce that

ﬁ"Y(X’Y(t"' 1) ) —e0lm,

for all 0 <t < 7. Particularly for ¢ = ty — 1 this inequality becomes:
> BI(i)Ei(X+(t0)) Bk (i) + DT (i))D(i) — ¥* I, < —€0Im, < 0.

This shows that (8.36) is fulfilled for ¢ = t; — 1. This allows us to deduce
that X,(to — 1) = (X,(to — 1,1), X+(to — 1,2),..., X+(to — 1, N)) can be
computed via (8.33). Using again (8.33) and (8.36) for ¢t = to — 1 we deduce
that X-(to — 1,4) > 0, ¢ € D. Thus the proof ends. O

Let us remark that if x(t) = x(¢, z0,v) is a solution of the system (8.4)
determined by the input v(t),¢ > 0 then it verifies

z(t +1) = | Ao(n:) + Bo(ne) F= (&, me) +Zwk )(Ax ()

+Bi(ne) Fr (t,me))

a(t) + (Bo(nt) + Zwk(t)Bk(m)> vr(t),

o (8.39)
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where v, (t) = v(t) — F(t,m:)x(t) € 63%{0,7'; R™v}. Applying Lemma 8.1 for
F(t,i) = Fr(t,i) we obtain the following.

Corollary 8.7 Assume that for an integer T > 1, | 7+|| < . Then we have
T (1, 20,1,v) = x X, (0,i)z0 —|—ZE (it m)z ()T 9,

X (X (t+1),me)(v(t) — Fr(t,me)x(t))Ino = i

for all xg € R™, i € D, v € f%{O,T;Rm”}, x(t) = x(t, zp,v), where X, =
{X, () }o<i<r is a solution of the problem (8.33)-(8.35) and F,(t,i) is given
by (8.37).

Proof. From the previous lemma it follows that X (¢) is well defined for all
0 <t < 7 and(8.36) is fulfilled. Therefore F;(t,i) can be constructed via
(8.37) for all ¢,i. The problem with given final value (8.33)—(8.35) is just
the problem with given final value (8.16) corresponding to the matrix gains
F(t,i) = F-(t,i). Applying Lemma 8.1 for F(t,i) = F-(t,4) and taking into
account that from (8.37) and (8.20) we have DU(X, (¢t + 1),4) = 0 for all ¢, 71,
we obtain the equality in the statement. Thus the proof ends. O

The next result is the finite horizon time version of the bounded real
lemma.

Theorem 8.12 Under the considered assumptions, for an integer T > 1 and
a given scalar v > 0 the following are equivalent.

(@) |17 <.

(ii) The solution X, = {X, ( )to<i<r of the DTSGRE (8.33) with the final
value X, (17 + 1,4) = 0, i € D, is well defined for 0 <t < 7 and verifies
(8.36) with g9 € (0,72 — || 7:]1?).

Proof. The implication (i) — (i4) follows from Lemma 8.2.

We have to prove the implication (i) — (z). Let us assume that (i7) is
fulfilled. Then the result from Corollary 8.3 allows us to write:

2 2 2
”ﬂvHZ%{O,T;R”Z} -7 ”UHZ%{OJ;R"‘”}
ZE Fr(t,m)a(0)”

X 9y (X (t+ 1,m0)) (0(t) = Fr(t,me)a(t)] <0 (8.40)

forallv e E%{O,T; R™v}. Hence || 7;|| < . Let us assume that | 7| = . This
means that there exists a sequence {v;};>1 C E%{O, 7;R™v} such that
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||Usz3.t{o,r;Rmv} =1
Jim 1Z7v5lle2, 10,7 immey = - (8.41)

Let 2; = {z;(t)}o<t<r+1, be the solution of (8.4) corresponding to the input
v; and x;(0) = 0. Writing (8.40) for v; and taking the limit for j — oo one
obtains

lim Bl|v;(t) — Fr(t,ne)z; (8)*] = 0

J]— 00

for all 0 <t < 7. If we take into account that z;(t) verifies

2yt +1) = [ Ao(ne) + Bo(no) Fr (t.me) + 3 wi(t)
k=1

Bo(ne) + Y wi(t) B (mr)

X (A (ne) + Bk(m)Ff(t,m))l ;(t) +
k=1

X (0 (t) = Fr(t, me)x; (1),
one obtains inductively that lim;_. E[|z;(¢)|?] = 0. Furthermore, one obtains

lim E[|v; (t)]?] < 2 Jim. BI|F-(t,ne)z; (£) )

J—0o0o

+2 lim Efjv(t) — Fr(tne)z; ®P]=0.

This is in contradiction to (8.41) hence ||7;| < 7. This completes the
proof. O

8.3.2 The bounded real lemma. The infinite time horizon case
First we prove the following.

Lemma 8.14 Assume:

(a) The zero state equilibrium of the system (8.6) is ESMS.

(b) The input-output operator T associated with the system (8.4) satisfies
||| < . Then there exists p > 0 such that J.,(co,x0,v) < plxe|? for
all zo e R™ and v € E%{O, oo; R™v }.

Proof. Let Z = (Z(1),Z(2),...,Z(N)) € S¥T be the unique solution of the
linear equation

Z(i) =Y _ AT ()E(2)Ar(i) + CT(i)C (i), 1<i<N. (8.42)
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We recall that under the assumption (a), if v € é%{O, oo; R™v} then, based
on Corollary 3.8, lim;_., E[|z(t, 20, v)|?] = 0.

Applying Corollary 8.1 in the special case X (¢,i) = Z(i) and taking the
limit for 7 — oo, one gets:

OO , Lo,V E 71'0 1‘0

+ZE (6)9(Z,me)o(t) + 227 (8, 20, )N (Z, )0 (t)]
(8.43)

for all v € 62{0, oo; R™*} and all zp € R™, where M(Z, i) and $(Z, i) are as
n (8.19) and (8.20) with Z(i) instead of X (¢,7). Writing (8.43) for zg = 0
one obtains:

J (0035 20, v) — J4(00;0,v) Nl Z(i)xo

1
]
E

=

+2ZE (t, 20, O)NT (Z, 1 )v(t)] (8.44)

for all v € E%{O,oo;Rmv}, 0 € R™
Let € be such that | 7|2 < 4% — €2. Thus we may write:

7 2 20,112 21|12
Jy(00,0,v) = ||T”||e%{o,oo;an} - Hv||€%{07(>o;Rmv} < -¢ ||UH[;‘.‘{0700;RmU}-

Plugging the last inequality in (8.44) we deduce

H'Mz

OO Lo,V
+ Y ERa"(t, 20, 0)N (Z,me)u(t) — €2 [v(t)]?]
t=0
or
N
(00; 0, v Z max(Z(1))|zo|* + 2ZE|‘JIZnt) (t, xo, 0)|?]

t=0

=3 Eflev(t) - im(z, )t 20, 0)2].
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Let v > 0 such that max |9(Z, )| < v. Thus we have

N 2 00
(00; 29, v Z max(Z(1))|zo]? + 2 ZEHx(t,xo,O)\Q]. (8.45)
i1 t=0

From assumption (a) we deduce that there exists p; > 0 not depending
upon z¢ such that Y7, E[|z(t,20,0)[*] < pilzol?. Introducing the last
inequality in (8.45) one obtains the inequality from the statement with
p= Zfil AmaxZ (1) + p1(v?/€?). Thus the proof is complete. O

If X, (t), 0 <t <741 is the solution of the problem with given final value
(8.33)(8.35) we define K (t) = (K(t,1),..., K(t,N)) by

K(t,i) = X (7 +1—t,4). (8.46)

We see that K(0,i) = X, (7 + 1,i) =0, 1 < i < N. Also, by direct calcula-
tion one obtains that K = {K(t)}:>0 solves the following forward nonlinear
equation on S,

K(t+1,i) = II;K(t) + CT(i)C(i) — (I K (t) + CT (i) D(i)) (113, K (t)
+ DT ()D(i) — 2 1L,,,) NI K (t) + CT(i)D(i)T.  (8.47)

Let us denote Ko(t) = (Ko(t,1),...,Ko(t,N)) the solution of (8.47) with
given initial value Ky(0,7) =0, 1 <17 < N.
Several properties of the solution K(t) are summarized in the next result.

Proposition 8.5 Assume:

(a) the zero state equilibrium of (8.6) is ESMS.
@) 17 <.

Then the solution Ko(t) of the forward equation (8.47) with the given initial
value Ko(0,7) =0 is defined for all t > 0. It has the properties:

(4) ZBk o) By (i) + DT (i)D(i) = v*Ip, < —colm,,  (8.48)

where g9 € (0,72 — || T]|?).
(19) 0 < Ko(7,i) < Ko(t 4+ 1,i) < eI,V t,i € Zy x D, where ¢ > 0 is a
constant not depending upon t,1.

