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Abstract

Project Code : PDF/37/2540
Project Title :  Validation of Intelligent Advisor for Control System
Investigators :  AsslProf.Thongchai Srinophakun, PhD.

The department of Chemical Engineering, Kasetsarl University
E-mail Address v Iengigs@ku.ac.th
Project Pariod ¢ August 1, 1987 = July 31, 1888
Objective ¢ 1. Develop the Prototype on Cross Plat form System

2 Apply to Monazite Pilot Plant
Mathodology : 1 Migsate Protolypa software to personal computer

2 Modeling of Monazite Pilot Plamt
3. Simulation for the best control configuration of the Plant

Results - The objectivé of the research & 1o characterize the
relationships between mampulated vanables and contrel objective variables of Pilol
Scale Monazite Plant, After using this protolype 1o synihesis control system of the such
piant, only 19 unit processes will be desired and process 5, 11 and 20 will not invalve in
synthesis control system. The results from the program shown all possible control
configurations of each unit process.  All possible confrol configurations of sach unil
process are 2, 192, B4B, 200, >1000, 12, 6, >1000, B4, 8, 128, 18, 36, 49, 24, 864 and
140 control configurations respectively. These configuralions can be classified Into 88
concantration control |loops, T pressure control loops, 10 flow rate control loops, 30
density control loops, 13 temperature control loops; 27 feed ratio control loops, 31 time
control loops and volume control 160 loops respeclivaly.
Discussion Conclusion :  In this ressarch, the personal compuler is amployed o
develop the prototype of structural design which was onginally run on workstation. The
validate of this prototype 1o the design of Monazits Pilot Plant is acceptable.
Suggestions/Further Implication : The of personal computer is limited capability
by caloulation and memory, Therefore, the parallel computer should be introduced
ncluding with the expert system and analysks of decoupling index to support designer to
classify the control configurations.
Keywords: Monazite Filot Plant, Structural Control,
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AUMIARMIAN TIBIUAREBIALTENBL(A) { Mass Balance on Component A)
|
An) _2CH) 5 c F - TCF k¥ (16)
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Cause-and-Effect malrix after partitioning in to diagonal form
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Cause-and-Effect matrix afier reverse partitioning in to disgonal form
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Cause-and-Effect matrix after partitioning in 1o diagonal form
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| Abstract

This paper presenis a prototype software system developed to help process
| comtrol engineers and process design engineers evaluate plant design alternatives to
achieve more controllable processes. Being based on structural models; the process
model can be represented by structural form of information allows an early design
stage or a process improvement by exploring the qualitative information Output
structural controllability analysis is introduced and used as the core criterion to ensure
that all plant-design control objectives are controliable, called a ‘controlled plant' The
' analysis of controllability is undertaken via the accessibility and relationship between
control objectives and manipulated variables. By using graphical techniques, not only is
all the accessibility of process variables addressed, but also the extent of relationship.
The framework of the package contains modules to:
= acquire the structural matrix model for each unit operation,
» interactively select control objectives and manipulated variables for each umit,
* integrate the units into a complete plant, to analyze for controllability,
= report the multi-loop control pairing between the manipulated variables and control

objectives, and

e evaluate the alternative control configurations.

| The package utilizes both mathematical and heuristic algorithms imteractively and has
| a library of dynamic models for some common unit operations, Furthermore, this
package includes a flexible interface to commercial flowsheet packages and also a
built-in expert system to belp the designer in the decision-making stage The package is
demonstrated by case studies,

Keywords: Cause-and-Effect relation, Controllability, Graph theory, Process design,
Relative order, Structural evaluation, Structural model.
L. Introduction

In large-scale processing industries, co-operation between the process control
engineer and the process design engineer is essential. This co-operation is needed in
| the early phase of process design when the choice of process structure is still opened.




It is far more cost effective to consider this at an early stage. Most studies of analysis
and synthesis problems in dynamic systems use numerical system models, numerical
analysis and design algonithms. The use of numencal methods may, however, be
tedious, unreliable and even impossible especially in large scale systems especially at
early stage. For many real-world problems these limitations lead to different
conclusions about the controliability of the system in an early stage of design To
overcome these limitations, qualitative structural analysis has been developed by many
researchers and applied to & structural model of the system. This model, expressed in
the form of structural matrices, is slightly closer to physical phenomena since it
requires only information sbout whether or not a varisble is involved in a particular
equation of the system. This concept has been introduced for the synthesis of control
systems by many researchers. The structural controllability criteria seek 10 expose the
systems in which uncontrollability is caused not by mumerical faults but by inherent
structural charactenistics

As mentioned above, process design often relies on creativity and the decision-
making phase will always require some expert knowledge. This knowledge should
specifically lead to a set of variables in the control system An expert system
programming style can promisingly address this simation,

The notion of the controllability of a process structure must play a key role if
we wish to imegrate effectively the design of a process and its control system as
alluded to earlier, Nevertheless, direct application of numerical or algebraic tesis 1o
assess the controllability of a plant suffers from several drawbacks:

1. The plant may appear to be uncontrollable due to an unfortunate choice of the
parameter describing the system;

2. The problem of numerical rank determination is not trivial; and

3. The combined effort of derivation of & mumerical model for the plant and of
determiming its controflability for vanous control structures could be prohibitively
expensive in practice.

These difficulties can be mvoided by considering only the mvariant structural
properties of the system The structural spproach can be the representation of the
synthesis of control system (structural) design Moreover, the evaluation of




configurations can also be achieved by implementing this approach as the searching
tool.

1. Structural Controllability

The numerical controllability analysis depends on the selection (which is
fortuitous) of the parameter values of the system. Even for well-behaved physical
systems the condition for complete controllability may fall a1 isolated points.
Consequently, it seems to be more satisfactory to regard the entries of A, B as
indeterminate with the invariant structural properties comresponding to & dynamic
system. Only some entries which are often precisely zero have exact numerical values.

In the context of “structural controllabifity” and of related "structural
mvestigations”, takes into account only the "structure” of the matrices. This means,
instead of numerically given matrices the corresponding structural matrices of the same
dimensions, are considered. The concepts of "structure” and “structural controllability"
for linear control systems were defined by purely graphical considerations.

3, Output Structural Controllability

After the context of structural controllabifity had been introduced, much research
was conducted mainly to gan a benefit of controllability analysis with qualitative
information. Therefore, the controllability analysis and design procedure can be done
simultaneously especially in the early stage. However, these approaches have a drawback in
that they consider the states of the process rather than the output for testing the structural
controllability. To owercome this fmitation, the ocutput structural controllabiliny' is
introduced as a core criteria in the design of all control configurations.

Definition | (Owtpur structural controllability; [2])
A system is output structurally controllable if there exists independent accessibility
from system mputs to all system outputs.C]

From the viewpoint of structural model system, there are 3 kinds of defection in the
model which will affect the controllability. They are
» The contraction of output and input (Type I)




» Lack of access to output from input (Type 1I)
= Access to output from other output (Type III).

Here, the concept of generating the structural model without effect from those
defections 12 of interest. This model will guarantee the controllability of system. The
relationship between mput and output can imply as the ‘cause’ and ‘effect’ and
represent by the graphical technique.

