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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 

and 

13 = y2 t+k/t 
(Control law 3) 

A 

+ 

12 = y2 t+k/t + A.Ut
2 

(Control law 2) 

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 more 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. 

ii 



When the disturbance acting on the system is stationary and modelled as such, 

minimizing r
2 

results in a marginally better quality of control than obtained 

by minimizing r
3

. However, a process model inaccuracy may result in an output 

offset error since a controller based on the minimization of r
2 

does not have 

integral action. Using a controller based on the minimization of r
3 

is 

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 r
3 

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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OIAPl'ER 1 

INTROOOCI'IOO 

Stochastic control theory finds application in the design of controllers of 

systems subjected to large random disturbances. This dissertation evaluates by 
[2] 

computer simulation as well as by experimentation what has been termed 

"short-sighted" stochastic optimal control laws controlling a linear system 

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

Chapter 2 provides a brief background to the subject and describes the 

application 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.· 
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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. 
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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 add it ion, 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 i1'l; 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 law must be implemented on a freely 

programmable process control computer. Previous generation process 

control systems were configured with dedicated hardware function 

blocks and were not freely programmable. 
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~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 Gruvon, 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/m2
• After installation 

of the stochastic controller, consistent standard deviations of 0,5g/m2 wet 

basis weight and 0,3g/m2 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. In 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 

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 variance control law 

used in the application discussed previously: 

{ 
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I = E {y2 t+k + A.(u - u ) 2
} 

t t-1 . 
(2.1.1) 

where E is the expectation operand, 

yt is the system output at sampling moment t, 

ut is the system input at sampling moment t, 

k 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 conclusion then can be . said that stochastic controllers have been 

successfully implemented in industry although on a small scale. However, with 

the trend of distributed microprocessor-based process control systems becoming 

more common on process 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 sroaiASTIC aNI'ROL STRATEX.;IES 

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

law which minimizes the cost function. 

·I = E {y 2
} 

t 
(2.2.1) 

This control law minimizes the variance of the system output and allows the 

system to be operated closer to the set P<>int as explained in paragraph 2.1 

withreference to the design by the IBM Nordic Laboratory. 
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However, as Clarke et al [l] 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. 

Clarke et al [l] proposed in 1971 a design to avoid the above difficulties. 

They proposed minimizing the cost function 

I = E { y2 t+k (2.2.2) 

where A 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 tmsatisfactory 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 

where 

= y'- t+k/t + >..u 2 

t 
(2.2.3) 

y is the optimal k-step ahead predicted value of the system output 
t+k/t 

y as predicted at time t. 

MacGregor et al stated that minimizing the above cost ftmction would appear to 

be sensible in that it selects the control action u which, at each instant of 
t 

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 accotmt the effect that the present 

control action ut will have on future 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 
[2] 

the following two methods 

a. The discrete Wiener-Hopf equation which can be solved by a method 

of factorisation of discrete convariance generating ftmctions. 

(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 controlling systems subjected to drifting or 

non-stationary disturbances. However, in 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 E {yZ 
t+k 

+ A.(u 
t 

- U )Z} 
t-1 

(2.2.4) 

and 

~ 

I yz t+k/t + A.(u - u ) 2 

t t-1 
(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 DISSERT~ION 

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 

A • 
I = y2 t+k/t + A.(ut - ut-1 )

2 (2.3.1) 

and to compare it to the performance of a controller which minimizes the cost 

function 

I = y2 t+k/t + _AU 2 
t 

(2.3.2) 

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 

I = (2.3.3) 

and 

(2.3.4) 
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3. 0 SYSTEM DEFINITIOO 

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 laws. 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 

I 
I Specific heat capacity of water I 

!Mass of water inventory 

!Heater element power 

!Thermal resistance of cylinder walll 

!Measured temperature 

!Ambient temperature 

!Cold Water temperature 

!Reference temperature 

!Nominal disturbance flow rate 

!Maximum disturbance flow rate 

SYMBOL 

H 

M 

Q 

R 

T 

T 
e 

T, 
1. 

T 
ref 

v 

v 
max 

VALUE/RANGE 

4190 J/kg. K 

I 10 kg 

1. 

OW < Q < 2700W 

0,5 K/W 

0°C < T < 100 °C 

18 °C 

16 °C 

50 °C 

O,Oll kg/s 

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. 



COLD 
WATER 

LEVEL 
CONTROLLER 

HOT 
WATER 
CYLINDER 

L 

Figure 3.0.1 System Functional Block Diagram 

Tref 

T 

TEMPERATURE 
1-------1 

CONTROLLER 

PHASE 
ANGLE 
CONTROLLER 

DISTURBANCE 
1-----_J 

GENERATOR 

AC SUPPLY 

WARM WATER 

I _.. 
~ 
I 
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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 
c + Q. + 

l. 

where: 

Q = input heat from the heating element, 

Q = heat stored in water mass, 
c 

Q = outflowing water heat loss, 
0 

Q. = inflowirtg water heat input and 
l. 

Q = heat loss to the ambient atmosphere 
a 

(3.1.1) 

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

in Table 3.0.1 gives: 

+ VH I - VI-{/. 
< 

+ 
(3.1.2) 

Writing equation (3.1.2) in an incremental form gives: 

tbT 
11 f/ dt .,. ( V H .,. '/ R. ) c. I + 

(3.1.3) 

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

gives: 

f1Hs + H I 
. [ 6.Q(s)- H(T--r:)AV(s) + Vi-k.'f.\s) + ~1(syRJ v + I fl.. < .._ ~ 

(3.1.4) 
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with: 

control input 1::. Q( s), 

output 1::. T(s) and 

disturbance inputs t:.V(s), t:.T. (s) and t:.T (s). 
1 e 

For 1::. V( s) a large forcing disturbance and t:.T (s) and 1::. T (s) negligible, 
i e 

equation (3.1.4) approximates to: 

MHS + VH + 

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

k is a .natural number and 

T is the sampling period in seconds 
s 

gives: 

e. -r(s) = . exh (-sk~). c.f1(sJ 
t1HS t VH + '/R I 

. 6V(s) 
f1Hs + VH + '/R 

(3.1.5) 

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

transfer function 

[1-exp(-sT )]/s 
s 

at the input gives: 

6 'l(s) = MHs + VH + 1jR 

H (T-T<J 

MHs + VH + 1/R 
o. V(s) 

Define in order to simplify the expression: 

constant K, 

constant 
M 

MH 
process time constant Tr VH + '/R 

MH 
disturbance time constant '" = 

VH + tjR 

input u(t) = ~Q(t) 

(3.1. 7) 

(3.1.8) 

(3.1.9) 

(3.1.10) 

(3.1.11) 

(3.1.12) 

where ~Q(t) is the difference between the actual heat supplied by t~e. heating 

element and the nominal heat required to maintain the temperature e~ror equal 

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

output y(t) = ~ T(t) (3.1.13) 

where ~ T( t) is the temperature error and 
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E; ( t) (3.1.14) 

where: 

E; (t) is a continuous stationary random variable with zero mean and 

D. V( 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 l 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: 

u 
-t 

+ 

(3.1.15) 

(The derivation of the z-transforms is shown in Annexure 2 to Appendix A). 
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with the symbols as defined before and: 

discrete control input sequence ut = D. Qt 

discrete output sequence y t = D. Tt and 

discrete stationary uncorrelated random sequence with zero mean 

F,; 
t = (3.1.16) 

The stationary disturbance sequence et which adds to the output is the 

filtered output of the disturbance model transfer function driven by the 

stationary t,; t• 

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+•) 

K, [ 1 - ext (- "'s /'( )J l . 

f eft (- 7!/'( J i-
1 '\ + I - .z.-' I -

(3.1.17) 

with the symbols as defined before. 

The non-stationary disturbance sequence e which adds to the output is the 
t 

filtered output of the disturbance model transfer function driven by the 

non-stationary 

--·~ 
- .. (' t 

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

non-stationary disturbance. 
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Tn 

~ ( t) 

1 + sTn 

Ts + e(t) 

r 1-exp(-sTs) K1 + 
--- exp(-sk Ts) u(t) y(t) 

s 1+sTp 

Figure 3.1.1 Continuous-time Presentation of the System 

Subjected to a Stationary Disturbance 

1 

~ (t) - f-------+ 
s 

Ts 

r 1-exp(-sTs) K1 

Tn 

1 + sTn 

+ e(t) 

+ 
--- ~ exp(-sk Ts) u(t) y(t) 

s 1+sTp 

Figure 3.1.2 Continuous-time Presentation of the System 

Subjected to a Non-stationary Disturbance 
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-1 
1-expC-Ts/Tn)z 

-(k+1) 
K1[1-expC-Ts/Tp)Jz 

-1 
1-exp(-Ts/Tp)z 

Figure 3.1.3 Discrete-time Presentation of the System 

Subjected to a Stationary Disturbance 

1 1 

£ t ---
-1 -1 

1-z 1-exp(-Ts/Tn)z 

-(k+1) 
K1[1-exp(-Ts/Tp)Jz 

ut 
-1 

1-exp(-Ts/Tp)z 

Figure 3.1.4 Discrete-time Presentation of the System 
Subjected to a Non-stationary Disturbance 

+ et 

+ 
yt 

+ et 

+ ..... yt 
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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: 

a. the minimization of the cost function 

(3.2.1) 

which is the standard minimum variance control strategy, 

b. the minimization of the cost function 

(3.2.2) 

[1], [2] 
as implemented by Clarke et al , 

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

moment t and 

c. the minimization of the cost function 

= ? t+k/t + (3.2.3) 
' 

[ 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 

[ 1] 
The following general form of the model equation is used 

-1 
y t ( z ) 

-k -1 -1 
z G(z )ut(z 

-1 -1 
+ N(z ) ~t(z 

where: 

G is the system polynomial in z-l with a leading constant and 
-1 

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

(3.2.4) 

Rearranging 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, y , gives: 
t+k/t 

i\+k 

Define: 

where 

and 

Gu 

* N 
k 

N 
k 

t 

N 

= 

= 

+ 
k 

z N 

N 
k. 

1 + n 

-k 
n z 

k 

+ 

1 

~ t 

* N 
k 

-1 
z + 

-k-1 
+ n z 

. k+l 

+ n 

+ 

Substituting into equation (3.2.5): 

k * 
y = Gut + z Nk ~ t t+k 

+ 

-k+l 
z 

k-1 

(3.2.5) 

(3.2.6) 

(3.2.7) 

(3.2.8) 

(3.2.9) 

For Yt+k/t' the optimal k-step ahead predictor of y at sampling moment t, to 

be realizable, it. must be based on present and past measurements of the 

outpu-t: 
. ' 

only. 
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The predictor y is defined to be optimal if it minimizes the variance of the 

prediction error 

E {Y - y }2 
• 

t+k 

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

k * 
-y + z Nk F,;t 

The variance of the prediction error is then given by: 

E {yt+k -y}2 (3.2.10) 

The crossproduct terms drop away because of the independance of zkN;F,;t with 

all values of the output up to time t. 

The variance of the prediction error is minimized to 

y = yt+k/t 

by equating 

+ Gu 
t 

(3.2.11) 

The control law 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: 

1 + D('t-') 
+ 

I + ( (:(') 

(3.2.12) 
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In Annexure 3 to Appendix A it is shown that the transfer function 

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, the identity 

* -k 1 l+D = Nk (l+C) + z D (3.2.13) 

and obtaining N;and n1 
by equating coefficients, the control law is obtained 

in the finite-parameter form. 

3 .. 2.3 General Fonns 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 r1=E{yt2
} is: 

u : -
t 

(I+AJ""J) 
I 

. J 
t (3.2.14) 
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The general form of the control law which minimizes I -? + .A.u2 is: 
2- t+k/t t 

(3.2.15) 
N JI ( c) 

I( 8ll+ / + 

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

factor A. equal to zero. 

:.;. 2 The general form of the control law which minimizes I
3

=y t+k/t+Mut-ut_1 ) is: 

u 
'L 

(3.2.16) 

3.2.4 Specific Control Laws for System Subjected to a Stationary Disturbance 

Define: 

a = exp(-T /T ) 
s p 

and 

c = exp(-T /T ) 
s n 

(3.2.17) 

(3.2.18) 

For the system time delay k equal to zero, the discrete time presentation of 

the system subjected to a stationary disturbance with zero mean (equation 

(3.1.15)) becomes: 

(3.2.19) _, 
I - C i 
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The specific derivation of the thre~ control laws which respectively minimize 

the three cost functions for the sys'tem subjected to a stationary disturbance 

is shown in Annexure 5 to Appendix A. 

The control law which minimizes I = E{y 2 
} is: 

1 t 

k, (t- ~) 

The control law which minimizes I -~ + >..u 2 is: 
2- t+k/t t 

A • [f k',(, -q) + 
A4. 

J u - c~ K, (I - Q.) . t. -1 I i 

K
1 
(1- o.) 

The control law which minimizes I =-~ + A.(u -u )2 is: 
3 y t+k/t t t-1 

= 
------ · [(k,(r-tt)c i-

K,(t~a.)+ '). 
K1 (1- tt) 

-r K, ('- o.) -r 

[ 
'A a. A(Ht) 

] \-.t - + K, (I - a.) c . + K, (t-4) k, (t- Q.) 

.1-a. 
(a.-tt) 1t. } + lo( ft -t a.c ~ 

K,(,-tt) t.-J ;-t -l 

(3.2.20) 

(3.2.21) 

>. 
--]. ({ 
K,(i-Q.) 't.•l 

(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: 



-1 

'1 
lt. 

4 
t 

+ _, 
I - i 
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I - c (' 

(3.2.23) 

The specific de~ivation 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 I
1 

=E {y t 2
} is: 

I 

---[K(I-ct)(;+c)Lf - K(1-a.)c11 
k,(1-a) 1 

-t.- 1 ' t.-z 

The control law which minimizes I -~ + A.u 2 is: 
2- t+k/t t 

u 
t 

----~-- · [[ 1(,(1- '~)(u c)+ 
k,(t-a.) + 

J<,(t-o.) 

\a. 
---]1.{ 
}(, (1- a.) t-1 

The Control law which minimizes I _:~ + '(u -u )2 is: 
3-y t+k/t A t t-1 

- [ k, ( I - Q) L -1-
k1 (I- 11.) 

~Q. 
---]4 
K,(t-a.) -t.-3 

+ 

- '1 
It 

~ ( Q. + ,) 
--- + K, (I - Q) + 
k',(t-Q.) 

(3.2.24) 

(3.2.25) 

). 

---] u. 
k,(·~a.) i-1 

(3.2.26) 
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3.3 SENSITIVITY AND STABILITY 

Suppose the actual process is described by 

-1( • 0 

i B J + -o 
+ 0 

I + p.,• I + C. (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 following: 

a. Does the control law which minimize I (being a generalization of 
2 

the control law which minimizes r
1

> ensure stability respectively 

for the system with a stationary disturbance model and the system 

with a non-stationary disturbance model? 

b. Does the control law which minimize r
3 

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 is determined by the eigenvalues of the 

characteristic equation P(z) where 

. 5 
-t 

(3.3.2) 

is obtained by: 

a. Substituting the applicable control law into the system equation. 

b. Using, as before, the identity 

-k l 
z D * = l+D - N ( l+C) 

k 
(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 is 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 t~ Appendix A. 

3.3.1 Stability using I on System with Stationary Disturbance Model 
2 

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

P(.z'\ 
j 

(.z-c.)(i-a.) (:r.-

where, as defined before: 

a = exp (-T /T ) 
s p 

c = exp (-T /T ) 
s n 

k ~ 
I VH + ljR 

and 'r T.., 
HH 

VH + 

(3.3.4) 

(3.3.5) 

(3.3.6) 

(3.3.7) 

1jR 
(3.3.8) 



I 
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Defining the sampling period T equal to 60 seconds and using the parameter 
s 

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

T 
p 

K 
1 

T = 871 s 
n 

0,0208 K/W 

a = c = 0,933 

Substituting these values into equation (3.3.4) gives: 

P(~) 

The zeros of this equation are: 

0,933 

0 < z
3 

< 0,933 for A > 0 

(3.3.9) 

(3.3.10) 

(3.3.ll) 

(3.3.12) 

(3.3.13) 

(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 I on System with Non-stationary Disturbance Model 
2 

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

f(~) .. (~'- (t+C)~ + <-J(~-o.)(i-
\Q. 

A + c ki ( I - q,) J 1. ) 
(3.3.15) 

Substituting the values of the constants as defined in paragraph 3. 3.1 into 

equation (3.3.15) gives: 

~933 A 
~ + ', 1t7 e - 6 ) 

(3.3.16) 



-32-

The zeros of this equation are: 

z = 1, z2 = 0,933 
1 

(3.3.17) 

z = 0,933 
3 

(3.3.18) 

0 <Z 
4 

< 0,933 for A.> 0 (3.3.19) 

Since z lies on the unit circle, the system is marginally stable. If model 
1 

deviations cause z
1 

to move outside the unit circle, an unstable mode may be 

excited. 

3.3.3 Stability Using I on System with Stationary Disturbance Model. 
3 

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

>-
K,(t-Q.) + l<,(t-q} 

1<, (t- ~) - 1(, (t- Q.) c 
-------) 

)..q_ 

P(t) --------. l + 

(3.3.20) 

Substituting the values of the constants as defined in paragraph 3. 3.1 into 

equation (3.3.20) gives: 

,,93J A . 
-------·t 
11! ,.\ + t, 3'llf e-.1 

~~o}. - 11 3QO e.-J 
-----) 
Po} 11 3'/t.;. e-.1 

(3.3.21) 
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The zeros of this equation are: 

(3.3.22) 

0,933 < z
3 

< 0,966 for A.> 0 (3.3.23) 

0,966 < z
4 
~ 1 for A. > 0 (3.3.24) 

Since z
4 

lies on the unit circle when A. 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 1
3 

on System with Non-stationary Disturbance Model 

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

N:c) 
k',(t-a.}- k,(l-a.) 

-------) 
~ 

(3.3.25) 

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

equation (3.3.25) gives: 

f(z) : 

t?o :._- ',3'l(f. e-3 

----) 
71~ ,\ + 1,3?lfe-J 

(3.3.26) 
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The zeros of this equation are: 

zl = 1, z2 = 0,933 (3.3.27) 

z3 = 1 (3.3.28) 

z4 = 1 (3.3.29 

-1 ~ zs < 0,933 for A ~0 (3.3.30) 

Since z1 , z3 , z4 and z5 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 'lmDRETICAL DERIVATIOOS 

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 i~ paragraph 3.2.3. 

It was shown that the control law obtained by minimizing 

= (3.4.1) 

was a special case of the control law obtained by minimizing 



I2 = y2 t+k/t + 

by equating A to zero. 

A U 2 

t 
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The other cost function minimized was 

.. 
I3 = y2 t+k/t + A (ut - ut-1 )

2 

(3.4.2) 

(3.4.3) 

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 2 and a stationary disturbance model. 

b. Marginally stable with one pole on the unit circle using I 2 and a 

non-stationary disturbance model. 

c. . Asymptotically stable using I
3 

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 3 and a non-stationary 

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. 

Figure 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 syste~ environment by means of a data acquisit~on 

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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Operator 
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Display Operate 

Centro II er 
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-- -r---- -- -- -- - .... --

Controlled System 

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 AID-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/O-interfacing 

f. Function 6 Power supplies and earthing 

g. Function 7 Control parameters initialisation 

h. Function 8 Disturbance function computation 

i. Function 9 Control algorythm computation 

j. Function 10 Interrupt servicing 

k. Function 11 Mass storage 

1. Function 12 Man-machine interfacing 

m. Function l3 Data processing 

4.3 FUNCTIONAL DESCRIPTION 

4.3.1 Function 1 : Temperature Measurement and AID-Conversion 

Description: 

The temperature of the water in the hot water cylinder is sensed by a 

precision temperature sensor immersed in the water. The analogue temperature 

signal is converted to a digital form. 

~-- . 



I 
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Activities: 

Figure 4.3.1 shows the circuit diagram of this functional element. 

Operating as a 2-termina'l zener, the LM335 precision temperature sensor has a 

breakdown voltage directly proportional to absolute temperature a·t lOmV/K. The 

breakdown voltage is calibrated by RVl as 2,730 Vat 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 rnA by Rl. 

The analogue temperature voltage signal is applied to the positive 

differential input of the ADC 0801 8-bit AID-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 v /2 - input of the ADC 0801. 
REF 

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 lO,OOOV. This voltage is supplied by the RS283 lO,OOOV 

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 

LM 335 proportional constant 

LM 335 accuracy 

Output Specifications: 

Digital resolution 

Total conversion error 

Conversion time 
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0°C tO 100°C 

lOmV/K 

+ l°C 

8 bits 

+ 1/4 LSB 

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 LM3ll 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 de-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 lOOk-ohm 

b. probe immersed in water 20 to 40 k-ohm 

Output Specifications: 

Regulated volume of water in cylinder lOe 
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4.3.3 Function 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 Vl is calibrated by hand before commencing an experiment to ensure an 

output flow-rate equal to V with valve V2 open. 
max 

Input Specifications: 

Disturbance valve on command Input logical 1 

Disturbance valve off command Input logical 0 

Output Specifications: 

Supply to outlet solenoid valve with : 

a. Valve in shut state ov 
b. Valve in open state 220V, 50Hz 
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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, is 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 lO,OOOV 

reference voltage provides a stable 1, 786 rnA full scale sink current to the 

!-terminal of the converter. 

Multiturn trim pot RV6 calibrates the output of the inverter stage to be O,OOV 

with digital input OOH 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 OOH 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 OOH 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 t~e 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 in 

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: 

OFFH 

OOH 

Digital input corresponding to minimum power 

Digital input corresponding to maximum power 

Full scale conversion error + 1 LSB 

Output Specifications: 

Triggered phase angle corresponding to minimum power 

Triggered phase angle corresponding to maximum power 

0-degrees 

175 degrees 

4.3.5 Function 5: Computer Parallel I/O - 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 74LS24S octal bus transceivers. 

Two Z80 - PIOs are used as parallel I/O - devices. The I/0 - space is 

addressed only when both A7 and Not-IORQ are logical zero. The OR-gate 

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

IC19 is 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, AS 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, AS 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 lOll, llxx 1111 

Instruction 2 OUT 0000 1011, 0000 0000 

The address byte of both instructions addresses the control register (bit 3) 

of port A (bit 2) of IC19 (bits 4,S and 6). Bits 6 and 7 of the data byte of 

instruction 1 selects the control mode for port A. The data byte of 

instruction 2 selects all the bits of port A as output bits. 

A data byte is output from IC19 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. 

IC19 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. 

IC19 port B is programmed by the following instructions: 

Instruction 1 OUT 0000 1111, 11xx 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 IC19 (bits 4,5 and 6). Bits 6 apd 7 of the data byte of 

instruction l 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 IC19. 

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, llxx 1111 

Instruction 2 OUT 0001 1111, 0010 0000 

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 ~ata 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 Olll 

In this case only bit 5 has significance as programmed. 

