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V. CONCLUSION On Stabilization of Bilinear Uncertain Time-Delay

In this note, we have considered the control of partially linear Stochastic Systems With Markovian
cascade nonlinear systems. We have given conditions under which Jumping Parameters
switching of the gains of the linear controller can stabilize the cascade.
Our condition, Assumption 1 for the existence of an invariance region
is different than ISS and weaker than minimum phase assumptions. Of
course, the tradeoff is that the switching policy depends on the state of apgract—in this note, we investigate the stochastic stabilization
both subsystems and that in general, only boundedness of trajectogi@slem for a class of bilinear continuous time-delay uncertain systems
is achieved. It would be of great interest to investigate the precig#h Markovian jumping parameters. Specifically, the stochastic bilinear
relationship between the conditions of this note and these other mif8P System under study involves unknown state time-delay, parameter

- . . . ncertainties, and unknown nonlinear deterministic disturbances. The
familiar notions. For example, in the simulated system (27)_(21 mping parameters considered here form a continuous-time discrete-state

the invariance condition (40) shows that the rdtig'k: grows with  homogeneous Markov process. The whole system may be regarded as a
the radiusR of the invariance regio. The gains of a nonpeaking stochastic bilinear hybrid system that includes both time-evolving and
constant gain controller have this same property [1]. However, singéent-driven mechanisms. Our attention is focused on the design of a
the initial condition forz does not enter into that calculation we havéobust state-feedback controller such that, for all admissible uncertainties

. . . .., as well as nonlinear disturbances, the closed-loop system is stochastically
more freedom in the design of the gains. It appears that the switchifigionentially stable in the mean square, independent of the time delay.
controller automatically adjusts the output gaito find a nonpeaking Sufficient conditions are established to guarantee the existence of desired
controller. robust controllers, which are given in terms of the solutions to a set of

Since the trajectories of the invariance controlled system aféher linear matrix inequalities (LMIs), or coupled quadratic matrix
bounded by the prescribed invariance region one of the additioﬁ%efq“a"t'es' The developed theory is illustrated by numerical simulation.
advantages of invariance control is that it may also be useful to enforcéndex Terms—Bilinear systems, linear matrix inequalities (LMIs), mar-
constraints on the states of the internal dynamics. There are m&Ayian jump, stochastic exponential stability, time-delay, uncertainty.
applications which require not only output regulation and internal sta-
bility but also that the internal states remain bounded below prescribed
values. Further studies along these lines would also be valuable.
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topic, see, e.g., [25], [27], [35], [37], [38], and the references therein. Asctor. Moreover, letQ, 7, {F:}.>0. P) be a complete probability
for the JLSs with parametric uncertainties, the issues of stability, stabpace with a filtration{7;},;>o satisfying the usual conditions
lization, H- control, H.., control, H./H ., control, Kalman filtering (i.e., the filtration contains alPP-null sets and is right continuous).
have been well investigated, and recent results can be found in [@Enote by Ll}o([—h,()]; R") the family of all Fy-measurable
[5], [6], [10], [13], [28]-[30], and [32]. Also, the control problem for C'([—h, 0]; R™)-valued random variables = {£(6): —h < 6 < 0}
time-delay uncertain JLSs has been tackled in [31] for the discrete-tisiech thatup_, -, E|£(8)]” < oo whereE{-} stands for the math-
case. In [20] and [21], the exponential stability analysis problem f@matical expectation operator with respect to the given probability
a general class of linear/nonlinear stochastic jumping delay systemsasureP. Sometimes, the arguments of a function will be omitted in
has been intensively studied, and a number of useful stability critetiee analysis when no confusion can arise.

have been established. In particular, for the linear case in [21], the ex-

ponential stability can be easily tested by checking the existence of Il. PROBLEM FORMULATION AND ASSUMPTIONS

the solution to a linear matrix inequality. Unfortunately, the parametric

uncertainties and the nonlinear exogenous disturbance have not beé‘r‘?t {r(0). t > 0} be a rlght-contlnuous_ Markov_ process
considered in [20] and [21] for stabilization problem. on the probability space which takes values in the finite space

N . S={1,2,..., N} with generatoll = (v:;) (i, € S) givenb
On the other hand, bilinear systems have been of great interest in t1,2,.... N} g (i) (- )9 y
the past three decades, since many real-world systems can be ade- oy o
. - - . ) . . Yi; A+ o(A) ifi £ 3
quately approximated by a bilinear model. The application areas in- P{r(t+ A) = j|r(t) =i} = , , LT
. . . . 14+ v A+0(A) ifi=j
clude nuclear, thermal, chemical processes, biology, socioeconomics,
immunology, etc.; see [8], [23], and [24] for more details. In part'CWhereA > 0 andlima_o 0(A)/A = 0,4, > 0 s the transition rate
ular, the stochastic bilinear systems, also called state-dependent nplIse i £
o ; . rom:tojifi# jandvi = —> .. vij.
systems or multiplicative noise systems, have been dealt with by man - : J7L . .