Proof. Based on (8.11) we obtain that ||7;| < ||7|| <  for all 7 > 1. There-
fore, we deduce, via Lemma 8.2, that for any integer 7 > 1 the solution
X, (t) of the problem with given final value (8.33), (8.35) is well defined for
0<t¢<7+1 and it verifies (8.36). Thus we deduce via (8.46) that Ko(t) is
well defined for all t > 0. If 0 < g9 < 42— ||7||? it follows that eg < v*— |77 |2
for all 7 > 1.
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Hence in (8.36) we may choose ¢p independent of 7. Writing (8.36) for
t = 0 and taking into account that Ko(7,7) = X,(1,7) we obtain that (i) is
fulfilled. Furthermore, from (8.48) and (8.47) we deduce that Ko(¢,4) > 0 for
all (t,i) € Zy x D.

Let X, (t) and X,41(¢) be the solutions of the DTSGRE (8.33) with the
final value X, (7 + 1) = 0 and X,41(7 +2) = 0 in SY. Under the considered
assumptions we know that these two solutions are well defined for 0 <t < 7+1
and 0 <t < 7+ 2, respectively.

If F-(t,7) is defined as in (8.37) we rewrite the equation (8.33) verified by
X;41(t) in the form

T

Xer1(t,d) = ) (Aw(d) + Bi(i)Fr (t,6)) " E( X (t + 1)) (Ak(0))
k=0

+ Bi(i)Fy(t,4)) + (C(i) + D(i)Fr(t,1)) (C(i) + D(i)F,(t, 1))
- '72F7T(t7 i)F‘F (t7 Z) - (F‘F (tv 7’) - F‘F-‘rl(tv i))Tﬁ’Y
X (Xrg1(t+1),0)(Fr(t,i) — Fryi(t,i), 1<i<N, (8.49)
where F,11(t,4) is constructed as in (8.37) with X, 11(t) instead of X, ().
Let Z,(t,4) = Xry1(t,3) — X, (t,4),0<t<7+1,1<i<N.
Subtracting (8.38) from (8.49) we obtain that Z,.(t) = (Z,(t,1),...,
Z:(t,N)) is the solution of the problem:

T

Z-r(tv 7’) = Z(Ak(l) + Bk(Z)F‘r (tv Z))Tgl(ZT(t + 1))
k=0

X (Ak(z) + Bk(i)Fr(tai)) + H‘r(t7i)
Zo(r+1,0) = Xrp1(r+1,i) > 0, (8.50)

where H,(t,i) = —(Fy(t,i) — Fry1(t, )79, (Xrq1(t + 1),9)(Fr(t,i) — Fria
(t,4)).

Having in mind (8.36) written for X, 1(¢) instead of X (¢) we deduce that
H-(t,i) > 0forall 0 <¢ < 7+1,4¢€ D. Thus (8.50) allows us to deduce
recursively that Z.(t,i) > 0for 0 <t <7+ 1.

This means that X, (¢,4) < X;41(¢,i), 0 <t <74 1, ¢ € D. Particularly
X, (1,4) < Xry1(1,4), i € D.

Using (8.46) we see that the above inequality is equivalent to Ko(7,4) <
Ko(r +1,i), i € D, 7 > 1. We further consider v, = {v,(t)}o<i<, defined by
v (t) = Fr(t,m:)x-(t), where a,(¢) is the solution of

2o (t+ 1) = | Ao () + Bo(e) By (t,me)+ Y wi(£) (Ax (i) + Bi(i)Fr (£.4)) | - (2)
k=1

z,(0) = zo. (8.51)
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Let v, = {v-(t) }s>0 € £3,{0,00; R™"} be the natural extension of v, taking
v(t)=0fort >7+ 1.
Applying Corollary 8.3 and Lemma 8.3 we may write successively

o (Z)ngT (07 i)l‘o < E[ng.,. (07 770)55'0}

= JW(T7x07UT) S j’Y(OO;anrUT) S p|1’0|2
for all zg € R™, i € D. Hence
mo(1)ad X, (0,1)z0 < plao)? (8.52)

for all zy € R", ¢ € D, and for all initial distribution 79 = (mo(1),...,m(N))
with mo(2) > 0. Particularly, (8.52) is valid for the special case o (i ) =1/N.
This leads to ol X, (0,i)xg < Np|zo|* for all i € D. Thus zf Ko(r +
1,i)z0 < claol?Y 7 > 1,7 € D, 29 € R", where ¢ = Np. Thus the proof is
complete. O

Let us consider the following system of discrete-time coupled algebraic
Riccati equations (DTSARE),
X(i) =) AL ()EX)AR() + CT()C (i)

- ( AT (1)E:(X) By (i) +CT(i)D(i)>

i (DE(X)Br(i) + DT (i)D (i) — 721mv>

X
-~
bl
Il 3

oV

0

x ( - BF(i)&(X)Ag (i) + DT (4)C(i )) . (8.53)

k=0
We have the following corollary.

Corollary 8.8 Under the assumptions of Proposztzon 8.3 the DTSARE (8.53)
has a solution X = (X(1),...,X(N)) € Sy, N with the additional property

> BL()E(X)Bx(i) + DT (i))D(i) — v* I, <0, (8.54)
k=0

1 <7< N.

Proof. From Proposition 8.3 one obtains that the sequence {Ko(7,7)}r>1,
1 <i < N is convergent. Let X (i) = lim, o Ko(7,7). Taking the limit for
t — oo in (8.47) one obtains that X = (X(1),..., X(N)) is a solution of
DTSARE (8.53). Finally, taking the limit for ¢t — oo in (8.48) we deduce that
(8.54) is fulfilled. The proof ends. O
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We recall that a solution Xy = (X4(1),...,Xs(N)) of the DTSARE (8.53)
is a stabilizing solution if the zero state equilibrium of the closed-loop system

ws(t+1) = [Ao(ne) + Bo(ne) Fs(ne) + 3 jmy wie(8) (A (1) + B () Fs (ne )05 (t)
is ESMS, where

Fy(i) = — (Z Bji (i)€:(Xs)Bi(i) + DT (i)D(i) — w%w)
k=0

X (Z By (1)€i(Xs) Ax(4) + DT(Z’W(Z’)) ; (8.55)
k=0

1<i<N.
The main result of this section is the following.

Theorem 8.13 (Bounded real lemma) Under the considered assumptions,
for a given scalar v > 0, the following are equivalent.

(i) The zero state equilibrium of (8.6) is ESMS and the input—output operator
T defined by the system (8.4) satisfies | T|| < .

(ii) There ezists X = (X (1),...,X(N)) € SY, X(i) >0, 1 <i < N, which
solves the following systems of LMIs,

I X — X (i) + CT(i)C>G) Iy X + CT(i)D(i)
<0,
(ITy; X 4+ CT(3)D(i))T II3; X + DT (i) D(i) — %L,
1<i<N, (8.56)

where the operators II}; are introduced by (8.15).

(i41) The DTSARE (8.53) has a stabilizing solution X = (X(1),...,X(N)) €
SN* that satisfies (8.54).

(iv) There ezists X = (X(1),...,X(N)) € Y, X(i) >0, 1 <i < N that
satisfies the following system of LMIs.

X)) Onm, Mo(X) Myu(X) ... Mu(X) CT()
Omyn  —7Im, Mo(X) Myu(X) ... M.(X) DT(i)
MEX) ME(X) & Oununy - Ouvan  Onnon.
MI(X) MT(X) Ounan  —X ... Ouvuny O | <0,
ML(X) MI(X) Ounan  Onnan - ~X  Onnon.
Ci) D) Op.un  Opon oo Op.mn  —In,

(8.57)
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1 <i< N, where
Mia(X) = (V/p(i, DAT()X(1) /p(i, 2) AT ()X (2)
Vpli, N) AT () X(N))
Mis(X) = (v/p(i, DBE@X (1) /p(i,2)BL()X(2))
Vol MBIHX(N)),  0<k<r,
X = diag(X(1),..., X(N)) € Sun.

(v) There exists Y = (Y (1),...,Y(N)), Y (i) >0, 1 <i < N that solves the
following system of LMIs.

V(@) Opm,  Wi(Y) W(Y) ... Wu(Y) Y(ECT(@)
Om,n —¥2 I, Dy, 7y .. U, DT (i)
P (Y) ol -Y  OuwnpwnN -« Opnan Onnon,
QI;LJ; (Y) @i]; OnN,nN _y cee OnN,nN OnN,nz < 07
WZ; (Y) jg; OnN,nN OnN,nN ... _y OnN,nz
C(Z)Y(Z) -D(Z> Onz,nN Onz,nN e Onz,nN _Inz
(8.58)
1 <i <N, where
(V) = (Vpli, DY DAL +/p(i,2)Y ()AL ()
Vi, N)Y ()AL (0))
Ui = (Vo )BLG) /p(,2)BL() ... /p(i, N)BL(0)),

0<k<r, 1<i<N,

(vi) There ezists Y = (Y(1),Y(2),...,Y(N)) € Y, Y(i) > 0,1 <i <N,
that solves the following system of LMIs.

