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Original Research Article
A new approach to Hw filtering for switched T-S fuzzy

systems with interval time varying delays and

parameter uncertainties

Abstract

This paper deals with the problem of delay-depenhdsmust Ho filter for switched T-S fuzzj/;
systems with interval time-varying delay and par@mneaincertainties. By choosing a n S
Lyapunov function and using the convexity propeofy matrix inequalities, some delay-
dependent stability conditions are obtained for asgmptotical stability of the filtering-error
system. Finally, tree examples are provided to destnate the effectiveness and the superigrity

of the proposed design methods.

Keywords: T-S fuzzy systems; switched systems; interval tdaky systems; ¢ filter; linear

matrix inequality (LMI).
1. Introduction:

Ho filter has came to play an important role in furaydel during the past years, especially; in
the control and filtering problems [1], [2] and [Bko filtering of time-delay T-S fuzzy systems
based on piecewise Lyapunov-Krasovskii functionakvinvestigated in [4]. The problem of
delay-dependent robustdHfilter for T-S fuzzy time-delay systems with expaotial stability
was studied in [5].The delay-dependent robust filter for a class of Takagi-Sugeno (T-S)
fuzzy descriptor time-delay systems with parameteertainties has been discussed in [6].
Switched systems arise in many practical modelmamufacturing, communication networks,
automotive engine control, chemical processes &#].[ The idea of controller switching is
introduced in order to overcome the shortcomingthefsingle controller and improve system
performance [10-12]. The stability analysis of sivd time delay systems has attracted lot of
attention. In [13], the stabilization via switchimg investigated by using a multiple lyapunov
function. In [14], exponential stability and stakgition are designed in terms of the solution of
Riccati- type equations. In [15-16], the expondrgiability of switched systems with mixed
time delay is studied. In [17], the exponentiabgigy and guaranteed cost of switched linear
systems with mixed varying delays is studied. Fe® Tuzzy switched systems with time
delays, a few results are encountered in the litezaThe delay dependent exponential stability

is studied for systems with norm bounded unceiitgntn [18] and in [19] the stability
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robustness of T-S fuzzy systems with two additiseetvarying delays is investigated by using
the free weighting approach. In addition, the séstimation problem has been investigated for
switched systems with different performance inderekiding Ho filter design [20, 21], where

in [20] the linear matrix inequality (LMI)based sience condition of such a filter is derived by
the introduction of slack variables to eliminates tbross coupling of system matrices and
Lyapunov matrices among different subsystems. AnfiHering design is developed by using
switched Lyapunov functional approach for discratee switched systems with time delay in
[21]. Switched linear filters are designed to enstivat the filtering error systems under
switching signal with average dwell time are expuiadly stable with a prescribedo«noise
attenuation Ie\%}re studied in [22]. But at pnésthe problem of delay-dependent robust H
filter for T-S fuzzy time delay systems with expotiginstability has rarely been reported and
remains an open research domain.

For uncertain switched T-S fuzzy time delay systetims paper discusses the design methods
of delay dependent robustuHfilter. The parameter uncertainties are assumed to be-time
varying but norm-bounded._The designed filter isaofed by constructing a _new_lyapunov
krasovskii _functional _and guarantees the asymptstability of the error system, some
improved LMI —based robust stability criteria atganed without ignoring any useful terms in
the derivative of the lyapunov functional, the oféal criterion is less conservative than the
existing ones. Finally, tree numerical examples given to show the effectiveness and the

superiority of the proposed design methods.

2. Preliminaries and Problem Formulation:
Consider a class of switched systems with T-S fisz#ysystems as follows
REIf z; (£) isWH, z, (1) iSWH, . .. ,zg(t) is W
Then =]
{X(t) = (Aig + DA;c(0)x(D) + (Agic + AAgic(D)x(t = T(©) + (Bwic + AByic(D)w(t)
y(©) = (Cis + ACis(©)x(D) + (Caio + ACqio(D)x(t — T(1)) + (Dwic + ADyic (D) w (1)

Z(t) = (Lio + ALiG(t))X(t) + (Ldic + ALdio(t))X(t - T(t)) + (Gwio + AGWio(t))w(t)
x() =) te[-hy,0] i=1,..,r (2.1)

Where x(t)ER™" is the state vectow(t) €RP is the disturbance input that belong€.1d0,];
y(t) € R™ is the measurements vector; z&)R? is the controlled output;(t), z,(t),...
zg(t)are the premise variables aig ,1=1,...,s are the fuzzy sets(t) := je{1,...,N} is the %
switching sequence and r is the number of IF-THENS) € ([—hy, 0], R)) is the initial
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function, with norm [|bl|=supge(—n, ojllP(O)Il .T(t)is a bounded time varying delay

satisfying:

0<h, <1(t) <h, (2.2)
The time varying delay (t) is assumed to be differentiakilé) = d with

d, <d<d, (2.3)

