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ABSTRACT 

The research reported in  th is  the s i s  d evelops s trategi e s  for 
apply ing self- tuning con trol theory to mu l t ivariable processes . 
Self- tuning control of  sc�lar  processes i s  now reasonably wel l 
establ i shed , and att�n tion i s  be i ng turned to the mul t iva riable 
problem , w i th its  a t tendant computat iona l burden to ove rcome , and 
add i t iona l cons iderat ions such as  interact ion and d e coupl i ng . 
This the s i s  sugges ts methods for deal i ng w i th these problems , and 
implements the controllers on one of the read i ly ava i lable desk­
top m ic rocomputer systems , provid ing a cheap yet effect ive 
contro l l er . 

The research  bu i l d s  on the work o f  C larke  and G awthrop [ 1 975 , 
1 979] on impl i c i t  c on tro l lers . The e xpl i c i t  schemes are d erived 
from con tro l lers d eveloped by We l l s tead and others [ 1 979 , ( a )  and 
( b )  J, 
[ 1 979 J 

u sing 
and 

the work on mu l t ivariable c ontrol lers by Bor i s son 
latt�rly Ko ivo [ 1 980] . The ful l  mu l t i  variable 

contro l l er  rel ies  on s tandard techn iques for pole  p lacement 
reported by Wolovi c h  [ 1 974 ] .  

The proposed contro llers remove interac tions between l oops , and 
other d i s turbances , and ensure that each l oop output  a t ta in s  the 
set-po int  requ i red for that loop .  In  part i cular ,  the expl i c i t  
pole-plac ing controller  requ i re s  a pole-plac ing calcu la t ion  for 
each loop , and  removes the i n te ra c t ions w i th a minimum-var iance-
l ike the resu l t ing c ontro l ler be ing modest  i n  
computat ional need s .  

A solut ion i s  a l so proposed for the ful l mu l t ivariable po l e­
placing problem , which al lows  a comparison to be made between the 
ful l  mul tivariable solut ion and the s impler  contro llers proposed . 
It is  found that the fu l l  mu l tivariable con trol ler  demands  more 
computat ion , but that the resu l t ing control may be no d i fferent 
from that a chieved w i th the s impler  contro ller .  
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The programs which  a re d escribed a re wri t ten in  Fortran , i n  the  
form of  subrout ines which  are d e s igned  for incorpora t ion i n to 
e x i s ting contro l program su i tes . A l ternat ively , they may be  run 
w i th a ded i ca ted superv i sory program to  hand le t iming , inpu t and  
ou tpu t ,  d i splay and s torage of  info rma t ion . The subrou tines  a re 
genera l  in  the i r  appl i c a t ion , and  the informat ion they need fo r 
any pa rt i cular process  may be establi shed interact ively us ing a n  
offl ine program . 

S imu lat ion resu l ts a re presented wh ich confirm the robus tness o f  
the pole  plac ing contro l ler , and i nd icate that the propose d  
techn iques may be used to  stab i l i se  and  con tro l  a w i d e  var i e ty o f  
processes; those which a re non-min imum phase , c erta in non- l inea r 
or  unstable processe s . On-l ine con t ro l  of  a comme rcial  heat  
exchanger process i s  reported , the p rocess be i ng s im i lar  to  
others which have been reported , thus provid i ng a po int  o f  
compari son o f  se lf- tun ing contro l  w ith o ther techn iques . The 
process is  mul t ivariabl e . Good contro l  is achieved , part i cu l a rly 
in  the face of perturbat i ons to the p rocess which resul t i n  
changes to the parameters o f  the mode l  d escribing the proce s s  
behaviour , cond i tions under which some o ther con t rol lers may n o t  
b e  su i table . 

Th is  research has contr ibu ted techn iques which may be appl i e d  
successfu l ly t o  mu l t ivariable  s e lf- tun ing cont rol . Effi c ient  
programs have been wri t ten which  implement the con tro l l e rs on a 
mi crocomputer . Sugge s t i ons for future work include the 
d evelopment of a program genera tor whic h  w i ll al low more compac t  
code  to be d eveloped , d ed i ca ted to a particular process , and  
which  w i l l  execute more qu ick ly . S tra tegies wh ich t·e tter enabl e  
s e lf- tuning cont rol lers to d ea l  w i th non-l inear processes  a re 
a lso of  interest . 
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NOTATION 

Bo l d fa ce l e t te r s  a re u sed  to  repre s e n t  polyno m i a l s ,  po lynomial 
matr i ces  or  matri ces. A polyno m i a l  i s  an express i on i n  the back­
ward s h i f t  operator  q- 1 • Thu s :  

a q-nA 
nA 

nA i s  d e f i n e d  t o  be the  o rd e r  o f  the  p o l yn o m i a l  A. Po lyno m i a l s 
ope rate on process variable s  so  tha t :  

y i s  o n l y  d e f i n e d  a t  d i s c r e t e  t i m e i n s tan t s ,  y ( t )  b e i ng t h e  
( s a m p l e d )  va l u e  o f  y a t  the  prese n t  t i m e . y ( t- 1 ) ,  y ( t - 2 )  . •  
represent values o f  y a t  prev i ous sam pl i ng i nstants. The sampl ing  
i n te�ya l  i s  not  expl i c i t ly s ta ted. The  dependence of  a polynom i al 
on q w i l l  be  om i t ted for brev i ty unless  ambi gu i ty resu l t s . 

A polynomia l  matri x may be represen ted equ iva lently by : 

B = B + B - 1  B -nB 0 1 q + • • • + nBq 

where tne Bi Bre m x p ma tri ces , or by : l �� � B1 2  :��J B 
Bm1 mp 

where the Bi j  a re scalar polynom ia ls  o f  order  nB . 

The  s c�f a r  quan t i ty A ( 1 ) i s  the  v a l u e  o f  polyno m i a l  A e v a l u a t e d  
w i th q = 1 . 

P r o c e s s e s  m ay b e  repre s e n t e d  i n  A u to R egress ive Movi ng Average 
(ARMA ) form by : 

Ay ( t )  = q- kBu ( t )  + q-kDv ( t )  + Ce ( t ) + d 

A ,  B ,  C a n d  D a r e  po l y n o m i a l s  ( o r  po l y n o m i a l  m a t r i c e s )  
repre sen t ing a s calar  (or a mul t i  vari able)  process. The process 
t i m e d e l ay k i s  e x p re s s e d  as a w ho l e  numbe r of sa mpl i ng 
i n terval s. y( t) i s  the process output ,  u ( t) the contro l l ed input, 
v( t)  a m easured d isturbance and e ( t) a w h i te no i se sequence. d i s• 
an o ffset .  

y(t \ t-k) is the predicted value of y at time t, given information up to 

and including time t-k. 
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Chapter 1 

LITERATURE SURVEY 

1 . 0  INTRODUCTION 

The se l f-tuning pri ncipl e and the present  form of  the se l f- tun ing 
regu l a tor and control l e r  may be a t tributed to  Astrom and 
Wit te nmark [ 1 973 ] . The idea of a se l f- tuning control  system was 
however proposed by Kalman [ 1 958] and Pe terka [ 1 970] . 

1 . 1 SELF-TUNING  REGULATOR BASED ON M I N IMUM VAR I ANCE CONTROL 

The se lf-tuning regulator  was developed  for systems with constant 
but unknown parame ters , and comb i n ed a recursive pa rameter 
estimation scheme with a suitable c ontrol d esign procedure . 
Astrom and Wittenmark [ 1 973 ]  used a least squares estimator  and a 
minimum variance  contro l  law .  I f  the parameter estima tes 
converged , and if  weak assumptions were  made about the system tc 
be contro l l ed , it was shown tha t the control  cal cu la ted 
recursively from the estimated bi assed parameters woul d  converge 
to the control  law which could  be  calculated from a ful l  
knowledge o f  the system parameters. T he feedback regulator  was 
thus disturbance  rej ec ting . The deve l opment of  the sel f- tuning 
regu l a tor [ Astrom_and Wittenmark , 1 973 ] , re lied on an earlier 
exposition o f  stochastic control theory [ Astrom , 1 970] . T his 
theory has been used to d esign regu l a tors for the steady state 
control  of  indust rial processes and establishes the notation and 
fundamental  mod e l  structure which is used for developing the 
sel f-tuning procedures . I t  is instru ctive to examine Astrom ' s 
development of  t he sel f- tuning regulator . 

Astrom and Wit tenrnark ' s [ 1 973 ] d eve lopment has established a 
pa t te rn of analysis which is adhered to throughout the 



2 
l i tera ture. E s sen tially ,  re sul ts a re d erived fi rst  for system s 

w i t h  k n o w n  p a ra m e t e rs .  T h e s e resul t s  a re comb i ned w i t h a n  

est i m a t i o n  sche m e  t o  give a s e l f- tun ing dev i c e ,  w hose prope r t i e s  

i n  t h e  p r e s e n c e  o f  n o i s e h a v e  then  t o  be  e x am i n e d .  T h i s  b a s i c  

i d e a  h a s  b e e n  c a l l e d c e r t a i n ty e qu i v a l e n c e , i . e .  t h e  u s e o f  a 

c on t r o l  l a w  f o r  k n own pa r a m e t e r s ,  w h ich a re t h e n  re p l a c e d  by 
� 

the i r  e s t i mates [ Ega rdt ,  1 978] . 

1 • 1 • 1 The  CARMA model . 

T he n o t a t i o n  h a s  b e en d e s c r i b e d  e a r l i e r. In pa r t i cul a r  t h e  - 1 depend ence of the po l yno m i a l s  on q w i l l  b e  o m i tted  fo r the sake 

o f  c l a r i ty except w here this  become s am b igu ous. The descript i on 

given here re l i es  on [ Astro m , 1 970] , bu t a l so d ra w s  on [ Astrom , 

1 977 ] . 
T he s i ng l e-i npu t-s ingl e- o u t p u t ca s e  w i l l  be c o n s i d e r e d . The 

c on t ro l l e d a u t o-re g re s s i v e  m o v i ng a v e r age m o d e l  i s  so  c a lle d 

because w i thout the control  s i gnal the model  i s  i d en t ical to the 

ARM A  process w hich is commonly  used i n  t i m e  series  ana lys i s  [ Box 

a n d  J e n k i n s ,  1 9 7 0] . T h e  m o d e l  i s  l i n e a r ,  a n d  usin g t h e 

supe rpo s i t i o n  p r i n cipl e  t h e  pro c e s s  i s  c h a ra c t e r i s e d  by tw o 

ter m s ,  the first  d escribing t he process dyna m ics  in response to a 

con tro l input u( t ) , w h i le the second gives the response to e ( t ) , 

a sequence of  independent n o r m a l  random var i able s. 

y ( t ) ( B1/A1 ]u ( t-k ) + ( C1/A2) e ( t ) . . • .  ( 1 . 1 ) 
The mod e l  can be 8implified  t o  tha t used by A s trom and Witten m a rk 

[ 1 9 7 3] by i n t r o duc i ng A =  A1A2 , B = B1A2 , a n d  C = C 1 A 1 : 

Ay ( t ) Bu ( t-k ) + Ce ( t ) • . • •  ( 1 .2 ) 
I t  i s  a l w ays possible  to  assume  that the  polynom ial  C has  a l l  i ts 



3 
z e r o s  in sid e t h e  uni t c i r c l e  [ A s t ro m , 1 97 7] . I f  a mini m u m  

variance contro l  s tra tegy i s  t o  b e  used , i t  i s  a l so necessary to 

assum e tha t the system is minimum phase (i.e. that the zeros o f  B 
lie insid e the unit circle) . Fur ther assum ptions a re that a bound 

can b e  give n  to t h e  o rd e r  o f  t h e  s y s t e m  and  t h a t  t h e  tim e d e l a y 

i s  kn o w n . The tim e d e l a y  i� c h a ra c t e ri s e d  b y  k w hi c h  i s  t h e  

in tegra l par t  o f  T/h w here T is  the t rue tim e  d elay and h i s  the 

sam pling in terval . 

1 . 1 .2 O ptimal predic tion and minimum varianc e  c ontrol  

Minimum va riance control  minimises the variance o f  the  pro c e s s  

output  in  t h e  p re s e n c e  o f  p ro c e s s  n oise , a c hie ving thi s  b y  

c h o o sing  t h e  c on t r o l  v a riab l e  s o  tha t the  o u t pu t  o f  the  k-s t e p  

predictor  coincides with the d esired output value. T he re sult is 

giv e n  in  t h e  s e p a r a tion  t he o re m  [ A s t r o m , 1970] . T h e  k-s t e p  

optima l  predic tor minimises the va riance  o f  the p redic tion e rror 

in s teady  s tate.  The analysis given below fol low s that of  Astrom  

[ 1 970] and puts :  

. . . .  ( 1 . 3 )  
w h e re t h e  p o lyno m i a l G i s  o f  o rd e r  n - 1  a n d  J' i s  o f  o r d e r  k- 1 .  
U sing ( 1 .2 )  a n d  ( 1 . 3 ) :  

y ( t ) =-J'e ( t ) + [ BF/C]u ( t-k ) + [ G/C ] y ( t-k ) 
= Fe ( t ) + y ( t : t-k ) • . • •  ( 1 . 4 ) 

It i s  n o w  p o s sib l e  t o  d e fin e a c o n t ro l  l a w  g o v e rning t h e  

behaviour  o f  u ( t ) , suc h tna t t h e  v a ri a n c e  o f  t h e  ou tput i s  a s  

s ma l l  a s  possible. T his  is give n  by: 

BFu ( t ) + Gy( t ) 0 • . . •  ( 1 . 5 )  
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1 . 1 . 3 Sel f-tuning  

T he s e l f-tun i n g  r e gul a t o r  wa s d e s i gn e d  ba s e d  on  a c e r ta i n t y-

e qu i v a l e n c e  a rgum e n t .  T h e  m,o d e l  o f  t h e  p r o c e s s  a n d  i t s  

env i ronment i s  esti mated re curs ive l y  and the control  d e term ined 

a s  if t h e  e s t i m a t e d  m o d e l  w a s  t h e  t rue m o d e l . C o n s i d e r  t h e  

s pe c i a l  c a s e  w h e re C=1 . F o r  t h i s  c a s e , the  p a ra m e t e rs o f  t he 

m o d e l  ( 1 . 2 ) m ay be  e x p l i c i t l y  d e t e r m in e d  b y  a l e a s t  squ a r e s  

a l g o r i t h m , a n d  a f e e d b a ck c o n t ro l  l a w  appl i e d .  A s t ro m  [ 1 97 3 ] 
s h o w e d  t ha t  i t  i s  i n  g e n e r a l  n o t po s s i b l e  t o  e s t i m a t e a l l  t h e  

para mete rs o f  the m o d e l  w he n  the input is generated  b y  a feedback 

con trol  law and one of the pa ra m e te rs is fixed to overcome this  

p o s s i bl e  d i ffi cul ty. 

I t  i s  n o w  n e c e s s a r y  t o  r e m o v e  t h e  a s s u m p t i o n t h a t  C= 1 ,  

intr oduc ing a d i sturbance-reje c t in g  con t ro l l er. Use o f  the model  

equ a tion ( 1 . 4 ) resul ts in the  sys t e m  de scription : ·  

y ( t ) A "y ( t-k ) + B"u ( t-k ) + e' ( t ) . • • •  ( 1 . 6 ) 

w h e re A" i s  o f  o r d e r  nA- 1 a n d  B' i s  o f  o rd e r  n B+k-1 . The  

d i s turba n c e  e ' ( t ) is  a m o v i ng a v e r a g e  of  o r d e r  k o f  the  d r i v i n g  

n o i se e ( t ) . The mini mum va riance s trategy i s  then s imply:  

A "y ( t ) +_ B"u ( t ) 0 • • • •  ( 1 . 7 ) 

T h e  n o t a t i o n  o f  A s t ro m  a n d  W i t t e n m a rk [ 1 97 3 ] h a s  b e e n  c h a n g e d  

s l i ghtly to a l low t h e  use o f  t h e  backw a rd shift  o pe ra tor. A least  

squa res me thod may s t i l l  be  used  t o  identify the m o de l ,  al though 

k m o r e  pa r a m e te r s  h a v e  t o  b e  e s t i m a te d .  I f  t h e s e  p a ra m e t e r  

e s t i ma tes c onverge then the correspond ing regul a to r  w i l l  converge 

to a m in imum variance regula to r. The theorem s es tabl ishing this 

s e l f- tun ing property a re g iven in [ A strom and W i t tenmark,  1 973 ] . 



5 

1 . 1 . 4  Mu l t ivariabl e sel f-tuning  regu la tors 

The m i n i mum v a r i a n c e  s e l f- t u n i n g  regu la tor described  above has 

b e e n  e x t en d e d  to d e a l  w i t h  a c l a s s  o f  mu l t i v a r i a b l e  systems 

[Bori sson , 1 979]. The process is  requ i red to  have a s  many inpu ts 

as o u t pu t s ,  to h a v e  a mi n i mum pha se p r o pe r t y ,  a n d  to have  a n  

impu l s e  re spon s e  s t a r t i n g  w i t h  a n o n-s i n gu l a r  ma t r i x. The 

devel opme n t  is exac tly the same as in the sca lar case , w i th the 

change that po lynomial mat r i c e s  replace a l l  the polyn omia l s  used 

s o  fa r ,  a n d  the v a r i a b l e s  b e c ome v e c t o r  q u a n t i t i e s . V a r i o u s 

ma t r i x  r e l a t i o n s h i ps  have  t o  b e  d e f i n e d  to o v e r c o me p o s s i b l e  

d i f f i cu l t i e s  i n  t he ma n i pu l a t i o n  o f  t h e  e q u a t i o n s . Th e mo s t  

important  o f  these concern the k-s tep predictor. The process i s  

given by: 

Ay( t ) Bu ( t-k) + Ce ( t ) . . . •  ( 1 .8 ) 
Introduc i n g: 

c . • . •  ( 1 . 9 )  
and a l so  the mat r i ces  F and G g i ven by: 

F'G G'F . . . •  ( 1 . 1 0) 

then C' may be d e f ined us ing a n  ana l ogue of equa t ion ( 1 . 9 ) i . e .  
-k 

C' = AF' + q G' whi ch w i th equat ion ( 1 . 1 0) g ives F'C = C'F, and 

thes e, w i th equations  ( 1 . 8 ) - ( 1 . 1 0) g ive , wi th man ipu l a t i on :  

- 1  
y ( t )  = C' (F'Bu ( t-k) + G'y ( t-k) ) + Fe ( t )  . . . .  ( 1 . 1 1 ) 

Equ a t i on ( 1 .1 1 )  serves to define  y( t : t-k) , and sho w s  the no ise  to 

be a mov ing average of  o rd e r  k, uncorrela ted w ith u and y at t ime 

t-k o r  e a rl i e r. I n  s e l f - tu n i n g ,  t h e  a l go r i thm e s t i ma t e s  t h e  

parame t e rs o f  the model: 
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y ( t ) A•y ( t-k) + :B'u ( t-k ) + e ' ( t ) . . . . .  ( 1 . 1 2 )  
and the con t rol i s  compu ted fro m :  

A'y ( t ) + B'u ( t ) 0 . . . .  ( 1 . 1 3 ) 
B o r i s s o n  [ 1 9 7 9] p o i n t s  o u t t h a t  i f  B0 i s  n o n -s i n g u l a r , 

t ransformin g  the sys tem equa tion ( 1 .8) so that u' ( t )=:B0u ( t ) w ill 

mean tha t each loop  w ill have one d o m inant cont rol s i gnal w hi c h  

w ill influence  i t  before o ther control signals fro m  o ther loops. 

Ea c h  lo o p  m ay be c o n s i d e r e d  a s  a s c ala r c a s e  w i t h f e e d -f o r w ar d  

d is tu rbanc e s  from o ther loops. 

1 .2 IMPLIC IT OPTIMAL SELF-TUNING CONTROLLERS 

Thi s  class o f  self-tuni ng con t roller was  described by Clarke and 

Gaw throp [ 1 975] . The possibili ty of opt i mally follow ing s e t- point 

c hange s w as i n t ro d u c e d ,  and  i n  p a r t i cular  a c o s t  w a s  pla c e d  o n  

e x c e s s i v e c o n t ro l  a c t i on , w hi c h  i s  a p roble m a s s o c ia t e d  w i th 

m in i m u m  v a r i an c e  c o n trolle r s  a t  c e r t a i n  s a m pl i n g  r a t e s. A 

c on t ro l  c o s t i n g ,  i n  ad d i t i o n  t o  t he c o s t  o f  va r i a t i on i n  t h e  

o u t p u t  v a r i able , i n t r o d u c e d  c o n c e p t s  o f  o p t i m a l  c o n t r o l .  T h i s  

e x t e n d e d  t h e  l i m i t e d  m in i m u m  c o n t rol obje c t i v e  o f  A s t rom and 

W it tenmark [ 1 973] , and at the same time dealt with proble m s  of 

non- m in i mu m  phase sy s t e m s ,  w h i c h  w e re excluded  from con s i d e ra t ion 

u nd e r  the e arli e r  m e t ho d .  The n e c e s s a ry a-p r i o r i  ch o i c e  o f  o n e  

sys te m  param eter w as also seen a s  detracting sli gh tly from the 

self-tuning philosophy. Once again the ir  controller dealt only 

w i t h  s i n g l e -i n pu t-s i n gle-o u t p u  t sy s tems. A later paper [ Clarke 

and Gaw thro p ,  1 979] summarised  and e xpanded earlier w o rk. 
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1 . 2 . 1  Pred i c t ion  and control w i th known parame ters 

The process i s  d escribed by the e quat ion :  

Ay ( t ) Bu ( t-k) + d '  + Ce ( t ) . . . •  ( 1 . 1 4) 
This  i s  the same  as equat i on ( 1 .2 ) w i th th� add i ti on of  the term 
d ' , w hich  gives  the output of  the sys tem in  the  absence of  any 
inputs  or n o i se. I t  is thus a t ru e  offset. I ts introduc t ion is of 
prac t i ca l  s ignificance in the c ase  where transducer o ffse ts have 
to b e  d ea l t  w i th.  T he c o s t  fun c t i on to be  m in i m i sed  i s  a 
quadra tic  one-s tep cri terion:  

I =  E{ (Py ( t ) -Rw( t-k) ) 2 + ( Q " u ( t-k ) ) 2j . . . •  ( 1 . 1 5 ) 

The control s ignal has to be ca lculated  from a considerc i on o f  
t h i s  c o s t  funct i on ,  w h i c h  of course i s  imposs ibl e t o  cal cula te a t  
the  t i m e .  The  c ontro l  s i gn a l has  t o  be  the  b e s t t hat  c an be  
a pp l i ed i n  an  u n c e r t a i n  s i tu a t i on w i th the  p ro c e s s  subje c t  to  
d i s t u rb a n c e s . A s  w i t h  t h e  s e l f - t u n i n g  r e gu l a t o r ,  t h e  
incorporat i on o f  a k-s tep pred i c tor gives a d i s turbance rejec t ing 
control ler ,  al though in  this  c ase  i t  i s  the cost  func t i on params 
that must be pre d icted. Uncertainty i s  due to uncerta inty about 
the pro c e s s  o u tpu t .  Equ a t i o n s  ( 1 .3 )  and ( 1 .4 ) d e s c r i b e  t h e  
behaviour o f  the k-s tep pred ic tor. The pred i c t ion e rror Fe ( t) i s  
a m ov ing  a v e rage  o f  o rd e r  k ,  w h i c h  i s  uncorre l a t e d  w i th y ( t - k )  
a nd u ( t-k ) a t  o r  e a rl i e r  t h a n  t i m e  t-k .  S o  i t  i s  po s s1b l e  to 
wri te : 

I (Py( t l t-k ) -Rw( t-k ) ] 2 
+ (Q " u ( t-k) ] 2 + E{(Pe(t ) ] 2j 

. . .. ( 1. 16 )  
The problem h a s  thus been reduced t o  a determ ini s t i c  opti m i sa t ion 
prob l e m  w h i c h  m ay be  s o l ve d  [ C l a rk e  and G a w t h ro p ,  1 9 7 5 ] ,  by 
d ifferentia t ion. 
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Fo l low ing the above analys i s ,  i t  becom es  exped ient to introduce 
an aux i l i ary funct ion described  by : 

0 ( t )  Py ( t )  + Qu ( t-k )  - Rw ( t-k ) 0 ( tit-k)  + s_ ( t )  
. . . .  ( 1 . 1 7 ) 

whe re Q=�'Q "/b0. The pred i c t ion of  th i s  fun ct ion depend s on the 
pred ict ion of  y :  

0 ( tit-k ) = Py ( tit-k )  + Qu ( t-k )  - Rw( t-k ) . . . .  ( 1 . 1 8 ) 

and i t  can be shown tha t the c r i terion i s  min imised  i f :  

0 ( tit-k )  0 . . . .  ( 1 . 1 9 ) 

I t  i s  po s s i b l e  t o  c o m p l e t e  th i s  a n a ly s i s  by sub s t i tu t ing  t h e  
p r e dic t o r  o f  ( 1 . 4 )  int o ( 1 . 1 8 ) ,  b u t  i t  w i l l  p r o v e  m o r e 
instructive to fo l low All id ina and Hughes [ 1 979] , and re turn to 
the process d escript ion ( 1  . 1 4 ) : 

Py ( t )  = ! PB/A}q-ku ( t )  + ! PC/A}e ( t ) + ! P/A}d ' . • . •  ( 1 • 20) 

The  e ffe c t  o f  t h e  d i s tu rba n c e  s eque n c e  ! e} h a s  t o  be d e a l t  w i t h  
so this i s  separated into two  sequence s ,  one rel a t ing to fu tu re 
d i s turbances  about w hich no thing can be done , and one rela ting to 
present and past d i s turbances. 

! PC/A} • . . .  ( 1 . 2 1 ) 

U s e  o f  equ a t i o n  ( 1 .2 1 ) w i l l  g i v e  a d e tuned  fo r m  o f  the  o p t i m a l  
p r e d i c t o r .  E q u a t i o n s  ( 1 . 1 7 ) ,  ( 1 . 1 4 ) ,  ( 1 . 1 9 ) a n d  ( 1 . 2 1 ) a r e 
combined to  give : 

0 ( t )  = :re ( t )  + ! :r/c}d ' + ! B:r/c}u ( t-k)  + ! c/c}y ( t-k)  
+ Qu( t-k)  - Rw ( t-k ) • • • •  ( 1 . 22 ) 
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Equat ion ( 1 . 1 9 )  gives  the control  s ignal which m in i m i ses  the cost  
fun c t i o n .  W r i t i n g  d =F ( 1 ) d ' : 

u ( t ) (BCw ( t )  - Gy ( t ) - d}/(BF + CQ} • • • • ( 1 • 23 ) 

or : 

u ( t )  = ! Bw( t ) - �y( t+k l t ) - d}/Q 

0y ( t+k l k ) = ! BF/C}u ( t-k )  + ! c/c}y ( t-k ) . . . .  ( 1 . 24 )  

T h e  r epre sen ta t i on o f  ( 1 . 2 4 )  w a s  u se d  by C l a rk e  and  Ga w t hrop  
[ 1 979 ] ,  who explo red various poss ibi l i t i es arising fro m i t ,  wh i c h  
h ighl igh t  the effec t  tha t Q h a s  in  redu c i ng the e x cu rsions o f  the 
c on t ro l  s igna l .  T h ey po i n te d  o u t  t ha t i f  the  fo rm o f  ( 1 . 2 4 )  i s  
u se d , Q m ay be va r i e d  on- l i n e  w i t hou t c hang ing a ny o f  the  o t h e r  
contro l ler  parame ters. 

1 . 2 . 2  Self  tuning 

E qu a t i on ( 1 . 2 2 )  i s  an e x p re s s i on for  the pred i c t i on o f  t h e  c o s t  
function which  incorporates the u nk n o w n  pro c e s s para m e te r s  a n d  
may b e  re-expressed a s :  

c0 (  t+k: t )  Cy( t ) + Hu ( t )  + Ew( t ) + off set . . . •  ( 1 . 25 ) 

T h i s g i v e s  an e x p re s s i on w h i c h m u s t  be s o lve d  a t  e a c h  s t e p  fo r 
t h e  c on t ro l  s i gna l  u ( t )  ( e q u a t i on 1 . 1 6 ) .  T he e x t ens i on  t o  the  
sel f-tun ing case u ses the certa inty- equ iva l e n c e  p r in c i p l e .  T h e  
unkno w n  pa ra m e t e rs a re n o w  C, H ,  a n d  E w h i c h  m u s t  n o w  be 
recursi vely es ti m a ted. I f  C=1 , ( 1 . 1 8 )  and ( 1 .2 1 ) give: 

� ( t+k )  = IT ( t ) 9 + e' ( t+ k )  . • . •  ( 1 . 26 )  
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Whe re 9 is  a vec tor containing the unknow n  parame te rs , and X i s  a 
v e c t o r  c o n taining  t h e  k n o w n  fun c t i on s  o f  t i m e . 0 ( t+ k )  i s  k n o w n  
from equa tion ( 1 . 1 7 ) . I n  the m ore genera l  case w hen C i s  a po lynom i a l: 

0 (  t+ k )  xT ( t )9 + e' ( t+ k )  + ( 1 -C ) 0 ( t+ k l t )  • • • •  ( 1 • 27 ) 

The contro l law s e t s  0 ( t+k l t ) =O at  each step , and a ssuming tha t 
t h e  p a ra m e t e rs c o n v e rge , t h ey w i l l  c o n v e rge  t o  the  t rue v a l u e s  
required to give t h e  optimal contro l  law . 

E qua t i on ( 1 . 2 5 )  m ak e s  obvious  the  require m en t  tha t C have  a l l  
z e ro s  in s i d e  t h e  u n i t  dis c ,  a s  e a r l y  in c o r re c t  val u e s  o f  
0 ( t+ k l k ) should d ecay i f  con t rol  i s  to conve rge. 

C l arke and Gaw throp [ 1 979]  present an a l ternative procedure for 
s e l f- tuning w h i c h  h a s  v a riou s u se fu l  m e ri t s . T he 0/ t+ k l t )  o f  
equa t i on ( 1 .24 ) is e s timated. T h e  fo llo wing equ a t i on s  e s ta b l i s h 
the parame ter estima t ion scheme : 

Py ( t )  

Gy( t-k ) + B:Fu ( t-k) - Ec- 0  ( t- i l t-k- i )  l y 

• • • •  ( 1  . 2 8 )  

W hi l e  t h e  'iy for  i n c l u s ion  i n  X is  n o t  known , a v a l u e  fo r i t  

may be calculated a t  each step from the u pda ted e s t i mates  and the 
p r e v i o u s  X v e c to r ,  a n d  inc l u d e d  as though t he predic t i on e r ror  
w e re w h i t e .  S u ch  an  a pproa c h  is  c o m m o n  t o  m any l ea s t  s q ua r e s  
procedure s ,  ( see for example Panuska [ 1 980] ). The con trol s ignal  
is  calculated using equation ( 1 .24 ) . 
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I t  has  been noted that  equation ( 1 .28) i s  a self- tuning pred ictor  
of  the  s equence �Y' and as  such  is  d ivorced from the contro l l aw 

u s e d  t o  g en e ra t e  u ( t ) ,  w h i c h  m ay be l in e a r  o r  non- l inea r . Th i s  
has  a n u m b e r  o f  p r a c t i c a l  i m pl i c a t i on s .  B e c au se the re i s  n o  
expectat ion placed o n  u ( t) t o  ensure convergence ,  constra ints  m ay 
b e  p l a c e d on  c0n t r o l  s i gn a l  a m p l i t u d e ,  o r  l ea s t  s q u a r e s  
e s t i m a t i on may b e  s ta r ted  u n d e r  m anu a l  c on t ro l  o r  ., s ing  s o m e  
o th e r  c o n t rol le r ,  a n d  t h e  s e l f- t u n i ng l o o p  o n ly c l o sed  w h e n  
parameters have converged a n d  i t  i s  appa ren t  t ha t  s a t i s fa c t o ry 
control m ay be achie ved. 

G aw throp  [ 1 977 ] e x t en d s t h e  c o s t  fun c t ion t o  i n c l u d e  ra t i ona l 

tra n s fe r  func t i o n  t e r m s ,  w he re before  po lyno m i a l  t e r m s  w e re 
requ ired , which enables  in the first instanc e ,  prefi ltering o f  
the se t poin t. M o re i m portantly how ever , i t  offers a m e thod for 
provi d i ng model refe rence adapt ive control , inviting compari sons 
w i th schemes proposed  for example by Landau [ 1 979] . A point w h i c h  
e m e rges  h e re i s  t h e  n e c e s s i ty to  c a n c e l  sy s t e m  z e ro s  w i th 
control le r  poles in  MRA C  schemes ,  precluding once again  control  
of sy s t e m s  w i th  z e r o s  i n  the  u n s tab l e  r eg ion , o r  g i v ing  r i se t o  
unacceptable intersa m pl e  behaviour. 

A c o m p a r i son  w i t h  t h e  S m i th Pred i c to r  [ S m i th ,  1 9 5 9 ]  i s  a l s o 
pre s en t e d  by Ga w th r o p  [ 1 9 7 7 ]  fo r t h e  spec i a l  c a s e  w he re P=R= 1 .  
The comparison is  invi ted by the least squares pred ic t ion o f  the 
ou tpu t pe rformed  by t h e  k - s t e p  pred i c to r. The u s e  o f  a s e l f ­
tuning controller t o  overcome the dead t i m e  removes some o f  the 
object ions assoc iated  w i th the Sm i th Pred ictor ,  particularly i t s  
requ i re m e n t  f o r  a p a ra l l e l  sy s t e m  m od e l ,  w h i c h  p re c l u d e s  i t s 
appl icat ion to open l oop  unstable processe s ,  and i ts sens i t iv i ty 
t o  sys t e m  param e t e r  d r i ft .  T h i s  l a s t a d van t age  o f  s e l f- tu n ing  
systems  is  of  course one  of the  major  motivat ions for the i r  use 
general ly . 
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1 . 2 . 3  C losed l oop  beha v i our 

The certainty-equi va l en c e  approac h  m akes i t  possible  to exa m ine 

the b eha v i our o f  t h e  e n t i re c l o se d  l o o p  sy s t e m  w h en t h e  

c ontro l l e r  i s  inc lud ed i n  the l oo p ,  a ssuming that the para m e te rs 
� 

b e i n g  e s t i m a t e d  h a v e  c o n v e rge d t o  t h e i r  f i na l v a lu e s .  T h i s  

t echni que may b e  used t o  analyse the response o f  the con tro l led  

sy s t e m  t o  d i s tu r ba n c e s  a n d  s e t  p o i n t  change s ,  and a l s o f o r  

c l a s s i c a l  ana l y s i s  o f  t h e c l o s e d  l o o p  t ra n s fe r  f u n c t i o n  f o r  

s e n s i t i v i ty resu l t s  a n d  s ta b i l i ty m a r g i n s . T h e  c l o s e d  l o o p  

trans fe r  functions a re d erived by combin ing equations ( 1 .23 )  and 

( 1 . 1 4) , i gnor ing the steady offs e t  value : 

( BP + AQ ] y ( t ) 
! BP + AQ ] u( t ) 

BRw ( t-k) + ! BF + QC ] e ( t ) 
Aw ( t ) - J'e ( t ) . . • •  (1 . 29 )  

Most sy s tems to b e  c o n t r o l l ed a re cont inuous , and analy s i s  o f  the 

underly ing continuous sys tem behaviour is  im por tan t. 

T he c l o s e d  l o o p  t r a n s f e r  fun c t i on c a n  be  u s e d  t o  e n sure t h e  

c orrec t  s teady s t a t e  behaviour o f  t h e  con trol l e d  sys tem  [ All idina 

a n d H u g h e s ,  1 9 7 9], [ H e s ke t h ,  1 980] . I f  t h e  s t e a d y  s ta t e  

re l a t i o n s h i p  be t w e e n  t h e  s e t  p o i n t  a n d  t h e  p ro c e s s  o u t p u t  i s  

considered , and a ssum in g  the noise  d isturbance has zero mean (no 

offset) equat ion ( 1 .29 )  can be re-writ ten i n  terms of  e s t i mated  

parameters using the rel a tionships B= (H-QC )/J' ,  A= (PC-q -kG) /J' to 

give : 

(PH-q-kQG)y ( t ) R ( H-QC )w ( t-k) + e ' ( t ) • • • •  ( 1 • 30 ) 
U s i n g  a s tand a r d  r e su l t ,  t h e  s t e a d y  s t a t e  re l a t i on sh i p  i s  

obtained by evalua t ing ( 1 .30) w i th q=1 . Correc t  s teady s t a t e  set  

po i n t  a t t a i n m e n t c a n  be  e n s u r e d  by a ppro p r i a t e  c h o i c e  o f  R( 1 ), 
a nd h e n c e  R. R c an b e  a d ju s t e d  o n-l i n e  i f  c a r e  i s  taken t o  a l s o 

a dju s t  t he a s s o c i a t e d  e s t i m a t e d  po l y no m i a l  E=-RC t o  m a i n t a i n 

convergence of  the e s t imated parameters . 
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1 . 2 . 4 Mu l t ivariab l e  se l f- tu n ing cont ro l l e r  

T h e  m e t h o d s o f  B o r i s s o n  [ 1 9 7 9 ]  h a v e  b e e n  a p p l i e d  t o  t h e  s e l f­

tuni n g  c o nt r o l l e r  t o  e x t e nd i t  t o  the mul t i  va r i a b l e  c a s e  

[ H e s ke t h , 1 980 ] , [ K o i vo ,  1 980 ] .  A s  i n  s e c t i o n 1 . 1 . 4 ,  t h i s  

e x t e n s i o n  c a n  b e  ma d e  d e pe n d ent o n  t h e  re-s t a t i ng o f  e q u a t i o ns 

w i t h  p o l y no m i a l  ma t r i c e s  r e p l a c i ng the polyno m i a l s ,  a nd w i th 

ve c t o r s  r e p l a c i ng s c a l a r s [ Ko i v o , 1 980 ] .  I n  t h i s  w ay ,  t h e  

ana lysis  fol l o w s  a lmos t  e x a c t ly t h e  original ana ly s i s  o f  C l a rke 

a n d  Ga w t h r o p  ( 1 9 7 5 ) ,  a nd h en c e  t h a t  o f  s e c t i ons 1 . 2 . 1  and 1 . 2 . 2 .  
T h e  mo st no table  requ i remen t i s  the k- step pred i c t o r  o f  sec tion 

1 . 1 . 4 ( e q u a t i o n s ( 1 . 9 ) - ( 1 . 1 1 ) , [ B o r i s s o n , 1 9 7 9 ] ) . I n  t h e  

equivalen t o f  ( 1 .2 1 ) there i s  a requ i rement that P and C commute , 

and so P i s  l i m i ted  to be  a po lynomia l ,  no t a ma trix  polynomial.  

