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QIU Zhan-zhi1,2, ZHANG Qing-ling1, LIU Ming1,3

(1. Institute of Systems Science, Northeastern University, Shenyang Liaoning 110004, China;
2. Software Technology Institute, Dalian Jiaotong University, Dalian Liaoning 116028, China;

3. The Department of Mathematics, City University of Hong Kong, Hong Kong, China)

Abstract: The problem of guaranteed performance control for a class of dynamic output feedback networked control
systems(NCS) with uncertain time-delay is studied in this paper. For the case of uncertain time-delay less than or equal
to a sampling period, by using the Lyapunov theory and linear matrix inequality approach, the condition of the existence
of guaranteed performance law for dynamic output feedback networked control systems is derived, the design method of
dynamic output feedback guaranteed performance control law and the optimal performance index of the NCS are also
presented. The parameters of optimal guaranteed performance control law can be solved by the function/mincx0of the
MATLAB LMI toolbox, the guaranteed performance control law and the optimal performance index for the system can
thus be obtained. Finally, a simulation example is given to validate the design method and to demonstrate the feasibility of
the results.
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1 ÚÚÚóóó(Introduction)
Cc5, ó�±��2�A^u�ä��X

Ú(networked control systems, NCS)¥.æ^ó�±�
��NCSäkm�5!p�ÇÚr��^M�Eâ
|±�`³,�Ó���3êâDÑØ(½�¯K.
Ø(½��äp��òéXÚ�½5Ú��5U

kXé��K�,¦�NCSÔ�½~5!��5!Ï
J5Ú(½5[1]. IS	®k;[ïÄ
NCS�ï
�!½5��5U���¯K[2∼8],�k'Ø(½
�ò�Ä�ÑÑ�"NCS��5U��¯K���
��. ¢S�NCSØ��¦½$1,���¦÷
v�½�5U�I;Ó�,du�¸½²L^���

�,  �Uuÿ���é��Ü©&E,Ju¢y
�G��". éuäkØ(½�ò�NCS,æ^Ä�
ÑÑ�"�±�Ñ·�ÑÑ�"�Øv. Ïd,�©
�é�aäkØ(½�ò�Ä�ÑÑ�"NCS, |
^LyapunovnØÚ�5Ý
Ø�ª�{ïÄNCS�
�5U��¯K, �ÑNCS�5U��Æ�3�^
�Ú�5U��Æ�O�{.
2 NCS¯̄̄KKK£££ãããÚÚÚ���...(Problem description

and model of NCS)
^uÚy©OL«��é����Ñ\ÚÑÑ,

1k �æ�±ÏDaì���ìm�äp��òP

�τk
sc, ��ì��1ìm�äp��òP�τk

ca. X

ÂvFÏ: 2005−05−24;Â?UvFÏ: 2006−04−26.
Ä7�8: I[g,�ÆÄ7]Ï�8(60574011);�w�g,�ÆÄ7]Ï�8(20052146).
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Ú¥�!:���êâ?n�ò��äp��ò�

'é���ÑØO.�©Û�B,b�: 1)Daì�
¨°Ä,±±ÏTæ�ÑÑ. 2)��ìÚ�1ì�Â
�êâ&E½��&Eá=?1�A�ö�. 3)ê
âü�DÑ,Ã�S�ÏÚ�¿�. 4)��4�£´
��äp��òP�τk, τk = τk

sc + τk
ca, τkØ(½,÷

vτk 6 T . 5)Ø�ÄL§Z6ÚÿþD(.
Äuþãb�,��é��±L«�{

ẋ(t) = Ax(t) + Bu(t− τk),
y(t) = Cx(t).

(1)

Ù¥: x(t) ∈ Rn ���é��G�, u(t) ∈ Rr Ú

y(t) ∈ Rm´äk�A�ê�~Ý
.
�Äτk ∈ [0, T ],��Ñ\u(t)3��±ÏS©

ãëY,�±£ã�

u(t) =

{
u(k − 1), tk < t 6 tk + τk,

u(k), tk + τk < t 6 t + T.
(2)

�â©z[7],��é��±C��e¡�/ª:



x(k + 1)=Adx(k)+B0+DF (τk)E)u(k)+
(B1 −DF (τk)E)u(k − 1),

y(k) = Cx(k).
(3)

