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fuzzy model. A new Lyapunov-Krasovskii functional (LKF) is constructed by
considering triple integral and the left and right endpoints of the time-delay to obtain
a less conservative condition, which can guarantee that the error system is not only
exponentially admissible but also satisfying a prescribed Ho, performance. Then, by
solving the linear matrix inequalities (LMIs), the filter parameter matrices can be
obtained. In the end, some numerical simulations are given to illustrate the
effectiveness and the benefits of the methods.
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1 Introduction
Filter design is one of the fundamental problems in various engineering applications, espe-
cially in the fields of signal processing and control communities. In order to obtain the de-
sired signal and eliminate interference, the method of H filter is very appropriate to some
practical applications, and there has been considerable attention to Hy, filter problems for
dynamic systems. Non-fragile H, filter was designed for discrete-time fuzzy systems with
multiplicative gain variations in [1]. Robust Hy filtering for a class of uncertain linear sys-
tems with time-varying delay was studied in [2]. Delay-dependent robust Hy, filter for T-S
fuzzy time-delay systems with exponential stability was proposed in [3]. Exponential Hy,
filtering for time-varying delay systems was studied through Markovian approach in [4].

Singular systems have extensive applications in electrical circuits, power systems, eco-
nomics and other areas, so the filtering of a singular system is especially important and has
been extensively studied [5, 6]. Exponential Hy filtering for singular systems with Marko-
vian jump parameters was put forward in [7]. H filtering for a class of discrete-time
singular Markovian jump systems with time-varying delays was designed in [8]. In [9],
the problem of exponential H, filtering was studied for discrete-time switched singular
time-delay systems.

On the other hand, time delay is frequently one of the main causes of instability and poor
performance of systems, and it is encountered in a variety of engineering systems such as
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[1-4, 8-10]. But many of the results are about constant time-delay, in practice, which is
conservative to some extent. Recently, interval time-varying delay has been identified in
practical engineering systems. Interval time-varying delay is a time delay that varies in an
interval in which the lower bound is not restricted to be zero. For more details, we refer
readers to [11-13].

In the past two decades, the T-S fuzzy model has been used to represent many nonlin-
ear systems. And practice has proved that the T-S fuzzy model is very effective to simplify
many complex systems. In [14], the filter was designed through discrete-time singularly
perturbed T-S fuzzy model. For T-S fuzzy discrete-time systems, Ho, descriptor fault de-
tection filter was designed in [15]. New results on H filtering for fuzzy systems with
interval time-varying delays were obtained in [16]. However, to the authors’ knowledge,
the problem of delay-dependent exponential Hy, filter for nonlinear singular systems with
interval time-varying delay through T-S fuzzy model has rarely been reported.

Motivated by the above discussions, the problem of delay-dependent exponential Hy,
filter for nonlinear singular systems with interval time-varying delay through T-S fuzzy
mode is considered in this paper. The main constructions of this paper can be concluded
as follows. (1) The triple integral was taken into account when constructing the LKE, which
can reduce the conservatism effectively. (2) The use of Lemma 1 refines the delay interval,
which is the other reason why the result is less conservative. (3) The parameters of the
filter can be obtained by solving the LMIs. (4) The comparisons with other references are
listed in the form of tables, which can clearly show the advantage of the proposed method
in this paper.

2 Preliminaries
Consider the following nonlinear system with interval time-varying delay which could be
approximated by a T-S singular model with r plant rules.

Plant rule i: If £,(¢) is My; and &;(2) is My; - - - &,(¢) is M, then

Ex(t) = (Ali + AAU)x(t) + (A2i + AAzi)x(t - d(t)) + (B, + AB,‘)a)(t),

y(t) = (Cui + AC)x(t) + (Coi + ACy)x(t — d(2)) + (Di + AD)o(2), "
1
2(t) = (Ly; + AL)x(e) + (Lyi + ALg)x(t — d(t)),

x(t) = ¢(t)r te [_dZ’ O]r

where M;; denotes the fuzzy sets; r denotes the number of model rules; x(t) € R" is the
input vector; y(£) € R? is the measurement; z(£) € R” is the signal to be estimated; w(t) € R™
is the noise signal vector; ¢(t) is a compatible vector valued initial function; E is a singular
matrix and assume thatrank E = r < n; Ay;, Ao, B, Cii, Cai, Dj, Ly;, Lo; are constant matrices
with appropriate dimensions; &(¢), £2(¢), .. ., ,(t) are the functions of state variables; d(%) is

time-varying delay and satisfies
O<di<dt)<dy,  dO) <

AAq, AAy;, AB;, ACy;, ACy;, AD;, ALy, ALy; are unknown matrices describing the model

uncertainties, and they are assumed to be of the form
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AA;; AAy AB; Hy;
h : = | "Y\F[Ey Ey Esl

(2)
ALy; = H3,FEy,;, ALy; = HyFiEs;,

where Hy;, Hy;, H3;, Hai, Evy, Eoi, Esi, Egi, Es; are known real constant matrices, and F; is
unknown real time-varying matrix satisfying

F'F<I (3)

The parametric uncertainties AAy;, AAy;, AB;, ACy;, ACy;, AD;, ALy, ALy, are said to
be admissible if both (2) and (3) hold.

