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The Application of Adaptive Fuzzy Control to a Warm Water Process

Stephen E. McCormac Dip. E.E. B.Sc. (Eng)

This thesis presents research performed to investigate the current state-of-the-art in the field of 
adaptive fuzzy control. This research consists of two main parts, a detailed literature survey 
and the application of a chosen adaptive fuzzy control strategy to a non-linear coupled multi- 
variable plant.

As a direct result o f the literature survey, the field of adaptive fuzzy control is categorised into 
three main classes, stand-alone adaptive fuzzy control, neural-fuzzy adaptive fuzzy control and 
hybrid adaptive fuzzy control. This research focuses on stand-alone adaptive fuzzy controller, 
with emphasis placed on those strategies that adapt on-line during plant control. Both direct 
and indirect adaptive fuzzy control paradigms are chosen for closer investigation through 
simulation.

The non-linear coupled multi-variable plant used in this research is a warm water process 
which consists of a process reaction tank with hot and cold inlets and an outlet. The outlet 
temperature and flow variables serve as controlled variables. After the design, development 
and construction of a hardware/software interface between the plant and a computer, three 
modelling strategies are applied to the plant - physical first principles, artificial neural networks 
and adaptive fuzzy modelling. During the modelling of the plant, an adaptive fuzzy modelling 
strategy, entitled supervised adaptive fuzzy modelling, is developed.

Based on simulation results, an indirect adaptive fuzzy controller is chosen as a basis for 
control of the real plant. This control paradigm is developed into a single step predictive fuzzy 
control strategy utilising the supervised adaptive fuzzy models in combination with a reference 
model to control the plant. Single and multi-variable control are achieved in simulation while 
single variable control is realised on the real plant.

The thesis concludes with further suggestions for research which include an algorithm for the 
extension of the prediction horizon of the single step predictive fuzzy controller, thus creating 
the multi-step predictive fuzzy controller.



Chapter 1 - General Introduction to the Thesis

T h is  r e s e a r c h  is  c o n c e r n e d  w ith  th e  in v e s t ig a t io n  in to  m e th o d s  f o r  a d a p t iv e  fu z z y  

c o n t r o l .  T h is  c o n t r o l  p a r a d ig m  is  in v e s t ig a te d  u t il is in g  t w o  m e th o d s , th e  f i r s t  o f  

w h ic h  is  a  r e v ie w  a n d  e v a lu a t io n  o f  th e  c u r r e n t  th e o r ie s  r e g a r d in g  a d a p t iv e  fu z z y  

c o n t r o l  p a r a d ig m s . T h is  th e o r e t ic a l  d is c u s s io n  b a s e d  o n  a  d e ta ile d  l ite r a tu re  s u r v e y  is 

th e n  a u g m e n te d  b y  th e  a p p lic a t io n  o f  a n  a d a p t iv e  f u z z y  c o n tro l m e th o d  to  a  n o n -lin e a r  

p la n t . T h e  p r a c t ic a l  a p p lic a t io n  is  h e r e b y  d iv id e d  in to  fo u r  s e c t io n s  :

•  th e  d e s ig n  a n d  c o n s t r u c t io n  o f  in te r fa c e  h a r d w a r e  a n d  s o f t w a r e  b e tw e e n  th e  

p la n t  a n d  a  c o m p u te r ,

•  th e  d e v e lo p m e n t  a n d  e v a lu a t io n  o f  p la n t  m o d e ls ,

•  th e  d e s ig n  a n d  s im u la t io n  o f  t w o  a d a p t iv e  fu z z y  c o n t r o l le r  s t r a t e g ie s  a n d  o n e  

c la s s ic a l  a d a p t iv e  c o n t r o l  m e th o d  fo r  th e  p la n t  u s in g  th e  p la n t  m o d e ls  fo r  

e v a lu a t io n  a n d

•  th e  a p p r a is a l  o f  a n  a d a p t iv e  f u z z y  c o n tro l p a r a d ig m  th r o u g h  its  a p p lic a t io n  to  

th e  r e a l  p la n t .

1.1. Overview of Chapter Structure
C h a p t e r  1 ,  s e r v in g  a s  an  in tro d u c t io n  to  th e  th e s is , p r e s e n t s  in  Section 1.2. a  s y n o p s is  

o f  a d a p t iv e  fu z z y  c o n t r o l .  T h is  is  f o l lo w e d  b y  a  g e n e r a l  d e s c r ip t io n  o f  th e  n o n - lin e a r  

p la n t  u s e d  f o r  th e  p r a c t ic a l  a p p lic a t io n  o f  an  a d a p t iv e  f u z z y  c o n t r o l  s t r a t e g y  in  Section
1.3. T h e  f in a l  Section 1.4. g i v e s  a  d e t a i le d  d e s c r ip t io n  o f  th e  s tru c tu re  o f  th is  th e s is .

1.2. Adaptive Fuzzy Control

1.2.1. Development
S in c e  th e  e a r ly  n in e te e n  e ig h t ie s  th e  n u m b e r  o f  in d u s tr ia l a p p lic a t io n s  o f  f u z z y  lo g ic  

h a s  g r o w n  d r a m a t ic a lly  [ 1 ] ,  T h is  n o v e l m a th e m a tic a l t h e o r y ,  f i r s t  c o n c e iv e d  b y  L o f t i  

Z a d e h  in  1 9 6 5 ,  h a s  s in c e  d e v e lo p e d  in to  a  p o w e r fu l  a n d  e f f e c t iv e  e n g in e e r in g  to o l 

[ 2 , 3 ] ,  F u z z y  lo g ic  e x p a n d s  th e  c o n c e p t  o f  c la s s ic a l  b iv a le n t  s e t  m e m b e rs h ip  to  e n a b le  

th e  p a r t ia l  o r  “ f u z z y ”  m e m b e rs h ip  o f  an  o b je c t  to  a  s e t ,  th u s  e n a b lin g  th e  

in c o r p o r a t io n  o f  a  m o r e  h u m a n  a p p r o a c h  to  s e t  th e o r y .  A s  s e t s  c a n  r e p r e s e n t  h u m a n  

c o n c e p t s  s u c h  a s  large, hot o r  far, f u z z y  lo g ic  g iv e s  th e  e n g in e e r  a  m a th e m a tic a l
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f r a m e w o r k  f o r  th e  re p re s e n ta t io n  o f  e x p e r t  h u m a n  k n o w le d g e  w h ic h  is  o fte n  

in t r in s ic a l ly  in  a. fuzzy  l in g u is t ic  fo r m  [ 1 , 2 , 3 ] .

T h e  m a in  a r e a  o f  a p p lic a t io n  f o r  fu z z y  lo g ic  is  process control [ 1 , 2 , 3 ] ,  F iv e  r e a s o n s  

o f t e n  c it e d  f o r  th e  a d v o c a c y  o f  th e  u s e  o f  f u z z y  lo g ic  f o r  p r o c e s s  c o n tro l a re  [4 ] :

•  s h o r te r  " t im e  to  m a r k e t"  f o r  p ro d u c ts  u t i l is in g  f u z z y  lo g ic ,

•  m o r e  r o b u s t  c o n t r o l  c h a r a c t e r is t ic s ,

•  c o n tro l o f  p r o c e s s e s  th a t c o u ld  n o t p r e v io u s ly  b e  c o n t r o l le d  u s in g  c o n v e n t io n a l

c o n t r o l  s t r a t e g ie s ,

•  n o  n e c e s s it y  f o r  a  c o n t r o l th e o r y  e x p e r t  a n d

•  a  m a t h e m a t ic a l  m o d e l  o f  th e  s y s t e m  to  b e  c o n t r o l le d  is  n o t  re q u ire d .

T h r o u g h  th e  u s e  o f  fu z z y  lo g ic ,  th e  e x p e r t  k n o w le d g e  o f  a  p la n t  o p e r a t o r  c a n  b e  

t r a n s fo r m e d  in to  a  c o n t r o l  a lg o r ith m . T h is  a lg o r ith m ic  re p re s e n ta t io n  o f  h u m a n  

e x p e r t  k n o w le d g e  c a n  th e n  b e  u t i l is e d  f o r  a u to m a te d  c o n t r o l  o f  th e  p la n t  in  q u e s t io n . 

M a n y  s u c c e s s fu l  im p le m e n t a t io n s  o f  th is  ty p e  o f  c o n t r o l le r  h a v e  b e e n  re p o rte d  [5 ] .

A s  th e  a w a r e n e s s  o f  f u z z y  c o n tro l d e v e lo p e d  w ith in  th e  e n g in e e r in g  c o m m u n ity  s o  to o  

d id  th e  n e e d  f o r  a d a p t iv e  fu z z y  c o n t r o l  s t r a t e g ie s  [6] . T h is  a d a p t iv e  c a p a b il ity  w a s  to  

e n a b le  b e tte r  c lo s e d  lo o p  c o n t r o l  o f  th e  n o n - lin e a r  t im e  v a r y in g  p la n t  o v e r  a  w id e r  

r a n g e  o f  o p e r a t in g  p o in ts  a s  c o m p a r e d  to  its  n o n -a d a p t iv e  fu z z y  c o n t r o l le r  

c o u n te r p a r t .  M o r e o v e r ,  it w a s  h o p e d  th a t , a s  a  fu z z y  c o n t r o l a lg o r ith m  c a n  b e  

l in g u is t ic a l ly  in te rp r e te d , a n  a d a p t iv e  fu z z y  c o n t r o l le r  c o u ld  teach a  h u m a n  o p e r a t o r  

a n  im p r o v e d  c o n t r o l  p o l ic y  f o r  th e  p la n t  [6].

1 . 2 . 2 .  C a t e g o r i s a t i o n

T h e  f i r s t  s te p  u n d e r ta k e n  in  th is  r e s e a r c h  w a s  th e  c a te g o r is a t io n  o f  a d a p t iv e  fu z z y  

c o n t r o l  s t r a t e g ie s  b y  m e a n s  o f  a  lit e r a tu re  s u r v e y .  R e s u lt in g  f r o m  th is  s tu d y , th re e  

c la s s e s  o f  a d a p t iv e  f u z z y  c o n t r o l le r s  w i l l  b e  u s e d :

•  Neural-Fuzzy Methods - c o m b in a t io n s  o f  a r t if ic ia l  n e u ra l n e t w o r k s  a n d  fu z z y  

a lg o r ith m s ,
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• Hybrid Adaptive Fuzzy Controllers - c o m b in a t io n s  o f  fu z z y  a lg o r ith m s  an d  

c la s s ic a l  c o n tro l s t r a te g ie s  b a s e d  o n  d y n a m ic  s y s te m s  th e o r y , a n d

• Stand Alone Adaptive Fuzzy Controllers - o n ly  u t il is in g  f u z z y  a lg o r ith m s .

T h e  Neural-Fuzzy Methods c a n , f o r  e x a m p le ,  c o n v e r t  a  f u z z y  a lg o r ith m  to  a  n e u ra l 

n e t w o r k  s t r u c tu r e  a n d  th e n  tra in  th e  s o  fo r m e d  n e u ra l n e t w o r k  w ith  m e a s u r e d  d a ta . 

T h is  c o r r e s p o n d s  to  th e  in it ia lisa t io n  o f  a  n e u ra l n e t w o r k  w ith  lin g u is t ic  e x p e r t  

k n o w le d g e  [ 7 ] ,  A n o t h e r  s ta n d a rd  a p p r o a c h  a m o n g  th e  n e u r a l- fu z z y  m e th o d s  is  to  

u t i l is e  th e  le a r n in g  m e th o d s  f r o m  th e  n e u ra l n e t w o r k  f ie ld  to  a d a p t  s o m e  a s p e c t  o f  a  

fu z z y  lo g ic  a lg o r it h m  [8] .  S u c h  a lg o r ith m s  c a n  b e  a p p lie d  to  e ith e r  e m u la te  th e  

c o n t r o l  b e h a v io u r  o f  an  o p e r a t o r  o r  to  d e v e lo p  an  in v e r s e  m o d e l o f  a  p la n t  f o r  u s e  a s  

c o n t r o l le r  [9 ] .

T h e  Hybrid Adaptive Fuzzy Controller p a r a d ig m s  c o m b in e  th e  l in g u is t ic  c a p a b ilit ie s  

o f  f u z z y  lo g ic  a n d  th e  d e te rm in is t ic a lly  p r o v e n  c la s s ic a l  c o n t r o l le r  d e s ig n s . O n e  

c o m m o n  e x a m p le  o f  th e  h y b r id  a d a p t iv e  fu z z y  c o n t r o l le r  is  a  s e lf - tu n in g  P I D  

c o n t r o l le r  w h ic h  u t il is e s  a  fu z z y  a lg o r it h m  to  tu n e  th e  g a in  p a r a m e te r s  o f  a  P I D  

c o n t r o l le r  [ 1 0 ] ,  T h is  e x a m p le  th u s  e x p lo i t s  th e  a lg o r ith m ic  re p r e s e n ta t io n  o f  h o w  a  

h u m a n  o p e r a t o r  w o u ld  tu n e  a  P I D  c o n t r o l le r  b y  s to r in g  th e  e x p e r t  k n o w le d g e  in  a  

f u z z y  a lg o r ith m .

T h is  th e s is ,  h o w e v e r ,  c o n c e n t r a te s  o n  th e  S ta n d  A lo n e  A d a p t iv e  F u z z y  C o n tr o l le r .  

T h is  t y p e  o f  a d a p t iv e  fu z z y  c o n t r o l le r  u t il is e s  s o m e  fo r m  o f  a d a p ta t io n  a lg o r ith m  to  

a d ju s t  th e  p a r a m e te r s  o f  a  fu z z y  c o n t r o l le r .  T h e  f o r m  o f  th e  f u z z y  c o n t r o l le r  is  o f  

s e c o n d a r y  im p o r ta n c e , th e  m a in  c h a r a c t e r is t ic  is  th a t n o  c la s s ic a l  c o n t r o l le r  o r  a r t i f ic ia l  

n e u r a l  n e t w o r k s  a r e  in c o r p o r a t e d  in  th e  d e s ig n . O n e  e x a m p le  o f  th is  m e th o d  is  th e  

u s e  o f  o r th o g o n a l  l e a s t  s q u a r e s  to  a d a p t  an  in v e r s e  m o d e l o f  th e  p la n t  to  b e  c o n t r o lle d

[11].

1.2.3. Adaptation
T h e  a d a p ta t io n  o f  a  fu z z y  c o n t r o l le r  c a n  b e  p e r fo r m e d  b y  e ith e r  o n - lin e  o r  o f f - l in e  

m e t h o d s :

•  T h e  off-line m e th o d s  u t il is e  a  s im u la t io n  m o d e l o f  th e  p la n t  to  b e  c o n t r o l le d  to  

o p t im is e  th e ir  s im u la te d  c lo s e d  lo o p  c o n t r o l p e r fo r m a n c e  th r o u g h  a d a p ta t io n . 

T h u s  in  o r d e r  to  a c h ie v e  g o o d  c o n t r o l  p e r fo r m a n c e  an  a c c u r a t e  s im u la t io n  m o d e l 

o f  th e  p la n t  is  r e q u ire d . T h e  m a th e m a tic a l m o d e ls  o f  m a n y  p la n ts  a re , h o w e v e r ,
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s im p lif ic a t io n s  w h ic h  a re  o fte n  in a c c u r a te . T h is  in a c c u r a c y  c a n  le a d  to  p o o r  

c o n t r o l  p e r fo r m a n c e  o f  a n  o f f - l in e  o p t im is e d  a d a p t iv e  fu z z y  c o n tro lle r .

•  In  c o n t r a s t  to  th e  o f f - l in e  a d a p t iv e  fu z z y  c o n t r o l le r s ,  th e  on-line m e th o d s  a re  

c a p a b le  o f  a d a p t in g  to  th e  r e a l  p la n t  w h ile  c o n t r o l l in g  it . T h is  e n s u re s  th a t th e  

a d a p ta t io n  o f  th e  fu z z y  c o n t r o l le r  w il l  s e r v e  to  o n ly  im p r o v e  its  c lo s e d  lo o p  

c o n t r o l  p e r fo r m a n c e .

T h is  r e s e a r c h  p la c e s  m o r e  e m p h a s is  o n  th e  o n - lin e  a d a p ta t io n  o f  a  fu z z y  c o n t r o l le r  a s  

th is  s t r a t e g y  c le a r ly  h a s  m o re  p o te n t ia l  f o r  g o o d  c lo s e d  lo o p  c o n t r o l  p e r fo r m a n c e  th an  

th e  o f f - l in e  a d a p t iv e  f u z z y  c o n tro l m e th o d s .

1.3. Brief Description of the Chosen Plant
A s  it  h a s  b e e n  c la im e d  th a t f u z z y  lo g ic  c o n t r o l  is  e s p e c ia lly  s u it e d  to  th e  c o n t r o l  o f  

n o n - l in e a r  i l l- d e f in e d  s y s te m s , ju s t  su c h  a  p la n t  w a s  d e e m e d  to  b e  b e s t  s u ite d  f o r  a  

p r a c t ic a l  e x a m in a t io n  o f  th e  c a p a b il i t ie s  o f  a d a p t iv e  fu z z y  c o n t r o l le r s  [ 1 2 ] .  B e c a u s e  

th e  a d a p t iv e  f u z z y  c o n t r o l le r  c a n  r e q u ir e  c o n s id e r a b le  p r o c e s s in g  t im e , th e  p la n t 

d y n a m ic s  n e e d e d  to  b e  s lo w  to  a l lo w  lo w  s a m p lin g  f r e q u e n c ie s  a n d  th u s  m o re  

p r o c e s s in g  t im e  f o r  th e  c o n t r o l le r  a lg o r ith m s . H e n c e , a  warm water process plant 
with slow dynamics w a s  c h o s e n  a s  th e  p la n t  f o r  th is  re s e a r c h . T h is  p r o c e s s  p la n t  c a n  

b e  c h a r a c t e r is e d  b y  th e  f o l lo w i n g  :

•  Construction -  a  c y l in d r ic a l  ta n k  w ith  o n e  h o t  in le t , o n e  c o ld  in le t  a n d  o n e  

o u t le t .  T h e  in le t  f lo w s  a re  c o n t r o l la b le ,  b o th  in le t  te m p e r a tu r e s  a r e  n o n -  

c o n t r o l la b le  w ith  o n ly  th e  h o t  in le t  te m p e ra tu re  b e in g  m e a s u r a b le . T h e  o u t le t  

f lo w  a n d  te m p e ra tu re  a re  b o th  m e a s u r a b le  a n d  c o n t r o l la b le .

•  Multivariable system - w ith  o u t le t  f lo w  a n d  te m p e r a t u r e  s e r v in g  a s  th e  

c o n t r o l le d  v a r ia b le s  a n d  th e  h o t  a n d  c o ld  in le ts  a s  in p u ts  r e s u lt in g  in  a  t w o  in p u t 

- t w o  o u tp u t  s y s t e m .

•  Non-linear - th e  p la n t  h a s  a  w e l l  k n o w n  n o n - lin e a r  o u t le t  f lo w  c h a r a c t e r is t ic  a n d  

u n k n o w n  n o n - l in e a r  o u t le t  te m p e ra tu re  b e h a v io u r .

•  Slow dynamics - a l lo w in g  s lo w e r  s a m p lin g  ra te s  a n d  th u s  m o r e  p r o c e s s in g  t im e .

•  Industrial sensors and actuators -  a l l  s e n s o r s  a n d  a c tu a to rs  a re  c u r r e n t ly  u s e d  in 

in d u s t r y  w it h  a ll  t r a n s d u c e r  s ig n a ls  t r a n s m it te d  o v e r  4 - 2 0 m A  c u rr e n t  lo o p s .
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H a v in g  d e c id e d  o n  th is  w a r m  w a t e r  p r o c e s s  f o r  th e  p r a c t ic a l  in v e s t ig a t io n  to  b e  

p e r fo r m e d  in  th is  r e s e a r c h , th e  n e x t  s te p  w a s  to design and construct both hardware 

and software to  a l lo w  th e  in t e r fa c in g  o f  th e  w a r m  w a t e r  p r o c e s s  to  an  I B M  

c o m p a t ib le  P C  c o m p u te r . T h e  n e c e s s a r y  in t e r fa c e  h a r d w a r e  is  an  in s tru m e n ta tio n  

a m p lif ie r  to  c o n d it io n  th e  w a r m  w a t e r  p r o c e s s  s e n s o r  s ig n a ls  f o r  a n a lo g u e  to  d ig ita l 

c o n v e r s io n .  T h e  c o n s t r u c te d  a m p lif ie r  is  a  s ix  c h a n n e l t w o  s t a g e  a m p lif ie r  w ith  

in t e g r a t e d  a n t i-a lia s in g  f i lte r s .  T h e  in t e r fa c e  s o f t w a r e  is  an  in te rru p t  d r iv e n  s o f t w a r e  

s t r u c tu r e  w r it te n  in  th e  A N S I  C  p r o g r a m m in g  la n g u a g e  th a t p r o v id e s  th e  f r a m e w o r k  

f o r  b o th  d a ta  a c q u is i t io n  f r o m  a n d  c lo s e d  lo o p  c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s .

T h e  in t e r fa c in g  o f  th e  p la n t  to  a  c o m p u te r  p r o v id e d  th e  b a s is  f o r  th e  d e v e lo p m e n t  o f  

p la n t  m o d e ls  a n d  th e  d e s ig n  a n d  te s t in g  o f  an  a d a p t iv e  fu z z y  c o n t r o l  s t r a t e g y  f o r  th e  

w a r m  w a t e r  p r o c e s s .  A n  o v e r v ie w  o f  th e  m o d e ll in g  a n d  c o n t r o l  o f  th e  w a r m  w a t e r  

p r o c e s s  is  g iv e n  in  th e  n e x t  S e c t io n  1 . 3  o f  th is  c h a p te r  w h ic h  d e s c r ib e s  th e  s tr u c tu re  

o f  th e s is  a n d  th e  c o n te n ts  o f  e a c h  c h a p te r .

1.4. Overview of the Thesis Structure
T h is  th e s is  c o n s is t s  o f  s e v e n  C h a p t e r s  a ll o f  w h ic h  - e x c lu d in g  th is  g e n e ra l  

in t r o d u c t o r y  Chapter 1 -  a re  d e ta ile d  in  th e  f o l lo w i n g  d e s c r ip t io n  :

• Chapter 2 - "Fuzzy Logic and Fuzzy Control”, in t r o d u c e s  th e  f u z z y  lo g ic  

c o n t r o l le r  a n d  d e f in e s  s o m e  b a s ic  te r m in o lo g y  f r o m  th e  f ie ld  o f  f u z z y  c o n tro l 

w h ic h  is  u s e d  th r o u g h o u t  th e  th e s is . A  d e ta ile d  d e s c r ip t io n  o f  th e  c u r r e n t  

s ta n d  a lo n e  a d a p t iv e  fu z z y  c o n t r o l  s t r a t e g ie s  is  in c lu d e d  w ith  s o m e  a tte n tio n  

g iv e n  to  th e  is s u e s  o f  fu z z y  m o d e ll in g , fu z z y  h a r d w a r e  a n d  C A S E  t o o ls  fo r  

th e  d e v e lo p m e n t  o f  fu z z y  lo g ic  a lg o r ith m s . T h e  c h a p te r  c o n c lu d e s  w ith  a  

g e n e r a l  s u m m a ry  a n d  th e  c h o ic e  o f  t w o  s ta n d  a lo n e  a d a p t iv e  fu z z y  

a lg o r it h m s  f o r  in v e s t ig a t io n .

• Chapter 3 - "Warm Water Process Hardware and Software", g iv e s  a  

d e ta ile d  p h y s ic a l  d e s c r ip t io n  o f  th e  w a r m  w a t e r  p r o c e s s .  T h is  d e s c r ip t io n  

in c lu d e s  th e  g e o m e t r y  o f  th e  p r o c e s s  a n d  a ll a s s o c ia t e d  s e n s o r s  an d  

a c tu a to r s . T h is  i s  f o l lo w e d  b y  th e  s p e c if ic a t io n  o f  th e  a n a lo g u e  to  d ig ita l  a n d  

d ig ita l  to  a n a lo g u e  c o n v e r t e r  c a r d s  . A  d e ta ile d  d e s c r ip t io n  o f  th e  d e s ig n , 

c o n s t r u c t io n  a n d  te s t in g  o f  th e  in s tru m e n ta tio n  a m p lif ie r s  f o r  c o n d it io n in g  o f  

th e  p la n ts  s e n s o r  s ig n a ls  is  g iv e n . T h e  c h a p te r  i s  c o n c lu d e d  b y  a  d e s c r ip t io n
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o f  th e  in te rru p t  d r iv e n  s o f t w a r e  s t r u c tu r e  u s e d  fo r  c lo s e d  lo o p  c o n t r o l  o f  a n d  

d a ta  a c q u is i t io n  fr o m  th e  w a r m  w a t e r  p r o c e s s .

•  Chapter 4 - "Warm Water Process Modelling”, c o v e r s  a ll  a s p e c ts  o f  th re e  

m a th e m a t ic a l  m o d e ls  o f  th e  w a r m  w a t e r  p r o c e s s  th a t w e r e  d e v e lo p e d  f o r  th is  

r e s e a r c h  :

•  th e  Physical Model b a s e d  o n  p h y s ic a l  f i r s t  p r in c ip le s ,

•  th e  Artificial Neural Network Model a n d

•  th e  Fuzzy Model.

T h is  c h a p t e r  c o m m e n c e s  w ith  th e  d e s c r ip t io n  o f  th e  c a lib r a t io n  o f  th e  in le t  

a n d  o u t le t  f lo w  m e te r s  o f  th e  w a r m  w a t e r  p r o c e s s .  T h is  is  f o l lo w e d  b y  a  

d e s c r ip t io n  o f  th e  d e s ig n , p a r a m e te r is a t io n  a n d  p e r fo r m a n c e  o f  th e  P I  

c o n t r o l le r s  th a t w e r e  u t il is e d  f o r  th e  lin e a r is a t io n  o f  th e  h o t  a n d  c o ld  in le t

v a lv e s .

T h e  physical model o f  th e  w a r m  w a t e r  p r o c e s s ,  c o n s is t in g  o f  e q u a t io n s  o f  

th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  o f  th e  w a r m  w a te r  p r o c e s s  is  d e s c r ib e d . 

T h e  d e te rm in a t io n  o f  th e ir  p a r a m e te r s ,  th e  s im u la t io n  o f  th e  m o d e l  in  th e  

M A T L A B / S I M U L I N K  e n v ir o n m e n t  a n d  th e  e v a lu a t io n  o f  th e  m o d e l a re  

d e ta ile d .

T h e  n e x t  p la n t  m o d e l to  b e  d e s c r ib e d  i s  th e  artificial neural network model 
o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  a r c h ite c tu r e  a n d  le a r n in g  m e c h a n is m  a s  w e ll  

a s  th e  t r a in in g  d a ta  a c q u is it io n  a r e  a ll d e ta ile d . T h e  m o d e ll in g  p e r fo r m a n c e  

o f  th is  m o d e l  is  in v e s t ig a te d  u s in g  a  s e p a r a te  s e t  o f  t e s t  d a ta  ta k e n  f r o m  the 

w a r m  w a t e r  p r o c e s s .

T h e  la s t  m o d e ll in g  s t r a t e g y  is  th a t  o f  Supervised Adaptive Fuzzy Modelling 
w h ic h  is  b a s e d  o n  a  s ta n d a rd  fu z z y  m o d e l t y p e .  T h is  r e s e a r c h  c o n tr ib u te s  a  

s t r a ig h t fo r w a r d  b u t e f f e c t iv e  s u p e r v is o r y  fu n c t io n  to  th e  fu z z y  m o d e l, 

im p r o v in g  th e  o v e r a l l  m o d e ll in g  a c c u r a c y .  A  d e ta ile d  d e s c r ip t io n  o f  th e  

d e v e lo p m e n t  o f  th is  o n - lin e  a d a p t iv e  f u z z y  m o d e ll in g  s t r a t e g y  u s in g  a  l in e a r  

f i r s t  o r d e r  s y s te m  a s  an  e x a m p le  is  g iv e n . T h is  is  f o l lo w e d  b y  a  d e s c r ip t io n  

o f  th e  d e v e lo p m e n t ,  th e  s t r u c tu r e , le a r n in g  m e c h a n is m  a n d  p e r fo r m a n c e  o f
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s e p a r a t e  a d a p t iv e  fu z z y  m o d e ls  f o r  th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  o f  

th e  r e a l  p la n t .

•  Chapter 5 - "Controller Design", d e a ls  w it h  th e  d e s ig n  a n d  e v a lu a t io n  o f  t w o  

a d a p t iv e  f u z z y  c o n t r o l  s t r a t e g ie s  a n d  a  d e te rm in is t ic  a d a p t iv e  c o n t r o l 

s t r a t e g y :

•  Self-Organising Control - a  d ir e c t  a d a p t iv e  f u z z y  c o n t r o l  m e th o d  

w h ic h  a d a p ts  th e  r u le s  o f  a  fu z z y  c o n t r o l le r  b a s e d  o n  th e  c u r r e n t  

c o n t r o l le r  p e r fo r m a n c e .

•  Single Step Predictive Control -  an  in d ire c t  a d a p t iv e  c o n tro l 

s t r a t e g y  w h ic h  is  b a s e d  o n  th e  c la s s ic a l  p r e d ic t iv e  c o n t r o l le r .  T h e  

s u p e r v is e d  a d a p t iv e  f u z z y  m o d e ls  o f  th e  p la n t , d e v e lo p e d  in  Chapter 
4, a r e  u s e d  to  p r e d ic t  p la n t  b e h a v io u r  o v e r  a  s in g le  s te p  p r e d ic t io n  

h o r iz o n . U t i l is in g  a  u s e r  d e f in e d  r e fe r e n c e  m o d e l, a  s im p le  s e a r c h  

a lg o r it h m  c h o o s e s  th e  c o n t r o l le r  o u tp u t  th a t b e s t  m in im is e s  a  g iv e n  

c o s t  fu n c t io n .

•  Self-tuning P I control - is  d e v e lo p e d  f r o m  a  s e lf - t u n in g  P I D  c o n tro l 

s t r a t e g y .  T h is  c o n t r o l le r  u s e s  o n - lin e  R L S  id e n t if ic a t io n  o f  a  f ir s t  

o r d e r  A R X  m o d e l o f  th e  p la n t  to  b e  c o n t r o l le d  to  c a lc u la t e  th e  

p a r a m e te r s  o f  a  P I  c o n t r o l le r  s o  th a t  a  u s e r  d e f in e d  d y n a m ic  

r e s p o n s e  is  fu lf i l le d .

A l l  th r e e  a d a p t iv e  c o n tro l p a r a d ig m s  a r e  c o m p a r e d  a n d  c o n tra s te d . B a s e d  o n  

th e s e  e v a lu a t io n s  th e  S in g le  S t e p  P r e d ic t iv e  C o n t r o l le r  ( S P F C )  is  c h o s e n  f o r  

c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s .

T h e  k e y  c o n tr ib u t io n  o f  th is  r e s e a r c h  to  th e  a r e a  o f  fu z z y  c o n t r o l ,  is  th e  

e x t e n s io n  o f  th e  p r e d ic t io n  h o r iz o n  o f  th e  s in g le  s te p  p r e d ic t iv e  fu z z y  

c o n t r o l le r ,  th u s  c r e a t in g  th e  Multistep Predictive Fuzzy Controller ( M P F C ) .  

T h e  s u g g e s t e d  M P F C  c o n t r o l le r  is  s u m m a r is e d  b y  th e  f o l lo w i n g  p o in t s  :

1. th e  u t il is a t io n  o f  th e  s u p e r v is e d  a d a p t iv e  f u z z y  m o d e l  s t r u c tu r e , 

d e v e lo p e d  in  C h a p t e r  4  o f  th is  th e s is ,  to  a l lo w  o n - lin e  a d a p ta t io n  o f  

th e  f u z z y  m o d e l,
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2 . th e  m o d if ic a t io n  o f  th e  s u p e r v is e d  a d a p t iv e  fu z z y  m o d e l s t r u c tu re  a n d  

p a r a m e te r s  to  a l lo w  d if fe re n t ia t io n  o f  th e  m o d e l o u tp u ts  w ith  r e s p e c t  

to  its  in p u ts  a n d

3 .  th e  a p p lic a t io n  o f  a  g r a d ie n t  d e s c e n t  a lg o r ith m  to  e n a b le  e f f ic ie n t  

c a lc u la t io n  o f  th e  p r e d ic t e d  p la n t  o u tp u ts  a n d  c o r r e s p o n d in g  

m a n ip u la te d  v a r ia b le  v a lu e s  w h ils t  m in im is in g  a  u s e r  d e f in e d  c o s t  

fu n c t io n  o v e r  a  m u lt is te p  p r e d ic t io n  h o r iz o n .

A  fu ll  d e s c r ip t io n  o f  th e  p r o p o s e d  M P F C  w it h  th e  n e c e s s a r y  m a th e m a tic a l 

d e r iv a t io n s  f o r  th is  c o n t r o l le r  p a r a d ig m  is  g iv e n . A  p r a c t ic a l  im p le m e n ta tio n  

o f  th is  m u lt is te p  p r e d ic t iv e  fu z z y  c o n t r o l le r  i s  n o t  c a r r ie d  o u t  a s  it is  d e e m e d  

to  b e  b e y o n d  th e  s c o p e  o f  th is  th e s is .

•  Chapter 6  -  "Real Time Control o f the Warm Water Process", p r e s e n ts  th e

r e s u lts  o f  a  s e r ie s  o f  te s ts  p e r fo r m e d  o n  th e  r e a l  w a r m  w a t e r  p r o c e s s  to

e v a lu a t e  th e  c o n t r o l  p e r fo r m a n c e  o f  th e  S in g le  S t e p  A d a p t iv e  P r e d ic t iv e  

C o n tr o l le r .

•  Chapter 7  - "Further Research and Conclusions", is  th e  f in a l  c h a p te r  o f  th is

th e s is  a n d  a s s e s s e s  th e  r e s e a r c h  u n d e r ta k e n  in  th is  th e s is ,  a n d  o f fe r s

s u g g e s t io n s  f o r  fu r th e r  r e s e a r c h .
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Chapter 2 - Fuzzy Logic and Fuzzy Control

2.1. Introduction

2.1.1. General Introduction
S in c e  th e  in t r o d u c t io n  o f  f u z z y  lo g ic  b y  L o f t i  A .  Z a d e h  in  1 9 6 5  [ 1 3 ] ,  fu z z y  c o n tro l 

h a s  d e v e lo p e d  in to  th e  m o s t  im p o rta n t  a n d  w id e s p r e a d  a p p lic a t io n  o f  th is  n o v e l  

m a th e m a t ic a l  th e o r y  [ 1 , 2 , 3 ] .  T h e  m a in  a d v a n ta g e  o f f e r e d  b y  fu z z y  c o n t r o l is  th e  

p o s s ib i l i t y  o f  r e p r e s e n t in g  h u m a n  lin g u is t ic  e x p e r t  k n o w le d g e  in  a  m a c h in e  

p r o c e s s a b le  fo r m a t .  P r e c is e ly  th is  c a p a b il i ty  h a s  e n a b le d  e n h a n c e d  a u to m a te d  c o n tro l 

o f  s y s te m s , w h e r e  c la s s ic a l  c o n t r o l  s t r a t e g ie s  h a v e  fa i le d  to  im p r o v e  u p o n  th e  

p e r fo r m a n c e  o f  th e  h u m a n  o p e r a t o r .  S u c h  s y s te m s  a r e  o fte n  p o o r ly  u n d e r s to o d  a n d  

th u s  n o  d e t a i le d  a n d  a c c u r a te  m a th e m a tic a l  m o d e l o f  th e  s y s te m  e x is t s .  A s  in  th e  c a s e  

o f  c la s s ic a l  c o n t r o l  t h e o r y ,  th e  v a r ie t y  o f  fu z z y  c o n t r o l  s t r a t e g ie s  is  q u ite  b r o a d , f r o m  

th e  s t r a ig h t fo r w a r d  a n d  d ir e c t  r u le b a s e  a p p r o a c h  to  th e  m o r e  c o m p lic a t e d  m e th o d s  

s u c h  a s  a d a p t iv e  c o m b in a t io n s  o f  n e u ra l n e tw o r k s  a n d  fu z z y  lo g ic .  T h e  fie ld  o f 

adaptive fuzzy control c a n  th u s  b e  c la s s i f ie d  in to  th re e  g r o u p s  :

• Neural-Fuzzy Methods -  c o m b in a t io n s  o f  a r t i f ic ia l  n e u ra l n e t w o r k s  a n d  fu z z y  

a lg o r it h m s ,

• Hybrid Adaptive Fuzzy Controllers - c o m b in a t io n s  o f  fu z z y  a lg o r ith m s  a n d  

c la s s ic a l  c o n tro l s t r a t e g ie s  a n d

• Stand Alone Adaptive Fuzzy Controllers - b a s e d  o n ly  o n  fu z z y  a lg o r ith m s .

T h is  c h a p t e r  p r e s e n t s  a n  o u t lin e  o f  a d a p t iv e  fu z z y  c o n t r o l  p a r a d ig m s  w ith  e m p h a s is  

p la c e d  o n  Stand-Alone Adaptive Fuzzy Controllers.

A s  in  th e  c a s e  o f  th e  c la s s ic a l  a d a p t iv e  c o n t r o l le r ,  th e  a d a p t iv e  fu z z y  c o n t r o l le r  is  a b le  

to  m a in ta in  a n d  e v e n  im p r o v e  its  c o n tro l p e r fo r m a n c e  th r o u g h  e ith e r  a d a p ta t io n  o f  its  

s t r u c tu r e  o r  o f  its  p a r a m e te r s . W h e th e r  th is  a d a p ta t io n  is  p e r fo r m e d  on-line o r  off

line is  a  k e y  is s u e .

T h e  m a jo r ity  o f  th e  off-line m e th o d s  r e q u ir e  a  m a th e m a tic a l  m o d e l o f  th e  p la n t  in 

o r d e r  to  s u p p o r t  th e  a d a p ta t io n  [ 1 4 , 1 5 , 1 6 ] .  C o n s e q u e n t ly ,  i f  th e  fu z z y  c o n t r o l le r  

d e v e lo p e d  b y  a n  o f f - l in e  m e th o d  is  to  p r o v id e  r e lia b le  c o n t r o l  o f  th e  p la n t , th e n  th e  

m a t h e m a t ic a l  m o d e l  o f  th e  p la n t , u p o n  w h ic h  th e  o f f - l in e  a d a p ta t io n  d e p e n d s , m u st  b e
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a c c u r a te . T h is  d r a w b a c k  is  o f f s e t  b y  th e  fa c t  th a t th e  c o m p le x i t y  o f  th e  a d a p ta t io n  c a n  

b e  m o r e  o r  le s s  u n lim ite d .

T h e  on-line a d a p t iv e  f u z z y  c o n t r o l le r  s t r a t e g ie s  o f f e r  th e  a d v a n ta g e  th a t th e  

a d a p ta t io n  is  c a r r ie d  o u t  d ir e c t ly  o n  th e  re a l  p la n t , th u s  h e lp in g  to  e n s u re  a c c u r a te  

c o n t r o l le r  p e r fo r m a n c e . T h e  m a in  d is a d v a n ta g e  o f  th e s e  o n - lin e  m e th o d s  is  th a t th e  

a d a p ta t io n  a lg o r ith m  m u s t  b e  c o m p u ta t io n a lly  e f f ic ie n t . A s  th e  o n e  o f  th e  c r it e r ia  f o r  

th is  r e s e a r c h  is  p r a c t ic le ,  r e l ia b le  a n d  a c c u r a te  c o n t r o l le r  p e r fo r m a n c e , th e  on-line 

a d a p t iv e  f u z z y  c o n tro l s t r a t e g ie s  a re  h ig h lig h te d  in th is  c h a p t e r .

A s  in  c la s s ic a l  a d a p t iv e  c o n t r o l ,  b o th  direct a n d  indirect forms o f adaptive fuzzy 

control h a v e  b e e n  d e v e lo p e d .

In  th e  direct form, th e  p a r a m e te r s  o f  th e  c o n t r o l le r  a re  d ir e c t ly  a d a p te d  in  o r d e r  to  

r e d u c e  th e  c lo s e d  lo o p  c o n t r o l  e rro r . T h is  a d a p ta t io n  i s  b a s e d  o n  th e  e v a lu a t io n  o f  th e  

c u r r e n t  c o n t r o l le r  p e r fo r m a n c e  u s in g  s o m e  fo r m  o f  p e r fo r m a n c e  in d e x  [ 1 7 ,  1 8 ] .  T h e  

indirect forms o f  a d a p t iv e  c o n t r o l  s t r a t e g ie s  f i r s t  e s t im a te  a  m o d e l  o f  th e  p la n t  a n d  

th e n  a d ju s t  th e  c o n t r o l le r  p a r a m e te r s  b a s e d  o n  th e  a s s u m p t io n  th a t th e  e s t im a te d  

m o d e l  is  a c c u r a t e  [ 1 9 ,  2 0 ] .  E ig h t y  p e r c e n t  o f  a ll l it e r a t u r e  fo u n d  d u r in g  th is  re s e a r c h  

r e la te s  to  th e  d ir e c t  a d a p t iv e  f u z z y  c o n t r o l  m e th o d s , w h ic h  th u s  d o m in a te  th e  a r e a  o f  

s ta n d - a lo n e  a d a p t iv e  f u z z y  c o n t r o l .  F ig u r e  2 . 1 ,  s h o w n  b e lo w , g iv e s  a n  o v e r v ie w  o f  

th e  a d a p t iv e  fu z z y  c o n t r o l  s t r a t e g ie s  w h ic h  a r e  in v e s t ig a te d  in  m o s t  d e ta il in  th is  

th e s is .
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2.1.2. Overview of Chapter Structure
In it ia l ly ,  Section 2 .2 .  o f  th is  c h a p te r  p r o v id e s  th e  r e a d e r  w ith  a  s im p le  e x p la n a t io n  o f  

th e  p r in c ip le  o f  f u z z y  lo g ic  u s in g  a n  e v e r y d a y  e x a m p le .  H a v in g  in t r o d u c e d  fu z z y  

lo g ic ,  s u m m a r ie s  o f  f o u r  c o m m o n  c o m p u te r  a id e d  s o f t w a r e  e n g in e e r in g  ( C A S E )  to o ls  

f o r  fu z z y  lo g ic  s y s te m s  a r e  d e ta ile d  in  Section 2.3. D u e  to  th e  c o n s id e r a b le  

p r o c e s s in g  r e q u ire m e n ts  o f  la r g e r  s c a le  f u z z y  lo g ic  s y s te m s  a n d  to  m a k e  r e a l  t im e  

f u z z y  c o n t r o l  f e a s ib le  f o r  h ig h ly  c o m p le x  a n d  d y n a m ic  p la n ts , s p e c ia l is e d  fu z z y  

h a r d w a r e  is  a v a i la b le .  A n  o v e r v ie w  o f  s o m e  o f  th e  m o r e  c o m m o n  fu z z y  h a r d w a r e  

c o m p o n e n ts  i s  p r e s e n t e d  in  Section 2.4. T h e  te r m in o lo g y  a n d  s t r u c tu re  o f  fu z z y  

c o n t r o l le r s  a re  e x p la in e d  a n d  s u m m a r is e d  b y  Section 2.5. u s in g  th e  e x a m p le  o f  a  

P r o p o r t io n a l- D e r iv a t iv e  F u z z y  L o g i c  C o n tr o l le r .  T h e  n e x t  S e c t io n s  s te m  f r o m  a  

c o m p r e h e n s iv e  l ite r a tu re  s u r v e y  a n d  a re  th e m a t ic a l ly  d iv id e d  a s  f o l lo w s  :

•  Section 2.6. - F u z z y  M o d e l l in g ,

•  Section 2.7. - D ir e c t  A d a p t iv e  F u z z y  C o n tr o l ,

•  Section 2.8. - In d ir e c t  A d a p t iv e  F u z z y  C o n tr o l ,

•  Section 2.9. - H y b r id  F u z z y  C o n tr o l.

E a c h  o f  th e s e  s e c t io n s  g iv e s  a  s y n o p s is  o f  it s  c o r r e s p o n d in g  a r e a  a n d  r e la te s  a n y  

r e le v a n c e  to  th e  w a r m  w a t e r  p r o c e s s .  In  c o n c lu s io n , a  s u m m a ry  o f  th e  c h a p te r  a n d  

c o n c r e t e  s u g g e s t io n s  f o r  p o s s ib le  c o n tro l s t r a t e g ie s  f o r  th e  w a r m  w a t e r  p la n t  a re  

d e ta ile d  in  Section 2.10.

2.2. Principles of Fuzzy Logic
F u z z y  lo g ic  w a s  f i r s t  d e v e lo p e d  b y  L o f t i  Z a d e h  in  1 9 6 5  [ 1 3 ] .  T h e  in te n tio n  o f  Z a d e h  

w a s  to  p r o v id e  a  m a th e m a tic a l  c o n c e p t  f o r  th e  p r o c e s s in g  o f  im p r e c is e  d a ta . B a s e d  

o n  c la s s ic a l  s e t  t h e o r y ,  f u z z y  lo g ic  e x te n d s  th e  c o n c e p t  o f  b iv a le n t  s e t  m e m b e rs h ip  to  

a l lo w  th e  p a r t ia l  membership o r  elementhood o f  an  o b je c t  to  a  s e t . T h is  c a n  b e

il lu s t r a te d  b y  th e  e x a m p le  o f  c la s s i fy in g  w a t e r  te m p e r a tu r e  in to  h o t  a n d  c o ld  s e t s .

C la s s i c a l  s e t  th e o r y  s e t s  a  th r e s h o ld  v a lu e  o f  te m p e r a tu r e  in o r d e r  to  d if fe re n t ia te  

b e t w e e n  th e  s e t s  o f  h o t  a n d  c o ld  w a te r .  I f  a  th r e s h o ld  o r  crisp v a lu e  o f  5 0  ° C e l s i u s  is 

a p p lie d  th e n  w a t e r  w it h  a  te m p e ra tu re  o f  4 9 .5  “ C e ls iu s  is  c o ld  w h e r e a s  w a t e r  w ith  a  

te m p e r a t u r e  o f  5 0 .5  ° C e l s iu s  is  h o t  -  o b v io u s ly  n o t  a  r e a l is t ic  c la s s if ic a t io n  o f  th e s e  

t w o  te m p e r a t u r e s .  B y  a p p ly in g  fu z z y  lo g ic  a n d  th u s  u t il is in g  fu z z y  s e t s ,  a  m o re  

r e a l is t ic  a n d  h u m a n  c la s s i f ic a t io n  is  m a d e  p o s s ib le .  T h e  w a t e r  w ith  a  te m p e r a tu r e  o f
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5 0  ° C e l s i u s  b e lo n g s  in  e q u a l m e a s u r e  to  th e  f u z z y  s e t  o f  c o ld  w a t e r  a n d  to  th e  fu z z y  

s e t  o f  h o t  w a t e r .  F ig u r e  2 .2  c o n ta in s  a  g r a p h ic a l  re p re s e n ta t io n  o f  th is  e x a m p le .  T h is  

s o f t  o r  fuzzy in te rp o la t io n  b e tw e e n  t w o  s e t s  is  a c h ie v e d  th r o u g h  th e  in t ro d u c t io n  o f  

th e  degree o f membership w h ic h  c a n  b e  a n y  v a lu e  o n  th e  c o n t in u o u s  in te rv a l  [0 , 1] , 

( th e  u p p e r b o u n d  o f  th e  d e g r e e  o f  m e m b e rs h ip  c a n  b e  a n y  f in ite  v a lu e  b u t  is  a s s u m e d  

u n ity  f o r  n o r m a lis e d  f u z z y  s e t s )  w h e r e  to ta l  m e m b e rs h ip  c o r r e s p o n d s  to  a  v a lu e  o f  

u n ity  a n d  to ta l  n o n -m e m b e rs h ip  to  a  v a lu e  o f  z e r o .  T h e  d e g r e e  o f  m e m b e rs h ip  o f  an  

o b je c t  to  a  fu z z y  s e t  is  c a lc u la t e d  b y  a  fuzzy membership function. A  fu z z y  s e t  A is  

d e f in e d  b y  th e  e q u a t io n  ( 2 . 1 )  w h ic h  is  th e  g e n e r a l  fo r m  ta k e n  f r o m  T i l l i  [ 1 ] .

A={x, (x,\i A(x)) \ x e XJ ( 2 . 1 )

where X  is  c o l le c t io n  o f  o b je c t s  d e n o te d  g e n e r ic a l ly  b y  x,

A  is  a  f u z z y  s e t  in  X  a n d

(I A(x) is  th e  f u z z y  m e m b e r s h ip  fu n c t io n  o f  x in  A w h ic h  m a p s  X  to  th e  

m e m b e r s h ip  s p a c e  M.

T h e  domain o f  th e  c o m p le te  s e t  o f  f u z z y  m e m b e rs h ip  fu n c t io n s  is  r e fe r r e d  to  a s  th e  

universe o f discourse -  in  th e  e x a m p le  in  F ig u r e  2 . 2  th is  is  temperature f r o m  0  to  1 0 0  

d e g r e e s  C e ls iu s .  T h u s  the fuzzy membership function c o n v e r t s  a  s c a la r  ( c r is p )  v a lu e  

in to  a  f u z z y  v a r ia b le  w ith  its  c o r r e s p o n d in g  d e g r e e  o f  m e m b e rs h ip . M o r e  d e ta ile d  

m a th e m a t ic a l  d e s c r ip t io n s  o f  fu z z y  lo g ic  a n d  its  m a th e m a tic s  c a n  b e  fo u n d  in  T i l l i  [ 1 ] ,  

Z im m e r m a n  [2 ]  a n d  P e d r y c z  [3 ] .
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2.3. Fuzzy Logic Software Tools
T h e r e  i s  a  large number o f CASE tools a v a i la b le ,  f o r  th e  d e s ig n  a n d  s im u la t io n  o f  

f u z z y  lo g ic  s y s te m s . T h e  m a jo r ity  o f  th e s e  p r o d u c t s  a r e  s u m m a r is e d  in  A n g s t e n b e r g e r  

[ 2 1 ] .  D u r in g  th e  c o u r s e  o f  th is  r e s e a r c h  f o u r  s o f t w a r e  to o ls  f o r  f u z z y  lo g ic  s y s te m s  

w e r e  u s e d , a l l  o f  w h ic h  a re  l is te d  b e lo w  :

•  Cubicalc - a  r e la t iv e ly  c h e a p  a n d  e a s y  to  u s e  p r o g r a m  f o r  M ic r o s o f t  W in d o w s

3 . 1  th a t a l lo w s  th e  d e s ig n  a n d  s im u la t io n  o f  f u z z y  a lg o r ith m s  th r o u g h  a  

g r a p h ic a l  u s e r  in te r fa c e . T h e  d e v e lo p e d  fu z z y  s y s te m  c a n  th e n  b e  c o m p ile d  in to  

B A S I C ,  P A S C A L  o r  A N S I  C  s o u r c e  c o d e .  T h is  p r o g r a m  is  m o s t  s u ita b le  fo r  

e d u c a t io n a l  p u r p o s e s  [22],

•  TILShell f r o m  T o g a i  In fr a lo g ic  - a  p r o fe s s io n a l  f u z z y  s y s te m  s o f t w a r e  d e s ig n  

t o o l  f o r  M ic r o s o f t  W in d o w s  3 . 1  th a t a l lo w s  th e  d e v e lo p m e n t  o f  fu z z y  s y s te m s  

th r o u g h  a  g r a p h ic a l  u s e r  in te r fa c e . A  la r g e  r a n g e  o f  c o m p i le r s  is  a v a i la b le  e .g .  

A N S I  C ,  P A S C A L .  T h e  p a c k a g e  c a n  b e  c o m b in e d  w ith  T o g a i  I n f r a lo g ic 's  in - 

h o u s e  f u z z y  c h ip , th e  F C 1 1 0 - D C P  to  d e v e lo p  c o m p le te  s o f tw a r e / h a r d w a r e  

s o lu t io n s  [ 2 3 ] .

•  FuzzyTech f r o m  In fo r m  G m b H  - a ls o  a  p r o fe s s io n a l  C A S E  t o o l  f o r  th e  

d e v e lo p m e n t  f o r  th e  fu z z y  s y s te m s  ru n s  u n d e r  M ic r o s o f t  W in d o w s  3 . 1 .  T h is  

s o f t w a r e  a l lo w s  th e  o m p ila t io n  o f  th e  d e v e lo p e d  fu z z y  a lg o r ith m  in to  A N S I  C  

s o u r c e  c o d e .  T h e  c o m p ile d  A N S I  C  s o u r c e  c o d e  is ,  h o w e v e r ,  n o t  e a s i ly  

a d a p ta b le  a s  th e  f u z z y  fu n c t io n s  a re  c o n ta in e d  w it h in  C  l ib r a r y  fu n c t io n s  [2 4 ] .

•  RT Fuzzy from  MATRIXx  - is  p a r t  o f  th e  M A T R I X x  s im u la t io n  e n v ir o n m e n t  

a n d  th u s  b e n e fit s  f r o m  th e  fu n c t io n a lity  o f  th is  le a d in g  s im u la t io n  to o l  [ 2 5 ] ,  In  

c o n t r a s t  to  th e  o th e r  th re e  f u z z y  C A S E  t o o ls  M A T R I X x  ru n s  o n  a  U N I X  

p la t fo r m .

W h ile  a l l  o f  th e s e  C A S E  t o o ls  h a v e  th e ir  m e r it s ,  it  w a s  fo u n d  th a t  th e y  a ll la c k  the 

n e c e s s a r y  f le x ib i l i t y  f o r  r e s e a r c h  in to  a d a p t iv e  fu z z y  s y s te m s . T h u s  th e s e  f u z z y  lo g ic  

to o ls  w e r e  u s e d  f o r  g e n e r a l  e x p e r im e n ta t io n  a n d  t r a in in g .

2.4. Fuzzy Hardware
T h e  te r m  " fu z z y  h a r d w a r e "  r e fe r s  to  a ll h a r d w a r e  c o m p o n e n ts  th a t  u t il is e  s p e c ia l is e d  

c ir c u i t r y  to  a c c e le r a t e  th e  c a lc u la t io n  o f  f u z z y  a lg o r ith m s  [ 2 6 ,2 7 ] .  T h e r e  a r e  th re e

m a in  ty p e s  o f  f u z z y  h a r d w a r e , w h ic h  c a n  b e  d e s c r ib e d  a s  f o l l o w s  :
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• FASIC - F u z z y  A p p l ic a t io n  S p e c i f i c  I n t e g r a t e d  C i r c u it  is ,  a s  in  th e  c a s e  o f  all 

A S I C s ,  a  r e la t iv e ly  e x p e n s iv e  s o lu t io n  a n d  is  o n ly  v ia b le  f o r  la r g e  p ro d u c t io n  

v o lu m e s .

• Stand alone Fuzzy Processors - h a v e  th e  a d v a n t a g e  o f  v e r y  h ig h  p r o c e s s in g  

s p e e d s  f o r  fu z z y  a lg o r ith m s . T h e  d is a d v a n t a g e  w ith  s u c h  s y s te m s  is  th a t a  

c o m p le te ly  n e w  h a r d w a r e  s tr u c tu re  is  r e q u ir e d  a n d  th u s  t im e  to  m a r k e t  is  

le n g th e n e d . In  a d d it io n , s o f t w a r e  s u p p o r t  i s  o fte n  la c k in g . T h e  F P  f a m i ly  o f  f u z z y  

p r o c e s s o r s  f r o m  th e  J a p a n e s e  c o m p a n y  O M R O N  c o n s t itu te s  o n e  e x a m p le  o f  s ta n d  

a lo n e  f u z z y  p r o c e s s o r s .

• Fuzzy Coprocessors -  c a n  b e  a d d e d  to  a  h o s t  h a r d w a r e  s y s te m  a n d  th u s  u s e d  to  

r e l ie v e  th e  h o s t  s y s te m  o f  th e  fu z z y  p r o c e s s in g  b u r d e n . C o m p a r e d  to  th e  s ta n d  

a lo n e  s y s t e m s , th e  c o p r o c e s s o r  a p p r o a c h  re q u ir e s  lit t le  h a r d w a r e  r e c o n f ig u r a t io n  

o f  th e  c o m p le t e  s y s te m . T h e  m ain  d is a d v a n ta g e  is  th e  in c r e a s e  in  r e q u ir e d  s p a c e . 

T h e  F C 1 1 0 - D C P  f r o m  T o g a i  I n f r a lo g ic  c a n  b e  u s e d  e ith e r  a s  a  s ta n d  a lo n e  

s o lu t io n  o r  a s  a  f u z z y  c o p r o c e s s o r  [2 8 ] .

•  Fuzzy Microcontrollers - a re  t r a d it io n a l m ic r o c o n tr o l le r s  w ith  an a d d it io n a l o n -  

c h ip  fu z z y  p r o c e s s o r .  T h is  s o lu t io n  o f f e r s  a  f a s t  a n d  s im p le  u p d a te  o f  an  e x is t in g  

m ic r o c o n t r o l le r  to  a  h a r d w a r e  fu z z y  s y s te m . O n e  e x a m p le  is  th e  F u z z y  8 0 C 1 6 6  

f r o m  S ie m e n s  A G  w h ic h  u t il is e s  a n  o p t im is e d  f u z z y  in fe re n c e  m a c h in e  f r o m  

In fo r m  G m b H . T h is  c h ip  is  p in  c o m p a t ib le  w ith  th e  8 0 C 1 6 6  m ic r o c o n tr o l le r  an d  

c a n  r e p la c e  th e  o ld e r  n o n - fu z z y  v e r s io n s  w it h o u t  h a r d w a r e  m o d if ic a t io n .

T h e  u s e  o f  f u z z y  h a r d w a r e  i s ,  h o w e v e r ,  o n ly  n e c e s s a r y  w h e n  th e  e x is t in g  n o n - fu z z y

h a r d w a r e  c a n n o t  p r o c e s s  th e  r e q u ire d  fu z z y  a lg o r ith m s  q u ic k ly  e n o u g h . A s  th e

s a m p lin g  t im e  f o r  th e  w a r m  w a t e r  p r o c e s s  w a s  th ir ty  s e c o n d s  ( s e e  C h a p t e r  4 ) ,  n o

f u z z y  h a r d w a r e  w a s  n e c e s s a r y  f o r  th is  re s e a r c h .

2 . 5 .  F u z z y  L o g i c  C o n t r o l

2 . 5 . 1 .  A r e a s  o f  A p p l i c a t i o n

T h e r e  a r e  th re e  m a in  a r e a s  o f  a p p lic a t io n  f o r  f u z z y  lo g ic  :

• control and automation,

• pattern recognition a n d

• expert systems.
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Of these, the area of control and automation is the most expansive [1,2]. This section 
gives an introduction to the main issues of fuzzy control and defines the terminology 
used within this research. In order to achieve this, later on in this Chapter the 
example of the Proportional-Derivative Fuzzy Logic Controller is utilised.

2.5.2. Introduction to Fuzzy Logic Control
The Fuzzy Logic Controller (FLC) allows the control engineer to develop a controller 
for a particular process based on linguistic expert knowledge. The capability of fuzzy 
logic controllers to represent a heuristic control strategy contrasts with that of a 
classical deterministic controller where algorithms based on exact and deterministic 
mathematical models of the plant to be controlled are utilised. Many successful 
implementations of FLCs have been reported recently for non-linear processes such as 
wastewater treatment [29], heat exchangers [30], underground train systems [31], 
home heating systems [32] and applications in the automobile industry [33]. 

Moreover, the area of consumer electronics has benefited dramatically through the 
application of fuzzy logic to control tasks in such products as washing machines, rice 

cookers, video cameras and television tuners [1].

The following highlights the main advantages and main problems of fuzzy logic 

control, which are categorised below [34,35] :

Advantages
•  No mathematical plant model required - the rulebase approach of 

the fuzzy logic controller allows the control of a plant based on 

expert knowledge. Thus a plant operator can be interviewed and 
the acquired knowledge stored in a rulebase which forms an integral 

part of the fuzzy controller.

•  Possible linguistic description - the expert knowledge can be 
described linguistically through the use of fuzzy sets with labels such 
as small, tall, positive large etc. for each controller input and 
output variable. This allows a human interpretation of the 

controllers actions.

•  Non-linear control - the fuzzy logic controller is a non-linear 
controller which performs interpolation between the rules contained 
within the rulebase. The form of this interpolation is determined by 
the membership functions, the inference functions used in the rules

15



and the defuzzification method. The fuzzy logic controller thus has 
the capability of controlling non-linear plants around various 

operating points.

•  Robustness - some investigations [3,36] have claimed that the fuzzy 
logic controller is more robust to process noise and parameter 
variance than a classical controller designed for a single operating 
point.

• Little in-depth knowledge o f control theory needed - due to the 

rulebase structure of the FLC, a controller can be designed by an 
engineer without in depth knowledge of classical closed loop 
control theory.

Problems
• Lack o f form ality  - there is no formal method for the design of the 

FLC for a particular control problem and thus the engineer must 

resort to a combination of experience and trial and error, which can 
lead to lengthy commissioning and non-optimal solutions.

• Lack o f stability p roo f - there is no general method for proving the 
stability of the FLC. This disadvantage has led to a mixed reception 
for the FLC within the closed loop control theory community [37].

• Large number o f degrees o f freedom - where as the P I D  controller, 
for example, has three degrees of freedom, the fuzzy controller has 
many more, all of which effect the response of the controlled 
system. This can lead to a lengthy and complicated subjective 
optimisation of the fuzzy controller.

• Acceptance problems- the heuristic nature of the fuzzy controller, 
the marketing strategy of "fuzzy products" combined with the 
exaggerated claims by some of its proponents have lead to 
acceptance problems within the control theory community [37],
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2.5.3. Structure and Terminology of the FLC
In  o r d e r  to  g a in  fa m ilia r ity  w ith  th e  s t r u c tu r e s  a n d  te r m in o lo g y  o f  th e  F L C  th e  

example o f a Proportional-Derivative FLC (PD-FLC) is  e x p la in e d  in  th is  s e c t io n . 

A lt h o u g h  th e  c la s s ic a l  l in e a r  P I  c o n t r o l le r  is  m o s t ly  u s e d  in  in d u s t r y , th e  P D - F L C  is 

m o s t  o f t e n  im p le m e n te d  f u z z y  c o n t r o l le r .  T h e  s tr u c tu re  o f  th e  P D - F L C  is  s h o w n  in 

F ig u r e  2 .3  a n d  is  d e s c r ib e d  in  m o r e  d e ta il  b y  th e  f o l lo w in g  p o in ts  :

•  Input Variables - th e  e r r o r  a n d  f i r s t  d e r iv a t iv e  o f  th e  e r r o r  a r e  u t il is e d  f o r  th e  

P D - F L C .  T h is  a p p r o a c h  is  s im ila r  to  th e  p h a s e  p la n e  fo r m  o f  re p re s e n ta t io n  

o f  a  c o n t r o l  s y s te m . T h e  e n g in e e r  c o n v e r t s  th e  p h a s e  p la n e  to  a  p a r t it io n e d  

f u z z y  s p a c e  a n d  e n te rs  th e  c o r r e s p o n d in g  a c t io n s  in  th e  c o r r e s p o n d in g  

r u le b a s e  c e l ls .

•  Input Variable Gains -  (Ke , Kde) th e s e  g a in s  a r e  u s e d  to  m a p  th e  in p u t 

v a r ia b le s  to  th e ir  r e s p e c t iv e  u n iv e r s e s  o f  d is c o u r s e  w ith in  th e  fu z z y  

c o n t r o l le r .  T h e  d y n a m ic s  o f  th e  c o n t r o l le r  a re  d e p e n d e n t  o n  th e  v a lu e s  o f  

th e s e  g a in s  [3 ] .

Setpoint E rr o r
K e

sL
dt -  K d e

F u z z y
L o g ic

A lgo rith m

K u S IS O
P lan t

F ig u r e  2 . 3  -  B lo c k  d ia g r a m  o f  a  P r o p o r t io n a l  D e r iv a t iv e  F u z z y  L o g i c  C o n t r o l le r  ( P D -  

F L C )

•  Fuzzification - c o n v e r t s  th e  c r is p  in p u t v a lu e s  to  fu z z y  v a r ia b le s .  T h is  is 

a c h ie v e d  b y  c a lc u la t in g  th e  d e g r e e  o f  m e m b e rs h ip  o f  e a c h  fu z z y  m e m b e rs h ip

17



set for a given value of the input variable. This process is shown in Figure
2.2 (see page 12) for the water temperature example. In Figure 2.3 (see 
page 17) the degrees of membership for the input variable error are depicted

by fl],a2><33»«4 and a5.

• Inference functions - the functions used to evaluate the linguistic logical 
functions such as AND and OR. These functions belong to the so-called. T- 
Norms and Co-T-Norms (or S-Norms). Details of some of these functions 
and their properties can be found in Zimmerman [2]. The functions used in 

this research are :

1. Minimum - = m in(|lfl,|J.fc) corresponding to the linguistic AND

function,

2. Product - [ iah = (i.u x corresponding to AND,

3. Maximum - |i ab -  max()ia,jii ) corresponding to OR,

4. Algebraic Sum - = fia + |l h -  (Xtt x corresponding to OR,

5 . Fuzzy-OR - \ iab = Ymax(|ifl, ^ ) + ^ ( 1 -  y)Qia + m )  an adaptable

form of the linguistic OR function where 7 is a weighting parameter 

that allows the user to adjust the function between the extremes of 
the maximum (7= 1) and mean functions (7=0),

6. Fuzzy-AND - \ iab = 7 m in(^a, |a J + ^ ( l - 7XM.u +\Lb) an adaptable

form of the linguistic AND function, where 7 is a weighting 

parameter that allows the user to adjust the function between the 
extremes of the minimum (7= 1 ) and mean functions (7=0), and

7. M ean- a = ^ + ^ h..
^ “ •h  2

where (ia and |ih are degrees of membership and 
(j,a b is the inferred degree of membership.

• Rulebase - There are two main types of rulebases - the lookup table and the 

fuzzy relational matrix.
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I n  F ig u r e  2 .3  ( s e e  p a g e  1 7 )  a  lo o k u p  ta b le  r u le b a s e  h a s  b e e n  u t il is e d  w ith in  

th e  P D - F L C .  E a c h  e le m e n t  in  a  lo o k u p  ta b le  c o n ta in s  th e  consequent 
( d e f in e d  b e lo w )  p a r t  o f  th e  ru le . A d d i t io n a l ly ,  e a c h  e le m e n t  is  in d e x e d  b y  th e  

antecedent (d e f in e d  b e lo w )  v a r ia b le  s e ts  th a t a re  a c t iv e  i .e .  w h e r e  th e  d e g re e  

o f  m e m b e rs h ip  i s  g r e a t e r  th a n  z e r o .  T h e  f u z z y  re la t io n a l  m a t r ix  is  a  m e m o r y  

in t e n s iv e  m a t r ix  th a t  c o n ta in s  p o s s ib i l i t y  v a lu e s  f o r  a l l  p o s s ib le  r u le s  f o r  a  

g iv e n  f u z z y  a lg o r ith m  [ 2 ] .  W h e r e  th e  lo o k u p  ta b le  r u le b a s e  g iv e s  a  s in g le  

fu z z y  m e m b e rs h ip  s e t  f o r  a  p a r t ic u la r  a n te c e d e n t  c o n f ig u r a t io n , th e  fu z z y  

re la t io n a l  m a t r ix  d e l iv e r s  a  c o m p le te  p o s s ib i l i t y  d is tr ib u t io n  o v e r  th e  

c o n s e q u e n t  u n iv e r s e  o f  d is c o u r s e .  D u e  to  th e  la r g e  m e m o r y  re q u ire m e n ts , 

th e  f u z z y  r e la t io n a l  m a t r ix  is  n o t  o fte n  u s e d .