Wg;(Y) (’500 (Z) y (’50 (Z) e (’507~ (Z) ®0r+1(i)

vhY)  656)  Gu()-Y . &1, (i) G1r11(i) 0
WZ;(Y) 63); () Qﬁipr(l) v B (0) =Y &,rp1(4)
C@OY @) BGpr(@)  S141(0) ... &54(1) D@D () =1y,

(8.59)
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where Wi, (Y) and Y are as before, whereas
Gu (i) =3 (BB (1)3(),  0<I<k<m
Gp11(i) = 37 (i) By (i) DT (3)
and
= (Vo(i, ) /p(i, 210 .. /p(i,N)]o) -

Proof. Let us assume that (i) holds. If § > 0 denotes 75 : £% 710,00, R™ } —
(2{0,00; R"*"=} the linear operator defined by v — (’Z:;v)() = Cs(nt)
x(t,0,v) + Ds(n)v(t) where x(t,0,v) is the zero initial value solution of (8.4)
corresponding to the input v and

cst = (30 ost = (7).

Based on (8.7) we deduce that for ¢ > 0 sufficiently small we have ||75] < 7.
Applying Corollary 8.4 we deduce that there exists X5 = (Xs5(1),..., Xs(N)),
Xs() > 0 solving the DTSARE:

X5(i) = ;X5 — (I12; X5 + CT (i) D(3)) (113, Xs + DT (i) D(i) — 7%I,,,) " *

x (T Xs + CT()D()T + CT(i)C @) + 6%1,, 1<1<N,
(8.60)

with the additional property
I3, X5 + DT(i)D(i) — 4*I,,, <0, 1<1<N. (8.61)

Because the right-hand side of (8.60) is positive definite it follows that
Xs(i) > 0,1 <i<N. Also (8.60) implies

i X5 — Xs(i) + CT()C(i) — (I12X5 + CT (i) D(i))
X (I3 X5 + DT () D(i) = 4*Im,) ™"
x (I Xs +CT(i))DGE)T <0, 1<1<N. (8.62)

By a Schur complement technique one obtains that (8.61) and (8.62) are
equivalent to (8.56) and thus the proof of the implication (i) — (i7) is com-
plete. To prove the converse implication, (i) — (i), we remark that if (i7) is
fulfilled then the (1; 1) block of (8.56) is negative definite. Thus we obtained
that there exists X = (X(1),...,X(N)) € SY with X (i) > 0, such that
X (1) > Y h_o AF()Ei(X) A (i), 1 < i < N. Applying Corollary 3.6 we deduce
that the zero state equilibrium of the system (8.6) is ESMS. Furthermore,
applying Corollary 8.1 for X (¢,7) = X(i),0<t<7,7>1,1<i< N, and
taking the limit for 7 — oo we have:



oo

310 8 Robust stability and robust stabilization
(00;0,0) Z

) < x(t,0, v))TQ(th) (x(i,((z;v))] . (8.63)

where Q(X, ) is the left-hand side of (8.56). If X = (X (1),..., X (V)) verifies
(8.56) then for € > 0 small enough we have

Q(X,4) < —e*Lim,, 1<1<N. (8.64)

Combining (8.63) and (8.64) we deduce
J(00;0,v) < —522E|xt0v 14 E[lv(t)|?]
or equivalently
J5(00;0,0) < —6ZZE\xtOU <0

for all v € £2 {0, 00; R™} where 7 = (y* — e2)1/2,
The last inequality may be written:

2 ~2 2
HTUH%{O’OO;RM} <7 ||UH42+‘.‘{0,00;RM}

for all v € £2.{0,00; R™}. This leads to || 7]|* < 4 — & and thus the impli-
cation (i¢) — (i) is proved.
To prove the equivalence (i) < (ii7) let us consider the DTSGRE:

Xt)=ILX{t+1)— M- (IIX(t+1)—L)
x (II3X(t+1)— R)"YILX(t+1) — L)T, (8.65)

where M, L, R are defined as in the case of (8.34). One can see that (8.65) is
a nonlinear equation of type (5.8) defined by the pair X' = (II, Q) with

-M —L
= SN
o= n)

One can check that if X = (X (1), X(2),...,X(N)) solves (8.56) then X =
(X(1),...,X(N)) with X (i) = —X (i), i € D belongs to the set I~ associated
by (5.16) with equation (8.65). Also if (¢¢) is fulfilled then from the (1, 1)
bolock of (8.56) one obtains that I73; X — X (i) < 0, 1 <4 < N. Using the
implication (vii) — (i) of Theorem 2.4 in the special case of the positive
operator IT; we deduce that the eigenvalues of this operator are located in
the inside of the disk [A| < 1. This means that the operator II defined by

WX ILX
X = .
(ILX)T  ITsX
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is stabilizable. Thus we obtain that if (i7) is fulfilled then in case of DTSGRE
(8.65) assertion (i) in Theorem 5.6 is fulfilled. Hence, (8.65) has a bounded
and stabilizing solution {X,(t)}+>0 that satisfies IIsX (¢t + 1) — R(i) > 0,
1<i<N,t>0.

On the other hand, because the coefficients of (8.65) are constant we obtain
via Theorem 5.5, for @ = 1 that X,(¢) is constant.

A simple computation shows that X = (X(1),...,X(N)) defined by
X (i) = —X,(i) is the stabilizing solution of DTSARE (8.53) that satisfies
(8.54). The eigenvalues of the positive operator II; are located in the inside
of the disk |A| < 1 from Theorem 2.5 thus it follows that X (i) > 0,7 € D and
then (i1) — (i4i) is true.

Conversely, if (iii) is fulfilled we deduce via Proposition 5.2 for § = 1,
that there exists X = (X(1),..., X(N)) € I'”. This means that the constant
sequence X verifies a condition of type (5.16) associated with the special
case of DTSGRE (8.65). One obtains that X = (X(1),..., X (N)) defined by
X (i) = —X(i), i € D, solves (8.56). Hence (iii) — (ii) is true.

The equivalence (i) < (iv) follows immediately by a Schur complement
technique.

If (iv) is true, then multiplying at the left and at the right of (8.57) with
diag(X~1(i), I;n,, X1, ..., X1 I,,.), one obtains that (8.58) is feasible with
Y (i) = X~1(i). Conversely, if (v) is fulfilled then multiplying (8.58) at the left
and at the right by diag(Y ~1(i), L,,, Y1, Y7 1,..., Y71, I,.) we deduce that
(8.57) is feasible with X (i) = Y ~1(i). This shows that (iv) «— (v). If (v)
holds then taking the Schur complement of the block —fyzlmv one obtains that
(8.58) is equivalent to

=Y (7) i (Y) Uy, (Y)
i (Y)  7%G00(i) =Y v ?G01(4)
vE(Y) 77264, (i) Y 2811(1) — Y

vLEY) A Te,() v26,(i)

CHY @)  v?&§41(1) Y264 (1)
@i (Y) Y(i)CT(3)
772G, (i) Y 2B 041 (1)
Y 2G1, (i) Y 2B 1,41 (1)
< 0.

’Y_Qérr(i) -y 7_2®rr+l(i)
Y728),1(1)  yED(E)DT (i) — I,
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Pre- and postmultiplying this inequality by vI (7 = n[l1+ (r+1)N]+n.) and
taking 42Y (i) as new variables one obtains to (8.58) is equivalent to (8.59).
This completes the proof. O

If the system (8.4) is either in the case N =1 or N > 2, with Ay (i) = 0,
Bi(i) = 0,1 < k < r, i€ D, the result proved in Theorem 8.2 recovers as
special cases the stochastic version of the bounded real lemma for discrete-time
linear stochastic systems perturbed by independent random perturbations
and the discrete-time linear stochastic systems with Markovian switching,
respectively.

Let us remark that if the zero state equilibrium of (8.6) is ESMS from
Theorem 8.2, it follows that

| 7| = inf {y > 0, for which exists X € SY, X >0,
such that (8.56) holds}
=inf { > 0, DTSARE (8.53) has a positive semidefinite

solution verifying (8.54)}.

8.3.3 An H.-type filtering problem
Consider the ESMS discrete-time system with state-dependent noise
Trr1 = Aogxg + A&y + Bug, k=0,1,...
yr = Corg + Crox€y + Duy, (8.66)

where z € R" is the state vector at moment k, yr € RP? represents the
measured output and { € R, £ =0,1,... are independent random variables
with zero mean and unit covariance. It is assumed that the exogenous signals
are energy bounded, namely u; € £2{0,00;R™}. The problem considered
in this section has the following statement. Given the ESMS system (8.66)
determine, if possible, a stable system of the form

Tfh+1 :Afxf,k —I-nyk, k=0,1,...
Yrk = Cray (8.67)

with the specified order ny > 1, such that

Ty =Y Ellzkl* = 22[ul’] < 0, (8.68)
k=0
where
Zk =Yk — Hl‘k (8.69)

denotes a quality output, H € R"™", v > 0 is a given level of attenuation,
and xy is the solution of (8.66) with zero initial condition.
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The solution of the above filtering problem is derived using the following
result which is a direct consequence of Theorem 8.2(4), (i¢) in the particular
case when the Markovian jumps are missing.

