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srequlator algorithm of Astrom and Wittenmark [17] is

ARSTRACT

.+ « 'The heat exchanger under study is an experinntal
” . o
model of .the sheéll and tube heat exchanger. The self-tuning

4

_implemented on ¥ didital computer, with the object of’

controllinq the water temperature by manipulating the steam

flow rate“ The algorithm consists of an on-llne least~
o

/ .
squares parameter 1dent1f1catlon of a llneax model, combined
pad

with a minimum variance control tuned acco£§¥%g to-the

c" -

«

parameter estimates of the model. !
,
Instrumentation and characteristics'of the steady-
state, dynamics, and noise of the heat exchanger are described.
A model of the heat exchanqér is ¢btained from a step response
test for the puypose of comparisor w1th the model obtained .
from the least-squarcs 1dent1f1cat10n algorithm. ’

% The.alqgorithm does not determine the order of the

plant model. This must be- decided a priori. Other a pribri

-
s

decisions inglude the choice of 5‘;u1table samplihq interval,
an éstimate of the noise va#iance, and the starfing value

of the model parameters.- The results of experimental runs
with variaﬁions iﬂ all of these are preseénted. Convergence
diffiéultigs in éhe:parameter identification are encountered

in some cases. .
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RESUME : . . ;

'

LY

»

L'échangeur de cHaleur sous consideration est
v : ,3 "\ ’
un modele experimental du type vapéur-eau. IL'algorithme | -
~ ° ’ .. . ‘ N D ‘ ‘
de contro&e de Astrom et Wittenmark [17] est appliqieé a

o ) .

un petit ordinateur. L'algorithme consisté en un’

. . : < ~ (3 ’ 1)
estimateur des moindres carres d'un modele lineaire avec

¢ 3

i -~ . . . - L4 ~
un regulateur a variance minimum calcule sur le modele

-

estime. L'objé% est de controler la température de 1'eau . ;
L J »

par la manipulation du debit de vapeur.’ ‘ '
5 ‘ g 4 * 4 -~ k) ’-. °
{ Les caracteristiquées en réegimes permanent et .
€ e, = .

dynamique sont decrites, ainsi que celles du bruit. Un
b R [

= - ’ ' % '
modele, de 1'echangeur est ohtenu a partir de la reporise
» | - ‘:0 »
a l'echelon pour fih -de comparaison avec les resultats

4

" .

der 1'algorithme, ;

L'algorithme ne determine pas-1'ordre du modéle,

-

qu'il faut decider a priori. D'autres décisions a priori

. » - .
sont: le choix -d'un intervale d'echantillonage, la

variance du bruit, et les wvaleurs ;;itiales des parametres

.

-~ - - N
du modele. Les\resultats d'experi€hces avec variations .

,*.;':,‘ .. * . » -
'gans chacun de ces quantites sont presentes. .0On & observe

.k . . . - -~ - LT
@ deés difficultes dé convergence dé 1l'algorithme e&n quelques

N \ 4

caSl -
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. whose gains ‘depend on the identified parameters.

AS

CHAPYER 1 S
- "« ) a

. INTRODUCTION , ¢+ o

N ¥

+1.1 Survey of Identification '

» *
L

‘Adaptive control is the subject of a great
- 4 -
. . . . 4
deal of current research. As $et, no general framework

has.basn developed for theldesign of the adaptive

LY
Y

controller. At present, the adaptive control system
s

L]

usually consists of two sub-systems: an identifier

¢ .
@

a»
that determines system parameters, and a controller e

a

Several problems ‘arise from the use of this

]

identifier/control¥r structure. One. difficulty is

§

that in order that the identification be accurate and
comprete,‘the control signal must excite all modes of

the éystem. Furthermore, an identifier that works in

4

:

2 -3 '

open-loop or with a particular controller in closed-

loop may not work with some other controller; with

2 N

some controllers the identifier may net converge or may§ ‘

produce biased .parameter estimates. Still another %
«<omplaint of the present state of adaptive control, as
pointed out by’ Tse and Athans [1], is that the adaptive

controller sholld use not only' the instantaneous-

estimates of the parameters but also the uncertaeinty




" mode (maximum likelihood esti&ife), etc., depending on

, , , Tt .
connecteq‘with the estimates. Because og/the lack of

a frameworK, the ap‘&o&ch to these problems is not

- s,
unified, as 4s evidenced by the widely differing methods
: %

of identification.
v Q
, The experimental work presented in this paper
is connected with one particular identifier/controller

combination. Before.describing the nature of the

P

experiment, a brief survey oﬁ the methods of system

[+ - -
identification ﬁollOW§&ﬁ The emphasis of the review is
~ i . . /‘—a
on he philosophy behind the various methods. The v
purpose is to put in perspective the particular identi-
ﬁichtioh/control scheme, chosen here, hence also the

- L]

experiment’ within the adaptive control field.
I'd

There are a number of tdentification methgds

L]

that have been developed. Among the most popular in the
»

North American literature are the Bayesian, the -Correla-

tion methods, th Extended Kalman Filter, the Stochastic

‘'

Approximation methods’, and the Least Squares method.

-

Bayesian: * In Bayesian estimation a

probabilistic approach is taken. The solution of¥the

aestimagion problem consists of*the probability density

of the unknown. From this-denéity.an optimal estimate

-

is made by taking the mean (minimum, variance estimate),

4

the loss fuhction chosen. - -

o

a .



posteriori distribution for the a priori distribution

' N

- 4
¢ Rather than producing an empirical probability.

4

density, the Bayesian estimator fine-tunes an assumed -

form of the density:fpncﬁion. That is, a model of the

unknown distribution is assumed, as well as an a priori

distribution of the unknown model parameters. Via
-

Bayes' rule, the Bayesian estima&o; modifics the distri-

bution of.ihe unknown "rameterghon the basis of

observed data., -

-

-~

A feeling for Bayesian estimation can be

ob%ained'by looking.at Bayes' rule. Suppose a, quantity

x 1s observed and a model of the distfibutiOn,of X is

assumed. The model containg an unknozp parameter 0. @
.
The d&€sired distribution ;s:f(xlaf with 0 kno;n. In
order to get 0, the problen[ﬁs.turhed around ;ia B;;e§' o
rule to get the distribﬁ%%pﬁ of 0 based on‘obTerved
values,bf*x: f(0]x) = wf(x[O)f(O) l,i -
: J_E(x|0)£(0)d0
*

f(x[b),‘whose form is assumed, is called the likelihood

function. £f(8) is the assumed a priori distribution of 8,
, . » o

whereas 'f(0]|x%) is the a posteriori distribution. A

recursive computation is possible by substituting the a
!
{

é

after every observation of x, <

‘The obvious difficulty with the method is the

£ b I
problem of choosing the likelihood function and the a priqri™
R ‘ , ) | ..;‘5

r Ve

’ o \ A ‘
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distribution (of unknown 8). Convergence requires that

the likelihood function be a reasonablé approximation

. . {' . —
of the true distribution of x._ Fusthermore, the computa-

tion is lemgthy unless the likelihood function and the

a priori distribution are chosen so that the a priori//

and a posteriori distributions are of the same form.

General pxesentations of Bayesian estimation

N

can be found in [2] and [3]. 1In [4] Lainiotis derives a

Bayesian recursive algorithm where the unknown distribu-

)
P2 ‘ )

tion is modelled 'as an expansion of a set of orthogonal -
functions. The algorithm determines. the coefficients

of the ‘expansion. . The choice of the orthogonal basis
is left as an open problem. In [5] Lainiotis presents

¢

an estimatorl;haﬁﬁconsists of a bank of Kalman filters
matched to every possible value of a quantized set of
the unknown 0. /These filters produce the conditional
estimates f(x|6), and their outputs d}eéyeighted by .the

a posteriori‘probabilities. Computer simulations of
. r
¢

the estimatotr were successful Obviously, however,

T

accuracy requires fine quantization. To meet this

problem, Sengbush and Lainiotis [6]}hqve proposed and

-

tested a method that simplifies the parameter quantization.

Correlation methods: The idea behind the

; Lo ., R N
chirrelation methods is to extract the system parameters

7

iy
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'ffoﬂ correlations ofythe output.. The autocorrelation

of the output is observed. The? equations relating the
autocorrelati;n to the system parame?e}s are solved for
the unknown parameterg. A mo;e efficient method is

obtained by using the autocorrelation of the innovation

(one~step-prediction-error) sequence rather than that

(The innovation is the difference

o

of the ‘output directly.

between the actual output and the output predicted from

9 )

the previous sample interval according to the estimate

system.) The reason for the increased efficiency is

that the innovation sequence “is less corredated than

output. 1In fact, as the estimation convarges, the innova-

tion becomes more and more white. For both outppt an
@

innovation correlation methods, the estimates

asymptotically unbiased, and higher efficighcy is obtained

by using higher order correlations.
Y

In [7] Mehra derives two cursive-algorithms,

one based on output correlation,.the other on innovation
. 4

correlation. Both algorithms determine the covariance, .

matrices of the process and measurement noises of a

dystem. In [8, 9] Mehra presents an algorithm that

identifies a system in canonical form. He also proposes

5 L
a recursive metho?zfor determining the order of the

system when it is not known. The method is based on quting

-4

o
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¢

the innovation sequence for whiteness. . N

é Extended‘Kalman Filter: _ ¢/An optimal estimate

of the'state is given by the Kalman filter, whosejdesign

requires exact knowledge of the system parameters and’ -

a
noise statistics. The basis of the Extended Kalman ) -,

Filter is to adjoin the.unknowﬂhparameter vector to the& ? i T

state vector and design.a-Kalman filter for a linearized s -

-

>

version of ‘the augmented system, thereby obtaining ) R
- . : ' [y

estimfates of both the ‘state and parameters. The nonlinear . ®

o? .

t A3

augm%gted system is linearized by retaining only the o

first order terms of a Taylor series expansion about the ‘ -

A

augmented state yector.

<
-

Difficulties of the method lie in the require-

ment of exact noise statistics, and problems . ip programming
[~4 -

and bias error ana%ysis.;.Treatment of the Extended Kalman . o
FIlter (including filter eguations) can be found in & ‘ .
_ o !
Jazwinski [3] and Saridis [10]. ..Cogvargent computer ¢
’ N

simulations are reported in ([10]-.~

-

-]

Stochastic Approximation methods: * The

£

.stochastic approximation methods essentially are hill-

Az

climbing search techniques sujtably modified to operate : b

in a stochastic environment. The identification probléd'

(29

is posed as.,a minimization of a loss Tunctiogp V of the

v

parameters B. The solution is obtained througp an .

1 4] @
I3 b4 . fa. )

P . L N N R N - ' B ,:’
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)

iterative scheme of the form - . ' . :

’\J

I

P
¢

"Pk+1 = By t (gain)k+l*(erfo; cc;rrection)k ) LN

In g’deterministic problem,'tbe error correctionf term

ma;‘Ee a negative gradiegt, and the gain-term mdy be a [
4 L E ’ .

,ggggtaﬁf\(gradiep@ﬂ%ethodf, a difectioq of steepest descent
y i .

(steepest descent ﬁgfhog), an inverse Hessian (Newton's G:u, y

-

method) , etc. The significant modification found in the.. - .
. stochastic approximation qﬁ that‘Fccount i$'taken of

, )
degradation of calculations arising from noisy data. Thé}

» 1

\ (} :major mo@ification lieg in the gain factor of Equgtion“l.if
The gafn m;§ be a saalér'ofua matrix, the latter case

, ) ° Q
having faster convergence at ;he expense of additional B
(—\ computation. The gain may be a prescribéd sequéncé; such . “ {
" as the series I/k ih the gcakgr case; oﬁ the other haﬁd,; \
'g thg algorithm may p&ssess a learniné property that -; :

- , 8

. ' maintains a best direction of-search. ,
' /E_ . u
'4[ 'The main advantage of the stochastic approxima-
" "tion algorithms is their greaé simplicity and ease of ?
’ . [ , 1
T T -, - - - e === ST o 0 ]
> implementation. Hence, although the method is not
) particular%y noted for speed of convergenfe, ’ o
popular method for on-line identification. 1t should be }
. B ) [ 3
noted, however, that in certain cases, the parameter
’ ) Ct . ey . —~ .
estimates;may b& biased unless addltgonal bias correction
* “ ‘© o
T i termg} appear in Equation lsl..
v ' J » R , - -~ .
. . ‘ A good survey on stochastic apprgximation. . ,
' : . /
» > ¢
4
® v - .
- & " . .
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- briefly reviewed in AQapter 3 of this paper. It is'

meﬁﬁods'can be found in aﬂpeper by Saridis [ll] Specific
~ L

opEndloop algorlthms are presented by Sarldls angiEEEyn

in {12, 13] These algorithms are extended by Saridis and

Lobbla [14] to the closed-loop case; that is, a controller

using estlmates df the parameters is involved. 1In this
» v

case, unbiased estlmates are produced in splte of the
addltlona} bias probléms caused by feedback- 1nduced

correlations, Success?ul computer simulation results,

+ are pregented for beath the open-loop and closed}§§§=>.

algorithms.
e

Least Squares method: The least squares y

T

methdd ie ‘the result ‘of the solution of a regression-
I

type problem. The problem is to fit a linear regression

to an inpﬁt—output history, the regression being, for
d

instance,, a system model in.:canonical form:
i

>

8 ™ e .
y(k) + aly(k-l) + L LD+ any(k“n) - |

. =bputk-1) . . . + guk-n) + e(k)

b

The e(k) can be interpreted|as noise or simply as residualg’
- ~ '
(equation errors). As in the stochastic approximation

-

method, the basis of the’ least squares’ approach is a

minimifatiz?; specifically, the minimization of the sum of
~.

th& squares of the equation errors. The problem_forﬁulatiog
ot V4

a

: o
and solution, as given in Astrom and Eykhoff [15], are

- |

A
sufficient to an.ﬁere that a recursion formula for the

#
¥
o . /
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solution is obtainable #and it takes ‘the form of

—~ e—

Equation 1.1, and thus appears similar to a stochastic
o ~ N - -

approximation algorithm. Thejgistinctioﬂ,ig[£§at the

érror-correctidn factor is the one-step-prediction-error,

N

a scalar; and the gain factor is a "learning" vector

sequence’. If the equation errors are correlated, the '

&

parameter estimates will be biased. Several ways of dealing
with this problem have been developed. For example, in

the method of generalived least squares [15, {ﬁ],
uncorrelated residuals are obtained from a filter obtained

from an autoregression fit of the residuals of an ordinary

\—h

least squares fit.

