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Abstract

In this paper, a delay-dependent approach is developed to deal with the robust stabilization problem for a class of
stochastic time-delay interval systems with nonlinear disturbances. The system matrices are assumed to be uncertain
within given intervals, the time delays appear in both the system states and the nonlinear disturbances, and the
stochastic perturbation is in the form of a Brownian motion. The purpose of the addressed stochastic stabilization
problem is to design a memoryless state feedback controller such that, for all admissible interval uncertainties and
nonlinear disturbances, the closed-loop system is asymptotically stable in the mean square, where the stability criteria
are dependent on the length of the time delay and therefore less conservative. By using the It0’s differential formula and
the Lyapunov stability theory, sufficient conditions are first derived for ensuring the stability of the stochastic interval
delay systems. Then, the controller gain is characterized in terms of the solution to a delay-dependent linear matrix
inequality (LMI), which can be easily solved by using available software packages. A numerical example is exploited to
demonstrate the effectiveness of the proposed design procedure.
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I. INTRODUCTION

Interval systems have been well known for their importance in practical applications. When modeling real-
time plants, the parameter uncertainties are unavoidable, which would lead to perturbations of the elements of
a system matrix in a state-space model. These uncertainties may arise from variations of the operating point,
aging of the devices, identification errors, etc. As a result, the parameters of a system matrix are estimated
only within certain closed intervals. In recent years, the stability analysis and stabilization problems of various
deterministic interval systems have received considerable research attention, see e.g. [11,14] and the references
therein. Very recently, in [13], the stability analysis problem of a class of stochastic delay interval systems
has been considered by using the Razumikhin method.

In view of time delays being commonly residing in practical systems, the past few decades have witnessed
significant progress on filtering and control for linear/nonlinear systems with various types of delays, and a
large amount of literature has appeared on the general topic of time-delay systems, see e.g. [1,6,7,15-17, 20,
22,23]. In particular, the linear matrix inequality (LMI) technique has been extensively used because of its
computational efficiency, and a great number of LMI-based results have been published, see e.g. [2,18,19].
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It is worth mentioning that, since delay-dependent LMI techniques take into account the information on the
length of delays, delay-dependent stability criteria tend to be less conservative than the traditionally delay-
independent ones especially when the time delays are known and small, see [2-5,25,27,28]. Moreover, some
improved delay-dependent techniques has recently been developed, see e.g. [8-10, 24] for some up-to-date
results.

In real-time systems, the signal transmission is usually a noisy process brought on by random fluctuations
from probabilistic causes and, therefore, stochastic modeling has been of vital importance in many branches
of science such as biology, economics and engineering applications. Recently, many fundamental results for
deterministic systems have been extended to stochastic systems. The robust stability, stabilization, control
and filtering problems for stochastic systems have been investigated by many researchers, and a lot of results
on these topics have been reported in the literature, see e.g. [2, 18,21, 26]. It is noticed that the delay-
dependent technique has been applied to the analysis and synthesis of stochastic systems in, for example,
[3,27]. Unfortunately, up to now, the stability analysis and stabilization problems for stochastic time-delay
interval systems with nonlinear disturbances have not been adequately addressed by delay-dependent technique
yet, which remains as an interesting research topic.

In this paper, we deal with the robust stability and stabilization problems for a class of stochastic time-
delay interval systems with nonlinear disturbances by developing delay dependent analysis techniques. The
robust stability analysis problem is first dealt with, where the aim is to derive sufficient conditions such that
the system is asymptotically stability in the mean square, dependent on the length of the time delay, for all
admissible nonlinear disturbances as well as intervally varying uncertain parameters. Then, we tackle the
robust stabilization problem where a memoryless state feedback controller is designed to stabilize the closed-
loop system. By using It6’s differential formula and the Lyapunov stability theory, sufficient conditions for
the solvability of these problems are derived in term of linear matrix inequalities, which can be easily checked
by resorting to available software packages. A numerical example is exploited to demonstrate the effectiveness
of the results obtained.

