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ABSTRACT

MODELLING AND CONTROL OF DIELESS WIRE DRAWING

Yuandan Xie

A nove l  t e c h n i q u e  o f  d r a w i n g  w i r e ,  i . e . ,  d i e l e s s  w i r e  d r a w i n g ,  i s  
d e s c r i b e d  i n  w h ich  no c o n v e n t i o n a l  r e d u c t i o n  d i e s  a r e  used.  The w i r e  i s  
p a s s e d  t h r o u g h  a  u n i t  h a v in g  s t e p p e d  p a r a l l e l  b o r e s  f i l l e d  w i t h  po lymer  
m e l t s ,  t h e  s m a l l e s t  bo re  d i a m e t e r  b e i n g  g r e a t e r  t h a n  t h e  i n i t i a l  n o m ina l  
w i r e  d i a m e t e r .  The t e c h n i q u e  e l i m i n a t e s  t h e  need  f o r  a l e a d e r  w i r e ,  
p r e v e n t s  b r e a k a g e  d u r i n g  s t a r t - u p ,  and e l i m i n a t e s  t h e  u s e  o f  
c o n v e n t i o n a l  r e d u c t i o n  d i e s  and ,  h e n c e ,  t h e  p rob lem  o f  d i e  w e a r .

An a n a l y s i s  has  been d e v e lo p e d  f o r  p r e d i c t i n g  t h e  p roduced  w i r e  
s i z e s  f o r  g iv e n  d r a w in g  s p e e d s ,  t h e  p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  
u n i t  and t h e  d r a w in g  l o a d  d u r i n g  t h e  d r a w in g  p r o c e s s .  The p e r f o r m a n c e  of  
t h e  d raw in g  p r o c e s s  i s  e f f e c t e d  by means o f  t h e  p l a s t o - h y d r o d y n a m i c  
a c t i o n  o f  t h e  po lymer  m e l t  w i t h i n  t h e  u n i t .  H ea t  i s  g e n e r a t e d  by 
m e c h a n ic a l  d i s s i p a t i o n  d u r i n g  t h e  d r a w in g  p r o c e s s .  The e f f e c t  o f  t h i s  
upon t h e  p e r f o r m a n c e  o f  t h e  p r o c e s s  i s  c o n s i d e r e d  by c o u p l i n g  t h e  e n e rg y  
e q u a t i o n  i n t o  t h e  a n a l y s i s  and a l l o w i n g  t h e  po lym er  v i s c o s i t y  t o  be 
dependen t  on t e m p e r a t u r e .  Agreement  b e tw e e n  t h e  t h e o r y  and e x p e r i m e n t  i s  
found t o  be c l o s e .  To f u r t h e r  i n v e s t i g a t e  t h e  p e r f o r m a n c e  o f  t h e  d r a w in g  
p r o c e s s ,  an e x t e n s i v e  e x p e r i m e n t a l  s t u d y  h a s  been u n d e r t a k e n ,  i n  which 
p a r a m e t e r s  such  a s  d r a w in g  s p e e d s ,  t h e  t e m p e r a t u r e  o f  t h e  po lym er  and 
t y p e  o f  po lym e rs  a r e  v a r i e d .

Based on t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s ,  a 
m ic r o c o m p u te r -b a s e d  c o n t r o l  s y s t e m  f o r  t h e  d i e l e s s  w i r e  d r a w in g  p r o c e s s  
has  been d e s ig n e d  and b u i l t .  A method w i t h  which  t h e  p e r c e n t a g e  
r e d u c t i o n  in  a r e a  o f  t h e  w i r e  can be m e a s u r e d  on l i n e  i s  p r o p o s e d .  W ires  
o f  d e s i r e d  q u a l i t i e s  i n  t e r m s  o f  c o n s i s t e n c y  i n  d i a m e t e r  o v e r  l o n g  
l e n g t h s ,  o r  u n i fo r m  change  i n  a r e a  o f  t h e  w i r e ,  a r e  c a p a b l e  o f  b e in g  
produced  from t h e  new s y s t e m .

A s e l f - t u n i n g  c o n t r o l l e r  f o r  d e t e r m i n i s i c  s y s t e m s  i s  p r o p o s e d ,  which 
has  t h e  same s t r u c t u r e  as  a c o n v e n t i o n a l  PID c o n t r o l l e r .  The new 
s e l f - t u n i n g  PID c o n t r o l l e r  i s  b a s e d  on a g e n e r a l i s e d  s e l f - t u n i n g  
c o n t r o l l e r  w i t h  p o l e  a s s i g n m e n t  f o r  d e t e r m i n i s t i c  s y s t e m s .  S i m u l a t i o n  
and e x p e r i m e n t a l  s t u d i e s  f o r  s e v e r a l  e x a m p le s  i n d i c a t e  t h a t  t h e  new 
c o n t r o l l e r  p e r f o r m s  w e l l  and can be f u r t h e r  im p ro v e d  t o  p r o v i d e  a 
f undam e n ta l  method o f  t u n i n g  a PID c o n t r o l l e r .

x i v
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1.1 -  The W ire  Drawing P r o c e s s

I n  t h e  c o n v e n t i o n a l  w i r e  d r a w in g  p r o c e s s ,  t h e  r e d u c t i o n  i s  a c h i e v e d  

by p u l l i n g  t h e  w i r e  t h r o u g h  a t a p e r e d  d i e .  The d i e  i n  t h i s  c a s e  a c t s  

p r i m a r i l y  t o  r e d u c e  t h e  w i r e  d i a m e t e r  t o  a s p e c i f i c  s i z e ,  w i t h  an 

a c c e p t a b l e  s u r f a c e  f i n i s h .  N o r m a l l y  a d i e  h a s  a t r u m p e t  s h a p ed  b o r e ,  

w i t h  a c o n i c a l  p o r t i o n  w h ich  s e r v e s  t o  deform t h e  w i r e .  The minimum b o r e  

s i z e  o f  t h e  d i e  i s  a lw a y s  s m a l l e r  t h a n  t h e  i n l e t  w i r e  d i a m e t e r .  The 

p o s s i b l e  r e d u c t i o n  i n  a r e a  a t  each  d i e  may v a r y  from 10 t o  *45 p e r c e n t .

I n  w i r e  d r a w in g  p r a c t i c e ,  l u b r i c a t i o n  i s  u sed  t o  r e d u c e  t h e  d raw in g  

l o a d  and d i e  wear  and hence  improve  t h e  m ach ine  l i f e  and s u r f a c e  f i n i s h  

o f  t h e  p r o d u c t .  G e n e r a l l y  tw o  t y p e s  o f  l u b r i c a t i o n  m ethods  a r e  u s e d  i n  

w i r e  d r a w in g  de p e n d in g  upon t h e  m a t e r i a l  and t h e  s i z e  o f  t h e  w i r e .  These  

a r e :

i )  "Wet Drawing" ,  i n  w h ich  t h e  e n t i r e  a p p a r a t u s  i s  subm erged

i n  a  b a t h  o f  l u b r i c a n t .  T h i s  t y p e  o f  l u b r i c a t i o n  i s  u s u a l l y  em ployed  f o r  

w i r e  d i a m e t e r  o f  l e s s  t h a n  0.5 mm.

i i )  "Dry Drawing",  i n  w h ich  t h e  w i r e  i s  p a s s e d  t h r o u g h  a  box o f  s o a p  

powder b e f o r e  e n t e r i n g  t h e  d i e .  To f a c i l i t a t e  t h e  p i c k  up  o f  s o a p  

powder,  t h e  w i r e  i s  p a s s e d  t h r o u g h  l i m e ,  b o r a x  o r  o t h e r  a l k a l i n e  

s u b s t a n c e s .  Dry d r a w in g  i s  u s u a l l y  used  f o r  w i r e  d i a m e t e r s  o f  m ore  t h a n

0 . 5  mm.

In  c o n v e n t i o n a l  w i r e  d r a w in g ,  f r i c t i o n  b e tw e en  t h e  w i r e  and  t h e  d i e  

i s  o f  t h e  boundary  t y p e  w here  m e t a l  t o  m e t a l  c o n t a c t  t a k e s  p l a c e  i n  

s p i t e  o f  t h e  p r e s e n c e  o f  a  l u b r i c a n t ,  r e s u l t i n g  i n  d i e  w e a r .  Boundary  

l u b r i c a t i o n  methods  have  been  used  f o r  t h e  w i r e  d r a w in g  p r o c e s s  s i n c e  

t h e  i n c e p t i o n  o f  t h e  p r o c e s s  i t s e l f .  However ,  t h e  t a s k s  o f  p r o d u c i n g  

s a t i s f a c t o r y  p h y s i c a l  p r o p e r t i e s  o f  t h e  drawn w i r e  t o  mee t  t h e  demand 

f o r  i n c r e a s e d  p r o d u c t i o n  and q u a l i t y  o f  p r o d u c t  a r e  p r o v i n g  t o  be beyond  

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



have  been  made t o  i n t r o d u c e  o t h e r  means o f  l u b r i c a t i o n  and t o  d e v e lo p  a 

more t h e o r e t i c a l  background  t o  t h e  p r o c e s s  e n a b l i n g  g r e a t e r  

u n d e r s t a n d i n g  o f  t h e  m echan ism s  i n v o l v e d ,  l e a d i n g  t o  i m p r o v e d  and more 

e f f i c i e n t  s y s t e m s .

The hyd rodynam ic  l u b r i c a t i o n  s y s te m  was f i r s t  i n t r o d u c e d  by 

C h r i s t o p h e r s o n  and N ay lo r  [ 1 ] .  I n  t h i s  s y s t e m ,  a l o n g  c l o s e - f i t t i n g  t u b e  

was p l a c e d  b e f o r e  a c o n v e n t i o n a l  d i e .  O i l  was u s e d  f o r  l u b r i c a t i o n ,  and 

a s  t h e  w i r e  was p u l l e d  t h r o u g h  t h e  d i e ,  i t  p r e s s u r i z e d  t h e  l u b r i c a n t  by 

v i s c o u s  a c t i o n .  E x p e r i m e n t a l  r e s u l t s  showed t h a t  h y d ro d y n am ic  

l u b r i c a t i o n  was a c h i e v e d  unde r  t h e  d e s i g n e d  c o n d i t i o n s .  I t  was 

n e c e s s a r y ,  h o w e v e r ,  t o  p r o v i d e  a l e a d e r  t o  t h e  f u l l  s i z e  w i r e  i n  o r d e r  

t o  i n d u c e  e f f e c t i v e  l u b r i c a t i o n  a t  t h e  s t a r t i n g  c o n d i t i o n .  The p r e s s u r e  

n o z z l e  had t o  be p l a c e d  v e r t i c a l l y  and was o f  such  a l e n g t h  t h a t  t h e  

w i r e  i n d u s t r y  found  i t  t o o  i n c o n v e n i e n t  t o  p u t  i t  i n t o  p r a c t i c e .  A lso  

some d i e  wear  was s t i l l  p r e s e n t .  M o d i f i c a t i o n  t o  t h e  above  h y d r o d y n a m ic  

s y s t e m  and o t h e r  d e s i g n s  o f  l u b r i c a t i n g  s y s t e m  have  been  c o n s i d e r e d ;  f o r  

example ,  t h e  combined  h y d r o s t a t i c  and hyd ro d y n am ic  l u b r i c a t i o n  and t h e  

d o u b l e - d i e  s y s t e m  [ 2 ] ,  [ 3 ] ,  [*!]. However ,  t h e  p rob lem  o f  b r e a k a g e  d u r i n g  

s t a r t - u p  and t h e  need  f o r  a l e a d e r  t o  t h e  f u l l  w i r e  s i z e  was n o t  s o l v e d  

by t h e s e  d e s i g n s .

1 .2  -  The D i e l e s s  W ire  Drawing P r o c e s s

A n o v e l  t e c h n i q u e  o f  w i r e  d r a w in g ,  i . e . ,  d i e l e s s  w i r e  d r a w i n g ,  h a s  

been  i n v e n t e d  by Dr .  G. R. Symmons a n d  D r .  M. S. J .  H a s h m i ,  i n  w h i c h  no 

c o n v e n t i o n a l  r e d u c t i o n  d i e s  a r e  used  and po lym e r  m e l t s  a r e  i n t r o d u c e d  a s  

t h e  l u b r i c a n t  i n  t h e  d raw ing  p r o c e s s  [ 5 ] .

The main  f e a t u r e  o f  t h i s  t e c h n i q u e  i s  t h a t  t h e  c o n v e n t i o n a l  d i e s  a r e  

r e p l a c e d  by a d i e l e s s  r e d u c t i o n  u n i t  ( DRU ) t o  r e d u c e  t h e  w i r e  

d i a m e t e r .  Two t y p e s  o f  DRU, one o f  t a p e r e d  b o r e  and t h e  o t h e r  o f  s t e p p e d



b o r e ,  have been d e s i g n e d  and m a n u f a c t u r e d .  F i g .  1.1 shows  t h e  d e t a i l s  of  

b o t h  t h e s e  u n i t s ,  i n  e a c h  c a s e  t h e  s m a l l e s t  b o r e  s i z e  o f  t h e  DRU i s  

a lw a ys  g r e a t e r  t h a n  t h e  d i a m e t e r  o f  t h e  unde fo rm ed  w i r e .

The p u l l i n g  a c t i o n  o f  t h e  w i r e  t h r o u g h  t h e  b o r e  f i l l e d  w i t h  v i s c o u s  

f l u i d  g i v e s  r i s e  t o  d r a g  f o r c e s  and g e n e r a t e s  hyd rodynam ic  p r e s s u r e ;  

t h u s  an e f f e c t i v e  d i e  i s  g e n e r a t e d .  The combined  e f f e c t  o f  t h i s  

hyd rodynamic  p r e s s u r e  and t h e  d r a g  f o r c e  i n i t i a t e s  p l a s t i c  y i e l d i n g  and  

pe rm anen t  d e f o r m a t i o n  t o  t h e  w i r e .  The m a g n i tu d e  o f  t h e  d e f o r m a t i o n  

depends  on t h e  p e r f o r m a n c e  o f  t h e  v i s c o u s  f l u i d ,  t h e  g e o m e t r i c a l  

c o n f i g u r a t i o n  o f  t h e  o r i f i c e  and t h e  d r a w in g  s p e ed .  I t  h a s  been shown 

t h a t  r e d u c t i o n s  i n  c r o s s - s e c t i o n a l  a r e a  i n  e x c e s s  o f  20 p e r c e n t  may be 

o b t a i n e d  i n  a s i n g l e  p a s s  when a w i r e  ( c o p p e r ,  m i l d  s t e e l  o r  s t a i n l e s s )  

i s  p u l l e d  t h ro u g h  t h e  DRU f i l l e d  w i t h  po lym er  m e l t .  W ith  a m u l t i - u n i t  

d raw ing  s y s te m  h i g h e r  d e f o r m a t i o n s  can be o b t a i n e d .  The po lymer  m e l t ,  i n  

a d d i t i o n  t o  a c t i n g  a s  a l u b r i c a n t ,  i s  a l s o  found  t o  fo rm  a c o a t i n g  on 

t h e  drawn w i r e .  T h i s  c o a t i n g  i s  t h o u g h t  t o  be u s e f u l  i n  p r o t e c t i n g  t h e  

w i r e  a g a i n s t  c o r r o s i o n  and a l s o  as  a  l u b r i c a n t  d u r i n g  any  s u b s e q u e n t  

f o rm in g  o p e r a t i o n ,  e .g . ,  b e n d in g  o r  c o l d  h e a d in g .

T h i s  t e c h n i q u e  has  been  u s e f u l  i n  a  number o f  ways i n  s o l v i n g  t h e  

p rob lem s  a s s o c i a t e d  w i t h  t h e  c o n v e n t i o n a l  w i r e  d r a w in g  p r o c e s s ;  e .g . ,  

d i e  w e a r ,  i n i t i a l  w i r e  b r e a k a g e  and t h e  need  f o r  a  l e a d e r  w i r e .  S inc e  

t h e  d i a m e t e r  a t  t h e  e x i t  end o f  t h e  DRU i s  g r e a t e r  t h a n  t h a t  o f  t h e  

w i r e ,  t h e r e  i s  no m e t a l  t o  m e t a l  c o n t a c t ,  and  hence  wear  i s  no l o n g e r  a 

problem. As no c o n v e n t i o n a l  r e d u c t i o n  d i e  i s  u s e d ,  t h e  need  f o r  a l e a d e r  

w i r e  and b rea k a g e  d u r i n g  s t a r t - u p  a r e  a l s o  e l i m i n a t e d .
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1 .3  -  Background Deve lopment  Le a d ing  t o  t h e  Des ign  o f  t h e

M ic rocom pute r -B ased  C o n t r o l  System and t h e  Scope o f  t h e  P r e s e n t  

Work.

