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Abstract: A generalized predictive control is considered for networked control systems with time-varying network-

induced time delay and packet loss. Because multiple data are sent in one packet from the source node to the target node,

and the network-induced time delay and the packet loss are known a priori, a new method is proposed to compensate

the influences of network-induced time delay and packet loss on control performance using minimal prediction horizon

and predictive control increment vector, respectively. Thus, we develop the corresponding networked model prediction

algorithm and the algorithm of networked receding-horizon optimization. For the controlled system with unknown or

slowly varying parameters, the networked feedback correction algorithm is discussed based on a modified recursive least-

squares identification algorithm. Simulation results are given to show the effectiveness of our proposed algorithms.

Key words: networked generalized predictive control; network-induced time delay; packet loss; minimal predictive

horizon; vector of predictive control increment
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2 (Problem formulation)

A(z−1)y(t) = z−dB(z−1)u(t) + ω(t)/Δ , (1)

: y(t), u(t) ω(t) t × h

, h

, d � 1 , A(z−1), B(z−1) Δ

z−1 ,

A(z−1) = 1 + a1z
−1 + · · · + ana

z−na ,

B(z−1) = b0 + b1z
−1 + · · · + bnb

z−nb ,

Δ = 1 − z−1.

:

, ,

ΔU∗(t + N0 − d) =

f(Ypast(t), ΔUpast(t + N0 − 1 − d)),

1 , :

N0 � d ,

ΔU∗(t + N0 − d) =

[ Δu∗(t + N0 − d), · · · ,

Δu∗(t + N0 + Nu − 1 − d)]T,

Nu ,

Ypast(t) = {y(i), i = 1, 2, · · · , t},
ΔUpast(t + N0 − 1 − d) =

{Δu(i), i = t + N0 − 1 − d, · · · ,

1, 0,−1, · · · ,−d + 1},
f(·) {Ypast(t), ΔUpast(t + N0 −

1 − d)}

J =
N0+Np∑
j=N0

[y(t + j|t) − yr(t + j)]2 +

Nu∑
j=1

λj[Δu(t + N0 − 1 + j − d)]2

ΔU∗(t + N0 − d)
, Np � Nu , y(t + j|t)
, yr(t + j) .

,

,

, .

,

,

NCSs. t × h

Yc,past(t)
Ypast(t),

,

;
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.
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, NCSs :
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, h.

2
.

3
,

.

,

,

2 ,

na na + 1
,

. k , ikh

,

, 1,

Yc,past(t) =
{y(ik), · · · , (ik − na), 0, · · · , 0,

y(ik−1), · · · , y(ik−1 − na), y0, · · · , 0, y(i1), · · · ,

y(i1 − na), 0, · · · , 0, y(0), · · · , y(−na)}
, ikh ik−1h

, y(ik) , y(0),· · · ,

y(−na) . ,

lscik
= ik−ik−1

, lscik
; lscik

� lscik,max �
lscmax, lscik,max lscik

, lscmax = {lscik,max, k = 1, 2, · · · }.

, ΔU∗(ik +
N0,ik

− d), N0,ik

, 2 ,

,

, . 3

. , s

, ish

; lcais
= is − is−1

,

lcais
, lcais

� lcais,max � lcamax,

lcais,max lcais
,

lcamax = {lcais,max, k = 1, 2, · · · }.

,

N0,ik
. , τ sc

ik
τ ca

ik

y(ik)
, τ sc

ik
� τ sc

ik,max � τ sc
max,

τ ca
ik

� τ ca
ik,max � τ ca

max, τ sc
ik,max τ ca

ik,max

y(ik) ,

, τ sc
max = max{τ sc

ik,max, k = 1, 2, · · · },

τ ca
max = max{τ ca

ik,max, k = 1, 2, · · · }.

,

,

, ,

τ c
ik

. ,

y(ik),

, τ c
ik

.

