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A simple yet effective method for designing decentralized PID controller, which is
based on dynamic interaction analysis and internal model control principle, is proposed.
On the basis of structure decomposition, the dynamic relative interaction is defined and
represented by the process model and controller explicitly. Using the initial controllers
designed for the diagonal elements, the multiplicate model factor is derived, and then
simplified to a pure time delay function at the neighborhood of each control loop critical
frequency to obtain the equivalent transfer function for the particular control loop.
Consequently, appropriate parameters of individual controller are determined by apply-
ing the IMC-PID tuning rules for the equivalent-transfer function. Simulation results for
a variety of 2 � 2, 3 � 3 and 4 � 4 systems show that the design technique results better
overall control performance than those of existing design methods. © 2006 American
Institute of Chemical Engineers AIChE J, 52: 3852–3863, 2006
Keywords: multivariable processes, decentralized control, internal model control, PID,
dynamic relative interaction, multiplicate model factor, simulation

Introduction

Design of multiple-input multi-output (MIMO) control sys-
tems have received a great deal of attention in the control
literature. In spite of the availability of sophisticated methods
for designing centralized control systems, decentralized pro-
portional-integral-derivative (PID) control is still the most
commonly used technique in the process control industries for
control of multivariable processes. The main reasons for such
popularity are that PID controllers are easily understandable by
control engineers and the decentralized PID controllers require
fewer parameters to tune than that of multivariable controllers.
Another advantage of the decentralized PID controllers is that
loop failure tolerance of the resulting closed-loop control sys-
tem can be guaranteed at the design stage. Even though the
design and tuning of single loop PID controllers have been
extensively researched,1,2,3,4 they cannot be directly applied to
design decentralized control systems due to the existence of

interactions among control loops. Many methods had been
proposed to extend SISO PID tuning rules to decentralized
control by compensating the effects of loop interactions. A
common way is to first design individual controller for each
control loop by ignoring all interactions, and then detune each
loop by a detuning factor. Luyben proposed the biggest log
modulus tuning (BLT) method for multiloop PI controllers.5,6

In the BLT method, the well known Ziegler-Nichols rule is
modified with the inclusion of a detuning factor, which deter-
mines the tradeoff between stability and performance of the
system. Similar methods have also been addressed by Chien et
al.7 There, the designed PID controllers for the diagonal ele-
ments are detuned according to the relative gain array (RGA)
values. Despite simple computations involved, the design re-
gards interactions as elements obstructing system stability, and
attempts to dispose of them rather than control them to increase
the speed of individual control loops. It is, hence, too conser-
vative to exploit process structures and characteristics for best
achievable performance. Lee et al.8 proposed a method to
improve multiloop PI/PID control system via adjusting the
dominant pole or the peak amplitude ratio. However, the design
procedures for obtaining the less conservative detuning factors
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are complex and require higher calculation load. In the sequen-
tial loop closing method,9,10 by taking interactions from the
closed loops into account in a sequential fashion, multiple
single-loop design strategies can be directly employed. The
main drawback of this method is that the design must proceed
in a very ad hoc manner. Design decisions made when the first
one or two loops are closed may have deleterious effects on the
behavior of the remaining loops. The interactions are well
taken care of only if the loops are of considerably different
bandwidths and the closing sequence starts from the fastest
loop.

In recent years, the new trend in designing decentralized
control system for multivariable processes is to handle the loop
interactions first, and then apply SISO PID tuning rules. The
independent design methods have been used by several au-
thors, in which each controller is designed based on the paired
transfer functions, while satisfying some constraints due to the
loop interactions.11,12 The constraints imposed on the individ-
ual loop are given by criteria such as the �-interaction mea-
sure,13 and the Gershgorin bands.14 Usually, stability and fail-
ure tolerance are automatically satisfied. Since the detailed
information on controller dynamics in other loops is not used,
the resulting performance may be poor.9 In the trial-and-error
method,15 Lee et al. extended the iterative continuous cycling
method for SISO systems to decentralized PI controller tuning.
It refined the Nyquist array method to provide less conservative
stability conditions, and ultimate gains for decentralized tuning
are then determined. The main disadvantages are not only due
to the need for successive experiments but also the weak tie
between the tuning procedure and the loop performance. To
overcome the difficulty of controllers interact with each other,
Wang et al.16 used a modified Ziegler-Nichols method to de-
termine the controller parameters that will give specified gain
margins. Although it presents an interesting approach, design
of multiloop controller by simultaneously solving a set of
equations is numerically difficult. Huang et al.17 formulated the
effective transmission in each equivalent loop as the effective
open-loop process (EOP), the design of controllers can then be
carried out without referring to the controller dynamics of other
loops. However, for high-dimensional processes, the calcula-
tion of EOPs is complex, and the controllers have to be con-
servative for the inevitable modeling errors encountered in
formulation.

