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The mean square BIBO stabilization is investigated for the stochastic control systems with time delays and nonlinear perturbations.
A class of suitable Lyapunov functional is constructed, combined with the descriptor model transformation and the decomposition
technique of coefficient matrix; thus some novel delay-dependent mean square BIBO stabilization conditions are derived. These
conditions are expressed in the forms of linear matrix inequalities (LMIs), whose feasibility can be easily checked by using Matlab
LMI Toolbox. Finally, three numerical examples are given to demonstrate that the derived conditions are effective and much less

conservative than those given in the literature.

1. Introduction

Because of the finite switching speed, memory effects, and
so on, time delay is unavoidable in technology and nature,
which commonly exists in various mechanical, chemical
engineering, physical, biological, and economic systems. It
can make the concerned control systems become of poor
performance and unstable, which leads to the difficulty of
hardware implementation of the control system. Thus, the
stability of time-delay systems has been widely investigated.
See [1-7] and some references therein. For systems with small
delay, a model transformation technique is often used to
transform the system with discrete delay into a system with
distributed delay; the advantage of this transformation is to
transform the original system to an equivalent descriptor
from representation and additional dynamics in the systems
will not be introduced. The delay-dependent stabilization
criteria obtained by the coefficient matrix decomposition
method are usually less conservative than some existing ones.
Please refer to [3]. In recent years, bounded-input bounded-
output (BIBO) stabilization has been investigated by many
researchers in order to track out the reference input signal
in real world; see [5-22] and some references therein. In
[15, 16], the sufficient condition for BIBO stabilization of

control systems with no delays is proposed by the Bihari-
type inequality. In [6, 7], the BIBO stabilization of the systems
without distributed time delays was investigated by employ-
ing the parameters technique and the Gronwall inequality. In
[17-19], some BIBO stabilization criteria for a class of delayed
control systems with nonlinear perturbations were estab-
lished, based on Riccati equations, by constructing appropri-
ate Lyapunov functions. In [20], the BIBO stabilization prob-
lem of a class of piecewise switched linear systems was further
investigated.

However, up to now, these previous results have been
assumed to be in deterministic systems, including continuous
time deterministic systems and discrete time deterministic
systems, but seldom in stochastic systems (see [21, 22]; in
[21] Fu and Liao got several mean square BIBO stabilization
criteria in terms of Razumikhin technique and comparison
principle. In [22], Zhou and Zhong discussed the mean
square BIBO stabilization of the stochastic delay system
with nonlinear perturbations by auxiliary algebraic Riccati
matrix equations). In practice, stochastic control systems are
more applicable to problems that are environmentally noisy
in nature or related to biological realities. Thus, the BIBO
stabilization analysis problems for stochastic control case are
necessary.
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Motivated by the previous discussions, this paper mainly
aims to study the BIBO stabilization in mean square for the
stochastic control systems with time delays and nonlinear
perturbations. Based on the descriptor model transforma-
tion and the decomposition technique of coeflicient matrix,
some sufficient conditions guaranteeing BIBO stabilization in
mean square are obtained. Finally, three numerical examples
provided to demonstrate the derived conditions are valid and
much less conservative than those given in the literature.

Notations. The notations are quite standard. Throughout this
letter, R" and R™™ denote, respectively, the n-dimensioned
Euclidean space and the set of all #n x m real matrices. The
superscript “I"” denotes the transpose and the notation X > Y
(resp., X > Y) means that X and Y are symmetric matrices
and that X — Y is positive semidefinitive (respective positive
definite). || - || is the Euclidean norm in R". I is the identity
matrix with compatible dimension. A is a matrix, denoted
by [|A]l as its operator norm; that is, Al = sup{[|Ax]| :

lxll = 1} = A, (ATA), where A, (A) (resp., A, (A))
means the largest (resp., smallest) eigenvalue of A. Moreover,
let (Q, F,{F,};50,P) be 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).
E{-} stands for the mathematical expectation operator with
respect to the given probability measure P. The asterisk
% in a matrix is used to denote term that is induced by
symmetry. Matrices, if not explicitly specified, are assumed
to have compatible dimensions. Sometimes, the arguments of
function will be omitted in the analysis when no confusion
can arise.

