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, , The heat e~chanqer unde~ study i5 an experi~ntal 
". 

model ofothe s~èll and tube boat exchanqer. ~he self~tuninq 
~ 0 

... requlatar alqorithm of Astrom and ~Ti ttenm~rk [17] is 

. implemented on ~ àigi tal computer, wi th the abject of' 

co~trollinq the water temperature by rnanipulatinq the steam 
~ 

flaw rate~ The algarithm cansists of an on-line least-, 
( ô 

squares para~cter identification of a 
> 

with A minimum variance control tuned 
• 1\. ''; 

para~eter estimates of the model. 

line~x model, ~ombined 
o 

acc()r~g to 0 the 

Instrumentation 9nd characteristics'af the steaoy-

stat~, dyné\mics, and noise of the heat excha.nqer are described. 

~f' ~ • 

A model of the heat excha.nqer is Qbtained froJl1 9 step respanse 

test for the pU1po~e of c6mpariso~ ~ith the model obtained . 
from the least-sguarcs identification alqor~thM. 

The~alqorithm daes not determine the arder of the 

plant model. This mqst b~deci~ed a priori. Other a priori 

decisions include ~ choice of a "sultable saroplinq interval, , 
\ -

an estimatc of the noise variance, and the starfinq value 
" 

/ 

of the model parameters.- The results of experiMental runs 

wi th variations in aIl of these are presènted. Convergence ,., 

- difficulti'~s in the. parameter identification" are encountered 

in sonc cases. 

\-

\ 
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REf"UMr. 

fi L'~changeui de cHaleur sous consider~tion est 

un mod~lc expér im~ntal du type vapéur-eau. TJ' al,qor i'thrne 
o ' 

~e contrôg.e de ... l\strom et Hittenmark [17] est apP,liqûé à 
o 

uh petit ordinateur. L'alqorithme consisté en un' 
, a' 

estimateur des moindréS carrés d'un modèle lineaire a,vec 

un régulateur ~ variance minimum calculé sur,le modèle 

estimé. L'obj'et est de contrôler la température de l 'Cê!U 
~ J 

par la manipu1ati'on du débit de va'peur.' 

1 Les caractéristiques en régimes ,permanent èt .. 
4ynamique sont d~crites, ainsi que celles du bruit. Un 

mod~le. de l'~chan~eur est obtenu a partir de la r~po~se 
~ \ "" il 

a l'echelon pour fin-de comparaison avec les résultats 

de'" l' algor i thme. 

L'algorithme ne determine pas-l'ordre du modèle, 

qu'il faut d;'cider a priori. n'autres décisions a pr~ori 

sont: le choix -d'un interv:le d'échantillonage, la 
" 

" 

variance du bruit, et les valeu~s \nitiales des par~mètres 

d~:~d~le. LeL)résultats d'experi~ces avec variations 

'~À1ts . cha CU!) l'e ces quantités sont prés~ntés>. . On è observé 
" Il. ,; -

qj) dè's difficultes dé coi1Verqence dè 1 'al'gorithme ~n que_lqu'ès 

cas. 
~, . 
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CHl\P\fER 1 ~ 

" . INTRODUCTION 
~ 

~l.l Survey of Identification 0 

.Adaptive c~n:rol is t~e subject of a great 
~ 

deal of current research. As get, no general framework 
, 

has.been developed for the design of the- adaptive . . ~ 

controller. At present, the adaptive control system 
f 

.,. usu'~lly consists of two sub-systems: an identifi.,er 
., . 

~ 

that determines system parameters, and a controller 

whose gains 'depend on the identi fied parameters. 
1 . . 

Severa1 problems ;arise from the usè of this 
G 

f ... ~ t) 

identifier/control~r structure. One· difficulty is 

that in order that the identification be accurate and 

comp~t;e, - the cO~,trol s,ignal mus t exci te aIl mudes of 

the system. Furthermore, an identifier that works in 

open-~oop or with a pQrticular controller in closed-

loop may not work wi th sorne other con'troller; wi th 
(» 

c- , 

sorne controllers the identif.ier rnay net converge or may 

produce biased .parameter e~timates~ Still another t 

~omplaint of the present state of adaptive control, as 

pointed out by~Tse and Athans [1], is that the adaptive 
. ~ 

controller should use not only' the instant~neous· 
.,. 

estimates of the parameters but also the uncertointy ... .... , ,-, ...... 

1 

u , • 

1 
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, . , Q i' . 

connected''with 'the • estimates. Because oythe lack C?f , 

a frameworK, the 'a~o~ch to these ptoblems is nût 
.1 

unified, as ":Î.s evitJenced .by the wide~y differing methods 
l ' 

of identification. 
.. -J The experimental work presented in this pape~ 

is connected with one particular identi~ier/controller 

cOrnbination; Before.describing the nature of the 

experiment, a brief survey of the methods of system , . 
D •• • 

identification (OllOWt!:t,~, The r ernphasis of the review is ......-­
on'he p~iloso;hY behind the various methods. The .' 

purpose is to put in perspective the partic~lar identi­

t:.ication/control scheme, chosen here, hence also t'he 

\ , 

\ 
" 

~ 

". . 

" 

.... . . 

.-

, 

(} 

experimen t"~ wi thin the adapti ve control fie Id. 
1" 

There are a number of ±dentif~cation met~ds 

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

North American literaturc are the Bayesian" the ~orrela-

tion methods, t~e Extended Kalman Filter, the Stochastic . . 
Approximation methods', and the Least S""quares mebhod. 

Bayesian: In Bayesian estimation a 

probabilistic approacA is taken. The solution oflthe 

estirna~ion problern consists of·~he probability àensity 
'r ~ 1- . 

of the unknow~. From this· density .an optimal estimate 
,. " '- « 

is made by taking the mean ,(minimu~·. variance estima te), 

mode (maximum likelihood esti~te), 

the 10ss function chosen. . 

o 

etc., depe~ding on 

. -

2 

II 
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f Rather than producing an empiricai probabi1:i. tY'1 

densi ty ,', the Bayesian estimator fine-tunes an as.sumed " . . 

forro df ~e gensity' f~nc~on. That is, a model of the 

unknown distribution is as~ume.d" as weIl ùs an a priori 
, 
l • ,J 

distribution of ~ ~nknown,mo~~1 parame~~rs. Via 
'. . ~ 

Bayes' rule, the Bayesian estim~to~ modifies the dis tri-
J 

bution . ~f. t.he unknown .rameter"on the ~asis of 

observed data"" 
~ .. " -.. 

A feeling for Bayesian estimation can be 

looking at Bayes' rule. Su~pose a,quantity 
. 

x is obse ànd a model of the distribution, of x i~ 

assumedl The modei contain~ an unknown parameter O • 
..... , 1" 

The d&~ired distribution ,is :f (x! 0) wi th 0 known. In 

arder ,to get 0, 

rule ta get the 

val ue s . 0 ft X : 

the prableITI:is. tur~ed ùround via 
1 .. " r 

........ 
Bayes' 

,. ,~.~ , 

di s trib\:lt±.on 
~'". 

of 0 based o~,obTerved 

f(xIO)f(O) . 'I~ 
t(O!x) = 

f_:f(xIO)f(O)dO 

f(x!'O),'whose form is assumed, is called the likelihood 

o 

function. f(O) i5 the aS5umed a priori distribution of S, 

whereas '.(01 x), 15 the' a posteriori ëÎistrili>ution. A 

recursive computatfon is possible by substituting ~he a 
1 

posteriori distribution for the a priqri distribution 

after evety observatlon of x, -: 

"The obvious difficulty with the method is the 
J 

() b .. 

. -

problem of choosing the likelihood function and the a,vria.ri .... ~ 

/ 

\ 1 

\ 

l', 

'. 

... 
3 

1 

• 

1 
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1 
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di~tribution (of unknown 8>. Convergence r~quires that 

the likelihood functio~ be a ~easonablê approximation 
. . (. . -

~f the true d1str1but10n of x., Fu~thermore, the computa-

tion is le$gthy unless the likelihood function and the 

a priori distribution are ~hose~ 50 that the a priori/ 

and a posteriori distributions are of the same forme 

General p~esentations of Bayesian estimation 

câ~ be found in [2] and J3]. In [4] Lainiotis derives a 
. 

Bayesian recursive algo~ithm where the unknown dis tribu­
,,-

~ 

tion is mode lIed as an expan~ion of a set of orthogonal 
, 

functions. ,The algoI;'i thm determin'ès. the coef~icients 

of the~expansion. ,The choice of the orth9gonal basis 

is 1eft as an open problem. In [5] Lainiotis p~esen~! 

an estimator tha~~consists of a bank of Kalman filters 

matched to every possible value of a quantized set of 

the unknown o. hhese filters produce the conditional 

estimates f (x 1 e), and their outputs are·.,~eighted by. the • 
• 

a posteriori·probabi1ities. Computer simulations of 

, " 
the estimator were ~uccessful~ Obviously, however, ,. 

qccuracy requires' fine quantization. To meet this 
• 

problem, Sengbush and Lain10tis [6] hqve proposed and 

tested a method that simpli!ies the parameter quantization. 

Correlation'methods: The idea behind the 
_ F ~ ,~ ... ~ 

c~Irelation meth~ds is to extraçt the system parameters~ 

\ 
\ 

4 



. ,..... • 

• 
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• 

Il 

o 

;-' 

'f;o~ correlations of~the output .. The auto~orrelation 

of the o~tput is observed. Then equations relating the 

autocorrelation to ~he system parameters are solved for 
-- '" 'J 

the ~nknown parameters. A more efficient method is 

obtained by usin~-the autocorrelation of the innovation 

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

of the 'output directly. 
/ 

(The innovation is the difference - ;) 

between the actual output and the outp~t predicted from 
1 

the previous sample interval according to the estimate 

system.) The reason for the increased efficiency is 

that the innovation sequence~s less corr~ated than 

output. In fact, as the estimation converges, the . , 
tion, becomes more and mor~ whi te . 

innovation correlation mçxhods, the 

asymptotically unbiased, and higher is obtaJncd 
...... 

Gy uSlng higher order correlations. 
1-

In [7] Mehra derivcs two cursive·algorithms, 
' . . . 

one based on output correlatibn the' other on innovation 
, . 

correlation. Both algorilhms ~etermine the covarianc~. 

matrices ot the process and measurement noises of a 

system. I~ [8, 9] Mehra presents an algorithm that 
, 

identifies a system in canonical form. He ~lso proposes 
~ ~ 

a recursive methof for determining t~e or~ of the 

system when it is not known. The meEhod is based on tcsting ... ~ . 
" 

...... . ' . 
t 
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" 
, ,'<the innovation sequence for Whi teness. 

Extended "'Kalman Fi l ter:· 
o ,. n 

of the'state is qiven by the Kalman filter, whoseldesign 
, 

requires exact knowledge of the system paramet~rs and 

, noise statistièS. The ôasis of the Extend~d Kalman 
~ 

f'ilter is ta adjain the,unknowno'parameter vector to . 
state vector and design~a.Kalman filter for a lineari~€d 

version of "the ~ugment~d system, thcreby abtaining ., , 

estirlrates of b~th' the 'state and parameters. The nonlinear 
dl 

augm~ted system is linearizedoby retaining only the 0 

first order terms of a Taylor series ex~ansion about the 

augmented state ~ector. 
. 

