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ABSTRACT
s St s Satw

This thesis is concerned with the on-line determination of the
optimum operating condition of some systems where the optimum solutions
are computed using their simplified mathematical models whose parameters
are periodically updated by comparing models and real processes outputs.
In each case two problems have to be considered., Firstly, a parameter
estimation problem to determine model parameters and, secondly, a system
optimisation problem where the model is employed to determine the opti-
mum operating condition to optimise a given performance criterion. In
general, the mathematical model will not completely represent the struc-
ture of the real system and/or it is deliberately simplified in order
to facilitate the computation of the optimal input condition and involve
the estimation of fewer parameters, Hence, the two problems interact
and several iterations betﬁzen parameter estimation and system optimisa-
tion will be required before the final correct optimum condition is
achieved. By treating the two problems of system optimisation and para-
meter estimation as two interacting subproblems within an integrated
scheme and then applying hierarchical system theories of decomposition ‘
and subsystem coordination, several alternative techniques which take 1)
account of the interaction between the subproblems have been developed,
Particular attention is given to a procedure which may be regarded as a
modification of the two-step approach, commonly employed in industrial
practice, in which the optimisation problem and the parameter estimation
problem are treated separately and solved repeatedly until a final con-
verged solution is obtained. The modified technique results in extra
terms added to the optimisation objective function to emsure that che
correct optimal operating condition is finally achieved on the real

process in spite of model inaccuracies.,

The technique is shown to perform satisfactorily in simulation

studies of the following cases:

(i) Simulation of a chemical plant process where feed flow rate,
reaction temperature and recycle ratio controller set points
are adjusted to maximise the net rate of return. It has
been assumed that the plant achieves its new steady state
condition in between each change of set points, so enabling
a steady state model to be used for the simulation investi-
gation. In addition, the simulation is employed to investi-

gate the effects of real process measurement errors.

11



(ii) Development of the above investigation for consideration of
how the dynamics of the plant affect the performance of
the algorithm.

(iii) Extension of the algorithm to an investigation of using a
dynamic mathematical model in order to design a feedback
control system where the gains are adjusted to optimise a

given performance index.

(iv) Application of the design technique to the optimal feedback

control of a synchronous generator system.

x1id



CHAPTER 1: INTRODUCTION

Due to increasing shortage of natural resources and energy, and
rise in prices of raw materials, it is necessary to operate industrial
processes as efficiently as possible. In order to achieve and maintain
the most efficient operating condition, on-line digital computer control
optimisation can be performed. Employment of such a technique requires
a mathematical model whose parameters are estimated by comparing model
and corresponding real process outputs. Hence, the parameter estimation
problem can be defined as evaluation and adjustment of the unknown para-
meters within the mathematical model in order that the response of the
model is in agreement, as closely as possible, with the response of the
system. In other words, the parameter estimation problem is an attempt
to determine the unknown parameters in a mathematical model which rep-

resents a physical system.

On the other hand, the problem of optimisation is of concern when
input conditions to the system are to be determined in order to satisfy
a defined performance criterion. The optimisation, or optimal control,
is determined from the mathematical model and the results obtained are
used for manipulating input feedback controller set points in order to
achieve and maintain the process at its optimum steady state operating

condition.

Many practical systems require a sophisticated mathematical model.
It is well-known that present-day optimal control simulation may require
a prohibitive amount of computation for such complex models. It is
often advantageous to employ a simplified mathematical model containing
fewer parameters to be estimated and which facilitates the computation

of the optimal input conditions.

Because of the above deliberate siﬁplification and also due to un-
certain structure of the mathematical model, it will often not represent
the real system faithfully. Hence, optimal controller set points derived
from the model may no longer be optimal as far as the real system is
concerned. In this situation the parameters whose values are to be esti-
mated may be dependent on controller set points. These properties cause

interaction between the two problems of optimisation and parameter esti-

mation.

In attempting to overcome the interaction between the optimisation

and parameter estimation problems, integrated schemes have been developed.

1
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Haimes and Wismer (1972) and Roberts (1977a, b) have described some
different approaches to the joint problem, namely the two-step approach,

the epsilon constraint approach and the parametric approach.

The two-step approach is the usual technique for tackling the com-
bined problem. In this case the parameter estimation problem and opti-
misation problem are each treated separately and solved recursively
until, hopefully, convergence is obtained to the correct optimum opera-
ting condition on the real system. The g-constraint approach replaces
the parameter estimation problem by an inequality constraint related to
the accuracy of estimation. The parametric approach formulates the com-
bined problem using a bicriterion function which is then replaced by a

parametric formulation.

It is claimed by Haimes (1968) and apparently shown by Olagundoye
(1971) that the parametric and e-constraint approaches are superior to
the two-step approach when the model is not a faithful representation

of the real system.

In general, the above techniques have failed to take account of the
gradient condition, given by Durbeck (1965), and they have only considered
model parameters as interconnection comstraints. Durbeck (1965) has
analysed the two-step approach and has shown that the correct optimal
condition at the final converged point will not be obtained unless the
derivatives of real process outputs with respect to the manipulable in-
puts are matched with corresponding model derivatives. Foord (1974) has
extended the work of Durbeck (1965) by describing how the model structure

may be chosen to make sure that the above gradient condition is met.

Following from the work of Haimes and Wismer (1972), Roberts (1978)
has applied hierarchical systems theory to decouple the interaction bet-
ween the optimisation and parameter estimation problems. This will
achieve the required output gradients condition without the use of the
appropriate model structure. This technique can be considered as a modi-
fied two-step approach which considers model inputs as well as parameters
as interconnection constraints. In this approach extra terms are intro-
duced to the optimisation performance index which will overcome the dis-
crepancy existing between model and real process output derivatives.
Roberts (1979b) has successfully applied the modified two-step algorithm
in a digital simulation investigation of a chemical reactor by using its

simplified mathematical model.

I
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1t is often difficult to solve an integrated scheme for the entire
problem. Hence, it may be desirable to decompose the overall system
into a number of smallexr subproblems and solve them individually, one
at a time. These subproblems are not independent of each other and
interactions between subproblems are taken into account by a c;ordination
unit at a higher level where the overall system objectives are specified
and achieved. Haimes (1971, 1972) concedes that these further decomposi-

tions at intermediate layers may not be worthwhile in small-scale prob-
lems.

Roberts (1977a) has given some aspects of multi-level optimisation
techniques applied to static and dynamic optimal control, and applied

these techniques (Roberts (1977b)) to the e-constraint and parametric

approaches.

Roberts (1979a), in his recent paper, has divided the overall control
scheme of a hierarchical structure into, typically, three lavers. The
lowest layer contains local feedback control loopswhich maintain the
stability of the system. The intermediate layer will provide the set
points of the local feedback controllers. The highest layer defines the

constraints on the intermediate layer and specifies management decisions.

In this thesis, initially, the performance of the above integrated
schemes has been compared with one another and that of the standard two-
step approach, as applied in a digital simulation investigation concerned
with determining feedflow rate, reaction temperature and recycle ratio
controller set points to maximise the net rate of return from a pressurised
exothermic chemical plant where a simplified non-linear model is used for
system optimisation and parameter estimation. In this investigation, only
the modified two-step approach met with success, whereas the other tech-
niques failed to convVerge, in this particular problem, to the correct
optimal solution because they did not take account of the gradient mis-

match proposed by Durbeck (1965) and Foord (1974).

The above procedures attempt to determine the optimum steady state
operating condition of the plant and ignore dynamic effects. Such
steady state optimisation is applicable in the situation where the plant
is effectively stabilised by the controllers, and is conmsidered to be
valid for slow process disturbances such that the plant operates in a
sequence of steady states. The steady state optimisation determines the
extremum of a suitable objective function subject to algebraic equality

and inequality constraints, and may be required in the operational phase



when the task is to determine and maintain the optimum steady state

operating condition of the overall system.

In the above steady-state study, the advantages and disadvantages
of applying further decomposition using multi-level optimisation tech-
niques have been described. In addition, the effect of measurement

noise is investigated.

Only the modified two-step approach will achieve the correct opti-
mum operating condition on the real process in spite of inaccuracies
and uncertainties in the structure of the mathematical model. This work
has been extended to investigate the effects of real process dynamics

on the performance of the modified two-step approach.

Dynamic optimisation is needed when the system states are different
from the desired steady state conditions due to dynamic variations in _
inputs, unwanted disturbances, plant parameter variations, etc. Some-
times it is desirable to change the controller set points in order to
bring the states back to their desired levels in an optimal manner. It
may also be desirable to move the state of the system optimally from one
given steady state condition to a new steady state condition; for
instance, during a plant start-up or shut-down. Hence, it is necessary
to solve a dynamic optimisation problem of determining the extremum of
a defined objective function, which is a functional of the time-dependent
state and control signals, subject to the dynamic equations of the model
as well as the inequality constraints. Many practical engineering
systems require a high number of dynamic equations to represent their
mathematical model and consequent requirement of prohibitive amounts of
computation using well-established techniques such as the maximum prin-
ciple and dynamic programming. Hence, for large-scale dynamic optimal
control problems there exists considerable motivation for research into
alternative techniques, such as a modified two-step approach applied to

simplified models in the design of dynamic feedback control systems.

In this thesis the design technique has also been employed to design
a simple dynamic feedback control system and has been applied to the

optimal feedback control of a synchronous generator system.

It is hoped that the investigations which have been carried out in
this thesis will be of importance in the application of practical hier-
archical control systems, where a process is under regulatory control at

the first level and is supervised at a higher level where the set points



of some of the controllers are regulated to optimise a given performance

index, using a mathematical model whose structure is uncertain and con-

tains parameters which need to be estimated.



PART 1 STATIC OPTIMISATION

CHAPTER 2: INTEGRATED SCHEMES

This chapter is concerned with determining the optimal operating
condition of a system through the use of its steady state mathematical
model. This may be specified as solving a static optimisation problem,
where the optimisation problem is subject to algebraic equality and
inequality constraints. Static optimisation may also be required when
the objective is to maintain the optimum steady state operating condition

of the system, by manipulating the set points of feedback controllers.

Because of interaction between the problems of optimisation and para-
meter estimation, some integrated schemes have been considered which
attempt to resolve the conflict between these problems. These schemes
are based on hierarchical and decomposition control techniques with con-

siderable use of Lagrange theory.

2.1 Steady State -Optimisation and Parameter Estimation

The steady state behaviour of a system can be represented by a
steady state mathematical model. In general, a steady state mathematical
model can be described by a set of algebraic relations, a set of inequality

constraints and a set of output relationships given by:

where
f = n-vector function of algebraic relationships
X = n-vector of model variables
& = p-vector of estimated model parameters
u = m~vector of manipulated inputs
& = r-vector function of algebraic relationships
Y = q-vector of measurable outputs
h = q-vector function

Steady state (static) optimisation can be defined as determining the

manipulable inputs, u, in order to minimise (maximise) a given performance
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index, p(x, u, @), and satisfy the given constraints. Hence, the steady

state optimisation can be described as:
min P(E) u, E)

Lo e o S AR kN Rl ¢

The parameter estimation problem can be defined as estimating values
of the unknown parameters of the mathematical model in order to achieve
the response of the model, as closely as possible, in agreement with that
of the real system. This can be achieved by exc%ting the model and the
real system in parallel, applying known inputs E? to both the model and
the real system, then, for example, using the weighted least square
criterion method over J observationsof the real system outputs, ﬁ?.

Hence, the unknown parameters, &, can be determined by minimising a

weighted least square criterionm, G(x, u, o), described as
QI - . ' - - .
6lx, u, ) = 1 [ -] Wy = 3] ceeveenienne (2.2)
3=k

with J observations of the real system outputs denoted by

§J., g T T A

and where W’ is a q x q positive definite weighting matrix.

The parameter estimation problem may then be formulated as:

min G(x, u, @)

S.t. £(-X-j’éj’g)=2 R I BT A (2.3)

g, o', @ <

[=]

It is important to note that the structure of the mathematical model
is often uncertain and deliberately simplified in order to facilitate the
solution of the optimisation problem. In general, the result of the para-
meter estimation problem may be dependent on the control inputs, and also
the results of the optimisation will be critically dependent upon the
validity of the model. These imply that the optimisation and parameter
estimation problems interact with each other, the degree of interaction

depending upon the accuracy of the structure of the model.



Despite this interaction, the problems of optimisation and para-
meter estimation are generally treated separately in the literature.
This chapter attempts to describe some iterative computational approaches
for solving the joint problem. IHence, the combined problem can be des-
cribed as:

min {P(}E! U, E)’ G(_E, u, (1)}
ST T S

s.t. £(x, u, a0) = g optimisation
roblem
5 5 2 €0 i TEN o Ao

E(f]s f{J’ E) - parameter estimation
: ] problem
e, 0 €0, a2 e

1©

Some integrated schemes which attempt to solve the combined
problem, given by equation (2.4), are described in the following sec-
tions. These integrated schemes are the two-step approach, the para-
metric approach, the e-constraint approach and the modified two-step
approach., These approaches, which have been briefly mentioned in
chapter 1, are based on hierarchical (multilevel) control theory. Some

basic aspects of multilevel optimisation and decomposition will also be
discussed.

e
- . e

=ex  Multilevel Optimisation and Decomposition of a Large-Scale System

In a large complex system, it is often complicated, or sometimes
impossible, to design a single optimisation technique in order to optimise
72 performance of the overall system. Hence, it is required to decompose
‘¢ system into a number of smaller subsystems, each with its own objec-

s and constraints (i.e. equality and inequality constraints). One of
=0St common forms which the resulting interconnection of subsystems

take is the hierarchical or multilevel form. In this case each level

(210} ool

P

nates the units on the level below it and in turmn is coordinated by
*¢ its on the level above it. These subsystems can then be solved

i“de?endently. The solution to these subsystems should be in such a way

that, firstly, the interaction between the subsystems is resolved and,

’» the overall process objectives are attained.

Ae objective of this section is to describe some different approaches
wihieh .
M ch decompose the overall system 1nto a number of subsystems and solve

8




them independently to give the overall system optimum.

2.2.1 Coupled svstems

Consider a system consisting of N coupled subsystems.

steady state subsystem can be described as:

& iz 23 = 0
8 (%, u, 2,) €0
- h. - -
L © —1(51’ 11)
1 [
zZ, = .s]Y-
RN~ ij14j
where
X, =m; - vector of state variable in subsystem i
u, = m, = vector of manipulable inputs to subsystem i
Eeipy - vector of input to subsystem i, from the jth sub-
systems (j = 1, 2, ... N), which are acting as
interconnection variables
E{ = mn, - vector function of dlgebraic relationships
g; = r; - vector function of algebraic relationships
X0 =i vector of outputs from subsystem i
Ei SR vector function

constant matrix with O or 1 elements

in E.(x,
mi 1(_1:

L L A
e e = B

.t. - - - =
5 21( ’El, 21) 0 @ ® e s 8 s s s e s (2°
3 <
B (% 850 2) <0
) higii’ ul)
Weh
zZ, = E c..ly
— §=i 19

as:

5)




The overall objective function of the system Flx, u; %5 y) is

assumed to be the sum of the individual subsystems objective functions.

Hence, the overall objective function can be described as:

N

F(x, u, 2, y) = ) Fo(x, U5 2., ¥2) o B s W
i=1

and the integrated problem is obtained by minimising the overall objec-

tive function given by equation (2.6).

min  F(x, u, 2z, y) B!
XU,2,Y =
s.t. £(x,u,2) =0 S B Sl e W
g(x, v, 2) 0
Y =hx, v
z= [y

The integrated steady state optimal control problem defined by
equation (2.7) is to be solved, employing multilevel optimisation and
decomposition techniques. Emphasis is placed on model-coordination

and goal-coordination.

2.2.2 The model coordination method

In this method the optimisation problem is converted into a two-
level structure consisting of the supremal and the infimal levels,
where the latter is divided into N independent infimal units. This
is achieved by fixing the interconnection variables z; and ¥; in the

infimal unit i. Assuming that by fixing Zss all the state variables

2 . . . . - -y
X will not be fixed, and also considering z; only because ¥; Dﬂ Z

the ith sub-problem at the infimal level becomes

p;(2) = min F.(x;, u;, 2)
X5l
e | N0 !
L R I I (2.8)
95 Ei(Ei"E1’ z) = 0

Equation (2.8) represents the resulting equations for the model
coordination.

10




The task of the supremal level is to supply the variables z to

the infimal level by solving the following problem:

min p(z)
Z
CRC R R R ] . (2-9)
s.t. £,(x, 85,2 =0
'&i(ii, _1_1_13 _z__) < g
where

p(z) = E p; (2)

1=1

The multilevel scheme using the model-coordination method is

illustrated in Figure 2.1.

2.2.3 The goal coordination method

In this case the interaction between the sub-problems is . removed
by "cutting" all links between the subsystems. The independent sub-
problems are then solved at the infimal level without satisfying the
interconnection constraints, which are considered as additional equality

constraints, until the final solution is obtained.

The overall objective function and the additional equality con-
straints can be combined using Lagrange multipliers. Then the Lagran-

gian becomes

N
N
L(_’Esg’_z_!l’_&) - Z {Fi(ilsgis_z_‘ sz) + A "z"i. = z [ci-]_zi)} (2.10)
jup N

i=1

It is possible to decompose the Lagrangian L(x, u, z, y, A)defined
by equation (2.10) into N independent sub-Lagrangians by groupihg all
terms involving x., v., 2. and y.. Hence, the ith modified infimal

=17 &7 = =i

unit problem becomes:

‘ min{Li = [Fi(:ii,gl 'Z:5Y,) *l; z, - E wile ]1]}... (2,11)

j=1 _J

11



The task of the supremal unit is to choose Lagrange variables}
in order to force the interaction balance principle to be satisfied.

Interaction balance is achieved when
z = [c]y

The multilevel scheme for N interacting subsystems is illustrated

in Figure 2.2.