Definition 2 (Cause-and-Effect Digraph)

Cause-and-Effect relationships between different variables of a system can be
represented by a digraph called the Cause-and-Effect digraph of the process flowsheet,
where nodes in the digraph are the process variables and the directed edges show the
relationships between variables. =

The digraph technique is utilized to search for all possible paths from
manipulated vanables to objective variables before the analysis of defective structural
type Il and type III. Defective structural type I is determined by considering each
subsystem and nominated objective variable for deletion. The major key is 1o check the
dimension of the subsystem after deleting the nominated objective variable in order to
keep their value in some specific condition. In the process of iterations, members of
excess mampulated variables and excess objective vanables are selected. Finally, the
set of Cause-and-Effect relationships iz established in terms of the Cause-and-Effect
matrix. The general idea of the algorithm is shown in Fig. 1
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Figure 1 Flow chart of an algonthm for setting up the Cause-and-Effect Matrix

From the design pomnt of view, all possible ways to reduce the number of
essential process vanables involved in the design procedure 15 preferable. For example,
it is a better idea to link one extra mamipulated variable to such an un-pair objective
variable than establish new manipulated variable Some of an individual Cause-and-
Effect Matrix might possibly merge into one by simply linking between their process
variables. Johnsion ef al [5-6] first introduced am algonthm ‘MNon-local Path
Consideration” (see in Fig.2.) in the context of the regulatory control system which can
set up the path or cause-and-effect relationship between different units (Cause-and-
Effect Matrices) and cause a combination of those units.
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Figure 2 Noo-local path analyss diagram

Usually the pairing of manipulated variables and control objectives are made
within the same process unit, which is called “local™ control. However, in some cases,
for an individual process unit, the number of desired control objectives is greater than
the number of available manipulated variables. It may still be possible to satisfy those
control objectives, however, by linking the unpaired control objectives with the unused
manipulated variables associated with other units. This is called "non-local” control or
inter-unit pairing. However, in some cases the control objectives in one unit (in Canse-
and-Effect Matrix) can manipulate the control objective(s) in another umit It is
preferable and possible to combine those Cause-and-Effect Matnices, thereby reducing
the degrees of freedom of the decoupling effect. In the structural representation of a
state-space system, the two-valoed system description was introduced whereby the
non-zero (denoted by ‘x') represents some cause-and-effect relationship between two
process variables, while zero sets no cause-and-effect relationship. This leads to an
assumption that all non-zero relations are manipulations, However, the syntheses of
large-scale chemical process becomes strongly coupled and the relationships for their
process inputs and outputs are far more complicated than simply manipulations. This
will produce a huge number of possible pairings of process inputs and outputs m
multiple SISO control consideration. In fact, some of the cause-and-effect relationships




may appear to be disturbances rather than manipulations. If these relations (denoted by
‘w") are introduced into the analysis of structural controllability and the synthesis of
conventional control schemes are treated as zero, then the alternative pairing will be
reduced [4] The first modified structural matrix is a matrix having fixed zeros in
certain locations and two types of arbitrary entries (denoted by 'x' and 'w’
respectively) in the remaining locations instead of numeric values, An 'x’ or 'w" placed
at the junction of a row and a column indicates that the column variable affects the row
varable m some sense of manipulation or disturbance From this modification, the
Cause-and-Effect relationships between the process inputs and the process outputs on
the Cause-and-Effect Matrix can be further subdivided into manipulations (*x") and
disturbances (*w"). The algorithm is shown in Fig.3.

For the specific & Causz-and-Effect mairix which has been
modified o we manipulated varisble from amother mit (can
ackdress ‘non-local path'), if the contrl objective & indirestly
inflaenced by the manepalated vanabe, then cxmsider this efect
s disturbance

If there is mo rank deficsency in the modified Cause-snd-effict
matrrx, the modification s mghl. If rank deficrency found.
recomsider ofher as distrbance

Figure 3 Diagram for modification of 'strong’ or “weak’ relation,

the “weak' relation can be implemented as a disturbance.

The order of the matrix may again be reduced by simply merging the identical

stream in plant layout. This Cause-and-Effect Matrix then is partitioned into the
|

diagonal block form in order to determine the generic rank directly. The algorithms
and programs are provided in the set of prototype which have ability to handle both
squire and non-squire matrix. The algorithms are shown as below in Fig 4 and Fig 5.
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Figure 5 Diagram of Re-order supplement Algorithm

By utiizing the diagonal partition Algorithm, the Cause-and-Effect Matrix can
be analyzed in each diagonal block The benefit of this procedure is that the deficiency
structural matrix of such a block can be investigated. Consequently, all possible pairing

can be generated in the block by the following algorithm; a systematic pairing, which is

shown in Fig. 6. The Algorithm of systematic pairing is used in some case studies All

of this procedure is done by interpreting and interacting with the prototype.

Figure B Systemalic diagram of the synthesis of process dasign
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An expert system is said to represent & group of computer programs, along
with knowledge, information and databases, which act together to address problems
that might otherwise be solved by human consultants. The heuristic procedures
promuse to help the designer in the early stages of process design These procedures
derive from qualitative imformation and are classified as ‘deep knowledge’. However,
they often contain sufficient information for determining and implementing optimal
process conditions, Therefore, designing of a regulatory control system to keep
process conditions near the optimal value is possible via an implementation of the
information. The process vanables are simply classified into 2 groups; input and
output. The output variables are ones that ordinarily are associated with exit streams of
a process or conditions inside a process vessel. Controlled variables are the subset of
the output variables which are selected to be controlled in order to satisfy the plant’s
and control’s objectives. The inputs are physical variables that affect the process
outputs, Some of process inputs are specified as manipulated variables. To accomplish
the designing of the control system, every state variables (the outputs) should be
controlled by all available manipulated variables, This is seldom possible. Therefore,
some state vanables should be selected in order to regulate the system. This can be
inferred as the lower-bound in process design that will satisfy the controllable
condition. Hence, the heuristic procedure (as follow) may prompt some good and
reasonable set of process variables. The procedure sometimes cannot be completed on
& once-through pass and usually several iterations are required When controlled
vanables and manipulated variables have been determined, the basic regulatory control
scheme can be constructed. A selection of process variables will now be dealt within a
more systematic procedure. This procedure was first presented by Newell and Lee [3),

These guidelines are hierarchical in nature. They must be treated as guidelines
in & period of decision-making. A self-regulatory variable is a state variable which,
after a step change in one of the input variables, will achieve a new steady state value.
An integrator is an example of a non-self regulatory process variable. In fact even the
self-regulatory vanable can itself adjust to a new steady state, the limits or constraints
of certain equipment must be taken into account. These conditions include minimum

and maximum flow rates in pumps and compressors, and minimum and maximum
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allowable pressures and temperature in vessels Process constramis also play a vital
role in this consideration. The constraints include quality specifications and material
handling limits Again although the state vanables have regulating behavior, if the
particular processes have strong interactions or have a large number of interactions,
those variables must also be controlled. Obvious examples are any fluctuations in
temperature which would affect the reaction rate and the fluctuation stream pressures
which would affect all steam users which they supply. The last guidehne mvolves the
satisfaction of the market. Controlling variables directly or strongly related to product
quality will ensure the achievement of the process designing. The application of these
guidelines is intuitive and depends upon designer experience.

Once the desired number of controlled variables has been chosen from the state
variables, it is necessary to select at least the same number of manipulated variables to
keep the process under control. The guidelines are also introduced in Newell and Lee.