Difficulties of the method lie in the require-. 

o 

ment of exact noise statistics, and prob~ems_iQ programming' 

and bias error ana~ysis.; Treatment of the Extended Kalman 

?lIter (includih~ "filter equations) can be found in 
ù 

Jazwinski [3] and Sariçis' [10): _'C0e..~rgent comptlter . , 
simulations are reported in [10 ]-.' 

o 

Stochastic Approximati~n methods: ~ The 

,stochastic approximation mettod~:essentially are hill-

• 6 

, Q 

o • . 

" 

o • 

'.,. 

o 
.. .r , 

1 
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• 0 , 

iterative scheme ~f the forro ' 
\ 

'/"/:'.~k+o)l '= Bk + (gain)k+l*(erro~ correction)k ' (1.1) 

In, ~, deterministic prO~lem. 'the error côrrectioJ term 

may be a negative gradient, a!ld, the gain" term mJy be a 

a direction of steepest descent 
J ~ ", 

'.'1 ,. '" ... "! 0 

,9,9-n,stan t ,(gradienJ;-':~ethod) , 
,,Ji, l 'If 

,"- <S', 

~ 7 

(steepest descent rnethod) an ~nverse Aessian (Newton's . -
method), etc. ~,he ,significant ~~ification found in thè~ ... 

• stochastiç, approximation iti tha t "account i~' taken, of 
'1 

degradatron'of càlculations arisrng from noisy data. 
" 

Tho. 
<t 

1 

:majo~ ~o~i~ication ~ie~in :he gain iactor af ~quation"I.1~ 

The gain may be a scalar oi a matrix, the latter case 
f ~ ~ <> 

Q 

having faster convergence at ~he expense of additional 

computation. The gai~ may be a prescribed sequénèe, such 
o 

"-
as the series l/k in 'the scalar case; on the other harfd,' 

e. 

,r the algorithm ~ay possess il learninq property that 
• 

maintains a bast direction of~search. 
f • il;.. 

, . 
"1 'The mal.n adva~tage ~f the stoch.~stic ,:!f)?roxim~.:-

.. tion algori thrns is the~r grea~ simplici ty and ease of ) 
. .. , , ....... -_. -- -

implementation. Bence,·· â-ithough the- method is not 

'b 

c 

p,à.rticular~y noted 
.. ~ .. .. 
popular metpod for 

for ,speed of convergen~is. ~' 

on-line identification. Ië' s~d be 
... 

noted, however, that in certain cases, ttte parameter 

estimate~;~ay b~biased unless addi~ional bias c~rection 
" . ( , 

term" ap'~e~r ~n Equation ;G ~. ' 

J. A good survey on stochastic 

". 
, .' 

, 

() 

apprtmatio~ . 
j 

'-

" 

( 

" 

.- ,. -~-- ._--~- ----"ï-.---.,,----' - .. 

.. 

( 
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c' -j ,.-

me.thods 'can be found in afpaper.by 
... 

opèn~loop algorithms are prese~ted 

Ô 
~n [12, 13]. Th~se algoritnms are 

J 

Saridis [11]. Specific 

by ~aridi~ and"~n 
extended'by Saridis and 

Lobbia [14] to t~e closed-loop case; that is, a controller 
: . 

using estimates af the parame~~rs is involved. In this 

• '9 case, unbiased estimate~ are pxoduced in spite of the 

additiona~ bias probl~~s causéd by feedback-induced 
(.. .. ~, 

, correlations~ successtul computer simulation results 

, are pre~entfd fàr both the open-loop and Close~ 

algorithms. 
• t 

Least Squares me~hod: The least squares 

methdd is ~he result'of the solution of a r~gression­,- , 

. 
• , 

type problem. The problem is to fit a linear regression 

to an input-output history, the regression being, for 
") <J 

instanc~, a system model i~·canonical forro: 
• -l' , 

y(k) + alY(k-l) ~+ ~ ,) + a y (R---n) 
n 

+ q,u(k-n) + e(k) 
n 

The e(k) can be interpreted as noise or simply as residual§ , ,t 
...... 

(equation errors). 
~ 

As in t e stochastic approximatipn 
. . ~ . 

method, the basis of th~ least squares'approach is a 

minimi.z'ati9n; specifl:cally, th~ minimization of the sum o.f 

,..r- ." th~ squares of th~ equation errors. The problem ,formulatio~ 
.' " o 

and solution, as given in Astrom and Eykhoff [15], are 
'\ ( ~ 1 

- briefly ~eviewcd in ~apter 3 of this paper. It is ,~ 

sufficient to say ~ere'that a recursion formula for the 

-. 
,.-

1 

8 

" 



solution is obtainable~nd it takes 'thd form of 

Equa tion 1.1, and thus appears similar to a st'ochasti,c "' - -

approximation algorithm. The~stincti~~i;~at the 

~rror-correcti0n' factor is the one-step-prediction-error, 

a scalar; and th~ gain factor is" a It learning" vector 

sequen~. If ,the equation errors are corre!ated, the 

parameter est'imates (Wil~ be biased. Sev-eral ways of d0aling 

with this problem have been developcd. For example, in 

the method of generali7.ed least squares [15, 16J, 
o 

uncorrelated residuals are obtained from a filter obtained 

from an autoregression fit of the'residuals of an ordinary 

least squares fit. 
') 
• .. 

o Many of the re ferences men qtoned thus far 
-

provide simulation test~resu~ts. 
, \ 

Direct comparisons 

of the. various on-line~~dentification methods, however, 

are relatively rare and quite r~cent. Two such pap~rs 
if 

are Py Saridis {ID) and by lsermann et ,al (16]. The 
1 

results in [16)' head the authors to the interesting 

suggestion that plI the successful on-line m~th~that 

use the same a priori knowledge of the process havp about 

the same performance over a lqng time period. ~his leaves 

the main advantages of the methods te depend on the 

processi for cxample, on any special use of a priori 

knQwledge that can be mad~~ _ on the type of~'-input sign,:ll 
/-

inv~lved, on prograrnrning and computational expense; etc. 

9 
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1.2 Statcment of the Probl~m 

The expe~iment prësented in this paper tests 

t~;Jparticular identifier/controller combinati.~n as .9 

.- , 0 

presented by_~strom and Wittenmark [17]. SpecificaIly, 
" J " , 

this combina tion conRists, of an orqinary recursi ve 
,. 

least squares identification LIS] with a. minimum variance 
, . 

pontrol computed according te the identified parameters.' 
~. , 

. , 
The result may be viewed as a se~f-tuning controiler. It .,.. 
s~uld be mentioned that aithough there .are quite a rrumber 

of on-line open-Ioop identification algorithms, successful 

closed-loop algorithms are re1atively rare. The se1f-tuning 

contro~ a1gorithm in [17] has been hested by extensive 

simulat~~n studies by the authors of [17), and the algorithm 
, " 

is easily implemented on a mini-computer. 

It has been mentioned that a successful open-

loop identification algorithm will not necessarily work in 

c10s~d-10op. This lS the case here, where, a1though open­
() 

loop least squa!es convergence-is guaranteed by theory, 
--~---~---~--- - -- -

j 

" 

f" 
e 

--

simulations ind~cate that the closed-1oop self-tuning 

aigorithm does not always converge. Moreover, if the input 
~ J 

. ' correlated, wbi~h and nOlse are is the case in c1osed-I00p, .' 
the Ieast squares paramet.er estimates will be biaseét. 

Furthermore, for this particu1ar algorithm, it,ls not a1ways 

possible to identify all the parameters. This probl~, 

• 
which will be explained in Chapter 3, can be cirç:umvented, 

. 
'ù- " .. '-

1 " 

0 

, 

, 

• 
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'. 

however~ byi fixing one parameter. 
1 

4 very interesting theoretiéa.l resul t is that 
\ 

if the 'al~oritltlm converges, it will lead to the optimal: 

minimum '1..a~rianc'e control even ~f the para'meter est~mates 
\ 

. J'are. bi~soea [1 7}. \ Thus, the bias. problem is neatly 
.J 

~liminated here. If the arder of the model is tao low, 
;. 

however, the algorithm will not lead ta a minimum variance 
1 

control if it converges. 

On the whole, the ~irnulation studies show 

that the al~qrithm does converge 'in many cases. Very 

often, t~e difference between convergence or divergence 
-

,J. ~' 
depends simply on th~ ~nitial guess of the parameter 

values or on the value Qf the fixed paràmeter. 
ft 

In the relatively small ~umber of c~perimentâl 

industrial applications, the algorithm is not without 

SUCCèss. In [18] is repürted a successful application 

on a rnoisture content control loop in b pap~r mill in 

Sweden. Models of bath third and four th orde~ were used. 

Il 

, , 

\ 

!n this particular experiment, the algorithm exhibitéd--------------·-

good ,start-up and steady-statc control, no convergence . 
difficulties, and moderat~ insensitivity ta model order 

~ , 

~and initial parameter values. A second successful 
t 

industrial application of the'algorithm is reported in 
L. 

[191.' In this case; the plant was an 9re crusher. 

o 
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.. : :.. 

o 

- •• ;:";>' It is the object of the experimen~ to f'urther 
J 

test the self-tuning control algorithm oe [17] by applying 

it to another real-life plant, namely a steam-water h~at 
i 
exchange r. A 

~ > 
quantit3tive per~~mance evaluation 'is not 

,. " u' • 

underta~en. Inst~ad, the"questid~S asked are very basic: 
., 

.Does the alg6rithm converge? Can ~ondition~ 'he found 
" . 

" ···--t..hat predictably affect convergence? The latter question 

has not yet''''been satisfactorily answered ei ther by theory 
". . 

or by experiment. , 
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ClIÂP'l'ER 2 

The ~eat Exchanger System 

2.1 o~ntroduction 
- , 

ç I-

The heat exchanger is a device common1y used to '. 

transfer heat from one medium to another-. · The heat ex-changer 

u~der study is an experimenta1 model of the snell and t~b~ 

typè. Stearn and water are the two.~edia involved in the 

héat transfer. Within this heat exchanger the water flows;' 

thiough a bundle of seven 1" copper tubes 62" long. This' 

set of tubes is enclosed within a she11 of 6" steel pipe and 
/ 

the.she11 is surrounded 'by 111 thick insulation. Steatn is , 
/ 

allowed to flow into the shé11 and surround the wa,~er-

carrying copper·~bes. As the ~team condenses, its latent 

heat of,vaporiza~ion is transferred to the watér through 
I.i- -

the .copper tube wa1ls . (See [20 J f~'i:-. a the9tetical study 
____ 1 ____ _ ...L-~_ 

of this heat exchanger.) 
, 

In -the expcriment described in this paper the 

controlled variable is t'he _ temperaturr of the water flowing 
----~- ~~-

out of the heat exchanger (,to be called output water tempera-
/' 1 

1: ' 

,~ture). The controlling variable "is the stearn flow ra'te. 
1 // ~ • / 

~ Disturbances exist in the form bf water flow rate variations, 
;( t / • 

/ 

ternperature measurement noiqê, and temperature set-point 

changes. The objecJ is t9/1ink the steam flow rate to the 

output water tempeta'turê' by a sampled-data comput-er fecdback 
/ . 

/ 

" 

,,/ 
/ 

/ 

/ 
1 

/ 
/ 

/ 
1 

,. 

.:::-

/ ,-- . 
/ 

I 

/ 

" 

.-
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system. 
4 b/ f 

i 

~ The f~edback link 
, 0 

iR an algorithm that irn~~ements® 

the followinq controX--la,,-': 
- -r 

-"1; . U(k) = AlU{k-l)- + A2U\~~2) t A3U(k-3) + A4U(k~4) 

+ DOy(k) + Bly(k-l) + F2y(k,-2) :Y(k~3).+ B4y(k-4) 

where U(k) is the control signal (steam flow rate), .and ~(k) 

i8 tne output error signal (output water t~Mperature minus 

set-point) . The cholce of coèfficionts A. and B. depends on 
J. l 

the plant (heat exchanger) dynamics and the desired system 
. 

performanc~. In this experiment, thA parameters of a linear 
, 

~model Qf -the plant are identified on-line by diqital co~puter. 