4.3.6 Function 6 : Power Supplies and Earthing 

Description: 

The de-supplies for the electronic circuitry are provided by 

transformer-isolated linear val tage regulators. The following supplies are 

provided : +24V(2x), +5V, +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 TLB3101 (approximately 20V) lower than the 220V 50Hz 

mains supply 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 

liquid level controller is transformer-isolated from the other signal earth to 

prevent earth leakage. 

4.3.7 Function 1: 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 16-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 Function 8 Disturbance Function Computation 

Description: 

In the case of an experiment, the disturbance valve on/off - ratio is 

calculated by formulae respectively for sta~ionary and non-stationary 

disturbances. In 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 T (60 seconds) 
s 

is broken down into two valve cycles with period T (30 seconds) each. The 
vv 

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

For a stationary disturbance, T has a pseudo-random probability density 
von 

function symmetrical around T /2. 
vv 

.. 
The difference between T and T /2, 

• von vv 

~T ' von 
therefore has a probability density function which is symmetrical 

around zero as shown in Figure 4.3.8. 
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Valve Vl in Figure 4.3.4 is calibrated to allow a maximum flow rate of 

0, 021 kg/s. This corresponds to a power loss equai to the heating element 

rating for the system parameters with specifications as in Table 3.0.1. The 

nominal flow rate is therefore 0 ,Oll kg/s. The width of the pseudo-random 

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, 

t:. T and T are calculated for each valve cycle. 
von von 

and equating t:. V to ( t:. T x V )/T , 
von max vv 

disturbance component of equation (3.1.15), 

disturbance e is calculated. 
t 

.F; 
t 

the 

Using equation (3.1.16) 

is obtained. Using the 

stationary temperature 

For a non-stationary disturbance, t:.T is obtained by adding a pseudo-random 
von 

variable with a probability density function with a width of 3 seconds and 

symmetrical around zero to the previous value of t:.T • This is equivalent to 
von 

the integration of F;t in equation (3.1.17) allowing t:,.T to drift slowly. 
von 

t:.T is not allowed to drift outside the basic valve period boundaries. 
von 

Using the disturbance component of equation ( 3 .1.17), the non-stationary 

temperature disturbance e is calculated. 
t 

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

disturbances appears in Annexure 2 to Appendix B. 

4.3.9 Function 9 : Control Algorythm Computation 

Description: 

The main program 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 P and phase angle ~ 
ave 

(radians) is the following: 

+ 
(4.3.1) 
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To solve for Q , the Newton-Raphson method is used. 

subroutine "SR/PHICALC" a listing of which appears 

This is executed by 

in Annexure 4 to 

Appendix B. The calculation is iterated until the accuracy of ~corresponds 

to a power accuracy of lW. 

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 Z80 8-bit CPU. The interrupt service routine requires a 

16-bit address vector since it is located at address El28H. Therefore the Z80 

is programmed for interrupt mode 2 by calling routine 11 INTMODES" located at 

address 57601 using the "USR 11 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 11 programs the contents of the !-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 !-register as upper byte and the 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 El28H. 

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 11 on sampling moments, sets/clears flags for communication with the main 

program and calls a ROM-based keyboard read routine. 

11 ADC 11 controls the temperature measurement AID-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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Ensure Not-INTR is high 

Output to Not-RD 

high-low-high 

Inittate Conversion: 

Output to Not--wR 

low-high 

Converted Value: 

Not-RD low, 

Input byte, 

Not-RD high 

ICON: 

Initiate Conversion: 

Not ..WR 1 ow-h i gh 

Add Converted Value to 

Accumu 1 ated Sum: 

CHU • CHU + COEl 

Not-RD low, 

Input byte, 
Not-RD htgh 

No 

Yes 

FIN!: 
Obtain Average Value: 
CHLJ • CHLJ / 128 

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", 

Appendix B. 

"INTVECI'OR" and "ADC" appear in Annexure 5 to 

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 Function 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 "PLarPACK" 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 ~IOO 

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 

I 
f 

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: 

a. 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 de-power supplies. 
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The circuits were built on Vera-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 Vera-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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Figure 4.4.1 Photograph of the system Electronic Equipment 

Figure 4.4.2 Photograph of the Heating Cylinder 
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CHAPTER 5 

RESULTS OBTAINED BY SIMULATION 

5.0 SCOPE 

Having derived theoretically the control laws which respectively minimize cost 

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

Chapter 3, 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 

a. 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. 

b. 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. 

c. 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. 

Each 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 uncorrelated random sequence ~ 

for all the simulations. 

was 0,0135 Kg/s 

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 

-6 
model (Equation (3.2.21) and cost factor A. equal to 2 x 10 The variance 

of input u is 87290 w2
. Output y has a variance of 0,803 oc2 

and a mean of 

-0,009 °C. 

Regarding the interpretation of the sample autocorrelation function of 

output y shown in Figure 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 autocorrelation 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 output time responses obtained by simulation 

using cost function 2, a non-stationary disturbance (Figure 3.1.4) and 

-6 
disturbance model (Equation (3.2.25)) and cost factor A equal to 2 x 10 

The variance of input u is 380550 
2 w . Output y has a variance of 0,841 oc2 

and a mean of 0,427 °C. 

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 

-6 
model (Equation (3.2.22)) and cost factor A equal to 2 x 10 The variance 

of input u is 169601 w2
• Output y has a variance of 0,869 oc2 

and a mean of 

-0,017 °C. 

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. 

Figure 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 

disturbance model (Equation (3.2.26)) and cost factor 
-6 

A equal to 2 x 10 
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2 
The variance of input u is 392784 W • 

and a mean of -0,001 °C. 

2 
Output y has a variance of 0,225 °C 

The sample autocorrelation function shown in Figure 5.1.8 has a slow 

sinusoidal decay and the corresponding output time response shown in 

Figure 5.1.7 is therefore non-stationary. 

Table 5.1.1 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 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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Table 5.1.1 variance of Input u and Variance and Mean of Output y Obtained 
. -6 

by Simulation for A Equal to 2 x 10 Using Accurate Process 

and Disturbance Models 

Control Nature of II variance of Variance of Mean of 

Law Disturbance and II Input u Output y Output y 

Disturbance Model II (W2) (OC2) ( oc) 

2 Stationary II 87290 0,803 -0,009 

2 Non-Stationary II 380550 0,841 0,427 

3 Stationary II 169601 0,869 -0,017 

3 Non-Stationary II 392784 0,255 -0,001 

\ 

Table 5.1.2 Nature of the Sample Autocorrelation Function and the Output 

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

Using Accurate Process and Disturbance Models 

Control! Nature of II Nature of Sample Nature of Output 

Law Disturbance and II Autocorrelation Time Response 

Disturbance Model II Function 

2 Stationary II Quick sinusoidal decay Stationary 

2 Non-Stationary II Slow non-oscillatory Non-Stationary 

II exponential decay 

3 Stationary II Quick sinusoidal decay Stationary 

3 Non-stationary II Slow sinusoidal decay Non-Stationary 
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5 .1. 2 Variance of Input u and OUtput y as a Function of Cost Factor A 

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 A 

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

Figure 5.1.10 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 (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 { A 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 

input u without significantly increasing the variance of output y by using a 

value larger than zero for A • 

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-stationary 

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 A 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 

-6 
cost factor A equal to 2 x 10 while the actual disturbance was non-stationary 

(Figure 3.1.4). The variance of input u is 523989 w2
• 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)) 

-6 
and cost factor >.. equal to 2 x 10 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 °C. 

The sample autocorrelation function shown in 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 

-6 
cost factor A equal to 2 x 10 while the actual disturbance was non-stationary 

2 
(Figure 3.1.4). The variance of input u is 477002 W . Output y has a variance 

of 1,126 oc2 
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 output time responses obtained by simulation 

using cost function 3, a non-stationary disturbance model (Equation (3.2.26)) 

and cost factor equal to 2 x 10-
6 

while the actual disturbance was 

2 
stationary (Figure 3.1.3). The variance of input u is 782254 W. 

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

Output y 

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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b. 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. 

c. 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 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 controller to stably control the 

system. 
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Table 5.2.1 Variance of Input u and Variance and Mean of Outputy Obtained by 

-6 
Simulation for A Equal to 2 X 10 Using an Accurate Process 

Model but with the Disturbance Model Inaccurate as Defined 

Control Nature of Nature of !!variance of !variance of! Mean of 

Law Disturbance Actual I !Input u !output y I output y 

Model Disturbance II < w2 
> I < oc2 > ( oc) 

2 Stationary !Non- II 523989 5,242 -0,385 

!stationary II 
2 Non-Stationary !stationary II 159861 0,788 0,005 

3 Stationary !Non- II 477002 1,126 0,499 

!stationary II 

3 Non-Stationary !stationary II 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 

Control Nature of Nature of I !Nature of Sample !Nature of Output 

Law Disturbance! Actual I !Autocorrelation Function !Time Response 

Model Disturbance II 

2 Stationary Non- II slow non-oscillatory !Non-Stationary 

Stationary I !exponential decay 

2 Non- Stationary II Quick sinusoidal decay !stationary 

Stationary II 
3 Stationary Non- II slow non-oscillatory !Non-Stationary 

Stationary I !exponential decay 

3 Non- Stationary II slow sinusoidal decay !Non-Stationary 

Stationary II 
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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 using 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 zero), may 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 of 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 law 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 

a variance of 0,924 oc2 
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 

a variance of 1,507 oc2 
and mean of -0,480 °C for output y were obtained.~ 

Using cohtrol 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 and 

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 Equal to 2 x 10 as a Result of 

Control 

Law 

2 

2 

3 

3 

the Specified Process Model Inaccuracy 

(M 
model 

10 Kg, M 
process 

13 Kg) 

Nature of I !Percentage Increase 

Disturbance and II in the Variance 

Disturbance model II of Input u 

Stationary II 15 

Non-Stationary II 62 

Stationary II 30 

Non-Stationary II 49 

Percentage Increase 

in the variance 

of Output y 

15 

79 

16 

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 inaccuracy. 

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 SIMULATIOO 

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: 

a. Table 5 .1.1 shows that control law 3 provided a substantially , .. 

better quality of control than did control law 2. 

Figure 5.1.10 and Figure 5.1.12. 

Also compare 

b. 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. 

c. Table 5. 3 .1 shows that the variance of output y obtained using 

control law 3 was very sensitive to the simulated process model­

inaccuracy. 

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

stationary and modelled as such: 

a. Table 5.1.1 shows that control law 2 provided a marginally better 

quality of control than did control law 3... .Also ~compare 

Figure 5.1.9 and Figure 5.1.11. 
~ .. ' 

b. 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: 

a. 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. 

b. In both cases the mean error was relatively large. 

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

stationary but modelled as non-stationary: 

a. 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. 

b. In both cases the mean error was relatively small. 

c. Table 5.2.2 shows that output y ~sing 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. 

Oomparing 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 

6.0 SCOPE 

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 : 

a. 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. 

b. 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 parameter$ 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 ~ was 0,0135 kg/s for each experiment. 
t 
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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 obtained by experiment 

using cost function 2, a stationary disturbance (Figure 3.1.3) and disturbance 

model (Equation (3.2.21)) and cost factor A equal to 2 
-6 

X 10 • The variance of 
2 2 

input u is 83986 w . Output y has a variance of 0,767 oc 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 in 

Figure 6.1.1 is therefore stationary. 

Figure 6 .1. 3 shows the input and output time responses obtained by experiment 

using cost function 2, a non-stationary disturbance 

disturbance model (Equation (3.2.25)) and cost factor 

(Figure 3.1.4) and 

-6 
A equal to 2 x 10 • 

The variance of input u is 304181 
2 w . Output y has a variance of 0,762 

2 oc 

and a mean of -0,457 °C. 

The sample autocorrelation function shown in Figure 6.1.4 has a slow 

non-osc~llatory exponential decay and the corresponding output time response 

shown in Figure 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 
-6 model (Equation (3.2.22)) and cost factor A equal to 2 x 10 The variance 

of input u is 196860 w2
• Output y has a variance of 0,856 oc2 

and a mean of 

0,183 °C. 

The sample autocorrelation function shown in Figure 6 .1. 6 has a relatively 

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 

-6 
disturbance model (Equation (3.2.26)) and cost factor A. equal to 2 x 10 

The variance of input u is 814185 w2
. Output y has a variance of 5,159 oc2 

and 

a mean of -0,775 °C. 

The sample autocorrelation function shown in Figure 6.1.8 has a slow 

sinusoidal decay and the corresponding output time response shown in 

Figure 6.1.7 is therefore non-stationary. 

Table 6.1.1 tabulates the variance of input u and the variance and mean of 

output y obtained by experiment for 
-6 

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 non~stationary 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 A Equal to 2 x 10 using Accurate Process and 

Disturbance Models 

Control Nature of II variance of Variance of Mean of 

Law Disturbance and II Input u Output y Output y 

Disturbance Model II (W2) (oC2) (OC) 

2 Stationary II 83986 0,767 0,852 

2 Non-Stationary II 304181 0,762 -0,457 

3 Stationary II 196860 0,856 0,183 

3 Non-stationary II 814185 5,159 -0,775 

Table 6.1.2 Nature of the Sample Autocorrelation Function and the Output 

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

Using Accurate Process and Disturbance Models 

Control Nature of II Nature of Sample Nature of Output 

Law Disturbance and II Autocorrelation ~unction Time Response 

Disturbance Model II 
2 Stationary II Quick sinusoidal decay Stationary 

2 Non-Stationary II Slow non-oscillatory Non-Stationary 

II exponential decay 

3 Stationary II Quick sinusoidal decay Stationary 

3 Non-Stationary II Slow sinusoidal decay Non-stationary 

-e 
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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. 

Figure 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 

. 2 
non-stationary (Figure 3.1.4). The variance of input u 1s 278358 W • Output y 

has a variance of 3,062 oc2 
and a mean of -0,402°C. 

The sample autocorrelation function shown in Figure 6.2.2 has a slow 

non-oscillatory exponential decay and the corresponding output time response 

shown in Figure 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 x 10-
6 

while the actual disturbance was 

stationary (Figure 3.1.3). The variance of input u 

has a variance of 0,782 oc2 
and a mean of 0,180 °C. 

2 
is 214392 w • output y 

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 and output time responses obtained by simulation 

using cost function 3, 

cost factor A equal 

a stationary disturbance model (Equation (3.2.22)) and 

to 2 x 10-
6 

while the actual disturbance was 
2 

non-stationary (Figure 3.1.4). The variance of input u is 117696 w. Output y 

has a variance of 2,380 oc2 
and a mean of -2,315 °C. 
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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 Figure 6.2.5 is therefore non-stationary. 

Figure 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)) 

-6 
and cost factor A equal to 2 x 10 while the actual disturbance was 

stationary (Figure 3.1.3). The variance of input u is 852640 w2
• Output y has 

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

The sample autocorrelation function shown in Figure 6.2.8 has a slow 

sinusoidal decay ~nd the corresponding output time response shown in 

Figuie 6.2.7 is therefore non-stationary. 

Table 6. 2 .l 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 

. outp~t time re~ponse for the above cases. 

The following obser~ation~ c~n be made: 

a. When the disturbance acting on the system was non-stationary but 

modelled as_ stationary, control law 3 provided an output y with a 

smaller variance but with a larger mean error than provided by 

control law 2. However, from Figure 6.2.5 can be seen that the 

control element was saturated for most of the experiment with 

control law 3 without managing to cancel the effect of. the 

disturbance. From this must be concluded that the disturbance flow 

rate was incorrectly c_alibrated before the experiment commenced and 

~rovided a load which exceeded the capacity of the control 
- . 

transducer. The data obtained from this experiment is therefore not 

· conclusive. 
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b. 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. 

c. 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 controller 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 A Equal to 2 x 10 Using an Accurate Process 

Model but with the Disturbance Model Inaccurate as Defined 

Control! Nature of Nature of II Variance of!Variance of! Mean of 

Law of Disturbance Actual II Input u !output y Output y 

Model Disturbance II < w2 
> I < oc2 > (oC) 

2 Stationary Non- II 278358 13,062 l-0,402 

Stationary II 
2 Non- Stationary II 214392 10,782 0,180 

Stationary II 

3 Stationary Non- II 117696 12,380 l-2,315 

Stationary II 

3 Non- Stationary II 852640 14,202 l-0,025 

Stationary II 

Table 6.2.2 Nature of the Sample Autocorrelation Function and the Output Time , 
-6 

Series Obtained by Experiment for A Equal to 2 x 10 Using an 

Accurate Process Model but with the Disturbance Model Inaccurate as 

Defined 

Control! Nature of Nature of II Nature of Sample !Nature of output 

Lat.;r Disturbance Actual II Autocorrelation I Time Response 

Model Disturbance II Function 

2 Stationary Non- II Slow non-oscillat6ry !Non-stationary 

Stationary II exponential decay 

2 Non-Stationary! Stationary II Quick sinusoidal decaylstationary 

3 Stationary Non- II Slow non-oscillatory !Non-stationary 

Stationary II exponential decay 

3 Non- Stationary II Slow sinusoidal decay !Non-stationary 

Stationary II 
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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 summary of the results obtained with the disturbance 

non-stationary and modelled as such: 

a. 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. 

b. 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: 

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

variance marginally smaller than provided by control law 3. 

b. 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: 

a. 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. 

b. From Figure 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 experimentation 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 experimentation when 

modelled as such. 

obtained by simulation with the results 

the disturbance was non-stationary and 

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 

quality 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 is 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 <mparison between Results <btained by Simulation and ResUlts 

Obtained by EXperimentation with the Disturbance Non-Stationary 

and Modelled as such 

Control 

Law 

2 

2 

3 

3 

Experiment/ 

Simulation 

Simulation 

Experiment 

Simulation 

Experiment 

Variance of 

Input u 

(W2 ) 

380550 

304181 

392784 

814185 

I Variance of 

1. Output y 

(0~) 

0,841 

0,762 

0,255 

5,159 

Mean of 

Output y 

( oc) 

0,427 

-0,457 

-0,001 

-0,775 

7. 0. 2 Qmparison 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 preswnably 

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 

Control 

Law 

2 

2 

3 

3 

Modelled as such 

Experiment/ 

Simulation 

Simulation 

Experiment 

Simulation 

Experiment 

Variance of 

Input u 

(Wz ) 

87290 

83986 

169601 

196860 

Variance of 

Output y 

( ocz ) 

0,803 

0,767 

0,869 

0,856 

Mean of 

Output y 

(DC) 

-0,009 

0,852 

-0,017 

0,183 

7.0.3 Comparison of Results with the Disturbance Bon-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). 

) 



-119-

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 

Law 

2 

2 

3 

3 

Experiment/ 

Simulation 

Simulation 

Experiment 

Simulation 

Experiment 

Variance of 

Input u 

(W2 ) 

523989 

278358 

477002 

117696 

Variance of 

Output y 

( oc2 ) 

5,242 

3,062 

1,126 

2,380 

Mean of 

Output y 

(OC) 

-0,385 

-0,402 

0,499 

-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 

(W2 ) ( oc2 ) (OC) 

2 Simulation 159861 0,788 0,005 

2 Experiment 214392 0,782 0,180 

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 questions: 

a. Given that the system is subjected to a non-stationary 

disturbance, using which one of the cost functions 

I = 
A2 

y t+k/t + 

(Control law 3) 

' and 

I 
A2 

y t+k/t + 

(Control law 2) 

All 2 

t 

provides the best quality of control? 

(7.1.1) 

(7.1.2) 

b. 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? 

c. Given that it is not known a priori whether the 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: 

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

disturbance model provides the best quality of control. 

b. Stability analysis, simulation as well as experimentation indicate 

that model inaccuracies can drastically deteriorate the quality of 

control obtained when using control law 3 and a non-stationary 

disturbance model. 

c. 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: 

a. Simulation shows that using control law 2 and a stationary 

disturbance model provides the best quality of control. 

b. 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 Hot Known A Priori 

whether the Disturbance is Stationary or Non-Stationary 

The primary results are: 

a. 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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b. Using control law 2 and a stationary disturbance model while the 

actual disturbance is non-stationary results in an extremely poor 

quality of control. 

c. 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. 

Table 7 .1.1 canparison between Simulational Results Obtained Respectively by 

Omtrol Law 2 and a Non-Stationary Disturbance Model and 

Omtrol Law 3 and a Stationary Disturbance Model 

Control Actual !Variance of !Variance of !Mean of I Variances of 

Law Disturbance !Input u !Output y !Output y !Input and 

I (WZ) I ( oc: ) I< °C) !Output as 

I I function of A 

I 

2 !Stationary 159861 0,788 0,005 I Figure 5.2.10 

3 !Stationary 169601 0,869 l-0,017 I Figure 5.1.11 

2 I Non-Stationary I 380550 0,841 0,427 I Figure 5 .1.10 

3 !Non-Stationary! 477002 1,126 0,499 !Figure 5.2.11 
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7. 2 au::LUSIOOS 

The final conclusions arrived at are the following: 

a. When the disturbance acting on the system is non-stationary and 

modelled as such, minimizing cost function 

provides a better quality of control than obtained by minimizing 

cost function 

12 = ? t+k/t + :\ U 2 

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 

r
3 

which must control a system subjected to a non-stationary 

disturbance. 

It is not appropriate to use cost function r 2 in this case since 

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

result in large mean output errors. 

b. When the disturbance acting on the system is stationary and 

modelled as such, minimizing r
2 

results in a marginally better 

quality of control than obtained minimizing r
3

• However, a process 

model inaccuracy may result in an output offset error since a 

controller based on the minimization of r
2 

does not have integral 
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action. Using a controller based on the minimization of r
3 

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, using r
3 

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. 

7. 3 USE OF 'IRE METHOD AND SOOGESTIOOS FOR PORI'HER i«lRK 

As stated in paragraph 2.1, the facility of free prograrrunability on modem 

microprocessor-based process .control systems encourages, where justified by 

the problem, the implementation of more sophisticated control algorythrns such 

as those evaluated by this thesis. 

Implementing a recursive stochastic control algorythrn 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 {y2 + A u 2 
} 

t+k t 
(7.3.1) 

or 

I = E{y2 + 
t+k 

A ( u -u ) 2 
} 

t t-1 
(7.3.2) 

which should provide more optimal control than obtained by the two cost 

functions evaluated. 

An interesting adaptation of the method described could be to use an adaptive 

d . t th th th t• 1 a· t d Tr1.'gg and Leach [ll] have pre 1c or ra er an e op 1.ma pre l.C or use • 

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 

conventional, 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 be particularly useful if the disturbance is 

non-stationary. 

Chow [lZ] has developed an alternative adaptive prediction scheme. Van der Bij 

and Schuppen [
9

] 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. 

