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Abstract In this paper, an improved mean-square exponential stability condition and delayed-state-feedback controller for stochas-
tic Markovian jump systems with mode-dependent time-varying state delays are obtained. First, by constructing a modified
Lyapunov-Krasovskii functional, a mean-square exponential stability condition for the above systems is presented in terms of linear
matrix inequalities (LMIs). Here, the decay rate can be a finite positive constant in a range and the derivative of time-varying
delays is only required to have an upper bound which is not required to be less than 1. Then, based on the proposed stability
condition, a delayed-state-feedback controller is designed. Finally, numerical examples are presented to illustrate the effectiveness of

the theoretical results.
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In practice, many dynamical systems have different
structures due to random and abrupt variations, such as
random failures of the components, changes in the intercon-
nection of subsystems, sudden environment changes, and so
on'~2l. As we know, Markovian jump systems, which are
firstly introduced in [3] and modeled by a set of subsystems
with transitions among all the modes governed by a Markov
chain taking values in a finite set, are often employed to de-
scribe the above dynamical systems. This class of systems
can be regarded as a special case of hybrid systems, since
the states take continuous values and the jumping param-
eters take discrete values in a system simultaneously. A
great deal of attention has been devoted to the study of
Markovian jump systems. Among various research sub-
jects, the stability and control of Markovian jump systems
are significant research areas(*~131.

It has been recognized that time delays, which are fre-
quently encountered in practical systems, are the main
cause of instability and unsatisfactory performance!™.
Therefore, the study on Markovian jump systems with
time-delays has attracted much attention in the past years.
The stabilization problem of Markovian jump systems with
time-delays is studied in [1,6,12,15]. It can be clearly
seen that the time delays are independent of the system
modes in the afore-mentioned references. As a matter of
fact, in many engineering applications, random delays are
unavoidably encountered, for instance, the utilization of a
multi-user network with random demands affecting the net-
work traffic could result in random delays in the feedback
loop*®. Thus, the mode-dependent time delays should be
taken into account for Markovian jump systems. The prob-
lem of stabilization for discrete-time and continuous-time
Markovian jump systems with mode-dependent time-delays
has been considered in [2,17] and [16, 18—20], respectively.

On the other hand, in many branches of science and in-
dustry, the signal transmission is usually a noisy process
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which happens as a result of random fluctuations due to
probabilistic reasons/?! ~231. Hence, Markovian jump sys-
tems with time-delays are often corrupted by the noise
which can be approximated by Brownian motion. Re-
cently, this class of systems, that is stochastic Markovian
jump systems with time-delays, has received much atten-
tion. As far as the stability problem is concerned, many
results for Markovian jump systems with time-delays have
been extended to the stochastic casel® 247281 The sufficient
condition of asymptotic stability is presented in [4] by us-
ing convergence theorem of nonnegative semimartingales.
Moreover, [24—28] investigate the problem of mean-square
exponential stability. In addition, due to the time spent
in transmissions, state-feedback controller is usually sub-
ject to delays. Therefore, the stabilization problem under
this case has received considerable attention. Recently, [29]
considers this problem for stochastic systems with constant
time-delays.

Although the afore-mentioned results are shown to be ef-
fective when solving the mean-square exponential stability
problem, the decay rate usually needs to satisfy some con-
straints. Then, under these restricted conditions, the decay
rate can be obtained by the following two steps. First, by
solving linear matrix inequalities (LMIs), one can achieve
the Lyapunov-Krasovskii functional matrices. Second, by
using the knowledge of Lyapunov-Krasovskii functional ma-
trices to solve a transcendental equation or several inequali-
ties, the value of decay rate can thus be obtained(?® 2429,
Consequently, due to the inherent property of the corre-
sponding transcendental equation, the equation on decay
rate has only one unique solution. Therefore, the decay
rate will be a fixed value and cannot be adjusted to cater
design specifications!?24=28] For the case when the decay
rate satisfies several inequalities, the computation process
aiming to obtain the decay rate is very complex[zg]. Ref-
erences [30—31] also observe this problem and propose a
new method to achieve the exponential stability criterion
for time delay systems. However, this proposed approach
cannot be applied to systems with time-varying delays. Be-
sides, the derivative of time-varying delays is constrained
to be less than 1 in [12,24—25,27,29]. As a result, the
obtained results in [12,24—25,27,29] are invalid when the
derivative of time-varying delays equals to or is greater than
1. To the best of the authors’ knowledge, there is rela-
tively little attention paid to the problem of delayed-state-
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feedback exponential stabilization for stochastic Markovian
jump systems with mode-dependent time-varying state de-
lays.

