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and hence can only be quanti f ied  in terms of a p a r t i c u la r  applica t ion.

a Mow1 t race  is  obtained when the parameters have converged and the 

system is  under the correc t  control ( c f . section 3 .4) .  In the t r a c k ­

ing problem (changing system dynamics) considered t races  which are 

too high will allow small e r ro rs  to cause dramatic tuning t rans ien ts ,  

whils t  t races  that  are too low will keep the parameters steady while 

the dymanics of the system change, unti l  system errors  are so large 

t h a t  retuning has to take place with a severe t r a n s ie n t .  The correct  

tracking response i s  one of small retuning transients a t  each small 

change in system dynamics, This i s  achieved by keeping the informa­

tion  content of the s e l f - tu n e r  balanced as explained in section 3.3,

( i t )  The Sampling Interval

Although a discrete- t ime model i s  used, the underlying process is 

continuous time, and the choice of sampling interval  is  important 

and must be made with due regard to the natural time scales  of the 

process response. Unlike the d ig i ta l  implementation of a 3-term 

con tro l le r ,  where a f a s t  sample ra te  (a t  l e a s t  up to the Nyguist 

frequency) produces a more accurate representation, self-tuning  

experiments indicate  a sampling ra te  surpr is ingly  low in re la t ion 

to the physics of the system (typ ica lly  10% of the dominant plant 

time constant).

Small changes In sampling interval have minimal e f fe c t ,  large changes

may be necessary i f  the i n i t i a l  guess was poor and th i s  may be ind i ­

cated by the tailoring polynomial which gives the best  resu lts . I f  

good reponses are obtained with very slow closed-loop poles (eg.

In th is  p a r t i cu la r  applica t ion a high trace i s  obtained with Py, while



= 0,95) then the sampling probably too f a s t .  Conversely, a 

ta i lo r ing  polynomial with t^  = 0,3 giving the best  r e s u l t s  would 

indicate  the need for  the f a s t e r  sampling.

Control objec t ives ,  p lant  considerations and computational capab i l i t i e s  

might f ix  the sampling in te r v a l , hence precluding on-l ine  trimming.

In the  pa r t icua l r  experiments performed only the above ideas were 

v e r i f ied ,  and therefore  the sampling ra te  was f ixed  for  each individual

run. The se lec tion  of the 'best* sampling r a t e ,  in view of the

l i t e r a t u r e  ava i lab le ,  remains one of the l e a s t  c lea r  decisions in 

self-tuning.,

) Tailoring polynomial (T(z"&))

The ta i lo r in g  polynomial a f fe c t s  the shape of the  system step responses 

and also the form of the control s ig n a l , as was discussed in Chapter 4. 

Closed-loop pole posi tions can, there fore ,  be adjusted to ' shape * the 

step responses. However closed-loop zero posit ions are  not specif ied,

th is  i s  the reason why sometimes the step responses might look ra ther

odd.

Changing on-l ine requires re-tuning of the est imator ,  and hence

th is  should only be performed when the t race  of the P matrix is low,, 

that is  when the parameter estimates are nearly correct.

In ( i i ) above includes some resu lts regarding the t r a d e -o f f  between 

the choice o f  T(z"i) and sampling interval, I t  i s  also Important to 

add that first-order tailoring polynomials are adequate* and Increasing 

i t s  order rarely helps, Most errors obtained regaruing incorredt step



responses are due to an incorrect,  system model order , and for  these 

reasons on-l ine trimming of T (z- i )  was therefore  avoided.

Care must be taken when specifying the closed-loop res  j> nse, so th a t ,  

as in conventional c lass ica l  control s t r a t e g ie s ,  the user must make 

sure t h a t  the request i s  achievable with acceptable control e f fo r t .

This is  the pa r t i cu la r  problem associated with the minimum variance 

^  ' law developed by Astrom | 3 | .

The main aim of th i s  chapter is  to document the experiences encountered 

when running the se l f - tu n e r  on the actual physical p lan t .  This d ic ta tes  

how the se l f - tu n e r  can cope with ac tuator  n o n - l in e a r i t i e s ,  sensor i n i t i a l  

dead band and other inaccuracies in the modelling process. In section 6.4 

th is  is discussed in d e t a i l ,  in p a r t i c u la r ,  a comparison between the robust­

ness of the s e l f - tu n e r  and the more conventional three-term control laws 

included. Obviously the l a t t e r  s t r a te g ie s  do not cope with a changing plant ,  

but cope remarkably well with the  n o n - l in e a r i t ie s  mentioned above.

The se l f - tu n e r  could be attached to the p lan t  and se t  in to  operation with 

some i n i t i a l  guesses of the various parameters, as i s  done in  the simulations 

( c f .  Chapter 4 ) .  However, i t  i s  more appropria te  to  use the  following th ree - 

stage process;

(a) Close the loop with a conventional s t ra tegy  and simply monitor input/  

output data .

(b) Start least-squares estimation and observe the trace of the P matrix

or the number of samples.

(e) When th i s  t race  or the number of samples compares with some user-defined 

threshold the conventional s t ra tegy  is  replaced by the  se l f - tune r .



The conventional Strategy can be e i the r  a c lass ica l  three-term law or the 

following which gave very good r e s u l t s .  The output i s  fu l l -on  until  the 

measurement exceeds the demanded s e t -p o in t s ,  and then fu l l  '-off until  the 

measurement i s  below the s e t - p o in t .  This being repeated a number of times.

