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Abstract Frequency domain decoupling control design methods have been widely adopted

for chemical and industrial multivariable processes with time delays in engineering practice,

and they belong to an important research branch in the process control field. In this paper,

the research progress of several decoupling control structures and their tuning methods with

dominant influence in the frequency domain are briefly generalized according to the main

research achievements in recent years, and their primary virtues and deficiencies are also

analyzed and discussed. Then some closely related research topics required in the current

chemical and industrial practice are pointed out.
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74 ) � q � � 32MxyC6�tqC5�^�BF�'tZMq<�S�oz�^_&q1g0<��p`� )�fqe't[� �h#<F�'tZM[1]
, 0PBF<�ZM�S^_W��	��p)+J��fqn
�'t[�j�u� �[2∼10] #*<F�ÆqnB�'tyCZM�4[�9~)d�ZM[�}M�q���mBM���Fn:JC>j
q�"[�#;7	v`twhq��46�*=Æ,hJnByC����FC}�&x�.[��'tyCZMq:N"R�A���F21�.n&{�[�"R�{F3MW{` Fr��u��'tZMq[�21�. ��ZM[�}M��Q�;<q�"���ÆH?�o8qeC)�j� �)<Cv +J�eCnq�f[11∼14]

, !m?Hn&�� un9)dS�.q�"��JX���'t�	ZM21[�q��7f/&:�"+��dN&I℄7n ���B0qwh�fBM���
2 }GfX�b^�1Ht43^�#�BF<�qeW�a[�/FJC���e�_j{O.F?0u?|�_BM���pnv.SQ�q8<�4� J��21[���{Fn&[�/F�a=q21[�%qX*�*n���mI�lub:Sq5o4[��[15]

, ��)n"r[�eCqW{` Fr�B[�y�fv>321F��321F�#�21*�21[�FFrqu� ��h�&/�0�7	5s7a�
2.1 O`Lv\nB�'tyCZM�E�_�Æ\	B0|.97	[3�.�~S-^4a[��Sv&F���[ZM9u*�u�[�F��E;<Cjn
n.��	r.q�� �dFb�[ZMqW{` Fr

G =







g11 · · · g1m

...
. . .

...

gm1 · · · gmm





�� gij(s) = g0ij(s)e
−θijs; i, j = 1, 2, · · · , m, g0ij(s) �[�xdqCjW{` �θij .�Z	j���"$��ZMW`Fr G $Æ[3$C3�� det[G(0)] 6= 0, :X&�k21[�[1]

, nX*B"r21[�eC/�8q�)nW`Fr	y�q[3Æ}5&S{q"R�dpn{Oqj2�Sv&F�Æ?0[���E�{F�[�'tZMq<��h — �Sz�q/�Med�oW`Fr G. 4[�gX G $�)i?�d.�<��h��Sz�JC +�jq1g0<�nX*�Zgjx�U�h�S'tz�q/�d�z1g0<�g;<B Bristol
[16]  Shinskey

[17] ub�fDdqo�e2�*�B��n�fqMq&a�[18∼21]
, hn!d^5&�y G �)i?���Æ�+�;<q&: �D�_�[ZMq�hu�>321F�0q��US�[ZMq[3e2W{Frq(r�� G−1(0), \�X*℄�QreC�Sr8q[3^2B�SvyU-�-^4a�b�eC�S/Cyq5m:r�/ �"/g�v�[� (/I�r[�)  �dFb"r[�eC�^j8<)�fq�v�[�Fu� �dv�[�eC�9=Yl [22∼25] >Sv0mq>321[�u� ��[26] &av;<n�[�/FX*_nq"r[�
&�"$��,^9=�fq�v�[� �[27∼36] &Ij�x07"r[�eCq�.
&�g�o�F;<J�21Fz21[�FFrq[� ��/&_nq21�.&pd^"wh�[22,37∼39]

. �K�9=Yl [27] �Zm<�
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qD�(u��\Os4N32℄�vs�B8g 75� H2 .?
&~,u��v�[�F�&a~S>321Fq5h05&_n�j07"r[�eCq21�.&pq q�
2.2 <`Lv\o�F>321F��321F&IC}x0m�[ZMq�3�Sr8
&�X*j�x:6<�ZM�Sz�q�321"6�4�E<F21�.
&"R+6qDg�9=Yl [40∼47] >Sv&~;<�321Fq[� ��Upv +aq[�}X�g�n~ �{�n�EmF!�h!�SZM�5&IQ<FJCA��h�S'tqnBZM�
�n��F6U�'t�	ZM��k�)n�[ZMW`Frq"R�pnq�321F�!5X%�x$Cjxd�0Px*,℄q �_�<S(q&%&��y_C�	4%�/*�&�;<Cj9&6��1Fd,�HJP&r.�$#*C}xFbSgÆq�321F[48,49]