Let &(t) = [1(8) &x(2) - - - sp(t)]T, by using a center-average defuzzifier, product fuzzy in-
ference and singleton fuzzifier, the global model of the system is as follows:

Ex(t) = Zhl(é‘(t)) [(Ali + AAli)x(t) + (A2i + AAzi)x(lf - d(t)) + (B, + ABl)w(t)],

i=1

y(t) = Zh,(é‘(t)) [(Cli + ACU)x(t) + (C2i + AC2i)x(t — d(t)) + (Dl + AD,-)a)(t)], (4)

i=1

2(t) = Zh )[(Lii + AL)x() + (Lo + ALy)x(t - d(2))],

where
p
hi(e() = Bi(e(2) /Zﬁl (e),  Bile@) =] [My(ei(2),
j=1

Mii(gj(2)) is the grade of membership of ;(¢) in Mj;. It is easy to see that B;(e(¢£)) > 0 and
Y1 Bi(e(2)) = 0. Hence, we have /;(e(¢)) > 0 and Y, hi(e(2)) = 1.
In this paper, we consider the following delay-dependent fuzzy filter:

Ex(t) = Y hi(e(0) [A(®) + Buy(®) + Ci(t - d(2))],
i=1

(5)
Zh N[Laa®)], i=12,....r,

where 2(¢) € R is the filter state vector, 2(¢) € R is the estimated vector, Ag, By, Cs, Ly are
the filter matrices with appropriate dimensions, which are to be designed.

Remark 1 When E =1 and Cj = 0, the fuzzy filter (5) was studied in [17], which is time-
independent filter. The simulations will demonstrate the advantage in this paper.

The filtering error system from (4) and (5) can be described by

Ex(t)-ZZh E(0)) (&) [AyR(0) + Agg(t — d)+Byw(r)],

i=l j=1

e(t) =Y Y hi(5(0)h(5(0))[Li&(®) + Lag(t - d(2))],

i=1 j=1
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where
S ~ T AT T
e(t) =z(t)-2(1),  FO=[x"() ¥ O],
Ah' + AAU 0 Bi + ABl
Az’j = ) Bij = )
Bﬁ(Cll' + ACU) Aﬁ Bﬁ(Di + ADi)
Adl’l’ _ A2i + AAzi 0 ) E _ E O )
Bﬁ(Czi + ACZ;’) Cﬁ 0 E
Lij=[Ly+ ALy -Lgl, Lgj = [Lyi + ALy; O]
System (6) is simply denoted by the following form:
Ex(t) = A%(8) + Aak(t — di(D)) + Bwl(t),
(7)

e(t) = Lx(t) + Lyx(t - d(2)),

where

A= ZZh B(e@)Ay  Ag=Y_ > hi(e®)h(e®) A,

i=1 j=1 i=1 j=1

B= ZZh (e®)hi(e@®)By, L= hi(e(0)hy(e(8)) Ly,

i=1 j=1 i=1 j=1

Ld_ZZh () hi(e(t)) Lay-

i=1 j=1

Definition 1 The filtering error system (7) is said to be exponentially admissible if it sat-
isfies the following:
(a) The augmented system (7) with w(¢) = 0 is said to be regular and impulse-free if the
pair (E,A), (E,A +Ay) is regular and impulse-free;
(b) The filtering error system (7) is said to be exponentially stable if there exist scalars
8 >0 and A > 0 such that [|x(2)[| < 8e™![|¢(0)]l4,, where [|p(0)]l4, = SUP_4,<p<o |9(0)]
and | - | is the Euclidean norm in R”. When the above inequality is satisfied, A, o and

e ¢(0)||a, are called the decay rate, the decay coefficient and an upper bound of
the state trajectories, respectively.

