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Correspondence

Robustness Design of Fuzzy Control for Nonlinear
Multiple Time-Delay Large-Scale Systems via
Neural-Network-Based Approach

Feng-Hsiag Hsiao, Sheng-Dong Xu, Chia-Yen Lin, and Zhi-Ren Tsai

Abstract—The stabilization problem is considered in this correspon-
dence for a nonlinear multiple time-delay large-scale system. First, the
neural-network (NN) model is employed to approximate each subsystem.
Then, a linear differential inclusion (LDI) state-space representation is
established for the dynamics of each NN model. According to the LDI
state-space representation, a robustness design of fuzzy control is proposed
to overcome the effect of modeling errors between subsystems and NN
models. Next, in terms of Lyapunov’s direct method, a delay-dependent
stability criterion is derived to guarantee the asymptotic stability of
nonlinear multiple time-delay large-scale systems. Finally, based on this
criterion and the decentralized control scheme, a set of fuzzy controllers
is synthesized to stabilize the nonlinear multiple time-delay large-scale
system.

Index Terms—Delay-dependent stability criterion, large-scale systems,
modeling error, neural network (NN).

I. INTRODUCTION

In the past few years, neural-network (NN)-based modeling has
become an active research field because of its unique merits in
solving complex nonlinear system identification and control problems
(see [3]-[5] and the references therein). NNs are composed of simple
elements operating in parallel. These elements are inspired by biolog-
ical nervous systems. As a result, we can train an NN to represent a
particular function by adjusting the weights between elements. Hence,
the nonlinear system is approximated as close as desired by the NN
models via repetitive training. Recently, many reports on the success
of NN applications in control systems have appeared in the literature
(see [6]-[11]). For instance, Limanond et al. [7] applied NNs to
optimal etch time control design for a reactive ion etching process.
Enns and Si [10] advanced an NN-based approximate dynamic pro-
gramming control mechanism to helicopter flight control. Despite
several promising empirical results and the nonlinear mapping approx-
imation property, the rigorous closed-loop stability results for systems
using NN-based controllers are still difficult to establish. Therefore,
an LDI state-space representation was also introduced to deal with the
stability analysis of NN models (for example, see [4] and [5]).
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During the last decade, fuzzy control has been successfully applied
to the control design of nonlinear systems (see [1], [2], [12]-[25]).
In these papers, a so-called Takagi—Sugeno (T-S) fuzzy model was
employed to approximate a nonlinear plant; then, a model-based fuzzy
controller was designed to stabilize the T-S fuzzy model. All of them,
however, neglect the modeling error between the nonlinear system and
the fuzzy model. In fact, existence of modeling error may be a potential
source of instability for control designs that have been based on the
assumption that the fuzzy model exactly matches the nonlinear plant
[26]. Recently, Kiriakidis [26], Chen ef al. [27], Cao and Frank [28],
and Cao and Lin [29] highlighted the importance of modeling error
for the stability analysis of nonlinear systems. However, a literature
search indicates that the effect of modeling errors between nonlinear
multiple time-delay large-scale systems and NN models has not been
discussed yet. A robustness design of T—S fuzzy control for nonlinear
multiple time-delay large-scale systems is hence proposed in this
correspondence to overcome the influence of modeling error via NN-
based approach.

This correspondence is organized as follows. The system descrip-
tion is presented in Section II. In Section III, a robustness design of
T-S fuzzy control and stability analysis of the nonlinear multiple time-
delay large-scale systems are proposed. Finally, the conclusions are
drawn in Section IV.

II. SYSTEM DESCRIPTION

Consider a nonlinear multiple time-delay large-scale system IN
composed of J interconnected subsystems N;, 7 =1,2,...,J. The
jth subsystem N is described as follows:

X;(t) = f5 (X;(8),U;(t))

L; g J
T DD Py (Kt = Tng)) + D by (X () (22D)
k=1 n=1 n=1

n#j

where f;(-) and pgn;(-) are the nonlinear vector-valued functions,
X (t) denotes the state vector, U;(¢) is the input vector, b,;(-)
is the nonlinear interconnections between the nth and jth subsys-

tems, 75,;;(k =1,2,...,L;) are the time delays in the jth subsys-
tems, and Ty, (n =1,2,...,J, n# j) are the time delays in the
interconnections.

