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Abstract: This paper deals with the delay-dependent stabilization problem for singular systems with Markovian jump
parameters and time delays. A delay-dependent condition is established for the considered system to be regular, impulse
free and stochastically stable. Based on the condition, a design algorithm of the desired state feedback controller which
guarantees the resultant closed-loop system to be regular, impulse free and stochastically stable is proposed in terms of a
set of strict linear matrix inequalities (LMIs). Numerical examples show the effectiveness of the proposed methods.
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1 Introduction
Singular systems are an important kind of systems from

both the theoretical and practical points of view and have
been extensively studied in the past years. Many important
and interesting results on the control problems related to
singular systems have been proposed by all kinds of meth-
ods and a great number of fundamental notions and results
in control, and systems theory based on state-space systems
have been successfully extended to singular systems. For
more details on these results we refer the readers to [1, 2]
and the references therein. It is worth noting that when deal-
ing with the related problems of singular systems, not only
stability, but also regularity and absence of impulses (for
continuous singular systems) and causality (for discrete sin-
gular systems) must be considered simultaneously, whereas
for state-space systems the latter two issues do not arise.
Hence, the study of singular systems is much more diffi-
cult and complex than that of state-space systems. Recently,
the problems of stability analysis and stabilization for sin-
gular systems with time-delay have attracted much atten-
tion from many researchers since time delays are often the
cause of instability and poor performance of control sys-
tems and both delay-independent and delay-dependent con-
ditions have been derived for continuous cases (see [1, 3, 4]
and references therein). The corresponding results for dis-
crete cases can be found in [1, 5, 6].

In parallel, there have been also considerable research ef-
forts on the study of Markovian jump systems, which are
a special kind of hybrid systems, due to the fact that they
can better represent physical systems with abrupt varia-
tions. Many important results on such systems have been
reported in the literature (see, e.g. [7∼9] and the references
therein). When Markovian jump parameters arise in singu-
lar systems, the state feedback stabilization and its robust-
ness problems for this kind of systems with norm-bounded
uncertainties were tackled in [10] in terms of the linear ma-

trix inequality (LMI) approach. The problems of guaranteed
cost control and robust H∞ control for continuous Marko-
vian jump singular systems were solved in [1] and the de-
sired state feedback controllers can be constructed by solv-
ing a set of LMIs. Also, the robust H∞ control problem for
discrete Markovian jump singular systems was discussed in
[11]. However, to date only a few results have been reported
on singular Markovian jump systems with time delay. In
terms of the LMI approach, [12] established sufficient con-
ditions on the stochastic stability and stochastic stabilizabil-
ity for singular Markovian jump systems with time delays
and the stabilization problem was solved via state feed-
back controller. However, the results of [12] are delay-
independent, so they are conservative, especially when time
delay is small. The delay-dependent stochastic stabilization
problem of singular Markovian jump systems with state de-
lay was discussed in [13] and the design methods for the
desired state feedback controllers were given. However, it
should be pointed out that in [13] the considered system
was assumed to be necessarily regular and impulse free;
moreover, a matrix describing the relationship between fast
and slow subsystems is needed and an improper choice of
the matrix would make the results unreliable. Hence, the
delay-dependent stabilization problem for singular Marko-
vian jump time-delay systems has not been well solved in
[13]. To the best of our knowledge, very little attention has
been paid to the problem of delay-dependent stabilization
for singular Markovian jump time-delay systems, which has
not been fully discussed and is still open. This motivates the
present study.

This paper is concerned with the delay-dependent stabi-
lization problem for singular Markovian jump systems with
time delays. Different with the results of [13], the consid-
ered system here is not assumed to be necessarily regular
and impulse free. In terms of a set of LMIs, we present a
delay-dependent sufficient condition which guarantees the
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regularity, absence of impulses, and stochastic stability of
such systems. Based on this, a strict LMI-based approach is
proposed to solve the delay-dependent stabilization problem
and the desired state feedback controllers can be constructed
by solving a set of strict LMIs, which can be easily solved
using the LMI control toolbox. Several numerical examples
are provided to demonstrate the effectiveness and applica-
bility of the established results.

