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ABSTRACT
——

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 betwean 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

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 ensure that the

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.

wii



(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.

xiii
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CHAPTER 1: INTRODUCTION
eee

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 simplification 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.

el:
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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 e-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 constraints. 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.
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It 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 smaller 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 aaordt ae tion
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 layers. The

lowest layer contains local feedback control loopsvhich 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 converge, 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 considered 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
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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 if

£ = n-vector function of algebraic relationships

Xx = n-vector of model variables

& = p-vector of estimated model parameters

uo= m-vector of manipulated inputs

& = xr-vector function of algebraic relationships

¥ = 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, 4), and satisfy the given constraints. Hence, the steady

state optimisation can be described as:

min p(x, u, @)

Pee ey ae

The parameter estimation problem can be defined as estimating val
ues

of the unknown parameters. of the mathematical model in order to ach
ieve

the response of the model, as closely as possible, in agreement with that

of the real system. This can be achieved by exciting the model and the

real system in parallel, applying known inputs w to both the model and

the real system, then, for example, using the weighted lea
st square

criterion method over J observationsof the real system outputs, ‘vo
Hence, the unknown parameters, a, can be determined by minimising a

weighted least square criterion, G(x, u, &), described as

cx, uw) = 3 pi-sywo- : (222)

j=l

with J observations of the real system outputs denoted by

p> Uti Peer ad

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, a)

S

See Ee aoe )=0 ax Sy cues C263)

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 interacti
on

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. Hence, the combined problem can be des—

cribed as:

min {p(x, u, a), G(x, u, a)}

s.t. f(x, u, a) =Q optimisation

E(x B, @) <Q Eee Sas)
ze, & >» %) =O parameter estimation

. : problem

Be t/a) <0, feet. otha

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,

2.9

Multilevel Optimisation and Decomposition of a Large-Scale System

In a large complex system, it is often complicated, or sometimes

ssible, to design a single optimisation technique in order to optimise
‘e performance of the overall system, Hence, it is required to decompose

t@ system into a number of smaller subsystems, each with its own objec-

wn and constraints (i.e. equality and inequality constraints). One of

st common forms which the resulting interconnection of subsystems

ake is the hierarchical or multilevel form, In this case each level
soorcinates the units on the level below it and in tur is coordinated by

re xmits on the level above it. These subsystems can then be solved
indepe: endently, The solution to these subsystems should be in such a way
that, firstly, the interaction between the subsystems is resolved and,

Y, the overall process objectives are attained,

=he objective of this section is to describe some different approaches
decompose the overall system into a number of subsystems and solve

8



them independently to give the overall system optimum.

2.2.1 Coupled systems

Consider a system consisting of N coupled subsystems. Each

steady state subsystem can be described as:

£; Gus Bp 2:) =O

2; > Bi» 2;) <o

% 7 BGs 2)
N

oe a Ce; sly;

where

* 1 5
1 vector of state variable in subsystem i

vector of manipulable inputs to subsystem i

Z. =p. — vector of input to subsystem i, from the jth sub-

systems (j = 1, 2, ... N), which are acting as

interconnection variables

=n, —- vector function of algebraic relationships

&; = %, ~ vector function of algebraic relationships

Weed ss vector of outputs from subsystem i

hy = q; ~ vector function

ez] = constant matrix with 0 or 1 elements

The optimal control problem for each subsystem may be defined as:

min F(x), Urs 2:5 ¥;)

Meslea wes ys
By Bp Zi Ly

set. £5 Uy, 2) =o aes (2.5)

=8 (> Bes 2) $0



The overall objective function of the system F, u, 2, y) is

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

Hence, the overall objective function can be described as:

N

Fa, uy zy = J FG, ur 2..y,) -- Be (2.6)
isl

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

tive function given by equation (2.6).

min F(x, u, z, y) a

2 eae seen. (cd)
2

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 wits. This

is achieved by fixing the interconnection variables 2; and Xy in the

infimal mit i. Assuming that by fixing Zy> all the state variables

x will not be fixed, and also considering 2; only because ao [e]-1z,.

the ith sub-problem at the infimal level becomes

p,(z) = min F(x, us, 2)
XegU.

een

eeseeserves (2.8)

Sst: £:Gy, uy, 2) = 0

Equation (2.8) represents the resulting equations for the model



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

the infimal level by solving the following problem:

min p(z)

sz

WeeR edness see (2.9)
s.t. £:(x;, uy, 2) =O

8:85 Bs 2) <0

where

N

p(z)= J p,()
isl

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(x,u,z,y,4) = ) CF; (x, 0M; Zp 0¥,) +a, (2 - [ex5]z:?? (2.10)
S50 aaa

i=l

It is possible to decompose the Lagrangian L(x, u, z, y, A)defined

by equation (2.10) into N independent sub-Lagrangians by grouping all

terms involving X;> Yy> and yy: Hence, the it! modified infimal
<F

unit problem becomes:

N
js ' 1

min { L; = FiGpepepyp + Ay Zier ey By (sx) } oe C2 AND)

o (x. . -)<
ee ged =

AD



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= [ely

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:

min F(x, u)

= 2

Meinteleteiunie vio aereaia’s aries ae le)

s.t. f(x, u) = Q

g(x, w) <0

Formation of the Lagrangian will give

L(x, uy ds un) = F(x, u) + A’ E(x, u) + uy" g(x, uw)... (2-13)

where X and y are Lagrangian multipliers.

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

rangian given by equation (2.13)

Bias Woe eeise'n! Geeks)D(A, ») = min L(x, u, A, w) :
xu

The dual problem can be defined as maximising the dual function

in order to determine the Lagrange multipliers A and yp. Hence, the

integrated problem can be described as

min F(x, u) = max {min [L@, u, d, u)]} Woes ov ed seatem Venlo)

=u aes

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 f(x, u) - max D(A, ») = 0 Stale seer sieie cree sistent (226)

Hw Ase ra

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

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

12



Lx, ws A, w= JL Gee ys Ae Were eeeeseceeeee (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 tum, is to minimise its sub-

Lagrangian Ly (x a A, u), where each sub-Lagrangian can be con-

sidered as the sub-system objective function FG 4) with its own

independent parameters x. and u..
—t =i

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 adjustable 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 (ise. 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 sub-problem at the infimal level, in model coordination,

will become

p; @) = min FG, z)
u.

=



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

becomes

min L,(u., z.cae)
Us 92s
a i

6.teurks (ue,eo es

B@,> 2) <o

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 a, 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 umits are now solved independently 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

oF

Ie
Fig slo see'siee sa assereseses (2.18)

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

= oe at, a



(c) o corresponds to z.

(d) v corresponds to z,

(e) u corresponds to y,

(£) a corresponds to y.,

Hence, from now on the variables o, v, u and a 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. a and v are the corresponding

values of 9 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 zy by applying the current

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

solve the parameter estimation problem

min G(x, u, a)

a

s.t. the model equations and constraints

to estimate al of the model parameters.

Step 2: Solve the optimisation problem

min p(x, u, 3)

u

s.t. the model equations and constraints

with parameter estimates at obtained from step 1.

This would give a new set of controller set point values a

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 number of parameters should not exceed

15



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-

ch

and has shown that the correct optimal condition at the final converged
ween the two problems. Durbeck (1965) has analysed the above appro

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.c(x, u, a) - (1 - @).p(x, u, @)]
u,a

Be cuieene hehe)

s.t. the model equations and constraints

ando<6<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

@ to minimise the parametric formulation given by equation C2518)), Or

any particular value of @ given by the supremal level. The task of the

supremal level is to increase the value of 9 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 9 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 z- These test inputs are

applied to the real system at any instant through the controller set

points Gd.

16



The difference equation given by

- +ee ye Y

where 0 <y <1

can be used to adjust 6, where on is the value of 6 at nth iteration,

8 is the previous value of 6.

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, a), 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

us; 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 a in the optimisation

problem and u in the parameter estimation problem by some other para-

meters 9 and v, respectively. Then the optimisation problem becomes:

min p(x, ‘u, go) $6 AiBial6 5 SAMOS S 6 alps 'eicle ateieselaialsie'e (2.20)
u

and the parameter estimation problem becomes:

min G(x, v, a) SefS nee eawvle ae sere aiciere doe alucoeie ae 462621’),
a

subject to the interconnection constraints

ve= o's: aw mrevale Wines 6 Miswaleisibiwrevereic savctrrss.c<isie: Cee ey

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 {0.G(x, V5.0) C= 8) pret, o)} ~..2 62. meee" Zeek)
Uo

subject to the model equations and constraints, and also



By forming a Lagrangian and applying stationarity conditions we

obtain:

L = [6.6(x,v,a) + (1 - 6).p(x,u,0)] + u'(o - a) + ATC - u) (2.25)

where A and » are Lagrangian Multipliers and

dp(x, u, 9) _ 4

du *

= 0 > Mielses vale §C2a20)te= Cla <6)ele

9G(x, v, a)
aL L ey *
oa da 10 +

12 nis leaisieieion weal),

aL 9G(x, v, a)
eh SCY Gor creer ee ate) PRM ac. siatee Coane),

2b ap(x, u, 9)
= 56) erecta = 0 Paro leewe so tics. tem Cen e9):

aL = yv-u = Q FV seeeeeee (2.30)

= g-a = 0 De GM seee eee, (2.31)

Ze

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

tion problem

min {@ G(x, v, a) - u'a} .
a

ae, (ease)

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

problem

met (l= O)2p\x, u,so)e=-Atah Ss.

je t

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, p 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 (252833.

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, 2)
au

s.t. G(x, u, a) <e, sees « (2.34)

model equations and constraints

e>é>0

where € is the minimum tolerated estimation error; by minimising e the

parameter estimation problem is solved. 6 is an arbitrary small positive

scalar. By using Lagrange-Duality theory the combined problem may be

formulated as:

D(u, ©) = minfp(x, u, a) + u[G(x, vu, a) - el} -eeeeee (2-35)

s.t. model equations and constraints,

and

max D(u, €)

a eM oo vetewidl ener cea das C2650)

s.t. p30

The gradient for the above problem is explicitly given as

Vii Diu, €) = G(x, u, a) - € Brsiteasls sia aisle sya eae atvre see)

Figure 2.10 illustrates the e-constraint approach. The infimal

level determines the optimal values for u and a by solving equation

(2.35) with fixed values of and e 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 e 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 y 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). In

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, g)
u

Ce Eom hg &< © cof iit: aawteee aioe te teen (2038)

ve

Ic

oF

12

also s.t. model equations and constraints.

