
This algorithm was successfu l ly  tes ted  with various values of 

eo, the re s u l t s  are well documented in sect ion 3 .4 ,

As a point of  i n t e r e s t  the variab le  fo rg e t t in g  f a c to r  updating 

theory (equation (3.17)) i s  now f u r th e r  analysed under the influence 

of a incorrec t  value of  the  covariance matrix of the  measurements. 

Suppose R i s  chosen in co r re c t ly  as kR, k a. s c a l a r ,  hence (3.17) becomes,

I t  i s  therefore  concluded th a t  the overa l l  e f f e c t  of  choosing an incorrec t  

value for R i s  to a l t e r  the e f fe c t iv e  memory length of the  est imator  as 

proved by (3.19b).

Whilst t e s t in g  the algorithm on the s imulation package, i t  was noted th a t  

since the noise level i s  low the process is  of a near de te rm in is t ic  

nature,  hence very l i t t l e  dynamic information i s  ava i lab le  during steady- 

s ta te  operation.  This would in f a c t  give r i s e  to  problems i f  a constant  

forget t ing f a c to r  was to be used, s ince  old information is  continual ly  

forgotten and l i t t l e  new information i s  acquired.

Experimental studies included in the next sect ion show the basic 

operation of  the algorithm. During s t e a d y - s t a te  operation the fo rge t t ing  

fac tor  is c lose  to unity and the es t imator  behaves l ike  an i n f i n i t e  

memory f i l t e r .  When the system descr ip t ion  is  modified, re su l t in g  in

%k+1 = Eo d i m l Y )  " ^k + 1  + * k+ 1  ^k  * k + l ]  ^ k + i -(3.19a)

P

1 dimy 4+i[R+*k+i ir*k+i] -(3.19b)



a poor f i t  between the model and the actual process ,  and a smaller 

forget t ing f a c to r  is  ca lcu la ted  decreasing the e f f e c t iv e  memory 

length by placing more emphasis on the more recent data. After a 

while however, the es t imator  has retuned and the fo rg e t t in g  fac to r  

returns to i t s  former value of unity.

Extensive t e s t s  were performed and the main results  which were 

concluded are summarised below.

( i ) z  small yielded a large confidence matrix and hence 

a very sen s i t iv e  system. There is  nevertheless  a lower 

bound on Zgi as a very small value may again lead to a 

blowing-up of the P matrix .

( i i )  la rge  yielded a l ess  sens i t ive  e s t im ator  with 

slower adaptat ion c h a r a c t e r i s i t i c s .

Apart from the required lower bound z Q and hence x, there  does not 

appear to be any great  s e n s i t i v i t y  in the choice of  2 for  the 

algorithm as long as i t  i s  kept approximately cons is ten t  with the 

inverse of the  system measurement noise .  This l a s t  statement keeps 

consistency between Fortescue 's  S1SQ algorithm analys is  and the 

M1M0 algorithm developed fo r  th i s  p ro jec t .  Furthermore i t  was obtained 

tha t  the s ize  of the confidence matrix, fo r  the numerous experiments 

varies around a constant  value which is determined by the choice of 

R and

One f inal  point  re levant  to  the est imator algorithm remains to be 

analysed, and th a t  is  the  way in which the p lant  can i n i t i a l l y  be 

id en t i f i e d .  Two methods were tes ted  experimentally.



F i r s t ly  the recursive leas t -squares  est imator  was s ta r ted  whils t  the 

plant  simulation was under PID con tro l .  The est imator  converged to 

adequate values a f t e r  a tuning-in t r a n s ie n t  of the order of tens of 

i t e r a t i o n s .  Secondly the es t imator  was s t a r te d  by running the plant  

simulation under the following procedure. Set  two demand l ev e ls ,  which 

should be d i f f e r e n t  fo r  b e t t e r  e f f i c ie n c y ,  input a t  fu l l  capacity 

until  the outputs exceed t h e i r  respec t ive  s e t  points and then completely 

shut off  the input un t i l  the output drops below the s e t  point,  and 

th is  procedure was repeated a number of  t imes.  The l a t t e r  procedure 

yielded accurate parameters with a ' t u n i n g - in 1 t r an s ie n t  which was 

s l ig h t ly  less  than th a t  for  the former procedure.

As can be concluded from analysing the results  in sect ion 3.4 the 

next fac to r ,  apar t  from i Q> which has a marked e f fe c t  on the speed 

of adaptation of the  est imator i s  the magnitude and frequency of the 

variations in the input s igna ls .  A universal  random number generator 

was used to  ca lcu la te  these f lu c tu a t io n s .  I t  i s  noted th a t  when a 

system mode is  not excited by the p a r t i c u l a r  input then the corres­

ponding parameter remains unaltered .  The next time th is  mode is  

excited then the parameter is  corrected and the  relevant  elements in 

the confidence matrix decreased u n t i l  eventually  convergence occurs.

The complete recursive leas t-squares  mult ivar iab le  est imator with 

weighting of  past  data can there fo re  be summarized by the following 

algorithm;



1. Format ion of measurement vector  according to

equations (3.7)

2. Error c a lc u la t io n :

3. Error covariance ca lcu la t ion :

, T
fk+l = * *k*1 Pk ♦ k + lF 1

4. Estimator-gain c a l c u l a t i o n :

_ n t  Y 
k -  k̂ k+1 k+T

5. Estimates updating:

^k+t = ^k * *k ^k+i

6. Fo rge t t ing :

l k+t = 1 “ (ek+1 Yk+1 ek+1)

Bound \ +1

7. Confidence matrix updating:

.  „ _ n  - *k t k +i ] pk

Make symmetric

The only difference between th i s  and the or ig inal  est imator  given



3 . 4 .  S I M U L A T I O N  R E S U L T S

Preliminary t e s t s  on the recursive leas t - squa res  m ult ivar iab le  i d e n t i ­

f ica t io n  algori thm were performed via extensive simulation studies,, 

Typical r e s u l t s  a re  i l l u s t r a t e d  in the following graphs . A discussion 

re la ted  to these r e s u l t s  i s  included in the  next sec t ion .

Results of applying the est imator to  the  actual  p lan t  are included and 

discussed in Chapter 6.

A great  advantage of the recursive leas t - squa res  algorithms i s  th a t  P 

or in these r e s u l t s ,  the trace of P i s  a v a i lab le  to  give a guide to 

the variance of the  parameter es t imates .  Hence the t race  can be used 

to monitor the performance of the  es t im ator .



GRAPH 3

IDENTIFICATION RESULTS

PARAMETERS :

I n i t i a l  guesses a Q

Memory length : 2

TEST CONDITIONS :

Plant changed from no- in te rac t ion  (K. . ( i ^ j )
i J

to swapped-inputs (K.,(1=j)=0) a t  t  ~ 2 000
’ J
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3.5. DISCUSSION

As explained in the previous two sections? there  i s  a s ig n i f i c a n t  amount 

of tuning to  be performed by the user of the id e n t i f i c a t io n  algorithm. 