If there is a possibility of eliminating the output variables y
and interconnection variables z in the overall optimisation problem,

then the integrated problem can be described by the equations:

T R R R SR ST T Y

8.t i(]_'t_s H_) - 9.
glx, w <0

Formation of the Lagrangian will give
L(_}E’ u, As _1;‘__) =.F(£| E) 3 é_' E(Es _‘-l) + _l__l_‘ E_('}_(_, E) e (2-13)

where A and u are Lagrangian multipliers.

The dual function D(A, u) can be obtained by minimising the Lag-

rangian given by equation (2.13)

D(A, ) = min L(x, u, A, iy S S RN < % 2
x,u

The dual problem can be defined as maximising the dual function
in order to determine the Lagrange multipliers A and u. Hence, the

integrated problem can be described as

min F(x, u) = max {min [L(_:f_, u, A, B)]} LR e P I 12 297 1,
E’E _.'E_SH_ _’EsE

The above formulation is referred to as the direct dual formula-

tion and is only valid if there is no duality gap, i.e.

min £(x, u) - max D(A, u) =0 oy ST
ERY Roi Wl

-_—t

...... ardsis e sk 18)

The formulation described by equation (2.15) may be decomposed by

separating the Lagrangian into N sub-Lagrangians by grouping them as

12



L, 0, A, 1) = ) Li(gi, Yo Xy M) ceesessascsencs (2.17)

This can be illustrated as a two-—level hierarchical structure,
shown in Figure 2.3, where the task of the supremal level is to maxi-
mise the Lagrangian in order to supply the Lagrangian multipliers )

and y as coordinating variables.

The task of each infimal unit, in turn, is to minimise its sub-
Lagrangian Li(gi, U A, u), where each sub-Lagrangian can be con-
sidered as the sub-system objective function Fi(gi, Ei) with its own

independent parameters x. and u..
== o |

2.2.4 Comment

Some basic aspects of multilevel optimisation which cover goal
coordination and model coordination have been briefly represented.
It is difficult to suggest or choose a general technique in order to
attempt optimising a large-scale system because of the nature of the
specific problem. However, it is advantageous to choose a technique
with the least number of adfustable variables in both the supremal

and the infimal levels.

It is not necessary for the goal coordination approach to satisfy
the interconnection constraints until the final solution (i.e. non-
feasible coordination). In the model coordination technique, all the
variables should be feasible (i.e. feasible coordination). This property
of the model coordination method is very useful for on-line optimisation
and decomposition, but it would be a disadvantage over the goal co-

ordination if the constraints of the system were over-determined.

It is advantageous to reduce the dimensionality of the sub-system
problems in order to make the problems more manageable. This may be
achieved by using the sub-system equations to eliminate the need for
employing all the variables. For example, it may be possible to
eliminate the model variables x, and output measurements y as variables.
Hence, the ith suyb-problem at the infimal level, in model coordinationm,

will become

pi(_Z_) = min Fi(_gi, z)

RS



whereas in the goal coordination the ith problem at the infimal level

becomes

In this thesis only the goal coordination has been considered

further because of the advantages described earlier.

2.2.5 Application of goal coordination to the combined problem of
optimisation and parameter estimation

Consider the integrated problem described by equation (2.4). The
interconnection between the two problems can be viewed in a schematic

form represented by Figure 2.4.

The two problems interact via the unknown parameters o, and the
manipulable inputs u. In the goal coordination method interactions
are removed by cutting the links between the two problems. This is

illustrated in Figure 2.5.

The two infimal units are now solved indepen&ently at the infimal
level without satisfying the interconnection constraints. The task of
the supremal unit is to ensure that the interconnection constraints
are satisfied when the final solution is obtained, where the inter-
connection constraints are described by

L

P G P R R ¢ s )

v =

In order to clarify the relations between the parameters which
have been used in sections 1 and 2 of this chapter, consider the
coupled problem defined by equation (2.5). Let us further consider
that there are only two sub-problems. Hence, the two coupled sub-
systems can be illustrated as that of figure 2.6 when they are subjected

to the goal coordination method.

The comparison between Figure 2.5 and Figure 2.6 reveals the fol-

lowing points:

(a) Optimisation problem corresponds to sub-system 1

(b) Parameter estimation problem corresponds to sub-system 2

14
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(c)

(d) v corresponds to z,

la

corresponds to z

(e) u corresponds to y

(£) & corresponds to y,

Hence, from now on the variables g, v, u and g_will be used in the
analysis of different techniques which attempt to overcome the inter-
action between the optimisation and parameter estimation problems.

g and u are the unknown parameters and manipulable inputs, respectively,
as applied in the optimisation problem. @ and v are the corresponding

values of g and u as applied to the parameter estimation problem.

2.3 The Two-Step Approach

In this case the combined problem described by equation (2.4) is
solved as two separate problems recursively, hoping that convergence to
the correct optimum condition will occur. As suggested by the title,
there are two steps involved to solve the combined problem, starting

from an assumed initial estimate u! of the inputs.

Step 1: Obtain steady state measurements i} by applying the current

1

controller set points values u® to the real system. Then

solve the parameter estimation problem

min G(x, u, @)
]

s.t. the model equations and constraints

to estimate g} of the model parameters.

Step 2: Solve the optimisation problem

min p(x, u, 2)
u

s.t. the model equations and constraints

1

with parameter estimates o obtained from step 1.

This would give 2 new set of controller set point values uZ.

Both minimisations are subject to the given equality and inequality
constraints defined by the model. Steps 1 and 2 are repeated until no
further improvement is obtained. It is important to note that, in the

parameter estimation problem, the mumber of parameters should not exceed

-
un



the number of the measurements.

This technique is the one which is most commonly employed in current
practice, but makes no attempt to take into account the interaction bet-
ween the two problems. Durbeck (1965) has analysed the above approach
and has shown that the correct optimal condition at the final converged
point will be obtained only if the derivatives of real process outputs
with respect to manipulable inputs are matched with corresponding model
derivatives at the final point. Moreover, it is claimed by Haimes
(1972) that the two-step approach is inferior to the integrated approaches
to be described below, when the model is not a faithful representation of

the real system. Figure 2.7 shows the procedure in schematic form.

2.4 The Parametric Approach

In this case the bi-criterion function given by equation (2.4) is
replaced by the parametric formulation described by Haimes (1972):

min [6.G(x, u, @) - (1 - 8).p(x, u, o) ]
u,o

T R (zllg)
s.t. the model equations and constraints

and 0 < 68 <1

The above parametric approach converges to the solution of the
integrated problems as € approaches 1 from below without attaining 1
(Haimes (1972)).

A multilevel structure (Roberts (1975)) could be employed to tackle
the parametric formulation. This is shown,as the two-level structure,
in Figure 2.8 where the task of the infimal level is to determine u and
o to minimise the parametric formulation given by equation (2.18), for
any particular value of 6 given by the supremal level. The task of the
supremal level is to increase the value of © towards 1 between each .
complete solution of the infimal level, until no further improvement is

obtained.

At lower values of 8, greater emphasis is given to the optimisation
problem. As 6 increases, more and more emphasis is placed on the para-
meter estimation problem. The test inputs u are applied to the system
in order to obtain the required measurements i, These test inputs are
applied to the real system at any instant through the controller set

points u.
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The difference equation given by
= - +
8o Y)Bn_l Y
where 0 < y < 1

can be used to adjust 8, where Sn is the value of 6 at nth jteration,

en_l is the previous value of 8.

2.4.1 Decomposition of the parametric approach

The bi-criterion formulation given by equation (2.4) contains the
optimisation problem of minimising p(X, u, o), and parameter estimation
problem of minimising G(x, u, a), where both problems are subject to the
model equations and constraints. Interaction between the two problems
occurs through the model parameters @ and the controllers set points
u; hence, it may be expedient to decompose the two problems by
employing the goal coordination technique. This is done by "cutting"
all interconnections between the problems. As described in section
2.2.5, this can be achieved by substituting o in the optimisation
problem and u in the parameter estimation problem by some other para-
meters g and v, respectively. Then the optimisation problem becomes:

min p(ﬁ,’_‘:‘_’ g) L N N R (2020)
u

and the parameter estimation problem becomes:

min G(x, v, @) T R o Wr T cotuiad al G202TY
a

subject to the interconnection constraints

¥=u T e B o SR S T e N s R Ry

= o B i Ry R RSO X T e ARO[ 5. )

and also the model equations and constraints.

By combining the above two problems with the use of the parametric

formulation, the integrated problem becomes

min {G.G(E, ¥; a) + (1 - 8).p(x, u, )} e is s a2
u,a

subject to the model equations and constraints, and also

Q58 5 .
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By forming a Lagrangian and applying stationarity conditions we

obtain:
L = [6.6(x,v,0) + (1 = 8)up(x,u,9)] + p'(g - @) + A'(y - ) (2.25)
where A and y are Lagrangian Multipliers and

ap(x, u, 9) _ 4

3L = 0 B W e esle R 20)
3u (1 - 0) 3u -

G(x, v, a)
‘a'L' = - — — - =
ag 6. ag E g - 2 E LR (2-2?)
a1, 3G(§s V. E)
-5;= G’T*’é = 0 Wil X Rl wromy e a8)
9L ap(}_:s “.‘." g.) ‘
B (1 -8) 20 g =0 FE T v eame e (e 23)
& b !-H - g -’. E L B O (2.30)
3A
Al = g =g = D # LG asesenes  ABe31)
3y

Satisfaction of the equation (2.27) gives a modified parameter estima-

tion problem

min {8 G(x, v, @) - u'a} ATy SOR RO RS, & L%
a

and, similarly, equation (2.26) gives the modified optimisation

problem

mn (L= 0 g, Uy @) = Nal s iersasesaneses ne 2GS)

2 '

Both minimisation problems are subject to model equations and con-
straints. The modified optimisation and modified parameter estimation
Problems are solved independently at the first level of a hierarchical
Structure, with fixed values cf A, u and 6 sent down from the second

and third levels. The task of the second level is to coordinate the

18



two sub-problems at the first level to achieve interaction balance to
satisfy the equality constraints given by equations (2.22) and (2.23)%
The task of the supremal level is identical to that of the parametric
approach without any decomposition. The multilevel structure of this

method is shown in Figure 2.9.

2.5 The e-Constraint Approach

In this approach the parameter estimation problem is replaced by an
inequality constraint, such that the combined problem becomes:

min p(x, u, @)
g

s-tl G(E’ E, E)"S,E’ CEC R R S AR B R B (2.34)
model equations and constraints
E>6 >0

where € is the minimum tolerated estimation error; by minimising € the
parameter estimation problem is solved, & is an arbitrary small positive
scalar. By using Lagrange-Duality theory the combined problem may be

formulated as:
D(u, €) = min{p(x, u, a) + u[?(g, u, @) - é]} s espis K2 35)
s.t. model equations and constraints,
and

max D(u, €)
u @ B e 8 8 & % g AW R PR e N (2‘36)

A e T )

The gradient for the above problem is explicitly given as
Vu D(u, €) = G(x, u, @) - € SR I R UM o s
\

Figure 2.10 illustrates the e-constraint approach. The infimal
level determines the optimal values for u and ¢ by solving equation
(2.35) with fixed values of u and € sent down from the second and third
level. The task of the second level is to solve the dual problem (2.36)
for fixed value of & sent down from the supremal level. The supremal
level gradually decreases the value of € between each complete solution

of the infimal ‘level until there would be no need for further improvement.
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Measurements from the real process f are obtained by applying the current

values of u to the real system.

2.5.1 Decomposition of the e-constraint approach

Consider the combined problem described by equation (2.34). 1In
a similar manner to that employed in decomposing the parametric for-
mulation described in section 2.4.1, equation (2.34) may be re-written
as:

min p(x, u, o)
4 6

s.t. G(x, v, a) — €50

> o Oy B b p o i oni

v o=

=

§=]
4

g =
also s.t. model equations and constraints.

By forming a Lagrangian we have
L=pC g O+ 6 v, 0 ~¢] +A'(@-w +p'(g -0 (2.39)

where n, A and y are Lagrange multipliers. Optimality conditions are:

9L ap(_!f’ u, 2)
aa—:& = T-A— = g - ‘}- R R R R R (2-40)

Q’ oy
i |8
i
—
1
=
[
10
+

Crs Gy wees apvl’ n  (2:47)

oL

T - G(x, v, ) ¢ = © > ap S L e ISR ey
e A = +2 =0 e T e S R Rl
SL p(x, u, 9)

A Y +p =0 + ¥ ol eyl SO M IR £ AT
- v-u =0 Ty % e (2. 45)
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L= i -
'@ - g- E g b o g e ) (2-46)

Equation (2.40) is satisfied by solving the modified optimisation

problem

min {}(g, u, @) - Sﬁ] ol Uy = At e o o K e TR S 3
u

s.t. given g and A

The modifiers A are determined from equations (2.41) to (2.44)

to give

3pP/3c 26
}. - wﬁ:]-é-f seesssee s s OB R BN SRR, (2-48)

Equation (2.41) is satisfied by solving the modified parameter esti-

mation problem:
min [-y' o]
=
g.t. G =€
given |
and model equations and constraints. -

i can be obtained from equation (2.44)

Bp(lj. u, E)

i DR

Figure 2.11 shows the resulting hierarchical structure and decomposition

of the e-constraint approach.

2.6 Modified Two-Step Approach

Conditions for the two-step approach to determine the correct optimum,
in spite of model approximations, have been produced by Durbeck (1965)
and analysed by Foord (1974), who show that it is necessary to ensure
that the gradients of the real system outputs with respect to the mani-
pulable inputs should finally be matched with the corresponding gradients

of the model. Hence, the two-step approach is modified by introducing an
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extra term to the optimisation performance index to allow for any mis-—
match between model and system output derivatives. This can be achieved
by taking account of model inputs as well as parameters as interconnec-

tion constraints.
The optimisation problem may be defined as

min p(x, u, o)

g e A e e sy (3.50)

s.t. model equations and constraints
where u and g are the model inputs and parameters in the optimisation
problem.

Let v be the input signals employed to disturb the system and the
model in order to produce output measurements ﬁ(g. v) which are compared

with corresponding model outputs y(x, v, a).

If there are the same number of measurements as there are model

parameters, the parameter estimation problem becomes:
¥(x, ¥, 0) ~y(x, ¥) = 0 > a swnneessiases (2e51)

The two problems of parameter estimation and optimisation interact

through
Lt
g = 2 LA L R B R B N O I I I R (2-52)

By forming a Lagrangian we obtain

L = p(xu9 +1 [3&une -F @] + 2w -w + '@ - o
et AN N

where n, A' and p are Lagrangian multipliers. The optimality conditions

may then be written as:

3L E'P(Ef: u, C_’)

Al = S — ) = 7

o 7 A 0 SEE L A (2.54)
Ll . O n-u = 0 T - SR S, T et o (2155
Ba da

22




L ay(x, ¥, 8) 35 (x, v)
En[[ Iy :l"[ v ]ﬂ*é=9+§..(2.56)

-EE - "——*gg‘*“‘ Lt e CRR R e e T s T
e s

_5;; 7 2(3’ 2’ E) -X(E’ E) » 9 - g [ EE R (2.58)
== y-u =0 B e 2K
3 : 5

EE- - g b 9 - g o E R R R R S ) (2-60)

Equation (2.54) is satisfied by solving the modified optimisation problem
min  {p(x, u, @) - A" u}
L
R R (2.61)
s.t. given ¢ and A

and the model equations and constraints

Equation (2.58) defines the parameter estimation problem, which is

unchanged. From equations (2.55) - (2.57), A is determined to give

y T TN y5 " o
{iva {[E] s [?{]}{ Bg] o Sk satled (2U69)

The Lagrange multipliers A can be computed from equation (2.62) by
perturbation on the model and system. The modified two-step approach
can be viewed as the two-level structure shown in Figure 2.12, where the
task of the second level is to coordinate the two problems on level 1 by
iterating on the coordination variables A in order to achieve interaction
balance to satisfy the equality constraints, defined by equations (2.22)
and (2.23). The modified optimisation problem and the parameter esti- -
mation problem are solved independently at the first level of the hier-
archical structure for fixed values of the parameters A sentdown from

level 2. Only v is applied to the real system and measurements are taken

at the coordination level.
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It should be noted that if ) is set to zero, the scheme is identi-
cal to the standard unmodified two-step approach. The above approach
is applicable only if the number of measurements from the real system
is the same as the number of parameters. A similar algorithm based
on the same principle has been developed (see section 5.2) when the

number of measurements exceeds the number of parameters.

To control the convergence of the iterative procedure a difference

equation of the form

v. = V

A Vg *k(y - ¥ p) rpree s S SR R SRR ¢ 18

is used where k is a diagonal matrix of gains for regulating the con-
vergence, V. and u, are the values of v and u at the ith iteration,

Yiq is the previous value of v.

2.7 Comments

In the decomposed parametric approach, the modified optimisation
and parameter estimation problems are defined by equations (2.32) and
(2.33). These are:

modified optimisation problem

min [(1 - @)p(x, u, o) - X'y
u

modified parameter estimation problem

min [ 6(x, v, @) - u'd]
a

subject to model equations and constraints. Ideally, g* are estimated
with 6 at the highestlimitf;hence, from equation (2.29), u can be deter—
mined to be zero (0). By substituting u and € into modified parameter
estimation problem, we will have

min G(x, ¥, @)
v

where G(x, Vv, @) is identical to that given by equation (2.2). 1If there
are the same number of measurements as there are model parameters, the

parameter estimation problem may then be considered as
yvix, ¥, &) = 3(x, V) -

and with 6 at its lower limit, ideally O, the optimisation problem can



be given as
min{p(x, u, @) - A'u}
In the decomposed e-constraint approach, convergence to the true

solution occurs with € -+ 0, hence, with € equal to zero, the parameter

estimation becomes
G(’_’Es ¥y 2) = 0

Because G is a sum of squares, to be zero all individual squares should

be equal to zero,

x v, 0 = yix, v * g

Hence, in the limit it can be concluded that the final solution of
the decomposed parametric and e-constraint methods is equivalent to the
final solution of the modified two-step approach. However, by using the
decomposed problems the computational effort and time may be greatly

increased.