By forming a Lagrangian we have

L= p(x, uv, 9+ nf, v, a) -e] +A" -w) + uG- a) (2.39)

where n,

a
a

1G

ale

wfo|

a and yw are Lagrange multipliers. Optimality conditions are:

p(x, uw, a)
ae -’ =o A UME Mes Secise On.» # CERO)

n eres Sot ee 0: F Gy, Ops wees oe n (2.41)

GG -v, 2) -e.= 0 TapeG cue (2.42)

aG(x, v, a)
n oy +. = 0 Saar eR (2.43)

ap(x, u, o)
36 +y = 0 it wee (2.44)

Ysa = 0 Sy Je (2.45)
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ee: do ROE as sect signee Wea G0)

Equation (2.40) is satisfied by solving the modified optimisation

problem

min -[p(x, u, g) - Xu] ee is cess Re eee) (ea7)
u

s.t. given o and d

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

to give

ap/ac. 3G
ie sore | DE gs ee ee ae DNB)

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

mation problem:

min [-u' oJ
.

Sars Ge:

given p

and model equations and constraints. -

u can be obtained from equation (2.44)

dp(x, u, g)
=

ag

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

Le ae



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, g)

S Ree ON esis < «sins (2.50)

s.t. model equations and constraints

where u and g are the model inputs and parameters in the optimisation

problem.

Let y be the input signals employed to disturb the system and the

model in order to produce output measurements y(x, 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:

v(x, vy, a) - y(x, v) = 0 >a Melmesiaiea'ess 12651)

The two problems of parameter estimation and optimisation interact

through

vee gu

eer Meee Sp antse ee eC 252)

By forming a Lagrangian we obtain

L = p(xyus) +n [xGy.e) -¥ Gy] +A’ -w tule -@

FEM tate e253)

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

may then be written as:

aL ap(x, u, 9)
S ,. ——— ] = 

2

a ma a 0 re eS Poe (2354)

ai _ 2u(%s ¥> ei 0 Se ae ost sean « (2955)
a aa
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aL ay(x, v, a) ay(x, v)
aa Vie - alae = Ot Newa(2n56)

ap(x, u, g)
Sq) Tuan ee SPM Va e's e25.a%6; she's oN s i CA ODL))

a 7 LG vo) - (x, vy) = 0 Bre lence. onies esate (2058)
In

|einl
1

I¢
1

iT}
1

10 + Marusieoicig seas olsiote (Oso)

seeceeecsee (2,60)

Equation (2.54) is satisfied by solving the modified optimisation problem

min {p(x, u, g) - At u}
{23

Sie'¢'e9 ejeie since) (2e6))
s.t. given 9 and i

and the model equations and constraints

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

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

ay 7 a5 ayy") 2pihe a bart ze gene eslgn 2b)

The Lagrange multipliers } 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 \ sentdown from

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

at the coordination level.



It should be noted that if A 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

Pete aaee ieesiesesasice ses, (2563)

is used where k is a diagonal matrix of gains for regulating the con-

vergence, VY; and uy are the values of v and u at the ith iteration,

is the previous value of y.
Yi-1

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 - 6)p(x, u, 9) - Atul
u

modified parameter estimation problem

min [@ G(x, v, a) - u'al
a

subject to model equations and constraints. Ideally, a are estimated

with @ at the highestlimittshence, from equation (2.29), » can be deter-

mined to be zero (0). By substituting » and @ into modified parameter

estimation problem, we will have

min G(x, y, a)
a

where G(x, v, a) is identical to that given by equation (252): Tf there

are the same number of measurements as there are model parameters, the

parameter estimation problem may then be considered as

yz, v, a) = x(x, v) ae

and with 6 at its lower limit, ideally 0, the optimisation problem can
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be given as

min{p(x, u, g) - A‘u}

In the decomposed e-constraint approach, convergence to the true

solution occurs with ¢ + 0, hence, with e equal to zero, the parameter

estimation becomes

G(x, v, a) = 0

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

be equal to zero,

ya vo) = y%,v) > @

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 to 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

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, ky

C+B+P +E, reaction coefficient, ky

P +C+G, reaction coefficient, k3

Reactant materials A and B are available in pure form. Components

C and £ 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 Fr from the decanter by distillation. F con-
E

tains products of composition Ap Be cp ED and Pe The discard

stream, Fp» is regulated as a certain fraction of the column bottoms

flow, Foe The recycle stream, Fo then takes all excess and returns

it to the reactor. Fy and Fy are the flow rates of the raw materials

A and B, respectively. FR contains products of composition AR BR Ch

ER Ge and PR Fy, contains products of compositions AD Bee G. EL and

P. All compositions are considered as mass fractions.L*

All the reactions which are taking place in the reactor unit are

exothermic; hence, a cooling coil is provided and Fy is the mass flow

of the cooling water. Ty indicates the outlet temperature of water

used as coolant.

The set points FR> T and R 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 Fp costs of raw materials A and B, cost

of the waste disposal of G, and sales, administration, research, utility

and engineering charges. ov

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

colum

c, = heat capacity; subscript gives stream

D = as subscript, refers to discard stream

E = intermediate component; as subscript, vefers to decanter

material used as distillation column feed

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

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

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

= as subscript, refers to reactor

= as subscript, refers to colum reboiler

= temperature; subscript defines stream and location involved

volume; subscript defines location

= as subscript, refers to water used as coolant

= reaction rate constant

= specific gravity; subscript defines stream and location involvedoe Oe = ae es ee "

= time

3.1.2 Reactor equations

3.1.2.1 Mass balance of the components

By tet An Epa AD ok, -A).Bo-Vog= 0 eRe tena deseo sdeh)

Fy + FL +B, ~ Fa-By ~ ky-Ap-Bp-Vp ~ Ky-Ba-CpsVp = 0 eee G2)

FO, — F.C, + 2k) -A,-By-Vp ~ 2k>-Bp.C.Vp = ky-C,.Po-V, oo

rea Goh)

FL Ey, ~ Fp-Ep + 2-k,.By.Cy.Vp = 0 Beth al Ngrais)e.sce diet ora hOGS).

FL Py ~ Fy ePy + Ky -By-Cp-Vp - 0-5 ky-Cp-PpeVp =O seeee (325)

1.5.k-CpePriVy — FaiGp =O seceeeceeseeeeseneeeeesens (3,6)

tee tee sam O Dinieree ieee Ea ata| lates S's eee CONT):

3.1.2.2 Heat balance equations

24k, -Ap-Bp.Vp-Hy i. 3.ky-BpeCp-Vp-Hy ts 1.5.k3.Cp-PReVp-Hy =

hy-Ay- Tp S T) = FC, (Tg a T,) 7 Fy+C,, (Tp oa T,) =

FaeCon (Ty Se T,) =0

Fy Coy Ty -T,) + hy-A,(, - 1) =0 aiseseu sedive Soha Sey)

where Ty and Ay are the iniet flow and effective heat transfer area

of cooling water.
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3.1.3 Decanter equations

FrrAg ~ FurAp = 0 secces seeess saacescee seeseee

FR-Bp ~ Fy-B, = 0 st eeeee oe ce creer escsceresene

Fp:Cp - F.C, = 0 Sect eee e cece ccc eceseecees o.

Fast Fe ~ Fpe* © Be eee cee cece reece enc eees eens

3.1.4 Distillation column equations

(3.10)

Gua)

(G.12)

(3313)

(3.14)

(3215)

(3.16)

The relationship between the mass fraction of components P and E

has been defined as:

PL = 0.1 EL Dee e eee eee cree eres ee esse see eeeeee (3.17)

The column equations and reboiler equations can be combined as

(see chapter 4):

FEAR 7 Fo-A =0 Dee e ce eee cece e cence ee eevee

FB, 7 F, Bo = 0 see e reed eee n cece ces eeecaseees

O.1 FR-E, ~ Fy-Ps = 0 detec cece reer cece cseseees

FD = (P, - 0-1 E,)F, see ceccees Petes cesses eee eeeee

Bale Bp = be 5-0 Fee e cee eseeecevetcccsecsessees

3.1.5 _ Recycle control equations

Boe Byor Fy =o eee ceccceccens eos ceevicceeess

= constant = R ee ete e eee ec eect cece ens seesac?
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(3.19)

(3.20)

(331),

(3522),

(3523)

(3.24)

(3325)

(3.26)



» Ee & ° ea
" >

s

Beene

C=C, eee ce ees eccesccccceeece (3.27):

EL = Eg

By * Pe

3.1.6 Systems equations

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

we will have:

F, = F,(P, ~ 0.1 ER) een tra) enteaces cme osee)

Equations (3.15) and (3.16) will give

F, = FR(1 - G) eseialel cts al Sae Seas 'oxte eC O0L9)

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

Fy = FR(L oS GR = PR +007 ER)

or i

Fo = FRB te mee seeee wa aaiaey (ay GOD)

where 8 is given by

B=1-G,-P, +0.1E, einen aah tees aisle inate recs, a onou)

Substituting for Fy in equation (3.26) the result will be

FL = R-B-FR Be tee at erie ems one + (3,32)

Combining equations (3.7) and (3.32) will give an expression for rR

to be

Eee FR

Beeka ea oRe PeBisiy Bi oisiele ce tumieiv erase aCe)

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

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

A, = Ar/8 REaee ein B eae. (3.34)

In a similar manner,



Cy, = Cp/B Be eraecee s+ sss (S26)

Ey, = Ep/B vec, see atest Ose)

BS) tpL = Ol Ep/B Peale cesses saisiveiey (O08)

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

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

Summary of the plant equations:

Ey + so - rytg = R= 0 ;
Fy + ofa - FpeBp-R) -R, = 0

= ~ F,-Cp + 2B, - 2Rp- Rg = 0

0.1 ae ~ FroPpt Rp - 0.5 R3 = 0

FER
a - Fp-ER + 2R, = 0

1.5 Ry - Fp-Gp = 0

= seees (3.39)F, = R.B.FR .
= Fa + Fp

R°"T=R8

8 = Li Gei- Peets0.1 ES

where

Ry = ky) -Ap-Ba- VR

Ry = kg-Bp-Cp-Vp

Le ei k3-Cp-PR.Vp

and =B;/TR

ky = a, €

-8,/T,
ky = age et

-83/TR
kz = age
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The plant is also subject to some inequality constraints due to

physical limitations. These are

o<R<1.0

0 < Fy < Fymax ee oe wre arate eae)

Fp < Fpmax

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

obtained from equation (3.9) to be

et
R7 Ww

Fy = hyd EET Beads seoee (3.41)

where Ty is given by equation (3.8) to be

1te ey [2-1 1-4g-Ba-VpeHy + 3.ky.Bp-C.VpeHy +

Sh RP yMysH, + Heol, hy a Peach Ty)

Fy-Cop (Tp - 1) | +TR (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 kh

Ee BG; reaction rate coefficient ky

with Arrhenius equations

ee AJ EXP (~ B,/T,) eS oWalesieceieve.e e091 (3.43)

ky = A,EXP (- Bo/Tp) seca eee eee eenes (3.44)

where Aj, Aj, B, and By 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 components in the reactor

Fa + Fy Ap ~ FreAp ~ RyeMgeVa = 0 suis seis saves ere eg Coe)

Fg + Fy«By ~ Fr-BR ~ 2B, -Mp-YR ~ Ro-Mp-YR = 0 sine ee 100-45)

F-Ey, — Freep * Ba-Me-YR — RoMesYR = 9 verreseseese (3.47)

Fy -Py ~ Fp:Pp + Ry-Mp-Vp = 0 proce. cose ee no 4h)

Rg+Mg-Vp - Gp-FR = 0 Ae none ates clits oats ome toy

where Vp is the effective mass of the reactor contents; Ma» Mp» Mg» Mg

and Mp are the molecular weights of components A, B, E, G 
and P, res~

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

Ky gs Bor
R, * SS Titles ate nate iC 3-50)

My Mg?

KB gcd
a2 8= hss sea ease Gaee Eat)

*% MgiMe

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

lowing equations can be derived:

Fat '¥, +-Fy - FR =O hei menile berets eres orp 202)

Feo Fe - Fe 7 0 iieeles cake mes’ sein 3e 53),

Fy -Fp- Fg = 0 Been etse ue eues © (354)

Fou- Fy, = ¥p, = 9 Lethe tee conor ae Roo),

Fg - Fp-Gp = 0 Nitnce Ne Sica) Meeiecsee (BBOO)

Fp ~ Fp(Pp - 0.1 Ep) = 0 Slice eens came aed)

Epon Roi ai G thu saonieeeeees* Kano)

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

Fy ~ FRM = GR = PR 4.061 ER)

or Fog = Fp.B sie ie see no: eisle hel ee (3.59)

where

ys OPPO ea Ge SP) eae ee Weise seewse vax (3.60)

Hence, from equation (3.58) we will get:

Fy, = R-8-FR cesar: ese G1)



Substituting equation (3.61) into equation (3.52) wi
ll give

Ly aesrp = fee Reese een te?)

ein a similar manner to the previous section, for the distillati
on

column and the recycle unit, the following equations can be de
rived:

Pee iss \enisoe meno 0)

by substituting for Fy, Ay» Bro Ey 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

Fy + AR(R - DF, ~ R-MyVR 0

Fa + Ba(R - 1p - 2R)-Mp-Vp ~ B2-Mp-YR = 0

ER(R - WFR. + Ry-Mg-Vp ~ Ro-Mg-VR = 0

FR(O.1 Ep-R - Pa) + Ry-Mp-Vg = 0

Ro Mg-VR fa Gp-FR = 0

Apt By Pp + Ep t GQ 10 = 0

k,-Ap-BRt 
(3.64)

RP eae
Mp

ue ko-Eg-Bp

2 eM,

ky = Ay exp (-B,/Tp)

Ky = Ay exp (-Bg/Tp)

o<R< 1.0

0 < Fy < Fumax

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

plant.

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 condition.

The reaction rate coefficients kjand ky» which have been described

by equations (3.43) and (3.44),* are functions of Ay, Ay, By and By. By

and By are chosen to be equal to the mean values of By, Bo» and By given

by system equations (3.39). Hence, by estimating AL and Ay, ky and ky

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

a z a a

min G(Fy, Tp» R, Ay» 4g) = Wy(Fp- Fa) + Wo(Fp - Fp) (3.65)

Ay ,Ag

s.t. equation (3.64)

where ~ denotes current measured values. Wy, and Wy are weighting coef-

ficients.

In the optimisation problem controller set points Fy oe 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(F,, Tp, R.A), Aj) = (0.3F, + 0.0068F, ~ 0.02F, - 0.03F,

Fp TpoR

- 0.01 Fg) - (2.22 Fp)/8400 - 0.124(0.3 Fp + 0.0068 Fp)

Seaisies Seder «= (3266)

set. equation (3.64)

where (0.3 Fp + 0.0068 Fp - 0.02 Fy - 0.03 FR - 0.01 re) represents the

gross return per hour; (2.22 FR) /8400 represents utility charges;

0.124(0.3 Fp + 0.0068 Fp) represents the sales, administration, research

and engineering charges.

It should be noted that FR TR and R represent u, and Ay and Ay
represent a, 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(u, g)

u

s.t. model equations and constraints

and the parameter estimation problem becomes

min G(v, a)
a

s.t. model equations and constraints

where both problems are subject to interconnection constraints

wen co.

avin

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 FR TR and R, is shown

in Figure 3.2.

3.3.1 The two-step approach

To solve the combined problem, start with assumed initial values

of the flow FR, temperature ie and recycle R, controller set points.

Step 1: Obtain steady state measurements Fp and FR by applying

the current controller set points values ee i, and R to

the real plant. Then the parameter estimation problem can

be solved to give estimates Ay and Ay.

Step 2: With given parameter estimates Ay and Ay obtained from the

first step, the optimisation problem can then be solved to

give a new set of controllers set points FR> TR 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 approach

The parametric formulation described by equation (2.19), as

applied to the chemical plant, can be written as:

min [8.6 (Fg, TpsR,Ay,Ay) - (1 - 0)P (Eg sTpsRsAy Ay)
Fy TpoRsAy »Ay

s.t. equation (3.64) (3.67)

O56 coed:

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 ie ri and R.

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

real plant to obtain steady state measurements Fp and sp

Step 3: New set points Fae TR and R and parameter estimates Ay and Ay

can be obtained by minimising the parametric formulation

problem given by equation (3.67).

Step 4: Increase value of @ towards 1 (without attaining 1).

Repeat steps 2 to 4 util 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 @ is changed.

Figure 3.4 represents the block diagram of the scheme.

3.3.3 The €-constraint approach

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

the e-constraint approach may be formulated as follows:

Die) = Le (GF sTy BoA »Ay) + u[6(F,,Tp»RA, A.) - €]}

BGR a ele

St. equation. (204), =) ac. Sees ee §(3c68)
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max D(u, €)

yu

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 ee af

and R; and values for uy and e.

Step 2: Obtain steady state measurements RR and & by applying the

current set points values to the real plant.

Step 3: Determine the optimal values for Fg, Tp, R, A, and Ap by

solving equation (3.68) with fixed values of uy and e.

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 e.

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 e« 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(F,, Tp» Ry 0y 5) - Ay Fy - Ag TR - A3 R}

FyoTpoR

s.t. equation (3.64) and (3.70)

given G1» 5%, Ay 5 and Ag

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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yy, Ap» Ay) = yw) > Ay> Ay

pate orencengtsns 6 CSc),

s.t. equation (3.64)

The above problems are also subject to:

r ore ne alot ate sin ot Gee)

eRe ai awe

R= V3

The modifiers are given by

' nae

a 3 ay'y 1) apa= {C27 -C¥2} {CRT PE ee Gm

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 fo TR

and R.

Step 2: Let vy, vg and vq be equal to the controller set points

Fae TR and R, respectively.

Step 3: Obtain steady state measurements Fy and Fy by applying the

current set values Vyas Vo and V3 to the real plant.

Step 4: Solve the parameter estimation problem described by equation

(3.71) to determine estimates Ay and Aye

Step 5: Let % and Sy be equal to AL and Ags respectively. Then

find A given by equation (3.73).

Step 6: With the given values of g and A, solve the optimisation

problem described by equation (3.70) to give a new set of

controller set points a Te and R.

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



in this particular problem, due to non-linearity and also complexity

of the problem, it is difficult to evaluate the model derivatives

2 . as and ze 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 Inequality 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 n Pa n a °

Rnin © 7p < Trax

Famin < Fg < Famax

BD $ 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 TTM

against F, 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

Bin = 11430.0 Kg/hr

Beas 1714040 tgite

Train 7 05-5 iy

eee = 8.0 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:

rai 9000.0 Kg/hr

Eos = 17580.0 Re/bt

Tain 7 8 a

eee sto. 5G

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

Flow rate Fp greater than loos cannot be sold and must be dis-

carded.

Rs Fomax
where Fete 2160 Kg/hr

Maximum flow of cooling water, Fimax? which is a physical constraint,

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, RRFI, 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.



