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Ê Ë � G
���� 
���
���

[23]
Î1

�
����%

LMI
��(�" . 9 V � | �

«�¬�)  @�46 V }�S�(# �Ð�*�^ ²�+-,-.0/ ��$#�2%@�8Ì@5 c V 6#��Î s .1+ �1� �
KÄÈ +�� ����}2S�è�é4 �&#]#��1�Ì@�"1&9 . �����8�@¯2°�(8 @!2É � �d��9"!�9
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Ù

3 Ú ��3��@egf#��h�}�S�(# @!�É����
ÎFE�æÄ�-�
ë�Í��@}�S���� +�8	9 6�G#ef#��h�}�S����# ����@���
[24]
Î;:�Q#Å8s@� / K
��3��¦»�;�¼ ½ + D������
<1�#�

Æ�=�>���w
Y#��%���� -�| �:t�u�w�x8%gY�¾����g¿�À� @!�É����@Î y�á + �çz@? }
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ÎH1
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� 5�6�¿�À# �!4" V 64��C�� ��ë�Í&��}�S��2� +�8�9 6�G#e&f#��hk}2S����# ��
� � G2�#Ì�z@{4��I2í8�<t8u2w�x2C@Y2¾��/��¿7À +��#� ��$4�@Î0J�K + �:;�5�6
 @�#6 V Æ�Ð�(# @Q�Ñ � V 6#�@Î
Ù

4 Ú ��3 �1egfv�ih }�S�> �
�  
! É���� ÎUE æÄ�;�
ëiÍ �
} S���� +�8L9 6�Gegf��ihk}�S�> �
�  
�#�
���
C���1&� ��� C��NM A�B ¼ ½ :	��= O
Bilinear Matrix
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Î � Å � �

BMI
3�?TS�J2��> �

� � -�| �ç����E�E���3�Ð	*�^ ² j ² 1�Ì@C���$�5�6�Îd�U1
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2.1 � �
n�p�È#C
t8u�w�x� 8% y ¿�À��:t8u�w�x���5�6����@����C
}�S�� - c V %
�d���

�,����}�S2(#C����/s�9L��¿2À#C - ��Î�1@�2G�]2�:t4u�w2x� ,% y n�p2È#��}�S
���#3���[	� -�| �H1�9�E���s@E	
�E�5@����C�5�s19 V � | �dw�x
è�é�Å . %���

;�è�é�Å . %g¥�[� �¡�����C
Ï . 9 V 6��

[2, 3]
Î � Å � �H1 9 . �
����3�����ì��

=# @j86�G | � § ¨@©�ª ��������ì���= O % �
² 3�:���= P  @j ² ¥�[8C -�| �:��7��}2S����# �¼�_&G�] + 3��#6�m��46@�2��Ì<3��4"�526�Î@s .1+�� n2p�È4���
�<�8��¼ ½ m�t4u�w�x2C�:�Q#Å4s� #% y ¿�À � 1@�����8 #e&f#��hk}2S���� +��
� ����1�Ì�3�­�®�� - �<Î1�"1�� � ¯�°7(8 ���9/��� 0�|&+�«7¬�� m��46@Æ ¨@©
ª �@}�S����8C@�#�8sg9 V $�G�Î
J�� +�� t#u�w�x���C	D8 @��6�5�6�}�S���� O t8u�w�x +
� D � 5�6@}�S���� PC�� $�+ ����sg9 � ��� �	 !���@¥�[� �¡����#C
Ï . 9 V 6��

[4, 5, 6]
Î � Å �"� t

u�w�x����@�8���@}�S�(83 � t8u�w�x���#�$#s + ^ c V Y 0 � + %�Å�Å 0�. æ � �
� + t�u�w�x� #U$ ��6�5�6%1�Ì�Å . ¯�°�(�� ± 6@����Ì
5 c V � |$� t#u�w�x�C
% 6@¿�À + 3�' + ����&�'�C ± 6�Î
�"1�� � t#u�w�x���C	D# 
��� +�# ]��	1�Ì��
¯�°�(��
Ê Ë  �( . c G@����C��
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}�S���� � Ì ��� �
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?-+ + ® � 6�Î�ê�ì � t�u�w�x�C�Y�¾����g¿�À + % ��� \�.85
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[10]
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5 c V 6�G�%
�� � J�K
M�N�O
¼ ½ ����$��#"��	1�Ì
 
!,"8��Î:Ï . 9#G��2�#3 � � Þ V �@J�K�M@N4O@¼ ½ + y 6 V

LMI
� B �@Ï . 9 V

� |$� Ð�*�^ ² ;	5#¹ + j ² 1�Ì@C���$��@Î:Ù�ã8�
ì�í	��3 � s .g+ ¯�°�(� @Ê Ë
���	1�Ì
 �Íg¹8Ì � V � Ù"���
ì�í	�
J�K
M
N�O@¼ ½ � - c G#%
�� 
¾#¹��������
���8$��#"#�
12Ì@ @!8"#��ÎH1&9 + ^ c V � JLK�M@N4O@¼ ½ ��;#C�'#"8��1�Ì�Ì �
Kharitonov[19]

C ��� � V 6#�&=�Y B  ��86 V 6�526"12Ì��7G�] � s .1+ ¯�°2(# 
Ê Ë � G@����Ì@5 c V 68��1�Ì�C�����s19��
Î0J�K +�� �8� + ��_g5 c V 6#�	1�Ì
 @;�5
6 + ^ c V Q�Ñ � � ��9"!
9#�����8��x�����» + y 6 V !�É����
Î

2.2 � � ��� � � � ���
Á Ú ��3 � y8á �� 
2�¡�ì!��=��"!�s19��gt#u�w�x����
�#�� @!#"���Î

ẋ(t) = Ax(t) + Dx(t − h) (2.1)

x(η) = φ(η), ∀ ∈ [−h, 0]

1�1�� �
x(t) ∈ Rn

3�w	�
t
+ �U^#�g£��8��5 �

A ∈ Rn×n, D ∈ Rn×n
3@S�;�¼ ½ � -

| �
h > 0

3�t#u�w2x�� - ��ÎFE�G �
φ(·)
3 �$# x

[−h, 0]
��S ��s194G&%�'45����

�@;�� - �
Î
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D e−sh

(sI − A)−1

Fig. 2.1: block diagram of system(2-1)

1�1�� �
Fig. 2.1

+ ���
�#�
(2.1)

����e .0/ A��  � �&ÎH1
�#^8_ +���� Ì1���gt
u�w�x����
����3 � t�u�w�x� 
����N 
of . /4� V 6���%
��� -�|$� ������E O % �
² 3����#��E P + t4u�w�x2 #"$ �268�1n�p2È�Ì1· Þ V ����	 | Ç#62C�­�®�� -�
Î-1	1 � � 1
� ���
�2���
£L� + y 6 V ��
 � V � ² Î 6�E � � �2w �� 

t0 = 0
Ì

� V
t ≥ 0

���
(2.1)

= �
j� ê
� + S�]��&G�] + 3 �
−h ≤ t ≤ 0

+ � ^��
x(t)
�R5�C

¥�[	� - �
[31]
Î-1
�%1�Ì
3 � � �
�����
£	��Ì � V �

−h ≥ η ≥ 0
�
S
�4sg9�G �
;

xt(η) = x(t + η)

 ,Ì . 5�^@9��25 . 526U1�Ì � �#5 0�
 £����8x�C�§ ¨�©�ª + 58��12Ì@ ��� �
V 6��
Îd����G�] � � ��� < ���
ì�í� 
��6���Ì�$ + 3 �

xt

+ y 6 V �
P�S�5��	�
;# @!8"#�g¥�[#C - �
Î

2.3 FLTI � � ��� ��� ����� � � � ������� �! "�# $ %!& '
()(+*),.-)/10�2

(2.1) 354�6)7)8�9):�; FLTI
-�/<0�2

ẋ(t) = Γx(t)

3�4�6�7�8�9=: eΓt *�>�?=@!A�(�B ;�CED A�F.-�/�0G2 (2.1) H ,JI�K 9�: Γ ;�LM)N
ẋ(t) = Γx(t) + (A − Γ )x(t) + Dx(t − h) (2.2)
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B�����()B���*���A<F���� �
��; t − h
B�� N , �
� t 3�4�6�3�� x(t) H (2.2) ���

� N� 3�!�"�;<L M A�()B�#%$
x(t) = eΓhx(t − h) +

∫ t

t−h
eΓ (t − τ)[(A− Γ )x(τ) + Dx(τ − h)]dτ (2.3)

B'&)(�*,+ A+F.(-+ � #.$ , �)���/� -�/+0 2 (2.1) 3 4�6�7�8�9�: ; FLTI
-�/+0�2

ẋ(t) = Γx(t) 3�0 + � #)$ >�?1� N)M A�B'2)3�4 A+F ('+ ; x(t− h) �65 M�N� ��B
x(t − h) = e−Γhx(t) −

∫ t

t−h
DeΓ (t−τ−h)[(A− Γ )]x(τ) + Dx(τ − h)]dτ (2.4)

B�3�A1F ('+ ;<L A)B+-)/10�2 (2.1) H
ẋ(t) = (A + De−Γh)x(t)−

∫ t

t−h
DeΓ (t−τ−h)[(A − Γ )x(τ) + Dx(τ − h)]dτ (2.5)

B7�%�
8 D A�()B���*���A1F-)/+0�2
(2.1) 39	 I���
 H
5):)3 #%; ��<�= + A<F

>�?
2. 1 9�: D

��@�A�B 3�C.D%��H A − Γ
�
A.B B�3EA�#E;93�FEA 9�: Γ ���

� N ,HG " ;�I�J @ A'A�I ��K�9�: P
B'A�K

ε1, ε2
�ML�N�@ A�B��), �)����� -�/0�2

(2.1) H9O�P%Q
R�S�T > 	 I�*�F�A<F
P (A + De−Γh) + (A + De−Γh)TP + (ε1 + ε2)PDJDT P

+
h

ε1
(A − Γ )T (A − Γ ) +

h

ε2
DTD < 0 (2.6)

U � � , J H
5%:�3�V�W�� *�F�A<F
J =

∫ 0

−h
e−Γ (s+h)e−ΓT (s+h)ds (2.7)

X%Y -�/<0 2
(2.5) 354�6�; xt = x(t + η), η ∈ [−h, 0]

B @ A1FHA)I ��Z%[ K
V (xt) = xT (t)Px(t) + W (xt)

W (xt) =
1

ε1

∫ 0

−h

∫ t

t+s
xT (θ)(A − Γ )T (A− Γ )x(θ)dθds

+
1

ε2

∫ 0

−h

∫ t

t+s−h
xT (θ)DTDx(θ)dθds

3 -)/10�2 (2.5) 3  �\�] �
^`_ U <%[ K ;
a�b @ A�B<,
V̇ (xt) = xT (t)[P (A + De−Γh) + (A + De−Γh)TP ]x(t)

−2xT (t)P

∫ t

t−h
DeΓ (t−τ−h)[(A − Γ )x(τ) + Dx(τ − h)]dτ + Ẇ (xt)
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B�3�A1F 0 � N , J ; (2.7) "�3 #�; ��� ��B<,���� 3 ε1 > 0, ε2 > 0 ��� � N

−2xT (t)P

∫ t

t−h
DeΓ (t−τ−h)[(A− Γ )x(τ) + Dx(τ − h)]dτ

= −2xT (t)P

∫ 0

−h
De−Γ (s+h)[(A − Γ )x(t + s) + Dx(t + s − h)]ds

≤ (ε1 + ε2)x
T (t)PDJDT Px(t) +

∫ 0

−h

(

1

ε1
xT (t + s)(A − Γ )T (A − Γ )x(t + s)ds

+
1

ε2
xT (t + s − h)DT D

)

x(t + s − h)ds

� M D A)(�B1,�� U

Ẇ (xt) =
1

ε1

∫ 0

−h
[xT (t)(A− Γ )T (A − Γ )x(t) − xT (t + s)(A − Γ )T (A− Γ )x(t + s)]ds

+
1

ε2

∫ 0

−h
[xT (t)DTDx(t) − xT (t + s − h)DT Dx(t + s − h)]ds

*�F�A�()B ;1L M A�B+,

V̇ (xt) ≤ xT (t)[P (A + De−Γh) + (A + De−Γh)TP + (ε1 + ε2)PDJDT P

+
h

ε1
(A − Γ )T (A − Γ ) +

h

ε2
DTD]x(t)

B�3�A1F
V (xt) > 0 (xt 6= 0)

3 3 *�, (2.6) " ��� $
	 N�� ,
��������� 3 I�� #%$.-/<0�2
(2.5) 39O�P)Q�R�S�T > 	 I���� M D A1F � U � _ N , -�/+0�2 (2.1) � O�P�Q

R�S�T > 	 I�*�F�A1F 2B)(��)*�, ��
 " (2.6) ; LMI ��� @ A�B 5%:�3�� � <)= + A<F
�

2. 1 9): D
��@�A�BE3 C.D%�)H A − Γ

��A�B!B�3EA�#�;�3�F�A 9): Γ ��� �N , 5%:)3 LMI ;�I�J @!A7A�I ��K)9): X
B7A�K

ε1, ε2
��L�N)@!A)B
�), �%���

� -)/10�2 (2.1) H6O�P%Q�R�S�T > 	 I�*�F�A1F






S X(A− Γ )T XDT

(A − Γ )X − ε1

h I 0

DX 0 −ε2hI






< 0 (2.8)

U � �

S = (A + De−Γh)X + X(A + De−Γh)T + (ε1 + ε2)DJDT .

� 1
*�� � U #%; � ,JI�� 2. 1 3 ��
 H LMI

��
 B
3 $ , a�b� �;1L M�N�!�" #
� 	 I�� ;�#�$�%'& @ A)()B
�)*���A<F�� = � , Γ ��[ � N H LMI

B�3 _ N � *�(
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Fig. 2.2: Stability region of (2.9)

��� 3
Γ ;���� (�B � #�$ ,��
	 � ;���
 � U �.
 B�3�A�F<( 3 ()B ; �)@ U (

� ,./
��� �
ẋ(t) + αx(t) + βx(t − 1) = 0 (2.9)

� ��
 ; � L � N 2 A<F M ��, A�K α, β, ε ��5 M�N , αε + b
ε ≥ 2(ab)1/2 � � $ 	 5()B ;��)L @ A)B<, Γ 6= 0 3 B
����
 " (2.6) H ,

α + βe−Γh − (|β(α + Γ )|+ β2)

(

(1− e−2Γ )h

2Γ

)1/2

> 0 (2.10)

B�3�A1F
Fig. 2.2 � , ��
 " (2.10)

* 3 Γ 36�)� #�A 	 I�� P 3���� ; α− β ���)� �1� U F
R
�
����H Γ = −1.5 3 B
�), �
��H Γ = 0 3 B
�)F�� ��H Γ = 1.5 3 B
�)*), M (
+ ��� 3� 
! � 	 I�� P *�F A+F 3 � , Γ 3�� ;�� D N�" *,+ U � P 3�#
$�D ;�%
� *��1� U F ( 3 (�B = *., �
� 3 Γ ;&��� (�B � # _ N , #%$(' M 	 I�� P ; �
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5 (�B���� = A�F � U , Γ = 0 3 B�� 3�	 I�� P�H , Li
* 3 ��
 [10]

B�
 � M F (
3 ()B = * ,JI�� 2. 1 3 ��
 H Li

* 3 ��
 ;����)����� * M A�(�B���� = A+F

2.4 � � ��� ��� � ��� �  # LMI ! $ % & ' " LMI & ' I #
$�% *�&�( U 	 I���
 H , FLTI

-)/10 2 3 -�/10 2 9�: Γ 3 ��&)Q 3�')(�( �)�* ��F _ U F,+ % B'G % * H , @.- N 3/� ���/�0� 9): ; LMI 3�� K 9�: B�� U
	 I���
 ;�<�1 @ A1F2 N ,.-)/<0�2

(2.1) H ,���� 319): Γ ;1L M)N

ẋ(t) = (A + Γ )x(t) + (D − Γ )x(t − h) − Γ

∫ t

t−h
ẋ(s)ds

= (A + Γ )x(t) + (D − Γ )x(t − h) − Γ

∫ t

t−h
[Ax(s) + Dx(s − h)]ds (2.11)

B7�%��8 D A�(�B���*���A+F ( 3 -)/+0�2 (2.11) �9� @ A 	 I���
 ;�<�1 @ A)(�B*)-)/10�2
(2.1) �6� @ A 	 I���
)� 5%:�3 #�; ��<%= + A+F

>�?
2. 2 5):�3 LMI ;�I�J @ A 9): M

B'A)I ��K�9): P , Q, R1, R2
�
L�N�@ A

3 *.,.-�/<0�2
(2.1) H9O�P%Q�R�S�T > 	 I�*�F�A<F












S M M PD − M

MT − 1
hR1 0 0

MT 0 − 1
hR2 0

DTP − MT 0 0 −Q













< 0 (2.12)

U � � ,

S = PA + AT P + M + MT + hATR1A + hDT R2D + Q.

X%Y -�/+0�2
(2.11) 3 4�6�; xt = x(t + η), η ∈ [−h, 0]

B�� N ,<('+ �
5 M)N 3 AI ��Z�[ K

V (xt) = xT (t)Px(t) +

∫ t

t−h
xT (θ)Qx(θ)dθ + W (xt)

W (xt) =

∫ 0

−h

∫ t

t+s
xT (θ)ATR1Ax(θ)dθds

+

∫ 0

−h

∫ t

t+s
xT (θ)DTR2Dx(θ)dθds



14 � 2 � ������� -�/<0�2 3
	 I���


3 -)/10�2 (2.11) 3  �\�] ��^�_ U <�[ K ;�a�b @ A)B
V̇ (xt) = xT (t)[P (A + Γ ) + (A + Γ )T P ]x(t) + 2xT (t)P (D − Γ )x(t − h)

−2xT (t)PΓ

∫ t

t−h
[Ax(s) + Dx(s − h)]ds + xT (t)Qx(t) − xT (t − h)Qx(t − h)

+Ẇ (xt)

B�3�A1F (�(1*),���� 3 R1 > 0, R2 > 0 ��� � N
−2xT (t)PΓ

∫ t

t−h
[Ax(s) + Dx(s − h)]ds

≤ hxT (t)PΓ (R−1
1 + R−1

2 )Γ TPx(t) +

∫ 0

−h
xT (t + s)ATR1Ax(t + s)ds

+

∫ 0

−h
xT (t + s − h)DTR2Dx(t + s − h)ds

B�3�A�()B�B
Ẇ (xt) = hxT (t)AT R1Ax(t) + hxT (t)DTR2Dx(t) −

∫ 0

−h
xT (t + s)AT R1Ax(t + s)

−

∫ 0

−h
xT (t + s − h)DTR2Dx(t + s − h)ds

B�3�A�()B ;1L M A�B
V̇ (xt) ≤

[

xT (t) xT (t − h)
]

[

S11 S12

ST
11 S22

][

x(t)

x(t − h)

]

B�3�A1F U � �.,
S11 = P (A + Γ ) + (A + Γ )TP + hPΓ (R−1

1 + R−1
2 )Γ T P + hAT R1A + hDTR2D + Q

S12 = P (D − Γ )

S22 = −Q.