Lemma 1 ([18]) For any constant matrix R € R"*", R = R” > 0, scalars d\ < d(t) < dy, and
vector function x : [—dy,—d1] — R” such that the following integration is well defined, it

holds that
t—dy .T .
—(dy —dy) X ()Rx(s)ds < ¢T(HAL (1),
t—dy
where
x(t —dp) -R R 0

@)= |x(t-d@®) |, A=| * 2R R
x(t —d>) * * =R
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Lemma 2 For any symmetric positive-definite constant matrices M > 0 and any constant
matrix E € R™", and scalars dy > dy > 0, if there exists a vector function x(-) : [-d,, 0] — R”
such that the following integration is well defined, then it holds that

42 — d? -di pt
_B -4 / / (Ex(0)) " MEi(¢) ds db
2 —dy t+6

- 0] ! ~d,ETME  dyETME x(2)
- f;:;; x(s)ds dnETME  —-ETME ::;2 Yx(s)ds |

Proof Notice that

(Ex(6)) ME&() (E&(e)" | _ | (Bx(e)" M2 0| | MPEx(e) M2 | _
Ex(t) Mt M0 0 o |~

Hence,

S EO) MERO dsdo [ [*, (Ex()" dsdo 3
f:j; [}y (Ex(®)) dsde f_jzl JL, M dsdo

Using Schur complements and some simple manipulation, the lemma can be obtained.
O

Lemma 3 ([19]) Suppose that a positive continuous function f (t) satisfies

f®) <1 sup f(s)+ e,

t—T<s<t
where € >0, 1 <1, 63 >0 and t > 0. Then f(¢) satisfies

—ot
ft)< sup f(s)e 0! + 52¢

-7<s<0 1- S‘leéor ’
where &y = min{e, &} and 0 < & < —(1/7)In¢g;.

Lemma 4 ([8]) Given a set of suited dimension real matrices Q, H, E, Q is a symmetric
matrix such that Q + HFE + ETFTHT < 0 for all F satisfies FTF < I if and only if there

exists € > 0 such that
Q+eHHT + e 'ETE<0.

Aims of this paper The exponential H, filter problem to be addressed in this paper is for-
mulated as follows: given the uncertain time-delay T-S fuzzy system (4) and a prescribed
level of noise attenuation y > 0, determine an exponentially stable filter in the form of (5)
such that the following requirements are satisfied:
(a) The filtering error system (6) is exponentially admissible;
(b) Under zero initial conditions, the filtering error system (6) satisfies
lle(®) |2 < ¥ llw(#) |2 for any nonzero w(t) € L, [0, 00) and all admissible uncertainties.
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3 Main results

3.1 Exponential stability and H,, performance analysis

Theorem 1 For prescribed scalar 0 < u < 1, system (7) is exponentially admissible with
H,, performance y for any time delay d(t) satisfying 0 < dy < d(t) < d, if there exist
positive-definitive matrices P, Q, Qq, Qs, Ry, Ry, Z1, Zy, Z3, Z4 such that

E'p=PTE>0, (8)
An Ap A
Y= * A22 A23 <0, (9)
ES k A33
where

Xu Xp X3 O

A * Yoy Yoz Xy A dIETRlE duETRzE PTB
n= ) 12 = )
*k * 233 0 03><1 03><1 03><1
| * * *  Xga
T =T
é - 0 0
Ag Ly - 2
Az = ) Ay = diag{ Tss, Tee, —y 1}, Axy=|0 0],
0 0 ~T
B
0 0

Ass =diag{-W,-1}, T, =PTA+A P+Q -E ZE-E'YE+2Z,

%, = PTA,, Y3 = ETZ1E, Yoo =—(1-w)Qs - ZETZZE, o3 = ETZzE

So=E ZE, To3=-Qu+ Q+ Qs —E ZiEE-E' Z,E, Sua=-Q -E Z,E,
dy - d}

Y55 = —ETR1E - Z3, o6 = —ETR2E —Zy, dip =dy —d, ds = 5

d4
W=d’Z, +d% 7, + ZlR1 +d*Ry, Y =dRi+d%Ry,  Z=d’Z3+d%Z,.

Proof Firstly, we prove that system (7) is regular and impulse-free. We choose two non-

singular matrices U and V/, note that

B I, 0 -~ Ay A ~ An A
UEV = . UAv=|ZM TR yAyv=| T e
0 0 A21 A22 Ad3 Ad4

P P; Z Z
upy - | Pn P Vigy < |40 L
Py Py Zyn Zp

From (8) and the expression above, it is easy to obtain that Pj; = 0. Pre- and post-

multiplying £1; < 0 by VT and V, we have
T AT
P22A22 +A22P22 + Zzz < 0,

which means Aj, is non-singular. So the pair (E,A) is regular and impulse-free.
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On the other hand, via the Schur complement, it can be seen from (9) that Ay; < 0, pre-

multiplying and post-multiplying it, by [I I I I] and its transposition, we can get
sz(AZZ +Ad4) + (Agz +A§4)P22 + Zzz < 0,

together with Z > 0, which implies Azz and A,M are non-singular. Hence, the pair (E,A) and
(E, A + Ay) is regular and impulse-free. According to Definition 1, system (7) is regular and
impulse-free.

