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Abstract: The problem of robust stabilization for nonlinear time-delay system based on fuzzy T-S model is developed
in this paper. The systems under consideration include time-varying unknown but bounded time-delay in state. Firstly, by
applying the Razumikhin theory and Lyapunov theory, a criterion of robust stability with definite attenuation for nonlinear
time-delay system is derived. Secondly, the sufficient condition for the existence of memoryless state feedback controller
with definite attenuation and the method of designing controller are derived. The condition is also further equivalent to the
solvability of certain linear matrix inequality (LMI). The designed controller guarantees the closed-loop system to possess
robust stability with definite attenuation.
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1 ÚÚÚóóó(Introduction)
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���¢¢¢XXXÚÚÚ���£££ããã(Formulation of time-
delay systems)
TakagiÚSugeno3[11]¥�Ñ�
T-S�.´ÏL

äá¼êL«�A�ÛÜ�5�.�©ã��,§
�±%C�a��5XÚ.y�Äd�
T-S�.¤
£ã��aØ(½��5XÚ,½ÂXe5K:
5K i:

If Θ1(t) is µi1 and · · · and Θp(t) is µip,

then ẋ(t) = (A1i + ∆A1i)x(t) + (A2i +

∆A2i)x(t− d(t)) + Biu,

x(t) = Ψ(t), t ∈ [−d(t), 0]. (1)

Ù¥: µij´�
8Ü, θi(t)´�
cJCþ, x(t)´
G��þ, u(t)´Ñ\�þ, A1i, A2i, B(i)�·��
�~êÝ
, ∆A1i,∆A2i �LXÚ�Ø(½5, ÷
v

∆A1i = M1F1E1i, ∆A2i = M2F2E2i. (2)

d(t)´�C��G��¢,b�d(t)k.��3�¢
êτ ÷v0 6 d(t) 6 τ .
|^ü:�
z!¦Èín!¥%\���
z

��{����Û�
XÚ�.

ẋ(t) =
n∑

i=1

hi(θ(t))[(A1i + ∆A1i)x(t) +

(A2i + ∆A2i)x(t− d(t)) + Biu]. (3)

Ù¥:

θ(t) = [θ1(t) θ2(t) · · · θ2(t)],

ωi(θ) =
i∏

j=1

νij(θj(t))hi(θ(t)) =
ωi(θ(t))

r∑
j=1

ωj(θ(t))
.

νij´ é A � 
 8µij� ä á Ý, | ^Newton-
Leibunizúªk

x(t− d(t)) = x(t)−
w 0

−d(t)
ẋ(t + α)dα =

x(t)−
w 0

−d(t)
[

r∑
p=1

hp(θ(t + α))[(A1p +

∆A1p)x(t + α) + (A2p + ∆A2p)x(t− d(t) +

α) + Bpu(t + α)]]dα. (4)

òþª�\ª(3),��#���XÚ

ẋ(t) =
r∑

i=1

hiθ(t)(Ā1i + Ā2i)x(t) + Bi(t)u−

Ā2i

w 0

−d(t)

r∑
p=1

hp(θ(t + α))[A1px(t + α) +

A2px(t− d(t) + α) + Bpu(t + α)]dα. (5)

Ù¥:
Ā1i(t) = A1i(t) + ∆A1i,

Ā2i(t) = A2i(t) + ∆A2i,

hp(t + α) = hp(θ(t + α)).

éuXÚ(3)�Xe�b�:
a) Ð©�¼êΨ(t)3[−2d(t), 0]þk½Â;
b) äáÝ¼êhi(t)3[−d(t), 0]þk½Â.
½½½ÂÂÂ 1 ¡XÚ(3)´P~Ýλ(λ > 0)°�­½

�, XJG��z(t) = eλtx(t), �XÚé¤k÷v
ª(2)�Ø(½ëêE´ìC­½�. ¡Ø(½�¢
XÚ(3)´P~Ý°��	½�,XJ�3G��"
��Æ¦�4�XÚ´P~Ýλ°�­½�.
ÚÚÚnnn 1 éu?¿·��ê�Ý
A,M,E, F ,