In the following, each subsystem is approximated by an NN model.
Then, the dynamics of the NN models are converted into linear
differential inclusion (LDI) state-space representations. Subsequently,
a set of model-based fuzzy controllers is designed to stabilize the
nonlinear multiple time-delay large-scale system IV.

A. NN Model

The jth subsystem of [V is approximated by an NN model, which,
as shown in Fig. 1, has S;(j = 1,2,...,J) layers with Rf(o =
1,2,...,5;)" neurons for each layer, in which =1, (t) ~ s, (t)
(n # j) are the interconnected state variables and w1 (t) ~ wm,; ()

For simplicity of notation, we use S instead of S in the remainder of this
correspondence.

1083-4419/$25.00 © 2007 IEEE
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Fig. 1. The jth NN model.

are the input variables. In order to distinguish among these layers, the =~ where
superscripts are used for identifying the layers. Specifically, we append

the number of the layer as a superscript to the names for each of these AT (1) = [ o XTI — ) ) XT (= Tong) - XT(t — Thenj)
variables. Thus, the weight matrix for the o'th layer is written as W7 . !
Moreover, it is assumed that v(t) is the net input and T'(v(t)) is the e Xt - TLng) X]T(t)U]T(t) X7 (X3 (t)

transfer function of the neuron. Subsequently, the transfer function

T T
vector of the oth (o = 1, 2,...,.5) layer is defined as X () X (t)]

T with

v we) = [T )T o) T (ko) @2

X (t = Thng) = [@10(t = Thng) Ton(t = Thng) - To,n (t = Thny)]
where T'(vZ (t))(s = 1,2, ..., R7) is the transfer function of the cth

neuron. Then, the final output of the jth NN model can be inferred forn =1,2,...,J; k=1,2,...,L;

as follows:
XT(t) = [w(t) @o5(t) -+ xs,5(t)]
X;(t) =i (Wiws—t (Wi—tes—2 UT(6) = [uns(6) uas(t) - twpny5(8)]
(- wF (W35 (WiA;0)) ) @3) XI(t) = [11a(t) @2n(t) - ws,u(O],  n#i
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Remark 1: In NNs, neurons may use whatever differentiable trans-
fer functions to generate their output, so we have many choices about
choosing or determining the transfer function, such as the sigmoid
function and the hyperbolic tangent function. The selection of transfer
functions T'(v(t)) in this correspondence is just one of the feasible
choices.

Next, in order to deal with the stability problem of the nonlinear
multiple time-delay large-scale system N, an LDI state-space repre-
sentation is established for [30]

Y(t)=A(a(t) Y(1)

[
)= hi(a(t)A

2.4)

s a vector signifying the dependence

where ¢ is a positive integer, a(t) is
of h;(-) on its elements, A; (z =1,2,...,¢) are constant matrices,
and Y (t) = [y1(¢) ya(¢ ) . 5( )T, Furthermore it is assumed that
hia() = 0, 377, hila(t)) =

From the properties of LDI, without loss of generality, we can use
h;(t) instead of h;(a(t)). In the following, we present a procedure to
represent the dynamics of the jth NN model (2.3) by LDI state-space
representation [5].

To begin with, notice that the output T'(v? (t)) satisfies

gHvI(t) <

gl (t) <

where g7, and g2, are the minimum and the maximum of the derivative

of T'(vZ (t)), respectively, and they are given in the following:
min %, when p =1
o __ v S
Yso = ar(v? (1)) 25
X W, when Y = 2.