Next, we show the exponential stability of system (7). Choose the following Lyapunov

functional
5
VE) =Y Vi), (10)
i=1
where

Vi) = &7 ())E P&(r),

dy

t t-dy t—
Vs (%) = / T (s)Qui(s) ds + / %1 (s)Qo%(s) ds + / %7 (s)Q3%(s) ds,

—dy t—dy t—d(t)

t

0 prt | _ _. - . _ .
Vi) = di / f % ()E" Z,Ex(s) ds d6 + dio f f % (5)ET ZyEi(s) ds db,
—dy Jt+0 —dy t+0

0 t —dy t
Va(®) = dy / / %1 (s)Z35%(s) ds d + dys / / %1 (s)Z4%(s) ds do,
—dy Jt+0 —dy Jt+6

+

d12 0 0 pt | oo .
Vs(x:) = — / / / X (S)EREX(s)dsd)\db
2 —dy J6O t+A
—d1 0 t T _r .
+ ds/ / / X (8)E" RyEX(s)dsd)do,
—dy 0 t+A

where X; = X(t + ), —dy <a <0.

Then the time-derivative of V(%;) along the solution of system (7) gives

Vi) = 25T () ET Px(2),
Vo) <& (Qia() + &7 (t — d)(—Qy + Qy + Qa)3(t — d))
— &7 (t - da)Qui(t — d) — (1 - " (t - d(®)) Qs (t - d(2)),

'T(

. t . - P
V() =& OF (d22y +d%2,)Ex(t) - dy / % ()E" Z,Ex(s) ds
t—dy

t—d1 . _ .
—dyy / 5T ()ET Z,Ei(s) ds,
t—dy
t
V(&) = &7 () (d2 2y + d32,)%(t) — dy / T (s)Z1x(s) ds

t—dy

t—dy
—dyy / 1 (5)Z,3(s) ds,
t—dy
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i . _ d4 . d 2 0 t B .
V(&) = &T(t)ET<lel + dszZz>E5c(t) - % / / %' ()E" RiE¥(s)dsde
—di Jt+0

~di et T T -
—d / / X (S)E RyEx(s)dsdo.
—dy t+0

+

Taking into account the lemma (Jensen’s integral inequality), Lemma 1 and Lemma 2,

we get

t . - -
—d, / i ()ET 2, Ex(s) ds
t—dy

_[ a0 "T_E'zE E"zE][ #0
A * _E'zE||3¢t-d) |

t—dp .T iy .
—du/ x (S)E ZzE;C(S) ds
t

—dy
- T =T, = =T, = -
x(t — dl) -E ZZE E ZZE 0 ?C(t - dl)

< | %t -d@) . 2E"Z,E E'ZE | |#¢t-d@®) |,
%t —dy) * * _ETZE|| #¢t-dy)

2 0 gt .
4 f / %' (5)E" RiE¥(s) dsdo
2 —dy Jt+0
. [0 gt
5/ / x (s)dsd@(—E RlE)/ / x(s)dsdo
—dy Jt+0 —dy Jt+0

< x(t) ! —dlzéTRIE dIETRIE x(t)
B ff,dlx(s)ds * —ETR1E f;dl x(s)ds |

—dy t .T iy .
—d, / / %' (s)E" RyE(s) ds do
—dy t+0

+

—dy t .T _T _ —dy t,
5/ / x (s)dsd@(—E RzE)/ / x(s)dsdb
—dy Jit+0 ~dy Jt+0
T - - - -
< X(t) —dlzzETRzE dleTRzE x(t)
B f;:;il x(s)ds * —E"R,E ff::z Yx(s)ds |

Then we have
V(x) + e (De(t) — y? o (®o(t) <&7)(Zo + ] WIT; + 1] T1)&(2),

where

t

sT(t)z[x(t)T x(t-d@)" xt-d)T x(t-dy)" / x(s)" ds

t—dy
t—dp
/ x(s)T ds wT(t)}

—do

Mm=[A A;, 0 0 0 0 B, M,=[L L, 0 0 0 0 O],
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(S S S 0 AE RE dpE RE PTB]
¥ Moy g3 Xog 0 0 0
* * 233 O 0 0 0
o= % * * Y44 0 0 0
* * * * Y55 0 0
* * * * * Y66 0
* * * * * * -1

Now, applying the Schur complements, when w(£) = 0, it is easy to see from (9) that there
exists a scalar o > 0 such that for any ¢ > d,

V() < =80 %)|". (11)

Moreover, by the definition of V'(x;), there exist positive scalars §; > 0, 8, > 0, € > 0 such
that

V() < e8| 70)| + 8 / |%(s)|* ds.
t—dy
Now, we have
d . . .
4 [ V(x)] = e [eV(E) + V(E)]

< est[(a& —80) %) + 5 / y ol ds]'

Integrating both sides from 0 to T > 0 gives

T T ¢
eT = _ ) — _ et || ~ 2 et = 2
e Vixr) — Vixo) = (e81 80)/(; € Hx(t)“ dt+£82/0 e dt’/t_d2 ||x(s)H ds.

