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This paper is concerned with the sliding mode control for uncertain stochastic neutral systems with
multiple delays. A switching surface is adopted first. Then, by means of linear matrix inequalities
(LMIs), a sufficient condition is derived to ensure the global stochastic stability of the stochastic
system in the sliding mode for all admissible uncertainties. The synthesized sliding mode controller
guarantees the existence of the sliding mode.
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1. Introduction

Time delay occurs due to the finite capabilities of information processing and data transmission
among various parts of the system. The phenomena of time delay are often encountered
in various relevant systems, such as HIV infection with drug therapy, aircraft stabilization,
chemical engineering systems, inferred grinding model, manual control, neural network,
nuclear reactor, population dynamic model, rolling mill, ship stabilization, and systems with
lossless transmission lines. It is well known that time delay factors always lead to poor
performance. Hence, problems of stability analysis and stabilization of dynamical systems with
time delays in the state variables and/or control inputs have received considerable interest for
more than three decades [1-6].

In practice, systems are almost always innately “noisy”. Therefore, in order to model a
system realistically, a degree of randomness must be incorporated into the model. Thus, a class
of stochastic systems has received great attention in the past decade [7]. On the other hand, it
has been shown that a lot of practical systems can be modeled by using functional differential
equations of the neutral type [8, 9]. However, the mathematical model always contains some
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uncertain elements. Therefore, uncertain systems have been extensively studied in the past
years [10-12].

To cope with the problem of stability of uncertain stochastic neutral delay systems, most
of the research focused on the retarded functional differential equations and it also seems that
few results are available on the variable structure control.

Sliding mode control (SMC) is a particular type of variable structure control. It provides
an effective alternative to deal with the nonlinear dynamic systems. The main feature of
SMC is its easy realization, control of independent motion, insensitivity to variation in plant
parameters or external perturbations, and wide variety of operational models [13-15].

The purpose of this paper lies in the design of SMC for a class of uncertain stochastic
neutral delay systems. A switching surface, which makes it easy to guarantee the stability of
the uncertain stochastic neutral delay systems in the sliding mode, is first proposed. By means
of linear matrix inequalities (LMlIs), a sufficient condition is given such that the stochastic
dynamics in the specified switching surface is globally stochastically stable. And then, based
on this switching surface, a synthesized SMC law is derived to guarantee the existence of
the composite sliding motion. Finally, a numerical example is illustrated to demonstrate the
validity of the proposed SMC.

2. Problem formulation

Consider the following neutral stochastic system with uncertainties and multiple delays:

d[Ex(t) - Cx(t-7)] = [(A+ AA())x(t) + (Aa + AA4(t))x(t — h(t)) + Bu(t)] dt
+ [AE(t)x(t) + AE4(t)x(t — h(t))]dw(t), (2.1)
x(t) = ‘;b(t)/ te [_Hr O]r

where x(t) € R" is the state, u(t) € R™ is the control input, 7 is the constant delay, h(t) is the
A

time-varying differentiable bounded delay satisfying 0 < h(t) < ha, h(t)< hp < 1, w(t) is an m-
dimensional Brownian motion, H = max{7, hy}. It is assumed that ¢(t) is the initial condition
which is continuous, t € [-H,0]. In system (2.1), E € R, C € R*", A € R™, Ay € R™",
B € R™™ are known real constant matrices. AA(t), AA(t), AE(t), and AE,(t) represent the
structured uncertainties in (2.1), which are assumed to be of the forms

AA(t) = MFi(t)N g, AA;(t) = MFy(t)Ny,,

2.2)
[AE(t), AE4(t)] = MF5(t)[Ng, Ng,],

M, N, Na,, Ng, and Ng, are some given constant matrices, Fi(t) (I = 1,2,3) are unknown
real time-varying matrices which have the following structure:

Fi(t) = blockdiag{éy, (t)Irh,...,6lk(t)Ir,k,Fll(t),...,Fls(t)}, 6, €R, 16, <1,1<i<k, and
F;F,,SI,lgjgs.

We define the sets A; as

A= {F{()F(t) < I, FN; = NiFi, YNy €5}, (23)
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where %; = { N] = blockdiag[Ny,, ..., Ny, n, Iy, , ..., my 1}, N, are invertible for 1 < i < k, and
m, €ER,m;#0for1<j<s.

The following useful lemmas will be used to derive the desired LMI-based stability
criteria.