2.8 Conclusions

In this section some techniques which attempt to take account of
the interaction between the optimisation and parameter estimation prob-
lems have been described. The parametric approach and the e-constraint
approach have combined the two problems into a single joint problem,
with increased dimensionality. The two-step approach has been modified,

by changing the optimisation problem to overcome interaction. All the

above techniques are based on multilevel optimisation. Some basic aspects

of multilevel optimisation and decomposition covering the goal coordina-

tion and the model coordination methods have also been presented. Decom-

position is achieved by cutting the links between the optimisation and

parameter estimation problems caused by the uncertain model parameters

and manipulable inputs. The goal coordination technique has been applied

to coordinate the two sub-problems.

Theoretical investigation described in this-chapter is to be employed

in the application of the techniques tc the maximisation of profit from a

chemical plant described by a steady-state non-linear mathematical model

which has been deliberately simplified in order to reduce computational

requirements.
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CHAPTER 3: APPLICATION OF THE INTEGRATED SCHEMES TO A CHEMICAL
P PLANT USING ITS STEADY STATE MODEL

In this chapter, the real system and the model of a chemical plant
will be described. The integrated schemes which have been described in
chapter 2 are now to be implemented using a steady state simplified
model of the chemical plant. This is used to determine feedflow rate,
reaction temperature and recycle rate controller set points in order

to maximise the net rate of return.

The scheme of the chemical plant is taken from the generalised
chemical model published by Williams and Otto (1960). For the purpose
of this investigation, the above model is described as the "real plant",

whereas its simplified mathematical model is termed as the "model".

Hence, from now on

"The real plant" = model introduced by Williamsand Otto;
"The model" = the simplified model of the above model.

Normally, in.practice, to estimate the unknown parameters of a
steady state model, measurements are taken from the real system when
it reaches its steady state operating condition. In this chapter,
however, the steady state measurements are obtained using the steady
state solution of the real plant, and dynamic response considerations

are ignored for the present,

3.1 Description of the Plant

Figure 3.1 represents the block diagram of the plant. The plant
contains a pressurised continuous stirred tank reactor in which the

following chemical reactions take place:

A+ B =+ C, reaction coefficient, kl

C+3B=+P +E, reaction coefficient, kz

P + C > G, reaction coefficient, k3

Reactant materials A and B are available in pure form. Components
C and E are intermediates and/or by-products of the reaction. They have
no sale value as chemical products, but can be disposed of as fuels.
By-product G is a heavy oily material. The plant is to manufacture a

chemical product, P, which has the main sale value.
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The heavy oil, waste material G, is removed from the carrier stream
in the decanter. In the distillation column, the product P is separated
from the effluent stream FE from the decanter by distillation. FE con—
tains products of compesition AE’ BE’ CE’ EE and PE' The discard
stream, FD’ is regulated as a certain fraction of the column bottoms
flow, FS. The recycle stream, FL' then takes all excess and returns
it to the reactor. FA and FB are the flow rates of the raw materials
A and B, respectively. FR contains products of composition AR’ BR’ CR'
i : S v
ER’ GR and PR Fy contains products of compositions AL’ BL’ CL’ L and

P All compositions are considered as mass fractions.

Ll

All the reactions which are taking place in the reactor unit are
exothermic; hence, a cooling coil is provided and FW is the mass flow
of the cooling water. T, indicates the outlet temperature of water

used as coolant.

The set points §B’ §R and ﬁ of the flow rate controller, tempera-
ture controller and recycle controller, respectively, are adjusted
where the objective is to maximise the net return per hour based on
the sales of products FP and FD, costs of raw materials A and B, cost
of the waste disposal of G, and sales, administration, research, utility

and engineering charges.

The dynamic representation of the chemical plant, with the resulting
equations of each individual unit, has been given in detail in chapter 4.
The steady-state solution can be obtained by equating the time deriva-
tives of the dynamic equations to zero. These equations are represented

in the following.

3.1.1 Nomenclature

A = reactant; as subscript, refers to reactant stream

B = reactant; as'subscript, refers to reactant stream

C = intermediate component; as subscript, refers to distillation
column

C, = heat capacity; subscript gives stream

o e
u

as subscript, refers to discard stream

E = intermediate component; as subscript, refers to decanter
material used as distillation column feed

F = flow rate; subscript refers to origin of stream or its identity

= by-product; as subscript, refers to heavy oil stream

£
I

H = heat of reaction
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= as subscript, refers to recycle stream
= as subscript, refers to reactor
as subscript, refers to column reboiler

= temperature; subscript dofines stream and location involved

< =2 v o
|

= volume; subscript defines location
W = as subsecript, refers to water used as coolant

reaction rate constant

e
i

p = specific gravity; subscript defines stream and location involved
t = time
3.1.2 Reactor eguations

3.1,2.1 Mass balance of the components

FA + FL.éL.- FR. AR = kl.AR.BR.VR =0 vessaneenvane Ldel)

FB - FL.BL - FR.BR - kl.AR.BR.VR - kZ'BR'CR'vR =m0 e G352

FL.CL - FR.CR + 2.k1.AR.BR.VR = Z'RZ'BR'CR'VR pk kS'CR'PR'VR =0

Lanensssnes  £3e3)

FL‘EL-FR'ER+2'k2.BR'CR'VR=O o.l-'orlollollno-cuc (3-4)

Fe oPo = B P e B GV =05 k.G

L L R R 2 R. R. R 3' R'PR'VR = 0 “ween (3,5)

1.5.k3.CR.PR.vR~FR-GR=0 LR R I B I T B B A A (3!6)

FA+FB+FL-FR=0 R R R R B R R (3-7)

3.1.2.2 Heat balance equations

2.k1.AR.BR.VR.Hl + 3.k2.BR.CR.VR.H2 + 1.5.k3.CR.PR.VR.H3 .

hw.Aw.(TR & TW) = FL.CpL(TR = TL) m FA'CQA(TR = TA) =

FB.ch(TR - TB) e o P e N (e o "
FW°pr(TI - TW) - hw.AW(TR - Tw) =0 Ao MRSy 15 vae o 309)

where TI and Aw are the inlet flow and effective heat transfer area

of cooling water.
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3,1.3 Decanter equations

FR.AR— E"‘E“O ...... e S siais e ialeae eeseass  (3.10)

F aB = FE-B L] 0 ------- D I T T S R (3.11)

F. G, = E.,.C. =0 ssesstsesessrtesesnnnnennnne (3.12)
Foofo = EEo =0 ssisvsssse e s sRe e s e BT (3.13)
EoaRon= Foo P~ mi() seessessane bosessimsateindasis (3.14)
¥, = G,.F eiaiala 6inie gis ale a Bl s e a b als 50 » alera s ela b e 5 aVa} je e e ek e (3.15)

FE + FG e FR - 0 D A I R A R I A I (3.16)

3.1.4 Distillation column equations

The relationship between the mass fraction of components P and E

has been defined as:

PL - s 0.1 EL R (3-1?)

The column equations and reboiler equations can be combined as

(see chapter 4):

FE-AE =Nl =0 I R N R R ) (3.18)

=
&9
]
|
o
]
o

..... (3.19)

=
(]
1
o
(9]
n
o]

(3.20)
FE-EE Y F -E = 0 T e e e D N R N R (3-21)

001 FE.E o F .P = 0 AR R R R (3.22)

E . E E ----- o-:--:co---o-c-o ----- " w o (3-23)

It
o

FE e FP S FS R T R T T T T T N S I S (3-24)

3.1.5 Recycle control equatioms

FS = FD = FL =0 e bie als e Bie aiere saioe aliielsennieiie e s (3.25)

F. = constant = R I Tt B P P TN (3.26)
S
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H
w
o
>
1]
-2

S
5 iy
c, = Cs s A A e ML (3.27)
E, = Eg
P =P

3.1.6 Systems equations

By substituting equations (3.13) and (3.14) in equation (3.23)

we will have:

FPBFR(PR-O.I ER) e A (3-28)

Equations (3.15) and (3.16) will give

F.o = FR(I - G,) oisiasia s b alnmeniiaineeias el KOEDY

E R

Substituting for FE and FP from the above equations into equation (3.24),

B - FR(l el

s = PR 3 S i ER)

R
or
Fs = FR.

where B is given by

B AT IE s i s b ey, X3 50)

B=1-GR-PR+O|1 ER R R I I A I I B (3.31)
Substituting for Fg in equation (3.26) the result will be
FLER-G-FR R I T I I I ] . (3.32)

Combining equations (3.7) and (3.32) will give an expression for Fo
to be
i E

A B

FR = “'Tf:—ETE S P i TN R Wl S0 YL Ny Y

(3.33)

By adding equation (3.10) to (3.18) and substituting for Fg and A,

from equations (3.30) and 3.27), respectively, the result will be

AL=AR/8 s s ss s s rasenseeasans s (3.34) |

In a similar manner, '

BL=BR/B sans s nessEEsE s eSS ae e (3.35)
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CL=CR/8 R R R R R A I B R (3-36)

E; = Eg/B A POt TR

e
|

L—‘O.IERIB CECRC R BB B R B I B (3'38)

By substituting equations (3.34) to (3.38) into equationms (3.1) to (3.6)

the overall system/plant equations can be summarised as follows:

Summary of the plant equations:

F; .A
gk b
F1,.Bp
FB + 5 - FR'BR - Rl - RZ = 0
Fy .C
L R - F.Cp + 2R - 2Ry - Ry = O
O-l FL'ER ..
——"a—'-—" o FR.'PR*' Rz - 0.5 R3 = 0
Fr .E
LB R - FR.ER e 2R2 = 0
& saigie i kS 3 )
Fi = R.B.Fg
F = - M
R T - R.8
where
Rl = kl.AR.BR.VR
R2 = kz.BR.CR.VR
R3 - k3.CR.PR.VR
and
"‘B]_ITR
ki = o1 e
kz - Clz e
_ﬂ3/TR
k3 - Cl.3 e
w
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The plant is also subject to some inequality constraints due to

physical limitations. These are
0<R<1.0
O‘S\Fw“'s.FWmax TRy (3-40)

Fp < Fppax

Flow rates over Fpp.y cannot be sold and must be discarded. Fy can be

obtained from equation (3.9) to be

Tp = T
R W
Fw - h‘.]lAW'TTq-:'-T'f sss s ssaBEBERBEBERE (3-&1)

where Ty is given by equation (3.8) to be

1
T [ 20k Ag By VB, + 3k B Cou Ve H, +

1.5.k3.C PosVa iy =E. C (TR R

R~ Ta) -

FBQCpB(TR-TB)] +TR LR BB A O O BB BT B AL (3-42)

Equations (3.39) and (3.40) constitute the system equations and

are solved using a NAG numerical routine (see Appendix Al).

3.2 Model Description

For the purpose of this investigation the model of the reactor is
deliberately simplified by neglecting the intermediate component C such

that the reaction equations are:
A+ 2B + P + E, reaction rate coefficient kl
E+B =G, reaction rate coefficient k2
with Arrhenius equations
kl = A].EX:P(_ B]./TR) R (3-&3)

k, = AEXP(- B,/Tp) PE S eeasitha AW | ERL)

where Ay, Ay, By and B, are unknown parameters whose values are required
to be estimated. The steady state performance of the model can be repre-

sented as follows:



3,2.1 Mass balance of the commonents in the reactor

e

Fp + F.Ap = FpoAp = RyuMy Vg = 0 S R
Py + F.By - Fg.Bp = 2R} Mg.Vp = RpMp.Vp = O vopeee (3.46)
F By = FpBp + RyMpVp = RouMpeVp = 0 cuconcecnnes (3.47)
Fy.Pp - Fg.Pp + RyMpVp = 0 e s v b KD AD)
Rp.Mg.Vg = Gp.Fg = O P e e e S SR e e S

where Vg is the effective mass of the reactor contents; Mp, Mg, Mg, Mg
and Mp are the molecular weights of components A, B, E, G and P, res—

pectively; and R and Ry are the reaction rate given by

kv .Ap.Bp?
Ry RR e e s NS g )
MA.MBz
k..E..B
2TIROTR
= e st e s E e RsBRRS S ARE RN (3-51)
- Mg .Mp

From the flow diagram of the model shown in Figure 3.1 the fol-

lowing equations can be derived:

By + T+ P ~Fp = 0 Yo ceses  (3.52)
FR-Fg-F = O < oh e da e sty 33 S3)
Fg - Fp-Fg =0 TR T,
B3~ ¥y = ¥p %0 DA SRS SRR )
Fg - FgeGg = O IEPOR R A TR ¢ )
Fp - Fp(Bp - 0.1 Ep) = O S L S PTRPINT T!
Fp, - R.Fé = 0 dos s sisspamsave s 1(3:58)

Equations (3.53), (3.54), (3.56) and (3.57) will give

Fob m Ll =6y =By w0k Eg)
or Fg = Fgr.B e R (3.59)
where

B = (1 +0.1 Ep=GCp~ - R L Ve e seaslvies E0060)

Hence, from equation (3.58) we will get:

F;, = R.B.Fp sesasaiseenis sississs e 1(3,61)




gubstituting equation (3.61) into equation (3.52) will give
Py iy

FR = m ..... e e (3.62)

 In a similar manner to the previous section, for the distillation

column and the recycle unit, the following equations can be derived:

e P e smas AT

by substituting for Fy, A, By, Eq and Py from equations (3.61) and
(3.63) into equations (3.45) to (3.49); the steady state performance

of the model can be summarised as follows:

Summary of the model equations
FA & AR(R 7 l)FR = RI'MA'VR = 0
F'B » BR(R = l)FR o’ 2R1-MB-VR - Rz .HB.VR = 0

FR(O.I ER.R - PR) + RI.MP.VR = 0

Ry Ms.Vp = Gp-Fp = 0
AR+BR+PR+ER+GR—1.0 = 0
kq.Ag.Bg? (3.64)
R, = ————
il 2
M, My
kz.ER.BR
Bt -:-LB.ME
ki = Ay exp(-BllTR)
0L R & 1.0

QA% s Fimax

Fp £ FPmax
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Equations (3.64) are a set of equality and inequality constraints
which constitute the steady state mathematical model of the chemical

p.lant.

3.3 Application of the Integrated Schemes to the Chemical Plant

In this chapter it is assumed that actual plant measurements can
be taken of the flow rates Fp and Fp when the plant is at its steady

state operating conditionm.

The reaction rate coefficients kland kz, which have been described
by equations (3.43) and (3.44),' are functions of A;, A,, By and By. B,
and B, are chosen to be equal to the mean values of 81, Bos and 63 given
by system equations (3.39). Hence, by estimating Al and Ays kl and kz
are determined. Thus, the parameter estimation problem can be defined as
determining the unknown parameters A; and A, in order to have the response
of the model agree as closely as possible to that of the real plant.

Mathematically, the parameter estimation problem can be defined as

Aq,A
| i)

s.t. equation (3.64)

where ~ denotes current measured values. W; and W, are weighting coef-
ficients.

~

In the optimisation problem controller set points Fp, Ty and R are
to be determined in order to maximise the net return per hour which is

given (Williams and Otto (1960)) as

max P(FB, TR’ R,_Al, A2) = (O.BFP o O.OOBSFD e 0.02FA - O.O3FB

FpsTpsR

- 0.01 FG) - (222 FR)ISQOO - 0.124(0.3 Fp + 0.0068 FD)

csenas sy wase U3eBE)

s.t. equation (3.64)

where (0.3 Fp + 0.0068 F - 0.02 Fy - 0.03 F5 - 0.01 FG) represents the
gross return per hour; (2.22 Fp)/8400 represents utility charges;
0.124(0.3 Fp # 0.0068 FD) represents the sales, administration, research

and engineering charges.

It should be noted that Fp, Tp and R represent u, and A; and A,

represent ¢, as discussed in the previous chapter.
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In general, the optimisation and parameter estimation problems are
described by equations (2.1) and (2.3). The model state variables X
may be eliminated by using the model equality constraints. Then taking
into account the interaction between the two problems, the optimisation

problem becomes:

min P(El g)
u

s.t. model equations and constraints
and the parameter estimation problem becomes

min G(y, &)
o

s.t. model equations and constraints

where both problems are subject to interconnection constraints
b R

e

The above problems are identical to those described by equations
(3.65) and (3.66). Hence, the integrated schemes described in chapter 2

may be applied to the chemical plant.

The schematic diagram of the on-line computer control scheme, with
three local feedback controllers for regulating FB’ TR and R, is shown

in Figure 3.2.

3.3.1 The two-step aoproach

To solve the combined problem, start with assumed initial values

of the flow Fp, temperature ER’ and recycle ﬁ, controller set points.

Step 1: Obtain steady state measurements ﬁp and ﬁR by applying
the current controller set points values ﬁB’ fR and R to
the real plant. Then the parameter estimation problem can

be solved to give estimates Xl and 32.

Step 2: With given parameter estimates A; and A, obtained from the
first step, the optimisation problem can then be solved to

~ ~ A

give a new set of controllers set points Fy, Ty and R.
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Steps 1 and 2 are repeated until no further improvement is
obtained. The block diagram of the above procedure can be viewed in

Figure 3.3.

3.3.2 The parametric apnroach

The parametric formulation described by equation (2.19), as

applied to the chemical plant, can be written as:

min  [8.G(Fg,Tg,R,A1,4,) = (1 = 0)P(Fp,Tp,R,A1,4,)]
FpoTroRafiyody
s.t. equation (3.64) (3.67)

et

To solve the above problem, the following steps should be

taken:

Step 1: With 6 at its lowest limit, assume initial values of the

controller set points fB’ fR and R.

