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Predictive compensation for networked control systems
WANG Rui-min, FEI Shu-min, CHAI Lin

(School of Automation, Southeast University, Nanjing Jiangsu 210096, China)

Abstract: We propose for the networked control system a predictive compensation scheme which effectively eliminates
the adverse effects from the long time-delay, data-dropout and the system instability caused by the confusion in time-
sequences. This scheme consists of the buffer, control prediction generator and delay compensator. The stability of the
closed-loop networked control systems with the above mentioned scheme is analyzed. Simulation examples validate the
efficacy of the proposed compensation scheme.
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2 (Description)
,

.
1 .

1

Fig. 1 The structure of networked control systems

1 , ,
, ,

, .
,

. NCSs

. ,

, .

{
x(k + 1) = Ax(k) + Bu(k),
y(k) = Cx(k).

(1)

u(k) = Kx(k), (2)

: x(k) ∈ R
n, u(k) ∈ R

m y(k) ∈ R
q

, A,B,

C K .

, :

1 (A,B) , (A,C) ,
.

2
, [1].

,
[3].

3
[7](time-stamp). .

4
N1T N2T ,

M1 M2,
τT = (N1 + M1)T ,

dT = (N2 + M2)T , N1, N2,M1,M2

.

3 (Design of networked
control systems )

,

,

.

2 .

, 3 .
,

.

2

Fig. 2 Networked prective compensation control system

3.1 (Controller node’s buffer)
1 ,

.
,

;
, .

, ,
.

3.2 (State observer)

, . k,
τ(k)T .

k , τ(k) � τ(k − 1).
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. (y(k −
τ(k)), u(k − τ(k))), x̂(k − τ(k) + 1|k − τ(k))

k y(k− τ(k)), u(k− τ(k))
, k − 1

x̂(k−τ(k−1)|k−1−τ(k−1)) y(k−τ(k)), u(k−
τ(k)) .

:

x̂(k − τ(k) + 1|k − τ(k)) =

Ax̂(k − τ(k)|k − 1 − τ(k − 1)) +

Bu(k − τ(k)) + L(y(k − τ(k)) −
Cx̂(k − τ(k)|k − 1 − τ(k − 1))), (3)

: L ∈ R
n×q ,

x̂(k − τ(k)|k − 1 − τ(k − 1)) =

Aτ(k−1)−τ(k)x̂(k − τ(k − 1)|k −
1 − τ(k − 1)) +
τ(k−1)−τ(k)∑

j=1

Aj−1Bu(k − τ(k) − j). (4)

k , τ(k) = τ(k−1)+1.

x̂(k − τ(k) + 1|k − τ(k)) =

x̂(k − τ(k − 1)|k − 1 − τ(k − 1)). (5)

3.3 (State predictor)
,

, ,
y(k−τ(k)), y(k−τ(k))

.
x(k−τ(k)+1) x̂(k−τ(k)+1|k−τ(k)),

, k − τ(k) + 2 k

,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x̂(k − τ(k) + 2|k − τ(k)) =

Ax̂(k − τ(k)+

1|k − τ(k)) + Bu(k − τ(k) + 1),

x̂(k − τ(k) + 3|k − τ(k)) =

Ax̂(k − τ(k) + 2|k − τ(k))+

Bu(k − τ(k) + 2),
...

x̂(k|k − τ(k)) =

Ax̂(k − 1|k − τ(k)) + Bu(k − 1).

(6)

k

x̂(k|k − τ(k)) =

x̂(k − τ(k) + 1|k − τ(k)) +

τ(k)−1∑
j=1

Aj−1 Bu(k − j). (7)

,
, .
y(k + 1), · · · , y(k + d) ,

,
u(k + i|k − τ(k)), i = 1, · · · , d

. ,
k + 1 k + d ,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x̂(k+1|k−τ(k))=Ax̂(k|k−τ(k))+Buk|k,

x̂(k + 2|k − τ(k)) =

Ax̂(k + 1|k − τ(k)) + Buk+1|k,

...

x̂(k + d|k − τ(k)) =

Ax̂(k + d − 1|k − τ(k)) + Buk+d−1|k.

(8)

3.4 (State feedback controller)

uk+i|k =Kx̂(k+i|k−τ(k)), i=0, 1, · · · , d, (9)

K ∈ R
m×n .

x̂(k + i|k − τ(k)) =

(A + BK)ix̂(k|k − τ(k)), (10)

uk+i|k = K(A + BK)ix̂(k|k − τ(k)). (11)

uk+i|k, i = 0, 1, · · · , d Uk =
{uk|k, uk+1|k, · · · , uk+d|k},

.

3.5 (Delay compensator)
1

,
.

k d(k)T , k

k − d(k)
Uk−d(k). k − d(k)

τ(k − d(k))T , k

[d(k) + τ(k − d(k))]T .
y(k−d(k)−τ(k−d(k))) u(k−d(k)−

τ(k−d(k))) x̂(k−d(k)+ i|k−
d(k)− τ(k− d(k))), i = 0, 1, · · · , d. , k

uk = uk|k−d(k) =

Kx̂(k|k − d(k) − τ(k − d(k))) =

K(A+BK)d(k)x̂(k−d(k)|k−d(k)−τ(k−d(k))).

