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This paper investigates the problem of robust nonfragile fuzzy H_, filtering for uncertain Takagi-Sugeno (T-S) fuzzy systems with
interval time-varying delays. Attention is focused on the design of a filter such that the filtering error system preserves a prescribed
H_, performance, where the filter to be designed is assumed to have gain perturbations. By developing a delay decomposition
approach, both lower and upper bound information of the delayed plant states can be taken into full consideration; the proposed
delay-fractional-dependent stability condition for the filter error systems is obtained based on the direct Lyapunov method allied
with an appropriate and variable Lyapunov-Krasovskii functional choice and with tighter upper bound of some integral terms
in the derivation process. Then, a new robust nonfragile fuzzy H, filter scheme is proposed, and a sufficient condition for the
existence of such a filter is established in terms of linear matrix inequalities (LMIs). Finally, some numerical examples are utilized

to demonstrate the effectiveness and reduced conservatism of the proposed approach.

1. Introduction

During the past several years, fuzzy systems of the T-S model
[1, 2] have attracted great interests from the stability and
control community [3]. It is well known that the problem of
H,, filtering is both theoretically and practically important
in control and signal processing [4, 5]. The main advantage
of H, filtering is that no statistical assumption on the noise
signals is needed and, thus, it is more general than classical
Kalman filtering [6]. Moreover, the H filter is designed
by minimizing signal estimation error for the bounded
disturbances and noises of the worst cases, which is more
robust than classical Kalman filtering [7, 8]. For the fuzzy H,
filtering problem based on T-S fuzzy models, some important
results have been obtained; see for example, [9-14], and the
references therein.

Among the literatures, An et al. [11] designed some H,
filters for uncertain systems with time-varying distributed
delays. In [12, 13], some new delay-dependent H, filter
design schemes have been proposed for continuous-time T-
S fuzzy systems. Huang et al. [14] improved some existing

results on H, filter design for T-S fuzzy systems with time
delay. And the H_, filter has been shown to be much more
robust against unmodeled dynamics [10]. Moreover, Li and
Gao [15] proposed a new comparison model by employing a
new approximation for delayed state, and then lifting method
and simple LK functional method are used to analyze the
scaled small gain of this comparison model and developed
reduced-order H, filtering [16] and finite frequency H,,
filtering [17] for discrete-time systems and for 2-D systems
[18], and then these new method can also be extended to T-S
fuzzy systems case.

On the other hand, the nonfragile control and filtering
problems have been attractive topics in theory analysis and
practical implement. The nonfragile concept is proposed
to this new problem: how to design a controller or filter
that will be insensitive to some error in gains [19-21]. For
the nonfragile filtering problem, some numerically effective
design methods have been obtained [21-31]. Yang et al. [21-
24] focused on the nonfragile filtering problem for linear
systems and fuzzy system, respectively. However, the time
delays are not considered [21-24]. Most recently, Chang
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and Yang [31] proposed the design of nonfragile H_, filter
for discrete-time T-S fuzzy systems with multiplicative gain
variations and investigated fuzzy modeling and control for
a class of inverted pendulum system in [32]; however, they
are also not considered as the time delay case. However, time
delay, as a source of instability and poor performance, often
appears in many dynamic systems, for example, chemical
process, biological systems, nuclear reactor, rolling mill sys-
tems and communication networks [2, 3], and networked
control systems. In particular, a special type of time delay,
interval time-varying delays, that is, h, < 7(t) < h;, and h,,
is not restricted to be zero in practical engineering systems
as NCS. Xia and Li [30] concerned with the nonfragile H_,
filter design problem for uncertain discrete-time T-S fuzzy
systems with time delay, whereas the delay is constant case.
Li et al. [26] investigated the problem of nonfragile robust
H_, filtering for a class of T-S fuzzy time-delay systems,
whereas the delay is limited to 0 < 7(¢f) < h and 7(f) <
¢ < 1. Moreover, when 7(f) < u < 1, which does not
allow the fast time-varying delay, the restriction will limit the
application scope. Therefore, the robust nonfragile fuzzy H,
filtering for uncertain nonlinear systems via T-S fuzzy models
with interval time-varying delays has not only important
theoretical interest but also practical value. And, to best of
our knowledge, few results on robust nonfragile fuzzy H_,
filtering for the above fuzzy systems have been reported in
the literatures. This motivates the present research.

In this paper, we will investigate the problem of robust
nonfragile fuzzy H filter designs for uncertain T-S fuzzy
systems with interval time-varying delays. Our objective is
to design a fuzzy H, filter with the gain perturbations such
that the filtering error system is asymptotically stable with
a prescribed H_, performance. Firstly, based on the Lya-
punov stability theory and Finsler lemma, a delay-fractional-
dependent sufficient condition is derived since a new LK
functional is constructed by developing a variable delay-
decomposition method and estimating tightly the upper
bound of its derivative through some improved inequalities
techniques. Then, based on the above conditions, a sufficient
condition for the solvability of the aforementioned system is
developed in terms of LMIs. Finally, some numerical exam-
ples are provided to illustrate the feasibility and advantage of
the proposed design method.

2. Problem Formulation

Consider a nonlinear system with interval time-varying
delays which could be approximated by a time-delay T-S
fuzzy model with r plant rules.

Plant Rulei. IF 6,(t) is N;; and ... and 6,(¢) is N,, THEN

X =A,OxO+A,,Oxt-7@)+B;,t)w(t),
yH)=C,(H)xt)+C,t)x(t—1@)+D;t)w(t),

1
z@)=L,(t)xt)+L,;(t)x({t—-7 .

x()=¢(@),

) +G; (Hw(t),
vt € [-h,,0],
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where x(t) € R” is the state vector; y(t) € R™ is the
measurement vector; w(t) € R? is the disturbance signal
vector which belongs to L,[0,00); z(f) € RP? is the signal
vector to be estimated; ¢(t) is the continuous initial vector
function defined on [-h,, 0]; 6, (t), 0,(t), ..., Gp(t) denote the
premise variables; and Nj;, Njy, ..., N;, represent the fuzzy
sets, i = 1,2,...,r, and r is the number of IF-THEN rules.
In what follows, we define T := h, — h, for brevity, and we
denote the coefficient matrices of system (1) as

A;(t), Ay (£),B; (1)
xi ) =] Ci(),Cp (), D; ()

L;(t),L,;(t),G;(t)
[A,A.,B,] [AA,AA_,AB,

_|c,c.p, | + | aC,AC,, AD, @)
| L,L.,G;| |AL,AL,,AG;
Az’A‘n’Bt- —Dli

=|CCrisDi | + | Dy Fli(t) [Eli E,; E3i]’
Lz’L‘rz’Gt § _D3i

where A;, A, B, C;, C,, D;, L;, L, G; denotes the
nominal part of X,(t) and the uncertainty is con-
sidered as time varying but norm bounded; that is, AA;,
AA,;, AB;, AC;,AC_;, AD;,AL;,AL ;, AG; stands for the
uncertain part, Dy;, Ey; (k = 1,2,3;i = 1,2,...,r) are
constant real matrices, and Fy;(¢) are unknown time-varying
matrices satisfying F,(t)F,;(t) < I.

