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Abstract: Modern large-scale industrial control, systems adopt hierarchical structures, where the advanced process con-
trol, with model predictive control (MPC) as its representative, has been an important level. The two-layered structure, i.e.,
the steady state optimization plus and the dynamic control layer, is dominant in the industrial MPC technology. The two-
layered MPC can effectively handle the multi-objective optimization and multi-variable control problems in the complex
processes. The algorithm of two-layered MPC is briefly summarized. The compatibility and uniqueness of the steady state
solutions for the multi-variable MPC are analyzed based on the steady-state relationship between the control inputs and the
controlled outputs, demonstrating the importance of the steady state optimization. Viewpoints are presented on issues such
as performance comparisons between two-layered MPC and zone MPC, the singularity of the steady-state model, and the
dynamics of the closed-loop system. Topics requiring further researches are pointed out.
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1 ÚÚÚóóó(Introduction)
�.ýÿ��(model predictive control, MPC)´

�«Äu�.����{�o¡. @Ï, MPC±ØÓ
��{/ªÑy,~XÄ�Ý
��(dynamic matrix
control, DMC)[1]!�.�{��(model algorithmic
control, MAC)[2]!2Âýÿ��(generalized predic-
tive control, GPC)[3–5]. �Xýÿ��nØ��\ï
Ä,ó§Eâ�Øä?Ú,ýÿ����{£ã¥y
ÑKÜ�ª³,Ø2ÕYu,�«A½��{/ª.
MPC�{®²36§1���
wÍ�A^�J,

ÙnØïÄ�¡���
�v�?Ú,�oNþù,

MPC�nØïÄ¢�uEâ�uÐ,C5Æâ.�5
�'5uÙ�ÆSº�¡�ïÄ[6–7].

8cL§ó�ÊH/æ^
��±MPC�Ø%�
©�4����Y[7],þ��¢�`z(real time opti-
mization, RTO)�,¥m��MPC,.��PID(propor-
tion-integral-derivative)�Ä:���. ±RTO��L
��Û`zÏL�½:�`z¢y
�¬�þ�J

pÚ¤��ü$,
~5�MPC¿��9�½:��
O¯K[8],�Ã{÷vù«I¦. V�(�ýÿ��
´CÏÑy�!±�Öü�(�MPCØv��«#
.MPC��(�,®�Ì6�ýÿ��Eâ¤æ
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^[9–11]. §3~5MPCÄ����þV\
��­�
`z(steady state optimization, SSO)õU,äN¢y
�±�55y(linear programming§LP)½ö�g5
y(quadratic programming, QP)IO¯KÑy. k��
�¡�LP--MPC½QP-- MPC[12–13]. ­�`z�Ì�
�õUÒ´ÄuL§­�êÆ�.?1�½:�g

ÄÏ`,O�
ó§Eâ<
Äu�<²���½:
�½�{. 3z����±Ï,­�`z�KI�½
:�`zO�,e�MPCKIé�`�½:?1Ä�
�l��,l
)û
�½:��O¯K.V�(�
¥�­�`z���¡�±¢yéRTOO�(J�
ìC�l,,��¡��±¢yMPC¤éAL§�Û
Ü²L`z[9–10].

lA^�¡þù,��XÚ�(��{ü�Ð,�
´^ré��XÚ��¦%´E,õ��. ¢�¥,
ó§Eâ<
éõCþýÿ��JÑ
éõ�¦,~
X,,�Cþ���z!,�Cþ���z!,�Cþ
��±3�½��å��S�,��/,ùa¯Kò
8(���õ8I`z¯K.õ8I`z¯K�¦)
Ñ�~(J,�Ï^5Ú��5J±Ýº. òE,)
�L§�õ8I`z¯K8(�V�(�ýÿ��

¥�õ?ü8I­�`z´��{ü!k���{.
�a`zö�¯KÏLC��±©O�½�8I¼

ê½�å^�,/¤LP½QP¯K.¦+ù«�{�é
�©¯K��`)�Uòz,�Ù)  ´ó§þ�
�É�. `z¯K�ïá�¦)ÑC��~{'!5
�,ò¯K�£ã��O�å3�
�8¢�<
.
8c,3V�(�ýÿ��nØïÄ�¡��
�õ
�¤J.©z[9]òL§�.�Ø(½5Ú\�ýÿ�
��­�`z¥�,/¤����I5y¯K.©z
[10]�é­�`z=z�LP¯K!�õÑ\üÑÑ
(multi-input single-output, MISO)±9õÑ\õÑÑ
(multi-input multi-output, MIMO)XÚ¥�3�.Ø
(½5��/�?1(¯Ý©Û,±d�âéV�(
�ýÿ���5U?1
µ�. ©z[14]�é­�`
z��15¯K,JÑ
Äu`k?��15�½�
^�åN�üÑ.©z[15]©Û
dG��Oì!­
�`z!Ä���ì|¤�Ã·��5MPC,©Û

V�(��Ä�­½5. ©z[16]ïÄ
V�(�ý
ÿ���å^��ò;Å�ÀJ¯K,dd�Ñ
�
åN��5K.©z[17]JÑ
ÄuG��m�.�
­�8I`z�{,¿3dÄ:þ�O
��Ï^�
6Ä�.5Jp��XÚ�6Ä³�Uå. ©z
[18]¦^­�8IO��Ø6Ä�O�K�.©z
[19]JÑ
�«�V�(�5��«mýÿ���
{(model predictive range control, MPRC),äkó�
:C[Ú²L`z�õU.­�`záu�aL§`
z,�15´Ù¥�­��¯K.