[Ais Adic Bois Cis Cdic Dais Lis Ldis Gwic AAjs(£) AAgis(£) AB i () ACis () ACg;s(t) AD s (t)
ALi(t) ALgis () AG,is@®] € {[Afj Aaij Buij Cij Caij Dwij Lij Laij Geoij AAj; (1) AAgi; (B) AB;;(0)
AC;;(©) ACq;;(t) AD ()AL (£) ALgsj () AG,5 (D], =1 NYAjj yAdij» Boij» Cijs Caij» Deoiy» L »
Laij , Goij are constant matricesA;; (t), AA 4;;(t), AB (1), AC; (1), AC4;; (1), AD 3 (1), AL; (1),
ALg;j (1), AG,y;(t) are unknown perturbation matrices. The matfix 'switches between
matricesA;q, Ay, ..., Ajn, the matrixAg;s switches between matricéiq, Agiz, ---» Agin, the
matrix B, Switches between matricék,;, B,i, ---, Byin, the matrixC;, switches between
matricesC;j,, Ciz, ..., Cin, the matrixCy;q 'Switches between matric€sy, Cqiz, ---» Cain » the
matrix D, Switches between matric&s,;;, D iz, ---» Dwin, the matrix;, switches betwe
matricesL;y, Liz, ..., Lin, the matriXLgi; Sswitches between matricég;;, Lgiz, ---, Lqin @nd the
matrix G, switches between matric€s,;1, Gyiz, ---» Gyin - The perturbation matricesh;; (t),
AA i (8), AB i (£),ACi6 (£),ACqi6 (1), AD 6 (1), ALjs (£),ALgis () and AGg,is (1) switches
between matricesA;; (£)AA;, (), ..., AA;N (1), AA4i; (©), AAgio (1)) o, AA4in (1), AB 4 (1),
ABgi7 (8), .., AByin (B), ACs; (£); AC; (B, -, ACiy (£), ACqi1 (£),AC ;2 (1), .., ACqin (£), AD i1 (£)
,AD iz (1), ..., AD ,in(t), AL;; (£) ,AL;» (1), ..., ALijn (t), ALgi1 (t), ALgi2 (1), ..., ALgin () and
AG i1 (), AGyiz (1), ..., AG,;n (1) respectively.

Hence the system (2.1) can be represented as follow

Plant rule i for individual subsystem j:

REIf z, (1) iSWI, z,(t) iSWL, . . . ,z4(t) is W

Then

(x(t) = (Aij + AA;; (t)) x(t) + (Adij + Mg (t)) x(t—1(0) + (Bwij + AB,y;; (t)) w(t)

y(® = (Cij + AGj; (t)) x(6) + (Caij + ACqi(©)x(t — T(©) + (Dyij + ADyii () 0 (1)

2(t) = (L + ALy (1)) x(O) + (Lay + ALy )x(t = T(©) + (G + AGyyi(©) ()

x(t) = b(t) te[—hy,0] i=1,...r (2.4)
Assumption 2.1The perturbation matrices are assumed to be notmdsal and given by:
[AA;(1)  AAg;j(t)  ABuij(D)] = DyyiFy (1) [E1oij  E11ij  Exzij]

[AC;(D) ACg;(t) AD,;(D)] = Do F5 (1) [E20ij E215  Ezzi] (2.5)
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[ALjj(t) ALgijj(t) AGwii(D)] =Dgj Fy (1) [Esoij  Ez1ij  Eszy]

WhereE i, E11ijs E12ij» Ez0ij, E21ij» E22ij) Esoij» Esuij» Eszijy Duijs D2ij @ndDs;; are known
constant matrices with appropriate dimensidt)t) are unknown time-varying matrices with
Lebesgue measurable elements bounded by:

Fi (1) Fy(t) <1 (2.6)
By using the common used center-average defuzzifierduct interference and singleton

fuzzifier, the global dynamics of T-S fuzzy systé&w] can be inferred as
() = Ty O (A + 8250 ) x(O + (Agy + BAgy (9) x(t = T() + (Bui + BBy () (V)]
y(®©) = Xz wi(z®)[ (Cij + ACj; (t)) x(t) + (Caij + ACq;;(®)x(t — (1)) + (Deoij + AD 5 (1)) 0 (1)
z(t) = Xi-1 w(z®)[ (Lij + ALj; (t)) x(t) + (Laij + ALaij (D)x(t = T(©) + (Gepij + AGeij (D) ) 00 (D]
x(9) = (1) te [—hy,0] = @.7)
Wherey; (2(1)) =wi(Z(O)E-; wi(2(0) , wi )T, W) (z(0)
W]-i (zj(t)) being the grade of the membership function;@) in Wi, some basic properties of
Wi (z(1) are: w; (z(1))=0 , -, mi(z(D) =1
In this paper, we consider the following fuzzy filite
REIf z4 () iSWH, z,(t) iSW, . . . ,z4(t) is W

X(t) = AgR(Y) + By (t)
Then 2(t) = Cg;R(Y) + Dgy (1) (i=1,2,....n), (2.8)
R(0)=0

Where X(t) € R" is the filter statez(t)€ R? is the estimation of z(t) in fuzzy system
(2.1), A, Bij, Cij and Dg; are the filter matrices with appropriate dimensiamsich are to be
designed. The final fuzzy filter of fuzzy systeml(Ris thus inferred as follows

X(0) = Yo, kM) [AgR(D + By (D]

2(0) = Yo, mi(z(0)[ CR(t) + Dgyy ()] (2.9)

%(0) =0

Augmenting system (2.1) to include switched T-Sfufilter (2.9), we can obtain the filtering

error system

( x(t) = (K]- + A4 (t)) %(0) + (Agi + Mg (O)X(t— (D) + (B’wj + AB,; (t)) w(t)

e(t) = (C]- + AG (t)) %(0) + (Cqj + ACg(O)X(t— (D) + (ﬁw]- + AD,,; (t)) w(t)
() = [®T(t) 0]T, vt e [—hy,0], (2.10)

Where %(t): =col {x(t) ()}, e(t):= z(t) -Z(t)
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0
AEXiss wi(2(0) Bieq me(z(D) [Bf iC Afij];

0
Agi=Eizs i(z(0) Ti=q bic(z(1)) [Bf gk] 0];

wii 0
Buy=Slos (2(0) Shes 20 [ e g5 2.1

_21 1 P-l(Z(t)) Zk 1 P—k(Z(t))[Ll] ka] _kaj];
Ca=2i=1 mi(z(D) They i (2(©)[Laij — DagCai] ;
D=2z 1i(z(D) Theq i (2(0)[Goif = DixDesif] ;