Motivated by the above observations, in this paper, we
will not only deal with the mean-square exponential stabil-
ity problem, but will also design a delayed-state-feedback
controller for stochastic Markovian jump systems with
mode-dependent time-varying delays. In order to relax con-
straints on the decay rate and the derivative of time-varying
delay, by choosing a novel Lyapunov-Krasovskii functional
and making full use of the information of both the lower and
upper bound of time-varying delay, we develop an approach
to simultaneously weaken the above-mentioned constraints
on the decay rate and the derivative of time-varying delay.
Then, the sufficient conditions for mean-square exponen-
tial stability and delayed-state-feedback controller design
are proposed in terms of LMIs. Here, the derivative of
mode-dependent time-varying delays only needs to have an
upper bound which is not required to be less than 1. The
decay rate can be finite positive value in a range. Moreover,
the suboptimal upper bound of the decay rate can also be
computed by convex optimization algorithm conveniently
from the obtained LMIs. Finally, two numerical examples
are provided to verify the validity of the results obtained
in this paper.

Notations. Throughout this paper, R"™ denotes the n
dimensional Euclidean space. The superscript “T” denotes
matrix transposition and “—1” denotes inverse matrix. “x”
denotes transpose of the corresponding sub-matrix. The
notation X > Y, where X and Y are symmetric matrices,
means that X —Y is positive definite. |-| denotes Euclidean
norm of vectors and ||-|| denotes the spectral norm of matri-
ces. aVb denotes max{a,b}. L£2]0,00) is the space of square-
integrable vector functions over [0,00). (2, F,{F:}t>0, P)
is a complete probability space with a filtration {F:}:i>0
satisfying the usual conditions (i.e., it is right continu-
ous and Fp contains all P-null sets). E{-} is the math-
ematical expectation with respect to probability measure
P. C([a,b]; R™) denotes the family of continuous functions
from [a,b] to R"™. C%,([a,b]; R™) denotes the family of all
bounded, Fo-measurable and C([a,b]; R™)-valued random
variables, where a < b. If z(t) is a R"-valued stochastic
process on t € [—T,00), we let z; = {x(t+6): —7 < 6 <0}
for t > 0, which is regarded as a C([—7,0]; R")-valued
stochastic process.

1 Problem formulation

Consider the following class of stochastic Markovian
jump systems with mode-dependent time-varying state de-
lays:

dz(t) = [A(ry)x(t) + Aa(re)z(t — 7(re, 1)) + Cre)u(t)]dt +
[B(re)z(t) + Ba(re)z(t — 7(re, t))]dw(t)
z(t) = ¢(t), te[-7,0] (1)

(
where z(t) € R" is the state, w(t) is a one-dimensional
Brownian motion defined on probability space (2, F, P)
with E(w(t)) = 0, E(w?(t)) = tB%, u(t) € R? is the control
input, {ri}:>0 is a continuous-time Markov chain taking
values in a finite set S = {1,2,--- ,N}. Let II = {m;; :
1,7 € S} be the density matrix of Markov chain {r};>o.

Thus, m;; > 0 for i # j and m;; = — Zj.vzl i Tij- Further-
more, the transition probability of Markov chain {r:}:>0
can be described as

Ti; A+ o(D),

. . 7: ‘
P{’I“t+A :J‘Tt = Z} = { 1+ 1A+ o(D), ‘]

1=

where A > 0 and lima_o(0o(A)/A) = 0. 7(r¢,t) denotes
the mode-dependent time-varying delay when the mode is
in r. When rs = i,i € S, 7(rt,t) is denoted by 7;(t),
which satisfies 0 < 7, < 74(t) < 73 < oo and 7;(t) < d;.
In (1), 7 = max{7,i € S}, ¢(t) € C%, ([-7,0;R") is
the initial data. In addition, we assume that Markov
chain {r:}¢>0 is independent of Brownian motion w(t).
A(re), Aa(re), C(re), B(re), and Bg(r:) are known real ma-
trix functions of r; with appropriate dimensions.

In order to avoid complicated notations, for each possible
re = 4, i € S, a matrix N(r;) will be denoted by N;.
For example, A(r:) and Aq(r:) are denoted by A; and Ag;,
respectively.

Throughout this paper, we adopt the following defini-
tion.