©z[20]ò`z��15¯K8(�k�åõ8
IõgdÝ`z(constrained multi-objective multi-de-
gree of freedom optimization, CMMO)¯K,©z[21]
òCMMO��15¯K5�¤��55y¯K.

�
3Ä�Cz��¹eÏé��Z�ó²�½

�,V�(�ýÿ��O\
­�`z�,ù´V�
(�ýÿ��3õUþ�Ì�`³. �XïÄ��\,
�öuyV�(�ýÿ��Ø=3�{�õUþk

¤J,,
��¦�öéýÿ��ù«��Eâk

���g�n)[22]. �©ò(Ü�©�öAc5�ï
Äó�l�{�O!nØ©Û!g��Ð"�A��

¡éV�(�ýÿ��?1Øã.

�©Ì�ÎÒXe:

c: ��Ñ\Cþ��dÏf; ek: Ø�?�þ;

K: L§�­�OÃÝ
; Rn: n�îª�m;

u(y): ��Ñ\Cþ, u ∈ Rm(��ÑÑCþ,
y ∈ Rp);

us(k)(ys(k)): ��Ñ\­��(��ÑÑ­�
�);

∆us(k)(∆ys(k)): ��Ñ\­��Oþ(��Ñ
Ñ­��Oþ);

uLL(yLL): ��Ñ\Cþ�e�(��ÑÑCþ�
e�);

uHL(yHL): ��Ñ\Cþ�þ�(��ÑÑCþ
�þ�);

uT(yT): ��Ñ\Ï"­�8I(��ÑÑCþ
�Ï"­�8I);

uT min(yT min): ��Ñ\Ï"­�8I���(�
�ÑÑCþ���);

uTmax(yTmax): ��Ñ\Ï"­�8I��
�(��ÑÑCþ���);

yLLL: ��ÑÑCþ�ee�;

yHHL: ��ÑÑCþ�þþ�;

W : ��ÑÑCþ­�`zØ�1�^�åN�
�Xê;

Q: ��ÑÑCþ�½:���XêÝ
;

Q̄: 8I�l¯K­�`zÑÑ8I��XêÝ

;

R: ��Ñ\CþÄ��A�XêÝ
;

R̄: 8I�l¯K­�`zÑ\8I��XêÝ

;

V : ��Ñ\Cþ�½:���XêÝ
.

2 VVV���(((������...ýýýÿÿÿ���������{{{(Two-layered
model predictive control)
��!Äk�ÑV�(�ýÿ���e��nã,

��©O�é­½L§!È©L§�Ñ�A�V�(
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�ýÿ���{,��ò�í2�ó��XÚ.

2.1 VVV���(((���ýýýÿÿÿ���������{{{���XXXÚÚÚeee���(Structure
of two-layered predictive control)
{ü/`,V�(�ýÿ��Ò´3~5ýÿ�

��þO\
��­�`z�. ©z[23]30�
AspenTechúiíÑ�#��G��m��ì��Ñ

V�(�ýÿ���{�XÚe��n,�ã1. �
�DÚ�ü�ýÿ��,V�(�ýÿ��3XÚe
�þ¥O\
­�`zù�õU¬. TõU�¬�Ñ
\ëê�)	Ü8I!̀ zÑ\ëêÚÑÑ�"�.
Ù¥,	Ü8I�±5gRTO�O�(J½ö´ö�
<
�²��½,d�­�`z�8�´¢yé
RTOO�8I��l,�öòùa`zö��ª¡�
�­�`z�8I�l�ª. XÃ	Ü8I�½,­
�`z��â`zÑ\ëê3g��å�m��S

?1¡�²L5U�I�`z,�öòùa`zö�
�ª¡��­�`z�²L`z�ª. 3A^¥,�
�â¢S�¹��	Ü8IÀ�5û½��ýÿ�

�A^�­�`z?uÛ«ö��ª.

ã 1 V�(��.ýÿ���XÚ(�µã

Fig. 1 Structure of double-layered predictive control

ã1¥�/�.0�õU´Äu®²ïáÐ�êÆ
�.?1ÑÑýÿ,Q�¹­�ýÿ��)Ä�ýÿ.
/`z0�­�`z,ÙõU´Ä�/?1�`ó�
:�O�¿D4�/��0�¬;/��0�ýÿ�
�,ÙõUÌ�´�l�½�;ùp,/ÈÅì0�
KalmanÈÅ,Ï�©z[23]¤JÑ���ì´�«Ä
uG��m�.�V�(�ýÿ��ì,XJ¦^Ñ
\ÑÑ�.K/ÈÅì0��^Ò´���$ÏÈÅ

ì
. I�`²,ã1¤«�`z��(�´�m°Ä
�,/�.0!/ÈÅì0!/`z0!/��0Uì�
½�±Ï$1.

e¡,(ÜV�(�ýÿ���µe�nã�Ñ
V�(�ýÿ���äN�1Ú½:

ÚÚÚ½½½ 1 Ð©z. V�(�ýÿ��éÄ�,Äk
�?1Ð©zö�,ÏLOPC�ÏÕEâl©Ùª�
�XÚ(distributed control system, DCS)Ö\�c�
����Ñ\!��ÑÑÚ6Ä&Ò,Ù¥,��Ñ\
���ÑÑ�ê���­�Ð©���3S�¥. V
�(�ýÿ�����ëêdö�<
<ó�½,�
)��Ñ\Cþ��dÏf,Ñ\ÑÑCþ��å^
��.