A . n this note, we consider the following class of bilinear uncertain
authors. Among them, we quote DeKoning [12], Bernstein and Haddglontinuous-time state delayed stochastic systems of the 1t type:
[3], Yasudaet al.[41], Skeltonet al.[33], Yaz [42], and Johnston and Y y ype-:
Krishnamurthy [17]. However, a literature search reveals that the issue
of stabilization of jump bilinear systems with or without uncertainty
and time-delay has not been fully investigated and remains important
and challenging. This situation motivates the present study on the ro- —
bust_stablllzatlon of F)lll_rlear continuous tlme-d.elay.Jump systems. F [Aa(r(6)e(t = B) + B(r(6)a(t)

It is now worth pointing out that the essential differences between D)V (r(1), 2(0))]de 0
the JLS which has been extensively studied as mentioned above and ‘ ! ! , o ’
the jump bilinear stochastic system (JBSS) that is to be considered in z(t) =¢(t), r(t)=r(0), te€[-h,0] )
this note. For JLS, every mode correspondsdetarministic dynamics
that is, when the mode is fixed, the system state evolves accordingvioere z(¢) € R" is the stateu(t) € R™ is the control input,
the corresponding deterministic dynamics. However, the JBSS canjife): R” — R"/ is an unknown nonlinear exogenous disturbance input,
regarded as the result of sevestdchastic systen{systems with mul- / denotes theinknownstate delayy(#) is a continuous vector valued

de(t) =[A(r(t)) + AA(t, r(t))]x(t)dt

+ Z Je(r(t))z(t)dw (1)

tiplicative noises) switching from one to the others according to theitial function. Herew(t) := [wi(t) wa(t) --- wn(t)]’ € R™
movement of a Markov chain. For JBSS, every mode corresponds tis &an m-dimensional Brownian motion, and it is assumed that the
stochastic dynamic®©bviously, the JLS is a special case of the IBS3arkov process (-) is independent ofv,. () (k = 1,2,...,m). For

This note is concerned with the stochastic stabilization problem ftixed system moded(r(t)), Ji(r(t)) (k = 1,2,...,n), Aa(r(t)),
a class of bilinear continuous time-delay uncertain systems with Mds{r(¢)), D(r(¢t)) are known constant matrices with appropriate
kovian jumping parameters. We aim at designing a robust state-fedifnensionsA A(#, r(t)) is a real-valued matrix function representing
back controller such that, for all admissible uncertainties as well asrm-bounded parameter uncertainty.
nonlinear disturbances, the closed-loop system is stochastically expoAssumption 1: The uncertain matrixA A(¢, r(t)) satisfies
nentially stable in the mean square, independent of the time delay. We
show that the analysis problem can be tackled in terms of the solutions AA(t, r(t) = M(r())F(t, r(t)) N(r(t)) ()
to a set of linear matrix inequalities (LMIs) (see [15]), and the associ-

ated synthesis problem can be dealt with by solving a set of couplgflere for fixed system moda/ (r(¢)) € R*** andN (r(t)) € R <"