. [K�BF�Æ�[ZM5℄�
q^_��p5X&LY0/xFb�321F�B[X&bJeC�S2B�0PSvyU-�-^4a�b�<�ZM�SX&Cyq5m:r�/ �d^"/g�v�[� �dFb"r[�eC�^j8<�v�[�Fqu� ���F)�k�)nqZMW`Fr�&v�dv��.[�eC��FB[Fbq[�eCq��[�
�d^"B�8;<q�v�[�Fqu� �/(H�fq[�&a �d7	℄��
2.3 _dLv/g�'tZM#�"r)�q%q �[50∼53]

, &~�m:Sv#�"r[�d�k21�.q �[54∼57]
, ��"%q��Z\$rnKr#�nq�:"rv���kBKrn$rqo�
o�.��ES?|��&Krq[�
&h$"�}}��$rq:rxP�\��y[�eC�<"rq
oB0
M�/[� �Æ<FJCe u1g9
q�'tZM��_W{` Fr��n.kSn (zh) j)Fr�4[�[�$rKrq�U#�8/�k�S'tz�q1gBinMq u7	�h^�/[� �qZ|$ +�j��-"[�"rq�:���n&�Krqv��+OS�.#��PSv�y[�eCqYE[�
��E"!n&�[�"rq[�P�o�e`�\�"o�{&~X*_nq,I[�
&�gf℄�V�gjP&Fv�[�Krqu�
&~,�� J#�21[��fq&:��%|�

2.4 LvRq\Qp{FeW�a[�/Fu�21[�FFr,^)<_n
�'teCq[�j��Cv +J�q�f[48]
, g��F�'t�	ZM�BF���	q^_*�X&7_q,E�6� (RHP) {| (�Z� �[ZMW`Frq	y�:&℄�), �p�[ZMW`Frq(r$Cjxd�0PX&�5[�q�4��{Fn
[�j��fq21[�FFrqu� �#*8<�[58∼61] &a6�vZMW��	 RHP {|�"r[�eCq
&W�m��Wang ub[62,63] �Z!�ÆB0"R'��nS"r[�eC�Sq3Mr8~, (g�q(})oP�u), :S�Æ=Nq"reC�)nW{` Frq���^j<�uIkpS.?21[�FFr�,";<.z�L�'g.?[�FFrq��d/Cj�9�k�Upvraq[�}X�0P?H NyquistTn&a�~SvES PID [�FBF��ZF�e�5&_ngÆq�9�4�5Æ<F�'t�	ZMq21[�u���5,zV_Fd^�C�J*Mm< H∞ .?
&~,qu� �[37,47,64] q�"Z|�� }nR2\+t`*�5&F_n�.u�.9Yl [65] ;<ZM[�}M�E<q`B6 �& (ISE) 
&~,du��Æ=Nq"reC�)nW`Fr���B[�uIkpS.?21[�FFrq���^j{F �n
&� Padé �9'u�>Sv2a9&q�k���\�``x�zvR2\+



76 ) � q � � 32Mt�X*�k_n�.dÆ8�[ZMqV���3��Po�F9= Wang ubq �
[62]

, j�x:6v21[�}XeC�Sr8
&�0P~S��[ZMq���	$Æ0S=Tdu�21[�FFrq�y[�F�\�pS&:�"/����y[�F��rC&:X*5_�	r.dCj�k��0qd8X,�	4GF�*~�	j��q0/ �|	�n!:&I�kj�"�LY21[��.�"~S�gf?HZM[�}M��0E<q
&~,�gO�`B�& (IAE) ���I6 `BL�q�& (ITSE) ��IO�`BL�q�& (ITAE) u�du�21[�FFr*�&ao8q[�eCq��[�
�tCdFwhq��2N�
3 B243^�1HUv;<<�qeW�a[�/Fu�21[� �*K�9)d���m7&7IQ�fve't[�}M�q&~6�ZM[�/F�_:6�'t�	ZMq,I�Sr8
&-�-^4a ��Upv&~5b� q[�}X�
3.1 >4VZYRqKB0S�C}x<Fe't�	ZMq$�[�/F[38] q{,IQ�, �'t$�[�/FgF 1 /��

G 1 -!%�℄�0G
Fig. 1 Standard internal model control structureF 1 ��C = [cij ]m×m �21[�FFr�G = [gij ]m×m ��[�'t�	ZM�Gm ��x)����_,IQ`h�� G = Gm, /[�/FSQr[� ���"[�FFr C�u�S[�xdq�D&I℄�v:[�eCq[�
�4��nv[�eCq[�
&a�*�MF[��hm)�S�$n
q&a�/*_kQA[��pnvQ�;<[66∼70]

