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This paper studies the decentralized stabilization problem for an uncertain fuzzy large-scale
system with time delays. The considered large-scale system is composed of several T-S fuzzy
subsystems. The decentralized parallel distributed compensation (PDC) fuzzy control for each
subsystem is designed to stabilize the whole system. Based on Lyapunov criterion, some sufficient
conditions are proposed. Moreover, the positive definite matrices P; and PDC gain Kij can be
solved by linear matrix inequality (LMI) toolbox of Matlab. Then, the optimization design method
for decentralized control is also considered with respect to a quadratic performance index. Finally,
numerical examples are given and compared with those of Zhang et al., 2004 to illustrate the
effectiveness and less conservativeness of our method.

1. Introduction

Many real-life problems, such as power system, economic systems, societal system, and
nuclear system are frequently of high dimension. Such systems are regarded as large-scale
system. They consist of a number of subsystems which serve particular functions, share
resources, and are governed by a set of interrelated goals and constrains [1]. Over the past
decades, many methods have been to investigate the stability and stabilization of large-scale
system [2-10].

Fuzzy systems of Takagi-Sugeno (T-S) models [11] have become an effective method to
represent complex nonlinear dynamic system by fuzzy sets and fuzzy reasoning. The method
of T-S model is feasible since, in many situations, human experts can provide linguistic
descriptions of local systems in terms of IF-THEN rules [12-14]. Reference [15] proposed
a control concept “parallel distributed compensation” (PDC) for fuzzy controller design of
T-S fuzzy model. Under some conditions, PDC can stabilize the closed-loop fuzzy system
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asymptotically. Linear matrix inequalities (LMIs) methods to find the common positive
matrix P; always play a key role work in PDC design [16].

Now let us consider the control problem of large-scale system. Accordingly, suppose
a large-scale system is composed of a number of subsystems with interconnection. Each
subsystem is described by a T-S fuzzy model. That is, each subsystem dynamic is captured
by a set of fuzzy implications that characterize local relations in the state space. Then,
the global model of large-scale system can be achieved by smoothly connecting the local
linear model in each fuzzy subspace together via the membership functions. Recently, the
fuzzy decentralized control design methods and stability condition are addressed [17-24].
Wang and Luoh [17] have studied a fuzzy decentralized control design method for a fuzzy
large-scale system on the assumption that all variables are available. Tseng and Chen [18]
dealt with the model reference tracking control problem by using H,, decentralized fuzzy
control, which relaxed the condition that the state variables are measurable. Wang and Zhang
[19] considered the robust decentralized controller design method for nonlinear large-scale
descriptor system. Hsiao et al. [20] proposed fuzzy decentralized control design methods for
fuzzy large-scale system with time delays and gave the analysis of the closed-loop fuzzy
large-scale system. Robust decentralized H,, output feedback controller was designed in
[21]. Tong and Zhao [22] proposed a stabilization criterion of continuous-time interconnected
fuzzy systems without uncertainties. Su and Liu [23] dealt with decentralized stabilization
problem for a large-scale system in which the system is composed of several T-S fuzzy
subsystems with nonlinear interconnections. Wang et al. [24] addressed robust H, fuzzy
controller design to overcome the parametric uncertainties of fuzzy large-scale systems
without time delay and get H,, performance. Zhang et al. [25] proposed the stabilization
problem of fuzzy large-scale system without parametric uncertainties.

However, the proposed decentralized control designs and the sufficient conditions
of closed-loop system did not consider the parametric uncertainties or time delays, which
is important in both theory and real-world application. In this paper, the stabilization
problem of the uncertain fuzzy large-scale systems with time delays is considered. Based
on decentralized control concept, we like to synthesize a PDC controller for each subsystem
so that the whole system can be stabilized asymptotically. When applied to degenerated
cases, (without uncertainties or time delay), the stabilization criteria are better than existing
ones. Stability is one of the most important performance indecies, but it is not enough for
control systems. Linear quadratic performance can reflect a lot of performance requirements,
so a quadratic performance index is considered in this paper. Based on Lyapunov function
stability theory, the optimization design method for decentralized control with respect to the
quadratic performance index is transformed into solving linear inequality matrix by PDC
controller.

