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Abstract

This paper concerns the stochastic stability analysis for discrete-time singular Markov jump
systems with time-varying delay and time-varying transition probabilities. The time-varying
transition probabilities in the underlying systems are assumed to be finite piecewise-constant. Based
on the delay partitioning technique, a delay-dependent stochastic stability condition is derived for
these systems, which is formulated by linear matrix inequalities and thus can be checked easily. Some
special cases are also considered. Finally, two numerical examples are provided to demonstrate the
application and less conservativeness of the developed approaches.
© 2012 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The analysis and controller design for singular systems have received considerable
attention in the past decades, because they can better describe the behavior of some
physical systems than state-space ones [1-3], and a great number of fundamental notions

*Corresponding author. Fax: 482 53 8104629.
E-mail addresses: nashwzhg@gmail.com (Z.-G. Wu), jessiec@ynu.ac.kr (J.H. Park).

0016-0032/$32.00 © 2012 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jfranklin.2012.08.012



2890 Z.-G. Wu et al. | Journal of the Franklin Institute 349 (2012) 2889-2902

and results based on the theory of regular systems have been extended to the area
of singular systems [3]. On the other hand, the study on time-delay systems has became
a topic of great theoretic and practical importance because time-delays are often
encountered in various practical systems, such as chemical processes, nuclear reactors, and
biological systems, and their existence may lead to instability or significantly deteriorated
performances for the corresponding closed-loop systems [4—17]. Thus, singular systems
with time-delay have attracted particular interest in the literature, see for instance, [18-21],
and the references therein.

On the other hand, Markov jump systems described by a set of linear systems with
commutations generated by a finite-state Markov chain are very appropriate and powerful
to model changes induced by external causes, e.g., random faults, unexpected events, and
uncontrolled configuration changes [22]. Therefore, the study of Markov jump systems
with or without time-delay is of great significance and value both theoretically and
practically, and a lot of relevant results have been reported in the literature over the
past decades, see for instance, [22-27], and the references therein. Recently, as a special
class of Markov jump systems, some results on singular Markov jump systems have also
been given [28-34]. It should be pointed out that in most existing results on singular
Markov jump systems, the considered transition probabilities in the Markov process or
Markov chain are assumed to be time-invariant, i.e., the considered Markov process or
Markov chain is assumed to be homogeneous. However, the assumption cannot always be
satisfied in real applications [35-37], and thus the ideal assumption on transition
probabilities inevitably limits the applications of the established results to some extent,
although such assumption is definitely expected to simplify the study of Markov jump
systems. Therefore it is important and necessary to pay attention to the study of Markov
jump systems with time-varying transition probabilities. In [35], the problem of H
estimation has been investigated for a class of Markov jump systems with time-varying
transition probabilities in discrete-time domain, and the mode-dependent and variation-
dependent filter has been designed such that the resulting closed-loop systems are
stochastically stable and have a guaranteed H, filtering error performance index. In [36],
the problem of H,, control for discrete-time Markov jump systems with piecewise-
constant transition probabilities has been investigated by using the average dwell time
approach. The stability of Markov jump systems characterized by piecewise-constant
transition rates and system dynamics has been investigated in [37], where a sufficient
condition has been proposed that guarantees mean square stability under constraints on
the dwell-time between switching instants. However, no related results have been
established for the stochastically stable analysis of discrete-time singular systems with
time-varying transition probabilities and time-delay.

In this paper, the stochastic stability analysis problem is studied for discrete-time
singular Markov jump systems with time-varying delay and piecewise-constant transition
probabilities. In terms of the delay partitioning approach [38], an linear matrix inequality
(LMI)-based delay-dependent stability criterion is established for the considered systems.
The given results not only depend upon time-varying delay, but also depend upon the
number of delay partitions. Two numerical examples are given to demonstrate the
validness and the less conservatism of the obtained results.

Notation: The notations used throughout this paper are fairly standard. R" and R"*" denote
the n-dimensional Euclidean space and the set of all m x n real matrices, respectively.
The notation X >Y (X >Y), where X and Y are symmetric matrices, means that X—Y is
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positive definite (positive semidefinite). / and 0 represent the identity matrix and a zero matrix,
respectively. The superscript “T” represents the transpose, and |l - Il denotes the Euclidean
norm of a vector and its induced norm of a matrix. (22,,P) is a probability space, Q is the
sample space, F is the g-algebra of subsets of the sample space, and P is the probability measure
on P. &[] denotes the expectation operator with respect to some probability measure P.
For integers a and b with a<b, N[a,b] ={a,a+ 1, ...,b—1,b}. For an arbitrary matrix B and
two symmetric matrices A and C,

A B
* C
denotes a symmetric matrix, where ‘s’ denotes the term that is induced by symmetry. Matrices,

if their dimensions are not explicitly stated, are assumed to have compatible dimensions for
algebraic operations.

