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Summary

Most industrial processes are multivariable in nature and typically much more dif-
ficult to analyze, design and operate than single-input single-output processes, due
to the interactions that occur between the input/output variables. Even though
some existing methods or tools are available for measuring loop interactions and /or
selecting control structures and/or determining controller parameters, they often
either provide sufficient and necessary conditions only for lower dimensional pro-
cesses or are too complex to be applied to higher dimensional processes. Hence,
within process control community, the multivariable control related problems, i.e.
control system configuration, integrity and design are still largely open. The main
objectives of this thesis is to provide new theories, tools and algorithms to quantify
loop interactions, select control structures, describe the interacted loops behaviors,
and design the decentralized controller, so that the previous mentioned issues can
be effectively solved. In this thesis, existing interaction measures are used and new

theories as well as tools are introduced to:

e Analyze the interaction effects between a particular loop and the others under
their possible open and close status, propose a novel interaction measure,
and develop a new loop pairing criterion such that the selected decentralized

control configuration has minimal loop interactions.

e Quantify the interaction effects to a particular control loop when the others
closed in any probably sequence, derive the necessary and sufficient con-

ditions for decentralized closed-loop integrity, and develop an effective al-
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iv Summary

gorithm to evaluate the decentralized closed-loop integrity of decentralized

control structure.

e Evaluate the dynamic loop interactions by taking the decentralized con-
troller into account, propose an effective method to describe the interacted
loops behaviors, and develop an effective decentralized proportional-integral-

derivative controller design procedure.

e Develop empirical rules to establish the equivalent transfer functions of com-
mon used low order models of the multivariable process, and propose a sim-
ple and effective decentralized internal model control proportional-integral-

derivative controller design algorithm.

e Investigate the interaction transmitting rules in the closed system, estimate
the interaction effects to individual control loop from other individuals, and
develop a systematic approach to treat the block control structure selection

problem under a unified framework.
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Chapter 1

Introduction

1.1 Background and Motivation

Most of large and complex industrial processes are multivariable in nature [1].
Compared with single-input single-output (SISO) counterparts, multivariable con-
trol systems are much more difficult to analyze, design and operate due to the inter-
actions that occur between the input/output variables [2]. Consequently, there are
two issues which must be properly resolved in designing multivariable control sys-
tems: 1) determine control structure which has minimal loop interactions and tol-
erate loops failures; and 2) design controllers for satisfactory system performance.
The research for second task has been historically divided into decentralized, block-
diagonal and centralized controller designs, each from a different angle in tackling
control loop interactions to satisfy the system performance requirements [3]. In
the past several decades, both of these two issues have been intensively studied,

and a significant amount of research results have been reported.

Despite the availability of sophisticated methods for designing centralized control
systems, decentralized control remains popular in many industry applications for

the following reasons [4, 5|,
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(1) Hardware simplicity: The cost of implementation of a decentralized control
system is significantly lower than that of a centralized controller. A central-
ized control system for an n x n plant consists of n! individual single-input
single-output transfer functions, which significantly increases the complex-
ity of the controller hardware. Furthermore, if the controlled and/or ma-
nipulated variables are physically far apart, a full controller could require

numerous expensive communication links.

(2) Design and tuning simplicity: Decentralized controllers involve far fewer pa-

rameters, resulting in a significant reduction in the time and cost of tuning.

(3) Flexibility in operation: A decentralized structure allows operating personnel
to restructure the control system by bringing subsystems in and out of service
individually, which allows the system to handle changing control objectives

during different operating conditions.

However, the potential disadvantage of using the limited control structure is the de-
teriorated closed-loop performance caused by interactions among loops as a result
of the existence of nonzero off-diagonal elements in the transfer function matrix.
Therefore, the primary task in the design of decentralized control systems is to
determine loop pairings that have minimum cross interactions among individual
loops. Consequently, the resulting multiple control loops mostly resemble their
single-input single-output (SISO) counterparts such that controller tuning can be

facilitated by SISO design techniques [2].

Since the pioneering work of Bristol [6], the relative gain array (RGA) based tech-
niques for control-loop configuration have found widespread industry applications,
including blending, energy conservation, and distillation columns, etc (7, 8, 9, 10].
The RGA-based techniques have many important advantages, such as very sim-
ple calculation because it is the only process steady-state gain matrix involved
and independent scaling due to its ratio nature, etc [11]. To simultaneously con-

sider the closed-loop properties, the RGA-based pairing rules are often used in

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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conjunction with the Niederlinski index (NI) [12] to guarantee the system stabil-
ity [2, 7, 11, 13, 14, 15|. However, it has been pointed out that this RGA- and
NI-based loop-pairing criterion is a necessary and sufficient condition only for a
2 x 2 system; it becomes a necessary condition for 3 x 3 and higher dimensional
systems [11, 16]. Moreover, it is very difficult to determine which pairing has less
interaction between loops when the RGA values of feasible pairings have similar

deviations from unity.

To overcome the limitations of a RGA-based loop pairing criterion, several pair-
ing methods have later been proposed. Witcher and McAvoy [17], as well as
otherauthors [18, 19], defined the dynamic RGA (DRGA) to consider the effects
of process dynamics and used a transfer function model instead of the steady-
state gain matrix to calculate RGA, of which the denominator involved achieving
perfect control at all frequencies, while the numerator was simply the open-loop
transfer function. The p—interaction measure [20, 21, 22] is another measure for
multivariable systems under diagonal or block-diagonal feedback controllers. By
employment of structured singular value (SSV) techniques, it can be used not
only to predict the stability of decentralized control systems but also to determine
the performance loss caused by these control structures. In particular, its steady-
state value provides a sufficient condition for achieving offset-free performance
with the closed-loop system. Hovd and Skogestad [16, 23] introduced performance
RGA (PRGA) to solve the problem that the RGA cannot indicate the significant
one-way interactions in the case in which the process transfer function matrix is

triangular.

The flexibility to bring subsystems in and out of service is very important also for
the situations when actuators or sensors in some subsystems fail. The characteris-
tic of failure tolerance is that without readjustment to the other parts of the control
system, stability can be preserved in the case of any sensor failure and/or actuator
failure [24]. The relative gain array (RGA) [6, 13|, Niederlinski index (NI) [12] and

block relative gain (BRG) [25] are widely used for eliminating pairing that produce

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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unstable closed-loop systems under failure conditions [11, 26, 27, 28]. Chiu and
Arkun [29] introduced the concept of decentralized closed-loop integrity (DCLI)
which requiring that the decentralized control structure should be stabilized by a
controller having integral action and should maintain its nominal stability in the
face of failures in its sensors and/or actuators. A number of necessary or sufficient
conditions for DCLI were also developed [29, 30]. However, the necessary and suf-
ficient conditions for DCLI are still not available. Morari and co-workers [27, 31]
defined the decentralized integral controllability (DIC) to address the operational
issues, which consider the failure tolerance as a sub-problem. Physically, a decen-
tralized integral controllable system allows the operator to reduce the controller
gains independently to zero without introducing instability (as a result of positive
feedback). Some necessary and/or sufficient conditions for DIC were developed
[27, 28, 32, 33]. Even using only the steady state gain information, however, the
calculation [34] to verify the DIC is very complicated especially for high dimension

system, which still is an open problem.

Even though the design and tuning of single loop PID controllers have been ex-
tensively researched [35, 36, 37, 38|, they cannot be directly applied to the design
of decentralized control systems because of the existence of interactions among
control loops. Many methods had been proposed to extend single-input-single-
output(SISO) PID tuning rules to decentralized control by compensating foe the
effects of loop interactions. A common way is first to an design individual con-
troller for each control loop by ignoring all interactions and then to detune each
loop by a detuning factor. Luyben proposed the biggest log modulus tuning (BLT)
method for multiloop PI controllers [39, 40]. In the BLT method, the well know
Ziegler-Nichols rule is modified with the inclusion of a detuning factor, which de-
termines the tradeoff between stability and performance of the system. Similar
methods have also been addressed by Chien et al. [41]. There, the designed PID
controllers for the diagonal elements are detunned according to the relative gain

array values. Despite simple computations involved, the design regards interac-

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

1.1 Background and Motivation 5

tions as elements obstructing the system stability and attempts to dispose of them
rather than control them to increase the speed of the individual control loops. It
is hence too conservative to exploit process structures and characteristics for the

best achievable performance.

Another strategy is to simultaneously consider loop interactions when designing
individual control loop. In the sequential design method [42, 43], by taking in-
teractions 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
are based on loops that have already closed which 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. Lee et al. [44, 45] proposed an analytical method
for multiloop PID controller design by using the frequency-dependent properties
of the closed-loop interactions and the generalized internal model control(IMC)-
PID tuning rule for SISO systems. The proportional and derivative terms are
designed simply by neglecting the off-diagonal elements, whereas the integral term
is designed by taking the off-diagonal elements into consideration. Bao et al. [46]
formulated the multi-loop design as a nonlinear optimization problem with matrix
inequality constraints. As has been illustrated, the formulation does not include
the systems that have different input delays, which happens to be very common in
multi-input-multi-output(MIMO) processes. Using a genetic algorithm to search
the optimal settings was also proposed [47]. However, the results are very much
dependent on the conditions defined in the objective function, and the controllers
may result in an unstable control system, such as in the case of loop failure or

where loops are closed in different orders.

In recent years, the new trend in a designing decentralized control system for multi-
variable processes is to handle the loop interactions first and then apply SISO PID

tuning rules. The independent design methods have been used by several authors,

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

6 Introduction

in which each controller is designed based on the paired transfer functions while
satisfying some constraints due to the loop interactions [48, 49]. The constraints
imposed on the individual loops are given by criteria such as the p-interaction
measure [20] and the Gershgorin bands [50]. Usually, stability and failure tol-
erance are automatically satisfied. Since the detailed information on controller
dynamics in other loops is not used, the resulting performance may be poor [42].
In the trial-and-error method [51], 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 disadvan-
tages are due to not only the need for successive experiments but also the weak
tie between the tuning procedure and the loop performance. To overcome the dif-
ficulty of controllers interacting with each other, Wang et al. [52] used a modified
Ziegler-Nichols method to determine the controller parameters that will give spec-
ified gain margins. Although it presents an interesting approach, the design of a
multi-loop controller by simultaneously solving a set of equations is numerically
difficult. Huang et al. [53] 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. How-
ever, for high dimensional processes, the calculation of EOPs is complex, and the
controllers have to be conservative for the inevitable modeling errors encountered

in the formulation.

If better performance is preferred, a block decentralized structure would be re-
quired, where groups of inputs are paired with groups of outputs, producing a
block diagonal controller structure. Because the number of such blocks and block
decentralized alternatives increases rapidly with the system size, design for every
alternative to compare their control system performances is impractical. Thus, ef-
fective tools are required to evaluate the interactions among control loops in order

to find the best control structure among all the alternatives.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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Manousiouthakis et al. [25] generalized the concept of the RGA to the block
relative gain (BRG) for input-output controllability analysis and screening the al-
ternative options for block decentralized control. The properties and pairing rules
for BRG have been further considered in detail by Kariwala et al. [54]. Arkun has
argued that rigorous closed-loop stability and performance analysis is not possible
under the assumption of perfect control and has suggested the use of the dynamic
BRG (dBRG) [55]. However, the applicability of the dBRG is limited because of
its dependence upon controller tuning and extensive computational requirements.
The p-interaction [20] is another measure for multivariable systems under diago-
nal or block-diagonal feedback controllers. By employment of structured singular
value (SSV) [56] techniques, it can be used not only to predict the stability of
decentralized control systems but also to determine the performance loss caused
by these control structures. In particular, its steady-state value provides a suffi-
cient condition for achieving offset-free performance with the closed-loop system.
Through extending the concept of decentralized integral controllability (DIC) [27]
to block-decentralized integral controllability (BDIC) and deriving sufficient and
necessary conditions for processes to be BDIC, Zhang et al. [57] presented a loop
pairing rule for block diagonal pairing schemes. Chang et al. [58] generalized the
concept of relative disturbance gain (RDG) to generalized relative disturbance gain
(GRDG) to evaluate the disturbance rejection capabilities of all possible controller
structures. Based upon a dynamic model of the process, Salgado et al. [59] pro-
posed a Gramian-based index of interaction measure, which provides support for
decentralized input-output pairing as well as for a richer controller architecture

selection in both continuous and discrete-time frameworks.

Even though some existing methods are available for selecting control structures
and/or determining controller parameters, they often either provide sufficient and
necessary conditions only for lower dimensional processes or are too complex to be
applied to higher dimensional processes. Hence, in these two research areas, several

main problems are still open and require more research efforts. Our motivation

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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comes from these unsolved issues and discussed as follows:

e Decentralized control system configuration: The well known relative gain
array (RGA) and Niederlinski index (NI) based loop-pairing criterion provide
a necessary and sufficient condition only for a 2 x 2 system, and becomes a
necessary condition for 3 x 3 and higher dimensional systems. Moreover, it is
very difficult to determine which pairing has less interaction between loops
when the RGA values of feasible pairings have similar deviations from unity.
Since the RGA based tool can only estimate the overall interaction effect to
individual control loop, it also can not answer: (i) what are the interaction
effects to a particular loop when all other loops work together or individually?
(ii) what are the reverse interaction effects from a particular loop open and
closed to other open and closed loops? (iii) what is the feasible definition of
the minimal interactions? These issues have motivated us to investigate the
interactions among loops under different open and closed loop status, and
propose a new method to measure loop interactions and select the control

configuration which has minimal loop interactions.

e Decentralized closed-loop integrity evaluation: For most decentralized feed-
back control system, the decentralized closed-loop integrity (DCLI), which
allows the decentralized control structure to tolerate failures of sensors and /or
actuators, is often desired. A number of necessary or sufficient conditions for
DCLI have been developed. However, the necessary and sufficient conditions
for DCLI are still not available. Moreover, there is a lack of simple and
effective method for DCLI evaluation. This has motivated us to examine
the interactions to individual control loop under any status of all the other
control loops with respect to their open and close status and develop the nec-
essary and sufficient conditions as well as an effective algorithm to evaluate

the DCLI of available control configurations.

e Decentralized proportional-integral-derivative controller design: Most of ex-

isting decentralized proportional-integral-derivative (PID) controller design
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methods are naturally the extension of SISO PID tuning rules by simultane-
ously considering the loop interaction effects. Because the real interactions
among control loops are controllers dependent, the performance of individ-
ual control loop cannot be evaluated without knowing the real controller
parameters. Even though many researchers have tried to overcome this dif-
ficulty from different angles, the success has been largely limited to the low-
dimensional (less than 3 x 3) processes. This has motivated us to examine
the real loop interactions with implemented loop controllers to describe the
interacted loops behaviors, and develop simple and effective decentralized

PID controller design method especially for high dimensional processes.

e Block control structure selection: A block control structure would be pre-
ferred when the interactions among the control loops are so significant that
desired performance can not be achieved by decentralized control. Even
though some of existing techniques may lead to satisfactory block control
structure selection, their applications are limited by either complex design
procedure or without clear interpretations on physical meanings. This has
motivated us to investigate the interactions transmitting rules in the closed
system, quantify the interaction effect to individual control loop from an-
other one, and develop a systematic approach to treat the control structure

selection problem under a unified framework.

1.2 Objectives

The main objectives of this thesis is to provide new theories, tools and algorithms
to measure loop interactions, evaluate DCLI of paired loops, describe the inter-
acted loops behaviors, and design the decentralized PID controllers. Focusing on
problems mentioned in Section 1.1, the objectives of the thesis are summarized as

follows:
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e Analyze the interaction effects between a particular loop and the others under
their possible open and close status, propose a novel interaction measure,
and develop a new loop pairing criterion to select the decentralized control

configuration which has minimal loop interactions.

e Quantify the interaction effects to a particular control loop when the others
closed in all probably sequences, derive the necessary and sufficient condi-
tions for DCLI, and develop an effective algorithm to evaluate the DCLI of

decentralized control structure.

e Evaluate the dynamic loop interactions by taking the decentralized controller
into account, propose an effective method to describe the interacted loops
behaviors, and develop an effective decentralized PID controller design pro-

cedure.

e Develop empirical rules to establish the equivalent transfer functions of com-
mon used low order models of the multivariable process, and propose a simple
and effective decentralized internal model control (IMC) PID controller de-

sign algorithm.

e Investigate the interaction transmitting rules in the closed system, estimate
the interaction effects to individual control loop from other individuals, and
develop a systematic approach to treat the control structure selection prob-

lem under a unified framework.

1.3 Major Contribution of The Thesis
Major contributions of the thesis are summarized as follows:
(1) Proposed a novel interaction measure as well as a new loop pair-

ing criterion [60]. Control system configuration is a prerequisite for design

of both decentralized control system and non-interacting /decoupling control
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system. A novel interaction measure as well as a new loop pairing criterion
is proposed in the thesis. By investigating four different cases of loop in-
teractions, the decomposed relative interaction array (DRIA) is defined to
evaluate the loop-by-loop interactions between a particularly loop and all
other loops in their open and closed status. General Interaction (GI) based
on the concept of interaction energy and DRIA is then introduced for loop
interaction measure. Subsequently, a new loop-pairing criterion based on the

GI is proposed for control system configuration.

(2) Developed the necessary and sufficient conditions for DCLI and a
simple and effective algorithm for evaluating the DCLI under de-
centralized control structure [61]. The flexibility to bring subsystems
in and out of service while other loops are still under closed-loop control is
very important for the situations when actuators or sensors in some subsys-
tems fail. Through applying the left-right (LR) factorization to the DRIA,
a decomposed relative interaction sequence (DRIS) is introduced to obtain
important insights into the cause-effect results of loop interactions. By ana-
lyzing the relative interaction (RI) of an individual loop, the necessary and
sufficient conditions for the DCLI of an individual loop under both single-
and multiple-loop failure are derived. A simple and effective algorithm for

evaluating the DCLI under decentralized control structure is developed.

(3) Suggested an effective decentralized PID controller design proce-
dure [62]. To extend the existing SISO controller design techniques to
multivariable decentralized control systems, the interactions among control
loops must be dealt with properly. Since the dynamic interactions in closed-
loop control systems are controller dependent, there has no existing method
for effectively measuring such interactions especially for high dimensional
systems. By quantifying the dynamic loop interactions with the decentral-
ized control characteristic being taken into account, an effective decentralized

PID controller design procedure is developed.
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(4) Presented a simple yet effective algorithm to design decentralized
IMC-PID controllers [63]. 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 parameter identification
methods, from a practical point of view, the lower order process model is
more convenient for controller design. Empirical rules for establishing equiv-
alent transfer functions of six common used low order process models and
determining parameters of their IMC based PID controllers are developed.
10 classical industrial processes are studied to verify the performance of the

proposed decentralized IMC-PID controller design method.

(5) Provided a systematic approach to treat the block control struc-
ture selection problem under a unified framework [64]. In case of
existing significant interactions between control loops, a block-diagonal struc-
ture would be preferred for better performance and relative simple controller
structure. By quantifying the interaction effects to individual control loop
from other loops, a systematic approach to treat the control structure selec-
tion problem under a unified framework is developed. The synthesis of the
control structure is performed in a straightforward manner using structure
interaction acceptable index (SIAI). A Cai-He (C-H) diagram is proposed to

facilitate control structure selection process.

1.4 Organization of The Thesis

The thesis is organized as follows:

Chapter 2 summarizes the main theoretical developments of this thesis. On the
basis of the concept of DRIA, various new interaction measures are proposed
to tackle control loop interactions from different angles: (i) The GI is in-

troduced for determining the minimal loop interactions; (ii) The DRIS is
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proposed to quantify the changes of interaction effect to a particular control
loop when all other closed loops failed singly or multiply; (iii) The dynamic
relative interaction (dRI) is proposed to estimate the dynamic interactions to
individual control loop when the other control loops are under bandwidth-
limited control; (iv) The DRGA is defined to evaluate the comprehensive
transmitting interaction to an individual control loop from other individu-
als under full decentralized control. The four interaction measure forms the

backbone of the whole thesis.

Chapter 3 proposes a novel interaction measure as well as a new loop pairing
criterion. Loop pairings determined by this criterion have the minimum
loop interactions in terms of interaction energy. The main contribution of
this chapter is that it systematically analyzed the loop interaction from all
aspects and derived a feasible solution for the problem. The effectiveness of

the loop pairing criterion is demonstrated by several examples.

Chapter 4 presents a simple and effective algorithm for evaluating the DCLI of
decentralized control structure. Through introducing the concept of decom-
posed relative interaction sequence, the maximum interactions from other
loops under different combinations and sequences are derived, and conse-
quently the necessary and sufficient conditions for the DCLI of an individual
loop under both single- and multiple-loop failure. On the basis of the neces-
sary and sufficient conditions, a simple and effective algorithm for verifying
the DCLI for multivariable processes is developed. The usefulness of the

proposed approach is illustrated by two classical examples.

