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The quality of control provided by what is termed "short-sighted"™ stochastic
optimal controllers controlling a linear heating system subjected to a random

disturbance is evaluated by computer simulation and by experimentation.

The control laws evaluated respectively minimize the cost functions

- o _ 2
I Yo oo MU -u )

(Control law 3)

and

2 yzt+k/t
(Control law 2)

I AU

and are called "short-sighted" since they do not take into account the effect
that the present control action ut will have on future outputs at lead times
greater than the process time delay k.

Since control law 2 does not allow the mean value of control input u to drift,
it was expected that it would be unable to control the system subjected to a
non-stationary disturbance. Since control law 3 allows the mean value of
control input u to drift, it Was expected that it would be ﬁore appropriate to

use in this case.

It was found that control law 3 provides a better quality of control than
control law 2 when the disturbance is non-stationary and modelled as such
provided that the process and disturbance models are very accurate. A
stability analysis, simulation and experiment show that model inaccuracies
result in a serious degredation of control quality.It was also found that
control law 2 is inappropriate to use since the inability of the mean value of

control input u to drift results in large mean errors.
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When the disturbance acting on the system is stationary and modelled as such,

minimizing I_ results in a marginally better quality of control than obtained

2
by minimizing I3." However, a process model inaccuracy may result in an output
offset error since a controller based on the minimization of 12 does not have
integral action. Using a controller based on the minimization of I_ is

3
advantageous in this case since the integral action of this controller cancels

the offset,

For the situation where the disturbance acting on the system at a given time
is stationary but may become non-stationary after a period of time, using I3
and a stationary disturbance model.results in a controller which provides the
best overall control quality for the system evaluated, Sensitivity to model .

inaccuracies is less of a problem in this case.
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CHAPTER 1

INTRODUCTION

Stochastic control theory finds application in the design of controllers of
systems subjected to large random disturbances. This dissertation evaluates by
computer simulation as well as by experimentation what has been termed (2]
"short-sighted" stochastic optimal control laws controlling a linear system

subjected to respectively a stationéry and a non-stationary disturbance.

Chapter 2 provides a brief background to the subject and describes the
applicatidn of stochastic control in industry and various stochastic control
'strategies, including the "short-sighted"™ control laws, The scope and

objectives of this dissertation are defined in more detail in this chapter.

Chapter 3 contains the theoretical analyses used to derive the respective
control laws and to obtain an insight into the sensitivity and stability
aspects., The process and disturbance parameters are defined and the process

and disturbance models are derived from first principles.

Chapter 4 describes the design of the controller including hardware and

software aspects.

The results obtained by simulation are presented in Chapter 5. Extensive use
is made of diagrams and tables to portray the results obtained. A summary of

the results obtained is given at the end of the chapter.

The results obtained by experimentation are presented in Chapter 6. Here also
extensive use is made of diagrams and tables to portray the results obtained

and a summary of the results obtained is given at the end of the chapter. -



-2-

In Chapter 7 the results obtained by experimentation are critically compared
to the results obtained by simulation with reference to the theoretical
analyses. This is followed by a presentation of the final conclusions.

Finally, suggestions are made for further work.



CHAPTER 2

BACKGROUND

2.0 WHY STOCHASTIC CONTROL?

When the magnitude of a random disturbance acting on a system is such that the
system output becomes unacceptable i.t.o quality or performance, due
consideration has to be taken of the disturbance in the design of the

controller.

Using deterministic control theory to design a controller which effectively
counters the effect of such a disturbance acting on a system poses a problem
since it requires that the disturbance be postulated as an analytic function

which is known a priori. This is usually not possible.

Stochastic control theory provides the necessary tools for the design of a
controller of a system subjected to a random disturbance. Firstly, the
disturbance is modelled as a stochastic process, i.e. as a sequence of random

variables. Secondly, the controller is designed to consist of two parts,

namely:
a. an optimal predictor which predicts the effect of the disturbance
on the system output minimizing the prediction error, and
b. a controller which computes the control signal to make the

predicted output equal to the desired value minimizing a given

cost function.
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The ability of a stochastic controller to predict the probable future value of

the system output based on historical system input and output data and to

drive the system in such a way as to minimize the probable future output error
minimizing a given cost function, makes it 'a strong candidate for solving this

kind of problem.

In addition, realising the prediction and control algorythm by means of a
recursive calculation, makes real-time prediction and control by means of a

)

digital computer a practical proposition.
2.1 APPLICATION IN INDUSTRY

The conventional PID controller has proved itself useful in feedback control
applications. However, using it to control a process subjected to a large
random disturbance may require a long parameter tuning time with subsequent
production losses. Also, the PID controller is not able to adapt to a change
in the statistical characteristics of the disturbance as is the case when the

disturbance is non-stationary.

In such cases, the design and implementation of a stochastic controller may be
profitable. The fact is, however, that stochastic control theory has found
little application in the solution of process control problems in industry

thus far. The following may be possible reasons for this:

a. Control engineers prefer to use ‘the proven 3-term controller
rather than to experiment with a novel and sophisticated control

algorythm.

b. A stochastic control 1law must be implemented on. a freely
programmable process control computer. Previous genération process
control systems were configured with dedicated hardware function

blocks and were not freely programmable.



-5-
;strom [4] describes a stochastic control system which was designed by the
IBM Nordic Laboratory in Stockholm and installed and commissioned in the
Billerud Kraft Paper Mill at Griivon, Sweden, in 1965. The system controls
paper basis weight which is an important quality variable of kraft paper. The

system is subjected to stationary disturbances,

Before the stochastic controller replaced the previous controller, the basis
weight fluctuations had a standard deviation of 1,3 g/m’. After installation
of the stochastic controller, consistent standard deviations of 0,5g/m’ wet
basis weight and 0,3g/m* dry basis weight were achieved, thus a significant
improvement in control quality. The controller was designed to minimize the

variance of the output,

The acceptance criterion of kraft paper is based on the requirement that the
quality variable of a representative sample is within the test limits with a
specified probability. 1In order to compensate for fluctuations in quality
during production, the set point for the basis weight controllers was
previously set well above the lower test limit, However, in significantly
reducing the variance of the output, it was possible to move the set point
closer to the acceptance limit without changing the probability of acceptance,
In doing so, the raw material was used more economically and the production

was increased resulting in a capital gain,

A more recent documented application is the viscosity control of an industrial
2
polymerisation process as described by MacGregor et al [2] (1976). Viscosity

control of polymers is of importance in the ,manufacture of condensation

polymers, \

An identification study performed identified the process model as non-minimum
phase and the disturbance model as non-stationary. The presence of a
non-stationary disturbance necessitated minimizing the following cost function
which results in a sophistication of the standard minimum vafiance control law

used in the application discussed previously:



)2} | (2.1.1)

= x -
T= By + Mu-u,

where E is the expectation operand,
y, is the system output at sampling moment t,

is the system inpdt at sampling moment t,

ol e

is the system time delay, and

"\ is a control weighting,
The objective in using this cost function is explained in paragraph 2.2.

The implementation of the stochastic control law resulted in a substantial

" improvement in viscosity control.

In ,COnclﬁsion. then can be . said Ithat' stochastic controllers have been
'suééessfully implementediin ihdustry althbugh on a small scale, VHowéver, with
~~the’trehd of distributed microprocessor-based process control systems becoming
mofe common on pfocess control equipment markets, the ability to implement
stochastic control laws more easily as a result of the free programmability of
‘these controllers, may_result in a wider application of stochastic control

'theory.
2.2> VARIOUS STOCHASTIC CONTROL STRATEGIES

- - The standard stochastic control law is the so-called minimum variance control _

" law which minimizes the cost functiom.
1= E {y."} ' ‘ (2.2.1)
This control law minimizes the variance of the system output and allows the

system to be operated éloser to the set point as explained in paragraph 2.1

. with reference to the design.by the IBM Nordic Laboratory.
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(1]

However, as Clarke et al point out, the minimum variance design has the

following practical difficulties:

a. As such it cannot stably control a nonminimum - phase system

(however, by modifying it to become a suboptimal control law, the

problem may be avoided).

b, Since no constraint is placed on the variance of the control

input, saturation of the control transducer may occur.

c. The controller does not have a tunable parameter which can be
tuned if the controlled process has an unsatisfactory performance,

1 . . g .
Clarke et al (1] proposed in 1971 a design to avoid the above difficulties.

They proposed minimizing the cost function
I = + 2 .2,
E {y’t+k xut} , (2.2.2)
where X is an adjustable weighting factor which places a cost on the variance

of control input u, They derived control laws for actual systems minimizing

what they thought was the above cost function and obtained the following

results:
a. No stability problems occurred in controlling nonminimum—-phase
systems.
b. By placing a weight on the variance of the control input, a

significant reduction in the variance of the control input with
only a small increase in the variance of the system output could

be obtained.
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c. The design had the flexibility to deal with cases where the closed
~ loop performance became unsatisfactory because of parameter
drift or other causes.

However, in 1977 MacGregor et al [2] showed that Clarke et al erroneously

dropped the expectation operand in their manipulations and in fact minimized

the related but different cost function

~

I = 2 ' .2,
th+k/t + (2.2.3)

where yt+ is the optimal k-step ahead predicted value of the system output

k/t
y as predicted at time t.

MacGregor et al stated that minimizing the above cost function would appear to
be sensible in that it selects the control action ut which, at each instant of
time t, attempts to drive the k-step-ahead forecast of the output deviation to
zero, subject to a constraint on the magnitude of the present control action.
They called it a "short-sighted" or "instantaneous action" stochastic optimal
control action since it does not take into account the effect that the present
control action u, will have on fqture outputs at lead times greater than the

process time delay k.

The cost function proposed by Clarke et al can be minimized using either of

the following two methods [2]:

a. - The discrete Wiener-Hopf equation which can be solved by a method
of factorisation of discrete convariance generating functions.
(This procedure is straightforward for single-input/single-output
systems but becomes much more difficult for multivariable

systems).
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b. Transforming the discrete system transfer-function model into a
state-variable form and minimizing the cost function by solving a

Riccati equation.

MacGregor et al showed that minimizing the cost function proposed by Clarke et
al does indeed provide a more optimal control than obtained by minimizing the
cost function in equation (2.2.3). In the special case when the cost factor

is zero, the two algorythms coincide.

In addition, MacGregor et al recognized that stochastic controllers are of
greatest importance for controliing systems subjected to drifting or
non-stationary disturbances. However, 1in order to deal with non-stationary
disturbances, the control input must be allowed to drift i.e have "infinite"
variance (limited of course between saturation boundaries). Controllers which
respectively minimize the cost functions of equations (2.2.2) and (2.2.3) can
therefore not stabilise the output of a system subjected to a non-stationary

disturbance.

For this reason MacGregor et al proposed minimizing more appropriate cost

functions such as
I = Ely? + A{u - u 2 2.2.4
ly ( N ¢ )} { )

and

~

I =y

2

+ A - 2 2. .5
ek /t (ut ut—l) (2.2.5)

which allows the control input to drift.
The controllers have integral action as a result of a pole on the unit circle
in the disturbance model and therefore also have the additional feature of

being able to cancel offset due to set point changes or load step changes.
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Cost function equation (2.2.,4) is again minimized by the method of
factorisation of a discrete Wiener-Hopf equation with slight modification or
by solving an appropriate Riccati equation., This cost function was used by
MacGregor et al to solve the industrial control problem described in

paragraph 2.1,

Cost function equation (2.2,5) is easily used by applying the method of Clarke
et al.

2,3 SOOPE OF THIS DISSERTATION

This dissertation evaluates by simulation and experimentation the so-called
"short-sighted" or instantaneous action stochastic optimal control laws as
described in paragraph 2.,2. Three objectives were set as described in the

following paragraphs, .

The first objective was to evaluate the performance of a controller of a
minimum-phase system subjected to a non-stationary disturbance which minimizes

the cost function

= 7 + A - 2 oeJde )
I y2t+k/t (ut ut—l) , (2.3.1)
and to compare it to the performance of a controller which minimizes the cost

function

~

I =¢° + u? (2.3.2)

t+k/t t

in order to determine whether using cost function equation (2,3,1) does
provide a better quality of control than does .using cost function equation

(2.3.2) for non-stationary disturbances as stated by MacGregor et al,
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The second objective was to evaluate which of the above two controllers
provides the best quality of control if the disturbance is stationary and

modelled as such. '

The third objective was to evaluate for the situation in which it is not known
a priori whether the disturbance is stationary or non-stationary, which
combination of control law and disturbance model provides the best quality of

control when the actual disturbance is stationary while the disturbance model

is non-stationary and vice versa.

It was not within the scope of this dissertation to evaluate controllers based

on the minimization of cost functions
= . 2
1 E{y’t+k + . (2.3.3)
and

+ A(ut -u, ,)?1 (2.3.4)

t+k
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CHAPTER 3

3.0 SYSTEM DEFINITION
A functional block diagram of the system is shown in Figure 3.0.1.

The sampled data temperature controller controls the power supply to the
electric heating element of the hot water cylinder and attempts to maintain

the measured temperature equal to the reference temperature,

The temperature is disturbed in a random manner by the disturbance generator
which controls the outflow of warm water in a random manner. A level
controller maintains a constant mass inventory in the cylinder by controlling

the inflow of cold water,

The disturbance flow rate at any specific time is defined as the difference

between the actual flow rate at the time and the nominal flow rate.
The values of the system parameters are specified in Table 3.0.1,

The mathematical models of the process and the disturbances are derived from
first principles in paragraph 3.1,

In paragraph 3.2 the "instantaneous action" optimal control laws based on the
minimization of the cost functions as described in paragraph 2,3 are derived,
The minimum variance control law is derived as well but is shown to be a
special case of one of the other two control iaws. The description of the
general procedure for the derivation of the control laws in paragraph 3,2.2
are followed by the derivation of the general forms of the control laws in
paragraph 3.2.3 and the derivation of the specific forms of the control laws
incorporating the process and disturbance models in paragraphs 3.2.4 and

3.2.5.
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Table 3.0.1 Specifications of System Parameters

| PARAMETER |  sYMBOL | VALUE/RANGE |
| | : | . |
|specific heat capacity of water i | 4190 J/kg. K [
| | o |
|Mass of water inventory | M | 10 kg |
| | | l
|Heater element power | Q | OW < Q < 2700W |
| ‘ | [ o |
| Thermal resistance of cylinder wall]| R | 0,5 K/W |
| : | | |
|Measured temperature | T | 0°c< T < 100 °c |
| | | |
| Ambient temperature | T, | 18 °cC [
l | | . |
|Cold Water temperature [ T, [ 16 °c |
| | | i
|Reference temperature . ! T of | 50 °C |
| l | |
|Nominal disturbance flow rate | v | 0,011 kg/s |
| | ' | |
[Maximum disturbance flow rate | Vmax | 0,021 kg/s [

| | | I

In paragraph 3.3 the stability of the system subjected to respectively a
stationary and a non-stationary disturbance using the respective control laws

is analised mathematically.
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3.1 PROCESS AND DISTURBANCE MODELS

The process and disturbance models are derived from first principles.

The derivation is based on the principle of conservation of energy:

Q = Q + Q - Q. + Q (3.1.1)
c o) i a
where:
Q = 1input heat from the heating element,
@ = heat stored in water mass,
c
Qo = outflowing water heat loss,
Qi = inflowirig water heat input and
Qa = heat loss to the ambient atmosphere

Writing equation (3.1.1) in differential form and using the symbols as defined

in Table 3.0.1 gives:

AT . ‘
Q: MH T * VHT - VAT o+ (('Te>/R (3.1.2)

Writing equation (3.1.2) in an incremental form gives:

dsT .
ad ¢ MH ;t + (VA + ./k)m’ v H(T-T)aV - VHaT. - A‘l;_/lz

(3.1.3)

Taking the Laplace - transform of the equation and equating A T(o+) to zero

gives:

AT(s) = ‘ [AQ(S) - H(T-‘lj)st(S) + Vl—la'):.(s) + aT, (s)/K]

HHs + VH + 1/R

(3.1.4)



-16-

with:

control input A Q(s),
output A T(s) and
disturbance inputs AV(s), AT (s) and AT (s).
i e
For AV(s) a large forcing disturbance and AT (s) and A T (s) negligible,
i e

equation (3.1.4) approximates to:

1

aT(s) =

[ AQ(s) - » H(T-T;)AV(QJ

MHS + VH + n/R,

(3.1.5)

Allowing for a dead time delay of kT seconds where:
s

k is a natural number and

Ts is the sampling period in seconds

gives:

! H(T‘71>
. al
: exr\ (-ﬂ('ﬂ)a&(ﬂ T MHs 4 UH + l/R ° (S)

T(s) =
27T HHs + vH+ 1/R

(3.1.6)
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Inserting a zero-order sample and hold circuit with sampling period Ts and

transfer function
[1-exp(-sT )1/s
s

at the input gives:

I | - exr\(’s_'—s>
TG ¢ e R T e )
- T
H(T-T3) S UG)
MHs + UH +'/R

Define in order to simplify the expression:

constant K.‘ VH + |/Q R
T- T,
constant K, = —— '
M
MH
rocess time constant T = —
P r VH+ 1 /R
MH
disturbance time constant ’ﬂ 2 —
VH + 1/)2

input u(t) = AQ(t)

AQ(s)

(3.1.7)

(3.1.8)
(3.1.9)
(3.1;1b)-
(3.1.11)

(3.1.12)

where AQ(t) is the difference between the actual heat supplied by the heating

element and the nominal heat required to maintain the temperature error equal

to zero with the disturbance flow rate equal to the nominal value V,

© output y(t) = AT(t)

where AT(t) is the temperature error and

(3.1.13)
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£(t) = K, AV(t) (3.1.14)

~where:

£(t) is a continuous stationary random variable with zero mean and
AV(t) is the difference between the actual disturbance flow rate at time t

and the nominal disturbance flow rate V.

The relationship of the foregoing terms is shown in Figure 3.1.1 for the
system subjected to a continuous stationary uncorrelated random disturbance

with zero mean.

A non-stationary disturbance is generated by integrating the stationary random

disturbance with zero mean with time. A proof is presented in Annexure 1 to

Appendix A.

Figure 3.1.2 shows the continuous time presentation of the system subjected to

a non-stationary disturbance. !

The discrete time presentation of the system subjected to a stationary random

disturbance with zero mean is:

-(K-fl\) |
K [0 - exp -7%/7 )] 2

71' ) - exr(-’lg/‘)’r>2-, ) (I exf(-’l’,/Tﬂ)Z-’

{3.1.15)

(The derivation of the z-transforms is shown in Annexure 2 to Appendix A).

(.



f19-
with the symbols_as defined before and:
discrete control input sequence ut = AQ
discrete output sequence yt = AT and
discrete stationary uncorrelated random sequence with zero mean
3 = K, T_ AV (3.1.16)

The stationary disturbance sequence e, which adds to the output is the

t
filtered output of the disturbance model transfer function driven by the

stationary ¢ £

Figure 3.1.3 shows the discrete time presentation of the system subjected to a

stationary disturbance.

The discrete time presentation of the system subjected to a non-stationary

disturbance is: >
- (k+1
: K- (-%/7.)]2 ! .
A e T
/4 ro- exf (- ﬂ7/7}> 2

!

3

(3.1.17)
with the symbols as defined before.
The non-stationary disturbance sequence et which adds to the output is the

filtered output of the disturbance model <transfer function driven by the

non-stationary

Figure 3.1.4 shows the discrete time presentation of the system subjected to a

non-stationary disturbance.
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, Tn
£ () —»
I + sTn
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"2 l-exp(-sTs) K1
u(t) ——— ~~— exp(—sk Ts) |
S 1+sTp
Figure 3.1.1 Continuous—time Presentation of the System‘
Sub jected to a Stationary Disturbance
1 Tn
£ (t) ———» —
S 1 + 8Tn
Ts
"N l1-exp(—sTs) K1 _
ult) ——— ~———f exp(-sk Ts) |
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Figure 3.1.2 Continuous—time Presentation of the System

Sub jected to a Non—stationary Disturbance
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Et —»
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Figure 3.1.3 Discrete—time Presentation of the System
Sub jected to a Stationary Disturbance
1 1
£t
| -1
-2z l1-exp(~Ts/Tn)z
—(k+1) tlet
Kil1-exp(-Ts/Tp)lz +
ut ——» yt

l-exp(-Ts/Tplz

Figure 3.1.4 Discrete—time Presentation of the System
Sub jected to a Non—-stationary Disturbance
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3.2 DERIVATION OF CONTROL LAWS

3.2.1 Control Strategies

The three control strategies respectively implemented in the simulations and

experiments are the following:

the minimization of the cost function

I, = Elyj - . | (3.2.1)

which is the standard minimum variance control strategy,

the minimization of the cost function

= v ' Ay ? .2.
I, =Y /et MY (3.2.2)

(1], [2] .

as implemented by Clarke et al

where 9t is the optimal k-step ahead predictor of y at

+k/t

moment t and

the minimization of the cost function

I, = ¥

2
3 ) (3.2.%)

+ X(ut -u

t+k/t t-1

2
as suggested by MacGregor et al[ ].

For both the system subjected to a stationary disturbance (equation (3.1.15))

and the system subjected to a non-stationary disturbance (equation (3.1.17)),

three control laws which respectively minimize the above three cost functions

are derived.
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3.2.2 General Procedure for the Derivation of the Control Laws

The'following'general form of the model equation is used

-1 -k
Tt

where:

e s ' . . -1 . .
G is the system polynomial in z with a leading constant and

. . . ~1
~ N is the disturbance polynomial in 2z with a unity leading constant.

-1 A1 -1 -
y. (z ) = z Gl(z )ut(z ) + N(z ) Et(z

(3.2.4)

-_Rearranéing'equation (3.2.4) to obtain output y in the same form as that of

the k-step ahead predictor of y at sampling moment t, ¥

. : ' k
v o = Gu + 2z N
vyt+k t £ t
. . *

-Defines: N =N + N

: ' : k. k
: Qhére. N = 1.+:n 2_ + +n
S -k - ceee k-1

oy . s -k -k-1
and - N = ngz +n Z +

k k “k+1 ceee

Substituting into equation (3.2.5):

: = Gu + sz* € + sz £
yt+k‘ Tt k "t k 7t

 For y
- yt+k/t

,»be:;ealizab;e, it must be based on present and past measurements of the

- output:

Y. Y r Y ""...-

(3.2.5)

(3.2.6)

(3.2.7)

(3.2.8)

(3.2.9)

, the optimal k-step ahead predictor of y at sampling moment t,

to
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The predictor § is defined to be optimal if it minimizes the variance of the

prediction error

E _"2.
Wi = V1

Subtracting y§ on both sides of equation (3.2.9) gives:

y

t+k

v = G kN v + kN*
=G rzN b ez N b

The variance of the prediction error is then given by:

E{y -yP o+ E{sz* t}z (3.2.10)

—;}2 = E{Gu, + sz
t k

t+k k t

The crossproduct terms drop away because of the independance of sz;gt with
all values of the output up to time t.
The variance of the prediction error is minimized to

K 2 .
E{z N g } by equating

k °t

v =y - 2N € + Gu ' (3.2.11)
Y7 Vet T kK t t e

The control 1law which minimizes a given cost function is found by

differentiating the respective cost function and equating it to zero.

To reduce the number of parameters in the control law derived, the following

equivalent general form of the model equation is used:

..k -1 D(Z_I)
B !+
) - 'E———EEJl—- u () 4 — E; (3.2.12)
/‘ 1+ AR 1 1+ C(z") |
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In Annexure 3 to Appendix A it is shown that the transfer function

H(z) - ._2i£i}_.

u(2)
is realizable with:

A, C and D finite polynomials in z—l with no leading constants and

B a finite polynomial in z—l with or without a leading constant,

(1]

Using, as Clarke at al - does, theAidentity

14D = ~Nk*(1+C) + z'le' (3.2.13)

*
k
in the finite-parameter form.

and obtaining N =~ and Dl by equating coefficients, the control law is obtained

3.2.3 General Forms of Derived Control Laws

The general derivation of the three control laws which respectively minimize

the three cost functions is shown in Annexure 4 to Appendix A,

The general form of the control law which minimizes I =E{yt’} is:

1

(+A)D

U = = » ' )
N B(1+C) jL (3.2.14)
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The general form of the control law which minimizes I_=y* A is:

+
2 t+k/t t

{1+ H) D/

’ (3.2.15)
¢ N‘: ,5.(/4- C). + /\/ba (71+ F))(/+p> /t

Note: Equation (3.2.14) is a special form of equation (3.2.15) with the cost

factor A equal to zero.

=y +Mu, -u,_ .)? is:

£ . s e .
The general form of the control 1aw‘wh1ch minimizes I tak/t Y1

3

G+a)(i-27)D ‘
. o B /\/K’,B(H C) + )/[oa (/+"?>(/—2—I)(/+D> /t

(3.2.16)

3.2.4 Specific Control Laws for System Subjected to a Stationary Disturbance

Define:

a = exp{(-T /T ) (3.2.17)
s Pp

and

c = exp(-T /T ) (3.2.18)
s ' n .

For the system time delay k equal to zero, the discrete time presentation of
the system subjected to a stationary disturbance with 2zero mean (equation

(3.1.15)) becomes:

K (r-a)z . __I___ 3 (3.2.19)

B Yy
- ! - 4 t
/t | --az t 0
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The specific derivation of the three control laws which respectively minimize
the three cost functions for the sysfem subjected to a stationary disturbance

is shown in Annexure 5 to Appendix A.