Step 2: Apply the current controller set point values to the

real plant to obtain steady state measurements Fp and Fp.

-~ -~

Step 3: New set points FB’ TR and R and parameter estimates Al and A2
can be obtained by minimising the parametric formulation

problem given by equation (3.67).
Step 4: Increase value of 6 towards 1 (without attaining 1).

Repeat steps 2 to 4 until no further improvement is obtained. It should
be noted that, in this technique, it is suggested that measurements
from the real process are taken whenever the value of 6 is changed.

Figure 3.4 represents the block diagram of the scheme.

3.3.3 The e-constraint approach

Using equations (3.65) and (3.66) as applied to the chemical plant,

the e-constraint approach may be formulated as follows:

D(u,e) =  min {B(F,Tp,R,A1,4,) + u[G(F,,To.R,A) ,4,) - ]}
3 2
FB T »R Al A
Selks Equation (3-6&) < R e R R (3.68)
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max D(u, €)
u
ER R R R A (3'69)
s.t. equation (3.64)

uz0

The following steps should be taken to achieve a solution for the

combined problem, when the e-constraint approach is employed:

~

Step 1: Assume initial values of the controller set points Fos fR

and R; and values for p and €.

Step 2: Obtain steady state measurements ﬁR and ?P by applying the

current set points values to the real plant.

Step 3: Determine the optimal values for Fg, Ty, R, A; and Aj by

solving equation (3.68) with fixed values of u and €.

Step 4: Solve the dual problem given by equation (3.69), with

fixed value of e, for optimal current value of u.
Step 5: Decrease the value of €.

Repeat steps 2 to 5 until no further improvement is obtained.
The above scheme implies that the real process measurements are taken
every time the € is changed. Figure 3.5 represents the block diagram
of the above technique.

3.3.4 The modified two-step approach

The modified two-step approach, as described by equations (2.51),

(2.52), (2.61)and (2.62), can be summarised as follows:

Modified optimisation problem

min {"P(FB, TR’ R, 9y 0'2) - )\1 FB 53 )‘2 TR - A3 R}
P TR
B*"R
s.t. equation (3.64) and (3.70)

given 015 T9, 11, 32 and 13

Because there are the same number of measurements as there are model
parameters, the unknown parameters A; and A, may be obtained by matching

the model outputs. Hence, the parameter estimation problem becomes
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v k) - B Ay
e e e R ST
s.t. equation (3.64)

The above problems are also subject to:

FB . Vl RO R R R B B (3-?2)
fe ™ Yo
R = v3

The modifiers A are given by

o {[%]'-[g%]'} NI L e

To find a solution to the combined problem using the modified

two-step approach, the following steps should be taken:

~ ~

Step 1: Assume initial values for controller set points FB, T,
and R.

Step 2: Let vy, v, and v5 be equal to the controller set points

FB' fR and R, respectively.

Step 3: Obtain steady state measurements ﬁP and ﬁR by applying the

current set values Vis Vo and Vg to the real plant.

Step 4: Solve the parameter estimation problem described by equation

(3.71) to determine estimates Al and AZ'

Step 5: Let 9, and 9, be equal to Al and Az, respectively. Then

find A given by equation (3.73).

Step 6: With the given values of ¢ and A, solve the optimisation
problem described by equation (3.70) to give a new set of

T_ and ﬁ.

controller set points ?B’ B

Repeat steps 2 to 6 until no further improvement is obtained. A

was obtained by perturbation on both the model and the system. Because
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in this particular problem, due to non-linearity and also complexity
of the problem, it is difficult to evaluate the model derivatives

%% : %% and %%- analytically.

3.4 Results

The simplified mathematical model of the chemical plant has been
used to implement, investigate and compare the two-step, the parametric
and the e-constraint approaches as applied to the problem of maximising
the net rate of return of the chemical plant. Both the model and the
real plant have been simulated on a digital computer, when they were
at their steady state operating conditions. Hence, this study is con-

fined to steady state optimisation and measurements.

The effect of measurement noise has also been investigated. All

the results obtained are discussed and appear in graphical form.

3.4.1 TInequality constraints

The inequality constraints which have been imposed in this investi-
gation are due to the physical limitations of the chemical plant. In
practice; these constraints could be obtained from the a priori physical
knowledge which exists on the plant. But, in this case, the digital
simulation of the plant had to be performed in order to gain sufficient
knowledge of the plant performance. These constraints are used to
limit the optimisation search over a finite range of controller set

points. The constraints are:

0<Rg1l.0

T

Rmin % R < TRmax

WS e

Frj

P < FPmax

where subscripts max and min refer to the maximum and minimum values
of the corresponding temperature or flow stream, respectively. In
practice, process operators often have enough a priori knowledge of
the process in order to limit the region of search for the controller

set points values,
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The above constraints may, or may not, be active. A graph of TR
against FB with a fixed value of R (Figure 3.7) shows two regions:
region A for positive flow of cooling water, and region B for positive
rate of return (profit). The common region, C, between A and B, is
considered to be the permissible operating region for the plant. The

following results can be determined from Figure 3.7:

R = 0.55
Fomin = 11430.0 Kg/hr
F = 17140.0 Kg/hr
Bmax 5
e 65.5 c‘c
Tooo = 96,0 c

As R is increased or decreased, region B shifts towards left or right,
respectively. With R = 0.4 at the lower limit and R = 0.7 at the
higher limit, there is no common region between A and B. Hence, the

following limits were obtained for the whole range of R:

FBmin = 9000.0 Kg/hr
FB = 17580.0 Kg/hr
max o
?Rmin = 60 OC
TRmax = 5.5 C

Figures 3.8 and 3.9 show two more graphs with different values of R.

Flow rate F, greater than F 3 cannot be sold and must be dis-

P P
carded.
Fb < FPmax
where B 2160 Kg/hr

Maximum flow of cooling water, F , which is a physical constraint,

Wmax
is considered to be 13600 Kg/hr.

3.4,2 Digital simulation of the two-step, the parametric, and the
e-constraint approaches without decomposition

Simulation experiments have been performed to investigate the per-
formance of the above approaches as employed to maximise the net rate
of return, RRFT, from the chemical plant. The steps which have to be
taken in each case have been described in section 3.3 and also repre-

sented in block diagrams.
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The intermediate values of the control inputs EF(FBR’ TRF’ )
and the parameters gn(AIR, Aan) at the nth cycle, are generated by
numerical optimisation routine EO4CAF (NAG) .(see appendix Al), where
a cycle can be defined as one complete solution of the optimisation

and the parameter estimation problems.

In order to control the convergence of the iterative procedures

the difference equation

un 4 En—l b [k:l (ﬁn—l o En-l)

. . . o X - n i
is used where ﬁﬂ is a diagonal matrix of gain parameters, u and u

h n-1 *n-1"

are the values of u, and optimal u at the nt® cycle, u and u
- P . y u u

*
are the previous values of u and u.

In these exercises convergence is considered to have occurred
when there is no improvement in the iterative procedure as far as the

net rate of return, RRFT, is concerned, i.e.

1

|RRFT™ ™" - RRFT"| < &,

where & is a small positive constant. The procedure will be st0ppea

if after n cycles the convergence is not obtained where n is
max - max

the maximum number of cycles. Figures 3.10, 3.11 and 3.12 illustrate

the flow charts of the above integrated schemes.

The steady state behaviour of the real plant which has been pre-
sented in section 3.1 has been simulated to obtain the correct con-
troller set points of the real plant in order to maximise the net rate
of return on the real process, RRFT. Figure 3.13 shows that variation
in RRFT, starting from three non-optimal alternative initial points.
The final value of the RRFT was found to be the same in all three cases

within 140 iterations. The optimal set points are:

ﬁB = 13605 Kg/hr
- - (o]

T e 718 Ve

R = 0.62

The simulation experiments were then performed to investigate the
performance of the two-step approach, the e-constraint approach without
decomposition and the parametric approach without decomposition when
the net rate of return on the model, PRFT, has been maximised to obtain

the controller set points. The results of these simulations failed to
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determine the correct optimum operating condition when applied to the

real plant.

Results of these simulations, which have been presented in
Figures 3.14, 3.15 and 3.16, show the variation in the net rate of
return on the model, PRFT, and the net rate of return on the real
plant, RRFT, employing the standard two-step, the e-constraint and
the parametric approaches, respectively. In all three cases the opti-
misation terminates at the comstraint boundary Fp = FBmin and Ip = TRmax.
It should be noted that the final values of RRFT are different in each

case, because of non-identical values of R in each approach.,

The above results show clearly the unsatisfactory behaviour of
these three approaches in this particular application, because they
failed to take into account the gradient mismatch which existed between

the system and the model outputs with respect to the inputs.

3.4,3 The modified two-step approach

The performance of the modified two-step approach has been investi-

' gated by simulation experiments.

The modified two-step algorithm has been simulated in order to
. investigate the performance of the approach. Results of this simula-
tion have been presented in Figures 3.17, 3,18, 3.19 and 3.20. 'These
figures show the variation in controller settings and net rate of
return, starting from four alternative initial points. The results
illustrate the rapid convergence of the algorithm for all four initial

conditions.

Unlike the previous cases, the modified two-step approach achieves
the correct final optimum operating condition because it takes into i
account the gradient condition described earlier by including the mani- '
pulable inputs as interconnection variables as well as the model para- |

meters.

It should be noted that in all four cases the correct final solu-

tion on the real process is obtained within 22 cycles.,

3.5 Effects of Measurement Noise

In the results discussed above, the real system measurements i have
been assumed to be known precisely. In a real situation, the measurements

will be contaminated with noise, i.e,

49




I

where J observations of the output are denoted by

3 35 15 2 i3 and

e’ is a random measurement noise
¥ is the noisy measurement

Each component of gJ is generated by a NAG routine GOSAEF (see appendix

Al). It has been assumed to be white noise with zero mean and standard

deviation ¢2. The percentage noise is defined as:

2
% noise = 2—? x 100%Z

i

i

Random noise of normal statistical properties with a 107 standard

deviation has been added to all measurements taken from the real process.

With initial controller settings at a non-optimal point on the real
plant, the modified two-step approach has been applied to the chemical
plant under measurement errors. Figures 3.21, 3.22, 3.23 and 3.24 illus-—
trate the performance of the approach when the real system measurements
are contaminated with noise. It can be noticed that although measurement
errors give rise to a considerable deterioration in the behaviour of the
modified algorithm, the controller settings are maintained within a
finite region about their optimum values, and on average a greater net

rate of return than that of the standard two-step is obtained.

3.6 Conclusions'

The integrated techniques which have been described in chapter 2
have been applied to a probleﬁ of determining the optimum operating con-

dition of a chemical plant using its steady-state model.

The equations which constitute the plant have been outlined. A

mathematical model has been introduced by simplifying the plant equations.

The standard two-step approach, which is the common technique applied
in practice, has been employed to the chemical plant. This failed to
converge to the correct optimal solution because the gradients of the real
plant outputs with respect to the control inputs were not matched with

the corresponding gradient of the model.
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The e-constraint and parametric techniques, without any decomposi-
tion, have also been applied to the chemical plant using multilevel tech—
niques. Unfortunately, these two integrated techniques did not succeed
because they also failed to take account of the above gradient matching.
They also showed disadvantages over the two-step approach by having

increased dimensionality, which increases the computational burden.

The modified two-step approach, which takes into account the mis-
match between the model and the output derivatives, converged to the
correct optimal operating condition. The gradient mismatch is taken
into account in consequence to employing the manipulable inputs as
well as the model parameters-as interconnection constraints in the

Lagrangian analysis.

It should be noted that if this decoupling condition is also
employed in the parametric and e-constraint approaches, as described
in section 2.6, the final results will agree and be optimal. However,
further investigation is required to investigate the convergence pro-

perties of the above approaches.
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CHAPTER 4: EFFECTS OF REAL, PROCESS DYNAMICS ON THE PERFORMANCE
- OF THE MODIFIED TWO-STEP APPROACH

In general, the measurements of steady state outputs are obtained
from a real dynamic process. Hence, a certain period of time will be
required between application of a new set of inputs, u, and the measure-
ment of outputs, i. In practice, it is considered that this time period

should be greater than the dominant time constant of the real system.

If a process is slow, with a long settling time, the optimal
operating condition may be found in a relatively short period by pre-
dicting the steady state measurements (Bamberger and Iserman (1978)).
This can be achieved by simulating the dynamic model during the transient
response and estimating its parameters, These estimated parameters can

then be updated as the steady state is achieved.

In the previous chapter the real plant measurements were obtained
from a steady state mathematical model of the real plant. This procedure
ignores the dynamic effects of the real process and determines the opti-
mum steady state operating condition of the plant by manipulating con-

troller set points. In this case the plant operates in a sequence of
steady states,

In this chapter the effects of real process dynamics on the per-
formance of the standard and the modified two-step approach have been
investigated. The results obtained are compared and the effects of

reducing or increasing the time between real plant measurements are

investigated,

4.1 Description of the System

The system under investigation is the chemical plant whose steady
State model has briefly been introduced in the previous chapter. The
plant is taken from the generalised chemical processing model described
by Williams and Otto (1960) to those interested in on-line computer
control studies. Figure 4.1 illustrates a dynamic block diagram of

the plant., The dynamic representation of each unit is described in the

following sections.

4.1.1 Reactor

The chemical reactions which take place in the reactor have been

given in chapter 3., These are:
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P+C — ¢

where ki, k, and k3 are reaction coefficients whose values can be
evaluated by using the Arrhenius equation,

k; = A, exp(- Bi/Tp) | D T bre o LAY

where Ai and Bi’ i=1, 2, 3, are known constants given by
A; = 5.9755 x 10%/hr, weight fraction

B, = 6.666 x 103 °K, basis, 0.45359 kg of A or B

A, = 2.5962 x 102/hr, weight fraction

B, = 8.33x 10° %K, basis, 0.45359 kg of B

Ay = 9.6283 x 1015/hr, weight fraction

==
"

A 1.11 x 10" °K, basis, 0.45359 kg of C

It should be noted that the volume dimension in the reaction
coefficient, k, is "kg of mixture" rather than cubjc meter. This is

satisfactory since specific gravity is considered to be a constant in
the reactor.

Heats of reaction of the three reactions are as follows:
Reaction 1: H, = 2.90 x 105 J/kg of C produced
Reaction 2: H, = 1.16 x 105 J/kg of E + P produced
Reacfion 3: Hy = 3.32x 105  J/kg of G produced

where all reactions are exothermic.
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4.1.1.1 Reactors equations

4,1.1.1.1 Mass balance of the components

o

= —1 ¥ I Fe- =
= (F, + F[.AI FE'AP kl.AF.BF.VF) & e Y I ey )
_.._..] = ..ll.'-. - - -
3 v (FB * FL.BL FR.BR kl.AR.BR.VR kz.BR.CF.VF) _(4.4)

1 =
T '\?R(FL'CL FR.CR - Z.kl.AR.BR.VR - Z.kz.BR.CR.VR kB.CR.PR.VR)

{ sesssessceee (4.5)

R 1
F '.‘}'R(FLQEL FR.ER + 2.k2.BR.CR.VR) " essssE s e (4-6)
e
F = ?R(FL.PL - FR-PR - kZ.BR-CR.VR - O.S.RB.CR.PR.VR) P (4. 7)
i A
H’E""‘ - vR(l.S-RB.CR'PR'VR b | FR-GR> Srsases s (4-8)

The overall mass balance is

FA+FB+FL-FR L 0 E R T R E ] (409)

where AR’ BR, CR’ ER’ PR and GR are mass fractions of components

A, B, C, E, P and G within the reactor product mass flow rate FR.

Similarly, AL’ BL’ CL’ EL and PL represent component mass fraction
within the recycle mass flow rate, FL, where it is assumed that
component G is completely removed by the decanter. F, and F, are
the mass flow rates of the raw materials, A and B. V_ is the effec~-

R
tive liquid mass in the reactor.

4.1.1.1.2 Heat balance

All reactions are exothermic and the reaction temperature, T

is regulated by adjusting the flow rate of the cooling water, FW.R,

-d—T3=——1—-—-—2k Bo.Vo.H + 3.k .B_.C..V..H +

£ A [ 2k Ap-Bp-V By + 3y BpuCp v B
1.5.k3.CR.PR.VR.H3 - hw.Aw(TR - TW) = FL'CPL(TR = TL) =
B0 (T =) —FB.CPB(TR-TB)] 0 SR ol T
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aly 1

- T [F;;-CPW(TW =Ty) + BALCT, = TW)J esa, kD)

where hW 1s a heat transfer parameter; TA' TB’ TL’ TW and TI are
the temperature of the raw materials, A and B, recycle flow rate
temperature and the outlet and inlet flows of the cooling water;
CPA’ CPB’ CPW and CPL are the specific heats of component A, com-
ponent B, cooling water and recycle flow rate; Pr and py are
specific gravities of reaction and cooling water; Aw and VW are

the effective heat transfer area and volume of cooling water.

4,1.2 Decanter

It is considered that component G is completely removed by the

decanter. Hence, the mass balance on component G gives the relation-
ship

FG - GR.FR LR R I I R (4112)

and the rest of the component mass balances within the decanter are:

dAE

1
= VE(FR‘AR ¢ -AD) Vo b s vabiiesidie ki 1)
i T
F = VE(FR.BR—FE.BE) LU L B B BB B SR B R N R (4014)
4

it
- FE(FR'CR 7)) b scemais o asomices & CHE8)
dEE 1
a_t._. = -fE(FR.ER-FE.EE) s s arsss s e saens (4.16)
e
E.E._ = -fE(FR.PR—FE.PE) LA L TR TR B I I (401?)