T h e  m a t h e m a t ic a l  re p re s e n ta t io n  o f  a  lo o k u p  ta b le  r u le b a s e  i s  s h o w n  b e lo w :

 ̂I f  is A] ® X 2 is \  ® ..........® X n is

T h en  Yx is B{ Yi and Y2 is B[ ^ a n d ..........and Ym is Bx y

R2 - »  I f  X ,  is A ^  ®  X 2 is ® ..........® X n is \ Xn

T hen  Y{ is B2 Yi and Y2 is B2 ^  a n d ..........and Ym is B2 j.

Rk I f  X , is Ak X] ®  X 2 is A k Xi ® .......... ®  X n is A k Xn

T h en  Y{ is Bk j, and Y2 is Bk ^  a n d ..........and Ym is Bk y

where n i s  th e  n u m b e r  o f  in p u t v a r ia b le s ,  

m  i s  th e  n u m b e r  o f  o u tp u t  v a r ia b le s ,  

k  i s  th e  n u m b e r  o f  r u le s  R,
A  a n d  B  a r e  th e  in p u t a n d  o u tp u t  v a r ia b le  f u z z y  m e m b e rs h ip  s e ts  

r e s p e c t iv e ly  a n d  

0  is  an  in fe r e n c e  fu n c tio n .

E a c h  r u le  c o n s is t s  o f  a  premise o r  antecedent p a r t :

I f  X x is Alx  ̂ (8) X 2 is A , ^  ® ......... ® X n is A1J(

f o l lo w e d  b y  an  action o r  consequent p a r t :

Then Yi is 5 1} , and Y2 is 5 ,  ^ a n d  and Ym is Bl ^
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T h e  c o n s e q u e n t  v a r ia b le s  ( Y1 ... Ym) o f  th e  P D - F L C  c a n  b e  e ith e r  fu z z y  

m e m b e rs h ip  s e t s  o r  fu z z y  s in g le t o n s . A  fu z z y  s in g le to n  is  a  s c a la r  (c r is p )  

v a lu e .

T h e  m a th e m a t ic a l  r e p r e s e n ta t io n  f o r  th e  r e la t io n a l m a t r ix  fo r m  o f  a  ru le b a s e  

is  d e s c r ib e d  b e lo w  f o r  tw o  a n te c e d e n t  s in g le  c o n s e q u e n t  f u z z y  s y s t e m  :

where p  a n d  q a r e  th e  n u m b e r  o f  a n te c e d e n t  f u z z y  m e m b e r s h ip  s e ts  f o r  

X j  a n d  X2 r e s p e c t iv e ly ,

•  Rule activation value - th e  in fe re n c e  fu n c t io n s  c o n ta in e d  w ith in  th e  

a n te c e d e n t  p a r t  o f  a  ru le  a c t  o n  th e  d e g r e e s  o f  m e m b e rs h ip  o f  th e  a n te c e d e n t

Rx > J f  X l is ®  X  2 is A^X2

Then Y1 is Bx = >   ̂^

7?2  ̂ I f  X x is A , ®  X 2 is Ai x2

Then Yx is B2Ŷ = >  g \ \ 2

R, - >  I f  X, is \ Xi ®  X 2 is \ Xi

Then Yx is Bi.y, ^  g \yij

Then

Then

Then

I is  th e  n u m b e r  o f  c o n s e q u e n t  f u z z y  m e m b e r s h ip  se ts  f o r  Yj a n d  

gij k ( j = l  to  p ,j=  1 to  q, k= 1 to  I) is  th e  p o s s ib i l i t y  v a lu e  f o r  e a c h  

o f  th e  c o m p le t e  se t  o f  p o s s ib le  r u le s .

2 0



f u z z y  m e m b e rs h ip  s e t s .  T h e  c a lc u la t e d  v a lu e  is  th e  rule activation value a n d  

th u s  r e f le c t s  th e  s tr e n g th  o f  th e  ru le .

•  Aggregation - i f  t w o  o r  m o r e  a c t iv e  r u le s  in fe r  th e  s a m e  c o n s e q u e n t  fu z z y  

m e m b e rs h ip  s e t , th e n  a n  a g g r e g a t io n  fu n c t io n  is  u s e d  to  c o m b in e  th e  

a c t iv a t io n  le v e ls  o f  th e s e  r u le s  in  o r d e r  to  c a lc u la t e  th e  fin a l d e g r e e  o f  

m e m b e rs h ip  f o r  th e  in fe r re d  c o n s e q u e n t  fu z z y  m e m b e rs h ip  se t . T h e  m o s t  

c o m m o n  a re  mean a n d  maximum  [ 3 8 ] .

•  Defuzzification - is  th e  m e th o d  b y  w h ic h  th e  f u z z y  o u tp u t  f r o m  th e  c o m p le te  

r u le b a s e  in fe r e n c e  is  c o n v e r t e d  to  a  c r is p  v a lu e .  T h e r e  a re  o v e r  th ir ty  

m e th o d s  o f  d e fu z z if ic a t io n  to  b e  c h o s e n  f r o m . T h e  m o s t  c o m m o n  a r e  Mean 

o f Area, Maximum Height a n d  th e  Centre o f Gravity [ 3 8 ] .  A n  a d a p t iv e  

d e fu z z if ic a t io n  m e th o d  th a t a l lo w s  an  a d ju s tm e n t  b e tw e e n  th e  c e n tr e  o f  

g r a v i t y  m e th o d  a n d  th e  m a x im u m  o f  h e ig h t  is  d e v e lo p e d  in  K ie n d l  [ 3 9 ] ,

•  Output Variable Gain Ku - th is  is  a p p lie d  to  th e  c r is p  o u tp u t  v a lu e  f r o m  th e  

f u z z y  c o n t r o l le r .  A s  in  th e  c a s e  o f  th e  in p u t g a in s ,  th e  s y s te m  d y n a m ic s  a re  

e f fe c t e d  b y  it s  v a lu e  [ 3 ] .

T h is  s e c t io n  h a s  i l lu s t r a te d  s o m e  o f  th e  k e y  s tr u c tu ra l  a s p e c ts  o f  an  F L C  a n d  d e f in e d  

th e  te r m in o lo g y  u s e d  in  th is  r e s e a r c h . O th e r  fo r m s  o f  th e  F L C  f o r  S I S O  s y s te m s  a re  

p o s s ib le .  O n e  e x a m p le  is  th e  P r o p o r t io n a l- In t e g r a l  fo r m  F u z z y  L o g i c  C o n t r o l le r  ( P I -  

F L Q . w h ic h  is  fo r m e d  b y  p la c in g  an  in te g r a to r  b e tw e e n  th e  o u tp u t  o f  th e  P D - F L C  

a n d  th e  p la n t . T h e  r e a d e r  is  r e fe r r e d  to  r e fe r e n c e s  [ 3 8 ]  f o r  m o r e  d e ta ile d  a n d  

i l lu s t r a t iv e  d e s c r ip t io n s  o f  f u z z y  c o n tro l.

I t  s h o u ld  b e  n o te d  th a t  th e  is s u e  o f  s ta n d a rd is in g  th e  te r m in o lo g y  w ith in  th e  f ie ld  o f  

f u z z y  c o n t r o l  h a s  n o t  b e e n  a d d r e s s e d . C u r r e n t ly , th e  " V e r e in  D e u t s c h e r  In g e n ie u r e  

V D I  " is  w o r k in g  t o g e t h e r  w ith  th e  I E E E  to  s ta n d a r d is e  th e  te r m in o lo g y  w ith in  b o th  

th e  E n g l i s h  a n d  G e r m a n  la n g u a g e s  [4 0 ] ,

2 .6 .  F u z z y  M o d e l l i n g

J u s t  a s  a  c o n t r o l  s t r a t e g y  f o r  a  p a r t ic u la r  p la n t  c a n  b e  l in g u is t ic a lly  d e s c r ib e d  a n d  

p r o g r a m m e d  a s  a  s e t  o f  r u le s  w ith in  a  fu z z y  a lg o r ith m , s o  to  c a n  th e  d y n a m ic  

b e h a v io u r  o f  th e  p la n t . T h is  p r o c e s s  o f  l in g u is t ic  m o d e ll in g  is  te rm e d  fu z z y  m o d e ll in g . 

T h is  s e c t io n  g i v e s  a  b r i e f  o v e r v ie w  o f  th e  f ie ld  o f  fu z z y  m o d e ll in g .
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T h e  m o s t  im p o rta n t  c h a r a c t e r is t ic  o f  fu z z y  m o d e ls  is  th a t th e y  a re  universal 
approximators, th u s  a l lo w in g  th e m  to  m o d e l a n y  fu n c t io n  to  a n  a rb itra r y  d e g r e e  o f  

a c c u r a c y  [ 1 1 ] .  T h e r e  a r e  t w o  m a in  ty p e s  o f  f u z z y  m o d e ls  w h ic h  d if fe r  in  th e  t y p e  o f  

c o n s e q u e n t s  u s e d  in  th e  r u le b a s e  [ 4 1 ] .  T h e s e  a r e  a s  f o l lo w s  :

•  Function Consequents -  th is  ty p e  o f  f u z z y  m o d e l u t il is e s  a  fu n c t io n  o f  th e  in p u t 

v a r ia b le s  f o r  e a c h  c o n s e q u e n t . T h u s  a n  in te rp o la t io n  b e tw e e n  th e  fu n c t io n a l 

c o n s e q u e n t s  o f  a c t iv e  r u le s  is  p e r fo r m e d  b y  th e  fu z z y  a lg o r ith m . O n e  e x a m p le  

c o u ld  b e  th e  m o d e ll in g  o f  a  n o n - lin e a r  s y s te m  w ith  f i r s t  o r d e r  d y n a m ic  b e h a v io u r .  

T h e  fu z z y  a lg o r it h m  c o u ld  u t ilis e  f i r s t  o r d e r  A R X  m o d e ls  o f  th e  s y s te m  

in t e r p o la te d  a c r o s s  d i f fe r e n t  o p e r a t in g  p o in t s  a s  c o n s e q u e n ts .

•  Fuzzy Variables or Singleton Consequents -  th is  is  th e  s im p le r  o f  th e  t w o  o p t io n s ,  

w h e r e  th e  c o n s e q u e n t  v a r ia b le s  o f  th e  f u z z y  m o d e l a lg o r ith m  a re  e ith e r  fu z z y  

m e m b e rs h ip  s e t s  o r  fu z z y  s in g le to n s . T h e s e  m o d e ls  c a n  th u s  u t il is e  e ith e r  th e  

lo o k - u p  ta b le  o r  r e la t io n a l  m a t r ix  fo r m a ts  f o r  th e  r u le b a s e .

P io n e e r in g  w o r k  in  th e  f ie ld  o f  fu z z y  m o d e ll in g  h a s  b e e n  p e r fo r m e d  b y  P e d r y c z  [ 3 ]  

a n d  T o n g  [4 2 ]  w h o s e  m o d e ls  u t ilis e  f u z z y  v a r ia b le  c o n s e q u e n ts  in  re la t io n a l  m a tr ix  

fo r m . T a k a g i  a n d  S u g e n o  [ 4 3 ]  d e v e lo p e d  fu n c t io n a l c o n s e q u e n t  fu z z y  m o d e ls  a n d  

a p p lie d  th e m  to  th e  m o d e ll in g  a n d  c o n tro l  o f  a  m u lt i la y e r  in c in e r a to r  [4 4 ] .  M o r e  

r e c e n t ly  K i ip p e r  [ 4 5 ]  h a s  u s e d  s to c h a s t ic  a p p r o x im a t io n  to  d e te rm in e  th e  p o s s ib i l i t y  

v a lu e s  o f  r u le s  in  a  f u z z y  m o d e l  w ith  a  r e la t io n a l m a t r ix  r u le b a s e  fo rm a t .

2.7. Direct Adaptive Fuzzy Control

2.7.1. Introduction
A  d ir e c t  a d a p t iv e  f u z z y  c o n t r o l le r  u t i l is e s  s ta te  d a ta  f r o m  th e  p la n t  in  c o n ju n c t io n  w ith  

s o m e  fo r m  o f  p e r fo r m a n c e  in d e x  to  a d a p t  th e  c o n t r o l le r  p a r a m e te r s  d ir e c t ly .  F o r  th e  

o n - l in e  m e t h o d s , n o  m o d e l  o f  th e  p la n t  to  b e  c o n t r o l le d  is  in c lu d e d  in  th e  c o n t r o l le r  

s t r u c tu r e .

A s  p r e v io u s ly  d e s c r ib e d  th e  f u z z y  c o n t r o l le r  is  a  n o n - lin e a r  c o n t r o l le r  a n d  th u s  s u ite d  

f o r  th e  c o n t r o l  o f  n o n - l in e a r  s y s te m s . T h e  in t ro d u c t io n  o f  an  a d a p t iv e  m e c h a n is m  

h e lp s  th e  c o n t r o l le r  to  m a in ta in  a n d  e v e n  im p r o v e  c o n t r o l  p e r fo r m a n c e  f o r  n o n - lin e a r  

o r  e s p e c ia l ly  t im e  v a r y in g  s y s te m s .
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2 . 7 . 2 .  T y p e s  o f  A d a p t a t i o n

T h e  f ir s t  ty p e  o f  a d a p t iv e  m e c h a n is m  c o n s id e r e d  in  th is  s e c t io n  is  Gain 
Tuning/Adaptation ( G T A )  [4 6 ] . T h is  fo r m  o f  a d a p ta t io n  is  s im ila r  in  ty p e  to  th a t o f  

th e  s e l f - t u n in g  P I D  c o n t r o l le r .  G T A  m e th o d s  a s s u m e  th a t th e  c o n t r o l le r  p o s s e s s e s  a  

s u f f ic ie n t  a n d  c o r r e c t  r u le b a s e  f o r  c o n t r o l  o f  th e  p la n t  a ro u n d  a t  le a s t  o n e  o p e r a t in g  

p o in t . T h is  a s s u m p t io n  i s  d is a d v a n t a g e o u s ,  a s  o n e  d e s t r u c t iv e  ru le  c a n  h in d e r  g o o d  

c o n t r o l le r  p e r fo r m a n c e  n o  m a t te r  w h a t  g a in  v a lu e s  a re  c h o s e n . T h e  a d a p ta t io n  

p e r fo r m e d  is  o f  a  l in e a r  ty p e ,  a s  th e  n o n - l in e a r  c h a r a c t e r is t ic  o f  th e  r u le b a s e  w h ic h  

g e n e r a te s  n o n - l in e a r  c o n t r o l le r  a c t io n s  is  n o t  a lte re d . B e c a u s e  n o  c o m p le te  ru le b a s e  

c o u ld  e a s i ly  b e  d e v e lo p e d ,  a p p lic a t io n  o f  th is  s t r a t e g y  f o r  th e  c o n t r o l  o f  th e  w a r m -  

w a t e r  p r o c e s s  w it h  its  m u lt i- v a r ia b le  n o n - l in e a r  c o u p le d  n a tu re  w o u ld  b e  lim ite d .

T h e  s e c o n d  ty p e  o f  a d a p ta t io n  is  th a t  o f  rule modification, in it ia lly  te rm e d  Self 
Organising Control ( S O C )  b y  P r o c y k  a n d  M a m d a n i [ 1 7 ] .  B o t h  th e  c o n s e q u e n t  a n d  

a n te c e d e n t  te rm s  w ith in  a  ru le  c a n  b e  m a n ip u la te d . T h is  fo r m  o f  a d a p ta t io n  is  m o re  

f le x ib le  th a n  th a t  o f  G T A  a n d  c a n  b e  c o n s id e r e d  to  b e  n o n - lin e a r . O n e  im p o rta n t  

a s p e c t  o f  th is  a d a p ta t io n  s t r a t e g y  is  th a t d e s t r u c t iv e  r u le s  c a n  b e  c o r r e c t e d  a n d  

r e p la c e d . M o r e o v e r ,  it  is  p o s s ib le  fo r  th e  ru le b a s e  to  b e  p a r t ia l ly  o r  e v e n  c o m p le te ly  

e m p ty  in  th e  in it ia l s t a g e s  o f  c o n t r o l le r  o p e r a t io n . T h is  fo r m  o f  c o n t r o l le r  is  c e r ta in ly  

m o r e  s u ita b le  f o r  th e  c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s  th an  th e  G T A  m e t h o d s , d u e  

to  th e  f le x ib le  a d a p ta t io n  a n d  th e  la c k  o f  th e  re q u ire m e n t  f o r  a  c o m p le t e  in itia l 

r u le b a s e .

T h e  th ird  ty p e  o f  a d a p ta t io n  is  th a t o f  Membership Set Modification. B o t h  th e  

m e m b e rs h ip  s e t s  o f  th e  in p u t a n d  o u tp u t  v a r ia b le s  c a n  b e  m a n ip u la te d . D u e  to  th e  

la r g e  n u m b e r  o f  p a r a m e te r s  th a t a re  in v o lv e d  th e  a d a p ta t io n  p r o c e s s  is  ty p ic a l ly  t im e  

c o n s u m in g  a n d  s o m e  fo r m  o f  o p t im is a t io n  s t r a t e g y  s u ite d  to  la r g e  d im e n s io n a l 

p r o b le m s  s u c h  a s  s im u la te d  a n n e a lin g  o r  e v o lu t io n a r y  a lg o r ith m s  is  r e q u ir e d  [ 4 7 ] .  

M o r e o v e r ,  th is  c o n t r o l le r  ty p e  is  u s u a l ly  a d a p te d  o f f - l in e .  T h is  m e th o d  a ls o  h a s  th e  

d is a d v a n t a g e  th a t  a  g o o d  r u le b a s e  is  a s s u m e d  to  b e  a v a i la b le .

M o s t  o f  th e  l it e r a t u r e  e n c o u n t e r e d  d u r in g  th is  r e s e a r c h  d e s c r ib e s  c o n t r o l  s t r a t e g ie s  fo r  

Single Input Single Output (SISO) systems. M o r e o v e r ,  f e w  o f  th e  p u b lic a t io n s  

v a l id a t e d  th e ir  s t r a t e g ie s  w ith  re a l  w o r ld  c o n t r o l  p r o b le m s . M o s t  d e m o n s t ra t io n s  

w e r e  lim ite d  to  th e  c o n t r o l  o f  w e ll  k n o w n  p la n ts  w ith in  a  s im u la t io n  e n v ir o n m e n t . 

O fte n  n o  c o m p a r is o n  w ith  a  c la s s ic a l  c o n t r o l le r  w a s  m a d e  a n d  r e s u lts  w e r e  n o t  fu l ly  

e x p la in e d  w ith  is s u e s  s u c h  a s  s ta b ility , p r o c e s s in g  a n d  m e m o r y  r e q u ire m e n ts  b e in g  

c o n v e n ie n t ly  ig n o r e d . I t  th u s  re m a in s  to  b e  s e e n  i f  a n y  o f  th e  d ir e c t  a d a p t iv e  fu z z y  

c o n t r o l le r  a r c h e t y p e s  th a t  h a v e  b e e n  d e s c r ib e d  f o r  S I S O  s y s te m s  c a n  b e  m o d if ie d  a n d
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e x t e n d e d  f o r  s u c c e s s fu l  c o n t r o l  o f  th e  Multi Input Multi Output (MIMO) warm water
process.

2.7.3. Gain Tuning/Adaptation
Gain Tuning/Adaptation ( G T A )  a d a p ts  o r  tu n e s  s o m e  o r  a ll o f  th e  g a in s  f o r  th e  in p u t 

a n d  o u tp u t v a r ia b le s  o f  a  fu z z y  c o n tr o lle r .  In  F ig u r e  2 . 3 ,  ( s e e  p a g e  1 7 )  c o n ta in in g  th e  

P D - F L C  th e s e  g a in s  a r e  Ke, Kde a n d  Ku. T h e  a im  o f  th is  a d ju s tm e n t  is  to  m a tc h  th e  

d y n a m ic  a n d  s t e a d y  s ta t e  r e s p o n s e  o f  th e  F L C  b a s e d  s y s te m  to  th a t o f  a  d e s ir e d  

r e s p o n s e .

O n e  o f  th e  s im p le s t  m e c h a n is m s  f o r  g a in  tu n in g  is  th a t  o f  B a r e  e t  a l [4 6 ] . T h e y  

d e v e lo p  a  F L C  w it h  g a in  a d a p ta t io n  to  c o n t r o l  a  g a s o l in e  c a t a ly t ic  r e fo r m e r . T h e  

g a in s  IC E  a n d  K D E  w e r e  a d a p te d  u s in g  a  s o - c a l le d  s im p le  c r is p  h e u r is t ic . T h e  

a s s u m p tio n  w a s  m a d e  th a t  th e  la r g e r  Ke, th e  f a s t e r  b u t  m o r e  o s c i l la t o r y  th e  r e s p o n s e . 

T h e  g a in  Ku is  n o t  a d ju s te d  a s  th is  c o u ld  c a u s e  in s ta b il ity . T h e  c r is p  h e u r is t ic  u s e d  in 

th is  p u b lic a t io n  is  g iv e n  b y  ( 2 .2 ,  2 .3 ,  2 .4 ) .

«  e (k ) nP = -------- (2.2)
e ( k - I )

1 .  I f  Ipl >  a  th e n  th e  g a in  Ke i s  in c r e m e n te d  (u n d e rs h o o t )  o r  

d e c r e m e n te d  ( o v e r s h o o t ) ,  w h e r e  a  i s  a  u s e r  d e f in e d  c o n s ta n t. ( 2 .3 )

2 .  I f  p 2  >  [3 th e n  th e  g a in  Kde is  in c r e m e n te d  o r  d e c r e m e n te d , 

w h e r e  p  i s  a  u s e r  d e f in e d  c o n s ta n t . ( 2 .4 )

T h e  c o n t r o l le r  th u s  c r e a t e d  w a s  d e e m e d  to  b e  c a p a b le  o f  m a in ta in in g  g o o d  c o n t r o l  

o v e r  a  w id e  r a n g e  o f  o p e r a t in g  p o in ts . N o  c o m p a r is o n s  w ith  a  s ta n d a rd  c o n t r o l le r s  

w e r e  d e ta ile d .

D a u g h e r it y  e t  a l  [ 3 6 ]  d e v e lo p  a  s im p le  a u to  tu n e r  f o r  th e  Ke a n d  Kde g a in s  o f  a  P D -  

F L C  f o r  th e  c o n t r o l  o f  a n  in d u s tr ia l g a s  f i r e d  w a t e r  h e a te r . C o m p a r is o n s  w e r e  m a d e  

w it h  a  P I D  c o n t r o l le r .  T h e  a u to  tu n in g  P D - F L C  w a s  s h o w n  to  b e  a b le  to  c o n t r o l  th e  

p la n t  a s  w e l l  a s  a  P I D  c o n t r o l le r  f o r  th e  tu n e d  o p e r a t in g  p o in t  a n d  to  e x h ib it  s u p e r io r  

r o b u s tn e s s  in  th e  p r e s e n c e  o f  s y s t e m  n o is e  a n d  f o r  v a r io u s  o p e r a t in g  p o in ts .

In  a  m o r e  c o m p le x  m e t h o d , Z h a o  e t  a l [4 8 ]  h a v e  d e s ig n e d  a  fu z z y  tu n e r  to  m o d ify  th e  

g a in s  Ke, Kde a n d  Ku o f  a  P D - F L C .  T h e  tu n in g  m e c h a n is m  u t il is e d  is  a  s im p le  f u z z y
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a lg o r it h m . T h e  fuzzy tuner h a s  p e r fo r m a n c e  in d ic e s  su c h  a s  o v e r s h o o t ,  s e t t l in g  t im e  

a n d  r is e  t im e  a s  in p u t v a r ia b le s  a n d  in c r e m e n ta l c h a n g e s  to  th e  g a in s  a s  o u tp u t  

v a r ia b le s .  E a c h  o f  th e  r u le s  c a n  d e s c r ib e d  a s  f o l l o w s  :

I f  OS i s  a n d  RS  i s  5 (- a n d  ST  is  C (-

th e n  A Ke is  D t a n d  AKde is  E t a n d  A Ku is  Fi ( 2 .5 )

where OS i s  o v e r s h o o t  % ,

RS  is  th e  r i s e  t im e  in  s e c o n d s  d iv id e d  b y  th e  d o m in a n t  p la n t  t im e  

c o n s ta n t ,

ST  is  th e  s e t t l in g  t im e  d iv id e d  b y  th e  r is e  t im e  a n d  

Ai, B h C ,,  Dt, E t, Fj a re  f u z z y  m e m b e r s h ip  se ts .

A n  a d a p ta t io n  r a t e  p a r a m e te r  a  is  a ls o  in t ro d u c e d  f o r  a l l  g a in s  in  th e  f o l lo w i n g  fo r m  :

G a in ( n + 1 )  =  G a in ( n )  - a A G a in ( n )  ( 2 .6 )

where n is  an  ite ra t io n  v a r ia b le .

C la im s  a r e  m a d e  th a t  th e  fu z z y  tu n e r  b r in g s  s o m e  p e r fo r m a n c e  r e w a r d s  f o r  o f f - l in e

tu n in g  a n d  o n - lin e  a d a p ta t io n  to  s y s te m s  w ith  t im e  v a r ia n c e .  T h e  is s u e  o f  s ta b i li ty  is

n o t  c o n s id e r e d .

T o  s u c c e s s fu l ly  a p p ly  th e  c o n c e p t  o f  G T A  to  th e  w a r m  w a te r  p r o c e s s  th e  f o l lo w in g  

p r o b le m s  w o u ld  h a v e  to  o v e r c o m e  :

•  availabilty o f complete and correct rule bases f o r  e a c h  o f  th e  c o n t r o l le d  

v a r ia b le s ,

•  decoupling o f the variables w o u ld  h a v e  to  b e  a t le a s t  p a r t ia l ly  r e a l is e d ,

•  u s in g  th e  t w o  d im e n s io n a l  F L C  a p p r o a c h , th e re  w o u ld  be four to six gains to be 

adjusted  a n d

•  introduction o f stability criteria n e c e s s a r y  to  m o n ito r  th e  a d a p ta t io n  o f  th e  

in p u t  a n d  o u tp u t  v a r ia b le  g a in s .
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A lt h o u g h  s im u la t io n  m a y  y ie ld  r e a s o n a b le  re s u lts  f o r  S I S O  s y s te m s  a n d  fu lly  

d e c o u p le d  m u lt i- v a r ia b le  s y s te m s , d u e  to  th e  a b o v e  l is te d  r e q u ire m e n ts , th e  G T A  

a d a p t iv e  f u z z y  c o n t r o l le r  i s  d e e m e d  n o t  to  b e  s u ite d  f o r  th e  c o n t r o l  o f  th e  w a r m  w a te r  

p r o c e s s .

2.7.4. Adaptation of Rule Consequents
D e t a i ls  o f  th e  f i r s t  r u le  a d a p t iv e  fu z z y  c o n t r o l le r  w e r e  p u b lis h e d  in  1 9 7 9  b y  P r o c y k  

a n d  M a m d a n i  [ 1 7 ] .  T h is  c o n t r o l le r  w a s  te r m e d  a  Self-Organising Controller ( S O C ) .  

I t  is  c la im e d  th a t th e  S O C  a n a ly s e s  its  c o n t r o l  p e r fo r m a n c e  a n d  th r o u g h  a d a p ta t io n  o f  

th e  r u le  c o n s e q u e n t s  is  a b le  to  a c h ie v e  s o m e  im p r o v e m e n t  in  it s  c o n t r o l  p e r fo r m a n c e . 

T h is  fo r m  o f  a d a p ta t io n  is  n o n - lin e a r  a n d  is  th u s  m o r e  f le x ib le  th a n  th e  p r e v io u s ly  

d e s c r ib e d  G T A  m e th o d s .

T h e  S O C  p r e s e n t e d  b y  P r o c y k  a n d  M a m d a n i is  b a s e d  a ro u n d  a  P D - F L C . s e e  F ig u r e

2 .4 ,  a n d  c o n t a in s  th r e e  e x t r a  e le m e n ts  :

•  a  performance index, w h e r e b y  a lth o u g h  u s e d  in  a ll th e  S O C  l it e r a t u r e  fo u n d , 

th e  te r m  " p e r fo r m a n c e  in d e x "  is  n o t  s t r ic t ly  c o r r e c t  b u t  ra th e r  th e  te rm  

" r e fe r e n c e  m o d e l"  is  m o re  s u ita b le ,

•  a n  incremental plant model a n d
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T h e  performance index ( o r  m o r e  c o r r e c t ly  r e fe r e n c e  m o d e l)  is  u s e d  to  a n a ly s e  th e  

c o n t r o l le r  p e r fo r m a n c e  a n d  s e r v e s  a s  a  r e fe r e n c e  f o r  th e  d e s ir e d  r e s p o n s e  in  o r d e r  to  

a d a p t  th e  r u le b a s e .  I t s  in p u ts  a re  s c a le d  e r r o r  Ke.e(n) a n d  r a te  o f  c h a n g e  o f  e r r o r  

Kde.de(n) w h ic h  s e r v e  a s  a  m e a s u r e  o f  th e  d e v ia t io n  o f  th e  c o n t r o l le d  v a r ia b le  f r o m  

th e  d e s ir e d  t r a je c t o r y .  T h e  p e r fo r m a n c e  in d e x  o u tp u t  p(n), g i v e s  an  in d ic a t io n  o f  

c o n t r o l le r  p e r fo r m a n c e  a n d  is  u s e d  to g e t h e r  w ith  a n  in c re m e n ta l p r o c e s s  m o d e l to  

im p le m e n t  r u le  a d a p ta t io n . T h e  p e r fo r m a n c e  in d e x  c a n  b e  e x p r e s s e d  in  th e  f o r m  o f  a  

s im p le  lo o k - u p  t a b le  o r  a s  a  s e t  o f  r u le s  in  a  fu z z y  r u le b a s e . A c c o r d in g  to  P r o c y k  a n d  

M a m d a n i ,  th e  p e r fo r m a n c e  in d e x  is  n o t  p r o c e s s  s p e c i f ic  a s  it  r e p r e s e n ts  th e  "m in im u m  

t o le r a b le  c lo s e d  lo o p  r e s p o n s e  o f  th e  s y s t e m " .

T h e  incremental plant model u s e d  b y  P r o c y k  a n d  M a m d a n i is  th e  p la n t  J a c o b i  m a tr ix . 

I n  p r a c t ic e ,  th is  in c r e m e n ta l p la n t  m o d e l m a p s  th e  o u tp u t  o f  th e  p e r fo r m a n c e  in d e x  to  

th e  r u le b a s e  a d a p t io n  b lo c k ,  th u s  a c t in g  a s  a  le a r n in g  g a in . C h a p t e r  5  c o n ta in s  s o m e  

s im u la t io n s  o f  th e  S O C  a lg o r ith m  w ith in  w h ic h  th e  v a lu e  o f  th e  in c re m e n ta l p la n t  

m o d e l  is  s e e n  to  e f f e c t  th e  le a r n in g  ra te  o f  th e  r u le b a s e .

F r o m  th is  p o in t  o n  in  th is  r e s e a r c h  th e  te rm  " r e fe r e n c e  m o d e l"  w i l l  b e  u t i l is e d  in s te a d  

o f  th e  o r ig in a l  " p e r fo r m a n c e  in d e x " . T h e  r e a s o n  b e in g  th a t th e  S O C  " p e r fo r m a n c e  

in d e x "  d o e s  in  f a c t  fu n c t io n  a s  a  r e fe r e n c e  m o d e l  f o r  th e  d e s ire d  c o n t r o l le r  b e h a v io u r , 

th u s  r e s e m b lin g  th e  M R A C  c o n tro lle r .

T h e  a d a p ta t io n  o f  th e  rule modification algorithm  is  a  c r e d it  a s s ig n m e n t  p r o b le m , 

w h ic h  in v o lv e s  r e in fo r c e m e n t  o r  c o r r e c t io n  o f  th e  c o n t r o l le r  r u le s  th a t c o n tr ib u te d  to  

th e  p r e s e n t  c o n t r o l le r  p e r fo r m a n c e . T h is  p r e s e n t  c o n t r o l le r  p e r fo r m a n c e  is , h o w e v e r ,  

th e  r e s u lt  o f  s o m e  c o n t r o l le r  a c t io n  th a t o c c u r r e d  in  th e  p a s t . T h e  e x a c t  p o in t  in  t im e  

in  w h ic h  th is  a c t io n  w a s  c a r r ie d  o u t  is  re la te d  to  th e  d y n a m ic s  o f  th e  s y s te m  a n d  is 

s a id  to  h a v e  o c c u r r e d  m s a m p le s  in  th e  p a s t .  T h u s  a d a p ta t io n  is  c a r r ie d  o u t  o n  th e  

c o n s e q u e n t s  o f  th e  a c t iv e  r u le s  m  s a m p le s  in  th e  p a s t .  T h e  o u tp u t  o f  th e  r e fe r e n c e  

m o d e l  is  f e d  to  th e  n o r m a lis e d  in c re m e n ta l p r o c e s s  m o d e l o f  th e  p la n t , w h o s e  o u tp u t  

is  th e n  u s e d  to  m o d ify  th e  r u le  c o n s e q u e n t s . B a s e d  o n  e x p e r im e n ta t io n , c la im s  a re  

m a d e  th a t  th e  S O C  is  in s e n s it iv e  to  s im p le  o r  e v e n  in c o r r e c t  in c re m e n ta l p r o c e s s  

m o d e ls .  T h e  a lg o r it h m  u s e d  f o r  ru le  m o d if ic a t io n  is  g iv e n  b y  e q u a t io n  ( 2 .7 )  w h ic h  is  

q u o t e d  d ir e c t ly  f r o m  th e  p u b lic a t io n  :

R(n+l)=[R(n) and not R'(n)} or R"(n) ( 2 .7 )

where and not a n d  or  a re  l in g u is t ic  o p e ra to rs ,
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R(n) is  th e  c u rre n t  r u le b a s e ,

R(n)' is  th e  o ld  r u le b a s e  r e s p o n s ib le  f o r  c u r r e n t  c o n tro l 

p e r fo r m a n c e ,

R(n)" i s  th e  d e s ir e d  r u le b a s e  a n d  

R(n+1) i s  th e  n e w  a d a p te d  r u le b a s e .

T h is  m e th o d  o f  r u le b a s e  a d a p ta t io n  c r e a te s  th r e e  n e w  r u le s  f o r  e v e r y  r u le  c h a n g e  a n d  

th u s  s o m e  f o r m  o f  r u le  d e le t io n  m e c h a n is m  is  n e e d e d  i f  th is  m e th o d  is  to  b e  u s e d .

E x p e r im e n t s  in  s im u la t io n  w e r e  c a r r ie d  o u t u s in g  empty in it ia l ru le  b a s e s  f o r  S I S O  a n d  

M I M O  s y s t e m s  w it h  a n d  w ith o u t  p r o c e s s  d e a d  t im e  a n d  in  th e  p r e s e n c e  o f  n o is e . T h e  

in c r e m e n ta l m o d e ls  a n d  in p u t  a n d  o u tp u t  v a r ia b le  g a in s  v a lu e s  w e r e  a ll  s e le c t e d  to  

g i v e  a  g o o d  r e s p o n s e  - n o  fu r th e r  d e ta ils  a r e  g iv e n  a s  to  h o w  th e s e  v a lu e s  w e r e  

c h o s e n . A lt h o u g h  c o n v e r g e n c e  w a s ,  in  s o m e  c a s e s  n e v e r  a c h ie v e d , a ll r e s p o n s e s  w e r e  

o f  a  r e a s o n a b le  n a tu re , w it h  a  s te a d y  s ta te  e r r o r  o f  le s s  th a n  10%  o f  th e  s e t p o in t  

v a lu e .  T h e  c o n t r o l le r  r e s p o n s e  ty p ic a l ly  h a d  a  s te a d y  s ta t e  o f f s e t  f o r  w h ic h  n o  r e a s o n  

is  g iv e n . I t  is  m o r e  th a n  l ik e ly  d u e  to  th e  in t e r p o la t iv e  n a tu re  o f  fu z z y  c o n t r o l le r s ,  

w h ic h  in t e r p o la te  b e tw e e n  th e  r u le s  in  th e  r u le b a s e .

S u g iy a m a  [4 9 ]  fu r th e r  a n a ly s e d  s o m e  a s p e c ts  o f  th e  S O C  w h e r e b y  th e  f o l lo w in g  

im p r o v e m e n t s  a n d  a d d it io n s  to  th a t o f  P r o c y k  a n d  M a m d a n i  [ 1 7 ]  w e r e  a c h ie v e d  :

•  PID type o f FLC  is  u s e d  to  in c r e a s e  c o n t r o l  p e r fo r m a n c e . T h e  in p u ts  a re  

e r r o r , f i r s t  a n d  s e c o n d  d e r iv a t iv e s  o f  th e  e r ro r ,

•  non-linear mapping o f  a ll in p u t v a r ia b le  f u z z y  m e m b e rs h ip  s e t s  to  im p r o v e  

r i s e  t im e  a n d  s e n s i t iv it y  a ro u n d  th e  s e tp o in t ,

•  s o m e  guidelines f o r  th e  d e v e lo p m e n t  o f  th e  r e fe r e n c e  m o d e l a r e  p r e s e n t e d  

a n d  an  a n a lo g y  is  m a d e  b e tw e e n  th e  r e fe r e n c e  m o d e l a n d  th e  m o d e l  o f  th e  

d e s ir e d  r e s p o n s e  in  th e  c la s s ic a l  m o d e l r e fe r e n c e  a d a p t iv e  c o n t r o l le r  

( M R  A C ) ,

•  a  design method  f o r  a  S O C  is  b r ie f ly  d e s c r ib e d  w ith  a  s u g g e s t e d  re la t io n s h ip  

b e t w e e n  th e  F L C  g a in s  Ke a n d  Kde a n d  a  f i r s t  o r d e r  s y s t e m  a n d

•  th e  accuracy o f the delay parameter m, i .e .  w h ic h  r u le b a s e  c o n tr ib u te d  to  th e  

c u r r e n t  c o n t r o l  p e r fo r m a n c e , is  d e e m e d  to  b e  u n im p o rta n t.
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L in k e n s  a n d  A b b o d  [ 1 8 ]  c le a r ly  d e s c r ib e  th e  d e v e lo p m e n t  o f  a  S O C  b a s e d  o n  th e  

r e la t io n a l  m a t r ix  s t r u c tu r e  o f  P r o c y k  a n d  M a m d a n i [ 1 7 ] .  A  g a in  s w itc h  is  u s e d  to  

in c r e a s e  th e  c o n t r o l le r  s e n s it iv ity  a ro u n d  th e  s e t  p o in t  a n d  d e ta ils  a re  g iv e n  f o r  th e  

c a lc u la t io n  o f  th e  g a in s  Ke, Kde a n d  Ku. T h e  S O C  a lg o r it h m  is  a p p lie d  to  a  c o u p le d  

ta n k s  a p p a r a tu s  a n d  to  c o u p le d  m o to r s .

P r o c y k  a n d  M a m d a n i [ 1 7 ] ,  S u g iy a m a  [4 9 ] ,  S h a o  [5 0 ]  a n d  L in k e n s  a n d  A b b o d  [ 1 8 ]  all 

u t i l is e  a  fu z z y  re la t io n a l  m a t r ix  a p p r o a c h  to  r u le  m o d if ic a t io n  w h ic h , f o r  M I M O  

s y s t e m s ,  is  c o m p u ta t io n a lly  im p r a c t ic a l .  T h is  la r g e  c o m p u ta t io n a l b u rd e n  is  q u a n t if ie d  

in  W a k i le h  a n d  G i l l  [ 5 1 ] ,  w h e r e  th e  a p p lic a t io n  o f  th e  S O C  to  r o b o t  m o t io n  c o n t r o l  is 

r e p o r t e d . In  o r d e r  to  r e d u c e  th e  n e c e s s a r y  p r o c e s s in g  t im e  fu z z y  s in g le to n s  w e r e  

a d o p te d .

H o  a n d  L in  [ 5 2 ]  s u g g e s t  th e  u s e  o f  a  s im p le  lo o k u p  ta b le  to  r e p la c e  th e  re la t io n a l 

m a t r ix .  T h e  ru le  a d a p ta t io n  a lg o r ith m  f o r  a  S I S O  s y s te m  c a n  b e  m a th e m a tic a lly  

d e s c r ib e d  a s  f o l lo w s  :

Rk(n+1 )  =  Rk{ii-m) + a  p(ri) ( 2 .8 )

where p(n) is  th e  r e fe r e n c e  m o d e l  o u tp u t  v a lu e ,  

a  is  th e  le a r n in g  g a in , 

m is  th e  d e la y  in  le a r n in g  a n d  

Rk r e fe r s  to  a  s in g le  ru le .

T h is  a d a p ta t io n  is  th u s  a  w e ig h t e d  u p d a te , w h e r e b y  th e  p a r a m e te r  a  d ir e c t ly  e f fe c t s  

th e  le a r n in g  r a te . In  a d d it io n , H o  a n d  L in  s u g g e s t  th e  u t ilis a t io n  o f  c o n d it io n e d  

le a r n in g  m e c h a n is m , w h ic h  p r e v e n ts  th e  S O C  f r o m  a d a p ta t io n  i f  its  t r a je c t o r y  is  

a lr e a d y  s a t is fa c t o r y .  A  g o o d  d e s c r ip t io n  o f  th e  r e fe r e n c e  m o d e l ta b le  is  g iv e n  a s  w e ll  

a s  a  p o s s ib le  m o d if ic a t io n  w h ic h  in c r e a s e s  th e  ra te  o f  le a r n in g  o f  th e  S O C .

F a r b r o t h e r ,  S t a c e y  a n d  S u tto n  [ 5 3 ]  a p p ly  a  S O C  to  th e  c o n t r o l  o f  a  r e m o t e ly  o p e r a te d  

s u b m e r s ib le . T h e ir  a p p lic a t io n  is  th e  s ta n d a rd  P r o c y k  a n d  M a m d a n i S O C  w ith  th e  

e x c e p t io n  th a t a  lo o k u p  ta b le  r u le b a s e  in s te a d  o f  th e  r e la t io n a l  m a t r ix  fo r m  is  u s e d  a n d  

t w o  m e t a  r u le s  a r e  a d d e d  to  a s s is t  a d v a n ta g e o u s  le a r n in g  :

1 .  R ulef e (n)= 0, de(n) =  0 } = 0 -  e n s u re s  e q u i l ib r iu m  a t th e  se tp o in t . ( 2 .9 )

29



2 .  R ulef e(n)=x , de(n) = y  }  =  -Rulef e(n)=-x , de(n) =  -y }  - e n s u re s  a 

s y m m e t r ic a l  r u le b a s e  th u s  h e lp in g  to  a n t ic ip a te  o v e r s h o o t . ( 2 . 1 0 )

S p in r a d  [ 5 4 ]  s u g g e s t s  th a t  th e  u s e  o f  a  r e fe r e n c e  m o d e l ta b le  g iv e s  u n p re d ic ta b le  

c o n t r o l  a s  n o  s p e c i f ic  m e th o d  f o r  th e  d e v e lo p m e n t  o f  th e  r e fe r e n c e  m o d e l  f o r  a  g iv e n  

r e s p o n s e  h a s  b e e n  d e v e lo p e d . In s t e a d  h e  u t i l is e s  th e  d if fe r e n c e  b e t w e e n  th e  a c tu a l 

e r r o r  a n d  a  d e s ir e d  e r r o r  a s  th e  b a s is  f o r  ru le  c o n s e q u e n t  m a n ip u la t io n . T h e  d e s ire d  

e r r o r  c a n , f o r  e x a m p le ,  b e  s o m e  fu n c t io n  o f  th e  p r e s e n t  e rro r . In  a d d it io n , th e  u s e  o f  a  

rule importance factor is in t ro d u c e d . T h is  r e p la c e s  th e  t im e  d e la y  fa c t o r  m b y  

w e ig h t in g  th e  p a s t  r u le s  o v e r  s e v e r a l  s a m p le s  in  th e  p a s t . A lt h o u g h  S p in r a d 's  

a p p r o a c h  to  th e  S O C  is  s im p le r  th a n  th a t  o f  P r o c y k  a n d  M a m d a n i, S u g iy a m a  a n d  

S t a c e y  a n d  S u t t o n ,  it  is  c la im e d  th a t it  a c h ie v e s  p e r fo r m a n c e  e q u iv a le n t  to  a n d  in 

s o m e  in s t a n c e s  s u p e r io r  to  th a t o f  a  w e l l  tu n e d  P I  c o n t r o l le r  f o r  a  S I S O  c o u p le d  ta n k s  

p r o c e s s .

S p in r a d  [ 5 5 ]  a p p l ie s  th e  S O C  to  th e  c o n t r o l  o f  a  w a r m  w a t e r  p r o c e s s  w h e r e  th e  ta n k  

h e a d  a n d  te m p e r a t u r e  a r e  to  b e  c o n t r o l le d  u n d e r  th e  a s s u m p tio n  o f  p e r fe c t  m ix in g . 

F o r  c o m p a r is o n  p u r p o s e s  a  l in e a r  q u a d r a t ic  G a u s s ia n  c o n t r o l le r  w a s  d e s ig n e d  f o r  th e  

p r o c e s s .  T h e  S O C  is  c la im e d  to  b e  e a s ie r  to  d e v e lo p  th a n  th e  L Q G  c o n t r o l le r  a n d  

o f f e r s  p e r fo r m a n c e  e q u a l to  th e  L Q G  c o n t r o l le r .

B u r k h a r d t  a n d  B o n is s o n e  [ 1 4 ]  c o m p a r e  a  s ta te  s p a c e  p o le  p la c e m e n t  c o n t r o l le r  w ith  a 

F L C  w h e r e  th e  r u le b a s e  c o n s e q u e n ts  h a v e  b e e n  d e te rm in e d  o f f - l in e  b y  a  S O C .  T h e  

S O C  u s e d  is  s im ila r  to  th a t f r o m  P r o c y k  a n d  M a m d a n i [ 1 7 ]  b u t  o n ly  o n e  ru le  p e r  

s a m p lin g  in s ta n t  is  a d a p te d . T o  fu r th e r  in c r e a s e  th e  p e r fo r m a n c e  o f  th e  S O C  

g e n e r a t e d  r u le b a s e ,  a  g r a d ie n t  d e s c e n t  m e th o d  w ith  a  v a r ia b le  s te p  s iz e  is  u s e d  to  o f f 

lin e  o p t im is e  b o th  a  n o n - lin e a r  m a p p in g  o f  th e  m e m b e rs h ip  s e t s  a n d  th e  th re e  in p u t 

a n d  o u tp u t  v a r ia b le  g a in s  Ke, Kde a n d  Ku. T h e  o p t im is a t io n  c o s t  fu n c t io n  u s e d  is  a  

w e ig h t e d  s u m  o f  r i s e  t im e , o v e r s h o o t ,  s e t t lin g  t im e  a n d  s te a d y  s ta te  e r r o r .  T h e  p la n t  

u s e d  w a s  an  in v e r t e d  p e n d u lu m  f o r  w h ic h  a  d e ta ile d  s im u la t io n  m o d e l e x is te d . B o t h  

th e  o p t im is e d  S O C  r u le b a s e  a n d  th e  n o n -o p t im is e d  S O C  r u le b a s e  a re  c la im e d  to  o u t  

p e r fo r m  th e  p o le  p la c e m e n t  c o n t r o l le r .  I t  s h o u ld  b e  n o te d  th a t  th e  S O C  w a s  

d e v e lo p e d  w ith in  th e  s im u la t io n  e n v ir o n m e n t . T h e  o p t im is a t io n  p r o c e s s  u s in g  th e  

g r a d ie n t  d e s c e n t  m e t h o d  is  n o t  s u ita b le  f o r  o n - lin e  c o n t r o l  a t  a  h ig h  s a m p lin g  ra te  d u e  

to  t im e  c o n s t r a in t s .

In  a ll h ith e r to  d e s c r ib e d  im p le m e n ta tio n s  o f  th e  S O C ,  i f  th e  s e t  p o in t  is  c h a n g e d , th e  

p o s it io n  o f  th e  c o n t r o l le d  v a r ia b le  e r r o r  w ith in  th e  p h a s e  p la n e  is  s h ift e d  a w a y  fr o m
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th e  e q u ilib r iu m  p o in t  a n d  ru le  a d a p ta t io n  o c c u r s .  T h is  a d a p ta t io n  is  i r r e s p e c t iv e  o f  

w h e t h e r  th e  e r r o r  s ta t e  h a s  b e e n  m o v in g  t o w a r d s  th e  e q u ilib r iu m  p o in t  o r  n o t . In  an 

a tte m p t  to  im p r o v e  th e  a d a p t iv e  p e r fo r m a n c e  o f  th e  S O C ,  Z h a n g  a n d  E d m u n d s  [5 6 ]  

d e v e lo p e d  a  n e w  a d a p ta t io n  m e th o d . T h e  a p p r o a c h  b a s e s  ru le  a d a p ta t io n  o n  th e  

t r a je c t o r y  o f  th e  c o n t r o l le d  v a r ia b le  e r r o r  w ith in  th e  p h a s e  p la n e  a n d  n o t  o n  its  

p o s it io n . T h u s  r u le  a d a p ta t io n  o c c u r s  o n ly  w h e n  th e  c u r r e n t  r u le b a s e  is  u n a b le  to  

d r iv e  th e  c o n t r o l le d  v a r ia b le  to  th e  s e tp o in t  a lo n g  a  d e s ir e d  t r a je c t o r y .  Z h a n g  a n d  

E d m u n d s  c la im  s m o o t h e r  r e s p o n s e s  f r o m  th is  f o r m  o f  S O C  a s  c o m p a r e d  to  th a t  f r o m  

P r o c y k  a n d  M a m d a n i  [ 1 7 ] .

S o n g  a n d  P a r k  [ 5 7 ]  c la im  to  h a v e  d e v e lo p e d  a n  im p r o v e d  S O C  th r o u g h  a  s lig h t  

m o d if ic a t io n  o f  th e  a d a p ta t io n  e q u a t io n  th a t  w a s  u s e d  b y  P r o c y k  a n d  M a m d a n i [ 1 7 ] .  

T h e  n e w  a lg o r it h m  is  s h o w n  to  o f f e r  g o o d  c o n tro l f o r  a  s e c o n d  o r d e r  s y s te m  w ith  

d e a d  t im e , a n  o p e n  lo o p  u n s ta b le  p la n t  a n d  a  n o n - l in e a r  p la n t .

2.7.5. Adaptation of Fuzzy Membership Set Parameters
N o m u r a , H a y a s h i  a n d  W a k a m i [ 1 6 , 5 8 ]  h a v e  u s e d  th e  g r a d ie n t  d e s c e n t  m e th o d  to  tu n e  

th e  c e n tr e  v a lu e s  a n d  w id t h s  o f  t r ia n g u la r  a n te c e d e n t  s e ts  a n d  th e  v a lu e s  o f  

c o n s e q u e n t  fu z z y  s in g le t o n s  in  o r d e r  to  o p t im is e  th e  o f f - l in e  c o n t r o l  p e r fo r m a n c e  o f  a  

F L C .

B a t u r  a n d  K a s p a r ia n  [5 9 ]  h a v e  d e s ig n e d  a  s t r a t e g y  th r o u g h  w h ic h  th re e  c o n s e q u e n t  

m e m b e rs h ip  fu n c t io n s  a re  a d a p te d . T h e  a d a p ta t io n  s t r a t e g y  is  b a s e d  m a in ly  o n  a  

fu tu r e  p r e d ic t e d  e r r o r  o b ta in e d  fr o m  a  p r o c e s s  m o d e l. H o w e v e r ,  s h o u ld  th e  p r o c e s s  

m o d e l  b e  in a c c u r a t e ,  th e  la r g e s t  p a s t  e r r o r  w ith in  a  t im e  w in d o w  is  u s e d  in s te a d . A  

c o r r e la t io n  fu n c t io n  is  u s e d  o n - lin e  to  d e te rm in e  th e  p r o c e s s  m o d e l a c c u r a c y .  T h e  

th r e e  c o n s e q u e n t  m e m b e rs h ip  s e t s  a re  o f  th e  l in e a r  ty p e . T h e  s lo p e  o f  e a c h  is 

in c r e a s e d  w ith  s m a ll  p r e d ic t e d  o r  p a s t  e r r o r s  a n d  d e c r e a s e d  w ith  la r g e  p r e d ic t e d  o r  

p a s t  e r r o r s .  T h is  m e t h o d  re q u ir e s  th e  u s e  o f  a  w e ll  tu n e d  ru le b a s e  f o r  th e  p r o c e s s  to  

b e  c o n t r o l le d  a n d  h a s  o n ly  b e e n  re a l is e d  in  s im u la t io n .

I s a k a ,  S e b a ld  a n d  K a r im i  [4 7 ]  h a v e  a p p lie d  s im u la te d  a n n e a lin g  to  th e  o f f - l in e  

n u m e r ic a l  o p t im is a t io n  o f  a  F L C  to  b e  u s e d  f o r  b lo o d  p r e s s u r e  c o n tro l  d u r in g  s u r g e r y .  

T h is  m e th o d  o f  o p t im is a t io n  re q u ire s  a  g o o d  p la n t  m o d e l s o  th a t th e  o p t im is e d  

c o n t r o l le r s  c a n  e x h ib it  g o o d  o n - lin e  c o n tro l o f  th e  in te n d e d  p la n t.
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To achieve good control, Chen, Lin and Hsu [60] modify the centre points of the 

consequent membership functions. The learning method used is based on temporal 
difference which uses artificial neural network elements. The method was applied in 
simulation to SISO time invariant systems with some success.

Wang [61,11] utilises orthogonal gradient descent methods and the backpropagation 
algorithm to optimise the antecedent and consequent fuzzy membership set 
parameters for fuzzy models. These methods are also applicable to the off-line 
optimisation of a FLC.

All of the above adaptive methods have the following disadvantages :

• only applied in simulation to SISO systems,

• the complexity o f the optimisation problems encountered were too large for 
on-line processing and thus off-line optimisation is necessary,

• in order to achieve reasonable on-line controller performance, an accurate 

plant model for the off-line optimisation is necessary and

• for M IM O  systems the complexity of the optimisation problem increases 
significantly.

2.7.6. Combined GTA and Rule Adaptation
Gain and rule adaptation is a combination of the GTA methods and those of the Self- 

Organising Controller as previously described in Sections 2.7.2 and 2.7.3. The main 

concern with this method of adaptation is that rules and gains are strongly 

interactive. Thus erratic outputs from the resulting controller are possible. Not much 

research has been conducted in this area and thus the literature available is limited.

The dual adaptation mechanism developed by Mallampati and Shenoi [62] uses a 

simulated annealing algorithm for gain tuning. The rule adaptation is accomplished by 
changing look-up table rulebase consequent entries. By analysing how often a rule 
fires it can be determined whether a rule is effective or not. It is claimed that if a rule 

often fires then it must be adapted. All rules that fire above a certain "frequency" are 
thus adapted. Claims are made that even with positive feedback the rulebase and
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gains were adapted within five setpoint change learning trials to give good position 
control of an electric motor. All tests were within a simulation environment.

Stipanicev, De Meyer and Gorez [63] have developed four simple heuristic rules for 
adaptation of the gains Ke, Kde and Kie of a PID-FLC. They have combined this 
heuristic rulebase with a SOC for the control of a two joint robot in a simulation 
environment. Some success was achieved with this simple method, however some 
difficulty was experienced when the initial SOC rulebase was empty.

A further publication by Maeda, Sato and Murakami [64] also offers other simple 
suggestions for the combination of gain tuning and rulebase adaptation. Both of these 
methods assume an initial rulebase. A simple rulebase is used to adapt the gains with 
previous values of overshoot, rise time and settling time serving as performance 
criteria. Based on simulation results for a linear second order system, some 
improvements of SOC performance are claimed.

The approaches to direct adaptive fuzzy control described in this section are all off

line methods and deal only with SISO systems. For the MIMO warm water process 
some interaction of gain adaptations for each controlled variable would be 
experienced. The practical value of these methods is questionable.

2.8. Indirect Adaptive Fuzzy Control
This section describes indirect daptive fuzzy controllers. These controllers utilise a 

model of the plant to be controlled in order to determine the values for the 
manipulated variable [61,11]. Very little literature was found dealing with this 
controller paradigm.

Graham and Newell [65] describe the development of a single step predictive 
controller for a SISO system. The models used in this controller predict the future 
change in error of the controlled plant based on the current change in error and a 
possible change in controller output one step into the future. A comparison of the 
method using two fuzzy models is given :

• a general fuzzy model o f a linear firs t order system and

• an adaptive fuzzy model o f the plant to be controlled.
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The introduction given to adaptive fuzzy modelling by Graham and Newell describes 
and compares the fuzzy relational matrix rulebase approach and the simpler lookup 
table rulebase method. An important aspect of this comparison is that the lookup 

table rulebase method is shown to be nearly as accurate as the relational matrix while 
saving considerable computer resources. The applied lookup table rulebase approach 
is made adaptive using the learning algorithm used given by equation (2.11) to adapt 
the consequents of the rulebase.

fl(fc + l ) = ( l - a ) /?(*) + a  jiX (k) (2.11)

where R is the rule consequent,

X  is the value of the variable to be modelled, 
a  is the weighting parameter and 
[X is the rule activation level.

The rate of adaptation a  is chosen so as to give a good compromise between speed of 

learning and model robustness to process noise. The predictive controller uses the 
model to calculate the next error from a series of possible controller outputs and in 

combination with a set of meta rules chooses the controller output that gives the best 

error performance. One example of such a meta rule is that only controller outputs 
that generate error of the same sign as the current error are permissible, thus reducing 

overshoot. To apply this type of predictive controller to the warm water process the 
problem of mulitiple control goals due to interacting control variables would have to 
be resolved.

Moore and Harris [19] and Moore, Harris and Brown [20] apply indirect adaptive 
fuzzy control to the problem of ship heading regulation under actuator signal 
constraints. This control problem is described in the IF AC "Benchmark Problems for 
Control System Design", 1990. The controller concept adopted uses a fuzzy model 
with a fuzzy relational matrix rulebase of the plant in question combined with a model 
for closed loop performance specification. Moore and Harris [19] claim to have 
succeeded in separating the adaptation and controller specification so that each can be 
separately examined and optimised. This contrasts with the previously described Self 
Organising Controller, described in Section 2.7.3.1, where adaptation and controller 
performance are intrinsically linked. The fuzzy models used by Moore and Harris are 
for SISO systems and thus the memory requirements of the fuzzy relational matrix are 

not demanding. When associative inference functions are used for the fuzzy relational 
matrix, the fuzzy model can be inverted. Through this inversion an ideal controller
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can be theoretically created for the plant. They also examine a single step predictive 
fuzzy controller, similar to that of Graham and Newell [65],

If fuzzy models of the warm water process could be constructed then single step 
predictive fuzzy control could possibly be used to control both the outlet flow and 
temperature of the warm water process. As the predictive control described in this 
section is single step, some problems with multi-variable control of the warm water 
process due to the non-linear mixing characteristics could be experienced. The 
dynamic behaviour of the warm water process is described in more detail in Chapter 4 
of this thesis.

2.9. Hybrid Fuzzy Control
The term hybrid fuzzy controller refers to all controller algorithms which augment 
some classical control strategy with a fuzzy logic algorithm. Three common examples 
of this archetype of fuzzy controller are :

• Fuzzy Self-Tuning PID Controller - where expert knowledge in the form of a 

fuzzy algorithm is used to tune the values of a PID controller for the control of an 
unknown plant [10].

• Fuzzy Gain Scheduling Controller - similar in principle to the classical gain 

scheduler only a fuzzy interpolation is implemented between the different linear 
controllers [66].

• Fuzzy State Space Pole Placement Controller - as in the case of Fuzzy Self-
Tuning PID Controller, the state feedback gains are adjusted by a fuzzy algorithm
[67]. This has been applied to hydraulic drives [68].

The literature found dealing with this area of adaptive fuzzy control was scant. No
industrial applications of this methods were found although a commercial fuzzy self
tuning PID controller is available from the company OMRON.

2.10. Conclusion
This chapter has presented an overview of stand-alone adaptive fuzzy control 
strategies with emphasis placed on on-line adaptive methods. As in classical adaptive

35



control two main classes were found to be prevalent; the direct and indirect adaptive 
fuzzy control methods.

Among the direct adaptive fuzzy control methods, the self-organising controller is the 
most common. This method allows the direct on-line adaptation of the consequent 
values of a fuzzy rulebase. Based on this prevalence, this control strategy was chosen 
for further evaluation. The investigation into the capabilities of the SOC is detailed in 
Chapter 5 of this thesis.

The indirect adaptive fuzzy control literature was of a high quality. The reported 
results for the single step fuzzy controllers were promising and as this is a model 
based approach, it is extendable to multi-variable control. Based on this extendability, 
the single step predictive fuzzy controller was chosen for further evaluation. The 
investigation into this method is also contained in Chapter 5. As this control strategy 
utilises an adaptive fuzzy model of the plant to be controlled, adaptive fuzzy models 
of the warm water process were developed. The structure, learning method and 

modelling accuracy of these fuzzy models are reported on in Section 4.9.
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Chapter 3 - Warm Water Process Hardware and Software

3.1. Introduction

3.1.1. General Introduction
This chapter describes the warm water process plant, its associated hardware and the 
data acquisition hardware and software used for interfacing the plant to a computer. 
The hardware and software used for this research can be divided into three categories:

• the warm water process plant with its associated actuators and sensors,

• the signal conditioning amplifiers and computer with its analogue to digital 

(ADC) and digital to analogue (DAC) converters and

• the ADC/DAC interface control software.

3.1.2. Overview of Chapter Structure
Section 3.2. presents a comprehensive description of the warm water process 

including its sensors and actuators. The computer and the interface cards utilised for
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the control of the plant are detailed in Section 3.3. In order to interface the plants 

sensors and actuators to the ADC and DAC cards, a signal conditioning circuit was 
designed and constructed. The design and specification of this signal conditioning 
circuit is discussed in Section 3.4. The interrupt driven software structure utilised for 
data acquisition and control is described in Section 3.5. Figures 3.11, 3.12, 3.13, 
3.14, 3.15, 3.16 and 3.17 on pages 55 to 58 show colour photographs of some of the 
warm water process components.

3.2. The Warm Water Process Plant

3.2.1. Physical Description
The warm water process plant consists of two fibre glass tanks - the hot reservoir tank 

and the process reaction tank - three actuators and six sensors. All pipes used within 
the plant are copper, with a diameter of 0.5 inchs. Figure 3.1 (see page 37) contains a 
block diagram of the plant and Figure 3.2 shows a schematic diagram of the plant.

The hot reservoir tank is rectangular in shape measuring 80 cm by 80 cm by 60 cm 

and serves as a reservoir for hot water. In order to achieve a constant pressure head 
of hot water for the process reaction tank, the hot reservoir tank was found to be 
necessary. The level of hot water in the hot reservoir tank is kept constant by a 
ballcock valve on the inlet, thus ensuring a constant pressure head at the hot reservoir
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tank outlet. In addition, the hot reservoir tank also contains a thermocouple to 
measure the temperature of the hot water. Figure 3.4 contains a schematic diagram of 
the hot reservoir tank.

H o t in le t C o ld  in le t

Side Elevation
Figure 3.3 - Schematic diagram of the process reaction tank.

Plan View Side Elevation

—( t )  Thermocouple

o ------------ Outlet

* 4 - Ballcock valve

Scale 1:40

Figure 3.4 - Schematic diagram of the hot reservoir tank.
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The process reaction tank is of a cylindrical construction with a height of 180 cm and 
an inner radius of 17.4 cm. This tank has an inlet for both hot and cold water, each of 
which is situated freely over the top of the tank. The outlet is situated approximately 
10cm above the bottom of the tank. Figure 3.3 (see page 39) contains an exact 
graphical description of the process reaction tank. The process reaction tank contains 
a level sensor and a Resistance Thermometer Device (RTD) as a temperature sensor. 
Although normally standard for any mixing tank, the process reaction tank possesses 
no device to ensure proper mixing of the two inlet flows. Due to this lack of a mixing 
device and the long cylindrical geometry, temperature gradients along the length of 
the tank are to be expected.

3.2.2. Actuators
The actuators utilised in the warm water process are the cold inlet valve, the hot inlet 

valve and outlet valve. All three of these valves are pneumatically powered with the 

actuating signal originating from a 4-20 mA current loop.

The valve used for control of the cold inlet flow  is the Masoneilan Varipak 28000 
series. As this valve is pneumatically powered, a Foxboro current to pneumatic 

converter - model E69F-BI2 is is also used [69], One of the more interesting features 
of this pneumatically controlled valve is the facility to adjust the value of the valve

discharge co-efficient Cv [70].

For control of the hot inlet flow, a pneumatically controllable valve from Sensycon 
23/16 series has been combined with a Sensycon electropneumatic valve positioner - 
type 23/55-21 [71,72]. The valve has exchangeable plug and seal, the option of an 
electric motor actuator, the choice between linear and equal percentage characteristics 

and air to open or air to close operation.

The outlet flow  is controlled by a Masoneilan Camflex II Series 35002 valve together 
with a Masoneilan series 4600 pneumatic positioner. The valve is characterised by its 

eccentrically rotating plug. The series 4600 pneumatic positioner allows the choice 
between air to open and air to close, as well as linear, split linear or equal percentage 

characteristics [73,74],

3.2.3. Sensors
The warm water plant possesses a total of eight sensors.

40



Tw o o f these are for temperature measurement :

1. the temperature sensor in the hot reservoir tank and

2. the temperature sensor in the process reaction tank.

There are five sensors for flow measurement:

3. the flowmeter in the hot inlet line,

4. the flowmeter on the cold inlet line,

5. the flowmeter in the outlet line and

6., 7. the variable area flowmeters in both hot and cold inlet lines.

One sensor for level measurement is also utilised :

8. the level sensor in the process reaction tank.

Apart from the two variable area flowmeters, all sensors transmit their corresponding 

signals by means of 4-20 mA current loops. These loops offer the advantage of a very 
high signal to noise ratio as the signal is proportional to a current, but necessitate 
signal conditioning to convert the signal from a current to a voltage to enable further 
processing by an analogue to digital converter. The six plant sensors are described in 

Sub-Sections 3.2.3.1 - 6.