Notation In this paper, R™ and R™*" denote, respectively, the n dimensional Euclidean space and the set

of all n x m real matrices. L2[0,00) is the space of square-integrable vector functions over [0,00). |- | refers
to the Euclidean norm in R", and || - ||2 stands for the usual L3]0,00) norm. We let 7 > 0, C([—7,0]; R"™)
denote the family of continuous functions ¢ from [—7,0] to R™ with the norm ||¢|| = sup_,<y<(|¢(0)|, and

I denote the identity matrix of compatible dimension. The notation X > Y (respectively, X > Y) where X
and Y are symmetric matrices, means that X — Y is positive semi-definite (respectively, positive definite).
For a matrix M, M7 represents its transpose, Amax(M) (respectively, Amin(M)) stands for its maximum
(respectively, minimum) eigenvalue and its operator norm is denoted by ||M| = sup{|Mz| : |z| = 1} =
\/m . (Q,F, {Fi}t>0,P) is a complete probability space with a filtration {F;};>¢ satisfying the
usual conditions (i.e., the filtration contains all P-null sets and is right continuous). Denote by L% ([~h,0];R")
the family of all Fyp-measurable C([—7,0]; R")-valued random variables £ = {£{(f) : —7 < 6 < 0} such that
Sup_,<g<o E|£(0)[P < oo, where E{z} stands for the expectation of stochastic variable . The shorthand
diag{M;, ..., M, } denotes a block diagonal matrix with diagonal blocks being the matrices My, ..., M,,. The
notation My, [(Mn);, ;. » (Ma);, j, s+ (M), ;] denotes a nth-order block square matrix whose all nonzero
blocks are the ¢1j1th block M, the igjsth block Ms, ... |, the ¢,j,.th block M,, and all other blocks are zero
matrices. In symmetric block matrices, the symbol * is used as an ellipsis for terms induced by symmetry .
Matrices, if not explicitly stated, are assumed to have compatible dimensions.
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II. PROBLEM FORMULATION

For a matrix D, xn,, define the following matrix interval:
Dy = [D, D] ={D = [di;]n, xns 1d;; <diy < dijy 1 <i<mny,1<j<nal,

where D = [d;;]n, xn, and D= [d_ij]nlxm satisfy d,; < Jij foralll1 <i<ny,1<j<no.
Consider the following stochastic time-delay interval system with nonlinear disturbance:

de(t) = [Az(t) + Agze(t — 1) + Bu(t) + f(z(t),z(t — 7))] dt + Ex(t)dw(t) (1)
z(t) = o), Vte|[-7,0] (2)

where z(t) € R™ is the state, u(t) € RP is the control input, f(-,-) is an unknown nonlinear exogenous
disturbance input, w(t) is a one-dimensional Brownian motion satisfying

E{dw(t)} =0, E{dw?(t)} = dt.

Furthermore, 7 is a real constant time delay satisfying 0 < 7 < oo, and ¢(t) € C([—7,0];R™) is the initial
function. The system matrices A € Ay, Ay € Aqr, B € By, and E € Er, where Ar = [A, A] = {A = [aijlnxn}»
Aar = [Ag, Adg) = {44 = [agijlnxn}, Br = [B, Bl = {B = [bijlnxp}, and E; = [E, E] = {E = [ej;]nxn}-

By setting

Ay = S(A+A), A=) =3(A-A),

1 S . L 3

A = 5(Ag+ Ad), Ag = (@aij) = 5(Ad — Ag),
1 =~ B L A

By = ;(B+B), B=(by)=y(B-B),
1 — = 1 =

Ey = §(E+E)7 Ez(éij):§(E_E)=

we can rewrite A, Ay, B and E as follows:

5 § T |6 ~
A=A+ A% = Ay + X7 ,_qeiagse, lag;| < agj,
_ 6 __ n 0 T 4 ~ .
Ag=Ago +AY = Ago + X 1€ig;€ ]adij] < agij,

B = By+ B = By + 3, 50 eibd;hT, |bd)] < by,

ij'tj o Vi
_ 6 __ 6 T ) =
E=Ey+ E° = Ey+ X} ;_jeiejze;, leg;| < éij,

where e, € R" or hy € RP denotes the column vector with the kth element being 1 and others being 0.

Remark 1: In practice, the interval uncertainties described in (3) are frequently encountered in many engi-
neering systems, which may result from the variation of operating points, aging of the devices, identification
errors, etc. For example, when modeling a real world plant, we often use an interval to estimate a certain
parameter so as to allow for some margin for error in the parameter identification. In the past few years,
the control problems for systems with interval uncertainty have attracted considerable research attention, see
[11,14] and references therein.

In this paper, the nonlinear disturbances are assumed to satisfy the following boundedness condition.