P r e v i o u s  r e s u l t s  f rom b o t h  t h e o r e t i c a l  a n a l y s e s  and p r a c t i c a l  t e s t s  

i n  r e f e r e n c e s  [ 5 ] ,  [ 6 ]  and [ 7 ]  show t h a t ,  i n  t h e  d i e l e s s  w i r e  d r a w i n g  

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

f a c t o r s .  These  a r e  m a in ly  t h e  d r a w in g  s p e e d ,  t h e  p e r f o r m a n c e  o f  t h e



po lymer  u sed  a s  p r e s s u r e  medium, t h e  t e m p e r a t u r e  o f  t h e  po lym er  m e l t  and 

t h e  c o n f i g u r a t i o n  o f  t h e  DRU. The r e d u c t i o n  o f  t h e  w i r e  i s  v e r y  

s e n s i t i v e  t o  t h e  d r a w in g  s p e e d  and  t h e  t e m p e r a t u r e  o f  t h e  po lym er  m e l t  

w i t h i n  t h e  DRU. The r e s u l t s  s u g g e s t  t h a t  n o t  o n l y  can  n o r m a l  w i r e  o f  a 

u n i f o r m  d i a m e t e r  be p ro d u ce d ,  b u t  a l s o  t h a t  t a p e r e d  w i r e  w i t h  a u n i fo r m

c hange  i n  c r o s s - s e c t i o n a l  a r e a  o f  t h e  w i r e  can  be p roduce d  by t h i s

d raw in g  p r o c e s s .  An a p p l i c a t i o n  o f  t h i s  i s  t h e  p r o d u c t i o n  o f  f i n e  s t e e l  

t a p e r e d  w i r e  f o r  t h e  m a n u f a c t u r e  o f  l o n g  w i r e  r o p e s  w i t h  a  u n i f o r m  

change  i n  c r o s s - s e c t i o n a l  a r e a  as  u s e d  i n  deep s e a  m i n i n g .

S i n c e  t h e  q u a l i t y  o f  t h e  p r o d u c t  i s  o f  u t m o s t  i m p o r t a n c e ,  methods  o f

c o n t r o l l i n g  t h e  p r o c e s s  m u s t  be d e v e lo p e d  i n  o r d e r  t o  p r o d u c e  w i r e s  o f  

d e s i r e d  q u a l i t i e s  i n  t e r m s  o f  c o n s i s t a n c y  i n  d i a m e t e r  o v e r  l o n g  l e n g t h s  

( f o r  n o rm a l  w i r e  ) ,  o r  u n i f o r m  change  i n  a r e a  o f  t h e  w i r e  w i t h  a g i v e n  

r a t e  ( f o r  t a p e r e d  w i r e  ) .

A t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  t h e  d r a w i n g  s p e e d  and  

t h e  t e m p e r a t u r e  o f  t h e  po lym er  m e l t  w i t h i n  t h e  DRU on  t h e  p e r f o r m a n c e  o f  

t h e  d i e l e s s  w i r e  d raw ing  p r o c e s s  m us t  be u n d e r t a k e n  i n  o r d e r  t o  p r o v i d e  

a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  p r o c e s s .  To f u r t h e r  i n v e s t i g a t e  t h e  

p r o c e s s ,  i t  i s  n e c e s s a r y  t o  c a r r y  o u t  an e x t e n s i v e  r a n g e  o f  e x p e r i m e n t s ,  

i n  which  p a r a m e t e r s  such  a s  d r a w in g  s p e e d ,  t h e  t e m p e r a t u r e  o f  po lymer  

m e l t  and p o ly m e r s  a r e  v a r i e d .  The r e s u l t s  f rom  t h e  a n a l y s i s  and  t h e  

e x p e r i m e n t s  w i l l  be e s s e n t i a l  f o r  d e s i g n i n g  a c o n t r o l  s t r a t e g y  f o r  t h e  

p r o c e s s .

A m i c r o c o m p u t e r - b a s e d  c o n t r o l  s y s te m  i s  needed  t o  e n s u r e  t h e  

r e q u i r e d  p r o d u c t  q u a l i t i e s .  Such a s y s t e m  can be made v e r y  f l e x i b l e ,  and 

programmed t o  c o n t r o l  t h e  d r a w in g  p r o c e s s  a u t o m a t i c a l l y .  The o p e r a t o r  

i n p u t s  t h e  s p e c i f i c a t i o n  v i a  a k e y b o a rd ,  f o l l o w i n g  a s e r i e s  o f  p r o m p t s  

on t h e  com pu te r  s c r e e n .  The c o n t r o l  scheme i s  d e s i g n e d  t o  p r o d u c e  t h e  

d e s i r e d  p r o d u c t s  w i t h  v e r y  h i g h  a c c u r a c y .  S i n c e  t h e  c o n t r o l l e d  v a r i a b l e



i s  t h e  r e d u c t i o n  i n  a r e a  o f  t h e  w i r e ,  a t r a n s d u c e r  w h ic h  can m easu re  t h e  

r e d u c t i o n  i n  a r e a  o f  t h e  w i r e  d u r i n g  t h e  d r a w in g  p r o c e s s  i s  r e q u i r e d  f o r  

a c l o s e d - l o o p  c o n t r o l  s y s t e m .

A d i g i t a l  PID c o n t r o l l e r  c o u ld  be used  t o  im p l e m e n t  t h e  c o n t r o l  

sy s te m  w i t h  p a r a m e t e r s  t u n e d  a c c o r d i n g  t o  e x i s t i n g  m e thods .  However ,  

be c a u s e  t h e  m a j o r i t y  o f  c o n t r o l l e r s  u sed  i n  i n d u s t r y  a r e  PID and b e c a u s e  

some d i s a d v a n t a g e s  a r e  a s s o c i a t e d  w i t h  c o n v e n t i o n a l  PID t u n i n g  

t e c h n i q u e s ,  p r o v i d i n g  a p r o c e d u r e  t o  a u t o m a t i c a l l y  g e n e r a t e  PID t u n i n g  

p a r a m e t e r s  i n s t e a d  o f  t h e  u s u a l  t r i a l - a n d - e r r o r  p r o c e d u r e  i s  a problem 

whose i m p o r t a n c e  i n  e n g i n e e r i n g  p r a c t i c e  may n o t  be o v e r e s t i m a t e d .  An 

a d a p t i v e  a l g o r i t h m  i s  r e q u i r e d ,  and  must  be d i r e c t e d  t o w a r d s  p r o v i d i n g  

t h e  f i e l d  e n g i n e e r s  w i t h  t h e  c a p a b i l i t y  t o  meet  t h e  n e e d s  o f  

i n c r e a s i n g l y  s t r i n g e n t  c o n t r o l  o b j e c t i v e s .  T h i s  i s  e v i d e n c e d  by t h e  

r e c e n t  r e l e a s e  o f  some PID s e l f - t u n i n g  c o n t r o l l e r s  i n  t h e  m a r k e t .  

S h o r tc o m in g s  i n  t h e s e  d e s i g n s  have p r om p te d  t h e  s t u d y  o f  a l t e r n a t i v e  

methods o f  d e s i g n i n g  a s e l f - t u n i n g  PID c o n t r o l l e r .  I n  t h i s  work,  a new 

PID s e l f - t u n i n g  c o n t r o l l e r  f o r  a  d e t e r m i n i s t i c  s y s t e m ,  b a s e d  on t h e  

g e n e r a l i s e d  s e l f - t u n i n g  c o n t r o l l e r  w i t h  p o l e  a s s i g n m e n t ,  i s  p r o p o se d .

The o b j e c t i v e s  o f  t h e  p r e s e n t  work a r e  t h e r e f o r e  a s  f o l l o w s :

1. To p r o v id e  an im proved  t h e o r e t i c a l  a n a l y s i s  o f  t h e  d i e l e s s  w i r e  

drawing p r o c e s s  and t o  i n v e s t i g a t e  i t s  p e r f o r m a n c e  by e x t e n s i v e  

p r a c t i c a l  t e s t s .  Upon t h e  a n a l y s i s  and e x p e r i m e n t a l  r e s u l t s ,  a 

c o n t r o l  s t r a t e g y  can be e s t a b l i s h e d .

2. To b u i l d  a m i c r o c o m p u t e r - b a s e d  c o n t r o l  s y s te m  f o r  t h e  d i e l e s s  

w i r e  d raw in g  p r o c e s s  and t o  e xa m ine  t h e  p r o d u c t  q u a l i t i e s  f rom 

t h e  new d raw in g  p r o c e s s .

3. To p r o v id e  a new a d a p t i v e  c o n t r o l l e r  w h ich  may a l s o  be u s e d  f o r  

t u n i n g  d i g i t a l  PID c o n t r o l l e r s .

7



CHAPTER 2 : A n a l y s i s  o f  t h e  Wire  Drawing  P r o c e s s  U s ing  a D i e l e s s  

R e d u c t io n  U n i t

2.1 -  I n t r o d u c t i o n

2 . 2  -  Review o f  t h e  P r e v i o u s  A n a ly s e s

2 . 3  -  T h e o r e t i c a l  A n a l y s i s

2 .3 .1  -  D e t e r m i n a t i o n  o f  t h e  P r e s s u r e  i n  t h e  U n i t  and t h e  A x i a l

S t r e s s  i n  t h e  Wire P r i o r  t o  D e f o r m a t i o n  o f  t h e  Wire

2 . 3 . 2  -  P r e d i c t i o n  o f  t h e  P o s i t i o n  o f  Y i e l d  o f  t h e  Wire  I n s i d e  t h e

U n i t

2 . 3 . 3  _ Energy E q u a t io n  A p p l i e d  t o  t h e  P r o c e s s

2 . 3 - -M -  P r e d i c t i o n  o f  D e f o r m a t i o n  P r o f i l e  i n  t h e  D e f o rm a t i o n  Zone

2 . H  -  R e s u l t s  and D i s c u s s i o n



N o t a t i o n :

L-l Leng th  o f  t h e  f i r s t  s e c t i o n  o f  t h e  DRU

L2  L e n g th  o f  t h e  s e c o n d  s e c t i o n  o f  t h e  DRU

h-| Gap b e tw een  t h e  unde fo rm ed  w i r e  and t h e  b o r e  i n  t h e  f i r s t  s e c t i o n

o f  t h e  DRU

^ 2  Gap b e tw een  t h e  unde fo rm ed  w i r e  and t h e  b o r e  i n  t h e  s e c o n d  s e c t i o n

o f  t h e  DRU

h Gap b e tw e en  t h e  d e fo rm ed  w i r e  and t h e  b o r e  i n  t h e  f i r s t  s e c t i o n  o f

t h e  DRU

P P r e s s u r e  a t  any p o i n t  w i t h i n  t h e  DRU

X D i s t a n c e  a l o n g  t h e  l e n g t h  o f  t h e  DRU

y V i s c o s i t y  o f  t h e  polymer m e l t

Pq I n i t i a l  V i s c o s i t y  o f  t h e  polymer  m e l t

y* V i s c o s i t y  i n  t h e  r e d u c e d  Reynolds  e q u a t i o n

a V i s c o s i t y  t e m p e r a t u r e  dependency  c o n s t a n t

T T e m p e r a t u r e  v a r i a t i o n  o f  t h e  po lym er  m e l t  f rom t h e  r e f e r e n c e

t e m p e r a t u r e

Y D i s t a n c e  from t h e  w i r e  s u r f a c e  i n t o  t h e  gap

Rl I n i t i a l  r a d i u s  o f  t h e  w i r e

b F a c t o r  d e t e r m i n i n g  t h e o r e t i c a l  p r o f i l e

D1 I n i t i a l  d i a m e t e r  o f  t h e  w i r e

D D ia m e te r  o f  t h e  w i r e

t  S h e a r  s t r e s s  i n  t h e  m e l t

u Polymer m e l t  v e l o c i t y

Uq Drawing speed

n S t r a i n  h a r d e n i n g  in d ex

K Therm a l  c o n d u c t i v i t y  of  p o lym e r  m e l t

tx Shear  s t r e s s  on w i r e  s u r f a c e  b e f o r e  d e f o r m a t i o n
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tq Shear  s t r e s s  on deformed w i r e  s u r f a c e

R l  L e ng th  r a t i o  L-j /  L2

Gap r a t i o  h-| /  h 2  

Qx Flow of  po lym er  m e l t

Pm P r e s s u r e  a t  t h e  s t e p

Xq Y i e l d i n g  p o s i t i o n  of  w i r e

A S t r a i n  h a r d e n i n g  c o n s t a n t

Y Y i e l d  S t r e s s  i n  w i r e

Yq I n i t i a l  y i e l d  s t r e s s  i n  t h e  w i r e  

ax A x ia l  s t r e s s  i n  t h e  w i r e

J 0» J 2» J ’o> J , 2» A1» B» A2» I q . *1» ^2 C o m p u t a t i o n  v a r i a b l e s
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2.1 -  I n t r o d u c t i o n

T h i s  c h a p t e r  p r e s e n t s  a  t h e o r e t i c a l  a n a l y s i s  o f  t h e  d i e l e s s  w i r e  

d raw ing  p r o c e s s ,  i . e . ,  a s t a t i c  model  o f  t h e  p r o c e s s  r a t h e r  t h a n  a 

dynamic m a t h e m a t i c a l  model  o f  t h e  p r o c e s s  i n  c o n t r o l  t e r m i n o l o g y .  In  

t h i s  m odel ,  based  upon m e c h a n i c a l  p r i n c i p l e s ,  i n v e s t i g a t i o n  o f  t h e  

e f f e c t  o f  d r a w in g  spe ed  and t h e  t e m p e r a t u r e  o f  t h e  p o ly m e r  m e l t  w i t h i n  

t h e  DRU on t h e  p e r f o r m a n c e  o f  t h e  p r o c e s s  a r e  u n d e r t a k e n .  The r e s u l t s  of  

t h e  a n a l y s i s  a r e  e s s e n t i a l  f o r  d e s i g n i n g  a c o n t r o l  s t r a t e g y  f o r  t h e  

p r o c e s s .  The d e v e lo p m e n t  o f  t h e  dynam ic  m a t h e m a t i c a l  m ode l s  and ,  

f u r t h e r ,  t h e  L a p la c e  t r a n s f e r  f u n c t i o n s  o f  t h e  p r o c e s s ,  w i l l  be 

p r e s e n t e d  i n  c h a p t e r  3 .

2.2 -  Review o f  t h e  P r e v i o u s  A n a l y s e s

S i n c e  t h i s  n ove l  t e c h n i q u e  o f  w i r e  d r a w i n g  was i n v e n t e d  by 

Dr. G. R. Symmons a n d  Dr .  M. S. J .  H a s h m i ,  i n  w h i c h  no c o n v e n t i o n a l  

r e d u c t i o n  d i e s  were  used  and po lym er  m e l t s  w e r e  i n t r o d u c e d  as  t h e  

p r e s s u r e  medium i n  d r a w in g  p r o c e s s ,  v a r i o u s  t h e o r i e s  c o n c e r n i n g  t h e  

d i e l e s s  w i r e  d raw in g  p r o c e s s  have  been  d e v e lo p e d .