A fu r th e r  advantage of t h i s  s t r a teg y  i s  th a t  the cross-over-points  in the 

response and se t -p o in t  l in e s  can be used to  ascer ta in  an appropriate 

sampling i n t e r v a l . , Both these s t r a te g ie s  were used in addit ion to  the 

i n i t i a l  use of the  s e l f - tu n e r .  The re s u l t s  are documented subsequently.

In conclusion, any s e l f - tu n e r  requires  the user to  have a adequate knowledge 

of the  physical p lant  to be con tro l led ,  and of the id en t i f i c a t io n  and 

c on tro l le r  algorithms. The l a t t e r  i s ,  obviously, dependent upon the freedom 

of choice of parameters the  p a r t i c u la r  su i te  gives the user. The more 

general the p a r t i cu la r  s e l f - t u n e r ,  the more complex and the more knowledge 

the user is required to have. Since the main objective o f  th is  work was to 

develop and t e s t  a p a r t i c u la r  brand of s e l f - tu n e r  the user (see Chapter 5) 

is required to work a t  a f a i r l y  low level of absenaction. Appropriate 

comments concerning fu ture  recommendations on th i s  topic are given in the 

next chapter.



6 . 3 .  E X P E R IM E N T A L  R E S U L T S

In th is  section the experimental work in using the se l f - tu n e r  algorithm

described in Chapters 3 & 4 on-line with the flow rig described in Chapter
'

2 is  presented.

I t  i s  important to note t h a t  the experience accumulated by running the 

simulator and doing o f f - l ine  plant  s tep t e s t s  was invaluable in providing 

the necessary insight  into the co rrec t  choice of parameters.
'

Numerous experiments were performed in order to investigate  the e f fec t  

of the various id en t i f i c a t io n  and c o n t ro l l e r  parameters and model order 

on the se l f - tu n e r  behaviour. All the concepts discussed in sect ions 3.5 

and 4.5 are s t i l l  applicable.  The next sect ion describes in more detail 

the pract ical  problems encountered in applying the se l f - tu n e r  on-line 

with the p lant .



GRAPH 6 

EXPERIMENTAL RESULTS

PARAMETERS :

I n i t i a l  guesses : a = -10
Po = 1 000

Memory length : 2 =600 * R

R = 1E“4

(This choice of R has the e f f e c t  of reducing the est imator 

se n s i t iv i ty  to measurement noise , however, i t  decreases the 

parameter adaptabi l i ty  c a p a b i l i t i e s ) .

Tailoring polynomial : t |  = -0,85 for  both loops

I n i t i a l i s a t i o n  stage : 0-1 000 secs 
TEST CONDITIONS :
At 1 800 - Plant modified

At 3 300 - Plant modified

At 3 600 - Plant modified
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h 6,4. DISCUSSION

I
r I t  might be argued t h a t  conventional PID laws will  give acceptable

results on processes such as the one under consideration, particularly

i f  the methods out l ined  by Owens | 17( & |29| or Porter  J30| are used, 

However even then severe changes in in te rac t ion  will not be accomodated. 

Sat is fac tory  control wil l only be achieved i f  the c o n t ro l le r  parameters 

are period ica l ly  retuned by the operator. The s e l f - t u n e r  considered 

is a viable and s table  a l te rn a t iv e  to  periodic manual retUning',, Se l f -  

tuning c o n t ro l le r s  are as robust (not sens i t ive  to the unknown dynamics) 

as the  ones obtained using the above s t r a te g ie s  but provide be t te r  

performance under varying dynamical s i tu a t io n s ,

Self-tuners are, there fore ,  intended to give superior control performance 

and hence their  i n te g r i ty  is of g rea t  importance. A well designed s e l f -  

i tuner i s  one in which there i s  a robust control algorithm and diagnostic

routines to ensure r e l i a b le  est imation,  such th a t  i t  is  re la t iv e ly  in-  

sensitive  to incorrect parameter estimates,

With regards to  controller in tegrity , the pole-assignment law used is

thought to be the  most reliab le , t rading robustness for optimality as 

was previously discussed (cf.,Chapter 4),  In the implemented se l f - tu ne r  

i there is  a simple c lassica l back-up controller,

There are many causes o f estimator fa i lu re ,  and since bad estimates lead 

to bad control, these must be dealt with. Section 3.5  discusses 1h

detail the parameters involved from which conclusions about remedies on 

fa i lu re  can be made. Some remedies modify the estimator while reta ining



estimation, others simply freeze the updating of parameters thus fix ing  

the control law, in the worst case, as in the proposed scheme, a default 

controller is  implemented and the tuning restarted from scratch. In the 

proposed system the short periods of poor control during the re-tuning 

transients can be tolerated as shown in the la s t  section .

To yield  i t s  best performance^ a se lf-tuner  needs to be 'tuned' by the 

appropriate choice of parameters, Most of these parameters depend on 

the particular identification  and control strategies employed which were 

already discussed in Chapters 3 and A'-respectively, Intuitive engineer­

ing judgements concerning sample rate , rate-lim iting o f  set-point changes, 

closed-loop pole se t  locations are part of the choices l e f t  for the user.

