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Abstract A predictive functional control algorithm based on impulse response model is

designed for integrating processes in this paper. A new error compensation method is in-

troduced, which can eliminate the permanent offset between the setpoint and the system

output when the integrating system is affected by large disturbance. Performance of the

closed loop system is discussed, and robust stability conditions for the resultant closed loop

system are given based on Jury′s dominant coefficient criterion. It is shown that the de-

signed method can significantly reduce online computation and provide good robustness for

parameters perturbation. At last, simulations are presented to verify the given strategy.

Key words Predictive functional control, robust stability, integrating process, error com-

pensation

1 ��
������������������� ¡¢£¤¥¦§������¨©ª«¬��®¯°±²³´µ¶·¸ ¹�º§»¼�½¾¿À´ÁÂ¨ÃÄÅÆÇÈ¥É

1) ÊË*ÌÍ)ÎÏ (60274032) ÐÑÒÓÔÕÎÏ (20030248040) Ö×
Supported by National Natural Science Foundation of P.R. China (60274032), Specialized Research Fund for

the Doctoral Program of Higher Education (SRFDP) (20030248040)ØÙÚ� 2004-6-1
ØÛÜÙÚ� 2004-12-28

Received June 1, 2004; in revised form December 28, 2004



126 Ý Þ ß à á 32â
ãä§åæçè¨��¥É éêë����»¼ìí�Æ ÇÈ¥É��Àäîï½ð
ñÅòó

[1] ô¥ÆÇÈ¥Éõö÷Ãø�õùúûéüý¨þÿ ��ä���¨ DMC»¼ ���¥��¨©ª���	
��î«À³�����Åòó
[2]
��¨��»¼�������� ëÆÇÈ¥É�é�ª�î������ Á��½¾¿�¼��Æ ÇÈ¥É�ª�î��¨õö÷ÃÅ�����¼���Æ ÇÈ¥É¨����¶  !"#Ä������¨��$%½ï¥É¨�� ���&À'()*+,¥ÆÇÈ¥É¨-÷./01�+,¨þÿ ú¬231�4567.é8Å

Cano and OdloakÃÄ��¥É9:8;<¨=>[3]
, ?0@:AB��C���¥É¨
����� D��®±²¯°æ¢ CÃÄEF´.GÅ��H°��

(PFC)
ã

Richalet IJ0 1986 K��¨ä�LMNOP����»¼
[4∼5]

, QR�2S��TUV��T$®J W��IX¢�Y��Z[ÃÄÅ PFC
¨þÿã��1¶\]^_T�ý�»`aT��bcdT
�«eÅfg¥

PFC
¨½¾ÃÄæ¢ Dô¥º§»¼��¨©ª���	
��î«¨òhiÁjÅkòlmnoÆÇÈ¥Épq÷Ã¨þÿ ��r��� C�ä�L¨s7tuvw�¼ úÀxyz�	�)*+,{�¨|}~45Cî�67é8 �?0ê�� PFC

��®Å��!"
Jury ��°�î«�o��î«C�ÆÇÈ¥É��H°���	
��î¨=>Å�C�¼¨þÿã���	
�«eT��®����T¯°�0±²Å

2 PFC ����
��ä

SISO
ÆÇÈ¥É�À��8�ÿúÄ~���

yp(k) =

∞
∑

i=1

s̄iu(k − i) (1)

�¿
s̄i

ãÆÇÈ¥É¨pq÷Ã�° 
u(k)
ã�	1¶Å�0ÆÇÈ¥Épq÷Ã¨þ�« �pq÷Ã�°

s̄i

��ä��
N
���ç�

s̄N , �Äº�þÿ � (1)
��é

yp(k) = s̄1u(k − 1) + · · · + s̄Nu(k − N) + s̄N

∞
∑

i=1

u(k − N − i) (2)

ë
(2) � � Z ¡ À

yp(z) =

N
∑

i=1

s̄iz
−iu(z) + s̄Nz−1−N 1

1 − z−1
u(z) = Gp(z)u(z) =

Gp1(z)

1 − z−1
u(z) (3)

�¿
Gp1(z) =

N
∑

i=1

(s̄i − s̄i−1)z
−i ¢ûÆÇÈ¥É£¤H°¨�î�� ¥ s̄0 = 0.