Dr. Symmons and Dr. Hashmi f i r s t  d e v e lo p e d  a New ton ian  

p l a s t o - h y d r o d y n a m i c  a n a l y s i s  f o r  a s t e p p e d  b o r e  r e d u c t o n  u n i t .  I n  t h i s  

t h e  p r e s s u r e  medium o f  t h e  po lym er  m e l t  was a ssumed  t o  have a N e w ton ia n  

f l u i d  b e h a v io u r  and t h e  d e f o r m a t i o n  p r o f i l e  o f  t h e  w i r e  w i t h i n  t h e  u n i t  

was assumed t o  be a f u n c t i o n  o f  d i s t a n c e  s q u a r e d  [ 6 ], T h e o r e t i c a l  

r e s u l t s  e n a b le d  them t o  p r e d i c t  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a ,  t h e  

p r e s s u r e  o f  t h e  po lym er  m e l t  w i t h i n  t h e  u n i t  and t h e  a x i a l  s t r e s s  i n  t h e  

w i r e .  A lthough  t h e s e  w e re  i n  c l o s e  a g r e e m e n t  w i t h  t h o s e  o b s e rv e d  

e x p e r i m e n t a l l y  a t  l o w e r  d r a w in g  s p e e d s ,  t h e  t h e o r y  was found  t o  be 

i n a d e q u a t e  a t  d r a w in g  s p e e d s  i n  e x c e s s  o f  a b o u t  1.2 ms" ' ' .  For  e x a m p l e ,



e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  

i n c r e a s e d  w i t h  an i n c r e a s e  i n  d r a w in g  s p e e d ,  and r e a c h e d  a maximum 

m agn i tude  o f  a b o u t  25 p e r c e n t  c o r r e s p o n d i n g  t o  a d r a w i n g  s p e e d  o f

1 .2  m s " 1. T h e r e a f t e r ,  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  d e c r e a s e d  when 

d raw in g  s p e e d  was i n c r e a s e d  f u r t h e r .  However ,  u n l i k e  t h e  e x p e r i m e n t a l l y  

o b s e r v e d  r e s u l t s ,  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  r e d u c t i o n  i n  a r e a  a l w a y s  

k e p t  on i n c r e a s i n g  w i t h  an i n c r e a s e  i n  d r a w in g  s p e e d .

L a t e r ,  Dr. Hashmi and Dr. Symmons p r e s e n t e d  a m a t h e m a t i c a l  model  f o r  

w i r e  d r a w in g  t h r o u g h  a c o n i c a l  o r i f i c e  r e d u c t i o n  u n i t  f i l l e d  w i t h  

polymer  m e l t ,  i n  w h ic h  t h e  po lym er  m e l t  was a ssum ed  t o  be a N ew to n ia n  

f l u i d  and t h e  d e f o r m a t i o n  o f  t h e  w i r e  was assumed t o  t a k e  p l a c e  i n  a 

l i n e a r  p r o f i l e  [ 8 ] .  A f u r t h e r  dev e lo p m en t  [ 9 ]  p r e s e n t e d  a  more p r e c i s e  

n u m e r i c a l  s o l u t i o n  f o r  w i r e  d r a w in g  t h r o u g h  a c o n i c a l  o r i f i c e  u n i t .  I n  

t h e i r  s t u d i e s ,  t h e  v i s c o u s  f l u i d  was assumed t o  be N e w to n ia n  and  t h e  

con t inuum  was a ssumed  t o  be r i g i d  n o n - l i n e a r l y  s t r a i n  h a r d e n i n g .  F i n i t e  

d i f f e r e n c e  n u m e r i c a l  t e c h n i q u e s  were a p p l i e d  t o  s o l v e  t h e  e q u a t i o n s  f o r  

t h e  p l a s t o -  hyd ro d y n am ic  p r e s s u r e  and t h e  r e s u l t i n g  a x i a l  s t r e s s  w h i c h ,  

i n  t u r n ,  e n a b l e d  p r e d i c t i o n  o f  t h e  n o n - l i n e a r  d e f o r m a t i o n  p r o f i l e  o f  t h e  

con t inuum  and t h e  r e d u c t i o n  i n  a r e a  f o r  a g i v e n  d r a w i n g  s p e e d .  U n l i k e  

t h e  p r e v i o u s  a n a l y s e s ,  t h e  need  f o r  an assumed d e f o r m a t i o n  p r o f i l e  was 

e l i m i n a t e d .  T h i s  a n a l y s i s  p roduced  good c o r r e l a t i o n  w i t h  e x p e r i m e n t a l  

r e s u l t s  a t  l o w e r  d r a w i n g  s p e e d s .  However ,  t h e  a g r e e m e n t  b e tw e e n  t h e  

e x p e r i m e n t a l  and t h e o r e t i c a l  r e s u l t s  was s t i l l  poor  a t  h i g h e r  d r a w i n g  

s p e e d s .  S e v e r a l  f a c t o r s  m ig h t  c o n t r i b u t e  t o  t h e  d i s c r e p a n c y  b e t w e e n  t h e  

t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s .  M a in ly ,  t h e  p o ly m e r  m e l t  d i d  n o t  

behave  l i k e  a N ew to n ia n  f l u i d .

Dr. H. P a rv in m e h r  p r e s e n t e d  a Non-Newtonian  p l a s t o - h y d r o d y n a m i c  

a n a l y s i s  o f  t h e  w i r e  d r a w in g  p r o c e s s  f o r  a  s t e p p e d  b o r e  r e d u c t i o n  u n i t  

[ 7 ] .  The e f f e c t s  o f  s h e a r  r a t e  and p r e s s u r e  on t h e  v i s c o s i t y  o f  t h e
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p o l y m e r ,  t o g e t h e r  w i t h  t h e  l i m i t i n g  s h e a r  s t r e s s ,  w e re  i n c l u d e d  i n  t h e  

a n a l y s i s .  S t r a i n  h a r d e n i n g  and s t r a i n  r a t e  s e n s i t i v i t y  o f  t h e  w i r e  

m a t e r i a l  w ere  i n c o r p o r a t e d  i n  t h e  s o l u t i o n .  F i n i t e - d i f f e r e n c e  n u m e r i c a l  

t e c h n i q u e s  were  u s e d  t o  s o l v e  t h e  r e l e v a n t  e q u a t i o n s .  The Non-Newton ian  

r e s u l t s  showed a g e n e r a l l y  c l o s e  a g re e m e n t  compared  w i t h  t h e  

e x p e r i m e n t a l  r e s u l t s .  However ,  t h e  c u r v e  i n d i c a t i n g  t h e  cha n g es  o f  

p e r c e n t a g e  r e d u c t i o n  i n  a r e a  v e r s u s  d raw in g  s p e e d  a p p e a r e d  t o  have  a 

p o i n t  a t  w h ic h  t h e  d i r e c t i o n  of  t h e  c u r v e  changed  a b r u p t l y ;  i . e . ,  a cu sp  

a p p e a r e d  i n  t h e  c u r v e ,  wh ich d i d  n o t  a p p e a r  i n  t h e  e x p e r i m e n t a l  r e s u l t s .

I n  t h e  p r e s e n t  s t u d y ,  a Non-Newtonian p l a s t o - h y d r o d y n a m i c  a n a l y s i s  

o f  t h e  w i r e  d r a w in g  p r o c e s s  i s  p r e s e n t e d  f o r  a s t e p p e d  b o r e  r e d u c t i o n  

u n i t .  The e f f e c t  o f  t e m p e r a t u r e  on t h e  v i s c o s i t y  o f  t h e  p o lym e r  m e l t  and 

t h e  e n e rg y  e q u a t i o n  p r e d i c t i n g  t h e  i n c r e a s i n g  i n  t e m p e r a t u r e  d u r i n g  t h e  

w i r e  d r a w in g  p r o c e s s  a r e  i n t r o d u c e d  i n t o  t h e  a n a l y s i s .

The p r e s e n t  s t u d y  p r e d i c t s  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a ,  d r a w i n g  

l o a d  i n  t h e  w i r e  and t h e  p r e s s u r e  of  t h e  po lym er  m e l t  w i t h i n  t h e  u n i t  

a g a i n s t  d r a w in g  sp e e d .  The t h e o r e t i c a l  r e s u l t s  a g r e e  w e l l  w i t h  t h o s e  

o b s e r v e d  e x p e r i m e n t a l l y  t h r o u g h o u t  t h e  r a n g e  o f  d r a w in g  s p e e d s .

2.3 “ T h e o r e t i c a l  A n a l y s i s

When w i r e  i s  p u l l e d  t h ro u g h  t h e  v i s c o u s  po lymer  m e l t  w i t h i n  t h e  DRU, 

s h e a r i n g  t a k e s  p l a c e  a t  t h e  i n t e r f a c e  b e tw e e n  t h e  m e l t  and t h e  w i r e .

T h i s  s h e a r i n g  a c t i o n  g i v e s  r i s e  t o  a d r a g  f o r c e  on t h e  w i r e  and 

g e n e r a t e s  hydrodynam ic  p r e s s u r e ,  t h e  m a g n i tu d e  o f  w h ic h  depends  upon t h e  

s p e e d  w i t h  which  t h e  w i r e  i s  p u l l e d ,  t h e  v i s c o s i t y  o f  t h e  po lym e r  m e l t  

and t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  o f  t h e  o r i f i c e  wh ich  c o n t a i n s  t h e  

m e l t .  The combined  e f f e c t  o f  t h i s  hydrodynam ic  p r e s s u r e  and t h e  d r a g  

f o r c e  may i n i t i a t e  p l a s t i c  y i e l d i n g  and c a u s e  pe rm a n en t  d e f o r m a t i o n  t o  

t h e  w i r e  i t s e l f .
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D ur ing  t h e  w i r e  d r a w in g  p r o c e s s ,  e n e r g y  i s  d i s s i p a t e d  m a i n l y  i n  two  

ways:  t h r o u g h  t h e  a c t i o n  o f  v i s c o u s  " f r i c t i o n "  and t h r o u g h  d e f o r m a t i o n .  

T hese  s o u r c e s  w i l l  g e n e r a t e  h e a t .  Because t h e  h e a t  c o n d u c t i v i t y  o f  t h e  

po lymer  m e l t  u s e d  i n  w i r e  d r a w in g  p r o c e s s  i s  s u b s t a n t i a l l y  l o w ,  t h e  

s m a l l  amount  o f  h e a t  can  n o t  be t r a n s f e r r e d  o u t s i d e  and w i l l  c a u s e  t h e  

t e m p e r a t u r e  w i t h i n  t h e  po lymer  t o  i n c r e a s e  s i g n i f i c a n t l y .  The change  o f  

t h e  t e m p e r a t u r e ,  i n  t u r n ,  cha nges  t h e  v i s c o c i t y  o f  t h e  p o ly m e r  m e l t  

w h ic h ,  i n  t u r n ,  c h a n g e s  t h e  d i s s i p a t i o n  as  w e l l  as  t h e  s h e a r  s t r e s s ,  t h e  

p r e s s u r e  and t h u s  t h e  r e d u c t i o n  i n  a r e a .  So we mus t  i n d e e d  c o n s i d e r  t h e  

t h e r m a l  e n e r g y  c o u p le d  w i t h  t h e  p l a s t o - h y d r o d y n a m i c  p r o c e s s .

I n  t h i s  s e c t i o n  an a t t e m p t  t o  a n a l y s e  t h e o r e t i c a l l y  t h e  d e f o r m a t i o n  

p r o c e s s  t a k i n g  p l a c e  w i t h i n  t h e  DRU i s  d e s c r i b e d .  The e f f e c t  o f  t h e  

t h e r m a l  e n e rg y  g e n e r a t e d  by v i s c o u s  " f r i c t i o n "  i n  t h e  d r a w in g  p r o c e s s  

w i l l  a l s o  be t a k e n  i n t o  c o n s i d e r a t i o n .  The r e s u l t s  o f  t h e  a n a l y s i s  t e n d  

t o  be v e r y  s i m i l a r  t o  t h e  e x p e r i m e n t a l  r e s u l t s  b o th  a t  s l o w e r  s p e e d s  and 

a t  h i g h e r  s p e e d s ,  and show b e t t e r  a g re e m e n t  t h a n  p r e v i o u s  r e s u l t s .

The f o l l o w i n g  t h e o r e t i c a l  a n a l y s i s  o f  d e f o r m a t i o n  p r o c e s s  w h ich  

t a k e s  p l a c e  w i t h i n  t h e  DRU i s  ba sed  on t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  o f  

t h e  s t e p p e d  b o r e  r e d u c t i o n  u n i t  as  shown i n  F i g .  2.1a. To f o r m u l a t e  t h e  

a n a l y s i s  t h e  f o l l o w i n g  a s s u m p t i o n s  were  made:

i )  Flow o f  po lym er  m e l t  i s  a x i a l  and l a m i n a r

i i )  T h i c k n e s s  o f  t h e  po lymer  l a y e r  i s  s m a l l  compared  w i t h  t h e

d i m e n s io n s  o f  t h e  s t e p p e d  b o re

i i i )  The p r e s s u r e  i n  t h e  f l u i d  i s  u n i fo r m  i n  t h e  t h i c k n e s s  d i r e c t i o n

a t  a n y  p o i n t  a l o n g  t h e  l e n g t h  o f  t h e  u n i t ,  t h a t  i s  P = P(X)

o n l y .

i v )  The v i s c o s i t y - t e m p e r a t u r e  dependence  i s  g iv e n  by t h e  e q u a t i o n  j

( Appendix 1 ), y = \iq e “ aT (2.1)

w h e re ,  y i s  t h e  v i s c o s i t y  o f  t h e  po lymer  m e l t
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Pq i s  t h e  m e l t  v i s c o s i t y  f o r  a g iv e n  p o ly m e r  a t  

r e f e r e n c e  t e m p e r a t u r e

" a ” i s  a c o n s t a n t  i n d i c a t i n g  t h e  t e m p e r a t u r e  dependency  

o f  t h e  m e l t  v i s c o s i t y  f o r  a g i v e n  po lymer  

T i s  t h e  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  po lym e r  m e l t  f rom 

t h e  r e f e r e n c e  t e m p e r a t u r e

v) The d e f o r m a t i o n  p r o f i l e  i n  t h e  d e f o r m a t i o n  zone w i t h i n  t h e  u n i t  

may be d e s c r i b e d  by

Y = -  bX2  ( s e e  F i g .  2 .1 a )

Where R-j = D-| / 2  t h e  i n i t i a l  r a d i u s  o f  t h e  w i r e .

v i )  The t e m p e r a t u r e  i n  t h e  f l u i d  i s  c o n s t a n t  a lo n g  t h e  d r a w in g  

d i r e c t i o n ,  b u t  v a r i e s  a c r o s s  t h e  s e c t i o n  o f  t h e  p o l y m e r ,  

t h a t  i s  T = T(Y) o n l y .

The a n a l y s i s  i s  p r e s e n t e d  i n  f o u r  p a r t s :

2 . 3 . 1  -  D e t e r m i n a t i o n  o f  t h e  P r e s s u r e  i n  t h e  U n i t  and t h e  A x i a l

S t r e s s  i n  t h e  Wire  P r i o r  t o  D e f o r m a t i o n  o f  t h e  W ire .

2 . 3 . 2  -  P r e d i c t i o n  o f  t h e  P o s i t i o n  o f  Y i e l d  o f  t h e  W ire  I n s i d e  t h e

U n i t .

2 . 3 . 3  " Energy E q u a t io n  A p p l i e d  t o  t h e  P r o c e s s .

2 . 3 . ^  _ P r e d i c t i o n  o f  D e f o r m a t i o n  P r o f i l e  i n  t h e  D e f o r m a t i o n  zone.
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I I

STEPPED BORE REDUCTION UNIT

(a)

(b)

F ig .  2.1 a )  T h e o r e t i c a l l y  Assumed D e f o r m a t i o n  Mode W i t h i n  t h e  DRU 
b)  S t r e s s e s  A c t ion  on an E lement  o f  t h e  Wire
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2 . 3 . 1  “ D e t e r m i n a t i o n  o f  t h e  P r e s s u r e  i n  t h e  U n i t  and t h e  A x i a l  S t r e s s  

i n  t h e  Wire  P r i o r  t o  D e fo rm a t ion  o f  t h e  Wire

The p r e s s u r e  i n  t h e  u n i t  p r i o r  t o  d e f o r m a t i o n  o f  t h e  w i r e

■ S t a r t i n g  w i t h  t h e  f u n d a m e n ta l  e q u a t i o n s

_3P _ 8t 
3X BY

(2 .2 )

and
3u

^ 3Y ( 2 . 3 )

BP
Where i s  t h e  p r e s s u r e  g r a d i e n t  w i t h i n  t h e  gap

t  i s  t h e  s h e a r  s t r e s s

u i s  t h e  v e l o c i t y  o f  t h e  po lymer  m e l t  a t  a d i s t a n c e  Y f rom t h e

s u r f a c e  o f  t h e  w i r e  w i t h i n  t h e  gap 

y i s  t h e  v i s c o s i t y  o f  t h e  po lymer  m e l t

S u b s t i t u t i n g  f o r  t  f r o m  e q u a t i o n  ( 2 .3 )  i n  e q u a t i o n  ( 2 . 2 )  g i v e s

_3P _ 3_ , Buv ( 2 . 4 )
3X “ BY ^BY

I n t e g r a t i n g  e q u a t i o n  (2.4) w i t h  r e s p e c t  t o  Y, we h a v e

= i  Y + ( 2 . 5 )
BY y 3X y

BpN o t i n g  t h a t  P and a r e  assumed t o  r e m a i n  c o n s t a n t  a c r o s s  t h e  g a p ,  andoX

s i n c e  T = T(Y) ,  f r o m  e q u a t i o n  (2 .1 )  i t  c a n  be s e e n  t h a t  y i s  t h e  

f u n c t i o n  o f  Y. I n t e g r a t i n g  e q u a t i o n  (2.5)  g i v e s

Ŷ v > , _ rY HY ’ ( 2 . 6 )
u = '5x 4^TT7 dV + 1 {  mTTT dY + c2

A pply ing  t h e  boundary  c o n d i t i o n  u = Uq» a t  Y = 0 g i v e s  

C2 = u0

Where Uq i s  t h e  v e l o c i t y  w i t h  which  t h e  w i r e  i s  b e in g  p u l l e d .