This paper is organized as follows. In Section 2, the considered systems are stated
and some preliminaries are presented.The problem of stabilization for fuzzy large-scale
system with uncertainty is proposed in Section 3. Section 4 provides examples to illustrate
the correctness of our theoretic results. Finally, a conclusion is given in Section 5.

2. System Description and Preliminaries

Consider a fuzzy large-scale system S, with uncertainties both in isolated subsystem and
in their interconnection, which consists of J interconnected subsystems S;. The ith fuzzy
subsystem is described by the following equations:
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xi(t) = Zihz, (1) [(Ayj + AA; () xi(t) + (Byj + AByj (1) )ui(1)]
j=1
(2.1)

J
+ > [(Cri + ACki(£) Xk (t) + (Dyi + ADxi (b)) xk (t = 7xa) ],
k=1

where
[AA;(t), ABij(t)] = EijFij(t) [Gij, Hij], [ACki(t), ADki(t)] = ExiFii(t) [Lii, Mii] — (2.2)

for forall t > 0, j =1,2,...,r, k =1,2,...,], x;(t) is the state vector, u;(t) is the control
input, Ajj, Bij, Gij, Hij, Eij, Ci, Dy, Exi, Mii, Lii are known constant matrices with appropriate
dimensions. 7y; is the time delay. h;;(t) is the normalized weigh in (2.6). F;;(t) and Fri(t) are
time-varying matrices with appropriate dimensions satisfying

FyOFL() <1, Fu®Fg®) <1 (23)

Each isolated subsystem S,; is represented by a T-S fuzzy model. The jth rule of this T-S fuzzy
model is represented as follows.
Rule j. If z1;(t) is Mj1; and ... and zp;(t) is M i, then

Xi(t) = (Al] + AAi]-(t))xi(t) + (Bz] + ABi]'(t))ui(t), (24)

where z;(t) = [zli(t),ZZi(t),...,zpi(t)]T, Z1i,---, Zpi(ry are premise variables, and Mj; (I =
1,2,...,p) are fuzzy sets. By “fuzzy blending,” the final output of the ith fuzzy subsystem
is described as follows:

Z]r;l wij (i’) [(A,] + AAl](t))xl(t) + (B1] + AB,] (t))ul(t)]

xi(t) = -
. 2 1) @5)
= > hij() [(Aij + AA;(1)xi(t) + (Bij + ABij(t))ui ()]
o1
with
p (t)
wij(t) = ll;[Mjli(zli(t))/ hij(t) = Zw}—z](t) (2.6)

where M;;(zi(t)) is the grade of membership of z;(t) in M;;, and r; is the number of fuzzy
rules of subsystem S;. We assumed that w;j(t) >0 forallt,j=1,2,...,r; Therefore

Shij(t) = 1. 2.7)
=1
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Define a quadratic performance index
] po
J=2 f <xiT(t)Qixi(t) + ”iT(t)Riui(t)>dt/ (2.8)
i=1 70

where Q; and R; are positive matrices.

The main propose of this paper is to synthesize a decentralized PDC fuzzy controller
u;(t) for each subsystem such that the closed-loop large-scale T-S fuzzy systems (2.1) is
asymptotically stable and the optimization design method for decentralized control respect
to the quadratic performance index.

Before starting the main results, we need the following lemmas.

Lemma 2.1 (see [26]). Let Q be any of n x n matrix; one will have for any constant k > 0; and any
positive matrix S > 0 that

2xTQy <kxTQS'QTx + %yTSy (2.9)

forall x,y € R".