Assumption 1: There exist real constant matrices G; € R™ ™ and G5 € R™ " such that the unknown
nonlinear vector function f(-,-) satisfies:

[f(@(t), z(t — 7)) < |Gre(t)] + |Gz (t — 7)|- (4)
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Remark 2: The exogenous nonlinear time-varying disturbance has been dealt with in many papers such as
[20]. In Assumption 1, the nonlinear disturbance f(z(t),z(t — 7)) in the system (1)-(2) involves the delayed
term, which is more general than that studied in [20]. To the best of the authors’ knowledge, there has
been little research effort reported in the literature on using delay-dependent technique to deal with the
robust stabilization problem for stochastic time-delay interval systems with such kind of nonlinear exogenous
disturbances.

For the sake of simplicity, we denote:

( Fo = [Eg Eg]v Hy = [G{ G{]’ Hy = [Gg Gg]
J1 = 7lz — eol — 34— 35, Jo = dlag{X — Y, 7l — 27}, J3 = diag{Qell 262[}
X=[X,..X,y=" . YO z=11,.,1, 2=Z2,..,Z)
—— ———— —— ——
n n n n
T = [X XTXX X], U= diag{Ul,Ug,Ug,U4,U6,U7}
Ul = dia’g{nllh ey Miny oy Minly -5 nlnn}7 (l = 17 27 47 57 67 7)7
Ul = dia’g{nllh vy Mindy oy Miny -5 nlnn}7 (l = 37 8)7 (5)
Ul = dia’g{nllh eeey Tlllpa ey My <oy nlnp}7 (l = 97 10)7
¥ =N migageie] , B =X nuai;eie] , Xy = X aijageje] s Ba = N niaz;eie]
Y5 = EZj:1775ija?lij~eie;r, Y6 = X176 €5€i€q 7= N7 immigeeie] s Y8 = X7 nsijag;eiel
N9 = X 38 mijbZihib , Yio = B 38 moiibiihib]
O = (Ag+ Ag) X + X(Ag+ Ag)T + S+ el +7T + X1 + 2o,
U= (Ag + Ago) X + X (Ao + Ago)T + BoY + YIBL + S+ e11 + 7T + X1 + g + Y.

Observe the system (1)-(2) and let z(¢;£) denote the state trajectory from the initial data z(6) = £(0) on
—7<6<0in L%O([—T, 0]; R™). Obviously, x(t,0) = 0 is the trivial solution of system (1)-(2) corresponding
to the initial data & = 0.

Before formulating the problem to be coped with, we first introduce the following stability concepts for
(1)-2).

Definition 1: For the stochastic time-delay interval system (1)-(2) with u(¢) = 0 and every £ € szo ([-7,0;R™),

the trivial solution is said to be mean-square asymptotically stable if

tlg&EM(t)F =0.

Definition 2: The stochastic time-delay interval system (1)-(2) with the state feedback controller wu(t) =
Kz(t) is said to be robustly stochastically stabilizable if there exists a gain matrix K € RP*™ such that the
closed-loop system is mean-square asymptotically stable.

The purpose of this paper is to design a state feedback controller such that the stochastic time-delay
interval system (1)-(2) with nonlinear disturbance is stochastically stabilized by developing delay-dependent

techniques.

III. ROBUST STABILITY ANALYSIS

First, let us give the following lemmas which will be used in the proof of our main results.
Lemma 1: (Schur Complement) Given the constant matrices X1, X9, X3 where ¥ = Eip and 0 < X9 = Eg.
Then ¥ + EgTEz_lEg < 0 if and only if
[ ©, OF ] 0

Yy — Y
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=3y X
[ i ] <0.

Lemma 2: Let X, Y, F be real matrices of appropriate dimensions with F7F < I. Then for any scalar
6 > 0, we have

or equivalently,

XFY +YTFTXT <sxxT +57'vTy.
Lemma 3: [5] Let My, My, M3 and Z > 0 be given constant matrices with appropriate dimensions. Then,
for any scalar e > 0 satisfying el — MIZMs > 0, we have

(M 4+ MyM3)T2(My + MyM3) < M (27" — e " MuMT )~ My + eMT M.
For presentation convenience, we define the following new state variable

y(t) = Az(t) + Ag(t — 7) + Bu(t) + f(x(t), z(t — 7)), (6)
and then the systems (1) can be represented as
dz(t) = y(t)dt + Ex(t)dw(t). (7)

In the following theorem, a delay-dependent LMI approach is developed to solve the robust stability analysis
problem for the stochastic time-delay interval system (1)-(2) with u(t) = 0, and a sufficient condition is derived
ensuring the solvability of the problem.