The control law which minimizes I1 = E{ytz} is:

!

= —_— K (- ¢ + ac } (3.2.20

“ K,(:_a> { N q>cu4.-: % to )
The control law which minimizes I =y + au? is:
2 7 t+k/t t
/ Aa }

z . -—_— - + ac

. (k60 woyken — 9 a
l E("“)
(3.2.21)
. s s s =3 A _ 2 5o -
The control law which minimizes 13 y2t+k/t + (ut ut-l) is
/
)(a+0 A

) k(- + —= + Kli-) + ————]

“t i K‘(l—q> + ___>‘_____ i o >( K,<"Q> ! ) k‘,(/-a.) Tt
K,(h—q)
Aa A(atr)
- [ _M + K‘(/-a)c B K,(/-a) ut_l
+ Ae + (41:) %&, - acy }

=t - ¢
K (i-a) s /Q
(3.2.22)

3.2.5 Specific Control Laws for System Subjected to a Non-stationary

Disturbance.

Using the parameters defined previously, the discrete time presentation of the
system subjected to a non-stationary disturbance (equation (3.1.17)) is

written in the form:
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(3.2.23)
The specific derivation of the three control laws which respectively minimize
the three cost functions for the system subjected to a non-stationary

disturbance is shown in Annexure 6 to Appendix A.

The control law which minimizes 11=E{ytﬂ is:

! : (3.2.24)
. . . _) ;
‘ K’(,,Qik,o-a)(uc) 4, " KU-eu -+ oay f
The control law which minimizes 12=§’t+k/t + Autz is:
/ Xa
. k- () PO ER
&(1-4) + —
K (1-a)
(3.2.25)

- K("Q)CKuL -/1 roa }

-~

The control law which minimizes I3=y2t+k/t + A(ut—ut_l)z is:
/ [ )\(q-u) ) A ]
< ) ———— + K(i-q) + —
o) e A A AT (-a) " e
k‘(t—a
\a >«(ll+/) J
- 't - c - t -a + DN “ o
[K‘( Q) + I(,(!-Q) K'(/ >(l C) »+ K,(I-Q) t-2
Aa |
' [K(’_Q>C ’ K (1-a) tha —)1 ' <Q+’>)14 i %&-1 }

(3.2.26)
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3.3 - SENSITIVITY AND STABILITY
Suppose the actual process is described by

i B l+“Do

1+ A Pe c t (3.3.1)

while the derived control laws are based on the model parameters A,B,C and D

which are not exactly equal to the actual process parameters.
The questions which arise are the foilowing:

a. Does the control law which minimize 12 (being a generalization of
the control law which minimizes Il) ensure stability respectively
for the system with a stationary disturbance model and the system

with a non-stationary disturbance model?

b. -Does the control 1law which minimize I3 ensure stability
respectively for the system with a stationary disturbance model

and the system with a non-stationary disturbance model?

The stability in each case 1is determined by the eigenvalues of the

characteristic equation P(2z) where

Q@)
= N (3.3.2)
A PQR) E{
is obtained by:
a. Substituting the applicable control law into the system equation.

b. Using, as before, the identity

-k 1 *
z D = 14D - Nk(1+c) (3.3.3)
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c. Equating the actual process and model parameters and substituting
the parameters for the specific system (stationary or

non-stationary disturbance model) into the equation derived.
For small deviations of the model parameters, the modes associated with the
respective characteristic equation derived may be excited. This 1is of
importance if some of the modes are unstable or marginally stable, i.e if
eigenvalues of the characteristic equation lie on or outside the unit circle,
The detailed derivation in each case is shown in Annexure 7 to Appendix A.

3.3.1 Stability using I2 on System with Stationary Disturbance Model

The characteristic equation P(z) as derived in Annexure 7 to Appendix A is:

( e )

PE) = (2-)(z-2) (2~ '

’ o+ (4 (-2)7" (3.3.4)

where, as defined before:

a =exp (-T /T ) ’ (3.3.5)
s 'p

c = exp (-7 /T ) . ' (3.3.6)
S n

i
K= — '
' VM + /R ' (3.3.7)
: MH
and T = T, = —_— (3.3.8)
r VH + 1/R



-31-

Defining the sampling period TS equal to 60 seconds and using the parameter

specifications as in Table 3.0.1, the following values are obtained:

T =T = 871 s (3.3.9)
p n

K1 = 0,0208 K/W (3.3.10)
a=c¢=20,933 (3.3.11)

Substituting these values into equation (3.3.4) gives:

0922 )
P(2) = (2-0933)(2-2923)(2 - .
A+ 1,917 ¢ -4
(3.3.12)
The zeros of this equation are:
z1 = 22 = 0,933 (3.3.13)
0 < 23 < 0,933 for A >0 (3.3.14)

Since all the poles are within the unit circle for all. values of the cost

function A, the system should be stable even if small model deviations occur.
3.3.2 Stability using I2 on System with Non-stationary Disturbance Model

The characteristic equation P(z) as derived in Annexure 7 to Appendix A is:

\a
P(2) - (21- (1+c)z + C>(2'Q>(i~ \ o+ f,k.("“)JL)

{(3.3.15)

Substituting the values of the constants as defined in paragraph 3.3.1 into

equation (3.3.15) gives:

0,933 A

2
P(z) = (2 - 19332 + 0/933><‘2’ 0/933\)('2 B 2+ 1,7/7e~6)

(3.3.16)



-32-

The zeros of this equation are:

Zl =1, 22 = 0,933 (3.3.17)
23 = 0,933 (3.3.18)
0 <z4 < 0,933 for A> O (3.3.19)

Since =z_ lies on the unit circle, the system is marginally stable. If model
deviations cause z1 to move outside the unit circle, an unstable mode may be
excited.

3.3.3 Stability Using 13 on System with Stationary Disturbance Model.

The characteristic equation P(z) as derived in Annexure 7 to Appendix A is:

A
(a+1) A M
: ‘- - K(i-
P(i) = (2-Q>(i—c><-l - \ 2+ K,( Q) ,( Q)C_
K (/-2) + K(-q) Xa « (1-2)

k (1-2)
. (3.3.20)

Substituting the values of the constants as defined in paragraph 3.3.1 into

equation (3.3.20) gives:

1933 X (20X - 1,300 €3

2 -2
P({) = (2— ?1933)(2 - 0/733)('2 - 7/8/X + /139ge_3 670) - /,3?9‘8'3

(3.3.21)
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The zeros of this equation are:

Zl = 22 = 0,933 | (3.3.22)
0,933 < 23 <0,966 for A> O _ (3.3.23)
0,966 < 2, < 1 for A >0 (3.3.24)

Since z4 lies on the unit circle when ) becomes infinitely large, the system
becomes marginally stable in this case. However, since A infinitely large
corresponds to a situation of no control, it is not of any practical interest.

Therefore, for finite values of A , the system should be stable even if small

model deviations occur.

3.3.4 Stability Using 13 on System with Non-stationary Disturbance Model

The characteristic equation P(z) as derived in Annexure 7 to Appendix A is:

k}@iq - Kk (r-q)
PGz) = (27~ (14 ¢)2 +c>(2—0<2‘“)<2’ N ) )

KI(I-Q) +. KI(I-Q>

(3.3.25) -

Substituting the values of the constants as defined in paragraph 3.3.1 into

equation (3.3.25) gives:

{70 \- 1394 €-3

2 " _ Z -
P(z) - (2‘//7”2 ’ 9733>(2 ’)(2 0/933)< 2SN+ 3% e-3

(3.3.26)
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The zeros of this equation are:

Zl =1, z, = 0,933 ’ ‘ (3.3.27)
Z, ='l ' | (3.3.28)
z, =1 - (3.3.29
-1 < 2, < 0,933 for x 20 (3.3.30)
Since Zyr 230 2, and 25 for A =0 lie on the unit circle, the system is

marginally stable. If model deviations cause any of the poles to move outside

the unit circle, unstable modes may be excited.

3.4 SUMMARY OF THRORETICAL DERIVATIONS

In paragraph 3.1 the process and disturbance models were derived from first
principles respectively for the disturbance stationary (Equation (3.1,15)) and
for the disturbance non-stationary (Equation (3.1.17)).

In paragraph 3.2.2 the general procedure for the derivation of the control
laws based on the minimization of the respective cost functions was described.,
The optimal predictor used minimized the variance of the prediction error.
Applying the general procedure minimizing the respective cost functions, the

general forms of the respective control laws were derived in paragraph 3.2.3,

It was shown that the control law obtained by minimizing
= 2
I1 E{y.} (3.4.1)

was a special case of the control law obtained by minimizing
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-

- 2 ’
I y’tﬂ(/t +oaug (3.4.2)

by equating A to zero.

The other cost function minimized was

1, =y

3 A(ut -u _)? (3.4.3)

t+k/t t-1

Using the general forms of the respective control laws and the derived process
and disturbance models, the specific forms of the respective control laws were
obtained in paragraph 3.2.4. These two derived control laws will be evaluated
by simulation in Chapter 5 and by experimentation in Chapter 6 for the

disturbance respectively stationary and non-stationary.

In paragraph 3.3 a stability analysis was conducted to determine the stability
of the system using the respective control laws. This was done by determining
the poles of the system transfer function for the respective cases.

It was found that the system is:

a. Asymptotically stable using I, and a stationary disturbance model.

2

b, Marginally stable with one pole on the unit circle using I2 and a

non-stationary disturbance model,

c. - Asymptotically stable using I3 and a stationary disturbance model.

d. Marginally stable with three to four poles on the unit circle

depending on the value of A using I, and a non-stationary

3
disturbance model, From this may be concluded that this system
may be sensitive to model inaccuracies which may excite unstable

modes.,

The stability analyses will be used to interpret the results obtained by

simulation and the results obtained by experimentation in Chapters 5, 6 and 7.
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CHAPTER 4

SYSTEM CONFIGURATION AND DESIGN

4.0 SYSTEM OBJECTIVE

The objective of the designed system is to serve both as an eXperimental
controller and as a computer simulator which allows flexible implementation

and evaluation of stochastic control laws. -
4.1 PHYSICAL ENVIRONMENT OF THE SYSTEM

In order to obtain a clear definition of the boundaries of the controller, the

structure of the environment it interfaces to is defined in this paragraph.

Figqure 4.1.1 shows the functional interfaces of the controller to its

interface. The controller interfaces to two environments, namely:
a. The operator environment by means of a man-machine interface.

b. The controlled system environment by means of a data acquisition

and control interface.

The operator operates the controller and defines the control parameters. The
controller controls the output of the controlled system according to the
installed control law and randomly disturbs the output of the controlled

system according to the installed disturbance generation function..

Figure 4.1.2 shows the functional configuration of the controlled system. The
functional elements of the controlled system are specified in terms of the
input and output specifications of the functional elements of the controller

in paragraph 4.3.
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Figure 4.1.1. Functional Interfaces Between Controller and Environment
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4.2 LIST OF SYSTEM FUNCTIONS

The following is a list of the system functions:

a. Function 1 : Temperature measurement and A/D—conversion'
b. Function 2 : Liquid level control

c. Function 3 : Disturbance valve actuation

d. Function 4 : Power phase angle control

e. Function 5 : Computer parallel I/0-interfacing
£. Function 6 : Power supplies and earthing

g. Function 7 : Control pérameters initialisation
h. Function 8 : Disturbance function computation
i. Function 9 : Control algorythm computation

Je Function 10 : Interrupt servicing

k. Function 11 : Mass storage

1. Function 12 : Man-machine interfacing

m. Function 13 : Data processing

4.3 FUNCTIONAL DESCRIPTION

4.3.1 Punction 1 : Temperature Measurement and A/D-Conversion

vDescriptién:

The temperature of the water in the ﬁot water cylinder 1is sensed .by a

precision temperature sensor immersed in the water. The analogue temperature

signal is converted to a digital form.
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Activities:
Figure 4.3.1 shows the circuit diagram of this functional element.

Operating as a 2-terminal zener, the LM335 precision temperature sensor has a
breakdown voltage directly proportional to absolute temperature at 10mV/K. The
breakdown voltage is calibrated by RVl as 2,730 V at the melting point of ice

(273K).

To eliminate self heating errors, the LM335 is supplied with a temperature
compensated stable current by the LM334 3-terminal adjustable current source.

The current is programmed at 1,7 mA by Rl.

The analogue temperature voltage' signal is applied to the positive
differential input of the ADC 0801 8-bit A/D-converter. A reference voltage of
2,730V corresponding to 0 °C is applied to the negative differential input of

the ADC 0801.

A reference voltage of 0,500V corresponding to an analog input voltage range
of 1,000 V is applied to the VREF/Z - input of the ADC 080l1. The analogue
input voltage range is therefore 2,730V to 3,730V. This corresponds to an

input temperature range of 0 °C to 100 °C.

The accurate and stable reference voltages are obtained by means of resistor
networks containing multiturn trim pots RV2 and RV3 supplied by a stable
precision voltage of 10,000V. This voltage is supplied by the RS283 10,000V

3-terminal voltage reference IC.

Figure 4.3.2 shows the analogue to digital conversion timing diagrams. The

digital output has 8-bit resolution over the analogue input voltage range.
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Input Specifications:

Temperature measurement input range : 0°C to 100°C

LM 335 proportional constant : 10mv/K

LM 335 accuracy : + 1°C
Output Specifications:

Digital resolution : 8 bits
Total conversion error : +1/4 LSB

Conversion time 100 micro-seconds

4.3.2 Function 2 : Liquid Level Control
Description:

The level of water in the water cylinder is sensed by a fluid detector. A
‘solenoid valve is actuated when the water level drops below a specific value
allowing cold water to flow into the cylinder thus maintaining the required

level.
Activities:
Figure 4.3.3 shows the circuit diagram of this functional element.

A phone plug installed at a height corresponding to a 10¢ volume of water in
the cylinder is used as a probe. An ac~signal is applied between the probe and

the metallic cylinder wall (signal earth) by the LM1830 fluid detector.

When the resistance between these nodes drops below the calibrated value of
RV4, the fluid detector's output transistor is switched hard on. The value of
RV4 is determined by the conductivity of the water in the cylinder which has a

typical range of 20 to 60 K-ohm.
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The collector of the output transistor is connected to a RC-network with a
10 second time constant. Approximately 6 seconds after the transistor switches
on, the output of the LM31l1l voltage comparator goes low, energizing

relay RLAl.

With the relay energized,'the relay contact closes and 220V 50Hz is applied to

the solenoid valve causing it to open and water to flow into the cylinder.

When the probe becomes immersed in the water once again, the level detector's
output transistor switches off. Approximately 4 seconds after the transistor
switches off, the output of the voltage comparator goes high, de-energizing

the relay causing the selenoid valve to shut.

The long RC-time constant and built-in hysteresis prevents jittering of the

relay.
The electronics is supplied with a transformer isolated 24V dc-supply. This
signal earth is isolated from the signal earth of the rest of the electronics
for a reason explained in paragraph 4.3.6.
Input Specifications:
Resistance between probe and signal earth with:
a. probe above water level : larger than 100k-ohm
b. probe immersed in water : 20 to 40 k-ohm

Output Specifications:

Regulated volume of water in cylinder : 10¢
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4,3.3 FPunction 3 : Disturbance Valve Actuation
Description:

The solenoid outlet valve is actuated by the computer generated disturbance
function causing hot water to flow out of the cylinder according to the
disturbance function. Inflowing cold water controlled by the liquid level
controller replaces the outflowing hot water and causes the desired

temperature disturbance characteristic.

Activities:

Figure 4.3.4 shows the circuit diagram of this functional element.

The output of the DM7406 inverter buffer is controlled by an output bit from
the computer parallel  input/output interface. With the input to the buffer
high, relay RLA2 is energized and solenoid valve V2 is open. With the input to

the buffer low, relay RLA2 is de-energized and solenoid valve V2 is shut.

Valve V1 is calibrated by hand before commencing an experiment to ensure an

output flow-rate equal to Vmax with valve V2 open.

Input Specifications:

Disturbance valve on command : Input logical 1

Disturbance valve off command : Input logical O

Output Specifications:

Supply to outlet solenoid valve with :
a. Valve in shut state s oV

b. Valve in open state s 220V, S0Hz
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4.3.4 Function 4 : Power Phase Angle Control
Description:

The phase angle 8-bit digital command signal between 0° and 175° at which each
half wave of the sinusoidal ac-supply to the hot water cylinder heating
element is to be triggered, 1is computed and supplied by the control computer

as a function of the installed control law.

The phase angle controller converts and conditions the signal and switches the
ac-supply to the heating element as a linear function of the input. The
non-linear transformation from required average heating power to phase angle

is described in paragraph 4.3.9.
Activities:
Figure 4.3.5 shows the circuit diagram of this functional element.

The 8-bit phase angle command signal from the controller is applied at the
data. inputs of the DAC 0800 8-bit D/A-converter. The precision 10,000V
reference voltage provides a stable 1,786 mA full scale sink current to the

I-terminal of the converter.

Multiturn trim pot RV6 calibrates the ouﬁput of the inverter stage to be 0,00V
with digital input 00OH and 2,80V with digital input OFFH. This signal is added
to a 1,20V reference voltage calibrated by trim pot RV7 by the summing stage
which then has an output voltage span of -1,20V to -4,00V corresponding to a

digital input’' range of 00H to OFFH.

The resultant signal is inverted by the third Op-Amp stage to provide an
analogue signal with a voltage span of 1,20V to 4,00V corresponding to a
digital input range of 00H to OFFH. This signal serves as control input to the

TLB3101 phase angle controller integrated circuit.
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The phase angle controller controls the power supplied to the heating element
by controlling the phase angle of each half wave of the sinusoidal ac-supply
at which triac Tl is triggered. There is a linear relationship between the
phase angle control voltage and the triggered phase angle as shown 1in

Figure 4.3.6.

The phase angle controller's supply voltage of 10 to 20V is obtained directly

from the 220V 50Hz power network by means of dropping resistor R29.
Input Specifications:

Digital input corresponding to minimum power : OFFH

Digital input corresponding to maximum power : O00H

Full scale conversion error : 1l LSB

Output Specifications:

Triggered phase angle corresponding to minimum power : 0 degrees

Triggered phase angle corresponding to maximum power : 175 degrees

4.3.5 Function 5: Computer Parallel I/0 - Interfacing -

Description:

The exchange of data and control information between the computer controller
and the data acquisition and control actuator circuitry is accomplished by
means of the parallel input/output interface.

Activities:

Figure 4.3.7 shows the circuit diagram of this functional element.
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The computer control and address buses are buffered by 74LS244 octal buffers.

The address bus is buffered by 74LS245 octal bus transceivers.

Two Z80 - PIOs are used as parallel I/O0 - devices. The I/O - spéce is
addressed only when both A7 and Not-IORQ are logical =zero. The OR—géte

isolates the computer and I/0 data buses when this condition is not true.

'IC19 1is chip-enabled by the 74LS138 3 to 8 decoder when the following
conditions are true:
- A7 logical zero, Not-IORQ logical zero, A4 logical zero, A5 logical zero,

A6 logical zero.

IC20 is chip-~enabled by the 74LS138 when the following conditions are true:
A7 logical zero, Not—iORQ logical zero, A4 logical one, A5 logical zero,

A6 logical zero.

IC19 port A is programmed for control mode with all eight bits programmed as
outputs. This port is used to output the data byte to the power phase angle

controller D/A - converter.

. IC19 port A is programmed by the following instructions:
Instruction 1 : OUT 0000 1011, 1llxx 1111

Instruction 2 : OUT 0000 1011, 0000 0000

The address byte of both instructions addresses the control register (bit 3)
of bort A (bit 2) of ICl19 (bits 4,5 and 6). Bits 6 and 7 of the data byte of
) instruction 1 selects the contrdl mode for port A. The data byte of
: instruction 2 selects all the bits of port A as output bits.

y
A data byte is output from ICl9 port A by the following instruction:

OUT 0000 0011, byte
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In this case bit 3 of the address byte addresses the data register of port A

of IC19.

ICl19 port B is programmed for control mode with all eight bits programmed as
inputs. This port is used to input the data byte from the temperature sensor

A/D - converter.

ICl19 port B is programmed by the following instructions:
Instruction 1 : OUT 0000 1111, 1lxx 1111

Instruction 2 ¢ OUT 0000 1111, 1111 1111

The address byte of both instructions addresses the control register (bit 3)
of port B (bit 2) of ICl9 (bits 4,5 and 6). Bits 6 and 7 of the data byte of
instruction 1 selects the control mode for port B. The data byte of

instruction 2 selects all the bits of port B as input bits.

A data byte is input to IC19 port B by the following instruction:

IN 0000 0111

In this case bit 3 of the address byte addresses the data register of port B

of ICl9.

IC20 port B is programmed for control mode. Bits 0,2,3 and 4 are programmed as
output bits. Bit 5 is programmed as an input bit. Four of these bits are used
to control the A/D -~ converter. The remaining bit is used to control the

disturbance valve.
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IC20 port B is programmed by the following instructions:
Instruction 1 : OUT 0001 1111, 11xx 1111

Instruction 2 : OUT (0001 1111, 0010 0QOC

The address byte of both instructions addresses the control register (bit 3)
of port B (bit 2) of IC20 (bits 4,5 and 6). Bits 6 and 7 of the data byte of
instruction 1 selects the control mode for port B. The Wdata byte of

instruction 2 selects bit 5 as an input bit and all the others as output bits.

A data byte is output from IC20 port B by the following instruction:

OUT 0001 0111, byte

In this case bit 3 of the address byte addresses the data register of port B

of IC20. Bit 5 of the input port remains in a high impedance state.

A data byte is input to IC20 port B by the following instruction:

IN 0001 0111

In this case only bit 5 has significance as programmed.

4.3.6 Function 6 : Power Supplies and Earthing

Description:

The dc-supplies for the electronic circuitry are provided .byl

transformer-isolated linear voltage regulators. The following supplies are

provided : +24vV(2x), +5Vv, +12v, -12v.
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All the circuits with the exception of the liquid level controller have a
common signal earth., From Figure 4.3.5 can be seen that the signal earth
voltage of the TLB310l phase>angle controller has a constant value equal to
the supply voltage to the TLB310l (approximately 20V) lower than the 220V 50Hz
mains subply voltage w.r.t safety earth at all times. This also applies to the
signal earth of the other electronics with the exception of the liquid level

controller.

From Figure 4.3.3 can be seen that the signal earth voltage of the liquid
level controller is the same as that of that of the hot water cylinder wall.
Since the cylinder wall is connected to safety earth, the signal earth of the
liguid level controller is transformer-isolated from the other signal earth to

prevent earth leakage.

4.3.7 Punction 7 : Control Parameters Inisialisation

Description:

The program "LOADER" inputs process and program control parameters from the
keyboard, <calculates coefficients used by the control algorythms and stores
the data in the form of arrays on magnetic tape. To run the main program for
simulation and experimentation, the process and program control parameters are
loaded from magnetic tape into memory. The objective of this is to minimize
the demands placed by the main program on the limited (48 Kbyte) read-write

»
memory.

Activities:
The program "LOADER" calls three routines. The major portion of the task is

done by subroutine "SR/DATADEF". Subroutine "SR/DECBIN" converts a decimal

number to a lé6-bit binary number. This routine is used to convert parameters
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which will be used by the interrupt service machine code routine to a binary
form. Subroutine "SR/TITLDEF" inputs a string-array which can be used for the

later-identification of the simulation or experiment.

The listings of these programs appear in Annexure 1 to Appendix B.
4.3.8 FPunction 8 : Disturbance Function Computation

Description:

In the case of an experiment, Ehe disturbance valve on/off - ratio is
calculated by formulae respectively for stationary and non-stationary
disturbances. 1In the case of a simulation, the actual temperature disturbance
as a result of the mass flow corresponding to the calculated valve on/off -

ratio is calculated as well.
Activities:

Figure 4.3.8 is a schematic presentation of the disturbance valve on-off

cycle.

To approximate a continuous disturbance, the sampling period Ts (60 seconds)
is broken down into two valve cycles with period T v (30 seconds) each. The
\

valve on-time TVon per unit valve cycle is the actual random variable.

For 'a stationary disturbance, Tvon has a pseudo-random probability density-

function symmetrical around T /2. The difference between T and T /2;'
vv " vy !

von

ATvon' therefore has a probability density function which is symmetrical

around zero as shown in Figure 4.3.8.
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vValve V1 in Fiqure 4.3.4 is calibrated to allow a maximum flow rate of
0,021 kg/s. This corresponds to a power loss equal to the heating element
fating for the system parameters with specifications as in Table 3.0.1l. The
nominal flow réte is therefore 0,011 kg/s. The width of thé pseudo—fandom
probability density function was chosen to be 0,0135 kg/s for all experiments

and simulations thus allowing a large variance of the control input.

With the pseudo-random variable generated by the BASIC program's RND function,

ATvon and Tvon are calculated for each valve cycle. Using equation (3.1.16)

and equating A V to ( AT X V Y/t , £ is obtained. Using the
_ von max vy t

disturbance component of equation (3.1.15), the stationary temperature

disturbance et is calculated.

