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Abstract The path scheduling and controller codesign problem is investigated for
networked control systems with multipath communications. A switched system mod-
el is obtained by modelling the path switch and the corresponding delay variations as
the modes switches in the system. The conditions for the path scheduling to ensure
the exponential stability of the closed-loop system are given, and consequently the
path scheduling scheme and the controller design method are proposed which guar-
antee the closed-loop system stability as well as the balance of the network loads.
Numerical examples illustrate the e↵ectiveness of the proposed method.
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±9ıª¥d"ìdºÍ; 1 3 !©¤!4ÇX⁄"çÍ$'5⁄¥ªN›êY

§Iá˜v"^á; 1 4 !â—!õõÏ±9‰N"¥ªN›êY!O; 1 5 !œ

L MATLAB ⁄ LabVIEW ï˝é~"y!§J—"nÿ(ÿ; 1 6 !o(,©.
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lDaÏ—u*dõõÏ, õõÏ2ÚÈAõõ&Eux&â1Ï"Lß•(3

N = N1N2 ^4Çœ&¥ª. b!ûÚÃáù6u4Çœ&¥ª§*L•U!:

"Í˛, øÚŸCq!è2'", P1 i ^4Çœ&¥ªè Pi, øPŸûÚè ⌧i, K

0  ⌧i  d, i = 1, 2, ..., N , Ÿ• d = max{⌧i}.

PN

...

1

执行器

受控对象

控制器

通信网络

传感器

P1
P2

P3

„ 1 ıª¥d!‰zõõX⁄(.„.

(Figure 1 The diagram of multipath networked control systems.)

2.1 4Ç¥ªN›êY

3X⁄zgÊ^,^4Çœ&¥ªD—Í‚û, œ&!‰—IáG—ÉA"

ìd, 3'©•, œ&!‰"ìdäÃá…4Çœ&¥ª"œ&U—±9¥ª•!

:"ê{U˛§Kè. ~X, 3,^4Çœ&¥ª‰kçı!:û, ¶^T¥ª=

¨û—çıU˛. ,., e,¨´ç!:U˛Jc—¶, /á!‰Ú©-§pÿÉ

Î"4·‹©, œd3¶^,^‰kç$ê{U˛!:"4Ç¥ªû, Èœ&!‰

ÚE§ç\ÿ|"Kè. ©z [23] ä‚˛„géJ—!ò´U˛¥d"é{, Té

{œLœ&U—⁄!:ê{U˛Oé¶^z^4Çœ&¥ª"ìdä.

È4Çœ&¥ª"¶^ê™, '©Ê^ò´±œ5N›êY, =¥ª"N›=

3,â'"kÅ±œ T S&ƒ, +#NN›êY"3ÇN/. l2n˛˘, ˘´N

›êYaqu!.˝ˇõõê{, å|^kÅûç"Eƒ`z3¸$!OE,5

"”ûk)JpX⁄È|ÿ('5"UÂ.

â'±œ T , '©"±œ5N›êYI!O3d±œSN^4Çœ&¥ª"¶

^^S⁄ÉA"ÎY¶^gÍ,Ÿ•3±œSz^4Çœ&¥ªÅı¶^òg£ƒ

K8èeòá±œN›§. 4Ç¥ª31iá±œ"N›êYåXeL´µ

⇣iT : {{Pi1 ,↵i1}, {Pi2 ,↵i2}, ..., {PiN ,↵iN }}

Ÿ• Pij L´1 i á±œS1 j g¿J"4Çœ&¥ª, K4Ç¥ª"¿JS+

{i1, i2, ..., iN}¥ {1, 2, ..., N}"òá¸+; ↵ij ¥±œS¥ª Pij "ÎY¶^gÍ, Kk
PN

j=1 ↵ij = T . Ÿ•3 ↵ij = 0 û, L´d±œøôÊ^¥ª Pij . P ⌦ è§kåU4

Çœ&¥ªN›êY ⇣iT "8‹.

3…õÈñ"záÊ(ûè, DaÏ—Ú¿Jò^4Çœ&¥ª?1Í‚D

—. P4Çœ&¥ª Pij 31 i á±œS"ìdäè Fijøb!Ÿ3±œSÿC, K
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œ&!‰31 i á±œS""˛ìdäå'¬è

F i(T ) =
1

T

NX

j=1

↵ijFij (2.1)

2.2 !‰zõõX⁄Ô!