In this article, a simple yet effective decentralized PID
controller design methodology is proposed based on dynamic
interaction analysis and internal model control principle. On
the basis of structure decomposition, the dynamic relative
interaction is defined and represented by the process model and
controller explicitly. An initial decentralized controller is de-
signed first by using the diagonal elements and then imple-
mented to estimate the dynamic relative interaction (dRI) to
individual control loop from all others. With the obtained dRI,
the multiplicate model factor is derived, and then simplified to

a pure time delay function at the neighborhood of each control
loop critical frequency to obtain the equivalent transfer func-
tion for the particular control loop. Consequently, appropriate
controller parameters for individual control loop are deter-
mined by applying the IMC-PID tuning rules for the equivalent
transfer function. Examples for a variety of 2 � 2, 3 � 3 and
4 � 4 systems are used to demonstrate that the overall control
system performance is much better than that of other tuning
methods, such as the BLT method,5,6 the trial and error meth-
od,15 and the independent design method based on Nyquist
stability analysis,14 especially for higher-dimensional pro-
cesses.

Preliminaries

Consider an n � n system with a decentralized feedback
control structure as shown in Figure 1, where, r, u and y are
vectors of references, inputs and outputs respectively, G(s) �
[ gij(s)]n�n is system’s transfer-function matrix with its indi-
vidual element gij(s) described by the common used models, as
given by the second column in Table 1, and controller C(s) �
diag{c1(s), . . . , cn(s)} is the decentralized PID type with its
individual element given in parallel form as

ci�s� � kPi�1 �
1

�Iis
� �Dis� (1)

It is assumed that G(s) has been arranged so that the pairings
of the inputs and outputs in the decentralized feedback system
correspond to the diagonal elements of G(s).

For multi-input multi-output (MIMO) process, when one
controller, ci(s), acting in response to the setpoint change
and/or the output disturbance, it affects the overall system
through the off-diagonal elements of G(s), forcing other con-
trollers to take actions, as well, these controllers reversely
influence the ith loop via other off-diagonal elements, and this
interacting processes among control loops continue throughout
the whole transient until a steady state is reached. To examine
the transmittance of interactions between an individual control
loop, and the others, the decentralized control system can be
structurally decomposed into n individual SISO control loops
with the coupling among all loops explicitly exposed and
embedded in each loop. Figure 2 shows the structure of an
arbitrary control loop yi � ui after the structural decomposi-
tion.

In Figure 2, the interaction to an individual control loop yi �
ui from the other n � 1 control loops is represented by the
Relative Interaction (RI) �ii,n�1(s), and the equivalent-transfer
function of an individual control loop yi � ui, denoted by
ĝii(s), can be obtained in terms of �ii,n�1(s) byFigure 1. General decentralized control system.

Figure 2. Structure of loop yi � ui by structural decom-
position.
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ĝii�s� � gii�s��ii,n�1�s� (2)

with

�ii,n�1�s� � 1 � �ii,n�1�s� (3)

where �ii,n�1(s) is defined as multiplicate model factor (MMF)
to indicate the model change of an individual control loop yi �
ui after the other n � 1 control loops are closed. Once the RI,
�ii,n�1(s), is available, the corresponding MMF, �ii,n�1(s),
and the equivalent process transfer function ĝii can be obtained
which can be directly used to independently design the PID
controller for each individual control loop yi � ui.

In the following development, we use RI as a basic interac-
tion measure to investigate the interactions among control
loops and derive equivalent-transfer function for each loop.
Sometimes, we will omit the Laplace operator s for simplicity
unless otherwise specified.

The RI for control loop yi � uj is defined as the ratio of two
elements18: the increment of the process gain after all other
control loops are closed, and the apparent gain in the same loop
when all other control loops are open, that is

�ij,n�1 �
�� yi/uj�yk�iconstant � ��yi/uj�ul�jconstant

��yi/uj�ul�jconstant
k, l � 1, . . . , n

Since the RI cannot offer effective measure on the reverse
effect of individual control loop and loop-by-loop interactions,
He and Cai decomposed the RI as the elements summation of
decomposed relative interaction array (DRIA) to give impor-
tant insights into the cause-effects of loop interactions.19 How-
ever, the obtained results are limited to the steady state, which
are less useful for controller design than the dynamic repre-
sentations. Hence, it is necessary to derive the dynamic inter-
action among control loops represented explicitly by the pro-
cess models and controllers.