A ® 0
BgijAC; (1)) o]

AAg(®) O]
AAd](t) =Xi=1 Hi(z(0) Y= M (z(D) BfjACq () 0]

And AA;(0) = X, 1i(2(0) The1 e (2(D) [

Ay (02101 (0) Bk 20) [ i
AC;(D=Xi_; i (z(0) They m(z(D))[AL; (1) — D AC;(t) 0] ;
ACqi(D=X1_1 1i(z(D) Ty M (z(D)[ALgs5(®) — DagACas;(0)] ; (2.12)
AD j (=211 1i (2(1)) Zk=1 1 (2(1))[AGooij (V) — Daag AD5(D)] ;
The robust kb filtering problem to be addressed in this papéorisiwulated as follows:
Given the switched T-S fuzzy time-delay system )2and a prescribed level of noise
attenuatiory > 0, determine a filter in the form of (2.9) subhttthe following requirements are
satisfied:
(a) The system (2.10) witla (t) = O is asymptotically stable,
(b) The Ho performance|le|l, < y|lw(t)||, is guaranteed for all nonzero (t) € L, [0, «]
under the conditiof(t) = 0, for all t € [—hy, 0].If this is the case, we say that the fuzzy H
filter design problem is solvable.
To present our objective more precisely, the follmMemma are introduced.
Lemma 2.2 [23]: LetQ =QT, Q, E, and F (t) satisfyingFT (t)F(t)<| are appropriately
dimensioned matrices, the following inequality:

Q +QF(E +ETFT(HaT < 0
Is true, if and only if the following inequality has for any scalas > 0

Q+e 100 T+eETE< 0

Lemma 2.3 [24]: For any two matrices X and Y, we have
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XTY + YTX < eXTX + e71YTY

140  Where XR™*" Y eR™*?  ande is any positive constant.

141
142 3. Fuzzy H, performance analysis:
143 In this section, we will present an efficient LMbased method for the design of am H

144  fuzzy filter and we propose sufficient stabilityterion for the filter error system (2.10).

145 Remark 3.1. The nominal system of (2.10), i.edA;;(t) = AAg;(t)=AB,;;(t) = AC;;(t) =
146 ACq;(t) = ADy;j(t) = AL;j(t) = ALg;;(t) = AG,,;;(t)=0 is reduced to the system as follows
x(t) = 4;%(t) + Ag;%(t — 7(6)) + B, ;w(t)

147 Le(t) = Gx(t) + Cy;x(t — () + D,,; w(t) (3.1)
) =[e"(t) 0], vte[—hy,0]

148  Whered;, 44, B,;, C;,C4; and D,,; are defined in (2.11). In this case, we have thiewing
149  theorem.

150 Theorem 3.2 Given scalar® < h, < h,, d; < d, andy>0, theH,, filter error system (3.1),
151  for all differentiable delayt (t) €[ h,, hy], IS asymptotically stable and has a prescridgd

152  performance levely if there exist real symmetric matricdg > 0,R; > 0,Q, > 0,Q; >
P, P . .
153 0,P = [*1 PZ >0,R; =0,P; >0and real matricesy,q (p = 1,2, =1,2,..,6) with
3

154  appropriate dimensions such that the following LK) are feasible where= d,, d,

M+ [~I5Qaly + Anxply + I3 5] ha¥iQo  6nY5Q2 Anxp YgTj]

i * —Q 0 0 0
155 Zpik = | % % -0, 0 0 [<o0
* * * _QA 0
* * * * —1I
156 (3.2)
157  Where
j
Hik
[P11j  P12j Qo 0 P15 P16j |
* P22j 0 0 P2sj P26j
|+ ¢ Re-Re+Ri-Q-Q 0 Qx 0
* * * —Ry— Q03— Pqg Qx 0
| * * * * * —]/21_

158 (pllj = PlAkj + A£]P1 + PZBfl]Ck] + CIZ']B}‘TL]P; + RO-QO
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P12j = PyAsij + AL Py + CiiBfiiPs; P22j=P3Asij + Afi;P3

®15; = P1Agkj + P2 BrijCayj; P25; = P; Aaj + P3ByijCax; (3.3)
P16j = P1Buij + PaBrijDurj; P26j = P7 Buj + PsBrijDoi;

L=[0 00 — [ o;L=[0 01 0 —I ol

Xpi= {Xpl Xp2 Xp3 Xps AvS X”6}1 p=1,2

Yij=1[A; 0 0 0 Aaxj Buwij] (3.4)
Ysj = [Lxj — DrijCkj —Crij O O Laxj = DijCarj  Gukj = DrijDuij]

Proof: We introduce the following lyapunov krasovskii ftiooal:

V(t, %) =V, (t, %) + Vi (t, x;) (3.5)
WhereX, denotes the functiofi(s) defined on [th,, t],

(¢, %) = " ()PE(t) (3.6)
Valt,x) = [, x7(8) Rox()ds+ [, x™ () Ryx()ds+ [, ¢ x"(s) Rax(s)ds+  (3.7)

[ OXT(5) Pax(s)dsthy [°), [t %7 (5) Qoi(s)dsdB + Ay [ [,y %7 (5) Q(s)dsde

With R;> 0, Q;> 0, Ry> 0, R; =0, P; =0, Q> 0, P:[Iil 1132 > 0 being real symmetric
3

matrices with appropriate dimensions apd= h; — h,.