Corollary 8.9 Assume that the system with multiplicative noise
Tp41 = Aoxk + Ar12k& + Buy, k=0,1,...
yr = Cy,

is ESMS. Then ZZO:()EHku —2|ug|’] < 0 for a given v > 0, where xy, is
the solution of the above system with zero initial condition, if and only if there
exists a symmetric matric X > 0 such that

~ X+ ATXAg + ATXA, + ATXB(+*1 - BTXB)"'BTX Ay +CTC < 0.

Remark 8.8 The filter (8.67) has a deterministic structure. A more complex
structure including state-dependent noise terms in (8.67) may provide better
filtering performance but in such a situation implementation problems occur
because these noises cannot be directly measured.

From (8.66), (8.67), and (8.69) one obtains the resulting system

Tpy1 = AoZp + A121E: + Buy, k=0,1,...

2z, = Cly, (8.70)
where Z := [2}] 2}, ]" and
A 0 A 0
Ao = ( ’ ) Ar = ( 1 )
B;Cy Ay B;Cy 0
p=(" C=(-H ) (8.71)
=\5,p) = r)- :

Applying Corollary 8.5 for the resulting system (8.70) it follows that the
considered H,.-type filtering problem is feasible if and only if there exists a
symmetric matrix X € R+ x5 0 such that

~ X+ ATX Ag + ATX Ay
+ AYXB(y?*I - B"XB)™'BTX Ay + CTC <. (8.72)

Based on the Schur complement formula, the above condition is equi-
valent to

_X4CTC AT AT ATX B
Ag —X-1 0 0
A, 0 _x-! 0 < 0. (8.73)

BT X A 0 0 —(vI—BTXB)
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In the above inequality the unknown variables are X, Ay, By, and Cy. Without
reducing the generality of the problem one can chose B; as an arbitrary full
rank matrix. Indeed if the filtering problem has a solution with B¢ having not
full rank then there always exists a small enough perturbation of By for which
it has full rank and (8.73) is fulfilled. Therefore it remains to solve (8.73) with
respect to X, Ay, and Cf.

Denoting
Ay R M
(M) xe (), o

direct algebraic computations together with the Schur complement formula
show that condition (8.73) can be written as

Z+PTTQ+ QTP <0, (8.75)

where the following notations have been used.

Zn M Zis Zw Zis Zie Zir O

-MT  -S 0 0 0 0 0 0

ZL 0 -R -M 0 0 0 0

zL o -MT -S 0 0 0 0
7=lz 0 o 0 -R -M 0 0
ZL 0 0 0 -MT —-S 0 0

ZL 0 0 0 0 0 Zm 0

0 0 0 0 0 0 0 -1

with
Zy=-R+H'H
Zyg = AR+ C{BfM"
Ziy = A{M + Ci B} S
Zi5:=ATR+C{BfM"
Z1g = AT M + CT B} S
Zi7 = (A§ R+ Cy Bf M")B + (Af M + C§ Bf S)ByD

Zw=—(y*I = B"RB—D"BfM"B — B"MByD — D" B{ SB;D)
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and where
0 0 MT S 0 0 MTB+SB;D 0
P:= (8.76)
—H 0 0 0 0 0 0 I
and
Q:=(0 I 0000 0 0). (8.77)

According to the so-called projection lemma (see, e.g., [14]), there exists 2
satisfying (8.75) if and only if the following two conditions are
accomplished,

WEZWp <0 (8.78)

and
W4 ZWg <0, (8.79)

where Wp and Wg denote bases of the null spaces of P and @, respectively.
Furthermore, conditions (8.78) and (8.79) are explicit. Firstly, taking into
account (8.76) it results that a basis of the null space of P is

o 0 0 I 0

0 I 0 0 0 0

-B 0 0 0 0 I

-ByD 0 0 0 0 —StmT
Wp =

0 0O I 0 0 0

0 0 0 I 0 0

I 0 0 0 0 0

0 0 0 0 H 0

Then direct algebraic computations together with Schur complement
arguments give that the inequality (8.78) is equivalent to

~R+~72BBT 0 0 AR
0 -R —-N AR
. | <o, (8.80)
0 -NT S5  B;CiR
RAT RAT RCTBY  -R

where B € R™"™, N € R™™, and § € R™ *™ are the block elements of

X!, namely
R N
X-1.= (NT S) : (8.81)
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In addition, because

O O O O O O O M~
O O O O O N O O
O O O O ~N O O O
O O O N O O O O
O O N O O O O O
O N O O O O O O
~ O O O O O O O©

one obtains that condition (8.79) is equivalent to

~R+HTH 0 AT CIBY AT CTBT

0 —21 BT DTBf 0 0
Ao B -R  —-N 0 0
X <0.  (8.82)
B Cy B;D —NT —-§ 0 0
Ay 0 0 0 -R  —-N
B;Cy 0 0 0 -NT -§

The above developments are concluded in the following result.

Theorem 8.14 The H,-type filtering problem formulated in Section 8.2 has
an nyg-order solution if and only if there exists a symmetric matric X > 0, X €
RO+ X(n4n5) sych that its block element R from partition (8.74) and the
block elements R, N, and S of X~t defined by (8.81), verify the inequalities
(8.80) and (8.82). O

Remark 8.9 As in standard design methodology based on linear matrix
inequalities (LMIs), one firstly must solve the system (8.80), (8.82) with
respect with R, R,N, and S’, and then determine (2 from the basic LMI
(8.75). The system (8.80), (8.82) cannot be solved using the usual semidefi-
nite programming-based methods because R and R, N, S are related by the
condition that X ~! is the inverse of X.

A simple method to avoid the computational problem mentioned in
Remark 8.3 is to take into account that R > R~!. Indeed this follows us-
ing the Schur complement formula in the obvious inequality

X I
> 0.



8.3 Stochastic version of bounded real lemma 317
Then one can state the following corollary.

Corollary 8.10 If the system obtained from (8.80), (8.82) replacing R from
the block (1,1) of (8.82) by R~! is feasible, then the filtering problem has an
ny-order solution. O

The inequality (8.82) in which R is replaced by R~! can be pre- and
postmultiplied by diag(R, I, I, I, I, I) and using again a Schur complement
argument, one obtains

-R 0 RAT RCITBF RAT RCTB} RHT
0 -~*I BT D"B] 0 0 0
AR B R -N 0 0 0
BiCoR B;D —NT  —-§ 0 0 0 | <0. (883)
AR 0 0 0 -R -N 0
B;CikR 0 0 0 -NT  _§ 0
HR 0 0 0 0 0 —I

The system (8.80), (8.83) can then be solved to respect to R,N, and S
such that X ~! > 0 using semidefinite programming-based algorithms.

Remark 8.10 Corollary 8.6 gives sufficient feasibility conditions for the con-
sidered H, filtering problem and therefore the results obtained solving the
system (8.80), (8.83) instead of (8.80), (8.82) may be conservative.

In order to illustrate some of the above developments consider a navigation
problem consisting in determining an estimation of an airplane altitude using
measurements from a barometric altimeter and from a RADAR altimeter. Due
to some inherent sources of error, the barometric altimeter indication is altered
by a bias error and by a small additive white noise ([63]). Its continuous-time
dynamics may be approximated by the following state space equations

h=—(h—v)
T
hbaro =h+b+ ;s (884)

where v represents the commanded altitude, h is the true altitude, b denotes
the bias, and 7 is a standard zero-mean white noise with known intensity R;.
On the other hand, the RADAR altimeter determines the altitude without
bias but that a measurement noise that intensity increases with the altitude
as follows,

hradar = h(1 + &) + v (8.85)

with E[v(t)v(7)] = R26(t — 7) and E[E(t)E(T)] = R3d(t — 7).
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If the bias b in the second equation (8.84) is approximated as the solution
of the differential stochastic equation b = /2w, where @ is a standard white
noise independent of &, v, and 7, the following model is obtained.

(0)-C 00 %)
() =G0 (00 0 )l

(D)

The estimated state is the true altitude h. Sampling the above continuous-
time system one obtains a discrete-time system of form (8.66). Because the
above system is not stable, a small negative perturbation of the zero (2,2)
element in the state matrix has been introduced.

For a sampling period T" = 0.25 sec and for the time constant 7 = 30 sec,
Ry = Ry = 0.4, and R3 = 0.0016 one obtains using Corollary 8.1 with the
attenuation level v = 1.07, an H, filter the response of which is depicted in
Figure 8.1.

8.4 Robust stability. An estimate of the stability radius

8.4.1 The small gain theorems

One of the important consequences of the bounded real lemma is the so-called
small gain theorem. It is known that this result is a powerful tool in the
derivation of some estimates of the stability radius with respect to several
classes of parametric uncertainties. We start with an auxiliary result which is
interesting in itself.