Subsequently, the min—max matrix G° of the oth layer is defined as
follows:

rgl,, O 0 0 i
0 g%, 0 = 0
Go=diaggl,]=| 0 0 g3, 0
: .0 0
L0 0 0 GReu,

(2.6a)

Moreover, based on the interpolation method, the transfer function
T(vZ(t)) can be represented as follows [5], [12]:

S

S
—~
<
N9
—
~
~
~
I

(R (8951 + hy(t)g) v (1)

(Zh w) 2

(2.6b)

where interpolation coefficients hZ,(t) €
From (2.2) and (2.6b), we have

2
(0,1]and > ", h

t=1.

W7 (0(t)) = [T (05 (1)) T (v () - T (wga (8))]

2
> b, (g7, v7 ()

p1=1

2
> hg,, (095,05 ()

p2=1

2 T
> h%UWR(t)gﬂavRvga(t)] . (260)

PrR=1

Therefore, the final output of the NN model (2.3) can be reformulated
as follows:

G W)

Zh

e el

72 Z Zh S (O,

m=1r=1

- GPWEGTWA (1)

= ha()EGA; (1)
Q

G W?

Q2.7

where

2
> hl(#) th Zh% tht
r=1

ry=1 ro=1
2
2 —
§ hqm(t) - E h1m1 E h2m2 § : hRQmR t
m=1 m1=1 mo=1 mpr=1

2

Z hgsl’R (®)

J
pPr=1

Z h2p2

p2=1

2
> hS, () = Z S, (t
p=1

p1=1

= Z Z Zh B2 (DR (1),

> ()
Q m=1r=1

¢=1,2...,R%; Eg = GSWJ-S . ~-G2W]2-G1WJ1- and r, m., and

pe(s =1,2,..., R) represent the variables ¢ of the sth neuron of the

first, second, and Sth layer, respectively. Finally, according to (2.4), the

dynamics of the jth (j = 1,2, ..., J) NN model (2.7) can be rewritten

as the following LDI state-space representation:

Zhw

VEi;A;(t) (2.8)

where h;;(t) > 0, Z = 1, ¢; is a positive integer, and E;;
is a constant matrix w1th appropnate dimension associated with Fg.
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The LDI state-space representation (2.8) can be further rearranged A. Modeling Error

as follows:

X,;(t) + B;;U; (¢)

P
0= hi(t)

(2.9)

L, g J
+ijzikan (t — Thng) + Z A X (2)

k=1 n=1 n=1
n#j

where Zum], A;j, B;j, and Amj are the partitions of F;; correspond-
ing to the partition AT (t).

Remark 2: For simplicity of NN model construction, the NNs for
all subsystems in this correspondence are assumed to have the same
forms with respect to the numbers of layers and neurons. Therefore,
we have

1 =¢2=--=¢J. (2.10)

B. T-S Fuzzy Control

On the basis of the decentralized control scheme, a set of T-S fuzzy
controllers is synthesized to stabilize the nonlinear multiple time-delay
large-scale system N. The jth fuzzy controller takes the following
form:

Rule 8 : IF () is Mp1; and ... and s, ;(t) is Mps,

B=1,2,..., p1;,and p; is the number of IF-THEN rules of the fuzzy
controller and Mgg;(0 = 1,2,...,9,) are the fuzzy sets. Hence, the
final output of this fuzzy controller is inferred as follows:

Z wg;(t)Cp; X;(1) 1
Uit =~ == hs(H)Cs X;(t) 211
Z wp; () B=1
B=1
with
wg; (t) = HMBFJJ' (z6;(t)) hg;(t) = u:"ﬁﬂ
[;1 wg; (1)

in which Mgag;(zg;(t)) is the grade of membership of x¢;(t) in
Mpgg;. In this correspondence, it is also assumed that wg;(t) > 0,
B=1,2,...,05 7=1,2,...,J and Zg":lng(t) > 0 for all ¢.
Therefore, hg;(t) > Oand } 17 | hg;(t) = 1forall t.