Overall mass balance across the decanter will give
FE = FG = FR = 0 L B T O] €% B -3

where AE’ BE’ CE' EE and PE represent mass fraction of components
A, B, C, E and P within the decanter output flow rate FE; FG is the
mass flow rate of the waste material G from the base of the decanter;

and VE is the effective liquid mass in the decanter.
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4,1,3 Distillation columm

In the following analysis it is assumed that the feed flow, FE’
to the distillation columm contains components A, B, C, E and P only.

Product P is separated from the feed flow F by distillation.

The .distillation process has been considered as a column which
is a well-mixed tank with a volume equal to total hold up of the
column VC, and a reboiler which likewise may be considered as another
well-mixed tank with a volume equal to its given hold up, Vs. It has
been shown (by Williams and Otto (1960)) that product P forms a high-
boiling azeotrope with the intermediate by-product, E. Thus, some P

appears in the column bottom stream, Fs, and therefore in the discard

stream, FD’ and the recycle stream, FL. The following relationship
has been defined between the mass fractions of P and E:
PL - 0.1 EL DR I R A A S S A (&019)

4,1,3.1 Column only

The component mass balances within the column can be defined

as

gin 1

- vC[FE.AE - (2F = Fp)hg + FguAg Jerenianaiienenennnns (4.20)
aB . !

iy o 4y y :
dt VCEB.BE (ZFE FP)BC 3 FE'BS- R R R R R N R A Y (4lh1)
dCq 1 A

dt 1 -‘.I-C[FE.CE- (ZFE_FP)CC+FE'CS_ R R R T (4.22)
i 1 N

A - -\;C[FE.EE - (ZFE - FP)EC + FE.EE SV e g S A b A R
SE oy

e, OF ?’CEO'l FgePp = (2Fp = Fp)Po + FpuP | wevvinieninnnn (4.20)

Overall mass balance across column will give

= = s e .
FP (PE 0-1 EE)FE LI RN A B I RO B O B (4 25)
where AC’ BC' CC, EC and Pc represent mass fraction of components A,
B, C, E and P within the column; AS, BS’ CS’ ES and PS are the mass

fraction of components A, B, C, E and P in the reboiler stream, FS.
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4.1.3.2 Reboiler

-;E:_S = %s [(2FE T FplAg - FgoAg - FpoAlT] T
;;5 - %5 [?(EFE = F )8, = P8, - FE.BS:: SN base, CAT2T)
;_:.S_ = %"s [(ZFE - Fp)C; - Fo.Co - FE.CS: ceervaene. (4.28)
;25 = %é [:(ZFE ST ook, ~ FE.ES:] e osanenaes lk20)
;_I;i = i'l-s [(ZFE - Fp)P, --Fg.P, - FE.PSJ e aasasena (N 30)

The overall mass balance across the distillation column (column and
reboiler) is

FE-FP-FS iz 0 se s s aann (4-31) |

4.1.4 Recycle control

The recycle stream, FL, is regulated as a certain fraction of the '
column bottoms flow, FS’ and returns it to the reactor. The discard |

stream, FD’ then takes all excess. Hence,

FS = FD+FL vaesasinans  (4.32)
F, ?
. R = constant R e S LR

s |
The mass fraction, AL’ BL’ CL’ EL and PL,appearing in the recycle

stream, FL’ and also in the column bottom stream, FS’ can be expressed f
as follows:

L S _
G = € T o A T i
EL - ES I
Byllea B

Equations (4.1) to (4.34) consist of a set of first-order differen-~

tial equations together with some algebraic relationships which constitute | d
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the dynamic model of the real plant. Some of the equations are non-—
linear and the dynamic response of the simulated real chemical plant

is achieved by using numerical integration routine DO2AJF (see Appendix
Al).

The digital simulation of the chemical plant also involves the
dynamic equations of the appropriate feedback controllers for regulating

the flow rate, F the reaction temperature, TR’ by adjusting the flow

H
rate of cooling 2ater; and the recycle ratio, R. These are simulated
as PI controllers without integral wind-up, acting on control valve
actuators simulated as single time-constant with velocity limitation.
Feedback measurements are obtained from transducers which areaso
simulated as single time constant with appropriate scaling and limiting
(see Appendix Al). Block diagrams of the above process control instru-

mentations are given in Appendix A2,

4,2 Description of the Model

The model is identical to that which has been described in section
3.2, with the same unknown parameters, parameter estimation problem and

optimisation problem.

4.3 The Modified Two-Step Approach

The modified optimisation problem, the parameter estimation problem
and the coordination problem, which have been represented in chapter 3

by equations (3.70) to (3.73), can be repeated below as

Modified optimisation problem

min
B TR { P(FB, Tes R,Ul, 02) - llFB - 12 T = A3R}
. .- e 8 8 (4.35)
s.t. model equations and given 915 9y and A.
Parameter estimation problem’
5 S O SR )
s.t. model equations o
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Coordination problem:

Q
]
>

1 1
a 2 = A2
FB = Vl
L '
R = vy s n sy esa 14370

- {3 - o) () 8

The task of each individual unit is identical to that of the previous '

chapter. But in this case the real process measurements y(v) = [§R FP

are taken from the dynamic model of the system, rather than its steady

state model. The required derivatives of ﬁR and fp, with respect to the
set points, v = [?B fR ﬁJ', are evaluated by perturbing the system. The
modified two-step algorithm assumes that a steady state condition is
achieved on the real system before changing to a new set point. This
assumption will ignore the dynamic effects of the real process. Hence,
due to inaccuracies in process measurements and consequent rise of error
in the evaluation of the real process derivatives, it is essential to [
investigate the effect of the real plant measurements and transient res- ﬁ

ponse on the process performance of the above algorithm. : |

4.4 Results

In order to investigate the effects of real process dynamics on the

performance of the modified two-step approach, a dynamic mathematical model

of the real plant, together with its associated controllers and instru-
ments, simplified steady state model, parameter estimation problem, opti=-
misation problem and coordination unit described by equations (4.1) to

(4.34), (3.64), (4.35), (4.36) and (* .37), respectively, have been simu- |
lated on a digital computer,

Initially, the control loops were tuned by selecting appropriate

tuning parameters for each loop. This is achieved by performing open
loop Step response tests on the simulation of the realplant. The measure-
Dent time, Tm, was selected to be 60 minutes, where it is assumed that the

feal process achieves its new steady state condition within that time.

85




In this investigation it is also assumed that the same inequality
constraints which have been obtained in section 3.4.1 are used as a
priori knowledge of the real plant in order to limit the area of search

for the optimum values of controller set points, v = [ﬁg fR ﬁ]'.

Startlng from two alternative initial conditions, A (F = 14965 kg/hr,

To = 71.5°C, R = 0.55) and B (F = 15124 kg/hr, L= 82.5°C, R = 0. 54),
Figure 4.2 shows the performance of the modified two-step approach, with
measurement time, Tm’ equal to 60 minutes. Figures 4.3, 4.4 and 4.5
illustrate the approach of the controllers set point values to their
optimal operating point together with a limit cycle type behaviour after
18 iterations, with initial condition starting from A. The controller
set points oscillate between the following values:

Fp between 13151.5 kg/hr and 13605 kg/hr
'1‘R between 79.66°C and 80.11°%

R Dbetween .615:and .624

For particular initial condition C (FB = 15124 kg/hr, TR = 79.8 %,
R = 0.54), Figure 4.6 shows the performance of the standard two-step
approach, as compared with that of the modified one. The results clearly

illustrate the unsatisfactory performance of the standard approach.

In the above simulation study, it is assumed that the steady state
operating condition is achieved within 60 minutes, before changing the
controller set point values to a new point. 1In order to investigate the
effect of real process dynamics on the performance of the modified
algorithm, the measurement time, T » was reduced to as low as 1 minute.
Starting from the initial point C, Flgure 4.7 illustrates how the return
accumulates over the first 24 hours of operation of the plant. The results
show the good performance of the modified two-step algorithm with different
Teasurement times, even when the measurement time, Tm' is reduced to 1
minute, The results also show a considerable deterioration in the behaviour
of the modified two-step approach with measurement time, Tm’ equal to 5
Rinutes, This could be due to the fact that the turning points of the
temperature response (Figure 4.8) occur approximately every 5 minutes,
Vhich coulg give rise to an error in evaluation of A. However, further

anEStxcatzon is required to study the cause of this deterioration. Table

*+1 shows the final net rate of return found from the slopes of each
SUtve given in Figure 4.7.




Measurement time Final rate of return
T (mins) (/hr)
60 162
30 162
15 156
10 161
9 159
2 165 §
1 165

Table 4.1: Net rate of returmn after 24 hours ’




Starting from initial condition C, the above simulation experiments
illustrate that the greatest net rate of return has been achieved with

measurement time of 2 minutes.

Figure 4.8 shows how the flow control loop and recycle control
loop follow their set point changes, whereas a considerable slow response
of the temperature control loop can be observed. This will give rise to
consequent errors in the steady state temperature measurements, which
are used to calculate the Lagrangian modifiers, A. Despite these
inaccuracies in calculation of A, the results illustrate satisfactory

overall performance and the robust nature of the algorithm.

In this investigation, with a measurement time, Tm, the modified
optimisation problem is solved every 4 x Tm minutes due to computation

requirements of the real plant output derivatives during the calculation

of the modifiers ).

4.5 Conclusions

The simulation study of the chemical plant has been used in order
to investigate the effect of real system dynamics on the performance
of the modified two-step approach. The investigation has shown that the
modified algorithm successfully achieves the correct optimal operating
condition on the real plant by manipulating the set points of flow rate,
EB’ reaction temperature, fﬁ, and the recycle ratio, ﬁ, controllers.
This will result in a maximised net rate of return from the plant.

Although the measurement time has been reduced to considerably low

values, the algorithm is shown to be satisfactory together with its
robust nature.
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i
PART 2 DYNAMIC OPTIMISATION '

CUAUTER 5: APPLICATION OF THE MODIFIED TYO-STEP
i DESIGN OF A DYNAMIC CONTROL SYSTEM

APPROACH IN THE

The modified two-step approach which has been described in section

2.0 takes into account the interaction between the two problems of opti-

misation and parameter estimation. This is achieved by introducing extra

torms into the optimisation performance index. So far, the above tech-

has been confined to steady state optimisation and parameter esti-
mation only. The number of parameters has also been equal to the number
of uweasurements taken from the system.

niaie

In this chapter the above technique is to be developed into a more

go weral form, as employed in the design of a dynamic feedback control

s\'E el.

The design of a non-linear dynamic feedback control system has been .
giwn extensive attention in the literature, such as R. Bellman (1961, !

l
10‘\ W. H. Fleming and R. W. Rishel (1975), A. A. Fel'dbaum (1965) and f

K. .. Astrdm (1970). These authors have used the well

—established optimal

;b
coritol  synthesis procedures, such as dynamic programming, the maximum

i
p"”,lple and variation methods. |

[t is well-known that the present-day optimal control techniques }

re;:-re a prohibitive amount of computation for a large complex system.

Eer=, in this chapter the performance of the above algorithm will be

|
tes2d on a simple feedback dynamic system, using its simplified reduced

~:matical model

!!

!
» as a vehicle for the application of the modified two- i
st= Jpproach to more complicated practical systems. i

5. Ovnamic Optimisation and Parameter Estimation

‘ptimisation techniques generally consist of a mathematical procedure.

T===-ore it is necessary to represent the behaviour of a system by a set

¢Z —:=hematical relationships which constitute the mathematical model of 4!

b
the wstem. If the model consists of a set of differential equations, :
th: wetem is considered to be dynamic,and optimising such a system to i

&z 2 certain performance criterion is termed dynamic optimisation




Consider a mathematical model which is describing a system by a set

of differential equations:

x(t) = £(x(t), ult), a(t))

x(t ) X

where
f = n-vector function of algebraic relationships

x(t) = n-vector of state variables

u(t) m-vector of manipulable inputs

a(t) = p=-vector of estimated model parameters
t = independent variable (time)

= n-vector of initial state at time t = 0 (to)

The outputs, y(t), taken from the model, are defined as:

(t) = h(x(t), ult), a(t))
where |

h = r-vector function.

In general, the model is subjected to a set of inequality constraints
represented by

g(x(t), u(t), a(t)) <0
where

g = z-vector function of algebraic relationships.

The dynamic optimisation problem is defined as that of determining
the manipulated inputs u(t) as functions of time, in order to optimise
a given performance index, P, where P is defined by a function whose
Values depend upon x(t), u(t) and a(t) as time varies in a given interval,
T2t >0. A general performance function can have the form:

T
P(x(t), u(t), a(t)) = w(x(T),T) +j L(x(t), u(t), a(t))dt .. (5.1)

o

“here Y(x(T)) is a scalar function of the final values of the system and

the integrand T, describes the system behaviour during the time interval
Ogt¢
N




The dynamic optimisation problem may then be given as:

min {P(x, u, @) = Y(x(T),T) +f L(x, u, a)dt}
= o
Mt R TR xil )
g(x, u, a) € 0 s (5.2)
¥ = h(x, u, a)
x(0) = X,
OsteT

where x, u and ¢ should more correctly be denoted by x(t), u(t) and a(t)

because they depend upon time, but functional notation is omitted

for
convenience,

The parameter estimation problem which estimates the values of the
unknown parameters of the model can be obtained by exciting the model and
the system in parallel, as shown in Figure 5.1.

Hence , taking a weighted least square fitting criterion as an

example, the parameter estimation problem can be described as:

_ T
min {6(x, u, @ f I 2o - nex, u, @ Il: at}

o

o
8.t. kX = £(x, u, a)
g(x, u, @) €0
¥ = h(x,u, o)
y(t)

senvse (5.3)

where y(t) denotes measurements from the system.

3.2

Optimal Feedback Control System Design using Intecrated Svstem
Optimisation and Parameter Estimation

In this section a more general form of the modified two-step approach,
based on the same principle as employed in the derivation of the steady

State technique, will be developed into an algorithm for the design of a
dynami ¢ feedback control system,

Consider the case where a dynamic feedback control system is des-—

Cribeq by a set of n differential rela

tionships, a set of r output rela-
tionships

s and a set of r feedback control relationships given by:




"
]

£ (x5 u)

I, ~ ESCES' l-Is)

5 7 Es l:zd ¥ Xs]

X_ = n-vector of system state variables
ug r-vector of system control inputs
¥, = r-vector of system measurable outputs

Iy = r-vector of desired output

kg r x r - diagonal matrix of system controller gains

Xg» Ug and y, are time-dependent and they should, more correctly, be
denoted as. x_(t), gs(t) and xs(t).

The simplified mathematical model describing the above system is

used to design the optimal feedback control system by computing the
optimal feedback gains.

The model can be described by a set of q differential relationships,

a set of r output relationships, and a set of r feedback control relation-
ships given by:

" R 5, 9
Tn T B Uy O
m li1::l|:zd - Y:l
where
X, = d4-vector of model state variables
gm = r-vector of model control inputs
Yo = Tvector of model measurable outputs
Em = r x r - diagonal matrix of model control gains
& = p-vector of estimated model parameters.

SUbscripts m and s refer to the variables in the model and system, respec—

tively, oo U and Y, are time-dependent.

By employing the above system and model equations into equations

(5.2% snd (5.3), the following optimisation problem and parameter esti- |
Bation problem may be formed: |
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The optimisation problem:

T
min {P(?S_mn l_-lmy E) = ‘b(xm(T)s T) + f L(?-{'m' ‘__-1_m’ E)dt}
“m (o]
e R e W (5.4)
Tn T By Yy @
gm y Eé][?d - -qJ

The parameter estimation problem.

mim {G(Em’ U Yoo a) J1 l,z zmll d;}

Bty ok oW Rl Lo n )

I; © ES(ES’ Es) (5.5)

X w g%, 0,06
“m “m'=m’ -m’ =
To T B Uy @
n T 1-‘-‘.'-tn-.][')zd 3 -%J

By using the model equations the integrated reduced problems can
be shown as:

min P(k , a) Optimisation problem
X ~m

-m

s.t. model equations
: (5.6)

min G(k 5 s’ @) Parameter estimation problem

o

s.t. model and system equations

Interaction between the two problems occurs through the model para-
Beters u, and the applied control gains Em' The two problems can be de-

Composed into two independent subproblems by considering the symbols a

and k

S5 88 model parameters and control gains, respectively, in the para-

Seter estimation problem, and ¢ and k as the corresponding symbols in
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the optimisation problem. The added equality constraints are:

ES - 1_(,m A LB B R I S N I Y (5-7)

g = E l'll.ll.l......llll.l (5.8)

The two problems can then be summarised as follows:

Optimisation problem

min P(gm, o)

$hs0scvsvssssrssanaen (5-9)

Parameter estimation problem

min  G(k_, o)
a

L Y N R (5-10)

Both problems are subject to model equations, constraints and

additional equality constraints described by equations (5.7) and (5.8).

If the optimum parameter estimates occur in the feasible region
within the model constraint boundaries, the parameter estimation problem

may be considered as determining the unknown parameters o, to satisfy
the estimation gradient condition: _ :

_g'g'(gs, E) » 9 = {_1 Ssssvvsnssesnssanesnnnan (5-11)

Formation of a Lagrangian will give:

M B,k gt 2—‘; (kgy 9) + tr{.f}'[lc.;&rg} *u'lg-a)  (5.12)

where N and p are vectors of Lagrangian multipliers, and A is a diagonal

matrix of Lagrangian multipliers. The conditions for a stationary point
are:

% = .0 -4 = [0] Beighuy et mesd | (8. 39)
~m -m

8L 3 3G"

e T[ii (ks,a):l S gl R R T o AP TR (5.14)
3L 3G

== %E["EE ths | o ] S e eee b e (5508)
3L

*S-E- = %(l&m’ g) + u = g ......... R (5.16)
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k

where the elements of the matrices [% {a) -l, [-,ai- (.):| and the
o = &g

vectors E-g-a.nd E-E—,-au:e defined as follows:
oa 9g

3 . 3%G ~ - 3%C
tox l:'éE (’):I < [aaa] ~ da,oa,
= ——— 3
ij
- 3 : 322G 392G
for [ ()] is |3 = EPRPET
=s -, e
ij
3G S e
for ( sg ] is =0

for ( %% ]‘ is %E'

Equation (5.13) leads to the modified optimisation problem described

in the form

min{P(Em, g)-:r@.gm]}i = SRR S LR
k

s.t. model equations and constraints
The solution to the above modified optimisation problem will satisfy

equation (5.17), subject to given g and [ﬁ]. The matrix of Lagrange
modifiers, [A] can be found from equations (5.14) to (5.16) to be

N L )
. 9 S e b X
1] = {aks ( 3 ) [G%] T} PP -

The parameter estimation problem which has been described by equation

(5.11) is satisfied by solving the parameter estimation problem given by

equation (5.10). This problem remains unchanged.

