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ROBUST H,, CONTROL FOR T-S TIME-VARYING DELAY
SYSTEMS WITH NORM BOUNDED UNCERTAINTY BASED ON
LMI APPROACH

H. L. HUANG AND F. G. SHI

ABSTRACT. In this paper we consider the problem of delay-dependent robust
Hoo control for uncertain fuzzy systems with time-varying delay. The Takagi—
Sugeno (T-S) fuzzy model is used to describe such systems. Time-delay is
assumed to have lower and upper bounds. Based on the Lyapunov-Krasovskii
functional method, a sufficient condition for the existence of a robust Hso
controller is obtained. The fuzzy state feedback gains are derived by solving
pertinent LMIs. The proposed method can avoid restrictions on the derivative
of the time-varying delay assumed in previous works. The effectiveness of our
method is demonstrated by a numerical example.

1. Introduction

Since time delays and perturbations can be often sources of instability for a sys-
tem, stabilization problems and robust control of nonlinear uncertain systems with
time-delay have received considerable attention for decades [3, 5, 8, 9, 10, 13, 16, 17,
20]. Such systems occus very often in real life. Examples are electric power systems,
large electric networks, rolling mill systems, economic systems, aerospace systems,
several types of social systems and ecological systems. In practice, inevitable uncer-
tainties may enter a nonlinear system in a much more complex way. The uncertainty
may include modeling error, parameter perturbations, fuzzy approximation errors,
and external disturbances. To the best of the authors knowledge, delay-dependent
robust H,, control for uncertain fuzzy systems with time-varying delay have not
yet been fully investigated and hence we attempt to do so in this paper.

Depending on whether the condition includes the information of delay or not,
stability criteria can be classified into two types: delay-independent and delay-
dependent. Delay-independent stability conditions are independent of the size of
the delays. They can be used to study systems without any information on the time
delays [13, 20]. Generally speaking, delay-dependent results are less conservative
than those for the delay-independent case, especially for time-delay systems with
small delay. But in [1, 6, 9], the stability conditions require that the upper bound
of derivative of the time-varying delay be less than 1. Our results do not need this
restriction.
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The Takagi-Sugeno (T-S) fuzzy model [12, 15] can represent nonlinear systems
using fuzzy rules with consequent part as local linear subsystems. This kind of
model provides an effective representation of complex nonlinear systems. When the
nonlinear plant is represented by a so-called T—S type fuzzy model, local dynamics
in different state-space regions are represented by linear models and the overall
model of the system is achieved by fuzzy “blending” of these fuzzy models. The
control design is carried out based on the fuzzy model via the so-called parallel
distributed compensation (PDC) scheme [15].

Linear matrix inequality (LMI) theory is a useful mathematical tool for opti-
mization problems [2, 4, 7, 11]. Many control problems can be converted to either
a feasible problem of an LMI system, or a convex optimization problem which has
the LMI restriction.

In this paper, we consider the problem of delay-dependent robust H., control for
uncertain fuzzy systems with time-varying delay. First we study the stability and
stabilization conditions of the closed-loop fuzzy system with no disturbance. Then
we consider the performance index J(w) and derive a sufficient condition for the
existence of the delay-dependent robust H., controller by the Lyapunov-Krasovskii
functional method. Now, introducing free-weighting matrices and solving linear
matrix inequalities, state feedback gains can be obtained. Finally, we illustrate the
effectiveness of method by a numerical example.

The major contribution of this work is as follows. First, it gives a new method
to design the robust H., controller for uncertain fuzzy systems with time-varying
delay. Second, it presents time-dependent results which can be used to determine
the upper bound of the time-delay by using convex optimization to guarantee robust
H, fuzzy stablizable systems for all time-delays. These results are less conservative
than those for the delay-independent case. Third, it is able to treat systems with
no requirement regarding the information of the derivative of the time-delay; i.e.
our method allows for fast time-varying delay.