ÚÚÚ½½½ 2 ±Ï5/�1­�`z�Ä���õU.
äN/,

ÚÚÚ½½½ 2.1 ÏLOPCÏÕ����Ñ\!��Ñ
Ñ�6Ä&Ò�=��;

ÚÚÚ½½½ 2.2 ­�`z�¬¦^L§ÑÑ&ÒO�

ýÿØ�,(ÜS�¥�;�Ñ\!ÑÑCþ�­�
�?1­�`z,~X¦)�©¥¤ã�­�`z¯
K.¦^�c���`z��(JéS�¥�Ñ
\!ÑÑ�­���#. ò��Ñ\�­��!m�
­½L§�ÑÑ­�����½:eD�Ä���

�¬.

ÚÚÚ½½½ 2.3 Ä����¬ÏL�����Ñ

\!��ÑÑ�6Ä&Ò�=��?1Ä�ýÿ,?
1��O�,¿ò��Ñ\(JeD�DCS��XÚ
�1.

I��Ñ,���¹eV�(�ýÿ���3X
Ú?u­½��¹eéÄ.

2.2 ­­­���LLL§§§���VVV���(((���ýýýÿÿÿ������(Two-layered
model predictive control for steady state pro-
cess)

2.2.1 ­­­���LLL§§§£££ããã(Description of steady state
process)

�Ä�5�ØCm�­½XÚ,ÙL�Ä�A5
�D4¼ê�.�

y(s) = G(s)u(s). (1)

Ù­��.�

∆ys(s) = K∆us(k), (2)

Ù¥K´L§­�OÃ,��Ñ\Ú��ÑÑ3­�
�É���å�

uLL 6 us(k)6uHL,

yLL 6ys(k) 6 yHL,
k > 0.

3­�`z¥�9M�åÚ^�å�Vg. M�
åÌ��é��Ñ\
ó,ÙÏ~�ûu��Ñ\�
Ôn��,Xz��mÝ�. ^�åKÌ��é��
ÑÑ
ó,Ì��Ä�´�þ�IÚ²L5U�Ï�.
��5`,XJ­�`zÑyØ�1,ÑÑCþ��
å�±#N3�½§Ýþ�t,~X,dyHL(yLL)�
t�yHHL(yLLL), yHHL(yLLL)K´ÑÑCþ�M�
å. 
�,éu�3eZ�ÑÑCþ�õCþXÚ,z
�ÑÑ�­�5´Ø���,I�Uì`k?gS�
g?1^�åN�.

2.2.2 ­­­��� `̀̀zzz���{{{£££ããã(Description of steady
state optimization algorithm)

�Ä��L§�Ñ\ÑÑ�å^�,­�`z¯
K�£ã�¡�²L�I����55y(LP)¯K
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



min
∆us(k)

J = cT∆us,

s.t. ∆ys(k) = K∆us(k) + ek,

uLL 6 us(k − 1) + ∆us(k) 6 uHL,

yLL 6 ys(k − 1) + ∆ys(k) 6 yHL,

(3)

Ù¥ek��âL§�Ä�ýÿØ�O��Ñ,=

ek = yk − ỹ(k|k − 1), (4)

Ù¥: yk�k��ÑÑÿþ�, ỹ(k|k − 1)�k − 1�
����k��ÑÑýÿ�.

éu,
®²�½ÑÑ�½:�¯K,�±¦^
8I�l�ª�`z¯K£ã. b�RTO�ÑÑ(J
½ö�ö�Ï"�(uT, yT),�ò8I¼ê��



min
∆U(k)

J = (‖ys(k)− yT‖2
Q̄

+ ‖us(k)− uT‖2
R̄
),

s.t. ∆ys(k) = K∆us(k) + e(k),
uT min 6us(k − 1) + ∆us(k − 1)6uTmax,

yT min 6 yss,k−1 + ∆yss 6 yTmax.

(5)

T8I¼ê�¹Â:3XÚÐ©­½G�(u0, y0)e
Ïé­�ó�:(us, ys)¦��(uT, yT)3���¦
¿Âeål�á.

V�(�ýÿ��­��{��[�O9Ù`²

�ë�©z[23, 27].

2.2.3 ­­­���`̀̀zzz������111555(Feasiblity of steady state
optimization)

­�`z¯K��`)I�÷vÑ\ÑÑ�å^

�,Ïd7,�3`z�15¯K.©z[18]¥�Ñ

`z¦)�ü�ã�{. T�{ò`z¦)©)��
15Ú�`zü��ã:

�15�ã: XJ�1)Ø�3,K�tÑÑCþ
�å>.. �âÑÑCþ�­�5���`k?,�
â`k?^S,�g/?1�15�½�^�åN�.

�`z�ã: XJ�3�1�m,K�â8I¼ê
&EÀJ�`��1).

2.2.4 888¤¤¤­­­���888III���ýýýÿÿÿ���������{{{(Predictive
control algorithm with input targets)

²­�`z�¬O������L§�Zó�:

ò�eD�/���¬0¢�.V�(�ýÿ��­
�`z�O�(J�)üÜ©: ��Ñ\­�8IÚ
��ÑÑ­�8I.I��Ñ,3V�(�ýÿ��
�µeeI�ò��Ñ\�­�8I��¨v�\

\�~5�ýÿ��8I¼ê¥�,/¤Xe/ª�
��8I¼ê¥:

J(k) = ‖w(k)− ỹPM(k)‖2
Q + ‖u(k)− uss(k)‖2

V +

‖∆uM(k)‖2
R. (6)

�¤±ÀJù«a.�8I¼êk§�nØÄ:,ò

3�©13�!�±�ã.

ýÿ����.ýÿ!�"��Ó~5�ýÿ�

�vk²w«O,�©ÒT¯KØ2Kã. du­�
`z�{¥wª/�Ä
XÚ��å^�,Ïd3V
�(�ýÿ��¥�±��æ^Ã�åýÿ���

{,�;�N!L§¥Ñy�N,�±O\��Ñ\
CþOþ��Xê.