In p a r t i c u l a r ,  the following fac to r s  are  d i r e c t ly  decided upon by the 

user :

( i ) The order of the system model ;

The in tegers  ng and n^ equation (3.4) specify respec t ive ly  the 

number of poles and zeros in the d ig i ta l  model of the unknown 

system. These must be se lec ted  according to the bes t  avai lable

model of the system. These choices,  as wil l be discussed in
>

Chapter 4 wil l a lso  a f f e c t  the  order of the c o n t ro l le r  to  be 

implemented. I t  i s  important not  to  underestimate the  system 

order which wil l lead to errc eous or divergent operation.

( i i )  The in i t ia l  estimate of the system :

The algorithm needs some apr io r i  information about the

sort o f  system i t  has to id en t i fy .  This point has already been

discussed in Section 3,2 and 3 ,3 .  

( i l l )  The i n i t ia l  confidence matrix :

As previously mentioned, a t  the f i r s t  i t e r a t io n  of the  algorithm 

an i n i t i a l  Po matrix is  required.  In the same way t h a t  the size 

of Po determines the degree of ap r io r i  knowledge about the 

system parameters, i t  a lso determines the way in which the 

searching fo r  the correc t  parameters i s  conducted. A large



ya.lue of P0 gives a rapid search with large i n i t i a l  

parameter f lu c tu a t io n s ,  A small P0, however, gives 

a cautious search,  which may in f a c t  not be able to 

converge.

(iv) The fo rge t t ing  f a c t o r :

The id e n t i f i c a t i o n  algorithm should be allowed to 

' f o r g e t 1 poor information supplied to i t  ds fo r  

example, during the i n i t i a l  s tage.  In section 3.3 

a mult ivar iable  leas t -squares  v a r ia b le ' fo rg e t t in g  

fac to r  algorithm is  developed, exploring the concept 

of information balance of the est imator .

(v) The number of integer time de lays :

This has been omitted from the development in th i s  Chapter, 

and is  assumed to be zero. Moreover ny must be increased to 

ny+kd to accommodate the delay. Obviously one of the t e s t s  

to the i d e n t i f i e r  i s  to analyse how i t  copes with the  p lant  

delays, which are  unknown in any case.

(vi) The information content of the est imator

The la rg e r  th i s  value i s  ( i e ,  x0) the le s s  pronounced the 

e f f e c t  on the fo rg e t t in g  fac to r  and hence the less  s e n s i ­

t ive  the est imator  i s ,  r esu l t ing  in slower adaptat ion.

On the other hand the smaller the la rger  the s e n s i ­

t i v i t y  and the f a s t e r  the adaptation. However, as 

explained in Section 3.3 there i s  a l im i t ,  under the 

control of the user  to the value of to prevent 

i n s t a b i l i t y  and divergence of the confidence matrix.



( v i i ) Estimator dead zones:

Any parameter can be f ixed  by making the corresponding

entry in P. zero. What can be done i s  to constantly  0
monitor the t race of P0 and i f  i t  is  below a prespecified  

value the parameter vactor  i s  frozen* but est imation 

continues in the same way to  monitor the t r a c e .  The 

advantage of th i s  i s  t h a t ,  as wil l be seen l a t e r  when 

the con tro l le r  algorithm i s  formulated, the noise 

s e n s i t iv i t y  of the  c o n t r o l l e r  i s  su b s ta n t ia l ly  reduced.

Noise in th i s  case incorporated the  c h a ra c te r i s t i c s  

o f  transducers and a c tu a to r s .

There are many causes of est imator f a i lu r e ,  and i t  i s  important t h a t  

they are dea l t  with by appropriate  software,  because bad parameters 

naturally  lead to bad co n t ro l , Some remedies |9 |  modify the est imator 

while re ta in ing  estimation (as the random walk method described in 

section 3 .2 ) ,  some simply freeze the  updating of parameters so th a t  the 

control law i s  fixed (as mentioned in  (v i i )  above), whi ls t  in the worst 

cases a defaul t  control is brought in and the tuning has to be re s ta r ted  

ie ,  the philosophy of graceful degradation.  Some o f  the causes o f ,  and 

solutions to f a i lu re s  are analysed subsequently,

( i )  A signal does not persistently  excite  all  modes of the system,

implying tha t  the confidence matrix will grow. I f  the  signal 

under consideration i s  due to control sa tu ra t ion  or transducer 

f a i lu re  then the overall est imation should be stopped. The 

problem i s  to iden t i fy  t h i s  condit ion.
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( i i ) The signals  although exci t ing are  not perturbing the p lan t .

For example i f  there i s  a dead-zone in the ac tuator  or t r a n s ­

ducer, then the estimated model between U and measured Y does 

not r e f l e c t  the true process dynamics. The l i t e r a t u r e  in th is  

and the above ( i )  i s  minimal, one possib le  solut ion is to freeze 

the est imation when say the measurement i s  close to the se tpo in t .  

Another way i s  to completely ignore these  problems (policy 

applied in th is  projec t)  and then to see how the s e l f - tu n e r  

handles them. I t  should be able to cope well since estimation 

theory ind ica tes  t h a t  the l a rg e r  and more frequent the e x c i ta t io n ,  

the more accurate  the es t im ates ,  hence a s e l f - tu n e r  will ’ l e a r n 1 

the most when i t  has made a mistake. This point  i s  fu r th e r  

analysed in a subsequent chapter .

( i i i )  The process i s  s trongly non- l inear ,  or subject  to load disturbances. 

This should be seen by the e s t im a to r ' s  a b i l i t y  to track the  

time-varying parameters, which is  c losely  re la ted  to t u l i a b l e  

fo rge t t ing  f a c to r  method implemented.

Tests can be made on the P matrix and the model's prediction error.

The r e la t iv e  s ize  of  the diagonal terms of P i s  ind ica t ive  of how individual 

parameters are s ig n i f i c a n t ,  and a lso the t race  of P is used as an overall 

guide to estimation q ua l i ty .  Estimation integrity is  of great importance 

i f  superior control performance is to be achieved and this  i s  a topic 

requiring research beyond the scope of  th is  d i s s e r t a t io n .  On a whole the 

estimator, as the r e s u l t s  in sect ion 3,4 i l l u s t r a t e ,  copes well with time 

varying parameters. The real t e s t  comes in Chapter 6 however, when 

estimator l im i ta t ions  and their s ign if icance  in the presence of actuator  

and sensor non-l inear  maps are analysed.
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CHAPTER 4

SYSTEM CONTROL
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4.1. INTRODUCTION

The original idea of se l f - tun ing  control was introduced by Kalman in 

about 1958. Since then., many schemes using some kind of optimal design 

c r i te r io n  have been developed. Astrum | 3 | , fo r  example, employs a mini­

mum variance strategy or one of i t s  suboptimaI d e r iv a t iv e s ,  minimizing 

the mean-square v a r i a b i l i t y  of the output va r iab le .  This was subsequent­

ly generalized by Clarke | 8 | .  He employed a l in e a r  quadra t ic  control 

law with an input weighting which allows a t r ad e -o f f  between the regula­

tion and se rvo-propert ies  of the closed loop system.