The time-varying delay 7(f) is assumed to be either
differentiable case satisfied with 0 < h, < 7(t) < hy, 7(t) < hy,
where h,; are given bounds, or fast-varying case (i.e.,0 < h, <
7(t) < hy, but no constraints on the delay derivatives, h, is
unknown).

Let h(0(t) = w(01)/ Y, w(01), w©O®) =

P Nij(Gj(t)), in which Nij(Hj(t)) is the membership func-
tion of Oj(t) in Nj;. Itis assumed that y;(0(t)) > 0, and then
Y., h(6(t)) = 1. By fuzzy blending, the final output of the
fuzzy system (1) is inferred as follows:

XM =YhOO)[AOxB+A; B xE-T()

i=1

+B; () w ()],

y () =Y R O®)[C () x () +Cp(t)x(t—T(t))

i=1

+D,Hw(®)],

2(t) = Y O1)) [L; (1) x (1) + L (1) x (¢ = 7 (1))

i=1
+G; (Hw(®)],

x@t)=¢ @), Vte|-h,0].

3)
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Motivated by the parallel distributed compensation
(PDC), in this paper, we consider the following full order
nonfragile fuzzy H filter.

Rule j. TF 6,(t) is Nj and...and Gp(t) is N, THEN

jp?

k(1) = (Ag+ DA g)xp (1) +(Bg + ABg) y (1),
Xr (0) =

27 ()= (Cpy+ ACy;) x; (1) + Dy + AD ) y (1),

(j=12...,r),

(4)

where x f(t) € R" and zf(t) € R? are the state and output of
the filter, respectively. The filter matrices A; € R™,By; €
R™™,Cr € R Dy € RP™ are to be determined,
and [AA;; AB] = D, Fy(t) [Ey; Esj), [AC; ADg] :=
Ds;Fy(t) [Ee; E7j] denotes the time-varying parameters of
tuzzy H filter, and F, j(t), Fs; (t) are unknown time-varying
matrices satisfying F,f (1)F;(t) < I, (k = 2,3). For simplicity,
we define Ay (t) Afj +AAg; ij(t) By + AB.fj; Cy(t) =

+ AC and Dy (t) D¢+ ADg;. The defuzzified output
of[ fuzzy h/ ter system (4) is inferred as follows:

Xp(t) =Y h(0M)[Ag ) x; () +By ) y®)],
j=1
xp(0)=0, (5)

OE Zf’" O M) [Cp ) x; )+ Dy (1) y 0)].
f=

Defining the augmented state vector X(t) =

col {x(t) x;(O)}, e(t) := =z(t) - z/(t), and E = [I 0],
we can obtain the following filtering error system:

X)) =ABX)+A, (OEX(t-1(t)+BOw(),
e®)=CHXt)+C,)EX(t-t(t))+ D) w(t), (6)

X(t) =col{p(t) 0}, Vte[-h,0],

A(t) A.(t) B (t)]

hi (O h; () [cm C.(t) D)’

AM*
Mw

A +AA (1) 0 ]

At) = [ij (Ci+AC; (1) Ay

0 0
' [ABf,- () (C,+AC, (1) DAy, (t)] !

. A+ AAT,' (1)
A= [ B (Cyy+ AC,, (t))]
0
! [Aij (1) (Cyy + AC,; (t))] ’
. 3 Bi + ABl (t)
B(t) = [ij (D; + AD; (t))]
0
+ [Aij (t) (D; + AD; (t))] ’
C() = [(L; + AL; (1) = D (C; + AC; () ~C]
-AC; (1)],

[(Lyi+ AL (1) = Dy (Cyy + AC; (1))]

+ [-ADy; (t) (C; + AC; (1))
C. (1) =
+[=ADy; () (Cyi + AC,; ()],
D(t) = [(G; + AG; (1)) - Dy; (D; + AD; (1))]
+ [=AD; (t) (D; + AD; (1))] .

7)

Then the robust fuzzy H, filter design problem to be
addressed in this paper can be expressed as follows.

Robust Nonfragile Fuzzy H, Filtering Problem. Given uncer-
tain fuzzy system (3), design a suitable robust nonfragile
fuzzy filter in the form of (5) such that the following two
requirements are satisfied simultaneously:

(R1) the filtering error system (6) with w(t) = 0 is
asymptotically stable;
(R2) the H, performance |le|, < yllwll, is guaranteed for

all nonzero w(t) € L,[0,00) and a prescribed y > 0
under zero initial condition.

The following lemmas will be useful in establishing our
main results.

Lemma 1 (integral inequalities, Gu et al. [3] and Zhang et al.
[33]). Let x(t) € R" be a vector-valued function with first-
order continuous-derivative entries. Then, for any matrices
M,N € R™" 7 ¢ R X = X' € R™", and some given
scalars 0 < 1) < T,, the following integral inequality holds.

(1) When X > 0 and 1, T, are constant values,

t—T,

(,-7) L

l X (s) Xx(s)ds

-1,

t-7,

> J:iTl X! (s)dsX J x (s)ds,

—T, t—1,

t-7,

—(1,-1)) L %" (s) Xx (s)ds

-7,

[ T A

(8)



(2) When X > 0 and 1,, T, are time-varying, h = 7, — 1, :
h(t) >0,

_ Jt <7 (s) X (s) ds
t

-7,

(L6 P N

*

et w2

|

€

(3) When 1,, T, are time-varying, h = T, — 1, := h(t) > 0,

and X is any symmetric matrix,

_ JHI & (s) X% (s) ds
y [x(t— TI)]T {[M +M"

x(t-1,) *

e [
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Lemma 2 (Wang et al. [34]). Let G,L,E, and F(t) be real
matrices of appropriate dimensions with F(t) being a matrix
function satisfying F'(t)F(t) < I. Then, for any scalar
e > 0, we have LF()E + E"F'()L" < ¢ 'LL" + ¢E"E.
Furthermore, for any scalar € > 0 such that I — eE'E > 0,
we have [G + LF()E][G" + ETFT()LT] < ¢ 'LLT + GT(I -
¢E'E)G.