The intermediate values of the control inputs u(y ae R’)

and the parameters aa”, ra) 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

wee cae fs (k] (ine x mee)

me oy
is used where {k] is a diagonal matrix of gain parameters, uw and ve

4 - *n-1
are the values of u, and optimal u at the nth cycle, vo a and uw

¥

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 stopped

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, RRFI. Figure 3.13 shows that variation

in RRFI, 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:

Fy = 13605 Kg/hr

= _ fe}
Pop a7725 CG

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-

B Yamin 24 Ty = Tenax.
It should be noted that the final values of RRFT are different in each

misation terminates at the constraint boundary F

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

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
measurement Noise

In the results discussed above, the real system measurements y have

been assumed to be known precisely, In a real situation, the measurements

will be contaminated with noise, i.e.



pe Gee

where J observations of the output are denoted by

3 Toms. 2 eae edeend

e is a random measurement noise

7 is the noisy measurement

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

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

deviation 02. The percentage noise is defined as:

. o2
% noise = —r x 100%

28.

Random noise of normal statistical properties with a 10% 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 problem 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-
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CHAPTER 4: EFFECTS OF REAL PROCESS DYNAMICS ON THE PERFORMANCE
OF THE MODIFIED TWO-STEP APPROACH

BEE ROACH

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, y. 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,

l

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:



Coa Pe ccceeccceseses (4.1)

LS
Pit C i+ 46

where kj, kp and kg are reaction coefficients whose values can be

tevaluated by using the Arrhenius equation, 
Al: 

ik, = A. exp(- Bi/Tp) sone cle meses soem (402) |Be a : |
i i

where Ay and Bs, i= 1, 2, 3, are known constants given by 1|

A, = 5.9755 x 10%/hr, weight fraction 
ii

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

tAR

|Ay = 2.5962 x 102/hr, weight fraction

B, = 8.33 x 103 °K, basis, 0.45359 kg of B

A, = 9.6283 x 10!5/hr, weight fraction

oe 1iB 1.11 x 104 °K, basis, 0.45359 kg of C i

It should be noted that the volume dimension in the reaction

coefficient, k, is "kg of mixture" rather than cubic 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: HL = 2.90 x 105 J/kg of C produced

Reaction 2: H, = 1.16 x 105 J/kg of E+P produced

Reaction 3: Hy = 3.32 x 105 J/kg of G produced

where all reactions are exothermic.

eo:



4.1.1.1 Reactors equations

4.1.1.1.1 Mass balance of the components

LF
/ ‘

= cA + FLA, ~ FRA - Kk) -Ap-Bp-Vp) oe vice siewiere' ya 42S)

Bes tek, 2 eu =ee 3 + FL -By ~ FRB ~ ky -AQ-Bp-Vp ky -Bp-Cp-V,) (4.4)

oR weal :
or = Vena - Fa:Cp 7 2.k) -AR-BR-Va =; 2.k)-Bp-Cy-Vp = k,-C)-P,-Vp)

{ eececsecceee (4.5)

R it
ot orn FR:Ep + 2-Ky-Bp-Cp-Vp) scecceseseee (4.6)

Se ee
zc FPL EP, ky -Ba-Cy.Vp - 0.5.k4.C,.PR.Vp) «+ (4.7)

Cereszr: Tq(t-5-k3-Cy-FpeV, ~ Fa-G) )sisis’ala'a's siyiw ue (408):

The overall mass balance is

RtR+R- = 0 Roials'oieslaie s e's: «(tho 9),

where Ap BR Cpe ER PR and G are mass fractions of components
A, B, C, E, P and G within the reactor product mass flow rate FR:

Similarly, AD Bs c. EL and PB represent component mass fraction

within the recycle mass flow rate, E> where it is assumed that

component G is completely removed by the decanter. Fy and RR 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 balancew
t
h
 

t Heat balance

All reactions are exothermic and the reaction temperature, TR»

is regulated by adjusting the flow rate of the cooling water, Eye

co a
(Glee Soe | 2 eke Ane Be Vn ehl) hs km Boe aU aet eae een RR 2 RR RS 2

1.5.k5.C).Pp-Vp-Hy = hy-Ay (Tp Si T) = FL -Cp, (Ty i T,) =

Fy-Cpy(Tp - Ta) - Fy-Cyn (Tp - T,) | Be eee ei)

80-

ae



W 1
zs 2 oY CT, - TL) + (r, -TM) | Gisssones Ly)dt Vas? y= Cou [Fw pw'ty — Ty) + bAVG, - Ty

where hy is a heat transfer parameter; T,> TB, T> Ty and Ty are

the temperature of the raw materials, A and B, recycle flow rate

temperature and the outlet and inlet flows of the cooling water; \

mee 
J |Oy Cope Coy and Co are the specific heats of component A, com:

ponent B, cooling water and recycle flow rate; Pp and Py are \

specific gravities of reaction and cooling water; Ay and Vy are j

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

Fo = GarFR ee ee cece seeee (4,12) i}

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

da,
LPrd ¥FRAR F,-A,) Riedie e's storey wake LG)

aB, 1
7s Vg FrBp ~ F,-B,) Se (4.14)

ac, 1a Vp Free F,+C,) b diniriais.«cstdrajecclaneue Coy ES)

dE.
E 1¥, Fr Ep F,-E,) eh Sole 66s Ate ate ok (4:16)

Be bees ay PL) (4.17) |dt Vg RR E°E Sea ‘ |

Overall mass balance across the decanter will give |

iFh Fg FR LS Cescccccscecese (4.18) !

where Ape Boe Ch ER and Pe represent mass fraction of components

A, B, C, E and P within the decanter output flow rate F3 a 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 colum

In the following analysis it is assumed that the feed flow, Feo

to the distillation colum contains components A, B, C, E and P only.

Product P is separated from the feed flow RE 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 Vo and a reboiler which likewise may be considered as another

well-mixed tank with a volume equal to its given hold up, Vg: 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 colum bottom stream, Fg and therefore in the discard

stream, Ep: and the recycle stream, Fe The following relationship

has been defined between the mass fractions of P and E:

P s 0.1 Eg Geis cisieiesiasis’e Saisie csleet 2A Lo)

4.1.3.1 Column only

The component mass balances within the column can be defined

as

ore 5wt Tol Farts = QF, - Fp)ap + Feeds | aaeme scream TCAs 20)

Be 1Gaus TolFaPs QE, ~ FBG + FyeBs | Ain ealuvoas eeeevoeey, (Aue)

ac, 1
ze? Tol Fer%e ~ (28y ~ Fp)Gq + Fy-Cs] Wee sis Mates WU sie an 2(Gc22)

ee it
=— = =/[F,-E, - (2F, - FE, + FL.E,| «- (4.23)dt ToL E Ea 2} ee s]

oP oer
ae ene peepee (2 ee) Poe FFs | acute Suetinmeit n Maze)

Overall mass balance across column will give

He (P, - 0-1 EL)F, Siglo Se sisieiataisait ae tre 6 C4920)

where 4g Bo co Eo and Po represent mass fraction of components A,

B, C, E and P within the column; Ags Bo» Cys E, and Ps are the mass

fraction of components A, B, C, E and P in the reboiler stream, F
Ss

82



4.1.3.2 Reboiler
ater

= = i, [ OF, = Fnac > Fete — Fads | Boos ssc se 1h. 20)

ae = z [ Cf 7 Fp)B, = FyB, = Fe-Bs | ee aioe, 23)

as = : [ Beep) cae aera FCs | seeeeeeeee (4.28), |

= = i [er ~ Ep)Ey ~ Fg-E, ~ FES | Eon aneats e529)

i) - , [ @R, - FIP, --¥5-F, - FePs | site. eae (4,30)

The overall mass balance across the distillation colum (column and

reboiler) is

FR-FR Fs =O seeececees (4,31) \

4.1.4 Recycle control

The recycle stream, E> is regulated as a certain fraction of the

column bottoms flow, Fos and returns it to the reactor. The discard |
stream, Fos then takes all excess. Hence, i

Bae Ey tik 
masaet io (4,32)

|L 

|

F,

pF 7 R = constant seeeeseeee (4,33)

s

The mass fraction, AD Be c> EL and P. sappearing in the recycle

stream, Fo and also in the column bottom stream, Fy» can be expressed
as follows:

aa &

c s

G = ¢ 

estado (4 (3k) |

Eres Ss

Ep = Pe

Equations (4.1) to (4.34) consist of a set of first-order differen-
tial equations together with some algebraic relationships which constitute



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, F3 the reaction temperature, Tp by adjusting the flow

rate of cooling water; 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 are also

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
Pye Ty {-P(F,, Tp, B,0j> 95) — AF, ~ Ay Tp — AgR}

. oder (4030)

s.t. model equations and given G1» % and i.

Parameter estimation problem’

yw, Ay, A) = ¥@) > ADA \
\ Fad sees vias wey C4690)

s.t. model equations -



Coordination problem:

a a ho
1 1

oe

FB aM

TR e005

R= vy Peet eet ae C457)

= (C2) - 27) eye
The task of each individual unit is identical to that of the previous

chapter. But in this case the real process measurements yy) = EF, #7]

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

state model. The required derivatives of FR and Fos with respect to the
set points, v = EF, i R] ", 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-

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-

nisation 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-
Tent time, a was selected to be 60 minutes, where it is assumed that the

Teal 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 = EF, 7, 8] fh

Starting from two alternative initial conditions, A (CF, = 14965 kg/hr,

Dos 71.5°C, R = 0.55) and B (Fy = 15124 kg/hr, 1,5 82.5°C, R = 0.54),
Figure 4.2 shows the performance of the modified two-step approach, with

measurement time, a 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:

ER, between 13151.5 kg/hr and 13605 kg/hr

Ta between 79.66°C and 80.11°C

R between .615 ‘and .624

For particular initial condition C ( = 15124 kg/hr, T = 79.8 ey

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. In order to investigate the

effect of real process dynamics on the performance of the modified

algorithm, the measurement time, Th» was reduced to as low as 1 minute.

Starting from the initial point C, Figure 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
measurement times, even when the measurement time, Th» is reduced to 1

Sinute, The results also show a considerable deterioration in the behaviour

Of the modified two-step approach with measurement time, T> 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,
which could give rise to an error in evaluation of A. However, further
vestigation is required to study the cause of this deterioration. Table



Measurement time Final rate of return
T, (mins) ($/hr)

60 162

30 162

15 156

10 
161

5 159

2 165 
|

i 165



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, zo the modified

optimisation problem is solved every 4 x ae minutes due to computation

requirements of the real plant output derivatives during the calculation

of the modifiers i.