2. Problem Formulation and Preliminaries

Consider the stochastic control system described by the
following equation:

dx(t)= [Ax(t)+Bx(t - 1,)
+f(t,x(t),x(t—1))+Cu(t)]dt

+[Gx(t)+ Hx(t - 1,)]dw (), t=t,2>0,

y(t)=Dx(t),

x(0) =9 0) € Co ([to - Tt R"), 0 €[ty —1,8],
1

where x(t), u(t), and y(t) are the state vector, control input,
and control output of the system, respectively. 7, > 0,7, > 0
are discrete time delays, and T = max{r,,7,}. A,B,C,D,G,
and H are constant matrices with appropriate dimensional,
w(t) = (wy (), wy(f),... ,wn(t))T is an n-dimensional stan-
dard Brownian motion defined on a complete probability
space (Q, F, {F,};»o, P) with a natural filtration {F,},.,, and
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ft, x(t), x(t — 7)) € C(R" x R" x R",R") is the nonlinear
vector-valued perturbation bounded in magnitude as

If (tx @), x (t =) < allx @1 + af|x (¢ - 7)]% @)

where «, «, are known positive constants.

To obtain the control law described by (1) and to track out
the reference input of the system, we let the controller be in
the form of

u(t)=Kx(t)+r(t), 3)

where K is the feedback gain matrix and (t) is the reference
inputs.

Atthe end of this section, let us introduce some important
definitions and lemmas which will be used in the sequel.

Definition 1 (see [21]). A vector function r(t) = (r(t),
rz(t),...,rn(t))T is said to be an element of L” , if [r[,, =
SUPtet, +00) [lr(O)]l < +o0, where || - | denotes the Euclid norm
in R”, or the norm of a matrix.

Definition 2 (see [21]). The nonlinear stochastic control
system (1) is mean square BIBO stabilization, if one can
construct controller (3) such that the output y(t) satisfies

E(ly®I°) < Ny + N JIrl, ()
where N, N, are positive constants.

Definition 3 (see [21], & operator). Let Lyapunov functionals
V: C([-1,0; R") x R, — R; its infinitesimal operator Z,
acting on functional V, is defined by

SV () = lim sup i [E(V (%0t +A) =V (x,0))].
(5)

Lemma 4 (see [23]). For any constant symmetric matrix M €
R™ M = M" > 0, scalar r > 0, and vector function g :

[0,7] — R", such that the integrations in the following are
well defined, and then

r r T r
rj gT (s) Mg (s)ds > [J g(s)ds] M “ g(s)ds] . (6)
0 0 0
Lemma 5 (see [24]). Let x,y € R" and any n x n positive-
definite matrix Q > 0. Then, one has

2"y < x"Q7'x + y'Qy. ™)

3. BIBO Stabilization for Nonlinear
Stochastic Systems

To derive delay-dependent mean square stabilization condi-
tions, which include the information of the time delay 7;, one
usually uses the fact

t

x(t—Tl):x(t)—J X (s)ds (8)

t-1,
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to transform the original system to a system with distributed
delays. Let us decompose the coefficient matrix B as B =
B, + B,, where By, B, are constant matrices. Then the original
system (1) can be represented in the form of the descriptor
system with discrete and distributed delays:

t

d [x (t) + B, L x(s) ds]

=[(A+B,+CK)x(t) + B;x(t - 1)

+Crt)+ f(t,x(t),x(t—1))]dt

+[Gx(t)+ Hx(t—1,)]dw(t), t>1t,>0,
y () =Dx(t),
x(0) =90 eCh ([ty-T.to];R"), 0 [ty—Tt,].
)
Letting D(x,) be a new operator, we have
t
D(x;) =x(t)+ B, J x (s)ds. (10)
t—1;

To guarantee that the difference operator D(x,) : C[-7,0] —
R" given by (10) is stable, we assume the following [25]:

Al let 7, ||B, |l < 1, where || - || is any matrix norm.

For the mean square BIBO stabilization of the system
described by (9) and (3), we have the following results.

Theorem 6. For any given positive constants f; > 0,i =
1,2,3,4,5, the nonlinear stochastic control system (1) with the
controller (3) is mean square BIBO stabilization, if there exist
symmetric positive-definite matrices P, R|, R,, Rs, and X, such
that

ﬁs"mm (P) - ﬁl/\max (Rl) - ﬁz/\max (RZ)

, ’ (11)
= By () + ) = T; A g (/33R3 + BsB, PBz) >0,
and the linear matrix inequality
(1,1) PB, G'PH (1,4) p
) £ (22) 0 0 0
E=| « « (33) -H'PGB, 0 |<0, (12)
* * * (4,4) 0
* * * * -B,I
with
(1,1) = PA+ A"P + PB, + B P
+G'PG-X-X"+psP+P,
(1,4) = ~PAB, — PB? — G'PGB, + XB, — sPB,,
(13)