Ù¥F ÷vFT(t)F (t) 6 I ,Kk
a) éu?¿Iþε > 0 ,k

MF (t)E + ETFT(t)MT 6 εMMT + ε−1ETE.

b) éu?¿�½Ý
P > 0,Iþε > 0,eεI−
EPET > 0,Kk

(A + MF (t)E)P (A + MF (t)E)T 6
APAT + APETεI − EPETEPAT + εMMT.

c) éu?¿�½Ý
P > 0,Iþε > 0,eP −
εMMT > 0,Kk

(A + MF (t)E)TP−1(A + MF (t)E) 6
AT(P − εMMT)−1 + ε−1EET.

2.1 XXXÚÚÚ°°°���­­­½½½555©©©ÛÛÛ(Robust stability analy-
sis for systems)
éXÚ(3)?1­½5©Û=u = 0��¹,ke

¡�½n.
½½½nnn 1 XJ�3�½Ý
X, P1i, P2iÚ�Iþ

γ1i, γ2iéu�½�Iþτ ,ke�Ø�ª¤á:


Ti XE1i XE2i Ni

(XE1i)T −ε1I 0 0
(XE2i)T 0 −ε2I 0

NT
i 0 0 −Hi


 < 0,

(
X eλtXAT

1i eλtXET
1i

eλtA1iX P1i − γ1iM1M
T
1 0

eλtE1iX 0 γ1i

)
> 0,

(
X e2λtXAT

2i e2λtXET
2i

e2λtA2iX P1i − γ2iM2M
T
2 0

e2λtE2iX 0 γ2i

)
> 0.

Ù¥:
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Ti =X(λI+A1i+A2i)T+(λI+A1i+A2i)X+

ε1M1M
T
1 + ε2M2M

T
2 + τA2i(P1i +

P2i)AT
2i + τβE2iE

T
2i + 2τqX,

Ni = τA2i(P1i + P2i)ET
2i,

Hi = τ [βI − E2i(P1i + P2i)ET
2i].

KXÚ(3)´P~Ýλ°�­½�.
yyy �u = 0 �, éx(t) �XeC�z(t) =

eλtx(t),�Cz��XÚoäÊìÅ¼ê�

V (z(t)) = Z(t)Pz(t).

¼êV (z(t))÷ª(3)é�mt��ê�

˙V (z(t)) =

2ZT(t)P (λeλtx(t) + eλtẋ(t)) =
n∑

i=1

hi(θ(t))zT(t)[(λI + Ā1i(t) + Ā2i(t))TP +

P (λI + Ā1i(t) + Ā2i(t))]z(t)−
2zTPĀ2i(t)

w 0

−d(t)

r∑
p=1

hp(θ(t +

α))[(Ā1pz(t + α)) + eλ(d(t+α)−α)(Ā2pz(t−
d(t) + α)) + Bpu(t + α)]dα.

�âÚn1k

−2zTPĀ2i(t)
w 0

−d(t)

r∑
p=1

hp(θ(t +

α))Ā1pz(t + α)dα 6

zTPĀ1iP1iĀ1i
T
Pz+

w 0

−d(t)

r∑
p=1

hp(θT(t+α)) ·

z(t+α)T(Ā1pz(t+α)P−1
1i Ā1pe−λαz(t+α)dα.

(6)

Ón��

−2zTPĀ2i(t)
w 0

−d(t)

r∑
p=1

hp(θ(t +

α))Ā2pz(t + α)dα 6

zTPĀ2iP2iĀ
T
2iPz+

w 0

−d(t)

r∑
p=1

hp(θT(t+α)) ·

z(t + α− d(t + α))TĀ2pz(t + α)P−1
2i ∗

ĀA2pe−λαz(t + α− d(t + α))dα. (7)

�âÚn1-b)ke�3�½Ý
P1i, P2i, 9Iþ
β > 0,÷vØ�ª

βI − E2i(P1i + P2i)ET
2i > 0,

Kk

Ā2i(P1i + P2i)ĀT
2i 6

A2i(P1i + P2i)AT
2i + A2i(P1i +

P2i)ET
2i[βI − E2i(P1i + P2i)ET

2i]
−1 ∗

E2i(P1i + P2i)AT
2i + βE2iE

T
2i.

