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Decouplers can be used to improve performances of multiloop control systems by
compensating for process interactions, but they are sensitive to process changes and
require fairly detailed process models, which are hard to obtain. These disadvantages of
decouplers hinder their successful applications in industry. On the other hand, static
decouplers can be designed from process steady-state gains, which are easier to obtain
and can be tuned in the field. However, static decouplers can introduce undesirable effects
on loop interactions at high frequencies for some processes. Here it is shown that static
decouplers are better applied to the integral control modes for such processes. Because
the integral mode is dominant at low frequencies and its magnitude decreases as
frequency increases, the static decoupler implemented only on the integral mode will not
disturb the frequency response of a control system at high frequencies. A simple antireset
windup scheme, guaranteeing given control performances under process input saturations
or failures, is provided. For online tuning of the proposed control system, a closed-loop
identification method to find process steady-state gains is also presented. © 2005 American
Institute of Chemical Engineers AIChE J, 51: 2712–2720, 2005
Keywords: multiloop control, integral mode with a static decoupler, antireset windup,
closed-loop identification

Introduction

Chemical processes are typically multi-input/multi-output
(MIMO) systems. Although model-based multivariable con-
trollers have been successfully applied, performance degrada-
tions can occur because of the lack of simple maintenance
procedures to cope with poor process models and changing
process environments. The control structures are complex and
operators are unable to adjust them in the field when poor
control performances occur as a result of process changes. On
the other hand, multiloop control systems using multiple sin-
gle-input/single-output (SISO) controllers remain the standard

in most industries because of their simplicity and the ability to
field-tune them for their performance improvements. The con-
trol performance of a well-tuned multiloop control system can
be better than that of a loosely tuned multivariable control
system. Because its best achievable performance is limited, a
method to improve closed-loop performance of a multiloop
control system without sacrificing the simplicity of a multiloop
control system is investigated here.

As a straightforward extension of SISO proportional-inte-
gral/proportional-integral-derivative (PI/PID) controllers, mul-
tivariable PI/PID controllers by Koivo and Pohjolainen1 and
control systems designed by frequency response methods2 used
simple PI/PID control structures. Tan et al.3 proposed a method
to design multivariable PI/PID controllers by applying the
Taylor series expansion technique to recent robust multivari-
able controllers, reporting promising control performances.
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However, their gain matrices for proportional, integral, and
derivative modes are all full, requiring detailed process models
to design, and field-tuning them is not easy.

Process interactions degrade performances of multiloop con-
trol systems. To improve the closed-loop performances of
multiloop control systems, decouplers can be used. Dynamic
decouplers compensate for process interactions and result in
decoupled responses of controlled variables.4,5 Decouplers
have been well established in the field of distillation control
and almost all textbooks for process control deal with them.6,7

Arkun et al.8 applied a robustness analysis procedure based on
the singular value to distillation control systems with decou-
plers and concluded that ideal decoupling cannot be robust to
modeling errors. Wade9 and Waller et al.10 showed that imple-
mentational obstacles such as realizability, bumpless switches
between manual and automatic modes, and input saturations
can be removed, remarking that their possibilities and advan-
tages have been neglected in other fields of control.

Dynamic decouplers also require detailed process models.
To avoid the requirement of detailed process models, static
decouplers using the inverse of process steady-state gains can
be used. Astrom et al.11 showed that static decouplers are very
effective for some processes when very fast controls are not
required. Although static decouplers are simple to design and
adjust in the field, they do not always provide better closed-
loop performances. Static decouplers can cause undesirable
effects on high-frequency responses for some processes. In this
paper we show that static decouplers should be applied only to
the integral modes for such processes. Frequency-dependent
relative gain arrays12 are used to determine whether static
decouplers applied only on the integral modes are recom-
mended. It is shown that static decouplers significantly im-
prove control performances, whereas their stability robustness
is very similar to that of multiloop control systems. To imple-
ment static decouplers, steady-state process gains are required
and methods to find them are also investigated.

Process inputs usually have physical limits. When some
inputs are saturated to their limits, those inputs lose their
control abilities. Loop failure tolerance is a condition for con-
trol systems to remain stable under such situations. For closed-
loop performance as well as the loop failure tolerance, an
antireset windup scheme can be used. A simple antireset
windup scheme for the proposed control system having integral
mode with the static decoupler is proposed and it is shown that
it guarantees a given control performance under process input
saturations or failures.