Dynamic Relative Interaction

As the dynamic interactions among control loops are con-
troller dependent,20,21,22,23 appropriate controllers have to be
designed and implemented into the control system for investi-

gating the dynamic interactions. For an arbitrarily decentral-
ized PID control system, we can redraw Figure 1 as Figure 3
for the convenience of analyzing the interactions between an
arbitrary control loop yi � ui and the others, where yi is a
vector indicating the effects of ui to other outputs, while y� i

indicates the reverse effect of yi by all the other closed control
loops, ri, ui, yi and Gi(s) indicate r, u, y and C(s) with their
ith elements, ri, ui, yi and ci(s), been removed, respectively.

Since the dynamic relative interaction are input independent,
without loss of generality, the references of the other n � 1
control loops are set as constants, that is

Figure 3. Closed-loop system with control loop yi � ui

presented explicitly.

Figure 4. Procedure for designing decentralized PID
controller.

3854 DOI 10.1002/aic Published on behalf of the AIChE November 2006 Vol. 52, No. 11 AIChE Journal



drk

dt
� 0 or rk�s� � 0, k � 1, . . . , n; k 	 i,

in analysis of the dynamic interaction between control loop
yi � ui, and the other controlled closed-loops. Then, we have

yi � Giiui � yi (4)

ui � �Ciyi, (5)

and

yi � g•i
iiui (6)

y� i � gi•
iiui (7)

where Gii is the transfer function matrix G, with its ith row,
and the ith column removed, and g•i

ii and gi•
ii indicate the ith

row, and the ith column of G with the iith element, gii

removed, respectively.
Combining Eqs. 4 and 5, we can write

ui � ��G� ii��1yi (8)

where

G� � G � C�1 (9)

Furthermore, y� i in Eq. 7 can be represented by the summation
of the following row vector

y� i � �� gi1u1 · · · gikuk · · · ginun��	,

k � 1, . . . , n; k 	 i (10)

where �A�	 is the summation of all elements in a matrix A.
Using Eqs. 6–10, we obtain

y� i � ��gi•
ii�G� ii��1g•i

ii�	 � ui � ��g•i
iigi•

ii � �G� ii��T�	 � ui

� �� g•i
iigi•

ii

gii
� �G� ii��T�

	

� giiui

Consequently, those steady-state relationships provided in ref-
erence 20 can be extended as following.

Define


Gii,n�1 � �
1

gii
g•i

iigi•
ii

as the incremental process gain matrix of subsystem Gii when
control loop yi � ui is closed, then the dynamic DRIA
(dDRIA) of individual control loop yi � ui in n � n system
can be described as

�ii,n�1 � 
Gii,n�1 � �G� ii��T (11)

and the corresponding dynamic relative interaction (dRI),
�ii,n�1, is the summation of all elements of �ii,n�1, that is

�ii,n�1 � ��ii,n�1�	 � �
Gii,n�1 � �G� ii��T�	, (12)

where V is the hadamard product, and [Gij]�T is the transpose
of the inverse of matrix Gij. From Eq. 9, G� can be factorized
as

G� � �
g11 � 1/c1 g12 · · · g1n

g21 g22 � 1/c2 · · · g2n···
···

· · ·
···

gn1 gn2 · · · gnn � 1/cn

� � G � P,

where

P � �
1 � g11c1

g11c1

1 · · · 1

1
1 � g22c2

g22c2

· · · 1

···
···

· · ·
···

1 1 · · ·
1 � gnncn

gnncn

�. (13)

Hence, the dDRIA and dRI can be obtained respectively by,

�ii,n�1 � 
Gii,n�1 � �Gii � Pii��T (14)

and

�ii,n�1 � �
Gii,n�1 � �Gii � Pii��T�	 (15)

Figure 5. Step response and ISE values of decentralized
control for Tyreus stabilizer (solid line: Pro-
posed design, dashed line: BLT design,
dashed-dotted line: Lee et al., dotted line:
Chen et al.).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Remark 1: In dDRIA and dRI of Eqs. 14 and 15, there exists
an additional matrix P, which explicitly reveals interactions to
an arbitrary loop by all the other n � 1 closed loops under
band limited control conditions. Thus, for the given decentral-
ized PID controllers, the dynamic interaction among control
loops at an arbitrary frequency can be easily investigated
through the matrix P, moreover, the calculation remains simple
even for high-dimensional processes.
Remark 2: For decentralized PI or PID control, we have

C�1� j0� � 0,

and

G� � j0� � G� j0�

which implies that the RI and the dRI are equivalent at steady
state. However, since the dRI measure interactions under prac-
tical unperfect control conditions at some specified frequency
points, it is more accurate in estimating the dynamic loop
interactions, and more effective in designing decentralized
controllers.