Notations Cn,d = C([−d, 0], Rn) denotes the Banach
space of continuous vector functions mapping the interval
[−d, 0] into R

n. ‖φ(s)‖d = sup
−d�s�0

‖φ(s)‖ stands for the

norm of a function φ(t) ∈ Cn,d. (Ω ,F ,P) is a probability
space, Ω is the sample space, F is the σ-algebra of subsets
of the sample space and P is the probability measure on F .
E{·} denotes the expectation operator with respect to some
probability measure P .

2 Problem formulation and preliminaries
Fix a probability space (Ω ,F ,P) and consider the fol-

lowing singular time-delay systems with Markovian jump
parameters:{

Eẋ(t) = A(rt)x(t) + Ad(rt)x(t − d) + B(rt)u(t),
x(t) = φ(t), t ∈ [−d̄, 0],

(1)

where x(t) ∈ R
n is the state, u(t) ∈ R

m is the con-
trol input. d is an unknown but constant delay satisfying
0 � d � d̄, φ(t) ∈ Cn,d̄ is a compatible vector valued ini-
tial function. The matrix E ∈ R

n×n may be singular and
it is assumed that rankE = r � n, A(rt), Ad(rt) and
B(rt) are known real constant matrices with appropriate
dimensions. {rt} is a continuous-time Markovian process
with right continuous trajectories and taking values in a fi-
nite set S = {1, 2, · · · , s} with transition probability matrix
Π � {πij} given by

Pr{rt+h = j
∣∣ rt = i} =

{
πijh + o(h), j �= i,

1 + πiih + o(h), j = i,

where h > 0, lim
h→0

o(h)
h

= 0, and πij � 0, for j �= i, is the

transition rate from mode i at time t to mode j at time t + h

and πii = −
s∑

j=1,j �=i

πij .

For notational simplicity, in the sequel, for each possible
rt = i, i ∈ S, a matrix M(rt) will be denoted by Mi; for
example, A(rt) is denoted by Ai, Ad(rt) by Adi and so on.

Definition 1 1) For a given scalar d̄ > 0, the nominal
singular Markovian jump time-delay system{

Eẋ(t) = Aix(t) + Adix(t − d),
x(t) = φ(t), t ∈ [−d̄, 0]

(2)

is said to be regular and impulse free for any constant time
delay d satisfying 0 � d � d̄, if the pairs (E, Ai) and
(E, Ai + Adi) are regular and impulse free for every i ∈ S.

2) The singular Markovian jump time-delay system (2)
is said to be stochastically stable, if there exists a scalar
M(r0, φ(·)) such that

lim
T→∞

E{
� T

0
‖x(t)‖2dt|r0, x(s)=φ(s)}�M(r0, φ(·)). (3)

Our goal in this paper is, for a given scalar d̄ > 0, to de-

sign a state feedback controller u(t) = Kix(t), where Ki

is a design parameter that has to be determined for every
i ∈ S, guaranteeing that the resultant closed-loop system is
regular, impulse free and stochastically stable for any con-
stant time delay d satisfying 0 � d � d̄.

3 Main results
In this section, the LMI method is used to solve the delay-

dependent stabilization problem for the singular Markovian
jump time-delay system (1). Initially, a delay-dependent
condition is proposed for the singular Markovian jump
time-delay system (2) to be regular, impulse free, and delay-
dependent stochastically stable.