Lemma 2.1 (see [1]). The LMI [ 1 g;;] <0, with S11 = S}, S = S, is equivalent to
522 <0, 511 - 51252215-{2 < 0. (24)

Lemma 2.2 (see [11]). Let D, E, F; be real matrices of appropriate dimensions and F; € A;. Then for
any block-structured matrix Nj € X,

DFE + (DFE)" < D(NiN])D" + E"(N/N] )_113. (2.5)

Lemma 2.3 (see [11]). Let A, D, E, F;, and P be real matrices of appropriate dimensions with P =
P" > 0and F; € A;. Then for any block-structured matrix Ny € % satisfying P~ — D(N;N])D" > 0,
one has

-1 -1
(A+DFE)' P(A+DFE) < AT(P" -DN/NJDT) A+ ET(NN]) E. (2.6)

Lemma 2.4 (see [11]). For any z,y € R" and for any symmetric positive-definite matrix X € R™",
2z'y <z'X'z+y Xy. (2.7)

Definition 2.5 (see [14]). The nominal stochastic time-delay system of form (2.1) with u(t) = 0
is said to be mean-square asymptotically stable if

tlim]E|x(t)|2 =0. (2.8)

Definition 2.6 (see [14]). The uncertain time delay system of the form (2.1) is robustly mean
square stabilized if the nominal system is mean-square asymptotically stable for all admissible
uncertainties.

In order to simplify the treatment of the problem, the operator J : C([-7,0], R")—R" is
defined to be

J(xt) = Ex(t) - Cx(t - 7). (2.9)
The stability of the operator J is defined as follows.

Definition 2.7 (see [9]). The operator J is said to be stable if the zero solution of the
homogeneous difference equation

J(x;) =0, t>0,
(2.10)
Xo=¢pe€ {geC[-1,0] : T =0}

is uniformly asymptotically stable.
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If rank(E) = m < n, then it is easy to find that there exist nonsingular constant matrices

K and S, such that
a4 _(E 0 a1 _(C O
KES™ = <0 0) KCS™ = 0 C) (2.11)

where E; is an m x m nonsingular matrix, C; and C; are m x m and (n — m) x (n — m) constant
matrices, respectively.

Lemma 2.8 (see [9]). The operator J is stable if||E;1C1|| < 1and |Cy|#0, where Ey, Cy1, and C, are
defined as in (2.11) and ||-|| is any matrix norm.

3. Switching surface and controller design

In this work, we choose the switching function as follows:
S(t) = D[Ex(t) - Cx(t - 7)] + o (1), (3.1)
where the auxiliary variable o(t) satisfies the following:
do = -D[(A + BK)x(t) + Agx(t — h(t))]dt - D[AEx(t) + AEax(t — h(t))]dw(t), (3.2)

where D € R™" and K € R"™" are constant matrices. The matrix K is chosen such that the
matrix A + BK is Hurwitz, and the matrix D is to be designed later so that DB is nonsingular.
As long as the system operates in the sliding mode, it satisfies the equations S(t) = 0 and

A
S (t) =0[13].
Therefore, the equivalent control ueq(t) in the sliding manifold is given by

theqg = —~(DB) 'D[(AA(#) - BK)x(t) + AAa()x(t - h(1))]. (3.3)

Substituting (3.3) into system (2.1), the following equivalent sliding mode dynamics can be
obtained:

d[Ex(t) - Cx(t-1)] = [(A +BK + AA(t) - B(DB) 'DAA(#))x(t)
+ (Ad + AAy(t) - B(DB)‘lDAAd>x(t - h(t))]dt (3.4)
+ [AEx(t) + AEgx(t — h(t))]dw(t).
Now, we proceed to the first task which is to analyze the robustly stochastic stability of the

sliding motion described by (3.4), and derive a sufficient condition by means of the linear
matrix inequality method.
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4. Robust stabilization in the mean square sense

Theorem 4.1. Consider the equivalent sliding mode dynamics (3.4). If the operator J is stable and there
exist symmetric positive-definite matrices X, Qq, Qa, T1, To, T3, Ta, Ts, and Ty satisfying the following
LMIs:

