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Abstract: This paper investigates the control for a class of networked systems with multiple communication channels.
Based on the networked predictive control strategy, a modified compensation scheme with distributed prediction is proposed
to make better use of the feedback information for improving the control performance. Stability analysis is carried out for
the closed-loop networked predictive control system and the stability condition is derived. Particularly, when the system
model is accurate and the multiple distributed delays are constant, the stability condition is degenerated to that of the local
control. This result is helpful in the design of networked predictive control systems since the observer and controller gain
matrices can be designed according to the local control requirements and without considering the network. A ball-and-beam
system example is given to illustrate the feasibility and effectiveness of the proposed method.
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1 ÚÚÚóóó(Introduction)
ÏL�ä/¤4����XÚ¡��äz��X

Ú,�éuDÚ�:é:��XÚ,duÙäkë�
�!(¹5p!¤�$Ú�o�B�`:,Ïd3ó
�.��
�5�2��'5[1]. ,
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ïÄ(J�ë�©[7–10].

3é�ÔnCX������¹e,�äz��
XÚ�DaìÚ�1ì  I�ÏLõ��ä!:

���ì?1Ï&,ùaXÚ¡�õDÑÏ��äz
��XÚ,Ùõ�DÑÏ���ò�¹�UØÓ,=
äk©Ùª�ò. �éuü��ò,äk©Ùª�ò
��äz��XÚ�J?n[11]. �±ÏLè���ª
ò©Ùª�ò=z�ü��ò[12],,
ù��?n�
ª¿vk��|^yk�êâ. ©[13–14]ïÄ
ä
kõ�"Ï�XÚ��äzýÿ��¯K,�Ùþb
�c�Ï��n�.�d,�©òïÄäkõDÑÏ
�XÚ��äzýÿ��¯K,Ì�´JÑ
�«U
?.�©ÙªýÿÖ��ª,l
Jp
XÚ���
5U,¿�Ñ
4��äzýÿ��XÚ�­½5©
Û,��ÏL¥\XÚ�~f�y¤J©Ùª�äz
ýÿ���{�k�5.

2 õõõDDDÑÑÑÏÏÏ������äääzzzýýýÿÿÿ������ììì������OOO(De-
sign of networked predictive controller with
multiple communication channels)
�ÄXã1¤«�õDÑÏ��äzýÿ��X

Ú,��é�dXeäkØ(½5��5lÑ�mG
��m�.£ã:{

x(k + 1) = (A + ∆A)x(k) + (B + ∆B)u(k),
y(k) = Cx(k),

(1)

Ù¥: x(k) ∈ Rn, y(k) ∈ RmÚu(k) ∈ Rp©O´é

��G�,ÑÑÚÑ\�þ. A,BÚC�äk·��

ê�XÚ¶Â�.Ý
, ∆AÚ∆B��.Ø(½5

�÷vXe^�:

[∆A ∆B ] = EF (k)[G1 G2 ], (2)

Ù¥: FT(k)F (k) 6 I , I�·��ê�ü Ý
, E,

G1ÚG2�·��ê�Ý
. Py = [y1 y2 · · · ym]T,
yi, ∀i ∈ M�Iþ, M = {1, 2, · · · ,m}.

ã 1õDÑÏ��äzýÿ��XÚ(�ã
Fig. 1 Structure of networked predictive control systems with

multiple communication channels

é��ÑÑÏLõ��"Ï�ux�ýÿ��ì,
O�Ñ��þ�ÏL��c�Ï�DÑ�é�?1

��.Ø���5,b�XÚkm^�"Ï��yi©

OÏL�"Ï�iDÑ.�{Bå�,b�c�Ï�Ú
�"Ï���òþkþ.,XÚ¥¤kÏL�äDÑ
�êâ�þk�mZ,�XÚ¥��ä!:�¨ÓÚ.
�éu©[4–5]¥?n�üDÑÏ��äz��XÚ,
�©¤�Ä�õÏ�XÚ�¹3�ä!:ÓÚ��

¦�é�p.