3. Main Results

In this section, we provide a delay-fractional-dependent
sufficient condition for the solvability of robust nonfragile
fuzzy H, filtering problem for the system (1), which is
formulated in the previous section.

The following proposition will be useful in establishing
our main results.

Proposition 3. For real matrices Py, Py, A, A, B and D;, X,
(j=1,2,...,8 i=1,2,...,14) with compatible dimensions,

(10) the following inequalities are equivalent, where U is an extra
slack nonsingular matrix:
with[¥Y]>0andY = [M NJ.
(2, 8, D, 0 0 0 A"PB+P/B X,]
« 8, 0 D, Dy Dy A'PB X,
« % D, Dy 0 0 0 X,
* * % Dy D, 0 0 Xy <0
* o« % % Dy Dy, 0 X ’
% % k% Dy 0 X
% % % ok % * BTPIB +Dy, X5
| ok % * * * * XS-
D
P, -He{U} P,+UA UA, 0 0 0 O UB 0]
* D, 0 D, 0 0 0 0 X
* * D, 0 D, D; Dy 0 X,
* * * D, Dg 0 0 0 X;
* * * x Dg Dy 0 0 X,|<0,
* * * x % Dy D, 0 X;
* * * * % * D 0 Xg
% * * % % * * D, X,
I * * * ® ok ok * *  Xg |

where 2, = A"PA + HelP]A} + D;,E, = ATP/A, +
PJA,Ey=ATP A, +D,.
Proof. See the Appendix. 0

Then, we divide the delay interval [0, h,] and [h,, k] into
four segments: [h;_;,h;],i = 1,2,3,4, where hy, = 0,h; =
h,/2,hy = h,,hy = h,+aT,hy = hy,0 < « < 1. For simplicity,
we denote 7; = h; — h;_;, 1; = hi2 - hiz_l, (i=1,2,34),and
T, = h, — 0. For the T-S fuzzy filter error system (6), based
on the Lyapunov stability theorem, we will give a sufficient
condition for the solvability of the fuzzy filter design problem

for the system (1) by using the novel delay decomposition
approach.

Theorem 4. Given scalars 0 < h, < h,,0 < « < 1,h; and
y > 0, the H, filter error system (6), for all differentiable delay
7(t) € [h,, hy] with ©(t) < hy, is asymptotically stable and has a
prescribed H, performance level y if there exist real symmetric
matrices, Q, > 0,R, > 0,(k = 1,2,3,4), Q, = 0,R, > 0,
P = [il ﬁj] >0 8 = [s: gz] > 0, the nonsingular matrix
U = [g; 83] and matrices Z,, Z;’“ é:z ,(m = 1,2),
A fj» B 5> € 1 D gj» M), Ny with appropriate dimensions, and
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0= e13(%3) Wy + T (T5) + ey (1) 05 + 5 (05) 1 - e ti(13)]

-1
509

ij\"ij
T
+ 841]851](Y ) Y + £4ij(Yij) [I - &
with
4
1 2 R +7,R_ 0
P1 — Pl — ; i 30 ,
0 0
4
P oph e ;Ri+T4RT o) p-p
0 0

\UA + BCody)
1L, = UIATi
2 U,A i+ B5C )0

T T T
_ U,B; 0 (Li-ci7y
3 UZBi + ‘%f]Dl ? 4 —%;} ’

ILs = (Lo = Ca?y),

Q+S,-R; 0 S,+R
A1:<1 01 10)’ A2=<20 1>)

Ay=-(1-h))Q =N, =N + 7 (M, + M ) + 152y,
Ay=-M{+N, +1,Z},,  As=7(-My+N;,),
Ag=Q-Q+5 -5 -R -R,,
=-S5, +R,,
Ag=Q;-Q, +Q, = S; — Ry + 1,7, + M, + M},

Ag=Q4-Q5~ _73(N2+N2T)’
Ay =Ry, Ay =-Q4—Ry,
ANy=-(1-h)Q -N,-N +7; (M, + M, ),

Ay =-M] + Ny,

Ay=Qy-Q, +Q, —S; — Ry + M, + M],

Ay =-(1-h)Q + M+ M —7,(N; +N; ),
Ny=1,(-My+N;),  Ay=-M,+Nj,

=Q;-Q+Q, -S-R, +R;,
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-1

ij
(13)

A} =R,
3 T
A102Q4_Q3—R3+T4(M3+M3)>
:_Q4 4 N)
Ay =—(1=h))Q + My + My — 1, (N3 + N3 ) + 1,2y,
AL = My + M, + 1,7,

A411 =-Q-N, _NZ+T4223:
T
U,D,; 0
1 11 . —D..D.
rij:[<U2D1,- g;ijz,.) 0 -0 (Ds 9ij21)],
7

T

0
2
E-j=[<U3D4j> 0.0 0])
7

[ 0 (o)

3 5
rij = E5;D,;, rij = E7;D,;,

Ey; 0) (Ey E5;
i [0 <E1i 0) <E2i 0000 Ej; o)

Yi2j: [0 (EsiCi Esj) (E5;Cyi) 0 0 0 0 (Es;D;) 0],

’-<>—‘
1]

Yii'z [0 (Ey; 0) (Ey) 000 0 (Ey) 0],

Yf§= [0 (E;;C; Egj) (E;jCi) 0 0 0 0 (E;D;) 0],

5 _ 3
=,

(14)

A suitable filter in the form of (4) can be given by

-1 -1

A =Us dpp By =Us By
Crj=€p  Dj=Dy (15)

(j=12,...,7).