Introduce the following vector:

&=colfx(t) 2(@) x(t—hg) x(t—hy) x(t—1(t) w(t)} (3-8)
Then, rewrite error system (2.10) as

oS — \'r r Ylj
£(0) = X @) S @) |, | ¥

e(t) = 2w z(0) Xhey 1y (D) VY
L x(t) = [7(t) 0]

WhereY; ; are defined in (3.4) ang; = [By;;Ckj Arij 0 0 BrijCakj BrijDukj].

(3.9)

Using the expressions in (3.5) and taking the titegvative of V(t,%,) along the solution of
(3.1) we obtain

y ~ 0\ — r r =T Ylj
(6, %) = 250, 1 (D) Ty by (2(0) T ()P [yzj] Y (3.10)

Va(t,x0) = xT(ORox(t) = xT(t = ha)Ro x(t = hg) + x7 (¢ — he)Ry x(t — hy)
—xT(t — hp)Ry x(t — hy) + xT(t — hy) Rq x(t — he)- (L-d)xT(t — 7(t)) Ryq x(t — (1))
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+ (1-d)x"(t — (1)) Py x(t — 7(t)) — x"(t — hp)Pq x(t — hp) + hZxT(£) Qo (t) —
ha fi_p, 57 ($)Qoi(s)ds + 35T () Qa(t) — An J, " 27 ()Q4%(s)ds (3.11)
Sincet ()€ [hg, hy], we definep (t) = (hy, — t(t))/lh, Ap = hy — hy, and we use lemma 2.3

to yield the following inequalities:

oSl G0 <[ )ha)]T 7 Sl Sl (.12

A [ AT () Quk () ds==An fi -y T () Qax(s)ds —An [t X (5)Qa(s)ds

t—hg

— (hy =T @)% T(s)an(s)ds (1(©)- ha) [t 27 ($)Qa%(s)ds
— (1= p [ 3T ()Qak(5)ds — p(0)Ay [ &7 (5)Qa(s)ds
x(t —hg) —Qx 0 x(t — hg)
<| x(t—hy) [ *  —0Q; ] x(t — hy)
x(t —1(t)) * —2Q,1 x(t — (b))
- =pM®) M [, T(t) i (5)Qax(s)ds- p(t)An [ s, 57 (5)Qa(s)ds (3.13)

In addition, by the Leibniz- Newton formula, we aint the following equations for any real

matricesy,q, P= 1, 2; 9=1,2,...,6 with appropriate dimensions:
0= 224(1 = p(O))§7xa [x(t = 1(®)) — x(t — b)) = [ k(s)ds],

0 = 22,p(E 1z [x(t = he) — x(t = 7()) - ff_;g;)x(s)ds], (3.14)
Xp = COl{Xp1 Xp2  Xp3 Xpa Xps Xpé},
Adding the right hand side of (3.14) and (3.13)d @ombining with (3.10)-(3.12) yield the

following inequality:

r

V(tx) =10 Ow® < ), (z(t))z 1, (2(0) (€T 11

i=1

—n (1= p(®) [0 x + 4T Q) Gl € + Qait(s))ds —

t—hg

Mp®) fi_ ;5@ x2 + 2T (OQ)Q5 (3¢ +
Qx(s))ds} (3.15)
Where
(1 p(t)) 1lik + p(t)HZLk

H,’,lk- =, +[-I} Qﬂp + AnXp + Snlp X5 ¥RV QoYa 4 0R Y QaYe; + 25 x5 Q5 xp  (3.16)

With x,,, (p = 1,2), IT},, I; and I, are defined in (3.3).
Notice that, sinc@; > 0, p (t) € [0,1], (3.15) implies the following:
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V(t,x) =y (Ow®) < Tisy w@(0) Tiey w @0) §M g8 (3.17)

Due top (1) € [0,1], T, <Oif 11,

< 0, p=1, 2. According to schur’s compleme!mzfik <0is
equivalent to the following LMIs:

(1), + [~IEQaly + Anxply + 2nI5 28] ha¥TiQ0  AnY5Qs  Snity]

wl = * —Qo 0 0 <o, p=1,2(3.1
pik " " _QA 0 <0, p=1, (3 8)
* * * _Ql
And l‘Uz{ik < 0 leads ford = d, or d, , to the following:
L j -
lppjik = l‘Up]ikldzdl< 0;1=1,2 (3.19)
Notice that
pl = damd it | d=d g2 (3.20)

pik = g,-d, Pk ' g,—d, pik
Therefore, the two LMIs (3.19) imply (3.18), a#(jik are thus convex in € [dq,d,], for
p=1,2.
Then if the two LMIs (3.18) are feasible, thdh;; < 0. It follows from (3.17) that

V(t,x) — 20T (®w(t) <0
From the above analysis, it can be easily seentlleastability asymptotic of the error system
can be obtained fav(t) = 0, that is

V(t,x) <0

Next, assuming that(t) = 0, for allt € [—hy, 0], we prove that the 4d performance
llell, < vllw(®)|l, is also guaranteed for all nonzew(t) € L,[0,00) and prescribed
performance levef>0.
SinceXi_; w(z() = 1, we can write” (t)e(t) = Xi_; wz() Tiey 1, 2(D) E7Y5Y5;¢, one

rewrites (3.17) in the following:

V(t,x) < Ty 1 (2(0) Ty m 2(0) {71456 — e (e(®) +y2w" (Dw (0}, (3.21)
Where

Mgy = (1= pO)L, + p(OT;,

ﬁ;iki = I + [T Qaly + Aty + Anlf X5 | +h2YT QoY+ A2V Q0 ) + A2 XD Q3 Ve Vs,

(3.22)
If the condition (3.2) holds, then by using thegcbomplement we obtaiﬁ;ik <0 forp=1,2

and consequentlff,; < 0 because of(t) € [0,1].
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It is inconsistent with the expression in line 130.
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In the same way as above, we can shongiaK 0,(p = 1,2) are also convex in
d € [dy,d;]. Thus, we have
V(t,x,) < —eT(H)e(t) +y?w’ (w(t) 3(23)
Integrating both sides of (3.23) from Odoon t, and considering the zero initial conditiorg
obtains
Jy e"@e(®) <y* [ 0" (D () (3.24)
Thatis|lell, < yllwll2
Let 5/ =), — ITQuL, + Anxply + ATl AT
£l =[rajQ0 Y50 Anxy Y5
Q = diag {Qo, Q2 Q. 1}
o) =5 +5ig-15)"

And let

S] — {(XT,yT, ZT, uT’ 'UT, qT)T/(XT, yT' ZT, 'U.T, UT, qT)Ql] (XT, yT’ ZT, uT’ 'UT, qT)T < 0}
Then UYL, S; = R®*P /{0}
Construct the following sets:
51 =51 §2 =5 — 511 e
Si=58;-UZ1S;, ....Sy = Sy UL S;
We getu)5'S; = R¥™P/{0},$5,nS; =0 i #j (3.25)
Now we construct the switching rule SRaas |
When¢ = (xT (1), 27 (t), x" (t — hg), xT(t — hp), x"(t = 1), " ()" € S , j€ {1,2,,...,N}. So,
wheng € .S_'j, the j* subsystem is actived.
This completes the proof. [
In the following part, we present a new stabiligsult for the filter error system (2.10) with
uncertainties satisfying (2.5).
Corollary 3.2 : Given a scalaré < h, < h;, d; < d, andy>0, the filtererror system (2.10)
is robustly stable, for all differentiable delayt) €[ hy, hp] and has a prescribed,,

performance levely if there exist real symmetric matricdg, > 0,R; > 0,Q, > 0,Q; >
P, P . .
0,P = [*1 PZ] >0, R;>P;>0,real matrices X, (p=12q=12,..,6)  with
3

appropriate dimensions, and positive scadgs,, €3 such that the following LMIs are feasible

whered = d,, d,
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What is the difference between the two concepts of “asymptotically stable” and “robustly stable” are mentioned in Theorem 3.2 and Corollary 3.2, respectively.
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S H &U Hy &Up H; &U;
*x =gl 0 0 0 0 0
. * * —&l 0 0 0 0
Zéfk— * * *  —gl 0 0 0 [<O (3.26)
* * * * —&1 0 0
* * * * * —631 0
* * * * * * —&3l ]

WhereZz’,'ikare define in (3.2), (3.3), (3.4) and
H, =[D{;P, D{;Pf 0 0 0 0 hyD{;Qy &,D{;;Qx O O]T
H, = [D%,;BI;P] DIBNP; 0 0 0 0 0 0 0 -DI,;DF]
Hy=[0 0 0 0 0 0 0 0 0 DL]" (3.27)
Ui=[Ekoe;j 0 0 0 Exiij Exzi; 0 0 0 0]7,
Proof: ReplacingAy;, Aakj » Bokjs Ckj» Cakj» Dwkjr Lij» Lakj and Gy j BY Ay +44Ax (1),
Agrj + AAarj(©), Bykj + ABukj(t), Cij + ACk;(t), Caxj + ACqxj(t), Dyij + ADyy i (8),
Lij + ALy j(t), Laxj+ ALgk;(t) and G + AG i (t) in (3.2) respectively, using lemma 2.2
and lemma 2.3 and by using the schur complemertbtegn the LMI defined in (3.26). This
completes the proof. (]
4. Fuzzy Hwo filter design:
In the sequel, the following theorem provides sigit conditions for the existence of a filter
in the form of (2.9) assuring armdperformance for system (3.1) and shows how toroete
the filter parameter matrices.
Theorem 4.1 Given scalars) < h, < hy, d; < d, andy>0, the H,, filter error design
problem is sovable, for all differentiable delay)€[ h,, h;], if there exist matrice®; > 0,
U>0,Ry > 0,Ry > 0,Q0 > 0,Q, > 0,Py = 0,R; = 0, and real matriced,;;, Ny;j, N3;j, Naij
i=1.,rj=1, ---'N)a)?;i; = COl{Xzin )2;1;2 X;i;3 X;im X;ios X;i;6}: p=12i=
1, ...,r)with appropriate dimensions such that the followingls are feasible where =
dy,d,
U-P, <0 (4.2)
Hz];(m, n) =

[ + [~1EQaLy + 20270, + A5 EDT] RV Q0 () Q0 Agm ()
* _QO 0 0 0

* " -Q; 0 o [0
| * * * _QA 0 |
l * * * * -1 J
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279 (4.2)
280 Where

M
'¢11j @12]‘ Qo 0 @15j ¢1ej i
* @22j 0 0 ‘f’zsj ¢Z6j
_| * *  Rg—Ro+Ry1—Qo—0Qx 0 Qx 0
* * * —Ry—Qa—Paq Qx 0
* * * * —(1=ad)(Rqg — Pg) — 2Q, 0
S * * * * —yZI_

282 Prpj = Ninj + Ap U + CoiNgy P22j=Ninj + Nipn;
283 (155 = P1Agm + NopnjCamjs P25j = UAgmj + NopjCpj (4.3)
284 @16j = Plemj + NanDwmj; @26j = Umej + NanDwmj

Y?=[Amj 0 0 0 A Bumj]