Ù¥: Ad = eAT , F (τk) ÷vFT(τk) × F (τk) 6 I ,
B0, B1, DÚE´~Ý
. �A¹n �Ø�"�pÉ

A��λ1, · · · , λn �, �A�A��þÝ
�Λ =
[Λ1, · · · , Λn],KE = Λ−1B,

B0 = Λdiag(− 1
λ1

, · · · ,− 1
λn

)Λ−1B,

B1 = Λdiag(
1
λ1

eλ1T , · · · ,
1
λn

eλnT )Λ−1B,

D = Λdiag(
1
λ1

eλ1α1 , · · · ,
1
λn

eλnαn),

F (τk) = diag(eλ1(T−τk−α1), · · · , eλn(T−τk−αn)).

Ù¥: α1, · · · , αn �À���yeλi(T−τk−αi) < 1,
i = 1, · · · , n; �A ¹k"A��ÚrA���,
B0,B1ÚD���ë�©z[7].
lÑÄ�ÑÑ�"��ìæ^Xe/ª:{

xc(k + 1) = Acxc(k) + Bcy(k),
u(k) = Ccxc(k).

(4)

Ù¥: xc(k) ∈ Rp���ìG�; Ac, BcÚCc´äk

�A�ê�~Ý
.
é�(3)²�ä3��Æ(4)�^e�.�

z(k + 1) = Φ1z(k) + Φ2z(k − 1). (5)

Ù¥:

z(k) = [xT(k), xT
c (k)]

T
,

Φ1 =
[

Ad (B0 + DF (τk)E)Cc

BcC Ac

]
,

Φ2 =
[
0 (B1 −DF (τk)E)Cc

0 0

]
.

éu��XÚ(3),5U�I½Â�

J =
∞∑

k=0

[xT(k)Qx(k) + uT(k)Ru(k)]. (6)

Ù¥QÚR´�½�é¡�½\�Ý
.
½½½ÂÂÂ 1 éu¤k÷vFT(τk)F (τk) 6 I �å

�Ø(½�ä�òτk 6 T ,XJÄ�ÑÑ�"�ä
��XÚ(5)�g½,�÷vJ 6 J∗ ,Ù¥J∗ �(

½�~ê,K¡�A���Æ(4)´TXÚ��5U
��Æ,¿¡J∗�5U�Iþ..

3 ���555UUU½½½555(Guaranteed performance
stability)
½½½nnn 1 éuØ(½�ä�òτk 6 T÷v

FT(τk)F (τk) 6 I�å�Ä�ÑÑ�"�ä��

XÚ(5),XJ�3é¡�½Ý
P ∈ Rn×n, S, Z ∈
Rp×p ,÷v^�


D1 D3 AT

d PM4

DT
3 D2 MT

2 PM4

MT
4 PAd MT

4 PM2 MT
4 PM4−Z


 , (7)

Ù¥:D1 = AT
d PSd + (BcC)TSBcC − P ,

D2 = MT
2 PM2 + AT

c SAc + Z − S,
D3 = AT

d PM2 + (BcC)TSAc, F = F (τk),
M2 = (B0 +DFE)Dc, M4 = (B1−DFE)Cc,

KXÚ(5)�g½.
yyy ÀJé¡�½Ý
P ∈ Rn×n, S §Z ∈

Rp×p,-Lyapunov�¼V (k)�

V (k) = xT(k)Px(k) + xT
c (k)Sxc(k) +

xT
c (k − 1)Zxc(k − 1) > 0. (8)

�âLyapunovnØ, �V (k) ÷XÚ(5)?¿;�
��©∆V (k) < 0 ,=���ª(7). y..
½½½nnn 2 éuXÚ(5), X�3é¡�½Ý


P ∈ Rn×n, S, Z ∈ Rp×p ,÷v^�


D1+Q D3 AT
d PM4

DT
3 D2+CT

c RCc MT
2 PM4

MT
4 PAd MT

4 PM2 MT
4 PM4−Z


 < 0. (9)

KTXÚ�g½�5U�I�

J̄ 6 xT(0)Px(0) + xT
c (0)Sxc(0) +

xT
c (−1)Zxc(−1). (10)

éA���Æ(4)�TXÚ��5U��Æ.
yyy �â5U�I(6)�½Â, 4�NCS(5)5U

�I�
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J̄ =
∞∑

k=0

zT(k)Qz(k). (11)

Ù¥Q̄ =

[
Q 0
0 CT

c RCc

]
.

lª(9)�í�Ñ


D1 D3 AT
d PM4

DT
3 D2 MT

2 PM4

MT
4 PAd MT

4 PM2 MT
4 PM4−Z


 <



−Q 0 0
0 −CT

c RCc 0
0 0 0


 .