P�"Ï�i��ò�©O�ρbi, i ∈ M ,c�Ï
���ò�τf . du�"Ï��ò��k�U�Ó,
�ýÿ�ª��ò���k',ÏdÄk­#½Â�
"Ï���ò,¿òÙU��­#üS.P�"Ï�
¥�ØÓ�ò��êþ�m̄,�A��ò��τbi,
i∈M̄ = {1, 2, · · · , m̄},�÷vτb1 <τb2 < · · ·<τbm̄.
P�ò���τbi��"Ï��8Ü�Qi.

½ÂΠi ∈ Rm×m��"Ï��ÀJÝ
. Ù¥:

Πi = diag{δ(i− 1), δ(i− 2), · · · , δ(i−m)},

δ(l) =

{
1, l = 0,

0, l 6= 0.

�äzýÿ��ì��^´ÏL¢��©Ùªé�

ÑÑ�OÑé�ò5�G�,,�?1Ö�.Äuä
kXe/ª�G�*ÿì:

x̂(k + 1|k) = Ax̂(k|k − 1) + Bu(k) +

L(y(k)− x̂(k|k − 1)), (3)

Ù¥: *ÿìG�x̂(k|k − 1)�é�G�x(k)�*ÿ
�, L�*ÿìOÃÝ
,�d4:����{�O.
½ÂØ��þe(k) = x(k)− x̂(k |k − 1),ýÿL§
�ÏLXeÚ½��:

3k��, τbm̄´����ò,KN´wÑýÿ�
�ìàk¢��é�ÑÑy(k − τbm̄),æ^G�*ÿ
ì,òª(3)��²£τbm̄Ú��

x̂(k − τbm̄ + 1|~k − ~ρb) =

Ax̂(k − τbm̄|k − τbm̄ − 1) +

Bu(k − τbm̄) + LCe(k − τbm̄), (4)

Ù¥x̂(#|~k − ~ρb)L«Äu¢��©Ùªêâéu
/#0���ýÿþ.

duτb(m̄−1)´=guτbm̄�12��ò,Ïd,é
ut = τb(m̄−1), τb(m̄−1) +1, · · · , τbm̄−1,ýÿ��ì
äkØ
�ò�τbm̄�Ï�¤DÑ�é�ÑÑ	�Ù

¦ÑÑ,=yj(k − t), j ∈ Q̄m̄−1, Q̄m̄−1 =
m̄−1⋃
l=1

Ql. ±

daí��,éut = τbi, τbi +1, · · · , τb(i+1)−1, i =
1, 2, · · · , m̄− 1,ýÿ��ìäkyj(k − t), j ∈ Q̄i,

Q̄i =
i⋃

l=1

Ql. db����ò�½~,ýÿ��ìà

�±¼�ù
���^ué����þ,Ïd��ý
ÿL§Xe:

x̂(k − τbi + 1|~k − ~ρb) =
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Aτb(i+1)−τbi x̂(k − τb(i+1) + 1|~k − ~ρb) +
τb(i+1)−1∑

j=τbi

Aj−τbi(Bu(k − j) + LΠ̄iCē(k − j)), (5)

Ù¥:

Π̄i =
∑

l∈Q̄i

Πl, i = 1, 2, · · · , m̄− 1,

ē(k − t) = x(k − t)− x̂(k − t|~k − ~ρb),

t = τb1, τb1 + 1, · · · , τbm̄ − 1.

duτb1´����ò,Ïdýÿ��ìvk
y(k − t)(t = 1, 2, · · · , τb1 − 1)�&E,ÏdýÿL
§Xe:

x̂(k|~k − ~ρb) =

Aτb1−1x̂(k − τb1 + 1|~k − ~ρb) +
τb1−1∑
j=1

Aj−1Bu(k − j). (6)

c�Ï��3 τfÚ�ò,w,ýÿ��ìvk
y(k + j), j = 0, 1, · · · , τf − 1,d��,u(k + j)�
vk¢�,�d�ò�½~��ù
��þ®(½¿
3k + j���^ué�.ÏdýÿL§Xe:

x̂(k + τf |~k−~ρb) =

Aτf x̂(k|~k−~ρb) +
τf−1∑
j=0

AjBu(k + j). (7)