The f l o w  o f  po lymer  m e l t  i n  t h e  s t e p p e d  b o r e  r e d u c t i o n  u n i t  i s  

d i v i d e d  i n t o  two s e c t i o n s ,  t h e  f i r s t  s e c t i o n  b e in g  t h e  e n t r y  p a r t  o f  t h e
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u n i t  b e f o r e  t h e  s t e p  and t h e  seco n d  s e c t i o n  b e in g  t h e  t u b e  a f t e r  t h e  

s t e p .  A pp ly in g  t h e  boundary  c o n d i t i o n  f o r  t h e  f i r s t  p a r t  t h a t  u = 0 a t  

Y = h 1 , and  s u b s t i t u t i n g  f o r  C2  i n  e q u a t i o n  (2.6) ,  we have

D e f ine

J 0 ■ £ '  ( j f r r  ( 2 -8)
and

h ‘ d r
m i t t ( 2 . 9 )

Then f r o m  e q u a t i o n  (2 .7 ) ,  we h a v e

U0 + (^ V .  ( 2 . 1 0 )C , -  -   j -------------

0
which  we a ssum e  t o  be known.

The f l o w  o f  t h e  po lymer  m e l t  i n  t h e  d i r e c t i o n  o f  p u l l  i n  t h e  f i r s t  

s e c t i o n  o f  t h e  u n i t  i s  g iv e n  by

Q -  . M  udY 
Al o

S u b s t i t u t i n g  f o r  u f rom e q u a t i o n  (2.6)  i n  e q u a t i o n  (2.11)  g i v e s

R e f e r r i n g  t o  Appendix 2,  t h e  f i r s t  t e r m  of  e q u a t i o n  (2.12)
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h, Y h,  h

(£ U ‘ 4

= ( | | ) 1 ; h ‘ ( h ,  -  V )  ^  dY- 

* (H \ ( h | J | ‘  j 2 ) ( 2 . 1 3 )

h
Where j  = /  ( 2 .1  4)

2  o inY)

The s e co n d  t e rm

_  f h 1 ( h , - Y ' )
-  C 1 J o ^ t v T T  dl(

Ci ( h l J0 " V  ( 2 . 1 5 )

The t h i r d  te rm

; \ d Y  . ( 2 . 16 )

E q u a t io n  (2.12)  in  c o m b i n a t i o n  w i t h  e q u a t i o n s  (2.13)  t o  (2.16)  g i v e s

Oxi •  (! \ ° V |  -  V  + c i ( h .J 0 -  V  + v .  ( 2 - 17)

The c o n t i n u i t y  e q u a t i o n  f o r  t h i s  c a s e  g i v e s

f x QX, = °  t 2 - l 8 )

S u b s t i t u t i n g  f o r  Q^-j i n  e q u a t i o n  ( 2 . 1 7 ) ,  we h a v e  

3 3P
1 x [ ( 3x Y V ,  -  V  + C1 ( h 1J 0 -  V  + V i 1 ■ 0 ( 2 - 19)

S u b s t i t u t i n g  f o r  C-| f rom e q u a t i o n  (2.10)  i n  e q u a t i o n  (2.19)  and 

r e a r r a n g i n g  g i v e s
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So we have 3 2 p (2.21)
■  °

t h a t  i s  3 P ( 2 . 2 2 )
(— ) = C o n s t a n tax 1

Assuming t h a t  a t  t h e  p o i n t  where  X = L-|» p r e s s u r e  r e a c h e s  i t s  maximum 

v a lu e  Pmf we have

P
( ~ )  =

9P\ m

3X 1 L 1 ( 2 . 2 3 )

F o l lo w in g  t h e  same p r o c e d u r e  m en t io n e d  above ,  we have  t h e  f o l l o w i n g  

e q u a t i o n s  f o r  t h e  s eco n d  s e c t i o n  o f  t h e  u n i t  

8 P
QX2 = ^ax^2 (h2J i -  J 2^ + Ci (h2J 0 j i ) + U0h 2 ( 2 .2 4 )

J '  -  1 d V
0 Jq S T P T  ( 2 . 2 5 )

rh 2 v 1
J i  ■ [  ^ r J d r  ( 2 - 2«

J2 ■

r^2 Y '2
*  ^ T r T dY' ( 2 - 27)

^aPx _

3X 2  '  ~ H  ( 2 , 2 8 )

The c o n t i n u i t y  o f  f l o w  g i v e s

Q « = Q * ( 2 . 2 9 )WX1 VX2  .

S u b s t i t u t i n g  f o r  QX1, Qx 2 > ( t ? )  and (-§7 ) f rom e q u a t i o n s  (2 .17) ,  ( 2 .24 ) ,
oX  ̂ uA 2

( 2 . 2 3 ) and (2.28) r e s p e c t i v e l y  i n  e q u a t i o n  ( 2 . 2 9 ) and  r e a r r a n g i n g  g i v e s



A xia l  s t r e s s  i n  t h e  w i r e

S u b s t i t u t i n g  f o r  f rom e q u a t i o n  (2.5) in  e q u a t i o n  (2.3) g i v e s

(2 .3 1 )

On t h e  s u r f a c e  o f  t h e  w i r e  i n  t h e  f i r s t  s e c t i o n  o f  t h e  w i r e ,

where Y = 0, t h e  s h e a r  s t r e s s  i s  g i v e n  by

Pm

T cX J
0

( 2 .3 2 )

T h i s  s h e a r  s t r e s s  g i v e s  r i s e  t o  d r a g  f o r c e s  i n  t h e  w i r e  and  a t  a 

p o i n t  X f rom t h e  e n t r y  p o i n t  w i t h i n  t h e  u n i t  i n  t h e  f i r s t  s e c t i o n ,  t h e  

a x i a l  s t r e s s  d e v e l o p e d  i n  t h e  w i r e  i s  g iv e n  by

2 . 3 . 2  -  P r e d i c t i o n  o f  t h e  P o s i t i o n  o f  Y i e l d  o f  t h e  Wire I n s i d e  t h e  U n i t

The a x i a l  d i s t a n c e ,  XQ, from t h e  e n t r y  p o i n t  o f  t h e  u n i t . w h e r e  y i e l d  

o c c u r s  i n  t h e  w i r e  may be d e t e r m i n e d  by t h e  combined e f f e c t s  o f  t h e  

a x i a l  s t r e s s  and t h e  hyd ro d y n am ic  p r e s s u r e .

The p r e s s u r e  a t  p o i n t  X i s  g iv e n  by

( 2 .3 3 )

I n t e g r a t i n g  e q u a t i o n  (2 .33 )  g i v e s

4XtX ( 2 . 3 4 )
o (X) D

P
,  ,  ID

P(X) = —  X
( 2 . 3 5 )
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The f lo w  s t r e s s  o f  t h e  w i r e  i s  a ssumed t o  be e x p r e s s e d  as  

Y -  Yq + Aen

Where A and n a r e  t h e  s t r a i n  h a r d e n i n g  f a c t o r  o f  t h e  w i r e  and t h e  

m a t e r i a l  c o n s t a n t  r e s p e c t i v e l y ,  e -  2 l n ( ^ - ) *  Then t h e  p l a s t i c  y i e l d  

w i l l  commence as  soon  as  t h e  y i e l d  c r i t e r i o n

P(X0 ) ♦ o (X0 ) -  Y0 ( 2 - 36)

i s  s a t i s f i e d

S u b s t i t u t i n g  f o r  P(Xq) and cj(Xq ) f rom e q u a t i o n s  (2.3*0 and  (2.35) 

r e s p e c t i v e l y  i n  e q u a t i o n  (2.36)  and r e a r r a n g i n g  g i v e s

Yox„ =
0 ^ X  ( 2 .3 7 )

L 1 '  D 1

Now J 0 , J i  , J 2 , J ’o* a n d  a r e  s t i 1 1  un k n o w n .  T h e y  c a n  be s o l v e d

by a p p l i c a t i o n  o f  t h e  e n e rg y  e q u a t i o n  t o  t h e  p r o c e s s  o f  w i r e  d r a w i n g .

Once p l a s t i c  y i e l d  commences a t  p o i n t  X = Xq , f u r t h e r  p e rm a n e n t  

d e f o r m a t i o n  w i l l  c o n t i n u e  t o  t a k e  p l a c e  i n  t h e  w i r e  as  l o n g  a s  t h e  y i e l d  

c r i t e r i o n

P(X) + a(X) > = Y (2.38)

i s  s a t i s f i e d  a t  any p o i n t  w i t h i n  t h e  f i r s t  s e c t i o n ,  d i s t a n c e  X f rom  t h e  

y i e l d  s t a r t i n g  p o i n t  Xq.

2 .3 *3  “ Energy E q u a t io n  A p p l i e d  t o  t h e  P r o c e s s

D e t e r m i n a t i o n  o f  J q ,  j.|  a n d  J 2  i n  t h e  f i r s t  s e c t i o n  o f  t h e  u n i t

The Energy  e q u a t i o n  f o r  t h e  p l a s t o - h y d r o d y n a m i c  p r o c e s s  o f  t h e  

d i e l e s s  w i r e  d r a w in g  i s  g i v e n  ( Appendix 3 ) by

( 2 .3 9 )
9i K 8Y
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Where T i s  t h e  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  po lym er  m e l t  f rom t h e  

r e f e r e n c e  t e m p e r a t u r e  

K i s  t h e  c o n d u c t i v i t y  o f  t h e  po lym er  m e l t  

Here  o n l y  t h e  e f f e c t  o f  t h e  t h e r m a l  e n e rg y  g e n e r a t e d  by v i s c o u s  

" f r i c t i o n "  i n  t h e  d r a w in g  p r o c e s s  i s  t a k e n  i n t o  c o n s i d e r a t i o n .  

R e w r i t i n g  e q u a t i o n  (2.5)

_9u = i  9P y + S  
9Y p  3 X  p

( 2 . no)

where UQ + -gj ^
Cl = "  J

0

9PTo s i m p l i f y  m a t h e m a t i c a l  p r o c e s s i n g ,  h e r e  we assume t h a t  —  = 0
dX

hence —   ------------------------------------------------------------- (2.41)
9Y p J Q

3 u
S u b s t i t u t i n g  f o r  -gy from e q u a t i o n  (2.h 1) i n  e q u a t i o n  (2.39) g i v e s

(2 .4 2 )
7 U 29 T u0

3Y7" " K*iJ»

S u b s t i t u t i n g  p = pq e ~aT l n t o  eclu a t i o n  ( 2 . l l 2 ) ,w e  h a v e

32T U02 aT
W  '  " KpqJq 6 (2.143)

9 TM u l t i p l y i n g  b o t h  s i d e s  by —  and r e w r i t i n g ,  we have
9Y

j L r l f j n V  i = _ U0 3_ aT 
9Y 2 9Y J = ^ ( ^ O 3 3Y 6

I n t e g r a t i n g  b o t h  s i d e s  w i t h  r e s p e c t  t o  Y g i v e s

2U2 e aY
( I I )2 . - - - - - - - - - - - + c ,  ( 2.KH)
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Now i n t e g r a t i n g  e q u a t i o n  (2.42) w i t h  r e s p e c t  t o  Y b e tw een  0 and  g i v e s

8T
BY Y=h,

81
8Y Y*0

1 d Y
»jW 7

KJ, ( 2 - 4 5 )

By symmetry

H
8Y Y *0

8T
8Y Y=h

( 2 . 4 6 )

Hence from e q u a t i o n s  ( 2 . 4 5 )  and ( 2 . 4 6 ) ,  we have

I I
8Y

U0

Y=h. 2KJ, ( 2 . 4 7 )

Thus

(il)2
Y=h 4K2 J 2 ( 2 . 4 8 )

Apply ing  t h e  b o u n d a r y  c o n d i t i o n  t h a t  T = 0 a t  Y = h-| t o  e q u a t i o n  ( 2 . 4 4 ) ,  

we have

( « ) *  = . ^ V  + c 3 < 2 . W
3Y Y=h, o oa 3

E q u a t in g  e q u a t i o n s  (2 .48)  a n d  (2 .49)  g i v e s

U2 U2
c = _ 2 _ A  + _2_]

KJq 4K a^0

S u b s t i t u t i n g  f o r  i n  e q u a t i o n  (2.44) g i v e s

2u0 f ( 1  , ‘ V L  _ caT
(w >  * i K ^ t ( 1 + ^ r - ) 6 1

( 2 . 5 0 )
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L e t A. =
2Uq

1 ~ aKV o

B = 1 +
ayouo

8K

( 2 .5 1 )

( 2 . 52 )

E q u a t io n  (2 .50)  b e c o m e s

, 3 L l A aT,(W ) ■= A, (B -  e  )
( 2 . 5 3 )

Because T = T(Y) o n l y ,  r e a r r a n g i n g  e q u a t i o n  ( 2 . 5 3 )  g i v e s

0 < Y < h . / 2 ( 2 .5 4 )

and
-  -  / a  (B -  e aT)

h-j /2  < Y < h-i ( 2 . 5 5 )

J T
By sym m etry ,  a t  p o i n t  where Y = h . / 2  and = 0, T r e a c h e s  i t s

dY
maximum v a l u e  Tm. From e q u a t i o n  (2.53)* we have

a Tm 
B -  e = 0

Tha t  i s  T = — In  B 
m a

R e a r r a n g i n g  e q u a t i o n  (2.54) g i v e s

dT

A T T *

= / T ] dY
( 2 . 5 6 )

Now i n t e g r a t i n g  e q u a t i o n  (2.56)  b o th  s i d e s  g i v e s

-In
A ^ e aT -  JS

/b  -  e a i  + /B
-  'A ,  V + C4 ( 2 . 5 7 )

App ly ing  t h e  boundary c o n d i t i o n  t h a t  T = Tm a t  Y = h ^ / 2  t o  e q u a t i o n  

( 2 .5 7 )  g i v e s

   /IT2 1
( 2 . 5 8 )
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A pply ing  t h e  b o u n d a r y  c o n d i t i o n  t h a t  T = 0 a t  Y = 0 t o  e q u a t i o n  (2 .57 )  

g i v e s

C4 =
1

Av̂ B
I n ✓B -  1 -  /B

✓b -  1 + / b
( 2 .5 9 )

E q u a t i n g  e q u a t i o n  (2.58)  a n d  e q u a t i o n  (2.59),  we h a v e

V .

