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Local stabilization for continuous-time
Takagi-Sugeno fuzzy systems with time delay

Likui Wang and Hak-Keung Lam Senior Member, IEEE

Abstract—This brief paper investigates the local stabilization
for continues-time T-S fuzzy systems with constant time delay.
In order to deal with the time delay, we design a Lyapunov-
Krasovskii function which is dependent on the membership
function. Based on the Lyapunov-Krasovskii function and the
analysis of the time derivative of the membership function, less
conservative results can be obtained, however, the Lyapunov-
Krasovskii function is designed so complicated that the Lyapunov
level set is hard to be measured directly. Alternatively, two sets
are obtained to estimate the local stabilization. One set is for
the time-varying initial conditions and the other is for the time-
invariant initial conditions. The relationship between the two sets
are also discussed. In the end, two examples are given to illustrate
the effectiveness of the proposed approach.

Keywords: Takagi—Sugeno’s fuzzy model, Time delay, Par-
allel distributed compensation law, Membership dependent
Lyapunov-Krasovskii function.

I. INTRODUCTION

He research of fuzzy control has been a popular topic

in the past decades (see [1], [2], [29], [30], [31] and the
references therein) especially for the Takagi-Sugeno model [3].
Many important issues such as stability have been studied via
various kinds of methods (see [4], [5], [6] and the references
therein). Generally speaking, the non-quadratic Lyapunov
function [7] is a powerful tool in the stabilization analysis
of discrete-time fuzzy systems but it is not often applied in
continuous-time fuzzy systems because the derivatives of the
membership function are hard to be dealt with. In the past,
some restrictive assumptions on the time derivatives of the
membership function are bounded [8], [9], but these assump-
tions are not reasonable for stabilization. Recently, the local
stability and stabilization of continuous-time fuzzy systems
were studied in [10], [11], [12]. In [11], the time derivatives
of the membership function are explored by fixing the bounds
of states instead of giving some restrictive assumptions. The
local stabilization and observer design can be found in [10],
[12] which show that the extension from local stability to
stabilization or observer design is not easy.
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On the other hand, time delay is often found in real
systems and has attracted attention from lots of researchers
(see [13]-[28] and the references therein). Recently, in order
to reduce the conservativeness, the fuzzy weighting-dependent
Lyapunov—Krasovskii functional is applied in [23], [24] where
the upper bound of the time-derivatives of membership func-
tions is given but the fact is neglected that the future tra-
jectories of the closed-loop system states should remain in
the bounds defined a priori [10]. More recently, based on
the Wirtinger inequality [32] and fuzzy line-integral Lyapunov
function [33], new stability and stabilization results are pro-
posed in [26]. The results in [26] are simple (do not introduce
too many variables) and effective, however, the membership
functions were not analyzed. Losing the information of mem-
bership function will lead to conservativeness, because the
membership function is a very important factor that the fuzzy
system is different from other systems.

Motivated by the above discussions, the problem of local
fuzzy control with time delay is investigated in this technical
paper. The focus is on how to deal with two issues. The first
issue is that the designed controller should satisfy the upper
bounds on the time derivatives of the membership functions
defined a priori and the second is to determine the local
stabilization region. Based on [10], the first issue is settled
for the fuzzy systems obtained by Sector Nonlinearity method
[34] and subsequently be extended to other fuzzy systems.
For the second issue, the Lyapunov-Krasovskii level set is the
first choice but it is too complicated to be measured directly.
Alternatively, using different methods, we design two simple
sets to estimate it. One set is for the time-varying initial condi-
tions and the other is for the time-invariant initial conditions.
Two examples are presented in this paper for verification. One
example is used to show that less conservative results can
be obtained and the other is to demonstrate the differences
between the two sets mentioned above.