Integral Mode with the Static Decoupler

Consider a process of n inputs and n outputs whose transfer
function is

G�s� � � gij�s�, i � 1, n, j � 1, n�

To improve control performances of multiloop controllers
[C(s) � KI/s � KC, where KI and KC are diagonal], decouplers
are considered. Although a dynamic decoupler can compensate
for process interactions, it needs a rather detailed process
model and its performance can be poor for an inaccurate
process model and changing process conditions. Instead of

dynamic decouplers, static decouplers designed from steady-
state process gains can be used as follows

C�s� � G�1�0��1

s
K̃I � K̃c� �

1

s
G�1�0�� k̃I1 0

· · ·
0 k̃In

�
� G�1�0�� k̃C1 0

· · ·
0 k̃Cn

� (1)

The static decoupler G�1(0) reduces process interactions at
frequencies near zero. However, for some processes, it can
introduce undesirable effects at high frequencies. Typically
diagonal elements of the process transfer function are faster
than off-diagonal elements. As frequency increases, magni-
tudes of off-diagonal elements decrease faster than those of
diagonal elements and, consequently, interactions for such
processes become smaller. However, when static decouplers
are applied to such processes, off-diagonal elements of the
decoupled process G(s)G�1(0) contain faster elements and
their magnitudes relative to those of diagonal elements will not
decrease, resulting in higher process interactions at high fre-
quencies.

There are many realistic process models for which the static
decouplers can have negative effects on process interactions at
high frequencies. For example, consider the Wood–Berry col-
umn model13

G�s� � �
12.8 exp��s�

16.7s � 1

�18.9 exp��3s�

21s � 1
6.6 exp��7s�

10.9s � 1

�19.4 exp��3s�

14.4s � 1
� (2)

Figure 1 shows the absolute value of the (1, 1) element of
relative gain array12 of G( j�) and that of the decoupled process
G( j�)G�1(0), where � is the angular frequency. The relative
gain array (RGA) of G( j�) can be calculated by

Figure 1. Frequency-dependent relative gain arrays.
Solid line is for G( j�) and dashed line is for G( j�)G�1(0).
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R�G� j��	 � G� j���T � G� j�� (3)

where � is the element-by-element multiplication. At low fre-
quencies, the (1, 1) element of the relative gain array of a
decoupled process is near unity and the static decoupler effec-
tively removes the process interaction. However, the (1, 1)
element of the relative gain array of the decoupled process
becomes very large as frequency increases. This means that
process interactions become worse as a result of the static
decoupler. Large values in the relative gain array imply that the
closed-loop system can be very sensitive to process uncertain-
ties.14,15

To avoid the disadvantage that a static decoupler causes
undesirable effects on reducing process interactions at high
frequencies, we propose a control system where the static
decoupler is applied for only the integral mode, as shown in
Figure 2b

C�s� �
1

s
G�1�0�K̂I � K̂c �

1

s
G�1�0�� k̂I1 0

· · ·
0 k̂In

�
� � k̂C1 0

· · ·
0 k̂Cn

� (4)

Qualitatively, the integral mode G�1(0)K̂I/s is dominant at low
frequencies and its magnitude will decrease as the frequency
increases. Thus the static decoupler is effective only at low
frequencies and its undesirable behavior at high frequencies
will be avoided. Performances of control systems with the
integral modes having static decouplers are investigated.

The concept where a static decoupler is implemented on the
integral mode can be applied to the multiloop control system
using a proportional and filtered integral (PFI) controller.16

Each PFI controller is given as ci(s) � (kIi/s)/(�Fis � 1) � kCi

and, because the magnitude of its integral term decreases more
rapidly as the frequency increases, a static decoupler imple-
mented on the integral mode may be more effective than that of
Eq. 4.

Design Method
Case I

When well-tuned multiloop control systems are already
given as C(s) � KI/s � KC, we can improve their performances
by adjusting the integral terms as

C�s� �
1

s
G�1�0�diag�kIi/�G

�1�0�	ii� � KC (5)

where [G�1(0)]ii is the (i, i) element of G�1(0). Here diag(mi)
means a diagonal matrix whose ith element is mi and diag(M)
for a square matrix M means a diagonal matrix whose diagonal
elements are those of M. As shown in the definition of relative
gain array, [G�1(0)]ii is the inverse of the effective process gain
between the ith input and ith output when other loops are all
controlled through controllers having integral actions. Because
the steady-state process gain between the ith input and ith
output is 1 when G�1(0) is introduced, we scale the integral
term by its effective process gain before applying the static
decoupler.