I n t h e  fin a 1 se 1 f- tun in g f o r  m. , the p a ram  e t er s t o  b e  i d  e n  t i f i e d 
a re those o f  the  equat ion :  

0( t+k l t ) Cy ( t ) + Hu ( t ) + Ew ( t ) . • . •  ( 1 . 3 1 ) 

Thi s  i s  t h e  s a m e  a s  ( 1 .2 5 ) ,  t h e  s e a  sr ve r s i o n. A s  u s u a l ,  t h e s e  

para meters are  ident i fi e d  a s  though the noise w ere w h i te ,  a nd the 

cont rol  s ignal s  computed  from :  

Hou ( t ) - {  L:G . y ( t- i ) + EH . u ( t-i ) + EE.w ( t- i ) + d ' j 1 1 1 

• • • •  ( 1 • 32) 

I n  o rd e r  t o  e n su r e  s e t - p o i n t  a t t a inmen t ,  i t  i s  n e c e s s a ry t o  

i n t ro d u c e  i n t e g r a l  b e h a v i o u r  i n t o  t h e  c o n t ro l l e r  s t ru c t u re 

[ K o i vo ,  1 980 ] , w h i c h  may b e  d on e  by s e t t ing Q = ( 1 - q -
1 ) I ,  o r  by 

u s ing a d i fference s t ru c t u re. This la tter techn i qu e  has a l s o  been 

u s e d  f o r  c o nt ro l l e r s  b a s e d  on m o r e  c onven t i o n a l e s t i m a t i o n  

[ S andoz and W ong ,  1 978] , 'w here y ( t ) i s  replaced by y ( t ) -w ( t ) , and 
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u ( t ) b y  u ( t ) - u ( t-1 ) . T h e  m u l t i va r i a b l e  e x tensio n s  r e p o r te d  by 

Heske th [ 1 980 ] for m  part o f  the research reported in this the s i s  

a n d  w i l l  b e  d i scussed i n  C hapter 2 .  

1 .3 I MPLI C I T  POLE A SSIGNMENT SELF- TUNI NG CONTROLLERS 

C on t ro l l e rs o f  th i s  ki n d  h a ve b e en d e a l t  with b y  A l l i d i n a  a n d  

Hughes [ 1 980] and by A stro m  a n d  W i ttenmark [ 1 979 ] . A l l idina and 

Hughe s b a s e d  t h e i r  s c he m e  on t he i m p l i c i t c on t ro l l e r  o f  C l a rke 

and Gawthrop [ 1 979] .  Po l e  p l a c em ent  a lgorithms a re d ependent on 

th e c l o s e d  l o o p  b eha vi o u r  o f  the sy s te m , and th e i r  ana l y s i s  

d e pen d s  h e av i l y  o n  t h e  c e r t a i n ty e q u i v a len c e  p r i n c i p l e  o n c e  

aga in . 

1 .3.1 Po l e  assignment based o n  the optimal self- tun i ng contro l l e r  

Equa t i o n  ( 1 • 3 0 )  g ive s t h e  c 1 o s  e d 1 o o p trans f e r  fun  c t i on fo r th e 

impl i c i t  c on tr o l l e r. I f  Am i s  a po ly n o m i a l  w i t h  t h e  d e s i re d  

poles then P and Q have t o  be  speci fied  s o  tha t :  

BP + AQ = Am . . . •  (1.33) 

Equati o n  (1.33) e s t ab l i s h e s  requ i re m ents o n  o r d e r s  o f  t he 

polynomi a l s :  

np 1'\{ - 1, l'l:B - 1 , n = 
A m  • • . .  (1.34) 

A s  A a n d  B a re n o t  kn own e q u a t i on (1.33) c a n n o t  b e  sol ved  

d i re c t ly but  m u s t  be  re-e x p r e s s e d  i n  te r m s o f  e s t i m ated  

pa ra m e t e r s . Mu l t i p l y i n g  ( 1.33) by :r a n d  u s i n g  t h e  fa c t  t h a t 
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B=BJ'+QC, w i th equa tion ( 1 .2 1 ) gives :  

PH - q-kGQ • • • •  ( 1 . 3 5 )  

Equa tion ( 1 .35 )  is the re l a tion s hip e s ta b lish e d  b y  A l l i d i n a  a n d  

Hughe s [ 1 980] w hich  must be solved a t  each contro l  s tep  for the 

p o l y n o mia l s  P a n d  Q, th i s  p r o c edure  in t r o d ucing a d d i tion a l 

c o m pu t a t i o n a l  r e quire m en t s  i n t o  e a c h  s t e p  o f  t h e  c o n t ro l  l o o p. 

H o w e v e r ,  a s  t h e  m a t r i c e s  i n vo l v e d  i n  t h e  s o lu tion  o f  t h e  

s i mul taneous equa t ions a re i n  nearly uppe r t riangul a r  fo rm , the 

com puta t i o n a l  burden can be tolera ted.  S teady s ta te require ments 

a re a ssured once  again by calcula t ing the  s teady state loop gain 

with q= 1 , and adjus t ing the gain a s  necessa ry. 

1 . 3 . 2  De t e rm inist ic·po l e  ass i gn ing contro l l e r  

I m p l ic i t  c o n t ro l l e r s  fo r po l e - z e ro p l a c e m e n t  h a v e  a l s o  b e e n  

desc ribed by A s trom and W i ttenmark [ 1 979 ] . The i r  approach is m o re 

d i r e c t  t h a n  t h a t o f  A l l i dina a n d  Hugh e s . A g e n e ra l fo r m  f o r  a 

l inear regulator  i s :  

Bu ( t ) + Gy ( t ) + Kw ( t ) 0 • . • .  ( 1 .  36 )  

Equa t i o n  ( 1 .3 6 )  o f  c ou r s e  i s  t h e  sa m e  a s  equa t i o n  ( 1 . 2 5 ) . T h e  

p r o b l e m  i s  t o  f i n d  H, G a n d  E .  A s t r o m  c o n s i d e re d  p r o c e s s e s  

w i thout  any no i se disturbanc e s ,  i . e. e ( t)=O ,  so  the process  t o  be 

cons i d e re d  is (w i th d=O a l so ) : 

Ay( t ) Bu( t-k ) • • • •  ( 1 . 37 )  

C o m bin i n g  ( 1 . 36) a n d  ( 1 .3 7 )  g i v e s  the c l o s e d  l o o p  t ra n s fe r 

func t i on : 
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( HA + q -kBC )y(  t )  -BEw( t )  • • • • ( 1 • 38 ) 

Z e ro s  w h i c h  a r e  n o t  d e s i re d  in  the  f i na l c l o s e d  l oo p  t ra n s fe r  
func t i on m u s t  b e  c a n c e l l ed ,  and  t o  t h i s  end  B i s  fac t o r i s e d  t o  

+ - + g iv e  B= B B w he re B c o n ta i n s  z e ros  c o rre s p ond i ng to  u n s t ab l e  
< m o d e s  w h i c h  c anno t b e  c an ce l l e d . A l so i t  i s  n e c e s sa ry t o  

i n t ro d u c e  Ao to  ba l a n c e  polyno m i a l  o rd e rs o n  b o th s i d e s  o f  the  

e q u a t i o n  b e l o w  (A s t ro m an d  W i t ten m a rk i n te rpret  th i s  a s  an  
observer polynom ial ,  and  i t  is  interest ing to  c ompare this  to F 

in  equat ion ( 1 .35 ) ) . For  pole placement i t  i s  necessary to so lve :  

. • . .  ( 1 . 39 )  

w h e re H=H'B- . T o  d ev e l op a n  e x p l i c i t  a l go r i th m , ( 1 .3 9 )  i s  
mu l t iplied  throughout by y (  t ) ,  and combined w i th  equat ion ( 1 .37) 
to give:  

H' Bu ( t- k )  + B-Cy( t-k ) B- ( Hu ( t- k )  + Gy( t-k ) )  

• • • •  ( 1 • 40 ) 

Equation ( 1  . 40 )  i s  n o w  i n  a form  s u i  t ab l e  fo r l ea s t  s qu a r e s  
i dentificat ion and hence for self-tuning contro l. The presence 
o f  B d o e s  po s e  c e r t a i n  e s t i m a t ion  prob l e m s, and  o f  pa r t i c u l a r  
i n terest i s  the case w he re B = 1  i.e. whe re a l l  process zeros have 
b e e n  can c e l l e d .  T h i s  r e su l t s i n  a par t i c u l a r ly s i m pl e  c o n t r o l  
schem e ,  w hich  has l i m i ta t ions i n  that i t  i s  n o t  su i table for non­
m in i m u m  p ha s e  sy s t e m s ,  and it d o e s  n o t  d e a l  w i t h  s to c h a s t i c  
d i s tu rban c e s . A s t ro m  s howed  that  t h e  c o n t ro l l e r  w i l l  d e v e l op 
integral act ion to d ea l  w ith constant offsets  a l though these can 
be  dea l t  w i th by d irec t  e sti mation. 
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1 . 4  EXPLI C I T  SELF-TUNI NG CONTROLLERS W I TH POLE ASSIGNME NT 

A s t r o m  a n d  W i t t e nma rk [ 1 979 ] d e s i gn a t e d  c on t r o l l e rs a s  b e i n g  

" i mp l i c i t " o r  " e x p l i c i t": e x p l i ci t s c h emes  i d e n t i fy a p r o c e s s  

mo d e l , f r o m  wh i c h  t h e  c on t ro l  s i g n a l  may b e  ca l cu l a t e d , w h i le 

impl i c i t  s cheme s i d en t i fy parame ters  from w h i ch the c on t ro l  may 

b e  d e r i v e d  w i t h o u t  a p r o c e s s  m o d e l  ( u sua l ly t h e  c o n t ro l le r  

pa rame ters themselves) . All the sc hemes d iscussed befo re n o w  have 

b e e n  i m p l i c i t  s c h e m e s . Expl i c i t  s c h e m e s  l e nd t h e m s e l v e s  m o re 

d i re c t l y  t o  c a s e s  w he r e  t h e  c o n t r o l  s i gn a l  i s  d e r i v e d  f r o m  

considera t i on s  o f  the transfe r  fun c t i on o f  the sys tem. 

A s t ro m  [ 1 980 ] p r e s e n t e d  c l o s e ly a l l i e d  i m p l i c i t  a n d  e x p l i c i t  

pole a s s i gn in g  control schemes for d e termin i s tic  processes. The 

impl i c i t  case  has been d i scussed i n  sect ion 1 .3.;:>. 

1 • 4 .  1 De t e rmin i s t i c  Po le-Assign i n g  C ontro l ler 

A s  b e fo r e , t he e x p l i c i t  s ch e m e s  a re a pp l i c a b l e  to p ro c e s s e s  

d e s c r ib e d  b y  ( 1 .3 7 )  w i th a c on t ro l l e r o f  the foJ  m o f  ( 1 . 3 6). I f  

n o  p ro c e s s  z e ro s a re t o  b e  c a n c e l l e d , ( 1 . 38 )  g i v e s  t h e  c l o s e d  

l o o p  t ra n s f e r  fun c t i o n ,  a n d  appro p r i a t e  po l e s  a re s e l e c t e d  �y 

cho i ce o f  a c harac terist i c  equa tion  Am. Then: 

HA + q-kBG • • • •  (1. 4 1 ) 

The above e qu a tion has to be solved f o r  H and G, w h i c h  cons t i tute 

most of  the c ontro l l e r  parame te rs. E i s  selected so tha t E=KAo, 

the  K b e i n g  a s c a l i n g  fa c to r  t o  e n su r e  t h e  c o r r e c t  s t e a d y  s t a t e 

ga in  for the  pro cess , 

w i th q= 1 .  

calcula ted from t he e s t ima ted para me ters 

F or t h e  c a s e  w h e re a l l  t h e  p ro c e s s  z e r o s  a re c a n c e lle d , H i s  
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r ep l a ce d  by H•, c on ta i n ing  t h e  fa c to rs o f  H re m a i n ing  a f t e r  t h e  
c a n c e l l a t i o n , a n d  t h e  s i m u ltaneous 
de term ined fro m :  

e q u a t i ons to  b e  so l ve d  a re 

. . . .  ( 1 • 42 )  

C o m pl e t e  se l e c t i on o f  c l osed  l o op  ze r os is  possi b l e , a l l  t h e  
p ro c ess ze ros h a v i n g  been  c a n ce l l e d .  E i s  c hosen a s  E=BmAO a n d  
t h e  c o r re c t  ga i n  w i l l  b e  ensu r e d  i f  A0 i s  n o r m a l ised  so  t h a t 

Ao ( 1 ) = 1  • 

Astrom  and W i t tenmark [ 1 980] have d iscussed certain  properties of  
t h e  c o n tro l sys tem  g iven by  equa t i on ( 1 . 4 1  ) ,  i n c l u d i n g  t h e  
correc tness o f  the parameter est i mates , and local  stabi l i ty abou t 
the stationary so lution. They a lso sho w ed ,  by m eans of  e xampl e ,  
t h e  d e g ra d a t i o n  i n  c on t ro l  i n  t h e  p resence  o f  a c ons t a n t  b i as 
( i . e . n o n-ze ro d ) ,  a n d  ove r c a m e  t h i s  by  us ing  t h e  m e t h o d  o f  
C l a rk e  a n d  G a w t h rop [ 1 97 5 ] , o f  est i m a t i ng th is  o ffse t ,  w h i c h  
coul d  then be taken in to consideration  w hen compu t ing the control  
s igna l .  

T he s traightforward presentat ion of these algori thms provides an 
i ns i gh t  i n t o  t h e  b e h a v i o u r  o f  s u c h  sys t e m s .  H o w e v e r ,  
fac torisa t ion techniques m ay be requi red  for the i r  solu t ion ,  and 
i t  is more general  to consider  the behaviour of  processes in the 
presence of  no ise d isturbances. The e x tension to these c ases has 
been given by W e l lstead e t  a l  [ 1 979 , a , b , c ] .  

1 • 4 .  2 S tochast ic  Pole-Assign ing R egulator 

C o n t ro l l e rs o f  t h is ty pe  have  been  d iscusse d by W e l ls t e a d , 
Ed munds , Prager and Zanker [ 1 979] , and by Wel lstead , Prager and 
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Zanker  [ 1 97 9 ] .  The f i r s t  pap e r  p roved t h e  s e l f- t un i n g  p r o p e r ty 

f o r  the g e ne r a l p o l e - z e ro a s s i gn ment  c a se , w hil e t h e  s e c o nd 

jus t i f i e d  a n  unusua l m o d e l  struc tu re w hich  use s  lead ing z e ro s  i n  

polynom ia l s  t o  cate r f o r  t i me d e l ays , a n d  w i th self- tun i ng o f  the 

parame ters i s  able to mode l  sys tems w i th variable t ime delays. I n  
.. 

bo th o f  the se papers o n ly the regula to r was  conside red. 

T h i s  r e g u la to r w a s  d evelo p e d  t o  d e a l  w i t h  p ro b l e m s  o f  la r g e  

ampli tud e c ont rol s igna l s ,  and w i th  d i fficul ties  encoun tered  w hen 

ga in lim i ta tions are  placed on the control s igna l s ,  a l though i t  

s h o uld b e  no t e d  t h a t  t h e  f o r mul a t i o n  p ropo s e d  by C l a rke a n d  

Gaw throp [ 1 979 ] dea ls w i th these cases. The abil i ty o f  the p o l e  

plac ing a lgori thms to reduce  gain , al though w i th an inc rease  i n  

outpu t va r i anc e ,  a n d  t o  ove rc o me  p ro b lems enc o u nt e r e d  w i t h 

cond i t iona l s tabili ty was d emonstrated . 

I f  the p r o c e s s  mod e l  o f  ( 1 . 2 )  i s  c o ns i d e re d , W e lls t e a d  e t . a l .  

sho w ed tha t mult iply ing bo th s i d e s  of  the equation by a sui tably 

chosen polynomial T can  y ield t he a l te rna tive struc ture : 

B•u ( t-k) + CTe ( t ) . • • •  ( 1 . 4 3 )  

(Throughout th i s  sec t i o n  the notat ion o f  W el lstead e t  a l  has been  

c hange d to  c o r r e s po n d  w i th the  n o ta t i on a l ready  d e f i n e d ) . T h e  

controlle r i s  described  by : 

Hu( t ) + Gy (t) 0 . • • •  ( 1 . 4 4 ) 

Combining ( 1  . 43 )  and ( 1  . 44 )  g ives the c l osed loop d e sc r i pt ion : 

• • • •  ( 1 . 4 5 )  

T h e  a i m  o f  pole/ z e r o  a s s i gn m e n t i s  t o  fo r c e  t h e  c l o s e d  l o o p  

sy s tem t o  be : 
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• y ( t ) m . • • •  ( 1 . 46 )  

This  d e te rm ines the fo llow i ng set of s imul taneous  equat ions w hich  
mus t  be solved  for the  controller  parameters H and  G :  

AroHCT . . . •  ( 1 . 4 7 )  

Su i ta b l e  c h o i c e of  H a n d  G c a n  red u c e  equa t i o n  ( 1 .4 7 )  t o  t h e  
m in imum variance regu la tor of A s trom [ 1 973] , bu t o f  more interest  
is  the  d e tuned m in imum  variance controller described by Wel l stead 
et al [ 1 979 a ] , in w hich  case ,  the d e  tuning or "ta i loring" of the 
v a r i a n c e  i s  a c h i ev e d  by u s i n g  the fo l l o w ing  i d en t i ty i n  the k­
step pred i c tor :  

.. . .  ( 1 .48) 

Whe re the de tuning is achieved by introduc ing the po lynomial  P. 
F o 1 1  o w i n g a n ow - fa m i l  i a r an  a 1 y s i s· , ( 1 .  4 8) a n d  ( 1 .  4 3 ) g i v e 
finally : 

Py ( t ) Fe ( t ) + ( BF/C } u ( t-k ) + ( G/C } y ( t-k ) . . • •  ( 1 . 49 )  

Equ a t i o n  ( 1 .4 9 )  c a n  n o w  be  s e e n  t o  b e  a s p e c i a l  c a s e  o f  t h e  
contro l ler  proposed by C larke and Gaw throp [ 1 979 ] , with Q=R=O ( so 
mak ing i t  m in imum variance ) , and 0=Py ( t ). T h i s  spec ial  case has 
been  r e - e x p r e s s ed i n  a f o rm  s u i t a b l e  fo r u se in an e x p l i c i t  
scheme. I n  par t i cu l ar ,  i f  P i s  chosen w ith the spec ia l  struc ture: 

p • • . •  ( 1 • 50 ) 

and assuming the no i se i s  wh i te ( C= 1 ) : 

y ( t ) Fe ( t ) + BFu ( t-k ) + (G-P ' )y ( t-k ) • . • •  ( 1 . 5 1 ) 

Equa t ion ( 1 .5 1 ) m akes  very clear the expl i c i t  nature of the model  
to  be i denti fied , and shows  a l so the  modi ficat i on of the  system 
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pol e s  b y  P .  Fo r t h e s e l f-tun i n g  c a s e  t hen, t h e  mod e l  to  b e  

identified i s: 

y ( t ) • • . •  ( 1 . 52 )  

which i s  the same as equa tion ( 1 .6 ). A s  i s  normal i n  self- tun ing 

t he p a ra m e t e r s  a re i d e n t if i e d  a s  though the noi se  w e re w h i t e, 

and the con trol s igna l  i s  d e r ived from : 

0 . • . •  ( 1 . 5 3 )  

where  e qua t ion ( 1 . 5 3 )  now d iffe r s  from equa t ion ( 1 .7 ) i n  t h e  

a d d i t ion o f  t h e  d e tun i n g  polynom i a l  P'. We l l s te a d ,  E d m un d s, 

Pra g e r  a n d  Z an k e r  [ 1 97 9 ]  p rov e t h a t t h e  s e l f- tun i n g  p r i n c i p l e  

appl i e s  for t h e  d e tuned  m i n i m u m  v a r i a n c e  case. A s  ca n b e  s e e n  

from the above ana lysis, the con t rol s ignal s t i l l  depends on the 

i nv e r s ion of B ,  a n d so t h i s  con t ro l l e r  w i l l  not d e a l  w i th non­

m in imu m  pha s e  sy s t e m s . For su c h  sy s t e m s, the comp l e t e  po l e  

plac ing algorithm i s  necessa ry. I n  the self- tuning s i tuat ion the 

parameters of ( 1 . 52 )  a re once again identified (using som e l e a s t­

squares algorithm ), and H and C a re c a l cul ated by solving: 

• . • •  ( 1 . 54 )  

Once  d e t e r m i n e d ,  H a n d  C a re u s ed i n  e qua t ion ( 1 .4 4 )  to d e r i ve 

the con trol signa l .  The ord ers of the polynom ials  are nA .. =nA- 1 , 

and nB"=nB-1 . Onc e  again adhe rence  to the self-tun ing princ i ple 

has been p rov e d  • 

1 . 4 . 3  Pole assign in g  regula tor w ith  vary ing time d e l ays 

The c a s e  whe r e  t h e  t i m e  d e l ay m ay be  vary i n g  is d e a l t  w i t h by  

W el ls tead, Prage r and  Zanker [ 1 979] , w ho introduced a novel  mod el 

s t ruc ture w i th z e ro s  i n  t h e  l e a d i n g  coeffi c i e n t s  of t h e  
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po lynom ia l s  to cater  for the process  d e l ays. This s tructu re i s  
o n ly a l l o w ab l e  w i th c e r ta in  a l go r i th m s ,  s u c h  a s  t h a t u se d  for  
pole  a ssignmen t. The  process i s  a ssumed t o  be  described by ( 1 .2)  
and the con trol l  er  by ( 1 .4 4 ) ,  giv ing the c l osed loop description :  

BCe ( t )  • • . •  ( 1 . 5 5 )  

The c l o sed loop po l e s  are sh ifted to the locations d e fined by A m 
by requ iring:  

A B  + q-kBG . . . .  ( 1 . 5 6 )  

w h i c h  m ay n ;W be  s o l ved  fo r 8 a n d  G ,  w h i c h  h ave  o r d e r s  nG =nA - 1  
a n d  nH = nB+ k- 1 .  During  s e l f- t u n i n g ,  t h e  n o i se i s  a s s u m ed t o  be  

white (C=1), and  the process model led  by : 

A'y ( t )  B ' u ( t) + e ' ( t )  . . . .  ( 1 . 57 ) 

T h e  o r d e r  o f  :B' ha s t o  b e  ext e n d e d  t o  .::ccor.11nodate k z e r o 
coeffic ients correspond ing to the time  de lay. The equation to be 
so lved for po le  placement i s :  

HA' + GB' . . . .  ( 1 . 58 )  

The  c o n t r o l  s i gna l d ef ined by ( 1 .4 4 )  i s  app l i e d  t o  t h e  proce s s . 
V a r i a b l e  t i m e  d e l a y s  a re d e a l t  w i t h  by re - e s t i m a t i ng  the  
c o e f f i c i e n t s  o f  B' , w h i c h  r e su l t s i n  a c o n c ept u a l l y a n d  
no ta t ional ly simple  s tructure , the price paid for this  being the 
a d d i t i o n a l  e l e m e n t s  of B' w h i c h  have  to be e s t i m a te d ,  a n d  o f  H 

"hich have to be c a l cu lated. 

1 . 4 . 4 Servo se l f- tuners 

C l a rk e  a n d  G a w t h r o p  [ 1 9 7 9 ]  h a v e  d e s c r ibed  a s e l f- t u n i n g  
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cont roller  where the con trol  s ignB l appl ied to the process has a 
p o l yn o m ia l  d epen den c e  o n  the  r efe: re n c e  inpu t ( e q u a t i on  ( 1 . 2 4 ) ) . 
A s t r o m  [ 1 980]  has  a l so d e s c r ibed s e l f- tun i n g  c o n t ro l l e r s fo r 
d e t e rm i n i s t i c  sy s t e m s  ( e qu a t i on ( 1 .3 6 ) ) . Po s s i b ly t he m o s t  
frequently used techn i que t o  ensure s e t  point a t ta inmen t has been 
t o  i n s e r t  d i g i t a l  in t e g r a to r s i n to t'h e con t r o l l o op.  W e l l  s t e a  d 
a n d  Z a nk e r  [ 1 9 7 9 ]  have  u s e d  the c l a s s i c a l  d e s i gn te c h n i q u e  o f  
s e t - p o i n t  feed fo r w a rd t o  bu i l d  o n  t h e  pole a s s igning regu la tor 
d e s c r ibe d  in se c t i on  1 .4 .2 in  such  a w ay as t o  d e c oup l e the 
r e g u l a t o r  a n d  s e r v o  s e c t i o n s . T h e i r  a r r a n g e m e n t  i s  b e s t  
i l lu s trated by means o f  a b lock d iagram. 

r ( t )  
S 1  

x ( t )  

REGULATOR 

'YC t )  u ( t )  

z ( t )  l e (  t )  

\ I PROCESS I 
u ( t )  

Figure 1 . 1 Servo control system 

) 
y.( t )  

T h e  a b o v e  b l o c k  d ia g r a m  s e rves  t o  d e fine t h e  t w o  t ran sfer  
func t ions S 1  and S2  in  add i t ion t o  t he  named s ignal s. The  process 
i s  a s s u m e d  to be  d e s c r i be d  by e q u a t i on ( 1 .4 3 ) , w h i l e the 
operation of  the regulator  i s  described by : 

u:c t )  \ G/H Jy( t )  • • • •  ( 1 . 5 9 )  

Us ing  the block d iagra m , a t ransfer func tion for  the c losed loop 
sys tem i s  easily obta ined a s :  

! ( 1 +q-kA " ) + q-kBG J y ( t ) = -HCTe ( t )  + H \  ( 1 +q-kA " ) S1 -q-kBS2 l r ( t ) 
• • • •  ( 1 • 60)  
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The regulator  is  trea ted u s ing the m e thod s of  sec tion 1 .4 .2. The 
servo property is  assu red by se tt ing y( t )=e ' ( t ) , e l i m inat ing the 
effe c t s  of r ( t ) : 

S1 and S2 . • • •  ( 1 . 6 1 ) 

S i s  a t r a n s fe r  fu n c t i on  w h i c h  d e f i n e s  t h e  d e s i r e d  s e rv o  
r e sponse .  T he e x t ens i on  t o  t h e  s e l f  tun i ng c a s e  a l so re l i e s  o n  
the  regu l a t o r  c a s e . Equa t i on ( 1 .5 2 ) m ay be e x t e n d e d  t o  i n c l u d e  
x ( t ) a n d  z ( t ) , on c e  aga i n  u s ing the  b l o c k d i agram  t o  d e f i n e  the  
fu n c t io n s . The  pa ra m e t e r s  to be  id e n t i f i e d  are  d e f ine d  by the  
equation :  

y ( t ) A •y ( t-k ) + B•u ( t-k ) + Lx ( t-k ) + Jlz ( t-k ) + e " ( t ) 
. . . •  ( 1 . 62 ) 

S e rvo  c o m p e n s a t i o n  i s  a c h i eved  by s u i tably s e l e c t i ng  z ( t ) and  
x ( t ) a t  each t ime s tep :  

z ( t ) \ ( 1 -q-kL) /R ) Sr ( t ) 

x ( t ) . . . •  ( 1 . 63 ) 

H an d  G a r e  c a l cu l a t e d  u s ing  equa t i on ( 1 . 5 4 ) and  a r e  u s e d  in  
e q u a t i o n  ( 1 . 5 9 ) t o  p rov i d e  t he r egu l a to r  pa r t  of  t h e  c on t ro l  
s ignal . 

W e l l s tead and Zanker  [ 1 979 , c ] have reported that L and R c onverge 
t o  the i r  u n b i a s e d  v a l u e s  o f  A' a n d  B' r e s pe c t iv e l y ,  w h i c h ,  
together w i th the biased parameter est imates o f  equa t ion ( 1 .62 ) 
prov i d e s  a w ay o f  o b ta i n ing the  t ru e  sy s te m  p a ra m e t e rs o f  A ,  B 
a n d  C.  I t  w a s a rgued  t h a t  t h i s  p rov i d e d  an  o n- l i n e  m a x i m u m  
l ik e l i hoo d  e s t i m a t i on a l g o r i t h m .  I t  c an  a l so b e  s e e n  fro m 
e q ua t i on ( 1 .6 1 ) t h a t  d i ff i cu l t i e s  m ay be e n c ou n t e re d  w hen  

inve r t i n g  R ( in  ( 1 .6 3 ) )  d u e  t o  i t s  d ep en d en c e  on  B. W e l l s t e a d  
a n d  Z ank e r  [ 1 9 7 9 , c ] show  by e xa m p l e  h o w  R m ay be  i n c l u d e d  a s  a 
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fac tor  in the numerator o f  S to avoid  such d ifficu l t ies. 

1 . 5  APPLI CATI ONS 

T he p rac t i c a l  v i abi l i ty o f  a pa r t i cu l ar  t e c hn i q u e  b e c o m e s  
apparent  once i t  has been appl ied i n  a variety o f  s i tuat ions. The 
f o l l o w i n g  s e c t i o n  p r o v i d e s  a r e v i e w o f  s o m e  r e p o r t e d  
appl i cation s ,  concentrating particula rly on techn iques  wh ich may 
have some important influence  on the research presented in this 
the s i s . 

1 . 5 . 1  Implemen tation 

By v irtue of  the ir na ture , se l f- tuning regulators require the use 
o f  a c o m pu t e r  or m i c ropro c e s s or , a n d  w i th the t e c hno l o g i ca l 
advances and cost  of the l a t ter  d evice  the use o f  a d ig i ta l  (DDC ) 
a lgori thm can now frequently be j us t ified. Of  particular  interest  
the re fo re i s  t h e  i m p l e m e n t a t i o n  by C larke and Gaw throp [ 1 979] , 
and c o l league s ,  of  a self- tuning controller  us ing a m icrocom pu ter  
sys te m. This w as construc ted w i th the fo l low ing requ i rements in 
mind : 

1 .  Po rtabi l i  ty; 
2 .  B u l k - s torage ava i labi l i ty ,  

for progra m s  and dat� 
3 .  S tand a rd i n s t ru m en t a t i on 

rompa t a b :iJ i t y ( e . g . 4 - 2 0  m a  
cu rrent loops); and 

4. Sui table high l evel language 
capabi l i ty . 

The hardw are was  a cus to m  bui l t  m ic rocomputer based on an Intel  
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SBC 80/ 1 0 s in g l e bo a rd c o m pu t e r ,  w i th 1 6K by t e s  of R A M  m e m o ry ,  
EPROM , tw o floppy d isk d r ives and analogue interfaces. 

The  s o f tw a re c o n s i s ted  o f  a C on tro l Ba s i c  i n t e rpre t e r ,  a d i sk 
m on i t o r  a n d  m a c h i n e  l angu1:1ge  u t i l i ty progra m s . M o s t  o f  t h e s e  
s o f t w a re fac i l i t i e s  a re n ow  pro v i d e d  i n  o th e r  co m m e r c i a l ly 
ava i l ab l e  m i c roco m pu te r  sy s te m s , e x c e pt fo r the  i n te rru pt  
hand  1 i ng c ap  a b i  1 i ty , ( and  in  ,p a r t  icu  la  r foregro u n d / b a ck groun d  
ope ra t i on w i t h in t h e  s a m e  p rogra m ) , a n d  t h e  m u l t i- t a s k i ng 
capab i l i ty. The importance o f  the abi l i ty to mod i fy program s on 
s i te , provided by the u se of BASI C , was  stressed. 

C larke  and Gaw throp , [ 1 979 ]  have reported severa l appl i ca t i on s  of  
the i r  contro l l er. Set  po int atta inment  was  u sual ly ensured by 
the  i n t ro d u c t i on o f  an i n te g ra to r. E x t re m e  non- l i n e a r i t i e s  ( pH 
contro l )  cou l d  be  hand l e d ,  a l though s a t i sfac tory resul ts  requ i red 
the in clus i on of an inve rse non-l inear i ty and safeguards a t  the 
e n d s  o f  t he r a nge . E x a m i na t ion o f  t he u n d e r ly i n g  c o n t i n u o u s  
process  gave ins ights into the closed  l oop behav i ou r ,  confirm ing 
t he c h o i c e  i n  the  pH c on t ro l  of a r e l a t i ve ly  l o n g  s a m p le 
in te rval. I t  i s  worth no ting that a longer sample  i n te rval w i l l  
a l s o r e qu i re l e ss a c cu ra te  d e l ay d e t er m ina t i o n. C on t ro l  o f  a 
ba tch  chemica l  rea ctor a l so benefit ted from offl ine estirr.at ion , 
fo r e x a m p l e  d u r i n g  t he s t a r t- u p  pha s e .  A par t i c u l a r  n e e d  w a s  
e xpres sed for analysis  o f  the behaviour o f  a l inear s e lf- tuning 
contro l ler  a c t ing on a non- l inear process , and l inearis ing about 
the opera t ing po int.  

H ow eve r ,  i n  m o s t  c a s e s  the e m ph a s i s has n o t  b e en  on the  
application o f  any particul ar techno logy , bu t on  the performance 
of  the self- tun ing algori thm. Most  o f  the appl i ca t ions have u sed 
a process  con tro l m inicomputer . 
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1 . 5 . 2  Testing  the algori thms 

As tro m and eo-workers have repo rted appl ications o f  the m in im u m  

va r i an c e  r e gu l a t o r  w i t h  v a r i o u s  p l a n t s .  A s t ro m  e t  a l  [ 1 97 7 ] 
env i sa ge three c l ea rly d e fined  w ay s  in w hich the a l g o ri thm m ay be 

u s e d .  I n  t h e  f i r s t ,  the a l go r i t h m  i s  a p p l i e d  a t  t h e  s ta r t  w h e n  

t he d y n a m i c s  o f  t h e  sy s te m  a re u n k n o w n. O n c e  t he c o n t ro l l e r  i s  

operat ing sa t i sfactori ly , i ts u se m ay b e  d iscont inued  i n  favour 

o f  t h e  m o re s i m p l e  a p p l i c a t i o n  o f  t h e  con t ro l l e r  s o  d e r i v e d .  

H o w e v e r ,  t h e  s e c on d  u s e  o f  t h e  a l go r i t h m  w o u l d  b e  f o r  pe r i o d i c  

r e  tu n i n g  o f  t h e  c on t ro l l e r ,  a f t e r  w h i c h  i t  i s  o n c e  a ga i n  

d i s c o n ne c t e d  a s  b e f o r e .  I n  t h e  t h i r d  c a s e , t h e  c o n t ro l l e r  i s  

used cont inuously , t o  cope w i th cont i nu ously va rying  paramet e rs . 

The  a b o v e  p a pe r g i v e s  b r i e f  d e s c r i p t i on s  o f  a p p l i c a t i o n s ,  

reported  m o re fu l ly el sew he re , o f  the m in i mum vari�nce  v e rs i on of 

the  a l g o r i t h m , a pp l i e d  to t h e  c o n t r o l  of a paper m a c h i n e  in o n e  

c a s e , a n d  o f  a n  o r e  c ru sh e r  i n  t h e  o t h e r. T he s e c o n d  c a s e  i s  o f  

in te re s t  because the process c on trol compu ter was rem o te from the 

s it e , m o d e m  c o m munica t ion be i ng u sed for the l ink-u p. 

A q u a d ra t i c  c r i t e r i o n  a d m i ra b ly e x p re s s e s  the  r e q u i re m e n t s  o f  

c on t r o l l e rs w h i c h  a c t  a s  a u t o p i l o t s  for s t e e r i ng t a n k e rs .  

Kal l s t rom e t  al  [ 1 979] repor t  the  use o f  sel f- tun ing  con tro l lers 

using these c r i teria for such control. C ontrollers w e re reported 

w h i c h  u s e d  a m in i m u m  va r i a n c e  c r i t e r i o n ,  a n d  w h i c h  s o l v e d  a 

R i c c a t i  e q u a t i on on- l in e  s o  a s  t o  p ena l i s e  e x c e s s i v e  r u d d e r  

m o ve m en t s  i n  c o n t ro l l in g  h e a d i n g  e r r o r .  A va r i a b l e  s t ru c t u re 

algo r i thm for controll ing turn ing w a s  a l so used. I n  a s i tu a t i on 

where ful l  scale  tria l s  are s o  expens i v e ,  the use o f  simulat ions 

for p r i o r  e v a l u a t i on of c o n t ro l l e r  b e h a v i o u r  w a s s h o w n  t o  g o o d  

advant age . 

L ed w i c h [ 1 9 7 9 ]  a l so  repo r t s  s i m u l a t i ons o f  c o n t r o l  o f  t he 

exc i ta t ion o f  a sy chronous genera to r , the control scheme d e rived  

f r o m  c on s i d e ra t i ons of  c o n v e rg e n c e  of  the a l go r i t h m .  I n  t h i s  
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case , a m in im u m  variance  c ontro l  law �roduces unac ceptably large 

con t ro l  s igna l ampl i tud e s ,  w h i l e a one- s tep quad ratic  c r i terion 

ha s o t h e r u n a c c e p ta b l e e ffe c t s. T h e  ne e d  t o  s o l v e  a R i c c a t i  

e qu a t i o n  t o  a p p ly a fu l l  q u a d ra t i c  c r i t e r i on i s  a v o i d e d by 

re scal ing the ga in of a con t ro l l er u s ing a m i n i m u m  va riance  law .  