/B -  1 -  /B1 1
I n

a / A 1 B /B -  1 + Zb

( 2 . 60 )

S u b s t i t u t i n g  f o r  Ai f rom e q u a t i o n  (2.51) i n  e q u a t i o n  (2.60) and 

r e a r r a n g i n g  g i v e s

r-W
J o ■

2Ky,

i/B -  1 + v'B
( 2 . 6 1 )

I n
/B -  1 -  /B

S u b s t i t u t i n g  f o r  Cjj f rom e q u a t i o n  (2.59) i n  e q u a t i o n  (2.57)  and 

r e a r r a n g i n g  g i v e s

Y = 1

a/A jB
In

Z aT /B /B -  e +

1

a^Aj B
In /B -  1 -  / b

^B -  1 + ZB

f o r  0 < Y < h 1/ 2

R e a r r a n g i n g  e q u a t i o n  (2.55)  g i v e s

( 2 . 6 2 )

dT
=  -  /A^ dY

I n t e g r a t i n g  b o t h  s i d e s  g i v e s

-In
(v'B Zb -  e aT + /B

" /A1 Y + S

( 2 . 6 3 )

( 2 . 6 4 )

App ly ing  t h e  b o u n d a r y  c o n d i t i o n  t h a t  T = 0 a t  Y = h-j t o  e q u a t i o n  ( 2 . 6 4 ) ,  

we have
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s = V i +
I n v"B -  1 -  /B

/B -  1 + J *

S u b s t i t u t i n g  f o r  C5 i n  e q u a t i o n  (2.64)  g i v e s

( 2 .6 5 )

Y =
-  1

a/A^B
In

/ b ~ eaT -  /B

L  aT ✓B *B -  e +

In
av^Aj B

/B -  1 -  /B

/B -  1 + v'B
h 1 ( 2 . 66 )

S u b s t i t u t i n g  f o r  h-j f rom e q u a t i o n  (2.60)  i n  e q u a t i o n  (2.66)  g i v e s

J b ~^ e aT -  /B

/  aT . /B 
/B -  e

a A ^ B

/B -  1 -  / b

^B  -  1 +

( 2 . 6 7 )

f o r  h- j /2  < Y < h-j

R e w r i t i n g  e q u a t i o n  (2.9)  g i v e s

Y r r  Y f^1 Y -  dY = -  dY + 1 -  dY ( 2 . 6 8 )

S u b s t i t u t i n g  f o r  y = uq e ~a T » f o r  dY f r o m  e q u a t i o n  ( 2 . 5 6 )  a n d  Y f r o m  

e q u a t i o n  (2.62) i n  t h e  f i r s t  i n t e g r a t i o n  t e r m  o f  e q u a t i o n  (2.68);  and 

f o r  dY from e q u a t i o n  (2.63)  and Y f rom  e q u a t i o n  (2.67)  i n  t h e  s e c o n d  

i n t e g r a t i o n  t e rm  o f  e q u a t i o n  (2.68) ,  we have

rTm aT

0̂ A ,  (B -  e a i ) a /A ,  B
I n /b  -  e aT -  A

/ b -  eaT + A

-  eaT
In

*̂ Aj (B -  ea i ) jJq a/A^B

/ b -  e aT -  ^

+ VB

a/A^ B

a^A^ B

In

In

A  -  1 -  A

/B -  1 + A

A  ~ 1 -  A

A  -  1 + B

]dT

]dT

Av/Br T 

•»p  A / S
In / i F T  + ✓b

A ^ i - / b

(2 .6 9 )
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R e w r i t i n g  e q u a t i o n  (2.1 4) g i v e s

h i
fhi _ rr y2 . ! i y2

J ,  = I ' —  dY = 
2 A) " V —  dY + I * —  dY ( 2 .7 0 )

F o l lo w in g  t h e  same p r o c e d u r e  a s  above ,  we have

m aT

J2 = 2Jo
[ I n

/ V B - e a i ) p na 2A4BaT,
0 1

v 4 - e aT -  /B

y 4 - e aT + /B

] dT

+ _ W e 2 J _  [ l n  

a3A1B^ 1  ^0

/Br f  -  / b

/ b-T  + / b ( 2 . 7 1 )

The f i r s t  t e rm  on t h e  r i g h t  s i d e  o f  e q u a t i o n  (2.71)  c o u ld  be c a l c u l a t e d  

by u s i n g  a n u m e r i c a l  i n t e g r a t i o n  m ethod.

D e t e r m i n a t i o n  o f  J ' q , J'-j a n d  J ’2 i n  t h e  s e c o n d  s e c t i o n  o f  t h e  u n i t

Now s i m i l a r l y ,  f o r  t h e  s econd  s e c t i o n  o f  t h e  u n i t ,  we have

BU0h2 a
2K4J,

In / b - 1 + / b

/ b - 1 -  /B

( 2 . 7 2 )

A„ = 2%

2 a!CuoV ( 2 . 7 3 )

Tf 4>B-1
J 1  --

a 2uQA2YB
In /BH" + /B 

v'B~T -  /B ( 2 . 7 4 )
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T

J 2 2

+
4/B -  1 r . /S h T -  V̂B 2I In

a i A1 B / K 2 pQ / i F T  + /B ( 2 .7 5 )

2 . 3 . ^  “ P r e d i c t i o n  o f  D e f o r m a t i o n  P r o f i l e  i n  t h e  D e f o r m a t i o n  Zone

The r e d u c e d  Reynolds  e q u a t i o n

I t  i s  assumed t h a t  d e f o r m a t i o n  t a k e s  p l a c e  from t h e  p o i n t  o f  y i e l d  

where  X = Xq and c e a s e s  a t  t h e  s t e p .  I n  t h e  d e f o r m a t i o n  zone ,  r e w r i t i n g  

e q u a t i o n  ( 2 .1 9 )  w i t h  gap  h ,  we ha v e

( 2 . 7 6 )

where

S u b s t i t u t i n g  f o r  C1 from e q u a t i o n  (2.10) i n  e q u a t i o n  (2.76) and

r e a r r a n g i n g  g i v e s

( 2 . 7 7 )

L e t  Z = Y /h ,  t h e n

( 2 . 7 8 )
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where

-0

dZ
jj(Z)

F o l lo w in g  t h e  same p r o c e d u r e ,  we have

(2 .79)

J. = Jo
dY = h zx

( 2 . 8 0 )

where

rh
dY = h 31,

Tzy dZ

( 2 . 8 1 )

( 2 . 8 2 )

r1 7 2  

h  = ^  J d z )  dz

S u b s t i t u t i n g  f o r  J q , J-j a n d  J 2 i n  e q u a t i o n  ( 2 . 7 7 )  g i v e s

( I 2 -  I I  )
1 -  ( 6 h 3 — ________________= 6 0 * 4ax 1 - i  axJ o ax

( 2 . 8 3 )

( 2 . 8 4 )

Then d e f i n e

i* =
6(1* -  I 2 I Q)

-X

Then,  e q u a t i o n  (2.84 )  becomes

8 r *v.3 -  att
ax ^  ax^ o ax

( 2 . 8 5 )

( 2 . 8 6 )

which  i s  t h e  r e d u c e d  Reyno lds  e q u a t i o n  w i t h  v a r i a b l e  v i s c o s i t y  y * .

A f t e r  d e f o r m a t i o n  t a k e s  p l a c e ,  t h e  gap b e tw e e n  t h e  s u r f a c e  o f  t h e  

w i r e  and t h e  o r i f i c e  w i t h i n  t h e  u n i t  w i l l  no l o n g e r  h o l d  c o n s t a n t .  S i n c e  

I n = I n (h )» ( n = 0 , 1 , 2  ) a n d  h = h ( X ) ,  we h a v e  y *  = y * ( h )  = y * ( X ) .  Now i t  

i s  assumed t h a t  i n  d e f o r m a t i o n  zone ,  t h e  v a l u e s  o f  J n and  I n a r e  t h e
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same a s  t h o s e  b e f o r e  d e f o r m a t i o n  o c c u r s .  W ith  t h i s  a s s u m p t i o n  i t  f o l l o w s  

t h a t  y* w i l l  have  a c o n s t a n t  v a l u e  a t  a  g i v e n  d r a w in g  v e l o c i t y  b e f o r e  

and a f t e r  d e f o r m a t i o n  o c c u r s  and t h u s  i t s  v a l u e  can be e a s i l y  c a l c u l a t e d  

f rom  e q u a t i o n  (2.85) .  When d e f o r m a t i o n  i s  w i t h i n  a l i m i t e d  r a n g e ,  t h i s  

a s s u m p t i o n  can be a c c e p t e d .

D e t e r m i n a t i o n  o f  p r e s s u r e  i n  t h e  d e f o r m a t i o n  zone

With t h e  a s s u m p t i o n  t h a t  y* i s  c o n s t a n t  a lo n g  t h e  l e n g t h  o f  t h e  u n i t

a t  a g i v e n  d r a w in g  v e l o c i t y ,  r e w r i t i n g  e q u a t i o n  (2 .86) ,  w e -h a v e

fx(h’ * 6V* i

where  X i s  t h e  d i s t a n c e  from t h e  p o i n t  of  y i e l d ,  h i s  t h e  gap a t  any 

p o i n t  X i n  t h e  d e f o r m a t i o n  zone

h = h 1 + bX2 (2.88)

I t  i s  a ssumed t h a t  d e f o r m a t i o n  t a k e s  p l a c e  from t h e  p o i n t  o f  y i e l d  and

c e a s e s  a t  t h e  s t e p ,  where X = -  x 0

From e q u a t i o n  (2.88)

i t  «= 2bX ( 2 . 8 9 )
3X

S u b s t i t u t i n g  f o r  i n  e q u a t i o n  (2.87)  and i n t e g r a t i n g ,  we have

h 3f f  = 6p*UQbX2 + Cft ( 2 . 9 0 )

,3P,  Pm
A pp ly ing  t h e  boundary  c o n d i t i o n  t h a t  = —  , a t  X=0, w he re  h = h p

t h e  c o n s t a n t  i s  g iven  by

h 3P
c 6 = . 1 m ( 2 .9 1 )

L 1

S u b s t i t u t i n g  f o r  h a nd  C5  i n  e q u a t i o n  ( 2 . 9 0 ) ,  we h a v e

3P ,  bX2 . Pm h 1
3X = U0 (h + bX2) 3 + L1 (h.  + bX2 ) 3

1 1  ̂ ( 2 . 9 2 )
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h 1
L e t  m 2 = -7—

D

I n t e g r a t i n g  e q u a t i o n  (2.92) g i v e s

t a n ” 1—P = 6p*Un f m X3 -  m2X • ,
1 8m3 b2 + 8m2 b 2 (m2 +X2 ) 2 J

Pmh t , 3 t an  m 5m! X + 3XJ r
+ L , b ’ 1 8m5 + + X: ) : 7 ( 2 -93 )

Apply ing  t h e  bounda ry  c o n d i t i o n  t h a t  a t  X = 0, where p l a s t i c  d e f o r m a t i o n  
P x n

s t a r t s .  P = . m . -.7  .  we h a v e  
L 
L 1

PmX0
C? = —  ( 2 .9 b )

So e q u a t i o n  (2 .93 )  becomes

- i  X
P = 6p*Un  m X> -  m: X ,

u 1 8m3 b 2 8m2 b 2 (m2 + X2 ) 2 J

3m t a n  ^  . Sm^X + 3m2X3 , ( 0 Qĉ
+ L~ [X0 + ------- 5-------------+ 8 (m: x o * 1 ( 2 - 95>

I o

which g i v e s  t h e  p r e s s u r e  d i s t r i b u t i o n  a lo n g  t h e  l e n g t h  ( L-| -  Xq ) 

w i t h i n  t h e  DRU and up t o  t h e  s t e p .

D e t e r m i n a t i o n  o f  a x i a l  s t r e s s  i n  t h e  d e f o r m a t i o n  zone

I n  t h e  d e f o r m a t i o n  z one ,  t h e  e x p r e s s i o n  o f  may be g i v e n  by 

e q u a t i o n  (2.5) by s i m p l y  r e p l a c i n g  y* f o r  y, t h u s

i l l  = i _  H  Y + —  ( 2 .9 6 )
3Y » *  3X b*

I n t e g r a t i n g  b o t h  s i d e s  o f  e q u a t i o n  (2.96) w i t h  r e s p e c t  t o  Y g i v e s

b* 3X 2 u* 9 (2>g7)
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A pply ing  t h e  b o u n d a r y  c o n d i t i o n  t h a t  u = UQ, a t  Y = 0 a n d  u = 0 a t  

Y = h ,  we have

3P h _ V *
C8 "  '  3X 2 h

C9 = U0

S u b s t i t u t i n g  f o r  Cg i n t o  e q u a t i o n  (2.96) g i v e s

1 “  -  - L I ?  ( y  ll', _ . ( 2 . 9 8 )
3Y " |J* 3X ~ V  h

The s h e a r  s t r e s s  on t h e  d e fo rm ed  w i r e  s u r f a c e  may be e x p r e s s e d  by

t  = „* i H  ( 2 -99 )
c 3Y Y=0

The c o m b i n a t i o n  o f  e q u a t i o n  (2.98) and e q u a t i o n  (2.99) g i v e s

( 2 . 1 0 0 )_ . .  h(ap, .  ^
Tc 2 dX h

rIPNow s u b s t i t u t i n g  f o r  ££. f rom e q u a t i o n  (2 .92 ) ,  we have
oX

U*Un (m2 + 4X2 )
_ _  0 m i  r p i m i

c b(m2 + X2 ) 2 2L1 (m2 + X2 ) 2 V J

The a x i a l  f o r c e  e q u i l i b r i u m  c o n d i t i o n  f o r  a s m a l l  e l e m e n t  o f  t h e  

w i r e  show n  i n  F i g .  2 .1b  g i v e s

d0X = “ 2 I T  (Y + Tc Cot  a  * ( 2 .102 )

But  D = D1 -  2bX2, hence  dD = -  4bX dX, t a n  a  * * -2bX and1 ZqX

Cot a = -  S u b s t i t u t i n g  f o r  dD, c o t  a  and tq i n  e q u a t i o n

( 2 . 1 0 2 ) ,  we o b t a i n

_ SbXYdX . ^ * U0 (m2 + 4X2 )dX 
* (D1 -  2bx) b(D1 -  2bX2 ) (m2 + X2 ) 2

2P hVdX 
+ n  1  _

L>1 (m2 + X2 ) 2 (dY  "  2bX2 )

( 2 .1 0 3 )
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As m e n t io n e d  b e f o r e  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  o f  t h e  w i r e

m a t e r i a l  h a s  been  shown t o  t a k e  t h e  form

Y = Y0 + A£n

where D]
E = 2 l n ^D1 -  2bX2 ^

T h e r e f o r e

Y ' Y0 + A [ 2  l n p.  -  2bX"
1 (2 .104 )

S u b s t i t u t i n g  f o r  Y i n t o  e q u a t i o n  (2.103)  g i v e s

8bXYQdX 8bXAt 2 l n ( Dt -2bX2 ^ 2 dX
dOy =   + -----------------------------------------

V ] ~ 2 b X 2 -  2bX2

4p*U0 (m2 + 4X2 )dX 2Pmh 1m‘*dX

+ b(D -  2bX2 ) (m2 + X2 ) 2 + L 1 (m2 +X2 ) 2 ( D ^ b X 2 )

( 2 .1 0 5 )

I n t e g r a t i n g  e q u a t i o n  (2 .105) ,  t h e  e x p r e s s i o n  f o r  t h e  a x i a l  s t r e s s  i s  

o b t a i n e d  as

°X = -2 Y 0 InCD, -  2bX») -  | ^ -  [2 l n ( D ) -2bX>) ] n+1

4 Ĵ*Un 4 b (2 D 1+m2b) */D7+x/2tT

-  n b  I“ = J --------------- , l n ( — "  }
/2bD 1 (D 1+2bm2 ) /Dj+2bX2



4xn TA pp ly ing  t h e  bounda ry  c o n d i t i o n ,  ox = —.r .-x a t  X = 0 i n t o  e q u a t i o n

( 2 . 1 0 6 ) ,  t h e  c o n s t a n t  C10 i s  o b t a i n e d  as

4Xn T Ta- O X  a,. i n Ik r a • «. 1̂1 +
10 ■ " 5 7  + 0 lnDl + "n+T 12 lnV

which  upon s u b s t i t u t i n g  i n  e q u a t i o n  (2.106)  y i e l d s

D, 4 M*U0 2D, ♦ bm’ ) / 2 b  ^  + X/ 2 b

°X -  2Y0 l n  D, -  2bX: + b /D .CD,  * 2bm! ) 1 " ^

5D j ” 2bm’ - I X  3X ,
+ 2m(D^2bm2) 2l:an m ’  2 ( 0 ,  ♦ 2bra2 )(m2 + X2 )

2P h , 2 Y m(D + 6bm2 ) _ .  y
_ m l r nr  X_____________ »___  r an 1 x

* L , 2 ( D , ♦ 2bm2 )(m2 ♦ X2 ) 2(D,+2bm2 J2 m

/ " kj ♦ x>/2b_______ 4m b2__________  I______ -j
* / 2 b D , ( D , ♦ 2bm2 ) 2 j ~ X,/2b

D. . , AX,A . I , n + 1 0
7 T 1  t2  ln  D, -  2bX> + D, Tx

( 2 .1 0 7 )

D e f o r m a t i o n  P r o f i l e

A pp ly ing  t h e  y i e l d  c r i t e r i o n  a g a i n

D
P ♦ ox = Y0 + A [2 ln  p - -_ - ' 2bx, ] ( 2 . 1 0 8 )

E q u a t io n  (2.108) ,  when s u b s t i t u t i o n s  a r e  made f o r  P and oy from 

e q u a t i o n s  (2.95) and (2.107) r e s p e c t i v e l y ,  may be i t e r a t e d  t o  e s t a b l i s h  

t h e  v a l u e  o f  b f o r  a g iv en  d r a w in g  v e l o c i t y  and DRU g e o m e t r y .  Once t h e  

v a l u e  o f  b i s  e s t a b l i s h e d ,  t h e  d e f o r m a t i o n  p r o f i l e  i s  o b t a i n e d  and  t h e  

r e d u c t i o n  i n  a r e a  a t  any p o i n t  f o r  Xq < X < L-| i s  g i v e n  by
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D. -  2bXJ 
PRA = [ j -  ( _ L _ ---------- )2]  * 1 0 0

where t h e  PRA i s  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a .  I t  i s  as sumed t h a t  no

f u r t h e r  d e f o r m a t i o n  t a k e s  p l a c e  a f t e r  t h e  s t e p  w i t h i n  t h e  DRU and hence

t h e  maximum r e d u c t i o n  i n  a r e a  i s  g i v e n  by

D -  2b(L -  X ) 2
PRA = ( l  -  [— ----------- - ! ---------------]*} * 100

1

A compute r  program was w r i t t e n  t o  s o l v e  t h e  r e l e v a n t  e q u a t i o n s ,  t h e  

f l o w c h a r t  and l i s t i n g  o f  wh ich  a r e  g i v e n  i n  Appendix 4.