The se lf - tun ing  technique adopted in th i s  p ro jec t  i s  a departure from 

the optimal-control methods mentioned above, In p a r t i c u l a r ,  i t  i s  due 

to Well stead |20| and has i t s  roots in c la s s ic a l  control methods. The 

design rule  allows the closed-loop pole and zero posi t ions to be assigned, 

within ce r ta in  l im i ta t io n s ,  to  prespecif ied  loca t ions  defining the 

required t r a n s ie n t  response. This approach has the same se l f - tun ing  

property as do optimal regula tors  |22| but is  more robust and has the 

in tu i t iv e  appeal th a t  control engineers can eas i ly  r e l a t e  closed-loop 

pole positions to transient performance. Indeed i t  was th is  need to 

relate the performance of self-tuning systems to pratioal limitations  

that in part stimulated this  work.

Moreover, pole-assignment se l f - tu n e rs  have important p rac t ica l  advan­

tages which go beyond the  mere added insight.  These wil l now be b r ie f ly  

analyzed by considering certain propert ies  of  minimum variance laws 

and th e i r  undesirable  behaviour in the  se l f -adapt ive  mode.



( i ) Control ' limits

Minimum variance type control j3) & |8|  usua l ly  leads to a rapidly

varying control ac t ion ,  which can damage or impair the system

input actuators  . Pol e-assignment, on the o ther  hand, produces a 

much smoother control ac t io n ,  which is  more acceptable in d i r e c t -  

d ig i ta l  con tro l .  Well stead |22| i l l u s t r a t e s  th i s  point  with an 

example.

( i i )  lion-minimum phase behaviour

Systems which may be considered as prime candidates to se l f - tu n ing  

often exh ib i t  the following proper t ies  t

(a) non-minimum phase behaviour,

(b) unknown, possibly v a r iab le ,  time delay.

In such cases the posi t ions assigned tv  the closed-loop zeros by 

. optimal laws r e s u l t  in unsa t is fac to ry  performance. Optimal s e l f ­

tuners attempt to  cancel system dynamics, and th i s  i s  a much less  

robust approach than modifying them as i s  done via pole-assignment 

s t r a te g ie s .  Of course, optimal laws can a lso  handle such systems 

but only by the introduction of appropria te  modifications as 

explained by Clarke | 8 | .

Pole-assignment se l f-tuners are in many situations preferable to  the 

optimal methods, mainly because of their  added robustness and practicality  

at the expense of optimality.  

In this chapter a survey of self-tuning control laws is  included in the 

next section. Section 4,3 develops the main theory of the multivariable

error-actuated pole-assignment controller.  The l a s t  two sec t ions  include 

resu l ts  on the simulation and comments,
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4.2. DIGITAL CONTROL LAWS - A SURVEY

Consider a system which can be represented by the d ig i t a l  model outlined 

in Chapter 2,

One of the purposes of applying feedback control to the system 

described by (4.1) will be to minimise the  influenc* of n^ on 

the system output Ŷ , i e ,  regu la to r  problem. Further, i t  will 

usually be necessary to ensure t h a t  Y|< comes into  steady s t a te  

correspondence with a demanded reference input Yr , Reference signal 

t racking, as i s  analysed l a t e r  can be achieved by incorporating 

d ig i t i a l  in teg ra to rs  in to  the loop. From a prac t ica l  viewpoint 

th i s  re la te s  to  the well es tab l ished  technique of changing the system 

type number to  ensure zero steady s t a te  e r ro r .  In the following 

discussion only the regula tor  problem i s  considered.

The regulator i s  defined to  be,

This i s  i l lustrated in Fig. 4.1* The regulator c o e f f ie f f i c ien ts  

(go.»+*.,,gngi f  are selected according to the type of

control required. At th is  stage one can discern two basic approaches, 

namely, optimal control via minimum variance regulation, and c lass ica l  

type control via  pole placement. The minimum variance re la ted

Yk = -A(z-l)y% + z~kB(z-i) Uk + nk 

nk = C(z-i)  ek

- ( 4 . la) 

-(4.1b)

(4,2)



PROCESS MODEL

1 + A.(Z

REGULATOR MODEL

Fig, 4.1. : Regulator Scheme
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s t ra te g ie s  are described subsequently in a form which has been roughly 

t ranscribed from the original  d iscre te- t ime s ing le - inpu t /s ing le -ou tpu t  

formulations due to  Astrom |3| and Clarke | 8 | .

4.2,1 Minimum Variance Control (Astrom 1970)

The aim of  t h i s  regulation s t ra tegy  is  to force the output sequence 

Yk to be a moving average of order Kj. The aim i s  to reduce the 

e f fec t  of n|( on the output Y|<. With a knowledge of CCz"1) above 

the minimum variance regula tor  can be obtained by the solution of 

the following iden i ty ,

z - K d c ( z ~ i )  = ( l + F ( z - i ) )  > G ( z - i )  - ( 4 , 3 )

However by explo i t ing  the se l f - tun ing  p r inc ip le s  |3 |  and |21| i t  

i s  possible to avoid th is  step by assuming cCz™1) to  be unity ( ie  

white no ise) .  I f  t h i s  assumption is  made, and the system model of 

(4.1) i s  mult ip l ied  through by.the Kjth order polynomial (1+P(z~1)) 

which se ts  the f i r s t  Kj terms of Afz- 1 ) to zero, one obtains  the 

modified system model as,

Yk = z"Kdj_A(z-i)Yk + (l+P(z"i))B(z~i)Ukl+(l+P(z-i)ek

where

(l+P(z"i ) ) ( l tA (z ‘' :i)) - 1 f  z"KciA(z'*1 )

Hence there i s ,  a t  the very l e a s t ,  a delay of Ky sample in te rva ls  

in the feedback. So i t  is  not possible  to influence the  disturbance 

fo r  Kd time steps in to  the past .  However the l a s t  term on the r ig h t  

of equation ( 4 .4 . a) above only involves steps into the past .

-(4 .4a)

-(4,4b)



This reasoning leads to the conclusion th a t  the best one can do is  

to make,

Yk = (1+P(z"n))ek - (4 ,5 )

This is  the output under minimum variance control and can be obtained 

by se lecting the regula tor  parameters so as to se t  the square bracketted 

term in (4.4a) to zero. Thus,

G(z-i) _ A(z-i) , ,
T + f i r r )  -  (T+p(z-i)B(z-i))  -(4 'G)

The following conditions are necessary;

( i )  * Polynomial4* BXz- 1 ) has a l l  zeros inside  the un i t  c i r c l e .

Hence system (4.1) must be minimum phase.

( i i ) Polynomial C(z- 1 ) has a l l  zeros inside  the unit  c i r c l e .

These condit ions are discussed at length in j 2 5 | .

4,2.2.  Generalised (Detuned) Minimum Variance Control (Clarke, 1975)

The minimum variance control rule  j u s t  described does not t r y  to 

penalise excessive control ac t ion ,  i t ,  th e re fo re ,  r e s u l t s  very 

frequently in large central  signal f lu c tu a t io n s .  These excursions 

can be reduced in two ways,

(a) by introducing slow poles in the closed-loop system - 

de-tuned minimum variance

(b) by weighting the mean square value of the control signal 

” generalised (Lambda) minimum variance



This reasoning leads to the conclusion t h a t  the best  one can do is  

to make, .