To understand the philosophy of these guidelines, examples of each will be
described. For example, consider a vaporiser which compnses an inflow and outfiow
stream, vapour flow and heating source (see Fig.7 and Fig 8). The mass balance on the
liquid in the vaporiser is a function of the amount of liquid vaperised, inflow and
outflow of liquid Therefore, both inflow and outflow are directly avalable to
manipulate the liquid level (guideline 5}, whereas the amount of iquid vaponised which
also is influenced from the energy balance equations is the so-called indirect
manipulation. The sensitivity or large effect (guideline 6) between potential
manipulated variables and state variables (desire controlled vanables) is easily
demonstrated by looking at the control of level in a reflux drum_ If a distillation column
operates at a steady state reflux ratio of five, it will be easier to control the level in the
reflux drum by using the reflux flow rather than the distillate flow rate, since the reflux
flow rate is five times larger. It is desirable that a manipulated vaniable affects the
corresponding controlled vaniable as quickly as possible (guideline 7). Also, any time
delays or time constants that are associated with the manipulated variable should be
small relative to the dominant process time constant. To demonstraie this guideline, an
amount of hiquid accumulating at the bottom of & packed tower is desired to be
regulated via the inflow and outflow. Changes in the inflow first moves slowly through
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the packing, changing the accumulation of liquid on the packing before altering the
level in the base of the tower This is clearly slower than the outflow which has a
guicker response to the level of the bottom of the tower, It is well understood that the
treatment of such a process variable should avoid the interaction to another where
possible (guideline §). In practice the extent of interactions with other balances or state
equations should be mimmuised. Agmn, consider the vaponser phenomenon. If the
amount vaponsed 15 employed to regulate the accumulation of liquid in the vessel, the
individual component hold-ups will be affected This is because of the different vapour-
liguid equilibrium of each components. Thus the use of the amount vaporised as a
manipulated variable interacts with other state variables. Using guideline 9 alone 1o
consider the controlling of the level in the reflux drum, it 15 preferable to manipulate
the distillate flowrate, as mampulating the reflux flowrate may recycle disturbances
back to the process This may be in conflict with another guideline (guideline 5). The
relative importance of each condition must be considered and the best compromise
selected as the manipulated variable

Distlllation Column

Figure 7 Dnstillation column
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Figure 8 Cause-and-Effect matrix

These guidelines act as a knowledge-base system counterpart, It is designed to
embed into the prototype and to supporn the decision-making procedure. In the early
part of design, the knowledge-base is able to guide and classify process variables
(control variables and manipulated variables) to build structural matrices. After
generating the Cause-and-Effect Matrix, the result also gives an information of the
excess manipulated variables from over-design in structural matrix and the excess
objective varigbles from inaccessibility The knowledge-base system can act like an
assistance to consider those kind of excess vanables. Some of them may be deleted 10
maintain the control possibility. ‘Non-local path analysis’ and ‘system pairing
procedure’ need sometumes the decision-making procedure. Thus, the embedded
knowledge-based system is employed.

4. Evaluation of control configuration
The graph-theoretical representation of a process lends itself naturally to the

notion of a structural interaction; ie. & structural coupling the sense of structural
interdependencies between the process vanables, The basic idea is that by choosing a
manipulated input that is physically ‘close’ to a controlled variable (or has a direct
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effect on it) then a good chance of obtaining favorable static and dynamic
characteristics for the particular input/output pair is possible. The concept of relative
order and the relation to structure model [1] will apply to the evaluation of control
configurations.
Theorem |:

Consider a (non)linear system and its corresponding digraph, Let |, denote the

lengths of shortest paths omitted connecting u, and y, Also, let r, be the relative
orders between u and y,. Then, r, =1, -1 0

For the matrix system which has the relative order as the element, the
differences between off diagonal and diagonal relative orders provide a measure of the
overall structural coupling in the system The larger these differences, the weaker is the
structural coupling in the system. In general, a ranking of the outputs according to
their importance may then be helpful in order to identify the most favorable control
configurations. These conclusions allow the development of heuristic guidelines for the
structural evaluation of alternative control configurations.

Algorithm 1 : (rule base for the evaluation of structural matrix; Srinophakhun,
1994)
Rule 1: Since the major diagonal of the output structural matrix represents an

input/output controlling pair, the lower the relative order in each major diagonal, the
mare direct the effect on the pair.

Rule 2. Since the off-diagonal of the output structural matrix represents a structural
coupling of an input/output pair, the higher relative order in each off-diagonal in each
column, the less favorable the pairing configuration,

Rule 3. Since the off-diagonal of the output structural matnx of which the value of
relative order is e represents an input/output no-eifect pair, the bigger the amount of
guch an element of matrix, the less is the coupling effect of the configuration. 0O

Example 1 (A forced circulation evaporator; [3])

The evaporation system consists of a heal exchanger umi and a vapor
disengagement vessel with pumped recirculation of liquid Vapor is condensed in the
overhead exchanger Various control configurations can be mvestigated for such a
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system. Of primary control importance are the product concentration (L), the
evaporator level (L,) and the system pressure (P;). The system has a number of
manipulated variables which include the steam pressure (P, ), the product flowrate

(F,) and the cooling water flowrate (F,, ). Figure 9 shows a detail of this system with

the process vanables

Forced Circulation Evaporator
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Figure 9 Forced circulation evaporator
The governing equations based on a mass balance analyss are
i":l = f{ﬂ:,P,,F].PI_}_

C, =f(Cy, Fy), (n
P, =(Cy. Py, Progs Fano )

The Cause-and-Effect matrix is Fig 10. There are two configurations to control the set
of objectives after applying the system pairing procedure (in Fig. 11), In order to
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evaluate these two configurations, the relative order is superimposed into those
matrices by applying theorem 1. All possible paths from manipulated inputs to
objective outputs are shown in Figure 12. Therefore, the result form the path searching
procedure can be interpreted into the cause-and-effect matrix in Figure 13,
Configuration | has better structural characteristics, since the diagonal entries
contain the lowest value of relative order ( value *1') which is the interpretation of rule
1 of algorithm |. This analysis so far has established that relative order iz a
fundamental structural concept, which quantifies the notions of "direct effect® and
"physical closeness", express fundamental structural limitations for control quality and
allows the evaluation of structural coupling between input and output variables in a

process.

[= Cause-and=Ef fect Matrix | ={
[Forced Circulation Evaporater
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Figure 10 Cause-and-Effect matrix of the forced circulation evaporator
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Figure 11 Two control configurations of the forced circulation evaporator
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Cause-and-Effect Graph

[

Figure 12 Cause-and-Effect graph of forced circulation evaporator
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Figure 13 Two control configurations with a detail of relative order

5. The prototype

The prototype is built up with several programs mostly coding in C computer
language. It also employs the MATLAB™ as the computational part for searching the
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paths of digraph The interfacial part between the prototype and the G2®, & graphical,
object-oriented environment for building and developing on intelligent real-time
system, 1s also coded The general aim of each program is to represent each algorithm
in this contribution. These programs can either work separately by themselves or work
together in the prototype. It runs on Hewlett Packard® Workstation 750 under the HP-
UX 9.0 operating system and Silicon Graphics® POWER CHALLENGE™ under the
IRIX 6.1 operating system. To comply with the code, each of programs must stay in
the specified directories. The graphical-user-interface, MOTIF® version 1.2, must be
installed in the standard directory of Hewlett Packard” machine in order to comply
comrectly. This prototype is also developed on personal computer platform based on
Window NT, Window 95 and Window 98 operating system The development based
on Visual C++ program Graphic-user-interface i5 generated in some pant of the
prototvpe for convemence. The wet grinding unit in pilot scale monazite processing
plant is demonstrated using this contribution package.