Proof. The delay-dependent LK functional can be con-
structed as follows:

V(X)) =V (%) +V,(65) + V3 (65) +V, (1.5,),
(16)
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where X, denotes the function X(s) defined on the interval
[t — hy,t] and

Vi (%) =% (t)PX(t),
"2 (s) E'QE% (s)ds

thy
+ J X
t—1(t)

(s) E'Q,EX (s) ds,

ﬂ BRI

,
5‘
lﬁ
A

I
NL;IV

V,(t.%,) = ZTi J J (s) E"R,E% (s) ds d6
; —h; t+0
-y ot p )
+ J J x (s) ETRTETC (s)dsdo,
—7(t) Jt+6

with P =[] > 0,Q > O,R, > 0,(k = 1,2,3,4),Q, =
0,R, >0,8=[" gi] > 0 being real symmetry matrices to be
determined.

Taking the derivative of (16) with respect to t along the
trajectory of the filtering error system (6), we have

v, (t.%,)
=% () PR (1) + & (1) P (1)
=[AOxO+ A, OEX(t-Tt)+BH)w (t)]TPk' )
+x OP[AWEFM+ A, (WEX(t-T1(t)+BOw®)],

Vs (6. %)

U

1]
—_

[fT (t—hiy) E'QEX(t - hyy)

1

&' (t - ) E'QEX (t - h)]
+x (t-h,) E'QEX(t - hy)

~ (-t @) E (t -7 (0) E'QER (t 7 (1))

x'(t-h)Qux (t- hi)]

'M*

I
—_

[ (¢ = i) Qe (= hiy) -

1

+x" (t=hy) Qux (t = hy)
—(1-hy)x" (t-1(1)Qux(t—T (1),

| ]

| [ ][00

AN >]
)
)

[+

4
Vi (tx) =Y i (1) R (1) + (r(£) — by) & () R (£)
i=1
. i g . )
-7 Lh %' (s) Rix (s)ds — (1 - (£))

t=h,

x J %" (s) R, % (s) ds.
t—1(t)

(18)

For any t > 0, it is a fact that h, < 7(t) < h, + a7 or

h, +at < 7(t) < hy, (0 < a < 1). In the case of h, < 7(t) <

h,+at;thatis, 7(¢) € [h,, h;], k = 3, suitably using the integral
inequalities in Lemma 1, the following inequalities are true:

(t(t) - hy) %" (1) R,% (1)

< oai’ () R% (1) = 1,5 () R.% (£),

t=h;,
: J %" (s) Rix (s) ds
t-h

thy
- T3 Jt—h X () Ryx (s)ds— (1 -1 ()
t—h,
X J. x7 ()R x (s)ds
t—1(t)
t—h,
<14 j %7 (s) Ry (s)ds — (1 — hy)
—h,

t—h,
X J i ()R X (s)ds

—1(t)

thy
- —j i (s)
t—1(t)

t—1(t)
- J £ (s) Ry (s) ds
—h,

x(t-hy) 1"
= [x(t—r(zt))]
T T
[ )

[x(t—hz) ]

“Nxt-1@t)

(t3R; + (1 —hy) R,) x (s)ds



N [x(t—‘r(t))]T

x(t-hy)
M, + M! -M, + NT
X 1T3
* -N, - NT

+(1-p)-a7- [AI\/IIZZ] Tf'R;I[AI\/’[zZ]T}

<L)
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It follows from (18)-(19) that

V(t,%)+e (t)e(t)-yw B)w()

<&@ [Q]Ew
x(t-h) 1", - x(t—h,)
ool ez | 5

oo [ for [ [

" [x(t—‘r(t))]

(19) X (t - h3)
=& [P “Qp, + (1-p): Ql(l—p)] &)
(20)
with [ PRHOTORM RIS 0 and p = (1(t) - hy) /a7, 0 <
p<l. l with [T3R3+(i_hd)RT [MIZINI]] > 0, where
E@t) :==col{[x(t) x;(t)] x(t-7(t) x(t-hy) x(t-hy) x(t—hs) x(t-hy) w(t)} (21)
and (), , is defined as follows: Qs = Ay,
- : O3y = Ay
Qy Qpp Q3 00 0 Qp
* Oy 0 Oy O 0 Qy Qe = Ay,
x % Qg Qy 0 0 0
Qg5 = Ay,
Q= | * * * Q4 0 0 0 > ?
*ox o ox Os Oy 0 Qs = Ajps
* * * * * Qg 0
L+ % ox x x x Qg Qg6 = A1>
ol ®1T cr ) T Q= Br () E'REB ) + Ay,
Cr(t) || Cra (22)
0 0
+ 0 0 , Since 0 < p < 1, applying the convex combination method,
0 0 we conclude that if
0 0
5" ] LB ) Qp <0 iy <0 (23)

Q) = AT () E'REA(t) + He {PA(D)} + A,

4
R= )R +7R,,

i=1
Q,, =PA_(t) + A" (t) E'REA (1),
Q3= Ay,

Q,, = PB(t) + A" (t)E'REB(t),
Q,, = AL(t) E'REA (t) + A,
Qyy =Ay,s
Qy5 = As,

Q,, = AL () E'REB (1),

then
V%) +e (e®) -y w OwE)<0.  (24)

For Q;, < 0, by Schur complement, we have

(Q; Q, Q3 0 0 0 Q C' (1)
0y 0 Oy Oy 0 Oy G;F(t)
* % (3 Q3 0 0 0 0
* * EN0) 0 0 0
e s *44 Qs Qg 0 0 <0. (25)
* * * * * Qg 0 0
* * * * * * Qo ﬁT(t)
Lo« % % % & %k -1 ]