T he u s e of  a quad ra t i c c r i t e r i o n  and  t h e  s o l u t i on of  t he 

resu l t ing R ic c a t i  equa t i on on l ine i s  aga in reported by Bu c hho l t  

a n d  K u m m e l  [ 1 97 9 ]  i n  t h e  c o n t ro l  o f  a h i gh l y  n o n- l i n e a r  pH­

neu tra l i sa t ion process. The i d e n t i fied parameters , and i npu t and 

ou tput va lues  a re used to for m  a s tate- space m o d e l  for w h i ch an 

opt i m a l  s t ra tegy is com pu te d . 

T he w o rk o f  K e rs hen ba u m  a n d  F o r t e sq u e  [ 1 9 78 ]  i n  c o n t ro l l i n g  

process  p l an t ,  foretold  the w id espread use of  va r i able  forge tt ing 

fac tors to a vo i d  the ex tre m e  sens i t iv i ty which resul ts when an 

exponen t ia l  forgetting fa c t o r  i s  a pp l i e d fo r l on g  pe r i o d s  w h e n  

l i t t l e  e x c i ta t i on i s  a pp l i e d  t o  t h e  sy s t e m , d u r i ng w h i c h  t i m e 

hard ly any information i s  ava i lable  to the c on t ro l ler about the 

p r o c e s s  d y n a m i c s .  W h a t e v e r  m e th o d  i s  u s e d , i t  i s  i m p o r t a n t  to 

ensure t ha t the covariance m a t r i x  rema ins bounded . 

Kevi czky e t  a l  [ 1 978] have i mplemen ted a mul t iva r i able vers i on of  

a m in i m u m  v a r i a n c e - l i k e  c on t ro l l e r  f o r  b l en d i n g  o f  c e m e n t  raw  

m a terial .  The i r  approach , u sing polynomial  m a t r i c e s ,  i s  s i m i lar 

to that of Borisson [ 1 977 ] , w ho appl i ed mul tivariable  s e l f- tuning 

con t ro l  t o  the header box o f  a paper machine. These m e thods have 

been taken up by Koivo [ 1 980 ] , w hose  paper w a s  d e sc r ibed earl i e r. 

1 .6 COMPA R I SON OF ALGORITHMS 

T h e re a re n u m e rous  "' ay s  i n  w h i c h the s i tua t i on in w h i c h  s e l f­

tuni n g  c ontro l i s  appl ied  m ay be  varied.  These m ay be sum mari sed 

as : 



vary in g  the i d e n t i fica t i on m e t ho d; 

vary ing the con trol  l a w; 

u si n g  i m pl i c i t  o r  expl i c i t  sche m e s;  o r  

v a ry ing the process which  i s  be ing control led . 
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Tw o s tud i e s  have been reported w h i c h  form a l ly set  ou t to compa re 

t h e  p e r f o r m a n c e  o f  s e l f- t u n i n g  a 1 go r i  thms , [ Kurz , I sermann and 

Schum ann , 1 980 ] , [ Jacobs and S a ra tchand ran , 1 980 ] . S i mulat ions o f  

t h e  c o n t r o l l e d  p r o c e s s  w e re  u s e d  i n  b o t h  t h e s e  s t u d i e s . K u rz e t  

a1 used  a n  analog c o m pu te r  to s i m u la te the  pro c e ss , and a d ig i ta l  

m in i c o m pu te r  fo r the control .  A n o i se gene ra tor ensured repe a t­

a b i l i t y o f  t h e  c o n d i t i o n s  f o r e a c h  p r o c e s s . J a c o b s  a n d  

S a r a t c h a n d r a n  u s e d  a t o t a l ly d i g i t a l  s i mu l a t ion to obtain this  

repea tab i l i ty fo r the i r  M on t e  Carlo  s imu la ti on s. 

The s i mu l a t ions of Jacobs and Saratchand ran d i ffered from those 

o f  K u r z  e t  a l  i n  t h a t  they a t t e m p t e d  t o  p r e s e n t a s i m u l a t i o n  

study w h i c h  could  lead  to con c l u s ions hav i ng some general  rel i a­

bi l i ty .  T o  t h i s  en d ,  t he p a ra m e t e r  e s t i m a t i o n  s c h e m e  a n d  t h e  

c o n t r o l l e r s w e re r e l a ted  t o  a s ta t e- s pa c e  s t ru c tu re ,  w i t h  t h e  

pa ra m e t e rs g i v e n  a s  a d d i t i o n a l  s ta t e s ,  t o  b e  e s t i m a t e d  w i t h a n  

e x t e n d e d  K a l m an f i l t e r. S e p a r a t e  e s t i m a t i on o f  s t a t e s  a n d  

pa ra m e t e r s  [ N e l s o n  a n d  S t e a r ,  1 97 6 ] ga v e  s i m i l a r  r e s u l t s . T h e  

c o n t ro l l e d p ro c e s s  w a s l i m i te d  t o  f i rs t o rd e r ,  a n d  a fa c t o r i a l  

design vary ing the three param e t e rs i n  the m o d e l :  

y ( t ) + ay ( t - 1 ) b u ( t- 1 ) + e ( t ) + c e ( t- 1 ) 

y i e l d e d e i gh t  c l a s s e s  o f  pro c e s s ,  f o r  l a l < 1  o r  l a l > 1 , sgn ( b ) 
kn o w n  o r  u n k n o w n ,  a n d  l c l > 1  o r  l c l < 1 . K u rz  e t  a l  on t h e  o t h e r  

hand chose e ight d i ffe rent pro c e s se s  w h ich  exerc i sed the abi l i ty 

o f  t h e  c o n t ro l l e r s  t o  pe r fo r m  i n  d i ffe ren t s i t u a t i on s . T he 

processes  possessed the  fol l o w i n g  properties :  

- l o w  pass 

- l o w  pass , one z e ro ou t s i d e  u n i t  c i rcle  
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- d a m ped osci l l a t i ons 

- d a m ped osc i l l a t i ons w i th time delay 

- a l l  pass 

- i n t egral 

- o s c i l l a t i ng unstable 

- m onotone unstab l e  

R ec u r s i v e l e a s t  squa r e s  a n d  r e c u rs i ve  m a x i m u m  l i k e l i ho od w e re 

c o m b i n e d  w i th  s i x  d i ffe r e n t c on t ro l  s c he m e s  - t w o  m i n i m u m  

varianc e , two deadbea t , one PID and one pole a s s i gnmen t ,  g i v i ng a 

total  o f  twelve d i ffe rent  adapt ive schemes. One of  the probl e m s  

i n  c o m pa ring contro l l e rs d e s igned to d i ffe rent c r i te r i a  i s  h o w  to 

m a k e  t h e  c o m pa r i son b e t w e e n  t h e m . K u r z  e t  a l  [ 1 980 ] u s e d  r . m . s. 

va lues  o f  both the process inpu t  a n d  process o u tpu t. 

Jacobs and Saratchand ran [ 1 98 0 ]  c o m pa r e d  s c h e m e s b a s e d  o n  c o s t  

f u n c t i o n  m i n i m i s a t i o n , n a m e l y t h e  o p t i m a l  k - s t e p  a h e a d  

con t ro l l e r ,  and  t h e  c o n t ro l l e r  o f  C l a rk e  a n d  G a w t h r o p  [ 1 97 5 ]  
w h i c h  i s  a k - s t e p  a h e a d  c o n t r o l l e r  b a s e d  o n  c e r t a i n ty 

equ iva l ence .  In  these case s ,  the cost  funct ion provides  a d irec t 

m e a n s  o f  c o m pa r i s on. T he c o s t s  a r e  b o un d e d  b e l o w  by t h e  c o s t  

incurred w hen a contro l l e r  i s  d e s i gn ed w ith ful l kno w l e d ge o f  the 

para m e t e rs , and boun ded  above  by the cost of  a contro l l er w here 

n o  adap t a t ion i s  a l l o w e d  to take place. The opt i ma l  con troller  i s  

t he " m o re o p t i m a l "  o f  t he t w o ,  so  tha t w he re t h e  r e su l t s w e re 

d i s t i n g u i s hab l e , i t  p e r fo r m e d  b e t t e r. I n  o t h e r  c a s e s ,  the  

s i mp l e r- t o- i mplement se l f-tun ing controller  i s  to be  pre fe r red. 

I t  i s  o f  i n t e r e s t  t h a t  n e i t h e r  c on t r o l l e r  c o p e d  w i t h  p r o c e s s e s  

chara c t e r i sed by l a l > 1 AND sgn (b ) uncerta in. 

K u r z  e t  a l  [ 1 980 ] a l s o  r e c o m m e nd d i ff e r e n t  c on t ro l l e r s fo r 

d i ffe r e n t  s i tu a t i on s . A d a p ta t i on w a s gen e ra l ly v e ry q u i c k ,  

p a r t i c u l a rly  for  r e c u r s i v e  l e a s t  s qu a re s. T h e  p o l e  a s s i gn m e n t  

c on t ro l l e r ,  a l though  i m po s i n g  a r e l a t i ve l y  h e a vy o v e rhe a d  a s  

rega rd s c o m putational requ irements ,  is  recom m ended w he re a w ide  

influence  on control behav i ou r  is  requi red. 



2 .0 I NTRODUCTION 

Chapter 2 

S ELF- TUNING ALGORITHMS 

3 1  

C ha p t e r  T w o  p r e s e n t s  the  s e l f- t u n i n g a l go r i t h m s  u s e d  i n  t h e  

research  reported i n  t h i s  thesi s. The mul  tivariable c on t ro ll e rs 

a re p re sen ted in such a w ay that scalar pro cessing techn iques m ay 

be u s e d  f o r t he i r  i m p l e m en t a t i o n . P r i n c i p a l  a m o n g s t  t h e s e  i s  a 

p o l e  a s s i gn i n g  a l g o r i t h m , w h i c h m ay b e  u s e d  i n  fu l l ,  o r  

s i m pl i fi e d  sl i gh t ly by assum ing that the m a in control  input t o  a 

p a r t i cu l a r  l o o p  m ay b e  t a k e n  t o  h a ve a n  e ff e c t o n  t h a t  l o o p  

be f o r e  d i s t u rb a n c e s  f r o m i npu t s  t o  t h e  o t h e r  l o o p s .  T h e  po l e  

ass i gn in g  contro l l e rs are expl i c i t  con trol  schemes.  A n  i mpl i c i t  

scheme  i s  a l s o  pre sen ted w hi ch ex tends a sel f- tun ing contro l l e r  

w i th a one - s tep quad ra tic c r i t e ri on t o  d e a l  w i th m u l t ivariable 

sys tems . 

2 . 1  POLE P LACING MULTIVAR I ABLE S ELF-TUNI NG CONTROL 

First  the s truc tu re of the equa t ions  w h i c h  a re to be used  w i l l  be 

e s tab l i s hed .  A statement of the cont ro l  p roblem w i l l  be fol l o w ed 

by i t s  s o l u t i o n  f o r  c e r t a i n  c l a s s e s  o f  p r o c e s se s , a n d  t h e  

s i m i la r i ty betw een these solution s  and those for the scalar  case 

w i l l  b e  e s t a b l i s h e d . T he s c a l a r  r e p r e s e n t a t i on w i l l  b e  u s e d  t o  

d e ve l o p  a l t e rn a t i v e  r e su l t s ,  a n d  t o  po i n t  o u t  re l a t i o n s h i p s t o  

other co nt ro l l e r s . 

2 . 1  . 1  Process  De script ion 

I t  i s  n e c e s s a ry to e s ta b l i s h t h e  s t ru c t u re o f  t h e  e q u a t i on s  

re p r e s e n t in g  t h e  m u l t i va r i a b l e  sy s t e m . Fo l l o w i n g  t h e  l e a d  o f  

o t h e r  r e s e a rc h e rs [ S an d o z  a n d  W o n g ,  1 978 ] , t h e  s ta t e s p a c e  

represe n t a tion  w i l l  b e  used a s  a basis for a sui table s t ruc ture , 

and  f r o m t h i s  w i l l  b e  d e r i v e d  t h e  equ a t i on s  t o  b e  u s e d  f o r  t he 

sel f-tuni n g  contro l ler. The state space equati ons are:  



X ( k+ 1 ) � X ( k )  + 
y ( k )  = 'I' x ( k ) + 

t\ u ( k )  + 
l: ( k )  
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r w( k )  
• • • •  ( 2 . 1 ) 

w here  x (k ) i s  the n-d i m ensional s ta t e ,  u(k) is  the m - d im ensiona l 

i n p� t ,  y ( k ) t h e  p- d i m e n s i on a l  m e a s u re d  o u t p u t ,  w (k ) i s  t h e  r­

d i mension a l  s t a te noise and l: (k ) the p-d im ens i onal  ou tpu t  n o i se. 

I f  t h e s e  e q u a t i o n s  a re g i v e n  in p h a s e c a n o n i c a l  f o r m , i t  i s  

po s s i b l e  t o  e l i m inate t h e  s ta te vec t o r  and express the m in term s 

o f  t h e  sy s t e m  i n pu t s  a n d  o u t pu t s  [ N e l son a n d  S t e a r ,  1 97 6 ] .  T h i s  

r e s u l t s i n  t h e  fa m i l i a r  A u t o R e g re s s i ve M o v i n g  A v e rage  ( A R M A ) 
represen ta t ion. The paper o f  Nel son and  S tear [ 1 976 ] i s  i m po r tant 

becau se  i t  prov ides the l ink betw een the state space and the ARMA 

fo rms . 

Ay ( t ) q -kBu ( t ) + C e ( t ) . . • •  ( 2 . 2 )  

A ,  B and C a r e  po lynom i a l  matrices ,  capable o f  be ing represented 

in two w ays , for e xamp le :  

B 

. . • •  ( 2  . 3 )  

H e r e  t h e  B i j  a re s c a l a r  p o l y no m i a l s. An  a l t e rn a t i v e  w ay o f  

representing the same matrix i s :  

B -n + • • • • • + nq • . • .  ( 2 . 4 )  

The B i are p x m coeffic ient matrices. A and C have the s a m e  form 

a s  t h i s ,  c o n s i s t e n t  w i t h m a i n t a i n i n g  t h e  a p p r o p r i a t e  

repre sen ta t i o n  for the process , i . e .  
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A + • • • • •  

B - 1 B Bo + q 1 + • • • • • 

c - 1 I + q C 1 + • • • • • • . • •  ( 2 . 5 )  

The d i fferent inpu t s  to d i fferent loops m ay have d i ffe rent  d e l ay s  

a s s o c i a t e d  w i t h t h e m ,  bu t a l l  a re g ro u pe d  i n t o  a s i ng l e  d e l ay k 

so tha t :  

k m in · · l  k . .  } l. J  l. J  . . . .  ( 2 . 6 )  

T h i s  m ay m e a n  t h a t s o m e  o f  the  s c a l a r  p o l y n o m i a l s  i n  t h e  i n pu t 

d r i v i n g m a t r i x  m ay n e e d  t o  h a v e  l e a d i n g  z e ro s  t o  c o p e  w i t h  t he 

a d d i t i o n a l  d e l ay a s s o c i a ted  w i t h t h a t  i n pu t  a s  d e s c r i b e d  i n  

S e c t i on 1 . 4 . 3 .  

I n  the contro l l e r  development i t  is  pos s ible n o w  t o  incorporate 

the k - s tep pred i c t o r  for a m u l t ivaria b l e  system given by Borisson 

[ 1 979 ]  and K o i vo [ 1 980 ] . However,  the w o rk by W e l l s tead , P rager  

a n d  Z a n k e r  [ 1 97 9 ]  a n d  A s t r o m  a n d  W i t te n m a rk [ 1 97 9 ]  su gge s t s  a 

more d i rect  approa c h  which w i l l  be fo l l ow ed here . 

2 . 1 . 2  Mul tivariab l e  Contro l l e r  

T he process to be c ontro l l ed m ay incorporate m easured d i s turbance 

t e r m s w h i c h  a r e  f e d  f o r w a rd , a n d  m e a su re m en t  o ff s e t s .  T h i s  

resu l t s  i n  t he fol lowing representat i o n :  

Ay ( t ) q- kBu ( t ) + q-kDv ( t ) + d + Ce ( t ) • . • •  ( 2 . 7 )  
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w h e r e  A ,  B ,  C and D a re  po lyno m i a l  m a t r i c e s  a s  d e s c r i b e d  above , 
the v( t)  a re measured d i sturbance  variable s ,  and d i s  a d i agonal  
matrix  conta ining the  offse ts for  each  l oop. I t  w i l l  fu rther be  
assumed  that there i s  one inpu t to each  loop ,  i .e. m =p. 

The con t ro l l er  assumes  a genera l form , and incorpora tes the se t 
po int  w (  t ) . 

Hu ( t )  + Gy ( t )  - Kw( t )  + J'v (  t )  0 . . . .  ( 2 . 8 )  

H ,  G ,  K and J' are polynom i a l  ma tri ces. I t  i s  possible t o  sele c t  E 

so that i t  has polynomia ls  only on the d iagona l i . e .  K= d i ag! Ki i } . 
The  fo l l o w ing  ana l y s i s  i s  g i v e n  fo r t h e  " i " t h  l o o p  o n l y ,  a l l  
l oo p s  b e i ng t re a t e d  i n  the  sa m e  w ay . R e d u c i ng the  " i " t h  l o o p  to  
sca l a r  t erm s :  

A ·  . y . ( t ) + A  . .  y . ( t ) + • • •  l l  l l. J J 
q-kB ·  - u . ( t ) + q-kB · · u - ( t ) + • •  l l.  1. l. J J 

+ d · + c . . e . ( t ) + c  . .  e . ( t ) + • • •  1. l l  l l.J J 

• . . .  ( 2 . 9 )  

I n  t h e  s a m e  w ay t he c on t ro l l e r  m ay b e  e xpre s s e d  u s ing  s c a l a r  
polynomi a l s  a s :  

H ·  . u . ( t ) l l  1. -H . . u . ( t ) - • • •  - G  . . y . ( t ) - C . . y . ( t ) - . . •  
l.J J l. l  1. l J J 

Combin ing these two  equat ions g ives the express ion for the c losed 
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loop  b e hav iour of the pro c e s s  and the c on t rol l e r  toge ther :  

( H  . .  A . . +q-kB1- 1- C . .  )y . ( t ) + ( H . .  A . .  +q-kB1· 1· C  . .  )y . ( t ) + • • •  l. l.  l. l.  l. l.  l. l. l.  l. J  l. J  J 

q-k c u . .  B . .  -B  . .  H . . ) u . ( t ) + • • • •  l. l.  l. J 1 1  l. J  J 

+ q-k ( H1- 1- D . .  -B . .  J' . .  ) v . ( t ) + q-k (H 1· 1· D  . . -B . . J' . .  ) v . ( t ) + • • •  l. l.  1 1  1 1  l. l.J  l. l.  l.J J 

+ q-kB . . E . . w . ( t ) + H  . .  d . + H . . C . . e . ( t ) + • . • •  1 1  l. l.  l. l. l.  l. 1 1  1 1  1 . . • .  ( 2 . 1 1 )  

E q ua t i on ( 2 . 1 1 )  g i v e s t he r e q u i re m e n t s  p l a c e d  u pon t h e  va r i o u s  

scalar  po lynom ia l s. Before s ta t ing thes e  expl i c i t ly howeve r ,  i t  

i s  i n s t ru c t i v e  t o  exa m i n e  a m in i m u m  v a r i a n c e  c o n t ro l l e r w i th 

feed forward terms to see how these a re han d led . 

2 . 1  . 3  S ca lar Min imum Variance  R egul a t io n  w i th Feedforward 

T h e  m in i m u m  v a r i a n c e  c o n t ro l l e r  i s  e x a m in e d  a t  t h i s  s ta g e  t o  

d e t e r m i n e  h o w  t h e  fe e d f o rw a rd t e rm s m ay b e  d e a l t  w i th .  I t  i s  

a s s u m e d  tha t t h e  pro c e s s  m ay b e  d e s c ri b e d  by the  l in e a r  

d ifference equat ion:  

A•y ( t ) = q-
kB - [ u ( t ) + x ( t ) ]  + q-kD.v ( t ) + d " + C e ( t ) 

• • • .  ( 2 . 1 2 )  

The process inpu t  ( contro l led  variable ) i s  the compo si te s ignal 

[ u ( t ) + x ( t ) ] . I t  i s  w ri t te n  in  this w ay t o  expl i c i tly d e fine the 
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fe e d ba c k  po r t i on u ( t ) , a n d  the  feed forw a rd po r t i o n  x ( t ) ,  o f  t h e  
s ign a l . I t  i s  p o s s i b l e  t o  l oo se l y  a s s ign c e r t a i n  o p e ra t i o n s  to  
each port ion , a l though a s  w i l l  be seen , this a ssignment i s  only 
a rbi trary. For the purposes  o f  the present developmen t ,  u ( t )  w i l l 
be concerned w i th regulat ion  and set-po int  atta inmen t ,  wh i le  x ( t) 
w i l l  be u s e d  f o r  d i s tu rba n c e  re j e c t i on and e l i m i na t i on o f  the  
offset .  

A k-s tep pred i c t ion o f  the output wh i ch  incorporates noise values 
fa r enough i n  the pas t t o  b e  d e te r m in e d , is  fo rmed  u s i n g  t h e  
i d en t i ty :  

. . . .  ( 2 . 1 3 ) 

Combining thi s  w i th the process  description ( equat ion ( 2 . 1 2 ) ) :  

• • . .  ( 2 . 1 4 )  

e ( t ) i s  unkno w n ,  bu t e ( t- k )  m ay b e  c a l cu l a t e d  from  a l re a dy­
measu red variables using equat ion ( 2 . 1 2 ) .  Elim i n a t ing  e (  t - k ) : 

+ q-k { c/c ly ( t )  + { F/C l d " + Fe ( t )  • • . •  ( 2 . 1 5 ) 

e ( t )  i s  u n c o r re l a ted  w i th a ny o f  t h e  o ther  v a r i ab l e s ,  s o  the  
c ro s s  prod u c t s  v a n i s h  w he n  c o m pu t i n g  the va r i an c e  E { y ( t ) 2 l .  
Minimum variance is  achieved for the c ontrol s i gnal :  

[ u ( t )  + x ( t ) ]  - { C/B•F j y ( t ) - { D./B• l v ( t ) - { 1 /B. l d"  
. . . •  ( 2 . 1 6 )  

W i t ho u t  t h e  o ffse t ,  t h i s  i s  the  s a m e  a s  t h e  resu l t g i ve n  by 
A strom et al [ 1 977] . . Equat i on (2 . 1 6 )  serves to define u( t) , w hich 
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i s  requ i red  for  regul a t i o n ,  a n d  x ( t ) w h i c h i s  t h e  fee d forw a rd 
s igna l requ i red  for  d i s tu rbance  re j e c t i on o f  v ( t ) . I t  i s  
i m m a t e r i a l  w he t h e r  t h e  o ffse t  d i s  d e a l t  w i t h  by u ( t ) o r  x ( t ) . 
Bec au se i t  i s  constan t ( o r  only slow ly vary ing) , the term ! 1 /B } d"  
can be replaced by ! 1 /B( 1 ) } d where B( 1 ) is B evaluated w i th q= 1 .  
F o r  c o m pu t a t iona l  s i m pl i c i ty ,  d "  w i l l  b e  c on s i d e red  w i th x ( t ) . 
The feed forward s igna l i s  g iven by : 

0 . . • •  ( 2 . 1 7 ) 

The m in imum variance natu re o f  this  ac tion is  im portant , as x ( t ) 
i s  used  to c ancel d is tu rbance effec ts before they can appreciably 
perturb the process. Equ at ion (2. 1 7 ) shoul d  be compared w i th the 
or iginal  process d escript ion , equation (2. 1 2 ) , and  i ts s im i lari ty 
to  part  of that equation noted .  

2 . 1  .4  Pole-Placing Con tro l l e r  

T he s i gn a l  u ( t ) i n  e q u a t i on ( 2 . 1 6 ) i s  u s e d  to  e l i m in a te a s  m u c h  
o f  the no ise  a s  possible .  The m inimum varianc e  contro l ler  pe r­
form s t h i s  t a sk a t  t h e  e xp e n s e  o f  s o m e t i m e s  e x ce s s i ve  c on t ro l  
s ignal  ampl i tudes. This  m ay be overcome by appropria tely selec­
t ing t he po l e s  o f  t h e  c l o s e d  l o o p  tran s fer  fun c t i on to  o b t a i n  a 
s a t i s fa c t o ry c o m pro m i s e  f o r  the  par t i c u l a r  sy s t e m .  I t  i s  n o w  
poss ible t o  re turn to equat ion (2. 1 1 ) to provide  a mul t ivari able 
pol e-placing control ler. It  i s  necessary to e l i m inate the effe c t  
o f  the off-d iagonal po lynom ials  in the express ion for the c losed 
loop system  behav iour,  w hi c h  w i l l  resu l t  in a d iagonal-dom inant 
d ecoupled  sys tem. The polynomials  appearing in  t he d iagonal terms 
are chosen accord ing to  a pol e  placing law.  Spec i fi ca l ly ,  H i i  and 
C i i  a re chosen to sat i s fy :  

. . • . ( 2 . 1 8 ) 
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I f  i t  is to  be possibl e to s e t  the off-d i agona l elements  to zero , 
then : 

H . .  B . .  - B . . H . . l l  l J l l  lJ 

u . . n . .  - B  . . J' . . 
l l  l l  l l  l l  

H · · D · · - B · . J' . · l l  l J  l l  l J  

0 

0 

0 

0 • . • .  ( 2 . 1 9 ) 

T h e s e  c o n d i t i ons  w i l l  be  a b l e  t o  be  m e t  on l y  i f  t h e  fo l l o w i ng 
is. t ru e :  

( i ) The zeros of Bi i ( z )  a re outside the unit d i sk 

( i i )  k= 1 

The f irst  cond it ion means that the  polynom ial w i ll be invertibl e ,  
a con d i t ion which  must  b e  m e t  i f  the off-d iagona l  polynom ial s are 
to be c a l culated. I f  k> 1 then a n on-causal con trol ac tion resu l ts 
in e l im inating the c ross-coupl ing effect  of  yj ( t ) .  

I n  gen e ra l  i t  i s  n o t  po s s i b l e  t o  e xp e c t  the s e  c ond i t i o n s  t o  be 
m e t ,  and s o m e m e chan i s m  t o' d e a l w i th these  s i tu a t i o n s  m u s t  be  
found .  Su c h  a m e c ha n i s m  w as o u t l ined  by H e sk e t h  [ 1 980 ] . I t  i s  
possible  t o  select : 



c . .  1 J  

B · . 1 J  

J' . .  1 1  

J' . .  1J 

= -Hi iA i j ( 1  ) /Bi i ( 1 ) 

Hi iBi / 1 ) /Bi i  ( 1 ) 

H . . D . . ( 1 ) /B . .  ( 1 ) 1 1  1 1  1 1  

H . . D . .  ( 1 ) /B . .  ( 1 ) 1 1  1 J  1 1  
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• . . .  ( 2 .  20)  

In genera l  the  a b o v e  s e l e c t i o n w i l l  r e s u l t i n  i m p e r fe c t  
decoupl ing of the loops , as  the off-d iagonal terms  w i l l  be z ero 
only in · the steady s ta te. A s  w i l l  be d emonstrated w i th examp les  
however ,  the resu l t ing arrangement w i l l  b e  d i agonally d om inant , 
com p l e te d e co u p l i ng be i n g  a c h i evab l e  on ly  for  c e rta i n  s pe c i a l  
c a s e s .  A t t e m p t i n g  t o  d e  c o up l e  the l oops  a s  d e s c r ibe d  a bove  
d e c r e a s e s  t h e  a m o u n t  of  c o m pu t a t i o n  n e c e s s a ry f o r  t h e  
mul tivariable pro c esse s ,  as each loop i s  d ea l t  w i th a s  though i t  
were a separate s c a l ar process. 

O f  m ore concern i s  the poss ible l oss  o f  the self- tuning property 
that  may resul t  from the approximations  described above. W hi l e  
this property i s  undoubtedly lost a t  t i me s ,  i t  w i l l  be shown  in 
Chapter 4 that such  loss  is m inimal , the controller  being robus t  
enough t o  d ea l  w i th  the approximat ions i n  all  but the m ost  severe 
situat ions . Th is  i s  easi ly i l lustra ted  u s ing simulat ions . 

T o  e n sure s e t- p o i n t  a t ta in m en t ,  the  o ffse t t e r m s  m u s t  b e  
e l im ina ted , and th i s  robus tness is  achieved a s  in equation ( 2 . 1 6 )  
by i n t ro d u c i ng a n  a u x i l i a ry c on t ro l  s i gnal fo r e a c h  l oo p  su c h  
that : 

-d . /B . ( 1 )  1 1 • . . .  ( 2 . 2 1 ) 

The control  signa l a pplied  to the loop i s  thus [ u . ( t ) + x . ( t ) ] . 1 1 
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2 . 1  . 5  Self  Tun ing On-L in e  

During self- tuning i t  i s  a ssumed that  C= I ,  i . e. that the process 
no ise i s  w b i  te. I f  the controller  has the se l f- tun ing prope rty ,  
then despite  this assum p t ion , the esti mated model  parame ters w i ll  
converge to values w h i c h  give the correct  closed loop behaviou r  
( i . e . that de termined from the off-l ine model ) ,  [ A s trom , 1 973 ] . 

A m od e l  i n c o rpora t i ng a k - s t e p  pred i c to r  m ay b e  d e r i ved  i f  t h e  
t i m e  de lay is  known a- priori .  However ,  W el ls tead e t  a l  [ 1 979 , b] 
proposed an a l ternat ive m od e l  s t ru c t u re i n  w h i c h  l e a d i ng  z e r o s  
a re i n c o rporated  i n to d r i v i n g  p o lynom i a l s  t o  c a t e r  fo r d e l ay s . 
Because these lead ing z e ros are ident ified , variable d e l ays can 
be dea l t  w i th. There is a l so a small compu tat ional advantage for 
subsequent po le plac ing calculations [ A l l i d ina and Hughes , 1 980] .  
Under the assumption that  C= I ,  the onl ine model i s :  

. • . .  ( 2 . 22 )  

A pol e  plac ing contro l l e r  i s  cal culated u s ing 

Hu ( t )  + Cy ( t ) - Ew ( t ) 0 . . . .  ( 2 .  23 ) 

w he re the  E = d i ag ! E i i } p o ly no m i a l s  are  s e l e c t e d  a c c o r d i n g  t o  
d e s i red  c on t rol le r p ro p e rt i e s ,  a n d  s c a l e d  so  tha t c o rre c t  s e t  
point  atta inment is  assured , and H and C are der ived from :  



• - 1  � 
H . . A 1· 1· + q B . . C . . = & 1. 1 1  1 1  1 1  -m 

H - . 1 J  

c . . 1J 

'F . . 1J  

H . . A '  . . ( 1 ) /B '  . . ( 1 ) 1 1  1 J  1 1  

H · · D . · ( 1 ) /B . .  ( 1 ) 1 1  1 J  1 1  
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For a l l  j . . . .  ( 2  . 24 )  

A t  each in terva l ,  the parame ters  o f  equa t ion (222)  a re est i m a ted 
u s i ng t he K a l m an F i l t e r  U - D  m e a su re m en t  u pd a t e  a l g o r i thm  
[B i e r m a n , 1 97 6 ] .  E qu a t i o n s  ( 2 . 2 3 ) - ( 2 .2 4 )  a re used  to  d e r i v e  t h e  
c on t ro l  s i gna l s  u ( t ). 

2 . 1  . 6  Se t  Po in t A t ta inmen t 

S e t  po i n t  a t t a i n m en t  i s  en s u r e d  by re m oving  the  e ff e c t o f  t h e  
s teady  s t a t e  o ff se t ,  and  b y  ens u r i n g  tha t t h e  c l o s e d  l o o p  
transfer funct i on for each loop , w h ich relates the s e t  po int  to 
the ou tput for that  loop,  ha s u n i ty gain.  The "decoupl ing" of the 

. loops m eans that a change to the operat ing po int of one l oop w i l l  
no t effect  the s e t  po int  attained o n  another l oop, a t  l ea s t  once 
the t ra n s i e n t s  have  d e cay e d .  Equa t i on ( 2 .2 1 ) g i ve s t h e  s t e a dy 
state offset contro l :  

u . ( t ) - d . /B . . ( 1 ) 1 1 1 1  • . . •  ( 2 . 25 ) 
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The c losed  l oop trans fe r  func tion for the " i " th loop i s :  

q - 1  ! B '  l. l. E . . I [ HA '  . .  + q - 1 B '  l. l. c . . J } w . ( t )  
l l  l l  l l  l 

• • • •  ( 2 . 26 )  

The process  zeros ( Bi i) can be cancel led  i f  they are inc luded as 
fa c to r s  i rt  A m i • H o w e v e r ,  th i s  c a n  l ea d  to probl e m s  w i th n o n­
m i n i m u m  phase  p ro c e s s e s. W he t h e r  B i i i s  c an c e l l ed o r  n o t , E i i  
must be  selected  to ensure an overa l l  gain of  1 ,  i . e . :  

E · . l l  E '  . .  A . ( 1 ) / [ B '  . .  ( 1 ) E '  . .  ( 1 ) ]  1 1  m 1  1 1  1 1  . . . . ( 2 .  27 ) 

w h e re E • i i  i s  the  u n s e a l e d  polyno m i a l . E ' i i  m ay be  c hosen  i n  
v a r i o u s  w ay s  d epend i n g  o n  the  d e s i re d  re spon se  o f  y ( t )  t o  w ( t ) .  
To r e t a i n  t h e  f l e x i b i l i ty t h i s  g i v e s ,  E ' 

i i  i s  cho sen  a l ong  w i t h  

Am i  w hen the contro l l e r  i s  specified. Two cases are pa rticularly 

worthy o f  mention. 

( i )  E 1 ' · · l l  � i  

I n  t h i s  c a s e  a s e rve c o n t ro l l e r  r e su l t s  w h i c h  h a s  a 
behaviour v e ry s i m i l a r  t o  t h a t o f  t h e  c o n t r o l l e r  
described by Wellstead and Z anker  [ 1 979 , b ] . 

( i i )  E2 ' i i  ( 1  + q- 1  + q-2 + • • •  ) 

T h i s  e n s u r e s  a g radual  a p pl i c a t i on  o f  t h e  c o n t ro l  
s i gna l  fo l l o w ing  a s u d d e n  s e t - p o i n t  c h a n g e .  T h e  
c o n s e rva t iv e  na ture o f  t h e  re sul t i ng con t ro l  a c t i on 
probably justifies the adoption of  thi s  polynom ial  as  
the d efaul t  select ion. Note a l so that if  a select ion of  
E ' = E 1 ' . E 2 '  is  m ad e , a ra m p  re spon s e  c a n  b e  o b t a i n e d  
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fol lowing a s tep  change in  w ( t ) . 

T he controller  m ay be less  flex ibly but more d e fini tely endowed 
w i th  servo properties by incorpora t ing the refe rence s ignal  a s  a 
f e e d forw a rd t e r m  [ A s t ro m  e t  a l ,  1 9 77; W e l l s t e a d  and  Z ank e r , 
1 97 9 ] .  T h i s  h a s  t h e  d i s a d v a n tage o f  � n c re a s i n g  the  n u m b e r  o f  
parameters to be e s t imated d u r ing self- tuning. 

2 . 1  .7 Unrneasured Disturbances  

D i s t u r b a n c e  r e j e c t i o n  h a s  b e e n  e n s u r e d  b y  i n c o rpo ra t i ng 
d i s t u rbance  t e r m s i n t o  t h e  c o n t ro l l e r  e qu a t i o n  ( 2 .23 ) .  I f  v i ( t ) 
i s  unmeasu red , then i t  must  be estima ted as though i t  were part 
of d i , the c on s ta n t  o ffs e t . T h i s  w i l l  s u f f i c e  i f  v i ( t )  c h ange s  
only slow ly o r  in frequently. The re-es t imat ion o f  d i resul ts in 
behaviou r akin to a slow i ntegral  act ion. 

R e c o v e ry fo l l o w i n g  a c h ange i n  v i ( t )  ( o r  d i a s  i t  m u s t  n o w  be  
con s idered) m ay be accelerated  i f  som e a djustment of d i be  made  
ou tside  the least  squares a lgori thm (Ka l m an F il ter). I t  has  been 
found that the m o s t  successfu l  w ay of  making the ad justmen t has 
b e e n  t o  u se t h e  error f r o m  s e t  p o i n t  [y  i ( t ) - w i ( t - k ) ] .  T he 
ad justment to d i i s  made a s :  

d . ( t+ 1 : t )  l d .  ( t )  + a .  [y . ( t )  - w .  ( t-k ) ]  l l l l . . • •  ( 2 . 28) 

Note the tim ing of the change , w hich is  m ade before the parame te r  
e s t imat ion , as  a t ime upd a te t o  the Ka lman filter  estimate , the 
u pd a te d  e s t i m a t e  then b e i n g  s m o o t h e d  by the K a l m a n  f i l t e r  
m e a su re m e n t  u pd a t e  rou t in e .  The  a i a re a rb i t r a ry p a ra m e te rs 
rel a ted  to the required ra te of  response to d is tu rbance changes , 
a n d  m ay be  c on s i d e re d  a s  " re s e t" p ara m e ters .  D e f au l t  va l u e s  o f  
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0 . 0 1  a re assigned t o  these parameters . 