Fuller 
[ 5] 

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 literature survey on the subject of stochastic control theory 

indicates that comparatively little work has been done in this area, 

particularly w.r.t practical implementation, and there is therefore much scope 

for further work. 
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I
2 

and I
3 

for the Disturbance 

7 Derivation of Characteristic Equations Respectively for Systems 

with Stationary and Non-stationary Disturbance Models and 

Control Laws which Respectively Minimize Cost Functions I
2 

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 a 2 to be 
X 

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

The spectral density of the output y is 

5 ( w) ~ 
l 

where 

y = ay + bx 
n n-1 n 

Taking the discrete Fourier-transforms gives: 

where T is the sampling period. 
s 

[ 8] 
It follows then that 

f../( w) 

and 

j(w) 

X (w) 

l l 

b 'fx; 

(Al.l) 

(Al.2) 

(Al.3) 

(Al.4) 

(A1.5) 
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With the auto-correlation function defined as 

R (I() 
! ).It 

- Tf/T 
' ' 

it follows[S] that 

I - Q. 

The variance of the 

L 

<:[ ~ ( 0) 
! l 

.1. 

output signal is then given 

"J-r; z l 

-r; 
J V.x. b 

71 J (w) d.w t 

0 I - Q 

A1-2 

(Al.6) 

(Al. 7) 

by: 

(A1.8) 

The filter being considered is an integrator with s-domain transfer function 

I 
f/(s) S 

(Al. 9) 

and z-domain transfer function 

··H( l) -I 
I - i 

(A1.10) 

which gives 

Yn = y 1 + x n- n 
(Al.ll) 

and therefore a = 1 and b = 1 
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Using equation (A1.8), the variance of the output signal is found to be 

~ (o) 
) I - I 

Al-3 

(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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DERIVATION OF Z-TRANSFORMS OF PROCESS AND DISTURBANCE MODELS 

Define for both systems the forward transfer function 

&, (s). ~ (s) 

where 

G
1

(s) = [1-exp(-sT )].exp(-skT ) 
s s 

and 

k, 
G,_ c~) ~ 

s(' +sf) 

With z = exp(sT ), 
s 

Expressing G (s) in partial fractions gives: 
2 

Annexure 2 to 

Appendix A 

(A2.1) 

(A2.2) 

(A2.3) 

(A2.4) 

(A2.5) 

(A2.6) 
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I 
Using transform tables gives: 

K,l 

l- I 

I(, -f.(·- ext (- is/lr )) 
(i-•) (i- ex/ (--r;j~)) 

G(z) = G
1

(z).G
2

(z) is found to be 

K, [ 1- ext(- is/j )). l 

- (k_,. I) 

The disturbance transfer function is given by 

N(s) 
1 + sT .... 

and using transform tables gives 

!V(•} :: 

A2-2 

(A2.7) 

(A2.8) 

(A2.9) 

(A2.10) 

(A2.11) 

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 

H(z.) (A3.1) 

+ 
(A3.2) 

h.._ ... ,?"+ b._z""-' + .... + b, 

where Y(z) is the output from and U(z) is the input to the system. 

In developing H(z) as a power series 
-1 

in z 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=O. 
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. n ~ m. 

Factorize H(z) 

(o .... si. ( 'l + c,) ( .:c + c:l.) . . . . ( 2._ + c.._) 

(A3.3) 

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

c. ... st [ ~..., +, e, i ...,_, + . . . . + e,.. ] 

;-; (i.) 

_, 
I + e,l + 

_, _ ... 
J. + J, -( + ..... + J ..... z 

l 
I + ~ ?._, + .... + f.., ~-"-

If m = n then: 

_, -"--

fl( 2) 
J, i + + J ... t 

I + [, 
-1 "' {i + .... + ('i-

The system of equation (3.2.12) 

with 

-1 -1 
A(z ) = a1z + a2z 

B(z-1 ) b + b z 
-1 

= 
0 -1 1 -1 C(z ) = c1z + c2z 

D(z-1 ) d
1

z -1 
+ d = 2z 

-2 
+ 

+ ... 
-2 

+ 
-2 

+ 

... + a 

I + u (t_-'J 

I + C (2-') 

-n 
z n 

+ b z -n 
n 

-n ... + c z n 
+ d 

-n z 
n 

A3-2 

(A3.4) 

(A3.5) 

(A3.6) 

(A3.7) 

(A3.8) 

(A3.9) 
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is therefore physically realizable since both 

and 

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

I + ?J( t -') 

, + c u-') 

A3-3 
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Annexure 4 to 

Appendix A 

GENERAL DERIVATION OF THE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST 

The control laws which respectively minimize cost functions I
1

, I
2 

and I
3 

are 

derived using the general procedure described in paragraph 3.2.2. 

It will be shown that the control law which minimizes I is a special case of 
1 

the control law which minimizes I
2 

with cost factor A equal to zero. The 

control law which minimizes I is therefore derived first. 
2 

Derivation of Control Law which Minimizes Cost Function I 
2 

' 
" ~ 

).,<A 
z 

I = Jt+'</t. 
+ 

;z. {. 

where 

" 
j( 

t b"~ 
lt.+~<jt 

::: :z. f\{. + 
t t 

as derived in paragraph 3.2.2. 

Differentiating I
2 

wrt ut and equating it to zero gives: 

The control law which minimizes I
2 

is therefore: 

(A4.1) 

(A4.2) 

(A4.3) 

(A4.4) 
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A4-2 

Substituting 

5 = 
t 

(A4.5) 

and 

N (A4.6) 

into equation A4.4 gives: 

(A4.7) 

Using the.identities 

B 

G = (A4.8) 
I + .tj 

. I+. 7J 
tl= 

I + C and (A4.9) 

I + j) (A4.10) 

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

(A4.11) 
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Derivation o~ Control Law which Minimizes Cost Function 1
1 

::r 
I 

as shown in paragraph 3.2.2 where 

k 
= ? N., s + G(.( 

" t t 
as before. 

Differentiating r
1 

wrt ut and equating it to zero gives: 

= 0 + c~.~ }. ~ 
{ d· 

The control law which minimizes r
1 

is there~ore: 

(.( 

t 
= 

A4-3 

(A4.12) 

(A4.13) 

(A4.14) 

(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. 

"D'(t+.tl) 

. '1 
lt. 

B Nl<.¥- ( t + C) h 

(A4.16) 

(A4.17) 
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Derivation of Control Law which Minimizes Cost Function I 
3 

" z 
+ 

where 

as before. 

Differentiating r
3 

wrt (ut- ut_1 ) and equating it to zero gives: 

d(u - 4 ) 
'(. f.-1 

( 
-_, . (I( - I( )1 
1-~ t -t.-1 

The control law which minimizes r
3 

is therefore: 

I- i 
-I 

Substituting 

= 

and 

into equation (A4.20) gives: 

C . tJ,, ltjN + 
I - i- 1 

"' 

A4-4 

(A4.18) 

(A4.19) 

(A4.20) 

(A4.21) 



Using the identities 

N : 

l+fl 

I -1- ~ 

I -1- C and 

'Ji -1< I 

!+- Z> = tv'~ (!+C)+ :Z '"'[) 
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the finite- parameter form of the control law is found to be: 

-i I 

(i+fl)(t-?.) "D 

A4-5 

(A4.22) 



I 
I 

I 

,') 

,j 
I 

I 
j 

l 
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Annexure 5 to 

Appendix A 

SPECIFIC DERIVATION OF TilE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST 

FUNCTIONS I
1

, I
2 

and I
3 

FOR THE DISTURBANCE STATIONARY 

Repeating the discrete time presentation of the system subjected to a 

stationary disturbance with zero mean of equation (3.2.19). 

K, (t-a.) 2 
-I 

+ _, 
I - Q. i 

. _, 
I - C l (A5.1) 

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

-I( 

-2 'B 

!t I + fl 
4 
t. 

define: 

k = 1 
-1 

A = -az 

B = K
1

(1-a) 

c -1 
= -c·z 

D = 0 

Using the identity 

I + ]) 

obtain 

1 + D 
+ 

I+ C. 

'1':\. 

st. (A5.2) 

(A5.3) 

(A5.4) 

(A5.5) 

(A5.6) 

(A5.7) 

(A5.8) 

----------___________ .~.---. 
1:-. L-~---------------------- -------------- ------ ---- ----------------~ 



and 

~ 

N 
it. 

-I 

I + "- i + 
I 

I ' {or k ~ I 

I+ o 

Comparing coefficients: 

2 I = I 
_, 

l. 

-l 

2 

gives: 

I 

0 " -c.+~ 

0 = d 
I 

7J
1

= cl = c 
0 
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-I<+ I 

) 

A5-2 

(A5.9) 

(A5.10) 

(A5.11) 

(A5.12) 

The general form of the control law which minimizes I (equation (3.2.15)) is: 
2 

(t+A}D 
I 

(A5.13) 

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

specific form of the 

stationary is obtained: 

k',(t-a.) + 

control law which minimizes I for the disturbance 
2 

f[ k, (I - a.) + 
~Q. } 

j U - C..'ft. + QC 'It-t 
1(

1
(1-o._) i-1 ;, /1 

(A5.14) 
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A5-3 

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

control law which minimizes I
1 

for the disturbance stationary is found to be: 

K,(I-Q.J (A5.15) 

The general form of the control law which minimizes I (equation 3.2.16) is: 
3 

(A5.16) 

Substituting the predefined polynomials into equation (A5.16), the following 

specific form of the 

stationary is obtained: 

k,(t-a.) + }. 
---:--

1(, (1-Ct) 

- [ 
k,(l-q_) 

+ 
I<,( t-o.) 

control law which minimizes I for the disturbance 
3 

+ 

.A(o.+t) 

k, (1-a,_) + *';{I-t<) + 
.>­

---].!;( 
k, (t- Q.) i.-l 

K.,(t--t)c + 

+ - Q(..! } 
-t.-z. 

(A5.17) 
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Annexure 6 to 

Appendix A 

SPECIFIC DERIVATION OF THE CONTROL LAWS WHICH RESPECTIVELY MINIMIZE COST 

FUNCTIONS I 1 , I 2 AND I
3 

FOR THE DISTURBANCE NON-STATIONARY 

Repeating the discrete time presentation of the system subjected to a 

non-stationary disturbance of equation (3.2.23): 

I I 
-----·1.1 

i I - Q.-l _, 
_, 

I - i 

Using the general form of the equation (equation 3.2.12) 

define: 

k = 1 
-1 

A = -az 

B = K (1-a) 
1 

•(1 + 
I -1 f/ t 

-1 -2 c = -(1+c)z + cz 

D = 0 

Using the identity 

/-1-fl 

I+(_ 

-If -k I 

I + 0 = Nl< ( I + C) + z "D 

(A6.1) 

(A6.2) 

(A6.3) 

(A6.4) 

(A6.5) 

(A6.6) 

(A6.7) 

(A6.8) 
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obtain 

l( 
-I -1<+1 

NJc. I + ;.. i + + 
"'" i I i(-1 

" I [o,. k : I 

and 

I + 0 [ 

I 2 I ( I I -1 I -l 

I I - ( 1 + c_) i_- + C Z- ] + ·· ?_- ~ -1- d t -1- (/ 2 -1-
o I .l 

Comparing coefficients: 

0 

t I : 

( 1 + c) I 

2 0 - + ct 
0 

-1.. I 

i 0 = c + d 
I 

-.1 

? 0 rj 
1. 

gives: 

7:;' = d l- d. 
0 

(!+c.)- ( = I 

) 

A6-2 

(A6.9) 

(A6~10) 

(A6.11) 

(A6.12) 

The general form of the control law which minimizes I {equation (3.2.15)) is: 
2 

tl 
t 

(1+A)"D
1 

(A6.13) 



-146-

A6-3 

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

specific form of the control law which minimizes I
2 

for the disturbance 

non-stationary is obtained: 

I 

K,(t-Q.) + 

( 

' [[ k', ( I - a.) ( I + C ) + 1 ~ 
k, (I - q_) i.-t 

(A6.14) 

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

control law which minimizes r
1 

for the disturbance non-stationary is found to 

be: 

. [ k,(t-o..)(l+c)t.~ - 1((1-Q)CLt 
k,(•-a.) i-t 1 t-z + It-, } 

(A6.15) 

The general form of the control law which minimizes I {equation (3.2.16)) is: 
3 

(I+A)(t-·t)l:/ 

4 - ~ -
t. -l-1 

(A6.16) 



-147-

A6-4 

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

specific form of the control law which minimizes r
3 

for the disturbance 

non-stationary is obtained: 

if k
1 

( I - ct) ( -f 
~(Ht) 

K.; (;-'0 + 
). 

] lA. ·u + 
t 

k,(t-Q.) + ). k,(l-Q.) ~(t-a.) -l-1 

k, (t-Q) 

[ 
~q_ A ( IH 1) 

- + K, ( I - Q.). c + ]4 
k,(t- a.) ki ( 1-ct) i- z 

+ . k, (1- q) - l-t. + ( Q.. + I ) '/t.-1 

(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 I
2 

AND I
3 

Given the actual system description 

-1< Q • 
i '8 I + "[) 

+ .?: 
o· s-

f r c t.. (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 

(A7.2) 

System with Stationary Disturbance Model and Control Law which Minimizes Cost 

:f'1m.ction I 
2 

Substituting the control law which minimizes cost function I 
2 

(I+A)"D 
I 

and the identity 

I 
7) 

(A7.3) 

(A7.4) 
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A7-2 

into equation (A7.1) gives: 

(A7.5) 

Equating A= A0 , B = B0 , C = C0 and D = D0 gives: 

'f(t.J (A7.6) 

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

stationary are: 

k = 1 (A7.7) 

A = -az 
-1 (A7.8) 

B = K (1-a) 1 
(A7.9) 

C = -cz 
-1 (A7.10) 

D = 0 (A7.11) 
1 

D = c (A7.12) 

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

AQ 
( z- c)(-t-o.) ( i?- ~ + [tl(t-Q)J2) 

(A7.13) 

Systea with lion-stationary Disturbance llodel and Control Law which •t nt •i zes 

Cost function 1
2 

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

non-stationary are: 



k = 1 
-1 

A = -az 

B = K (1-a) 
1 

-1 -2 
C = -(1+c)z + cz 

.D = 0 

1 
D = 1 
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Substituting these parameters into equation (A7.6) gives: 

rcc.) ~ ( / - (, + c) l + c.) C:t -a) c i -

A7-3 

· (A7 .14) 

(A7.15) 

(A7.16) 

(A7.17) 

(A7.18) 

(A7.19) 

(A7.20) 

System with Stationary Disturbance Model and Control Law which Minimizes Cost 

Function r
3 

Substituting the control law which minimizes cost function I
3 

(1+1/)"D 
I 

u : -
t 

and the identity 

I 
]) (A7.21) 

into equation (A7.1) gives: 

(A7.22) 
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A7-4 

Equating A= A0 , B = B0 , C = C0 and D = D0 gives: 

(A7.23) 

Substituting the parameters for the disturbance model stationary as in 

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

>-c H ,) AQ. 
rc~) " ( z- t<) ( ~ - c) ( 2 z - l + 1(1 (I- q_) - 1(1 (I - Q.) (. ) 

k, (H.) f k, ( 1- a..) AQ. 

(A7.24) 

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

Cost Function I 
3 

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

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

),Q. 
k,(t-<t) - k/(1-Q.) ) 

1(, (1-q_) + k, (t-q_) 

(A7.25) 
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APPmDIX B PROGRAM LISTINGS 

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

and "SR/TITLDEF" 

2 Listing of "DISTROUTS" 

3 Listing of "MAINPROG" 

4 Listing of "SR/PHICALC" 

5 Listing of "INTMODES", "INTVECTOR" and "ADC" 

6 Listing of "PLOTPACK", "STATPACK" and "STATPACK2" 
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LISTINGS OF •LOADER• r •sR/DATADEF• r •sR/DECBIN• and •sR/TITLDEF• 

Annexure 1 to 

Appendix B 



10 REM **LOADER** 
15 REM *Tape 1.3b-000/007* 
20 REM *Purpose-
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Conduct 5R/DATADEF & save (,) 
T$,C,C• z,, f..(.:;l 
25 REM §0P-(.l T$,C,D & 5(al 
30 REM *Subroutines called-
35 REM SR/DATADEF(3900l 
40 REM 5R/DECBIN(3300l 
45 REM 5R/TITLDEF(3600l 
50 M!Et·1 
55 REM *Def SR-addresses 
60 LET DATADEF=3900 
65 LET DECBIN=3300 
70 LET TITLDEF=3600 
75 REt·1 
80 REM *GO 5RIDATADEF 
85 GO SUB DATADEF 
90 f:;!EM 
95 REt1 *5a\te .:Hr·:i'::IS 

100 cu:. 
105 PRINT AT 9,1; 
"Remove program ca::.::.ett.e": 

PF:! INT AT 10 .. 1; 
"(Pies:. CONT i!!hE:n donE:)" 
110 IF INKE'{$="c" OR It•H':E\'$="C" 
THE~·l GO TO 120 
115 GO TO 110 
120 CLS 
125 INPUT "~·t•)r.age cc•de='?";Z$ 
130 PRINT AT 9,1; 
,, -= :s .. ;:- 1 ) T $ 1 c:} C> .t"( :::, (a) •• 
155"~Ri~T AT 11,1; 
"1 :• Rem o v o:: earp h C• n e so c 1<. e t " 
140 PRINT AT 12.1; 
"2 1 PC• ::;. i t i C• n data t .:; p e: .~, Press 

RECORD" 
145 PRINT AT 14,1; 
"31 Pre::.s KB PB as prompted" 
150 LET '·/$="T$"+Z$: 

SAI...!E \'$ DATA T$ ( l 
155 LET Y$="C"+Z$: 

5AI.,..IE Y $ DATA C •: l 
160 LET Y$="C:•"+Z$: 

SAI...!E Y$ DATA D ( l 
165 LET ".''$="Ed a l "+Z$: 

:5A 1 • .JE ..,{$ DATA 5 ( l 
170 REt-1 
175 REM *'_.IE: r i i '-' ( . l T $ .• C,. D&S (a l 
180 CLS -
185 PRINT AT 9,1; 
"I.)E: ,- i i '::1 ( • ) T $,. C:, D .1.~ 2· (a) " 
190 PRINT AT 11,1; 
"11 rr.se:rt earphone: ::.c•cl<.et" 
195 PRINT AT 12,1; 
"2l RE:v!ind to start of ::.erie:s" 
200 LET Y$="T$" +Z$: 

VERIFY Y~ DATA T$() 
205 LET ''($= ";_:" +Z$: 

VERIFY Y$ DATA C(l 
210 LET Y'$="0" +Z$: 

VERIFY Y$ DATA D(l 
2 15 LET \' $ = " 5 ( a ) " + Z $ : 

VERIFY Y$ DATA 5() 
220 REI'-1 
225 CL5 : PRINT AT 9,1; 
"Remove: data tape:" 
230 PRINT AT 11,1; 
"Loading comp I.e t.ed" 
235 REM / 
240 REM *D•) n € 
245 STOP 

3300 REM **SR/DECBIN** 
3305 REM iTape 1.3a-015/019* 
3310 REM *Purpose-

convert a decimal 
number DEC to a 16-bit 
binar~ number with 2 
b'=' t e s , hi b;,! t e: .~, 1. eo byte* 

3315 REM *IP-DEC (0<=DEC<=65025l 
3320 REM *OP-hib~te.lObYt€:* 
3325 REM §Uar-,bi,c~, -

H$(.) .. A(.l ,i* 
:::;3:::;0 REt·1 
3335 REM *Convert DEC to string 

nur11 bE: r c $-
3340 LET •:$="" 
3345 LET delta=INT (DEC/2) 
3350 LET romeo=DEC-2*delta 
::;;:355 IF ,-oril€:0:::0 THEN LET b$="0" 
::::;360 IF ,- o ii; e •):: 1 THEt··l LET b $ =" 1" 
3365 LET C$=b$+C$ 
3370 IF del.ta=O THEN GO TO 3390 
3375 LET DEC=delta 
::;;3:30 GO TO 3345 
3385 REM iCalo: numeric value 

A(.l of string number­
::;; 3 •;:) 0 D It-1 A $ ( 16 l : D It-1 A i HS I 
::;:-:395 F::EM *In i t i .3 '· i ::. e A 1 • l -
3400 FOR i=1 TO 16 
3405 LET A(iJ::0 
:3410 NE::.-;T i 
:::415 LET br.:;•.,.·o=LEN c$: LET H$=0:$ 
3420 FOR i=1 TO bravo 
3425 LET A(iJ =VAL A$ibravo+l-il 
;-:;4:.::;0 NE::•:T i 
3435 REM *Calc lower and higher 

b'-lt.e:-::. of Ai.l-
3 4 4 0 LET I. o t. '::1 t e = 0 : LET h i b ':! t e = 0 
3445 FOR i=1 TO B 
3450 LET l.•:.b•::ftE::::lC•b'::ft€:+2·t· ii -ll * 

A i i :• 
3455 LET hibyte=hibyte+2~ii-1l* 

A ( i +dl 
::;;~60 NE)<T i 
3465· RETURN 

3600 REM **5R/TITLDEF** 
3605 REM *Tape 1.3a-030/034* 
3610 REM *Purpose-Inputs string 

description of the 
cont,-ol. functic•n U(tl 
from the usEJ * 

3 6 15 R E 1'1 * I P (f ,- 0:• m C• p e r .a t 0:11- :1 -
5 t r i n 9. d a t ·!'I f o r 
T$ (') * 

3620 REM *OP-T$(.)f 
3625 REM *Uar-i,j,S$ 
3e·30 REI'1 
3635 REM *Dimension T$(.!-
364~ CLS : PRINT AT 9,2; 
"InpLit no. c•f line:s (21 ma:<l 

in title: C•f U(t.):": 
INPUT N5TRING: 
DIM T$!NSTRING,301: CLS 

3645 REM *LOad~$(,)-
3650 FOR i=1 TO NSTRING 
3655 PRINT AT 21,5; 
" In p •J t t i t l e: l i n e " ,; i :. . INPUT ::. $ : 

LET T$!il=s$: CL5 
3660 FOR j::1 TO i 
3665 PRINT AT J,1;T$(Jl 
3670 NE)<T j 
::;;5 75 NEXT i 
:::;680 RETURN 



~Q00 REM ffSR/DRTRDEFfi 
~§04 REM iTape 1.3a-090/105i 
3908 REM fPurpose-
·"' J IP d at. a f o t f i :,; o:: d .: .:• n :::- t .ant::. 

a r ~- ·:i '-1 r- (. J 
b) IP + •: .3 i. c d.::~ t .. ;, for t. h 0:: ::.':1st. e Ill 

data constants arra~ C!.J 
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.:J IP d.;,t.:l fc•r t.r.e pto·;:~~-am st.at.us 
.:o:.nt1-o1. .:trl-a':i :5(.) 