By using Proposition 3, we have the following inequality,
which is equivalent to (27):
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[P, -~ He{U} P,-UA(t) UA,t) 0 0 0 Qp UB®) 0 ]
* A, 0 A, 00 0 o C'(@
x * Ay 0 Ay, As 0 0 CIeo
* * * Ag A, 0 O 0 0
% * * *x Ag 0 0 0 0 |<0 (26)
* % % *  x Ny A 0 0
* * * * ok % A 0 0
* * * * % ok ok A, D" (t)
L * * * * * * * * -1 ]
[P, —He{U} P,-UA;(t) UA,(t) 0 0 0 0 UB;(t) 0
x A, 0 A, 0 0 0 0 g,?(t)
* * Ay 0 Ay A; 0 0 CL®
ror * * * Ag A, 0 0 0 0
PIRACLAG . . s %+ Ag 0 0 0 0o |<o. (27)
i=1 ]:1 * ES ES * * A9 AIO 0 0
* * * * % % Ay 0 0
* * * * ok % % Ay, ﬁg(t)
L * * * % % % % * -1 |
Let of ;; = UyA [, By = UsB,;, 6 ; and, +e e (Y)Y
i Cfi T ﬁl 4ij<5ij\ ~ij ij
using Lemma 2 for the case of Q;,, we have the following
equation: 4\T 5(15\T 4
v (Y5) (1 - esyT5(T5) | Yij]
. ZZh t) h. (t) [nl reimh(rh)”
. J ij o LN
' =Y 3 h (¢ b (t) [TT; + He {T;; diag {F,; (t) , Fy; ()} Y3} P
i=1 j=1
T
+e, T2 (FZ.) + 0,
2 3 3 2ij i i ij
+ He {T}Fy; (1) [Y; + TiF,; (1) Y7 |} N ]
4 T
+ He {T;Fy; (8) [Y; + TF,; () Y7 )] =Yk (t) [H +0; + e, 5T}
i=1
Sy -1 T nT1 1oa/onT
ZZ i (£) hj (£) [H +slz]rz](rij) +€1ij(Yij) Y +£2iil"ii(1“ii) ]
i=1 j=1
T T r 1 1 S N VAS AT
+e (L) + ey [ X5+ Ty (03] ' ;jhi (Oh; ) [11 + 0, + 11, + 0, + &1 (1)
[Y2+ TR 0] + () “ip2(12)"
X ij+ i1 i +€41] ij +€21jr,‘j(r1])
T 101 (1T 12 2\
+€4ij[Y;'+r5'Fli (t)YS] +811irji(rji) +82]1rji(rji) ]>
X [Y:j + F;Fh- (t) YZ] ] (28)
- X 1, —1pleN\T Ty
< Zzlhi (t) h; (£) [Hfj regly(T) +ey(Y5) Y
- where

T T
2 —14 4
+ ezz]rg(rij) +s4ij1“l.j(1“ij)

T
-1 3 3
+ ey (Y)Y

R

e (2 - et

)T

0;; = elij(Y ) Y te 4:1 4(F4

AN
T
-1 3 3
+ ey (Y)Y
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vy (1) [1-eati(13)']

-1
e (05) 05 (00 1 - e8]
(29)

If (12) when m = 1 hold, then IT' < 0, which implies that the
first term of (23) is true. Similar to the above process, if (12)
when m = 2 hold and we also have Q,;_,) < 0, then (24)
hold.

Meanwhile, if h, + a1 < 7(t) < hy; that is, 7(¢) € [hs, hy],
k = 4, similar to the above deduction process, we also can
obtain the conclusion that if (12) hold, then (24) hold.

E(t) = col{[x(t) x;(O)] x(t-7(t) x(t—hy)

By Schur complement, the inequalities in (25) imply
V(t,X,) < 0. We can conclude that filtering error system
(6) with w(t) = 0 is asymptotically stable. Now, to establish
the H,, performance for system (6), assume zero-initial
condition and consider the following index:

= fo " e -y Ow®]d. (2

=0

Un(ggr. zero initial condition and (24), we have | <
— |y V(t, X)dt = =V(c0) + V(0) = -V(co) < 0, which
means that [le||, < yllwll,. Thus, this completes the proof. [J

Remark 5. It may be noted that, in the above, no approx-
imation of the delay term is involved excepting exploiting
a convex combination of the uncertain terms involved. In
fact, Lemma 1 plays a key effect on the present results, which
is different from the common Jensen’s inequality. Although
their similarity can be established following the equivalency
results in [41], if h = 1, — 7; := h(t) is uncertain and
required to be approximated with its lower or upper bound

then use of (9) or (10) would be beneficial since the free

variables Z; = [Z*jl ?j] and M;, N; are introduced. Such
J

1
a feature leads to less conservative results compared to the
existing ones as is shown in the next section using numerical
examples.

Remark 6. In Proposition 3, by introduction of the auxil-
iary slack matrix variable U, matrices P, P, D;, X;(j =
1,2,...,8 i = 1,2,...,14) and A;, A,;, B; are decoupled.
This novel technique is proposed in this paper to transform
the nonlinear matrix inequalities (25) into a set of LMIs,
which is different from the existing literatures.

Remark 7. In the proof of Theorem 4, the interval [h,, k] is
divided into two variable subintervals [h,, h, + «7] and [h, +
oT, hy]; meanwhile, the lower bound of the delay [0, /1] is also
divided into two equal subintervals [0, h,/2] and [h,/2,h,]
for the sake of simplification. Therefore, the information of

Abstract and Applied Analysis

So far, when assuming the zero disturbance input, from
(18)-(19), we can obtain that

Qll 012 Ql3 0 0

0
£ Oy 0 Oy O 0
7(+ %) < EF ok Oy 0y 000 17
vier)<&o| , . . 0n 0 0 &),
* * * * Qg Qg
* * * * * Qg
(30)
where
x(t—hy) x(t-hy) x(t-hy)}. (31)

delayed state x(t — h,/2) and x(t — h, — aT) can be fully taken
into account. And it is clear that the LK functional (16) are
more general than the existing ones [26, 35, 37]. Moreover,
since the variable delay decomposition approach in this paper
isintroduced in constructing the LK functional and the upper
bound of its derivative is also estimated by suitably utilizing
integral inequalities in Lemma 1, the proposed result is much
less conservative and is more general than some existing ones.
Meanwhile, the stability criteria of proposed approach are
also different when the tuning delay-fractional parameter «
is varying. Examples below show that the proposed method
yields less conservatism than the existing ones and also
show that the delay decomposition is different; the maximum
upper bound of the delay may be different.

Without considering the filter gain uncertainties, that
is, sz(t) = 0 and F, j(t) = 0, the following corollary
gives a delay-fractional-dependent condition of designing
a standard fuzzy H_, filter for the uncertain system (1) as
[12-14], which system uncertainties have not been consid-
ered.