Lemma 2.2 (see [26]). Let D,E be any constant matrices and FTF < I, where a is a positive
constant, all matrices with appropriate dimensions; one will have for any constant k > 0 such that

2x"DEFy < kxTDD"x + %yTETEy, (2.10)

orall x,y € R".
f y

Lemma 2.3 (see [27]). Let R; be any positive matrix; one will have for any 0 < h;;(t) < 1 such that

T
<Zhij(t)Kij> R; <Zhij(t)Kij> < Zhij(t)Kij}RiKij (2.11)
A

j=1 j=1
forall K;j € R".

3. Stabilization and PDC Synthesis of Fuzzy Large-Scale System

In this section, the decentralized concept and PDC approach are applied to synthesize a local
feedback controller for each local subsystem. Let the fuzzy controller be as the PDC form:
Rule j. If z1;(t) is Mj1; and... and z,;(t) is M, then

u;i(t) = -Kijxi(t), 3.1)
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wherei=1,2,...,], j =1,2,...,ri. The overall state feedback fuzzy control law is represented

by:

Z;l; wij (1) Kijxi(t) i
i = — - = — hi‘ Ki' i . )
u; (t) S oD ]21 (D Kijxi(t) (32)

Substituting (3.2) into (2.1), the closed-loop fuzzy subsystem becomes

LA

%i(t) = D> hij(Ohin(t) [(Aij + AA;j) = (Bij + AByj) K] xi(t)
j=1n=1
(3.3)

J
+ > [(Cri + ACki)xk (£) + (Dgi + ADgi) x (t = 1) ].
k=1

Now, our work is to determine the local feedback gains K;; such that the whole fuzzy
large-scale system (3.3) is asymptotically stable.

Theorem 3.1. The fuzzy large-scale system (2.1) can be asymptotically stabilized by the decentralized
PDC fuzzy control (3.2), if there exist matrices Fij, positive definite matrices X; to satisfy the following
LMIs:

/XA + AiXi - F;Bg BijFin XiGiT].—P;Hg X;M!I' C; Ei X \
GijXi - HijFin -1 0 0 0 0
M;X; 0 -I 0 0 0
c: 0 0 -I 0 0 |<o0, (34
T 1
E 0 0 0 —3I 0
1
X; -—1
\ ; 0 0 0 0 ] /

fOT’l = 12 ] ] = 1,2,...,7'1',71 = 1,2,...,7‘1', where MIT = [Mﬂ,M,’z,...,Ml‘],Lil,
Lo,..., L], = [Eij, C1i,Cai,-..,Cyi,D1i, Do, ..., Dyil, Ei = [E1i, Eni,...,Eil, Xi = P,
Fin=KinPi71-

Proof. Let the Lyapunov functional be

V(t) = ZV(t) [x Px1+ZJ
t—

xp(s) (1 + M;Mkl)xk(s)ds] (3.5)

Tki
where P; > 0 is to be selected. It is obviously that there exist o; and o, such that

alllxi()* < Vi(t) < aallxi ()] (3.6)
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Taking the derivative of the V;(t) along the trajectories of (3.3),
Vi(t)

J
= ] (OPaci(t) + x] (DPAT () + Do () (1 + MMy ) xi(8)
k=1

J
= Dok (= ) (T + MMy ) it = i)
k=1

ri T
= Zzhij(t)hin(t) {XIT(t) [(Al] + AAI‘]')TPI‘ + Pz(A1] + AAIJ)
i=ln=1
Kl];l (Bl] + ABl])TPl - R(B,] + ABl])Km] x,-(t)
J ]
+2x] (£ i Y (CrtA Cri) xxc (042 (£) P; Y (DA D) i (7 )
k=1 k=1
! T T U T T
+Zxk () <I+MkiMki>xk (t)—Zxk (t—Tx;) <I+MkiMki>xk (t—Tki)}
k=1 k=1
i T
= 3 S hij () hin(t) {xiT(t) [Nij + AALP + RAA; - KT ABLP; - PAB; Ky | xi(1)
i=1n=1

J J J
+2x] ()P, > Crixic () +2x] ()P > ACkixi (£) + 2x] (£)P; D Drix (t)
k=1 k=1 k=1