The paper is organized as follows. In Section 2, we present a T—S fuzzy model
for an uncertain system with time-varying delay and state some assumptions. In
Section 3, we derive the existence condition of a delay-dependent robust H., con-
troller in LMI form using the Lyapunov-Krasovskii approach. In Section 4, we give
a numerical example to demonstrate the results. Section 5 concludes the paper.

Notation. For a symmetric matrix X, X > 0 means that X is positive definite.
I is an identity matrix of appropriate dimension and X7 denotes the transpose of
X. For any nonsingular matrix X, X ! denotes the inverse of X. R™ denotes the
n-dimensional Euclidean space and R™*™ is the set of all m x n matrices. L3[0, 00)
refers to the space of square summable infinite vector sequences. ||-||2 stands for the
usual Ls[0,00) norm. * denotes the transposed element in the symmetric position
of a matrix.

2. Problem Formulation and Assumptions

Consider the following parameter uncertain system with time-varying delay de-
scribed by the Takagi—Sugeno fuzzy model. The ith rule of the model is
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Plant Rule i:
If Zl(t) is Mil; Zg(t) is MZ’Q,' ty Zg(t) is Miga

Then

Jx(t) + (Aiz + Adia(t))x(t — h(1))
+(B; + AB;(t))u(t) + Biw(t),
Z(t) = Cix(t) + Diu(t),
z(t) = (t),  te[-ha,0] (1)

() = (A +AAu(t)
)

wherei =1,2,--- ,n. nis the number of rules, z1(t), 22(t), - - - , 24(t) are the premise
variables and M;;(i = 1,2,-++ ,n,j = 1,2,--+ ,g) is the fuzzy set, z(t) € R' is the
state vector, u(t) € R™ is the input vector, w(t) is the disturbance which be-
longs to Ls[0,00), Z(t) € RP is the controlled output. Aj;1, A2, B, By, C; and
D; (i = 1,2,--- ,n) are constant matrices of appropriate dimensions, ¢(t) is the
initial condition of system (1), hps is the upper bound of time-delay h(t) and
AAn(t), AAia(t), AB;(t) (i =1,2,--- ,n) are unknown matrices representing time-
varying parameter uncertainties of (1) and satisfying the following assumption.

Assumption 2.1.

[AA (), Adia(t), AB;(1)] = Ui Fi(t) [Ein, Eiz, 4], (2)
where U;, Ej1, E2 and E; (i = 1,2,--- ,n) are known real constant matrices of
appropriate dimensions. F;(t) (i = 1,2,---,n) is an unknown real time-varying

matrix with Lebesgue measurable elements satisfying
FWTEt) <I, i=1,2,---,n. (3)

Let p;(z(t)) be the normalized membership function of the inferred fuzzy set
pila(1)), .

where 2(1) = [s1(8),2a(0) -+ (0] puCa() = [T Miy(s5 (). My (1) s the

grade of membership of z;(t) in M;;. It is assumed that

piz(1) >0, i=1,2,---,n, > pi(2(t) >0, Vt>0.
i=1
Then, it can be easily shown that

pi(z(t) >0, i=1,2,---,n, > p(z(t)) =1, Vt>0.
i=1
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By using the center-average defuzzifier, product inference and a singleton fuzzi-
fier, the T—S fuzzy model (1) can be expressed by the following global model

@(t) = 2::1 i (2(1)[Ainx(t) + A (t — h(t)) + Biu(t) + Buiw(t)],

5t) = ; i (2(8)[Ciae(t) + Dyu(®)),
x(t) =),  te[=hu,0] (4)

where Ail £ Azl—‘rAAZl(t% 1211'2 £ ig-’-AAﬁ(t), Bz £ BZ—FABz(t), L= ].7 27 e, N,

In this paper, a delay-dependent state feedback T-S fuzzy-model-based H,
controller will be designed for the robust stabilization of the T—-S fuzzy system
(4). The ith controller rule is

Ri . If Zl(t) is Mih Zg<t) is Miz, R Zg(t) is Mig7

Then u(t) = K;xz(t), (5)

where K; (i = 1,2,---,n) are the controller gains of (5) to be determined. The
defuzzified output of the controller rule is given by

u(t) = pilz(t) Kix(t). (6)
i=1

Combining (4) and (6) , the following closed-loop fuzzy system can be obtained.