Theorem 8.15 Regarding the system (8.4) we assume that the following
assumptions are fulfilled.

(a) The number of inputs equals the number of outputs (i.e., m, =n, =n).

(b) The zero state equilibrium of the corresponding linear system (8.6) is
ESMS.

(¢) The input-output operator T associated with the system (8.4) satisfies
7| <1.
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Figure 8.1. Filtered signal (black) and unfiltered (grey).

Under these assumptions we have:

(i) The matrices I, = D(i), i € {1,2,..., N} are invertible.
(i) The zero state equilibrium of the system

r(t+1) = (A(nt) + Zwk(t)Ak(nt)> z(t) (8.87)

k=1

is ESMS, where either Ay (i) = Ap(i)— Br(i) (I, +D (i) ~1C(i) or Ar(i) =
Ag(i) + Bi(i) (I — D(2)) 1 C(i).

Proof. Based on (8.11) and assumption (¢) we deduce that ||7;| < 1 for any
integer 7 > 1. Thus applying Corollary 8.2 one obtains that I,,, — DT (i) D(i) >
0,i € {1,2,...,N}. Therefore for each i the eigenvalues of the matrix D(7) are
located in the inside of the disk [A| < 1. Hence det(l,,, =2 D(i)) #0,1 <i < N.
Thus we obtain that (¢) is true. To prove (ii) we use the implication (i) — (i%)
of Theorem 8.2. Thus if the assumptions (b) and (¢) are fulfilled, then there
exist X = (X(1),..., X(N)) € SN, X (i) > 0 such that
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@Q1(X,4) <0, (8.88)

1 <i < N, where Q1(X,1) is the left-hand side of (8.56) written for v = 1.
Taking
F(i) = (I, F D(i))~'C(i) (8.89)

we obtain that (8.88) is equivalent to the inequalities

I, FT(i) X g I, 0 0
0 Im Ql( ’Z) F(Z) Im <U.

Displaying the (1, 1)-block of this LMI one gets

. . I,
(In FT(Z))Ql(XaZ) (F(z)) < 0.

By direct calculation one obtains via (8.15) and (8.56) that

T

> [Ak(i) + Br () F (i)]"£:(X)[ A (i) + B (i) F(i)]
k=0
— X (i) + (C(@) + D@)F ()T (C(i) + DGE)F(i)) — FT(i)F(i) < 0,
(8.90)

1<i<N.

If we take into account (8.89) we obtain C(i) + D(i)F (i) = (Inm F
D(i))~1C(i). Thus we have (C(i)+D (i) F(i))T (C(i)+D(i)F(i))— FT (i) F (i) =
0. Hence (8.90) becomes:

S AL DEX) A ~ X(1) <0,  X(i)>0, 1<i<N. (891)
k=0
Applying Corollary 3.6 one deduces that the zero state equilibrium of the

system (8.87) is ESMS. This completes the proof. O

Theorem 8.16 (The first small gain theorem) Assume that the assump-
tions of Theorem 8.3 are fulfilled. Then the operators I F7T : 83:[{0, oo; R™} —
E%{0,00;R"‘} are invertible and the operators (I T )1 : E%{O,oo;Rm} —
E%{O, oo; R™} have the following state space representation,

Bo(m)+ Y wi(t)Bi(n:) | 2(1)

2(t+1) = |Ao(m) + > wi(t) A(m) | 2(t) +
k=1 k=1
u(t) = Cne)x(t) + D(me)2(t), (8.92)

A(i) being defined in Theorem 8.3 and By,(i) = By (i)(I, F D(1)) ™1, C(i) =
+(L, ¥ D(i))"C@i), D(i) = (I, ¥ D(i))", 0<k <r,i€D.
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Proof. Tt follows immediately using Theorem 8.4 and part (i¢) of Proposi-
tion 8.1. 0

Let us consider the systems:

i (t+1) = <A1o(m) + i wk(t)Alk(ﬂt)> a1 (1)

k=1

+ (Blo(m) + iwk(t)Blk(nt)> v1(t)
k=1

21(t) = Cr(ne)za (t), (8.93)

and

T

Tt +1) = (Ago(nt) + wk(t)A2k(7)t)> wo(t)

k=1

+ (Bzo(ﬁt) + Zwk (t)ng(m)> v2(t)
k=1

22(t) = Ca(ne)z2(t) + Da(ne)va(t), (8.94)

where z;(t) € R™, i € {1,2}, z1(t),v2(t) € R"=, 2z3(¢),v1(t) € R™. When
interconnecting these two systems taking vs(t) = 21(¢) and vy (t) = 22(t) one
obtains:

z1(t+1) = (Aro(ne) + Bro(ne) D2 (ne) Cr(ne)) w1 (t) + Bro(ne) Ca ()22 (t)
+ Zwk N(A1x(0¢) + Bk (1) D2 (n:)C1(nz) )1 (1)

+ B1k(ne)Ca(ne)x2(1)]
x2(t + 1) = Bao(n:)C1(ne) 21 (t) + Azo (1) w2(t)

+ Zwk (Bak (n:)C1(ne) w1 (t) + Ak ()22 (1)) (8.95)

It is natural to ask if the zero state equilibrium of the system (8.95) is ESMS
in the case when the zero state equilibrium of the linear systems

x(t + 1) = (Alo(nt) + i wk(t)Alk(nt)> T (t), (8.96)

k=1

1 €{1,2} are ESMS.
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An answer to this question is given by the following.
Theorem 8.17 (The second small gain theorem) Assume:

(a) the zero state equilibria of the linear systems (8.96) are ESMS.

®) I71) < v and || 2| < v~ for v > 0, where Ty : E%{O,oo;Rmv} —
f%{O,OO;RnZ}, T E%{O,OO;R”Z} — E%{O,oo;Rm”} are the input—
output operators associated with the systems (8.93), (8.94), respectively.

Under these conditions the zero state equilibrium of the interconnected
system (8.95) is ESMS.

Proof. Setting x(t) = (2T(t) 2L(t))T the system (8.95) may be written in
a compact form on R"* & R"™2:

z(t+1)= (Ao(m) + Z wk(t)Ak(nt)> x(t), (8.97)

k=1

wher
o (i)_<A1k<z’>+3m<i>D2<z’>q<z’> Blkmca(i))
MY Box (i)Ch (4) Ao (4)

0 <k <r,i€D. On the other hand one obtains, via Proposition 8.1, that a
state space representation of the product operator 7775 is:

+ (Bo(m) + Z wk(t)Bk(m)> va(t)

z1(t) = Clmy) <x1(t;> ) (8.98)
where

. A1 (i) Big(i)Ca(4)
Ak(l):< 0 Ao (1) >,

Buti) = <Blk(z>17_2(z>> Gl =(Gili) 0).
ng (Z)
One sees that Ay (i) = Ap(i) + Bp(i)C(i), 0 < k < r.
The conclusions may be obtained applying Theorem 8.4 to the system
(8.98). To this end we have to check that the assumptions of Theorem 8.4
are verified in the case of the system (8.98). First, we remark that in the case
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of this system the number of inputs equals the number of outputs, because
V2 (t), 21 (t) € R"™-.
The linear system obtained from (8.98) is

x1(t +1) = Aso(ne)w1(t) + Bio(n:)Ca(ne)xa(t) + Zwk (Avk ()2 (¢)
+ Bi(n:)Ca(ne)z2(1))

2a(t+1) = Ago(me)za(t) + > wi(t) Aok (me) w2 (t). (8.99)
k=1

Let &(t,s), I € {1,2} be the fundamental matrix solutions of the linear
systems (8.96). By assumption (a) we know that there exist 3 > 1, ¢ € (0,1)
such that

E(#y(t, s)zi|*] < Bg" || (8.100)

forallt > s >0, 2, € R™, [ € {1,2}.
Proceeding as in the first part of the proof of Theorem 7.8 one obtains,
via (8.100), that

Jim Ella () + [2(2)f2] = 0 (8.101)

for any solution (z{ (t) 3 (t) )T of the linear system (8.99). Invoking Theo-
rem 3.10 for 6 = 1 we deduce that (8.101) is equivalent to the exponential
stability in the mean square of the zero state equilibrium of the system (8.99).
Finally, let us remark that ||7;72|| < ||71||- || Z2|| < 1. This completes the proof.

O

Let us consider the special case Ca(7) = 0,1 <4 < N in (8.94). In this case
the interconnected system (8.95) is partially decoupled. Thus, the exponential
stability in the mean square of the zero state equilibrium of the intercon-
nected system is strongly dependent upon the exponential stability in the
mean square of the system:

z1(t+ 1) = (Aro(ne) + Bio(ne) D2(ne) Cr(ne)) 1 ()
+ Zwk J(Avk(ne) + Bk () D2(ne)C1 ()1 (). (8.102)

Moreover, in this special case, the input—output operator 75 defined by the
system (8.94) reduces to:

(T2v2)(t) = Da2(ne)v2 (1), teZy.
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One obtains that ||Tavs]|7. where

H

< D[l

{0,00;R™v } b3

{0,00;R"= }’

. ) q1/2
| Dol = max [ Dy(i)|* = max Amax[D3 (i) Da(i)] -

From the proof of Theorem 8.6, we obtain the following.