II. PRELIMINARIES AND BACKGROUNDS

Consider the following nonlinear model

fr(z(@)z () + fa (z()  (t —7)

+fs(z () u(t), (D

o), te[ -7 0]

where z(t) € R™ is the state, u(t) € R™ is the input,

z(t) € RP is known premise variables bounded and smooth

in compact set C, C = N{z: |lgz| < eq},d = 1, ,n,
d

P(t) =

xz(t) =

(la € RY™" only the element in (1,q) is one and the others
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are zeros, for example, if n =3, we have [y =[ 1 0 0 ],
lo =01 0],l3=1[00 1] fi(-), f2(-) and
f3(+) are nonlinear functions or matrix functions with proper
dimensions, ¢ (t) is the initial condition and the time delay 7
is assumed to be constant. Applying the Sector Nonlinearity
method or Local approximation method in [34], one has the
following well known time delay T-S fuzzy model:

z(t) = Apx(t)+Appx(t—7)+ Bru(t), 2)
z(t) = o), te[ -1 0],

where A = 3" hi (2(0)) Ass Aop = 3 ha (2(8)) Ars, By =
> )

=1 i
S hi(2(t) Bi. A; € R A € R™ ", B; € R"™™ are
=1

known matrices and h; (2(t)) are membership functions. In
this paper, we will design the following controller to stabilize
(@)

u(t)=Kpz(t)+ Krpz(t—7). 3)

To lighten the notation, we will drop the the time ¢, for
instance, we will use z instead of x (¢). For simplicity, single
T

and double sums are written similarly as [10] T, = > by,
i=1

YThrn = > hih;T;; and for any matrix X, He(X) = X +
XT. i=1j=1

III. MAIN RESULTS

Theorem 1: For a given scalar 7 > 0,and parameters Ai,
Ao, B, k=1,--- . p, the closed-loop T-S fuzzy system (2) is
asymptotically stabilized by the controller (3) in M,

0
M= 0: i @O)+ [ 0057 Quy0(s)ds

0 0
+P(0)+7//¢(8)TZ¢(s)dsde§1 )
—7 0
Vi(6(0) = 2 / Pad,,
T'(0,9(0))
P, P
PO) = p7 | Mo PR 0,
* Poon g,
0
()7 = [¢<0)T f¢<s>Tds],
Piii Pla:
if there exist matrices 115 _12] > 0,
* P22]

Witki;  Wiokij
* W22kij
M, such that the following LMIs hold for ¢, j,s =1, -+ ,r,

Qsij + Qsji <0, (5)
Dy + @5 >0,¥;; + Uy >0, (6)

>0,P >0 P>0Q; >0, Z>0,

~ [ D10 *
Qgj = T ,
| Qo155 Qozsij
[ Qg Qo Qusij Quayg
~ * QQQz’j 923@‘ 92413‘
D155 = - _ ;
* *  Qgzi; Pro;
L * * * Q44ij
[ ¢ 0 (o !
5 0 Ca
Qorsij = Do D,
Clp 0 C2p
L <2Tp 0 C3p i
[wr x =
92251']' = 0o . % )
| 0 0 wp
- N
Ok B P
(I)zj = (Q\/t%) P y
L I
NEEATAN
1—-0) Bk P
Vij = ( eV/vr ) R
i A I
where
Gk = 1?1191@,@—1:311572(@*,1@)7
Gk = Ifugl(i,k) - {)1292(2',16)7
Gr = Posgiir) — Po2ga(ik)s
" —2W1 1k *
k = )
—2W£,m-j —2Waoksj
A = A;M + B;K;, A, = A;jM + Bj K,

P
Q1145 = He (Pra; + A) + Qi — 4Z; + 0.5 Z BiWi1kij,

Q345

Q3345

Qm‘j
QlQij
Q221‘;‘
Q247,'j
Q441‘;‘
g, (i,k)
g, (i, k)

k=1

p

Paoi + 677 Z; + 0.5 B Wianij,

k=1

B p
= 127722405 Z 513W22kij»
) k=1

= B+ Py — M+ MAT,
= —Pioi =27+ A, + M AT,
= —Qs—4Z + XoHe (A;),
= MAT — XM, Qo35 = —Poo; + 6771 Z,
= 7’227)\1]\7[7)\1]\7471,
[(i—1) /2PFF] + 14 (i — 1) mod2P™*,
= g, (i,k)+2°7F,

(i = 1) mod2r* = (i = 1) = 2% x (i~ 1) /27"
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and the controller gains are designed as K; = K;M ™1, K,; =

KﬂMﬁl.