Theorem 1: Consider the system (1)-(2) with u(t) = 0. If there exist positive definite matrices X > 0,
S >0,Z>0,T >0 and positive scalars €; > 0, eg > 0, m;;; > 0, (¢, j = 1,...,n, | =1,...,8) such that the
following linear matrix inequalities

[ & 0 Ao XA XFy XH, 0 T 0 |
x =S 0 XAl 0 0 XH, 0 X
x  x  —I+33 0 0 0 0 0 0
* % * —-Ji 0 0 0 0 0
x * * —Jo 0 0 0 0 < 0 (8)
* 0k * * * —J3 0 0 0
* * * * * * —J3 0 0
* * * * * * * U 0
| * * * * * * * * —Us |
T  ApZ 0 |
x —Z4+Xs Z < 0, (9)
* * —Ug

hold, where @, Fy, Hy, Ho, Ji, Jo, J3, X, U, Us, U, 33, 3g, X, and Z are all defined in (5), then the system
(1)-(2) with u(t) = 0 is mean-square asymptotically stable.
Proof: Recalling the Newton-Leibniz formula and (7), we can write that, for ¢t > 7,

t

z(t—71) = x(t)—/t dx(s)

—T

— 2t - [ /t S st [ Em(s)dw(s)]. (10)

—T t—r
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Then, it is easy to know from (10) that the following system is equivalent to (1)-(2) with u(t) = 0:

t t

dz(t) = [(A+ Ag)x(t) — Ad/ y(s)ds — Aq Ex(s)dw(s)

t—1 t—1

+f(x(t),x(t —7))]dt + Ex(t)dw(t).
xz(t) = (), tel-27,0], r(0)=ro,

where 1(t) is the initial function. Hence, it suffices to prove the mean-square asymptotic stability of the above

system.

Now, let P=X"1>0,Q = PSP >0, R=Z"" > 0 and define the following Lyapunov-Krasovskii function

candidate for the system (11):

V00 = S0P+ [ Qe+ / [ v @myo)asas

t—1

t t
2
+ /t |Ex(B)[2dBds.

—T J S8

Noticing the fact of
t

Tl (H)Wa(t) :/ 2T ()W (t)ds,

t—1

it can be derived by Ito's differential formula [12] that
dV (x(t),t) = LV (z(t), t)dt 4 227 (t) PEx(t)dw(t),
where
LV (z(t),t) = 2T (O)[(A+A9)" P+ P(A+ Ag) +Q+ ETPE]z(t)

—2:T(t)P Ay </t_ y(s)ds + a Ew(s)dw(s)) + 22T ()P f(x(t), 2(t — 7))
~a(t=)Qa(t =)+ T ORy() — [ 4T () Ru(s)ds
|Ex(s)?ds + ta (t)Wa(t) — /t T ()W (t)ds,

t—1

t

+ral () ET Bx(t) — /

t—1

with W = PTP > 0.
Noting (4) and Lemma 2, we can calculate that

20T ()P f(2(t), z(t — 7))

IN

ez’ () P?x(t) + e [T (), x(t — 7)) f(2(t), z(t — 7))
ezl () P22 (t) + 7 (|Grx(t)| + |Gzt — 7)))?

IN A

Again, we can obtain from Lemma 2 that

—2:T(t)P Ay t Ex(s)dw(s) < 2T (t)PAGAT Px(t) + | t Ex(s)dw(s)]*.

t—T t—T
Moreover,

E| Ex(s)dw(s)|2§/t E| Ex(s)|%ds.

t—7 -7

el (1) P2x(t) + 267 2T ()GT Gra(t) + 2T (t — 7)GE Gz (t — 7).

(14)

(15)

(16)

(17)
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Using the Lemma 3 and (6), we have

z(t),x(t = 7))]" (TR)

y () Ry(t) = [Ax(t) + Agz(t — 7) + f( )
f(t), 2(t —7))]
1

[Ax(t) + Agx(t — T)

- -

< [Aw(t) + Age(t = DI [(TR) ™ — e2I]HAx(t) + Aga(t — 7))
+ey T (a(t), x(t — 7)) f (), 2(t 7))
< [Ax(t) + Agz(t — )| T[(TR) ™t — exI] L [Ax(t) + Aga(t — 7))

+2€2_1[$T(t)G{G1l‘(t) T(t - T)GTng(t —7)].