Corollary 8. For uncertain system (1), given scalars 0 <
h, < h,0 < a < L,hyandy > 0, the Hy, filter error
system (6), for all differentiable delay t(t) € [h,, h,] with
i(t) < hy, is asymptotically stable and has a prescribed H,
performance level y if there exist real symmetric matrices P =

[1112] >0 Q > 0R > 0Q, > 0R, 208 =
[S*l gj] > 0, the nonsingular matrix U = [5; &] and matrices

Zml ZmZ -
Zy = [P0 Zn] m = 12), A5 B D M N,
(I = 1,2, 3,4) with appropriate dimensions, and positive scalars
&j (i, j = 1,2,...,7), such that the inequalities in (33) hold:

oy 1
[Hﬂ O T | 0,

* _slkkI

(m=1,2,3,4 k=12,...,1),
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M7 +©;+1; +0; TI; T

l] ]1
* _811‘]‘1 0 <0,
* * —sljiI_

(m=1,2340<i<j<r),

TRy +(1-hy) R, [M; N >0

* Z, =

TR+ (1-hy) R, [M, N4] >0
* Z2 -

i=12,...,1),

(33)

where H:";, 1"1] are defined in (14), @,j = ?:li]-(Yé)TYi;. The filter
parameters are given by (15).

Moreover, if the above LMIs are feasible with Q, = 0 and
R, = 0, then the fuzzy H,, filtering problem is solvable for all
fast-varying delays in [h,, h,]. Meanwhile a suitable fuzzy H
filter is designed as (15).

Similarly, without considering the system uncertainties,
that is, Fy;(f) = 0, the following corollary gives a delay-
fractional-dependent condition of designing a nonfragile
tuzzy H,, filter for the nominal case of system (1) as [24], in
which time delay has not been considered.

Corollary 9. For the nominal case of system (1), given scalars
0 < h, < h,0 < a < L,hyandy > 0, the Hy,
filter error system (6), for all differentiable delay t(t) €
(h,, hy] with ©(t) < hy, is asymptotically stable and has a

prescribed H, performance level y zf there exist real symmetric
matrices P = }:‘ ﬁj] > 0,...,Q = O,R, > 0,§ =

[Sl Sz] > 0, the nonsingular matrix U = [5‘ 3 ] and matrices

Zm = [Z Zm ] (m— 1 2) df]"%f]’%f]’gf]’Ml’Nl’(l
1,2,3,4) wzth appropriate dimensions, and positive scalars

221-]-12541-]», (i,j = 1,2,...,1), such that the inequalities in (34)
old:

I+ <0, (m=1,234k=12,...,7),

M7+, +1;+0; <0, (m=1,2340<i<j<r),

TR+ (1-hg) R, [M; Ni] >0
* Z, -7
TRy +(1-hy) R, [My N >0
* Z, -7

(34)

where H"’ is defined in (14), @ = 821] U( 2Ty szl](ij)TYiZj +
( 4U)(I“‘) F4 + §4ij(Yé)TY3.. The filter parameters are given by
15
Moreover, if the above LMIs are feasible with Q, = 0 and
R, =0, then the fuzzy H filtering problem is solvable for all
fast-varying delays in [h,, h,]. Meanwhile a suitable fuzzy H
filter is designed as (15).

1

Remark 10. When considering both no system uncertainties
and no filter gain perturbations, Corollary 8 further reduces a
delay-fractional-dependent sufficient condition for designing
a standard fuzzy H filter for the nominal case of system (1).

Remark 11. Given 0 < h, < h;,, Theorem 4 and Corollaries
8 and 9 provide delay-fractional-dependent stabilization
conditions for uncertain systems (1) in the form of LMIs.
They can be verified using recently developed standard
algorithms in MATLAB Toolbox. Meanwhile, it is worthy of
mentioning that the variable delay decomposition approach
proposed in this paper can be applied to the further stability
analysis along with a new model transformation [15], and
the corresponding stability criteria with less conservatism
and small computing burden may be derived. Moreover,
the proposed results can be extended to reduced-order H
filtering for T-S fuzzy system based on the proposed method
in [16], finite frequency H_ filtering [17], and even the above
analysis and filtering for 2-D systems [18], and neutral system
[42], and the corresponding results will appear in the near
future.

4. Numerical Examples

In this section, three numerical examples are given to show
the effectiveness and reduced conservatism of the proposed
method in this paper.

Example 12 (example of [26]). Consider the uncertain system
(1), in which the parameters are given as

A = -2.63 0.13 -238 0
171125 -250]’

Ay = [—0.25 ~1.38]°

-11 0.1 -09 0
An = [—0.8 —0.9]’ A = [—1.1 —1.2]’

=[]

-02 0.1 0.3 1.0
o[ ] &= [o7 B3]

0.05
ca-[o3 ) ca-[d 03]
D, = [_0011] ’ D, = [8?] ’
n=loy B3 m=lor ©)
Ll—er—[g 8] G =G,=0

(35)

and the membership function are defined as h,(t) =
sin(x, (1)), by (t) = cos®(x,(t)).
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Meanwhile, the system uncertainty and filter gain variant
are assumed as

0 0.8 0

Dy, = [—0.5]’ Dy, = [0.1]’ Dy = [0.3]’
-0.3
D22:|:0.6:|, D31:0’ D32:O’

E,=[0 03], E,=[020], E;=01,
E21 = [05 0] 5 E22 = [0 _02] > E23 = 0)

-0.5 1.0 0.5
Dy = [ 0.1 ] Ds, = [0.1]’ Dy, = [1.0]’

-0.2
Ds, = [ 0.1 ]’ E, =[0 -04], Es5 =0,
E, =[0 -04], Eq =[0.1 0], E, =0,

Eg, = [0 -04], E,, =0,

Fi () =sin(t), (=12 k=123).

(36)

We assume that the time delay is 7(¢) = 0.3 + 0.2 sin(¢);
that is, h, = 0.1,h, = 0.5,h; = 0.2. In this case, we can
calculate the optimal performance level y,,;, = 0.473, while
there is y = 1.600 in [26]. When y = 0.5, applying Theorem 4
and using the MATLAB LMI Toolbox, a desired nonfragile
fuzzy H filter can be constructed to solve the LMIs in (12).
The parameters can be chosen as follows (other matrices are
omitted for space saving):

-9.8761

Ap = [ 3.0212

2.2818
-13.2159|°

B - 0.1519 0.7476
f171-0.5081 —0.1281 |

co - —2.1237 2.5492
f171-0.6212 1.1097 |’

A< [—9.8772 5.8011]
f27] 04140 -8.7436]°
(37)
5. _ [ 07381 02902
f2- [—1.1894 0.1668]’

Co < 0.6040 —0.8878
f271-0.1693 0.0722 |’

D - -0.0531 0.1305
17 1-0.0539 0.0444 |

D. - 0.1493 -0.0561
f271-0.0109 -0.0027|"

Next, we apply the fuzzy filter (5) to the given T-S
fuzzy system with interval time-varying delay and obtain the
simulation results as Figures 1-3, where the disturbance input
w(t) is given as w(t) = 1/(2 + 5t + t),t > 0. Figure 1
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0.1

0.05 |

~0.05 \ﬁ

—-0.1

Time t

— x,(t)
x,(t)

FIGURE 1: Response of the state x(t).