By interchanging the integration sequence, we can get that

T ¢
/ el dr / |%(s)||* dis
0 t—dy
0 N s+dy
_ f &) ds / o dt
—do 0
T-dy 2 s+dy T 2 T
+/ %) ds/ e”dt+/ %) ds/ el dt
0 s T—dy s

0 ) T—dy ) T )
< / e+ | (5) [ ds + f o) ()| ds + / o) | 3(s) | ds
—dz 0 T*dZ

T
- dye / 36> ds.
—dy

Let the scalar & > 0 be small enough such that £8; — 8y + d2£8,e°2 < 0. Then we get that
there exists a scalar « > 0 such that

T
ETVED) < V(o) + [881 — 80 + dgsézegdz] / e””fc(t) ||2 dt <« ||¢>(0)HZZ.
0
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It is not difficult to see that, for any 7 > 0,
- e 2
V) < ket o), (12)

Note that the regularity and the absence of impulses of the pair (E, A) imply that there

always exist two non-singular matrices M and N such that

i} I - A0
MEN = 0 ., MAN=|"" ) (13)
0 0 0

L,

~ A A P P
MAdNZ dl d2 , M,TPN: 1 2 ,
A Ps P,
(14)

NTQ1N= |:Q11 Q12:|.

sz Q22

Substituting the partition into (8) yields that P; > 0, P, = 0.
Define

£(f) = [Z((g] _ Nx(0). (15)

Using the expressions in (13), (14) and (15), system (7) can be written as

&1(t) = Are1(0) + Ager (£ - d(0)) + Amea (t - d(2)), (1)
0= 82(1’) +Ad381 (t - d(t)) +Ad482 (t - d(t))

It is easy to show that

VG, £) = & ()E Pi(e) = T (@N-T(NTE" MT) (M~ TPN)N"'%(z)

I, O0||P P 1
=eT(t>[O 0} [P; Pjs(t)w{(t)zasl(t)zmusl(t)uz.

Hence, for any ¢t > d,

I

[ex@” < 27 e T [6@)],. (17)

Define ¢(t) = Agze1(t — d(t)), then from (17) a scalar m > 0 can be found such that for

any t>0, [|c(®)[* < me*””d’(@)llfif
To study the exponential stability of &;(¢), we construct a function as

J(8) = &3 (Quea(t) - & (t - (1)) Qaea (¢ - (1)) (18)
By pre-multiplying the second equation of (16) with &7 (£)PI, we obtain that

0= szT(t)Pfsz(t) + sg(t)PZAd482 (t - d(t)) + ezT(t)PZg(t). (19)



Ma and Chen Advances in Difference Equations (2015) 2015:245 Page 11 of 19

Adding (19) in (18) and using Lemma 4 yields that

J(@t) =] (t) (P4T +Py+ Q22)82(t) +2e] (OPL Ager (t- d(t))

— &5 (£ - d(8)) Quea(t - d(1)) + 265 ()P 5 (2)

- &(t) ' PI+Py+Qyn PlAu &(t)
| et —d(2) * —Qu || &2t —d(2))

+ 185 (D82(8) + 77 6 T ()P Pas (2), (20)

where y; is any positive scalar.
Pre-multiplying and post-multiplying

b z
11 12 < O,
k 222

T
N 0 N 0
and ,
0 N 0 N
respectively, a scalar y, > 0 can be found such that

P{+Py+Qun PiAu| _ |l 0
* -Qu |~ |0 of

Then
J(8) < (i = o)t (Dex(t) + v s T ()PP 5 ().

On the other hand, since y; can be chosen arbitrarily, 4 can be chosen small enough

such that y, — 31 > 0. Then a scalar y3 > 1 can always be found such that

Qa2 — (11 = ¥2)I = ¥3Qas. (21)

It follows from (18), (20) and (21) that
&, ()Que(t) < y5'e; (£ —d(1))Quae(t — d(®)) + (1ys) ' T ()PaPL 5 (2),

which infers f(£) < y3* SUP_ g, <5<t f ($) + 1e7°!, where 0 < o < min{e,d ! Inys}, f(t) =
&5 (1)Que(t) and T = (y1y3) ' mil| P> 90117, -
Therefore, applying Lemma 3, we can obtain that

A (Qu2)Te™!