…õÈñ"!.LàXe

x(k + 1) = Ax(k) +Bu(k) (2.2)

x(k) 2 Rn, u(k) 2 Rm©OL´X⁄G%±9õõ—\, A 2 Rn⇥n ⁄ B 2 Rn⇥m è'~

›1.

'©Ê^G%á"õõ, duõõÏå±©O%&DaÏ&õõÏ±9õõ

Ï&â1Ï§Ê^"¥ª&E, œd3Jc203c§Ê^4Çœ&¥ª9ûÚ

"cJe, õõÏå±ä‚ÿ”"ûÚ¿Jÿ”"á"O,ÈûÚ?1÷Ä

u(k) = K(⌧i)x(k � ⌧i) (2.3)

Ÿ•á"O, K(⌧i) 2 Rm⇥n, i = 1, 2, ..., N w™ù6u k ûè§Ê^4Çœ&¥ª Pi

"ûÚ ⌧i.

ä‚™ (2.3), ™ (2.2) å±=zè

x(k + 1) = Ax(k) +BK(⌧i)x(k � ⌧i) (2.4)

-X(k + 1) = [x(k)T x(k � 1)T x(k � 2)T ... x(k � d)T ]T , !‰zõõX⁄"G%

òmêßå±=zè

X(k + 1) = (A⇤ +B⇤K(⌧i)C(⌧i))X(k) (2.5)

A⇤ =

2

66666664

A 0 · · · 0 0

I 0 · · · 0 0

0 I · · · 0 0
...

. . .
. . .

. . .
...

0 0 · · · I 0

3

77777775

B⇤ =

2

66666664

B

0
...

0

0

3

77777775

C(⌧i) = [0 · · · 0| {z }
⌧i

I · · · 0]

- (A⇤ +B⇤K(⌧i)C(⌧i)) = �i, Ÿ4ÇA5å±L´è

X(k + 1) = �iX(k) (2.6)

Ÿ• i = 1, 2, ..., N .

ØK Èzá4Çœ&¥ª"¿J±œi, ¿J4Çœ&¥ªN›êY⇣iT , ¶%

3+yX⁄ (2.6) $'"cJe, Å1z±œS"˛ìdä(2.1). =

min
⇣i
T2⌦

F i(T )

s.t X⁄ (2.6) $'
(2.7)
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du·ûÚ¥ª  /™Ñ¶^,-óŸê{U˛ÿp,=‰k(å"ìdä,

§±dØK‰kÔƒ"dä.

3 #%5©¤

ƒkÈX⁄ (2.6) "çÍ$'5?1©¤, %&3X⁄$'ûıª¥dIá˜

v"^á, øâ—Œ‹$'^á"4Çœ&¥ªN›êY.

3.1 X⁄ (2.6) "çÍ#%5©¤

3?1X⁄$'5©¤Éc, ƒkâ—çÍ$'±9ÉÜX⁄"˛73ûm

"'¬.

%¬ 3.1 &ƒòáX⁄, e(33~Í c ⁄ 0 < � < 1, ¶%Èu?ø"–©G

% x(0), ˜v kx(k)k  c�kkx(0)k, KX⁄¥çÍ$'"ø‰kçÍP~« �.

%¬ 3.2 b!mÖ [0, k]SÉÜX⁄"ÉÜgÍè Nk,e Nk ˜v Nk  N0+k/ta,

ta > 0 =èÉÜX⁄""˛73ûm, Ÿ• N0 � 0 èÀƒ..

⁄n 3.1 - Nk L´X⁄ (2.6)3mÖ [0, k]S"ÉÜgÍ, ta L´X⁄""˛7

3ûm, øP �i(k) è4Ç¥ª Pi 3DaÏ‡ [0, k] S/¶^"ogÍ. 3X⁄ (2.6)

”û˜v±ená^áû, X⁄¥çÍ$'", øÖ‰kçÍP~« �µ
1

2ta .

1)(33'›1 Pj ,Kj ,~Í µ � 1 , �j � 0,˜ve+ÿ)™,Ÿ• i, j = 1, 2, ..., N .