quadratic matrix inequalities. We demonstrate the usefulness and 2ps known real constant matrices which characterize how the deter-
plicability of the developed theory by means of a numerical simulatiQinistic uncertain parameter ifi(#, 7(#)) enters the nominal matrix
example. o _ A(r(t)); and F(t,r(t)) € R’ is an unknown time-varying matrix
Notation: The notations in this note are quite standd®t. and  f,nction meeting
R"*"™ denote, respectively, the dimensional Euclidean space and
the set of alln x m real matrices. The superscripf ™ denotes
the transpose and the notatidh > Y (respectively, X > Y)
where X andY are symmetric matrices, means th&t — Y is
positive—semidefinite (respectively, positive—definitejs the identity
matrix with compatible dimension. We l&ét> 0 andC([—, 0]; R™)
denote the family of continuous functions from [—#,0] to R"
with the norm||¢|| = sup_,<p<o|¥(8)]|, where| - | is the Eu-
clidean norm inR™. If A is a matrix, denote by|A|| its operator  |f(r(t),z(f))| < [H(r(t))x(t)
norm, i.e.,|| 4| = sup{|Az|: || = 1} = /Amax(ATA) where
Amax(+) (respectively, Amin(-)) means the largest (respectively, Assumption 3:Forallé € [—h, 0], there exists a scalar > 0 such
smallest) eigenvalue of. /5[0, oc] is the space of square integrablethat|z(t + §)| < o= (t)].

FU(t,r(t)F(t,r(t) <I, Yt>0; r(t)=i€S. (4)

Assumption 2:For fixed system mode, there exists a known real
constant matrix (r(t)) € R"*" such that the unknown nonlinear
vector functionf (-, -) satisfies the following boundedness condition:

, Y(r@),z(t) eSxR". (5)
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Remark 1: It is noted that, in the system model (1)—(2), there are Ill. MAIN RESULTS AND PROOFS
two kinds of uncertainties acting on the nominal matedxr(t)),
that is, thedeterministicuncertainty A A(¢, »(¢)) which can be re-
garded as the energy-bqunQed noise, .ar?cbtt.)ehast.icpert.urbation Lemma 1: (Schur Complement)siven constant matriceS, {2;

k= 1 (r(1))dwi (1) which is the multiplicative noise with kKnown , "\ neree) "= O ando < 0, = Q7 then, + Q105 ' Qs < 0 if
statistics. Both kinds of uncertainties have been extensively studied_i

Let us first give the following lemmas which will be frequently used
in the proofs of our main results in this note.

. L . . and only if
the literature. If the multiplicative noise disappears and there are no y
time-delay and nonlinear exogenous disturbance, the system model Q oF 0
(1)—(2) will be reduced to the usual jump linear system that has received Q3 = <

considerable attention. Note that when the mode is fixed, the system )
(1)=(2) corresponds to a bilinear stochastic time-delay uncertain syst&fh quivalently
Remark 2: The parameter uncertainty structure as in (3)—(4) has —Qs Q4
been widely used in the problems of robust control and robust filtering { ol o } 0
of uncertain systems (see, e.g., [31], [42] and references therein). We
point out that the exogenous nonlinear time-varying disturbance term-emma 2: (See, e.g., [39])Let M, N and F' be real matrices of
F(r(t),2(t)) in the system model (1)—(2) has not been taken into agppropriate dimensions with” F* < I whereF’ may be time varying.
count in the research literature concerning jump systems. Such kind'éfen, for any scalgr > 0, we have
disturbance may result from the linearization process of an originally

y T 7T T 45T 2ara5T — T ar
highly nonlinear plant or may be an actual external nonlinear input. MFN+N'"F'M" < p?MM" 4+ p7*N'N.
Also, as mentioned in [9], Assumption 3 is not restrictive as the scalar ]
o > 0 can be chosen arbitrarily. Recall that the Markov proceds(t), ¢t > 0} takes values in the

Observe the system (1)—(2) and4gt; £) denote the state trajectory finite spaceS = {1,2,..., N }. For the sake of simplicity, we write
from the initial datar(6) = ¢(#) on—h < 6 < 0in L%, ([—h, 0; R"). , ) ) )
Clearly, the system (1)—(2) admits a trivial solutieft; 0) = 0 corre- A@) =4 Aa(i) = Aai B(i):= Bi Ji(i) = Jii
sponding to the initial data = 0. D(i):=D; M(i):=M, N(#):=N, H(i):=H;

We now introduce the following stability concepts. G(i) =G f(i,x(t)):= fi(x(t)) VieS.

Definition 1: For the uncertain time-delay bilinear jump system
(1)-(2) withu(t) = 0 and everyt € L% ([—h,0];R"), the trivial and
solution is asymptotically stable in the mean square if

?