6. Case study
6.1 Introduction

The output structural controllability is the backbone of the structural control analysis
of Lin (1991}, All possible paths from manipulated variables to control objectives
through state variables are generated by using a digraph technique. A new Algorithm is
generated and tested. Hence, this new Algorithm can play a vital role in structural
control analysis. The aim of this chapter is to generate a structural approach for the
synthesis of regulatory control systems for complete plants by using an output
structural controllability criterion, some heuristic guidelines, a novel Algorithm for

non-local control, an assembling method, a partitioning of a structural matrix and a
systematic pairing. A prototype program is generated, which comprises these heuristic
and Algorithms. The proposed method is applied to a traditional test plant, the
expanded Williams-Otto plant.
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Example 6.1

The process studied is the onginal Williams-Otto Plant modified 1o include an extra
distillation column (Column 2), a second reactor (Reactor 2) and another decanter
(Decanter Z). Six organic species are involved (A, B, C, E, G and P) and the plant
produces 20,000 tonnes per annum of a 98% P product. Three exothermic reactions

A+B—=C+D
C+B—=P+E
P+C -G

are carned out in the cooled stirred tank Reactor | to produce the desired product P
from pure A and B raw materials. The by-products C and E have fuel value, Reactor |
operates at 350 K with the hot reactor product bemg cooled 10 311 K in Heat
Exchanger | with cooling water to inhibit the reaction At this temperature, the reactor
product is separated into two phases in Decanter 1, the heavy phase (F4) with 50%
wiw B and 50% w/w G containing all the G in the reactor product, and the light phase
(F3) which is fed to Reactor 2 and gives further reaction ar 360 K by the heating
steam_ The hot Reactor 2 product provides the heating medium for the reboiler of
Column 2. This stream is further cooled to 311 K before passing to Decanter 2, where
the heavy G material plus entrained B is separated out as a lower layer, The upper
layer of Decanter 2 is passed through Column 1, the top product of which is 98% w/w
P with 60% recovery of P. The bottom product from Column 1 is in part discarded, the
remainder being recycled to Reactor 2. The heavy material from both decanters is
combined and fed to Column 2, the top product being 98% w/w B with a recovery of
95% B. The top product is combined with pure B feed before passing to Reactor |
The hot bottom product of Column 2 is cooled in Heat Exchanger 3 with the distillate,
then discarded.
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Figure 14 Expanded Williams-Otto plant

Figure 14 shows the process flowshest and, by using the unit operation hibrary, the
Cause-and-Effect Matrx of each unit operation is set up. There are 11 units. From the
regulatory requirements and the consideration of Johnston ef al. (1985), Lin (1991)
gave a summary of the selection of control objectives and possible manipulated
variables to set up each Cause-and-Effect Matrix. The matrices are modified from the
unit operation library and are shown m Figure 15
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Figure 15 The Cause-and-Effect Matrices of the expanded Williams-Otto plant

From the design point of view, all possible ways to reduce the number of essential
process variables involved in the design procedure is preferable. For example, it is a
better idea to link one extra manipulated variable to such an un-pair objective variable
than establish new manipulated variable. Some of an individual Cause-and-Effect
Matrix might possibly merge into one by simply linking between their process
variables. Johnston ef al (1985) first introduced an Algorithm ‘MNon-local Path
Consideration” in the context of the regulatory control system which can set up the
path or cause-and-effect relationship between different units (Cause-and-Effiect
Matrices) and cause a combination of those units.

Example 6.2 (Consider the expanded Williams-Otio plant in example 6.1)

By utilizing the prototype in further analysis of the expanded William-Otto Plant, the
program shows that F15 which is an objective of Mixer 2 is also a possible
manipulated variable for Column 2 (Figure 16). These two Cause-and-Effect Matrices
can be combined to one Cause-and-Effect Matrix. Normally, a two-product distillation
column is & 5x5 system of five inputs that can be manipulated, and five controlled
variables. Three of these controlled variables (condenser, reboiler holdups and
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| pressure) have to be controlled to maintain stable operation. It has two degrees of
freedom for the control of top and bottom composition. The Column 2 in this plant is

| designed 1o be a one point composition control with all available manipulated inputs.

| Therefore, F15, the feed flowrate in Column 2, is actually not available as a
manipulated variable. That is, with the non-local path Algorithm the real manipulated
vanable needs to be set up from some other units. The Mixer 2 which connects to the
Column 2 has the control objectives F15 and is able to form a non-local control path.

Figure 16 Section of Column 2 and Mixer 2
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The combined Cause-and-Effect Matrix is

= Shew CEM ]:1-

|

Coluen 2 + Mixer 2
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Figure 17 Combined Cause-and-Effect Matrix of Column 2 and Mixer 2

The other non-local path 18 formed from Reactor | and Mixer 1 (Figure 18) which
F18 in Reactor | is assumed to be unavailable as a manipulated variable and also found

in Mixer 1
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Mixer 1 Reactor 1

Figure 18 Section of Mixer 1 and Reactor 1

The combined Cause-and-Effect Matrix 12

Reactor 1 + Hizer 1
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Figure 19 Combined Cause-and-Effect Matrix of Mixer | and Reactor |
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Remarks

| I. During the design stage in some Cause-and-Effect Matrices, some pseudo-

manipulated variables are established for the excess objective variables. This may be

impossible. One solution is possible to form & non-local path of any other units with

unpair (available) manipulated vanable(s).

| 2 In the same manner, & pseudo-control objective can be used to define any control
objectives which are clearly not the critical points in the regulatory control system

| Hence, the pseudo-control objective will leave its manipulated variable(s) available
for any other Cause-and-Effect Matrix and can combine to a considerable extent

hAsE=r 1

Heat Exchanger 3

Figure 20 Section of Mixer 1, Reactor | and Heat Exchanger 3

T17 in Heat Exchanger 3 can be considered as & non-critical control objective, so it
can be treated as a pseudo-control objective. This means the Cause-and-Effect Matrix
of Heat Exchanger 3 can be merged into other Cause-and-Effect Matrices if a non-
local path from T17 can be formed (Figure 21). The non-local path Algorithm was
utilized and the searching found that a non-local path
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Figure 21 Combined Cause-and-Effect Matrix of Mixer 1, Reactor 1 and Heat
Exchanger 3

Conclusion

The novel non-local path consideration is introduced and verified in this problem.
Three non-local paths are set up. The mumber of Cause-and-Effect Matrices reduces to
& The new Cause-and-Effect Matrices show the contraction structure which needs to
be reconsidered to achieve the aim of structural controflability. The contraction

structure from setting up paths is:

P4,F1ﬁ=&ﬂ5:}ﬂlﬁh or Lel,
Fo,F17=FlE=TIl or Sirl or Fa/ls

Example 6.3 (Consider the expanded Williams-Otto plants in example 6.1)

mmlmﬂmm&ammmﬂﬂngcﬂmlmdhﬁxﬂimumnmmmﬂn
mm[ZDhjmﬁvmmnmﬁ'nmimuﬂwllﬂWﬁalﬂm variable;
F4,Fl6 = F15 = Cl6b or Le2). A choice between F4 or Fi0 as manipulated

variable will remove this contraction structure. The F4 is selected while F10 is treated
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as disturbance (‘w' in structural matrix Canse-and-Effect Matrix) The combined
Cause-and-Effect Matrix of Column 2 and Mixer 2 is shown in Figure 22.