Definition 1. The stochastic Markovian jump system
(1) is said to achieve mean-square exponential stability with
decay rate 3 if, when u(t) = 0, any ¢(t) € C%, ([-7,0]; R™)
and initial mode ro € S, there exist constant scalars b > 0
and § > 0 such that

E{|z(t,¢,70)|*} <b sup [¢(8)e

u
—7<6<0

where z(t, ¢, 0) denotes the solution of system (1) at time
t under the initial conditions ¢(-) and ro, and 3 is called
the decay rate.

It is well known that {z¢,7:}+>0 is a C([-7,0; R™) x S-
valued Markov process®®!. Its weak infinitesimal generator
L, acting on functional V'(-,-,-) : C([-7,0; R") xSxR4 —
R, is defined by the following formula:

) o1 )
LV (xy,4,t) = Ahnol+ Z{E[V(mHA,rHA,t + A)|ze, e = i]—
V(e i,t)}

The main purpose of the rest of this paper is to obtain
sufficient conditions such that the following two require-
ments are satisfied:

1) The stochastic Markovian jump system (1) is mean-
square exponentially stable.

2) Design a delayed-state-feedback controller

u(t) = K(re)x(t — 7(re, t)) (2)

which can mean-square exponentially stabilize system (1),
where K (r:) is a controller gain matrix function to be de-
termined later.

For simplicity, let us introduce some notations as follows:

7 =min{7,,i € S}, n = max{|my|,i € S}
p(t) = A(re)a(t) + Aa(re)a(t — 7(re, 1))
P(t) = B(ro)z(t) + Ba(re)a(t — 7(re, )

Before giving the main results, we first present the fol-
lowing lemmas, which are important for the proof of main
theorems.

Lemma 1Y%, If for any constant matrix M € R™*",
M = MT > 0, scalars b > a > 0, and vector function
f() : [a,b] — R™, the integrations in the following are well
defined, then one has the following inequality:

(33]

([ soasya [ ra) <00 [ emsea

Lemma 2P?., For any a,b € R,a < b and f(s) €
L2]a, b, we have

E/ab f(s)dw(s) =0
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/f Jdo(s /f Jdo(s }—/|f|ds

Lemma 3 (Gronwall-Bellman lemma)®¥. Let v(t)
and w(t) be real functions of ¢, Let w(t) > 0 and ¢ be
a real constant. If v(t) < ¢+ fgw s)v(s)ds, then v(t) <
celo w®ds

2 Main results

In this section, we first present a delay-range-dependent
and decay-rate-dependent sufficient condition, which guar-
antees the mean-square exponential stability for the follow-
ing system:

dz(t) = [A(re)z(t) + Aa(r)z(t — 7(re, t))]dt +
[B(r¢)x(t) + Ba(re)z(t — 7(re, t))]dw(t)
z(t) = ¢(t), te[-7,0] (3)

Theorem 1. For given finite constants > 0,7 > 7 >
0,7 > 0, and d;,7 € S, if there exist matrices Q > 0,Q1 >
0,Q2 > 0,R > 0, P; > 0 and any appropriately dimensional
matrices My;, Ma;, Ngi, k = 1,2, 3, for each i € S, such that
the following LMI holds:

[ ©1 O Ng; —M; —M; =Ny
*  Os; —Ng; —M>; —M>; —N2;
x % —e Pty 0 0 —N3;
* * * —E_B;QQ 0 0
* * * * —— R 0
T - L
* * * * —iR
P
* * * * * *
* * * * * *
* * * * * *
* * * * * *
| * * * * * *
BT P ATR BF My; Ny
BIL.P; ALR By, Ma;  No;
0 0 0 0 Nz
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
—-P 0 0 o o |<0
B
—— R 0 0 0
* efT — 1 3
S
* * 1 0 0
* * —1 0
* * -1
(4)
where
N
On = Y m;Pj+BPi+ PA + ATP, +e°7Q +
j=1
%( T eB?)Q+N$+N1i+Q1+Q2

O2; = PiAgi + M1; — Ny; + Na;
Osi = [(di — 1) V ((di — 1)e”T™)]Q — No; — Noi +
My + Mo,

then system (3) is mean-square exponentially stable with
decay rate 3.