��2
jPj + �T

j Pj�j  0 (3.1)

Pi  µPj , (3.2)

2)(3 �  1 ±94Çœ&¥ª¶^gÍ �i(k) ˜v
NX

i=1

�i(k) ln�i  k ln� (3.3)

3) "˛73ûm˜v±eÿ)™

Nk  N0 + k/ta ta > t⇤a = lnµ
2 ln(1/�)

(3.4)

y b!X⁄ (2.6) 3 k ûè¶^4Çœ&¥ª Pj , Ÿ4ÇX⁄è

X(k + 1) = �jX(k) (3.5)

¿(‹8"o‰ Ï,ºÍ

Vj(k) = X(k)TPjX(k) (3.6)

j 2 {1, 2..., N}, eX⁄ (2.6)3 k� 1ûè¶^"4Çœ&¥ªèè Pj û, =X⁄ôu

)ÉÜ,

Vj(k) = X(k)TPjX(k)

= [�jX(k � 1)]TPj [�jX(k � 1)]

= X(k � 1)T�T
j Pj�jX(k � 1)

 �2
jX(k � 1)TPjX(k � 1)

= �2
jVj(k � 1)

(3.7)
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eX⁄ (2.6) 3 k � 1 ûè¶^"¥ªè Pi û, Ÿ• i 6= j.

Vj(k) = X(k)TPjX(k)

= [�iX(k � 1)]TPj [�iX(k � 1)]

= X(k � 1)T�T
i Pj�iX(k � 1)

 �2
iX(k � 1)TPjX(k � 1)

 µ�2
jVi(k � 1)

(3.8)

ÿîòÑ5, b!X⁄ (2.6) 3mÖ [0, k] "ÉÜ:©Oè l1, l2, ..., lNk , øÖÈA

¶^"4Çœ&¥ªè Pj�Nk ,Pj�Nk+1 ,Pj�Nk+2 , ...,Pj , Ÿ•¥ª Pi "o¶^gÍè

�i(k), i = 1, 2, ..., N , k ûèX⁄ (2.6) "o‰ Ï,ºÍ˜v

Vj(k) = X(k)TPjX(k)

 �
2(k�lNk)

j Vj(lNk)

 µ�
2(k�lNk)

j �
2(lNk

�lNk�1)

j�1 Vj�1(lNk�1)

...

 µNk

NY

j=1

�
2�j(k)
j Vj�Nk (0)

(3.9)

d™ (3.3) å2
NY

j=1

�
�j(k)
j  �k (3.10)

(‹™ (3.4)

Vj(k)  µNk

NY

j=1

�
2�j(k)
j Vj�Nk (0)

 µNk�2kVj�Nk (0)

 µN0(µ
1

2ta �)2kVj�Nk (0)

(3.11)

d™ (3.6) å2

Vj(k) � min
{i=1,2...,N}

{�min(Pi)}kX(k)k2 (3.12)

Vj�Nk (0)  max
{i=1,2...,N}

{�max(Pi)}kX(0)k2 (3.13)

=

kX(k)k2 
max

{i=1,2...,N}
{�max(Pi)}

min
{i=1,2...,N}

{�min(Pi)}
µN0(µ

1
2ta �)2kkX(0)k2 (3.14)

kX(k)k 

vuuut
max

{i=1,2...,N}
{�max(Pi)}

min
{i=1,2...,N}

{�min(Pi)}
µ

N0
2 (µ

1
2ta �)kkX(0)k (3.15)
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ä‚'¬ 3.1 , X⁄ (2.6) ¥çÍ$'", Ö‰k µ
1

2ta � "çÍP~«, y%0..

3.2 N›êY"O

*L 3.1!"©¤,*Çå±%&3X⁄ (2.6)çÍ$'û4Çœ&¥ªo¶^

gÍ±9ÉÜX⁄""˛73ûm§Iá˜v"^á.

œLI÷Ç5zé{ (CCL) ¶)™ (3.1) ±9™ (3.2), å±©O%& N ^4Ç

œ&¥ª"Å1P~« �j ±9ÈA"õõO, Kj , j = 1, 2, ..., N , ¶)LßÎ&'

n 4.1. &ƒ™ (3.3) •" �, '¬˜v �j < � "¥ªè$P~«fX⁄¥ª, áÉè

KèpP~«fX⁄¥ª.