i) = 35 32wty (=(0) (A + B )a(t) + At — ht)) + Buw(®)],

)= 3 5% w0 )+ Dika(o),
rt) = (). tel-h.0l ™

Assumption 2.2. h(t) is a uniformly continuous time-varying function satisfying

0 < hy <h(t) < hu. (8)
In this paper, we define
1 1

Then, h(t) is a function belonging to the interval [« — 3, « + (], where [ can be
taken as the range of variation of the time-varying delay h(t). When 8 = 0, h(t)
denotes a constant delay.

Definition 2.3. For a prescribed scalar v > 0, we define the performance index

J) 2 [T 0)6) - 2T 0)0)]0. (10)

Remark 2.4. The purpose of this paper is to design a delay-dependent robust H,
controller (6) for the T—S global model (4) such that for all admissible uncertainties
satisfying (2), (3), and h(t) satisfying (8) for a prescribed scalar v > 0,
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(I) The closed-loop fuzzy system (7) is asymptotically stable when w(t) = 0;
(IT) The closed-loop fuzzy system (7) satisfies ||Z(t)]|2 < |lw(t)]|2 for all nonzero
w(t) € La[0, 00] under the zero initial condition.

3. Main Results

In this section, we present a method to design the robust H., controller for
uncertain systems with time-varying delay based on the Lyapunov-Krasovskii ap-
proach.

First, we state four lemmas which are the key to proving the main theorem of
our paper.
Lemma 3.1. [14] For any two matrices X and Y, we have
XYy +YTX <eXTX + e Wy,
where X € R™*™ | Y € R™ "™ and ¢ is any positive constant.

Lemma 3.2. [18] If Y, U, and E are matrices of appropriate dimensions, and
Y =Y7T, then for any matriz F satisfying FTF < I,

Y +UFE+ET"FTUT <0
if and only if there exists a constant € > 0 satisfying
Y +eUUT +e 'ETE <.

Lemma 3.3. [19] For any matrices Ry > 0, Re > 0, N and T of appropriate
dimensions, we have
t

[a] —26T(t)N i(s)ds < T (t)NRTINTE(t) + /t ) T (s)Ryi(s)ds,

t—a

t—a t—h(t)
] — 267 (1) /t i(s)ds = 26T (O)T / i(s)ds

—h(t) t—a

(as h(t) < a) < BETMTRMTTE(t +/ (5)Rod:(s)ds
taa+6
< BET (TR TTE( +/ (5)Roi(s)ds,

t—a
—2§T(t)T/t i(s)ds < BET (1) TRy ' TTE(t) +/ s)Rodds

—h(t) t
t— oc+ﬁ

(as h(t) > a) < BETTRTTE(t) + / @7 (s)Rod:(s)ds
t—a—0

Lemma 3.4. (Schur complements) For a symmetric matriz S = [SH Sm} the

521 S22 ’

following conditions are equivalent:

[(L] S < 0; [b] S < 0, S11 —Sg5521512 <05 [C] Sog < 0, S11 —Slgnglsng < 0.

For the purpose given in Remark 2.4, our first result is with respect to the
stability of system (7) with no disturbance. For simplicity, let u; = p;(2(t)).
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Theorem 3.5. Suppose w(t) = 0, for given scalars hy, > 0, hay > 0 and matric
K. If there exist matrices P > 0, Q@ > 0, R1 > 0, Ry > 0, Ni, My, Ty (i,j =

1,2,---,n, k=1,2,3,4) of appropriate dimensions such that

fox ;
<0, 1<i<n,
{921 Q22] -
et o
251 58222

then system (7) is asymptotically stable, where

}<0, 1 <1<y <n,

ij
Hll * * *
HY Hyl *

17 17 17 ]
Hy  Hyp Hyzo o

] ] ) )
H41 H42 H43 H44

i _
Qn =

aNl aN} aNI aN} —aRy *
Qo1 s S22 = )