2.3 ÈÈÈ©©©LLL§§§���VVV���(((���ýýýÿÿÿ������(Two-layered
model predictive control for integrating pro-
cess)

2.3.1 ÈÈÈ©©©LLL§§§£££ããã(Description of integrating pro-
cess)

�Ä�¹È©ÑÑ�õCþL§,ÙêÆ£ã/
Xª(1),=

y(s) = G(s)u(s).

�¹È©�!�õCþ��XÚÏ~äk��½

��±þÈ©ÑÑCþ±9eZ�­�ÑÑCþ,é
õ�ÿÙÄ�A5�¦^Xe���.5\X¢�

�.ÚXÈ©�f�|Ü?1L«. b�XÚÑ\Ñ
Ñ�ê�m×n,1r1�È©ÑÑ,���G(s)Xe:

G(s) =



k11

T11s+1
e−τ11s · · · k1n

T1ns+1
e−τ1ns

...
...

...
k(r−1)1

T(r−1)1s+1
e−τ(r−1)1s · · · k(r−1)n

T(r−1)ns+1
e−τ(r−1)ns

kr1

s(Tr1s+1)
e−τr1s · · · krn

s(Trns+1)
e−τrns

k(r+1)1

T(r+1)1s + 1
e−τ(r+1)1s · · · k(r+1)n

T(r+1)ns+1
e−τ(r+1)ns

...
...

...
km1

Tm1s+1
e−τm1s · · · kmn

Tmns + 1
e−τmns




.

ÑÑCþ¥�U�¹­�Cþ��U�¹È©Cþ,
�«©­�CþÚÈ©Cþòª(1)­#��

ys(s) = Gs(s)u(s), (7a)

yr(s) = Gr(s)u(s), (7b)

ª¥: þ�IsL«TCþ�­�Cþ;þ�IrL«
TCþ´È©Cþ.

éÄ�êÆ�.7(a)æ^ª�½n���L§�
­�êÆ�.

∆ys
s(k) = Ks∆us(k). (8)

w,,ª(8)(2)¦+ÎÒL«þk¤«O,�¿Â��
��.�´,eéÈ©L§7(b)¦^ª�½n��OÃ
�Ã¡�,KÃ{?1`z.
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�
)ûÈ©L§�­�`z,©z[24]�Ñ

)û�Y,�e5�©ò0�ÙÌ�g´.

ã2´,�üÑ\üÑÑÈ©L§����A­
�.lã¥�±wÑÈ©L§�3��Ñ\e¥yü
Nþ,(eü)ª³.

ã 2 ,�È©ÑÑCþ�ü ��ÑÑ�A

Fig. 2 Step response of an integrating process

b�,È©CþL§�D4¼ê�G(s) = 1/s,
�O�4��"��XÚ.Ø�Ä�å�¹e,��
½���Cz�,¦^X'~��(KC = 1)Ò�¢y
4���.��XÚÑ\ÑÑ�ý­�Xã3¤«.

ã 3(a) ��Ñ\­�

Fig. 3(a) Curve of an control input

ã 3(b) ÑÑ­�

Fig. 3(b) Curve of an controlled output

lã3¥�±wÑ,L§ÑÑ�¤õ¢y
�½�
��l,
��Ñ\²L�½�Cz�q­#£�Ð
© �,Ù¥Ñ\Cþ�Ä�Cz�NÑÈ©CþL
§�S3A5. �±ù�)º: duL§ÑÑ´Ñ\

�È©,XJÑ\3­��Ø�/00,ÑÑÒò±Y
þ,½eü. �,,ùp�/00́ �é�,3¢S�
L§¥,Ñ\ÚÑÑò�±3Ü·�ó�:þ.

nþ¤ã,éu�5üÑ\üÑÑÈ©L§�±
ÙÑÑ­½���7�^�´��Ñ\�­�Oþ

�". éu�5õÑ\õÑÑ(=�¹��È©ÑÑ),
Ù7�^��éTÑÑCþ¦��Ñ\�nÜ�^

�",äN©ÛL§��©z[24]. éu¹kõ�È
©ÑÑCþ�����õCþÈ©L§,K´�éù

ÑÑCþ¦��Ñ\�nÜ�^�",�¤Ý
/
ªXe:

Sr
u∆us(k) = 0. (9)

Pnr�L§¥È©Cþê8, Sr
u ∈ Rnr×m��.�

�Ñ\éÑÑ­��ÇOÃÝ
. ª(9)�¹Â3u�
ò¤k�L§Ñ\Cþ�U\Ú�0. �¦ª(9)�ä
��5,3ª(9)�Ä:þÚ\
ëþyr

slope(k),=�
L§È©ÑÑ3�m:N?��Ç,

yr
slope(k) + Sr

u∆us(k) = 0. (10)

ù��±CXÈ©ÑÑCþÐ©�ÇØ�"��¹.

ª(10)�±�yÈ©L§�­½,3ù�cJe,
/^DMC�{¥ï���N�Vg¢yÈ©ÑÑC

þ3�m:N?�ÑÑýÿ. ùp,I�b½3ï�
��NþT��È©L§®²äkXeA:: Ù­�
©þ�ÑÑ®²­½,È©©þÑÑ�CzÇ�±Ø
C,ã2¥È©L§����A­��Cz5Æ�N

þã¯¢.