¥�
(3)
³I¦�  �ÆÇÈ¥É¨À§pq÷Ã (FIR)

yp(k) = yp(k − 1) + s̄1u(k − 1) +

N
∑

i=2

(s̄i − s̄i−1)u(k − i) (4)

�?0����®¨����ú¢ûé
ym(z) = Gm(z)u(z) =

Gm1(z)

1 − z−1
u(z) (5)



1 ¨ © ª«¬SISO
2345<=>?@AjQIklYbcmn

127

�¿
Gm1(z) =

N
∑

i=1

(si − si−1)z
−i ¢ûÆÇÈ¥É��¨�î�� ¥ s0 = 0. � � (5)

�

ym(k) = ym(k − 1) + s1u(k − 1) +

N
∑

i=2

(si − si−1)u(k − i) (6)

kò�îÆÇÈ¥ÉT��®
s̄N , sN

.é8 ¯
s̄N 6= 0, sN 6= 0.

PFC
¨°�»¼¿ ±F¨��²Ä!"³PTø°�T;<§�Iä�´�µF½ï øçÄ¨�¼ãë°�ÿ�¯'¶·�"¸��1�¨��s7¨¹��øa� �º»é

min Jp =

Hp
∑

i=H1

[(yref (k + i)) − ym(k + i) − E(k + i)]2 (7)

�¿
[H1, Hp]

ã°��¡ yref(k + i) = w(k + i) − ηi(w(k) − yp(k))
ã¯'¶· 

η =

exp(−Ts/Tref), Tref

ã©ª�	¼½÷Ã�B 
Ts

ã¾¿�B 
ym(k + i)

ã
k + i

�À¨����1� 
w
ã�î�Å

E(k + i)
ã��s7vw ¥0�ª�î¥ÉÁÂ

E(k + i) = e(k) = yp(k) − ym(k)
���Ã�	¨��Ä7é8Å��¥0ÆÇÈ¥Éº�s7vw�)*+,{��Å23�:67 éêC�ä�L¨s7vw�¼ �Æ�Ç~

E(k + i) = (1 − a)E(k − 1) + (1 + ai)[e(k − 1) − e(k − 2)] + ae(k − 1) (8)�¿
a
ãLÈ�¨¯° ú�d�	¨
�«¬ÅN

3
²�	«¬��¢^ÇêÁÂs7vwúyz�	¨�:45s7Å

¥0pq÷Ã��
(6),
!"³P¤ì�±FN

k + Hi (i = 1, 2, · · · , p)
���1�

ym(k + Hi) = yfr(k + Hi) + yfo(k + Hi) (9)

yfo(k + Hi) = UHi
S

T
Hi

, yfr(k + Hi) = U1Hi
S

T
1Hi

+ U2Hi
S

T
2Hi

+ ym(k − 1) (10)

�¿
SHi

= [s1 s2 · · · sHi
], UHi

= [u(k + Hi − 1) u(k + Hi − 2) · · ·u(k)]

S1Hi
= [sHi+1 − s0 sHi+2 − s1 · · · sN − sN−Hi−1]

U1Hi
= [u(k − 1) u(k − 2) · · ·u(k − N + Hi)]

S2Hi
= [sN − sN−Hi

sN − sN−Hi+1 · · · sN − sN−1]

U2Hi
= [u(k − N − 1 + Hi) u(k − N − 2 + Hi) · · ·u(k − N)]

PFC
»¼¨þÿ�0Éä�ÀÊé��1¶

u
ãË+ÌmÁî¨?H° uBn

¨ý«
ÍÎ ¯

u(k + j) =

nB
∑

n=1

µn(k)uBn(j), j = 0, 1, · · · , Hi − 1 (11)

�¿
uBn(j)

ãN
k
�¾¿�À¨?H°Ï� nB

é?H°�° µn(k)
ãÐ�°!"°��»��Å



128 Ý Þ ß à á 32â
��	�î�a0ÑI0�ä¡� θ

� úÁÏä�?H°¯ uBn = 1
F�Ò��` ê�±F��`¢ûéÓ

u(k) = u(k + j) = µ1(k), j = 1, · · · , Hi − 1 (12)