V (xt) > 0 (xt 6= 0) ��= *., ����� ��� 3 I�� #�$
[

S11 S12

ST
12 S22

]

< 0 (2.13)

�=-�/�0E2
(2.1)

� 	 IE*.FGA U ( 3��.W ��
!B�3EA�F+(=(�*�, PΓ = M
B � M=N

Schur complement ;+L M A)B1, (2.13) " #�$ (2.12) "�; " A<F 2I �
2. 2 3 ��
 ��� M)N , < � � U � ��� ��� 9): Γ H (2.12) " 3  M , X ;�LM=N

Γ = MX−1 B�� N &%(EA)(�B��)*.��A1F�� U ,<()(1* " * + U � 
 H @�- N
3 � � ��� � 9�: � LMI 3�� K 9�: B�3 _ N � $ $�% 3 � 
 3 #%; � ,�� 9����
Q��	� @�
�����3 M F
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2.5 � � ��� � 	 ��� �  G# LMI ! $ % & ' " LMI & ' II #
��(., 	 I/��
 ;6< 1 @ A U ( ��

� ; � N � � F -�/ 0 2 (2.1) ��� M�N , 9�: D

H
rankD = l

*�F�A�B%� , 0)3���O�� K W  3�� 5�;
D = BC, B ∈ Rn×l, C ∈ Rl×n

B.@ A1F 0 � N ,���K%���)I 3 m
G 


m ≥ l � ��� -�/10�2
ż(t) = Fz(t) + Gx(t), z(t) ∈ Rm (2.14)

y(t) = Hz(t), y(t) ∈ Rl

;�<�� @ A+F U � �., z(t) 3�����3�� $ ( H�������= * ,
H =

[

Il 0
]

B � M�N �'R� � ;�! ��3 M 3 *�,#"�$�* H H ��%)H I � _ N)M A �+3 B @ A<FM ��,.-)/<0�2
(2.1)

B
(2.14) = *93 A'& O��

[

ẋ(t)

ż(t)

]

=

[

A 0

G F

][

x(t)

z(t)

]

+

[

D 0

0 0

][

x(t − h)

z(t − h)

]

(2.15)

3�	 I�� ��5 M�N C�D N 2 A�B+, � � -)/<0 2 (2.1)
� 	 I�*�3 % + � & O�� (2.15)

�'	 I */3 M (�B H
( * = */F A5FM� U � _ N ,)& O�� (2.15) 3'	 I�� � � $
	 N � ,-)/<0�2
(2.1) 39	 I�� � M D A<F 0 (<*�"�$�* H ,�& O�� (2.15) 39	 I�� ��*�+ @A�(�B � � N , (2.15) ;'5):�3 #); ���,� � N � � F @ 3.�.-�, e(t) = Cx(t−h)− y(t)B � M�N

e(t) = Cx(t − h) −

∫ t

t−h
ẏ(s)ds − y(t − h)

= Cx(t − h) −

∫ t

t−h
H(Fz(s) + Gx(s))ds− Hz(t− h)

B�3�A�()B ;1L M A�B+, -�/<0�2 (2.1) H
ẋ(t) = Ax(t) + BCx(t − h) + By(t) − By(t)

= Ax(t) + Be(t) + BHz(t)

= Ax(t) + BHz(t) + BCx(t − h) − B

∫ t

t−h
H(Fz(s) + Gx(s))ds− BHz(t − h)
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B�3�A1F � U � _ N ,�& O�� (2.15) H
[

ẋ(t)

ż(t)

]

=

[

A BH

G F

] [

x(t)

z(t)

]

+

[

BC −BH

0 0

] [

x(t − h)

z(t − h)

]

+

[

−B
∫ t
t−h H(Fz(s) + Gx(s))ds

0

]

(2.16)

B ��� *�� A1F���� 3 U ( � ,�"�$)* H (7+ ;
ξ̇(t) = Âξ(t) + D̂ξ(t − h) + f(t) (2.17)

B7� � F U � � ,
Â =

[

A BH

G F

]

D̂ =

[

BC −BH

0 0

]

f(t) =

[

−B
∫ t
t−h H(Fz(s) + Gx(s))ds

0

]

ξ(t) =

[

x(t)

z(t)

]

.

( 3 B���, -�/ 0 2 (2.1)
� 	 I */F A U ( 3 ��W �/
)��, 5):�3 # ; � " * + A5F

>�?
2. 3 5 :�3 LMI ;MI U @ 9�: M

B'A�I ��K�9�: X, S, R
��L�N�@ A�3 * ,J-

/<0�2
(2.1) H9O�P�Q�R�S�T > 	 I *�F�A1F







S11 S12 S13

ST
12 S22 0

ST
13 0 S33






< 0 (2.18)

U � � ,

S11 =

[

A BH

0 0

]

X + X

[

A BH

0 0

]T

+

[

0

M

]

+
[

0 MT
]

+ S

+h

[

B

0

]

R
[

BT 0
]

S12 = MTHT

S13 =

[

BC −BH

0 0

]

X

S22 = −
1

h
R

S33 = −S.
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X%Y M ��, -�/+0�2
(2.17) 3 4�6 ; ξt = ξ(t + η), ∀η ∈ [−h, 0]

B)� , (7+ ��5 M�N
3 A)I ��Z)[ K

V (ξt) = ξT (t)Pξ(t) +

∫ t

t−h
ξT (θ)Qξ(θ)dθ + W (ξt)

W (ξt) =

∫ 0

−h

∫ t

t+s
ξT (θ)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(θ)dθds

;<C�D A�F (�( � , P , Q, R H M (�+ � A)I ��K�9=: *�F�A<F 0 � N (M+ ; ,.-)/0�2
(2.17) 3  �\�] �
^`_ N�� W @ A�B

V̇ (ξt) = 2ξT (t)PÂξ(t) + 2ξT (t)PD̂ξ(t − h) + 2ξT (t)Pf(t)

+ξT (t)Qξ(t)− ξT (t − h)Qξ(t − h) + Ẇ (ξt) (2.19)

B�3�A1F B�( �)*�,

P =

[

P1 P0

PT
0 P2

]

B � ��B<, ��� 3 R > 0 ��� � N
2ξT (t)Pf(t) = −

∫ t

t−h
2ξT (t)

[

P1

PT
0

]

BH
[

G F
]

ξ(s)ds

≤

∫ t

t−h

(

ξT (t)

[

P1

PT
0

]

BRBT
[

P1 P0

]

ξ(t)

+ξT (s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(s)

)

ds

= hξT (t)

[

P1

PT
0

]

BRBT
[

P1 P0

]

ξ(t)

+

∫ 0

−h
ξT (t + s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t + s)ds

��� $�	 5 (�B)B<,
Ẇ (ξt) = hξT (t)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t)

−

∫ 0

−h
ξT (t + s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t + s)ds

B�3�A�()B ;1L M A�B+, (2.19) " H
V̇ (ξt) ≤

[

ξT (t) ξT (t − h)
]

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

] [

ξ(t)

ξ(t − h)

]



18 � 2 � ������� -�/<0�2 3
	 I���


B ��� *�� A1F U � � ,

Ŝ11 = PÂ + ÂT P + Q + h

[

P1

PT
0

]

BRBT
[

P1 P0

]

+ h

[

GT

FT

]

HTR−1H
[

G F
]

Ŝ12 = PD̂

Ŝ22 = −Q.

( * =�� V (ξt) > 0 (ξt 6= 0) ��= * ,
�
����� � 3 I���#%$
[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

]

< 0 (2.20)

��& O�� (2.17)
� O�P)Q�R�S�T > 	 I�*�F A U ( 3 ��W ��
 B�3 A<F ()(+*�, Schur

complement ;1L M)N ��� �., 0 + 3��
 �= * X = P−1 ;�=�% A�()B � #%$ , (2.20)

" B 
��%3

XŜ11X + DQ−1DT < 0

; " A<F S = XQX , M =
[

G F
]

X
B � M�N Schur complement ;<L M A)B I�� 3 �


 "�; " A+F 2

��� -)/10�2 (2.14) 3 -)/+0�2 9): (F, G) H ,JI�� 3 3 LMI
��
 3  M , X

#)$

[

G F
]

= MX−1

B%� N a�b *�� A1F � U , (9+ * 3  M , X H���R *�3 M U (�, ��� -�/<0 2 H�R
��* H 3%����K � L�N�@ A�()B � 3 A<F( 3 I ��* H ,	��
 Q 3�& O��E;
� � � N 	 I.��
 ;�< M�N)M A���, <�� � U
��� -�/<0�2 (2.14) H���� 3���� ;�� U � N�M A 3�=);1C�D N 2 #�; F ( 3 ()B ;
� A U ( � ,#& O�� (2.17) 3�����%�&�����;�� ��B<, Fig. 2.3 3 #); � 3�A+F<()(+*�,
N(s) H (2.14) " 3�� � -)/�0�2�*.F $ ,<( 3���= * ��� -�/<0E2 N(s)

��� � �	�
-)/+0�2 ��� @ A���������
 ;
< ��B�� �+L M *,+ A���� # � �� �! [32] 3�" � ;
� N)M A�B C D *,+ A<F %�# , I�� 2. 3 3 ��
 � , ��� -�/<0 2 3 -�/10�2 9): �
�%$ � K B�� N � + N�M A1F ( 3 #E; � ,'& W 3
�($ � K ;�) ��* D A�()B � #
$

LMI 3 ���
+ �
, � U (=B1*),���	�����- # 2 + U ��
 � 3 _ N�M A�B CED *
+ A<F<( 3 (�B H , G % *<K ��.)� #�$��)@ F
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��
��

��
��

y(t)

y(t)

+

+

+

−

e(t)

u(t) x(t)

N(s)

Ce−sh

ẋ(t) = Ax(t) + Bu(t)

N(s)

Fig. 2.3: Block diagram of augmented system (2.17)

2.6 $ % & ' � ���
(�(���*�*�,	��

� 3�	 I���
 ;�<01 � N � U ��, 0 +���+ 3 ��
 H��+3 #);'3

[ � � 3 _ N)M A 3 *�F�� ; = F 0 + ; ��@ U (),./
��� �
ẋ(t) + αx(t) + βx(t − 1) = 0 (2.21)

��� @ A 	 I�� P�;�0 +��
+ 3 I�� ;<L M)N &�(�, 0 + ;��
� @ A1F
��(�I��

2. 1 3 ��
 
 " $�* H ��
 1
B�� ��� H , 2.3

% * � � U #); �
α + βe−Γh − (|β(α + Γ )| + β2)

(

(1− e−2Γh)h

2Γ

)1/2

> 0 (2.22)
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Fig. 2.4: Stability region

B�3�A1F ( 3 ��
 H Γ ; ��� �&��� 
 �%��F�A��),<()(1* H , 2.3
% *�&�( U

Γ 3
��;&��D N�" *�+ U � P�3�#
$�D�; ��
 1 3�	 I�� P B)� N � � F
5%:�� , I�� 2. 2


 "�$�* H ��
 2
B�� ��� 3 ��
 ; (2.21) "�� � L @ A�B+, ��


"�H
α − m − h(|αm|+ |βm|)− 2|β + m| > 0 (2.23)

B�3�A1F
���)� , I�� 2. 3


 "�$�* H �/
 3
B � �.� 3 ��
 */F A���, ('+ �M5 M�N H & O

��;+C�D N�M A U (�, ��� -�/+0�2���/���� � *�F _ N � ��
 " ; /�� � 3 � * �@ ()B H *���3 M F 0�3 U (�, α, β ;�0 +���+ LMI
��
 ���.� � N � P�; &%( A1F

Fig. 2.4 ��0 + � + 3 � 
�*�& � _ U 	 I�� P�; ��@ F %
� ����
 1 � #�A �13 ,
R
�
��� �
��
 2 � #)A �<3 , � � ����
 3 � #)A �<3 *�F $ , M (�+ � ��3& 
!
� 	 I�� P *�F�A+F�� U , �
� * 
�� ��W ��
 � #�A 	 I
� P ; �1� U FH��
 1

B
��


2 ;���� @ A�B<, ��3���R���� * H ��
 1 3 (%���
	�����	�3 M �13 B
3 _ N
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M A���, ����� � * H ��
 2 3 (��&��	�����	%3 M �13 B
3 _ N � $ , ��� M 3 �

 �����%[ �%��� 	 �93 M (�B���� = A<F���
 3 H ��
 1

B'��

2 3�� ( ;������

#%$���	�� 3 	%3 M ��
 B
3 _ N�M A1F
���)� , 0 +���+ 3 ��
 3	� M ��5 M�N C�D N � � FH��
 1

* H , FLTI
-)/+0�2

3+4�6�7�8�9�: ;+L M�N , �)����� -�/ 0 2 3+4�6�7�8�9�: ; >�?�@ A�(�B ;+C D
U F ( 3 B���, 	 I�� ;+C�D A�
 * L M�N�M A+-�/+0�2 H ẋ(t) = (A + De−Γh)x(t)

B
� 3�4EA+F
� = � , 4�6�7�8�9�: ;+L M�N�M A U (�, FLTI

-�/+0 2 3+9�: Γ H ��

"�3�� * H+9�:�
 K [ K 3�� �����0��B
3 $ , (7+ ; &)(�A)()B H���� * H 3 M F
0 (�*��.
 2

* H , �.
 ; LMI 3
� * < 1 @!A (�B ;�CED U F��.
 1
*�� * B

3 _ U 3)H�	 I � ;<CED A�
�* L M)N�M A1-=/10�2 � De−Γh 3EA 9):�
 K [ K ;
L M�N�M A�()B�*�FEA1F (�(<* H , 	 I � ;�C�D A%; D * L M=N�M A<-�/<0E2 ;
ẋ(t) = (A + Γ )x(t)

B � 3<@ (�B���*���,<(7+ � #�$ � � ��� � Γ H�9):�
 K [ KB H 3 * ( ,H��
)� LMI
B
3 _ U B C D *�+ A<F�� = � ,./�� � �)��� @ A 	 I��

P%= * � = A�#�; � ,���
 1 ��� - N ��
)�	��� 2 + A�B H M D ( , ��� M ��� 	
3 �<3�� @ : 3 M F( 3 ��	�� ; ����@ A U (),���
 3

* H�� ������� 9�:�; ,���@ (�B ;<C�D U F
��� Q���H ��
 2

* C�D N�M U I)K 9):�;��%Q -�/+0�2)*�����8 D N�M A+FH��
 3* L M U 3���Q -)/10 2 (2.14) ��� M)N
u(t) = Γx(t)

B%� U �+3 �
��
 2
B�3 A��),<( 3���Q -�/+0�2 ��H������ ��3 M U (�,H��
 2 ;

� ��� ��� * M A)B H M D 3 M F�� = � , ��Q -�/<0E2�� ��WE� ' M� "!$#&% ;
�75�'�P�(�) �+* ����*�F A)B�� ��H�	 I�� 3 ��, ��[ � N ��
 2 ;�%�-)Q��/���* M A�B M D A1F 0)3�R (�*�,H��
 2 ��� - � �����0� 9): ��, D N)M A U (�,H�



3 3 ()��#)$ ) � 3�a�b�. �	
���*�F $ , a�b�.�3�/���= * H�0�� 3���
�*�F�AB M D A<F
5):�� ,21 3�3�4 3 ���)Q 3 	 I���
 B +�5 3 * <01 � U ��
 3 ; - LMI

B�3 _N)M A	6 5 3 ��
 �
5 M)N ��� @ A+F�� ( , -)/10�2 (2.1) ��� M)N
A =

[

−2.0 0.0

0.0 −0.9

]

D =

[

−1.0 0.0

−1.0 −1.0

]



22 � 2 � ������� -�/<0�2 3
	 I���


Table 2.1: comparisons among various conditions (ex. 1)

	 I���
 h̄ ������� �  /�� 	 I���� 3 &��
Su[13] 0.4045 ��� �

Niculescu
*

[15] 0.9999 �	0
� �
Li
*

[10] 0.9999 �	0
� 
 �&����� �
LMI
��


I

 +�5 3.� 0.9999 �	0
� 
 �&����� �

LMI
��


II

 +�5 3�� 2.107 �	0
� 
 �&����� �

Park[16] 4.358 �	0
� 
 �&����� �
Zhang

*
[17] 6.150 �	0
� �

Table 2.2: comparisons among various conditions (ex. 2)

	 I���
 h̄ a�b�. 
 flops�
LMI
��


II

 +�5 3.� 1.000 2561

Park[16] 0.1100 2635

Zhang
*

[17] 0.9997 4666

B.@ A
[16]
F+( 3 B���,
	���
 � # _ N 	 I�� ; ��, *�� U h 3���O�� h̄ ; Table 2.1

� �)@ F Table 2.1 = * � = A�#); � , +�5 3 * <�1 � U 	 I���
 H (9+���* ��<�12 + U ��
 3�) ��#�$(�
	�� ;���
 � U �+3 B�3 _ N)M A�()B���� = A+F � U , (
3�. * H Park[16] 3 ��
�, � #�� Zhang

*
[17] � � - N �
	 Q *�F A���,+(7+1* 3 �


 H��  /
� 	 I���
�� �����%�����)3
C�D � 3 &�������� Q���� � M F
5%:�� , Table 2.1 3 $ 3���5 ��
 ��5 M)N 2 * ��� � @ A U ( 5):)3 K �(. ;1C
D A<F.-�/<0�2 (2.1) ��� M)N

A =

[

0.990 0

−3.98 −1.00

]

D =

[

−1.00 0

2.00 0

]