Substituting (16)-(19) into (15) and taking expectation lead to

ELV (x(t),t) < E{zT (t)Qz(t)} + /ti E{z7 (t,s)1Z(t,s)},

where
) DM +A 0 AT _ _
S e R 3 L R
0. - -W —PAy
. —AZ;P —-R ’
with
2t) = [#7@) "), 2t,s) =" () y ()],

O = (A+A49)"P+ P(A+ Ag) +Q+ e PP+ 7W,
Q = 2+ NG5Gy - Q,
A = PAATP+ ETPE +7ETE 4+ 2(e7! + 5 1)GT G

(20)

(21)

(22)

It remains to show that 2 < 0 and II < 0. By Schur complement lemma, it is easily seen that 2 < 0 if and

only if
[0, 0 PAy AT ET ET  H 0 |
*x —Q 0 Al 0 0 0 H
* * —1I 0 0 0 0 0
% x el-71Z 0 0 0 0
1 <0,
* * * * —P 0 0 0
* * * * * -1 0 0
* * * * * * —J; 0
* * * * * * *  —J3

where Hq, Hj are defined in (5).
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On the other hand, we note that pre- and post-multiplying (23) by diag(X, X, I,1,1,1,1,1) yield

[0, 0 Ay XAT  XxET XET XH, 0 |
* =S 0 XAT 0 0 0 XH,
* * =1 0 0 0 0 0
_ J I A
q_ * * * €9 T 0 0 0 0 <0, (24)
* * * * —-X 0 0 0
* * * * * -7 0 0
* * * * * * —J3 0
* * * * * * * —J3
with
U = XA+A)T+(A+A)X +S+el+7T.
Similarly, pre- and post-multiplying IT < 0 by diag(X, Z) result in
_ -T A4z
= < 0. 25
_zaT g (25)
Note that we use the shorthand 9, [(M1);, ; , (M2),, ;,+--s (M;); ;] to represent a nth-order block square

matrix whose all nonzero blocks are the i;j1th block Mj, the iojoth block Ms, ... , the 4,j.th block M,, and
all other blocks are zero matrices. Then, the matrix Q can be further rearranged as

[ Q0 0 Ag X AT XET XET XH, 0
* =S 0 XAL 0 0 0 XH
* x =] 0 0 0 0 0
o — * * x el —711Z 0 0 0 0
* * * * -X 0 0 0
* * * * * —r 17 0 0
* * * * * * —J3 0
* * * * * * * —J3
+9s [(Qis)l,l] + Mg {(Ag)l,?n ((AZ)T)SJ}
s [(X(A) )1, (AX)aa] + 9 [(X(AD oty (AGX)a

+Mg [(X(Eé)T)Ls, (E(SX)s,l] + Mg [(X(E(S)T)l,(iy (E°X)g.1
= P+ Oy + Po + O3+ Py + P5 + g, (26)

where

Qo = X(Ag+ Ag)T + (Ao + Ago)X + S + 11 + 7T,
Qf = X(A°+ A)T 4+ (A% + A)X.
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It follows from Lemma 2 and (3) that, for any real scalars n;; > 0 (i,

holds:

®q

where X, X, X9, Uy,

Similarly, for any scalars n;;; >0, (i, j =1,...,n, [

D)

@3

Dy

5

Qg

II

where Y3, Y4, X5, X,

IA

ji=1,..,nl

[X,0,0,0,0,0,0,0]"[(4° + 43)",0,0,0,0,0,0,0]

+[(4% + 49T, 0,0,0,0,0,0,07[X,0,0,0,0,0,0,0]

ni 1<[X0000000] [(eial;el)™,0,0,0,0,0,0,0]
+[(esal;el)T,0,0,0,0,0,0,0/7 [X,0,0,0,0,0,0,0]