Proof: Based on [26], [32], we design the Lyapunov-
Krasovskii functional as

vmﬁwum+/@wfm@u@w

—r

] oo

s) ddy, (7N
T 40
Vi(x) = 2 Pyxd,,
r0,z)
Py Piap
P(t) = p) p(t),
*  Pagp
¢
p()T = {xT Ik x(s)Tds].
t—T1

The LK function contains the line-integral Lyapunov function
Vi (x;) which contains a special structure P; and T (0,z) is
an integral path from the origin 0 to the current state x (t).
More details about V; (x;) can be found in [26], [27], [33].

In the following, the proof has two parts. The first part is
to ensure V (z;) < 0 and the second is to deal with the time
derivatives of membership function. For the fist part, we have

V(z) = 2aTPi+P@t)+2"Qua

—z(t=7)" Que—ry (t—7)
t

+7r2:T Zi — / i (s) Zi (s)ds.

t—T1

Using the zero equation

2 (xTMl + )\1.’I'ITM1 + Aoz (t — T)T Ml)

X (Azx + Arx (t —71) — 4 (t)) =0, (3)
where
A= Ap+ BpKp, Ay = Arp + Br Koy,
and the results in [32] to deal with the term

¢
—fo

(s) ds, we have V (z;) < nTQn, where

t
=\ a2T z@t-7" [ x(s)"d, $T},
t—7
Q1 Q2 Qg Qi
x 0 Q Q
0_ 22 {23 ;4 7 ©)
* * Q33 P12h
* * * Quq

Q1 =He (Piop + M1 A)+ Qp — 47 + Z hi Py,

i=1

Do = —Piop — 27+ MA, + /\QATMIT,
M3 = Puon+6r'Z+> hiPry,
i=1

Qs = Pyt Py — M+ MATM]

Qa2 = —Qnu—r) —4Z +He(A2MA;),

Qoz = —Poop + 6712, Q04 = MM AT MT — Xo M,

T
Q33 = _12T72Z+Zhip22i7
i=1
Qs = 7272 M — M.
The next part, we only need to deal with the time derivatives
. . P Prop ~
of the membership functions. Let = P, and
*  Poop

it’s time derivative can be expressed as in [10],

~ P Owk o\ T
dphkzao<%;> (Az (t) + Arz (t — 7))

dt — 0z,
X (Pg1<z,k) - pgz(z,m) ) (10)
where
~ r r ~
Pyy ey = D hi (2) Py (i Paaey = D 1i (2) Pagin-
=1 i=1
In order to ensure
Bwlg azk r
. \ 9. t ~x(t— < y 11
(%) e+ Aw-m)| < )
let .
|(8z’“> Az < %P (12)
Ox 0
T
‘ (321«) R O T S,
8$ 0
where 0 < §; < 6w0 < o. It is obvious that (11) holds if

(12) and (13) hold For (12), we have

(9Zk T 14T azk T 5kﬂk
(&6) AS, AT (2 Syx < 22Kk , (14)

Note, V (r;) < 0 means 27 P2 is bounded for any
z (0) € C. Observing the Lyapunov function (7) and the set M,
we have T Pjpx < 1. Introducing a variable P, satisfying
Py < Py, and letting Sh = 00k Py, yield

2
0z AT (D) o (O (15)
ApplyiTng Schur  complement tg (15) and noticing
(52) (5%) <vne (F) (52) < vwl, we get
018k T
(ﬁé)) Bu AT s, (16)