2. Preliminaries

Fix a probability space (2,F,P), and consider discrete-time singular Markov jump
systems with time-varying delay as

Ex(k + 1) = A(r(k))x(k) + Aa(r(k))x(k—d(k)) |

x(k)= $(k), Kk € N[—ds.0] M

where x(k) € R" is the state vector, and ¢(k) is a compatible vector valued initial function.
The matrix £ € R™" may be singular and it is assumed that rank £ =r<n. A(r(k)) and
Aq(r(k)) are known real constant matrices with appropriate dimensions. d(k) denotes time-delay
and satisfies

0<d <dk)<d, (2)

where d; and d, are known integers.
The parameter r(k) represents a Markov chain taking values in a finite set

. .. .. . k+1 .
N ={1,2,...,N} with transition probability matrix I7°*+D = {n;( Dy given by

Prir(k + 1) = jlr(k) = iy = =+ 3)
where Oﬁn;(kH)sl for all i,j € N, and Z]N:ln;(kH):l for all i € N. Similarly, the
parameter a(k) represents a Markov chain taking values in a finite set M ={1,2,..., M}
with transition probability matrix X' = {g;,} given by

Prio(k + 1) =plo(k) =1} = qyp 4)

where 0<¢;,, <1 for all /,p € M, and Z;)W:lq;pzl for all / € M. In this paper, the
Markov chain g(k) is assumed to be independent on F;_; = a{r(1),r(2), ...,r(k—1)}, where
Fr_1 1s a g-algebra generated by {r(1),7(2),...,r(k—1)} [35].

Before presenting the main results of this paper, we first introduce the following
definitions and lemma, which will be essential for our derivation.

Definition 1 (Xu and Lam [3], Wu et al. [34]).

1. The system (1) is said to be regular and causal, if the pair (£, A4;) is regular and causal for
any i€ N and [ € M,
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2. The system (1) is said to be stochastically stable, if for any initial state (¢(k),ro,00), the
following condition holds:

lim E{lx(k)I*} =0 (5)
k—+o0

Definition 2 (losifescu [39], Zhang [35]). A finite Markov chain r(k) € N is said to be
homogeneous (respectively, nonhomogeneous) if for all k>0, the transition probability
satisfies Pr{r(k + 1) =j|r(k) =i} = m;; (respectively, Pr{r(k 4+ 1) =j|r(k) = i} = n;;(k)), where
n; (or m;i(k)) denotes a probability function.

Remark 1. According to Definition 2, it can be found that the Markov chain a(k) in
system (1) is homogeneous, while the Markov chain r(k) in system (1) is nonhomogeneous.
In this paper, the Markov chain r(k) in system (1) is also called as finite piecewise
homogeneous Markov chain, because the considered transition probabilities are time-
varying but invariant for the same o(k), that is, piecewise-constant.

Lemma 1 (Zhu et al. [40]). For any matrix M >0, integers y, and 7, satisfying y,>7,, and
vector function o : N[y,,y,]— R", such that the sums concerned are well defined, then

72

V2 V2
=1+ 1D D 0@ Mo@= ) o@'™M > o). (6)

| L= L=

Lemma 2 (Park et al. [17], Wu et al. [41]). For any matrix [ 21>0, integers d,, d», d(k)
satisfying dy <d(k)<d,, and vector function x(k + -) : N[—dp,—d] = R", such that the sums
concerned are well defined, then
k—dy—1
—din Y @) M) <w(k)" Qu(k) (7)

o= k*dz
where di» = dr—dy, {(a) = x(o + 1)—x(t) and

—M M-S S
w(k) = [x(k—d)" x(k—dk)" x(k—d>)']"Q=| % 2M+S+ST —S+M
* * —-M

In this paper, we will focus on the problem of stability analysis for discrete-time singular
Markov jump system (1). By using a Lyapunov functional, we will develop an LMI
approach to derive sufficient condition under which the underlying system (1) is regular,
causal and stochastically stable.