Ykf (1+P(z"i'))et - ( 4 .5 )

This is  the output under minimum variance control and can be obtained 

by selecting the regu la to r  parameters sc as to se t  the square bracketted 

term in (4.4a) to zero. Thus,

G(z-i) _ Afz-i)
l % z - ' i )  ~ Tl+P(z-^)B(z-^)) "(4»6)

The following conditions are necessary:

( i )  ' P o l y n o m i a l ' h a s  all  zeros ins ide  the un i t  c i r c l e .

. . Hence system (4.1) must be minimum phase,

( i i )  Polynomial C(z"1) has a l l  zeros ins ide  the un i t  c i r c l e .

These conditions are discussed a t  length in 1251.

4 .2 .2 .  Generalised (Detuned) Minimum Variance Control (Clarke, 1975)

The minimum variance control rule  j u s t  described does not t ry  to 

penalise excessive control ac t ion ,  i t ,  th e re fo re ,  r e s u l t s  very 

frequently  in large central  signal f lu c tu a t io n s .  These excursions 

can be reduced in two ways,

(a) by introducing slow poles in the closed-loop system - 

de-tuned minimum variance

(b) by weighting the mean square value of  the control signal 

~ generalised (Lambda) minimum variance



The fo rm e r  i s  e a s i l y  a c h ie v e d  by making t h e  r e s p o n s e  equa l  t o ,

- ( 4 . 7 a )

where the roots of l+ z '^ S C z " 1-) = 0 determine the extra moderating

poles. To obtain th is  response the control should be ca lcula ted 

from.

The a l t e rn a t iv e  scheme whereby the control excursions are reduced, 

weights the mean square value o f  the control tl^ by introducing a 

pseudo-output which is  a l in e a r  function of past values of the system's 

input and output, thus,

This allows the control excursions to be accounted for  by the 

polynomial Q(z"1). Moreover the  polynomial P(z“ l ) permits a form 

of detuning of the type described by equations (4 .7) .

In |S| Clarke derives a se l f - tu n in g  c o n t ro l le r  which minimises a 

cost function containing terms l ik e  in (4 .8 ) ,  however, he also 

includes the se t -p o in t ,  thus ensuring se t -po in t  following c a p a b i l i t i e s .

G(z' ) = A(z"1  - S (z - ' )  
l+F(Z-i) B(z-l)

-(4.7b)

where

5(z"i) = (1+P(z-1) B(z-I)) -(4 .7c)

Zk = P(z-i)Yk + q(z-') Uk_kj - (4 .8 )
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Hence i t  can be summarised th a t  a control design fo r  minimizing 

the output variance is  often inappropriate  as i t  ignores the control 

e f f o r t  required;  moreover i t  i s  highly se n s i t ive  to the posit ions 

of the process zeros in d isc re te - t im e ,  which, as seen in Appendix 

1 bear l i t t l e  re la t ionsh ip  with the ir  continuous-time counterparts .

A solution to t h i s  problem i s  now discussed in the contenxt of pole- 

placement control .

4 .2 .3 .  Pole-Shifting Control : (Wellstead, 1976 and Truxal, 1955)

A severe problem with the c o n t ro l le r  design methods b r i e f ly  discussed 

in the previous paragraphs i s  th a t  to achieve performance they cancel 

system dynamics and a re ,  th e re fo re ,  highly sens i t ive  to the posit ions of 

system zeros , .  This is  clearly  i l l u s t r a t e d  by examining equations 

(4.6) and(4 .7) ,  where the roots of B(z“ ) are present among the poles 

of the regula tor .

F vri the discussion on d ig i t a l  models for  continuous time systems 

th,;;point was made (and Appendix 1 will i l l u s t r a t e  i t  fo r  some value 

of sampling i n t e r v a l ) th a t  B(zt' 1) will often have zeros outside 

the unit  c i r c l e .  These non-minimum phase zeros, which can also be 

caused by f ra t iona l  time delays I21| will evidently  give r i s e  to 

unstable poles in the regula tor  such th a t  the closed-loop response 

can i t s e l f  be unstable when under minimum variance control .

By the same token the number of in teger  time delays, kj, may be unknown 

or even variable. If  t h i s  i s  t rue  the minimum variance s t r a te g ie s  

may experience problems i f  kd in the model has been underestimated.
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In other words these regulators not only ignore the control e f f o r t  

required, as mentioned, but also neglect  the 'p ra c t ica l  c o n t ro la b i l i t y '  

of the process.

The d i f f i c u l t i e s  outlined in the previous two paragraphs can be 

avoided by the po le-sh if t ing  design method explained subsequently.

The idea, in t h i s  method, is  to concentrate e n t i r e l y  in the closed- 

loop poles,  leaving the zeros alone.

Combining the model and regulator-equat ions (4.1) and (4 .2 ) ,  the 

closed-loop c h a r a c te r i s t i c  equation i s  obtained,

| ( l+ A (z- i ) ) ( l+F(z- i ) -B(z- ' )G (z- ' ) |Y k = (l+T(z-i)ek -(4 .9 )

where because i t  is  assumed th a t  kj i s  unknown, the time delay has 

been absorbed into B(z~i) , ie .  some of the leading coeff ic ien ts  of 

B(z"V) may be zero.

Suppose tha t  the  desired closed-loop response has poles specif ied  

by the polynomial 1+T(z"1) such th a t  the closed-loop system has 

the following response,

Y|t"S(Sek "<4' l0)

By inspection of the la s t  two equations the following identity  ar ises ,  

( l+A(z-i))( l+F(z"i))-B(z-i)G(z"i)  * 1+T(z"i) ~(4.11)
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By equating coef f ic ien ts  in (4,11) a s e t  of l i n e a r  equations which can 

be solved fo r  the unknown co n tro l le r  parameters, i s  obtained. In the 

next sect ion a m ult ivar iab le ,  se t -p o in t  ( i e .  e r ro r  actuated) version of 

th is  is  formulated.

The pole-placement design s t ra tegy  although non-opt iona l , can be used 

safely on non-minimum phase systems or on systems with unknown time de­

lays.  In add i t ion ,  i t  produces much gentler control ac t ion .

One possible d i f f i c u l t y  i s  the numerical s e n s i t i v i t y  with the resolution 

of (4 .11), e spec ia l ly  when th a t  is an over-parameterization of the 

model. For example i f  )1+A(z^) |  and 6 (z !“1) share a common root then 

the matrix used to solve fo r  the c o n t ro l le r  c o e f f ic ie n t s  i s  s ingular .

As will be shown in the  remainder of t h i s  chapter s imulation ex­

perience has been good.

The method can be extended to the servo case (Wellstead i2 3 l ) by aug­

menting (4.11) to include two extra s ig n a ls ,  one corresponding to a

pre-compensated se t -po in t  and the other  a feedforward signal which is

added directly to the regulating control Uu. Further analysis  i s

beyond the scope of this  project.