2 . 1  . 8  Restatement  o f  the Mu l t ivariable C on t rol ler 

Clarke  and  Gaw throp [ 1 97 5 ] ,  have sugges te d  that the s ingle loop 
c o n t r o l l e r  m ay b e  e x t e n d e d  t o  t h e  m u l t i va r i a b l e  c a s e  by 
c on s i d e r ing tha t t h e  i npu ts  to , a n d  t h e  o u tp u t s  fro m a l l  
interact ing loops behave as  though they w e re d is turbances to the 
loop in question. Borisson [ 1 977 ] ,  d e s c r ibing the system  u s in g  
p o ly n o m i a l  m a t r i c e s ,  d e a l s  s i m i l a rl y  w i th t h e  probl e m ,  b u t  
assumes  that d is tu rbance  effects from t h e  inpu ts t o  o ther  l oops 
h a v e  a d e l ay e d  a c t i on apon  t he l o op  i n  q ue s t i on , s o  as n o t  to 
impede  calculat ion  of  the con trol s igna l. Hesketh  [ 1 980] ex tends  
t he C l a rk e/G a w t h r o p  c on t ro l l e r  to  d e a l w i th the  m u l t i va r i ab l e  
case i n  the same w ay . 

E q u a t i o n  ( 2 .2 3 )  i s  u sed  t o  c a l c u l a t e  t h e  c on t ro l  s i gna l s  o n c e  H 
and G are known .  R e w ri t ing (2 .23) :  

These simultaneous equat ions must be solved to give the control 
inpu ts to the two l oops. 
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Bor i sson [ 1 977 ] made  the simplifying assumption that the e ffe c t  
o f  t h e  i n p u t  t o  o n e  l oop  i s  d e l ayed  be fo re  i t  i s  e x pe r i e n c e d  a t  
ano the r l oo p ,  i m p l y i n g  t h a t  h i jo= O ,  t h e  l ea d i n g  z e ro i n  t h e  
polynom ia l  delay ing the app l i ca t i on o f  the s ignal  un t i l  the next  
sampling  ins tant. T he coeffic i ent  matrix  of ( 2 .29)  then becomes  
d i agon a l .  I n  t h e  g e n e ra l  c a s e ,  equa t i'o n ( 2 . 2 9 )  i s  s o l v e d  by 
tri angularisation u s ing the same rout ine a s  i s  used to solve for 
H a n d  G .  

2 . 1  . 9  Non-M i n imum Phase 

T he i nv e r s i on of t h e  po lyno m i a l  B i m p l i c i t  i n  c o n t ro l  s c he m e s  
d e s c r ibe d  above i s  n o t  po s s i b l e  i f  B i s  n o n- m i n i m u m  pha s e . T h e  
s i tuat ion  may be d ea l t  w i th in one o f  tw o w ay s. 

The  s i m p l e s t  a c t i o n  i s  to l eave  the z e r o s  u n c an c e l l e d  bu t t o  
normalise  the polynom i a l  so that in the s teady state i ts effect 
i s  m u l t i p l i c a t i on b y  u n i ty.  B ( 1 )  m u s t  be  n o rm a l i s e d  to  un i ty ,  
i . e .  t h e  B po lyno m i a l  m u s t  be  d iv i d e d  by  B( 1 ) , a s  i l l u s t ra t e d  
below . 

Normal i nversion 

Bx ( t ) 

x ( t )  1 /B 

No z ero cancel lat ion 

Bx ( t ) = B( 1 )B " x ( t )  
B" x ( t )  = 1 /B ( 1 ) 

• • • •  ( 2 .  30 ) 

• • • •  ( 2 . 3 1 ) 

B( 1 ) i s  a scalar .  B ' x ( t )  has the same s teady s tate value a s  x ( t ) .  
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A n  a l t e rna t i v e  a ppro a c h  is  t o  can c e l  on ly  t h o s e  fa c to rs of  B 

w h i c h  a re non- m in i mum phase , bu t this requ ire s  fac torisat ion o f  
t h e  p o l y n o m i a l .  H o w e v e r ,  i t  i s  po s s i b l e  t o  b r e a k  u p  t h e  
po lynomial a s  fo l lows :  

Bx ( t ) = ( B1 + q- 1 B2 ) x ( t )  

x ( t ) - 1 / ( B1 + B2) . . . •  ( 2 . 3 2 )  

B can  i f  necessary be  broken down into a number o f  sequences  e a ch  
d e l ay e d  by  a d i ffe ren t number  o f  sam pl e s . T h e re i s  a phy s i c a l  
j u s t i f i c a t i on fo r th i s  appro a c h. A fre q ue n t  c a u s e  o f  a n o n ­
m in i mum  phase polyno m ia l  is  a frac tiona l process  d e lay ,  resu l t i ng 
fo r e xa m p l e  i n  a s m a l l  v a l u e  o f  b0. I f  t h e  po lyn o m i a l i s  brok e n  
up  a s  shown above , i t  has the effect  o f  a pply ing a s ignal to the 
proc e s s  which  wh i l e  incorrect  for d i stu rbance cance l la t ion in the 
c u r re n t  s a m p l i n g  i n s t a n t  w i l l  produce the correct  effect  after 
the nex t sampl ing ins tant. The ad d i tiona l d e lay associated ·  w i th 
B2 w i l l  re s u l t  in i n c r e a s e d  v a r i ance , w h i c h  may  be  quan t i f i ed 
u s in g  m e thods descr ibed by Astrom [ 1 970 ] . 

2 . 2  IMPLICIT  MULT IVARIABLE CONTROLLER : 

There  are t imes  w hen the requ i rements  p laced upon a contro l l e r  
a re a d m i ra b ly s pe c i f i e d  b y  a c o s t  func t ion  w h i c h  w e i gh t s  b o t h  
ou tput error ( from a s e t  poin t ) ,  and input e ffort. The resu l t ing 
o p t i m a l i ty ,  c o m b ine d  w i t h  t he a ppe a l i n g  c on ce p t  of i m p l i c i t  
c on t ro l l e :r:: d e s ign , m ak e  the  C l ark e /G aw t h r o p  c on t ro l l e r  a n  
a t t ra c t i v e  p rop o s i t i on . A m u l t i va r i able scheme based on the i r  
d e s i g n  h a s  b e e n  pro p o s e d  b y  K o i v o  [ 19 80 ] . P r e v i o u s  w o rk by  
Bor i sson [ 1 979 ] had  l a i d  the groundwork for  this  d eve lopment , and  
pro m p t e d  a c on t r o l l e r  propos e d  by  H e s k e th [ 1 980 ] .  C l a rk e  a n d  
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Gaw throp [ 1 97 5 ]  had ind icated how mul tivariable  extensions could  
be ea tered for. 

T h i s  s e c t i on w i l l  s h ow  how  the  s ca l a r  c o n t ro l l e r  d e s i g n  c a n  be 
used to obtai n  an impl i c i t  mul t iva r i a b l e  c on t ro l l e r ,  fo l l o w i n g  
the me thods  o f  the prev ious sect ion for expl i c i t  control lers . 

T h e  e qu a t i o n  d e v e l o p m e n t  bears  a m a rk e d  s i m i l a r i ty t o  tha t 
fo l l o w ed i n  d e v e l o p i n g  the  equa t i ons  for  m i n i m u m  va r i an ce 
c o n t ro l  ( e qu a t i ons  ( 2 . 1 2 )  to  ( 2 . 1 7 ) ) . T h e  pro c e s s  i s  d e s c r i be d  
a s  by ( 2 . 1 2 )  a s :  

Ay = q- kBu ( t )  + q-kDv ( t )  + d + Ce ( t )  . . . •  ( 2  . 33 )  

U s i n g  ( 2 . 1 3 ) , a p r e d i c t i o n  o f  y ( t ) g i v e n  by  ( 2 . 1 5 ) i s  
o b t a i n e d .  T h i s  i s  m od i f i e d  b y  " d e tu n i ng"  a s  d e s c r i b e d  by 
W e l l s te a d  e t .  a l .  [ 1 9 7 9 a ] . The i r  d e tu n i n g  c on c e p t  m ay be 
i n c o rpora t e d  i n to t h e  s t ru c ture o f  t he i m p l i e d  s e l f  t u n ing  
contro l ler  by  wri t ing :  

Py q-k { ( BF/C )u ( t )  + ( D¥/C ) v ( t )  + ( G/C ) y ( t ) ]  

+ ( F/C) d  + Fe ( t )  

2 . 2 . 1  Se lf-tuning :  

• • • •  ( 2 . 34 )  

E q u a t i o n  ( 2 .3 4 )  d e f i n e s  t he a ux i l i a ry fun c t i on (/Jy d e s c r i b e d  by 
Clarke and Gaw throp [ 1�75 ] . The paramete rs of this equat ion  are 
identified  i n  the self- tuning procedure a s  fol lows :  
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Where : d ' F (  1 ) d  H BJ' DJ' • • • •  ( 2 . 3 5 )  

2 . 2 . 2 C l osed  Loop 

C la rke  and Gaw throp [ 1 979]  show that the loop may be c losed , and 
a o n e  s t e p  q u a d ra t i c  c r i t e r i on i m po s e d  by e x e r t i ng a c on t r o l  
s igna l g iven by : 

Qu ( t )  Rw ( t )  - 0y - Sv ( t )  - Kd ' • • • •  ( 2 . 36 )  

T h e  d e tuned m in imum variance control imposed by the introduc t ion 
of  P in equat ion (2.34 )  is  thus extended w i th the Q w e ighting on 
u ( t ) .  The B polynom ial  is necessary to ensure corre c t  set  po int 
a t tainment  [ A l l i d ina and Hughes ,  1 979] , while the S polynom i al 
w i l l  ensure d i s tu rbance rej ec tion [Hesketh , 1980 ] , and the offse t 
t erm i s  included for the s ame reason , w i t h  K to be d e term ined . 

Equa t ions ( 2 .3 5 )  and (2 .36)  are inserted into the system  equat ion 
(2 .3 3 )  to obtain  the closed  l oop transfer functions  relat ing the 
o u t p u t  fro m t h e  l o o p  t o  t he s e t  p o in t ,  d i s tu rban c e s ,  o ffse t a n d  
n o i s e . 

[Den] y (  t )  

+ ( Y/C ) ( QC+H) e ( t ) 

W i th [Den] . • • •  ( 2 . 37 ) 

T h e  v a r i o u s  t ransfer  fun c t i on s  have t o  b e  taken  o n e  a t  a t i m e ,  
a n d  f or  e a c h , a d e c i s io n  m a d e  a s  to  t h e  d e s i re d  e ffe c t  o f  the  
inpu t signa l i n  ques t ion o n  the outpu t .  
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2 . 2 . 3  Set  Po in t A tta inmen t 

T he t ra n s f e r  fun c t i o n  re l a t ing  y ( t )  t o  w ( t ) s h o u l d  b e  un i ty to  
ensur e  s e t  po int  a t ta inmen t fo r the loop . Thu s :  

H ( 1 )  R ( 1 )  [ Den ] ( 1 ) . . . • ( 2 . 38 )  

Apa r t  from the norma l i sat ion of R ,  th is  d oes not  i m pose further 
res t r i c tions upon the choice  of  R ,  and some of the c omments  m ade 
abou t the E polynom ia l  for the pole plac ing cont ro l l e r  (Sec t ion 
2 . 1  . 6 ) wou l d  apply here . 

2 . 2 . 4  D i s turbanc e  Rejec tion  

D i s turbance rej ec t ion w il l  remove intera c tions between  l oops , and 
a l so remove the effects  on a loop of m easured d i s turbances. This  
i s  ensured by sett ing:  

EQ - H S  0 • • • •  ( 2  - 39)  

S m u s t  b e  c ho se n  ( o r  at  l e a s t  s c a l e d )  approp ri a t e l y , [ H e sk e t h ,  
1 980] . 

2 . 2 . 5 O ffset E l iminat ion : 

The  scalar  quan t i ty K mus t  be  chosen so t ha t :  

Q ( 1 ) - H ( 1 )  K 0 . • . •  ( 2 . 40 )  

I t  i s  assumed that  the offs e t  term d c hanges only  infrequently or 
s lo w l y ,  s o  t h a t  e s t i m a t i on o f  d c an b e  u s ed t o  e l i m i na t e  i t s 
effec t . The value of d w i l l  include the s teady state value of  any 
d i s tu rban c e s  w h i c h  a re n o t  m ea su red . The  re- e s t i m a t ion  o f  d 
fo l l o w ing any change in  i t s  va lue can be accelerated a s  described 
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i n  s e c t i o n  2 . 1 .7 .  

To  m a i n ta in s tab i l i ty w h i l e  the v a lu e s  of R and  S a re b e ing  
change d , t h e  changes are  introduced gradua l ly a s  for e xample :  

. • • •  ( 2 . 4 1 ) 

2 . 2 . 6  O ther  loop inpu t s  as  d is tu rbances 

D i f f i c u l ty is l ik e ly to a r i se i f  the i n pu t to  one  l o op  i s  t he 
d i s t u rb a n c e  fo r a n o t h e r ,  w h i c h  i s  u s u a l l y t h e  c a s e  i n  
mu l t iva r iable  syste m s. As a re su l t ,  inpu ts  h ave to be d e term ined 
s imu l taneously , and un t i l  all are known ,  the d i s turbance effec ts  
that each  w i l l  have on  another loop cannot  be  a ssessed.  Bori sson 
[ 1 979 ]  suggested that the problem may be overcome by d e lay ing the 
e ff e c t o f  a ny inpu t on  a ny o ther  l oop .  T h i s  d o e s  d egrade  
d i s t u rb a n c e  r e j e c t i o n , the  a m ount  of  d e g ra d a t i on e x p e r i e n c e d  
d ep e n d i n g  o n  t h e  p r o c e s s  be i ng con t ro l l ed .  How e ve r ,  s u c h  a 
procedure  enables the scalar representation  to  be re tained. 

2 .  2 .  7 Summary 

T he i m p l i c i t  c o n t ro l l e r  i d e n t i fi e s  the  p a r a m e t e rs o f  e qu a t i on 
( 2 .3 5 ) .  The  c on t ro l l e r  i s  t e rm e d  " i m p l i c i t" b e c a u s e  t h e s e  
parameters a re assoc i a ted w ith the contro l l e r ,  rather than w i th a 
pro� e s s  m o d e l .  T h e s e  i d e n t i f i e d  para m e te rs a re t h e n  u s e d  t o  
c a l cu l a t e  t h e  i n p u t  t o  t h e  p r o c e s s  u s i n g  e q u a t i o n  ( 2 .3 6 ) .  S o me 
add i tional  contro l l e r  parameters ,  which a re not identified , have 
t o  be  s p e c i f i e d  by t h e  opera t o r  for t h i s  e q u a t i o n  ( Q , R ,  S ,  K ) .  
S e t po i n t a t t a in m e n t ,  o ffse t e l i m ina t i on ,  a n d  d i s tu rban c e  
r e j e c t i o n  a re e n s u r e d  by su i tably ad j u s t i ng the  va l u e s  for  R ,  S 

and K. The one step criterion : 



� Py + q-k ( Qu - Rw + Sv) 

i s  m in im ised  by th i s  control ler .  

2 . 3 FULL MULTIVARIABLE POLE-PLACING CONTROLLER 

5 1  

Equat ion (2 .2 )  expresses i n  ARMA form the model  o f  the process  to 

b e  c on t ro l l ed , a n d  t h e  p a p e r  by N e l son  a n d  S t e a r  [ 1 97 6 ] re l a tes  
the  para m e ters of this  model  to  the observable canonica l s t ate­
space  representation. T he ARMA form is repeated for convenience 
a s :  

A " y (  t )  q-kB " u ( t ) + C " e ( t ) . • . •  ( 2 . 42 )  

A regu l a to r  for t h i s  process  takes the form o f :  

Hu ( t )  + Cy( t )  0 • • • •  ( 2 . 43 ) 

w here H and G are polynom i a l  m atrices to  be d e term ined. For  the 
s i ngle- input-s ingle-outpu t ca se d i scussed in s e c t ion 1 .4 .3 , BH=HB 
s o  t h a t i t  i s  po s s ib l e  t o  d er ive  a po lyno m ia l  e qua t i on t o  be 
s o l v e d  f o r t h e  c o n t r o l l e r  p a ra m e t e r s .  H o w e v e r ,  i n  t he 
mu l tivariable case these polynom ial m a tri ces d o  not  commute , and 
i t  becomes necessary to  define a dd i ti onal  polynom ia l  matr ice s  so 
t h a t  fo r e x amp l e H " B = B " H .  Y.. u l  t i v a r i a b l e  m in i m u m  v a r i a n c e  
contro l lers have been d es igned using a su i table  artifice  s im ilar  
t o  that  above , [ Bori sson , 1 979; Koivo , 1 980] .  I t  is  not  fru i tful  
t o  d e f i n e  H "  an d  B "  a s  a bove , and  an  a l t e rn a t i v e  m e t ho d  m ay be  
employed to  find H and  C. The  method w il l  be out l ined  below .  
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2 . 3 . 1  S e l f-tun ing case 

T he s e p a ra t i on t h e o r em  [ A s t rom , 1 970]  a sserts that the control 
l a w  m ay be  d e r i ve d  as fo r t h e  n o i s e - f r e e  c a s e , a n d  the s e l f­
tuning principl e  s tates that the control law  calcu l a ted from the 
bi assed  parameter  est imates  w i ll  converge to the con tro l  law that 
w ou l d  have  been  d e r ive d  u s in g  a k- s te p  p red i c to r ,  w i th a fu l l  
kno w l edge  o f  the no ise  process. For the se l f-tun ing case , le t the 
para m e ters which  a re est ima ted  ( i .e. the biassed parameters ) , be 
the param eters o f  the m ode l :  

Ay ( t )  = q- 1 Bu ( t ) + e ( t )  . • • •  ( 2 . 44 )  

The B polynom ia l  h a s  zero coeffic ient ma trices t o  cater  for t i m e  
d e lay s ,  w h i l e  e ( t )  i s  a w h i t e  n o i s e  s equence .  T h i s  m ay be  r e ­
fo r m u l a t ed  f o r  e a s e  o f  m an i pu l a t i o n  w he n  t h e r e  a r e  a n  e q u a l  
number  ( m )  o f  inputs  and outputs: 

. . . . . . . . . . .  
u ( t-2 )  . . . .  0 I 
u ( t- 1 ) . . . . 0 0 

. . . . . . . . . . .  
y (  t- 1 ) 0 0 
y (  t )  B2 B1 

i . e .  x ( t )  D 

. . . . . . . . . . . 
0 0 

0 0 
. . 0 I 0 

0 I 
A2 A1 

u ( t-3 )  0 
u ( t- 2 )  I ( t - 1 ) + e. (t) 

y ( t-2 )  0 
y (  t- 1  

X ( t- 1  ) + E u ( t- 1 ) + a.(t) 

. • • •  ( 2 . 45 

The pol e-placement des ign procedures of  Wolov i ch [ 1 974 ] m ay be 
a pp l i ed t o  t h e  p s eu d o- s ta te- space  fo r m  o f  e qu a t i on ( 2 .4 5 ) .  The  
r e q u i re m e n t  p l a ce d  on D a n d  E ,  i s  t hat  t h i s  pa i r  of  m a t r i c e s  be  
c on t ro l l a bl e ,  as  t h i s  r e p r e s en t a t ion  m u s t be  t ra n s fo r m e d  t o  a 
contro l lable companion form  for  the ana ly s i s  t h a t  fo l l ow s .  T h e  
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contro l labil i ty ma tr i x  i s  

J 
2 � [ K , DK ,D� , . . .  ] . • • .  ( 2 . 46 )  

w h i c h  m u s t  be o f  fu l l  rank  if  the pa i r  ( D , .K) i s  c o n t r o l l a b l e .  I f  
J i s  fu l l  rank i t  i s  poss ible to form : 

Q . • • •  ( 2  - 4 7 )  

- 1 w he re Q "  i s  c o m po se d  o f  the l a s t  m row s o f  J . F o l l o w ing  the  
ana ly s i s  of  Wolovich  [ 1 974 , p78-79] for  scalar  processe s ,  and  the 
subsequent extens ion to mul t ivariable processes , it is  apparent 
that the t ransformat ion x ' =Qx y ie ld s :  

where 

X ' ( t )  QDQ- 1 x ' ( t- 1 ) + QEu ( t- 1 ) 

QK [ 0 ,  0 ,  • • • • • , I ]  T 

0 I 0 
0 0 I 

. . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . 
0 0 

0 
0 

. . . •  ( 2 . 48) 

I 0 
0 I 

A2 
• A 1 

• 

• • • •  ( 2 . 4 9 )  
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( 2 .48 )  and  ( 2 . 49 )  make i t  c lear that  a control ler  of  t he form 

u (  t - 1  ) :Fx 1 ( t- 1 ) • • • •  ( 2 . 50 )  

m ay be u s e d  t o  m o d i fy the  para. m e t e rs o f  A 1 1 ,  A 2 1 • • • s o  that  t h e  
resu l ting po lynom ial  ma trix has t h e  same parameters a s  some  model 
polynomia l ma trix  w i th suitable po les , i . e .  we can requ i re 

x 1 (  t )  [ QDQ- 1  + QE:F] x 1 (  t- 1 )  . . . •  ( 2 .5 1 a ) 

which because of the form of Q E  reduces to the fol l o w i ng when the 
last  m row s of (2 .5 1 a) are chosen:  

[ • • • 0 0 • • • A2 I A 1 I J + :r c [ • • • 0 0 • • • Am2 Am 1 ] 

• . . .  ( 2 . 5 1 b )  

The m inpu t s ignal s  may be calcu l a ted  from 

u ( t- 1 ) . . . .  ( 2 . 5 2 )  

x ( t- 1 ) i s  d e f i n e d  i n  equ a t i o n  ( 2 .4 5 )  a n d  i t  i s  a p p a r e n t  th a t  
( 2 . 5 2 )  i s  n o w  o f  t h e  s ame  fo r m  a s  ( 2 .43 ) ,  i . e .  i t  d e f ines  
polyno m ia l s  H a n d  C w h i c h  a re requ i re d  by t h e  p o l e  p la c ing  
contro l l e r .  T he ful l  pole plac ing  a lgorithm may now be g iven. 

1 .  E s t i m a t e  the  para m e t e r s  o f  equ a t i ons  ( 2 .4 4 )  a n d  ( 2 .4 5 ) . 
T h e s e  pa ra m e t e r s  a re e s t i m a t e d  u s i ng the  s a m e  e s t i m a t i on 
procedure as  that described for the previous m u l  t ivariable 
a l gori thms . 

2 .  Form the Q matrix  using equations ( 2 .46 ) and ( 2 . 47 ) .  

3 .  Transform the D matrix a s  in  equat ion ( 2 . 49 ) .  
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5 .  Apply the contro l  d efined  by equat ions ( 2 . 52 )  and ( 2 . 43 ) .  

The fu l l  sparse matrices  described by equa tions  (2 .4 5 )  and (2 .49 )  
n e e d  n e v e r be f o r m e d  i n  t he i r  e n t i r e ty , b u t  t h e i r  s t ru c tu re 
defines a s e t  of ope ra t i ons w hi c h  must be performe d. Two matrix  
inversions  are requ ired , bu t one  a t  least  - that  o f  J defined by 
e qu a t i on ( 2 .4 6 ) - i s  o f  a re l a t iv e l y  sparse  m a t r i x , and  n o t  t o o  
arduou s . 

The resu l ting structure of the matr ices of  equation  (2.49) is  of 
in t e r e s t ,  pa r t i cu l a r l y  for  a s c a l a r  pro c e s s  w he r e  one of the  
m atrix  i nversions may be  avo ided , the a lgori thm reduc i ng to  the 
same  comple x i ty as that  described in  section 1 .4.3.  The resu l ting 
structure o f  equat ion ( 2.4 9) is  i l lustrated in  Append i x  A ,  where 
som e  num er i cal  examples of the po le-plac ing calGula tions are a l so 
presented . 

2 . 3 . 2 Set  point attainment 

T he regu l a t or d e s c r ib e d  above  w i l l  n o t  in g ene r a l  ensure  s e t­
po i n t  a t ta i n m e n t  i f  t he s e t-p o i n t  i s  non- z e ro ,  a n d  w i l l  n o t  
re m o v e  s te a dy- s ta t e  o ffse t s  o r  t h e  e ffe c t s  o f  l o a d  c hanges  t o  
unm e a s u r e d  d i s tu rba n c e  va r i a b l e s . I t  i s  a s s um e d  tha t t h e  s e t ­
points  w il l  be held steady between changes ,  and that  offse ts and 
o th e r  d i s tu rban c e s  a r e  s l o w ly v a ry ing. The a n a ly s i s  i s  fu r t h e r  
s i m p l i f i e d  b y  t h e  fa c t  t h a t  t h e  m o d e l  po l y no m i a l  m a t r i x  i s  
usua l ly a d iagonal  m atrix , so  that interactions  between l oops m ay 
b e  m i n i m i sed  by t h e  r egu l a t o r. C on s t�t o ffsets and unmeasured 
d i sturbances  are incorpora ted i n to an offset term for each l oop , 
a l l  t h e  o ff s e ts b e i n g  ga t h e re d  i n to a v e c t o r  d .  T h i s  v e c t or  i s  



56  

estimated  by the Kal m an F i l ter  m easu rement update rou t in e ,  but  an 
i n t egra l - l i k e  a c t i on m ay be i n t ro d u ced  by a t i m e- u pd a te of d 
between m ea surement upda tes. This  t im e  update takes  the form :  

d ( t l t- 1 ) v[y ( t ) -w ( t-k ) ]  + d ( t l t ) • . . . ( 2 . 5 3 )  

V i s  a d i agona l w e igh t i n g  m a t r i x w h i c h  d e te r m i n e s  t h e  " re s e t "  
ra te  o f  t h e  in tegra l  a c t i on , a n d  w ( t ) i s  t h e  v e c to r  o f  s e t ­
points . 

Know l e d ge o f  t h e  s e t- po i n t s  a n d  o ff s e t s  enab l e s  t h e  p r o c e s s  
contro l  inpu t t o  be  calculated  a s  fo llows : 

. . . • ( 2 . 54 ) 

w h e r e  u ( t ) i s  t h e  c o n t r o l  a c t i o n  requ i red  by t h e  po l e - p l a c i n g  
regulator ,  and the rema in ing terms  ensure offs�'· t e l i m ination and 
un i ty ga i n  o f  t h e  s t eady- s t a t e  t ra nsfer  fun c t i on re l a t in g  y ( t ) 
and w ( t ) . 



3 .0 INTRODU CTION 

Chapter 3 
METHOD 

5 7  

The tangible  product  of  this research is  a su i te o f  progra m s  for 
c o n t ro l o f  a p ro c e s s  u s i n g  s e l f- tu n i n g  m e t hod s . H a v i ng b e en  
w r i t te n  f o r  r e sea rch  purpo se s ,  t h e  p rogra m s  a re n e c e s s a r i ly 
fl e x i b l e  a n d  e a sy to  change , a l t hough  l e s s  e f f i c i e n t than  a 
d e d i c a t e d  p rogra m w o u l d  b e .  A h igh l ev e l  l anguage  ( 1 9 6 6  ANSI  
S tand a rd FORTRAN ) has  b e en  u s e d , a n d  a l l  the  c o n t ro l  rou t i n e s  
h a v e  b e e n  w r i t ten  a s  sub rou t i n e s ,  c a re be ing tak e n  t o  u s e  o n ly 
"Basic Fortran" s ta tements w hich  would  make them as  portab le  as  
possible  from machine to  m achine. A main program ,  wh i ch c a l ls  the 
control sub routines , is assum ed to ex ist ,  and to incorpora te a l l  
the machine-dependent functions such as  hand l i ng of  d i sk fi l es ,  
tim ing opera t i on s ,  and a l l  inpu t and ou tput  (communication w i th 
bo th process  and opera tor ) . This  makes i t  poss ible to m ere ly add 
these  s u b r o u t i n e s  to m any e x i s t i n g  c on tro l  program s  fo r any 
c on t ro l  l o o ps w h i c h  req u i r e  t h e m .  I n  c a ses  w here  t h e re w a s  no  
su i table con trol program in ex is tence ,  i t  has  been necessary to  
w rite  one. 

Sect ion 3 . 1  d escribes the p rogram s  w hich have been w ri tten ,  wh i le 
t h e  c o m p u t e r  sy s t e m s o n  w h i c h  t h e s e  p r o g r a m s h a v e  b e e n  
i m p l e m e n t e d  a re d e a l t  w i t h  i n  s e c t i on 3 . 2 .  F i na l ly  s e c t i on 3 .3 
in troduce s the processes wh i ch  have been contro l l ed in  the course 
of this research. 

3 .  1 PROGR AMS 

The program s  w ere original ly w ri tten for an impl i c i t  se lf- tuning 
con t ro l  s c he m e ,  a n d  the  s a m e  s t ru c tu re has  been  u s e d  s i n c e  fo r 
expl i c i t  po le  plac ing algori thm s ,  and o ther DDC schemes. I t  has 
thu s  b e e n  found  t o  be  v e ry g e n e r a l  in i t s  a pp l i c a t ion . The  
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progra m s  fo r t h e  e x p l i c i t  c a s e  w i l l  b e  u sed  t o  i n t ro d u c e  t h e  
s t ru c t u re o f  t h e  rou t in e s , and t h en  i t  w i l l b e  s h o w n  how  t h i s  
s truc ture m ay b e  mod i fied  t o  incorporate  o ther c on tro l l e rs. 

3 . 1  . 1  Expl i c i t  po le-plac ing a lgor i t hms 

A m a i n  subrou t i n e  e s tab l i s h e s  t h e  C O M M ON a r e a s  fo r the d a t a  
s truc ture s ,  and a ca l l i ng sequence for o ther subrou t ines i n  the 
pro g r a m  su i t e .  Da ta a re a s  i n  the  m a i n  subrou t i n e  h ave  been se t 
a s i d e  for the fol lowing: 

( i) Process  var i ab l e s .  

P r o c e s s  v a r i ab l e s a re s t o re d  i n  a s i ng l e  o n e- d i m e n s i ona l  
a r ray , e a c h  var i a b l e  c o m p r i s i n g  the  p r e s en t v a l u e , a n d  
s eve ra l  v a l ue s  from  p rev i ou s  s a m p l e  i n t e rva l s ,  i . e .  a 
va r i ab l e  x ( t )  i s  s t o re d  a s  a su b - a r ray [ x ( t ) , x ( t- 1  ) , x ( t-
2 )  . . .  ] .  The pos i t ion of  each sub-a rray w i thin the m a in array 
i s  i d en t i f i e d  by a v a r i a b l e  po i n t e r. C u r r e n t  v a r i abl e 
value s ,  to be passed be tween the control subrout ines and the 
m a i n  p ro g ra m ,  a re e x t ra c t e d  and  h e l d  i n  s e p a r a t e  a r ray s , 
w h i c h m ay be  i n t eger  a rray s i n  a n t i c ipa t i on o f  t he i r  u se 
w i th A/D and D/A c i rcui try. Variable pointers &re held in a 
separa te integer array. 

( i i )  Mod e l  parameters . 

Up to n m odel  paramete rs for each  of  m l oops a re held i n  an 
n X m a r ray .  The  c o v a r iance  m a t r i x  for t he i d en t i f i c a t io n  
rout ine i s  decomposed using the UDU' fac tori sa tion ,  and for 
each loop the U and D covariances are stored a s  a s ingle one 
d i m e n s i o n a l  a rray , the  o v e ra l l  a rray for  m l oops  hav i ng m 
columns. A rrays are a l so required for the model  polynom ials  
for e a c h  l oop , w h i c h  e s tab l i s h the  po l e  p o s i t i on s ,  and  the 
observe r po lynomi a l s  which operate  on the s e t  po ints . 
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( i i i )  Pa rameters wh i ch control program execution . 

( iv )  Work a rea .  

This  area i s  set  as ide  for  opera t i ons  assoc iated w i th matrix 
invers ion fo r po le  pla cement . 

A l l  o ther variab l es ,  such a s  l oop counters and temporary work ing 
variable s , are  l o ca l to the subrou tine in which they a re u sed . 

Func t ional overvi ew o f  programs 

A m a i n  subrou t i n e  exe r c i s e s  o v e ra l l  c o n t ro l , a n d  a l o g i c  f l o w  
description o f  this  subrou t ine i s  given be low . 

Subrout ine EXSTC 
I f  t h i s  is the f irst  ca l l  to EXSTC then 

begin 

e l se 
end  

Read  the fol l ow ing parameters from d i sk f i l e :  
- coun t s  for certa in operat ions 

- mod e l  and observer po lynomia ls 
- variab le  po inte rs ( determining process  s truc ture ) 
init ial i se variab les ( e . g . cova riances )  

begin 
estab l ish  set-points ( predetermined s equence s , or  

entered by operator)  
for  each loop 

shift a l l  v a riables ( t ime update ) ,  and enter 
new variable values ( from cal l ing program ) 

for each  loop 
perform UDU ' measurement  update parameter e s t imat ion 

for each  loop 



end 
end . 
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pe rform such contro l  cal cula tion s as can be done 
for loops sepa ra te ly 

c omplete  control ca lcula t ions for mu l t iva riable process 
prepare variable arrays for re turn to ca l l ing program 

Des cr iption of subrou t ines to perform above funct ions 

As  d escribed  above , each subrou t ine is  ca l led repeated ly for each 
o f  t h e p r o c e s s  l o o p s . A t  e a c h  c a l l ,  t h e  p o i n t e r s  t o  t h e 
pa ra m e te r s a n d  v a r i a b l e s  a r e c h a n g e d  t o  a c c o r d w i t h t h e  
p a r t i c u l a r  l o o p  u n d e r  c o n s i d e ra t i o n .  T he m o re i m po r tant  
s ubrou t in e s  a re l i s t e d  b e l o w , w i th  a br ief  d e s c r i p h on o f  the  
fun c t ion o f  each  one. 

( i ) M isce l l aneous functions .  

C e rta in s tandard operat ions u sed  by m any of the o ther  subrout ines 
a r e  d e f i ne d  a s  subrou t in e  o r  fun c t i o n  ca l l s . T h e s e  opera t i ons  
i n c l ud e  p o lyno m i a l  e va l u a t i on a n d  m u l t i p l i c a t i on ,  and  t he 
movement of polynom ial  va lues  from one po lynom i a l  to  another. The 
m ov e m e n t  o f  v a l u e s  i s  i m p o r t a n t  b e c a u se i t  i s  u s e d  i n  the  t i m e 
u pd a t i n g  o f  l o o p  va r i ab l e s . R a t h e r  than  c ha n g e  the  nu m e rous  
pointers , the ent ire variable space is  moved w i th  respect  to  the 
poin ters. For t ime  c r i t i ca l  app l ications ,  w hen u s ing a Z-80 based 
m i c roco m pu te r , the o p e ra t i on m ay be pe r fo r m e d  in a s m a l l  
assembl er  subroutine w hich  makes use of  the Z-80 block t ransfer 
m a c h in e  c o d e  i ns true  t i on .  A p a r t  f rom  t i m e u pd a t in g ,  b l ock  
t r an sfe r s  are  used  t o  e x c hange  po i n t e r  a rray s for  d i ffe ren t 
l o o p s ,  and  p a ra m e t e r  a rray s f or  t he i d e n t i f i c a t i o n  and c on t ro l  
rou t ines . 



6 1  

( i i) Establ i sh ing set po in ts. 

V a r ious rou tines have been used , the c hoice of  each d epend ing on 
t h e  a pp l i ca t i on of  t h e  c o n t ro l l e r  a t  the pa r t i cu l a r  t i m e . F o r  
e xperimental pu rposes , the set po ints  m ay be changed accord ing to 
som e  prede te rm ined rule  ( e.g. a square wave , random numbers ) , o r  
they may  be  read from a sequentia l  d i sk f i l e  a t  appropri a te t i me 
in s ta n t s . I n  o tner  s i t u a t i on s ,  t h e  s e t  po i n t s  m ay be  c h an g e d  i n  
response t o  a d emand from the process operator. 

( i i i ) Parame te r  est imat ion. 

Pa rameter  e s t imation rou tines estab l i sh the correct vec tors and 
c o v a r i a n c e  m a tr i c e s . T h e  p a ra m e te r s  a re e s t i m a te d  u s i n g  a 
m e a s u r e m e n t  u p d a t e  r o u t i n e  b a s e d  on  a U DU ' fa c to r i sa t i on 
( B i e r man , 1 9 7 6 ) . "C o v a r i a n c e  w in d u p" i s  a v o i d e d by u s i n g  a 
v a r i ab l e  fo rge t t i ng fa c tor  [ F o r t e sq u e  e t  a l , 1 9 78 ] . T h e  a c t u a l  
formula used w as :  

FORGET 1 - A*PHI*PHI/Mean (PHI*PH I )  . . . • ( 3 . 1 ) 

A i s  a c o n s t an t  p a ra m e te r ,  a n d  P H I  i s  the  Ka l m a n  f i l t e r  
i nnova t i on . I n  a n  a c t u a l  opera t ing  s i tu a t i on , the  t r a c e  o f  the  
covariance m atrix i s  checked from t ime  to  t ime  to ensure tha t  i t  
d oes not become too l a rge , and if  necessary the ma trix i s  s c a l ed 
to reduce the trace to  an acceptabl e  value. 

( iv) Contro l l e r  parame ter  cal cu la t ion. 

The equation :  

. • • •  ( 3 . 2 )  

h a s  t o  b e  so l ved fo r t h e  pa ra m e t e rs o f  the H and  G po l yn o m i a l s . 
This equat ion is  re-expressed a s  a set  of  simul taneous equat ions 
g iv ing :  
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0 0 0 

0 

. . . .  ( 3 . 3 ) 

These equa t ions a re solved by triangular isation o f  the parameter 
m a t r i x . T he re su l t i ng pa ra m e te r s  a re then u s e d  by the con t r o l  
rout ine t o  e s tabl i sh the con trol input fo r the l oop i n  quest ion 
using the m ethod s described i n  Section 2 . 1 . 

( v ) D isplay and re turn of values to the main program.  