Chapter 5 qualifies the dynamic loop interactions with the decentralized con-
troller being taken into account, and develops an effective decentralized PID
controller design procedure. On the basis of structure decomposition, the
dynamic relative interaction is defined to derive the multiplicate model fac-
tors (MMFs) and construct the equivalent transfer functions. Consequently,

controller parameters for each loop are determined by employing the single-
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input-single-output controller tuning rules. The simulation results for two
industrial systems show that the proposed design procedure is very effective

and easy to be implemented.

Chapter 6 presents empirical rules for establishing equivalent transfer functions
of all possible low order models, and develops a simple yet effective algo-
rithm to design the decentralized IMC-PID controller. On the basis of the
well know SISO IMC-PID controller design rules, the concept of design pro-
cedure proposed in Chapter 6 is extended to consider six commonly used low
order process models. Empirical rules for establishing equivalent transfer
functions of all these possible low order models are derived and a simple yet
effective algorithm to design the decentralized IMC-PID controller is derived.
A variety of 2 x 2, 3 x 3 and 4 x 4 industrial systems are studied in detail,
and the simulation results conclude that the presented design algorithm is

very simple and effective for both low and high dimensional processes.

Chapter 7 presents a new method to quantify the interaction effects to individ-
ual control loop from other individuals and a systematic approach to treat
the block control structure selection problem under a unified frame work.
By introducing DRGA, the overall interaction effects to individual control
loop from another one are evaluated. A simple C-H diagram is proposed to
facilitate control structure selection procedure. Two examples are presented

to illustrate the advantages of the proposed approach.

Chapter 8 concludes the thesis and provides some possible future research direc-

tions.
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Chapter 2

Main Theoretical Development

Most industrial processes are multivariable in nature and typically much more
difficult to design and operate than single-input single-output (SISO) processes,
due to the interactions that occur between the input and output variables [1, 2].
Therefore, interaction analysis must be performed as a prerequisite for both control
structure selection and decentralized controller design. A number of methods [6,
12, 17, 65, 20] have been proposed to assess loop interaction from different angles.

However, they fail to answer the following important problems:

¢ How to measure the loop-by-loop interactions between a particularly consid-

ered loop and all other loops in their open and closed status?
e What is the feasible definition of the minimal interactions?

e How to quantify the cause-effect results to individual control loop when some

of others are taken out of service?

e What is the real interaction effect to individual control loop when the decen-

tralized controller was taken into account?

e How to evaluate the comprehensive transmitting interaction to an individual

control loop from another one in the closed system?

15
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In this chapter, four different cases for testing the loop interaction are investigated,
and the DRIA, which has a very clear physical interpretation is defined to eval-
uate the loop-by-loop interactions between a particularly considered loop and all
other loops in their open and closed status. On the basis of the concept of DRIA,
several new interaction measures are developed to describe interaction effects with
respect to different design purposes: (i) The GI is introduced based on the con-
cept of interaction energy and DRIA for determining control loop configuration
with minimal loop interactions; (ii) The DRIS is developed to evaluate the cause-
effect results of loop interaction for evaluating the DCLI of an individual control
loop with respect to both single- and multiple-loop failures; (iii) The DRGA is
proposed to quantify the comprehensive transmitting interaction to an individual
control loop from other individuals for selecting control structures ranging from
full decentralized control to full centralized control; (iv) The dRI is developed
to estimate the dynamic interactions to individual control loop when others are
under bandwidth-limited control and describe the interacted loop behaviors for
designing decentralized controller. The proposed interaction measures are utilized
to tackle the multivariable process analysis and control system design problems in

the following chapters.

2.1 Preliminaries

We will deal with the general decentralized feedback configuration illustrated in
Figure 2.1. It consists of the interconnected plant G(s) = [g:;(5)]uxn, the decen-
tralized controller C(s) = diag{c;(s)}, and the pre-compensator D = [d;;(5)],xn,
which is an optional element used to compensate significant interactions between
control loops to achieve satisfactory performance. r, u and y are vectors of ref-
erences, manipulated and controlled variables with their ith elements represented
by r;, u; and y;, respectively. Sometimes, we will omit the Laplace operator s for

simplicity unless otherwise specified.
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u \j
E C(s) »| D(s) > Gis) >
Decentralized
Controller Pre-Compensator

Figure 2.1: Block diagram of general multivariable control system

Definition 2.1.1 ([6]) The relative gain for variable pairing y; — u; is defined as
the ratio of two gains representing, first, the process gain in an isolated loop and,
second, the apparent process gain in the same loop when all other n — 1 loops are

closed

(SYi/(?'uj )uk#jconsta.m (21)
(Dy: /duj )yg;g,'COnstam

and RGA, A(G), in matrix form is defined as

)\,‘j =

AG)=[\j]=GoGT (2.2)
where ® is the hadamard product and G™7 is the transpose of the inverse of G.

As a ratio, the relative gain indicates the degree to which the open-loop gain asso-
ciated with a specific input-output pair is amplified or attenuated when the other
control loops are closed. Very small relative gains imply significant amplification of
the input-output gain, and very large relative gains indicate significant attenuation
of the input-output gain. Negative relative gains indicate that the effective gain of
the input-output pair will change direction when the other controllers are closed
and is generally an undesirable pairing. Therefore, when the RGA pairing rule is
followed, input and output variables paired with positive RGA elements that are
closest to unity will result in minimum interaction from other control loops. The
definition of the relative gain implies certain properties, including the fact that the
sum of the elements in a given row or column is unity. The relative gain is also
independent of the scaling of the process variables. Additional properties of the

RGA are summarized in the textbook by McAvoy [13].

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

18 Main Theoretical Development

Definition 2.1.2 ([66]) The relative interaction (RI) for loop pairing y; —u; is
defined as the ratio of two elements: the increment of the process gain after all
other n — 1 control loops are closed and the apparent gain in the same loop when

all other control loops are open.

9 o (ayi/auj))'hnmﬂﬂam - (ayi/l(‘)uj)ukﬂconstant
< (a}(i/auj')uk#jconstant .

(2.3)

Unlike relative gain, the relative interaction focuses on both the magnitude and the
direction of the increment portion of process gain after other control loops closed.
Even though the interpretation of relative interaction is different from the relative

gain, they are, nevertheless, equivalent through transformation of coordinates as

Hence, the properties of relative interaction can be easily derived from the relative
gain [66]. In the following development, we adopt relative interaction as a basic
interaction measure because it is very simple to understand and can reflect the

increment of process gain as well as the direction of interaction explicitly.

2.2 Decomposed Relative Interaction Analysis [60]

Since we are investigating the interactions between an arbitrary loop y; —u; and all
other loops of the multivariable system, the process from u to y can be explicitly

expressed by

yi = gyu;+ g (2.4)
y' = g +GYw (2.5)

where GY is the transfer function matrix G with its ith row and the jth column

removed, and g and g:j indicate the ith row and the jth column of G with the
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ijth element, g;;. removed, respectively. For control loop y; —u; and the remaining

subsystem block, there are four interaction modes with respect to their open and

closed states as shown in Figure 2.2.
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Figure 2.2: Four interaction modes for loop y; — u;

Mode 1. All loops are open, as shown in Figure 2.2(a). Obviously, no interaction

exists among loops; thus, the process gain of an arbitrary pairing y; — u; is

the element g;; in transfer function matrix G.

Mode 2. Loop y; — u; is open and all other loops are closed, as shown in Figure

2.2(b). This is the same condition for defining the RGA, and the direction

of interactions is from the subsystem block of closed loops to loop y; — u;.

The relative interaction can be obtained by matrix operation on equations

2.4 and 2.5 as

1 17 ijy—1 .13
——0:e(G"”) " g}

by =
’ Gij

(2.6)
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Moreover, for an arbitrary loop y; —u; in closed subsystem G, the process
gain is affected by other control loops and according to definition 2.1.1, can

be determined by

G = —: 2.7
Gkt VA (2.7)

where ), is the klth element of RGA A(GY).

Mode 3. Loop y; —u; is closed and all other loops are open, as shown in Figure
2.2(c). In this case, the relative interaction is from closed loop y; —u; to
all other open loops, which can be derived from the 2 x 2 subsystem that
includes loop y; — u; and an arbitrary loop y; — w; in subsystem G (k # i

and | # j). The 2 x 2 subsystem is describes as
yi 95 Gu i
Yk 9xi Gkl u;

Hence, according to definition 2.1.2, we obtain the relative interaction of loop

vy« — w; from loop y; — u; as

. Agi;
Qijkl = = (2.8)
Gkt
where
Agiixr = —gﬂ?kj (2.9)

1]
is the incremental process gain of loop yx — u; when loop y; — u; is closed,
and the subscript “ij, kI’ indicates the relationship is to loop y; — u; from

loop yx — u.

Mode 4. All loops are closed, as shown in Figure 2.2(d). In this case, the interac-
tion between the closed loop y; —u; and all other closed loops is bidirectional.
Since the interaction from all other closed loops to control loop y; — u; is

covered by Mode 2. We now focus on investigating the interactions from
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the closed loop y; — u; to all other closed loops. Let y; — u; indicate an
arbitrary loop of the closed subsystem G, then the subsystem that includes

loops y; —u; and yx — u; is given as
Yy 9i; G u;
Yk ki Gkl w,

Thus, the relative interaction from loop y; — u; to the kith loop of closed

subsystem G is obtained as

. Agy;
Yigpt = —22H (2.10)
Gkl

where Ag;; i is the increment of closed-loop process gain gy, after loop y; —u;

is closed and it is the same as that shown in equation 2.9.

By extending eq 2.10 to all loops of the closed subsystem G, we define the de-

composed relative interaction array (DRIA) as following.

Definition 2.2.1 The decomposed relative interaction array for loop pairing y; —
u; is defined as

¥i; = Wijktln-1xn-1 = AGY © GY (2.11)
where @ indicates element-by-element division, and
ij I
AGY = g G (2.12)
ij

is the incremental process gain matriz of subsystem G¥ after loop y; —u; is closed.

Theorem 2.2.1 For an arbitrary loop pairing y; —u; of multivariable process G,

its DRIA, ¥,;, can be obtained by

¥, = AGY® (GY)T (2.13)
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Proof. From definition 2.1.1,
A(GY)=GY 0 GY =G ® (GY)™".

Then from equation 2.11, we have

Il

v, AGY ® GY o GY ©GY
_ AG;; ® Gij ® Gij ® (Gij)—T

AGY g (GY)T.

Furthermore, the relationship between RI and DRIA for an arbitrary loop pairing

of system G is given by the following theorem.

Theorem 2.2.2 For an arbitrary nonzero element g;; of G, the corresponding ¢;;

is the sum of all elements in ¥, i.e.,
n T
¢ij = [ ¥illz = Z Z Vijkt (2.14)
k=1, k#il=1, 1£j
where || ® ||s is the summation of all matrix elements.

Proof. Using equations 2.6 and 2.12, we have

1 oytined 4
—Tgii(G") 9.

]

95«53‘

Il

Il

1 5 .4 iy
I(——939:3) ® (G7) |5
Gij

= I(AG) ®(GY) s

Then from equation 2.13, we obtain the result of equation 2.14.

The significance of the DRIA are:
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(1) From equations 2.7-2.8 and 2.10,

= @:ﬁj,kt)\ﬁ- (2.15)

Aga'j.k!

Gkl Gkl Gkt

AQ«' kL Gkl
ﬂ’ij,k! = = = =
Thus, the relative interaction between control loops y; — u; and yx — u; is
amplified or attenuated from ¢;; x: to ¥k by a factor /\ﬁ after the subsystem
GY closed. Because the ideal situation is ¢;ju — 0 and A\ju — 1, i

should be ;; x — 0 for minimal interactions.

(i1) Theorem 2.2.2 shows that the interaction effect to individual control loop
y: — u; is a cooperation results of all control loops in closed subsystem G*.
Since elements of ¥,; can be in different directions (signs), there inevitably
have effects canceled by each other. Hence, small value of relative interaction
¢;; doesn’t imply small loop-by-loop interactions. Conversely, a ¥,; with all
elements small implies moderate interaction between control loop y;—u; and
subsystem G'. Therefore, the DRIA obtains an important insight into the
loop-by-loop interactions of closed system and provides an effective way to

quantify them.

Remark 1. As an arbitrary element of G, g;; may be zero. In such a case, the
values of ¢;;, and Ag;;x in equations 2.8 and 2.9 are indefinite. Fortunately,
those variables are only used during the course of derivation (where ¢ — 0 may be

used to replace the zero elements).

2.3 New Interaction Measures

As discussed in previous section, both relative gain and relative interaction can
only reflect the overall interaction effect to individual control loop, thus they are
necessary and sufficient for 2 x 2 system but becomes only necessary for higher
dimensional system. Conversely, DRIA provides an effective way to quantify both

magnitude and direction of the interaction effect between individual control loops.
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However, it is of less convenience for DRIA to be applied directly due to its matrix
form presentation. Also, different design issues are usually understood and solved
from different angles. Therefore, based on the concept of DRIA, we here develop a
series of simple and effective tools to analyze and measure loop interactions upon

different design purposes.

2.3.1 General Interaction [60]

In order to extend the existing SISO controller tuning rules and have the closed-
loop performance less deteriorated for decentralized control system design, the
interactions between control loops are desired to be as small as possible. However,
the conventional RGA based interaction measure can not accurately reflect the
cause-effect interactions among control loops. Hence, based on the concept of
interaction energy and DRIA, we define the general interaction (GI) for selection

of loop pairings with minimal interactions.

Definition 2.3.1 For an arbitrary loop pairing y; —ua; of multivariable process G,
its general interaction (GI) w;; is the interaction energy (2—norm) of matriz ¥,;,

and correspondingly w;; is the ijth element of the GI array (GIA) Q,

Q2 {wilwi; = 1Cylles 45=1, 2, -+, n}, (2.16)
where || ® || denotes the 2—norm of the matrix defined as

[1Zisll2 £ Tmax(y))

Definition 2.3.1 takes ¥;; as a n—1xn—1 dimension vector and defines its “length”
or “energy” as general interaction. Smaller GI indicates the overall interaction
effects in all directions are small. Hence, GI provides a much better quantification
of loop interactions than both relative gain and relative interaction, especially for

higher dimensional processes.
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On the basis of GI, we have developed a new loop pairing criterion as shown in

Chapter 3.

2.3.2 Decomposed Relative Interaction Sequence [61]

Beside minimal interactions among control loops, the control system designer usu-
ally prefers that the selected decentralized control structure is structurally stable
in face of single- or multiple-loop failure, i.e. decentralized closed-loop integrity.
However, the RGA and NI based tools can not provide the necessary and sufficient
conditions for DCLI evaluation. In order to evaluate the DCLI of the selected
decentralized control structure, the changes of interaction effects to control loops

should be investigated.

To facilitate our development, the transfer function matrix G will be re-arranged
so that the selected loop pairings correspond to the diagonal elements of G. Re-
garding the interaction effect to an arbitrary control loop y; — u;, it changes with
respect to the single- or multiple-loop failure of the closed subsystem G*. Since
a series of single-loop failure results in multiple-loop failure, without loss of gen-
erality, we assume the remaining n — 1 control loops of closed subsystem G* fail
one-by-one i.e. in some sequence. It is easy to verify that there has as many as
such (n — 1)! failure sequences. In order to clearly describe all possible failure se-
quences, we here define a failure index set M: M = {M,, ---, My, ---, Mu_1yn},
of which an individual failure index M} contains n — 1 different integers ranging
M),

from 1 ton—1: My = (iM%, .-, iy, -+, in* ), where i) denotes the (n — p)th

failed control loop under loop failure sequence M.

Let UM* indicates the DRIA with respect to failure index M, then, following the

basic LR matrix factorization [67], the DRIA can be written as

1 7

Wi = L x RS (2.17)

where L:’f“ isan—1xn—1 lower triangular matrix with its diagonal elements
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equal to unity and RM* is a n — 1 x n — 1 upper triangular matrix. We now
can have the following theorem in terms of the decomposed relative interaction
sequence (DRIS) to quantify the changes of interaction effect to individual control

loop from the others in case of single or multiple of them fail.

Theorem 2.3.1 For control loop y; — u; in system G, the DRIS with respect to

an arbitrary failure index My consists of n — 1 elements as

.ﬂrfk o A‘Wk Mk Mk ¢
S;t = {Sn,l- C Shpy T Siin-1 (2.18)
which satisfies
m
M, M ;
gie =) sk, m=1, -, n—1, (2.19)
p=1

and the decomposed relative interaction factor (DRIF), sﬂf"; in DRIS, Sf:—f“, can be

determined by

sy = 3 ILE* % 3 R, (2.20)

where qbf,’:n 18 the relative interaction to control loop y; — u; when other control

loops fail in sequence My, Y indicates summation of all elements in vector, ep

and pe indicate the pth column and row of corresponding matrix respectively.

Theorem 2.3.1 provides an effective method for quantifying the changes of inter-
action effects to a considered control loop in case of other loops fail. The physical
meaning of DRIS is that, with respect to an arbitrary failure sequence My, if the
first n —p — 1 loops has failed, then the relative interaction to control loop y; — u;

will has a change of si:-":; after the n — pth loop failed.

The proof of theorem 2.3.1 and the necessary and sufficient conditions for DCLI
as well as an algorithm for evaluating the DCLI of decentralized control structure,
which are based on the concept of DRIS, have been developed as elaborated in

Chapter 4.
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2.3.3 Dynamic Relative Interaction [62]

It is well known that the real interaction effects between control loops are controller
dependent and different from those derived under perfect control. In order to
evaluate the interaction effects between control loops under limited bandwidth

control, the dynamic relative interaction (dRI) is defined as following.

Theorem 2.3.2 Suppose the multivariable process G was controlled by a decen-
tralized controller has C, then the dynamic DRIA of individual control loop y; — u;

18

U, = AG; ® (GY)T, (2.21)

and the dRI, ¢;;, is the summation of all elements of ¥, i.e.

¢i = | Wiills = |1AG; ® (G*) T |lx. (2.22)

where G =G + C!

For decentralized PI or PID control, we have C~'(50) = 0, and G(j0) = G(50),
which implies that the RI and the dRI are equivalent at steady state. However, be-
cause the dRI measure interactions under practical imperfect control conditions in
frequency domain, it is more accurate in estimating the dynamic loop interactions

and more effective in designing decentralized controllers.

Based on the concept of dRI, a general decentralized controller design procedure is
developed in Chapter 5, which is further been applied to six common used low order
process models to obtain the empirical rules of designing decentralized IMC-PID

controller as shown in Chapter 6.
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2.3.4 Decomposed Relative Gain Array [64)]

To evaluate the interaction effects between the n individual control loops of closed
system G, the decomposed relative gain array (DRGA) is developed base on DRIA

as following.

Theorem 2.3.3 The DRGA, T, is an n x n matriz with its element, v,x, deter-

mined by
ik + ) kA
T2 {pulu=4 2 = . i=1,2--,n}, (2.23)
1 k=i
where
ik = Z [l (2.24)
m=1,m#1
and
Bi= Y, [Wiltm (2.25)
m=1m#i

are the relative interaction transmitted by individual element gy; and gk, respec-

tively.

Obviously, a;x can be regarded as an output disturbance to the output of the kth
control loop from the ith control loop, while 3;; can be regarded as an output dis-
turbance to the output of the ith control loop from the kth control loop. Hence, as
an average, the decomposed relative gain, 7;;, comprehensively reflects the inter-

action to the control loop y; —u; from control loop y; —u; in the closed subsystem

G.

On the basis of the concept of DRGA, an algorithm for selecting control struc-
tures which range from full decentralized control to centralized control has been

developed as elaborated in Chapter 7.
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In this chapter, four different cases for testing the loop interaction have been inves-
tigated, and the decomposed relative interaction array (DRIA), which has a very
clear physical interpretation was defined to evaluate the loop-by-loop interactions
between a particularly considered loop and all other loops in their open and closed
status. On the basis of DRIA, various new interaction measures were proposed to
tackle control loop interactions from different angles: (i) The generalized interac-
tion (GI) based on the concept of interaction energy and DRIA was introduced
for determining the minimal loop interactions; (i) The decomposed relative inter-
action sequence (DRIS) based on the LR factorization of DRIA was proposed to
quantify the changes of interaction effect to a particular control loop when all other
closed loops failed singly or multiply; (iii) The dynamic relative interaction (dRI)
based the dynamic DRIA was proposed to estimate the dynamic interactions to
individual control loop when the other control loops are under bandwidth-limited
control; (iv) The decomposed relative gain array (DRGA) based on combination of
interaction transmitting channels was defined to evaluate the comprehensive trans-
mitting interaction to an individual control loop from other individuals under full
decentralized control. The proposed interaction measures are utilized to tackle the
multivariable process analysis and control system design problems in the following

chapters.
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Chapter 3

New Techniques for Assessing
Loop Interactions in

Multivariable Processes

In this chapter, we propose a new loop pairing criterion based on a new method
for interaction measure. Four different cases for testing the loop interaction are
investigated, and the decomposed relative interaction array (DRIA) is defined to
evaluate the loop-by-loop interactions between a particularly considered loop and
all other loops in their open and closed status. The generalized interaction (GI)
that is based on the concept of interaction energy and DRIA is then introduced
for loop interaction measures. Consequently, a new loop-pairing criterion based on
the GI is proposed for control structure configuration. Several examples are given

to demonstrate the effectiveness of the proposed variable-pairing criterion.