Case II

When multiloop controllers are not given, we design control
systems from process models. First design a multiloop control
system and then its integral term is modified. For a multiloop
control system, a recent analytic method in Lee et al.17 is used.
The method finds PI controllers satisfying approximately

diag��I � G�s�C�s���1G�s�C�s�� � diag� gii
��s�

��is � 1�ri� (6)

where gii
�(s) and ri are the nonminimum-phase part and relative

order of gii(s), respectively, and �i is the design parameter
representing the closed-loop time constant. By applying the
desired closed-loop response method18 to the diagonal ele-
ments of G(s), we obtain

ci�s� �
1

gii�s�

h� i�s�

1 � h� i�s�
�

koi

s
� k1i � k2is � · · ·

h� i�s� �
gii

��s�

��is � 1�ri
(7)

By truncating Eq. 7 and adjusting the integral part to compen-
sate for the gain change resulting from closing loops, Lee et
al.17 obtained a multiloop controller as

C�s� �
1

s
KI � KC �

1

s
diag�k0igii�0��G�1�0�	ii� � diag�k1i�

(8)

Because the integral part is dominant at low frequencies, this
modification approximates Eq. 6 well at low frequencies. The
proportional part is not adjusted because it is dominant at high
frequencies and we can approximate H(s) as H(s) � [I �
G(s)C(s)]�1G(s)C(s) 
 G(s)C(s) at high frequencies. The mul-
tiloop control system designed analytically through Eqs. 7 and

Figure 2. Static decouplers applied to (a) multiloop con-
troller and (b) integral mode only.
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8 shows excellent closed-loop performances for various pro-
cesses when the �i design parameters are chosen not to be too
small.

By applying the technique in Case I to the multiloop con-
troller Eq. 8, we obtain

C�s� �
1

s
G�1�0�K̂I � K̂C �

1

s
G�1�0�diag�kIi/�G

�1�0�	ii� � KC

�
1

s
G�1�0�diag�k0igii�0�	 � KC (9)

Gain changes arising from loop closing are compensated by a
full matrix of G�1(0)diag[gii(0)] in Eq. 9, whereas controller 8
uses a diagonal matrix of diag{gii(0)[G�1(0)]ii} for this pur-
pose.17 The success of controller 8 should carry over to the
proposed controller 9.

Note that K̂I � diag[k0igii(0)] and K̂C � KC depend only on
diagonal elements of G(s). Thus they need not be redesigned to
control principal subsystems of G(s), where some input–output
pairs are removed.

Performance and Dynamic Interaction Measure

A static decoupler implemented on the integral mode can
improve the closed-loop performances at low frequencies. We
compare control systems for the Wood–Berry column of Eq. 2
using a multiloop controller designed by Eq. 8 with �1 � �2 �
5 and the proposed controller 9 having an integral mode with
the static decoupler. Detailed controller parameters are given in
Table 1. Figure 3 shows the largest and smallest singular values
of sensitivity function matrices and complementary sensitivity
function matrices

S�s� � �I � G�s�C�s�	�1

H�s� � I � S�s� � �I � G�s�C�s�	�1G�s�C�s� (10)

We can see that the static decoupler implemented on the
integral mode decreases the largest singular value �max[S( j�)]
of sensitivity function matrix at low frequencies and increases
the smallest singular value �min[H( j�)] of the complementary
sensitivity function matrix. These imply that the control system
can quickly track set-point changes while suppressing low-
frequency disturbances.2 Because the peak value of the largest
singular value of the complementary sensitivity function matrix
of the control system having integral mode with the static
decoupler is less than that of the multiloop control system, the
control system with the proposed controller 9 will be less
oscillatory. At high frequencies, both control systems have

Table 1. Control Systems Compared

Process Method C(s)

Wood–Berry
column

Biggest log-modulus tuning24 �0.375�1 � 1/8.29s� 0
0 �0.075�1 � 1/23.6s��

Desired closed-loop response method17

� � {5, 5} �0.219�1 � 1/8.353s� 0
0 �0.0964�1 � 1/7.45s��

Proposed � � {5, 5}
1

s �0.0262 �0.0191
0.0089 �0.0129�� �0.219 0

0 �0.0964�
Ogunnaike–Ray

column
Biggest log-modulus tuning24 �1.51�1 � 1/16.4s� 0 0

0 �0.295�1 � 1/18s� 0
0 0 2.63�1 � 1/6.61s�

�
Desired closed-loop response method

� � {15, 15, 5} �0.593�1 � 1/3.43s� 0 0
0 �0.124�1 � 1/2.88s� 0
0 0 2.14�1 � 1/7.62s�

�
Proposed � � {15, 15, 5}

1

s �0.1729 �0.0323 0.0017
0.0672 �0.0430 �0.0004
3.3209 0.9920 0.2806

�� �0.5933 0 0
0 �0.1236 0
0 0 2.1386

�

Figure 3. Maximum and minimum singular values of
sensitivity and complementary sensitivity
function matrices.
Solid line is for the multiloop control system and dashed line
is for the proposed control system with integral mode having
the static decoupler.
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similar sensitivity and complementary sensitivity function ma-
trices, as expected in the design stage.

One of the dynamic interaction measures in Lee and Edgar22

is defined as

q��� � max
�

�max�H� j�� � H� � j��	

H� �s� � diag�h� i�s� �
gii

��s�

��s � 1�ri� (11)

which means the largest magnitude of the difference between
the actual closed-loop transfer function matrix H(s) and the
desirable closed-loop transfer function matrix H� (s). If q(�) is
small, controller performances will not differ much from de-
sirable control performances. This dynamic interaction mea-
sure can also be used to determine quantitatively whether the
proposed controller 4 is better than controller 1. Figure 4 shows
q(�) for the Wood–Berry column model 2. Equation 11 is
applied to G(s), G(s)G�1(0) with multiloop controllers 7 and
G(s) with controllers with integral mode having the static
decoupler as

C�s� � diag� 1

gii�s�

h� i�s�

1 � h� i�s�
�

k0i

s � �
1

s
G�1�0�diag�k0igii�0�	

We can see that control systems with static decouplers have
lower dynamic interaction measures when � is large (processes
are slowly controlled). The control system with integral mode
having the static decoupler shows the best values of dynamic
interaction measure.

Interaction measures are used to determine structures of
multiloop control systems. Because interactions at low fre-
quencies can be removed with the static decoupler added to the
integral modes, input and output structures that are dynami-
cally better but show high interactions at low frequencies may
effectively be used for the proposed control system.

Stability Robustness and Loop Failure Tolerance

Robustness of a control system is very important because the
process model can have uncertainties in its parameters. Stabil-
ity robustness of the proposed controller is expected to be very
similar to the multiloop controller because only low-frequency
responses are different from each other. The detailed analysis
of robustness is highly dependent on the uncertainty model.
Here, to illustrate stability robustness of the proposed control
system, several uncertainty models are considered. First, for a
process input uncertainty as G(s)[I � �I(s)], where �I(s) is
stable, the closed-loop system is stable if2

��I� j��� � 1/�max��I � C� j��G� j��	�1C� j��G� j��� (12)

It can be derived from the characteristic equation of

T�s� � det�I � G�s��I � �I�s�	C�s�� � det�I � G�s�C�s�

� G�s��I�s�C�s�	

� det�I � G�s�C�s�	det�I � �I � G�s�C�s�	�1G�s��I�s�C�s��

� det�I � G�s�C�s�	det�I � C�s��I � G�s�C�s�	�1G�s��I�s��

� det�I � G�s�C�s�	det�I � �I � C�s�G�s�	�1C�s�G�s��I�s��

(13)

By applying the above technique, we can also obtain the
stability condition for a process output uncertainty as [I �
�O(s)]G(s), where �O(s) is stable. The closed-loop system is
stable if � �O( j�) � � 1/�max{[I � G( j�)C( j�)]�1G( j�)C( j�)}.
Figure 5 shows these stability bounds for the Wood–Berry column
model with controllers in Table 1. We can see that the proposed
control system has the largest stability region of process input or
output uncertainty.

When the inverse of the process steady-state gain model has

Figure 5. Stability regions of input and output uncertain-
ties.
Solid line is for the control system with integral mode having
the static decoupler, dashed line is for the multiloop PI control
system designed by the desired closed-loop response method,
and dotted line is for the multiloop control system designed by
the biggest log-modulus tuning method.