ÏLª(5)–(7)��x̂(k + τf |~k − ~ρb)�L�ª,ÄuT
ýÿG�O�Ñ���þò3k + τf���^ué�,
òÙ�²£τfÚ��

x̂(k|−−−→k − τf − ~ρb) =

Aτ̄m̄−1x̂(k − τ̄m̄ + 1|−−−→k − τf−~ρb) +
m̄−1∑
i=1

τ̄i+1−1∑
j=τ̄i

Aj−1LΠ̄iCē(k − j) +

τ̄m̄−1∑
j=1

Aj−1Bu(k − j), (8)

Ù¥: τ̄i = τbi + τf , i = 1, 2, · · · , m̄− 1. ��é��
ýÿG��,æ^G��"����þ�

u(k) = −Kx̂(k|−−−→k − τf − ~ρb), (9)

Ù¥K�G��"��ìOÃÝ
. dc�Ï��ò
�τf ,K¤����þu(k)3k����é�à¿�

�T�����Ñ\.

3 ­­­½½½555©©©ÛÛÛ(Stability analysis)
�!òÄk��4��äkõDÑÏ��äzý

ÿ��XÚ,?
éÙ?1­½5©Û.

éuýÿ��ìàky(k − t)(t = 1, 2, · · · , τ̄m̄)
��¹,N´wÑ,*ÿìG�ò�

x̂(k|k − 1) =

Aτ̄m̄−1x̂(k − τ̄m̄ + 1|k − τ̄m̄) +
τ̄m̄−1∑
j=1

Aj−1(Bu(k − j) + LCe(k − j)). (10)

dª(8)~�ª(10)��,

x̂(k|−−−→k − τf − ~ρb)− x̂(k|k − 1) =
m̄−1∑
i=1

τ̄i+1−1∑
j=τ̄i

Aj−1LΠ̄iCē(k − j)−
τ̄m̄−1∑
j=1

Aj−1LCe(k − j). (11)

�Äē(k− t)�e(k− t), t = τ̄1, τ̄1 +1, · · · , τ̄m̄− 1�
'X.Äkdª(4)��

ē(k − τ̄m̄ + 1) = e(k − τ̄m̄ + 1). (12)

dª(5)Úª(10)�©O��

ē(k − τ̄m̄ + 2) =

(A− LΠ̄m̄−1C)ē(k − τ̄m̄ + 1) +

∆Ax(k − τ̄m̄ + 1) + ∆Bu(k − τ̄m̄ + 1), (13)

e(k − τ̄m̄ + 2) =

(A− LC)e(k − τ̄m̄ + 1) +

∆Ax(k − τ̄m̄ + 1) + ∆Bu(k − τ̄m̄ + 1). (14)

ª(13)~ª(14)��,

ē(k − τ̄m̄ + 2) =

e(k − τ̄m̄ + 2) + Λm̄−1e(k − τ̄m̄ + 1), (15)

Ù¥Λm̄−1 = L(I − Π̄m̄−1)C. ?
N´��éu
τ̄m̄−1 − 1 6 t 6 τ̄m̄ − 2,k

ē(k − t) =

e(k − t) +
τ̄m̄−1∑
j=t+1

(Λm̄−1)
j−t

e(k − j). (16)

aq/,4í�±��éuτ̄i− 1 6 t 6 τ̄i+1− 2, i =
1, 2, · · · , m̄− 2,k

ē(k − t) =

e(k − t) +
τ̄i−1∑

j=t+1

(Λj−t
i

m̄−1∏
l=i

Λ
τ̄l+1−τ̄l

l )e(k − j), (17)

Ù¥Λi = L(I − Π̄i)C. �Lã�B,P

ē(k − t) =
τ̄m̄−1∑
j=t

Φtje(k − j), (18)