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,

Fay reaction temperature, 7 and the recycle ratio, R, controllers.
This will result in a maximised net rate of return from the plant.

Although the measurement time has been reduced to considerably low



DIST. COL.

COLUMN

REACTOR DECANTER \
i F, f

;

aoe YR Me are fe
i

i
R@

Ns) 
Vg

Fs

bx 5G58

REBOILER

's
F

L

FIG.(4.1) APPROXTMATR DYNAMTG RPRESI DA

LATION OF THE CHFMICAL PLANT,



RAFT ($/hr)

50

30
0

FIG.(4.2)

true value

8 12 16 20 24 28 32 36 40 4h

NO OF CYCLES

PERFORMANCE OF THe MODIFIED TWO - STsP APPHOACH STARTING FROM POINTS A AND B.



a6

«4535

33

(kg/hr)
F

2

31

true value
307

29

28

27
0

FIG.(4.3) VARIATION OF I; DUAING THis MODIF ISD TWO_- STP APPROACH WITH. Te =_60 MINUTES,



Tp (2C)

70

65
0

¥IG.(4.4)

+
true value

4 8 12 16 20 ; 24 f 28 : 32 i 36 40 4h.

'NO OF CYCLES

VARIATION OF qt, DURING THis MODIFIeD TWO’ > SIP APPROACH WITH i = 60 MINUTES.



0-64

0-62

0-58

0-56

FIG.(4.5)

NO OF CYCLES

VARTATION OF R DURING THe MODIFTi#sd TWO - STGP APPROACH WITH Zi = 60 MINUTHS,

frue value

4h



RRFT ( $/ hr)

199,

2 S

150

130

110

90)

70

50
0

FIG.(4.6)

true value

MODIFIED

16 20 2h CA Terr? 36 40 epee

NO OF CYCLES

NY Tre T = 60 MINUTES,
m

PARPORMANGHY OF THe STANDARD AND MODUFTsb TWO - SfeP APPROACHES WITH M@ASURED



ACCUMULATED RETURN ($)

45007

4000 OPTIMAL

“jad

a 1
4

/

3500 / = 2
/ vty

, 30

f 60
/

4

/

/

4

3000 4
Z

4

4

<§

2500F

io

4 |
2000 Vs m

(mins)

1500

1000 4
‘

/

‘

4
/

4

’

500 4

“

4

0 .

0 4 12 16 20 24

TIME (hrs)

#2G.(4.7) Errecr op Rau



(kg/hr)
uTM 15100

Tp (°C)

15150

15050

15000

82

80

78

76

=

0-5ab

200000 real value

set point

60



PART 2 DYNAMIC OPTIMISATION
ON

CUALTER 5: APPLICATION OF THE MODIFIED THO-STEP-

DESIGN OF A DYNAMIC CONTROL SYSTEM

The modified two

APPROACH IN THE

“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
ters into the optimisation performance index. So far, the above tech-
nique has been confined to steady state optimisation and parameter esti-

mation only. The number of parameters has also been equal to the number
of ueasurements taken from the system.

In this chapter the above technique is to be developed into a more
geseral form, as employed in the design of a dynamic feedback control

sysiem.

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

» W. H. Fleming and R. W. Rishel (1975), A. A. Fel'dbaum (1965) and
kK. -. Astrém (1970). These authors have used the well-established optimal

ol synthesis procedures, such as dynamic programming,

iple and variation methods.

the maximum

It is well-known that the present-day optimal control techniques
recisre a prohibitive amount of computation for a large complex system.

, in this chapter the performance of the above algorithm will be
24 on a simple feedback dynamic system, using its simplified reduced

tical model » as a vehicle for the application of the modified two-
approach to more complicated practical systems.

Synamic Optimisation and Parameter Estimation

‘ptimisation techniques generally consist of a mathematical procedure,
ore it is necessary to represent the behaviour of a system by a set
stematical relationships which constitute the mathematical model of
stem. If the model consists of a set of differential equations,
stem is considered to be dynamic ,and optimising such a system to

~ 2 Certain performance criterion is termed dynamic optimisation.



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

of differential equations: 3

X(t) " £(x(t), u(t), a(t))

x(t.) Xo

iwhere

£ = 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)

X, = m-vector of initial state at time t = 07 (t,)

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

y(t) = h(x(t), u(t), a(t)) i

where i

h = r-vector function. 
k

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

represented by 
iil

* 

ig(x(t), u(t), a(t)) <0

where 

}

§ = z-vector function of algebraic relationships. i

The dynamic optimisation problem is defined as that of determining Hi
the manipulated inputs u(t) as functions of time, in order to optimise j

ha 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, |
Tit t '350., A general performance function can have the form:

BS

P(x(t), u(t), a(t) = v(e(r),7) f LOx(e), u(t), a(t))de 2. (5.2) i

°

where ¥(s(T)) is a scalar function of the final values of the system and



The dynamic optimisation problem may then be given as:

T
min {P(x, u, a) = (x(T),7) cf L(x, u, a)dt}
s °

Pit Ee Oe Ete, ae a)

pia eae 6 Mises ex (5205)

y= bG, y, a)

(0) Ge Bax

O<st<T

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 show in Figure 5.1.

Hence , taking a weighted least square fitting criterion as an
example, the parameter estimation problem can be described as:

L

min {6(x, u, a) = | I Ze) - atx, uy @) |]? ae
g I Q

Sot. OX £(x, u, a) 
es (5.3)

a(x, u, a) < 0

xy = h(x, u, a)

y(t)

where y(t) denotes measurements from the system.

5.2 Optimal Feedback Control System Design using Integrated SvstemOptimisation and Parameter Estimationtometer 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 adynamic feedback control system.

Consider the case where a dynamic feedback control system is des—
stibed by a set of n differential relationships, a set of r output rela-Uonships,



es £,,> u,)

Ys = 84 (%g> 4.)

Bs é Ee [ya a x5]
where

X, = m-vector of system state variables

Bs r-vector of system control inputs

|Y, = revector of system measurable outputs 
t

|
{|

Yq = xrvector of desired output 
|

ke x x r ~ diagonal matrix of system controller gains

Xg» Us and Yg are time-dependent and they should, more correctly, be i

denoted as. x(t)» u(t) and x, (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:

#, * fxr Se |
Ym ~ By (fnr Yar D i

ao ee enlZa a al

where

%, = d-vector of model state variables 
i

u, = xre-vector of model control inputs

Yq = ‘Yovector of model measurable outputs i|

ka = x xr - diagonal matrix of model control gains i

a= p-vector of estimated model parameters.

Subscripts m and s refer to the variables in the model and system, respec-—
tively, xy 4 and Yn are time-dependent.

By employing the above system and model equations into equations

(5.2) ana (5.3), the following optimisation problem and parameter esti- te
ation problem may be formed: :



The optimisation problem:

oy

mie (P(x, ua) = ¥G@ (1), T) + L(x, uy» edt}
“nm °

Se en Sa Sn (5.4)

Yn En Gnr Yar 2

Ya * [En] [a - %]

The parameter estimation problem:

-
2

= {5 us Y.. 2). = J l ee Yall ac}
2 

° Q

Stk = £,(%,> 4,)

is = 8,(2,> ¥,) veseese (555)
1

o

0 1 eo) NKa
1

dsfret

Eom £ te, a a)
“—m sa a

Ya ~ Bx Gyr Yar 2

a [Eal [Za - mm

By using the model equations the integrated reduced problems can

be shown as:

min P(k , a) Optimisation problem
k See
“nm

s.t. model equations

% (5.6)

min Sik» k.> ct) Parameter estimation problem
(a

s.t. model and system equations

Interaction between the two problems occurs through the model para-

Reters a, and the applied control gains k,: The two problems can be de-

Composed into two independent subproblems by considering the symbols a

and k. as model parameters and control gains, respectively, in the para-
Meter estimation problem; and o and kK as the corresponding symbols in



the optimisation problem. The added equality constraints are:

k, k 
Bo gee eater tu. SGT)

1Q
1

1g teccvecscccsvces (5.8)

The two problems can then be summarised as follows:

Optimisation problem

min Pky g)
Sie ee eeeceseseccerecs (5:9)

=m

Parameter estimation problem

min Gtk. a)
@

Peccecrcccceccccceees (5.10)

Both problems are subject to model equations, constraints and
additional equality constraints described by equations (5.7) and (5:58).

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 a, to satisfy
the estimation gradient condition:

# &. 9 = 0 Se | SABA » (5.11)

Formation of a Lagrangian will give:

Lim Pligs ) + a FE Uk, o) + fa" Fetal} +u@-a) (5.12)

where n and i are vectors of Lagrangian multipliers, and Ais a diagonal
matrix of Lagrangian multipliers. The conditions for a stationary point
are:

# = = &,o-a = fb] betes sence eset (G13)-m -m

2 - se tk,» 2] sane eet ate eatin ene ite)

= = - Pe tes 2) | = Retr Abe= p10) eens oe etk ees CeTs)K, 
gL 32

= . ee Ce Se me crs. * ereaae aa, (5.16)

Seb



a

where the elements of the matrices ae Co) | >| ma () ‘| and the
oa SI ok,

vectors oe and we are defined as follows:
3a 30

Eeeut = G 7 a2G ean <G
[ oa, ** z| ay [ oa || da, 00.

= a ere Lures
ij

3 ; 326 ts a2c
for | ] ert woke 7a | * ky; 20.