III. ROBUSTNESS DESIGN OF Fuzzy CONTROL
AND STABILITY ANALYSIS

In this section, the stability of the nonlinear multiple time-delay
large-scale system IN is examined under the influence of modeling
error.

Substituting (2.11) into (2.1) and (2.9) yields the jth closed-loop
subsystem N ; as follows:

D5 Ky
()= his(t)hg; (1)
i=1 =1
X (A BU Cﬁ] + Z Z Azkn]

k=1 n=1

J
X (t = Thnj) + Z A Xn () | +T5 (X;(1))

n=1
n#j
+ZZPMJ n(t = Tkng)) + me (1)
k=1 n=1 Z#;l
i Ky
=D hihs(0)
i=1 B=1
Ly g
x | (Aij — Bi;Cpi) X;(t) + Z Z Aipn; X

k=1 n=1

J
X (t=Thng) + Y Ainy X (t)

n=1

n#j

;i Hj

=)D hii(hs;(0)
i=1 =1
x |(Aiy — BiyCay) X (t) + Z Z Aijns X
k=1 n=1
J
X (t=Ting)+ > Ain; X ()| +A%5()  (B.1)
oo
where f;(X;(t),U;(t)) =T';(X,(t)) with
1
- Z hp;(t)Cp; X;(t)
B=1
Ly g
Aq)] (t) =€ (t) + Z Zékn] Tkn] + Z en] )
k=1 n=1 n#]
with
b5 Ky
e;(t) = { Z (£)hss (2)

x (A — Bz‘jcﬁj)Xj(t)] (3.2)
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Crnj(t — Thng) = [Pkm (Xn(t = Tknj))

i K

- Zzhw hBJ

zkn]X (tTknj):|
i=1 B=1

= [Pknj (Xn(t = Tknj))

(3.3)

- Z hz] zknj (t - Tknj):|

bj My
éns(t)= [bm- (Xa()=) h”u)hmw%xn(w]
i=1 B=1
2]
[bm (Xn(8) =D g () Ains X (t)} (3.4)

and A®;(t) denotes the modeling error between the jth closed-
loop nonlinear subsystem (3.1) and the closed-loop NN model
[(2.8) + (2.9)].

Suppose that there exists bounding matrix AH,g; such that

i Kj

Z Z hij(t)hp; () AHig; X;(2)

i=1 =1

[AD;(t)]| < (3.5)

for trajectory X (¢), and the bounding matrix A H,z; can be described
as follows:
AHiBj = Ei@jHj (36)

where H; is the specified structured bounding matrix and ||e;g,;|| <

1fori=1,2,...,¢;; 8=1,2,...,p;;and j =1,2,...,J. From
(3.5) and (3.6), we have
b5 Ky T
AT (1) AD(t) < [Z > hij(t)hs; () AHig; X; (t)]
i=1 B=1
b K
x [Z D hij(t)ha; () AHig; X; (t)l
=1 B=1
i Hj
<33 by (0has (1) 1H X, ) s |
=1 B=1
i K
<N hig(Ohss (Blleis; | 11H; X5 1)
i=1 B=1
< [H; X5 (0] [H; X;(1)]. (3.7)

That is, the modeling error A®;(¢) is bounded by the specified
structured bounding matrix H ;.

Remark 3 [18]: The procedures for determining ¢;5; and H; are
described by the following simple example. Assume that the possible
bounds for all elements in AH,g; are

Ahll Ah12
Aij — |: B3 iBj ]
ARz, AhZE,

where —~7° < Ahfgj v;® for some Yigso with r,s=1,2;
i=1,2,. ..,¢>J,ﬁ: 2, ., pysand j =1,2,...,J.
One possible description for the bounding matrix AH;3; is

11 11 12
£ 0 o o
iB J J _ H
O] 222 ] |: 21 22] = Eipjll;

AHip; = [
Cpil LY 5

where —1 < 75, < 1forr = 1, 2. Itis noticed that &, 5; can be chosen
by other forms as long as ||e;g;|| < 1. Then, we check the validity of
(3.5); if it is not satisfied, we can expand the bounds for all elements
in AH;g; and repeat the design procedures until (3.5) holds.