+[X,0,0,0,0,0,0,0)" [(e;ad;;¢)7',0,0,0,0,0,0,0]
+[(esal;¢M)T,0,0,0,0,0,0,0)7 [ X, 0,0,0,0,0,0,0])

o1 ([ej X,0,0,0,0,0,0,0]" [(e;a2;)",0,0,0,0,0,0,0]
+[(eal;)",0,0,0,0,0,0,0]" [e] X,0,0,0,0,0,0,0]
+[eF'X,0,0,0,0,0,0,0"[(e;ad;;)", 0,0,0,0,0,0,0]
+[(esa;;)",0,0,0,0,0,0,0]" [eF X, 0,0,0,0,0,0,0])
211 (niidlel X,0,0,0,0,0,0,0/7 [e] X, 0,0,0,0,0,0,0]
+nijaiilel’,0,0,0,0,0,0,01% [ef,0,0,0,0,0,0,0]
+ny:51ef X,0,0,0,0,0,0,0]" [¢] X,0,0,0,0,0,0,0]
+n2ijadij[ezru070707070707O]T[e?70707070707070])
Ms [(S1 + B2)1.a] + [4,0,0,0,0,0,0,0]” U [%,0,0,0,0,0,0,0]

+[X,0,0,0,0,0,0,0]7 U5 1 [x,0,0,0,0,0,0,0] ,
Mg [(Z1 + Do + XUTLX + XU;1X)14]

Us are defined in (5).

IN

IN

IN

IN

IN

IN

277

=3,4,5,6,7,8), we have

Ms [(£3)3.5] + [Z,0,0,0,0,0,0,0]7 U5 [Z,0,0,0,0,0,0,0 ,
Ms [(U; )11, (Z3)33]
Ms [(Z4)4, ] [X,0,0,0,0,0,0,0]” U7 [X,0,0,0,0,0,0,0] ,
Mg (XU X)11, (Ba)aa)
M [(25)4X4] [0, X,0,0,0,0,0,0)” U [0, ¥,0,0,0,0,0,0] ,
Mg (XU X)22, (X5)a,4]
Ms [(X6)5x5] + [X,0,0,0,0,0,0, 0] Uﬁ_l [X,0,0,0,0,0,0,0],
Ms (XU ' X)11, (Z6)s,5)
Ms [(X7)6x6] + [X,0,0,0,0,0,0, 0] U7_1 [X,0,0,0,0,0,0,0],
Ms (XU ' X)11, (S7)66)

T AwZ 0] . Tol"

ZAYL, —Z+ g z|% |z |

Eg, Ug, U4, U5, U6, U7, Ug, I, Z are defined in (5)

1,2), the following

(27)
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According to Schur Complement Lemma, after tedious but straightforward calculations, it is followed from
the conditions (8), (9) and (24)-(33) that
Q<0 II<O.

Obviously, from the relationship between €2 and , the relationship between II and II, and the inequality
(20), we can obtain
<0, II<O.

Therefore, we can conclude that
ELV (x(t),t) <0,

which indicates that the trivial solution of (11) is asymptotically stability in the mean square. This completes
the proof. |

Remark 3: In Theorem 1, it is shown that the unforced stochastic time-delay interval system with nonlinear
disturbances is mean square asymptotically stable if two LMIs (8) and (9) are feasible, and the stability criteria
are dependent on the length of time delay. Note that, by Matlab toolbox, the feasibility of the LMIs (8) and
(9) can be checked easily and the maximum allowable bound of the time delay 7 with which the stochastic
delayed interval system (1)-(2) is mean square asymptotically stable can be determined.

IV. DELAY-DEPENDENT ROBUST STABILIZATION

In this section, we aim to propose a design procedure for the state feedback controller that can robustly
stochastically stabilize the addressed stochastic delayed interval systems with nonlinear disturbances. Again,
a delay-dependent LMI technique will be developed in order to obtain a less conservative condition. The main
result of this paper is given in the following theorem.

Theorem 2: Consider the system (1)-(2). If there exist positive definite matrices X > 0, S > 0, Z > 0,
T > 0, a matrix Y, and positive scalars e; > 0, e > 0, m;; > 0, (I = 1,2,...,8), n9im, > 0, N1gim > 0
(i, 7=1,..,n; m=1,...,p) such that (9) and the following linear matrix inequality