- ki
" Many of the references meﬁ;ﬁoned thus far
provide simulation test%ré;uLﬁs. Direct comparisons
of the various qn—line¢¢dentificatioﬁ methods, however,
are relatively rare and quite recent. Two such papers |
are by Saridis [10] and by Isermann et .al [16]. The i
results in [16L/head the authors to the interesting
suggestion that all the successful on-line me£hodsvthat
use the same a priori knowledge of the process have about
the same performance over a lqQng time period. This leaves
the main advantage; of the methods to depend on the
process; for cxample, on any sb%c%al use of a priort
kngwledge that can be maq?,,on the type of—input siénal

inv%lved, on programming and computational expense, etc.

[T U U - . -




1.2 Statement of the Problem

The experiment présénted'in this paper tests

{ & o N . N 2 . .
e thi/partlcular identifier/controller combination as ¢

preéented byjagtram and Wittgnmark [17]. Specifically,-
this coﬁbination consists of an ordinary recurgive
;east squares identification [15] witﬂﬂa-minimpm variance
. péntro} computed according to the identified parameters.
The result may be viewed as a séif—iuning controller. It
shwuld be mentioned ghat although there .are quite a nmumber
of on—line.open-loop identification algorithms, successful
closed-loop alg&rithms are relatively rare. The self-tuning
control algorithm in [17] has been tesged by extensive
7~ simulation studies by the authors of [17], and the algqrithm
is easily implemented on a mini-computer.
It has éeen mentioned that a successful open-
1oép identification algorithm will not necessarily work'in

closed-loop. This 1is the case here, where, although open-

loop least squéges convergence-1is guaranteed by theory,

simulations indicate that the closed-loop self-tuning

e algorithm does not always converge. Moreover, if the input
s

® [

and noise are correlated, whi®h is the case in closed-loep,

the least squares parameter estimates will be biased.

N

Furthermore, for this particular algorithm, it is not always

Y

possible to identify all the parameters. This probléem,

which will be explained in Chapter 3, can be circumvented,

(\ . -

Y

¥
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values or on the value of the fixed parameter.

however, by’fixing one parameter.

!
i

A very interesting theoretiéal result is that

if the'algorithm convérges, it will lead to the optimal

minimum yﬁ&iance control even if the parameter estimates

‘are‘bigééd [(17]. \Thus, the bia® problem is neatly -

J

eliminated here. If~the order of the model is too low,

4

however, the algorithm will not lead to a minimum variance
/ -
control if it converges.

On the whole, the simulation studies show

-

that the algorithm does converge in many cases. Very

-

often, the difference between convergence or divergence

. 4 i i
depends simply on the «initial guess of the parameter

~

H

In the relatively small number of experimental

industrial applications, the algorithm is not without

-~ .

success. In [18] is reported a successful application

»

on a moisture content control loop in a paper mill in

} -

Sweden. Models of both third and fourth order were used.
In this particular expetiment, the algorithm exhibited - -——-—— —

good start-up and steady-state control, no convergence

difficultiés,‘and moderate insensitivity to model order

~\\énd initial parameter values. A second successful

industrial application of the algorithm is reported in

{19]1.< In this case, the plént was an ore crusher.
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(i\ o ; It is the object of the experiment to further
) .. test the self-tuning control algorithm of [17] by applying
« it to another real-life plant, namely a steam-water heat

- ?
exchanger. A quantitétive performance evaluation is not

underﬁaken. Instead, ;he.qu;séidhs asked are very basic:

Does the algdr{thm converge? éan gpnditionskbe found
) " --that predictably affect-convergence? The latter guestion
has not yet“been satisfactorily answered either by theory

or by experiment.
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CHAPTER 2
The Heat Exchanger System

2.1 -dntroduction

-

®
» © 4

. The heat exchanger is a device commonly used to

éransfer heat from one medium to another. :The heat ekéhanger
under stﬁdy is an experimental model of the shell and tubé,
type. Steam and water are the two»@edia involved in the
heat transfer. Within this heat exchange} the water flows/’
through a bundle of seven 1" copper tubes 62" long. This’
set of tubes is enclosed within a shell of 6" steel p%?e and
the shell is surrounded by 1" thick insulation. Steam is
allowed to flow into the sheéll and surround the wq;ér~
carrying copperﬁ!hbes. As the steam condensgs, its latent

heat of .vaporization is transferred to the water through

3o
the copper tube walls. (See ([20] fo}.g theqfetical study

——— e L

of this heat exchanger.)

In "the experiment described in this paper the

controlled variable is the temperatugg of the water flowing

e

M Disturbances exist in the form of water flow rate variations,

out of the heat exchanger (to be called output water Eempera~

. p
,ssture). The controlling variable/is the steam flow rate.

v
/

temperature measurement noise, and temperature set-point

7

L /3
changes. The object is to’link the steam flow rate to the ”

output water tempekaiugé by a sampled-data computer fecdback

—— = S — e o —A_WI:BA_;%
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gxftﬁm.

. The feedback link is an algorithm that imé%emenﬁszl
the following control™law: : .
u(k) = A1U(£-1)‘+ G%k*Z) + AU(k-3) + A,U(k-4) .

—

+ Byy (k) + Bly(k—l) + By (k-2) + Bf(k=3) + B,y(k-4)

where U(k) is the control signal (steam flow rate),qand(y(k)

is the output error signal (output water temperature minus

set-point). The choice of coefficicnts A; and B, depends on

the plaht (heat exchanger) dynamics and the desired systém

B3

per formance. 1In this experiment, the parameters of a linear

smodel of -the plant are identified on-line‘by digital computer.
These parameters are used to compute the coefficients Ai and

-

Bi of the control law according to a particular control

policy. Specifically, the qoal here is to minimize the

variance of the output error. Since the 1dent1f1ed model
parameters are used to set the coefficients of the control law,

the result is a self-tuning controller. ) ,

"
i

2’. 2“ ‘Jater FlOW C u-..}."Cl

L}

o ¥

. . B -
Fiqure 2.1 shows a hlock diagram of the water flow
] q

control system. The flow measurement takes place at the

orifice, which essentially is a constriction in the piping.

This constriction causes a pressure drop across the orifice.

The pressure difference is proportional to the square of the

o
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controller or by DDC.

flow. This p%essuﬁb difference signal is applied to

i

a pneumatic differemtial pressure cell (dp cell), whi¢h
converts the 0 tollod% differential yater pressurc to a

3 to 15 psi air pressure signal. THis is the input t#lthe
pnetimatic PID flow controller (FRC). The controller output
drives a pneumatic positioner which position; the control

valve stem with thedaid of mechanical feedback. .

-

; The system is equipped with instrumentation that

allows direct diqital'control (DDC) of the water flow, An
£~ . .
] ! -
air-to-current converter, whose output is bridged by a -~

suitable resistor, provides the water flow measurement (see

- 1

Figure 2.1). The computer control signal is applied to a

current-to~air converter which then drives the positioner.
The setting of switch-valve S¥'3-determines whether the

positioner and conhtrol wvalve are driven by the pncumatic

A Y

The pneumatic controller did not produce °good

Q

water flow control. A persistent limit cycie exjsted, even
at minimum gain settings of the controller and p&gitioner.
éhe magnitude of the limitlfycle was ﬁyallest at minimum
controller gain with the poéitioner d&gabled and hypassed,
but it was still perceptible. There appeared to be excessive

gain in the 1loop, possibly due to an oversized control valve.

Since good water flow rég%}dtion is not important to this
e P .

i

/16



experiment, the loop was opened byloperaﬁing the contrnller

‘ ~

1 J

| ‘ in manual mode. ) . i
; Y . . / ’
|
|

] : . o /

| ‘ 2.3 Water @emperature Control

Figure 2.2 shows a block diagram of e ﬁayer ‘

temperature control system. It consists of two loops’in;' o

cascade. The inner loop is a steam flow control loop.

]

The outer one is a temperature control loop, which determines

-

the set-point of the inner flow loop.
- In.the inner loop the flow meas!;eﬁent is 'effected
| by means’of an orifice and an electronic dp cell whose out- -
put is a 10 to 50 ma current, This is the input to the
~ electronic PI flow controller (FIC). The contronller output .
- feeds a current-to-air converter which in turn qrives a
~ . positioner and the steam coptrol valve. The £Yfow controller
set~-point signal is obtained from switch sw2, | .
At SwW2 the outer tsﬂggraturc }oop fdeds the %nncr
, flow logp via the set-point signal. The te%perature is” \\~“

measured by a copper-constantan thermocouple.,—After beingq— o
5 P d

converted into a 10 to 50 ma current, the temperature sianal

* -/ .
feeds two parallel blocks: an electronic PID temperature .

controller (TIC) and a PDP-8 computer system. fwitch £w2 -

determines which of these temperature control hlocks defines

. . RE
thefgét—p01nt for the steam flow controller. Throughout™ this

. j—\) % '] 3
- -

Ll <
. "

> ,/ ,j;\.'

W
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experiment, SW¢ was in the pnsislon shown in Fiqure 2,2;

¥hat is, the computer assumed the role of temperature .
’ -~ : 4 ~
controller. . :
' . & ° o
. " . In the case:of computer control, the 10 to 50 ma

] .t

é?rrent Sidnals ‘are snot directly appropriate.
g iy
the temperaturc measurement current frgom the emf-to-current

1 e

At‘thg input,

*

‘converter is allowed to flow through a 2000 resistor. This

¢

provideq a2 to 10 volé inph; to tho N/D converter. Atﬁthe

’ . §
output, the 0 to 10 volt signal from the L/A converter goes

xhgouqh a buffer to provide the 10 to 50 ma Flow controfler

Figure 2.3,

L

set-point,. A diagram of the buffer’circuit is shown in

[« ]
2.4 The Control Program ~
) ° . ® N Y

& - ue

i The computer used in contréi}ihq the heat exchanger
[ S I

is a Digital Fquipment Corporation PDI'-8/f, ~ This is a
~
general purpose mini—cogﬁpter having a memdéry of 4096 12+-bit

words and a oycle time-of 1.5 us. Peripherals include a

Egletype, a hi%h dpeed paper tapé';eaéer/punch, an, eight-
Ehannel analcg~-to-digital (A/D) converter, and a four-channel

digital-to-analog (D/A) fonverter Both the A/D and D/A
- ¢
-0 to +10 volts and have conversion

Ve

converters operate on
[ o i g
-] 3~

times of 80 pus and 10 us respectively.

L4

-—

The computer program consists of two parts. One

’

3, ¢
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. 7 N7 : R
’ ‘ ie %
f

o

part is the control program. Tts function{is to comgunicate e
s .

w1th the operator/user and implement the control law. This

program can be used alone 1f he user hlmqelf w1shes to tune

the calkroller, that is, spec1fy the coeff1c1ents of %he

cpntrol law. The “second part of e~prongg, the -identifi~
"cation pPogram, was desigred to overlay ithe control program

4

and automatically spedjfy the coefficients according to the

plant identification.. The resgltinq«controf]erifhus tunes ;
fs , . o

.itself.”’ The identification prpgram will he discussed in

!