These parameters are used to compute the coefficients A. and 
1 

B. of the control Law accordinq ta a particular çontrol 
1 

policy. Specifically, the qoal here i8 to minimize the 

variance of the output error. Since the identified model 

parameters are used to set the coefficients of the control lâw,. 

the result is a se~f-tuninq controller. 1 
;' 

2 -.2· -rJater Flow ·COfl-t=--I.'1"-Ao+l--- '---;7"--- --~ --------

Fiqure 2.1 shows a hlock dia'!rarn of the \'later flow ..... -
• b . 

cont;r,ol syf.te~. The flow JTlGaSllrern~nt takes plac,e at the 
. 

orifice, which essentiùlly is a constriction in the pipinq. 

This constriction causps a pressure drop across the orifice. 
" , 

The pr~ssure difference is proportional to the square of the 

t 
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" rF '1 

flow. This pfessu~ difference siqnal is applierl tn 

a pneumatic differeHtial pressure celI (dp cell), whi9h 

converts the 0 to 100% differential water pressure to a 
1. 

3 to 15 psi air pressure siqn~l. 
1 

THis-is the input td the 
1 

pnebmatic PIn flow contra lIer (PRC). The contro1ler output 
<fi 

drives a pnc\lmatic positioner which positiOlIS the control 

valve stem with ~he~id of ~echanical feedback .• 
" ~ 

'{'he systp.JT'I is equippeo 'tliLh instrumentation that 

allo\'ls direc't diqi tal' control (DDC) of the wélter flpw. An 
r_ 1 i' 

air-to-current converter, whose output is bridged hy a: .-// 

sui table resistor, provides the water flow measurement (see 
,. 

Figure 2.1). The comput~r control ~ignal 15 applied to a 

current-to-air converter which ~hen drives the positioner. 

The setting of switch-valve S~3-determines whether the 

" positioner and control valve are driven by the pncumatic 

controller or by DOC. ... 
.~ 

, , 

The pneumatic controllcr dio not produce~ood 
o 

<oS 

'\'ater flow control. J\ persistent limit cyc1e ex:i,.sted, eVE'n 

1 16 

at 1Tlini1'lUM gai'n settinqs of the control 1er and ['osi tioner. __ _ 

The magnitude of the limit cycle was ,~lfallcst at miniJT1uJT1 
~, • 1 

controller gain with the positioner disabled an~ hyr~sse~, 

but ~t was still perçeptible. • ThE're appearco to be excessive 
... 

gain in the loop, p.ossibly· chle to an oversiz€c] control val vc. 
, > 

f' ~~~ce qood water f10w r~<{~làtion is not imp~rtltnt te this 

.f: 

...... 

. , 
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exppriment, the loop was op~ned by,operating the contrnllcr 
. 

in m.lnual mode. 
1 

" 
/ 

" 2.3 Kater Temperature Con~rol 
/ 

Figure 2.2, sho\\'s a block àiag~élm of 'b){è wa!=-er, 

" temperature control system. 
! • 

It consists of ~wo loop~ in~# 

cascade. The inner loop i~ a stearn flow control loop. . .... 
Tqe outer one is il te~peraturc control loop, which determines 

the set-poi~t of the inner flow loop. 

In.the inner,loop the flow rneastrement is 'effeçted 

by Means of an ~rifice and an electronic dp cell whose out-

put is a 10 ta 50 ma current. This is the input to the 

electronic PI flow control 1er (FIC). The contrnller output 
." 

feeds a currcnt-to-air converter '\o,hich in turn 1~ive5 a 

posi tioner and the steam covtrol valve. 'T'he ,,{h'!\<,' control 1er 

set-point signal is obtained From switbh S~2. . . 
J'I.t St~12 the outer t~eraturc loop f~cds the inncr 

, '. 

17 

{ 
loop :via the s,et-point signal. 'The tcmperature j s " 

" ~ 
TT'easured. by a copper-consti3ntan therft"ocoupJ e.. '\ftel --be~inn-f'lq~-

" -
convcrted into a 10 to 50 mn curre~t, ~e temperature sional 

~ _J 
feeds two parallel blacy.s: an electronic PID te~peraturc 

.. 
controller (TIC) and a PDP-8 éo~puter system. rwjtch fw2 

deterrnines which of these te~per~ture control hlocks ncfines 
" .. '" 

'the 'et-point ~ for the nte"am flow controir1er. 

~ 
,. 
" 

~t"t 
1f"-

~ y' 

.. 
1" 

, 

1 -;t" 

, - j '" 

'T'hrou-qhol..1t- this 
.::r-

>y 

... 

,"'"' 
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f'I~URE 2.2, 

\-
WATER TEMPF.RA'l'URE CONTROL PYSTP.M 

, . 

r.ti;lf,;"'o­
CO," f'L.1! 

• 

, fi F. A T Il X C/-l/\1 

,..' . __ --.::~ .. -

FIC-: Flow Indica~or-Contrbller 
TIC = Temperature Indicator-Controller 
P : Positioner 
OP = Differential Pressur~ Ce11 
C/A : Current-to-Air Converter 
E/C : Emf-to-Current Converter 
TR = Temperature Recorder (nuaI) 
A/n = Analog-to-Diqital Converter' 
D/A ~ Digitb1-to-Analog Convertor 
B • : Bufrer 
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f 1 0' 
~ 

':1 IJ 0 

in Figure 2.2: 
_~a • 1 
. experunent, 

.,'If'.. ' 
S\"!cP WélS in the position shown 

1 • 

lIr~hat is, the 
: , 

contro11er. 

J ... 

computer assume~ ,the ro1e of 
. " 

; 
tempe};:ature 

. 
• ,0 

, ~ . 
, In the case cof cOJ"'lput~r. control,' the 10 to "50 ma 

,! a .,'-

~~rtent siqnals -areonot direct1y appro~iàte. At' th~ input, 
10 

the temperaturc measurem€mt currcnt frQm the emf-to-current 
00' p El 

l '; 

'cpnverter is a11owed" to f1o\'! thro'ugh a 200n resistor.. This 
'. . 

provides. a 2 to 10 volt input to tlj(' "'ID conve!'"ter. l\t ~Jhe 

output, th~ 0 to 10 volt siqnal~fr~m t~e PIA converter qoé~ 
o 

J:hrouqh a buffer ta proviàe the 10 to 50 ma t'lm" control1er 
" '" 

set-point!. A,diagram of the buffer'crrcuit is shown in 

Figure 2.3. 

o 

'" 2.4 The Control Proqram 

t> 

The computer u~ed in c~ntro~~i~q the heaf ~>:chanqer 
._. - 0 -. -_. _._-- ... - .. - -----

is a Oiqi tal Fquipmen1i Corporation PDP-8/f • ~ This is a ... 
general purpose mini-co~p~ter havinq a mem6ry of .4096 12~bit 

words and a oycle ti~e:of 1.5 ~s. Periphera1s inclune a 

te1ety,pe, a hiqh s~ee~ pape; tap~ reaber/punch, a~ eiqht-
çt. _ J t> 

20 

.'. 

.. 

~ . 
channel analcq-to-digitAl (A/D) convertcr, nn~ a foui-channel 

, 
diqi ta1-to-ana1og ,(DIA) fonvertcr... Both the A/D .. and DIA 

_./ 1 
converters operRtc on -10 to +10 volts ann h~ve conversion 

• 
~ 

times of 80· ps and 10 ps r~spectivel1. 

',,..r , 
$ , -
4 .. 

;-

The .. computer 
1!-,: . 

<> 

program consists 

0 

,~.. " 
-, 

-
" 

of b",o parts. OnE:' 
.. .. 

'. 
'1 

" , 
b: 

" 
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(r r part is the C::U:Ol pr'~gram. Tt. function}" to co uniC.y 

e wi th the operator lusèr and implement the occ~ntrol 'law. ~is 

-- -

, ' 

pro~raM can' be use'd
o 

alone ~"f ~I~e~ ~ser hiMse~.f \vish.es to. tune 

the c*roller: nthat is, speCi:;i:fY the coefficient;s of ?h€' 

-----------....c ..... p~ntrol l'aw. The "second part of e---pro~arn, the-bi-e--n-t-i-f'j ... ------

, 
~. 

Il 

~ '-1 
~ ~ _ • (J 

cation pfogram, wa~ designed t ov~rlay ~he control program 
o • 

â~d automntically spedify the coefficients according to the 

plant identificatiçn.o The re~J tinq -~ontrof] erJl:.hus tunes 
f· -

-itself:-· The identific~tion prpqram will be discuss~d in 

Chapter 3. The main features of the control proqram are • 
described in the foll~winq paragraphs.' 

o tI ~ 

The control program can handle two inputs Ul and 

;-2' and two .... out~uts YI and Y2· ,'The<>y{and Y2 a~re actually 

output error signaIs of the forro Yi = 7. i - Yi' where 7,i . 
0, • 

are set-points' c1efinett by the opcrator, anr Yi aar1 the 

actual Measure~ outputs. In the case of this explrimcnt, 

Ul- drives the buffer (F in Figure 2.2) and!Y I is the temperô.-

t.ure v,oltage across ths 200n resistor at the l\/D ~nput. 
( 

The ~omplete qeneraL control law ha~~the followinq 

forro: 
. 

trI (k) = AlU l (k-l) + A2Pl ~k-2) + A3UI (k-3) + A4Ul (k-4) 

t , 

+ BOyl(k) + Rl~l(k-I) + B2Yl(~-2) + B1Yl(k-3) + R4Yl(~-4)·-.. 
+ ClU2(~-I) + C2U2 (k-2) + C3U2~k-3) + C

4
U

2 
(k-4) 

e 0 

+ DOY2(k) + D1Y2(k~1) + D2~~(k-2) 

• 
--

. , 

a 

+ D3Yj(k-3) + D4Y2(k-4) 

-, 

. , 

. ( 

o _-;. 

" 
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l, 

• 
_ •• ~L 

with a sirnilar .equatièn for U2 • Ry àppropriate specification' 
r- , 

of 6oefficients, the progra~ can be made to control a , ~ 

multivariable process or two independent singl~-input~singie-

output processes. The restriction in the l~ttqr, however, 

Figure 2.4 shows_~ simplificd flow-cbart of ~he 

control program. In the ipstruction mod~, an interpreter 
~'~ ~.. _ .. p 

accep-t,s instructions f.roM the opera tor via telct.ype. The 

operator may specify the coefficients A., n., C.~ o. foi 
.. 1 1 1 1 

, ........ both UI and ~2. lIe rnay alsq ~pecif~ -the set-points Zl a~n 

p 

Z2' the sample interval T in seconds, and whether he wants 
~ 

~ t> 
the s~bSequent control history to be printen on teletype cr 

punched on paper tape or both. If the operator types a 

forma t e~r, o:he 

question rnarlt."and 
~~ 

Nhen bbe 

proqrarn ignores the in~truc~ion, types' a 
" . 

awaits the next instruction. 

operator types the le~ter S (for Start), f 

~the prqqra~ enter~ the control mode and imple~ents the control .. 
law that the operator just defined. In orner to rnake chanqes,' 

the ~~ator can type the letter II (for HaIt), \olhereûpon the 
, - »; 1 

prograTn returns ''Ço inst'ruction-mode at the end "'of the current 
c 

control interval. The'operator rnny then type ~ the correct~d 
, 'ï' 1 

instruction (5) and again type'S to cont~nue.control. 