3912 REi·! f 1.).:t r- i , ._i 
3916 REM fSR called-

TITLDEF & DECBIN 
:3920 REt·1 
3924 REM finput string descrip= 

t.ion of Uit.)-
392B GO SUB TITLOEF 
3932 REM **Define system con= 
stants whi.:h remain unchanged 
throuqt-.out the experiment & 
s.t•::Oie-.;,s. 0(.)-
3936 REM fDiffi D(.)-
3•;:t40 Dit-1 0 i7J 
3944 REM f5pe.:ifi.: heat capaci\~ 

HiJ/lQ.Kl for water 
3948 LET H=4190~ LET 0(1l=H 
:::;952 REt-1 H·1a s s t·1 it:.·;:~ J o f 11.1 ate,- in 

ct..~linder-
3956 LET M=i0: LET D(2J=M 
3960 REM fThermal. resistance R 
(KiWI between water and ambient-
3964 LET R=.5: LET 0(31 =R 
3966 REM iRfilbient temp Te!CJ-
3972 CLS : PRINT RT 9,1; 
"Input ambient temp Te ideg CJ 
: INPUT Te: CLS : LET D!4J=Te 
3976 REM fCold inlet water temp 

Ti I:CJ-
3980 PRINT RT 9,2; 
.. Input cc• td in I.e t 11.1a te r teme 
Ti id€:9 CJ : ": INPUT Ti: CLQ 

LET DiSJ=Ti 
3984 REM fOP flow-rate umax 
0~·~/S) v.1ith the OP 'v'/\1 open-
39e8 PRINT AT 9,2; 
"Input •:•u tpu t f 1.0~.1-ra te ')r,i.:t)<: 

(kQ/S) with the output vaLve 
O:•Pen: ": INPUT I,.Jfi1.3X: CL5 LET 

D ( 6 J =1)!11 a X 
3992 REt-1 fP•::Ol•.'€:1 rat in-;~ (q) of 
heater el.o::ment-
3996 LET Prating=2700: LET 0!71= 
Prating 
4.000 REM 
::.tant::. l•.'h 
t.he e:x:po::r 
c (.) l•.l it h 
o:o:•nstants 

fDefine sustem con= 
o:h may ct-.inge during 
ment and l•:•.::sd ar,-ay 
these as wel.l as the 
allready defined-

4.004 REM fDefine the number of 
d i f fer en t v .3 tu e BP5 ( c a l I.e d d .:tt a 
sets these constants witt assume 
during the experiment-
4006 PRINT RT 9,1; 
"Input the n'Jmbe,- O:•f different 

v.3 tues BPS ( o:a 1. led d.a ta -::.e t.s I 
the system constants will. 
assurf,e du1-ing the e::q:·e,-iment: ": 

INPUT BF'5: cu:. 
4012 REM ***Load Ci.J-
4016 REM *Dim Ci.l-
4020 DIM C!BPS,40J 
4024 REM *********************** 
4028 FOP J=l TO BPS 
40:32 REf·1 
4036 REM **Input sampling data-
4040 REM finput no. or sampl.es 
NsplBP in data-set J-
4044 PRINT RT 9,8; 
" In p u t t h e n 'J m b € r O:• f s a fi1 p l e s 

t·.Jspi.Bp 'Jsin9 data-::.o::t ".:..i;" c•f 
" ; B P 5 : INPUT l'l s p l B p : C L 5 : 
LET Clj,1l=INT iNsplBpl 
4048 REM fiP the samplin9 period 
Ts isl fQ,- d.;,ta-set ..i-
4052 PRINT RT 9,1; 
"In p L' t the sam p r. in g p e ,- i o d Ts ( s l 

for d.ata-::.o::t ";j,:" of ".:BPS: 
PRINT RT 12 .• 4; 

" I 0 < :Ts < =65535 l ": INPUT T::. : C:L:=. 
IF TS<0 THEN LET Ts=0 

4056 IF Ts>65535 THEN LET 
Ts =E·5535 

4060 LET C(J,2l=INT iTsl 



~06~ PEM *Convert Ts to 16-bit 
nur11 b.:: r-

4068 LET DEC=Ts: GO SUB DECBIN 
4072 LET TsLB:::lob~te: 

LET TsHB=hib~t.€: 
LET C ( .j, 3 I =Ts. LB: 
LET C(._i_,4l=TsHB 

4076 PEM 
4080 REM **IP disturbance con= 

trol d.:it..a-
40;;34 REt·1 *In it i i. i ZE:­
Calc Tvv for each C(J,5l 
~088 PEM *30s<:::Tvv<=45S,TS/TVV 

is- -:in int.::g.:J 
~0~2 LET i=1 
40';;t6 IF C ( .i, 21 /i < =45 RHD 

C(j,25ji>=30 THEN LET 
T.,_,..,. ::::nJT (C ( ._i, 21 ..... i 1 : 

-156-

LET C(.i,51=Tvv: GO TO 4104 
4100 LET i=f~1: GO TO 40~6 
4104 PEt1 
4108 REM *convert Tvv to 16-bit 

nurf1 bE: r-
4112 LET DEC=Tvv: GO SUB DECBIN 
4116 LET TvvLB=lObYte: 

LET TvvHB=hib~t€: 
LET C ( .i, 6) =Tv·~·LB: 
LET C(J;7J=TvVHB 

4120 REM *IP thE nominal fLOW­
rate U\Kg/sl for data-set j-
4124 PRINT RT ~,1; 
"Input the nominal fl0\•.1-r.:ste ''"' 

(Kg ..... s. i f c• r d at .a-s. e t ".: ..i .: " o f ".: 
BPS: PRINT RT 13.4; 
"\0 < =U < ::: 1.-'ma:>; I"_; : . PRINT RT 14, 4.: 
"Um.:i::<:::: "_; '..!m.a;<: .: " Kg . ...-s": INPUT 1,.1: 
IF U>Umax THEN LET U:::Umax 

4128 IF U<O THEN LET U=0 
41·-: .. -, LET C ( i ·~·,-II· ,-.L·:; 
41~~ REM ~I~~0i-~~eJwidth DELU 
of the White noise fLow-rate 
pdf-
4140 REM *Calc max allowable 
value DELVmax for DELV-
4144 IF 2*(Umax-VI <=2*V THEN LET 

DELUmax=2*!Umax-Vl 
4148 IF 2*V<=2*(Umax-VI THEN LET 

DEL 1Jma>; =2*\J 
4152 PRINT RT ~,1; 
"InP•J t. the 1.o.1 i d th DEL 1,.1 ( K9 /S I of 

the white noise flow-rate pdf 
which is symmetrical around V 
fO:)r d.ata-set ";.j;" C•f ".:BPS: 

PRINT RT 14 .• 7; 
"DEL'...'<="; DEL'..'ri•ax .: " Kg /S": 

INPUT DEL 1,.1 
4156 IF DELV>DELVmax THEN 

LET DEU..J=DEL')fi•a::< 
4160 LET C(j,10l=DELV: CL5 
4.164 REt-1 
4168 REM tfiP model constants-
4172 REM fiP the setpoint temp 
Tt ICI lc•r d-:lta-set .i-
41 76 PRINT RT ~, 1; -
"Input the se:tpoint temperature 
Ttldeg Cl fc•r data-so::t ";.j;" of 
"; BP::'·: PRINT RT 13, 5.: "10 ·: =Tt 

<=1001": INPUTTt 
4160 IF Tt>100 THEN LET Tt:100 
4184 IF Tt<0 THEN LET Tt=0 
4168 LET Cl._i,11i=Tt: CLS 
41~2 REM *IP control cost-func= 
tion f.actor LRt-1BDR-
4196 PRINT RT ~,2; 
"InP'-' t. O:•:on t. ro l cost- fL'n ct. icon 

factor LRMBDR for data-set 
"; j .: " co f "; BPc·: INPUT LRMBDR: 

LET C(j,16l =LRMBDR: CLS 
4200 REM fiP power Qh t.o heat.er-
4204 LET Qh=VtH*(Tt-Til + 
(Tt-Tel/R: LET Clj,171=Qh 
4208 REM *Calc system constant 

t·U (K/1.-.11-
4212 LET ~(.1:1/ (I.Jf.-H+l/RI : 

LET C I ._i, 181 =~a 
4216 REM 1Calc system constant 

1<.2(~~/KQJ-
4220 LET K2=1Tt-~ii/M: 

L.ET C: I ..i, 1'::<1 =K2 

4224 r=;:Er-1 

422C: LET 
LET 

42:32 r:::Et·1 

42:36 LET 
LET 

4240 REI"-1 

4244 LET 
LET 

4248 RE!"-1 

4252 i...ET 
LET 

4-25E· REI"-1 
4260 REt-! 

4264. r:::Et-1 

fCalc system cons~an~ 
Tn (S I·· 

Tn=M*H/IV*H+1/RI: 
c 1 J .. 201 =Tn 
*Calc s~st.ern constant 

Tp ( s I --
Tp=M*H/(U*H+1/Rl: 
C ! ,i .• 21 I =TP 
*Calc system cconstant 

RLPHA-
RLPHR=1/EXP (Ts/Tpl: 
C ( ._i , 22 I =RLPHA 
*Calc sYstem constant. 

GRI'"1t·1A--
GRMMA=l/EXP !TS/Tnl: 
C ( . .i .• 2:3 :• =GRr-H-1R 

**Calculate control 
function constants-

4268 REM fC16=CIJ,37l (dum varl 
4272 LET c 16 =1"<.1 * •: 1-RLPHR l : 

LET C ( j .• :37 l = c 16 
4276 REM tcl=C!._i,24l-
42C:0 LET Clj,241=1/(C16+LRMBDR/ 

·: 161 
4284 REM *C2=C(j,25l-
4288 LET C(._i,251=C16*GRMMR+ 
LRMBDR*RLPHR/0:16 
42':i2 r:::EM *0:3=-C!J .. 23J as d>::fined 
4.2~6 REM *C4=C(j,261-
4300 LET C(j,261=RLPHRfGRMMR 
4304. REM fC5:C(j,271-
4308 LET C(.j,27J=c16*(GRMMR+ll + 
LRMBDR*IRLPHR+2l/c16 
4312 REM *c6=Cij,281-
4316 LET C(j,261 =-!LAMBDRf 
12tRLPHR+11/C16+C16*GRMMRl 
4320 REM tc7=Cij,29J-
4324 LET C(j,29l=LRMBDR*RLPHR/ 
C16 
4328 REM *c6:::C(j,301-
4332 LET Clj,301=1RLPHR+1l* 
GRt·1f'"1R 
4336 REM *C9=-CIJ,26i as defined 
4.340 REM *C10:C(j,3ll-
4344 LET Clj,31J=c16t(l+GRMMRI+ 
LRMBDAIRLPHR/Cl6 
4348 REM *Cll:C(J,321-
4352 LET Clj,321=-cl61GRMMR 
4356 REM *C12=C!J,331-
4360 LET C!j,331=cl6f(2+GRMMRI+ 
LRMBDRf!RLPHR+2l/Cl6 
4364 REM fC13:C(j,34l-
4368 LET C(j,341=-IC16*(2*GRMMR+ 
li+LAMBDRfl2fRLPHR+ll/Cl61 
4372 REM *C14=Cij,351-
4376 LET Cl._i,35l=c16*GRMMR+ 
LAMBDR*RLPHR/Cl6 
4380 REM *Cl5=C!._i,36l-
4384 LET CCJ,361=RLPHR+l 
4388 t·~EXT J 
4392 REt1 
4.396 REM *********************** 
4400 REM **Define program status 

control variables-
4404. REM *Dimension S!.l-
4408 Dit-1 5(4) 
4412 REM *Calcul-ate the total 
n Llf~ be:.- C• f sam p L e s for the ex p e: = 
rirnent NSRMPLE as the sum of all 
BPS Values of NspLBp-
4416 LET N5RMPLE=0 
4420 FOR i:::l TO BPS 
4424 LET NSRMPLE=NSRMPLE+C!i,l) 
4428 NEXT i 
4432 LET 5(li=NSRMPLE 
4436 REM *save the number of 
data-sets used in the experiment 
4.440 LET 5121=BP5 
4444 REM '*Initi-3Lize the number 
of samples completed NCOMPL-
4448 LET NCOMPL=0: LET 5(3l=NCOM 
PL 
4452 REM *save the number of 
lines NSTRING in the title Of 
Ll! t)-
4456 LET 5!4l=NSTRING 
4460 REM *Finish 
4464 RETURN 
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LISTING OF •niSTROUTs• 

"'·'> ;~r 

6000 REM ffDISTROUT5ff 
5005 REM fTape 1.3a-040/046f 
6010 REM iConsists of­
biSR/STRTDIST (line 60251 
bl5R/N5TRTDI5T (line 61051 
6015 REM fPUrpose-Generates 
rand m variables for both stat & 
non- tat dist & both experiment 
(T'..I o ~, s i ill u 1. at. ion ! o:: t J 
e.o20 f:;:Et-1 
6025 REM **5R/5TRTDI5T** 
5030 REM *Purpose-Generates stat 

land di:<:.t var for bo:•th 
e::<pe ,- i mo::n t ('T'•.IC.n I ::..":.: 
:o.irf,ulatio:.ln (E:U 

602;5 REt-1 *IP-Da ta -set J, :=:.c. 1 .. 
c c. 1 , l.Jfl'la>:: 

6040 REM iOP-Tvon(V/V on-timll& 
e t (S i fiiU L.a ted t.E:fi1P diS t 

6045 REt-1 
6050 LET rnd=RND 
6055 REt-1 *Calc delTvon-
6060 LET delTvon=Crnd-.51* 
C(.j_,5i *CC._i .. lOI /l.Jma:x: 
6065 REM fCalc Tvon-
6070 LET Tvon:C(.j,9JfC(j,5)/ 
'v'flla:>( +del Tv on 
6075 REM Calc zet.at-
6080 LET ZE:tat=C!j,l9JfC(j,21* 
vmaxfdE:lTvon/C(j,51 
6085 LET et:C(.j,23l*lt1+ZE:tat 
e.ogo LET e t 1 =e t 
E:·095 RETURN 
e. 100 P.Et-1 
6105 REM **SR/N5TRTDI5Ti; 
6110 REM fPurpose-Rs 5R/5TRTDI5T 

but fC•r ncon-:<;.t.at diSt 
6115 REM *IP&OP-Rs SP./5TRTDI5T 
e.120 REt·1 
§1~5 LET rnd=P.ND 
o100 REM fCalc delTvonact 
6135 LET delTvonact=deLTvonao:t1 
+ c r n d-. 51 *:::~ 
6140 IF deLTvonact>CCJ,5l­
C!J,91 *CCj,5l/Vmax THEN LET 
deLTvona•:t=.';;t*!CC.,i,5l -C!j,'di * 
C ( .. i .• 51 /l)r,laX :1 
6145 IF delTvonact<-C(J,9lf 
C!j,Sl/Vmax THEN LET dE:lTvonact 
:::,9f(-C(,i,91 *C(j,5! /l)ma:>() 
6150 LET deLTvonactl=dE:lTvonact 
6155 REM *Calc Tvon-
6160 LET Tvon=C(j,9l*C(j,5l/ 
'..Jm .3 :":+de 1. Tv on a o: t 
6165 REM *Calc zetat 
6170 LET zetat:::C(j,191*C(j,2l* 
vmaxfdelTvonao:t/C(j,51 
6175 REM *Calc et 
6 16 0 LET e t. = C ( .,i .• 2:3 l * e t 1 + z e t a t 
€·185 LET et.l:::et. 
61 ·;:.o RETURN 

Annexure 2 to 

Appendix B 
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10 REM **MAINPROG** 
!5 REM fTape 1.3b-035/054* 
~0 REM •Purpose-
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Con~uct stochastic controL simu= 
l~t1on/experiment of lst order 
l1near system subject to statio= 
ar~/non-stationary disturbance 
•Js1ng •:ontr•:ol law 1&2/3, 

~5 REM fiP-C.lC,D & Sial 
~0 REM fOP-I.lQ.T & Slbl 
35 REM fSubroutine:s ·called-
40 REM SR/DECBIN 133001 
45 REM SR/PHICALC (30001 
50 REM SR/STRTDIST 160251 or 

55 REM 
ca 1. led 
60 REt1 
65 F::Et·1 

SR/NSTRTOIST 16105) 
~Machine code routines 
t•:•r experim.::nt­

INTVECTORC & IM1/IM2 

70 REM **Select options-
75 REt·1 
60 REM f5im or exp? 
85 CLS : PRINT RT 9,1; 
"Sir.-.ulatior.? ('-1/nl" 
90 IF INKEY!Ii="Y" OR INKEY!Ii="Y" 
THEN LET SIM=1: GO TO 125 
95 IF INKEY$="n" OR INKEY$="N" 

THEN LET SIM=0: GO TO 125 
100 GO TO 90 
105 REM 
110 REM fLoad machine code: pro= 

grams if exp-
115 IF SIM=1 THEN GO TO 125 
120 CLS : PRINT RT 9,1; 
"Lo.~d ma •:h i ne C•:Ode": PRINT RT 
10,1; "It CONT when L•:oade:dl ": 
STOP 
125 REM fStat or non-stat dist 

model? 
130 PRUSE 100: CLS : 

PRINT AT 9,1; 
"Stat lyl /NC•n-stat cnl dist 

mode: 1. ?" 
135 IF INKE't$="':1" OR INt·(E't$="\"'" 
THEN LET DIST=l: GO TO 155 
140 IF INI<EY!Ii="n" OR INKEV.$="N" 
THEN LET OI5T=0: GO TO 155 
145 GO TO 135 
150 REI'1 
155 REM fReaL dist stat or 

non-stat? 
160 PAUSE 100: CLS 

PRINT RT g I 1; 
"ReaL dis t Stat IY) /Non-stat en)'? 

165 IF H..JKEY$="'::1" OR INKEY$="'{" 
THEN LET OISTR=1: GO TO 185 
170 IF INKEY$="n" OR INKEY!Ii="N" 
THEN LET OISTR=0: GO TO 165 
175 GO TO 165 
180 REM 
165 REM fControl Law 1&2/3? 
190 PRUSE 100: CLS : 

PRINT RT 9, 1; 
"Control Law H,21yl/3lnl?" 
1'35 IF INKEY$="'::1" OR INKE'·{$=""1"' 
THEN LET CNTLRW=2: GO TO 215 
200 IF INKEY!Ii="n" OR INKEY!Ii="N" 
THEN LET CNTLRW=3: GO TO 215 
205 GO TO 195 
210 REM 
215 REM •Perturbation required 

for sensitivity anal? 
220 CLS : PRINT RT 9,1; 
"Parameters pert.1..1rbed Cpl / 
correct 10::1 ?" 

225 IF INKEY$="P" OR It-U<EY!Ii="P" 
THEN LET PERT=1: GO TO 240 
2~;0 IF INKE"y'$=" c" OR INKEY$="C" 
THEN LET PERT=0: GO TO 280 
235 GC• TO 225 
240 REM finput correct values 

of perturbed params 
245 REM 
250 DU1 P C9l 
255 CLS : INPUT 
"Cor.-e:ct. mO,gi=?";PI1l: CLS 
260 INPUT "Correct. V(~9/S):'?"; 

P(21: CLS 
265 INPUT "Correct R(~(/1...11=?"; 

P (31 : CLS 
270 INI='UT "Correct. Ti (d€9 Cl =?" 

P (4) : CL:5 
;::75 P.Et-1 

280 P.EI't 
285 LET 
2'30 LET 
2'35 LET 
300 LET 
:305 REt1 

fOe:f sR-addresses 
DEC6 IN :3:300 
PHICRLC=3000 
STRTDIST=6025 
N~·TATD IST =6105 

310 REM fLO~d (.IC,D & Slal­
~15 CLS PRINT RT 9,1; 

Re: m •::> v e: p .- C• g .- .~ m t ~ p e: " 
320 PP.INT RT 10,1; 
" c P ~- e s s c D NT IJJ h .:: n d eo n e: 1 " 
325 IF INt<.E''( $ =" o:" OR INKE\'. $ =" C" 

THEN GO TO 3:35 
330 GO TO :325 
3:35 CLS : 

INPUT "5t.o.-.~o:~e: cod.:--·";·"·7$ 
340 CLS : PRINT AT 9:1~-· •­
"LC•~d (,) C,D ,t, 5(a)" 
345 PRINT AT 11,1; 
"11 In:.:.en. & rewind data tape 

to sta.-t of se:ries'' 
350 PP.INT AT 13,1; 
"2) Pi"E:SS PLRY" 
355 LET Y$="C" +Z$: 

LORD Y$ DRTR C ( l 
:350 LET \1 $="0" +Z$: 

LORD Y$ DRTA D(l 
365 LET Y$=":S(al"+Z$: 

LORC· \·'$ DRTA 5 (I 
370 CLS : PRINT AT 9,1; 
"St•::>P ~ l.eave: data tape: in" 
375 PRl15E 150 
3c;0 REI'1 
385 REM *If params perturbed 

caLc correct values 
390 IF PEP.T=0 THEN GO TO 450 
395 REM fCalc correct K2 
400 LET P(5l :(C(1,111-P(4ll/ 

p (1) 

405 REM *Calc correct K1 
410 LET P(6l =1/(P(2lf0(11+1/ 

p (3:1) 
415 REI'-1 fC.a l •: co.- r E:·C t Tp s, Tn 
420 LET P(71=P(11*0C11/ 

( P ( 2 l *D ( 1 l + 1 /P I 3 I I 
425 REM *C~lc correct ALPHR & 

GAI'11'1R 
430 LET P(SI=1/EXP (C(1,2l/ 

p (7)) . 