In particular experience has shown that the choice of in it ia l  estimates 

and of the covariance of the measurements have a marked e ffec t  on the 

final control configuration attained. The t a i lo r ing polynomial i s  also  

of great importance, i t  should be chosen with system capabilities  in 

mind (1e, pumping and draining capacity),

On a who*p the results show that the particular configuration attained, 

yields good performance in terms of the specifications included in Section 

4.6. it must be stressed, however, that depending on the in i t ia l  parameter 

estimates various (different) and s t i l l  adequate control configurations 

may be acnievedt and in this respect the self-tuner i s  very robust,

in the practical implementation of the self-tuner only the two following 

problems existed, F irstly  the identification program had to be optimized 

to save computer calculation (delay) time, hence precluding the need to
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extend the polynomial to  take account of t h i s .  Secondly, the

s l igh t ly  o sc i l la to ry  response i s  due to  sensor noise which was, in f a c t ,  

qui te  severe. I t s  e f fe c t  was par t i  a l l y  neu tra l ised  by taking the average 

of various readings.

I t  must a lso be noted tha t  the variable  forget t ing  fac tor  extension to 

the normal recursive leas t-squares  algorithm affected dramatical ly the 

ra te  of convergence of the parameters. Several experiments were performed 

with a constant forget t ing fa c to r  and the convergence was t o t a l ly

inadequate, making i t  impossible to t rack  time varying dynamics with 

reasonable ' tuning1 t ran s ien ts .

As a f inal  remark a t ten t ion  is drawn to  the  f a c t  tha t  the l imited capacity 

of the top tanks in the coupled tanks system ( c f . Fig. 2.1) warranted an 

upper bound on the maximum flow ra te  to  prevent overflows of these tanks . 

This, obviously also degraded somewhat response times.
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CHAPTER 7

CONCLUSION



Existing se l f-adapt ive  algorithms operate well on processes with 

constant but unknown parameters and were designed to solve the 

regulator problem | 3 | .  Most industr ia l  processes, in p a r t icu la r  

in the chemical/mineral industry,  exhibi t  time varying and non-linear  

dynamics. The main objective of th is  research was to extend one of 

the exis ting mult ivariable  algorithms to accomodate the above and 

to incorporate se t -po in t  tracking c a p a b i l i t i e s .  This d i s se r ta t io n  

documents the theore t ica l  developments and the s ign i f icance ,  and 

l imita t ions  of the experience acquired in applying the algorithm 

to a pyhsical system.

The recursive least-squares  estimator is able to adjus t  i t s  parameter 

estimates in order to follow the system time varying dynamics. This 

is achieved by preventing the est imator from converging by introduc­

ing a forget t ing  fa c to r .  This fo rget t ing  fac tor  i s  calculated 'on­

l i n e 1 to ensure a balance of information in the est imator .  Hence a t  

each sample the  amount of forget t ing  is  equal to the amount of new 

information in the l a t e s t  measurement, estimation is  therefore  always 

based on the same amount of information.

The se lf -adapt ive  error-actuated con tro l le r  uses a c lass ica l  pole- 

assignment technique which is  non-optima1 but robust.  The control 

objective is  to  move the closed-loop pole se t  to user-prespecif ied 

posit ions,  which define the required response. This method is  

therefore i n tu i t iv e l ly  more appealing and more generally applied 

than the optimal laws, however the complexity of the required comp­

utational e f fo r t  is  grea ter .
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The algorithm was extensively tes ted  in an actual physical system and also 

on a computer simulation. The various r e su l ts  are documented a t  the end 

of each Chapter. The following ta b le ,  nevertheless summarizes the most 

typical malfunctions and the appropriate actions to nulify them.

SYMPTOM DIAGNOSIS ACTION

a) Traces leve l l ing  off Too l i t t l e  information In jec t  se t -po in t  changes

to a high level on sys- entering the estimator and/or disturbances

tern without noise .

b) Traces levell ing off  Se l f - tune r  cannot tune* J .  Change con tro l le r  order

to a high value on sys- System order probably 2. Change sampling interval

tern with noise incorrect

c) Traces low but con- Se lf - tuner  has converged 1, In jec t  se t -po in t  changes

trol  unsat isfac tory  to a suboptimal config- and/or disturbances

(se lf^ tuner  accommodates urat i  on 2. Use random walks

th is  automatically!)  3. Decrease forget t ing  fac tor

d) Unsatisfactory control Change (decrease) T(Z *) 

but correct  parameters and

traces

The v-implemented se l f - tune r  deals adequateTly with the plant  n o n - l in e a r i t i e s  

i e .  operating-point  and actuator /sensor  n o n - l in ea r i t ie s .  The former is 

deal t  with as time-varying parameters, since a change in operating conditions
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induces a corresponding varia t ion  in the lo ca l ly  l inear ised  t ran s fe r  

function. Actuator n o n - l in ea r i t ie s  require supervisory software ( ie .  

ra te  l imits)  to protect  the basic algorithm.

The developed algorithm in addit ion to being an adaptive control method»

can be regarded as a powerful on-l ine  c o n t ro l le r  design too l .  The f a c t  

tha t  i t  provides a d i rec t  l ink between id en t i f i c a t io n  re su l t s  and d ig i ta l  

contro l le r  design is i t s  main advantage. I t  i s  evident from th is  d i s s ­

e r ta t ion  tha t  a- substantia l  amount of adjustment before an experiment 

is required by the Self- tuner algorithm.