2 .4  -  R e s u l t s  and D i s c u s s i o n

T h e o r e t i c a l  r e s u l t s  were c a l c u l a t e d  on t h e  b a s i s  of  t h e  e q u a t i o n s  

d e r i v e d  i n  t h e  p r e v i o u s  a n a l y s i s  f o r  c oppe r  w i r e .  The s t a n d a r d  v a l u e s  o f  

t h e  p a r a m e t e r s  were assumed t o  be as  f o l l o w s  [ 7 ] :

V i s c o s i t y  yg = ^  Ns/m2

Length  o f  t h e  f i r s t  s e c t i o n  L-j = 5 0  mm

Leng th  o f  t h e  s econd  s e c t i o n  L-| = 20 mm

I n i t i a l  gap h 1 = 0 .1 5  mm o r  h^ = 0 . 2  mm 

F i n a l  gap h 2  = 0 .1  mm o r  h 2  = 0 .0 5  mm

O r i g i n a l  d i a m e t e r  o f  t h e  w i r e  D-j = 0 . 4 6  mm o r  D-j = 1 .6 mm

I n i t i a l  y i e l d  s t r e s s  o f  t h e  w i r e  Yq = 50 MN/m2

S t r a i n  h a r d e n i n g  f a c t o r  o f  t h e  w i r e  A = 440 MN/m2 

M a t e r i a l  c o n s t a n t  n = 0 .5 2

V i s c o s i t y  t e m p e r a t u r e  dependency  c o n s t a n t  a  = 0.175 K"^

Thermal  c o n d u c t i v i t y  K = 0 . 1 3  W/mK
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T h e o r e t i c a l  p e r c e n t a g e  r e d u c t i o n  i n  a r e a

F i g s .  2.2 t o  2.4 show t h e  v a r i a t i o n s  o f  t h e  p e r c e n t a g e  r e d u c t i o n  i n  

a r e a  v e r s u s  d r a w in g  speed  p r e d i c t e d  t h e o r e t i c a l l y .  For  c o m p a r i s o n  

p u r p o s e s ,  some e x p e r i m e n t a l  r e s u l t s  [73 a r e  a l s o  shown i n  F i g s .  2.2 t o  

2 . 4 .

I n  F i g .  2.3 e x p e r i m e n t a l  r e s u l t s  were o b t a i n e d  a t  t h e  t e m p e r a t u r e  o f  

1 3 0 ° C, so  t h e  e q u i v a l e n t  t h e o r e t i c a l  r e s u l t s  w ere  p roduce d  by c h a n g in g  

t h e  i n i t i a l  v i s c o s i t y  o f  t h e  po lymer  m e l t  t o  85 N s /m 2 due t o  t h e  e f f e c t  

o f  t h e  r e f e r e n c e  t e m p e r a t u r e  on t h e  i n i t i a l  v i s c o s i t y .  I n  F i g s .  2.2 and

2 .3 ,  t h e  r e s u l t s  p r e d i c t e d  t h e o r e t i c a l l y  show v e r y  c l o s e  a g r e e m e n t  w i t h  

t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .

I n  F i g .  2.4, b o t h  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  w e re  p ro d u ce d  

w i t h  t h e  p a r a m e t e r s  of  t h e  gap r a t i o  Rh = 4, f i n a l  gap h 2 =0.05 mm and 

t h e  i n i t i a l  d i a m e t e r  of  t h e  w i r e  D1 = 1.6 mm. The d i s c r e p a n c i e s  b e tw e e n  

t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  become a p p a r e n t .  T h e o r e t i c a l  

r e s u l t s  a p p e a r  t o  e s t i m a t e  l o w e r  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  a t  l o w e r  

s p e e d s  and h i g h e r  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  a t  h i g h e r  s p e e d s  c om pared  

t o  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .

T h e o r e t i c a l  e f f e c t  of  c hang ing  t h e  p a r a m e t e r s  r e p r e s e n t i n g  t h e  

po lymer m e l t  r h e o l o g y  a r e  show n  i n  F i g .  2 .5  a n d  F i g .  2 .6 .  The  

t h e o r e t i c a l  e f f e c t s  of  c h a n g in g  t h e r m a l  c o n d u c t i v i t y  K i s  shown i n  

F i g .  2.5,  where  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  i s  shown t o  i n c r e a s e  as  

K i s  i n c r e a s e d .  F ig .  2.6 shows t h e  e f f e c t  o f  t h e  v i s c o s i t y  t e m p e r a t u r e  

dependency  c o n s t a n t  "a” on t h e  p r e d i c t e d  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  

where  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  i s  shown t o  i n c r e a s e  as  "a" i s  

d e c r e a s e d .
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T h e o r e t i c a l  P r e s s u r e

The p r e s s u r e  d i s t r i b u t i o n s  w i t h i n  t h e  u n i t  were  p r e d i c t e d  

t h e o r e t i c a l l y  f o r  d r a w in g  s p e e d s  of  0.5 m s" 1 and 1 m s " 1 and t h o s e  a r e  

shown i n  F i g s .  2 .7  a n d  2.8 r e s p e c t i v e l y .  F i g s .  2.7 a n d  2.8 a l s o  show t h e  

p r e s s u r e  d i s t r i b u t i o n s  w i t h i n  t h e  u n i t  o b t a i n e d  e x p e r i m e n t a l l y  [73.  In  

t h e  e x p e r i m e n t ,  t h e  maximum p r e s s u r e  o f  a bou t  87.5 MN/m2 o c c u r r e d  a t  

d r aw in g  s p e e d  o f  1 m s " 1 , and a bou t  77 MN/m2 a t  d r a w in g  s p e e d  o f  

0 . 5  m s " 1, w h i l s t  t h e  maximum p r e s s u r e  o f  abou t  109 MN/m2 was p r e d i c t e d  

t o  o c c u r  a t  a s p e e d  of  1 m s" 1 and 93 MN/m2 a t  a s p e ed  o f  0.5 m s " 1. I t  

was c l e a r l y  shown t h a t  t h e  m a g n i tu d e s  o f  t h e  maximum p r e s s u r e  p r e d i c t e d  

t h e o r e t i c a l l y  were  c l o s e  t o  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .

The p r e s s u r e  v a l u e s  p r e d i c t e d  t h e o r e t i c a l l y  v e r s u s  d r a w in g  spe ed  a t  

t h e  p o i n t  where  t h e  d i s t a n c e  from t h e  e n t r y  p o i n t  was 45 mm w i t h i n  t h e  

u n i t ,  and  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y  [7 ]  a t  t h e  same p o s i t i o n ,  b o t h  

f o r  t h e  maximum r e d u c t i o n  i n  a r e a  of  a bou t  7 p e r c e n t  a r e  shown i n  

F i g .  2.9. I n  t h e  e x p e r i m e n t ,  t h e  p r e s s u r e  o f  a bou t  62.5 MN/m2 o c c u r r e d  

a t  a s p e e d  o f  0.3 m s " 1 f o r  a r e d u c t i o n  i n  a r e a  o f  a b o u t  7 p e r c e n t ,  

w h i l s t  t h e  p r e s s u r e  o f  abou t  113 MN/m2 was p r e d i c t e d  t o  o c c u r  a t  a spe ed  

of  1.5 m s " 1 f o r  t h e  same p e r c e n t a g e  r e d u c t i o n  i n  a r e a .  T h e o r e t i c a l  

r e s u l t s  t e n d e d  t o  u n d e r - e s t i m a t e  t h e  e x p e r i m e n t a l  r e s u l t s  a t  s l o w e r  

d raw in g  s p e e d s  and o v e r - e s t i m a t e  t h e  m easu red  r e s u l t s  a t  h i g h e r  s p e e d s .
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T h e o r e t i c a l  Drawing Loads

Drawing l o a d s  p r e d i c t e d  t h e o r e t i c a l l y  and t h o s e  o b t a i n e d  

e x p e r i m e n t a l l y ,  b o th  f o r  t h e  maximum r e d u c t i o n  i n  a r e a  o f  a b o u t  7 

p e r c e n t ,  a r e  shown i n  F ig .  2.10. In  t h e  e x p e r i m e n t ,  t h e  maximum d r a w i n g  

l o a d  o f  a b o u t  120 N o c c u r r e d  a t  t h e  s p e ed  o f  0.3 m s" 1 f o r  t h e  r e d u c t i o n  

i n  a r e a  o f  abou t  7 p e r c e n t ,  w h i l s t  t h e  maximum d r a w i n g  l o a d  o f  a b o u t  100 

N was p r e d i c t e d  t o  o c c u r  a t  t h e  speed  o f  1.5 m s " 1 f o r  t h e  same r e d u c t i o n  

i n  a r e a .  T h e o r e t i c a l  r e s u l t s  a ppe a re d  t o  have l o w e r  v a l u e s  t h r o u g h  a l l  

t h e  r a n g e  o f  t h e  d raw in g  sp e ed s  compared  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .
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D i s c u s s i o n

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

r e d u c t i o n  i n  a r e a ,  t h e  p r e s s u r e  o f  t h e  po lymer  m e l t  w i t h i n  t h e  u n i t  and 

t h e  a x i a l  s t r e s s  i n  t h e  w i r e .  The t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  

e f f e c t  o f  s e v e r a l  f a c t o r s  ( f o r  e x a m p l e ,  d r a w in g  s p e ed  and t h e  

t e m p e r a t u r e  o f  t h e  po lym er  m e l t  ) on t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a ,  

e n a b le d  a b a s i c  c o n t r o l  s t r a t e g y  t o  be e s t a b l i s h e d .  T h i s  w i l l  be 

d i s c u s s e d  i n  C h a p t e r  3«

The Energy e q u a t i o n  used  i n  a n a l y s i s  t a k e s  t h e  form:

a2T
3Y7" “ ~ K 3Y

T h i s  s i m p l i f i e d  e q u a t i o n  was used  t o  p r e d i c t  t h e  i n c r e a s e  i n  t h e  

t e m p e r a t u r e  o f  t h e  po lym er  m e l t  w i t h i n  t h e  u n i t .  Dur ing  t h e  w i r e  d r a w i n g  

p r o c e s s  en e rg y  i s  d i s s i p a t e d  i n  two ways: t h r o u g h  t h e  a c t i o n  o f  v i s c o u s  

" f r i c t i o n "  and th r o u g h  t h e  p l a s t i c  d e f o r m a t i o n  o f  t h e  w i r e .  Both  o f  

t h e s e  s o u r c e s  l i b e r a t e  h e a t  wh ich  changes  t h e  m e l t  t e m p e r a t u r e .  However ,  

t h e  amount  o f  h e a t  g e n e r a t e d  from t h e  d e f o r m a t i o n  o f  t h e  w i r e  was n o t  

t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  a n a l y s i s .  The v i s c o s i t y  o f  t h e  p o ly m e r  

m e l t  i s  known t o  be s e n s i t i v e  t o  t e m p e r a t u r e ,  t h e r e f o r e  t h i s  may have  

i n t r o d u c e d  some d i s c r e p a n c y  b e tw e en  t h e  t h e o r e t i c a l  and p r a c t i c a l  

r e s u l t s .

The a p p a r e n t  v i s c o s i t y  a s  a f u n c t i o n  o f  t h e  m e l t  t e m p e r a t u r e  i n  t h e  

a n a l y s i s  i s  g i v e n  by y = uq e ” a ^ .  I t  i s  d e r i v e d  f r o m  F i g .  2 .1 1 .  N o t e  

t h a t  t h e  d a t a  i n d i c a t i n g  t h e  v i s c o s i t y  depe ndanc e  o f  t e m p e r a t u r e  i n  

Fig .  2.11 a r e  a t  c o n s t a n t  s h e a r  s t r e s s  and p r e s s u r e .  I t  i s  known t h a t  

u s u a l l y  f o r  s h e a r  t h i n n i n g  po lym er  m e l t  t h e  i n c r e a s e  i n  s h e a r  s t r e s s  

c a u s e s  t h e  d e c r e a s e  i n  a p p a r e n t  v i s c o s i t y .  F ig .  2.12 shows t h e  b e h a v i o u r  

o f  t h e  s h e a r  t h i n n i n g  po ly m e r .  F ig .  2.13 p r e s e n t s  t h e  a p p a r e n t  v i s c o s i t y  

o f  t h e  po lymer  m e l t  a s  a f u n c t i o n  o f  p r e s s u r e .  I t  must  be r em e m b e red
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t h a t  t h e  s h e a r  s t r e s s  and t h e  p r e s s u r e  a p p l i e d  t o  t h e  p o l y m e r  m e l t  

w i t h i n  t h e  u n i t  d u r i n g  t h e  w i r e  d r a w in g  p r o c e s s  w ere  v e r y  h i g h .  However  

t h e s e  e f f e c t s  w ere  n o t  i n c o r p o r a t e d  i n  a n a l y s i s  and h e n c e  t h i s  m ig h t  

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

The v a l u e  o f  t h e  t h e r m a l  c o n d u c t i v i t y  K, u s e d  i n  t h e  a n a l y s i s ,  was 

0 . 1 3  W/mK. T h i s  v a l u e  was s e l e c t e d  as  b e in g  w i t h i n  t h e  r a n g e  n o r m a l l y  

e n c o u n t e r e d  [ 1 3 ] .

From F i g .  2.11 t h e  m ag n i tu d e  o f  t h e  v i s c o s i t y  t e m p e r a t u r e  dependency  

c o n s t a n t  "a” was e s t i m a t e d  t o  be be tw een  0.02 and 0.1 K“ 1 However ,  i n  

t h e  a n a l y s i s  ,fa M was t a k e n  t o  0.175 K"1 i n  o r d e r  t o  have r e a s o n a b l e  

r e s u l t s ,  h e n c e  t h e  v a l u e  o f  "a" chosen  f o r  a n a l y s i s  was o n l y  an 

a p p r o x i m a t i o n .

The p r e d i c t e d  r e s u l t s  o f  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  showed  two  

z one s :

1) At s l o w e r  s p e e d s ,  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  i n c r e a s e d  a s  

t h e  d r a w i n g  s p e e d  was i n c r e a s e d  and r e a c h e d  i t s  maximum v a l u e .

2) Then,  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  r e d u c e d  s l o w l y  a s  t h e  

d raw in g  s p e e d  was i n c r e a s e d  f u r t h e r .