3. Main results
In this section, the stability is discussed for system (1) by the delay partitioning

approach. Before proceeding further, for the sake’s of vector and matrix representation,
the followings are denoted:

[ 1 \" 2 \"T m—1 \T]"
o) = | x(k)" x(k——dl) x<k——d1> x(k— dl) ]
m m m
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n(k)=[1k)" x(k—d)']"

(k) =[n(k)" x(k—d(k)' x(k—dy)']"

W= [Imn Omnxn]

W= [Omnxn Imn]

gi = [Onx(lfl)n I, Oi’lX(Wl*l‘Fl)l’l]’ [=12,....m+1

This way, system (1) can be rewritten as

Ex(k + 1) = Aigin(k) + Agx(k—d(k))
x(k)= ¢(k), k e N[—d,,0] (8)

Theorem 1. Given an integer m>0, system (1) is regular, causal and stochastically stable, if
there exist matrices P;;>0, 0>0, Z;>0, Z,>0, U>0, $,>0 1=1,2,...,m+), YV, and
Wi, such that for any i € N and | € M,

(211 En Bz B g?A?)(;l-
%  Fy Hy AYD  ATX!
=22 =23 di di“ti
% % Z33 0 0 <0 9)
%* %* % -D 0
* % %k % X!
_Sm+1 yil
>0 (10)
* Sm—l—l

where dyy = dr—d,, Xl-l = Z;,W: 1 41 ZjN: i ng.Pj,p, R e R0 g any matrix with full column

and satisfies E'R =0, and D = (d, /m)* S S 4+ d5 Sy and

m
Z = _grlrETPi,lEgl + WITQWI_ WzTQWZ_ Z(gl_gz+1)TETSzE(gl_gz+l)

=1

+ g1 Z1gmrt + (2 4+ Dgp 1 Zogmi1 =G E St By
+g{ Wi R  Aig1 + g{ A RW} gy

2= G 1 B St E=gp  E' Vit E + 9] Wi iR Ay

13 = g,TnHETy,-JE

=9{(4—E)'D

=—2,-2E"SyE+E"Y E+E'V}|E

—E"YV.E+E"S,.E

—Z\—E'S 1 E

N

2

23

n I [ I o o

33

Proof. We first proof the regularity and causality of system (1) under the given condition.
To this end, we choose two nonsingular matrices M and G such that

I, 01

0 0 (11)

MEG = [
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Set

A A
Az Asi

—_

MA;G =

T Wib T 0
W=y | Rsz (12)

where F € R"™*(=) is any nonsingular matrix. It can be seen that Z;; <0 implies
—E"Pi E+ Wi R"4; + A RW[ —E"S|E<0 (13)

Pre-multiplying and post-multiplying Eq. (13) by G' and G, respectively, we have
Wl.le T A4 + ALF Wﬁ <0, which implies A4; is nonsingular. Thus, the pair (E,A4) is regular
and causal, which implies system (1) is regular and causal.

Next we will show that system (1) is stochastically stable under the given condition.
To the end, we define J(k)=x(k+ 1)—x(k) and consider the following Lyapunov
functional for system (1):

4
V(x(k).k.r(k),o(k) = > Vi(x(k).k,r(k).o(k)) (14)
=1

where

Vi(x(k), ke, (k). a (k) = x(k) E™ Prgo o Ex(k)

k—1
Va(x(h), e r(k), o)) = Y M) ON)
s=k—d\/m
k—dy—1 —d+1 k—di—1
Vs(x(k).kr(k),ot) = > X&) Zixts)+ Y > x(8) Zax(s)
s=k—d, o0=—dr+1s=k—1+o

d; —((=D/m)d, =1 k-1

Va(x(k).k.r(k).o (k) = — > Y > ()" ETS,ES(s)
1=1 g=—-0/myd, s=k+g
—di—1 k-1

tdi Y Y A E S E(s)

g=—drs=k+g

Letting E[AV (k)] =&V (k + 1,x(k + 1),r(k + 1),0(k + 1)|x(k),r(k) =i,0(k) =1)—V(k,x(k),
i,])], along the solution of system (1), we have that