Je20)]” < 33k (Qu2) ks (Qu2)e™ [ ea®) [ + =1 il

which means, combining (17), that system (16) is exponentially stable, that is, system (7)

is exponentially stable.
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Finally, we show that for any nonzero w(t) € L,[0,00), system (6) satisfies |e(t)]» <
¥ |lw(¢) |2 under the zero initial condition.
Observing (9), we have

V(&) + el (t)e(t) — v2o (H)ow(t) < 0.

Integrating both sides from 0 to T > 0 gives

v -voys [ e@Pde- [ v o] d<o.
0 0

Since V(0) = 0, when T — o0, we have

[t [ ol
0 0

which implies |le(¢)|l2 < y |o(¢)|2 for any nonzero w(t) € Ly[0,00). This completes the
proof. d

Remark 2 It should be pointed out that LKF (10) is chosen here based on triple integral
and both left and right endpoints of the time-varying delay interval, which will decrease
the conservatism.

Remark 3 In [17], f_oh ftt+9 £ T(s)Zé (s) ds d6 was estimated as

t

HET (02 ) - / ET(5)2E(s) ds,

t—d(t)

and the term — f:_f © éT(s)Zé (s) ds was ignored, which may lead to considerable conser-
vativeness. In this paper, by using Lemma 1, the shortcoming can be avoided and a less

conservative result can be obtained.

3.2 Delay-dependent filter design
Based on the sufficient conditions above, the design problem of robust Hy filter can be
transformed into a problem of LMIs.

Theorem 2 Given a finite scalar y > 0, the exponential Hy, filter problem is solved for
system (6) if there exist constant scalars ;; > 0, symmetric matrix Q1, Qz, Q3, R1, Ry, Zy,
Zy, and matrix P = diag(Py, P), P > 0, such that

E'P=P'E>0, E'P,=P]E>0, (22)
‘I/l'l'<0, i=12,...,1,
(23)
\I’l'j+‘~l’ji<0, i<ji,j=12,...,1,
where
Q; T elf Quy  Quzy  Quzy
W= % &l 0 , Q= * Q929 0 ,

* * —81/‘1 * * Qggi]‘
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w1 W12 W13 0 w15 Wie w113 W14 Lﬂ ]
* o wp W3 Wig Wi5 W6 w213 W14 — ﬁT
Qi = * ¥ W33 W34 W35 W36 , Qay = 0 w31T4 L], ’
* * k44 W45  Wae 0 Cﬁ 0
* * * * w55 Wse 0 0 0
| * * * * * e | | O 0 0 |
[0 0 wo oo wm O
0 0 w9 wio w1 w2
w3z; w3z 0 0
Qo = ,
wy7 wag 0 0 0 0
0 0 0 0 0 0
| 0 0 0 0 0 0 |
(w77 w0 0 0 0 ]
*  wgg O 0 0 0
* ¥ w99 W 0 0 RANCETN
222 = * * % W1010 0 0 ’ a3y = * Q o1
’ * * -1
* * * * w1 W12
| * * * * * 1212 |
PI'Hy; 0 0
MyiHo; 0 0 E; 0 E; O Ex 0 O
I = O11x1 O1x1 Onxt | Pa=1Ey 0 0 O O O O,
Hy; + BsHy; 0 0 0 0 E; 0159 0 0 O
0 Hz;  Hy;

wp =PI Ay +ALP —ETZ\E+ Q —EYE+ Z,

win=CiMy ~E"ZiE+ Qi -E"YE+Z, w3 =P] Ay,

W15 = W5 = wig = wrg = ETZE, o = w1 = o = wxp = dpET RyE,

wnz = P/ B;, wna = Af; + ClTiBﬁT» W19 = W9 = w110 = w10 = hET R,
wn =ML+ My~E"ZiE+ Qi -E"YE+Z,  wi=MyCy,  wu=Ms,
wa13 = MyD;, w14 = AﬁT, w33 = W34 = wag = —(1 — 1)Q; — 2ET Z,E,
w35 = W36 = a5 = wae = ET Z,F, w77 = wys = wgs = -Q — E' I,

w37 = wsg = w47 = wag = ET Z,E, wza = AL + CZBﬁT,

wss = ws6 = wes = —Q1 + Qu + Q3 — ETZiE — ETZ,,

w9 = worg = w10 = ~ETRIE — Z3, o111 = 0111 = W12 = —ETRE — Za,

w13 =B] + DiTB;, Q= VAV_I, Y = dffel + dfzfez, Z= dfzs, + deZ;.

