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Abstract The delay-dependent stability condition of T-S fuzzy descriptor systems with

time-varying delay is discussed. A delay-dependent stability criterion is proposed by defining

a new Lyapunov function. With the effective application of weights, a less conservative fuzzy

controller design method is given. The relaxed design method includes the interactions of

different subsystems into one matrix. At last, some examples are given to illustrate that the

new sufficient condition is less conservative than the results given by previous literature.
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���I	��
S1B3g
�X1D?�Y%TjI	D'KI���*�\^���II	�yK:R%DA��� [2] jI	��HI��:R����II	�yK�Æi��q�Y$pi<�\���I�yI	��i��qK:RF
��<�G����jn
I	��HI����II	�yK
S1�q�K�^e_t=�
Moon &NO[3]

, (H�)^ LMI KI	��
S1K3pt=�M_F����y�DoR�3pb�|z����y9K��$V�}6C�klK�mbnsSga�ex!����iHI	��t=D [2] �I	��t=[\D'K�X1�j����Wt X > 0 (X > 0) !Q X �xS (
xS) Wt��[s���`KWt`[\UBK�`�s� “∗” !QWt�\.��
dK���
2 �.�^/ �{Lb� T-S �-�℄KCsfI[4] Km�1�II�I	�y

Eẋ(t) =

r
∑

i=1

λi(t)Aix(t) +

r
∑

i=1

λi(t)Adix(t − τ(t)) +

r
∑

i=1

λi(t)Biu(t)

x(t) = ϕ(t), t ∈ [−τ0, 0] (1)

E ∈ Rn×n u-�&OWt�x(t) ∈ Rn ��m�u(t) ∈ Rm T[;�
λi(t) =

p
∏

j=1

Nij(θj(t))
/

r
∑

i=1

p
∏

j=1

Nij(θj(t)),

r
∑

i=1

λi(t) = 1. Nij(θj(t)) � θj(t) \^ Nij K|\Y�Nij T��-�θ1(t), θ2(t), · · · , θp(t) ���
l*=���$8S_i�[; u(t) ��� � r T��
l`��τ(t) ��yKI�I	�Æ! 0 6 τ(t) 6 τ0, τ̇(t) 6 d < 1. τ0� d �Ez-`�ϕ(t) T�yK�m5N%��8B�y�V*xl�0<j si ∈ C, MH det(siE − Ai) 6= 0 (i = 1, 2, · · · , r) /{�\^C�Km�1�I�y Eẋ(t) = f(x(t), u(t)), fI1SI�y��y&A\�CI�,I�
4�G�K:R`?j�yfIK*p�M0�M: 1
[3]

. B a(·) ∈ Rn1 , b(·) ∈ Rn2 G. N(·) ∈ Rn1×n2 SIj/9 Ω ?�l\
−2

∫

Ω

aT(s)Nb(s)ds 6

∫

Ω

[

a(s)

b(s)

]T [
X Y − N

Y T − NT Z

] [

a(s)

b(s)

]

ds (2)%� X, Y, Z �7HÆ! [

X Y

Y T Z

]

> 0 KU�Wt�;�'<�G�?V x, xτ , u, λi p#!Q x(t), x(t − τ(t)), u(t), λi(t).

3 �BHÆ
3.1 �VG/D+IZPW�b��y (1) K���y

Eẋ =

r
∑

i=1

λiAix +

r
∑

i=1

λiAdixτ , x = ϕ(t), t ∈ [−τ0, 0] (3)\^�y (3), Æ�\:�KI	��
S1�l�



826 � X # 9 � 32_+: 1. b��y (3),\^}SKI	?J τ0 > 0,:
<jm&OWt P, R > 0, R1 >

0, S > 0, R2, Æ!
ETP = PTE > 0 (4)






AT
i P + PTAi + τ0R1 + R2 + RT

2 +
1

1 − d
R PTAdi − R2 τ0A

T
i S

∗ −R τ0A
T
diS

∗ ∗ −τ0S






< 0 (5)