4 .2 .4 ,  The seif-tuning property:

A self-tuner i s  a threefold process* measurement* ident if icat ion and 

control, which continues at each step in time as suggested by Fig, 4.2 

(for SISO regulator problem).
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SYSTEM
MODEL

D E M A N D E D
C. L. POLES

CONT.
MODEL

ESTIMATOR

CONTROLLER

SYNTHESIS

SYSTEM

CONTROL LAW

Fig, 4.2, Schematic of Self-tuning Regulator
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As was previously mentioned, the s e l f - t u n e r  algorithm assumes that  

the system noise dynamics are white, such tha t  i f  C(z_1) *  1 then 

one would expect the closed-loop system to be inco rrec t ly  con­

figured i f  and when i t  converges. However, Astrom |3|  has shown tha t  

for  minimum variance type c o n t ro l le r s  the combined id e n t i f i e r / r e g u la to r  

can converge to the desired optimal regula tor  despi te  the incorrect  

assumption concerning the noise dynamics. Similarly  Well stead |21j 

and 1221 shows tha t  the above assumption/conversion also holds t rue  

for  detuned variance and pole-assignment regula tors .

v

;

The most relevant  conditions for the success of t h i s  property ( relevant 

in context to t h i s  work) are concerned with the order of the con tro l le r  

polynomials, hence,

"F = "g

ng -  n
a

X

1

also.

n? % nA + ng + kd - 1 - nc

where a l l  the variables in the right-hand side of the (4.12) were 

explained in the previous two chapters.

-(4.12a)

-(4.12b)

-(4.12c)
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4,3 MULTIVARIABLE POLE ASSIGNMENT CONTROLLER

The system to be controled was described in Chapter 2 and is  assumed 

to be con tro l lab le  and cbservable. I t s  input/output  matrix t ran s fe r  

function i s  deduced from equations (2.26) and (2.28) to be*

( I + o ( z ' i ) Y k  = G(z-i)V|< + Ck + Gk

where Yk> Uk and Ck are vectors of output,  input and steady s ta te  

values.

(4,13)

\

The control law is  a mult ivariable  version of (4 .2 ) ,  Since the output 

variables are to be controlled to a given se t  point ,  a d ig i ta l  in teg ra to r  

must be incorporated in the loop to ensure zero s teady-s ta te  error .

Also a t  s teady-s tu te  the outputs are s ta t ion a ry  and, in the context 

of the actual system, the input flows equal the output flows. All 

these conditions are met by the following control law,

Uk - Uo + T i % k r %  (Yk - YSp) '(4.14)

tv;
where U0 and Ysp are vectors of outflow steady s t a te  values and de- 

manded set points respectively.

Further from equation (2.28) i t  i s  realized that,

C'dc r^ ) ) Y o  - B(z"i))U( - (4 .15)

Substituting equation (4,14) into (4.13) the closed-loop system becomes,



(l+a(z-'))Yk 8(z'/)(UQ+G(z-i)(I+F(z-i)^^Yk"Ysp))+Ck+ek »(4.16)

which upon su b s t i tu t io n  from (4*15) y i e ld s ,

(Ifa(z-i)j(Yk-Yo)  ̂ 8(z-i)G(z-i)(I+F(z-i)~YYk»Ysp)+ek -(4.17)

Hence i f  one l e t s  Y0 “ YSp, which i s  reasonable since a t  steady s ta te  

there should be zero steady s ta te  e r r o r ,  this l a s t  equali ty  can be 

modified to y i e ld ,

l l+ a fz ^ )  -  e (z - i )G (z - i ) ( I+ F (z- i ) ) l (Y k-Y sp)  = ek -(4,18)

As was explained in the previous section* the closed-loop t r an s fe r  

function of the system under pole-assignment i s  given by the following 

extension of (4,10),

(Yk-Ysp) = (I+F(z~l))(I+T(z- i) - iek -(4.19)

Equating the la t ter  two equations y ie lds  the pole-assignment equation,

(I+a(z-t)(I+F(z- i)  -  B(z-i)G(zri)  = I+T(z-i) -(4.20)

The se lf- tuning  property in the context of  the mult ivariable  case 

iust described i s  proved by Wellstead |20 l ,  The method i s  basically  

a means of designing 'on-line'  a controller without e x p l ic i t ly  de­

termining the matrix polynomial defining the noise characteristics  

!e. C ( z T h e  self-tuning procedure can thus be briefly  described 

us,

( i )  At each iteration estimate the plant parameter 

polynomials o(z~*) and $(z"*) as in Chapter 3 

using recursive least-squares,  so the Sk becomes 

the sequence of f i t t in g  errors.



( i t )  Solve the pole-sh if t ing  equation (4,20) such 

th a t  control can be calculated via equation 

(4.14).

The se l f - tun ing  p r inc ip le  ]20| then s t a te s  th a t ,  i f  the system cunverges, 

i t  converges to the  closed-loop system th a t  would have been obtained 

had the parameters A(zri) ,  B(z^) and C(z^)  been known aprim i.

The output converges to (4.19). Furthermore the restdual  sequence 

5k will converge to the t rue  system driving noise ep-.

The algorithm presented here 'is intended to solve the se t -p om t  tracking 

problem and is  depicte.: in olock diagram form in Fig. 4.3. Simulation 

s tudies have shown (see Section 4.4) t h a t  the a lgr  ithm exhib i ts  good 

convergence pint r t i e s ,  however further theoretical investigation 

i s  required in th is  area.

The work presented so far in this chapter has not considered the problem 

of  loop- in terac t ion  mentioned in Section 2.4. Analysing nm- •■opivollc.r 

parameters, the multivariable seTf-tuner presented here, does nut. 

in general, lead to  a decoupled or diagonally dominant con tro l le r  

as in Rosenbrock |18 | .  The following obK&rvntltms arc, novortbclrsc 

worth mentioning,

( i )  The degree of inter-loop coupling i s  dependent 

upon the polynomial matrices F(z"i) ( i e .  closed- 

loop zeros) and T(z~i) ( i e .  closed-loop poles)

as in equation (4.19). However since the l a t t e r  

can be chosen* without loss  of generality to 

be diagonal, i t  i s  F(z"̂ *) that gives the crosscoupling

terms,



CONTROLLER S PERROR,

( r g )

CONT, SYNTHESIS

SELF-TUNING
ALGORITHM

PLANT

Figs 4.3 ; Multivariable self-tuning controller scheme
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( i i ) In the p a r t i c u la r  case where the polynomial

matrix i s  f i r s t - o r d e r  (as in the  f i r s t

simulation examples . Section | 4 . 4 | )  th e ' ( l+ F (z - 1 )) 

matrix reduces to the unity  matrix (by (4.12a)) 

and hence complete in te r - lo o p  decoupling is  

achieved.

( i i i )  Integral action i s  included in a l l  c o n t ro l le r

loops to achieve zero s te ady -s ta te  e r ro r s .

Hence i t  can be concluded th a t  loop crosscoupling 

i s  only t r a n s ie n t  in nature because in tegral  

action e f f e c t iv e ly  ' takes o u t 1 the e r ro r s .