Figure 4. Dynamic interaction measures.
Solid line is for the control system with integral mode having
the static decoupler, dashed line is for the multiloop control
system for G(s), and dotted line is for the multiloop control
system for G(s)G�1(0).
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an error of G�1(0)(I � �), where � is real, the proposed
controller has an error of

1

s
G�1�0��I � ��K̂I � K̂C � C�s� �

1

s
G�1�0��K̂I

and thus the control system maintains stability if

��� � max
��R

	R	 1

j�
K̂I�I � G� j��C� j��	�1G� j��G�0��1


where 	R(M) is the real structured singular value2,15 of M. For
the full real matrix of �, 	R� can be calculated exactly.19 For
the control system of the Wood–Berry column and the pro-
posed controller in Table 1, the size of uncertainty for which
the proposed control system remains stable is � � � � 0.85. The
process gain matrix can have uncertainties of 85% of that to be
singular.

Loop failure tolerance is another important condition for a
multivariable control system to be satisfied because some in-
puts can be saturated as a result of large disturbances or opened
for maintenance. It can be checked through a robust stability
problem for the uncertainties in the process such as G(s)(0.5I �
�), where � is a real diagonal.2 If the stability radius for
magnitude of � is 
0.5, the closed-loop system will be loop
failure tolerant. The computation of real stability radius or
equivalent real structured singular value has been found to be
very difficult,15 and thus upper and lower bounds are often
used. By adjusting the �i design parameters, we can make the
proposed control system satisfy the condition of loop failure
tolerance.

Antireset Windup Scheme

To reduce undesirable effects of integral terms when inputs
have lower and upper limits, an antireset windup scheme is
used. Loop failure tolerance is often automatically satisfied
when an antireset windup scheme is used. Here an antireset
windup scheme slightly modified from the conventional anti-
windup scheme20 is adopted (Figure 6). For the stability of
feedback implementation of C(s) as in Figure 6, it is assumed
that eigenvalues of Gm

�1(0)K̂ImK̂Cm
�1 are all in the open right-

half-plane for every Gm(0), a principal submatrix of G(0), and
K̂Im and K̂Cm are the corresponding subsets of K̂I and K̂C,
respectively. Diagonally dominant processes satisfy this con-
dition. This eigenvalue condition of a matrix can be found in
the area of D-stability or the decentralized integral controlla-
bility.21 If this assumption is not met, other types of antireset
windup schemes should be considered.

Control performances of remaining loops are shown to be

maintained whenever some inputs are opened. The transfer
function matrix for U(s) is

U�s� � � I � 

1

s
G�1�0�K̂IK̂c

�1��1

� � I �
1

s
G�1�0�K̂IK̂c

�1� K̂cE�s�

� � I � 

1

s
G�1�0�K̂IK̂c

�1��1



1

s
G�1�0�K̂IK̂c

�1U��s� (14)

If eigenvalues of G�1(0)K̂IK̂C
�1 are all in the open right-half-

plane, the closed-loop system is stable for any value of 
 and
it can be chosen to be large enough so that the bandwidth of
feedback system is about 10 times larger than that of the whole
control system. Dynamic effects of the feedback implementa-
tion of C(s) can be ignored with such 
.

When all variables are within their limits, U�(s) � U(s) and
we have

U�s� � �1

s
G�1�0�K̂I � K̂c�E�s� (15)

If some process inputs are fixed to their limits, the transfer
function matrix between the inputs that are within their limits
and the corresponding errors is approximately

Um�s� � �1

s
Gm

�1�0�K̂Im � K̂Cm�Em�s� (16)

where Um(s) are the input variables that are within their limits,
Em(s) are the error variables corresponding to Um(s), Gm(0) is
the steady-state gain matrix between Um(s) and Ym(s), and K̂Im

and K̂Cm are corresponding subsets of K̂I and K̂C, respectively.
Derivation of this relation is given in the Appendix. Because K̂I

and K̂C depend only on the diagonal elements of G(s), Eq. 16
is the same as the proposed control system designed for Gm(s),
a principal subsystem of G(s). Closed-loop performance will be
maintained whenever some input variables are kept at their
limits or out of service.