τik

Δ= τ sc
ik

+ τ c
ik

+ τ ca
ik

. is
y(ik)

, ,

τik
, N0,ik

,

ik + N0,ik
− d = is , 3

τik
.

,

:

, ,

y(ik + j|ik) = fp(Yc,past(ik), ΔUpast(ik +

N0,ik
− 1 − d)), (2)

: fp(·) y(ik + j|ik) Yc,past(ik) ΔUpast(ik +
N0,ik

− 1− d) , ΔUpast(ik + N0,ik
−

1 − d) (ik + N0,ik
− 1 − d)h

,

y(ik−1).

(2)

, :

ΔU∗(ik + N0,ik
− d) =

f(Yc,past(ik), ΔUpast(ik + N0,ik
− 1 − d)), (3)

f(·) {Yc,past(ik), ΔUpast(ik+
N0,ik

− 1 − d)}
J =

N0,ik
+Np−1∑

j=N0,ik

[y(ik + j|ik) − yr(ik + j)]2 +

Nu∑
j=1

λj[Δu(ik + N0,ik
− 1 + j − d)]2

ΔU∗(ik + N0,ik
− d)

; ΔU∗(ik + N0,ik
− d)

,

, .

,

,
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θ(ik) = fi(Yc,past(ik), Upast(ik − d)), (4)

: fi(·) θ(ik) Yc,past(ik)
Upast(ik − d) ,

,

.

3 (Main results)
3.1 (Networked model pre-

dictive algorithm)
(2), (1)

j , Diophantine

1 = Ej(z−1)A(z−1)Δ + z−jFj(z−1), (5)

:

Ej(z−1) = 1 +
j−1∑
i=1

ej,iz
−i,

Fj(z−1) =
na∑
i=0

fj,iz
−i.

(5) (1)

y(ik + j) = Ej(z−1)B(z−1)Δu(ik + j − d) +

Fj(z−1)y(ik) + Ej(z−1)ω(ik + j).

Ej(z−1)ω(ik + j) (ik + 1)h (ik +
j)h , j

y(ik + j|ik) = Ej(z−1)B(z−1)Δu(ik + j − d) +

Fj(z−1)y(ik), (6)

: y(ik + j|ik) Yc,past(ik) (ik +
j)h , Δu(ik + j − d) (ik +
j − d)h , Diophantine (5)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

fj+1,i = fj,i+1 − ej+1,j(ai+1 − ai),

0 � i < na,

fj+1,na = ej+1,jana ,

ej+1,j = fj,0 = Fj(0).

(7)

⎧⎪⎨
⎪⎩

E1(z−1) = e1,0 = 1,

F1(z−1) = −(a1 − 1) − · · · − (ana−
ana−1)z−(na−1) + anaz

−na .

(8)

(6)

,

:

1 (1) 1∼3.

Step 1 A(z−1) (8) (7) Ej(z−1)
Fj(z−1), j = 1, · · · , τ sc

max+τ ca
max+lscmax+lcamax.

Step 2
? , 3

τik

lcais+1
; ,

.

Step 3 (6)

{y(ik +τik
+d), · · · , y(ik +τik

+d+ lcais+1
−1)}.

Step 4 Step 2.

1 1

, , 2 3

,

NCSs , PID .

2 1

. τik
,

,

τ sc
ik,max τca

ik,max, ,

τ sc
ik

, . lcais+1

, lcais+1
lcamax.

, ,

,

.

3.2 (Networked receding

horizon optimization algorithm)
(3)

J =
N0,ik

+Np−1∑
j=N0,ik

[y(ik + j|ik) − yr(ik + j)]2 +

Nu∑
j=1

λj[Δu(ik + N0,ik
− 1 + j − d)]2, (9)

: yr(ik + N0,ik
+ j) = αyr(ik + N0,ik

+ j − 1) +
(1 − α)R, 0 < α < 1, 1 < j < Np, R .