(Ai + Aj)
TP + PT(Ai + Aj)+

2τ0R1 + 2R2 + 2RT
2 +

2

1 − d
R

PT(Adi + Adj) − 2R2 τ0A
T
i S τ0A

T
j S

∗ −2R τ0A
T
djS τ0A

T
diS

∗ ∗ −τ0S 0

∗ ∗ ∗ −τ0S















6 0, i < j

(6)

[

R1 R2

∗ ETSE

]

> 0 (7)qw i, j = 1, 2, · · · , r. l\7�K τ ∈ [0, τ0], �y (3) `>O
S�T=�Z ℄ - q(���O��y (3) f!Q�
Eẋ =

(

r
∑

i=1

λiAi +

r
∑

i=1

λiAdi

)

x −

r
∑

i=1

λiAdi

∫ t

t−τ(t)

ẋ(s)ds (8)6k Lyapunov�`�V = V1+V2+V3. %� V1 = xTETPx, V2 =
∫ 0

−τ0

∫ t

t+θ
ẋT(s)ETSEẋ(s)dsdθ,

V3 =
1

1 − d

∫ t

t−τ(t)

xT(S)Rx(s)ds.

V̇1 �ZQt 1 8t�m_I	�mK0+$�O (7) �e_t=	V̇2 hV�� [5] �Qt 2 M0k?	V̇3 �? 1− τ̇ (t)/(1− d) h'� 1. #�Zt= (5),(6) fz V̇ (t) < 0. St
1 Hy� �

3.2 ,8)�VG/S+ZP603Vi����u =
r
∑

i=1

λiKix. F�9i����y (1) [\:�/O
Eẋ =

r
∑

i=1

r
∑

j=1

λiλj(Ai + BiKj)x +

r
∑

i=1

λiAdixτ (9)+: 2. b��y (9), \^}SKI	?J τ0 > 0, <<jm&OWt P̄ , R̄ > 0, R̄1 >

0, S̄ > 0, R̄2, Yi, Zij , %� Zij = ZT
ji, i, j = 1, 2, · · · , r Æ!

P̄TET = EP̄ > 0 (10)





Nii − Zii1 AdiP̄ − R̄2 − Zii2 τ0(AiP̄ + BiYi)
T

∗ −R̄ − Zii3 τ0(AdiP̄ )T

∗ ∗ −τ0S̄



 < 0 (11)









Nij−Zij1−ZT
ij1 (Adi+Adj)P̄−2R̄2−Zij2−ZT

ij3 τ0(AiP̄ +BiYj)
T τ0(Aj P̄ +BjYi)

T

∗ −2R̄ − Zij4 − ZT
ij4 τ0(AdjP̄ )T τ0(AdiP̄ )T

∗ ∗ −τ0S̄ 0

∗ ∗ ∗ −τ0S̄








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6 0, i < j (12)

H̄ = [Zij ]r×r < 0 (13)
[

R̄1 R̄2

∗ P̄TET + EP̄ − S̄

]

> 0 (14)l\7�K τ ∈ [0, τ0], �$�y (9) `>O
S�,bnmL� Ki = YiP̄
−1, i = 1, 2, · · · , r.%� Nii = (AiP̄ +BiYi)+(AiP̄ +BiYi)

T + τ0R̄1 + R̄2 + R̄T
2 +1/(1−d)R̄, Nij = 2τ0R̄1 +2R̄2 +

2R̄T
2 + 2/(1− d)R̄+ (AiP̄ + AjP̄ + BiYj + BjYi)+ (AiP̄ + AjP̄ + BiYj + BjYi)

T, 1 6 i 6 j 6 r.

Zii =

[

Zii1 Zii2

∗ Zii3

]

, Zij =

[

Zij1 Zij2

Zij3 Zij4

]

.Y 1. j T-S ���-��u-b�~~��y9K�����4_�\^x�K���y�-\^^~z����ywI�,'���wIb�i\��y9K�����?% �$VKF
�*jCzWt��q�fG�73�Kb���y9K��T"�Y 2. j�� [2] KSt 3 ��A. Hij (i 6= j) T\.K�_j��KSt 2 �$&A. Hij (i 6= j) T\.K�q���StKt=U[\�?K�ZY�Y 3. <.0M�y�2>O
SK#?g5	�I9 τmax, lf�F�[\ LMI e_K|X!�q�[\�Iov}�qK/O�fZ LMI �[! gevp .I(M0.I�
4 b�gz; 1. b�Z~t��
l�℄Km�1�II	�y�

Ri : IF x1 is Pi, THEN Eẋ = Aix + Adixτ , i = 1, 2��- ‘Pi’, i = 1, 2 K|\Y�`p#� w1(x1) = 1−
1

1 + e−2x1
, w2(x1) = 1−w1(x1). ,\

E =

[

1 0

0 0

]

, A1 =

[

0 1

−1 −2

]

, A2 =

[

0 a

−2 −2

]

, Ad1 =

[

0.1 0

0.2 0.1

]

, Ad2 =

[

0.1 0

b −0.5

]

. �yI	� τ(t) = 0.3. a, b �f�+`�} 1,2 p#�hV�� [2] �St 1 ���St 1 !Z�y
S1KF
�}�K,R!Q��!Zu�y
S��K,R8!�&�!Zu�y
S_r�fGa6�b�I	r\�yM0
Sp��HEKF
�\^I	��t=�X1D'�
~ 1 g[	� [2] Uv 1 "[�{�U3Me�
Fig. 1 Feasible area for the stability condition of

Theorem 1 in [2]

~ 2 g[�	Uv 1 "[�{�U3Me�
Fig. 2 Feasible area for the stability condition of

Theorem 1; 2. 60���-�
Ri : IF x1 is Pi, THEN Eẋ = Aix + Adixτ , i = 1, 2



828 � X # 9 � 32_��- ‘Pi’, i = 1, 2K|\Y�`p#� w1(x1) = 1−
1

1 + e−x1
, w2(x1) = 1−w1(x1). $,\

E =

[

1 0

0 0

]

, A1 =

[

1 1.5

−1 −2

]

, A2 =

[

−1 10

−2 2

]

, Ad1 =

[

0.5 0.1

0 0

]

, Ad2 =

[

0.1 1

0 0

]

, B1 =
[

0

1

]

, B2 =

[

0

1

]

.b�[\ τ(t) = a1 + b1 ∗ sin t /OKI�I	�\^&wK a1, b1, p#hV�� [2] KSt 3 ���KSt 2 3ebnmL�iHF
:! 1 iQ�" 1 dpoN�E
Table 1 Comparison of feedback gains

τ
/

k �� [2] 
Tu 3 jI
onM ��Tu 2 jI
onM
1 + 0.6 sin t

k1 = 1.0e + 16 ∗ [−1.7234 − 0.1694] k1 = 1.0e + 3 ∗ [5.7153 0.4718]

k2 = 1.0e + 16 ∗ [−1.7234 − 0.1694] k2 = 1.0e + 3 ∗ [3.7054 0.3007]

1 + 0 ∗ sin t
k1 = 1.0e + 15 ∗ [5.9127 0.9175] k1 = 1.0e + 3 ∗ [−2.0079 − 0.2114]

k2 = 1.0e + 15 ∗ [5.9127 0.9175] k2 = 1.0e + 3 ∗ [−1.4232 − 0.1548]

0.05 + 0.05 sin t
k1 = 1.0e + 15 ∗ [−5.3346 − 0.8336] k1 = [−95.4597 − 17.2739]

k2 = 1.0e + 15 ∗ [−5.3346 − 0.8336] k2 = [−95.5799 − 19.5792]�D?℄="F
�fGa6���iHbnmL��� [2] �iHbnmL'H2z`�1�,I	D'I��X1,℄�7���\^="bnmL�M0�yjr�Æ�`��_�� [2] �ZI	��t=HEKi�(�����iHi�(fj_%2��NKI9��VDAK��r>Ei��K���}!98	1�
5 Ha��n
� T-S ���II	�yKI	��
S1p��sS�q�hV Moon &NO8t�m_I	�m0+$�)^�1Wt&NOKfI1}6�I	��
S1�l�M_3pb�����y|9K���}�HEC�klK��i�(B3g
�q�8tgafGSVE%l��i��qK:R��`}ex!����iHI	��t=DE\KI	��t=[\D'K�X1�
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