435 REM *Calc correct 

440 
445 
450 
455 

460 
465 
470 
475 
460 
485 
490 
495 
500 
505 
510 
515 
520 
525 
530 
535 
540 
545 
550 
555 
560 

565 
570 
575 
580 
585 
590 

595 

Kl. ( 1-ALPHAI 
P (91 =P (61 * (1-P (Sl I LET 

REI't 
REM 
LET 
LET 
LET 
LET 
CLS 
REM 

*A l locate D 1 • l name: s­
H=Dill: LET M=DI21: 
R=D(31: LET Te::0(4): 
Ti=D(Sl: LET 1.)max=D(6): 
P .-at in g =D ( 71 

REM **Init condition if 
REM 
IF 5IM=1 THEN GO TO 765 
REM 
REM fZe:ro fLags­
LET Flagl=O -
POKE 50001,Flag1 
LET F i.,~Q2=0 
POKE 60~02,Flaq2 
LET F Lag:3=0 -
POKE 60003,Flag3 
REI'1 
REM *Invoke: 1M2-
LET usr=USR 57601 
REM 
REM *P.-ogram PIO's-
REI'1 
REI't 
OUT 
LET 
REt-1 
OUT 
REM 
OUT 
REM 
OUT 
LET 
REI'1 

fPIOla OP-port-
11,207: OUT 11,0: 
PI01a =3 
•OP zero POWE:i"­
PIOla ,255 
•PI01b IP-port-
15,207: OUT 15,255 
•PI02b cont.-oL-port-
31,207: OUT 31,32: 
PIIJ2b=23 

exp 



600 REM fiPre-heating­
E·05 REt-1 
610 CLS : PRINT AT 9,1; 
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"P ,- e - h o:: .:. t. i n q ,- e ·=t IJ i red·-;:- ( ·~ .. --r, 1 " 
615 IF INKE·.;.- $::" n" OF:: It-.Jt<E:··.,·' $ = "N" 
THEN (~0 TO 750 
620 IF IN~=:.E\·'$=''•::1'' DR It·..t~=:.E\'.$=''··.,..-·· 
THEN GO TO 6:35 
625 GO TCI 615 
6::;;0 REt-1 
635 REM tF're-ho::atinq required 
640 CLS INPUT -
"F·ro:: -hE: at i n9 P•:Oi.~e r (1,.1) ·;·" .: Pa·.-o::: 
CLS 
645 
e.e:o 
655 
t•t•0 
665 
E·70 

GO ~·UE; Pl-1 ICALC 
OUT PI01a,Pwrbyt.e 
REt-1 
REM *Display to::mp each 5s­
REM tinit timer CTSHb&Lb­
LET CTsHb=O: LET CTSLb=5: 
POKE 60004,CTsHb: 
POKE 60005,CTsLb 

675 REM *Activate timer-
6;::;0 LET F l·=:i·:J 1=1: 

POKE 60001,Flag1 
685 REM *Re-init PI01a 
690 OUT 11.207: OUT 11,0: 

OUT PI01a,Pwrbyte 
695 REM fOisplay temp & power-
700 PRINT AT 18,1; 

"(·t S· t.C• StQp)" 
705 IF INI<EY$="s" OR It-.JI<E\'.$="5" 

THEN GO TO 610 
710 IF PEEK 60001=0 THEN LET 
TEMP=PEEK 6001411/2.55: CLS 
PF::It-.JT AT ·~ .. 1.: "To::ri,per.:.t,_~re=".: 
ItH TEt-1P;" deg C": PF::HH AT 
10,1; "POi.o.Jer::";P.=:!\IE:.:" 1~1": 
GO TO 7~;0 
715 GO TO 685 
720 REt-1 tLimit power if req-
725 IF TEMP>C(1,111+3 THEN 
GO TO 750 
730 REM i5afety limit 
7:35 IF TEMP::C(1,111+5 THEN 

GO TO 750 
740 GO TO 665 
745 REt-1 
750 REt-1 tEnd pre-heating,0W out 
755 OUT PI01a,255: CLS 
760 REt-1 
7E·5 REt-1 f5ample-class J calc 

770 
775 
780 
7E;S 
790 
795 
800 
805 
810 
815 
820 
.:: . .-.c:­
I..JCa-.J 

cDO 
e::;;s 
e4o 
845 

850 

855 

860 

870 
875 
8t:;0 
885 
890 

in i t-
Dit-1 L (5 (21 l : Dit-1 HiS (21 l 
LET l =1 
FOt=;: i =1 TO 5 (2i 
LET h =C ( i I 1) + l-1 
LET L ( i l :: l : LET H ( i i = h 
LET l =h +1 
NE><T i 
REt-1 
REt-1 ffinitializatiQn­
REt-1 
REM ilnit j & 5(31-
LET J=l: LET 5(31::3 
REt-1 iOimension (.1 Gl ~' T-
D It-1 Q ( 5 ( L• I : 0 It-1 T ( 5 ( 1 i I 
REM *Init variables­
LET T(1l=C(1,11i: LET 
LET T(2l ::C(1:111: LET 
LET Q(1i =C(l;l7l: LET 
LET Q(2l=Ci1;17l: LET 
LET Q(3l=Ci1,17l: LET 
LET qt1=0: LET et1=0: 
LET deLTvonact1=0 
REM !Activate real 
distL•rbance 
IF DISTR=1 THEN GO SUB 
5TATC)IST 
IF DISTR=0 THEN GO SUB 
t·..fSTATI) IST 

yt2=0 
<..~t1=0 
ut3=0 
IJ t2:0 
Ut1=0 

REM **Init counters & flags 
and OP-POW€r if exp­

IF SIM=1 THEN GO TO 960 
REM *convert Tvon to hex­
LET DEC=INT Tvon 
GO SUB DECBIN 
LET TvoHb=hibyte: 
LET TvoLb=I.ObYt€ 

-=··~C' 

:~eo 

·~05 

910 

'd15 
•;;)20 
·~25 
'330 

940 
945 
·~50 
·~55 
960 
9E·5 
·~70 
975 
980 

985 

·~·~5 
1000 

1005 
1010 
1015 
1020 
1025 
10::::00 

1055 
1060 
1065 
1070 
1075 

1oeo 

10e5 
10':10 

1095 

1100 

REM fLOad counte s­
LET CTSHb=C(l,4) 
LET CTs.Lb=C(1,:3) 
LET CTVVHb=C(i,7 
LET CTVVLb::C(1,6 
LET CT'•.IOHb=T· . .:oHb 
LET CT\1 OLb =Tvo:•L b 
LET T\1 \1 H b =C ( 1 .• 7) 
LET T'·I'..ILb=C ( 1, E·) 
POKE 60004.CT~Hb: 
POKE 60005;CTsLb: 
POKE 60006,CTVVHb: 
POKE 60007,CTVVLb: 
POKE 60008.CTvoHb: 
POKE 60009:CTvoLb 
POKE 60010;TvvHb: 
POKE 60011.TVVLb: 
POKE 60012;TvoHb: 
POKE 60013,TvoLb 
REM t5Witch dist V/V on­
OUT PI02b,BIN 11111101 
REi-1 *5e t f l_.':jq;:.-
LET Flag3=1:-LET Fl.ag2=1: 
LET F l_.:t ·::11=1 
POKE 60603.FlaQ:3: 
POKE 60002;Fla§2: 
POKE 60001,Flag1 
REM fOP nominal power­
LET P.:t\1€ ::C ( 1, 17) 
GO SUB Pli I CALC 
OUT PI01a,Pwrbyte 
REM tEnd of initialization 
REt-1 
REt1 * *5 tart. <:• f main 1_ o o p 
REM 
REM *Activate real 

dis. tu r b.:.n •:E: 
IF DI5TR=1 THEN GO SUB 
5TATDI5T 
IF DI5TR=0 THEN GO SUB 
N::STRTD I~·T 
REt-1 
REM **Measure/tate yt & 

T (5 (3)) f•Jr €XP/Sif•i­
IF SIM=l THEN GO TO 1145 
REt-1 fE>;p-
REM *convert Tvon to hex­
LET DEC:::Tvon 
GO ~·UB C:·ECB IN 
LET TvoHb=hibyte: 
LET TVOLb:::I.Qbyte 
REM iCheck if FLaq1:0 
LET Flag1=PEEK 60601 
REM *Re-init PIOs 
OUT 11,207: OUT 11,0: 
OUT 15,207: OUT 15,255: 
OUT 31,207: OUT 31,32: 
OUT PIOla,Pwrbyte 
IF fla91<>0 THEN GO TO 1040 
CLS 
REM *SCale TEMP-
LET TEMP=PEEK 60014t1/2.55 
REM *Ro,_•nd-off to 1 deo: t., 

s.:.ve TEt-1P-
LET TEMP=INT !TEMP*10+.5)/ 
10: LET T(5(3J l=TEMP 
REM tLoad counters-
LET CTsHb=C ( 1, 4) : 
LET CTs L b =C ( 1 :. :3) : 
LET CTVVHb=C(l,7l: 
LET CTvvLb=C(l,61: 
LET CTvoHb=TvoHb: 
LET CTvoLb=TvoLb: 
LET TVVHb:C(l.7l: 
LET TvVLb::C ( 1·. E':·l 
POKE 60004,CTiHb: 
POKE 60005.CTSLb: 
POKE 60006;CTvvHb 
POKE 60007,CTVVLb 
POKE 60008,CTvoHb 
POKE 60009,CTVOLb 
POKE 60010,TVVHb: 
POKE 60011,TvvLb: 
POKE 60012,TvoHb: 
POKE 60013,TvoLb 



1105 REM i5Witch dist V/V on-
1110 OUT PI02b.BIN 11111101 
1115 REt-1 i:=·et tl..a';.ls-
1120 LET Ft.a9:;;::1: LET FJ..ao:;~2=l: 

LET Fl.ao:;il=1 
1125 POKE 60003.FLag3: 

POKE 60002;Fla§2 
POKE 6000l.Flaql 

1130 REM iCatc ·~t--
1135 LET Yt=Ti5!3ll-C(j,lll 

LET •=l_ t =0 
1140 GO TO 1205 
1145 REt-1 i::=. i m-
1150 REM iCalc qt-
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1155 IF PERT=O THEN GO TO 1175 
1160 REM iFor perturbed params-
1165 LET qt=P!6l iqt1+P!91 iUtl: 

GO TO 11;50 
1170 REM iParams not perturbed-
11 75 LET q t_ ::C ( .i . 22 I .:,;.q t 1 +C ! ._i , 371 .:,;. u t 1 - . 
11;:;o f:;:Et-1 .:,;.Limit .:: t if ne c.::s:: .. a r•::~-
1165 IF qt+C!._i,lll+et>lOO THEN 

LET et=10Q-qt-C!._i,lll 
1190 IF qt+C(j,lll+et<O THEN LET 

et::-qt_-c !.j .. 111 
1195 REM .:,;.calc ~t.round-off to 

one d~c & catc T!5!31 l 
1200 LET ~t=qt+et: 

LET ·~t=INT !~t.:,;.l0+.5l . ...-10: 
LET t ( ::'· ! 3 I I = ·~ t + C ( j .. 11 I 

1205 REM iEnd of yt & T!5(3ll 
calc/measurement-

1210 f:;:Et-1 
1215 REM .:.:-.:.:-Program ._i-count con= 

trol-
1220 IF 5!31=5!11 THEN GO TO 

1530 
1225 LET 5!31=5!31+1 
1230 IF 5 (:3) < =H ( .j I AND ::. (:31 > = 

L ( .i l THEH GO TO 124.5 
1235 IF-j=5!2) THEN LET J=O 
124.0 LET .i = .i + 1: GO TO 1230 
1245 REM ~EAd of J-count control 
1250 
1 ·-•E:'c:' 

.::.·-'-...} 
12e.o 
1265 
1270 

REt-1 
REM iiCalc control. ut­
REt-1 
IF CNTLAW=2 THEN GO TO 1310 
REI'-1 

1275 REM .:.:-controL law 3-
1280 IF DIST=1 THEN GO TO 1295 
1265 REM .:.:-Non-stationary dist-
1290 LET ut=C!j,24.l.:.:-!C(J,331 i 

1_1 t 1 +C ( ._i ·' :34-) *U t 2 +C ( .j .• :::;5) * 
ut3-Yt+Cij,36liYt1-C!._i,221.:.:­
yt2l: GO TO 134.0 

1295 REM iStationary dist-
1300 LET Ut=C!j,24.li!C!J,27li 

ut1+C(.j_.2;;:;) il_;t2+C!._i .. 291 * 

1305 
1310 
1315 
1320 
1~;25 

u t 3 -C ( .j , 2:::; l *':c! t +C ( j .• 30 I *~ t 1-
C!j,261.:.:-yt21: GO TO 1340 
REI'"1 
REt-1 iCon t ro L tal.~ 1&2-
IF DI5T=1 THEN GO TO 1330 
REM *Non-stationary dist­
LET ut=C!.j,24l i!C(.j,31li 
Ut1+C (j ,321 iUt2-':lt+O: (.j .. 221 * 
·~ t 11 : GO TO 1:340 

1330 ~EM i5tationar~ dist-
1335 LET Ut=C(.j,24.J.:,;.(C;(j,25li 

u t 1-C ( ._i , 23 l *'::1 t +C ( ,i , 26 I i':J t 1 l 
134.0 REM *End of ut-calc 
134.5 REt-1 
1~;50 ~:Et-1 *Limit Gl !5 !31 I if 

n~·--=-·=.·::..:ti"''...J-

1355 LET O(§~~i~= -
INT ( u t +C: ( .j , 17 l I 

1:3E·0 IF i.Jt.+C(.j,l71 ::-Pratin•3 THEN 
LET 0(5(311 =Prating 

1365 IF ut+C(.j.171 <0 THEN LET 
0 (5 (31 I =0. 

1370 REM *Output power-
1375 IF 5IM=1 THEN GO TO 1405 

14.00 
1405 
14.10 
14.15 

LET Pave ::GI iS (:31 I 
GO SUB PHIC:ALC 
REM iRe-init PIOs 
OUT 11,207: OUT 11,0: 
OUT 15.207: OUT 15,255: 
OUT 31:207: OUT 31,32 
OUT Pib1a,Pwrbyte 
REt-1 
REM 
LET 
LET 

*Re-init dummy-var 
y t 2 =':It 1: LET '::1 t 1 ='::! t: 
IJ t:3:1J t2: LET u t2=LI t l: 

LET 
14.20 REI'-1 

U t_ 1 =U t : LET q t 1 =·=t t 

14.25 REM iiDiSPlay data-
14:::;0 REt-1 
1435 REM .:,;.Display 

s.amp I.e f 
.after e· . .­
f o ~- ::. i m -

fter e 
r e::-::p 
~-·:J 10 

e r·~ 
nd-
arliP le::. 

14.4.0 IF NOT CSIM=0 OR !5IM::1 
RND 5(31 /10=INT (5(31 /lOll) 
THEN GO TO 970 

1445 CL5 
14.50 IF DIST=1 THEN PRINT AT 1,1 
; "Statio:onar·~ dis-tucbano:e" 
i455 IF OIST=0 THEN PRINT RT 1.1 
; "t··j•:• n -stat i O:• n .:. r ':I dis t u ~-ban o:.;:" · 
1460 IF CNTLAW=2 THEN PRINT AT 

2 .. 1_; ''C.:,nt..r('t i.,.~i.•J 1 . ...-2'' 
1465 If CNTLRW=3 THEN PRINT RT 

2 . 1 ; "Con t ~- o l I. a l.•J :} " 
14.~0· PRINT AT 5,1; 

"5etpc•int=".;C!._i .. 111·" de·3 C" 
14.75 PRINT AT 6,1; 

"L·:ifil bd·:i =" ,; C ( ._i, 161 
14.80 PRINT AT 9,1; 

"t1e as u ~- e d temp =" _; T ( ::=. ( 3 I -1 l 
.. dO:·q 1-:" 

14.85-~RiNT AT 10,1; 
"ou t p u t p .:. 1.11 e r =" .; Gl ( 5 c :::n 1 ,; .. I,J" 

14.90 PRINT AT 13,1; 
":: .. :tfiiP'-ing period=".;C(_i,2l.;" ::." 

1495 PRINT AT 14,1; 
"5ariiP 1_.;: "; ::. (31;" ·=· f ",; 5 (11 

1500 REM iEnd of dispta~ 
1505 REt-1 
1510 REM .:,;.Go to start of main 

l C11-1p-

1515 GO TO- ·~7o 
1520 REt·1 
1525 REt-1 
1530 REM **End of run-
15~;5 REt-1 
154.0 REM *OP zero power-
154.5 IF SIM=i THEN GO TO 1560 
1550 nuT prn1a os~ 
1555 ~EM - ·---
1560 f:;:Et-1 *5ave (,) :;:,(b) ,C1 .~:., T-
1565 CLS : PRINT AT ·9,1; 
··:=.a· ... ·e (. j::. (b) } w .a-= T" 
1570 PRINT AT 11,1; 
"11 Re:mc.ve e.::~rpt-.ono:: ::.o:;.o:t:.et" 
1575 PRINT AT 12,1; 
"21 Neo te o:oun t <::.: press F::ECORD" 
1580 PRINT AT 13,1; 
"Pre: s s i<:E; PB .as p 1 eo m p t e: d" 
1Se;5 LET \'$="5(bi"+Z$: 

5AI._.IE Y$ DRTA 5 () 
1S·~o LET Y$= "GI" +Z$: 

5A'v1E \' $ C•RTA (1 (I 
1595 LET \'$="T" +Z$: 

SAI.)E ·y· $ DATA T ( :1 
1600 ~:Et-1 
1605 REt-1 .:,;. 1.)€: ~- i f ':I ( • I 5 ( b I .• l:J .& T-
1610 CU> 
1615 PRINT AT 9,1; 
" 1.)€: 1 i f ':J ( , I 5 ( b) .• G:1 .;:, T" 
1620 PRINT AT 11,1; 
"11 Insert earpho:•ne sc•o:t:.et" 
1625 PRINT AT 12,1; 
"21 Ret•Jind to previ•:JIJS O:Ql_lnt" 
1630 PRINT RT 13,1; 
"31 Press PLA\1 " 

H:. :3 5 LET \' $ = " 5 ( b I " + Z $ : 
VERIFY Y$ DATR 5(1 

1E·40 LET ·y·$= "1~" +Z$: 
VERIFY Y$ DATA 0(1 

164.5 LET Y$="T" +Z$: 
VERIFY Y$ DATA T!l 

1650 REt-1 
1655 CLS : PRINT AT 9,1; 
"Remo·.,.e & s to::o re: data tape" 
1660 PRINT AT 11,1; 
"End of r1_1n" 
1e.e.5 STOP 



LISTING OF •sR/PHICALC• 

:::;01~; 

:30~~0 

::.:;0~=2:::; 
-· ......... -.,-,_ 
-..::0\::.!·..:•l.::.l 
::::;o::;;~: 

:304-0 
304-'5 

:::;oso 
3055 
:;;oe.c 
::::oc.s 
::.;070 
:;;o?s 

3090 
::';095 

3110 

::::;115 
:3120 

::H25 
31:30 
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REM **SR/PHIC8LC+i 
REM +Tap€ 1.3a-000;007+ 
PE.H +F'U rpo:::.E:-
:J. ) C: . .:J l. ( .::j n d 0 P b ~~ t .::: t_ (.) L> R C 

for phas~ control for 
rE:quirsd P.:>'·/8 

2lEnable interruPt 
REM *IP-Prating,~ave 
PEI-1 *C)P ~-!='i;.~ ( b 1:.~ t 8 ( t IJ p 0 (' t :::; 

REM *~2P~~~~~d~g~~~~~~L~ 
REM *Uar-PHI,Psol,Uadc 
r-:::EH 
REM *Limit Pave if req­
IF Pave::-Pratinq THEN 
L_ET P-01\IE::::Pratir,q 
IF Pave<O THEN [ET Pave=O 
REM **Newton-Raphson-
REM *InitialiSE: PHI-
U':T F·HI:::PL'2 
REM *Calc new PHI­
LET PHI:::PHI+ 
( :5 H~ ( 2 .:,;. ( P I -PH I ) l -1- 2 * F=· H I -
4+PI16000*Pavel 1 
I.O::::+LU=· (;::+ (f::•r-PHI!) --2) 

REM *Calc Psol for new PHI­
LET Psol=60001PI* 
( .S*PHI+"25* 

SIN (2-:\· (PI-PHI.i l) 
REM +Psol ClOSE: to Pave? 
IF 8E;::;:. q:·.01 \I e -Ps. o t) ::- 1 
THEH GO TCl :::;;0~"5 
REM +175<=PHI<=180 ? 

...... .:··~- i.:·t ;.-'ad•"=l ·::· 
IF PHi~;~£-~N6 - ·­
PHI>175!180*PI THEN 
l. ET '-.! .;i d 0: = 1 • 2 
IF PHI<:::PI ANO 
PHI>1751180*PI THEN 
GO TO :31:30 
;::;:Et-1 :~ca 1. o: ()ad c-
LET UadC=4-2.81175+PHIIPI* 

lt:;O 
PEM *Calo: Pw b~te-
LET Pwrb~tE= N~ (255!2.6* 
Uadc-1.2i255 2.6+.5l 
PETUPt-i 

Annexure 4 to 
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00010 
00020 
00030 
1Zl0040 
000'50 
000t.0 
00071i\ 
L~00eE) 
~~J0~1';t0 
0010•Zl 
0011.0 
0~120 
1;?;0].:3i~\ 

00140 
00150 
001t·0 
00170 
~-:101;:;0 

00190 
00200 
00210 
00220 
002::';0 
ii.\0240 
002'50 
00260 
0\~270 
IZilJ2;:;0 
~102·;:<0 
00::;ll!l,!i 
00310 
(\0::;~:0 
002::30 
00340 
0055l!l 
1v0::::e.0 
00370 
00:;;;::;0 
0@:;i90 
00400 
00410 
00420 
0t.M:;;@ 
00440 

,00450 
004E.0 
0047il' 
004'::0 
0049\Zl 
00500 
00510 
00520 
005;:av 
00540 
00550 
00560 
00'570 
005::;0 
01i)590 
00600 
00610 
00620 
00t.:::aD 
00641D 
00t·50 
006E·0 
00670 
006~;0 
00690 
00701i) 
ID0710 
00720 
01D7:30 
00740 
00750 
0070:.0 
01il770 
007e0 
00790 
00i::0!tJ 

-f1'INT 1 • .JECTOFU.;;* 
Tapo:: 1. 5a-0:::.e. 
Another V€fSion of this text 
fil€ but without comment 
st~teroents is stored as. 
I~~1-~)ECTQR2 on Tape lm5a 
The code is ~.t~Jred -~s 
INTVECTORC on T~P€ 1.5a 

Inter(upt vectof·=57640=E123H 
PIO-pofts .~efined in subrotJtine 
~fDC 

Oriqen of code addfess 576400 
or El2t;H 

Of;:G 57t.40D 

.; 50-11:: .:oun te:r GSEC .!:!dd ,-.::::-:=. 
CSEC EQU 600000 

_;50-Hz t oop 
;Save ~-egistefs on stacK 
lt-nf;: F'U::.H AF 

PUSH HL 
PU::·H E·C 
PUSH DE 

;1-HZ ClOCK (50-HZ count€f) 
HZl LD R, iCSECl 

INC: ~1 
LD .:c::;.EC),. H 
CP ~50 
.Jp ._, r·r:r·lTPI 

;Call ke~boa~~J~ea~-routine 
KEVB CALL 02BFH 
;Pestore f€Qis.ters 
. POP ... i:)E 

POP BC: 
POP HL 
POP AF 

;Enable interrupts 
EI 

.;Petu,-n 
RET 

.; Tempe r.:HL' re ri,easu re.:men t and 
_; dist.urb.:snce · ... ·.----v cc~rttJ-01. routint: 
;Entry once/second 

:;ft.::,gs 
fl.a-=<1 
f La·~2 
f ta·~:3 

-:tddr.:::=.ses 
EQU c::.EC+i 
E'~'U f l.a91+1 
Ei~IU f 1..:192+1 

;counters addresses 
CTs.Hb EQU f l.a·:r3+1 
CTsLb EQU CTsHb+1 
CT\i'···Hb E;~,u GTslb+1 
CT\1\ILb E1~1U CTV'..•'Hb+l 
CT'·I•:•Hb ~~;~:J '~!'•i'·ILb+f 
CTV•:Jlb 1:.1,1~1 L· 1 VOHb+l. 
·' .;N.;::xt s.:.mpt in9 p.::riod (C•:JIJnters.l 
.; add ress.es 
TvvHb EQU CTVOLb+l 
TVVlb EQU TvvHb+l 
T\•'OHb Equ TvvLb+l 
T\IOLb EQU Tvc:.Hb+1 