This i s  p a r t i c u la r ly  important when case ( i i )  

above is  not t ru e .  I t  can the re fo re  be said 

th a t  under any circumstances the loops are decoupled 

in the sense th a t  their s t e a d y - s t a te  e rrors

are independent and zero.
*

A b e t t e r  solution format fo r  the p o le - sh i f t in g  equation (4.20) for 

the two cases when the polynomial matrix BCz- 1 ) i s  f i r s t  or second 

order ( ie .  F(z**1) i s  null or f i r s t - o r d e r  respec t ive ly )  i s  now presented.

Considering f i r s t  the case when 6 (z -1) and hence ^(z"1) i s  f i r s t  order,  

therefore  equations ( 4 ,1 2 )  y ie ld ,

p ( z - i )  = 0, z - i '  -

G(z"l,) = go + ĝ  z-l

a ( z-ii) = otj %-"i + a2 z-2 -(4.21)



Re-arranging (4.20) and writ ing the r e s u l ta n t  equation in element 

form, one o b t a in s ,

01 0 2 .
/

9 l i 9 1 2

Z " 1/

03 04 \ 9 1 3 914
.

,r-
z~l  +

9oi 90 2

9o a 9oif

which can e a s i l y  be solved as.

02

^11 1̂2

Sl3 03 04

01 0

04

and,

9 o i 9b2 01 02^
-1

o i - t i 0

> 3 9(14 03 04 0 02 -t ; i

03 0

0 04

z-4 -(4.22)

(4.23a)

(4.23b)

Control is  then applied via (4.14) a t  each sample in terval

In the case when G ( ) = gxZ"1 + g a zw2 then the c o n t ro l le r  polynomial 

matrix F(z~'x ) becomes f, z-1 , and a s im ila r  analys is  of equation (4.20) 

y ie lds  the following equating l ike  powers of z**1 in e i t h e r  side of  

the equation,

z-A powers : 

%-% powers ;

Gi9o ~ f i  = oi-t i  

8i9i + BaSo - o i f i  = G2't2 (4.24)



which can be wri t ten  in a more convenient form a s .

Bi Ba 0 0 -1 ■0™ got goz 0 1 - t l 0 "

3? 3s 0 0 0 -1 goa go 4 0 Oz-tz

B% 0t Bi 03 ~ax 0 g n g i2 Oa-ts 0

Be Be B? 05 0 -02 gia gi4 0 04-  ti,

0 0 02 04 - 0 3 0 f 11 f 12 0 0

0 0 08 06 0 -0 4 f  13 f  14 0 0

(4.25)

h * -
i

|
=. 
K.

This i s  eas i ly  solved i f  the 6x6 matrix i s  non-singular . S ingular i ty  

was never encountered during the extensive simulation t e s t s  performed. 

The control law is also governed by (4,14) but now is  s l ig h t ly  more 

complicated as shown below.

U1

U5k

where

and

11 '12 UlOK-i

k-14Yi, ^ = Yk_-| “ Yin 3

i i

sp

12

f l 3  f l 4

U1,

u2k-1

g0 ^Y  ̂ +g, ZlY|<_^tU0 -(4.26a)

i = 1,2 (4,26b)

As in fixed term control, adaptive controllers must also take in

consideration the limitations of the systems they co n t ro l , the system 

non- l inear t ies  can cause them to detune. Control sa tu ra t ion  i s  the most 

usual fac to r .  In the prepared scheme software control l im i ts  fa l l  within ; . 

the actuator l im its ,  ( i e .  maximum pumping capacity) and are ref lected  

back into the estimator.
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Furthermore as the original  algorithm developed by Well stead 1201

was to solve the regulator  problem, the  proposed algorithm modification

causes the se l f - tun e r  to determine whenever there  is a step demand change.

Hence to avoid too much se l f - tu n e r  detuning and to ensure t h a t  such

demanded changes were within the system's c a p a b i l i t i e s ,  the level

reference inputs (V" 1, i -1 ,2 )  were r a t e  l imited .sp

The overall con tro l le r  algorithm can now be summarized as follows,

At each simple in te rva l ,

( i )  Calculate d ifference between measured and demanded outputs 

( i e .  Y^1 - YSp, 1 -  1,2) and i f  necessary, r a t e  l im i t  any 

change in Ysp .

( i i )  Use estimator parameter vector ( i^)  to ca lcula te  the 

control signal (U^) via (4.14)

( i i i )  Limit and apply.



4 < 4 ,  S I M U L A T I O N  R E S U L T S

Extensive simulation t e s t s  were performed on c o n t ro l le r  order, control 

objective ( i e .  the polynomial T(z'*1) ) , s e t  point  ra te  l im i ts  and control 

actuator  bounds»

A deta i led  discussion of the most important f ac e t s  of the r e su l ts  i s  

included in the  next sect ion .



GRAPH 4

SIMULATION/CONTROLLER RESULTS 

PARAMETERS : -

I n i t i a l  guesses : a- = -1o
Go = 1 P00

Memory length : E = 600 *o
R = IE-8

Tailoring polynomial : t i  » -0,775 for  both loops. 
TEST CONDITIONS :
I n i t i a l i s a t i o n  stage : 0-300 secs

At 1 200 - Plant modified, ( increase in te rac t ion )

At 4 800 - Plant modified, ( increase in te rac t ion )
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4 . 5 ,  DISCUSSION

As was discussed the type of con tro l le r  and i t s  d e ta i l s  are  determined 

largely  by the physics of the system to be contro l led .  Understanding 

of the  system and the control objectives are r e q u i s i t e s .  A summary of 

the various concepts and fac tors  involved is  presented in the remainder 

of this  sect ion .  Their s ignif icance  and l im i ta t ions  are a lso  included.

Throughout the  t e s t  runs (presented in the proceeding sect ion) the same 

basic pattern was used, the control laws can be evaluated, in terms of 

performance, by applying the following c r i t e r i a .

( i )  good disturbance re jec t io n ,

( i i )  s a t i s f a c to ry  t r a n s ie n t  response and small loop interaction,

( i i i )  absence of v io len t  control excursions,

(iv) small tuning-in and re-tuning t r a n s ie n t ,  and 

(vj rapid convergence of the parameters

The former three  c r i t e r i a  are those associated with conventional mult i-  

variable  control laws, but the addit ional  points are  required fo r  adaptive 

con tro l le r  evaluation.

I t  becomes c le a r  from the  foregoing analysis  t h a t  se l f - tun ing  e r ro r  

actuated c o n t ro l le r s  require  e x p l i c i t  management to p ro tec t  them from 

cer ta in  operating condit ions.  Supervisory control is  therefore  essentia l  

to monitor these condit ions.



The choice of se l f - tun ing  design method i s ,  to a degree, a subject ive one 

based upon individual preferences fo r  optimal or c lass ica l  control objec tives.  

Broadly speaking, however, the c la ss ica l  pole-assignment methods are more 

robust and work in a wide var ie ty  of d i f f i c u l t  s i tu a t io n s ,  including when 

the unknown system i s  non-minimum phase and has variable  time-delays.

Optimal methods, on the o ther  hand, are firmly linked to well specified 

cost-functions and as such give c lose ly  controlled optimal performance.