%n 3.1 b!¥ª P1,P2, ...,PnèpP~«fX⁄¥ª,¥ª Pn+1, ...,PN è$P

~«fX⁄¥ª, !OêY ⇣iT • N ^4Çœ&¥ª"¶^^S: Pi1 ,Pi2 , ...,PiN�n 2
{Pn+1,Pn+2, ...,PN}, PiN�n+1 ,PiN�n+2 , ...,PiN 2 {P1,P2, ...,Pn}. =$P~«fX⁄¥ª
3c, pP~«fX⁄¥ª3', X⁄ÑÃdS+±œ¶^4Çœ&¥ª. 3 ↵ij ˜

ve™
NX

j=1

↵ij ln�ij 
NX

j=1

↵ij ln� (3.16)

™ (3.3), ™ (3.4) §·.

y Èu?ø k,- k = sT + v,Ÿ• s � 0, 0  v < T ,=ûè k 31 s+1á±œS.

ÿîòÑ5, b!
t�1X

j=1

↵(s+1)j  v 
tX

j=1

↵(s+1)j (3.17)

Ÿ• t 2 {2, 3, ..., N}. ,.3 t = 1 û, -˛™•"e.è 0, ”(˜v±ey%.

ÉÜgÍ Nk  Ns+ t, &ƒ™ (3.3)
NX

j=1

�j(k) ln�j � k ln�

=
sX

k=1

NX

j=1

↵kj ln�kj +
t�1X

j=1

↵(s+1)j
ln�(s+1)j

+ (v �
t�1X

j=1

↵(s+1)j
) ln�(s+1)t

�

(
sX

k=1

NX

j=1

↵kj + v) ln�

=
sX

k=1

NX

j=1

↵kj ln�kj +
t�1X

j=1

↵(s+1)j)
ln�(s+1)j

+ (v �
t�1X

j=1

↵(s+1)j
) ln�(s+1)t

� (
sX

k=1

NX

j=1

↵kj + v �
t�1X

j=1

↵(s+1)j
+

t�1X

j=1

↵(s+1)j
) ln�

=
sX

k=1

NX

j=1

(↵kj ln�kj � ↵kj ln�) +
t�1X

j=1

↵(s+1)j
(ln�(s+1)j

� ln�)

+ (v �
t�1X

j=1

↵(s+1)j
)(ln�(s+1)t

� ln�)

(3.18)
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ä‚™ (3.17), å±%&

v �
t�1X

j=1

↵(s+1)j


tX

i=1

↵(s+1)j
�

t�1X

i=1

↵(s+1)j
= ↵(s+1)t

ø(‹™ (3.16), å±%&™ (3.18) ˜v

NX

j=1

�j(k) ln�j � k ln�


t�1X

j=1

↵(s+1)j
(ln�(s+1)j

� ln�) + ↵(s+1)t
(ln�(s+1)t

� ln�)

=
tX

j=1

↵(s+1)j
(ln�(s+1)j

� ln�)

(3.19)

du � ˜v

min(�1,�2, ...�n) > � � max(�n+1,�n+2, ...,�N )

&ƒ™ (3.19), 3 t < N � n+ 1 û, ln�(s+1)t
� ln� < 0

tX

j=1

↵(s+1)j
(ln�(s+1)j

� ln�) < 0

3 t � N � n+ 1û, ln�(s+1)t
� ln� � 0

tX

j=1

↵(s+1)j
(ln�(s+1)j

� ln�) <
NX

j=1

↵(s+1)j
(ln�(s+1)j

� ln�)  0

§±

NX

j=1

�j(k) ln�j � k ln�  0

™ (3.3) §·.

Èu"˛73ûm ta

k

ta
� k

T/N
� Ns (3.20)

- N0 > N , å±%&

k

ta
+N0 > Ns+ t � Nk

˜v™ (3.4), y%0..