Proof From (8) we have (22). From Theorem 1, let H = [/ I], Q; = HTQ»H (i=1,2,3),Z; =
HTZH (i=1,2,3,4), R, = HTR;H (i = 1,2).
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Then we have

DO hi(e@)hi(e(0) (35 + AZy) <0,

i=1 j=1

where

w1 P2 W13

¥ @ @23 P
o Q2 P13y

* * w33 w34

Yi=| % Qo 0 |, o115 =

% * k W44
* * ¥33ij

* * *

| * * *

_ -
w3 o Ly

0213 W14 —Lg

0 w314 LT A -1
o= | CﬁT g’ , Y= x  -W 0
* * -1
0 0 0
L0 0 o

012 =CLB{P,~E"ZiE+ Qi ~EYE+Z,  @us=P]B;D,,

00 =PlA;+AlPy~E"ZIE+ Q—EYE+Z,  ¢u=PIC;,

and other items are defined in Theorem 2.

Based on (2) and from Lemma 4, we obtain that

ASy=mEmy +ny F'nf <eg'mnf +eymyma,

where
PI'Hy; 0 0
P} BiHy; 0 0 Eii 0 Ey
m= O11x1 O1x1 Onxa | ne=|Ey O O
Hy+BjHy 0 0 0 0 Es
0 H;3  Hy

Via the Schur complement, we obtain that

DD hi(e@)hy(e(6)© <0,

i=1 j=1

where

—VZI wza 0

w15
w35
w35
W45

wss5

W16
w26
w36
W46
Ws6

We6 _|

Page 14 of 19

23 = PzTBﬁ Cyi»

01><9
01><9
01><9

E;;
0
0

S O©O O
S O© O

(24)



Ma and Chen Advances in Difference Equations (2015) 2015:245 Page 15 of 19

It can be easily shown that inequality (24) equals the following condition:

D (e0)Ou+ Y hi(e(0) hi(e(0) (O + ©5) < 0.
i=1

i<j

Let Q= W', My; = P] Ag, My; = P} By, Ms; = P Cy, and then it leads to LMIs (23). This
completes the proof. d

The parameters of the H filter are given by
NI —1\T -1\ T’
A= (P') My,  Bi=(Py') My,  Ci=(Py') Ms,  Lg

4 Numerical value examples
Example 1 In order to show the advantage of the proposed method in this paper, we
consider the time-delay T-S fuzzy systems as the system shown in Example 2 in [18] with
two rules:

IF x; is W (i =1,2), THEN

Ex(t) = (A; + AA)x(t) + (Agi + AAdi)x(t - d(t)) + (B; + AB))w(t),
y(8) = (Ci + AC)x(t) + (Cai + ACq)x(t — d(1)) + (Di + AD)w(t),

z(t) = (L; + AL)x(t) + (Lgi + ALdi)x(t - d(t)),

where
1 0.1 1 0.5 0 0.2
A1: ) A2= ) Ad1: )
-05 1 -01 1 -05 0.1
0 03 0 1
Ap = , By = s B, = s C=[1 0],
- [O 0,6} 1 H : M -1t o

Cun=[-02 03], GCy=[05 -0.6], Cmpn=[-02 0.6],

Li=D=[-08 06], Ly=D,=[-02 1],

|01 P o |02
u= 0.2 ’ 22 = 4142 = —01 ) 32 = 0.3 ’
g |02 e g |02

21 = 1141 = 0.2 ’ 31 = 14112 = 01 ’

En=Ey=Ep=[-02 01], Eyu=[-02 0.2],
Es=En=[02 -02], En=[-01 -02],

E»=[-03 02], Eun=[-02 03], Ep=[02 -0.1].

Firstly, consider that E is nonsingular, let E = I, using Theorem 2 of this paper, the min-
imum y = 0.0172, it is less than the minimal level 0.2453 in [18].
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Then consider that E is singular, suppose

|1 02
“los o1l
andlet © =0, d; =0, dy =2, y = 0.7 The filter parameters can be obtained as follows:

[-0.7432  0.3496 -0.6193 05764
Ap = 2 =

-1.7348 -3.4052 |’ -1.7867 —-4.6321|’
[0.3099 ~0.0458

B = ) B = )

1 0.3427} 12 [ 0.6180 }

[_1.6425 —2.5701} [4.1954 2.4001]
2=

Cf1: )
-0.0749 -0.0789 -0.0110 -0.0798

L =[2.4751 4.2527], L =[-0.1434 -1.0178].

However, it cannot be solved by criterion in [18] because of the emergence of the impulse
phenomenon. Based on the discussion above, the results obtained in this paper are more

widely applicable and less conservative.

Example 2 Consider the example in [17] with two fuzzy rules and without uncertainties:
IF %, is W' (i = 1,2), THEN

x(t) = Ax(t) + Agix(t — d(2)) + Bio(2),

)
y(t) = Cx(t) + Cd,'x(t t)) + D;w(t),

2(£) = Eix(t) + Eqix(t — d(2)),

where
-2.1 0.1 -1.9 0 -1.1 0.1
Al = ) AZ = ) Adl = )
1 -2 -02 -11 -0.8 -0.9
-09 0 1 0.3
Ap = , By = , By = s Ci=[1 0],
@ {—1.1 —1.2} ! [—0.2} 2 [0.1] 1= ol

C,=[05 -0.6], Ca=[-0.8 0.6], Cp=[-02 1],
D; =03, D, =-0.6, E =[1 -05], E,=[-0.2 0.3],

En=[01 0], Epn=[0 02].

