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Abstract—In this paper, the passivity analysis of Takagi-
Sugeno (T-S) fuzzy neutral system with interval time-
varying delay and linear fractional parametric uncertainty
is investigated. Based on the Lyapunov-Krasovskii
functional and the free weighting matrix method, delay-
dependent sufficient conditions for solvability of the passive
problem are obtained in terms of Linear matrix inequalities
(LMIs). Finally, a simulation example is provided to
demonstrate effectiveness and applicability of the theoretical
results.
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. INTRODUCTION

The Takagi-Sugeno (T-S) model [1] has been paid
considerable attention in the past two decades. It has been
shown that the T-S model method gives an effective way
to represent complex nonlinear systems by some simple
local linear dynamic systems, and some analysis methods
in the linear systems can be effectively extended to the T-
S fuzzy systems. Recently the T-S fuzzy neutral system
has been introduced in [2] and the stability and
stabilization analysis of fuzzy neutral systems have been
extensively investigated, see, e.g.,[2-6] and the references
therein.

On the other hand, The delay varying in an interval has
strong application background, which commonly exists in
many practical systems. For example, it has been
described in [7] that the lower bound of the delay in the
networked control systems is often larger than zero. The
investigation for the systems with interval time-varying
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delay has been caused considerable attention, see [8-11]
and the references therein.

The passivity theory, intimately related to circuit
analysis methods, has received a lot of attention from the
control community during the last several decades, see,
e.g., [12,13]. It provides a nice tool for analyzing the
stability of systems, and has found applications in diverse
areas such as stability, complexity, signal processing. The
fuzzy control systems associated with passivity have been
studied preliminarily in [14]; [15] investigated the
passivity and pacification of uncertain fuzzy systems; By
utilizing the Lyapunov functional method, the Ito
differential rule and the matrix analysis techniques, the
passivity and pacification problems have been
investigated for a class of uncertain stochastic fuzzy
systems with time-varying delays [16].

However, to the best of the authors’ knowledge, the
passivity analysis of T-S fuzzy neutral system with
interval time-varying delay and linear fractional
parametric uncertainty has not been addressed, which
motivates the present study.

Notations. R" and R™ ™ denote, respectively, the n-
dimensional Euclidean space and the set of all n° m

real matrices. The notation A > B means that A- B is
u

positive definite. A represents the sum of A and its

transpose. | is the identity matrix with appropriate
dimension. “*” denotes the elements below the main

diagonal of a symmetric block matrix. L,[t,,¥) denotes

the space of square integral functions on [t,¥).
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Il. PROBLEM FORMULATION

In this section, a class of neutral T-S fuzzy systems
with interval time-varying delay and linear fractional

parametric uncertainty is considered. For each il S#
{1, 2,L_,r}, where I is the number of plant rules, the ith

rule of T-S fuzzy model is represented as follows:
Plant Rule i: IF z,(t) is My, z,(t) is M;, , L, 7, (t)

is M, , THEN
TR() = A(O)x() + B (t)x(t- £(1)) +C (R(t- £ (1))
[ +Dw),
()= EXO)+ Fx(t- £(0) + Hw(),
tx®) =y ).t [-¢,,0],

1)
where z,(t), ,(t), L., z,(t) are the premise variables, and
each M, (1=1,2,L, p) isa fuzzy set; x(t)T R" is the
state variable, y(t)T R™ is the output vector, w(t)T R'
is the disturbance input belonged to L,[t,,¥); y(t):

[-£,,0)® R" isasmooth vector-value initial function;

t@®T [, ,t,]1is the interval time-varying delay, where
0£¢ £t, and &(t)£d ; D, E, F

i» F, H,; are constant
A (1), B, (1),
C,(t) are matrices with appropriate dimension and

admissible linear fractional parametric uncertainties, that
is, these matrices satisfy

[A®), B(1),Ci(V)]

matrices with appropriate dimensions;

=[A, B ,C]1+LDWI[E;, E, ,E;], (2)
D(t) =[I - F()JIT'F(t), 3)
1- 33" >0, (4)

where A, B, ,C., L, E; (1=1,2,3) and J are known
real constant matrices with appropriate dimension, and
F(t) is a matrix function satisfying

FOF ()£ (5)
Remark 1. The uncertainty D(t) satisfying (3)-(5) is
referred to as a linear fractional parametric uncertainty.
Note that when J =0, D(t) reduces to a norm-bounded

parametric uncertainty that has been extensively
investigated in the study of robust control problems.