B.@ A1F
Table 2.1

B�� S%� 	���
�* 	 I�� ; ��,�* � U h 3���O�� h̄ ; Table 2.2 �
�)@ F ( 3�C�D , Table 2.1

* H Park 3 �.
�� R�� ��	��%��� � , +�5 3E3 LMI
��


II
� R�� ��	��)� ��
 2 + N�M A+F ( 3 #�; � , ('+ * 3���5 3 ��
 H�0 +���+ �
�E[ ��� 3 M (=B
� � = A�F � U , 0 + ��+ 3
a.b�.E; ��� @!A U (), Matlab 3
flops ; � � U F LMI

��

II
, � #�� Park 3 ��
 H F�� $ � ��*'3 M ��, Zhang

* 3
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. C�W XYE��
%HZ�[Y� E�� + P�Q
R�S�T :�U V ��\�]
^�_�`
a�C FLTI T :�U V �
b�# )�c�d
e �@f�g C�hFE��
%ji
�kf�g * P�Q�R,S���l1��m 	�n m������,� *�o,p ��
�� )�q � 	 +0q ��r4s�t/uv `
a C�w
x�y
� 
@z
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� 
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i
� 	 ) ��| +H} `
~
� y
��� e
��� �
q �
�
�"�����
� �
q �0��%0b�i )�+ Z��
��f
g4� E���`�a
��z ��z�b�#4�@��C����
Q��) r"s�t�u v `�a�C�W��<E + b���`�a4
 LMI ����z�`�a"��E���������-�.�C�W�X
E���%�Z M�*�+ Z(���/f�g ) W,�<E6��r�s�t/u v `�a1C��1y�T :�U1V�)/� �/���
��i���C��1����%�r4s�t�u v `�a ����� E���i�� + 2"3�5 Kharitonov[19]

� ���<E
�����
��C�� ����� i�����3�� +¡ �¢�£ C�¤�¥FE�� LMI ¦�� =�? -
.�C�W X"E@��%
b"E@� + i�#F!���-
. C :
§ s@¨�C�� ����©
ª C e �
i
��� 3«�@��b�#�¬�# ��­ �
C���� + b�#�¬�#���-
.�����®�C�¯Y!�°��"E��
%
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3.1 � J
� L )
*�+HM
N�O ��P�Q
R
S�� =
? -
. C�W�XYE@��%kE@°4E +����
e ��T :�U�V
C�z
������	 )�
 E@����
 +���� ��z
������	 C��Y�
i
� *���� )�q � E + 
 E��
��i�� ��) ���1��E��1
�w�x����������1��� e ��
�� ),* ����°1
�E$#��,��%0b
���
� +�� T :�U V �@z
������	 ��S
� * ����	 B ��� �����
e ��% b i )
+ z��
����	 C���[��
T :�U V
)
* � G +$q ����
 �� e �

�� � E@��w
x������ C�`F�8�9�: ; w�x�� 8�9�: ;"!�#��%$�& m�#1��'��,%¡P1Q�R�S�C1
�7 !�# ¨���2��,�

)(�* )�q � +�8�9�: ;>=,? -�. ��+ ����W1X�m6#����1� [4, 7, 8, 9, 12, 13, 10] % E
°�E + 8�91:<;A=�? -�.�C/W4G����,�������,��� =,? -�. �/ �¢ y��1
�� )�q �
�,� ! #�� 8�91:<;A=,? -�."
  �¢ y��1
����,��� ��+ i�#.- ) W�X1m�#���',�8�9�: ;A=
? -�. * i���/10���2��
�  �¢ y���
����������
����%
b i ) K
L )
*
+ � L ) W XYE@� =/? -
. ��2�3 �
� 8@9 :F; =
? -
. C6W X e
�k%�i�# *�+ � L ) �1��� =�? -�. ��465 ��(�*1��-,."31�  �¢�£ C�¤,¥<E6��

�����0�0��� ����� + b�#���2�3 ��� 8@9 :<; =
? -�.Y
  
¢�£ � ¤
¥"m@# ��
��
��� ���
� )
q ��%7-�� +HM�N
O � =
? -
.�C�W X"E@� �
+��18 ��� ��� e � LMI

-�."��� ����������7�� =�? -�. C 8@9�:F; =�? -�. ��9;: e ��%�i�i )�*
+ T :U�V ��<�=�°�m���>1s : ��E���R����1?@	 V�o�A ¦���
�� � ®�z�`�a�� q ��
��
C���� ��%�-�| + � L ��Z �
��f
g���2�3 ����-�. B LMI -�. ICj��2�3��
� 8@9�:;A=�? -
.�C�W X e � [24]

�
+ P Q�R�S�
@��� e ��
���C�������% P�Q
R�S � �
�
E����%��
�� =,? -�.1C������ =�?�£ C  �D�) '�����E6��
 + P1Q�R,S � ��� e
����b
� =
?�£ ��E�F m@#"�
i�� ��q � [33] �
� + �
��C���GFE���w�x *�H
��)�q

25
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L P�Q�R�S
T :�U�V � 8�9�:<;>=�? -�.

�����,���/% i�i ) P1Q�R,S��/7���� �,� ����� *�+ b��/���(��� A �6� B�� �
� A �	� )
q � + P�Q
R�S
���
� e�
 �
C
�Y� �
��*�� �
% 7��
� + P Q�R
S����
��� ��� °��@��
 + b���������C���G<E�� 8�9�: ;A=�? -�.�C�W�X e � [25] %ji�#*�+ P�Q,R�S����,���/2��,��b,��������� A � '%A ������{�C����,{"�1E�� + �
�������
��C�P1Q�R�S,��<�=�°1m�����!6����i,��� ) ' + b,��3�� � / 0���21�
�kP�Q,R�S,���,���/7������ 8�91:<;���=,? -�. ),q �,���,���/%@-�� + i/��-
.�C������ ��� °Y! � ����
 �	���FE@����
 + ����� C���GFE � °0�0� 8@9 : ; =? -�.�C�� � ) ����i
��C�¯"!�°�� e ��%
m�!�� + Z M � =�? -�. B LMI -
. IICk��2�3��
� 8�9�: ;A=�? -�.�C�W�X e �

[26] %ji�#���7���� *�+ P�Q
R�S � ���<E � ����
�C	� ���
��� ��+ LMI -�. I ��2
3 �
� 8@9 :<; =
? -
. C�W XYE��
� ��(! #"
g � 3 � + P Q
R
S � ��� e ����

���@91: ) '���% K�L ) W�X"E������ 8�9�: ;A=�? -�. * ��|�#$� LMI ��� )
%
�"! #���2F� + z
{�y�� p�� 3
G 8�9�:<;>=
?�£ C�=�& ) '�������� � ��������%'�( � + z�{�)�C�������i�#F!���-�.�� o
p�£ ��7�����=�& E���� ��%
3.2 * + ,.- / 0
K�L )�*�+ 7���1�\�]�f�2�� )
3�4 m�#4�@P�Q�R�S�T :�U�V C
5�6Y� e ��%

ẋ(t) = (A + ∆A(t))x(t) + (D + ∆D(t))x(t− h(t)) (3.1)

x(η) = φ(η), η ∈ [−hM , 0]

i�i )
+ x(t) ∈ Rn
* R
7 t

) 1�\�]
��z�1�{ + φ(·)
*�8 S [−hM , 0]

)
9�:;�
<�= �
z + h(t)

* P�Q�R,S�C 
�e�� �"!�° � ��z )�q � + 0 ≤ h(t) ≤ hM < ∞, ḣ(t) ≤ α < 1

C?>�� e ��1�� e ��% -,� + A, D ∈ Rn×n *�? z�`,a + ∆A(·), ∆D(·)
* <�=�°1m�C


�e `�a )
+
∆A(t) = HAFA(t)EA, ∆D(t) = HDFD(t)ED

� 
 m@#4���
1 � e ��%ji
i )
+ HA ∈ Rn×q, EA ∈ Rq×n, HD ∈ Rn×r, ED ∈ Rs×n * �@ �	A�B C��@7�C��;1 ? z
`
a )
q � + FA(t) ∈ Rp×q, FD(t) ∈ Rr×s *�D �;1�`�a )
+

‖FA(t)‖ ≤ 1, ‖FD(t)‖ ≤ 1, ∀t

C
>�� e �	1�� e ��%
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K���� )�*
+ P�Q
R�S�T :�U�V (3.1) 1 8@9�: ; =�?�£ C�7���1 3���� ?���e ��%
��	

3. 1 T :�U�V (3.1)
��+ ®�z�`�aY��P�Q�R
S����"E@��
��Ym�#4� e�
 ��1�<�=

°(m��
5 E��/l�
�y/[�*�� c�=,? � � ���)' + T :/U�V (3.1)
* 8�9�: ;>=,?�)�q

�����4� %
3.3 LMI � � I ��� � ��� ��� - ��� ��� �
� L )
*�+ � N�O 1 =�? -�.�C LMI 1�� ) W X4E�� ��+ i
i )�*�+ LMI -�. I �

263���� 8�91: ;A=,? -,.�C�W1X e �/%�T :�U(V (3.1)
��869�: ;A=�?()�q �����

1! ���-�. ��+ 7���1 3��"� % �"! #"��%
��#

3. 1 7;��1 LMI C	>�� e `�a M ��$ ? 5���`�a P , Q, R1, R2 2"3�5�$ 1 ?
z ε1, ε2, ε3, ε4

������e � � !�% + T :�U�V (3.1)
* 8�9 :<;>=�?�)
q ��%

[

S11 S12

ST
12 S22

]

< 0 (3.2)

��Q"E +
S11 = PA + AT P + M + MT + hMAT R1A +

hM

1 − α
DT R2D

+ε1E
T
AEA + ε2hMET

AEA +
ε3hM

1− α
ET

DED +
1

1 − α
Q

S12 =
[

hMM hMM PHA hMMHA

hMMHD PD − M PHD

]

S22 = diag{−hMR1, −hMR2, −ε1I, −ε2hM I,

−ε3hM I, −Q + ε4E
T
DED, −ε4I}

&�' T :�U V (3.1)
*)( /�1�`�a Γ C�����* +

ẋ(t) = (A + Γ + ∆A(t))x(t) + (D − Γ + ∆D(t))x(t− h(t))

−Γ (x(t) − x(t − h(t)))

��+ '�� ����i�� ��) '���% ��� *
+ x(t) − x(t − h(t)) =
∫ t
t−h(t) ẋ(τ)dτ

�!, ��-�7Yi
��C������
� +

ẋ(t) = (A + Γ + ∆A(t))x(t) + (D − Γ + ∆D(t))x(t− h(t))

−Γ

∫ t

t−h(t)
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ (3.3)
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� � ��% i
i ) xt = x(t + η), η ∈ [−hM , 0] ��7���*�1!$ ? {�� ��z
V (xt) = xT (t)Px(t) +

1

1 − α

∫ t

t−h(t)
xT (θ)Qx(θ)dθ + W (xt)

W (xt) =

∫ 0

−hM

∫ t

t+s
xT (θ)ATR1Ax(θ)dθds

+ε2

∫ 0

−hM

∫ t

t+s
xT (θ)ET

AEAx(θ)dθds

+
1

1 − α

∫ 0

−hM

∫ t

t+s−h(t+s)
xT (θ)DTR2Dx(θ)dθds

+
ε3

1 − α

∫ 0

−hM

∫ t

t+s−h(t+s)
xT (θ)ET

DEDx(θ)dθds

C�������%ji�#���7���*�T :�U�V (3.3) 1�w���� ��������W���z�C���	 e ��� +

V̇ (xt) = xT (t)P (A + Γ + ∆A(t))x(t)

+xT (t)(A + Γ + ∆A(t))TPx(t) + 2xT (t)P (D − Γ + ∆D(t))x(t− h(t))

−2xT (t)PΓ

∫ t

t−h(t)
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

+
1

1 − α
xT (t)Qx(t) −

1 − ḣ(t)

1 − α
xT (t − h(t))Qx(t− h(t)) + Ẇ (xt) (3.4)

� � ��% �
i�
 )�+
��� 1���� A.1 3,� ( /;1 ε1 > 0 �	5<E�*
xT (P∆A(t) + ∆AT (t)P )x(t) = xT (t)PHAFA(t)EAx(t) + xT (t)ET

AFT
A (t)HT

APx(t)

≤
1

ε1
xT (t)PHAHT

APx(t) + ε1x
T (t)ET

AEAx(t)

�!, �"-�� + -�� + ( /�1!$ ? `
a R1, R2 � $
z ε2, ε3 ��5<E *
−2xT (t)PΓ

∫ t

t−h(t)
[(A + HAFA(τ)EA)x(τ)

+(D + HDFD(τ)ED)x(τ − h(τ))]dτ

≤

∫ t

t−h(t)
[xT (t)PΓR−1

1 ΓT Px(t) + xT (τ)ATR1Ax(τ)]dτ

+

∫ t

t−h(t)
[
1

ε2
xT (t)PΓHAHT

AΓT Px(t) + ε2x
T (τ)ET

AEAx(τ)]dτ

+

∫ t

t−h(t)
[xT (t)PΓR−1

2 ΓT Px(t) + xT (τ − h(τ))DTR2Dx(τ − h(τ))]dτ

+

∫ t

t−h(t)
[
1

ε3
xT (t)PΓHDHT

DΓT Px(t) + ε3x
T (τ − h(τ))ET

DEDx(τ − h(τ))]dτ

≤

∫ t

t−hM

[xT (t)PΓR−1
1 ΓT Px(t) + xT (τ)ATR1Ax(τ)]dτ
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+

∫ t

t−hM

[
1

ε2
xT (t)PΓHAHT

AΓT Px(t) + ε2x
T (τ)ET

AEAx(τ)]dτ

+

∫ t

t−hM

[xT (t)PΓR−1
2 ΓT Px(t) + xT (τ − h(τ))DTR2Dx(τ − h(τ))]dτ

+

∫ t

t−hM

[
1

ε3
xT (t)PΓHDHT

DΓTPx(t) + ε3x
T (τ − h(τ))ET

DEDx(τ − h(τ))]dτ

= hMxT (t)PΓ (R−1
1 + R−1

2 )Γ T Px(t) +
hM

ε2
xT (t)PΓHAHT

AΓTPx(t)

+
hM

ε3
xT (t)PΓHDHT

DΓT Px(t) +

∫ 0

−hM

xT (t + s)ATR1Ax(t + s)ds

+ε2

∫ 0

−hM

xT (t + s)ET
AEAx(t + s)ds

+

∫ 0

−hM

xT (t + s − h(t + s))DTR2Dx(t + s − h(t + s))ds

+ε3

∫ 0

−hM

xT (t + s − h(t + s))ET
DEDx(t + s − h(t + s))ds

�!, �"-�7Yi � + m�! �
Ẇ (xt) = hMxT (t)ATR1Ax(t) −

∫ 0

−hM

xT (t + s)AT R1Ax(t + s)ds

+ε2hMxT (t)ET
AEAx(t) − ε2

∫ 0

−hM

xT (t + s)ET
AEAx(t + s)ds

+
hM

1 − α
xT (t)DTR2Dx(t)

−
1

1 − α

∫ 0

−hM

(1 − ḣ(t + s))xT (t + s − h(t + s))DTR2

×Dx(t + s − h(t + s))ds

+
ε3hM

1 − α
xT (t)ET

DEDx(t)

−
ε3

1 − α

∫ 0

−hM

(1 − ḣ(t + s))xT (t + s − h(t + s))ET
D

×EDx(t + s − h(t + s))ds

�
��� i � + 2"3�5 1 − ḣ(t) ≥ 1− α C���� � � (3.4) � *
+

V̇ (x) ≤ xT (t)Ŝ11x(t) + 2xT (t)P (D − Γ + ∆D(t))x(t− h(t))

−xT (t − h(t))Qx(t − h(t))

=
[

xT (t) xT (t − h(t))
]

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

] [

x(t)

x(t − h(t))

]

�
��� % �
Q4E +
Ŝ11 = P (A + Γ ) + (A + Γ )TP +

1

ε1
PHAHT

AP + ε1E
T
AEA + hMPΓ (R−1

1 + R−1
2 )Γ TP
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+hMAT R1A +
hM

ε2
PΓHAHT

AΓT P + ε2hMET
AEA +

hM

1 − α
DTR2D +

1

1− α
Q

+
hM

ε3
PΓHDHT

DΓT P +
ε3hM

1 − α
ET

DED

Ŝ12 = P (D − Γ + ∆D(t))

Ŝ22 = −Q

)�q�� % V (xt) > 0(xt 6= 0) Q�°"!������ ?���1 ?	� 3��
[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

]

< 0 (3.5)

� T :�U V (3.1)
� 8�9
:�; = ? )�q � ��
 1  �� -�. � � � %Ai�i ) Schur complement

C���� � � + Ŝ22 < 0 3�� (3.5) � *

Ŝ11 − Ŝ12Ŝ
−1
22 ŜT

12

= Ŝ11 + P (D − Γ + HDFD(t)ED)Q−1(D − Γ + HDFD(t)ED)T P

< 0 (3.6)

����
 )/q � % b1E * + ��� 1 �/� A.2 3�� Q−ε4E
T
DED > 0 C > � e ε4 > 0 � 5FE *

P (D − Γ + HDFD(t)ED)Q−1(D − Γ + HDFD(t)ED)TP

≤ P (D − Γ )(Q− ε4E
T
DED)−1(D − Γ )TP +

1

ε4
PHDHT

DP

�!, �"-�7Yi � C���G e � � +

Ŝ11 + P (D − Γ )(Q− ε4E
T
DED)−1(D − Γ )TP +

1

ε4
PHDHT

DP < 0 (3.7)

C?> ��� % (3.6) � * > ��m6# � %j3 � * + (3.7) � �/2���* M = PΓ � 2 ��* Schur

complement C���� � � (3.2) � � � ! # � % 2

� i�
 )�+ ?	� 3.1 3 � + P�Q�R�S � R�<�� B h 4
= h(t) = hM , α = 0 C 1���
�1 8�9:<;A=�? -
. ��7���* + 7���1�¨ � ��� ��W�� � %

�
3. 1 7���1 LMI C	> � e `�a M � $ ? 5���`�a P , Q, R1, R2 2"3�5�$�1 ? z

ε1, ε2, ε3, ε4
������e �

� ' + P�Q
R�S�C�R�<�� � E ��T :�U�V (3.1)
*,8�9 :<;A=

?�)�q�� %
[

S11 S12

ST
12 S22

]