EIAV (k)] = x(k + DTET Ay Ex(k + 1)—x(k)ET P, Ex(k) (15)

where
R M N
A=Y Prirtk+ 1) =j.o(k + 1) = plr(k) = i,(k) = [} P} .
p=1j=1

It is noted that
Pr{o(k + 1) = plr(k) = i,o(k) =1} = q)
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and thus
Pr{r(k + 1) =j,a0(k + 1) =plr(k) = i,o(k) = [} = Pr{r(k + 1) =j|r(k) = i,0(k)
=lLaolk + 1)=p}Pric(k + 1) =p|r(k) =i,a(k) =1}

— P

which means A = Xl.’ . Therefore, we have that
EIAV (k)] = x(k + DT ET X! Ex(k + 1)—x(k)" E" P; ;Ex(k) = x(k + DT ET X! Ex(k + 1)
—n(k)" g{ E"P; 1 Eg\n(k) = (Aigin(k) + Agx(k—d(k))" X](A:g1n(k)
+Agx(k—d(k))—n(k)" g| ETP; 1 Egyn(k) (16)
On the other hand,

T
EIAVA(K)] = 10T O Y(k)— Y(k— dl) QY(k— é)

m m

=n(k) W\ QW n(k)—n(k)" W3 QW yn(k) (17)

EAV3(k)] = x(k—dy)" Z\x(k—dy)—x(k—db)" Z1 x(k—d>) + (d12 + Dx(k—d\)" Zox(k—d))
k—d,

— Y x()" Zox(s) <n(k) ' gy Zy Gman()—x(k—db) " Zy x(k—dbn)
s = k—dz
+(di2 + Dn(k) gy, Zogme1n(k)—x(k—d(k))" Zox(k—d(k)) (13)
d 2 m di k—((—1)/m)d, —1
EAVa(k)] = (-1) ST ETS ESl)——>" > S()ETS,Ed(s)
m 1=1 m 1=1 s=k—(/m)d,
k—d,—1
L) E S ESR)—=di S 89T ET St ES(s) < (A= E)grn(k)
S = k*dQ

+A gix(k—d(k)) D(A;—E)gin(k) + Agix(k—d(k)))
m nk) 7' n(k)
= 00" (9940 ETS,E(gi—gisn(k) + | x(k—d(k)) | | x(k=d(k)) | (19)

=1 x(k—d>) x(k—dy)
where Lemmas 1 and 2 are applied, and
—g;51+1ETSn1+1Egm+1 g;+1ETSm+1E_gL+1ETyiJE g;+lETyiJE
= % —2E"Sy E+ E"Y  E4+ E"VE —E"Y,E+E"S,\E
% % —E'S, . \E

Furthermore, it can be easily obtained from Eq. (8) that
20(k)" g1 Wit R (Aigin(k) + Agix(k—d(k))) =0 (20)

Thus, adding the left-hand side of Eq. (20) to E[AV(k)], we can get from Eqgs. (16)—(19)
that

EAV (k)] <{(k)" Ol(k) (21)
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where
—_ — — T T
e I T gi(4i-B)" ] [al(4i-E)
O=| % En Exn|+| 4L X! AL + AL D AT
* % Exy 0 0 0 0

Based on Schur complement, we can obtain from Eq. (9) that ® <0. Therefore, there exists
a scalar o> 0 such that

E[AV (k)] < —allx(k)lI? (22)

Thus, we can conclude that

k
1
> ElxIP1< - £V (0)] < oo (23)
o
1=0
which implies Y7 E[x(1)I1*] converge, and thus it can be found that Eq. (5) holds. Based
on Definition 1, system (1) is stochastically stable. This completes the proof. [

Remark 2. Theorem 1 gives a criterion guaranteeing the regularity, causality and
stochastic stability of system (1), which is formulated by LMIs and can readily be solved
by standard numerical software. It should be pointed out that the condition is independent
of the choice of R, which is introduced by Eq. (20).

When M = {1}, the piecewise homogeneous Markov jump system (1) reduces to a
homogeneous Markov jump system, and Theorem 1 reduces the following corollary.