B. Stability in the Presence of Modeling Error

In the following, a stability criterion is proposed to guarantee the
asymptotic stability of the closed-loop nonlinear multiple time-delay
large-scale system N, which consists of J closed-loop subsystems
described in (3.1). Prior to examination of the asymptotic stability of
N, a useful concept is given here.

Lemma 1 [31]: For real matrices A and B with appropriate dimen-
sions, we have

ATB+ BTA<XATA+Xx"'BTB

where X is a positive constant.

Theorem 1: The closed-loop nonlinear multiple time-delay large-
scale system N is asymptotically stable if there exist symmetric
positive definite matrices P;, 1,; and positive constants c;, z;, and

n;(j =1,2,...,J), and feedback gains Cj;s, as shown in (2.11), are
chosen such that the following inequalities hold:
Lj
Qipnj = Zﬂmg‘fiﬁkj + @Win; <0
k=1
for i =1,2,...,0;, 8=1,2,...,u;5n,5=1,2,...,J
(3.82)
Viknj =0 'L; Azkn]Aiknj — Yrn; <0
for ¢ = 1727'“7¢j7 k= 172,,11]7 'I’L,j: 1727.4.,J
(3.8b)
where
&ionj = (Aij — Bi;Cp;)" Py + P(Aij — Bi;Cpj) + 2;Ten; Hj H
(3.9a)
Lj J
Winj = ;L ZT,WJP + L; ,zflP2 + Zwkjn
k=1 =
Lj
40> TRy P A AL Py iy LT (3.9b)
k=1
with Kipj = (Rin(t)/hi; ()1

Proof: See the Appendix.

Remark 4: In physical conditions, it is not an easy task to divide
the large-scale system into many obviously different subsystems based
on the concept of theory. In this correspondence, the high similar-
ities among all the subsystems are assumed. Therefore, (3.8a) with
time-dependent functions h;,, (t) and h;;(t) can be solved by letting

(hin(t)/hi;(t)) ~ 1.
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Remark 5: Since the matrices w;,; in (3.9b) are positive definite,
the matrices §;3;s must be chosen to be negative definite to meet the
stability condition (3.8a). Hence, based on (3.9a), we have that the
larger delay 7j,,; will make Theorem 1 more difficult to be satisfied.

Remark 6: Based on (3.5), the modeling error A®;(¢) is assumed
to be bounded by the specified structured bounding matrix H;; then,
the larger modeling error results in larger H;. According to the same
corollary shown in Remark 5, the larger modeling error will make
Theorem 1 more difficult to be satisfied.

Remark 7: Equation (3.8b) is a linear matrix inequality (LMI), and
it can be rewritten as follows:

— —T
71/)kjn ij,ikn,j >0
AiniW; L—;I
fori=1,2,...,0;;n,5=12,...,J;andk=1,2,...,L;

(3.10)

where Ekjn = W;vr;n W; with W; = Pfl. Moreover, (3.8a) can be
reformulated into LMI via the following procedure.

By introducing new variables Y; = Cjg;W; and z; = z;
is rewritten as follows:

1 (3.8a)

L

J
Z Thnj {WJAZ;' — (BijYs;)" + AijW; — Bi; Yy
k=1
L
+Zj1TkanjH?Hjo} + Oé]‘Lj ZT,?nd
k=1
L; L
+ LJ'EJ'I + ZEk]TL + ’7;1 ZTknJAanAZ;L]
k=1 k=1
+ K,injLnWjo <0 3.1
for i =1,2,...,¢;; B=1,2,...,u; and n,j=1,2,...,J.