Y{} = [Limj = NanjCmj —Nznj O 0 Lamj = NanjCamj Gwmj = NanjDwmj]
285  Moreover, the filter matrices can be constructed by
286 Agij = NlijU‘l,Bﬁj = Ny;j, Crij = N3ijU‘1,DfL-j = Ny; (=1,2,...,17j=1,2,...,N) (4.4)
287  Proof: Due to U>0, there exist a nonsingular reghrmmatrixP, and a real Rn matrixP; > 0
288  such that U®,P;*P]. Defining
289  J:=diag {I,P;TP;,1,1,1,1,1,1,1,1} (4.5)
290 Left and right multiplyﬂz{ (i,k),p = 1,2 defined in (4.2) by andJ, respectively, and take
291 xpy = P3Py f,,, and

- -1 -1 = -1
Ajj =Py NyjU "Py,  Bijj =Py Ny,

292 C_‘ij = NgijU_lpz, Eij = N4ij: (46)
293 By replacing ﬂfi]" Bfl]'Cfl]'Dfl]) in Z;J'ik y p:1,2 defined in (32) W|tm(],gl],él],511), one
294 yieldsz), =TI} (i,k)] , p=1.2 4.7

295 Sonzf (i,k) <Oif Zz’;ik < 0.0n the other hand, it is clear from (4.1) that

P,

296  P,-U=P, — P,P;1PI > 0, applying schur complement yieI(F"si1 p
3

]>O. Therefore, we can

297 conclude from theorem 3.2 that the filter, that is,

{f(t) = Di-1 Hi(Z(t)) (4;x(t) + B;y(1))

28120 = 3w (200) (€20 + Dyy(®)

0o

(4.8)
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With (4;;, B;j, C;, D;;) are defined in (4.6), guarantees that the filgpenror system (3.1) to be
asymptotically stable with a prescribecbioise attenuation level

Next, let X(t) = P,x(t) then from (4.8) we obtain the filter (2.9) withetimatrices given by
(4.4)

Let 5/ = 1), — ITQa1, + An b0, + ApIZ 05"

5] = [ha¥iQ0 MYQ Aty Y3yl

Q = diag {Qo, Q2 Q. 1}
0} = 5l + 5,075}

And let

S] — {(XT, yT’ ZT, uT’ UT, qT)T/(XT,yT, ZT, uT’ 1JT’ qT)@i]]'c(xT’yT’ ZT, uT’ 1JT’ qT)T < 0}
Then UL, S; = R>*?/{0}
Then we construct the sé_}, j=1,...,N, and the switching rule in the same wayim the
previous section.
this completes the proof. [
Similar to corollary 3.2, the following resultsttseen obtained.
Corollary 4.2: Given scalars0 < h, < hy,d; < d, and y>0, the H,, filter error design
problem, for all differentiable delay(t) €[ h,, h;], is sovable if there exist matric&s > 0,
U>0R, >0,R; >0,Q0,>0,0, >0,P; >20,R; = 0,and real matrices
Nyijy Npijy Naijy Nggj (i = 1, .75 = 1, .., N), 15 =
col{ixby Rba Xbs Xpa Xbs Xpeh (p =12;i=12,..,7) with appropriate dimensions,

and positive scalaes, €,, €5 such that the following LMIs are feasible where= d, d,

i.  U-P,<0 (4.9)
I (i,k)y H, &U H, &U, H; &Us
x —e 0 0 0 0 0
. * * —&1 0 0 0 0
i Mg =| * x  —gl 0 0 0 [<0 (4.10)
* * * * —&,1 0 0
* * * * * —&3l 0
* * * * * * —&3l ]

WhereHzf (i, k),H; and U; are defined in (4.2) and (3.29) respectively.

5. Examples:
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320 In this section, tree examples are given to shaneffectiveness of the proposed method and to

321  compare with the literature results.

322 Examples.1 ([25], [26]): Consider the following time-delay fuzzy system

323 Rule 1:lfz,(t) is Wi,
324 Then

(X(t) = A1x(t) + Adllx(t - T(t)) + By11w(t)

y(t) = Ciyx(t) + Cdllx(t - T(t)) + Dy11w ()
325

z(t) = Ly3x () + Layax(t — 7)) + Gyaw(t)
x(t) = ¢(b) t € [~hy, 0]

326  And
327  Rule 2:1fz,(t) isWi,
328 Then

(X(t) = A1 x(t) + Ad21x(t - T(t)) + Byow(t)
y(t) = Cyyx(t) + Cd21x(t - T(t)) + Dy 1w(t)

329
LZ(t) = Ly x(t) + Ld21x(t - T(t)) + Gy2w(t)
x() = ¢ t € [~hy, 0]
. 21 01 ~19 0 ~11 01
330 With 4y, = | 1 —2]; Az = [—0.2 —1.1]; Aa11 = [—0.8 —0.9];

331 Agor = [:(1)2 _(1)_2]; By11 = [_(1).2]; Byo1 = [gﬂ, Ci1=1[1 0];C;y =[05 -0.6];

332 Cq11 =[-0.8 0.6]; C421 = [-0.2 1];Dy11 = 0.3; Dyyp1 = —0.6; L1 =[1 —0.5];

333 Lp; =[-02 03];Lg1; =[01 0] Lgzs = [0 0.2]; Gy = 0; Gyoy = 0;

334  Our purpose is to determine the minimudihw prescribed attenuation levelfor which the
335 system is asymptotically stable. Table 1 listsrdmults from various values @f, whenh, =
336 0.3. Table 2 lists the results from various valuesigivhen h, = 0.2. It is clear that the results
337 obtained from our method are better than thoseradddrom existing methods [25], [26].