�©òï���N?��.OÃ¡�È©L§

�/:0�.,¿@½3T:?XÚ?\
/�.­
�0. ÷^­�CþL§�L«�{,¦^Kr5L«

È©CþL§�/:0�.OÃ,ù�Ò��È©C
þL§3/�.­�0:?�ýÿ�.,

∆yr
N(k) = Kr∆u(k), (11)

Ù¥e�IN�õCþL§�ï���.�uª(8)
(11)/ªþ®²Ú�,�ò§�Ü¿,¿Ú\��Ø
�,��

∆ys(k) = K∆us(k) + e(k), (12)

Ù¥

∆ys = (∆ys
s, ∆yr

N)T.

m�­½L§����A�±w�´düÜ©|¤:
Ä�Ü©Ú­�Ü©,±­��mù�ëê�.,3
T�m:cÑÑ�A��mCz,3T�m:�ÑÑ
�A­½ØC,=��mÃ'.È©L§����A
Ó��±w¤´düÜ©Ä�A5|¤,��´±­
��mëê�.,3­��m:c�éÑ\�Cz¥
y�½�Ä��A,­��m:�K¥yüNþ,½
eü�ª³(�Çð½). Ïd,é'm�­½L§ÚÈ
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©L§,��­½5^�(10)¢y
I¡�È©L§
3­��m:��­½ØC(�Ç�"),/:0�
.(12)K¢y
È©ÑÑ3­��m?�°(ýÿ.

2.3.2 ­­­��� `̀̀zzz���{{{£££ããã(Description of steady
state optimization)

õCþÈ©L§¡�²L8I.�­�`z¯K

�ûüCþ�±Lã�eZ�Ñ\ÚÑÑ­�Cþ

��5|Ü,duÑ\ÑÑ�m�­�OÃ'X¦�
�¹ÑÑCþ�8I¼êÑ�±=z�Xe�/ª:




min
∆us(k)

J = cT∆us(k),

s.t. ∆ys(k) = K∆us(k) + e(k),
yr

slope(k) + Sr∆us(k) = 0,
uLL 6 us(k − 1) + ∆us(k) 6 uHL,

yLL 6 ys(k − 1) + ∆ys(k) 6 yHL.

(13)

ª(13)´�«3ýÿ��¤?�å�mS¡�²L5
U�I?1`z�¯K£ã.

yr
slope(k) + Sr

u∆us(k) = 0

¡�È©ÑÑCþ�­½5^�,�3z��O�±
ÏSÑ�¦�yÈ©ÑÑCþ��ÇOÃ�",´�
~(J�. Ï
,Ñuó§�¡��Ä,ANNÜ©�
�È©ÑÑCþ�­��ÇØ�",l
Jp`z�
�15. Ø�"�È©­��Ç7L3�Y�O��
��±Ö�.�±æ^Xe�µã¢yyr

slope(k)�S
�O�.

ã 4 È©ÑÑCþ�­��ÇS�O��{
Fig. 4 Iterative computation algorithm for integral

output’s slope

�éum�­½L§�­�`z,È©L§�­
�`z�¢�3uÈ©­½5^��Ú\¢y
d

m�Ø­½L§�4�­½L§�=z.

`̀̀²²²

1) È©ÑÑCþ���Ø%´�²ï^�(10),�÷v
T²ï^�,�éum�­½Cþ,XÚò����gdÝ.

2) :�.�õU´ÑÑýÿ,È©ÑÑCþ��þØ´

u­½,¤±Ùk>òäk�½�ºx5;,��¡,È©C

þ��éA�-!;�� ,k>ö�Øä�²L�Ã.Ï~

�éÈ©ÑÑI��½�½:,T�½:�� uTÈ©C

þÑÑþ�Úe��¥m �.

2.3.3 ÄÄÄ������������{{{(Dynamic control algorithm)
du���È©L§Ï~Ó��¹È©ÑÑCþ

Ú­�ÑÑCþ,©z[25]u1992cÄkJÑ
·^
uÈ©ÑÑCþ�DMC�{,©z[26]�Ñ��[�
Øy�{. �©ò¦^T�{?nÈ©ÑÑCþ,�
Ò´3�.ýÿL§¥¦^Xe�£ 
:

S =




0 1 0 0
0 1

. . . . . . 0
0 1

0 0 −1 2




N×N

.

2.3.4 õõõCCCþþþÈÈÈ©©©LLL§§§VVV���(((���ýýýÿÿÿ������������"""

������üüüÑÑÑ (Feedback strategy of two-layered
predictive control for MIMO integrating pro-
cess)

ùp,òýÿØ��È©5�Ú\�Ø���X
êÝ
��OL§. 3��õCþDMC�{¥�"
���!¥,ÏLØ���Ý
H?1�"��[2].
H�½ÂXe:

H =




h11 0 · · · 0

0
. . . . . .

...
...

. . . . . . 0
0 · · · 0 hpp




, hii =




hii(1)
...

hii(N)


 ,

i = 1, · · · , p.

Ù¥Ø���Xêhii(1), · · · , hii(N)þ��1.

éuÈ©ÑÑCþ,I�¦^Ö�Ïfα(0 6 α

6 1)?�ýÿØ�,éÚåýÿØ��Ø�ÿZ6Ü
©�È©�^?1Ö�.b�i = r�,éA�ÑÑC
þ�È©Cþ,K�A�Ø���Xê�þ�

hrr = (1, 1 + α, 1 + 2α, · · · , 1 + (N − 1)α)T.