< 0 (3.8)
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��Q"E +

S11 = PA + AT P + M + MT + hAT R1A + hDT R2D + ε1E
T
AEA + ε2hET

AEA

+ε3hET
DED + Q

S12 = [hM hM PHA hMHA hMHD PD − M PHD]

S22 = diag
{

−hR1, −hR2, −ε1I, −ε2hI, −ε3hI, −Q + ε4E
T
DED, −ε4I

}

.

i�i )�+ ?�� 3.1 1 8�9 :<;>=
? -�. ��4�5 1�(�*;1 8�9 :<;>=
? -�. C���� )
�
� i � C�h E *�2"G>% 4�5 -�. � E * *�+ T :�U V (3.1) � (�* � ?�	 V�o�A ¦�1

<�=�°1m�C�����Q,T :�U�V C
5�6 � E + °�7 LMI ¦ B LMI -�.$��E�G * LMI ���
����� � -
.�C � � � * � � ��� [4, 10] 1;��1 � e � %
-�| + ��� [4] 1 Theorem 1 ��2 ��* K = 0 � E ����
 B & '
+��
	 1 ����
 C�C	5

6 � e ����+���	 1
*

LMI -�. )�*�� ��1 )�+ ED = 0 � 2���* LMI -�. � E ���

���7���*�©�ª e � %ji
1 � ' +��
	 1

)
*�+

PA + ATP +
1

1 − α
PDR−1DT P + R + ρP

(

HAHT
A + HDHT

D

)

P +
1

ρ
ET

AEA < 0

C
> � e $ ? 5���`
a P , R � $;1 ? z ρ
������e �

� '
T :�U V (3.1)
*�8�9�:F;

=�?1),q � i � � ��� � % [�f +�? � 3.1 ��2 ��* ED = 0 1 � ' (3.2) � ) Γ = 0,

R1 → 0, R2 → 0, ε2 → 0 � 2 ' + ε1 = 1
ρ , ε4 = 1

ρ , Q = (1− α)R �
e �

�
+���	

1 ��� E
G � � % E � � � * + r s�t�u v 1 ����� �
� �	� +¡?�� 3.1 1�f ��� ��-
. )
q �
i � ��� ° � %
7���� + ��� [10] 1 Theorem 3.1 B &�'
+���	 2 ����
 C � ©
ª<E"*	�"3 � % ��	 2*�+ P�Q�R,S � R�<,� � ��
(C�� ��* � � 1 ) ¨ 3.1 � ©,ª e � % ��	 2 1 LMI -
.�C!+1'���� � �

P (A + D) + (A + D)TP + P (δ1HAHT
A + δ2HDHT

D)P +
1

δ1
ET

AEA +
1

δ2
ET

DED

+h[AT (δ3I − δ4HAHT
A)−1A +

1

δ4
ET

AEA]

+h[DT (I − δ3I − δ5HDHT
D)−1D +

1

δ5
ET

DED]

+hP [DT (I − δ6E
T
DED)−1D +

1

δ6
HDHT

D]P < 0

δ3I − δ4HAHT
A > 0

(I − δ3)I − δ5HDHT
D > 0
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I − δ6E
T
DED > 0

�
� � i � C�� � � � + ¨ 3.1 1 (3.8) � ��2 � * M = PD, Q = hPDET

D( 1
δ6

I −

EDET
D)−1EDDTP + 1

δ2
ET

DED + h
ε6

PHDHT
DP + εI , R1 = (δ3I − δ4HAHT

A)−1, R2 = (I −

δ3I − δ5HDHT
D)−1, ε1 = 1

δ1
, ε2 = 1

ε4
, ε3 = 1

δ5
, ε4 = 1

δ2
� 2�������� � ��
 ��+���	 2 �

� E�G ��� % ��Q4E ε
*  �� n m � $�z )
q�� %

i
1 3�� � + $�& E � 8�9 : ; =�? -�. * ��� [4, 10] 1 8�9 :<; =�? -�.;1 ��|
#�C������ � ��
 � E *���� ) � � %
3.4 � � � � 	 
 �
� ��� � � � ��� - � � � � �

i�i )�* P�Q�R�S�1��,��1�� A � '�A���� ° � ��
 ��b�1�������C ��G E � 89�:F;A=
? -�. C�W�X e � % T :�U V (3.1) �62 ��* + h(t)
* P Q
R�S
C 
�e�9�:��

�kz ),+ h(t) = h + ∆h(t), |∆h(t)| ≤ d, h − d ≥ 0, ∆ḣ(t) ≤ α < 1 C�> � e ��1 � e � %
i
1 � ' + T :�U�V (3.1)

*

ẋ(t) = (A + ∆A(t))x(t) + (D + ∆D(t))x(t − (h + ∆h(t)))

x(η) = φ(η), η ∈ [−(h + d), 0]

� +;'���� � i � ��) ' � 1 )
+ T :�U�V 1�<�= ° m � ®
z
`�a Q	� )�� G + P�Q
R�S���7���*�� ����e � \���C�� ��* � � i � � ��� %
i
1 � ' + T :�U V (3.1) 1 8�9�: ;A=�? -�. � 7���1 3�����W�°�# � %

��#
3. 2 7���1 LMI C�> � e `�a M

+ $ ? 5��,`�a P , Q, R1, R2, R3, R4 � $�1? z ε1 – ε10
������e �
� !���T :�U�V (3.1)

* 8�9�: ;A=
?�)�q�� %
[

S11 S12

ST
12 S22

]

< 0 (3.9)

��Q"E +

S11 = PA + AT P + M + MT + ε1E
T
AEA + hATR1A +

1

1 − α
DTR2D

+ε2hET
AEA +

ε3h

1− α
ET

DED + dATR3A +
d

1 − α
DT R4D + ε4dET

AEA

+
ε5d

1 − α
ET

DED + ε6dAT A + ε7dλHA
ET

AEA +
ε8d

1 − α
DT D

+
ε9d

1 − α
λHD

ET
DED + Q
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S12 = [PHA M M MHA MHD PD PD PDHA PDHD PHD PHD

PHD PHD PD − M PHD]

S22 = diag{−ε1I, −
1

h
R1, −

1

h
R2, −

ε2

h
I, −

ε3

h
I, −

1

d
R3, −

1

d
R4, −

ε4

d
I, −

ε5

d
I,

−
ε6

dλED

I, −
ε7

dλED

I, −
ε8

dλED

I, −
ε9

dλED

I, −(Q − ε10E
T
DED), −ε10I}

λED
= λmax(EDET

D)

λHA
= λmax(H

T
AHA)

λHD
= λmax(H

T
DHD)

&�' T :�U V (3.1)
*)( /�1�`�a Γ C�����*

ẋ(t) = (A + Γ + ∆A(t))x(t) + (D − Γ + ∆D(t))x(t− h)

−Γ

∫ t

t−h
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

+(D + ∆D(t))(x(t− h(t)) − x(t − h)) (3.10)

� + '���� � i � ��) ' � %�i�i )�+ xt
4
= x(t + η), η ∈ [−hM , 0] ��7���*�1�$ ? {

����z
V (xt) = xT (t)Px(t) +

∫ t

t−h
xT (θ)Qx(θ)dθ + W (xt)

W (xt) =

∫ 0

−h

∫ t

t+s
xT (θ)ATR1Ax(θ)dθds + ε2

∫ 0

−h

∫ t

t+s
xT (θ)ET

AEAx(θ)dθds

+
1

1 − α

∫ 0

−h

∫ t

t+s−h(t+s)
xT (θ)DTR2Dx(θ)dθds

+
ε3

1 − α

∫ 0

−h

∫ t

t+s−h(t+s)
xT (θ)ET

DEDx(θ)dθds

+

∫ 0

−d

∫ t

t+s−(h−d)
xT (θ)AT R3Ax(θ)dθds

+ε4

∫ 0

−d

∫ t

t+s−(h−d)−h(t+s−(h−d))
xT (θ)ET

AEAx(θ)dθds

+
1

1 − α

∫ 0

−d

∫ t

t+s−(h−d)−h(t+s−(h−d))
xT (θ)DT R4Dx(θ)dθds

+
ε5

1 − α

∫ 0

−d

∫ t

t+s−(h−d)−h(t+s−(h−d))
xT (θ)ET

DEDx(θ)dθds

+ε6

∫ 0

−d

∫ t

t+s−(h−d)
xT (θ)AT Ax(θ)dθds

+ε7λHA

∫ 0

−d

∫ t

t+s−(h−d)
xT (θ)ET

AEAx(θ)dθds
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+
ε8

1 − α

∫ 0

−d

∫ t

t+s−(h−d)−h(t+s−(h−d))
xT (θ)DT Dx(θ)dθds

+
ε9

1 − α
λHD

∫ 0

−d

∫ t

t+s−(h−d)−h(t+s−(h−d))
xT (θ)ET

DEDx(θ)dθds

C���� + T :�U�V (3.1) 1�w���� � � � ��W ��z�C���	 e � �
V̇ (xt) = xT (t)P (A + Γ + ∆A(t))x(t) + xT (t)(A + Γ + ∆A(t))Tx(t)

+2xT (t)P (D − Γ + ∆D(t))x(t− h)

−2xT (t)PΓ

∫ t

t−h
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

+2xT (t)P (D + ∆D(t))

∫ t

t−h
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

+xT (t)Qx(t)− xT (t − h)Qx(t − h) + Ẇ (xt) (3.11)

�
��� % �
Q4E +

Ẇ (xt) = hxT (t + s)ATR1Ax(t + s) −

∫ 0

−h
xt(t + s)ATR1Ax(t + s)ds

+ε2hxT (t)ET
AEAx(t) − ε2

∫ 0

−h
xT (t + s)ET

AEAx(t + s)ds

+
h

1 − α
xT (t)DTR2Dx(t)

−
1 − ḣ(t + s)

1 − α

∫ 0

−h
xT (t + s − h(t + s))DTR2Dx(t + s − h(t + s))ds

+
ε3h

1 − α
xT (t)ET

DEDx(t)

−
ε3(1− ḣ(t + s))

1− α

∫ 0

−h
xT (t + s − h(t + s))ET

DEDx(t + s − h(t + s))ds

+dxT (t)ATR3Ax(t)

−(1 − ḣ(t + s))

∫ 0

−d
xT (t + s − h(t + s))ATR3Ax(t + s − h(t + s))ds

+ε4dxT (t)ET
AEAx(t)

−ε4

∫ 0

−d
xT (t + s − (h − d)− h(t + s − (h − d))ET

A

×EAx(t + s − (h − d)− h(t + s − (h − d)))ds

+
d

1 − α
xT (t)DTR4Dx(t)

−
1 − ḣ(t + s)

1 − α

∫ 0

−d
xT (t + s − (h − d)− h(t + s − (h − d)))DTR4D

×x(t + s − (h − d)− h(t + s − (h − d)))ds

+
ε5d

1 − α
xT (t)ET

DEDx(t + s − (h − d) − h(t + s − (h − d)))ds



3.4. P�Q�R�S�1�������C���GFE � 8�9�:F;>=�? -�. 35

−
ε5(1− ḣ(t + s)

1 − α

∫ 0

−d
xT (t + s − (h − d)− t(t + s − (h − d)))ET

D

×EDx(t + s − (h − d) − h(t + s − (h − d)))ds

+ε6dxT (t)ATAx(t)

−ε6

∫ 0

−d
xT (t + s − (h − d))ATAx(t + s − (h − d))ds

+ε7dλHA
xT (t)ET

AEAx(t)

−ε7λHA

∫ 0

−d
xT (t + s − (h − d))ET

AEAx(t + s − (h − d))ds

+
ε8d

1 − α
xT (t)DTDx(t)

−
ε8(1− ḣ(t + s))

1− α

∫ 0

−d
xT (t + s − (h − d) − h(t + s − (h − d)))DT

×Dx(t + s − (h − d) − h(t + s − (h − d)))ds

+
ε9d

1 − α
λHD

xT (t)ET
DEDx(t)

−
ε9(1− ḣ(t + s))

1− α
λHD

∫ 0

−d
xT (t + s − (h − d)− h(t + s − (h − d)))ET

D

×EDx(t + s − (h − d) − h(t + s − (h − d)))ds.

i�i )�+
��� 1���� A.1 3,� ( /;1 ε1 > 0 �	5<E"* +

xT (t)(P∆A(t) + ∆AT (t)P )x(t) = xT (t)(PHAFA(t)EA + ET
AFT

A (t)HT
AP )x(t)

≤ xT (t)

(

1

ε1
PHAHT

AP + ε1E
T
AEA

)

x(t)

�
��� i � + ( /�1 ε2 > 0, ε3 > 0 �
5<E"*

−2xT (t)PΓ

∫ t

t−h
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

= −2xT (t)PΓ

∫ t

t−h
Ax(τ)dτ − 2xT (t)PΓ

∫ t

t−h
Dx(τ − h(τ))dτ

−2xT (t)PΓ

∫ t

t−h
HAFA(τ)EAx(τ)dτ

−2xT (t)PΓ

∫ t

t−h
HDFD(τ)EDx(τ − h(τ))dτ

≤

∫ t

t−h

(

xT (t)PΓR−1
1 ΓT Px(t) + xT (τ)ATR1Ax(τ)

)

dτ

+

∫ t

t−h

(

xT (t)PΓR−1
2 ΓT Px(t) + xT (τ − h(τ))DTR2Dx(τ − h(τ))

)

dτ

+

∫ t

t−h

(

1

ε2
xT (t)PΓHAHT

AΓT Px(t) + ε2x
T (τ)ET

AEAx(τ)

)

dτ
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+

∫ t

t−h

(

1

ε3
xT (t)PΓHDHT

DΓTPx(t) + ε3x
T (τ − h(τ))ET

DEDx(τ − h(τ))

)

dτ

= hxT (t)

(

PΓR−1
1 ΓT P + PΓR−1

2 ΓT P +
1

ε2
PΓHAHT

AΓT P +
1

ε3
PΓHDHT

DΓT P

)

x(t)

+

∫ 0

−h
xT (t + s)ATR1Ax(t + s)ds

+

∫ 0

−h
xT (t + s − h(t + s))DTR2Dx(t + s − h(t + s))ds

+

∫ 0

−h
xT (t + s)ET

AEAx(t + s)ds

+

∫ 0

−h
xT (t + s − h(t + s))ET

DEDx(t + s − h(t + s))ds

�
��� i � + ��� 1��
� A.3 3,� ( /�1 ε4 > 0, ε5 > 0, ε6 > 0, ε7 > 0, ε8 > 0, ε9 > 0 �

5<E�*

2xT (t)P (D + ∆D(t))

∫ t−h(t)

t−h
[(A + ∆A(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ

≤ 2xT (t)PD

∫ t−h+d

t−h
Ax(τ)dτ + 2xT (t)PD

∫ t−h+d

t−h
Dx(τ − h(τ))dτ

+2xT (t)PD

∫ t−h+d

t−h
HAFA(τ)EAx(τ)dτ

+2xT (t)PD

∫ t−h+d

t−h
HDFD(τ)EDx(τ − h(τ))dτ

+2xT (t)PHDFD(t)ED

∫ t−h+d

t−h
Ax(τ)dτ

+2xT (t)PHDFD(t)ED

∫ t−h+d

t−h
Dx(τ − h(τ))dτ

+2xT (t)PHDFD(t)ED

∫ t−h+d

t−h
HAFA(τ)EAx(τ)dτ

+2xT (t)PHDFD(t)ED

∫ t−h+d

t−h
HDFD(τ)EDx(τ − h(τ))dτ

≤

∫ t−(h−d)

t−h
[xT (t)PDR−1

3 DTPx(t) + xT (τ)ATR3Ax(τ)]dτ

+

∫ t−(h−d)

t−h
[
1

ε4
xT (t)PDHAHT

ADTPx(t) + ε4x
T (τ)ET

AEAx(τ)]dτ

+

∫ t−(h−d)

t−h
[xT (t)PDR−1

4 DTPx(t) + xT (τ − h(τ))DTR4Dx(τ − h(τ))]dτ

+

∫ t−(h−d)

t−h
[
1

ε5
xT (t)PDHDHT

DDT Px(t) + ε5x
T (τ − h(τ))ET

DEDx(τ − h(τ))]dτ

+

∫ t−(h−d)

t−h
[
1

ε6
xT (t)PHDFD(t)EDET

DFT
D(t)HT

DPx(t) + ε6x
T (τ)ATAx(τ)]dτ



3.4. P�Q�R�S�1�������C���GFE � 8�9�:F;>=�? -�. 37

+

∫ t−(h−d)

t−h
[
1

ε7
xT (t)PHDFD(t)EDET

DFT
D(t)HT

DPx(t)

+ε7x
T (τ)ET

AFT
A (τ)HT

AHAFA(τ)EAx(τ)]dτ

+

∫ t−(h−d)

t−h
[
1

ε8
PHDFD(t)EDET

DFT
D(t)HT

Dx(t) + ε8x
T (τ − h(τ))DTDx(τ − h(τ))]dτ

+

∫ t−(h−d)

t−h
[
1

ε9
PHDFD(t)EDET

DFT
D(t)HT

DPx(t)

+ε9xT (τ − h(τ))ET
DFT

D(t)HT
DHDFD(t)EDx(τ − h(τ))]dτ

= dxT (t)PDR−1
3 DTPx(t) +

∫

−h+d

−h
+xT (τ)ATR3Ax(τ)dτ

+
d

ε4
xT (t)PDHAHT

ADTPx(t) +

∫

−h+d

−h
ε4x

T (τ)ET
AEAx(τ)dτ

+dxT (t)PDR−1
4 DT Px(t) +

∫

−h+d

−h
xT (τ − h(τ))DTR4Dx(τ − h(τ))dτ

+
d

ε5
xT (t)PDHDHT

DDTPx(t) +

∫

−h+d

−h
ε5x

T (τ − h(τ))ET
DEDx(τ − h(τ))dτ

+
dλED

ε6
xT (t)PHDHT

DPx(t) +

∫

−h+d

−h
ε6x

T (τ)ATAx(τ)dτ

+
dλED

ε7
xT (t)PHDHT

DPx(t)

+

∫

−h+d

−h
ε7x

T (τ)ET
AFT

A (τ)HT
AHAFA(τ)EAx(τ)dτ

+
dλED

ε8
PHDHT

Dx(t) +

∫

−h+d

−h
ε8x

T (τ − h(τ))DTDx(τ − h(τ))dτ

+
dλED

ε9
PHDHT

DPx(t)