Theorem 1 For a prescribed scalar d̄ > 0, the singular
Markovian jump time-delay system (2) is regular, impulse
free, and stochastically stable for any constant time delay
d satisfying 0 � d � d̄, if there exist symmetric positive-
definite matrices Qi, Q, Z and matrices Pi, Mi, Ni, Hi, Si,
Ri and Ti such that for every i ∈ S,

ETPi = PT
i E � 0, (4a)

Ξi =

⎡
⎢⎢⎣
Ξi11 Ξi12 Ξi13 d̄Si

∗ Ξi22 Ξi23 d̄Ri

∗ ∗ Ξi33 d̄Ti

∗ ∗ ∗ −d̄Z

⎤
⎥⎥⎦ < 0, (4b)

Qi < Q, (4c)
where μ = max{|πii|, i ∈ S} and

Ξi11 =
s∑

j=1

πijE
TPj + MT

i Ai + AT
i Mi + SiE + ETST

i

+Qi + μd̄Q,

Ξi12 = PT
i − MT

i + AT
i Ni + ETRT

i ,

Ξi13 = −SiE + MT
i Adi + ETTT

i + AT
i Hi,

Ξi22 = −Ni − NT
i + d̄Z,

Ξi23 = −RiE + NT
i Adi − Hi,

Ξi33 = −Qi − TiE − ETTT
i + HT

i Adi + AT
diHi.

Proof From (4), it is easy to show that for every i ∈ S,
ẼTP̃i = P̃T

i Ẽ � 0, (5a)[
Δi1 Δi2

∗ Δi3

]
< 0, (5b)

where
Δi1 = πiiẼ

TP̃i + ÃT
i P̃i + P̃T

i Ãi + Q̃i + S̃iẼ + ẼTS̃T
i ,

Δi2 = P̃T
i Ãdi − S̃iẼ + ẼTT̃T

i + ÃT
i H̃i,

Δi3 = −Q̃i − ẼTT̃T
i − T̃iẼ + ÃT

diH̃i + H̃T
i Ãdi,

Ẽ =
[
E 0
0 0

]
, Ãi =

[
0 I

Ai −I

]
, Ãdi =

[
0 0

Adi 0

]
,

P̃i =
[

Pi 0
Mi Ni

]
, S̃i =

[
Si 0
Ri 0

]
, T̃i =

[
Ti 0
0 0

]
,

H̃i =
[

0 0
Hi 0

]
, Q̃i =

[
Qi 0
0 d̄Z

]
.

Since rank Ẽ = rankE = r � n, there exist nonsingular
matrices G and H such that

Ê = GẼH =
[
Ir 0
0 0

]
. (6)
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Denote⎧⎪⎪⎨
⎪⎪⎩

GÃiH =
[
Ai11 Ai12

Ai21 Ai22

]
, G−TP̃iH =

[
Pi11 Pi12

Pi21 Pi22

]
,

HTS̃iG
−1 =

[
Si11 Si12

Si21 Si22

] (7)

for every i ∈ S. By (5a), it can be shown that Pi12 = 0 for
every i ∈ S. Pre-multiplying and post-multiplying Δi1 < 0
by HT and H , respectively, we have AT

i22Pi22+PT
i22Ai22 <

0, which implies Ai22 is nonsingular for every i ∈ S and
thus the pair (Ẽ, Ãi) is regular and impulse free for every
i ∈ S. Since det(sE −Ai) = det(sẼ − Ãi), we can easily
see that the pair (E, Ai) is regular and impulse free for ev-
ery i ∈ S. Now, pre-multiplying and post-multiplying (5b)
by

[
I I

]
and

[
I I

]T
, respectively, we can obtain

πiiẼ
T(P̃i + H̃i) + (Ãi + Ãdi)T(P̃i + H̃i)

+(P̃i + H̃i)T(Ãi + Ãdi) < 0.

Using the above approach, we can get the above LMI and
ẼT(P̃i + H̃i) = (P̃i + H̃i)TẼ � 0 (8)

implies that, for every i ∈ S, the pair (E, Ai + Adi) is reg-
ular and impulse free, and matrices Pi is nonsingular for
every i ∈ S. According to Definition 1, the singular Marko-
vian jump time-delay system (2) is regular and impulse free
for any constant time delay d satisfying 0 � d � d̄.