As an illustration, consider a 2 � 2 process. Assume that the
second process input is fixed at its limit. Then U�(s) �
[u1(s) �2(s)]T, where �2(s) is a constant variable representing
the upper or lower bound of the second process input. Transfer
functions are

�u1�s�
u2�s�� � �1




s
q12

0 1 �



s
q22

�
�1

�1 �
1

s
q11

1

s
q12

1

s
q21 1 �

1

s
q22

�
� �kC1 0

0 kC2
��e1�s�

e2�s�� � �1



s
q12

0 1 �



s
q22

�
�1

�



s
q12

1 �



s
q22

��2�s�

Q � �q11 q12

q21 q22
� � G�0��1KIKC

�1 (17)

Figure 6. An antireset windup scheme for the proposed
control system.
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Thus the transfer function between e1(s) and u1(s) is

u1�s�

e1�s�
� �1 �

q11

s
�


q12q21

s2�1 � 

q22

s ��kC1

� �1 �
q11 � q12q21/q22

s �kC1 � �kC1 �
1

s

kI1

g11�0�� (18)

when 
 is sufficiently large.

Closed-Loop Identification of Process Steady-
State Gains

For the static decoupler, the steady-state process gains are
required. They can be identified from closed-loop step re-
sponses. Consider the control system of Figure 7a. The closed-
loop transfer function matrix between R(s) and U(s) is U(s) �
C(s)[I � G(s)C(s)]�1R(s). Because C(s) has invertible integral
gains, we have

U�0� � G�1�0� R�0� (19)

and we can obtain G�1(0) from step changes of the set points.
If the control inputs u(t) are noisy, we can use the system of

Figure 7b where error variables are integrated. Because Z(s) �
(1/s){I � [I � G(s)C(s)]�1G(s)C(s)}R(s) � (1/s)[I �
G(s)C(s)]�1R(s), the steady-state gain relations are

Z�0� � K̂I
�1G�1�0� R�0� (20)

Because the integral gain K̂I is known, we can obtain G�1(0)
from the steady-state gains between z(t) and r(t). From each
step response, we can obtain each column of G�1(0).

Structure Selection Criterion and Design
Procedure

Interaction measures such as relative gain array (RGA)12 and
dynamic interaction measure22 can be used to select the struc-
ture of control systems with static decouplers. Consider the
RGA number15

RGA number � �R�G� j��	 � I� (21)

This RGA number is a measure for diagonal dominance and
is often used for pairings of multiloop control systems.
Detailed RGA conditions for multiloop controls can be
found in Skogestad and Postlethewaite.15 Qualitatively, if
the RGA number for G( j�) is small for a range of frequen-
cies covering the bandwidth of a closed-loop system {that is,
R[G( j�)] 
 I}, a multiloop control system without static
decoupler will be sufficient. Otherwise, inclusion of a de-
coupler is considered.

The RGA number for G( j�)G�1(0) is 0 at � � 0. If the
RGA number for G( j�)G�1(0) is not greater than that of
G( j�) and remains small for the required range of frequen-
cies, the static decoupler is applied to the whole controller
(controller 1). On the other hand, if the RGA number for
G( j�)G�1(0) becomes greater than that of G( j�) as the
frequency increases, the static decoupler is applied only to
the integral mode (controller 4). For processes whose diag-
onal transfer functions have smaller time constants than
off-diagonal transfer functions, the RGA numbers for
G( j�)G�1(0) usually grow as the frequency increases and
the proposed controller 4 will be selected. Other interaction
measures can also be used for the control structure selection
in a similar manner.

It is noted that the RGA number for G( j�)G�1(0) is small
when the frequency is not high. By adjusting the bandwidth
of control system, we can make the RGA number for
G( j�)G�1(0) remain small for the whole required range of
frequencies. Thus, a control system with static decoupler
having a desired robustness and performance can always be
designed at the expense of control system speed.

In summary, the proposed control system with the static
decoupler can be designed as follows.

Figure 8. Step set-point responses for control systems
of Wood–Berry column example.
Solid line is for the proposed control system with integral
mode having the static decoupler, dashed line is for the
multiloop control system tuned by desired closed-loop re-
sponse method, and dotted line is for the multiloop control
system tuned by the biggest log-modulus tuning method.

Figure 7. Models for the closed-loop identification of
process steady-state gains.
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Step 1. Applying interaction measures such as RGA and
the decentralized integral controllability,15 select the structure
of multiloop control systems.

Step 2. Applying RGA or other dynamic interaction mea-
sure, select the better control structure with a static decoupler,
either controller 1 or 4.