Since t~e PDP-8 is ~not, equipped wi th a real-time 
9 0 

clock, the Ain converter with interrupts is used in m0nsuring , 
-

22 

, • 0 
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the sample intérvals. ~ode of the program, 

A/o conversions are continuously be' q initiated and counted. ,0 

l'Tl).en the count reaches a number re ated to '1' (spechfied by 
1 

the operator), the count is reset to zero and a control ~ -. -~ 
cOf11putation beqins~ The con~L_C_OITlPutation ls (:'tQ.rl~ dur~~g 

.".-..... 
<-

the A/D conversion and is interrupten at the end of each 

conversion. Since the conversion time ls relatively short, 
--

a large overhead is incurred in A/D interrupt servicinq. 

The resulting computation ~ime is about 200 ms'per sample 

interval. 
-', 

~he computation is done in floatinq-point using a 

floating-point softwar~ pa~kage developed by Digital F.quiproent 

Corporation [21,23J.'The floating-point number consists of a 

12-bit two!s co~plement e~poncnt and a 24-bit two's comple~ent 
f 

mantissa with the radix poin~ understood to precerlc the 

mantissa. The number is stored in three consecutive memory 

-locations. Floating-point computation using this software 

packagê is slow but greatly facilitates handl~ng a large range 

of n~bers. 

\ 
2.5 Open Loop Characteristics of the Beat txchanqer 

In this section is presented sorn~ onen loop data 

for the heat exchanger system. The data consiRts of th~ 
.' 

stead~-state, the dynamics, and the noise characteristics. 



- -----
-,~-~- -----~~--------- ---- -- --

In Figure 2.5a is shown the steady-state curve for 

both flow control loop and ~emperaturè) control loop opened. 

This means simply that the steam flow contrailer i~ operated 

in JT\anual mode. The sol id 1ine is the out~u"t \~atcr tempera-

ture current froJT\ the emf-to-current converter. The dotted 
- - --- --- - - - --- - --

0(). 

line is the st~am flo\'1 measurement from the eledtronic dp 

~ell. -The p~issà is the out~t of the stearn f~W controller. 

The rlow JTleas~ement is not lineRr with the" flow control 1er 

output ~ue t~ the fact that.the f10w measurement is actually 

a·differential pressure signh1 which is proporti0nal
J
to the 

25 

square ot the fIo ..... , àhO l!lSû c1Uê Lü conLiol vdlv~ nUl! lilIcarity. 

~-~- , 

~. Figure 2.5b is the steady-state curve for the f19w 

contro. loopn closed, i.e. tie fl?w controller is in aut~mntic 

mode, respondinq to the set-point signal. Thi~ in fact is the 

plant as far as the temperàture controller lS concerned. ~he --non-linearity of the iiow measurement has tW0 siqnificant 

effects on flow contrpl loop. One is that_the out-

becomes non-linear, while it was roughly 

the open loop. A second effect is thôt althouqh 

" the stable at the lower flow rateR, jt becnme~ 

uns able ~t hiqher flow ~ntes due ta increased qain in the 

f w ·measureJT\ent. The resulting limit cycle disappcars only 

minimum control 1er gain, which renders the controller 

rather ineff.ective over much of the ItJwer flow rate r<'qion. 

A satisfactory control is obtained by disablinq and hypassinq 

" 

." 
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the p0~itioper. ~he controller w~s then tuned to qive an 

underdamped response with a settlinq ti~e of ahout 1 second. 

A bett~r solution, of course, would be to insert a square-

root extractor followinq the dp cel). 'J'his would make aIl 

thé curves in Fiqure 2.5 rouqhly lineûr __ aru:L.J1.o.uld a llQW tbe __ 

positioner to be in the loop. The value of the positioner 

lies in faster valve action and in the 'reduction of errors 

due to friction within the valve. The first advantaqe ie 

not 50 important here since the_l second Flow respons0 

obtaincd wtthout the positioner i5 quitc short co"pared with 

27 
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.. ' 

-,. 

the,temperaturc respons~ . 

. A step response analysis was done in o~der tQ qet 
• 

an estimate 'of the dynamics of-the plant with both flow loop 

and tempera turc toop open. The step response 15 sho\'m in 

Figure 2.6 wi th a graphical anal ysis immedié'ltely helo\~ i t. 

The step was a downwar~ Gtep-such that the filow contro1ier· 
- .<.J 

--r , 
output changed from 75% to 0%. Roughly, the respons0 looks 

like two l,age wi th a .25 minute delay. f'-lcrIT'.al izinq the 

re5ponse and ign~rinq the delay, the responsc can be mnnelled 

.. 

- -aE -ht as c(t) = 1 - k1e - k2e , ~here a apd h are hoth positive. 
. 

Assuming that h is signif:icantly greater th an a, c (t) 

k
1 
e -at as t qrm-Ts larq0. ~rom the cquality 

": 
approaches 1 -

ln(l c (t)) = 1n(k
1
e-at ) = 1n(k l ) - 0 

which ë\t f0110,"IS, if 

o ln (1 cet» i5 plotted in time, then In(k
1

} and -a are 

readily obtained as t~é-intercept and s10pe resppctively of 

If 

'-. 

o • . . 
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• 
the t = 00 asymptote. Thus, fro~ the.upper left asy~ptote in 

Figure 2.6 is obtained k l = .308 and a = .4. Similarly, b~ 

-.4t plottinq ln(l - c(t) - .30Se ) = ln(k 2 ) - bt, k 2 ând b 

are deterMined to be .692 and 1.75 respectively. ~hus the. 
<, 

-~ponse_ is ---c~~±.l~- -_ L l08e -. ~~_ - . 692e -1. 75 t •. The 
'1\ " l 

corr~spondLnq t~me constants are 2.5 ~inuteG and .57 minutes. 
\ 
\ (') ~ , 

From this re~ul~, ~ ~isctete-ti~c MQdel of the plant will be 
.' ( . 

developcd in Charter 3. ~ 

N~isc ~1:eSent~d; blO difficul ties in this step 

;y analysis. One ~s accuré,lcy, \"hich i 's e~pec iët lly important in 

'obtaining the t = 00 asymptote. It wa~ for this reason that 

~ a downward step change was chnsen rather than upward, since 
"J, 

it was obscrved that the noise was greater et hiqher"~emp~ra-

~ures. Another problem was thnt in qettinq n larq0W~nouqh 

siqnal/noise ratio for.qraphical analysis, it was necessary 
! • , 

to use a larqe step chanqe which would cause a non-]Jnear 
~ 

response if the flow lonp warc closed. The fact that the, 

temperature is roughly linear, ,lover the entire ranqe in opek . ' ,. 
loop is the reason for~per~orming the step-response analysis 

'< 

witÈ the flo~ loop open. This is not exactly tne plant that 
. 

the computer ~eMperature controller sees, except in the case 
~ ~, 

of smal~ ch~nfoe7 in a J'Tli'd-temperature ranq~. There, ~he 

temperature/où~ut gain is ahout equal to the te~peraturc/set-. 
point qain, the~e being the open loop and close~loop qains 

respectively. Furtnermore the relativelyO fast nynamics of the ,. 

.. .. 
~ 

.' ~ 

0 

. .:. AI,\ 
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, 

flow controlle~ are practically n~~l~qihle ap far ~s the heat 

exchanger model i~ concerned." ~hereforelthe moqe1 obtained 

from the 'step-:response t~st is valid as a pL'1nt )'1\pde1 frClM' 

the computer's point of view in the mid-t~~per~ure ranqe . .,. 
.... 

30 

An upward step chn~qe of- the same maqr.ti tur!e ~.O._,_'t,_t_o ______ _ 

75% output} produces a noisie,r but very sinlilarly shaped 
A .~ 

!esponse, thus substaJlttiatin~ the temperature linea,rity when 

- the flow 100p is open. I1eé'lr ma>:jfTH.:ln s~eam flow, the noise 
e..-

becomes severe,/ steam heqins to blow~throuqh_the stPaM' trap, 
• 

be differerk. 
. \ 

and the heat exehanqer dynamics appear ta 

, 
control experi~ent/was carried out in the mid-tempcrnture , 

range. 

fi simple noise anolysis was done in the form of 

j 

an autocorrelation of the min-te~~rature 'st~ady-state. The 

noise \>1é1S "'ev,ident oJ a thermomet.er placed in the outlet water 
... 

stream, hence it was not entirely measurement noise. l\lthouqh 
,., ! 

the water flow recorder reqister~d a stea~y flow, the flow 
~ . 

out of the hcat exchanqcr was not smooth and 'seemecl to hc~ne 

source of tke noise. " . 
'-:-

\. The autocorrelation was performed using .. 
computer on a record of 24 OC samples obtained a t' a 

rat~ of 3 samples/second. Most of the de value 0 

state tempe rature signal was removéd by subtrftction in order 

,," 
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-/ 

• c ' __ __ _ _ _ _ _ ___ t __ 

• , • J 

t'o minhü~_e )':'c;::nmd-of-f_ errors in the AutocorrelAtion 
.....c---------=~~= .. _=.o..J 

Jca1culation; The résu1 tinq autocorrèh·~tion function is 

shown in F.iqure 2,,7.. It i9 evident ;:hrtt to th~ hênt 

exchanq~r sys.tem, whoRe dominant ti.t!'e constant 19 .57 

minutes, the noPise i5 essentially 'fhi te. 1\ssuminq thatG 

the noise hAS zero mean, the noise variance is obtai~erl 

as the difference between ~xx(O) ônd ~xx(~)· Takinq ~xx(~) 
, 

to be the mid-p.oint of the qarbaqe at the end of the 

autocorrelation curve nf Fioure 2.7: 

The c~rre~pondl.nq rffls value 19 anOUl: .• Ln VOLl:. 
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CIJAPTFR 3 

The Identification PrQgram 

! 

..... 

3.1 Introduction ~ 

.. 
The identification proqraM i5 an i~p]ementation 

• iii , • 
of a self-tuning control ftlqoritpm presented in a paper by 

o , 
K.J. Astr6m and B. wittenmark [17). The alaorithm consists , ~ 

'of a least-sq~~res parameter identi~ication of th~ pl~nt, 

and the determination of a mini~uM Yari~nfe control In~ from' 

the identified rara~eters. The least-square~ i~en~ification 

I---~---<J alqorithm is-f,resented at lenqth in [15]. "~ 
--

The plant model h~as the followinq form: . ... 
y(k) + a1y(k-l) +'. 

= blu(y~l) + • 

.. •• + c?ny(k-n) , "- u:!' 
----_.-

+ b u(k-n) + e(k) (J.U 
n 

. where u(kl is the ç:~:mtrol 'I,ririable, y(k) i5 the cont .. ro~1cd 

0. 

, ,'-', 

variaule (output) and e(k) is a noise variable.~e-Mini~um- ~ 

variance performance criterion is 'V =' r [y2 (id] ~,herE' F. ls 

the expectation ~E~rator and V is to be minimized. The 
r' 

optimaî control law for thi~ perfQr~ancc criterion is 

Note t}:1a.t fhe poles of this' control~erl s tr...a.n:s=er.Jllnct...ion 

exactly cancel the zerns of othe plant. If ):l~c model parél-:­

meters a. and b.- w Ire known, th~ C'ontro{"'~aw coefficients- u. 