Next, we will show the stochastic stability of system
(2). Define a new process {(xt, rt), t � 0} by {xt =
x(t + θ),−2d � θ � 0}, then {(xt, rt), t � d} is a Markov
process with initial state (φ(·), r0). Now, for t � d, define
the following stochastic Lyapunov candidate for system (2):

V (xt, rt, t) =
4∑

k=1

Vk(xt, rt, t), (9)

where
V1(xt, rt, t) = x(t)TETP (rt)x(t),

V2(xt, rt, t) =
� t

t−d
x(α)TQ(rt)x(α)dα,

V3(xt, rt, t) =
� 0

−d

� t

t+β
ẋ(α)TETZEẋ(α)dαdβ,

V4(xt, rt, t) = μ
� 0

−d

� t

t+β
x(α)TQx(α)dαdβ.

Let A be the weak infinitesimal generator of the random
process {xt, rt}. Then, for each i ∈ S, we have
AV (xt, i, t)
� x(t)TETPiẋ(t) − x(t − d)TQix(t − d)

+x(t)T{
s∑

j=1

πijE
TPj}x(t) + x(t)TQix(t)

+
� t

t−d
x(α)T{

s∑
j=1

πijQj}x(α)dα

+d̄ẋ(t)TETZEẋ(t) −
� t

t−d
ẋ(α)TETZEẋ(α)dα

+μd̄x(t)TQx(t) − μ
� t

t−d
x(α)TQx(α)dα

×[x(t)TSi + (Eẋ(t))TRi + x(t − d)TTi]

×[Ex(t) − Ex(t − d) −
� t

t−d
Eẋ(α)dα]

×[x(t)TMT
i + (Eẋ(t))TNT

i + x(t − d)THT
i ]

×[−Eẋ(t) + Aix(t) + Adix(t − d)].
According to Jensen integral inequality [14], one can obtain

−
� t

t−d
ẋ(α)TETZEẋ(α)dα � ζ(t)T(−d̄Z)ζ(t), (10)

where ζ(t) = −
� t

t−d

1
d̄
Eẋ(α)dα. Noting Qi < Q, πij > 0

for i �= j and −μ � πii < 0, we have� t

t−d
x(α)T{

s∑
j=1

πijQj}x(α)dα

�
� t

t−d
x(α)T{

s∑
j=1,j �=i

πijQ}x(α)dα

= −πii

� t

t−d
x(α)TQx(α)dα � μ

� t

t−d
x(α)TQx(α)dα.

Hence, we have that, for every i ∈ S,

AV (xt, i, t) � η(t)TΞiη(t), (11)
where

η(t) =

⎡
⎢⎢⎣

x(t)
Eẋ(t)

x(t − d)
ζ(t)

⎤
⎥⎥⎦ .

From (4b), it is easy to see that there exits a scalar λ > 0
such that for every i ∈ S, AV (xt, i, t) � −λ‖x(t)‖2.
Therefore, for any t � d, by Dynkin’s formula, we get

EV (xt, i, t) − EV (xd, rd, d) � −λE
� t

d
‖x(s)‖2ds, which

yields

E
� t

d
‖x(s)‖2ds � λ−1EV (xd, rd, d). (12)

Because of the regularity and the non-impulsiveness of the
pair (E, Ai) for every i ∈ S, we can choose two nonsingu-
lar matrices M and N such that

MEN =
[
Ir 0
0 0

]
, MAiN =

[
Ai1 Ai2

Ai3 Ai4

]
,

where Ai4 is nonsingular for every i ∈ S. Set

M̂ =
[
Ir −Ai2A

−1
i4

0 A−1
i4

]
M.

It is easy to get

M̂EN =
[
Ir 0
0 0

]
, M̂AiN =

[
Âi1 0
Âi3 I

]
,

where Âi1 = Ai1 − Ai2A
−1
i4 Ai3 and Âi3 = A−1

i4 Ai3. De-
note

M̂AdiN =
[
Aid1 Aid2

Aid3 Aid4

]
.