This research has indicated a number of associated areas where fu r the r  

work is required,

. Expansion of the su i te  to  include other  (optimal) control laws

. The behaviour of the algorithm in the presence of a time ( t r a n s ­

port) delay. Theory ind ica tes  tha t  th i s  can be accomodated by

extending the model order |21|  & |2 2 | .

. Convergence propert ies of the algori thm. The se l f - tu n e r  discussed 

was found to converge in a va r ie ty  of cases. Neverthel i t  is  

f e l t  tha t  a more analytical  approach is  required espec ia l ly  in ­

volving the e f fec t  of the i n i t i a l  ' s e l f - tu n e r 'pa ram ete r '  choices 

upon the ra te  of convergence and the f inal  achievable c o n t ro l le r  

configuration.

; Although the s truc ture  of the su i te  i s  modular, enabling easy



modifications , these have to be done to the p a r t i cu la r  

subrontines involved. The su i te  could be made more user-  

f r iend ly ,  espec ia l ly  as f a r  as the simulator is  concerned.
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APPENDIX 1I! * , I     '

DISCRETE-TIME MODELS

If;



Considering the following second-order Laplace domain t r a n s fe r  function, 

two possible z-domain equivalents a r i s e :

G(s) = (sirAs+T)) -(AJ:))

(1) Modelling the sample + hold as a f i r s t  order function plus a 

delay,

6U-i) .  - W 1 . Z )

where

, -aTg -bTs\cxi - -(e + e )

«2 = .e-(a+WTs

Bl = ( 2 - L aTs-e"bTs,  I
2ab-a2-b2

% -la+bjT -aT_ -bT_  ̂ -aT< ~bT_ , -bT_ -aT,
Pz z '2ab'-ar -b2— i 2e "e "e + F  ))•»-—(e ( l - e

(2) Modelling the sample + hold as a pure delay of ha lf  the sampling 

in te rna l ,

G(z ) = l+ o iz " !  + azz-z - (A .1,3)

where
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c
C

c
c ***

PROGRAM ADAPT

C * * *

c
C A . M . P . F e r r e i r a

C NOV-1983

C 

C

c
Q * * * * * * *

c  * MAIN TASK *

g * * * * * * *

C

G PURPOSE: DESIGN OF A SOFTWARE PACKAGE TO IMPLEMENT THE FOLLOWING

C FIV E MODES OF OPERATION.

C 1 -  SELF TUNER CONTROL

C 2 -  CLASSICAL F ID  CONTROL

C 3 -  MANUAL CONTROL

C 4 -  NON-LINEAR T-DOMAIN SIMULATOR

C 5 -  RECURSIVE LEAST-SQUARES ESTIMATOR

C

C PROCEDURE: THE FOLLOWING TEST PACKAGE I S  DIVIDED INTO POUR

C MODULES, WHOSE FUNCTIONAL AND DATA TRANSFER XISTICS

C ARE EXPLAINED SUBSQUENTLY.

0 MODULE 1 :  USER IN IT IA L IZ A T IO N  ROUTINE

C MODULE 2 :  SIMULATION ROUTINE

C MODULE 3 :  ESTIMATOR ROUTINE

C MODULE 4 :  CONTROLLER SYNTHESIS ROUTINE

C

C PARAMETER DESCRIPTION:

G ALFI : V a l u e  o f  a l i a s '  I n i t i a l  e s t i m a t e s

C AM : X - S e c t i o n a l  a r e a  o f  m i x i n g  t a n k s

C AT : ” " o f  f o p  t a n k s

C BETI : V a l u e  o f  b e t a s '  i n i t i a l  e s t i m a t e s

C COVI : I n i t i a l  v a r i a n c e  o f  a l f a  e s t i m a t e s
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c  C0V2

C FFO

C FF

C H

C IEND

C IN I

C ISEED

C ITN

C LL

C Q " H

C Q ’ f L

c  q i

C Q2

C Q3

C Q4

C Q5

C Q6

C R

C 8P

C I

C THIA

G IK

C I I P

C TRAC

C IS P

C T5P1

C TSP2

C UL

C X Q ''

C YQ' »

G X ( l )

C X (2 )

C X (3 )

C X (4 )

C X (5 )

C X (6 )

C X ( 7 )

C X (8 )

" o f  b e t a

V a l u e  o f  t h e  m em ory l e n g t h  

M emory l e n g t h  f a c t o r  

I n t e g r a t i o n  ( t - i n c r e m e n t a l )  s t e p  

T e r m i n a t i o n  f l a g  

I n t e r v a l  f o r  d a t a  o u t p u t  

I n i t i a l  s e e d  f o r  r a n d o m  g e n e r a t o r  

I n i t i a l i z a t i o n  f l a g  

L o w e r  b o u n d  o n  m in im um  l e v e l  

U p p e r  b o u n d  on  i n p u t  ’ ’ f l o w  r a t e  

L o w e r  " o n  " ' '

F l o w ( l )  / a t  t i m e  t  

" ( 2 )  a t  " t

" ( 1 )  a t  " t - 1

" ( 2 )  a t  " t - 1

" ( 1 )  a t  " t - 2

" ( 2 )  a t  " t - 2

E x p e c t e d  v a r i a n c e  i n  l e v e l  m e a s u r m t  

R e q u i r e d  s e t - p o i n t s  

T im e

V e c t o r  o f  e s t i m a t e d  p a r a m e t e r s  

V e c t o r  o f  t a n k s ’ d i s c h a r g e  c o e f f s .  