' Chapter 3. The main features of the control program arée R S

L

®)

described in the following paragraphs.’

o

The control program can handle two inputs Ul and

a . .-
- <
f
o

A
Uy and two outputs Y1 and Yy " The Yq and y, are actually

output érror signals of the form y; = ?i - Yi' where Zi . —
Y S}'u " ‘ o ,_
are set-points defined by the opecrator, and Y. ar} the S

a

actual measured outputs. In the case of this expériment,

Ul drives the buffer (R in Fiqure 2.2) andjyl is the tempera-

yt

' ture voltage across the 200Q resistor at the A/D §nput.

The complete general control law ﬁaswthe following

¢

form: - ! - °
Ul(k) = Alul(k-l) + Azpl(k-Z) + A3U (k-3) + A Ul(k—4)

(k) + PR3 (k-4)-

oY1 1Y1 2Y1 3Y1

+ C (k 1) + C (k 2) + CQU (k=-3) + C4Uz(k-4)

+ B (k-1) + R (k-2) + B (k-3) + B

4Y1

+ Doyz(k) + Dlyz(kfl) + D2y2(k 2) + D?ﬂé(k—3) + D4y2(k-4)

g; . . © ' . ‘ir r




F 4

with a similar equation for Uz. Ry appropriate specification’
e » ?

i
i

of coefficients, the program can be made to control a
¢ ¥ e -—

. vy ° - .
multivariable process or two independent single-input-~single-

output proceéses. The restrictinn in the latter, however,

-

- é -
is—that -the-sampling rates must be identical. e

Figure 2.4 shows a simplified flow~chart qQf “the AN

control program. In the irstruction modd, an interpreter
.

accepts instructions ﬁrom the operator via telctype. The

operator may specify the coeff1c1en}s Ai' ni' Ci,‘v~Di fog -

, and U,. lle may alsg specify the set-points 2y and

ZZ' the sample interval T in seconds, and whether he wants °
the éﬁgsghuent contro& hisggj; to be printed on teletype or
punched on paper tape or both. If the operator types a
format exror, the proqram 1qnores the instruction, types a

question maf?\and awaits the next instruction. . ¢

When the operator types the letter S5 (for Start), ’

‘the program enters the control mode and implements the control

[

law that the operator just defined. In order to make changes,’

the Qgerator can type the letter H (for Halt), whereiupon the

progran returnsifo instruction-mode at the epdgéf the current
control interval. Thé‘operator‘m;y then type %n the corrected
instruction(s) and again type S to continue: cégkrol

Since the PDP-8 is@not‘equipped with a real-time

- 5 ®
clock, the A/D converter with interrupts is used in mrasuring

]
!
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the sample intervals. During the cgntrol mode of the program,
A/D conversions are continuously bejyng initiated and counted.
Vhen the count reaches a number related to T (specikfied by

L \

the operator), the count is reset to zero and a control o
R

computation begins. The cont®ol computation is done during
o o= .
the A/D conversion and is interrupted at the end of each

conversion. Since the conversion time is relatively short,

N

a lardge overhead is incurred in A/D interrupt servicing.

The resulting computation time is about 200 ms ‘per sample

interval. , —

-5

®)

The computation is done in floating-point using a
fioating-point so;twarg package developed by Digital Fguipment
Corporation [21,23].' The floating-point number consists of a
12-bit two.!s complement exponent and a 24-bit two's complement

mantissa with the radix point understood to precede the

mantissa. The number is stored in three consecutive memory

"locations. Floating-point computation using this software

package is slow but greatly facilitates handlMng a large range

of numbers. :

1
2.5 Open Loop Characteristics of the Heat Ixchanger .

.
<
~ ¢ <

In this section is presented some onen loop data

L

for the heat exchanger system. The data consists of the

stéady—state, the dynamics, and the noise characteristics.

1. -
~ -
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In Figure 2.5a is shown the steady-state Eurve for
‘ both flow cont;:ol loop and fc.emperature" control loop opened.

This means simply that the steam flow controuller is operated
in manual mode. The solid line is the output water tempera-

ture current from the emf-to~-current converter,

e

The dotted

( — -
line is the stgam flow measurement from the ele&tronic dp

cell. - The ;giissé is the output of the steam fPow controller.

»

The Tlow measd&ement is not linear with the flow controller

-

output due to the fact that the flow measurement is actually

a-differential pressure signal which is proportiocnal, to the

¢ P

b

square of the ILIow, ang aIso queto corttvi—vatvermomiirenrtey—
™, Figure 2.5b is the steady-state curve for the flow

contro}, leop. closed, i.e. tlhe f19w controller is in automatic

gode, responding to the set-point signal. This in fact is the

plant as faiuis the temperature controller is concerned. The

: ~ non-linearity/of the filow measurement has two significant

effects on

he closed flow control loop. One is that. the out-
puf{ water/temperature becomes non-linear, while it was roughly

| . linear #n the open loop. A second effect is that although

11
c
3
n
Y
o
|

0
t
t
oy
[
o]
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o
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f- w measurement. The resulting limit cycle disappears only
t minimum controller gain, which renders the controller '
rather ineffective over much of the lower flow rate region.

A satisfactory control is.obtained by disabling and bypassing

o
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the positioper. The controller was then tuned to give an

underdamped response with a settling time of about 1 second.

v

A better solution, of course, would be to insert a square-

root extractor following the dp cell.
o

the curves in Fiqure 2.5 roﬁthy)linear‘andmwbnld allow the
positioner to be in the lodp. The vélue of thenpositioner
lies in faster valve action and in the reduction of errors
due to friction within the valve. The first advantage is

not so important here since the.l second flow responsec

-

obtained without the positioner is quite short compared with

This would make all

27

the.temperaturé response.

- N step response Analysis was done in ovrder to get
an estimate of the dynamics of~the plant with bhoth fléw loop
and temperature Yoop open. The step response is shown in
Figure 2.6 with a graphical analysis immediately below it.
The step was a downward step- such that thelglow controller -

output changed from 75% to 0%. Roughly, the resbonse looks

like two lags with a .25 minute delay.

responsé and ignoring the delay, the response can be modelled

as c(t) = 1 - kle_at - k.e Pt

Assuming that b is significantly greater than a, c(t)

at

approaches 1 - kle_ as t qrows large.

In(l - c(t)) = ln(kle—at

In(l ~ c(t)) is plotted in time, then ln(kl) and -a are

readily obtained as thé “intercept and slope resﬁpctively of

Mermalizing the

From the cquality

) = ln(k)) - 'at which follows, if

w

2 , where a and b are hoth positive.



o

i 14 -
“ “ - \
i
“ oy ASNOdSTd mMPm d00T1 NIJO: 9°z JTANOIJA L
’A .n ) 4v i -
8* ! _ 191 U2 GUYADY 413040 4m . B _ )
~ ‘ ‘
“ T —— T | : L i { w { { ~
o L o | Voeewlp [ _ _ N € :LT| W M © piw S . w9 . v
* R e e R e e e
T . ! . g i ! ; P | -
! ; w v ! _. L F ' i " . { : i ) L
i "t o ; / : . :
” Kl T __ g ” m o b _ !
, _ ‘u i 1 H I\l’bl’dl. |-
) .,, 1 T R .0 #\O 1. L x!Ns'r [ f . |1|l,-.~‘ AT DU DU SR :
A S S S B 2 e _ e | |
‘ . ; i «@ S | ; f ' i MW S —_ i !
B ' . ~4_ A. ] 1 \ ! Lol \ i '
i M 1 —l\la ! ' _ R — IT ‘lﬂ\!.l\lltl\ﬁn\l.ﬁm‘.Q . - :
e e TR o ey T
, : VA R T I S R o . M
| : W o L e N R |
-1 e ¥ - ST LR x= 2
- * ) ! i i ! \ " — ' ~ . _ .
' " \\ _ | “.“f*\ . ! X . } . .
* - ! i | ' ! ‘ Tﬂ\ - ; | R U S ! o
il - T - \l.s | L Te T T AN At ; b ) i )
! z- H [ — - ! [ i o ! | i i
3 { v , | — " | : | ! ._ H ! _ !
H { -ﬁ — - - i ! | * . 1 R . . . _ N *
G e e ! Pl | | m _ | . |
: | \\uﬁu\\ n -7 i A | : ! i
——————— ~ \\ . m_‘ .\!\!.\ : : * AU . ﬂ _ . : ——
g i ¥ . S ! { ‘ ' i { m !
¢ ' _ - | H _. { tLI SRR S PPN IR SE |
m \ t .\\ o ) \ - )i [ o - _, ] - | —— ; — "
) - T ) i ) \ N l - B ’ ) —_ . k - ! — -
_w | \\x ) ! m __ ..“ m _“ | “ u e | LR S SO o) .ltsx'../u.“c Qc:l.l
¢ i K\ “ . : g _— —— IV VIS o LS ; -
- T =N € . C _
i ' w | E RS | ' . _ I ROt R \,« . _ o . o :
, | w oot A L b ; M :
1 : ' t 1 “ _ 1 ¢ ! _—
: ‘. bt , 4 . :
S . T ] w 1 ! m N _ * w | . |
_ ! : ! “ - v | o 1. - B U PO S N S S Ve e
- T _ o] i i ol o _ i
1 ..m | M i ! \ ” . i b
, I 1 ! L ‘ i m . . i _ ] | K ~ .
o ol R . " - T i T | |
) o m S I “ w o w |
i . ' : X - b - [ [
_ | \.w ’ : ! | “ ” i ! ) ;
. R m ” .“ M T‘ m _ ‘” i M w , _
E i e : ! L - t N .
v - A I....._.IJIL_.llc,ﬂ!.! T P | N } B ! i w _Qul
i ' ' . { ' ! i | o / '
! ' w . ' h ! \ t +
" . f ! | ; ~ M - m : : > - .
w | i ! : | : } : | )
! | | | b
TR ey efedoTT T ] N w _ T H
n5E—% : " | P | . .
. ¢ . . i . t ' i : ! “ oy _
i , ! , _ | i — _ ;
: ] i ~ | | 3 4. H : ) ! H
- 1
i
| —
|
1
-~ N < ° S




mxespcnse,isvcitl_s_l*~4L308e-

the t = =« asymptote. Thus, from the upper left asymﬁtote in

Figure 2.6 is obtained k1 = .308 and a = .4. Similarly, by

plotting 1n(l - c(t) - .308e"4t) = ln(kz) - bt, kz and b

are determined to be .692 and 1.75 respectively. Thus the.

At | 602071758 e

4/\

corresponding time constantgfare 2.5 min&tes and .57 minutes.
From this resul%i a éiscfete—timc model of the plant will be
developed in Cha?ter 3.

Noise @resentnd two difficulties in this step

analysis. One %s accuracy, which is egpec1a11y important in

9).

-obtaining the t = «» asymptote. It was for this reason that
a downward step change was chnsen rather than upward, since
it was obsecrved that the noise was greater ;t hiqhefmfempera-
tures. Another problem was that in getting a larqe*enough

signal/noise ratio for,qraphical analysis, it was necessary

I "
7 ¥

to use a large step change which would cause a non-linear
response 1if the flow loop were closed. The fact that the |
tempefature is roughly linean“bver the entire range in open
loop is the reason for:performinq the step-response analysis
with the flow loop open. This is not exactly the plant that
the computer temperature contrg}ler gees, éxcept in the casc

«
of small chaq9e§ in a mid-temperature range. There, the
temperature/odkput gain is ahout equal to the temperaturc/set-
point qaip, the;e being the opeh loop and closed’loop gains

3

respectively. Furthermore the relatively fast dynamics of the

N\,
N
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flow controllecyr are practically negligible as far as the heat
exchanger model i% céncerned." Therefore ‘the model obtained

:
from the %tep-yeébonse test is valid as a plant mgdel from-
the‘computer's point of viewﬁin the mia-temperagure range.

-

An upward step chﬁ%ge of the same magritude (0} to

72% output) produces a noisiq; but very similarly shaped

N

s LI ."'n/ . .
response, thus substafitiating the temperature linearity when

- the flow loop is open. lear maximun steam flow, the noise

becomes severe,, steam hegins to blow/throuqh‘the steam'trap,
and the heat exchanqef dynanics appear to be differeét.