Corollary 1. Given an integer m> 0, system (1) is regular, causal and stochastically stable, if
there exist matrices P;>0, >0, Z,>0, Z,>0, U>0, $,>0(=1,2,...,m+ 1), YV;, and
W; such that for any i € N

B0 En En Eu grATX

x  Ey Ey AID ALK,

% % E3 0 0 <0 (24)
* * * -D 0
B X |

St Vi (25)
* Sl

N
where X; = Zj: | i Py, and

m
En=—g E"PiEg; + W] QW= W, OW,—> (9—g:11) E'S.E(g,—g111)
1=1

91 Zigmer + (@2 + D1 Zogmit =G B S 1 Egyet + g1 WiR Aigy
+914; RW g

12=Gpmi1 B St E—gp  EYViE + g] WiR" Ay,

13= QLHET%E

p Lp
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2 = —Zz—2ETSm+1E + ETyiE + ETy;rE
»w=—E"VE+E'S, . E

xp Lp

the other parameters follow the same definitions as those in Theorem 1.

Remark 3. When N = {1}, which means that Markov jumping parameters disappear,
Corollary 1 reduces to Corollary 1 in [41]. Therefore, Theorem 1 and Corollary 1 can be
viewed as an extension of the existing result on stability analysis for discrete-time singular
time-delay systems to discrete-time singular time-delay systems with Markov jumping
parameters.

Generally speaking, for some practical systems, the transition probabilities of the
Markov chain we get will never be precise, that is, some elements in transition probability
matrix are unknown [42-45]. For instance, when M = {1,2,3,4}, the transition probability
matrix 2~ may be

(g G 913 GQig)
@21 ‘?22 ‘?23 424
B1 4 933 3

da1 qa 943  q44

where the unaccessible elements are labeled with a hat “*”’. For notation clarity, we denote
that for each / € M:

Mk ={p: q, is known)
M., ={p: qj, is unknown} (26)

Also, we denote g} = ZpeMkcyp.
The following corollary presents the result on the stability analysis for system (1) with
partially unknown transition probabilities.

Corollary 2. Given an integer m>0, system (1) with partially unknown transition
probabilities is regular, causal and stochastically stable, if there exist matrices P;;>0,
0>0,7,>0,2,>0,U>0,S8,>00=1,2,....m+ 1), Vi, and W;; such that for any i € N
and | € M, Egs. (11) and (27) hold,

- - - - A1 elp T
En En B Eu gi4] (X4 X))

= - A1l
* Hoy E03 A};D A};(Xiﬂ-Xi)
%* % H3 0 0 <0 (27)
%k * %k -D 0

YRS

%k %k %k * _Xi_Xi

where p € Mé,,c and

N
i/i: Z QIPZ”ZPj,p

peMi  T=1
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e ! . »
j=1

the other parameters follow the same definitions as those in Theoreml.

Proof. It is clear that OSqﬁC <1. we exclude the case of qﬁc =1 due to the fact that in this
case all the elements in the /th row are known. When 0<g{-<1, it can be found from

Eq. (9) that

N
.
= = = = TgT 0 L P;
En En En Eu o914 | X+ D C]/,;E P p
pe/\/lllm j=1

N
~l
= = T T d E PP
* oy E03 AdiD Adi Xi+ Z qip nijPJ,p

peMly  j=1 <0 (28)
b ¥ E33 0 0
* & * -D 0
1 N
Y A P
% %k % % ~Xi— Y 4, TP,
pe/\/l[l/,C j=1

According to the fact that 0<¢,,/(1—¢})<1 and ZpeMéﬂcc},p/(l—qu) =1, we have that

[ - AL
En En B B giANX + X))
- = ol o
QI * Hoy  E93 A};ID A}z(Xz + Xi )
p
Ay = Z 1—d * & =33 0 0 (29)
o 9x
PEMux %« % % =D 0
~1 -l
% % % % _Xi_Xi

Thus, Eq. (27) holds implies Eq. (29) holds. This completes the proof. [J

4. Numerical examples

This section presents two numerical examples that demonstrate the effectiveness of the
methods described in the above section.

Example 1. Consider system (1) with

6.1 104 —1.1 -2
A= , An=

715 11.6 14 -25
6.37 10.74 092 —1.62
27748 12011 T 2113 —1.93

e=]
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Table 1
Comparison of the allowable upper bound d>.

dy 2 4 6 8 10 12
[29,31] 12 13 14 15 16 17
[30] 14 14 15 16 18 19
[28] 14 15 16 17 18 19
Corollary 1 (m=d,) 18 19 21 23 25 27

and the transition probability matrix
0.45 0.55
0.7 0.3

I =

By using the methods of [28-31] and Corollary 1 in this paper, the allowable maximum
values of d, for various d; that guarantees the regularity, causality and stochastic stability
of the considered system are presented in Table 1, from which we can find that our result
has less conservatism than those in [28-31].