,

(ik + N0,ik
)h

, Diophantine :

Ej(z−1)B(z−1) =

Gj(z−1) + z−(j−N0,ik
+1)Hj(z−1), (10)

:

Gj(z−1) =
j−N0,ik∑

i=0

gj,iz
−i,

Hj(z−1) =
nb+N0,ik

−2∑
i=0

hj,iz
−i.

(10) (6)

y(ik + j|ik) =
Gj(z−1)Δu(ik + j − d)+
Hj(z−1)Δu(ik + N0,ik

− 1 − d) + Fj(z−1)y(ik),
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: Gj(z−1)Δu(ik + j − d)

, Hj(z−1)Δu(ik + N0,ik
− 1 − d)

, Fj(z−1)y(ik)

.

Y (ik + N0,ik
) =

[y(ik+N0,ik
|ik) · · · y(ik + N0,ik

+Np−1|ik)]T,

ΔU(ik + N0,ik
− d) =

[Δu(ik + N0,ik
− d) · · ·

Δu(ik + N0,ik
+ Nu − 1 − d)]T,

G =⎡
⎢⎢⎢⎢⎢⎢⎢⎣

g1,0 · · ·
g2,1 g1,0

...
. . .

g
Nu,Nu−1 g

Nu−1,Nu−2 · · ·
...

g
Np,Np−1 g

Np−1,Np−2 · · ·

0
...

g1,0

...

g
Np−Nu+1,Np−Nu

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

Np×Nu

,

H(z−1)=[HN0,ik
(z−1) HN0,ik

+1(z−1) · · ·
HN0,ik

+Np−1(z−1)]T,

F (z−1) = [FN0,ik
(z−1) FN0,ik

+1(z−1) · · ·
FN0,ik

+Np−1(z−1)]T,

Np

Y (ik + N0,ik
) =

GΔU(ik + N0,ik
− d) + H(z−1) ·

Δu(ik + N0,ik
− 1 − d) + F (z−1)y(ik). (11)

(11), (9)

J = [Y (ik + N0,ik
) − Yr(ik + N0,ik

)]T ·
[Y (ik + N0,ik

) − Yr(ik + N0,ik
)] +

[ΔU (ik+N0,ik
−d)]TΛ[ΔU(ik+N0,ik

−d)],

:

Yr(ik + N0,ik
) =

[yr(ik + N0,ik
) · · · yr(ik + N0,ik

+ Np − 1)]T,

Λ = diag(λi), i = 1, · · · , Nu,

N0,ik
� τik

+ d.

J ΔU (ik + N0,ik
−

d) ,
∂J

∂ΔU(ik + N0,ik
− d) = 0

,

:

ΔU∗(ik + N0,ik
− d) =

(GTG + Λ)−1GT[Yr(ik + N0,ik
) − H(z−1) ·

Δu(ik + N0,ik
− 1 − d) − F (z−1)y(ik)], (12)

ΔU∗(ik + N0,ik
− d) =

[Δu∗(ik + N0,ik
− d) · · ·

Δu∗(ik + N0,ik
+ Nu − 1 − d)]T.

ΔU∗(ik + N0,ik
− d) ,

j ∈ {0, · · · , is+1 − is − 1},

:

u(is + j) = u(ik + N0,ik
+ j − 1) +

Δu∗(ik + N0,ik
+ j). (13)

,

,

:

1) NCSs ,

τ sc
t τ ca

t , τ sc
t = τ sc τ ca

t = τ ca

, ,

,

N0,t � τ sc + τ ca + d; τ sc
t τ ca

t

,

, τ sc
ik

τ ca
ik

τ sc
ik,max τ ca

ik,max,

N0,ik
� τ sc

ik,max+τ ca
ik,max+d, τ sc

ik

,

N0,ik
� τ sc

ik
+ τ c

ik
+ τ ca

ik,max + d; τ sc
t τ ca

t

,

N0,ik
� τ sc

ik
+ τ c

ik
+ τ ca

ik
+ d.