The organization of this chapter is as follows: Section 3.1 presents a brief review of
the conventional RGA- and NI-based loop-pairing criterion and their limitations. It
is then followed by the mathematical derivation of DRIA based on the decomposed
interaction analysis in section 3.2. Subsequently, a new loop-pairing criterion based

on the new interaction measure is proposed in section 3.3. Finally, two examples
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are employed to illustrate the effectiveness of the proposed loop-pairing criterion

in section 3.4,

3.1 Preliminaries

Throughout this chapter, it is assumed that the system we are dealing with is
square (n x n), open-loop stable, and nonsingular at steady state with a decentral-
ized control structure as shown in Figure 3.1. The transfer function matrix relating
outputs and inputs of the process, its steady-state gain matrix, and individual ele-
ments are represented by G(s), G(0) (or simply G € R™"), and g;;, respectively.
G denotes the matrix G with its ith row and jth column removed. r, u, and
y are vectors of references and manipulated and controlled variables, while r;, u;,
and y; are the ith references and manipulated and controlled variables, and r', u’,
and y' denote the reference, input, and output vectors with variables r;, u;, and

y: removed.
/ y T
u LR 3
= L0 c L

Figure 3.1: Decentralized control of multivariable systems.

Because we are investigating the interactions between an arbitrary loop y; — u;
and all other loops of the multivariable system, the process from u to y can be

explicitly expressed by

Yi = giju;t g’

y' = glu;+ G (3.1)

where ¢ and q‘f} denote the ith row vector and the jth column vector of matrix
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G with element g;; removed.

3.1.1 Niederlinski Index

When the RGA pairing rule is followed [6], input and output variables paired with
positive RGA elements that are closest to unity will result in minimum interaction
from other control loops. Even though this pairing rule gives a clear indication
for minimum interaction, it is often necessary (especially with 3 x 3 and higher
dimensional systems) to use this rule in conjunction with stability considerations
provided by the following theorem originally given by Niederlinski [12] and later
modified by Grosdidier and Morari [11].

Theorem 3.1.1 Consider an n x n multivariable system whose manipulated and
controlled variables have been paired as follows: y, —u;, y2 —ua, -+, ¥n — U,

resulting in a transfer function model of the form
y = Gu

Further, let each element of G, g;. be rational and open-loop stable and n individ-
ual feedback controllers (which have integral action) be designed for each loop so
that each one of the resulting n feedback control loops is stable when all other n —1
loops are open. Then, under closed-loop conditions in all n loops, the multiloop
system will be unstable for all possible values of controller parameters (i.e., it will
be “structurally monotonically unstable”) if the NI defined below is negative, i.e.,

~ det[G(0)]

NI = <0 3.2
H?:19:‘:‘(0) 32

One point that must be emphasized is that eq 3.2 is both necessary and sufficient
only for 2x 2 systems, but for higher dimensional systems, it provides only sufficient
conditions: i.e., if eq 3.2 holds, then the system is definitely unstable; otherwise,
the system may, or may not, be unstable because the stability will, in this case,

depend on the values taken of the controller parameters.
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3.1.2 RGA-based Loop-Pairing Criterion [68]

Manipulated and controlled variables in a decentralized control system should be

paired in the following way:

(1) The paired RGA elements are closest to 1.0.

(i1) NI is positive.

(iii) All paired RGA elements are positive.

(iv) Large RGA elements should be avoided.

In this criterion, both RGA and NI offer important insights into the issue of control
structure selection. RGA is used to measure interactions, while NI is used as a
sufficient condition to screen out the closed-loop unstable pairings. However, for
higher dimensional systems, the RGA element A;; only takes the overall interaction
from all other closed loops to the loop y; — u; into consideration; it failed to yield
information on the interactions from other individual loops to the loop y; — u;.
Consequently, the control structure configuration selected according to the RGA-

and NI-based loop pairing criterion may result in an undesirable control system

performance. Example 1 illustrates this point.
Example 1.

Consider the process [16]

1 —-419 -25.96

18
G(s) = (—H-TS]Z 6.19 1 —25.96
1 1 1
The steady-state RGA is
1 5 -5
AIGO) =] -5 1 5
5 =5 1
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which results in two pairing structures with positive RGA and NI values as shown

in Table 3.1.

Table 3.1: Feasible pairing structure for Example 1

feasible pairing structure
1-1/2—2/3—-3]1-2/2-3/3—1
RGA 1-1-1 5-5-5
NI 26.9361 0.2476

Hence, according to the RGA-based loop-pairing criterion, the pairing of 1 —1/2—
2/3 — 3 should be preferred for the zero interaction to any one loop from all
other closed loops. However, the resulting closed-loop performance for the pairing
1 —2/2 —3/3 — 1 is significantly better than that of 1 — 1/2 — 2/3 — 3 based on
the same controller tuning rule [16]. Through analysis, the main reasons can be

explained as follows:

(i) For the pairing of 1 —1/2 — 2/3 — 3, if loops y2 — uy and y; — uj are closed
one by one, the gain of loop y; —u,; will first increase by a factor of about 27
and then decrease by another factor of about 27; consequently, as reflected

by the RGA, the gain of loop y, — u; is not changed after all other loops are

closed.

(ii) For the pairing of 1-2/2—-3/3—1, if loops y, —u3 and y3 —u, are closed one
by one, the gain of loop y; — uy will first increase by a factor of about 1.24
and then decrease by another factor of about 6.2; consequently, as reflected
by the RGA, the gain of loop y; — u; is decreased by a factor of about 5

after all other loops are closed.

Hence, even the RGA demonstrates that the closed loop gain of loop y; — u,
in the pairing of 1 — 1/2 — 2/3 — 3 is unchanged; the interactions among loops
are significant. On the contrary, even the gain of loop y; — u; is decreased by a

factor of about 5 after all other loops are closed; the interactions among loops in

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

New Techniques for Assessing Loop Interactions in Multivariable
36 Processes

the pairing of 1 — 2/2 — 3/3 — 1 are smaller. This example reveals that both the
overall interaction to the considered loop from all other closed loops and individual
interactions among loops will affect the overall closed-loop performance. Therefore,
a loop-by-loop analysis to establish individual interaction cause-effect relations is

necessary for developing a new and effective interaction measure.

3.2 Decomposed Interaction Analysis

To investigate the interactions between an arbitrary loop y; — u; and all other
loops of the multivariable processes in their open and closed states, we use the
relative interaction (RI) [66, 69, 70, 71| to measure the interactions among loops
because it can directly reflect the increment of process gain and the direction of

interaction with its sign.

Definition 3.2.1 ([66, 69, 70, 71]|) The RI for loop pairing y; —u; is defined as
the ratio of two elements: 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.

@ _ (a}ri/auj}yf#iconstam - (aYi/auj)u#jconstam _ L _ 1 (3 3)
= (ayi/auj)ukﬂconstant )\ij )

Equation 3.3 shows that, even though the interpretation of RI is different from the
RGA, they are, nevertheless, equivalent through transformation of coordinates.

Hence, the properties of RI can be easily derived from the RGA [66, 69, 70, 71].

For an arbitrary loop y; — u; and the remaining subsystem block, there are four
interaction scenarios corresponding to the combination of their open and closed

states, which are listed in Table 3.2 and indicated in Figure 3.2.

Case 1. All loops are open, as shown in Figure 3.2(a). Obviously, no interaction

exists among loops; thus, the process gain of an arbitrary pairing y; — u; is
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Table 3.2: Four interaction scenarios for loop y;, — u; *

case | loop y; —u; | all other loops | Figure 2
1 OL OL a
2 OL CL b
3 CL OL c
4 CL CL d

els)

ij)—-— c{s)

% OL and CL mean open loop and closed loop, respectively.

-

u B B - ¥ Y u,
- > gls) —» ———» —{—w cls) : > g (s)
—
= 2:(¢) l— > g.(s)
wnteraction
| 1
> 2,(5) - o (s5)
Rk
(8 ¢ A Y v w’ . ' i
= G(s) { J——> —h} C'\s) » G (1)

(a) all loops are open

(b) only loop ¥.-u. is open

T ] u, P ¥ L ¥,
—_ = s) - > g () - —— & (s - » g ls) ‘.?.___ -
> o) '] ::E1 gels) -
interaction interaction
.. | I
] .g';(’] ! - S;-{-’) -
l | l
T ' | F X ¥ . S v 4 ¥
—»—» C(s) - Gis) o > —) Cs) > Gs) — —-

(c) only loop v -u. is closed

{.

(d) all loops are closed

the element g;; in transfer function matrix G.

Figure 3.2: Four interaction scenarios for loop y; — u;

Case 2. Loop y; — u; is open and all other loops are closed, as shown in Figure

3.2(b). This is the very condition for deriving the RGA, and the direction of

interactions is from the subsystem block of closed loops to loop y; —u;. RI

can be obtained by matrix operation as

. 1 19 11\ — 17 s
¢i = ——0:ia(G7) g, (3.4)
ij
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Case 3. Loop y; — u, is closed and all other loops are open, as shown in Figure
3.2(c). In this case, the interaction is from closed loop y; — u; to all other
open loops, and the RI can be derived from the 2 x 2 subsystem that includes
loop y; —u; and an arbitrary loop yx —u; of subsystem G” (k # i and | # j).

This describes the 2 x 2 subsystem as
Y 9i; Gt u;
Yk Gk Gkt u;

Hence, according to definition 2, we obtain the RI of loop yx — u; from loop

yi—uy as
i Oktlyi—u, cL—gr A 2 ;
=" — = (3.5)
Gkl Gkt
where
AQE = _gil.‘}kj/gij (3.6)

is the incremental process gain of loop yx — u; when loop y; — u; is closed.

By extending eq 3.5, 3.6 to all loops of the subsystem G/, we have
& = (GY)y,-u;, oL - G7) © G = AGT 0 GY (3.7)
where @ indicates element-by-element division, and
i Ly
AGY = ——g,50;, (3-8)
Gij
is the incremental process gain matrix of subsystem G when loop y, — u;

is closed. Thus, ® is called the RIA to the open subsystem G* when loop

y: — u; is closed.

Case 4. All loops are closed, as shown in Figure 3.2(d). In this case, the interac-
tion between the closed loop y; —u; and all other closed loops is bidirectional.
Because the interaction to loop y; —u; from all other closed loops is the same
as what has been studied in case 2, the interactions in this direction are not
considered here. We now focus on the interaction from the isolated loop

y: — u; to all other closed loops.
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Suppose all loops of subsystem G¥ are closed and the following:

(i) If loop y: — u; is open, then the gain of an arbitrary loop yx — w, is affected

by the RGA value of GY; therefore, according to the definition of RGA, it is
9kt = gt/ N (3.9)

where “arc” indicates the changed process gain in the closed subsystem G*.
When eq 3.9 is extended to all loops of subsystem G, the closed-loop trans-

fer function matrix is obtained as
G =GY o AY (3.10)

(ii) If loop y; — u; is closed, then the subsystem that includes loops y; — u; and

¥k — u; in the closed subsystem GY is given as

Y. gi;  Ga u;
Yk Ok;j Okl w

Thus, the RI from loop y; — u; to loop yx — u; is obtained as

ij 9kl ly.-—u,-‘ CL — Gkl

Agy)
vy _ AQH

Gri Gkl

(3.11)

where Agﬁ is the increment of closed-loop process gain gy, after loop y; — u;
is closed and it is the same as that shown in eq 3.6. Extending eq 3.11 to all

loops of the subsystem G¥, we obtain
U5 = (GY)y—u;, oL — GY) @ GY = AGY © G¥ (3.12)

where AGY is the incremental matrix of subsystem G after loop y; — u;
is closed and it is the same as that shown in eq 3.8. Thus, ¥;; is called the
RIA to the closed subsystem G, which reflects the interactions to G when

loop y; — u; is closed.
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Remark 1. As an arbitrary element of G, ¢;; may be zero. In such a case, the
values of Ag}, and ¢}, in eq 3.5, 3.6 are indefinite. Fortunately, those variables are
only used during the course of derivation (where ¢ — 0 may be used to replace the

zero elements).
For practical calculation, ¥;; of the ijth element g;; can be directly obtained by
substituting eq 2.2 with eq 3.10 into eq 3.12 to result in

U, = AGY @ (GH) T (3.13)

To explore the inherent relationship between RGA and RI and on the basis of the
definition of the RGA, rewrite eq 3.11 as

o Agl o Agl —
Vi =t = e = 6N (314)
Ikt 9kt Gkt

Extending eq 3.14 to all loops of subsystem G¥, we obtain another important

matrix form for ¥;;

Furthermore, the relationship between ¢;; and ¥, for an arbitrary nonzero element

of system G is given by the following theorem.

Theorem 3.2.1 For an arbitrary nonzero element g;; of G, the corresponding ¢:;

is the sum of all elements in ¥,;, i.e.,

¢ =Tulls= > > W (3.16)

k=1, k#il=1, I£]

where || o |5 is the summation of all matriz elements.

Proof.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

3.2 Decomposed Interaction Analysis 41

Using eqs 3.4 and 3.7-3.8, we have

| ]' 17 1y — £
¢ = ——0(G") g

= n(—g%gi;g:f) ® (G¥)T|ls

= (AG?) & (GY) s
Then from eq 3.13, we obtain the result of eq 3.16.

Because ¥;; reveals the information on loop-by-loop interaction, we define it as

DRIA.

The significances of the development in this section are as follows:

(i) Equation 3.5-3.6 indicates that the pairing structure with a small value of ¢,

i.e., ¢, — 0, should be preferred.

(i) Equation 3.11 indicates that a large value of v} implies that the interaction
from the closed loop y; — u; to an arbitrary loop yx — u; in the closed
subsystem G is large. Therefore, the corresponding pairing structure should

be avoided.

iii) Equation 3.14 indicates that 12, because the RI from loop y; — u; to loop
ki 5

yx —u; in the closed subsystem G is the product of A} and ¢} and because

the ideal situation is A\, — 1 and ¢, — 0, ¥}, should be 1}, — 0 for minimal

interactions.

(iv) Equation 3.15 indicates that, compared with case 3, the RI from loop y;—u; to
an arbitrary loop yx —u; of the subsystem G* in case 4 is changed by a factor
of )}, whereas this RGA is determined by the other loops of subsystem G";
thus, the element ¢, of DRIA reflects more information on the interaction

effect to y; — u; from all of the other loops working together. Apparently,
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the best pairing structure should be A/, — 1, which is consistent with the

conventional pairing rule.

(v) Equation 3.16 indicates that ¥;; given in a matrix form provides loop-by-loop
information of the Rls between y;, — u; and all other loops as well as their
distributions; therefore, it is more precise than ¢;; in measuring the loop

interactions.

To illustrate the implication of DRIA in analyzing loop interactions, we continue

with example 1.
Example 1 continued

For the two variable pairings derived from example 1, the values of RGA, RI, and

DRIA are listed in Table 3.3. Table 3.3 clearly shows the following:

(1) A;; = 1 and ¢y; = 0 indicate that there are no interactions to loop y; — u,

when all other loops are closed.

(11) ¢, is the summation of all elements in corresponding ¥ ,,, as given in eq 3.16,
but ¢;; = 0 does not necessarily mean that all elements of ¥, are zeros;

some of them can even be large values.

(iii) From eq 3.14, ¥33 in ¥y, is the product of ¢3} and A}}. The large value
of Y1} = 4.0346 indicates that either ¢i} or Al is large, which points out
that the interaction between loops y; — u; and ys — uy is large (a large ¢35}
value implies severe interaction between loops y; —u; and y3 — u; when the
subsystem G!! is open, while a large A\}} value implies that the gain of loop
y3 —uz will undergo a big change after all other loops in subsystem G!! are

closed).

(iv) For the 1 —2/2 —3/3 — 1 pairing, even though \;; = 5, ¢;; = —0.8 is not as

good as those of the 1 —1/2 —2/3 — 3 pairing based on the RGA loop-pairing
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criterion; the smaller elements in DRIA imply smaller interaction between

the considered loop and the other loops.

Table 3.3: Values of RGA, RI and DRIA corresponding to different pairing struc-
tures

feasible pairing structure

1-1/2—2/3—3 1-2/2-3/3-1
RGA 1/1/1 5/5/5
RI 0/0/0 —0.8/—0.8/—038
T - 0.9620 —5.9604 Too e 0.0074 0.1927
17\ 4.0346  0.9629 1270 01927 —1.1929
0.9620 4.0346 —1.1927 0.1927
DRIA | Wy = —5.9604 0.9629 Wy = 0.1925 0.0074
0.9638 —5.9657 0.1927 0.0074
‘1’33 == ‘1’31 =

4.0382 0.9638 —1.1927 0.1925

The analysis above suggests that the RGA and RI may not be able to reflect the in-
teractions among loops accurately, while through DRIA analysis, loop interactions

in the matrix form can be revealed categorically.

3.3 New Loop-Pairing Criterion

Based on the DRIA, we can now define loop-by-loop interaction energy as below.

Definition 3.3.1 The GI w;; is the interaction "energy”(2—norm) of matriz ¥;;,

and correspondingly w;; is the ijth element of the GI array (GIA)
Q £ {wilwi; = 1¥illa,  4,5=1, 2 -+, n} (3.17)
where || o || denotes the 2—norm of the matriz defined as

1¥3ll2 £ Tmax(¥i5)

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

New Techniques for Assessing Loop Interactions in Multivariable
44 Processes

Equation 3.17 represents the interaction "energy” to all closed loops of the sub-
system G" from loop y; — u;. Moreover, it also reflects the interaction energy to
loop y; — u; from all remaining n — 1 closed loops in G. Therefore, GI reflects the

intensity of the interactions among all loops.

In analogy to RGA and NI, we here provide some important properties of the GI:

(1) The GI only depends on the steady-state gain of the multivariable system.
(ii) The GI is not affected by any permutation of G.

(iii) The GI is scaling-independent (e.g., independent of units chosen for u and
y); this property is easily proven from the property of RGA, egs 3.5, 3.6, 3.7,
3.8, 3.15, and 3.17.

(iv) If the transfer function matrix G is diagonal or triangular, the corresponding

GI is equal to zero.

The new loop-pairing criterion based on definition 3 is given as follows:
New Loop-Pairing Criterion

Manipulated and controlled variables in a decentralized control system should be
paired in such a way that (i) all paired RGA elements are positive, (ii) NI is

positive, and (iii) the pairings have the smallest w;; value.
Example 1. Continued

For the two possible pairings, the corresponding RGA, RI, and w;; values are shown

in Table 3.4.

Thus, on the basis of the new loop-pairing criterion, the second pairing is preferred,

which draws the same conclusion as that in ref [16].
Remark 2.

For two or more pairing structures that have passed all three variable-pairing steps

but with similar GI values, the pairing structure that has the smallest product of
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Table 3.4: Corresponding w;; for different pairing structures

feasible pairing structure

1-1/2—2/3—-3] 1-2/2—3/3—1
RGA 1/1/1 5/5/5
RI 0/0/0 —0.8/ — 0.8/ — 0.8
GI 6.0/6.0/6.0 1.2/1.2/12

all Gls are preferred because the interactions are transferable through interactive

loops, i.e., selecting
min{H wi} (3.18)
=1

where w; is the GI corresponding to the ith output.

On the basis of the proposed loop-pairing criterion, an algorithm to select the best

control structure can be summarized as follows:

Algorithm 1.

Step 1. For a given transfer function G(s), obtain steady-state gain matrix G(0).
Step 2. Calculate RGA and NI by egs 2.2 and 3.2, respectively.

Step 3. Eliminate pairs having negative RGA and NI values.

Step 4. Calculate AGY and ¥,; by eqs 3.8 and 3.13, respectively.

Step 5. Calculate w;; and form £ by eq 3.17.

Step 6. Select the pairing that has the smallest value of w;; in (2.

Step 7. Use eq 3.18 to select the best one if two or more pairings have similar GI

values.

Step 8. End
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Find G(0)
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END [ Discard )

Figure 3.3: Flow chart of variable pairing selection procedure

The procedure for the variable-pairing selection is demonstrated by the flowchart

as shown in Figure 3.3.
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Remark 3. For the system that has the pure integral element, GIA and DRIA
can be calculated by using a method similar to that proposed by Arkun and Downs
[72].

Remark 4. For 2 x 2 system, from eqgs 3.4, 3.5, 3.6, 3.11, 3.14, and 3.17, we obtain

the GI value of element g;; as

wi = |éu| = |2| = Wi = |93

Furthermore, from properties of RGA and RI, we can obtain an equation as

Antdez=1=2>¢np2=1

which indicates ¢1; and ¢, must have the same sign, and a smaller |¢;,| means less
interaction. Therefore, selecting the pairings that have the smallest GIA elements
is equivalent to the RGA-based loop-pairing criterion to select the RGA value

closest to unity.