(2) 2) = _ﬁlRp
(3,3) = H'PH - B,R,,

(4,4) = BG' PGB, — B4R,

Proof. We define a Lyapunov functional V (¢, x,) as

V(tx)=Vi(tx)+ V(O + V3O +V, (),  (14)

where
Vi (tx,) = D' (x;) PD (x,),
t
V, () = L_ KT (5) (LR, + Bycty) x (5) ds,
Coor
Vi (1) = 3, L_ x" () Ryx (s)ds,
t
V,t) =1 Jt_ (s—t+1) xT(s)(,B3R3+/353§PBZ) x (s)ds.

(15)

Taking the operator & of V;(t,x,) along the trajectory of
system (1), we have

2V, (t,x;) = D" (x,)P[(A+ B, + CK) x (t) + B,x (t - 7;)
+f(tx@®),x(t-1))+Cr(t)]
+[(A+B, +CK) x(t) + Bjx(t — 1) + Cr (t)
+ f(6x (), x(t -1,))] PD(x,)

+ %trace [(Gx (t)+ Hx (t - Tz))T

x 2P (Gx (t) + Hx (t - 1,)) ]
< E(f)TE (t) + ﬁle (t-7)Ryx(t-1)
+D" (x,) PCr(t) + /3sz (t=1) Ryx (t - 1,)

- ﬁSDT (x;) PD (x;)

(] x0 ds)TR3 ([ xwas)

+rT () CTPD (x,) + Bof " (tx (1), x(t— 1))

x f(t,x(t),x(t-1)),

(16)
where
{0 = |0 ()" - 1). " (1 ).
(17)
: T
<J x(s)ds> ST (ex @), x(t-1,)) |,
t-1,
(L1) pB, G'PH (1.3) P
= * ARy 0 0 0
E=| =« *  H'PH-B,R, -H" PGB, 0o |=0,
% * * BIG'PGB, - BsR; 0
* * * * —ﬁ4I

(18)



with

(T.T) = PA+ A"P + PB, + B,P + G' PG - X - X" + P,
(1.7) = —PAB, - PB; - G' PGB, + XB,.
19)

By Lemmas 4 and 5, (2), and Definition 1 we conclude that

ZV (t, x;)
<EWBE@) +x (t-1) (BR, + By x (t —7;)
+ .Bsz (t-7)Ryx(t - 1,)

+ Byayllx (I = Bsx” (£) Px (1)

t
v, |
t—1

+D" (x,) PD (x,)

X (s) ([33R3 + ﬁSBZPBz) x(s)ds
(20)

- B;D" (x,) PB, r x" (s)ds

s f_T x" (s)dsB} PD (x,)

+|c"pc| Iri,.

Taking the operator & of Vi(t),i = 2, 3, 4, along the trajectory
of system (1), we get

PV, (t) = x" () (BR, + Bsay) x (¢)
-x" (t - Tl) (ﬁlRl + ﬁ40‘2) X (t - Tl) >

PV, () = Bx" (1) Ryx (t) = Box” (t —1,) Ryx (t—1,),
(21)

LV, (t) = 1ix" (t) (B3R + PsBy PB, ) x (t)

-1 J;_T xT (s) (/33R3 + [))SBZPBZ) x (s)ds.
| (22)

Combining (20) with (22), we have

LV (t.x,) < EOTEE (1) - Bsx” (1) Px (t)
+x7 (t) (B,R, + B,R,) x (£)
+x7 (1) (Baoty + Buay) x (1) + | CTPC| 7,

+1x" (t) (BsRs + PsB, PB,) x (t)
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< &1'EE(t)
= (Bshmin (P) = BiA e (R,)
= Bormax (Ry) = By (o + o)
~7; hnax (BsRs + BB, PBy) ) Ix()]”

+|c" | Iri,.
(23)

Leta = BsApin(P) = BiAmax(R1) = Bod max (Ry) — Byl +ay) —
T A nax(B3Rs + BsBL PB,). If (11) and LMI (12) hold, we have

LV (t,x,) < —alx® + |[CPC|IrIZ,.  (24)

Under an assumption that V (¢, x,) < V(t,, xto) forallt > ¢,
then

t 2

Amin (P)E x(s)ds

x(t) + B, J

t—1,

(25)
<V (t,x,) <V (tyx, ) < pE|9©@)],

where p = A (P) + 7,(IBLP|| + |PB,I) + T2IBIPB,I" +
7181 dmax (R + 1 B0 + T2 B e (Ry) + (17 /2) A (B3R +
BsBj PB,).