The resulting algorithm may be considered in the hierarchical struc-
tured form shown in Figure 5.2, where the task of each unit is identical

to that which has been described in chapter 2.

If the model is represented by ordinary algebraic equations rather

than dynamic equations and also the number of measurements are the same
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as the model parameters, then the algorithm will be identical to that
of chapter 2, as they are based on the same fundamental principles of

Lagrangian analysis and system decomposition.

5.3 Application of the Design Procedure to a Simple Example

In this section it is intended to illustrate the effectiveness of
the procedure which has been presented in the previous section. Hence,
the above algorithm will be applied to the design of a third order
dynamic feedback control system, through the use of its simplified model,

where the model is not a true representation of the system,

5.,3.1 The system description

Consider a simple dynamic feedback control system, as represented
in Figure 5,3. This is a third order dynamic system which may be repre-

sented in the following general form:

A set of differential equations

xls o xzs L I I Y (5.19)

XZS - x3s .au.oca.l-cf..nn- (5-20)
BT SN

. s 3s 2s

x3s 4’0 L T R R (5-21)

an output relationship,

ys s xls L N N NN N (5-22)

and a control input relationship

us(t) = ks.e(t) Voramadriessaisass (5el3)

where e(t) is the error between the system output and the desired
output given by:

e(t) = yd — ys L L R O T O I R N Y (5-24)

By substituting e(t) from equation (5.24) into equation (5.23), the
control input relationship becomes

u (£) = ksl}'d-ys;l ....... Sonaaedae {525y
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where Y4 is the desired output of the system and ks is the controller

gain. Hence, the system equations can be summarised as:
i *2s
o . O
e S
. N g 3s 2s
1{38 =3 4.0 LR R R (5026)
Y =

*1s
a ksEd £ ys]

5.3.2 The model descriggion

The open loop transfer function of the above system is given by

1
T.Fs - s(1 + 8) (1 + 3%9) sscesssesee (5.27)

with its dominant pole at s = 0 and the remaining poles at s = -0.25
and s = =1 (on the s-plane).

To form a simplified model representing the above system, the

system transfer func‘tior'i.-T.F8 is reduced to a second order transfer

function given by:

ool
T-Fm - m s esns s aas (5-28)

where a and b are the model parameters whose values are to be estimated.

It should be noted that the purpose of this reduction is to have an

unfaithful representation of the system. This will examine the effec-

tiveness of the modified two-step approach in the design of a dynamic

feedback control system, using its simplified model.

Having defined the model transfer function

» the simplified model
may be represented as that of Figure 5.4,

The simplified model representing the system can now be formulated
in a general form, as follows:

X = x

1m 2m
% J u .a - o
2m b cesseenas. (5.29)
ym = xlm
- km[?d ?ha 8
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This model is to be used in order to determine the optimal

control gain km to minimise the system objective function.

5.3.3 Optimisation and parameter estimation problem

The optimisation problem can be described as that of minimising
a given performance index in order to determine the optimal controller

gain. In this case the performance index, F(km, a, b), is defined by:
= 2 2
F(km, a, b) t[ (%m(t) + 0.5 um(t) )dt Y o 530
o

s.t. equation (5.29)

Hence, the optimisation problem can be formulated as follows:

[- -]

mlicn {F(km, a, b) = f (em(t)z + 0.5 umi‘(t))dc} ouleuiataocan L8 3L)
m o]

s.t. equation (5.29)

The parameter estimation problem can be defined as minimising a
comparison index in order to find the unknown parameters, a and b.
The comparison index, G(ks, km' a, b), is defined by

Glk,, k_, a, b) = f (v, (8) = y_(£))?%de BRI G T
0

The parameter estimation problem may then be formulated as

ii:{c(ks,km, a,.b) = f (ys(t)-ym(t))zdt} s e ves B33

(o]

s.t. equations (5.26) and (5.29)

Equations (5.31) and (5.33) define the optimisation and the para-

meter estimation problems respectively. From these two equations it can

be seen that the two problems interact via k , a, and b. The two prob-
lems can be decoupled by emploving ko, a and b in the parameter esti-
mation problem, and ks’ 91 and g, as the corresponding gain and para-
Beéters in the optimisation problem. This will create some additional
®quality constraints. Hence, the optimisation problem and parameter

€stimation problem can be described as follows:

1C6




Optimisation problem

k

3 = 2 2
min {F(km, 01, 02) .J, (em + 0.5 u Ydt} e e LR )
m % o)

Parameter estimation problem

iig '{G(ks, a, b) = ‘/? (ys - ym)zdt} sats sy (D35)
0

The combined problem is subject to the model equations (5.29),

the system equations (5.26), and also additional equality constraints

given by

k = k

s m
Qg™ & carciealsan TG E36)
o &

5.3.4 The system solution

It is important to find the correct optimal gain k: and optimal
value of the performance index F*. This enables comparison of the true
solution with that obtained from the model. In order to find the true
solution, the optimisation problem described by equation (5.31) is
solved subject to the system equations rather than those of the model.

Hence, the optimisation problem becomes:

mlicn'{rs(ks) = f (esz(t)+0.5 usz(t))dt} PR Y (IR

s 0

s.t. equation (5.26)

' Substituting u (t) from equation (5.23) into equation (5.37) the above
equation becomes

min {F (k) = (1+ 0.5k 2)‘/\ e 2(t)de} e e b
k s s S ]
s o

Ln
.
w
[=2]
N

s.t. equation (5.26)
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The quadratic performance criterion,Jaesz(t)dt, can be evaluated analy-
o
tically using the Parseval's Theorem (Jacobs (1974)), provided that
the Laplace transform of error, E(S), can be expressed as the ratio
of two finite polynomials in S. If the input function to the system
is a unit step, E(S) can be evaluated to be:
452 + 55 + 1

E(S) = s v esiee s 25, 39) E
'4S3+552+S+k5

Using the table of integrals (Astrém (1970)),

21k wHet
f es(t)zdt - —g_'-_"“ e (5-40)
o ‘Bks + IOKS

Substituting equation (5.40) into equation (5.38) and minimising FS,
i : AFg * 3 "
with respect to ks (l.e. v 0=+ kg]’ the resulting ks is found
s

to be

A .
k. = 0.314 x |
S rf .
with optim al value of function

“
B el ' '
s

where * refers to the optimal values.

Se8.5 Application of the algorithm to the simple problem

The scheme which has been described in section 5.2 is to be applied
to the simple example. Hence, the modified optimisation problem, the

parameter estimation problem and the coordination unit problem can be
summarised as follows:

Modified optimisation problem

min {[%m(km, o) - “'kfﬂ = t[\ (e 2(t) + 0.5 u 2(t))dt - A.km}
m (o]

R | |
s.t. equation (5.29)
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Parameter estimation problem

212 {G(ks, a, b) = J‘ (ys(t) - ym(t))zdt} O T €5:42)
- o

s.t. equations (5.26) and (5.29)

Coordination unit problem

k = k
s m

oyl = ag

02 = b

L B (5.&3)
3 36 3G9 2% 3% 4! ~3F,

Ay ok, |3 % | 552 2avb 30,
326 EEE ¥y
abda 3p2 30,

Solution of the parameter estimation problem given by equation
(5.42) will update the model parameters, a = 9 and b = Tpe Then the
coordination unit computes a new value of the modifier A using equation
(5.43). The new values of A, 9y and o, are then transmitted to the
modified optimisation problem, equation (5.41), which updates the value
of km = ks,and the procedure is repeated until no further improvement

is observed.

If the model is not a faithful representation of the system,
several iterations between the two problems will be needed before the
final converged solution is obtained. In order to control the stability
of these iterative loops, the relationship ks - km in the coordination
unit is implemented by a difference equation of the form

i s |

k = k
s

: + k{kml - ksi-l} Sowest [5.48)

where ksl and kml are the values of ks and km at ith iteration, ksl—l
is the previous value of k . The loop gain, 0 < k < 1, determines

the change made to the system controller gain, ks, from one iteration

to the next. This ensures that an excessive alteration is not made.




In the above iterative procedure, the parameter estimation
comparison index, G(ks, a, b); the optimisation performance index,
ﬁﬁkm, 9y 02); and the Lagrangian modifier, A, have been evaluated
analytically using Parseval's Theorem and numerically using the NAG

library of routines (see appendix Al).

5.3.6 Results

[

In order to determine the effectiveness
of the procedure as applied to the design of a dynamic control system,
the system has been designed analytically using Parseval's Theorem.
The optimal controller gain, k*, is found to be equal to 0.314 with the

performance index, F , at its minimum value of 5.17.

The standard unmod®fied two-step approach can be conducted by |
setting the Lagrangian multipliers, A, to zero. Figure 5.5 shows varia-
tion of performance index, Fs, of the system starting from two alter-
native initial points, as well as the corresponding variation in gain,
ks, respectively. These results clearly show the unsatisfactory beha-
viour of the standard two-step approach when applied to this particular
problem. In this case the controller gain, ks, is found to be 0.445
with Fs = 5.5. The results imply that the output gradient of the

system with respect to the controller gain, ay5/31‘5, is not matched

: ; s , ! g
with that of the model (1.e. EE—-? EE_) Hence, an algorithm is required
s m

which takes into account the above gradient condition to the solution

of the overall problem.

Figure 5.6 shows variation in performance index, FS, by applying
the modified algorithm starting from the same two alternative initial
points and employed using the standard two-step approach. It was
observed that although the correct final optimum performance index,
Fs’ on the system is obtained within 0.27, there is anerror of about

7% in the controller gain. Values of ks and E in this case are found
to be

0.336

o
I

F. = 5.18

The error could be due partly to non-zero values of the gradients,
3G

3 and gg, and partly to a flat minimum. In addition to showing the
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variation in Fs, Figure 5.6 illustrates the corresponding variation
in the gain ks and the behaviour of the modifier, A, observed during
optimisation.

In this exercise convergence is considered to have

~

cccurred when
further improvement of the performance index, F

» 1s less than some
positive constant e.

s
Typical times to converge to the optimal solution
are shown in Table 5.1.

The overall solution to the combined problem of the optimisation
and parameter estimation has been conducted in two ways:

(i)

G, F and A were found numerically and then the iterative

procedure (i.e. the modified two-step) was employed;

(i1) G, F and A were found analytically (using Parseval's

Theorem) before using the iterative procedure.

Table 5.2 gives a summary of the results obtained with

E = 1.0E - 3
IO R T

This compares the final System performance index

< Fs, and the controller |
gain, k_,
s

|

produced by the standard two-step approach and the modified ]
two-step approach (including (i) and (ii)) with that of the true solution. l
|

5.4 Conclusions

In this chapter a more general algorithm, which attempts to take #

account of the inherent interaction between system optimisation and

Parameter estimation, is employed to design a dynamic control system

using its simplified mathematical model. This algorithm is based or the w

same fundamental principles of Lagrangian analysis and system decomposi-

- . 3 . - l
tion as employed in the derivation of the steady state algorithm, des- I
cribed in chapter 3, |

The technique has been successfully applied in a design of a dynamic

given performance index. The model used has been deliberately simplified

]
feedback control System by adjusting the controller gain to minimise a {
in order to demonstrate the effectiveness of the technique.

The results I

obtained show that, without the required modification, the two-step

ipProach fails to determine the correct optimum cond

ition on the system,
Iowever, the modified tywo-

step algorithm successfully minimises the given

cerformance index.

MF:
11



Loop gain Number of |
k cycles i
SEE 39 |
e 0.2 18
0.5 5 e
0.7 8

Table 5.1: Convergence time for e = 1073

True Standard Modified two-step %
Selution Swo—step Analytical Numerical ”

Kg 0.314 0.445 0.336 0.337 E

a - 1.428 1.250 1.250 i

b - 7.161 6.285 6.305 ;i
Fg 5.174 5.501 5.184 5088 f,

Table 5.2: Summary of the final values

{




The requirement of the modified two-step algorithm, to have %g i

equal tc zero in the Lagrangian analysis and also to measure secongd deri-

vatives of real process outputs, imposes an important practical limitation

to the technique. However, in this particular simulation study, although

the value of the optimal controller gain, ks’ is not as accurate as its

theoretical value, the technique still minimises the given performance |

index to the correct optimal value within acceptable errors (about 0.2%).

The results also show that the convergence of the iterative tech- “

nique can be regulated by appropriate choice of gain parameters within
the iterative loop.

In the next chapter the algorithm will be applied to a more compli-

cated and practical dynamic system using its simplified mathematical
model.

e
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CONTROLLER PROCESS

Y alt) K :JstrlzKSxes(r}_, 1 Y ()

;s 2 » S(1+45)(1+5)
I YS

FIG.(5.3) A UNITY FEEDBACK CONTRCL SYS—=i,

Y gy(t) % Un(t) a Yolt)
g m S(1+ bS)
|
IYm =

FIG.(5.4) THE BLOCK DIAGRAM OF THE SLELIFIED :/0DIIL



&

5-8 i
5 61
B !
LJ....w I
S 4f |
:
52k , E
——— i.!
true value i
f
50 i
i
|
F'i"!
.|'..
0-4F
-
03 true value
8
02
o1k
L " i M 1 1 " |
0 b 8 12 16 20 24 28

NO OF CYCLES
FIG.(5.5) VARIATION OF THR PFRFORMANCE TNDEX F__AND GAIN CONTROLLER
SETTING K, DURING THE STANDARD TWO-STEP APFROACH. '

7 |



A
57
u..m L
55 >
53k
51t
05
n
-ty
0-bt
ol true value .
B

0:2%-

frue value

Ve "

e

%30

=50

or
+ |-
@

12 16 20 54 28
NO OF CYCLES

{2 T

T ™ - - ~ar — e TS T A RF gy —yep -
FIG.(5.6) VARIATION OF PERFORIANCE TIDII J ,GAIN COITROLLER AND
o - - - —— al -

S
OPTIMISATION MODIFIER A DURING THE MODIFIED TWO-STEP APFPROACH

118




z ZEPLICATION OF THE MODIFIED IWO-STEP APPROACH TO THE DESICY:
JF OPTIMAL FEEDBACK CONTROL OF A SYNCHRONOUS GENERATOR ;

., =z.z chapter the modified two-step approach will be employed in

LR

NEL ~z:.2n zn optimal feedback control synchronous generator. This
:; St Zzsigning a controller gain matrix in order to minimise a
given ?&,_ea,:-'_ance index, using the generator's simplified mathematical
i 4 ~w=parison to the standard two-step approach, as far as the
convergE"= rroperties and accuracy at which the real system optimum

srinz ~w=dition are concerned, will be made,
gperaLie=s

fhe zrZETeEm which will be considered in this chapter consists of a
synchf"‘""“""'g —achine .together with its associated controllers. Some smalil
cine cons T Z-%8, small time delays and other small parameters are neglecte 2
zZzh-order time delay system can be approximated by a lower-— |

go that #
zzry model (considered as the system).

order 9r%=
The z-=7e system exhibits both fast angd slow dynamic properties
simultane~-%1¥. Hence, the mathematical model is formed by neglecting
the dynacic? of those equations whose Steady state is reached much faster,
ater, =he model is further simplified by linearising any non-linear

diffurs:ntial equations which exist in the non-linear model.

gyures zescription

6.1
The power system under investigation consists of a synchronous

machine unit connected to an infinite bus, Figure 6.1. It has both a
voltage rez-:l2tor and speed governor controls. This type of system has
been conziiered in the literature (Reddy and Sannuti (1976) ; Yu, Vong-

wedman (1970); Anderson (1971); Miles (1961); Demello and
Concordia (1%£9); and Prabhashankar ang Janischewsyj (1968)). The basic
machine equztions were originally developed by Park (1929),

suriy;j ans

6. 0.0 LisE of svmbols

d = direct

aquzdrature

‘.[ =

g = gate opening
2 = governor control-loop signal
£

h = water head
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b bl it e sl bRttt i

d-axis armature current *

q-axis armature current
proportionality constant i = 1, 2,23
inertia constant

mechanical power input

electrical power output

initial value of mechanical power input
exciter control input

governor control input

constant bus voltage

d-axis bus voltage

q-axis bus voltage

field voltage

exciter control voltage

d-axis synchronous reactance

d-axis transient reactance

q-axis synchronous reactance

q-axis transient reactance

q-axis subtransient reactance
open-circuit field time constant
exciter time constant

gate time constant

time constant of the control voltage amplifier
governor actuator time constant
water time constant

exciter gain

gain of voltage amplifier

governor actuator gain




0 = total droop (permanent plus transient)
wd = d-axis flux linkage

¥ = g-axis flux linkage

wf = field flux linkage

6 = torque angle (radians)

w o= s%nchronous speed

w = speed (rad/sec)