A 1

For (13), if t > 7 and « (t — 7) € C, from the analysis above,
we have 2 (t —7) Pha(t—7) < 1,if t <7, 2(t—7) =
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¢ (t), we also have z (t — )" P,z (t — 1) < 1, using similar
method as above we get

2
(1—0k) Bk P T
( oV ¥k > h AT > 0.
A I

A7)

Then, let M = Mf ) pre- and post -multiply both sides of
Q < 0 with diag{M;', M;', MY, M{'} and its trans-
pose respectlvely and deﬁmng K M=K, K;M = K,,,
MTPy,M = Py, MTPio,M = Piop, AM Pzth =
ngh, M QhM Qh, MTZM Z MTPhM Ph we
get (5). Pre-and post-multiply both sides of (16) and (17) with
diag{ M, 1 M 1} and its transpose respectively we get (6).

|

Remark 1: M is very complicated and hard to be measured
directly because there are double integrations and the time
derivative of the initial state ¢ (). In order to estimate the
the local stabilization region, we propose the following two
methods:

0 0. . .

(M) For [ [ (s)" Zd (s)dsdg, supposing ¢ (t) and ¢ (t)

—70 6

are smooth in [ —7 0 ] and ¢(¢) can be bounded as
¢ (ta) < & (t) < ¢(t1) for some t1,to € [ —7 0 |, thus
¢ (t) can be expres2sed as ¢ (t) = 25:1 4 (1) @ (tg) with
0 <) <1, X, 7)) =1forte [ —r 0], then

we have
0
/ F1dods
)

Fodgdy = // <nyq qsqq) ddy,

-7 0 q=1

¢ (s)" Zd (s)dydp =

L\o

Fio= zz:vq §) Pqq + 71 (5) 72 (5) (P12 + ¢21) ,
Fa = E:% ) baq + 71 (5) 2 (8) (P11 + d22)
¢qq = ¢( )" 26 (ty) q=1,2.

)" Z¢ (v), we have

T/°Z<q_

—70

(18)

—7<r<0

¢qq> dsdg < %T?’ max (7).

For P (0), supposing Plghm) = Piapg, > 0 and let J =

0
| ¢(s)ds, we have
P(0) < ¢(0) Pring ¢ (0) + " Paany J
+JTP12h(0) ‘] + ¢ (O)T PIQ}L(0)¢) (0) 9
thus
P(0) < 771_22}3;0(&) +7° _max (L2) (19)

L = o)’ (Pllh(o) + P12h(0)) ¢ (v),
Ly = ¢w)" (Pa2n ) + Piang,) ¢ (V).
For V1 (¢ (0)) + fo o (s)" Qn(s)® (s) ds, it has been shown

in [33] that V7 (4) is path-independent and can be rewritten as
1

Vi (1) = 2 [ 027 Byyayzdy, 9 € R. Let Py < Gy, Qp < G,
0

1
we have Vi (7;) < (2[19d19> (¢T7G1z) = 27Gyx and the
0
following
0

Vi (o) + / 6(5)” Qo (s) ds

-7

< max (Gi) +7_max (G,

(20)

Gi=0W) Gip(v),Gs =6 () Ga6 (v).
Combining (18)-(20) and considering the constraints %TSZ <

N;, Pi1i + Piai < Niy 72 (Pagi + Pi2i) < Niy Gi < N,
7G9 < N;, bN; < Py;, we get an estimation of M

—{6:00)" Puoow) <1, Wwe -0},

(IT) Supposing ¢ (t) is time-invariant that is ¢ (£) = 0 and
denoted as ¢, then we have

V (¢0) < ¢4 G1¢o + ¢4 Pring, b0 + 7264 Paan g, b0
+T¢0T (Pl?h(o) + Plzgh(o)> ¢o + 7'2(25(7;@}1(0)(1)0.