The d i s p l ay and r e c o rd i ng  of pro c e s s  behav i o u r  i s  i d e a l ly 
performed  in  the ma in  program ,  but i t  i s  poss ible  t o  incorpora te 
a d i s p l a y  rou t in e  a s  p a r t  o f  the  s e l f- tu n i ng c o n t ro l l e r ,  
part i cu l arly i f  d i splay o f  m od e l  parameter var ia t ion i s  d e s i red 
so  tha t c onvergence  m ay be exam in e d . U sua l ly ,  a s i m p l i f i e d  
d isplay i s  produced during a run ,  and a detailed analy s i s  i s  made 
possible by produ c ing graphs o ff-l ine from a d i sk f i l e  where the 
loop  v a r i a b l e s  a n d  para m e t e rs have b e en logge d . A ny v a r i a b l e s  
tha t h a v e  t o  be  r e turned  t o  t h e  m a in pro gra m h a v e  t o  be  s c a l e d  
and p laced  i n  the appropriate d a ta areas a t  this  p o i n t. 

Offline  parameter  entry 

The s e l f- tun ing controller  s t i l l  requ i res  the pri or choice  of  a 
number o f  para m e ters which  e s tabl ish the bound s o f  i t s  ope rat ion. 
These parame te rs are s tored i n  a d i sk fi le  for use  by the control 
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rou t in e s .  T h i s  d i sk fi l e  m ay b e  s e t  up u s ing any s t a n d a rd t e x t 
e d i to r  p r o g ra m ,  bu t i t  i s  m o re c onven i e n t  to fo l l o w  a q ue s t i on 
and answe r  process  to create the requi red file. Th i s  in tera c t ive 
proc e d u re re l i e s  on an  o f fl i n e  prog ra m .  F igu r e  3 . 1  s ho w s  an 
example of the d ia logue fo l l owed  by thi s rout ine. 

NO . LOOPS , NO . STEPS , STEP LOOP C LOSED 
INITIAL R MATRIX  (DIAG ) : 

LOOP 1 
NO . DI STURBS , MODELORDER , PROCESSORDER , DELAY 
<Y> = I�TEGRAL , ELSE <RET> : 
NA NB NC  N D  NG NH 
2 2 2 . •  RETYPE ELSE <RET> 

OBSERVER POLYNOMIAL PARAMETERS : 
MODEL PARAMETERS : 
POINTERS TO  Y , U ,W , ZE , ZA ARE 1 1 1  2 1  3 1  4 1  
FEEDFORWARD POINTERS START AT 1 01 
ENTER POI NT ERS FOR 2 DISTURBANCES 
NO . STEPS BETWEEN SAMPLES : 

LOOP 2 
etc . 

FIGURE 3 . 1  Offl ine D i a logue to d efine contro l l e r  
(N . B .  The < : > i s  a prompt for operator  inpu t ) 

3 . 1 . 2  Programs for Impl ic i t  S e l f- tuning. 

The program s  for the impl i c i t  s e l f-tuning contro l l e r  u se exac tly 
the same s tructure as  those described in sect ion 3. 1  . 1  , and many 
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of  the rou t i n e s  a re the  s a m e .  T h e  m a i n  c hanges are  in  the re­
d e f i n i t i on of  t h e  data  s e t s ,  and  the  d e term i na t i on o f  the 
contro l l e r  pa ra m e te rs and the contro l  s i gnal  i tse l f. R a ther than 
describe the en t i re set of rou t ines ,  this  sec tion w i l l  h ighl ight 
the d ifferences  fro m  the po l e-plac ing rout ines of sec t i on 3. 1  . 1 . 

Da ta s torage a reas  

The  po lyno m i a l s  P , Q ,R and  S w h i ch d e f ine the  c o s t  fun c t i on 

w e ight i ngs  ( e q u a t i on 2 . 36) have  to  be  d e f ined , i n  p l a c e  o f  the  
model  polynom ia l  A m and the observer polynomial  E required for 

po le  placem en t. A l l other data areas a re unchanged , a l though the 
parameters to be est i mated w i l l  be those used for c o s t  func t ion 
predict ion , ra the r than the parameters of  the process  mode l .  

Program logic  f low descript ion 

The main subrou t ine i s  identical  to  that used for e x p l i c i t  s e l f­
tun i ng ,  a n d  w h i c h  i s  d e s c r i bed i n  s e c t i on 3 . 1 . 1 . O n l y  the  d a ta 
a reas have to  be  redefined. 

The parameter  e s t i mation rout ines requ i re d ifferent vectors for 
pa ra m e t e r s  a n d  v a r ia b l e s . The  U D U '  m e a surem e n t  u p d a t e  rou t in e  
e s t imates the parameters o f  �HETA , where : 

Py( t ) �HETA*X 

X = [u ( t-k ) , . • •  , y ( t-k ) , • . • , �y ( t- 1 ) , . . .  , v ( t-k ) , • • •  ] '  

Fol low ing the e s t imat ion of the paramete rs ,  the para me ters of the 
w e igh t i n g  p o l y no m i a l s  P , Q ,R and  S have t o  be  a d j u s ted  a s  
described i n  sec t ion 2 .2 . An add i t ional subroutine i s  d ef ined to 
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perform th i s  a d just ing  opera t ion . 

T h e  c on t ro l l e r  subrou t ine ( s ) a re s i m pl e r  for  t h i s  i m p l i c i t  
a l g o r i thm t h a n  fo r t h e  e x p l i c i t  po l e -plac i n g  a l go r i t hm . T he 
c o n t rol  s u b r o u t i ne  pe rfo rm s the  opera t i on d e f i n e d  by e q u a t i on 
( 2 .4 1  ) ,  ca l cu l a t i ng u ( t ) .  

The remain ing opera t i ons for return o f  the correct  values  to the 
cal l ing progra m ,  and for d isplay and data logging ,  are the same 
for both impl i c i t  and  expl i c i t  controll ers. 

The  s a m e  s t ru c tu re h a s  f o r m e d  the  ba s i s  for progra m s  u s ed fo r 
ident ifi cation and contro l  w i th o ther a lgorithm s. A ny unnecessary 
subrou t i n e s  a re o m i t ted , and t hose  d e f in ing k ey fun c t i o n s  a re 
changed. The common basic s truc ture means tha t the programs  have 
m e t  the r e qu i re m e n t  o f  f l e x i b i l i ty requ i red  fo r re s e a rc h  
purposes . 

3 . 2  COMPUTER SYSTEMS 

During the course of the research ,  the program s w e re run on two 
d ifferent c omputer  system s. The simulat ions were performed on a 
PDP1 1 /34 m in i computer ,  and on-l ine l aboratory exper iments  used a 
Cromemco m icrocomputer. The use of a m icrocom pu ter i s  of  inte rest  
as  i t  e m phas i se s  the  su i tabi l i ty of  t hese  low  c o s t  d ev i c e s  for  
suc h  con t r o l .  

3 .2 . 1  MINICOMPUTER I MPLEMENTATION 

T he nardw are comprised a PDP 1 1 /34 m in i computer w i th 64K w ords of 
memory , and RL01 d i sk d r ives. The EIS (Extended I n s truc tion Set) 
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w a s  ava i l abl e ,  bu t floa t ing po int  operat ions w e re i m plemen ted i n  
s o ft w a re .  A T ek t ro n i x  40 1 0  te r m i n a l  w i th a s t o rage s c re en w as 
ava i l ab l e  for graph i c s  ou tpu t ,  and the graphs w e re recorded on a 
hard-copy un i t  assoc ia ted w i th th i s  term ina l . 

Tne  o p e ra t i ng  sy s t e m  i s  RSX  1 1 M , a n d  progra m s  w e re  w r i t te n  i n  
s tand a rd FO RTRAN . I S I S ,  a s i mu l a t i on l a ngu age  fo r c o n t i nu ou s  
system s ,  w a s  used  for som e  s imulat ions. 

3 . 2 . 2  M I CROCOMPUTER I MPLEMENTATION 

Hardware  

The a rrangem ent of the  m i crocomputer  hardware i s  shown  in  F igure 
3 . 2 .  T h e  m i c ro c om pu t e r  w a s a C ro m e m c o  Sy s t e m  2 ,  ba s e d  on  a Z-80 
m i croprocessor ,  w i th 48K bytes of  random access  m emory ,  two 5 .25  
inch  d i sk e t te d rives ,  and  a s tandard visual d i splay uni t  w i thout 
graph i c s . A l o w  c o s t  d o t  m a t r i x  p r i n t e r  w a s  a t ta c he d  t o  t h e  
sy s te m , a n d  graph i c a l  ou tpu t wa s  perfo r m e d  o ff l i n e  on t o  a pen  
recorde r  u s ing D/A ou tputs. 

Connec t ion  to the process u sed a C romemco interface board wh ich 
prov i de s :  

7 analog inputs ( 8  bi t s , + -2 . 54 vol t s )  
7 analog outpu t  ( 8  b i t s , + -2 . 54 vol t s )  
8 b i t  d ig i tal input  
8 b i t  d i g i ta l  ou tpu t 

T ne ana l og o u t pu t s  w e re c onve r te d t o  c u rren t  l o o p  s i gna l s  for  
transm i s s ion  to the  process. Instrumentat ion am pl i fi ers and  low­
pass analog fil ters w ere u sed on t he low  level  s ignal s from the 
process  ( e. g. temperature m e a su rem e n t s  u s ing  c oppe r - c o n s t a n t a n  
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thermocouple s ) .  

The flow ra te measurement produced d ig i ta l  i m pu l ses of vary ing 
frequency. These  i m pu lses were sensed d i rec tly on one bi t of the 
d i g i ta l  i n pu t po r t ,  and c oun t e d  d u r i ng a fi x e d t i m e  i n t e rv a l .  
E a ch  re a d i ng r e tu rned  t o  the  p ro c e s s  w a s  the  a v e rage o f  f i v e 
repeated m easu res. 

R ea l  t i me opera t i on re l ied on i m pu l ses  from a variable  frequency 
osc i l lator , w h i c h  were sensed on another b i t  of the d ig i ta l  port. 

A l l  the con t ro l  loops incorpora ted s m ooth nonl inear i t i e s ,  and no 
attempt w a s  ma de  to l ineari s e  these.  

Software 

T he s o f t w a re re l i ed on  t h e  C DOS o p e ra t ing  sy s t e m  [ C ro m e m c o ,  
1 978] , w h i c h  i s  a superset o f  the CP/M operat ing system [ D i g i ta l  
R e sea r ch , 1 97 8 ]  a n d  w h i c h  p ro v i d e s  A N S I  S t an d a rd FORTRAN  X 3 .9 -
1 966 . 

Process ing R equ i rements 

T he number of control loops w hi c h  can be i mplemented on a s ingle 
CPU i s  l i m i t e d  by t he t i m e t a k en t o  p ro c e s s  e a c h  l o o p ,  a n d  the  
s torage r e q u i re m e n t s . The  p ro c e s s i ng t i me  fo r the  s e l f- t un i ng 
contro l l e r  w a s  1 00 - 4 00 m i l l i s e c o n d s / l oop d epen d i n g  o n  o rd e r. 
S torage requ i rements for program s  and d a ta a reas a re g i ven below 
i n  F igure  3 . 3 .  
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Work ing S torage 
1 340 by tes/loop 

Vari able s torage 
2201 by tes 

PROGRAM 
8327 by tes 

FORTRAN LIBRARY 
694 1  bytes 

2 1 489 

1 74 69 

1 5268 

6 9 4 1  

0 

F ig .  3 . 3  Memory R equirements 

3 . 3 PROCESSES CONTROLLED 

68 

For s i mulat ion pur poses , the I SIS simu l a t i on language was  m a de to 
repr e s en t  the  p r o c e s s  t o  be con t ro l l e d . For  s o m e  s i m u l a t i o n s ,  
I S I S  w as repl a c e d  b y  a d i s cre te s i m u l a t i on progra m , w r i t ten  
especially for thi s  purpose. The  m icrocomputer implementa t ion of  



69  

the  contro l l e r  w as tes ted in  the labora tory us ing a com m erc i a l  
h e a t  exchanger. 

3 .3 . 1  S i mu l a t i on s  

The m anne r in  w hich  the con trol subrou t ines a re w ri t ten perm i ts 
any  o th e r  rou t i ne to  r epresen t i t s e l f  a s  the  p r o c e s s  t o  b e  
c o n t r o l l e d .  T h e  u se o f  I S I S  [ 1 980 ] ,  a con t i nuous  s i m u l a t i on 
language , offers  the advan tages  t h a t  t h e  und e r l y i n g  c o n t i n u ou s 
n a t u r e  o f  m a ny p ro c e s s e s  m ay be a c cu ra te ly s i m u l a t ed , a n d  t h a t  
the ful l  pow er  o f  a carefu l ly deve l ope d  simulat ion language m ay 
b e  u sed  t o  i nv e s t i ga te  t he behav i ou r  o f  t h e  p r o c e s s e s  b e i ng 
control led .  Processes m ay be endowed  w i th non- l ineari t ies  o r  t ime  
vary ing parameters , and I SI S  prov i des  g ood graphical  fac i l i t i e s. 

RSX  1 1 / M p ro v i d e s  i n t e r t a s k  c o m m u n i c a t ion  d i r e c t i ve s . T h e s e  
d i rec t ives have been used to create a hand-shak ing protocol  for 
pass ing parame t e rs between tasks. In th is  case one of the tasks 
is  I SI S ,  s imul a t ing tne process to be  c on trol led . The second task 
c o m p r i s e s  a s m a l l  progra m w h i ch c a l l s  the  c on t ro l  subrou t in e s  
d e s c r i be d  e a r l i e r. I S I S  i s  a n  i n t e ra c t ive l a nguage , p rov i d i ng 
FORTRAN-l ike  fac i l i t ies  in a d d i t i on t o  the  s i m u l a t i on l a n guage  
fu n c t i on s .  An  a d d i t i on a l  l angu age fu n c t i on h a s  to  be  d e f in e d , 
w r it ten in  FORTRAN ( the host language ) and l inked into the ma in  
I SI S  task for t he purpose of com muni c at ing w i th the control task. 
I S I S  and the con tro ller  task execu te concurrently. 

F o r  d i s c r e te s i mu l a  t ion s , the  p r o g ra m which communica te s  w i th 
ISIS  i s  replaced  by a s imple  d iscrete s imulat ion program .  I n  this  
case , the  d i sp l ay and reporting fun c t ions  prov i ded i n  the control 
subroutines are used . During a s imulat ion run , model param eters 
a n d  p ro c e s s  v a r i a b l e s  a re s t o red  i n  a d i sk f i l e for  l a t e r  
examinat ion and graphing .  
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3 . 3 . 2  Heat exchanger 

A h e a t  e x c hange r c o m b ina t i on w a s  u s e d  t o  pro v i d e  a s i m p l e  y e t  
re pre s e n ta t i v e e x a m p l e  o f  a r e a l  p ro c e s s .  T h i s  pro c e s s  i s  v e ry 
s i m i l a r  t o  t h a t u s e d  b y  D a v i s on [ 1 9 80 ]  t o  e v a l u a t e t h e  
performance of mu l tivariable  tun ing method s. The cho ice  o f  this 
p ro c e s s  w a s  m o t i v a t e d  by the  u s e  a t  the N e w  Z e a la nd Da i ry 
R e se a r c h  I n s t i tu t e  o f  a s i m i l a r  hea t e x c hanger  to  c o n t ro l 
tempe rature and viscos i ty o f  m i lk concen trate be ing pa ssed from 
an evaporator to a spray dr i e r. 

F i g u r e  3 . 4 i s  a s c h e m a t i c  d i a g r a m  o f  t h e  h e a t  e x c h a n g e r 
combina tion which i s  t o  be c on tro l l ed. The purpose of  the contro l  
is  t o  produce a n  ou tpu t  f low  o f  water from hea t exchanger 2 ,  a t  a 
pre s c r i b e d  f l o w  r a t e  a n d  t e m p e ra t u re .  T h e  4 - 20 ma  cu rre n t  l o o p  
con trol  s ignals regula te a pneumat ical ly con trol led s team valve 
to m an ipul ate the s team flow to heat exchanger 1 ,  and a thyristor 
c o n t ro l l e r  d r i v i n g  a D . C .  m o tor  and p ump  w h i ch v a r i e s  the 
flow rate  of the output wa ter  from heat  exchanger 2 .  

H e a t  e x c h a n g e r 1 i s  a s h e l l - a n d - t u b e  h e a t  e x c h a n g e r . A 
thermodynam ic steam t rap i s  insta l l ed on the condensate l ine fro m 
the  e x c hange r. M a i n s  w a t e r i s  d e l i v e re d  to t he e x c hange r  by a 
pum p  d r i v e n  by an  i n d u c t i o n  m o t o r  and  o n c e  h e a t e d  t h i s  w a t e r  
passes through a hold i ng c hamber and a valve w hich  controls the 
f l o w  t o  h ea t  e x changer  2 ,  w hi c h  i s  a pa ra l l e l  p l a te  e x change r . 
A f t e r  p a s s ing t h rough  h e a t  e x changer  2 ,  t h e  hea t in g  w a te r  i s  
d e l i v e re d  t o  t h e  d ra i n .  M a i n s  supp l y  w a t e r t o  b e  hea t e d  i s  
d e l i v e red  t o  h e a t  e x c h a n g e r  2 by a D . C .  m o t o r  c o n t ro l l e d pum p ,  
w h o s e  s p e e d  i s  r e gu l a t e d  by  a t hy r i s t o r  c o n t r o l  u n i t . 
M easurements are made  o f  t he outlet  flow rate and temperature o f  
the ou t l e t  water .  

A w a te r  r emova l sy s te m  . e n s u res  tha t the  s te a m  i s  s a tu ra t e d , 
a l t h o u gh t h e r e  i s  r e a s o n t o  d o u b t  t h e e f f i c i e n c y o f  i t s 
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ope ra t i on .  T h e  h o l d  u p  v e s s e l  a n d  p i p e  l e n g t h s  prod u c e  t i m e  
d e l ay s  in  bo th l oops of  the system. There i s  no l inear isat i on o f  
the  e ffe c t  o f  t h e  con t ro l  s i gna l s ,  a n d  t h e  fa c t  tha t t h e  s t e a m  
process  i s  a total cond ensat ion system i mpl i es that the dynam i c  
behav i our of  the steam process w il l  b e  non l i near. Hy steres i s  o f  
the s team con tro l  valve i s  a major source of  non- l inear i ty. The 
d i fferent ia l  equat ions d e s cr i b i ng  the te m pe r a t u r e  l o o p  w i l l  b e  
" s t i f f " b e c a u s e  o f  t h e  d i f fu s i o n  e f fe c t s .  C o n s i d e ra b l e  
perturbat ions are introduced by period i c  operat i on  of the steam  
t ra p ,  and  the re a re o th e r  m i n o r  sou r c e s  of  n o n- l i ne a r i ty o r  
d i s turbance . 

Norma l Opera t ing Cond i t i ons 

S team supply pressure 
Ou tpu t water f low from heat  e xchanger 
Outpu t wate r flow from hea t  e xchanger 2 
Temperature o f  cold water  s upply 
Out pu t water teffiperatu re , hea t exchanger 2 

200 kPa 
1 5  l i t re s/m inu te 
0 . 5 - 5  l i tres/minute  
-20 d eg . C .  
20-70 d eg . C .  

The system i s  perturbed from i ts normal operat i ng cond i t ion by 
a l t e r ing the ou tpu t wa ter  flow ra te from heat exchanger  1 to 1 0  
l i t re s/m i nute. T h is opera t i on has the e ffect of  a l tering bo th the 
t i m e  delay ,  and the para m e ters of the process model ,  and prov i des  
the fac i l i ty for  tes t ing  the control le rs' capac i ty t o  deal  w i th  
process  changes . 
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Progra m s  have b e e n  w r i t ten  w h i c h  i m p l e m en t  t h r e e  d i ffe rent  
con tro l le r  schemes , as developed in  Chapter 2 .  These control lers 
w i l l  be  referred to  as  fol l ows :  

# 1 . Impl i c i t  a l gori thm . Th i s  i s  d escribed in  section 2 . 1 . 

#2 .  Expl i c i t  pole plac ing algori thm . This i s  described in 
s e c t i on 2 .2 .  T h i s  i n c l ud e s  t h e  a s su m p t i on  t ha t  Bo and  
Ho are d i agona l ma tr i ces. 

# 3 . Expl i c i t  pole placing algori thm. This i s  described in 
sec tion 2 .2 and removes  the a ssumption of #2 above tha t 
Bo and H

0 
are d iagonal matrices. 

This  c hapter presen ts s imu l a t ions wh ich e s tab l ish  the behav iour 
o f  p a r t i c u l a r l y  c o n t r o l l e r  # 3 ,  b o t h  f o r  s i n g l e  l o o p  a n d  
m u l t i v a r i a b l e  s y s t e m s ,  a n d  f o r  p r o c e s s e s  w i t h  m e a s u r e d  
d i s turbance term s ,  the effects  o f  w hich  mus t  be e l i m inated by the 
c on t r o l  a c t i on .  T h e  d i ffe r e n c e s  b e t w e e n  con t ro l l e rs  #2 a n d  # 3  

f o r  m u l t iv a r iab l e  sy s t e m s  a re d e m on s t ra t ed .  S o m e  resu l t s  a re 
p r e s e n t e d  fo r c o n t r o l l e r  # 1 , o t h e r r e s u l t s  f o r  s i m i l a r  
c o n t ro l l e rs b e i n g  a va i l a b l e  e l se w he re .  Sui table s tra tegies  for 
spe c ify ing the d e s i red contro l l er behav iour w i l l  become apparen t. 
F i na l ly ,  t h e  a pp l i c a t ion o f  t h e se c on t ro l l e r s  t o  a c o m m e r c i a l  
heat exchanger w il l  be described . 
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4 . 1  S IMULATIONS W I TH I MPLICIT  SELF-TUNING CONTROLLER 

The impl i c i t  sel f-tuning con trol ler impl e m ents  the control schem e 
o f  C l a rk e  and  G a w t h rop  [ 1 97 9 ] , i n co rpo ra t i ng a pprox i m a t i on s  
suggested  by Hesketh  [ 1 980 ] t o  ex tend the c ontroller  t o  deal  w i th 
m u l t i v a r i a b l e  p ro c e s s e s , by d e c ou p l i ng the  l oops  and  e n s u r ing  
s teady s ta te se t-po in t  attainment. 

T h e  c o n t r o l l e r  h a s  b e e n  d e sc ribed  i n  S e c t i on  2 .2 .  The  fo l l o w i ng 
simulat i ons shown i n  Figures 4 . 1  and 4 .2 i l lu strate the effe c ts 
of  interac t i on s ,  d i s tu rbances and set point  errors. 

D i s tu rbance  re j e c t i o n  i s  i l l u s t ra ted  by s i m u l a t ing  the  s ca l a r  
process :  

Ay ( t ) 

w i th :  

A 
- 1  1 -0 .  5 q  B - 1 1 + 1 • 5q  c 

- 1  1 -0 . 2q D - 1  0 . 3+0 . 5 q  

Set  point w ( t) and d is turbance v( t) are varied as shown i n  F igu re 
4 . 1  e ( t) i s  a uniform ly d is tr ibuted random  no ise sequence on the 
in te rva l ( - 0 .0 5 ,  0 .0 5 ) . The  a d j u s t m en t s  t o R and  Ji! fo r s e t  po i n t  
e rror and to S for d i s turbance rej ect ion a re not  made until  s tep 
200. Consequently , a comparison may be m a d e  between the behaviou r 
o f  the  sy s te m  w i th  an d  w i t hou t these  a d j u s t m e n t s . The  in i t ia l  
contro l l er_ parameters  are chosen as :  

p 0 . 4  Q 0 . 6 R 0 . 4 s 0 . 1  

Fo l l o w i n g  s te p  200 t h e re i s  s ome  conv e rge n c e  t o  n e w  para m e te r  
values a s  a resul t  o f  the adjustment t o  S ,  and then the benefi ts 
of the d i s turbance  re j ec t i on become apparen t ,  as evidenced by the 
c hange s to the  c on t r o l  i npu t u ( t )  in r e s po n s e  to  c hanges  to the  
d i s turba n c e  v ( t ) . 



y ( t) & w ( t )  

- 1  

u (  t )  

v (  t) 
1 

- 1  

300 

1 20 240 360 

FIGURE 4 . 1  

I mp l i c i t  Control ler 

D i s turbance e f f e c t s  and s et-point a t ta i nment 

y (t) & 
w ( t) 

( l oop 1 )  

- 1  

u( t) 1 

- 1  

y ( t) & 
w ( t) 

( loop 2) 

300 

1 20 3b0 

- 1-

u( t) 1 

- 1  

FIGURE 4 . 2  

Imp l i c i t  Control l er 

Interact ion e f fe c t s  and s et-point a t t ainment 

74  

4 50 

4 80 

4 50 
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The  d i s tu rban c e  r e j e c t i o n  i l l u s tr a t e d  above m ay b e  u sed  in  the  
case of a mul tivariable process t o  effe c t ive ly decouple the tw o 
l oops .  T he f o l l o w i ng s i m u l a t ion  w i l l  d em o n s t ra t e  t h i s . T he 
process to be s i m u la ted may represented in  block-d i agram form : 

Fo r the pu r p o s e  o f  m o d e l l ing  the pro c e s s  sho w n  i n  t h i s  b l o c k  
d iagram , u 1 and y1 a re treated as d i sturbances to loop 2 ,  and y2 
i s  treated a s  a d isturbance to loop 1 .  The contro l l e r  param e ters 
for both l oops a re chosen as :  

P=0 . 3  Q=0 . 7  R=0 . 3  S 1  =0 . 1  S2=0 . 1 

El i m inat ion o f  s e t-point e rror i s  ensured by adjustments to R ana 
E ,  w h i l e  a d j u s t m e n t s  t o  S 1  and  S2 a re u s e d  fo r re m ov i ng  t h e  
e ffects o f  i n te rac tions be tween the l oops. T o  enabl e  compari son 
between the performances of the contro l ler w i th and w i thou t these 
ad justments ,  no  a d justment i s  made unt i l  step 200. The resu l ts of 
this s imul a t i on a re presented in  Figu re 4 .2.  I t  is  apparent  tha t  
n e i ther loop w i l l  attain the correct set-po int value unless  the 
ad j u s t m e n t s  t o  t h e  polyno m ia l s  a re m a d e , in  the a b s e n c e  o f  any 
i n tegral  b e ha v i o u r. The i n te rac t ion be t ween loops ( particu ] a rly 
the effec t o f  l oo p  2 on loop 1 )  i s  a l so apparent. 

A t  t i m e  s t e p  2 00 ,  fo l l o w ing  the  i n i t i al  a d j u s t m e n t  o f  the  
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po lyno m i a l s ,  t h e re i s  r a p i d  conve rgence  resu l t ing i n  g o o d  s e t­
po i n t f o l l o w i n g  f r o m  t h a t p o i n t  o n .  T h e  r e m o v a l o f  t h e  
intera c t ion effe c ts i s  apparen t from the changes in the control 
inpu ts to the two loops . 

An a l t ernative way of  ensu ring se t-point a t ta inment is to inc lude 
a fa c to r  ( 1 - q- 1 ) in the Q po lyno m i a l . H o w e v e r ,  i n co rpo ra t i o n  o f  
a n  integra tor in  th is  way ,  o r  by operb ting on incremental c ontrol 
va r i a b l e s  ra the r than t h e i r  abso l u te va l u e s  d eg ra d e s  the  
t ran s i e n t  perfo r m a n c e  of  t h e  c on t ro l l e r  [ M o rr i s ,  F e n t on and  
Nazer ,  1 977] .  

4 . 2  SIMULATIONS USING EXJJI C I T  POLE PLACING CONTROLLER 

In Chapter 3 i t  is  described how an in teract ive offl ine program  
i s  u s e d  t o  e s tabl i sh a d i sk f i l e d e f in ing  the  para m e t e r s  o f  the 
contro l ler ,  and the parame te rs w hich describe certain aspects  of 
the  p ro c e s s  w h i c h  a re to  be a s s u m e d  by the c on t ro l l e r. T he 
spec i f i c a t i on o f  t h e  c o n t r o l l e r  fo r e a c h  p r o c e s s  m ay b e  
comple te ly d efined by descr ibing the parameters w n ich a re placed 
in  t h e  d i sk f i l e .  A pa r t  f r o m  t he cou n t e rs and  po in t e r s  w h i c h  
e s tabl i sh the sign ificant events during the run and the variable 
co m b i n a t ions  fo r e a ch  l o o p ,  the fo l l o w ing  a re t h e  c r i t i c a l  
parame ters which have t o  b e  spec ified for the control ler: 

1 .  I n i t ia l  e rror  va r i a n c e s . T h e s e  a re · s e t  to  an  a rb i t ra ry 
l a rge v a l u e  f or  t h e  s ta r t  o f  the  run ( fo r rap i d  i n i t i a l  
c o nvergen c e  i n  t h e  ab s en c e  o f  good i n i t ia l  p ara m e t e r  
e s t i m a t e s ) , a n d  a d j u s te d  by t he K a l man  F i l te r  rou t ine t o  
appropriate values during the run. Different in i t ia l  values 
could be se lected to enabl e invest igat ion of the effect  of 
d ifferent ini t i al value s. 
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2 .  T h e  o rd e r  o f  e a c h  po lyno m i a l  fo r e a c h  l o o p . D e fau l t  
va lues a r e  suggested , ba sed on process order. 

3 .  The ma x imum de lay for each loop. 

4 .  W he the r the con tro l ler  is  to have in tegra l propert i es  or 
not . 

5 .  Ob s e rv e r  polynom i a l  (A0 ) a n d  m o d e l  polyn o m i a l  (A m ) for  
each  loop. Am d efines the po l e  placements. 

6. Sampl ing  rate for each loop. 

4 . 2 . 1  S ingl e l oop  processes 

Ku rz , I sermann and S chumann ( 1 980) described severa l  s ingl e l oop 
pro c e sses  w h i c h  they u s e d  for  c o m pa r i son of va r i ou s  p a ra m e te r  
a d a p t i ve c o n t ro l  s c he m e s . S o m e  o f  t h e s e  pro c e s s e s  have  b een  
simulated u s ing  e i ther ihe continuous simulation l anguage I SIS , 
o r  a d i s c r e t e  s i m u l a t i o n  p rogra m ,  t he con t ro l  i n pu t s  t o  the 
processes being d e term ined by the s e lf- tuning cont ro l l e r  runn ing 
a s  a concurren t task. 

T he ou tpu t o f  t h e  pro c e s s ,  w h i c h  i s  the  con t ro l l e d  v a r i ab l e ,  i s  
the  sum  o f  the  a c tu a l  pro c e s s  ou tpu t ,  and  the o u t pu t o f  a n o i s e  
model. Thi s a ccord s  w ith the process model used by A s trom ( 1 970 , 
page 1 73 ) . The  noise mod e l  u sed for a l l  processes i s :  

E (  s )  /V ( s )  2 2 ( s  + 1 ) / ( s +s+ 1 ) • . . .  ( 4 . 1 ) 

V ( s ) i s  a s e q u e n c e  o f  s t e p s  t h e  a m p l i tu d e  o f  e a c h  b e i n g  
d e t e rm in e d  b y  a ran d o m  n u mber  gene ra t o r ,  a n d  c h ange d  a t  e a ch 

sampl ing interval . E ! e ( t ) eT ( t ) ! =0 . 0 1 33 . 
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I n  a d d i t ion to the n o i se ,  some of the pro c esses w e re subjec ted to 
an o ffset .  This  i s  ind i cated  where appropriate . OFF=0 . 3 . 

S imu lat ion summary 

[ A ]  Low pass behav i ou r , non-m in ir m;m pha'se (\llll th 2 sczc . sarnpl '�9 ) . 

Transfe r  funct ion  

S imu lat ion mode l  

Contro l le r  

[ B] Low pass behav i our  

Transfer function 

S imulat ion mode l  

C on tro l ler 

1 / ( 1 + 2 . 5 s ) ( 1 + 3 . 7 5 s ) ( 1 + 5 s )  

Y ' ' ' =0 . 02 1 3 ( U+OFF-Y ) -0 . 24Y ' 
-0 . 8667Y ' ' 

�= 1 -0 .Bq- 1  

Ao= 1  

S ampl ing in terval 2 secs 
De lay k= 1  

1 / ( 1 +2 . 5 s ) ( 1 + 3 . 7 5 s )  

Y ' ' =0 . 1 067 (U+OFF-Y ) -0 . 6667Y ' 

Ao= 1  

Sampl ing in terval 2 secs 
Delay k= 1 
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[ c ] Damped osc i l l at ing  behaviour 

Transfe r  func tion 

S imu la t i on model  

Contro l l e r  

( 1 + 2s ) / ( 1 + 3 s )  ( 2 5 s2+ 5 s+ 1 ) 

E ' ' ' =0 . 01 333 ( U+ OFF- E ) -0 . 1 0667E ' 
-0 . 53333E '  ' 

Y =E+2 E '  

( a )  & ( c )  Am= 1 -0 . 8q- 1 

( b )  'm = 1 -0 . 9q-1  

Sampl ing in terva l ( a ) & ( b )  3 secs 
Sampl ing in terva l ( c )  6 secs 
De l ay k= 1  

[ D] Pro ce ss [ c] w ith t ime d e l ay 

Transfer  funct ion 

Simulation model  

C on trol ler  

A s  before w i th U=DELAY ( 9 , U 1 ) 

-'m = 1 -0 . 8q - 1  

- 1  -2 .&o=1 +q + q  

S ampl ing interval 3 secs 
De l ay k=4 



[ E] A l l  pass behav iour (d ,scra.f-?z model ) .  

Transfer funct ion 

Simu lat ion model  

Con tro l l e r  

[ F] I n te gra l behav iour 

Transfer  function 

Simulation model 

C on tro l ler  

N o i s e  

( 1 -4 s ) / ( 1 + 4s ) ( 1 + 1 0s )  

E ' ' =0 .025 ( U+OFF-E ) -0 . 3 5 E ' 

Y =E-4E ' 

Ao= 1 

S ampl ing interval 2 secs  
De lay k=1  

1 /s ( 1 + 5 s )  

Y '  ' =0 . 2 ( U-Y ' ) 

Ao= 1  

Sampl ing interval 1 s e c  
Delay k= 1 
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[ G ] Unstable  behaviour 

Transfer func t ion 

Simu l a tion model 

Con tro l ler  

1 / ( 1 + 5 s ) ( 1 -2 s )  

Y '  ' �0 . 1 ( E-U ) +0 . 3 E '  

'm= 1 -0 • 8q - 1 

-'o= 1  

Sampl ing interval  1 sec 
Delay k=1 
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The s a m e  f i rst  order  m odel  po lynom ial i s  u sed for a l l  processes , 
w h i c h  c o n s e q u en t l y  d i s p l ay t h e  r e q u i r e d  e x p o n e n t i a l  r i s e  
fol low ing a set-point change. W here the process order  i s  greater 
than  1 ,  z e ros a re appe nd ed t o  t h e  polyn o m i a l  to ob ta in  enough  
s i m u l ta ne o u s  e qua t i on s t o  s o l v e  for a l l v a r i abl e s . For  these  
s imulation s ,  A0 wa s  not  varied  to obtain any o ther responses. 

T h e  r e su l t s  o f  t h e s e  s i m u la t i on s  a re pre s e n t e d  i n  F i gs .  4 .3 -4 .8  
fo r p ro c e s s e s  [ A ] t o  [ F] re spe c t i ve ly. S o m e  s i gn i f i c a n t  po in t s  
are w orthy o f  com men t. 

P r o c e s s e s  [ A ] a n d  [ B] p resent  n o  d i ff i c u l ty to  the  c o n t ro l l e r ,  
w h i c h  i s  d esigned t o  hand le non-m inimum pha se sys tems. Process 
[ C ] , a t  t h e  s a m p l ing  ra te of 3 s e c s  s e l e c t e d  by K u rz , I s e r mann 
a n d  S c h u m ann  [ 1 980 ] , req u i re s  a rather  v i go rous  c o n t ro l l e r  
a c t ion , w hi ch i s  not  a l levia ted by changing t he model  po lynom ial. 
However ,  changing the sampl ing rate to 6 secs has a marked effe c t  
w i th very l i tt le controller  act ion necessary. Reta in ing the 3 sec 
sa m pl i n g  r a t e , a n d  i n t rod u c i n g  a pure t i m e  d e l ay [ D ]  has no 
a ppre c i a b l e  e ffe c t  on  the c o n t ro l l e d  p r o c e s s ,  a p a r t  from  
i n c re a s i ng the v a r i a b i l i ty a s  e x pec t ed [ A s t ro m , 1 970 ] . Pro c e s s  
[ D] is  chosen t o  i l lus tra te the parame ter  convergence , as  shown 
in F igu re 4 .6 a-e. Process [ E] w i th al l-pass behaviou r  is read i ly 
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con t ro l l e d , a n d  a ga in the  bene f i c i a l  e ffec ts  o f  i n c rea s in g  t he 
sam p l ing  t i m e  c a n  be  d e m on s t ra t e d .  I n  t h i s  c a s e , changing  the  
mod e l  polynom ial  w i l l  a l so reduce the variations o f  the control 
s i gna l ,  b e c a u s e  of th i s  p ro c e s s ' s  u n u s u a l  re s p o n s e  t o  s u d d en 
changes in the control signa l.  

P r o c e s s e s  w i th  i n tegra l behav iou r ,  l i k e  [ F ] , a n d  w i th u n s t a b l e  
cha ra c te r i s t i c s  l ik e  [ G ] p o s e  a probl e m  i f  t h e  s e l f- tun e r  i s  
s ta r t ing  w i th o u t any p r i o r  info r m a t ion a b o u t the pro c e s s  
parameters , a s  c ontrol i s  poor  unt i l  a satisfac tory parameter  set  
i s  e s ta b l i she d , d u r i ng w h i c h  t i m e  the  c on t ro l l e d  va r i a b l e  m ay 
d ive rge fro m t h e  s e t  p o i n t .  The i n t e g r a l  b ehav i o u r  i s  re a d i l y  
i d en t i f i e d , a n d  su c h  p ro c e s ses  c a u s e  d i ff i c u l ty o n l y  w h e n  a n  
unknown o ffset term is  present at  the s tart. The uns tabl e process  
po s e s  a l i t t l e  m o re  d i f f i c u l ty at  t he begi n n i n g ,  bu t  o n c e  the 
in i t i a l  t ran s i e n t s  a re pa s t ,  the  c o n t ro l l e r  p e r fo r m s  q u i t e  
ad equa te ly ( F i gu re 4 .9 ) . C o n t ro l l e rs # 2  and  #3  a re thus  a b l e  t o  
cope w i th a varie ty o f  processes ,  provid ing good contro l. 