Thus, according to Theorem 1.3 in page 331 of [26], it can
easily be gotten that

Loyl g

E|lx(t) Zs( )
FOF <\ T2 B0 ) T @)

If not, there exist t > t;, such that V(¢, x(t)) > V (s, x(s)) for
all s € [t,,t), and we get

D'EV (t,x (t)) = 0. (27)
In view of Ito’s formula, we obtain
DEV (t,x (1)) = ELV (t, x (t)). (28)
By (24), (27), and (28), we get

0<DEV (t,x (1) = EZV (£, x (1))

2 T 2 (29)
< —aE|x®)|* + |C"PC| 72,
So,
c'pcC
Ellx(0)]* < uurn; (30)
By (26) and (30), we get
1+7||By )2pEI|s0(6)||2 [c"pc|
Ellx(0)|? < L2 + I
lx@Il (1—71 18] ) A (P) 7l
(31
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Thus
Ely@)| < IDIPE|x()]?

2

< ( 1+ 7, B )2 IDIPE[p(0)]
“\1-4[B))  Aam(P)

D|*|c"pC
CEHE ”a “urn;

2
= N; + NylIrlls»

where

_ ( 147, |8y ) IDI pE o @)
! 1-1,|B,| Ao (P)
(33)
IDI* |cPC|
N,= ——F,

2
a

By Definition 2, the nonlinear stochastic control system (1)
is mean square BIBO stabilization. This completes the proof.
O

Theorem 7. Forany given positive integeré} >0,1i=1,2,3,4,
the nonlinear stochastic control system (1) with controller (3)
is mean square BIBO stabilization, if there exist symmetric
positive-definite matrices P, Q and some positive constants 1,
Os, and &4 such that

B,P = PB,, (34)

6, -6,-0;>0,
2 T
(61 - 82 - 63) Amin (P) - T Amax (64P + 5132 PBZ)
~ Minax (G'PG) = Ay (Q7") = Ay (H'PGQG' PH))

~ Anax (H'PH) = 850% > 0,

(35)
and the linear matrix inequality

(1,,1,) BS o0 (1,4,) C 1

x =85S 0 0 0 0

B * x =058 0 0 0
Q= & s * -0, 0 0 <0

% * * * -0I 0

* * * * x =06l

(36)

holds, where
S=P",
(1,,1,) = AS+SAT + B,S + SB] —24CC" +46,S,  (37)

(1,,4,) = —~AB,S — B,B,S + #CC" B, — §,B,S.

5
Proof. We define a Lyapunov functional V (¢, x,) as
V(t,x,) =V (tx,) +V,(0) + V5 (t) + V, (1), (38)
where
Vi (tx,) = D" (x;) PD(x,),
t
V,(t) =6, J x" (s) Ry x (s) ds,
t-,
t
V, ()= J x" (s)(6,P + H'PGQG"PH + H'PH) x (s) ds,
t—1,
t
V,t) =1, J (s—t+1)x" (s) (84P + 6lBZTPB2) x (s)ds.
t-T,

(39)

Taking the operator & of V;(t,x,) along the trajectory of
system (1), by (2), (34), and Definition 1, we have

LV, (t,x,)= D" (x;) P[(A + B, + CK) x (t)
tByx(t—1,) + f (tx(8) + Cr (8)]
+[(A+ By +CK)x(8)
+Byx(t - 1,) + Cr(t) + f(t. x(£))]"PD (x,)

+ %trace [(Gx () + Hx (t - Tz))T

x 2P (Gx () + Hx (t - 1,))]
< EB'OE®) - 8,D" (x;) PD (x,)
+8,x" (t—1,)Px(t—1,)
+8,x" (t—1,) Px(t—1,)

+x(t-7,)H PHx (t - 1,)

o[ o) e([ o)

+x(t - 1,) H PGx (t)
+x" () G'PGx (t) + x" (t) G' PHx (t — 1)