T lprd opry o oprf T 0 —pR
Hijl =Q+ N +N{ + M Ay + M1B¢Kj + AZ;MlT + K]TBZTMlT,
HY = Ny =TT + MyAy + MyBiK; + ALMT,

Hy) = =Ty — T + MyAip + ALMJ

Hg) = —=N{ + T + Ny + Ms Ay + M3 BK;,

Hg) = —NJ + T — Ts + M3 A,

HY = —Q— NI — N3+ T¥ + 1Tz,

Hy} = P+ Ny+ MyAy + MyB;K; — M,

HY), = Ty + MyA — MY,

Hi =Ny + Ty — M,

HY, = aRy +26Ry — My — MY, 1<i<j<n.

Proof. Using the Newton-Leibniz formula, we have

x(t) —z(t —a) — /t_ #(s)ds =0,

From (7) we have

n n

SO ninil(Ai + BiKj)x(t) + Ap(t — h(t) + Buiw(t) — #(t)] = 0.

i=1 j=1
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Based on the equalities mentioned above, for any matrices Ny, My and Ty (i =
1,2,3,4) of appropriate dimensions, we have

(t)N{ ilile(t) —z(t—a) — z(s)ds]} =0,
;;“ & /t_a (13)
POTL S i =) —le = 0) - / A=

M{Z Zuzug it + BiK;)a(t) + Apa(t — h(t)) + Buiw(t) — &(t)]} = 0,
i=1 j=1 (15)

where £7(t) = [z7(t) 27 (t — h(t)) 27 (t — ) &7 (¢)] , NT = [N{ Ni N N{J,
MT:[M1T M2T M?T M4T]a T = [Tl T2 T3 T4]

We first consider the case when w(t) # 0. Choose the Lyapunov-Krasovskii
functional

V(z(t)) =2 (t) Px(t) + /t t 5)Qx(s)ds + / / V)R i(v)dvds

—a+p
v)Rod(v)dvds,
of. /H ) (16)

where P >0, Q@ >0, R; >0, Ry > 0.
Combining (13)-(15), using Lemma 3.3 and taking the derivative of V' (z(t)) with
respect to t along the trajectory of (7), we have

V(x(t)) = 22T (t)Pi(t) + 27 (£)Qux(t) — 2T (t — a)Qx(t — a)

t t—a+3
T (t)(aRy + 26R2)i(t) — T (s)Ryi(s)ds — #(s)Raz(s)ds
+ET R + 280~ [ @R [ a6 R
=227 (t)Pi(t) + 27 (1)Qx(t) — 2 (t — a)Qx(t — )
+ 7 (1) (R + 28Ra)i (1) — / C () Ryi(s)ds — / T () Rui(s)ds
t—a t—a—0
CoTONIS S s ot) — (i — ) — [ atsiash
=1 j=1 t—o
2T OT S panfnlt — ) —ale— b)) = [ als)as)
i=1 j—l t—h(t)
P2 OMES S sy + B )a(t) + Aupa(t — b))
=1 j=1

+ Buiw(t) — @(1)]}
<227 (1) Pi(t) + 2T (1) Qu(t) + 2T (t)(aRy + 2BR)a(t) — 2T (t — @)Qz(t — a)
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+23°3 i€ (ONa(t) — (t - )

+23 > pipi€" (OT[e(t = ) = 2(t = h(D))]
+2 zn: Zn: i €T ()M (A 4+ BiK;)x(t) + Ajpa(t — h(t)) + Boiw(t)
— (1)) + ag” ()NRT'NTE(t) + BT ()T Ry ' TTE(t)
n o n B o —1ArT —1pT *
=3 S mastc et + ¢ [ NN AT oy
i=1 j=1
n 3 o —1 7T 1T,
=i metic + T VN TR
DI WIMICICHRACIHNG
o —1arT —1T *
+7e) [PoVRENT TR S .
where
OO WL e = |G ol =l g g a)

Y - BT, HY - BIME. i - BT, Y - B

7 3 K3 K2

If w(t) = 0 the result is proved using Schur complements. O

Since J(w) plays an important role in designing a robust H., controller for
uncertain systems with time-varying delay, in the next theorem we consider the
performance index (10) of system (7) .