+2xT (t - 73) P, ZADklxk(t — T) + Zx{(t) (1 + ME My )i (1)
k=1

J
Pl ) (1 + Mg Mg ) (t = i) }
(3.7)

where Nj; AP+PA - K] BLP; - PB;jKin

m1ij
Usmg Lemma (2. 2) we have

T (t) [AATP + PAA; - K, ABLP, - PAB; Km]xl( )
= .X'T(t) [PE,]Fl](t) (G,] - HKm) + (Gl] - HKm) (t)E ]Xl(t)
<x (t)(Gij - Hl]Km) (Gij — HijKin)xi(t) + x] () P; EUETP x;i(b),

2x?(t)PiZACkixk(t)
k=1

J _
= 2> x| (t) PiExiFyi(t) Liixi (£)
P

J ]
— =T
<x] ()P, D) ExiEPixi(t) + D xp (t) LiiLxi (f),
k=1 k=1
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J
2x] (t)Pi > ADyixx (= Tii)
k=1

J _
=23 x| (t) PiExiFyi(t) My (t = 7xi)
P

J_ _r J
< x] (OP, D ExiExiPixi(t) + D x (t = Thi) Mg Mk (£ = 7).

k=1 k=1
(3.8)
Using Lemma 2.1, we get
J J J
2] (8)P: 3 Craxie (1) < x ()P 3, CiaCiPoci(t) + Y () xi(8),
k=1 k=1 k=1
J J J (39
2x] ()P ) Drixic(t = i) < x] ()P D Dia D Pixi(8) + D o (= i) xk (t = Tia),
k=1 k=1 k=1
Noticing that the facts as follows:
J J r J J .
PIPRACEACEDIDRACEIOE Zx O TDxi),
i=1 k=1 i=1 k=1
J J J
> > (OLiLxi(t) = 35 > x] (D LacLjxi(t), (3.10)
i=1 k=1 i=1 k=1

J T J T
D (OM M () = > > x] () My M xi(t)

i=1 k=1 i=1 k=1

Based on (3.7)-(3.10), we have

J
V() = ZVi(t)

j=1n=1

{ZZhl,(t Vrin ()T (1)

[A P+ PA;j — K BLP, - PiB;jKin + (Gij - HijKi)" x (Gij - HijKiy)

in™ij

+ PEGE[P; + 2P, ZEk,EklP +2]1+P; ch,cklp

k=1 k=1
L T 4 T L T
+PiZDkkaiPi + ZMikMik + ZLikLik xi(t) ¢
k=1 k=1 k=1

(3.11)
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From Schur complement, we know

ATP + DAjj KlTntP PB;jKin + (Gij -Hini,,)T(Gij - m) +PEUE P
_ J
+ ZRZE;(,-ELPi +2J1 + PiZCkiCLPi + P> DDy Pi+ ZMikMﬁ + ZLikLgc <0
k=1 k=1 k=1 k=1 k=1
(3.12)
is equivalent to
ATP + P A;j KlTnBlT]P PB;;Kjy +2]1 G;:g -KI'H; M!I' G E
Gij — HijKin - 0 0 0
i 0 - 0 0 [<o (3.13)
cr 0 0 -I 0
1
ET 0 0 0 -3I

where MIT = [Mﬂ,M,’z, e rMi]/LilfLin R ,L,’j]T, C,’ = Pl[Elj, Cli/ C2,’, .. .,C],', Dli/ D2i, ey
Dyjil, Ei = Pi[Eyi, Ex, - .., Eji.

So we have V(t) < 0 while x;(¢t) (i = 1,2,...,]) are not all zero vectors. Note that the
matrix inequalities in (3.13) can be transformed into certain forms of linear matrix inequalities
(LMIs). Therefore, multiplying both sides of matrix inequalities (3.13) by diag{Pi_l, LI,I,1}
and applying the change of variables such that P; = X;!, Kiy = FiuX; ', (i = 1,2,...,], n =
1,2,...,1;), then (3.4) is obtained. O

With the similar proof of Theorem 3.1, the stabilization criterion of large-scale system
(2.1) without uncertainties is also discussed. The result is presented as follows.