The significance of the above development are:
1. The interaction to individual control loop from the other

loops is derived in matrix form, and the relationship between
RI and DRIA is extended to the whole frequency domain from
the steady state;

2. Equations 11 and 12 indicate the dRI is a combination of
the interactions to individual control loop from the others, and
loop pairings selected based on the dRI may be inaccurate as
there may exist cause-effect cancelation among them such
that19;

3. As interactions among control loops are controllers de-
pendent, the dDRIA represents how the decentralized control-
lers interact with each other, while the dRI provides the overall
effect to individual control loop from the others;

4. The dRI can be obtained easily once process transfer
function elements and controllers are available, which is not
limited by the system dimension.

Estimation of Equivalent Transfer Function

The proposed method of designing decentralized controllers
for multivariable processes involves three main steps:

1. Design individual controllers by ignoring the loop inter-
action;

2. Estimate the equivalent transfer function for each indi-
vidual loop through dynamic interaction analysis;

3. Design decentralized controller based on the equivalent-
transfer function.

Let G̃ � diag{G}, and ignore the interaction effect among
control loops, the initial controller C̃ can be designed by
applying the well known IMC tunning rules to each element in
G̃.2 The IMC design procedure is brief studied as follows. The
process model g̃ is factorized into an all-pass portion g̃� and
minimum phase portion g̃�, that is

g̃ � g̃�g̃�

The allpass portion g̃� includes all the open right-half-plane
zeros, and delays of g̃ and has the form

g̃� � e�
s �
i

���is � 1� Re��i
 � 0

where 
 � 0 is the time delay, and �i
�1 is the right-half-plane

zero in the process model.
Then the IMC controller and the complementary sensitivity

function are derived respectively as

gc � g̃�
�1f

and

T � g̃�f

where f is the IMC filter, and has the form

f �
1

��Cs � 1�r

where the filter order r is selected large enough to make gc

proper, and the adjustable filter parameter �C provides the
tradeoff between performance and robustness. The key advan-
tage of the IMC design procedure is that all controller param-
eters are related in a unique, straightforward manner to the
model parameters. There is only one adjustable parameter �C

which has intuitive appeal because it determines the speed of
response of the system. Furthermore, �C is approximately pro-
portional to the closed-loop bandwidth, which must always be
smaller than the bandwidth over which the process model is
valid.

Even though more precise higher-order process models can
be obtained by either physical model construction (following
the mass and energy balance principles) or the classical param-
eter identification methods, from a practical point of view, the
lower order process model is more convenient for controller
design. Six common used low order process models and pa-
rameters of their IMC-PID controllers are listed in Table 1,
where gCL and 
c are the close-loop transfer function and the
crossover frequency of gc, respectively.

From Eq. 13 and according to Table 1, we have

P � �
1 � g11c̃1

g11c̃1

1 · · · 1

1
1 � g22c̃2

g22c̃2

· · · 1

···
···

· · ·
···

1 1 · · ·
1 � gnnc̃n

gnnc̃n

�
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� �
g11,CL

�1 1 · · · 1
1 g22,CL

�1 · · · 1
···

···
· · ·

···
1 1 · · · gnn,CL

�1
�

� �
��̃C1s � 1�e
11s 1 · · · 1

1 ��̃C2s � 1�e
22s · · · 1
···

···
· · ·

···
1 1 · · · ��̃Cns � 1�e
nns

�.

(16)

Since each controller is designed around the critical frequency
of its transfer function, the dRI of individual control loop yi �
ui can be estimated at the critical frequency j
cri

�ii,n�1� j
cri�

� �
Gii,n�1� j
cri� � �Gii� j
cri� � Pii� j
cri��
�T�	 (17)

For interactive multivariable process G, it is desirable to
have the same open-loop transfer function as multivariable
control system G̃C̃.13 As controller C̃ is designed for the
diagonal elements of G without considering the couplings
between control loops, the designed controller should be de-
tuned by

ci �
c̃i

�ii,n�1
�

c̃i

1 � �ii,n�1

to result approximately the same closed-loop control perfor-
mance. However, it is impractical to use �ii,n�1 directly to
fine-tune the controller, because it has different values at dif-
ferent frequencies. To solve this problem, one possible way is
to use some appropriate transfer functions to identify those
MMFs. Since at the neighborhood of the critical point, the
transmission interaction can be considered as a linear function,
it is reasonable to represent the MMF by a low-order transfer
function involved the first two items of its Taylor series, which
can be further simplified for controller design by a pure-time
delay transfer function as