4

L3
*

Because of this and because of the strong non—lineaii@v at

the low temperature region, the computer identificatibn and
, .
control experiment/was carried out in the mid-temperature /
¢ ’ T
4
range. +

.
o

A simple noise analysis was done in the form of

@

an autocorrelation of the mid-température steady-statc. The

noise was “evident ox a thermometer placed in the outlet water

Q.
.

stream, hence it was not entirely measurement noise. Although

- !
the water flow recorder registered a steady flow, the flow
~ ¢
out of the heat exchanger was not smooth and ‘seemed to be’®ne

sougse of the noise. 3

“ » The autocorrelation was performed using the PDP-8

=Y

computer on a record of 240C samples obtained at' a samplin
rate of 3 samples/second. Most of the dc value of thr g¥eady-

state temperature signal was removed by subtraction in order

8
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-~
_to minimize round-off errors in the autocorrelation

bl

. . }calculatlon. The résultinq autocorrelation function is

shown in Figure 2.7. It is evident that to the heat

exchanger system, whose dominant tipe constant is .57

minutes, the noise is essentially white., Assuming thate

R S

-

the noise has zero mean, the noise variance is obtained

as the difference between ¢xx(0) and ¢xx(m).

to be the mid—point-of the garbage at the end of the

v * autocorrelation curve of Fiaure 2.7:

s 1

’ (00 2 by () = 1028 volt? -

Taking ¢,

()

Ee corresponding rms value 1§ about ..1% VoIt *

R

’2/».»

wy

~ /
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FIGURE 2.7
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The Identification Program a

[y

3.1 Introduction - - 7

¢

The identification program is an. irplementation

'91 N

[} . N
~K.J. Astrém and B. Wittenmark [17]. The alaorithm@consists

of a self-tuning control glgorithm presented in a paper by ‘ o

“a

‘'of a least-squares parameter identification of the plant,

and the determination of a minimum VarinnFe control law from’

- U

the identified parameters. The least-square§ identification
] — - I l’x,
algorithm is. presented at length in [15]. .=

The plant model has the fnllowing form:, -

{ H

* yk) + aly(k—l) +ooa .+ any(k—n) i

3

= byu(k<1l) + . . . # bulk-n) + ek _ (3.1) -~

. where u(k), is the control variable, y(k) is the controlled

A

variable (output) amd e(k) is a noise variable.——?he—minimum—” 9

. T . . . . 2, . .
variance performance criterion is V = Py~ (k)] where FE is

~

the expectation operator and V is to be minimized. The

optimal control law for this performance criterion is

u(k) = lagy(k) + ... + a y(k-n+l) = hyu(k-1) - .. - bnu(k-p+1)1.

1

o gl 12

»
¢

Note that the poles of this' controller's tran®Fer function

o

exactly cancel the zeros of ,the plant. Tf ;hc model para- C—

0
Qs

b Y o -
meters a; and b, were known, the control law coefficients.

could immediately be entered te the control proaram as follows:

b b - a a
Al = e .—2 ’ Az E— -—1 o'“ PR ’ BO = —-}-' » _Bf; "’g' 3 TR A
bl b1 bl bl .
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: Im; order to obtain the parameters a; and bj,n“
optimization. The obhject is
N+n : = !
,L e (k) where the e(k) are
k=n . o

the p:obleﬁ‘is posed as an

» to minimize the function Vv

~

e

interpreted here as equation

J

errors in the plant model

&

(Equatﬁon‘3.i).-'nence the name 'least-squares estimation.

A -
v

Let

=

[y (n+1) y . oe e(n+1)]
L N . ’ .

. I'; .

e}n+N)

y=

-3

~

Ly(n+N)

o =y (n) v =y (1) u(n) ~

o4 . . .
L.

il

°

@ . . .

’ —;kn+N-1)‘o...'v~yiN) ¢ u2n+N-1)

b

T
B

b

ah °1

n

o
s o

(al a,,

13

wﬁe;e y, e, and ¢ arevsimply a history.of N consecutive #
a .

9

. %

sample intervals. Then e y - ¢8 and V is the magnitude

squared of vector e. The minimum of V is obtained hy setting,.

0, and the solution, if $76 is not singular, is’

- “f ; ®
lgTy ‘' (see [%5]) .

v

B = [0°0) (3.2)

B L o m - '
Aﬁ N + » thercovariance of -8 is given by 02[¢~¢} 1 where

02 is the variance of e(}). o

[

. . . ¥ ' .
. The determinathp of B from FEquation 3.2 is a one- . .

shot computation on an input-output history of N samples. :
* o r . s g

This does not lead to a suitable computer program because

excessive computation.would be required.

/

. .
- " ' . A
° . H . e .

In {15] a

°

I -
- 3

*}
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; recursion formula derived from Equation 3.2 is given.
- 4

Using ,this formula, the current parameter estimate B is
® < ‘

updated at each sample interval. The recursion formula is
18

the following:

B(N+1) = B(N) + T(N) [y(N+1) - ¢ (N+1)B8IM)] , (3.3)
where T(N) = P(N)¢  (N+1).[d + ¢"(f«1$1)p(m'¢Tm+1)]'1" - : .
1 P(N+1) = [T - T (N) ¢ (439 1P (1) |
. ‘¢(N+l) =e[ry(N) ~¥ (N-1).,.:-y(N-n+1) u(N) u(¥-1)...u(N~-n+l1)] e
Pmg) = aleTpem1 T | T )
o The vectar I' and the §quare matrix P arg both of order 5n:
4 The maénix P is the co;agianqe of g if the e(k) are indeéendent

3 -

with variance .equal to o. If the estimate were perfect and

‘Wdimmmemm(mvwm be—the varue

of y(N+1). Thus Fquation 3.3 means that at each sample
" interval B is updated by, a quantity which is e§sentiall§ the :
producﬁjof a time varying qgain T(N) and the difference between
the actual output and the expgcted output. 1In order to start,
thq recur%ion, B and P can be initialized usinag a priori -- e ——
_knowledge, géined possitbly from a one-shot’least-sgﬁaresnfirst
estimate. Alternatively P(0) can be initialized simply to a‘

9

e A
constant times the identity matrix, which is the course talien

Pl

[3

¢ .
In brief then, at each control intervdl the algorithm

in tpip,expe;iment.
iy

*»f‘updates the estimate of the parameters in the model:

. ~ y(k) +oaiy(k-l) S any(k-n) = b]u(k~1) + .. + hnU(k-h)

- i - 7
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Then a minimum variance control law is defined from the =~
(o Y

pazgméters: L, e

P

o

u(k) =1 fa,y (k) + ..+ a y(k-ntl) = byu(k-1) < .. = b u(k-n+1)]

byt T

-

e

s

3.3 ' Convergence -Properties of the Closed Loop

It can be shown that if the plant is stable, and
the e(k) are indepgndent with zcrggmean; and the input u(k)
‘iglindependent'pf e(k) and persistently excitina of order n,
then the least-squares estimate 6f B g%nverqes to the correct

yalue as N =+ o [15]. It is to be noted that this convenéence

is that of an open lgop identification, that is the input is

generated bv an external source and is UNcCOrrelate
No qenerai converdcnce theorems have yet been proved for the -
. closed loop, when the inpu£ is generated by fecedbatrk.
In this experiéehth the e(k) are not indepe;dent.
To i}lustra£e, consider a first order noise-free system:
x(kil) + ax(kf = bu(k). Let the output be a mezsurement of - — B
x (k) corrupted by additive-white noise y (k) = x(k) + n(})
(which is essentially éhe case in this experiment). Then
"the system seén by the jdentification algorithm would be
- ’y(k+l) + ay{k) = bu(k) + n{(k) + an(k-1). [15]
“The noise here :i's not white, but rather a fiitered white

noise wﬁere the filter is the plant, Thus the e(k) in the

plant model (Fquation 3.1) is not an uncorrelated noise

©

&

»
‘ v
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variable. The parameter estimates may.still converge, but

@)

the estimates will be biased. The estimate B of B will be

biased' by an amount given by _
)|

. E(B-B) = [L(079)]”

¢

_ TCR [15]

. w?qre F is the expectation operator. A theorcem presented

in [17) states that if the’paramgter_estimates converge in
closed loop, the resuitinq controllér converges to the min;mum
variance control. This result hold; whether the~noise is
correlated or not. Thus even if theé parameter estimates are
biased because of correlated noise, 'the result @ili still be

a minimum variance controller.

'~ o
4 8
v

Another theorem in the same paper states that if

the—parameter-astimates-converge) certain correlations of //

o .
gl the‘inpuérhﬁd output are zero. Specificallyyif e(k)nis a
noise function of order m, then e
E[y(t+r)y}t)] = d T=m+l, ... , m+n
0 o ’ Fly(t+t)u(t)] = 0 T=m+l, ... , mén .

¢

A second convergence difficulty is that since the
input is generated by feedback, the input is correlated with
. the noise. Consider again the first order system:
y(k+1) + ay (k) = bu(k%m The minimum variance control is
. u(k) = &y (k). 1If the esg{mates of the baramet@rs a and b are
- ' b . o . e
in error by a common multiplicative factor, the resulting

control is unchanged and the minimum variance performance

criterion V = E[yz(k)] is unchanged. Furthermore, it can bhe

-
et
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3

) ?
sthn that the least-squares objective function V = 1\‘;Z’nez(k)
will be identical for all a and b withﬂthe same rati)é=n
a/b [17]. Thus, in general, when the’input i$ qénerated by
feedback, the identification alaorithm will determine the
paraméfers only to within a common multiplicativé factor.
The resulting minimum variance control law will benuniqué,
however, since thefmultipiicative factor cancels upon

&

division by b,. .
Tn the simuletion studies done hry Sstrﬁm and

Witpenmafk, the value of bl was fixed. This servegito

prevent the algorithm from making large excursions along

the linear manifold on which the parameter estimates lie.

o .
““““~%str6m-&ﬁd—W%%teﬁmafk—¥epg;t_in_theirhpaQer that the choice

-

of bl is not crucial -in obtaining convergence of the}alqorithm.
In the experimental WOfk QOne by the author, the value of b1
was not fixed.

To summarize, because of correlated no;se the
parancter estimates will be biased- but will still lead to.a .
minimum variance control. Furthermore, because of feedback;
the biased estimates may be out, by a multiplicative factor
and converdence is not guaranteeé. If tRe parameter estimates

1]
converge, however, a unique minimum variance control law can

be expected.’
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3.4 The Identification Proqgram

~
@ -
The identification program was written to overlay

thC'coné;ol program so that at each sample interval the
parareter estimates are updated and the minimum variance °
control law is determined according t9 the algorithm just.
pfes%nted. After this tuning step, the control program

v computes the control variable. The parameter estimafés'arg
—ﬂpunched on paper tape at every sample interval, if so requested

by the operator. ,

The identification program performs a fourth order

° identification and control. Orders gréater than four cannot

be handled byvthis program because of insufficient memory in

~ the PDP-8. Additional overlays were written to generate lower
order iden;{ficatiop and control by changing the order of the

m?trix nd vectors involved.
“The computation time for fourth order is about four

seconds. Since there are eight, parameters, the vectors and

the square matrix P are of orde¥ 8. Moreover, the éompdiéfibh
is hampered by large overheads in the continuous use of the
A/D for sample interval measurement, and in the use of software
for floating-point arithmetic.
At the start, before askind the operator for
4 instructions, the program sets all coefficientg, Ygriables

Q

\ and vectors to zero except for 8. The parameter b, is

-

Y
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/
' initialized to unity while the rest are zero. (The starting

value of b1 can be changed however vig“the switch register

on the PDP-8 console.) The value o b1 must not be Zero

since it appears as a divisor inSLhe determination of the
minimum variance control law. The matrix P is iniﬁ}alized
to b1 times the idenfity matrix. The value of o is set
(via switch register) to the noise variance obtained from
the autocorrelation study discussed in §2.5.

In -§2.5 the estimates of two time constants have

_ been obtained as 2.5 minutes and .57 minutes, where the

-
-

s
| shorter time constant dominates. In order to obtain reason-
able values for the parameter estimates, the sample interval

—P _was chosen—to-be .7 minutes (42 seconds). Reasonable

values are such that thﬁfe is a good pole-zero spread on the
‘tr"? ‘.
If T were relatively small the plant would appear

-

essentially as an integrator and the poles would tend towards

+1 on the z-plane. In the- extreme, the order of the System

--would -decrease as seen by the identifier and the excess poles
and zeros may end up anywhere. .2f T were very large, the

Fy plant would look like a delay and the poles would tend towards

-

the origin and again the order of the system would decrease

’

as seen by the identifier.
The identification program has one additional task,

. . . »
that @f inteqrating the control signal u(k). The reason for

”

this is that in a noise-qfee steady~state, Yl(k) (output \

@

3

o) -
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. X ,/'
temperaéure) is a constant, yl(k) (output error) is zero,
and ul(k) (the_control signal) is zero. The steam flow
;et-point signal Ul(k) Powever must be a non-zemo constant.
Thus ui(k)‘is not equal to U, (k) but rather is an additive
correction term for UI(K). Hence ul(k) is integrated to
obtain Ul(k). The resulting overall flow-chart and system
diagram are shown in Figures 3.1 and 3.2, In'Fiqure 3.2,
Zl is the temperature set-point defined‘by teletype. Yl is
the output temperature and Y, is the output error. The u]‘

signal is the control variable which is integrated to

produce Ul, which is the steam flow set-~-point.

|

"3.5 Discrete~Time Plant Model——--- e

‘\ﬂ-'
K {

A discrete-time model of the plant was determined
from the step response analysis for purposes of comparison

with the least~squares identification. As far as the identi-

¥

o fication algdrithm is concerned, the dicital inteqrator in the

identification program is part of the plant and is imcluded— - —
in the model developed here.