The d r a w in g  s p e e d  was found  t o  have t h e  m os t  d r a m a t i c  e f f e c t  on t h e  

p e r c e n t a g e  r e d u c t i o n  i n  a r e a .  F ig .  2.14 shows t h e  p r e d i c t e d  v a l u e s  o f  

t h e  t e m p e r a t u r e  cha nge ,  p e r c e n t a g e  r e d u c t i o n  i n  a r e a ,  v i s c o s i t y ,  maximum 

p r e s s u r e  and a x i a l  s t r e s s  v e r s u s  d r a w in g  s p e e d s .  As m ig h t  have  been 

e x p e c t e d ,  an i n c r e a s e  i n  d r a w in g  spe ed  i n c r e a s e d  t h e  t e m p e r a t u r e  o f  t h e  

po lymer  m e l t  w i t h i n  t h e  u n i t  which  c a u se d  a d e c r e a s e  i n  v i s c o s i t y  o f  t h e  

po lymer m e l t ,  h e n c e  a p e r c e n t a g e  r e d u c t i o n  i n  a r e a ,  and d e c r e a s e s  i n  t h e  

maximum p r e s s u r e  and a x i a l  s t r e s s .

The e f f e c t s  o f  o t h e r  v a r i a b l e s  were  a l s o  e xam ined  t h e o r e t i c a l l y  i n  

o r d e r  t o  i n v e s t i g a t e  t h e i r  i n f l u e n c e s  on t h e  p r e d i c t e d  r e s u l t s .  An 

i n c r e a s e  i n  i n i t i a l  v i s c o s i t y  i n c r e a s e d  t h e  p e r c e n t a g e  r e d u c t i o n  i n
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a r e a .  I n c r e a s i n g  t h e  t h e r m a l  c o n d u c t i v i t y  a l s o  had t h e  same e f f e c t .  A 

r e d u c t i o n  i n  v i s c o s i t y  t e m p e r a t u r e  dependency  c o n s t a n t  "a" i n c r e a s e d  t h e  

p e r c e n t a g e  r e d u c t i o n  i n  a r e a .  An i n c r e a s e  i n  t h e  i n i t i a l  t e m p e r a t u r e  o f  

t h e  po lymer  m e l t  was a l s o  e x p e c t e d  t o  d e c r e a s e  t h e  p e r c e n t a g e  r e d u c t i o n  

i n  a r e a .

A ve ry  good a g re e m e n t  a p p e a r e d  t o  e x i s t  b e tw e e n  t h e  t h e o r e t i c a l  and 

e x p e r i m e n t a l  r e s u l t s  a s  shown i n  F i g s .  2.2 and 2.3. However  d i f f e r e n c e s  

were  o b s e rv e d  be tw een  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  i n  

F i g s .  2.4, 2.9 and 2.10, where  t h e  g e o m e t r y  o f  t h e  d i e l e s s  r e d u c t i o n  

u n i t  and t h e  i n i t i a l  d i a m e t e r  o f  t h e  w i r e  d i f f e r e d  from t h o s e  i n  

F i g s .  2 .2  and 2.3 .  T h i s  s u g g e s t e d  t h a t  t h e  a n a l y s i s  d i d  n o t  f u l l y  

r e p r e s e n t  t h e  a c t u a l  d r a w in g  p r o c e s s  and c e r t a i n  a d d i t i o n a l  f a c t o r s ,  a s  

m en t ioned  b e f o r e ,  s h o u ld  be i n c o r p o r a t e d  i n  t h e  a n a l y s i s  i n  o r d e r  t o  

improve t h e  t h e o r e t i c a l  r e s u l t s .
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Fig .  2.11 M el t  V i s c o s i t y  a t  C o n s t a n t  S t r e s s  and P r e s s u r e  as  
a F u n c t i o n  o f  T e m p era tu re  ( R e f e r e n c e  11 )
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Fig .  2.13 M el t  V i s c o s i t y  a t  C o n s t a n t  S t r e s s  and T e m p e r a t u r e  
as  a F u n c t i o n  o f  P r e s s u r e  ( R e f e r e n c e  11 )
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C h a p te r  3 : M ic r o c o m p u te r - B a s e d  D i e l e s s  Wire  Drawing  C o n t r o l  Sys tem

3.1 -  I n t r o d u c t i o n

3.2 -  D e s c r i p t i o n  o f  E x p e r i m e n t a l  Equipment

3 .3  -  M ic rocom pute r  and I / O  I n t e r f a c e  C i r c u i t

3 . 3 . 1  -  I n t e r f a c e  t o  Speed and T e m p e r a tu r e  C o n t r o l  S y s t e m s

3 . 3 . 2  -  G e n e r a t i o n  o f  I n t e r r u p t

3.14 -  T e m p e r a tu r e  C o n t r o l  o f  t h e  Polymer m e l t

3 .5  -  Wire  Drawing Speed C o n t r o l

3 .5 . 1  -  Major  Components o f  t h e  Speed C o n t r o l  System

3 . 5 . 2  -  Some Des ign C o n s i d e r a t i o n

3 . 5 . 3  -  A n a l y s i s  o f  t h e  C o n t r o l  System

3 .6  -  S o f t w a r e  C o n f i g u r a t i o n

3 .6 . 1  -  P r o d u c in g  Wire o f  a Uniform Diam e te r

3 . 6 . 2  -  P r o d u c in g  Tape red  Wire

3 .7  -  The PRA T r a n sd u c e r

3 . 7 . 1  -  Hardware
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3 . 7 . 3  _ C l o s e d - l o o p  C o n t r o l  System

3 . 8  -  R e s u l t s  and D i s c u s s i o n
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3.1 -  I n t r o d u c t i o n

From the previous theoretical analysis, it can be seen that during 

the wire drawing process, the reduction in area of the wire is affected 

by several factors; the significant ones are the drawing speed, the 

performance of the polymer used as pressure medium, the temperature of 

the polymer melt and the configuration of the DRU. The control of the 

process is primarily required for product quality, so methods of 

controlling the wire drawing process should be looked at in order to 

produce wires of desired qualities in terms of consistency in the 

diameter over a long length, or uniform change in area with a desired 

rate for a given length.

To further investigate the drawing process, an extensive 

experimental program was conducted, in which parameters such as drawing 

speed, the temperature of the polymer melt and polymers were varied, and 

a considerable amount of data was obtained. Some of the results are 

shown in Fig. 3.1 to Fig. 3*7.

From both theoretical and experimental results, the drawing speed is 

found to have the most dramatic effect on the reduction in area of the 

wire. The percentage reduction in area ( PRA ) versus drawing speed 

shows two zones: at slower drawing speed, the PRA increases as the 

drawing speed is increased, and then it reaches its maximum value. After 

that, the PRA reduces as the drawing speed is increased further.

Compared with the second zone, the PRA curve in the first zone has 

better linearity and the full range of the PRA is spanned within a 

limited speed extent. So the design of the control system was based on 

the first zone.

The effect of the temperature on the vicosity of the polymer melt 

was included in the analysis by varying the initial viscosity. It was 

assumed that varying the initial viscosity had the same effect as the
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change i n  t e m p e r a t u r e  ( s e e  F i g .  2 .2  t o  F i g .  2 .3  ) .  B o th  t h e o r e t i c a l  a n d  

e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h e  o v e r a l l  p e r c e n t a g e  r e d u c t i o n  in  

a r e a  was a f f e c t e d  g r e a t l y  by t h e  t e m p e r a t u r e  o f  t h e  po lymer  m e l t .  

E x p e r im e n t s  a l s o  showed t h a t  i t  t o o k  a b o u t  70-80 m i n u t e s  f o r  t h e  

t e m p e r a t u r e  t o  r e a c h  a u n i f o r m  d i s t r i b u t i o n  w i t h i n  t h e  m e l t  chamber  

a f t e r  a change  i n  s e t  t e m p e r a t u r e .  Uniform t e m p e r a t u r e  d i s t r i b u t i o n  was 

o f  g r e a t  i m p o r t a n c e  f o r  a s t e a d y  w i r e  d raw in g  p r o c e s s .  The t e m p e r a t u r e  

c o u ld  be a m a n i p u l a t e d  v a r i a b l e  t o  c o n t r o l  t h e  PRA, b u t  i n  c o n s i d e r a t i o n  

o f  t h e  t i m e  needed  f o r  t e m p e r a t u r e  t o  r e a c h  a u n i fo r m  d i s t r i b u t i o n ,  t h e  

c o n t r o l  s t r a t e g y  was d e s i g n e d  t o  keep t h e  t e m p e r a t u r e  c o n s t a n t  d u r i n g  

t h e  who le  d r a w in g  p e r i o d .  I n s t e a d ,  t h e  d r aw ing  speed  was r e g u l a t e d  t o  

p roduce  t h e  d e s i r e d  p r o d u c t s .  For  ea ch  po lym er ,  opt imum d r a w i n g  spe ed  

and t e m p e r a t u r e  c o u ld  be found  a t  wh ich t h e  d e f o r m a t i o n  o f  t h e  w i r e  

r e a c h e d  i t s  maximum v a lu e .  I t  i s  o f t e n  t h e  c a s e  t h a t  t h e  maximum PRA i s  

d e s i r e d  f o r  one p a s s  d u r i n g  t h e  d r a w in g  p r o c e s s .

T hree  po ly m e rs  h a v i n g  d i f f e r e n t  d e n s i t i e s  and v i s c o s i t i e s  were  

s e l e c t e d  a s  p r e s s u r e  m edia .  They were  po lymer WVG 23, Nylon 6 and 

ELVAX 650. With  ELVAX 650 a t  150°C t h e  PRA c u rv e  was a l m o s t  l i n e a r  f rom 

a r e d u c t i o n  i n  a r e a  o f  4 p e r c e n t  a t  speed  o f  0.03 ms- "' t o  a r e d u c t i o n  i n  

a r e a  o f  21 p e r c e n t  a t  s p e e d  o f  1.04 ms- ”1, a s  sh o w n  i n  F i g .  3*6. P o l y m e r  

WVG 23 a t  110°C and po lymer  Nylon 6 a t  260°C a l s o  showed good 

pe r fo rm a nc e  ( s e e  F i g .  3*1 and  F i g .  3*3 ) i n  t e r m s  o f  w i d e  r a n g e  o f  PRA 

i n  t h e  f i r s t  zone.  These  r e s u l t s  were employed i n  p r o d u c i n g  s a m p l e s .
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In  p r a c t i c e ,  a s i n g l e  lo o p  c o n t r o l  s y s t e m ,  a s  shown i n  F i g .  3.8 can 

be used  t o  c o n t r o l  t h e  PRA o f  t h e  w i r e ,  i . e . ,  t h e  d i a m e t e r  o f  t h e  w i r e .

Motor

PRA s e n s o r

C o n t r o l l e r W ire  d r a w in g  
p r o c e s s

PRA ___ +,
s e t p o i n t  -

Drawing
speed

A c tu a l
PRA

F i g .  3 .8  C l o s e d - l o o p  C o n t r o l  sys tem

I n  F ig .  3.8, t h e  d r a w in g  s p e ed  i s  a m a n i p u l a t e d  v a r i a b l e ,  t h e  PRA i s

a c o n t r o l l e d  v a r i a b l e ,  and t h e  t e m p e r a t u r e  i s  k e p t  a t  i t s  p r e s e l e c t e d

v a lu e  d u r i n g  t h e  whole  d r a w in g  p r o c e s s .  The h e a r t  o f  t h e  c o n t r o l  sy s te m

i s  t h e  s e n s o r .  A f t e r  t h e  w i r e  l e a v e s  t h e  DRU, t h e r e  i s  a po lym er  c o a t i n g

on t h e  s u r f a c e  of  t h e  w i r e  which  r e m a i n s  as  a  p r o t e c t i v e  c o v e r  o f  t h e

p r o d u c t .  Thus, t h e r e  i s  n o t  a s i m p l e  method t o  d i r e c t l y  m ea su re  t h e  PRA

of  t h e  w i r e  due t o  t h i s  c o a t i n g  on i t s  s u r f a c e .  A method which  can

measure  t h e  PRA of  t h e  w i r e  d u r i n g  t h e  d r a w in g  p r o c e s s  has  been d e s i g n e d

and c o n s t r u c t e d ,  and t h i s  i s  d e s c r i b e d  i n  s e c t i o n  3.7.

F u r t h e r ,  a s i m p l e r  c o n f i g u r a t i o n  was t a k e n  i n t o  c o n s i d e r a t i o n .  The

t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h e  r e d u c t i o n  in  a r e a

of  t h e  w i r e  r e m a in e d  c o n s t a n t  p r o v id e d  t h a t  bo th  t h e  t e m p e r a t u r e  o f  t h e

polymer m e l t  and t h e  d r a w in g  speed  were ke p t  c o n s t a n t  t h r o u g h o u t  t h e

t e s t .  A un ique  v a lu e  o f  t h e  PRA t h u s  e x i s t e d  f o r  a p a r t i c u l a r



t e m p e r a t u r e  and d r a w in g  s p e ed .  T h i s  s u g g e s t e d  t h a t  an o p e n - l o o p  s y s t e m  

f o r  t h e  r e d u c t i o n  c o n t r o l  i n  c o m b i n a t i o n  w i t h  two c l o s e d - l o o p  s y s t e m s  

f o r  d raw in g  s pe ed  and t e m p e r a t u r e  c o n t r o l  migh t  be used  t o  m a i n t a i n  t h e  

q u a l i t y  o f  t h e  p r o d u c t s .  A s y s te m  was t h e r e f o r e  d e s ig n e d  i n  wh ich  

o p e n - l o o p  c o n t r o l  was im p l e m e n te d  f o r  t h e  PRA u s in g  e x p e r i m e n t a l  r e s u l t s  

i n  t h e  fo rm o f  l o o k - u p  t a b l e s  i n  t h e  m ic ro co m p u te r  memory l o c a t i o n s .

From t h e s e ,  b o t h  t e m p e r a t u r e  and d r a w in g  speed  f o r  a g iv e n  po lymer  

c o r r e s p o n d i n g  t o  a r e q u i r e d  PRA c o u ld  be found.  A f t e r  t h e  r e q u i r e d  

s p e c i f i c a t i o n  was i n p u t  i n t o  t h e  m ic r o c o m p u te r  v i a  a keyboa rd ,  t h e  

m ic rocom pute r  would a u t o m a t i c a l l y  s e t  t h e  t e m p e r a t u r e ,  and t h e n  s t a r t  

t h e  d raw in g  p r o c e s s  w i t h  a s e l e c t e d  speed  from th e  l o o k -u p  t a b l e s  t o  

o b t a i n  t h e  r e q u i r e d  p r o d u c t .  The t e m p e r a t u r e  and d ra w in g  spe ed  w e re  e a c h  

c o n t r o l l e d  by a c l o s e d - l o o p  c o n t r o l  s y s t e m ,  b u t  t h e  s e t p o i n t s  o f  t h e  two 

s y s te m s  were  g iv en  by t h e  m ic r o c o m p u te r ,  so  t h a t  e a ch  i n d i v i d u a l  l o o p  

was o p e r a t e d  i n  such a way a s  t o  produce  t h e  r e q u i r e d  w i r e .  The s e n s o r  

t o  d e t e c t  t h e  PRA was n o t  i n c l u d e d  i n  t h e  whole sys te m  a t  t h i s  s t a g e .  

E x p e r im e n t a l  r e s u l t s  showed t h a t  t h e  q u a l i t y  o f  t h e  p r o d u c t  a c h i e v e d  t h e  

d e s i r e d  l e v e l  w i t h  t h i s  c o n t r o l  c o n f i g u r a t i o n .  Fig .  3.9 shows t h e  

s c h e m a t i c  d i ag ra m  o f  t h e  c o n t r o l  s y s te m .
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Produced  w i r e

Drawing  speedT e m p e r a tu r e

Drawing speed  
s e t p o i n t

T e m p e r a tu r e
s e t p o i n t

Keyboard

D i e l e s s  w i r e  draw ing  p r o c e s s

Dr ive  sys temH e a t e r  bands
T e m p era tu re
c o n t r o l l e r

Mic rocomputer  Look-up t a b l e
C o n t r o l  s o f t w a r e

F i g .  3 .9  Schemat ic  Diagram o f  t h e  C o n t r o l  System

3.2 -  D e s c r i p t i o n  o f  t h e  E x p e r im e n t a l  Equipment

The e x i s t i n g  d i e l e s s  w i r e  d raw in g  sy s te m  as  shown i n  F i g .  3*10 was 

d e s i g n e d  by Dr. H. P a rv in m e h r .  Wire f rom t h e  c o i l  p l a c e d  on t h e  s t a n d  

was p a s s e d  th ro u g h  t h e  g u id e s  and ove r  t h e  p u l l e y ,  and t h e n  p u l l e d  

t h r o u g h  t h e  po lym er  feeder-DRU a s se m b ly  and t h e n  wound o n t o  t h e  b u l l  

b l o c k .  The d e t a i l  o f  t h e  po lymer  feeder-DRU a s se m b ly  i s  shown i n  t h e  

s c h e m a t i c  d i a g r a m  o f  F i g .  3-11-

The undefo rmed  w i r e  p a s se d  th ro u g h  t h e  po lymer  m e l t  chamber  b e f o r e  

u n d e r g o i n g  d e f o r m a t i o n  w i t h i n  t h e  DRU. The m e l t  chamber  was k e p t  f i l l e d  

w i t h  po lym er  which  was m e l t e d  by means o f  an e l e c t r i c  h e a t e r  band .  