Proof. Firstly, we choose a Lyapunov-Krasovskii func-
tional candidate for any ¢ > 7 as follows:

V(xe,re,t) =
Vi (e, 1) + Va(e, me,t) + Va(we, 7o, t) +
Va(ze, e, t) + Vs(xe, 1, t) + Vo (e, 74, ) (5)
where

Vi(ze,re) =27 (t) P(ro)z(t)

t
Va(ze, 14, t) :/ eg(S+T)mT(s)Qx(s)ds
t—71(7r¢,t)

//+ P60 (T () Rep(s) +

(s)ib(s))dsdo
Vi(ze,re,t) = 77/;7 /t+0 P07 2T () Qu(5)dsdf

(L‘t,T’t,

Vs(xe,1e,t) = B2 (5)Qrx(s)ds

Ve(xe,me,t) = 2T (5)Qax(s)ds

For each r =i,1 € S, by It6 formula®? and the definition
of weak infinitesimal generator, it can be verified that

AV (x4, i, t) = LV (24,3, t)dt 4+ 2 2T (8) Py (t)dw(t) =

[,Be ‘/1(1’,571) +eﬁt,CV1(xt,i) + LV (x4, 4,t) +
E‘/g(l‘t,i t) +£V4($t,i t) +£V5(Z’t,i,t) +

LV (x4, i, t)]dt + 2e7 2T (1) Pp(t)dw(t)  (6)

with
LVi(xe,i) =2 (6) () mij Pj+2P,Ag)a(t)+22" (t) P Agi

.’K(t Tz( ))+[B»;{E(t)+Bd¢$(t—7'i(t))}TPi><
[le( ) + Baix(t — 7:(t))]

LVa(x4,1,t) = i P 2T (8)Qx(s)ds

(21,i,t) = Z /W (5)Qa(s)ds +

eﬁ(tﬂ')mT( H)Qu(t) — eﬁ<t77—i(t)+?)(1—7"i(t))>(
2t (t = 7i()Qu(t — 7(t))
QPUHT) _gft -

LV3(x4,1,t) = [o" () Rp(t) + 9 (H)v(t)]—

B
| 0 Res) + 0T (s

LVi(ze,it) = 1
LT T () Qu(s)ds

2T (1) Qua(t)—
SED T (t — 1) Qua(t — 1)

£V5($t, i, t) =

and

[:Vﬁ(xiaz7t) = e ,CE ( )sz( )
T (¢ — 7)Qax(t — 7)
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By using Lemma 1, we can get

t
T
_ / o
t—7
t
/ T (5) Rep(s)ds <
t—7;(t)
1 t—7;(t) . t—7;(t)
- d
(| ey

1 t T t
- s)ds) R s)ds 7
f(/t_w“"” ) (/t_n(t)w ) (1)

Noting m;; > 0, for j # i and 7 < 0, we have

t—7;(t)
(s)Rep(s)ds = — / ¢ (s)Ry

Jt—T

(s)ds—

p(s)ds)—

P T (6)Qu(s)ds —

z«u/f

J#i T

¢
|7T“|/ e’e(s-"?)xT(s)Qx(s)ds =

i /
neﬁ(t T+7) /
t—7

Moreover, by using

B(s+‘r) T

(s)Qz(s)ds <

@' (s)Qx(s)ds (8)

—(1- T'i(t))e’@(t"'%_”(t)) <
{(di — 1)V [(di — 1) TP}

where {(d;—1) V [(di—1)e’T D} = max{(d; — 1), (di —
1)e?"=2)} combining with (6) ~ (8), we obtain

£V($t, i, t) S
N
eﬁt{xT(t)[ﬁPi + Z mi; Pj + 2P A + Q1 + Q2+
i=1
(eP2T=0) _ op7) 0+ 1
B B
(AiTRAi + BiTBi)}ZE(t) + QJZT(t)[PiAdi + B} PiBai+
o7
B

BT

BIPB; +e7Q+

! (AT RAq; + B Bai))z(t — 7i(t)) + " (t — i (t)) x

1
° (Aj;RAq; + By Bai)

: +[(di = 1)
" TINQ + B PiBailx(t — Ti(t)) —

ot =)=~ a™ (0~ T)Qua(t — 7) - / R0k

1 t—7;(t) T t—7;(t)
([ " ey R

t—T7

\Y ((dl — 1)><
T (t - 1)Q1 %

(s)ds—

p(s)ds)—

On the other hand, from (3), it is clear that

(27 (t)Mys + 2" (t — 7i(t)) Mai] [(t
/t*Ti(f)
and N

[T (£)Nyi + 27 (t — 7:(t)) Nas + 2™ (t — 7) Nag][(t) —
ot — 7i(t)) - / RCES / o) =0
(11)

In addition, we can also have the following two estimates

() —a(t— ) —
t—7;(t)
(s)ds — / (s)dw(s)] = 0 (10)

-7

T - t—7;(t)
— 2 OMy 2T - ()] [ d(s)de(s) <

t—7

[z (6) My + 2" (¢ — 7:()) M) [M32(t) + Maiz(t—

moi+ (" weasent [

and

t—7; (t)