T a i l o r i n g  p o l y n o m i a l  

T r a c  o f  c o n f i d e n c e  m a t r i x  

S a m p l i n g  t i m e  i n t e r v a l  

T im e  i n t e r v a l  f o r  c h a n g e s  i n  i n p u t l

i n  in p u t 2  

U p p e r  b o u n d  o n  s t a t e  v a r i a b l e s  

R andom  f l o w  [ 0 , 1 ]  f o r  i n p u t  ’ ’

" [-1,1] " " "
L e v e l  o f  t o p - t a n k  1

o f <1
2

o f t a l x i n g - t a n k  1 a t t i m e t

o f M " 2 a t t

o f II
’■ 1 a t M

t - 1

o f II t
"  2 & rr

l* rr I

o f 11 " 1 a t •< t - 2

o f II
"  2 a t t - 2
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c
C REMARKS:

C SUBROUTINES USED;

C l . 'B N D  : S a t u r a t i o n  r o u t i n e

C 2 .  DIAGN ; D i a g n o s t i c  r o u t i n e  *

C 3 .  ESTMT : R e c u r s i v e  p l a n t  e s t i m a t o r

C 4 .  INPT : I n p u t  r o u t i n e

C 5* INTG ; T - d o m a i n  p l a n t  s i m u l a t o r

G 6 .  NfXTM : N e x t - t i m e  c a l c u l a t i o n  r o u t i n e

C 7 '  OUTPT : O u t p u t  r o u t i n e

C 8 .  FLASS : P o l e - a s s i g n m e n t  c o n t r o l l e r
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C

c
C  A *  *  *  A *  *  *  *  A A *

C A MODULE 1 *

C * USER IN IT IA L IZ A T IO N  *

q A A A A A A A A A A A A

C

C

C PURPOSE: USER IN IT IA L IZ A T IO N  BLOCK

C

C PROCEDURE: USER PROVIDES ALL NECESSARY PARAMETERS AT TRE CONSOLE

C -  ■

C PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS: NONE

C EXTERNAL PARAMETERS:

C IGEN ; R an d o m  n u m b e r  g e n e r a t o r  f l a g

C INFLG: I n i t i a l i s a t i o n  f l a g

C 0  : -  I n i t i a l i s e  w i t h  P ID  c o n t r o l

C 1 :=  " " SELF-TUNER

C 2 :=  .. .. o t h e r  m e th o d

C I S IM  : S i m u l a t i o n  f l a g

C 0 :=  O n - l i n e  w i t h  p l a n t

C 1 :=  O n - l i n e  w i t h  s i m u l a t o r

C ITU N E: C o n t r o l l e r  f l a g

C 0 :® P ID  c o n t r o l

C 1 :=  SELF=TUNER c o n t r o l

c 
c
c  AAA

SUBROUTINE DIAGN

G AAA

C
C PURPOSE: MONITOR THE LEVELS TO ENSURE THAT ANY FAULTY OPERATION

C I S  CLEARED BY REMOVING IN-FLOWS AND REVERTING TO MANUAL

C MODE OPERATION,

C
C PARAMETER DESCRIPTION:
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c  im E M A L  PA&AMETERS: NONE

c
c  EXTERNAL PARAMETERS:

C LEND

C Q1
C Q2
C X

G 
C

c  ***

SUBROUTINE INPT

C * * *

c
G
C PURPOSE: SAMPLE PLANT AND INPUT LEVELS

G

C PROCEDURE: U P2240  MEASUREMENT & CONTROL PROCESSOR APPLICATION

C SOFTWARE I S  USED.

C REF: HP2240A

C 1 -  USERS MANUAL

C 2 -  INSTALLATION MANUAL

C ' L ib r a r y  I n d e x  N um ber: 2 2 4 0 A .0 0 5 .0 2 2 4 0 -9 3 0 0 1

C 1978

C
C PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS: NONE

C
c  EXTERNAL PARAMETERS:

C X

C
c
c A**

SUBROUTINE NXTM

G AAA 

C
C PURPOSE: CALCULATION OF THE TIME TO SAMPLE THE PLANT

0
C PROCEDURE; USE OF H P1000 EXECUTIVE (REAL-TIME) FA C ILITIES.
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C
C PARAMETER DESCRIPTION 

C INTERNAL PARAMETERS: NONE

C
C EXTERNAL PARAMETERS

C TSP

C

C
C * * *

SUBROUTINE OUT FT

Q ***

c ;
C PURPOSE: OUTPUT REQUIRED FLOW-RATES TO THE PLANT.

C
C PROCEDURE: USE OF H P2240 SOFTWARE FACILITIES AS FOR INPT ROUTINE.

C
C PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS: NONE

C
C EXTERNAL PARAMETERS

C Q1

Q2C



1 4 8

c 

c
Q * * * * * * * * * * * *

C * MODULE 2 *

G * T-DOMAIN SIMULATION *

C * * * * * * * * * * * *

c 
c

c  ***

SUBROUTINE INTO

C * * *

c ^
c
C PURPOSE: NON-LINEAR TIME-DQMAIN PLANT SIMULATION IMPLEMENTATION

C

C PROCEDURE! FLOW IS  INTEGRATED OVER ONE SAMPLE INTERVAL.