4 . 2 . 2 Choice of observer and model  po lynomials  

We l l stead and  Zanker [ 1 979]  have shown how the po l e  plac ing se l f­
tun ing contro l l e r  m ay be ex tended to incorpora te servo propert ies 
at t he p r i c e  o f  i n c r e a s i n g  the n u m b e r  of  pa ra m e te rs to b e  
i d en t i fi e d .  I f  i t  m ay be  a s su m ed t h a t  the po l e s  o f  the  p r o c e s s  
are correct ly p laced by the control ler ,  the observer po lynom ia l  
Ao m ay be u sed  to  a ffect the transient response o f  the control l ed 

sys te m ,  a s  sugge s t ed  i n  S e c t i on  2 . 1 . 7 .  C han g ing  t h i s  polyno m i a l  
i s  a s impler ( and less definite ) approach than that of W e l l s tead 
and Zanker ,  but as  w il l  be shown ,  one w hich can adequately e ffect  
con tro l. A pro cess simulated  by W e l ls tead and Zanker [ 1 979 ]  m ay 
be u sed to demonstrate the effects  o f  changing this  po lynom ia l. 
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S imulations are performed for a varie ty of combi nations of  the 
observer and m o d e l  polynom ia l s. How ever ,  before com pari sons may 
b e  m a d e  b e t w e e n  d i f f e r e n t  ru n s ,  d i f f i c u l t i e s  i n  m a k i n g 
quan t i tat ive com parisons be tw een the  p e rforman c e s  o f  d i fferen t 
con trol lers mu s t  be overcome. Because a d egree of  m odel- fol lowing 
i s  cal led  for ,  the pena l ty funct ion shoul d  be cal culated  based  on 
e x cu rs ions  fro m the d e s i re d  t ra j e c t o ry and c o n s equen t ly ,  the 
tra jec tory is  taken to be : 

. • . •  ( 4 . 2 ) 

w h e r e  w ( t ) i s  t h e  requ i r e d  s e t  po i n t  fo r the l oo p . C o m par i sons  
be tw een system s can be  m ad e  over a specified t ime  in terval dur ing 
which  t ime  i dentical changes to the s e t  point value are made  for 
each system . Two measures a re presented :  

MSE ( y )  

MSE ( u )  ( u ( t ) -u ( t- 1  ) ) 2/nsteps . . . .  ( 4 . 3 )  

The first  i s  the mean square error o f  the output from the des ired 
t ra jec tory ,  cal cula ted from equation (4 .2). The s econd m easu re is 
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e x pe c t ed t o  h a v e  a n on- z e ro va l u e , a n d  c an o n ly b e  u sed  for  
c o m p a r i s o n  o f  t h e  c o n t r o l  e f fo r t  r e q u i r e d  by  d i f f e r e n t  
con tro l l ers on the same process . 

Performance summa ry 

F i gu re 4 . 1 0  a - e s how s the  re spon s e s  o f  the  p ro c e s s  w i th a 
re p r e se n t a t i v e  g roup  o f  c o n t ro l l e rs .  A com p l e t e  perform a n c e  
s u m m a ry i s  g i v e n  i n  Tab l e  4 . 2 .  E a c h  c e l l  c on t a i n s  t h e  t w o  
measures ,  MSE(y) and MSE(u ) ,  scal ed upw ard by a fac tor o f  x 1 000. 

TABLE 4 . 2 
Effect  o f  d ifferent �bserver and model  polynomial s 

MSE ( y )  and MSE ( u )  va lues 

Observer polynomial  Ao 

( - 1  -6 ) � 1 +q . . .  q 

M od e l  po lynom ial  Am 

- 1 1 -0 . 8q 

83 . 5 4  2 . 263 

78 . 50 2 . 727 

47 . 80 0 . 695 

32 . 58 0 . 457 

32 . 6 5  0 . 478 

52 . 36 1 3 . 72 

3 9 . 92 1 2 . 02 

1 9 . 96 4 . 944 

52 . 36 1 3 . 72  

39 . 92 1 2 . 02 
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I n  s u m m a ry ,  t h e  t ran s i e n t  behav i o u r  o f  the c on t ro l l e d  p r o c e ss 
i s  i n f l u e n c e d  by  t h e  c h o i c e  o f  t h e  m o d e l  a n d  o b s e rv e r  
polynom ials in a m anner d esc ribed by equation (4 .2 ).  I n  this  w ay ,  
fa c to r s  of  t he  d enom ina t o r  and num e ra tor  m ay b e  c a nc e l l e d , to  
ensure close set-point  fol low ing ( the servo- mechanism proble m ) ,  
o r  a ppropr i a t e  fac t o r s  m ay be l ef t  uncance l l ed i n  e i th e r  the  
num e rator ( to affect  tran s i ent response) , or  i n  the  d enom i nator 
( to affe c t  process  dynamic s ) . 

D i s turbance rejec tion 

D i s t u rbance  r e j e c t io n  r e l i e s  on t h e  feed fo r w a rd o f  m ea su red  
d i s t u rbance  t e r m s  so  t h a t c ontro l  a c t ion  m ay be t aken  to  
c o u n t e ra c t  t h e i r  e ffe c t ,  a c apa c i ty w h i c h  is  i m p o r t an t in  
d e v e l op i ng  a m u l t i v a r i a b l e  c o n t ro l l e r ,  as  i t  i s  the  m e c ha n i s m 
w hereby ir.  teractions be tween l oops m ay be removed . This  a l low s 
d e c oup l ing  o f  t he l o o p s , e a c h  then  re spond i ng t o  i t s o w n  se t­
po int  or  com m and input. 

Processes [ c ] , [ D] and [ F] , described previously , a re m od i fi e d  to 
inc lude d istu rbance terms . 

[ c ' ]  

Di screte model 

Model  po lynomial 1 -0 . sq- 1 

Observer polynomial  1 



1 0 1  

[ D ' J 

Discrete model  

Mode l  Po lynomi a l  1 -0 . Sq- 1 

Observer p o lynomial  1 

[ F '  J 

Discrete model  

=q- 1 ( 0 . 0088+0 . 0086q- 1 ) u ( t )  

Mode l  po lynomial  1 -0 . sq- 1  

Observer  polynomial  1 

F o r  a l l  m od e l s ,  a n o i s e  t e rm  ( 1 -0. 5 q - 1 ) e ( t ) i s  a d d ed , e ( t )  be i ng 
a r a n d o m  n o i s e  s e q u e n c e . F o r  m o d e l s [ c ' ] a n d  [ D ' ] , _ 
E l e (  t ) eT ( t )  J = 0 .0 1 33 . F o r  m o d e l  [ F ' ] t he  n o i s e v a r i an c e  u s e d  w as 

0 .0033 because  of  the l ow ga in of  the process , this  value  keeping 
the excursions of the control input w i thin reasonable bound s. The 
resul ts of the simula tions are presented in F igures 4 . 1 1 - 4 . 1 3. 
The effects  of  the di sturbance term in  each case m ay be a ssessed 
by c ompar ing  the  v a l u e  o f  M SE ( y )  a n d  M S E( u )  for  e a c h  o f  the 
p r o c e s ses , w i th and  w i thou t  t he d i s t u rban c e  t e r m . ( A l l  v a l u e s  
have been m u l t ipl ied x 1  000 ). 
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TABLE 4 . 3 
Effe c t  o f  d i sturbance rej ection  

MSE ( y )  and MSE( u )  values 

W i th d istu rbance Without d isturbance 
MSE (y )  MSE ( u )  MSE (y )  MSE ( u )  

[ c ' ]  44 . 38 32 . 53 45 . 57 1 4 . 56 

[ D '  J 68 . 29 36 . 50 6 1  • 79 1 6 . 33 

[ F '  J 40 . 38 1 000 .0 36 . 6 1  758 . 5  

The vigourou s control effort i s  requ ired by process [ F' ]  because 
of the low ga in of the process ( smal l  sam pl ing in terva l ). I n  a l l  
cases , the MSE(y) value i s  changed l i t tle by the addit ion of  the 
d i s tu rban c e , i n d i c a t i n g  good d i s t u rban c e  re j e c h on by t h e  
c on trol ler. That th i s  sat isfactory behaviour i s  d u e  to contro l l er 
act ion i s  evidenced by the increased values of the MSE(u)  te rm s. 

The con troller  for the system [ F' ]  a l so  shows  that  i t  i s  poss ible 
to p l a c e  a h a r d  l i m i t  on the e x c u r s i on s  of t h e  c o n t r o l  s i gn a l 
w i th the expl i c i t  form of the self- tu ning con troll er. The e ffect 
of l im i ting u ( t )  i s . to induce a more gradual init ia l  movement of 
t he c on t ro l l e d  v a r i a b l e  fo l lo w ing  a se t-point change , which  in 
tu rn  w ou l d  be re f l e c t e d  i n  an  i n c r ea s e  of the M S E ( y )  t e r m , 
a l though MSE(u)  would  obviously be d e creased. Such a hard l i m i t  
c a n  have adverse effects  if  appl ied  w hen d isturbance e l im ina t ion 
is r e qu ired. 
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4 . 2 . 3 Mult ivariable Processes 

B o r i s s on [ 1 9 7 9 ]  and K o i vo [ 1 980] h a v e  u sed  s i m u l a t i o n s  o f  
m u l t iv a r i a b l e sy s te m s  t o  i l l u s t ra te the  beh a v i o u r  o f  t he i r  
mul t ivariable control lers. The same processes have been chosen to 
i l l u s t ra t e  t h e  b e h av i o u r  of t h e  p o l e - p l a c i n g  s e l f- t u n i n g  
con troller ,  and s imula tions o f  add itiona l processes w i l l  be u sed 
to i l lustra te  d i fferent fea tu res of  these contro llers. 

T h e  s i mu l a t i o n s  w h i c h  w i l l  be d e s c r i b e d  u se the  s a m e  c o n t ro l  
subrout ines a s  the onl ine control sys te m . The ranges and l i m its  
p laced  on variables have been determ ined to  ac cord w i th the use  
of  analogue c ircu itry. Where necessary , values of  noise variances 
have been adjusted to su i table l evel s. 

[ Process 1 ]  

T he first process  i s  a model  of the head box of  a paper mach ine , 
and is  taken from Borisson [ 1 979 ] .  

Ay ( t ) 

where 

A 

B 

q- 1 But ( t ) + e ( t ) 

1 -0 . 99 1 0 1 q- 1 8 . 805 1 2E-3q- 1  

-0 . 806 1 0q 

0 . 89889 

1 9 . 390 

- 1  - 1  1 -0 . 77089q 

-4 . 59329e-3 

0 . 88052 

T he n o i s e  c o n d i t i ons  selec ted w ere E \ e ( t) eT( t) ) = d iag \ 3 .3E-3 ,3 .3 E-
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3 } .  The model and observer polynomials  w ere varied for d i fferent 
s i m u l a t i on s . F i g u r e s  4 . 1 4 - 4 . 1 7 pres e n t  the r e su l t s  of t h e  
s i m u l a t i on s ,  w h i l e  t h e  re l a t ive  pe rfo r m a n c e s  o f  t h e  d i ff e r e n t  
con t ro l l ers may be  sum marised in the fo l l ow ing tabl e ,  where the 
e n t r i e s  a re the v a l u e s  of M SE (y )  and M SE ( u )  fo r e a c h  of the  t w o  
loops. For any s imula t ion the •same po lynom ials  have been used on 
b o t h  loops. 

Ao Polynomial 

[ 1 J 

TABLE 4 . 4 
Contro l of  head-box mode l  

Model polynomial  � 

MSE ( y )  MSE ( u )  

2 1  . 9 5  1 5 . 97 
29 . 78  1 9570 

1 4 .88 4 . 062 
4 . 062 1 078 

MSE ( y )  MSE ( u )  

67 . 33 4008 
***** ***** 

8 . 992 83 . 7 1 
1 8 . 1 7  39083 

A l l  values have been mul t ipl ied x 1 000. The very large values are  
d u e  t o  the  e x c e s s ive s p i k e s  in  t he c on tr o l  s i gn a l  at  s e t- p o i n t  
changes. The values  ***** were s o  large a s  t o  be m eaningless ,  and 
t h e  c on t ro l l e r  s p e c i f i ca t ion  for  w h i c h  t hey  o c c u rre d  w o u l d  
gen e ra l ly n o t  b e  u s e d .  T h e  con t r o l  o f  t h i s  Pro c e s s  [ 1 ]  po s e s  n o  
p a r t i cular  d i fficult ies. 
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[ Process 2 ]  
[ Process 2 ]  i s  a non- m ini mum phase sys tem , in troduced by K o ivo 
[ 1 980 ] . 

Ay( t ) q- 1 Bu ( t )  + e ( t ) 

A 

- 1 1 -0 . 9q 

- 1  0 . 5 q  

- 1  0 . 5q 

- 1 1 -0 .  2 q  

B 

The noise is  chosen to  sa ti sfy E \ e ( t ) eT ( t ) l  

- 1 0 . 2+ q  

0 . 25 - 1  0 . 2+q  

d iag \  8E-4 ,8E-4 l . 

T h e  open  l oo p  p o l e s  a re q 1 = 1 . 1 6 3 a n d  q2 = -0 .060 .  O w i ng to  the 

value of the fir s t ,  t he open loop system  i s  uns table. The sy s tem  
i s  a l so n o n- m i n i m u m  phase  a s  b o t h  t h e  z e ros  ( - 1 .4 29 and  3 . 3 3 3 )  
are ou tside  the un i t  c i rcle . 

T hat  this is  an intrac table system  to  control i s  evi denced by the 
d ifficu l ty experienced  by Koivo [ 1 980 ] in main ta�n ing the value 
o f  y2 a t  a s e t  po i n t  o f  0 .  C a re fu l  p l a c e m e nt of the c l o s e d  l oop 

sy s t e m  p o l e s  is n e c e s s a ry to  e n s u r e  s tabi l i ty .  R e su l t s a re 
p resented in F igure 4 . 1 8 for the fol low ing con tro l ler :  

Loop 1 : 

Loop 2 :  

Ao= 1 

Ao= 1  A = 1 -0 . 8q- 1 
m 
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Var M i n  Max 

y 1 ( t )  - 1 4  2 

w1 ( t )  - 1 4  2 

u 1 ( t )  - 1 0  6 

y2 ( t ? -6  10  
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F I GURE 4 .  18  

Uns table non-minimum phase proc e s s  

Var M i n  Max 

y 1 ( t )  - 1 4  2 

w 1 ( t )  - 1 4  2 

u 1 ( t )  - 1 0  6 

y2 ( t )  -6  1 0 

w2 ( t )  -6  1 0  

u2 ( t )  - 2  1 4  

80  1 40 200 2 60 3 2 0  
S t ep s  

F I GURE 4 . 1 9 
N on-minimum phas e  process wi th t ime d e l ay 



1 1 1  

T he system  i s  able  to fol low  a l l  the s e t-point com mands ,  and the 

s tandard of contro l  achieved is qui te satisfactory. The abi l ity 
o f  the contro l le r  to s tabi l i se uns table processe s ,  demonstrated 
fo r the  s i n g l e  l o o p  c a s e , i s  n o w  e x tended  to m u l t i v a r i a b l e  
processes .  

[ Process  3]  

Borisson [ 1 979 ] in troduced the process  described below , which is  
very sim i lar  to process  [2]  described above ,  bu t incorporates a 
t ime d e lay . 

Ay ( t )  q -2 Bu ( t )  + Ce (  t )  

A 

c 

- 1  
1 -0 .  9q 

- 1 
0 . 5 q  

- 1  1 -0 . 2q 

- 1  
0 . 2q 

with  E ( e ( t ) eT ( t ) }  

- 1  0 . 5 q 

- 1  
1 -0 . 2q 

0 4 - 1 - • q 

- 1 
1 -0 . 8q 

[3 . 3E-3 
3 . 3E-3 

3 . 3E- 3

J 6 . 6E-3 

B 
0 

0 
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T h e  o pen  l oo p  z e ro s  a re -0 .060 a n d  1 . 1 6 3 and  t h i s  p ro c e s s  i s  
consequen tly unstabl e .  The fo l l owing contro l l er  i s  used : 

Loop 1 : .&o= 1  

Loop 2 :  .&o= 1 

This  process  i s  easier  to control than Process 2 ,  but the d e lay 
i n  the  a c t i o n  o f  the inpu t v a r i a b l e s  n ow  m ea n s  tha t any 
d i s tu rban c e s  w hi c h  take  e ffe c t  be fo re a change  i n  c o n t r o l  can  
counterac t them cannot  be  el im inated . The  y inte ractions provi de 
s u c h  d i s tu rb an c e s ,  and  the i r  e ffe c t  c an  be  s e en  i n  F i gu re  4 . 1 9 
which  presen ts  the resu l ts of the simu lation. 

4 . 2 . 4 Processes w i th changing parameters 

Tne  s e l f-t u n i n g  c o n t ro l l e r  i s  p ar t i c u l a r ly i m po r ta n t  f or  t h e  
control of processes where the para m e ters o f  the process change 
w i th t i m e , w h i c h  m ay be  d u e  for  e x a m p l e  t o  change s i n  r aw  
ma te rial  be i ng proce ssed , or  t o  some change i n  the operat ion of 
the p l an t ,  o r  to n o n- l in ea r i t i e s  w he re the l i n ea r i s e d  pro c e s s  
m odel  changes w i th the set-point.  I n  this  section , the same bas ic 
mu l t ivariab l e  process  is  adapted to s imulate process changes and 
t h e  behav i o u r  of t h e  c on t ro l l e d  p r o c e s s  i s  e xa m i n e d  u n d e r  
cond itions  o f: 

( a ) A sudden  c hange to  one of the model  parameters . 
(b ) A sudden t ime  de lay change . 
( c ) A non- l inearity • 

• 



Proces s :  

Ay ( t ) 

A 

B 

c 

q-2Bu ( t ) + Ce ( t ) 

- 1 -2 1 - . 772q + . 391 q 

- 1 - 2  0 . 047q +0 .077q 

0 . 400+0 . 256q- 1  

- 1 -2 -0 . 070q -0 . 1 1 5q 

- 1 - 2  1 - 1 .02 1 q  -0 .0 1 6q 

0 . 240+ 0 . 058q- 1 

1 - 1 0 . 268+0 .096q- 0 .801 +0 . 1 92q 

0 - 1  1 -0 . 2q 

No i se : E { e ( t ) eT ( t ) l  d iag { 3 . 3E-3 ,3 - 3E-3 l � 

Contro l l er :  �=1 -0 . Bq- 1 and Ao= 1  for both loops . 

1 1 3 

The sel f-tuning algori thm identifies  1 2  parame ters for each l oop , 
compris ing the po lynomials  Ann , (2  parameters) , Bnn ' Anm ' Bnm  (3 
pa ra m e t e rs e a c h ,  a l l o w ing  f o r  t h e  d e l ay ) , a n d  the  o f fs e t  d .  A 
v a r i a b l e  fo rge t t ing fa c to r  i s  u s ed , w h i c h  v a r i e s  b e t w e en 
0.9 5 <f< 1 .00. A l low ing a greater range of forget t ing fac tors  w ou l d  
i n c re a s e  t h e  c on v e rgence  ra t e ,  bu t n e c e s s i t a t e  o th e r c h e c k s  on  
the  c on d i t io n  o f  t he c ova r i a n c e  m a t r i x  w he re a no i sy p r o c e s s  



1 1 4 

( w i th errors w h ich d ecrease the forge tting fac tor)  i s  hel d  a t  a 
f i x e d  s e t  po i n t  ( w ith  l i t t l e  n e w  i n fo r m a t i on a bo u t p ro c e s s  
dynamics ) .  

Process changes :  

( a )  Changes to  mode l  parame te rs 

The E22 polynom ia l is  changed to 0 . 4-0 . 2q- 1 at t ime s tep 225 . 

( b ) Changes to time delay 

T he t i m e  d e l ay for  l oop  1 i s  s e t  a t  k = 1  for  the f i r s t  2 2 5  s t eps , 
and then changed to k=2 for the rema inder of the run . 

( c )  Non l inear i ty 

( i ) Y1 ( t )  y 1 ( t ) + 0 . 2y1 ( t-2 ) u1 ( t-2 ) 

( ii )  y1 ( t )  

Both cases a re s imulated . 

S imulation resul t s :  

These may b e  summarised i n  a table w here the entries are the pair 
o f  va l u e s  [ M S E (y ) , M S E ( u ) ]  fo r e a c h  of the two l o op s .  The  v a l u e s  
have been mul tipl ied x 1 000 . 



Var M i n  

y 1 ( t )  - 1 4  

""1 ( t )  - 1 4  

u 1 ( t )  - 1 0  

y2 ( t )  - 6  

""2 ( t )  - 6  

u2 ( t )  - 2  

Var M in  

y 1 ( t )  - 1 4  

"" 1 ( t )  - 1 4  

u 1 ( t )  - 1 0  

y2 ( t ) - 6  

w2 ( t )  - 6  

u 2 ( t )  - 2  

Max 

2 
2 

6 
1 0  
1 0  

1 4  

80 

Max 
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1 4  

80 
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Var M in  

1 - 1 4  

2 - 1 2  

3 - 1 0  

4 -8 

5 -6 

6 -4  

Var Nin 

1 - 1 4  

2 - 1 2  

3 - 1 0  

4 - 8  

5 -6  

6 -4  

Max 
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6 

8 
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1 2  

80  
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Loop 1 ( B 1 1 ( 3 ) , A 1 1 ( 2 ) , d 1 ) 

1 40 200 

F I GURE 4 . 2 1 ( c )  
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Loop 1 (A 1 2 ( 3 ) , B 1 2 { 3 ) ) 
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S t ep s  

2 60 3 2 0  
S t ep s  



1 1  7 

-

Var M in Max ._, .. 

1 - 1 4  2 -
-

2 - 1 2  4 
-

3 - 1 0  6 --- -

4 - 8  8 
-

5 -6 1 0  

6 -4 1 2  

• • ... 

8 0  1 40 200 2 6 0  3 2 0  
S t eps 

FIGURE 4 . 2 1 ( d )  

Pa rame t e r  E s t ima tes 
Parame t e r  change at  s t ep 2 2 5  

.. 

Var M in Max 
-

1 - 1 4  2 

2 - 1 2  4 

3 - 1 0  6 

4 -8 8 -

5 -6 1 0  
-- -

6 -4 1 2  
-

- -

• 

8 0  1 40 2 0 0  2 6 0  3 2 0  
S t ep s  

F I GURE 4 . 2 1 ( e )  
Parameter E s t i mat e s  

Parame t e r  change a t  s t e p  2 2 5  



1 1 � 

Var M in Max 
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Var M in Max 
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E f fect  of non- l inear ity ( i) 
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FI GURE 4 . 2 4 
Ef fect o f  non - l inea r i ty ( i i )  



TABLE 4 . 5 
Effec t  of  process changes 

Loop 1 Loop 2 
MSE (y ) MSE ( u )  MSE (y ) MSE ( u )  

No c hanges [ 1 9 . 72 ,7 . 863]  [ 1 3 . 24 , 2 . 25 1 ] 

Parameter  changes [ 1 8 . 37 , 1 0 . 9 1 ] [ 28 .00 , 6 . 886 ]  

T ime d e lay change [ 1 8 . 3 1 ,45 . 4 1 ] [ 57 . 59 ,97 .03 ]  

Non- l inear i ty ( i )  [ 34 . 7 5 , 1 4 .84 ]  [ 1 7 . 49 , 3 . 768]  

Non- l inear i ty ( i i ) [ 90 . 6 1 ' 2 6 . 6 1 J [ 22 .66 , 9 . 587 ] 

Figures 4.20 - 4 .24 depi c t  graph i ca l ly the process responses. For 
the  n o- c hange  c a s e ,  ( F igure  4 . 20 ) , the  i n terac t i o n  b e t w ee n  t he  
loops i s  ev ident  i n  the behaviour of  the contro l inpu t s  necessary 
to  m a i n ta i n  t h e  c o r re c t  s e t- p o i n ts .  D i s turba n c e  r e j e c t i on i s  
goo d , b u t n o t i c e ab l e  d u e  t o  t h e  d e l ay e d  respon s e  t o  a n  i n pu t 
change , and the fac t tha t some  interac t ions  are not  d e l ayed. 

F i gu r e  4 .2 1  s ho w s  the e f fe c t  of c hang i n g  the ga i n  o f  l o o p  2 a t  
t ime  s tep 225.  R e-e stimat ion of the parame ters is  rapid fo l low i ng 
the c hange w i th the variable  forge t t ing fac tor opera t ing . 

A s u d d e n  d e l ay c hange o f  a n  i n teger  n u m ber  o f  t i m e  s t eps  i s  a 
severe test  o f  a contro l l er ,  and the effec ts  of thi s a re shown in  
F i gu r e  4 . 2 2 .  C on t ro l  i s  l o s t  f o r  4 o r  5 t i m e  s t e p s , fo l l o w i ng 
which  the cont ro l ler  overcorrec t s  for the perturba t ion , and then 
r e c o v e r s  a s  t h e  re-e s t i m a t io n  of para m e te r s  t ak e s  e ff e c t .  A 
gradual  t ime  d e l ay change i s  a m ore usua l s i tuat ion , w hi c h  w ou l d  
be  m an i fe s t e d  a s  progre s s i v e  m od e l  parameter changes.  The non­
m inimum  phase character is t i cs  which m ay accompany such changes 
a re no p r ob l e m  b e cause  e i t h e r  the  c o n t ro l l e r  re l i e s  on a p o l e  
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plac ing  d e s ign ,  or  for the i n terac tion s ,  the pos s ib i l i ty of  non­
m in imum  phase polynomials  has  been al lowed for (C hapter 2 ). 

Tw o non- l inearities of d ifferent sever i ty are u se d  in  obta in ing 

the re su l ts for Figu res 4 .23  and 4 .24. The con tro l le r  l ineari ses 
' 

i t s m o d e l  abou t the  o p e ra t i ng po i n t  o f  the p ro c e s s ,  and  t h i s  
mod e l  m u s t  c hange  a s  t h e  s e t -po i n t s  a re a l te r e d .  T h e  d e g ra d e d  
behav iour before the para m e te rs are re-es timated i s  ev i denced by 
t h e  e r r o r s  w h i c h  o c c u r  a t  s e t - p o i n t  c h a n g e s . A c a u t i o u s  
contro l le r ,  produc ing s low  response to a set po in t  c hange , has an 
advantage in these s i tuation s ,  a l low ing more t i m e  for parameter 
re- e s t i m a t i on .  Su i ta b l e  c h o i c e  of the ob s e rv e r  po lyn o m i a l  
pro v i d e s  t h e  n e c e s s ary c au t i on , w h i c h i s  v a l u a b l e  i n  rea l  
app l i ca t ions . 

4 . 2 . 5  D ifferences  be tween po le  plac i ng control l e rs 

In  S e c t ion 2 . 1 .9 i t  was shown how the ca lcula t i on  o f  the control  
inpu t s  t o  the p ro ce ss i nvo l v e s  the  inv e r s ion  of t h e  Ho m a t r i x ,  
and how  u s ing the s impl i fy ing  assumption , due to  Bor i sson [ 1 979]  
tha t Bo i s  a d i agonal matri x ,  ( i.e. d i s turbances due to inputs to 
o the r l o ops  have  a d e l ay e d  e f fe c t ) , H0 b e c o m e s  d i agon a l .  
C on t ro l l e r  # 2  a s sumes  tha t Ho  i s  d i agona l ,  w h i l e  c o n t ro l l e r  #3 
rem o v e s  t h i s  a s su mp t i o n , a t  the  p r i c e  of t h e  a d d i t io n a l  
compu tat ion to  invert Ho ·  

S i m u l a t i on s  a re presen t e d  t o  i l l u s t r a t e  the d i f f e r en c e  i n  t he 
performance  of the two controllers #2 and #3 , u s ing  the process 
of sec t i on 4 .2 .4 .  These resul ts a re shown graph i c a l ly in Figures 
4 .25  - 4 .2 9 ,  and Table 4 .6 shows  the values for MSE(y ) and MSE(u) 
f o r  e a c h  o f  t h e  t w o l o o p s  f o r  t h e  d i f f e r e n t  c o n t r o l l e r  
spec if icat ions. The table  entries have been mul t ip l ied  x 1 000. 
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Var Min Max 

y 1 ( t )  - 1 4  2 
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TABLE 4 . 5 
Comparison of con trol lers #2 and #3 

Loop # 

2 

2 

2 

Loop # 

2 

2 

2 

C on t ro l ler  #2 

MSE ( y )  

509 . 4  
398 . 6 

7 1  - 34 
1 1 5 . 8  

A = 1  
m 

MSE ( u )  

1 7 1 37 
1 520 

221 9 
743 . 4  

Contro l ler #3 

A = 1  
m 

MSE ( y )  KSE( u )  

55 . 1 1  328 . 8 
1 5 . 99 205 . 4 

26 . 42 27 . 50 
1 5 .  1 0  2 1  . 34 

MSE ( y ) MSE ( u )  

34 . 83 238 . 2  
1 4 . 32 35 . 4 1 

49 .73  292 . 5 
1 8 . 98 1 22 . 2 

33 . 29 230 . 6 
1 5 . 2 1 9 . 680 

A = 1 -0.5q- 1 
m 

MSE ( y )  MSE ( u )  

57 . 87 4 1  . 08 
1 4 . 96 1 9 . 83 

46 . 38 1 1 0 . 6  
1 8 . 22 9 5 . 3 1 

24 . 76  1 6 .  1 4  
22 . 47 7 - 486 
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Once  aga i n  the  s en s i t iv i ty o f  M SE (y )  a n d  MSE ( u )  to a f ew  l a rge 
e x c u r s i on s  o f  y o r  u i s  appa ren t .  T h e  d i fferen c e  be t w e e n  t h e  
contro l l ers i s  mos t c l early seen i n  the case where A0=A m= 1 .  

T he  d i ffe ren c e  i s  v e ry m a rk e d  i n  the  graph i c a l  p r e s en t a t i o n  
( F i g u re s  4 .2 5 -4 . 2 9 ) .  A c r i t i c a l  c hange t o  the c on tro l  i npu t t o  a 
loop has to be mod i fied  in the next  t ime  s tep when the resu l t  o f  
the con trol inpu t change to the o ther l oop i s  known. This sets  up 
a s e q u e n c e  o f  c h ange s w h i c h  i s  fu e l e d  by e i ther  a s e t  po i n t  
change , o r  by attempts  to e l i m inate noise effec ts. Su i table pole  
placemen t and the se lec t ion of  an observer po lynom ia l  t o  g ive a 
c o n s e r va t i v e  a c t i on p r o d u c e s  a s u i ta b l e  c o n t ro l l e r ,  a l though 
obviously the behaviour  of  #3 i s  general ly more acceptable. 

4 . 2 . 6 T he se l f- tuning property 

The se l f- tun ing princ iple [A strom  and  W i  t tenmark , 1 973]  asserts 
tha t if the  c l o s e d  l o op  sy s t e m  c on v e rge s ,  it  w i l l  c onve rge t o  
that w hi ch w ou ld be obta ined i f  the control ler  w ere des igned w i th 
ful l  a prio ri  know l e dge of the process parameters. In  th i s  case , 
i f  the  d e l ay k= 1 , t h e  re s i d u a l  e rro r s e qu en c e  w i l l  c onverge  to  
the sys tem  d ri v ing n o i se sequence. ( [ A strom , 1 970 ] d ea l s  w i th the 
case for k> 1 ) . 

The  co m pa r i son  o f  t h e  re s i du a l  n o i se s eq u en c e  and  the  d r i v i ng  
no i s e  s e quence  p ro v i d e s  a t e s t  fo r s e l f- tun i ng w he n  bo t h  
sequences  can be d e t erm ined , i . e. during s i mulat ions. 

The c ho i c e  o f  c on t r o l l e r  po l yno m i a l s  to  d e c o up l e  the  l oo p s  
involves  certa in approximations , which  must  jeopard i se the s e lf­
tun ing  n a t u re o f  t h e  c on t rol l e r. I n  o rd e r  t o  t e s t  w he t h e r  t h e  
self-tun ing property i s  re tained , the process described below i s  
s i m u l a t e d , a n d  the  d r i v ing n o i s e  and  re s i d u a l  n o i s e  s e qu e n c e s  
compared . 



Process s imulated 

Ay ( t ) = q- 1 Bu ( t )  + Ce ( t ) 

where 
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e 1  ( t)  and e2 ( t) are bo th uniformly d i stributed randorr. s equences 
on the interval -0 . 25 < e ( t ) <0 . 25 , i . e .  w i th  variance .0 1 04 .  

Calculat ion of  residual s 

The  re s i d u a l s  a re c a l c u l a ted  a s  y ( t ) - r ( t ) ,  w here  r ( t )  i s  t he 
requi red  value of y ( t ) , given by : 



Y 1 ( t )  
1 

u 1 ( t )  
1 

0 

- 1  

y2 ( t )  
1 

w2 ( t )  
0 

- 1  

0 

- 1  

1 3 2  

FIGURE 4 . 30 

Check o f  s e l f - t un ing property 



0 . 5  

e 1 
( t) 

& t; l  ( t ) 

o . o  

-0 . 5  

0 . 5  

o . o  

-0 . 5  

FIGURE 4 .  3 1 

Check of s e lf - tuning prop e r ty 

No i se and res i d ual sequenc es superimpo sed 

1 3 3 



1 34 

w here w ( t) i s  the s e t  po in t ,  Am is  the model  po lynom ia l  and E the 
observe r polynomia l  d e s c r ibed in Chapter 2. The residua ls  w i l l  be 
c o rr e c t i n  the  s t ea dy  s ta t e ,  bu t w i l l  n o t  h a v e  the  t ru e  v a l u e s  
fo l l owing set-po int changes . 

T he r e s u l t s o f  the s i m u l a t io n s  a re sho w n  i n  F i gu re s  4 . 30 and  
4 . 3 1 . T h e  f i r s t s h o w s t h e  b e h a v i o u r  o f  t h e  s y s t e m  b e i n g  
s imu late d .  Note that the run includes set po in t  changes ,  when i t  
i s  to  be  expected tha t the  no i se and  residua ls  w i l l  be  d i fferent. 
A l so note that only 320 s teps are s i mulated , a fter which t ime  i t  
i s  unl ikely  that the par am e ters w i l l  have comple tely converged. 

T he no ise  and res iduals  are shown  superi mposed on the same axes 
i n  F i gu r e  4 .3 1 .  For m u c h  of the run ,  the n o i se and r e s i dua l s  fo r 
t he t w o  loops are ind i s t ingu ishable , show ing that  the se l f- tun ing 
p r in c i p l e  i s  i nv i o l a t e .  A s  e xp e c t e d , the  t w o  t ra c e s  d i verge  
fo l low ing se t-point changes , but rapid ly converge · fo l low ing this 
perturbat ion . 

I n  a l l  the s imul at ions t hat  have been described in  this chapter, 
the residual s correspond ing to those depicted in Figure 4 .3 1  have 
been used  as a measure for  comparison of the c ontro l l ers. 

4 . 2 . 7 Fu l l  Pole-Plac in g  A l gori thm 

A n e w  fu l l  m u l t i v a r i a b l e  p o l e-p l a c ing c o n t ro l l e r  has  b e en 
d e s c r i be d  1n s e c t i on 2 . 3 , and  t h i s  con t ro l l e r  m ay be  u s e d  a s  a 
s tanda rd aga inst which  t o  compa re the other a lgo ri thms which have 
been proposed , and for w hich resu l ts  have been presented in this 
c hapter .  
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T h e  c l o s e d  l o o p  behav i o u r  of  a sy s te m  i n c o r p o ra t i ng the  fu l l  

m u l t i v a r i ab l e  po l e  p l a c i n g  c o n t ro l l e r  h a s  b e e n  e x a m ine d  by 
s imu lat ing the fo l lowing process w i th the contro l l e r :  

A 

B 

c 

Ay( t )  q-kBu ( t ) + Ce ( t ) 

[ � � J + 

0 - 1  + q 

- 1  1 - 0 . 5q 

0 

r-0 . 786 0 . 030J - 1 + [ 0 . 368 q 
0 . 000 -0 .755  o . ooo 

[ o . soo 

0 . 1 00 
0 . 200] q-2  + [ 0 . 300 

0 . 080 0 .040 

0 

- 1 1 - 0 . 5 q  

0 . 300 J -2 q 
0 . 050 

0 . 080] q-3 

0 . 200 

B h a s  roo t s  g i v en  by q = 5 . 1 2 7  o r  q =0 .273 , a n d  c o n s e qu e n t ly the 
process  i s  non-m inimum phase. The controller  i s  required to place 
t h e  c l o s ed - l oo p  sy s te m  p o l e s  at l o c a t ions  c o n s i s te n t  w i t h  the 
mode l  polynom ia l :  

0 

S e t  po i n t  a t ta i n m e n t  a n d  e l i m in a t ion  o f  o f f s e t e rror  h a s  been 
d e s c r ibed  i n  s e c t i on 2 . 3 .  I n  o r d e r  t o  m ake  a c o m pa r i son  w i t h 
c on trol ler  #3 , s imulations for w hich have a lready been presented , 
the system i s  simulated w i th various noise lev e l s. The resu l t s  of 
t h e  f i r s t  s i m u la t ion  a re presente d  i n  F i gu r e  4 . 3 2 , ( a )  and  ( b ) , 
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f o r t h e  f u l l  m u l t i v a r i a b l e  c o n t r o l l e r  a n d  c on t ro l l e r  #3  
respec t i vely. W hi te no i se w i th a variance o f  8 .3E-5 is  present on 
bo t h  loops. The resu l t s  for the two  contro l lers a re very s im i lar ,  
the  m o s t  n o t i c eabl e d i ffe ren c e  b e ing the i n t e ra c t i on e f fe c t s  
b e t w e e n  t h e  t w o  l o ops .  I n  the  c a s e  o f  t h e  fu l l  m u l t i v a r i ab le  
c o n t ro l l e r ,  bo t h  l o o p s  e x h ib i t  an i n t e ra c t i on e ffe c t  w h i c h  
pers i s ts until  s teady s ta te cond i t ions can be a sserted , al though 
this effe c t  is  sma l l  and qu i te a cceptable ,  the contro l ler  be ing 
d e s i gn e d  p r i m a r i ly a s  a regu l a t o r. C o n t ro l l e r  # 3  on the  o th er  
han d  h a s  been  d e s i gn e d fo r rap i d  e l i m i n a t i o n  o f  d i s tu rban c e  
e ff e c t s ,  a n d  t h i s  i s  a ppa rent  i n  i t s b ehav i o u r. T he t ran s i en t  
behaviour  o f  loop 1 i s  a l so m argina l ly better  for contro l ler  #3. 