ë
(12)

P¶
(7), ÔÀ µ1(k)

ã±Õ` ÁÂ±Fä��À
H1 = Hp = H

¨���F�»ø°��Ö ¥×Øg
k
�Às7vw

E(k) = E(k + H1),
ê��»`ÙÙÚÛÅ×

∂Jp

∂µ1(k)
= 0 (13)

���`
u(k) = µ1(k) =

yref (k + H1) − S1H1U
T
1H1

− S2H1U
T
2H1

− E(k) − ym(k − 1)

IS
T
H1

(14)

�¿
I
ãäÜØÝ°¨�Þßà` 

E(k) = (1 − α)E(k − 1) + (1 + aH1)[e(k − 1) − e(k −

2)] + ae(k − 1).

3 áâãäåæçèéê
k²C�©ª���	¨
��î«��Å���Ö

(14)
ú�Ç~�¸

C−1(z)u(z) = Gr(z)w(z) − GF (z)e(z) (15)

�¿
GF (z)=

−(1+aH1)z
−2+(1+aH1+a)z−1

1+(a−1)z−1
, C−1(z) =

Gc(z)(1 − z−1) + z−1Gm1(z)

(1 − z−1)
(16)

Gc(z) =

H1
∑

i=1

si +

N−H1
∑

i=1

(sH1+i − si−1)z
−i +

N
∑

i=N−H1+1

(sN − Si−1)z
−i (17)

�
(15)
úÄë

1
�û¨����F�� �¿

d ¢û d(z),
��ìíÀî/¨îñ ¥

d(z), v(z)
�ïãÈ¶¨)*+,�1�+, 

Gr(z)
ã1¶¯'�� 

C(z)
é��®Åêð�0

GF (z)
ãtuñò® ó¹��îÃÀ

0 < a < 2.
�ë

1
Õ ©ª���	£¤H°é

yp(z) =
C(z)Gp(z)Gr(z)w(z) + [1 − C(z)GF (z)Gm(z)]Gp(z)d(z) + [1 − C(z)GF (z)Gm(z)]v(z)

1 + C(z)GF (z)[Gp(z) − Gm(z)]
(18)�ôõ���	«¬ög m��

Gr(z) = 1. �Ä (3)
T

(5)
T

(16)
�

(17),
��÷ é

yp(z)=
Gp1(z)[1 + (a − 1)z−1]

P (z)
w(z)+

(1 − z−1)Gc(z) + a[Gc(z)z−1 − (H1 + 1)z−1Gm1(z)]Gp1(z)

P (z)
d(z)+ (19)

P1(z)[1 + (a − 1)z−1] − [−(1 + aH1)z
−2 + (1 + aH1 + a)z−1]Gm1(z)

P (z)
v(z)



1 ¨ © ª«¬SISO
2345<=>?@AjQIklYbcmn

129

�¿
P1(z) =Gc(z)(1 − z−1)+z−1Gm1(z) =

H1
∑

i=1

si+(sH1+1 −

H1
∑

i=1

si)z
−1+

N−H1
∑

i=2

(sH1+i − sH1+i−1)z
−i

P (z)=(z − 1)P2(z)+az−1[H1(1 − z−1)(Gp1(z) − Gm1(z))+P1(z)+Gp1(z) − Gm1(z)]

P2(z)=z−1Gc(z)(1 − z−1)+z−2Gm1(z)+z−2[Gp1(z)−Gm1(z)]=z−N−2[

H1
∑

i=1

siz
N+1+(sH1+1−

H1
∑

i=1

si)z
N +

N−H1
∑

i=2

(sH1+i−sH1+i−1+(∆s̄i−1−∆si−1))z
N−i+1+

N+1
∑

i=N−H1+1

(∆s̄i−1−∆si−1)z
N−i+1]

�¿
∆s̄i = s̄i − s̄i−1, ∆si = si − si−1,

����	�î«�
P (z) øîÅlmC��~��È%Å

ù
1
@AWXúûüù

Fig. 1 The structure of the control systemýþ
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Fig. 2 Step responses of the nominal system
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Fig. 3 Step responses comparing with [8]
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Fig. 4 Step responses of the perturbed system
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Fig. 5 Step responses of the perturbed system
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