Unfortunately the amount of computation required fo r  the po le-sh if t ing
f _

method is  a good deal more than fo r  the minimum variance laws. When the 

computational delay in working out the  'next' control value, becomes 

s ig n i f ican t  in comparison with the sampling period, the nCz”1) polynomial 

should be extended accordingly.

In the l i t e r a t u r e  much emphasis is  placed upon the convergence of the 

al^erithm ,to the  th e o re t i c a l ly  co rrec t  control law |22| & |3 j .  In p rac t ice ,  

however, the theore t ica l  assumptions on l in e a r i ty  and f i n i t e  system order 

are inva l id ,  in most cases.  The r e s u l t  i s  th a t  the s e l f - tu n e r  can converge 

to any one of a number o f  acceptable closed-loop configurations.  In th i s  

respect  they are a lso  robust s ince ,  even though the theo re t ica l  convergence 

point  may not be achieved, one of a range of acceptable configurations 

may be.

The t a i lo r ing  polynomial (Tlz*-1)) introduced to detune the minimum variance 

se l f - tu n e r ,  in order to 'damp o u t1 violent  or o sc i l l a to ry  control act ions 

giving r i se  to the  p o le - s h i f t e r  law also has an obvious e f fe c t  on performance, 

A compromise had to be found between heavy detuning ( large  t^)  which l e f t  

not ic iable  lags in the responses and l ig h t  detuning (small t . )  which allowed



excessive control act iv i ty . .  These poles determine the speed of the 

elosed-Toop performance and should be se lec ted  with th i s  in mind. In 

prac t ice  the closed-loop pole se t  was se lec ted to give i n i t i a l l y  ra ther  

modest performance, the se t  is then varied (tuned) unt i l  s a t i s f a c to ry  

response i s  obtained. Moreover slow closed-loop poles cause smoother, 

slower control act ions and have s im ila r  e f fe c t s  on step responses, Closed- 

loop zero posi tions cannot, however, be specif ied  and hence step responses 

can sometimes look ra ther  odd. F i r s t -o rd e r  t a i lo r ing  polynomials were 

adequate, increasing th e i r  order ra re ly  seemed to help, i f  no sa t i s f a c to ry  

step response or control shape can be found then the system model order 

is  probably wrong.

The l a s t  point  must be addressed to the form of n o n - l inea r i t ie s  which 

the se l f - tun e r  is able to handle. I t  was seen th a t  by including r a t e -  

l im it ing  supervisory software the s e l f - tu n e r  was able to handle well 

operating-point  n o n - l in e a r i t ie s .  In f a c t  these were accomodated as 

time-varying parameters. Actuator n o n - l in e a r i t i e s  require l im i ts  on the 

control signal and will be analyzed in the next chapter, Rate l im it ing  

in th is  chapter refe rs  to the reference s igna ls .  Obviously, since the 

actuator  dynamics are so much f a s t e r ,  r a te - l im i t in g  of the  control signal 

was not. necessary. In the context of t h i s  work ra te - l im i t in g  of s e t -  

point changes are useful in two ways :

(a) Tuning, and retuning t r a n s ie n t s  are l imited,

(b) step responses are smoothed.
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5 . 1 .  INTRODUCTION

A pract ical  experiment was designed to ver i fy  the u t i l i t y  of se lf - tuning  

and the robustness of a typical  algorithm to the assumptions made about 

the process. This Chapter describes the design (hardware and software) 

of such an experiment. The overall system configuration is  depicted 

in Fig. 5.1.

LEVEL
SENSORS

MOTOR
PUMPS PLANT

RT P .32 
DAC H P 2 2 4 0

USER
HP 1 0  0  0DATA INTERFACE

Fig, 5,1 : Block diagram of system configuration



It  i s  important to recall at is stage that the key use of the s e l t -

tunlng technique is  to automatically design and implement high order 

d ig i ta l  c o n t ro l le r s .  In terms of the subsequently described software 

su i te  an unknown system is  f i r s t  connected to  the computer e i th e r  via 

the simulation package or the input/output  measurement and control 

processor. The computer i s  then put through a cycle of  simultaneous 

iden t i f ica t io n  and control (Chapters 3 & 4) a t  the end of which the 

system is  under d i rec t  d i g i t a l  c o n t r o l ,

The su i te  gives the user some freedom in se t t ing  up various parameters 

in the i n i t i a l i s a t i o n  stage. However t h i s  su i te  can be eas i ly  extended 

to include various types of estimation and control algorithms |12l & |13 | .  

The modular s t ruc tu re  of the software f a c i l i t a t e s  such an extension.

The remainder o f  this  Chapter i s  devoted to explaining the software 

su ite ,  whose various modules are described in more dp+ail in Appendix 2. 

With respect to the basic hardware required, the large dotted block in 

Fig. 5,1 indicate# those parts of the system which required hardware 

interfacing, the detai ls  of which are beyond the scope of this report,
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5 .2 ,  STRUCTURE OF THE SUITE

The s t ruc tu re  of the following software su i te  brings together  many 

software rel iabil ity concepts and has yielded a software system which 

is not only simple to t e s t ,  but also highly maintainable and extendable, 

The overall s t ruc ture  is shown in block diagram format in Fig. 5.2.
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Fig. 5.2, : Block diagram of software structure



As can be seen the s t ruc tu re  i s  highly modular and f lex ib le  

f a c i l i t a t i n g  future  system enhancements. Further since the 

en t i re  computing power was so le ly  dedicated to  the control 

of the p lan t ,  and the sampling in te rval  required imposed no 

cons t ra in ts ,  the software i s  run using a batch technique.

In the user i n i t i a l i z a t i o n  block the switches (SW1 - SW6) in 

Fig. 5.2 are set-up. According to these various modes iden­

t i fy ing  f lags are se t .  Each individual rout ine  then condit ion­

a l ly  branches to the re levant  sec t ion .  In th is  way the batch 

structure is  maintained throughout a l l  modes. Fig. 5.3 depicts  

in block diagram form the s t ruc tu re  of the ' f low -r ig '  control 

algorithm.
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5.3. : Block Diagram Structure of Flow-Rio Control Algorithm



A detailed  l i s t i n g  of the u s e r - in i t i a l i z a t i o n  block is  included in 

Appendix 3. Depending on the mode switches there are six possible 

operations of the su ite ,  as follows :

( i )  MODE 1

Self - tuner  : Pole assignment con tro l le r  and l e a s t - -  

squares id e n t i f i c a t io n ,

( i i )  MODE 2

Classical S1S0 Control : Proport ional-Integral-Derivat ive

Controller  tuned using ISE c r i t e r io n  

as in | 16| .

( i i i )  MODE 3

Manual Control : through user in te rac t ive  dialog,

( iv) MODE 4

Non-linear time-domain plant  simulation.

(v) MODE 5 

Least-squares Estimator. 

A11 these modes can be run either on the actual plant or on the digital 

plant simulator by appropriate setting  of the simulation f lag during 

in it ia l iz a t io n .  

Run Time interaction allows the user to modify setpoihts and/or the

process va r iab les .  This i s  performed by a small program which 'shares '
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the same memory block as the main flow-rig program. Another f a c i l i t y  

i s  th a t  any mode can be se lec ted  on- l ine .