+

∫

−h+d

−h
ε9xT (τ − h(τ))ET

DFT
D(t)HT

DHDFD(t)EDx(τ − h(τ))dτ

�
��� i � + 2"3�5 1 − α ≤ 1 − ḣ C���� � � % (3.11) � *

V̇ (xt) ≤
[

xT (t) xT (t − h)
]

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

][

x(t)

x(t − h)

]

�
��� % �
Q4E

Ŝ11 = P (A + Γ ) + (A + Γ )T P +
1

ε1
ET

AEA + hPΓ (R−1
1 + R−1

2 )Γ T P

+hAT R1A +
1

1 − α
DT R2D +

h

ε2
PΓHAHT

AΓT P + ε2hET
AEA

+
h

ε3
PΓHDHT

DΓT P +
ε3h

1 − α
ET

DED + dPD(R−1
3 + R−1

4 )DTP

+dATR3A +
d

1 − α
DTR4D +

d

ε4
PDHAHT

ADT P + ε4dET
AEA
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+
d

ε5
PDHDHT

DDTP +
ε5d

1 − α
ET

DED +
d

ε6
λED

PHDHT
DP + ε6dATA

+
d

ε7
λED

PHDHT
DP + ε7dλHA

ET
AEA +

d

ε8
λED

PHDHT
DP

+
ε8

1 − α
DTD +

d

ε9
λED

PHDHT
DP +

ε9d

1 − α
λHD

ET
DED + Q

Ŝ12 = P (D − Γ + ∆D(t))

Ŝ22 = −Q

�
��� % V (xt) > 0(xt 6= 0) Q�°"!������ ?���1 ?	� 3��

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

]

< 0 (3.12)

� T :�U�V (3.1)
�,8@9�:F;A=�? )�q � ��
�1! ���-
. � � � % Schur complement C

� � � (3.12) � *
Ŝ11 + P (D − Γ + ∆D(t))Q−1(D − Γ + ∆D(t))TP < 0 (3.13)

�
��� % i
i )�+ ��� 1���� A.2 3 � Q − ε10E

T
DED > 0 C	> � e ε10 > 0 �
5<E *

P (D − Γ + ∆D(t))Q−1(D − Γ + ∆D(t))TP

≤ P (D − Γ )(Q − ε10E
T
DED)−1(D − Γ )TP +

1

ε10
PHDHT

DP

�!, �"-�7Yi � C���� � �
Ŝ11 + P (D − Γ )(Q− ε10E

T
DED)−1(D − Γ )T P +

1

ε10
PHDHT

DP < 0

C
> ����% (3.13) � * > ��m�# � %�E � � � * + M = PΓ � 2���* Schur complement

C���� � � (3.9) � C�� � % 2

m * +¡? � 3.2 ��2 � * + R3 = R1, R4 = R2, ε4 = ε2, ε5 = ε3, ε10 = ε4 � 2 � * +
ε6 → 0, ε7 → 0, ε8 → 0, ε9 → 0 �

e � i � � 3 � * + i 1�-
. *�?	� 3.1 C�� � ) � �
i � ��� ° � %�E � � ��* + ?�� 3.2

*�?��
3.1 1 ��� � 9 :�� � ��* � � i � ���

° � %
3.5 LMI � � II � � � � � ��� - ��� ��� �
K�� )
*�+

LMI -�. II ��2�3���� 8�9 :F;>=
? -
. C�W X e ���
+�� ��1��	
�P
Q�R�S � ��� E � �%��
�C � � � %¡7.-"� + T :�U(V (3.1) � 2 ��* h

4
= h(t) = hM ,

α = 0 � E"*�2"GH%
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T :/U�V (3.1) 1 8�91: ;«=�?,£ �/7���*�� � e � -���� + ��G67�°�1����1C"E
*�2"i�� % -�| + T :�U�V (3.1) � 2���* + `�a D

*
rankD = l

)�q��
� E + b�1 ' l���z���w�1	� 7�C

D = BC, B ∈ Rn×l, C ∈ Rl×n

�
e � %�bYE"* + ®
z ��D�? 1 m

A
(m ≥ l) 
���T :�U�V

ż(t) = Fz(t) + Gx(t), z(t) ∈ Rm (3.14)

y(t) = Hz(t), y(t) ∈ Rl

C�W�� e � % ��Q4E + z(t) 1�����1 � � f * ����Q
°"! +
H =

[

Il 0
]

� 2���*��@[�
 £ C�� ��� ��1 )�+�������� H Q�� ��� - ��* � � �	1 ��� ���
��-������� "! (3.1) � (3.14) #"$ � ��%�&�'

[

ẋ(t)

ż(t)

]

=

[

A + ∆A(t) 0

G F

][

x(t)

z(t)

]

+

[

D + ∆D(t) 0

0 0

] [

x(t − h)

z(t − h)

]

(3.15)

(�) ��* ��+ ��*�� ��*-, � � �/.10��2�� "! (3.1) 324�51�	6 ) �"�87 �-9�: %&�'
(3.15) .�4;5��	6 ) ����7 ��< � ��= $;# ��>�?�� 0�@�3;ACB�� %�&�' (3.15)

(
4;5��D6 ) ��* 3FEDG;H�B�:��I���F �! (3.1)

( 4;5��D6 ) ��* .FJ�K ?F�ML < �F������ � %�&�' (3.15)
( 4;5��D6 ) ��*�NFOQP � ? <�R N 0;B�� (3.15) S2TF+�U (�VW N�X�Y 0;B�Z\[ � � 7�]�^ � e(t) = Cx(t − h) − y(t) R;Z"J�B

e(t) = Cx(t − h) −

∫ t

t−h
ẏ(τ)dτ − y(t − h)

= Cx(t − h) −

∫ t

t−h
H(Fz(τ) + Gx(τ))dτ − Hz(t − h)

R 7�? <�RFT�_�J ? RF�C���� "! (3.1)
�

ẋ(t) = (A + ∆A(t))x(t) + (BC + ∆D(t))x(t− h) + By(t) − By(t)

= (A + ∆A(t))x(t) + Be(t) + ∆D(t)x(t − h) + BHz(t)

= (A + ∆A(t))x(t) + BHz(t) + ∆D(t)x(t− h) + BCx(t − h)

− B

∫ t

t−h
H(Fz(τ) + Gx(τ))dτ − BHz(t − h)
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R 7�?�� 0;@�3CA�B�� %�&�' (3.15) �
[

ẋ(t)

ż(t)

]

=

([

A BH

G F

]

+

[

∆A(t) 0

0 0

])[

x(t)

z(t)

]

+

([

BC −BH

0 0

]

+

[

∆D(t) 0

0 0

]) [

x(t − h)

z(t − h)

]

+

[

−B
∫ t
t−h H(Fz(τ) + Gx(τ))dτ

0

]

(3.16)

R X�Y���
�?������ ( @�� N ����� � ��<�9"T
ξ̇(t) = (Â + ∆Â(t))ξ(t) + (D̂ + ∆D̂(t))ξ(t− h) + f(t) (3.17)

R��\[ � @��\0��
Â =

[

A BH

G F

]

∆Â(t) =

[

∆A(t) 0

0 0

]

=

[

HA

0

]

FA(t)
[

EA 0
]

D̂ =

[

BC −BH

0 0

]

∆D̂(t) =

[

∆D(t) 0

0 0

]

=

[

HD

0

]

FD(t)
[

ED 0
]

f(t) =

[

−B
∫ t
t−h H(Fz(τ) + Gx(τ))dτ

0

]

ξ(t) =

[

x(t)

z(t)

]

.

< ( R 
 �M���F �! (3.1) 3�4;5��D6 ) ����>�? @	� (��	� �	
 3���+�U (�V W N
� $ 9 ?��
���

3. 3 + U ( LMI T���@ �	 �! M R#" �	$	%  	! X, S, R Z V'& "	( ε1, ε2 3
)�* � ?�7 $�:������F �! (3.1) ��4�5"�	6 ) ����>"?��



















S11 S12 S13 S14 0

ST
12 S22 0 0 0

ST
13 0 S33 0 0

ST
14 0 0 S44 S45

0 0 0 ST
45 S55



















< 0 (3.18)
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@��\0��

S11 =

[

A BH

0 0

]

X + X

[

A BH

0 0

]T

+

[

0

M

]

+
[

0 MT
]

+ S

+ h

[

B

0

]

R
[

BT 0
]

+ ε1

[

HA

0

]

[

HT
A 0

]

+ ε2

[

HD

0

]

[

HT
D 0

]

S12 = MT HT

S13 = X

[

ET
A

0

]

S14 =

[

BC −BH

0 0

]

X

S22 = −
1

h
R

S33 = −ε1I

S44 = −S

S45 = X

[

ET
D

0

]

S55 = −ε2I.

��� J���� ���� �! (3.17)
(
	�� T ξt

4
= ξ(t + s), ∀s ∈ [−h, 0] R�0;�/<�9 N +�J�B

( " ����
�� (

V (ξt) = ξT (t)Pξ(t) +

∫ t

t−h
ξT (θ)Qξ(θ)dθ + W (ξt)

W (ξt) =

∫ 0

−h

∫ t

t+s
ξT (θ)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(θ)dθds

T���K ?-� <�< N � P , Q, R ��J���9\. " ��$�%  ! ��>"?���L 0�B"< 9�T������
 �! (3.17)

(������ N�� A�B�� ��� ? R��

V̇ (ξt) = 2ξT (t)P (Â + ∆Â(t))ξ(t) + 2ξT (t)P (D̂ + ∆D̂(t))ξ(t − h)

+ 2ξT (t)Pf(t) + ξT (t)Qξ(t)− ξT (t − h)Qξ(t − h) + Ẇ (ξt) (3.19)

R 7�?�� @	� 0��

Ẇ (ξt) = hξT (t)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t)

−

∫ 0

−h
ξT (t + s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t + s)ds.
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R�<�� � ���	� (�
�� A.1
V G�
�� ( ε1 > 0

N�$ 0�B
2ξT (t)P∆Â(t)ξ(t)

= 2ξT (t)P

[

HA

0

]

FA(t)
[

EA 0
]

ξ(t)

≤ ε1ξ
T (t)P

[

HA

0

]

[

HT
A 0

]

Pξ(t) +
1

ε1
ξT (t)

[

ET
A

0

]

[

EA 0
]

ξ(t)

3�E	G�H ^ ����@��
P =

[

P1 P0

PT
0 P2

]

R�Z\[�R���
	� ( R > 0
N $ 0�B

2ξT (t)Pf(t)

= −

∫ t

t−h
2ξT (t)

[

P1

PT
0

]

BH
[

G F
]

ξ(τ)dτ

≤

∫ t

t−h

(

ξT (t)

[

P1

PT
0

]

BRBT
[

P1 P0

]

ξ(t)

+ ξT (τ)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(τ)

)

dτ

= hξT (t)

[

P1

PT
0

]

BRBT
[

P1 P0

]

ξ(t)

+

∫ 0

−h
ξT (t + s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t + s)ds

3�E	G�H�+ � 0�@�3CA B�� <�9D$�T�_�J ? R � (3.19) S �
V̇ (ξt) ≤

[

ξT (t) ξT (t − h)
]

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

] [

ξ(t)

ξ(t − h)

]

R X�Y���
�?�� @��\0 �
Ŝ11 = PÂ + ÂTP + Q + h

[

P1

PT
0

]

BRBT
[

P1 P0

]

+ h

[

GT

FT

]

HTR−1H
[

G F
]

+ ε1P

[

HA

0

]

[

HT
A 0

]

P

+
1

ε1

[

ET
A

0

]

[

EA 0
]

Ŝ12 = P (D̂ + ∆D̂(t))

Ŝ22 = −Q.
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= $�# N V (ξt) > 0 (ξt 6= 0) ��#\$
���������	� ( ��
 V G
[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

]

< 0 (3.20)

3 � %�& ' (3.19) 314 5 � 6 ) � � >\? @ � (�� � � 
 R 7 ? � < < � � Schur

complement T�_�J�B X�Y 0�� L 9 (	��
 #\$ X = P−1 T�#�� ? <�R N V G � (3.20)

S\R���� 7

XŜ11X + (D̂ + ∆D̂(t))Q−1(D̂ + ∆D̂(t))T < 0 (3.21)

T � ?�� ��� (�
	� A.2
V G

Q −
1

ε2

[

ET
D

0

]

[

ED 0
]

> 0

T ��@ � ε2 > 0
N $ 0;B

(D̂ + ∆D̂(t))Q−1(D̂ + ∆D̂(t))T

≤

[

BC −BH

0 0

](

Q −
1

ε2

[

ET
D

0

]

[

ED 0
]

)−1 [
CT BT 0

−HT BT 0

]

+ ε2

[

HD

0

]

[

HT
D 0

]

3�E	G�H�+ <�R�T���� � ? R�� (3.21) S�T �"@ � @	� ( ��� �	
 3

XŜ11X +

[

BC −BH

0 0

](

Q −
1

ε2

[

ET
D

0

]

[

ED 0
]

)−1 [
CT BT 0

−HT BT 0

]

+ ε2

[

HD

0

]

[

HT
D 0

]

=

[

A BH

G F

]

X + X

[

A BH

G F

]T

+ XQX + h

[

B

0

]

R
[

BT 0
]

+ hX

[

GT

FT

]

HTR−1H
[

G F
]

X + ε1

[

HA

0

]

[

HT
A 0

]

+
1

ε1
X

[

ET
A

0

]

[

EA 0
]

X

+

[

BC −BH

0 0

]

XX−1

(

Q −
1

ε2

[

ET
D

0

]

[

ED 0
]

)−1

X−1X

[

CT BT 0

−HT BT 0

]

+ ε2

[

HD

0

]

[

HT
D 0

]

= S11 − S12S
−1
22 ST

12 − S13S
−1
33 ST

13 − S14(S44 − S45S
−1
55 ST

45)
−1ST

14 < 0 (3.22)
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��>�? <�RF3 ] # ?�� @�� 0��
S = XQX

M =
[

G F
]

X.

< < � (3.22) S T Schur complement T�_ J2B � � 7�� �2S1T�� � ? R (3.18) S R 7? � 0 @�3CA�B�� (3.18) S�3�E	G H�+\R 
�%�&8' (3.17) � 4�5"� 6 )�� ��> G � L (��� ���� �! (3.1)
( 4�5��Q6 )	� * 3�J�K ?�� 2

3.6 �	� 


<�< � ��( ��� T�_�J�B�<�< ��
�� 0�@�4;5��D6 )�� �	
 (���� * T���� � ? �
��� � ���� �! (3.1)

N Z�J�B
A =

[

0 7.5

0 −2.5

]

D =

[

−0.5 1.8

0 −1.1

]

HA = HD =

[

0.1

0.1

]

EA = ED =
[

0.1 0.1
]

h = 1

R � ?�� < ( R 
 � ' 3.1 TF_�J�B LMI T � [�R
P =

[

0.4188 1.036

1.036 7.411

]

> 0

R1 =

[

0.8044 1.759

1.759 4.778

]

> 0

R2 =

[

0.4851 0.6883

0.6883 3.430

]

> 0

Q =

[

0.0555 0.0360

0.0360 4.642

]

> 0

M =

[

−0.2189 −0.4425

−0.4885 −1.889

]

ε1 = 2.234

ε2 = 1.947



3.6. ( ��� 45

ε3 = 1.945

ε4 = 2.534

3 � R�0�B���+"# ? ( � < ( ���� �!���4�5"�D6 )	� ��>�? <�RF3�J�K ?�� ��@��
< ( R 
 � rankD = 2 (l = 2) ��# $ � B = D, C = I , m = 2 R�0;B�� � 
 3.3

(
LMI T

� [�R
M =

[

0.7949 0.3212 −3.134 0.2877

−0.4124 0.1078 0.3158 −1.372

]

X =













10.60 −0.8965 7.390 0.1398

−0.8965 0.7397 0.3601 0.1652

7.390 0.3601 7.790 0.0388

0.1398 0.1652 0.0388 0.2119













> 0

R =

[

6.067 −0.8317

−0.8317 1.650

]

> 0

S =













4.920 −1.757 0.0937 −0.6864

−1.757 0.9756 0.5457 0.3028

0.0937 0.5457 2.614 −0.2893

−0.6864 0.3028 −0.2893 0.9776













> 0

ε1 = 3.346

ε2 = 3.0013

3���+�# ? ( � � 4;5"�	6 )�� ��>�? <�R�3�J�K ? ����� ����� [4, 10]
(

LMI 	 (
��
 TF_"J ? R Matlab

(
LMI toolbox

� � � 3
��+"# $ 7 #;AC@�@	���/4�5��	6 )
� * T

�� ��
�7 #�A�@ �
+�U N � ���� �! (3.1)

N Z�J�B
A =

[

0.1 0.1

0 −0.1

]

D =

[

−0.9 0.1

0 −0.1

]

HA = HB =

[

0.1

0

]

EA = ED =
[

0.1 0.1
]

h = 1

(���� T��1K ?�� < ( R 
 � rankD = 2 (l = 2) ��#\$
� B = D, C = I , m = 2 R�0�B
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��

3. 3 T � _ � ? R��

S =













0.8005 −0.0337 0.5789 −0.0707

−0.0337 0.4589 0.0104 0.1383

0.5789 0.0104 0.7652 0.0146

−0.0707 0.1383 0.0146 0.9572













> 0

R =

[

1.4505 0.0727

0.0727 2.1026

]

> 0

X =













2.3696 0.3814 1.9034 0.1199

0.3814 2.5772 0.3887 1.4490

1.9034 0.3887 1.5850 0.2462

0.1199 1.4490 0.2462 1.9327













> 0

M =

[

0.4092 0.0133 −0.9836 −0.0271

−0.0630 0.1768 −0.0257 −1.1214

]

ε1 = 1.7014

ε2 = 1.6545

3 � $ 9���4�5 �	6 ) � ��>�? <�R�3�J�K ? � ��� � ' 3. 1
� ����< ( ���� �! (

4�5��Q6 )�� * ��
 � ��
�7 J �
< (�V W N � � $ 9�@ �	
 ����� ( LMI 	 ( 4;5 �D6 )�� �	
 [4, 10]