C A 4TR ORDER RUNGE-KUTTA ROUTINE PERFORMS TH IS

C INTEGRATION IN  'NSTP' INTEGRATION STEPS.

G
C PARAMETER DESCRIPTION:

C EXTERNAL PARAMETERS:

C H

0 .

C ' TIN

C T

G TSP

C X
C INTERNAL PARAMETERS:

G D : V e c t o r  o f  s t a t e s

G t i m e - d e r i v a t i v e s

G NSTP: N o . i n t g r .  s t e p s

G RES : M e a s n t t .  r e s o l u t i o n

G STOR: S t o r a g e  r e g i s t e r s

C

G REMARKS:

C SUBROUTINES USED:

G 1 .  RGKT



SUBROUTINE RGKT

Q *A*

c
C PURPOSEi IMPLEMENTATION OF A 4TH ORDER RUNGE-KUTTA ALGORITHM

G TO INTEGRATE OVER ONE COMMUNICATION INTERVAL.

C
C PROCEDURE:

C T H IS  SUBROUTINE I S  ENTERED FOUR TIMES FOR EACH

C INTEGRATION STEP , AT THE SECOND & FOURTH ENTRANCES

C "T" BEING INCREMENTED BY " H /2 " .

0  AT A PRE-SPECIFTED FREQUENCY THE OUTPUTS ARE

C CONTAMINATED WITH NOISE WITH A VARIANCE OF THE SAME

C ORDER AS THAI PREDICTED FOR THE LEVEL MEASUREMENT .

C THEORY REF: "BASIC NUMERICAL METHODS"

G T .J.Y PM A  ; P P .Z 6 9 -2 3 5

0
C PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS:

C K : V e c t o r  R u n g e - K u t t a

C 4 - p o i n t  f u n c t i o n s

C XS : V e c t o r  o f  s t a t e s

C a t  p r e v i o u s  s t e p

C EXTERNAL PARAMETERS:

C H

C T

c  X

c
C REMARKS:

C SUBROUTINES USED:

C I ,  SDER

C

C

Q ***
SUBROUTINE SDER



150

\

c

c
c

c

G

C

C

C

C
G

C
C
c
c
c
c
c
c
c
c
G

c
c
G ***

C AA*

C
c
G

C
G

C
C
0
G

PURPOSE: IMPLEMENTATIOH OF PLANT DYNAMIC MODEL.

TIM E-DERIVAIIVES OF THE STATES ARE CALCULATED,

PROCEDURE: THE PLANT STATE EQUATIONS ARE USED TO CALCULATE

THE TIME-DERIV AT IVES OF* THE STATES AND THE RESULT I S  

STORED IN  D-VECTOR. THE INTEGRATION ROUTINES ARE THEN 

USED TO CALCULATE THE CORRESPONDING STATE VALUES.

PARAMETER DESCRIPTION:

INTERNAL PARAMETERS:

U : F l o w - L e v e l  n o n - l i n e a r  

t r a n s f e r  f u n c t i o n

EXTERNAL PARAMETERS;

D

STOR

T

X

REMARKS:

SUBROUTINE USED:

1 .  END

FUNCTION BND(X*UL,LL)

PURPOSE: SIMULATION OF A SATURATION NON LINEARITY

PARAMETER DESCRIPTION:

INTERNAL PARAMETERS: NONE 

EXTERNAL PARAMETERS;

LL : L o w e r  l i m i t  

UL : U p p e r  l i m i t  

X : I n p u t / O u t p u t  v a l u e
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c
c
0
c
G

C

C

c
G

C
C

C
C
G

C
C
C
C
C
C
G

C
C
C
C

C
G

c
c
c
G

C
G

C
C

C
c

* * * * A * * ) ! < * *  * A * *

*  MODULE 3 *

* LEAST-SQUARES ESTIMATOR *
* * * * * * * * * * * * * *

* * *

** *

SUBROUTINE ESTMT

PURPOSE: MULTIVARIABLE LEASI-SQUARE8 IDENTIFICATION ROUTINE

PROCEDURE: A RECURSIVE LEAST-SQOARES ALGORITHM I S  USED TO IDENTIFY  

THE PARAMETERS OF A SUITABLE PLANT MODEL. USE IS  MADE 

OF A VARIABLE FORGETTING FACTOR TO WEIGHT FRESH DATA 

ACCORDING TO IT S  INFORMATION CONTENT.

THEORY REF; " SYSTEM IDENTIFICATION -  A SURVEY" 

K.J.ASTROM & P.EYKHOFF 

AUTOMAIICA -  VOL.? -  1 9 7 1

PARAMETER DESCRIPTION;

INTERNAL PARAMETERS:

C l

C2
C3
C4

OS

C?