0.01

-0.01

-0.02 1

-0.03 H: - |-

-0.04

-0.05

—0.06
0
Time t

— X
xfz (t)

FIGURE 2: Response of the filter state x f(t).

shows the state response x(¢#) under the initial condition
o) = [0, 0]%, ¢t € [-0.5,0]. Figure 2 shows the filter state
response xf(t). Figure 3 shows the error response e(t) :=
z(t) -z f(t). From these simulation results, it can be seen that
the designed nonfragile robust fuzzy H filter satisfies the
specified performance requirement. Moreover, when there is
no external disturbance (i.e., w(t) = 0), the state response
x(t) is shown in Figure 4 under initial condition ¢(t) =
[-0.5,0.5]T,t € [-0.5,0]. It is also clear that the system (6)
with w(t) = 0 is stable.

In order to further show the advantage of our method, the
following example is considered.
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0.04

0.03 }
0.02 |
0.01 |

-0.01
—-0.02

-0.03
-0.04
-0.05

-0.06

Time t

— el(t)
e (t)

FIGURE 3: Error response e(t).

0.5

04 f
0.3
02}

0.1} =

-0.5
0

Time t

— x(t)
x,(t)

FIGURE 4: Response of the state x(t) when w(t) = 0.

Example 13 (example of [13, 14]). Consider the following
fuzzy system without system uncertainties, whose parameters
are

-1 0 0
A=|0 -09 0|,
0 -05 -1
-09 02 0
A,=|-02 -05 0 |,
0 -0.1 —0.8

13
(0.8 02 -0.1]
A, =101 -08 0 [,
| -0.4 025 -1 |
[ -1 05 0.1 ]
A,=105 -1 0 |,
| -0.8 0.9 -0.25 |
C,=[05 04 0], C,=[05 -1 0],
C, =[1 -0.5 05], C,=[1 01 -05],
L,=[05 0 0], L,=[1 -05 0],
L, =[01 05 05], L,=[01 0 05],
B=[0 005", D=025 G=0,
1 1
hl = (1 - 1 + e(~6x2+1.5m) ) (1 +e(76x271.5n)>’
hy=1-h,.
(38)

In the implementation of the nonfragile fuzzy filter, we
consider that the filter gain perturbations have

D, =[-05 01 0], D =01,
D,=[05 1.0 0]", Dy =-01,
Ey=[0 04 0],  Eg =0, 9
E,=[0 04 0], Eg,=0,
Ey =[0 —04 0], E, =0,
E,=1[0 <04 0], E,=0.

We assume that the time delay is 7(¢) = 0.3 + 0.25 cos(t);
that is, h, = 0.05,h, = 0.55,h; = 0.25. From this fuzzy
system, by using the Matlab LMI control Toolbox to solve
LMIs in (34) of Corollary 9, we can calculate the optimal
performance level y,;, = 0.31. And the filter matrices can
be obtained as follows:

-2.0606 0.8132 —-4.7777
Ap = |-7.0837 -15.6430 13.9274 |,
0.3648 1.4454 —11.4656
T
0.0766 -1.3364
B = |-03242 ], Cp=|-19659 |,
—-0.3563 -1.8168

Dy, = —0.0093;
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0.1
0.08
0.06
0.04
0.02
0
-0.02
-0.04
-0.06 |
-0.08 .
0 5 10 15
Time t
— e(t)
FIGURE 5: Error response e(t).
-4.8970 -0.5771 4.6164
Ap = 09201 -2.8290 0.8770 |,
0.9644 1.8330 -5.8828
T
0.3196 0.0127
Bg, = [ -0.2579 |, Cpp=1 09834 |,
—-0.2458 -4.9001
Dy, =-0.1073.

(40)

In order to illustrate the importance of the proposed
nonfragile fuzzy filter design method, we give a contrastive
analysis based on the example. Take Corollary 9 for example,
the fuzzy filter consisting of (40) is nonfragile; that is, when
the filter has gain perturbations, the optimal performance
level y,,;,, = 0.31 is always guaranteed for any filter gain
variant as (39). Based on this filter, we can obtain the
simulation results of signal error e(t) := z(t) — zf(t) as
Figure 5 where the disturbance input w(t) is given as w(t) =
1/(1 + 2t + 3t),t > 0 and filter gain variant is assumed as
sz(t) = sin(t), F3J~(t) = cos(t),(j = 1,2). From Figure 5
under initial condition ¢(¢) = [0.2,-0.2,0.1]", ¢ € [-0.55,0],
it can be seen that the designed nonfragile fuzzy H, filter
with filter perturbations in (39) can stabilize the system (38).
Moreover, when there is no external disturbance (i.e., w(t) =
0), the state response x(t) is shown in Figure 6 under initial
condition ¢(¢) = [0.5,-0.2, 0.2]%,t € [-0.55,0]. Itis also clear
that the system (38) with w(t) = 0 is asymptotically stable.

Correspondingly, for the system (38), by Remark 10 with
the H,, performance level y = 0.30, we can obtain the
following standard fuzzy filter matrices as follows:

-2.9808 0.5070 -1.7769
0.3429 -3.6529 0.4105 |,
-0.8253 0.1616 -6.1823

Af1:
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2.5 3 35 4 45 5

Time t

— x1(8)
== x(1)
x5(t)

FIGURE 6: Response of the state x(t) when w(t) = 0.

TaBLE 1: Comparison with minimum performance level y for
various hy, (h; = 0.2).

Method h,=05 h,=06 h,=08
Lin et al. [9] 0.35-0.38 0.38-0.44 0.44-0.63
Suetal. [13] 0.24-026 0.27-031 0.31-0.45

Huang et al. [14] 0.24-0.26 0.27-0.28 0.31-0.33
An et al. [12] 0.218 0.241 0.301
Remark 10 (0« = 0.7 and h, = 0) 0.203 0.229 0.287
Corollary 9 (¢ = 0.7and h, = 0)  0.257 0.291 0.330

TABLE 2: Comparison with maximum values on A, for various y
(hy =0.2).