V G 
�� *
T���	D0;@2. ( R 7 A;B-J ? <�R 3 ] # ? � ��@�� LMI

� 

I
N ��� J�@�4;5 � 6 )

� ��
�N�
�� B�� LMI
�	


II
N���� J�@ L 9 ( � 3�
�� * 3
��	���9�@". ( N�7 A

B�J ? <�R�. ] # ?��

3.7 � �
� � � ��� ���	�	������ �! ( 4;5 �D6 )�� �	
 T ���D0;@ � $�� R�0;@ � ��#
� (���� �	�	������� (�� (  	! N � X ( ����� ��� 	 ( . ( ��>�?�� � � � ���
� ��3 X� � ? ��� T ���	0�� L ( X� (
!"� R X" �# (
!"� 3 ] # ? � ��( 4
5��	6 )	� ��
 T LMI

�	

I
N ��� J�B
$�% 0;@ � +"U N � ���	��� ( X� �& 3 ]

# ? � ��( 4�5 �	6 ) � ��
 T'$(%\0���<�913 X� R X� �#1L 9()�9 (
!�� 3 ]
# ? ����( 4�5 �D6 )�� ��
 T�*�+ � J ? <�R�T�,D0�@ � ��$ N � LMI

�	

II
N��

� J�@14�5 �	6 )�� ��
 T-$.%\0 @ � <2< � ����� � ���23 X/ 0 7 J ��� T��
K�B�J�@�3�� LMI

��

I
� _�J�@ ( R
0�132�4�T�_�J ? <�R N V G���������3 X� 

� ? � ��( 4�5 �	6 )	� ��
1N�%.5 � ? <2R�3/6-7 ��>1?��38"9�N � ( ��� T�_
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J�B
$(%\0;@ ��
 ( ��� * T����Q0;@ �





4

4.1 � �
��� � ( <8<�� � (���� � ��� ��� �	���
�.� (�) � ��
 R�4�5 �	6 ) � ��

R�J W ����� � T
	QG��/A B 
 @ � 0�
\0 ����� ' T
	QG�� W ��� N ����� N
���
T  W 2�413���� �2>"? ��L < � � ��� � � � � ��� ��� �-� � ( 4�5 �	6 )��� ��� T���K ?��
����N

LMI T�_�J�@
��� ' (���� R ��� ��� N Z�J�B�� ������� 3 LMI
�	
 R7�? ��� � .�� ��� ��� � BMI R 7�?�� < ( BMI T LMI

N
��� ��� ? <�RF3���+N! �" ��91B�Z G � �$#�%�& FLTI ���'�(�8T $"� R10�@ ��� N � � 	 � �('*) +
5-, � � Z V & 0 � %.&  0/ %�1 �2'*) + 53, �.��� � LMI

� 
�N4��� ��
"? <�R
3
576 9�B�J ? [1]

� 08
 0�� ���	�	��T�.;+���� ' ( ��� N ��< W 0;@ ��9	0 (�V
J ��� � � 6 9�B�J 7 J �
��@�� ���	�	��T�.;+���� '�N Z�J�B 	�� 3�: #
%�&�; @	��� 	 � 3�<�= �	
�?

��� ��> A�B�. 	�� �('*) + 5-, � T���> � ? @�� N ��?�@\6�4A) � T4: #4%�&0;
. ; R � ? ���13 >1?�� < ;�V W 7 ?�@ 6�4A) � T��1K�@ � � � L ; ?�@\6 4B)
� T4��C � ? @�� N �D: #�%�&0; ���.E1T4F8E � ? <2R�3D���\R 7 G � L 9 ��GH � � 7 J �IL ; @	��� ��#
%�& FLTI � �-��� ; 	�� �2'I) + 53, � R�0�1JF�K�T
. A�@0?�@\6�4A) � 3 
�� ��91B�Z	G �JL /�M�N �O)QP ����'R) + 5�, � R�S2:�9?

[34]
� <�9 ��� 	��0; � � T ��U t

� ;�	��0; ��V ; ,"T���'R) + 5-, ��� ? . ;
� ��C���G H ��>�? 3��W����X�7 ;
Y 
Z6�� #��0; >"? . ; R 7 ACB�J ?��� � � ��� < ; V W 7 <�[�
\6 ��� �	��������� ; 4 5 �D6I] � � � � T ��K ?
3�� 8�^ � LMI

�	

I
N � � J�@
L /_M
N ��)\P � �2'I)`+ 53, � N V ? 4;5 � 6I]

49



50 � 4 � � ���	�	���-��� ; 4�5��Q6*] � �

� � ��� T���� � ? [27, 28]
� < ; ��� � � 6 9 ?'��
 � BMI

��
 R 7 G � � [�<�R
�
G H � � 7 J-3 [35] � � ��; F_K�T���
 0;@�� N 6��8)�4 [29]

N ��� [ ��� 4�T 

� � ? �	��
0/�N ��� � ���	��T 0 
Q6	��K\6 9�@�. ; � ��
��CN���� �B� 7 3\6
BMI T���� ; LMI

; ��� � ] � R��;B � [�<�R�T ��K ? �IL 9 N V A;B � ����� J
����� 
Z6 
�� N�� � 7 3\6 8��0/�7 ����� T���� ? <�R N�7 G � L ; 8�^ ; ��;
) * X13 � ��� ��3 7 J	���
�.� ; � % ] � � ����; 6 � X N���� ��9���<�913
LMI

�	
 R���B���K 6 9 ? <�R�3� 
�7�!�" R 7�?�� < ; ��� 4\R BMI T�#%$ 8
� � � � N���� � ? � 4 R�T 
'& � ? R � �'��(�) #�* N�+17 J"R�J W-, [ )2>?�) � 6 � 7 BMI

� � B�T � [�<8R )���
�? R � # 6 7 J�R�J W-. [ )�>�?�� �

/��� ( ��� TF_�J�B-��� ; � 4 � � � � 7 
;A @ ��� N Z�J�B�0 � 
�� ��@ ���
4 N V G � [�<�R )��	
�? 0 ; )�>�? <�R�T
,1� � < ; ����� 4 ; ��� X�T
, � �
2 U N � LMI

� 

II
N ��� J�@�354��76 ] � � ��
 T-$�% � ? [30]

��8�8 � ��K? ?�@96:3�) �4;���� ��R���B���� � ����� ; > * ;�	���; � ; ��T��2'*) +;43,
��� ? L /�M
N �J)\P�� ��'*) +;43, � N�� K�B�� ] � X�T���K ? R 
�N 
�< ���
����R���B
$�=1��@  0/ � �
��� ;�	�� T�0	�('I) +>4�, � � ? 0 ; T �"K ? � L
� B�� 85?@) L /�MDN �O)ZP ���('*) +A4�, � T
*.+ � J ?B8 R-T�C 6B
 N � ? �
�8@�� 8�8 � � 6 ? @ ��
 � FLTI ���
�.� ; 	�� �2'R) +A4-, � N V ? ] � � �
� R
0�D N BMI

N Z"J�B X ( X�E T � ?�8 R � LMI R�F ?�8 R�T
, � �8�9�N ( ��� T�_�J�B�� 
�� 2�4 ;���� X�T���� � ?��

4.2 G H IKJ L M
� � � ��� 2 U ; 	�� ��N S ��O�P � ? ? � ������� ������T $�� R � ?��

ẋ(t) = (A + ∆A(t))x(t) + (D + ∆D(t))x(t− h(t))

+(B + ∆B(t))u(t) (4.1)

x(η) = φ(η), η ∈ [−hM , 0]

8B8 � � x(t) ∈ Rn ���DU t
� ; 	 � X ( ; � � u(t) ∈ Rm �!���'=.1 � φ(·) �'Q��

[−hM , 0]
��R'S F ^'T � ( � h(t) � � ��� �2T�U � R'S F � ( ��> G � 0 ≤ h(t) ≤

hM < ∞, ḣ(t) ≤ α < 1 T���@ � 0 ; R � ?�� ��@�� A ∈ Rn×n, D ∈ Rn×n, B ∈ Rn×m �
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I
N ��� J�@ BMI R�� N 6�� )�4 N V ? 3:4�� 6 ] � � 51

� (  �! � ∆A(·), ∆D(·), ∆B(·) � � ��
��FT�U �  �! � �
∆A(t) = HAFA(t)EA, ∆D(t) = HDFD(t)ED

∆B(t) = HBFB(t)EB

R�U � ? ? 0 ; R � ? ��8'8 � � HA ∈ Rn×p, EA ∈ Rq×n, HD ∈ Rn×r, ED ∈ Rs×n,

HB ∈ Rn×v, EB ∈ Rw×m � � � F %�& T 0 2�� 5 ; � (  ! �2> G � FA(t) ∈ Rp×q,

FD(t) ∈ Rr×s, FB(t) ∈ Rv×w ����5 ;  �! � ( � �
‖FA(t)‖ ≤ 1, ‖FD(t)‖ ≤ 1, ‖FB(t)‖ ≤ 1, ∀t

T ��@ � 0 ; R � ?����� � � �������	���	���
��� (4.1)
; 3�4��16I] � X�T 2 U ;�V W N ����� ?��

�	�
4. 1 ���-��� (4.1)

N Z�J�B�� u(t) = 0 R � ?��58 ; R 
 ��
�G�� ? ? � � B ;
� ��
.� N $ � B�� �-� � (4.1)

)  �� / � D�
	��] � ��>1? R 
 � ���'��� (4.1)

��3 4 � 6I] � ��>"? R�J W �

4.3 LMI � � I ��� � ��� BMI ��� � ������� �  ! "�# J �$ % &
4.3.1 '�(*) +-,/.101213
4	576	8�9;:�<�=7>

(4.1) ?/@BA <DCFE�GIHKJ�L�MKNPO7Q ?KRTSBU G�V	WYXPZ
[	\

4. 2
:I<]=K>

(4.1) U_^K`�a 9cbKd	ePfhgjiYk�<�lnmFi o Aqpcr u(t) = Kx(t) U
RKs 9 @tA <uCvE	GxwzyTXIwz{	9|:	<z=7> (4.1)

8_b7d	ezfugjixkz<K}I~xC @ ix� U
RKs�@_A <uC�E	G	HTJzLK6��KX	w `xS Z
� ? w�{�9�:�<�=�> (4.1) ?�@BA <�CFE�G	H��	��wP� ? w�{ ? b�d�e�fDgci�k�<lnmFi o A	p�r��z� ~P8�OKQ ?7RKS_U��K����� XPZ

[	�
4. 1

O7Q ? BMI
N��7��WI���

K, M
wB��GI�I�	�I�

P , Q, R1, R2 ^xRB� � ?G	�
ε1, ε2, ε3, ε4, ε5, ε6 �� I¡ W�X�y �B¢ 9B:I<�=T> (4.1)

8 @_A <hC�E	G�H7J�LK6�KX�Z
[

S11 S12

ST
12 S22

]

< 0 (4.2)
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5 ��������:	<P=K> ?K@_A <DCFEIG	H

���	�_9
S11 = P (A + BK) + (A + BK)TP + M + MT

+
hM

1 − α
DTR2D + ε1E

T
AEA + ε2hMET

AEA +
ε3hM

1 − α
ET

DED +
1

1 − α
Q

S12 =
[

hM (A + BK)T R1 hMM hMM PHA hMMHA hMMHD

PD − M PHD PHB ε5K
TET

B hMMHB ε6hMKTET
B

]

S22 = diag{−hMR1, −hMR1, −hMR2, −ε1I, −ε2hM I, −ε3hM I,

−Q + ε4E
T
DED, −ε4I, −ε5I, −ε5I, −ε6hM I, −ε6hM I}


 �	9 � ? wP{ ? bKdIe�fDgci�k�<Il�m i o Aqpcr	�P� ~�8 K
6��KX�Z

��� :I<P=K>
(4.1) U b7d�e�fugjiYkz<	l�mFi o A pcr u(t) = Kx(t)

N�
��B���
� i����KN

ẋ(t) = (Ã + ∆Ã(t))x(t) + (D + ∆D(t))x(t− h(t)) (4.3)

w��	��Z����	�_9
Ã = A + BK

∆Ã(t) = ∆A(t) + ∆B(t)K

6	�KXPZ�� � i����
(4.3)

8���� ? �	� Γ
N�� `�a

ẋ(t) = (Ã + Γ + ∆Ã(t))x(t) + (D − Γ + ∆D(t))x(t− h(t))

−Γ (x(t) − x(t − h(t))

w��K{�� �7X � w � 6I{KXzZ"!�#78 x(t)− x(t− h(t)) =
∫ t
t−h(t) ẋ(τ)dτ ��$ s�% O � wN&� ` X	w

ẋ(t) = (Ã + Γ + ∆Ã(t))x(t) + (D − Γ + ∆D(t))x(t− h(t))

−Γ

∫ t

t−h(t)
[(Ã + ∆Ã(τ))x(τ) + (D + ∆D(τ))x(τ − h(τ))]dτ (4.4)

w�yKXPZ�� � i �&� ?�'�( N xt
4
= x(t + η), η ∈ [−hM , 0]

w)� a 9 � �KU O `�a	? �G�*�+ ,��
V (xt) = xT (t)Px(t) +

1

1 − α

∫ t

t−h(t)
xT (θ)Qx(θ)dθ + W (xt)
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W (xt) =

∫ 0

−hM

∫ t

t+s
xT (θ)ÃTR1Ãx(θ)dθds

+ε2

∫ 0

−hM

∫ t

t+s
xT (θ)ET

AEAx(θ)dθds

+
1

1 − α

∫ 0

−hM

∫ t

t+s−h(t+s)
xT (θ)DTR2Dx(θ)dθds

+
ε3

1 − α

∫ 0

−hM

∫ t

t+s−h(t+s)
xT (θ)ET

DEDx(θ)dθds

+ε6

∫ 0

−hM

xT (t + s)KT ET
BEBKx(t + s)ds

? :	<P=K> (4.4) ?
	���
KU���� ����,P�KN����	WYX�w

V̇ (xt) = xT (t)P (Ã + Γ + ∆Ã(t))x(t) + xT (t)(Ã + Γ + ∆Ã(t))TPx(t)

+2xT (t)P (D − Γ + ∆D(t))x(t − h(t))

−2xT (t)PΓ

∫ t

t−h(t)
[(Ã + ∆Ã(τ))x(τ)

+(D + ∆D(τ))x(τ − h(τ))]dτ

+
1

1 − α
xT (t)Qx(t) + Ẇ (xt)

−
1 − ḣ(t)

1 − α
xT (t − h(t))Qx(t − h(t)) (4.5)

w�yKXPZnw ��� 6�9���� ?���� A.1 R�s ε1 > 0 U ��� a
xT (t)

[

PHAFA(t)EA + ET
AFT

A (t)HT
AP

]

x(t) ≤ xT (t)

[

1

ε1
PHAHT

AP + ε1E
T
AEA

]

x(t)

�&$ s�% O � w�9 ε5 > 0 U ��� a
xT (t)

[

PHBFB(t)EBK + KTET
BFT

B (t)HT
BP

]

x(t)

≤ xT (t)

[

1

ε5
PHBHT

BP + ε5K
TET

BEBK

]

x(t)

�&$ s�% O � w	w�9 R1, R2, ε2, ε3, ε6 > 0 U � � a
−2xT (t)PΓ

∫ t

t−h(t)
[(A + BK + HAFA(τ)EA + HBFB(τ)EBK)x(τ)

+(D + HDFD(τ)ED)x(τ − h(τ))]dτ

≤

∫ t

t−h(t)
[xT (t)PΓR−1

1 ΓT Px(t) + xT (τ)(A + BK)TR1(A + BK)x(τ)]dτ

+

∫ t

t−h(t)
[
1

ε2
xT (t)PΓHAHT

AΓT Px(t) + ε2x
T (τ)ET

AEAx(τ)]dτ
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5 ��������:	<P=K> ?K@_A <DCFEIG	H

+

∫ t

t−h(t)
[xT (t)PΓR−1

2 ΓT Px(t) + xT (τ − h(τ))DTR2Dx(τ − h(τ))]dτ

+

∫ t

t−h(t)
[
1

ε3
xT (t)PΓHDHT

DΓT Px(t) + ε3x
T (τ − h(τ))ET

DEDx(τ − h(τ))]dτ

+

∫ t

t−h(t)

hM

ε6
[xT (t)PΓHBHT

BΓT Px(t) + ε6x
T (τ)KTET

BEBKx(τ)]dτ

≤

∫ t

t−hM

[xT (t)PΓR−1
1 ΓT Px(t) + xT (τ)(A + BK)T R1(A + BK)x(τ)]dτ

+

∫ t

t−hM

[
1

ε2
xT (t)PΓHAHT

AΓT Px(t) + ε2x
T (τ)ET

AEAx(τ)]dτ

+

∫ t

t−hM

[xT (t)PΓR−1
2 ΓT Px(t) + xT (τ − h(τ))DTR2Dx(τ − h(τ))]dτ

+

∫ t

t−hM

[
1

ε3
xT (t)PΓHDHT

DΓTPx(t) + ε3x
T (τ − h(τ))ET

DEDx(τ − h(τ))]dτ

+

∫ t

t−hM

[
hM

ε6
xT (t)PΓHBHT

BΓT Px(t) + ε6x
T (τ)KTET

BEBKx(τ)]dτ

= hMxT (t)PΓ (R−1
1 + R−1

2 )Γ T Px(t) +
hM

ε2
xT (t)PΓHAHT

AΓTPx(t)

+
hM

ε3
xT (t)PΓHDHT

DΓT Px(t)

+

∫ 0

−hM

xT (t + s)(A + BK)T R1(A + BK)x(t + s)ds

+ε2

∫ 0

−hM

xT (t + s)ET
AEAx(t + s)ds

+

∫ 0

−hM

xT (t + s − h(t + s))DTR2Dx(t + s − h(t + s))ds

+ε3

∫ 0

−hM

xT (t + s − h(t + s))ET
DEDx(t + s − h(t + s))ds

+
hM

ε6
xT (t)PΓHBHT

BΓT Px(t)

+ε6

∫ 0

−hM

xT (t + s)KT ET
BEBKx(t + s)ds

�&$ s�% O � w�9�� �tU
Ẇ (xt) = hMxT (t)(A + BK)T R1(A + BK)x(t)

−

∫ 0

−hM

xT (t + s)(A + BK)TR1(A + BK)x(t + s)ds

+ε2hMxT (t)ET
AEAx(t) − ε2

∫ 0

−hM

xT (t + s)ET
AEAx(t + s)ds

+
hM

1 − α
xT (t)DT R2Dx(t)