Remark 5. Even though the procedure to derive the new loop-pairing criterion
is tedious, the calculation for the control structure configuration can be achieved

automatically and can easily be programmed into a computer.

3.4 Case Study

In this section, we give two more examples to demonstrate the effectiveness of the

proposed control-loop configuration criterion.
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3.4.1 Example 2.

Consider the process with its steady state gain matrix [15]

10 1.0 —0.1
GO)=| 10 =30 1.0
01 20 -1.0

and the RGA is obtained as

0.5348 0.5882 —0.1230
A[G(0)] = | 04278 1.5882 —1.0160
0.0374 —1.1765 2.1390

Obviously, pairings of 1 —1/2—2/3 -3 and 1 —2/2 — 1/3 — 3 contain all positive
RGA elements, and it is easy to verify that they all have positive NI (0.62 and
1.87, respectively), but because the RGA values of these two feasible pairings have
similar deviations from unity, it is difficult to use RGA values to determine which
pairing has fewer interactions. In such a case, the GIA-based criterion can make

an effective selection, which is calculated as

1.0251 3.2787 o
=1 45081 06811 oc
53.2591 oo 0.5031

where the infinity elements oc of €2 indicate that the elements of G have been
filtered out by the RGA criteria (this representation is also used in the next ex-

ample).

It can be easily seen from GIA that the pairing of 1 — 1/2 — 2/3 — 3 has smaller
values compared with the second pairing of 1 —2/2 —1/3 — 3, which indicates less

loop interaction from the first pairing structure than from the second.
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3.4.2 Example 3.

A three-product (Petlyuk) distillation column was studied by Wolff and Skogestad

[8]. The process gain at steady-state operating conditions is given by

153.45 -179.34 0.23 0.03
—157.67 184.75 —0.10 21.63
2463 —2897 -0.23 -0.10
—4.80 6.09 0.13 -241

G(0) =

and the RGA is obtained as

245230 -23.6378 0.1136 0.0012
—48.9968 49.0778  0.0200 0.8990
38.5591 —38.6327 1.0736 0.0000
—13.0852 14.1927 —0.2072 0.0998

It is easy to verify that there are six configurations that give positive values for both
RGA and NI. According to the RGA-based loop-pairing criterion, the preferred
control structure sequence is 1 ~1/2—-4/3-3/4-2>1-3/2—-4/3-1/4-2>
1-1/2-2/3-3/4-4>1-3/2-2/3-1/4-4>1-1/2-3/3-4/4-2>
1-4/2—-3/3—1/4—2; ie., the first pairing structure 1 — 1/2 —4/3 - 3/4 -2
is the most preferred. However, the pairing criterion based on GIA makes a very

different selection. From algorithm 1, the GIA of that process is obtained as

22032 oo  T771.3599 5.567le+ 4
oo 1.0259 29624e+3  75.4987
Q= (3.19)
18562 oo 448766  9.9018¢ + 6

oo 4.9251 o0 193.7161

It can be easily seen that if loop pairings y; —uy, y2—us, or y3—uy are selected, the

interactions between loops will be very large. Therefore, these pairing structures
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should also be filtered out; i.e., these elements in eq 3.19 can be replaced by oo,

reducing the GIA to

22032 oo  T71.3599 00

oo 1.0259 oo 75.4987
1.8562 oo 44.8766 o0

oo 4.9251 00 193.7161

Gi=

For the remaining four possible pairings, their corresponding products of Gls are

calculated and listed in Table 3.5.

Table 3.5: Four possible pairings and their corresponding products of GI for Ex-
ample 3

feasible pairing
=14 [1-32-4|1-12-2 | 1-372—2
[3—-3/4—2 | 3-1/4-2| J3—3/4—4| [3—1/4—1
Product of Gls 36 764.5 532 397.9 19 649.2 284 546.1

Apparently, the third pairing of 1 — 1/2 —2/3 — 3/4 — 4 is the best one, with the
smallest interactions between loops, and should be selected, which gives the same

result as that in ref [8].

In this chapter, a new loop-pairing criterion based on a new interaction measures
for the control structure configuration of the multivariable process was proposed.
DRIA was defined to evaluate all possible interactions among loops, and GI based
on the concept of interaction energy and DRIA was introduced for control-loop
interaction measure. An effective algorithm that combines RGA, NI, and GI rules
was developed that can accurately and systematically solve the loop configuration
problem. Several examples were used to demonstrate the effectiveness of the new

loop-pairing criterion.

Since the flexibility to bring subsystems in and out of service is very important

also for the situations when actuators or sensors in some subsystems fail, how to
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evaluate decentralized closed-loop integrity of the selected decentralized control

configuration will be studied in next chapter.
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Chapter 4

Evaluation of Decentralized
Closed-loop Integrity for

Multivariable Control Systems

In this chapter, through applying the left-right (LR) factorization to the Decom-
posed Relative Interaction Array (DRIA), the relative interaction (RI) is converted
to the summation of a series of values as presented by the decomposed relative in-
teraction sequence (DRIS). The DRIS provides important insights into the cause-
effects of loop interaction due to the interactions are transferable through inter-
active loops. Subsequently, the maximum decomposed relative interaction factor
(DRIF) of the loop providing the maximum interaction among the remaining loops
is determined and used to analyze the RI of an individual loop in the face of single-
loop failure or multiple-loop failure. Consequently, the necessary and sufficient
conditions for the DCLI of an individual loop under both single- and multiple-loop
failure are provided. Also a simple and effective algorithm for verifying the DCLI

for multivariable processes is developed.

The structure of this chapter is as follows. In section 4.1, we revisit the DCLI as

well as the necessary conditions provided by RGA and NI. In section 4.2, through
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application of the LR factorization to DRIA, the RI is transformed to the DRIS.
The necessary and sufficient conditions for an individual loop possessing single-
and multiple-loop failure tolerance are derived based on the DRIS and are given in
section 4.3. An effective algorithm for verifying the DCLI of multivariable processes
is developed in section 4.4. The usefulness of the novel approach is illustrated by

two classical examples in section 4.5.

4.1 Preliminaries

Throughout this chapter, it is assumed that the system is square (n x n), open-
loop-stable, strictly proper, nonsingular at steady state, and under a decentralized
control configuration as shown in Figure 4.1. Here, G(s) is the transfer function
matrix of the plant, and its steady-state gain matrix and individual elements are
represented by G(0) (or simply G) and g;; ., respectively. The decentralized con-
troller C(s) can be decomposed into C(s) = N(s)K/s, where N(s) is the transfer
function matrix of the dyvnamic compensator, which is diagonal and stable and
does not contain integral action, and K = diag{k;},i =1,2,....n.

Figure 4.1: Decentralized integral control of multivariable systems

When loop failures of an arbitrary loop in system G(s) are investigated, all pos-
sible scenarios of the other n — 1 loops in any failure order have to be consid-
ered, which are as many as (n — 1).. To effectively reflect these failed possi-
bilities, we define a failure index M, which consist of n — 1 different integers

M = {(i1, - im,* -+ +0in_1)} where m,i,, € [1 n—1].

The following definitions and theorems for loop pairing and DCLI for multivariable
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control systems are needed in our development.

Definition 4.1.1 ([66]) The RI for loop pairing y, —u; is defined as the ratio of
two elements: 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,

é - (8yi/8uj )yk,g,-constant = (GYi/auj )ugﬂ-constant ]
ijn—1 — — .
’ (BYI /auj)m#jconstant A,‘j

(4.1)

where the subscript ij,n — 1 indicates that the RI is from the other n — 1 loops to

individual loop y; — u;.

Even though the interpretations of RI and RGA are different, they are nevertheless
equivalent, since one can be derived from another through simple transformation
of coordinates. Therefore, the properties of RI can be easily derived from the RGA
[66, 69, 70, 71]. Similarly to the RGA based loop pairing rule [6], one can obtain

the following loop pairing rule in terms of the RI as:
Gijn—1 — 0, and Gijm1 > —L. (4.2)

However, both RI- and RGA- based pairing rules do not offer any suggestion on
the reverse effect of individual loop and loop-by-loop interactions, which may lead
to undesirable loop pairing. To solve this problem, He and Cai decomposed the RI

as DRIA to give important insights into the cause-effects of loop interactions [60].
Definition 4.1.2 ([60]) The DRIA of n x n system is given as

Uiin = AGijna ® [GY] T, (4.3)
with its klth element

Vijkt = Pijrt )%‘E;, (4.4)
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where GY is the transfer function matriz G with its ith row and jth column re-

mouved,
L 4w =
AGijn-1=——0,:9: (4.5)
Gi;

is the incremental process gain matriz of subsystem GV when loop y, —u; is closed,
@ik 15 the RI between loop y, — u; and loop yx — uy, ,\}j is relative gain of loop
yi—uy in subsystem GY, and vectors Q:z and yijj are the ith row and the jth column

of G with the ijth element. g;;, removed.

Using DRIA, the RI, ¢;;,_1, can be decomposed according to the following theo-

remm:

Theorem 4.1.1 ([60]) For an arbitrary nonzero element g;; of G. the correspond-

ing @ijn—1 is the sum of all elements of ¥;;,_1,

T T
Gijin-1 = | Rign=1llz = Z Z Yijkts

k=1k#i I=1,1#]

where ||A]|y is the summation of all elements in a matrix A.

In the design of decentralized control system, it is desirable to choose input /output-
pairings such that the system possesses the property of DCLI, which is defined as

follows.

Definition 4.1.3 ([29]) A stable plant is said to be DCLI, if it can be stabilized by
a stable decentralized controller , which contains integral action shouwn as Figure
4.1, and if it remains stable after failure occurs in one or more of the feedback

loops.

The necessary conditions for a system to be DCLI is given as:
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Theorem 4.1.2 (Necessary conditions for DCLI, [29, 30]) Given ann x n
stable process G(s), the closed-loop system of decentralized feedback structure pos-
sesses DCLI only if

[A(Gn)]i: > 0, o V) .. ) R (4.6)
or

NI[G,] > 0, Y =1 a0 i (4.7)
where A, is an arbitrary m x m principal submatriz of A.
In theorem 4.1.2, either RGA or NI can be used as a necessary condition to examine
the DCLI of decentralize control systems. However, the necessary and sufficient
condition for DCLI with respect to single-and multi-loop failure are still unknown.

4.2 Decomposed Relative Interaction Sequence

We first reveal the relationship between DRIA and RGA, which is fundamental for

the remaining developments.

Lemma 4.2.1 For an arbitrary loop y; —u; in system G, the relationship between

elements of W, .1 and elements of A satisfies,

%: S Yuws  Vil=L--,nandl#i (4.8)
L YRE
and
Aki = Z wii,kl: V’i, k=1---,nand k }é i. (49)
(B W
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Because the relationship provided by equation 4.9 is similar to that provided by

equation 4.8, only the relationship given by equation 4.8 is proved here.

Proof. Because

Ai (=1)"gyxdet[GY]/det[G]  (—1)"*'gy * det|G"

Aii (—1)+g; = det|G*] /det|G] —(=1)i+ig; * det[G"]
(_1)1—1@ . ZL;,&;&J(—U”HQM * det[(Gii)H”

Gii det[G"]
_ zn: [_Qﬂgki *(—1)k”d8L[_(_G“)“}]
kT ki Gii det[G“]

where (G")* is the transfer function matrix G with its i¢th, kth rows and jth, Ith

columns removed, using equation 4.4, we obtain,

A : T
3 o Z (Gis e * X)) = Z Vi k-
e k=1k#i k=1k#i

Remark 1. Lemma 4.2.1 presents an important relationship between the elements

of DRIA and those of RGA. By the definition of RGA-number [23],

RGAnumber = ||A = I||sum = Z[/\iill =1/ Xs| + Z | it/ A

i=1 I=1,1:i

It is obvious that both \; — 1 and |A\y/\i| — 0 are desired. As indicated by
theorem 4.1.1 and lemma 4.2.1, this is consistent with the expectation that RI, ¢,;.
and all elements of DRIA have smaller values. Furthermore, a smaller element v;; 4
means less interaction either between loop y; —u; and loop y; —u; or between loop
yr — u; and all the other loops in subsystem G*. Therefore, the DRIA provides
more information than RGA., and to select loop pairings that have smaller elements

of DRIA is more effective than the RGA based loop pairing rules.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

4.2 Decomposed Relative Interaction Sequence 59

Using the LR matrix factorization method [67] to DRIA, ¥,;,,_; can be factorized

as
W1 = Lugne 1 % Rinaas (4.10)
where L;; ,,_; isa (n—1)x (n—1) lower triangular matrix with its diagonal elements

equal to unity and R;;,,_; is an — 1 x n — 1 upper triangular matrix. Then, we

have the following lemma:

Lemma 4.2.2 Given a subsystem G* of G, if its first n—m—1 loops are removed,
then the relative interaction to loop y; —u; from the remaining m loops is the sum

of all elements of the matriz that produced by the submatrices L;; ,, and Ri; m,
Giim = [Pismlls = || Liim X Rii s (4.11)

Proof. According to the LR factorization algorithm, the DRIA ¥, , can be
factorized step-by-step. The first step is given as:

( Yan Yz - Vi
Vi Viig2 - Vi
Wiin-1 = _ . , i
\ wn,ni Wiin2 WViinn -
[ 1 O == 10
| Yaa/Yan 1 0
\ Yiin1/Viinn O 1 .
n#Ei
Vi Y2 cor Wiian
0
X : , (4.12)
11’1:,11—2
0

n#i
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where,
Yigz — Yi2Wii2t /Wi - Wizn — YiianWis o /¥ n
lj?rf.n-—'z -
Viime — YupeWim/Vin - Yiinn — YinWam /Y n#i

In equation 4.12, the vectors [1 ¥%; 21 /Wiiq1 -+ Wi /1,11,-,-,11]3” and (Vi 11 Wiia2 -+ Viiin)
are the first column and the first row of triangular matrices L;;,_, and R, 1,
respectively. On the basis of equation 4.4, the kith element 12),-1;“ of ‘i’,',"n._g can be

simplified as.
p

Viigt = Wikt — Vi 1Wii k1 /Wi 11
99k det[(G™)'] = det[(G™)¥'] — det[(G™)"] x det[(G")"!]
- Gii d?t[G“]
- GitGra dEt[((G“)H]H] . ;:(11)
S T T deqe et A=

where the superscript 11 means that loop y; — u; is removed. Obviously,

Uina = [Win-1— [Wiin-1]er X [‘I’u,n—1]1./[‘I’;f.n~1]11]“ (4.13)
— ¢!

iin—2

is the DRIA of loop y;, — u; in subsystem G!'. Therefore based on theorem 4.1.1,
Piin—2 = | Wi n—2lls = “Lii,n—Z X Ry n-2lls-

Above relationship can be applied straightforward to all loops of subsystem G*.
Consequently, the result given by equation 4.10 is obtained. If the top-left corner
element of the matrix is not equal to zero, the similar factorization step can be

continued loop-by-loop till m to result equation 4.11.

Remark 2. According to equation 4.12, since the top-left corner elements of

DRIA such as 1, 1 are applied in denominator in every step of factorization, they
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must not be equal to zero, which requires all elements of G are not equal to zero.
In practice, this problem can be easily solved by setting those zero elements to a
very small value, say 107, Our simulation results show that by using very small
values to replace those zero elements do not avert the outcomes of failure tolerance

property.

Theorem 4.2.3 Suppose the control configuration of system G has been selected.
for an arbitrary failure index M, the RI to loop y; — u; from the other n — 1 loops

can be represented by the summation of n — 1 elements,

oM Zs (4.14)

and,
sitp = L, x> [RY il (4.15)
where op and pe indicate the pth column and the pth row of matrixz respectively.

Proof.

Equation 4.14 can be derived straightforward from equation 4.11, since

?:{n—l = “'I’u,n s = HLun 1 X Run s
- (1 1)><LM 1><Rm,><(1 I)T
= \(_E[Lﬁf,,_ll.l Z[L?gn—l]'n—l ),
2
* ( DIRY, Do -+ DIRE )
no1

= Z[Z[I‘nn op] X [ Z[Rﬁﬁ,n 1)pe]
- ;sf‘;{p.
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Definition 4.2.1 For individual loop y; — u, in system G,

S — (oo 58y, (116

i,p? “un-147
and its individual element Cf”p are defined as DRIS and DRIF to failure index M,

respectively.

To explain the physical meaning of DRIF, we analyze an arbitrary element in DRIS,
say 531, as an example. If all control loops of subsystem (G'!)** are closed, the

subsystem including loop y; — u; and loop y; — u; are given as.

= gll §12
Gll -22 —

921 G2

where ~ indicates subsystem (G'!)?? is closed and

gu = gu/Mi = gu/[gndet[(G*)"]/det|G?]] = det[G™]/det[(G*)"],
Gz = g2/ = g1o/[g12det[(G*')"?]/det[G*]] = det|G*'] /det[(G®)"],
gn = gu/Mi = ga/[gndet[(G"*)"]/det|G"]] = det[G"*]/det[(G*)"],
G2 = 922/A5 = 922/[922det[(G'1)*]/det[GM]] = det[G']/det[(G*)"].

Now, if loop y2 — u; is also closed, the incremental RI to loop y; — u; can be

obtained as,

G
911922
1 det[G'?|det|G?*!|/(det[(G*)'])?
Cgn det[GH]/det[(G2)1]
1 det|G'?|det|G*]
g1 det[G1]det[(G2)11]
g12det[G1?]/det|Glga det|G?] /det [G]
— 912921/ (911922) g22det[(G22)1] /det[G11](g,,det[G!!] /det[G])?
1 A Ag

11 -
Va3 A An

Qr122 =
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Then, from lemma 4.2.1,

é (Ut vns 4 Ui (Unee Fdna 4 Vi)
b11,22

Y122
M

== By

which suggests the following:

(1) If subsystem (G!')?2 is closed, closing loop y2 — uy will make the RI to loop

y1 — u; increase by a value of s} |;

(2) Reversely, if loop y, — u, is taken out of service, the Rl to loop y; — u; will

decrease by a value of s¥ .

To generalize the above explanation, we conclude that, for an arbitrary loop y; —u;,
if the first p — 1 loops of subsystem G* has already been taken out of service, the
M

removal of the pth loop will decrease ¢}, by a value of s} .

The significance of the development in this section are as follows:

(1) The RI, ¢, to individual control loop y; —u; from all other n — 1 control
loops is decomposed as the DRIS, S¥ | according to the failure index M, such
that the interaction from an arbitrary loop of the remaining closed loops is

represented by the DRIF;

(2) The DRIF, s, indicates the interaction to individual control loop y; — u;
from the pth control loop of the remaining n — p closed loops, which means
when the pth control loop is put in or taken out of service, the corresponding

DRIF should be added to or subtracted from the overall interaction RI;

(3) In terms of DRIS, not only the interactions between individual loop and the
remaining loops but also the interactions to this individual loop from any

combination of loops taken out of service can be reflected precisely.
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4.3 Tolerance to Loops Failures

From equations 4.1 and 4.2, both large values and values close to —1 of RI imply
significant interaction among individual loops. Because we are investigating the
property of loop failure tolerance, only the lower boundary (—1) is considered. By
selecting the maximum DRIF from all possible values, we can determine a failure

index M corresponding DRIS S¥ of individual loop y; — u, as,

SM = (oM |sM = sl 1ip = 1,20 n—1} (4.17)
Therefore, taking the pth loop out of service according to failure index M will
result

éifn—pv-l - Hlin{o%’:{n—p-—} , (—1—18)

The value of RI is closest to —1, implying that the particular combination of loop
failures has the most significant effect on the DCLI. On the basis of equations
4.2, 4.18, and Theorem 2 of ref [24], we now provide the necessary and sufficient

conditions if individual loop y; — u; is DCLI to single-loop failure.

Theorem 4.3.1 For decentralized controlled multivariable process G, individual

loop y, —u; is DCLI to single-loop failure, if and only if

o M (4.19)
or

oM < 1/ X (4.20)
Proof.
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Sufficient: In the case of an arbitrary loop failure, equations 4.14 and 4.17 gives

the RI to individual loop y; — u; as,
n—1

M _ [ M M
g‘bii,n—Z - txp ¢Jnn 1 u 1 = d)u n-1" 8:1 5 (ﬁn n—2r
p=2

Obviously, when equation 4.19 holds, inequality ¢, , > —1 holds. Therefore, the
sign of steady-state gain for individual loop y; — u; does not change in the face of

single-loop failure.

Necessary: Because individual loop y; — u; possesses single-loop failure tolerance,
the sign of its steady-state loop gain does not change in the face of any single-loop

failure,
énu 2> ]-1 vw{?ﬁbun 2> 1

Then, according to equations 4.1 and 4.14, inequality 4.20 can be obtained.

Similar as single-loop failure, on the basis of equations 4.2, 4.18, and Theorem 2 of
ref [24], the necessary and sufficient condition for individual loop y; — u; is DCLI

for multiple-loop failures are given as follows.