Considering the constraint G + Py1; + 72 Pag; + 7He(Pyo;) +
72Q; < Pai, we have V (¢o) < ¢f Pan,o, b0, and thus, we get

M which is also an estimation of M
M = {¢p : 06 Panyd0 < 1,00 € R"}.

Remark 2: Since the nonlinear system can be expressed as
T-S model in C , it is naturally that M (or M) must satisfy
McC (or M C C, the following is the same) which can
be expressed as LMIs by using Lagrange multiplier method.
Note, McC means, any ¢ satisfying lgp9 = £e4, we have
®oP2;po > 1. This problem can be expressed as

min {@§ Paigo |lado = Fe€q } > 1,

and be solved by using Lagrange multiplier method. Defining
the Lagrange function L (¢g) = ¢2 Pango + o (lado F €a) ,
where « is the Lagrange factor, we have

2n

(22)

oL
(¢0) _ 2¢g7)27 +alg = 0, ld¢0 Feq=0. (23)
o
Solving (23), we get a* = F2e4 (I4P5;T) " 05 =

e Py T (1P F) !, d € {1,---,n}. Substituting ¢}
into (22) and applying Schur complement we get exactly
= M"PyuM

>0, 7522‘ (24)

€4 ld
MTlg 7521‘

In the following we give another method to stabilize (2).



IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. , NO. , JANUARY

Theorem 2: For a given scalar 7 > (0,and parameters \i,
A2, B, the closed-loop T-S fuzzy system (2) is asymptotically
stabilized in a local region M (or M) by the controller (3), if
Pi1;  Proj

* P22j
Z >0, Py; > 0, M such that the following LMIs hold for

there exist matrices > 0,Q; > 0,P, > 0,

i,js=1---,r,d=1,--- ,nk=1,---r—1,
Qsij + Qi <0, (25)
p p P, P
1k Prak e Pror | 26)
*  Pagy % Paop
B+ Py > 0,0+ Wy >0, (27)
Py + Pi1j + 72 Pyg; + 7 (Pro; + Pl;) + 72Q; < Py, (28)
) _
€4 ldM
i} i 29
[ MTlg Pai | 29
- N2
_ Ok Bk D
5, — (22) P |
i A
~ [ ((17§k)5k)275_ N
Uy = Vo z ,
i A, I
Qi Qzij sy Quais
_ x Qooiy Qogij Qoaij
Qsij = ~ 5T )
* * Qggij P12i
L * * * Q44ij
Q1145 = He (Pra; + A) + Qi — 4Z + Zﬁk (Prik — Piay)
k=1
Quzij = Pog+677'Z+ Zﬂk (Piak — Pray)
k=1
Qszi; = —127°Z+ Zﬂk (Paak — Paay)
k=1

and the controller gains are designed as K; = K;M ™!, K,; =
K. M~ L

Proof: Let
dh o\ " . on\ "
G- (52) - (52) v dast—r),
. (30
and suppose (%) (%) < oy, the rest is similar to the

proof of Theorem 1 to ensure ’%| < B, thus omitted. M

In Theopem 2, Pllh (the same to Plgh and ngh) is pre-
sented as Py < Z;;i Br (Prik — Piy), Pk — Prir > 0.
Another simple and direct method is Pjy; < Z:Zl BiPi1;.
The two methods are applicable for different examples. Some-
times, the same results can be obtained by applying both
of them, sometimes better results are obtained by applying
the first than by the second because Pj1x — Pi1, is smaller
than Pj;; and sometimes better results can be obtained by
applying the second than by the first because of the constraints

Py — Py 2 0.

Remark 3: The contributions of this paper are as follows:
1), Compared with the latest results such as [25] and [26],
the LK function designed in this paper is dependent on the
membership function. The time derivatives of membership
functions is analyzed such that the designed controller satisfies
the upper bounds on the time derivatives of the membership
functions defined a priori. Thus, the results in this paper are
less conservative than the existing ones and the simulations
show this point. 2), The local stabilization region is estimated
by two methods. One method is applicable for the time-varying
initial conditions and the other one is applicable for the time-
invariant initial conditions.