1

Aci = A(i) + B()G(i) = Ai + B:G; 9)

lim E|z(t:6)]> =0 .
(=0 and then for the mode(¢) = i, the closed-loop system (8) becomes

and is exponentially stable in the mean square if there exist scalars

a > 0ands > 0 such that da(t) = [Aei + MiF(t )N Ja(t)dt + Y Tria(t)dwi(t)
k=1
Ele(tO)F <ac™™ swp El(@) ©®) FlAalt =)+ Dt (10)
_Rr<8<0

In the following theorem, we establish the analysis results, i.e., for

Definition 2: We say that the system (1)—(2) is exponentially stz given controller, we derive the sufficient conditions under which the
bilizable in the mean square (respectively, asymptotically stabilizalstosed-loop system (10) is exponentially stable in the mean square.
in the mean square) if, for evety € L}O([—h, 0]; R™), there exists ~ Theorem 1: Let the controller gairi+(r(¢)) be given. If there exists
a linear state feedback control lawt) = G(r(t))z(t) (the feedback a positive scalar > 0 such that the followingV matrix inequalities:
gainG/(r(t)) is constant for each fixed mode) such that the closed-loop N
system is exponentially stable in the mean square (respectively, asymp- , O T N W 4T
totically stable in the mean square). TlciPz‘ + PAs + 1; Jii Pidri + Zl vi; P+ P (AdiAdi

In this note, we assume that all jump statéy =i € S (¢t > 0) and B o f_ B
the system states(t) (¢ > 0) are accessible, i.e., they are measurable +D;D; + p*M; M ) P+ p *N/N+H H+I<0 (11)
for feedback.

The purpose of this note is to design a delay-independent memagve positive—definite solution?; > 0 (i € S), then the system (10)

less state feedback controller of the form is exponentially stable in the mean square.
Proof: First, we letC*!(R" x Ry x S;R;) denote the family
Glr(t): u(t) = G(r(t))x(t) (7) of all nonnegative function¥(x.¢,7) on R" x Ry X S which are

continuously twice differentiable im and once differentiable in

based on the state(t) and the system modet), such that the fol- _ FIX & € L%, ([=h.0]: R") arbitrarily and Write";(f? 5) = x(t).
lowing closed-loop system of (1)~(2) with(r ()): Define a Lyapunov function candidat&z, t,7) € C* (R" x Ry X
S;Ry) by

da(t) =[A(r(1)) + BO(1)G(r(5) + DAt r(5)Jat)dt T
m Y(z(t),t,i) = a (t)Pix(t) + / x (s)z(s)ds. (12)
+ > Te(r(t)a(t)dwe(t) i—h

i [Ed(r(t))m(t — B+ Do) f(r(t), ()] (8) It can be derived by Itd’s formula (see, e.g., [19]) that

is exponentially stable in the mean square. EY (2(s),s,i) := EY (2(0),0,7(0)) + E/D LY (x(t),t,i)dt (13)
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where

LY (x(t), t,0) =27 (t) | (Aei + AA(t )T P,

+ Pi( A + AA(L 1))
m N

+ > TGP+ i P+ | ()
k=1

j=1
+ 2T (t — )AL Pa(t)
+ 2" ()P Agiz(t — h) + 2" (£)P.D, fi(x(t))
+ 1 (x(t)) D} Pix(t) — 2 (t — h)a(t — h).
(14)

Note thatAA(t,i) = M,F(t,i)N; and F* (t,i)F(t,i) < I. It
follows from Lemma 2 that, for any scalar> 0:

Pi(AA(t.1)) 4+ (AA(t, i) P, =(P,M;)F(t,i)N;
+ NIFT (¢ iy (PM;)"
<y P M; M P;
+pu *NIN;. (15)

Moreover, it results from (5) and the following inequality:

(# ey = =" 0PD) (£ (20 = " (0PD) 20

that
2" () P.Difi(x(t)) + £ (x(t)) D] Pia(t)
< S @) fi(e(t) + 2" (1) PiD; DI Pia(t)
<2"(t) (Hin 4 P,-DiDiTPl) 2(b). (16)
Denote

©; :=ALP + P A + WP M;MF P,

Tt A\T
+ ;FZN,/;IYM + ZJI‘IJ—)?JI“ + Z'Yijpj
k=1 j=1
+H'H,+PD,DI'P, +1 7
CF P, Ay
5= {ALR: =1 } ' 19

Then, substituting (15) and (16) into (14) results in

LY (a(t), 1,7) <aT (H)Ou(t) + 27 (t — 1) AL P (t)
+al (OPAga(t = h) — 2 (¢ = B)a(t = 1)
= [45'1‘“) et (t— )1 S |:;z¢(f(—t)h):|
=2l (t)Six.(t) (19)

wherez. () := [27 () 27 (+ — b)]".