4 œ&⁄õõ""”"O

ä‚'n 3.1•"N›êY,- T = dNtae,du4Çœ&¥ª¶^gÍ ↵ij 7L

è/Í, È ↵ij "¶)“å±=zèòá,/Í5y"ØK, =(33/Í ↵ij , 3
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˜v™ (3.16) "5Â^áe, ¶3c±œS""˛ìdäÅ1, =¶)e™

min(
1

T

NX

j=1

↵ijFij )

s.t 1)
NX

j=1

↵ij ln�ij 
NX

j=1

↵ij ln�

2)
NX

j=1

↵ij = T

3) ↵ij � 0, ↵ij 2 Z

(4.1)

È™ (4.1) "¶)å±Î&©z [24] •"©|'.{, 3˘pÿäK„. n˛§„,

Èu'©•õõÏ±9N›êY"!Oå±o(èXe'n.

%n 4.1 e(33'›1 Pj ,Kj , ~Í µ > 1,�j � 0 ˜v

1)

"
� �2

jPj ⇤
A⇤ +B⇤KjCj �P�1

j

#
 0

2) Pj  µPi

(4.2)

X⁄ (2.6) çÍ$', ŸçÍP~«è �µ
1

2ta . øÖœL Kj ±9 �j ¶)™ (4.1) , å±

%&Å`"4Ç¥ªN›êY, Ÿ• i, j = 1, 2, ..., N .

du™ (4.2) ¥òáöÇ5›1ÿ)™, 7å±&ƒ^I÷Ç5z (CCL) é{

¶)õõO, Kj ±9P~« �j . ‰N"⁄53é{ 1 •?1!ç["£„.

min Tr(PjQ0 + P0Qj)

1)

"
� �2

jPj ⇤
A⇤ +B⇤KjCj �Qj

#
 0

2)

"
Pj I

I Qj

#
� 0

(4.3)

é{ 1

§1. ¿J‹8"–© �j ¶%™ (4.3) "5Â^á (1), (2) §·, ø%&–©) Pj , Qj ,

-P0 = Pj , Q0 = Qj ;

§2. ä‚ P0, Q0 ¶)™ (4.3), %&#" Pj , Qj ,Kj ;

§3. "y Pj ,Kj ¥ƒ˜v™ (4.2)"5Â^á (1),e˜v,a& §4,ƒK- P0 = Pj , Q0 =

Qj , £& §2;
§4. ä‚ §3 •" Pj ,Kj , ¶)˜v™ (4.2) 5Â^á (1) "Å1 �j ;

§5. ¶)§k Kj ,�j , Pj , j = 1, 2, 3, ..., N ;

§6. |^ Pj %&˜v™ (4.2) "5Â^á (2) "Å1~Í µ;

§7. ä‚œ&!‰"¥ªú'Oé¥ª"3cìdä, øä‚N›êY"±œ T ±

9 � , Ú �j ì\™ (4.1), ^©|'.{¶)3c±œS4Çœ&¥ª¶^gÍ ↵j .
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5 Íäï˝

'©©OÊ^!MATLAB±9 LabVIEW¸´ï˝^á?1Íäï˝, MATLAB

ï˝{¸¥¢y, ï˝(J%(; LabVIEW ï˝..\\!D("Kè, øÖ±¢

S7·{X⁄äè/õÈñ, ï˝(Jç\Ü*.

5.1 MATLABÍäï˝

&ƒ…õÈñ (2.6), ŸÎÍ A,B ©Oè

A =

2

66664

1 0.1 �0.0166 �0.0006

0 1 �0.3374 �0.0166

0 0 1.0996 0.1033

0 0 2.0247 1.0996

3

77775
B =

2

66664

0.0045

0.0896

�0.0068

�0.1377

3

77775

b!X⁄ùg¶^n^4Ç¥ª, ŸûÚ©Oè 0 ⁄ 1 ±9 2 , øÖÈA"¥

ªìdäè 2, 1, 0, è!{zï˝, b!ìdäÿC, =¥ª¶^gÍÿUC. Ê^

˜v'n 3.1 "N›êY, 3!'±œ T = 10 û, ¿( � = 0.85 , øä‚é{ 4.1 Oé

fX⁄¥ª"P~«,ÈA"õõO, Ki ±9ÈA4Çœ&¥ª¶^gÍ ↵i Xe

�1 = 0.7869 �2 = 0.9864 �3 = 1.0902

K1 = [0.9002 1.4173 31.4030 9.7111]

K2 = [0.0770 1.0154 17.6574 6.8246]

K3 = [0.0060 0.7804 10.2343 4.7432]