2 2 2
+ 8507l + Belrllc,

t

+8,D" (x,) PB, J x(s)ds

-1,

; T
+ 61(J x(s) ds) BIPD (x,),

(40)



where

5" - [DT ()2 (¢ - 7)o" (t - 1),

T
<J.t x(s)ds> ,fT(x,X(t))J’T(t) )
t

-1

(11") 8P 0 (1'4°) PC P (41)
£ 8P 0 0 0 0
0= * x  —0;P 0 0 0
* * * -,P 0 0 ’
* * * * -0 0
* * * * w =01
with

(1,1") = P(A+B,) + (A + B,) P+ PB, — 2yPC"CP,

(1%,4") = ~PAB, — PB; + nPCC" B,P - §, PB,.
(42)

Pre- and postmultiplying (36) by diag[P, P, P, P, I, I], we can
obtain

Q<o. (43)
Then, by Lemmas 4 and 5, (40), and (43), we conclude that
PV, (t,x,) < —8,x" (t) Px(t) + 8,x" (t—1,) Px (t — 1))
+ 8llrl2, + 85x" (t —7,) Px (t — 7,)

+x' () G'PGx (t)
t

+ 1, J xT (s) (84P + 61B2TPBZ) x(s)ds
t-,

+x" (t-1,) H PGQG" PHx (t - 1,)
+x" ()Q " x (1)

+x" (t - 1,) H PHx (t — 7,) + 850> x(t)])*.
(44)

Taking the operator £ of Vi(t), i =
trajectory of system (1), we get

2,3,4, along the

LV, (t) = 8,x" (t) Px (t) = 8,x" (t—1,) Px(t—1,),
LV (t) = x" (t) (8P + H'PGQG'PH + H' PH) x (1)
-x"(t-1,)(8;P+ H PGQG'PH + H' PH)

xx(t-1,),
(45)
PV, (t) = Tix" (1) (8,P +8,B, PB,) x (t)

¢ (46)
-1 L_ x" (s) (84P + SIBZPBZ) x (s)ds.
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Combining (44) with (46), we have
PV (t,x(t) <— (8, -8, —8)x" (t) Px(t)
+ B IO + Belirl,
+1.x" (t) (8,P +8,B, PB,) x (t)
+x () Q' x (1)
+xT () H'PHx () + x' (t) G' PGx (t)
+x! (t) H' PGQG! PHx (t)

P)

min (

<—[(8,-8,-85)A
— T{ A pax (64P + 8, B, PB,)
— Bso® = Ay (H'PH) = A, (G"PG)
~ Minax (Q7") = Apax (H"PGQG" PH)) |

X Ix @)1 + BelrlZ,.
(47)

Letb = (8, = & — 83)Apin(P) = T2 A0 (8,P + 8, BLPB,)—
Bsa> — Apu(H'PH) — A..(G'PG) - A,.(Q") -
Ao (H  PGQG” PH); we have

PV (t,x (1) < -blx®I + Bslrll. (48)

The rest of the proof is essentially the same as Theorem 6 and
hence is omitted. This completes the proof. O

If the stochastic term disappears, the control system (9)
reduces to

t

d [x (t)+ B, Jt x (s) ds]

-7

=[(A+B,+CK)x(t)+Bx(t —7,) + Cr (t)
+f(tx(t),x(t-1))]dt
y(t) =Dx(t),

t>t,>0,

b
x(0)=¢ (0 €Cy ([ty-t]5R"), 0e[ty-1.1).
(49)
We have the following stabilization results.
Corollary 8. For any given positive constants 3; > 0,i =
1,2,3,4,5, the nonlinear stochastic control system (1) with the

controller (3) is BIBO stabilization, if there exist symmetric
positive-definite matrices P, R, R,, Rs, and X, such that

ﬁ5Amin (P) - ﬁl/\max (Rl) - ﬁz/\max (RZ)

2 T (50)
= Ba (0 + @) = T A g (ﬁ3R3 + BsB, PBz) >0,
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and the linear matrix inequality

(1,1) PB, 0 (1,4 P
*  (2,2) 0 0 0
E= # * (3,3 0 0 <0, (51)
* * * (4,4) 0
* * * =Pl

with
(1,1)=PA+A™P+PB, +B'P-X- X" +B.P+P,
2 2 5

(1,4) = —PAB, - PB; + XB, — 3sPB,,

(2,2) = -BiR,, (52)
(3> 3) = _ﬁZRZ’
(4,4) = —B4R,.