=s eB ito e se ij
ij

3G 2. 2G
for ( 3a ) is 3a;

for (=) is =
L

Equation (5.13) leads to the modified optimisation problem described

in the form

min {F (tye o - t[t-t]} PERG ah eR. eeR a(S LD)

“nm

s.t. model equations and constraints

The solution to the above modified optimisation problem will satisfy

equation (5.17), subject to given g and (a) . The matrix of Lagrange

modifiers, [A] can be found from equations (5.14) to (5.16) to be

5 (26lkg> D\ -1 Ck,» 9)
Ca] - 1a; ( 3a ical =} sence. (os 18)

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 sa
me



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,

3.3.1 The system description

Consider a simple dynamic feedback control system, as represented i

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 i

x = X,om 2s esa leieaiite'’s' elas e ais (Ole) i

Soe | a3 shee eeeeeeesereee (5.20) ;

Ue aaa |* s 3s 2s3, ae Oe eaesecceveeccecee (5.21)

an output relationship, 
j

Foe Met amar ese esiaw (5.22)

and a control input relationship

u(t) = k,.e(t) aivisiawwicigewiesse'eses (5523)

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

output given by:

e(t) = Ya = bs Weiesiaeaigeie ee sie (D424)

By substituting e(t) from equation (5.24) into equation (5.23), the

control input relationship becomes

u(t) = ¥,[¥ - ¥,| (5.25) |



where Yq is the desired output of the system and e is the controller
gain. Hence, the system equations can be summer ee as:

a Tots

6 nawaag

3, = eee teeeeeeeees (5.26)
vag te

ie k. [ra a |

5.3.2 The model description

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

1TAF, ee Gna Teabsy SOIC int ler 74)

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 function.T. ¥ is reduced to a second order transfer

function given by:

me:aes = SGaabey 
csecececess (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:

Pelee Om

Bales! sate sols (5.29)
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This model is to be used in order to determine the optimal

control gain Kk, 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, Fk a, b), is defined by:

o

= 2 2Fk a, b) J Ce (t) + 0.5 u(t) )dt cecseceee (5.30)
°

s.t. equation (5.29)

Hence, the optimisation problem can be formulated as follows:

su aoeSl)
k

min {Fk a,b) = ; Ce (t)? + 0.5 u2(t) de} oa
m °

s.t. equation (5.29)

The parameter estimation problem can be defined as minimising a

comparison index in order to find the unknowm parameters, a and b.

The comparison index, Gtk. ko a, b), is defined by

Clk, Ky» a,b) = ‘A (y(t) ~ y,(e))2ae

°

The parameter estimation problem may then be formulated as

ue {G(k,, k |, a,.b) = (y(t) - Yqq(t)) 2dt} spcaboae, Ie)

sS.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 employing ky a and b in the parameter esti-
mation problem, and ko a) and Gy as the corresponding gain and para-

meters in the optimisation problem. This will create some additional

equality constraints. Hence, the optimisation problem and parameter

estimation problem can be described as follows:



Optimisation problem

3 
z 2 2me {E(k > 9%) | (oe? + 0.5 us )dt} sisee ewe’ 1) (5.94)

m. °

Parameter estimation problem

me {G(k., a,b) = ‘a (Jas ya) rat} Veneers (5635)
°

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
8 m

Cee te: acececee (5.36)

ied b

5.3.4 The system solution

It is important to find the correct optimal gain ke 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:

mae is) = | (e,2(t) + 0.5 u.?(t)) de} Ssen mse Conaz)
e °

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 »/ e *(t)dt} isGieaei BCS <38)k s s 
s s

s °o

s.t. equation (5.26)



©

The quadratic performance criterion, | e,7(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 aunit step, E(S) can be evaluated to be:

2Bay 4s? + 58 +1 |

}

Delco cee, MCD + 39)
483 +582 +5 +k.

|
{

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

Bs Te

/ e,(t)4de = —~—— actese sine SUSE ECE JO)
ones ~8k> + 10k,

Substituting equation (5.40) into equation (5.38) and minimising oes

+ oF, * a,with respect to k, (i.e. Meee Oss. k.), the resulting ky is found
8

to be

*

k= 0.314 saint
s ;

with optim al value of function

*

Fy Sek 7s

where * refers to the optimal values.

5.3.5 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 {fae g) - + = [ Ce (t) + 0.5 u 2(t))at - ‘kg
nm °

dows eee EmeoGl)

s.t. equation (5.29) |



Parameter estimation problem

min {G(k_, a, b) = J (y(t) - y_(t))2de} a6 pein (oeG2)s s mna,b

a °

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

Coordination unit problem

k = k
s m

Oven aa

0. a aD

Z cae (an)

2c. a2¢ 47) oFn

u, [3 i a | | 542. saab 90,

3G _a?G Fn
ab8a gp2 805

Solution of the parameter estimation problem given by equation

(5.42) will update the model parameters, a = oy and b = Fy: Then the

coordination unit computes a new value of the modifier A using equation

(5.43). The new values of A, oy and Oy are then transmitted to the

modified optimisation problem, equation (5.41), which updates the value

of en = k,,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 k, = kK in the coordination

unit is implemented by a difference equation of the form

ease pees bie ee oy Ssvex (5544)s s nm s

where ks * and kK * are the values of kK, and Kk at ith iteration, early

is'the previous eal of ky - The 1385 gain, fo <k <1, determines
the change made to the ayakGa controller gain, kK, » from one iteration
to the next. This ensures that an excessive eteetion is not made.



In the above iterative procedure, the parameter estimation

comparison index, Ck, a, b); the optimisation performance index,

fay? > 95)3 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

o

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, Ke, is found to be equal to 0.314 with the
*

performance index, Ef, 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, ee of the system starting from two alter-

native initial points, as well as the corresponding variation in gain,

kos 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, kK, is found to be 0.445

with Fe = 5.5. The results imply that the output gradient of the

system with respect to the controller gain, 8Y8/ak., is not matched
av, , dy,s m: 7 * :ok, # 7k) + Hence, an algorithm is required

which takes into account the above gradient condition to the solution

with that of the model (i.e.

of the overall problem.

Figure 5.6 shows variation in performance index, Fo. 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,

Fo on the system is obtained within 0.2%, there is anerror of about

7% in the controller gain. Values of kK, and zs in this case are found

to be

0.336 |w "

Pe = 7°5.18

The error could be due partly to non-zero values of the gradients,
3G
>> and ae and partly to a flat minimum. In addition to showing theJa ob Pp y



variation in FS. Figure 5.6 illustrates the corresponding variation
in the gain k, and the behaviour of the modifier, A, observed during
optimisation,

In this exercise convergence is considered to have

further improvement of the performance index, F

positive constant ce.

occurred when

» is less than some
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;

(ii) 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

|€ = 1LOE-3

k =.0.%

This compares the final System performance index 5 1, 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.

|
|

5.4 Conclusionsa
n

 clusions,

In this chapter a more general algorithm, which attempts to take 1
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 on the
same fundamental principles of Lagrangian analysis and system decomposi-
tion as employed in the derivation of the steady state algorithm, des-
cribed in chapter 3,

The technique has been successfully applied in a design of a dynamic
feedback control system by adjusting the controller gain to minimise a
given performance index. The model used has been deliberately simplified
in order to demonstrate the effectiveness of the technique. The results
obtained show that, without the required modification, the two-step 7

t
Proach fails to determine the correct optimum condition on the system,

sowever, the modified two-step algorithm Successfully minimises the given
performance index.



Loop gain Number of
k cycles

0.1 39

0.2 18

0.5 5

0.7 8

Table 5.1: Convergence time for ¢ = 1073

True Standard Modified two-step
Solution two-step Analytical Numerical

Kg 0.314 0.445 0.336 0.337
a = 

1.428 
1.250 1.250

_b . 7.161 6.285 6.305
Fg 5.174 5.501 5.184 5.185

Table 5.2: Summary of the final values



The requirement of the modified two-step algorithm, to have BG

equal to zero in the Lagrangian analysis and also to measure second 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, ko. 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.
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Bite APPLICATION OF THE MODIFIED IWO-STEP APPROACH TO THE DESIGY
Gy = OF OPTIMAL FEEDBACK CONTROL OF _A_ SYNCHRONOUS GENERATOR

chapter the modified two-step approach will be employed in
eign an optimal feedback control synchronous generator. This -Roe. 2» cesigning a controller gain matrix in order to minimise a

syne =?

s dune A . 
eee A

* yer fcreance index, using the generator's simplified mathematical
jven 7% .8 1 4 cvsparison to the standard two-step approach, as far as themodel+

yernte properties and accuracy at which the real system optimum
{ny condition are concerned, will be made.

qne eyectem which will be considered in this chapter consists of a
woe machine -together with its associated controllers, Some smallee ee, small time delays and other small parameters are neglectedoe gh-order time delay system can be approximated by a lower-

xy model (considered as the system).

so that 4

order 942+

The ove system exhibits both fast and slow dynamic properties

Hence, the mathematical model is formed by neglecting
those equations whose steady state is reached much faster.

gimultane?

the dyn

ater, che model is further simplified by linearising any non-linear
diggerentie2 equations which exist in the Non-linear model.

iffere

The power system under investigation consists of a synchronous

hine < connected to an infinite bus, Figure 6.1. It has both a
mac! J

tor and speed governor controls. This type of system has
d in the literature (Reddy and Sannuti (1976); Yu, Vong-

voltage rez

been con#

riya and weéman (1970); Anderson (1971); Miles (1961); Demello and

suriya 4

Gancordia 69); and Prabhashankar and Janischewsyj (1968)). The basic

0 

E

aeninore tions were originally developed by Park (1929).

a 
0 «

of symbols

gate opening

= governor control-loop signal

h = water head
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d-axis armature current -

q-axis armature current

proportionality constant i = 1,125 3)

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

120 
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o = total droop (permanent plus transient)

vy = d-axis flux linkage

YW = q-axis flux linkage 

|

Ve = field flux linkage 

'

6 = torque angle (radians)

o = aynehrongus speed

w = speed (rad/sec)

\
|

8 = time delay in hydraulic head 
i

o 02 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:

i
{hats eet 
i

ORS ge ay Oe 
Bes amin cat 6t) |

oeOa ae c oa + ¥y00 
wie alte te Vain (6.2)

db,

Vie as ae ead Y wp, 
90m 84s sissies (6,3)

where 

{|
ods = G(s).ve - x4(s)ig wiaaeiare aie (Oe) |

ae = fog ee esesasdeeea (O55) |
where the operators G(s), x, (s) and x, (s) are:

|

GO) = 1 1
G(s) => i.e. G(s) = ———__ Heise gareeeies, *(O6)