Then, for every i ∈ S, system (2) is restricted system equiv-
alent to⎧⎪⎨
⎪⎩

ζ̇1(t) = Âi1ζ1(t) + Aid1ζ1(t − d) + Aid2ζ2(t − d),
−ζ2(t) =Âi13ζ1(t)+Aid3ζ1(t−d)+Aid4ζ2(t − d),
ψ(t) = N−1φ(t), t ∈ [−d̄, 0],

(13)

where

ζ(t) =
[
ζ1(t)
ζ2(t)

]
= N−1x(t).
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For any t � 0, it follows from (13) that

‖ζ1(t)‖ = ‖ζ1(0) +
� t

0
[Âi1ζ1(α) + Aid1ζ1(α − d)

+Aid2ζ2(α − d)]dα‖

� ‖ζ1(0)‖ + k1

� t

0
[‖ζ1(α)‖ + ‖ζ1(α − d)‖

+‖ζ2(α − d)‖]dα, (14)

where k1 = max
i∈S

{‖Âi1‖, ‖Aid1‖, ‖Aid2‖} � 0. Then, for

any 0 � t � d, we have

‖ζ1(t)‖ � (2k1d̄ + 1)‖ψ‖d̄ + k1

� t

0
‖ζ1(α)‖dα. (15)

Applying the Gronwall-Bellman lemma, we obtain from
(15) that for any 0 � t � d, ‖ζ1(t)‖ � (2k1d̄+1)‖ψ‖d̄ ek1d̄.
Thus

sup
0�α�d

‖ζ1(α)‖2 � (2k1d̄ + 1)2‖ψ‖2
d̄ e2k1d̄. (16)

We have from (13) that

sup
0�α�d

‖ζ2(α)‖2 � k2
2[(2k1d̄ + 1) ek1d̄ + 2]2‖ψ‖2

d̄, (17)

where k2 = max
i∈S

{‖Âi3‖, ‖Aid3‖, ‖Aid4‖}. Hence, there

exists a scalar k3 > 0 such that sup
0�α�d

‖ζ(α)‖2 � k3‖ψ‖2
d̄
.

Therefore,

sup
0�α�d

‖x(α)‖2 � k3‖N‖2‖‖N−1‖2‖φ‖2
d̄. (18)

Then we have from (9), (13) and (18) that there exits a scalar
 such that V (xd, rd, d) � ‖φ‖2

d̄
. This together with (12)

and (18) implies there exits a scalar ρ such that

E
� t

0
‖x(s)‖2ds

= E{
� d

0
‖x(s)‖2ds} + E{

� t

d
‖x(s)‖2ds} � ρE‖φ‖2

d̄.

Considering this and Definition 1, system (2) is stochasti-
cally stable for any constant time delay d satisfying 0 �
d � d̄. This completes the proof.

Remark 1 A delay-dependent condition is given in
Theorem 1 for the singular Markovian jump time-delay sys-
tem to be regular, impulse free and stochastically stable. The
condition here is different from the result of [13], where the
considered system was assumed to be regular and impulse
free. Hence, Theorem 1 is much more desirable and elegant
than the result of [13].

Remark 2 In Theorem 1, the free weighting matrix ap-
proach is extended to singular Markovian jump time-delay
systems. Such method has been widely applied to deal with
the delay-dependent related problem to state-space time-
delay systems; see [15∼17] for the continuous case and
[18, 19] for the discrete case.

Theorem 2 For a prescribed scalar d̄ > 0, the singu-
lar Markovian jump time-delay system (1) controlled by
u(t) = ViL

−1
i x(t) is regular, impulse free and stochasti-

cally stable for any constant time delay d satisfying 0 �
d � d̄, if there exist symmetric positive-definite matrices
Q̄i, Q̄, Z̄, and matrices Li, Vi, Ui, Gi, Fi, Si, Ti, Ri such
that for every i ∈ S,

ELi = LT
i ET � 0, (19a)