·: Prn~ .. .::,dd ress.:::s 
PIOiB E~1U 7D 
PI028 EQU ;::3D 

;Reso::t 50-Hz counter 
CONTf;:L LD HI 0 

LD ( c::.EC) .. A 
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0\1100 
0000 
0000 
0000 
0000 
0000 
0000 
E12::; 
El2::; 
EAE-0 
El.::::: 
E12::: 
E126 r-c:· ·-' 
E129 ES 
E12A C5 
El2E: [I~; 

E12C 
E12C :3A60EA 
E12F :::;c 
E130 ::::260EA 
EL';:~; FE:::.32 
E1::?.5 CA41E1 
E1:3;:; 
E1:::::: CDE:F02 
E138 
E1:3B Dl 
E13C C1 
E13D El 
E1:3E Fl 
El:.::F 
EUF FE; 
E140 
E140 C9 
E141 
E141 
El41 
E141 
E141 
EAE·l 
EA62 
EAE·3 
El41 
EA64 
EA65 
EA66 
EAE-7 
EAt·8 
EA69 
E141 
EA6A 
EAt·E; 
EAE·C: 
EA6D 
E141 
E141 
0007 
0017 
El41 
El41 
E141 3E00 
El4:3 :::;260EA 
E146 

00010 .; HINT1JECTOR2.;; 
00020 .; Tap.::: 1. 5a-050. 
00030 
00040 
000t·0 
00140 
00160 OP.G 57E.40D 
00170 
00160 
00190 c::.EC: EQU t.01i.'l000 
00200 
00210 
00230 INTF:: PUSH AF 
00240 PU:SH HL 
00250 PU5H BC 
00260 PU5H DE 
00270 
002l.:;0 HZ1 LO A. (C::.EC:l 
00290 INC A. 
00::::00 LO ((::SEC), A 
00::::10 CP 50 
00:320 ,Jp 2, C:ONTt=:L 
003:::a~ 
00340 KE'.'E; CALL 02E:fH 
00350 
(~0:360 POP DE 
00~:70 POP BC 
00:.:;80 POP ~iL 
00:390 POP RF 
00400 
00410 EI 
00420 
004:30 t=::ET 
00440 
00450 
00460 
00470 
00520 
005:.::0 fl.ao;:.~1 E1~U c:::.EC:+1 
00540 f l·:t92 EQU fla91+1 
005!50 f tao;:.~:;; EQU fl_.;j·;J2+1 
00560 
005!;;0 CT:!:.Hb EQU f l.:.g3+1 
00590 CTslb EI~IU CTSHb+l 
00600 C:TVVHb E1~U CTSLb+l 
00610 CTVVLb EQU CTVVHb+1 
00€.20 CTVC!Hb E1~U CTVVLb+l 
00€.:::;0 C:TVOLb E1~U CTVOHb+1 
00640 
00670 TVVHb E1~U CTvOLb+l 
006:30 TVVlb E~IU T'·.IVHb+l 
00690 TVOHb E1~U TV'v'Lb+1 
00700 TVOLb EIW TVOHb+l 
00710 
00720 
00730 PI01E: E1~U 70 
00740 F'I02B E~tU 23(1 
00750 
00760 
00700 CONTRL LO A:.0 
00790 LD (C~·EC) ,A 
00;300 



~10;310 
00:3;;::0 
00:::::::0 
~10::;40 
00t:;5~1 
~l!i1;::~~,1.!:1 

00:::?t!i 
00;:;;:;i~) 
iZ,0;:;9iZi 
~ti2i9~:11Ll 
009:1.\?i 
0092t!i 
ii:1LZ!·=-r~:o 
1Zt09.-.t0 
~)0'~':;0 
1~)09E:.t~ 
00'~(70 
1009:::0 
00990 
0101~\0 
101010 
010:;:0 
010::::0 
01040 
01050 
010€·0 
01070 
010:::0 
01090 
01100 
01110 
01120 
011:30 
01140 
lil1l50 
01160 
01170 
01160 
01190 
01200 
01~:10 
01220 
012::::0 
01240 
01250 
01260 
01270 
01260 
01290 
01:::av0 
01:::;10 
01520 
01;;::30 
01:::;40 
0B50 
0B60 
012:70 
01:::::::0 
0L%HZI 
01400 
01410 
01420 
01430 
01440 
01450 
014€·0 
01470 
014-:::0 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
015€·0 
01570 
015caZI 
01590 
01600 
01610 
01€.20 
tZI162:0 
01640 
01650 
01660 
01670 
016:::0 
01690 

~CheCK if fi.~gl iS set 
LD i\. U I. a·~Lt 
CP :1 
._ip t·~ Z .' Nl 

;Yes! flagi 1s. set 
,J~cr€m€nt COIJnt~,- Ts 
Vi LO A .. (CTsHbl 

L.D 
LD 

DEC 

b .. H 
i-·i .• (C:T::.Lb) 
C.H 

LD ;;_.e 
LD ( CT:::.Ht.. :r , i4 
LD H.C 
LD ( ~~:T :::.Lb) .• H 

.c~eck if d€Cf8Mented vatu€ of 
_; Cc•un t•2 r T :=.=~~ _ 

LD H .• i_: 
OR 
.Jp . . .... -. 

.:_.' lr:. 

~No.Counter Ts not= 0 
iS:h.icr: if fi.:~·:;J2_i:·. ~o::t 
i'l.::. L[• H, l.t l_.:j:J;::.J 

CP 1 
.Jp NZ, N3 

,1~~ .. flag2 is set 
.; DE: c reri·iE:n t Count..:: r T"..,'\l 
\':::: LO A, (CT'•/'•/Hb) 

LO E:.A 
LD A:. (CT'./'•iLb) 
LD C.A 
DEC: t:l: 
LO A.E: 
LD (l:TVI/Hbl, A 
LD A.C 
LO (l:r·.,"./Lt·) ,A 

;ChE:CK i i dO::(IE:IiiE:f"ltE:d '•/.:ilue (•f 
:; Coun tE: I TV\1:0 

LD A,C 
OR E; 
._1p Z, \'4 

; No , Coun t_e ,- T'•/\1 not:: 0 
;ch~cK if flags is set 
N4 LO A, (fl.:t-:;1~~:) 

CP 1 
.JP NZ, N!5 

.r~~. flaq3 i~ ~et 
_; Oe t:;-er1i€:n i col,n'te ,: Tvor. 
'/5 LD A, (CTVOHbl 

LD B·.A 
L6 R:. (CT\•'OLb) 
LO C.A 
DEC Bl: 
LD R,B 
LD (CT\IQHb) I A 
LD R .• C 
LD (CTv.;:.Lb),A 

;ChecK if dec1emented value of 
; Counter T',/Ort=0 
. LD A, C 

OR B 
dP NZ, N6 

; V€:: .. · coun te .- Tv.:~n=0 
_;CLE:-:SI f l_.:so;~~; 
'/6 LD R .. 0 

LO i f I_ ag:3 l .• A 
; ;:.,,_,itch ........ ·v off 
. LD R,11111100B 

OUT q:.I02B) .• A 
_;Finish 

,__1p FINI::.H 

:No, fla-:;~1 iS not set 
.::5t,Ji tch \1/\1 off 
Nl LD R.111111008 

OUT (F•I028l .. ~~ 
;Finish 

,_1p FINI::>H 
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El46 
E146 3A61EA 
E149 FE01 
E148 C2ACE1 
E14E 
E14E 
E14E 3A64EA 
E151 47 
E152 3A65EA 
E155 4F 
E156 filE; 
E157 ?::: 
E15:3 ~;264EA 
E15f; 79 
E15C :3265EA 
E15F 
E15F 
El5F 7·~ 
E160 E:0 
E1E·1 CRB::::El 
E1E·4 
E164 
E164 3A62EA 
E167 FE0l 
E1t··~ C2C2E1 
E16C 
E16C 
Elt.C :3A66EA 
E15F 47 
E170 :385 7EA 
E17:3 4F 
E174 08 
E175 78 
E176 :.::266ER 
E179 79 
E17A 326 7Et=1 
E170 
E170 
E17D 79 
E17E 80 
E17f CAC·~El 
E182 
E1S2 
E1E;2 :::;R6:3EA 
E185 FE01 
Elf$? C2EDE1 
E1;3R 
E13A 
E18A 
ElSA 
E18A 3A6;?;EA 
E18D 47 
E18E :3A69EA 
E191 4F 
E192 0E; 
E193 78 
E194 :;:268EA 
E197 79 
E198 :::;269EA 
EEIB 
E198 
E198 79 
E19C: 80 
E190 C2F0Cl 
E1A0 
ElAill 
E1A0 :3E00 
ElA2 3263EA 
ElA!5 
E1A5 3EFC 

E1A7 0:~;17 
E1A9 
E1A9 c:::f3E1 
E1AC 
E1AC 
ElAC: 
ElAC 3EFC 

ElAE (1:317 
E1B0 
E1E:0 c::;f3E1 
ElE;:;; 

00:::10 
00820 
00E;:;:0 
00M0 
00C;50 
00;:;e.0 
00;:;<:;0 \'1 
00:3•,-;uil 
00900 
00910 
00920 
00·;,::.0 
00940 
00950 
00·;,e.s 
00970 
009;::0 
01~)990 
01000 
01010 
(il1020 
010::::0 
01050 N2 
01060 
01070 
010:::0 
il\1090 
01110 '..-':3 
01120 
011:30 
01140 
01150 
01160 
0117lil 
01180 
01190 
01200 
01210 
01220 
01230 
01240 
01250 
01260 
012t;0 N4 
012'~0 
01300 
lil1310 
01320 
01340 
01350 
01380 'r'5 
lil1390 
01400 
01410 
01420 
01430 
01440 
01450 
01460 
01470 
014S0 
01490 
01500 
015Hl 
01520 
015:30 
01550 V6 
01560 
01570 
01580 

01590 
01600 
01t·10 
01620 
01t·30 
01€.40 
01650 Nl 

01660 
01670 
01680 
!ZI1690 

LD A, i f I_ ag1) 
CP 1 
,_tp NZ .. N1 

LD A. ( (:T::.Hb) 
LD B·.A 
LO A; \CT:::.Lb) 
LD C.A 
DEC E:t: 
LO A.E; 
LD ((TsHbl, A 
LD A .. C 
LO (CTslb),A 

LD A c· 
OR 8 1 

-· 

·-'P Z, \'2 

LD A, (f l.:,g2) 
CP 1 
.JP NZ, N3 

LO A. (CT\I'o'Hb) 
LD E:;A 
LD A, (CT\tVLb) 
LD c·.A 
DEC Bt 
LO A.B 
LO d:::TvvHbl .• A 
LD A.C 
LO (t:T··.•"v'Lbl, A 

LD A.C: 
OR B. 
.Jp 2,';'4 

LD A, i fl. ag3) 
CP 1 
·-'P NZ,N5 

LD H. ( CTVC•Hb) 
LO s·.A 
LO A~ (CT1,'0Lb) 
LO (::,A 
DEC BC 
LO A,E; 
LO i CT··.I•:•Hb) , A 
LD A,C 
LO iCTVCtLb),A 

LD A,C 
OR 8 
,_lp N2,N6 

LD A,0 
LD (f l_.:,g3) I H 

LO A, 11111100 
8 

OUT' iPI026) I H 

·JP 

LD 

OUT 

JP 

FINISH 

A.11111100 a· 
iPICI2Bl, A 

FINISH 



01700 
01710 
01720 
017:::;0 
01740 
017':;0 
017t·li.' 
IZ11770 
IH?;:;O 
01791Zi 
01::;00 
0HW~ 
01;320 
0H:;::;;0 
0E;41i) 
tL~ie'::w 
01660 
01::;70 
0B;:a~ 
01t;90 
•ZI1'"'00 
01910 
01920 
0Er::;0 
01940 
01950 
019€·0 
01'"'70 
1l)l9;::0 
01990 
02000 
02010 
02020 
02030 
02040 
02050 
02060 
02070 
020;:;0 
02090 
0:2100 
02110 
02120 
ti.\21::';0 
02140 
02150 
021€·0 
02170 
021;30 
02190 
02200 
02210 
02220 
02230 
02240 
02250 
02260 
02271i:l 
022;:;0 
02290 
02300 
02:310 
02:320 
02~;:;ai) 

02:::;40 
02350 
02360 
02~;70 
02:;;;:;0 
02:390 
02400 
li:12410 
02420 
02430 
02440 
02450 
024€.0 
02470 
IZI24::;0 
02490 
02500 
02510 
02520 
02530 
02540 

; 'l€:: .. ' C(•Un tt: r T 5=0 
.:CI.E:ac fta-:;~1 
\'2 LD A.0 

LD I t"l.-3':)1), A 
_; :Sl.'J i t. Ch '•/ ./',_,' 0 f f 

LD A,111111006 
... _ _ _•:•'-'! I~·]:.~~~~) , A 
,1·t~d~Ut~ -~nd ~tut~ teroperatiJf€ 

(ALL ADC.: 
_;Finis.h 

.JP 
.. 
_;No.. f t d92 i :.. no 1: :=-•:.: t 
; ::.l•.l i t_ (h '•/ _ ...... , (If f 
~3 LD A.11111100B 

OUT ( ~·Io;;:B) , A 
.: Finish 

·JP FINISH 

;Yes, counter rvv=@ 
;Retoad counter Tvv with Tvv 
\'4 LD A . ( T\1'•/Hb) 

LD (;~:f'./\!Hbl , A 
LD A • ( T'·.iVLb ', 
LD ( (:T··/'·/Lb) , A 

;Reload counter Tvon'with Tvon 
LD A . (T',/OHb) 
LD ( ~~T'..IOHb) , A 
LO F"l, (T'•.I(•Lb:, 
LD (:~:T'·/O:•Lt:.:• , i=l 

.: 51J!i tch .._ .. _,... .. ,. on 
LD A.111111018 
OUT (F'I02B) .• A 

.: Set f 1.a·~:;; 
LO n.1 
LD (t"f.a·:r:;) .. A 

.:Finish 
.Jp FINI:::.H 

·' ;No, ftagJ iS not set 
;Finis.h 
NS dP FINnH 
.' 

; No. co,_~n t.E:,- r·.,.on not= 0 
.: Fi.rhsh 
N6 ,_1p FINISH 
J 

_; Ro:: t1.11T1 to 50-HZ t oop 
FINI::OH .JP KEV6 
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_; ******************************* ;;.;* ADC ** 
:: TE~1PERATURE ~1EA5Uf;:Ei·1Et-H SR 
.: Convert:::. 128 anaU)9 vatuo::s to 
.: e-t. it b•:;~ to::s in s•J c ·:.~s.s ion and 
;calo::utates the avera';JE: 

:: T o::mpe r .:i tu re s tc•r aqe b•:~ te 
.: "Temp" address -
Temp E1;_1U TvoLb+l 

:: PIOl Port B : ;:;-b i t o:onve r ted 
) tE:fiiPE:i"-:itUCE: \1-:ii.UE: 
.:PI02 port 6 C•Jnt.-c•t bits.: 

Outputs 60 ~' 81 LC•IJ! ior \1/\1 
shut .. B0 high .:md 81 l0l1' for 
\•' ........... open 
Output 82: NO:•t-C5 
Output 83: Not-WR 
(n_itpt't 64: NtJt-1·<0 
Input BS: No:ot-INTR 
Outputs 86, B7 not u:=.€d, tea· • ..-e 
hi9h 

::Initial iZtE 
ADC LD 
.:Ini t.iatize 

LD 
.: InitialiZE: 

LD 

•:o,_~n tE: ,- re·~ B 
8,12;:'; 
S'-'fi• C€9 pa i r HL 
HL,0 
,-eq pair DE 
DE;Ii) 

ElE;:;; 
E183 
ElE;!.:; 
E1B;3 
ElE;;:; 

ElBA 
E18C 
E18C 
E1Bf 
E1BF 
E1C2 
E1C2 
E1C2 
E1C2 

E1C4 
E:lC€. 
E1C6 
E1C9 
E1C9 
ElC9 
E1CC 
ElCF 
E1D2 
ElD!.:: 
E1D5 
E1D;3 
E1DB 
ElDE 
E1E1 
E1E1 

ElE:;; 
E1E5 
ElES 
E1E7 
E1EA 
ElEA 
ElEO 
ElEO 
ElEO 
E1ED 
E1F0 
E1F0 
E1F0 
Elf0 
E1F3 
E1F3 
E1F3 
E1F6 
E1F6 
E1F6 
E1F6 
ElF6 
E1F6 
EA6E 
Elf6 
Elf6 
ElF6 
Elf8 
E1ft; 
ElFB 
E1FB 
ElFE 

01700 
:;';E00 01720 '····~ '"" ·-LO A,.0 
:;;261EA 01730 LD (il.-0191) ,A 

iH740 
::';EfC 01750 LD A,l1111100 

·e 
o::n? 01?60 OUT (PI02B), A 

01770 
CDF€·E1 01760 CALL ADC 

01790 
C3F:~;E1 01800 .Jp FINI~·H 

01;310 
01820 
018:30 

:3EFC 01;340 N3 LD A,11111100 
8 

(1;:;17 0B50 OUT (F'I02B),A 
0UiE·0 

c;:;F:3E1 0H:;70 ,Jp FINI::.H 
tl!H:;;:;0 
01;:;90 

:3A6AEA IZI1910 ';'4 LD · A, (TV'•/Hb) 
326E.EA 01920 LD (I~:T'•IVHb) 'H 
:3A6BEA 019:30 LD A, •: T\IVLb ', 
32E.7EA 01940 LO (CT'.f'·.ILI::·), A 

01950 
3A6CEA 01960 LD A, Cf',.IO::•Hbi 
326t;EA 01970 LO (CTvO:.Hb),A 
:;;A6DEA 01960 LD A, ':rvoLb) 
3:269EF1 01990 LD (CT'•IO:Olb), A 

02000 
:;;EfD 02010 LO R,11111101 

B 
(1:317 02020 OUT (PI026) ,A 

020:::;0 
3E01 02040 LD 11,1 
:32E·3EA 02050 LO (ff.a9:::;) ,A 

020E·0 
C:3F3E1 02070 .jp FINISH 

02080 
02090 
02100 

C:3F:3El 02110 N5 ,_fp FWISH 
02120 
02130 
02140 

C3F:3E1 02150 N6 JP FINISH 
02160 
02170 

C3:38E1 02180 FINISH ·.IP KE'"i'B 
02E10 
02200 
02220 
02250 .:** ADC ** 02260 
02270 
02330 Te:mp EQU TVC•Lb+l 
02:::40 
02350 

0680 02490 HDC LD 6,126 
lil2500 

210000 02510 LD HL .. 0 
02520 

110000 02530 LO DE,0 
02540 

.... 
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\!i;25~;0 Let t·l.:• t-c::. St-3':! t01.1.i E1FE 02~;50 

02'.:;;:.0 Lo:::t N<:• t.-r.::D 90 hi -I. Co-·h i to E1FE :3Ef<:; 02590 LD A,i1111000 
\~2570 en::.t...l,-e Not-INTR hi·~h 8 
025;::;0 Not-PD hi E200 [1317 02t.00 OUT \PI02B:t .• A 
025·~0 LD A .. 1i111000E; E21i.\2 02610 
02t.00 OUT (PI028),A E202 :~;EE;:; 0262e LD A.. 11101000 
02610 _; N.:~t-PD ~~0 8 
02t.f:0 LD 8,111010008 E204 (1;:;17 ~2e.:;;;:~ OUT o::·I028) , I~ 
026:~;0 OUT (PI028), A E206 02640 
02t·40 _; Hot-PD hi Ec:06 ::.;Eft; 02650 LD A,11111000 
\!12650 LD t~ .. :Ul110~'iii.\8 8 
02E·60 OUT (PI0213), A E206 [(::17 02660 OUT (PI028) ,A 
02E·70 E20A 0::::.:.70 
1i)26;:;~] ,; Ini ti.:ttE: con· ... ·e r:::, ion E~=!0A 026;:;0 
02690 .Not-I..JP t(l E20A 02690 
02700 LD A, :1111000\I!B E;20R :~;Ef0 027!ZI!i) LD A,lll10000 
02710 OUT (PI02E;) .. A 8 
02720 _;Not-I .. JP hi E20C [!317 02710 OUT (PI028:' .. A 
02730 L.D A, 1111H)00E; E20E 02720 
02740 (11)T (PIO;O:B:t .. A E20E 3Ef;':; 027:3•9 LD 8,11111000 
02?50 ·' 

E; 
~12760 _; t.i.:ti t. f(,C C•jn\:E: rs ion t.o o:·.nd E210 DZ;:l? 02740 OUT \PI028),H 
02770 UAIT1 IN t~ .. (PI02B) E2:l2 02750 
027;':;0 E;IT 5,A E21C:: 027'60 
02790 .JJ=l NZ,l,IRITl E212 DE;17 02770 I..JAIT1 IN R, \PI028) 
02;:'ai)0 ·' 

E214 CE;6f 0;:;:7:30 BIT 5JH 
1;,2610 _; Lato:h .:tnd 1.0-:td C(•nvt r ted \.'.:ti.U€: E216 20FA 02790 ,_lp NZ,I .. JAITl 
!l\2;':;20 _;in t.•:• ,-E:9 p.:'Jir 2 WE) E2H'; 02300 
02;;;::;0 ,;L.:'Jf.O:h E2E: 02;:;10 
02;340 _;No:ot-FW LO E21;3 3EEt; 02-:;s~ LO A,11101000 
02::;50 LD A .. 11101000E; 8 
026t·0 OUT (PI02B:t ,R E21A [1::::17 02860 OUT (PI02E;), A 
02;:;70 .: Pt~ad '•.•'·!it UE: E21C 02t;70 
028;:;0 IN A .. (PI018) E21C [1607 028;':;0 IN A, (PIOlE;) 
02;:;-:;0 LD E,A E21E 5F 02890 LD E,A 
02900 _;No:. t.-f:;:D hi E21F 02':.00 
02910 LD A,11111000B E21F 3EF8 02910 LO A,11111000 
0292e OUT \PI028) .. A B 
029::';0 E221 [1:~;17 02920 OUT (PI028! ,A 
0294.0 E·"'·-.·~· 02930 .:..::."" 