From §2.5 the normalized step response of the heat

exchanger (ignoring the delay) is

-.4t -1.75¢t
- e ,

c(t) =1 - .308e .692

3

where the unit of tirme is the minute. For T 3 .7 minute
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the z-transform of c(t) is o

C(z) = 2 - <308z -~ .6922
. V z~1 z-,756 z—.294.

.5632(2~,695)
(z=1) (z-.756) (z-,294)

Since C{(z) is a step response, the transfer function is
‘

‘qiven'by C(z)( z )-l where 2z is the z-transform of the

z-1 z-1
integration operator. However, bhecause of the digital
integrator in series Wwith the heat exchanger, the complete

plant transfer function for unity‘qain is
z~1 z~1 o

The gain depends on the operating region. From the discussion
in §2.5, the analysis above is wvalid only‘in a mid-temperature

) . A}
region, where the current gain (ffrom Figure 2,5) is approxi-

mately .325. That is, a 1 ma ange in set-point produces a

.325 ma chénqe in temperaturg. Since the computer operates

—_—

a e
ﬁﬁht is required. A .325 ma temperature change corresponds
L

to a .065 volt change. A 1 ma set-point change fequires a
.250 volt change at the buffer input. Thus the voltage “gain

is .26 and the overall transfer function is H(z’ = ,26C(z).

When multiplied out, this gives
H(z) = 14622 -

P4
a z3 - 2.05z2

.1022,

+1.272z - .222

P2

on vdi€5§€§’€ﬁfﬁﬁ§ﬁ'fﬁ§'A/D and D/A, it -is—tbhe-veltage gain .

!



In canonical form then, the model is ‘ . 0

y(K) - 2.05y(k-1) + 1.272y(k-2) - .222y(k=3)
= .146u(k-1) - .102u(k-2)
This is a thir? order systém. Theudelay (including
~ @A,

computation time) is nat Lgrge relative to T = 42 seconds

1

and has only a minor effect on the order of, the zero‘at the
2 o v

origin. 'Hence it is ignored for this .model. '
/

3.6 Program Teft o ; .

The complete prbgram (identification and control)

was tested on a plant consisting of a simple lag set up on

* s

a fR-QB ‘analog computer. Notﬁing more was recorded than

~

the fact that the fourth order identification and control
produced fast convergence and good control. Following
this test, the experiment procéeded to the heat exchanger.

<As -a r¢sult of some convergence difficulties on the heat

- {
_exchanger, however, further testing of the program using
—~—\ -

the analog/computer was subsequently ﬁérfo;méajq The

results of these tests are presented in Chapter 4.
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5 -CHAPTER 4
Experimental Results
4.1 Preliminary .

The aim of the experiments was to determine how
~the closed loop idéhﬁificatioq and control performs under
'various,conditions. The conditions that were varied are
the order of the model, the s&mple interval, t}e starting
uvague of parameter bl' and the wvalue of;a (the neoisc,
variance estimate). Only theé fifst condi£ion, the order

of the-model, was exhaustively varied, the other conditions

4
being changed generally‘only to try to obtain convergence

. system stable?

in- "difficult" cases. The principél output of each ecxperi-
¥

ment consists of answers to some yes-or-no questions:

Do the parameter estimates converge? Is the closed loop

L

Convergence of the parameter estimates requires

that the contrel—ulk)-bepersistently exciting. If the
system is allowéa to remain in a steady-state where y(k)
and u(k) are small ar zero, not much identification takes ~
placé. Hence the system was kept moving by means of set-
point/changes introduced by the operator via teletype.

A reduction of noise is not expegted from_the
controller. If an acturate-model were obtained from the

LA

identification, the minimum variance controller would make




ﬁ

< -

°
-y (k) = e(k) in steady-state. Hence the variance of y will
not be less than the noise variance.
/ Ideally, the plant qhoui\\be identical in all the

eiperiments. Throuqhout the expurlments, the analog

instrumentation settings were constant, and the water flow
- 101 !

rate was a constant except for small fluctuations. However,.
- .

. , \
tHe noise variance was not a constant. On days of told

weather, the additional heating load of the university o
degraded the quality of the steam available to the heat
exchanger. The consequence is r%duced noise and Qower

(Y

achievablgxtemperatures. The dynamics did not—chamnqge

significantly. Thus a cold weather agg is_essentia\lly

low=noise run.

4

“Refore proceeding to ‘the experiments proper, some

préliminary responses are presented here. Figures 4.1 and

/

4.2 show open loop step responses for T = 42 and T = 14

o

secpndé. The upper curves are the output temperature
- t

voltage Yl' The lower curves are the steam flow set-point

o

signal Ul' The purpose of these records is to serve as a

T2

comparison with closed loop rnsponséé. In closed loop” the
noise will not be, reduced, but the-general response shape

’

will be affected.
Another test.was to obtain the response for a N
minimum variance control based on the step response model

obtained in §3.5. The control program alone is_feqdifed

v

\
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— ~ h ¥ § .
.y
D . 1
o . . A
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sinci,the parameters are given. Since the model-has the

E

A ' r
y (k) + a,ly(k"lb) + a,y(k=-2) + a3y(k-3) = blu(k-l) +,b2‘u(k—_’2). ‘

the minimum varifnce control law is >, C,
) a . az‘ a, "bz .
u(k) = —y(k) + — y(k=-1).+ —= y(k-2) - —=< u(k-1) .
i TS T By Py

The -steam flow.set—ééinﬁ‘siqnal Ul is the inteqral "of the .

“
‘ ’

control variable: Ui(k) = Ul(k—l) +°u1(k9. Therefore by . .
€ ' ~

" simple alagebra,- . - :

al - - - a2 N a3 N
o U, (k) = ~—.yl(k) + =y, (k=1) + — Yy (k=2)
. - R T c by '
by=b.," O b, . . T
v (B h k-1 + (DUl (k-2) .
¢ b, L by T
I . 1 i
~ ] ’ ; N
Thed in_ the control law A’ ’
- al v - S——
B, = — = -14.0 ¢
0 b . . . , x
1
. a - u ~
B]_ = _-.2.. = 8.7_2
b a
[ 1 - <
< a . - v '
e e R = 3 = -l‘ 52—‘. JER - o T e e e e e ol ]
7T L X .
! 1 .
N <« )
A= 22 =1.69
b e )
,A ! ,
b N
AZ = -—g- = ~-.69 ] -
® g b.l -

The res%ltin% contrAI\Is shown in’ Fiqure 4.3. DMgain,. the

-upper curve is the outﬁut temperature ¥y The heavy low-

1

- -

.9 ° ‘M




L "‘ "© . . It is evident that the corftrol is not ,good. It

-

-

frequency rectangular wavg superimposed on the output is

thelset—poiﬁt defined by the operator. The lower .curve is

U,. - : : :
1 . v / . & =
-

© "

KE < appears that;ﬁhe gain is’exccssive. Assuming that 51 and
Vbé have been underestimated, their values @c}e increased

’ so~as to produce a control'lawdkith.lower'qain. Fiaure 4.4

shows thébéesultofor gain reductions by factors of 10 and 2.

>~ The control became much less wild but the reSpbns‘ slowed

p’v

considérably at l/lﬁ gain. Tn all cases, there were

a

oscilfg}ion tendencies, with frequency and settling time

{ &

decreasing @ith ?ecreasinq gain.

¢

. @
IS 4
™ V . ,
4.2 Fourth Order Model .. | \
¢ The control-algorithm wsing the fourth order model

‘was successful in the°sense that the parameter estimates
v a

did converge amd.the closed loop system was stable. ‘Cohtrol

[y ©

histories (response and parameter converqgence) for ‘five

v

'pérticular runs are shown in'fiqures 4.5 to 4.9. Fiqure 4.10

illustrates the.pole-zero lodations of the transfer gfunctions
,‘.V':a s !

of the identified plant pnd,qutﬁé corresponding minimum

variance cbﬁtrqﬂler (the poles and zcros of the plant being

&

AN

s}

on the;left and those of th? controller on the ri&htlf " The

diagram in Figure 4.10a corresponds to the step response

.model, obtdined in §3.5. - ..
~ 2
nI
° © .
. ° A
R . !
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o< 'm 4
~ ) ¢ ) ) -
‘ . Runs #1 and #I are each typical of several runs. e
i »" That ;;L'several runs (usinq‘diff?rent valuesdgf o )(ﬁore <
c or less'Eorrectly identified the dominant hiqﬁqr.ﬂrequency B

pole as in run #1 (see Figdre4210b), while several other

Truns placed thewﬁole near the lower f}equency as in run #2

3

-

5
%

o :%(see Figure 4.10c). 1In both cases, .the'pole at +1 (due to}-

the‘dibital integrator) was correctly identified. - Also
. 2
in both cases, a complex pole-pair al%ost cancelg a complex

® zero-pair., This suqqects thnt the algorithm sees the plant

. // essentlally as ;/élmple laq in series with"an integrator,.
° //
and that a lower oxder identification may prove more successful. .
/ ‘4 . ' 4 ’
A- fyrther comparison of runs #1 and #2 is obtained by using

o~ only the control program and typing in the minimum variance

control law based on the ident%fied parameterd. The responses

» )

¢
v shown in Figures 4.11 and 4.12 indicate that run #1, in which

A ~ the estimated model is closer to the-expected model, did in

d

e 7

fact produce a better controller.

¢ -

é

; Run #3 is a low-noise run. The resulting model is

’
' .

. 51m11ar ‘to that of run #1 but the r&pplex pole-zero pairs are

Y 4

“further apart (see Fiqure 4.10d4). Rnn #4 is also a low-noise

. run but with a set to a relatively high value of .64 volt?. : |
-
- 4 . .

B i T . Figure 4.10f is the pole-zbro pattern for the step

. response model for T =.14 seconds. Not® that because of the ——
smaller sampling interval, the’poles have moved closer, to +l.

Run #5 is for T = 14 seconds. Figure.4.10qg indicates that the
» )
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two significant poles have ‘-been identified, but a zero
appears outside the unit circle.. Thus the identified plant
is distinctly non-minimum phase. The transfer function of

the corresponding controller is also non-minimum phase '‘since .

the controller placed a pole directly on the non-minimum

e

L)

phase zero. e

3

»

@
In 211 ca§es, the parameter estimates converqged.

[

The problem of the estimates being in“®rror by an unknown

multiplicative factor does not appear to be present, since

meaningful pole-zero patterns are obtained from the . \

estimated parameters directly. if is to be noted that in

s

general, the parameter estimates are not to be actepted with

confidence for the reasons discussed in §3.3.

\

~

4.3 Third Order Model . l

- - %4

\
The third‘’order model produced less success than

[

came from the fourth order model. The--system was not ;
generally stablé and £he pagameger estimates did not convefée.
Hereaqthe‘problem‘bf.non—identifiability due 16 fecdhack_
became apparcnt. The parameter estimates made very large

excursions which were not alway® on a linear path, The

response became more sghisitive to the value of g and very

sensitive to the starti vaiue;ﬂf~bIT~~For»som9

an unstable system was produced. 1In these cases,(incorrect

parameter estimates led the system to saturate minimum or

B.
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. maximum temperature,-whereupon no further identification took

]

o

place.
Responses are shown in Figures 4413 to 4.17,
Figure 4.18 illustrates the po]e-zero patterns of the

correspondlnq m1n1mum variance controllers for stabley

-

E

1ntervalq nekr the end of each run. The parameter estimates

are definitely out by a large factor, hence no plant model

-

and corresponding pole-zero' pattern is obtained.
An atﬁeﬁpt was made to obtain a PID controller
by “using the model

y() + ajy(k=1) + a,y (k=2) + auy(k=3) = bju(k-1) (4.1)

The minimum variance controller is '

a; a, a, .
u(k) = —= y(k) + — y(k-1) + — v (k-2)
by . by by
The steam flow set-point signal is the integral &f u(k):
a a a4
U(k) = O(k-1) + == y(k) + —2 y(k-1) + — y(k-2) -
P b1 .bl b1

", -

The z-transform of the transfer function is

s

l‘a

utz) .22, 3y L By, L, ’_z)z (4.2)
y(z) by by b, z bl///b ~ by 2- a
u///// y N
where the thre?‘ES£m§/aré’prop rtional, derivative, and

integral terms respectively.

The performance of the PID controller proved to he

Ly

even worse and was cven more sensitive to the starting value

1 . i &

of b;. In run #9 (Figure 4.16) note that after 46 sample

—

. ﬁa!
s
T
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intervals, incorrect parameter"estimété§ produced a positive
.feedback and then a very low gain negative feedback, which
then brought the sys%ém to the set-poin? very slowly. One
) explanation for the poor performance of the PID controller
is that the model of Lquation 4.1 places both the zeros ;t
the origin. Hence the algorgthm is not allowed to identify
n\the zero that nearly‘ganpels the non-dominant low frequency

pole whose time constant is 2.5 minutes.