643

From the Schur Complement Lemma (Lemma 1), we know that
S; < 0ifand only if

0,4+ PALALP <0 (20)

which is the same as the inequality (11). Therefore, we arrive at the
conclusion that’Y («(¢), ¢,4) < 0.

Note that|x(?)| < |xc(t)], S; < 0, andP; > 0. It follows from
Assumption 3 that

LY (2(t), t,i) el () S (t)
Y(x(t),ti) ~aT(t)Pa(t)+ [, 27 (s)z(s)ds

. )\min(_si) .
e {—)\mx (P + ho? } = -k

and, thereforex > 0 and LY (x(t),,4) < —rY (x(t),t,¢). Then,
similar to the proof of Theorem 1 in [9], by employing the Dynkin’s
formula and the Gronwall-Bellman lemma, we can easily show that,
the uncertain time-delay bilinear jump system (10) is asymptotically
stable in the mean square provided that the inequality (11) is met.

Based on the inequality (19), the exponential stability (in the mean
square) of the system (10) can be proved as follows by using the tech-
nigues developed in [20] and [21].

Define

Ap =max Amax(P;)  As = Iilélél(_/\max(si))

>\77 = 11’111} Anﬁn (PI)
1ES

whereP; > 0 is the solution to (11) and; is defined in (18). Let be
the unique root to

6 ()\p + he'sh) = s + min (1, )\geéh) .

To prove the mean square exponential stability, we modify the Lya-
punov function candidate (12) as

t

Y (x(t),t,i) = e <IT(t)P,r(f) + /

t—h

|$(s)|2d3) . (21)
Along the similar line for the proof [21, Th. 3.1], we can show that

S NELOF < (A + R+ ™) ) El¢)?

flimk sup % log(El|z(t, 6)]*) < —6.

This indicates that the trivial solution of the system (10) is exponen-
tially stable in the mean square. This completes the proof of this the-
orem. ]
Remark 3: Theorem 1 provides the analysis results for the exponen-
tial stability of the system (10). It can be seen from (11) that we need
to check whether there exist a positive scalaand N positive—defi-
nite matrices?; > 0 (i = 1,2,..., N) meeting theV coupled matrix
inequalities. This may be done by converting fiecoupled nonlinear
(on P; andy) inequalities into the associated LMIs [7], and then we
are able to determine exponential stability of the system (10) readily
by checking the solvability of the LMIs [15].
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The following theorem offers a LMI representation of Theorem 1.the memoryless state feedback controller of the form (7) with the gain
Theorem 2: Let the controller gaiid7(r(¢)) be given. If there exista matrix
positive scalar > 0 andNV positive—definite matrice®; > 0 (i € S)

satisfying the following LMIs: G:=—pB] P, (27
A; PAy PD; =NT P/M; for all admissible parameter uncertainty.
ALP, —TI 0 0 0 Proof: The proof follows from Theorem 1 immediately by sub-
D!I'P, 0 -I 0 0 <0 (22) stituting (27) into (11). ]
=N; 0 0 —c] 0 Remark 5: It is shown in Theorem 3 that the robust stochastic ex-
MIP, 0 0 0 ] ponentially stabilization of system (1)—(2) with (7) is guaranteed if the
inequalities (26) are valid. Note that when the system (1)—(2) is linear
whereA; is defined by (ie.,Jx = 0fork =1,...,m), the time-delay term disappears, and

the parameter uncertaintxA(r(¢)) equals zero, Theorem 3 will re-

r L duce to the results in [16] and [22]. Furthermore, if the modésare
Aji= ALP 4 P + Y Jii Pidi all equal to 1, Theorem 3 will recover the results of those, for example,
k=1 [25]. Also, if the matricesiq(r(¢)) andB(r(t)) in system (1)—(2) con-

tain parameter uncertainties, sayl,(r(#)) andA B(r(t)), similar re-
sults to Theorem 3 can be obtained.

Remark 6: It is worth mentioning that, bilinear systems in real
world are often bilinear of the states and controlled inputs of the
systems. The research on such kind of bilinear systems should be
interesting, which gives us one of future important research topics.