P(s)dw(s) (12)

—2[z" (t)Nvi + x" (t — 73 (t))Nai + " (t — 7) N3] x

/ (s)dw(s) <
t—7;(t)

[z (t)N1i + 2" (t — 75(£))Nai + 2" (t — 1) Nai] [N (8)+
Nyiz(t — 75(t)) + Nage(t — 1)) +

( / PRCIEC) / PRI (13)

For the second terms in (12) and (13), using Lemma 2, we
also have

t—7;(t) t—7;(t)
( / B(s)dw(s))" / (s)dw(s) +

-7

t—T

( / PRCOLES) / PRCIEOE

t—7;(t) " t " B
BT ones B [ wT e -

B / (s (s)ds (14)

Substituting (10) ~ (13) and (14) into (9) yields

ELV (24,i,t) <

N
Ee’ {zT (t)[8P; + Z mij Py + 2P A + Q1+ Q2 +
j=1
_ B(27—1) _ BT BT _
BIPB + 7@ + 1C 5 LA 5 LI

(ATRA; + BY
BT _
g

7i(t))[Ba; P Bai +

B))z(t) + 22" (t)[PiAgi + B PiBai+

[§]

1
(AT RAgi + B Ba))z(t — 7i(t)) + x ™" (t—

ef7

-1
(Aj; RA4 + By Bai) +
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[(di — 1)V ((di — D)’ T NQla(t — 7a(t)) —
e 2Tt — ) Qua(t — 1) —e PT2T (t — F)Qox(t — 7) —

¢ t—7;(t)
P (s)y(s)ds — = . (/t o(s)ds)" R x

;jn'(i) ' tz t
[ e L[ eed™R [ st
t—7 t—7; (t) t—7;(t)
2T () My + 2" (t — 75 (8)) Mai][z(t — 7:(¢)) —
t—7;(t) t—7;(t)
ot —7) — /F p(s)ds — /F (s)dw(s)] +

Q[IT(t)Nu + xT(t — 73i(t))Nas + CET(t — T)Nai][z(t) —

+ t
2t - (1)) — s — [ wle)dus))) <
t—7;(t) t—7i(t)
Be”* €T (H)T4(t)
where
61 6y Nj; + Ni;Ng; —Mui
* 63i —N;:,l; + N2iN?:1; —Mo;
r_ * *  —e PTQ, 4+ N3N 0
T —B7
* * —e Q2
* * *
* * *
— M, —Ni;
—Ms;  —Na
0 —N3;
0 0
— LR 0
* —%R
£ty =[" (1), 2" (t = m(t)), 2" (¢ — 1), 2" (¢ = 7),
t—7i(t) T t T
/ ©(s)ds) 7(/ @(s)ds) "
t—7 t—7i(t)

©1; =O1; + My My; + NiuNy; + Bl P,Bi+
BT _

8
©2; =©O2; + Mi1;My; + N1;No; + B P;Bai+
BT _

8
O3, =03 + M2¢M21; + No;Ng; + B, P;Bai+
pr

B

¢ 1(A'ERAi + BTB))

"~ ATRA. + B Bay)

[§]

(A RAdz + dede)

By employing Schur complement and (4), it follows that
E(LV (xt,4,t)) <0 for each i € S.

For all t > 7, the Dynkin's formula/®?

provides
t
E/ LV (zs,7s,8)ds = EV (x4, 7¢,t) — EV (27,77, T)

So, from (5), it is clear that

EV (z,re,t) <EV(2s,77,7) =

7

s+ [ [ G @ Res) + 470 x

sdf efls—0-1+7) T sdf

dd+n/_f/+9 7 (5)Qu(s)dsdd +
2" (5)Qux(s)ds + / T (5)Qoz(s)ds)  (15)

[

For t > 0, following from system (3), we obtain

#(t) = 2(0) + / o(s)ds + / ¥(s)dw(s)
Let

"

=

= max{[|Aill}, p2 = max{||Bil|}
ps = max{||Aall}, pa = max{||Ba:l}

From Lemma 2, we have the following formulae:

B:70) [ bldu(s) =
/ (s)dw(s [/ (s)dw(s

By combining (16) and Lemma 1, for 0 < ¢t < 7, it is not
difficult to check that

Elz(t)[* =

Bl (0) + / ds+/w Jdw(s)]? <

E{[2(0 |+|/ 5)ds|? +/\w )[2ds + |x(0)*+

[ etoask+1 [ ot

2E\m(0)|2+3?E/ |ap(s)|2ds+2E/ [ (s))*ds <
0 0

2 sup |6(0)” +2(3u37 + 2p3)7 sup  |p(0))*+

—7<6<0 —7<6<0
t

2 [ @7 + 2 la(s) s =
0

2(1+ 3u37 +2u37) sup |¢(0)*+
—7<6<0

(16a)