�âÚn1-c),e�3γi > 0 ,¦e�Ø�ª¤á:

eλtAT
1i(P1i − γ1iM1M

T
1 )−1A1ieλt +

γ−1
1i eλtET

1iE1ieλt 6
P e2λtAT

2i(P2i − γ2iM2M
T
2 )−1A2ie2λt +

γ−1
2i e2λtET

2iE2ie2λt 6 PP1i − γ1iM1M
T
1 > 0,

P2i − γ2iM2M
T
2 > 0,

Kk

eλtĀ1i(t + α)TP−1
1i Ā1i(t + α)eλt 6 P,

e2λtĀ2i(t + α)TP2i(t + α)−1Ā2i(t + α)e2λt 6 P.

d−τ 6 −d(t) 6 s 6 0 ,k

eλαĀ1i(t + α)TP−1
1i Ā1i(t + α)eλt 6 P,

e2λtĀ2i(t + α)TP−1
2i Ā2i(t + α)e2λt 6 P.

�âRazuminkhin½n,b��3�~êq > 1,¦

V (z(s), s) 6 qV (z(t), t), t− 2τ 6 s 6 t.

Ú\#CþX = P−1,Kk

V (z(t)) =
n∑

i=1

hi(θ(t))zT(t)P [X(λI + A1i + A2i)T +

(λI + A1i + A2i)X + ε1M1M
T
1 + ε2M2M

T
2 +

ε−1
1 XE1iE

T
1iX + ε−1

2 XE2iE
T
2iX +

τ [A2i(P1i + P2i)AT
2i + A2i(P1i +

P2i)ET
2i[βI − E2i(P1i + P2i)ET

2i]
−1 ∗

E2i(P1i + P2i)AT
2i + βE2iE

T
2i + 2τqX]Pz(t).

-

W =

X(λI + A1i + A2i)T + (λI + A1i + A2i)X +

ε1M1M
T
1 + ε2M2M

T
2 + ε−1

1 XE1iE
T
1iX +

ε−1
2 XE2iE

T
2iX + τ [A2i(P1i + P2i)AT

2i +

A2i(P1i + P2i)ET
2i[βI − E2i(P1i + P2i)ET

2i]
−1 ∗

E2i(P1i + P2i)AT
2i + βE2iE

T
2i + 2τqX.

w,Wéq3�½¿Âe´üN4O�, e-W =
W1, Ù¥q = 1, �âëY5W1 < 0U�y�3�
�¿©��q > 0¦W < 0, =V̇ (z(t)) < 0. Kd
Razumikin½n�Cz��XÚ´ìC­½�,=�
XÚ´P~Ý�°�­½.
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XXXÚÚÚ���°°°���			½½½(Robust stabilization for
fuzzy systems)
b��
XÚ(3)�G��*ÿ, �â�
²1

Ö��{,�OÛÜ�
G��"��ì. Ù5K�
5Ki:

If Θ1(t) is µi1 and · · · andΘp(t) is µip,

then u = Kix(t). (8)

���Û��ì�

u =
r∑

i=1

Kix(t).

ª(3)!ª(6)|¤�4�XÚ�

ẋ(t) =
r∑

i=1

hi(θ(t))[(Ā1i + BiKj)x(t) +

Ā2i)x(t− d(t))] =
r∑

i=1

hi(θ(t))[(Aij + M1F1(t)E1)x(t) +

(Aij + M2F2(t)E2)x(t− d(t))].

Ù¥:

Aij = A1i + BiKj, Ei = Ei1 + Ei3.