For a non-stationary disturbance, A'rvon is obtained by adding a pseudo;random
variable with a probability density function with a width of 3 seconds and
Symmetrical around zero to the previous value of A'rvon. This-is equivalent to
the integration of ¢ g in equation (3.1.17) allowing A‘Tvon to drift slowly.
ATVOn is not allowed ﬁo drift outside the basic valve period boundaries.
.Using the disturbance component of equation (3.1.17), the non-stationary

temperature disturbance e is calculated.

The program listing of the subroutine "DISTROUTS"™ which calculates these

disturbances appears in Annexure 2 to Appendix B.

4.3.9 Punction 9 : Qonttol Algorythm Computation

Description:

The main érogram computes the power output_to the heating element at each

sampling moment with present and past values of measured temperature and

control input as inputs using the selected control algorythm.
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Activities:

Figure 4.3.9 shows a state diagram of program execution. The control
algorythms are computed by the BASIC main program which is interrupted every
20 ms by the machine code interrupt service routine when conducting an

experiment. The interrupt service routine is described in paragraph 4.3.10.
Figure 4.3.10 shows the flow diagram of the main program written in BASIC. A
ZX-Spectrum home computer is used as control computer. A listing of "MAINPROG"

appears in Annexure 3 to Appendix B.

The program allows the selection of the following options by the operator:

a. simulation/experiment

b. disturbance stationary/non-stationary
c. - control laws 1 and 2 or 3

d. process model accurate/perturbed

The main program communicates with the interrupt driven machine code program
which controls the temperature measurement and disturbance valve on/off-
switching in the case of an 'experiment by means of parameter-passing to and

from defined memory locations.

The computed required average power as output from the selected control
algorythm is a non-~linear function of the required power phase angle voltage

which is the final output from the program when conducting an experiment.

The relationship between average heating power Pave and phase angle ¢
(radians) is the following:

2. FrtJ.'U'\ Sin 3 (—'r" ¢
e TR L e

ave 4 (4.3.1)
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To solve for ¢, the Newton-Raphson method is used. This is executed by
subroutine "SR/PHICALC"™ a 1listing of which appears in Annexure 4 to
Appendix B. The calculation is iterated until the accuracy of & corresponds

to a power accuracy of 1W.

i-Finally, the output voltage to the phase angle controller is obtained using
the linear relationship between the control -voltage and phase angle as shown-

in Figure 4.3.6.

" The measured temperature and output power at all sampling points during the
experiment or simulation are stored in arrays which are saved on magnetic tape
after the'completion of a simulation or experiment for data processing at a

later stage.

4.3.10 Function 10 : Interrupt Servicing

Description:

The machine code interrupt service routine serves as real time counter for the
timing of sampling periods, disturbance valve switching and as control routine
‘for temperature measurement analogue to digital conversion during experiments.
In addition it calls the keyboard read subroutine.

Activities:

Figure 4.3.11 shows a flow diagram of the. interrupt service routine which

interrupts the main program every 20 ms.
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The computer has a 280 8-bit CPU. The interrupt service routine requires a
16-bit address vector since it is located at address E128H. Therefore the 780
is programmed for interrupt mode 2 by calling routine "INTMODES" located at
address 57601 using the "USR" function. The top of the address space for the
BASIC programs is set to 57600 using the "CLEAR" statement before programs are

loaded from magnetic tape into memory.

"INTMODES" programs the contents of the I-register of the CPU to be 31H. A
50Hz interrupt signal generated from line voltage is applied to the CPU. When
an interrupt occurs, a 16 bit address of 31FFH is formed using the contents of
the I-register as upper byte and thé contents of the data bus (FFH, tri-state)

as lower byte.

Using this address, a 16-bit interrupt vector is formed by using as lower byte
the contents of memory 31FFH and as upper byte the contents of memory 3200H.
These two memory locations fall in the ROM address space with the contents of
31FFH 28H and 3200H ElH respectively. The program therefore vectors to the

interrupt service routine at address E128H.

The interrupt service routine updates the real time counters associated with
the switching of the disturbance valve and the sampling period, controls the
state of the disturbance valve, calls the temperature measurement subroutine
"ADC" on sampling moments, sets/clears flags for communication with the main

program and calls a ROM-based keyboard read routine,

"ADC" controls the temperature measurement A/D-conversion of 128 samples in
quick succession and obtains the average value to minimize measurement noise.
This occurs in approximately 25 ms. Figure 4.3.12 shows a flow diagram of this

subroutine.

On completion of the interrupt service routine, the registers are restored,

interrupts enabled and control returned to the BASIC main program.
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ADC: Start of ’
AsD-Conversion Routine

(B) = 2B
(H) =10
(DEY = B

Ensure Not—INTR is high{
Output to Not-RD
high-low=high

Initiate Conversion:
Output to Not—WR

low-high

WAIT):
Not-INTR low?

(DE) = Converted Value:
Not—-RD low,
Input byte,
Not-RD high

ICON:
Initiate Conversion:
Not—WR low-high

Add Converted Value to
Accumulated Sum:
(HL) = (HL) + (DE)

Decrement Loop Counter:

(B) = (B) -{

WAIT2:
Not-INTR low?

(DE) = Converted Value:
Not—RD low,
Input byte,

Not-RD high

.

FIN1:
Obtain Average Value:
(H) = (HL) ~ 128

(Temp) = (HL)

" /Return to Interrupt
Service Routine

)

Figure 4.3.12. Flow Diagram of Machine Code A/D-Conversion Routine
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Listings of "INTMODES", "INTVECTOR" and "ADC" appear in Annexure 5 to

Appendix B,
4,.3.11 Function 11 : Mass Storage
Description:

A magnetic tape recorder is used as mass storage medium for the storage of

programs and data as described in the previous paragraphs.
4.3.12 Function 12 : Man-Machine Interfacing
Description:

The operator communicates with the controller by means of the computer's

keyboard and the TV-display connected to the computer,

4.3.13 Punction 13 : Data Processing

Description:

Following the completion of a simulation or an experiment, the measured
temperature and control input data arrays stored on magnetic tape"are reloaded
into memory and processed by data processing programs to obtain the data in a
compressed form which can be easily interpreted and analised.

Activities:

Program "PLOTPACK" draws the input and output time responses on a graphic

printer,

Program "STATPACK" computes and prints the mean and variances of the input and

output,
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Program "STATPACK2" computes and prints the autocorrelated values of the input

and output,

Listings of these programs appear in Annexure 6 to Appendix B,

4.4 CONSTRUCTION

The physical construction of the system is briefly described in this

paragraph.

The following system components are "off the shelf"- items:

a. Computer

b, Monochrome television receiver
c. Graphic printer

d. Tape recorder /

e, Heating cylinder

f. Solenoid valves and piping

The computer parallel interface was built on Vero-board using wire-wrap
interconnections, It was packaged in a plastic enclosure and plugged directly

into the computer's edge connector,

The computer parallel interface connected by means of a flat ribbon cable to a

DIL-socket inside a steel enclosure which housed the following circuitry:

The A/D and D/A conversion plus signal conditioning circuitry,

b. The precision voltage reference.
c. The digital output buffer which actuates the disturbance valve
relay.
d. The liquid level control circuitry.
.e. The relays which control the supply to the solenoid valves,

f. The dc-power supplies.
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The circuits were built on Vero-board using soldered wire inter-connections
and interfaced by means of shielded twisted pairs to the respective sensors

and actuators.

The phase angle controller was packaged in a seperate steel enclosure to
minimize RF-interference. The circuit was built on Vero-board. The triac was

mounted on a heat sink inside the enclosure.

Figure 4.4.1 shows a photograph of the electronic equipment. The computer
parallel interface is to the left of the computer. The flat ribbon cable is
connected to the enclosure to the top of the computer. The phase angle

controller is to the right of the television receiver.

Figure 4.4.2 shows a photograph of the heating cylinder with associated

cabling and piping.
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CHAPTER 5

RESULTS OBTAINED BY SIMULATION

Having derived theoretically the control laws which respectively minimize cost

functions 1,

Chapter 3,

2 and 3 (henceforth referred to as control laws 1, 2 and 3) in

the performance of the respective control laws was evaluated by

computer simulation using the computer programs documented in Chapter 4.

The following aspects were evaluated :

The quality of control provided respectively by control law 2
{being a general form of control law 1) and control law 3, given

accurate process and disturbance models. Stationary as well as

non-stationary disturbances were simulated. The results appear in

paragraph 5.1.

The quality of control provided respectively by control laws 2 and
3, given an accurate process model but an inaccurate disturbance
model. The disturbance model in each case was inaccurate in the
sense that when the simulated disturbance model was stationary,
the actual simulated disturbance was non-stationary and vice

versa. The results appear in paragraph 5.2.

The quality of control provided respectively by control laws 2 and
3 given an accurate disturbance model but an inaccurate process
model. The process model inaccuracy was realized by incorporating
an arbitrary process model parameter error. The results appear in

paragraph 5.3.
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A summary of the results obtained by simulation is given in

paragraph 5.4.

Fach simulation was conducted over 2000 sampling points simulating a

sampling period of 60 seconds. In total 60 simulation runs, each
requiring approximately 30 minutes of computer processing time, were
made.

The system parameters specified in Tabel 3.0.1 were used as model
parameters. The width of the probability density function of the
discrete stationary uncorrelatéd random sequence Et was 0,0135 Kg/s

for all the simulations.

5.1 RESULTS OBTAINED BY SIMULATION USING ACCURATE PROCESS AND DISTURBANCE
MODELS

5.1.1 Time Responses Obtained

Figure 5.1.1 shows the input and output time responses obtained by simulation
‘using cost function 2, a stationary disturbance (Figure 3.1.3) and disturbance
model (Equation (3.2.21) aﬁd cost factor A equal to 2 x 10_6. The variance
of input u is 87290 wz. Output y has a variance of 0,803 °C2 and a mean of

-0,009 °cC.

Regarding the interpretation of the sample.autocorrelation function of'
output y shown in Fiqure 5.1.2, there are three types of sample autocor-

[6
relation functions, ] namely :

a. A function which dies down in a damped non-oscillatory exponential
fashion,

b. A function which dies down in a damped oscillatory exponential
fashion.

c. A function which dies down in a damped sine-wave fashion.
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If the sample autocorreiation function of a time series dies away relatively
quickly, the time series may be assumed to be stationary, implying that it has
a constant mean. If the sample autocorrelation function of a time series dies
away slowly, the time series may be assumed to be non-stationary, implying

that it has a drifting mean.

The sample autocorrelation function shown in Figure 5.1.2 has a quick
sinusoidal decay and the corresponding output time response shown in

Figure 5.1.1 is therefore stationary.

Figure 5.1.3 shows the input and ouﬁput time responses obtained by simulation
using cost function 2, a non-stationary disturbance ’(Figure 3.1.4) and
disturbance_model (Equation (3.2.25)) and cost factor ) equal to 2 Xx 10-6.
The variance of input u is 380550 W2. Output y has a variance of 0,841 °C2

and a mean of 0,427 °cC.

The sample autocorrelation function shown in Figure 5.1.4 has a slow
non-oscillatory exponential decay and the corresponding output time response

shown in Figure 5.1.3 is therefore non-stationary.

Figure 5.1.5 shows the input and output time responses obtained by simulation
using cost function 3, a stationary disturbance (Figure 3.1.3) and disturbance
model (Equation (3.2.22)) and cost factor ) equal to 2 X 10—6. The variance
of input u is 169601 wz. Output y has a variance of 0,869 °C2 and a mean of

-0,017 °cC.

The sample autocorrelation function shown in Figure 5.1.6 has a quick
sinusoidal decay and the corresponding output time response shown in

Figure 5.1.5 is therefore stationary.

FPigure 5.1.7 shows the input and output time responses obtained by simulation
using cost function 3, a non-stationary disturbance (Figure 3.1.4) and

' -6
disturbance model (Equation (3.2.26)) and cost factor ) equal to 2 x 10 .
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2 2
The variance of input u is 392784 W . Output y has a variance of 0,225 °C

and a mean of -0,001 °C.

The sample autocorrelation function shown in Figure 5.1.8 has a slow
sinusoidal decay and the corresponding output time response shown in

Fiqgure 5.1.7 is therefore non-stationary.

Table 5.1.1 tabulates the variance of input u and the variance and mean of
T
output y obtained by simulation for A equal to 2 x 10 using accurate process

and disturbance models.

Table 5.1.2 tabulates the nature of the sample autocorrelation function and

the output time response for the above cases.
The following observations can be made:

a. When the disturbance acting on the system was non-stationary and
modelled -as such, <control law 3 provided a better quality of
control than did control law 2. Control law 2 provided an

output y which had a relatively large mean error.

b. When the disturbance acting on the system was stationary and
modelled as such, control law 2 provided a marginally better

quality of control than did control law 3.

c. In all cases, the nature of the output time response obtained was

the same as that of the disturbance and disturbance model.
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Variance of Input u and Variance and Mean of Output y Obtained

: -6
by Simulation for A Equal to 2 x 10

and Disturbance Models

Using Accurate Process

control | Nature of || variance of | Vvariance of | Mean of
Law Disturbance and || Input u | - Output y | Output y
Disturbance Model || (W2) | (°C2) [ (°C)
2 Stationary |l 87290 | 0,803 | =-0,009 -
2 Non-Stationary || 380550 | 0,841 [ 0,427
3 Stationary || 169601 | 0,869 | =-0,017
3 Non-Stationary || 392784 | 0,255 | -o0,001
\
Table 5.1.2 Nature of the Sample Autocorrelation Function and the Output
Time Series Obtained by Simulation for A Equal to 2 x 10_6
Using Accurate Process and Disturbance Models
Control | Nature of || Nature of Sample | Nature of Output
Law | Disturbance and I Autocorrelation | Time Response
| Disturbance Model || Function |
2 | Stationary || Quick sinusoidal decay | Stationary
2 | Non-Stationary || Slow non-oscillatory | Non-stationary
| || exponential decay [
3 | Stationary || Quick sinusoidal decay | Stationary
3 | Non-Stationary || slow sinusoidal decay | Non-Stationary




-76-

........................................................ 1@@c e

Y e i o e e andier e e Pl - Tl e e
Temperature T

' 0 ~T=0C————

P A B R R

Heating Power Q

Cutput y

Input u

Time in minutes

Figure 5.1.1. Input and Output Tima Responses by Simulation using Cost Function 2, a Stationary

Disturbance Model and with the actual Disturbance Stationary

K 1 2 3 4 s & 2 Y12 13 14 15 lag k

Figure 5.1.2. Sample PFutocarreiation Function of the Output Time Response shoun in the Figure above



-77-

Temperature T

Heating Power Q

Output y

Input u_

Time in minutes

Figure S.1.3. Input and Output Time Responses by Simulation using Cost Function 2, a Non-stationary
Disturbance Model and with the actual Disturbance Non-stationary )

{ p—
-
r_.
2,5
r 2
k t 2 3 4 S [3) ? 8 3 12 11 12 13 14 15 lag k

-2,5
=

Figure S.1.4. Sample ARutocorrelation Function of the Output Time Response shown in the Figure above



-78- )

Temperature T

Heating Power Q

Output y

Input u

Time in minutes

Figure 5.1.5. Input and Output Time Responses by Simulation using Cost Function 3, a Stationary
Disturbancas Model and with the actual Disturbance Stationary

1 p—
- f
2,5
~ 2 3 4 S 1 i l 1 A 12 | 1
r 1] T ¥ s
K R | | [ 3 7 8 3 1@ 11 13 14 15 lag k
-2,5

Figure 5.1.6. Sample Autocorrelation Function of the Output Time Response shown in the Figure above



-79-

Temperature T

Heating Power Q

Qutput y

Time in minutes

Figure 5.1.7. Input and Qutput Time Responses by Simulation using Cost Function 3, a Non-Stationary
Disturbancs Mode!l and with the actual Disturbance Non-stationary '

2.5 |
0 B I 3 4 5 8 ' 1L 12 13 14 15

"k ' 7 8 39 12 | | lag k
2,5 [

Figure 5.1.8. Sample Autocorrelation Function of the Output Time Response shown in the Figure above
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5.1.2 Variance of Input u and Output y as a Function of Cost Factor *

Figure 5,1.9 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 2 and a stationary
disturbance (Figure 3,1.3) and disturbance model (Equation (3.2.21)). This
shows that the variance of control input u can be significantly reduced from
the variance of input u obtained by using control law 1 ( aequal to zero) with
only a small increase in the variance of output y by using a value for x

larger then zero. This agrees with the results obtained by Clarke at al [l].

Figure 5,1.10 shows the variance of iinput u and output y as a function of cost
factor X obtained by simulation using cost function 2 and a non-stationary
disturbance (Figure 3.1.4) and disturbance model (Equation (3.2.25)). This
shows that the variance of output y increases sharply with increasing values
of A larger then zero. This provides additional support to the claim that a
controller designed to mimimize control law 2 has difficulty to stabilise the
output of a system subjected to a non-stationary disturbance, However,

control law 1 ( ) equal to zero) provides a small variance of output y.

Figure 5.1.11 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 3 and a stationary
disturbance (Figure 3.1.3) and disturbance model (Equation (3.2.22)).  This
shows that it is not possible to significantly reduce the variance of control
inplit u without significantly increasing the variance of 6utput y by using a

value larger than zero for i .

Figure 5.1.12 Shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 3 and a non—stationar'y
disturbance (Figure 3.1.4) and disturbance model (Equation (3.2.26)). Using a
value for A -larger than zero in this case, does not reduce the variance of
control input u, This is because control input u obtained by minimizing
control law‘3 has the inherent nature to drift. However, the rate of change

of control input u is reduced with increasing values of A. This may be of
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importance when saturation of the control transducer with the corresponding
introduction of non-linearities is likely to occur. A larger value for x may

reduce the chances of this happening.

5.2 RESULTS OBTAINED BY SIMULATION USING AN ACCURATE PROCESS MODEL BUT AN

INACCURATE DISTURBANCE MODEL
5.2.1 Time Responses Obtained

As stated in paragraph 5.0, the disturbance model in each case was inaccurate
in the sense that when the simulated disturbance model was stationary, the

actual simulated disturbance was non-stationary and vice versa.

Figure 5.2.1 shows the input and output time responses obtained by simulation
using cost function 2, a stationary disturbance model (Equation (3.2.21)) and
cost factor A equal to 2 x 10—6 while the actual disturbance was non-stationary
(Figure 3.1.4). The variance of input u is 523989 Wz. Output y has a variance

2
of 5,242 °C and a mean of -0,385 °C.

The sample autocorrelation function shown in Figure 5.2.2 has a slow
non-oscillatory exponential decay and the corresponding output time response

shown in Figure 5.2.1 is therefore non-stationary.

Figure 5.2.3 shows the input and output time responses obtained by simulation
using cost function 2, a non-stationary disturbance model (Equation (3.2.25))
and cost factor A equal to 2 X 10..6 while the actual disturbance was
stationary (Figure 3.1.3). The variance of input u is 159861 w2. .Output y has

2
a variance of 0,788 °C and a mean of 0,005 °cC.

The sample autocorrelation function shown 1in Figure 5.2.4 has a quick
sinusoidal decay and the corresponding output time response " shown in

Figure 5.2.3 in therefore stationary.
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Figure 5.2.5 shows the input and output time responses obtained by simulation
using cost function 3, a stationary disturbance model (Equation (3.2.22)) and
cost factor x equal to 2 x 10-6 while the actual disturbance was non-stationary
(Figure 3.1.4). The variance of input u is 477002 WZ. Output y has a variance

2
of 1,126 °C and a mean of 0,499 °C.

The sample autocorrelation function shown in Figure 5.2.6 has a slow
non-oscillatory exponential decay and the corresponding output time response

shown in Figure 5.2.5 is therefore non-stationary.

Figure 5.2.7 shows the input and oﬁtput time responses obtained by simulation
using cost function 3, a non-stationary disturbance model (Equation (3.2.26))
and cost factor A equal to 2 x 10'_6 while the actual disturbance was
stationary (Figure 3.1.3). The variance of input u is 782254 w2. Output y

2
has a variance of 5,411 °C and a mean of -0,001 °C.

The sample autocorrelation function shown in Figure 5.2.8 has a slow
sinusoidal decay and the corresponding output time response shown in

Figure 5.2.7 in therefore non-stationary.

Table 5.2.1 tabulates the variance of input u and the variance and mean of
-6
output y obtained by simulation for A equal to 2 x 10 using an accurate

process model but inaccurate disturbance models.

Table 5.2.2 tabulates the nature of the sample autocorrelation function and

the output time responses for the above cases.
The following observations can be made :

a. When the disturbance acting on the system was non-stationary but
modelled as stationary, control law 3 provided a better quality
of control than did control law 2. Control law 2 provided a very

poor quality of control in this case.
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When the disturbance acting on the system was stationary but
modelled as non~stationary, " control law 2 provided a better
quality of control than did control law 3. Control law 3 provided

a very poor quality of control in this case.

Referring to Tables 5.1.2 and 5.2.2, ' the only case where the
nature of the output time responses was not the same as that of
the actual disturbance, was for the case when control léw 3 and a
non-stationary disturbance model was used while the actual
disturbance was stationary. This may be interpreted as an
inability on the part of this controller to stably control the

system.
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‘fable 5.2.1 Variance of Input u and Variance and Mean of Output y Obtained by

Simulation for

A Equal to 2 x 10_6 Using an Accurate Process

Model but with the Disturbance Model Inaccurate as Defined

Nature of

Control | | Nature of | {variance of |variance of| Mean of

Law | Disturbance | Actual | | Input u |output y | output y
| Model | | pisturbance ||(w?) | (°c?) | (°C)

2. | stationary | Non~ || 523989 | 5,242 | -0,385
| |stationary || | |

2 | Non~Stationary |Stationary || 159861 | 0,788 | 0,005

3 | stationary | Non- ' [l 477002 | 1,126 | 0,499
| |stationary || | |-

3 | Non-Stationary |Stationary || 782254 | 5,411 | -0,001

. Table 5.2.2 Nature of the Sample Autocorrelation Function and the Output Time

-6
Series Obtained by Simulation for A Equal to 2 x 10

Using an

Accurate Process Model but with the Disturbance Model Inaccurate

as Defined

Stationary

control | Nature of | Nature of ||Nature of Sample |Nature of Output
‘Law | Disturbance| Actual | |Autocorrelation Function |Time Response
| Model | pisturbance] | |
2 | stationary | Non-- | |slow non-oscillatory |Non-Stationary . -
| | stationary ||exponential decay - [
2 | Non- | stationary ||Quick sinusoidal decay |[Stationary
| stationary | [ ] v |
3 I_Stationary | Non- | | slow non—oscillatory ' | Non-Stationary
| | stationary ||exponential decay o l‘
3 | Non- | stationary ||Slow sinusoidal decay | Non-Stationary
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5.2.2 variance of Input u and Output y as a Function of Cost Factor A

Figure 5.2.9 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 2 and a stationary
disturbance model (Equation (3.2.21)) while the disturbance was actually
non-stationary (Figure 3.1.4). This shows that the variance of output y
increases sharply with increasing values of A . This is similar to the
characteristics obtained wusing cost function 2 and a non-stationary

disturbance and disturbance model shown in Figure 5.1.10.

Figure 5.2.10 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 2 and a non-stationary
disturbance model (Equation (3.2.25)) while the disturbance was actually
stationary (Figure 3.1.3); The poor control quality provided by control law 1
{ Aequal to 2zero), - méy be the result of non-linearities introduced by control

element saturation.

Figure 5.2.11 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 3 and a stationary
disturbance model (Equation (3.2.22)) while the disturbance was actually
non-stationary (Figure 3.1.4). This shows that the variance 5f the output y is

relatively small and varies little over the range of values for A shown.

Figure 5.2.12 shows the variance of input u and output y as a function of cost
factor A obtained by simulation using cost function 3 and a non-stationary
disturbance model (Equation (3.2.26)) while the disturbance was actually
stationary (Figure 3.1.3). This shows that the quality of control is extremely

poor for all values of A shown.
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5.3 RESULTS OBTAINED BY SIMULATION USING AN ACCURATE DISTURBANCE MODEL BUT

AN INACCURATE PROCESS MODEL

The aim of doing these simulations was to evaluate the effect of an arbitrary
process model inaccuracy in the quality of control provided by the respective
controllers. The actual mass of water in the cylinder was simulated to be

13 kg instead of the model value of 10 kg.

Using control 1law 2 and a stationary disturbance (Figure 3.1.3) and
2
disturbance model (Equation (3.2.21)), a variance of 100470 W for input u and

: 2 .
a variance of 0,924 °C  and mean of -0,009 °C for output y were obtained.

Using control law 2 and a non-stationary disturbance (Figure 3.1.4) and
2
disturbance model (Equation (3.2.25)), a variance of 614980 W for input u and

\\

2
a variance of 1,507 °C and mean of -0,480 °C for output y were obtained.

Using control law 3 and a stationary disturbance (Figure 3.1.3) and
2
disturbance model (Equation (3.2.22)), a variance of 219827 W for input u and

2
a variance of 1,009 °C and mean of 0,008 °C for output y were obtained.

Using control law 3 and a non-stationary disturbance (Figure 3.1.4) and
2
disturbance model (Equation (3.2.26)), a variance of 586766 W for input u and

2 .
a variance of 0,524 °C and mean of 0,000 °C for output y were obtained.