/ [é(s)%ds (16b)

5)ds|? +/ (b (s)[2ds) <

t
2 [ (Guir + 2 Ela(s) s (17)
0

By using Gronwall-Bellman lemma, for 0 < t < 7, it follows
from (17) that

Elz(t)]* <bi sup [¢(0)] (18)

—7<6<0
where by = 2(1 + 3u37> + 2#2?)62?<3M%‘F+2M§).
Moreover, from (15) and (18), we also have
EV(a:t,rt,t) S

T max{||P|[}br sup [6(0)]* +
i€S —7<6<0

I AR S
F—7(rF,7)

2(uibr[|R)| + p3[| Rl + pabi + pd)  sup  |9(0)]* x

—7<6<0

bil|Qf sup |p(0
—7<0<0
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" 45d0 + b1 || Q1] sup  |6(0))? x

—7<6<0

)|2/ e?*ds +
0

7/ P07 4sdh =
—7 Jr46

L],

/ s + ba]|Qs]| sup |(0
e —7<60<0

nbi Q| sup [6(0)]?
—7<6<0

o BT _ SE—T(re,7)
e (max{[| Fi[[}or + b1 | Q] 3 +
a7 ~
e’ —1—- 087
%ﬁmmwwﬁm+£m+ﬁr—7ﬁii+
e
blT||Q1H+b1 \|Q2\|+77b1|\Q|| X
BT BT
e i ) Gl
) A )>wpwwﬁ
B _7<6<0
In addition, we observe
EV(z¢,re,t) > emE|1:(t)|2

T ITE = wrey
{1271}
Hence, for t > 7, it can be concluded that
3e”7bs sup [o(0)*  (19)
—7<0<0

Elz(6)]” < e max{||P;"
(S

BT _ B(T—7(rz,7))

where by = max;es{||Pi||}b1 + b1 [|Q[| S 5 4
57 =
e’ —1—- 07
2+ winlRl + IR+ D
687 (i = —Bz
€T —e’ Tt —06(T—1 1—e
b1 Qe BT oy, lQull +
., E E
1—e ”P7
b Q.
For 0 <t < 7, we also have
Elz(t)]* <e b, sup |¢(0) (20)

—7<6<0

Evidently, for ¢t > 0, taking (19) and (20) into account, we
conclude that

Elz(t)]* <b sup [6(0)|%
—7<6<0

where b = max{e®” max;es{|| P, ||}b2, e’ b1}

Therefore, system (3) is mean-square exponentially sta-
ble with decay rate [3. d

Remark 1. In Theorem 1, the derivative of time-varying
delay 7;(t) only has an upper bound d;, where d; can be
any finite constant. It is more general than the assumptions
on time-varying delays in [12,24—25,27,29]. Furthermore,
the decay rate in many literatures needs to satisfy two con-
straints: LMI and transcendental equation or LMI and a set
of inequalities!?®2*=2%1 As pointed out in the introduction
section, the decay rate satisfying transcendental equation
will be a fixed constant and cannot be chosen conveniently
according to practical design specifications. And the con-
straint satisfying a set of inequalities adds more difficulty
and complexity in the process of computing. Moreover, the
obtained results in both of the cases cannot or are very dif-
ficult to tell us whether the system can possess a larger
and suboptimal decay rate than the computed value. Here,
decay rate B in Theorem 1 only needs to satisfy LMI (4)

and there is no additional equation or multi-inequality con-
straint. Since the obtained sufficient condition is not only
delay-range-dependent but also decay-rate-dependent, the
suboptimal upper bound of decay rate 8 can be computed
by convex optimization algorithm conveniently. This will
introduce more flexibility when choosing decay rate 5. In
Example 1, we will compute the suboptimal upper bound
of decay rate (3.

Remark 2. In this paper, the time-varying delay 7;(¢)
is assumed to be interval time-varying delay and the lower
bound 7, is not less than 0. This hypothesis on 7;(t) is
more general. Furthermore, when 7, = 0, the obtained
sufficient condition in Theorem 1 has less conservatism than
the existing results in [15,24, 35], which can be verified by
Example 1. In addition, when the mode-dependent time-
varying delay 7;(t) = 7(¢), for any ¢ € S, Theorem 1 is
also effective for stochastic Markovian jump systems with
time-varying delays.