CS
CIO

FFA

FFB

FN

W ork a r r a y
»» I#

E s t i m a t o r  l e v e l s  

E r r o r  v a r i a n c e  

C o r r e c t i o n  f r c t o r  

f o r  e s t i m a t e s  

W ork  a r r a y

C o r r e c t i o n  f a c t o r  

f o r  c o v a r i a n c e  

L o o p l  e * * 2 / v a r n c e  

Loopa " "
A s y m p t o t i c  m em ory  

l e n g t h



C FF1 : ( f f a 4 - f f b ) = d i m ( o u t )

C GAMA: Gamma m a t r i x

C PHY : E s t i m a t o r  g a i n

C TERR: E r r o r  t r a n s p o s e

C EXTERNAL PARAMETERS:

C ALFI

C BET I

C CO VI

C C0V2

C COV : C o v a r i a n c e  m a t r i x

C f  ERR : E r r o r  i n  e s t i m a t e s

C FET. : F o r g e t t i n g  f a c t o r

C PSY : M e a s u r e m e n t  v e c t o r

C R

C TBTA: V e c t o r  e s t i m a t e s

C TPSY: T r a n s p o s e  o f  PSY

C TRAC: T r a c e  COV m a t r i x

C
C REMARKS:

C SUBROUTINES USED:

Cl 1 ,  BiVO

C 2 ( PRSB' : F o r m a t i o n  o f  m e a s u r e m t  v e c t o r

C

c  ***

SUBROUTINE FRSB

C * * *

c
C PURPOSE: FORMATION OF THE MEASUREMENT FROMIN/OUT DATA

C
C PROCEDURE; PRESENT & LAST TWO SAMPLES OF DATA ARB ARRANGED

ACCORDING TO PRESPEOIFIED PATTERN, THIS PATTERN 

DEPENDS ON THE POSITION OF THE CORRESPONDING 

ELEMENTS IN  THE ’VECTOR OF ESTIMATES’ .

C PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS: NONE

C

C
C
C
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EXTERNAL PARAMETERS: ALL

■ ?
\V-

I
I

- V  .

V

a

v .il
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C
C

c
c
c
G

C

C

G

c
c
c
G

C

C

c
c
G

C

G

C
G

C

C

G

C

C

C

C

C

c
c
c
G

C

C

c

* * * * * * * * * * * * * * * *

* MODULE 4 *

* POLE-ASSIGNMENT CONTROLLER * 

* * * * * * * * * * * * * * * *

* * *

* * *

SUBROUTINE PLASS

PURPOSE: IMPLEMENTATION OF A 'CLASSICAL' POLE-ASSIGNMENT

CONTROLLER SYNTHESIS ROUTINE.

PROCEDURE: THE THEORETICAL CONCEPTS DISCUSSED IN CHAPTER 3 ARE 

IMPLEMENTED TO OBTAIN AN ON-LINE ERROR ACTUATED 

CONTROLLER.

PARAMETER DESCRIPTION:

EXTERNAL PARAMETERS:

IN I

Q " H

Q " L

Qi
Q2
Q3
Q4

SP

T

TKCA

TLP

X

INTERNAL PARAMETERS;

F I  : C o n t r o l l e r  m a t r i x  

GO : "



c
c
c
c
c
c
c
c
G

C
c

c
c
c
c
G

C

C

C

G

C

C

C

C

C

c
c
c
c
G

C

C

c
c
c

A l l  o t h e r  m a t r i c e s  a r e  

w o rk  a r r a y s .

REMARKS:

SUBROUTINES USED:

1 .  XINV : M a t r i x  i n v e r s i o n

2 .  XMLT : " m u l t i p l i c a t i o n

***

SUBROUTINE X IN V (A ,N )

* * *

PURPOSE: MATRIX INVERSION

PROCEDURE: THE GAUSS-JORDAN METHOD WITH COMPLETE PIVOTING I S  USED.

PARAMETER DESCRIPTION:

INTERNAL PARAMETERS:

B : W ork  a r r a y

EXTERNAL PARAMETERS;

A : R e s u l t  

N : M a t r i x  o r d e r

REMARKS:

THEORY REF: "FORTRAN WITH ENGINEERING APPLICATIONS" 

D .D .  McCRACKEN 

J .  W IL E Y (1967)

***

SUBROUTINE XMLT(A,B.yG ,L ,M ,N )

**A

PURPOSE: MATRIX MULTIPLICATION
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C
G PARAMETER DESCRIPTION:

C INTERNAL PARAMETERS: NONE

G
C EXTERNAL PARAMETERS:

C A : L e f t - h a n d  m a t r i x

C B : R i g h t -  " "

C C . R e s u l t

C L : N o .  r o w s  o f  A

C M : N o .  c o In in s  o f  A

C N : N o .  c o l m n s  o f  B

C /



APPENDIX 3 

USER INITIAL DIALOGUE



ENTER VALUE OF SIMULATION FLAG:

ENTER VALUE OF SELF-TUNNING FLAG:

ENTER PLANT IN IT IA L ISA T IO N  FLAG:

ENTER VALUE OF IN IT IA L  FLOW RATE FOR BOTH MOTOR PUMPS: 

SAMPLING INTERVAL,H & LU:

ENTER VALUE OF IN IT IA L  ESTIMATES .UNCERTAINTY & MEMORY LENGTH 

OOV. OF LEVELS & MEMORY LENGTH FACTOR:

ENTER INTERVAL FOR DATA OUTPUT:

ENTER REQUIRED SET POINTS:

ENTER IN IT IA L  TUNNING-IN TIME & TIME OFFSET:

ENTER TAYLDRING POLYNOMIAL FOR L O O P (l):

ENTERTAYLORING POLYNOMIAL FOR LOOP(2) :

ENTER FLOW BOUNDS FOR L O O P ( l ) :

ENTER FLOW BOUNDS FOR LOOP( 2 ) :