T2 INTELLIGENE [WIERFALE

Mixer 2

' Figure 22 Combined Cause-and-Effect Matrix of Column 2 and Mixer 2 after

modification

F17 is treated as disturbance to svoid contraction structure and the combined Cause-
and-Effect Matrix of Reactor 1 and Mixer 1 is shown in Figure 23.
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modification
Finally, the combined Cause-and-Effect Matrix of Reactor 1, Mixer | and Heat
Exchanger 3 is that in which F16 is equal to F17 and the Genenic rank is 3, a full
generic rank, Lin (1991) stated in detail that of this combination T17 of Heat
Exchanger 3 is a non-critical objective, so F16 and F19 are available to form a non-
local path, especially to the downstream unit Therefore, the non-local path
F16,F19=> T15 =TI is formed In addition, because both FI7 and F16 are the same
stream, F16 in the combined Cause-and-Effect Matrix will give an effect to the
objectives in the same manner {except for T1)

Figure 23 Combined Cause-and-Effect Matrix of Reactor | and Mixer 1 after

= Cause-snd-Effect Hatrix

s
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T X i x |

Cirl 5 b -

Fa'lE x W
o |
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Reactor 1 = Mixer 1 + Heat Excharger 3

Exchanger 3 after modification

Figure 24 Combined Cause-and-Effect Matrix of Reactor 1, Mixer 1 and Heat

This procedure is run automatically by the prototype program. The program needs an
interaction with the designer at some step. After the analysis, the Cause-and-Effect
Matrix of every unit reduces into 8 as shown below (Figure 23),
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Figure 25 Cause-and-Effect Matrices after ‘non-local path’ analysis

Example 6.4

All process units and combined units of expanded Williams-Otto Plant are assembled
(Figure 26). The Algorithm shows that either Fl or F2 can be selected m the
combining procedure. Also one of F5, F7, F& and F16 or F17. Fl, F5 and F16 is
selected and the relevant columns have to be merged
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Figure 26 Expanded Williams-Otto plant afier assembling procedure

Then, the Cause-and-Effect Matrix of the whole plant is generated and shown in
Figure 27
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Figure 27 Whole plant Cause-and-Effect Matrix
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The Plant's Cause-and-Effect Matrix contains 22 possible manipulated variables and
21 control objectives as shown in Figure 31. Pairings between elements from rows and
column which relate by ‘x' relation can be directly made on this Cause-and-Effect
Matrix. If the Cause-and-Effect Matrix can be partitioned 1o smaller blocks in a
| diagonal form, the system pairing can be easily made on each block separately. In the
next section, some Algorithms are introduced which may partition a structural matrix
into the block diagonal form, so that the genenc rank of the matrix can be directly
\dentified.

Example 6.5 (Conclusion after applying diagomal form inio the Cause-and-Effect
Matrix)

The Cause-and-Effect Matrix can be re-ordered and diagonally partitioned into lower
order diagonal blocks. In block 7, rank deficiency 1s found, and one control objective
needs to be deleted. The less crtical control objectives, Vr2 may be deleted while Str2
has to be left. Block 12 and block 13 have more columns than rows, so the diagonally

reversed partition method may be applied to them for further partitioning.

Example 6.7 (Conclusion after applying reverse diagonal form)

The diagonally reversed partition is applied to block 12 and block 13 and the lower
order diagonal can be obtained. There are two excess manipulated vanables, which are
revealed by blocks 12 and 16 (Figure 28). One of Fh2 and Fw4 and one of F6 and Fw5

are congidered for deletion to remove the redundancy. In this analysis, Lin (1991)
deleted Fh2 and F6. re-ordered the Cause-and-Effect Matrix and diagonally blocked
the final Cause-and-Effect Matrix. The result is a triangular form with unique multiple
SISO pairings. However, in block 12 and block 13, an alternative configuration of the
pairing can be obtained by a systematic pairing Algorithm.
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Figure 28 An example of using System pairing part for expanded Williams-Otta Plant
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(Continued)
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By utilizing the diagonal partition Algorithm, the Cause-and-Effect Matrix can be
analyzed in each diagonal block. All possible pairing can be generated in the block by
using systematic pairing Algorithm B
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Figure 30 An example of using System pairing part for expanded Williams-Otto Plant
(Continued)
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The Algorithm of systematic panng s used in block 12 and block 13, The

configuration in Figure 32 is one of all possible control configurations. All of this
procedure is done by interpreting and interacting with the prototype.

Figure 32 The expanded Williams-Otto plant with selected control configuration

7. Conclusion

When using structural approaches to synthesize control structures, the designer
can alter a process ﬂnwahmmmmtth:lnwhnundufnnmdmmmlhhﬂity.
Therefore, the system with structural uncontrollability can be treated without penalty
before expecting the process control design system o be controllable. This structural
controliability viewpoint is clearly an advantageous technique because the designer can
improve the process controllability in some way by utilizing only structural
-formation. the evaluation of all possible control configurations is approached by
addressing the relative order between a pairing of manipulation and object This
relative order is detected directly from the searching of the Cause-and-Effect graph.
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STRUCTURAL MODELING
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ABSTRACT

To achieve the situation of lecking information to describe the process system,
structral modeling Is Introduced and employed. In so doing the process model can be
represented by structural form of information. This will lead 1o the capability to understand the
process even In the very eary stage of design, which some necessary information can be
supplied,

This paper sims to intraduce such a kind of this powsrlul technigue which promises to
help engineers in the early phase of design
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. INTRODUCTION
In large-scale processing industries,

bo-operation batween the process control

nginesr and the process design snginest
essantial. This co-operation Iz needed in
early phase of process design when
e cholce of process structure s still
n. It is far more cost effective to
ider thia at an early stage.
Most studles of esnalysis  and
ynthesis problems in dynamic systems
numaerical system models, numerical
nalysis and design algorithms. The use of
maerical mathods may, however, be
s, unreliable and even |mpassible
apecially in large scale systems. For many
albworld problems thess Emitations lead
different

conclusions sbout  the

trollability of the system in an early

ge of design. To overcome theze
Emitations, qualitative  structural anehysis
has been developed by many researchers
and applied to a structural model of the
siystem. This modal, expressed In the form
of structurel matrices, s slightly closer to
physlcal phenomena since it requires only
tien about whether or not a varfable
involved in & particular squation of the
m. This concept has been introduced

.

for the synthesis of control systems by
many  researchers. The  structural
controllability criteria seek to exposes the
systams  in which  uncontrollability Is
coused not by numerical faults but by
inherent structural characteristics.