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Vi11 Vi12 Vi13 d̄Si μd̄LT
i d̄UT

i

∗ Vi22 Vi23 d̄Ti 0 d̄GT
i

∗ ∗ −Fi − FT
i d̄Ri 0 d̄FT

i

∗ ∗ ∗ Vi44 0 0
∗ ∗ ∗ ∗ −μd̄Q̄ 0
∗ ∗ ∗ ∗ 0 −d̄Z̄

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

< 0, (19b)

Q̄i + Q̄ − Li − LT
i < 0, (19c)

where
Vi11 = Ui + UT

i + Q̄i + SiE
T + EST

i + πiiL
T
i ET

+
s∑

j=1,j �=i

πijL
T
i ETL−1

j Li,

Vi12 = Gi + ET T
i − SiE

T,

Vi13 = Fi + LT
i AT

i + V T
i BT

i − UT
i + ERT

i ,

Vi22 = −Q̄i − TiE
T − TiE

T,

Vi23 = LT
i AT

di − GT
i − ERT

i ,

Vi44 = d̄Z̄ − d̄Li − d̄LT
i .

Proof Plugging the controller u(t) = Kix(t) in the
system (1) gives

Eẋ(t) = Akix(t) + Adix(t − d), (20)
where Aki = Ai + BiKi. Using Theorem 1 to this system
and replacing Ai in (4b) by Aki. Taking this into account,
the condition Ξi < 0 is equivalent to
IΞiI = ΘT

i Ωi + ΩT
i Θi + GiXT + XGT

i + Qi < 0, (21)
where

I =

⎡
⎢⎢⎣

I 0 0 0
0 0 I 0
0 I 0 0
0 0 0 I

⎤
⎥⎥⎦ , Θi =

⎡
⎢⎢⎣

Pi 0 0 0
0 Pi 0 0

Mi Hi Ni 0
0 0 0 PT

i

⎤
⎥⎥⎦ ,

Ωi =

⎡
⎢⎢⎣

0 0 I 0
0 0 0 0

Aki Adi −I 0
0 0 0 0

⎤
⎥⎥⎦ , Gi =

⎡
⎢⎢⎣

Si

Ti

Ri

0

⎤
⎥⎥⎦ , X =

⎡
⎢⎢⎣

ET

−ET

0
d̄I

⎤
⎥⎥⎦ ,

Qi =

⎡
⎢⎢⎢⎢⎣

s∑
j=1

πijE
TPj + Qi + μd̄Q 0 0 0

0 −Qi 0 0
0 0 d̄Z 0
0 0 0 −d̄Z

⎤
⎥⎥⎥⎥⎦ .

From Theorem 1, Pi and Ni are nonsingular for every
i ∈ S. Define

Θ−1
i =

⎡
⎢⎢⎣

Pi 0 0 0
0 Pi 0 0

Mi Hi Ni 0
0 0 0 PT

i

⎤
⎥⎥⎦
−1

=

⎡
⎢⎢⎣

Li 0 0 0
0 Li 0 0
Ui Gi Fi 0
0 0 0 LT

i

⎤
⎥⎥⎦ .

Pre- and post-multiplying (4a) by LT
i and Li, respectively,

we get (19a). Similarly, pre- and post-multiply (21) by Θ−T
i

and Θ−1
i , respectively, and pre- and post-multiply (4c) by

LT
i and Li, respectively, and introduce change of variables

such that Q̄i = LT
i Q−1

i Li, Z̄ = Z−1, Q̄ = Q−1, Vi =
KiLi, and

[
ST

i T T
i RT

i 0
]T

= Θ−T
i GiL

T
i . After some ma-

nipulation including Schur complement and Lemma 2 of
[13], and then we can obtain (19b) and (19c). This com-
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pletes the proof.
It is noted that the conditions in Theorem 2

are no longer LMI conditions because of the term
s∑

j=1,j �=i

πijL
T
i ETL−1

j Li. In order to obtain an LMI-based

design method of the desired state feedback controller, with-
out loss of generality, in the following discussion we assume

that E =
[
Ir 0
0 0

]
. Then (19a) implies Li =

[
Li1 0
Li2 Li3

]
,

where Li1 > 0. After some manipulation, we find
s∑

j=1,j �=i

πijL
T
i ETL−1

j Li =
s∑

j=1,j �=i

πij

[
Li1

0

]
L−1

j1

[
Li1 0

]
.