,

Nu � τ ca
ik,max.

2) NCSs ,

τ sc
t = 0, τ ca

t = 0, ik+1 − ik � 1, is+1 − is � 1 ,

ish ,

y(ik).

, k = s,

ik = is − d ,

,

,

,

, N0,ik
� d,

Nu � lcaik,max;

, k �= s ,

,

, N0,ik
� τ c

ik
+ d,

Nu � lcaik,max.
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3) NCSs

, ish

, y(ik).

, N0,ik
� τ sc

ik
+ τ ca

ik,max +
d, Nu � lcaik,max + τ ca

ik,max;

, N0,ik
�

τ sc
ik

+ τ c
ik

+ τ ca
ik,max + d, Nu �

lcaik,max + τ ca
ik,max.

Gj(z−1) Hj(z−1) ,

j(j � N0,ik
) j+1 Diophantine

(10):

Ej(z−1)B(z−1) = Gj(z−1) + z−(j−N0,ik
+1)Hj(z−1),

Ej+1(z−1)B(z−1) =
Gj+1(z−1) + z−(j+1−N0,ik

+1)Hj+1(z−1).

[Ej+1(z−1) − Ej(z−1)]B(z−1) =
Gj+1(z−1) − Gj(z−1) +
z−(j−N0,ik

+1)[z−1Hj+1(z−1) − Hj(z−1)].

Gj+1(z−1)−Gj(z−1)=gj+1,j−N0,ik
+1z

−(j−N0,ik
+1),

Hj+1(z−1) = z[ej+1,jz
−(N0,ik

−1)B(z−1) −
gj+1,j−N0,ik

+1 + Hj(z−1)].

, Dio-

phantine (10) :⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

hj+1,i = hj,i+1, 0 � i � N0,ik
− 2;

hj+1,i = ej+1,jbi+1 + hj,i+1,

N0,ik
− 1 � i < nb + N0 − 3;

hj+1,nb+N0−2 = ej+1,jbnb ,

gj+1,j−N0+1 = hj,0.

(14)

Diophantine (10) j = N0,ik

EN0,ik
(z−1)B(z−1)=GN0,ik

(z−1)+z−1HN0,ik
(z−1).

, ,

{
GN0,ik

(z−1) = gN0,ik
,0 = eN0,ik

,0b0,

HN0,ik
(z−1) = zEN0,ik

(z−1)B(z−1).
(15)

1,

:

2 (1) 1∼3:

Step 1 A(z−1) (8)(7), Ej(z−1)
Fj(z−1), : j = 1, · · · , τ sc

max + τ ca
max + lscmax +

lcamax.

Step 2 B(z−1) (15)(14), Gj(z−1)
Hj(z−1), : j = 1, · · · , τ sc

max + τ ca
max + lscmax +

lcamax.

Step 3
? ,

N0,ik
Nu;

, .

Step 4 G, F (z−1), H(z−1).

Step 5 Yr(ik + N0,ik
).

Step 6 (12) ΔU∗(ik + N0,ik
− d),

.

Step 7 Step 3.

3 2

,

, .

3.3 (Networked feedback

correction algorithm)
[14]

, NCSs

:

(1)

1∼3, (4)

:

θ∗(ik) = θ∗(ik−1) + L(ik)[y(ik) − ψT(ik)θ∗(ik−1)],

(16)

: y(ik) ,

θ∗(ik−1) θ∗(ik) y(ik−1) y(ik)
,

θ(·)=[−â1 − â2 · · · − âna b̂0 b̂1 · · · b̂nb ]
T ∈

R
(na+nb+1)×1,

ψT(ik)=[y(ik−1) · · · y(ik−na) u(ik−d) · · ·
u(ik − d − nb)],

L(ik) =
1
r
P (ik−1)ψ(ik)[

1
a

+
ψT(ik)P (ik−1)ψ(ik)

r
]−1,

P (ik) =
1
r
[I − L(ik)ψT(ik)]P (ik−1),

r .