−
1

1 − α

∫ 0

−hM

(1 − ḣ(t + s))xT (t + s − h(t + s))DTR2Dx(t + s) − h(t + s))ds
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+
ε3hM

1 − α
xT (t)ET

DEDx(t)

−
ε3

1 − α

∫ 0

−hM

(1 − ḣ(t + s))xT (t + s − h(t + s))ET
DEDx(t + s − h(t + s))ds

+ε6hMxT (t)KT ET
BEBKx(t)

−ε6

∫ 0

−hM

xT (t + s)KT ET
BEBKx(t + s)ds

w�yKX � wzN�� `	a 
 w � X	w�9 (4.5)
#�8

V̇ (x) ≤ xT (t)Ŝ11x(t) + 2xTP (D − Γ + ∆D(t))x(t − h(t))

−xT (t − h(t))Qx(t − h(t))

=
[

xT (t) xT (t − h(t))
]

[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

] [

x(t)

x(t − h(t))

]

< 0

w�yKXPZ;��� �B9

Ŝ11 = P (A + BK + Γ ) + (A + BK + Γ )T P +
1

ε1
PHAHT

AP + ε1E
T
AEA

+hMPΓ (R−1
1 + R−1

2 )Γ T P + hM(A + BK)T R1(A + BK) +
hM

ε2
PΓHAHT

AΓTP

+ε2hMET
AEA +

hM

1 − α
DTR2D +

1

1 − α
Q

+
hM

ε3
PΓHDHT

DΓT P +
ε3hM

1 − α
ET

DED +
1

ε5
PHDHT

DP + ε5K
T ET

BEBK

+
hM

ε6
PΓHBHT

BΓT P + ε6hMKT ET
BEBK

Ŝ12 = P (D − Γ + ∆D(t))

Ŝ22 = −Q

6	�KXPZ
V (xt) > 0(xt 6= 0)

��� � g������Pl ? G�� RKs
[

Ŝ11 Ŝ12

ŜT
12 Ŝ22

]

< 0 (4.6)

� :	<z=T> (4.1) � @tA <uCFE	G76��7X�� �I?	��
 �I��w�y7XPZ Schur complement
N

� ` X�w (4.6)
#�8

Ŝ11 − S12S
−1
22 ST

12

= Ŝ11 + P (D − Γ + HDFD(t)ED)Q−1(D − Γ + HDFD(t)ED)T P

< 0 (4.7)
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w����76��7X�Z �	� 6���� ?�� � A.2 R7s Q− ε4E
T
DED > 0

N��7��W
ε4 > 0 U � � a

P (D − Γ + HDFD(t)ED)Q−1(D − Γ + HDFD(t)ED)TP

≤ P (D − Γ )(Q− ε4E
T
DED)−1(D − Γ )TP +

1

ε4
PHDHT

DP

�&$ s�% O � w�N����IWYX�w

Ŝ11 + P (D − Γ )(Q− ε4E
T
DED)−1(D − Γ )TP +

1

ε4
PHDHT

DP < 0 (4.8)

Nz�7��� ¢ (4.7)
#q8z�K� � � XPZ R ��a 9 (4.8)

# Uz^7`Ia M = PΓ
w ^K`Ia 9 Schur

complement
N�� ` XIw (4.2)

# ��	 �c� XPZ 2w ��� 6	9�
��
[4] ?7@_A <hC�E�G	�	�T8���� A � E	GK6��KX � w ��
�� �	�K6� s 9�
�� [10] ? �I�78z�I� A + D � E	G76I�7X � w ��
�� �I�xwzy �taI` X � 9�


�
[21] ? �I�78I9 � � A + Γ � EIG76I�TX � w ��
�� �I�xwzy ��az^us 9���� ? �I�
RKs���� MKN���� �B��� ? wzy �BaI` XzZ�G � 1

8 � ?K@tA <DCvE	GI��� U����7`� @_A <hCFE�G�H	�	� U y �;aP^�s 9�
�� [4, 10] ?K@ A <DCFE�G	H��	��6	8 @ A <CFEIG	H � 6I{	y `TR7S y���� U � @tA <hCvE�GIH � 6I{KXzZ����	�t9 G�� 1 ? �� #T8
BMI

6�� s 9! #" U�	 � � w � 6	{�y ` Z�� � 6�9!$&%/6�8 BMI ? 	 ��N
'�( �_9���*�) UTRKs '�( �B� 	 � ?�*�+ MTN�,�-	W�X�Z
4.3.2 .�/ +103254765859;:5<54
=�> 6�? �B�PG �

1 U7RKsz@BA <hC�E	GIHKJPL	M�w�l mFi o Aqp r���� ~�N����6	{7X � 9 � � N����	WxXP� �IU 8�$@% ?7RKS y�A ��B � �7X�Z 
�C 9 (4.2)
#�8

Kw
(P, R1, ε5, ε6) ?�D ��E 
 �Kaz^us BMI

wPy �;a�` X�� � 9F @" U�	 � � w � 6�{y ` ZB� � 6�4�G�
76	8�9 (4.2)
# ? BMI

N�HPO ? LMI ?�I�J �&K��Yw � a�	 � �w NL� ��X]ZcW1yMKMN
K
N@O�G�W ��¢ (4.2)

#78
P , R1, R2, Q, M , ε1, ε2, ε3, ε4, ε5,

ε6 U O `�a�? LMI
6��1X]Z 
 ��9

P , R1, ε5, ε6

NMO]G�WYX�w]9
Q, R2, K, M , ε1, ε2,

ε3, ε4 ? LMI
wPy7X�Z � � �t9P�Iw ? BMI � J 	 6I� �ta ��9�Q�R�S U K

�KX ` 8
(P, R1, ε5, ε6)

N�OPGIWYX	w 	 � � 
 � y ` Z��B� � �;a 9;J 	 y BMI
N	J 	 y LMI

U�T�U ���xX RKS y K
�KX ` 8 (P, R1, ε5, ε6)

N�V�W � w ��
�� 6	�7X�Z� ?7R7S y�A ��B N�W 
 �	��!76I9�4 > 6I8 BMI
N 	 �z� � ��f C��ti�� [29] ?

���	N�R���WYXPZ � � 
 6	9 ��f C �Bi �KN�� `�a BMI
N 	 ��X � � y � �Ka	`X � Y ) � ¢ [36, 37] Z 9 � ��� 8�A ��?�[�\ N S 
 �^]����_�#� ? 6�� s 9 ��f C
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� iTN S 
 ����G�� a�` XPZ ��� 6���� �B� ��f C � iT8/9����T:�<�=�>	6��KX
�������	:�<�=K>�N ������� ? y ` � ? � ��� � �c� �&��� ���	N��_O � ? 
 6
�
	 U���
 ���YX�� ? 6	� s 9;� ?�*�+ MK8	9 ������� � y ` ���K9 �������	:	<=7> ?7@tA <hCvEIGIH@A � � �)����� ? y ` :I<z=7> ? H��IEIGIH@A � wzy s 9��w ? BMI � J 	 6	� �7¢ � ? H��IE�G	H�A �K?�	 ����� U�� 
 X � w U7R XPZ
` 
 9 ��f C �Bixw � a

H(K, P, R1, ε5, ε6, λ) = P (A + BK) + (A + BK)T P + M + MT

+λhM(A + BK)T R1(A + BK)

+λhMMR−1
1 MT + λ

hM

1− α
DTR2D

+λhMMR−1
2 MT + ε1E

T
AEA +

1

ε1
PHAHT

AP

+λε2hMET
AEA + λ

hM

ε2
MHAHT

AMT

+λ
ε3hM

1 − α
ET

DED + λ
hM

ε3
MHDHT

DMT

+(PD − M)(Q− ε4E
T
DED)−1(PD − M)T

+
1

ε4
PHDHT

DP + ε5K
T ET

BEBK

+
1

ε5
PHBHT

BP + λε6hMKTET
BEBK

+λ
hM

ε6
MHBHT

BMT +
1

1 − α
Q (4.9)

N����TXzZ ��� 6	9 ��� �_����f C �Bi��x��e�i��
λ
8	9

0
� � 1 U���
 ���YX���16���X�Z ��f C �Bi �KNLR���W�X/wP{ U 8�9 A �K?L[�\ N S 
 ����� ����X R

S y���f C��ti7N�GIVIWxX 
��7� �7X � 9 � � 6I8I9t:]<P=7> ? �������IN 0
� �

� � �j� �@� ? 
 6 ��	 U���
 � �YX�� ? N��)� a�` X�Z λ = 1 ? w�{ (4.9)
#�8

H(K, P, R1, ε5, ε6, 1) = P (A + BK) + (A + BK)T P + M + MT

+hM (A + BK)TR1(A + BK)

+hMMR−1
1 MT +

hM

1 − α
DTR2D

+hMMR−1
2 MT + ε1E

T
AEA +

1

ε1
PHAHT

AP

+ε2hMET
AEA +

hM

ε2
MHAHT

AMT

+
ε3hM

1 − α
ET

DED +
hM

ε3
MHDHT

DMT
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+(PD − M)(Q − ε4E
T
DED)−1(PD − M)T

+
1

ε4
PHDHT

DP + ε5K
TET

BEBK

+
1

ε5
PHBHT

BP + ε6hMKTET
BEBK

+
hM

ε6
MHBHT

BMT +
1

1− α
Q

w�y s 9 Schur complement
N�� S w (4.2)

# ?���� w����	W�X�Z�O 
 s (4.2)
#�8��	�

Q���# ?�	 �
H(K, P, R1, ε5, ε6, λ) < 0, λ ∈ [0, 1] (4.10)

U E 
 � XzZw ��� 6	9
λ ��
 �YwPy �Ba	` X�� � ` C � ��
��	GT6	�TX � w RKs 9 OTQ ?��

� �&$ s�% OTZ
���

4. 1
�7X

λ̃
6�9

H(K̃, P̃ , R̃1, ε̃5, ε̃6, λ̃) < 0
wPyKX �	�

K̃,
�	G��	�	���

P̃ , R̃1 ^
RB� ��� ε̃5, ε̃6 �� �¡ WYX�wBWYXPZ � ? w�{�9

H(K̃, P̃ , R̃1, ε̃5, ε̃6, λ̄) < 0, ∀λ̄ ∈ [0, λ̃]

�&$ s�% O7Z
� ?�����R1s 9 λ

N
0
� � 1 U ��	 U ��
 ����y � � 	 N �T� X � wP8/9 	�	 �N�� � y � � 	 N�V�W � w U y �;aI` X � w � K �TX�Z

(4.10)
#�8

λ = 0 ? w�{
P (A + BK) + (A + BK)T P + M + MT + ε1E

T
AEA +

1

ε1
PHAHT

AP

+(PD − M)(Q − ε4E
T
DED)−1(PD − M)T +

1

ε4
PHDHT

DP + ε5K
T ET

BEBK

+
1

ε5
PHBHT

BP +
1

1 − α
Q

< 0 (4.11)

w�yKXPZ
� � 6

(4.11)
# N 	 � � � (4.11)

# ?���� � � X = P−1
N ���

W = KX , L = XMX ,

V = XQX , ρ1 = 1/ε1, ρ4 = 1/ε4, ρ5 = 1/ε5

w ^K`Ia Schur complement
N�� ` X�w







S̃11 S̃12 S̃13

S̃T
12 S̃22 0

S̃T
13 0 S̃33






< 0 (4.12)
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w�yKXPZ;��� �B9

S̃11 = AX + XAT + L + LT + BW + WT BT + ρ1HAHT
A + ρ4HDHT

D

+ρ5HBHT
B +

1

1 − α
V

S̃12 = [XET
A WT ET

B]

S̃13 = [DX − M 0]

S̃22 = diag{−ρ1I, −ρ5I}

S̃33 =

[

−V XET
D

EDX −ρ4I

]

(4.12)
#78

X , V , W , L, ρ1, ρ4, ρ5 U ,]WYX LMI
6�� s 9���� U � ��W�X � w � 6	{X�Z

(4.12)
#�N 	T`	a 	 �c� � X , W R7s K = WX−1

N �T� 9 �	� 6�8 � � N����
*Yw����KZ
w ��� 6

M = PD, V → 0, ρ → 0
wBW�XIw

(4.11)
#�8

(A + D)X + X(A + D)T + BW + WT BT + ρ1HAHT
A + ρ5HBHT

B

+
1

ρ1
XET

AEAX +
1

ρ5
WT ET

BEBW

< 0

w�y s 9

ẋ(t) = (A + D + HAFA(t)EA)x(t) + (B + HBFB(t)EB)u(t)

� H ��E	G	H�JPL1y � 	 8  �¡ W X � w � K �TX [20]
Z��B� � �Ba 9�����* ?  	¡M18�� ����� ? y ` :�<P=K> ? H �	E	G�HTJ�L�M U�T�U � � 9 � � � � ?�	 � ?


�� ? �	OxwPyKX�ZOKQ U 9 (4.9)
# ? �Pf C �_i UP^K`	a λ

N
0
� � 1 U ��	 U���
 ���Ty � � 9 �

? ��� *KN (4.2)
# U OTy�
��]f C � i��K<�N���X � w]N�� �KXPZ � ? λ

N ��
 �
�1y � � 9 K


 �	8
P , R1, ε5, ε6

N���� U O]G�� 9 (4.2)
# ? BMI

N
LMI

w�� a�	
`	a	` ��Z
$�! RKs 9 ����� ��� g��I>	8POKQ ?7RTSBU yKX�Z
• Step 1

�zf C �Bi��K< ? 
�� � m ? !�� mmax(≥ 2)
N �	G �B9

m = 2, λ = 0w_WYXzZ 
 �
(4.12)

# ?�	 N�� ���_9�����* K
N �T� X�Z
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• Step 2 λ := λ + 1
m

wBW�X�Z
• Step 3 K

NMO]G � a P , R1, R2, Q, M , ε1, ε2, ε3, ε4, ε5, ε6 U O `�a (4.2)
#�N

LMI
w�� a�	 � Z 	 � �K¢ Step 4 � � J 9 	 �	y�� �K¢ m

N ��
 �^�T9 Step

5 � � �KZ
• Step 4 P , R1, ε5, ε6

NMO�G � a Q, R2, K, M , ε1, ε2, ε3, ε4 U O `�a (4.2)
#�N

LMI
w � a 	 ��Z 	 � ��¢ λ � 1

��� S �/N���� pcr W�X�Z λ < 1
y � Step 2

U	�us 9 λ = 1
y � � ? w�{ ? K � e�fugjixk�<Il�m i o A pcrI��� ~P6I� s 9

� � � g ��>	8�

��WYXPZ 
 ��9
(4.2)
# � 	 ��y�� �K¢ m

N ��
 ���T9 Step

5 � � �KZ
• Step 5 m ≤ mmax

y �t¢ λ = 0
w�� a 9 Step 2 ��� XzZ m > mmax

y � 9 � ?
� ��� g ��>	6�8zE	G	H�QKJPLxw���� �B9�
���W�X�Z

4.4 LMI � � II ��� � ����� � �  ! " # $&%(' ) � * + %&,- $/. 0 1
�	� 6	8I9

LMI
�I�

II U����T` � @BA <DCvE	G�H@A � N��)�TXzZ���� �t9F �" ?� � � ����� � �32 �ty ` ��� Y h 4
= h(t) = hM , α = 0 Z N�� �KX�Z:	<]=K>

(4.1) ?�@BA <DC E�G�H U O `�a/4 G�WYX = U 9 ` �BO � ?/5�6 N � a
^ � S Z 
�C 9�:	<P=K> (4.1) U_^T`	a 9c�	� D

8
rankD = l

7 �KX�w��t9B� ?	839�: � 
�	T? �IOKN
D = EC, E ∈ Rn×l, C ∈ Rl×n.

wBWYXPZ;� � a3; 
 � �	< G ? k
� Y k ≥ l Z>=�? :�<�=7>

ż(t) = Fz(t) + Gx(t), z(t) ∈ Rk (4.13)

y(t) = Hz(t), y(t) ∈ Rl.

N�����WYXzZB��� � ; z(t) ?	@3AK?	Bus X
C�DFE���� �
H =

[

Il 0
]

.
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w ^T`	a ������MKN��#K�y ` � w U�� � � a�^ ��Z�WTy;K�N ; $�% 7 C H
���3C

G 
 �;aI` X�� ? wtWYXPZ�	� 7 ; :	<P=K> (4.1) ?�@tA <hC�E	G�H7J�L	MTN�OTQ ?KRKS_U GIV�WYX�Z
[	\

4. 3
� �����I:I<z=7>

(4.1) Uz^7`Ia�; l m i o A p r u(t) = K1x(t)+ K2z(t) U
RKs ;z@tA <uCvE	GxwzyTXIwz{ ; :	<z=7> (4.1)

C 27d	ezfugjixkz<K}I~xC @ ix� U
RKs�@_A <uC�E	G	HTJzL 7 �KX	w `xS Z
� � 7 ; 2Yd1eqf g;ihk/<Y} ~hC @ i �Kw `hS��	�YU O `Ka
� � � aq^ ��Z

u(t) = K1x(t) + K2z(t)
yKX�}	~�C @ i��	C ; ��� t UP^K`�a x(t)

w
z(t) U O `	a	?