Corollary 9. For any given positive integer §; > 0,i = 1,2, 3,
the nonlinear stochastic control system (49) with the controller
(3) is BIBO stabilization, if there exist symmetric positive-
definite matrix P > 0 and some positive constants > 0,
84 > 0, and &5 > 0 such that

B,P = PB,,
(53)
6, -6, >0,
(81 = 85) Ayin (P) = Tt Ay (85P + 8, B, PB,) — 850> > 0
(54)
and the linear matrix inequality
(1*’1*) Bls (1*’3*) C I
S 0 0
Q- « x =85S 0 0 |<0 (59
* * * -6, 0
* * * x =051
holds, where
s=pP",

(1,,1,) = AS+SA” + B,S + SB] —24CC" +6,S,  (56)

(1,,3,) = —AB,S - B3S + nCC" B, - 8, B,S.

4. Examples

In this section, Example 1 will be presented to show that the
mean BIBO stabilization conditions in Theorem 6 are valid,
Example 2 will be presented to show that the BIBO stabiliza-
tion conditions in Corollary 8 are valid, and Example 3 will
be presented to show that the derived conditions are much
less conservative than those given in the literature [20].

Example 1. As a simple application of Theorem 6, consider
the stochastic control system (1) with control law (3); the

parameters are given by
-2 1 -2 0
a-(7 L) 2-(05)
o (4 1) oo (0.05 0 ) 57)
“\20) “\ 0 005)°

. 0.01 0
“\L 0 001

£, = [0.1sin(t),0.1 cos(t)]”, f, = [0.2sin(t), V0.2 cos(t)]”,
B, = 0.01, 8, = 0.01, B; = 0.01, B, = 1, 5 = 4.8, a; = 0.01,
and «, = 0.02. Let us decompose matrix B = B; + B,, where

B - -0.5 0.1 B _ -1.5 -0.1 (58)
17\ 02 -05)’ - ’

-0.2 -0.5
By using the Matlab LMI Toolbox, we solve LMI (12) and
obtain the feasible solutions as follows:

(431.2920 131.9598) (55009 —492.4)
“\131.9598 408.9760 )’ 17\ -492.4 5151.3)°

R - 31839 0.7 R - 3423.6 -251
27\ 07 31837)° 37\ -251 3991.8)°
- <695.8768 469.2695>

~\469.2695 801.3229)/°

BsAmin (P) = BrAmax (Rl) = BoAmax (Rz) - Bs (0‘1 + 0‘2)

— T{ Amax (B3Rs + BB, PB,) = 2.0586 > 0.
(59)

From the above formula, we can see that condition (11) is met.
The stabilizing feedback gain matrix is given by

151y _ (—0.3477 —0.8922
K=-C'P X= (—0.0097 3.0268 ) (60)
Meanwhile, we obtain the maximum value 7,,, = 5.315.

This example shows that the mean square BIBO stabilization
conditions in Theorem 6 are valid.

Example 2. Let us consider the delayed control system (49)
with parameters given by

-4 1 -2 0
() (0 5)
21
e=(70)

B, = 0.01, B, = 0.01, 85 = 0.01, B, = 1, Bs = 4.8, &, = 0.01,

and o, = 0.02.
Let us decompose matrix B = B, + B,, where

B - -0.5 0.1 B - -1.5 -0.1 62)
17\ 02 -05)’ 27 \-02 -05)°

(61)



Now we use Corollary 8 in this paper to study the problem.
By using the Matlab LMI Toolbox, we obtain the feasible
solutions as follows:

p= 1.8869 1.7503 R = 21.0832 1.9140
~\1.7503 3.1049 )’ 17\ 1.9140 24.2362)°

R2=<18.6240 0 ),

R.= 21.7687 —5.7602
0 18.6240 - ’

-5.7602 25.2583

X = 0.5918 1.0013
~\1.0013 4.1015/°

BsAmin (P) = BiAmax (R1) = BoAimax (Ry) = By (o) + )

A max (BsRs + BsB; PB,) = 0.0043 > 0.

- Tl max

(63)

From the above formula, we can see that condition (50) is met.
The stabilizing feedback gain matrix is given by

—0.3054 —2.1417)

0.5804 5.7392 (64)

K=-C'Plx= (

Meanwhile, we obtain the maximum value 7., = 0.48.

max

Example 3. For the convenience of comparison, let us con-
sider a delayed control system (49) with parameters given by

-4 1 -2 0 21
() (T 5) i)

(65)
8, =038,8, =0.4,and & = 0.5.
Now we use Corollary 9 in this paper to study the
problem; let us decompose matrix B = B, + B,, where

-1.95 0 ~0.05 0
Bl‘( 0 —1.03)’ BZ‘( 0 o.o3>‘ (66)

By using the Matlab LMI Toolbox, solving LMI (55), we can
get

P (14.8464 O.8740>) 67)

0.8740 6.1426

and §, = 1.0428,0; = 1.0428, and # = 0.0683. In order to
verify condition (54), we give the parameters as follows:

(61 - 62) Amin (P) - TfAmax (63P + 6IB§PBZ)
(68)
~ 85a” = 0.0145 > 0.