Table 5.3.1 tabulates the percentage increase in the variance of input u énd
output y relative to the values obtained using accurate process and
disturbance models (Table 5.1.1) as a result of the specified process model

inaccuracy.
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Table 5.3.1 Percentage Increase in the Variance of Input u and Output y
-6
Obtained by Simulation for A Bqual to 2 x 10 as a Result of

the Specified Process Model Inaccuracy

Ynoder =~ 10 Kav Hprocess = 13 Kq)
Control | Nature of | |Percentage Increase | Percentage Increase
Law | Disturbance and |lin the Variance | in the Variance
I Disturbance model ||of Input u | of Output y

2 | Stationary | 15 ] 15

2 | Non-Stationary [ 62 l 79

3 | stationary || 30 | 16

3 |  Non-Stationary [l 49 | - 106

The variance of output y obtained using control law 2 and a stationary
disturbance model has a small sensitivity to the process model inaccuracy.
This can be explained by the stability analysis of this controller in
paragraph 3.3.1. Since the corresponding characteristic equation has no
eigenvalues on the unit circle, model perturbations can be expected to have a
smaller effect on the variance of output y than it would have had if there

were poles on the unit circle.

The variance of output y obtained using control law 2 and a non-stationary

disturbance model has a relatively high sensitivity to the process model

inaccuracy. This can be explained by the stability analysis of this
controller in paragraph 3.3.2. Since the corresponding characteristic
equation has an eigenvalue on the unit circle, the variance of output y can

be expected to be sensitive to model perturbations.

The variance of output y obtained using control law 3 and a. stationary
disturbance model has a small sensitivity to the process model inaccuracy.
This can be explained by the Stability analysis of this controller in
paragraph 3.3.3 which shows that the corresponding characteristic equation has

no eigenvalues on the unit circle.
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The variance of output y obtained using control law 3 and a non-stationary .

disturbance model has a high sensitivity to the 'process model inacCui:acy.

This can be explained by the stability analysis of the controller in

paragraph 3.3.4 which shows that the corresponding characteristic equation

has three eigenvalues on the unit circle,

5.4 SUMMARY OF RESULTS OBTAINED BY SIMULATION

The results obtained by simulation are summarized in the following paragraphs.”

The following is a summary of the results obtained with the disturbance

non-stationary and modelled as such:

Table 5.1.1 shows that control law 3 provided a substantially
better quality of control than did control law 2. Also compare
Figure 5.1.10 and Figure 5.1.12.

The relatively large output mean error obtained using control
law 2 is attributed to the inability of the mean value of control

input u to drift when control law 2 is used.

Table 5.3.1 shows that the variance of output y obtained using
control law 3 was very sensitive to the simulated procéss model -

inaccuracy.

The following is a summary of the results obtained with the disturbance

stationary and modelled as such: _ : ' . B

Table 5.1.1 shows that control law 2 provided a marginally better
quality of control than did control ‘law 3.. . Also -compare

T

Figure 5.1.9 and Figure 5.1,11, R
Table 5.3.1 shows that the variance of output y in both cases was

relatively insensitive to the simulated process model inaccuracy.
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The following is a summary of the results obtained with the disturbance

non-stationary but modelled as stationary:

Table 5.2.1 shows that control law 3 provided a substantially
better quality of control than did control law 2 which provided a
very poor quality of control. Also compare Figure 5,2.9. and

Figure 5.2.11.

In both cases the mean error was relatively large.

The following is a sumary of thé results obtained with the disturbance

stationary but modelled as non-stationary:

Table 5.2.1 shows that control law 2 provided a substantially
better quality of control than did control law 3 which provided a
very poor quality of control. Also compare Figure 5.2.10 and
Figure 5.2.12,

In both cases the mean error was relatively small.

Table 5.2.2 shows that output y using control law 3 wés
non-stationary although the disturbance was stationary. The fact
that the output drifted while the disturbance was stationary may
be interpreted as a sign of instability.

Comparing Figures 5.1.9 and 5.1.11 as well as Figures 5.1.10 and 5.1.12 shows

that the variances of input u and output y using control law 3 are less

dependant on cost factor A than using control law 2, This is'attributed to

the ability of control input u using control law 3 to drift.

\
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CHAPTER 6

RESULTS OBTAINED BY EXPERIMENTATION

In order to verify the results obtained by simulation and documented in

Chapter 5,

a number of experiments was conducted on the actual system.

The following aspects were evaluated :

The quality of control provided respectively by control law 2
(being a general form of control law 1) and_ control law 3,
given accurate process and disturbance models. Stationary as
well as non-stationary disturbances were simulated. The results

appear in paragraph 6.1.

The quality of control provided respectively by control ‘laws 2
and 3, given an accurate process model but an inaccurate
disturbance model. As before, the disturbance model in each case
was inaccurate in the sense that when the disturbance model was
stationary, the actual disturbance was non-stationary and vice

versa. The results appear in paragraph 6.2.

A summary of the results obtained by experimentation is given in paragraph 6.3

-

Each experiment was conducted over 173 sampling points with a sampling period

of 60 seconds for a duration of 2 hours and 53 minutes per experiment. Eight

experiments were conducted.

The system parameters specified in Table 3.0.1 were used as model parameters.

The width of the probability density function of the discrete stationary

uncorrelated random sequence gtwas 0,0135 kg/s for each experiment.

-
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6.1 RESULTS OBTAINED BY EXPERIMENT USING ACCURATE PROCESS AND DISTURBANCE

MODELS

Figure 6.1.1 shows the input and output time responses ébtained by experiment
using cost function 2, a stationary disturbance (Figure 3.1.3) and distu;bance
model (Equation (3.2.21)) and cost factor A equal to 2 x 10-6. The variance of
input u is 83986 W2. Output y has a variance of 0,767 °C2 and a mean of

0,852 °C.

The sample autocorrelation function shown in Figure 6.1.2 has a quick
sinusoidal decay and the corresponding output time response shown 1in

Figure 6.1.1 is therefore stationary.

Fiéure 6.1.3 shows the input and output time responses obtained by experiment
using cost function 2, a non-stationary disturbance (Eigure 3.1.4) and
disturbance model (Equation (3.2.25)) and cost factor )\ equal to 2 x 10_6.
The variance of input u is 304181 W2. Output y has a variance of 0,762 °C2

and a mean of -0,457 °C.

The sample autocorrelation function shown 1in Figure 6.1.4 has a slow
non-oscillatory exponential decay and the corresponding output time response

shown in Fiqgure 6.1.3 is therefore non-stationary.

Figure 6.1.5 shows the input and output time responses obtained by experiment
using cost function 3, a stationary disturbance (Figure 3.1.3) and disturbance
model (Equation (3.2.22)) and cost factor A equal to 2 x 10-6. The variaﬁce ‘
of input u is 196860 W2. Output y has a variance of 0,856‘°C2 and a mean of

\

0,183 °cC.

The sample autocorrelation function shown in Figure 6.1.6 has a relatively o
quick sinusoidal decay and the corresponding output time response shown in

Figure 6.1.5 is therefore stationary.
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Figure 6.1.7 shows the input and output time responses obtained by experiment
using cost function 3, a non-stationary disturbance (Figure 3.1.4) and
disturbance model (Equation (3.2.26)) and cost factor A equal to 2 X 10-6.
The variance of input u is 814185 W2. Output y has a variance of 5,159 °C2 and

a mean of -0,775 °C.

The sample autocorrelation function shown in Fiqure 6.1.8 has a slow
sinusoidal decay and the corresponding output time response shown 1in

Figure 6.1.7 is therefore non-stationary.

Table 6.1.1 tabulates the variance'of input u and the variance and mean of
-6
output y obtained by experiment for A equal to 2 x 10 using accurate

process and disturbance models.

Table 6.1.2 tabulates the nature of the sample autocorrelation function and

the output time response for the above cases.
The following observations can be made:

a. When the disturbance acting on the system was nonlstationary and
modelled as such, control law 3 provided a very poor quality of
control. Control - law 2 provided an output y which had a

relatively large mean error.

b. When the disturbance acting on the system was stationary and
modelled as such, control law 2 provided an output y that had a
marginally smaller variance but a considerable larger mean error

than provided by control law 3.

c. In all the cases, the nature of the output time response obtained

was the same as that of the disturbance and disturbance model.
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Table 6.1.1 Variance of Input u and Variance and Mean of Output y Obtained

. -6 »
by Experiment for X Equal to 2 x 10 using Accurate Process and

Disturbance Models

Control | Nature of || variance of | Variance of | Mean of

Law | Disturbance and Il Input u | output y | oOutput y
[ Disturbance Model || (W2) | (°C2) | (°cC)

2 |  stationary || 83986 | 0,767 | 0,852

2 | . Non-Stationary || 304181 | 0,762 | -0,457

3 | Stationary |l 196860 | 0,856 | 0,183

3 | Non-Stationary || 814185 | 5,159 | -0,775

Table 6.1.2

Nature of the Sample Autocorrelation Function and the Output
I3 \_6
Time Series Obtained by Experiment for XA Equal to 2 x 10

Using Accurate Process and Disturbance Models

kY

Control | Nature of || Nature of Sample | Nature of Output :
Law | Disturbance and || Autocorrelation Function | Time Response

| Disturbance Model || ' |
2 | Stationary " || oQuick sinusoidal decay | Stationary
2 | Non~Stationary || Slow non-oscillatory | Non-Stationary

| || exponential decay | ' i
3 | Stationary Il Quick sinusoidal.decay | stationary f
3 | Non-Stationary || Slow sinusoidal decay | Non-Stationary
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Figure B.1.1. Input and Output Time Responses by Experiment using Cost Function 2, a Statianary
Disturbance Model and with the actual Disturbance Stationary
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Figure 6.1.2. Sample Autocorrelation Function of ths Output Time Responss shown in the Figure above
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Figure 6.1.3. Input and Qutput Time Responses by Experiment using Cost Function 2, a Non-stationary
Disturbance Modei and with the actual Disturbance Non-stationary
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Figure 6.1.4. Sampie RAutocorrelation Function of the Output Time Response shoun {n the Figure above
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Qutput y
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Input and OQutput Time Responses by Experiment using Cost function 3, a Stationary
Disturbance Model and with the actual Disturbance Stationary

Sample Rutocorrelation Function of the Output Time Response shown in the figure above
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Figure 6.1.7. Input and Output Time Responses by Experiment using Cost Function 3, a Non-stationary
Disturbance Model and with the actual Disturbance Non-staticnary
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Figurs 6.1.8. Sample Autocorrelation Function of the Output Time Response shown in the Figure above
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6.2 RESULTS OBTAINED BY EXPERIMENT USING AN ACCURATE PROCESS MODEL BUT AN

INACCURATE DISTURBANCE MODEL

As before, the disturbance model in each case was inaccurate in the sense that
when the disturbance model was stationary, the actual disturbance was

non-stationary and vice versa.

Fiqure 6.2.1 shows the input and output time responses obtained by experiment
using cost function 2, a stationary disturbance model (Equation (3.2.21)) and
cost factor A equal to 2 x 10_6 while the actual disturbance was
non-stationary (Figure 3.1.4). The Qariance of input u is 278358 W2. Output y

2
has a variance of 3,062 °C and a mean of -0,402°C,

The sample autocorrelation function shown in Figqure 6.2.2 has a slow
non-oscillatory exponential decay and the corresponding output time response

shown in Figqure 6.2.1 is therefore non-stationary.

Figure 6.2.3 shows the input and output time responses obtained by experiment
using cost function 2, a non-stationary disturbance model (Equation (3.2.25))
and cost factor A 'equal to 2 ¥ 10-6 while the actual disturbance was
stationary (Figure 3.1.3). The variance of input u is 214392 Wz. Output y

2
has a variance of 0,782 °C and a mean of 0,180 °C.

The sample autocorrelation function shown in Figure 6.2.4 has a quick
sinusoidal decay and the corresponding output time response shown in

Figure 6.2.3 is therefore stationary. .

Figure 6.2.5 shows the input énd output time responses obtained by simulation
using cost function 3, a stationary disturbance model (Equation (3.2.22)) and
cost factor A equal to 2 X 10_6 while the actual disturbance was
non-stationary (Fiqure 3.1.4). The variance of input u is 117696 wz. Output y

2
has a variance of 2,380 °C and a mean of -2,315 °C.



-107-

The sample autocorrelation function shown in Figure 6.2.6 has a slow
non—OSCillatory exponential decay and the corresponding output time response

‘shown in Figuré 6.2.5 is therefore non—statidnary.

Eigure 6.2.7 shows the input and output time responses obtained by experiment
- using cost function 3, a non-stationary disturbance model (Equation (3.2.26))
and cost factor A equél to 2 x 10  while the actual disturbance was

) ' . . . 2
stationary (Fiqure 3.1.3). The variance of input u is 852640 W . Output y has

‘ 2
a variance of 4,202 °C and a mean of -0,025 °C.

The sample autocorrelation function shown 1in Figure 6.2.8 has a slow
sinusoidal decay ‘and the corresponding output time response shown in

- Figure 6.2.7 is therefore non-stationary.

) Table 6.2.1 tabulates the variance of input u and the variance and mean of
. -6
~output y obtained by experiment for A equal to 2 x 10 using an accurate

- process model but inaccurate disturbance models.

- Table 6.2.2 tabulates the nature of the sample autocorrelation function and the

 ou§pht time response for the above cases.
... The following observations can be made:

a. Whén the.disturbance‘actingAon the system was non-stationary but
.'hbdeliéd as\staiionéry, wcontrol law 3 provided an output y with a
smaller variance but with a larger mean error than provided /by
cdntroi law 2., However, from Figure 6.2.5 can be seen that the
'controlr element was saturated for most* of the experiment with
control law 3 without managing to <cancel the effect of _the
vdist@;bancé. Frém this must be conc;uded”that the disturbance flow
rréte-was incb:récﬁly calibrated before thé experiment commenced and
'p:oVided a 16ad which exceeded the capacity of the control
’tréﬁsducer. The'aata dbtained frbm this experiment is therefore not

-conclusiVe. '
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When the disturbance acting on the system was stationary but
modelled as non-stationary, control law 2 provided a better quality
of control than did control law 3. Control law 3 provided a very

poor quality of control in this case.

Referring to Tables 6.1.2 and 6.2.2, the only case where the nature
of the output time response was not the same as that of the actual
disturbance, was for the case when control law 3 and a
non-stationary disturbance model was used while the actual
disturbance was stationary. This may be interpreted as an inability

on the part of this contfoller to stably control the system.
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Table 6.2.1 Variance of Input u and Variance and Mean of Output y Obtained by

-6
Experiment for X Equal to 2 x 10

Using an Accurate Process

Model but with the Disturbance Model Inaccurate as Defined

AY

Control| Nature of | Nature of ||variance of|Variance of| Mean of
Law | of Disturbance | Actual | |Input u |[output y | Output y
| Model | Disturbance || (W?) | (°c?) | (°c)
2 | Stationary | Non- || 278358 3,062 |-0,402
| | Stationary [ | |
2 | Non- | stationary || 214392 |o0,782 | 0,180
| Stationary | | | |
3 | Stationary | Non- [l 117696 |2,380 |—2,315_
| | stationary || | |
3 | Non- | stationary || 852640 |4,202 |-0,025
| Stationary | [ | -

Table 6.2.2

Nature of the Sample Autocorrelation Function and the Output Time

Series Obtained by Experiment for

\

-6
A Equal to 2 x 10 Using an

Accurate Process Model but with the bisturbance Model Inaccurate as

Defined
Control | Nature of | Nature of [| Nature of Sample [Nature of output
Law | Disturbance | Actual || Autocorrelation |Time Response |
| Model | bisturbance || Function |
2 | Stationary | Non- || slow non-oscillatory |Non-stationary
I | stationary || exponential decay |
2 | Non-Stationary| étationary Il Quick sinusoidal decay|Stationary
3 | Stationary | Non=- || Slow non-oscillatory |Non-stationary
| | stationary |l exponential decay |
3 | Non- | stationary || sSlow sinusoidal decay |Non-stationary
| Stationary | | |
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Figure 6.2.1. Imput and Output Time Responses by Experiment using Cost Function 2, a Stationary
Disturbance Model and with the actual Disturbance Non-stationary
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Figure 6.2.2. Sample Autocorreslation Function of the Output Time Response shown in the Figure above
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Figure 6.2.3. Input and Qutput Time Responses by Experiment using Cost Function 2, a Non-stationary
Disturbance Model and with the actual Disturbance Staticnary
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Figure 6.2.4. Sample Rutocorrelation Function of the Output Time Response shown in the Figure above
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Figure 6.2.5. Input and Output Time Responses by Experiment using Cost Function 3, a Stationary
Disturbance Model and with the actual Disturbance Non-stationary

T T 1T 7171

S
w
T TT
© p—

1@ 1t 12 13 14 1S lag k

T

1
8
v

T T

T

-1

Figure 6.2.6. Sample Rutocorrelation Function of the Output Time Response shown in tha Figure above
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Figure 6.2.7. Input and Output Time Responses by Expertmsnt using Cost Function 3, a Non-stationary

-

Disturbance Model and with the actual Disturbance Stationary
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Figure 6.2.8. Sample Autocorrelation Function of the Output Time Response shown in the Figure above
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6.3 SUMMARY OF RESULTS OBTAINED BY EXPERIMENTATION

In the following paragraphs the results obtained by experimentation are

summarized.

The following is a summa}y of the results obtained with the disturbance

non-stationary and modelled as such:

Table 6.1.1 shows that control law 2 provided a substantially
better quality of control than did control law 3 which provided a

very poor quality of control.

In both cases the output mean error was relatively large.

The following is a summary of the results obtained with the disturbance

stationary and modelled as such:

Table 6.1.1 shows that control law 2 provided an output y with a

variance marginally smaller than provided by control law. 3.

The mean error of output y obtained using control law 3 was
substantially smaller than_  obtained using control law 2 which

provided a relatively large mean error.

The following is a summary of the results obtained with the disturbance

non-stationary but modelled as stationary:

Table 6.2.1 shows that the variance of output y obtained using

control law 3 was marginally smaller than obtained using control

law 2.

From Fiqure 6.2.5 is concluded that the large mean error of
output y obtained using control law 3 as shown in Table 6.2.1 is

because of a flow-rate calibration error.
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The following is a summary of the results obtained with the disturbance

stationary but modelled as non-stationary:

a. Table 6.2.1 shows that control law 2 provided a substantially
better quality of control than did control law 3 which provided a

very poor quality of control.
b. In both cases the mean error was relatively small.

c. - Table 6.2.2 shows that output y obtained using control law 3 was
non-stationary although the disturbance was stationary. The fact
that the output drifted while the disturbance was stationary may

be interpreted as a sign of instability.

In Chapter 7 the results obtained by eXxperimentation are compared to the
results obtained by simulation and interpreted before the final conclusions

are made.
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CHAPTER 7

CONCLUSION

7.0 COMPARISON BETWEEN RESULTS OBTAINED BY SIMULATION AND RESULTS OBTAINED

BY EXPERIMENTATION

In the following paragraphs the results obtained by simulation are compared to
the results obtained by experimentation. Where the results differ, the reasons
for the differences as deducted from the data documented in Chapters 5 and 6

are presented.

7.0.1 Comparison of Results with the Disturbance and Disturbance Model

Non-Stationary

Table 7.0.1 compares the results obtained by simulation with the results
obtained by experimentation when the disturbance was non-stationary and

modelled as such.

From Table 7.0.1 can be seen that there is good agreement between the results
obtained by simulation and the results obtained by experimentation using

control law 2.

Table 7.0.1 shows that there is a very large difference between the results
obtained by simulation and the results obtained by experimentation using
control law 3. The very poor quality of control obtained in the experiment
with control law 3 is attributed to the high sensitivity of the control
quaiity provided by control law 3 to process model inaccuracies as shown by
simulation in Table 5.3.1 and supported by the stability analysis in
paragraph 3.3.4. It 1is conceivable that the process model is slightly
inaccurate since the complex dynamics of heat convection in the heating

cylinder was not modelled.
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Table 7.0.1 Comparison between Results Obtained by Simulation and Results
Obtained by Experimentation with the Disturbance Non-Stationary
and Modelled as such

Control | BExperiment/ | Variance of | Variance of | Mean of
Law | Simulation | Input u |. Output y | output y
I | (W) | (°c) | __(°c)
! | I |
2 | Simulation | 380550 | 0,841 | 0,427
2 | Experiment | 304181 | 0,762 | -0,457
3 | simulation | 392784 | 0,255 | -0,001
3 | Experiment | 814185 | 5,159 | -0,775

7.0.2 Comparison of Results with the Disturbance and Disturbance Model
Stationary

Table 7.0.2 compares the results obtained by simulation with the results
obtained by experimentation when the disturbance was stationary and modelled

as such.,

Table 7.0.2 shows that the mean of output y obtained using control law 2 is
considerable larger for the experiment then for the simulation, Since the mean
value of control input u using control law 2 is unable to drift, it had
difficulty to compensate for process model inaccuracies which presumably

existed.

From Table 7.0.2 can be seen that there is good agreement between the results
obtained by simulation and the results obtained by experimentation using

control law 3.
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|

Table 7.0.2 Comparison between Results Obtained by Simulation and Results
Obtained by Experimentation with the Disturbance Stationary and

Modelled as such

Control | Experiment/ | vVariance of | Variance of | Mean of )
Law | simulation | Input u | Output y | output y
| | _w?) | (ec?) | (°c)
| | | |
2 Simulation | 87290 0,803 | -0,009
2 Experiment | 83986 0,767 | 0,852
3 Simulation | 169601 0,869 | -0,017
3 Experiment | 196860 0,856 | 0,183

7.0.3 Comparison of Results with the Disturbance Non-Stationary but with the

Disturbance Model Stationary

Table 7.0.3 compares the results obtained by simulation with the results

obtained by experimentation when the disturbance was non-stationary but

modelled as stationary.

From Table 7.0.3 can be seen that using control law 2, the results obtained by

simulation agrees reasonably well with the results obtained by

experimentation.

Table 7.0.3 shows that using control law 2 there is a large difference between
the mean of output y obtained by simulation and the mean of output y obtained
by experimentation. The high value of the mean of output y obtained with the

experiment is attributed to a flow-rate calibration error (paragraph 6.3

refers).
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Table 7.0.3 Comparison between Results Obtained by Simulation and Results
Obtained by Experimentation with the Disturbance Non-Stationary

but Modelled as Stationary

Control | Experiment/ | Variance of | Variance of | Mean of
Law | simulation | Input u | output y | output y
| | (W)~ | (°c*) ‘ | (°cC)
| | | |
2 | simulation | 523989 | 5,242 | -0,385
2 | Experiment | 278358 | 3,062 | -0,402
3 | simulation | 477002 | 1,126 | 0,499
3 | Experiment | 117696 | 2,380 | -2,315

7.0.4 Comparison of Results with the Disturbance Stationary but with the

Disturbance Model Non-Stationary

Table 7.0.4 compares the results obtained by simulation with the results
obtained by experimentation when the disturbance was stationary but modelled

as non-stationary. \

From Table 7.0.4 can be seen that for both control law 2 and control law 3
there is good agreement between the results obtained by simulation and the

results obtained by experimentation.

Table 7.0.4 Comparison between Results Obtained by Simulation and Results
Obtained by Experimentation with the Disturbance Stationary but

Modelled as Non-Stationary

Control | Experiment/ | Variance of | variance of | Mean of
Law | simulation | Input u | output y | output y
I | (W) | (°c?) |_(°c)
2 | simulation | 159861 | o0,788 | 0,005
2 | Experiment | 214392 | 0,782 | o,180
3 | simulation | 782254 | 5,411 | -0,001

3 | Experiment | 852640 | 4,202 | -0,025
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7.1 CONSOLIDATION OF 'RESULTS

In order to be able to make clear conclusions, the primary results obtained

are consolidated in the following paragraphs. The information is ordered -in

such a way as to make it possible to answer the following guestions:

Given that the system is subjected to a non-stationary

disturbance, using which one of the cost functions

= o2 _ 2
I Yy t+k/t + ;\(ut | ut—l) (7.1.1)
(Control law 3)
A
and
I =y 2 (7.1.2
Y t+k/t Nt . ‘ ( )

{Control law 2)
provides the best quality of control?

Given that the system is subjected to a stationary disturbance,
using which one of the cost functions in equations (7.1.1) and

(7.1.2) provides the best quality of control?

Given that it is not known a priori whether tﬁe disturbance is
stationary or non-stationary, the use of which one of the cost
functions in equations (7.1.1) and (7.1.2) in combination -with
which disturbance model (stationary/non-stationary) is the best

overall choice?
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7.1.1 Primary Results Obtained for the Case where the Disturbance is Known A

Priori to be Non-Stationary

The primary results are:

’

Simulation shows that using control law 3 and a non-stationary

disturbance model provides the best quality of control.

Stability analysis, simulation as well as experimentation indicate
that model inaccuracies can drastically deteriorate the quality of
control obtained when uéing control law 3 and a non-stationary

disturbance model.

Using control law 2 causes a relatively large mean error.

7.1.2 Primary Results Obtained for the Case where the Disturbance is Known A

Priori to be Stationary

The primary results are:

Simulation shows that using control law 2 and a stationary

disturbance model provides the best quality of control.

-

Experimentation indicates that process model inaccuracies may

result in a relatively large output mean error when control law 2

is used.

7.1.3 Primary results Obtained for the Case where it is Not Known A Priori

whether the Disturbance is Stationary or Non-Stationary

The primary results are:

Using control law 3 and a non-stationary disturbance model while
the actual disturbance is stationary results in an extremely poor

quality of control.
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Using control law 2 and a stationary disturbance model while the
actual disturbance is non-stationary results in an extremely poor

quality of control.