Let the fuzzy weighting functions be /(6 (¢)) = sin?(¢) and /,(0(t)) = cos?(t). For o = 1 in
[19], Table 1 gives different values of d, and yields minimum y for d; = 0, u = 0.2. From
the table, it is clear that the results in this paper are much less conservative than the ones
obtained in [17] and [19].
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Table 1 The minimum y with different d; (Example 2)

d 0.5 0.6 0.8 1
[17] 038 043 083 222
[19] 027 031 058 157

Theorem?2 014 027 042 144

Table 2 Comparison of minimum y (Example 3)

Method [21] [19] [20] This paper
1% 0.7 04338 03449 02748
Figure 1 Tunnel diode circuit (Example 4). L ip

ol
WA
o< +
|1
”O
()
&

Vb

Example 3 Consider TS fuzzy system (1) without uncertainties and the fuzzy rule r = 2

in [20], the parameters are as follows:
-2.1 0.1 -1.1 0.1 -1.9 0
A = y A = ) A = ’
. [ 1 —2} 2 |:—0.8 —0.9} . [—0.2 —1.1}
-0.9 0 1 0.3
Ay = , B, = s By = s Cn=[1 0],
2 [—1.1 —1.2} ! [—0.2} 2 [0.1} u=[1 0]

Cy =[-0.8 0.6], Ciz=[0.5 -0.6], Cyp=[-02 1],
D;=0.3, D, =-0.6, Ly=[1 -0.5], Li;=[-02 0.3],

Ly =[01 0], Ly, =[0 0.2].

Setd; =0, d, =0.8, u =0.2. Table 2 lists the comparison results of the minimum of y
with [19-21] (8 = 20).

From the comparison, it is clear that the minimum y obtained in this paper is smaller. It
has to be mentioned that the value of y depends on the parameter § in [19-21]; however,

3 is not easy to determine. In this paper, this drawback can be avoided.
To sum up, the method in this paper is less conservative and easily computed.

Example 4 Consider a tunnel diode circuit shown in Figure 1, whose fuzzy model was
done in [22]. x1(£) = vc(2), x2(£) = iL(¢), w(2) is the disturbance noise input, y(t) is the mea-
surement output, and z(¢) is the controlled output. Based on the discussion of [22], the

nonlinear network can be approximated by the following two fuzzy rules.
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Figure 2 Error response of e(t) (Example 4). 0 P——
-0.005 -
-0.01%
-0.015J~ ;
-0.02
-0.025 \ /
003/
-0.035¢ \\ /
-0.04f |/
\//
VM2 3 4 5 6 7 8 9 10
Time(sec)
Plant rule i (i = 1,2): IF x;(¢) is M;(x(¢)), THEN
®(t) = Ayx(t) + Biw(t),
¥(t) = Crx(t) + D;w(t),
z(t) = Lix(2),
where
-0.1 50 -4.6 50 0
A = , A = ) B = B = )
" [ 1 —10] 2 [ 1 —10} e [1}
Cu=Cp=[1 0], Dy=D, =1, Ly=L,=[1 0]

The fuzzy membership function is assumed as follows:

%) _fol(t) SO,

0, x1(¢) < -3,
O =1 sm0 (-

—3 =X (t) =< 3)

0, x1(t) > 3,

hy(8) =1 - I (2).

Give the H, performance y =1, the following filter parameter matrices could be ob-
tained:

~0.2587 —0.0116 ~0.0102
Ap = , Bp= ,  Lpn=[61137 0.8524],
~0.4567 —0.5528 ~0.0008
. _[-02830 -02548 _[0.0045 L= (L4112 0145
271 00019 -0.2479 |’ 72710.0007 |” 2= s

We assume the disturbance w(¢) = 0.5e*3¢, using this filter, Figure 2 plots the response

of the filter error of e(t). It is clear that the proposed method is feasible to deal with the
problem of tunnel diode circuit.
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5 Conclusion

In this paper, based on the T-S fuzzy model, we have treated the delay-dependent exponen-
tial Hy filter for a class of nonlinear singular systems with interval time-varying delay. In
order to obtain a less conservative result, a new filter and new LKF has been constructed.
The new H,, filter guarantees the error system to be regular, impulse-free, exponentially
stable and satisfies a prescribed H,, performance. Three numerical examples have demon-
strated the effectiveness and superiority of the proposed approach.
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