02950 E22:3 02940 
02960 E22:3 02950 
02970 .: Ini tiat.e: .:onversion E.-.. -... , :;;Ef0 029·~0 ICON !-0 A,11110000 r-.:...., 
029;30 _; t-l>:•t-I.Jf:;: tL• B 
02990 ICON LO A,lll100008 E22'5 o::n7 03000 OUT (i='I028) I A 
03000 OUT (Pl028) .. A E227 03010 
03010 _; Not -I..J~: hi E227 :;;Eft; 03020 LD A,111ll000 
0:3020 LD A,lll11000E; B 
0:30:;;0 OUT (PI026) .. H E229 [1;:;17 0:30:30 OUT (PI026),H 
0:3040 E22f. 03040 
03050 .;::.um re•::J p.:~i t" HL .and t"€:9 pair DE E226 03050 
0:::;060 HDD HL .. DE E22f. 19 03060 ADO HL,DE 
03070 _; Ch€:Cio:. if countE:r in 1"'29 e is 0 E22C 03070 
030;:';0 DEC E; E22C 05 030t;0 DEC f. 
03090 LO A,0 E220 3E00 03090 LD A,0 
03100 CP 8 E22F 88 03100 CP B 
0:3110 _;If (t"e9 8)::0 jUr1iP t•:• FINl E230 03110 
03120 .JR z. Fit~l E2:30 2fi13 03120 .JR Z,FIN1 
0::::1:~;0 ·' 

E232 031::;0 
0:~;140 _;Nc•, (t"E:9 E;) not.:: 0 E232 0314\?1 
0:3150 ,; i.Jai t. for (•:.n·.,.,.:: r::. ion teo fin ish E2:32 03150 
0:3160 I...IAIT2 IN A, (PI028.l 

E~, . ., .• , OE;17 03160 t.JAIT2 IN A, (PI026) c. .... •.:. 

03170 BIT 5,A E2:;;4 C:86F !lt3170 BIT 5,A 
0:31:30 ,Jp NZ,I_.IAIT2 E2::;6 20FA 0:3180 ,.JP. NZ,lJAIT2 
03El0 E2:::;8 03190 



03200 
03210 
0:3220 
0:32:~:0 
0:::;24\!1 
0:325€1 
\'.l:3260 
0:3270 
0::::2::;0 
0::::290 
0:3300 
0:3::::10 
0:3::::20 
03:::::~;0 

0:3::::40 
03::::'50 
033t·0 
0:3:370 

03::::90 
(1:3400 
034.10 
0:3420 
034::::0 
0:3440 
0:34t;0 
0:3460 
0:3470 
0::::4e:o 
0:3490 
03500 
0:3510 
0:3521v 
0:35:30 
0:3540 
03550 
(i13560 
0:3570 
llJ35::aD 
0:3590 
v:3E.00 
0:3610 
03620 
0::::E.::::0 
03E·40 
03650 
03660 
0:3t.70 
036:::0 
0:3690 
03700 
0:371iD 
0:::.?20 

L~tch and load conv€fted 
into reg pair 2 !OEJ 
Latch 

,Not.-PD to 
LO A.l1101000B 
OUT (~·I02E:l , A 

,; Pe-3d '•.1-':ti.IJE 
IN 
LD 

;Not-PD hi 

A, !PIOlBl 
E. A 

. LO R, ll:J.l1(~00E: 
(i:·I02Bl, H OUT 

_; •JUff1P t.o IC:Or•l 
,_if:;: ICON 

• I t::.:: I ( f89 B) =0 
;C~lculate average of sum in 
_;reg p.:ti r 1 !HU 

: ~~0~~'fz.~ (~~~ i~r~equi· ... ·.:.te~,t t.o 
.:=.tnt '-lil'::l •.HL.i ..- l:n t.s to •.he 
:; ,-ight. -

·' ;Maniputate lower byte 
FUll LD R, L 
;Clear lower 7 bits 

AND 100000008 
;Shift 7 bits to the right 

LD E;_.7 
::.HIFT ::.PL R. 

[I.JNZ ::SHIFT 
;Store intermediate result in 
.: re9 c 

LD C,A 
;Manipulate higher byte 

LD H,H 
.: Cl. ear t·r:.s 

AND 011111116 
;Shift 1 bit to the left 

SUi A 
; LO'::li c.:.l OF:: ffianipui.<:.t.ed hi .=':!nd 
:; l.o-b•::Jte:::. 

OR. C 

:: ~.a·.,.e temperature 
LD (Temp) .. A 

; RE-tLtfil 
PET 
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;******************************* 
·' 
~End of sourc~ code 

END 

E2:3::: 
E2;::::: 
E2:3:3 ::::EE::: 

E2:::;A o::n7 
E2::::c 
E2:::a:: DE;07 
E25E SF 
E2:3F 
E2:::;f· :::;ff::: 

E241 o::n7 
E24:3 
E24:=: 
E24:3 H::DE 
E24S 
E24f. 
E245 7D 
E24t· 
E246 E6:30 
E24.:3 
E24e ~1E.07 
E241=i Cf;;~;f" 

E24C 10FC 
E24E 
E24E 
E24E 4F 
E24F 
E24F 7C 
E250 
E250 Et·7F 
E252 
E252 C:E:27 
E254 
E254 
E2'.::4 E:l 
E255 
E255 
E255 326EEA 
E2se: 
E25::: C9 
E259 
E25':t 
E259 

00000 TOTAL 

ADC 
CCtNTF::L 
C~5EC 
CTSHB 
CTSLB 
CTI..IOHB 
CHJOLB 
CTI.II.JHB 
CTl}1.,iLB 
FUU 
FINI::'·H 
FLAG1 
FLAG2 
FLA(;3 
H21 
ICON 
INTJ::: 
KEVB 
Nl 
N2 
N:;: 
N4 
N5 
Nt. 
PI01E: 
PI028 
SHIFT 
TEt1P 
H!OHB 
nJOL8 
HI1,.1H8 
TIJI.ILB 
t.JRITl 
I.JRIT2 
'o'l 
\'2 
'l'3 
't4 
\'5 
\'6 

1,'):3200 
0:3210 
03240 

03250 
1,):3260 
0:3270 
0:32;:;0 
0::::290 
03300 

0:3::310 
03;::20 
033:30 
03::::40 
03350 
0:3:::i60 
t,1r3450 
0::::460 
0:3470 
0:34::;0 
0:34•;0 
035\?10 
0:3510 
03520 
03S:;a,) 
03540 
0:355@ 
0:3560 
03570 
~3sa0 
0:3590 
0:3E·0tl 
0:3610 
03620 
0:.::630 
0:3E.40 
036!.::0 
03E.60 
0:3670 
03e.;:ai) 
03690 
03700 
03720 

EP.ROJ:::S 

E1F6 
E141 
EA60 
EA64 
EA65 
ER6:3 
EA6'3 
EA66 
EA67 
E245 
E1F3 
ER61 
EA62 
EA6:;; 
E12C 
E223 
E128 
Ei38 
ElAC 
E154 
ElC2 
E182 
ElECI 
Elf0 
0007 
0017 
E24A 
EA6E 
EA6C: 
EA6D 
ER6R 
EA6E; 
E212 
E232 
E14E 
E183 
E16C 
E1C9 
E18A 
ElA0 

FIN1 

SHIFT 

LD 

OUT 

IN 
LO 

L.O 

OUT 

·-'R 

LD 

AND 

l.O 
::.F::L 
D._INZ 

LO 

LD 

AND 

SLA 

0~: 

LO 

RET 

!;NO 

R,11101000 
E: 
( F'I02B :1 .• A 

A,. (PIO:l.E:) 
E,A 

f\,11111000 
E: 
!PI028i ,A 

ICON 

F1, L 

100000(!iii)E; 

8. 7 
H. 

SHIFT 

C,H 

A,H 

01111111E; 

A 

c: 

(TeniPi ,.A 



00010 
000;;;:0 
000:::;0 
00040 
00050 
000E'·0 
00070 
000;:;0 
00090 
00100 
00110 
00120 
00130 
0(!1140 
00150 
li.\0160 
00170 
001cav 
01.H90 
00200 
00210 
00220 
00230 
00240 
00250 
002E'·0 
00270 
002ca.D 
00290 
00:300 
00510 
00320 
00:3::;0 
00:::;40 
00:::;50 
00:::a:.0 
01tl370 
00380 
00:;;·;nlo 
00400 
00410 
00420 

0000 
001Z10 
IZ1000 
0000 
E101 
E101 F:;; 
E102 FS 
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H IN Tt-li)(lESl H 
T.:lpe 1. sa-065 
Another version of this text 
file but without comment 
statements is stored as 
INH10DE::02 on Tape 1. ~;.:l 
The code is stored as 
INTMODESC on Tape 1.5a 

F'u ~-po::.e : 
E i tht::l" ;::.t; t. It-12 .:lnd L.:1ad I _,-€:9 
1)r ::::.et It-11 
To initialiZe IM2: 
"LET us.r:::U::.R 57E.01" 
To initialize IMi: 
"LET us. r:::U::.f;: 57E.12" 

0 ,- i 9en 1:1 i <:ode add res.s .:;7601 
or 0El:l.DH 

ORG 57E·01 

:; Ir1i t. i -:il i ZE: It-12 
; (I) =31H; ( ·::ia tabus) =0FFH 
; (:;HFfH) ;,20:;H (F:!Ot·O 
; ( :;;200H) :::0E1H (R1)t·1) 
; rn to:: r ,-up t s.e .-..... i .:e 1"0:"-' t i no:: .:H 
;0E128H:::57640 
:n-12 DI 

PU:SH 
LD 
LD 
It1 

AF 
A,:31H 
I,R 

POP AF 
EI 
RET 

::Initialize rm 
It-11 It-1 1 

f;:ET 

Et~D 

000H) H INTt-100ES2H 
00020 Tape: l.Sa-072 
00090 
00200 O~:G 57601 
00210 .• 
00280 n12 DI 
00290 PUSH HF 

E103 :;:;E::31 @0:::aZJ0 LO A.:31H 
r;A E105 ED<~7 00:310 LO 

Ei07 ED5E 00:320 n1 2 
E109 Fi 00:::;:30 POP AF 
E10R FB 00340 EI 
El08 C:9 00350 PET 
E10C 00:3t·0 ' E10C: ED5t· 00380 It'll It·1 1 
E10E C9 00390 !=::ET 
E10F 00400 
E10F 00410 END 

00000 TOTAL ERROF::5 

ItU E10C 
n12 E101 
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AnneXure 6 to 

Appendix B 



S000~REM ~~PLnTPRr~-·~ 
§002 ~EM ;ta~i 1.5~:655/077* 
5004 REM +Purpose-
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P I_ 0 t_ C f t_ :1 .~~ T ( t. ) t~; _,... 0 r ll ( t J .~~: ·y· ( t ) o n 
r e: q u e i:- t. ( ::;. c r e E: n -~-: . ...- -:~ r h ~ c d - .: •) p '..f ) 
5006 REM *Input-(.JC-5-Q-T -
5008 REM fOutput-Plots 
5010 REM *Rpprox 13,51<. code 
5012 REM *Rrrays used-L(.l&H(.l 
5014 REM *Ranqe­
al0<=teMperatGref:100 (deg ~~ 
bl0<=power<=3000 (WI -
50H:. ~:Et-1 
501E; ~:Et-1 
5020 REM *Data-poKing of UDG for 

=-1.1 bs c rip t=· 
5022 REt-1 
5024 RESTORE 5194 
5026 FOR i=O TO 7 
502e RERO r o IJJ 
50:2;0 POI<E u;:.f=;: "R" +i .• r•:•l.oJ 
50:32 HE::o::T i 
5034 FOR i=O TO 7 
5036 READ r•:.l•J 
50:::5;c; POKE USR "8" +i, rol•.l 
5040 HE:•~T i 
5042 FOR i=0 TO 7 
5044 RERD IOI.o) 
·5046 PO~(.E u:::.t=:: "C" + i .• r o 1.1.1 
5048 HE\:T i 
5050 FOR i=0 TO 7 
5052 RERC· ( 0 IJ.I 
5054 POI<E USR '' [) '' + i .• r C•l.o.l 
5056 HE::O~T i 
5058 FOR i=0 TO 7 
5060 REI=IO i 0 IAI 
5·0e·2 PO~::.E U:Sf:;: '' E '' + i , i C•l•J 
5064 NE::·::T i . 
5066 FOR i=0 TO 7 
5068 ~:EAD i"OIJ.I 
5070 POt::.E USt=:: "F."+i, 1"0l•J 
5072 t-lE::·~T i 
5074 FOR i=O TO 7 
5076 READ r o 1.1.1 
5078 POI<E U5R "G" +i . iOIJJ 
5060 NEXT i . 
5082 FOR i~0 TO 7 
50;:;;4 f=;:ERD r o IAI 
5085 P0t(.E USF:: "H" + i .• r •:.l~ 
506;:?. t·~E><T i 
5090 FOR i=0 TO 7 
5092 READ rot•.! 
5094 POI'<.E U5R "I"+ i , r o 111 
5096 NEXT i 
5098 FOR i=0 TD 7 
5100 RERD r Ol•.l 
5102 POI<.E USJ:;: ",_f" +i, ri)l.\1 
5104 NE:xT i 
510& FOR {~0 TO 7 
510e; READ r 1) 1 .•. 1 
5110 POI<E USR "K"+i, rol•! 
5112 HEXT i · 
5114 FOR i=0 TO 7 
5116 READ rOt•.! 
5118 POKE LI.5R "L" +i .• !"1)11.1 
5120 NEXT i . 
5122 FOR i~0 TO 7 

. 5124' READ r•Jitl 
5126 POt<.E ue.R "t-1" + i , r o 1.o.1 
512;3 NE:•~T i 
5130 FOR.i=O TO 7 
5132 READ !"OIJJ 
51:::54 POKE U5R "N" +i, 1-011.1 
5136 NEXT i . 
5138 FOR i:0 TO 7 
5140 READ I"IJ(tl 
5142 PO~f.E USR "0" +i , !"QI.1.1 
5144 NEXT i . 
5146 FOR i=0 TO 7 

. 5148 READ rOIJ! 
5"150 POKE USR "P" +i .. ~-·:ov.l 
5152 1-lEXT i 

5154 
5156 
515;::; 
51t:·0 
51t:·2 
5164 
51E·t· 
516;::; 
5170 
5172 
5174 
5176 
517;3 
5180 
5H?-2 
~5184 
51ee. 
s1::;e 
51·~0 
5192 
5194 
51•;6 
519;::; 
5200 
5202 

5204 
52LJE, 
520e 
5210 
5212 
521<~ 
521€:· 
5218 
5220 
5222 
5224 
5226 
5228 

5230 
52:32 

FOR 1=0 Tn 7 
REHD r o ;,IJ -
F•Ot<~E u::.f=;: "~1" +i, r•::OI.1J 
NE::o~T i 
FO~: i ::0 TO 7 
RERD iOl•.l 
POt<~E USR "R" +i, r.:o1.o.1 
NE\T i 
FOR i=0 TO 7 
F::EA[:o i"O:••.o.l 
POt<.E U~·R ":;:." + i , r .:1 1.1.1 
NE)<T i 
FOP i=O TO 7 
f:;: E A[:· r o 1.1.1 
PO~::E U5R "T" + i , r o 11.1 
NE::O::T i 
FOP i ::0 TO 7 . 
F::EAD r o i.o.l 
POKE UE.F.:: "U"+i .. • i"QI.o.l 
HE::O::T 1 

DATA 0,0,0,128,96,0,0,0 
DRTA 0,0,68,66,126,64,64,0 
DRTH 0,36,82,82,82,82,76,0 
DATA 0,36,66,66,74,74,52,0 
DRTR g~48,40,36,34,126,32, 

DATR 0,46,74,74,74,74,50,0 
~L! .. HH:TTHH: O,~Oi?4h?4!Z4~74!46,0 

0,c,bb,~~ .. lo,~O,b,O 
DRTR 0,52,74,74,74,74.52.0 
DRTR 0,12,82,82,82,82;60;0 
DATR 0,60,98,82,74,70,60,0 
DHTH 0,60,66,66,66,66,36,0 
DRTR 0,2,2,126,2,2,0,0 
DRTA 0,62,54,64,64,64,62,0 
DRTA 0,1,2,4,248,4,2,1 
DRTR 0,124,16,40,68,0,0,0 
DRTR 62L64!§4L!8L~4L~4,§2,0 
DATA 0,b0,bb,Ob,~d,9b,124. 

128 . 
DATR 0,40,40,40,40,40,40,0 
DATA 0,16,16,16,254,16,16, 

16 . 
5234 DATA 
52::::;e. REt-1 

0,16,16,16,16,16,16,0 

5238 REM ***start main routine 
5241Zl REt·1 
5242 CL:S 
5244 PRINT AT 9.1; 
"Is p tot 1 ((jh<!·:Tril) · re:qu ired·? 

(y /n I .. 
524e· IF IN KEY$=" n" OR INr~E\' $ = "N" 

THEN GO TO 5264 
524;;":; IF INKEY$="':1" OR IN~(.E'I"$="\1 " 

.5250 
5252 
5254 

THEN GO TO 5256 
GO TO 524c· 
REt·1 
REM *Go pLotting-parameters 

·i n p u t r 0:1 u t in e: 
5256 GO SUB 5298 
S258 REM 
5260 REM *GO O&T pl.ottin9-

.:o:•ntl·ot routin~ 
5262 GO SUB 5356 
52t·4 CLS 
5266 PAU:::·E 150 
5268 PRINT AT 9,1; 
" I s p 1_ O:• t 2 ( u .~,, ..... i r o:: •=i,IJ i r e d ? 

(y /n i .. 
5270 IF INt<.E''t" $:: ·· n" OR IN KEY$::" N" 

THEN GO TO 5292 
5272 IF INKE'./$=" 1:1" OR IN~~E .. l$=""·{" 

THEN GO TO 5260 
5274 GO TO 5270 
5276 REt-1 
5278 REM *Go Plotting-parameters 

inp1.1t rCt•Jtine 
5261Zl GO SUB 5298 
5282 REM *GO U&Y plotting-

control rc1L1tir1e 
5284 GO SUB 5420 . 
52i36 
5288 
52'"'0 

REM 
REM ***End main routine 
REt-1 

5292 CLS : RETURN 
52·~4 REM 
5296 REM *PLotting-parameters 

input ro•Jtine 
CL:5 
PAUSE 150 
REI"I 
REM *Go Sample-class ini-

tialization routine 
5306 GO SUB 5926 
5308 PRIHT AT 9.1; 
" Is a h a r d - c c1 p 1:J · r e q u i r e d ? 

( l::i . ...-n) .. 



s:;: 10 IF H4l<E\-' $ =" n" OP IHiO::E\-' $ =" N" 
THEH GO TO 5:::::1::': 

5::;:12 IF It--<r<.E\.$::''•;~'' Oj:;: IHl<E··($=''\''' 
THEN GD TD 5::;: lt:· 

5:314 GO TO ::;:310 
5316 LET SwHC=l GO TO 5320 
5::;: 1::: LET 2·i.t.l HC =0 
5:::::20 CL::. 
5322 IF 5wHC=1 THEN_PR~NT AT 
1 <:!- !. 1 .: ' I ~ .;:, £ ~ ·=". i11 t: I. i2 :::. == H 4 .I . 
5~d4 PRlNI Hl ~.1, 
.. r n p u t. 1 :::. r. :::. a r11 p 1. i n ·~l p •:. i n t. 

:=, p 1 s t p I. 0 t_ t 0 bE: p 1. 0 t t E: d .. 
5:~:2t:· PRINT AT 11, 1.:" I"; 1.: 

"·:.:::::'.Pi:::. t.F' lOt<:::".::::.(::;::; -1.: ") 
5328 INPUT 5P1st.Plot. 

5330 ~~l~~~f~~~g~;t_~RTHEN 
GO 1·0 5::::2;:; 

5-3:32 C:L_5 
c~~4 TF 5~H~=1 THEN PRINT AT 
3":~·~·1; ;':1260 s::;mpi.>::::O=H4)" 
53j6.PRIHT HT 9,1; 
"Input. L.:;:::. t. :::.ari;P lin·~ r-:·o in t. 

:;:. p '· a :::. t. P 1. \:> t t. o b.;:: p i. o t. t. E: d " 
5::;;::::::::: PP IHT i~T 11 , 1.: " I".: ::;,pis t PI. o t. 
, .. <'::.PI..:;:::. t F· I. o t < =" .: ::;. I:;:) .: ") ,. 
~340 INPUT SPlastPlot 
S~42 IF SPI.astPlOt<=SP1stPlot 
6~ SPlastPlot>513) THEH GO TO 
5:340 
5344 REt-1 
5346 REM *End plotting-params 

inp1.1t r•:•utint: 
534E: RETUj:::t·l 
5:350 ~";:Et·1 
5352 REM *Start Q&T plotting 

cont. rot -C(•U tinE: 

5:356 LET P.:;o;;t:=l 
5358 LET Pi.ot1=5P1stPlot 
5360 LET Plotf=67+5P1st.Plot. 
E;::]t~:;: CL5 
5364 PRINT AT 9,1; 
"A1-t: q;-.:.phs. of se:tpoint Tt and 

nom input power required on 
p l C• t. 1 ·-:.· ( I t t. .:; K e S l 0 n 9 e ~- ) 
t•:~ . ...-n) ,, 

5366 IF INJ-::.E···,···$="n" 0~: It,H<E--r··$="H" 
THEN LET 5w5P=0: GO TO 5376 

s::::e.e IF H·H'~E\'. $ =" ':l" OF:: INi{EY. $ = "\'" 
THEN LET 5w5P=1: GO TO 5376 

5:370 GO TO 5:366 
5:372 ~:Et-1 
5374 REM *GO Q&T pa';le-plotting 

routine 
5:37t· C!iO SUB 54 74 
5:37:':: PF::INT HT 0,:3.: "Samp I.E: ".: 

Pl.otl 
52::::0 r=·R HiT AT 21 .• ::;: ; "::; .. :,. ri! P L 0:: ".: 

Pl.>:ot.f 
5::;;:::2 PRIHT HT 10 .. E:.:"lC t•:O co::ont" 
5384 IF Plotf<=SPLastPlot THEN 

PFHNT AT 21 .. e;":::.ari1PLE: ".: 
pI Q t f 

5366 I~ Pl.otf>5PlastPLOt THEN 
PRINT AT 21 .. 8; ":;: .. 01 Oi P i.E: ".; 
:;:.p '·as. t P 1. o t 

53a6 IF INI<E\' $ < >" c" ANO HW.E\-' $ 
< :> ''C'' THEN GO TO 5:::::::;::3 

5390 IF 5wHC=0 THEN GO TO 5400 
53'~2 REI'1 
5394 REM *GO Q&T page-plotting 

~-c·ut.inE: 
52:·~e. GO 5U8 54 74 
5396 IF SwHC=l THEN PRINT AT 

0 , 1::::; P l O:• t 1: COP'{ 
5400 L~T Page=Pago::+1 
5402 LET Plot1=Plotf 
5404- LET Plotf=B7*(Pa';IE:-11+B7+ 

·=pi·= t PI,-, t 
5406 ~F r~s~iastPLot THEN GO TO 

5376 
54-06 REt-1 
5410 REM *End Q&T plotting 

o:ont.rQI. i·outinE: 
5412 RETURN 
54-14 REM 
5415 REM *U&Y pi.Qttin9 control. 