Table 7,1.1 consolidates the performances of respectively
i, control law 2 and a non-stationary disturbance model
and
ii, control law 3 and a stationary disturbance model

using the results obtained by simulation,

Taking into account the behaviour of the variances of the input
and output as a function of cost factor A , control law 3 and a
stationary disturbance model is the best overall combination.
Comparison between Simulational Results Obtained Respectively by
Control Law 2 and a Non-Stationary Disturbance Model and

Control Law 3 and a Stationary Disturbance Model

| Actual |[Variance of |vVariance of |Mean of |Variances of
| Disturbance TInput u [Output y [Output y |Input and

! | (w?) | (eC?) | (°C) loutput as

| | | | | function of A

w N W N

[ I [ I [
|Stationary | 159861 | 0,788 | 0,005 |Figure 5.2.10
|Stationary | 169601 | 0,869 |-0,017 |Figure 5,1.11
INon-Stationary| 380550 | 0,841 | 0,427 |Figure 5.1.10
INon-Stationary| 477002 | 1,126 | 0,499 |Figure 5.2.11
[ f I ' { I
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7.2 COONCLUSIONS

The final conclusions arrived at are the following:

When the disturbance acting on the system is non-stationary and
modelled as such, minimizing cost function
I. = vy
3 = Y

- 2
A(ut u )

t+k/t t-1

provides a better qualify of control than obtained by minimizing

cost function

-~

I = + au?
2 yzt+k/t t

provided that the process and disturbance models are very

accurate,

Model inaccuracies result in a serious degredation of control

‘quality. Due consideration must therefore be taken of sensitivity

aspects in the design of a controller based on the minimization of
I3 which must control a system subjected to a non-stationary
disturbance.

It is not appropriate to use cost function 12 in this case since

the inability of the mean value of the control input to drift may

result in large mean output errors.

When the disturbance acting on the system is stationary and

modelled as such, minimizing I_ results in a marginally better

2

quality of control than obtained minimizing I_,. However, a process

3'
model inaccuracy may result in an output offset error since a

controller based on the minimization of 12 does not have integral:
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action. Using a controller based on the minimization of I3 is
advantageous in this case since the integral action of the

controller will cancel the error,

c. If the situation exists where the disturbance acting on the system
at a given time is stationary but may become non-stationary after

a period of time, wusing I, and a stationary disturbance model

3
results in a controller which provides the best overall control
quality for the system evaluated. Sensitivity to model

inaccuracies is less of a problem in this case,
7.3 USE OF THE METHOD AND SUGGESTIONS FOR FURTHER WORK

As stated in paragraph 2.1, the facility of free programmability on modern
microprocessor-based process control systems encourages, where justified by
the oroblem, the implementation of more sophisticated control algorythms such

as those evaluated by this thesis.

Implementing a recursive stochastic control algorythm on a digital computer is
a relatively simple task as such, However, this must be accompanied by a
relatively large amount of theoretical analysis, eg. identifying the process
and disturbance dynamics, deciding on a control strategy, deriving the
specific control law, conducting sensitivity analyses, evaluation by computer
simulation, and so forth. The cost of doing this must be less than the
production costs saved thanks to the implementation of the method in order to

economically justify its use.

However, where large random disturbances are a serious problem and steps need
to be: taken to improve the control quality, the issue becomes one of defining

the options available to the designer,

The approach taken as described by this dissertation is certainly one way of
approaching the problem, A logical extension to the work described is

minimizing the cost functions:
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I = E{y? + u ? ) - (7.3.1
ly Etk A . } | o ( )

or

I = E{y? + u-u - _)? ' ‘ 7.3.2
vk alu -u 0%} v | (7.3.2)
which should provide more optimal control than obtained by the two cost

functions evaluated.

An intefesting adaptation of the method described could be to use an adaptive
vpredictor rather than the optimal pfedictor used. Trigg and Leach (111 have
" developed a procedure for the adaptive control of a single exponential
smoothing constant. The smoothing constant automatically becomes larger when

the prediction error increases; reducing the memory of the predictor. After

having settled down, the smoothing constant's value decreases again.

This predictor reacts much more quickly to the step function than does
Ebnventional, or nonadaptive, prediction. The performance of the predictor
.before and after a step change is the same as that of conventional prediction.
This predictor may Dbe particularly useful if the disﬁurbance is
non-stationary.

Chow [12) has developed an alternative adaptive prediction scheme. Van der Bij
and Schuppen [91 have used adaptive Kalman filtering to predict railway power
demand which is a stochastic variable. However, if these predictors contain
non-linearities, difficulty may be encountered in using linear stochastic

control theory to design and analise the control algorythm.

Linear stochastic control theory can also be applied to multivariable systems:

[10] .,
Work has been done by Dugard et al in this regard.

(51 : . ;
Fuller follows a different approach in the design . of stochastic
controllers. He shows that for the case when the disturbance is a highly
smoothed white noise (which seems relevant in many practical circumstances),

by applying Wiener filtering theory and adapting simplified models,
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closed-form expressions for the optimal controller which approximates a
conventional type such as proportional plus integral can sometimes be

obtained.

It may be possible therefore to use a conventional type of controller and to
use the theory to tune the controller to obtain the desired stability margin
and control quality. However, in order to obtain the closed-form expressions,
relatively complex algebraic manipulations and sensible approximations of

transfer functions are required.

Finally, a 1literature survey on the subject of stochastic control theory
indicates that comparatively 1little work has been done 1in this area,
particularly w.r.t practical implementation, and there is therefore much scope

for further work.
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APPENDIX A : MATHEMATICAL PROOFS AND DERIVATIONS

Annexure 1 : Proof +that Integrating a Stationary Uncorrelated Random

Sequence with Zero Mean Produces a Non-stationary Random

Sequence
2 ¢ Derivation of z-Transforms of Proceés and Disturbance Models
3 Requirements for Transfer Function H(z) to be Realizable
4 : General Derivation ;of the ésntrol Laws which Respectively

Minimize Cost Functions Il, I2 and I3
5 Specific Derivation of the Control Laws which Respectively

Minimize Cost Functions 1 I and I3 for the Disturbance

1’ 2
Stationary
6 : Specific Derivation of the Control Laws which Respectively
Minimize Cost PFunctions Il, I2 and I3 for the Disturbance
Non-stationary
7 : Derivation of Characteristic Equations Respectively for Systems

with Stationary and Non-stationary Disturbance Models and
Control Laws which Respectively Minimize Cost Functions I2 and

I . .
3 :
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Annexure 1 to

Appendix A

PROOF THAT INTEGRATING A STATIONARY UNCORRELATED RANDOM SEQUENCE WITH ZERO

MEAN PRODUCES A NON-STATIONARY RANDOM SEQUENCE

Consider a pseudo-random sequence with zero mean and finite variance ox2 to be

the input to a filter with transfer function H(s).

The spectral density of the output y is

3(“0 : T:' ,H(w>lz

(A1.1)
where
y = ay + bx (A1.2)
n n-1 n
Taking the discrete Fourier-transforms gives:
| T
y(u) s oae L oy(w) b X(w)
/ (A1.3)
where Ts is the sampling period.
(8]
It follows then that
() b
W) -+
X (W) I - e ex/‘(-J“"}) (A1.4)
and

() -

S 2
/ (14 ) - 20 coswT; (A1.5)
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Al-2
With the auto-correlation function defined as
f/n
-/? ’ ;wk_’;
/?(K)‘ — 5(’u:ed Aw 4 B i
J . 2 o (A1.6)
-/ - -
it follows'®) that |
2 [
b _ 1k
R, (k) - R a
J /- a (A1.7)
The variance of the output signal is then given-byf
7 .-
T v b
Lo R (O) R — 5‘(u) dw = -
d / a (A1.8)

_/ R
| (A1.9)

and z-domain transfer function

/L/(i) - /- i_l
(Al1.10)
whiéh'gives
— Al,
yn yn—l * xn ( 11)

" and therefore a = 1 and b = 1
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Al-3

Using equation (Al1.8), the variance of the output signal is found to be

: R (o) = —— (A1.12)

which is infinite for a finite input variance and the output signal is

therefore a non-stationary random sequence.
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Annexure 2 to

Appendix A
DERIVATION. OF Z-TRANSFORMS OF PROCESS AND DISTURBANCE MODELS
Define for both systems the forward transfer function
4
K
G(f) = [/ - e)(/\(—sf)]_ e;/»(o:;é 7:) _ (A2.1)
s(1+ 57 )
!
: é/(s) Gz(:> ' (A2.2)
where
Gl(s) = [l—exp(—sTS)].exp(—skTs) (A2.3)
and
K |
6, (s -
, (<) e o) (A2.4)
i
With z = exp(sTS),
-k -1
Gl(z) =z (l-z 7) (A2.5)
Expressing G2(s) in partial fractions gives:
K, K T ‘
i) - — - —I— (A2.6)
> 3 r+ 5T



-132-

A2=-2
/
Using transform tables gives:
v K2 K2
Gl(z\) . . (A2.7)
£ 2= ef /7
Ki(i- exp(-T/T,)
. ( FCE/ (A2.8)
(2-1)(z - -7 /T
) ex/ ( ,/ lr)>
G(z) = Gl(z).Gz(z) is found to be
- (k*1)
K- exfx(-Ts/‘l} Y] 2
G(z) - » (42.9)
/- eﬁ('i/?)i :
The disturbance transfer function is given by
T
N(s) = —_— (A2.10)
!+ 5/»
and using transform tables gives
/
N(z) = (A2.11)

I uf@ﬂ/t)f

Using the derived z-domain +transfer functions for +the respective blocks,

equations (3.1.16) and (3.1.17) are obtained.
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Annexure 3‘to-~

"Appendix A
REQUIREMENTS FOR TRANSFER FUNCTION H(z) TO BE REALIZABLE

Consider a system with transfer function

(2)
H(z) L | _ (a3.1)

"

ulz)
A m-f
a .. 2 + QHZ t 4 oQ,
: (A3.2)
n -t
bu, 7 4+ Lhi + + 19,
where Y(z) is the output from and U(z) is the input to the system.
In developing H(z) as a power series in z— s, the coefficients of the series
represent the values of the weighted sequence of the digital system. The -

~k ' .
coefficient of the z - term corresponds to the value of the weighted sequence

at t = kT after the input appeared at t=0.
s

For H(z) to be physically realizable, the power series of H(z) may not have
any positive power in z. . A positive power in z implies prediction of the
input or the appearance of the output before the input has been applied and is

therefore not physically realizable.

Therefore, for H(z) to be a physically realizable transfer function,; the
highest power of U(z) must be equal to or greater than the highest power of

Y(z), i.e« n2> m.

Factorize H(z) :

comst (2 +¢,)(2+ g).u.(aj Cn)

” = :
H(z) (24d)(Z4 ) o (2+at) (A3.3)

with n>m and m finite zeros and n finite poles.
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Develop power series:

-t

~
Const [2 + 2 + ...+ ehJ
H(é) =
- Wt
Z2 + -f;-? + + -f;
e I+ ez + e, 2
const . 2

If m = n then:

-b

ju + jlz’l+ +J~?

-/ -
A A R

H(z) -

The system of equation (3.2.12)

278G } 1+ D)

: T u (7 + LN

/t I+ AE) t )
with

1 -1 -2 -n
A(z):alz + a.z + eee + a8 2
B(z-1)=b +Db.Z 4 eeo +bz

o) 1l

1 -1 =2 -n
C(z ) =C,Z2 +C.Z .+ «eo+C Z

-1 -1 2.. n_
D(Z):dz +dz +o.o+dz

e

1+ ¢ (")

A3-2

(A3.4)

(A3.5)

(A3.6)

(A3.7)

(A3.8)

(A3.9)
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is therefore physically realizable since both

‘B(zd) ! ¥ D(Zq)

and

;4 ﬁ(?j /4 c({j

have the same form as equation (A3.7).

A3-3
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Annexure 4 to

Appendix A

GENERAL DERIVATION OF THE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST

FUNCTIONS Il' 12 and 13

The control laws which respectively minimize cost functions Il’ 12 and I3 are

derived using the general procedure described in paragraph 3.2.2,.

It will be shown that the control law which minimizes I1 is a special case of
the control law which minimizes 12 with cost factor ) equal to zero. The

control law which minimizes 12 is therefore derived first.

Derivation of Control Law which Minimizes Cost Function 12

\

P + A (A4.1)
2 }2+5/t t
where
A K
- z. /\/ G .
7¢+k/¢ K E;. * “t (a4.2)

as derived in paragraph 3.2.2.

Differentiating 12 wrt ut and equating it to zero gives:

k
S . -0 Zl (-2 NK E{ + éqt) + 2 Xut (A4’.3‘)

The control law which minimizes 12 is therefore:

zkl\lk Et . |
- (A4.4)

Y T C + \Cl
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A4=2
Substituting
: ‘_,(
. . Jo T Z Eu, ' :
- : _ (A4.5)
t N
“and
o, _
N = /\/‘< + /\./l< ' (A4.6)
into equation A4.4 gives:
ZKN,(/N
w :‘ - .
N s X/j A (A4.7)
Using the identities
B : : .
G - ' , ’ ‘ (A4.8)
/+A ‘ L »
S+ D . ) . L )
MEoo i and - _ . - (A4.9)
. ) * - - / s e . ’
1+D = N (1+c) + 2 D T o (A4.10)
_ the finite~parameter form of the control law is found to be:
SCGea) , |
u - A (A4.11)

: Cor BN, (1+C) + M, (/M)(HD)
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A4-3
Derivation of Control Law which Minimizes Cost Function Il
I - ef/vz} (A4.12)
] t
Al
: afy I (A4.13)
// \‘.-Hz/t
as shown in paragraph 3.2.2 where
A K
)/ sz N E o+ Gy, as before.
t+l</¢, t
Differentiating Il wrt ut and equating it to zero gives:
21 P
'=o=1£{2/\£§ +€q}_
du, t 0, (A4.14)
The control law which minimizes Il is therefore:
K
z N,
“ G (A4.15)

Since equation (A4.15) is a special case of equation (A4.4) with cost factor A
equal to zero, the infinite-parameter and finite-parameter forms of the

control law can be obtained from equations (A4.7) and (A4.11) directly.

gKMVAV

u = - Ty \

t éN;/N /i (A4.16)
D'(1+4)

(A4.17)

BN:(/+() ';1
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A4-4
Derivation of Control Law which Minimizes Cost Function 13
. A ‘
1, = * “ - A4.18
3 7t+k/(~, < *(_-l) ( )
where
A L4
= 2 AQ § + by as before.
/tw/e + t
Differentiating I3 wrt (ut - u 1) and equating it to zero gives:
oI, P ¢
—————— I ) = 7 N + ~ '(t( -y
Q(Ut' qe-,) zjo [ “ E\‘. r-2" t f—")]
_ (A4.19)
+ 2 A(q{ ut-’)
The control law which minimiges I3 is therefore:
&
2 N, 54,
ut - q{_' = c (A4.20)
I"Z_I * >\/jo
Substituting
-«
5 Jom 2 by
t N
and
*
N = I\/l( + N,(
into equation (A4.20) gives:
P
2 /\l,(/zv
_ . - . A4.21
“ . . A (A4.21)
—/—t_-—'T A/k //V + >\ jﬂ
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A4-5

Using the identities

B
6’ / +-A ’
S+ D
N = Ji C and -

* e !
/+D = N (1+C) + 2D

the finite- parameter form of the control law is found to be:

(/+H>(I- Z_>D/
4t /\4(*)3(/+C) + ,\/éo (/+ﬁ)(/-g")(/+7>> /t

(A4.22)
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Annexure S5 to

Appendix A

SPECIFIC DERIVATION OF THE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST

FUNCTIONS Il, 12 and 13 FOR THE DISTURBANCE STATIONARY

Repeating _the‘ discrete time presentation of the system

stationary disturbance with zero mean of equation (3.2.19).

K, (I~Q) 2-1 /

oyt ——TE
t

)L/- f- a2t - €27

Using the -general form of the equation (equation 3.2.12)

) 2 B t+ D
. = , +
ZL 1+ A Ht 1+ C g{
define:
k=1
-1
A = -az
B =K (1-
:1( 1a)
C=—C‘z~
D=0

Using the identity

Ty

1+ - Aai(/f <) + 2 D3‘ s

obtain

subjected to a

(A5.1)

(AS.2)

(A5.3)
(AS.4)
(A5.5)
(A5.6)
(A5.7)

(AS5.8)
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A5-2
¥ - LY .
/\i Y nl-z +o o+ h.z_, 4 (A5.9)
€ ;7 ¢ 7/;:' k-, (AS.lO)
and
= oy / / =
140 = (/- c2 ) + 2 (%, + q 2+t ..., ) (A5.11)
Comparing coefficients:
z /=7
-1 /
2 0 = —C+ d‘
-2 !
2 0 = a/
/
gives:
/
2’ d =< (A5.12)

The general form of the control law which minimizes I2 (equation (3.2.15)) is:

(1+a)D’

&=

NS B(+C) + A (144)(1+ D) KA (A5.13)

Substituting the predefined polynomials into equation (A5.13), the following

specific form of the control law which minimizes I2 for the disturbance

’

stationary is obtained:

I .>\Q }
u = 'H’ﬂ(/-a)* —'C—(’—"—l—)-]uf" - + ‘15/‘;_/

(A5.14)
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AS5-3

Equating cost factor A in equation (A5.14) to zero, the specific form of the

control law which minimizes I1 for the disturbance stationary is found to be:

\

)

u = - zk(/~a cy - 4 ac }
t K, (l -Q) / ) t-s /z‘, /-, (A5.15)
The general form of the control law which minimizes 13 (equation 3.2.16) is:

(red)-2)2

e e AL*B(/+C) + %/Q (r+8)(1-2")(1+D) U& (AS.16)

Substituting the predefined polynomials into equation (A5.16), the following
specific form of the control law which minimizes 13 for the disturbance

stationary is obtained:

: >\(Q+l) >\
YT K,(/—a)+__)\v_~_4 Z[K,(,-q)c + m+ k,(/—q) + m].qt-,
k (1-a)
[ Mar)
) K, (1-a) *K(- e + k/<l—Q) L

Xa '
];z7525--ta_3 - 5§ + (Q+/>S};d - QC/Q-L }

+

(A5.17)
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Annexure 6 to

Appendix A

SPECIFIC DERIVATION OF THE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST

FUNCTIONS Il' 12 AND 13 FOR THE DISTURBANCE NON-STATIONARY

Repeating the discrete time presentation of the system subjected to a

non-stationary disturbance of equation (3.2.23):

-
K)("‘Q>i / /

}1 /- gz t /-2 /- cz”’ t (A6.1)

Using the general form of the equation (equation 3.2.12)

2R I +D
= B -+ -
7{, /+ A % 1+ C §: (A6.2)

define:

-1 ,
B =K (1-a) (A6.5)

t -1 -2 '

C = —(1l4c)z + Ccz (A6.6)
D=0 - (A6.7)

Using the identity

* -k
1+ D = N, (1+ C) +2 D . (A6.8)
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A6-2
obtain
* - —k+)
Nk N nlf + + uk_l 7 (A6.9)
A L=/ (A6.10)
and
"y -2 — ! /ot , -2
'+ = / b - (1 +e)?2 4+ c2 +-2 d+d2+ 2 + ..
’ [ ) J “ ! g ) (A6.11)
Comparing coefficients:
20 /o=
P} /
2 0 0= - (14 Q) +d
-2 ’
b4 : o = C + dl
-7 !
4 N o - d
pa . ~
gives:
/ / ! A
D:d v d = {14c) - = (A6.12)

The general form of the control law which minimizes 12 (equation (3.2.15)) is:

(I+A)'DI

(A6.13)

4 M:B(’*C> + %ﬂ% (’+4)(/+D> )4
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A6-3

Substituting the predefined polynomials into equation (A6.13), the following

specific form of the control law which minimizes I_ for the disturbance

2
non-stationary is obtained:
/ ? § Aa
. I —_—
u o= LK (1-a)(1+¢) + Ju
t l(,(:-q) + X ) K,("Q) t-s
k(-9

-;{I(I—Q)Cut—z —_/vt + QA_,}

(A6.14)

Equating cost factor A in equation (A6.14) to zero, the specific form of the:

control law which minimizes I1 for the disturbance non-stationary is found to

be:

'

w = (K'(I—Q)(I-*C)KL-/ - KI(/-Q)(L‘t—z _Zt * %_}/}

Ki("'q) ’

(A6.15)

The general form of the control law which minimizes I3 (equation (3.2.16)) is:

(r+4)0—?d)bl

€ o A/:B(/+c)+ ,\/4,° (/4,4)(/-2")(14?) /"

(A6.16)
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A6-4

‘Substituting the predefined polynomials into equation (A6.16), the following

specific form of the control law which minimizes I_ for the disturbance

3
non-stationary is obtained: ~ ’
L I - )\(q+:)r X
u = - Ak G- + ———— 4 k (i-a)- : -]
‘ K(-a)+ _ X N (-9 Ki(1-a) () ki (1-a) hY
' k (1-@)
A, >\(‘l+')

[ k,(l-a.) + K'(/—Q).C + K,("‘Q) .]‘(’L_z

aa

* -K((a‘a) ' “*‘.’

-C/L + (&+:)¢ - Qc/ﬁ—z ]

t-s

(A6.17)
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Annexure 7 to

Appendix A

DERIVATION OF CHARACTERISTIC EQUATIONS RESPECTIVELY FOR SYSTEMS WITH
STATIONARY AND NON-STATIONARY DISTURBANCE MODELS AND CONTROL LAWS WHICH

RESPECTIVELY MINIMIZE COST FUNCTIONS I2 AND I3

Given the actual system description

2 B !+ D°

- Ty + —_— -
A 1+A° t 1+ C §L (A7.1)

while the derived control laws are based on the model parameters A,B,C and D

which are not exactly equal to the actual process parameters.