-

. 4,4 Second Order Model‘ \\\\$Q‘

L S

‘The second order model glso Had convergence
difficulties. As run #11 (Figuﬁe 4.19) shows, although the
system generally‘followed the se;—point, it went thrqugh '
periods of high and low gain, positive and negative feedback.

Paramcter ay refused to converge, while a b and b2 either

2' 1"’
converqged or were no longer identified towards the end of

the run,

. . o
A PI controller was obtaihed by using the model

-

of thatign 4.1 with as =’Ot Fquation 4.2 then becomes

- Uez) _ 29 o D T °

A L, S (RS . S

y (2) bl bl b1 z-1

where the terms are proportional and integral terms. As_ in
the third order case, the zero of the plant model transfer

function is then fixed at tﬁé»oriqin, which is all right here

-

. )
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since only two poles will be obtained. If the identification

1

succeeds, these two poles would be the pole at +1 and the

higher frequéxcy pole corresponding to the dominant .57
?

minute time copstant. Thus the pole-zero near-cancellation
corresponding/to the non-dominant“bole (2.5 mindtes time

constant) neeW not even appearﬂih the 1dent1flpd model, and

it may be expected that this model would work. It did not

- work, however, as Fiqurés'4.20 to 4.26 indicate. Parameter

convergence was poor, ~nd there were many cases of very low

14

gain and/or positive feedback (see run $15, Fiqure 4.24). iy

The salient problem here is a recurrent situation

™

# v
. of control signal saturation followed by a period of very .

-low_gain (see Fiqures 4.24 and 4.25). The control saturation

° A
LR

“is a consequeﬁce of éxcessive gain or positive féedback.

’
-
‘ [

I1f the system recovers, it emerges with a very low gain.

The low gain is/a result of an over-estimation of bl

- .

ander-estimation of the other paramet®rs, This is an over-
R -

¢
reaction on the part of the ideptification algorithm to a

or an’ |

1

“previous under(oveg)*estiﬁation which had, led to the control

saturation. %he satfiration/low-gain~-recovery phenomenon

am ¢

appears to be a limit cycle of an‘uﬂs%éble algorithm (for
this model). The reason the phenoﬁénon can_he yecurrent is
that little i§ learned about the plant duriﬂq the saturation
and the low gain recover?. Since the u(k) are small -during
:%his peripd, their effect is larg?%y buried by noise. The

pi! .
.
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parameter identification during this time is then incorrect

or very slow.

3

4.5 First Order Model
4

- \ v

A-first order model leads to an integral controller.

Setting a, & a = 0, Equation 4.2 becomes U(z) _

which is the transfer function of an integrator.,

The system, using the first order model, was

surprisingly more stable than that using‘?he second and
8

was a high-noise

i

third order models. Run #18 (Figure 4.2

run. The parameters converged but yielded a rather high gain.

-

Run #19 (Figure 4.29) was a-low-noise run. The parameters
also converged and the control was as good as any of the

best in these experiments. For T = 14 seconds, however,

convergence and stability were difficult to obtain.

@ ‘

4.6 TestS‘onna Simulated Plant

)
In viéw of the convergence difficulties
apparent in the second and th{rd order identifications,
further testing was performed using the analog compuéera
The heat exchanger waé simulated on the analog| computer

[

according to the step response model ob;j}ned in §2.5.

/

' N \. -. - 13 s
The noise was not included in the simuldétion, sinece 1t

. )

\ -
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was hoped that something may be learned from the deter-
ministic case that may have been pre@iously hidden in™
the'sto;hastic c¢ase. A primary purpose of these tests
was to veriﬁy that the programming. was error-free.
- The behaviour of the program on the noise-free
simulated system Qgs about the same as that for the noisy
)

real-life sys%sm: the first and fourth order identifi-

cqtions converged, and the second and third order

. -

identifications did not. The third order case had a .
strong tendeécY’to saturate and ;herefore terminaté the
identifiéatf%n at a very early séage (even~before ahy set-
point change was ﬁade). The seéond order case wal more
stable but still prodgced poor control and éivergent
parameters. It was observed, however, that the divergent
tendenéies in the second order case occurred immediatély :
at thé set-point changes. ' That is, at each set-point
change, the paraméter values changed Qragticéily but v
recovered a£ the next step to an only slightly;different
v o
set of va{ues. Eventually, however, recovéry‘became less

complete and the parameters began to diverge. .

This behaviour suggests that the progfamming is

not at fault, and that the difficulty may be eliminated

a -~

by increasing the value of the noise parameter a. This

- \

proved to be the case. It was found that smooth consistent

—

¢
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convergence could not be obtained in the second order

®)

case for a much less than about 6.5 volt?. similarly,

»

for the third order case, o had to be not less than about
13 voltzl Interestingly, in the third order case, the

identification degraded much more rapidly with a reduction

o

-~ of a than in the secortd order case. In fact there appeared

to be a rather sharp border between convergence and

o

divergence, locatedlapéroximately«at o = 13,volt2n

Decreasing o from this point leads to divergent»identi—t
-« -y . /

~fication. - Increasing o, on the other hand, serves to slow

- ~

down the identification. -This can be expected when noting

N
that o appears in the denominator of the expression for

SRR
P ‘ the gain fgctor I’ in Eguation 3.3. . ﬁ ?
- - Models of first and fourth order producéd no
convergence difficulties. Consistent convergence in thliese
) ‘cases was ohtained for a as low as 2.5 x 1072 volt?. 1In
the fourth order case, this value of a led to convergence
‘ on the_ actual 2oisy heat exchanger,aé well as thekndiseless
¢ simulation. Note that the actual héat exchanger h%d a
noise variance of .025 voltz.»
. ] Results are”shown in Figures 4.31 to 4.35. The

[~3

success of these tests validates.both the programming and

S the algorithm. However, it also raises the question of
— . -

the significance of a. This question is taken up in the

next chapter.~ - ' P d

57
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FIGURF 4.9b
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CHAPTER 5 e

e .

5.1 Summary

-

The heat exchanger was viewed as a single-input-—

i

—single-output system. The input was a steam-flow set-point .

signal and the output was the outlet water temperature.

The control algorithm used was a combination of a recursive
least-squares parameter estimation using a linear model and
a minimum variance regulator tuned on-ling according to the

estimated parameters. In a noise-free steady-state the

T e

;
input and output of the minimum variance ‘Tegulator ars zero: -J
Thus the input {to the regulator is required to be a tempera-
ture errow signdN, and the regulator output must Be inte-~
grated to obta¥s a set-point signal for the steam flow
controller. Hence the blant is augmented,within the computer
program gy an integrator following the output of thé regu-
lator. To the identification algorithm, this integrator is
part of the plant.

Convergence of the parameter identification cannot
be guaranteed because of correlated noise (model equation
errors) and because of feedback. Correlated noise leads to
biased parameter estimates. The, consequence of feedback is
non—identifiabfiity beyond specification’of a linear manifold

on which the parameter estimates lie. Nevertheless, if the

' H
parameter estimates converge, a unique minimum variance

¥
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: ler-can—be-expected

1

For comparison purposes a model of the plant was '
ocbtained from a step response test. The model was valid
only in a mid-temperature region. The heat exchanger

appeared to be a combination of two lags with a minor delay.

®)

The model was augmented to include the digital intedrator.

A sampling interval of .7 minutes was chosen for most of the
experiments so that all the parameters of tﬁe correct model
would be significant. If not all the model parameters were -

significant, then the order of the model would be incorrect.

An autocorrelation of the steady-state temperature was

performed in order to obtain a noise variance estimate

"required for The identification algorithm. N

Uginq a fourth order model, the least-squares
Ay

minimum variatice control algorithm produced a stable svstem

and converging parameter estimates. The value of the noise

variance parameter a did not appear to affect ‘the results.

In general, the poie at jl due to the integrator and the pole
corresponding to the dominant time constant of the heat
exchanger were approximately correctly identified. Also
produced were a pair of complex poles tﬁat nearly cancelled

a pair of complex zeros. This suggected that a second order
model would be more appropriate. (Fxperiments with second
order models did not substantiate this hypothesis however.)

In the fourth order experimentij the problem of non-

4




®)

identifiabitity-due—tofeedback did not make itself

apparent.

Experiments with lower-order mddels met with

" less success however. The parameter estimates made large

-

excursions;,; not-always along a linear manifold. Stability

became sensitive to the value of a and to the starting

[

value of b Models leading to PI and PID: controllers ware

1
even less successful. IH the case of the PID controller
(third order model) thriggpoles of the plant are to be

identified, while two zeros are fixed at the origin. The

@)

-~
~

S~

problem is that only one zero should actually be at the
origin and the second cannot be properly adjusted. The first
order model produced a simple integral controller. This
turned out to have better stability and convergence
properties than obtained from second and third order medels.
Further tests on an analog computer simulation
of the heat exchanger (w%fh no noise) showed that the
parameter a affects the alqorlthm much more than was
previously apparent. The flrsiuéﬁaufourth\exder identi-
fications éenverged for a wide raﬁée of a, inéﬁgding
extremely small _valués. The second and thrrd/brder identi-
flcaqsons\q}so converged, but only for relatively large

values of a. S

Overall, the experiment is a successful

<
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The question remains, however, of why o was important

.

in the second and third order identifications, and

unimportant.if the first and fourth order identifications:

1 —_

5.2 Condgusion
1§

\

. | s ) -
ﬂhe experiment has beén a successful application

of the leas$—squares minimum-variance self-tuning control
i
algorithm. On the whole, the result of the experiment

is—régarded-as-a furder recommendation of this algorithm

for use in industry. It has shown itself to be a robust
algorithm, especially if themmodel order is high enoughﬂ
m In all cases, the algorithm used no a priori knowledge
,of the parameters. Also, parameter bl was not fixed.
‘This opened the possibility of non-identifiability. Yet,
for érdper choiceé of a,‘the algorithm converged smoothly
for 41l the model orders from first to fourth. , Con-

vergence was not slow either, with moderately good control

being obtained within 20 or 30 steps. ¢
o

w_ A question remains, however, on the surprising

effect o has on the algorithm. Parameter o is a noise

{:- variance parameter. Considering its location in the
recursive formula of Equation 3.3, it can be viewed as a

: . L% .
measure of the algorithm's imﬁgnlty to noise. Giving a

Al
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large value to a makes the algorithm more immune to
dBisggbut slows down the, convergence. Reducing a speeds
up convergence (by increasing gain TI') but thercﬂ& makes

the algorithm more susceptible to noise. It could be

diverging identification. Presumably, the best compromise
is to set a equal to the-actual. plant noise variance. The
guestion, then, is why does the fourth ordernidentifica-
\tion converge in the stochastic environment of the heat

-

,exchanger with o three orders of mag\itude less than

@)

the aétual measured noise; this while the second and third

order identifications did noL converge in the deterministic

environment oﬁ)the analog simulation until o corresponded
¢

about one third of the entire

o

to"an rms noise value
output range.

Since no such peculiarity is reported in the

-

experiences of [18, 19], it is possible that it is a
result heré of the lack of the stabilizing effect of
fixing the value of bl'
question whose answer would ﬁrobably be very instructive

In any case it is an interesting

about the general behaviour of the algorithm. It is
suggested that further study of the algorithm, either
experimental or theoretical, in a deterministi¢ environ-

ment may illuminhate the nature of the effect of a. The
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“reason - for a deterministic study

[

squares identification scheme is
of a determlgistlc optimxzatlon p

anything interesting about o of f
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APPENDIX I
s ™S
N fystem Wiring Diagrams 3. .
N ' o

The illustrations in .this Appendix are interded
to providé more detail of the water flow control and water
temperature control systems, The main purbése of this is
to record the wiring of the heét—exchanger/comput?r—station
link for p¥rposes oé future expdrimentation.

Fiqure Ia~shows the watér flgw control system:

The arrows indicate the direction of fluid and current flow.
Terhinélé Ul3, Ul4 and U7, U8 are the input/output te;minals
for direct digital control. (DDC). These térﬁinéls are y
{ocated on the upper paﬁ;l of;ieiminals at the heat exchénger.

By using the table in Figure Ic, the corresponding terminals . 7 :
at the computer station can be found.

Figure Ib shows tge water temper;ture control
system. The cold and hot water temperature signals are

0
avaigéblg at terminals Ul, U2 and U3, U4 respectively. The

®)

©

steam flow gignal appears at ﬁll, Ul2, These signals -are
10 to 50 ma currents and hence the terminal pairs must close
the circuit. They may be sherted if the signal is not being N

used,\or they may be bridged at the computer station by a

hat w

resistor’ to produce a voltage signal. Terminals U1l5, Ul6

provide a direct digital ycontrol signal which can be engaged

by setting switch SWl.
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‘ Switch SW2 is not shown here because it does .
- ¢

not preseﬁ;ly 8€1st ag g pi?ce of hardware. The system
’ is shownawith the analog te;perature controller feeding
the set-point 'signal to the SP terminals of the steam
- flow cont{§1ler. To effect the switch to’computer set-
point contrel, the temperature controller output is
disconnected from the flow contro{ler set-point and

terminated, by a 1000 resistor. The set-point terminals

of the flow controller are thep connected to terminals

g . )
U5, U6 which carry the required set-point signal from the 2
computer station.: N 3

@)
. »
- -
w [
L
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7 APPENDIX II '

Control Program Listing . .