Theorem 3.6. J(w) <0, if

0 1<i<
[ 021 922} <Y = (17)
QY + 01 +T9 4171 « o
<0, 1<i<j<n,
{ O21 %@22 =tsa=n (18)

where T = diag{(C’i—FDin)T(C'i—FDin) 000 —’72[}, ©91 = [921 0],
622 = QQQ'
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Proof. Assume that ¢(t) =0, t € [—hp,0]. From the proof of Theorem 3.5, we
have

s = | TET0)2(0) — T (0)w(0) 1 V(2(0)))d6 — V(a(o0)

< /Oo[éT(b’)é(O) — 2T (0)w(0) + V (2(0))]d0

~Jo
< [T XX sl @} + e

-1 -1
+¢T(0) {aNRl NTaLﬁTR2 T (j C(0)}d6

:/Oooz,g{gT(e)[ 1+ T7C0)

LT [aNRllNTS—ﬁTRleT 3] C(O)}d0
con—1 n 3 N N -
+/o > D ming{CT(O)[OF) + Oy + TV +TV((0)

i=1 j>i
LT {204NR11NT3—25TR21TT 3] C(0)}d0.

Using Schur complements, we can prove that J(w) < 0 when inequalities (17), (18)
hold. O

Remark 3.7. It is easy to see that (17) implies (11), and (18) implies (12).

The parameter uncertainties AA;1(t), AA;2(t), AB;(t) are contained in (17)
and (18). So Theorem 3.6 cannot be directly used to determine whether J(w) is
less than zero. The following theorem is concerned with these uncertainties and
provides a sufficient condition for J(w) < 0.

Theorem 3.8. J(w) <0, if
g 4 T 4 *
B2 O x| <0, 1<i<n,
31 0 33 (19)

élﬂ + (:)]171 + I 4190 * * *

S} lo * *
?1 222 ij < 0, 1<i<j<n,
51 0 O3 *
3
o1, 0 0 Ol

(20)
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where

urMT UMY UTMT UTMT 0

or =| o o] es= |vtad vl vl urd ol
: urMP uMy UrMI UFME 0

@% =diag{—e;;I —ei;I —eil},
O91 and Oy are as given before and
Hy Hyp o x
Hyy Hyp Hyyo x|
Hpy Hp Hpg Hy
HY = Q+ N1+ N{ + MiAp + MiBiK; + AL M{ + KT B M{ + ¢, EL Eqy
+ei;K] E] EiK;,
Hy) = Ny — T + MyAy + MyB,K; + ALMT
Hi) = Ty — T + MyAjg + ALMT + ¢ ELEjo,
HY = —NT +TF + Ny + M3 Ay + M3 B K,
HY), = —NI +TF — Ty + M3Aso,
Hyy = -Q— N§ — Ny + T + T7,
HiI = P4+ Ny+ MyAy + MyB;K; — MT,
HY), = —Ty + MyAip — MY,
H = —Ny+ Ty — M,
HY = aRy + 28Ry — My — MY

i
Qn =

PTOOf. Replacing Ail; /L‘Q and Bi with Ail + Uze(t)Ezl, Aig + UZFZ(t)Ezg and
B; + U;F;(t)E; in (17) (18), respectively, in terms of (2), (3) and Lemma 3.2 and
using Schur complements, we can obtain (19) and (20). O

Since (19) and (20) are not LMIs, we need to convert them into LMIs before
using the MATLAB LMI Toolbox to solve them . The following theorem gives
a sufficient condition for the existence of a robust H., controller and the state
feedback controller gains are derived by solving pertinent LMIs.