Ù¥:

Φtj =





0, t > j,

I, t = j,

Λj−t
m̄−1, τm̄−1 − 1 6 t 6 τm̄ − 2,

Λj−t
i

m̄−1∏
l=i

Λ
τ̄l+1−τ̄l

l , τ̄i − 1 6 t 6 τ̄i+1 − 2,

i = 1, 2, · · · , m̄− 2.
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òª(18)�\ª(11),¿ÏL�n��,

x̂(k|−−−→k − τf − ~ρb)− x̂(k|k − 1) = Υ, (19)

Ù¥:

Υ =
τ̄m̄−1∑
l=τ̄1

Ω(l)e(k − l)−
τ̄m̄−1∑
l=1

Al−1LCe(k − l),

Ω(l) =
m̄−1∑
i=1

τ̄i+1−1∑
j=τ̄i

Aj−1LΠ̄iCΦjl.

dª(1)(9)Úª(19)��

e(k + 1) = x(k + 1)− x̂(k + 1|k) =

(A− LC)e(k) + ∆Ax(k) + ∆Bu(k) =

(A− LC)e(k) + ∆Ax(k)−
∆BK(x(k)− e(k) + Υ ) =

(A− LC)e(k) + (∆A−∆BK)x(k) +

∆BK(e(k) + Υ ), (20)

x(k + 1) =

(A + ∆A)x(k) + (B + ∆B)u(k) =

(A + ∆A)x(k)− (B + ∆B)×
K(x(k)− e(k) + Υ ) =

(A−BK)x(k) + BK(e(k) + Υ ) +

(∆A−∆BK)x(k) + ∆BK(e(k) + Υ ). (21)

½ÂG��þξ(k) = [xT(k) eT(k) ηT(k)]T,Ù¥

η(k) =




e(k − 1)
e(k − 2)

...
e(k − τ̄m̄ + 1)




.

dª(20)–(21)��Xe4��äzýÿ��XÚ:

ξ(k + 1) = (Ψ + ∆Ψ)ξ(k), (22)

Ù¥:

Ψ =




A−BK BK BKΨ13

0n×n A− LC 0n×n(τ̄m̄−1)

0n(τ̄m̄−1)×n Ψ32 Ψ33


 ,

Ψ32 = [In×n 0n×n(τ̄m̄−2) ]
T,

Ψ33 =

[
0n×n(τ̄m̄−2) 0n×n

In(τ̄m̄−2)×n(τ̄m̄−2) 0n(τ̄m̄−2)×n

]
,

Ψ13 = [Ψ131 Ψ132 · · · Ψ13τ̄m̄
],

Ψ13i = Ai−1LC, i = 1, 2, · · · , τ̄1 − 1,

Ψ13i =Ai−1LC−Ω(i), i= τ̄1, τ̄ +1, · · · , τ̄m̄−1,

∆Ψ =




∆A−∆BK ∆BK ∆BKΨ13

∆A−∆BK ∆BK ∆BKΨ13

0n(τ̄m̄−1)×n 0n(τ̄m̄−1)×n 0n(τ̄m̄−1)×n


 .

õDÑÏ��äzýÿ��4�XÚ�.Xª

(22)¤«,3�ÑÙ­½5(J�c,�©kÚ\Xe
Ún[15]:

ÚÚÚnnn 1 é�½�·��Ý
Θ1, Θ2ÚΘ3,�
ΘT

1 = Θ1,KÝ
Ø�ª

Θ1 + Θ2F (k)Θ3 + ΘT
3 FT(k)ΘT

2 < 0 (23)

é¤k�FT(k)F (k) 6 I¤á��=��3Iþ

β > 0¦�XeÝ
Ø�ª¤á:

Θ1 + βΘ2Θ
T
2 + β−1ΘT

3 Θ3 < 0. (24)

½½½nnn 1 e�3Ý
P > 0ÚIþβ > 0¦�X
eÝ
Ø�ª¤á:


−X XΨT XΨT

2

∗ −X + βΨ1Ψ
T
1 0

∗ ∗ −βI


 < 0, (25)

K4�XÚ�äzýÿ��XÚ(22)­½.

yyy dLyapunov½n��,e�3Ý
P > 0,¦
�XeÝ
Ø�ª¤á:

(Ψ + ∆Ψ)TP (Ψ + ∆Ψ)− P < 0, (26)

Ù¥:

∆Ψ = Ψ1F (k)Ψ2,

Ψ1 = [ET ET 0n×n(τ̄m̄−1) ]T,

Ψ2 = [G1 −G2K G2K G2KΨ13 ],

K4�XÚ(22)­½. �âÝ
Ø�ª(26)�/ª�
±òÙ�¤Xe/ª:[

−P ΨT

∗ −P−1

]
+

[
0
Ψ1

]
F (k)[Ψ2 0] +

[
ΨT

2

0

]
FT(k)[0 ΨT

1 ] < 0. (27)

dÚn1��ª(27)¤á��=��3Iþβ > 0¦
�Ý
Ø�ª[

−P ΨT

∗ −P−1

]
+ β

[
0
Ψ1

]
[0 ΨT

1 ] +

β−1

[
ΨT

2

0

]
[Ψ2 0] < 0 (28)

¤á. �âSchurÖ½n,2?1�
Ý
$�,¿-
X = P−1�dª(28)��ª(25). Ïd,e�3Ý

P > 0ÚIþβ > 0¦�ª(25)¤á,KdLyapunov
½n��XÚ(22)­½. y..

3��ìÚ*ÿìOÃÝ
KÚL�½��¹e,
w,ª(25)éuÝ
CþXÚCþβ��5,�^�
5Ý
Ø�ªEâ¦). Ïd,Ù­½5éN´�ä.

�é��.°(®�,=∆A = 0, ∆B = 0�,ª
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(20)Úª(21)©Oòz�

e(k + 1) = (A− LC)e(k), (29)

x(k+1)=(A−BK)x(k)+BK(e(k)+Υ ). (30)

d�,�A�4��äzýÿ��XÚ�

ξ(k + 1) =




A−BK BK BKΨ13

0 A− LC 0
0 0 Ω33


 ξ(k),

(31)

Ù¥Ψ33 = diag{A− LC, A− LC, · · · , A− LC}.

d4�XÚ(31)�L�ª�±wÑÙ�þn�¬
Ý
,Ïd§�A��dé��þ�Ý
¬û½,
=A−BKÚA− LC�A��.ù¿�X,���O
Ý
KÚL¦�A−BKÚA− LC�A��3ü 

�S,K4�XÚ�äzýÿ��XÚ(31)­½,ù�
�/���­½5^��Ó.T(J´©[6]¥­½5
(J3õDÑÏ��¹e�í2. ù��(Ø¦��
äzýÿ��üÑ¥*ÿìÚ��ì��O�±ë

��/��,l
��
{z.

4 «««~~~(Illustrative example)
�Ä©[14]¥�¥\XÚ,Ù¶Â�.Ý
ÚØ

(½5(�Ý
Xe¤«:



A=




1.139 1 0 0
−0.185 0 0 0
−0.002 0 1.811 1
0.02 0 −0.811 0


 , B=




0.114
0.039

0
0


 ,

C =

[
1 0 0 0
0 0 1 0

]
, E =




a1 0
a2 0
a3 b3

a4 b4


 , G2 =

[
d1

0

]
,

G1 =

[
c1 0 0 0
0 0 c2 0

]
, F (k) =

[
sin k 0

0 sin k

]
.