Theorem 4.3.2 For decentralized control multivariable process G, individual loop

yi: — w; is DCLI to multiple-loop failures if and only if

¢)u JTMmin _11 (421)

where,

t; AR = mln{ Z S?,:,Tp‘mmm = ]-, i N — 1} (422)

P=n—mMmin

Proof.
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Sufficient: In the case of n — m — 1 loops failure, equations 4.14 and 4.17 show

that the RI to individual loop y; — u; from the remaining m loops is,

n—1 n—m—1 n—rmin—1
M Z M _ oM Z Z M _ M
Oii,m o Sn‘p u n—1 " Snp 2 @y n—1 ‘S’ii.p - (Dﬁ,mmm'
p=n—m p=1

Obviously, when equation 4.21 holds, inequality ¢¥ 'm > —1 always holds. There-
fore, the sign of the steady-state gain for individual loop y; — u; does not change

in the face of multiple-loop failure.

Necessary: Because individual loop y; —u; possesses multiple-loop failure tolerance,
the sign of its steady-state loop gain does not change in the face of any single-loop

failure,

oM >—1, YM=¢M >,

i, Mmin

Remark 3. The significance of Theorems 4.1 and 4.2 are as follows:

(1) The necessary and sufficient conditions for both single- and multiple-loop

failure tolerance are provided.

(2) In the case where two or more control structures are DCLI, the one with,

oM . —0, should be preferred.

(3) Single-loop failure is a special case of multiple-loop failure.

4.4 Pairings Algorithm for DCLI

In subsystem G*, the DRIF sﬁ’p may have as many as n — p possible values

according to different failure sequence of the remaining n — p loops. Therefore, to

find either ¥ or gﬁfn_z, one is required first to determine the index M and to
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calculate the DRIS S¥ | where sil, can be determined by the first row and column

of M (equations 4.12 and 4.15),

i,n—p

n—p

M oM
Siip = Z iin—pl1k X Z[‘I’m i/ sl

k=1

However, there is no need to arrange elements of DRIA 2 _p M — p times to
calculate sn »» because the elements of DRIA are permutation- independent (equa-
tions 4.3 and 4.5). In fact, once the DRIA ¥, , for p = 1 has been obtained

(equation 4.3), the DRIF s} can be directly calculated from,

n—p n—p
[ :.:fp‘ E] = ma’k{dlag[ Z[ it n—p]ok X Z[‘I‘ii,ﬂ—p]kt) ® 'I':'i,n—p]} {423)
k=1

where, function max|[A] finds the maximum diagonal element of matrix A and
provides its row number [ in matrix ¥,;,_,, diag[A] is a diagonal matrix contains

the diagonal elements of matrix A. @ indicates element-by-element division.

For checking the DCLI of individual loop y; — u; against failure of p+ 1 loops, the

DRIA ¥,;,,_,_1 can be recursively calculated as (equations 4.12 and 4.13),
lII:'-i'n—p—l == [‘Pii.wl—p - [lp‘ii__n—p]af X [‘I’ii,n—p]h/[wii.ﬂ—p]ii]n- (424)

and the DRIF sj-‘,-_'{p .1 can be calculated by applying DRIA ¥, ,, , | to equation
4.23.

Therefore, for individual loop y; — u; of n x n system G, after ¥, ,_, is obtained,
its DRIS S?,-_’ can be calculated by using iterative equations 4.23 and 4.24 n — 2
times which requires only one matrix inverse of n — 1 order to calculated the DRIA
as shown by equation 4.3, the computational load is much reduced compared with

that of permutation methods.

For a given multivariable process G(s), its control configuration can be obtained

based on its steady-state transfer function matrix G(0) by using the loop pairing
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criterion such as the one developed in ref [60]. After all elements in matrix G(0)
have been rearranged to place the gains of control loops in the diagonal position, the
proposed method can be used to verify DCLI of the selected control configuration

and an algorithm is given as follow.

Algorithm 1.

Step 1: Calculate ¥, of loop y; — u; by equations 4.3 and 4.5;

Step 2: Obtain a;'f’p and SM of loop y; — u; by equations 4.23 and 4.24;

Step 3: Verify single loop failure tolerance by equation 4.19;

Step 4: Obtain ¢ toloop y; — u; form the other loops by equation 4.22;
Step 5: Verify multiple loop failure tolerance by referring to equation 4.21;

Step 6: Repeat the previous 5 steps loop-by-loop until any one loop fails or all

loops pass;

Step 7: End.

The procedure for the determination of DCLI for a decentralized control system is

illustrated by the flowchart shown in Figure 4.2.
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Selected pairings
of system G(s)

l

Set i=0

i=i+1

YES

NO

Calculate the DRIA
¥

un=1

:

Calculate the DRIF ¥
and obtain DRIS S¥

:

Calculate the minimum
RI ¢%

CE_ TN

Figure 4.2: Flowchart for determining DCLI
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4.5 Case Study

4.5.1 Example 1

Consider the following 4 x 4 process [31] with the process steady-state transfer

function matrix given by,

872 —1580 298 281
6.54 2079 250 -292
—-5.82 ~T7.51 —-148 099
~7.23 7.86 3.11 292

To verify DCLI to single-loop failure of the first loop y; — u; by using RGA based
criterion, three alternatives have to be tested, namely, calculation of RGAs of
subsystems G#, G** and G* for single loop failure of y; — u,, y3 — us. and
y1 — uy. respectively. Furthermore, to verify DCLI to multiple-loop failures, an
additional three RGAs need to be calculated. Consequently, six inverse matrices

have to be performed.

From application of Algorithm 1 and with one matrix inverse, the DRIA of con-
trol loop y; — u; is obtained, and DRIS is calculated through a series of vector
operations. The results for DCLI to single- and multiple-loop failures are listed in

Table 4.1.

Initially, when all control loops in subsystem G'' are closed, the RI ¢}, =
1.4142 > —1, implying that there is no sign change before and after subsystem
G'! has been closed. Following Table 4.1, DCLI information of loop y, — u; can

he obtained as follows:

(1) Loop ys—uy provides the maximum interaction, and if it fails, the RI of loop
y1 — u; will decrease in value of s | = 2.4095 and is ¢, = —0.9953 > —1,
and for loop y, —uy, the sign of its loop gain does not change for any single-

loop failure. Therefore, loop y, — u, is DCLI for single loop failure.
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Table 4.1: DCLI verification of control loop y;, — u;*

Loop RI DRIS  Failed Loop | DCLI-SLF | DCLI-MLF
oM, = 1.4142
| sM | =24095 yq—uy
oM, = —0.9953
yi—u, l sM, =03486 y,—uy YES NO
M o=-13439
! 3"1':{,3 =—1.3439 y3—u;3
0

4 SLF=single-loop failure. MLF=multi-loop failure.

(2) Loop y2 — u; provides the maximum interaction among the two remaining
loops after loop y4 —uy has already been taken out of service. If loop y2 —u;
fails, the RI of loop y; — u; will decrease in a value of sﬁ_z = (0.3486 and is
qﬁﬂ',l = —1.3439 < —1. Hence, the process gain of loop y, — u; will change
its sign and it is not DCLI when both y; — us and y; — u;, fail (implying
that G is not DCLI for multiple loop failure).

To show how DCLI is pairing dependant, reconfigure the control structure using

the loop pairing criterion proposed in ref [60] as follows

281 -15.80 872 298
-2.92 -20.79 654 2.50
099 -751 -582 -—148
2.92 786 -—7.23 3.11

The DCLI results of y; — u, are listed in Table 4.2.

From Table 4.2, we observe the following

(1) When all control loops in subsystem G'! are closed, the RI ¢}, = 1.1237 >
—1, implying that there is no sign change before and after subsystem G!!

has been closed.
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Table 4.2: DCLI verification of control loop y;, — u,®

Loop RI DRIS Failed Loop | DCLI-SLF | DCLI-MLF
$ila =11287
| sM, =0688 y;—uy
oM, = 04352
yi—u | | 311 ,=1.4309 y3— us YES YES
ol =—0.9957
l S?{‘g — _'09957 y_-; — Uy
0

% SLF=single-loop failure. MLF=multi-loop failure.

(2) Loop y; —u, can tolerate any single-loop failure because the minimal (;f)u 2=

0.4352 > -1

(3) Loop y; — u, can tolerate any double-loop failure since the minimal cﬁ“ 5 =

—0.9957 > —1

(4) Since cb“ 3> (pu 2 >0, if loop y; — u, fails, interaction between loop y; —u,

and the remaining loops will be smaller

(5) If loop loop y3 —uj also fails, interaction between loop y; —u; and loop y4 —
u, becomes significant for 0111 = —0.9957 — —1, implying the equivalent
process gain of loop y; — u; will undergo a big change in the case of where
either loop y, —uy is closed first in system G or loop y, —u; and loop y; —ug

fail first in closed subsystem G*!.

Using algorithm 1, DRIS of the other 3 control loops can be obtained and list in

Table 4.3, all control loops are DCLI to both single-loop and multiple-loop failures.
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Table 4.3: DCLI verification of other three control loops®
Loop RI DRIS Failed Loop | DCLI-SLF | DCLI-MLF
yz—uz | oM, =0.5458 22 5= 0. ms Vo— Uy YES YES
Q';g , = 1.4765 933 L =0. 5086 Yi—
ys—uz | ¢}, =0.6679 933 o = 0.2620 yi—u YES YES
oM | = 0.4059 333 5 =04059 | yy;—u,
o115 = 0.7498 1.=05713 | ys—us
ys—ug | oM, =0.1785 544 o= 11742 | y;—u, YES YES
oM =—0.9957 | s}, = —0.9957 | y, —u,

4 SLF=single-loop failure. MLF=multi-loop failure.

4.5.2 Example 2

Consider the 4 x 4 distillation column studied by Chiang and Luyben (CL column)

[73]. The steady state transfer function matrix is given as follow,

445 —74 0 035
173 —41 0 92
G(0) =
022 —4.66 36 0.042
182 —34.5 122 —6.92

When the zero elements in G(0) are set to 1 x 10 to make the zero interaction a
micro-interaction, the maximum DRIFs and DRIS of all control loops are obtained

as listed in Table 4.4.

Obliviously, as Table 4.4 indicates, all four control loops are DCLI to multiple-loop

failures.

In this chapter, a novel approach for evaluating DCLI for multivariable control sys-
tems was proposed. The DRIS was introduced to represent the Rl to a particular
loop from other loops. The maximum DRIF was used to find the maximum inter-

action from the remaining loops among all possible failure indexes. Consequently,
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Table 4.4: DCLI verification of CL column®
Loop RI DRIS Failed Loop | DCLI-SLF [ DCLI-MLF |

¢Ms=-05233 | s}, =01783 | ys—u,

yi—u @1, = —0.7017 | s, =0.0000 | y;—u; YES YES
oM =—07017 | s¥, = -07017| y,—u,
oM =—02490 | s¥ =04527 | ys—uy

ya—uy | oM, =—07017 | s¥,=10.0000 | y3—us YES YES
ot = —0.7017 | s¥, =—07017 | y;—uy
ot = —03394 | s} = —01074 | y1—wy

ys—uz | oM, =—0.2320 [ s}, =—-02320] ys—u, YES YES
M, =00000 [ s¥,=00000 | y,—nu,
Ms= 16000 | s¥, =1.5672 Vi —a

yi—us | ¢M,=00328 | s¥,=00122 [ y;—u, YES YES
o1y = 0.0206 | si3=0.0206 | y3—us

¢ SLF=single-loop failure. MLF=multi-loop failure.

the necessary and sufficient conditions for DCLI of an individual loop under both

single- and multiple-loop failures were provided. A simple and effective algorithm

for verifying DCLI for multivariable control systems was developed. Two classical

examples were used to illustrate the effectiveness of the proposed approach.

With the determined decentralized control configuration, how to design the decen-

tralized PID controller will be studied in the chapters.
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Chapter 5

Simple Decentralized PID
Controller Design Method Based
on Dynamic Relative Interaction

Analysis

This chapter extends the work of [60, 61| to develop a simple yet effective method
for designing a decentralized PID controller based on dynamic interaction analysis.
By implementation of a controller to each individual diagonal control loop using
the SISO PID tuning rules, the dynamic relative interaction (dRI) to an individual
control loop from all other loops is estimated. With the obtained dRI, the multipli-
cated model factor (MMF) is calculated and approximated by a time delay function
at the neighborhood of the critical frequency to construct the equivalent transfer
function for individual control loop. Subsequently, an algorithm for designing ap-
propriate controller settings for the decentralized PID controllers is provided. The
proposed method is very simple and effective and easily implemented especially for
higher dimensional processes. Two examples, 2 x 2 process and 4 x 4 process are

used to demonstrate the design procedures. The simulation results show that the
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design method results favorable overall control performance, especially for higher

dimensional processes.

5.1 Preliminaries

Consider an n x n system with a decentralized feedback control structure as shown
in Figure 5.1, where, r, u and y are vectors of references , inputs and outputs
respectively, G(s) = [gi;(5)|axn is the system’s transfer function matrix and its

individual element g,;(s) described a second-order plus dead-time (SOPDT) model:

T o< (5.1)
= 1)(r}s + 1) V=t ‘

and controller C(s) = diag{ci(s), -+, ¢.(s)} is the decentralized PID type with its

individual element given in series form as

oL
o
e

)= a1+ T—ig)(ms £1). (5.

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).

pCT) > C(s) —»{ 6G(s)

Figure 5.1: Block diagram of general decentralized control system

For the MIMO process, when one controller, ¢;(s), acting in response to the set-
point change and/or the output disturbance, it affects the overall system through
the off-diagonal elements of G(s), forcing other controllers to take actions as well,
these controllers reversely influence the ith loop via other off-diagonal elements,

and these interacting processes among control loops continue throughout the whole

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.1 Preliminaries g

transient until a steady state is reached. To examine the transmittance of interac-
tions 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. Fig-
ure 5.2 shows the structure of an arbitrary control loop y; — u; after the structural

decomposition.

= | :
- ¢, (s) i{" g.(s) H

bt

Figure 5.2: Structure of loop y; — w; by structural decomposition

In Figure 5.2, the interaction to an individual control loop y; — u; from the other
n — 1 control loops is represented by the RI ¢;;,,_1(s), and the equivalent transfer
function of an individual control loop y; — u;, denoted by §;(s), can be obtained

in terms of @i ,-1(s) by

9i(s) = 9ii(8)piin-1(s), (5.3)

with
Piin-1(8) = 1 + diin-1(5), (5.4)

where p;;,_1(s) is defined as the MMF to indicate the model change of an indi-
vidual control loop y; — w; after the other n — 1 control loops are closed. Once
the RI, ¢;; ,_1(s), is available, the corresponding MMF, p;; . 1(s), and the equiv-
alent process transfer function g;; can be obtained which can be directly used to

independently design the PID controller for each individual control loop y; — u;.

In the following development, we use RI as a basic interaction measure to investi-

gate the interactions among control loops and derive equivalent transfer function
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for each loop. Sometimes, we will omit the Laplace operator s for simplicity unless

otherwise specified.

The RI for control loop y; — u; is defined as the ratio of two elements [66]: the in-
crement 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, i.e.

; (ayi/u;f)ykﬁconstam - (ayi/u})u;#jconstam
Qijn—1 = =7
(01;1/ uj )u#jconstam

kil=1--,n.

Because 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 at
steady state as the element summation of DRIA to give important insights into
the cause-effects of loop interactions [60]. However, the obtained results are limited
to the steady state, which are less useful for controller design than the dynamic
representations. Hence, it is necessary to derive the dynamic interaction among

control loops represented explicitly by the process models and controllers.

5.2 Dynamic Relative Interaction

Because the dynamic interactions among control loops are controller dependent
(17, 19, 74, 75|, appropriate controllers have to be designed and implemented into
the control system for investigation of the dynamic interactions. For an arbitrarily
decentralized PID control system of a multivariable process, we can redraw Figure
5.1 as Figure 5.3 for the convenience of analyzing the interactions between an
arbitrary control loop y; — u; and the others, where y, is a vector indicating the
effects of u; on other outputs while ¥; indicates the reverse effect of y; by all of the
other closed control loops; r', u', y' and C'(s) indicate r, u, y and C(s)with their

ith elements, r;, u;, ¥; and ¢;(s), removed, respectively.

Because the dRIs are input independent, without loss of generality, the references

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.2 Dynamic Relative Interaction 79

L TN TR B SR o

gn(s)

Y

gnis)

—..?—q" c) —L—a] () |

Figure 5.3: Closed-loop system with control loop ; — u; presented explicitly

of the other n — 1 control loops are set as constants, i.e.

drk

EZO or ri(s) =0, k=105 k£,

in the analysis of the dynamic interaction between control loop ¥ — u; and the

other controlled closed-loops. Then, we have

y' = G'u'+y, (5.5)

= =CYy', (5.6)
and

Y, = glm, (5.7)

Go= g, (5.8)

where G is the transfer function matrix G with its ith row and the ith column

removed, and g¢i. and ¢!, indicate the ith row and the ith column of G with the
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iith element, g,;, removed, respectively.
C'ombining equations 5.5 and 5.6, we can write

u' = —(G") 7y, (5.9)
where

G=G+C™ (5.10)

Furthermore, y; in equation 5.8 can be represented by the summation of the fol-
lowing row vector

U=l gaws -+ gwuk -0 gimun s k=1,---,m; k#i. (5.11)
where ||Al|y, is the summation of all elements in a matrix A.

Using equations 5.7 - 5.11, we obtain

o= l-gi(GY) gillsw
= |- gk ® (G) e
[ ::9:: Ay —
= || - 22 & (G) T ||ngiiu.

Yi

=
Il

Consequently, those steady state relationships provided in reference 20 can be

extended as follows.

Define
AG _ 1 gt'igi'i
i,n—1 Gii eidie

as the incremental process gain matrix of subsystem G when control loop y, — u;
is closed, then the dynamic DRIA (dDRIA) of individual control loop y; — u; in an

n x n system can be described as

Wiino1 =061 ® (Gﬁ)_T. (5.12)
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and the dRI, ¢;; 1, is the summation of all elements of ¥,;,, ,, i.e.
Giin-1 = ||Tiin-lls = |AGin01 ® (Gii)_TH& {5.13)

where ® is the Hadamard product and [GV]~7 is the transpose of the inverse of

matrix GY.

From equation 5.10, G can be factorized as

a1+ 1/a 912 Gin
G - 9?1 9224-1/(?2 Q?n
Gn1 Gn2 S e B
= G ® Pr
where
( 1+ gna 1 o 1 \
ama {4
1 9222 1
P = 022C2
1 . .. 14 gunca
\ GnnCn

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

Tin1 = LGiin ®(G*®PY) T, (5.14)
and

din-1 = [AGin-1 ® (G* ® P¥) 5. (5.15)

Remark 1: In dDRIA and dRI of equations 5.14 and 5.15, there exists an addi-

tional matrix P, which explicitly reveals interactions to an arbitrary loop by all the
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other n — 1 closed loops under band-limited control conditions. Thus, for the given
decentralized 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~'(j0) =0,

and

G(j0) = G(50)

which implies that the RI and the dRI are equivalent at steady state. However,
because the dRI measure interactions under practical 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 above development are as follows:

(1) The interaction to an 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 5.12 and 5.13 indicate that the dRI is a combination of the interac-
tions to individual control loops from the others; there may exist cause-effect
cancelation among them such that selecting of loop pairings by dRI may be

inaccurate [60].

(3) Because interactions among control loops are controllers dependent, the
dDRIA represents how the decentralized controllers interact with each other,
while the dRI provides the overall effect to an individual control loop from

the others;
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(4) The dRI can be obtained easily once process transfer function elements and

controllers are available, which is not limited by the system dimension.

5.3 Determination of Multiplicated Model Fac-

tor

The proposed method of designing decentralized controllers for multivariable pro-

cesses involves three main steps:

(1) the design of individual controllers by ignoring the loop interactions;

(2) the determination of the equivalent transfer function for each individual loop

through use of the dRI;

(3) the fine-tuning of each controller parameter based on the equivalent transfer

function.

Because the interactions among control loops are ignored in the first step, all
available SISO PID controller design techniques can be applied to the design of
the initial individual controllers for the diagonal elements. Thus, according to
the expected control performance, one can select the most suitable tuning rules,
such as Ziegler and Nichols tuning [35], IMC tuning [36], and some other optimal
design methods [76]. Obviously, different tuning rules provide different controller
settings and, correspondingly, different estimations of loop interactions. Even these
different estimations will affect the decentralized controllers designed in the third
step: they have no influence on the design mechanism of our method. Because our
main objective in this chapter is to propose a much simpler method for designing
decentralized PID controller based on the dynamic interaction analysis, the SIMC-
PID tuning rule, which is derived from IMC theory, is applied in the following

development because of its very simple and better tradeoff between disturbance
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response and robustness, especially for the lag-dominant processes (7, > # in

equation 5.1) [38].