Theorem 3.9. For a prescribed scalar v > 0 and given scalars 6;(1 = 2,3,4), 04 #
0, hmm, > 0 and hpr > 0, system (7) is stable and satisfies ||Z(t)]]2 < y||lw(t)||2 for all
nonzero w(t) € Ly[0,00) and any h(t) satisfying (8), if there exist P > 0, Q > 0,
Ri >0, R, >0, X, Y; (j=1,2,---,n), Ny, and Ty, (k=1,2,3,4) of appropriate
dimensions and positive constant n;; such that the following LMIs simultaneously
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hold. _
Elfl * * *
=it =
S =2 Y 1<i<n,
S 00 Zs % (21)
=40 0 =%
_Eijl —|—Ej111 * * * * .
B Zoo % * * *
=Ji =
=21 0 22 xS g <i<cj<n,
:31 0 0 5533 * * - -
=t =v
Sq o 0 0 Eiy o ox (22)
=it =i
where
oy« s e
I, I, =« * *
Ef o= |0y I Iy o+ o+ |, E; =[G:X° +DY; 0 0 0 0],
Iy I Iy I«
5 I Iy IO I
=] D — aNT aN] aNI aNI 0 = _ —aR, *
B s S A~ ] R R A
N Eq XT 0 0 0 O
Eh = 0 EpXT 0 0 0f, Eua = diag{-—ni I —ni; I — i1},

E;Y; 0 0 00

07 =Q+ Ny + N{ + Ay X" + B)Y; + XAl + YjTBiT + 30, U; UL,

ngl =Ny —T1 + 640 XT + 02B;Y; + XA}; + 377ij62UiUiT,

Y, = —Tp — TY + 00 AinX ™ + 62 X AL + 305U, U7

5, = ~NT +TT + Ny + 5340 X7 + 63 B;Y; + 30,;05U;UT

5, = —NI + T — Ty + 63400 X T + 31;;0205U UYL,

I, = —Q — NI — Ny + Ty + T4+ 30,;030,U]

I, = P+ Ny + 80 Au X7 + 64B;Y; — X + 3n3;0.U:U]

I, = Ty + 644X T — 02X + 30;020,U U,

%, = — Ny + Ty — 63X + 30,;0504 U7,

I, = aRy + 28Ry — 6, X7 — 6,X + 3n;;63U;U7

m¥ = BY, 1Y =6BY, N%=8BL, Ii=8BL, L=
Moreover, the state feedback controller gains of (6) are given by K; = Y; X~ for
7=12---,n.

Proof. By Remark 3.7, we know when (19) and (20) hold, system (7) with w(¢) =0
is asymptotically stable. Denote Ms = do My, M3 = d3M;y, My = §4M;. It can be
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seen that d4 7 0 and M; is nonsingular from (19) and (20). Now define X = M;~

P=XPXT Q=XQXT, Ry = XRiXT, Ry = XRyXT, Ny = XN XT, T}, =
XTp XT (k =1,2,3,4),Y; = K;XT (j = 1,2,--- ,n) and mij = €5 Then pre
and post-multiplying both sides of (19) by diag{X X X X I X X I I I} and its
transpose, pre and post-multiplying both sides of (20) by diag{X X X X I X X I
I 11117} and its transpose, we obtain (21) and (22) using Schur complements. O

Remark 3.10. From the proofs of Theorem 3.5 and Theorem 3.6, one can see
that no restriction on the derivative of the time-varying delay is needed(In[1, 6, 9],
h(t) should satisfy h(t) < hg < 1), which means that a fast time-varying delay is
allowed.