1 ) __ ~ . • 

could iMmediately be entered t@ the control proaram as follows: 
-

b
2 

. b 
A 1 0 1 = - ,1\2 ~ - - '.. ••• , 

hl bl 
'" 

. . . 
o 

o 
o 
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---------- ~-
\ 

l~f,erder te obtain the 
i 

parameters R. and b.,:· 
l. J. 

the 
R Il 

p;oble';' -~is posed as an optimization. ~he ohject is 
N+n 2 

te rninimize thé functi-ort V 1) E e (k) \p,here the e (1\..) are 
~=n . ~ 

!nterprete~ her€Las cQuation ~~rQ~s~!~~he plant model 

34 

--- -~-~-

" 

" 

\ .. .. 

A 

. 1"'" 

e 

(Equat):on 3. i) .. "Bence th'e narnc 'least-square~ estiMation. 
C.I 

Let y = [Y(n+1l} .. 
. y;nHll . "'" 

4' = . -y (n) 
", 

o • , 
-y (n+N-l) 

T 
[al e = 8 2. . . . 

. , 

I!.-

-y(l) 
<> 

" 
o ••• _y (N) 0 

an b l b2 

u (n) ... 

. 
u (n+N-l) 

~b J 
n 

[ ~;1'1+1lJ ~ 
e(n+N) 

u (1) 

1 • 
v . .. u(N) 

/ " 
, • G 

where y, e, and ~ are sirnply a history.of N consecutive , 
o 

sample intervals. Then e = y .; 4ÎS anrl V i5 the maqnj. tude 
o 

squared of vector e. The m~niMuM of V is ohtainco hy settinq,. , 

oIÔ vV = 0, and the Eolution, if 4'T~ 15 not sinquloar, is" 
T -1 'T -tif( " ~ 

B = [~4>] ~ y' (see [~5])i (3.2) 

As l'Y .... co theccovarianc'e of·B is qiyen by cr2r~4>}-1 where 
'1' 

2 
cr is the variance of e(Y). c o 

~ 
The deterMination of B frem Equation 3.2 is a one­

t 

• ~bot cOMputation on an input-output history of N sampies • 
.. 

o , • 

This do~..s not lead to a suitable computer prnqrc1m becauf;{!> 
, '" 

excessive co~putation.would be r~quired. 
, , 0 

" / 

In (15) a 
~ 

~1~ " 

,. 
-: '- ., . 

" Q" 

CI .. 
\.. -, ';0 

, ' " .. < , (j . 

, 

.. 
tl,' 

c • 

\ 
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.. 
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" 

/, 0 , 
CP ... .. """: , 

\ f-.-
--+ .~t' 

rc~urEio~'formula derived from Equation 1.2 i5 qiven. , 

Usingdth~s formula, the current parameter ffsti~a~e B is 
~ 

upda.ted at each sample interval. The recursion formula is 

the following: 

'" 8(N+l) = S_(N) 't r(N) [y(N+l) - <p(tl+l) BXN>} 

where rw) = P·(N)<pT(N+l).[a + <P'(N~l)P(N)<pT(N+l)l-lo 

P(N+l) =' [I - r(N)<p(N+~]p(n) 
• 

35 0 ~ 

(3 .3) 

f) 

<P(N+l) = [~y(N) -t(N-l) .• ~-y(N-n~l) u(N) u(H-l) ••• u(N-n+l)] 

~(NO) = a[tT(No~.(No)]Jl 
th'e square matrix of order 

Q 

The vectQr r and p ar.~ bath 211. .• , .. q 
-J 

The matr·ix P is the covariançe of B if the e (1' • .) are independent 
.-

the 
, 

with variance .equal ta a. If estimatc were perfect and 

~-~,--'-' ---.--,tFhk-e...-....-r,..-c~wl'":T7"<e...,.r?'<ù--nn-,;o~dist.9rbancc, tC'len cp (N+l) e-(N/""Woul-rr be tAe va lue r ~ .-
of y(N+l). Thus Equation 3.3 mcans that at each sample 

interval S is update<'i by. n quant"i ty which is c:sentially the 0 

produc(of a time varyinq ~~in r(~) and the differen~e betwec~ 

the actùal output and th~ exp~cted output. In order to start. 

the recur$,ion, Band P can l;>e initializeo usinq a priori -- ---- ------ ----
.... -

_ knowledge, gained po'ssiebly from' a "ne-shot least-squnr~s' fi rst 
- .. 

estimate. Alter~atively P(O) Ciln be init-ialized simply to a 
'> - 1) constant times the identity matrix, which is the course tR~en 

in th~5.experiment. ( 
" , 0 

.~-

In brief then, at cach control interval the alqorithm 
. 

-,-, updates the estimate of the parametcrs in the mooel: 

• ... 
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4t 
Then a mi.nimum variance control law ls defined froM the ""! 

( . 
par_~méters : 

U (K) . = o! ra 1 y (k ) 
b ' 

. ., . - b u(k-ra+l)J n 
l 

3.3 Cohverq~ncc'Propertie~ of the Closed Loop , 

It can be shown that,if the ~~ant is stable, and 

the e (k) are indeps,ndcnt \<1i tp zerQ mcan, c3no -the input u ().:) 
.... " ~J 

.• i' 
is independent '?f e(k) and persistently excitino of oroer n, 

h h 1 
." f J ~' h ~ t en t e east-squôres est1môte 0 B converqes to t c corr~c~ . . 

value as N + ~ [15]. It is to be noted that this conve~~ence 

is that of an open Isop inentification, that is the input i8 

qenerated hy an external source and 1S uncorrelélt, . . 
No qeneral converqence theorums have yet been proverl for the 

-
closed loop, ,~hen the input i5 qenerateOd by '-fC'eqlba~k. 

ln this experiMen~, the e(k) ~re not independent. 

Tc il1ustrate, consider a first ordèr noise-free system: 

x-(k~l) + ax{kf = bueR}, Let~-tlre output-he a JTl€ôSurernent pf 

x(k) corrupted by additive'white noise y(k), = x(k) + n(y) 

\ 

(which i5 essentiôlly the case in this experiment). Then 
1 

~the system seen by the ~dcntification alqorithm would bp 

y(k+l) + ay(k) = bu(k) + n(k) + an(k-l). [15] 

~The noi~e hare d~ not white; but rôther a fil~ere~ white . 
noise where the fi1ter is the plant~ Thus the e(k) in the 

plant mode1 (Fquation 3.1) is not an uncdrrclated noise 

• 0 

-



Jt
J 

. , 

vv::J:abl'e. Th0 parametcr estimatcs may.still cnnverqe, but 
c 

" d 

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

biased~ by a~ amount given by 

:.~ : E(â-B) = [r.(~T~)]-]E(~'1'eT-· [15] 

whoce F. i5 the expectation operator. A theorcJTl presented 
_ _ 7'. 

in [17] states that if the param~ter estimates converge in 

closed loop, the resultinq controller converqes to the minimum 
Q 

variance control. This result holds whcther the noise i5 

correlated or note Thus even if the-para~eter estimates are 

biased because of correlate~ noise, 'the 

a minimum var/~a'nce controller. ~ 
rcsult will still be 

/~ 

Another theorem in the same paper states that if 

!' ,. 

the, inpyt and output are zero. 

noiseofunction of order m, then 

E[y(t+T)y(t)] =- 0 

F.[y(t+T)U(t)] = 0 

rtain correlations of ~ 

f.pecifically,-if e(k) i5 ù 
:) ---

• 
t = _m+l , . .. , m+n 

T = m+l, . .. , m+n 

37 

A second convergence di fficulty' is _that --Sil1Ç~L th~ ________ _ 

input is qeneratec1 by feedback, the input is correlated with 

the noise. Consider again the first ord~r syste~ , 

Y(k+l) + ay(k) = bu(k). The minimum variance control is 
(" 

u (k.) = ~y (k). If. th~ estfmates of the paraIT1ct\ers ~ and b a.re 
b 

in error by a COP1IDon, multiplicative factor, the- rer-:mltitJq 

control is unchanged and the miniIT1UM variance perfQrm~nce 

. criterion V = E[y2(k») is unchanged. Furthermore, it cary be 

J 

/ 
.> 

Q • 



N+n 
shown that the least-squares objec:tive function ,,= r e 2 (k) 

k=n 
will be identical for aIl a àhd b with the sarne ratio 

a/b [17]. Thus, in general, when the"input is qènerated by 

feedback, the identification alaorithm wilJ netermine the 

parameters only to within a common multiplicativë factor. 
-

The resultinq minimum variance control law will be unique, 

however, since the multiplicative factor cancels upon 
.: 

division by bl' 
o 

In the simuJa~ion studies done ~y AstrBm and 

Wittenmark, the value of hl was fixed. This serves to 
1 

prevent_ the alqorithm from ~akinq larqe excursions alonq 

the linear manifold on which the parameter estimates lie. 
o •• 

38 

-1 

.-

Astrom and "littenmarlt report in their_-I?_aper tha t the choiee 
i -------_~ _______ _ 

of b l is not crucial 4n obtaining conv~Tgence of thelalqOrithm. 

In the experimental work qone by the author, the value of b
l 

was not fixed. 

To summarize, because of correlated noise the .. 
-- -------parariéter é?ftimates will be- hlas-ed- but -will still- lead .t.o __ a-=- _____ -________ _ 

o 

mini~um variance control. Furthermore, because of feeàback, 

the bjased estl~ates ~ay be out,by ~ multiplicative factor 

" and convergence ls not gua~anteed. If t~e param~ter csti~ate5 

converge, ho~ever, a unique minimum va~iance control law can 

be expected. 
~. 

. ' 
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3.4 The Identif~cation PrograM ... 

The identification proq~am was written ta overl~y 

the' control proqra~ so that at each sample interval th~ 
\ 

pararreter estimates are updated and the Minimum variance 

control law is determineà_ accordinq to the aIqorithm just. 

pies~nted. After this tuninq stepi the control proqram 

computes the control variable. The parameter estimates'are 

39 

punched on PQper tape at every sùmple interval, if S0 requested 

by the operator. 
, 

The identification program performs a fourth order 
\ 

identification and control. Orders qrùater than four cannot 

be hanclled by this proqrall'\ because of insufficient memory in 

the PDP-S. Additional overlays were written to qenerate lower 

arder identification and control by chanqing the order of thc C,-\ . 
m~trix ~d vectors involved. 

',The computation time for fourth order is about four 

seconds', Since the~e are eiqh~ pararneters, the vectors ùnd 
1 

- - --

the square Matrix P are of order 8. Moreover, the computation 

is haMpered by large ovèrheads in the continuouS' use of the 

A/D for sample interval measurewent, and in the use of software 

for fJoatinq-point arithmetic. 

At the start, before asJ~ing the opcrator for 

instructions, the proqram sets aIl coefficients, varjables 
Q ~ , -

and vectors te zero except for B. The paramet@r hl is 
~ 

'II 

- 1 



, . 

) 

1 , 

/ 
initialized to unit y while the rest are ~ ro. (The starting 

valu~ of b l can be changed however vi the.switch reqister 
d 

on the POP-8 console.) The value 0 b l mu~t not be zero 

since it appears as a divisor in ,the deterMination of the 

minimum variance control law. The matr~x P is initinlizcd 
~ 

to bl times the iqentity matrix. The value of n is set 

(via switch req~ster) te the noise variance obtainèd from 

the autocorrelation study discussed in §2.5. 