T h e  v a r i a n c e  o f  t h e  n o i se i s  i n c rea se d  to 0 .0 1 fo r b o t h  l oops , 
and s imu la t ion resul ts presen ted in  F igure 4 .33 (a ) for the fu l l  
m u l t ivar iable contro l l er ,  and F i gure 4.33 (b) for controller  #3. 
The d i fference in  the interac t ion e ffec ts  is not  now so apparen t ,  
w i th  no c l ear advantage to e i ther control ler. The vertical  ax is  
sca l e  m ay be  expanded  to  perm i t  c loser exam inat ion of  the system 
behaviou r ,  and Figu re 4 .34 ( a) and (c ) present the response s for 
l o o p s  1 a n d  2 w i t h  t h e  fu l l  m u l t ivar i ab l e  c o n t ro l l e r , w h i l e  
F igure 4.34 (b) and ( d) show the responses for l oops 1 and 2 w i th 
c on t ro l l e r  #3 .  On l y  v e ry m in o r  d i fferen c e s  a re appa ren t  a t  
d i s t in c t ive  points on the graphs. 

T he process  control inputs produced by contro l ler  #3 d i splay no 
in c r e a s e  in a c t i v i ty ove r t h o s e  of t h e  fu l l  m u l t i v a r i ab l e 
con t ro l le r , e v e n  t hough  c o n t ro l le r  #3  w a s  d e s i gn e d  w i th a 
m in imum -variance-l ike control a c tion to remove interac t i ons. The 
i n t e ra c t i on s  a re n o t o f  a m i n o r  n a tu re , as e v i d en c e d  by t h e  
considerable contro l ler  effort requ ired f or  the i r  e l imina tion . 
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4 . 3 CONTROL OF HEAT EX CHANGER 

1 4 1  

T he s e l f- t u n i n g  con t ro l l e r  h a s  b e e n  a p p l i e d  t o  c on t ro l  o f  a 
commerc i a l  heat exchanger. The use  of  th is  process w as m o t ivated 
by the u se at the Dairy R esearch Ins t i tute of a heat exchanger to 
con t ro l  t e m pe ra tu re a n d  v i s c o s i ty of m i l k c on c en t ra t e be ing  
passed  from  an  evapora to r  t o  a s p ray d r i e r. S i ng l e  l oo p  PID  
con t ro l l e rs have  been  appl i e d  to t h e  s ame  pro b l e m ,  and  t h e  
r e su l t s  c on t ra s te d  w i th t h o s e  fo r s e l f- tun ing. [ H e sk e th and  
Chaplin , 1 98 1  ] .  

Simulat ions were  u sed to es tabl ish  su i table contro l ler  param eters 
w i t hou t t he n e e d  fo r te d i ous  a n d  e xpen s i ve run s on  t h e  a c t u a l  
plant , be fore applying the contro l l er  on- l ine . 

4 . 3 . 1  H eat  exchanger process 

T he p ro c e ss h a s  been d es c r ibe d in S e c t i on  3 . 3 .2 , b u t i ts 
d e s c r ip t i on m ay b e  su m m a r i se d  f o r  c onven ience .  T h e r e  a re t w o  
loops t o  c ontro l :  

' FLOW LOOP __.::,.. , 

I 
intera c t ion 

---1 TEMPERATURE LOOP -

The only m ajor in teraction is  be tween flow and tempera ture. The 
inc lusion of  o ther interact ions , requ iring the identificat ion of 
pa ra m e t e r s  c l o s e  to z e ro , can d eg ra d e  ra t her than  i m p r o v e  t h e  
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p e r fo r m ance .  T he pre s e n c e  o f  t i m e  d e l ays  m e a n s  t h a t i t  i s  

immater ial  w he ther the input t o  the flow loop,  or  the outpu t  from 
t h e  f l o w  l oo p  i s  u sed  to a n t i c ipa te  fu ture c hange s i n  the  
tem pe rature. There  is  an interac tion of temperature on flow , due 
t o  v i s c o s i ty c h ange s ,  bu t t h i s  i n te r a c t i on is s m a l l ,  and the 
rapid  response of the flow to input changes  makes the flow loop 
an  e a sy l o o p  to c o n t ro l ,  the i n t e ra c t i on e ffe c t s be ing  re m oved  
qu i te  sati sfac torily by the feedback contro ller. 

4 . 3 . 2  S imu l a t ion of  heat exchanger 

Softwa re is requ ired for manual operation of the equ i pment for 
s t a r t u p  p ro c e d u r e s ,  a n d  t o  enab l e t ra n s d u c e rs t o  b e  t e s te d  and 
cal ibrated , and variable values  scaled to  ensure tha t the model  
i s  w e l l  cond i t ioned. The  se l f-tuning controller progra m s  contain 
the necessary rout ines for least-squares identificat ion , a l though 
t h e s e  e s t i m a t e s  w i l l  b e  b i a s s e d  b e c a u se the  n o i s e  t e r m s  a re 
ignored . 

I f  t he iden t if i cat ion procedures a re ex tended to include  a noise 
mo d e l  [ Panu s k a , 1 980 ] ,  a n d  the  m anu a l  opera t io n  re p l a c e d  by 
random  perturbat ions ,  a m od e l  for the process m ay be ident ified. 
The r a te of r e sponse  of l o o p  1 r equ i re d  a 2 s e c o n d  s a m p l ing  
interva l ,  but for loop 2 th is  was  unacceptable because the t ime 
d e l ay wou l d  h a v e  req u i r e d  t oo m any s a m p l e  i n t e rv a l s  fo r i t s 
representat ion , and the process  ga in would  have been rid i cu lously 
l o w , repre s e n t ing  ha r d ly a ny change  i n  e a c h  s a m p l i n g  i n t e r v a l .  
T h e  fo l lo w i n g  s i mp l i f i ed m o d e l  f o r  t h e  h ea t e x c ha n g e r  w a s 
obt a ine d :  

Sampl ing interval 2 seconds for loop 1 , 4 secon d s  for loop 
2 .  

Ay ( t ) q - 1 Bu ( t ) + e ( t ) 
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w here the matrices  may b e  part i ti oned to give :  

B1 1  0 . 4552-2 . 2 1 59q- 1  

No ise : E ! e ( t ) eT ( t ) }  d iag( 0 .0 1 33 ,0 . 01 33 ) . 

The form o f  B22 arises  because these polynom i a l s  w ere i dent ified 
w i t h  l e a d i n g  z e ro s  to c a t e r  for t i m e  d e l ay s. H o w e ve r ,  the 
temperature l oop responds  reasonably qu ickly to changes i n  flow 
r a t e , and  f o l l o w i n g  a c hange t o  the s t e a m  va l v e , s h o w s a s m a l l  
immed iate response , w i th a larger e ffec t  a fter 20 secon d s. Terms 
in the no i se model w e re considered sma l l  enough to i gnore for the 
s i m u la t i o n . A l thou g h  t he t e m pe ra ture l o o p  h a d  an apparen t  2 0  
second d e lay , the above model gave the best  f i t. 
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4 . 3 . 3  S imula t ion  results 

F i gure  4 . 3 5  p r e s en t s  the s i mu l a t io n  r e s u l ts  fo r t he fo l l o w ing 

con tro l l e r :  

Loop 1 : "m 

Loop 2 :  "m 

1 -0 . 8q - 1  

- 1 1 -0 .  3 q  

1 - 1 
� + q  

1 + • • •  + q  -4 

De l ay k= 1 

De l ay k=4 

Loop requ i re s  two simulat ions s teps for every one s tep of loop 
2 .  A n o t i c e a b l e  fea t u re o f  the s i m u l a t i on i s  t h e  v i go u rous  
c on t ro l l e r  a c t ion  requ i re d  by l o o p  2 .  I t  has  b e e n  s h o w n  in  
prev i ous  s i m u l a t i ons  tha t t h i s  m ay be  red u c e d  by appropr ia t e  
s e l e c t i on o f  t he p o l e s  o r  by changing  t h e  sa m p l i ng i n t e rva l  o f  
the loop in  que s t ion. C onse q u en t l y , s i m u l a t i o n s  w e r e  p e rfo r m ed 
for d i fferent sampl ing intervals and model  po lynom ia l s  for loop 
2 .  T a b l e  4 .6 s u m m a r i s e s  the  perfo r m an c e , pre s en t i n g  v a l u e s  o f  
M SE (y ) a n d  M S E( u )  ( x 1 000 ) .  A s  the  pe rfo rman c e  o f  the  l o op  1 
contro l ler  was  sa t isfac tory ,  the same controller  w a s  u sed  for all  
run s .  F igu r e s  4 . 3 5  ( g ) , ( h )  and  ( i ) s how  the  re s u l t s  of  the  
remaining heat e xchanger s imula tions . 



Var M in Max 

1 - 1 4  2 

3 - 1 4  2 

5 - 1 0  6 

2 -6 1 0  

4 -6 10 

6 -8 56 

Loop 1 :  2 secs _ 1  
A = 1 -0 . 8q 

m 

Loop 2 :  4 secs _ 1 
A = 1 -0 . 3q 

m 

80 1 40 2 00 

FIGURE 4 .  35 ( a) 

Hea t exchanger s imulat ion 

80 1 4 0  200 

FIGURE 4 .  3 5  ( b )  

Parameter e s t ima tes Loop 1 

260 

2 60 

1 4 5  

1 = S . P .  
3=Flow .  

5 

S t eps  
3 2 0  

320 
S t ep s  
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var M in Max 

b o - 1 4  2 
bo 

b 1 - 1 0  6 

b 2 -6 1 0  b 1 
b 3 -2  1 4  

b 2 

r-�--------------------------------------- b 3 

80 1 0 2 0 2 0 3 2 
S t ep s  

FIGURE 4 . 3 5 ( c )  

Parameter e s t imat es Loop 2 

Var M in Max 

b 4 - 1 4  2 
b4 

a 1 - 1 0  6 

a 2 -6 1 0  

d o -2  1 4  a
1 

a2 

80 1 40 200 260 320 
S teps  

FIGURE 4 . 3 5 ( d )  

P arame t er e s t imates  Loop 2 
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1 4 7  
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• 

260 320 
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F IGURE 4 . 3 5 ( e )  

P a r ame t e r  es t ima t e s  Loop 2 
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F IGURE 4 . 3 5 ( f )  

Parame t e r  e s t ima t e s  Loop 2 
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6 

Loop 

A = 

m 

Loop 

A 
m 

Var 

3 

5 

2 

4 

6 

M in 

- 1 4  2 

- 1 4  2 

- 1 0  6 

-6  10  

-6  1 0  

- 8  56 

1 :  2 secs 

1 -0 . 8q 
- 1  

2 :  4 secs 

l -0 .  8q 
- 1  

M in M a 

- 1 4  2 

- 1 4  2 

- 1 0  6 

- 6  

- 6  

- 2  

Loop 1 :  2 secs 
- 1  

A = 1 -0 . 8q 
m 

Loop 

A 
m 

2 :  8 secs 
- 1  

l -0 . 3q 

80  1 40 200 

F I GURE 4 . 3 5 (g) 

Heat Exchanger S imu l a t i on 

8 0  1 40 200 

FIGURE 4 . 35 (h)  

Heat Exchanger S imu l at ion 
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Var M in 

1 - 1 4  2 

3 - 1 4  2 

5 - 1 0  6 

2 -6 1 0  

4 -6 1 0  

6 - 2  1 4  

Loop 1 :  2 secs  
- 1  

A 1 -0 . 8q 
m 

Loop 2 :  8 secs  
- 1  

A 1 -0 . 8q 
m 

80 1 40 200 260  320 
S t eps 

FIGURE 4 . 35 ( i )  

Heat Exchanger Simulation 
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TABLE 4 . 6 
Hea t e x changer s imulations 

cont ro l  in terval con t ro l  in terval 
(4 secs )  ( 8sec s )  

MSE (y )  MSE ( u )  MSE ( y )  MSE( u )  

Am= 1 -0 . 3q - 1 8 . 004 1 • 387 7 - 545 1 . 927 
28 . 46 1 3883 1 6 . 73 1 2 1 8  

Am= 1 -0 . 8q- 1 1 2 . 9 1  3 - 5 59 8 . 335 1 • 354 
49 . 1 6  23 1 . 6  29 . 04 1 64 . 9 

4 . 3 . 4 Resu l ts of  on-l ine experiments 

On- l ine· experiments w i th the heat e xchanger w ere conduc ted for 
two d ifferent si tuations. 

( a )  No perturbation to  the  process .  

T h e  f l o w  r a t e  of  the  h e a t e d  w a t e r  t hrough  the  f i r s t  hea t 

e x changer was  he ld constant a t  1 5  l i tres/m inu te.  The set points 
to the two loops were varied  ( flow rate and temperature of  heated 
w a t e r  from  s e cond  h e a t e x c hange r) . T he l oo p s  a re s ub j e c t  to 
significant interaction effects. The temperature loop is  subject  
t o  d is tu rbances from the  a c t ion of  the float t ra p  which  removes 
condensate from the f irst  heat exchanger. 

( b )  Perturbing the process .  

T he f l o w  ra te  o f  t h e  h e a t e d  w a t e r  t h rough  t he f i r s t  heat  
e x c hanger  was  he l d  c o n s t a n t  a t  1 5  l i tres/ m i n u t e  fo r the  f i r s t  
1 400 s e co n d s .  T h e  fl o w  r a te w a s  t hen a d j u s te d  s u d d enly  t o  1 0  
l i t res/minut e ,  which c hanges the parameters of  the process model  
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and a l so c hanges the t ime  delay o f  the temperature control l oop. 
The  i n t e ra c t i on e f fec t s  a n d  un m ea su red  d i s t u rb an c e s  a re s t i l l  
presen t .  

Summa ry o f  C on troller  Parameters . 

( i )  S e l f- tuning con tro ller  Loop 1 ( flow ra te ) 

Process model ord er 
time delay 2 sample intervals  

Obs e rver polynomial (E )  1 + q- 1  

Des i red model 1 -0 . Bq- 1  

Sampl ing interval 2 seconds 
I n t eractions 0 

( i i )  Sel f- tuning control ler Loop  2 ( temperature ) 

Note s :  

Process model ord er 
T ime delay 

Des i red model  
Sampl ing interval 
I n t e ractions 

2 
4 sample i n tervals 

1 -0 . 5q- 1  

4 seconds 
( flow rate)  

T he process m odel  i s  obviously o f  reduced order  ( see for example 
Baur and I sermann [ 1 977 ] w ho identified  a third o rder  model  for a 
s ing le  s i m i l a r  h e a t  e x c hanger ) . T h e  t im e  d e l ay c a n  be  v a r ia b le 
for  the  fo r m  o f  t he m o d e l  i d en t i fi e d ,  the  va l u e  g i v e n  above  
m ere ly plac ing an  upper bound on the  value u sed  in  the model .  T he 
observer polynom ial  is con s e rva t i v e l y  chosen  t o  g i v e  a gra d u a l  



c hange  fo l l ow ing  a s e t  po i n t  a l t e ra t i on .  T h e  d e s i red  m od e l  i s  

fi r s t  o rd e r  ( l e s s  t h a n  the  o rd e r  o f  t h e  p r o c e s s  m od e l ) .  The  
z e ro t h  o r d e r  m o d e l  w ou l d  a l so be  p e r m i ss i b l e , h ighe r o rd e r  
coeffi c i en ts be ing a ssumed zero a s  appropriate.  Al though this is  
a mul t ivariable con t ro l ler ,  d i fferent sampl ing rates on  d i ffe rent 
loops are perm it ted.  

Process  
Pe rturbat ion 

No Process 
Perturbation 

Graphical  analys i s  

TABLE 4 . 7 
Performance  summary 

MSE (y )  

. 0044 1 

. 0331 6 

•. 00481 
. 04226 

Loop 
Loop 2 

Loop 
Loop 2 

F i gu r e  4 . 3 6  show s t h e  behav i o u r  o f  t h e  sy s t e m  w i th  a ch ange to  
the process  a t  1 400 second s. Control is  unaffe c ted  by the change. 
The price  paid  for . t h i s  performance is the vigo rous manipulation 
of the steam valve. See also Appendix B .  

F igure 4 .37  show s performance i n  the absence o f  any change to t he 
process. The effects  o f  changes to the flow ra t e  are apparent ,  as  
a re the  d i s turbance  e ff e c t s  a r i s in g  fro m fl o a t  t rap ope ra t i o n. 
No t e  h o w  t h e  s e l f - t u n i ng c on tro l l e r  r e du c e s  t h e  e f fe c t s  o f  t h e  
i n t e ra c t i on .  A n o t h e r  m u c h  s ma l l e r  i n t e ra c t i on e ffec t i s  a l so 
d em o n s t ra ted  - the  e f f e c t  o f  changing  v i s co s i ty on the  f l ow  a s  
the  t e m p e ra ture  i s  c ha nged .  I t  i s  n o t  n e c e s s a ry t o  i n c l u d e  t h i s  
in te ra c t i o n  i n  t he m od e l  a s  t h e  e f fe c t  i s  s m a l l ,  a n d  t h e  
con tro l le r  deals w i th  t he fast  respond ing l oop eas i ly. 
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I n  o rd e r  t o . r e d u ce t h e  a c t ion  o f  t h e  c on tro l  i npu t t o  l oop  2 ,  
c hange s  w e re m a d e  to t h e  c on tro l i n t e rval  and  t o  t h e  m od e l  
p o ly n o m ia l . F ig u re s  4 . 38 - 4 .4 0  d e p i c t  graphi c a l ly t he re s u l t s 
w he n  t h e s e  c h anges  are  m a d e . A l l  o t h e r  c o n t ro l l e r  para m e te rs 
rema in  unchanged. 

( i ) Loop 2 

Model  o rder  
Time d e lay 

2 
2 sampl e  in tervals  

-6 Observer polynomia l  1 +  • . •  + q  

Des i re d  model 
sampl ing inte rval 

( i i ) Loop 2 

Model  o rder  
T ime d e l ay 

1 -0 . 5q- 1 

20 seconds 

2 
4 sample interva ls  

- 6 Observer  polynomial  1 +  . . •  + q  

Des ire d  Model 

S ampl ing i nterval 

( i i i ) Loop 2 

f.lodel o rder 
T ime d e l ay 

1 -0 . 84q- 1 

4 seconds  

PROCESS CHANGE AT TIME 1 800 

2 
3 sample i nterva l s  

-6 Observer Po lynomial  1 +  • • •  +q  

Des ired  model 

Sampl ing interval 
0 - 1 1 - . 4q  

6 seconds  



Samp l in g  
In t e rva l 
2 s e c on d s 

- 1 A = l - 0 . 8 q  m 

S amp l in g  
in t e r v a l  
2 0  s e c on d s  

- 1  A = 1 - 0 . S q m 

,--..... 
c ·M 
s 

- . - -r--- - - · - -'--- - ---
- 1 -

- � -

1 56 

-1 
__._ - - � - - - ­-- -i- ' - -"-...L . j- - ---� -

. -- _- � � - _ -- � - -. - - " 
- --- - J - - - - --

. · -
_ j 

�-f · -=- =-- -
- - · - :_ _ _ , - - -

-
- -

1--l - - - --- -- --- c-----l - - - ---�J ty - .  ' : f - \ . : 

-=-H�= - -= , j \___ �-

-

-

-

-

- -
--- -

-
- - -

f --- . 
1-- -

- 1 -
I 

-
M 
.._.., 

4 t------t-----j------,,..1----...,..,._..-v--+- ---.. -_ . _--�,- �!""_ -+-------+J----- + -- ---· . - - - I - ; - . Cl) ==�= =-- : 
· �  --l -

� -- rw -
H - - - --1 - - -

� 2 :f=- . - --= � � 
0 +==-� _:_:_- - -� J --� 

I 
i 

- -. 
--- - --

M �--- - ---
p.. - - - -- -t-----+---+----l------1 l___ - -- -- - - - - -- - - _j 

Cl) 
> M 
� 

:> 
E � Cl) 

_ .w  (f) 

�� �-I : 
_

: ��� �� --==:� �-=t�--�-: -�� � �- f � -� �- r--- �-�-J- V ""11 � - -. 
-- - -.- � 

1 -- -

- --
--- 1 - -

... _,. _ -� - _
_ 
: - -�h -� -= ==r. -:::. ��- -· -' ---- - -

___:__; - - - � - - :=..=-::.. _ : 

-
-::-r=: 

1- J -- - -=.--_;-----::-_ -
=:1 . 

--t- -- , -Cl) - 1 --j:.:._ - J- -
� S Q _---,---+_-__., __ _ - - .A :,.;::;.·- ' 

� � h- --� r � r \ _ ��-H - !- \"� • " T - r \=- 1 t 3 5 -=-t �-� � �: ,. :)7 � i . +. --'-�-· i .... -�=--=4'----'----
-

+-=--- -=-'-i ---4 

- J - - .:1---f----i _=_t_:__=____Jf---;.,. _ __ -_· -+---�--'---�-+---_J_--_-+ - _---f--=----=:J-=--+ 
0 1 8 00 3 6 0 0 

T ii!le ( s e c s )  
F i gure 4 . 3 8 

H e a t  Ex c hanger C on t r o l  



S amp l in g  
i n t e rva l 
2 s e c on d s  

- 1  A = l - . 8 q m 

S amp l in g  
in t er v a l  
4 s e c on d s  

- 1  A = l - . 8 4 q  m 

,...... 
s:: •rl 
s -

r-4 
'-' 4 -+--�-

• Q) .j.J 
(1j 
H 
:3 2 
0 r-4 

:.. .J - - - -- - _J_ -
1 

1 57 

rx.. - -�.---�--�---4-----��--�----� 

00 Q) 
'U '-' 
Q) 
H 
::I 

.j.J 
(1j 
H Q) 
p.. 

,
- - - - --

1-== =-----= ::-:-� ..:· 1- - -- --�1 ----: -- - - &� . . - , - - ·- --- !--- -- - - -

-

-

4 -
- --t-- --- --· - - - - - l- - -- t- - -1-- --- - �--- I-" - - ,--1- -­

!--" -- - -=--
-; --1 -- -- -

t-- 1 - - - - � - H=r �--. - - I . 

' - , . - - -· ! tt f  - -

- -- -

-

J I�· ,\ : , .  - - - ·  �· i N• f 
-t- ' �--- � - t .:f - -� -� _-- :-=-= -----_+--- - :--_-_: - · r  

5 0 �-:._��--� ���-=-l)tr: , V� - ����-- 1\- � # 11 tty"\'V" - : . - �-· ,.·v '_-y "T 

-

-

·

-

. 

-

-
- .  

. 
-

- -- - -

s 3 5 -t-----1 -- - ­

Q) 
E-l 0 

F I GURE 4 . 3 9 
H e a t  Exchan g e r  C on t r o l  

3600 
T ime ( s e c s )  



S amp l ing 
in t e rv a l  
2 s e c on d s  

- 1  A = l - 0 . 8 q m 

S amp l ing 
in t e rv a l  
6 s e c on d s  

- 1  A = l - 0 . 4q m 

1 5 8  

- . -----,-- -I - - - • -· - T - I 
- -1 - - - . f-- - --- --j - - -1- -- - e--. -
·- _J_ - • -- - --- _ _j_ _ ·-- - -- e--.--"- ·-;:=-�:-�-== ----=!--- - - -�-- - __j_ ___ - 1 - - -- -

--� �-t_---:
-

- _:1--

1 -r-

-· ' -
I I 
J 

}_ _  - -
�-"'!: I -= - - ,  

' . 
· -

I -j 

- _-_ . - j 

�
-��__: 

- f-=- +--+-t-----+-- -
� -

I 1 . . 

. . - . 
-------- --- -_---: 

=-- - -- - -- -- -

T: � . - . LA � 4 L_ -_-_-H • .---,.....,., ........ ..--..;,--_- 1----- ,..;...,...--..�.--�--+-_ ---:-

('() - -- ] - -
� J -

_....._ 
u 

�L-�- ----
,

_ -+�----+---4�--- ���--�--L--+- -

-• -
-· 

'--··-
-·- ---f- --

- l i .A. 

i J.__ _,___ --'---

-- - -- -- -...:::::_ = � - -----+- --+--­ - f---- - - - -- - -
- -- r- -
----- - -- -· -

'- - -- -
. - -- - -­
-- -­'- ---

l==- -� 
- -

-f--· - _I __ '- -� . --· � ---i--' -1 r-· -

--

� -- -

- -
�= _=._:�--

0 

-
- - -- -- - -- - - --

I ·r - - -- --- · - -- - -

T :__ �--r=--- If ( ·- - -- - - -i - - -- � -- t1 - ·-�- -
---=--� :--=-r--- -j_� --i -= --=- �-- . .:::._ -.:::.__ -- �- IJI. r-- --- L- -J, - --- - --- -J__ r.; #- -- -- -

-

1-· 

- -- - - �-� - -- -i -- -
- - - - - ---=4 -

- -- - -- --.:� -�---=---

·tt l --L- -t-- -l-

-- - 1 ---

- - � - .. 

...!..-
-

-
- •

--

1 8 0 0  

I 
- i- - -_ ; -= i- - -

I ._ � I 1----l-=--L 
3 6 0 0  

T im e  ( s e c s )  
F I GURE 4 . 40 

H e a t  Exchanger Con t r o l  
P r o c e s s p e r turba t i on a t  1 8 0 0  s e c s . 



1 59 

Comments 

T he m od e l  polyno m i a l  o f  l o o p  1 w a s  c h o s e n  to  g ive a re l a t i v e ly 
s l ow  response on this  l oop  so  that the d is turbance effect  on loop 
2 would be reduced over any s ingle control interva l .  

N o  s ign ificant improve m en t  t o  the system  behav iour was found w hen 
the m odel  order  w as increased. Consequently ,  the m inimum ord er 
that gave good control was selected . 

There i s  no pure t ime  d el ay , and consequently the controller  w i l l  
behave  w e l l  for  a range  o f  va lue s. I t  i s  i m po r tan t t o  spe c i fy a 
t i me delay long enough , o r  there is  a marked deter ioration in the 
c on t ro l l e r  p e r fo r m an c e .  H o w ev e r ,  b e c a u s e  o f  the  u s e o f  l e a d i n g  
z e ro s  i n  t h e  po l y nom i a l s ,  spe c i fy ing t o o  l o n g  a d e l ay c an  m ake  
the  model  over-parameterised . 

A s  a general pol i cy ,  the d e s ired model  pol es should  be chosen so  
tha t the contro l l e r  has a fast  response , and  can e l i m inate n o i se 
e ff e c t s. The  s l o w e r  c on t ro l le r  (F ig u r e  4 . 3 9 )  w a s unab l e  t o  
res pond quick ly enough to  reduce the variabi l i ty. 

A s ho r t e r  s a m p l i n g  i n t e rv a l  gene ra l ly p roduces be tter  con tro l. 
H o w e v e r ,  m ak ing  t h e  s a m p l ing  i n t e rv a l t o o  s ho r t  can  grea t ly 
i n c rease  the  c on t ro l l e r  e ffo r t ,  t o  a d e gree  tha t m ight  n o t  b e  
acceptable. T h i s  i s  due to  a low process gain , or  small  values  in  
the  B polynom ial .  Whi le  the pole plac ing control law is chosen to  
reduce  variabi l i ty of u ( t ) , a certain a m ount o f  contro l le r  effor t  
i s  necessary t o  m a intain  t h e  self- tuning property an d  ensure that 
the res idual errors are no t too large . 
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4 . 3 . 5  Onl ine impl ic i t  c on trol 

T he i mpl ic i t  controller  described in  C hapter 2 w as a lso used  for 
o n l i n e  e x pe r i m en ts w i th t h e  h ea t  e x change r.  T h e  u s e  of t h i s  
c o n t r o l l e r  h i ghl i gh t e d  t he obj e c t i on s  to t h e  u se o f  "o p t i m a l  
c on t r o l "  m e thod s fo r su c h  con t ro l l e r s . T h e  c h o i c e  o f  t h e  
w e ight ing po lynom ials  t o  produce a satisfactory sys tem response 
is n o t  a triv ial  task. For  a non- linea r and bad ly  behaved process  
such  as this ,  considerable e xperimentat ion is  requ i red before a 
s a t i sfac tory response may be achieved . 

F i gu r e  4 . 4 1 show s t h e  behav iour  o f  the  heat  e x c hanger  fo r t h e  
fol l o w ing controller :  

Loop  1 

p 

Loop 2 

p 

- 1  1 -0 . 9q 

- 1  2 .8- 1  . 4q  

Q - 1 3-2 .7q  

Q 2 . 5 

R 

R 

0 .  1 

0 . 1  s 0 . 1  

The output from loop 1 (flow rate ) interac ts w i th l oop 2 ,  and i s  
t reated  as  a d is turbance to this loop. 

T h e  c on tro l o f  f l o w  ra t e  i s  go od , a s  e xpec t e d ,  be cause  t h i s  
variable i s  easy to control . �he response fol l ow ing  a set-po int 
change is governed by the polynom ial  ( 1 -0.9q- 1 ) .  This  polynom ia l  
i s  p re s en t  i n  t h e  c l o s e d  l o op t ransfer  fun c t i on a s  a "d o m i n a n t  
po l e". O f  interest  is  the very c lear change in  the control input 
to the f l o w  l oop  to c o u n tera c t  the  i n t e ra c t i on due to t he 
v iscosity change of the w ater  as the tem perature c hanges. 

T h e  c on tro l  o f  the  t e m pe ra tu re l o o p  i s  n o t  v e ry g oo d ,  and s o m e  
t e n d ency to  o s c i l l a t i on i s  appare n t . De s p i t e  cons i d e ra b l e  
e xperimentation,  the tem perature control  coul d  n o t  be improved , 
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d e m o n s t ra t i n g  t h e  d i f f i c u l ty o f  c ho o s i n g  t h e  approp r i a te 
w eigh t ing polynom ia l s  to ach i eve  s u i ta b l e  sy s te m  respo n s e .  The 
resu l ts for this  i m pl ic i t  controller  contrast w i th those for the 
po l e  p l a c i n g  c on t ro l l e r ,  w h i c h  i s  m o re robu s t , and  w he re the  
a c tu a l  c l o s e d  l o o p  b e h a v i o u r  i s  s pe c i f i e d .  The  i m po r t a n c e  o f  
re l a t i n g  the  w e i g h t i n g  polyno m i a l s  t o  so m e  o th e r  c o n t ro l  
o b j e c t iv e  s u c h  a s  p o l e  p l a c e m e n t  [ A l l i d ina a n d  Hugh e s , 1 980 ] 
b e co m e s  apparen t ,  a l t h ough t h i s  nu l l i f i e s  t h e  c o m pu ta t i ona l 
advantages enjoyed by the impl i c i t  algori thm . 
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The  s tu dy o f  a d a p t i v e  c o n t ro l  sy s te m s  has m a tu re d , a n d  the  
resu lts  presented in Chapter 4 for impl i c i t  and expl i c i t  control 
schemes  shows  the sui tabi l i ty of self-tun ing me thod s for con trol 
of  mul t ivariable system s. 

The control ler  based on impl ic i t  identifi cation o f  the control ler 
para m e t e r s  pro v i d e s  a sy s te m  w h i c h  i s  e c onom i c a l  i n  t e r m s  o f  
programm ing  requi rements and execut ion t ime ,  wh i le  t he concept of 
identify ing  the controller  pa ra m e t e r s  d i re c t ly i s  c o n c e p tua l ly 
a t t ra c t i v e .  H o w eve r ,  tne  n e e d  t o  form u l a te t h e  m od e l  so  t ha t  
it is  expressed in term s of  t h e  controller  parameters  places  some 
l i m i ta tions  on this me thod at present , while  the expl i c i t  schemes 
offer greater  freedom to choose the control law and formu late  the 
a lgori thm . 

Po l e  p l a c i n g  c o n t r o l  a l go r i th m s  a re rob u s t  [ A s t ro m ,  1 980 ] , and 
a t t ra c t i ve fo r c e r t a i n  p r o c e s s e s  b e c a u s e  t h e  c o n t r o l l e r  
parameters specified bear a d i re c t  relationship to  the response 
which m ay be expected  from the contro lled system.  Opti m a l  or sub­
o p t i m a l  m e t ho d s  have  t h e  a d va n t age of p rov i d i n g  a c r i t e r i on by 
w h i c h  t h e i r  p e r f o r m a n c e  m ay b e  e v a l u a t e d . T h e  o n e  s t e p  
m in i m i s a t i o n  o f  the c o s t  fun c t ion  i s  s ub-o pt i m a l , a n d  s ome  
pro c e s s e s  m ay benef i t fro m a fu l l  s o l u t i on o f  t h e  R i c a t t i  
e q ua t i o n  c o m b ined  w i th a n  e x p l i c i t  i dentificat i on process. T he 
e x t ra c o m pu t a t i on a l  e f fo r t  i n v o lve d  nu l l i f i e s  s o m e  o f  the  
at tract iveness of the method. 
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5 . 1  D i s cuss ion of  resu l ts 

I n  S e c t i on 4 . 1  i t  i s  d e m on s tra ted  t h a t  f o r  one  o f  t h e  i m p l i c i t  

con t ro l s che m e s  w h i c h  c a n  a t  pre s en t b e  e m p l oy e d , s u i t ab l e  
adjustment  of the w e ight ing polynomials  o f  the c o s t  fun ct ion can 
resu l t  i n  good d i sturbance rej e c t i on ,  and that this  may be used 
to achieve  satisfactory con trol o f  a mu l t ivariable process using 
method s proposed in C hapter 2.  The transient intera c t ions may be 
g rea t l y  r e du c e d , a n d  gen e ra l ly the  d e c o u p l i n g  o f  t h e  l oops  i s  
go o d ,  w h i l e the  s te ady  s ta t e  i n te ra c t i o n s  m ay b e  e l i m i na t e d  
w i thou t t he u s e  o f  a n  i n t eg ra to r. A s i m i l a r  t e c hn i q u e  has  b e en 
used to  ensure steady state  s e t - po i n t  a t t a in m e n t  [ A l l i d i na an d  
Hughes , 1 980] .  

The abi l i ty of  the expl i c i t  po l e  placing control l ers to control a 
va r i e ty o f  pro c e s s e s  ha s b e en  d e m on s t ra t e d  i n  S e c t i on 4 . 2 . 1 . I n  
sum m a ry , u n s table  p r o c e s s e s  m ay b e  s tab i l i s e d  ( prov i d ed the  
pro c e s s  r e spons e  m ay be  k e p t  bound e d  w h i l e  a s e t · o f m o d e l  
p ara m e t e rs i s  e s t ab l i shed  i n i t i a l ly ) , and  pro c e s se s  w i th t i m e  
d e l ay s ,  n o n- m in i m u m  pha s e  o r  a l l  p a s s  p rope r t i e s  a r e  rea d i l y  
contro l l e d . 

For processes which  a re unstable or show integral behaviour,  i t  
would be necessary i n  pract i ce  t o  ensure the boundedness of  the 
response by provi d i ng a good set of in i tial  parameter  e s timate& 
Th i s  ra i s e s  the qu e s t i o n  o f  s e n s i t i v i ty o f  the c o n t r o l l e r  t o  
changes i n  the param eters during the i n i t ial re-e s t imation. For 
some  i n i t ial  estimate s ,  t he process ou tput remains bounde d ,  w hi l e  
for o thers  control i s  poor for several s teps a t  t h i s  s tage. This 
remains  an open ques t i on. 

The mechan ism used for d i s turbance reject ion in the pole plac i ng 
scheme  i s  motivated by that used for the impl ic i t  a lgori thm. I f  
the process  i s  non-m inimum phase , then the B polynom ial  cannot be 
inve r t e d  a s  requ i re d ,  a n d  so m e  appro x i m a t i on i s  r e qu i re d .  T h e  
z e ros  o f  t h i s  polyn o m i a l  m ay be igno re d , and  o n l y  t h e  s t eady 
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s ta te  effect  consid ered , w hich leads to trans ient  errors , which  
h o w e ve r  m ay gen e ra l ly be  s m a l l  and  short-l ived .  A l terna tively ,  
t h e  s in g l e  n o n- m in i m u m  phase  i npu t m ay be re p l a c e d  by s ev era l 
m i n i m u m  pha s e  inpu ts  w i th d i fferent  d e l ay s ,  w h i c h  d egrade  
perform ance  in  a quanti fiable w ay using techn i ques  described in 
A s t ro m  [ 1 970] . Any d evia t ion from the d8sired t ra j e c tory or set­
po i n t  i n t ro d u c e d  by the s e  appro x i m a t i on s  i s  c o r re c ted  by the  
con t ro l ler ,  such correction be ing influenced by the  selected pole 
po s i t i on s ,  so that  the e x c e s s ive  c o n t ro l l e r  a c t i on  o f  m i n i m u m  
variance control lers m ay b e  avoided. 