Corollary 3.2. The fuzzy large-scale system (2.1) without uncertainties can be asymptotically
stabilized by the decentralized PDC fuzzy control (3.2), if there exist matrices Fjj, positive definite
matrices X; to satisfy the following LMIs:

X;Al + AyX; - F} Bl - BjFin Ci X

nij
c -1 (i <0 (3.14)
X; 0 —ﬁr

fOTi = 1,2,...,], ] = 1,2,...,1’1', n= 1,2,...,1'1', ZUI’ZET’EE;‘ = [Cli/CZi/'--/C]i/Dli/DZi/o ..,D]i].
Proof. The proof is similar with that of Theorem 3.1; therefore details are omitted. O

Remark 3.3. This corollary is similar with Theorem 1 in [10], so the theorem in this paper is
more general.
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Theorem 3.4. If there exist matrices Fjj, positive definite matrices X; to satisfy the following LMIs:

/XA + AijXi - Fj, Bl - BjFin X,G ~F H X;M] Ci Ei Xi Xi F, \
GijX; - HijFin -1 0O 00 0 0 0
MiX; 0 I 00 0 0 0
c: 0 0O 10 0 0 0
E 0 o o0o-r o o o |9
1
X; 0 0 00 -5 0 0
X; 0 0 00 0 -Q' 0
\ Fiy, 0 0 00 0 0 —R;l/

(3.15)

the fuzzy large-scale system (2.1) can be asymptotically stabilized by the decentralized PDC fuzzy
control (3.2), and the performance index (2.8) is satisfied the following inequality:

(s) 1 + M{lel)xk(s)ds], (3.16)

J
= Z[ T(0)P:x;(0) + ZJ

i=1 —Tki

fOT’i = 1 2 ] ] = 1 2 ., n = 1,2,...,1‘1', where MlT = [Mil,Miz,...,Ml'],Lil,LiQ,...,
Ly1", [EljrCh/CZl/ -.,Cji,Dvi, D, ..., Dyil, Ei = [Evi,Egiy...,Eji]l, Xi = P7', Fip =
KmP;

Proof. From the proof of Theorem 3.1, we know if

Gij = A]. P+ PiA;j KlTnBZ;P PB;jKin + (Gjj - Hinm)T(Gi]- - H;jKin) + PEl]E P
_ J ]
+ 2PiZEk,~E£,.Pi +2J1 + Rchic;.Pi + P> DiiD{Pi+ > My M, + ZLikLgc <0
k=1 k=1 k=1 k=1 k=1
(3.17)

then V (t) < 0. Noticing that Q; and R; are positive matrices, if inequality

Al P+ PA;; KITnBlT]P PB;iKin + (Gij - Hi,-Kin)T(G,-,- - m) + PE,,E P
J
= = . . .
+ 2PiZEkiEkiPz +2]T+ R-chiczipz + P> DDy Pi + ZM,»le.Tk + ZLikLﬁ +Q;
k=1 k=1 k=1 k=1 k=1
+KI' RiK;, <0,
(3.18)
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holds, we obtain V (t) < 0:

~

OO

7= | (T ®Quxi(t) + ul ()Rt

i=1 70

Z f x; (1) <Q1 + tha)KT R; th<t)1<m>x,<t)dt

(3.19)

~

Using Lemma 2.3, we get

J (o "
< g L X (t) <Ql~ + z_;hin(t)K;RiKin>xi(t)dt. (3.20)

If (3.18) holds, we have

i o Ti

J
J<=>)
=1

i=1 j=1 n=1

jw i () han (D] (1) Gy (£t
0

/\

J o
ZJ Vi(t)dt = V(0) - V(o) (3.21)

0

i=

1
J
=> [xT(O)le(O) + ZJ'

i= —Tki

(1 +M{My;)ds ]

Therefore, multiply both sides of (3.18) by P!, and let X; = P;*, F;; = K;,P;". From Schur
complement, the proof is completed. O

4. Numerical Examples

In this section, some numerical simulations for uncertain fuzzy large-scale system will be
given to illustrate the effectiveness of the proposed stabilization criteria and also compared
with the existing results.