3.2.3.1. Temperature Sensors
Both temperature sensors, one installed in the hot reservoir tank and the other 
situated in the process reaction tank, are manufactured by Bush Beach Engineering. 
The hot reservoir utilises a PtlOO RTD whereas the process reaction tank contains a 
type K  thertnocouple, both sensors have ranges of 0° to 100° Celcius. The two 

sensors consist of a connection head, a head mounted 4-20 mA transmitter and 
stainless steel jacketed probes in fabricated stainless steel pockets. The immersion 
length of both probes is 15 cm [75], An external voltage source in the current loop in 

order to power the 4-20 mA amplifers is required for both devices.
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3.2.3.2. Variable Area Flowmeters
In order to give some visual indication of the hot and cold inlet flows, both the hot 
and cold inlet lines contain variable area flowmeters. These flowmeters are 
manufactured by Perflow Instruments Ltd and are both from the MAJOR range, type 

FR6S with a measurement range of 0.03-0.36 L/sec. [76],

3.2.3.3. Hot Inlet Flowmeter
The hot inlet flowmeter is a turbine flowmeter - model 1/2-82T4E4 from Foxboro 
combined with an analogue amplifier of type PA420. A measurement range of 
4.5 - 45 L/minute is typical for this device. Some further constructional specifications 

are: ball-sleeve bearing, a 17-4 PH stainless steel rotor and a tungsten carbide rotor 
shaft [77]. A 4-20 mA current signal proportional to the signal from the turbine 

flowmeter is transmitted by the amplifier [78], As in the case of the temperature 
sensors, an external voltage source must be placed in the current loop in order to 

power the 4-20 mA transmitter.

3.2.3.4. Cold Inlet Flowmeter
The concept of the Venturi meter [79] is used to measure flow on the cold inlet. The 
orifice in the cold inlet supply is constructed from 3 mm thick 316 stainless steel and 
the orifice characteristic is in accordance with BS1042/ISO 5167 [80]. Fluid from 
both sides of this orifice is fed to a differential pressure measuring device - 843 DP- 

B211SS Cell TRANSMITTER from Foxboro. This transmitter has low/high span 

ranges of 0-25 and 0-100 psi, an upper range limit of 100 psi [81] and requires an 
external voltage source within the 4-20 mA current loop for operation.

3.2.3.5. Process Reaction Tank Level Sensor
The level sensor contained in the process reaction tank functions through the use of a 
magnet-operated float switch. This sensor consists of a long tube which spans the 
length of tank and contains a set of resistors in series, each of which can be connected 
to ground through a magnetic switch. A float containing a magnet and which can 

move freely along the tube swims atop the fluid in the tank and closes the magnetic 
switch in its vicinity. Thus, using the potentiometer method, the voltage dropped 

across the resistance between the top of the sensor tube and the float is proportional 
to the level of fluid in the tank. The signal from this level sensor is not continuous but 
discrete in nature with a resolution of two centimetres.
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KSR Kuebler Control Engineering Limited manufactures the level sensor utilised in 

the process reaction tank [82], The main constituents of the sensor are a two metre 
length of AEV2-VK12-L2000-SV tubing and a 4-20 mA transmitter o f type M U  A. In 
order to power the transmitter an external single rail voltage of between 15 and 30 
volts must be connected to the amplifier supply terminals [83]

3.2.3.6. Outlet Flowmeter
For measurement of the outlet flow a magnetic flowmeter is utilised. Magnetic 
flowmeters are suitable for the measurement of volumetric flow rate of electrically 
conductive liquids. The complete flowmeter consists of a Foxboro Magnetic Flow 
Tube Model - 801H-WCR-AG and a Foxboro magnetic flow transmitter Model - 

8000P-B13-G. The transmitter uses a pulsed DC technique in order to excite the 
8000 series flow tubes. The output signal of the transmitter can be either a 4-20 mA 

current or a pulsed output. The transmitter contains its own power supply and thus 
no external voltage source is necessary within the 4-20 mA current loop [84,85].

3.3. Computer Interface Circuitry

3.3.1. Description of Computer
The computer used for the control of the plant is an IBM compatible PC from 
Siemens-Nixdorf. This PC possesses an Intel 80486DX2 50MHz microprocessor 

which includes an 80387 mathematical co-processor on chip. The system bus is 
constructed according to the VESA Local Bus specification. In addition to two 
VESA local bus slots there are 4 standard ISA bus expansion slots which permit the 
addition of additional peripheral devices to the computer bus. In order to allow the 
interfacing of the plant transducers and actuators to the computer both analogue to 

digita l and digital to analogue converters to fit the ISA expansion slots were 
purchased (see Sections 3.3.2. - 3.)

3.3.2. Analogue to Digital Converter
An analogue to digital converter (ADC) was necessary in order to allow the 
interfacing of the plant transducer signals to the computer. Specifications deemed 
suitable for the ADC card are listed below :

• Number o f channels - at least six channels were required for full interfacing of all 

transducers.
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• Converter resolution - 12 bits were deemed to be suitable. This corresponds to 
a voltage of 4.883 mV/bit for a bipolar input with a range of ±10 volts.

• Interrupt fac ility  - data acquisition should be performed via a hardware 
interrupt. Through a system hardware interrupt, data acquisition can take place 
in the background, without any form of polling.

• Self-timer - the required hardware interrupt should be triggered by an on board 
programmable timer. This allows a simple specification, and if need be, the 
modification of the required sampling time for the controller algorithms.

• software drivers - in order to increase the ease of programming, software drivers 
for the ADC card in the C  programming language were required.

The PCL-812PG ADC  from the company Advantech with sixteen single-ended 

bipolar input channels, 12 bit resolution, interrupt facility, on board timers and 

software drivers fulfilled all of the above criteria [86].

3.3.3. Digital to Analogue Converter
In order to drive the plant actuators with the computer, a digital to analogue 
conversion card is required. The required criteria for the digital to analogue 

conversion card are detailed below:

• Number o f channels - at least three analogue output channels were required for 

the plant.

• Resolution - 12 bits resolution.

• 4-20mA output capability - all outputs should be in 4-20mA current loop form to 
minimise the need for further signal processing.

• Software drivers - to permit ease of programming software drivers in the C 

programming language.

The digital to analogue converter purchased was the PCL-726 DAC card, also from 
the company Advantech. This card has 6 output channels each with 4-20 mA current
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loop capability and 12 bit resolution. Due to the simple register structure of the 

board, no software drivers were required [87].

3.4. Signal Processing Board

3.4.1. Introduction
This section describes the signal conditioning circuit that was developed in order to 
create the interface between the plants transducers and the analogue to digital 
conversion (ADC) board. As previously described, all transducer signals are 
transmitted by 4-20 mA current loops. The ADC possesses 16 single ended bipolar 
inputs which require a voltage as an input signal. The four main functions of the 

signal conditioning board can be summarised as follows :

• current to voltage conversion,

• voltage amplification,

• anti-aliasing filte ring  and

• offset voltage compensation.

The realisation of these four functions is described in detail in the following Sections
3.4.2. - 5. A complete schematic diagram of a single channel of the signal processing 

circuit is shown in Figure 3.5 (see page 47).

3.4.2. Current to Voltage Conversion
Current to voltage conversion of the 4-20 mA signal is achieved by placing a resistor 

in series within the 4-20 mA current loop. The voltage dropped across this resistor is 

given by equation (3.1).

v  = I signalR where R = R1 + RV1 (3.1)

The values of R1 and RV1 should be chosen in conjunction with the values for the
load impedances specified by the different sensor amplifiers. A value of 470 £2 for R1

was chosen for all current loops [75,78,81,83,84], The overall gain of signal 
conditioning board was then specified so that the input range of the ADC is matched 
by that of the output voltage of the signal processing board. The value of unity
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chosen for the overall gain of the complete circuit in conjunction with a 500 Q  series 

resistor in the 4-20 mA current loops gave rise to a voltage range of 2.5-12.5 volts for 
a 4-20 mA current input signal. This range is converted to 0-10 volts by the second 
amplifier stage. The variable resistor RV1 was placed in series with R1 so that errors 
due to tolerances in R1 could be adjusted to a minimum.

3.4.3. Voltage Amplification
The circuit consists of two amplification stages.

The f irs t stage is a single instrumentation amplifier based around the operational 
amplifier A1 [88,89]. The gain of this stage, GainA1, neglecting C l is given by 

equation (3.2).

K3 + RS I R2
V2~  M where VU = V 2-V ,

R4
Gain,. =—  where R2 = R3 and R4 = R5 (3.2)

Al R5

The gain chosen for this instrumentation amplifier was 0.45. This value helps to 
maintain the linearity of the stage as the output voltage does not approach the supply 
voltage. The capacitor C l contained in the negative feedback loop reduces the high 

frequency gain of the stage and thus improves noise rejection [89,90].

R 11
+15v* WMAr

R12
-15v •—

~kRV3

Transducer C l
I I Signal R4

— Wvv-H
R1

RVÎ
R3

rW r
Al

C3

R8
-w m —

R6 R7

; r 5

Optional power supply 
for transducers without 
an internal power supply

-Wn WM~
-RV2 R10

dz C2 ; r 9

Vout

Opamps Al and A2 are TI 071 types from Texas Instruments

Figure 3.5 - Schematic diagram of a single channel from the signal conditioning board.

The second stage in the signal conditioning circuit is an inverting summing amplifier 

built around operational amplifier A2 [89]. This amplifier stage possesses two
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s u m m in g  in p u ts  w ith  s e p e r a te ly  d e f in a b le  g a in s . T h e  o v e r a l  g a in  o f  th is  s t a g e  is  g iv e n  

b y  e q u a t io n  ( 3 . 3 )  a n d  h a s  a  v a lu e  o f  2 .7 5 .

m o  +  R V  2
GamA2 = ---------— --------- ( 3 . 3 )

T h is  r e s u lt s  in  a n  o u tp u t  v o l t a g e  r a n g e  o f  2 . 5 - 1 2 . 5  v o l t s .  T h e  v a r ia b le  r e s is t o r  R V 2  

s it e d  in  th e  n e g a t iv e  f e e d b a c k  lo o p  o f  A 2  a l lo w s  th e  r e d u c t io n  o f  a n y  g a in  e r r o r s  

r e s u lt in g  f r o m  r e s is t o r  to le r a n c e s  in  b o th  a m p lif ic a t io n  s t a g e s .  A s  in  th e  

in s tru m e n ta t io n  a m p lif ie r ,  th e  c a p a c it o r  C 3  in  th e  f e e d b a c k  lo o p  r e d u c e s  th e  h ig h  

f r e q u e n c y  g a in  o f  th e  s t a g e  h e lp in g  to  e n s u re  s ta b ility . T h e  r e s is t o r  R 9  is  in s e r te d  in  

th e  n o n - in v e r t in g  in p u t  to  g r o u n d  a n d  s e r v e s  to  r e d u c e  th e  e f fe c t s  o f  b ia s  c u r r e n t  d r if t  

[8 9 ,9 0 ] .  I t s  v a lu e  is  g iv e n  b y  e q u a t io n  ( 3 .4 ) .

R 9 -  R * -M < R V 2 + R 1 0 )
R8 + R7 + ( R V 2+ RIO)

3 . 4 . 4 .  A n t i - A l i a s i n g  F i l t e r i n g

A  s im p le  f i r s t  o r d e r  p a s s iv e  a n t i-a lia s in g  f i l t e r  b a s e d  a r o u n d  th e  R C  p a ir  R 6 a n d  C 2  

h a s  b e e n  in s e r te d  b e t w e e n  th e  t w o  a m p lif ie r  s t a g e s .  T h is  c o n f ig u r a t io n  o f f e r s  a  g o o d  

c o m p r o m is e  b e t w e e n  c ir c u it  c o m p le x it y  a n d  p e r fo r m a n c e . T h e  c u t - o f f  f r e q u e n c y  f . is 

g iv e n  b y  ( 3 .5 ) .

fc  =     Hz ( 3 .5 )
2 -n  R 6 ■ C 2

BODE P L O T T E R  
I MA GNI T UDE  I P H A S E

V E R TI C AL
w r a n x i T i

0 »

I t

H O RIZO NTAL
H»M|TfFn

F t 1 0 . k H~n 

1 1 1 0 . nri H z I

EB c 
0D0[

- 4 5  , 0 »

1 .6 6  HZ ~~1

INPUT
<® <S>

OUTPUT
<§> <§>

F ig u r e  3 .6  - S im u la t e d  B o d e  p lo t  o f  o n e  c h a n n e l o f  th e  s ig n a l  c o n d it io n in g  c irc u it .

T h e  v a lu e  o f  R 6 s h o u ld  b e  k e p t  lo w  w ith  r e s p e c t  to  R 7  a s  it o t h e r w is e  c o n tr ib u te s  to  

th e  g a in  o f  s e c o n d  s t a g e .  F ig u r e  3 .6  s h o w s  th e  s im u la te d  p h a s e  r e s p o n s e  o f  o n e  

c h a n n e l  o f  th e  s ig n a l  c o n d it io n in g  c irc u it . T h is  B o d e  p lo t  w a s  c a lc u la t e d  b y  th e  c ir c u it
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s im u la t o r  " E le c t r o n ic  W o r k  B e n c h " .  T h e  r e s p o n s e  is  f i r s t  o r d e r  w ith  a  c r o s s o v e r  

f r e q u e n c y  o f  1 . 6 6  H z  - th e  c r o s s  h a ir s  a re  p o s it io n e d  o n  th is  p o in t . W ith  th e  r e s is to r  

R 6 e q u a l  to  4 7  k £ 2  a n d  C 2  e q u a l to  2 .2  | iF ,  th e  th e o r e t ic a l  c r o s s o v e r  f r e q u e n c y  

c a lc u la t e d  u s in g  e q u a t io n  ( 3 .5 )  is  1 . 5 3 9  H z . T h e  s im u la te d  c r o s s o v e r  f r e q u e n c y ,  a s  

d e s c r ib e d  a b o v e ,  is  1 . 6 6  H z . T h u s  th e  a n t i-a lia s in g  f i l t e r  fu n c t io n s  a s  e x p e c t e d  w h e n  

p o s it io n e d  b e t w e e n  th e  t w o  a m p lif ie r  s ta g e s . T h e  c r o s s o v e r  f r e q u e n c ie s  f o r  e a c h  o f  

th e  s i x  c h a n n e ls  a re  d e t a i le d  in  A p p e n d ix  A .

3.4.5. Offset Voltage Compensation
B e c a u s e  th e  t r a n s d u c e r s  tr a n s m it  th e ir  s ig n a ls  o v e r  4 - 2 0  m A  c u r r e n t  lo o p s  th e  o u tp u t  

v o l t a g e  r a n g e  o f  th e  s ig n a l  p r o c e s s in g  c ir c u it  is  2 . 5 - 1 2 . 5  v o lt s .  B y  in t ro d u c in g  2 .5  

v o l t s  a t  th e  o t h e r  s u m m in g  in v e r t in g  in p u t o f  A 2  th is  r a n g e  is  s h ifte d  to  0 - 1 0  v o lt s .  

T h is  o f f s e t  v o l t a g e  is  p r o v id e d  b y  th e  p o te n t ia l d iv id e r  c o n s is t in g  o f  r e s is to r s  R l l ,  

R 1 2  a n d  R V 3 .  R V 3  a l lo w s  th e  f in e  a d ju s tm e n t  o f  th e  o f f s e t  v o l t a g e  w ith in  th e  lim its  

s e t  b y  R l l  a n d  R 1 2 . T h e s e  lim its , V0p etHigh a n d  V0ffsetLow , a re  e x p r e s s e d  in  

e q u a t io n  ( 3 .6 )  a n d  ( 3 .7 ) .

_  V *  ■ *12  
o m m  r u  + R12 + RV3

V =  —  — — — —  ( 3 .7 )
°IfsetU,w R l l  + R12 + RV 3

3.4.6. Circuit Simulation, Construction and Calibration_________________ _ _

AN ALO G C I R C U I T :  | i c c a n p  ~ J  =  ] g D | |  *  \ \  H
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F ig u r e  3 . 7  -  E le c t r o n ic  W o r k b e n c h  s im u la t io n  o f  th e  s ig n a l  p r o c e s s in g  c irc u it .

A l l  in it ia l d e s ig n s  o f  th e  c ir c u i t  w e r e  s im u la te d  u s in g  th e  s o f t w a r e  p a c k a g e  Electronic 
Workbench, s e e  F ig u r e  3 . 7  a b o v e .  F o l lo w in g  s u c c e s s fu l  s im u la t io n  th e  p r o t o t y p e  o f
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th e  s ig n a l  c o n d it io n in g  b o a r d  w a s  c o n s t r u c te d  o n  V e r o - B o a r d .  U s in g  a  h ig h  p r e c is io n  

m u lt im e te r  -  H e w le t t  P a c k a r d  3 4 7 8 A  - th e  c u r r e n t  c o n v e r s io n  r e s is to r s  f o r  a ll s ix  

c h a n n e ls  w e r e  a d ju s te d  to  a  v a lu e  o f  5 0 0  Q . U s in g  a  c o n s t a n t  v o l t a g e  s o u r c e  th e  

g a in s  a n d  o f f s e t  v o l t a g e s  o f  a l l  s ix  c h a n n e ls  w e r e  a lte r e d  to  g iv e  th e  r e q u ire d  o u tp u t  

v o l t a g e  r a n g e  o f  0 - 1 0  v o l t s .  A l l  c o m p o n e n t  v a lu e s  a n d  s p e c if ic a t io n s  a re  c o n ta in e d  in  

A p p e n d ix  A .

3.4.7. Power Supply Circuits
P o w e r  s u p p ly  c ir c u it s  w e r e  d e s ig n e d  a n d  b u i lt  f o r  th e  s ig n a l  c o n d it io n in g  a m p lif ie r ,  fo r  

th e  le v e l  m e t e r  a m p lif ie r ,  s e e  S e c t io n  3 . 2 . 3 . 5 ,  a n d  f o r  th e  f o u r  t r a n s d u c e r  c u r r e n t  

lo o p s  th a t  r e q u ir e d  a n  e x te r n a l  s e r ie s  s u p p ly  v o l t a g e .  T o  p o w e r  th e  le v e l  m e t e r  a n d  

th e  f o u r  c u r r e n t  lo o p s ,  a  s in g le  ra i l  D C  v o l t a g e  o f  2 4  v o lt s  w a s  re q u ire d . F o r  th e  

s ig n a l  c o n d it io n in g  c ir c u it  a  d u a l ra i l  s u p p ly  o f  ± 1 5  v o l t s  w a s  n e c e s s a r y .  F ig u r e  3 .8  

( s e e  p a g e  5 0 )  s h o w s  th e  s c h e m a t ic  d ia g r a m s  f o r  b o th  p o w e r  s u p p ly  c ir c u its .

T h e  c o m p o n e n t  ty p e s  a n d  s p e c if ic a t io n s  f o r  b o th  p o w e r  s u p p ly  c ir c u it s  a r e  l is te d  in 

A p p e n d ix  A .

3.5. Interrupt Driven Interface Software
H a v in g  d e s ig n e d  a n d  b u i lt  th e  s ig n a l c o n d it io n in g  b o a r d , s o f t w a r e  w a s  re q u ir e d  to  

e n a b le  d a t a  a c q u is i t io n , A D C  a n d  D A C  c a r d  c o n t r o l a n d  th e  in v e s t ig a t io n  o f  c lo s e d  

lo o p  c o n t r o l  s t r a t e g ie s  f o r  th e  w a r m  w a t e r  p r o c e s s .  T h e  b a s ic  re q u ire m e n t  f o r  th is  

s o f t w a r e  w a s  th a t  th e  h o t , c o ld  a n d  o u t le t  v a lv e s  c o u ld  b e  c o n t r o l le d  in d e p e n d e n tly . 

T h e  t im e  c o n s t a n ts  o f  th e s e  v a lv e s  a r e  o f  th e  o r d e r  o f  0 .5  s e c o n d s ,  w h e r e  a s  th o s e  o f  

th e  f lo w  a n d  te m p e r a t u r e  v a r ia b le s  f o r  th e  p r o c e s s  r e a c t io n  ta n k  a r e  o f  th e  o r d e r  o f
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5 0 0  s e c o n d s .  D u e  to  th is  la r g e  d i f fe r e n c e  in  th e  p la n t  t im e  c o n s ta n ts , a  multi 
sampling rate controller structure w a s  d e e m e d  to  b e  n e c e s s a r y .

T h e r e  a r e  t w o  c o m m o n  a p p r o a c h e s  to  d a ta  a c q u is it io n  a n d  c o n tro l s o f t w a r e  s tru c tu re  

- data polling  a n d  a n  interrupt service routine.
T h e  data polling approach is  th e  s im p le r  o p t io n . T h e  m a in  p r o g r a m  is  ru n  a n d  w h e n  

f in is h e d  a  t im in g  lo o p  w a it s  f o r  th e  c o m p le t io n  o f  s a m p lin g , a t  w h ic h  p o in t  th e  d a ta  is  

l o g g e d  a n d  th e  m a in  p r o g r a m  r e s ta r t s .  T h e  m a in  d is a d v a n t a g e s  a s s o c ia t e d  w ith  th is  

m e t h o d  a r e  th e  f a c t  th a t  th e  m ic r o - p r o c e s s o r  m u st  a c t iv e ly  w a it  a n d  th a t  th e  e x e c u t io n  

t im e  o f  th e  m a in  p r o g r a m  m u s t  b e  s h o r te r  th a n  th e  s a m p lin g  p e r io d .

T h e  interrupt service routine approach, w h i ls t  r e q u ir in g  m o r e  c o m p lic a t e d  s o f t w a r e ,  

is  a  m o r e  e le g a n t  te c h n iq u e . A n  e x te r n a l  s o u r c e  t r ig g e r s  a n  in te r ru p t  s e r v ic e  ro u t in e  

( I S R )  fu n c t io n  w h ic h  c a n  b e  u s e r  d e f in e d . T h is  I S R  c a n , f o r  e x a m p le ,  b e  d e s ig n e d  to  

p e r fo r m  d a t a  a c q u is i t io n  a n d  c o n t r o l .  T h e  I S R  te c h n iq u e  e r a d ic a t e s  th e  w a it in g  

in t r in s ic  to  d a ta  p o l l in g  a n d  a l lo w s  th e  m a in  p r o g r a m  to  h a v e  e f f e c t iv e ly  a n y  te m p o ra l 

le n g th , p r o v id in g  th e  I S R  e x e c u t io n  t im e  is  s a m p lin g  p e r io d . T h e  d if fe r e n c e  b e tw e e n  

th e  p o l l in g  a p p r o a c h  a n d  th e  in te ru p t s e r v ic e  ro u t in e  is  d e p ic t e d  in  F ig u r e  3 .9 .

Main Programme Wait

Data Ready

Tsample

Data Polline Approach to Data Aquisition

Interrupt
Service
Routine

■ Tsample

Time

,  J ,  J ,  J ,  J ,  J
M ain Program (n) M ain P rogran i(n+ l) M ain Program (n+2)

Time

Interrupt Service Routine Approach to Data Acquistion

F i g u r e  3 .9  - In te r r u p t  d r iv e n  s o f t w a r e  a n d  th e  d a ta  p o ll in g  a p p r o a c h s  to  d a ta  

a c q u is i t io n .

B a s e d  o n  th e s e  c o n s id e r a t io n s ,  a n  in te rru p t  d r iv e n  s y s te m  w a s  a d o p te d  f o r  th e  d a ta  

a c q u is i t io n  a n d  c o n t r o l  r e q u ire m e n ts  o f  th e  w a r m  w a t e r  p r o c e s s .  T h is  c h o ic e  a l lo w s  

b a c k g r o u n d  c o n t r o l  o f  th e  t w o  in le t  v a lv e s  a n d  th e  o u t le t  v a lv e  w h ils t  c o n t r o l o f  th e
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p r o c e s s  r e a c t io n  ta n k  a n d  o t h e r  fu n c t io n s  su c h  a s  g r a p h ic s  a n d  u s e r  in p u t c a n  b e  ru n  

in  th e  fo r e g r o u n d .

T h e  A d v a n t e c h  P C L  8 1 2 P G  A D C  c a r d  p o s s e s s e s  in te g ra te d  t im e r/ c o u n te r  fu n c t io n s , 

p r o v id e d  b y  th e  o n  b o a r d  In te l 8 2 5 3 - 5  t im e r - c o u n te r  c h ip . T h e  8 2 5 3 - 5  h a s  th re e  u s e r  

p r o g r a m m a b le  1 6 - b i t  t im e r/ c o u n te r s  e a c h  w ith  s ix  d if fe r e n t  m o d e s . M o r e  d e ta ile d  

in fo r m a t io n  a b o u t  th e  In te l  8 2 5 3 - 5  is  c o n t a in e d  in  [ 9 1 ] .  C o u n te r s  1 a n d  2  in  th e  P C L -  

8 1 2 P G  A D C  h a v e  b e e n  c a s c a d e d  to g e t h e r  a n d  a  q u a r tz  c r y s t a l  c lo c k ,  w ith  an

o s c i l la t io n  f r e q u e n c y  o f  2  M H z ,  s e r v e s  a s  a n  in p u t to  c o u n te r  2 .  T h u s ,  th e  u s e r  c a n

p r o g r a m  th e  c a s c a d e d  1 6  b it  c o u n te r s  1 a n d  2 to  p r o v id e  a  r a te  g e n e r a to r  w ith  a  

p e r io d  o f  b e t w e e n  3 5 . 7 9  m in u te s  a n d  5 0 0  n a n o -s e c o n d s . T h is  r a te  g e n e r a to r  c a n  b e  

th e n  u s e d  to  t r ig g e r  o n e  o f  th e  P C  in te rru p t  r e q u e s t  l in e s , i .e .  I R Q 2  to  I R Q 7 .  T h e  

c o u n t e r s  c a n  b e  p r o g r a m m e d  e ith e r  b y  d ir e c t  r e g is t e r  a d d r e s s in g  o r  th r o u g h  th e  

s o f t w a r e  d r iv e r s  p r o v id e d  w it h  th e  A D C  c a rd .

T o  e n a b le  an  e x te r n a l  in te rru p t o n  th e  I B M  P C  a n d  to  in s ta ll  a  u s e r  d e f in e d  in te rru p t  

s e r v ic e  r o u t in e , s e v e r a l  s te p s  a re  n e c e s s a r y .  D e t a i le d  in s t ru c t io n s  a n d  e x p la n a t io n s  fo r  

th is  p r o c e d u r e  c a n  b e  fo u n d  in  [ 9 1 ,9 2 ] .

F o r  d a t a  a c q u is it io n  a n d  c o n t r o l  o f  th e  th r e e  v a lv e s ,  a  s a m p lin g  t im e  o f  0 .0 5  s e c o n d s  

w a s  im p le m e n te d . T h e  p r o c e d u r e  u s e d  f o r  th e  in s ta lla t io n  o f  th e  in te rru p t  s e r v ic e  

r o u t in e  to  b e  t r ig g e r e d  o n  I R Q 7  b y  th e  A d v a n t e c h  A D C  c a r d  is  d e s c r ib e d  b y  th e  

f o l lo w i n g  :

•  S e t  ju m p e r  o n  A D C  c a r d  f o r  I R Q 7 .

•  P r o g r a m  th e  1 6  b it  c o u n te r s  1  a n d  2  w ith  1 0 0 IO a n d  1 0 0 0 IO r e s p e c t iv e ly  in  ra te

g e n e r a t o r  m o d e  ( C o u n t e r  m o d e  2 )  u s in g  d ir e c t  r e g is t e r  a d d r e s s in g , th is  s e t s  th e  

d e s ir e d  s a m p lin g  t im e  o f  5 0  m il l i- s e c o n d s .

•  W r it e  th e  In te r r u p t  S e r v ic e  R o u t in e  fu n c t io n  a n d  d e c la r e  th e  fu n c t io n  to  b e  an  

in te r ru p t  u s in g  th e  A N S I  C  k e y w o r d  interrupt:

v o id  in te rru p t FunctionName(void)

{ ....

}

•  D is a b le  a l l  P C  in te rru p ts  w ith  th e  A N S I  C  fu n c t io n  disable().
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•  S a v e  th e  c u r r e n t  I M R  r e g is t e r  v a lu e  ( A d d r e s s  H e x  2 1 )  a n d  u n m a s k  ( s e t  to  z e r o )  

th e  I R Q 7  in te rru p t  f l a g  in  th e  I M R ,  th u s  e n a b lin g  th e  I R Q 7  in te rru p t re q u e s t  lin e .

•  S a v e  th e  o ld  in te rru p t  v e c t o r  f o r  I R Q 7  a n d  r e p la c e  it  w ith  th e  u s e r  d e f in e d  

in te r ru p t  s e r v ic e  ro u t in e  u s in g  th e  A N S I  C  fu n c t io n  setvect() .

•  R e e n a b le  a l l  P C  in te rru p ts  w ith  th e  A N S I  C  fu n c t io n  enable().

T h e  u s e r  d e f in e d  in te rru p t  s e r v ic e  r o u t in e  w i l l  n o w  b e  c a l le d  w h e n  a n  in te rru p t re q u e s t  

is  d e t e c t e d  o n  th e  I R Q 7  lin e . A f t e r  th e  p r o g r a m  h a s  te rm in a te d , th e  o ld  v a lu e s  o f  th e  

I M R  a n d  th e  I R Q 7  in te r ru p t  v e c t o r  s h o u ld  b e  r e s to r e d  in  o r d e r  to  e n s u r e  c o r r e c t  

fu n c t io n in g  o f  th e  P C  w h e n  u s in g  o t h e r  p r o g r a m m e s . T w o  fu n c t io n s  w e r e  w r it te n  to  

in s ta ll  a n d  r e m o v e  th e  u s e r  d e f in e d  I S R .  T h e  s o u r c e  c o d e  f o r  th e s e  fu n c t io n s  is  

c o n t a in e d  in  A p p e n d ix  B .

D u r in g  p r o g r a m  e x e c u t io n  s o m e  g e n e r a l  s y s te m  h o u s e k e e p in g  is  n e c e s s a r y  in  o r d e r  to  

m a in ta in  c o r r e c t  fu n c t io n in g  o f  th e  ( A D C  c a r d  d r iv e n )  in te r ru p t  s e r v ic e  ro u tin e . 

F ig u r e  3 . 1 0  ( s e e  p a g e  5 4 )  s h o w s  a  f lo w  c h a r t  r e p r e s e n ta t io n  o f  o n e  I S R  c y c le .  T h e  

h o u s e  k e e p in g  c o m m a n d s  a re  e x p la in e d  a s  f o l lo w s  :

•  Reset ADC Card interrupt request register - a ft e r  r e q u e s t in g  an  in te rru p t  th is  

r e g i s t e r  m u s t  b e  r e s e t  o t h e r w is e  th e  I R Q x  lin e  re m a in s  h ig h  a l lo w in g  fu r th e r  

I S R  in s t a n c e s  to  b e  c re a te d .

•  Re-enable ADC card interrupt mode - th is  is  th e  t r ig g e r in g  m o d e  o f  th e  A D C  

c a r d  a n d  m u s t  b e  s e t  to  in te rru p t  m o d e  a ft e r  e a c h  I S R .

•  Acknowledge interrupt to PC  -  th is  a c k n o w le d g e s  th e  in te rru p t  a n d  a l lo w s  

fu r th e r  in te r r u p t  p r o c e s s in g  to  p r o c e e d .

In  o r d e r  to  te s t  th e  In te r ru p t  S e r v ic e  R o u t in e  s tr u c tu re , th e  s a m p lin g  t im e  w a s  s e t  to  

o n e  m il l i- s e c o n d  a n d  th e  p r o g r a m  w a s  ru n  f o r  s ix  h o u r s . T h u s  a f t e r  o v e r  t w o  m illio n  

I S R  c a l l s  th e  s o f t w a r e  w a s  d e e m e d  to  b e  r e l ia b le .

F in a l ly ,  it  s h o u ld  b e  m e n t io n e d  th a t  a ll th e  A N S I  C  s o f t w a r e  s h o u ld  b e  p r o g r a m m e d  

w ith  th e  c o m p i le r  o p t io n  f o r  r e g i s t e r  o p t im is a t io n  s e t  to  NONE. O th e r w is e  e r r o n e o u s  

o p e r a t io n  o f  th e  I S R  s tru c tu re  w it h  e v e n tu a l  s e iz in g  o f  th e  P C  s y s t e m  w a s  o b s e r v e d  to  

o c c u r .  F u r th e r  e x p la n a t io n  o f  th is  o p t io n  a n d  a ll o f  th e  m e n t io n e d  A N S I  C  fu n c t io n s  

is  c o n t a in e d  in  [ 9 2 ,9 3 ,9 4 ] ,
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Ç ^ S t a r t

Increm ent counters 
one and tw o.

A D C  card  sets IR Q 7  line  h igh

______________ ik__________
P C  ca lls  function  pointed to by 
the ve cto r fo r  IR Q 7

 ^ ______

Start o f  A D C _ I S R

\
R e se t A D C  card  in 
register.

terrupt request

\ /
I S R  fu n ctio n s - d ata acquisition , 
v a lv e  control.

\ >
R e e n a b le  A D C  card  interrupt m ode

s /
A k n o w le d g e  interrupt to P C  - 
w rite  2 1H e x  to address 2 1H e x .

\l/
( ^ E n d o f l S R ^ )

F ig u r e  3 . 1 0  -  F l o w  c h a r t  i l lu s t r a t io n  o f  o n e  in te rru p t s e r v ic e  ro u t in e  c y c le .
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3.6. Conclusion
T h is  c h a p t e r  h a s  p r e s e n t e d  a  d e ta ile d  d e s c r ip t io n  o f  th e  c o n s t itu e n t  c o m p o n e n ts  o f  th e  

w a r m  w a t e r  p r o c e s s .  T h e  d e s ig n  a n d  c o n s t r u c t io n  o f  th e  n e c e s s a r y  h a r d w a r e  a n d  

s o f t w a r e  f o r  th e  in t e r fa c in g  to  a n d  c o n t r o l  b y  a  c o m p u te r  h a v e  a ls o  b e e n  d e ta ile d . 

H a v in g  n o w  c o m p le t e d  th e  n e c e s s a r y  s te p s  to  a l lo w  d a ta  a c q u is it io n  a n d  c o n t r o l ,  th e  

n e x t  c h a p t e r  in  th is  th e s is  is  c o n c e r n e d  w it h  th e  m o d e ll in g  o f  th e  w a r m  w a t e r  p r o c e s s .
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F ig u r e  3 . 1 2  -  H o t  r e s e r v o i r  t a n k  w ith  h o t  in le t  v a lv e  ( le ft )  a n d  f lo w m e t e r  ( e x t r e m e  

le f t ) .  _____________________________________________________________________________________

F ig u r e  3 . 1 3  -  

A d v a n t e c h .

C o n t r o l  c o m p u t e r  w ith  th e  A D C  ( lo w e r )  a n d  D A C  (u p p e r )  c a r d s  f r o m
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F ig u r e  3 . 1 4  - C o ld  in le t  v a lv e .

Figure 3.15 - V i s u a l  f lo w m e t e r s  f r o m  P e r f lo w .
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F ig u r e  3 . 1 6  -  O u tle t  f lo w  c o n t r o l  v a l v e  f r o m  M a s o n e i la n .

F ig u r e  3 . 1 7  -  O u t le t  f lo w m e t e r  f r o m  F o x b o r o .
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Chapter 4 - Warm Water Process Modelling

4.1. Introduction

4.1.1. General Introduction
I n  o r d e r  to  fa c i l i t a te  th e  d e s ig n  a n d  s im u la t io n  o f  a  c o n t r o l le r  f o r  a  g iv e n  p la n t , s o m e  

f o r m  o f  m a t h e m a t ic a l  m o d e l o f  th e  p la n t  is  re q u ire d . T h e  w a r m  w a t e r  p r o c e s s  b e in g  a  

m u lt iv a r ia b le  r e a l  w o r ld  s y s te m  re p re s e n ts  a  c h a l le n g in g  m o d e ll in g  ta s k .  T h e  m a s s  

f lo w  o f  th e  s y s t e m  is  c h a r a c t e r is e d  b y  a  p r e d ic t a b le  n o n - lin e a r  r e s p o n s e . T h e  th e rm a l 

e n e r g y  b e h a v io u r  o f  th e  p r o c e s s  is  s t r o n g ly  n o n - lin e a r . T h is  is  d u e  to  th e  c o m b in a t io n  

o f  th e  la c k  o f  a  m ix in g  d e v ic e  a n d  th e  lo n g  a n d  n a r r o w  g e o m e tr y  o f  th e  p r o c e s s  

r e a c t io n  ta n k . In  a d d it io n , th e  th e rm a l e n e r g y  r e s p o n s e  is  s t r o n g ly  c o u p le d  w ith  th e  

m a s s  f lo w  o f  th e  s y s t e m  - b e in g  d e p e n d e n t  o n  th e  h o t  a n d  c o ld  in le t  f lo w s .  F o u r  

m o d e ll in g  o p t io n s  w e r e  a p p lie d  to  th e  w a r m  w a t e r  p r o c e s s  -  th is  c h a p te r  p r e s e n ts  

th e s e  s t r a t e g ie s  a n d  th e ir  c o r r e s p o n d in g  r e s u lts .  T h e s e  d if fe r e n t  a p p r o a c h e s  a l lo w  

d iv e r s e  c h a r a c t e r is t ic s  o f  th e  p r o c e s s  to  b e  e x a m in e d , r e s u lt in g  in a  b e t te r  o v e r a ll  

m o d e l  o f  th e  p la n t .

T h e  f ir s t  o p t io n  f o r  m o d e ll in g  a  g iv e n  p la n t  is  th e  derivation o f a system model from  

physical f irs t principles. T h r o u g h  th is  d e r iv a t io n  th e  s tr u c tu re s  o f  th e  m o d e l 

e q u a t io n s  a r e  o b ta in e d  a n d  th e  a s s o c ia t e d  p a r a m e te r s  a re  th e n  a c q u ir e d  e ith e r  th r o u g h  

d e r iv a t io n  o r  d e te rm in a t io n  f r o m  s u ita b le  e x p e r im e n ts  o n  th e  p la n t .

Vector Mapping Methods ( V M M )  o r  connectionist methods re p r e s e n t  a  s e c o n d  

o p t io n . T h e  V M M  a s s o c ia t e s  o u tp u t  d a ta  w ith  in p u t d a ta  a n d  th u s  le a r n s  a  fu n c t io n  

f r o m  its  in p u t a n d  o u tp u t  d a ta  w ith o u t  a p rio ri k n o w le d g e  o f  th e  fu n c t io n . O n e  

e x a m p le  is  th e  A rtific ia l Neural Network ( A N N )  o f  w h ic h  o n e  c o m m o n ly  u s e d  

a r c h ite c tu r e  is  th e  f e e d fo r w a r d  Multilayer Perceptron ( M L P ) .  I t  h a s  b e e n  s h o w n  th a t 

a  th r e e  la y e r  M L P  c a n  m o d e l a  n o n -lin e a r  fu n c t io n  to  an  a rb itra r y  d e g r e e  o f  a c c u r a c y  

[ 9 5 ] .  D u r in g  tr a in in g  th e  M L P  is  p re s e n te d  w ith  b o th  in p u t a n d  o u tp u t  d a ta , an d  

th r o u g h  th e  u t i l is a t io n  o f  a  le a r n in g  a lg o r ith m  - o f te n  a  m o d if ie d  g r a d ie n t  d e s c e n t  

m e th o d  s u c h  a s  th e  backpropagation a lg o r ith m  - th e  c o n n e c t in g  w e ig h t s  o f  th e  

n e t w o r k  a re  a d a p te d  to  r e d u c e  th e  m a p p in g  e r r o r  f o r  th e  c o m p le te  s e t  o f  in p u t an d  

o u tp u t  d a ta  v e c t o r s .  T h e  u s e r  m u s t  c h o o s e  th e  in p u t a n d  o u tp u t  v e c t o r s ,  th e  n e tw o r k  

s t r u c tu r e  a n d  th e  le a r n in g  m e th o d . W h e n  u s in g  an  A N N  f o r  p la n t  m o d e ll in g , th e  d a ta  

s e t  u s e d  f o r  t r a in in g  th e  n e u ra l n e tw o r k  s h o u ld  c o n ta in  s ta te  in fo r m a t io n  f r o m  as 

m u c h  o f  th e  p la n t  s ta t e  s p a c e  a s  p o s s ib le ,  th u s  h e lp in g  to  g u a r a n te e  th e  g e n e r a l it y  o f  

th e  A N N  m o d e l. A s  th e  s c ie n c e  o f  n e u ra l n e t w o r k s  is  r e la t iv e ly  n e w , n o  g e n e ra l  

t h e o r y  e x is t s  to  a s s i s t  th e  u s e r  w ith  th e  c h o ic e  o f  th e  th e s e  n e tw o r k  s t r u c tu re s  an d
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p a r a m e t e r s ,  th u s  in tu it io n  a n d  e x p e r ie n c e  p la y  k e y  r o le s  in  s u c c e s s fu l  a p p lic a t io n  o f  

th is  m o d e ll in g  te c h n o lo g y .

A  th ird  o p t io n  a n d  a  m o r e  r e c e n t ly  d e v e lo p e d  m o d e ll in g  c h o ic e  is  the fuzzy model. A s  

in  th e  c a s e  o f  th e  A N N  m o d e l,  th e  f u z z y  m o d e l m a p s  an  o u tp u t  d a ta  v e c t o r  to  an 

in p u t  d a ta  v e c t o r  a n d  h a s  b e e n  te rm e d  a  fuzzy associative memory [9 6 ] .  T h e  in p u ts  to  

th e  m o d e l,  th e  n u m b e r  a n d  s h a p e  o f  m e m b e rs h ip  s e t s  f o r  e a c h  v a r ia b le , th e  lo g ic a l  

o p e r a t o r s ,  th e  s t o r a g e  m e th o d  f o r  th e  r u le b a s e , th e  le a r n in g  a lg o r ith m  a n d  th e  

d e fu z z i f i c a t io n  m e th o d  a l l  n e e d  to  b e  s p e c i f ie d  b y  th e  u s e r .

T h e  fo u r t h  o p t io n  f o r  m o d e ll in g  o f  th e  w a r m  w a t e r  p r o c e s s  is  th a t o f  linear system 
identification. T h is  in v o lv e s  th e  d e te rm in a t io n  o f  b o th  th e  s t r u c tu re  a n d  p a r a m e te r s  

f o r  a  m o d e l  th r o u g h  te s ts  o n  th e  p la n t . O n e  w id e  s p r e a d  e x a m p le  o f  a  m o d e l s t r u c tu re  

is  th a t  o f  a  s e c o n d  o r d e r  m o d e l w ith  d e a d  t im e . T h e  o p e n  lo o p  g a in ,  n a tu ra l 

f r e q u e n c y ,  d a m p in g  c o e f f ic ie n t  a n d  d e a d  t im e  c o e f f ic ie n t  c a n  b e  d e te rm in e d  b y  

e x c i t in g  th e  s y s t e m  w it h , f o r  e x a m p le , a  c o m b in a t io n  o f  w h it e  n o is e  a n d  a  s q u a r e  

w a v e .  T h is  m e th o d  is  a p p lie d  in d ire c t ly  to  th e  w a r m  w a t e r  p r o c e s s  -  th r o u g h  

id e n t i f ic a t io n  o f  th e  A R X  m o d e ls  o f  th e  A N N  m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s  in 

s im u la t io n . T h is  m e th o d , a lth o u g h  a p p lie d  in d ir e c t ly ,  h e lp s  to  g a in  in s ig h t  in to  th e  

d y n a m ic s  o f  th e  p r o c e s s .

4 . 1 . 2 .  O v e r v i e w  o f  C h a p t e r  S t r u c t u r e

T h e  f o l lo w in g  Section 4.2. o f  th is  c h a p te r  c o n c e r n s  i t s e l f  w ith  th e  c a lib r a t io n  o f  th e  

f lo w m e t e r s  o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  d e s ig n  o f  P I  c o n t r o l le r s  f o r  th e  c o n t r o l  o f  

th e  f lo w  th r o u g h  th e  h o t  a n d  c o ld  in le ts  is  c o n t a in e d  in  Section 4.3. F o l lo w in g  th is , 

th e  m e th o d  u s e d  f o r  d a t a  a c q u is it io n  f r o m  th e  w a r m  w a t e r  p r o c e s s  is  p r e s e n t e d  in 

Section 4.4. T h e  d e r iv a t io n  o f  a  w a r m  w a t e r  p r o c e s s  m o d e l f r o m  p h y s ic a l  f ir s t  

p r in c ip le s  is  d e t a i le d  in  Section 4.5. D e v e lo p m e n t  a n d  e v a lu a t io n  o f  an  a r t if ic ia l 

n e u r a l  n e t w o r k  ( A N N )  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s  is  o u t lin e d  in  Section 4.6. 
T h e  M A T L A B  s im u la t io n  o f  th is  A N N  m o d e l  o f  th e  w a r m  w a te r  p r o c e s s  is  d e t a i le d  in 

Section 4.7. T h e  d e s c r ip t io n  o f  th e  d e v e lo p m e n t  o f  l in e a r  f i r s t  o r d e r  A R X  m o d e ls  o f  

th e  w a r m  w a t e r  p r o c e s s  a ro u n d  an  o p e r a t in g  p o in t  is  fo u n d  in  Section 4.8. T h e  

d e v e lo p m e n t  o f  a  s t r a t e g y  f o r  o n - lin e  a d a p t iv e  fu z z y  m o d e ll in g , te rm e d  supervised 

adaptive fuzzy modelling, is  e la b o r a t e d  u p o n  a n d  a n a ly s e d  in  Section 4.9. T h is  

d e v e lo p m e n t  is  p e r fo r m e d  b y  a n a ly s in g  d if fe r e n t  ty p e s  o f  fu z z y  m o d e ls  f o r  a  s im p le  

f i r s t  o r d e r  s y s t e m . T h e  u s e  o f  th e  d e v e lo p e d  a d a p t iv e  fu z z y  m o d e ll in g  a p p r o a c h  in 

d e v e lo p in g  s e p a r a t e  fu z z y  m o d e ls  o f  th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  o f  th e  

w a r m  w a t e r  p r o c e s s  a n d  th e  c o r r e s p o n d in g  m o d e ll in g  r e s u lts  a re  d e ta ile d  in  Section
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4.10. T h e  la s t  Section 4.11. s u m m a r is e s  th e  r e s u lts  f r o m  th e  fo u r  m o d e ll in g  m e th o d s  

a n d  c o n c lu d e s  th e  c h a p te r .

4.2. Flowmeter Calibration
T h is  s e c t io n  d e s c r ib e s  th e  te s ts  u n d e r ta k e n  to  c a l ib r a t e  th e  in le t  a n d  o u t le t  f lo w m e t e r s .  

A s  in itia l c h a r a c t e r is t ic s ,  a  f i r s t  o r d e r  p o ly n o m ia l  fu n c t io n  w a s  u s e d  f o r  b o th  th e  

o u t le t  a n d  h o t  in le t  f lo w m e t e r s .  T h is  is  d u e  to  th e  f a c t  th a t  b o th  tu rb in e  a n d  m a g n e t ic  

f lo w m e t e r s  h a v e  a  l in e a r  r e la t io n s h ip  b e tw e e n  th e  a c tu a l  f lo w  a n d  f lo w m e t e r  o u tp u t  

s ig n a l .  A  s e c o n d  o r d e r  p o ly n o m ia l  fu n c t io n  w a s  u t i l is e d  f o r  th e  c o ld  in le t  f lo w m e t e r ,  

a s  th e  p r e s s u r e  d r o p  a c r o s s  an  o r i f ic e  w ith  r e s p e c t  to  th e  f lo w  f o l lo w s  a  s q u a r e d  la w  

fu n c t io n  [ 9 7 ] .

T h e  d e te rm in a t io n  o f  th e  e x a c t  c h a r a c t e r is t ic s  o f  th e  h o t a n d  c o ld  in le t f lo w m e t e r s  

w a s  c a r r ie d  o u t  u s in g  th e  f o l lo w i n g  m e th o d  a p p lie d  to  e a c h  f lo w m e t e r  s e p a r a te ly :

1 .  T h e  process reaction tank w a s  e m p tie d .

2 .  T h e  outlet valve w a s  th e n  c lo s e d  a n d  th e  ta n k  w a s  f i l le d  w ith  a  c o n s ta n t  in le t 

f lo w  m e a s u r e d  b y  th e  P e r F lo w  v is u a l  f lo w  m e te r . D u r in g  th is  t im e  th e  f lo w  

s ig n a l f r o m  th e  f lo w  m e t e r  to  b e  c a lib r a t e d , th e  m a in  p r o c e s s  ta n k  le v e l  s ig n a l 

a n d  th e  t im e  w e r e  lo g g e d .

3 .  W h e n  th e  level in  th e  ta n k  re a c h e d  1 5 0 c m  th e  m e a s u r e m e n t  w a s  te rm in a te d .

4 . T h is  procedure w a s  c a r r ie d  o u t  s e p a r a te ly  f o r  e a c h  f lo w  in le t  a t  s e le c t e d  f lo w  

v a lu e s  o v e r  th e  fu l l  r a n g e  o f  in le t  f lo w s .

U s in g  th e  d a ta  g a t h e r e d  in  th e  a b o v e  te s t  th e  v o lu m e  o f  w a t e r  th a t f lo w e d  in to  th e  

ta n k  d u r in g  e a c h  t r ia l  c a n  b e  c a lc u la t e d  in  tw o  w a v s  :

•  c a lc u la t io n  o f  th e  c h a n g e  in  v o lu m e  u s in g  th e  sta rt a n d  f in is h  le v e ls

•  in te g ra t io n  o f  th e  f lo w  s ig n a ls  o v e r  th e  t im e  p e r io d  o f  th e  m e a s u r e m e n t  

T h e s e  tw o  m e t h o d s  a r e  r e p r e s e n te d  b y  ( 4 . 1 )  a n d  ( 4 .2 ) .

V u v e l  = n r 2  ( L e v e l Finish  ~  L e v e lS ta r t)  (4-1)
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(finish

VfioW = J  Flow(t) dt ( 4 .2 )
o

where VLevel *s th e  ta n k  v o lu m e  c a lc u la t e d  b y  th e  le v e l  m e th o d ,

VFlow is  th e  ta n k  v o lu m e  c a lc u la t e d  b y  th e  f lo w  m e th o d ,

r i s  th e  ta n k  r a d iu s ,

LevelFinish is  th e  f in a l  ta n k  le v e l  v a lu e ,

Lev elSlart is  th e  in it ia l ta n k  le v e l  v a lu e ,

Flow(t) is  th e  f lo w  o f  f lo w m e t e r  to  b e  c a l ib r a t e d  a n d

tstart,tfinish a r e  th e  t im e s  r e q u ir e d  f o r  th e  e x p e r im e n t .

F o r  a  c o r r e c t ly  c a l ib r a t e d  f lo w  s e n s o r , th e  t w o  v o lu m e s  a n d  V R ow , s h o u ld  b e

e q u a l ,  a s s u m in g  a  c o n s t a n t  f lo w  r a t e  b e tw e e n  d a t a  s a m p le s . A p p l ic a t io n  o f  ( 4 .3 )  to  

th e  d a ta  f r o m  th e  f lo w  s e n s o r s  a l lo w s  a  c o r r e c t  r e c a l ib r a t io n :

^ « = ■ ^ - ¿ * „ ( 0  (4.3)
VFlow

where Fcal(t) is  th e  c a l ib r a t e d  f lo w  v a lu e  a n d

Fdatd0  i s  th e  u n c a l ib r a t e d  f lo w  d a ta .

T h e  d a ta  c o l le c t e d  in  th is  e x p e r im e n t  is  l is te d  in  T a b le  1 in  A p p e n d ix  C .

T o  in te r p o la te  b e tw e e n  th e  v a lu e s  d e l iv e r e d  b y  th e  A D C  a n d  th e  p h y s ic a l  f lo w  v a lu e s  

u s in g  th e  u n its  m 3s ’ 1 , p o ly n o m ia ls  w e r e  f it t e d  to  th e  d a ta  d e r iv e d  fr o m  th e  re  

c a l ib r a t io n . T h e  polynomials w e r e  o b ta in e d  f r o m  th e  M A T L A B  4 .0  [9 8 ]  fu n c t io n  

polyfit() -  e q u a t io n s  ( 4 .4 )  a n d  ( 4 .5 ) .  T h e  o r d e r  o f  p o ly n o m ia l  ( 4 .4 )  w a s  s e t  to  f ir s t  

o r d e r  - th is  w a s  b a s e d  o n  th e  O r d e r  o f  th e  M e a s u r e m e n t  P r in c ip le . T h e  p o ly n o m ia l 

u s e d  f o r  th e  d e t e r m in a t io n  o f  th e  c o ld  in le t  f lo w  is  th ird  o rd e r . T h is  c o n tr a s ts  w it h  th e  

o r d e r  o f  th e  p h y s ic a l  m e a s u r e m e n t  p r in c ip le  -  b u t  g iv e s  s u p e r io r  a c c u r a c y .  T h e s e  

p o ly n o m ia ls  r e p la c e d  th e  in itia l c h a r a c t e r is t ic s  a n d  w e r e  u s e d  f o r  a ll fu r th e r  

e x p e r im e n ts  in  th is  r e s e a r c h . F ig u r e  4 . 1  ( s e e  p a g e  6 3 )  d e p ic t s  th e  c h a r a c t e r is t ic s  f o r  

e a c h  f lo w m e t e r  o b ta in e d  f r o m  th e  e m p ir ic a l  m e th o d  d e s c r ib e d  a b o v e .

Fhot(X)  =  0 . 3 5 8 6 6  X  ( 4 .4 )

where X  is  th e  v a lu e  f r o m  th e  A D C  a n d

Fhot(X ) is  th e  c a lc u la t e d  f lo w  f o r  th e  h o t  in le t .

Fcold(X ) = 1 . 3 3 0 7 x 1  O'10 X 3 - 3 . 5 0 0 8 x 1 0 - 7  X 2 + 3 . 9 9 9 4 x 1 0 " *  X  ( 4 .5 )  

where FcolJ X ) is  th e  c a lc u la t e d  f lo w  f o r  th e  c o ld  in le t.
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In  o r d e r  to  c a l ib r a t e  th e  o u t le t  f lo w  m e te r , th e  d a ta  f o r  th e  v a lv e  p o s it io n  o f  1 0 0 %  

ta k e n  f r o m  th e  e x p e r im e n t  d e s c r ib e d  in  S e c t io n  4 . 5 . 1 . 1  w a s  u s e d . B o t h  ( 4 . 1 )  an d

( 4 .2 )  w e r e  a p p lie d  to  th is  d a ta  s e t . B a s e d  o n  th e  p h y s ic a l  m e a s u re m e n t  a  lin e a r  

c h a r a c t e r is t ic  f o r  th e  o u t le t  f lo w  m e te r  w a s  a s s u m e d . T h e  c a l ib r a t e d  o u t le t  f lo w m e t e r  

c h a r a c t e r is t ic  is  g iv e n  b y  ( 4 .6 )  a n d  w a s  d e r iv e d  f r o m  th e  r e s u lts  g iv e n  b y  ( 4 . 1 )  a n d

( 4 .2 ) .

^oM f(X ) =  0 . 9 7 2  X  ( 4 .6 )

where Fout(X ) i s  th e  o u t le t  f lo w  v a lu e .

4 . 3 .  V a l v e  L i n e a r i s a t i o n

A s  d e s c r ib e d  in  C h a p t e r  3 ,  th r e e  v a lv e s  a r e  u s e d  to  r e g u la t e  th e  in le t  a n d  o u t le t  f lo w s  

o f  th e  p la n t . In  o r d e r  to  b e  a b le  to  m a in ta in  in le t  f lo w  a t c o n s ta n t  v a lu e s  a  c lo s e d  lo o p  

c o n t r o l  s t r a t e g y  w a s  d e c id e d  u p o n . P r o p o r t io n a l- In t e g r a l- D e r iv a t iv e  ( P I D )  

c o n t r o l le r s  w e r e  th u s  d e s ig n e d  f o r  th e  h o t  a n d  c o ld  in le ts . A s  th e  t im e  c o n s ta n ts  o f  

th e  in le t  v a lv e s  a r e  o f  th e  o r d e r  o f  0 .5  s e c o n d s ,  it  w a s  n e c e s s a r y  to  e x e c u t e  th e s e  

c o n t r o l le r s  w ith in  th e  in te rru p t  s e r v ic e  ro u t in e , a s  d e s c r ib e d  in  C h a p t e r  3 ,  a t  a  

s a m p l in g  t im e  o f  0 .0 5 s .

T h e  id e a li s e d  c o n t in u o u s  t im e  fo rm  o f  th e  P I D  c o n t r o l le r  is  g iv e n  b y  ( 4 .7 ) .

I f . . .  _  de(t)
u(t) = K e (t)+ — \e(x)d%  +Td

V o  dt
( 4 .7 )

where u(t) i s  th e  c o n t r o l le r  o u tp u t v a lu e ,

e(t) is  th e  e r r o r  v a lu e  ( c o n t r o l le r  in p u t) , 

K  i s  th e  p r o p o r t io n a l  g a in ,

Tj is  th e  in te g ra l  t im e  c o n s ta n t  a n d  

Td i s  th e  d e r iv a t iv e  t im e  c o n s ta n t.

B a s e d  o n  th e  e q u a t io n s  f o r  d ig ita l  P I D  a lg o r ith m s  g iv e n  b y  A s t r o m  a n d  W it te n m a rk  

[9 9 ]  d ig i ta l  P I D  c o n t r o l le r s  w e r e  im p le m e n te d  w ith in  th e  in te rru p t s e r v ic e  ro u t in e . 

T h e  p r o p o r t io n a l ,  in te g ra l  a n d  d e r iv a t iv e  te rm s  a r e  a ll  c a lc u la t e d  s e p a r a te ly  a n d  th e  

c o n t r o l le r  o u tp u t  is  th e  s u m  o f  a ll th re e . E q u a t io n  ( 4 .8 )  s h o w s  th e  c a lc u la t io n  u s e d  

f o r  th e  p r o p o r t io n a l  te r m  Up(n).

uP(n) = K[bUc(n )~  y (n )\  ( 4 .8 )
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where Uc(n) is  th e  s e tp o in t ,

y(n) is  th e  o u tp u t  f r o m  th e  p la n t  a n d  

è  i s  a g a in  le s s  th a n  o r  e q u a l to  u n ity .

T h e  in t e g r a l  te rm  Urfn) is  g i v e n  b y  th e  e q u a t io n  (4 .9 ) .

I
(4.9)

where Ts i s  th e  s a m p lin g  t im e  a n d

e(n-l)  is  th e  p r e v io u s  e r r o r  v a lu e .

T h e  d e r iv a t iv e  te rm  o f  th e  P I D  c o n t r o l le r  is  g iv e n  b y  e q u a t io n  ( 4 . 1 0 ) .  T h e  g a in  o f  th e  

d e r iv a t iv e  te r m  is  l im ite d  a t  h ig h  f r e q u e n c ie s  a n d  th e  p la n t  o u tp u t  is  d if fe re n t ia te d  

in s t e a d  o f  th e  p la n t  e r r o r  - th u s  a v o id in g  d is tu r b a n c e s  f r o m  s e tp o in t  c h a n g e s .

T h e  o u tp u t  o f  th e  c o n t r o l le r ,  u(n), is  g iv e n  b y  ( 4 . 1 1 ) .  A  p r o b le m  o f t e n  e n c o u n te r e d  

w it h  th e  P I D  c o n t r o l le r  i s  integral windup. O n e  s im p le  s o lu t io n  f o r  in te g ra l  w in d u p  is 

t o  s t o p  u p d a t in g  th e  in te g ra l  te rm  o f  th e  P I D  c o n t r o l le r  i f  th e  v a lu e  o f  controller 
output e x c e e d s  p r e d e f in e d  b o u n d a r ie s .  T h e s e  l im it in g  b o u n d a r ie s  c a n  b e  s e t  to  

c o r r e s p o n d  to  a c t u a t o r  s a tu ra t io n . T h is  s o lu t io n  to  in t e g r a to r  w in d u p  w a s  

im p le m e n t e d  a lo n g  w it h  th e  P I D  a lg o r it h m  a s  g iv e n  b y  ( 4 . 8 , 9 , 1 0 , 1 1 )  f o r  th e  c o n t r o l  o f  

th e  h o t  a n d  c o ld  in le t  f lo w s .

where N  i s  a  g a in  o f  b e t w e e n  3  a n d  2 0 .

u(n) = up(n) + u,{n)  +  uD(n) ( 4 . 1 1 )

Output Lim iting

Error

High

Controller ouput

Lim it Intégral T erm

F i g u r e  4 .2  -  P I D  c o n t r o l le r  s tr u c tu re  f o r  in le t  v a l v e  f lo w  c o n tro l.
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T o  fa c i l i t a t e  th e  d e s ig n  o f  th e s e  P I D  c o n t r o l le r s  it  w a s  n e c e s s a r y  to  in v e s t ig a te  th e  

s t e a d y  s ta t e  r e s p o n s e  o f  e a c h  o f  th e  t w o  in le t  v a lv e s  to  c u r r e n t  s ig n a ls  o f  v a r io u s  

a m p lit u d e s . T h u s  th e  f o l lo w in g  e x p e r im e n t  w a s  c a r r ie d  o u t  f o r  e a c h  o f  th e  in le t  

v a lv e s :

1 .  T h e  main tank w a s  e m p tie d .

2 .  T h e  signal to  th e  v a l v e  o f  th e  in le t  u n d e r  te s t  w a s  s e t  to  a  v a lu e  o f  z e ro .

3 .  E v e r y  3 0  s e c o n d s  th e  valve control signal w a s  in c r e m e n te d  b y  th e  in te g e r  o f  

v a lu e  o f  5 0  ( o v e r  th e  D A C  o u tp u t  r a n g e  o f  0  to  4 0 9 5 )  a n d  th e  in le t  f lo w  w a s  

m e a s u r e d .

4 .  F o r  e a c h  increment th e  v a lu e  o f  f lo w  th r o u g h  th e  in le t  w a s  lo g g e d .  

In c r e m e n ta t io n  c e a s e d  a ft e r  th e  D A C  o u tp u t  v a lu e  o f  4 0 9 5  w a s  re a c h e d  

( m a x im u m  v a lu e ) .

3 ,0 0 E - 0 4  t

2 ,5 0 E - 0 4

45 2 ,0 0 E - 0 4  
<

E  1 . 5 0 E - 0 4  
£
©

E  1 .0 0 E - 0 4

5 ,0 0 E - 0 5

0 ,0 0 E + 0 0  -  
o

Valve Input Signal from DAC - Integer

F ig u r e  4 .3  - S t e a d y  s ta te  f lo w  c h a r a c t e r is t ic s  f o r  th e  h o t  a n d  c o ld  in le t  f lo w s .

F i g u r e  4 .3  s h o w s  th e  s te a d y  s ta te  c h a r a c t e r is t ic s  o f  th e  h o t  a n d  c o ld  in le ts . B a s e d  o n  

th e  r e s u lt s  o f  th e s e  e x p e r im e n ts  th e  lim it  v a lu e s  o f  th e  P I D  c o n t r o l le r  o u tp u ts  f o r  th e  

a n t i- in te g r a l  w in d u p  m e c h a n is m  f o r  th e  in le t  v a lv e s  w e r e  d e te rm in e d . T h e s e  v a lu e s  

a r e  l is t e d  in  T a b le  4 . 1 .  F ig u r e  4 .2  ( s e e  p a g e  6 5 )  s h o w s  th e  s t r u c tu r e  o f  th e  P I D  

c o n t r o l le r  u s e d  f o r  c o n t r o l o f  th e  h o t  a n d  c o ld  in le t  f lo w s .

o o o o o O o
o o o o m m m

o o IT; o mT—t t—H CN <N cn CO
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T h e  c o n t r o l le r  c o n s ta n ts  w e r e  a d ju s te d  e m p ir ic a lly  o n  th e  a c tu a l w a r m  w a t e r  p r o c e s s  

b y  f i r s t  s e t t in g  th e  in t e g r a l  a n d  d e r iv a t iv e  g a in s  to  z e r o ,  s lo w ly  in c r e a s in g  th e  

p r o p o r t io n a l  g a in  a n d  o b s e r v in g  th e  c o r r e s p o n d in g  in le t  s te p  r e s p o n s e .  T h e  in te g ra l 

g a in s  w e r e  a d ju s te d  in  tu rn . A s  th e  r e s p o n s e s  o f  th e s e  P I  c o n t r o l le r s  w e r e  a d e q u a te , 

th e  d e r iv a t iv e  g a in s  w e r e  n o t  u s e d . F ig u r e s  4 .4 ,  4 .5  a n d  4 .6  s h o w  th e  r e s p o n s e s  o f  

b o th  th e  h o t  a n d  c o ld  in le t  P I  c o n t r o l le r s  to  s e tp o in ts  o f  2 0  m l/s , 1 0 0  m l/s  a n d  1 4 0  

m l/s . T h e  v a lu e s  o f  th e  c o n t r o l le r  p a r a m e te r s  th u s  a c h ie v e d  a r e  l is te d  in  T a b le  4 .2  

( s e e  p a g e  6 5 ) .  T h e  v a lu e s  o f  th e  c o n t r o l le r  p a r a m e te r s  o f  b  a n d  N  a s  g iv e n  in  ( 4 .8 )  

a n d  ( 4 . 1 0 )  w e r e  1  a n d  4  r e s p e c t iv e ly .

o  o  >n ò  *n
<—I 1 cs cs

T i m e  (s)

F i g u r e  4 .4  -  H o t  a n d  c o ld  in le t  P I  c o n t r o l le r  r e s p o n s e s  f o r  a  f lo w  s e t p o in t  o f  2 0  m l/s 

f r o m  th e  w a r m  w a t e r  p r o c e s s .___________________________________________________________________

1 .2 0 E - 0 4

1 .0 0 E - 0 4

8 .0 0 E - 0 5ro
<
E 6 .0 0 E - 0 5

"■■■- .. ~~~ -  H o t in le t f lo w

E 4 .0 0 E - 0 5

2 .0 0 E - 0 5

C o ld  in le t  f lo w

0 .0 0 E + 0 0
c
C
2 or-5 o  o

o  o
o
o

o  in o  in
l-H  r-H

o

T im e  (s)

F ig u r e  4 . 5  - H o t  a n d  c o ld  in le t  P I  c o n t r o l le r  r e s p o n s e s  f o r  a  f lo w  s e tp o in t  o f  1 0 0  m l/s

f r o m  th e  w a r m  w a t e r  p r o c e s s .
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F i g u r e  4 .6  -  H o t  a n d  c o ld  in le t  P I  c o n t r o l le r  r e s p o n s e s  f o r  a  f lo w  s e t p o in t  o f  1 4 0  

m l/s  f r o m  th e  w a r m  w a t e r  p r o c e s s .