�ii,n�1 � k�i,n�1e
�
�i,n�1s, (18)

where

k�i,n�1 � ��ii,n�1� j
cri�� � �1 � �ii,n�1� j
cri�� (19)

and


�i,n�1 � �
arg��ii,n�1� j
cri��


cri
� �

arg�1 � �ii,n�1� j
cri��


cri
(20)

with 
cri indicates the critical frequency of the ith control loop
yi � ui. Then for individual control loop yi � ui with an
arbitrary process model listed in Table 1, its equivalent transfer
function can be represented as showed by the third column in
Table 2, where

fki � max�1, k�i,n�1
, (21)

and

f
i � max	1, 1 �

�i,n�1


ii

. (22)

Remark 3: Since the region between 
̃ci (�giic̃i� � 1) and 
̃180

(arg( giic̃i) � �180�) is most critical for individual control
loop design, the crossover frequency of ( giic̃i) can be adopted
as the critical frequency point for determining the dRI to the
particular loop yi � ui to obtain ĝii.25

Remark 4: In Eqs. 21 and 22, the factors fki and f
i are selected
to be not smaller than 1, such that the equivalent open loop gain
and the time delay of ĝii are no smaller than that of gii. The
reason for such selection is to make the resultant controller
settings more conservative than that of ĝii, such that loop
failure tolerance property can be preserved.

Table 1. Parameters of IMC-PID Controller for Typical Low-Order Systemsa

g gCL 
c kP �I �D
b

Ac ke�
s — kI —

B
ke�
s

s

1

k��C � 
�
— —

C
ke�
s

�s � 1

e�
s

�Cs � 1

1

�C � 


�

k��C � 
�
� —

D
ke�
s

s��s � 1�

1

k��C � 
�
— �

E
ke�
s

��s � 1����s � 1�

� � ��

k��C � 
�
� � ��

���

� � ��

F
ke�
s

�2s � 2��s � 1

2��

k��C � 
�
2��

�

2�

aThe given settings are IAE and ISE optimal for step setpoint changes when �C � 0 and �C � 
 respectively. It is recommended to select �C � 
 for practical design.
bTo achieve much better performance, the derivation can be added by following tranditional rule.24

cFor pure time delay system, the pure integral controller c(s) � (kI/s) is applied and kI � (kP/�I) � [1/k(�C � 
 )].4
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Design of Decentralized Controller

Once the closed-loop properties of the diagonal elements,
and the critical frequencies of all individual control loops are
determined, the dRI and MMF can be obtained through calcu-
lating the matrix P and dDRIA. Then, the parameters of de-
centralized controllers can be calculated based on the equiva-
lent-transfer function of each control loop, and the IMC-PID
tuning rules as shown in Table 2.

In such design procedure, the overall control system stability
is assured if the loop pairing is structurally stable which can be
explained as follows:

1. Each c̃i designed without considering loop interaction is
more aggressive to control loop yi � ui than that of the final
control setting ci. Generally, we have �� (�1) � �� (�2) as
max{1, ��ii,n�1�} � 1, where �� (A) is the maximum singular
value of matrix A, �1 � G̃C(1 � G̃C)�1 and �2 � G̃C̃(1 �
G̃C̃)�1.

2. Let M � �(G � G̃)G̃�1, and following the definition of
the structured singular value (SSV)26

���M� �
1

min��� ����det�I � kmM�� � 0 for structured �

,

we have ��1
(M) � ��2

(M), which implies there exist smaller
interactions among control loops when the detuned controller
C is applied.13

3. Since the bigger dRI �ii,n�1 is used to determine the
detuning factors, and fki and f
i are no smaller than 1, the
resultant controller ci will be more conservative with smaller
gain and crossover frequency compared with c̃i.

4. Conservative control action in each loop presents smaller
interaction to other loops. As the design based on ĝii for loop
yi � ui will end up with a more conservative ci. The stability
margin for each individual loop will be further increased com-
pared with using the true �ii,n�1.