Example 4.1. Consider an uncertain FLSS time delays S composed of three fuzzy subsystems
S;, i=1,2,3 by the following equations:

2
x1(t) = Zhlj(t) [(Al]' + AAlj)xl (t) + (Bl]' + ABlj>u1 (t)]
j=1

3
+ > [(Cra + ACk1)xk(t) + (D1 + ADga) xk (£ = 711)],
k=1
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2
X’z(t) = th] (t) [(A2] + AAzj)xZ(t) + (Bg] + ABz]')uz (t)]
j=1

3
+ D [(Crz + ACko)xi (t) + (Diz + ADjo) xi (= 72) 1,
k=1

2
5C3(t) = Zh3](t) [(A37 + AA3]')X3(t) + (B3] + AB3j)u3(t)]
=1

3
+ Z[(C}@ + ACk3)xk(t) + (Dk3 + ADkg)xk(t - Tkg)],
k=1

(4.1)

in which x] (t) = 11, x1]7, x5 (t) = [x12, x»]’, x1 (t) = [x13, x23]"

[AAuj, AByj] = EvyjFyj[Gij, Hy],  [AAqj, AByj] = EojF2i[Goj, Hafl,
[AAsj, ABsj| = E3;F3i[Gsj, Hsjl, [ACk1, ADy1] = Ex1Fia[Li1, Mia ], (4.2)
[ACk2, ADx2] = ExoFra[ Lk, Mia], [ACks, ADyks] = ExsFis[Lis, Mis],

fori,k=1,2,3,j=1,2.

0.6 2.4 0.6 2.4 -1 -0.5
An = <0.209 1.9)' Az = ( 0 1.9)' Az = < 1 3 >

06 24 06 12 0.6 1.2
An = (—0.209 1.9)’ A = <0.209 1.9)' An = ( 0 1.9)'

(3 8) cm(G ) =(VD)
(0(.)1 o(.)1>' C = (8 o(.)1>' Caz = <—£.; _()9i2>'

(P (G ) (B9

01 061>’ D = (061 0(.)1>’ D = <_1608 -06?762)
(—06.11 0(.)1>' D = (8 061>’ Ds = (8:? _(())'3>’

pa-(Q0) (U0 pe-( )

£ (028 ~0.028 £ (021 ~0.084 £ - (705 025
n=\-014 0182 )’ 127 \-126 -042 )’ 27\1.35 0.75)7
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-027 0 -0.28 0.28 0.21 0.84
>, Es = ( >, Es = < >,

75.0 0.81 0.14 0.182 1.26 -0.42
0.28 0.028 £, _ (021 -840.0 £ _ (021 0084
¢ A= \-126 -042 )’ B7\-126 042 )’

Ey = (

Eu = (—0.14 0.182
F._(-05025 £ _ (027 0 Fo_ (7027 0
127\1.35 0.75)" 27\ 081 081/’ 27\ 075 081)

F._ (028 028 £ (021 084 F.._ (021 084
137\ 0.14 0182)’ B7\1.26 -0.42)’ $¥7\ 126 042)

Fu(®) = <1 ) (S)in4t 1- Sos4t>’ Fu(t) = (511(1)t2 co(s) t2>’

Gn =Hn =En, G2 = Hiz = Enp, Ga1 = Ha1 = En, G2 = Hp = En,
Gs1 = Hz1 = Ex, Gs2 = Hs = Ex, Li1 = My = Eq, Ly = My = En,
L3 = Mz = Eg, Liy = Myp = En, Ly = M = En, Ly = M3, = Ep,
Liz = M3 = Eg, Los = M3 = Ep, Las = Mss = Eg,

Fi1(t) = Fiao(t) = Fx(t) = Fa(t) = Fa(t) = F(t),

Fi1(t) = Fa1(t) = F31(t) = Fia(t) = Fo(t) = Fxo(t) = Fua(t) = Fas(t) = Fas(t).