Glo) = 9 
Ls 75

x,(0) = x xk Gis 
|x,(s) => 4 4 Che. ee (6.7)x4 () oe 

°
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xJCO) = x

x, (5) => q ‘with a =0 x, (5) =x eee (6.8)
x ()
q

1 ” 1

x

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

dy dy
direct and quadrature axes flux linkages, = and cia) the Park's

equations become:

ye ~¥y0 
wages eiessie) . (659)

q

|
ae LS eeceeesecesee (6.10)

|
by substituting the above operators given by equations (6.6) to (6.8) }

in equations (6.4) and (6.5) 
|

w = =x i ececececsoeee (6.11 iYq aaa )
Ve 1+7.S

ws aaa = Tees ha sasdecsiciceses (6512)
° ° 

|

Ph

d
where Tae Fosse ©

Equation (6.12) can be written as

Wa AS Ves Takata emaveoeessinoina (0 s13)

where s
Ve + T$S(x, —ix',)i£ Card d’*dMgnt She ay ececcccccees (6.14)

Equations (6.3) and (6.13) will give

db,

Se - Vv.dt *€ ex 
Vasasieavsise s) 7(6515)

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

results will give

= -——_—e- i § ive th lv, at Xq ig+x', ijt bet eee wees (6.16)

Equations(6.16) and (6.3) will then give

ve = zt, [gu + x", al ola letalers 0 B0;0'5 (6.17)

122

ai



The machine terminal voltage V5 is related to Vq> a and the torque

angle § by

v, siné : (6.18)Va

atane Ne cosé is ee /ele' sole eeeese (6.19)

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

for v.
q

Ve Vo cosé
i Tosa ee Passieee (6.20)

d

From equations (6.10) and (6.18),

v, siné

i, = 4 ipotsleleweialelersw eau esCoe 22)
¢ q

The power of the electromechanical energy conversion is

r= ig Vq * ig Wg eS oe Fe ave & eeccesvse (6.522)

Initial power input Pi is assumed to be zero, hence,

Pe = ig vq + ig va “eeceeceveecees (6.23)

Substituting for ig> ig Vq and vq from equations (6.18) to (6.21), in
q

equation (6.23)

Vo Ve siné Gra = xa) rs
Pee Teal ge anata 5 %9 sin26 seeseee (6.24)

od

The equation of motion for the rotating masses of the generator set is

da. HPs - P,) Fedo heen eae REE

The last equation is obtained from

Py = Dee Meee eseeeea Tre Pewee es Mame w ue dene) (6526)

where the damping coefficient, D, is neglected (Yu, Vongsuriya and

Wadman (1970)).

Since the performance of a hydraulic turbine dpends on turbine

gate opening, g, net head, h, and the speed of rotation w, the mechani-

cal power input Pj is given by (Reddy and Sannuti (1976)).
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= kat = 8) + kyg(t = 84) + kw Bove on wala COO)

where ©; and @) are pure time delays.

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

ai 1 Vo Ve sindae Hf Khe - 8) + koa(t - 85) + kaw nig alah xq =

Gg > xp)
2:Pay v,* sin 2 See (O228)

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

dye Xqabe (xq --x'g)
aan Mt Aracti omext uaa cosé Ripree tees (Osea)

The torque angle 6 is related to speed by

dé
7 wo le peter sss ) (6230)

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 G,,

u
sc= T475 esos eesees (6.31)

The exciter of the machine has a transfer function Ge

u

= e
Go ae T+ 15 teecevesee (6.32)

shown in the forward branch of Figure 6.2.

The exciter system equations may be written as

dve Nee B
goo age We Vg) seesecseees (6.33)

dv, v.
s a os

Pais Za eD salen naan’ (6234)

Equations (6.33) and (6.34) constitute the exciter control equations.



6.1.4 Governor control system

A control signal uy 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

=: 2. 
-

ee aces abies Veloce. CGSB)

The governor system transfer function SF and the hydraulic operat
or

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

ae ae6° aes eer ae aot, (6298)

-tys

Sj " TFOs tS Pa ajeiciae eee .\Os07)

The governor system equations may be summarised as follows:

Cee oe, Ck eea 2 -¢.) ees tee (6= 38)
dt tT, W e

dge 8cee rapeaitene 22 Bee csGte ces seh) Oeoo))

dhs 1p 22= eee z 8 ae tddacweses) 1(6-40))

6.1.5 Complete system equations

The system equations consist of some known numerical data, taken

from Reddy and Sannuti (1976), given below:

4 Sel <0 ie 0.5 Xq * 0.6

on 10.0 M = 5.0 a 1.0

u = 2.5 ee 0025 toe Ose

p = 2:0 o = 0.45 Tt, = 0.1
s g

¥ = 1.0 eo a0). Tae Ou5

ky = 1.67 ye ys k3 = 0.217

Vo = 1.05 8, = 0.025 8 = 0.025

The time delays, 8, = 82 = 0.025, are not significant and can

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



the effect of the time delays in governor~gate opening and hydraulic

head, with higher values of 8) and 855 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:

Boe w-1 ee een ENT)

dw ;data 0.0433w - 0.0422 ve siné + 0.0367 sin 26 - 0.304g

+ 0.334h eeseiccesicese © (6,42)

dye
Jer Vg — 0.2 Ve + 1.05 cosd tteeeeeeeees (6.43)

dv¢

qaae a V_ ~ 10 v, + 10.5 sie’ eeisie ceienies (6.44)

dv, in
dian SB sla) ont secceesecses (6.45)

Se at = aon eon tole . (6.46)
a : 

£ 
Sareea sei .

dge
Ge> = «710 Be + 10 ny te Sewiizoeym (6047)

dh ‘ae -4h + 9g + 20w + 20 8 Sees veceeos (6.48)

Equations (6.41) to (6.48) consist of a complete set of system equa-

tions. 6, w, Ves Ve» Ys» 8 8¢ and h are the state variables. The

system is non-linear because of the non-linear terms of equations

(6.42) and (6.43), uj, and uy are the controls given by:

sy 1 (6 - 64) + kyp(w - 04) + uy, secececeeees (6.49)

Ug = kp1 (6 - 84) + kyo (w - wg) + upg Seacgeesuees (6050)

where ky, Ki2> ko, and Koo are the elements of a simple proportional

multivariable controller matrix k, given by

ee eee ee to

oT page oe)

The controller k is to be designed so that the power level goes

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

value. The final desired real power Pq is assumed to be 0.735 and the



reactive power Qa 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,é. The final desired values of 84> wa and Veg are rs

calculated from the final desired power level.

The performance index, Jg, has been defined as

$

Jg = 50(8(5) - 6)? + f flocs - 65) + 10(w - wg)? + 0-1(ve - veg)? +

°

2 2 =100(u, - u,3)? + 100 (u, - u,,)7]at ausapaedoss (Geil,

where the initial conditions are:

6(0) = 0 w(0) = 1.0 ¥_(0) = 10.5

¥e(0) = 0 n(O) = O g(0) = 0

The final conditions are:

84 = 0.375 wg =~ 1,0 Veg = 11.2

= 0.272 = -0.845“144 od

where the values Ug and U4 are found from the steady state solution

by equating the derivatives to- zero.

6.1.6 Summary of the system equations

The dynamic representation of the synchronous machine as well

as its associated control systems are summarised as follows:

X15 = x), - 1.0 pie castes TACO sD2))

%y, = 0.0433.x, — 0.0422 X35 sin %ie * 0.0367 sin 2x15 S

0.304 xp. + 0.334 xg. soscescess (6.53)

%3, = x,, 7 0.2 x5. + 1.05 cos x), Preswasresse, \GOv54)

X45 = -4 aa = 10.x, 0 + 1035: eiate Pale re KE SO)

Xe = -5 X55 +10 U4. Dea eiesie 2 646556)

%e, = 74-5 xg, - 10 x), - 10 x), Sent faery COs 7)

%, = -10 Xz, * 10 Uy, eseseares . (Oy58)
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aoe ~4exg +9 X6, + 20 x5, + 20 X75 ees (6.59)

46 7 Kus Gia - 6] takeos Ea i xe +5, -+2- (6.60) |

Yg5 7. Fors Gra > *tpl-*- pg ea * dat sr eeOn6!)
$s

= a 2 es 2 es e
a 50(x, (5) - x,,) “if (106), - x4)? + 10(x, - x,4)2 +

°

= 2 = 2 = 20-13. X34)? + 100(u, . 4g + 100(u, , Uy a5) }dt

wasters (6x62)

where 6 = Xy> w= Xo» Ve = X3> Ye = Kyo Ny = X5> ge X6> 8. = Xp»

< : cS
he Xg> 84 =X) 4° 4 > Xyq? Veg X33 the dots denote ae’ and

subscript s refers to the variables in the system equations.

§.2 Model Description

6.2.1 Non-linear modelones Son=tinear_ model

A simplified third order mathematical model can be formed by

neglecting the dynamic equations of Ver Yoo 8» 8s 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 iu and the total droop o 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:

dé,
a 

Bcatierat ce. (6.63)

du, Vv, Ve, sin 6 (x'3 - x3)
we og Geqhy * kya, * kyu, - 2 AB eesT) X'g 2x" 4 Xq

it sin 26, ] Rowioe ae ce wea pCO 64),

dy, xv (xq - x'g)TE Mig et ee, cond, eeecssene . (6.65)* a ta ae 
*



Veo ooo ttm Se oe niee asa es eerenos 00)

oe Ge Hm) Feet ee A SIRCELOD)

Hietoe Ky ima - oe) + Kom (og - a) F Ugg crettteee (6.68)

We a Koim Og - 6 + Koom (og - wo) F Ua trttttees (6.69)

By substituting the numerical values in the above equations the complete

model equations become:

Sa Cer ace drains <(6nTO) |

Som = (0.0433 + 0.304 Oy) Xo - 0.0422 X3,+Sin Xam + |

0.0367 sin 2x10 + .304 By Ung setseseccerees (6.71)

on = 0.2 x3) + 1.05 cos x), - 4.0 a, (1.05 = 2u,,.)

pieievwisioimiajeimivisita: C018 1):

u me he oo (x.1m Lin cid etme modi ou) em ott 8s

u, - x) +k22m 24 - Xo) F Usa cette (6.74)bm” “21m “ta

d 2 :
where the dot denotes ae and subscript m denotes the variables asso-

ciated with the model equations. and x, are the model stateas (Ke,
1m? “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 Veo Veo Bs Be and h,
1

assuming that they reach their steady state much faster, the system

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

ea Xom 7 1-0 wie aise eee Oes5))

Sa 0.0433 Be 0.0422 X3, Sin xy) + 0.0367 sin 2x, -

0.304 Kee 02594 Xgn esa Se witiele on) C070):
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X30 ae 0.2 X30 + 1.05 cos pee iow eee cachade ays BET 20.