81 = time delay in hydraulic head

62 = time delay associated with gate opening

6.1.2 Synchronous machine

Park's model describing the dynamic characteristics of a syn=

chronous machine in per-unit form is given by:
dwd .
T e~y

dy
SR
L dt

benassnsess (6:1)

r 1q + wd.m Feaes stz (6.2)
dwf
W > et Xgig * wwd gosessevnae  (6:3)

where

mwd = G(s).vf - xd(s)id ..... cessss (6.4)
wwq = -xq(s)lq : “weinsescnd  L0:5)
where the operators G(s), xd(s) and xq(s) are:
G(0) =1 1
G(s) => - A 1.e. G(s) = T—;“?gg dossanseses (B6)
x.(0) = x X, + f %S
xd(s) => ‘d > ? e, xd(s) = —ET—:—%~§Q— ........... (6.7)
Ad(m) =x'y o

R




x (0) = =
qus) s xq(m) 1 "with xq" =0 xq(s) = xq s LBSB)
q

Il
]
|
M

By neglecting the armature resistance, r, time derivatives of the _

dy dy
direct and quadrature axes flux linkages, s and EER’ the Park's
equations become:
v - - m L L B B B B B B N ‘g ‘
o SN (6.9) |
vq i wdw R NN (6-10)

by substituting the above operators given by equations (6.6) to (6.8) !
in equations (6.4) and (6.5)

w = — i Cssassasssann 6011 {
l;’q qQ q ¢ ) |
- il
wp, = £ = e Tds i 6.12
d 1+TS 1+Tsxd ld L R B BT O O I Y ( - ) !
o o I
x'd
where T = T —,
d o xd

Equation (6.12) can be written as

mwd N ok sEasashainniyal L0 13
where g
Ve * 1. 8(x, = x' )%
] o d d’*d
fo = 1+TOS [ N N R R N (6-14)

Equations (6.3) and (6.13) will give

dy
L e

—d-g—- f fx LR R I Y (6.15)

-

Substituting for Ve from equation (6.14) in equation (6.15), the

results will give
= T — — 1 ' 1
wf TO{vf T xg 1g * %' 1d} v sy ewae s (6.16)

Equations(6.16) and (6.3) will then give

Ve = To[@dm X i;] saeebaihsans L LBLT)
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e o o ik ek

The machine terminal voltage s is related to Vis Va and the torque

angle & by

V4 sind R e R S T o)

v = v cosS§ b e v i D (6 S19)
q o

Solving for id from equation (6.17) and substituting in equation (6.19)

for v

Ve Vo cos§
1d - TO.x']E_ x.d L R (6.20)

From equations (6.10) and (6.18),

. sind
i = < LR I R R I S N (6-21)
% q

The power of the electromechanical energy conversion is

Pe - iq Vq"'id Vd—Po -------- e s e g (6-22)

Initial power input Py is assumed to be zero, hence,
Pe = iq Vq+id Vd ) LRL R B R B R Y (6.23)

Substituting for iq, ig vy and v, from equations (6.18) to (6.21), in
equation (6.23)

Vo V£ sind  (x'4 = xy4)
Pe = 2 fl * d T d v 2 5in26 LRI (6-24)
T 2xdx d o
o d

The equation of motion for the rotating masses of the generator set is
dw 1
'&'E' s E(Pi Pe) AT (6.25)

The last equation is obtained from

dw
Pi = D.w—ME-'FPe

where the damping coefficient, D, is neglected (Yu, Vongsuriya and
Wadman (1970)).

Since the performance of a hydraulic turbine depends on turbine
gate opening, g, net head, h, and the speed of rotation w, the mechani-

cal power input P; is given by (Reddy and Sannuti (1976)).
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B =R - 0 gl =00 ke T sadea (6,200

where O and ©, are pure time delays.

Substituting equations (6.24) and (6.27) in equation (6.25) yields:

di Vo Vg siné

3
T ™ —ﬁl:klh(t - 91) + kzg(t - 92) + k3w _——To x'd -

(x'd - xd)

2 .
zx'dxq V,< sin 26:] iex (6.28)

Equations (6.14), (6.15) and (6.20) will give

dt Ve de'd x'd o

dvg L XV | (xq - x'g)

The torque angle § is related to speed by

dé

e 1 = (m-l)wo S srieReR s miae LD a50)

Equations (6.28) to (6.30) constitute the synchronous machine equations.

6.1.3 Exciter control-voltage

A control signal Uy is fed into the summing junction of the
exciter-voltage regulator system through a transfer function GS,
5
GS = "]—-_+—_E-;§ ----- L B (6-31)

The exciter of the machine has a transfer function Ge

u
e
GE el 1+TES R I R (6-32)

shown in the forward branch of Figure 6.2.

The exciter system equations may be written as

dvg Ve y j

?t_ = -'-T—e-“i"%z(vo-vs) e s s s ee s sne (6133) Ii

_ |

dv v u |

B o 2B g '
et - + T (ul) Stk arygardiast KB BY)

Equations (6.33) and (6.34) constitute the exciter control equations. ;
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6.1.4 Governor control system

A control signal U, is fed into a summing junction of the
governor system through a servo motor (Figure 6.3). The motor has
a transfer function of the form

u
= _a
Gm it 1 + Tas e s s s s s s e sEae (6-3J)

The governor system transfer function Gg and the hydraulic operator

Gm are shown in the forward branch of Figure 6.3, where

G, = ?.Tlr;'é' e ety M6 50)

Gy T—;:ggé-?zg e s s RGEse.  CBadT)
The governor system equations may be summarised & follows:

%% - - %§-+ %g (—'gs - 8¢) S e B S0)

b 48 -g—§+-z‘-au2 . 2o xibitet £6059)

%=-&%-ih e G, (DAY

6.1.5 Complete system equations

The system equations consist of some known numerical data, taken

from Reddy and Sannuti (1976), given below:

£y 1.0 x'd B xq = 0.6
To = 10.0 M = 5.0 W - 1.0

g _ER L) o = 0.25 Ll 0.2

p = 2.0 g = 0.45 T = 0.1

P g

% 2.0 t, = 0.1 T, = 0.5
ky = 1.67 ky = 21.52 kg = 0.217
Vo = 1D By = 0.025 8p = 0.025

The time delays, 6; = 83 = 0.025, are not significant and can

be neglected in equation (6.28) to save computer run time. However,
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i

:

the effect of the time delays in governor—gate opening and hydraulic
head, with higher values of 81 and 82, has been given by Reddy and
Sannuti (1976). Substituting the above numerical values in the
equations of the machine, the exciter and the governor system, the
complete system equations together with the control inputs can be

summarised as follows:

%% SO e A At )
£ = 0.04336 - 0,042 Ve sind + 0.0367 sin 26 - 0.304g
+0|334h LB R R B Y (6.42)
AR S T (6.43)
-a-t-:— = Vf . wf . cos L R .
dvf
-a-E_ = '—4 Vf-lo VS"'].O;S I R R R R RN (6-44)
dvs d
_'d"E— - _5 VS+10 l.ll CRC N T A (6-45)
‘g‘% = "‘4.5g - 1001 2 10 gf L IR R (6'46)
-—dt gf 2 ERE N R R ] .
B m LA 4995 4200 % 50 g o R
dt f - 8 - " "8 - -

Equations (6.41) to (6.48) consist of a complete set of system equa-
tions. §, w, Ve Vgs Vgs 8 8f and h are the state variables. The
system is non-linear because of the non-linear terms of equationms

(6.42) and (6.43). wu; and u; are the controls given by:

u; = k(8 - § + kip(w - wd) T TR sovaees (6.49)
U-Z = 1(.21(‘5 T Gd) =3 kzz([ﬂ - wd) + U.2d RN T T e (6-50)

where kqq, ky95 ky1 and kyy are the elements of a simple proportional

multivariable controller matrix k, given by
&% PR,
kay L kg
The controller k is to be designed so that the pover level goes

from a given initial value (assumed to be zero) to a desired final

value. The final desired real power Py is assumed to be 0.735 and the
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reactive power Qq is 0.034 (Reddy and Sannuti (1976)). In the system
equations (6.41) to (6.50), the power can be controlled by controlling
the power angle,§. The final desired values of éd, wy and beq are _

calculated from the final desired power level.

The performance index, Jg, has been defined as

5
Jg = S0(8(5) - §4)2 +J [0(s - 6, + 100w = w)? + 0.1(bg = vga)? +
o

_ 2 o
100(u; = u; )2 + 100 (u, - u,,)Z]dt Sl n s ises 106,31

where the initial conditions are:
§(0) = 0O w(0) =1.0 wf(O) = 10.5
¢f(0) = 0 h(0) = © g(®) = 0

The final conditions are:

Gd = 0.375 wg = L.0 Veq ™ 11.2

= 0.272 = =-0.845

Y1d Y24

where the values Usg and u,g are found from the steady state solution

by equating the derivatives to- zero.

6.1.6 Summary of the svstem equations

The dynamic representation of the synchronous machine as well

as its associated control systems are summarised as follows:

%16 = Xy = 1.0 o ST A TR
izs = 0.0433.::2s - 0.0422 Xq sin X140t 0.0367 sin 2x15 =
0.304 Xes + 0.334 Xgq hesiounvaes (0, 93)
i3s = x, —0.2 X ¥ 1.05 cos x; s e LB5K)
i&s = =4 Xy = lO.x5 + 1035 aeioassame  LBD5)
iSs =1 =h X< + 10 ugg alelaie maie)i s . (6.56)
iﬁs sSe=h D Xeo ~ 10 B 10 Xog PR U Ty i (0 )
X R =10 sl s vsvasivme  LB.08)

7s s 2s




T —4.x85 +9 X, + 20 X,  + 20 X5q » emweee L8 59)

R E‘ld 1 "19] Fikyae E‘zd y xzs] *Ugs e (6:60)

Yy Ty g i, By s ] ug . e
o]
= =, 2 — 2 - 2
3 50(x, (5) - x, )2 + f (100x), = %2 + 10(x, = x,)? +
O
= - 2 = 2
0.1(x35 de) + 100(u1S ulsd) + 100(u25 u2ds) }dt

vesseses  (6.62)

where6‘=x1,w=x2, wf=x3’vf=x4’vs=x5’ g=x6’ gf=x

d
h = Xg5 Gd = Xjq0 Wg = X, 49 wfd = Xg43 the dots denote I and

7!

subscript s refers to the variables in the system equations.

6.2 Model Description

6.2.1 Non-linear model

A simplified third order mathematical model can be formed by
neglecting the dynamic equations of vf, vs, g 8¢ and h, assuming
that they reach their steady state much faster. In addition, the
exciter control voltage and governor time constant may be neglected
by taking the exciter gain g and the total droop ¢ as the unknown
parameters whose values are to be estimated in order that the model
represents the system as closely as possible. Hence, from the
original system equations given by equations (6.28) to (6.30) the

model equations can be given as:

ds,,
-c-i-E--= mm"‘l LR R B BN I Y (6.63)
dw V. Ve 8in & (x'; = x,)
To X' g 2x 1 xq

voz sinZﬁm] Saairsaas e (6,64
dy X, ¢ (xq3 = x"2)
EEE e ? I g - R Vo €08 8 oieaeaean o (6:65)

x'q T4 x'




v = a.(v - nu, ) s vt N5 BG)
o s

fm 1 1m
m .
gm - —02 Q;“ = E uzm] R R R (6-67)
o
i kllmcﬁd - 5m) - k12m (md - mm) FUpjgn eeeeeeees (6.68)

Uy = k21m(6d - Gm) + k22m (md - mm) FUpan ereeesees (6.69)

By substituting the numerical values in the above equations the complete
model equations become:

le - xzm becd 1 sRms e st e senE s (6&?0)

iZm = (0.0433 + 0.304 az)xzm - 0.0422 Xy esin X, +

0.0367 sin 2x + ,304 a, u

lm 2 zm TR I R B R O (6.?1)

e

= 0.2 x + 1.05 cos x

3m 3m 2 410 01(1.05 o zulm)

1m
RN Ay Sl S NP S )

u = Lk (

1m 1lm X * K

X4 " Fim ( (6.73)

12m x2d nar xzm) < = uldm “n e

(

u xln? + k (6.74)

om ™ ¥a1m®14 ~ 220$%2a ~ Fop) * Yodm v

d ; :

where the dot denotes-az and subscript m denotes the variables asso-

ciated with the model equations. X, , X, and x, are the model state
Im* "2m 3m

variables. The model is also non-linear because of the non-linear

terms of equations (6.71) and (6.72).

6.2.2 Linear model

By neglecting the dynamic equations of Ves Vs B B¢ and h,
A
assuming that they reach their steady state much faster, the system

equations (6.41) to (6.48) can be written as

ey T B 1.0 WU e Y b

X

0.0433 x. = 0.0422 x sin x. + 0.0367 sin 2x, =
2m 3m 1m

2m 1m

0.3046 x. + 0.334 x (6.76)
6m

i e R O
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x3m = x&m = 0.2 me + 1,05 cos xlm ........ o o BT

-4 xdm 0 3 xSm + 10;5 == ( Faereasierenione HORTR)
-5x, .10 g = 0 ' et SRR N
-4.5 Xem ~ 10_):zm - 10 Xoo = 0 L PR R T 8 ),
=10 x?m + 10 B 0 B o P N e (6.81)
-4 Xg * 9 Xeo + 20 Xom ¥ 20 Xy = 0 ssoesvaey M0 82)

From equations (6.82)and (6.80),

Xo = 0 sriesidsee £6483)

Equations (6.78) and (6.79) will give

o = =5 U + 2.625 Tan e anaa LONRE)

Combination of equations (6.80) and (6.81) yields

Ry ™ (-10 Xom ~ 10 uzm)ld.S esessessse (6.85)

bm’ Fém and Xg in equations (6.76) and (6.77),

the model equations may then be summarised as:

Substituting for x

= 1,0 secsscsese (6.86)

xlm g x2m
L. 0.68 X T 0.0422 X0 sin X1m + 0.0367 sin 2xlm Gl
0.675 u, s o dannwer LBBT)
k = — = —
3m = =-0.2 X3 + 1.05 cos X0 5 U + 2.625 seensn - UGL88)

The Jacobian matrix of gm with respect to the states x  evaluated

at the point of linearisation will be:

1 - 0 1 0
2, o.eg A
Tat 0 -0.2
where Jp = 0.0422 52 cos o + 2 x 0.0367 cos2a,
J23 = =0.0422 sin ay ] o s 6B
J3jy. =

-.1.05 sin 1{:5]0



where @, and @, are the unknown parameters, whose values should be
estimated. Hence, the linearised simplified third order model may
be written as

Xim X = 1, 0 samecesnnnnme . 6.90)
iZm = J21 xlm + 0.68 x2m + 323 Xq + 0.675 Upp tevees (6.91)
Rag = Ty %y, - 0.2 %, S Um * 265 i (6.92)
By kllm(xld - xlm) + klzm(x2d = xzm) FUian ceees . (6.93)
Uy ™ kZlm(xld - xlm) + kZZm(XZd - me) FlUpam e (6.94)

Equations (6.90) to (6.94) constitute the linearised model of the

synchronous generator,

6.3 Formulation of the Parameter Estimation Problem and the Optimi-

sation Problem

6.3.1 Parameter estimation problem

The parameter estimation problem can be defined by

o]

S
g - - 2 . 2 , 2
min {6(k_, o j 665 = 802 + wyCay = w2 + u,(h, - v, )7de)
T o
s.t. model and system equations @iee a0 0 (6.95)

where o, (i =1, 2, 3) are the weighting coefficients. In order to

solve the above problem, equation (6.95) can be replaced by:

N
s
" A RealiByg - W, ne nis n,on N .p
m;n {G(l_cs, a) EO [wl(és § )% + mz(mS w e+ wa (e Ve ] }

s.t. model and system equations sisdvivaness  16.98)

where Ns i1s the number of samples taken in a fixed interval. This

will give n samples per measurement where

o Optimisation problem

The optimisation problem can be defined as




5

o o - 2 &= 2 b 2
min {1 G , o) = 50(8 (5) - §)° + .f [}O(Gm §)° + 10(w_ - w) +
" o

: Bl iy 2 = 2 - 2
0.1C0e = V)2 + 100w, = uy )% + 100(u, = uyy :]dt}
s.t. the model equations . SR s R & T e

6.3.3 Coordination components

In the coordination unit we will have:

=
1l

k

1lm s

kisw = Eig,

Eim © %3is

Kaom = ¥224 i
op = %
02 = Cl'.z

6.4 Discussion of Results

The synchronous generator system, its simplified dynamic model,
parameter estimation, optimisation and coordination umit, described in
previous sections, have been simulated on a digital computer and
several investigations have been conducted of the performance on the

system and the overall scheme.

6.4.1 Performance of the real svstem

In order to investigate the effectiveness of the overall scheme,
the real system was simulated and an optimisation routine was
employed to determine the optimal value of the controller gain
matrix [E;]. This minimises the performance index JS, which has been
defined by equation (6.62). Table 6.1 illustrates the result of the
optimisation of the real system starting from three different
initial conditions. As can be observed from the results,lthe per-
formance index, JS, has converged to the same optimal point. Figure
6.4 shows the variation of J, as kij is varied, keeping the other
elements of [E] at their optimal values. The results clearly show

the "flatness" of the minimum point.
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=2 va ot L ST

INITIAL CONDITIONS OPTIMAL SOLUTION
Perfor- Perfor-
[kj mance [k] mance
index index
P LTI LS L Jq k11 k12 k21 k22 Jg
0 0 0 0 5841 -0.099 [ 0.046 | -0.238 | 1.8869 242
1.0 130 11,0 1.0 39.08 » “ % Z P
0.5 |0.5 |0.5 |o.5 36.02 % % 2 % ¥
= |
Table 6.1: Convergence of the real system

to the optimal solution
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6.4.2 Performance of the integrated schemes

The simplified mathematical model was formed by reducing the order
of the system from eighth to third. The simplified model contains a
set of non-linear differential equations. The reduced model was
further simplified by linearising the non-linear model. Hence,
there exist two models upon which the performance of the overall

scheme has been conducted.