Now, based on the result obtained in Theorem 1, the
following theorem is devoted to designing a delayed-state-
feedback controller of form (2) that can exponentially sta-
bilize system (1).

Theorem 2. For given finite constants 8 > 0,7 > 7 >
0,7 > 0,d;,i € S and tuning matrices Mh, MQZ,Nk;l,k =
1,2, 3, if there exist matrices Q > 0,Q1 > 0,Q2 > 0, R >
0, X > 0,Y;, for each ¢ € S, satisfying LMI (21) as shown
at the top of next page, where

O1i = miXi + 6Xi + A Xi + Xi AT + N X, 4+ X; Ny,
O2i = AuQ + CiY; + Mi;Q — NiiQ + XNy
O = [(di — 1) V ((di — 1)e”T)]Q — QNS —
QMa; + M2 Q
& = [VEaXe, - VT Xy VEg1 Xy -
Xi, Xi, Xi)
U, = diag{X1,---
8

neﬁ(Qf—I) 657'

sz‘QJr
VTN X,
7Xi*17Xi+17 e 7XN

Q,Q1,Q2}

then the closed-loop system consisting of (1) and (2) is
mean-square exponentially stable. Moreover, the gain ma-
trix K; can be chosen as K; = Y;Q ™! for each i € S.

Proof. From system (1) and controller (2), the closed-
loop system can be presented as follows:

dz(t) =[A(re)z(t) + (Aa(re) + C(re) K (re)) X
z(t — 7(re, t))]dt 4+ [B(re)z(t)+
Ba(ry)x(t — 7(re, t))]dw(t) (21)

By Schur complement, LMI (22) implies that the following
LMI holds:

T A, O X, N3, —M11Q2 —Myu;R —NuR
x  Os; —QNE  —MyQ: —MyR —NuyuR
* * —e BTQl 0 0 —Ngif%
* * * —e_B?QQ 0 0
* * * ;—LR 0
* * * * * —%R
* * * * * *
* * * * * *
* * * * * *
* * * * * *

L * * * * * *
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[ 6 @21' XEJ\NQ’E _]\:411'@2 —1\:411'1:% —]\:fu@ )ng;r } X; AT ){zBZT ]\Z!u ]\:fu ®;
* O3 —QNy;  —MQ2 —MxR —NyR QB QA +Y'Ci QB3 M Nayo 0
x ox —eTQy 0 0 —N3R 0 0 0 0 Nsi 0
* * * —e7P7Q, 0 0 0 0 0 0 0 0
* * * * —?ITR 0 0 0 0 0 0 0
* % * * x ~-1R 0 0 0 0 0 0 |_g
* * * * * * X; 0 0 0 0 0
* * * * * * * - eﬁf;l R 0 0 0 0
* * * * * * * * — eﬁf—1 I 0 0 0
* * * * * * * * * -1 0 0
* * * * * * * * * * -1 0
| % * * * * * * * * * * -, |
(22)
BT P; ATR Bf Mi; N
BLP, (Aw+C:K)TR B Ma;  No;
0 0 0 0 N3
X,BT X, AT X,BY My Ny ] 0 0 0 0o 0
QBL QAL +YTCT QBL Ma;  Noj; 0 0 0 0 0
0 0 0 0 Nu 0 0 0 0 0 <0
0 0 0 0 0 —P; 0 0 0 0
0 0 0 0 0 * ~ R 0 0 0
0 0 0 0 0 |<o * * 21 0 0
- X 0 0 0 0 * * * -7 0
x 2R 0 0 0 * * * * =1
* * -52~1 0 0 _ T
N N y _J 0 where Og; = P;(Aqi + CiK;) + M1; — N1; + N;.
N N N . _J Hence, from Theorem 1, by replacing Ag; in (4) with
- (23) Adgi + C; K;, the closed-loop system (22) is mean-square ex-

where A; = ©4; + ‘I%'\I/i_l(l)iT,
For each i € S, denote

P=X"Q=Q", Q1=0Q7", @2=Q;', R=R""
My = X; "My, Moy = Q "My, Niy = X; "Ny,
Ny = Q71N2i, N3, = QleSi, K; = Yiéfl

Pre- and post-multiplying LMI (23) by diag{ X, ", Q~', Q1 ",
Qy R RN X ' R I,I,I} and its transpose, re-
spectively, we can rewrite LMI (23) as follows:

[ ©1; O Ng: —M;; —My;  —Ny;
* O3 —~N3; —M>; —Ma;  —No;
* * —67B1Q1 0 0 —N3;
* * * 7eiﬁ?Q2 0 0
* * * * —iR 0
* * * * * —%R
* * * * * *
* * * * * *
* * * * * *
* * * * * *

B * * * * *

ponentially stable. This completes the proof of Theorem 2.
a

3 Numerical examples

Example 1. In this example, we consider the following
system

z(t) = A(re)z(t) + Aa(re)z(t — 7(¢))

with system matrices as follows:
-2 0 -1 0
A= { 0 —0.9} y An = {—1 —1}

-1 05 -1 0
=l U] es [ Y
where 0 < 7(t) < 7,7(t) < d. The parameter II = {m;;} is
given by
-1 1
=[5 %]

With above parameters and 6 = 0.1, =2, Table 1 presents
the comparison results with respect to [15,24,35]. From
this table, it can be easily concluded that the achieved
maximum value of 7 in this paper is larger than the ones
in [15, 24, 35], which also shows that the result obtained in
Theorem 1 is less conservative than the ones in [15, 24, 35].
Moreover, when let 7 = 0.8 and d = 1.5, by convex opti-
mization algorithm, it is easy to obtain that the suboptimal
upper bound of decay rate is 0.8065.
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Table 1 The achieved. maximum values of 7 corresponding to From Fig. 2, it is easy to see that this system is unstable.
different values of d
We choose
d 0.9 1 1.5 0 -0.05 0 —0.01 0 0.01
7 by [24] 0.9279 - - Nu = {0 —0.1} Nz = [0 —0.1] a1 = {0 0.17}
7 by [35] 0.7529 0.7529 0.7255
7 by [15] 0.9359 0.8886 0.8886 Noow—= |0 O no, =002 0
7 by Theorem 1 1.0428 1.0428 1.0428 22 [0 0.5 773! -0.01 -1
.1 —0.
Example 2. Consider the time-varying delay stochastic N3z = {_8 1 ? 5} ,Mipn = {8 8] , Mia = {8 _00015}
system with Markovian jump parameters in the form of (1) ’ ) )
with two modes, that is, S = {1,2}. The system matrices 0 —0.1 0 0
are shown as follows: Moy = 0.01 -2 s Ma2 = 0 0

-1 05 0.1 —05
0 —05 0 1.2
—0.5}  Bar = [ -1 0.3} Cr = {—5}
-1 0 1 05
Az = {042 —1} Ada = {o 0.3}

—0.2 0 -01 0 2.2
Ba = { 0.1 0] Bz = {0.5 —0.3} 2= {1.2}

The parameter IT = {m;;} is given by

~18 18
=

—-0.5 0 1.5 0
e[ el 2

-0.2
n=[?

If we let 71(t) = (e72* 4+0.2)/2,72(t) = (e7'5* +0.5)/3,
then one has d; = 1.2,d> = 0.5,7 = 0.1,7 = 0.6. With
the above parameters and f = 0.1, = 2, Figs.1 and 2
show the operation modes and the state responses of open-
loop system in two modes with an arbitrary initial state,
respectively.

s VR T
- | |
| | |
0 5 10 15
t/s
Fig.1 The operation modes
500
0
& :
=500 |
-1000
t/s
Fig.2 The state responses of open-loop system

By Matlab LMI tool box and Theorem 2, we obtain the
following delayed-state-feedback controller gain matrices:

K, =[-0.7604 —0.0683] , K> = [-0.5766 —0.2004]

Figs.3 and 4 present the operation modes and the state
response of closed-loop system in two modes with initial
condition [—1, 1]T, respectively. Consequently, we can ver-
ify that the designed delayed-state-feedback controller is
effective for exponentially stabilizing the system with de-
cay rate 0.1.

I
I
|
5

10 15
t/s

Fig.3 The operation modes

[0 S N

t/s
Fig.4 The state responses of closed-loop system

4 Conclusion

In this paper, we have investigated the stochastic Marko-
vian jump systems with time-varying delays, in which the
time-varying delays are dependent on the system modes.
By constructing a suitable Lyapunov-Krasovskii functional,
sufficient condition for mean-square exponential stability
has been proposed. Based on this newly established stabil-
ity criterion, a delayed-state-feedback controller which can
exponentially stabilize the stochastic Markovian jump sys-
tems has been presented. There is no additional equation or
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multi-inequality constraint on decay rate 0 and the deriva-
tive of time-varying delay only needs to satisfy 7;(¢) < d,
where d; is a constant. Finally, numerical examples have
been provided to demonstrate the effectiveness of the ob-
tained results in this paper.
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