Example 2. Consider the dynamic Leontief model of economic systems, which describes
the time pattern of production sectors given by [2]

x(k) = Mx(k) + G(x(k + 1)—x(k)) + Hu(k) (30)
It is clear that Eq. (30) can be rewritten as
Gx(k+ 1)=({I—-M + G)x(k)—Hu(k) (31)

Typically the capital coefficient matrix G has nonzero elements in only a few rows,
corresponding to the fact that capital is formed from only a few sectors. Thus, the system
(31) is a typical discrete-time singular system, since G is often singular.

In this example, we choose

u(k) = Kix(k) + Krox(k—d(k)) (32)

In practical control system, actuators may fail during the course of system operation and
the faults of the actuators may be random in nature. We make use of the following fault
model to represent the stochastic behavior of the actuator faults:

u' (k) = F(r(k))u(k) (33)

where  F(r(k)) = diag{/,(r(k))./2(r(k)), ... o(r(k))}, O<fy(r(k))<1 (¢=1.2,....p), Vr(k)
€ N. Obviously, when f,(r(k)) =0, the fault model (33) corresponds to the g-th actuator
outage case. When 0<f,(r(k))<1, it corresponds to the case of partial failure of the g-th
actuator. When f,(r(k)) = 1, it corresponds to the case of no fault in the ¢-th actuator.

Here, we consider a Leontief model described by

1 0 204 1 ~1
G= , M= , H=
[0 01 lo.g 1] [3.05]
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Then system (31) can be rewritten as

L0) o[04 —1] =1 "
[0 o]x( * )_[—0.8 O]X( )_[3.051”() (39

On the other hand, choose
K, =[-0.01 0.6], K,=[0.1676 0.1170] (35)

and F,=0.3 and F,=0.8, and suppose the transition probability matrices

Hl_[o.l 0.9] Hz_[o.z 0.8]

0.3 0.7 0.45 0.55

; 03 0.7 4 04 0.6
= H =
lO.SS 0.45]’ lO.S 0.5}
and

03 02 0.1 04

03 0.2 03 0.2
D =

0.1 0.1 05 03
02 02 0.1 05

Thus, the resultant closed-loop system can be described by discrete-time singular Markov
jump system (1) with

[—0.0430 —0.82001 l 0.0503 0.0351 1
1= »  Aar=

—0.7909 —0.5490 —0.1534 —0.1071
{—0.0480 —0.5200] l 0.1341 0.0936 ]
2= > A=

—0.7756  —1.4640 —0.4089 —0.2855
10

E=
oo

It is assumed that d; =4 and d, = 6. Applying Matlab Toolbox, by Theorem 1 with m=2,
it is found that system (1) with given parameters is regular, causal and stochastically stable.

5. Conclusions

The problem of stochastic stability analysis has been investigated in this paper for
discrete-time singular Markov jump systems with time-varying delay and piecewise-
constant transition probabilities. Based on the delay partitioning technique, a Lyapunov
functional has been introduced to arrive at the delay-dependent sufficient condition that
warrants the regularity, causality, and stochastic stability of the considered systems.
The obtained delay-dependent results rely upon the partitioning size. The results on some
special cases have also been established. Finally, two numerical examples have been given
to show the reduction of conservatism and effectiveness of the developed approaches. We
would like to point out that it is possible to extend our main results to more general
discrete-time singular Markov jump systems with parameter uncertainties, mixed time-
delays, and nonlinear disturbances. The results will appear in the near future.



Z.-G. Wu et al. | Journal of the Franklin Institute 349 (2012) 2889-2902 2901
Acknowledgments

The work was supported by the 2012 Yeungnam University Research Grant. This work
was also supported in part by the National Natural Science Foundation of China under
Grant 61174029.

References

[1] G.C. Verghese, B.C. Levy, T. Kailath, A generalized state-space for singular systems, IEEE Transactions on
Automatic Control 26 (1981) 811-831.

[2] L. Dai, Singular Control Systems, Springer, Berlin, 1989.

[3] S. Xu, J. Lam, Robust Control and Filtering of Singular Systems, Springer, Berlin, 2006.

[4] E. Tian, D. Yue, Y. Zhang, On improved delay-dependent robust H, control for systems with interval time-
varying delay, Journal of the Franklin Institute 348 (2011) 555-567.