[0 Apw XAV +Y"™BY XFy XH;, 0 Y o YU YT
x =5 0 XAZ;O 0 0 XHy O X 0 0
x ok —I]+ X3 0 0 0 0 0 0 0 0
* * * —J1+ 210 0 0 0 0 0 0 0
* % * * —Jy 0 0 0 0 0 0
% * * * —J3 0 0 0 0 0 < 0, (34)
* % * * * * —J3 0 0 0 0
x ok * * * * * -U 0 0 0
* % * * * * * x —=Us 0 0
* % * * * * * * * —Uy 0
k% * * * * * * * * —Uno ]

hOld, where Fo, Hl, Hg, Jl, Jg, Jg, T, U, U5, Ug, Ug, UlO, 23, 28, 210, X, y and W are all defined in (5),
then with the state feedback controller given by

u(t) = Ka(t), K=YX !, (35)

the closed-loop system is robustly stochastically stable.
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Proof: Applying the controller (35) and Newton-Leibniz formula (10) to the stochastic interval system
(1), which is equivalent to replacing A with A. = A+ BK in (11), we have

do(t) = [(Ae+ Aa(t) — Ay /t_ ys)ds = Ay [ Pa(sdo(s
@), 2t — )]dt + Ba(t)dw(?), (36)
xz(t) = (), te[-27,0], r(0)=ro. (37)

The Lyapunov-Krasovskii function is chosen as:

Vi) = a"OPat)+ [ T()Quds+ [ [ T (8)Ru(s)ds0s

t—T1

t t
4 / / |Ba() 2d3ds. (39)

t—1 Js

Similar to the proof of Theorem 1, we obtain
t
BLV(a(t),t) < Bla()To(0) + [ Efat.s)Ma(t,5)), (39)
t—T1

where II are defined in (22) and

AT

I':.=
AG

0 0 [(TR)™" — eaI] ' [A. A, (40)

I'i+A 0 ]

with
[ =P(Ac+ Ag) + (Ae + A)TP+Q+ e P2 + 7W.

Along the similar line as that in the proof of Theorem 1, we can know from (5), (34) and the expression of
K in (35) that
<o, II<0,

and therefore
ELV (x(t),t) < 0,

which implies that the trivial solution of the closed-loop system (1)-(2) is robustly stochastically stable. The
proof is complete. u
V. AN ILLUSTRATIVE EXAMPLE

In this section, to illustrate the usefulness and flexibility of the theory developed in previous section, we
present a simple numerical example. Attention is focused on the design of a stabilizing controller for a class
of stochastic time-delay interval system with nonlinear disturbance.
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The system data of (1)-(2) are as follows:

A= -3.5 09 A= -25 1.1 ,
—-0.1 —4.3 0.1 -—=3.7

g_| 0 01 _ 0.1

= | -01 08 |’ o1 22|
. 2

G — 05 0 Gy = 02 0
0 0.1 0 05

Using Matlab LMI control Toolbox to solve the LMIs (5) and (34), we obtain the maximum allowable bound
of the time delay as 7 = 2.2793. Hence, we have the conclusion that the stochastic interval delay system is
robustly stabilizable when 7 < 2.2793.

The solutions of the LMIs (5) and (34) in the case of 7 = 1.0 are given as follows

0.0716 0.4755 —1.4175 2.5971

13.5320 —0.9107 7 63.9368 1.3035
—0.9107 23.2177 |’ | 1.3035 61.9510 |’

v —27.3075 —0.9148 K —31.6149  2.8373
| —0.8506 —30.7860 |’ | 44052 —65.4085 |’

€1 = 5.1812, ey = 8.8005,

Uy = diag(15.5313,69.7055, 69.7725, 18.3928),
U, = diag(54.8768, 76.5923, 76.6807, 18.3928),
Us = diag(9.3559, 76.6807, 76.5923, 3.5225),

Uy = diag(41.7751,74.7339, 74.8157, 40.2269),
Us = diag(67.6583, 76.6452, 76.7313, 40.2405),
Us = diag(0.3710, 20.6139, 20.6253, 0.3305),

Ur = diag(0.4147,29.0095,29.0219, 0.7147),

Us = diag(211.1844, 256.0696, 481.6419, 195.6471),
Uy = diag(144.1794, 229.0462, 158.2998, 133.6967),
Uyg = diag(155.0798, 229.0462, 158.2998, 187.4469).

[0.8702 0.0716] [ 5.4828 —1.4175]

According to Theorem 2, with the designed controller gain K, the closed-loop system is asymptotically
stable in the mean square for all admissible interval uncertainties and nonlinear disturbances.
VI. CONCLUSIONS

In this paper, we have investigated the robust stability analysis problem as well as the robust stabilization
problem for a class of stochastic time-delay interval systems with nonlinear disturbances. A delay-dependent
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LMI approach has been developed to derive sufficient conditions under which the controlled system is mean-

square asymptotically stable, where the conditions are dependent on the length of the time delays. A numerical

example has been employed to illustrate the effectiveness of the results obtained.
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