T a b le  4 . 1  - L im it  v a lu e s  f o r  in te g ra l w in d u p  - D A C  in te g e r  v a lu e s .

Lower Limit Ujnw Upper Limit Uhi oh

Hot Inlet 1 5 0 3 0 0 0

Cold Inlet 5 0 3 5 0 0

T a b le  4 . 2  - P I P  c o n t r o l le r  p a r a m e te r s  f o r  th e  h o t a n d  c o ld  in le ts

Proportional Gain Integral Gain Derivative Gain

Hot inlet 4 x  106 3 .0 7 6 9  x  1 0 5 0

Cold inlet 5 x  106 1 . 2 5  x  1 0 5 0

T h e  r e s p o n s e  o f  e a c h  o f  th e  in le t  P I  c o n t r o l le r s  d if fe r s  a ro u n d  v a r io u s  o p e r a t in g  

p o in t s .  T h is  i s  d u e  to  th e  n o n - l in e a r ity  o f  th e  in le ts  a r is in g  f r o m  :

•  Deadtime -  e a c h  in le t  h a s  a n  in h e re n t d e a d t im e  d u e  to  th e  p h y s ic a l  d is ta n c e

b e t w e e n  th e  v a l v e  a n d  th e  f lo w m e t e r .  T h is  d e a d t im e  is  in v e r s e ly  p r o p o r t io n a l  to  

th e  f lo w r a t e  a s  c a n  b e  s e e n  b y  c lo s e  e x a m in a t io n  o f  th e  c o n t r o l le r  r e s p o n s e s  in 

F ig u r e s  4 .4  -  6 . T h e  d e a d t im e  f o r  a  f lo w r a t e  o f  2 0  m l/s , a s s u m in g  a  d is ta n c e  o f  

2 0 c m  b e t w e e n  th e  v a lv e  a n d  f lo w m e t e r ,  is  a p p r o x im a t e ly  1 . 5  s e c o n d s .

Non-Linear Valve and Flowmeter Characteristics - b o th  in le t  v a lv e s  a n d  

f lo w m e t e r s  h a v e  n o n - lin e a r  s te a d y  s ta te  c h a r a c t e r is t ic s  a s  c a n  b e  s e e n  c le a r ly  in 

F i g u r e  4 .3  ( s e e  p a g e  66).
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Hysteresis -  th is  n o n - lin e a r ity  is  t y p ic a l ly  fo u n d  in  m e c h a n ic a l  s y s te m s  a n d  th u s  

c o n t r ib u te s  to  th e  n o n - lin e a r ity  o f  th e  in le t  v a lv e s .  H y s t e r e s i s  o f  th e  h o t  in le t 

v a l v e  a n d  tu rb in e  f lo w  m e te r  c a n  e a s i ly  b e  s e e n  in  F ig u r e  4 .3  ( s e e  p a g e  66).

4.4. Choice of the Sampling Time for the Warm Water Process
In  o r d e r  to  c o l le c t  d a t a  f r o m  th e  w a r m  w a t e r  p r o c e s s ,  a  d a ta  a c q u is it io n  p r o g r a m  w a s  

w r it t e n . F o r  th is  d a t a  a c q u is it io n  p r o g r a m m e , th e  in te rru p t d r iv e n  s o f t w a r e  s tr u c tu re  

a s  d e s c r ib e d  in  S e c t io n  3 . 5  c o m b in e d  w it h  th e  P I  c o n t r o l le r s  f r o m  S e c t io n  4 . 3  w e r e  

u t i l is e d . A n  im p o r t a n t  p a r a m e te r  f o r  th e  d a t a  a c q u is it io n  a n d  f o r  w a r m  w a t e r  p r o c e s s  

c o n t r o l ,  is  th e  s a m p lin g  ra te . In  o r d e r  to  d e te rm in e  th e  s u ita b le  s a m p lin g  r a te  a n d  to  

g a in  m o r e  in s ig h t  in to  th e  d y n a m ic  b e h a v io u r  o f  th e  w a r m  w a t e r  p r o c e s s ,  an  in itia l se t  

o f  s te p  t e s t s  o n  th e  w a r m  w a t e r  p r o c e s s  w e r e  c a r r ie d  o u t. In it ia l ly  a  s a m p lin g  ra te  o f  

t w o  s e c o n d s  w a s  u s e d  f o r  th e s e  te s t s .  T h is  v a lu e  w a s  c h o s e n  a s  it s  m a in ta in s  a  g o o d  

s ig n a l  to  n o is e  r a t io  a n d , b a s e d  o n  th e  p h y s ic a l  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s ,  is  

s m a ll  e n o u g h  to  a l lo w  th e  o b s e r v a t io n  o f  th e  p la n t  d y n a m ic s .

S
£

E
53
3
o

(N CN

Time(s)

F i g u r e  4 . 7  -  R e s p o n s e  o f  th e  o u t le t  f lo w  o f  th e  p r o c e s s  r e a c t io n  ta n k  to  a  s te p  in p u t  o f  

4 0  m l/s  a t  th e  h o t  in le t  f lo w .

F ig u r e s  4 .7  a n d  4 .8  s h o w  th e  o u t le t  f lo w  a n d  te m p e ra tu re  r e s p o n s e s  f o r  a  s te p  te s t  o f  

4 0  m l/s  a t  th e  h o t  in le t . A s s u m in g  f ir s t  o r d e r  w ith  d e a d  t im e  s y s te m  r e s p o n s e s ,  th e  

t im e  c o n s t a n ts  f o r  o u t le t  f lo w  a n d  te m p e r a t u r e  f r o m  th e s e  r e s p o n s e s  a r e  5 4 0  a n d  5 9 4  

s e c o n d s  r e s p e c t iv e ly .  T h u s  a  s a m p lin g  t im e  o f  3 0  s e c o n d s  w a s  d e c id e d  u p o n  f o r  d a ta  

a c q u is i t io n  f r o m  a n d  c lo s e d  lo o p  c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s .  T h is  v a lu e  is
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s m a lle r  th a n  o n e  te n th  o f  th e  d o m in a n t  t im e  c o n s ta n ts  o f  b o th  th e  o u t le t  f lo w  a n d  

te m p e r a tu r e  v a r ia b le s .

4.5. Warm Water Process Model from Physical First Principles
T h e  w a r m  w a t e r  p r o c e s s  c a n  b e  d e s c r ib e d  b y  a  s e t  o f  m a s s  f lo w  a n d  th e rm a l e n e r g y  

e q u a t io n s  w h ic h  c a n  b e  d e r iv e d  f r o m  p h y s ic a l  f i r s t  p r in c ip le s . T h e s e  p h y s ic a l  f ir s t  

p r in c ip le s  m o d e l  e q u a t io n s  h a v e  a  g iv e n  s t r u c tu r e  w h e r e b y  th e  e q u a t io n  p a r a m e te r s  

m u s t  b e  e ith e r  m a th e m a t ic a lly  d e r iv e d  o r  d e te rm in e d  th r o u g h  s u ita b le  te s ts  o n  th e  

w a r m  w a t e r  p r o c e s s .  T h e  w a r m  w a t e r  p r o c e s s  c a n  b e  d e s c r ib e d  a s  m u lt iv a r ia b le  w ith  

c o u p l in g  b e t w e e n  th e  o u t le t  v a r ia b le s  i .e .  o u t le t  f lo w  a n d  o u t le t  te m p e r a tu r e . T h e  

g e n e r a l  f o r m  o f  th e  p h y s ic a l  f i r s t  p r in c ip le s  m o d e l  i s  g iv e n  b y  ( 4 . 1 2 )

Fou,(t) = fA F cold(t), Fhot(t)}
( 4 . 1 2 )

Toul(t) = f 2{Fcold( t) ,F hol(t)}

• •

w h e r e  Fout(t) ,  Tout(t) a re  th e  f i r s t  d e r iv a t iv e s  o f  th e  o u t le t  v a r ia b le s ,

/ y ,/2 a re  th e  fu n c t io n s  o f  th e  in le t  f lo w s

T h is  s e c t io n  d e s c r ib e s  f ir s t ly  th e  d e r iv a t io n  o f  th e  p h y s ic a l  f i r s t  p r in c ip le  m o d e ll in g

e q u a t io n s  f o r  b o th  th e  m a s s  f lo w  a n d  th e  th e rm a l e n e r g y  b e h a v io u r  o f  th e  w a r m
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p r o c e s s .  F o l lo w in g  th is , th e  e x p e r im e n ts  u s e d  to  d e te rm in e  s o m e  o f  th e  m o d e ll in g  

p a r a m e te r s  a r e  it e r a te d . F in a l ly ,  a  d e s c r ip t io n  o f  th e  p r o g r a m m e d  s im u la t io n  o f  th e  

w a r m  w a t e r  p r o c e s s  in  th e  M A T L A B / S I M U L I N K  e n v ir o n m e n t  a n d  c o m p a r is o n s  w ith  

r e a l  p la n t  b e h a v io u r  a re  p re se n te d .

4 . 5 . 1 .  M a s s  F l o w  E q u a t i o n s

T h e  m a s s  ( lo w  b e h a v io u r  o f  the p r o c e s s  re a c t io n  ta n k  a n d  its  o u t le t  s e c t io n  in c lu d in g  

p ip e  l in e , f l o w  t r a n s d u c e r  a n d  o u t le t  v a lv e  u n d e r  th e  a s s u m p tio n  o f  lu m p e d  o u t le t  

lo s s e s  a n d  tu rb u le n t  f lo w  c a n  b e  d e s c r ib e d  b y  ( 4 . 1 3 )  a n d  ( 4 . 1 4 ) ,  s e e  r e fe r e n c e  [ 1 0 0 ] ,

F .J t )  = C ,A ^ 2 g h ( t)  (4.13)

= Fc,um  + Fho,W  - F„„,(() (4.14)

w h e r e  g i s  th e  a c c e le r a t io n  d u e  to  g r a v i t y ,

Cv i s  th e  c o e f f ic ie n t  o f  d is c h a r g e  o f  th e  p r o c e s s  r e a c t io n  ta n k ,

A 2 i s  th e  c r o s s  s e c t io n a l  a r e a  o f  o u t le t  o f  th e  p r o c e s s  r e a c t io n  ta n k , 

A tank is  th e  c r o s s  s e c t io n a l  a r e a  o f  th e  p r o c e s s  r e a c t io n  ta n k  a n d  

h(t) i s  th e  h e a d  o f  w a t e r  in  th e  p r o c e s s  r e a c t io n  ta n k .

T h e  c o n s t a n t  Cv i s  th e  c o e f f ic ie n t  o f  d is c h a r g e  o f  th e  p r o c e s s  r e a c t io n  ta n k  a n d  is  

d e p e n d e n t  o n  th e  lo s s e s  in  th e  o u t le t  lin e  in c lu d in g  th e  o u t le t  v a lv e ,  o u t le t  f lo w m e t e r  

a n d  th e  o u t le t  p ip e  w h e n  th e s e  a re  lu m p e d  a t  th e  p r o c e s s  r e a c t io n  ta n k  o u t le t . T h e  

p a r a m e te r  A2 r e p r e s e n ts  th e  e f f e c t iv e  a r e a  o f  th e  ta n k  o u t le t . D u e  to  th e  lu m p e d  

lo s s e s  a s s u m p t io n , th is  v a lu e  is  n o t o n ly  a  fu n c t io n  o f  th e  ta n k  o u t le t  d ia m e te r  b u t  a ls o

o f  th e  o u t le t  v a lv e  p o s it io n . T h e  p a r a m e te r  A tank is  th e  a r e a  o f  th e  ta n k  in  s q u a r e

m e tre s  a n d  w a s  c a lc u la t e d  f r o m  th e  m e a s u r e d  d ia m e t e r  o f  th e  ta n k .

4 . 5 . 1 . 1 .  D e t e r m i n a t i o n  o f  M a s s  F l o w  P a r a m e t e r s  C v a n d  A 2
T o  in v e s t ig a t e  th e  v a l id it y  o f  th e  m a s s  f lo w  e q u a t io n s  a s  d e ta ile d  in  S e c t io n  4 . 5 . 1  a n d  

to  c a lc u la t e  th e  v a lu e  o f  th e  p r o d u c t  o f  th e  m a s s  f lo w  p a r a m e te r s  Cv a n d  A2 th e  

f o l lo w in g  e x p e r im e n t  w a s  c a r r ie d  o u t  o n  th e  w a r m  w a t e r  p r o c e s s  f o r  f o u r  d if fe r e n t  

o u t le t  v a l v e  p o s it io n s :

1 .  T h e  outlet valve o f  th e  p r o c e s s  r e a c t io n  ta n k  w a s  c lo s e d .

2 .  T h e  process reaction tank w a s  f i l le d  to  a  le v e l  o f  a p p r o x im a t e ly  1 5 0 c m .

3 .  T h e  p o s it io n  o f  th e  p r o c e s s  r e a c t io n  ta n k  outlet valve w a s  s e t  to  1 0 0 % .

71



4 .  T h e  process reaction tank w a s  a l lo w e d  to  empty w h ile  th e  le v e l  h(t) an d  

o u t le t  f lo w  Fout(t) d a ta  w e r e  lo g g e d .

5 .  S t e p s  1  th r o u g h  4  w e r e  re p e a te d  f o r  th e  o th e r  th re e  p r o c e s s  r e a c t io n  ta n k  

o u t le t  v a l v e  p o s it io n s  o f  7 5 % ,  5 0 %  a n d  2 5 % .

F r o m  th e  r e s u lt s  o b ta in e d  it  w a s  p o s s ib le  to  c a lc u la t e  th e  CyA 2 v a lu e  u s in g  e q u a t io n  

( 4 . 1 5 )  w h ic h  i s  d e r iv e d  f r o m  ( 4 . 1 3 ) .

CA = A § >  ( 4 - 1 5 )

F ig u r e s  4 .9 ,  4 . 1 0 ,  4 . 1 1  a n d  4 . 1 2  s h o w  th e  e x p e r im e n ta l  v a lu e s  o f  C y A 2 f ° r  th e  fo u r  

p r o c e s s  r e a c t io n  o u t le t  v a lv e  p o s it io n s  o b ta in e d  th r o u g h  th e  a p p lic a t io n  o f  ( 4 . 1 5 )  to  

th e  d a t a  g a t h e r e d  in  th is  e x p e r im e n t . T h e  la r g e  f lu c t u a t io n s  a t  lo w  f lo w  a n d  h e a d  

v a lu e s  a r e  d u e  to  th e  d e c r e a s e  in  th e  s ig n a l  to  n o is e  r a t io  o f  th e  m e a s u re m e n ts  at 

lo w e r  le v e ls .  T h e  s a w  to o th  a p p e a r a n c e  o f  th e  c h a r a c t e r is t ic s  is  a t t r ib u ta b le  to  th e  

2 c m  r e s o lu t io n  o f  th e  le v e l  m e te r  a s  d e s c r ib e d  in  S e c t io n  3 . 2 . 3 . 5 .  T o  c a lc u la t e  th e  

a v e r a g e  v a lu e  o f  th e  C VA 2 p a r a m e te r  f o r  e a c h  v a lv e  p o s it io n , o n ly  v a lu e s  

c o r r e s p o n d in g  to  ta n k  le v e ls  a b o v e  5 0 c m  w e r e  u t il is e d  - th u s  o m it t in g  d a ta  w ith  p o o r  

s ig n a l  to  n o is e  r a t io .  T h e  a v e r a g e  v a lu e s  o f  C^A 2 a n d  th e ir  s ta n d a rd  d e v ia t io n s  f o r  all 

m e a s u r e m e n t s  a b o v e  ta n k  le v e ls  o f  5 0 c m  a re  l is te d  in  T a b le  4 .3 .

Level h (t) cm

F ig u r e  4 .9  - P lo t  o f  e x p e r im e n t a l  C , 4 2 v a lu e s  a t a n  o u t le t  v a l v e  p o s it io n  o f  1 0 0 % .
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Figure 4.10 - Plot of experimental C J i2 values at an outlet valve position of 75%.
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Table 4.3 - Table of average CyA2 values and their variances.

Process Reaction Tank Outlet Valve Position

100% 75% 50% 25%
M ean 3 .6 2 E - 0 5 3 . 5 3 E - 0 5 2 .8 8 E - 0 5 1 . 6 1 E - 0 5

Variance 3 . 5 8 E - 0 7 3 . 1 5 E - 0 7 2 . 1 9 E - 0 7 1 . 4 1 E - 0 7

U s in g  th e  a v e r a g e  v a lu e s  o b ta in e d  f o r  C^A2 f r o m  th e  fo u r  e x p e r im e n ts  d e s c r ib e d  

a b o v e ,  a  s e c o n d  o r d e r  p o ly n o m ia l  fu n c t io n  w a s  f it t e d  to  th e  f o u r  v a lu e s  u s in g  th e  

M A T L A B  polyfit() fu n c t io n . A  s e c o n d  o r d e r  p o ly n o m ia l  w a s  c h o s e n  a s  it 

c o r r e s p o n d s  to  th e  o r d e r  o f  ( 4 . 1 5 ) ,  w h ic h  r e p r e s e n ts  th e  p h y s ic a l  re la t io n s h ip  b e tw e e n  

th e  o u t le t  f lo w  Fout(t) a n d  th e  v a lu e  o f  CVA 2, a s s u m in g  a  l in e a r  o u t le t  v a lv e  

c h a r a c t e r is t ic .  T h is  p o ly n o m ia l  is  g iv e n  b y  e q u a t io n  ( 4 . 1 6 )  w h e r e  th e  a r g u m e n t  Vpos 
i s  th e  p r o c e s s  r e a c t io n  ta n k  o u t le t  v a l v e  p o s it io n  in  p e r c e n t .

CvA2(V pos) =  - 4 . 1 7 3 9 x l ( T 9 \ pos2 7 . 7 5 6 7 x l 0 “ 7 \ pos - 2 . 0 2 7 5 x l ( T 7 ( 4 . 1 6 )

T h e  p o ly n o m ia l  ( 4 . 1 6 )  th u s  a l lo w s  th e  c a lc u la t io n  o f  CVA2 g iv e n  th e  p o s it io n  o f  th e  

p r o c e s s  r e a c t io n  ta n k  o u t le t  v a lv e  in  p e r c e n t . F ig u r e  4 . 1 3  s h o w s  th e  c h a r a c t e r is t ic  

o b ta in e d  f r o m  ( 4 . 1 6 )  to g e th e r  w ith  th e  f o u r  e x p e r im e n t a l  v a lu e s  o f  C VA 2 .

Outlet V a lv e  P o s it io n  %

F i g u r e  4 . 1 3  -  P lo t  o f  th e  c h a r a c t e r is t ic  o f  th e  c a lc u la t e d  p o ly n o m ia l  ( 4 . 1 6 )  f o r  C ^ A g .
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4 . 5 . 2 .  T h e r m a l  E n e r g y  E q u a t i o n s

T h e  th e rm a l e q u a t io n s  fo r  th e  p la n t  a r e  n o n - lin e a r  a n d  d o m in a te d  b y  p r o d u c t  te rm s  o f  

th e  in le t  f lo w  a n d  te m p e r a t u r e  v a r ia b le s .  A s s u m in g  p e r fe c t  m ix in g  a n d  n o  h e a t  lo s s e s  

w it h in  th e  p r o c e s s  r e a c t io n  ta n k , th e  fo l lo w in g  d e t a i ls  th e  d e r iv a t io n  o f  th e  p h y s ic a l  

f i r s t  p r in c ip le  th e r m a l e q u a t io n s .

=  p t o t ( 0  +  F c o l d ( t )  _  F o m ( i )  ( 4  1 ? )

E q u a t io n  ( 4 . 1 7 )  r e p r e s e n ts  th e  m a s s  f lo w  o f  th e  p r o c e s s  r e a c t io n  ta n k . T h e  c h a n g e  in 

h e a t  w it h in  th e  p r o c e s s  r e a c t io n  ta n k  d u e  to  a n  in p u t  f l o w  Fin(t) is  g iv e n  b y  ( 4 . 1 8 ) .

d Q ‘“̂ tl  = p c  Fin(t) 
dt K ,n dt

~ Phot c Fhot(t) Qhot(t)  +  p coid c Fcoid(t) 9 coid(0 ( 4 . 1 8 )

w h e r e  p  is  th e  d e n s ity  o f  in f lo w in g  w a te r , 

phot is  th e  d e n s ity  o f  h o t  w a te r ,  

p coid is  th e  d e n s ity  o f  c o ld  w a te r ,  

c  is  th e  s p e c i f ic  h e a t  c a p a c i t y  o f  w a te r ,

Qhot(t) is  th e  te m p e ra tu re  o f  h o t  w a te r ,

OcolJ *) *s  th e  te m p e ra tu re  o f  c o ld  w a t e r  a n d  

Qtankit) i s  th e  h e a t  w it h in  th e  p r o c e s s  r e a c t io n  ta n k .

A s s u m in g  c o n s t a n t  d e n s ity  p  f o r  th e  h o t  a n d  c o ld  in le t  f lo w s  a n d  c o n s t a n t  h e a d  h(t), 
w ith  Vs =  h(t) Atank w h e r e  Vs is  th e  p r o c e s s  r e a c t io n  ta n k  v o lu m e ,  g i v e s  :

v. =  f - ( ' )  8 , „ ( 0  +  K .u it)  ( 4 . 1 9 )

E q u a t io n  ( 4 . 1 9 )  c a n  b e  a u g m e n te d  b y  c o n s id e r in g  b o th  h e a t  lo s s  a n d  n o n -p e r fe c t  

m ix in g  w ith in  th e  p r o c e s s  r e a c t io n  ta n k . H e a t  lo s s  th r o u g h  th e  w a lls  o f  th e  p r o c e s s  

r e a c t io n  ta n k  is  d e s c r ib e d  b y  a  n o n - lin e a r  fu n c t io n  o f  th e  te m p e ra tu re  d i f fe r e n c e  

b e t w e e n  th e  t e m p e r a t u r e  o f  th e  w a t e r  in  th e  ta n k  a n d  th e  a m b ie n t te m p e ra tu re  a n d  th e  

le v e l  o f  l iq u id  in  th e  ta n k . M ix in g  d y n a m ic s  a re  a l s o  d e s c r ib e d  b y  a  n o n - lin e a r  

fu n c t io n  o f  a ll f l o w  a n d  te m p e r a tu r e  v a r ia b le s  a s  w e l l  th e  le v e l  o f  f lu id  in  th e  ta n k . 

T h u s  th e  c o m p le t e  e q u a t io n  f o r  h e a t  f lo w  in  th e  s y s t e m  f r o m  f ir s t  p r in c ip le s  i s  g iv e n  

b y  ( 4 .2 0 ) .
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K  °d f ~ ~  Fho[(t)Qho[(t) + Fcold(t)Qcold(t) -  Qioss(t) +  Qmix(t) ( 4 .2 0 )

w h e r e  9  out(t) i s  th e  p r o c e s s  r e a c t io n  ta n k  o u t le t  te m p e ra tu re ,

Q lo ss iO  =  f  (9ta n k it) ,  9ambient(0, W ) )  and (4.21)
Q m ix(0=  g{Q hot( t) ,  Qcold( t) ,  Qlank( t) ,  h (t) , Fhot( t ) ,  Fcold( t) , Fout( t j} (4.22)

T h e  p h y s ic a l  m o d e l  u s e d  in  th is  r e s e a r c h  a s s u m e s  p e r fe c t  m ix in g .  T h e  a c c u r a c y  o f  th is  

s e t  o f  e q u a t io n s  b a s e d  o n  p h y s ic a l  f i r s t  p r in c ip le s  is  to  b e  in v e s t ig a te d  th r o u g h  su ita b le  

e x p e r im e n t s  o n  th e  p la n t . T h is  in v e s t ig a t io n  i s  d e s c r ib e d  in  S e c t io n  4 .5 .4 .

4.5.3. MATLAB/SIMULINK Simulation of the Physical Warm Water Process 
Model

T h e  p h y s ic a l  e q u a t io n s  o f  th e  w a r m  w a t e r  p la n t  a s  d e t a i le d  e a r l ie r  in  th is  c h a p te r  w e r e  

s im u la t e d  w it h in  th e  M A T L A B / S I M U L I N K  e n v ir o n m e n t . D u e  to  th e  p r o c e s s  s p e c if ic  

n o n - l in e a r  n a tu re  o f  th e  e q u a t io n s , u s e r  d e f in e d  s-functions w e r e  w r it te n  in  th e  

M A T L A B / S I M U L I N K  m a c r o  p r o g r a m m in g  la n g u a g e  a n d  th e n  in c o r p o r a t e d  in to  a  

M A T L A B / S I M U L I N K  ic o n . T h e  m o d e ls  u s e  th e  e m p ir ic a l ly  d e r iv e d  p a r a m e te r s  

d e t a i le d  in  th is  c h a p te r . T h e  m a c r o  c o d e  u s e d  f o r  th is  s im u la t io n  ic o n  is  c o n t a in e d  in  

A p p e n d ix  D.

4.5.4. Validation of the Physical Model
T o  d e te r m in e  th e  n a tu re  o f  th e  a c c u r a c y  o f  th e  s im u la t e d  w a r m  w a t e r  p r o c e s s  p h y s ic a l  

m o d e l,  a  series o f twelve step tests fo r  each o f  the outlet valve positions o f 25, 50, 75 
and 100%  w e r e  p e r fo r m e d  o n  th e  w a r m  w a t e r  p r o c e s s .  B e f o r e  ru n n in g  th e s e  te s ts  

th e  h o t  in le t  a n d  th e  p r o c e s s  r e a c t io n  ta n k  o u t le t  v a lv e s  w e r e  fu l ly  o p e n e d  u n t il th e  

te m p e r a t u r e  in  th e  h o t  r e s e r v o i r  ta n k  re a c h e d  a n  in it ia l t e m p e ra tu re  o f  4 0 ° C e ls iu s .  

T h is  e n s u r e d  th a t h o t  w a t e r  w a s  a v a i la b le  f o r  th e  s te p  te s ts  w ith in  th e  p r o c e s s  r e a c t io n  

ta n k , w h e r e b y  th e  te m p e r a t u r e  o f  th e  w a te r  in  th e  h o t  r e s e r v o i r  ta n k  is  fu l ly  d e p e n d e n t  

o n  th e  te m p e r a tu r e  o f  th e  h o t  w a t e r  s u p p ly . T h e  c h o ic e  o f  th e  te m p e ra tu re  o f  4 0 ° C  

w a s  b a s e d  o n  e x p e r ie n c e  w it h  th e  w a r m  w a t e r  p r o c e s s ,  w h e r e  th e  h o t  w a t e r  s u p p ly  

te m p e r a t u r e  r a r e ly  r i s e s  a b o v e  4 5 ° C .  T h e  te s ts  p e r fo r m e d  f o r  e a c h  p r o c e s s  r e a c t io n  

o u t le t  v a lv e  p o s it io n  a r e  l is te d  in  T a b le  4 .4  ( s e e  p a g e  8 1 ) .  T h e  d a ta  f r o m  e a c h  o f  

t h e s e  te s ts  w a s  u s e d  f o r  t w o  p u r p o s e s  :

•  to  serve as test data f o r  e v a lu a t io n  o f  th e  a r t i f ic ia l  n e u ra l n e t w o r k  m o d e l 

d e v e lo p e d  in  S e c t io n  4 .6 ,
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•  to  evaluate the accuracy o f  th e  f i r s t  p r in c ip le s  m o d e l  o f  th e  p r o c e s s .

T h e  d a t a  f r o m  th e  s te p  te s ts  f o r  a  p r o c e s s  r e a c t io n  ta n k  o u t le t  v a lv e  p o s it io n  o f  1 0 0 %  

w e r e  u s e d  to  e v a lu a t e  th e  a c c u r a c y  o f  th e  s im u la te d  p h y s ic a l  m o d e l  o f  th e  w a r m  w a te r  

p r o c e s s  in  th e  f o l lo w i n g  m a n n e r  :

1 .  T h e  step test d a ta  w a s  lo a d e d  in to  th e  M A T L A B  w o r k s p a c e .

2 .  T h e  in le t  f lo w  a n d  te m p e r a tu r e  d a ta , i .e .  F colJ t ) ,  Fhot(t) a n d  Thot(t), w e r e  u s e d  

t o  d r iv e  th e  M A T L A B / S I M U L I N K  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s  a n d  th e  

o u tp u t  d a ta , i .e .  F out(t), h(t) a n d  Tout(t), o f  th e  s im u la t io n  m o d e l w a s  lo g g e d  to  

th e  M A T L A B  w o r k s p a c e .

3 .  T h e  output data f r o m  th e  s im u la t io n  w a s  th e n  c o m p a r e d  w ith  th e  e x p e r im e n ta l  

o u tp u t  d a t a  f r o m  th e  s te p  te s ts .

Outlet Valve 
Position © -

Clock
M Time

To Workspace4

F i g u r e  4 . 1 4  -  M A T L A B  v a l id a t io n  o f  th e  w a r m  w a t e r  p r o c e s s  p h y s ic a l  m o d e l.

U ntìs) Hmr(s)

F i g u r e  4 . 1 5  -  S t e p  T e s t  3 7  : FrnlJ t)  =  2 4 0  m l/s  a n d  Fh,J t)  =  1 4 0  m l/s .
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Unsis) Hnie(s)

F i g u r e  4 . 1 6  -  S t e p  T e s t  3 8  : Frn,J t)  =  1 6 0  m l/s  a n d  Fhn,(t) =  1 4 0  m l/s .

R)ii

HxlSim
ToutS im

F i g u r e  4 . 1 7  - S t e p  T e s t  3 9  : FrillJ t)  =  8 0  m l/s  a n d  Fhnl(t) =  1 4 0  m l/s .

ZOOBO* 27.00

•¡26.00
■«u
V 25.00ua
§24.00
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|  2100
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8 8 8 8ri in vo r-
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O.OOE+OO

°  8 8  8
lint'.M

I.75EW

a  5.00E05 a
O 250E05 

aOOBOO
o
o

U ireCs) Tlme(s)

F i g u r e  4 . 1 8  - S t e p  T e s t  4 0  : F,.lllfl(t) = 0  m l/s  a n d  Fhn,(t) =  1 4 0  m l/s .

Tinie(s)
Time (s)

F i g u r e  4 . 1 9  - S t e p  T e s t  4 1  : Frfl,J t)  =  2 4 0  m l/s  a n d  Fhn,(t) =  9 0  m l/s .
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Hine(s) Hme(s)

F i g u r e  4 .2 4  -  S t e p  T e s t  4 6  : FrnlJ t)  =  1 6 0  m l/s  a n d  Fhn,(t) =  4 0  m l/s .

Tlire(s) Tlnie(s)

F ig u r e  4 .2 5  -  S t e p  T e s t  4 7  : FmlJ t)  =  8 0  m l/s  a n d  Fhol(t) =  4 0  m l/s .

TlirE(s) Tlns(s)

F i g u r e  4 .2 6  - S t e p  T e s t  4 8  : FrntJ t)  =  0  m l/s  a n d  Fiu„(t) -  4 0  m l/s .

T h e  M A T L A B / S I M U L I N K  s im u la t io n  u s e d  f o r  th e  e v a lu a t io n  o f  th e  p h y s ic a l  m o d e l 

o f  th e  w a r m  w a t e r  p r o c e s s  is  s h o w n  in  F ig u r e  4 . 1 4  ( s e e  p a g e  7 7 )  . T h e  F ig u r e s  4 . 1 5  -  

4 .2 6  c o n t a in  th e  c h a r a c t e r is t ic s  o f  th e  w a r m  w a t e r  p r o c e s s  o u tp u t v a r ia b le s  Fout(t) an d  

Tout(t) f o r  th e  v a l id a t io n  o f  th e  p h y s ic a l  m o d e l. ToutSim  a n d  FoutSim  r e fe r  to  th e  

s im u la t e d  v a r ia b le s .  S u b je c t iv e ly ,  th e  m a s s  f lo w  p h y s ic a l  m o d e l is  s e e n  to  b e  r e la t iv e ly  

a c c u r a t e  f o r  a ll f lo w s  w h e r e a s  th e  th e rm a l e n e r g y  p h y s ic a l  m o d e l d o e s  n o t  o f f e r  

a c c u r a t e  m o d e ll in g  o f  th e  re a l  p la n t  th e rm a l b e h a v io u r .  A n  o b je c t iv e  c r it e r ia  f o r  

e v a lu a t io n  o f  th e  m o d e ll in g  c a p a b il i t ie s  o f  th e  p h y s ic a l  m o d e ls  is  th e  r o o t  m e a n  s q u a r e  

( R M S )  m o d e ll in g  e r r o r s .
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Table 4.4 - Summary of step tests for outlet valve position of 100%.

Inlet Flow R M S Modelling Error

N AM E F rn lJt)  ml/s FhJ t )  ml/s F„,Jt) ml/s Tnu,(t) Celsius
T e s t  3 7 2 4 0 1 4 0 6 .4 3 1 . 9 1

T e s t  3 8 1 6 0 1 4 0 2.12 1 . 9 5

T e s t  3 9 8 0 1 4 0 3 . 1 2 0.68

T e s t  4 0 0 1 4 0 6.66 2.01

T e s t  4 1 2 4 0 9 0 3 .4 0 1 . 3 0

T e s t  4 2 1 6 0 9 0 2.11 1 .9 0

T e s t  4 3 8 0 9 0 4 .8 8 1 . 5 0

T e s t  4 4 0 9 0 8 .3 0 3 .6 5

T e s t  4 5 2 4 0 4 0 4 .4 9 1 . 5 7

T e s t  4 6 1 6 0 4 0 2.01 2 . 1 8

T e s t  4 7 8 0 4 0 4 .2 6 1.68

T e s t  4 8 0 4 0 7 . 7 7 0.86

T h e  v a lu e s  o f  th e  r o o t  m e a n  s q u a r e s  o f  th e  m o d e ll in g  e r r o r s  f o r  th e  p h y s ic a l  m o d e ls

a r e  l is t e d  in  T a b le  4 .4  f o r  a l l  th e  s te p  te sts .

T h e  f o l lo w in g  c o n c lu s io n s  w e r e  d r a w n  f r o m  th is  s e r ie s  o f  te s ts  :

•  T h e  dynamics o f  the warm water process a re  f a s t e s t  w h e n  th e  o u tp u t  v a lv e  is 

fu l ly  o p e n . T h u s ,  in  o r d e r  to  k e e p  fu tu r e  e x p e r im e n ts  w ith in  a  r e a s o n a b le  t im e  

s c a le ,  a ll fu tu r e  e x p e r im e n ts  w e r e  c a r r ie d  o u t  w ith  th e  o u t le t  v a lv e  p o s it io n  at 

100% .

•  T h e  d y n a m ic  a n d  s te a d y  s ta te  accuracy o f the mass flow  model from  first 
principles w a s  o f  r e a s o n a b le  q u a lity . T h e  R M S  o f  th e  m o d e ll in g  e r r o r  w a s  

a lw a y s  le s s  th a n  8 m l/s  w h ic h  c o r r e s p o n d s  to  3 . 3 3 %  o f  th e  r a n g e  o f  th e  p r o c e s s  

r e a c t io n  ta n k  o u t le t  f lo w .

•  T h e  first principles temperature model w a s  o f  p o o r  q u a lity . T h e  R M S  o f  th e  

m o d e ll in g  e r r o r  h a d  a  m a x im u m  v a lu e  o f  3 . 6 5 °  C e ls iu s .  M o r e o v e r ,  th e  d y n a m ic s  

o f  th e  p la n t  w e r e  n o t  e v e n  s u b je c t iv e ly  m a tc h e d . T h is  w a s  a tt r ib u te d  to  th e  

a s s u m p t io n  o f  p e r fe c t  m ix in g  m a d e  w ith in  th e  p h y s ic a l  m o d e l a n d , to  a  le s s e r  

e x te n t , th e  n o n - m e a s u r a b le  d is tu r b a n c e  v a r ia b le  -  th e  c o ld  in le t  te m p e ra tu re .
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A lt h o u g h  th e  p h y s ic a l  m a s s  f lo w  m o d e l g a v e  s a t is fa c t o r y  r e s u lt s ,  th e  th e rm a l 

m o d e ll in g  p e r fo r m a n c e  o f  th e  p h y s ic a l  m o d e l w a s  u n s a t is fa c t o r y .  T h is  in a d e q u a te  

m o d e ll in g  i s  d u e  to  th e  in a b ility  o f  th e  th e rm a l p h y s ic a l  m o d e l to  r e p r e s e n t  th e  m ix in g  

d y n a m ic s  o f  th e  p r o c e s s  r e a c t io n  ta n k . D u e  to  th is  in a c c u r a c y  o f  th e  p h y s ic a l  m o d e l, 

tw o  m o d e ll in g  m e th o d s  f r o m  th e  s o f t  c o m p u t in g  f ie ld  w e r e  a p p lie d  to  th e  w a r m  w a t e r  

p r o c e s s .  A s  b o th  o f  th e s e  m e th o d s  a re  c a p a b le  o f  m o d e ll in g  n o n - lin e a r  s y s te m s  

th r o u g h  le a r n in g  th e  s y s te m  d y n a m ic  b e h a v io u r  f r o m  a  s e t  o f  d a ta , it  w a s  h o p e d  th a t 

m o r e  a c c u r a c y  w o u ld  b e  a c h ie v e d  w h e n  m o d e ll in g  th e  th e rm a l b e h a v io u r  o f  th e  w a r m  

w a t e r  p r o c e s s .

4.6. Artificial Neural Network Model of the Warm Water Process
T h is  s e c t io n  d e s c r ib e s  th e  f i r s t  o f  th e  t w o  s o f t  c o m p u t in g  m o d e ll in g  m e th o d s  - th e  

Artificial Neural Network ( A N N )  m o d e l. T h e  t y p e  o f  A N N  c h o s e n  f o r  m o d e ll in g  th e  

w a r m  w a t e r  p r o c e s s  is  th e  Multi-Layer Perceptron ( M L P ) .  T h e r e  w e r e  t w o  r e a s o n s  

f o r  th e  c h o ic e  o f  th is  A N N  a rc h ite c tu re  :

•  th e  f a c t  th a t th e  MLP  is  used in more than 85%  o f  a ll  A N N  a p p lic a t io n s  [ 1 0 1 ] ,

•  I t  h a s  b e e n  s h o w n  th a t  a  th r e e  la y e r  M L P  h a s  th e  capability (b y  a d ju s t in g  th e  

v a lu e s  o f  th e  w e ig h t s )  o f  m o d e ll in g  a n y  n o n - lin e a r  fu n c t io n  to  an  a rb itra r y  d e g r e e  

o f  a c c u r a c y  [ 102],

T h e  M L P  s t r u c tu r e  is  c h a r a c t e r is e d  b y  its  f e e d fo r w a r d  a r c h ite c tu r e  w h ic h  c o n s is t s  o f  

la y e r s  o f  n e u ro n s  w h e r e  a  s in g le  n e u ro n  is  c o n n e c t e d  to  e a c h  n e u ro n  in  th e  fo l lo w in g  

la y e r  b y  a  w e ig h t .  U n fo r t u n a te ly ,  f e w  g u id e lin e s  e x is t  a s  to  th e  n u m b e r  a n d  t y p e  o f  

n e u r o n s  n e c e s s a r y  in  e a c h  la y e r  to  a c h ie v e  a c c u r a te  m o d e ll in g  o f  a  fu n c t io n . 

M o r e o v e r ,  c o n v e r g e n c e  o f  le a r n in g  a n d  g e n e r a lis a t io n  p r o p e r t ie s  o f  th e  M L P  m o d e l 

o f  th e  fu n c t io n  c a n n o t  b e  g u a ra n te e d .

T h e  M L P  u s e s  supervised learning to  le a rn  th e  fu n c t io n  to  b e  m o d e lle d  f r o m  th e  

tr a in in g  d a ta  s e t .  T h u s  in  o r d e r  to  tra in  th e  M L P  s o m e  fo r m  o f  le a r n in g  a lg o r it h m  is 

n e c e s s a r y .  T h e  m o s t  c o m m o n ly  u s e d  a lg o r ith m  is  th e  b a c k - p r o p a g a t io n  a lg o r ith m  - a  

m o d if ie d  g r a d ie n t  d e s c e n t  m e th o d  [ 1 0 3 ] .  A s  p r e r e q u is it e s  f o r  s u c c e s s fu l  m o d e ll in g  

u s in g  a n  A N N , th e  f o l l o w i n g  p o in t s  s h o u ld  b e  a d h e re d  to  :

•  Temporally continuous training data -  th e  M L P  s h o u ld  b e  tr a in e d  u s in g  

t e m p o r a l ly  c o n t in u o u s  d a ta  f r o m  th e  s y s te m  in  q u e s t io n .
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•  Data from  the complete state space - i f  th e  M L P  is  to  m o d e l  th e  s y s te m  o v e r  its 

c o m p le t e  s ta te  s p a c e ,  th e n  th e  tr a in in g  d a ta  s h o u ld  b e  r e p r e s e n ta t iv e  o f  th e  s y s te m  

s ta t e  s p a c e .  D a t a  f r o m  a ro u n d  o n e  o p e r a t in g  p o in t  w i l l  o n ly  d e l iv e r  a n  A N N  

m o d e l  s u ita b le  f o r  m o d e ll in g  th e  p la n t  a ro u n d  th is  o n e  o p e r a t in g  p o in t .

D e t a i l s  o f  v a r io u s  o t h e r  le a r n in g  a lg o r ith m s  a n d  n e t w o r k  a r c h ite c tu r e s  th a t c a n  u s e d  

f o r  A N N  m o d e ll in g  c a n  b e  fo u n d  in  [ 1 0 4 ] ,

T h e  m a in  h u rd le  to  b e  o v e r c o m e  b e fo r e  th e  a p p lic a t io n  o f  th is  m o d e ll in g  m e th o d  to  

th e  w a r m  w a t e r  p r o c e s s  w a s  th e  t im e  re q u ir e d  to  c o l le c t  th e  tr a in in g  d a ta . T h is  is  

n o r m a l ly  n o t  a  p r o b le m  fo r  a  p la n t  w ith  s h o r t  t im e  c o n s ta n ts  a s  e n o u g h  d a ta  c a n  b e  

c o l le c t e d  o v e r  a  r e a s o n a b ly  s h o r t  p e r io d  o f  t im e  to  a l lo w  th e  im p le m e n ta tio n  o f  a  

g lo b a l  m o d e l.  D u e  to  s a fe t y  r e s t r ic t io n s ,  o n ly  fo u r t e e n  h o u r s  o f  c o n t in u o u s  d a ta  c o u ld  

b e  c o l le c t e d  f r o m  th e  p la n t  o n  a n y  o n e  d a y .  T h is  c o r r e s p o n d s  to  1 2  s e tp o in t  c h a n g e s  

a n d  o n ly  1 6 8 0  d a ta  p o in ts  a t  a  s a m p lin g  r a te  o f  3 0  s e c o n d s .  U s in g  th e  d a ta  

a c q u is it io n  s y s te m  a s  d e s c r ib e d  in  S e c t io n  4 .4 ,  d a ta  w a s  th u s  c o l le c t e d  o v e r  a  p e r io d  

o f  s e v e n  d a y s .  T h e  d e s ir e d  h o t  a n d  c o ld  in le t  f lo w s  w e r e  c h a n g e d  r a n d o m ly  e v e r y  

4 0 0 0  s e c o n d s .  T h is  ra n d o m  c h a n g e  w a s  im p le m e n te d  s o  a s  to  d r iv e  th e  w a r m  w a t e r  

p r o c e s s  th ro u g h  a s  m u c h  o f  its .state s p a c e  a s  p o s s ib le  in th e h o p e  th a t a g lo b a l m o d e l 

o f  th e  p la n t  c o u ld  th u s  b e  a c h ie v e d . T h e  p r o c e s s  r e a c t io n  ta n k  o u t le t  v a lv e  p o s it io n  

w a s  s e t  to  1 0 0 %  f o r  th e  c o m p le te  d a ta  a c q u is it io n  p r o c e s s .  A  to ta l o f  9 2 3 9  t ra in in g  

d a ta  s e t  v e c t o r s  w e r e  a c q u ir e d  th r o u g h o u t  th is  e x p e r im e n t .

H a v in g  a c q u ir e d  th e  tr a in in g  d a ta , th e  a rc h ite c tu re  o f  th e  M L P  w a s  d e c id e d  u p o n . 

T h e  c h o s e n  n e t w o r k  a r c h ite c tu r e  w a s  a  r e c u r s iv e  f o u r  la y e r  s t r u c tu re  ( in  o r d e r  to  

in c r e a s e  th e  r e s o lu t io n  o f  th e  n e tw o r k )  o f  n e u ro n s  d e s c r ib e d  b y  th e  f o l lo w in g  :

•  Input layer -  a s  th e  w a r m  w a t e r  p r o c e s s  is  p re d o m in a n t ly  f i r s t  o r d e r ,  a ll v a r ia b le s  

w e r e  re p r e s e n te d  b y  th e ir  p r e s e n t  a n d  p r e v io u s  v a lu e s .  H o w e v e r ,  d u e  to  th e  n o n 

l in e a r  b e h a v io u r  o f  th e  o u t le t  te m p e ra tu re  v a r ia b le ,  th e  h o t  te m p e ra tu re  w a s  

r e p r e s e n te d  b y  its  p r e s e n t , p r e v io u s  a n d  p r e v io u s  p r e v io u s  v a lu e s .  In  a d d it io n  o n e  

p a s t  o u tp u t  f r o m  e a c h  o f  th e  v a r ia b le s  to  b e  m o d e lle d , i .e .  o u t le t  te m p e ra tu re  a n d  

f lo w ,  s e r v e d  a s  in p u ts  th u s  fo r m in g  a  r e c u r s iv e  m o d e l. T h is  g a v e  a  to ta l o f  9  in p u t 

l a y e r  n e u ro n s  a l l  w ith  u n ity  t r a n s fe r  fu n c t io n s .

•  Two hidden layers - a l l  n e u ro n s  in  th e  h id d e n  la y e r s  h a v e  lo g a r ith m ic  s ig m o id  

fu n c t io n  t r a n s fe r  fu n c t io n s . T h e  lo g a r ith m ic  s ig m o id  fu n c t io n  w a s  c h o s e n  a s  a ll 

th e  v a r ia b le s  u s e d  in  th e  p la n t  a re  p o s it iv e .  T h e  f i r s t  h id d e n  la y e r  c o n s is t e d  o f  5  

n e u r o n s  w h e r e a s  th e  s e c o n d  h id d e n  la y e r  w a s  m a d e  u p  o f  1 0  n e u ro n s . T h e  c h o ic e
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o f  th e  n u m b e r  o f  n e u ro n s  w ith in  th e  h id d e n  la y e r s  w a s  b a s e d  u p o n  a  ru le  o f  th u m b  

- f i r s t  h id d e n  la y e r  a p p r o x im a t e ly  o n e  h a l f  o f  th e  n u m b e r  o f  in p u t n e u ro n s , s e c o n d  

h id d e n  la y e r  2 - 3  t im e s  th e  n u m b e r  o f  n e u ro n s  w ith in  th e  f i r s t  h id d e n  la y e r .  T h is  

r u le  o f  th u m b  h a s  b e e n  fo u n d  to  g i v e  a  g o o d  c o m p r o m is e  b e tw e e n  m o d e l a c c u r a c y  

a n d  n o is e  r e je c t io n .

•  Output layer -  th e  f in a l  o u tp u t  la y e r  p o s s e s s e d  t w o  n e u r o n s  e a c h  w ith  l in e a r  

t r a n s fe r  fu n c t io n s  w h ic h  c o r r e s p o n d  to  s u m m a tio n s  o f  th e  n e u ro n  in p u ts  w ith  th e  

a d d it io n  o f  a  b ia s  v a lu e .

T h e  M L P  m o d e l o f  w a r m  w a t e r  p r o c e s s  is  s h o w n  in  F ig u r e  4 . 2 7 ,  w ith  a ll 

in t e r c o n n e c t io n s  b e t w e e n  th e  n e u ro n s  s h o w n . T h e  c h o s e n  le a r n in g  a lg o r ith m  fo r  

t r a in in g  w a s  b a c k p r o p a g a t io n  w ith  a  m o m e n tu m  te rm  a n d  an  a d a p t iv e  le a r n in g  ra te  

[ 1 0 5 ]  w h ic h  h e lp e d  to  s p e e d  le a r n in g . W ith  th is  m e th o d  th e  v a lu e  o f  th e  g a in  u s e d  f o r  

th e  u p d a t e  o f  th e  w e ig h t s  is  a d ju s te d  d e p e n d e n t  o n  th e  r a te  o f  d e c r e a s e  o f  th e  o v e r a ll  

m o d e ll in g  e r r o r .  F o r  h ig h  ra te s  o f  d e c r e a s e  th e  le a r n in g  r a te  is  in c r e a s e d  a n d  f o r  is 

d e c r e a s e d  f o r  lo w e r  r a te  o f  d e c r e a s e  o f  th e  m o d e ll in g  e r r o r  o f  th e  A N N .  T h e  

m o m e n tu m  te rm  is  a p p l ie d  to  a s s is t  th e  A N N  in  o v e r c o m in g  lo c a l  m in im a  w h ic h  o c c u r  

d u e  to  th e  n o n - l in e a r  n a tu re  o f  th e  A N N .  A f t e r  th e  in p u t a n d  ta r g e t  d a ta  w e r e  s c a le d  

to  l ie  w ith in  th e  [ 0 , 1 ]  in t e r v a l ,  th e  n e tw o r k  w a s  b a tc h  tr a in e d  f o r  2 5 ,0 0 0  e p o c h s . 

B a t c h  t r a in in g  m e a n s  th a t  th e  n e u ro n  w e ig h t s  w e r e  u p d a t e d  a f t e r  o n e  c o m p le te  e p o c h  

w h e r e b y  th e  s u m  o f  th e  s q u a r e d  e r r o r  is  u s e d  f o r  th e  c a lc u la t io n  o f  th e  g r a d ie n ts  o f  

th e  w e ig h t s .  T h e  r e q u ir e d  tr a in in g  t im e  u s in g  th e  M A T L A B  N e u r a l  N e t  T o o lb o x

84



v . 1 . 1 .  [ 1 0 5 ]  o n  a  4 8 6  D X 2  66 M H z  P C  w ith  1 6 M b y t e s  o f  R A M  w a s  th re e  d a y s . 

A l t h o u g h  th is  tr a in in g  t im e  is  lo n g , th e  c o m fo r t  a n d  v e r s a t i l i t y  o f  th e  M A T L A B  

e n v ir o n m e n t  w o u ld  b e  lo s t  i f  f a s t e r  s o f t w a r e  to o ls  w e r e  u s e d .
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F i g u r e s  4 .2 8  a n d  4 .2 9  ( s e e  p a g e  8 5 )  s h o w  th e  r e s p o n s e  o f  th e  A N N  m o d e l o f  th e  

w a r m  w a t e r  p r o c e s s  to  th e  tr a in in g  d a ta . In  o r d e r  to  in v e s t ig a te  th e  g e n e r a lit y  o f  th e

8 6



A N N  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s ,  th e  d a ta  c o n ta in e d  in  th e  s e t  o f  s te p  te s ts  

l is te d  in  T a b le  4 .4  ( s e e  p a g e  8 1 )  w a s  u t il is e d . T h is  te s t  d a ta  s e t  w a s  n o t  in c lu d e d  in 

th e  t r a in in g  s e t  a n d  th u s  th e  A N N  m o d e l  h a d  n o  p r e v io u s  e x p e r ie n c e  o f  th e  d a ta . 

F i g u r e s  4 . 3 0  a n d  4 . 3 1  ( s e e  p a g e  86) il lu s t ra te  th e  r e s p o n s e  o f  th e  A N N  m o d e l o f  th e  

w a r m  w a t e r  p r o c e s s  to  th is  te s t  d a t a  s e t . S u b je c t iv e ly  it c a n  b e  c o n c lu d e d  th a t th e  

A N N  m o d e l  is  a  g o o d  o n e  s te p  a h e a d  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s .  O n  

c o m p a r is o n  w ith  th e  p h y s ic a l  m o d e l a s  d e s c r ib e d  in  S e c t io n  4 . 5 ,  th e  w a r m  w a te r  

p r o c e s s  d y n a m ic s  a r e  r e p r e s e n te d  v e r y  w e l l  w ith  s m a ll o f f s e t  e r r o r s  e v id e n t  in  th e  

te m p e r a t u r e  te s t  d a ta  se t . T h e  R M S  m o d e ll in g  e r r o r s  f o r  th e  te s t  d a ta  s e t  a re  1 . 7 3  

m l/s  a n d  0 .5 4 ° C e l s iu s  f o r  th e  o u t le t  f lo w  a n d  te m p e ra tu re  v a r ia b le s  r e s p e c t iv e ly .  

T h e s e  r e s u lt s  a r e  b e t te r  th a n  th e  b e s t  m o d e ll in g  e r r o r  o b ta in e d  f r o m  th e  p h y s ic a l  

m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  r e s u lts  o b ta in e d  fr o m  th is  a rc h ite c tu re  a n d  s e t  

o f  d a t a  f o r  th e  A N N  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s  w e r e  d e e m e d  to  b e  q u ite  

s u f f i c ie n t  a n d  th u s  n o  fu r th e r  A N N  a rc h ite c tu re s  w e r e  in v e s t ig a te d .

4.7. MATLAB/SIMULINK Implementation of the Warm Water Process ANN 
Model

T h e  MATLAB Artificial Neural 

Network (ANN) Toolbox v.l. h a s  n o  

d ir e c t  l in k  to  th e  S I M U L I N K  

e n v ir o n m e n t  [ 1 0 6 ] .  T h u s ,  th e  A N N  

m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s  w a s  

im p le m e n te d  a s  a  S I M U L I N K  ic o n  

m a n u a lly .  T h is  w a s  a c h ie v e d  b y  

c r e a t in g  an  s-function f o r  S I M U L I N K  

w ith in  w h ic h  th e  A N N  o u tp u t  is 

c a lc u la t e d . T h e  in p u ts  f o r  th is  ic o n  a re  

th e  h o t  a n d  c o ld  in le t  f lo w s  a n d  th e  

te m p e r a t u r e  o f  th e  h o t  in le t  f lo w .  T h is  

A N N  M o d e l  ic o n  fu n c t io n s  o n ly  w ith in  

M A T L A B / S I M U L I N K  w h e n  th e  

M A T L A B  N e u r a l  N e t w o r k  T o o lb o x  is 

in s t a l le d . T h e  tr a in e d  w e ig h t s  o f  th e  

n e t w o r k  m u s t  a ls o  b e  lo a d e d  in to  th e  w o r k s p a c e  a n d  d e c la r e d  a s  g lo b a l  v a r ia b le s . 

T h e  m a c r o  c o d e  u s e d  f o r  th is  ic o n  is  c o n ta in e d  in  A p p e n d ix  D .  T w o  m o d e ls  w e r e  

th u s  a v a i la b le  to  th e  u s e r  f o r  s im u la t io n  o f  th e  w a r m  w a t e r  p r o c e s s  w ith in  th e  

M A T L A B / S I M U L I N K  e n v ir o n m e n t . T h e  in te g r a t io n  o f  b o th  o f  th e s e  m o d e ls  in to  th e  

S I M U L I N K  e n v ir o n m e n t  is  i l lu s t ra te d  in  F ig u r e  4 . 3 2  ( s e e  p a g e  8 7 ) .  A s  th e  A N N

T h ot > 
T co ld  
Fh o t > 

F c o ld  >' 
Outlet %  >

> Level
> F  out

> Tout

> C v A 2
"Warm Water 

Process Physical 
Model

Fcold > 

Fhot > 

Thot >

F o u t

> Tout

Warm Water 
Process A N N  

Model

F ig u r e  4 . 3 2  - W a r m  W a t e r  P r o c e s s  m o d e ls  

in  th e  M A T L A B / S I M U L I N K  e n v ir o n m e n t .
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m o d e l  w a s  th e  m o s t  a c c u r a te  m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s ,  it  w a s  u s e d  in  a ll 

fu r th e r  s im u la t io n s .

4.8. Linear System Identification using the ANN Model of the Warm Water 
Process

I n  o r d e r  to  g a in  m o r e  in s ig h t  in to  th e  n a tu re  o f  th e  w a r m  w a t e r  p r o c e s s  a n d  to  

c a lc u la t e  in it ia l v a lu e s  f o r  th e  R L S  p a r a m e te r  e s t im a to r  c o n ta in e d  in  th e  s e lf- tu n in g  

P I D  c o n t r o l le r  in  C h a p t e r  5 ,  l in e a r  s y s te m  id e n t if ic a t io n  w a s  p e r fo r m e d  o n  th e  A N N  

m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  s im u la t io n  s h o w n  in  F ig u r e  4 . 3 3  ( s e e  p a g e  8 9 )  

w a s  p r o g r a m m e d  in  o r d e r  to  a c q u ir e  d a t a  f r o m  th e  A N N  m o d e l o f  th e  w a r m  w a t e r  

p r o c e s s  f o r  l in e a r  id e n t if ic a t io n  p u r p o s e s .  U s in g  th e  M A T L A B  S y s t e m  Id e n t if ic a t io n  

T o o l b o x  [ 1 0 7 ] ,  A R X  m o d e ls  f o r  th e  re la t io n s h ip  b e tw e e n  th e  h o t  a n d  c o ld  in le t  f lo w s  

a n d  th e  o u t le t  f lo w  a n d  te m p e ra tu re  v a r ia b le s  o f  th e  w a r m  w a t e r  p r o c e s s  w e r e  

id e n t i f ie d . T h e  general modelling equation f o r  th e s e  r e la t io n s h ip s  is  g iv e n  b y  th e  

e q u a t io n  ( 4 .2 4 ) .  T h e  general ARX equation is  g iv e n  f o r  an  in p u t x(q) a n d  an  o u tp u t  

y(q) in  ( 4 .2 3 ) .  B(q) a n d  A(q) a r e  p o ly n o m ia ls  in  q o f  o r d e r  n w h e r e  nb a n d  na a re  

th e ir  r e s p e c t iv e  o r d e r s . T h e  v a lu e  nk  is  th e  n u m b e r  o f  s te p s  o f  p u r e  d e la y  b e tw e e n  th e  

in p u t  a n d  th e  o u tp u t  o f  th e  s y s t e m .

y(q ) _  B(q) nk ^

K M )

Toul(q )

' K M ) '

J „ M ) _

w h e r e  M x \,M X2, M2\ a n d  M 22 a re  A R X  m o d e ls .

W ith in  th e  M A T L A B  S Y S T E M  I D E N T I F I C A T I O N  T O O L B O X ,  a  le a s t  s q u a r e s  

a lg o r it h m  is  u s e d  to  f i t  p a r a m e te r s  to  A R X  m o d e ls  o f  v a r io u s  o r d e r s  a n d  d e la y s . 

H a v in g  c a lc u la t e d  th e s e  p a r a m e te r s  f o r  a  s e t  o f  m o d e ls ,  lo s s  fu n c t io n s  c a n  th en  b e  

c a lc u la t e d  f o r  e a c h  m o d e l. T h e  u s e r  th e n  d e c id e s  w h ic h  m o d e l s t r u c tu r e  is  m o s t  

s u it a b le  b y  a n a ly s in g  th e  lo s s  fu n c t io n  v a lu e s  a n d  th e  s ta n d a rd  d e v ia t io n s  o f  th e  

id e n t i f ie d  p a r a m e te r s .

x(q) A{q)

M\ t Mn 'K o M i
_M2[ M 22 _A M ) .

Bu_ -«*1, ■̂12 ~»kn

A , A , 2
-̂ 22 „-«*22

_ ^ 2I •̂ 22

K „ M )  

L K M ) .
( 4 .2 4 )
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F ig u r e  4 . 3 3  -  S I M U L I N K  s im u la t io n  f o r  d a ta  f o r  l in e a r  s y s te m  id e n t i f ic a t io n .

T a b le  4 .5  -  Id e n t i ie d  A R X  m o d e ls  o f  th e  w a r m  w a t e r  p r o c e s s .

Name Output Variable
Input

Fixed
Input

A (q) with 
Standard 
Deviation

B(q) with Standard 
Deviation

Delay

M ,  i 

M 12

FnJ q ) Fhot(q)
100m l/s

± 20m l/s

FcoiJq
100m l/s

[ 1  - 9 . 8 2 7 1 e - l ]  

S D  - 1 . 7 3 6 1 e - 4

[0  0  8 . 3 1 7 7 e - 3 ]  

S D  - 7 . 1 1 7 4 e - 5

2

m 21 Tout(q) F cnìÀq) 
100m l/s 

± 20m l/s

Fhot(q)
100m l/s

[ 1  - 0 .9 8 9 4 9 ]  

S D  - 9 .8 4 4 3 e - 5

[0  0  - 2 0 3 . 5 5 ]  

S D  - 1 . 6 2 1 8

3

M 22 T„Jq) Fhot(q)
100m l/s

± 20m l/s

F r ,M
lO O m l/s

[ 1  - 0 .9 8 4 1 ]  

S D  - 5 .9 6 4 7 e - 5

[0  0  2 5 2 . 1 4 ]  

S D  - 8 . 5 6 7 e - l

3

T h e  o p e r a t in g  p o in t s ,  s t r u c tu r e s  a n d  p a r a m e te r s  o f  th e  id e n t if ie d  A R X  m o d e ls  a re  

d e t a i le d  in  T a b le  4 . 5 .  A l l  o f  th e  m o d e ls  h a v e  b e e n  id e n t i f ie d  a ro u n d  a n  in le t  f lo w  ra te  

o f  2 0 0  m l/s . A s  th e  A N N  m o d e l a n d  th e  p h y s ic a l  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s  

a r e  f i r s t  o rd e r , o n ly  f i r s t  o r d e r  l in e a r  A R X  m o d e ls  w e r e  id e n t i f ie d . T h e  m o d e ls  f o r  th e  

r e la t io n s h ip  b e t w e e n  b o th  in le t  f lo w s  a n d  th e  o u t le t  f lo w  a re  id e n t ic a l a s  th e  o u t le t  

f l o w  is  a s s u m e d  to  b e  in d e p e n d e n t  o f  te m p e ra tu re . T h e  p a r a m e te r s  f r o m  th e s e  lin e a r  

m o d e ls  a r e  u s e d  in  C h a p t e r  5  a s  in itia l v a lu e s  f o r  th e  A R X  m o d e ls  c o n ta in e d  w ith in  

th e  s e l f - t u n in g  P I  c o n t r o l le r s .  T h is  h e lp s  to  e n s u r e  fa s t  c o n v e r g e n c e  o f  th e  P I  

c o n t r o l le r  p a r a m e te r s  a n d  th u s  e n s u re  r e a s o n a b le  in it ia l c o n tro l o f  th e  p la n t . F u r th e r  

l in e a r  m o d e ls  o f  th e  A N N  m o d e l o f  th e  w a r m  w a t e r  p r o c e s s  c o u ld  b e  id e n t if ie d  f o r  

o t h e r  o p e r a t in g  p o in t s .  T h e s e  c o u ld  th en  b e  u s e d  in  th e  s im u la t io n  e n v ir o n m e n t  to  

a s s i s t  th e  d e s ig n  o f  o t h e r  c o n t r o l le r s  w h e r e  m a th e m a tic a l m o d e ls  o f  th e  p la n t  to  b e  

c o n t r o l le d  a re  n e c e s s a r y .
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4 .9 .  F u z z y  M o d e l l i n g

4 . 9 . 1 .  I n t r o d u c t i o n

T h e  s e c o n d  s o f t  c o m p u t in g  m e th o d  u t il is e d  to  m o d e l  th e  w a r m  w a t e r  p r o c e s s  w a s  

fuzzy modelling. A s  in  th e  c a s e  o f  th e  A N N ,  th e  f u z z y  m o d e l  ( F M )  is  a n o th e r  fo r m  o f  

v e c t o r  m a p p in g  m o d e ll in g . W h e r e a s  th e  A N N  e m b o d ie s  a  n o n -s tr u c tu r e d  h ig h ly  n o n 

l in e a r  k n o w le d g e  b a s e ,  th e  fu z z y  m o d e l is  c h a r a c t e r is e d  b y  its  s t r u c tu re d  s t o r a g e  o f  

a c q u ir e d  k n o w le d g e . T h e  a d v a n ta g e  o f  th is  s t r u c tu r e d  r e p r e s e n ta t io n  is  o f f s e t  b y  th e  

in c r e a s e d  s t o r a g e  a n d  p r o c e s s in g  re q u ire m e n ts  o f  th e  f u z z y  m o d e l. A l l  te r m in o lo g y  

r e la te d  to  f u z z y  m o d e ll in g  u s e d  in  th is  s e c t io n  h a s  b e e n  d e f in e d  in  C h a p t e r  2 .

G e n e r a l ly ,  th e  f u z z y  m o d e l c a n  b e  c h a r a c t e r is e d  b y  th e  f o l lo w i n g  p o in ts  [ 1 0 8 ]  :

•  Non-linear modelling capability -  th e  fu z z y  m o d e l is  c a p a b le  o f  m o d e ll in g  n o n 

l in e a r  s y s t e m s  e ith e r  o n - lin e  o r  o f f - l in e .

•  Black box model -  lit t le  a priori k n o w le d g e  o f  th e  s y s t e m  is  re q u ir e d  in  o r d e r  to  

c o n s t r u c t  a  f u z z y  m o d e l.

•  Linguistic interpretation - th e  in p u t a n d  o u tp u t  v a r ia b le s  o f  a  fu z z y  m o d e l c a n  b e  

in t e r p r e t e d  l in g u is t ic a l ly .  T h is  a l lo w s  th e  in it ia l is a t io n  o f  a  f u z z y  m o d e l w ith  

k n o w le d g e  o b ta in e d  f r o m  a  h u m a n  e x p e r t  a n d  a l lo w s  th e  in te rp r e ta t io n  o f  th e  

f u z z y  m o d e l b y  a  h u m a n  e x p e r t  a f t e r  a d a p ta t io n , th u s  p e r fo r m in g  a  te a c h in g  

fu n c t io n .

•  Embedding in a Controller -  th e re  a re  s e v e r a l  p a r a d ig m s  a v a ila b le  f o r  th e  d e s ig n  

o f  a  c o n t r o l le r  in c o r p o r a t in g  a  f u z z y  m o d e l [ 1 0 9 ] .

•  On-line adaptation -  d u e  to  th e  s tr u c tu re d  fo r m  o f  th e  fu z z y  m o d e l,  a  c o m p le te  

t r a in in g  s e t  is  n o t  re q u ir e d  f o r  e a c h  o n - lin e  a d a p ta t io n . In  c o n t r a s t ,  b e c a u s e  th e  

A N N  is  n o n -s t r u c tu r e d  a  s a m p le d  d a t a  v e c t o r  is  a d d e d  to  th e  o ld  t ra in in g  s e t  a n d  

th e  A N N  is  r e t r a in e d  w ith  th is  u p d a te d  tr a in in g  s e t . T h e  f u z z y  m o d e l c a n  b e  

t r a in e d  u s in g  o n ly  th e  c u r r e n t  s a m p le d  d a ta  v e c t o r  a n d  w il l  f o r g e t  o n ly  th e  s to r e d  

d a t a  c o n t a in e d  in  th e  p a r t  o f  its  s tr u c tu re  th a t c o r r e s p o n d s  to  th e  n e w  s a m p le d  

d a t a  v e c t o r .  T h is  a l lo w s  f a s t  a n d  c o n v e r g e n t  le a r n in g , m a k in g  th e  fu z z y  m o d e l 

s u it a b le  fo r  o n - l in e  le a r n in g  p ro b le m s .