For the SOPDT SISO svstem given by equation 5.1, the SIMC-PID settings in the

form of equation 5.2 was suggested as

| .
b = ——— ==, 5.16
a ki To: + i (5:10)
T = mill{ng,4(Tc,';+9n)}. {5]?)
TDi = Ty (5.18)

where, 7, is the desired closed-loop time constant. It is recommended to select

the value of 7; as #;; for a tradeoff between:

(1) the fast speed of the response and good disturbance rejection (favored by a

small value of 7¢;):

(2) the stability, robustness, and small input variation (favored by a large value

of T(.?..']-

Let G = diag{G}. the initial controllers C can be designed for G through the
SIMC-PID tuning rules, such that

91161 0 0
= i 0 Cy +ov 0
GC - G22C2
0 0 szf'ﬂ

with the open-loop transfer function for each individual control loop is

= 1 ATE
giuiC; = mt . (519)

Using first order Taylor series expansion for equation 5.19, the closed-loop transfer

function, open-loop gain crossover frequency w,; and matrix P, can be obtained
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respectively by,

Yi 1

= —9,‘,‘5
ri Tois+1
s (5.20
“6= Toi + 0 P:20)
and
(Te18 + 1)ef1s 1 e 1
1 Toos + 1)ef2° ... 1
P= | {Ter _ ) | _ : (5.21)
1 1 oo (Tons + 1)efmns

Because each controller is designed around the critical frequency of its transfer
function, the dRI of individual control loop y; —u; can be estimated at the critical

frequency jw.r
‘i’ii,n—l(jwcri) == HAGii.n—l(jwm"i) ® (Gﬁ(ju"wi) @ Pii(jwcri))_Tllﬁ' (522)

For interactive multivariable process G, it is desirable to have the same open-loop
transfer function as multivariable control system GC [20]. Because controller C is
designed for the diagonal elements of G without considering the couplings between

control loops, the designed controller should be detunned by

C'g' Eg
G = = ;
pii,n—l 1 + @u,ﬂ—l

(5.23)

to result in approximately the same closed-loop control performance. However,
it is impractical to use p;,_; directly to fine-tune the controller because it has
different values at different frequencies. To solve this problem, one possible way is
to use some appropriate transfer functions to identify those MMFs. Because 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
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function involving the first two items of its Taylor series, which can be further

simplified for controller design by a pure time-delay transfer function as

pi:',r:_.—l — 'Ii-.pa.,n—le_gpi‘n ) 18- (')2-1)
where,
km,ﬂ--l = |pii.n—1(.j'~*"mn)l = |1 + tpii,n—l(jwc‘ri)l (:}25)

and

¢ 1n— '.W‘cri ¢ l Ia'in— “wm'i -
Bm‘n_ll_arg(p‘ 1(weri)) _ _arg(l + Giin-1(jweri)) (5.26)

Lad - F% ) .
Woeri Weri

with w,,; indicating the critical frequency of the ith control loop y; —u;. Obviously,
the positive/negative 6, indicates that the interactions from other control loops

bring a phase lag/lead of individual control loops.

From equations 5.1 and 5.3, the equivalent transfer function for loop y; — u, can

be expressed by

- - fhk"" ~feibliis &
Gils) = (Tis + 1)(7]s + 1)e ' (5.27)
where,
Jri = max{l,ksn-}, (5.28)
and
Hpi.n--l =
foi = max{1,1+ =—1}. (5.29)

0:i

Remark 3: The open-loop transfer function for each individual control loop given

by equation 5.19 is determined by the SIMC-PID tuning settings. If other tuning
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rules are applied, some different forms may be derived, and g¢;;¢; always has the

form

where, h(s) is proper and rational with h(j0) = 0 [76).

Remark 4: Because the region between @, (|g:.¢;| = 1) and &g [arg(guc:) =
—180°] is most critical for individual control loop design, the crossover frequency
of ¢..¢; can be adopted as the critical frequency point for determining the dRI to

the particular loop y; — u; to obtain g; [23].

Remark 5: In equations 5.28 and 5.29, the factors fi; and f, are selected to be
not smaller than 1, such that the equivalent open loop gain and the time delay of
G;: are no smaller than those of g;;. The reason for such a selection is to make the
resultant controller settings more conservative than those of §;; so that loop failure

tolerance property can be preserved.

5.4 Design of a Decentralized Controller

Using tuning rules of equations 5.16-5.18, the controller parameters for the indi-

vidual equivalent transfer function of equation 5.27 can be determined as,

1 Tii
ke = ) 5.30
: fkakii Toi + fa;'lg,'{ ( ) )
T = min{ﬂ-;, 4(TC§ 4 fglau)}. (531)
oS T (5.32)

Furthermore, by selecting the desired closed-loop time constant 7¢; to be the same

value as the time delay f;.0;;, we can obtain a set of simple rules for designing the
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parameters of a decentralized PID controller as,

1 1 174

T B 5.33
e T e 2fpi K O (5.33)
i = min{7, 8}, (5.34)
TOi = T (5.35)

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 calculation of the matrix P and dDRIA. Then, the parameters of the
PID controllers can be calculated based on the equivalent transfer function of each
control loop and the SIMC-PID tuning rules. In such a design procedure, the
overall control system stability is assured if the loop pairing is structurally stable,

which can be explained as follows:

(1) Each ¢, is designed without considering loop interaction; it is more aggressive
to control loop y; — u; than the final control setting ¢;. Generally, we have
a(A) < o(A;z) as max{1l, |pin_1|} > 1, where #(A) is the maximum

singular value of matrix A, A, = GC(1+GC) ! and A, = GC(1+GC) .

(2) Let M = —(G — G)G!, and following the definition of the structured

singular value (SSV) [56]:

- 1
- min{a(A)|det(] — k,,MA) = 0 for structured A}’

fta(M)

we have pa, (M) < pa,(M), which implies there exist smaller interactions

among control loops when the detunned controller C is applied [20].

(3) Because the bigger dRI ¢, is used to determine the detunning factors
and fi; and fy; are no smaller than 1, the resultant controller ¢; will be more

conservative, with a smaller gain and crossover frequency compared with ¢;.
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{(4) Conservative control action in each loop presents smaller interaction to other
loops. Because the design based on ¢, for loop y; — w; will end up with a

] por P
more conservative ¢;. the stability margin for each individual loop will be

further increased compared with that using the true ¢;;, ;.

As a summary of the above results, an algorithm for the design of a decentralized

PID controller for general multivariable processes is given as below.

Algorithm 1:

Step 1. For multivariable process G, pair the inputs and outputs based on the

method given in ref [60]:

Step 2. Design an individual controller for the diagonal elements of the process

transfer function matrix following equations 5.16 - 5.18;
Step 3. Use equation 5.21 to construct matrix P:
Step 4. Let i = 1, go to step 5;

Step 5. Calculate critical frequency w.,;, dRI and ¢;; 1 (jwer: ), by equations 5.20

and 5.22, respectively;
Step 6. Determine k, ,_; and 6, ,—, for MMF, p;; ._1, by equations 5.24-5.26;
Step 7. Obtain the factors fi; and fs by equations 5.28 and 5.29;

Step 8. Fine-tune the controller parameters following equations 5.30 - 5.32 or 5.33

- 5.35;
Step 9. If i <n,i=1i+ 1, go to step 5. Otherwise, go to step 10;

Step 10. End.

The procedure for the independent design of a decentralized PID controller by

using the proposed method is illustrated in Figure 5.4.
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Pair inputs and outputs

Y

Design C for G

!

Construct P

Set i=1

Calculate the critical
frequency @,

.

Calculate dRI ¢,

.

Calculate #,,, and &, |
for MMF 2;,.,

i=i+1 1

Calculate detuning factors
.rh and -fﬁ!

'

Detuning controller
parameters

.

YES
i<n?

NO

Figure 5.4: Procedure for the independent design of a decentralized PID controller
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5.5 Examples

The main advantage of the proposed method is to provide a simple yet effective
way to design decentralized PID controller especially for a high-dimension process
(a process larger than 2x 2 process). Many 2x 2, 3x 3 and 4 x4 processes have been
tested on the closed-loop performance of the proposed method. In the following,
we will present the results on a 2 x 2 Vinante and Luyben (VL) column process
and a 4 x 4 Alatiqi(Al) column process, of which the VL case is used to illustrate
the step-by-step design procedures while the A1 case is used to demonstrate the

effectiveness of the proposed method for higher dimensional processes.

5.5.1 Example 1. VL Column

The VL column system with its transfer function matrix was given by Luyben [39]:

29  ]13.70%

G = 7s+ 1 s+ 1
_2‘88_1‘88 4-36_0-353
95s+1 92s+1

According to equations 5.16 - 5.18 and selecting 7¢; = 6,;, the SIMC-PID controller

for diagonal system G is obtained as,

) _1.5909(1 + —) 0
i 7s 1
0 3.0565(1 + —
(1+ 2‘88)
resulting in the critical frequencies for control loops y; — u; and y, — uz as we =
@1 = 0.5 rad/s and w.s = @ = 1.4286 rad/s, respectively (equation 5.20).

Then from equations 5.21 and 5.22, we have

(s+1)e° 1
1 (0.355 + 1)e%3%¢

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Simple Decentralized PID Controller Design Method Based on Dynamic
92 Relative Interaction Analysis

and

?11,1(70.5) = —0.2739 + j0.2451,

$22.1(71.4286) 0.2026 — 70.0674.

Subsequently,

piigf = 0.76636=—(—0.6510)5‘

Pogy = 1:2047e- 0080

and the equivalent transfer functions of both control loops are constructed as

. 2.2e

gu = N e

. 5.18027038%%
Y22 92s+1

It is noted that because k,,; < 1 and 0,,; <0, both fx; and fj, are set to 1 such
that §i; = g1 to guarantee the loop failure tolerance of control loop y; —u;. While
fra = 1.2047 and fz, = 1.1120 are used to fine-tune the PI controller setting of
control loop y2 — uz. Consequently, the decentralized PI controller parameters are

determined as kp; = —1.5909, 71, = 7.0000, and kpy, = 2.2817, 775 = 3.1135.

Figure 5.5 shows the system inputs and responses for step changes in the set-points
for y; and y,. The simulation results indicate that both setpoint responses and
magnitude of inputs of the proposed PI controllers are comparable with those of the
BLT PI controller (kp; = —1.0700, 7;; = 7.1000, and kpy = 1.9700, 77, = 2.5800)
[39].
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Figure 5.5: Setpoint change response for the Vinante and Luyben column (solid
line, Proposed design; dashed line, BLT design).

5.5.2 Example 2. Alatiqi Column (A1)

The transfer function matrix for the Al column system is given by

2.22e=2:55 —2.94(7.9s+1)e~ %058 0.017e0-28 —0.64e20s
(36s+1)(255+1) (23.75+1)2 (31.6s+1)(Ts+1) (29s+1)2
—2.33e 55 3.46¢~1.01s —0.51e~T.5s 1.68¢—2%
= (355+1)2 325+1 (325+1)2 (28s+1)2
—1.06e 22 3.511e" 138 4.41e"1.01s —5.38e—0-58
(17s+1)2 (125+1)2 16.25+1 17541
—5.73e—2%:%¢ 4.32(25s+1)e—0-01s _1.25¢—28s 4.78e~1.158
(8s+1)(50s+1) (50s+1)(5s+1) (43.654+1)(9s+1) (485+1)(5s+1)

According to Algorithm 1, the resulting decentralized controllers and those ob-
tained by using the BLT method of Luyben [39], the trial-and-error method [51],
and an independent design method of Chen and Seborg [50] are shown in table
5.1.
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Table 5.1: Proposed PID controllers for Alatigi column

loop proposed design BLT design [CC design Chen’s design
kpi I TD; kei I kpi Ti N
1 2.1822 29.7250 25 2.28 W22 0.385 34.72 0.176  62.9
2 44807 R8.0800 0 294 748 6.190 21.80 0.220 31.0
3 1.6656  8.0300 0 1.18 7.39 2.836 19.22 3.15 8.03
4 4.3660 9.2000 5 202 278 0.732 36.93 0.447 475

The closed-loop responses as well as system inputs for unit step changes of the
setpoints r; — ry are shown in Figures 5.6 - 5.9. The simulation results indicate

that the control performance is better than those of the other three design methods.

In this chapter, a simple yet effective method was proposed to design a decentral-
ized PID controller for multivariable processes. The design obtains the MMF at
an arbitrary frequency by using the dRI. Through approximating the MMF by a
time-delay function at the neighborhood of the critical frequency, the equivalent
transfer function of an individual control loop was constructed. Subsequently, the
appropriate controller settings can be determined by applying the SISO controller
tuning rules to the equivalent transfer function. An algorithm for using the pro-
posed method to design a decentralized PID controller was also provided. The
application of the design method to 2 x 2 system and 4 x 4 systems showed that it
results in a better overall control performance than those of other design methods
such as the BLT method, the trial and error method, and the independent design

method based on Nyquist stability analysis.

Since most industrial processes can be represented by low order transfer functions,
how to apply the proposed design procedure to the low order process will be studied

in the following chapter.
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Figure 5.6: Setpoint change response of y; for the Al column example (solid line,
proposed design; dashed line, BLT design; dashed-dotted line, Lee at el.; dotted
line, Chen at el.).
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Figure 5.7: Setpoint change response of y, for the A1 column example (solid line,
proposed design; dashed line, BLT design; dashed-dotted line, Lee at el.; dotted

line, Chen at el.).
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Figure 5.8: Setpoint change response of y3 for the Al column example (solid line,
proposed design; dashed line, BLT design; dashed-dotted line, Lee at el.; dotted
line, Chen at el.).
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Figure 5.9: Setpoint change response of y, for the Al column example (solid line,
proposed design; dashed line, BLT design; dashed-dotted line, Lee at el.; dotted
line, Chen at el.).
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Chapter 6

Design of Decentralized IMC-PID
Controller Based on dRI Analysis

In this chapter, a simple yet effective decentralized PID controller design method-
ology is proposed based on dynamic interaction analysis and internal model control
principle. On the basis of structure decomposition, the dynamic relative interac-
tion is defined and represented by the process model and controller explicitly. An
initial decentralized controller is designed first by using the diagonal elements and
then implemented 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 function for
the particular control loop. Consequently, appropriate controller parameters for
individual control loop are determined by applving the IMC-PID tuning rules for
the equivalent transfer function. Examples for a variety of 2x 2, 3x 3 and 4 x4 sys-
tems are used to demonstrate that the overall control system performance is much
better than that of other tuning methods, such as the BLT method [39, 40], the
trial and error method [51], and the independent design method based on Nyquist

stability analysis [50], especially for higher dimensional processes.
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6.1 Preliminaries

Consider an n x n system with a decentralized feedback control structure as shown
in Figure 6.1, where, r, u and y are vectors of references ., inputs and outputs
respectively, G(s) = [g:;(5)]axn is system’s transfer function matrix with its in-
dividual element g,;(s) described by the common used models, as given by the
second column in Table 6.1, and controller C(s) = diag{e,(s), -+, ¢.(s)} is the

decentralized PID type with its individual element given in parallel form as

Ci(S) = kPi(l 3 T_1; + TD;S). (61)

I8

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).

L>CT>——> cs) b—» G5 >

Figure 6.1: General decentralized control system.

For multi-input multi-output (MIMO) process, when one controller, ¢;(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 controllers
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 em-
bedded in each loop. Figure 6.2 shows the structure of an arbitrary control loop

y; — u; after the structural decomposition.
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Lb-i—b ¢ (s)

Figure 6.2: Structure of loop y; — u; by structural decomposition

In Figure 6.2, the interaction to an individual control loop y; — u; from the other
n — 1 control loops is represented by the Relative Interaction (RI) ¢iin-1(8), and
the equivalent transfer function of an individual control loop y; — u;, denoted by

Gii(s), can be obtained in terms of ¢;;,,_1(s) by

Gii($) = gii($8)piin—1(s), (6.2)
with

Piin-1(8) = 1+ diin-1(s), (6.3)

where p;;,1(s) is defined as multiplicate model factor (MMF) to indicate the
model change of an individual control loop y; — u; after the other n — 1 control
loops are closed. Once the RI, ¢, 1(s), is available, the corresponding MMF,
Piin-1(8), and the equivalent process transfer function g;; can be obtained, which
can be directly used to independently design the PID controller for each individual

control loop ¥y, — u,.

In the following development, we use RI as a basic interaction measure to investi-
gate 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 y; — u; is defined as the ratio of two elements [66]: the

increment of the process gain after all other control loops are closed, and the
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apparent gain in the same loop when all other control loops are open, that is

(dyt /uj )ykg‘-constam - (ayi /uj )quconstam
(ayi /'u-j )u;ﬂconstam

Q‘)ij,u—l —

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 important
insights into the cause-effects of loop interactions [60]. However, the obtained
results are limited to the steady state, which are less useful for controller design
than the dynamic representations. Hence, it is necessary to derive the dynamic
interaction among control loops represented explicitly by the process models and

controllers.

6.2 Dynamic Relative Interaction

As the dynamic interactions among control loops are controller dependent [17,
19, 74, 75], appropriate controllers have to be designed and implemented into
the control system for investigating the dynamic interactions. For an arbitrarily
decentralized PID control system, we can redraw Figure 6.1 as Figure 6.3 for the
convenience of analyzing the interactions between an arbitrary control loop y; —u;
and the others, where y is a vector indicating the effects of u; to other outputs,
while 7; indicates the reverse effect of y; by all the other closed control loops, 1,
u’, y' and C'(s) indicate r, u, y and C(s)with their ith elements, r;, u;, y; and

¢i(s), been removed, respectively.

Since the dynamic relative interaction are input independent, without loss of gen-
erality, the references of the other n — 1 control loops are set as constants, that

is

dl’k

TE:O or rils) =0, k= Lema g ki,
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}‘F = b I‘I
¢,(s) > g,(s)
> g.(s)
—> g.(s)
r u’

Figure 6.3: Closed-loop system with control loop y; — w; presented explicitly

in analysis of the dynamic interaction between control loop y; — u; and the other

controlled closed-loops. Then, we have

y = G'u'+y, (6.4)

u = -Ci', (6.5)
and

Y. = Gt (6.6)

U = g, (6.7)

where G" is the transfer function matrix G, with its ith row and the i¢th column
removed, and gi! and g, indicate the ith row, and the ith column of G with the

iith element, g,; removed, respectively.
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Combining equations 6.4 and 6.5, we can write

= Gy, (6.8)

ey 4

where
G=g4+¢" (6.9)

Furthermore, ; in equation 6.7 can be reprented by the summation of the following

row vector

U=l gaws - guuk -+ ginta lllss k=1--n k#i  (6.10)

where ||A||y; is the summation of all elements in a matrix A.

Using equations 6.6 - 6.10, we obtain

1 4

Ui = |l=g(G") gille * w
= || - gigl ® (G
= I= %% ® (G T|ls * guw.

it

ok U

Consequently, those steady state relationships provided in reference 20 can be

extended as following.

Define
AG ] giagir’
in—1 — T Yeilie
' Gii

as the incremental process gain matrix of subsystem G when control loop y; — u;
is closed, then the dynamic DRIA (dDRIA) of individual control loop y; — u; in

n x n system can be described as

Win1=0G, 1 ® (Gn)-—T1 (6.11)
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and the corresponding dynamic relative interaction (dRI), ¢;; 1, is the summation

of all elements of ¥, , ,, that is

Giin-1 = |[|[Piin-1lz = |AGiin1 ® (G“)_T|

s (6.12)

where ® is the Hadamard product and [GY]~T is the transpose of the inverse of

matrix GY.

From equation 6.9, G can be factorized as

gu+1/¢ 912 Gin
& = 9'?1 G922 + 1/c; g;‘an
Gn1 Gn2 vt Oant l/Ca
= GgP
where
( 1+ gna 1 1 \
q11€1
1 1+ gazc2 . 1
P= 92202 . (6.13)
1 + gnncn
1 1 R Lo
\ .gﬂﬂcﬂ )

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

Vin=0Gii, 1 ® (G P T, (6.14)
and

Piin-1 = |AGiin1® (G'® P Ts. (6.15)

Remark 1: In dDRIA and dRI of equations 6.14 and 6.15, there exists an addi-

tional matrix P, which explicitly reveals interactions to an arbitrary loop by all the
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other n — 1 closed loops under band limited control conditions. Thus, for the given
decentralized 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'(j0) = 0,

and

G(j0) = G(;0)
which implies that the RI and the dRI are equivalent at steady state. However,
since the dRI measure interactions under practical 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 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 6.11 and 6.12 indicate that the dRI is a combination of the inter-
actions to individual control loop from the others, and loop pairings selected
based on the dRI may be inaccurate as there may exist cause-effect cancela-

tion among them such that [60].

(3) As interactions among control loops are controllers dependent, the dDRIA
represents how the decentralized controllers interact with each other, while

the dRI provides the overall effect to individual control loop from the others:

(1) The dRI can be obtained easily once process transfer function elements and

controllers are available, which is not limited by the system dimension.
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6.3 Estimation of Equivalent Transfer Function

The proposed method of designing decentralized controllers for multivariable pro-

cesses involves three main steps:

(1) Design individual controllers by ignoring the loop interaction:

(2) Estimate the equivalent transfer function for each individual loop through

dynamic interaction analysis;

(3) Design decentralized controller based on the equivalent transfer function.