11, I, I3 E'XB E'XM E'XM 0 0 0 ]
* Il —CTXAy 0 0 0 C'XB C'XM C'XM
* % I153 0 0 0 0 0 0

T
* % * —B ZXB 0 0 0
=1 % « * * -T; 0 0 0 0 <0, (41)
* * * * * =T 0 0 0
T
* * * * * * —B ;(B 0 0
* * * * * * -T3 0
* * * * * * * 0 =Ty ]

where Il = ETX(A + BK) + (A + BK)TXE + Q1 + Qz + N;(Tl + T3 + T5)NA + NgTﬁNE, Il =
—(A + BK)TXC, I3 = ETXAd+NEdT4NEd, Il = —Q1+N1;T2NA, I3 = —(1—hD)Q1+N1;d(T1 +
T3 + T5)NAd + NEdT‘lNEd/

X XM

[ . _T6] <0, (4.2)
X

[‘E XM] <0, 4.3)
I

then the uncertain time delay system of the form (2.1) with the switching surface (3.1) is robustly
stochastically stable and sliding mode matrix D = B'X. In the above LMIs, T takes the form of NN
fOi’ N, ez

Proof. Choose a Lyapunov functional candidate V (x(t),t) as

t t

V(x) = (3xt)T(t)P(3xt) +I

t-1

x"(s)Qi1x(s)ds +f

t-h(t

x"(s)Qyx(s)ds. (4.4)
)

Then, the averaged derivative is given by the following expression:
LV(xt) = Z[Ex(t) - Cx(t- T)]TX[(A + BK + AA(t) - B(DB)"lDAA(t))x(t)
+ (Ag+ AAq(t) - B(DB) 'DAA4(t))x(t - h(t))]
+ [AE(t)x(t) + AE4(t)x(t - h(t))]TP[AE(t)x(t) + AE4(t)x(t - h(t))] (4.5)
+xT (HQux(t) = x" (¢ - T)Qux(t = 7) + x () Qax(t)

— (1= h ()T (t = h(£)Qax(t — h(t)).
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Using Lemma 2.1, inequality (4.2) is equivalent to
X1 -MT,'M" > 0. (4.6)
Hence, it follows from Lemma 2.3 that
[AE(t)x(t) + AE4(t)x(t - h(t))]TX [AE(t)x(t) + AE4(t)x(t - h(t))]
= {MF;(t) [Ngx(t) + Ng,x(t — h(t))] }TX{MF3(t) [Nex(t) + Ng,x(t — h(t))] }
< [Nex(t) + Ne,x(t = h(£)] ' Ts [Nex(t) + Ne,x(t - h(t)] (4.7)
= x"(t)NLTeNEgx(t) + x" () NLTeNE,x(t - h(t)) + x" (t — h(t)) N} TeNEgx(t)
+x'(t—h(t))NE TeNE,x(t - h(t)).
Note that D = B"X, and it follows form Lemma 2.4 that
—2x"(H)E"XB(DB) 'DAA(t)x(t) < x" [ETXB(BTXB)‘lBTXE + AAT(HXAA()]x(t),
- 2x"(t)ETXB(DB) ' DA A4(t)x(t — h(t))
< xTETXB(BTXB)’lBTXEx(t) +x (t—h(t)AALXAAL(t)x(t - h(t)),
2x"(t - 7)C"XB(DB) 'DAA(t)x(t)
< xT(t—7)C"XB(B"XB) 'BTXCx(t - ) + x (1) AAT(H XA A(D)x(t),
2x"(t —7)C'XB(DB) 'DAA4(t)x(t - h(t))

x'(t- T)CTXB(BTXB)_lBTXCx(t —7)+x'(t—h(t)AAL(XAAL()x(t - h(t)).
(4.8)

Substituting (4.7) and (4.8) into (4.5), we obtain
LV (x(t)) < XT(HEX(t), (4.9)
where Z = Z1+ M Fq (t)Nl +NIF1 (t)MI+Mle(t)N2+N;F2(t)MI+M2F1 (i’)Nl +NIF1 (t)M-zr+
MzF>(()N2 + Ny Fa() My, X = [x" (), x"(t - 7), x"(t - h(t)]",
En1 —(A+BK)'XC E'XA4+ N} ToN,
Sr= | o* Ex -C'X Ay ,
* * 33

Z11 = E'X(A + BK) + (A + BK)"XE + NLTsNE + 2AAT(HXAA(t) + Q1 + Qs

T T “lpT
+2E"XB(B'XB) 'B'XE, (410)
Zp = -Qy +2CTXB(B'XB) ' B'XC,

Z33=—(1-hp)Qs + 20 AJ(HXAA.(t) + Ni. TeNE,,

ETXM 0
M1:[ 0 ] Mzz[—CTXM], le[NAOO], NZ:[OONAd].
0 0
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Using Lemmas 2.1 and 2.2, we have

!