T h e r e  a re  tw o  m a in  f o r m s  o f  f u z z y  m o d e ls :
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•  Scalar consequents -  th e  c o n s e q u e n ts  o f  th e  r u le b a s e  a r e  e ith e r  fu z z y  

m e m b e r s h ip  se ts  o r  f u z z y  s in g le t o n s  (c r is p  v a lu e s ) .

•  Function consequents - th e  c o n s e q u e n t s  o f  th e  f u z z y  m o d e l a re  fu n c t io n s  - 

u s u a l ly  o f  th e  a n te c e d e n t  v a r ia b le s  o f  th e  f u z z y  m o d e l.

A s  th is  r e s e a r c h  is  c o n c e r n e d  w ith  o n - lin e  a d a p t iv e  f u z z y  c o n t r o l ,  o n ly  f u z z y  m o d e ls  

w it h  s c a la r  c o n s e q u e n t s  a re  c o n s id e r e d . T h e  r e a s o n  f o r  th is  is  th a t  th e  a d a p ta t io n  o f  a  

s c a la r  c o n s e q u e n t  is  c o m p u ta t io n a lly  s im p le r  a n d  th u s  f a s t e r  th a n  th a t o f  a  fu n c tio n  

c o n s e q u e n t ,  w h ic h  m a y  c o n t a in  n u m e r o u s  p a r a m e te r s . F r o m  th e  t w o  m a in  ty p e s  o f  

fu z z y  m o d e l  r u le b a s e s  f o r  s c a la r  c o n s e q u e n t  r u le b a s e s  (th e  lo o k u p  ta b le  a n d  re la t io n a l 

m a t r ix  fo r m s -  s e e  C h a p t e r  2 ) ,  th e  lo o k u p  ta b le  a p p r o a c h  h a s  b e e n  c h o s e n  f o r  a ll fu z z y  

m o d e ls  in  th is  r e s e a r c h , a s  it r e q u ir e s  le s s  m e m o r y  a n d  is  m o r e  tra n sp a re n t.

S e c t io n  4 .9 .2  o f  th is  c h a p t e r  d e ta ils  th e  c o n c e p t  o f  s u p e r v is e d  a d a p t iv e  fu z z y  

m o d e ll in g  w h ic h  is  d e v e lo p e d  w ith in  th is  th e s is . In  a d d it io n , is s u e s  p e r ta in in g  to  th e  

a r c h ite c tu r e  a n d  le a r n in g  m e c h a n is m  o f  Supervised Adaptive Fuzzy Models (SAFM) 
a r e  d is c u s s e d . T h e  d e v e lo p m e n t  a n d  re s u lts  o f  th e  S A F M s  f o r  b o th  th e  o u t le t  

te m p e r a t u r e  a n d  f lo w  v a r ia b le s  o f  th e  w a r m  w a t e r  p r o c e s s  a re  d e p ic t e d  in  S e c t io n s  

4 .9 . 3  a n d  4 .9 .4 .

4.9.2. Supervised Adaptive Fuzzy Modelling
T h is  s e c t io n  d e s c r ib e s  th e  d e v e lo p m e n t  o f  a  v a r ia t io n  o f  fu z z y  m o d e ll in g  th a t h a s  b e e n  

te r m e d  s u p e r v is e d  a d a p t iv e  f u z z y  m o d e llin g . T h is  m e th o d  a l lo w s  th e  o n -lin e  

a d a p ta t io n  o f  a  f u z z y  m o d e l  w h ile  g u a r a n te e in g  c o n v e r g e n c e  f o r  a  ru le  b a s e  c e l l .  T h is  

g u a r a n t e e  is  a c h ie v e d  th r o u g h  th e  fa c t  th a t th e  fu z z y  m o d e l is  o n ly  a d a p te d  i f  th e  

m o d e ll in g  e r r o r  o f  th e  fu z z y  m o d e l  w i l l  b e  r e d u c e d  b y  th e  a d a p ta t io n . F i r s t ly ,  g e n e ra l 

is s u e s  o f  f u z z y  m o d e ll in g  a r e  d is c u s s e d  b y  c o n s id e r in g  e a c h  s t r u c tu ra l  e le m e n t  o f  th e  

f u z z y  m o d e l  in  tu rn  a s  f o l lo w s  :

•  Fuzzification - th e  ty p e  a n d  d is tr ib u t io n  o f  m e m b e rs h ip  s e t s  f o r  e a c h  o f  th e  

a n te c e d e n t  v a r ia b le s

•  Inference - th e  c h o ic e  o f  th e  in fe r e n c e  o p e r a to r  f o r  l in g u is t ic  o p e r a t io n s  s u c h  a s  

O R  o r  A N D .

•  Rulebase Structure -  th e  c h o ic e  o f  th e  ru le b a s e  s t r u c tu r e  g r e a t ly  in f lu e n c e s  th e  

a c c u r a c y  a n d  m e m o r y  r e q u ire m e n ts  o f  th e  fu z z y  m o d e l.
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• Defuzzification - influences the accuracy and processing time of the fuzzy model.

Thereafter, the learning algorithm used for the supervised adaptive fuzzy model 
(SAFM) is described. Following this, simulation results of a fuzzy model for a simple 
first order system are presented and some conclusions are drawn.

4.9 .2 .I. Fuzzification

Within this section, the number, type and distribution of membership sets for each 

antecedent variable are considered. The more membership sets allocated to each 

antecedent variable, the finer the resolution and the better the accuracy of the fuzzy 
model. There are, however, two main disadvantages when the number of sets for 
each antecedent variable is increased:

• Large Memory Requirements - the larger the number of membership sets per 
antecedent variable, the more memory is required. For a four input fuzzy model 
with five membership sets per antecedent variable (the rulebase is lookup table 

form) 54 i.e. 625 storage elements are necessary. If we double the number of 
membership sets for each antecedent variable we then require 104 i.e. 10000 

storage elements for the rulebase.

• Large number of Training Data - by increasing the number of fuzzy membership 
sets for a particular antecedent variable, the effect of each rule is reduced and thus 

more training data is required to fill the rulebase.

The type of fuzzy membership set implies whether, for example, triangular, 
trapezoidal or any other function that fulfils the mathematical requirements for fuzzy 
membership sets is utilised - see Zimmerman [2], One popular function used for fuzzy 
membership sets is the Gaussian function. This function, although requiring more 
processing time compared with, for example, the triangular set, is differentiable. It is 
precisely this differentiability which makes this function interesting for adaptive fuzzy 
models. The advantage lies in the fact that many optimisation algorithms require a 

differentiable function if they are to perform correctly. The use of the Gaussian 

function in combination with differentiable functions for linguistic functions e.g. 

product for AND, allows the use of an optimisation algorithm to optimise some 

aspect of the fuzzy model e.g. the antecedent variable membership set parameters 

[15].
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The distribution of the fuzzy membership sets for a particular antecedent variable 
refers to the position of each fuzzy membership set on the universe of discourse. Off
line fuzzy models are often optimised for a particular set of training data by adjusting 
the position of the antecedent fuzzy membership sets [61]. This research is, however, 
concerned with on-line fuzzy modelling, where future data can contradict a previously 
off-line optimised fuzzy membership set distribution. Thus, an equally spaced 
distribution of fuzzy membership sets for every antecedent variable has been adopted 
and is maintained, with only adaptation of the centre positions of the consequent 
fuzzy membership sets being undertaken.

4.9.2.2. Inference

The inference operators used in a fuzzy model implement linguistic logical concepts 

such as AND or OR. There are many possible functions available for this 
implementation - see Chapter 2. There are three main criteria for the choice of the 
function : modelling accuracy, processing speed and differentiability. As the 

processing requirements of fuzzy algorithms are high, the processing speed of each 
element of the algorithm is critical. If some form of optimisation algorithm is to be 

applied to the fuzzy algorithm then the inference function must be differentiable - as 
described in the Section 4.9.2.1. The functions considered within this research for use 
in fuzzy modelling and some of there characteristics are listed in Table 4.6. The 
fastest functions are clearly product and sum, both of which are differentiable.

Table 4.6 - Table of inference functions considered for fuzzy modelling.

I n f e r e n c e  O p e r a t o r s

M I N M A X P r o d u c t S u m F u z z y

A N D

F u z z y

O R

M e a n

L i n g u i s t i c

F u n c t i o n

AND OR AND OR AND OR AND
/OR

D i f f e r . No No Yes Yes No No Yes
S p e e d Med. Med. Fast Fast Slow Slow Slow

4.9.2.3. Rulebase Structure

There are two types of rulebase structures that can be utilised for fuzzy models with 
scalar consequents :

• Lookup Table Format - only the antecedent variables are used to index to scalar 
consequent values stored in a lookup table format.
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• Relational Matrix Format - both antecedent and consequent variables are used 
to index a possibility value for a rule.

More detailed descriptions of these terms can be found in Chapter 2. The use of the 
relational matrix format requires considerably more storage space than the lookup 
table format. The accuracy of the lookup table approach is however, only marginally 
worse than that of the relational matrix approach [65]. Thus, this research utilises the 
lookup table format for all rulebases within the fuzzy models subsequently developed.

4.9.2A. Defuzzification
Defuzzification methods are, to a large extent, dependent on the type of consequents 
used within a fuzzy rulebase. For the fuzzy models in this research, only centre of 

gravity methods for either fuzzy singletons ox fuzzy variable consequents are utilised. 
The fuzzy singleton consequent approach offers superior processing speed. The 
modelling accuracy of the two approaches is compared in Section 4.9.4.

4.9.2.5. Learning Algorithm
The algorithm used for adaptation of the scalar consequents S is given by (4.25) 

which has the form of a first order difference equation.

if\iY ^  5
(4.25)

Snew= ( l - a ) S old+a\LYY

The variable Y  is the sampled value of the variable to be modelled, e.g. the outlet flow 

or outlet temperature of the warm water process. Due to the consequent variable 
vector X , several rules will be activated. Sold and Snew are the old and new values of 
the scalar consequents of one of the activated rules from the rulebase and |iF is the 
corresponding degree of activation. The learning gain parameter a  effects the 

robustness and adaptability of the fuzzy model. The parameter 8 effects the fuzziness 
of the fuzzy model and the inequality |Xr > 8 corresponds to an alpha-cut as described 

in Chapter 2. In order to avoid "crosstalk" between cells in the rulebase during 
adaptation, 8 should be not be less than the membership value of the intersection of 
neighbouring fuzzy membership sets. The higher the value of 8, the less fuzzy the 
model - if 8 is set to unity, then only rules with an activation value of unity can be 
adapted. The effect of the value of 8 is shown is Figure 4.34.
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Effect of Learning Threshhold - Delta

Supervised Learning Algorithm

Figure 4.34 - Supervised learning algorithm used for the fuzzy model.

In order to guarantee convergence of the fuzzy model for a particular set of data, the 
adapted rulebase is only adopted as the new rulebase when it reduces the modelling 
error of the fuzzy model. This supervisory function leads to the term Supervised 

Adaptive Fuzzy Model (SAFM) and is illustrated in Figure 4.34. The improved 
modelling accuracy generated by this supervisory mechanism is revealed in the 

simulations in Section 4.9.3 which develop supervised adaptive fuzzy models for a 
first order system and investigate the effect of different fuzzy membership sets, 
inference operators etc. on the modelling accuracy.

95



4.9.3. Fuzzy M odelling of a First Order System

In order to evaluate the effect of different fuzzy membership set functions, inference 
operators and the whether singleton or fuzzy variable consequents were to be 
implemented, a set of fuzzy models of a first order system were trained in the 
MATLAB/SIMULINK environment. The first order system was chosen as it 
represents a simple and easily understood dynamic system. All models utilise the 
fuzzy model architecture and learning method discussed in Section 4.9.2. Figure 4.35 
shows the SIMULINK simulation used to create these models. The antecedent 
variables were u(n-1) and y(n-l), with the variable y(n) estimated by the model.

In order to train models of the first order system, the plant is driven by a random 

signal generator which changes its output every 5 t seconds, where T is the time 
constant of the first order system to be modelled. The training is performed for 500x 

so that the state space of the first order system is well covered and the rulebase of the 
fuzzy model is more or less full, thus forming a global model of the plant. The 

number of antecedent fuzzy membership sets used is thirteen unless otherwise 
specified. This value of thirteen is a good compromise between model resolution and 
memory requirements. This results in a two dimensional matrix rulebase with 169 

elements. As initial values for the rulebase, all 169 cells were set to zero. The value 
of a  in the learning algorithm (4.25) was set to 0.9 and 8 was set to a value of 0.5 for 

all fuzzy models described in this section. Due to the asymptotic nature of the 
Gaussian function, all the antecedent fuzzy membership sets have a degree of 
membership greater than zero for a given input value, which slows the fuzzy 
algorithm considerably. Thus an alpha cut was applied at the fuzzification stage of all
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antecedent variables. An alpha cut set to zero and degrees of membership that are 

less than a user defined threshold. The value of the alpha cut was set to 0.1 thus 
resetting any degrees of membership less than 0.1 to zero. This alpha cut was applied 
to all types of antecedent fuzzy membership sets in this investigation.

Six fuzzy models were first trained in order to gain some insight into whether 
triangular or Gaussian fuzzy membership sets offer better modelling accuracy. Three 
inference functions - minimum, maximum and mean were used. The results of these 
simulations are listed in Table 4.7. Clearly the fuzzy models with Gaussian 

membership sets offer the best accuracy for all three inference operators. Considering 
these results and the fact that the Gaussian function is differentiable, the Gaussian 
function was adopted for all future fuzzy models.

Table 4.7 - Prediction performance of recursive fuzzy models (sin,?le-step).

M o d e l  N u m b e r I n f e r e n c e

M e t h o d

A n t e c e d e n t  F u z z y  

M e m b e r s h i p  S e t  S h a p e
e r r o r 2

Model 1 Minimum Triangular 0.1075

Model 2 Mean Triangular 0.1167

Model 3 Maximum Triangular 0.0726

Model 4 Minimum Gaussian 0.0972

Model 5 Mean Gaussian 0.1075

Model 6 Maximum Gaussian 0.0421

Table 4.8 - Prediction performance of recursive fuzzy models (multi-step).

M o d e l  N u m b e r I n f e r e n c e  M e t h o d A n t e c e d e n t  S e t  

S h a p e
e r r o r 2

Model 7 Minimum Triangular 0.1195

Model 8 Mean Triangular 0.0995

Model 9 Maximum Triangular 0.0845
Model 10 Minimum Gaussian 0.0851
Model 11 Mean Gaussian 0.0908

Model 12 Maximum Gaussian 0.0666

For comparison purposes, the models detailed in Table 4.7 were again trained but the 
antecedent variable, y(n-l), was fedback from the fuzzy model output, thus giving a 
multi-step predictor form. The results of this modification fulfilled the expectations 
that the modelling performance would not, in general, be as good as the single step 
predictor form. Table 4.8 (see page 97) contains the results of this investigation.
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The following conclusions can be drawn from the results contained in Tables 4.7 and 
4.8:

• the past data y(n-1) acquired from the plant generally results in better modelling 
- single step predictor form.

• Gaussian shaped fuzzy membership sets for the antecedent variable result in 
lower modelling errors.

• The maximum inference function gives the best modelling performance,

Some cells of the trained rulebase may contain a zero value if no training data 
influenced these cells of the rulebase. Due to the fuzzy inference mechanism these 

values will effect the output of the fuzzy model when the input variables approach the 
neighbouring rulebase cells. Some form of rulebase initialisation can be performed 

prior to training in order to prevent null value cells from disturbing the output of the 
fuzzy model.

Fuzzy models 1 to 12, as described in Tables 4.7 and 4.8, utilise fuzzy singletons as 

output variable consequents. In order to evaluate the modelling accuracy achieved by 
the use of fuzzy singletons as consequent variables, compared to that achieved with 
fuzzy membership sets as consequent variables, several models utilising a linear 

distribution of fuzzy membership sets as consequent variables were constructed. Each 
model used the centre of gravity defuzzification with maximum-product consequent 
inferencing, resulting in smooth interpolation between the consequent sets. As 
triangular fuzzy membership sets result in a linear interpolation when combined with 
the defuzzification method used, these were used for all but one of the fuzzy models 
in Table 4.9. The number of consequent fuzzy membership sets directly effects the 

speed of the defuzzification algorithm. Thus the number of consequent sets 
investigated started at a number slightly less than that of number of antecedent fuzzy 
membership sets and for comparison purposes finished at a number equal to slightly 
more than three times this number. The models were tested with the trained rulebase 
from Model 6 as this gave the best prediction performance from all the previous 
models. Table 4.9 contains the results obtained.

98



Table 4.9 - Prediction performance with fuzzy membership sets as consequent 
variables (single-step).______________________________________________________

M o d e l  N u m b e r C o n s e q u e n t  S e t s C o n s e q u e n t  S e t  

S h a p e
e r r o r 2

Model 13 9 Triangular 0.0565
Model 14 13 Triangular 0.0551
Model 15 15 Triangular 0.0534
Model 16 19 Triangular 0.0517
Model 17 41 Triangular 0.0456
Model 18 41 Gaussian 0.0445

In conclusion, none of the models using fuzzy membership sets as consequent 
variables exhibited modelling performance which surpassed that of the fuzzy model 
Model 6, with fuzzy singleton consequents. Moreover, the time required to calculate 
the crisp output value using the centre of gravity defuzzification method for fuzzy 
membership set consequent variables is considerably greater than the fuzzy singleton 
centre of gravity defuzzification method.

The adaptation applied to the training of the previous eighteen fuzzy models of the 
first order system was unsupervised. To determine whether the supervisory function, 

as detailed in Section 4.9.2.5, improves modelling accuracy, several fuzzy models of 
the first order system were trained using the supervisory learning method. These 
models were single step predictors, with Gaussian fuzzy membership sets for the 

antecedent variables and a rulebase consisting of fuzzy singletons as consequents. 
The results obtained from these simulations are summarised in Table 4.10. When 

compared with corresponding results from Table 4.7 (see page 97), in the histogram 
in Figure 4.36 (see page 100), it can be observed that the supervised learning 
mechanism considerably improves modelling accuracy for all inference functions.

Table 4.10 - Prediction errors using the su pervisory learning method (single step).

M o d e l  N u m b e r I n f e r e n c e

F u n c t i o n

A n t e c e d e n t  S e t  

S h a p e

e r r o r 2

Model 19 maximum Gaussian 0.0286

Model 20 mean Gaussian 0.0482

Model 21 minimum Gaussian 0.0522
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0.12r

Maximum Minimum Mean

Inference Operator

Figure 4.36 - Prediction performance for supervised and unsupervised learning.

Based on the simulation results in this section, future fuzzy models using the 
architecture described in Sections 4.9.2.1 to 4.9.2.5 should have the following 
characteristics for optimal modelling accuracy:

• Gaussian antecedent membership sets

• Fuzzy singletons as consequent variables.

• Supervised learning algorithm.

The question remains as to whether the conclusions drawn from the results of fuzzy 

models for linear systems can be extended to the modelling of non-linear systems. 
The following sections describe the fuzzy modelling of the mass flow and thermal 
behaviour of the warm water process. The results obtained suggest that the 
conclusions drawn in this section are applicable to the fuzzy modelling of the warm 

water process.

4.9.4. Fuzzy M odel o f the Mass Flow o f the W arm W ater Process

This section is concerned with the development of a fuzzy model for the relationship 
between the hot and cold inlet flows and the outlet flow of the warm water process. 

The fuzzy model structure, as detailed in Section 4.9.3, is utilised. Initial tests were 
performed within the MATLAB/SIMULINK environment, but due to the processing 
load the training times for the SAFMs were greater than 30 minutes. It was thus 
decided to develop the necessary software for the training and testing of the SAFMs
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in the "C" programming language to enable the training of the rulebases on an IBM 
compatible PC or a UNIX based workstation, using a C source code implementation 
of the neural network as a reference plant. Details of this software are given in 
Chapter 7, which gives an account of the software engineering issues of this research. 
The result of this recoding was a one hundred fold speed increase when running on an 
IBM PC 486DX2 50Mhz. The C code was also ported to a SUN SPARC 10 
workstation where the speed of the software was again increased.

Structure A
Fin(n-1 ) 

Fout(n-l)

Fuzzy
Model

Fnut(n)

Structure B

Fout(n-l)

Fin(n-l)

- Fout(n-2)

Fuzzy
Model

Fnut(n )

Figure 4.37 - Possible fuzzy model structures for mass flow behaviour.

As the mass flow behaviour of the warm water process is first order, the fuzzy model 

used to model this mass flow behaviour has two inputs which contain the following 
information:

• the sum of the two inlet flow into the warm water process and

• the previous outlet flow value.

Two possible structures for the SAFM of the mass flow behaviour of  the warm water 
process with these two inputs are shown in Figure 4.37. F in(n) is the sum of the inlet 

flow values and F out(n) is the outlet flow of the warm water process. These two 
structures- Structure A and Structure B - differ through the choice of the outlet flow 
antecedent variables.

Structure A utilises the old value of the outlet flow F out(n-l). This method has the 
disadvantage that a large number of antecedent fuzzy membership sets are required in 
order to model the dynamics of the process i.e. the difference between F ou[(n) and
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F o Jn -D . This is because when the change in Fout over successive samples is less 
than the width of one rulebase cell, the same rulebase cell consequent value is adapted 
and thus old information is lost. As the change between two samples for a system 
sampled at O .lt where x is the dominant time constant, is small in comparison to the 

width of the universe of discourse of the outlet flow variable i.e. 240 ml/s, this form of 
fuzzy model has inferior resolution in comparison to Structure B. For the example 
shown in Figure 4.38, when the difference between Fou[(n -l)  and Fout(n-2) is smaller 
than one rulebase cell (for five cells this corresponds to 20% of the width of the 
universe of discourse of the outlet flow i.e. 48 ml/s), then information will be lost.

Structure B utilises the difference Fout(n -l)-Fou[(n-2) as an antecedent variable. This 
approach has better resolution than Structure A and thus offers better modelling 
accuracy of the plant dynamics with fewer antecedent membership sets. The 
necessary span of the universe of discourse for this difference variable can be 

approximately calculated by considering the maximum change possible for the value 
of Fou[(n-1 )-F0Ut(n-2). Assuming a linear first order response and a sampling rate of
0. It, the maximum value corresponds to approximately 20% of the maximum value of 
the input flow i.e. ±80 ml/s. This offers better resolution per rulebase cell than 

Structure A. Based on these considerations and the results of initial simulations, 
Structure B was chosen for the fuzzy model of the mass flow behaviour of the warm 
water process.

Having decided on Structure B for the fuzzy model of the mass flow behaviour of the 
warm water process, the rest of the fuzzy model parameters were chosen.
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The experience gained in the modelling of the first order system was drawn upon. 
Thus all antecedent fuzzy membership sets were Gaussian functions, the model is in 
the form of a single step predictor and supervised learning is used to train the 
rulebase. For each of the antecedent variables the number of fuzzy membership sets 
used was twenty one. This was based on previous experience with the fuzzy models 
of the first order system, where thirteen antecedent sets were used, but as this system 
is non-linear, slightly more resolution was deemed necessary. This choice of 21 fuzzy 

membership sets per antecedent variable resulted in a rulebase with 441 (21x21) 

storage elements, each of which contained a fuzzy singleton. The linguistic function 
AND was approximated by the product function based on its speed of execution and 
the ease its of software implementation.

To train the fuzzy model of the mass flow behaviour of the warm water process, the C 
source code implementation on a SUN SPARC 10 workstation was utilised. In order 
to generate a global model i.e. fill the rulebase, the response of the ANN model to 
random input flow values were used to train the fuzzy model. Each fuzzy model was 

trained for the equivalent of 10 months i.e. 20 million seconds corresponding to 5000 
random inlet flow values.
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The effect of the parameter 5 from the learning algorithm (4.25) on modelling 

accuracy of the SAFM was investigated. This involved evaluating SAFMs trained 
with various values of 8 of between 0.5 (the intersection value of the antecedent fuzzy 

membership sets) and 1.0. In addition, the effect of an alpha cut for the membership 
values of the antecedent (described in Section 4.9.3) variables on the performance of 
the SAFM was investigated. A value of 0.7 for 8 and an alpha cut threshold of 0.1 
gave the best RMS modelling error.

Time(s)

Figure 4.40 - Evaluation of SAFM for mass flow.

Figure 4.39 (see page 103) shows the characteristic of the trained rulebase. A total of 
281 from 441 cells are used, corresponding to a usage of 64%. This usage is 
dependent on the plant dynamics as a full training set is assumed. As untrained cells 
effect the accuracy of the model when neighbouring cells are indexed, the output of 
the fuzzy model was filtered, which is equivalent to smoothing the surface of the 

trained rulebase. A first order low pass Butterworth filter with a time constant 200 
seconds was used.

One possible method that would reduce the memory requirements of fuzzy rulebases 
is the storage of only the used portions of the rulebase - similar to the storage 
mechanisms used for sparse matrices.
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Figure 4.40 shows a comparison between the responses of the SAFM for the outlet 
flow of the warm water process and the ANN model used to train the SAFM to a 
signal consisting of ten setpoint changes. The results of this modelling strategy are 
subjectively good, with the dynamics of the mass flow being modelled quite well.

4.9.5. Fuzzy M odel o f the Thermal Behaviour o f the W arm  W ater Process

The main problem encountered during the development of the fuzzy model for the 

thermal behaviour of the warm water process was the specification of the input 

variables and the number of their respective fuzzy membership sets. Due to memory 
considerations, the number of input variables for the fuzzy model was to be kept as 
low as possible. Experience gained from the physical and ANN models of the warm 
water process was used to decide exactly which variables were utilised as inputs. 
Figure 4.41 (see page 105) shows the structure of the fuzzy model for thermal 
behaviour and the input variables chosen. These input variables are described by the 
following :

• Cold inlet flow F colJ n - l ).

•  Hot inlet enthalpy E hot(n-l) - is the product of the hot inlet flow and the hot inlet 

temperature - F ho[(n-l)*Tho[(n-l). This combines two input values and helps to 
reduce the dimensions of the fuzzy rulebase.

• Outlet Flow F out(n-l) - this variable is directly related to the level of water in the 
process reaction tank and thus reflects the mixing dynamics of the process.

• Previous Change in the Outlet Temperature Tout(n-l)-Tou[(n-2) - choice is based 
on the same considerations as the choice of Structure B (Figure 4.38, page 104) 
for the fuzzy model of the mass flow behaviour of the warm water process as 
described in Section 4.9.3.

This choice of input
variables results in a four 

dimensional rulebase.

Because one of the control 
strategies for the warm 
water process is one step 
prediction based on a fuzzy

Fcold (n-1) -----

Eh0i(n-1) Fuzzy Tout(n )

F o J n - D Model

Tout (n-l)-T0U,(n-2)

Figure 4.41 - Fuzzy model structure for the warm

water process thermal behaviour.
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model of the warm water process (see the conclusion to Chapter 2), the memory 
limitations of the computer used for process control had to be considered during the 
design of the fuzzy models. The Turbo C compiler used for programming creates 

DOS programmes which have a maximum memory address space of 640kBytes. 
Thus, all fuzzy models must be considerably less than 640kBytes in size. The number 
of cells in the rulebase is calculated by calculating the product of the number of 
antecedent fuzzy membership sets of the input variables. Each cell contains a short 
floating point number which requires four bytes for storage. With 7 fuzzy 
membership sets per antecedent variable, the rulebase required 9604 bytes of memory 
(74*4). With 21 fuzzy membership sets per antecedent variable, the required memory 
is 777,924 bytes (214*4), clearly too large. After detailed simulation, a configuration 

of 15 Gaussian fuzzy membership sets fo r  each antecedent variable was decided 
upon. This has a memory requirement of 202,500 bytes (154*4), offering a good 
compromise between modelling accuracy and storage requirements.

As in the case of the fuzzy model of the mass flow of the warm water process, the 

rulebase cells contains fuzzy singletons as consequent fuzzy membership sets, all of 
which are trained using supervised learning. The same values for the learning gain a, 

the learning threshold 5 and the applied alpha cut as the fuzzy model for mass flow 

behaviour were used i.e. a=0.9, 5=0.7 with an alpha cut at 0.1. The rulebase was 

trained in the same manner as the mass flow rulebase (described in Section 4.9.3) for 

50 million seconds.

Time(s)

Figure 4.42 - SAFM for thermal behaviour of the warm water process.
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A comparison of the output of this SAFM and the ANN model used to train it to a 
series of random setpoint changes, is illustrated in Figure 4.42. The output of the 
fuzzy model is filtered with a second order lowpass discrete Butterworth filter. The 
cut-off frequency of the filter is 8.335xl(H  Hz, which was chosen subjectively after 
analysing the results of several other cut-off frequencies. A second order Butterworth 
filter was chosen as this has no passband ripple. The modelling capability of the fuzzy 
model for the thermal behaviour of the warm water process is not as good as that of 
the mass flow fuzzy model. The sparseness of the rulebase was examined using the 

spy function in MATLAB [110]. From the 50625 available cells in the rulebase, only 
18390 were used by the rulebase after training for over 24000 random inlet setpoint 
values applied to the ANN model of the warm water process. This sparseness is 
attributable to the ANN model dynamics, which is not a completely global model of 
the warm water process. Thus considerable gains in memory efficiency can be 
attained if the rulebase is stored as a sparse matrix.

4.10. Conclusions
The first principles model developed in this chapter, although proving to be a good 

model for the mass flow of the warm water process, was incapable of modelling the 
thermal behaviour of the warm water process satisfactorily. This failure is attributable 
to the highly non-linear characteristic of the outlet temperature which could not be 
modelled by the physical model which assumes perfect mixing.

Because newer modelling strategies from the artificial intelligence field have been 
shown to be capable of modelling a system based on a good set of training data, an 

artificial neural network model of the warm water process was developed. The 
modelling capability of the ANN model was quite good, with RMS modelling errors, 
for a set of test data that was not used for training, of less than 2% for both outlet 
variables. Based on this result the ANN model was implemented in the 
MATLAB/SIMULINK environment and was used as a simulation model of the warm 

water process.

Linear system identification was performed on the ANN model of the warm water 
process to develop first order ARX models around one operating point. Thus more 
insight was gained into the plant dynamics. Moreover, the identified ARX models 
serve as initial values for the ARX models of the self-tuning PI controllers which are 
used for comparison with adaptive fuzzy control strategies in Chapter 5.
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Using a first order system as a reference plant, a strategy for adaptive fuzzy modelling 
was developed which utilises on-line supervised learning. This adaptive fuzzy 
modelling strategy is termed Supervised Adaptive Fuzzy Modelling and allows 
convergent on-line adaptation of scalar consequent variables of a fuzzy model with a 
lookup table rulebase. Moreover, it forms an integral part of an adaptive fuzzy 
control strategy for the warm water process - Single Step Predictive Fuzzy Control - 

which uses fuzzy models of the warm water process. Separate fuzzy models of the 
mass flow and thermal behaviour of the warm water process were developed. The 
fuzzy model of warm water process mass flow gave quite good modelling results. 
The fuzzy model of the thermal behaviour results were not as good as those of the 
mass flow especially when the storage requirements for the rulebase are considered.
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Chapter 5 - Controller Design

5.1. Introduction

5.1.1. General Introduction

This chapter describes the design and evaluation of adaptive fuzzy controller methods 
studied in this thesis. As stated in Chapter 1 and the concluding remarks of Chapter 
2, two strategies for adaptive fuzzy control of the warm water process have been 
chosen for further investigation and development:

• Self-Organising Control - a direct adaptive fuzzy control algorithm which 
allows the on-line adaptation of rulebase consequents based on a user defined 
reference model, which is often of a heuristic nature. Most of the literature 
found within the field of adaptive fuzzy control is concerned with this controller
paradigm.

• Single-Step Predictive Fuzzy Control - an indirect adaptive fuzzy control 
strategy which utilises a fuzzy model to predict the plant behaviour over a single 
sample. An optimisation strategy then calculates the controller output so that a 
user defined cost function is satisfied. This controller paradigm is based on that 

from Moore and Harris [19] with the following contributions made by this 
research.

1. the step function reference model used by Moore and Harris is 
extended to a discrete first order system, thus improving the overall 
controller response and enabling the user to more fully specify the 

desired dynamic response of the system,

2. the use of the supervised adaptive fuzzy modelling strategy developed 
in Section 4.9, thus enabling on-line adaptation, whilst helping to 
improve fuzzy model convergence and

3. the application of the controller to a multivariable control problem.

Where possible, both of these adaptive fuzzy control methods are simulated in detail 
for the control of the outlet flow, the outlet temperature and the multivariable control
of both the outlet and temperature variables of the warm water process.

For evaluation purposes, a comparison is made between the two adaptive fuzzy 
control methods and a self-tuning PI controller which is based on an algorithm from
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Banyasz and Keviczky [111]. This research contributes the following to the original 
algorithm :

• the modification of the original self-tuning PID controller algorithm to that of a 
self-tuning PI controller algorithm and

• the addition of PI controller parameter limits, high pass filtering for 
identification of systems with DC offsets and an anti-integral-windup 
mechanism.

The ST-PI algorithm developed is firstly applied to the simulated control of the outlet 
flow and outlet temperature of the warm water process. Through the implementation 
of static decoupling of the controlled variables, the multivariable control capability of 
the ST-PI controller algorithm is investigated.

5.1.2. Overview of Chapter Structure
Section 5.2 of this chapter describes the simulation of the Self-Organising Controller 

(SOC) for control of the outlet flow of the warm water process. This research 

combines individual elements of the SOC designs from original SOC literature 
reviewed in Section 2.7.3.1, in order to attempt to simplify and improve the SOC. 
Section 5.3 contains a detailed account of the development and simulation of single 
step predictive fuzzy controllers for the control of the outlet flow, the outlet 

temperature and multivariable control of the outlet flow and temperature of the warm 
water process. Section 5.4 describes the development of the self-tuning PI (ST-PI) 
controller algorithm for the control of the outlet flow, the outlet temperature and the 
multivariable control of the outlet flow and temperature of the warm water process. 

Finally Section 5.5 compares and contrasts the three adaptive control strategies that 
have been simulated and, based on these results, chooses an adaptive fuzzy control 
strategy for evaluation on the real warm water plant.

5.2. Self-Organising Control

5.2.1. Introduction
This section presents a subset of the results obtained from simulation carried out to 

investigate the ability of the Self-Organising Controller (SOC) to control the warm 
water process. The structure and development of the SOC since its inception by 
Procyk and Mamdani in 1979 [17] is described in Section 2.7.3 of this thesis.
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The SOC utilises a reference model to directly adapt the rulebase consequents based 

on the current controller performance and is commonly based around the PD-FLC 
described in Section 2.5.2 of this thesis. Figure 2.4, see page 26, shows the general 
structure of the SOC for the control of a SISO plant.

5.2.2. Chosen SOC Structure

The SOC used for the simulations in this section is a combination of various aspects 
of different SOC architectures that were covered by the literature survey. The 
following points describe in detail, the SOC architecture used and justify the chosen 
structure and parameters.

• Input and output variables - for the control of a SISO system, the majority of 
SOC designs use the PD-FLC format where the error and change in error serve 

as input variables and an incremental value serves as a controller output. As 
this is the most common configuration found in the SOC literature, it is used for 
the SOC here.

• Ke, Kde, Ku - the input and output variable gains. For the input variable error 

the value of Ke = 16666 was chosen. This value of Ke which maps the 
maximum error values of ±0.00060m3/s, to the universe of discourse of the 

fuzzy sets of [-1,1]. For values of error with a magnitude greater than 
0.00060m3/s, the controller output saturates at a maximum value. This error 

mapping configuration allows finer dynamic control of the plant for smaller 

values of error magnitude. The value of Kde = 20833 was chosen, as this maps 
a change of error value of ±0.000048 (20% of the maximum outlet flow) to the 

fuzzy sets universe of discourse of [-1,1]. The value of the output variable gain, 
Ku, is varied during simulation in order to evaluate its effect on controller 
performance.

• Rulebase format - the original SOC from Procyk and Mamdani [17], used a 
relational matrix rulebase. As shown by Wakileh and Gill [50], the relational 
matrix rulebase form requires considerable processing time and memory 

resources. In order to avoid this difficulty, a number of SOC implementations, 
e.g. Ho and Lin [52], Spinrad [54], Burkhardt and Bonnisone [14], utilise the 
simpler lookup table rulebase format. Based on these considerations, the SOC 
structure described in this section utilises the lookup table rulebase format, thus 
increasing the transparency of the SOC.
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• Fuzzy membership sets - the two antecedent variables, error and change in 

error, utilise a regularly spaced distribution of 13 triangular fuzzy membership 

sets with universes of discourse of [-1,+1], whereas the consequent variables are 
in fuzzy singleton form. The justification for this antecedent variable format is 
the fact that it is used in most of the SOC literature, giving a reasonably fine 
rulebase resolution whilst maintaining good interpolation characteristics. The 
choice of consequent variable format is based on the increased flexibility of the 
fuzzy singleton compared to the fuzzy membership set representation, shown in 
the fuzzy modelling section of this thesis, Section 4.9.3. It should be noted that 
the choice of the number of fuzzy sets in the SOC is subjective by nature. The 
choice of the form and number of fuzzy membership sets to be used in a fuzzy 
controller highlights one of the disadvantages of fuzzy control - the large o f 

number o f parameters to be chosen by the designer. This disadvantage has 
been discussed in Section 2.5.1. of this thesis.

• Reference model - the reference model (usually known as the "performance 
index" in the SOC literature) is used by the SOC architecture to evaluate the 
current controller performance and to adapt the rule consequent values. The 
reference model uses the error and change in error variables as inputs (see 

Figure 5.1). In the original SOC design from Procyk and Mamdani [17], the 
output of this reference model is used, together with the incremental plant 

model, to adapt the rulebase consequents. Many of the publications reviewed in 
Section 2.7.3 utilise a heuristic lookup table for the reference model, whereby 

little detail is given to its origin. In order to test the characteristics of a heuristic 
reference model, the reference model detailed by Sugiyama [49], is initially used 
in these simulations. This reference model is enhanced in this research by 
converting it from a lookup table to a fuzzy algorithm. This fuzzy algorithm 
format allows interpolation between its rulebase elements instead of the hard 
switching between elements, which is characteristic of lookup tables. Regularly 
spaced distributions of triangular fuzzy membership sets for the antecedent 
variables, fuzzy singletons as consequent variables, the product inference 

operator and the centre of gravity defuzzification method are utilised by this 
fuzzy algorithm, where the lookup table from Sugiyama serves as rulebase 
consequents. This choice of fuzzy algorithm structure and parameters 
guarantees linear interpolation between the elements of the rulebase.

• Rule consequent adaptation - The lookup table rulebase format enables the 

replacement of the so-called "incremental process model" [17], with a simple 
learning law, as detailed by Ho and Lin and given by equation (2.8), see page
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29. Through the utilisation of this simple learning algorithm, rulebase learning 
is dependent on the learning gain a . The effect of the value of the learning gain 
a  from this equation is to be investigated in this section. As detailed in Section

5.7.3, the SOC adapts the consequent values of the past rulebases that have 
contributed to the current performance of the controller and places the adapted 
consequent values in the current rulebase. Precisely which past rulebases are to 
be updated is not specifically described in any of the literature. Some authors 
claim that the SOC performance is insensitive to which past rulebases are 
updated [17,49]. This seems unlikely as the effect of the rules responsible for 
the current controller performance can be assumed to be delayed by a time, tm, 

equivalent to the dominant time constant of the plant. Spinrad [54] adapts 
multiple past rulebases and weights these updates with an "importance weight". 
In this simulation, the rulebases between 13 and 8 previous samples are adapted 
with unity weighting. This choice is based on the assumption that the sampling 
rate of 30 seconds approximately corresponds to one tenth of the dominant time 
constant of the plant. In addition, no rulebase adaptation is performed after a 

setpoint change for a period of time equal to the maximum rulebase update 
delay, i.e. 13 samples. This ensures that past rulebases that were not active for 
the current setpoint. are not adapted. The MATLAB/SIMULINK block 

"General RB Modifier", see Figure 5.2 on page 114, is used to update the 

rulebases. This block allows a weighted update of more than one previous 
rulebase as suggested by Sugiyama [49] and Spinrad [54] and allows the 
application of a zero central value and symmetrical update as suggested by 
Farbrother, Stacey and Sutton [53]. The value of the magnitude of the rulebase 
consequents is limited in order to prevent system instability due to large 
rulebase consequent values, which can be caused by continuous adaptation of a 
single rulebase cell.

5.2.3. SOC Simulation Software
The MATLAB/SIMULINK software used for the SOC simulations in this section is 
shown in Figures 5.1. and 5.2, on page 114. As an initial study, the outlet flow of the 
warm water process was controlled in simulation. Because it is a good model of the 
mass flow behaviour of the warm water process, as shown in Section 4.6, the artificial 

neural network model of the warm water process is utilised as the plant for these 
initial simulations. If these simulations proved to be promising, then temperature and 
multivariable control were to be attempted.
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Figure 5.1 - Simulated SOC for warm water process outlet flow control.

Figure 5.3 - Internal structure of the "Ouiput Gain Ku" block from Figure 5.2.

The SOC used in this simulation has a large number o f parameters that need to be 
selected by the user and subjectively optimised during simulation. This large number 
of parameters proved to be confusing in practice, with many different combinations of 

parameter values being investigated before the configuration used as a basis in this
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section was arrived at. During this process, the values of the learning gain a  for rule 

update and the controller output Ku were seen to be critical for the performance of the 
SOC. Thus, different values of these two parameters including an integral term in the 
output gain block Kui, as shown in Figure 5.3, see page 114, are investigated in this 
section. The purpose of the integral term in the output gain was to attempt to reduce 
the steady state error of the SOC that was observed during simulation.

5.2.4. Simulation Results
The results o f the f irs t set o f simulations are shown in Figures 5.5 to 5.11, pages 116 
and 117. It should be noted that the label Fin used in these graphs, is equivalent to the 
sum of the hot and cold inlet flow. The values of the learning gain a  , see equation

(2.8) page 29, and the output variable gain are contained in Table 5.1, together with 
the corresponding test names. All simulations have a setpoint of 100 ml/s, with a 
square wave disturbance signal with a period of 6283 seconds and an amplitude of 25 
ml/s, added to the plant output. This disturbance signal, as shown in Figure 5.4, 
corresponds to a disturbance on the outlet flow valve actuating signal, which by 
affecting the outlet valve position, directly influences outlet flow. The SOCs task is 

to keep the outlet flow at 100 ml/s and to reduce the effects of the disturbance signal 
to a minimum.

Table 5.1 - Table of parameters for the SOC simulations.

Test Name Value of a Training
Cycle

Ku K i

SOC Test 1 5 1 0.000039 0

SOC Test 2 0.5 1 0.000039 0

SOC Test 3 1 1 0.000039 0

SOC Test 4 1 2 0.000039 0

SOC Test 5 1 3 0.000039 0

SOC Test 6 1 2 0.000039 0.00000015

SOC Test 7 1 2 0 0.00000015
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Figure 5.4 - Disturbance on the outlet valve actuating signal.
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Figure 5.5 - Response of SOC for outlet flow control - SOC Test 1.
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Figure 5.6 - Response of SOC for outlet flow control - SOC Test 2.

Figure 5.7 - Response of SOC for outlet flow control - SOC Test 3.
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Figure 5.8 - Response of SOC for outlet flow control - SOC Test 4.
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Figure 5.9 - Response of SOC for outlet flow control - SOC Test 5.
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Figure 5.10 - Response of SOC for outlet flow control - SOC Test 6.
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Figure 5.11 - Response of SOC for outlet flow control - SOC Test 7.

Except where otherwise stated, an empty in itia l rulebase was used for all of the SOC 
simulations. SOC Test 1 and SOC Test 2 demonstrate the effect of the value of the 
learning gain parameter, a , on the quality of control. In SOC Test 1, illustrated in 
Figure 5.5, where a value of a=5 is used, the speed of learning is fast but the variance 
in the manipulated variable is high. In SOC Test 2, see Figure 5.6, the value of a  has 
been reduced, a=0.5, with the effect that the speed of learning is decreased and the 

variance of the manipulated variable is reduced. In SOC Test 3 the value of a  is 
increased slightly, a = l ,  the result is improved speed of learning without degradation 

of the manipulated variable variance, shown in Figure 5.7.
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Figure 5.12 - Adapted rulebase, rulebase cross section and rule adaptation values for 

SOC Test 7.
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In order to investigate the effects of initialising the rulebases, SOC Test 4 utilises the 
same controller parameters as SOC Test 3, using its adapted rulebase as an initial 

rulebase. The initial controller performance is better as the initial rulebase is not 
empty, see Figure 5.8. SOC Test 5 uses the adapted rulebase of SOC Test 4 as an 
initial rulebase, whereby no noticeable difference between the results of SOC Test 5 

and SOC Test 4 results, as shown in Figure 5.9.

It is deduced from these results that the learning gain, a , influences the speed of 

learning of the SOC but causes large variance in the controller output if its value is 
too large. Thus, the value of a  must be chosen to give a good compromise between 

the speed of learning and the controller output variance.

All the previous tests have a steady state offset error in their controller responses. 
This steady state error was initially attributed to the proportional-derivative nature of 
the PF-FLC controller used as a basis for the SOC, similar to the classical 
proportional-derivative controller, which exhibits a steady state error for finite



proportional gains, for type zero systems. In order to attempt to reduce this steady 
state error, an integral term was introduced into the output gain of the fuzzy 

controller. SOC Test 6 shows the results of the best of a set of simulations performed 
with varying values of the integral and proportional output gains, Ku and Kui, see 
Figure 5.10. There is some improvement in the steady state error but it still remains 
at an unacceptable level. SOC Test 7, illustrated in Figure 5.11, uses a pure integral 
output gain, resulting in an overall deterioration of the controller performance.

Based on these results, it was concluded that there is another cause of steady state 
error in the SOC. After analysis of the rulebase, the steady state error exhibited by all 
of these simulations was found to be caused by the values of rulebase elements, e.g. 
the rulebase element which corresponds to zero error has a negative value. This is 
shown in Figure 5.12, see page 118, where a cross sectional view of the rulebase for a 

change in error value of null is given. Moreover, the value of the rulebase adaptation 
is seen to oscillate erratically. These characteristics can be attributed to the reference 
model, which directly specifies the rulebase adaptation.

As the results using this controller all exhibited steady state error, and the influence of 

the heuristic reference model from Sugiyama [49] on the controller performance is not 
easily understood, the simple reference model suggested by Spinrad [54] was applied. 

This reference model is in the form of the product of the controller error and a gain, 

Kpi, thus resulting in a simple and easily understood reference model. After five 
simulations a value of Kpi,=2 was found to offer a good compromise between speed 
of learning and manipulated variable variance. The learning gain and the error input 

variable gain, Ke, are identical to those of SOC Test 6.

After analysis of the adapted rulebases from the previous set of SOC simulations, it 

was seen that the rulebase information was not sufficiently distributed along the 
change in error rulebase axis, see Figure 5.12. To improve this distribution, the value 

of the change in error gain was increased to £^=200000, thus mapping a maximum 
change o f error value of ±0.000005m3/s to the universe of discourse of [-1,1]. The 

results from the second iteration of this simulation are shown in Figure 5.13. These 
results exhibit steady state errors of less than 2% of the setpoint value and are thus far 
better than any of the previous simulations. This improvement is due to :

• the change in reference model, which is one dimensional and directly 

proportional to the error of the controller and
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fixation o f the centre cell rulebase value at zero, as suggested by Farbrother, 
Stacey and Sutton [53].
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Figure 5.13 - SOC outlet flow control using a scaled error referei el.
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Figure 5.14 - Adapted rulebase, rulebase cross section and rule adaptation values for 

scaled error reference model.
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Figure 5.14, see page 119, shows the rulebase from the SOC using the scaled error 
reference model as suggested by Spinrad [54]. In addition, a cross section of the 
rulebase at a change in error value of null and a plot of the rule adaptation values are 
given. The large peak in the rulebase is caused by the adaptation of the cell due to the 
large errors during the first 3000 seconds. The cross section o f the rulebase shows a 
smooth rulebase characteristic with a zero centre value, thus allowing equilibrium at 
the setpoint and reducing the steady state error. Rule adaptation is directly 
proportional to the error and is thus devoid of the oscillation seen in the previous 
simulations. The effect of the increase of the input variable change in error gain Kde 

is evident in the distribution of rulebase information the change in error axis as well 
as the error axis.

5.2.5. Preliminary Summary of the SOC
The results presented in this section summarise a series of over 150 simulations that 

were carried out to investigate the capabilities of the SOC controller. The best results 
obtained exhibited a steady state error of magnitude 2% with a settling time of 
approximately 1500 seconds. These results alone are reasonable, but when the 

complexity of the SOC algorithm is considered, and a comparison is made with a 
standard PI controller, then they are poor. The PI controller gives similar or 
improved performance without the complexity, large number of parameters and 

stability problems of the SOC algorithm.

The main disadvantages of the SOC which were encountered during these simulations 

are :

• Complexity and memory requirements of the SOC algorithm. The stored 
rulebases, for example, require approximately 18kBytes memory.

• Large number o f parameters, which include the learning gain a , the two input 

and two output gains, the 78 parameters of the fuzzy membership sets uses for 

the input variables.

• The heuristic nature o f a ll o f the SOC parameters can lead to ad-hoc 

adjustment and long implementation times.

• No deterministic method for the specification of the desired response of the 

control algorithm.
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• As far as the author is aware, there is no method fo r  analysing the stability o f 

the SOC algorithm although some stability analysis of fuzzy systems has been 
performed [61].

• The adaptation o f the rulebase is dependent on the position o f the controlled 

variable and not on its trajectory. Thus if a setpoint change occurs, adaptation 
is performed although the controlled variable may be moving towards the 
setpoint in a satisfactory manner. The large spikes in the manipulated variable, 
see Figure 5.13, for positive error values, are due to the large values in the 
rulebase for positive error. These large rulebase values, see Figure 5.14, are 
caused by excessive adaptation of the rulebase during the first 3000 seconds, 

due to initial outlet flow of zero.

• The reference models found in the literature are of an ad-hoc nature, with no 
thorough analysis having been performed. The scaled error reference model 
cited by Spinrad and which gave the best results in this chapter exhibits DC 
rulebase adaptation, even though the controller rulebase uses the change in error 

as an input.

• The specification o f the causal relationship between controller response and 

rule adaptation is heuristic.

At the conclusion of this chapter, Section 5.5, the SOC is compared to the single step 

predictive fuzzy controller developed in Section 5.3 and an adaptive fuzzy control 
strategy for the control of the warm water process is chosen.

5.3. Single Step Predictive Fuzzy Control

5.3.1. Introduction
This section describes both the design and simulation of the Single Step Predictive 

Fuzzy Controller (SPFC). This adaptive fuzzy control strategy is a model based 
controller and is derived mainly from the description of such a method by Moore and 

Harris [19], see Section 2.8.

The SPFC controller paradigm is developed for multi input single output (MISO) 
control and multivariable control of the outlet flow and outlet temperature variables of 
the warm water process respectively. The original design of the controller is 

enhanced bv the following contributions from this research :
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• The reference model used by Moore and Harris [19] is extended to a linear first 
order system. This enables the user to more fully define the desired dynamic 
response of the controlled system.

• The use of the supervised adaptive fuzzy modelling paradigm from Section 4.9, 
thus allowing on-line adaptation of fuzzy model with lookup table rulebases 
during control.

• The algorithm is applied to a multivariable control problem.

In order to investigate the characteristics of the SPFC controller and to evaluate the 
first two of the three enhancements listed above, the control of the outlet flow of the 
warm water process is utilised as a testbed. The experience gained through the 
control of the outlet flow is then applied to the controller for the outlet temperature of 
the warm water process and finally to the multivariable controller.

5.3.2. SPFC Outlet Flow Control
The SPFC can be viewed a predictive controller which utilises an adaptive fuzzy 
model of the plant instead of a deterministic model. The main constituents of the 

SPFC uses as an initial design in this section, shown in Figure 5.15, see page 125, are 

listed below with explanatory notes :

• Fuzzy model o f the plant and fuzzy model supervisory adaptation algorithm - 

comprise an adaptive fuzzy model of the plant to be controlled. In the case of 

the warm water process, the supervised adaptive fuzzy modelling strategy as 
described in Section 4.9, has been used to model both the mass flow and the 
thermal behaviour of the warm water process.

• Reference model - In the general case of predictive control, a user defined 
reference model uses the system setpoint, Yrefn+1, and the current value of the 
controlled variable, yp, to calculate the desired plant response over the 
prediction horizon. When a multi-step prediction horizon is used, then the 
desired response, dn+1,...,dph, is a vector with the number of elements equal to 
the number of steps in the prediction horizon, ph. For a first order reference 

model, these elements of the desired response vector are calculated by the 
general first order reference model equation (5.1).
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f o r  n = 0 to p h - 1

d n+l = e ' d n +  1 - ^ X Yrefn+,
(5.1)

where n is the iteration variable,
ph is the length of the prediction horizon, 
dn+1 is the desired response,
dn is the past value of the desired response, whereby the initial 
value, dn, is set to the current value of the controlled variable, yp, 

Yrefn+i is the system setpoint,
x is the desired time constant specified by the user and 

Ts is the sampling time of the controller.

For the specific case of the SPFC, with a first order system reference model, a 
single value of the desired plant output, dn+1, is calculated, as the prediction 

horizon is a single step, i.e. ph= l. The transfer function of this SPFC specific, 

first order reference model is given by equation (5.2).

where yp is the current value of the controlled variable.

Figure 5.15, see page 125, illustrates the function of the first order reference 

model.

• Optimisation Algorithm  - is used to calculate the next controller output in such 
a way that the desired dynamic response is achieved by the system. In the case 
of the SPFC, this controller block uses the fuzzy model of the plant to calculate 
the best controller output, u„+i, that minimises the value of the cost function, 
Cost(n+l). The cost function used is the magnitude of error between the 
predicted and desired response, equation (5.3).

In order to calculate the next controller output, a search is performed over the 
fuzzy model rulebase by varying the values of the input variable vector, uin+1, 

and, using the corresponding fuzzy model output, Ymn+1, evaluating the cost 
function for the corresponding values of the fuzzy model input vector, uin+1.

dn+] = e T yp+  l - e T Yrefn+X (5.2)

Cost(n +1) = |dn+1 -  Y m n+1 (5.3)
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The chosen controller output vector, un+1, is the fuzzy model input vector, 
uin+1, that best minimises the value of the cost function. In the SPFC used in 
this research, the values of the fuzzy model input vector, uin+1, are varied by a 
simple search algorithm. This algorithm first chooses ten equally spaced values 
for each element of the uin+1 vector across their respective universes of 
discourse, evaluates the cost function for each set of fuzzy model input vectors, 
then performs a fine search around the best three of these vectors. The 
controller output, dn+1, is the value of uin+1, that best minimises the cost 
function value.

All simulation work carried out throughout the SPFC design phase utilised the ANN  

model o f the warm water process as a plant, see Section 4.6. The fuzzy models used 

in the SPFC were initialised using the ANN model of the warm water plant. This 
initialisation is performed by training the fuzzy models from the ANN model while 
driving the ANN model with random input values. By means of this training, the 
fuzzy model learns the behaviour of the ANN model. The reader is referred to 
Section 4.9.4 of this thesis where this training (fuzzy model initialisation) is described 

in more detail.
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The first controller investigated in this section utilised the original step reference 

model from Moore and Harris [19] and thus attempted to reach the setpoint value of 
the system within a single controller iteration. The response of this controller with the 
step reference model is shown is Figure 5.16 for the control of the outlet flow at a 
setpoint of 100 ml/s.

Figure 5.16 - Step reference SPFC outlet flow control with a setpoint of 100 ml/s.
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Figure 5.17 - Step reference SPFC outlet flow control with a setpoint of 200 ml/s.
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The response of the system shown in Figure 5.16, see page 126, is oscillatory but 
does settle to the final setpoint value after approximately 2700 seconds. Figure 5.17, 
see page 126, shows the response of the SPFC controller with a step reference model 
for a setpoint of 200 ml/s. At this plant operating point, the outlet flow continues to 
oscillate around the setpoint, even after 10000 seconds.

The oscillation observed in both of these responses is due to the large variations in the 
manipulated variable, i.e. the inlet flow, which are caused by the controller's utilisation 
of the step reference model. This can be explained by the fact that the controller with 

a step reference model has a large forward loop gain.

In order to attempt to reduce the oscillatory nature of these responses, the step 
reference model from Moore and Harris [19] is replaced with a first order reference 
model. Through specification of the first order reference model dynamics, more 
control over the response of the SPFC can be achieved. The first order reference 

model is defined by equation (5.2), see page 124, where the value of the time 
constant, T, is defined by the user. The SPFC with a first order system reference 

model has a reduced forward loop gain compared to the step reference SPFC, which 
should thus reduce the oscillation observed with the step reference SPFC.
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In order to appraise the influence of the first order reference model on the SPFC 

response, the simulation for outlet flow control with a setpoint of 200 ml/s is 
repeated. The chosen time constant of the first order reference model for this 
simulation is x =600. This time constant value is chosen because it represents the 

actual plant time constant at an average flow throughput value of 125 ml/s. Figure 
5.18, on the previous page, shows the response achieved.

With the first order reference model incorporated into the SPFC design, the response 
of the controller, for the setpoint of 200 ml/s, no longer exhibits oscillation around the 
setpoint and settles to a steady state value within 1500 seconds, with a time constant 
of approximately 480 seconds. Based on this improvement, the first order reference 

model was incorporated into the controller design.

In an attempt to increase the accuracy o f the fuzzy model used in the SFPC, and thus 
improve the SPFC response, the structure of the fuzzy models from Chapter 4 is now 
modified, and the effect on the response of the SPFC investigated. The new fuzzy 
model structure predicts the change in the plant output over one sample and uses 
absolute values as input variables. This modified fuzzy model structure is represented 
by the equation (5.4), which uses general variables. The modified fuzzy model 

structure differs from that of the fuzzy models in Chapter 4, where the absolute value 
of the modelled variable was predicted and the change in the modelled variable served 

as a model input, see equation (5.5) and Section 4.9.4.

M o d i f i e d  F u z z y  M o d e l
dYmn+l = FuzzyModel[ un, yn ] (5.4)

where dYmn+{ is the predicted change of the modelled system variable, yp,

over one sample,
un represents the plant input variables, 
yn represents the plant output variables and 
n is an iteration variable.

O l d  F u z z y  M o d e l
Ymn+1 =FuzzyModel[ un, dypn ] (5.5)

where Ymn+! is the predicted value of the modelled system variable yp and
dypn represents the change in plant output variables over one 
sample.
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Figure 5.19 - Modified fuzzy models of mass flow and thermal behaviour.

Figure 5.19 shows the new model structures for the fuzzy models of the mass flow 
and thermal behaviour of the warm water process based on equation (5.4). The new 
mass flow fuzzy model utilises the sum of the hot and cold inlet flows, Fin(n), and the 
value of the outlet flow, Fout(n), as in inputs to predict the change in the outlet flow 

over one sample, dFout(n+l). The new fuzzy model of the thermal behaviour of the 
warm water process uses the absolute values of the hot enthalpy, Ehot(n), the cold 

flow, Fcold(n), the outlet flow, Fout(n), and the outlet temperature, Tout(n), to 
predict the change in the outlet temperature over a single sample, dTout(n+l).
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Figure 5.20 - SPFC Structure using the new fuzzy model structure.

yp

In order to use these new fuzzy model architectures, the SPFC structure must be 
modified. This modification is shown in Figure 5.20, where the real variable is fed to
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the optimisation algorithm and used in the cost function. The cost function for this 
modified SPFC structure is given by equation (5.6).

Cost = |(dYmn+1 + yp) -  d n+1| (5.6)

In order to investigate the effect of the new fuzzy model structure on the SPFC 
response, the simulated control of the outlet flow using the new SPFC structure for a 
setpoint of 200 ml/s was carried out. The chosen time constant of the system was 
again 600 seconds. An improvement in the modelling accuracy is clearly seen when 
the responses of the old SPFC, Figure 5.18, and the modified SPFC, Figure 5.25, are 
compared. This modelling improvement is verified by the mean error magnitude of 
the predicted flow - 4.24 ml/s for the old SPFC and 0.06 ml/s for the modified SPFC. 
Moreover, the response of the modified SPFC is smoother and, with a time constant 
of 570 seconds, corresponds more to the desired dynamic response of reference 

model.
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Figure 5.24 - Outlet flow SFPC response for a setpoint of 150 ml/s.
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Figure 5.25 - Outlet flow SFPC response for a setpoint 200 ml/s.
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Based on the improved fuzzy model accuracy and SPFC response, the fuzzy model 
formats shown in Figure 5.19, see page 129, and represented by equation (5.4) are to 
be adopted into the SPFC design. Using this modified SPFC design, the controller 
responses for the following outlet flow setpoints are simulated : 50 ml/s, 75 ml/s, 100 
ml/s and 150 ml/s with an initial outlet flow value of 10 ml/s. The SPFC responses for 
these four outlet flow setpoints are shown in Figures 5.21 to 5.24. The desired time 
constant for all of these responses was 600 seconds.

The controller responses shown in Figures 5.21 to 5.25 all exhibit a small steady state 
error. This is due to the modelling errors of the fuzzy model used for the prediction 
of the mass flow within the SPFC. Such modelling errors are caused by the 
following:

• The fuzziness o f the model - each rulebase cell contains consequent values that 
represent the modelled variable within the region of the state space 
corresponding to the rulebase cell. The rulebase of the SPFC for outlet flow 

control has 21x21 cells. Thus each cell can have a consequent value that 
represents the outlet flow over a range of 4.76% of the universes of discourse 
of the input variables of the model i.e. 240/21=11.42 ml/s for Fin(n) and 

Fout(n), assuming maximum values of 240 ml/s. This fuzziness can be reduced 
by increasing either the number of rulebase cells or the value of the adaptation 
threshold, 8, in the learning algorithm of the fuzzy model, equation (4.25), 

which is described in Section 4.9.2.5.

• Rulebase cell interpolation - the fuzzy model interpolates between rulebase 
cells, whereby the type of interpolation depends on the fuzzy algorithm 
structure i.e. type of fuzzy membership sets, inference function used, 
defuzzification function. These errors can be reduced by increasing the number 
of rulebase cells.

In all of the previous SPFC simulations, because the fuzzy model was initially trained 
using the ANN model of the plant, the fuzzy model corresponded exactly to the 
simulated plant to be controlled (neglecting the modelling errors described in the 
previous paragraph). This represents the ideal situation for a model based controller 
such as the SPFC. In order to investigate the adaptation properties of the SPFC, the 
physical plant model (see Chapter 4) is used to initialise the fuzzy model instead of the 

ANN model. This corresponds to initialising the fuzzy model with an erroneous 
model of the plant to be controlled. The fuzzy models of the plant now differ from 
the plant to be controlled, as the ANN plant model is used as the simulated warm
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water process. If this controller configuration is to provide good control, then the 

fuzzy models must adapt to correspond to the ANN model of the plant.
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Figure 5.26 - Adaptive and non-adaptive SPFC responses with erroneous fuzzy 
models.

After initial simulations, the need for a excitation signal to stimulate adaptation of the 

fuzzy model in the adaptive SPFC became evident. The applied excitation signal is 
the addition of a white noise to the manipulated variable when a steady state 
controller error of more than 10% of the setpoint value exists on the plant output.

The effect of this excitation signal on an adaptive SPFC is seen clearly in Figure 5.26, 
where non-adaptive and adaptive SPFCs with erroneous initial fuzzy models are 
compared. The non-adaptive fuzzy controller exhibits a large steady state error, due 
to the modelling error of the fuzzy model used. Through application of an excitation 
signal to the manipulated variable, the response of the adaptive SPFC converges to 
the desired setpoint value.

For the adaptive SPFC, the added excitation signal must have a large amplitude to 
allow the adaptation of the fuzzy model around the operating point. The large 
excitation signal necessary for adaptation of the fuzzy model, causes large fluctuations 
in the manipulated variable. The large amplitude excitation signal is clearly
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disadvantageous when compared to the self-tuning PI controller described in Section
5.4, which due to the utilisation of a deterministic linear plant model, only requires a 
small amplitude excitation signal.

This section has detailed the development and design of the SPFC using the simulated 
control of the outlet flow of the warm water process for development and 
investigation. The design and experience gained through this process are now applied 
to the simulated control of the outlet temperature of the warm water process in the 
following Section 5.3.3.

5.3.3. SPFC Outlet Temperature Control
This section presents the results obtained from the simulated MISO control o f the 

outlet temperature of the warm water process using the SPFC strategy developed in 

the previous section. The manipulated variables of the controller are the hot and cold 
inlet flows of the warm water process. The structure of the fuzzy model used for 
control of the outlet temperature of the warm water plant is shown in Figure 5.19, on 
page 129, and is generally represented by equation (5.4), see page 128. This fuzzy 
model was initialised by training it on the ANN model of the warm water process, 
which also served as a plant in the simulations described in this section.
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A set of five simulations for control of the outlet temperature of the warm water 

process at the following setpoints were carried o u t : 20, 22.5, 25, 27.5 and 30 degrees 
Celsius, where the time constant of the first order reference model is 1200 seconds. 
The results of these five simulations are shown in Figure 5.27.

The controller responses shown in Figure 5.27 are without any disturbance signals on 
the hot inlet temperature - a constant value of 45 degrees Celsius has been used. 
Another set of simulations with the same setpoint values were performed but a 
disturbance signal, shown in Figure 5.28, which was used as the hot inlet temperature 
variable, which is a measurable plant variable. This hot inlet temperature disturbance 

signal is the sum of three sinusoids and a constant value of 45 degrees Celsius, as 
shown in equation (5.7). As the cold inlet temperature is not measurable it cannot be 
used as a disturbance variable.

T. = 4 5  + 5sin(27t—-— i + 7t) + lsin(27t;—-— 0  + 0.5sin(27C—— t) (5.7) 
7000 1000 300

where Thot is the hot inlet temperature and 

t is the time variable in seconds.
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Figure 5.28 - Hot inlet temperature disturbance signal.____________________

This hot inlet temperature disturbance signal is based on the empirical observations of 
the hot inlet temperature variable performed during the course of this research. 
However, as the temperature of the hot inlet flow is dependent on the hot water use in 
the rest of the building, this disturbance signal is not a model but only an 

approximation of possible temperature variations. The new set of controller

136



responses with this disturbance signal added to the hot inlet temperature is shown in 
Figure 5.29.
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Figure 5.29 - Outlet temperature SPFC responses with disturbance.