In ·§2. 5 the estiMatcs of two timc constants have 
• 

been obtained as 2.5 minutes and .57 minutes, where the 
/"' 

shorter time constant dominates. In order to obtain reason-

able valu~s for the parameter estimates, the sample interval 

'f' ',ms ChGâQn tG be .7 winutes (42 liOeconds). Eeasonable 
. 

values that there is a qood pole-zero spread on the 
/.~ ,'''1 

were rela-tively 5Mall the plant \,'ouIrl appenr 

essentially as an integrator and the poles wouln tend towards 
• 

+1 on tpe z-plane. In the'extreMe, the order of the system 
d 

and zeros may end up anywhere. ,~f T were very large, the 

plant would look like a delCiy and the poles \'Iould tend towar[1s 
'. -the oriqin And aqain the 0rder of ~he system would decreRse 

as se~n by the identifier. 

The identification proqr~m h~s one additional task, .. 
that 'Qf integrating the control siqnal u(k). The rea~on for 

this is that in a noise-~ee steadY-ptate, YI(k) (output '\ 

) 1 

40 
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/ 

., ., 
j' 

/ 
tempcrature) is ~ constant, YI (k) (output error) is zero, 

(the control signal) is zero. The stearn fla,,! 
4 . 

set-point siqnal UI (k) ~owever must be a non-ze20 constant. 

Thus uiCk)"is not equal ~o Ul(~) but rather i5 an additive 

correction' terrn for U l (k). Hence u1 (k) i5 inteqra ted to 

obtain UI(k). The resultinq overall flow-ch~rt and system 

diagram are shown-"in Fiqures 3.1 and 3.2. In FiCJure 3.2, 

Zl is the tempera turc set-p~int dcfined by tcletypc. 

the output temper~ture ~nd YI is the output error • 
. " signal i5 the control variôble which is inteqrated ta 

produce Ul , which is the stenm f10w set-point. 

-, 
3.5 

v 
!.)iscrete-Tirne Tilant -M~-el--------~-__ _ 

A discrete-~ime model of the plant was determined 

from the step response analysis for purposes of comparison 

· 41 

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

ficatiqn algôrithm"is concerned, the disital inteqrntor in the 
-- --- - --- -_______ 1 , 

-

idcnti f icatiçm proqram is part qf the plant.--;'1nCT i slrrcJ:mled~- -- ---

in the ~oQel develope9 here. 

From §2. 5 the normal i~cd stcp rc~ponse of the hea t 

exchônqer (iqnorinq the delay) i5 

c(t) = l - .30Be-· 4t - .692e-1 . 75t , 

where the unit of ti~e is the minute. 
" 

For 'l' li, • 7 minute 

1 
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the z-transfor~ of c(t) is 

c(z) = 
W 

z 

z-l 

~ 308z 

z-.756 

.. 

= .563z(z-.695) 

" 

.6-92 z 

z-.294 

(z-lt) (z-. 756) (z-.294) 

Since C{z) i5 a step ,response, the trnnsfer function is 
\ 

, -1 
. cjive,n by C (z) (2-} where z is the z-transform of the 

z-l z-l 

in teqr a tion opcr êl tor • HO\\7ÛVer, beca use 0 f the d iq i ta l 

inteqrator in series,with.~he heat exchanqcr, th~ co~plete 
plant transfer function for unit y qain is 

-1 
C(z) (2-) (2-) = C,{z) •. 

z-l z"'l . , 

The gain depends on the opûrating reqio~. FrOM the discussion 
, 

in §2.5, the analysis above i5 valid only in a mid-teMperaturc 
') 

region, where the current gai~ om Figure 2.5) is approxi-

mately .32S. That is, a 1 ma in set-point prod?ces a 

a 

. 
• 325 ma change in ternperatur. Since tQe co~puter operates 

on vol tages llirougn- l:he- A/D a.nd 'f'rj-'A-,- --it--is-t-Pè-ve-l-ta~-q.ailL __ 
-.. 

~~at is required. A .325 ma temperature chanqc corresponùs 

to a .065 volt change. h 1 mR set-point chanqe re~uires a 

.250 volt chanqe at the lmffer input. Thus the
o 

"oltoge ~qain 

ls .26 and the overall transfer function is Fr (2' = .26C(z). 

When mul tip1ied out, this qives 

• 146z 2 
.. 

H(z) = - .102z. 

z3 - 2. 05~2 + ] .2;72z - .222 
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In can~nical for~ then, the Madel is 
, ... 

y(k) - 2.05y(k-l) + l.2r2y(k-2) - .222y(k'3) 

= .l46u(k-l) "- .102u(k-2) 

This is a thir, ~rder Syst~M. 
. 

The delay (includinq 

computation time) is n~t large relative ta T = 42 seconds '" . . -
and has only a Minor effect on the order of. the zero at th~ 

~ .. -.. 

or igin,. °Hènce i t is iqnorf'd for this ,model. 
1 

, 

3.6 Program Te~t 

. 
The complete prbgrarn (identification and control) 

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

, 

a TR-4.8 -analog' computer. Nothing more was recorded th an -----
the fact that t~e fourth order identification and control 

produced fast convergence and good con~rol. Following 
. 

this test, the experiment proceeded ta the heat exchanger. 

eAs ,a r~sul t of sorne convergence diff ~cul ties on the lfeat 
f 

_ exchanger;., however, further testing of the progra'm using 
r-------------------~.--------­

the ana log computer was subsequently perfo~rned. The 

results of these tests are presented in Chapter 4 . 

... 
1 

\ 
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oCHAPTER 4 

" Experimental Results 

4 •. 1 Pre liminary 

The ai~ 6f the experi~ents was ta determinc how 

,:..the closed loop id'eÎ\.tification and control performs under 
...Y 

various, conditions. Tne conditions that were varied are 

the arder of the mode1, the sample interval, tpc startinq 

va)ue of paralT'eter b l , and the vAlUe of J Cl (the noise" 

variance estimate). Only the first condition, the order 

of the-model, ~as exhaustively varied, the other conditions 

~einq changed qeneraIIY'only to try ta obtain convcrg~nce 

'11i, "difficult" ca~e·s. The princ ipal output of eac,h cxper i-
~ 

ment consis'ts of. ànswcrs to sorne yes-or-no questions: 

Do the paramcter estimates converge? ts the closed Ioop 

system stable? 

Convergence of the parame~er estimates requires 

s~stem is allow~d to remain in a steady-state ~he~e y(k) 

and u(k) are small or zero, not much idéntification takes 

placé. Hence the system \-las kept moving by means of set-

point~anqes introduced by the operator viA telctYRc. 

'" A reduction of noise is ~9t cxpccted from the 

controller. If an aCCurate'model were obtained from the 

identification, the minimum variAnce controiler wnuld make 

\ 

, 
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-y(k} = e(k) in steady-state. Mence the va~iance of y will 

nct be less than the noise variance. . 

IdeallYI the plant ~hou~be identical in aIl the 
CI 

/ . 
exper~ments. 

o 

Throughout the experiments, the analoq 

instrumentation gettings were constant 1 l'mG the -water---ne:;w--
'<,$ 

rate was a constant except for smal1 fluctuntions~ 
• 

lJowcver ,-
." - \ 

tHe noise variance was not a constant. On days of cold 

weather, the additionnl heatinq loaù of the university 
,. 
degraded the qUillity of the steam availi1hl~ to the heat 

exchanger. The consequence is r~duced noise and 
~, 

tJ 

achievable_temperatures. The dynamics 
\ \ 

siqni ficantly. 

47 
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low-noise run. -------------------

/n~fore proé~edinq to 'the experi~~nts propcr, some 

preliminary responses are pres!~Eed here~ FiqurcSr 4. 1 anrl 

4 .2 shpw open lqop step~ response&; for T = 42 ;u1cl T = 14 

sec~mds. The upper curves are the output tempera turc 

_~~~ tage Y l- • 

siqnal Ul. 

t 

The lower curves are the steam Flow set-point 
, ' 

The purpose of these reco~ds is to serve oS a 
"r_ ~- ' 

comparisnn withcloseù loop r('sponq€~. ln closed loop" the 

noise will not be: reduced 1 but th.e 0 qeneréll respons~ shape 

will be affecterl. . , 

Another tcst.was te obtain the respense for a 

minimum variance control based on, the step response Madel 

obtained in §3.5. The control proqram alone i5 requircd 

" 

1 . 
->i 
-,.; 

Cl -/" '. 

" -If 
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Q 

sinee the psramcters nre ~ivCA~ ~ince the mod~l~has the 
'\, 

form 

.' 

b l U (k -1 ) +, b iU (k -_ 2) , 
, 

the minirnUITl varH.incé~ cpn tro1 1aw is 

u (k) 
al - a 2' 

:;: - Y (k-) + - y(k-l).+ 
hl b l P 

The "'Steam flow. set-point 'siqna1 U
1 

is, the inteqral'of the 
o 

control variable: U1- (k) = U (k-l) + ul(k~. 
:f, . 1 " 

Therefore" by 

., 

Th\!l~ if'\.. the control" -}aw 

al 
. 'B == - - -14. 0 o 

-= 8. 7.2. 

a 3 ' 
--------lE~2.,-:::.·~ ·=---1. 5.2'" 

b l 

" " --- -------- ~--- -- -~~-----~----

-\ 
0 

," b -0 
1\1 == 1 2 = 1.69 

ri" hI 
b 2 

A" = - :!: - •• h9 
~.. b l . , . 

The r~s~lting co~tr~~ shown i~' Fiqure 4.3. 
o t;). \ 

l\qain, , the 

-- is the output ternper~ture "~p~er curve Yf· The hea vy ~O\"-

g ~ 
'<l " 

d 

" <' . 
'Il , 

/ . 

~. 
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frequency rectjlngular wav{j sùperlmposed on the output iR 

the -set-point defincd by the operator. The lower,curvc is 

49~ 

" 

, It is eviàent that the control is not ,qood. It ,\ 
\ .~ppears thatlhe gain iS,cxcessive. Assuminq ~hat Bi and 

~b2 have been underestiMated, ~heir values wcrc increascd 

so-as ta produce a control' Inw wit~ lowei gain. Fiaure 4.4 

showi th~~~esult for gain rerluctionG hy factors of 10 and 2. 
, 

, The con·trol becarne fTluch less wilà but the respons' sim/ed 
.,. v 

~ 0 

considerably at l/l~ gain. In aIl aascs, there wcre 

oscill~tion tendencies, with frequa~cy and settling time 
,. 1 QI 

decreasinq w.ith decreasinq qain. 
J ' -

4.2 Fourth Oroer ~odel 
" 

The control'alqorithm ~?inq the four th order model 
Q • 

'was successfui in the~sense that the parameter estlMates 
• Q 

~id converge aHd_the clbseo loop system ~as stable. Control , 
, . 

histories (response and parameter converqence) for 'fiv'e 

'particular runs are shown in 'y{qures 4.5 to 4.9. Fiqure 4.10 
" 

illustrates t~e,p01e-zero loo&tions of the tran?fer .unctions 
~. ~ r' _~ 1 " 

~f the identified ~lant ~nd.q~ t~~ corrc~pondinq minimum 

variance c~tro)ler (the poles ànd zeros of the plant hcing 

. (' 

" 

f· 

on the;'left and- th';se of t~ controller: cm the riq-ht L:' The -----.--

diaqram in Figure 4.10û corresponds to the step response 

,model, obtai~ed in §3.5. 

1 

• 
o 

" 
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That i5,. 
, 

Rtln5 #1 

several 

:" 

and 

runs 

*2 are each typical of several runs. 