Method y=03 y=04 y=05
Lin et al. [9] 0.12-0.33 0.52-0.70 0.67-0.97
Su et al. [13] 0.59-0.78 0.70-1.08 0.70-1.13
Huang et al. [14] 0.72-0.78 1.00-1.09 1.06-1.17
An et al. [12] 0.80 116 119
Remark 10 (0« = 0.65and h, =0)  0.82 1.19 1.23
Corollary 9 (¢ = 0.65and h, = 0)  0.67 0.93 1.07
2.8762 -0.04297"
B = -0.3514 |, Cfl = 0.0231 | ,
-1.2524 —1.4800
Dy =-0.2639;
-3.0616 0.1748 —5.0208
Afz = | 0.4286 -2.6990 1.9728 |,
-0.1665 0.1401 -1.3033
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TABLE 3: Comparison with maximum values on A, for various h, (h,
unknown).

Method\h, 04 08 10 12
Peng et al. [35] 1.0183 11817 12776 1.3816
Peng and Han [36] 11800  1.3100 1.3700 1.4300
Tian et al. [37] 1.2647 1.3032 1.3528 1.4214
An and Wen [38] 12770 13110 13580  1.4190
Peng and Fei [39] 1.3200 1.3200 1.3800 1.4200
Souza et al. [40] 1.2836 1.3394 1.4009 1.4815
Theorem 4 (« = 0.7) 1.5274 15361 1.5762 1.6340
Theorem 4 (¢ = 0.8, h; = 0.3) 1.8791 1.8583 1.8290 1.7864
2.4661 -0.48497"
Bj,=|-02198|, Cp=|01575 |,
~0.8735 ~2.1071
Dy, = -0.1058.
(41)

Now, we assume that the filter (41) has gain perturbations
using (39) and sz(t) = F3j(t) = 0.8. In this case, by
Theorem 4, the minimum H_, performance y,;, = 0.56 is
obtained, which implies that the H_, performance y = 0.30
cannot guarantee that the corresponding matrix inequalities
in (12) are feasible. Meanwhile, in the case of no filter gain
perturbations, by Remark 10, we can calculate the optimal
performance level y,;, = 0.251.

What is more, based on this example, to compare with the
existing ones in [9, 12-14], we assumed that h, = 0 and h; =
0.2. According to Remark 10 and Corollary 9, we compare the
minimum H_ performance level y for the given different h,
and k,, k,, 0 in [9,13,14] with any k,, k,, § in this paper, which
is shown by Tables 1 and 2. From these simulation results, our
approach yields less conservative than the existing results.

Furthermore, we will give another example to show the
effectiveness and merit of nonlinear system via T-S fuzzy
models.

Example 14 (Example 1 of [39]). Consider the following time-
delayed nonlinear system:

%, () = 0.5(1—sin® (0(£))) x, (£) = x, (t — 7 (1))
— (1+sin® (0(1))) x, (1)
%, (f) = sgn (|9 )] - g) (0.9c05” (0.(6)) — 1) x, (t - 7 (1))

— %, (t =7 () = (0.9 +0.1cos” (O (1)) ) x, (£)
(42)
which can be exactly expressed as a nominal T-S delayed
system (5) with the following rules [35, 36, 39, 40]:
RLifO(1) is + g then % (£) = A, x (t) + A x (t - 7(1)),
R*:if (t) is 0, then % (t) = A,x (t) + A ,x (t — 7 (2)).
(43)
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The membership functions for above rules 1 and 2 are

hy (x, (1) = sin” (%, (), hy (x, (1)) = cos’ (%, (1))

(44)
with the following system parameters:
-2 0 -1 0
A= [ 0 —0.9]’ A = [—1 —1]’
(45)
-1 0.5 -1 0
AZ:[O —1]’ ATZ:[O.I —1]'

To compare with the existing results, we assume that h is
unknown. The improvement of this paper is shown in Table 3.
If the delay is fast time-varying case, the LMIs in Theorem 4
are feasible with 1.2 < 7(t) < 1.6340. If the additional
information h; = 0.3 is given, larger upper bounds of the
delay can be computed by Theorem 4, which is shown at the
last row of Table 3. From Table 3, it also can be seen that the
proposed method yields less conservative than the existing
ones.

5. Conclusion

This paper deals with the robust nonfragile fuzzy H, filter
design problem for uncertain T-S fuzzy systems with interval
time-varying delays. An LMI approach has been developed by
introducing a new delay decomposition method and then the
sufficient condition for the existence of the nonfragile fuzzy
H_ filter has been given in terms of LMIs. It has been shown
that the designed filter guarantees not only the robust stability
but also a prescribed H,, performance level of the fuzzy H_,
filtering error system for all admissible uncertainties. Three
numerical examples are utilized to illustrate the effectiveness
and reduced conservatism of the proposed method.

Appendix

Proof of Proposition 3. Motivated by [30, 43], we can rewrite
the second inequality of Proposition 3 as

T
Z; Zy 2| (25
Al
EIRERG | RS
where
21:[—IAAT OOOOBO],
s =[u" 00000000,
Z3=diag{1 I T1T 1111 I},
rp, P, 0 0 0 O 0 0 07
* D, 0 D, 0 0 0 0 X, (A.2)
* % Dy 0 D, Dy Dy 0 X,
* x % D, Dg 0 0 0 X;
So=|* * % % Dg Dy 0 0 X4
* % % % x D, D, 0 X
* % k% % * D13 0 X6
* % %k ok % * * D, X,
L+ % % % % * * * X
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Then, we choose the orthogonal complement of 2, as

A A, 0000 B O]
I 0000000
01 000000
00100000
2,=/0 00I0000], (A.3)
00001000
00000100
0 00000TIO0
[0 0 00000 I}

which satisfies £,%,, = 0. Moreover, [ZlT N i] is of column
full rank. Then, it follows that (A.l) is equivalent to the
following matrix inequality:

T
T [Z; 2y 2, 2, A4
2“—[21] [z§ o |5 |Zm <0 (A.4)

which can be further reduced to
31 %%, <0. (A.5)

Thus, we have shown that the second inequality of
Proposition 3 is equivalent to (A.5).

It is also easily seen that the first matrix inequality of
Proposition 3 can be rewritten as (A.5).

This completes the proof. O
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