Remark 3.11. Theorem 3.9 helps us calculate the upper bound of h(t) as follows.
First, given « or Ay, (if Ay, is given, replace o and 8 with %(hM—i—hm) and %(hM—hm)
n (21) and (22)). Second, find the maximum allowable value of 3 or hj; satisfying
(21), (22) by setting the proper values for d2, d5 and d4, then solve the corresponding
feedback gains K; = Y; X ~T. Finally calculate Bmqez OF Rarmaz-

4. A Numerical Example

In this section, we apply the proposed method to design a delay-dependent robust
H,, controller for an uncertain nonlinear delay system. Consider an uncertain
nonlinear time-delay system as follows:

E1(t) = — 21 (t) (3 + cos® za (b)) + x2(t) — z1(t — h(t)) — z2(t — h(t))(2 + sin® z2(t))
+ c(t)x2(t) sin 1‘2( )+ ()1 (t) cos® z2(t) + (1 4 sin® z2(t))w(t),
i2(t) =0.521 (£) (1 + cos® x2(t)) — wa(t) — 2(t — h(t))(1 + sin® za(t)) + u(t),
where ¢(t) is an uncertain parameter satisfying c(t) € [—0.2, 0.2]. If we select the
membership function as M (z2(t)) = sin®(x2(t)) and My (z2(t)) = cos?(x2(t)), then
the nonlinear time-delay system (23) can be represented by the following uncertain
time-varying delay T—S model
Plant Rule 1:
If xo(t) is My,
Then
ZZZ(t) = (A11 + AAll(t))IE(t) + Algm(t — h(t)) + Blu(t) + Bwlw(t),
Z(t) = Chiz(t) + Diu(t);
Plant Rule 2

(23)

If IL‘Q(t) 1s MQ,
Then
Jf(t) e (A21 + AA21(t))ZE(t) + AQQZB(t - h(t)) + Bgu(t) + ngw(t),
() = Cha(t) + Doult), (24)
where

-3 1 -1 -3 -4 1 -1 -2
Apn = [0.5 1}7 A = [0 2}7 Azlz[l 1}, Aoy = [0 1],
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o Bmaz Feedback gain K; Feedback gain Ky
0.7 | 0.2781 [-0.7602 -7.7387] [-1.2089 -10.3102]
0.8 0.2765 [-0.7682 -7.6759] [-1.2139 -10.1248]
1.0 0.2749 [-0.7766 -7.6550] [-1.2202 -10.0355]

TABLE 1. The maximum allowable bound (,,,; and the corre-
sponding state-feedback gains K
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R, harmaz Feedback gain K Feedback gain Ky
0 0.61 [-0.6543 -8.9925] [-1.1295 -11.5260]
0.4 0.95 [-0.7591 -7.1916] [-1.1609 -9.0167]
0.8 1.34 [-0.7815 -7.0236] [-1.1672 -8.4982]
1.4 1.94 [-0.7844 -7.2100] [-1.1846 -8.7907]

TABLE 2. The maximum allowable bound hj;max and the corre-
sponding state-feedback gains K

0 2 1 0.1 O
Bl:BQ:L]’ Bw1:|:0:|a Bw2:|:0:|a 012022[0 01}7

1 1 0 0 0.2 02 0
D1=D2={1]7 U1=U2={O O]’ Enz{o 0}7 E21={0 O]

By Remark 3.11, we choose the H,, performance level v = 1, 5 = 0.1, 3 = —0.5,
d4 = 0.3. For different «, using the MATLAB LMI Toolbox to solve the LMIs (21)
and (22), we get the results shown in Table 1.

From Table 1, we can see that the maximum allowable bound (,,,, may be
obtained for several values of a. We can also get the corresponding state-feedback
gains K of Hs, controller by solving the equation “K; = Y;X 7", In this case,
for any h(t) € [@ — Bmaxz, @+ Bmaz), the fuzzy system (24) is asymptotically stable
and satisfies ||Z(t)||2 < 7v||w(t)||2 under controller (6).

Analogously, we can get the results for different h,,, as shown in Table 2.

5. Conclusion

In this paper, we have studied the delay-dependent robust H., controller design
for a class of T-S fuzzy-model-based systems with time-varying delay and norm-
bounded parameter uncertainty. A sufficient condition for the existence of a robust
H, controller has been obtained in an LMI form by introducing free-weighting
matrices and using the Lyapunov-Krasovskii functional approach. No restriction
on the derivative of the time-varying delay is needed. Finally, a numerical example
is used to illustrate the effectiveness of the proposed robust H., control design
method.
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