Usually, process design often relies
on creativity and the decision-making phase
will  always require some  expert
knowledge  should

specifically lead to & =&t of varables in the

knowledge.  This

contrel  system.  An  expert  system

programaming style can promisingly address

this situation.
The notion of the controliability of

8 process structure must play a key role f
we wish to integrate effectively the design
of & process and Hs controd system as
alluded to esrlier. MNevertheless, direct
application of numerical or algabraic tests
to sssess the controllability of a plant
suffers from several drawbacks:

1. The plant may appear to be
uncontrolisble dus 10 an unfortunate
choice of the perameter describing  the
system;

2. The preblem of numedesl rank

datermination is not trivial: and




3. The combined effort of derivation of s
numerical’ model for the plant and of
determining its controftability for variaus
cantral structures could be prohibitivedy
expansive in practice,

These difficulties can be svoided
by considering enly the invariant structural
properties of the system. The structural
approach can be the representation of tha
synthesis of eontrol system [structural)
design. Morecver, the avaluation of
configurations can also be achisved by
Implementing  this  approach a3 the
saarching toal.

ll. STRUCTURAL CONTROLLABI-
LITY

The nurmerical contrallabifity
analysis depends on the selection [which is
fortuitous] of the parameter values of the
aysten. Even for well-bahaved physical
aystems the condifion for complate
contrellability may fal at isolated points,
Consequantly, It seems to bs more
satisfactory to regard the entrles of A, B as
Indeterminate with the invarlant structural
proparties comesponding to & dynamic
systern. Only some entries which sre often

precisely zero have exact numerical values.

In the context of ‘siryetural
controllability’ and of related ‘structucsl
invastigations®, takes into eccount only the
‘structure® of the matrices. This means,
instead of numericelly given matrices tha
corresponding  structural matrices of tha
same dimensions, afe considered. The
concepts of ‘structure® and “structursl
controltability” for linear control systems
were defined by purely graphical
considerations.

Definition 1  {Structural rmatrix,

Al

A is called a structhural matrix if its entries

are either fixed to 2ere velues ar arbetrary

{denoted by x} elements. An x placad at

the junction of & row eod solumn indicates

that the column variable affects the row

variable in some way, W

Definition 2 (Directed graph

associated with A)

Consider o struchural matrix A of thimension

nXm. The directed graph G4} =V

consists of :

L. a finite set of verticas (nodes) V =
{¥y..v,) and

2. & finite sot of edges [branches) E =




L ]

Eagh edge (branch) ia sssociated with an
ordpred pair of vertices (nodes),
Dafinition 3 (Generic rank of
st ral matrix)
Generc rank of 8 structural matrix A is the
m rank that A achleves as a funchon
of iz erbitrery (non-zerc) elements.
nition 4 (Structural system]
A | structural system S which s
characterized by the sets of matrices [A,B]
{or{lAB.C), or (A.B.C.DJ is an orderad pair
of those structural matrices.
The structural model of the systemn

expressed in the form of stuctural
matrices Is closer to physical reality since it
requires only information related 1o
whether or not a variable is involved in &
pamiculer equetion of the system,

Il OUTPUT

CONTROLLABILITY
After the context of structural
controllsblity hed been introduced, much
rassarch was conducted mainly to gain  a
besefit of controllability analysis  with
qualitative  information.  Therefore,  the
controliability analysis and design procedure
can be done simultanecusly especially in the
ealy stage. However, these spproaches have

STRUCTURAL

a drawback in that they consider the states of
the process rather than the output for testing
the structural controflability, To overcoma this
limitation, the output structural controllability’
is introduced as a core criteria in the design
af all control configurations.
Definition 5 (Output structural
cnntraﬂabiﬁlr:}
A system ks owipul structurally controllable
if there exists Independent sccessibility
from system Gnputs 1o all system
r;nutputn..
From the viewpoint of struchsal
model system, thera are 3 kinds of defaction
in the medel which will affect the
controllability. They are
® The contraction of output and input
Type 1]

® Lack of access to output from input
(Type 1)

® Accass to output from other cutput
(Type ).

Hare, the concep! of generating
the structural model without effect from
those defections ia of Interest. This modal
will guarantes tha controllability of system.
The relstionship between knput and output
can imply as the ‘ceuse’ and ‘effect’ and

represent by the graphical technique,
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Definition 6 (Cause-and-Effect
ngraphil

Causs-and-Effact relationships  between
different variables of a system can be
fepresented by a digraph called the Cause-
and-Effect digraph of the process
flowsheet, whers nodes in the digraph are
the process vanables and the directed
edges show the relationships betwean
variables, [

The digraph technique |s utilized 1o
search for &l possible paths  from
manipulated variables 1o objective variablas
before the analysis of defective structursl
type Il and type Il Defective structural
type 1 |z determined by considering each
subsystem  and  npominated objective
variable for deletion. The major key is to
chack the dimension of the subsystam
after delating the nominated objectiva
variable in order to keep their valus In
some specific condition. In the process of
iterations, members of excess manipulated
variables and excess objective variables are
selected. Finally, tha sst of Cause-and-
Effect relationships |s established in terms

| of the Cause-and-Effect matrix.

IV. EVALUATION OF CONTROL
CONFIGURATION

The graph-theoretical represen-
tation of a process lends itself raturally to
the notion of a structural intersction: |.e. a
structural coupling the sense of structural
interdependencies betwesn the process
variables. The basic idea s that by
choosing = manipulsted nput thet |s
physically "close” to 3 controlled variable (or
has a direct effect on it) then a good
chance of obtaining favoratle static snd
dynamic characteristics for the particular
inputfoutput pak s possible. The concapt
of relstive aorder and the relaion 1o
structure  model  wil apply o the
evatuation of control configurations,
Theorem 1:
Consider & [non)linear system and fis
corresponding digraph. Lel |, denote the
tengths of shomest paths omitted
connecling u, and y,. Also, lat I; be the
relative orders betwean u; and y,. Than,
i=l=1 |

For the matrix system which has
the relative order sz thae element, the
differences  betwesan off diagonal and

diagonal relative orders provide a measure
of the overall structural coupling in the




BY . The larger these differances, the
weaker Is the structural coupling n the

. In general, a ranking of the

sccotding to their imporance may
then| be helpful In order to identify the
favorable contrel  configurations.
conclusions allow the development
¢ guidelines for the structural

of altemative control

1: Since the major disgonal of the
structural malrix  represents  an
{ controlling pair, the lower the
relative order in each major disgonal, the
m-T direct the effect on the pair.
F'.uI 2: Since the off-diagonal of the output
:::tnnl matrix represants a structural
ing of an inputioutput palr, the higher
rll+tht order in each off-diagonal in each
m#lm, the less favorable the pairing
| b,

3: Since the off-diagonal of tha output
me:mmmHMuam
refstive order Is oo represants  en
irT,rLloutput no-effect pair, the bigger the
‘amount of such an element of matrix, the

less Ia the coupling effect of the
configuration. |

This analysls so far has established
that relative order is & fundamental
structural concept, which quentifies the
notions of “direct effect’ and “physical
closeness”, BXIESS6S fundarmental
structural limitations for control quality and
allows the evaluation of structural coupling
batween input and output varisbles in a

process.