�� ?�J N�� `z�K¢TR � ; � � ��ePfhgjiYk�<Il�mFi o A	p r�? ��� 7 �7X�w � �X � ; 2Td�y	:	<P=�>	N&� `�a	` X]� � bKd�ePfhg|iYkP<K}�~YC @ i��	w�����WX�� ��; 27d�e�fDgcixk�<T}	~�C @ iY��w����7Z
� a�; :	<�=T> (4.1)

w
(4.13)

� � y7X�� 9 �
[

ẋ(t)

ż(t)

]

=

[

A + ∆A(t) 0

G F

] [

x(t)

z(t)

]

+

[

D + ∆D(t) 0

0 0

] [

x(t − h)

z(t − h)

]

+

[

B + ∆B(t)

0

]

u(t) (4.14)

N����TX�Z���� ; :I<P=K> (4.1) � @BA <uCFE	G�HKJPL 7 y � �T¢ � 9 � (4.14)
� @

A <DC�E	G	H�JPL 7 y ` � w	C�� � 7 �TX�Z��B� � �Ba3; � 9 � (4.14) ?�@ A <hCEIGIH7JzLIM � ` � �7¢�; :I<z=7> (4.1) ?�@tA <uCvEIGIH7JzLIM � ` �7XzZ-� � 7
$�% 7 C ; � 9 � (4.14) ?�@tA <hCvEIGIH7JPLIM U���� � a�; (4.14)

#�NzO7Q ?TR7S
U � ? � az^ � ZcW7y�K�N ; e(t) = Cx(t − h) − y(t)

w ^K`�a
e(t) = Cx(t − h) −

∫ t

th
ẏ(τ)dτ − y(t − h)

= Cx(t − h) −

∫ t

t−h
H(Fz(τ) + Gx(τ))dτ − Hz(t − h)

w�yKX � wzN�� ` X�w ; :�<�=T> (4.1)
C

ẋ(t) = (A + ∆A(t))x(t) + (EC + ∆D(t))x(t − h) + Ey(t)− Ey(t) + (B + ∆B(t))u(t)

= (A + ∆A(t))x(t) + Ee(t)− ∆D(t)x(t − h) + EHz(t) + (B + ∆B(t))u(t)

= (A + ∆A(t))x(t) + EHz(t) + ∆D(t)x(t − h) + ECx(t − h)

−

∫ t

t−h
H(Fz(τ) + Gx(τ))dτ − EHz(t− h)
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w�yKXPZ �t� � �Ba�; � 9 � (4.14)
C

[

ẋ(t)

ż(t)

]

=

([

A EH

G F

]

+

[

∆A(t) 0

0 0

])[

x(t)

z(t)

]

+

([

EC −EH

0 0

]

+

[

∆D(t) 0

0 0

]) [

x(t − h)

z(t − h)

]

+

[

−E
∫ t
t−h H(Fz(τ) + Gx(τ))dτ

0

]

+

[

B + ∆B(t)

0

]

u(t)

w�� ? 7 {7XPZ! &" ? � ��U3; $@% 7 C � � C

ξ̇(t) = (Ã + ∆Ã(t))ξ(t) + (D̃ + ∆D̃(t))ξ(t− h) + f(t) + (B̃ + ∆B̃(t))u(t) (4.15)

w��	��Z����	� ;
Ã =

[

A EH

G F

]

∆Ã(t) =

[

∆A(t) 0

0 0

]

=

[

HA

0

]

FA(t)
[

EA 0
]

D̃ =

[

EC −EH

0 0

]

∆D̃(t) =

[

∆D(t) 0

0 0

]

=

[

HD

0

]

FD(t)
[

ED 0
]

f(t) =

[

−E
∫ t
t−h H(Fz(τ) + Gx(τ))dτ

0

]

B̃ =

[

B

0

]

∆B̃(t) =

[

∆B(t)

0

]

=

[

HB

0

]

FB(t)
[

EB 0
]

ξ(t) =

[

x(t)

z(t)

]

.
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$�! ?F5 6K? ��w 7 ; :�<]=K> (4.1) ?�@BA <hC�E�G	H�J�L�MYw 2Td/ePfhg|iYk<K}	~�C @ i�� ?	�P� ~ � OKQ ?TR7SBUP�K�Y�j� X�Z
[	�

4. 2
OTQ ? LMI

N����]W	���
M , W

w ��G��/�����
X, R, S ^�R � ��� ε1,

ε2, ε3 �z �¡ WYXPy �B¢�; :�<�=7> (4.1)
C @_A <DCFE	GIHTJ�L 7 �KXzZ























S11 S12 S13 S14 S15 0

ST
12 S22 0 0 0 0

ST
13 0 S33 0 0 0

ST
14 0 0 S44 0 0

ST
15 0 0 0 S55 S56

0 0 0 0 ST
56 S66























< 0 (4.16)

���	�

S11 =

[

A EH

0 0

]

X + X

[

A EH

0 0

]T

+

[

0

M

]

+
[

0 MT
]

+ S

+

[

B

0

]

W + WT
[

BT 0
]

+ε1

[

HA

0

]

[

HT
A 0

]

+ h

[

E

0

]

R
[

ET 0
]

+ε2

[

HD

0

]

[

HT
D 0

]

+ ε3

[

HB

0

]

[

HT
B 0

]

S12 = X

[

ET
A

0

]

S13 = MT HT

S14 = WT

[

ET
B

0

]

S15 =

[

EC −EH

0 0

]

X

S22 = −ε1I

S33 = −
1

h
R

S44 = −ε3I

S55 = −S

S56 = X

[

ET
D

0

]

S66 = −ε2I.
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 � ; � ? wP{ ? lnm i o A	p�rI�P� ~	C
[

K1 K2

]

= WX−1

7 �K���c� XPZ
��� :I<P=K>

(4.15) U
u(t) = K1x(t) + K2z(t)

=
[

K1 K2

]

ξ(t)

N&
��_��� � i��&�TN����TX�Z � ? w�{ ; � � i�����C
ξ̇(t) = (Ã + ∆Ã(t))ξ(t) + (D̃ + ∆D̃(t))ξ(t − h) + f(t) + (B̃ + ∆B̃(t))Kξ(t)

= (Ã + B̃K + ∆Ã(t) + ∆B̃(t)K̃)ξ(t) + (D̃ + ∆D̃(t))ξ(t− h) + f(t) (4.17)

w�yKXPZ;��� � ;
K̃ =

[

K1 K2

]

.

:	<�=T>
(4.17) ?�'�( N ξt

4
= ξ(η), η ∈ [−h, 0]

w � ; � �KU O `Ia	? +�,��
V (ξt) = ξT(t)Pξ(t) +

∫ t

t−h
ξT(θ)Qξ(θ)dθ + W (ξt)

W (ξt) =

∫ 0

−h

∫ t

t+s
ξT(θ)

[

GTHT

FTHT

]

R−1
[

HG HF
]

ξ(θ)dθds

Q > 0

N���� ; :I<P=K> (4.17) ? 	���
TU���� ��� ,��KN����	W�X	w
V̇ (ξt) = ξT (t)

(

P (Ã + B̃K̃ + ∆Ã(t) + ∆B̃(t)K̃)

+(Ã + B̃K̃ + ∆Ã(t) + ∆B̃(t)K̃)TP
)

ξ(t)

+2ξT (t)P (D̃ + ∆D̃(t))ξ(t − h)

+2ξT (t)Pf(t) + ξT (t)Qξ(t) − ξT (t − h)Qξ(t − h) + Ẇ (ξt) (4.18)

w�yKXPZ �I� 7 ; ��� ?���� A.1 R7s ��� ? ε1 > 0 U ��� a
ξT (t)(P∆Ã(t) + ∆ÃT (t)P )ξ(t)

≤ ε1ξ
T (t)P

[

HA

0

]

[

HT
A 0

]

Pξ(t) +
1

ε1
ξT (t)

[

ET
A

0

]

[

EA 0
]

ξ(t)
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�&$ s�% O � w	w ; ��� ? ε3 > 0 U ��� a
ξT (t)(P∆B̃(t)K̃ + K̃T∆B̃T (t)P )ξ(t)

≤ ε3ξ
T (t)P

[

HB

0

]

[

HT
B 0

]

Pξ(t) +
1

ε3
ξT (t)K̃T

[

ET
B

0

]

[

EB 0
]

K̃ξ(t)

w�yKX � wIw ;
P =

[

P1 P0

PT
0 P2

]

w ^ ��w ; ��� ? R > 0 U � � a
2ξT (t)Pf(t) = −

∫ t

t−h
2ξT (t)

[

P1

PT
0

]

EH
[

G F
]

ξ(τ)dτ

≤

∫ t

t−h

(

ξT (t)

[

P1

PT
0

]

ERET
[

P1 P0

]

ξ(t)

+ ξT (τ)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(τ)

)

dτ

= hξT (t)

[

P1

PT
0

]

ERET
[

P1 P0

]

ξ(t)

+

∫ 0

−h
ξT (t + s)

[

GT

FT

]

HTR−1H
[

G F
]

ξ(t + s)ds

�&$ s�% O � w	w ;
Ẇ (ξt) = hξT (t)

[

GT HT

FT HT

]

R−1
[

HG HF
]

ξ(t)

−

∫ 0

−h
ξT (t + s)

[

GTHT

FT HT

]

R−1
[

HG HF
]

ξ(t + s)ds

w�yKX � wzN�� ` X�w ; (4.18)
# C

V̇ (ξt) ≤
[

ξT (t) ξT (t − h)
]

[

T11 T12

T T
12 T22

] [

ξ(t)

ξ(t − h)

]

w�yKXPZ;��� � ;
T11 = P (Ã + B̃K̃) + (Ã + B̃K̃)TP + Q + ε1P

[

HA

0

]

[

HT
A 0

]

P

+
1

ε1

[

ET
A

0

]

[

ET
A 0

]

+ h

[

P1

PT
0

]

ERET
[

P1 P0

]

+h

[

GT HT

FT HT

]

R−1
[

HG HF
]
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+ε3P

[

HB

0

]

[

HT
B 0

]

P +
1

ε3
K̃T

[

ET
B

0

]

[

EB 0
]

K̃

T12 = P (D̃ + ∆D̃(t))

T22 = −Q.

g ��� ��l ? G � RTs V (ξt) > 0(ξt 6= 0)
� � �

T11 − T12T
−1
22 T T

12 < 0. (4.19)

� $ s %�a�¢ ; � � i � � (4.17)
C @ A < C�E�G�w]y1X]Z ��� 7 ; � � ? � � A.2

RKs
Q − ε2

[

ET
D

0

]

[

ED 0
]

> 0.

w�yKX_�	�
ε2 > 0 U � � a

−T12T
−1
22 T T

12 = P (D̃ + ∆D̃(t))Q−1(D̃ + ∆D̃(t))TP

= P

[

EC −EH

0 0

](

Q − ε2

[

ET
D

0

]

[

ED 0
]

)−1

×

[

CT ET −HT ET

0 0

]

P

+ε2P

[

HD

0

]

[

HT
D 0

]

P

�&$ s % O � w�N�� `�; X = P−1, S = XQX , M = [G F ]X
w ^ �Iw (4.16)

#�N 	 XzZ
2 �I� 7 ; }I~xC @ ix� ?�[ $ X�� U O `Ia����7az^ � Z 
�C ; (4.16)

# ? LMI
N 	

`	a3; � ?�	 X , W , M
N �T� XPZ�O7Q U3; � �h�B?�	YRTs

[

K1 K2

]

= WX−1

[

G D
]

= MX−1

w�� a K1, K2, F , G
N �K��; Fig. 4.1 ?7RKSBU }I~YC @ iY�PN [ $ W �K¢TRz` Zw � � 7 ; = > 7 C�:�< =�> (4.1) U � � a ; bxd�e f g�iuk <�l�m i o Aqp r

u(t) = Kx(t)
N�� � a	` �	Z � � C ; lnm i o Aqpcr��7U�� ¡ ? ��� t ? * ?�J N��

`3; � �7U7R �Ba����7?�'�(7?�	�
 NIezfugci � az^ � 
��7� y ` � ����� �  @"
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- -
?

--

-�

��x(t) u(t)

z(t)

+

+

ż(t) = Fz(t) + Gx(t) K2

K1

Fig. 4.1: structure of controller

7 ]�� ��
IW ` ��� 7 �KXPZ � �7U ��� a3; ezfhgjiKl�m i o�� pcr w RP¢�� X����� '�( � �Ta�^hs Y )�� ¢3; 
�� [38] Z ; � � C
u(t) = K1x(t) +

∫ t

t−h
K(θ)x(θ)dθ

w `YS ? 7 � � �c� XzZ � ����� ; bTd	e�fugjiYk��	l�m i o�� pcrIU�� �Ka��	`
������������� 7��� �!�"�#�$&%('�)�*� �# ; ��� ��+�,-� 	�
 ��.�/10(243 )�5
6�798 #;:� �!;" ; � � #9<�=�7;:� 9!;"�"�*�>@?�A�BC#9:� �D�E�!F7 ; !9!F7 C
F ��G�H

(4.1)
�I+�,

x(t) J�K�L ) ;NM�O F ��G�H (4.13)
��+;,

z(t)
��PRQS2 T �VUXW

Y  �Z9[ ��� 2]\���^ L  _ Fig. 4.1 `�a;b Dc!�'�d�e M�O F�f G�H (4.13)
�hg�i J�j

k�l9e�E�m9n�o
y(t)
d

Cx(t − h)
m;:� Ip�m�q9r;s J;t >h)�5vuwex!I'v%�m�y

e(t) = y(t) − Cx(t − h)

#�z�{ J�|]} 6 t >@)�*� �"�� J d�e F;f G�H (4.13)
d�~;*�q9r�s�" t >@)�51u�e�E

m�"�� J d z(t)
#

x(t − h) J�� *��� ��C* � Y  9" ^ L %�'� �DhE;m9?9�;e z(t)
�

PRQS2 T�� UXW�Y  �!�"�d�e(��p�m .�/10�2�PRQS2 T�� UXW J�t >h);*� 9" ^ L %�'
� u�~�*��9� �;�����  �!;"�#��;�� �DX�;��e

e(t)
#��C� 6 t  ��9������eR!�m��

�9��d � u(� 6 m���� ��� *�)�� � } '] ;!�" J�t uweX��� .�/10�2]� f PRQS2 T
� U�W � u���� ��� # � 6 t  ;!�" d t *¡"�* L  �D�¢9?�e K2 = 0

"I5¡*�?�£9¤
t ����#���� .�/10(2�� f PRQ�2 T�� U¥W " t u�e¦!�m PcQS2 T�� U(W ��#���� .�/
0�2�� f PRQ�2 T�� U�W ��§;¨ !9"�d9©�%Iª��9:C �D
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4.5 ��� �
!9!��9d;e������ ��� *9)�� � ����� 3 ?�� � f�	�� r�
��� �m"!�#�$&%�'�(

Y  �D
¢�)�e F9f G�H

(4.1) J 5�*9)

A =







−0.0484 −0.1452 −0.3871

−0.3226 0.0323 2.419

0.5645 0.6935 −0.4839







D =







−0.4806 0.0194 −0.0387

−0.2710 −0.7710 0.5419

0.1742 0.1742 −0.8484







B =







−0.0968

0.3548

0.1290







HA = HD = HB =







0.1

0.1

0.1







EA = ED =
[

0.1 0.1 0.1
]

EB = 0.1

h = 1

" Y  �Dx!�m�"��;m�*�+ 2�,�-
u(t) = 0

m�.�/�%
Fig. 4.2 J10 Y D�!�m ��2 J e�!�m

F9f GCH d�3 � r - �9:� ;!9"�#�49ªC �D !�m�"��9e65�7
[4, 10]

m
LMI 8 m�� �

f�	�� r�
��� �% � *C 9"�*�)9'��
LMI

�� �%�9�: 3 t *;?9�9e�!�m F9f G�H %
� � f
	�� r�
 Y  ;!9"�d;�9� t *9DX�;��e�r�; 4.1

"<��� 3 ?1=�>@?�+BA 0DC H
% � *C 9"�e6E�F��

m = 2
�

BMI
m�GC#�H�I�ª�u�e P�Q 2 T�� UXW�J�K [�d

K =
[

−23.43 −12.56 −17.56
]

"ML�¢C �DR!�m�"��9m�N�+ 2�,�- m1.�/@%
Fig. 4.3 J10 Y DOQP F�f G�H J�R 3 )9eXr�; 4.2

mS� � f
	�� r�
��� �% � *C 9"�exZ;[ 	 � 2
\ m�T���U�VCd

F =







−5.037 −1.209 −0.0305

−1.072 −1.987 1.442

−0.1992 1.3234 −4.750






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0 1 2 3 4 5 6 7 8 9 10
−600

−500

−400

−300

−200

−100

0

100

200

Time offset: 0               

Fig. 4.2: x(t) of non-controlled systems

G =







4.095 1.011 0.5475

0.6044 0.7231 −0.4861

1.323 −0.1646 1.983







K1 =
[

−2.294 −8.165 −5.553
]

K2 =
[

3.442 5.520 −2.843
]

"DL�¢� �D�!�m-"���m"N1+ 2S, - m .�/S%
Fig. 4.4 J e M�O F f G�H m +�, % Fig. 4.5

J e M�O F�f G H m +�, " R � F f G;H m ��� t−h
�xm +�, mIy

e(t) = z(t)−Cx(t−h)
%

Fig. 4.6 J10 3 ?;D
!�m �S2 J e����Cm�������d1G
	 t ª�>@?C��m�#1G
	C �!�"�ª]% ����5��1��� 3

?
��p�� m�� � f�	�� r�
��� �" =�>�� m�!�#�$C#�'�(����� �Dh¢;?�e
Fig. 4.3

"
Fig. 4.4

%��;k� �"�e¥r�;
4.2 J���� 6 � � f
	�� r�
�Z9[ 	 � 2�\ J �  ;��m�m��

#9e � u���¢ 3 *�.�/�# � %�'C)9*� 9!;"�#�E�ª� �D
I
� J e F�f G�H (4.1) J 5�*�)�e F�f G�H m1T���U�V�5 ��� ¨S����� %1I
��m �
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0 2 4 6 8 10 12 14 16 18 20
−1.5

−1

−0.5

0

0.5

1

Time offset: 0               

Fig. 4.3: x(t) of controlled systems based on LMI I

0 2 4 6 8 10 12 14 16 18 20
−1

−0.8

−0.6

−0.4
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0
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Fig. 4.4: x(t) of controlled systems based on LMI II
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0 2 4 6 8 10 12 14 16 18 20
−0.2

−0.1
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Time offset: 0               

Fig. 4.5: z(t) of auxiliary systems based on LMI II

0 2 4 6 8 10 12 14 16 18 20
−1.5

−1

−0.5

0

0.5

1

Time offset: 0               

Fig. 4.6: e(t) of augumented systems based on LMI II
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2 J�� r Y  �D

A =







−1.8 −2.4 −3.6

2.0 3.4 6.0

−0.4 −0.8 −1.8







D =







0.3 0.6 0.6

0.2 −0.5 −0.6

−0.4 −0.2 −0.3







B =







0.5

−0.5

0.5







HA = HD = HB =







0.1

0.1

0.1







EA = ED =
[
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Fig. 4.7: x(t) of non-controlled systems
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Fig. 4.8: x(t) of controlled systems based on LMI II
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Fig. 4.9: z(t) of auxiliary systems based on LMI II
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