é4�XÚA^½n1,��½n2.
½½½nnn 2 XJ�3�½Ý
X, P1i, P2i, ?¿Ý


Y , �Iþγ1i, γ2iéu�½�Iþτ , ke�Ø�
ª¤á:


Mi XE1i XE2i Ni

(XE1i)
T −ε1I 0 0

(XE2i)
T 0 −ε2I 0

NT
i 0 0 −Hi


 < 0,

(
X eλt(XAT

1i + Y T
j BT

i ) eλtXET
1i

eλt(A1iX + BiYj) P1i − γ1iM1M
T
1 0

eλtE1iX 0 γ1i

)
> 0,

(
X e2λtXAT

2i e2λtXET
2i

e2λtA2iX P1i − γ2iM2M
T
2 0

e2λtE2iX 0 γ2i

)
> 0.

Ù¥:

Mi =X(λI+A1i+A2i)T+(λI + A1i+A2i)X+

ε1M1M
T
1 + ε2M2M

T
2 + τA2i(P1i +

P2i)AT
2i + τβE2iE

T
2i + 2τqX,

Ni = τA2i(P1i + P2i)ET
2i,

Hi = τ [βI − E2i(P1i + P2i)ET
2i],

KXÚ(3)´P~Ýλ°�­½�. ùp´��¦�
4�XÚ°�­½�äk�½P~Ý�ÃPÁG�

�"��Æ.

3 ���ýýýÁÁÁ���(Simulation)
�
`²��ì�k�5,±©z[12]���5

XÚ�~:

ẋ1(t) = −0.1x3
1(t)− 0.0125x1(t− d)−

0.02x2 − 0.67x3
2 − 0.1x3

2(t− d)−
0.005x2(t− d) + u(t),

ẋ2(t) = x1(t).

Ù¥: x1(t) ∈ [−1.5, 1.5], x2(t) ∈ [−1.5, 1.5], ¢

��md 6 4, h1(x(t)) = 1 − x2
2

2.25
, h2(x(t)) =

1− h1(x(t)).
þã��5XÚ�L«¤Xe�¢Ø(½T-S�


�.:
5K 1: If x2(t) is µ11 then

ẋ(t) = (A11 + ∆A11)x(t) + (A21 +

∆A21)x(t− d(t)) + B1u.

5K 2: If x2(t)is µ21 then

ẋ(t) = (A12 + ∆A12)x(t) + (A22 +

∆A22)x(t− d(t)) + B2u.

Ù¥:

A11 =

(
−0.01125 − 0.02

1 0

)
,

A21 =

(
−0.01125 − 0.05

0 0

)
,

A12 =

(
−0.01125 − 1.527

1 0

)
,

A22 =

(
−0.23 − 1.527

0 0

)
,

B1 = B2 = (1 0)T, ∆A11 = DF (t)E11,

∆A12 = DF (t)E12, ∆A21 = DF (t)E21,

∆A22 = DF (t)E22, D =
(
−0.1125 0

)T

,

E11 = E21 = [1 0], E12 = E22 = [1 0.5].
d½n2,|^MATLAB¥�LMI^��,��

A11 =

(
3.272 0.754
0.754 1.852

)
, Y1 =

(
−2.5 − 1.7

)
,

Y2 = (−3.1 − 2.4).
3Ð©G�x1(0) = −0.8, x2(0) = −0.5e,�

ý(JXã1,2¤«.
dã1!ã2�±wÑ, ÏL���^, XÚ3é

á��m?\­½G�. `²�©�O�äk�½
P~Ý�ÃPÁG��"��ÆkéÐ����

J,l
�y
�Ù¤��{��(5�k�5.
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ã 1 G��A­�

Fig. 1 Trajectory of the state

ã 2 ��Ñ\­�

Fig. 2 Ttrajectory of system control

4 (((���(Conclusion)
ïÄ
�a��5�¢�6XÚÄu�
T-S�

.��
�l��¯K. Äu�"��üÑ, JÑ

|^�
T-S�.£ã���5�¢XÚ�¢�
'��l��OK.��ì��O;m
�"�5
z�g·A�{, l
�\{ü¢^. ÏLæ^d
�{, ��ì��O¯K=z�¦)�5Ø�ª¯
K(LMIP),2|^à`zEâ�±òÙk�)û.
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