®)

(In ssembler Language [21, 22])
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z1l, 13 . .
] . i ¢
a 2 )
«*15%°7
K3, 3 _ .
vaC, . _ 3420 \
“AC, 3430 )
*IREG, 3739
P, 4230
PHIL, (A530 ~
BETA, .[ 4560 ‘ .
caMA, - 4618 ’
FARG,  4sk47




171n
1711
1712
1717
1714
171%
1714
1717
1727
1721
1722
1723
1724
172%
17254
1727
1739
P73t
1732

"1733

1734
1735
1734
17237

‘1741

4s43  VNER, n643
0om13  SUMUL, 13
AANAD o) i
LLL . 0
ana%  ARG1, @
0B0Z ADG2, 80—
n99%' ADI, @
2760  COUNT, 6
7770 18, -19
573 YI™l,. 573
2151 9PT1, 2151 .
2197 PUICH, 2107 -
2145  RUFFER,ZTA4S
7752 X124, © -39
3777 %3777, 3777
«71
4429 J'1S 1 MCLEAR
1130
4421 JMS I XIDENT .°
1459
4652 JMS 1 XSAT
7 445 SKXP
2357  XSAT, SAT
7797 ©NoP
7090 -—10P ,
. / !
/
1719
AR CI‘L‘“(\\D’ "'j -
7370 CLA CLL
3142 LCA ST a]
3144 ¢ ncA SUT142)
1151 g~ TAP uac
1177 U TAD {11
k200 I N , DCA 10
1257 £ TAN 11273
3111 nCA COT™IT
3417 * DCA I 19
2111 157 COUMT
5321 Jp, -2
1171 TAD %4
3111 o DCA COUNT
1154 TAD P
3165 DGA-ANG L
44271 RO, J1S 1 7

5352 - --
6555

20249
7324
1169 T
1355

3145

211

/AATRIY AND VECTHP PIITIALLY

FGET KSTRT
FPUT 1 ARGI
FEXT

CLA CLL
TAD AGGL.
TAD T27
peca Ancl
182 CNUT

.
% -



Ly

a9

13

A IIX

1741 5330

1742 4437
1743 5352
1748 5756
1745 0022
1746 7300
1747 S7In
1752 56505
1751 2661
1752 £1791
1753 2993
1754 2800
1755 7233
1756 4574
2073 1163
2027 1143

2037 442

2350 1220

2351 7393
2352 1114
2353 7510
2354 5370
2355 1163
2356 7500
2357 5366
2360 7300
2351 1153
2362 704l
2343 1177
2364 3114
2355 1177
2365 3163
2387 5759
2377 1143
2371 7570
2372 5255
2373 7320
2374 . 1163
2375 7741
2376 3114
2377 5366

157

[ 4 b ] ’

JMP e

1S 17

11273,
YADDI
XSTRT,

T27,
X BETAS,

SAT,

M EGU,

g

FHET XSTRT

FPUT I XBETAS .

FEXT > ) ) g
CLA CLL

JYMP 1 CLEAR

-1273

ADDI

1

2009
@

33 A

4574

€2003

TAD SU1U1+1

k22329 e
TAD -S4 ]

«2237
15 1
/7 .
/COITRNL -VARIARLE SATUPATION HAYDLER
Vs

%2350

2

cLa CLL

TAD Ul+! .

sea : .
JMP NEGH .

TAD SUMUL+1

37

1P NTgU-2

CLA CLL

TAD SU'MIJ1+1

ClA -

TAD X3777

nea i+l

TAD <3717

PCA SUMUL+ 1

JUP 1 SAT

TAD SU1TUL+]

s'A

JMP yEG-2

cLa CLL

TAD S'WiUl+ 1

cla 7
nca Ul+1 )
JUMP MEGU=2

“

ROCIon 3



. A IITC 158

*

- ) ©
/ \

' ZIDENTIFICATION ALGORITHM. -~
~ /UPDATE BETH
< A T/
. T | * 2090 . i
-2ana  ao0e ° IDENT, 9 /ENTRY FRO'M COMTROL PROGRAM '
2401 4761 J1S 1 XVXV
2472 @157 GA'11A
2403 B155 P )
oany 4162 J"S 1 XADDI )
2495 2152 ! "IAC : ..,
24%6 4763 J1S. T X1X1 ) % ?
2477 9152 MAC ) o
2119 2154 P ) - -
2411 4317 JMS MTXFR
, 2412 0153 © MREG .
' . 2413 o154 P’ ‘
‘ ’ 24la 4157 JYS 1 XGPHI
) 2415 4764 “ WS 1 XXV
2416 0154 - P
2417 9155 PH1
2426 4765 JS I XVUDTV
, 2421 2155 PH1 ,
T 2422 nys5y : VAC .
2ua23 4497 J1sS 1 7 . '
! - 2824 5560 “  FGET 1 FREG ’
, 2425 1372 FADD ALPHA
~ 2426 6560 _ FPUT 1 FREG
. 2427 4550 , FDIV 1 FREG
) 2437 456P. . FDIV 1 FRES r
2431 6568 - FPUT 1 FREG .
- 2432 0203 FEXT
) 2433 4765 JUS 1 XVXS .
2434 0155 PHI e
2435 0162 _ FPEG} : ;
’ #2436 4301 * “J'15 VTXFR -
. 2437 Aals1 VAC
2440 Ql6Y VREG -
2441 4764 . JMS 1 XXV *
) 2442 9154 P
| " 24143 3161 VPFG
. 2444 4301 J1S VTXFR
- 2045 0151 VAC
- . 2446 0157 GAMMA
| 2447 47493 JUS 1 XVIEG . .
| " 2459 0155 PHI o
| 24s] 4765 ., JUIS 1 MVUDTV . L e
| ’ 2452 0155 - PHI ; = T
| 2453 @156 RETA S :
. . 2454 44n7 J4s 1 7 . °
| 2455 5127 FGET 71 .
. i 2456 7090 FYOR
» 24%7 6375 FPUT R¥AR T
K G pasn 5Pl FRET VI :
‘ °
l } <,



.

2451
2442
2443
2464
244k5
2446
2457
2479
2491
2472
2473

24174,

24175
2476
2477

K00

2521
25
‘250

. 257

2815
2R7&
287
251N
AN
2512
28 3
2514
251%
2516
2517
252¢
2521
25292
2523
Pe0N
25175
2574
2527
283M
2531
PR32
2517
2534

“?R3S

283A
28137
?j‘; N
2541
284"

A III

s 7309
2375
1560

6SA0 -

3202
4766
2157
2160
41617

G155

2151
4301
215)
@156
4711
5627

~onn
772
1771

Hnn727

2148

2371
171
AR
31kA
2311
1171
arnrl
4335
5721
pgron
7329
1717
4722
3158
2317
1717
4723
.L.3166
. 2117
1371
111
4318
5717
gqnnr
Humq
<6848
AS5AA
naan
A4A

Y

N

vy TS I XPRETA

UTKFR,

-

TXFR,

3

Finn

T FSUBR NES

FADD
FPUT
FEXT
JMS.

1 FREG —
1 FREG . .

I XVUXS .

G TA

FREG
J1S
BETA
VAT

I XVPLSV

J1S VTXFR

VAC
RETA

7P

/
1P

7UAT

/

f

CLA
TATD
"1 <
neEA
152
Top
118
neA
187
TAD
_beca
J1Ss
< Jd 1P
-2
‘oL
TAD
J18

pca

Ls7
TAD
1S
neA

.
| S

TAD

TN,

Al 41
1'1 <
M p
n
'S
FRvT
IOMALAN 3

2

I IDTMT

TT-AUTRPUT RPANHTIVES
1IN ATITAINTIC TOUTEHIES

L)

ZVECTO™ TPanSFUn PQUTINE
nt
- . s
T UymTEn
TN P L
NG| .-
VTYER
1 UTYED

ripe ’ ) ¢

non \
hren .
418
cComMIT .
TXFR
I VTXFR
/TIATPIX TUANSFEFRD T‘OUTPJE

APRD *

‘1‘1‘\qu

'(‘1,‘13 * -
cNnlimT s
TEw

1 ITIER

7
I APnd
I ane2

-

L

/COIPUTE 11°! YAPIANCE COYTROL
/wsrynw TO CO'ITROL PROGRAM

rEXT

IS Avn

]

sty

1



A III

160
[-] ”S ’
~ 2543 2111 182, 0AT
- 25a4n 5134 P TXFV4L e
' 2845 5735 JUP 1 TXFR
o506 OAANR ARG, ",
2547 7322 ° . CLA CLL a
2557 1145 TAD ‘APG) o @
2551 1157 TAD K3
2552 3165 . ‘nCA ARG o
2983 1166 TAD AT32
25%4 1150 TAD %3 /
2555 3466 noA ANRR
2554 5746 JP 1 ARG
o557 ~ 2435  X7PHI, GPHI
0847 2795 YVIEE,  VNEG
55461 3727 HKUNV, uxV
_2562 2A51 XADPDL, “ADDI
. 0543  32A3 XV, 1%
\ a5A4 3237 YRV, MXV
0555 8117 XVDTV, VDTV
0564 3500 XVRO, YRS -
2547 . 3745  XYPLSV, VPL SV .
292749 24N XPEETTA, PRETA
as71 7777 Ui, -129
o's72  aanl ALPYa, )
2573 2753 20980
2874 3970, ]
m 85575 2370 RE, D,
2574 oA 2 ) T
2577 2400 f
/ ) o . v
. /cpwpnts'wrvxwuw UARIMICE COITROL LAY
/ N
) x2609 -
g'g.nn MAMD oaeTA, o .
ann| ua@%§_ J1s 17 .
2632 5556 FEET 1 BET
. "0&33 4755 . FDIV 1 BETHS :
v 2A04 6764 " FPUT 1 B
2605 5752 . FACT I BETA2
25606 4755 J *  FDIV 1 BETAS:
- T 2697 6765 .FPUT 1 Bl
2413 5753 FATT 1 RETA3 .
2611 4755 FDIV 1 BETAS, L
nel2 47656 FPUT 1 B2
- 2613 5754 “FRET 1 BETA4 )
O ey TS5 . FDIV 1 2ETAS
2415 6767 FPUT 1 B3
o&15 5774 ~ FrET I XZERO -
w2617  275h FSUR 1 BETA6
2620 4755 . 'FDIV 1 RETAS ® .
, 2621 6761 T FPUT 1 Al
~ 2402 8774, _FRET 1 XZERD \ v
’ 2421 2757 FSUB I BETAT
DAYy U155 FNIV 1 RETAS

I




A ITI \
24R5 ATAD

DAPA 5774

2627 - 2760

2630 4755

2631 6763,

2632 2200

2633 ° 7309

2634 5607
?*?!“”ﬁaﬁh GPHI,

A4

FPUT 1 A2

FRET
FsSuB

_FDIV

FRUT

. FEXT
cLa CLL

I(
1
1
1

X2 ERD- % \
nETAS
BETAS
n3 o

-

JMP 1 PBETA

161

- /GFT VEGTAR PHI
2536 4779 JMS I XVTXFR v .
2637 7172 Yiui ‘
268 0155 PH1
P64l 4a3vs JMS UNEG ¢
2en2 2155 PHI _
. 2643 1102 - - S TAD UIMI
2644 3165 DCA ARG
2645 1371 TAD PHIS >
B 2646 3156 pDCA ARG2 - . . -
R 2547 1372 TAD 44 2
pesa 311 pca COUNT
2651 4477 712, 1St 7
2452 &RAS5 ° FeuT I APEL ., T
-~ 2853 6566 FPUT 1 ARG2
. 0854 Q007" FEXT , i =
2655 4773 J1S 1 XARG L
~ 2656 2111 1S7 .COUNT
7457 5251 J4P Ri2
268Q 5635 J J 1P 1 GPHI -
.S 2541  DOGO  ADDI, o) 7ADD IDVWTITY “IATRI%:
T 2652 7370 cLAa CLL - '
2663 - 1661 TAD 1 ADDI
. 2664 4723 1S 14DIR
2465 3165 DCA, ARG
2666 2241 1572 ADDI
26567 1171 s TAD -8 @
) 2649 3111 ' DCA COUMT )
0871 - 4407 R, J1s 1.7 “
2672 5545 " FGET 1 ANGI '
2673 1775 FADD 1 XOME
2ATH  ASES FPUT 1 ARG ’
2575 2200 . FEXT
2676 1260 cLA
2577 1155 ToD ARGLC
o7nrm 1375 TAD «P7 °
2771 3145 nea ARG
o 2712 2111 157 COTIT
2723~ 5271 JMP 09 . .
2704 5661 J1P_ 1 ADDIL
n7a5  Mnana yYmug, s 00 s UL TIPLY VﬁrToq BV*-x
. 2716 1307 . v CcLA cLL ,
2797 177S .Tab 1 VIEG,
o 211 4123 Je 1IpIn
® ‘2711 145 necA APl )
712 92208 1s? viITs
) ’ 7
. Ch
{ 'K *
~ - /C-~ . } B