The controller characteristics illustrated in Figure 5.29 show that the SPFC for outlet 
temperature is not robust when a disturbance signal is present on the hot inlet 
temperature.

The disturbance rejection of the controller could be improved if separate 
measurements of the hot inlet flow and temperature variables were used as fuzzy 
model input variables. However this would lead to a memory requirement of 
3,037,500 bytes of memory (assuming 15 fuzzy membership sets per input variable 
with 4 bytes per rulebase cell). Unfortunately, this fuzzy model structure is too large 
for the DOS operating system and cannot be implemented.

Clearly the poor disturbance rejection of the SPFC for outlet temperature control of 

the warm water process is a serious disadvantage. It remains to be seen how 
disturbances on the hot inlet temperature on the real warm water process will affect 
the SPFC response when controlling the outlet temperature of the real plant.
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5.3.4. SFPC Multivariable Outlet Flow and Temperature Control
In this section of the chapter, the multivariable control capability o f the SPFC for the 
outlet flow and temperature variables of the warm water process is investigated 
through simulation. The same fuzzy models, as shown in Figure 5.19, and used in the 
SPFCs for the control of the outlet flow and temperature respectively, are utilised for 
this multivariable controller.

For both controlled variables, a separate f irs t order reference model is used, each 
with an individual time constant, see equation (5.2), see page 124. The multivariable 
cost function used for this controller is given by equation (5.8), whereby the quotient 
terms are used to normalise the flow and temperature terms, which would otherwise 
have different units and sizes, i.e. m3/s and degrees Celsius.

(5.8)

where n is the iteration variable,

Cost(n+l) is the value to be minimised,
K  provides a relative weighting factor for the outlet flow and 
temperature variables,
Fgut (n +1) is the desired response for outlet flow,
d F ™f(n + l) is the predicted change in the outlet flow from the

fuzzy model for the mass flow of the warm water process,
Fout(n) is the real outlet flow,
r„ t(n  +1) is the desired response for outlet temperature, 
dT™ut{n + 1) is the predicted change in the outlet temperature 

from the fuzzy model for the thermal behaviour of the warm 
water process and
Taul ( n ) is the real outlet temperature.

For all simulations described in this section, the cost function weighting factor K  has a 

value of 0.5, providing equal weighting for both flow and temperature variables in the 
cost function.

A set of five simulations for undisturbed multi-variable control of the warm water 
process using the SPFC were carried out and are described in Table 5.2, see page 145 
with corresponding references to the graphs of results. Except where otherwise

Cost(n + \ ) -  K
F ^ i n  +  D - i d F Z i n  +  D  +  F ^ n ) )

i: , , hFL(n + \)
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stated, a desired time constant of 200 seconds was chosen in order to attempt to 
speed up the overall plant dynamic response.
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Figure 5.30 - SPFC multivariable control, setpoints = 30 degrees and 75 ml/s.
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Figure 5.31 - SPFC multivariable control, setpoints = 20 degrees and 75 ml/s.
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Figure 5.32 - SPFC multivariable control, setpoints = 25 degrees and 50 ml/s.
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Figure 5.35 - SFPC multivariable control with hot inlet temperature disturbance 
signal.
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Table 5.2 - Mul tivariable SPFC simulations.

N a m e O u t l e t  F l o w  

S e t p o i n t  ( m l / s )

O u t l e t  

T e m p e r a t u r e  

S e t p o i n t  ( °  

C e l s i u s )

D e s i r e d  T i m e  

C o n s t a n t  

( s e c o n d s )

G r a p h  o f  

R e s u l t s

SPFC Test 1 75 30 200 Figure 5.30.

SPFC Test 2 75 20 200 Figure 5.31.

SPFC Test 3 50 25 200 Figure 5.32.

SPFC Test 4 200 27.5 200 Figure 5.33

SPFC Test 5 200 27.5 600 Figure 5.34

There are three types of error evident in the multivariable responses :

• Steady state error - caused by the modelling errors of the fuzzy models, the 
causes of which have been detailed in Section 5.3.1.

• High levels o f variance on the manipulated variables - caused by the low time 
constant of the reference model.

• Disturbances due to coupled nature o f the controlled variables - causing 

mutual disturbances, which are not compensated by the controller. There are 
two main causes for this lack of compensation :

1. The prediction horizon is only a single step, the SPFC cannot predict 

both the outlet flow and temperature dynamics sufficiently in order to 
achieve full multivariable control.

2. The fuzzy model for the thermal response does not contain a full state 
space representation of thermal behaviour of the plant, only 37% of the 
rulebase cells have values, see Section 4.9.5.

The effects of the large manipulated variable variance and the coupling of the 
controlled variables is evident in the response of the SPFC shown in Figure 5.31, see 
page 140. At approximately 7400 seconds a large cold inlet flow is outputted by the 
controller in response to the slowly rising temperature. Due to coupling, this large 
cold input flow then causes a corresponding error in the outlet flow value and a rise in 
the hot inlet flow value in order to compensate for the (relatively) large downward 
trend in the outlet temperature caused by the large cold inlet value.
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In an attempt to reduce the controller error, SPFC Test 4 was repeated but with a 

desired time constant of 600 seconds for both controlled variables, (SPFC Test 5) see 
Figure 5.34. The slower dynamics of the reference model lead to less variance in the 
manipulated variables, due to the reduced controller gain.

All of the multivariable simulations performed up until now have had no hot inlet 
temperature variable disturbance, thus representing the ideal plant configuration. To 
investigate the effect of hot inlet temperature disturbance signals on the multivariable 
SPFC, the simulated multivariable control of the warm water process with the 
setpoints of 27.5 degrees Celsius and 200 ml/s was repeated with the hot inlet 
temperature disturbance shown in Figure 5.28 and with a reference model time 
constant of 600 seconds for each controlled variable. The results of this simulation 
are contained in Figure 5.35. As in the case of the single step predictive fuzzy control 
of the outlet temperature, the multivariable SPFC is not able to control the outlet 

variables in the presence of the hot inlet temperature disturbance signal. This is due 
to poor disturbance rejection of the fuzzy model of the thermal behaviour of the warm 
water process. The coupling evident in the warm water process is seen clearly in the 
outlet flow response of the SPFC, where large errors are caused by the variance in the 
manipulated variables due to the controller's attempts to control outlet temperature.

One interesting result of the multivariable simulations, is the fact that the temperature 

control achieved using the multivariable variable SPFC is of a higher quality that of 
the MISO control of the outlet temperature. This is due to the fact that the almost 
constant tank level resulting from the outlet flow control in the multivariable SPFC

reduces the non-linear mixing dynamics of the process.

5.3.5. Preliminary Summary of the SPFC
One major disadvantage of the developed SPFC strategy is the search mechanism 

which requires considerable processing time. If the fuzzy model were differentiable, a 
gradient descent method could be used. This would allow faster convergence to the 
optimal controller outputs, thus improving the processing time requirements of the 
SPFC.

The SPFC strategy would be enhanced if a Multi-step Predictive Fuzzy Controller 

(MPFC) could be developed. As in classical predictive control, the extended 
prediction horizon of the MPFC would allow improved control of the non-linear 

warm water process thermal dynamics and offer better multivariable controller 
performance. Using the current SPFC structure, where a search algorithm is used in
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combination with a cost function, more than one step is not feasible due to the 
exponential increase in time necessary for the search.

Associated with the MPFC, some form of disturbance signal prediction over the 
prediction horizon would enhance controller performance. For the example of the hot 
inlet temperature disturbance signal, a prediction of the future hot inlet temperature 
values could be performed, based on the previous values of the variable.

Further discussion and concluding remarks concerning the SPFC are found in Section 
5.6 of this chapter.

5.4. Multi-Step Predictive Fuzzy Control
This section details the development of a strategy for the extension of the single step 

predictive fuzzy controller (SPFC), developed in Section 5.3, to a multi-step 
predictive fuzzy controller (MPFC). The motivation for the extension of the 
prediction horizon is based on the experience gained during simulation in this chapter 

and in Chapter 6, where the SPFC was unable to adequately control the outlet 
temperature of the warm water process and did not exhibit the necessary level of 
compensation for multivariable control of the warm water process. As far as the 
author is aware, the MPFC introduced in this section is original work.

The extension of the SPFC to form the MPFC offers the advantages of fuzzy model 
based predictive control with a multi-step prediction horizon. These advantages 
include:

• control o f systems with non-linear dynamics, which applies to the thermal 
behaviour of the warm water process described in this thesis,

• the fac ility  fo r  multivariable control, applicable to the multivariable control of 
the warm water process where the different time scales of the outlet flow and 
temperature dynamics proved to be the hurdle for multivariable control using the 
SPFC and

• look-ahead feature is useful for systems such as robotics where the future 
setpoints are known.

In order to realise the MPFC, the following two modifications of the SPFC design are 
necessary :
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• Choice of fuzzy model structure, linguistic functions and parameters to facilitate
differentiation o f the fuzzy model.

• Replacement of the controlled search algorithm, as described in Section 5.3.2, 
with a gradient descent algorithm in order to optimise the controller outputs 
over the prediction horizon for a given cost function.

5.4.1. M PFC  S tructure
Figure 5.36 contains a diagram of the suggested MPFC structure with two input 
variables and a single output variable with a prediction horizon of three samples. The 
fuzzy model used corresponds to the type introduced in Section 5.3 and represented 
by equation (5.4) on page 128. This fuzzy model predicts the change in the modelled 

variable over one sample. All variables used in this diagram correspond to those in 
Figure 5.20 on page 129.

Multi-Step Predictive Fuzzy Controller (MPFC)

steps.

For the example shown in Figure 5.36, where the fuzzy models are constructed so 
that their outputs, dY nij 3, are differentiable with respect to their inputs, Uj 3 and 

y0.,2, where y0 is the current value of the controlled variable, then by applying a 
gradient descent algorithm to the MPFC structure, it is possible to minimise a given 
cost function through calculation of the optimal manipulated variable values, yj 3, 
over the prediction horizon of ph, (ph=3 in this example). A simple cost function is 
given by equation (5.9).
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1 Ph 

^  «=1
(5.9)

where n is an iteration counter, n= 1 ... ph, where ph is the prediction 
horizon,

en is the nth error equal to the difference between the 
corresponding reference signal, dn, and the predicted output of 
the fuzzy model, yn, and 
Pn is the rath weighting factor.

5.4.2. Fuzzy M odel S tructure
The structure of a fuzzy model suitable for differentiation is described in this section. 
The chosen model has two independent input variables, u and x, and a single output 

variable, y. The fuzzy model utilises Gaussian antecedent fuzzy membership sets, 
whereby each input variable only activates two fuzzy membership sets, with all other 
fuzzy membership sets on the corresponding universe of discourse inactive. Gaussian 
functions are used as they differentiable. The activation of only two fuzzy sets on the 
universe of discourse is achieved by using a regularly spaced distribution of fuzzy 

membership sets and is illustrated in Figure 5.37. It should be noted, that a fuzzy 
model with any number of inputs and fuzzy membership sets can be used, the example 
fuzzy model given here has been kept simple, in order to limit the derivation 

complexity.

Degree of 
Membership

[Set-A V-SetB Y s ;t.C V s e t D .V s e t E  A  . .

xl x2

The two crisp input variables, xl and x2, both activate only two of 
the five fuzzy membership sets, xl activates Set A and Set B while 
x2 activates Set B and Set C. This is achieved through a regularly spaced, 
distribution of fuzzy membership sets, with all inter set intersections at 
a degree of membership value of 0.5.

Figure 5.37 - Regularly space fuzzy membership set distribution.

A lookup table rulebase format with fuzzy singleton consequent values is utilised. 
The corresponding degrees of membership for each input variable are given by (5.10), 
(5.11), (5.12) and (5.13).
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=  exp
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X ~ c l
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(5.11)

11,“ = exp

M-2 exp

/
f u -  c“ '

2>

V I °r J y

f
f u - c ' l ]

2>

\ { 2 J /

(5.12)

(5.13)

where | l p is the qih degree of membership of the variable p  and

c and ct are the centre and standard deviation values of the 

Gaussian fuzzy membership set functions.

These four degrees of membership activate four rules of all possible rules in the fuzzy 
model. Each of these four rules has an activation level which is calculated by use of 
an inference function. To give a differentiable function, the product operator is used 

as the inference function for the linguistic function AND. The activation levels of the 
four rules are given by the equation set (5.14).

M-n
H 12 = \l “ \l x2

P-21— m m
2̂2 = M-2̂ 2

(5.14)

Each of the four rules has a corresponding consequent value S, which is contained 
within individual cells of the rulebase. The output of the fuzzy model, y, is given by 
equation (5.15) when the centre of gravity defuzzification method for fuzzy singletons 
is applied.

y _ M-ll̂ ll M-12̂12 M-21̂21 M-22̂22
Mil M-12 2̂1 M-22

(5.15)
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The first derivative of the fuzzy model output, y, with respect to the input variable, u, 

is required. Through substitution of the equations (5.14) into the equation (5.15), 
equation (5.16) is arrived at.

_  II, fX, iS'n + p,, [X25']2 + [12 [I, S2l + fi2 ^t2 *-*22 /-c

M," M-I* + Ml" ̂ 2 + M-2 V lX +  M-2

Rearranging for functions of u and substituting the constants K * , K^and given by 

equations (5.17),(5.18) and (5.19) into equation (5.16) results in the equation (5.20).

K * «  i i ^ , ,  + \ ix2S12 (5.17)

K 2 = 22 (5.18)

^ 3 = M - i +M-2 (5-19)

5.4.3. Fuzzy Model Gradient
The first derivative of equation (5.20) with respect to the input variable u is found by 
utilising the quotient rule for differentiation. For notational purposes, let

' A k )
j i " = --------- , which is the first derivative of the membership value of a Gaussian

du
fuzzy membership set with respect to the input variable u. Applying the quotient rule 
to equation (5.20) gives :



The equation for first derivatives of the Gaussian fuzzy membership functions with
/  /

respect to the input variables, (I “ and | l nx , now need to be found. These are derived 

through the application of the product rule for differentiation of an exponential 
function.

From (5.12)

' 1 f  (  -  u ^ 2
= — r(2<-2M)exp (5.22)

h ; (5-23)
a  „

Similarly ji* may be found as:

H.' = —  k - * b :  (5.24)

For the derivative of the fuzzy model with respect to x we define K “ , and K “ as in

(5.25), (5.26) and (5.27). Rearranging (5.16) for functions of x and after substitution 

of (5.25), (5.26) and (5.27), equation (5.28) results, which is the first derivative of the 

fuzzy model with respect to the input variable x.

K “ = * 1 ^  + | i “S12 (5.25)

K 2 = ^ 2 1  + 1^2^22 (5.26)

^ 3 = | i ? + ^ 2  (5.27)

d y (n,x + +^2>2 ) - ( W  + ̂ 20(lV + I1

d x ~  K ^ + ^ y

(5.28)

Through the substitution of equation (5.23) into equation (5.21), and the substitution 
of equation (5.24) into equation (5.28), the complete equations for the first 

derivatives of the fuzzy model with respect to the input variables u and x result.
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T h e  d e r iv a t iv e s  o f  th e  fu z z y  m o d e l w ith  r e s p e c t  to  e a c h  o f  its  in p u t v a r ia b le s , u a n d  ;c, 

h a v e  b e e n  d e r iv e d . I t  is  n o w  p o s s ib le  to  a p p ly  a  g r a d ie n t  d e s c e n t  a lg o r ith m  to  th e  

M P F C  s t r u c tu r e  to  o p t im is e  th e  v a lu e s  o f  th e  c o n t r o l le r  o u tp u t  v a r ia b le s ,  u ,  ..3- f o r  a  

p r e d ic t io n  h o r iz o n  o f  3  s te p s .

T h e  a n a ly s i s  g iv e n  i s  a p p l ic a b le  to  a n y  n u m b e r  o f  a c t iv e  f u z z y  s e t s , w ith  th e  c o n s t ra in t  

th a t  th e  fu z z y  m e m b e rs h ip  s e t  fu n c t io n  a n d  th e  in fe re n c e  fu n c tio n  a l lo w  

d if fe r e n t ia t io n .

5 .4 .4 .  A p p l i c a t i o n  o f  a  G r a d i e n t  D e s c e n t  A l g o r i t h m

T h is  s e c t io n  d e ta ils  th e  a p p lic a t io n  o f  a  g r a d ie n t  d e s c e n t  m e th o d  to  o p t im is e  th e  

c o n t r o l le r  o u tp u ts  o f  th e  M P F C  w ith  r e s p e c t  to  a  c o s t  fu n c t io n . In it ia l ly  th e  e x a m p le  

f o r  th e  M P F C  w ith  a  p r e d ic t io n  h o r iz o n  o f  th r e e  s te p s  is  u s e d . F o l lo w in g  th is  a 

g e n e r a l  e q u a t io n  f o r  a  p r e d ic t io n  h o r iz o n  o f  le n g th  p h  is  d e v e lo p e d . T h e  r e a d e r  is 

r e fe r r e d  to  F ig u r e  5 . 3 6 ,  in  S e c t io n  5 . 4 . 1  o f  th is  c h a p te r , w h e r e  th e  b lo c k  d ia g r a m  o f  

th e  M P F C  f o r  a  p r e d ic t io n  h o r iz o n  o f  3  s te p s  is  i l lu s t ra te d .

T h e  c o s t  fu n c t io n  u s e d  f o r  th e  o p t im is a t io n  o f  th e  in p u t v a lu e s  Uj, u2 a n d  u3 is  th e  

w e ig h t e d  s u m  o f  th e  s q u a r e d  e r ro rs  a n d  is  g iv e n  b y  e q u a t io n  ( 5 . 1 ) .  A  w e ig h t e d  s u m  is 

u s e d  in  o r d e r  to  w e ig h t  th e  la te r  p r e d ic t io n s , a s  th is  is  w h e r e  th e  c o n t r o l le d  v a r ia b le  

a p p r o a c h e s  th e  s e tp o in t . W h e n  u s in g  th e  g r a d ie n t  d e s c e n t  m e th o d , th e  v a r ia b le s  to  b e  

a d a p te d  a re  u p d a te d  u s in g  e q u a t io n  ( 5 .2 9 ) ,  [ 5 8 ] .

In  o r d e r  to  u t i l is e  e q u a t io n  ( 5 .2 9 ) ,  th e  p a r t ia l d e r iv a t iv e s  o f  th e  c o s t  fu n c t io n , Ep, w ith  

r e s p e c t  to  e a c h  o f  th e  fu z z y  m o d e l in p u ts  un , ( s e e  F ig u r e  5 . 3 6 ) ,  a re  re q u ire d . F o r  a  

p r e d ic t io n  h o r iz o n , p h ,  o f  3  s te p s  th e s e  p a r t ia l d e r iv a t iv e s  a re  :

( 5 .2 9 )

where U =  [« , w2 « 3 ] r  is  th e  v e c t o r  o f  m a n ip u la te d  v a r ia b le s  to

b e  o p t im ise d , 

a  is  th e  le a r n in g  g a in ,

Ep is  th e  c o s t  fu n c t io n  v a lu e  a n d  

k  is  th e  a d a p ta t io n  ite ra t io n  v a r ia b le .

(5.30)
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T h e  f o l lo w i n g  d e t a i ls  th e  d e r iv a t io n  o f  th e  th re e  r e q u ir e d  p a r t ia l  d e r iv a t iv e s .

d E p _  d E p 9  y 3 

3  u ,  d y 3 3  u 3

d u 3 2
( 5 . 3 1 )

a e p _  a e p a y 2 

a u 2 a y 2 a u 2
( 5 . 3 2 )

=  a ------ M  p  2( d2 -  y2 )22 +  p ,  (d, -  y , f )]
^  Y 2 ^ y 2

( 5 .3 3 )

y3 = FM(ui ,y 2) + y 2 ( 5 .3 4 )

S u b s t it u t in g  ( 5 .3 4 )  in to  ( 5 . 3 3 )  g iv e s  e q u a t io n  ( 5 .3 5 ) .

3  E  r)
^  =  5------ M  |S2e 22 +  P ,{ d ,-{ F M (u ,, y , ) +  y2])2)
& Y 2 ^  y 2

( 5 .3 5 )

5 y P =  ^ 2] +  P i t x i  d ^ l  + FM  ( k j . j O J ( 5 .3 6 )

S u b s t it u t in g  ( 5 .3 6 )  in to  ( 5 .3 2 )  g i v e s  :

9  E
P = [ M y 2 d2) + $ 3[y3 d3][\ + FM '(u3, y 2)ll]]F M '(u2,y , ) Ui 

0  u 2
( 5 . 3 7 )

F in a l ly ,

3 TT
r . ^  = - F M \u 2,y l )y2[ p 2e2 + V3ei{l + FM '(u3,y 2) J \  

0  u 2
( 5 .3 8 )

154



a e p _

d y, d y ,

a e p ^  a e p a y , 

a u ,  a y ,  3  u ,

y 2 = FM (u2,y 1)+ y,

[0 . 5 ( p , (dl - y l)2 + P 2(d2 -  y2)2 +  P 3(d3 - y 3)2)]

( 5 .3 9 )

( 5 .4 0 )

( 5 . 4 1 )

S u b s t it u t io n  o f  e q u a t io n s  ( 5 .4 0 )  a n d  ( 5 .3 4 )  in to  e q u a t io n  ( 5 . 4 1 ) ,  g i v e s  :

3  E p _  a

d y, d y,
0 .5

( W  +  P  2(d2 -[ y i+ F M (u 2,y J)])2 +

P3( d 3 - [>1 + FM (u2, y,) + FM(u3, y, + FM(u2, y, ))])2
( 5 .4 2 )

o r

U L
d y,

= P i ( > i  ~ d\) + P 2( y 2 -  d2){l+ F M \u 2,y x)Ui)

+  P 3(^3 -  3̂ 3) ( l  +  F M \ u2, y ,  )„2 +  F M ' ( M3, y 2 )„3( l  +  FM '(u2,y l ) Ui))  ( 5 .4 3 )

F in a l ly ,

, . - ^ L  = l FM \ u l,y 0)ur 
a u, 1

P lgl +  P 2e

P 3̂ 3 (

2( l  + F M \u 2,y l )lJ  +

¡ 1  + m x u , , y, ) , J l  + FM '(u,, y2)J

A |

( 5 .4 4 )

A l l  o f  th e  p a r t ia l  d e r iv a t iv e s  r e q u ir e d  f o r  th e  a p p lic a t io n  o f  th e  g r a d ie n t  d e s c e n t  

a lg o r it h m  h a v e  b e e n  d e r iv e d  a n d  a re  g iv e n  b y  e q u a t io n s  ( 5 . 3 1 ) ,  ( 5 .3 8 )  a n d  ( 5 .4 4 ) .

B y  m e a n s  o f  in d u c t io n  a  g e n e ra l  e q u a t io n  f o r  th e  d e r iv a t iv e  o f  th e  e r r o r  o f  th e  M P F C ,  

EP, w it h  r e s p e c t  to  th e  m a n ip u la te d  v a r ia b le s  un o v e r  th e  p r e d ic t io n  h o r iz o n  o f  le n g th  

ph  c a n  b e  d e d u c e d . T h is  e q u a t io n  is  g iv e n  b y  ( 5 .4 5 ) .

dE r _

dUj
= -F M '

ph i+l

( 5 .4 5 )
j=i+1 i=j

w h e r e  FM' is  th e  p a r t ia l  d e r iv a t iv e  o f  th e  fu z z y  m o d e l f o r  th e  p re d ic t io n  

s te p  i w ith  r e s p e c t  to  th e  m a n ip u la te d  v a r ia b le ,  «,■, a n d  

ph  is  th e  n u m b e r  o f  s te p s  in  th e  p r e d ic t io n  h o r iz o n
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5 . 4 . 5 .  S u m m a r y  o f  t h e  M P F C  P a r a d i g m

E q u a t io n  ( 5 .4 5 )  e x te n d s  th e  S P F C  to  a  m u lt i- s te p  p r e d ic t iv e  c o n t r o l le r .  T h r o u g h  u s e  

o f  th e  s u p e r v is e d  a d a p t iv e  fu z z y  m o d e l s t r a t e g y  d e v e lo p e d  in  S e c t io n  4 .9 ,  th e  M P F C  

c o u ld  b e  m a d e  a d a p t iv e , w ith  th e  f u z z y  m o d e l  o f  th e  p la n t  a d a p t in g  o n - lin e .

I t  is  b e y o n d  th e  s c o p e  o f  th is  r e s e a r c h  to  in v e s t ig a te  th e  a lg o r ith m  s u g g e s t e d  f o r  th e  

m u lt i- s te p  p r e d ic t iv e  fu z z y  c o n t r o l le r .  T w o  m a in  p o in ts  w o u ld ,  h o w e v e r ,  b e  

im p o r ta n t  in  k e e p in g  th e  p r o c e s s in g  t im e  o f  th e  a lg o r ith m  a t a  r e a l is t ic  le v e l  :

•  In it ia l  v a lu e s  f o r  th e  m a n ip u la te d  v a r ia b le s  «,■ c a n  b e  c h o s e n  b a s e d  o n  u s e r  

k n o w le d g e  o f  th e  s y s te m .

•  th e  o p t im is a t io n  a lg o r ith m  s h o u ld  h a v e  s o m e  m e c h a n is m  to  o v e r c o m e  th e  lo c a l  

m in im a  in  th e  e r r o r  s u r fa c e  th a t a re  a  re s u lt  o f  th e  n o n - lin e a r ity  o f  a  fu z z y  

m o d e l.  A  g r a d ie n t  d e s c e n t  m e th o d  w ith  a  m o m e n tu m  te rm  a n d  p e r h a p s  s o m e  

a d a p ta t io n  o f  th e  le a r n in g  g a in , a ,  c o u ld  h e lp  to  e n s u r e  f a s t  c o n v e r g e n c e  o f  th e  

a lg o r it h m  to  a  s e t  o f  p r e d ic t e d  c o n t r o l le r  o u tp u ts  o v e r  th e  p r e d ic t io n  h o r iz o n .

F o r  a p p lic a t io n  to  th e  w a r m  w a t e r  p r o c e s s ,  th e  fu z z y  m o d e ls  o f  th e  m a s s  f lo w  a n d  

th e rm a l b e h a v io u r  u s e d  in  th e  S P F C  in  th is  c h a p te r  a n d  in  C h a p t e r s  6 , c o u ld  b e  u s e d , 

w h e r e b y  th e  d e r iv a t iv e s  o f  th e  t w o  d im e n s io n a l fu z z y  m o d e l d e r iv e d  in  th is  c h a p te r  

w o u ld  n e e d  to  b e  e x te n d e d  to  th a t o f  a  fo u r  d im e n s io n a l r u le b a s e , th u s  c o r r e s p o n d in g  

to  th e  s iz e  o f  th e  th e rm a l b e h a v io u r  f u z z y  m o d e l o f  th e  w a r m  w a te r  p r o c e s s .

5 . 5 .  S e l f - T u n i n g  P I  C o n t r o l

5 . 5 . 1 .  I n t r o d u c t i o n

T h is  s e c t io n  d e s c r ib e s  th e  d e s ig n  a n d  s im u la t io n  o f  s e lf - t u n in g  P I  c o n t r o l le r s  f o r  th e  

S I S O  c o n t r o l  o f  th e  o u t le t  f lo w ,  o u t le t  te m p e ra tu re  a n d  th e  m u lt iv a r ia b le  c o n t r o l  o f  

th e  w a r m  w a t e r  p r o c e s s .

T h e  s e lf - t u n in g  P I  c o n t r o l le r  is  b a s e d  on  an  a lg o r ith m  f o r  a  s e lf - t u n in g  P I D  c o n t r o l le r  

o f  a  S I S O  s y s t e m  b y  B a n y a s z  a n d  K e v i c z k y  [ 1 1 1 ] .  T h is  r e s e a r c h  c o n tr ib u te s  th e  

f o l lo w i n g  to  th e  o r ig in a l  a lg o r ith m  :

•  th e  m o d if ic a t io n  o f  th e  s e lf - tu n in g  P I D  c o n t r o l le r  to  th a t o f  a  s e lf - tu n in g  P I  

c o n t r o l le r  a n d
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•  th e  a d d it io n  o f  an  a n t i- in te g ra l w in d u p  m e c h a n is m  a n d  lim its  f o r  th e  P I-  

c o n t r o l le r  p a r a m e te r s .

5 . 5 . 2 .  T h e  M a t h e m a t i c a l  B a c k g r o u n d  o f  t h e  S e l f - T u n i n g  P I  C o n t r o l l e r

T h e  s e lf - t u n in g  P I  c o n t r o l le r s  u s e d  to  c o n t r o l  b o th  th e  o u t le t  f lo w  a n d  te m p e ra tu re  

v a r ia b le s  o f  th e  w a r m  w a t e r  p r o c e s s  a r e  b a s e d  o n  an  a lg o r it h m  b y  B a n y a s z  a n d  

K e v i c z k y  [ 1 1 1 ] .  T h is  original algorithm  u s e s  a  r e c u r s iv e  le a s t  s q u a r e s  ( R L S )  

te c h n iq u e  to  e s t im a te  a  s e c o n d  o r d e r  A R X  m o d e l o f  th e  p la n t  to  b e  c o n t r o l le d . T h e  

d e la y  b e tw e e n  th e  m o d e l in p u t a n d  o u tp u t  m u st  b e  k n o w n  a  p r io r i .  T h e  e s t im a te d  

s e c o n d  o r d e r  A R X  m o d e l c o e f f ic ie n t s  a r e  th e n  u s e d  to  c a lc u la t e  th e  p a r a m e te r s  o f  a  

P I P  c o n t r o l le r  w h e r e  th e  c o n t r o l le r  z e r o s  c a n c e l  th e  p r o c e s s  p o le s .  In  c o n t r a s t  to  th e  

o r ig in a l  a lg o r it h m , th is  r e s e a r c h  u s e s  a  first o r d e r  A R X  m o d e l o f  th e  p la n t , th e  

c o e f f i c ie n t s  o f  w h ic h ,  a re  e s t im a te d  b y  a  R L S  a lg o r ith m . T h e  P I  c o n t r o l le r  p a r a m e te r s  

a r e  c a lc u la t e d  s o  th a t  th e  P I  c o n t r o l le r  z e r o  c a n c e ls  th e  f i r s t  o r d e r  p r o c e s s  p o le .  T h e  

m a t h e m a t ic a l  d e r iv a t io n  o f  th is  s e l f - t u n in g  P I  c o n tr o lle r  a lg o r it h m , n o w  f o l lo w s .

T h e  in c r e m e n ta l f o r m  o f  an  a lg o r ith m  f o r  a  d is c r e te  t im e  P I  c o n t r o l le r  is  s h o w n  b y  

( 5 .4 6 )  -  w h e r e  n s e r v e s  a s  th e  ite r a t io n  v a r ia b le .

u{n) -  u ( n -  1)  =  q0e(n ) +  qxe { n - 1 )  ( 5 .4 6 )

I f  a  b a c k w a r d  d i f fe r e n c e  d is c r e t is a t io n  m e th o d  is  u s e d , th e n  th e  c o e f f ic ie n t s  q0, a n d  q}
h a v e  th e  f o l lo w i n g  v a lu e s  ( 5 .4 7 ,4 8 ) .

1o = K r ( l + h  (5-47)

<1\ — ~ K P ( 5 .4 8 )

where Ts  is  th e  sampling period,
KP is  th e  Proportional Gain o f  th e  P I  c o n t r o l le r  a n d  

Tj is  th e  Integral Time Constant o f  th e  P I D  c o n t r o l le r .

T h is  a lg o r it h m  g iv e s  an  a c c u r a t e  re p re s e n ta t io n  o f  an  id e a l P I  c o n t r o l le r  f o r  sm a ll 

s a m p lin g  t im e s  a n d  th u s , i f  d e s ir e d , th e  v a lu e s  o f  th e  q0 a n d  qj c a n  b e  c a lc u la t e d  

d ir e c t ly  f r o m  a n a lo g u e  P I  c o n t r o l le r  s e t t in g s  [9 9 ].

A  p r o c e s s  m o d e l  o f  th e  fo r m  g iv e n  b y  e q u a t io n  ( 5 .4 9 )  is  a s s u m e d , i .e . a  f i r s t  o r d e r  

A R X  m o d e l  ( in  th e  z  d o m a in ) .
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Y(z) nk _  b z _____

X( z )  \+ a Z-'
(5.49)

Letting  the contro lle r zero cancel the process pole gives (5.50).

1 + az~' =  1 +  —  z~ ‘
%

( 5 .5 0 )

T h e  fo r w a r d  p a th  t r a n s fe r  fu n c t io n  th e n  b e c o m e s  ( 5 . 5 1 )

Q(z>
1 ~ z - i ( 5 . 5 1 )

T h is  is  a  s y s t e m  c o n s is t in g  o f  c o n t r o l le r  a n d  p la n t w ith  th e  o p e n  lo o p  t r a n s fe r  fu n c tio n  

g iv e n  b y  e q u a t io n  ( 5 . 5 1 ) .  T h e  f o l lo w in g  a n a ly s e s  th e  m a g n itu d e  o f  th e  fre q u e n c y  

r e s p o n s e  |<2(co)| a n d  th e  p h a s e  r e s p o n s e  Z Q (0))  o f  th is  s y s te m .

q0b
|l -  c o s (coT)+j 's in (  0)7̂ 1

q0b

^ 4 s i n 2( ^ )

A t  th e  g a in  c r o s s o v e r  f r e q u e n c y ,  |<2(co)| =  l ,  r e s u lt in g  in e q u a t io n  ( 5 .5 2 ) .

q0b = 2 s i n ( - ^ ~ 2 ^ ^ -  = (o0T  2 0 ( 5 .5 2 )

W it h  a  p h a s e  m a r g in  o f  (|>a , th e  p h a s e  r e s p o n s e  is  c a lc u la t e d  a s  f o l lo w s .

Z Q ( G>„) =  - a „ n n k  + 1 )  -  t a n - ' ( ,
l - c o s ( o )0T)

= -(O0T(nk + l)- ta n  * (c o t(— ° ^ ) )
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( 5 .5 3 )

<!>„ = Z ( 2 ( ® 0) + 7 t  

2(|)fl =  -d )0T(2nk + l ) + 7 l  ( 5 .5 4 )

C o m b in in g  e q u a t io n s  ( 5 .5 2 )  a n d  ( 5 .5 4 )  r e s u lt s  in  e q u a t io n  ( 5 .5 5 ) .

( 5 - 5 5 )

Tl — 1
I f  a  p h a s e  m a r g in  o f  <j)a =  =  6 0 °  is  a p p lie d ,  th e n  e q u a t io n  ( 5 .5 6 )  re s u lt s .

T j ( 5 - 5 6 )

F r o m  e q u a t io n  ( 5 .5 0 ) ,  e q u a t io n  ( 5 .5 7 )  is  o b ta in e d .

qx =  ç 0o  ( 5 .5 7 )

E q u a t io n s  ( 5 .5 6 )  a n d  ( 5 .5 7 )  c o m b in e d  w ith  e q u a t io n  ( 5 .4 7 ) ,  a l lo w  th e  c a lc u la t io n  o f  

th e  c o e f f ic ie n t s  o f  th e  P I  c o n t r o l le r ,  KP a n d  TI, f r o m  th e  o n - lin e  e s t im a te d  f i r s t  o r d e r  

A R X  m o d e l.

A  p r o b le m  o f t e n  e n c o u n t e r e d  w ith  th e  P I  c o n t r o l le r  is  integral windup. O n e  s im p le  

s o lu t io n  f o r  in t e g r a l  w in d u p  is  to  s to p  u p d a t in g  th e  in te g ra l  te r m  o f  th e  P I  c o n t r o l le r  i f  

th e  v a lu e  o f  actuator signal e x c e e d s  p r e d e f in e d  b o u n d a r ie s ,  th e s e  lim its  c a n  b e  c h o s e n  

t o  c o r r e s p o n d  to  a c t u a t o r  s a tu ra t io n . T o  e n a b le  th e  re a lis a t io n  o f  th is  s o lu t io n , th e  P I  

a lg o r i t h m  c a n  b e  r e w r it te n  in  th e  f o r m  o f  e q u a t io n  ( 5 .5 8 )  w h e r e  th e  p r o p o r t io n a l  Up(n) 

a n d  th e  in t e g r a l  ut(n) te rm s  a re  c a lc u la t e d  s e p a r a te ly .

up {n) =  Kpe(n ) P r o p o r t io n a l  T e r m

T
u ,(n ) =  u,(n — 1 )  +  K p — e ( n - 1 )  I n te g r a l  T e r m

u(n) = up(n) + u,(n)  ( 5 .5 8 )
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T h e  P I  c o n t r o l le r  a lg o r ith m  d e s c r ib e d  b y  e q u a t io n s  ( 5 .4 6 ) ,  ( 5 .4 7 ) ,  ( 5 .5 0 ) ,  ( 5 .5 6 ) ,  

( 5 .5 7 )  a n d  ( 5 .5 8 )  i s  u s e d  a s  a  b a s is  f o r  a  s e l f - t u n in g  P I  c o n tro lle r .

5 . 5 . 3 .  S i m u l a t i o n  S o f t w a r e  f o r  t h e  S e l f - T u n i n g  P I  C o n t r o l l e r

T h is  s e c t io n  d e s c r ib e s  th e  s im u la t io n  s o f t w a r e  d e v e lo p e d  f o r  th e  s e lf - tu n in g  P I  

c o n t r o l le r .  T h e  s im u la t io n  ic o n s  f o r  th e  M A T L A B / S I M U L I N K  e n v ir o n m e n t  a re  

s h o w n  in  F i g u r e  5 . 3 8 ,  s e e  p a g e  1 6 1 ,  a n d  a re  e x p la in e d  b e lo w  :

•  "RLS ID " -  is  th e  A R X  M o d e l  R L S  id e n t if ic a t io n  a lg o r ith m . T h is  a lg o r ith m  h a s  

th e  c a p a b il i ty  to  a c c e p t  in it ia l v a lu e s  f o r  th e  e s t im a te d  c o e f f ic ie n t s  in  its  u s e r  

m e n u . T h u s  p r e v io u s  s y s te m  id e n t if ic a t io n  r e s u lts  c a n  b e  u s e d  to  in it ia lise  th e  

A R X  m o d e l  R L S  c o e f f ic ie n t s .

•  "PI Parameters", "PID Parameters” -  c a lc u la t e  th e  c o n t r o l le r  p a r a m e te r s  f o r  P I  

a n d  P I D  c o n t r o l le r s  r e s p e c t iv e ly ,  b a s e d  o n  th e  B a n y a s z  a n d  K e v i c z k y  m e th o d . 

T h e  u s e r  c a n  s p e c i f y  th e  d e s ir e d  p h a s e  m a r g in  o f  th e  c o n t r o l le r  r e s p o n s e  a n d  th e  

m a x im u m  a n d  m in im u m  v a lu e s  f o r  th e  P I / P I D  c o n t r o l le r  c o e f f ic ie n t s .  B o t h  o f  

t h e s e  ic o n s  r e q u ir e  th e  A R X  m o d e l c o e f f ic ie n t s  f r o m  th e  R L S  a lg o r ith m  a s 

in p u ts .

•  "Adaptive PI", "Adaptive PID" -  a r e  th e  s im u la t io n  ic o n s  f o r  P I  a n d  P I D  

c o n t r o l le r s  w h ic h  re q u ire  th e  c o r r e s p o n d in g  P I ( D )  c o n t r o l le r  p a r a m e te r s  a n d  th e  

e r r o r  s ig n a l  a s  in p u ts .

•  "Adapt, with Anti-Windup" - is  th e  s im u la t io n  ic o n  f o r  a  P I  c o n t r o l le r  w ith  an t-  

in t e g r a l  w in d u p , w h e r e  th e  in t e g r a l  te rm  u p d a t e  d e p e n d s  o n  a  u s e r  d e f in e d  v a lu e  

o f  th e  m a g n it u d e  o f  th e  e r r o r  s ig n a l .

•  "Adapt. P I with u-fback” -  is  th e  s im u la t io n  ic o n  f o r  a  P I  c o n t r o l le r  w ith  a n ti

in t e g r a l  w in d u p  w h e r e  th e  in te g ra l  u p d a t e  is  o n ly  p e r fo r m e d  w h e n  th e  a c tu a to r  

s ig n a l  l ie s  w ith in  u s e r  d e f in e d  b o u n d a r ie s .  T h e  fo u r th  in p u t is  f o r  th e  a c tu a to r  

s ig n a l.
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; R L S  ID > A d a p t iv e  P ID  C o n tro lle r >

PI P a r a m e t e r s
> > 

> >

A d a p t iv e  P I C o n tro lle r >

>PID  P a r a m e t e r s

> >

>■

> A d a p t . PI w ith  A n ti-W in d u p

A d a p t .  P I w ith u - fb a c k  >

F ig u r e  5 . 3 8  - S e l f - T u n in g  P I D  c o n t r o l le r  s im u la t io n  ic o n s .

A s  th e  w a r m  w a t e r  p r o c e s s  v a r ia b le s  to  b e  c o n t r o l le d ,  h a v e  n o n -z e r o  s t e a d y  s ta te  

v a lu e s ,  h ig h  p a s s  f i l t e r s  w h e r e  a p p lie d  to  a ll o f  th e  in p u ts  o f  th e  R L S  id e n t if ic a t io n  

a lg o r it h m . T h e s e  h ig h  p a s s  f i l t e r s  s e r v e  to  r e m o v e  D C  s ig n a ls  f r o m  th e  in p u ts  a n d  a re  

d is c r e t e  H R . fo u r t h  o r d e r  B u t t e r w o r t h  f i l t e r s  w ith  a  c u t - o f f  f r e q u e n c y  o f  0 . 0 0 0 3 3 3  H z . 

T h is  f r e q u e n c y  is  e q u iv a le n t  to  o n e  h u n d re d th  o f  th e  s a m p lin g  f r e q u e n c y ,  w h e r e  th e  

s a m p lin g  p e r io d  is  3 0  s e c o n d s .

5 . 5 . 4 .  R e s u l t s

5 . 5 . 4 . I .  I n t r o d u c t i o n

T h is  s e c t io n  o f  th e  c h a p te r  p r e s e n ts  th e  r e s u lts  o f  th e  s im u la te d  s e lf - tu n in g  P I  c o n tro l 

o f  th e  M I S O  a n d  m u lt i - v a r ia b le  c o n tro l o f  th e  o u t le t  f lo w  a n d  te m p e ra tu re  v a r ia b le s  o f  

th e  w a r m  w a t e r  p r o c e s s .

T h e  A N N  m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s  w a s  u s e d  a s  th e  p la n t  m o d e l in  a ll o f  th e
7t — 1

s e lf - t u n in g  P I  c o n t r o l  s im u la t io n s . T h e  p h a s e  m a r g in  c|)a w a s  s e t  to  a  v a lu e  o f

r a d ia n s , c o r r e s p o n d in g  to  a p p r o x im a t e ly  6 0  d e g r e e s .  F o r  th e  c h o s e n  p h a s e  m a r g in , 

th e  c o n t r o l le r  z e r o  s h o u ld  c a n c e l th e  p r o c e s s  p o le  r e s u lt in g  in  a  f i r s t  o r d e r  f o r w a r d  

lo o p  t r a n s fe r  fu n c t io n , th u s  n o  o v e r s h o o t  s h o u ld  o c c u r  in  th e  c o n t r o l le r  r e s p o n s e .

F o r  a l l  s im u la t io n s  in  th is  s e c t io n , th e  v a lu e  o f  th e  fo r g e t t in g  f a c t o r  u s e d  in  th e  R L S  

id e n t i f ic a t io n  a lg o r it h m  w a s  s e t  to  0 .9 9 .  T h is  v a lu e  w a s  fo u n d  to  g i v e  a  g o o d  

c o m p r o m is e  b e t w e e n  th e  r o b u s tn e s s  a n d  a d a p ta b i l ity  o f  th e  R L S  a lg o r ith m .
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F o r  th e  M I S O  a n d  m u lt iv a r ia b le  c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s ,  s ta t ic  d e c o u p lin g  

o f  th e  p la n t  w a s  u t il is e d . S ta t ic  d e c o u p lin g  a tte m p ts  to  d e c o u p le  th e  c o n t r o lle d  

v a r ia b le s  a t D C  f r e q u e n c y .  T h e  v a lu e s  o f  th e  e le m e n ts  o f  th is  d e c o u p lin g  m a tr ix  w e r e  

c a lc u la t e d  f r o m  th e  f i r s t  o r d e r  A R X  m o d e ls  o f  th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  o f  

p la n t  a s  d e s c r ib e d  S e c t io n  4 .8  o f  th is  th e s is .  T h e  d e c o u p lin g  m a tr ix  is  c a lc u la t e d  f r o m  

th e  g e n e r a l  m o d e ll in g  e q u a t io n  o f  th e  p la n t , e q u a t io n  ( 5 .5 9 ) ,  a s  f o l lo w s  :

~F o u M ) '  M u ' F c o ' M )

J o u t e ) . m 21 M 22_ _ F „ o t e ) _

where M u ,M l2,M 2\ a n d  M 22 a re  A R X  m o d e ls .

C a lc u la t in g  th e  s t e a d y  s ta te  g a in s  o f  th e  in d iv id u a l  m o d e ls  a n d  in v e r t in g  ( 5 .5 9 )  g iv e s  :

’ Fhol(q ) ' = M F o , t e )

J c o l M ) . J o u t e ) .

-i
is  th e  d e c o u p l in g  m a t r ix  a t s te a d y  s ta te  p la n t  a n d

K n , Kn ,K 2X a n d  K22 a re  th e  s te a d y  s ta te  g a in s  o f  th e  A R X  m o d e ls  

^ i i ’ ^ i 2 ’ ^ 2 i a n d M 22-

where M =
Kn Kn 

2̂1 K22

T h e  o p e r a t in g  p o in t  c h o s e n  f o r  th is  m a tr ix  c o r r e s p o n d e d  to  an  o u t le t  f lo w  o f  2 0 0 m l/ s  

a n d  th u s  th e  A R X  m o d e l  c o e f f ic ie n t s  w e r e  ta k e n  d ir e c t ly  f r o m  T a b le  4 .5  o n  p a g e  8 9 . 

T h is  d e c o u p l in g  m a t r ix  is  s h o w n  b e lo w  :

S t e a d y  s ta te  d e c o u p lin g  m a t r ix ,  M =
0 .7 3 6 8 5  2 .8 3 8 7 2  x l O ~5

0 .6 0 3 2 7  - 2 . 8 3 8 7 2  x l O ' 5

5 . 5 . 4 . 2 .  S T - P I  O u t le t  F l o w  C o n t r o l

F ig u r e  5 . 3 9  s h o w s  th e  b lo c k  d ia g r a m  o f  th e  s o f t w a r e  u s e d  to  s im u la te  th e  S T - P I  

c o n t r o l  o f  th e  o u t le t  f lo w  o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  f ir s t  o u t le t  f lo w  S T - P I  

c o n t r o l  s im u la t io n  w a s  p e r fo r m e d  without initialisation o f the first order ARX model 
coefficients in  th e  R L S  id e n t if ic a t io n  b lo c k . T h e  s e t p o in t  f o r  th e  o u t le t  f lo w  w a s  1 0 0  

m l/s  w ith  a  s q u a r e  w a v e  o f f s e t  o f  ± 1 2 . 5  m l/s . T h e  r e s u lts  o f  th is  f i r s t  s im u la t io n  a re  

s h o w n  in  F ig u r e s  5 .4 0  - th e  o u t le t  a n d  in le t  f lo w s ,  5 . 4 1  - th e  id e n t if ie d  A R X  m o d e l 

c o e f f i c ie n t s  a n d  5 .4 2  - th e  P I  c o n t r o l le r  c o n s ta n ts .
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[¡TN-
ab Ub N-|

Square wave 
around 

an offset

Fout

RLS 1st 
Order Model 
Identification

SelfT unm g 
PI Controller 

with Excitation 
Signal

%

Inlet Flow 
Saturation

Gains K cold  and K hot 
divide the controller 
ouput betw een the 

hot and cold inlet flows

High Pass 
Filter %

Fin

Kcold

Khot

&

%

Fout I

High Pass 
Filter

Hot inlet 
T  emperature

Warm Water 
'Process ANN 

Model

- » I Tout I

F i g u r e  5 .3 9  - B l o c k  d ia g r a m  o f  th e  s e l f - t u n in g  P I  c o n t r o l  o f  th e  o u t le t  f lo w .

Tiine(s) Tint (s)

F ig u r e  5 .4 0  - T h e  in le t  a n d  o u t le t  f lo w s  f o r  uninitialised  S T - P I  o u t le t  f lo w  c o n tr o l.

O.OOE+OO 

-1.00&01 
-2.W E-01 

-3.0U&01 

-4.(X)E-01 

i -5.(X)E-01 

-6.00E4H 

-7.(X)E-<)1 

-S.OO&fll 

-9.00E-01 

-l.(X)E+00

Time (s) Tlme(s)

F ig u r e  5 . 4 1  - A R X  m o d e l  c o e f f ic ie n t s  f o r  uninitialised  S T - P I  o u t le t  f lo w  c o n t r o l .
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I.00E+O2
9.00601 
8.00E+01 
7.00E+<)1 
600B+01
5.00601 
4.006*01 
3.0Q&01 
2.00E+01 
1.006*01 
0.006*00

Kp (S tmvntmvfthe

-« <N cn

1.00B01
9.00E-02
8.00&02

7.00602
6.00602 

2  5.00E-02
4.00602
3.00602
2.00602 
1.00602 

0.006+00

Kjufttiximum value

---------------------- n tr i t
—n —ft

Tline(s)

F i g u r e  5 .4 2  - T h e  P I  c o n t r o l le r  p a r a m e te r s  f o r  uninitialised S T - P I  o u t le t  f lo w  c o n t r o l .

T h e  s e lf - t u n in g  P I  c o n t r o l le r  is  a b le  to  c o n t r o l  th e  o u t le t  f lo w  o f  th e  w a r m  w a t e r  

w it h o u t  a n y  s t e a d y  s ta t e  e r r o r  a n d  w ith  a  r is e  t im e  o f  a p p r o x im a t e ly  1000 s e c o n d s  

a r o u n d  th e  o p e r a t in g  p o in t  o f  1 0 0  m l/s . T h e  o v e r s h o o t  p r e s e n t  o n  th e  n e g a t iv e  g o in g  

s te p s  is  d u e  to  th e  f a c t  th a t  th e  P I  c o n t r o l le r  z e r o  d o e s  n o t  c a n c e l th e  f i r s t  o r d e r  

p r o c e s s  p o le  a n d  th u s  a  s e c o n d  o r d e r  f o r w a r d  lo o p  t r a n s fe r  fu n c t io n  re s u lt s .  T h is  

im p lie s  th a t th e  f i r s t  o r d e r  A R X  m o d e l o f  th e  p r o c e s s  is  n o t  c o r r e c t  a t th is  o p e r a t in g  

p o in t . T h e  in c o r r e c t ly  id e n t i f ie d  A R X  m o d e l is  d u e  to  th e  n o n - lin e a r ity  o f  th e  p r o c e s s  

a ro u n d  th e  c h o s e n  o p e r a t in g  p o in t .

W it h o u t  in it ia l is a t io n , th e  A R X  m o d e l c o e f f ic ie n t s  c o n v e r g e  o n ly  a ft e r  th e  e q u iv a le n t  

o f  7 2 0 0  s a m p le s . B y  m e a n s  o f  lim it in g  th e  P I  c o n t r o l le r  p a r a m e te r s  to  u s e r  d e f in e d  

m a x im u m  v a lu e s ,  th e  c o n t r o l le r  p e r fo r m a n c e  is  n o t  a d v e r s e ly  e f fe c t e d  b e fo r e  A R X  

m o d e l c o n v e r s io n  b u t  s tr o n g  v a r ia n c e  is  e v id e n t  o n  th e  m a n ip u la te d  v a r ia b le . I f  th e  P I  

c o n t r o l le r  p a r a m e te r  lim its  w e r e  n o t  p r e s e n t , th e n  s m a ll  o r  z e r o  v a lu e s  o f  th e  A R X  

m o d e l  c o e f f ic ie n t s  w o u ld  re s u lt  in  u n r e a lis t ic a lly  la r g e  P I  c o n t r o l le r  p a r a m e te r  v a lu e s ,  

th u s  le a d in g  to  a d v e r s e  c o n t r o l le r  p e r fo r m a n c e . T h e  s p ik e s  e v id e n t  in  th e  e s t im a te d  

A R X  m o d e l  c o e f f i c ie n t s  a r e  c a u s e d  b y  th e  s te p  s ig n a l  o n  th e  se tp o in t .

Time(s)

4.00E-04

3.50604

3.00604

2.50E-04<
E, 200E-04

E  I.50E-04 

UUB4M 

5.(X)E4)5 

C).0C)E+iK)

-i-p*!
■ lUiii

L Lr
,

r-4 <*i

Tim e (s)

Figure 5.43 - The in le t and outlet flows fo r in itia lised ST-PI outlet f lo w  control.
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O.OOE+OO 
-l.OO&Ol 
-2.00 E-Ol 
-3.00E-01 
.̂OOE-Ol 

i -5.00E-01 
-6.00E-01 
-7.00E-01 
-8.00E-01 
-9.00&01 
-l.OOE+OO

Tim e(s)

1.0UBÍE

8.00&03

b
4.U0&03

2.00&ÍB

0.00BKX)

h

Time(s)

F ig u r e  5 .4 4  - A R X  m o d e l  c o e f f ic ie n t s  f o r  initialised  S T - P I  o u t le t  f lo w  c o n tr o l.

Time (s) Tim e (s)

F ig u r e  5 .4 5  - P I  c o n t r o l le r  c o n s ta n ts  f o r  initialised S T - P I  o u t le t  f lo w  c o n tr o l.

T h e  v a r ia n c e  o f  th e  in p u t  f lo w  s ig n a l e v id e n t  a f t e r  c o n v e r g e n c e  is  a t t r ib u ta b le  to  th e  

e x c i t a t io n  s ig n a l  o f  a m p litu d e  ± 1 0  m l/s , w h ic h  is  a d d e d  to  th e  P I  c o n t r o l le r  o u tp u t  to  

a s s i s t  th e  R L S  id e n t i f ic a t io n  a lg o r ith m  to  le a r n  th e  s y s t e m  t r a n s fe r  fu n c t io n  in  c lo s e d  

lo o p .

T h e  s e c o n d  s im u la t io n  p e r fo r m e d  is  a  re p e a t  o f  th e  p r e v io u s  s im u la t io n  w ith  in it ia lise d  

f i r s t  o r d e r  A R X  m o d e l  c o e f f ic ie n t s .  T h e  in it ia l v a lu e s  u s e d  a r e  ta k e n  fr o m  c o n v e r g e d  

v a lu e s  o f  th e  p r e v io u s  s im u la t io n  a n d  a re  -  a =  - 0 .9 7  a n d  b =  0 .0 0 8 5 .  D u e  to  th e  

A R X  m o d e l  c o e f f ic ie n t  in it ia lisa t io n , th e  in itia l c o n t r o l le r  p e r fo r m a n c e  is  b e t t e r  th an  

th e  p r e v io u s  s im u la t io n . T h is  im p r o v e d  p e r fo r m a n c e  is  c le a r ly  s e e n  in  th e  r e d u c e d  

in le t  f lo w  v a r ia n c e  d u r in g  th e  f i r s t  2 0 0 0 0  s e c o n d s  o f  o p e r a t io n . T h e  c o n t r o l le r  

d y n a m ic s  a r e  v e r y  s im ila r  to  th o s e  o f  th e  u n in it ia lis e d  c o n t r o l le r .  T h e  r e s u lt s  o f  th is  

s im u la t io n  a re  fo u n d  in  F ig u r e s  5 .4 3  - th e  o u t le t  a n d  in le t  f lo w s ,  5 .4 4  - th e  id e n t if ie d  

A R X  m o d e l  c o e f f i c ie n t s  a n d  5 .4 5  - th e  P I  c o n t r o l le r  c o n s ta n ts .

F i g u r e  5 .4 6  s h o w s  th e  r e s p o n s e s  o f  th e  S T - P I  c o n t r o l le r  a ro u n d  th r e e  o t h e r  o p e r a t in g  

p o in t s  -  2 0 0  m l/s  ± 2 5  m l/s , 1 5 0  m l/s  ± 1 8 . 7 5  m l/s  a n d  5 0  m l/s  ± 6 .2 5  m l/s . T h e s e  

r e s u lt s  s h o w  th a t th e  S T - P I  c a n  a d a p t  to  d if fe r e n t  o p e r a t in g  p o in ts  an d  s till p r o v id e  

g o o d  c o n t r o l .  T h e  d i f fe r in g  d y n a m ic  r e s p o n s e s  o f  th e  c o n t r o l le r  r e f le c t  th e  p la n t
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d y n a m ic s  a t  th e  d if fe r e n t  o p e r a t in g  p o in ts .  D u e  to  p la n t  n o n - lin e a r it ie s , th e  A R X  

m o d e l  id e n t if ic a t io n  is  n o t  c o r r e c t  a s  s e c o n d  o r d e r  r e s p o n s e s  a re  c le a r ly  se e n  a t  1 5 0  

m l/s  a n d  200  m l/s .

2 .5 0 E - 0 4

2 .0 0 E - 0 4
<
&  1 . 5 0 E - 0 4  £
E  1 .0 0 E - 0 4  
15
I  5 .0 0 E - 0 5  

0 .0 0 E + 0 0
o o o o o o o o Oo o o o o o o o oo o o o o o o o o<N VO 00 o CN rr VO oo<N <r> vo [> oo On o

T i m e  (s)

F ig u r e  5 .4 6  - S T - P I  o u t le t  f l o w  c o n t r o l  a ro u n d  th r e e  o p e r a t in g  p o in ts .

5.5A.3. S T - P I  O u t le t  T e m p e r a t u r e  C o n t r o l

F ig u r e  5 .4 7  - S e l f - t u n in g  P I  c o n tro l o f  th e  w a r m  w a t e r  p r o c e s s  o u t le t  te m p e ra tu re .

T h is  s e c t io n  d e ta ils  t w o  s im u la t io n s  o f  S T - P I  c o n t r o l  o f  th e  o u t le t  te m p e ra tu re  o f  th e  

w a r m  w a t e r  p r o c e s s ,  w h e r e  F ig u r e  5 .4 7  s h o w s  th e  s im u la t io n  s o f t w a r e  u s e d . T h e  f ir s t
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s im u la t io n  a s s u m e s  th a t n o  d is tu r b a n c e s  a re  p r e s e n t  o n  th e  h o t  a n d  c o ld  in le t 

t e m p e r a t u r e s .  In  o r d e r  to  in v e s t ig a te  th e  d is tu r b a n c e  re je c t io n  p r o p e r t ie s  o f  th e  S T -  

P I ,  th e  s e c o n d  s im u la t io n  a d d s  s in u s o id a l d is tu r b a n c e  s ig n a ls  to  th e  h o t  a n d  c o ld  in le t 

te m p e r a t u r e  v a r ia b le s  a s  d e f in e d  b y  e q u a t io n  ( 5 .7 )  a n d  u s e d  in  th e  S P F C  te m p e ra tu re  

c o n t r o l  in  S e c t io n  5 .3 .

T h e  r e s u lt s  o f  th e  s im u la t io n  w ith o u t  d is tu r b a n c e  v a r ia b le s  a re  s h o w n  in  F ig u r e s  5 .4 8  - 

th e  o u t le t  te m p e r a tu r e  a n d  h o t  a n d  c o ld  in le t  f lo w s ,  5 .4 9  -  th e  id e n t if ie d  A R X  m o d e l 

c o e f f ic ie n t s  a n d  5 . 5 0  - th e  P I  c o n t r o l le r  c o n s ta n ts . T h e  o s c i l la t o r y  r e s p o n s e  o f  th e  

c o n t r o l le r  i s  d u e  to  th e  f o l l o w i n g  c a u s e s  :

•  th e  in h e re n t n o n - l in e a r i ty  o f  th e  p la n t  th e rm a l b e h a v io u r  a n d

•  o s i l la t o r y  n a tu re  o f  th e  m a n ip u la te d  v a r ia b le s .

F ig u r e  5 .4 8  - O u t le t  te m p e r a tu r e  a n d  in le t  f lo w s  f o r  S T - P I  c o n tro l o f  o u t le t  

temperature.

2 .9 0 E + 0 1

2 .7 0 E + 0 1
C/3
% 2 . 5 0 E + 0 1  

'T ' 2 . 3 0 E + 0 1
U

ts  2 . 1 0 E + 0 1u

s  1 . 9 0 E + 0 1  

H
1 . 7 0 E + 0 1  I

1 . 5 0 E + 0 1
o o o o o o o o o
o o o o o o o o o
o o o o o o o o o
<N 00 o CS VO 00
t-H n c n 'O t~- 00 OS o

T im e  (s)

1.5CEOÍ

3? 125E04 
<*
E, 1.0GE04 *

E  7.5CBQ5 

c 5.0CE05 

X  25ÍEG5

O.OCE+OO

T lm ;(s) Time (s)

2.50E-04

&  2.00E-04 
<0̂

 1.50E-04 

C
5  1.00E-04a
2
U 5.00E-05

O.OOE+OO
o
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O.OOE+OO

-2.00E-01

-4.00E-01

« -6.00E-01 

-8.00E-01 

-l.OOE+OO 

-1.20E+00

Time (s)

4.0Ü&Œ 

3.ÜDB03 

20C&C3 

1.00B03 

5 O.OtEKJO 

-1.00BCS 

-20CE03 

-3.00EG3

W V V

Uire(s)

F i g u r e  5 .4 9  - I d e n t i f ie d  A R X  c o e f f ic ie n t s  f o r  S T - P I  o u t le t  te m p e ra tu re  c o n tro l.

1.00E+02 
9.00E+01 
8.00E+01 
7.00E+01 
6.0ÛE+01 

£  5.00E+01 
4.00E+01 
3.00E-K)1 
2.00E+01 
l.OOE+Ol 
OOOE+OO

« <N m
Time (s) Time (s)

F ig u r e  5 . 5 0  -  P I  C o n t r o l le r  c o e f f i c ie n t s  f o r  S T - P I  o u t le t  te m p e ra tu re .

E v e n  t h o u g h  th e  r e s p o n s e  is  o s c i l la t o r y ,  th e  S T - P I  c o n t r o l le r  is  a b le  to  f o l lo w  th e  

s e t p o in t  w it h  a n  a c c u r a c y  o f  ± 0 .5  d e g r e e s  C e ls iu s  a f t e r  s e t t l in g  t im e , c o r r e s p o n d in g  to  

2%  o f  fu l l  s c a le .  C o n s id e r in g  th e  n o n - lin e a r ity  o f  th e  th e rm a l r e s p o n s e  o f  th e  w a r m  

w a t e r  p r o c e s s ,  th is  e r r o r  is  q u ite  s a t is fa c t o r y .  T h e  v a r ia n c e  o n  th e  m a n ip u la te d  

v a r ia b le s  i s ,  h o w e v e r ,  m o r e  s im ila r  to  a n  o n - o f f  c o n t r o l le r  a n d  w h e n  ru n  o n  a  re a l 

s y s t e m  c o u ld  le a d  to  a c u ta to r  w e a r  a n d  e v e n tu a l  fa i lu r e .

F i g u r e  5 . 5 1  s h o w s  th e  r e s p o n s e  o f  th e  S T - P I  c o n t r o l le r  w ith  a  d is tu r b a n c e  s ig n a l 

a d d e d  to  th e  h o t  in le t  te m p e ra tu re . T h e  d is tu r b a n c e  s ig n a l  u s e d  is  th a t a p p lie d  to  th e  

S P F C  f o r  o u t le t  te m p e r a t u r e  c o n t r o l  a n d  d e f in e d  b y  e q u a t io n  ( 5 .7 )  o n  p a g e  1 3 6 .  

T h e r e  i s  p r a c t ic a l ly  n o  d i f fe r e n c e  b e tw e e n  th e  n o n -d is tu rb e d  a n d  d is tu r b e d  c o n t r o l le r

r e s p o n s e s .  T h is  g o o d  d is tu r b a n c e  re je c t io n  is  a t t r ib u ta b le  to  th e  d ire c t  f e e d  b a c k  in 

th e  S T - P I  c o n t r o l le r  d e s ig n .
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^  2 . 7 0 E + 0 1  
3

'M 2 . 5 0 E + 0 1QJU
^  2 . 3 0 E + 0 1
Ih

|  2 . 1 0 E + 0 1

|  1 . 9 0 E + 0 1  
<u

H  1 . 7 0 E + 0 1  

1 . 5 0 E + 0 1

2.90E+01

o o o o o o o o o
o o o o o o o o o
o o o o o o o o oVO oo o ■'t VO 001—H (N cn ■'t VO l> 00 ON o

T i m e  (s)

F i g u r e  5 . 5 1  - T e m p e r a tu r e  c o n tro l w it h  d is tu r b a n c e  v a r ia b le s .

F i g u r e  4 . 5 2  c o n t a in s  th e  S T - P I  c o n t r o l le r  r e s p o n s e  f o r  th e  o u t le t  te m p e ra tu re  

s e t p o in t s  o f  2 0  ± 2 . 5 ,  2 5  ± 2 . 5  a n d  3 0  ± 2 . 5  d e g r e e s  C e ls iu s .  T h e  S T - P I  c o n t r o l le r  

a c h ie v e s  th e  s a m e  le v e l  o f  o u t le t  te m p e ra tu re  c o n t r o l  f o r  th e s e  th r e e  o p e r a t in g  p o in ts  

w it h  o s c i l la t io n  o f  th e  c o n t r o l le r  v a r ia b le  b e in g  d u e  to  th e  n o n - l in e a r i ty  o f  th e  p la n t .

3 . 2 5 E + 0 1

3 . 0 0 E + 0 1

3
£  2 . 7 5 E + 0 14>
~  2 . 5 0 E + 0 1(H
I  2 . 2 5 E + 0 1
cu
g  2 .0 0 E + 0 1<uH

1 . 7 5 E + 0 1

1 . 5 0 E + 0 1
o o o o o o o o o
o o o o o o o o o
o o o o o o o o oCN VO oo o <N VO oo(N cn VO c- 00 Cv o

T i m e  (s)

Figure 5.52 - ST-PI outle t temperature control around three operating points.
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5 . 5 . 4 . 4 .  S T - P I  M u l t i v a r i a b l e  C o n t r o l

T w o  e x a m p le s  o f  th e  m u litv a r ia b le  S T - P I  c o n tro l o f  th e  o u t le t  f lo w  a n d  te m p e ra tu re  

o f  th e  w a r m  w a t e r  p r o c e s s  a r e  b r ie f ly  p r e s e n t e d  in  th is  s e c t io n . A  b lo c k  d ia g r a m  o f  

th e  s im u la t io n  s o f t w a r e  u s e d  f o r  th e s e  s im u la t io n s  is  s h o w n  in  F ig u r e  5 .5 3 .

F i g u r e  5 . 5 3  - M u lt iv a r ia b le  s e l f - t u n in g  P I  c o n tro l o f  th e  w a r m  w a te r  p r o c e s s .
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m l/s  with h o t  in le t  te m p e ra tu re  d is tu r b a n c e  s ig n a l .