(usinq\different values of a ) more 
, (1 

or les's 'correctly identif:led the dom:i,nant hiqh~r .f",requency 

noIe as in run #1 (se~ Fig~10b) 1 while several other 
~ , e> 0 

::. .. "j"./ go s: 

runs placed th~pole near the lower frequency as in run #2 , 

:~(see Figure 4.10c). In both eRses, .the"pole at +1 (due tO]' 

It; 

. , 
the \dïgi tal inteqrator) \~as correctly inentifi~d •. Also 

, li 
in both cases, a complcx pole-pair ~lmost cancels a comple~ 

o 

zero-pair. This suqgests thnt the alqorithm sees the plant 
~ 

50 

'. / ,,,sse!'tiaUy as~/simp}e lag in series with' an intcqrator;. 

and that a lower o,rder idontification May. prove mOI;;e successful •. 
1 

v' 

.' 

# 
... 

r 

'4 ~ 

l\. J.'1rther comparison of runs #1 and #2 i5 obtained by usinq 

only the control progrrun and typinq in the minimum vtlrir>nce 

control law based on the ident~fied paramete~~. The responses 
• 

o 
shown in Figur--es 4.11 and 4 .• 12 indicate that rt~n ff 1, in which 

~. 

the estimated model i5 closer to t~e·expectea model, dir. in 
d 

fac~ produce a better contraller. 
"" 0 •• 

R~n 13 is a low-noise rune The resultinq model is 

similar to that of run #1 but the ~plex pole-zero pairs a-re 
, -, 

-further é)part (see Fiqure 4.1 Od) . 'R,un . fi 4 is also a low-noise 

run but with Cl set to a r(>la~tivcly hiqh'value of .'64 volt ? 

. fi. lOf' h h -. ------- ------. _____ ._ Flgure .~. 1S t e pol~-z~r() pattGrn 'for t e step 
,. 0 -- -

. 
'1' 

respor:se model for T ::: .. 14 seconds. N'ot~ thflt hccause--ort1ï.eo----~-·· 

amal1er sampling interval, the'" poles hnve JT'Ioverl closér, to +.1. 

:Run #5 is for T = 14 seconds. Figuren4.10q indicates _that the 
"- ~ 

1"'" li' \ 

'Y e '" III -/, , 

~ 
". , . . . 

-0 

<l 

01 

- • ~ _. -_ .. \ 
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two siqnificant poles haveobcen identified, but a zero 

appears outside the unit circle. Thus the irlentified ~lant 

i5 distinctly non-minimuM phase. The transfer function of 

the correspondinq contr?llar is also non-minimu~ phase 'sinee 

the controller placed a pole àir~ctly on the non-minimu~ 

phase zero. 
~ 

In aIl ca~es, the paraMct,-er e's-timates converqed. 
~ 

The problem of the estimates being in--errdr by' an 1.mknmm 

multiplicative factor ~oes not appear ta he preRent, sinee 

meaninqful polc-zero patterns arc obtained frQJ'Il the 

estimated paraJl'eters directly. _ Il 15 t~ be noten that in 

qeneral, ~he parameter estimates are not to be actepted with 

conf idence for the reasons" discusse,Q_ in § L 3 • 

4.3 Third Order Model 

\ 
v 

The third'order model prorluced less success than 

came from the fourth order Jl'odel. The-~ysteJ'll was not 

generally stable and the paraJ'lle~er estiMates djn not converqe. 
.. 

Here, the problefTI °of-non-iàentifinbility due ta fecdback 
,<l 

becar.1e apparent. The parameter estimntes made very larqe 
\ 

'T'he excursions which were:&t alway~ on a 1in0ar path. 

response becaMe more s~ sitive "~o the _~Rlue 0f a 

~-------:s:o.e"'n=srtive to the-star v~lue of-hr .--- For·· sornE=> 

an unstable system was produoed. In these cases, 

parameter 'estirnates led the system to saturate or 

. 
r.;. 

51 



e, 

/ 

.,J . ~ . 
.., ~~ 
!l',' "'..,~ 

1 1 -

• 52 

" maxi)'Tluf'1 tempera ture, "whereupon no further identification took 
0 

place. 

Responses are shown in Figures 4"13 to 4.17. 

Figure 4.18 illustrates the pole-zer.o patterns of the 

correspondinq minimum variance controllers for stable. 
'.. ct ,) 

'fi i'ntervals ne'ar' the end of each run. The parameter estima t~s 
c, 

are definitely out by a larqe factor, hcnce no plant Model 

and correspo~dinq pole-zero' pattern i5 obtained. 

An attempt w~s ~ade to obtain a PIn controller 

by·usinq the model 

The minimum varianGe controller is 

The 

The 

al ,a2 
u(k) = y(k) .. + - y(k-l) 

b l b l 

a \ 
+ ..1 V (1<:~) 
'b 

.1 

steam. f!ow. set-point siqnal is the inteqral ~f 
a a 2 a

3 U(k) == ,Ü (k-l), + .l:. y ('k) y(k-l) + y(k-2) + -,. bl ,b l b l 
~ 

'" z-transform of. the transfer functiol'l i5 
-

a .~ , . a a a a a 
== - (~+ .1.) - (-2.) 1:. + (2. + .2 +' i0~ 

\.Hk) : 

". 

U(z} 

y(z) 

where the thre:l:7;~:;~;d~:1. ;:::i::t:::. ann 
tcrms respectivel~ , inteqral 

The perf<;>rmènce of the PID control] er proveo, to he 
---'-, . 

even worse and was cven more sen3itive te the startinq value 
.. 

~f,bl. In run #9 (Fiqure 4.16) note that after 46 samp1e 

(4.1) 

(4.2) 
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intervals, inc0rrect parameter' estimate~ produced a positive 

__ f~edback and then a very low qain negative feedback, which 

then brouqht the sys'tem to the set-point very slow1y. One 

\ 

,~ 

explanation fo~ the poor performùnce of the PlO control 1er' 
1 

is that the model of r.quation 4.1 places çoth the zeros at 
.. 

the origine Bence the algorithm ié not éllowed to identify 

the zero that nearly cancels the non-dominant Low frequency 
, l' . 

pole whose timc const~nt is 2.5 minutes. 

4.4 Second Order ~odel 

, 
'The second order model also had convergence 

difficulties. 
, 

As run #11 (Figure 4.19) shows, althouqh the 

systeM generally followed the set-point, it wcnt throuqh 
t 

perioùs of hiqh and low gain,'positive and naqativc feedback. 

Param~ter al refused to converqe, while a 2 , bl'oand h2 either , 

converqcd or were no lonq~~ identified towards the end of 

the run", 

A PI éontrol'ler was ~ obta1fled Dy usinq the model 

F.qù~tign 
. 

4.1 with a 3 = O. r.quation 4.2 then becornes of , 

U (,z) _ a'2. al' a . 
= + (- + ..1.)~. 

y (~) bl ul' b l z-l 

-
where thE" terms are proportional 'and inteqral tf'rplF;. 1\5 in 

the third order case, the zero of the plant model transfer 

function i5 then fixed at tlth.oriqin, which i5 aIl rigllt here 

, '-

" .. 

o 
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since only two poles will be obtaincd. If the idcntificétion 

succeeds, t ese two poles woul,d he the pole at +1 and the 

higher corresponding to the dominant .57 

minute Thus the pole-zero near-canc~llation 

ta the non-dominant'#pole (2.5 winutes tiMe 

constant) appcar,~ the identifipd model, and 
:~ ~. 

it may be expected ,that this modei wbuld work. It did not 
-

, work, however, as Fiqurès·4.20 to 4.26 indi~atc. Parùmeter 
, 

converqcnce was poor, ~nd there were many cases of ~ery low ... 
qain anrl/or positive feedback (see run fIS, Fiqure 4.24). 

The'salient problem here is a recurrent situation 
, . "", 

~ ~ 

. of control signal ~aturation followed by a pe~iod of very .., 

.' l, 

·low gain (see Figures 4.24 and '4.25). The control saturêl.tion 
• -.: 0 l 

i5 a conseque~ce of ~~cessiva qain or positiv0 fêcdback. 
- .. ', , 
If the systen r~covers, it emerqes with a very low qain . 

The low gain is; a result of Rn over-estimation of b l or a.n'] 
-' . 
~nder-estimation of the other paraMet~rs. This is an ove~-

... 
reaction on the part of the ide~tification alqorithM to a 

~ ·previous under(over)-estimation which had,led to the control , ' 

saturation. The satùration/lnw-gain-recovcry phenomenon 
./ ~(JPt 0 '1 " 

ap~ears to. be a limit cycle of an'unstable alqorithm (for 

this model). The reason the pheno~enon can he recurrent is 

that little is learned about the plant duri~q th~ snturRtion 
& 

and the low gain recovery. Since the u{k) are small -]urinq 

"this period, their 'effect is largely buri~d by noise. The 
., .. .!l " 

- ... 
\ 

I~ 
\ .. 

/ 
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parameter identification during this time is th en incorrect 

or very slow. 

4.5 First Order Model 

A"first order model leads to an integrai controller •• 
~ 

- al Setting a 2 ~ a = 0, Equation 4.2 becomes !!J& z 
3 = -

y (z) b l z-l 

which is the trànsfer function of an integrator. 

The system, using the first order model, was 

surprisingly more stable than that using 'ihe second, and 

third order models. ~un 118 (Figure 4.28) was a high-noise 

rune The parameters converged but yie1ded 'a rather high gain. 
, -- :~ 

Run 119 (Figure 4.29) was a-low-noise rune The pa~ameters 

aiso converged and the control was as good as anl of the 

best in these experiments. For T ~ 14 seconds,'however, 

convergence and stability were difficult to obtain. 

" . 
4.6 Tests'on a Simulated Plant 

In view of the convergence difficulties 

apparent in the second and third order identifications, 
1 

further testing was performed using the ana109 computer~ 

The heat exchanger wad simulated on the analOg~puter 
according to the ,step re~pons~ m,o~~~ obta>ned in § 2·.5. 

The n~jse was not included in the simul~ion, sinGe it 

/' 

.. J 
.. 

'." 
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was hoped that something may be learned from the deter­

minis tic case that may have been pre~iously hidden in~ 
" 

the stochastic éase. A primary purpose of ,these tests 

was to verify that the programming-was er~or-free. 

The behaviour of thja program on the noi~e-f,ree 

simulated system was about the same as thal for the noisy 

real-life system: the first and fourth order identifi­• 
c~tions converged, and the ~econd dnd third o~rler 

identifications did not. The third order case had a 

strong tende~cy to saturate and ~her~fore terminate the 

identific'ati~n at a very early stage (even before a~y~ set-

point change was made). The ~econd or~er case wa~ more 

stable but still produced poor control anti divergent 

parameters. It was observed, however, that the divergeAt 

tendencies in the second order case occurred immediately 

at thë set-point changes. "That is, at each set-point 
ru 

change, the parameter values changed ~rastically but 

recovered at the next step to an only slightly-different 
;; 

set of va~ues. Ev~ntually, however, recovéry~became less 

complete and the parameters began to diverge. 

This behaviolH:' suggests that the programming ois 

not at fauIt, and that the di~ficulty may b~ eliminated 

by increasing the value of the noise parameter a~ This 

proved ~o be the case. It was round that smooth consistent 
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conv~rgence could not be obtained in the second order 

case for a ~uch 1e;s than about 6.5 volt2 . Similarly, 

for' the third order case, a had to be not less than about 

2' 13 volt .. Interestingly, in the third arder case, the 

identification degraded rnuch more rapidly with a reduction 

,of <X than in the second order case. In fact there appeared 

to ae a rather sharp border between convergence and 
o. 2 

,rlivergence, located· approxirnately. at, a = 13 r volt '. 

necreasing ~ from this
4
paint leads ta divergent-identi-

• .... ' ,/ t 

:fication.' Increasing a, on the othe~ hand, serves to slow 
" -. 
down th~ identification. ~This can be expected when no~ing 

that a appears in the denarninator of the eXEression for 

the gain factor ~~in ~uation 3.3. 