ÀJLyapunov�¼V (k) �ª(8), d½n1��,
XÚ(5)�g½,k

∆V (k) < −z(k)T
[
Q 0
0 CT

c RCc

]
z(k) 6

−λmin(Q)‖ z(k) ‖2
, (12)

Ù¥λmin(·)L«Ý
���A��.
lØ�ª(12)k

zT(k)Qz(k) < −∆V (k).

þªü>ékl0→∞¦Ú,¿|^XÚ�½
5,�±��

∞∑
k=0

zT(k)Qz(k) 6 xT(0)Px(0) + xT
c Sxc(0) +

xT
c (−1)Zxc(−1).

�â5U�I(6)�½Â���ª(10), Ï, é
A���Æ´���5U��Æ. y..

4 ���555UUU������ÆÆÆ���OOO(Design of guaranteed
performance law)
½½½nnn 3 äkØ(½�ä�òτk 6 T �÷

vFT(τk)F (τk) 6 I �å��ä��XÚ(5), XJ
�3Iþε, ε1 > 0, é¡�½Ý
P̄ ∈ Rn×n, Z̄ ,
S̄ ∈ Rp×p, Ý
N ∈ Rp×p, W ∈ Rr×p, Y ∈ Rr×n,
¦�e¡Ý
Ø�ª¤á:



−P̄ 0 0 P̄AT
d 0 0 0 P̄CT 0 P̄

0 Z̄−S̄ 0 WTBT
0 WTET NT WT 0 0 0

0 0 −Z̄ WTBT
1 −WTET 0 0 0 0 0

AdP̄ B0W B1W εDDT−P̄ 0 0 0 0 0 0
0 EW −EW 0 −εI 0 0 0 0 0
0 N 0 0 0 −S̄ 0 0 Y T 0
0 W 0 0 0 0 −R−1 0 0 0

CP̄ 0 0 0 0 0 0 −ε1I 0 0
0 0 0 0 0 Y 0 0 −ε1I 0
P̄ 0 0 0 0 0 0 0 0 −Q−1




< 0. (13)

KTXÚ��5U��Æ�{
xc(k + 1) = NS̄−1xc(k) + 1

ε1
Y Ty(k),

u(k) = WS̄−1xc(k).
(14)

TXÚ�5U�I�

J̄ 6 λmax(UTP̄−1U) + λmax(UT
1 S̄−1U1) +

λmax(UT
1 S̄−1Z̄S̄−1U1). (15)

yyy XJ�3�5U��Æ,¦�XÚ(5)�g½,Kª(9)¤á,ª(9)�C���


−P +Q 0 0 AT
d 0 0 0 CT 0

0 Z−S 0 (B0Cc)T (ECc)T AT
c CT

c 0 0
0 0 −Z (B1Cc)T −(ECc)T 0 0 0 0

Ad B0Cc B1Cc εDDT−P−1 0 0 0 0 0
0 ECc −ECc 0 −εI 0 0 0 0
0 Ac 0 0 0 −S−1 0 0 ε1Bc

0 Cc 0 0 0 0 −R−1 0 0
C 0 0 0 0 0 0 −ε1I 0
0 0 0 0 0 ε1B

T
c 0 0 −ε1I




< 0. (16)

�¦!m¦diag(P−1, S−1, S−1, I, I, I, I, I, I) ,
¿-P̄ = P−1, S̄ = S−1 , Z̄ = S−1ZS−1, AcS̄ =
N , CcS̄ = W , ε1B

T
c = Y ,Kª(16)¤�ª(13).

dª(13)��1)¦�Ac, Cc ÚBc, =���
ª(14).
dª(10)wÑ, 5U�Iþ.�6uXÚÐ©
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G�, �;�d�6, b½XÚÐ©G���, �
áu8Ü[9,10]

G =





x(0) ∈ Rn : x(0) = Uv, vTv 6 1,

xc(−j) ∈ Rn : xc(−j) = U1vj ,

vT
j vj 6 1, j = 0, 1.