The system characteristic equation P(z) is obtained by writing the system

equation in the form

Q(z) | :
ST PGE) T+ (A7.2)

System with Stationary Disturbance Model and Control Law which Minimizes Cost

function 12

Substituting the control law which minimizes cost function I

(/+n)bl
R A/,:B(H )+ Nb, (1+8)(1+D) /e (A7.3)
and the identity
! * i
D = zk(/4fp> - gkA& (/+ c) (A7.4)
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A7-2

into equation (A7.1) gives:

~

7)) - e ) eI [8O+AT) - °Ciea)] + ()0, (4a) + B 1

(A7.5)

Equating A = A°, B = B%, C = C° and D = D° gives:

) = (1o )T+ )] y@,(/+ev + 8] | (A7.6)

As shown in Annexure 5 to Appendix A, the parameters for the disturbance model

stationary are:

k=1 (A7.7)
A=-az (A7.8)
B = Kl(l-a) (A7.9)
C=—czt - (A7.10)
D=0 » (A7.11)
o' = ¢ (A7.12)
Substituting these parameters into equation (A7.6) gives:
Aa |
P2) = (2-)(2-a)(2 - ) (A7.13)
A+ [k (1-a)]

System with Non-stationary Disturbance Model and Control Law which Minimizes
Cost function 12 '

As shown in Annexure 6 to Appendix A, the parameters for the disturbance model

non-stationary are:
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k =1
: -1

A = -az

B =K (1-
v L (1-2)

- -2

C = ~(l+c)z + cz
D=0

1

D =1

 Substituting these parameters into equation (A7.6) gives:

Aa

T(i)‘ (-Zz~(/+c)£+c>C2—a)(-2— .
A+ [k (1-a)]

A7-3

- (A7.14)

(A7.15)
(A7.16)
(A7.17)
(A7.18)

(A7.19)

(A7.20)

System with Stationary Disturbance Model énd Control Law which Minimizes Cost

Function 13

Substituting the control_law which minimizes cost function I

(144)D
ut = -~ * — ‘ /
N B(14¢) + Me (1+8)(1-2)0+p) /¢
and the identity
2 . ek(/-rb) - .ek/\/: (hec) .

into,equation (A7.1) giQes:
@ * v o q ~f
P(z) - (/+c‘)f(/+c)% [B(1+4") - B(+a)(1-27)]

+ (/-fﬂ)(/—z—’)("*‘D)[)/éo (1+4°) + Bo.])z

(A7.21)

(A7.22)
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A7-4

Equating A = A°, B = B°, C = C°® and D = D° gives:

P(2) - (r+c) {(/+C°)/\/k*2-/30(/-/ﬁ°)

(A7.23)

F a0 [0, (4a°) 4 B )

~

Substituting the parameters for +the disturbance model stationary as in

equations (A7.7) to (A7.12) into equation (A7.23) gives:

X(Q-H) XQ .
Pe) = (2-2)(2-¢) (2% - \ @ 4+ kK(-0) = &(i-a)c )
k(o) + K (i-a) e
E?T?Q) k](i~Q)

(A7.24)

System with Non-stationary Disturbance Model and Control Law which Minimizes

Cost Function 13

Substituting the parameters for the disturbance model non-stationary as in

equations (A7.14) to (A7.19) into equation (A7.23) gives:

de

P(z) = (21_(/+c>2 +c>(2—/)(2-q_>(2— K (1-2) - K (1-2) )
A
(g * Kl

(A7.25)
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APPENDIX B : PROGRAM LISTINGS

Annexure 1 : Listings of "LOADER", "SR/DATADEF", "SR/DECBIN"

and "SR/TITLDEF"
2 : Listing of "DISTROUTS"
3 : Listing of "MAINPRQG"
4 : Listing of "SR/PHICA;CW
5 : Listing of "INTMODES", "INTVECTOR" and "ADC"

6 : Listing of "PLOTPACK", "STATPACK" and "STATPACK2"
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Annexure 1 to

Appendix B

LISTINGS OF "LOADER", °"SR/DATADEF", “"SR/DECBIN" and 'SR/TITLDEF"
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10 REM %%

CJ

3 ACER ¥+

l‘ FEM #Tape 1.26-0Q0.-0Q7=%

20 REM zPUrpose-

kuﬂdULT ZRsCATRCEF &% zave (.1 decimal

T%.o & R _ o ot oa 16-bit
=% {1 Ts,C,0 & 303} i b with 2
30 ooltinges Ccalled- gt bilte & Lobuytes
3 CATHDEF i330@) 3E1E REM #IF-DEC (Q<=DEC:=6SQ2%]
4@ CECBIM(3IZ@9) 5 0 te,lobyted

45 STITLDEF (Z£Q0Q1) A #l L0, -

£Q i Cel 1%

S5 REM #0ef SR diresses I

2@ LET CORTRACEF Qac oh EL Lo eiring
2% LET DECEIN=Z @@ numb -

7 LET TITLDEF:-EOD =t

e REHM de Lta=INT (LEC 5
S0 REM $#E0 SRSDATRADEF fomed=0EC -~ ;+i»l

8S 30 3US CATRDEF romea=0 THEN LET b$=“@”
ap REM romeza=1 THEM LET b&="1"
Q25 REM #3awe 3rraus CHE=b$+C S

i@ CLE

. d2lla=@ THEN &0 TO 3320
1% PRINT AT 2.1,

LET LEC=deslta

“RemOve program cassette” G0 TO 3345
FRINT AT 10.1; BEM #C3icC RUmMErLc walue
“iPress CONT when done)d’ Ai.) af atrina number -
11@ IF IWEKEY&="C' 0OR INKEV$="C" 3= CIM AsILIRY . DIM ALLE)
THEM G2 TO 120 : 95 REM #Iniitialisze AL.) -
115 50 7O 11@ Z40Q FOR i1=z1 TO 1&
120 CLS ~ Z4@5 LET AUl =0
125 INPUT “"Storage code=7";Z4% 24180 ME=T i
13@ PRINT AT 3,1, 3415 LET bravo=LEN c$: LET R$=ch
“Save (.1 T§,C D & Siad’ 342 FOR 1i=1 TO bBrawd
qu PRINT AT 11, 1. 2425 LET A{il =VYAL A% ibravo+l-11
“11 Refmove garphofe 30cket A4S MNET 3
149 PRINT AT 1l2.1,; 4GS REM aCalc Lower and hi :h
"2y Pozition d4ata tape & Press Edtes of A, -
RECQRD" 34409 LET Llobute=0: LET hibute=@
148 PRINT AT 14.1; Z44S FOR 1=zl TO S
"Z) Preszs KE PB az prompted” 245@ LET lobutestobyte+2ti-11%
1590 LET vV$="T& " +Z%: Miiy
SAVE Y% DATA T$ il Z45S LET hibute=hibyte+2t i1i-11 %
1S5S LET Yg="C"+I%: My +8) .
SAVE V& DATH Ci 345 NEXT i
180 LET Véa="0"+Z4¢: T4ES. RETURHM
SAVE Y$ DATA 00
1865 LET Y&="S(a)l"+Z4:
SRUE Y¢$ DATAH SO
17@ REM o
175 REM *#derify (J)T&,C,D&5(3)
123@ CLS
1858 PRINT AT 9.1,
viderify (W) T&,Z,0 & S0}
L1990 PRINT AT 11.1;
11 Imsert 23rphone socket”
195 FRINT AT 12,1; ) ZEQ0 REM *#SRATITLDEF %%

“21 Rewind to start Of zEeEries’ Z6Q5 REM 2Tape 1.33-920-/03549#
2@ LET Ye="T&"+I%: ZE1Q REM #Furpose-Inputs string
UERIFY vg DATH T&il d22Cription OofFf the
208 LET Vs:“u“+2$: conterol function W)
UERIFY ¥¢ DATHR C0) N from the uvsers

210 LET .$~“D +Z74¢: 3615 REM #IP (fFrom Operator) -
WERIFY Y& DHTH D1 St7ing data rfor

215 LET vé$="S(a)" " +Z%: o 1N IERE;
VERIFY Y¢ DRTA S() SEZ0 REM 0P -T%H (.1 #

229 REM ZB25 REM #War-1,4,5%

Z25 CLS : PRINT AT 9.,1; TE3Q REM

CURemOYE Jata tape” 3639 REM *Cimension THi.1 -

238 PRINT AT 11,1; 2548 CLS . PRINT AT 9.2'

“Loading completed” “Input no. af Lines (21 max)

235 REM / in title af -U(Ly '

242 REM 2Done INPUT MNSTRING:

245

STOP : CIM T (NSTRING,3D
. : 3645 REM #lLoad T$| } -
365@ FOR 1=1 TGO NSTRING
I/HSE PRINT BT 21.5;
"Input title Line “;i: INPUT £¢:
LET Tsm;;—ss CLS

ISEBd FOR =1 TO i

I6ES PRIMT AT J,1:T74%(4)
BT MNEXT

IBTS NEXT 2

Z65@

RETURN
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. _ 4904 REM *0efine the nNuliber Of
REM ##3R I different value BPS i(called data
¢ REM #Tape iets these CONStants will 3ssume
203 REM #Purp during the Sxperiment-
VIR data ror 4003 FRINT AT 2,1;
Srvay L.l . “IRFUL The NUGESF of differant
biIP+c3ic data for the ZJ4stem valyes BFS (called data-setsz)
dts constants arcayd G the system CONStamts will
CHIF data for the prolcan status assuUme dun1rg the experiment:
control arcay Si.i THPUT EBFP5: LS
1z REM sl3r -1, J
15 HEM *3R_called- 4Q12 REHM #s#xload Cl.1-
TITLDEF & DECEINM 4015 REM #0im Ci.) -
REM . : 4020 DIM CIBPS,40)
REM #Input string desirips= 4024 FREM 2%¥43XFFEXLXLLEXFLFLEFF
rign af Uitd- 4028 FOR =1 TO EBRS
GO ZUE TITLCEF 4930 REM
REM #3Define systen cons 4936 REM ##Input z3mPLing d43ts-
te which vremain unchangsd 4040 REM *INPUL no. of Samnples
Bghoat the experiment & Mep LBp in data-set -
3s L.~ 4044 PRINT AT 3,2;
REM *Cim Di.0 - "InPUL the NUMber of 3akples
DIM D7) ' . MsplBp using data-zet " ;" of
REM #3pecific heat C3apadity "L BPS: INPUT NeplBp: CLS
HOJAEQ kT far watar LET ©1j,1) =INT (NspLEpRJ
LET H=4l%@:. LET DUll=H 4943 REM #IP the samPling Period
FREM +Maszs HiEID of wated: 1n Ts (5] far data-set j-
culindsr- 4052 PRINT AT 3,1;
LET M=zl@: LET D i3} =n “Input the samplLing period Ts(s)
REM *TherGial I"E‘SlStaﬁLt R For data-set L ii Tt ofF ' BPS
between water and ambient- PRIMNT AT 12.4;
LET R=.S5: LET [031=R " i@¢=Ts (=BSS35) " INPUT Ts: CLSE
REM #Rmbicent temp Te (O} - : IF T5<@ THEN LET Ts&=@
LS 0 PRINT AT 2, 1; _ 49568 IF Ts:55535 THEN LET
Ut ambiant temp Te (de@ 20 Ts =E5535
HPUT Te: CLS : LET Digs=Te 4Q8Q LET Cij,2)=INT iTs)
REM *Cold intet wated Ltemp
Ti w2 -~ :
ZaSQ FRINT AT 9,25
"Input coltd dinlet water Lemp
Ti (deg Cs:": INPUT Ti: CLS
LET DI(S)=Ti
3934 REM 0P flLOW-rate MmaX
(h9s5) with the HP WY OPpEn -
“Input ouUutpuUt r|0w'luf= Jinax
{(kas8) with the output valwvs
apen: ' INPUT Umax: CLD @ LET .
DBl =tnax ) i
3992 REM sPower vating il of
heater element - )
3995 LET Prating=2700: LET DiVi=
Prating
4000 REM =xxDerfineg sSystem Can=
stants which may change duvring
the experiment and Load array
Ci.l with these as well as the
constants atlreadd defined-~
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4054 REM #Conwert Tz to 18-bit
numbs . -

1085 LET CEC=Ts: GO SUBE CECEBIN
AR72 LET TaLE=tLobyte:
LET TaHE=hibyte:
c,hJ=TsLB:
=TaHB

()
LET CUg,47

anL= con=

DN LR
TR | m ]

Ny ,Bl
c=d5a T2 /Ty
teger
1=
S0 1 S OAMD
2 : HEM LET
W = 1IN { )fi]:
LET i, S W S0 TO 419a

4100 LET 1=14+1: G0 TO 4998

4184 REM

41903 RERM #Zonwert Twy o 1S8-bit

nmbe v -

4112 LET CEC=Twy: G0 3IUE CGECEIN

4116 LET TwwlBzlobute:

LET Tu.Hb—hxb S
LET _K\,DJ" v LB
LET 1,71 =TVvVHE

4120 REM *1F the mMominal [ Loy~

rate (kg ~s3) For dasta-set -
124 FPRINT AT 9.1,

“In L the nominal fFlag-rate U
i K } Far data-szet ;o oyt oQfF g
BF FRIMNT AT 13,4
PiRs=Uo=lnaxy 't FRIMT AT 14 .4;
i CLmax; o kasst: INFUT W
I Jxlimayx THEM LET Us=slmax

41 U@ THEM LET U=0

41 LET Cig,.2i=: CL3

4136 REM #Input the width DELU

QF the white noizsg flow-rate

pdr-

414 REM T3 l<¢ max allowvable

value DELUmax foa¢ DELY-

4144 IF d+lUmax-U)4=2*U THEMN LET

cz=EE (Umax -

4143 ¥ (Umax -U) THEN LET

U

4152 FRINT a,1;

“Input the th DELVWIKQs 851 oOfF
the white 2 flow-rate pdf
which 18& etiical around U
for d4ata- Y0 o nrF "I BRS:

PRINT AT 14,?;

"GELU =" DELMmax Y kgss

INF'LIT DELY
IF CELUSDELUMAax THENR
LET DELV=DELUmAX
LET C(j,19) =DELY. CLS
REM
REM #3IP model comstants
REM #IF the setpoint e
r 4a3ta-sat j-
9,1,
tht aetpoint
Foad data-=
EFRINT AT 13,5
INPUT Tt
Tt:10@ THEN LET TiL=1@
Tt«@ THEN LET Tti=@
T Cig.1li=TL: CLS i
M #IF contval Cost-FURCS
ctor LAMBDR-
INT AT 9.2;
control cosf-fun-t
v LAMBCA for data-=
; f UL BRE: INFUT LH
LET C£14¢j,16) =LAMEDA:
2 REM *IP Fower Wh 1o
4c@4 LET @h=
(Tt T:J/R
4203 REM

4z12 LET
LET
4215 REM

=@ LET
LET

56
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4224 REM #Calec sgystem canstant
Triis) -
4225 LET Tn=MsMs {UsH+LRY
LET (4,29 =Tn
4232 REM #Calg sysztem Cconstant
Tp i2) -
4235 LET Tp=MiH/ (UxH+1/R!:
LET Cig,a1 =Tp
4249 REM xZal¢ system Cconstant
ALFHA -
4244 LET ALPHA=L1-ExXP Tz <Tp:
LET (0,221 =RLPHA
4248 REM *Catc sysztem Cconstan
CRAMMA -
4252 LET GAMHA=
LET 24,23
425¢ REM
4260 REM #%Calcuiate Comtrol
runction conztants -
4254 REM
4283 REM JL3Fy fdum war)
4272 ¢ 1 1L-ALRPHA!
=c 18
4278 1,24 -
4259 =1/ (C1E+LAMBLA ~
4334 251 -
1238 =2 1R XGAMMR 4+
LAMBEDR+RL.PHA -
4222 REM #C3= J.23) as defined
4295 REM #cd= y 261 —
4300 LET Cij, =ALPHA*GAMMHA
4394 REM #(5= 2T -
43038 LET Cd4g, =Cl1ex (GAMMA+1Y +
LAMBDA: (ALPHA SC1B
4312 REM $cE= ;281 -
4316 LET C1j, =~ |LAMBDH»
(2+/LFHA+L) 7 C ClexGAMMAD
4320 REM xc7= , 29) -
4324 LET Ct(j, =LAMBDOAXALPHA ~
cle
4328 REM *c&=C(J,30) -
4332 LET CH(4,30) =(RLPHA+1) %
GARMHMA
43358 REM #c9=-C1{j.,28) as defined
434@ REM #c1l@=C1j,3L1) ~
43544 LET C(J,31) =Cc16# 1+GAMMA) +
LAMBDRA*¥ARALFHA L C1E
4348 RER $cll=C(,,32) -
4352 LET C(,,32) =-Cl6xGAMMA
4355 REM $c1l2=C104,33) -
4360 LET C(j,33) =Ccl16* (2+GAMMA)Y +
LAMBDA* (ALPHA+2) ~C 16
4354 REM #c13=C(,,34) -
4368 LET C(j,34=-(C1&x (2%GRMMA+
1) +LAMBLA# (2¥ALPHA+1) ~#C16)
4372 REM #c14=C(j,39) -
4278 LET C(J4,35) =c16%CRAHMMA+
LAMBRA*RLPHR /- 16
4350 REM #c15=C(,;,38) -
4384 LET C({.J,3B) =ALPHRA+1
4358 HNEXT 4
4332 REM

4390 REM #4X XX FLXFXFXLEEELXEEE

4400 REM xxDefine prOaram status
contergl variables -

4434 REM #Dimension Si.) -

4405 DIM 5449

4412 REM sCalculate the total
number oF samples ror the expes
riment NSAMPLE 38 the sum of all
BRS values ofF NsplBp-~-

4416 LET NSAMPLE=O

4429 FOR i=1 TO BPS

34424 LET NSRAMRLE=NSAMPLE+C (i, 1)
4428 NEXT i

4432 LET Sil):NSRMPLE

4435 REM xSave the number oF
data-sets us ed in the experiment
4440 LET 5(2)=BPS

4444 REM '#Initialize the number
af samples completed MNCOMPL -~
ét¢8 LET HCOMPL=®: LET 5(3) =NCOM

4452 REM xSave the Number oOF
HxQ$; NSTRING in the title OfF
uit) -

4456 LET S1(4) =NSTRING

4460 REM sFinish

1454 RETURN



LISTING OF "DISTROUTS"

sEM
REM
REM

SAES REM

5Q40 REM

5045 REM
EQ5@ LET
LSS REM
CQED LET

U L,SY 0o

ERES REM
SQTFd LET
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2O TRTROUTS x ¢
Taps ~-Q4D /048 %
«OnNE T

aT e EA2T)
WIS ne S1Q%)

PO GENerates

Fl1abkd o BGth stat &

dist th sxperinent

S1fu niet)

*¥5R 45 DIST++#

RO Generates stat
ran L o war fo¢ both
2 HE Nt ITwont &
1M on (e t)

*IF -0 set §,30.1,
[ ax

FOP-Tyan (v Ay Gni-timgl &
st isimulated tenmp 4ist

rhd =RMD

¥CTalbe detYvan-
delTwon=irnd-.951 %
1!1@1fUmax

*Ca L VO -

Twari= 311.81*Ll4 Sy &

Vmax+de LTYan

=%

2105 REM
611 REM
211 REH
212 REHMH
2125 LET
2139 REH
2135 LET
+irnd-. S
clida IF
g ,3 %0
de LlTvona
TUd .S U
Bld4S IF
Cig,S) s
=, 9% (~C(
21%Q LET
5155 REM
2150 LET
iimax +de LT
51865 REH
517@ LET
Umay x4e LT
5175 REM
138 LET
€155 LET
2138 RETLU

D =

o=

=

**DRASNSTRTDIST £+
$Purpose -As HPIQTRTEI
Bt far non-stat dist
#IR&OF ~R2 -F,JTHTD AT

rrd=RND

#¥Calc delTvonact
delTwomact=delTyonactl
*3

e LTy VS -

d, 5] LET

L=, (.91 %
axl

elTyonact<-Ci{j,a)s

ax THEM LET delTvonact
LSO LE)Y sUmaxd
delTvonactl=delTvonact
¥Calc Tvon-
Teon=Clg,%9)x2(,,5]
vanact

#Talc zetat
Tetat=Cl, ., 19 2C0y .2) %
wanact s o0y, 8)

*Zalc et
et=C(j,23)+setl+zetat
etl=gt

R

Annexure 2 to

Appendix B
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Annexure 3 to

Appendix B

" LISTING OF "MAINPROG"
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18 REM %+#MAINPROG s 289 REM s#Lef SR-addresses
15 REM #Tape 1.Gb-035.054+% 255 LET DECBIN=3300
28 REM #Purpgse- 29@ LET FHICALC=3000
onduct stochastic control sifus= 2395 LET STRTLDIST=5@25
ationsexperiment OF 1st order @2 LET NSTRTCIST=510S
ife3ar system subgjsect to statios= 325 REM
rdysnon-stationard disturbance 319 REM =*L0oad (JIC,0 % S(al-
s1ng Conteol Law la=2/3. 3l CLS : PRINT AT 9,1;
25 REM #IF-(.)C.D & 3(a) "Remove program tape”
38 REM #0P-(,)@, T & Si(b) 3@ PRINT AT 18,1,
35 REM #5ubroutines ‘called- “iPress CONT when doned”
4@ EEH SR/DECEIN (332Q@) 325 IF INEEVE="¢" OR INKEV&="C"
45 REM SR/PHICALC (300Q) _ . THEN D _ToO 33S
5@ REM SR/STATDIST (G@23S) or 32@ G0 TO 32E
BRANSTRTCDIST (8105) 335 CLS
55 REM #Machine c¢ode routines INPUT "Storage code=T" Ig
called fFor experiment - 340 CLS FRINT AT 9.1,
20 REM  INTUWECTORC & IM1-,IM=2 "Load (.3 C,0 & Sig)”
£S5 REM 345 FRINT AT 11.,1;
79 REM #%5slect options-~ "1 Inzert & rewind data tape
TS REH - to start OFfF s2ries”
5@ REM #5im 0r exp? IS0 PRINT AT 13,1;
S5 CLS PRINT AT 9,1; a1 Fress pPLAY"Y
"Simulation? (4/n) " 3558 LET v§="C"+Z4:
9@ IF INHEY$=“9“ OR INKEY$="Y" _ LORD Y¢ DATA C()
THEN LET SIM=1: GO _TQ 125 IEQ LET v$="D"+Z4%:
a8 IF INKEY$="n" OR INKEvY$="N" _ LORD %'4$ DATAR D)
THEN LET 3IM=@: 33 TO 125 385 LET Vvég="5(a)"+I%:
1090 GO TO 30 LORAC v'$ DATR S
125 REM 379 CLS : PRINT AT 9,1,
110 REM *Load machine code pros= Stop & 'taw— data tape in"
grams if exp- 37S PAUSE 1S
115 IF 3IM=1 THEN GO TO 12% 250 REM
120 CLS : PRINT AT @,1; 33% REM *Ir params perturbked
"Load machine <ode": PRINT AT ale Carrect values
18,1; " (4 CONT when Loaded)': 2?@ IF PERT-u THEN GG TO 450
ETOHR 395 REM #Calo correct K&
125 REM s5tat of non-stat dist 490 LET Fi(S)=iC(1,111-P (41} /
mode L7 P(1)
13@ PAUSE 1@@: CLS 405 REM #Calc corvect Kl
FRINT RT 9,1, 410 LET P51 =1-(P (2} %D (L1 +1/
"Statiy) sMon-statin) dist Pi31}
model 7 41S REM #Calc correct Tp & Tn
135 IF INKEY$="4W" OR INKEY&="Yv" 42 LET P(7)=FP{1):011) /
THEN LET DIST=1: GO TO 1SS . . (P21 D (1) +1-FP(3)}
149 IF INEKEY$="n" DR INKEvV$="N" 425 REM *Calc correct RLPHR %
THEN LET CGIST=@: GO TO 1SS ~ GAMMA
145 GO TO 135 450 LET PI(S)=1/EXP (C(l,2)
150 REM _ P17
155 REM #Real dist stat or 435 REM #Calc correct
non-stat? Kl (1-ALPHR)
15Q FPAIJSE 12d@: CLS 4490 LET P1g8) =P (68) s(1-P(38)}
FRINT AT 9,1; 445 REM
JUReal dist qt-tlg,/Non_qtatln) 450 REM xRAlLocate D(.}) names-
455 LET H=L (1) : LET M=D(2i:
1585 IF INKEY§="yY'" OR INKEVg="Y" LET R=D(3) LET Te=D(4]:
THEN LET 0ISTR=1: 50 TO 189S LET Ti=D(S3: LET Umax=DI(6)
17@ IF INKEY&="n" OR INKEY$="N" LEI Frating=01(7}
THEN LET DISTR=@: GO TO 185 450 CLS
176 GO TO 1868 455 REM i
180 REM 478 REM #xInit condition if exp
185 REM sControl Law 1a2-37 475 REM _
199 PRUSE 18@: LS 450 IF SIM=1 THEN GO TO 76%
PRINT AT 9,1; 485 REM .
“Control Law lmELUJ/Jan"” 4239 REM #Zev0 flags-
135 IF IMKEYV$="4'" OR_INKEYVS$="%" 495 LET Fiagl=a
THEN LET CNTLAW=2: GO _Tao 215 _ S0@ POKE S@@Rl1,Flagl
20@ IF INKEvV$="n" DR INKEY$="N" S5 LET Flaga=e
THEN LET CNTLAW=3: 530 TO 21S Sl@ POKE 6000z ,FlLagz
205 GO TO 19S5 S15 LET Flag3=0
21@ REM 520 POKE £OYQ3,FLa33
215 REM xPerturbation required 525 REM
for sensitivity anal’ 3@ REM xInvoke IM2-
220 CLA PRINT AT 39,1; S35 LET vuvsr=USR 576@1
“Farameters pecturbed (pl ./ 548 REM
correct(cy 7 545 REM #FroQram PIO s -~
225 IF INKEY$="p" OR _INKEV$="P" 558 REM
THEN LET PERT=1: GO TO 2 555 REM *P101a OF-poOrt-
228 IF INKEY$="c" OR_INKEY&$="C" 56@ 0OUT 207: OUT 11,Q:
THEN LET PERT=0: GO TO 289 _ LET PIUla 3
235 GO TO 23S SES REM 0P Zero power -
24@ REM #Input correct values S?0 QUT PIOla,25S
of perturbed paramns 75 REM #PIQlb IP-poOrt-
245 REM S8@ OUT 15,2@7: OUT 15,255
252 OIM P9 5@5 REM EPIQEb Control-part-
255 LS : INFUT S99 OUT 31,2@7: OUT 31,32
“Correct mikgl=7";PIl): CLS - LET FIO2b=273
28@ INPUT "Correct UiKkgs/si=7"; 595 REM
Pi{2): CL3
265 INPLT “Correct RIRK/W =
P 3] CLS
270 INFU "Correct Ti (deg C)=7"
; P(4) cL3
275 REM
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280 REM ssFre-hsating- 59% REM #L03d cCcounters-
2QS REH 0@ LET CTsHbE=2i(1,47
Bl@ CLS . PRIWT AT 3,1, LET CTslb=Ci1,31;
"Pre-heating r“qUL'ej u-.u" LET CTwwHEBE=C01,71
5l IF IHFE{$='n )= INKE F=N LET CTwwlb=Z01,8)
THEN =0 TV E=1" LET CTwoHbB=TvoHE:
=g QR INEEY$&="%" LET CTwolb=Tvolb:
s LET TwvHbB=C{1,7):
SRS LET Tuwlb=Ci(l,8)
£33 QS FORKE SQ004 ,CT3HbE:
35 c~heatingd requicred FOKE £QQQS,CTslb:
&40 LL: IHEUT FORE £0QQ@8 ,CTwvwHE:
"Fre-heating power (WY TS Rave: FORE 2Q@@?,CcTvywlb:
CL3E “OREE SQ8QS,CTwoHb:
245 GO SUS PHICALC FPOEE ©@Q@Q3,CTwvwolb
E5Q OUT FPIGls,Pwirbdts 21 FOKE £0Q19,TywwHb:
655 FPOKE S@Q11.Tvvlkb:
SEQ srisplay temp =ach = - E EQQ13 ., TwvoHE:
SES +Init timesr CTaHbBE&LE- EQR15, Tvalk
&7 TiHE=9: LET CTsLb=5: = ¥3Witeh dizst vy on-
gl S0004 ,CTsHb: =¥ I02e,BIM 11111101
=l QRS ,CTELb = ¥Zet FLags -
5§7E REM #RCctiwate timer- = L39%=1: LET Ftaaz=1
5839 LET FL3gl=1: L331=1
FOKE SOQQ1,.FiLagl = GEE EQOQE  FrLaad:
535 REM *Re~-init PIGla CRE C@Q@Z.FLags:.
S3Q OUT 11,207 OUT 11,0 IR, SR80l ,FLagl
LT FISla,Furbdte 2340 REM 0P nmominal power -
EQ9S REM #0i1splad Lelhp & poWer- 4SS LET FPave=C(01,171
7@ FRINT AT 18,1, 259 E0 SUE _PHICRALC
Tt oz to stopl” QT OUT FICla,Purbyts
TAS IF INhE”s- = OR INKEY$="3 26Q REM *End of initisilization
THEN GO TO 614@ Q65 REM
710 IF FPEEK &£@0@1=0 THEM LET 27Q REM #+#Start of main Loop
TEMF=FEEK BQR14x1-2.5%5: CLD 375 REM
FRINT RT 9,1;“Temper.ture=”; 28 REM #RACtivate rea3l
IMT TEMF; 483 CU: FPRIMT AT diztuicrbkance
i ; ‘P“mh-s";Paveg” IR Q3% IF CISTR=1 THEM GO SUB
TEA STATCIS
GO TO B538% 228 IF DISTR=Q THEN G0 ZUB
EH slimit power 1§ re3- _ MNETATLIST
F TEMP>C{1,11) +3 THEH 295 REHM
TS0 1200 REM xMeasurescalc 4t %
REM #5afety Limit : 12 {3V for eXprsoifi-
IF TEMP=C1i(1,11)+S THEN 1285 IF SIM=1 THEW GJ TO 1145
GO TO 7S 121@ REM *ExXp-
748 GO TO 665 1215 REM xConvert Tvyvon to hex -
745 REM lez@ LET CEC=Twon
750 FREM #*End pre-heating,ld out 19028 GG UE CECBIN
7ES OUT PIO1la,2TS: CLS 1830 LET TwoHb=shibyte:
TEQ REM LET TvolLb=lobyte
TES REM £Sample-ctass J <alc 1335 REM #Check 1F FlLagl=0Q
init- 124 LET FlLaal=FEEEK G001
TFO OOIM Li{S(213: CIM H{S(21} 1948 REM *Re-init PIO:
775 LET L=1 : 105 OUT 11,207 QUT 11.@:
TEQ FOR 1=1 TO S22l OuUT 1%,.227: OUT 1%,3235%
TES LET h=Cii,1)4L-1 QUT 31,.207: QuUT 31,32:
7o LET Liii=L: LET Hiuil=h CGiiT FICLla,FPwrbyte
T3S LET (=h+1 1055 IF FiLagl«<;@ THEN S0 TO 104@
300 NEART i 1Q6@ CLS
S80S REM 1065 REM #5cate  TEHMFP-
G1@ REM sxInitiatlization- 127@ LET TEMF=FPEEK E@Q14x1-2.55
5315 REM 1978 REM #Round-orff to 1 dec &
G2@ REM #Init § & (3) - _ zave TEMF-
2 LET J=1: LET & =3 1Q&@ LET TEHMP=INT (TEMF:1@+.5) ~
SE@ REM xDimension (.0 @ & T- 1@: LET TiSiZ) 1 =TEMF
S35 DIM @isilry . OIM T{Si111) 18389 REM *Load Couwnters-
S48 REM #Init ariables - 102@ LET iTsHb:Cl1.¢J:
G4S LET T (13 1,113: LET ytz=Q LET CTslb=Cil,3}: ’
LET Ti2)= 1,111: LET dtl=@ LET CTewHB=C(1,7):
LET @il)=C461,17): LET ut3=0 LET CTvwlb=C(1,6}
LET @i21 = 1,17 LET wut2=Q LET CTvoHbB=TwvOHE:
LET @133 = 1,173 : LET utl=@ LET CTvolb=Tyvolb:
LET qtl=Q LET etl=: LET TvwHb=Ci{1,71:
LET detTvonactl=0 LET Twwlb=Ci(l.&)
359 REM *RAcCtiwate r=al 1995 PUKE E0Q@4 ,CTzHb:
disturbance FOKE COQ@S,CTsLb:
555 IF LDISTR=1 THEN GO SUB FOME S0QQ&,CTvwHb:
STRTDIST POKE S0Q@7,CTwvwlb:
S5 IF DISTR=2 THEN GO SUEB FOKE S0Q0S,CTvoHb:
WSTRATOIST FOKE 60QQ%,CTwolb
&5 REM #xInit counters & fLags 119@ POKE S201Q,TvvHb:
and GF-power 1§ €Xp- FOKE £0Q11,Twwvlb:
570 IF SIM=1 THEN &0 TO 260 PORE SOQLE,TvOHb:
878 REM xConvert von to hex- FORE £0Q13,Tvwolb
850 LET DEC=INT Twon
835 G0 SUB DECBINM
Z2@ LET TvoHB=hRi1bd