;-out.inE: 
54-18 
5420 
5422 
5424 
5426 
542Ci 

54:30 
54:32 

REt·1 
LET P<:i':l€=1 
LET Plbt1=5P1stPlot 
LET PI.Otf=B7+SP1st.Plot. 
REt1 
REM *Go U&Y page-pl.ott.ing 

r•:outine 
GO SUB 5E·72 
PP. INT HT 0 1 s _; .. s.=t m p 1. e: .. ; 
pI. (j t 1 
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5440 

5442 

544-4 
54-41:, 
544-:::: 

5450 
5452 

5454 
54-~;e. 
545E: 

5460 

5462 
54-64 
5466 

5474 
5476 
5478 
5480 
54::::2 
5484 
545E· 
54:38 
54-90 
54'~2 
5494 
5496 
~~4·~:3 
5500 
5502 
5504 
5506 
550::: 
5510 
5512 
5514 
551t· 

551:::: 
5520 
5522 

5524 

652t· 
5528 
55;30 
5532 
5534 
553E· 
5538 

5540 

5542 
5544 
5546 
5548 

5550 
5552 
5554 
5556 
5558 
5560 
5562 

5564 
556E· 
5566 

5570 
5572 
5574 
5576 
c: c:"..., -=· ._. ·.J i ,_, 

5580 

5582 

P~: nn AT 21 . a; "s.::tr11 P 1. o:: ".: 
pI.·=· t f . 
r=·::::INT AT 10 .·~; "1-C to .:o:ont" 
IF Plotf<=S~last.Plot THEN 
PR IHT AT 21 , :3; ":;: .. :,. r11 PI. E: "; 
p i.Q t. f . 
IF Plo:otf>SPI.astPlot THEN 
PRii'iT HT 21, :3; "5.:;rliP I.e ".: 
:sp 1. as t P '· >:• t · 
IF IN~::E\( $ < > "c" AND It--l~=;E··.,..- $ 
··· ·, ··~-··· THEt--l ~-·n TO S44·=· 
i~ gwHC=O T~~N GO~T0-5454 
;:;:Et·1 
REM *GO U&Y page-pl.otting 

ro1...1t.ine 
GO 5UE: 5672 
IF 5wHC=l THEN PRINT RT 
0, 18.: PI. Cot 1: COPY 
LET P·O!·~E: :::P.:1ge +1 
u::T PI. o t. 1 =PI. o t f 
LET P I. o t f = 8 7 * I P ,::; g e - 1 ) + 6 7 + 
E·Pl:::.tPI.Ot 
IF i < 5P I. a::. t P tot. THEN GO TO 
5430 
CL:::. 
~:Et·1 
REM *End U&Y PlOtting 

.:on t rc~ t-rout i nt 
RETU~:N 
REI·1 
REM *iO&T page-plotting 

ro1.1tine 
CL5 
REt-1 
REt-1 *PI. o t. grid 
PEt·1 
PLOT 0,175: DRAW 0,-175 
PLOT 0.175: DRAW 10,0 
PLOT 1S5,175: DRHW 0,-175 
PLi-IT ·t c:-"" 1 7S · [·RA! I 10 0 
FO~ k:55'T6~i56 sfEP 60 
FDR i=175 TO 0 STEP -5 
PLOT K,i 
t··lE><T i 
HE:>::T K 
FOR k=180 TO 255 STEP 25 
FOR i=175 TO 0 STEP -5 
PLOT K,i 
i'lE::O::T i 
NE::·~T K 
REt·1 
REt·1 iP I. o t G:1 
F::Et·1 
PLOT INT IIQ(PlO:Otil +10)/20) 
.175 
~OR i=Plot1+1 TO PlO:Otf 
DF::AI .. J ~~, -2 
DRRW INT ((Qiii+10)/20)­
INT ((l~(i-1)+101/201 .. 0 
IF i=SPlast.plot THEN GO TO 
55:34 
t·~E\T i 
~:EH 
f:;:Et-1 *plot. T 
REt·1 
PLC1T 155+INT TIPLotll ,175 
FOR i=Plot1+1 TO Plotf 
()RAI,.J INT T ( i l - INT T ( i -1 l , 

i~ i=SPI.astPlot THEN GO TO 
5544 
NE::o::T i 
IF 5w5P=0 THEN GO TO 5606 
F.:Et-1 
REM *Plot setpoint and nom 

;:, if requ i ro::d 
REt-1 
LET ';:1a::<=175 
LET D5no=1 
FOR i=Plotl TO PLotf 
LET 5 .:. fll p l e n o = i 
REM 
REM tGo sample-cLass 

IOLttine 
GO SUB 5·~52 
PLOT 155+INT CIDSno,lll ,yax 
IF INT CID5no,1ll=100 THEN 
DRAI..J -1,0 
DRAW 0.-1: DRHW 0,1 
DRAI..J 1; 0 
DRAW 0.-1: DRAW 0,1 
DRAW -2,0 
DRRW 0,-1: DRAW 0,1 
PLOT INT I!C(D5no,171+101/ 
20l , •-Ia>: 
IF t~T (ICID5no,171+10l/20l 
=0 THEN DRAI .. J 1, 0 



e;564-
ssee. 
55;58 
5590 
55'~2 
55'~4. 
6596 

5E.00 
5602 

5604. 
560E· 

560;3 
5610 
5E·12 
5614 
561t· 
5E· v:; 
5E·20 
6E·22 
5624 
5E·26 
562E; 
5e.:::;o 
5e.:32 
5634. 
se.:::ie. 
56:38 
564.0 
5E·4.2 
51=·4.4 
5E·46 
564.8 
5650 
5E:·52 
5654 
5656 
se.~:e 
5E·60 
5662 

5e.e.4 
5e.e.1:. 
5E-66 

5710 
5712 
5714. 
5716 
C'""':' ·1 C· ._, ...... ._,. 
5720 
5722 
5724 
5725 
5728 

DRAW 0.-1: DRRW 0,1 
[;r;:RI) 1 ·. 0 
DRAW 0:-1: DRAW 0,1 
DRAI. .. I -2,0 
DRAW 0.-1: DRAW 0,1 
LET '::! .~ ::::: :::;'::! .~ >:: -2 
IF i=SPLastPLot THEN GO TO 
SE·0E· 
t··~E::O:T i 
PEt-1 
REM *Print subsripts on all 

-::· . .~en F'·~9o:::::. 
PEt·l 
IF INT iPa9t:...-:2) <>Pao;~E:./2 
THEi--l GO TO 5664-
F'RINT RT 11 ,0; "CI" 
PRINT RT 11 ·. 1·~: · .. -!" 
PR nn RT 12 · . .Z1; ;, II " 
Pr::IHT AT 12:.1·~•.:"1!" 
f=· P I NT RT 1 :::;; . 0 ; " 0 " 
F·FHHT RT l:3 .. 7;"p" 
PPIHT RT ·• ·-o. ·• c · "'\)" 
PlUtH RT tJ : 1::~ :: "0" 
PRIHT RT L>., 25; "GI" 
PRINT AT 1:3,31; "!-'" 
PRINT ;=tT 14,0.: :.~ .. 
Pr:: HIT ;=tT 
Pf:;:HH HT 
PRIHT RT 
PRINT RT 
PPINT RT 
PF:: It·..IT RT 
Pf=;:INT RT 
PRINT RT 
Pr::INT RT 
PFUNT RT 
PRINT AT 
PRINT AT 
PRHIT AT 
PRHlT AT 
PPHH AT 
REi"1 
REM **End Q&T pagE: plotting 

RETUj:;:t--1 
REt·1 

~-out in-:: 

REM ttU&Y paae-plottina 
routini -

;:;:Ei"1 
cu:. 
r:::Et·l 
;::;: E t-1 * f=· l o t g r i d 
REI-1 
PLOT 75.175: DRAW 0,-175 
PLOT 75;175: DRAW 10,0 
PLOT 205,175: DPRW 0,-175 
PLOT 205.175: DRAW 10.0 
FOR K=O ~0 60 STEP 15. 
FOR i=175 TO 0 STEP -5 
PLOT 1:., i 
HE><T i 
NEXT k 
FOR K=90 TO 150 STEP 15 
FOR i=175 TO 0 STEP -5 
PLOT K, i 
1'-lE::·:T i. 
NE><T K 
FOR K=155 TO 195 STEP 10 
FOR i=175 TO 0 STEP -5 
PLOT 1:. •• i 
t'iE;•:T i 
t··lE/T K 
FOR k=215 TO 255 STEP 10 
FOR i=175 TO 0 STEP -5 
PLOT K,i 
NE\:T 1 

t·~E)O::T K 
PEt·l 
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67:30 
57:32 
5734 
5736 
57:38 
574.0 

574.2 
!::~7 4.4. 

574-6 

574.8 

5750 

c~c.-. 
·-· •. •.J.:::.. 

5754. 
5756 
575e 
5760 
5752 

5764. 
5766 

5770 

5772 

5774 
5776 
577Ei 

5794 
579e. 

57';&8 

5800 

5802 

5804. 
581216 
580:3 
5810 
se12 
5814. 

581t:· 
5e1e 

=<>·-··-· ;:;)._•.::..::. 

5824. 

5826 
5;32Ei 
5830 

c:..--=· ·-=··-· ·-•U·-'0:::. 
58:34 

PEt-1 .;;PI. 0:• t Ll.~:\' 
REt-1 
LET SampLeno=PlOt1 
LET C;:Sn o::: 1 
PEt-1 
REM .;;Go :sample-cLass 

rOIJ1_ino:: 
GO 5U8 5952 
LET 0 c din ate 1:1:1 ( F· I. o t 1) -
c \ i)5n o .. 17) 
LET o,-d in.:, te 1= 
INT ( (Ordinate 1+4.) /;:';) 
IF Ordinat£1>75 THEN LET 
o ~- d i r1 a t e 1 = ~7 5 
IF Ordinate1<-75 THEN LET 
o ~- d i n a t .:: 1 = - 7 5 
PLOT 75+0rdinate1.175 
FOR i=PLot1+1 TO ~Lotf 
DRRi.J 0, -·2 
LET Sar11P lE:no=i 
REt-1 
REM iGo Sampte-ctass 

routine: 
GO :::.UE; 5952 
L_ ET or d i n a t e 2::: G) ( i ) -
C::([:o:Sno~17i 
LET 0 c ·~in at>:: 2:: 
INT ( lO ~-din at>:: 2 +4. J /{;':;) 
IF Ordinate2>75 THEN LET 
,-~ ( d i n ~ t ,. ·=· -·.., &::' 

iF Or~{~~;~~<-75 THEN LET 
Ordin~tE:2=-75 
DRAW Ordinate2-0rdinate1,0 
LET Ordinatel=Ordinate2 
IF i=SPlastPlot THEN GO TO 
57c:e 
NE\T i 
REt·! 
f;:Et-1 iP I..;:. t T 
REt·! 
LET Sampleno=PI.Otl 
REt·1 
REM iGo sample-class 

ri.:<IJtine 
GO SUB 5952 . 
LET 01-dinatel:::T(PI.O:•tl)­
C(I)Sno,11) 
LET Ordin.~te1=5* 
nn 01-d i n.a te 1 
IF Ordinate1>50 THEN LET 
Ordinate1=50 
IF Ordinatel<-50 THEN LET 
Ord in.:, te 1=-50 
PLOT 205+0rdinate1.175 
LET D5no=l . 
FOR i=Plot1+1 TO PlOtf 
LET S.:tlfiP l.t:no =i 
f;:Et-1 
REM •Go 5affiple-class 

riJUtinE: 
GC• SUB 5952 
LET Ordinat.e2:T(il­
C\C.Sno,lll 
LET C• r din ate: 2 =5 * 
INT Ord in.:, te:2 
IF Ordinat€:2>50 THEN LET 
Ordinat€2=50 
IF Ordinate:2<-50 THEN LET 
Ordinatt:2=-50 
DRAW Ordinate2-0rdinate1.-2 
LET Ordinate1=0rdinate2 · 
IF i=SPlastPlot THEN GO TO 
584.0 
NEXT 
REt-1 



5844 
58415 
5;348 
5850 
C' ·=· C' .-, ·-· ·-· ·-' .:. 
5;354 
sese. 
5855 

58t:·4 
5e;6t:. 
se6e 
5870 
5872 
5874 
5e76 
se7e 
58::30 
e:~8i:12 
$384 
saet 
5888 
58'~121 
5892 
58'~4 
5896 

5';;i00 
5•;t02 
5904 
590t:. 
5·~08 
5910 
s·;.:12 
5':'! 14 
591t:. 

5'~18 
5920 
5':'!22 

5':'!24 
5'd2E· 
592:3 
5'3:30 
59:32 
S·334 
593E. 
5•3:38 
5940 
5942 

REM *Print subscripts on 
even page numbers 

F::Et·i 
IF HiT ,·p.;:..~.:· ,-.::.·, .· ···Paq;:· .-·=· THEN GO .TO S·~l;3 · .... --. ~ 
PRINT I~T 12 .·:;:.; "C" 
F·R HIT AT 12:.25; "-::" 
PRIHT AT 13, 1.: ;, I.,· 
PR Hff AT 1:3, 9; "II " 
PRINT AT 13 .. 1>:"+" 
PF:HJT AT 1:3,17; "+" 
PRHH AT 13.1·~;"!" 
PRINT AT 1:3 .. 25.;''11" 
PR HIT AT 13 :_:31 :: "+" 
PRHiT AT 14, 1; "t;." 
PRINT AT 14, 5; "II)" 
Pt=;: INT AT 14 , •:J; "0" 
PRINT AT 14 .. 13:"1•)" 
PRIHT AT 14 ·.17·: "j.::." 
PPINT AT 14.1·~;"i-:·" 
PfUHT AT 14 ·. 2~:;·; "0". 
PRINT AT 14 >.::;i; "!-'" 
PRINT AT .13 :. 5; ;, i" 
PRINT AT l"': 1· "C1i" 
PFUNT AT lS-:5·: "~" 
PPH-IT AT 15:.9:: "!:." 
PRINT AT 1"" 1·-=· · "t;." 
PPHH AT 1~ ·' 1 =.:·: "Cf•" 
PFHt·H AT lS: 1·~; "G" 
PRHH AT 15,2~;'.; "C)" 
PRINT AT 1c --:·1· "0" 
PFHNT AT 1B ·: .l; ;', 0" 
F'RINT AT itj ·. 5·: "0" 
PRINT AT 1€:· :. 1:~; .: " & " 
PRINT AT it:·, 17; "0" 
PRINT AT iF .. 10::.·· "r." 
PI=HNT AT lA' 3l·: .. ,:.:, .. 
t=·R INT AT 1

1
:_ ... :: ~; ~·J :: 

PRINT AT , , ::;, ._ 
PPINT AT 1"' 1 . .,. "'" 
PRINT AT 17 :: 17 :~ " [" 
REt-! 
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REM **End U&Y page-plotting 
ro•..1tine 

RETURt·l 
REt-1 
REM *SampLe-class initiaLi-

s.at.ion .-~:.utine 
REt-1 
D It-1 L ( :5 ( 2 l i : D It-1 H ( :5 ( 2 l ) 
LET 1_::::1 
FOR .i =1 TO ::. (2) 
LET ~=C(j,1)+l-1 
LET LCJl=l: LET H(jl::::h 
LET I. ::h +1 
NE)<T j 
REM 
REM *End Sampl~-class 

initialisation routin~ 
RETU~:N 
REi·1 
REM *sampLe-class routine 
r:::Et·1 
IF :5:•-o!fltP I.e no< =H (D5no l AND 
5ampteno>=L(DSnol THEN 
RETURN 
IF D5no=S(2l THEN LET 
D5n O:• =0 
LET D5n o::o =D5n o + 1 
GO TO 5952 

10 REI'-1 
15 REM 
20 REM 

25 REM 
:30 REt-1 

* *STATPACI'' * * *Tape 1. 3a -073 
•Purpose-Calc mean & 
variance of ut & yt * IP- ( • ) C, 5 ( b l , Q & T 

•OP-Printed mean & var 
Ofl.lt&'::lt 

35 REM 
40 REI'-1 *Load ( • l c .. 5 ( b 1 , o & T-
45 CLS 
50 INPUT "Storage code=?";Z$ 
55 PRINT AT 9 .• 1.; 
"LOad LlC .. S(b) .. 0 & T" 
60 PRINT AT 11,1; 
"1) rr.se.-t & .-ewind data-tape 

to sta.-t of :series" 
65 PRINT AT 13,1; 
"2l Press PLA\"' 
70 LET Y$="C" +Z$: 

LOA!) "v'$ DATA C () 
75 LET Y$="5(bl"+Z$: 

LOAD '{$ DATA 5 (I 
80 LET Y$="Gl"+Z$: 

LOAD Y$ DATA 0 () 
85 LET Y$="T" +Z$: 

LOAD Y$ DATA T (I 
'010 CL5 
95 REt-1 

100 REM •Calc mean of ut & 
mean of '::lt-

105 LET :sumut=0: LET :sumyt=0 
110 FOR i=1 TO 5(3) 
115 LET sumut=sumut+O(il­

c (1' 17): 
LET.sumyt=:sumYt+T(il­
C(1 .. 11l 

120 NEXT i 
125 LET me:anut=sumut/5(3): 

LET meanyt=sumyt/5(31 
130 REM 
1:35 REM •CaLc va.- of ut & 

140 
145 
150 
155 
160 

165 
170 

175 
180 
185 
190 
195 

200 
205 
210 

215 
220 
225 

va.- of ·~t-
LET sumut=0: LET sumyt=0 
FOR i=1 TO 5(3) 
LET wut=O(il-C(1,17l-meanut 
LET WYt=T(il-C(1,11l-me:anyt 
LET sumut=sumut+wut•wut: 
LET sumyt=sumyt+wYt•wyt 
NEXT i 
LET va.-ut=sumut/(5(31-11 
LET va.-'::lt=sumyt/(5(31-11 
REM 
REM •P.-int results­
LPRINT Z$;":": LPRINT 
LPRINT ''u t: " 
LPRINT "mean=";meanut: 
LPRINT "va.·=";varut 
LPRINT 
LPRINT 
LPRINT 
LPRINT 
·LPRINT 
CLS 
RUN 

~~~~ t: II 

"mean=";meanyt: 
"•.Jar=";varyt 

LPRINT : LPRINT 



10 REt-1 
15 f:::Et·1 
20 REt-1 
.-.c: 
.: ·-J REt-1 
30 REt-1 

35 REt-1 
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* *STATPRCI<2 * * 
ITat=·.::· 1.3a-
*Purpos.::-Calc mean & 
variance of ut & ~t * IP- (. i C, 5! b i , 1;j & T 

*OP-Printed m~an & var 
C•f Ut & Yt 

40 REM ILOad (.JC,S(bl ,Q & T-
45 CL5 
50 INPUT "5t•:.ra•;!€ CC•de:?".: Z$ 
55 P R I NT RT ·; , 1 ; 
"Load ( • ) C , ::_, ( b I ·. Q & T " 
60 PRINT R~ 11,i; 
"ll Insen:. .~, rewind data-tape 

t o s t a ( t o f s e ~- i e s · · 
65 PRINT RT 13,1; 
"21 Press PLR\'" 
70 LET \'$="C" +Z$: 

LORD Y$ DRTR C ( J 
75 LET \'$=":5(b)"+Z$: 

LORD \'$ DATA S ( l 
80 LET .,,... $=" GJ" +Z$: 

LORD .._,,.$ ORTR Q ( i 
85 LET \'$="T"+Z$: 

LOAD '{$ OATR T (I 
90 CLS 
95 REM 

100 REM 1Input data-
105 INPUT 

"No of ut autocor shifts=·"?"; 
k u t : LET 1<. IJ t :: I NT II. u t : 
OIM U!I<.Ut+1) 

110 INPUT 
"No of yt auto•:or shifts::?"; 
1<. Y t : LET 1<. y t :: I NT 1<. ':! t : 
DIM 'l"(kyt+ll 

115 REt-1 
120 REM 1CaLc mean of ut & 

1Y1ean of '::lt-
125 LET sumut=0: LET sumyt=IZI 
130 FOR i=l TO 5(3) 
135 LET sumut=sumut+Q!ii­

c (1, 17): 
LET SUffi':lt=sumyt+T(il­
CU.11i 

140 NEX~ i 
145 LET meanut=sumut/5(31 

LET meanyt:SUffiUt/5(31 
150 REt-1 -

155 REM 1CaLc auto-correllation 
of ut-

160 FOR J=IZI TO I<.Ut 
162 CL5 : PRINT RT •3 , 5: ".j a=" : i · 

PRINT AT 11,5;Z$. . . ~· 
1t:·5 LET sum=IZI 
170 FOR i=l TO 5(31 
175 LET wa=Q!iJ-C(l,17l-meanut: 

LET l.ol b::Gl ( i +..i i -C ( 1, 171 -me:anLI t · 
LET sum =::.ur11 H•Ja fll! b · 

180 IF i+J=Si3i THEN GO TO 195 
190 NEXT i 
195 LET U(J+1l=SUffi/(5(31-1-JI 
200 NEXT .i 
205 REM . 
210 REM *Calc auto-corre:Llation 

Of ':!t-
215 FOR J=IZI TO t<.yt 
217 CLS : PFHNT RT 9, 5; ".j b=" · i · 

PRINT RT 11,5;Z$ . '•. 
220 LET s IJ fll =0 
225 FOR i=1 TO 5(3) 
230 LET wa=T!il-C!1,111-meanyt: 

LET Wb=T!i+.jl -C!l,11l-meanyt: 
LET sum=sum+wafwb 

235 IF i+J=513l THEN GO TO ~50 
245 t..JEXT i ~ 
250 LET Y(J+1l=SUffi/(5(3l-l-J.I 
255 NE>:T .j 
260 CL5 
265 REt-1 
270 REM fPrint resuLts-
275 LPRINT Z$;":": LPRINT 
280 LPRINT "me an o t Ll t =" .: f1lE:an1.1 t 
2;35 LPRINT "me:an ojf • • .lf.:":meanOJt 
290 LPRINT - . -
295 LPRINT "Rt.l to -co ( re Lla t ion:" 
300 LPRINT "1<." .: TAB 5; "u t"; 

TAB 20 · "q t" . 
305 LET kma)(;O 
310 IF I<.Ut>kmax THEN LET kmax= 

t<.ut 
315 IF kYt>kmax THEN LET kmax= 

K':! t 
320 FOR i=l TO kmax+1 
325 IF kUt+l<i THEN LPRINT i-1; 

TAB 18;Y!il: GO TO 340 
330 IF kYt+l<i THEN LPRINT 1-1; 

TAB 3;U(il: GO TO 340 
335 LPRINT i-1;TRB 3;U(il; 

TRf3 18.: Y ! i l 
340 NEXT i 
345 LPRINT : LPRINT : LPRINT 
350 CL5 
355 RUN 
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