(17)

Ù¥U ÚU1´�½�~Ý
.
Äuþãb½,ª(10)¤�

J̄ 6 vTUTPv+vT
0 UT

1 SU1v0+vT
1 UT

1 ZU1v1 6
λmax(UTPU) + λmax(UT

1 SU1) +

λmax(UT
1 ZU1). (18)

dP̄ , S̄ÚZ̄½Â,ª(18)C�ª(15). y..
½n®�Ñ
�|��Æ.éuØÓ���Æ,

XÚ(5)òkØÓ�5U�Iþ..
½½½nnn 4 äkØ(½�ä�òτk 6 T �÷

vFT(τk)F (τk) 6 I �å��ä��XÚ(5),éu
�½�~Ý
U ÚU1 9Iþα, β, ω > 0, XJ±
e`z¯K

min
P̄ ,S̄,Z̄,N,W,Y,ε1,ε2

α + β + ω, (19)

s.t. (13),[
−αI UT

U −P̄

]
< 0,

[
−βI UT

1

U1 −S̄

]
< 0,

[
−ωI UT

1 S̄−1

S̄−1U1 −Z̄−1

]
< 0

k) ̂̄P , ̂̄S , ̂̄Z, N̂ , Ŵ , Ŷ , ε̂Úε̂1,KTXÚ�Ä�Ñ
Ñ�"g`�5U��Æ�




xc(k + 1) = N̂ ̂̄S−1
xc(k) +

1
ε̂1

Ŷ Ty(k),

û(k) = Ŵ ̂̄S−1
xc(k).

(20)

TXÚ�g`5U�I�

Ĵ 6 α + β + ω. (21)
5 ���~~~���ýýý(Example and simulation)
�ÄXe���é�



ẋ(t) =

[
0 1

−2−3

]
x(t) +

[
0
1

]
u(t− τk),

y(t) = [1 0]x(t).

b�æ�±Ï�1 s,�ä�òØ(½÷vτk 6
T ,ÏA�A���−1Ú−2,A��þÀ

Λ =

[
1 1

−1−2

]
.

��yeλi(T−τk−αi) < 1, i = 1, · · · , n§Àα1 =
0, α2 = 0,K�O�Ñ

Ad =

[
0.6004 0.2325

−0.4651−0.0972

]
, D =

[
−1−0.5

1 1

]
,

B0 =

[
−1
3

]
, B1 =

[
−0.3002

0.2325

]
, E =

[
1

−1

]
.

A^½n4, 5U�I\�Ý
À�Q =
diag(1, 1), R = 1.5,b½U = U1 = diag(1.5, 1.5),
^LMIóä�¥�óämincx,��g`)©O�

̂̄P =

[
0.4462 −0.122

−0.122 0.8698

]
,

N̂ = 105 ×
[
−7.2966 0

0 −6.6389

]
,

̂̄Z = 10−6 ×
[

0.1123 0
0 0.112

]
,

̂̄S = 105 ×
[
7.2966 0
0 6.6389

]
,

β = 3.4× 10−6, ε̂1 = 2.4144,

Y = [−2.4144 0], α = 5.4399,

Ŵ = 106 × [−0.2405 0], ω = 1.6875.

Ïd,Ä�ÑÑ�"g`�5U��Æ�



xc(k + 1) =

[
−1 0

0−1

]
xc(k) +

[
−1

0

]
y(k),

û(k) = [−0.3296 0]xc(k).

TXÚg`5U�I�Ĵ 6 7.1274.

d�TXÚÑÑ�ü ���AÚÐ©G

��(4,–1) �G��A��ý©OXã1Úã2
¤«.

ã 1 4�XÚÑÑ�ü ���A

Fig. 1 Step response of the closed-system output
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ã 2 4�XÚG��A

Fig. 2 Response of the closed-system states

6 (((ØØØ(Conclusion)
�Daì�¨°Ä!��ìÚ�1ì¯�°

Ä!Ø(½�ò�u�u��æ�±Ï!Ø�Ä

L§Z6ÚÿþD(±9êâ�¿��, �©�
Ñ
Ä�ÑÑ�"�ä��XÚ�5U��Æ�

3�^�Ú�5U��Æ�O�{. /ÏLMIó
ä��mincx, ÏL¦)`z¯K, �±¼�Ta
XÚ`z�5U�Iþ., ¿�EÑ5U�Iþ
.¦�U��g`�5U��Æ.
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