. ?H$�[�j�[38]
, m<�[ZMW`Frq(r G−1 qm�&2�DX*℄�S&I_n H2 .?
&~,q21[�FFr C q���^��F�'t�	ZM�G−1 �<S(q&%&�P*,℄q �y_C�	4%�4�h#7	m�&2�0PX&7_C RHP �|�/*5&F{,<*Fb.?q21[�FFr C. 9=Yl [71, 72] {F$�[�/F��u�j���Z℄��[ZMW`Fr	y�q RHP{|q&6Q`�:S�Æ=NX	q�)neCW`Fr H q���^jm<,IeCW`Fr M G = GC *� }n'g ��R2SX*[��kq21[�FFr�Upvj�q21[�}X�Yl [73, 74] ?H$�[�/FIeW�a[�/Fz�qu�'uMe[38]

, {F$�[�Tj>Svs�v�"r21[�FFrq ��"~S�-"k�+~[�	� *[�F_nB���qQ�8<�_[�eC�Fb�[ZM��q<�J�)`S$w�4�/[�/FJCraqBM�<�}8<J
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qD�(u��\Os4N32℄�vs�B8g 77=�
3.2 >4V Smith jCRqKBBF Smith QJ[�/F)�JEx8<Fe't`�	ZMq[�I�.�h��m!�IQ<F�'t�	ZM�\�FbS�'t Smith QJ[�/F�gF 2 /��

G 2 �(u Smith RK℄�0G
Fig. 2 Multivariable Smith predictor control structureF 2 ��C �21[�FFr�G ��[�'t�	ZM�Gm ��x)����Gmo �B

Gm �<S(5�_�	q8&-JqCjW{` Fr�_,IQ`h�� G = Gm, \eC�hneC�SqW`FrX*�nS Hyr = GC(I + GmoC)−1. 4[�v:"r[�eCq[�
DUNFCjW`Fr C(I + GmoC)−1, \�X*�p� Gmo du�[�FFr C, ^j8<)< +J��fqn
�'t21[�j�du�"r[�eCq=Nr8
&�[75∼80] >Sv&~�'t Smith QJ[�/Fqv� ��Æ8<�Upvo�FB�=q&~{FeW�a[�/Fq21[� �q?X
�Amparo u�m7&7!�IQnk�'tQA[��[81]
. ^�h�Æ^_�[ZMq5℄�
��g[Fbq"r[�eCqW`Frx'ph,℄�#*7J�r8
&[�
�

Maciejowski �Z&a"reCq|��H|��` q/FC3}qm��R�>Sv&�,��'t Smith QJ[�/Fq��[�
q&a �[82]
. Wang m<��[�j��qze2�j�!JC�[ZM�
5℄�
qt�eCu��nS<F��[�&aq, ∆−M /F[83]

, \�>Svo8qR",�?�[48]
. V$-V�u�mp��[ZM^_�
t�qQ`�m< Nyquist [�,H6�v[�eC�y[�
q “���)?� ” ?�[84]

. g���F�[ZMJC�0��q/F$/F5℄�
�g�Æ�E�q[��heC�SAtq5℄�
�ASwhg�q[�
&a,�?�tCdF7&7q��Lm�
3.3 >4VUuh=RqKB�FnB�'t�	ZM�u�[�eCq&:�" q�yU-^4a�b�<�ZM�Sq5m:r*�X&CyqeC�S2B�J�5sq��[�/F�Æn	��_C&:[�FFr��0�v�[�/F�8"&:�)nq[�FFr�?H"r�a[�[37] ��ZM[�j�[38,83]

, �.v�n:[�FFr��&_"r[�eCq|�� (�eC�S-^4aW`Fr S) H|�� (�"reCW`Fr T ) z�7	l��$�_"r[�eCq,Ir8
&��[�
z�Xi�Sv&/?n[�eCq>�}r8
&-^4a-�
&�";<s&B�[�/F�,^s&B�[� �_e't[�eC�)Cv +whq��Q�qBM���g��F�'t�	ZM�BF[�℄;q,℄
21�."R��p)<pn<+X0P&I�Æ8<q��JX05���9=Yl [85, 86] /g�[ZMq�Æ5℄�
���p



78 ) � q � � 32M�T&njqQ1�x���fvs&B�[� �q/FC3} µ &a ��Limebeer Yaesh u�mm< H∞ .?
&~,Fbyg|��q.?n ,` �B[ }nR2pSs&B�[�q.��k��[87,88]
. \��n"�n~ �.Æpnq�&:gJq[�FFr���05&B�_n&/
ox�.?neCq>�}r8-^4ar8��P }n\+t +`� ,` R2�qX` "?HJ=Q`/5Bq�4�U�4�5&F�Æ8<IQ�gfFb[�XUq�'ts&B�[�/F���*�o8q2an�&nqv� ��CdFF,q��77�"$���~Ylp��[ZMqJ=_j9
*�X*Atq-^4a�:Sv&~Ja4G21�.q'/F[��
 ��BF0�JC9�Æ<
o8q���=�mF1)5&F�&5s�5�Vq�mX*=[CMYl#x��K�tC&~Yl:Sv�0AS,℄qs (z�) &B�[�/F��d�k21[�-�-^4a�BF�CpnQ�qX���L
W7��

4 �ChOMFnB�'t�	ZMq21[��.�\)<pSq�"��JXdR�tV5&Æ,hJ��BM��q"�CdFF,q�fLm�nl~S�: J�Æ�JC:NRqoM��Y;	
1) 8&21[�u��BF�~'tz�q1g0<JC�Æ01yC"�zm0�X&���[ZMq5B_j�
�?�5&�k21�.�"R�~8&21[�qnB�'tyCZM_�Æ�`t^_"[41,48,89]

, ng^_e u1g9
q�'tZM�_W{` Fr��n.kSn (zh) j)Fr�)�fq#�21[� �*��0[��
CdFwhq079��
2) JC$ W`Fr��q�'tZMq21[��`8&)Cq��JX	�p��[ZMqW`Fr� rqQ����[ZMq�h�SU oB�^��Æ�^_��yCB,"R;<+rq[��h'td�.o�A�qZM�S't�z�z*_nAaq[�}X[37,90]

, gf8<IQ{F rq21[� ��*�/gB,�=:S�q21[�/Fu� ��CdF��whq���f�
3) �=
-^4aq-�21�.�-"k�p�%u�q_)�f`t;<��=
-^4ag63�1�b/bdqQ^e2ES�)<�nQ�M��� [91,92]

. {FESq-Yz�8�-^4a�bu�q"r[�eC��F�=
-^4axCy�=
q�Sqjx��S>B[48,93]
, gfp�ng-^4a0b)Cq21[�/FY�u� ���&:�Jj��<�}q�"��Y;�

4)$&i�'tZMq21[��$&iZMq��[��.&{�ZM[�}M�q��#;� JMF$&ie'tZMq[���qVFLm-Æ[94]
, CM$&i�'tZM[�q��JX�A��p�21[��.q�ASr�[95,96]
. �Æ�&~nB5[�ZM�g�8h\�(Æ�8+tHU�u�SvUP\	?0q[�
��E![�eCv�p +'Q��,Ir8
&u�p +w�*uU+Mq��[�
�\�bJyC9x&UqXOf%[22,37]

. -"5�e�q6�,℄�bZM4B,9
yC"R�FbS$&i�'teC�n&[�#;e2=d"E9
q��7f�
5) �'t�	eCq��[�
&a,H�it"r[�eCqu�v� �?zq�", (H����7	��[�
&a,���m�o*oJ�B�
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&a �,H�)�jo�	jF"r21[� �q�f�g�'t Nyquist [�,H#*�Æ8<���[�ze2�jZF���x�F&~<Z�+�Æ yS[�X	qv� �Cy`,[48]
, /FC3} µ&a �"RbS℄�R2X` [37]

, 0P }n\+t`�5&F�Æ8<IQ�4[��'t�	eCq��[�
&aj� �qwh���!CpxI�℄7�'t�	ZMq21[� �q�f77�
6)  *ikn�k ��{F�[ZMq3MW`Fr��u�q21[� ��_;<�+~[�eC *n[�F�k��"/�Mikn'u�� Z 'u�<�qJu (s = (z − 1)/T ) �ju (s = (z − 1)/Tz) !n
 (s = (2z − 1)/(Tz + 1)) 'uSd�Fn
CjqW{`  +Æ<�)<_BM���pnQ�qX8<[38]

. ^��F�	ZM�gX�W{` �q�	4% (.�ZM�SZ	j��) 5�;!�= T qv ��d^8<<�q Z 'uSdD";<Cj9&dVj�	4%�qH �\�X&k�5Xl
q'u2B��[�eC
&h$���x�x}W[�
�A���F�'t�	ZM����	4%q^_�p;!�= T q�AS��Z�~k(H�;P9=C&~Yl>Sv�q Z 'uikn�k �[97,98]
, g���eCnqikn�kj� ��tCdF7&7q�fLm�

5 1�K�'t�	ZMq21[�u��FZM[�}M�q��#;�̂ ��)�fqnBi7yCB,BM���[JC:NR��Y�"x2�v JJC�k:rq��3M21[�/F��v� �q��7f�p�<&q�"?Z|L0v&~� &a6��^j~Sv�: JnB���JC:NRqoM��Y;�dN&IDn.�5Lq0<�\�℄7�'t�	ZMq21[�j�8<��q_)77�f�
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