Corollary 8.11 Assume:

(a) The zero state equilibrium of the system (8.96) for 1 =1, is ESMS.

() |171]| < v where Ty :E%{O,oo;Rmv} — g%{O,OO;RnZ} is the input-output
operator defined by the system (8.93).

(c) [ D2 <~y7H

Under these conditions the zero state equilibrium of the system (8.102) is
ESMS.

Moreover, if the zero state equilibrium of the system (8.96) for | = 2 is
ESMS, too, then the zero state equilibrium of the interconnected system (8.95)
for Cy(i) =0, i € D, is also ESMS. O

8.4.2 An estimate of the stability radius

When analyzing the robust stability of a solution of a discrete-time linear
stochastic system we refer to the preservation of the stability property when
the system is subject to some variation of the coefficients that is not necessarily
small. Such variations of the system parameters (often known as parametric
uncertainties) are due to inaccurate knowledge of the coefficients of the system
or due to some simplifications of the mathematical model. It should be taken
into consideration that a stabilizing controller designed for a simplified model
must work in the real model which is subject to uncertainties.

In this section the problem of robust stability is investigated for a class
of discrete-time linear stochastic systems subject to linear parametric
uncertainties. Let us consider the discrete-time linear stochastic system
described by

2(t+1) = | Ao(ne) + Bo(ne) A(ne)Cme) + Y wi(t)
k=1

X (Ax(ne) + Br(n) A0 ) C(ne)) | (1), (8.103)

where Ay (i) € R"*™, By(i) € R"™™, 0 <k <r, C(i) € RP*" are assumed to
be known matrices; A(i) € R™*P are unknown matrices. The system (8.103)
is a perturbed model of the nominal system

2(t+1) = Ao(nt)+iwk(t)Ak(nt) 2(t). (8.104)

k=1
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The matrices By (i), C(i) occurring in (8.103) determine the structure of the
parametric uncertainties presented in the perturbed model.

If the zero state equilibrium of the nominal system (8.104) is ESMS we
analyze whether the zero state equilibrium of the perturbed model (8.103)
remains ESMS for A(i) # 0. This would be, in short, the formulation of
the problem of robust stability. For a more precise formulation of the robust
stability problem we introduce a norm in the set of uncertainties.

If A= (AQ1),A2),...,A(N)) € MY, we set
|A] = max |A(#)] = max(Amax (AT () A(i))) /2. (8.105)

Based on the known matrices Ag(i), Bg(i), C(i) occurring in (8.103), we
introduce the notations:

Ap(1), Ak (2), .., Ax(N)) € MY,

(

(Br(1): B(2), ..., Be(N)) € My,
(C(1),0(2),...,C(N)) € MY
= (
= (

pn

Ao,Al,..., T)EMTIY@MTIY@@MnN,
By,Bs, ..., T)EMrjxm@Mﬁm@“'@Mﬁm-

We recall that according to the notations introduced in Chapter 5, M,Iy m
stands for R™*™ @ R™™ & .- @ R™™ and M} stands for M} .

As a measure of the robustness of the stability we introduce the concept
of stability radius.

Definition 8.2 The stability radius of the nominal system (8.104), or equi-
valently, the stability radius of the pair (A, P) with respect to the structured
parametric uncertainties with the structure determined by the pair (B, C) is
the number p[A, P|B, C] = inf{p > 0[(3)A = (A(1),..., A(N)) € M, with
|A| < p that the zero state equilibrium of the corresponding system (8.103) is
not ESMS}.

The next result provides a lower bound of the stability radius introduced
in the above definition. To this end, let us consider the fictitious system con-
structed based on the known matrices occurring in the perturbed model (8.103):

z(t+1) = (Ao(m) + Zwk(t)Ak(nt)> x(t)

k=1

+ (Bo(m) + wk(t)Bk(m)> v(t)

k=1

z(t) = C(ne)x(t). (8.106)
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Theorem 8.18 Assume that the zero state equilibrium of the nominal system
(8.104) is ESMS. Let T : E%{O, oo; R™} — E%{O, oo; RP} be the input-output
operator defined by the fictitious system (8.106). Then we have:

pLlA, P[B,C] > ||T]| . (8.107)

Proof. Let p < ||T||~* be arbitrary but fixed. We show that for any pertur-
bation A = (A(1),A(2),...,A(N)) € ML, with |A] < p, the zero state
equilibrium of the perturbed system (8.103) is ESMS. Let A € M} be a
perturbation with |A| < p. Setting v = p~!, we have || 7| < v and |A| <y~ L.
Hence the fictitious system (8.106) and the perturbation A are in the condi-
tions of Corollary 8.4.

Thus applying the result stated in that corollary we deduce that the zero
state equilibrium of the corresponding system (8.103) is ESMS.

Therefore pr[A, P|B,C] > p for all p < ||7]|~!. Thus we may conclude
that (8.107) is fulfilled and the proof is complete. O

At the end of this subsection we show that several structures of the para-
metric uncertainties frequently used in the literature are embedded in the
general form of (8.103).

First we consider the following perturbed system,

a(t+1) = |Ao(m) + Bo(ne) Ao (ne)C (i)

+Zwk Y Ar(me) + Br(n) Ax(m)Cm)) | z(8),  (8.108)

where Ag(i) € R, By(i) € R™™ . C(i) € RP*™, 0 < k < r, i € D, are
assumed to be known matrices and Ak( ) € My, are unknown matrices.
Let us define By (i) € R™™™, m =Y, _,my by

Bo(i):<Bo(i) 0 ... 0)

Bp(i)=(0 ... 0 Bg(i) 0 ... 0). (8.109)
Set A = (A(1), A(2),..., A(N)) with
Ao (i)
Ay (1)
Ai) = , e R™*P. (8.110)
A, (i)

With these notations one obtains that the system (8.108) is a special case
of the system (8.103). From (8.105) and (8.110) we have |A|> = max;ep

{Amax [ AT (1) A(0)]} = maxiep{ Amax[3_j—g A% (1) Ak(i)]}-
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Another interesting case is that of the perturbed system of the form:

z(t+1) = | Ao(ne) + Bo(ne) Ao (1) Co(me)

+Zﬂm (Ak () + Br(m) Ak () Cr(me)) | 2(2), (8.111)

where Ay (i) € R™*™, By(i) € R"™, Cp(i) € R 0 < k <r, i€ D are
assumed known matrices and Ay (i) € M™+*Pk are unknown matrices.

We define By (i) € R"*™, m = >, _,my as in (8.109) and C(i) € RP*",
b= Zk:o Pk by

Co(i)
Ch (i)
oiy=|
Cr (i)
Also we set
A(i) = diag(Ao(i), A1 (i), . .., An(i)) € R™*P, (8.112)

With these notations the system (8.111) can be regarded as a special case of
the system (8.103). Therefore a lower bound of the stability radius can be
obtained using Theorem 8.7.

We remark that combining (8.105) and (8.112) one may obtain:

A = A AT (DA = max Penas AT () A1)}

8.5 The disturbance attenuation problem

8.5.1 The problem formulation

Let us consider the system with the following state space representation.
a(t +1) = Ao(me)x(t) + Bo(ne)u(t) + Golme)v(t)

3% wi(0)(Ax(m)a(t) + Bi(nJu(t) + Cilne)o(t))

=1

,\
=
S~—
I
S

%
(ne)z(t) + D(ne)v(t)
(

(t) =C, nt)x(t) + Dzu(nt)u(t) + Dzv(nt)v(t)7
(8.113)
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where z(t) € R" is a vector of the state parameters, u(t) € R™+ is the vector
of control parameters, v(t) € R™ is the vector of the exogenous disturbances,
y(t) € R™ is the vector of the measurements, and z(t) € R" is the controlled
output. In the sequel, the exogenous disturbances are modeled by stochastic
processes v = {v(t) }1>0 € E%{O, oo; R™»}. The class of admissible controllers
consists of systems of the form,

' {xc(t + 1) = Ac(ne)ze(t) + Be(me)uc(t)

(8.114)
Ye(t) = Ce(ne)xe(t) + De(ne)uc(t),

x.(t) € R is the vector of the state parameters of the controller, u.(t) € R™v
is the input of the controller, and y.(t) € R™» is the output of the controller.
When coupling a controller (G.) of type (8.114) to the system (8.113) by
taking wu.(t) = y(t) and u(t) = y.(t) one obtains the following closed-loop
system,

ra(t+1) = <A0cl (ne) + Z wi (t) Aker (m)) xa(t)

k=1

+ (God(nt) + > wi(t)Ciet (77t)> v(t)

k=1
za(t +1) = Ca(m)za(t) + Dalne)v(t), (8.115)
where
e (Ao(i) + Bo(i)De(i)Co (i)  Bo(i)Ce(i)
0ct (1) = . . .
Be(i)Co (i) Ac(d)
N AR
Goai) = (GO(i) +B?é()%l();)(iw(i)> (8.116)
Cra) = (Gk(z‘) + Bkéi)DC(i)D(z‘)>

Ccl(i) = (Cz (Z) + DZu (Z)DC(Z)CO(Z) Dzu(Z)Cc(l))

D.o(i) + Dou(i)De())D(i), e = (27(t) 2T(t))".