Remark 4: The differences between Theorem 1 and The-
orem 2 are as follows: 1), Theorem 1 focuses on the fuzzy
systems obtained by Sector Nonlinearity method [34] and
uses the mod function and floor function [-| to deal with
the time derivatives of the membership functions. Theorem 2
does not consider the details of the membership function and is
applicable to the fuzzy systems obtained by other methods. 2),
For some cases, the membership functions are independent of
the system states, for example, hy = sin (t), hy = 2 arctan (t)
or hy = the time derivatives can be bounded as

1
14+exp(3—t)°
dhi| < 3

dt

< ;. For this kind of situations, Theorem 2 without the
constraints (27)-(29) becomes the conditions for global stabi-
lization. 3), k=1,--- ,pin Theorem 1 and k =1,--- ;r —1
in Theorem 2. This is because the & in Theorem 1 depends on
the number of premise variables p, while the k& in Theorem 2
depends on the number of fuzzy rules r.

IV. NUMERICAL EXAMPLES

Example I1: Consider the two-rule fuzzy system that has
been studied in [25], [26] where the system and input matrices
are as follows:

0 0.6 o — 1 0 B — B, — 1
1 0 1 s 412 — 1 0 , D1 — D2 — 1 )
0.5 0.9 09 O
A‘rl = )AT2 = .
0 2 1 16

This two-rule fuzzy system has been studied extensively
in the literature in the past several years and the goal is to
compute the maximum delay 7 under which the fuzzy system
can be stabilized by the designed controller. Using different
methods to compute the maximum delay 7 we get Table 1
which shows that better results can be obtained by using the
method proposed in this paper than the ones in the literatures.

In this paper, dy, is set as d; = 0.5, then searching §; from
small to large, of course, ; can also be searched to get further
less conservative results. A\; and A, are searched by using the
most common brute-force algorithm and the searching scope
is [-1 4] with step 0.01. For example, the largest delay 7 =
1.4257 (¢ = 1.26) is obtained in [26], while applying the
method in this paper we get 7 = 1.6421(6; = 0.01), 7 =
1.6219(6; = 0.1) for Theorem 1 by searching \; = 3.77,
Ao = 2.1, and 7 = 1.6263(3; = 0.01), 7 = 1.6113(5; = 0.1)
for Theorem 2 by searching A\; = 2.95, A\ = 1.85.
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For Theorem 1, supposing 21 = z1, w§ = h; =
1 &
%@1), C = {m:|xi|§g,i:1,2}, 5 = 0.5,
Swlk 1 P T P ™
‘0210 Sizg, ) (%)§1:¢1’51:€2:§,
1 = [ 1 0 ] lo=10 1 ] For Theorem 2, we only need

1— om\" [ oh 1

know h; = 312n(1:1)’ and 87951 87951 < 1 = 0y.

It is observed from Table 1 that larger delay 7 can be obtained
by Theorem 1 than Theorem 2 as discussed in Remark 3, but
if this example is obtained by Local approximation method,
Theorem 1 becomes infeasible.

Comparing with [26], in order to demonstrate what lead
to the less conservative results, we consider five cases: (I)
means ]?h = 0; (I) means P, = 0 and Ay = O; (IID)

means P, = 0, A = 0 and @, = @Q; (IV) means
. P, P, P, P,
P, =0 and 1 R H - ; (V) means
* Py *  Pag
Py Piop P P
= ,AganndQ;L:Q.
* Pyop, * Py

For this example, it is concluded from Table 1 that Q) = Q
has no effect on the results and Ao can improve the results but
the improvement is little. In addition, observing the differences
between (III) and (V), we can get larger delay even without
the line-integral Lyapunov function V; (x;). That is to say that
the analysis of the time derivative of the membership function
is very important.