Now, applying Schur complement to (19b), we get the fol-
lowing result.

Theorem 3 For a prescribed scalar d̄ > 0, the singu-
lar Markovian jump time-delay system (1) controlled by
u(t) = ViL

−1
i x(t) is regular, impulse free and stochasti-

cally stable for any constant time delay d satisfying 0 �
d � d̄, if there exist symmetric positive-definite matrices

Q̄i, Q̄, Z̄, Li1 and matrices Li =
[
Li1 0
Li2 Li3

]
, Vi, Ui, Gi,

Fi, Si, Ti, Ri such that for every i ∈ S, (19c) and (22)
hold,⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Vi11 Vi12 Vi13 d̄Si μd̄LT
i d̄UT

i Zi

∗ Vi22 Vi23 d̄Ti 0 d̄GT
i 0

∗ ∗ −Fi − FT
i d̄Ri 0 d̄FT

i 0
∗ ∗ ∗ Vi44 0 0 0
∗ ∗ ∗ ∗ −μd̄Q̄ 0 0
∗ ∗ ∗ ∗ 0 −d̄Z̄ 0
∗ ∗ ∗ ∗ 0 0 −Fi

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0, (22)

where Vi12, Vi13, Vi22, Vi23 and Vi44 follow the same defi-
nitions as those in Theorem 2 and

Vi11 = Ui + UT
i + Q̄i + SiE

T + EST
i + πiiL

T
i ET,

Zi =
[√

πi1

[
Li1

0

]
· · · √πi(i−1)

[
Li1

0

]

√
πi(i+1)

[
Li1

0

]
· · · √πis

[
Li1

0

]]
,

Fi = diag
{
L11 · · · L(i−1)1 L(i+1)1 · · · Ls1

}
.

Remark 3 Without any additional assumption on the
regularity, absence of impulse of the considered system,
Theorem 3 provides a sufficient condition for the solvabil-
ity of the delay-dependent stabilization problem for singular
Markovian jump time-delay system in terms of a set of strict
LMIs. Moreover, if (19c) and (22) are feasible, it follows
from d̄Z̄ − d̄Li − d̄LT

i < 0 that Li is nonsingular and thus
the desired state feedback gain K can be readily obtained.

From the above theorem, the following result on stochas-
tic stabilization of singular Markovian jump systems with-
out time delay can be easily obtained.

Corollary 1 The singular Markovian jump system

Eẋ(t) = A(rt)x(t) + B(rt)u(t) (23)

controlled by u(t) = ViL
−1
i x(t) is regular, impulse free

and stochastically stable, if there exist symmetric positive-

definite matrix Li1 and matrices Li =
[
Li1 0
Li2 Li3

]
, Vi, Ui,

Fi such that for every i ∈ S,⎡
⎣Ui + UT

i + πiiL
T
i ET Δi Zi

∗ −Fi − FT
i 0

∗ ∗ −Fi

⎤
⎦ < 0, (24)

where Zi and Fi follow the same definitions as those in
Theorem 3, and Δi = Fi + LT

i AT
i + V T

i BT
i − UT

i .

4 Numerical examples
Example 1 Consider Markovian jump time-delay sys-

tem (2) with E = I , two modes and the following parame-
ters

A1 =
[
−3.5 0.8
−0.6 −3.3

]
, A2 =

[
−2.5 0.3

1.4 −0.1

]
,

Ad1 =
[
−0.9 −1.3
−0.7 −2.1

]
, Ad2 =

[
−2.8 0.5
−0.8 −1.0

]
,

that is, the singular Markovian jump time-delay system (2)
reduces to a regular Markovian jump time-delay system. We
suppose π22 = −0.8. For given π11, the maximum d̄, which
satisfies the LMIs (4), can be calculated by using the LMI
toolbox of MATLAB. Table 1 presents the comparison re-
sults, which show that the stochastic stability result in The-
orem 1 is less conservative than those in [7∼9].