The s imulation resu l t s  presented in  F igure 4 .5 m ak e  i t  clear that 
the pos i t i on of the se l e c ted poles do not neces sa rily influence 
the contro l l e r  effort  req u ired to effect contro l .  As a resu l t  of 
s e l f- tuning,  the residual  errors converge to the sy sterr. d rivir,g 
no i s e  [ W e l l stea d ,  Edmun d s ,  Prager and Zanker, 1 979 ] , regard l ess 
o f  t h e  p o l e  p o s i t i on ing. I f  tne  pro cess  has  v e ry l o w ga i n ,  t hen 
v i o l e n t  c o n t ro l  a c t ion  w i l l  s t i l l  be requ i r e d . T h i s  can be 
a l l ev iated  by increas ing the process ga in ,  wh i ch  is ach ieved for 
d is c re te processes by increasing the sampl ing in terval.  

T he s i m u l a t i on s  of m u l t i va r i a b l e  p rocesses ( S e c t ion 4 .2 .3 )  a l so 
m a k e  u s e  o f  pro c e s s  m o d e l s  tha t have  been  r e p o r t e d  el s e w he re 
[ Bo r i s so n , 1 979; Ko ivo , 1 980 ] . T h e  m o d e l  o f  t he h e a dbox  o f  a 
paper  machine shows that w hen a very strong interac tion exists , 
a s  e v i d e n ce d  by the  l a rg e  o ff- d i agon a l  t e r m  i n  t he B m a tr i x ,  
( [ P r o c e s s  1 ] ,  - S e c t i on  4 . 2 .3 ) ,  v igou rou s c on t r o l  a c t ion  m ay be 
n e c e s s a ry to m a in t a i n  t h e  s e l f- tuning  p rope r ty a s  d e s c r i bed 
a bove .  I n  t h i s  case the s im u l a t ions  show t h a t the v igou rou s 
a c t i on o n  l o op 2 m ay b e  r e d u c e d  by s u i t a b l e  p l a c e m en t  o f  the 
po l e s  of l o o p  1 ,  r e d u c i n g  the  e x cu r s i o n s  o f  u 1 ( t )  and  hence  

r e d u c i ng the  i n tera c t i o n  e ff e c t  on  loop  2 .  T he s i m u l a t i ons  by 
K o i v o  [ 1 980]  s how v e ry l a rge e x cu rs i ons  o f  u2 ( t ) ,  and  w h i l e  no 

c l a i m  is  m a d e  here r e g a r d ing the  approp r i a t en e s s  of the  po le  
plac ing contro ller for t h i s par t i cu l a r  pro ce s s ,  t h e  bene f i c i a l  
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e f fe c t s  w h i c h m ay resu l t  fro m i t s u s e  fo r t h i s  and  o the r 
processes a re  a pparent. 

[ Process 2 ]  is non- m in i mum  phase and unstable. The s i mulat ion of 
th i s  process  presented by Ko ivo [ 1 980] shows  that his y2 ( t )  w a s  

n o t  m a i n t a i n e d  a t  t h e  s e t  po i n t  o f  0 fo l l o w j ng a change t o  the  
se t po i n t  of  l o op  1 ,  a n d  no  change  i s  m a d e  to  the  s e t-po i n t  o f  
loop 2.  How ever ,  hav ing s i mulated the process ,  i t  i s  obv ious that 
it is a seve re tes t  of an adaptive contro l ler. F igure 4 . 1 8 show s 
tha t comple te contro l  of  bo th loops of this  process i s  possible 
w i th the proposed pol e-plac ing a lgori thm . 

C h an g e s  t o  the  p a ra m e t e rs w h i c h d e s c r i be a p ro c e s s  m ay be  
accom modated by se lf- tuning contro l lers ,  a l though the d egrad at i on 
in  the con tro l  during re-estimat ion of the parameters d epends on 
the particul a r  process being conside red , a s  d i scussed above. The 
s e l f- t u n i n g  con t ro l l e r  i s  b e s t  s u i te d  to  pro c e s s e s w ho s e  
parameters m ay change , but no t ins tantaneously. · In  the case o f  a 
non-l inear process for exampl e ,  a gradual change may be ensured 
by a slow se t-point  change , a l low ing som e  re-l inearisat ion about 
e a c h  po i n t. 

T he s impl i fy ing assumption that Bo i s  a d iagona l  matrix  suggested 
by Bor isson [ 1 979]  avo i d s  the inversion of the Ho matrix  w hen  the 
c o n t r o l  i n pu t s  a re c a l c u l a t e d , ( s ec t i on 2 . 1 . 9 ) .  T h i s  s l ight  
computational advantage has t o  b e  we ighed against  the degradat ion 
in  control performance this produces for some processes [ Chapter 
4 ,  F igu re s 4 .2 5 - 4 .2 9 ] .  For s o m e  p ro c e s s e s  s u c h  as t h e  hea t  
e x change r u s e d  f or  t h e  on- l ine  t e s ts o f  the  c on t ro l l e r s ,  t h e  
inpu t s  t o  e a c h  l o op  m ay h a v e  v e ry l i t t l e  effe c t  o n  a n y  o th e r  
l o o p ,  and  t h i s  s i m p l i f i c a t ion  i s  v a l i d .  H ow e ve r ,  w he re a l o op 
input m ay have a large interaction e ffec t  on another loop ,  this  
i n t e ra c t i o n  h a s  t o  be  c o un t ere d  by  ad j u s t m e n t s  to  the  c on t r o l  
inputs at  subsequent t i m e  interval s ,  each ad justment  introduc ing 
a further perturbat ion of  its  own ,  w i th the resul t  i l lustrated in 
F i gu r e  4 .2 9  ( a ) ,  w h i c h  shou l d  be c o m pare d  w i t h F i gu re 4 .2 9  ( b ) , 
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when the add i t ional inversion was  performed .  

To  v e r i fy t h a t  a c o n t ro l l e r  has the  s e l f- tun i n g  prope r ty ,  i t  i s  
poss ible  to com pare the res idual  no i se sequence  and the d r iv ing 
n o i s e  s equence  i f  a s i m u l a t i on i s  b e i n g  p e r fo r m e d , t o  c h e ck 

' 

w h e t h e r  the t w o  c o nvE:rge a s  t h e  s e l f- tu n ing p r i nc i p l e  a s se r t s  
t h e y  s h o u l d  [ W e l l s t e a d  e t  a l ,  1 9 7 9  ( a ) a n d  ( b ) ] .  T h i s  i s  
part i cu larly necessary w hen some approx im ations have to be made  
in  t h e  i m p l e m e n t a t i on of  t he c o n t ro l l e r. I t  has  been  s h o w n  in  
F i gu r e  4 .3 1  ( S e c t i on 4 . 2 .6 )  that  r ea sonab le c onve rge n c e  of  the  
two  sequences i s  a chieved by  the  proposed pole plac ing contro l l er 
for the mul t ivar iable process  considered , i.e. that these no i se 
sequence s  converge for each l oop. As  has been d escribed above , i t  
i s  t h i s  a d h e renc e  t o  the  s e l f- tun ing  pro perty t h a t  m ay e x a c t  a 
pena l ty when a n o i sy process  w i th l ow ga in i s  be ing contro l l ed. 

A s e l f - tu n i n g  c o n t ro l l e r  h a s  a l so be en  propo s e d  based  on fu l l  
mul  t iva riable pole-place ment (s·ec t ion 2 .3 ). The m e thod d ra w s  on 
t e c hn i qu e s  fo r po l e -p l a c e m en t  g i ven  by W o l ov i c h  [ 1 97 4 ] fo r 
con t inu ous processes expre ssed in s tate- space form. I t  has been 
shown  how the d i s c rete pol ynom ial  matrices  may be rearranged into 
a fo r m  w h i c h  a l l o w s  a d van t age t o  be t aken o f  the  s a m e  m a t r ix 
pro p e r t i e s  w h i ch mak e  po s s ib l e  the  p o l e- p l a c e m en t  fo r the  
c on t i n u ou s  pro c e s s  m od e l s . F o r  the  s c a l a r  p rob le m , t h i s  m e t ho d  
y i e l d s  resu l t s  w h i ch  a re i d en t i c a l  t o  t hose  o b t a i ne d  fro m t h e  
polynomial approach  [ Appen d i x  A ] . 

W h i l e  m o re c o m pu tat i on  i s  r e qu i red  f o r  the fu l l  m u l t iv a r i a b l e  
solu t ion than for the o ther contro l lers w hich have been proposed , 
t h e  c o m pu ta t io n a l bu rd e n  i s  n o t  n e c e s sari ly  proh i b i t i v e  f o r  
process  contro l ,  part icularly i f  a cont ro l ler w e re d ed i cated  t o  a 
p a r t i cu l a r  p ro c e ss enab l i n g  the  e l i m i na t i on o f  m any o f  t h e  
gene ra l fea tu r e s  inco rp o r a t e d  i n to t h e  progra m s  u s e d  fo r t h i s 
research. Advan tage may be t aken o f  more powerful  m ic roprocessor 
sy s te m s . To  e f f i c i en t ly t a i lo r  a c on t ro l l e r  fo r a pro c e s s , a 
program generator can be o f  great ass is tance , and this need not 
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of course be l i m i ted  t o  ge n e rc t i n e p ro g ra m s o n l y  fo r se l f- tu n in g . 

S u c h  a p rogra m g e n e r a t o r  i s  t h e  s u b j e c t o f  c o n t i n u i n e w o r k .  

I n t e re s t ingly , m o r e c o m p a c t  c o d e  h a s b e e n  g e n e r a t e d fo r t he  
ma tr i x  than for  t he  po ly n om i a l s o l u t i on . 

Very l i tt l e  d i f fe r e n c e  ha s  b e e n  d e m on s t ra t e d  b e t w e e n  t h e c l o s e d  
l o op  be h a v i o u r r e s u l t i n g  f r 0 �  u s e  o f  t n e  f u l l  m u l t i v a r i a b l e  

con t r o l l e r , a n d  t h a t  r e s u l t i n g f r o m  u s e o f  t h e  s i m p l i f i e d  
c on t ro l l e r. E v e n t h o u g h f o r  t r, e  s i m p l e r  c o n t r o l l e r a m i n i m u m ­

v a r i a n c e- l ik e  t e c h n i q u e  w a s  u s e d  t o  e l i m i n a t e  t h e  e f f e c t s o f  

intera c t i ons b e t w e e n l o o ps , t h e re w a s n o  a c c o m pa ny i n g  i n c re a � e  i n  

the  c o n t ro l l e r  a c t i o n r e q u i r e d  f o r  t h e  p r o c e s s  t h a t w a s  

s imu l a t e d . 

T he sy ste m  co m p r i s i n g  t w o  co ffi � e r c i a l  h e a t  e x c �ange r s  p r o v i d e d  the 
opportuni ty to d e m o n s t r a te m a ny o f  t h e  p r o pe r t i e s  � e s c r i b e d  a b o v e  

for a real i s ti c p r o c e s s.  A s  w i t � m any o f  t h e  s i m u l a t i o n s , si rr i l h �  
. pro c e s s e s  h a v e  b e e n  u s e d  e lse �<; r,e re l e . g. Da vi son , 1 980 � ,  e n a b l  i n r  

c o m p a r i s o n s t o  b e  d r a w n . 7 h e  r e s u l t s  p r e s e n t e d  f o r t n e 
exper im ents w i t n t h e  h e a t  e x c h an ge r r e i n fo r c e  m a ny o f  t h e poi n t E  
a l ready d iscu s s e d , in  pa r t i cu l ar : 

T h e v a l u e  o f  s i m u l a t i o n s  o f  t h e  r r o c e s s  h a s b e e �  

de m ons tra t e d , e v e n  fo r tne s i t u a t i on w h e re t he p ro c e s s  w a s  

non - l i ne a r , a n d  w h e re a s i m p l i fi e d  l i n e a r m o d e l  w a s  u s e d . 

The  c on t r o l  s t r a t e £ i e s  w h i c h h a d  t o  b e  a d o p t e d  f o r t n �  

contro l  o f  t ne rea l and  s i �u l a t e d  p r o c e s s e s  w e r e  s i � J l a r . 

The  pro c e s s  w a s n o n - l i n e a r , w i t h d i f f u s i o r. e f f e c t s a s  h a s  

b e e n  d e s c r i b e d i n  C ha p t c  3 , a n d  m a y b e  o p e r a t e d i n  s o.1 c h  E. 

way tha t t n e  p ro c e s s  m o d e :  p a ra m e t e r s a n d  t i r e d e lay c h a n g e  
d u r i n g  u s e . T h e s e l f - t u n i n g c o n t r o l l e r  p r o v e d  t o  b e  
pa r t i c u l a r l y s u i t e d  t o  c on t r o l o f  t h e  p r o c e s s  u n d e r  t h e s e  
cond itions . 

W hen the d e l ay be t w e e n  s a m p l e s  w a s  smal l ,  resu l tin� in  l o w  
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gain , the pred icted v igo rous control  a c t ion wa s  evidenced 
a s  has  b e e n  d i s c u s s e d  above ( s e e  F igu re  4 . 3 6 ) .  I t  i s  a l so 
e v i d e n t  that  th i s  e x c e s s ive  a c t i on m ay be  r e d u c e d  by 
i n c r e a s i n g  the s a m p l i ng i n te rva l , a s  in F i gu re 4 . 3 8 .  I t  i s  
show n i n  F igure 4 -3 9  tha t  select ion o f  a po le  to give a very 
d a m pe� r e spon se m ay n o t  g rea t l y  d e c re a s e  the  c on t ro l l e r  
action , but may in troduce o ther undesirabl e  effects  due to 
t h e  ina b i l i ty o f  t h e  c o n t ro l l e r  to ra p i d ly c o r r e c t  o t he r  
deviations from se t po int , d u e  fo r example  t o  interact ions . 

I n  contro l l ing the hea t exchanger process , great d ifficu l ty 
w a s  e x pe r i ence d  i n  t h e  u s e  o f  the  i m p l i c i t  c o n t ro l l e r  
m i n i m i s i n g  a one  s te p  c r i t e r i on .  I t  i s  fe l t  tha t t h e  one­
step cr i terion is  probably inappropriate for th is  particular  
process ,  and  that a control ler based on a complete so l u t i on 
of  the  R i c cat i e q u a t i o n  m ay b e  m o re s u c c e s s fu l  though  
computational ly less  a t tractive. 

5 . 2 M e thods employed 

T he p rograms  w hich have been u sed have been w ri t ten w i th the a im 
of  obtaining a comprom i se between fas t  execut ion and e conom ical  
program size , to enable them to  be  e ffic iently implemen ted on  a 
m ic rocomputer. Of necess i ty , the s truc ture has had to be made as 
f l e x i b l e  as p o s s ib l e  t o  e nab l e  d i ff e rent  i d e a s  to be t e s t e d  
q u i c k ly and  e a s i ly . T h a t  t h i s  h a s  b e en  a ch i eve d  i s  ev i d en c ep by 
t he u se of this  same s truc ture for o ther contro l  schemes ranging 
f r o m  t h r e e - t e r m  c o n t ro l l e rs t o  op t i m a l  con t r o l l e r s , and  f o r  
p a ra m e te r  i d e n t i f i ca t i o n  p rogram s .  I n  t he i r  p r e sen t fo r m  t he 
rou t ines  are a l so sui tabl e  for incorporat ing i n to o ther con tro l  
p rogram  su i te s , s u c h  a s  t he o n e  d e sc r ibed b y  S and o z  an d  W ong 
[ 1 978 ] . 
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Al though the rou t ines have a l l  been wr i t ten in Fortran , the code 
produced by the C romemco CDOS Fortran compiler  is sui table for 
storing i n  EPROM memory. The arrays  and variables  o f  course have 
to be s t o re d  i n  ra n d o m  a c c e s s  m e m o ry .  T h e  s ubro u t i n e s  in t h i s 
form a re su itable for execution in a single-board m i crocomputer 
system  (based on a Z-80 mi croprocessor) . The price paid for this 
econ o m y  i s  the l o s s  o f  the r e c o r d i n g ,  graphing  a n d  i n t e ra c t i v e  
fa c i l i t i e s  o ff er e d  b y  a sy s ty m  w i th  d i sks  and  a g raph i c s  
terminal .  That the programs can rea l i s t i ca l ly execute on one of 
the s tand a rd m icrocomputer sys tems  so read i ly available , is  felt 
to be an importan t pra c t ical  resu l t  of  this  research. 

So that the program s ize may be further reduced w hi le the speed 
of execu t i on i s  a lso  improved , a program generator could be used 
to  gen e ra te i n- l in e  c o d e  w h i c h  w ou l d  be d e d i c a t e d  to  u se on a 

part i c u l a r  pro c e s s . The  u s e  o f  the  gen e ra t o r  w ou l d  m a k e  t h i s  
ta i loring of  the programs  for each process feasible. This w ould 
e l iminate  any redundancy in array s torage space , and the use of 
po in t e r s  a nd gen e ra l i se d  p rogram  l o o p s  fo r d ea l in g  w i th the 
polynom ial s. S tanda rd subrout ines such as  that for estimat ion of  
parameters could  be re- coded i n  assembler  language. 

The use of a fu l l  s im ula tion l anguage (ISI S) for simulations w i th  
a c on t r o l l e r  is  a pow erfu l  fac i l i ty .  The  s tru c t u re of  the  
subrou t in e s ,  w r i t te n  s o  tha t they c o u l d  be  i n c o rpora t e d  i n t o  
o ther c on t rol ler  program su i te s , fac i l i tated the u s e  o f  ISI S . 

5 . 3  Relationship to  o ther sel f- tuning control schemes 

S e l f- t u n i n g  s c he m e s  h ave d i v i ded  into those employing i mpl i c it 
methods ,  and those w hich expl i c i tly i den t i fy paramete rs. I m pl ic i t  
self-tune rs are u sua l ly based on a m in imum vari ance control law 
[A strom and W it tenmark , 1 973 ] , or on the control scheme proposed 
by C l a rke  and Gaw throp [ 1 975 , 1 979] w hi ch  overcomes the objec tion 
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n o n  
to the m inimum variance control that it cannot deal  w i thAm inimum 
phase sy s tems. Mul t i va riable control lers for the  m in imum variance 
c on t ro l l e r  have  b e e n  prop o s e d  by  Bor i s s on  [ 1 97 9 ]  a n d  u s e d  fo r 
con tro l  o f  cement raw material  blend ing by Kev i c zky e t  al [ 1 978 ] .  
K o i vo  [ 1 980]  ha s d e s c r i be d  a m u l t i va r i ab l e  c o n t ro l l e r  d e r i v e d  
from tha t of  C la rke and Gaw throp [ 1 979] .  

The i m pl i c i t  contro l ler w hich  has been developed i n  this thes is  
uses  t h e  m e thod  o f  d i s tu rbanc e  feed - f o rw a rd t o  d e a l  w i th 
mul t ivar iable plan t ,  hinted at  by C larke and Gaw throp [ 1 975 ]  and 
A s tro m e t  al [ 1 977 ] .  The d i fficul t ies assoc ia ted w i th this m ethod 
have  b e e n  a d d re ss e d , [ H e sk e t h ,  1 980 ] . E xpe r i en c e  w i t h  th i s  
c o n t ro l l e r  sugge s t s t h a t  f o r  s o m e  proce ss e s , t h e  p rob l e m  o f  
re l a t i n g  the  w e i gh t i ng p o lyno m i a l s  o f  the  c o s t  fun c t i on  t o  t he  
closed  l oop behav iour  wh ich  results ,  part icularly w i th the one­
s t e p  c o s t  fun c t i o n  m i n i m i sa t i on ,  can  m i t i g a t e  aga i n s t  the  
a c c e p t a n c e  of  t h i s  c on t ro l l e r  for  u se w i th s u c h  p r o c e s ses . T he 
w o rk o f  A l l i d i n a  a n d  H ughe s  [ 1 980 ] re l a t ing  t h e  c o s t  fun c t i o n  
po lyn o m i a l s  t o  t h e  p o l e  p l a c e m e n t  p rob l e m  m ay be  i m por t an t  i n  
thi s  rega rd .  

Expl i c i t  ident ificat ion of  the p rocess parameters has been used 
to e x tend the one-s tep m in im isation used by C larke and Gaw throp 
[ 1 979 ]  to a fu l l  solution of the R ic cati  equat ion [ Buchhol �  and 
Kum m e l , 1 97 9 ] , o r  to a " m o re opt i m a l "  k- s t e p  d e s ign m e tho d 
[ Jacobs and Saratchandran , 1 980] , w ith  attendant inc reases to the 
compu t a tional requi rements  o f  such methods. 

The po l e-placing techniques of W el ls tead et al [ 1 979 a ,b , c ]  a l so 
use expl i c i t  method s ,  provid ing a robust mechan ism which deals  

non 
adequa t e ly w ith� m in imum phase systems ,  and w hi ch  m ay be extended 
to  d e a l  w i t h  m u l  t iv a r i ab l e  p ro c e s se s ,  a l t hough  a t  the c o s t  o f  
c on s i d e ra b l e  c o m pu t a t i o n .  T h e b u r d e n  o f  c a l cu l a t ing  the  
con t r o l l e r  para m e t e rs i s  t h e  c h i e f  fau l t  of  t h e  po l e-pl a c i n g  
self- tuners , particularly w hen  self- tuning i s  s o  su i ted i n  o ther 
ways t o  low-cost m ic roprocessor implementat ion. This  thesis  has 
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presented a m ethod for d e sign ing a po le-plac ing con tro l ler  which  
f o l l o w s  the  p r i n c i p l e  o f  u s ing  feed fo rw a rd t e r m s  t o  d e a l  w i th 
interactions  between loops ,  and at  the sam e  t i m e  does no t i m pose 
a n  e x c e s s i ve c o m pu ta t i on a l  bu rden .  T he proposed  c o n t ro l l e r  
p rov i d e s  a s i mp l i f i e d  " d e coupl ing"  o f  the  l o o p s , s o  tha t the  
ou tpu t for each loop  i s  related by a scalar  t ransfer funct ion to 
t h e  s e t-po in t fo r t h a t  l oo p. S e t  po i n t  a t ta i n m e n t  i s  ensu red  by 
a pprop r i a t e s e l e c t i on  o f  an "o b s e rve r po lyn o m i a l "  ( i n  the 
t e rm i n o l o gy of A s t ro m  [ 1 980 ] ) ,  w h i c h  is m a d e  po s s i b l e  by the 
d e coupl ing d escribed above. A ful l  solu t i on of the pole-plac ing 
problem  has  a l so been presented , and this  a l l ows  a compar ison of 
t h e  s i m p l i f i e d d e coup l ing m e thod  w i t h  a fu l l  m u l t i v a r i ab l e  
s o lu t i o n , w h i c h  s h o w s  t ha t  t here m ay be v e ry l i t t l e  d i ffe rence  
betw een the  two. 
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APPENDIX A 

Numerical  examples o f  pol e-plac ing contro l l e r  design . 

1 .  Scalar  p rocess , po lynom ial  approach.  

Cons ider  the process  described by the d ifference equat ion 

( 1 -0 .  5 q - 1 ) y ( t )  

i.e. a process which  has a time d elay k=2 sample steps , and wh i ch  
i s  non- m in imum phase. Note that i t  is  assumed that these va lues 
are b iassed e s t ima tes  froK the least square s  pa rameter est i m a t i on 
p r o c e d u re.  T h e  req u i red  c l osed - l oop  re sponse  o f  t he c on t ro l l e r  
and process i s  d efined  by the model polynomial 

1 -0 . Bq- 1  
• • • •  ( A2 ) 

Equ a t i o n s  ( A 3 )  a n d  ( A4 ) d e s c r ibe  the  r e gu l a t o r  and  the c l o s e d  
l oop transfer func t i on obtained by subst i tu ting ( A3 )  into ( A 1  ) .  

Bu(  t )  + Cy ( t )  0 • • • •  ( A 3 )  

H e  ( t )  . . . .  ( A4 ) 

The  c h a ra c t e r i s t i c  e qu a t ion  shou l d  b e  equa ted  t o  the m o d e l  
polynom ial , and the resul t ing polynom i a l  equat ion solved for t he 
coeffic ients o f  H and G giving :  

1 . 0  0 . 0  0 . 0  

-0 . 5  1 . 0  o . o  

0 .0 -0 . 5 1 . o  

0 . 0  o . o -0 . 5  

o . o  

0 .0 
1 .0 
1 • 5 

hO 

h1 
h2 
g1 

1 .0 
-0 . 8 
0 . 0 
o . o  • • • •  ( A 5 ) 
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The solution i s  

[ hO h1 h2 gO ]T [ 1  . 0  -0 . 3  -0 . 1 1 2 -0 . 037 ]T 
• • • •  ( A 6 )  

2 .  Scalar p rocess , ma tr ix  approach . 

T h e  pro c e s s  d e s c r ibed  by equa t i on ( A 1 ) m ay be  r e - e x p r e s sed  i n  
matr i x form a s :  

u ( t-2 )  0 .0 1 .0 0 . 0 u ( t-3 )  0 . 0  
u ( t-1 ) 0 . 0  0 .0 0 .0 u (  t-2 )  + 1 . o  u ( t- 1 ) 
y (  t )  1 . 5 1 .0 0 . 5 y (  t- 1 ) 0 . 0  

x ( t ) D x ( t- 1 ) + e u (  t- 1 ) 

• • • . ( A  7 )  

The observabi l i ty matr ix  and i ts inverse are given by : 

0 .0 1 .0  0 .0 

1 . o  0 .0  o . o 

0 .0 1 .0 2 .0 
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o . o 1 .0 o . o  

1 . o  o .o o . o 

-0 . 5  0 . 0  0 . 5  • • • •  ( AB) 

T h i s  pe r m i t s the  form u l a t i on  of the m a t r i x  Q u s ed fo r the  
s imilari ty t ransformation x ' =Qx . 

Q 

q -0 . 500 0 .000 0 . 500 

qD 0 . 750 0 .000 0 . 250 

0 . 375 1 . ooo 0 . 1 25 • • • •  ( A9 ) 

T ne t ran s i t i o n  a nd d r i v ing  m a t r i c e s  o f  t h e  t r a n s f o r m e d  s ta te 
equat ions a re g iven by 

o . o 1 . o  0 . 0  0 . 0 

0 .0 0 .0 1 . o  Qe 0 .0 

0 . 0  0 . 0 0 . 5 1 . 0  • . • •  ( A 1 0 )  

I t  i s  o f  i n te re s t  t o  no t e  t h e  s t ru c ture  o f  t h e se  m a t r i c e s; i n  
p a rt i cu l a r ,  t he l a s t  r o w  h a s  c o e f f i c i e n t s  o f  0 fo r t h e  t e nr. s  in  
u( t-2 ) and u ( t-3 )  bu t THE COEFFIC IENT OF  y( t ) IS  UNCHANGED BY THE 
T R ANSFOR M A T I ON ,  i . e .  THE TRANSFOR M ATION  W I LL N OT C H ANGE  THE 
COEFFICIENTS OF THE PROCESS CHARACTERISTIC EQUATION . 

T he l a s t  r o w  o f  the  Q DQ - 1 m a t r i x  i s  req u i r e d  t o  be [ 0.0 ,0 .0 ,0.8 ] 
t o  prod u c e  t h e  po l e  requ i re d  by t h e  mod e l  po l y no m i a l  ( A2 ) .  Thus  
t he control le r  i s  given by : 
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Pc = [ o .o o . o 0 . 3 ]  

. . • .  ( A 1 1 )  

T h i s  d e f i n e s  e xa c t ly the  s a m e  c o n t ro l l e r  a s  t h a t  d e s c r ibed  by 
equa t i on  ( A6 ) ,  a l l o w ing fo r the  r e - o rd e re d  ve c t o r. I t  s hou l d  be  
n o t e d  t h a t ,  be c a u s e  o f  t he s t ruc tu re o f  the m a t r i c e s  g i ven  in  
(A 1 0) , com pu tation of  F e  follows  immed ia tely the param e ters of 

e q u a t i on s  ( A 1 ) and  ( A 2 )  a re k n o wn .  Only  c o m pu ta t i on of Q i s  
requ i red  to complete  the contro l l e r  given by  ( A 1 1 ) .  

3 .  Mul t ivariable control ler . 

A mul t ivariable pole-plac ing controller w i l l  be designed for the 
process  shown in the flow d iagram be low ( omit t ing noise terms ) . 

- 1 - 1 s 8 
u1  0 > 

9 
y 1  

y2 

F o r  a s a m p l ing  in te rva l o f  1 s ec ond and  a d e l ay k = 2  s a m p l i ng 
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interval s  this i s  d escribed by the d i fference equation s :  

A 

B 

+ [-1 . 368 0 . 582Jq- 1 + [0 . 368 o .oool q-2 
0 .000 0 . 786 o .ooo 0 . 368J 

jo . 708 0 . 340lq-2 
l0 . 340 0 . 340J 

+ [0 . 506 0 . 242J q-3 
0 . 242 0 . 242 

. • . • ( A 1 2 )  
Fo l low ing the same  analysis  a s  for the scalar  case the fo l l ow ing 
matri ces  may be ca l culated : 

D 0 . 000 0 .000 1 .000 0 .000 0 . 000 0 .000 0 .000 0 . 000 
0 .000 o .ooo 0 . 000 1 .000 0 . 000 0 . 000 0 .000 o . ooo 
0 . 000 0 .000 0 . 000 0 .000 0 .000 0 . 000 0 . 000 0 . 000 
0 . 000 0 .000 o .ooo 0 .000 0 .000 o . ooo 0 . 000 0 .000 
0 . 000 0 .000 0 . 000 0 . 000 0 .000 0 .000 1 .ooo 0 .000 
0 . 000 0 .000 0 .000 o .ooo o . ooo o .ooo o . ooo 1 .ooo 
0 . 506 0 . 242 o .  708 0 . 340 -0 . 368 0 .000 1 . 368 -0 . 582 
0 . 242 0 . 242 0 . 340 0 . 340 o .ooo -0 . 368 o . ooo 0 . 786 

1!: = 0 . 000 0 .000 
0 .000 0 .000 
1 . 000 0 .000 
0 . 000 1 .000 
0 .000 0 .000 
0 .000 0 .000 
0 . 000 0 .000 
0 .000 0 .000 



;s = 0 .000 
0 .000 
1 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 

J-1 0 . 000 
0 . 000 
1 . 000 
0 . 000 
- 1 . 1 1 7 
0 . 07 1 
0 . 535 
o. 1 63 

Q I 0 . 5 3 5 0 . 1  6 3 
-0 . 384 
-0 . 1 1 3  
0 . 276 
0 . 000 
0 . 5 1 9 
-0 . 000 

Q - 1  0 .368 
0 . 000 
0 . 000 
0 . 000 
0 . 506 
0 . 242 
0 . 000 
0 . 000 

0 .000 
o . ooo 
o . ooo 

1 .000 
0 . 000 
0 .000 
0 .000 
0 . 000 
0 .000 
0 .000 
0 . 000 
1 . 000 
0 . 000 
- 1  .045 
0 . 000 
0 . 698 
0 .000 
0 . 698 
0 . 000 
-0 . 497 
0 .000 
0 . 353 
0 .000 
0 . 46 1  
o .ooo 
0 . 368 
0 . 000 
0 .000 
0 . 242 
0 . 242 
0 . 000 
0 . 000 

1 .000 
0 . 000 
o . ooo 

0 .000 
0 . 000 
0 . 000 
0 .  708 
0 . 340 
1 . 000 
0 .000 
0 . 000 
0 .000 
0 .000 
0 .000 
0 . 000 
0 . 000 
o.ooo 

0.000 
0 . 000 
0 .000 
0 .000 
o . ooo 
1 . 000 
0 . 000 
- 1 .3 68 

0 . 000 
1 . 000 
o . ooo 

0 . 000 
0 . 000 
0 . 000 
0 . 340 
0 . 340 
0 .000 
1 .000 
0 . 000 
0 . 000 

o . ooo 
0 . 000 
o . ooo 

0 . 000 
o .  708 
0 . 340 
1 . 277 
0 . 509 
o . ooo 
0 . 000 
0 . 000 
0 .000 

0 . 000 -3 . 6 1 5 

o . ooo 
0 .000 
o . ooo 

0 .000 
0 . 340 
0 . 340 
0 . 509 
0 . 509 
o . ooo 
0 .000 
0 .000 
0 .000 
3 . 6 1 5 

1 78 
o . ooo o . ooc 
0 . 000 0 .000 
o . ooo o . ooo 

0 . 000 0 .000 
1 . 277 0 . 509 
0 . 509 0 . 509 
1 . 1 90 0 . 275 
0 . 275 0 . 275 
o . ooo 0 . 000 
0 . 000 0 .000 
o . ooo o . ooo 

0 . 000 0 . 000 
3 . 034 - 3 . 034 

0 . 000 3 . 6 1  5 -5 . 276 - 3 . 034 6 . 1 08 
0 . 000 3 . 034 -3 .034 - 1 . 4 54 1 . 4 54 
0 . 000 -3 .034 6 . 1 08 1 . 4 54 -3 . 507 
0 .000 3 .034 - 3 .034 - 1 .4 54 1 .4 5 4l 

0.000 -3 .034 6 . 1 08 1 .4 5 4 -3 . 507 
0 . 000 0 . 535 -0 . 535 1 . 04 5 -1 .045 
0 . 000 -0 . 535 1 • 291 -1 .04 5 2 . 505 
0 . 000 -0 . 385 0 . 385 1 . 965 - 1  . 965 
0 . 000 0 . 385 -0 . 922 - 1  . 965 3 .868 
0 . 000 -0 . 723 0 . 723 
1 . 000 0 . 723 - 1 . 423 

o .ooo 1 .000 o .ooo 

2 . 303 -2 . 303 
-2 . 303 3 . 262 
0 .000 0 .000 

0 . 479 -0 . 786 0 . 000 1 .000 0 . 000 0 .000 
0 . 368 0 . 000 - 1 . 368 o . ooo 
0 . 1 63 0 . 368 0 . 462 -0 . 786 
0 .708 0 . 340 o . ooo o . ooo 

0 . 340 0 . 340 0 . 000 0 . 000 
0 . 470 0 . 242 0 . 735 0 . 340 
0 . 206 0 . 242 0 . 368 0 . 340 

1 . ooo 
0 . 000 
0 . 000 
0 . 000 
o . ooo 

0 . 000 

o . ooo 
1 .000 
0 .000 
0 . 000 
o . ooo 

0 . 000 
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QDQ- 1  0 . 000 0 .000 1 .000 0 . 000 0 . 000 o . ooo 0 . 000 o . ooo 

0 . 000 0 . 000 0 . 000 1 . 000 0 . 000 0 . 000 0 . 000 0 .000 
o . ooo 0 . 000 0 .000 0 .000 1 . ooo 0 . 000 o . ooo o . ooo 

0 . 000 0 .000 0. 000 0 . 000 0 . 000 1 . 000 0 . 000 0 . 000 
0 . 000 0 . 000 0. 000 o . ooo o . ooo 0 . 000 1 . ooo 0 .000 
0 . 000 0 .000 0 .000 0 . 000 0 . 000 0 . 000 0 . 000 1 . 000 
0 . 000 0 . 000 0 .000 0 . 000 -0 . 368 0 .000 1 • 366 o . ooo 

0 . 000 o . ooo 0 .000 0 . 000 -0 . 1 76 -0 . 368 -0 . 52 1  0 . 786 
QE = 0 . 000 0 . 000 

0 . 000 0 . 000 
0 . 000 0 .000 
0 . 000 0 .000 
0 . 000 0 . 000 
0 . 000 0 . 000 
1 . 000 0 .000 
0 . 000 1 .000 

. . . .  ( A  1 .3 ) 

Examining QDQ- 1 i t  i s  apparent that w hi l e  the coefficients  on the 
d i agon a l s o f  t h e  n e w  c hara c t e r i s t i c  po ly n o m i a l  c o e f f i c i en t  
matrices  are unchanged from those o f  the original matri c e s ,  the 
o f f- d i a g o n a l  c o e f f i c i e n t s  d o  c h a n ge a s  a r e s u l t  o f  t he 
transformation ,  necessi ta ting the computat ion o f  a l l  the m atrices 
in  the mul t ivariable case . Requ iring 
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0 . 000 o . ooo 0 . 000 0 . 366 o . ooo -0 . 567 0 . 000 0 .000 0 . 000 0 . 1 76 0 . 369 0 . 5 2 1  
o . ooo] 
0 .0 1 3 

0 . 000 -0 . 567 
0 . 1 36 0 . 52 1 

0 . 000 0 . 269 -0 . 269 -0 . 587 0 . 587] 
0 .0 1 3 -0 . 293 0 . 086 0 . 7 9 1  -0 . 076 

• • • •  ( A 1 4 ) 

T h i s  l a s t  m a t r i x c o n t a i n s  t h e p a ra m e t e rs o f  t h e  m u l t i v a r i a b l e 
pol e-plac ing contro l l e r .  
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APPENDIX B 

Heat  Exchanger R e s ponse w i th Three-Term Con t ro l  

H e s k e t h  a n d  Chap l i n  ( 1 98 1 ) have d e s c r ibed t h e  behav i our  o f  

t h e  h e a t  exchan ger p r o c e s s  repor t ed i n  t h i s  t�es i s  under 

con t ro l  o f  both the  s e l f - t u n i n g  c on t r o l l e r ,  and so as to  

prov i d e  a compa r i s on , t wo three t e rm c on t ro l l e r s , one for  

each l oop . The behavi our wi th the th ree t e rm c on t r o l l e r s  

i s  r eproduced h e r e  t o  i l l u s t r a t e  t h e  seve r i ty o f  t h e  d i s t ­
urban c e  wh i ch r e s u l t s  wh en the f l ow t h r ough the f i r s t  heat  

exchanger i s  changed f r om 1 5  l i t re s /m i n to  1 0  l i t re s /m i n . 

Th i s  emph a s i s es the capab i l i ty of the  s e ] f - t un i n g  c on t r o l l er .  
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