The diagnostic software block i s  implemented to improve the in te g r i ty  

of the s e l f - tu n e r .  There i s  an e r ro r  magnitude bound, which when 

exceeded makes the s e l f - tu n e r  r eve r t  to Mode 2 operation or Mode 3 and 

automatic shut-off .

There e x is t  two system models which can be se lected as per equations 

(2.20) and (2.21) by se t t in g  the appropriate f lag during i n i t i a l i z a t i o n

Appendix 4 includes! the format of the data f i l e s  fo r  the data logging 

block, whils t  Appendix 5 contains the user-on-line  in te rac t iv e  dialogue



5 .3 .  DISCUSSION

The software format used was chosen fo r  i t s  s implic i ty  and hence under- 

s t a n d ab i l i ty . I t  is  recognized tha t  o ther  s t ruc tures  were possible ,  

however, the solution presented is  f a r  le s s  complex and can be eas i ly  

implemented on other minicomputer systems. Solutions making use of the 

HP 1000 Real-Time Executive (eg. scheduling, programming and mail box 

interprogram communication) are f a r  more complex and the para l le l ism 

gained would only be of importance i f  more than one process was to be 

■controlled thus imposing cons t ra in ts  on sample in te rv a l .

Software design i s  e s se n t ia l ly  a human problem-solving process. Hence 

solutions should focus on techniques th a t  reduce the complexity of the 

problem and i t s  solution to levels  t h a t  can be eas i ly  comprehended and 

resolved by users other than the designer.

The modular s t ruc tu re  employed has i t s  main advantages in t e s t a b i l i t y  

and f l e x i b i l i t y .  The proposed solut ion can be eas i ly  modified to include 

other control laws, other id e n t i f i c a t io n  algorithms and even other p lan ts .  

The user 1$ only required to modify certain self-contained sections of 

the particular modules.

Much more could be written about software engineering system considerate 

ions, th is  i s  however a subject on i t s  own. The structure developed was 

basically  decided upon i t s  user-friendly attributes.



CHAPTER 6

SELF-TUNING AS COMBINED IDENTIFICATION AND CONTROL



6 , 1 .  I N T R O D U C T I O N

In th is  chapter the prac t ical  aspects of se l f - tuning  are considered in 

the context of a two-input/two-output physical system described in Chapter 

2, This process embodies severe operating point dependent and actuator  

n o n - l in e a r i t ie s .  The performance of the s e l f - tu n e r  i s  then judged not 

only according to the performance c r i t e r i a  l i s t e d  in Section 4.5 but also 

regarding i t s  a b i l i t y  to handle the above mentioned n o n - l in e a r i t i e s .

Another fea ture  of process systems of th i s  nature i s  t h a t  they are non­

minimum phase in the d isc re te  time domain, as can be proved for  cer ta in  

sampling times (Appendix 1), hence conventional optimal se l f - tu n e rs  will , 

have d i f f i c u l ty  in dealing with them. The robustness, in t h i s  respect ,  

of the pole-assignment se l f - tu n e r  used will therefore also be investigated.

The component parts  of the se l f - tu n e r  discussed in Chapters 2, 3 & 4 are 

now joined together in a s ingle  adaptive control algorithm, thus (see Fig, 

4 .3 ) ,

( i )  a t  each sample interval the inputs Uk and outputs Yr- to 

the plant are sampled;

( i i )  this new data i s  used by the recursive least-squares algorithm 

to update the estimates of the model parameters

( i i i )  these corrected estimates are used to determine the improved 

c on tro l le r  parameters. The type of control being determined

by the pol e-assignment law.



These three steps are executed in sequence in d e f in i te ly  under the conditions 

explained in the previous chapter .

I f  the operating point i s  changed or the plant  i s  modified» then the variable  

forget t ing fac to r  method helps the se l f - tu n e r  to  re- tune to the new configu­

rat ion by increasing i t s  s e n s i t i v i t y .  I f  the process was not time-varying

then once the estimates of the system parameters, and hence the c o n t r o l ,

have converged to steady values, the whole s e l f - tu n e r  can be ' f r o z e n ' . The 

con tro l le r  parameters are then co rrec t  and hence the id e n t i f i c a t io n  sect ion 

can be suspended, This is  very seldom the case.

The se l f - tune r  can therefore  be seen as a powerful on- l ine  co n t ro l le r  design 

tool .  The algorithm being capable to tuning a large number of parameters 

to meet the-control ob jec t ive .  This control objective must, however, be 

defined by the user requiring some aprior i  knowledge about the system and 

engineering judgement.

The subsequent sections provide some information concerning the experience 

obtained in running the s e l f - tu n e r  on-l ine with the physical process. In 

pa r t icu la r  fac to rs  regarding the tuning of the algorithm both i n i t i a l l y  and 

on-line are analysed in d e t a i l .

As a f inal remark i t  i s  noted that the implementation of the self-tuner

tested extensivelly on a plant simulation (Chapter 4) on the actual process 

will dictate whether or not i t  i s  robust enough to cope with actuator 

non-linearities and sensor disturbances, %% has already been seen (Chapter

4) tha t  operating point n o n - l in e a r i t ie s  are coped with as time-varying 

parameters,



114

6^2, SELF,TUMER CHARACTERISTICS L ANALYSIS
• ■ " "I ii II - - N -'h ■ t'-"- ■;  ̂ -̂  i" . "-J' 1 'v 11 '“i"1" ’’ I '

The selfv.tuner incorporates a number of parameters defining i t s  objectives 

in terms of noise re je c t io n ,  s e t -p o in t  following, control signal behaviour 

(discussed in section 4.5) and parameter tracking c a p a b i l i t i e s  (discussed 

in sect ion 3 .5 ) .  A number of these parameters can be usefu l ly  adjusted 

on-l ine e i th e r  automatically or by the use r ,  thus tuning the c o n tro l le r  

ra ther  than the control law to meet the required ob jec t ives .  Such para­

meters are b r ie f ly  analysed in the fol lowing.

(i)  The s t a t e  of the  se l f^ tuner  :

The s t a t e  of the s e l f - tu n e r  i s  defined by i t s  current  parameter 

estimate vector and i t s  confidence matrix (Chapter 3). This 

- defines the tracking a b i l i t y  of  the s e l f - tu n e r .  The confidence

matrix i s  a measure of how much information the estimator has received

in the past .  Parameter est imates are  updated a t  each step by an 

amount re la ted  to the curren t  e r ro rs  and measurement ( inputs/outputs)  

vector times the confidence matrix (see equation 3.1) Hence the 

larger  the en t r ies  in the l a t t e r  the more a t t en t io n  wil l be paid to 

current 1/0 data.

The variable forgetting factor concept developed in section 3.3 is

a means of automatically s izeing the  confidence matrix. In t h i s  way 

the forget t ing  fac to r  i s  varied in order to encourage i n i t i a l  tuning - 

in and, la ter , inh ib it  excessive se n s it iv ity  to new incoming daca.

An adequate measure of the s ize  of the confidence matrix is  i t s  t r ace .  

Numerical values of the t r ac e  are dependent upon scaling of I/O information
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