4x, 7 10x, + 10.5 = 0 csevcseees (6.78)

=5 x, +10 wu = 0 : Sie see PME)

4.5 Xe 7 10 Se 10 Xo, = 0 Bite siniereiteys: (6.80)

-10 %oe PAO OS = 0 PRAM wales cease (6.81)

-4 Xgq + 9 Xp, + 20 Xo + 20 x7, = 0 cecccseeee (6.82)

From equations (6.82) and (6.80),

Ken 0 Secsecesee ((6083)

Equations (6.78) and (6.79) will give

x ano uy, + 2-625 eecccccess (6.84)

Combination of equations (6.80) and (6.81) yields

Seay (-10 Xo, 7 10 Uy) /4.5 scccecceee (6.85)

om? *6m and Xg,, in equations (6.76) and (6.77),

the model equations may then be summarised as:

Substituting for x

Bak O. at ame anes oi ara seeee (6.86)Fim) > 22m

Kom = 0.68 pet 5. 0.0422 X3m, sin Xin * 0.0367 sin 2x +

0.675 Yon cecseceees (6.87)

x = -f -3m =~ =0.2 X3,, + 1.05 cos Xin 5 wat 2.625 = seccee (6.88)

The Jacobian matrix of ca with respect to the states ¥, evaluated

at the point of linearisation will be:

Jo= 0 a 0

Joy ere J53

J3) 0 Oe?

where Jo, = 0.0422 ty COS + 2 x 0.0367 cos 2a,

Jn, = 0.0422 sin a, a wees (6.89)

= =1.05 6%J31 1.05 sin fy

|



where a, and %, are the unknown parameters, whose values should be

estimated, Hence, the linearised simplified third order model may

be written as

eee Koa el & seeeceseesese (6.90)

Sa Joy in + 0.68 on + 353 X30 + 0.675 Uy tires (6.91)

a a Seu ty 22625" Bee, coi eee (6052)X3m J3) Xan 0.2 X 3m 1m

3 oe Kim“ 1a 7 ‘1m + ki m*og ~ X))) F Ua ceeeee (6.93)

uo, kom 14 Ps + oe - Xn) + Ugam cette (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

5

min {c(k., a) = | fa, (6, - 8)? + Wy (wy - a)? + 3 eg - Ven) 2] at}
a

s.t. model and system equations sien (6495),

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

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

N
s

es {Ck., 9) = i [ey (er - 6 a + aus - 4 ee +0 3s - Vem )2]}

s.t. model and system equations sieeereccecce (6.96)

where N, is the number of samples taken in a fixed interval. This
will give n samples per measurement where



5

‘ = ae 2 a 2 an 2aia {ee 312). = 5008 (5) 6a) J [uocs, - 64)? + 10(u, - uw)? +
“m °

) a 2 a 2 S =O.1¥e — He)? + 100(u, - u,4)? + 100(u,, - ung at}

s.t. the model equations i te cetacean take OT)

6.3.3 Coordination components

In the coordination unit we will have:

ae : ie

Ls pi ae OF

Kota 2is

oom 7 Kaas %

oie toy

9% =. Oo

6.4 Discussion of Results

The synchronous generator system, its simplified dynamic model,

parameter estimation, optimisation and coordination mit, 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 system

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 kJ + This minimises the performance index Sas 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, the per-

formance index, Jae has converged to the same optimal point. Figure

6.4 shows the variation of J, as a is varied, keeping the other

elements of fic] at their optimal values. The results clearly show

the "flatness" of the minimum point.
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INITIAL CONDITIONS OPTIMAL SOLUTION

okie ee i eer
era [Fiz [kar [#2 He. Kn Kio Ky arr) oy

0 0 ° Oo 5841 |!-0.099 | 0.046} -0.238 1.8869 2.2

1.0 |1.0 |1.0 }1.0 39.08 * 4 4” % a

0.5 {0.5 10.5 |o.5 36.02 ’
*

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- i

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 Jee 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, starting 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 optimum

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).



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. In

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

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

shows the corresponding variation of the controller gain.

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, Jy> employing the modified two-step approach,

starting from the same initial conditions as used above. The

results illustrate a very rapid convergence, 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 E4 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,

ine Kig carr tke
This is partly due to non-zero values of aa and partly due to flat

do not converge to the true optimal values.



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 otta 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 controller gain to minimise the given performance index, see As
has been explained in a previous chapter, the requirement of the modified

two-step approach to have = equal to zero in the Lagrangian analysis will
givé 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



to investigate the dynamic convergence, together wi
th the final convergence

of the modified approach.

It can be concluded that if the structure is uncertain of a
 mathemati-

cal model whose parameters are to be estimated, and i
f the gradients bet-

ween model and plant are not closely matched at the o
ptimum point, then

the application of the modified two-step algori
thm is advantageous.
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CONCLUSIONS

Some techniques which attempt to take account of the interacti
on

between parameter estimation and system optimisation have been 
reviewed.

These techniques have been applied to a problem determining t
he steady

state optimum operating condition of a chemical plant throug
h the use

of an adaptive steady-state model whose parameters are esti
mated by

comparing model outputs with those of the real plant. The objective

is to maximise the net rate of retum obtained from the chemi
cal plant

by manipulating the set points of flow, temperature and recycle r
atio

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 gradient
s of the

real plant outputs with respect to the control inputs were not m
atched

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 plan
t using

multilevel techniques. Unfortunately, these two approaches did not show

any success because they also failed to take account of the abo
ve gradient

matching. They also showed disadvantages over the two-step approach by

having increased dimensionality which increases the computationa
l burden.

The two-step approach is modified by introducing extra terms to
 the

optimisation performance index to allow for any mismatch betwee
n the

model and the real system output derivatives. This is achieved by taking

account of model inputs as well as the model parameters as interconnect
ion

constraints. 7

The e~constraint and the parametric approaches were decomposed 
by

cutting the linkage between the two problems caused by uncertai
n model

parameters 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 identical with

the final solution of the modified two-step approach.

Using the above decomposed problems will greatly increase 
the compu-

tational time; hence, in this work they have not been investigated



further. However, additional study is required to investigate the con-

vergence properties of the above decomposed problems-

Later, the effect of real process dynamics on the performance of

the modified two-step approach, which successfully obtained the correc
t

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 t
he

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 ge
nerator.

The requirement of the modified two-step approach to satisfy 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 e
xtra

term \'u. Hence, if A is set to zero, the standard two-step approach is

obtained. This shows that both algorithms are simple modifications 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 parame
ters

to be estimated. However, further research is required to investigate

the convergence properties of the technique as applied to dynamic 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 probl
ems.

The following N.A.G. routines have been employed in this thesis in

order to solve different types of numerical problems.

COSNAF: Finds 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 o
f

equations. The method is based on ideas given by Gear (1971),

and is intended to solve "stiff" systems of equations.

DOZAJF: Integrates a system of first-order ordinary differential

equations over a range, using a divided-difference formulation 
of

Gear's method described in Craigie (1975) and a variant of th
e

method 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 on Powell (1964). Derivatives

of the function need not be supplied.

EO4FAF: Finds an approximation to a minimum of the sum of squares of

n non-linear residuals, based on Peckham's optimisation algorit
hm

(Peckham (1970)).

EO4JAF: 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 Murra
y

(1976, 1972)).

FOLAAF: 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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GOSAEF: Returns a pseudo-random number from the normal distr
ibution,

subject to given mean value and standard d
eviation.

EB365DYSP: Is called from the user supplied master program 
on USER-

LIBRARY 2 (The City University) and has the foll
owing subprograms +

TRAN: Simulates 4 transducer which has single time co
nstant

together with appropriate scaling.

Simulates an actuator for a control valve. It is simulated
h velocity limitation.

dead band. The facility

VACT:

as

The coulomb friction is simulat
ed as a

a single time constant together 
wit!

provided for allowing different time constant,
 stroke time and

friction values during opening the val

The valve position is limited and norm
alised to

ve than used for closing

i the valve.

lie in the range 0 to l.

tinuous PI or PID controller w
ithout

CPID: Simulates a general co

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 constant

transducer together with the required change, where:

x = Input signal value (input)

Minimum value of the input signal (data)

Maximum value of the input signal (data)

Minimum value of the output signal (data)

Maximum value of the output signal (data)

Lower saturation limit (data) '

Upper saturation limit (data)

Time constant (data)

Output signal

A2.2 Proportional and Integral Controller without Integral Wind-up

Figure A2 represents the block diagram of (PI) controller, where:

s =

P

M &

© > oS oo 0

Controller set porate (input)

Measured value ‘Cenput)

Controller gain (data)

Integral action time (data)

Controller error

Controller output

Lower saturation limit (data)

Upper saturation limit (data)
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A2.3_ Control Valve Actuator

Figure A3 represents a block diagram of a control valve actuator,pila
where:

P = Input pressure (input)

4 P_= Input pressure which completely opens the valve (data)

i P= Input pressure which completely closes the valve (data)

r= Coulomb friction during valve opening (data)
; °

: Eee Coulomb friction during valve closing (data)

; ea Opening exponential time constant (data)

a Closing exponential time constant (data)

so = Opening strcke time (data)
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