Models of first and fourth arder producéd no 

convergence difficulties. Consistent convergence in tnese 

cases was oqtained for a as lowas 2.5 x 10-5 volt2 . In 

the fourth order case, this value of a led to convergence 
. 

on th~ actual noisy heat exchanger.as well as the naiseless 
f -

simulation. Note tha~ the açtual tteat exchanger had a 
. 2 

noise variance of .025 val t . ~ 

Results are shown in Figures 4.31 to 4.3S. The 
" 

success. of these tests validates ,both the programming and 

_________ t~h~e~~a~l~g~~!ithrn._ However, it also raises the question of 
-" , ~ ,;:-

the significance of <x. This question is taken up ïn the 

next chapter. ~ J 

l'l. 

" 

" 
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CHAP'I'ER 5 

-- -------- - ---rC"(O"l1lNtfC"fL-;tU~SHI'f'lOtNN- ------_______ _ 

5.1 Summary 

The heat exchanger was viewed as a single-input­,. 
single-output §YStem. 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-line according to the 

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

input and output of the-mlnrmum variance 'regulator are zero. 

• 

Thus the input t~ the "regulator is required to be a tempera­

ture errO~Sign~and the regulator output must be inte­

grated to obtaï~' a set-point signal for the steam flow 

controller. Hence the plant is augmenteQlwithin the computer 
) 

program by àn integrator fOllowing the output of the regu-

lator. Ta' 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 estirnates. The, consequence of feedback is 
~ , 

non-identifiability beyond specification of a linear manifold 

on which the parameter estimates lie. Nevertheless, if the 

parameter estimates conv~rge, a unique minimum 1 varl.ance . 
., J 

'--",. 

'?' 
. 

~ 
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co'ntrollcr--ean be expected. 

For comparison purposes a model of the plnnt was 

ôbtained from a step response test. The model was valid 

only in a mid-témpera~ure region. The heat exchanqer 

The model was auqmented to include the digital integrator. 

A sampling intèrval of .7 minutes was chosen for ~ost of the 
1 

experiments so that aIl the parameters of the correct model 

would be significant. If not aIl the ~odel paraMeters ~erA 

significant,· then the order of the JTlodel would be incorrect. 
~------ - -------------------- --------

Àn autocorrclation of the steady-state temperature was 

performed in order to obtain a noise variance estiJTlate 

- required for'~he identification algorithme 
a 

Usinq a fourth order model, the least-squares. 
~ 

minimum variance control alqorithm produced a stable system 

and converginq parameter estimates. The value of the noise 

variance parameter ex did not appear to affect -the resul ts. 

In general, the pole at +1 due to the integrator and the pole 
". 

corresponding to the dominant time constant of the heat 

exchanqer were approximately correctly identjfied. AIse 

produced were a pair of complex poles that nearly cancelled 

a pair of complex zeros. This suqqerted that a second ordcr 

~odel w?ulct be more appropriate. (fxperiments with second 

order models did not substantiate this hypothesis howevcr.) 

In the fourth order experiment) the problem of non-

() 
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r -e------ ---;r"l.hdi'1.eO"i'ln .... t cij-if;..;jr--:a:.-lbh-l:+-· -l-l"'-ity-due tG-f.eedback di d not make i tself ___________ _ 

apparent. 

Experiments with lower-order mooèls met with 

- less success however. The parameter estimates made 'large 
,.. 

---------~e~x~c~1u~r~s+i~o~n~sr not always a]ong a linear manifold. Stability 

became sensitive to the value of a and to the starting 

valu: of bl' Models leading to PI and PID'controllers were 

even less successful. rij the case of the PID controller 

(third arder model) thr~ pales of"the plant are to be 

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

problem is that orily one zero should actually be a e 

origin and the second cannot be properly adjusted. The first 

order model praduced a simple integral controller. This 

turned out to have better stability and convergence 

properties th an obtained fram second and third arder madels. 

Further tests on an analog computer simulation 

of the heat.exchanger (~h no noise) showed that.the 
, "-

parameter a affécts the algo~it~m much more than was 
. '-" '"" 

previouslyapparent. The fir~t a~~,fourth o~der identi-..... , 

fications d6nverged for a widc range of a, in~vding 

extremely small _'uùllês _.-The second and thi-~order identi-
,--

fica~ons \lSO converged, but only for relatively l,arge 

values of Cl: 1 

Over4l1, the experiment is a successful 

} 
-----------------

.. 

J 



, 

u 

• 
-~--Aafl-pp-H eation--6J-th~ se 1 f4\ln ing-GOn-tr-Ol- -algor i thm. 

( 

The question remains, however, of why a was important 

" in the second and third order identifications, and 

unimportant-,in the first and fourth order identifications: 

5.2 Condl!\usion 
1 

\ 
\ 
jhe experiment has beên a successful application 

of the leas~-squares minimum-variance self-tuning control 
\ 
1 
1 

algorithm. On the whole, the result of the experiment 

is rèqarded èS è fur~tier recommendation of tbis algorithm 

for use in industry. It has shawn itself ta he a robust 

algorithm, especially if the model order is high enough. 

In aIl cases, the algorithm used no a priori knowledge 

~of'the parameters. AIso, parameter b l was not fixed. 

11hi5 opened the possibility of non-identifiability. Yet, 

for proper choices of a, the algorithm converged smoothly 

for âll the model orders from first to fourth. ~ Con­

vergence was nJ;'?,t slow ei ther, wi th rnoderately good control 

being obtained witnin 20 or 30 steps. ( 

o 

A question remains, however, on the surprising 

effect a hai on the algorithme Parame ter a is a noise 

variance parameter. Considering its location in the 

recursi ve, formula of Equa tian 3.3, Lt can be viewed ël$ a 
c. 

measure of the algarithm's irnrnunity to nais~. Giving a 
~ 

• 
. .,., 
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<­

large value to a makes the ~lgorithm more immune to 
i . 
nois~ hut slows down th~ convergence. Reducing a speeds 

up conye~gence (by increasing gain r) but thercb~ makes 
• 

the algorithm more susceptible to noise. ~t could be 

~, 

, , 

e*pected that too small- a---va-l-u~- for a would lead-....to-"'-____________ --1 

diverging identification. Presurnably, the best compromise 

is to set a equal to the-actual, plant noise variance. The 

question, then, is why does the fourth order identifica-
n 

tion converge in the stochastic environment of the heat 
\L 

,exchangér with a three orders of mag\itude less than 
• 

the actual measured noise; this while the second and third 

order identifications did not converge in the deterministic 

environment of the anafDg simulation until a corresponded 

to "an rms nOisbe value ck about one third of the entire 

output range. 

Since no such peculiarity is reported in the 

.experiences of [18, 191, it is possible that it is a 

result heré of the lack of the st~bilizing effect Qof 

fixing the value of blo In any case it is an interesting 
; 

question who se answer would probably be very instructive 

about the general behaviour of the algorithme It is 

suggested that further study of the algorithm, either 

experimental or theoretical,., :i,.n a deterministic environ-

ment may illumihate the natuJe of the effect of a. The 

{l', 
Ji 11. 
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~reason>for a deterministic study i~, that the least-
, ~ 0 ........ -~ 

squares identification scheme is essentially the solution 

of a, det~rmiAi$tiC optimIzat_ion probl~m. - If there is 

anything interesting about a of f~ndamental natur~ t9 
G 

~ ____________ ~h~A_~1Io~'4~~rn,~o'~N~~~R~lrQchast1c enYironment would tend to rnask 

it. 
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APPE~DIX. l 
a '\>. 

~ystem W~ring Di~grams ~~ 

The illustrations in ,this Appendix are interlded 

to provid~ roore detail o'f the water flow control and watcr 
, 

teMperature control systems t The rnai~ purposç of this i5 . ' 

to record the wiring of the heat-exchanger/computer-station 

link for p~rposes of future exp~irn~ntation. 

:- Fiqure la ShO"'S the water flgw control system. 

The arrows indicate the direction of fluid and current flow. 

TerminaIs U13, Ul4 and U~, UB are the in~ut/output terminaIs 

for direct digital controlo (PDC). These terp'!înals are 

d, 

132 

Il 

located on the upp~r patel of~te~minals at the heat exch~nger. 
By usin~ the table in Figùre ICi the correspondinq terminaIs 

p 

at the computer ,station can be round: 

Figure lb shows the wat~r tenperature control 

system. The cold and hot water temperatur~ siqnnls are 
a 

_~-""a~v~1tbl~ ?~_~erminals ~ U2 and U3, u4 r~~pe_~ti\Tely. The 

steam flow ~igna1 appears at UIl, U12. These siqnals -are 

10 to 50 roa currents and hence the terminal pairs ~ust close 

the circuit. They may be shGrted if' the, siqna1 is not beinq 
, 

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

resisto~ to produce a voltaqe siqnal. TerminaIs U15, u16 

provide a direct diqital\control signal which can be enqaqcd 

by settihg switch SNI. 
~ 

. " 

"1 



o 

• 

/' 

\~ 

) ... 
~witch SW2 is not shown here because it dq~s -

not presen~ly @~st ;~ ; piece of hardware. The system 
\.' 

is shown ''Ii th the anaieg temperature con,troiler feedincj , . . 
the set-point-signal te the SP terminaIs of the steam . . 

, flow controller. To effect the switch te computer set-
J ~ 

~oint contr~l, the temperatur~ contro11er output is 

disconnected. fram the f10w control 1er set-point and 
, 

terminnted.bya 100n r~sistor~ The set-point terminaIs 

of the flow control 1er are thep cennectcd to terminaIs 

US, U6 which carry the req~ired set-point signal from the 

computer station.' 
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TAilLE OF HEAT-EtCI!AI'lGEP./COl'PUTE -STATION TER"'INAL COmlEC'l'ION 

HEAT r ROOM 502 
EXCHANGER r1cCONNELL ENG. BLDG., __ _ _ __ 

PANEL TE RU I!lAL ~':RAPPER flIRE SIGN~ PANEL TE ruu NAL 
i # COLOUR COLOUP. . ~ ~ 

U 1 GREEN BDf\CK + CO o WATER D 3 
2 t'''HITE TEr ,PERATURE MEASURE11ENT 4 

U' 3 GREEN 

"1 
YELLON + HO WATER D 5 

4 BLACK 
. 

- TE .PERATURE HFASUREHEUT 6 

U 5 RED l RED + TE .PERATURE CnNTROLLER, D 7 
6 -- ---BL.1'.CK - SE -POINT COMIV'AND 8 

U 7 RED BLUE + TvA ER FLOtJ D 9 
8 'BLACK' -MF SURF.MEUT 10 

U 
., 

9 BLUF YELLOlV--- D Il 
10 RED 12 . ~ - U Il'' BLUE RED C ~. 

12 GREEN 2 
0 

U 13 BLUE tfflITE + ER FLOW COH~.AND C 3 
14 RED P.ECT DIGITAL CONTRC>L) 4 

U 15 BLUE BLUE ST ,AM FLOl'7 CO~.J'lAND C 5 ; 

~6 RED + (D C AT SNI) 6 
1 

/ 
L 1 BLUF. GREEN NOt USED C 7 

2 BI:ACK 
1 

8 

L 3 BLUE ORANGE USED C 9 
4 BLACK f- 10 

. L 5 BLUE BRm-;N USED C Il 
6 BLACK 12 
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Control program List'inq 

(In ssernbler Language [21,22]) 
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