JLe
LET Twolb=Lobdte



-161-

11@% REM #3witch 4dist v.ow on-
111@¢ QuUT FIOS2E,BIN 11111101 143
1115 REM #Z2et flags-~ 1435 REM
112@ LET FLagQZI=1l: LET FiLagz=1
LET Fiagl=1l
1122 FOEE S@Q03, 5
FOREE &0 . L= Rl l4ad IF
FORKE 2@ 31 IL b 5
11 REMH %23l THEH =0T
113 LET 4t=T -, 110 CLS
LET qt=@ IF CIZT=1 THEM FRINT AT 1,1
114@ GO TO 12Q% tionary diztyckance”
1145 REH #£31m- IF CIST=Q THEM FREINT AT 1.1
11@ REM #CZatloc Jgt- -3tationary disturbance
1155 IF PERT=Q@ THEM &0 TO 117 IF CHTLALI=Z T =H ”FIHT aT
1152@ REHM sFar erturbed pacrams - ;tZon ol Law 1o
1168 LET gt=F QL1 +F (S st ] IF CHTLAL=3 THEN FRINT aT
GO TO 11 s Conteol Law 3
117@ REM =FPar oot p FRIMT AT =,1.;
1175 LET qt=i¢ 2t xqt LRFoiInt=s"; 204,118, deg <
utl FRIMT AT ©,1;
1120 REM *;1m t et ¥ bda=",Ci,,16;
1155 IF qf+v .,11)+et} FRIMT AT 23.,1;
LET f—lOk—qi—CtJ zured temp="",TI{Z(3Y-1),;
113@ IF qt+i«;.i11+et{ 3= BN
et=-qt-C{j,11) FRINT AT 1@.1;
1138 REM #Talc 4t ,7oun JULPUL power=" RIS 0FH) U
one deo & Cald 2@ PRIMT AT 13,1,
1Z2QQ LET Jt=qt+et ] Zampling peiiod=";Cig,2);" "
LET Jt=INT {4dLzl@ 1. 14325 PRIMNT AT 14,1,
LET T2 ({31 =gt+C( 1 Sample ",S0Z)," oorf Y, E{L1d
12Q% REM *End of ut & i REM *End of JdizplLay
CALCsMEeEazIuren t REM
121@ REM REM #G0o to s3tart of main
121 REM $#Pro9ral J-Count Cons Lo Qp —
tral - GO0 TO 27
12 IF S(31=2t¢l) THEM &0 TO REM
1832 REH
1225 LET £1i3) REM ##End of run-
123@ IF 30371 < S34 = REM
L{j} THE®#® S REM 0P Zerd poWer —
1: IF j=3:i2) J=Q IF SIM=1 THEM GJI TO 1Se@
1: LET J=j+1: 12359 SEQ OUT FIOla,=25S
1: REM #End of j-count Contral 15955 REM
1: REM 155@ REM *3awe ., ) Sib),a & T-
1: REM %#Calc Conmtiool ut- 1S8S LS "PINT AT 1.
1 REH _ tDave (L5 ikl @0 & TV
1 IF CHTLARW=Z THENM GO T3 131@ 157@ PRINT HT 1 1
1z REM "1l REmOVE S37PROnEe sQcket”
1: REM *Contyrol Law 3- 1578 PRIMT AT 1:J1;
1: IF 0IS3T=1 THEM GO T 1235 “21 Note count & press RECORD™
1 REM #MOon tationady dxat— 1250 PRIMT AT 13,1,
1 LET ut=C(j,2¢ = 3 "Prezs KB PE sz prompted”
el (g, 5 19S5 LET YWé="Z (bl "+I¢:
S~dt 4l SAVE Y¢$ CATA 51)
(e 1990 LET Veée="Q"+%¢:
Sta SAVE W% LCATA @il
t 1535 LET ¥é="T"+I%:
KA i SAVE ¢ CATA T O
) [ 15@@ REM
] = 12@5 REM ilerifd (.1353ib) ,& & T-
12Q€ REM 161@ CLS
1310 REM #Contral I 1815 PRINT AT =.1;
131 1IF DIhT:l " ] “erify ()5 0bkY @ & T
153280 REM #MNoni- ion 122@ PRINT AT 11.,1;
1225 LET uwut=C L) “"11 Insert eaiphane s&6cket”
Utl+iZi ta- 1528 FRINT AT 12,1,
L 340 "2) Rewind Lo prevwious count”
Yy 1838 FRIMT AT 13,1,
Tx( "31 Frezz FPLAY"Y
t+C 1635 LET V&="S({bl"+Z¢:
L VERIFY Y% DATA 5]
164Q LET ¥&="Q0"+Z¢:
MISi3yYy if L] ¥ owgd DRATA @)
3y - 1645 LET Y&$="T"+ZI%:
= UDERIFY & 0RATA T}
, 1700 155 REHM
FixPrating THEN 1659 CLE . PRIMT AT =,1:;
=Frating "Remaowve & =toare 4ata tape’
T14@ THEN LET lEZQ PRINY AT 11,1,
End orf run”
FOWE = l16&% STOF
EM GO TO 14@%
S U500
[e{u} gLz
it FPIC=
HUT o OUT 11,8
ouT ! o QUT 15,259
QUT 31.,=2@7: OUT 31,32
140Q@ COUT PIC1la . Pwrbyute
1405 REM
1410 REM *#*Re-1nit dumyg-var -
141% LET yt2= 1: LET utl=yt:
LET ut3= 2 LET dt2=utl
LET utls= o LET qtl=3¢t

1420 REM
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Annexure 4 to

Appendix B

LISTING OF ®"SR/PHICALC®
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Annexure 5 to

Appendix B

LISTINGS OF "INTMODES", "INTVECTOR" AND "ADC"
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QRO #¥INTUECTS

[ulnfnpin QAW Q@1 .*TI”TUE‘THP
QAR QRed YOOz s 1.55-050
winjalt] QRaze
QAAG AGA4D
uleloly) QRO
ulelell QU140
ﬁooo QBLED ORs STESQD
Q17
QAAELER
AALHQ CIEC Egif QD0
QRZOd
[ulupsy ]
Cof code addiess STELQD QO INTR FUsH RF

BILEG dQ240 Fi I:H HL
SOLED BOZE0 :
@QL7Q RN

Coaddr @azve

QA0 Hzl LG A, ICEECH

ING A
Lo {CRECY,. A
= Oh STACK ] £

S 2, CONTRL
EEYE CHALL Q2EFH

=T FOF QE
FOP  BC
FOF  HL
PP AF
@0400
0410 EI
Q42
FH 0a4:3@ RET
shgldteri BG4
e POF OE Pa4sd
@ FOF BC N QR4BR
folt) FOF HL JR4 T
d POF  AF QRS
00400 JEnable intedrupts RASE® fLagl EqU  CSEC+]L
G410 £l QOSI® fiads B rlaal+l
QR4ZD SR tum GRSE@ fLaa> EQU  Flada+l
FOL G RET QRSED
aod4@ DESS@ CTsHe EQU rLagd+l
D045 BOSSQ CTslb EQU CTsHb+l
SE4EQ . QRE08 CTwwHb EQU CTslb+l
Q47T EREY Q@E10 CTwvlk EQU  CTwwHE+1
PALEQ | Temperaturs measuremsnt and ' ERES GOE”B CTvoHb EQU CTwelbel
deLEd o disturban rontine ERGS = CTwolb EQUW  CTwaHb+1
YQAEOQ [ Entiy oncessecond El141 @0h40
fuful o S ERGH GOE7@ TwyHb EQL  CTwolb+l
QRS2Q  FLags addi EREE: ARB3@ Twwlh EQU TwwHb+l
QASIR  flagl EQU ERGC AAESG TwoHE EQU Twwlb+l
YO540  Flads EGU rLadi+l ERsD AOTOR Twolk EQU TvoHb+1l
QRSS®  FiLagd EQll rlags+l El41 Q710
BASEQ El41 R720
OR? 0av3e PIQIE EQU 70
EHH ulnig 0740 PIOZE EQU 230
00‘”0 EU“ E141 AATED
QRERY Ty £ E141 750 )
QBELD  CTweib EQU T E141 ZEQQ @070 CONTRL LD A0
QREZG  CTwoRk EQ CTvwlb+l E143 IZEROER ulb gzt ] LG (CSECH A
QREIQ  CTwolbk EQU CTwobb+l ’ £146 ujeis{ult]

dRS4D ;

QRESH [ Mext mpilnu FEriod CCoUntErs)

QQELD ;dddlﬁi=

QRETR  TwwHE EHH CTwolb+l
'L

QREED EGQU wHb+1
QOEID EQid T \"'\-'Lb+1
QAT g v+l
oR71e

a4

BRTER

QRATEQ

QRTTR Ress
A

et S@-HT oounter
Qa7 ITRL. LO A,
QATIY LD CCSECY LA
AR5




¥
Aloie
DQLIOZW
QLR
G140
QLOEG
QLAEQ
viava
RLASE
Q1R
Qllad
Qlite
Qlize
AL1Ed
Qlida
@1l
JLIsd
G117
Al1sa
0L140

QL3330
31400
Q141
QL4209
@1430
ald4@
did50o
D14ED
@1l47d
D1430
0143
D150
Q110
o) e
RLER
Q1S40
Q1ES0
QLEED
Q1STR
QLSS
QLE9@
Q1L
Olhlo
: 3

QLESR

m

L _; LD
Lo
Lo
Lo
DEC
Lo
LG
LD
Lo

THo,
B ‘::,"l" Ck i l"
Hd LD

o te

JWes, FLa3s 13 :_'-tr
sOecrement Counter Twon
b= Lo H_lLTlng]
LG E,A
LG A, 0Tl
LD CLA
DE:  BC
L0 A.B
LG (CTwoHEd A
L0 A,C
LD lCThuLb' Fi

JChECE 1F de

L] Sf Dont

-~ U::

i, liT--Hb
E.
Tl

:_r_'x

- i i I i

—

wyHEB A

(o
,L
CTwuLbd L B

vy

IL

SCoUntEr Tvon=a

L.O
R
JP

L0

Lo

JEMLLCh Wy
LO
LT

JFinishk

JP

iMo, Flagl iz not

SR tCh W
Ml Lo
T
sFimish
JdP

Counter
FLags

H, o
B
MZ.ME

Twor=a
H,Q

LFLag3l A
off

A, L1111108E

PPIOZEY LA
FIMNIEH

et
of ¥

A,111111008

(FIOZBI A
FIMISH

walige

dECFFmPH?hj Wl of
c Ty '\-":'-@

af
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o 3HB1ER
4 FEQL
CERCEL

SASIER
FE@L

£S CRCZEL

D ZRGEERA

47

ZAGTERA

GOS10
fuJofaiedn)
ol o)
00340

00400
[uluia) Kol
uln =)
Q@AZ0
API4Q
[T l=tan]
QQIEQ
PYITA
[oluixEdn
QEa3d
dLBOd
D11
@Le20
QLAY
JLesa
?LOBA
alara
QL@@
Q130
@alll@
?112d
@113
@1149
Aallsa
Q11
Q1173
dLLSD
@lla@
QLI
91219
nlzz0
Ql23@
01249
J1250
@L2E0
QLIE@
1299
01308
91310
Q1320
Q1349
V1350
QLISD
a139d
Q140
01410
214z
Q1430
B1l44Q
01459
Q1469
P147Q
@140
Q1490
PLS0O
2151
Y1520
L B3]t
P1S50
D1SEQ
Q1570
Q1588

d152@
Qleod
Q1518
Q1620
91E3d
Ple40@
91659

91650
D1E70
) (a1
Q159

Mz

a

R

Y8

W1

LG
QT
P

Lo
ouT
JP

Hoqm'rFD»

~ D DO DD
-y -

b1l
-
m
I

L

m I

v Ve

H, (fLaga!

1

ME, NS

'TCJHL
Tnva

e e e e

T wHED R

- Il'-‘ Ifml._tIl'ﬂ_Il

T-- vLbl A

CTvaoHk)
LoTvolb?

{
R

$OHE
Vol

~D~TOOTMI
e P e I LR

—lf"—l"." Il
=

o
—
I

11111100
iPIOZE} , A
FINISH

g,llllll@@
(PIC2B) ,A
FINISH



dLTO0
3171

@'000
@'010

0‘140
QZ1E@
Q210
02170
@B2L5a
Q21498
Q228
V2218
QY2220
0“ «@

V2470
02440
D450

CLear fLaal
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FINISH

TR, FLagl iz not o set

ix" 2 L D
L
Al Lok v
LO
QT
MEazure an
CHL
Fifinsiy
R
BTN S WY
R Lo
T
F 1 My 5;‘1
JFE

aff
A, 111111006
(PIOZBY A

FIMISH

LD

LQ

L

L

[

Witch Wy Hﬁ

Lo A, 1311111018

ouT o (FIDZEY LA
Set FLaald

Lo R,1

LD CFLagll LA
JFinish

W FIMISH
Mo, FLagd is not =zt
Finish
M JR FINISH
Mo, Counter Twon not= Q
JFLnish
MG JP FIMNISH
PRETUM 10 SO-HZ LOoR
FIMISH JP REVE
.f****rffr?v LR EFERLEREFTREES

i5-k
.-nl.lUl tes

,Tamperature

VE¥ ORDC

ENPERHTHRE MEASUREMEMT SR
orverts 128 analoa waluss o
it bytes in SUCIRIS10n and

the ayeraae

2tarade bute

JUTemp"” addiress

Temp EQil  Tulb+l

PIul port B: S-bit conwverted
tenperatiee value

PIU_ pacrt B control bits:

””*F”f~ B % BL Low ror Wy
i shut, B@ h1Qh and Bl Low for

} AN CEET

atpist B2
s Ltput B3
Loostput B4
; Imput BS:
;o Gutputs BE,ET

g high

,InltldLl~€
HOC Lo
sImitiglaze
Lo
;Imitiatize
LG

M t-C3

Mot -UR

FAt-RO

Noat-INTR

nat used, Leave

counter 29 B
B,12
s 7eq paic HL
HL.@

729 pair DE
0E, @

ZEQL
FEE3ER

CIF3EL

CIF3EL

CIF3EL

5 @EEQ
& 21lo9ed

i 110000

Q1700

QL72@ v:

QL1750
d1740
d175@

DLTED
01770
QL7E0

@1?9@
QlSae
RL318
O1520
Ylsse
QAL340@

QLY
Q134d
Q185
D15
alara
QLIS
@Laod

[
Q2Aad
G2ald

GZ02@
Q2P0
22040
JZOSY
Q20
J2070
Q2050
Q200D
P2104
Q2110
32129
02130
32149
3215
P21EV
@217
d213@
021ad
nE=poln]
P22z
V2259
uleas ]
Q227Q

- @330

Q2:34Q
B2350
02430
02509
w2519
Q2520
G253
P254Q

—

8 LG

V4 Lo

NS e

N

I» )

JP

FINISH JP

Tk% RODC %%
Tenp EQU

HOC LO
Lo
LD

A,
(FLagll, A

E llllllﬁ@
lPIUéB\ A
AQC

FINISH .

';’H 11111109

lFIU;BI.‘
FIMIZH

'.de'Hb
[ ‘Hi

A, (TwoHb
LCTwOHEY LA
A, LTwol k)
(CTwolbr . A

2,111111@1
(PIOZEY A
f,1
(i aas A
FIMISH
FINISH
FINISH
REYE
Twol.b+l
B.123
HL,®
DE.@

Bl



@; .o
o;ano

@300
@301
92020
PRI
QI04Q
QIQ5Q
QEIED
03070
Q35D
Q300
D310
@3110
=

sLet MOt-CL stay Lo
At Mot-RO ap hi-Lo-ki tao
JENSWTE Not-INTR high
S0 L-RO APy
Lo F, 111110098
QUT (PIGERY LA
HMOL-RO LG
L H, 111010098
GLT CRTIOSEI LA
D E-RD R
L0 AL ililloses
QLT EPILHJJ,R

JAMLiate COMWers 1o
SHOT-UR LG
(Y H, 111100008
OUT CPIOZE: A
SHGT-LIR Rl
LO A, 111110908
Oy lFIn ‘B A

CONVErS1al T end
R, PID2E

EIT %.A

JR MZ,URITL

.[gtLh and Load Tonvected wvaliae
JiRLD ©eg pailc 2 iDBED
Lotk
sMOt-RD (o
Lo A, 1110100085
idT  (RIO28i A
ead walie
In A, (PTOLED
(] E.A
JMOt-RO ki
i H, 111110006
GUT OPIO2EY A

JInitiate Comversion
N Mot-UR LG
TCan LD H, 111100008
QUT  IPTI02B) R
THOL-UR R
LD A, 11111000&
AT (PTIO2EB1,R

JSUm rel palc HL angd 29 pair DE
HOD  HL,DE

JCRECE 1F Counter in ©s9 B 15 @
OEC B
Lo A8
cP B

JIF (e Biz@ gump 0 FINL

JR 2, FINL

red By nof= @

it FOr corversion Lo finish
= R,(PIDEB)

EIT S.,A

JR MZ, LRITE

E1FE
E1FE ZEFS

E200 D37
E2nz
B2z SEES

E204 0317
E20E
E208 FEFS

g2as G317
E2QH
E20A
L2205 ZEFQ
g20C 0317
ESRE
E20E SEFS

E;lO [ iey
312 OBLT

CESF
Ezle 20FA

E21% SEES
D17

COERY

SEFS
1 0Ea?