APPENDIX 4 

FORMAT OF DATA PRINTOUTS
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C

C DATA, STORAGE EXPLANATORY LISTING

C

C

C LOADR COMMAND TO PERFORM THE FOLLOWING

C

$ F I L E S ( 1 2 , 1 2 )

C

C OPENING OF REQUIRED UNITS

C

OPENCFILE^VDATl' ,UNIT=17',STATUS=,N E W ')

O PE N (FIL E = ' DAI 2 '  ,UNIT=-18, STATUS”  'NEW' )

OPEN( F I L E = ' DAT1 0 ' , UNIT“ 1 9 » STAT U 8“ ’ NEW' )

0 PEN( F IL E = ' DAT1 1 ' , UNIT= 2 0 , STATU S = ’NEW1 ) 

O P E N (F IL E = iD A T 30 ',U N IT = 21 ,S T A T U S = 'N E W ')

O PE N (FIL E = ' DAT20 ’ ,U N IT « 2 3 , STATUS®' N n r  )

OPEN(FILE®’DAT21' ,U N 1T =24 , STATUS®' NEW' )

OPEN(FILE®’ DAT1 2 > jUNIT®2 5 , STATUS®’ NEW' )  

0PEN(BTLE®'DAT22',UNIT"26,STATUS«'NEW *) 

0PEN(FILE='DAT50',UNTT=27,STATUS='NEW ')  

0R E N (FiL E ® 'D A I51t,U N lT =28,ST A T U S"'N E W ') 

0P E N (FIL E »'D A I52',U N IT *29*ST A T U S='N E W ')

C

C STORAGE OF IN/OUT DATA

C
W R IT E (1 7 ,5 0 O O )T ,X (3 ) ,S P ( l) ,Q l  

W R I T E (1 8 ,5 0 0 0 )T ,X (4 ) ,S R (2 ) ,Q 2  

5 0 0 0  P 0 E M A T (2 X ,I 6 ,2 X ,G 1 3 ,6 ,2 X ,G I 3 .6 ,2 X ,G 1 3 .6 )

C

G STORAGE OF ESTIMATOR ROUTINE DATA

C

W R IT E (1 9 ,5 0 0 0 )T ,F F I ,T H T A (1 ,1 ) ,T H T A (3 ,1 )  

W R I T E ( 2 0 ,5 0 0 5 ) T ,T K r A ( 5 , l ) ,T H T A ( 7 , l ) ,T R r A ( 9 , l ) ,T H T A ( l l , l )  

W R IT E R 5 0 0 0 )T ,T R A C E ,G A M A (l,l) ,G A M A (2 ,2 )

5 0 0 5  F 0 R M A T (2 X ,I 6 ,2 X ,G 1 3 ,6 ,2 X ,G 1 3 .6 ,2 X ,G 1 3 .6 ,2 X ,G 1 3 .6 )  

W R IT E (2 3 ,5 0 0 0 )T ,F F I ,T H T A (2 ,1 ) ,T H T A (4 ,1 )  

W R I T E ( 2 4 ,5 0 0 5 )T ,T H T A (6 ,I ) ,T H T A (8 ,l ) ,T H T A (1 0 ,l ) ,T m !A ( l2 , l )



WRITE( 2 5 , 5 0 1 0 ) T ,E R R ( 1 , 1 )  ,T E T A (9 , 1 )  

W R IT E (2 6 ,5 0 1 0 )T ,E R R (2 ,1 ) ,T H T A (1 0 ,1 )

5 0 1 0  E 0 R M A T (2 X ,I6 ,2 X ,G 1 2 .6 ,2 X * G 1 2 .6 ,2 X ,G 1 Z .6 )

C
C STORAGE OF CONTROLLER ROUTINE DATA

C

W R lT E ( 2 7 » 4 0 O O ) T ,G 0 ( l , l ) ,G 0 ( 2 , l ) ,G O ( l ,2 ) ,G O ( 2 ,2 )

m H E ( 2 8 , 4 0 0 0 ) T , G l ( l , l ) , G l ( 2 , l ) , G l ( l , 2 ) , G l ( 2 , 2 )  

W R I T E ( 2 9 ,4 0 0 0 ) T ,F 1 ( 1 ,1 ) ,F 1 ( 2 ,1 ) ,F 1 ( 1 ,2 ) ,9 1 ( 2 , ' 2 )  

4 0 0 0  F 0 E M A T (2 X ,I 6 ,2 X ,G 1 3 '6 ,2 X ,G 1 3 .6 ,2 X ,G 1 3 .6 ,2 X ,G 1 3 .6 )

G

C CLOSING OF THE UNITS ( o n l y  p e r f o r m e d  a t  e n d  o f  r u n )

C , ( i e .  w h e n  IEND=1 )

C

C L 0SE (17)

C L 0SE (18)

C L 0SE (19)

C L 0SE (20)

CLOSE(21)

C L 0SE (22)

CLOSE(24)

C L 0SE (25)

C L 0SE (26)

CL0SE(27)
C L 0SE (28)

C L 0SE (29)
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ON-LINE USER INTERACTIVE DIALOGUE



16 3

C
G * * *

PROGRAM SETPT

C ***

c
C PURPOSE: ON-EINE 8M'-POINT & OPERATIONAL MODE MODIFICATION,

C
C PROCEDURE; SYSTEM COMMON BLOCK AREA I S  UPDATED ON CORRECT
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