,
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, 2

:

3
(1) 1∼3:

Step 1 θ∗(−1), P (−1).

Step 2

Â(z−1) = 1 + â1z
−1 + · · · + ânaz

−na

B̂(z−1) = b̂0 + b̂1z
−1 + · · · + b̂nbz

−nb .

Step 3 Â(z−1) (8)(7), Ej(z−1)
Fj(z−1), j = 1, · · · , τ sc

max+τ ca
max+lscmax+lcamax.

Step 4 B̂(z−1) (15)(14), Gj(z−1)
Hj(z−1), j = 1, · · · , τ sc

max+τ ca
max+lscmax+lcamax.

Step 5
? ,

N0,ik
Nu;

, Step 9.

Step 6 G, F (z−1), H(z−1).

Step 7 Yr(ik + N0,ik
).

Step 8 (12) ΔU∗(ik + N0,ik
− d),

.

Step 9
? , ψT(ik); , Step 5.

Step 10 L(ik) P (ik).

Step 11 (16) θ∗(ik),

Step 2.

4 3

, ,

, .

4 (Simulation)
,

(0∼100%), (0∼100 mm).

1 s ,

A(z−1)y(t) = B(z−1)u(t) + ω(t)/Δ,

:

A(z−1) = 1 − 1.053z−1 − 0.307z−2+
0.1994z−3 + 0.1742z−4,

B(z−1) = 0.0008672z−2 + 0.01309z−3.

, 50;

, ω(t) = 0.

4.1 PID (Networked

model prediction + PID control)
0.5, 20. 1

PID , 3

τ sc
ik

= 0, τ ca
ik

= 0 , τ sc
ik

∈ [0, 5], τ ca
ik

∈
[0, 5] τ sc

ik
∈ [5, 10], τ ca

ik
∈ [5, 10] ,

τ sc
ik

τ ca
ik

. ,

, PID

.

1 PID

Fig. 1 Simulation results of traditional PID control

2 PID

,

. ,

PID

, ,

,

PID .

2 PID

Fig. 2 Simulation results of networked generalized

prediction + traditional PID control

4.2 (Networked generalized

predictive control)
,



7 : 887

α = 0.97, Np = 20, Nu = 10, λi = 2(i =
1, · · · , 10).

1) .

3

, 3 τ sc
ik

= 0, τ ca
ik

=
0 , τ sc

ik
∈ [0, 5], τ ca

ik
∈ [0, 5] τ sc

ik
∈

[5, 10], τ ca
ik

∈ [5, 10] , τ sc
ik

τ ca
ik

. , ,

, ,

.

3

Fig. 3 Simulation results of traditional generalized predictive

control with network-induced time delay

4

,

.

, ,

,

,

.

4

Fig. 4 Simulation results of networked generalized predictive

control with network-induced time delay

2) .

5

. ,

, ,

.

5

Fig. 5 Simulation results of traditional generalized predictive

control with packet loss

6

. ,

,

,

.

6

Fig. 6 Simulation results of networked generalized predictive

control with packet loss

3) .

7 .

,

.
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7

Fig. 7 Simulation results of networked generalized

predictive control with network-induced

time delay and packet loss

4.3 (Networked

generalized predictive self-tuning control)
,

0.97, A(z−1)
B(z−1) a1 = 0.001, a2 = 0.001,

a3 = 0.001, a4 = −0.001, b0 = 0.001, b1 = 0.001.

1) .

8

.



7 : 889

8

Fig. 8 Simulation results of networked generalized predictive

self-tuning control with network-induced time delay

, 3

,

,

, ;

.

2) .

9

.
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9

Fig. 9 Simulation results of networked generalized predictive

self-tuning control with packet loss

,

, ,

; lsc = 4, lca = 4 lsc = 8, lca = 8
, ,

,

,

;

.

5 (Conclusion)

,

,

,

,

.

+PID

,

.

,

, .
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