(4.3)
Here, the T-S fuzzy models of the isolated subsystem are of the following;:
Subsystem 1
Rule 1. If x11(t) is My11 then
x1(t) = (A1 + AA (1) x1(t) + (Bin + ABa () us (t). (4.4)
Rule 2. If x11(t) is Mp11 then
x1(t) = (A2 + AAp(8))x1(t) + (Biz + AByo (1)) ua (t), (4.5)

and the membership functions for Rules 1 and 2 are, respectively, M111(x11(£)) = 1/(1 +
exp(=3x11(t))), Ma11(x11(t)) =1 = My1(x11(8)).

Subsystem 2

Rule 1. If xlz(t) is M112 Then

X2(t) = (Ag1 + AAzi (1)) x2(t) + (Bar + ABy ())ux(t). (4.6)
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g 20 T T T T T T T T T
= T S R SR S
0 P m———e T L
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(a)
3 20 T
)
& 10+
8
) OF
S
& =10 N N N N N N N N N
0 02 04 06 08 1 12 14 16 18 2
Time (s)
— xn ()
—— xn(t)
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8 10+
g
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Time (s)
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(c)

Figure 1: The state response with u;(t) = 0.

Rule 2. If x15(t) is Mp1o then
sz(t) = (A22 + AAZZ (t)).X'z(t) + (Bzz + AB22(t))u2(t), (47)

and the membership functions for Rules 1 and 2 are, respectively, M11»(x12(t)) = exp(=2x2, (#)),
Moz (x12(t)) = 1 = Mupa(x12(8)).

Subsystem 3

Rule 1. Tf x13(t) is My13 then

x3(t) = (Az1 + AAzi(t))x3(t) + (B3 + ABay ())us(t). (4.8)

Rule 2. 1f x13(t) is Mp13 then

x3(t) = (As2 + AAz(t))x3(t) + (B2 + ABsa(t))us(t), (4.9)

and the membership functions for Rules 1 and 2 are, respectively, M113(x13(t)) = 1/(1 +
exp(=1.5x15(t))), M3 (x13(t)) = 1 — Mi13(x13(t)).
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It is noted that the above large-scale system without control (u;(tf) = 0) has unstable
responses with initial conditions x; (t) = [-3,3]%, x2(t) = [-2,2]", x3(t) = [1,-1]" as shown in
Figure 1.

In order to stabilize the large-scale fuzzy system, three decentralized PDC fuzzy
controllers are designed in the following.

Fuzzy Controller Cy

Rule 1. If X11 (t) is M111 then

uy(t) = —Kyyx((t). (4.10)
Rule 2. 1f x11(t) is M3y then

u1 () = —Kuzx1 (). (4.11)
Fuzzy Controller C;
Rule 1. If x15(t) is M1, then

uy(t) = —Karxa(t). (4.12)
Rule 2. 1f x15(t) is Mp1, then

up(t) = —Knxa(t). (4.13)
Fuzzy Controller C3
Rule 1. Tf x13(t) is M113 then

uz(t) = —Kz1x3(t). (4.14)
Rule 2. 1f x15(t) is M313 Then

uz(t) = —Kzxs(t). (4.15)

By using the approaches of Theorem 3.1, we obtain the matrices Kj; for subsystems
51, Sz, and 53:

K. - (15681 04733 K., - (22261 0.2680 K (08717 07769
17\0.5296 3.0430)’ 127\0.5801 1.7275)’ 27\ -0.4856 1.2398)’

K, _ (14831 05179 K. - (16548 07281 Ko = ((1-5769 04958
27\0.2098 1.7072)" 317 \04122 2.9992 )" 327\0.5823 2.0029 /"

(4.16)
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Figure 2: The state response with fuzzy control by Theorem 3.1.