V. CONCLUSIONS

The peocess leading to the
synthesis and design of processes is
summarized in Figure 1, Tha terms
“Clualitative property™ and =Semi-qualitative
property™ refer to structural property. The
systernatic  procedure  begins with  the
general idea of process design and ifs
properties. The expert sysiem can guide
and support 8 knowledge-base involving
the information of process varisbles. The
structural controllabiiity analysis requires
minimum criteria to justity those models,
Designars nhesd to reconsider 3some
previous steps: flowshest reafrangament,
more information in modeling: and iterating

to ochieve stuctural controlisbility, The
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expert system can ftake part in the
decision-making step to reconsider and
consider an overdesigned flowsheet, From

and controllsbility can possibly be archived
at this stage. In some cases, lmited
information makes this stage hard to

these stsps, all possible control aocomplish. The evalustion based on a

configurations will be nominated. The gualitative method should be taken into
designer should now consider the sccount. Finally, 8 process design, or set of

avaluation of the alternative configurations. tham, emerges in which the designer can

More information is required 1o generate a guasanise tha controllability.
quantitative analysis. The numerical model
Cenenal idead af
process dail g
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Reoomeider Fhorwakie )
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—'GEJT‘
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Figure 1. Systematic disgram of the synthasis of process dasign
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ABSTRA

“This pnper A profotype sollwire sysiem developed 1o help process control eiyineers and process design engineers
evaluae t design allemalives 1o achiove more comrollable processes. Being based on siructurml models allows this o
be done af an enrly design stage or when procoss improvement is suggesied by exploring the qualitiive information.

Culpur ral controllabality anilysis is introduced aid wsed ns Ui core criterion 1o ensure that all plant-design controd
ohjectives are contrallable. called a controlled plan’. Thee analysis of controllibility is underiaken via the acccssibility and
relationship between control objectives snd manipulaied vairiables By using gmphicil lechiiques. not only is all the
nccessibility of process varinbics addressed. but also the extent of relationship, The frimework of the packnge conting

modiiles |
®  acquire the stracturnl matrix modad for eaclh unil operation.
= imeractiely scloc control objecties aind manipalated varisbles for ench unit

the units inte 1 complete plast, 1o arabyvee for controllabiliy,
suilliloop conirol [Euning between il manipulied varisbles and control ohioctives. and
* evishusehe sliermative control confizurations.

The pockage wtilizcs both nuilenttical and Newrstie slgorithims imbernctively med has a librry of dyicunic models for
sorie congon unil openitions. Funhcrmors. this packige includes o Aexible interfice 1o comnercial Nasishocting
puckigcs alsa o baili-in cxpent sysan 1o help the designer in (he decision-nuking stage. The packnge is

by case studics.

Reywords nd-Efficct rebuion. Controlkabifity, Grah tleery, Proccss design. Relaibve order, Stnactiiral
evilonntion, Basctural wodel,

sion between the process costrol engineer and the process design engineer is needed i e carly pliase of
process d: It is Eir mwore cost effociive 1o consider Uiis bocsse (e controtled plant is the best goal. Cunlitative
structurl agalvsis is introduecd inlo this procedure becsmse using of numerical methed is iedios, wireliable and cven
nnpossibie tally i large scale sysiems. The expression of the wielysis in the form of sinictire moded s shightly closer
o plosicnl plenanenn sinoe it requines only infermation sbour whether or nal o variable is inodved [ a parrticular
cuislion of the system. This concepl his been introduccd for the synihesis of comrol. The stmctunl controlkibility criterin
sock lo expose the sysioms in which imcontrollabilite is eaused ol by muneries] Bailts bl by ihierent structuiral
chursienstics. All possible singlc-input single-ouipel conlrol loop iifings con be simwkied fron the strucieml model
approach. guidelines for the stuctury] evalustion of aliernative control configuritions based on control quality
clarcieristics md st conpling considenions is considered 1o rmk all alicrmatives.

QUTPUT UCTURAL CONTROLLABILITY

Alier the of structursl controlkibility had been introduced, much ressrch was conducted mainly 1o gain o benclit
of controllaliility melysis with qualitative information. Therelore. the controllabiliy soalysis and desipn procedure e be
donc simubancously espocially in the enrly stage. However, (hese approaches lowe &) drmback in Ui ey congider the
staics of (e process mther i the outpul for testing e structuml contrallabiliy. Te overcome this mitsion, the aulpiil
strictuml cottrallability (Lin, 1991 is inroduced a3 4 core criveri in Uhe design of ll contral configurations.

Detinition Z6 Fhutpnt strwrctvred exnntrofiab iy Lin, 1991 _
A sysicin is pulpul structurlly comoltable i thene exisis indepentlent nocessibility from system inputs 1o all sysicm
o a5,

13%




nt of stretursl model :'wcm. there are 3 kinds of defection In the model which will affect the
lity, They ane

* The of outpudt sind fnput (Type 1)

. ol nccess 16 outpul from inpat (Type I1)

. to oulput from other output (Type 111),

Here, the of generating the structurnl model without effect from those defections is of inlerest, This model will
the controllubility of systen. The rebationship between input and oulput can imply as the “cuse” and “cffoct’

and by the graphical techninue.

Definitiog 3.7 (Comse-ond-Effect digraph; Lin, [994)
refatiouships between differens variobles of 3 sysem e be represenied by o digraph called the Causs-

digmph of the process Newsheet, where nades in the digraph are the process variables sud the direeted edyes
shoa the hips beiweei variohles @

techuique is wilized 1o search for all possible paths from manipulied variables 1o objective varinbles before
of defective structurml type H and iype 111 Defective structural ipe T is deteniined by considering each
subsysienmiand noanfisded objoctive virkible for deletion. The major key is o check (e dinension af the subsysicn uller
deleting naminated ohjective varable in arder 1o keep their value in some specific condition. In the process of

emliong, s of excess mamnipulated varables and exoess ohjoctive varinbles are seleeied, Fireilly, 1l 51 of Cagime-
MEH{;:MW is establishod o donus of te Cwse-and-Effect matrie. The general idesy of the alporithin is
showan in

g |.

Wlw digrnph jeahnigue oo adeabily il puths
Trasm mnnipulated varinhles 16 clhjuediive
simriolslo=

Cicndrmty mat ol paiihis s g ir oo

Dufizativa typa I oad 11 csin be detested hy
saTming (sl gl thair meniiers

:

Hart upy sel af paths which have no defestive
g 1T morad 101

+

Hanrsh for wdentical pachs (P ilhverae is no thaen
st oF pothes his o contrmsting =trusiurms.

+

! By sonsiduering the identicul povir. the wat oFf
] preithe and thaiv members are aodified wnd
sraniod o lempory sot of crelocted objectiive
] fiar dalating.

:

Cunsidor dimension of the modified set of
puthe, iF thera is no santmiction. then the
i inaled uhjestive is the right seluation. IF
ihers in =1ill asnirstion. sonslder anotlies

abjootiven,

Drnte to Mnd snother idestical paths.

Figure | Flow char of an algorithm for saiting wp the Couse-and-EfTeet Mutrix
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EVALUATION OF CONTROL CONFIGURATION

The ical represcotation of o process lends. Hsell naturally (o he notion of i strctumil intersetion: Le. a
| coupling the sense of structurl interdepondencics between the process varisbles, The basic idea s that by

choosing a manipulmed fiput Uit is physieatly “close’ 10 a controlled variable (or has o dircct elfect on i) then o good

chance of oblaining fwvomble static and dynamic claracieristics for the panicudar inpubioulpat pair is pessible. The

concepl of relalive onder and the relation 1o structire mode! {Daowidis and Krvaris 1992} will npply 1o the evalumntion o

cantrol cgnlfigurations, .