Let G = diag{G} and ignore the interaction effect among control loops, the initial
controller C can be designed by applying the well known IMC tunning rules to
each element in G [36]. The IMC design procedure is brief studied as follows.
The process model g is factorized into an all-pass portion g, and minimum phase

portion g_, that is

The all-pass portion g, includes all the open right-half-plane zeros and delays of

g and has the form

gr=e *[[(-Bs+1)  Re{B} >0,

where 6 > 0 is the tim delay and 3! is the right-half-plane zero in the process

model.

Then the IMC controller and the complementary sensitivity function are derived

respectively as
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and
T = gt

where f is the IMC filter and has the form

|

where the filter order r is selected large enough to make g. proper, and the ad-
justable filter parameter 7 provides the tradeoff between performance and robust-
ness. The key advantage 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 7o which has intuitive appeal because it
determines the speed of response of the system. Furthermore, 7 is approximately
proportional to the closed-loop bandwidth which must always be smaller than the

bandwidth over which the process model is valid.

Table 6.1: Parameters of IMC-PID controller for typical low order systems®

9 9oL We kp TI TN 8
Ac ke—&s — k!r =
B ke—% 1 - -
§ k{te + 6)
C ke—ﬂs 8_.95 1 #
7S+ 1 os+1 | 1c+0 | ke +0) |
ke=% 1
D T T — T
s(rs+1) k(rc + 6)
. k=4 T 47 o 7!
(TS ) 1)(7;5‘ + 1) k(T(_‘ - 9) T4+ 7
s '— 5 2
F _.i;___ f?’ ZET _T_
125+ 2615+ 1 k(e + 6) 26

* The given settings are IAE and ISE optimal for step setpoint changes when 7> = 0 and 7 = #
respectively. It is recommended to select 7o > 8 for practical desigu.

¥ To achieve much better performance, the derivation can be added by following tranditional
rule [77]

© For pure time delay system, the pure integral controller ¢(s) = (kj/s) is applied and k; =
(kp/7r) = [1/k(Tc + 0)] [38].
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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 parameter identification methods, from a practical point of view, the
lower order process model is more convenient for controller design. Six commonly
used low order process models and parameters of their IMC-PID controllers are
listed in Table 6.1, where g~; and w, are the close-loop transfer function and the

crossover frequency of gc, respectively.

From equation 6.13 and according to Table 6.1, we have

1 "
/ +9i101 1 1 \
911 -
1 149G 1
P = 922C2
]' rmﬁn
\ 1 1 + gm e
gﬂ’flcﬂ
( 91_11,01, 1 1
_ 1 9521,05 1
\ 1 1 gr:'ri,CL
( (Ters + 1)efn® 1 1
1 Toos + 1)e?22s ... 1
_ | (Tez ' ) _ _ . (6.16)

Since each controller is designed around the critical frequency of its transfer func-
tion, the dRI of individual control loop y; — u; can be estimated at the critical

frequency jwer;

¢1’z,n—l(jwaﬂ) = ”AGu,n—l(jwcri) ® {Gﬁ(jwm’i) @' P“(jwm‘i)) _THE' (6]7)
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For interactive multivariable process G, it is desirable to have the same open-
loop transfer function as multivariable control system GC [20]. As controller C is
designed for the diagonal elements of G without considering the couplings between

control loops, the designed controller should be detuned by

; G
Piin—1 k- Qiin-1

lfi.l'

to result approximately the same closed-loop control performance. However, it
is impractical to use p;;, | directly to fine-tune the controller, because it has
different values at different 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

Dinci = K jerionn=is, (6.18)
where,

ko1 = |piigp-1{Twer)| = |14 bisnr(Jwers)| (6.19)
and

Doy o = _arg(,o,-g,n_1(jwm-i) __arg(l+ :éii,n—l(jwcri)), (6.20)

£y . 7 0 | .
Wert Werd

with w,,; indicates the critical frequency of the ith control loop y; — u;. Then for
individual control loop y; — w; with an arbitrary process model listed in Table 6.1,
its equivalent transfer function can be represented as showed by the third column

in Table 2, where

fk'! :Inax{l!kp‘i,n—l}l (621)
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and
Hﬂt“n.—]. "
foi = max{1.1+ 0 }- (6.22)
Remark 3: Since the region between . (|g.6;| = 1) and @50 (arg(gié;) =

—1807)is most critical for individual control loop design, the crossover frequency
of (g..¢;) can be adopted as the critical frequency point for determining the dRI to

the particular loop y; — w; to obtain g;; [23].

Remark 4: In equations 6.21 and 6.22, the factors fi; and fg; are selected to be
not smaller than 1, such that the equivalent open loop gain and the time delay
of §;; are no smaller than that of g;;. The reason for such selection is to make
the resultant controller settings more conservative than that of g;;, such that loop

failure tolerance property can be preserved.

6.4 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 calculating the matrix P and dDRIA. Then, the parameters of decentral-
ized controllers can be calculated based on the equivalent transfer function of each

control loop and the IMC-PID tuning rules as shown in Table 6.2.

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 ¢, designed without considering loop interaction is more aggressive to
control loop y; — u; than that of the final control setting ¢;. Generally, we
have 0(A;) < 6(A;) as max{1, |pin_1|} = 1, where 6(A) is the maximum

singular value of matrix A, A; = GC(14+GC)~! and A, = GC(1 +GC)"1.
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Table 6.2: PID controllers of the equivalent processes for typical low order systems

Gii Gii ke o D
A? Kige™ % frchye Jacas - kri =
B ke~ fus frikise™foifus 1
' S 8 frikii(Tei + faibhi)
c ke s fkikasﬁ_fe"s"” Tii - B
Tud+ 1 Tbi4=-1 Jrikii(Tei + foibii) !
o k“e—a‘tis fkik‘_t.e—feﬁiﬁ 1 B _
s(mis+1) s(ris + 1) frikii(Te: + foibii) !
B ke Jrikye ot Tii + T, — TiT;
’ (Tg;‘S + 1)(7;,-_3 + 1) (T,'!'S + 1)(7-’:8 + 1) fkikii(TCi + fg,-ﬁ’,:,—) » . P T:i.
Fb kt-.-e"e“’ fk"kige ._f)ez'ﬁiss 2&,‘1’}';‘ 25?_ i
’."5—8 + 28578 + 1 TﬁS +281is + 1 | friki(Toi + foi0i:) o 2E

% For pure time delay system, the pure integral controller ¢(s) = (k;/s) is applied and kp;

(kpi/Tr:) = [1/ frikii(Tc + fa:i0ii)].

(2)

Let M = —(G — G)G !, and following the definition of the Structured
Singular Value (SSV) [56]:

1
pa(M) = min{o(A)|det(I — k,,MA) = 0 for structured A}’

we have pa, (M) < ua,(M), which implies there exist smaller interactions

among control loops when the detuned controller C is applied [20].

Since the bigger dRI ¢;;,,—1 is used to determine the detuning factors, and
fri and fs; are no smaller than 1, the resultant controller ¢; will be more

conservative with smaller gain and crossover frequency compared with ¢;.

Conservative control action in each loop presents smaller interaction to other
loops. As the design based on §;; for loop y; — u; will end up with a more
conservative ¢;. the stability margin for each individual loop will be further

increased compared with using the true ¢, ;.

Summarize the above results, a procedure for designing decentralized PID con-

troller for general multivariable processes is illustrated as in Figure 6.4.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

6.4 Design of Decentralized Controller 113

Pair inputs and outputs

:

Design C for G

.

Construct P

'

Set i=1

\ o

Y

Calculate the critical
frequency m_,

.

Calculate dRI ¢, ,_,

'

Calculate £, and (-
for MMF Pyt

r

Calculate detuning factors
f, and f,

;

Detuning controller
parameters

YES 1 >
i<n?

i=i+1

Figure 6.4: The procedure for designing decentralized PID controller

Remark 5: As the interactions among control loops are ignored in both the

dynamic interaction estimation step and the PID controller designing step, all
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available SISO PID controller 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 [35], IMC tuning rule [36], and some other
optimal design methods [37] 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 mechanism of our method. In the present chapter,
the IMC-PID tuning rule is adopted because of its robust, generally good responses

for setpoint changes and widely accepted.
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6.5 Simulation Examples

To evaluate effectiveness of the proposed decentralized PID controller design method,

10 multivariable processes in reference [39] are studied:

e 2 x 2 systems: (1) Tyreus stabilizer — TS; (2) Wood and Berry — WB; (3)
Vinante and Luyben — VL; (4) Wardle and Wood — WW.

e 3 x 3 systems: (5) Ogunnaike and Ray — OR; (6) Tyreus case 1 — T1; (7)

Tyreus case 4 — T4.

e 4 x 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 gp 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 6.1. The controller parameters are listed in Table 6.3 together with those
obtained by using other three design methods: the biggest log-modulus tuning
(BLT) method of Luyben [39], the trial-and-error method [51], and an independent
design method based on Nyquist stability analysis [50]. 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 (r; = 1) of all control loops one-by-one, and the integral square error

(ISE) of e; = y; — r: is used to evaluate the control performance,

0

The simulation results and ISE values are given in Figures 6.5 -6.14. The results

show that, for some of the 2 x 2 processes, the proposed design provides better per-
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Table 6.3: Parameters of the decentralized PID controllers for 10 classical systems®

BLT design Lee design Chen design Proposed design
kp TI kp TI kp Tl kp TI D
TS —16.6 206 —149.0 3.460 2.300
706 80.1 769.5  64.00 13.75

WB 0375 X829 0.850 2l 0436 11.0 0932 1670 —
—-0.075 23.6 —0.0885 886 -—0.0945 155 -0.124 1440 -

VL <=L07 %.] —1.31 2.26 121 464 -2.121 7000 -
1.97 258 3.97 2.42 3.74 .10 3.951 9.200 -

WW 274 414 93.8 31.1 52.52 60.00 —
-13.3 529 -—-203 297 —24.52 3500 -
OR 151 164 1.676  6.700 —
—-0.295 18 —-0.353 5.000 —
263  6.61 4385 8.620 —
T1 —-178 435 —20.85 66.67 —
0.749 561 1.168 2860 0.715
—0.261 139 —-0.088 33.30 -
T4 -11.26 7.09 —-2364 66.67 —
-3.52 145 0.622 2860 0.715
—0.132  15.1 —0.515 46.48 11.57
DL -0.118 23.5 —0.410 43.48 10.87
—7.26 11 —23.64 6667 —
0429 121 0.589 2860 0.715
0.743 7.94 0.028  1.000 -

Al 228 722 0385 3472 0176 629 3.698 61.00 14.75
294 748  6.190 2180 0220 31.0 4481 3200 -
118 739 2836 19.22 3150 8.03 1666 1620 —
202 278 0732 3693 0447 475 43821 53.00 4.528

A2 0923 617 3.884 4130 6.632
.16 13.2 2.549 4460 —
0.727 13.2 1.311 1850 —
2.17 40 4.233 5430 5.569

“ In the proposed design, the control configurations of both Tyreus case 4 and Doukas and
Luyben systems are re-selected as y; — uy /ya —us/ys —us and yy — wg/yo — uz/ys — uy/yy — us,
respectively. by using the pairing method proposed in ref [60].

formance 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.
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Figure 6.5: Step response and ISE values of decentralized control for Tyreus sta-
bilizer (solid line: Proposed design, dashed line: BLT design, dashed-dotted line:

Lee at el., dotted line: Chen at el.)
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Figure 6.6: 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 at el., dotted line: Chen at el.)
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Figure 6.7: Step response and ISE values of decentralized control for Vinate and
Luyben system (solid line: Proposed design, dashed line: BLT design, dashed-
dotted line: Lee at el., dotted line: Chen at el.)
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Figure 6.8: Step response and ISE values of decentralized control for Wardle and
Wood system (solid line: Proposed design. dashed line: BLT design, dashed-dotted
line: Lee at el., dotted line: Chen at el.)
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Figure 6.10: Step response and ISE values of decentralized control for Tyreus case

1 systems (solid line: Proposed design, dashed line: BLT design)
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Figure 6.11: Step response and ISE values of decentralized control for Tyreus case
4 system (solid line: Proposed design, dashed line: BLT design)
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Figure 6.12: Step response and ISE values of decentralized control for Doukas and
Luyben system (solid line: Proposed design, dashed line: BLT design)
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Figure 6.13: Step response and ISE values of decentralized control for Alatiqi case
1 system (solid line: Proposed design, dashed line: BLT design, dashed-dotted
line: Lee at el., dotted line: Chen at el.)
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Figure 6.14: Step response and ISE values of decentralized control for Alatigi case
2 system (solid line: Proposed design, dashed line: BLT design)
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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 interac-
tion was defined and represented by the process model and controller explicitly.
An initial decentralized controller was designed first by using the diagonal ele-
ments and then implemented to estimate the dRI to individual control loop from
all others. By using the dRI, the MMF was derived and simplified 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 parameters for in-
dividual control loop were determined. The proposed technique is very simple and
effective, and has been applied to a variety of 2 x 2, 3 x 3 and 4 x 4 systems. Sim-
ulation results showed that the overall control system performance 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 analysis,

especially for higher-dimensional processes.

In case of severe interactions existing between control loops, decentralized control
might not meet up the control objectives. In this case, a block-diagonal control
structure would be a better alternative. How to determine the block-diagonal

control structure will be studied in the following chapter.
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Chapter 7

Control Structure Selection Based
on Relative Interaction

Decomposition

In this chapter, a simple vet effective approach for control structure selection of
multivariable processes is proposed based on element decomposition of relative
interaction (RI) [66]. On the basis of structure decomposition. the interaction
transmitted to and from a subsystem is examined. By employing the decomposed
relative interaction array (DRIA), all interaction transmitting channels to individ-
ual control loop from all the other closed control loops are decoupled. Furthermore,
the decomposed relative gain array (DRGA) can be constructed to evaluate the
comprehensive transmitting interaction to an individual control loop from another
one. Consequently, the synthesis of the control structure can be dealt with in a
straightforward manner using structure interaction acceptable index (SIAI). A C-H
diagram is proposed to facilitate control structure selection process. Two examples
are used to demonstrate that the proposed approach is simple, effective and very

easy to be implemented.
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7.1 Preliminaries

Throughout this chapter, it is assumed that the system we are dealing with is
square (n x n), open loop stable. and non-singular at steady state with a multi-
variable feedback control structure as shown in figure 7.1, where, G(s) is system’s
transfer function matrix with its steady-state gain matrix and individual elements
represented by G(0) (or simply G) and g;;, respectively. C(s) is the multivariable
controller to be selected in form of all types of controller ranging from full decen-
tralized controller to centralized controller including block diagonal controller and
sparse controller. r, u and y are vectors of references, manipulated and controlled

variables with their ith elements represented by r,, u; and y,, respectively.

E »(f) > () | G(s) 5

Figure 7.1: Block diagram of general multivariable control system

7.2 Relative Interaction Decomposition

In the following development, it is assumed that:

(1) a full decentralized control structure for process G has been determined ac-

cording to the RGA-NI-GI based criterion; and

(2) all elements of matrix G have been re-arranged so that the pairings of the
inputs and outputs in the decentralized feedback system correspond to the

diagonal elements of G.

To examine the interactions between an arbitrary control loop and the others,

the decentralized feedback control system can be structurally decomposed into n
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individual SISO control loops with the coupling among all loops explicitly exposed
and embedded in each loop. As shown in figure 7.2, the interactions between
individual control loop y; — u; and other n — 1 control loops are divided into three

portions with respect to their directions.

— 2. (5)

- Z() ¢(s) |l £0) |

l
[
I
i
|
1
|

|
[
I
I
i
i
I

Figure 7.2: Structure of loop y; — u; by structural decomposition

(1) One-way interactions from control loop y; —u; to other n — 1 loops.

These one-way interactions are introduced by column vector g¥ through
transmitting the changes of input u; to other n—1 outputs y*. Since the value
of column vector g;'g.. indicates the relative change of y* with respect to
unity change of output y;, it is desirable that all elements in g ‘g are small.

Moreover, column diagonal dominance would be achieved if all elements of

g'gl have the absolute value less than 1 for all i.

(ii) Internal interactions among the closed subsystem G™.

By considering the one-way interactions from control loop y;, — u; to G*
as disturbance, all n — 1 controllers for subsystem G must regulate their
outputs to counter the effect. In addition, all control loops in subsystem G*
interact with each other due to the existing non-zero off-diagonal elements
in G". Consequently, both the one-way interaction transmitted from control
loop y; — u; to outputs of subsystem G* and the internal interaction among
control loops in closed subsystem G* contribute to the changes of u'. Thus,

it is desirable for all loop pairings that G* has small off-diagonal elements.
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(iii) One-way interaction from closed subsystem G to control loop y; — u,.

With all inputs of subsystem G updated to reject the disturbance from
control loop y; — u,, their changes are transmitted and combined as a whole
to affect the output y,; through the row vector gi,. Since the value of row
vector g, 'gh indicates the relative change of u;,. with respect to unity
change of output u,, it is desirable for loop pairing y; — u; that all elements
in g;'g!, are small. Moreover, row diagonal dominance would be achieved
in the case that all elements of g;;'g!: have the absolute value less than 1 for

all 7.
Now, rewrite equation 2.14 as
¢)x1'.ﬂ-- I = PI\I’H]TPT« (?])

where row vector P = [1 -+ 1];4,_1. According to equation (7), the decomposed
structure of control loop y; — u; can also be expressed as shown in figure 7.3,
where i, indicates the relative interaction transmitted by individual element g;x
and the matrix [¥;;]"7 relates inputs [@; --- @], , to outputs [By -+ Buill.
Comparing figure 7.3 with figure 7.2 reveals that the klth element vy in ¥;; is
the relative interaction transmitted by channel gy, — ([G*] 7 )x — gu, of which gy,
([G"]7T)x and g, indicate the three potions of interactions between control loop
yi — u; and closed subsystem G", respectively. Clearly, all of three portions of
interactions between one individual control loop and the others are reflected by

the DRIA.

To effectively evaluate the interaction effects to an individual control loop from

the others, we need to consider the following two cases:

Case (i). Rewrite equation 7.1 as,

C‘i’n‘n -1 = AIPT
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&, +1 7
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|

Figure 7.3: All interaction transmitting channels in closed subsystem G' are de-
coupled by DRIA

where A, is a 1 x n — 1 vector with its individual element

T

ik = [Ailix = Z [(Pii]mk, k=1, »o; 1 B #£1 CTe3)

m=1,m#i

As a summation of all elements in the kth row of ¥,;, a;, represents the relative in-
teraction transmitted by element g;; and can be regarded as an output disturbance
to the output of the kth control loop. Clearly, the larger the value of @y is, the big-

ger one-way interaction will be introduced to the kth control loop from the ith one.

Case (ii). Rewrite equation 7.1 as
éii,n—l = PBh

where B! isa 1 x (n — 1) vector with its individual element

n

Bri = [Bilx = Z [Wii)km. B=1, v, m k#4 (7.3)

m=1,m#i

Similarly, as the summation of all elements in the the kth column of ¥, G
represents the relative interaction transmitted by element g;x and can be regarded
as an output disturbance to the output of the ith control loop. Clearly, the larger
the value of 3; is, the bigger one-way interaction will be introduced to the ith

control loop from the kth one.
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Since both @ and 3, reflect the relative interactions between the ith and the
kth control loops, they are desired to have small value for loop pairing, which is
consistent. with the requirement in the RGA-NI-GI based loop pairing criterion.

Moreover, from ref [61](Lemma 3.1), we have

n )‘l ,
m=1,ms#1 t
and
= Aki 3
J}u == Z [q’ailkm = /\_}L (?D)
m=1,m#1 i

Equations (7.4) and (7.5) both use RGA information in which smaller value of
the off-diagonal elements in RGA results smaller a;; and 3;;. This relative val-
ues between the off-diagonal elements and the diagonal ones is very important in
determining the interaction to an individual control loop from another individual
control loop. To effectively measure the interaction to the control loop y; —u; from
kth control loop in closed subsystem G, a decomposed relative gain (DRG) and
corresponding decomposed relative gain array (DRGA) is defined based on a;x and

3k as follows.

Definition 7.2.1 The DRGA, T, is an n x n matriz with its element, ~;x. deter-
mined by

1 ; ;

—(ax+ Bu) k#1i

T L (vl = § 2 ,  i=1,2,--+,n}, (7.6)
1 k=i

Clearly, 7 comprehensively reflects the interaction from the kth control loop in
the closed subsystem G to the control loop y; — u;. Furthermore, figure 7.4
shows the control structure of control loop y; — u; in which the relative interaction
transmitted by individual control loop in closed subsystem G* can be explicitly

represented in terms of ;.
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Figure 7.4: Decomposed structure of loop y; — u; represented by DRG.