T�{òýÿØ�y©�üÜ©: D(Úå�Ø�Ú
Ø�ÿZ6Úå�Ø�. D(Úå�Ø�´�^3Ñ
Ñà�\5Ø�,Ø�ÿ6ÄÚå�Ø���È©�
f¤\È,�Xýÿ�m�òY
ØäO�,ù´�
.��Ú�3Ø�ÿZ6�¹eÈ©L§ýÿ��

XÚØ´­½���Ì��Ï.�âýÿØ��)�
�Ï,éD(Úå�Ø�ÚØ�ÿZ6Úå�Ø�©
O?n,òkÏuJpÈ©L§��XÚÑÑýÿ�
O(5,Jp��L§�­½5.

2.3.5 ÈÈÈ©©©LLL§§§`̀̀zzz������������JJJ:::¯̄̄KKK(Difficult
problems of optimization and control in inte-
grating process)

¦+�ö®²�éI¡�.�Ñ
È©L§�V

�(�ýÿ���{¿JÑ
�éØ�ÿZ6Ú�

.����Ø����{,�ù«�{äk�½�Á
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n5�,¿vklnØ�Ý��5/)û¯K,È©
L§�V�(�ýÿ3�{ÚnØk�?1�\�

ïÄ.

2.3.6 óóó������XXXÚÚÚ���VVV���(((���ýýýÿÿÿ������üüüÑÑÑ(Two-
layered predictive control strategy for indus-
trial large-scale systems)

ýÿ��´�«¡�õCþó�L§����{,
ýÿ��ì��OÄk�(½Iò=
Ñ\Cþ!=


ÑÑCþ�¹Ù¥. d	,l`z��Ý5w,  
��XÚÑ\ÑÑ5���,d3�`z�m��,
�5��Ã��wÍ.�duO�þ±9¢�þ�(
J,¢SA^¥ýÿ���5��´k�½���.
XÛ3�XÚ�µeeJ,��XÚ�nÜ5U´

���~��ïÄ�¯K.�ö�éó��XÚJÑ

�«Äu8¥`z!©Ñ���V�(�ýÿ��

�{[29]. e¡,éT�{?1{�0�.

b�XÚkm���Ñ\Úp���ÑÑ,Ù¥
mÚpê�Ñé�.¡éXd5�ó�XÚ�õCþ
��¯K,ó§þ�)û�Y´Uìó²�A:,ò
,
��Ñ\ÑÑCþy©��|,ò�XÚ©)�
õ��pÕá�fXÚ,��XÚdn�fXÚSubx,

x = 1, · · · , n�¤,Xã5¤«.

ã 5 õ�fXÚì|¤��XÚ

Fig. 5 Large-scale system composed by multi-subsystems

z�f��ìÑ´k�g�V�(�ýÿ��ì.
ù«üÑXJ������±���Ð����J,
�duf��ì�5���,ÙV�(�ýÿ��ì
�O�þ´��É�. �´,ù«���Ñ
ó��
XÚþeiC��m±9XÚS3��^'X,Ã{
?�ÚJ,��XÚ�5U.

�o�V�(�MPC3�XÚ`z��¥��Û
5±9)ûO�þL�¯K,©z[29]JÑ
/¤X
ã6¤«�`z��üÑ.ÏLV�(�ýÿ��¥
�­�`zìò��fXÚéXå5,?1�Û�­
�`z,����^�¢�d�gf��ì©O�¤.

`̀̀²²² ©¥¤J9�ó��XÚV�(�ýÿ��ü

ÑnØþ=éXG?XÚU
�yÙ�Û�`(Ä�)5U�

V�(�e�ýÿ����.3ó�L§¥(cÙzóL§

¥)�3�þ�Ì�£´,'é3éõ�¹e´V��,½�

3�´,éõ�¹¿�XG?XÚ,d���`5�òJ±�

��y.

ã 6 �XÚV�(�MPCµã

Fig. 6 Structure of two-layered MPC for large-scale system

3 ­­­���`̀̀zzz���nnnØØØ¿¿¿ÂÂÂ(Theoretical sense of
steady state optimization)
8c,ýÿ��­�`z��'nØïÄÌ�8

¥3�15©Û�¡[20–21],3¢SA^Ì�´rN­
�`z�²L5U�ó§�¡�d�,'uV�(�
ýÿ��­�`z�ýÿ���m��^Ån�ï

Ä�~�. �ö@�©z[27]´IS	�«õCþý
ÿ���SÜ­�5��mM5ïÄ¤J.e¡,�
öòÒùÜ©SN?1��XÚ/0�. Äk,lT
�ïÄ�Ñu:!å. 3V�(�ýÿ��¥,þ�
­�`zKIó�:(�)��Ñ\�ó�:Ú��
ÑÑ�ó�:)�O�,e�ýÿ��KIó�:�Ä
��l. �ö3�ý¢�¥uyXJe�ýÿ���
�¦^~5�ýÿ���{,Kk�Ã{¢y��Ñ
\½��ÑÑó�:�k��l. XJ��é�´�
.XÚKO������Ñ\ó�:Ú��ÑÑó

�:�¢yÃ·���,�XJ´��XÚKéJ¢
yÑ\ÑÑó�:�Ã·���.

¤¢�.XÚÚ��.XÚ´�âXÚÑ\Cþ

�ÑÑCþ��êy©�. eXÚ�Ñ\CþÚÑÑ
Cþ��ê�Ó,KTXÚ�¡��.XÚ(½{¡�
XÚ),��,KTXÚ�¡���XÚ.õCþXÚ
�±y©��XÚÚ��XÚ,
��XÚq�±?
�Úy©�
XÚÚÊXÚ,Xã7¤«.