=<=
(=), T, T3 E'XB E'XM E'XM 0 0 0 0 )
x TIp -C'XA; O 0 0 C'’XB C'™XM C'XM 0
* * 533 0 0 0 0 0 0 0 0
T
* * * —B fB 0 0 0 0
* * * -T; 0 0 0
_ * * * * * -T> 0 0
N T
* * * * * —B §<B 0 0 0 0
* * * * * * * -T3 0 0 0
* % * * * * * * —Ty 0 0
* * * * * * * * * —% 0
X
0o -=
| * * * * * * * * * 2 ]
+ MsF()N3 + NIF (hMT,
E, =E'X(A+BK) + (A+BK)'XE+ Qi+ Qs+ N4(T1 + T3)Na + NLTsNE,
25 =—(1-hp)Q1+ Na,(To + Tu)Na, + N TeNE,,
NAO 0 000000001 — Fi(H) 0
M; = , F(t) = ,
0 ONs, 00000000 0 FJ(t)
000000000 MX O
Nj =
000000000 0 M'X
(4.11)

With Lemma 2.1, we can see that Z' < 0 is equivalent to LMIs (4.1)-(4.3).
According to Ito’s formula, system (2.1) is robustly stochastically stable. This completes
the proof. O

5. Sliding mode control

We now design an SMC law such that the reachability of the specified switching surface is
ensured.

Theorem 5.1. Consider the uncertain stochastic time delay system (2.1). Suppose that the switching
function is given as (3.1) with D = B'X, where X is the solution of LMIs (4.1)—(4.3). Then the
reachability of the sliding surface s(t) = 0 can be guaranteed by the following SMC law:

u(t) = Kx(t) - p(t)sgn(s(t)), (5.1)
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where the switching gain p(t) is given as
p(t) = L+ |[(DB)'DM]| x (|| Nax(t)|| + | Na,x(t - k()| (5.2)
with A > 0.
Proof. A Lyapunov functional candidate V(t) is defined as
1., a
V(t) = ES (t)(DB)™"5(t). (5.3)
Hence we have
A - A
V () = ST(t)(DB)™ S (¢)
= ST(t)(DB) 'D[AA(t)x(t) + AAa(t)x(t - h(t)) - Bp(t) sgn (s(t))]

(5.4)
<IsOIIDB)DM]| x ([Nax®)] + [INax(t = k®)]) - p OISO
< AS(®] <0 for [|S®)]|#0.
This completes the proof. O
6. An illustrative example
Consider neutral stochastic systems (2.1) with
23 1.2 10 0.1 0.3
o i 7 S A e
02 0 05 0
M= [0.3 —0.01]' E=1 A= [0.2 0.3]’
(6.1)

01 0 0.1 0 04 0
Na= [0.1 0.2]’ Na; = [0.3 0.3]’ Ne = [-0.01 0.4]’
021 0 .
N, = [0‘1 _0'1:| , h(t) = 0.1sint.

We select matrix K = [ 13990 —1.2090 1 Using Matlab LMI control toolbox to solve the LMIs
(4.1)-(4.3), we obtain the following;:

—-0.0038 0.1985

-0.0605 1.2145

0.1752 -0.0038 —1.1255 —-0.0186 1.0613 —-0.0605
= , Q= , Q= ,

~|-0.0186 1.2138

T _ [11670 0.0001 T _ | 11661 -0.0007
'~ 10.0001 1.1623|" 27 [-0.0007 1.1652

0.0025 1.1700 ~10.0001 1.1623

7. _ [1-1670 0.0001
’ 3~ 10.0001 1.1623]"

1.1647 0.0025 [1.1670 0.0001
Ty = , T5 = , 6=

1.1580 -0.0046
-0.0046 1.1705 |-

(6.2)
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7. Conclusions

In this paper, we have investigated the sliding mode control problem for uncertain stochastic
neutral systems with multiple delays. The stability criteria are expressed by means of LMIs,
which can be readily tested by some standard numerical packages. Therefore, the developed
result is practical.
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