[5] D. Zhang, L. Yu, Hy filtering for linear neutral systems with mixed time-varying delays and nonlinear
perturbations, Journal of the Franklin Institute 347 (2010) 1374-1390.

[6] G. Guo, Feedback control with scheduled communication sequences and random delays, International
Journal of Control, Automation, and Systems 8 (2010) 1342-1348.

[7] C. Dou, Z. Duan, X. Jia, P. Niu, Study of delay-independent decentralized guaranteed cost control for large
scale systems, International Journal of Control, Automation, and Systems 9 (2011) 478-488.

[8] T. Guo, G. Liu, Adaptive fuzzy control for unknown nonlinear time-delay systems with virtual control
functions, International Journal of Control, Automation, and Systems 9 (2011) 1227-1234.

[9] D.H. Ji, Ju.H. Park, S.M. Lee, J.H. Koo, S.C. Won, Synchronization criterion for Lur’e systems via delayed
PD controller, Journal of Optimization Theory and Applications 147 (2010) 298-317.

[10] M. Liu, G. Sun, Observer-based sliding mode control for Ito6 stochastic time-delay systems with limited
capacity channel, Journal of the Franklin Institute 349 (2012) 1602-1616.

[11] Ju.H. Park, O.M. Kwon, Further results on state estimation for neural networks of neutral-type with time-
varying delay, Applied Mathematics and Computation 208 (2009) 69-75.

[12] H. Dong, Z. Wang, H. Gao, Robust H, filtering for a class of nonlinear networked systems with multiple
stochastic communication delays and packet dropouts, IEEE Transactions on Signal Processing 58 (2010)
1957-1966.

[13] J. Hu, Z. Wang, H. Gao, L.K. Stergioulas, Robust H, sliding mode control for discrete time-delay systems
with stochastic nonlinearities, Journal of the Franklin Institute 349 (2010) 1459-1479.

[14] Z. Wu, P. Shi, H. Su, J. Chu, Passivity analysis for discrete-time stochastic Markovian jump neural networks
with mixed time delays, IEEE Transactions on Neural Networks 22 (2011) 1566-1575.

[15] J. Liang, Z. Wang, X. Liu, Distributed state estimation for uncertain Markov-type sensor networks with mode-
dependent distributed delays, International Journal of Robust and Nonlinear Control 22 (2012) 331-346.

[16] H. Li, Q. Zhou, B. Chen, H. Liu, Parameter-dependent robust stability for uncertain Markovian jump
systems with time delay, Journal of the Franklin Institute 348 (2011) 738-748.

[17] P. Park, J.W. Ko, C. Jeong, Reciprocally convex approach to stability of systems with time-varying delays,
Automatica 47 (2011) 235-238.

[18] S. Xu, P.V. Dooren, R. Stefan, J. Lam, Robust stability and stabilization for singular systems with state
delay and parameter uncertainty, IEEE Transactions on Automatic Control 47 (2002) 1122-1128.

[19] L. Wu, W. Zheng, Passivity-based sliding mode control of uncertain singular time-delay systems, Automatica
45 (2009) 2120-2127.

[20] Z. Shu, J. Lam, Exponential estimates and stabilization of uncertain singular systems with discrete and
distributed delays, International Journal of Control 81 (2008) 865-882.

[21] C. Han, G. Zhang, L. Wu, Q. Zeng, Sliding mode control of T-S fuzzy descriptor systems with time-delay,
Journal of the Franklin Institute 349 (2012) 1430-1444.

[22] H. Dong, Z. Wang, D.W.C. Ho, H. Gao, Robust H, filtering for Markovian jump systems with randomly
occurring nonlinearities and sensor saturation: the finite-horizon case, IEEE Transactions on Signal
Processing 59 (2011) 3048-3057.

[23] Y. Liu, Z. Wang, X. Liu, State estimation for discrete-time Markovian jumping neural networks with mixed
mode-dependent delays, Physics Letters A 372 (2008) 7147-7155.



2902 Z.-G. Wu et al. | Journal of the Franklin Institute 349 (2012) 2889-2902

[24] L. Ma, Z. Wang, Y. Bo, Z. Guo, Finite-horizon H,/H., control for a class of nonlinear Markovian jump
systems with probabilistic sensor failures, International Journal of Control 84 (2011) 1847-1857.