From the above formula, we can see that condition (54) is met.
The stabilizing feedback gain matrix is given by

K= <—2.0867 —0.5387>.

-1.0135 -0.0597 (69)

Meanwhile, solving LMI (55), the maximum value of 7, for
BIBO stabilization of system (49) is 7,,,, = 1.06. In [20], its
Tax 18 0.2960. The maximum value of 7, in this example
in our paper is 358.11% larger than this in [20]. This example
shows that the BIBO stabilization conditions in this paper are
less conservative than these in [20]. The essential reasons why
the stability conditions we have given are less conservative are

that we decompose the coefficient matrix in a proper way.

Journal of Applied Mathematics

5. Conclusions

The problem of the mean square BIBO stabilization for
the stochastic control systems with delays and nonlinear
perturbations is investigated. A class of suitable Lyapunov
functional combined with the descriptor model transforma-
tion and the decomposition technique of coefficient matrix
is constructed to derive some novel delay-dependent BIBO
stabilization criteria. Numerical examples have shown that
the derived conditions are valid and improvements over the
existing results are significant.

Acknowledgments

The authors would like to thank the editor and the reviewers
for their detailed comments and valuable suggestions which
have led to a much improved paper. The work of Xia Zhou
is supported by the National Natural Science Foundation
of China (no. 11226140), the Anhui Provincial Colleges and
Universities Natural Science Foundation (no. KJ2013Z267),
and Fuyang Teachers College Natural Science Foundation
(no. 2012FSKJ08). The work of Shouming Zhong is sup-
ported by National Basic Research Program of China (no.
2010CB732501).

References

(1] K. Ramakrishnan and G. Ray, “Robust stability criteria for
a class of uncertain discrete-time systems with time-varying
delay;” Applied Mathematical Modelling, vol. 37, no. 3, pp. 1468-
1479, 2013.

[2] R.E Rao,X.R. Wang, S. M. Zhong, and Z. L. Pu, “LMI approach
to exponential stability and almost sure exponential stability for
stochastic fuzzy Markovian-Jumping Cohen-Grossberg neural
networks with nonlinear p-laplace diffusion,” Journal of Applied
Mathematics, vol. 2013, Article ID 396903, 21 pages, 2013.

[3] Q.-L. Han, “A descriptor system approach to robust stability of
uncertain neutral systems with discrete and distributed delays,”
Automatica, vol. 40, no. 10, pp- 1791-1796, 2004.

[4] S. Long and D. Xu, “Global exponential stability of non-
autonomous cellular neural networks with impulses and time-
varying delays,” Communications in Nonlinear Science and
Numerical Simulation, vol. 18, no. 6, pp. 1463-1472, 2013.

[5] Z. X. Liu, S. Ly, and S. M. Zhong, “Augmented Lyapunov
method for BIBO stabilization of discrete system,” Journal of
Mathematics Research, vol. 2, pp. 116-122, 2010.

[6] S. M. Zhong and Y. Q. Huang, “Bounded input and bounded
output for nonlinear systems with time-delay;” Journal of Uni-
versity of Electronic Science and Technology of China, vol. 29, no.
6, pp- 655-657, 2000 (Chinese).

[7] K. C. Cao, S. M. Zhong, and B. S. Liu, “BIBO and robust
stabilization for system with time-delay and nonlinear per-
turbations,” Journal of University of Electronic Science and
Technology of China, vol. 32, pp. 787-789, 2003 (Chinese).

[8] K. A. Moornani and M. Haeri, “Necessary and sufficient
conditions for BIBO-stability of some fractional delay systems
of neutral type,” IEEE Transactions on Automatic Control, vol.
56, no. 1, pp. 125-128, 2011.

[9] E. Awwad, L. Gyori, and E Hartung, “BIBO stabilization of
feedback control systems with time dependent delays,” Applied



Journal of Applied Mathematics

(10]

(11]

(12]

(13]

(15]

(16]

(17]

(20]

(21]

(22]

[25]

(26]

Mathematics and Computation, vol. 219, no. 8, pp. 3664-3676,
2012.