A III

2

.~ . ,
. 2713 1171 TAD 18 !
. 2714 3111 pca COUNT
2715 3044 W3, DCA 44
) 2716 3745 nca 4% , .
) 3717 3244 nCcA 46 , :
2727 4427 J¥ 1 7 ’
. " 2721 25kS Feltn 1 ARG ’ .
2722 pSask FPUT 1 APTI S
! 2793 nppn FEY .
2724 4713 _ 1S 1 “ann : )
2758 2111 167 COUMNT , T
‘o726 8315 Jte N3 . . ,
2797 S7rS Jio 1 VIEG :
‘ 2737 "%A2 PC'iI, r /PIICH PARAIETEY Z2TIMATES 91 PAPER TAPE
2731 _. 1573 WAD I OPTI . )
2732 7459 sa |
2733 5730 T JuP 1 PCHB
- T 3—TRas cLn ‘
2735. 1174 ) TAD 424 -
2734 3111 s DCA COUNT
2737 115% TaD BETA
2740 11AT TAL K11
2741 301G DCca 10
. . 2742 - 1419 TAD 1 16
3 2743 3575 DCA 1 BUFFER
m— 2744 - 4574 215 1 PUNCH
- 2745 2111 1S2-COUNT ¢
2746 5342 J1Pe =4 : .
2747 6726 PLS _ ‘ .
275% 5350 - MP.
2751 5732 JUIP 1 PCUB
- 2752 4533 D3TTA2, 4563 ‘ -
2753 4565 22TA3, 4556 , ' .
2734 4571 -=nTha, 4571 L ,
2795 4574 3TTAS, 4574 . -
27%6 4577 ©TISTAG, 4577 o
, 2787 4472 UTTAT, 4502 |
© 2763 4kT5 TTTA3, 4695 L T |
2761 2409 Al, 409 ", 3 |
2762 C4n3 A2, 423 ‘ :
: 57643 475 A3, 426 . ‘ "
! 2754 2aln 372, 414 /
2765  a417  ul, n17
D746 M422 132, 422 ' ) .
T 247 rans w3, s ]
4 2774 2521 MUTYF®, VUTXFR :
2771 454n4  PAIS, 4s 44 . , _ . ,
2772 1774 _Cl4, -4 |
~ 2773 2544 XA, AT
27174 31KA  X72EPD, 7EP) K
~ 2778  2NAI KN IZ, ne . ' . -
. 2776 ~A13 .27, 33 : .
/ )
4 ’ Pd



A IIT

163.
~ "La . x3012 -
. 3000 na39n VXS, 4] /HULTIPLY VECTOR PY SCALAP ‘
3991 7306 cLn CLL ) > .
3292 1400 TAD 1 VXS ]
3963 4623 315 19DIR
304 3165 nca ARGl
3495 2200 157 VXS .
3205  162%, TAD 1 VXS
3277 4023 J1S INDIR , . '
, 313 3167 pca ADI
“T3311 2209 ~§sz yvs )
‘3212 1151 TAD VAQ ‘
3013 3166 DCA ARG2 .
a%ta 1171 TAD K18
\ 3@1s 3111 pcn COUMT”
: ' 3316 4437 N5, "JMSs 17 -
3n17 5565 EGET I APNGI
3029  35A7 F1PY. 1 ADI
3oa)  KSAA FPUT I ARG2
ap22  A%009 FEXT (
3423 4753 118 1 YAnG »
anon 2111 1S7%2 COUMT »
3025 5215 Jp e
3NPk  SE37 JHP 1 UNS . »
1307  mecaa UXU, a JVUECTOR CRNSS PRODUCT
383 7320 CLn. CLL ‘
~ 3531 1627 TAD 1 VXV
3232 4423 J 1S 1MDID
| . 3233 3157 pCA AD!
| 3934 2227 - 1827 VXV
: 3735 1171 TAD K18
| 336 3170 DCA XOUMT , R
A 3337 1152 TAD *1AC ‘
340 3164 DCA APR2 o
3nql, 1627 3, TAD 1 VXV
3942 4n23 J415 INDIR N
3z43 3165 nCA ARGI
acas 1171 TAD XKM8 -
3345 3111 DCA COUMT |
3046 qaqv( R7, J1s 17 -
3247 5567 FA=T I ADI
ansna 3545 FMPY 1 ARG |
o 3851 6565 FPUT 1 ARG2
3952 2079 FEXT ,
3053 4753 J1S 1 YARG
3asy 21011 o7 cQUIT .
- 3955 52456 JYP R7 T
3ns6 1167 TAD ADL’ ° - <
. 3957 1157 TAD %3
aran 3167 pCA ADI
3nel 2174 187 KOUMT
m 3062 5241 J"1P T3
‘ 3nel 2997 BASARALY
AnAn 5ART MR 1 VNV




A II

/ADD TYQ- VECTORS

/VSCTOR DOT PRODUCT

{
i

°

~—~ 3065 7090 VPLSV, @
‘ 30656 7309 CLA CLL
3067 1665 TAD I VPLSV
‘3078 4023 J15 INDIR
3m71 3165 DCA ARGI
3n72 2265 157 VPLSV
3673 1665 TAD I VPLSV
3014 4023 J1S IMDIR
3075 3166 DCA ARG2
3N76 2265 1S7 VPLSV
) 3977 117 TAD XM3
3188 .3111 . DCA COUNT
Jlel 1151 TAD VAC
3102 3167 pcA ADl .. ]
3123 4407 RS, JIs 1 1 .
3104 5565 FGET 1 ARGI
3105 1565 FADD I ARG2
3126 "6567 FPUT I ADI!
3187 - A37 FEXT, -
3119 4753 J41S 1 YARG
3111 1467 TAD ADI
3112 1159 o TAD ©3
3113 3167 ) 'pCcA ADI
Il 2111 1S7 CNUNT
3115 5303 JP RS
3116 5665 JP 1 VPLSV
[ 3117 @72a VDIV, @
3120 7300 cLn CLL
3121 1717 TAD 1 VDTV
3122 4223 ” J1S INDIR
3127 316% DCA NARGI
3124 2317 1S7 VDT
i 3125 1717 TAD 1 v?_u\
/ 3126 4223 J'1s oty
, 3127 3164 .. DCA ARG2
/ 3134 1171 ‘TAD K18
3131 3111 DCA COUNT
3132 3744 - pca a4
3133 3n45 DCA 45
. 3134 3746 DCA 4b
; 3135 4497 J1S.1 7
/ 3134 6560 FRPUT 1 FREG
3137 2093 - FEXT
/ 3140 4407 R4, J1s 17
, 3141 5565 . F3ET I ARGI
f IT47 TISRA 2y [ ARG2
/ 3143 154@ FADD I FRES
/ ht 3L44 €559 , FPUT 1 FREG
: VLns  AnAn FEXT
) 3145 4753 J45 1 YARS
*ﬁ,L SUYERLINOY 187 COUNT
i T8 5340 e ny
alsp 2317 187 Untu
}‘ 1se 5717 g Ty

”

:‘d

~,

164




P
‘ N

A IIIX

5153 254+

3180 nnnma

© 3188 3362
v 4156 1352
3187 7104
31Ar 1342
3Bl 5754
/31482 nann

3163 CAal
J164 2750
3145 0229
3186 202D
Ji167 2002
31713 0Rm
3oma  gnrn ity
3291 7370
3on2  1AA2
3273 4023
3o 33704
12728 2207

1oma  |amn

1947 402

a71,) 33171
1911 2237
12192 117])
3213 334°
a21s s’
“21% 3372
3214 4276

-

. \a¥al
7rT 9,

THOER,

TEP,
OVE.,

RN,

o

n’\!l'.'; -

[}

nen 'TEMP

T™nan TEMP

cnL RAL

TAD TP

J"° 1 THREE

@

!

2620

%]

3]

7

]

€3200 . 4
0! Lo /maTRY
CLa Cvl, =

TAD 1 “X1

JMS I'IDIR

pCA ARAS

o

MLTIPLICATION

»

'

157 *1¥X1

TAD T AN

118 N1

NCa APR4

12 161 . "
TAD 19 oS
nEa KCOUNT
TAD QT

rea AP37

Je MTPAIS

N1 Z=-UECTOR MULTIPLICATION

.

v

‘ 2217 3371 . APRA
v 3290 4237 292, JMS XY
aep21 33710 ANGS
3222 3271 APGA
3293 4751 JMS I TVTYFR
3224 3151 vac
3225 ,3372, AT
3226 1371 TAD APG4
3027 1340 . TAD X24°
« 3237 3371 TCA APGH
323f 1372 L. TAD ARGY
v 2232 11362 TAD ¥X24
2223 3372 - NEA ARGT
'3234 2340 187 COUNT
39235 5223 . J'iP B2
3235 470 J 1M
3937 o0 T IRV, T /AT
324m 7300 CLA CLL
324t 1637 !?IAD T MYV
3242 4223 JUS IMpIe
. 2243 3364 DCA ARG3
’ acuy 2237 152 1%V
N 3245 1537 TAD 1 %V
. Y LI takck RTINSl A ,
L ]

L



A IT1 s 166

3334

. 32a7 3387 . DCA ARGA ' L,
W 3256 1151 T TAD VAC
3251 3167 \ pCcA ANl
o 3262 2217 157 1%V
3253 1171 ] TAD K13
3254 31792. DCA KOUIT
3255 4764 PRl,. J41S8 1 YVDTV
3256 3366 ) ARGJ )
3257 3367 ARGA
3260 4477 JUs 117 .
3261 bssa FGTT | FREG
3262 5KS67 FOIT 1 ADI :
-3263 0900 FEXT ~ . .
3264 1200 cLA
-3265 1366 TAD ANG3
3266 1352 TAD 24 )
3267 3366 DCA ARG3 .
a2?9 1167 ThD ADI .
‘3271 1154@ TaD K3 oo
3272 3167 pcA ADI ; -
3993 — 0170 157 XOUNT
3274 5255 JUP Rl - S
.3275 5437 BUALEE BRA4Y
1274 n7oa 4TANS, O ,1AT?1% TRAYTSPOSRTION .
3277 9379 cLA CLL ’ : . o
3360 - 1676 TAD I 1TRAVS
331 4n23 % J'15 IIDIR ] )
3372 3167 ? PcA ADI
3s13 2275 1572 “4T9ANS
3304 1171 Tap %18
3325 3111 DCA COUNT
3324 23358 DCA 11 *
3327 3357 =11, DcA -JJ . S
3319 1171 TAD K98
3311 3177 DCA XHuUNT
3312 1356 P®In, TAD I
3313 704l % cias .
'+ 3314 1357 TAD J.J
331% 7559 SPA SNA
3315 5346 JIP 1S
3317 17379 cLn CLL
‘332 1356 . TaD I1
3321 17006 ’ 2TL
3322 7904 AL .
3323 1357 TAR L) -
3324 4765 1S 1 X3 ’
31325 1147 TAD AD)
3326 31A5 DCA TIRGY LY
3327 1357 TAD JJ -
3333 71996 . RTL
., 3331 7077 RAL . : , "
) ©7 3332 1356 s TAD 11 "
~ 3333 4765 J1S 1 X3 R
. 1167° " TAL ADI ¢ / )

L




| 167

3335 DCA ANGR .
~ 3335 4497 J1S 17 . -
‘ 3337 5565 FGET I nRG.U ;|
3343 6560 _FPUT I FREG
- 334) 5566 FGET 1 ARG?
3342 6565 FPUT I ARG )
3343 5568 - FGET | FREG '
3344 n566 TPUT I ARG2 ,
3345 07299 FEXT _
3346 7270 1S, cLA -
) 182 JJ
157 %oUIT
JYP RI7 ’
1872 I1 .
1S7 CoUT
JUP RI1L (
J¥P I TRANS ’
) 11, 2 .
JJa 2 .
3360 wesh  (COUNT, 2
33T IO T VHRMES; YT ER
3342 2230 K24, an ;
3342 ZR1T7 « YUTHRR, MTXER
3364 3117 VUDTV, VDTV ‘
1248 3154 X3, THREE
3345 C£0°7  ATe3, oA *
’ 347 2A%A ANY 2
ﬁ 217’2 ’11;00 2\)1‘:‘5: g — .
3371 710 aAngRe, 2
- 3372 ~aar AnAT, 2
r A Y
: P , ‘
2
[
v 1
/2
-
\
~ “ )
' -
" , |
3 7 W c