ã 7 õCþ��XÚ���(�

Fig. 7 Structure of un-square MIMO control system

e¡,Þ~`²: �öQ¦^IO�Ã�åDMC
�{[22]�é��4Ñ\3ÑÑ(�.®²Iþz,�!
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��Ì,d?Ø�Ñ�.£ã)L§�L§�ý,��
8IÒ´ò3���ÑÑdÐ©G�/00���
/100,Ù¥�|�ý(JXã8¤«(ã8(a)´3�Ñ
Ñ�Ä�Cz­�,ã8(b)´4�Ñ\�Ä�Cz­
�),Ù��ìëê���Q = I, R = I.,�|�ý

Xã9¤«(ã9(a)Úã9(b)¥�­�¹ÂÓã8(a)Ú
ã8(b)),Ù��ëê���Q = I, R = 3I.

lã8–9�ü|�ý­��±wÑ,�½:��8
Iw,Ñ®²¢y,�ü|�ý���Ñ\­�ó�
:Ø��.�±wÑ,õCþýÿ���­�A5Ø
��dÑÑ�½:û½. �ö��,éu�XÚ,�L
§�­�OÃ�3��_�,3Ø�Ä�å��¹e
?¿�½�|ÑÑ�½:Ñk�����Ñ\­�

���éA,ù´d�_Ý
�5�û½�. ,
,é
u��õCþ��XÚ,du­�OÃÝ
��,=
Ø�_,¤±dÑÑ�½:Ã{������éA�
��Ñ\�­��.éu��XÚ,3�½ÑÑ�½
:��UÑy±e�¹: éu
XÚ(­�OÃÝ

÷�),òkÃ¡õ«��Ñ\�|Ü�±¦��ÑÑ
���½:;éuÊXÚ,��ÑÑ�½:�UÃ{
��,=ÑyÑÑ·�. @o,õCþýÿ��XÚ­
�Ñ\�ÑÑI�÷vÛ«'XªQ?�ö}Á
l
XÚ­½5�¡\Ã?1ïÄ,�ªvk¤õ. �e
5,�öC�
g´,Äk)û
­�`z�Ä��
��m���5¯K.

ã 8(a) ��ìëêQ = I , R = I�ÑÑ�ý­�

Fig. 8(a) Curves of output when Q = I ,R = I

ã 8(b) ��ìëêQ = I , R = I���Ñ\�ý­�

Fig. 8(b) Curves of input when Q = I , R = I

ã 9(a) ��ìëêQ = I , R = 3I�ÑÑ�ý­�

Fig. 9(a) Curves of output when Q = I , R = 3I

ã 9(b) ��ìëêQ = I , R = 3I���Ñ\�ý­�

Fig. 9(b) Curves of input when Q = I , R = 3I

Ïþ�­�`z�O�(J¥�¹��Ñ\�­

��,¦^�©¤ã�V�(�ýÿ���{,=
ª(3)–(6)�±¦)Ñ�A��.ýÿ��Æ,A^T
��Æ�±3I¡�¹e¢y�5õCþm�­½

L§�Ã·���,é
!Ê!�XÚ�·^,�'�
ý(J��©z[27].

38I¼ê(6)¥Ú\��Ñ\�­�8I´¢y
Ã·������Ï�,ù´Ï���Ñ\���Ñ
Ñ�­��m÷v­��.'X,=

K∆us = ∆ys, (14)

Ù¥XêÝ
K�

K =




k11 k12 · · · k1m

...
...

...
...

kp1 kp2 · · · kpm




p×m

.

3��XÚ¥,��Ñ\´L§�.¼ê'X¥�g
Cþ,
��ÑÑ´ÏCþ. 38I¼ê(6)¥Ú\�
�Ñ\­�8I��u(½
��XÚ�gCþ,�
A/ÏCþ(��ÑÑ)�Ò(½e5. 
�,ù�XÚ
Ä¾´
XÚ!ÊXÚ�´�XÚÃ'.Ïd,�±@
�­�`zéuýÿ��­�)���5å��'

­���^.

�e5,�öl�����Ý?Ø�e~5�ü
�õCþýÿ��­�)��N5���5¯K

[27]. ~5�ü�õCþýÿ���{¥Ø�¹��
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Ñ\­�8I�¨v�,l­��Ýþ,­½�ýÿ
��ì��u®�
�5�§|(13)¥�∆ys,¦)
∆us. Ú\XêÝ
K�O2Ý
,=

B =




k11 k12 · · · k1m ∆ys,1

...
...

...
...

...
kp1 kp2 · · · kpm ∆ys,p




p×(m+1)

.

e¡,¦^�5�ê�§|)��½�{5)û
õCþýÿ��­�)��N5���5¯K.Äk,
£��5�ê�§|)��½�{,=

ÚÚÚnnn 1 m��àg�§|Kp×m∆us = ∆ys

k)�¿©7�^�´XêÝ
K���uO2Ý


B = (K, ∆ys)��.

Ún1k±eíØ:

íííØØØ 1 K∆us = ∆ysk��)�¿�^��

rank(K) = rank(B) = m; K∆us = ∆yskÃ¡õ

)�¿�^��rank(K) = rank(B) < m.

I�`²,3ó§¿Âe��XÚ�m�­�O
ÃÝ
��Ñ´÷��,¤±{e�©Û`²¥�ö
b�´÷��. éu�UÑy�ÛÉ�¹�öò3�
©14.2�!¥?1?Ø.

e¡(Üþã�Ún1ÚíØ1éü�õCþýÿ
��3Ê!�!
XÚe�­�)?1©Û.