A s  th e  S T - P I  c o n t r o l le r  is  a  S I S O  c o n t r o l le r ,  th e  d e c o u p lin g  m a tr ix  d e s c r ib e d  in 

S e c t io n  5 . 4 . 4 . 1  a n d  g iv e n  b y  e q u a t io n  ( 5 .6 0 )  is  u s e d  to  d e c o u p le  th e  c o n t r o l le d
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v a r ia b le s .  B y  m e a n s  o f  d e c o u p lin g , s e p a r a te  S I S O  S T - P I  c o n t r o l le r s  f o r  b o th  o u t le t  

f lo w  a n d  te m p e r a tu r e  c a n  b e  u t il is e d . T h e  d e c o u p lin g  m a t r ix  u s e d , is  f o r  D C  

f r e q u e n c y  d e c o u p l in g  a t a n  o p e r a t in g  p o in t  o f  200  m l/s .

T h e  f i r s t  s im u la t io n , w it h o u t  an  a d d e d  d is tu r b a n c e  s ig n a l  o n  th e  h o t  in le t  f lo w  

t e m p e r a t u r e , is  s h o w n  in  F ig u r e  5 . 5 4  a n d  th e  c o n t r o l le r  r e s p o n s e  w it h  a  d is tu r b a n c e  

h o t  in le t  f lo w  te m p e r a tu r e  is  s h o w n  in  F ig u r e  5 . 5 5 .  B o t h  c o n t r o l le r  r e s p o n s e s  s h o w  

th a t  th e  S T - P I  c o n t r o l le r  w ith  th e  s ta t ic  d e c o u p lin g  is  u n a b le  to  c o n t r o l  b o th  o u t le t  

f lo w  a n d  o u t le t  te m p e r tu r e  c o n c u r r e n t ly . T h is  is  d u e  to  th e  f a c t  th a t  th e  d e c o u p lin g  

u s e d  is  a  s im p le  m a t r ix  w h ic h  d o e s  n o t  e v e n  a tte m p t to  c o m p e n s a te  f o r  th e  n o n -lin e a r  

d y n a m ic s  o f  th e  p la n t . I f  a c c u r a te  n o n - lin e a r  d y n a m ic  d e c o u p lin g  fu n c t io n s  w e r e  

u t i l is e d  th e  S T - P I  w o u ld  e x h ib it  im p r o v e d  m u lt iv a r ia b le  c o n tro l o f  th e  p la n t .

5 . 5 . 5 .  S u m m a r y

T h is  s e c t io n  o f  th e  c h a p te r  h a s  d e s c r ib e d  th e  d e v e lo p m e n t  o f  a  S I S O  s e lf - t u n in g  P I  

c o n t r o l  s t r a t e g y  a n d  its  a p p lic a t io n  to  th e  w a r m  w a t e r  p r o c e s s  f o r  th e  M I S O  an d  

m u lt iv a r ia b le  c o n t r o l  o f  th e  o u t le t  f lo w  a n d  te m p e r a tu r e  v a r ia b le s .  T h e  fo l lo w in g  

s e c t io n  c o m p a r e s  th is  c o n t r o l  s t r a t e g y  w ith  th e  S O C  a n d  S P F C  p a r a d ig m s  a n d  

c h o o s e s  a n  a d a p t iv e  f u z z y  c o n t r o l  s t r a t e g y  f o r  a p p lic a t io n  to  th e  c o n t r o l  o f  th e  re a l 

p la n t .

5 .6 .  C o n t r o l l e r  A p p r a i s a l

A  c o m p a r is o n  a n d  c o n t r a s t  o f  th e  th r e e  a d a p t iv e  c o n t r o l  s t r a t e g ie s  d e s c r ib e d  in  th is 

c h a p t e r  f o l lo w s ,  w it h  o n e  o f  th e  a d a p t iv e  fu z z y  c o n t r o l  p a r a d ig m s  b e in g  c h o s e n  fo r  

a p p l ic a t io n  to  th e  c o n t r o l  o f  th e  r e a l  w a r m  w a t e r  p r o c e s s .

•  Controller error - b a s e d  o n  c o n t r o l le r  e r r o r ,  th e  b e s t  c o n t r o l le r  f r o m  th e  th re e  

c o n t r o l le r s  is  c le a r ly  th e  S T - P I  c o n t r o l le r ,  w h ic h  e x h ib it s  z e r o  s t e a d y  s ta t e  e r r o r  

f o r  c o n t r o l  o f  th e  o u t le t  f lo w .  T h e  s te a d y  s ta te  e r r o r  p e r fo r m a n c e  o f  th e  t w o  

a d a p t iv e  f u z z y  c o n t r o l le r s  f o r  o u t le t  f lo w  c o n t r o l  w a s  a p p r o x im a t e ly  e q u a l ,  w ith  

b o th  e x h ib it in g  s te a d y  s ta te  e r r o r s  o f  a p p r o x im a t e ly  2 % .  In  th e  c a s e  o f  th e  

S P F C ,  th is  s t e a d y  s ta te  e r r o r  o f  th e  c o n t r o l le r  is  a t t r ib u ta b le  to  th e  in tr in s ic  

m o d e ll in g  e r r o r  o f  th e  fu z z y  m o d e ls  u s e d  to  p r e d ic t  th e  p la n t  b e h a v io u r .  T h is  

m o d e ll in g  e r r o r  c a n  b e  im p r o v e d  b y  in c r e a s in g  th e  re s o lu t io n  o f  th e  fu z z y  

m o d e ls  th r o u g h  a n  in c r e a s e  in  r u le b a s e  s iz e .  F o r  te m p e ra tu re  c o n t r o l ,  th e  S T - P I  

d e l iv e r e d  s u p e r io r  e r r o r  p e r fo r m a n c e  w h e n  c o m p a r e d  to  th e  S P F C .  T h e  e r r o r  

o f  th e  S P F C  is  a g a in  d u e  la r g e ly  to  th e  in tr in s ic  m o d e ll in g  e r r o r s  o f  th e  fu z z y
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m o d e l  u s e d  to  p r e d ic t  th e  th e rm a l b e h a v io u r  o f  th e  p la n t . W h ils t  o f fe r in g  th e  

b e s t  o u t le t  te m p e r a tu r e  c o n t r o l le r  e r r o r ,  th e  S T - P I  c o n t r o l le r  h a s  th e  

d is a d v a n t a g e  o f  la r g e  m a n ip u la te d  v a r ia b le  v a r ia n c e  d u e  to  th e  la r g e  f o r w a r d  

lo o p  g a in  a n d , th u s , b e c a u s e  o f  a c t u a t o r  w e a r ,  w o u ld  n o t  b e  s u ita b le  f o r  re a l 

t im e  p la n t  c o n tr o l.  T h e  S P F C  d o e s  n o t  e x h ib it  la r g e  v a r ia n c e  in  th e  m a n ip u la te d  

v a r ia b le  d u e  to  th e  f a c t  th a t th e  u s e r  c a n  in d ire c t ly  d e f in e  th e  c o n t r o l le r  g a in  

th r o u g h  s p e c if ic a t io n  o f  th e  d e s ir e d  c o n t r o l le r  r e s p o n s e  b y  m e a n s  o f  d e fin it io n  

o f  th e  f i r s t  o r d e r  r e fe r e n c e  m o d e l  p a r a m e te r s .

•  Disturbance rejection -  d u e  to  th e  d ir e c t  f e e d b a c k  n a tu re  o f  th e  S T - P I  

c o n t r o l le r ,  it  o f f e r s  s u p e r io r  d is tu r b a n c e  re je c t io n  c o m p a r e d  to  th e  S P F C .  T h e  

p o o r  d is tu r b a n c e  re je c t io n  o f  th e  S P F C  is  d u e  to  th e  u t ilis a t io n  o f  th e  e n th a lp y  

te r m  in  th e  f u z z y  m o d e l.  T h is  p o o r  d is tu r b a n c e  r e je c t io n  c o u ld  b e  im p r o v e d  b y  

m o d ify in g  th e  s t r u c tu r e  o f  th e  fu z z y  m o d e l s o  th a t th e  h o t  in le t  f lo w  a n d  

te m p e r a t u r e  v a r ia b le s  a re  s e p a r a te  f u z z y  m o d e l in p u ts . H o w e v e r ,  th is  e x te n s io n  

h a s  th e  d is a d v a n t a g e  o f  s u b s ta n t ia lly  in c r e a s in g  th e  m e m o r y  r e q u ire m e n ts  o f  th e  

fu z z y  m o d e l.

•  Response specification -  B o t h  o f  th e  a d a p t iv e  f u z z y  c o n t r o l le r s  a l lo w  s o m e  

d e g r e e  o f  s p e c i f ic a t io n  o f  th e ir  d y n a m ic  r e s p o n s e .  In  th e  c a s e  o f  th e  S O C ,  th is 

s p e c i f ic a t io n  is  b y  m e a n s  o f  a  h e u r is t ic  r e fe r e n c e  m o d e l ( o fte n  in  lo o k u p  ta b le  

f o r m a t ) ,  w h ic h  d o e s  n o t  a l lo w  d e te rm in is t ic  r e s p o n s e  s p e c if ic a t io n  a n d  r e s u lte d  

in  u n p r e d ic ta b le  c o n t r o l le r  b e h a v io u r  w ith  p o o r  o v e r a ll  c o n t r o l le r  r e s p o n s e s .  

T h e  S P F C  u s e s  a  f i r s t  o r d e r  s y s te m  a s  a  r e fe r e n c e  m o d e l  to  s p e c i fy  th e  r e s p o n s e  

o f  th e  c o n t r o l le r ,  w h ic h  e n a b le s  c le a r  d e f in it io n  o f  th e  c o n t r o l le r  b e h a v io u r  a n d  

r e s u lte d  in  S P F C  r e s p o n s e s  w h ic h  g e n e r a l ly  c o r r e s p o n d e d  to  th e  s p e c if ie d  

d y n a m ic s ,  w h e n  n o  s a tu ra t io n  o f  th e  m a n ip u la te d  v a r ia b le s  o c c u r e d . D u e  to  th e  

d e te rm in is t ic  n a tu re  o f  th e  S P F C  r e fe r e n c e  m o d e l,  it  o f fe r s  th e  b e s t  m e th o d  o f  

c o n t r o l le r  r e s p o n s e  s p e c i f ic a t io n  o f  th e  t w o  a d a p t iv e  f u z z y  c o n t r o l le r s .

•  Algorithmic complexity and clarity o f design -  o f  th e  th r e e  a d a p t iv e  fu z z y  

c o n t r o l le r s ,  th e  S T - P I  c o n t r o l le r  is  th e  le a s t  c o m p le x  a n d  m o s t  e a s i ly  u n d e r s to o d  

o f  th e  th r e e  c o n t r o l le r  p a r a d ig m s . D u e  to  th e  f a c t  th a t  th e  S P F C  is  a  p r e d ic t iv e  

c o n t r o l le r  a n d  u t il is e s  a  c le a r  s t r u c tu re  c o n s is t in g  o f  p la n t  m o d e l a n d  r e fe r e n c e  

m o d e l,  it  is  m o r e  e a s i ly  u n d e r s to o d  th a n  th e  S O C .  T h e  S O C  is  th e  m o s t  

c o m p le x  a n d  c o n fu s in g  o f  th e  th re e  a d a p t iv e  c o n t r o l le r  d e s ig n s . T h is  is  d u e  

la r g e ly  to  th e  a d -h o c  n a tu re  o f  m a n y  o f  it s  p a r a m e te r s , e .g .  th e  lo o k u p  ta b le  

r e fe r e n c e  m o d e l ,  a n d  th e  u s e  o f  f a l s e  te r m in o lo g y ,  e .g .  p e r fo r m a n c e  in d e x  

in s t e a d  o f  r e fe r e n c e  m o d e l.
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•  Convergence and adaptability - th e  S T - P I  c o n t in u o u s ly  a d a p ts  to  id e n t i fy  th e  

A R X  m o d e l  c o e f f ic ie n t s  w h e r e b y  s o m e  e x p e r im e n ta t io n  w ith  th e  v a lu e  o f  

fo r g e t t in g  f a c t o r  w a s  n e c e s s a r y  in  o r d e r  to  a c h ie v e  a  g o o d  c o m p r o m is e  b e tw e e n  

th e  r o b u s tn e s s  a n d  a d a p ta b ility  o f  th e  c o n t r o l le r .  F o r  la r g e r  fo r g e t t in g  f a c t o r  

v a lu e s ,  th e  c o n t r o l le r  r e q u ire s  m o r e  t im e  to  c o n v e r g e  b u t  is  m o r e  r o b u s t  to  

n o is e  w h e r e a s  s m a lle r  v a lu e s  le a d  to  f a s t  c o n v e r g e n c e  w ith  p o o r  n o is e  r e je c t io n . 

T h e  S P F C  a d a p ts  a  g lo b a l  fu z z y  m o d e l  o f  th e  p la n t  o n ly  w h e n  th e  m o d e ll in g  

e r r o r  is  r e d u c e d  b y  th e  s u g g e s t e d  r u le b a s e . D u e  to  th e  g lo b a l  n a tu re  o f  th e  

fu z z y  m o d e l,  la r g e  a m p litu d e  le a r n in g  s ig n a ls  a r e  re q u ir e d  f o r  th e  m o d e l to  le a rn  

th e  p la n t  b e h a v io u r  a ro u n d  th e  o p e r a t in g  p e r fo r m a n c e . T h is  is  c le a r ly  a  

d is a d v a n t a g e  w h e n  c o m p a r e d  to  th e  s m a ll a m p litu d e  o f  th e  le a r n in g  s ig n a l  u s e d  

in  th e  R L S  A R X  id e n t if ic a t io n . T h is  d is a d v a n t a g e  is ,  h o w e v e r ,  c o m p e n s a te d  b y  

th e  f a c t  th a t  th e  fu z z y  m o d e l is  a  g lo b a l  m o d e l o f  th e  p la n t . T h e  a d a p ta t io n  o f  

th e  S O C  r u le b a s e  is  p o o r ly  e x p la in e d  in  th e  l it e r a tu re  a n d  c a n  le a d  to  c o n t r o l le r  

in s ta b il it y  i f  th e  c o n s e q u e n t  v a lu e s  in  th e  r u le b a s e s  a re  n o t  lim ite d . M o r e o v e r ,  

th e  u s e  o f  th e  h e u r is t ic  r e fe r e n c e  m o d e l  in  lo o k u p  ta b le  fo r m a t  le d  to  p o o r  

o v e r a l l  c o n t r o l le r  r e s p o n s e s .

•  Processing and memory requirements -  th e  p r o c e s s in g  a n d  m e m o r y  

r e q u ir e m e n t s  o f  th e  S T - P I  c o n t r o l le r  a re  s u p e r io r  to  th o s e  o f  b o th  a d a p t iv e  

fu z z y  c o n t r o l  s t r a t e g ie s .  T h e  S O C  is  m o r e  e f f ic ie n t  th an  th e  S P F C  in  te rm s  o f  

m e m o r y  a n d  p r o c e s s in g  re q u ire m e n ts . T h e  S P F C  is  e x t r e m e ly  in t e n s iv e  in  te rm s  

o f  m e m o r y  a n d  c o m p u ta t io n a l r e q u ire m e n ts . T h e  tim e  re q u ire m e n ts  o f  th e  

S P F C  a r e  d u e  t o  th e  c o n t r o l le d  s e a r c h  a lg o r ith m , w h ic h  c a n  le a d  to  h u n d re d s  o f  

e v a lu a t io n s  o f  th e  fu z z y  m o d e l.  T h is  c o u ld  b e  im p r o v e d  th r o u g h  th e  u s e  o f  

s o m e  fo r m  o f  g r a d ie n t  d e s c e n t  a lg o r ith m  to  f in d  th e  o p t im a l c o n t r o l le r  o u tp u t  

f o r  a  g iv e n  c o s t  fu n c t io n . T h e  p r e r e q u is it e  f o r  s u c h  a  m e th o d  is  th a t th e  fu z z y  

m o d e l  b e  d if fe r e n t ia b le , w h e r e  a ll fu n c t io n s  a n d  p a r a m e te r s  in  th e  fu z z y  m o d e l 

m u s t  a l lo w  d if fe r e n t ia t io n . F u n c t io n s  s u c h  a s  t r ia n g u la r  f u z z y  m e m b e rs h ip  

fu n c t io n s  a n d  th e  m in im u m  in fe re n c e  fu n c t io n  d o  n o t  fu lf i l l  th is  c r i t e r ia  a s  th e y  

c a u s e  d is c o n t in u it ie s .  T h e  la r g e  m e m o r y  r e q u ire m e n ts  o f  th e  f u z z y  m o d e ls  u s e d  

in  th e  S P F C  p r e v e n t  th e  p o r t in g  o f  th is  a lg o r it h m  to  c u r r e n t  m ic r o c o n tr o l le r s .  

F o r  a p p lic a t io n s  u s in g  I B M  c o m p a t ib le  P C s  a n d  w o r k s t a t io n s  th e s e  m e m o r y  

re q u ir e m e n t s  a r e ,  h o w e v e r ,  n o t p r o h ib it iv e .

B a s e d  o n  th e  a b o v e  c o n s id e r a t io n s ,  th e  s in g le  s te p  f u z z y  p r e d ic t iv e  c o n t r o l le r  h a s  b e e n

s e le c t e d  f o r  e v a lu a t io n  o n  th e  re a l w a r m  w a t e r  p r o c e s s .  T h e  f o l lo w in g  c h a p te r
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p r e s e n t s  th e  r e s u lt s  o f  th e  c o n tro l o f  th e  o u t le t  f lo w  a n d  te m p e ra tu re  v a r ia b le s  u s in g  

th e  S P F C  p a r a d ig m .
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6 . 1 .  I n t r o d u c t i o n

6 . 1 . 1 .  G e n e r a l  I n t r o d u c t i o n

T h is  c h a p te r  p r e s e n t s  th e  r e s u lt s  a n d  a p p r a is a l  o f  th e  a p p lic a t io n  o f  th e  Single Step 
Predictive Fuzzy Controller (SPFC) d e v e lo p e d  in  C h a p t e r  5  to  th e  r e a l  w a r m  w a t e r  

p r o c e s s .  T h is  c o n t r o l le r  is  u s e d  f o r  th e  Single Input Single Output (SISO) c o n t r o l  o f  

th e  o u t le t  f lo w  a n d  th e  Multi Input Single Output (MISO) c o n t r o l  o f  o u t le t  

te m p e r a t u r e  o f  th e  w a r m  w a t e r  p r o c e s s .  D u e  to  a c c e s s  r e s t r ic t io n s  a n d  a  s e r ie s  o f  

c o m p r e s s o r  b r e a k d o w n s ,  o n ly  a  l im ite d  a m o u n t  o f  t im e  c o u ld  b e  s p e n t  e v a lu a t in g  th e  

S P F C  o n  th e  r e a l  p la n t . A s  a  re s u lt  o f  th e s e  p r a c t ic a l  r e s t r ic t io n s , m u lt iv a r ia b le  

c o n t r o l  o f  th e  r e a l  w a r m  w a t e r  p r o c e s s  c o u ld  n o t  b e  e v a lu a te d .

T h e  SPFC  u s e d  in  a ll  e x p e r im e n ts  in  th is  c h a p te r  is  th e  d e s ig n  d e v e lo p e d  in  C h a p t e r  5  

w h ic h  i s  i l lu s t r a te d  in  F ig u r e  5 .2 0  a n d  c h a r a c t e r is e d  b y  th e  f o l lo w in g  p o in ts  :

•  a  first order reference model is  u s e d  to  d e f in e  th e  d y n a m ic  r e s p o n s e  o f  th e  

c o n t r o l le r ,  w h e r e  th e  u s e r  d e f in e s  th e  t im e  c o n s ta n t  o f  th e  r e fe r e n c e  m o d e l.

•  th e  use o f supervised adaptive fuzzy models to  p r e d ic t  p la n t  b e h a v io u r .

•  a s  th e  ANN plant model b e s t  r e p r e s e n ts  th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  o f  

th e  p la n t , th e  f u z z y  m o d e ls  u s e d  to  m o d e l th e  m a s s  f lo w  a n d  th e rm a l b e h a v io u r  

o f  th e  w a r m  w a t e r  p r o c e s s  in  th e  S P F C s ,  w e r e  in it ia lly  t r a in e d  o n  th e  A N N  

m o d e l o f  th e  w a r m  w a t e r  p r o c e s s .  F ig u r e  5 . 2 0  s h o w s  th e  s t r u c tu re  o f  th e s e  

fu z z y  m o d e ls .

•  e x c e p t  w h e r e  o t h e r w is e  s p e c if ie d ,  th e  initial outlet flow  f o r  a ll e x p e r im e n ts  w a s  

z e r o ,  c o r r e s p o n d in g  to  an  e m p ty  ta n k , a n d  th e  in itia l o u t le t  te m p e ra tu re  w a s  

a p p r o x im a t e ly  1 7  d e g r e e s  C e ls iu s .

•  T h e  computer u s e d  w a s  an  I B M  c o m p a t ib le  P C  w ith  an  In te l 3 8 6 D X  3 3 M H z  

p r o c e s s o r  a n d  4 M B y t e s  o f  R A M .

6 . 1 . 2 .  O v e r v i e w  o f  C h a p t e r  S t r u c t u r e

Sections 6.2. and 6.3. o f  th is  c h a p te r  p r e s e n t  a n d  e v a lu a t e  th e  re s u lts  f r o m  a  s e t  o f  

e x p e r im e n ts  f o r  S F P C  c o n t r o l  o f  th e  o u t le t  f lo w  a n d  te m p e ra tu re  o f  th e  w a r m  w a t e r

Chapter 6 - Real Time Control o f the Warm Water Process
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p r o c e s s  r e s p e c t iv e ly .  Section 6.4. s u g g e s t  m e th o d s  to  im p r o v e  th e  re s u lts  f r o m  th e  

e x p e r im e n t s  a n d  c o n c lu d e s  th e  c h a p te r .

6 .2 .  W a r m  W a t e r  P r o c e s s  O u t le t  F l o w  C o n t r o l

U s in g  th e  S P F C ,  a  set o f six experiments f o r  c o n t r o l  o f  w a r m  w a t e r  p r o c e s s  o u t le t  

f lo w  w e r e  c a r r ie d  o u t ,  a l l  w ith  a  s a m p lin g  t im e  o f  3 0  s e c o n d s .  T h e  o u t le t  f lo w  ra te  

s e t p o in t s  o f  th e s e  e x p e r im e n ts  a r e  : 0 .0 0 0 0 5  m 3/ s , 0 .0 0 0 0 7 5  m 3/s , 0 .0 0 0 1  m 3/s , 

0 . 0 0 0 1 5  m 3/s , 0 . 0 0 0 1 7 5  m 3/s  a n d  0 .0 0 0 2  m 3/s . F ig u r e s  6 . 1 ,  6 .2 ,  6 .3 ,  6 .4 ,  6 .5  a n d  6.6 

c o n t a in  g r a p h s  o f  th e  in le t  a n d  o u t le t  f lo w s  f o r  th e s e  e x p e r im e n ts  r e s p e c t iv e ly ,  w h e r e  

inlet flow  r e f e r s  to  th e  s u m  o f  th e  c o ld  a n d  h o t  in le t  f lo w s .

T h e  SPFC fo r  the outlet flow  control o f  th e  w a r m  w a t e r  p r o c e s s  u t il is e d  th e  f ir s t  

o r d e r  r e fe r e n c e  m o d e l f o r  th e  d e s ir e d  r e s p o n s e  w ith  a  d e s ir e d  t im e  c o n s ta n t  o f  1 3 0  

s e c o n d s .  A s  th e  t im e  c o n s t a n t  o f  th e  m a s s  f lo w  is  a p p r o x im a t e ly  5 0 0  s e c o n d s  a t  an  

o u t le t  f lo w  o f  100 m l/s , th is  c h o s e n  tim e  c o n s t a n t  a tte m p ts  to  d e l iv e r  c o n t r o l  w ith  

d y n a m ic s  w h ic h  a re  c o n s id e r a b ly  fa s t e r  th an  th e  r e a l  p la n t .

T h e  f o l lo w i n g  s te p s  a r e  c a r r ie d  o u t  in  th e  o u t le t  f lo w  S P F C  f o r  e a c h  s a m p le  :

•  T h e  supervised adaptive fuzzy model f ir s t ly  u s e s  th e  c u r r e n t  d a ta  s a m p le  f r o m  

th e  p la n t  to  a d a p t  its  r u le b a s e . T h e  a d a p te d  r u le b a s e  is  a d o p te d  in to  th e  fu z z y  

m o d e l  o n ly  i f  th e  m o d e ll in g  e r r o r  f o r  th e  c u r r e n t  d a ta  s a m p le  is  re d u c e d , 

o t h e r w is e  th e  o ld  r u le b a s e  is  k e p t.

•  F o l lo w in g  th is  fu z z y  m o d e l a d a p ta t io n , th e  firs t order reference model 
c a lc u la t e s  th e  n e x t  d e s ir e d  o u t le t  f lo w  b a s e d  o n  th e  c u r r e n t  p la n t  o u t le t  f lo w  a n d  

s e tp o in t  v a lu e s .

•  A  controlled search is  p e r fo r m e d  o f  th e  r u le b a s e  in  o r d e r  to  d e te rm in e  th e  

c o n t r o l le r  o u tp u t  w h ic h  m in im is e s  th e  c o s t  fu n c t io n , i .e .  th e  m a g n itu d e  o f  th e  

e r r o r  b e t w e e n  th e  d e s ir e d  r e s p o n s e  a n d  th a t  c a lc u la t e d  b y  th e  fu z z y  m o d e l f o r  a  

g iv e n  v a lu e  o f  th e  m a n ip u la te d  v a r ia b le . T h is  s e a r c h  is  p e r fo r m e d  b y  f ir s t ly  

e v a lu a t in g  p o s s ib le  c o n t r o l le r  o u tp u ts  a t  te n  e q u a lly  s p a c e d  r e fe r e n c e  in le t  f lo w  

v a lu e s  ( w h e r e  in le t  f lo w  is  th e  m a n ip u la te d  v a r ia b le )  a c r o s s  th e  fu ll  s c a le  o f  0  to  

2 5 0  m l/s , a n d  th e n  p e r fo r m in g  a  f in e  s e a r c h  a ro u n d  th e  b e s t  th re e  o f  th e s e  ten  

r e fe r e n c e  p o in ts .

•  T h e  value o f inlet flow  w h ic h  re s u lts  in  th e  lo w e s t  v a lu e  o f  th e  c o s t  fu n c t io n , is 

th e n  u s e d  a s  th e  c o n t r o l le r  o u tp u t , w h e r e b y  th e  in le t  f lo w  v a lu e  is  d iv id e d
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e q u a lly  in to  s e tp o in ts  f o r  th e  h o t  a n d  c o ld  in le t  f lo w s .  In  o r d e r  to  r e d u c e  th e  

p o s s ib i l i t y  o f  a n  o v e r f lo w ,  th e  in le t  f lo w  v a lu e  o f  th e  w a r m  w a te r  p r o c e s s  is 

l im ite d  to  a  v a lu e  o f  2 5 0  m l/s , w h ic h  r e s u lts  in  a  s te a d y  s ta te  ta n k  le v e l  o f  

a p p r o x im a t e ly  1 8 0  c m .
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Figure 6.1 - SPFC outle t f lo w  contro l - setpoint = 0.00005 m 3/s.
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T h e  r e s u lt s  o f  th e s e  te s ts  s h o w  th a t , in  p r in c ip le , th e  S P F C  is  c a p a b le  o f  c o n tro ll in g  

th e  o u t le t  f lo w  o f  th e  r e a l  w a r m  w a t e r  p r o c e s s .  T a b le  6 . 1  l is ts  th e  t im e  c o n s ta n ts  a n d  

s t e a d y  s ta te  e r r o r s  a s  a  p e r c e n t a g e  o f  f u l l  s c a le  f o r  th e  s ix  te sts .

T a b le  6 . 1  -  T im e  c o n s ta n ts  a n d  s t e a d y  s ta te  e r r o r  o f  o u t le t  f l o w  c o n t r o l  te s ts .

Setpoint ( ml/s) Approximate Time 
Constant (s)

Steady State Error 
(% o f  fu l l  scale)

5 0 110 2 . 9 1

7 5 110 2 .0 8

100 1 4 0 2 . 9 1

1 5 0 2 7 0 1 . 5 6

1 7 5 4 0 0 0.8

200 5 7 0 1 . 3 3

T h e r e  a r e  th r e e  t y p e s  o f  c o n t r o l le r  e r r o r s  e v id e n t  in  th e  e x p e r im e n ta l  re s u lts  :

•  Oscillation at low setpoint values - c a u s e d  b y  th e  f a s t  p la n t  d y n a m ic s  a t lo w e r  

o u t le t  f lo w  o p e r a t in g  p o in ts . T h e  o b s e r v e d  o s c i l la t io n  a t  a  f lo w  o p e r a t in g  p o in t  o f  

5 0  m l/s  h a s  a  p e r io d  o f  1 8 0  s e c o n d s ,  w h e r e b y  th e  s a m p lin g  p e r io d  o f  3 0  s e c o n d s  is  

o n ly  o n e  s ix th  o f  th e  o s c i l la t io n  p e r io d . A n  in c r e a s e  in  th e  s a m p lin g  r a te  to  1 5  

s e c o n d s  w o u ld  r e d u c e  th is  o s c i l la t io n .

•  Inaccurate dynamic responses -  r e fe r s  to  th e  d if fe r e n c e s  o b s e r v e d  b e tw e e n  th e  

t im e  c o n s t a n ts  o f  th e  o u t le t  f lo w  r e s p o n s e s  a n d  th e  d e s ir e d  t im e  c o n s ta n t  o f  th e  

r e fe r e n c e  m o d e l.  T h e s e  d i f fe r e n c e s  a re  c a u s e d  b y  th e  p h y s ic a l  h a rd  lim it  f o r  b o th  

c o ld  a n d  h o t  in le t  f lo w s ,  th e  s u m  o f  w h ic h  w a s  1 5 0  m l/s . T h e  d e s ir e d  d y n a m ic  

r e s p o n s e  o f  th e  f i r s t  o r d e r  r e fe r e n c e  m o d e l w ith  a  t im e  c o n s ta n t  o f  120 s e c o n d s  is 

n o t  a t ta in a b le  f o r  o p e r a t in g  p o in ts  c o r r e s p o n d in g  to  o u t le t  f lo w s  la r g e r  th an  

a p p r o x im a t e ly  5 0  m l/s .

•  Steady state errors - sm a ll s te a d y  s ta te  e r r o r s  a re  e v id e n t  in  a ll o u t le t  f lo w  

r e s p o n s e s  a n d  a r e  d u e  to  th e  fuzziness  o f  th e  fu z z y  m o d e l. T h e  fu z z y  m o d e l u s e d  

in  th is  c o n t r o l le r  to  m o d e l th e  m a s s  f lo w  o f  th e  w a r m  w a te r  p r o c e s s ,  u s e s  21 fu z z y  

s e t s  f o r  c a c h  o f  th e  t w o  a n te c e d e n t  v a r ia b le s  a n d  a  v a lu e  o f  8 =  0 .7 ,  s e e  th e  

le a r n in g  e q u a t io n  ( 4 .2 5 ) .  T h u s  th e  le n g th  o f  th e  a d a p ta b le  a r e a s  o f  e a c h  ru le b a s e  

c e l l  c o r r e s p o n d  to  3 . 4 1 %  o f  th e  fu l l  s c a le  v a lu e  o f  th e  in p u t v a r ia b le s .  T h e  s te a d y  

s ta te  e r r o r s  o b s e r v e d  d u r in g  th e s e  te s ts  a l l  c o r r e s p o n d  to  v a lu e s  o f  le s s  th a n  3 %  o f  

th e  fu ll  s c a le  v a lu e  o f  th e  o u t le t  f lo w .  T h u s ,  it c a n  b e  c o n c lu d e d  th a t th e  

c o n t r o l le r  s t e a d y  s ta te  e r r o r  is  c a u s e d  b y  th e  in t r in s ic  e r r o r  o f  th e  f u z z y  m o d e l.
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T o  s h o w  th e  a d a p ta t io n  o f  th e  r u le b a s e  u s e d  in  th e  f u z z y  m o d e l o f  th e  S P F C  f o r  o u t le t  

f lo w  c o n t r o l ,  th e  p e r c e n t a g e  c h a n g e  in  th e  r u le b a s e  c e l ls  w ith  r e s p e c t  to  th e ir  in itia l 

v a lu e s  is  s h o w n  in  F ig u r e  6 .7 .  B y  u s in g  th e  M A T L A B  c o m m a n d  spy(), th e  n u m b e r  o f  

a d a p te d  r u le b a s e  c e l l s  w a s  s e e n  to  b e  2 2 9  w h ic h  c o r r e s p o n d s  to  6 2 %  o f  th e  r u le b a s e .

T h e  c h a n g e s  in  th e  r u le b a s e  a re  a ll le s s  th a n  0 . 1  p e r c e n t  o f  th e  in it ia l v a lu e s ,  th u s  th e  

in it ia l r u le b a s e  c a n  b e  a s s u m e d  to  b e  an  a c c u r a t e  re p re s e n ta t io n  o f  th e  m a s s  f lo w  o f  

th e  w a r m  w a t e r  p r o c e s s .

6 .3 .  W a r m  W a t e r  P r o c e s s  O u t le t  T e m p e r a t u r e  C o n t r o l

A  set o f  five  experiments w e r e  e a r n e d  o u t  o n  th e  p la n t  f o r  M I S O  c o n t r o l  o f  th e  o u t le t  

te m p e r a t u r e  w ith  s e tp o in ts  o f  2 0 ,  2 2 . 5  ,2 5 ,  2 7 . 5  a n d  3 0  d e g r e e s  C e ls iu s .  T h e  re s u lts  

o f  th e s e  f i v e  te s ts  a r e  s h o w n  in  F ig u r e s  6 .8 , 6 .9 ,  6 . 1 0 ,  6 . 1 1  a n d  6 . 1 2  to g e th e r  w ith  th e  

h o t  in le t  f lo w  te m p e r a t u r e  d is tu r b a n c e  v a r ia b le .  In  o r d e r  to  in c r e a s e  th e  s p e e d  o f  

r e s p o n s e  o f  th e  p la n t , th e  f i r s t  o r d e r  r e fe r e n c e  m o d e l u s e d  in th e  S P F C  f o r  th e s e  te s ts ,  

w a s  g i v e n  a  t im e  c o n s ta n t  o f  3 0 0  s e c o n d s .

T h e  hot inlet temperature is  a  m e a s u ra b le  d is tu r b a n c e  v a r ia b le , w h e r e b y  its  v a lu e  is 

d e p e n d e n t  o n  th e  u s e  o f  h o t  w a te r  in  th e  b u ild in g  a n d  th e  m o d e  o f  o p e r a t io n  o f  th e  

c e n tr a l  b o ile r  u s e d  f o r  h e a t in g  th e  w a te r .  N o  in f lu e n c e  on  e ith e r  th e  c o n s u m p t io n  o f  

h o t  w a t e r  o r  th e  m o d e  o f  o p e ra t io n  o f  th e  b o i le r  w a s  p o s s ib le  d u r in g  th e  c o u r s e  o f  th e  

e x p e r im e n ts .
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T h e  S P F C  u s e d  f o r  outlet temperature control s e a r c h e s  f o r  th e  o p t im u m  v a lu e  o f  b o th  

th e  c o ld  a n d  h o t  in le t  f lo w  v a lu e s .  M o r e o v e r ,  th e  r u le b a s e  to  b e  s e a r c h e d  h a s  f o u r  

d im e n s io n s  a n d  r e q u ir e s  m o r e  p r o c e s s in g  t im e  p e r  s e a r c h  ite r a t io n  c o m p a r e d  to  th e  

t w o  d im e n s io n a l r u le b a s e  o f  th e  o u t le t  f lo w  S P F C .  D u e  to  th e  in c r e a s e d  p r o c e s s in g  

t im e  r e q u ir e m e n t s , c o m b in e d  w ith  th e  r e la t iv e ly  s lo w  In te l 3 8 6  p r o c e s s o r  a n d  th e  

2 0 H z  in te r ru p t  lo a d  ( f r o m  th e  I S R  f o r  in le t  v a lv e  c o n t r o l) ,  th e  s a m p lin g  t im e  o f  3 0  

s e c o n d s  w a s  n o t  s u f f ic ie n t  to  a l lo w  a  fu l l  s e a r c h  o f  th e  r u le b a s e . T h e  s a m p lin g  t im e  

w a s  th u s  in c r e a s e d  to  6 0  s e c o n d s ,  w h e r e b y  th is  r e p r e s e n ts  o n e  te n th  o f  th e  th e rm a l 

t im e  c o n s t a n t  d e r iv e d  in  S e c t io n  4 .4  a n d  is  s t ill s u ff ic ie n t  to  c a p tu re  th e  th e rm a l 

d y n a m ic s  o f  th e  p la n t .

A s  s e e n  f r o m  F ig u r e s  6.8 to  6 . 1 2 ,  th e  r e s p o n s e s  o b ta in e d  in  th e s e  e x p e r im e n ts  a r e  o f  

a n  o s c i l la t o r y  n a tu re . In  o r d e r  to  e v a lu a t e  th e s e  r e s p o n s e s ,  th e  m e a n  a n d  s ta n d a rd  

d e v ia t io n  o f  th e  o u t le t  te m p e r a tu r e  after r i s e  t im e  w a s  c a lc u la t e d , s e e  T a b le  6 .2 .

T a b le  6 .2  -  M e a n  a n d  s ta n d a rd  d e v ia t io n s  o f  th e  o u t le t  te m p e ra tu re  te s ts .

Setpoint (° Celsius) M ean (° Celsius) Standard Deviation (° Celsius)

20 21.2 1 . 4 3

2 2 . 5 2 2 .7 1.20

2 5 2 5 . 1 1 . 7 1

2 7 . 5 2 6 .8 1 . 5 1

3 0 2 7 .5 2 .7 5

T h e  oscillation and steady state errors ( b a s e d  o n  th e  m e a n  o u t le t  te m p e ra tu re  v a lu e s  

a f t e r  r i s e  t im e  ) e v id e n t  in  a ll o f  th e  o u t le t  te m p e ra tu re  c o n t r o l  e x p e r im e n ts  d e s c r ib e d

in  th is  S e c t io n  a re  d u e  to  th e  f o l lo w i n g  (in  o r d e r  o f  e f f e c t )  :

•  Poor disturbance rejection o f the SPFC outlet temperature controller - w h ic h  

is  d is c u s s e d  in  S e c t io n  5 . 3 . 3 .  o f  th is  th e s is . O n e  e x a m p le  o f  th e  e f f e c t  o f  th e  h o t  

in le t  te m p e r a t u r e  o n  th e  S P F C  r e s p o n s e  c a n  b e  o b s e r v e d  f o r  th e  s e tp o in t  o f  2 0  

d e g r e e s  C e ls iu s  ( s e e  F ig u r e  6 .8). T h e  p e a k s  in  th e  h o t  in le t  te m p e ra tu re  a t 

3 0 0 0 ,  5 4 0 0 ,  6 6 0 0  a n d  8 0 0 0  s e c o n d s  c a u s e  c o r r e s p o n d in g  o s c i l la t io n s  a t  th e  

s a m e  t im e s  in  th e  c o n t r o l le d  v a r ia b le .

•  Limited prediction horizon o f the SPFC  -  d o e s  n o t  a l lo w  s u ff ic ie n t

c o m p e n s a t io n  o f  th e  m ix in g  d y n a m ic s  o f  th e  p la n t .

•  Fast reference dynamic -  w h ic h  c a u s e s  la r g e  v a r ia n c e  in  th e  m a n ip u la te d

v a r ia b le s .
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•  Fuzzy model errors - in  th e  f u z z y  m o d e l o f  th e  th e rm a l b e h a v io u r  o f  th e  w a rm  

w a t e r  p r o c e s s  th a t w a s  u s e d  in  th e  S P F C .  A s  d e s c r ib e d  in  S e c t io n  4 .9 .3  e a c h  o f  

th e  a n te c e d e n t  v a r ia b le s  u s e d  in  th is  m o d e l h a s  1 5  fu z z y  m e m b e rs h ip  s e t s .  T h u s  

th e  m a x im u m  r e s o lu t io n  o f  th is  f u z z y  m o d e l i s  1 . 1  d e g r e e s  C e ls iu s  (a s s u m in g  an 

o u t le t  te m p e ra tu re  s p a n  o f  4 0  d e g r e e s  C e ls iu s ) .

T h e  a d a p ta t io n  o f  th e  r u le b a s e  w a s  in v e s t ig a te d  u s in g  th e  s p y ( )  c o m m a n d  in 

M A T L A B .  A p p r o x im a t e ly  2 5 .6 %  o f  th e  r u le b a s e  c e l ls  w e r e  a d a p te d  w h e r e b y  th e  

a v e r a g e  p e r c e n t a g e  c h a n g e  o f  th e  a d a p te d  ru le b a s e  c e l ls  w ith  r e s p e c t  to  th e ir  o r ig in a l 

v a lu e s  w a s  a p p r o x im a t e ly  1 5 % .  T h is  im p lie s  th a t th e  in it ia l fu z z y  m o d e l o f  th e  w a r m  

w a t e r  p r o c e s s  w a s  r e a s o n a b ly  a c c u ra te .

6 .4 .  C o n c lu s i o n s

T h e  c o n t r o l  o f  th e  o u t le t  f lo w  o f  th e  w a r m  w a t e r  p r o c e s s  c o r r e s p o n d e d  w e l l  w ith  th e  

s im u la t io n  r e s u lts  d e s c r ib e d  in  C h a p t e r  5 .  T h e  re s u lts  o b ta in e d  f o r  o u t le t  te m p e ra tu re  

c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s  u s in g  th e  S P F C  w e r e  o f  p o o r  q u a li ty .

T o  improve the quality o f  control o f the SPFC  fo r  th e  c o n t r o l  o f  th e  o u t le t  f lo w  a n d  

te m p e r a t u r e  o f  th e  w a r m  w a t e r  p r o c e s s ,  th e  following enhancements a re  n e c e s s a r y  :

•  Increased fuzzy model accuracy -  f o r  th e  fu z z y  m o d e ls  u s e d  f o r  th e  p re d ic t io n  

o f  th e  o u t le t  f lo w  a n d  te m p e ra tu re  in  th e  S P F C  th r o u g h  an  in c r e a s e  in  th e  

n u m b e r  o f  c e l ls  in  th e  r e s p e c t iv e  r u le b a s e s .  F o r  th e  f u z z y  m o d e l o f  th e  th e rm a l 

b e h a v io u r  o f  th e  w a r m  w a t e r  p r o c e s s ,  th e  re p la c e m e n t  o f  th e  h o t  e n th a lp y  in p u t 

v a r ia b le  w ith  s e p a r a te  h o t  in le t  f lo w  a n d  te m p e ra tu re  v a r ia b le s  w o u ld  im p r o v e  

th e  d is tu r b a n c e  re je c t io n  o f  th e  S P F C  f o r  te m p e ra tu re  c o n tr o l.  A s  d e s c r ib e d  in 

S e c t io n  5 . 3 . 3  th is  w o u ld  r e q u ir e  th e  u s e  o f  a n o th e r  o p e r a t in g  s y s te m  a s  th e  

m e m o r y  c a p a c i t y  o f  D O S  w o u ld  n o t  b e  s u ff ic ie n t .

•  Extension o f the prediction horizon o f  th e  S P F C ,  th u s  fo r m in g  th e  M u lt i - S t e p  

P r e d ic t iv e  F u z z y  C o n t r o l le r  ( M P F C ) .  T h e  e x te n s io n  o f  th e  p r e d ic t io n  h o r iz o n  

w o u ld  a l lo w  im p r o v e d  c o m p e n s a t io n  o f  th e  n o n - lin e a r it ie s  o f  th e  w a r m  w a t e r  

p r o c e s s ,  e s p e c ia l ly  in  th e  c a s e  o f  th e  th e rm a l m ix in g  d y n a m ic s .  C h a p t e r  7  o f  th is 

th e s is  p r e s e n ts  a  c o n c e p t  f o r  th e  d e v e lo p m e n t  o f  th e  M P F C .

•  Slower reference model dynamics - w o u ld  r e d u c e  th e  fo r w a r d  lo o p  g a in  o f  th e  

S P F C ,  b e t t e r  c o n t r o l le r  p e r fo r m a n c e  w o u ld  b e  a c h ie v e d  f o r  th e  c o n t r o l  o f  th e
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o u t le t  te m p e r a tu r e , i f  th e  t im e  c o n s t a n t  o f  th e  f ir s t  o r d e r  r e fe r e n c e  m o d e l w e r e  

c o n s id e r a b ly  la r g e r  th a n  th e  210  s e c o n d s  u s e d  in th e se  e x p e r im e n ts  e .g .  6 0 0  

s e c o n d s .

U n fo r t u n a te ly ,  d u e  to  th e  a c c e s s  r e s t r ic t io n s  a n d  c o m p r e s s o r  b r e a k d o w n s  m e n tio n e d  

a t  th e  b e g in n in g  o f  th is  c h a p te r , th e  s u g g e s t e d  im p r o v e m e n ts  f o r  th e  S P F C s  fo r  the 

o u t le t  f lo w  a n d  te m p e ra tu re  c o n tro l c o u ld  n o t b e  p e r fo r m e d .
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Chapter 7 - Conclusions and Suggestions for Further Research

7.1. Introduction
T h is  c h a p t e r  d r a w s  c o n c lu s io n s  c o n c e r n in g  a d a p t iv e  f u z z y  c o n t r o l  f r o m  th e  r e s e a r c h  

u n d e r ta k e n  in  th is  th e s is  a n d  s u g g e s t s  a r e a s  w h e r e  fu r th e r  r e s e a r c h  c o u ld  b e  

p e r fo r m e d . Section 7.2 o f  th is  c h a p te r  c o n t a in s  s u g g e s t io n s  f o r  fu r th e r  r e s e a r c h  an d  

Section 7.3 d r a w s  o v e r a l l  c o n c lu s io n s  f r o m  th e  r e s e a r c h  p r e s e n t e d  in  th is  th e s is .

7.2. Suggestions for Further Research

7.2.1. Modelling of the Warm Water Process
T h e  physical model o f the warm water process d e v e lo p e d  in  th is  r e s e a r c h  p r o v e d  to  

b e  a  s u f f ic ie n t  m o d e l  o f  th e  m a s s  f lo w  b u t  w a s  u n a b le  to  m o d e l th e  non-linear 

thermal behaviour o f  th e  p la n t  a d e q u a te ly . T h e  a d d it io n  o f  e x t r a  s e n s o r s  a lo n g  th e  

le n g th  o f  th e  p r o c e s s  r e a c t io n  ta n k  o f  th e  w a r m  w a t e r  p r o c e s s  w o u ld ,  b y  m e a n s  o f  

d a t a  a c q u is i t io n , e n a b le  m o r e  e x a c t  p h y s ic a l  m o d e ls  o f  th e  th e rm a l b e h a v io u r  o f  th e  

w a r m  w a t e r  p r o c e s s  to  b e  d e v e lo p e d .

A lt h o u g h  n o t  d ir e c t ly  c o n c e r n e d  w ith  th e  to p ic  o f  th is  r e s e a r c h , th e  ANN model o f the 
warm water process p la y e d  a  k e y  r o le  in  initialising th e  f u z z y  m o d e ls  f o r  th e  o n -lin e  

c o n t r o l  o f  th e  w a r m  w a t e r  p r o c e s s .  M o r e o v e r ,  th e  A N N  m o d e l  w a s  u s e d  a s  a  

s im u la t io n  m o d e l  o f  th e  w a r m  w a t e r  p r o c e s s  f o r  s o m e  o f  th e  s im u la t io n  w o r k  

p e r fo r m e d  in  C h a p t e r  5 .  B a s e d  o n  th e  b e h a v io u r  o f  th e  A N N  w a r m  w a t e r  p r o c e s s  

m o d e l  o b s e r v e d  d u r in g  th e  c o u r s e  o f  th e s e  s im u la t io n s , it  b e c a m e  c le a r  th a t  th e  

t r a in in g  d a ta  u s e d  to  tra in  th e  A N N  m o d e l  d id  n o t  g lo b a l ly  r e p r e s e n t  th e  s ta te  s p a c e  o f  

th e  w a r m  w a t e r  p r o c e s s  a d e q u a te ly .

A s  d e s c r ib e d  in  C h a p t e r  1 ,  o n e  a s p e c t  o f  th e  a r e a  o f  n e u r a l- fu z z y  r e s e a r c h  u t ilis e s  

f u z z y  a lg o r it h m  re p r e s e n ta t io n s  o f  h u m a n  e x p e r t  k n o w le d g e  to  in it ia lise  n e u ra l 

n e t w o r k s ,  w h ic h  a r e  th e n  fu r th e r  tr a in e d  w ith  m e a s u r e d  s y s t e m  d a ta . In  o r d e r  to  

im p r o v e  o n  the global modelling capability o f  A N N  m o d e l  o f  th e  w a r m  w a te r  

p r o c e s s  a n d  to  im p r o v e  its  training time, in it ia lisa t io n  o f  th e  A N N  w ith  d a ta  ta k e n  

f r o m  e ith e r  th e  p h y s ic a l  m o d e l o r  a  h u m a n  e x p e r t  c o u ld  b e  p e r fo r m e d . T h is  w o u ld  

in it ia l is e  th e  n e t w o r k  w ith  a  s ta te  m o r e  r e p r e s e n ta t iv e  o f  th e  p r o c e s s  d y n a m ic s  th an  

th e  s e t  o f  s m a ll  r a n d o m  w e ig h t  v a lu e s  n o r m a lly  u s e d  a n d  th u s  c o u ld  h e lp  to  s h o rte n  

th e  t r a in in g  t im e s . M o r e o v e r ,  th is  in it ia lisa t io n  c o u ld  h e lp  to  f i l l  a n y  g a p s  in  th e  s ta te  

s p a c e  n o t  p r o v id e d  b y  m e a s u r e d  s y s te m  d a ta  a n d  th u s  im p r o v e  th e  g lo b a l  n a tu re  o f  

th e  m o d e l.  F u r t h e r  m o d e ll in g  u s in g  su c h  A N N  a r c h ite c tu r e s  a s  ra d ia l  b a s is  n e tw o r k s
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w o u ld  a ls o  b e  o f  in te re s t ,  a s  th e s e  o f f e r  f a s t e r  t r a in in g  t im e s  w it h o u t  th e  p a r a ly s is  a n d  

lo c a l  m in im a  p r o b le m s  o f  th e  b a c k p r o p a g a t io n  tr a in e d  A N N  b u t  a t  th e  e x p e n s e  o f  o n 

l in e  c o m p u ta t io n  t im e  [ 101].

T h e  fuzzy models u t i l is e d  in  th is  r e s e a r c h  p o s s e s s  a  ru le b a s e  in  lo o k u p  ta b le  fo rm a t . 

I n  o r d e r  to  in c r e a s e  th e  a c c u r a c y  o f  th e s e  fu z z y  m o d e ls , relational matrix rulebases 
c o u ld  b e  u s e d . R e s e a r c h  b y  K i ip p e r  [ 1 0 8 ]  h a s  s u g g e s t e d  a  m e th o d  o f  t r a in in g  a  fu z z y  

m o d e l  w it h  a  r e la t io n a l  m a t r ix  r u le b a s e  u s in g  a  f a s t  a n d  c o n v e r g e n t  s to c h a s t ic  le a r n in g  

a lg o r it h m . In  o r d e r  to  im p r o v e  m o d e l c o n v e r g e n c e ,  th is  p a r a d ig m  c o u ld  b e  

a u g m e n te d  b y  th e  s u p e r v is o r y  fu n c t io n  s u g g e s t e d  in  C h a p t e r  4  o f  th is  r e s e a r c h .

7.2.2. Self-Organising Controller (SOC)
A s  d e t a i le d  in  C h a p t e r  2  o f  th is  th e s is ,  th e  m o s t  p ro m in e n t  c la s s  o f  s ta n d -a lo n e  

a d a p t iv e  f u z z y  c o n t r o l le r  is  th e  d ir e c t  s t r a t e g y  o f  th e  Self-Organising Controller 

(SOC) w h e r e  th e  r u le  c o n s e q u e n t s  o f  a  r u le b a s e  a re  a d a p te d . T h is  th e s is  s h o w s  th a t 

th e  S O C  is  a  complex and computationally intensive a lg o r ith m  w h ic h  h a s  r e la t iv e ly  

poor control performance. O n e  o f  th e  m a in  p r o b le m s  w ith  th is  c o n t r o l le r  s t r a t e g y  is  

th e  la r g e  n u m b e r  o f  p a r a m e te r s  f o r  w h ic h  n o  d ir e c t  re la t io n s h ip  to  c o n t r o l le r  r e s p o n s e  

c a n  b e  p e r c e iv e d .  O f  th e s e  p a r a m e te r s ,  th e  reference model h a s  th e  m o s t  d ire c t  

in f lu e n c e  o n  th e  S O C s  c o n t r o l  p e r fo r m a n c e . H o w e v e r ,  in  a ll o f  th e  l it e r a t u r e  fo u n d , 

th e  r e fe r e n c e  m o d e l  is  o f  a  h e u r is t ic  n a tu re , o f te n  in  th e  fo r m  o f  a  lo o k u p  ta b le  w ith  

u p  to  2 0 0  v a lu e s ,  a n d  h a s  n o t  b e e n  c o n c is e ly  in v e s t ig a te d . O n e  p o s s ib le  m e th o d  to 
reduce the number o f SOC parameters while increasing the clarity o f the SOC design 
w o u ld  b e  to  r e p la c e  th e  h e u r is t ic  r e fe r e n c e  m o d e l  w ith  a  d e te rm in is t ic  a lg o r ith m . T h is  

m o d if ic a t io n  w o u ld  a l lo w  th e  u s e r  to  d ir e c t ly  s p e c i fy  th e  d e s ir e d  r e s p o n s e  o f  th e  

c o n t r o l le r ,  th u s  m a k in g  a  s im p le r  s p e c if ic a t io n  a n d  e v a lu a t io n  o f  its  p e r fo r m a n c e  

p o s s ib le .  I f  a  f i r s t  o r d e r  s y s te m , f o r  e x a m p le ,  w e r e  u s e d  a s  a  r e fe r e n c e  m o d e l,  th en  

o n ly  th e  s t e a d y  s ta te  g a in  a n d  t im e  c o n s ta n t  w o u ld  n e e d  to  b e  s p e c i f ie d ,  b o th  o f  w h ic h  

h a v e  c le a r  p h y s ic a l  in te rp r e ta t io n s  a n d  a l lo w  d e f in it iv e  e v a lu a t io n s  o f  th e  S O C  

p e r fo r m a n c e .

A s s o c ia t e d  w ith  th e  u t il is a t io n  o f  a  d ir e c t  a n d  tr a n s p a re n t  d e te rm in is t ic  r e fe r e n c e  

m o d e l,  m o r e  a tte n t io n  s h o u ld  b e  g iv e n  to  th e  d e te rm in a tio n  o f  the causal relationship 
between the consequent values o f  past rulebases and the current controller 
performance, w h ic h  d e c id e s  p r e c i s e ly  w h ic h  e le m e n ts  o f  th e  c u r r e n t  r u le b a s e  a r e  to  b e  

a d a p te d . In  p r a c t ic e  a  d e la y  (m o s t  o f t e n  a  s in g le  p a r a m e te r  m) in  ru le  c o n s e q u e n t  

a d a p ta t io n  is  s p e c i f ie d ,  b a s e d  o n  th e  f a c t  th a t p a s t  c o n t r o l le r  r u le b a s e s  h a v e  

c o n t r ib u te d  to  c u r r e n t  c o n t r o l le r  p e r fo r m a n c e . D if fe r e n t  p u b lic a t io n s  h a v e  c la im e d
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th a t  th e  e x a c t  d e te rm in a t io n  o f  th is  r e la t io n s h ip  (a n d  th u s  th e  v a lu e  o f  th is  d e la y  

p a r a m e te r )  is  u n im p o rta n t , a s  th e  S O C  is  a b le  to  c o m p e n s a te  f o r  its  f a ls e  s p e c if ic a t io n . 

T h is  w o u ld ,  h o w e v e r ,  s e e m  u n l ik e ly  a n d  n e e d s  to  b e  r ig o r o u s ly  in v e s t ig a te d .

T h e  i s s u e  o f  adaptation o f  the rulebase i s  a  c r u c ia l  f a c t o r  in  th e  S O C  d e s ig n . In  m o s t  

o f  th e  S O C  im p le m e n ta t io n s , th e  a d a p ta t io n  is  la r g e ly  d e p e n d e n t  o n  th e  p o s it io n  o f  

th e  c o n t r o l le d  v a r ia b le  in  th e  s ta te  s p a c e ,  e v e n  th o u g h  th e  c o n t r o l le d  v a r ia b le  m a y  b e  

m o v in g  t o w a r d s  th e  s e t p o in t  in  a  s a t is f a c t o r y  m a n n e r . I f  a d a p ta t io n  w e r e  m a d e  

d e p e n d e n t  o n  th e  e r r o r  s ig n a l  t r a je c t o r y ,  th e n  r u le b a s e  a d a p ta t io n  w o u ld  o n ly  b e  

p e r fo r m e d  i f  th e  t r a je c t o r y  o f  th e  c o n t r o l le d  v a r ia b le  is  u n s a t is fa c t o r y ,  a n d  w o u ld  

p r o v id e  im p r o v e d  S O C  p e r fo r m a n c e . S u c h  t r a je c t o r y  b a s e d  a d a p ta t io n  c o u ld  b e  

a c h ie v e d  b y  c o m p a r in g  th e  t r a je c to r ie s  o f  a  d e te rm in is t ic  r e fe r e n c e  m o d e l a n d  th e  

c o n t r o l le d  v a r ia b le ,  b a s in g  th e  a d a p ta t io n  o n  th e  d if fe r e n c e  b e tw e e n  th e  t w o .  D u e  to  

th e  in t e r p o la t iv e  a n d  in e x a c t  n a tu re  o f  th e  f u z z y  c o n t r o l le r ,  a d a p ta t io n  b a s e d  o n  s m a ll 

c o n t r o l le r  e r r o r s  is  n o t  m e a n in g fu l a n d  c a n  le a d  to  in s ta b ility  o f  th e  S O C  a lg o r ith m . 

T h u s ,  s o m e  r e s e a r c h  s h o u ld  b e  d ir e c te d  a t  a tte m p tin g  to  d e f in e  re f in e d  c r it e r ia  f o r  

a d a p ta t io n .

7.2.3. Fuzzy Modelling
F u z z y  m o d e ll in g  p la y s  a  k e y  r o le  in  th is  r e s e a r c h  a s  it  is  an  in t e g r a l  p a r t  o f  th e  s in g le  

s te p  p r e d ic t iv e  fu z z y  c o n t r o l le r  s t r a t e g y  w h ic h  is  a p p lie d  to  th e  c o n t r o l  o f  th e  o u t le t  

f lo w  a n d  te m p e r a t u r e  v a r ia b le s  o f  th e  w a r m  w a t e r  p r o c e s s .  T h e  k e y  a d v a n ta g e  o f  th e  

supervised adaptive fuzzy modelling strategy d e v e lo p e d  in  S e c t io n  4 .9  o f  th is  th e s is  is 

it s  a b il it y  to  le a r n  n o n - lin e a r  m a p p in g s  o n - lin e  u s in g  a  s im p le  a d a p ta t io n  a lg o r ith m . 

T h e  m a in  d is a d v a n t a g e  o f  th is  m o d e ll in g  s t r a t e g y  is  its  m e m o r y  in te n s iv e  n a tu re , 

w h ic h  in c r e a s e s  e x p o n e n t ia l ly  w ith  th e  n u m b e r  o f  m o d e l in p u ts .

B e c a u s e  th e  p e r fo r m a n c e  o f  th is  in d ire c t  a d a p t iv e  fu z z y  c o n t r o l le r  s t r a t e g y  is  d ire c t ly  

d e p e n d e n t  o n  th e  a c c u r a c y  o f  th e  f u z z y  m o d e l u s e d , m o re  r e s e a r c h  is  r e q u ir e d  in to  

im p r o v in g  th e  m o d e ll in g  a c c u r a c y  a n d  m e m o r y  re q u ire m e n ts  o f  on-line a d a p t iv e  fu z z y  

m o d e ls .  S u c h  r e s e a r c h  s h o u ld  in c lu d e  :

•  th e  d e te rm in a t io n  o f  realistic trade-offs b e tw e e n  m e m o r y  r e q u ire m e n ts  a n d  

m o d e ll in g  a c c u r a c y ,

•  th e  in v e s t ig a t io n  in to  th e  u t i l is a t io n  o f  different learning algorithms,
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•  th e  d e v e lo p m e n t  o f  structurally adaptive models w h ic h  w o u ld  s ta r t  w ith  

s m a ll  r u le b a s e s  a n d , a s  th e  r u le b a s e  f i l l s ,  w o u ld  a u to m a t ic a lly  in c r e a s e  

r u le b a s e  s iz e  a n d  r e s o lu t io n  a n d

•  th e  c o m b in a t io n  o f  fu z z y  m o d e ls  a n d  p h y s ic a l  m o d e ls  to  f o r m  hybrid fuzzy 
models.

F ig u r e  7 . 1  s h o w s  o n e  e x a m p le  o f  th e  synthesis o f  a fuzzy model and a deterministic 
model u s in g  th e  m a s s  f lo w  o f  th e  w a r m  w a t e r  p r o c e s s  a s  a n  e x a m p le .  H e r e ,  th e  o n 

l in e  a d a p t iv e  f u z z y  m o d e l  is  u s e d  to  le a r n  th e  m o d e ll in g  e r r o r  o f  th e  p h y s ic a l  p la n t  

m o d e l  a n d , th r o u g h  c o m p e n s a t io n , im p r o v e  o v e r a l l  m o d e ll in g  p e r fo r m a n c e .

Fout(n)
Hybrid Fuzzy Model

Fin(n-l)

Fout(n-l)

Non-adaptive 
physical plant model

• Fout_m(n)

Modelling error o f  the 
physical model is used ^ 
to train the fuzzy model ^  [:

On-line adaptive 
Fuzzy model Error(n) predictec 

by the fuzzy model

Fout(n)

Fin(n-l) is the previous inlet flow of the real warm water process.
Fout(n-l) is the previous outlet flow of the real warm water process.
Fout(n) is the current outlet flow of the real warm water process.

Fout_m(n) is the predicted outlet flow from the physical model.

Fout(n) is the predicted total outlet flow of the warm water process.
Error(n) is the modelling error of the physical model predicted by the fuzzy model.

F ig u r e  7 . 1  -  S y n t h e s i s  o f  a d a p t iv e  f u z z y  m o d e l a n d  p h y s ic a l  p la n t  m o d e l.

S u c h  hybrid fuzzy models w o u ld  o f f e r  im p r o v e d  m o d e ll in g  p e r fo r m a n c e  a s  th e  fu z z y  

m o d e l  w o u ld  n o  lo n g e r  b e  re q u ir e d  to  le a r n  th e  c o m p le te  s y s te m  b e h a v io u r . T h e  

k n o w - h o w  c o n t a in e d  in  p h y s ic a l  m o d e ls  c a n  b e  u t il is e d  w h e r e b y  th e  f u z z y  m o d e l 

w o u ld  s e r v e  to  in c r e a s e  its  a c c u r a c y .  F u r th e r m o r e ,  in  c o n t r a s t  to  th e  f u z z y  m o d e ls  

u s e d  in  th is  r e s e a r c h ,  th e  in it ia lisa t io n  o f  th e  f u z z y  m o d e l  w o u ld  n o t  b e  n e c e s s a r y ,  a s  

th e  p h y s ic a l  m o d e l  w o u ld  p r o v id e  th e  in it ia l o u tp u t o f  th e  o v e r a l l  h y b r id  m o d e l.
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7.2.4. Predictive Fuzzy Control
T h is  r e s e a r c h  u s e d  a  s im p le  single step predictive fuzzy controller ( S P F C )  a s  a  b a s is  

a n d  e n h a n c e d  it  th r o u g h  th e  e x te n s io n  o f  th e  s te p  r e fe r e n c e  m o d e l to  a  f i r s t  o r d e r  

s y s t e m , th u s  a l lo w in g  b e t te r  d e f in it io n  o f  its  d y n a m ic  r e s p o n s e .  T h r o u g h  a p p lic a t io n  

to  a  n o n - lin e a r  m u lt iv a r ia b le  p la n t , th e  a d v a n ta g e s  a n d  s h o r tc o m in g s  o f  th e  S P F C  

w e r e  h ig h lig h te d . T h e  m a in  lim ita t io n  o f  th e  S P F C  w a s  th e  s in g le  s te p  p r e d ic t io n  

h o r iz o n  w h ic h  w a s  n o t  s u ff ic ie n t  fo r  th e  p r e d ic t io n  o f  n o n - lin e a r  p la n t  d y n a m ic s  o v e r  

e n o u g h  o f  a  t im e  p e r io d ,  to  e n a b le  th e  c o n t r o l  o f  s y s te m s  w ith  s t r o n g ly  n o n -lin e a r  

d y n a m ic s  to  a  r e a s o n a b le  d e g r e e  o f  a c c u r a c y .

A s  a  s o lu t io n  to  th e  l im ite d  p r e d ic t io n  h o r iz o n , C h a p t e r  7  d e v e lo p s  a  m e th o d  f o r  th e  

e x t e n s io n  o f  th e  S P F C  to  th e  multi-step predictive fuzzy controller ( M P F C ) .  T h is  is  

a c h ie v e d  th r o u g h  th e  u t ilis a t io n  o f  d if fe r e n t ia b le  f u z z y  m o d e ls  a n d  th e  a p p lic a t io n  o f  a  

g r a d ie n t  d e s c e n t  a lg o r it h m  to  th e  p r o p o s e d  M P F C  s t r u c tu re  to  o p t im is e  th e  v a lu e s  o f  

th e  m a n ip u la te d  v a r ia b le s .  T h is  M P F C  c o u ld  s e r v e  a s  th e  fo c u s  f o r  fu r th e r  r e s e a r c h , 

w h e r e  th e  m a in  i s s u e s  a re  d e e m e d  to  b e :

•  in v e s t ig a t io n  o f  th e  a c h ie v a b le  speed and quality o f optimisation th r o u g h  th e  

u t i l is a t io n  o f  a  v a r ie t y  o f  g r a d ie n t  d e s c e n t  m e th o d s ,

•  th e  d e te rm in a t io n  o f  th e  e f f e c t  o f  th e  accuracy o f fuzzy models o n  th e  

c o n t r o l le r  p e r fo r m a n c e ,

•  c o m p a r is o n  a n d  c o n tr a s t  w ith  classical predictive control s t r a t e g ie s  a n d

•  th e  u s e  o f  hybrid fuzzy models, a s  p r o p o s e d  in  S e c t io n  7 . 2 . 3  o f  th is  c h a p te r , 

in  a  m u lt i- s te p  p r e d ic t iv e  c o n tro lle r .