Step 3. When the proposed controller 4 having integral
mode with the static decoupler is chosen, design and imple-
ment the proposed control system with the antireset windup
scheme. If control performances are poor, field-tune it by
finding the process steady-state gains. On the other hand, when
controller 1 is chosen, design the control system with controller
1 by applying multiloop controller design methods to
G(s)G�1(0).

Examples

To illustrate control performances of proposed control sys-
tem, two examples are considered: the Wood–Berry column
model of Eq. 2 and the Ogunnaike–Ray column model,24

expressed in the following equation

G�s� � �
0.66 exp��2.6s�

6.7s � 1

�0.61 exp��3.5s�

8.64s � 1

�0.0049 exp��s�

9.06s � 1
1.11 exp��6.5s�

3.25s � 1

�2.36 exp��3s�

5s � 1

�0.01 exp��1.2s�

7.09s � 1
�34.68 exp��9.2s�

8.15s � 1

46.2 exp��9.4s�

10.9s � 1

0.87�11.61s � 1�exp��s�

�3.89s � 1��18.8s � 1�

� (22)

The proposed control system is compared with multiloop con-
trol systems designed by the analytic desired closed-loop re-
sponse method17 and the biggest log-modulus tuning method.24

Tuning results are given in Table 1. Figures 8 and 9 show step
set-point responses. We can see that, compared to the multiloop
control system designed by the biggest log-modulus tuning
method, the closed-loop responses are improved by tuning with
the desired closed-loop response method and furthermore by
implementing the static decoupler on the integral modes. Also
the proposed control system having integral modes with the
static decoupler is less oscillatory and substantially suppresses
excursions of nonpaired outputs for step set-point changes.

Conclusions

It is shown that static decouplers should be applied only to
the integral modes for processes where usual static decouplers
introduce undesirable loop interactions at high frequencies.
While maintaining the simplicity of multiloop control systems,
we can improve closed-loop performances. For online tuning
of the proposed control system, a closed-loop identification
method to find process steady-state gains is also proposed. A
conventional antireset windup scheme is adopted to reduce
undesirable effects of integral term when process inputs have
physical limitations. It is shown that the closed-loop perfor-

mance is maintained when some process inputs are fixed at
their limits or out of service.

Frequency responses of sensitivity and complementary sen-
sitivity function matrices illustrate that the proposed static
decoupler implemented on the integral mode has decoupled
responses at low frequencies for performance and multiloop
responses at high frequencies for robust stability, showing
lower peak amplitude ratios and wider bandwidths than those
of multiloop control systems. As expected, time-domain sim-
ulations show that the proposed control systems are less oscil-
latory and suppress excursions of nonpaired outputs for step
set-point changes.
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Appendix

Without loss of generality, the first m inputs are assumed to
be within their limits and other inputs are fixed at their limits
or in open loop. Then we have

U��s� � XU�s� � ��s�

X � � Im 0
0 0� (A1)

where �(s) represents the variables fixed to their limits. Sub-
stituting this into Eq. 14 and removing terms about �(s),

U�s� � � I � � I �

Q

s ��1 
QX

s ��1� I �

Q

s ��1

� � I �
Q

s � K̂cE�s�

� �sQ�1 � 
�I � X�	�1�sQ�1 � I�K̂cE�s�

(A2)

where Q � G�1(0)K̂IK̂C
�1. If 
 goes to infinity, we have

U�s� � �sQ11 sQ12

sQ21 sQ22 � 
In�m
��1

� �sQ11 � Im sQ12

sQ21 sQ22 � In�m
� K̂CE�s�

� �1

s
Q11

�1 0

0 0
��sQ11 � Im sQ12

sQ21 sQ22 � In�m
� K̂cE�s�

� �1

s
Q11

�1 � Im Q11
�1Q12

0 0
� K̂cE�s� (A3)

where

Q � K̂CK̂I
�1G�0� � �Q11 Q12

Q21 Q22
�

and Q11 � K̂CmK̂Im
�1Gm(0). Um(s) are the input variables that are

within their limits, Em(s) are the error variables corresponding
to Um(s), Gm(0) is the steady-state gain matrix between Um(s)
and Ym(s), and K̂Im and K̂Cm are subsets of K̂I and K̂C, respec-
tively. Thus

Um�s� � � I �
1

s
Gm

�1�0�K̂ImK̂Cm
�1� K̂CmEm�s�

� �1

s
Gm

�1�0�K̂Im � K̂Cm�Em�s� (A4)

This is the same as the proposed controller applied to the
process Gm(s).
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