-l
o
=
=
=

I
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As usual a controller G, is a stabilizing controller if the zero state equilibrium
of the closed-loop linear system xq(t + 1) = (Ao (n:) + 22:1 wi (t) Ager(ne))
xa(t) is ESMS.

Because the closed-loop system (8.115) corresponding to a stabilizing con-
troller takes the form of a system of type (8.4), it follows that we may associate
a corresponding input—output operator 7 : £% {0, 0o; R™*} — (% {0, 00; R"*}
with (7gv)(t) = Cu(ne)xa(t,0,v) + De(ne)v(t), t € Zy, where z4(t,0,v) is
the solution of the closed-loop system (8.105) determined by the input v and
taking the initial value (0, 0,v) = 0.

The disturbance attenuation problem with attenuation level v, (DAP,)
requires the construction of a stabilizing controller G, of type (8.114) with
additional property: || 7| < -

Remark 8.11

(a) The disturbance attenuation problem stated before extends to this
general framework the H., control problem from the deterministic con-
text. Therefore, this problem is often named the stochastic Heo
problem.

(b) To implement a controller (8.114) we need to know at each time ¢t both
the measurements y(t) as well as the system mode 1.

(¢) In the case n. = 0 the controller (8.114) is a memoryless one; that is,
ul(t) = De(me)y(d).

(d) In the special case of the plant (8.113) with Bi(i) = 0, 0 < k <
r, D,,(i) = —I,, the disturbance attenuation problem stated before
becomes an H,, filtering problem. It requires the construction of a filter
G. of type (8.114) whose output approximates the output z(t) of the
given plant G with the accuracy given by |74 of the input-output
operator.

In the sequel, the disturbance attenuation problem is solved under the
assumption that the whole state vector is accessible for measurements. This
means that in (8.113), Cy(¢) = I, and D(i) =0,1 < i < N.

The case when only an output is available for measurements is illustrated
for an H, filtering problem.

8.5.2 The solution of the disturbance attenuation problem. The
case of full state measurements

In this subsection we present the solution of the disturbance attenuation prob-
lem with level of attenuation v > 0 under the assumption that the whole state
vector z(t) and the mode i are available. In this case, the controlled system
(8.113) becomes:



330 8 Robust stability and robust stabilization

a(t +1) = Ao(ne)2(t) + Go(ne)v(t) + Bo(me)u(t)
+ Zwk Ak (1e)2(t) + Gr(ne)v(t) + Br(nu(t)]  (8.117)

y(t) = z(t)
2(t) = Co(n))z(t) + D2o(ne)v(t) + Dau(ne)ult).

As we have already shown in Remark 8.2(c), if n, = 0, a controller (8.114)
reduces now to u(t) = D.(n)x(t), or, using a traditional notation, to

u(t) = F(n)x(t). (8.118)

The closed-loop system obtained when coupling (8.118) and (8.117) is:

2(t+1)= [Ao(n) + Bo(n)F(me) + Zwk )(Ak(ne) + Br(ne) F(ne)) | 2(t)
" (Gom " iwkmak(m)) o) (5.119)
k=1

2(t) = (Cz (1) + Du(ne) F (1)) (t) + Do (1) 0 (2)-

If F=(F(1),F(2),...,F(N)) is a stabilizing feedback gain, then the system
(8.119) defines an input-output operator, 7z : (%{0,00;R™} — /(%
{0,00:R"™} by (Tpo)(t) = (Cx(m) + Daund) F(n))alt, 0,0) + Doy (me)u(t).
teZ,.

The disturbance attenuation problem with level of attenuation v > 0 asks
for the construction of a stabilizing feedback gain F', such that ||77| < 7.
Our aim is to find conditions guarantee the existence of a control in a state
feedback from (8.118) which solves this problem.

Thus we prove the following.

Theorem 8.19 For the system (8.117) and a given scalar v > 0, the following
are equivalent.

(i) There exists a control law u(t) = F(n)x(t) such that the zero state
equilibrium of the linear system x(t + 1) = [Ao(n:) + Bo(n:)F(n:) +
iy w0 (Auln) + B FOn)Ja() s BSVS and [T < o

(i1) There exist Y = (Y/(1),Y(2),...,Y(N)) € SN and I' = (I'(1),I'(2),...,
T(N))e MY "Y(i) >0,1<i<N, that solve the following system of

mn?’

LMIs.
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=Y (i) Woi(Y, ') Wy (Y, T)
WY, T) Goo — YV Go1 (1)
WE(Y, ) &8, (i) G11(i) =Y
WEY,T) &4,.(1) &1,.(1)

C.()Y (i) + Do ()I(0) - &G44(i)  BF,44(0)

Wei(Y, ') Y (i)CI (i) + I'T (i) D, (4)

Bor (1) Bory1(7)
Bu (0 Bur+1(0) <0, (8.120)
6”‘(7;) - y Q5rr+1(7;)

& 1(i)  DI(0)DZ, (i) — 7?1,
where Wy (Y, T') = (Y ()AL (i) + I'T (i) B (i))3(i), 0 < k < r,
3(@) = (Vp(i, DI /p(i,2)L0 .. \/p(i,N)I,)
B (i) = 37 (1)G1 () GE (i)3 (i), 0<I<k<r,
Bp11(i) = 37 (4)Gy (i) DT, (4), 0<i<r (8.121)
Y = diag(Y(1),Y(2),...,Y(N)).

Moreover, if (Y, ) is a solution of the above LMI (8.120), then a solution
of the disturbance attenuation problem under consideration is given by
F=(F(1),F(2),....,F(N)), F(i) = 'Y "!(i), L <i < N.

Proof. Applying the implication (i) — (vi) of Theorem 8.2 to the system
(8.119), we obtain that the assertion (7) in the statement is equivalent to the
existence of Y = (Y(1),Y(2),...,Y(N)) € S, with Y (i) > 0 which solves
the following system of LMIs.
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~Y (i) Vo (Y, F) WY, F)
Jlg;(}/; F) 600(7;) - y @01 (Z)
V(Y. F) &) Gu(i) -y
e &4, (1) &1, (i)
(C2(1) + Dou(F @)Y (i) BGpa())  1,14(0)

(Y, F) Y (i)(C.(i) + D.,(i)F ()T
By (1) Bop+1(7)
B (i) B1r1(i) <0, (8.122)
QsT‘T(i) - y ®rr+1(7;)
(’55“(1') Dzv(i)DZv (Z) - ’YQInz

where &, (i), Y are as in (8.121) and Wy, (Y, F) = Y (3)(Ag (i) +Bx (i) F (i) T 3) ().
Setting I'(¢) = F(i)Y (i) one obtains that (8.122) is equivalent to (8.120) and
thus the proof is complete. O

Furthermore, we consider a dynamic controller of type (8.114) with n. > 1
and n, = n. In this case a closed-loop system of type (8.115) obtained when
coupling a controller (8.114) to the system (8.117) has a coefficient with the
following structure.

Aout(i) = Ag(i) + Bo(i)D.(i) Bo(i)Ce(d)
Ocl - BC(Z) AC(Z)
Al Yt i)Celi
Akcl(i):< ’“()“Zk()D() Bk(i)C()>
chl(l) = (G’:)(Z)> ,

Dgy(i) = D.y(i).
(8.123)

Theorem 8.20 For the system (8.117) and a given attenuation level v > 0,
the following are equivalent.

(i) There exists a dynamic controller of order n. > 1 that solves the distur-
bance attenuation problem with level of attenuation ~y.
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(¢i) There exists a zero-order controller u(t) = F(n:)x(t) that solves the dis-
turbance attenuation problem with the level of attenuation .

Proof. If (i) is true then, applying Theorem 8.2 to the corresponding closed-
loop system one obtains that there exists Y = (Y(1),Y(2),...,Y(N)) €

SV, Y(i) > 0,1 <i< N which solves the following system of LMISs,
—Y (i) Py (V) Ty (Y)
UEY)  Goo(i) =Y (i)
L(Y) &7, (1) G (i) — Y
wL(Y) &1.() &7.(1)
CCZ(Z)Y(Z) éﬁgr+l(i) éclrr—kl(i)
/i (Y) Y (i)CF (4)
Gor (1) Gopr1(4)
B, (i B1pp1(i
1r (0 tr1(0) <0, (8.124)
érr(i) - y érr—o—l(i)
@Z;,_‘_l(z) Dzv(i)DZv (i) — '72Inz
where

(\/p (4,1)Y A;}Fcl( ) . \/p(i,N)Y(i)Afd(i)),

Gu(i) = 37 (1) G ()G, ()3(@),  0<I<k<r

i1 (i) = 37 (0)Gre (1) DT, (4), 0<1<r,
J() = (VP Dlsn, oo /D, N) i, ) -

Take T € R™™, (i = (n+ne)[l+ (r+1)N] +n., i = n[l + (r+ 1)N] +n,),

I
T:diag(fo,fo,...,zo,lnz), To = (O ) .