Example 2: Consider the following nonlinear system

1 1
=5 A 10
z(t) = RlC' C m(t)—i—lo O]x(t—T)
L
0
+ 1 u(t).
_Z(RMxZ(t)_Vm_VD)
1 .%'2—6? .
Let z; = xo,wy = h1(2) = =—=,ha = 1 — hq, in the

compact set C = {x: |z;] < 8,1 :_1,2}, we get a two-rule
T-S model with the following system and input matrices:

1 1
~5A A 10
A=Ay = RC C | A=A, = 7
1 2 T 1 2 0 0
L
[ 0
Bl = 1 — )
I (RmD —Vin, — Vp)
[ 0
B2 = 1 - )
I (Rayd = Vin — V)
where L = 0.9858, C' = 0.2025, Vp = 0.82, V;;, = 30,

R=6,Ry =027,D=8,d=—8.

In Remark 1, two sets M and M are obtained to estimate
the stabilization region M. We use this example to show the
relationship between M and M. In order to get the relationship
easily, we do not optimize the parameter A;, Ao and just let

TABLE 1
THE MAXIMUM DELAY 7 OBTAINED BY DIFFERENT METHODS

7| 1.0947  1.308% L.3169 14224 T1.4257
Bi=00l B=01] B =001 B =01
Th. 1 Th. 1 Th. 2 Th. 2
N =377, =21\ =295 =185
1.6421  1.6219 1.6263  1.6113
XN =245, % = 0.75 A\ = L.1I5, ) = 0.11
M| 1.6380  1.5729 1.5841 15038
N =125 N =115
(| 1.6078  1.5566 1.5703  1.4961
T N =125 N =115
(IID)| 1.6078  1.5566 1.5703  1.4961
N =12 =005\ =12 % =-005
(1V) 1.2430 1.2430
X =1/1.26 X\ =1/1.26
%) 1.4257 1.4257

B1 =1, Ay = 1, Ay = 0. The initial conditions ¢ are time-
varying in M and time-invariant in M, however, ¢ in M has
to satisfy some constraints such as ¢ (t2) < ¢ (t) < ¢ (¢;) for
some t1,to € [ —7 0 |. These constraints lead to that M is
smaller than M for the same delay 7. For example, as 7 = 1,
applying Theorem 1 we get Figure 1 which shows that M is
larger than M. In addition, the trajectories of six initial states
in the stabilization region are also plotted in Figure 1. They
are all stabilized by the corresponding controller.

1r * I~

Fig. 1. The estimated stabilization region and six trajectories starting on the
boundary.

Figure 2(a) shows two states trajectories starting from
¢o = [15 01] and ¢(t) = [ 1.5t 0.1¢t |7 for
t €[ —1 0] respectively. As ¢ = 0, they have the same
initial value ¢o = [ 1.5 0.1 |, but as time goes by, the
trajectories are different. This is because if ¢ < 1, the fuzzy
system becomes & (t) = Apx (t) + Arpd (t — 1)+ Bpu (t) for
M and i (t) = Apz (t) + Arngo + Buu (t) for M. Figure 2(b)
shows the time derivatives of the membership function always

k -
satisfy |20 (%)Tx" <p =1

Ozg ox

V. CONCLUSIONS

In this paper, we have studied the problem of local stabiliza-
tion for continuous-time T-S fuzzy systems with time delay. A
new Lyapunov-Krasovskii function which is dependent on the
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Fig. 2.

A t) =[15¢ 0.1eH]T {
0.021

—-0.02

—-0.04
—0.06

S t) =[1.5017

-0.1 1

—-0.08

—o0.12} 4

o t) =[15017

5 5
t( a) t( b

dwk T .
] (sz> z for

The trajectories of the system states and H = .
Oz, ox

different initial conditions ¢ (¢) and ¢g.

membership function has been designed to deal with the time
delay. Two methods have been proposed to analyze the time
derivatives of the membership function. One is applicable to
the T-S fuzzy systems obtained by Sector Nonlinearity method
and the other one is applicable to the systems obtained by other
methods.
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