338  Tablel:Minimum values of kb performance for given delayr, with h, = 0.3

hy =1 h,=0.8 h,=0.6 h,=0.5
v [25] 0.37 0.35 0.34 0.34
v [26] 0.3481 0.3405 0.3322 0.3264
y (theoren4.1) _ 0.2116 0.207 0.18E3 0.175(
339
340

341
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342  Table2:Minimum values of kb performance for given delayr, with h, = 0.2
343

hb =1 hb:0.8 hb:0.6 hb:O.S
v [26] 0.3307 0.3244 0.3158 0.3148
y (theoren4.1)  0.212¢ 0.201¢ 0.1857 0.1751

344 Forh, = 0.3, h, = 1, the filter parameters as given as follows:

-7.9117 —3.7469],A :[—2.2407 —0.3109],3 :[—0.4551]
5.5546  0.9479 I"f21 0.0384  —1.93371’ /11 0.3802

—-0.1321
0.2398

345 Afll = [

346 Bpy = | JiCra =[-7.7611 ~2.3596]; Gy = [0.0481  —1.9574];

347

348 Example 5.2 [22]:In this example two cases are presented to denadasire effectiveness of
349 the proposed approach presented in this paper.

350 Case l:consider a time varying delay switched nominaleys{3.1), whereh, = 0.2,

351 d, =0,d, = 0.4, y=2 with the following two subsystems

352  Subsystem 1 is described by

=2 Sl =[3 =l =10 abtu=00 1

Dy11=1 Ly, = [1 2];Ld11 = [1 0]; Gy11 =0.1;
353  And subsystem 2 is described by

Ar2 = [_02 —g.7];Ad12 - [:1 _01];Bwl2 = [_(2)'5];C12 =[0 1];Carz=1[1 2];

Dyi=1; Liz=1[2 1l;Lg12 =[0 1];Gp12 =0.2;

354  Applying the results of [22], the maximum time delg, is found to béy, = 0.6. Applying
355 theorem 4.1 of this paper we obtéin= 09030. It is easy to verify that the results in this

356  paper are less conservative than the ones obtairj2d].
357  And the filter parameters as follows:

3 _[0.5513 —7.4723]. _ [—4.2492
A = 107 [0.2242 —3.0191]’ Bria [—1.1140]
Cri1 = 103 x [0.1523 —2.0473];  Dpyq = —0.2272

. 70,0948 —1.2768], _ [~3.3350
Az = 107X [0.0408 —0.5489]’ Br1z [_0.9112]
Crip = 10° x [0.2306 —3.0986];  Dyi, = 0.6106



358 Case 2:consider a time varying delay switched nominaleys{3.1), wherk, = 0.3 ,d; =
359 0,d, =0,y=8. with the following two subsystems
360 Subsystem 1 is described by

An = [_g.z —8.8] A = [:1 _01];Bwl1 = [(1)] ;€ =111 0;Cq11 =100 1];

Dw11 = 1; L11 = [1 O];Ld11 = [1 0]; GW11 = 0.1;
361  And subsystem 2 is described by

Az = [_g.l —01];‘4‘112 - [_01 _01];Bw12 = [_(1)'5];C12 =[0 1];Csz=1[1 0];

Dy1,=1; Lz = [1 1];Ld12 = [0 1];GW12 =0.1;

362 Computing the upper bourtg, of time delay, we obtain by applying our resultd #mose of
363 [22], hy, =1.4270 andv;, =1 respectively.ltis easy to verify that the results in this pape

364 less conservative than the ones obtained in [28.filter parameters as follows:

A= [o —3.2600 1.5006]_ B — [—0.2092]
s —1.2327 0.0318) 11 1.1343
Cri1 = [-1.8983 0.4018]; Dy, = 0.0290

A [—1.0478 0.8190 ] B = [ 1.0905 ]
127123136 —3.5177) f1271-0.8014
Cr12 = [-0.3187 —0.5311]; Dy, = —0.6148

365 Example 5.3:1n this section, we provide a simulation exampldlustrate the kb filter design
366  approach developed in the previous section. Thernteio switched time-delay T-S fuzzy

367 system considered in this example is described twithrules:
368  For the subsystem 1
369  Plant Rule 1:If z; (t) isW;

x(t) = (A1 + 4411 (®)x(@®) + (Agi1 + 4Aq11(®))x(t — T(®)) + (Bwi1 + 4By11(D)w(t)
y(®) = (C11 +AC1(0)x(®) + (C4yy + ACa11()x(t = () + (Dw11 + ADyy11 (1)) w(t)

z(t) = (L1 + AL11(0)x(t) + (L, + ALg1a (D))x(t — 7(8)) + (Gy11 + AGy11 (D)) w(t)
x(t) = ¢(t) te[—hy,0] i=1,...,r

370 And

371 Plant Rule 2:If z5(t) isW,



x() = (Az1 + 445 (®))x(t) + (Ag21 + A1 ®))x(t — T(1)) + (Buwz1 + 4By21 (D)) w(t)
y() = (Co1 + AC21())x(t) + (Cpy + ACq21())x(t — T(1)) + (D1 + ADy51 () w(t)

lZ(t) = (La1 + ALy (0))x () + (L yyq + ALg21()x(t — 7(8)) + (Gu21 + AGy21 (D) (L)
X(t) =) tE[-hy,0] i=1,...1

372 For the subsystem 2

373  Plant Rule 1:If z; (t) isW;
I{x(t) = (A2 + 2415, (©)x(®) + (Agiz + AAr12(8))x(t — 7(8)) + (Bwiz + 4By 12())w(t)
i y(t) = (C12 + AC12(t))x(t) + (Cq12 + ACd12(t))x(t - T(t)) + (Dw1z2 + 4Dy 12 (1) w(t)