Applying a center-average defuzzier, product inference
and singleton fuzzifier, the dynamic fuzzy model in (1)
can be represented by

Copyright © 2011 MECS

140 =& M)A XD +BOX(- (1)

[ GOt 1)+ DuO)

Ty() = a MEO)EX®) + Fx(t- (1) +Hw()],
PX(®) =y @), [-£,,,0],

I'

(6)

where

p
n?(Z(t)) - - I:)I:1|\/|il(zl (t)) (7)

a izlp IpleiI (ZI )
with z(t) = (z,(t), z,(t), L.,z (t)); M, (z(t))is the
grade of membership of z,(t) in M, ; For notational
simplicity, /77 is used to represent /7(z(t)) in this paper.
By the definition in (7), it follows that /73 O and
o r _
a,.m=1
Definition 1 [17]. The system (1) is called passive if
there exists a scalar g >0 such that

t, I
-9Q w' (s)w(s)ds £ 2Q w' (s)y(s)ds, t, 3 0
for all solution of (1) under zero initial condition.
Lemma 1 [18]. Suppose D(t) is given by (3). Given
matrices M =M T, L and E of appropriate dimension,

the following statements are equivalent:
(i) the inequality

M +LD(t)E+E'D" (t)L' <0
holds for all F (t)satisfying F(t)F' (t) £ I;

(i) fore>0
éM eE’ L U
é, ;U
& -el &l l]<0'
éx * _gU
& ely

Lemma 2 [11]. Let X, X, and Whe constant matrices
appropriate dimensionsand O£ £ £7(t) £¢,, , then
(E(0)- £,)%+ (b - B)X, +W<O

ifand only if

([M - [m)xl +W< 0
and

([M - [m)XZ +W<0
hold.
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WP =-Q,- +K2u.,vv*4 =M, - My,
1. MAIN RESULTS '4 Ql Rl ﬂlﬂ' " uuur 2i li
Theorem 1. For a prescribed g >0, scalars £ and £, , Wud =-(1- d)Q, + Ny - My, ) _
the system (1) is passive if there exist scalars & (i1 S), fO”F:)rV(\)lg:f. Choose the Lyapunov-Krasovskii functional as
matricesP >0,Z >0,Q,(1=12,3), S, >0,S, >0, V(%) =V, (%) +V,(x) +Vo(x) +V, (%), (9
M,,N,,(k=12;iT S) such that the following LMIs ~ Where
hold V(%) = X" (1)Px(t),
— N T N T
G L e el B U 00TQ O, QX
e I I I 1 u t
(;_j* -gl - Hi 0 0 0 L:J +Qt X' (S)Q3X(S)d5,
_é u M
XO=g~ + R 0 0y o
g * el ally Va(x)=t,Q, QX (@Rx(g)dgds
é* * * * _ellg R
12l s +0, X' (@RX(g)dqds,
(8) .
where 3 V,(x) = thxT (s)Zx(s)ds
e
gR+aQ P+AS] R 0 with x(t) = (t).
g *I_l W2 0 W& Taking derivative of V (X,) along the trajectory of the
& ' s system (6), we have
W=z * * We W
e IS V) =)+ () W () +¥ (x),  10)
g i where
e * o W (x) = 2x" (1) Px(t), (1)
€ V() =X @ ,Q)x®) - X' (t- £,)Qx(t- £,,)
0 NS ,
0 so.g U - (- &())x (t- £(E)Q,x(t- £(1))
X ! io' 2 3 - X (t- £,)QuX(t- t,,)
NoN Es O EX (& L)X - X (t- £,)QX(t- £,)
Q- N, o - (- ) (t- 1 O)QX(E- £ (1)
| uuur - - XT(t- £, )QuX(t- )
* -(1- u M /N3 M /s
T TeT (1 d)Z . fzcji y (12)
Li =[-E.D;/S,,0,-F,0.D/S, ], W (x ) =x" (@O, R +(t,, - £, )RIx()
XPW) =ty - 1M, X () =ty - LN, “1,Q), X (SRX(s)ds
B =[E,;,0,0,E,,0,E,],
) [E1| 0 0 2i 0 3|] _ d: XT (S)RZX(S)dS,
| B =[0,U"s],0,0,0,L7S1, " 19
with . - W (x) £ X7 ()Zx() - @- d)x (t- £(©)Zx(t- £(1)).
M; =[0,0,M;;,M;;,0,0], (14)
NT =[0,0,0 NT NT 0] Employing the free-weighing matrix method [19-21], we
i ' i Nair Vi have

\Nizz :_Sl+[[mR1+([M - tm)R2+Z]1

28 MV OM[X(t- £,)- x(t- 1))~ &7 x(5)ds] =0,
VViZ4 =SB, =

(15)
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2_§1 mV (ON.[X(t- £ () - X(t- 2,,)- é_:(t)x(s)ds] =0, 28 mv (t)M-(f)'tm x(s)ds
. (16) £ O " XT(s)R,x(s)ds
2a ., mY (OS[- x(t) + A (D)x(t) + B (D)x(t - £ (1)) e L
+C,(t)A(t - (1) + Dw(t)] =0, +E®- )AL mV (OMRM] UL),
(17) and o
where 9T e
V() =[x" (), x" (t),x" (t-£,),x" (t- (), X" (t-£,,), A i v (t)N'QrM x(s)ds
X' (t- £(t))] and S” =[0,5],0,0,0,5]]. £Q “O X7 ()R x(s)ds
Then it follows from (10)-(17) that o
+(ty - tO)A L, MY ONRINT YY),
V(x)- 2w (1) y(t)- gw' ()w(t) _ (22)
T T o 3 So it follows from (18)-(21) that
£2x° (OPx(t)+x (@ ,,Q)x(t) () - 20" ()Y () - gw' (HWt)
- X (- £,)Q(t- £,,) EQ L mVOIE®)- 1,)MRM]
- (1= d)xT(t- £ @)QX(t- £ (1)) H(y - LOINRNT +WO1UY)
- XT (t - [M )Q3X(t - [M ) + Zé ir:l /7?‘] (t)SDIW(t)
+XT (t)[[le + (fM - fm)Rz + Z]X(t) _ ZWT (t)y(t) gWT ('[)W('[)
-, c;t)[ X" (s)Rx(s)ds vy el/(t) o e| (1) Li LUeun u
i d[’ X" ()R x(s)ds =Tawf e < - 'USW(t)(l;z)
where