[25] L. Zhang, E.K. Boukas, H, control for discrete-time Markovian jump linear systems with partly unknown
transition probabilities, International Journal of Robust and Nonlinear Control 19 (2008) 868—883.

[26] L. Zhang, E.K. Boukas, J. Lam, Analysis and synthesis of Markov jump linear systems with time-varying
delays and partially known transition probabilities, IEEE Transactions on Automatic Control 53 (2008)
2458-2464.

[27] H. Li, B. Chen, Q. Zhou, W. Qian, Robust stability for uncertain delayed fuzzy Hopfield neural networks
with Markovian jumping parameters, IEEE Transactions on Systems, Man, and Cybernetics. Part B-
Cybernetic 39 (2009) 94-102.

[28] S. Ma, C. Zhang, Robust stability and H,, control for uncertain discrete Markovian jump singular systems
with mode-dependent time-delay, International Journal of Robust and Nonlinear Control 3 (2009) 965-985.

[29] W. Zhou, H. Lu, C. Duan, M. Li, Delay-dependent robust control for singular discrete-time Markovian
jump systems with time-varying delay, International Journal of Robust and Nonlinear Control 20 (2010)
1112-1128.

[30] S. Ma, E.K. Boukas, Robust H, filtering for uncertain discrete Markov jump singular systems with mode-
dependent time delay, IET Control Theory and Applications 3 (2009) 351-361.

[31] S. Ma, E.K. Boukas, Y. Chinniah, Stability and stabilization of discrete-time singular Markov jump systems
with time-varying delay, International Journal of Robust and Nonlinear Control 20 (2010) 531-543.

[32] Z. Wu, H. Su, J. Chu, Delay-dependent H, filtering for singular Markovian jump time-delay systems, Signal
Processing 90 (2010) 1815-1824.

[33] L. Wu, P. Shi, H. Gao, State estimation and sliding-mode control of Markovian jump singular systems, IEEE
Transactions on Automatic Control 55 (2010) 1213-1219.

[34] Z. Wu, P. Shi, H. Su, J. Chu, Delay-dependent stability analysis for discrete-time singular Markovian jump systems
with time-varying delay, International Journal of Systems Science, http://dx.doi.org/10.1080/002077212011564327,
in press.

[35] L. Zhang, H., estimation for discrete-time piecewise homogeneous Markov jump linear systems, Automatica
45 (2009) 2570-2576.

[36] L. Chen, Y. Leng, H. Guo, L. Zhang, H, control of a class of discrete-time Markov jump linear systems with
piecewise-constant TPs subject to average dwell time switching, Journal of Franklin Institute 349 (2012)
1989-2003.

[37] P. Bolzern, P. Colaneri, G.D. Nicolao, Markov jump linear systems with switching transition rates: mean
square stability with dwell-time, Automatica 46 (2010) 1081-1088.

[38] D. Peaucelle, D. Arzelier, D. Henrion, F. Gouaisbaut, Quadratic separation for feedback connection of an
uncertain matrix and an implicit linear transformation, Automatica 43 (2007) 795-804.

[39] M. losifescu, Finite Markov Processes and Their Applications, Wiley, New York, 1980.

[40] X. Zhu, Y. Wang, G. Yang, New delay-dependent stability results for discrete-time recurrent neural networks
with time-varying delay, Neurocomputing 72 (2009) 3376-3383.

[41] Z. Wu, Ju.H. Park, H. Su, J. Chu, Admissibility and dissipativity analysis for discrete-time singular systems
with mixed time-varying delays, Applied Mathematics and Computation 218 (2012) 7128-7138.

[42] L. Zhang, E.K. Boukas, Mode-dependent H, filtering for discrete-time Markovian jump linear systems with
partly unknown transition probabilities, Automatica 45 (2009) 1462—1467.

[43] L. Zhang, E.K. Boukas, Stability and stabilization of Markovian jump linear systems with partly unknown
transition probabilities, Automatica 45 (2009) 463—468.

[44] L. Zhang, J. Lam, Necessary and sufficient conditions for analysis and synthesis of Markov jump linear
systems with incomplete transition descriptions, IEEE Transactions on Automatic Control 55 (2010)
1695-1701.

[45] Y. Zhao, L. Zhang, S. Shen, H. Gao, Robust stability criterion for discrete-time uncertain Markovian
jumping neural networks with defective statistics of modes transitions, IEEE Transactions on Neural
Networks 22 (2011) 164-170.