���XÚ�ÊXÚ�,�±¦^Ún15©Ûõ
Cþýÿ��)�5�. ÏL§��Ñ\���
ÑÑ�ê�m�'X�m < p. ��max(rank(K))
�m,
max(rank(B))�m + 1,¤±éuÊXÚé
k�UÑyrank(K) < rank(B)��¹,l
���
§|Ã),=Ø�N.XJ∆ysáuK���m,KT
�§|�½´�N�, rank(K)=rank(B),�31�
m÷��cJerank(K) = rank(B) = m,`²d
�­�)´���. ��,XJU
é���¦�
rank(K) = rank(B)�∆ys,KÊXÚ­�)��N
5Ú��5¯KòÓ��±)û. �´,¯K�'�
3uK���m¥´��8Ü, ∆ys¿Ø´��.3
ü�(�ýÿ��e,ÑÑ�½:d<ó�½,¦
�∆ysáuK���m'�(J,cÙéÑ\ÑÑ5
����XÚ,�´V�(�e,­�`zO��(
JgÄ÷v�§(13),ù´V�(�ýÿ���éÊ
XÚ�`³¤3.

éu�XÚ,�­�OÃ�3��_�, rank(K)
= rank(B) = m¤á,¤±Ù�k��).

éu
XÚ,L§��Ñ\��êm�u��Ñ

Ñ��ê�p. dd�±��, max(rank(K))�p,

max(rank(B))��p. Ï®b�K÷�,�rank(K)
= rank(B) < m¤á,ù`²
XÚ¤éA��§|
)��ê�Ã¡õ,ù�´�ýY~(Xã8–9¤«)�

�Ñ\­�)Ø���nØ�
. 3V�(�e,­
�`zò3�1�mS?1Ï`l
¦��Ñ\)

��z,ù´V�(�ýÿ���é
XÚ�`³¤
3.

�ö@�:õCþýÿ��XÚ­�)��N5
���5©Û(Ø\�
éõCþ­�)�@£§

Ý,¢y
lÄugdÝ©Û�½5©Û�Äu­�
�§�½þ©Û�ª�. ,��¡,�lnØ�¡Ø
y
V�(�ýÿ���Eâ`�5. Ïd,V�(
�ýÿ��Ø==´O\
��­�`z�,�­�
�´w«/8¤
XÚ�SÜÑ\ÑÑ­�'XA

5,Jp
XÚ�­½5Ú°�5.

4 VVV���(((���ýýýÿÿÿ������������ÝÝÝggg���(Further con-
sideration on two-layered predictive control)
��!òl«mýÿ��!ýÿ���ÛÉ

5!V�(�ýÿ���Ä�A5��¡?1�ã.

4.1 «««mmmýýýÿÿÿ���������VVV���(((���ýýýÿÿÿ������(Zone mo-
del predictive control and two-layered predic-
tive control)

V�(�ýÿ��´ýÿ��ó�?Ú�(J.
V�(�ýÿ��­ÀÄ�L§­�5���÷,â
ÑrNSÜ­�'X�­�5. �´,V�(�ýÿ
��z���±ÏÑî�O�z���Ñ\���

ÑÑCþ��½:,¿ò�eD�ýÿ���¢�.
3ýÿ��uÐ¤þÑy
�«�~k����ü

Ñ–«m��.«m���A:´é,
­��ÑÑ
Cþ���½:�¦,éu,
Ø­��ÑÑCþ=
���å�¦!Ã²(�½:. @o,«m����©
JÑ�V�(�ýÿ@�5U�\`ûQ?

«m���`³3u��L§�ÊXÚ�,ÏL
ã+�
g�ÑÑCþ����¦,¦�k��gd
Ý�±�y­��ÑÑCþ¢y�½:8I.²­�
©Û�{��: éuÊXÚ,XJ�½�ÑÑCþ�
½: uÝ
K ���m,Kù|�½:Ñ�±�
�,�´3¢S¥éJO(/�½�|�½:¦� 
uK���m.

XJ=�½­�ÑÑCþ��½:��½ÑÑC

þ�½:��ê�u��Ñ\Cþ��ê,3Ø�Ä
�å��¹e,ÏLÝ
¦_=�����Ñ\�­
��,U
��Ù§ÑÑCþ�­��.ÑÑCþ�
½:�êØ�u��Ñ\Cþ�ê�,�¹òC��
~E,,��±�½Ñ\ÑÑ�m�­�'XE,Î
Ü)��N5���5^�.

dd��,����L§�ªªu­½,Ù­½ó
�:7½ uV�(�ýÿ��­�`z��1�

mS,
²­�`zO����ó�:�`.



1336 � � n Ø � A ^ 1 31ò

4.2 VVV���(((���ýýýÿÿÿ���������ÛÛÛÉÉÉ555¯̄̄KKK(Singularity
of the two-layered predictive control)
ýÿ���`³3u�éõCþL§. õCþL

§�Ñ\ÑÑ�m�Ä�'XA5�UÑyCÛÉ

5�y�.¤¢CÛÉ5Ò´,
Ñ\�,
ÑÑ�
Ä�A5�~�C,¢S���XÚ��Ø¬/¤ê
Æþ�ÛÉ5,�ù«CÛÉ5¬é��XÚ�)é
õØ|�K�.

õCþ��XÚ��þ´deZ�2× 2½3× 3
f��XÚ|¤,¦+�õê��XÚ3�O�Ñ�
�yÙ´�ÛÉ�,�k�,
f��XÚ�3X�
CÛÉ�y�,ùò��XÚÑyî­�­½5¯K.
äN/,­�OÃ�±ÏLÛÉ�?1©),

K = USV T =
n∑

i=1

σiuiv
T
i . (15)

l­��Ýw,����þÒ´­��.�¦_$�,
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∆us(k) = [USV T]−1 ×∆ys(k). (16)
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character of the two-layered predictive control)
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Fig. 10 Real-time data of process outputs’ steady state targets
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