Summarize the above results, a procedure for designing
decentralized PID controller for general multivariable pro-
cesses is illustrated as in Figure 4.
Remark 5: As the interactions among control loops are ig-
nored in both the dynamic interaction estimation step and the
PID controller designing step, all available SISO PID control-
ler design techniques can be adopted. Thus, according to the
expected control performance, one can select the most suitable

tuning rules, such as Ziegler and Nichols tuning rule,1 IMC
tuning rule,2 and some other optimal design methods3 for each
step independently. Apparently, applying various tuning rules
must lead to various interaction estimations, initial controller
settings, final controller settings, as well as overall control
performance. However, has no influence to the design mecha-
nism of our method. In the present article, the IMC-PID tuning
rule is adopted because of its robust, generally good responses
for setpoint changes and widely accepted.

Simulation Examples

To evaluate effectiveness of the proposed decentralized PID
controller design method, 10 multivariable processes in refer-
ence5 are studied:

● 2 � 2 systems: (1) Tyreus stabilizer—TS; (2) Wood and

Table 2. PID Controllers of the Equivalent Processes for Typical Low-Order Systems

gii ĝii kP �I �D

Aa kiie
�
iis fkikiie

�f
i
iis — kIi —

B
kiie

�
iis

s

fkikiie
�f
i
iis

s

1

fkikii��Ci � f
i
ii�
— —

C
kiie

�
iis

�iis � 1

fkikiie
�f
i
iis

�iis � 1

�ii

fkikii��Ci � f
i
ii�
�ii —

D
kiie

�
iis

s��iis � 1�

fkikiie
�f
i
iis

s��iis � 1�

1

fkikii��Ci � f
i
ii�
— �ii

E
kiie

�
iis

��iis � 1����iis � 1�

fkikiie
�f
i
iis

��iis � 1����iis � 1�

�ii � ��ii
fkikii��Ci � f
i
ii�

�ii �
��ii

�ii��ii
�ii � ��ii

Fb kiie
�
iis

�ii
2s � 2�ii�iis � 1

fkikiie
�f
i
iis

�ii
2s � 2�ii�iis � 1

2�ii�ii

fkikii��Ci � f
i
ii�
2�ii�ii

�ii

2�ii

aFor pure time delay system, the pure integral controller c(s) � (kIi/s) is applied and kIi � (kPi/�Ii) � [1/fkikii(�C � f
i
ii)].

Figure 6. Step response and ISE values of decentralized
control for Wood and Berry (lower) systems
(solid line: Proposed design, dashed line: BLT
design, dashed-dotted line: Lee et al., dotted
line: Chen et al.).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Berry—WB; (3) Vinante and Luyben—VL; (4) Wardle and
Wood—WW.

● 3 � 3 systems: (5) Ogunnaike and Ray—OR; (6) Tyreus
case 1—T1; (7) Tyreus case 4—T4.

● 4 � 4 systems: (8) Doukas and Luyben—DL; (9) Alatiqi
case 1—A1; (10) Alatiqi case 2—A2.

The process open-loop transfer function matrices of these
systems are listed by Tables A1, A2 and A3, respectively, in
Appendix. As some process models, such as g11 in TS case, are
in higher-order (higher than second-order), the standard order
reduction method is used to make them have the forms as those
presented in Table 1. The controller parameters are listed in
Table 3 together with those obtained by using other three
design methods: the biggest log-modulus tuning (BLT) method
of Luyben,5 the trial-and-error method,15 and an independent
design method based on Nyquist stability analysis.14 It should
be pointed out that the Gershorin circle and Gershorin band are
utilized to determine the stability region in the last method, a
static decoupler is required if the processes is not open-loop
column diagonal dominance.

To evaluate the output control performance, we consider a
unit step setpoint change (ri � 1) of all control loops one-by-
one, and the integral square error (ISE) of ei � yi � ri is used
to evaluate the control performance

Ji � �
0

�

ei
2dt.

Table 3. Parameters of the Decentralized PID Controllers for 10 Classical Systemsa