Furthermore, based on Schur’s complement [2], [18], [23], [30], it is
easy to find that the matrix inequality in (3.11) is equivalent to the
following LMI:

r H; W, w;

(HjWJ)T (Z Tknj_1> I 0

<0

W; 0 —(KjinjLn)71[
for i=1,2,...,¢0;; 8=1,2,...,u;5n,5=1,2,...,J
(3.12)
where
Lj
I'= ZTknj {WjAZ; — (B Ys)" + Ay Wy — Bijyﬁj}
k=1
Lj Lj Lj
+ao;L; Zﬂ?nﬂ + Lzl + Z@kjn +n; ! ZTfnjAminTm-
k=1 k=1 k=1

IV. CONCLUSION

A robustness design of fuzzy control via NN-based approach is
proposed to overcome the influence of modeling error. First, the
NN model is employed to approximate each subsystem. Then, the
dynamics of each NN model is converted into LDI representation.

Next, a delay-dependent stability criterion is derived from Lyapunov’s
direct method to ensure the asymptotic stability of nonlinear multiple
time-delay large-scale systems. According to this criterion and the
decentralized control scheme, a set of model-based fuzzy controllers
is synthesized to stabilize the nonlinear multiple time-delay large-scale
system.

APPENDIX
PROOF OF THEOREM 1

Let the Lyapunov function for IV be defined as

J J
SIS XTI O rkn; P X (1)

j=1 k=1 n=1

Tknj
+ZZ / XT(t = 7)o X (t — m)dmp (Al
k=1 n=1
where the weighting matrices P; = PT > 0 and Ypn; = YL, ;> 0.

We then evaluate the time derivative of V( ) on the trajectories of (3.1)
to get (A2) and (A3), shown on the next page. In (A2), based on the
concept of interconnection, matrix A,;; is set to be zero.

According to (3.7) and (A3), we have

J P; ok

B39 9 WRCIONED

j=1n=1i=1 =1

Lj
X {(Aij — Bi;Cgy)" ZTkan]

k=1
L Lj
+ Py Y Thnj(Aij — BiCy) + gLy Y 720, P7
k=1 k=1

L J
+ L2 PR 2 > TR HTH + Y ign

k=1 k=1
Lj

77;1 Z Tl?aninnjAz;szj + Ki"jL"I} Xj (t)
k=1

J ¢; Lj g
NN X

j=1 i=1 k=1 n=1

{a L; Azkn] ithknj — wknj} ( Tk:nj)

J Py

5 3)3) ) SRCIRT

j=1 i=1 B=1 n=1

J ¢ Lj g
+ Z Z Z Z hij(t)Xg:(t — Tienj) Vikni Xn(t = Tenj)-

j=1 i=1 k=1 n=1

= Tknj)

(A4)

X ()Qipn; X;(t)

(A5)

Based on (3.8a) and (3.8b), we have V(t) < 0, and the proof is thereby
completed.
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J
V()= Vi) ZZZ Tieng (XT (6) P, X, () + X7 (1) +ZZZ ()91 X () = X Tt~ Tt ) rons X (= Theny))
j=1 j=1lk=1n=1 j=lk=1n=1
J Ly g i M J T
= Z Z Tknj { [Z Z hl] h’ﬁj <(A BLJC,BJ j t +Z Azdn] n Tdnj) + ZAthXn(t)) + ACI)J(t)
j=1 k=1 n=1 i=1 =1 n=1
b5 Ky
X Pij(t) + Xgr(t)Pj Z Z hij(t)hﬁj (t) ((A BZJCBJ + Z Z Azdn] Tdnj)
i=1 B=1 d=1 n=1
J
+y Amjxn(t)> + A, (t)] }
n=1
J Lj g
+ Z Z [Xg(t)wkann(t) - X,{(t - Tknj)wkann(t - Tknj)]
j=1 k=1 n=1
J Lj g ¢ nuy
= Z hij (t)hg; (8) X (1) {(Aij = BijCp;) iy Py + PyTin (Aij — Bijcﬁj)] X;(t)

DS TS b (O [ X Tan) A Py X (8) 4+ XT (O Py Rt X (¢ = 7an)]
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