↵1 = 4, ↵2 = 6, ↵3 = 0
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-0.01
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0.05
状态轨迹图

k

x 1
(k
)

„ 2 $”!Oé{G%;,

(Figure 2 Trajectories of codesign algorithm)
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0
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0.04

0.05

k

x 1(k
)

状态轨迹对比

 

 
协同设计算法
同代价值调度方案

„ 3 $”!Oé{Ü”ìdäêYG%;,

È'

(Figure 3 Comparison of State trajectories between

codesign algorithm and the same cost scheme )

„ 2 L´3X⁄ (2.6) "–©G% x0 = [0 0.1 0 1]T ûX⁄"G%;,„, "y

!é{"$'5.
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3X⁄Ê^”ìdä",ò|¥ª¶^gÍû, = ↵1 = 5, ↵2 = 4, ↵3 = 1, G%

;,È'X„ 3 §´.

20 40 60 80 100 120 140 160 180 200
-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

k

x 1(k
)

状态轨迹图对比

 

 
协同设计算法
同稳定性调度方案

„ 4 $”!Oé{ÜÉC$'5êYÈ'

(Figure 4 Comparison of State trajectories

between codesign algorithm and the same stability scheme )
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260
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k

代
价
值

代价值对比

 

 
协同设计算法
 同代价值调度方案
同衰减率调度方案

„ 5 n´ÿ”êY"ìdäÈ'

(Figure 5 Cost comparison of three

di↵erent schemes)

¿(,ò|ÿ”¥ª¶^gÍ, O\·ûÚ4Ç¥ªgÍ, N›êYè ↵1 =

5, ↵2 = 5, ↵3 = 0, Ÿ$'56C$”!Oé{, G%;,„È'X„ 4 §´.

n´N›êY"ìdäÈ'X„ 5 §´.

MATLAB Íäï˝©OœL¸|¥ªN›S+"G%;,„È', y%!3

ìdäÉ”"ú'e, Ê^$”!Oé{%&"N›êY‰kç–"$'5; ,.,

3$'56C"ú'e, $”é{Oé%&"N›êY‰kç$"ìdä, =é{

3$'5⁄U˛û—ê°—(%!(–")J.

5.2 LabVIEWJ[§Ïï˝

¿(ò?7·{!.?1Ô!, ({\ü˛ m = 5, 1êü˛ M = 1, Ÿ•{\

ü˛˛!Ö)›è 20, å±%&7·{X⁄"G%òmLà™

A =

2

66664

0 1 0 0

0 0 �49 0

0 0 0 1

0 0 2.94 0

3

77775
B =

2

66664

0

1

0

�0.05

3

77775

ä‚é{ 4.1 OéP~«±9õõO,

�1 = 0.8998 �2 = 1.06 �3 = 1.6393

K1 = [0 0 49.0279 0]

K2 = [�2.9846 0 3.7657 0]

K3 = [�4.5740 0 0.3423 0]

¥ª±9ìdä£„⁄ MATLAB ï˝•É”, !'7·{"–©G%ä x0 =

[0 1 0 �1]T ,3â'ìdäÅõe,|^é{ 4.1¶Å`N›êY: ↵1 = 7,↵2 = 3,↵3 = 0,
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„ 6 $”!Oé{7·{$1„

(Figure 6 Running of inverted pendulum

based on codesign algorithm)

„ 7 ”ìdäêY7·{$1„

(Figure 7 Running of inverted pendulum

under the same cost)

3âX⁄V\õõ—\⁄6ƒû, 7·{"$1ú'X„ 6 §´. 3É”ìdäÅ

õe, !'"?øŸ¶N›êY—({¶7·{X⁄+±$', $1ú'X„ 7 §

´.

6 (ÿ

'©Ôƒ!ıª¥dœ&e"!‰zõõX⁄"N›⁄õõ"$”!OØK.

lo:õõX⁄$'5⁄!‰K1˛Ô"œ&⁄õõ$”!O",›—u, J—

!ıª¥dN›é{⁄É'"õõÏ!Oê{. T!OêYb'!N›é{"±

œ5, øÅõ!!‰"^á, ô5Ú?ò⁄ò,TÅõ, ÔƒçòÑ"N›⁄õõ

$”!Oê{"
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