J. R. Partington and C. Bonnet, “L , and BIBO stabilization of
delay systems of neutral type,” Systems & Control Letters, vol. 52,
no. 3-4, pp. 283-288, 2004.

K. H. You and E. B. Lee, “BIBO stability integral (L, -gain) for
second-order systems with numerator dynamics,” Automatica,
vol. 36, no. 11, pp. 1693-1699, 2000.

A. T. Tomerlin and W. W. Edmonson, “BIBO stability of
d-dimensional filters, Multidimensional Systems and Signal
Processing, vol. 13, no. 3, pp. 333-340, 2002.

W. Wang and Y. Zou, “The stabilizability and connections
between internal and BIBO stability of 2-D singular systems,’
Multidimensional Systems and Signal Processing, vol. 15, no. 1,
pp- 37-50, 2004.

L.-L. Xiong, S.-M. Zhong, and M. Ye, “Delay-dependent BIBO
stability analysis of switched uncertain neutral systems,” Math-
ematical and Computer Modelling, vol. 53, no. 9-10, pp. 1607-
1620, 2011.

B. Wang, J. Wang, X. Liu, and S. M. Zhong, “New results on
BIBO stability analysis for a class of neutral delay systems,”
Journal of the Franklin Institute, vol. 348, no. 2, pp. 426-437, 2011.
J. Wei, P. Shi, H. R. Karimi, and B. Wang, “BIBO stability anal-
ysis for delay switched systems with nonlinear perturbation,”
Abstract and Applied Analysis, vol. 2013, Article ID 738653, 8
pages, 2013.

P. Li and S.-M. Zhong, “BIBO stabilization of time-delayed
system with nonlinear perturbation,” Applied Mathematics and
Computation, vol. 195, no. 1, pp. 264-269, 2008.

P. Li and S.-M. Zhong, “BIBO stabilization for system with
multiple mixed delays and nonlinear perturbations,” Applied
Mathematics and Computation, vol. 196, no. 1, pp. 207-213, 2008.
P. Li and S.-M. Zhong, “BIBO stabilization of piecewise
switched linear systems with delays and nonlinear perturba-
tions,” Applied Mathematics and Computation, vol. 213, no. 2,
pp. 405-410, 2009.

P. Li, S.-M. Zhong, and J.-Z. Cui, “Delay-dependent robust
BIBO stabilization of uncertain system via LMI approach,’
Chaos, Solitons and Fractals, vol. 40, no. 2, pp. 1021-1028, 2009.
Y. Fu and X. Liao, “BIBO stabilization of stochastic delay
systems with uncertainty, IEEE Transactions on Automatic
Control, vol. 48, no. 1, pp. 133-138, 2003.

X. Zhou and S. Zhong, “Riccati equations and delay-dependent
BIBO stabilization of stochastic systems with mixed delays and
nonlinear perturbations,” Advances in Difference Equations, vol.
2010, Article ID 494607, 14 pages, 2010.

K. Gu, “An integral inequality in the stability problem of time-
delay systems,” in Proceedings of the 39th IEEE Confernce on
Decision and Control, IEEE Control Systems Society, pp. 2805-
2810, IEEE Publisher, Sydney, Australia, December 2000.

Z. Wang, H. Shu, Y. Liu, D. W. C. Ho, and X. Liu, “Robust
stability analysis of generalized neural networks with discrete
and distributed time delays,” Chaos, Solitons & Fractals, vol. 30,
no. 4, pp. 886-896, 2006.

J. Hale, Theory of Functional Differential Equation, Springer,
New York, NY, USA, 1977.

V. Kolmanovskii and A. Myshkis, Introduction to the Theory
and Applications of Functional Differential Equations, vol. 463,
Kluwer Academic Publishers, Dordrecht, The Netherlands,
1999.



Advances in Advances in Journal of Journal of
Operations Research lied Mathematics ability and Statistics

il
PR
S Rt
£ 2 §

\ ‘

The Scientific
\{\(orld Journal

International Journal of
Differential Equations

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Combinatorics

Advances in

Mathematical Physics

%

Journal of : Mathematical Problems Abstract and Discrete Dynamics in
Mathematics in Engineering Applied Analysis Nature and Society

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of
'

al of Journal of

Function Spaces Stochastic Analysis Optimization

Journal of International Jo