FEFO
E225 0317
Ez27 ZEFE
0317

[upstt)
@259d

B2E0D
D2ELD
SEEI0

a2 HO
Odu00
_H'@

ODHOG
B22lp

22920
32350
92340
T
92550

Q300
BE010
B30

DI
3940
R TuEAT)
VFAEH

QD7

BIYS
PIDIR
B3100
PILLO
V31D
Q3L
D314
QILED
B3LED
AZL7R
BILIQ
33190

HAITL

ICON

Lo

T

In
EIT
JR
LG
OulT

IN
LG

LD
QuT

LD

QuT
Lo
QT

ADO

CEC
(=}

IN
JR

H, 11111900
%PIGEE}JH
A, 1112109d
%PIDEE),H
H, 11111000

&
(PTOEE: A

A, 11110900
B
CRIGEET LA
A4,131119000

(FIOZEY , A

A, 11101608
(FIOZEY, A
H, PIOLED

E.H
H,11111008
F

*TO2EY , A

11119008
FIQZ2EY,
f,111110860
?PIOEB),H

R,
g
{

HL.OE

oL
=
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sLatch and Load Comvsried wvalue
SO red paly 2 (DED N
sLatch : LD A,1ll@iada@

JHOt-RO LD
Lo A,11101000E
OUT  IRINZET LR

E
T (FIGEEB LA

sRead value DEQ7 I A, (PTOLED
In =% iPl'lE' SF LG E,f
LG E.H

JHOt-RD By SEFE Lo A, 1111180

LG B, 111110098

E
£
E
£
E
E
B
OUT CRIOZET LA E GUT  (PIOZED,
E .
E
E
E
E
E

iaqF_IﬁL' AR 100QOOERE

241 DELT
: 24
sduine o Lo 24
R o0 243 R TCOM
; 24 :
: e & =L
Ui ate = of SUm L 245 FItl LG R.L
Faic 1 246
24
2

; 1E10N by equivslent o
sahifting iHL: T obats 1o ke LG &, 7
sriakt L] SHIFT SRL A
; QIELD Ouipil SHIFT
JManipulate Lower byle QIS0
FIil LG AL QI5IQ o
JLesr Lower T obits [utetabin LD C.H
AND  1000Q000E QISR
JShIFL T bitE O the rignt Q3ISEQ LG A,H
Lo E.7 ) Q357a
SHIFT =FL A aZE3a AND @1111111E
OMs SHIFT - P359@
JLtore Antermediate result in QIEOW T
JTEQ QILL1H
Lo iR @Sﬁé
HManipul ate higher bBute S0 OR [
Lo =N @de@
JClear MIB QIEEQ
P=tiis] J111111i8 oK _'hhl.'_‘l (1] CTeEnps,
sEhaft L bit W othe Left QIETD
AR 8 QIESQ RET
sLiogical HR manipuiated by oand A3599
Lo bute Q3700
nh' : DITI0 END
shave temperature D000 TOGTAL ERRORS
LG (TEmRY , H
sREturn AL . E1FS
RET CONTRL El41l
SERFEREERRFIEFCEFERERSEERFGEEREE CEEC EAS@
; CTSHE ERE4
CEnd of S0UrcE Codes CTELE ERGS
' ED CTUDHE Efs3
CTUALE EABA
CTUUHE EAGE
CTUULE ERST

FIML E2dE
FINISH E1F3

FLAGL ERSL
FLAGZ ERS2
FLAGS ERGS
HZ1 E12C
TCON g£223

INTR E12S
KEYE E138
MWl E1RC
M2 E164
(R - Elcz
i ) E182
MS E1ED
WG E1F@
FIGLE D7
PIOZE 317
SHIFT E24R
TEMF ERZE

TUJHE EREC
TUOLE ERGOD
TUUHE ERSH

TUULE ERBE
LURITL E212
WRIT2 gz3a
Y1 E14E
Ya E1B3

V3 E160
4 Eli9

Y3 E135R
YE& E1HD



PAPLA
DRAZD
QR
ufufokdn]
QORSR

20

GOLGO
Qe1ld
@@12@

AL

QAL4d
DRLEa
DRLED
(Ll Bt
QLD
Q@Lod

QOZTD
dOIID
O30
00510

20

[
PRZTAA
DO408
Aad1d
DRLED

fuluitty
foulul]
juloiniu]
ulululu
Elal
€19l F3
El1dz FS

ELDF ZE3:

£iles

E1a7 EQ
Elag Fl

EleR FB
E1QE 02
Elac
Elel

E10E C3

EL1OF
E1loF

-169-

Ve IMTHMODES L%
.T:Ph 1.55-065

SAMGthET versLan Oof This text
sPibe but il thoot Comment
JEtatements 1E 2tored 5=
;IMTHHDE 2 on Tape 1.5a
JThE Code 1s 2i0red as
.IHTHHWEfC o Tape .53
poze

JEi coset IM2 and Load I-reg
,nn et IML

IH 1H1L15|1hh iMz:

"LET = < :

Tn imitiali

Origen of code address SFEQL

so0r QELIOH
ORG SFEQL
|IH. ‘jtlhb l”-

{T1=%1H; 1databus)=0FFH

; FFHI=25H (ROM)
; Q@HT =OE1H (ROM)
IntFFFHP? SErvioE Coutires at
FQEL2GH=5TE4Q
IH- jxs

FLISH AF

Lo A, 31H

Lo I,

IH =

FOF  RAF

EI

RET

‘Thitialize
ML Inm 1

RET
END
QOOLO ; #*INTHMOLDESZ %+
3PR2D Tape 1.5a~072
hInTul= U
QRZPA ORG 576Q1
Aapsle
0@5b0 IMz 0o ¢
2 PUSH AF
Lo A, 31H
LO I,A
I 2
FOP  AF
aog4o EX
RDAZISO RET
QD3I
ARIIO Il In 1
PA3EA RET
QAB4P
Ad41Q EMD

QOABO TOTAL ERRORS

IHL
Imz

Elac
Elel
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Annexure 6 to
Appendix B

LISfIN(E OF "PLOTPACK", "STATPACK" AND "STATPACK 2"
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mmmmmmmmﬁmmmmmmmmmmmmmm
PPHPPHHHPHHHHHHHFPHHHHP

Si%4 FOR 1=z2@ 7o 7
LRE x3 Elé RERD rai e e
hEr 5 Toss 077+ S18 newr oo Sovhemed
e e R S164 READ row
SEM *In i m-atg S1EE FOKE USR "RU+i,row
FINPpUL -4, 153 el NEXT 1 ’
: FOULRPUL B LaLs ;ig gmﬁ .1@ Ta 7
FRPR MO 1JJ5H1§ ;1% FEﬁDIF'
FArrays R - el - ! Gl
1.2;;_[‘5'.;_4: (AR I 17 POKE USE "S"4+1,raw
SHEEratUrE <=1 (dea ) =17 ggﬁT.iO S
UEE Sl 1= X
HEH ' (""‘ ! E‘-lE’ y - i T
SE S8 ' USSR “T"+i, raw
FEM S ;
FEM «ata-poking of UDGE for = R -
L sdpscripts —E 1=0 TO 7
REM 2 3= . n
RESTORE S154 = f Mok, vou
FOR i=0 TG 7 = sl 1 Lz
ERAD row : - S - S
FOKE USR “A"+i, o = s 2R,
EgﬁT.‘o R Z ETE O 56 BE
OF 1=0 TO 7 = AR PSS
READ row = HTAR @, 38,36,
POKE W3R "B +i ., ¢ow CARTR O.46.74.74
T 1 ra = CATA Q.62,74,74.
QR i=@ CATA ©,2,56 .34,
ERR IR DRTH ©,5&,74,74.74
& S PORE SR O+, o DaTH 9119,821*9 (2,
E§¢§ WEST i 0 0 CETR Q.50,35,32, 74,70
Sase rFaR i=@ TO 7 CATH @.5Q,55,85,66,8
@52 RERC row ) CATA B.2.2.1536.54.2°a
.024 POKE USR "D"+i,row DATA o Ba 1 EBi5eT 8
SA2S HERT 14 1o - CATA ©,1,2,.4,248,4,2,1
Saea pgﬁb e DATA ©,124,15,49,85,0,0,@
é@h~ =3N UBR CE"+i,raw CATR 52,594,684 ,48,64,54,62,0
EQB4 HE?T RO T DATA ?éga,bb,cb,ﬁa,HSJ1£4,
- E 6 = oo =
SQas FOR_i=@ T4 3 @,40,40,49,40,40,40,0
SQE8 FEAD raw @,18,15,16 ,254 ,16, 16
_ SQ7d PurE SR "FU4i, row gatt AR i, =ud. 10, 10,
5@72 NEXT i ‘ ) S L s ie qm gm
Eaca F”g =0 TOOT 3 9,16 ,18,15,18,16,1&,@
5@?& RERD row : sZe = L. eo " . _ A
.0‘3{., pD"\E Usk AEr R . raw E:_—:IS EEF: *##5tart main coutine
SO5Q MEXT i N ESis CLA ‘
cog2 FER iz To 7 244 FRINT AT 3.1,
SQEd Hoordw "Is protl (DRATMY requiredy
cDub FPOKE USE H"+1 ,row LR RL
E& NEXT 1 - : A SALr . et e
=ouo FOoR i=@ T 7 S248 IF INGEVE="n OR INKEVS=TN
Qo - - e .
Saega HEAD raw - 248 IF INREYV§="g" 0OR INKEVE="%"
:OH* POKE USR "I"+i, 0w THEN G0 TGO 5288
L HEXT 1 oo : B2 S0 TO SZ4a&
2 = °F; EIEIEE 1= T 7 25z REM
S100 & 2 0w - E5Cq e ol T P ey
5182 POKE USR ,JU+XJFON htbi REM t?gpﬁéLﬁ;aT?'ﬁaudmetEc-
S124 HMEXT i . SoSE GO SUB S293 "
Slao.gnﬁ i=0 To 7 Sass 30 SuB 529
RS RERDC row g con Gk - -
18 FOKE USR "K'+, row S262 REM 280 94T plotting
;d HEXT i R SoE2 S0 SUB S3S6
14 FUR 1=@ T 7 SZE4 CLS
16 BEAD rouw . SZE5 PAUSE 1S5S0
15 POKE USR "L"+1,¢auw SSAE ERINT AT 5,1;
29 MEXT i o ' "Is phlotZ (U&Y)] requiced?
22 EEEDXZQ TG 7 {4y m)" :
24 VO oS JKEY&="n" CEN =
26 POKE USR "M"+i,row Sece IF INKEY$="0_ OF INREVE="N
25 MERT i - S272 IF INKEv$="4" OR IMKEvS$="
@ For i=@ TQ 7 THEN 30 _T0 2250
32 READ raw - o4 GO TO ST
Z4 FPOKE USSR "M +i, row ESTE REM =
38 g%;T.lq Ta = S273 REM #Go plLotting-parametsrs
go DU 1Ed Ta input rouvtine
4@ READ raw 250 GO 3UB So39
42 FOKE USR "0U+i,row S582 REM #Go U&Y plotting-
44 HWEXAT i I control routing
46 FOR i=8 TO 7 S284 30 SUE S420
145 READ row o S2E5 REM
5@ POKE USR "P"+i,rouw S238 REM #3#End main routine
S8 NEXT i ‘ S23Q REM
292 CLES : RETURN
224 REM
S236 REM #Flotting-paramneters
input routine
293 CLD i
SZQ8 FPARUSE 1%5@
S302 REM _ _
5304 REM 2350 bampte—ctass ini-
ti1alization routine
S306 bU SUE S926
S303 FRINT AT 9.1,
"Iz a hd|d—LLPU requiired”T
(RS e



IR IMHEEVE="M" -172-
g _ S4%4 PRIMT AT 21.3; "Sampie '
' R IMBEEYV STy FiLatf
£ 435 FRINT AT 1@.9; "t2 to cant
e e . 423 IF Ploti<s=SFLastPLot THEN
0 TO 5320 FRIMT AT 21.5;"Zanple ",
FLoLf
.. 5449 IF Ploti:SPLaztiPtot THEM
wHE=1 TH FRIMNT AT 21,5; "Saunpie '
35 SquLE SPLaszstPiLot
T AT 9.1 S443 IF INREYVS§<x"C” BAND IHKEYS$
Losame bl c2 U THEM G0 TO S442
LR Lot to b 444 IF SwHC =0 THEM GIJ TO 5454
PRINT BT 11 S446 HEM
UL EEPIs LD i 2445 REM #3530 UayY page-plotting
IMHFUT 1z 1 Froutine
IF 2R} L 5450 GO SUER S872
SRlzt 452 IF SwHC=1 THEM PRINT AT
T S,FPLotl: Capy
CLs S454 A& =Fa32 +1
IF SuwhHC= 5455 ti=Fictf
S IZeR A 5458 tf=87% (Page-11 +57+
FRIMNT AT ot
T oLast & S458Q LastPiot THENW G4 TO
=iPlat 1
FRINT &T S Es
tiERFLast 4654
INFUT ZF S4E5 #End Uiy pLoatting
IF SPLas control-routine
LastiFiat S4ES
S479
REHM S47I E—Photting

i #Q4T pa
REM #End PLOLLINA-PACanms o

|1‘| 0w

Faota

4
4
4.
4
4
4
4
1npUt ravtine =474
RETURM S475
REM S473 #FLot grid
REM #3ts¢ E450
cant Sq4Ez FLOT &,17%:. ORAW @, -175%
= REM S454 FLOT 0,175 DRAW 10,9
= LET Pages S4EE PLOT 155,175 DRAW Q,-17%
S LET FLatl 5438 17%: DRAY 10,0
g LET Fiotf S33@ 150 STER Z@
S3ea CLZ 5432 3@ ITEF -S
364 PRIMNT AT 9,1 S4adq
“"Are draphe of setpoint TL o and SqaE
Nom 1NpUdt power required an 5493
pLoil? (It takes Lonaer) S50 oI55 STER =%
iy sny e . S Q@ STEFR -5
E3es IF IMEEY$="n" OF INREY&="H" S5
THEM LET SuIP=g: 50 70O SJT? £S5a5
SEEE IF IMKEY$="d" OFR IMREVE="Y" S50
THEM LET SwIP=1: GO T S375 €213
TO S386 =S12 REM #RPLOL @
5514 REM
#G0 WAT page-plotiing SE1E RFLO IT INT (i@iPLatl) +181 2200
routineg L17
530 SUBR 5474 EE1E FWR 1-F£utl+l TO plLoty
PRIMT AT @,3; 55280 DRAW @, -2
Plotl SS22 DRAL INT (02011 +1@1 ~2@) -
PRINT RT =21, INT C1~-11+1Q! ~29),@
PlLoLf , S524 IF A tplot THEN GO TO
PRINT RT 1@, Scx
IF PLlotyf «=5F E538 MEX
FRINT AT 21, S52& REM
FLatr SS39 REM
IF FLGtiYSPL SS532 FREM
FPRINT HT 21. S534 PLOT 1SS+INT T{PLotly 175
SPLastPLat SE3JIE FOR 1zPlotl+l TO PLotF
IF INKEY$c:"C" S5ES DRAW INT Tii) -INT Tii-17,
{30 THENW GO )
IF ZwHC=Q THEM SS40 IF i=SPlLaztPLat THEN GG TO
REM . 5C4 4
REM #E0 @&T p3ge-plotting =542 NEXT i
roytine 5544 IF SwiP=@ THEN GO TO SGOE
- 0 SUB S474 SS48 REM
S IF SwHC=1 THEN FPRINT AT £S48 REM #PLot setpoint and nom
Q. l& PLatl: CORY & if required
S49Q@ LET Fage=zFade+l =550 REM
402 LET RPLotl=FP Loty N S852 LET 4ax=17S
S40@4 LET PLOti=37%iFaqe~-1)1+37+ 5554 LET O3no=1
SP1ztPLot _ ESS6 FOR 1=PLotl TO PLaty
T49E IF i<5FPLaztPFLlot THEWN S0 TO SSES LET Zamp leno=i
S37E SS55@ REM
5498 REM . . 55562 REHM #G0 sample-Class
5419 REM *End ©&T pPLOtLING routing
control routine SE564 GO0 SUB §3S2
S41z2 RETURHM ZS66 PFLOT 1SS+INMT CiDPE3no,11) ,4ax
S414 REM . _ S8E6S IF INT C{0Sno,11) =10@ THEN
5416 REM sU&Y plotting contraol DRAW -1,0
routins 5570 CRAW @,-1: DRAW ©,1
2418 REH 5572 DRAY 1,0
54290 LET Fage=1_ 2574 DRALV ©,~1: DRAU 0,1
5422 LET PLotl=SF1ztPLlOtl 5575 DRAW ~-2,Q
5424 LET PL2LF=87+5P1stFLOL SS7S DRAW @,-1: DRAW ©.1
S4zE REH SSSQ PLOT INT (i(C(DSRO,171+1@) »
5428 REM #G0 U&Y page-~-plotting 207 . udax
routine S8982 IF INT {({C{DEn0,171 +10) 201
S430 GO SUE SETE . =@ THEN CRARW 1,0
432 PRINT AT &@,3; "Samp le ;
FlLotl
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S72Q0 REM #F Lot Uasy
GR -1: ORAW @,1 gﬁég EEH F
GR; @ . , S734 LET Samplenco=Flatl
LR ~1c DRALW @, S735 LET OSno=l
O . _ 5735 REM
OR -1: CRAW @.1 S740 REM #G0 33mple-CLass
=N -2 . routins
&E LzstPiot THEW GO TO S742 30 SUéJééég
Y ST44 LET Ordinatel=0iPLatl) -
ME = (DEna , 171
REF . STAE LET Jrdinatels=
RE® L enoatt INT Cidifdinatel+d) 250
= S74% IF Grdinatel»7S THEM LET
REH oz Srdinatel=75
IF IMT i = STER IF Ordinatsl:i~7E THEM LET
THEN & Ordinatel=~7
ERInt EFSZ PLOT TS+0rdi
PRI SYS4 FOR i=Platl
PRI STSE DRAU @, -2
FRIMT S75% LET Sampleno=i b
FET ETEQ REM
C PRIb SYEE REM ¥Go 3
FRIM Fout
© FRINT 5784 RO SuUBE =9
FEIN STE5 LET Ordin
PRI CIDEno, 17
. PRI SE7ES LET Grdin
PRI INT {drd
> BRIk STTQ IF Ordina
PRI drdinated
. PRIN ETVS IF OrdinateZs
FRIM QGrdinatez=-75
ERINT 13 E774 DRAW Ordinate g1 =
FRIMT 15, STTE LET Grdinatel=0rdinates
PRINT 15. 5778 IF {=SFL3stPiot THEN GO 7O
FRIMT i ST7TES
PRINT 1 STE0 MEXT i
BRIk ic S782 REH
12 S784 REM xPLat 7
d 1E 5758 REM
: i S578% LET Sampleno=Riotl
R 17 579Q REM . .
4 . 57 a2 1 #G0 Sample-Cclass
REM #3End Q4T page plLotting s REH %uutiné
Foutine 5794 30 SUB S9s2
RETURM S7a8 LET Ordinatez TLPlutlu~
FEH e _ . CikSnao .11
REM ##UaY page-plotting ST98 LET Ordinatel=Ss
. Fﬂ“T1FE INT Ordinatel
S5 REM S80@ IF Ordinatel»S@ THEW LET
55 CLE drdinatel=59
55 REM 8502 IF Crdinatel<~S0 THEN LET
SE EEP #FL Arid drdinatel=-5@ Lo
& &M ~ - SEQ PLY 295+Grdinagte
= PLOT 7E,175: DRAU Q,~-17% Séaé LE#TE Srno=l
; PLD¥ 7§é115: “?EHULS’@1~= S203 FOR i=Plotl+l TO PLoty
. =] 2Q5 ,175: L =102 - . =i
: Pl 2Q5, 175 DRAW ig,@ ggig EE; Sanpleno
= =@ TO 8@ ISTER 1% £5714 fEE S ~-CiLazs
E =175 TG @ STEF -8 5Lld BEM #Go Sampie
= L S31e G0 SUBE Sas2
] ﬁ SE18& LET U'jiia Le2=T i) -
= 3 Ci{DSna, 11
5 =9@ TO 1S@_STER 1S _ SS2@ LET drdinateZ=Ss
= =175 T3 @ 3TER -85 INT Ordinatesl
5 koo 5822 IF Irdinate2:S@ THEW LET
g ; Ordinatez=85@ 53 THEN LET
: 585 Nates -5
£ =185 7O 198 STEF 1@ CEEe ATaThatiateEst
5 =175 TO Q@ ITER -3 SG26 DRAU Ordinated-Ordinatsl, -2
5 LI 3285 LET Ordinatel=0Ordinated
= i S83Q IF i=SPLastRict THEN GO TO
[ =g B
= ~2215 TO 28% STEF 10 ' ;
s =178 TO @ STEF -5
5 ki
= 1
57 K
5
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REM #Frint s
SWEN P

REM i

IF IWNT (FPage 2

THEM GO TO 19 REM #%STATPACK:#
PEINT AT 12 15 REM #Tape 1.3a-073

FRIMY AT 12 20 REM #Purpose-Calc mean &
PRIMT a7 13 variahce ofF Ut & Jdt
FRIMT AT 13 25 REM 2IP-(.3C,5(b) ,& & T
FRINT AT 13 383 REM x0FP-Printed mean & vai
FRINT a7 13, _ of Ut & Wt

FRIMT AT 13, 35 REM

FRIMT ST 13, 43 REM #Load (.)C,5(b),0 & T~
ERINT AT 13, 45 CLS

FREINT AT 14 5@ INRPUT "Stuorage code=?";2Z%

S5 PRINT RT =
“Load (.JC.,35 ),
6 FRINT RT » 1
"1 Insert & rew
r
;1

FEINT AT 14.5%; 1;
FREINT AT 14 .9,

FRIMT AT 14,173;
FRIMT AT 14,17 "k

FRINT 14, 1 to start o
= i 14 & 55 PRINT AT 13 ;
14,3 "2y Press PLAY"
A3.5; 7@ LET Y§="C"+2%
S.1;° LOAC v% DATR C (3}
15,5, 7S LET Y4="35(b)"+Z%;
15.9; "o . LOAD Y% DATA 5{)
15,13, "R SQ LET Y$="0"+Z2%.
15,17, "0 LORD Y$ DRTRH @)
15,14, "a" S5 LET Ws—”T" %:
) P LORD Y& DRTA TO)
90 CLS
5 REM

120 REHM #Calc mean of Ut &

FRINT &T
mean of Jdt-

PRIMNT AT

16
PEINT AT 18, 105 LET sumut=8: LET sumyt=@

3 PRINT AT 1£. 118 FOR i=1 TQO 31(3)

5 PRIMNT AT 18, 11S LET sunut=sumnut+@ii) - -

=3 FRIMNT QT 17 Ci{l,17):

53 FRIMT AT 17 LET Sumut-sum9t+Ttx)—

o3 FRINT AT 17 Ci(l,11)

S FRINT AT 17 129 NEXT i

593 REM 125 LET meanut=sumut /5{(3)

=] REM **End U&Y page~plotting LET meanyt=sumdt ,5(3)

raoutine 130 REM

54 RETURN 135 REM #Calc var of ut %

S REM var of yt-

9 REM %5 149 LET sumuts=0: LET sumyt=©

3 145 FOR i=1 TO 5(3)

924 REH 150 LET wut=@(i)-C(1,17)-meanut

928 DIM LI 155 LET wyt=T(i)-C(1l,11)-meanyt

5923 LET L= 163 LET sumut=sumut+wutzwut:

S3930 FOR 4= __ LET sumgt=sumyt+uytsuwdt

Sa3z LET h= 165 NEXT 1

S9324 LET L 178 LET varut=sumut s/ (S(3)-1):

238 LET L= LET vardt=sumyt- -(5(3)-1)

SaE8 MEXT 4 178 REM

£948 REM 180 REM *Print results -

5242 REM $End Sanple-Cclass 185 LPRINT Z%.":": LPRINT

ymitialisation routinms 199 LFRINT “ut:" i

5944 RETURN 195 LPRINT “mean=";meanut

Sa46 REM LPRINT "war=",varut

5345 REM #Sample-class vroutine 200 LPRINT

Sas® REM 205 LPRINT "gt:@"

S92 IF Samplendi=HiDSnol AND 210 LPRINT "mean=";meanyt:
Samplenc:=LI03Nno)r THEM LPRINT "war=s";vardgt
RETURNM EIS-EPRINT : LPRINT : LPRINT

Sa54 IF LSno=3{2) THEN LET 2@0 CLS
0a3no=0 225 RUN

5955 LET CSno=03no+l

Sa83 GO 7O 5952
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198 REM ##5TARATPACKZ2%%

15 REM *Tape 1.33-

20 REM %Purpose—catu mean &
wariance oF Ut & dt

25 REM *IP—L.Ju.bLb).m & T

2@ REM #0P-Printed mean & var
af ut & ut

35 REM

43 REM #Load (JI1C,85(b) & & T-

45 CLS
S@ INFUT “"Staraae code=7";Z%

SS FRINT RT 9,1;
"Laad (LT L,E50b) L, & T
68 FRINT AT 11,1;
“1) Imsevt & rewind data-tape
Lg start of series"
B85S PRINT AT 13,1;
"E2Y Fress FLRY
TR LET We="CT"+l%:
LORD Y¢ ORTAH C )
T8 LET Yé="3(b)"+Z%:
LOAD ¢ DATR S ()
S LET vée="0"+I¢:
LORC v'¢ DARATH &0
S5 LET veé="T"+ZI%:
LORD % DARATH T}
9@ CLS ‘
35 REM
199 REM #Input data-
1@5 INPUT _
"No 0F Ut aytocodr ahifts=7",

kut: LET Kut=INT Kut:
DIM Ulkut+l)
118 INPUT

"NO oFf 4t autocor s
Kyt: LET kdt=INT ky
CImM “lkut+ll

ifts:?“;

4-0:'"

115 REM )
1290 REM sCalc mean of ut &
. mean of 4t-
125 LET sumut:B: LET zumyt=0@
130 FOR 1=1 T4 S(3)
135 LET sumuts=s ﬂumut+0l11—
C(l1.,17):
LET sunut*\umgt+T|1)-
Zi1l,11)
149 NEAT i
145 LET meanut=sumut,5i3)
LET meanyt=sumdt/S5(3}
152 REM

185 REM xlalc avto-cCo LtLtatian

of ut-

160 FOR j=@ TO Kut

162 CLS : PRINT AT S.5;:"ja=";.i

PRINT AT 11.5:Z2%

168 LET sun=@

170 FOR 1=1 TO s8({3)

175 LET wa=2(i)-C(1,17) -meanut:
LET wb_uax+|J—L»l.'?)—mPanut
LET sum=sum+i3sub

138 IF i+J=5(3] THEN 30 TO 135S

19Q MNEXT 1

135 LET Ui j+li=sum- (S (3)1 <1~}

288 NEXT

205 REHM

218 REM xCal: auvta-correlLtatian

af JYyt-

215 FOR j=@ TO k4t

217 CLS : PRINT AT 9,5, jb="; 4:

NN
LR
reme

L3P RN R MO NI M RIRINIO

SO0 <D N F )
o GGG GEMENS RN

LGl
(R T )
(3]

(]

[(x] 3

e

U A
0
(]

[A)]
it

WL
anme e
aene a

PRINT AT 11,5;Z%
LET sun=@

FOR i=1 TO 313)
LET wa=T (i) -C (]

’_,.-f
|_.
2

1l ~meanyt:

ET wb=T(i+j)-Cil, lll—meangt:
LET SUM=3Um+uaxub

IF 1+=3131 THEN SO0 TO 250
NEXT 1

LET Yi{j+li=sum s(S(3)-1-j1
NEXT

cLS

REM

REM *Print results-

LPRINT Z¢;":": LPRINT
LPRINT "mean orfr ut=",meanut
LFRINT "mean of d4t=";meanyt
LPRINT

LPRINT "Ruto-correllation:”
LPRINT “K";TAB S;“Ut';

TRBE 2@;“gt“

LET kmax=0 .

IF kutykmax THEN LET Kmax=
KUt

IFtkut>kmax THEN LET Kmax=
Ky

FOR i=1 T3J kmax+l1

IF Kut+l<i THEN LPRINT i-1,
TRE 18;v{i): GO TO 340

IF kyt+l¢i THEN LPRINT 1-1;
ThRB 3,U{1): GD TJ 40
LPRINT i-1;,TAB 3;,Uii);

TEE 18;% (i)

NEXT i

LPRINT LPRINT LPRINT
cCLS :

RUN
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