7.3. Conclusions
F u z z y  c o n t r o l o f f e r s  th e  e n g in e e r  a  m e th o d  w ith  w h ic h  it  is  possible to  c o n t r o l  a  p la n t  

u s in g  human expert knowledge stored in a mathematical form. T h is  c a p a b il i ty  h a s  

a c h ie v e d  some success in  th e  c o n tro l o f  i l l- d e f in e d  s y s te m s  w h e r e  c la s s ic a l  c o n tro l 

th e o r y  h a d  f a i le d  to  p r o v id e  r e lia b le  a u to m a te d  c lo s e d  lo o p  c o n tr o l.  H o w e v e r ,  fu z z y  

c o n t r o l  d o e s  n o t  o f f e r  a  g e n e r a l  s o lu t io n  f o r  a ll d if f ic u lt  c o n t r o l  p ro b le m s  a s  im p lie d  

b y  s o m e  o f  its  m o r e  a g g r e s s iv e  p r o p o n e n t s . P r e c is e ly  th e s e  e x a g g e r a t io n s  c o u p le d  

w it h  th e  in tr in s ic  a d - h o c  n a tu re  a n d  p o o r  q u a lity  o f  m u c h  o f  th e  l ite r a tu re  c o n c e r n in g  

fu z z y  c o n t r o l  h a v e  le a d  to  a c c e p ta n c e  p r o b le m s  a m o n g  th e  c lo s e d  lo o p  c o n tro l 

c o m m u n ity .
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A  f u z z y  c o n t r o l le r  p e r fo r m s  n o th in g  o th e r  th a n  an  interpolation between the rules in 
its rulebase a n d  c a n  b e  v ie w e d  a s  a n  interpolating lookup table, w h e r e  th e  e le m e n ts  

in  th e  lo o k u p  ta b le  c a n  b e  r e fe r e n c e d  b y  lin g u is t ic  te rm s . T h e  fo r m  o f  in te rp o la t io n  

u s e d  is  d e p e n d e n t  o n  s u c h  p a r a m e te r s  a s  th e  ty p e  a n d  n u m b e r  o f  f u z z y  m e m b e rs h ip  

s e t  fu n c t io n s , th e  in fe r e n c e  a n d  a g g r e g a t io n  fu n c t io n s  a n d  th e  d e fu z z if ic a t io n  m e th o d . 

T h e  m a jo r  d is a d v a n t a g e  w ith  th e  fu z z y  c o n t r o l le r  is  th e  s e le c t io n  a n d  o p t im is a t io n  o f  

th e  la r g e  n u m b e r  o f  p a r a m e te r s .  T h e  d e s ig n e r  c a n  r e d u c e  th e  n u m b e r  o f  th e s e  

p a r a m e t e r s  b y  r e d u c in g  th e  s iz e  o f  th e  r u le b a s e , b u t  w h i le  th is  s o lu t io n  o f f e r s  h ig h e r  

c la r i t y  o f  d e s ig n , th e  o v e r a l l  a c c u r a c y  o f  th e  f u z z y  c o n t r o l le r  w i l l  s u ffe r .

F u z z y  c o n t r o l le r s  a r e  not suitable f o r  h ig h  a c c u r a c y  c o n t r o l  t a s k s  in  su c h  a p p lic a t io n s  

a s  r o b o t ic s .  T h is  u n s u ita b il ity  is  d u e  to  th e  in t e r p o la t iv e  n a tu re  o f  th e  fu z z y  lo g ic  

c o n t r o l le r  a n d  th e  d i f f i c u l t y  in  r e la t in g  c o n t r o l le r  p a r a m e te r s  to  c o n t r o l le r  p e r fo r m a n c e  

w h e n  a  fu z z y  c o n t r o l le r  is  u t ilis e d . S u c h  c o n t r o l  t a s k s  a re  b e tte r  le f t  to  c la s s ic a l  

c o n t r o l  m e th o d s  w h ic h , b y  m e a n s  o f  th e ir  d e te rm in is t ic  n a tu re , p r o v id e  h ig h e r  

a c c u r a c y  a n d  o fte n  a l lo w  o p t im is a t io n  o f  th e  c o n t r o l le r  f o r  a  g iv e n  c o s t  fu n c t io n  

a r o u n d  a  g iv e n  p la n t  o p e r a t in g  p o in t . O n ly  in  th e  c a s e  w h e r e  c la s s ic a l  c o n t r o l  

a lg o r it h m s  f a i l  to  d e l i v e r  th e  d e s ir e d  c o n t r o l le r  r e s p o n s e ,  s h o u ld  th e  im p le m e n ta t io n  o f  

a  f u z z y  c o n t r o l le r  b e  a tte m p te d .

T h e  f ie ld  o f  a d a p t iv e  f u z z y  c o n tro l w a s  c a t e g o r is e d  in to  th r e e  a r e a s  in  th is  r e s e a r c h  

w it h  m o s t  a tte n tio n  b e in g  g iv e n  to  s ta n d -a lo n e  a d a p t iv e  f u z z y  c o n t r o l s t r a t e g ie s .  T h e  

m a jo r it y  o f  a d a p t iv e  f u z z y  c o n tro l te c h n iq u e s  fo u n d  a re  o f  limited practical value. A s  

f a r  a s  th e  a u th o r  i s  a w a r e ,  th e  o n ly  ty p e  o f  a d a p t iv e  f u z z y  c o n t r o l le r  th a t h a s  p r o v e n  

to  b e  c o m m e r c ia l ly  v ia b le ,  is  th e  s e lf - t u n in g  F E D  c o n t r o l le r  w ith  a  f u z z y  tu n e r  w h ic h  is  

a v a i la b le  f r o m  th e  c o m p a n y  O M R O N  [ 1 ] ,

T h e  single step predictive fuzzy controller c h o s e n  f o r  p r a c t ic a l  e v a lu a t io n  in  th is  

r e s e a r c h  is  o f  l im it e d  p r a c t ic a l  v a lu e  d u e  to  th e  f o l lo w i n g  d is a d v a n ta g e s  :

•  single step prediction  is  n o t  s u f f ic ie n t  f o r  g o o d  c o n t r o l  o f  n o n - lin e a r  

m u lt iv a r ia b le  p la n ts .

•  extravagant memory requirements -  th e  f u z z y  m o d e l u s e d  f o r  th e rm a l 

b e h a v io u r  m o d e ll in g  r e q u ire s  o v e r  2 0 0  k B y t e s  o f  m e m o r y .

•  excessive computational requirements w ith  o f  th e  c o n t r o l le d  s e a r c h  

a lg o r it h m  u s e d  - o n e  c a lc u la t io n  o f  th e  o u tp u t  o f  th e  f o u r  d im e n s io n a l fu z z y
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m o d e l o f  th e rm a l b e h a v io u r  r e q u ir e d  a p p r o x im a t e ly  0 .0 5  s e c o n d s  w h e n  ru n  

o n  a  3 8 6 D X  3 3 M h z  P C .

•  th e  quality o f control is  o v e r ly -d e p e n d e n t  o n  th e  m o d e ll in g  a c c u r a c y  o f  th e  

f u z z y  m o d e l u s e d .

T h e  d e v e lo p m e n t  o f  th e  multistep predictive fuzzy controller, s u g g e s t e d  in  C h a p t e r  7 ,  

c o u p le d  w ith  th e  c o n t in u a l d e c r e a s e  in  th e  p r ic e  o f  c o m p u t in g  e q u ip m e n t  a n d  th e ir  

s t e a d i ly  im p r o v in g  p e r fo r m a n c e  m a y  m a k e  th e  p r e d ic t iv e  fu z z y  c o n t r o l le r  in te re s t in g  

f o r  p r a c t ic a l  im p le m e n ta t io n s  in  th e  fu tu r e ,  b u t  f o r  th e  m o m e n t  it  w i l l  r e m a in  la r g e ly  

w it h in  th e  r e a lm s  o f  a c a d e m ic  re s e a r c h .

In  m o s t  o f  th e  l it e r a t u r e  fo u n d , th e  a u th o rs  a tte m p t  to  d e v e lo p  a d a p t iv e  f u z z y  c o n t r o l  

s t r a t e g ie s  w it h o u t  th e  in c o r p o r a t io n  o f  k n o w - h o w  f r o m  c la s s ic a l  c o n t r o l th e o r y . T h is  

r e s u lt s  in  a d -h o c  c o n t r o l  p a r a d ig m s  s u c h  a s  th e  s e l f - o r g a n is in g  c o n t r o l le r  a n d  m a n y  o f  

th e  g a in  tu n in g / a d a p ta t io n  m e th o d s  fo u n d . I t  is  b e y o n d  d o u b t  th a t a d a p t iv e  fu z z y  

c o n t r o l  c a n  o n ly  s e r v e  to  g a in  b y  e x p lo i t in g  th e  k n o w le d g e  a n d  e x p e r ie n c e  a v a ila b le  in  

th e  f ie ld  o f  c la s s ic a l  c o n t r o l .  T h e  s y n th e s is  o f  a d a p t iv e  fu z z y  c o n tro l a n d  c la s s ic a l  

c o n t r o l  th e o r y  w o u ld  b e n e fit  c o n t r o l  th e o r y  a s  a  w h o le ,  th r o u g h  th e  e x p lo ita t io n  o f  

th e  a d v a n ta g e s  o f  b o th  m e th o d s , to  o v e r c o m e  th e ir  in d iv id u a l  w e a k n e s s e s .
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Appendix A

T a b le  A . l  -  L i s t  o f  c o m p o n e n ts  u s e d  in  s ig n a l  c o n d it io n in g  b o a r d .

Resistors Value Tolerance
R 1 4 7 0  n 5 %

R 2 2 . 2  M Q 5 %

R 3 2 .2  M Q 5 %

R 4 1  M Q 5 %

R 5 1  M Q 5 %

R 6 See Table A.2 5 %

R 7 1  M Q 5 %

R 8 1 M Q 5 %

R 9 1 .8  M Q 5 %

R I O 2 . 2  M Q 5 %

R l l 4 7 0  k Q 5 %

R 1 2 6 8 0  k Q 5 %

Variable Resistors -  C a r b o n  t y p e s

R V 1 1 0 0  Q 10%

R V 2 1 M Q 10%

R V 3 4 7  k Q 10%

Capacitors
C l 2 .2  n F  C e r a m ic 10%

C 2 See Table A.2 10%

C 3 2 .2  n F  C e r a m ic 10%

Semiconductor Devices
A 1  a n d  A 2  a r e  2  o p e r a t io n a l  a m p lif ie r s  in  a  q u a d - o p a m p  in te g ra te d  c ir c u it  -  T L 0 7 4

f r o m  T e x a s  In s tru m e n ts .

T a b le  A 2  - A n t i - a l ia s in g  c u t  o f f  f re q u e n c ie s  a n d  c o r r e s p o n d in g  c o m p o n e n t  v a lu e s .

Plant Variable C ut-off 
Frequency (Hz)

Value o f  C2 in 
signal conditioning 

board channel

Value o f  C2 in 
signal conditioning 

board channel.
C o ld  In le t  F l o w 5 2 2  ( lF 4 7  k Q

H o t  I n le t  F l o w 5 2 2  | iF 4 7  k Q

P r o c e s s  R e a c t io n  

T a n k  L e v e l

0 .0 8 3 3 2 2  n F 4 7  k Q

O u t le t  F lo w 0 .0 8 3 3 2 2  n F 4 7  k Q

H o t  In le t  

T e m p e r a t u r e

0 .0 8 3 3 2 2  n F 4 7  k Q
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O u tle t 0 .0 8 3 3 2 2  n F 4 7  k Q

T e m p e r a tu r e

T a b le  A . 3  - L i s t  o f  c o m p o n e n ts  u s e d  in  th e  tw o  p o w e r  s u p p l ie s .

Capacitors
C l ,  C 2 ,  C 3 1 0 0 0 | i F

Transformers
T 1 2 4 V A  0 - 2 2 0 / 2 4 0 V  p r im a r y  v o lt a g e ,  1 x 2 4 V  

s e c o n d a r y  v o lt a g e  a t 1 a m p e r e , c h a s s is  m o u n t

T 2 3 0 V A  0 - 2 2 0 / 2 4 0 V  p r im a r y  v o l t a g e ,  2 x 1 5 V  

s e c o n d a r y  v o l t a g e  a t 1 a m p e re , c h a s s is  m o u n t

Semiconductor Devices
I C 1 M C 7 8 2 4 C T  V o l t a g e  r e g u la t o r  - + 2 4  v o lt s

I C 2 M C 7 8 1 5 C T  V o l t a g e  r e g u la t o r  - + 1 5  v o lt s

I C 3 M C 7 9 1 5 C T  V o l t a g e  r e g u la t o r  -  - 1 5  v o lt s

B 1 ,  B 2 G e n e r a l  In s tru m e n t  G B P C 1  B r id g e  r e c t i f ie r
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Appendix B

T h is  a p p e n d ix  c o n ta in s  th e  s o u r c e  l is t in g s  f o r  th e  fu n c t io n s  n e c e s s a r y  fo r  th e  

in s t a l la t io n  a n d  d e - in s ta lla t io n  o f  a  u s e r  d e f in e d  in te rru p t s e r v ic e  ro u tin e . T h e  n a m e  o f  

th is  I S R  is  a d c jsr .

T h e  f o l lo w i n g  A N S I  C  fu n c t io n  in s t a l ls  a  in te rru p t  s e r v ic e  ro u t in e  f o r  th e  I R Q  x .

,.*** ** ,* * , * * * * * .* * * ... .„ * * .* .,* * * * .* * * * * * .*  ****.***.***.*****.* .*****.* .*

** P r o g r a m  : I N T J N I T . C  

**  R e v i s i o n  : 1

**  D a t e  : 1 0 . 0 5 . 9 3  S T E P H E N  M C C O R M A C

T h i s  f i le  in i t i a l i s e s  t h e  in t e ru p t  s t r u c t u r e  r e q u ir e d  in t h is  p r o g r a m m e .

T h e  A D C  c a r d  s e n d s  a n  in t e ru p t  o n  I R Q - x  w h e n  A D C  i s  c o m p l e t e .  T h e  m o d u le  

A D C J S R . C  is  t h e  In te ru p t  S e r v i c e  R o u t in e  fo r  t h is  IR Q .

* ***************  jn c |Ucie d  f i le s  

# in c lu d e  < d o s . h >

# in c lu d e  < s t d io .h >

# in c lu d e  < c o n i o .h >

,.**.*****.***..„.*.** **.„..*.***,
****************  f u n c tio n  p r o t o t y p e s

e x t e r n  u n s i g n e d  c h a r  P I C O ld ;  

e x t e r n  v o id  in te r r u p t  A d c l s r ( v o id ) ;  

e x t e r n  v o id  in te r r u p t  ( * O ld V e c t ) ( ) ;

, * * * * * * * * * * * * * * *  * * * . * * * * * . * * . . ,  * * * * * * *   * * * * * * * * * * /

v o id  ln t ln i t ( u n s ig n e d  int In tN u m , u n s i g n e d  int In tE n )

{

/*................................d e c l a r a t i o n s --------------------------------------------------- 7

u n s i g n e d  c h a r  T e m p B y t e O ;

/*---------------------- s t a r t  o f  m a in  i n s t r u c t i o n s -------------------------------7

d i s a b le ( ) ;  /* d i s a b l e s  a l l in t e r u p t s  7

T e m p B y t e 0 = i n p o r t b ( 0 x 2 1 ) ;  /* r e a d  in In te ru p t  F l a g  R e g i s t e r  7

P I C O I d = T e m p B y t e O ;  /* s a v e  o ld  IM R  v a l u e  7

T e m p B y t e O ^ T e m p B y t e O  &  In tE n ; /* u n m a s k  I R Q x  7

o u t p o r t b ( 0 x 2 1  .T e m p B y t e O ) ;  /* e n a b l e  I R Q 7  in te ru p t  7

O ld V e c t = g e t v e c t ( l n t N u m ) ;  /* g e t  B I O S  in s t a l le d  I R Q x  in t e ru p t

v e c t o r  7

s e t v e c t ( l n t N u m ,A d c l s r ) ;  /* s e t  I R Q x v e c t o r  to  a d c j s r  7

enableO; /* enable interupts 7
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}

T h e  f o l l o w i n g  A N S I  C  fu n c t io n  d e in s ta lls  th e  p r e v io u s ly  in s ta lle d  I S R  a n d  r e s to r e s  th e 

P C  to  it s  p r e v io u s  s ta te .

/**************************************************************************

** P r o g r a m  : t e r m in a t .c  *

**  R e v i s i o n  : 1  *

**  D a t e  : 2 5 . 0 5 . 9 3  S T E P H E N  M C C O R M A C

T h is  m o d u le  a l l o w s  t h e  p r o p e r  t e r m in a t io n  o f  t h e  c o n t r o l  s y s t e m  f o r  t h e  w a r m  

w a t e r  p r o c e s s .
**************************************************************************

*** * ************  ¡n c |ucie d  f i le s  *************************************/

# in c lu d e  " p a r _ s y s . h "

# in c lu d e  < d o s .h >/*.«.*******.*****.,..*.***** *****,****.********..*.„******«*****.,

e x t e r n  u n s i g n e d  c h a r  P I C O Id ;  

e x t e r n  v o id  in te rr u p t  A d c l s r ( v o id ) ;  

e x t e r n  v o i d  in te rr u p t  ( * O ld V e c t ) ( ) ;

,*,*********,**.*,.***.*,.*..*****..***************************************
****************  f u n c tio n  p r o t o t y p e s  *********************** “ **********/

e x t e r n  v o id  D a c ln it ( v o id ) ;
/ . « . . * * . * * *  * * * * * * * * * * * *  * * * * * . . . . * *  * * * * * * * * * * * * ----------

v o id  T e r m i n a t e ( u n s i g n e d  int In tN u m )

{
/*---------------------- d e c l a r a t i o n s --------------------------------------------------- */

/*--------------------- s t a r t  o f  m a in  i n s t r u c t i o n s ..............................................*/

D a c ln it ( ) ;  / * s e t s  a ll D A C  o u t p u t s  to  z e r o  7

o u t p o r t b ( A d c ln t E n .O x f f ) ;  /* r e s e t  in te r r u p t  r e q u e s t  o n  A D C  7

o u t p o r t b ( A d c M o d e C o n t ,O x O ) ; /* r e s e t  A D C  c a r d  t r ig g e r  m o d e s  7

o u t p o r t b ( 0 x 2 0 ,0 x 2 0 ) ;  /* v e r i f y  in te r r u p t  7

d i s a b le ( ) ;  /* d i s a b l e s  a l l in t e r u p t s  7

o u t p o r t b ( 0 x 2 1 , P I C O Id ) ;  /* r e s t o r e  o ld  P I C  v a l u e  7

s e t v e c t ( l n t N u m ,O ld V e c t ) ;  /* r e s t o r e s  o ld  in t e r r u p t  v e c t o r  7

e n a b le ( ) ;  /* e n a b l e  in t e r r u p t s  7

}

T h e  f o l lo w i n g  A N S I  C  fu n c t io n  m u lt ip l ie s  t w o  m a tr ic e s  to g e th e r .

# in c lu d e  < s t d io .h >
# in c lu d e  < s t r u c t s 1 . h >

e x t e r n  M A T R I X  m a t in i t l  ( u n s i g n e d  in t R O W , u n s i g n e d  int C O L ,  M A T R I X  h u g e  

•M a t ) ;

M A T R I X  M U L M ( M A T R I X  h u g e  * A ,M A T R I X  h u g e  * B )
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{
M A T R I X  A N S ;

int i = 0 , j= 0 ,k = 0 ,e r r = 0 ;  

f l o a t  s u m = 0 .0 ;

/* c h e c k  m a t r ix  d i m e n s io n s  */ 

if ( A - > c o l  u rn  n s  != B - > r o w s )

{
p r in t f( "\n \a  M is m a t c h in g  m a t r ix  d i m e n s io n s  in M U L M " ) ; 

e r r = 1 ;

}

/* in i t ia l i s e  a n s w e r  m a t r ix  */ 

A N S = m a t i n i t 1 ( A - > r o w s ,B - > c o l u m n s ,& A N S ) ;

i f ( e r r = = 0 )

{
f o r ( i = 0 ; i < A N S .r o w s ; i + + )

f o r ( j= 0 ; j< A N S .c o l u m n s ; j+ + )

{
s u m = 0 . 0 ;

f o r ( k = 0 ;k < A - > c o l u m n s ;k + + )

s u m + =  A - > m a t [ i] [k ]  * B - > m a t [k ] [ j] ;  

A N S .m a t [ i ] [ j ] = s u m ;

}

r e t u r n ( A N S ) ;

}

T h e  f o l lo w in g  A N S I  C  fu n c t io n  r e p r e s e n ts  th e  a r t if ic ia l  n e u ra l n e t w o r k  m o d e l o f  th e  

w a r m  w a t e r  p r o c e s s .

T h is  fu n c t io n  c a l c u l a t e s  t h e  o u t p u t  o f  t h e  a n n  m o d e l  o f  

t h e  i c c  t a n k .

********************   **/

# in c lu d e  < s t r u c t s 1 . h >

e x t e r n  M A T R I X  D I V V ( M A T R IX  h u g e  ‘ .M A T R I X  h u g e  *); 

e x t e r n  M A T R I X  M U L V { M A T R I X  h u g e  ‘ .M A T R I X  h u g e  *);

e x t e r n  M A T R I X  M U L M ( M A T R I X  h u g e  * ,M A T R I X  h u g e  *);

e x t e r n  M A T R I X  L O G S I G V ( M A T R I X  h u g e  * ,M A T R I X  h u g e  *);

e x t e r n  M A T R I X  A D D M ( M A T R I X  h u g e  * ,M A T R I X  h u g e  *);

e x t e r n  v o id  m a t f r e e l  ( M A T R I X  h u g e  *);

M A T R I X  n n r u n ( M A T R I X  h u g e  * u ,M A T R I X  h u g e  * w 1 m ,M A T R I X  h u g e  * 

w 2 m ,M A T R I X  h u g e  * w 3 m ,

M A T R I X  h u g e  * b 1 m , M A T R I X  h u g e  * b 2 m ,M A T R I X  h u g e  * b 3 m ,  

M A T R I X  h u g e  * p s c a l e m .M A T R I X  h u g e  * t s c a le m )

{
M A T R I X  u 1 , u 2 , u 3 , u 4 , u 5 , u 6 , u 7 , y ;
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u 1 = D I V V ( u ,p s c a l e m ) ;

u 2 = M U L M ( w 1 m ,& u 1 ) ;

u 3 = L O G S I G V ( & u 2 , b 1  m );

u 4 = M U L M ( w 2 m ,& u 3 ) ;

u 5 = L O G S I G V ( & u 4 ,b 2 m ) ;

u 6 = M U L M ( w 3 m ,& u 5 ) ;

u 7 = A D D M ( & u 6 ,b 3 m ) ;

y = M U L V ( & u 7 , t s c a l e m ) ;

m a t f r e e 1 ( & u 1 ) ;  

m a t f r e e l  ( & u 2 ) ;  

m a t f r e e l  ( & u 3 ) ;  

m a t f r e e l  ( & u 4 ) ;  

m a t f r e e l  ( & u 5 ) ;  

m a t f r e e l  ( & u 6 ) ;  

m a t f r e e l  ( & u 7 ) ;

r e tu r n ( y ) ;

T h e  f o l lo w i n g  A N S I  C  s o u r c e  c o d e  l is t in g  a l lo c a te s  m e m o r y  f o r  a  f o u r  d im e n s io n a l 

r u le b a s e .

/* fu n c t io n  to  in it ia l is e  a  m a t r ix  o f  d o u b le s * /

# in c lu d e  < s t d io .h >

# in c lu d e  < s t r u c t s 1 . h >

# i n c lu d e  < s t d l ib .h >

# i n c lu d e  < a l l o c .h >

# in c lu d e  < c o n i o .h >

e x t e r n  M A T R I X  m a t in it l  ( u n s ig n e d  int, u n s i g n e d  int, M A T R I X  h u g e  *);

R B 4 D  r b 4 d in it ( u n s ig n e d  in t R O W _ 2 ,u n s i g n e d  int C O L _ 2 ,

u n s i g n e d  int R O W , u n s i g n e d  int C O L ,  R B 4 D  h u g e  * M a t)

{
u n s i g n e d  in t i= 0 , j= 0 ;

M A T R I X  h u g e  ** a r r a y ;

M a t - > r o w s _ 2 = R O W _ 2 ;

M a t - > c o l u m n s _ 2 = C O L _ 2 ;

a r r a y = ( M A T R I X  h u g e  * * ) c a l lo c ( R O W _ 2 ,s i z e o f ( M A T R I X ) ) ;

i f ( a r r a y = = N U L L )  

p r in t f ("\n  ! I ¡A l lo c a t io n  o f  R B 4 D  f a i le d ." ) ;

f o r ( j= C ) ; j< R O W _ 2 ; j+ + )

{
a r r a y [ j ] = ( M A T R I X  h u g e  * ) c a l l o c ( C O L _ 2 ,s i z e o f ( M A T R I X ) ) ;  

i f ( a r r a y [ j ] = = N U L L )  
p r in t f  ("\n  I ! I A l lo c a t io n  f o r  r o w s  f a i l e d . " ) ;

}

for(i=0;i<ROW_2;i++)
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{
a r r a y [ i ] ö ] = m a t in it 1 ( R O W ,C O L ,& a r r a y [ i ] [ j ] ) ;

}

for(j=0;j<COL_2;j++)

M a t - > m a t p = a r r a y ;

re tu r n ( * M a t ) ;

}

T h e  f o l lo w in g  A N S I  C  s o u r c e  c o d e  l is t in g  is  o f  th e  fu n c t io n  u s e d  to  f o r  ru le  

a n te c e d e n t  in fe r e n c e  f o r  f o u r  a n te c e d e n t  v a r ia b le s  f o l lo w e d  b y  th e  c e n tre  o f  g r a v ity  

d e fu z z i f ic a t io n  f o r  th e  c o r r e s p o n d in g  lo o k u p  ta b le  r u le b a s e  w ith  s in g le to n  

c o n s e q u e n t s .

# i n c lu d e  < in f r b 4 d .h >

# in c lu d e  < s t d io .h >

# in c lu d e  < s t r u c t s 1 . h >

# in c lu d e  < a l l o c .h >

# in c lu d e  < s t d l ib .h >

e x t e r n  f l o a t  lo o k u p 4 d ( u n s ig n e d  int R O W _ 2 ,u n s i g n e d  int C O L _ 2 , u n s i g n e d  int 

R O W ,u n s i g n e d  int C O L ,R B 4 D  h u g e  * M A T ) ; 

e x t e r n  v o i d  p r in t m a t ( M A T R I X  h u g e  *);

e x t e r n  M A T R I X  m a t in i t l  ( u n s i g n e d  in t ,u n s ig n e d  in t ,M A T R IX  h u g e  *);

e x t e r n  v o id  m a t f r e e l  ( M A T R I X  h u g e  * );

e x t e r n  f l o a t  I N F P R O D ( M A T R I X  h u g e  *); 

e x t e r n  f l o a t  A L G S U M ( M A T R I X  h u g e  *); 

e x t e r n  f l o a t  M E A N ( M A T R I X  h u g e  *); 

e x t e r n  f l o a t  M IN IM U M ( M A T R IX  h u g e  *); 

e x t e r n  f lo a t  F U Z O R ( M A T R I X  h u g e  * , f lo a t ) ;  

e x t e r n  f l o a t  M A X I M U M ( M A T R I X  h u g e  *); 

e x t e r n  f l o a t  F U Z U N D ( M A T R I X  h u g e  * ,f lo a t ) ;

in t in f r b 4 d ( M A T R I X  h u g e  * c r i s p ,  M A T R I X  D o fs [ ] ,M A T R I X  D o fs N Z [ ] ,  R B 4 D  h u g e  * 

R u l e B a s e . i n t  I F , f lo a t  g a m m a )

{
r e g i s t e r  int i , j ,k , l ,m ; 

r e g i s t e r  f lo a t  S D , S D C ;

i f ( ( R u l e B a s e - > r o w s _ 2 = = 0 ) l l ( R u l e B a s e - > c o l u m n s _ 2 = = 0 ) l l ( R u l e B a s e -

> m a t p [ 0 ] [ 0 ] . r o w s = = 0 ) l l ( R u le B a s e - > m a t p [ 0 ] [ 0 ] .c o lu m n s = = 0 ) )

{
p r in t f ( " \ n !! !E r r o r  in in fr b 4 d  - R u l e b a s e  n o t  d e f in e d  p r o p e r ly " ) ;  

r e t u r n ( 1 ) ;

}

f o r ( i = 1  ; i< = N u m C o n ; i + + )

{
S D = 0 ;

S D C = 0 ;

f o r ( j= 0 ; j< D o f s N Z [ 3 ] . c o l u m n s ; j+ + )
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{
f o r ( k = 0 ;k < D o f s N Z [ 2 ] .c o lu m n s ;k + + )

{
f o r ( l = 0 ; l < D o f s N Z [ 1 ] .c o l u m n s ; l + + )

{
f o r ( m = 0 ;m < D o f s N Z [ 0 ] .c o l u m n s ;m + + )

{
r e g i s t e r  u n s i g n e d  int r 1 = 0 , r 2 = 0 , c 1 = 0 , c 2 = 0 , c r b = 0 ;  

r e g i s t e r  f lo a t  D O F = 0 ,C C ) N = 0 ;

M A T R I X  D o f V e c ;

r 2 = ( u n s i g n e d  in t )D o fs N Z [3 ] .m a t[O ]0 ] ;  
c 2 = ( u n s i g n e d  in t ) D o fs N Z [ 2 ] .m a t [ 0 ] [ k ] ;  

r 1  = ( u n s ig n e d  i n t ) D o f s N Z [ 1  ] .m a t[0 ][ l] ; 

c 1  = ( u n s ig n e d  in t ) D o fs N Z [ 0 ] .m a t [ 0 ] [ m ] ;

i f ( r 2 > F V 4 N S - 1 )  

r 2 = F V 4 N S - 1 ;  

i f ( r 2 < 0 )  

r 2 = 0 ;  

i f ( r 1 > F V 2 N S - 1 )  

r 1 = F V 2 N S - 1 ;  

i f ( r 1 < 0 )  

r 1  = 0 ;  

i f ( c 2 > F V 3 N S - 1 )  

c 2 = F V 3 N S - 1 ;  

i f ( c 2 < 0 )  

e 2 = 0 ;  

i f ( c 1 > F V 1 N S - 1 )  

e 1 = F V 1 N S - 1 ;  

if ( c 1  < 0 )  

c1 =0;

c r b = e 1 * N u m C o n + i - 1 ;

D o f V e c = m a t in i t 1  ( 1 ,4 ,& D o f V e c ) ;

D o f V e c .  m a t [ 0 ] [ 3 ] = D o fs [ 3 ] .m a t [ 0 ] [ r 2 ] ;

D o fV e c .m a t [ 0 ] [ 2 ] = D o f s [ 2 ] .m a t [ 0 ] [ c 2 ] ;

D o f V e c .  m a t [ 0 ] [ 1 ] = D o f s [ 1 ] .m a t [ 0 ] [ r 1 ] ;  

D o f V e c .m a t [ 0 ] [ 0 ] = D o f s [ 0 ] .m a t [ 0 ] [ c 1 ] ;

i f ( I F = = 1 )
D O F = M I N I M U M ( & D o fV e c ) ;  

e l s e  i f ( I F = = 2 )

D O F = M A X I M U M ( & D o fV e c ) ;  

e l s e  i f ( I F = = 3 )

D O F = M E A N ( & D o f V e c ) ;  

e l s e  i f ( IF = = 4 )
D O F = A L G S U M ( & D o f V e c ) ;  

e l s e  i f ( I F = = 5 )

D O F = F U Z O R ( & D o f V e c ,g a m m a ) ;  

e l s e  i f ( IF = = 6 )

D O F = F U Z U N D ( & D o f V e c ,g a m m a ) ;  

e l s e  i f ( I F = = 7 )

D O F = I N F P R O D ( & D o f V e c ) ;

e l s e
p r in t f( " \ n E r ro r  in in fr b 4 d  - I F  % d  n o t  c o r r e c t " , I F ) ;

/ ‘ lim it D O F 7  

if(D C > F < 0 .0 )
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D C ) F = 0 .0 ;  

i f ( D O F > 1 .0 )

D O F = 1 .0 ;

C O N = l o o k u p 4 d ( r 2 , c 2 , r 1 , c r b , R u l e B a s e ) ;

S D = S D + D O F ;

S D C = S D C + D O F * C O N ;

m a t f r e e l  ( & D o f V e c ) ;

}
}

}
}

i f ( S D = = 0 )

{
p r in t f ( " \ n S u m  o f D O F S  is  z e r o  -  s e t t in g  c r i s p  to  0 " ) ;

c r i s p - > m a t [ 0 ] [ i - 1  ] = 0 .0 ;

r e t u r n ( 1 ) ;

}
e l s e

c r i s p - > m a t [ 0 ] [ i - 1  ] = S D C / S D ;

}

re tu rn (O );

}
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Appendix C

Table o f calibration data fo r the hot and cold in le t flowmeters.

Fcold(t) 

ml/s

V Flow

m 3
V Head

m 3
Fcold(t) 

ml/s
Fhot(jt) 

ml/s
V Flow 

m 3
V Head

m 3
Fhoi(t)
ml/s

1 0 . 3 5 0 .0 2 0 3 0 .0 9 0 5 4 6 . 1 5 1 9 .9 2 0 .0 6 7 5 0 .0 9 5 8 2 8 .2 6

1 9 .6 9 0 .0 4 2 4 0 . 1 3 5 9 6 3 . 1 4 3 9 . 1 5 0 .0 8 3 8 0 . 1 0 2 8 4 8 .0 4

4 3 .0 7 0 .0 6 5 0 0 . 1 1 3 5 7 5 . 1 7 8 4 .2 2 0 . 1 0 0 7 0 . 1 1 8 5 9 9 . 1 2

5 2 . 7 2 0 .0 9 3 0 . 1 4 1 6 7 9 .9 9 1 0 0 .6 7 0 . 1 3 4 3 0 . 1 5 2 1 1 1 4 . 0 2

8 3 . 3 0 0 . 1 1 4 1 0 . 1 4 7 0 1 0 7 . 3 4 1 1 7 . 1 8 0 . 1 4 4 3 0 . 1 6 3 3 1 3 2 . 5 4

9 8 .4 7 0 . 1 3 2 7 0 . 1 5 6 1 1 1 5 . 8 2 1 3 8 . 2 6 0 . 1 4 9 9 0 . 1 6 3 4 1 5 0 . 7 1

1 1 8 . 5 5 0 . 1 4 8 7 0 . 1 6 3 7 1 3 0 . 5 4

1 3 4 . 1 2 0 . 1 5 3 4 0 . 1 5 5 7 14 6 .8 9

1 5 5 . 9 1 0 . 1 5 3 4 0 . 1 6 3 2 1 6 5 . 8 5

1 7 5 . 7 5 0 . 1 2 9 0 0 . 1 4 6 6 1 9 9 .7 7

1 9 0 .4 3 0 . 1 4 8 2 0 . 1 6 3 3 2 0 9 .8 7

2 0 3 .8 5 0 . 1 4 0 3 0 . 1 5 2 0 2 2 0 . 3 0

2 2 2 .4 4 0 . 1 4 2 8 0 . 1 4 8 1 2 3 1 . 3 4

2 3 1 . 8 0 0 . 1 5 2 1 0 . 1 6 1 3 2 4 5 .8 8

w h e r e  Fcou(t) a n d  Fhoi(t) a re  th e  u n c a lib r a t e d  d a ta  f o r  th e  c o ld  a n d  h o t  in le t 

f lo w m e t e r s  r e s p e c t iv e ly ,

Fcoid(t) a n d  Fiwt(t) a re  th e  u n c a l ib r a t e d  d a ta  f o r  th e  c o ld  a n d  h o t  in le t 

f lo w m e t e r s  r e s p e c t iv e ly  a n d

VFlow a n d  VHead a re  th e  v o lu m e s  c a lc u la t e d  b y  th e  f lo w  a n d  le v e l  m e th o d s  

a s  d e t a i le d  in  S e c t io n  4 .2 .
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Appendix D

T h e  f o l lo w in g  is  th e  M A T L A B  m a c r o  c o d e  f o r  th e  S I M U L I N K  s - fu n c t io n  f o r  th e 

p h y s ic a l  m o d e l o f  th e  w a r m  w a te r  p r o c e s s .

fu n c t io n  [ s y s ,x O ] = t a n k s im 4 ( t ,x ,u , f l a g ,H e a d ln i t ,T o u t ln i t ,A t a n k ,T a u T C ,T a m b )

%  F i le  : T A N K S I M 3 .M

%  C r e a t e d  : 1 5 . 3 . 9 4

%  B y  : S t e p h e n  M c C o r m a c

%
%  S t a t e s  — >  T o u t ,  H e a d ,  T t c

%  x ( 1 ) ,  x ( 2 ) ,  x ( 3 )

%
%  In p u t s  - - - >  T h o t ,  T c o ld ,  Q h o t , Q c o ld ,  V o u t p o s  

%  u ( 1 ) ,  u ( 2 ) ,  u ( 3 ) ,  u (4 ) ,  u (5 ) ,

%
%  O u t p u t s  - - >  T t c ,  Q o u t ,  H e a d ,  C v A 2

%  s y s ( 1 ) ,  s y s ( 2 ) ,  s y s ( 3 ) ,  s y s ( 4 )

%

%  c a l c u l a t i o n s  f o r  1  a n d  3 .  

if ( ( f l a g = = 1 ) l ( f l a g = = 3 ) )

T h o t = u ( 1 ) - 0 . 5 ;  

if ( ( x ( 1 ) - T a m b ) > 1 0 )

K l o s s = 3 . 5 0 0 6 e - 4 ;  

e l s e i f  ( ( x ( 1 ) - T a m b ) < 3 )

K l o s s = 0 ;

e l s e

K l o s s = 3 . 5 0 0 6 e - 5 ;

e n d ;

s q r t 2 g = 4 .4 2 9 4 ;
C v A 2 e q n = [ - 4 . 1 7 3 9 e - 0 0 9  7 . 7 5 6 7 e - 0 0 7  - 2 . 0 2 7 5 e - 0 0 7 ] ;  

C v A 2 = p o l y v a l ( C v A 2 e q n , u ( 5 ) ) ;

Q o u t = C v A 2 * s q r t 2 g * s q r t ( x ( 2 ) ) ;

% Q l o s s = K l o s s / ( A t a n k * x ( 3 ) ) ;  

if u ( 5 ) < = 0  

Q o u t = 0 ;  

e n d ;
R e s H e a d = 9 . 5 e - 2 ;  % h e a d  in t a n k  b e lo w  o u t le t  v a l v e - t h u s  d o e s  

% n o t  e f f e c t  f lo w .

C o n e V o l = 3 . 0 1 9 e - 3 ;  % v o l u m e  o f  c o n e  a t  b o t to m  o f  t a n k  - m 3  

e n d

% ln it ia l i s a t io n  o f  s y s t e m  

if f l a g = = 0

s y s - [ 3 , 0 , 4 , 5 , 0 , 0 ] ;

%  [n o . o f  c o n t .  s t a t e s ,  n o . o f  d i s c r .  s t a t e s  

%  o u t p u t s ,  in p u t s ,  n o  o f  d i s c o n t in u o u s  

%  r o o t s ,  n o . o f  f e e d t h r o u g h  ip s  to  o p s ] ,

x O = [ T o u t ln i t ,H e a d ln it ,T o u t ln i t ] ;  %  in itia l c o n d i t io n s .

% e v a l u a t i o n  o f  s t a t e  d e r i v a t i v e s  

e l s e i f  a b s ( f l a g ) = = 1
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%evaluation of first state - Tout 
if x(2)<0.05 

Level=0.05; 
else 

Level=x(2); 
end

sys(1 )=((Thot-x(1 ))*u(3)+(u(2)-x(1 ))*u(4)- 
Kloss)/(ConeVol+(Atank*(Level+ResHead)));

%evaluation of second state - Head 
Temp2=(u(3) + u(4) - Qout)/Atank; 
if x(2)>=1.75 

x(2)=1.75; 
if Temp2<0 

sys(2)=Temp2; 
else 

sys(2)=0; 
end 

else 
sys(2)=Temp2; 

end

%evaluation of third state - Ttc
Ttc=(x(1)-x(3))/TauTC;
sys(3)=Ttc;

%evaluation of outputs 
elseif abs(flag)==3

%evaluation of output sys(1) - Tout 
sys(1)=x(3);

%evaluation of output sys(2) - Qout 
sys(2)=Qout;

%evaluation of output sys(3) - Head 
sys(3)=x(2);

“devaluation of output sys(4) - CvA2 
sys(4)=CvA2;

end;

The following listing is the MATLAB macro code for the simulink icon of the artificial 
neural network model of warm water process as described in Sections 4.6 and 4.7.

function [sys,x0]=iccann1 (t,x,u,flag,ts,pscale,tscale)

% File : iccannl.m 
% Created :22.7.94 
% By : Stephen McCormac
%
% States —>
%
%
% Inputs --->
%
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%
% Outputs -->
%
% Param. —> ts, controller
%

% calculations for 1 and 3,

%initlalisation of system 
if f la g = 0

sys=[0,4,2,9,0,0];
% [no. of cont. states, no. of discr. states 
% outputs, inputs, no of discontinuous 
% roots, no. of feedthrough ips to ops],

x0=[0 0 0 0]; % initial conditions of state

%evaluation of continuous state derivatives 
elseif abs(flag)=1

%evaluation of discrete state derivatives 
elseif abs(flag)==2

sys((2+1):2*2) = x(1:2);

if abs(round(t/ts)-t/ts)<1e-6 
global w1 w2 w3 b1 b2 b3; 
u=u./pscale;
sys(1:2)=tscale.*purelin(w3*logsig(w2*logsig(w1 *u,b1 ),b2),b3);

e sys(1:2)=x(1:2);
end;

%evaluation of outputs 
elseif abs(flag)==3 

sys=x((2+1 ):2*2);

%evaluation of next update time 
elseif abs(flag)==4 

ns=t/ts;
sys =(1 + floor(ns + 1e-13*(1+ns)))*ts; 

end;
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Appendix E - Software Engineering Issues

E .l.  Introduction  

E.1.1. General Introduction
This appendix discusses the issues concerning the development of the necessary 
software for simulation and control of the warm water process used in this research. 
This software can be categorised into five groups as follows :

1. Fuzzy Logic Toolbox fo r  MATLAB - for the simulation of standard fuzzy 
controllers, self-organising controllers and supervised and unsupervised 
adaptive fuzzy models.

2. Warm Water Process Utility Programs - this software automates some of the 
necessary adjustments of the warm water process for ease of use. One such 
example is filling the tank to a certain level.

3. AN SI C Matrix Software - an ANSI C software representation of matrices 
with associated functions such as add, scalar multiplication and matrix 
multiplication. This provides a suitable data structure for the fuzzy control 
software needed for real time control of the warm water process.

4. Artificial Neural Network Software - ANSI C software implementation for the 
simulation of multi layer perceptron ANNs.

5. ANSI C Fuzzy Functions - this set of functions can be used for fast simulation 
of fuzzy logic algorithms within a compiled program. The other main 
application is that of real time control of the warm water process.

E .l .2. Overview o f Chapter Structure

Section E.2 of this appendix describes the structure and use of the fuzzy toolbox for 
MATLAB. The set of utility programs for the warm water process is described in 
Section E.3. The ANSI C source code matrix representation and related functions are 
described in Section E.4. The next Section E.5 iterates the implementation of the 
multi-layer perceptron neural network using ANSI C source code. An overview of 
the fuzzy functions in ANSI C format is contained in Section E.6. Finally speed and 
memory considerations for the fuzzy control software used in this research are 
summarised in Section E. 7. The reader is referred to Chapter 2 for explanations of 
the fuzzy logic related terminology used throughout this appendix.
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E.2. M ATLAB Fuzzy Logic Toolbox

E.2.1. Introduction
MATLAB 4.0 contains no dedicated software for the simulation of fuzzy logic 
algorithms. Thus if the advantages of the MATLAB/SIMULINK simulation 
environment were to be utilised for the necessary simulation of adaptive fuzzy control 
within this research, it was clear that a Fuzzy Control Toolbox was required. After 
consideration of the requirements and the complexity of the necessary software, the 
following features were decided upon :

• GUI - Simple Graphical User /nterface to increase the user friendliness of the 
software.

• Fuzzy Membership Set Functions - triangular, trapezoidal and Gaussian 
functions.

• Inference Functions - minimum, maximum, product, algebraic sum, fuzzy- 
and, fuzzy-or and mean functions.

• Aggregation Functions - minimum, maximum and mean functions.

• Rulebase - in a look-up table format.

• Defuzzification Methods - centre of gravity algorithms for both fuzzy 
membership function consequents and fuzzy singleton consequents.

• SIMULINK Graphical Icons - direct fuzzy controller, self-organising 
controller with a selection of performance indexes, supervised and non
supervised adaptive fuzzy models.

• Fuzzy Controller Characteristic calculation and a graphical representation 
thereof.

• Link to ANSI C - a link to the ANSI C fuzzy logic functions described in 
Section E.6.

The following Sections E.2.2 to E.2.8 describe the constituent parts of the fuzzy 
toolbox which was designed to meet all of the above listed criteria.
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E.2.2. Graphical User Interface

During the design of the fuzzy toolbox 
most effort was invested in the 
functionality and not in user comfort.
Although MATLAB 4.0 offers a broad 
spectrum of object orientated graphical 
functions, only a few are exploited by 
the fuzzy toolbox to improve the user 
friendliness. The most commonly used 
graphical function is menu() [112].
One example of the utilisation of this 
command is the main menu of the 
toolbox, as shown in Figure E.l. The 
user uses the mouse to select an 
option. The arguments of menu(..) then 
direct further program flow. The 
graphics functions contained in 
MATLAB 4.0 could be easily used to 
improve the visual quality and the user 
friendliness of the fuzzy tool box if further resources existed.

E.2.3. Fuzzy M embership Set Functions

As described in Chapter 2 all crisp input variables of a standard fuzzy controller are 
converted to fuzzy variables through the process of fuzzification. For the fuzzy tool 
box, a simple and extendible storage medium for the fuzzy sets of a particular fuzzy 
variable was required. This medium was to contain the following information :

• number o f sets for the variable,

• minimum and maximum values of the universe of discourse of the fuzzy 
variable and

• individual fuzzy membership parameters such as fuzzy membership set types 
and parameters.

The three most common functions for fuzzy membership sets were created for the 
fuzzy toolbox : the triangular, the trapezoidal and the Gaussian functions. In 
addition, a shouldering option for a set of fuzzy membership sets was offered. Figure

Figure E. 1 - Main menu for the MATLAB 
fuzzy toolbox______________________
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E.2 contains a plot of five shouldered triangular fuzzy membership sets over the 
universe of discourse [-1 , 1] taken directly from the fuzzy logic toolbox.

A  two matrix data structure was 
chosen to represent the fuzzy 
membership set data for a given 
fuzzy variable. The first matrix,
M A T R IX  1, contains general set 
parameters. The second matrix,
M A T R IX  2, contains the parameters 
for the first order polynomials that 
describe the lines in the triangular 
and trapezoidal fuzzy sets. This 
pre-calculation increases the on-line 
processing speed of the fuzzification 
function.

These two matrices are shown below, together with the definitions of their 
parameters:

MATRIX 1
n min max - - - - - -

type 1 • • • ■ - • label 1

trian g x1 x2 x3 - yi y2 ys - label

trap x1 x2 X 03 X yi y2 y3 y4 label
gauss c V - h - — — label

type n ! label n

MATRIX 2
setj, set]2 set21 set22 setî,, setg2

set", set"2 set21 set22 set", set",.

M em bership sets for FivcTriannles

Figure E.2 - Plot of Fuzzy Membership Sets.
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where
n is the number of sets,
type is an integer to indicate fuzzy membership set type, l=triangular,

2=trapezoidal, 3=Gaussian distribution, 
m in is the minimum value of the universe of discourse,
m ax is the maximum value of the universe of discourse,
label n is the numerical index for the nth set,
x l  - x4 are the x axis parameters of the triangular and trapezoidal fuzzy

membership sets,
y l  - y4 are the y axis parameters of the triangular and trapezoidal fuzzy

membership set functions, 
c,v,h are the centre, variance and height parameters of the Gaussian fuzzy

membership set functions and 
set" j....se t"2 are first order polynomial parameters to specify the lines in the

triangular and trapezoidal fuzzy membership set functions.

The options Design Sets and Draw Sets in the 
main menu of the fuzzy tool box allow the user 
to firstly design the fuzzy membership sets and 
to plot them. Figure E.3 shows the menu 
obtained when the Design Sets option is chosen.
The option Default Values creates a regularly 
spaced distribution of fuzzy membership sets 
along the specified universe of discourse.
Clone allows the copying of another fuzzy 
variable which saves time during definition of 
equivalent fuzzy variables. The choice of Input 
Values allows the exact specification of all set parameters. Should an existing fuzzy 
variable require alteration, Modify Existing Sets is to be activated. The option Non- 
Linear Mapping evaluates new triangular and trapezoidal fuzzy membership set 
parameters using the mapping equation (E.l) where y is user defined and parameter is 
a fuzzy membership parameter.

Parametern6W = (Parameter^ )y (E.l)

The user returns to main menu by choosing the Quit option.

Figure E.3 - Design Sets menu.
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E.2.4. Logical Operators

Logical operators are mathematical representations of linguistic operators such as 
AND, OR and ELSE. They are used as inference and aggregation functions within 
fuzzy algorithms. With reference to Chapter 2, where some of the many possible 
operators have been iterated, the fuzzy toolbox contains the minimum, maximum, 
product, fuzzy-or, fuzzy-and, algebraic sum and mean operators. All of these 
functions have been realised as user defined MATLAB functions and can thus be 
called from MATLAB and SIMULINK. All six of these functions can be used as 
Fuzzy Inference functions. The functions minimum, maximum and mean are available 
for the aggregation.

E.2.5. Rulebase Definition

r 2 Rulebase
C11 c12 c 13
C21 c22 c 23 Cj j - i first fuzzy variable, j second fuzzy variable
C31 c 32 c 33_

R 1 , 1

R k,l

RÌ

Rf

R-’ Rulebase

C; j k - k third fuzzy variable

R4 Rulebase
2R
1,1

R
1,1

d-i,j,k,l - I fourth fuzzy variable

Figure E.4 - Multi-dimensional rulebase encoding.

Once the fuzzy variables with their corresponding fuzzy membership sets have been 
defined, the rulebase can be created. A  lookup table format for the rulebase is chosen 
as this allows easy processing by MATLAB and simple graphical representation. 
Each element of the rulebase can contain one or more consequent values of a rule. 
This value is either a fuzzy membership set index or a fuzzy singleton value. The
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index of a consequent is controlled by which antecedent fuzzy membership sets are 
active. As MATLAB cannot directly process matrices with more than two 
dimensions (R2), fuzzy rulebases with more than two dimensions, i.e. with more than 
two input variables, require an encoding mechanism to translate to and from R2 
matrices. This encoding is graphically depicted in Figure E.4. For the example of a 
four dimensional rulebase R4{X1,X2,X3,X4} the complete rulebase has X2.X4 rows 
and Xj.X3 columns where X n is the number of membership sets and n the fuzzy 
variable index.

The main menu option Design Rulebase creates a matrix of zeros of the correct 
dimension when the user inputs the antecedent and consequent fuzzy variable names. 
The consequent values contained in each rulebase cell are then entered by the user 
either through direct matrix manipulation in MATLAB or with a text editor.

E.2.6. Defuzzification Methods
As described in Chapter 2 there are over thirty different defuzzification methods 
available to the user. The MATLAB fuzzy logic toolbox utilises only two of these - 
centre o f gravity fo r  fuzzy membership and fo r  fuzzy singleton consequents. Both of 
these methods have been realised as MATLAB functions.

E.2.7. Fuzzy Controller and Fuzzy M odels SIM ULINK Icons

In order to allow the creation of user defined SIMULINK icons ( s functions ) for the 
fuzzy controllers and fuzzy models to be simulated, the concept of a SIMULINK sub
routine was utilised. Two MATLAB commands are exploited for this purpose - 
str2mat() for the creation of the sub-routine and eval() for the evaluation of the sub
routine within the SIMULINK icon. The function str2mat() allows the user to create 
a matrix of strings. The function eval() evaluates a string given as an argument as a 
MATLAB command. Thus, by simply creating a string matrix and executing each 
row in sequence, a MATLAB subroutine can be executed. Such sub-routines can 
then be given as a SIMULINK icon argument and, using eval() within the s-function 

of the SIMULINK icon, executed. The main advantage of this method is the ease 
with which SIMULINK icons can be created for diverse purposes such as fuzzy 
control or fuzzy modelling.

Through application of the MATLAB sub-routine, the task of defining fuzzy 
controllers and fuzzy models was simplified to the creation of string matrices. These
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string matrices are then entered as SIMULINK icon arguments and these icons can 
then be further manipulated within the SIMULINK environment.

Ü5-
Sources Sinks Discrete Linear Nonlinear Connections Extras

Fuzzy Tools "Warm Water Statistical PID-ST 
Process Models

SIMULINK Block Library (Version 1.2c)

Figure E.5 - Main SIMULINK library showing the Fuzzy Tools icon.

There are two options in the main menu of the fuzzy logic toolbox for creating the 
sub-routine strings for the SIMULINK icons: Compile Fuzzy Controller/Model
which allows the user to compile either a standard fuzzy controller or a non-adaptive 
fuzzy model and Compile Adaptive Fuzzy Model, which allows the user to create sub
routines for adaptive fuzzy models of the format described in Section 4.9. These 
adaptive fuzzy models which utilise the learning algorithm given by equation (4.25) 
and which is described in Section 4.9.2.5. All fuzzy and rulebase variables for these 
sub-routines must be previously defined in order for the SIMULINK icon to function 
correctly.

%
F L C

%

Fuzzy PD 
Controller 

Group

Standard
Rule

M od ifie r

Rule 
M od ifie r 

w ith  symetry

%

Supervised 
Adaptive 

Fuzzy M odel

> >

General Rule 
M od ifie r

a
Fuzzy H istory

XJnsupervised 
Adaptive 

Fuzzy M ode l

Rule M od ifie r 
over an interval

Rule M od ifie r 
w ith symetry 

over an interval

Figure E.6 - Fuzzy logic simulation tools fo r the S IM U L IN K  environment.
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A  fuzzy toolbox icon Fuzzy Tools 
was thus created for inclusion 
within the SIMULINK main menu 
as shown in Figure E.5 . Figure 
E .6 shows the contents of this 
Fuzzy Tools icon when it is opened.
The fuzzy toolbox icon contains 
icons for a standard fuzzy 
controller, self-organising
controller with various
performance indexes and rule 
modification algorithms and
supervised and unsupervised fuzzy 
models. One example of these simulation icons is the basic building block for a 
standard fuzzy controller in SIMULINK - the icon entitled FLC. The four arguments 
for this block are :

• the sampling time in seconds,

• the fuzzy controller sub-routine string which has been compiled by the fuzzy 
logic toolbox,

• the number o f inputs of the fuzzy controller and

• the number o f outputs of the fuzzy controller.

These four arguments are entered by the user by double clicking with the mouse on 
the icon and entering the values in the menu. This user defined menu is shown in 
Figure E.7.

E.2.8. Data Archiving

The two commands Save Variables and Load Variables listed in the fuzzy toolbox 
main menu allow the user to save and load fuzzy variables, rule base matrices, fuzzy 
controller and fuzzy model sub-routine strings to and from the hard disk. These 
variables can be defined as default variables by placing them in the file vardef 1 .m. 
After starting the fuzzy tool box, the user is prompted to decide whether or not the 
default variables contained in the file vardef 1 .m should be loaded into the MATLAB 
workspace.

fi Fuzzy Logic Controller (Mask) 1

Block name: FLC OK
Block type: Fuzzy Logic Controller (Mi

1
Fuzzy Logic Controller 1 Cancel |

üelp 3
Sampling Ume

| 30|
Controller String

1 FLC_FLOW

11 Number of Inputs

2
J

1 j Numer of Outputs

■11
Figure E.7 - FLC Simulation Icon menu.
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E.2.9. Fuzzy Algorithm  Testing Functions

There are two options in the fuzzy logic toolbox for testing a compiled fuzzy 
algorithm.

The first option calculates a characteristic surface for any two input variables of a 
fuzzy algorithm while holding any other arguments at constant values defined by the 
user. The user specifies the lower and upper limits and the number of steps for each 
variable. This function can be used to create a lookup table characteristic of a fuzzy 
controller. Such a lookup table characteristic could be constructed for a micro
controller implementation of a two input fuzzy controller with 8-bit ADCs by 
calculating a lookup table with 32 steps per input variable, giving a lookup table with 
the 1024 elements. Linear interpolation can be used between the 32 data points of the 
lookup table characteristic. Such an approach is suitable for fuzzy logic applications 
for use on hardware platforms with limited processing and memory resources.

The second option enables the user to enter values for the crisp input variables of the 
fuzzy algorithm, and the corresponding output value of the fuzzy algorithm is then 
calculated and outputted to the screen.

E.3. W arm  W ater Process Utility Programs

A  set of six ANSI C utility programs were written in order assist the user in the 
control of the warm water process. The operation of all of these programs is 
terminated by hitting any key on the keyboard or when the level in the process 
reaction tank exceeds 170cm. The six functions together with a brief explanation of 
each are listed below:

• Amplifier Calibration - this program is used to calibrate the signal processing 
board described in Chapter 3. The six ADC integer values from each channel 
are displayed on the screen.

• Physical Variable Observation - this program displays the current values of 
the six ADC integer values and the calculated values of the physical variables 
on the screen. This can be used for checking the current values of the physical 
variables e.g. the temperature of the hot reservoir tank,

• Heat H ot Reservoir Tank - this program fully opens the hot inlet and outlet 
valves of the process reaction tank until the temperature of the hot reservoir 
tank reaches a user defined value.
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• Heat/Cool Process Reaction Tank - the user enters a desired temperature and 
the hot or cold inlet flows are fully opened until the temperature of the process 
reaction tank has reached the desired value.

• Fill Tank With Hot/Cold. Water - This program allows the user to fill the 
process reaction tank with specified values of the hot and cold inlet flows, 
with a defined outlet valve (0%  - 100%) position assuming a linear outlet 
valve characteristic. The inlet flow and outlet flow valves are closed when the 
level of the tank reaches 170cm.

• Empty Tank - this program simply closes the inlet valves and fully opens the 
outlet valve until the outlet flow is zero for more than 30 seconds.

All of these utility programmes log the values of the six warm water process sensor 
values to a file entitled c:\utildata.asc.

E.4. ANSI C Matrix Representation and Related Functions
In order to ease the software engineering burden it is imperative that suitable data 
structures be utilised within a software program. As the fuzzy logic toolbox utilised 
the matrix structure found within MATLAB for the representation and simulation of 
fuzzy logic algorithms, the ANSI C source code for fuzzy logic functions was based 
on a data representation of a matrix. The ANSI C command struct was used to 
combine a two dimensional array of single precision floating point numbers together 
with unsigned integers to describe the size of the matrix. This data structure was then 
defined as MATRIX using the typedef A N SI C command. The ANSI C source code 
for the data type MATRIX is shown below :

type def struct { 
float huge **mat; 
unsigned int rows; 
unsigned int columns;
} MATRIX;

The keyword huge allows this data structure to be used with any type of DOS 
memory model [92].

Dynamic memory allocation is used to both allocate memory to a matrix and free 
memory when a matrix is no longer required during program execution. Thus, in
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order to define a matrix the function matinit(number_of _rows, number_of_columns, 
&MATRIX_NAME ) is called and the ANSI C function calloc then allocates the 
necessary memory for the size of the matrix given and initialises all values to null. 
The memory taken up by a matrix is freed by calling the function 
matfree(&MATRIX__NAME) which deletes the matrix and allocates the freed memory 
to the general memory heap. In this way, matrices can be created and destroyed as 
they are needed during program execution. This helps to keep the size of compiled 
programs small as the number of pre-compilation defined variables is kept to 
minimum.

Based on this data type, a set of ANSI C functions were developed that allowed the 
manipulation of matrices. These functions include matrix addition and subtraction 
matrix multiplication and scalar multiplication of a matrix. This set of functions could 
easily be extended to include other functions such as matrix division and matrix 
inversion. The ANSI C source code for some of these MATRIX related functions is 
contained Appendix B.

E.5. ANSI C Representation o f MLPs

The multi-layer perceptron ANN model of the warm water process, as described in 
Chapter 4, consists of neurons with non-linear transfer functions with weighted sums 
of inputs. The weights for the inputs to each layer of neurons are stored in matrix 
form within the MATLAB environment. Thus, the ANSI C matrix structure 
described in Section E.4 was utilised to create an ANSI C software implementation of 
the A N N  model of the warm water process. In order to achieve this, some additional 
matrix functions were required for the non-linear neuron transfer functions. These 
extra functions calculate a neuron output with logarithmic sigmoid and linear transfer 
functions. The ANSI C source code for the A N N  model of the warm water process is 
contained in Appendix B.

E .6 . ANSI C Fuzzy Logic Functions

A  set of ANSI C fuzzy functions used for real time control and fast simulation of 
fuzzy logic systems was created. The most important characteristic of this software is 
that it utilises the same matrix structure i.e. M A TR IX  I and M A TR IX 2, for storage 
of the fuzzy variable parameters as the fuzzy logic toolbox for MATLAB which was 
described in Section E.2. This reuse of this matrix orientated parameter structure thus 
allows an easy transfer of a successfully simulated fuzzy controller or fuzzy model 
from the MATLAB/SIMULINK environment into an ANSI C program. Moreover,
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should a rulebase be modified within a compiled ANSI C program, it can then be re
analysed in the MATLAB/SIMULINK simulation environment.

ANSI C software was written for fuzzy controllers and fuzzy models using rulebases 
of up to four dimensions. In order to allow the use of rulebases with dimensions 
higher than two (R2), i.e. a standard matrix, the data type M ATRIX as described in 
Section E.4 was augmented. Two new data types were created - RB3D for three 
dimensional rulebases and RB4D for four dimensional rulebases. As in the case of the 
MATRIX data type, functions were written to dynamically allocate and free memory 
for these rulebase matrices, see Section E.4. The ANSI C code source code for these 
rulebase variables can be found in Appendix B.

The fuzzy logic functions implemented are listed below :

• Linguistic Operators - Minimum, Maximum, Product, Fuzzy-And, Fuzzy-Or, 
Mean and the Algebraic Sum functions.

• Fuzzification - based on the MATLAB fuzzy logic toolbox fuzzification 
function utilising the same two fuzzy variable parameter matrices. Triangular, 
trapezoidal and Gaussian sets are handled.

• Alpha-Cut - sets to zero any degrees of membership less than the given 
argument.

• Fuzzy Inference Functions - these functions take the rulebase and the set of 
fuzzified input variables and deliver a crisp output value using centre of gravity 
defuzzification for fuzzy singleton consequents. These were written for two, 
three and four dimensional rulebases.

• Adaptive Fuzzy Inference Functions (for adaptive fuzzy models) - these 
functions take in the rulebase, the set of fuzzified input variables, the scalar 
value of the variable to be modelled and the parameters of the learning 
algorithm (4.25). The consequent variables of the activated rules are adapted 
and the adapted rulebase and the crisp output value are returned. There are 
two, three and four dimensional rulebase implementations of this function.

• Complete Fuzzy Controller and Fuzzy Models - these functions utilise 
combinations of the previously described functions to create complete fuzzy 
controllers and supervised adaptive fuzzy models.
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The ANSI C code source code for some of these fuzzy functions can be found in 
Appendix B.

E.7. Speed and M em ory Considerations

The software implemented during this research was based on experience gained 
during the course of fourteen months. The first step achieved for simulation was the 
fuzz.y logic toolbox fo r  MATLAB. This toolbox proved to quite effective in simulating 
fuzzy logic algorithms. The main disadvantage was the length of time required by the 
simulations. For a two dimensional rulebase with seven fuzzy membership sets per 
antecedent variable and fuzzy membership set consequents, the average processing 
time for one iteration in the MATLAB environment on a i486 33Mhz IBM  compatible 
PC with 8 MBytes RAM was 0.32 seconds. This long processing time is attributable 
to the complexity of the software. For the simulation of standard fuzzy controllers 
such long simulation times were not a hindrance. But for the training of fuzzy model 
rulebases, the processing times were prohibitive. This becomes clearer when the 
example given for the fuzzy model of the mass flow behaviour of the warm water 
process in Section 4.9.4 is considered. The rulebase was trained for the equivalent of 
20 million seconds at a sampling rate of 30 seconds. Had this been performed within 
the MATLAB/SIMULINK environment, the training time would have been 200000 
seconds - two and a half days. At this point in the research it was decided to design 
the ANSI C fuzzy logic software to allow faster simulation using a compiled ANSI C 
program run on an IBM PC.

Iteration times for the same fuzzy model of the mass flow behaviour of the warm 
water process, as described in the previous paragraph, were reduced to a value in the 
region of 1ms for a single iteration running on an i486-DX2 50Mhz IBM compatible 
PC. This was a considerable improvement, reducing the processing time for the fuzzy 
functions during the training of mass flow fuzzy model to 667 seconds - just over 
eleven minutes. The main hindrance encountered while using the PC was the memory 
limitation presented by the DOS ANSI C compiler Turbo C version 2.0. This 
memory limit was approximately 610kBytes of RAM. Thus it was decided to port the 
software to a UNIX based workstation where a linear memory of 48MBytes was 
available.

The main hurdles to be overcome during the porting from the DOS to the UNIX 
operating system were the conversion of the DOS ASCII format to the UNIX ASCII 
format and the removal of all DOS related header files and data types. Once this was 
achieved, the fuzzy logic software benefited from the greater processing and memory
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resources of the workstation platform, with fast fuzzy model training times and 
practically unlimited memory.

E.8 . Conclusion

This appendix has served to give a brief overview o f  the software designed and 
implemented for this thesis. The source code of some of the more important ANSI C 
functions for matrices, multi-layer perceptron ANNs and fuzzy logic algorithms is 
contained Appendix B.

The three sets of ANSI C source code types i.e. matrices, ANNs and fuzzy logic 
algorithms could be extended and used for further research projects. A simple 
example would be the utilisation of the matrix software for the implementation of a 
state space pole placement controller. The A NN software could be augmented by an 
ANSI C implementation of the back-propagation learning algorithm in order to train 
an A N N  with a compiled program, thus reducing the training time offered by the 
MATLAB Neural Network Toolbox, as described in Chapter 4. The ANSI C fuzzy 
software could be thoroughly optimised for speed of processing and extended by 
creating a library of learning algorithms for adaptive fuzzy models and perhaps by the 
implementation of relational matrix type rulebases.
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