BLT design Lee et al. design Chen et al. design Proposed design

kP �I kP �I kP �I kP �I �D

TS �16.6 20.6 �149.0 3.460 2.300
70.6 80.1 769.5 64.00 13.75

WB 0.375 8.29 0.850 7.21 0.436 11.0 0.932 16.70 —
�0.075 23.6 �0.0885 8.86 �0.0945 15.5 �0.124 14.40 —

VL �1.07 7.1 �1.31 2.26 1.21 4.64 �2.121 7.000 —
1.97 2.58 3.97 2.42 3.74 1.10 3.951 9.200 —

WW 27.4 41.4 53.8 31.1 52.52 60.00 —
�13.3 52.9 �20.3 29.7 �24.52 35.00 —

OR 1.51 16.4 1.676 6.700 —
�0.295 18 �0.353 5.000 —

2.63 6.61 4.385 8.620 —
T1 �17.8 4.5 �20.85 66.67 —

0.749 5.61 1.168 2.860 0.715
�0.261 139 �0.088 33.30 —

T4 �11.26 7.09 �23.64 66.67 —
�3.52 14.5 0.622 2.860 0.715
�0.182 15.1 �0.515 46.48 11.57

DL �0.118 23.5 �0.410 43.48 10.87
�7.26 11 �23.64 66.67 —

0.429 12.1 0.589 2.860 0.715
0.743 7.94 0.028 1.000 —

A1 2.28 72.2 0.385 34.72 0.176 62.9 3.698 61.00 14.75
2.94 7.48 6.190 21.80 0.220 31.0 4.481 32.00 —
1.18 7.39 2.836 19.22 3.150 8.03 1.666 16.20 —
2.02 27.8 0.732 36.93 0.447 47.5 4.821 53.00 4.528

A2 0.923 61.7 3.884 41.30 6.632
1.16 13.2 2.549 44.60 —
0.727 13.2 1.311 18.50 —
2.17 40 4.233 54.30 5.569

aIn the proposed design, the control configurations of both Tyreus case 4 and Doukas and Luyben systems are re-selected as y1 � u1/y2 � u3/y3 � u2 and y1 �
u4/y2 � u2/y3 � u1/y4 � u3, respectively, by using the pairing method proposed in ref.19.

Figure 7. Step response and ISE values of decentralized
control for Vinate and Luyben system (solid
line: Proposed design, dashed line: BLT de-
sign, dashed-dotted line: Lee et al., dotted line:
Chen et al.).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The simulation results and ISE values are given in Figures
5-14. The results show that, for some of the 2�2 processes, the
proposed design provides better performance than both BLT
method and Chen et al. method, and is quite competitive with
Lee et al. method, but for higher dimensional processes, the
proposed design provides less conservative controller settings,
as well as better control performance.

Conclusion

A simple yet effective design method for decentralized PID
controller design method was proposed, based on dynamic
interaction analysis and internal model control principle. On
the basis of structure decomposition, the dynamic relative
interaction was defined and represented by the process model
and controller explicitly. An initial decentralized controller was
designed first by using the diagonal elements and then imple-
mented to estimate the dRI to individual control loop from all
others. By using the dRI, the MMF was derived and simplified

Figure 8. Step response and ISE values of decentralized
control for Wardle and Wood system (solid
line: Proposed design, dashed line: BLT de-
sign, dashed-dotted line: Lee et al., dotted line:
Chen et al.).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Step response and ISE values of decentralized
control for Ogunnaile and Ray system (solid
line: Proposed design, dashed line: BLT de-
sign).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10. Step response and ISE values of decentral-
ized control for Tyreus case 1 systems (solid
line: Proposed design, dashed line: BLT de-
sign).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11. Step response and ISE values of decentral-
ized control for Tyreus case 4 system (solid
line: Proposed design, dashed line: BLT de-
sign).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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to a pure time delay function at the neighborhood of each
control loop critical frequency to obtain the equivalent transfer
function. Consequently, by applying the IMC-PID tuning rules
for the equivalent-transfer function, appropriate controller pa-
rameters for individual control loop were determined. The
proposed technique is very simple and effective, and has been
applied to a variety of 2 � 2, 3 � 3, and 4 � 4 systems.
Simulation results showed that the overall control system per-
formance is much better than that of other tuning methods,

such as the BLT method, the trial and error method, and the
independent design method, based on Nyquist stability analy-
sis, especially for higher-dimensional processes.

Since the intention of this article is to present a simple and
effective design method of decentralized PID controller for
general multivariable processes, the decentralized closed-loop
integrity was not considered here. As an important potential
advantage for decentralized control structure,27,28,29 this issue is
currently under study and will be discussed in the next report.
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Appendix: The Transfer Function Matrices of Studied Systems

Table A1. Process Open-Loop Transfer Functions of 2 � 2 Systems

TS (Tyreus stabilizer)

WB
(Wood

and Berry)
VL (Vinante
and Luyben)