Table 1 Comparison of stability conditions.

π11 −0.40 −0.55 −0.70 −0.85 −1.00

[7∼9] 0.5044 0.5025 0.5010 0.4998 0.4987
Theorem 1 0.5754 0.5718 0.5689 0.5598 0.5405

Example 2 Consider singular Markovian jumping
time-delay system (2) with two modes, that is, S =
{1, 2}. The mode switching is governed by the rate matrix[
−π11 π11

0.3 −0.3

]
. The system parameters are described as fol-

lows:

A1 =
[
0.4972 0
0 −0.9541

]
, A2 =

[
0.5121 0
0 −0.7215

]
,

Ad1 =
[
−1.010 1.5415

0 0.5449

]
, Ad2 =

[
−0.8521 1.9721

0 0.4321

]
.

The singular matrix E =
[
1 0
0 0

]
. Using Theorem 1, when

π11 = 0.45, by using the MATLAB LMI Control Toolbox
to solve the LMIs (4), it can be shown that the system is reg-
ular, impulse free and stochastically stable for any constant
time delay d satisfying 0 � d � 1.0918. Table 2 provides
the maximum allowed time-delay d̄ for different π11 > 0.
However, the result of [13] fails to determine the stochastic
stability of the above system.

Table 2 Allowed d̄ with different π11.

π11 0.60 0.55 0.50 0.45 0.40 0.35

d̄ 1.0808 1.0842 1.0878 1.0918 1.0960 1.1006

Example 3 Consider singular Markovian jumping sys-
tem in (1) with two modes. The system parameters are de-
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scribed as follows:

A1 =

⎡
⎣ 1.0 1.5 1
−1.2 1.0 2.0

1.0 2.0 −1.5

⎤
⎦ , A2 =

⎡
⎣ 0.5 1.5 0
−1.0 −2.0 0.5

1.0 1.2 −1.0

⎤
⎦ ,

Ad1 =

⎡
⎣ 0.5 1.5 0
−1.0 −2.0 0.5

1.0 1.2 −1.0

⎤
⎦ , Ad2 =

⎡
⎣ 1.0 1.2 0.5

1.5 −0.2 1.0
−1.0 2.0 1.0

⎤
⎦ ,

B1 =

⎡
⎣1.5 −2.0

1.0 −1.0
1.0 2.0

⎤
⎦ , B2 =

⎡
⎣0.5 1.0

1.0 0.5
1.0 1.5

⎤
⎦ , E =

⎡
⎣1 0 0

0 1 0
0 0 0

⎤
⎦ ,

and Π =
[
−1 1

2 −2

]
. Using Theorem 3 to the above sys-

tem, we are able to find a feasible solution for the set of
LMIs (19c) and (22) for any constant time delay d satisfying
0 � d � 0.36. Especially when d = 0.2, using MATLAB
LMI Control Toolbox to solve the LMIs (19c) and (22), we
obtain the delay-dependent state feedback controller, which
has the following gains:

K1 =
[
−1.9014 −2.0720 −0.7458

0.5671 −0.5851 0.1480

]
,

K2 =
[

1.0789 2.3365 −1.5397
−3.8889 −4.2162 0.3111

]
.

Although the results of [13] fail to give the desired state
feedback controller gains, the result in this paper improves
the existing ones.

5 Conclusions
The problem of delay-dependent stabilization for singular

Markovian jump time-delay systems is discussed in terms
of LMI approach. A sufficient condition is established such
that the considered system is regular, impulse free, and
stochastically stable. The desired state feedback controller
is designed to assure that the resultant closed-loop system is
regular, impulse free and stochastically stable. All the given
results are formulated in terms of LMIs, which makes the
analysis and design procedure relatively simple and reliable.
Numerical examples are given to show the effectiveness and
reduced conservatism of the proposed conditions.
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