(32)

��TXÚ�üÑ\VÑÑ,=m = 2,Ù¥ÑÑy1

Úy2©O�>Å��ÝÚ�¥� �,Ñ\u�>Å

�Ñ\>Ø.b�ÑÑy1Úy2©OÏL�"Ï�1Ú
2DÑ,Ù�ò��©O�ρb1 = 2Úρb2 = 5,c�Ï
���ò�τf = 1. duü��"Ï��òØÓ,Ïd
�âÎÒLã��

m̄ = 2, τb1 = 2, τb2 = 5, Q1 = {1}, Q2 = {2}.
Äk�O�/��ì,æ^4:���{,òXÚ

¶Â�.�A−BKÚA− LC�A��©O��3

[0.2, 0.3, 0.6 + 0.7i, 0.6− 0.7i]Ú [0.1, 0.2, 0.3, 0.4] ,
��G��"��ìKÚG�*ÿìL©O�

K = [9.3083 4.8425 402.8952 333.8148],

L=

[
0.6495 −0.1327−0.1023 0.0451
−0.0986 0.0246 1.3005 −0.7533

]T

. (33)

é�Ú*ÿì�Ð©G�©O�[0.1 0.2 0.1 0.2]T

Ú[0 0 0 0]T. �±wÑª(32)¥�Ø(½Ý
÷v
FT(k)F (k) 6 I ,�(�Ý
E, G1ÚG2¥�ëê�

a1 =1.139, a2 =−0.185, a3 =−0.002, a4 =0.02,

b1 = 1.811, b2 = −0.811, c1 = c2 = d1 = 0.01,

=ëê�Ø(½��´1%. �ý¥,é��.¥��
F (k) = I .

�e5�y�©¤J��éõDÑÏ��äz�

�XÚ¤J©ÙªýÿÖ��{�k�5. Äk,é
uØ(½é�,��ìÚ*ÿìXª(33)¤«,æ^�
©¤J�{,�â½n1��4�XÚ­½. �
Bu
'�,©Oæ^ÚØæ^©Ùª�äzýÿ���{,
��Xã2¤«��¥� �y2�G�;,ã,��
æ^�©¤J�{é��5Uk¤Jp.

ã 2 æ^ÚØæ^©Ùª�äzýÿ���{�
�¥ �G�;,

Fig. 2 Trajectory of the position of the ball with and with-

out distributed networked predictive control

Ùg�Äü�Ï��ò����5U�'X.½
Âg = τb2− τb1,�τb2 = 9, τb2©O�9, 6Ú3,=g©

O�0, 3Ú6�, y2�G�;,ãXã3¤«.

ã 3 �ò�gØÓ�¥ �G�;,

Fig. 3 Trajectory of the position of the ball with

various delay difference g
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���Ä�.�°(�,æ^©Ùª�äzýÿ
���{���5U.dª(31)(33)��4��äz
ýÿ��XÚ­½. �/��Úæ^�©é¤J�{
���G�;,Xã4¤«,Ù¥�ö��²£
τ̄2

= 6Ú,���/���5U�Ð�
,�Ï�lª
(30)�±wÑ,�*ÿìG��þé�G�τ̄m̄Ú�,
=e(k− t) = 0, t = 0, 1, · · · , τ̄m̄−1�,�ò4��§
{z�x(k + 1) = (A−BK)x(k),ù�e(k) = 0�
��/��4��§��Ó.PT���k1,K
k > k1�,�/��Úæ^©Ùª�äzýÿ���
5UÒ��ûuk1���é�G�x(k1)ÚA−BK.

ã 4 �/���æ^©Ùª�äzýÿ���{�
�¥ �G�;,

Fig. 4 Trajectory of the position of the ball with local
control and with distributed networked predi-

ctive control

Ïddã4��ü^­�P~���ÌÝk:«
O,
ª³K���Ó.

5 ooo((((Conclusions)
�©�éäkõDÑÏ��Ø(½�äz��X

Ú,JÑ
©Ùª�äzýÿ���{. T�{�A
:´|^é��©ÙªÑÑ?1ýÿ��,l
�k
�/|^
é�ÑÑ,���Ð���5U.©O�
�
�.�Ø(½Ú(½�4��äzýÿ��X

Ú�­½5^�.��,æ^¥\XÚ��~�y�
©¤J�{�k�5.
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