WW (Wardle and
Wood)

g11
�0.1153�10s � 1�e�0.1s

�4s � 1�3

12.8e�s

16.7s � 1

�2.2e�s

7s � 1

0.126e�6s

60s � 1

g12
0.2429e�2s

�33s � 1�2

�18.9e�3s

21s � 1

1.3e�0.3s

7s � 1

�0.101e�12s

�48s � 1��45s � 1�

g21
�0.0887e�12.6s

�43s � 1��22s � 1�

6.6e�7s

10.9s � 1

�2.8e�1.8s

9.5s � 1

0.094e�8s

38s � 1

g22
0.2429e�0.17s

�44s � 1��20s � 1�

�19.4e�3s

14.4s � 1

4.3e�0.35s

9.2s � 1

�0.12e�8s

35s � 1

Table A2. Process Open-Loop Transfer Functions of 3 � 3 Systems

OR (Ogunnaike and Ray) T1 (Tyreus case 1) T4 (Tyreus case 4)

g11
0.66e�2.6s

6.7s � 1

�1.986e�0.71s

66.67s � 1

�1.986e�0.71s

66.67s � 1

g12
�0.61e�3.5s

8.64s � 1

5.984e�2.24s

14.29s � 1

5.24e�60s

400s � 1

g13
�0.0049e�s

9.06s � 1

0.422e�8.72s

�250s � 1�2

5.984e�2.24s

14.29s � 1

g21
1.11e�6.5s

3.25s � 1

0.0204e�0.59s

�7.14s � 1�2

0.0204e�0.59s

�7.14s � 1�2

g22
�2.36e�3s

5s � 1

2.38e�0.42s

�1.43s � 1�2

�0.33e�0.68s

�2.38s � 1�2

g23
�0.01e�1.2s

7.09s � 1
0.513e�1s 2.38e�0.42s

�1.43s � 1�2

g31
�34.68e�9.2s

8.15s � 1

0.374e�7.75s

22.22s � 1

0.374e�7.75s

22.22s � 1

g32
46.2e�9.4s

10.9s � 1

�9.811e�1.59s

11.36s � 1

�11.3e�3.79s

�21.74s � 1�2

g33
0.87�11.61s � 1�e�s

�3.89s � 1��18.8s � 1�

�2.368e�27.33s

33.3s � 1

�9.811e�1.59s

11.36s � 1
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Table A3. Process Open-Loop Transfer Functions of 4 � 4 Systems

DL (Doukas and Luyben) A1 (Alatiqi case 1) A2 (Alatiqi case 2)

g11
�9.811e�1.59s

11.36s � 1

2.22e�2.5s

�36s � 1��25s � 1�

4.09e�1.3s

�33s � 1��8.3s � 1�

g12
0.374e�7.75s

22.22s � 1

�2.94�7.9s � 1�e�0.05s

�23.7s � 1�2

�6.36e�0.2s

�31.6s � 1��20s � 1�

g13
�2.368e�27.33s

33.3s � 1

0.017e�0.2s

�31.6s � 1��7s � 1�

�0.25e�0.4s

21s � 1

g14
�11.3e�3.79s

�21.74s � 1�2

�0.64e�20s

�29s � 1�2

�0.49e�5s

�22s � 1�2

g21
5.984e�2.24s

14.29s � 1

�2.33e�5s

�35s � 1�2

�4.17e�4s

45s � 1

g22
�1.986e�0.71s

66.67s � 1

3.46e�1.01s

32s � 1

6.93e�1.01s

44.6s � 1

g23
0.422e�8.72s

�250s � 1�2

�0.51e�7.5s

�32s � 1�2

�0.05e�5s

�34.5s � 1�2

g24
5.24e�60s

400s � 1

1.68e�2s

�28s � 1�2

1.53e�2.8s

48s � 1

g31
2.38e�0.42s

�1.43s � 1�2

�1.06e�22s

�17s � 1�2

�1.73e�17s

�13s � 1�2

g32
0.0204e�0.59s

�7.14s � 1�2

3.511e�13s

�12s � 1�2

5.11e�11s

�13.3s � 1�2

g33
0.513e�s

s � 1

4.41e�1.01s

16.2s � 1

4.61e�1.02s

18.5s � 1

g34
�0.33e�0.68s

�2.38s � 1�2

�5.38e�0.5s

17s � 1

�5.48e�0.5s

15s � 1

g41
�11.3e�3.79s

�21.74s � 1�2

�5.73e�2.5s

�8s � 1��50s � 1�

�11.18e�2.6s

�43s � 1��6.5s � 1�

g42
�0.176e�0.48s

�6.9s � 1�2

4.32�25s � 1�e�0.01s

�50s � 1��5s � 1�

14.04e�0.02s

�45s � 1��10s � 1�

g43
15.54e�s

s � 1

�1.25e�2.8s

�43.6s � 1��9s � 1�

�0.1e�0.05s

�31.6s � 1��5s � 1�

g44
4.48e�0.52s

11.11s � 1

4.78e�1.15s

�48s � 1��5s � 1�

4.49e�0.6s

�48s � 1��6.3s � 1�
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