Using equations (2.2), (7.4) - (7.6), the DRGA can be calculated easily by
r- %[diag{A}"A + Adiag{A} ], (7.7)

where diag{ A} is a diagonal matrix containing the diagonal elements of matrix A.

Remark 1. Since DRGA is calculated from RGA, it has the following interesting

properties:

(i) DRGA only depends on the steady-state gain of the system;
(ii) individual element of DRGA is not affected by any permutation of G;
(iii) DRGA is scaling independent (e.g. independent of units chosen for u and y):

(iv) the summation of all off-diagonal elements in the ith row is equal to the RI

n
of that control loop, i.e. @iin_1 = Z ik
k=1k#i

(v) if the transfer function matrix is diagonal or triangular, the corresponding

DRGA is a zero matrix.
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Remark 2. For the system that has pure integral element, RGA and DRGA can

be calculated by using a method similar to that proposed by Arkun and Downs [72].

Since the DRGA, I, highlights the interactions from one individual control loop
to another loop. it is more significant in describing interactions for multivariable

processes. In the following, we will use DRGA to select control structures.

7.3 Control Structure Selection

Proper control structure selection is to find a fine balance between the control
system complexity and the performance. If tight control system performance is
required, a more complex control structure would be necessary. Otherwise, if the
system does not require very tight control, simpler control structure would be

preferred.

To provide a feasible method for performance based control structure selection, we

now define a structure interaction acceptable index:

Definition 7.3.1 The structure interaction acceptable index (SIAI), , is selected
between 0 and 1 and indicates the confidence level on loop interactions with respect
to the promising control structures. By control structure selection criterion, it leads

to a dominant model as
Goé {g,dgik =0, if hikl < &y k= l,?,---,ﬂ.} (?8)

i.e. the element of which the DRG is smaller than = has so weak interactions with

other loops that it can be ignored with confidence level =.
The specification of ¢ is a designer’s choice, it follows that:

(1) if the best overall control system performance is desired, £ = 0, so that all

interactions among control loops are deemed to be severe and should be
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counted for. Hence, centralized or full decoupling control structure is pre-

ferred regardless of complexity of the processes;

(i1) if selecting = = 1, the simplest controller structure is called for rather than best
overall control system performance so that the interactions to an individual
control loop from the others are deemed to be small and can be ignored,

hence, full decentralized controller would be preferred;

(i11) for 0 < £ < 1, the smaller value of = is, the better overall control system
performance will be achievable and the more interactions among control loop
are deemed to be severe and should be considered, hence, block diagonal

controller or sparse controller would be preferred, and vice versa.

(iv) if all off-diagonal elements of I' are less than 0.5, the main loops are dominant
and good designed decentralized control can generally results in satisfactory
performances. Otherwise, if all or some off-diagonal elements of I" are close to
1, the interactions are considered to be severe and block diagonal controller

or sparse controller would be preferred.

For the control structure selection, if we gradually increase the value of £ from 0 to
1, a unique series of control structures will be generated from full centralized control
to block diagonal control, and to full decentralized control. Correspondingly, the
control system performance also degrades gradually. On the basis of conventional
visualization, we introduce a simple diagram, which we will call Cai-He (C-H)
diagram, to facilitate the control structure selection procedure. The C-H diagram

contains only two elements:

(i) n nodes are used to represent those n decentralized control loops of system G,
each node has a value of 1 to represent individual decentralized control loop

has a unity DRG;

(ii) an arrow drawn from one node to another one is used to indicate the interac-

tion from one individual control loop to another one.
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By taking the ith and the kth control loops as an example, elements of the C-H

diagram are shown in figure 7.5 and explained as follows:

(1) if no interaction exists between the ith and the kth control loops, i.e. v < =

and v < 2, no connections hetween the two nodes, as shown in figure 7.5(a);

(ii) if only the interaction from the ith control loop to the kth one exists, i.e.
ik < £, and g > £, an arrow is drawn from the ith node to the kth node,

as shown in figure 7.5(b);

(iii) if only the interaction from the kth control loop to the ith one exists, i.e.
vk = £, and v, < =, an arrow is drawn from the kth node to the ith node,

as shown in figure 7.5(c);

(iv) if the interaction is on both directions of the ith and the kth control loops,
i.e. ik > =, and y; > =, two arrows are drawn between the ith and the kth

nodes, as shown in figure 7.5(d).

ONNOINOSS0
(a) (b)
Vi Ve
== O=—=®
Vi

(c) (d)

Figure 7.5: The typical representations in C-H diagram

Remark 3. As the configuration of C-H diagram strictly depends on the value
of £, which can be set arbitrarily ranging from 0 to 1, it is sufficient to select a
certain element of I' as the . Let z,, be the selected SIAI that leads to the m
blocks control configurations, then the m blocks C-H diagram can be obtained,

and for n x n system, the maximal number of blocks control configurations is n.
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Based on the calculation of DRGA and C-H diagram, an algorithm for selecting

the control structure is given in Algorithm 1:

Algorithm 1.

Step 1. Calculate the RGA, NI, DRIA and GIA by equations (2.2)-(2.13) and
(2.16) and determine the best loop pairing following to the RGA-NI-GI based

criterion;

Step 2. Re-arrange process G so that the pairing of input and output correspond

to the diagonal elements of G and adjust the corresponding elements in RGA;
Step 3. Calculate the DRGA by equation (7.7);
Step 4. Select SIAI ¢ and draw the C-H diagram;
Step 6. Determine the controller structure;

Step 7. If the resulting control performance is not satisfactory, decrease ¢ and go

to Step 4;

Step 8. End.

The significance of above development is as follows:

(1) since only the steady state gain matrix is required in the calculations, Algo-

rithm 1 is very simple and easy to be implemented;

(2) through increase or decrease the SIAI gradually, one can obtain a unique

series of control structure;

(3) the C-H diagram provides an easy understandable and useful way to examine

the interaction among control loops.
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7.4 Case Study

To illustrate the power and the validity of the DRGA concept in control structure
selection, we present the results on two industrial processes: a 3 x 3 Ogunnaike and

Ray (OR) system and a 4 x 4 Alatigi case 2 (A2) column process in the following.

7.4.1 Example 1.

Consider the OR system [39] with the transfer function matrix given by

0.66¢ %5 =0.6le% —0.0049¢
6.75 + 1 8.64s + 1 9.06s + 1
1.11g=% —2.36e% —0.0le"1-%
G(s) = — . _—
3.25s + 1 58 + 1 7.09s + 1

—34.68¢ 9%  46.2e~%4  0.87(11.61s + 1)e~*
8155+ 1  109s+1 (3.89s+ 1)(18.8s + 1)

According to the RGA-NI-GI loop pairing criterion, the diagonal pairing is pre-
ferred for full decentralized control, and from equations (2.2) and (7.7), both RGA

and DRGA are obtained as

2.0370 —-0.7571 —0.2799
A=] —06774 1.8647 —0.1872
-0.3596 —0.1076 1.4671

and

1.0000 —0.3521 -0.1570
I'=| —0.3847 1.0000 -0.0791
—0.2179 —-0.1005 1.0000

By selecting = in values of 0, 0.2, 0.3, and 1, respectively, the C-H diagrams for

these four cases are as shown in figure 7.6 which are explained as follows:

(1) £ =0, figure 7.6(a). All interactions are to be considered, centralized control

or full decoupling control is preferred;
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(2) £ =0.2, figure 7.6(b). Those interactions between control loops with || >
0.2 are deemed to be severe. In this case, a dominant model can be obtained
by equation (7.8). Then according to the internal model control (IMC) theory

(78], the controller structure can be determined as
structure(C(s)) = structure(G_*).

In fact, one can easily find this control structure is still complex, it is recom-
mended to select centralized/full decoupling control rather than this struc-

ture;

(3) e = 0.3, figure 7.6(c). Only the interactions between the first loop and
the second loop are deemed to be severe, hence, block diagonal control is

preferred. Obviously, the controller must have the structure as

011(8) 012(5) 0
C(s) = | cals) exn(s) 0
0 0 cs3(s)

Moreover, this obtained control structure is the best alternative for two blocks

control.

(4) e = 1, figure 7.6(d). As interactions among all control loops are ignored, a

full decentralized control structure will be the option.

0\ o 3 ®
/ .\\—U,IS?O /4 S~

/ \ / \
/ A\ N / b /
L9.3521 \\ /035 /03521
o U\ 03Y S aans\ _UJ:Z;';
-0.0791 r" N \ I~ T A~
3 | f‘z!| 3 [ 2:) | 3} @ ] 3
N 1005 > o/ \_) "/ \>) ) ‘\__/)

(al (n) (e) {d)

Figure 7.6: The C-H diagram for OR system: (a) € = 0, centralized control/full
decoupling control; (b) & = 0.2 , sparse control; (c) ¢ = 0.3, two blocks control,
and (d) € = 1, full decentralized control.
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Above analysis suggests that pairing {(y,, y2) — (uy, uz)), (y3— u3)} is a better

block control structure among all alternatives.

To illustrate the validity of the above results, decentralized controls with decou-
pling compensators for different block control structures are designed following
the block diagram as shown in figure 7.7, where C(s) and D(s) are decentralized

controller and decoupling compensator respectively.

Gis) P

Figure 7.7: The block diagram of decentralized controller with decoupling com-
pensator control system

The designed decoupling compensators are listed as following,

0.9242(6.7s + 1)e 0%

1
o 8.64s + 1 Y
PDs(s) = 0.4703(5s + 1) | 0
3.25s8+1
0 0 1
1 0 1
P[)l3(3) — 0 1 0
39.86(3.89s + 1)(18.8s + 1)8’8'23 134.69(9.065 + 1)e— 15
(8.15s + 1)(11.61s+ 1) 6.7s +1
1 0 0
PDgs(s) = 0 1 1
—53.10(3.89s + 1)(18.85 + 1)!53"8""’i —236(7.09s + 1)6_1‘8"a
(109s 4+ 1)(11.61s + 1) os+ 1
FD(s) =
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1 0.753(30.41s2+12.08s+1)e 2% _4.45(6.47s2+2.88s+1)e 02
30.9852+11.61s+1 25.8052+411.67s+1
0.402(24.7552 4 11.0s+1)e—3-5¢ 1 1
15.30524+8.03s+1 !
18.51(24.7552+11.0s4+1)e32¢  —23.1(30.41524+12.08s+1)e~54%  _724.3(6.47s2+2.88s+1)e~1-83
133852 +6.54s+ 1 31.6852418.965+1 16.3152+8.065 +1

where "PD;;(s)” and "FD(s)” indicate " partial decoupling with the ith and the jth
control loops in one block™ and "full decoupling” respectively. The decentralized
controller for each loop are tuned by the method proposed in ref [62] and the

parameters are given in Table 7.1.

Table 7.1: Parameters of the decentralized PID controllers for different block con-
trol structures of OR system®®

Kp T'; Td
He® 1.676, —0.353, 4.385 6.70, 5.00, 8.62 —
PD,, 1.521, —0.244, 3.967 3.137, 2.016, 8.186  0.176, 0.266, 0.232
PD; 1.510, —0.353, 0.007 3.851, 5.000, 3.022 0.040, 0, 0.257
PD,; 1.773, —0.290, —0.004  6.700, 3.181, 3.492 0, 0.177, 0.175
FD 1.427, —0.248, —0.00484  2.405, 1.920, 11.632 0.255, 0.312, 0.133

% The PID controller is designed in form of ¢(s) = Kp(1 + (1/T;s) + Tys).
¥ The decentralized PID controller are designed by using the method proposed in ref [62).

The simulation results for decentralized control, partial decoupling control and full
decoupling control are obtained as shown in figures 7.8 and 7.9. It can be seen
from figure 7.8 that full decoupling control provides the best overall control perfor-
mance among all three control structures. However, the design of full decoupling
compensator is a tricky task especially for higher dimensional system [79]. Thus,
block diagonal control is a better choice because of its simplicity for design and
better overall control performance. Moreover, it is quite clear from figures 7.9 that
the block diagonal pairing {(y:, y2) — (u1, uz)), (y3 — u3)} provides the best
overall control performance among all alternatives, which is consistent with the

suggestions from DRGA and SIAIL
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Figure 7.8: The step response of OR system under different control structures:
dotted line, decentralized control (He et al.); solid line, partial decoupling control
(PD)2); dash-dotted line,full decoupling control (FD).

Time (s) Time (s)

Figure 7.9: The step response of OR system under two blocks control structures:
solid line, PD,y; dotted line, PD,3; dash-dotted line, PDays.
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7.4.2 Example 2.

Consider the Alatiqi case 2 (A2) system [39] with the process steady-state gain

matrix given by

4.09 -6.36 —-0.25 -0.49
-4.17 693 -0.05 1.53

-1.73 511 461 —548
—-11.18 14.04 -0.1 449

According to Algorithm 1, both RGA and DRGA are calculated as

3.1058 —0.9007 -0.4749 -0.7302
—5.0308 4.6742 —0.0395 1.3961
—0.0838 0.0543  1.5492 —0.5197

3.0088 —2.8278 —0.0348 0.8538

and

1.0000  —0.9549 —0.0899 0.3668
—0.6345 1.0000 0.0016 —0.1532
—0.1803 0.0048  1.0000 —0.1790

1.3343 —0.8384 —0.3247 1.0000

By selecting SIAI as ¢; = 0, £, = 0.35, 5 = 0.96, and &4 = 1, respectively, four

I'., s are obtained.

F[} — P!
1.0000 —0.9549 0 0.3668
—0.6345  1.0000 0 0
Loss =
0 0 1.0000 0

1.3343 —0.8384 0 1.0000
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Figure 7.10: The C-H diagram for A2 system: (a) £ = 0, centralized control/full
decoupling control; (b) = = 0.35 , two blocks control; (¢) ¢ = 0.96, three blocks

control, and (d) £ = 1, full decentralized control.

1.0000 0 0 0
0 1.0000 0 0
Loos =
0 0 1.0000 0
1.3343 0 0 1.0000
and
Fl — I4x\1-

The C-H diagrams for these four cases are shown as in figure 7.10, where apart
from one block control (centralized /full decoupling control) and full decentralized
control, pairing {(y1, y2. ya) — (w1, uz, ug), (y3 —us)} is the best alternative to be
selected for two blocks control structures, while pairing {(y1, 1) — (w1, wq), (y2 —
ug), (y3 — u3)} is the best alternative for three blocks control structures. On the
basis of above analysis, we suggest full decentralized control rather than three
blocks control because of simplicity, and two blocks control rather than centralized

control because of less degrading of control performance.

A simple vet effective approach for control structure selection was proposed in
this chapter. On the basis of structure decomposition, three portions of the trans-
mitting interaction in the subsystem G" were investigated. Using the concept of
DRIA, all interaction transmitting channels to individual control loop from all the

other closed control loops were decoupled and the DRGA has been constructed to
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evaluate the comprehensive transmitted interaction to individual control loop from
another one. Consequently, the synthesis of the control structure can be dealt with
in a straightforward manner by using SIAIL. The C-H diagram was also proposed
to facilitate the control structure selection process. Two examples were presented

to illustrate the effectiveness of the proposed approach.

As only the subject of static interactions has been deeply studied in the present
chapter, the issues in terms of system dynamics and model mismatch should be
considered to reinforce the proposed method. These topics are currently under
investigation with the concept of effective relative gain array (ERGA) [80] in mind,

and the results will be reported later.
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Chapter 8

Conclusions and

Recommendations

8.1 Conclusions

Selection of control structure and design of decentralized control system have been
two of the main areas of interest within the process control community during the
last several decades. This thesis has studied these two topics through decomposed
relative interaction analysis. In particular, loop-pairing configuration, decentral-
ized closed loop integrity evaluation, decentralized PID controller design, and block
diagonal control structure selection have been discussed. The contributions of this

thesis are illustrated by figure 8.1 and summarized as following:

e A novel interaction measure and a new criterion for selecting control config-
uration were proposed. The loop-by-loop interactions between a particularly
loop and all other loops in their open and closed status are effectively evalu-
ated by DRIA. The GI based on the concept of interaction energy and DRIA
can determine control loops with the minimum interaction. Compared with

those existing methods, the present interaction measure as well as loop pair-
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ing criterion is more accurate and effective.

e The necessary and sufficient conditions for DCLI and a simple and effective
algorithm for evaluating the DCLI of decentralized control structure were
developed. The DRIS as well as DRIF provide an important insight into
the cause effect results of loop interactions in the face of single- or multiple-
loop failure. Compared with those existing methods, the present method is
necessary and sufficient, very simple and effective for evaluating the DCLI of

an individual loop under both single- and multiple-loop failure.

e An effective decentralized PID controller design procedure was suggested.
The dRI was developed to estimate the dynamic interactions to individual
control loop when the other loops closed under imperfect control. On the
basis of dRI, the behaviors of the interacted control loop can be described
at an arbitrary frequency point without complex calculation. An effective
decentralized PID controller design procedure was developed. Compared
with those existing methods, the dRI is more accurate and the present design

procedure is easier to be understood and implemented.

e A simple yet effective algorithm to design decentralized IMC-PID controllers
was presented. Empirical rules for establishing equivalent transfer functions
of six common used low order process models and parameters of their IMC-
PID controllers are developed. 10 classical industrial processes are studied
to verify the performance of proposed decentralized IMC-PID controller de-
sign method. The simulation results show that the present decentralized
IMC-PID controller design method is very simple and effective and easily

implemented especially for higher dimensional processes.

e By quantifving the interaction effect to a particular control loop from other
individuals was, a systematic approach to treat the block control structure
selection problem under a unified framework was developed. The DRGA was

proposed to quantify the interaction effect to a particular control loop from
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other individuals. The user defined SIAI makes the synthesis of the control
structures which range from full decentralized control to centralized control
be dealt with in a straightforward manner. The proposed C-H diagram
can effectively facilitate control structure selection process. Compared with
conventional methods, the proposed approach is simple, effective and easy to

be understood and implemented.

8.2 Recommendations for Further Research

The work of this thesis has laid a strong formulation for systematically analysis
and design of multivariable control system. In order to make it fully applicable to
process control industry, further research topics are illustrated by figure 8.1 and

recommended as following:

e It is well known all practical processes are controlled with bandwidth limita-
tion, which means both gain and bandwidth of transfer functions should be
considered during selecting loop-pairing configuration [80]. Extension of the
proposed various interaction measures, DRIA and GI, and the loop pairing

criterion in Chapter 3 to frequency domain is expected.

e A decentralized integral controllable system provides benefits in both better
system reliability and easier implementation for field application engineer,
since it allows the operator to reduce the controller gains independently to
zero without introducing instability to other loops [27]. Even though some
necessary and /or sufficient conditions for decentralized integral controllabil-
ity (DIC) were developed, there is a lack of necessary and sufficient condition
for DIC. Extension of the concepts proposed in Chapter 4 to derive the nec-
essary and sufficient condition for DIC and meanwhile develop an effective

algorithm for DIC evaluation is expected.
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Figure 8.1: Block diagram for Conclusion (— solid lines, boxes, circle and dia-
mond) and Further Research (—- dash lines and boxes)

e Single- or multiple-loop failure is inevitably for the real industrial processes.
Even though the DCLI can guarantee the remaining system is structurally
stable, the stability of the remaining closed system depends on the values
taken of the controller parameters. Developing an effective method to fine-

tune the decentralized PID controller parameters so that the whole control
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system can tolerate single- or multiple- loop failure is expected.

e The proposed decentralized PID controller design procedure in Chapter 5
is iterative, i.e. design the initial decentralized controller first, secondarily
analyze the dynamic interaction between control loops, and then design the
decentralized controller. Even though the obtained decentralized controller
can provide better control performance, it is not optimal. Developing a
simple yet effective algorithm to search the optimal controller parameters by

extending the iterative design procedure to more circles is expected.

e Once the block control structure is determined by following the procedure
proposed in Chapter 7, how to design the block-decentralized controller would
be the next research topic [3]. Developing an effective procedure to design

the block decentralized control system in a unified framework is expected.

e In Chapter 6, as many as 10 industrial processes are used to illustrate the ef-
fectiveness of the proposed decentralized IMC-PID controller design method.
However, it would be more convenience by some performance assessment
methods rather than examples for control performance evaluation. Develop-
ing a systematic methodology to assess the control performance and combine

it with the controller design procedure into a unified framework is expected.

e Modeling uncertainties and neglected and unmodelled dynamics uncertain-
ties are inevitable for control system design. The robustness analysis for the
proposed techniques with respect to these kinds of uncertainties is necessary

and expected.

e The theories, tools and algorithms proposed in this work are mainly for open
loop stable processes. However, some practical processes might be open
loop unstable, which makes process control system design tricky. Therefore,
extending the presented ideas as well as theories, tools and algorithms to the

unstable processes is expected.
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Appendix

Table Al. Process open-loop transfer functions of 2 x 2 systems
TS WB (Wood VL (Vinante WW (Wardle

(Tyreus stabilizer) and Berry) and Luyben) and Wood)
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Table A3. Process open-loop transfer functions of 4 x 4 systems
DL (Doukas and Luyben) Al (Alatiqi case 1) A2 (Alatigi case 2)
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