Ne,n

One sees that T has full column rank; that is, rank® = n.
Pre- and postmultiplying (8.124) by ¥7 and T, respectively, we obtain the
following LMIs,
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=Yu(i) VoY) Vii(Y)
VEY) &g — Vi Go1 (1)
Vi(Y) G1(1)  G11(i) — Y

Vi(Y) &G, (1) &1, (i)
VvT+1,i(Y) ®gr+1(i) Qﬁ{r-ﬁ-l(i)

Vrei(Y) Vrr1:(Y)

6Or(i) ®0r+1(i)

Ot Brre1(0) <0 (8.125)
®rr(i) - yll 67‘r+l(i)

65—&-1@) Dzv(i)DZv(i) - ’YQInz

where &, (i) are as in (8.121), Vi (Y) = LY (i) AL, (1)T0(i)3(i), 0 < k < r,
Vi1, (V) = TEY ()CL (i), Vi1 = diag(Y11(4), Y11(2), ..., Y11(N)), and Y11 (i)
is obtained from the partition

Yii(7) Yia(d
o (0 20)

Yih(i)  Yao(i)

according to the partition of the coefficients of the closed-loop system.
By direct calculation one obtains that Vi (Y) = Wy (Y11, "), where I' =
(I'(1),I'(2),..., I'(N)),

I'(i) = De(i)Y11 (i) + Ce(i)Y13(0). (8.126)

This means that (8.125) is equivalent to (8.120) written for Y7 (¢) instead of
Y (i) and I'(i) given by (8.127). Hence, the state feedback given by F(i) =
D (i) +C.(i) Y5 (i)Y;; (i) is a solution of the disturbance attenuation problem
with the level of attenuation v > 0. Thus we proved that (i) — (7).

If (¢4) is fulfilled, then there exists a stabilizing feedback control law u(t) =
F(n)z(t) such that ||7p| < . Take n. > 1 and matrices A.(i) € R™*"e,
1 <4 < N, such that the zero state equilibrium of the linear system x.(t+1) =
Ac(ne)z. is ESMS.

Taking B.(i) = 0, C.(i) = 0, D.(i) = F(i), 1 < i < N, we obtain a
stabilizing controller of type (8.114) of order n. > 1, that stabilizes the system
(8.117). One can see that the corresponding input—output operator 7 is just
Tr. Hence ||74]| < 7. Thus we have shown that (i7) — (¢) holds and the proof
is complete. O
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8.5.3 Solution of a robust stabilization problem

We apply Theorem 8.8 in order to solve a robust stabilization problem.
Consider the system described by

2t +1) = [Ao () + Go() A1 (ne)C ()] (1)

+ [Bo(e) + Bo (1) Az (me) D (e ]u(t)

+ Zwk {[Ak(ne) + Gr(ne) A () C (o)) (2)

+ [Br(ne) A2 (ne) D(ne)u(t) }, (8.127)

where Ag(n:), Gi (i), Bp(i),C(i), D(i),0 < k < r,i € D are known matri-
ces of appropriate dimensions and A; = (Ay(1),...,A;(N)) and Ay =
(Az(1),..., A3(N)) are unknown matrices and they describe the magnitude
of the uncertainties of the system (8.127). It is assumed that the whole state
vector is accessible for measurements.

The robust stabilization problem considered here can be stated as follows.

For a given p > 0 find a control u(t) = F(n:)x(t) stabilizing (8.127) for
any A; and Ay such that max(|A4],|Az]) < p

The closed-loop system obtained with w(t) = F(n;)x(t) is given by

x(t +1) = {Ao(ne) + Bo(ne) F(ne) + Go(ne) A1) [C (ne) + D(ne) F(ne)] yao(t)

+ Z wi (O){ Ak (ne) + B (1) F (1)
k=1

+ Gr(m) Ane)[C(ne) + D(ne) F(ne)] o (t), (8.128)

where

. 0 _ A(i) 0
D(”:(ﬁ(i) ) A(”:( 0 A2<i>>'

If the zero state equilibrium of the linear system obtained from (8.128)
taking A = 0 is ESMS, then from Theorem 8.6 it follows that the zero state
equilibrium of (8.128) is ESMS for all A with |A| < p, |A] = max(|A4],|Az]), if
the input—output operator 7p associated with the system (8.119) with z(¢) =
[C(n) + D(ne) F(ne))x(t) satisfies the condition ||7g|| < ;

Therefore, F' is a robust stabilizing feedback with the robustness radius p
if it is a solution of the DAP with level of attenuation v = 1/p for the system
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(8.117) with z(t) = C(n)x(t) + D(n:)u(t), where the matrices C(i) and D(i)
were defined above.
The next result follows directly from Theorem 8.7.

Theorem 8.21 Suppose that there erist Y € SN and ' € MY |V >
0 wverifying the system of LMIs (8.120), where C,(i) = C(i), D (i) =
D(i), D,y (i) = 0,y = 1/p. Then the state feedback gain F(i) = I'(i)Y (i) is

a solution of the robust stabilization problem.

8.6 Notes and references

The bounded real lemma and other H., control problems for discrete-time
linear systems affected by independent random perturbations were considered
in [7, 33, 34, 6264, 93, 105, 112] and in the Markovian case in [23, 27, 69, 94,
110, 115, 116]. The proof of the bounded real lemma in this chapter follows
the ideas in [7, 94]. The small gain theorems given in Section 8.4 are proved
for the first time in this book.
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Abbreviations

ESMS—exponentially stable in the mean square, 61

SEMS-I-strongly exponentially stable in the mean square of the first kind, 61
SEMS-II-strongly exponentially stable in the mean square of the second
kind, 61

ESMS-CI-exponentially stable in the mean square with conditioning of type I, 61
ESMS-CII-exponentially stable in the mean square with conditioning of
type II, 61

ASMS—-asymptotically stable in the mean square, 71

LMI-linear matrix inequality, 73

LQG-linear quadratic Gaussian,117

DTSGRE-discrete-time system of generalized Riccati equation, 118
DTSRE-C—discrete-time Riccati equation of stochastic control, 145
DTSRE-F-discrete-time Riccati equation of filtering, 154
DTSARE-discrete-time coupled algebraic Riccati equation, 263
DAP-disturbance attenuation problem, 281



Index

Anticausal (backward) affine equation,

31
Asymptotically stability in mean square
(ASMS), 79

Borel g-algebra, 2

Causal (forward) affine equation, 31
Conditional expectation, 5
Conditional probability, 5

Cone, 21

Convex cone, 21

Detectable triple, 105

Discrete-time affine systems, 95

Discrete-time Riccati equations
(DTSGRE), 135

Disturbance attenuation, 327

Dual cone, 22

Dual Riccati equation, 178

Elementary random variable, 3

Expectation of the random variable, 4

Exponential stability, 33

Exponential stability in mean square,
69

Exponential stability in mean square
with conditioning, 90

Exponentially stable evolution, 33

Finsler’s lemma, 271
Fundamental (random) matrix solution,
61

Generalized dissipation operator, 181

H, filtering, 274

H> optimal control, 223

H> optimization, 247

Hs>-type norms, 225
Homogeneous Markov chain, 7

Independent random variables, 5
Indicator function of a set, 3
Input—output operators, 289
Integrable random variable, 4

Inverse of input—output operator, 292

Linear evolution operators, 32
Linear quadratic optimization, 185
Linear quadratic regulator, 193
Lyapunov-type criteria, 76
Lyapunov-type operators, 45

Markov chains, 7

Maximal solution of DTSGRE, 138
Measurable function, 3

Measurable space, 1

Minimal solution of DTSGRE, 154
Minkovski functional, 24

Minkovski seminorms and norms, 23



346 Index

Nondegenerate stochastic matrix, 7

Optimal control, 201

T-system, 2

Pointed cone, 22

Positive evolution, 32
Positive linear operator, 27
Probability measure, 2
Probability space, 2
Projection lemma, 315

Random variable, 3
Random vector, 3
Reference signal, 216
Regular cone, 23
Robust stability, 318

o-algebra, 1
Small gain theorem, 318

Solid cone, 22

Stability criterion, 107

Stability radius, 325

Stabilizability, 104

Stabilizable triple, 105

Stabilizing injections, 104

Stabilizing solution of DTSGRE, 138

Stochastic bounded real lemma (finite
horizon case), 299

Stochastic bounded real lemma (infinite
horizon case), 302

Stochastic matrix, 7

Stochastic observability, 111

Strongly exponential stability in mean
square, 89

Tracking problems, 216

Uniform positive sequence, 35

Well-posedness, 197
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