N
+> i P+ H H +1 (23)

7=1

then the system (10) is exponentially stable in the mean square.
Proof: To begin with, we rewrite (11) as

Ai+[PAu PD; p 'NP pPiM;]
AT P IV. NUMERICAL SIMULATION
detn
D!'P; <0. (24) In this section, for the purpose of illustrating the usefulness and
p N, ) flexibility of the theory developed in this note, we present a simula-
wMIP; tion example. Attention is focused on the design of a robust stabilizing
controller for an uncertain time-delay jump bilinear system that is as-
If follows from the Schur Complement Lemma (Lemma 1) that theumed to have two modes. The Markov process that governs the mode
previous inequality holds if and only if switching has generatdf = (v;;) (i,j = 1,2).
The system data of (1)—(2) are as follows:
A; P Aq; P.D; p='NT uPM;

Anp -1 0 0 0 P 2 S N P e F
D!'P, 0 —I 0 0 | <0. (25 o { 0.1 1.1} B [—0.1 0.9 }
wIN; 0 0 -I 0 0.9 0
pM]P, 0 0 0 ~1 Bi=l B = { 0 1,1}
Note that (25) is not linear ip. Let -2 p d postmul Aan =015 Aoz = ~0.1%
ote tha is not linear ip. Let= := p~°. Pre- and postmul- _ _ -
tiplying the inequality (25) byliag{I,I,I, n "I, "I} yield (22). T _0'?)15’ iz = 0-2[26
The proof follows from Theorem 1 immediately. ] D, = { ) } , Ds= { }
Remark 4: It is observed that the inequality (22) is linearsirand 0 —0.2
P, > 0( = 1,2,...,N), and thus the standard LMI techniques #, =0.1I; H»=0.1l
can be exploited to check the exponential stability of the closed-loop M, =03 M> = —0.31,
system (10) when the controller is given. The analysis result given in Ny =0.4I, N, = —0.41L,
Theorem 3 is also useful to determine the exponential stability of the -3 3 , )
free system (1)—(2) (i.eu(t) = 0). I = { 9 _2} fila(t)) = 0.1sinaq ()

Finally, the following result solves the addressed stochastic stabiliza-
tion problem of bilinear continuous time-delay jump uncertain systems
in terms of quadratic matrix inequalities.

Theorem 3: Consider the system (1)—(2) satisfying the Assumption
1 and Assumption 2. Let > 0 be a positive scalar. If there exist a We choosg: = 0.5 andp = 1. Solving (26) gives
scalars > 0 and N positive—definite matrice®;, > 0 (i € S) such _
that the following quadratic matrix inequalities: P = {1-4208 0-0448} ) — { 1.5751 —0-0425}

0.0448 2.8533 —0.0425  2.4390

fola(t)) =0.1sinxz(t) F(t,1) = F(t,2) =sintl,
h=0.1 o(t)=0.1.

m N
AP+ PA; + Z JL P + Z%,’P,» and then a set of gain matrices can be obtained as
k=1 1=1
+P (—2pB,-BiT + AdiAg,- + DiDL'T +H2JV-[L'-A'LT) P, G = —1.4208 —0.0448 Gy = —1.4176  0.0382 ‘
, , —0.0448 —2.8533 | 0.0467 —2.6829
+ N N+ H H;+I<0 (26)

The responses of closed-loop system dynamics to initial conditions
hold, then the uncertain time-delay jump system (1)—(2) with nonlineare shown in Figs. 1 and 2. The simulation results imply that the desired
disturbances can be exponentially stabilized (in the mean square)doal is well achieved.
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Fig. 1.

Fig. 2.

Amplitude

x (solid), x5 (dashed). Mode 1: responses of system dynamics to initial conditions.

Amplitude

x1 (solid), x> (dashed). Mode 2: responses of system dynamics to initial conditions.
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This note has introduced an algebraic matrix inequality approach to
the robust stabilization for a class of bilinear continuous time-delay19]
uncertain systems with Markovian jumping parameters. We have fo-
cused on the design of a robust state-feedback controller such thz?f,o]
for all admissible uncertainties as well as nonlinear disturbances, the1)
closed-loop system is stochastically exponentially stable in the mean
square, independent of the time delay. Sufficient conditions have been
derived to ensure the existence of desired robust controllers, whid?!
are given in terms of the solutions to a set of either LMIs, or coupled[23]
quadratic matrix inequalities. A numerical example has demonstrated

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 47, NO. 4, APRIL 2002

V. CONCLUSION

the applicability of the proposed approach.

(24]
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