- (- dx (t- £ ()Zx(E- £ (1) O =EO- EIMRMT +(,, - FONRNT +W ()
+ Zé ir:l mV (OM,[x(t- ¢ )- x(t- £(t) and W/ (t) is obtained form W, by replacing the terms
A,B,,C, with A(t), B;(t),C,(t), respectively.

) Qm)X(S)dS] By the Schur complements, Lemma 1 and Lemma 2,
o r the LMIs (8) give that
+2a ., mV ON[x(t- £ (1) - x(t-£,,) & (t) L,
) é uwu<0 il S. (23)
-0 Xx(s)ds] e *  -g-
QtM Then, it follows from (22) and (23) that
o r
+2Qa i:lnyl/ (1)S[- x(t) + A (t)x(t) V(x,)- 2w (t)y(t) - gw" (t)w(t) <O. (24)
+Bi (t)X(t- l‘(t)) Integrating (24) with respect to t over time interval

[0,t,],t, 30, wehave
+C; (OR(t- £ (1)) + Dw()]

oW O)Y() - oW (WD) V(x,)-V(%)- gQ w (s)w(s)ds

t!
(18) £2Q w' (s)y(s)ds .
Using tl_emma Lin [10], we have So, under the zero initial condition, we have
\ T t, ‘t,

IhQ, X (S)RX(s)ds -gQ W' (s)w(s)ds £2¢) w' (s)y(s)ds .

é The proof is completed here.

A X(t) l} e R R ue X(t) u Remark 2. Letting J =0 in (8) yields the Theorem 1 in

Sx(t t ) R1 -R, ex(t t )u [22]. In view of this, our results in the article extend the
Via the method in [7], we obtain corresponding results in [22].
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IV. SIMULATION EXAMPLE

In this section, a simulation example is given to
illustrate the effectiveness of the developed approach.

Consider the system (1) with parameters as follows

_é&4 0u &3 06u
82 sl %780 -af
o 61 04U _éL4 060
&5 138 T 04 osd
c 94 04 . _e02 0u
&0 -02d TP &0 o3Y
o 62 -04y _ 609 -08y
6 159 2 &03 1 ¢
E1_91.6 08y _ _é14 -020

“&02 139 T &6 15l
Fl220.8 0.63, Fzzgl 0.33,

&05 -1y g0 0.67

_¢06 -050  _él2 064
tTg04 1l P a4 -o5Y
Li_gl -04u  _&6 0

&6 128 7 &2 osy

_&.6 -03Q _éd2 0§
S178o o7l F2T&4 Losl

_&08 00 _ _él1 03y
#7805 1202780 a5l
- 42 -06y _ _e8 021
S-S B B S - VA K T
J:?O(.)Z 0013’ F(t)zglgt 0 E

& Nty & costy
t(t) =1- 2sint.

Choose the scalar g =1.25, then solving the LMIs in
(8) via the algorithm “feasp” in Matlab, it is found that
these LMIs are feasible. So, according to Theorem 1,
the system (1) is passive. For convenience of the
simulation, let

m(t) =sin(px (1)), m(t) =1- sin(ox,(t))
and

S S
&+t 2+0.3tH’

Then, the simulation results of the state response of the
plant is given in Fig.1, while Fig.2 shows the system

t3 0.

Copyright © 2011 MECS

x(t)

y(t)

35

output. And the curve of
tr
-2Q) w' (s)y(s)ds

tl‘
Q w' (s)w(s)ds
is provided in Fig. 3.

J(@t,) =

0.6

—— Xl(t)

o

0.4+

1 1 1 1 1 1
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Fig. 1. State response x(t).
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Fig. 2. System output y(t).
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I I I I I
0 10 20 30 40 50 60 70 80 90 100

1 1 1

Time (s)

Fig. 3. The curve of J(t,)-

V. CONCLUSION

This paper has investigated the passivity problem for
the T-S fuzzy neutral system with interval time-varying
delay and linear fractional parametric uncertainties. Delay
dependent sufficient conditions for solvability of the
passive problem are obtained by means of the Lyapunov-
Krasovskii functional and the free weighting matrix
method. The presented criterion in terms of LMIs can be
readily solved via the standard numerical algorithm in
Matlab. Finally, a simulation example is provided to
demonstrate effectiveness and applicability of the
theoretical results.
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