(12)
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k

Uk−d(k) = {uk−d(k)|k−d(k), uk−d(k)+1|k−d(k), · · · ,

uk−d(k)+d|k−d(k)},
uk|k−d(k). k + 1

,
, ;

,
; ,
. k + 1 ,

uk+1|k−d(k).

4 (Stability of the
closed-loop networked control system)

e(k) = x(k) − x̂ (k|k − τ(k)) . (13)

τ(k + 1) � τ(k) , (3) (7)

x̂(k + 1|k + 1 − τ(k + 1)) =

Aτ(k+1)x̂(k + 1 − τ(k + 1)|k − τ(k)) +
τ(k+1)∑

j=1

Aj−1Bu(k + 1 − j) +

Aτ(k+1)−1L[y(k + 1 − τ(k + 1)) −
Cx̂(k + 1 − τ(k + 1)|k − τ(k))]. (14)

(4)

x̂(k + 1 − τ(k + 1)|k − τ(k)) =

Aτ(k)−τ(k+1)x̂(k − τ(k) + 1|k − τ(k)) +
τ(k)−τ(k+1)∑

j=1

Aj−1Bu(k + 1 − τ(k + 1) − j). (15)

(7)

x̂(k − τ(k) + 1|k − τ(k)) =

A1−τ(k)[x̂(k|k − τ(k))−
τ(k)−1∑

j=1

Aj−1Bu(k − j).

(16)

(16) (15)

x̂(k + 1 − τ(k + 1)|k − τ(k)) =

Aτ(k)−τ(k+1)A1−τ(k)[x̂(k|k − τ(k)) −
τ(k)−1∑

j=1

Aj−1Bu(k − j)] +

τ(k)−τ(k+1)∑
j=1

Aj−1Bu(k + 1 − τ(k + 1) − j). (17)

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

x(k) = Aτ(k+1)−1x(k + 1 − τ(k + 1)) +
τ(k+1)−1∑

j=1

Aj−1Bu(k − j), (18)

x(k + 1 − τ(k + 1)) =

A1−τ(k+1)[x(k)−
τ(k+1)−1∑

j=1

Aj−1Bu(k−j)], (19)

y(k + 1 − τ(k + 1)) =

CA1−τ(k+1)[x(k)−
τ(k+1)−1∑

j=1

Aj−1Bu(k−j)].

(20)

(17)(20) (14)

x̂(k + 1|k + 1 − τ(k + 1)) =

Aτ(k+1){Aτ(k)−τ(k+1)A1−τ(k)[x̂(k|k − τ(k)) −
τ(k)−1∑

j=1

Aj−1Bu(k − j)] +

τ(k)−τ(k+1)∑
j=1

Aj−1Bu(k + 1 − τ(k + 1) − j)} +

τ(k+1)∑
j=1

Aj−1Bu(k + 1 − j) +

Aτ(k+1)−1L{CA1−τ(k+1)[x(k) −
τ(k+1)−1∑

j=1

Aj−1Bu(k − j)] −

CAτ(k)−τ(k+1)A1−τ(k)[x̂(k|k − τ(k)) −
τ(k)−1∑

j=1

Aj−1Bu(k − j)] −

C
τ(k)−τ(k+1)∑

j=1

Aj−1Bu(k + 1 − τ(k + 1) − j)} =

Ax̂(k|k − τ(k)) −
τ(k)−1∑

j=1

AjBu(k − j) +

τ(k)−τ(k+1)∑
j=1

Aτ(k+1)−1+jBu(k+1−τ(k+1)−j)+

τ(k+1)∑
j=1

Aj−1Bu(k + 1 − j) + LC[x(k) −
τ(k+1)−1∑

j=1

Aj−1Bu(k − j) − x̂(k|k − τ(k)) +

τ(k)−1∑
j=1

Aj−1Bu(k − j) −
τ(k)−τ(k+1)∑

j=1

Aτ(k+1)−2+jBu(k+1−τ(k+1)−j)]=

Ax̂(k|k − τ(k)) −
τ(k)−1∑

j=1

AjBu(k − j) +

τ(k)−1∑
j=τ(k+1)

AjBu(k−j)+
τ(k+1)−1∑

j=1

Aj−1Bu(k−j)+

Bu(k) + LC[x(k) − x̂(k|k − τ(k))] −
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LC[
τ(k+1)−1∑

j=1

Aj−1Bu(k−j)−
τ(k)−1∑

j=1

Aj−1Bu(k−j)+

τ(k)−1∑
j=τ(k+1)

Aj−1Bu(k − j)] = Ax̂(k|k − τ(k)) +

Bu(k) + LC[x(k) − x̂(k|k − τ(k))], (21)

e(k + 1) =

x(k + 1) − x̂(k + 1|k + 1 − τ(k + 1)) =

Ax(k) + Bu(k) − Ax̂(k|k − τ(k)) − Bu(k) −
LC[x(k) − x̂(k|k − τ(k))] =

(A − LC)[x(k) − x̂(k|k − τ(k))] =

(A − LC)e(k). (22)

1 (1) , (A,C) ,
τ(k), A − LC

.