The complete simulation results with initial conditions x;(f) = [—3,3]T, x(t) =
[-2,2]7, x3(t) = [1,-1]" are shown in Figure 2. It is obvious that they are stabilized asymp-
totically.

Example 4.2. Consider the fuzzy large-scale system S composed of two subsystems S; as
follows [25]:

2 2
X1 (t) = D hj(8) (Ayjxa () + Brjus (t)) + D Cinxa(t),
- " (4.17)

2 2
X (t) = Zth(t) (Agjxa(t) + Bajua(t)) + Zchth(t)/
=1 =}
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where x1(t) = [x11(t), x12(t)]", x2(t) = [2021 (), x22(£)]"

51 -4 0 1

A= (0 _4>, Ap = < ’ —8)’ By = <0>,

0 00 -3 0

By = <1>, Cii=Cyp= (O 0>, Ap = <4 _2>,

-4 -5 1 -1

Ap = < 1 _3>, By = (_2>, By = < 1 );

51 10
Cy = (0 0>, Cip = (1 0)

and the membership functions are, respectively, Mi11(x11(t)) = exp(—x%l(t)), Mo11(x11(8)) =
1— Myq1(x11(8)), Mia(x21(t)) = 1/ (1 + exp(=x21(t))), Ma1a(x21(t)) = 1 = Mi2(x21(t)).

In order to stabilize the large-sale fuzzy system, three decentralized PDC fuzzy
controllers are designed in the following.

(4.18)

Fuzzy Controller C;

Rule 1. If x11(t) is M1 then

uy (t) = —Kyix1 (). (4.19)
Rule 2. If x11(t) is Mp11 then

u1 () = —Kuzx1 (). (4.20)
Fuzzy Controller C;
Rule 1. Tf x71(t) is M1, then

Uy (t) = —Karxa(t). (4.21)
Rule 2. 1f x71(t) is Mp1, then

up(t) = —Kpxa(t). (4.22)

Welet Q1 = Q = (59), Ri = 1, Ry = 2. By using the approaches of Theorem 3.4, we
obtain

P, = <5.5084 1.6329>’ P, = <0.9692 —0.0406>. (4.23)

1.6329 1.5120 —-0.0406 1.0681

The control gain Kj; for subsystem S;,S; is compared with [24] in Table 1. The
complete simulation results with initial conditions x; (t) = [1, 117, %2 (t) = [2,-2]" are shown
in Figure 3.
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Figure 3: The state response with fuzzy control by Theorem 3.4.

Table 1: Comparison of fuzzy controller, for example, with Zhang et al. [25].

Index Kn Ky K»n Ks» J* I1K]l2
Zhang et al. [25] [10.7602 4.8931] [7.1424 1.0899]  [2.2702 0.1348]  [1.9527 0.8715] 21.0606 14.2011
This paper [9.0414 1.0000] [2.0000 1.8284] [1.1604 0.0740] [0.3515 2.2722] 12.2288 9.8351

Remark 4.3. From Figure 3, we can see that the system can be stabilized through appropriate
decentralized control. Obviously, in Table 1, we can see the method of this paper has smaller
gain matrices and performance index, so it has better control effectiveness.

5. Conclusions

In this paper we explore the stabilization problems for uncertain fuzzy large-scale system
with time delays. The decentralized PDC fuzzy controller has been designed under some
conditions such that the whole closed-loop large-scale fuzzy system is asymptotically stable.
Then, the optimization design method for decentralized control is also considered with
respect to a quadratic performance index. Finally, numerical examples are provided to
demonstrate the correctness and less conservativeness of the theoretical results. However,
there are still some other problems to be addressed, such that time-varying delays and delay-
dependent stability and stabilization of fuzzy large-scale system and the results developed
in the paper can be extended to the case that the underlying systems are invovled with any
switching dynamics.
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