2(t) = (L1z + AL, (0))x(®) + (Larz + ALg12(0)x(t — () + (Gu1z + 4Gy12 () w(0)
x(t)=¢(t) te[-h,,0] i=1,...,7r

374 And

375  Plant Rule 2:If z,(t) is W,

I{x(t) = (Azz + AAzz(t))x(t) + (AdZZ + AAdzz(t))x(t - T(t)) + (szz + Aszz(t))w(t)
y(@) = (Cp2 + 4C5,(£))x(2) + (Cazz + ACq22(0))x(t = T(£)) + (Dwzz + ADy22 (1)) w ()
iZ(t) = (Lzz + AL, (t))x(t) + (Lgzz + ALdzz(t))x(t - T(t)) + (Gyaz + 4Gy, (1)) w(t)
x(t) =¢@) te[-hy,,0] i=1,...,r

376  WhereA;; = [107 :;] s Ag = [__01;)5 _01] s Bwir = [_02] ;Cii=1[-1 0}

377 Cdll = [0 1]’DW11 = 03; Lll = [_0.2 0-3], Ldll = [1 0], GWll = _05;

=19 0 1 0 0

378 Ay = [ 0 _9] ;A = [0_05 _1]; By = [—2];621 =[-0.21 0];

Caz1 = [0 1]; Dwar = 0.3; Ly = [-0.2 0.3]; Lgza = [0 1]; Gz = —0.02;

379 A = [:325 _09] ;Aqiz = [__110 _01]; Byiz = [__025] ;Ciz = [0 1];

Ca1z =[1 2];Dy12 =03;L1, =[-0.2 0.3]; Lgiz =[1 0] Gyi, = —0.15;

380 Ay = [_32 _09] sAgzz = [_Of;Rl _01]} B2z = [:gg] ;G =1[0 1]

CdZZ = [1 2];DW22 = —06, LZZ = [—02 03]; Ldzz = [0 —1]; GWZZ = 06,

381  The membership functions pf andu, are, respectively, described by

-1 forz; < -1 0 forz; < -1

101 101
382 w(z (D) = { sts4 for|z;| <1 And u,(z,(t)) = {E+EZ1 for|z;| <1
1 forz; > 1 1 forz; > 1
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384

385

386
387
388
389
390

The parameter uncertainti@d;; (t), AA;;(t), ABy,;;(t), AC;;(t), ACq;;(t), AD,,;;(t), AL (),
ALg;j(t) and AGy,;(t), i=1,2, j=1,2 are assumed to satisfy (2.5) an6)@ith

0
Diy1 = [—0.5];E1011 =[0 0.3]; E1111 =1[0.2 0]; E1211 = 0.1; D1 = 0.8;

Eyo11 =10 0.3]; Ez111 = [0.2  0]; E3z14 = 0.1; D344 = 0.002;

E3p11 = [0.1 0]; E3q11 = [0.1  0]; E3p14 = 0.1;
_[0 _ _ _ _
D121 - [03]; E1021 - [05 0];E1121 - [0 _0.2]; E1221 = 02; D221 = 06;

Ez021 =[0.5 0];Ez121 = [0 —0.2]; Ez2q = 0.2; D351 = 0.001; E5pp; = [0.2 0]
E3121 =[0.2 0]; E3zz1 = —0.5;

0
D1y = [—0.5]; Eip12 =[0 0.3];E1112 =[0.2 0]; Eqp1 = 0.1; D1, = 0.8;

Ez012 = [0 0.3]; E2112 = [0.2  0]; Ez212 = 0.1; D335 = 0.004; E3p4, = [0.1  0];

0
E3112 = [0-1 0]: E3z12 = —0.2; D15, = [0 3]

; E1022 =[0.5 0];E1122 =[0 —0.2];

Ei222 = 0.2; D325 = 0.6; Ez12, = [0.5 0]; Ez122 = [0 —0.2]; Ez22, = 0.2;

D322 = 0.002;E3022 = [02 0];E3122 = [02 0], E3222 = —02,

Givenh, = 0,d; = 0,d, = 0.2 and the upper bound, = 4.2

The purpose of this example is to design a statitelsed fuzzy filter such that the filtering
error system is stable and satisfies a prescribegétformance level by using corollary 4.2. In
this example, the ¢ performance level is specified to @8 8 : For this purpose, we resort to
the Matlab LMI Control Toolbox to solve the LMIs {4.16), we can obtain the filter

parameters as follows:

A —[~217.0968 —124.6463]_ B — -0.0147]
171 147098 —125.1392) 117 10,0052
Cri1 = [-3.7125 5.7636]; Dy, =-0.0025

A —[-2831316 —67.5379 ] B = '0.0038]
217 1.6472 —135.62810 7217 10.0086
Cr21 = [1.0019 —10.2763]; Dy,, =0.0140

A —[~138393 585614 ] B —[ 0041 ]
127107136 —136.57571 12 71-0.0073

Cr12 = [7.6017 —25.5315]; Dy, =-4.5541 1075



391

392
393
394
395
396
397
398
399

400

401

402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

—153.6803 —20.050 ] [—0.0102]

Arzz :[ —41752 —154.73750'  7F22 7 10,0178

Cr22 = [3.5613 —24.1776]; Df,, =-0.0392

6. Conclusion:
In the paper, we have studied the problem ef fitter for switched T-S fuzzy system with
interval time-varying delay is investigated. A nevethod has been proposed to solve fitter
design problem by employing convexity of the maftinction. Attention has been focused on
the design of an & filter so that the filter error system is asymptdlycstable and a given &
disturbance attenuation level is guaranteed. Thairdd results are less conservative than the
existing ones. Numerical examples show the effeaigs and the less conservativeness of the

proposed method.
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