, (A,C) , .
, τ(k),

(22) , L.

, A−LC 1,
.

:

τ(k + 1) = τ(k) + 1 , (5)(7)

x̂(k + 1|k + 1 − τ(k + 1)) =
Aτ(k+1)−1x̂(k + 1 − τ(k + 1) + 1|k + 1−
τ(k + 1)) +

τ(k+1)−1∑
j=1

Aj−1Bu(k + 1 − j) =

Aτ(k)x̂(k − τ(k) + 1|k − τ(k))+
τ(k)∑
j=1

Aj−1Bu(k + 1 − j) =

Aτ(k)A1−τ(k)[x̂(k|k − τ(k))−
τ(k)−1∑

j=1

Aj−1Bu(k − j)]+

τ(k)∑
j=1

Aj−1Bu(k + 1 − j) =

Ax̂(k|k − τ(k)) + Bu(k),

e(k + 1) = x(k + 1)−
x̂(k + 1|k + 1 − τ(k + 1)) = Ax(k)+
Bu(k) − [Ax̂(k|k − τ(k)) + Bu(k)] = Ae(k).

(23)

(13)

e(k − d(k)) = x(k − d(k))−
x̂(k − d(k)|k − d(k) − τ(k − d(k))),

x̂(k − d(k)|k − d(k) − τ(k − d(k))) =

x(k − d(k)) − e(k − d(k)). (24)

(24) (12)

uk = uk|k−d(k) =
Kx̂(k|k − d(k) − τ(k − d(k))) =
K(A + BK)d(k)x̂(k − d(k)|k − d(k)−
τ(k − d(k))) =
K(A + BK)d(k)[x(k − d(k)) − e(k − d(k))],

x(k + 1) =
Ax(k) + Buk = Ax(k)+
BK(A + BK)d(k)[x(k − d(k)) − e(k − d(k))].

τ(k + 1) � τ(k) , (22)

e(k) = (A − LC)d(k)e(k − d(k))
e(k − d(k)) = (A − LC)−d(k)e(k),

x(k + 1) =

Ax(k) + BK(A + BK)d(k)[x(k − d(k)) −
e(k − d(k))] = Ax(k) +

BK(A + BK)d(k)[(A + BK)−d(k)x(k) −
(A − LC)−d(k)e(k)] = (A + BK)x(k) −
BK(A + BK)−d(k)(A − LC)d(k)e(k). (25)

τ(k + 1) = τ(k) + 1 , (23)

e(k) = Ad(k)e(k − d(k)),
e(k − d(k)) = A−d(k)e(k),

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

BK(A+BK)d(k)[x(k−d(k))−e(k−d(k))]=

Ax(k)+BK(A+BK)d(k)[(A+BK)−d(k)x(k)−
A−d(k)e(k)] = (A + BK)x(k) −
BK(A + BK)−d(k)Ad(k)e(k). (26)

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

z(k + 1) = Ωz(k), (27)

:

Ω =[
A + BK −BK(A+BK)d(k)(A−LC)−d(k)

0 A − LC

]
,
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τ(k + 1) � τ(k);

Ω =

[
A + BK −BK(A + BK)d(k)A−d(k)

0 A

]
,

τ(k + 1) = τ(k) + 1.

2 (1)
, (27)

[13].

3 (27),
τT ,

dT , (27)
Ω 1.

, (27)
.

.

4 (1)
,
[13].

(1) ,
(A,B) , (A,C) A . (A,B)

, (A + BK) .
(A,C) , (A−LC)

. [13].

5 (Simulation examples)
T = 0.04 s,

G(z) =
A(z)
B(z)

=
0.0541z + 0.115

z3 − 1.12z2 − 0.213z + 0.335
.

, ,

A =

⎡
⎢⎣1.12 0.213 −0.335

1 0 0
0 1 0

⎤
⎥⎦, B =

⎡
⎢⎣1

0
0

⎤
⎥⎦ ,

C = [0 0.0541 0.115].

,
,

(−0.3857, 0.7428 + 0.5999i, 0.7428 − 0.5999i),
(0.645,−0.0744,−0.4506),

K =[−0.02 − 0.5517 − 0.0166], L=

⎡
⎢⎣5.9341

6.1467
5.8041

⎤
⎥⎦.

MATLAB/Simulink .
2T ∼ 3T ,

3T ∼ 4T .

,
.

MATLAB S .
3 . : 1 , 2

, 3 , 4
[d(k) + τ(k)]T .

3

Fig. 3 Simulation experimental results

,
, ,

. [9] , [d(k) +
τ(k)]T ,

, .
.

, ,
.

6 (Conclusion)

( )
,

, MATLAB
.

.

.
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