Thee [ B
Cousideria (non)lineir gysiem and its correspanding digraph. Lot I'q dene the lengihs of shorcst potls oinitied
connecting W) and . Also, let 1, be ihe relmive orders between U Y, Then 1, =1, =1, o

Far Use matrix sysiem which las the relative order a3 the clement. the dilferences boveen off dingomns] and dizgonal
rekilive o provide a measure of the overall structiml conpling in Ue symen. The larger tiese differences, the wenker
is the vl coupling in ke sysien In geveril a pking of the ulpuis noconding 1o eir impariance nuy then be
helplul in order to identify the most Bnomble control configurmiions. Those conclusbons dllow the developney of
bewristic 1ies for the structeril cvilintion of aliermative contiol configurions.

Algnrithay § vl bave fir the evertwation af sricieal uitriz: Srinophalho, 1996)

Rale 1: Use mujor diagomil of the ouymel structuml nusiris FEpICEEnks an bpaatn contnolling pair, the lover the
relative n eneh mujor dingonal. e more direet the effeet on the pair.

Rtk 2: Sipee the ofT-diagonal of the outpul stvcturil nitrix repecsents 3 sinactural coupling of s inpatfoutput pair, the
higher relative onder in each olf-disgonal in cach column, the less Envoribls the pairing confignrtion

Rule J: Shwe the off-dimgonl of the eulpal stractaral matrix of which the value of rekilive order is o0 ropresems an

Hpuboute mo-ciect pair, the bigger the amount of such i chemcid of serix the less it the coupling effect of the
configunion. |

This algorthm is an hicmrchical by smsture. The major degonmal represents (e degroe of offeet belween manipubed inpu
joctive oulput in the control confipgursion, Rule | is mormnilly i prinery consideration for good elumcicrisiics.
e 2 and Rude 3 plr o supplementane: role 1o classify thase configurations.

is ncilypis g0 far heis cstnblished (i refative onder is » Rusdamental struetural concepl, which qzudifics the notions of
“direct effect” and “physical closencss”, expresses findmenial sncinnd Hmititions for comtrol quality and albows the
evaluntion structiral conpling between inpat sind oupat variables in i process,

Exampile 3 (1 frced edrerdation evegpiearetien; Nimvedl g e, 190

The evaporilion sysicm consisis of o e exchanger wnit and a vapor disengigonsen vessel with premped recinculimlion of
liquid. Vinpor is condensed in the overhend exclanger. Various control conflgemiions can be imvestinied for such 2
system. Of prisary control imporance are the product concentrtion (C, ). the evaparaior beved { L, ) and the sysiem
prun:r:{f'_.}. The system s a number ol manipulated varisbles which inchule the steam pressure { Py, ) the product

Newratel Ky ) and the eooling waser Newrme ( Foui ). Fignre 3 shows n detil of s sysiem wiih the process variables.

Thie goventing cquations based an o mass balance milysis nm

J:.': - ﬂ:':: . P.: -FJ -Fl-m L
C, =f(C,.F.),

F:‘ - f{CJHF:IP:IHHFm]'

-




Figure 5§ Farced circulation evaponior
The Cruseand-Eifoct nenri: &

- Cause=snd=E Ffect Hsiriz |'- EII

[Forced Circulation Evaporator

F2 Floo  F200
L2 x b ¥
cz o

P2 = X 5
Al pozsible excess manipulaced varishlss,

All possible excess manipulated verishles,

Ll
L I
Figare & Causc-and-Effort mminix of the forced chrenlation evapormior

There iire o configumtions 1o control e sct of obaecines aller npplying the system poakring procedure (in figure 7),

Fs Puw Finm I IO
C, % C, X
L.=| = «x X Ly=} x =x x
Py X x X P, XX X
- Configuration | Configuration 2

Fiynire 7 Two control configurmtions of the forced circulation oIponilor

In order to evalizmie these two configunitions. the rekitive order is supcrimpesed ino those natrices by applying Useorem
1. All possible paths from numipulated Mpiits 1o objective oulputs are shown in Mgune Y. Tlerefore. the resull fann the
path scrching procedure cun be interpreted into the ousc-md-clfoet mumrix in fAgure &,

F! Pl‘l-l' F:'l-l-l F! F:'l-l.l F‘IIII
I Cs | @ = : C, I & =
| Ly={ 1 1 2 B, =F1 2
P 2 | I Py 2 1 /
’ g Conliguration | Configuration 2

1 Fignre & Two control confignritions with n detail of redative order
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I lias betier siocteml clarcieristics. sinoe the diagonal cntries contain the lowest vadue of reliive order {
vahee | 1) which is the inmerpretation of nle | off slgorithin |

v/ THE PROTOTYPE
The ype i built wp with seversl programs mostly coding in € compier buyggge, I also cmplovs the MATLAB™
as the computaiionsl pant for senrching e gaibs of digraph. The imerfactl part between the protolype med the G217, =
object-oricmied environmcnt Tor building and developing on iniclligent real-time sysien, is also coded. The
alm of each progrum is 1o ropresent cach algorithan in this comribution, These progrmns cGin cither waik
5= ely by themsehes or work together in the protolype. 11 s on Hewilen Puckard* Workstndion 750 under the HP-
UX 90 operaling svsicm and Silicon Graphics™® POWER CHALLENGE™ wnder the IREX 6.1 operming system. To
with the code, each of progrins swist stay in (e spoeified directories. The griphicyl-useranierfice, MOTIF"
1,2, st be insalled in the sEudird dircctory of Hewlen Pickird ™ nuchine in onder 1o camply correatly.

SIONS

using structural approaches 1o symhcsize contrel strciurcs. 1w designes G alier i process Nowsheet o mect the
lewer| bound of structurl conirollnbility. Therclore. the system wilh sirciuml nnconirollability G be ircabed witloul
penally before expecting the process control design systent 1o be controllable. This struciural controlinbilily viewpaiit is
clearly an advantigeous technique bociuse the designer c:m improve e process cosdrotlability in some way by ulilizing
only ural informeition. the evaliion of wll possible coutral configurations is appronched by addressing the relative

nd-Effect graph.

RE DIRECTIONS

nernl madule for interficing with conmercial design packnges is sull being generated in Graphicnl User Interbos
PC-txised version is alsa being developed. Expen Sysicms and Decision Suppont Sysioms can be applicd i iy
where interactson with the desiyner is required. Caise siudies are being soughi 10 12 e reliability of the package.
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To Iﬁnvuﬁglle modemn chemical processss, the graphical technigque is presented and

udied. 'I"hll nature of graphical implementation which analyses the processes by their physical
chhip is the vital advaniage of this technique.
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The analysis of controllability and observability are undenaken

tion. This procedure allows process designer evaluate the plant design alternatives 4 an
stage, where information is insufficiency.

This paper presents the review of the graphical technique and jis implementation of

analysis. Supercritical Fluid Exuaction process & demonsirated with ihe using of

toalbox of MATLAB environment. The result confirms that the plant can be cantrolleq

mode] velw point.

= Graph theory, structural properties, controllability, observability.
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