6.4.2.1 Non-linear model

In this case the non-linear model was simulated and the per- !

formances of the following schemes were investigated.

6.4.2.1.1 Performance of the standard two-step approach

Figures 6.5, 6.6 and 6.7 show the performance of the stan- |
dard unmodified two-step approach, starting from three different \
initial conditions. Figure 6.8 shows the corresponding varia- {
tion of the controller gain settings. Although the result
obtained for Js, employing the two-step approach, does not con-
verge to the true minimum value, its performance cannot be con-
sidered as unsatisfactory. - As can be seen, the results are in
agreement. These results imply that the output gradients with |
respect to controller gain settings are nearly matched between
the real process and the simplified model at the final converged

point.

6.4.2.1.2 Performance of the modified two-step approach

Figures 6.5, 6.6 and 6.7 also show the performance of the
modified two-step algorithm, 5tarting from the same three alter-
native initial points as are employed using the standard two-
step approach. The results illustrate the rapid convergence
from the initial points A and C (B started near to the optimum
point) and then a zigzag type behaviour close to the op timum
point. Figure 6.9 shows the corresponding variation of the
controller gain. Figure 6.10 illustrates the behaviour of the

Lagrangian modifiers, starting from point C, which illustrates

the oscillation of the modifiers around zero. This signifies the

. . |
matching of the output gradients of the model and the system !
without any additional terms in the modified optimisation problem

(i.e. A =0 for standard two-step approach).
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6.4.2.2 Linear model

The non-linear model which has been described in section
6.2.1 was linearised. The performance of the standard and modi-

fied two~step approach was investigated.

6.4.2.2.1 Performance of the standard two-step approach

Figures 6.11 and 6.12 show the performance of the standard
approach, starting from two alternative initial conditions. 1In
both cases the results illustrate the convergence of the unmodi -
fied algorithm close to the true minimum. These results also
imply a fairly well matched gradient between the real system and

the simplified linear mathematical model. It should be noticed

that they are not as good as the previous results as the model

A

|
is a less perfect representation of the real system. Figure 6.13

AR

shows the corresponding variation of the controller gain.

wa v

6.4.2.2.2 Performance of the modified two-step approach

Figures 6.11 and .6.12.also show the variation of the per-
formance index, JS, employing the mgdified two-step approach,
starting from the same initial conditions as used above. The
results illustrate a very rapid econvergence, initially, and
then behaving in an oscillatory manner as it gets closer to the

minimum value.

This oscillation is expected as it is a difficult task to
obtain zero values of the gradients EEH as the theory of the

modified two-step algorithm requires.

Figure 6.14 shows the variation of the controller gain,

starting from initial conditions C and D.

Figure 6.15 shows the behaviour of the modifiers, A, during
the optimisation, starting from initial condition C. It can be
observed that the modifiers also oscillate around zero.

It should be noted that the controller gain matrix elements,
kll’ k12’ k21 and k22 do not converge to ;ge true optimal values.
This is partly due to non-zero values of Sa-and partly due to flat

curves shown in Figure 6.4 at their minimum values.
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6.5 Conclusions

The algorithm which has been presented in chapter 5 attempts to
take account of the inherent interaction between parameter estimation
and optimisation when an imperfect mathematical model is employed to-
determine the optimal control gain of'a dynamic control system. In
this chapter the above algorithm has been employed to the optimal feed-
back control of a synchronous generator system, in order to minimise a

defined performance index.

The mathematical model which has been employed in this study has .
been deliberately simplified in order to show the effectiveness of the
algorithm and also facilitate the solution of the model. Two mathemati-

cal models have been proposed:

(i) Simplified model with non-linear reduced number of

differential equations;

(ii) As in (i) when the differential equations have been

linearised.

The modified two-step algorithm was successfully applied in the
design of the feedback control of a synchronous generator by adjusting
the cbntroller gain to minimise the given performance index, Js' As
has been explained in a previous chapter, the requirement of the modified
two-step approach to have %g-equal to zero in the Lagrangian analysis will
give rise to a slight error if the above zero gradient condition is not

met.

Unlike the previous cases, the standard two-step algorithm also
showed success in the design of the above system. In case (i) it even
illustrated advantage over the modified two-step approach as far as the
simplicity of the algorithm, and also more accurate results, were con-
cerned. This implies that the output gradients with respect to controller
gains are matched between the real system and the simplified non-linear

model at the final converged point.

In case(ii), because the model is a less accurate representation
of the system and also the above gradient condition is not met exactly,
the modified two-step approach showed slight advantage over the standard

algorithm.

The rapid dynamic convergence of the modified two-step technique

can be observed in this particular problem. Further research is required
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to investigate the dynamic convergence, together with the final convergence

of the modified approach.

Tt can be concluded that if the structure is uncertain of a mathemati—

cal model whose parameters are to be estimated, and if the gradients bet-

ween model and plant are not closely matched at the optimum point, then

the application of the modified two—-step algorithm is advantageous.

137




GENERATOR

X
Y Y Y ¥
1 Q.

VO
s
/
)
/
/
/

INFINITE BUS

FIG.(6.1) SYNCHRONOUS GENWRATOR SYSTE:l.

4

1+ TSS

e TV TTIC AT T AT ¢ e T
FIG.-{O.2) EXCITERR VOLTAGE CONTROL STST=IL.




-7 S
L.L — S
: 5 47,5 Fxial

|
vl
Sy

14];5 [1

F1G.(6.3) LYDRAULIC GOVERNOR CONTROL SYSTENM,




ovi

PERFORMANCE  Jg

T D T p——————

161

s
=
L

« kn

—
>

10

K21

= kzz

1 1

2 L i L 1

d

=9 36 12 -08 -0 0 0-b 0-8 1-2 16 2:0 2:h 28

ELEMENTS OF CONTROLLER MATRIX [K]
PIG(G.4) VARIATION OF THE PERFOIMANCE IRDEX WITH CONTHOLL«R GAIN.




22]

20F

I SR S T R
—
oo
>

PERFORMANCE INDEX Jg
=

—
+
T

STANDARD W 4 Toe
2t true value

0 8 16 24 32 40 48 56
NO OF CYCLES

PIC.(6,5) WVARTADIGCH OF THE EEWORUHANCE LTDEL J ES a0 s NE=LIisak

(o
at

HMCDEL, STARTING FROM INITIAL COMDITION A.

141




B
o

MOD IFIED

PERFORMANCE INDEX Js
@

>
~3
T

23

!
STANDARD

24

2:3t

true value

2:2

2‘03 B 1I6 24 32 L9 L8 56

NO OF CYCLES

T L S wtevy (NTIOTH TRITYTY AITHG ROIL TL 0T
PIG.(6.6 VAPLUPICH OF Wifs 2 r0Rich ThDmA J ,STARTING MiOu:. It I0IAL
8

142



AR A e

5 St

ey
e

e :‘a"‘"fié S *,':E -éa’ s

x

22

PERFORMANCE INDEX IJg

16t

14t

12¢

10

20t

181

FIG.(6.7)

STANDARD
s

MODIFIED

= R
, value

8 16 % 32 40 48 56
NO OF CYCLES

VAKTATION OF 05 P=IFORMANCT Tit: J_, USIHG TiR NON=-LINTAR LMODEL,

5]

STARTING FROM INITIAL COIDITION C.




o ————— STARTING POINT A

————— STARTING POINT B

14} —x—x—x—STARTING POINT C

[

§ L

0 5 m 2 32 40 48 56
NO OF CYCLES

ATH USINC TON-L.INZAR NODEL DURTHG

=-10( 6.8 r s &
216(6.8) VARTATION CF MHE CCITROLL™R G

IHE STANDARD ™ LT 3
M0 THO-STEP ADPROACH.

144



2-6 N o

224

ko2

08 STARTING POINT A
———— STARTING POINT B

" —x—s—»— STARTING POINT C

1.0¥
0 . 16 2% 32 40 48 56

NO OF CYCLES
FIG.(6.9) VARIATION OF ™= CONTROLLER GAIN USING NOH-LINEAR HCODIL DURIDG

145




e e+

20

0:0

2-0
UO\W\'
« Tt

L)

=20

FI

2:0
0-0f
.OL_

Z0

OGLj[ﬂj//\\h\\\u//k :
2.0

1 : l . .

; i 2 2

G.(6.10) VARTATTON OF OBTTMISATION MODIFIFRS

DU

<

40 48
NO OF CYCLES

USTHG NON-LINEAR MOU-L

56

RING HMOIIFIED Tio-g7s

2 APFHOACH STARTING FROM INITIAL CONDITION C.

146



R Pons o1 WIS ST, . ¢ S LR

20 STANDARD

R
{.
3
]
14
5
g

w MODIFIED
-~ X
~Y
% 2 4 6 B 10 12 Tl
3hr
X
3.2k
_‘JI
30
2:8f
STANDARD
¢
2:6¢
MODIF1ED
24} '
NP
L frue value
12 . r i 3 3 i e St 3
16 20 24 28 32 36 &0 bl
i NO OF CYCLES
i PIG.(6.11) VARTATION OF THE CERFORMANCE LiDIX J_,USTHG THE LINEAR HODEL,

STARTING FROM INITIAL CONDITION C-

m N o 147



[ e i =
r 120+ T
& D
100}
2
80F
60k
j MODIFIED STANDARD
_- 4,0}
3
g
; 20t
Rt TO X~
0 Y~
% i § 17 15 70 TN 78

frue valye

232 .';6 l;U Lb LB 52 56 60
NO OF CYCLES

FIC.(6.12) VARIATION OF THE PERFCRIANCE INDEX J , USING LINSAR MODEL,

STARTING FROM INITIAL CONDITION D.

R ————

148




1.

o 51

10

K12

K1

5]

1G.

D L e ey

10
\\

0

frue value - ---

| i ! 1 1 i L
32 40 48 56
NO OF CYCLES

[ =]
o
-
o~
(o)
4

DURT

(6.13) VARTATION OF TVE CONTZCLLER GAIN, USING THEE LINEAR MODEL,
NG THE SIPANDARD 1%0-3TEZP APZROACH. '

149




10g ¢

kg

D'Om/ww\/\":

ok

10

0-0

frue value -----

0 8 16 2 2 40 48 56
MO OF CYCLES
71G.(6.14) VARIATION OF TW% CONTROLLER GAIM, USING THE LINEAR MODRL,
DURING THE MODIFIED THO=SUFE a - dUisiis '

150




20
=
0-0 -
U b
-2:0

2:0

0-0f

-2:0

=20

2:0

0 8 16 2‘4 3.2 1:0 LIB 56
NO OF CYCLES
FIG.(6.15) VARIATION COF Tif: COTLIISATION MCDIFIDRS USING LINEAR I‘-‘!ODFJL
DURING THE MODIFIED TWO-STEP APPROACH, STARTING FROM ILITIAL CONDITICGHE C,

151



CHAPTER 7: CONCLUSIONS

Some techniques which attempt to take account of the interaction
between parameter estimation and system optimisation have been reviewed.
These techniques have been applied to a problem determining the steady
state optimum operating condition of a chemical plant through the use
of an adaptive steady-state model whose parameters are estimated by
comparing model outputs with those of the real plant. The objective
is to maximise the net rate of retum obtained from the chemical plant
by manipulating the set points of flow, temperature and recycle ratio

controllers.

The standard two-step approach, which is the common technique
applied in practice, has been applied to the chemical plant. This failed
to converge to the correct optimal solution because the gradients of the
real plant outputs with respect to the control inputs were not matched

with the corresponding gradients of the model.

Both the e-constraint approach and the parametric approach, which
attempt to take account of the interaction between the two problems,
combine the two problems into a single joint problem. These techniques,
without any decomposition, have been applied to the chemical plant using
multilevel techniques. Unfortunately, these two approaches did not show
any success because they also failed to take account of the above gradient
matching. They also showed disadvantages over the two-step approach by

having increased dimensionality which increases the computational burden.

The two-step approach is modified by introducing extra terms to the
optimisation performance index to allow for any mismatch between the
model and the real system output derivatives. This is achieved by taking
account of model inputstgs well as the model parameters as interconnection

constraints. '

The e-constraint and the parametric approaches were decomposed by
cutting the linkage between the two problems caused by uncertain model
farameters and the control inputs, then coordinating the two modified
subproblems at a higher level. From the theory given, it can be seen
that in the limit, the final solution of these methods is jdentical with

the final solution of the modified two-step approach.

Using the above decomposed problems will greatly jncrease the compu~

tational time; hence, in this work they have not been jnvestigated



further. However, additional study is required to investigate the con-

vergence properties of the above decemposed problems.

Later, the effect of real process dynamics on the performance of
the modified two-step approach, which successfully obtained the correct
optimum in spite of error in the structure of the mathematical model,
was investigated using the simulation study of the above plant. The
results obtained have shown the robust nature of the algorithm in that
it performs well even when the measurement time between change of set
point and record of plant measurement value is considerably less than

the time constant of the plant.

The modified two-step approach, which has taken account of the
inherent interaction between parameter estimation and system optimisation,
has also been used for determining the optimal feedback control of non-
linear dynamic systems. ' This uses the same fundamental principles of
Lagrangian analysis and systems decomposition as that of determining the
optimal steady-state operating condition of the chemical plant. The
procedure has been successfully applied to a simple dynamic optimal con=
trol problem and then applied to the control of a synchronous generator.
The requirement of the modified two-step approach to sétisfy the zero
estimation gradient condition,which occurs when the number of unknown
parameters is not the same as the number of measurements, and also to
evaluate second partial derivatives of the estimation comparison index,
imposes important practical limitations on the algorithm. Hence, it is
disadvantageous to use the modified two-step approach when the gradients
between model and real process are closely matched at the optimum

point, even when the model structure is in error.

In both modified algorithms the parameter estimation problem remains
unchanged and the optimisation problem is modified by including an extra
term A'u., Hence, if A ie set to zero, the standard two-step approach is
obtained. This shows that both algorithms are simple nmodifications of

the standard two-step algorithm.

On the basis of the investigation and simulation studies carried out
in this work, it can be concluded that the modified two-step algorithm
has application to a wide range of adaptive control systems involving
mathematical models whose structure is uncertain and contains parameters
to be estimated. However, further research is required to investigate
the convergence properties of the technique as applied to dyﬁamic control

systems.
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APPENDICES

APPENDIX Al: Numerical routines

The Numerical Algorithm Group, Ltd. (N.A.G.) has produced a
library of routines for solving a wide range of numerical problems.
The following N.A.G. routines have been employed in this thesis in

order to solve different types of numerical problems.

COSNAF: TFinds a solution to an n non-linear equation which is based
on the FORTRAN subroutine given by Powell (1968) .

DO2AEF: Integrates a system of first-order ordinary differential
equations over a range, using Gear's method for stiff systems of
equations. The method is based on ideas given by Gear (1971),

and is intended to solve "stiff" systems of equations.

DO2AJF: Integrates a system of first-order ordinary differential
equations over a range, using a divided-difference formulation of
Cear's method described in Craigie (1975) and a variant of the
nethod described in Krogh (1973). It is primarily intended for

"stiff" systems of equations.

EO4CAF: Minimises a general function of n independent variables using the
conjugate direction method based om Powell (1964). Derivatives

of the function need not be supplied.

EOAFAF: TFinds an approximation to a minimum of the sum of squares of
n non-linear residuals, based on Peckham's optimisation algorithm
(Peckham (1970)).

EO4LJAF: Is a quasi-Newton algorithm for finding a minimum of a given
function, subject to fixed upper and lower bounds on variables
of the function, using function values only (Gill and Murray
(1976, 1972)).

FO1lAAF: Calculates the approximate inverse of a real matrix by Crout's
method (Wilkinson and Peinsch (1971)).

FOLCKF: Returns with the results of the multiplication of two matrices,

B and C, in the matrix A.

FOLCJF: Forms the transpose of a matrix.

.
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GCOSAEF: Returns a pseudOmrandcm number from the normal distribution,

subject to given mean value and standard deviation.

EB365DYSP: Is called from the user supplied master program on USER-
LIBRARY 2 (The City University) and has the following subprograms:

TRAN: Simulates 2 transducer which has single time constant

together with appropriate scaling.

VACT: Simulates an actuator for a control valve. It is simulated
as a single time constant together with velocity limitation.
The coulomb friction 15 simulated as a dead band. The facility
provided for allowing different time constant, stroke time and
friction values during opening the valve than used for closing
the valve. The valve position is limited and normalised to

lie in the range O to 1.

CPID: Simulates a general continuous PI or PID controller without

integral wind-up.
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APPENDIX A2

Models of process control instrumentation

A2.1 Transducer

Figure Al represents the block diagram of a single time comstant

transducer together with the required change, where:
X = Input signal value (input)
X = Minimum value of the input signal (data)
X_ = Maximum value of the input signal (data)
¥ Minimum value of the output signal (data)
y_ = Maximum value of the output signal (data)
LL = Lower saturation limit (data) 3
U, = Upper saturation limit (data)

T = Time constant (data)

y = Output signal

A2.2 Proportional and Integral Controller without Integral Wind-up

Figure A2 represents the block diagram of (PI) controller, where:
Sp = Controller set point (input)
Mv = Measured value (input)

K = Controller gain (data)

T. = Integral action time (data)

1]
~
T
~—
i

Controller error )
-~
C = Controller output
LL = Lower saturation limit (data)

U, = Upper saturation limit (data)
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A2.3 Control Valve Actuator

Figure A3 represents a block diagram of a control valve actuator,

where:
P = Input pressure (input)
Po = Input pressure which completely opens the valve (data)
Pc = Input pressure which completely closes thewalve (data)
Fo = Couiomb friction during valve opening (data)
R Coulomb friction during valve closing (data)

s Opening exponential time constant (data)

ch = Closing exponential time constant (data)

Tso = Opening strcke time (data)

V = Valve stem position (normalised) (output)
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