Because  t h e  po lymer  m e l t  chamber  c o u ld  o n l y  s t o r e  a l i m t e d  amount  o f  

p o ly m e r ,  a  hopper  was mounted on t h e  m e l t  chamber  h a v i n g  s u f f i c i e n t  

c a p a c i t y  t o  s u p p l y  t h e  chamber  f o r  a c o m p l e t e  s e r i e s  o f  t e s t s .  The
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h o p p e r  was a l s o  h e a t e d  by an e l e c t r i c  h e a t e r  band and  t h e  t e m p e r a t u r e  o f  

t h e  p o ly m e r  m e l t  w i t h i n  t h e  chamber  and t h e  h o p p e r  was c o n t r o l l e d  

t h e r m o s t a t i c a l l y  w i t h i n  ±3°C o f  t h e  s e t  t e m p e r a t u r e .  T h i s  was a c h i e v e d  

by use  o f  t h e r m o c o u p l e s  c o n n e c t e d  t o  c o n t r o l l e d  power  s u p p l i e s  w h ich  f e d  

e l e c t r i c a l  power t o  t h e  h e a t e r  bands .  A d i g i t a l  t h e r m o m e t e r  was 

c o n n e c t e d  t o  t h e  t h e r m o c o u p l e s  t o  g ive  a t e m p e r a t u r e  d i s p l a y .

The h oppe r  was a l s o  c o n n e c t e d  t o  a p r e s s u r i z e d  a i r  s u p p l y  o f  100 p s i  

v i a  a  2-way s e r v o  v a l v e .  Hence t h e  a i r  p r e s s u r e  was a c t i v a t e d  o n t o  . the  

po lymer s u r f a c e ,  h e l p i n g  t h e  po lymer  t o  f l o w  w i t h  t h e  w i r e  i n t o  t h e  DRU.

The o r i g i n a l  d r a w in g  bench c o n s i s t e d  o f  i n t e r c h a n g e a b l e  b u l l  b l o c k s  

o f  50, 100 and 300 mm d i a m e t e r ,  d r i v e n  by a Sch rage  3_p h a s e  e l e c t r i c  

moto r  c a p a b l e  o f  r u n n i n g  a t  sp e ed s  be tw een  550 and 2200 r e v o l u t i o n s  pe r  

m in u t e .  S in c e  t h i s  was c o n s i d e r e d  v i r t u a l l y  i m p o s s i b l e  t o  c o n t r o l  

a u t o m a t i c a l l y  w i t h  a m ic r o c o m p u te r ,  t h e  d r i v e  s y s t e m  was c o m p l e t e l y  

r e d e s i g n e d  t o  i n c o r p o r a t e  a b u l l  b lock  o f  300 mm d i a m e t e r  d r i v e n  by a 

h y d r a u l i c  m oto r  ( t y p e  OMP 50 ) c a p a b l e  o f  r u n n i n g  a t  s p e e d s  i n f i n i t e l y  

v a r i a b l e  b e tw e en  0 and 800 r e v o l u t i o n s  pe r  m i n u t e .  The power was 

t r a n s m i t t e d  from t h e  m o to r  t o  t h e  b u l l  b lo c k  v i a  a 29:3 r e d u c t i o n  worm 

g e a r  box ( CROFT ty p e  *11/551/05 ) and a c o u p l i n g  c l u t c h  ( BR0ADBENT type  

DP25 ) w h ic h  e n a b l e d  t h e  b u l l  b lo ck  t o  be engaged  when t h e  h y d r a u l i c  

motor  was r u n n i n g  a t  t h e  r e q u i r e d  sp e e d ,  t h u s  p r o v i d i n g  some f l e x i b i l i t y  

d u r i n g  t h e  t e s t s .  The above a r r a n g e m e n t s  f a c i l i t a t e d  d r a w i n g  s p e e d s  

i n f i n i t e l y  v a r i a b l e  b e tw e en  0 and 1 .3  ms” 1 .

The above equ ip m en t ,  was mounted on a s u i t a b l e  bench  o f  w e l d e d  s t e e l  

c o n s t r u c t i o n  and g u a r d i n g  was p l a c e d  a round  a l l  moving p a r t s  t o  p r o v i d e  

a d e q u a t e  s a f e t y .

The r o t a t i o n a l  speed  o f  t h e  h y d r a u l i c  m oto r  was m e a s u r e d  by c o u p l i n g  

a  t a c h o g e n e r a t o r  ( t y p e  AM 363 ) t o  t h e  g e a r  box r o t a t i n g  s h a f t .  The 

f e e d b a c k  s i g n a l  f rom t h e  t a c h o g e n e r a t o r  was t r a n s m i t t e d  i n t o  t h e
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m ic ro co m p u te r  t h r o u g h  an  e l e c t r o n i c  a m p l i - f i l t e r  c i r c u i t  and I /O  

i n t e r f a c e .  The m ic r o c o m p u te r  c a l c u l a t e d  t h e  v a l u e  o f  t h e  m a n i p u l a t e d  

v a r i a b l e  ( v a l v e  p o s i t i o n  ) d i r e c t l y  f rom t h e  v a l u e s  o f  t h e  s p e e d  

s e t p o i n t  and t h e  f e e d b a c k  s i g n a l  a c c o r d i n g  t o  a p r e d e f i n e d  a l g o r i t h m .

The r e s u l t  o f  t h e  c a l c u l a t i o n  was a p p l i e d  t o  t h e  e l e c t r o - h y d r a u l i c  

s e r v o  v a l v e  t h r o u g h  an o u t p u t  i n t e r f a c e  and an e l e c t r o n i c  a m p l i f i e r .

T h i s  a r r a n g e m e n t  p roduce d  a h y d r a u l i c  f lo w  f rom  t h e  pump t o  t h e  

h y d r a u l i c  m o to r  w h ic h  was p r o p o r t i o n a l  t o  t h e  m ic r o c o m p u te r  o u t p u t .

The d e t a i l s  c o n c e r n i n g  t h e  c o n t r o l  sys te m  w i l l  be d i s c u s s e d  i n  t h e  

f o l l o w i n g  s e c t i o n s .  F ig .  3.12 shows t h e  s c h e m a t i c  d i ag ra m  o f  t h e  d i e l e s s  

w i r e  d r a w in g  s y s t e m .

P l a t e s  1 and 2 show t h e  f i n a l  a r r a n g e m e n t s  o f  t h e  d i e l e s s  w i r e  

d raw ing  e q u ip m e n t .

DRU e a t e r  bands

B u l l  Block

Thermocouple

Wire 
Coi 1

C o n t r o l
Valve

Gear  Box

Power
Pack

Motor Hydraulic
Motor

1/0 I n t e r f a c e

M ic rocomputer
Keyboard

H e a t e r  Band 
Power Supply  
T e m p era tu re  
D i s p l a y

F ig .  3.12 S c h e m a t i c  Diagram o f  t h e  D i e l e s s  W ire  D ra w ing  Sys tem
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AIR AND POLYMER FEED

HOPPER COPPER SEAL

THERMOCOUPLE
POSITIONS

HEATER BANOS

MELT CHAMBER REDUCTION UNITS

Fig .  3.11 Polymer Feeder-DRU Assembly
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3.3 ~ M ic ro c o m p u te r  and I /O  I n t e r f a c e  C i r c u i t

The m ic r o c o m p u te r  u sed  t o  im p l e m e n t  t h e  a u t o m a t i c  c o n t r o l  s y s t e m  was 

b a s e d  on an MC68000 m i c r o p r o c e s s o r .  F ig .  3*13 shows t h e  f u n c t i o n a l  b l o c k  

d iag ram  o f  t h e  m i c r o c o m p u t e r .

The m ic ro co m p u te r  i n c l u d e s :

a) 4 - m e g a h e r t z  MC68000 16 - b i t  MPU

b) 32k b y t e s  o f  dynamic  RAM and 16k b y t e  f i r m w a r e  ROM /  EPROM m o n i t o r .

c) Two s e r i a l  c o m m u n ic a t io n  p o r t s  f o r  a t e r m i n a l  and a h o s t .  Both

a r e  RS-232 c o m p a t i b l e  and have s e l e c t a b l e  baud r a t e s .

d) A p a r a l l e l  p o r t  wh ich  can be used  f o r  I /O  o r  f o r  a p r i n t e r  i n t e r f a c e .

e )  Audio t a p e  s e r i a l  I /O  p o r t .

f )  S e l f - c o n t a i n e d  o p e r a t i n g  f i r m w a r e  t h a t  p r o v i d e s  m o n i t o r ,  debug 

and d i s a s s e m b l y  /  a s s e m b ly  f u n c t i o n s .

g) 2 4 - b i t  programmable  t i m e r .

h) W ir e - w r a p  a r e a  p r o v i d e d  f o r  cus tom  c i r c u i t r y .

i )  R e s e t  and Abort  f u n c t i o n  s w i t c h e s .

The MC68000 b a s e d  m ic r o c o m p u te r  was chosen  f o r  a number of  

r e a s o n s .  The 2 4 - b i t  t i m e r  can be programmed t o  g e n e r a t e  i n t e r r u p t s  t o  

d r i v e  t h e  e x e c u t i o n  o f  u s e r ’s  p rogram .  M u l t i p l y  and d i v i d e  o p e r a t i o n s  

a r e  a v a i l a b l e  f o r  s i g n e d  and u n s ig n e d  o p e ra n d s  u s i n g  b y t e  o r  word 

m u l t i p l y  t o  p roduce  a word o r  a l o n g  p r o d u c t  and a l o n g  word d i v i d e n d  

w i t h  word d i v i s o r  t o  p roduce  a word q u o t i e n t  w i t h  a word r e m a i n d e r .  T h i s  

makes i t  p o s s i b l e  t o  o p t i m i s e  8 - b i t  f i x e d - p o i n t  o r  2 4 - b i t  f l o a t i n g - p o i n t  

a r i t h m e t i c ,  r e s u l t i n g  in  a s h o r t  e x e c u t i o n  t im e  o f  t h e  u s e r ' s  p rog ram , 

which can  o f t e n  mee t  t h e  r e q u i r e m e n t  o f  t h e  s a m p l in g  p e r i o d  f o r  a 

r e a l - t i m e  p r o c e s s  c o n t r o l .  The w i r e - w r a p  a r e a  on t h e  m ic r o c o m p u te r  b o a rd  

f a c i l i t a t e s  c o n v e n i e n t  i n t e r f a c e  b e tw een  t h e  m ic r o c o m p u te r  and t h e  

p r o c e s s .  The s e l f - c o n t a i n e d  o p e r a t i n g  f i r m w a r e  o f  m o n i t o r ,  debug and 

d i s a s s e m b l y  /  a s s e m b ly  f u n c t i o n s  p r o v i d e s  t h e  f u n d a m e n t a l s  o f
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man-machine  c o n v e r s a t i o n .  Also  t h e r e  i s  a  s u b s t a n t i a l  s u p p o r t  a v a i l a b l e  

b o t h  i n  h a r d w a r e  and s o f t w a r e .  A l l  o f  t h e s e  i n d i c a t e  t h a t  t h e  MC68000 

m ic rocom pu te r  i s  a p p r o p r i a t e  t o  be used  t o  im p l e m e n t  t h e  c o n t r o l  s y s te m  

of  t h e  d i e l e s s  w i r e  d raw in g  p r o c e s s .

The main  p a r t s  o f  t h e  i n t e r f a c e  c i r c u i t  w i l l  be d e s c r i b e d  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .

MC68000

R5232C T e r m in a l

MC6830 
ACIA 216k ROM

RS232

P r i n t e r
B u f f e r s

Address
Decode

32k DRAM

Watchdog
Timer

MC6850 
ACIA 1

C a s s e t t e
I n t e r f a c e

MC68230 
P 1/T

F i g .  3.13 F u n c t i o n a l  Block Diagram o f  MC68000 M ic r o c o m p u t e r  Board

3 . 3 . 1  “ I n t e r f a c e  t o  Speed and T e m p e r a t u r e  C o n t r o l  Sy s t em s

MC6821 P e r i p h e r a l  I n t e r f a c e  A dap te r  ( PIA ) [ 1 5 ]

The b lo c k  d iag ram  of  t h e  MC6821 p e r i p h e r a l  i n t e r f a c e  a d a p t o r  i s  

shown i n  F i g .  3.1 *1. I t  p r o v i d e s  u n i v e r s a l  means o f  i n t e r f a c i n g



p e r i p h e r a l  e q u ip m e n t  t o  t h e  MC6800 o r  MC68000 m i c r o p r o c e s s o r  u n i t  w i t h  

8 - b i t  b i d i r e c t i o n a l  d a t a  bus  ( D0-D7) f o r  c om m u n ic a t io n  w i t h  t h e  MPU, 

two b i d i r e c t i o n a l  8 - b i t  b u s e s  ( PA0-PA7, PB0-PB7 ) f o r  i n t e r f a c e  t o  

p e r i p h e r a l s ,  t h r e e  c h i p  s e l e c t  l i n e s  ( CSO, CS1 and CS2 ) ,  tw o  r e g i s t e r  

s e l e c t  l i n e s  ( RSO and  RS1 ) ,  two  i n t e r r u p t  r e q u e s t  l i n e s  ( IRQA and 

IRQB ), Read /  W r i t e  l i n e  ( R/W ) ,  e n a b l e  l i n e ,  r e s e t  l i n e ,  i n t e r r u p t  

i n p u t  l i n e s  ( CA1 and  CB1 ) and p e r i p h e r a l  c o n t r o l  l i n e s  ( CA2 and  

CB2 ). These  s i g n a l s ,  i n  c o n d u c t i o n  w i t h  t h e  MC68000 VMA, VPA and  E 

t h r e e  s i g n a l s ,  p e r m i t  t h e  MPU t o  have c o m p l e t e  c o n t r o l  o v e r  t h e  PIA and 

i n t e r f a c e  w i t h  p e r i p h e r a l  e q u ip m e n t .

PIA Address  Decode

A 6 4 k - b y t e  s e g m e n t  o f  t h e  s y s t e m  map i s  r e s e r v e d  f o r  an MC6800 t y p e  

i n t e r f a c e  i n  t h e  MC68000 m ic r o c o m p u te r  board .  The MC6800 page  e n a b l e  E6 

i s  a c t i v a t e d  when memory page $030000-$03FFFF i s  s e l e c t e d  and  b o t h  VMA 

and LDS a r e  a s s e r t e d .  F ig .  3.15 shows t h e  l o g i c  g e n e r a t i n g  s i g n a l  E6.

The memory page e n a b l e  i s  f i r s t  a c t i v a t e d ,  w h ic h ,  i n  t u r n ,  a c t i v a t e s  

VPA. A f t e r  t h e  MC68000 r e c e i v e s  VPA, t h e  p r o c e s s o r  s y n c h r o n i z e s  i t s e l f  

t o  t h e  E c l o c k  and c o n t i n u e s  t h e  bus c y c l e  by a s s e r t i n g  VMA. S i g n a l  E6 

r e c o g n i z e s  t h a t  t h e  MC6800 page h a s  been  s e l e c t e d ,  VMA h a s  be e n  a s s e r t e d  

f o r  a s y n c h ro n o u s  c y c l e ,  and t h e  LDS i s  a s s e r t e d  i n d i c a t i n g  a  bus  

t r a n s f e r  on t h e  l o w e r  e i g h t  d a t a  bus b i t s .  Thus,  t h e  PIA m us t  be 

i n t e r f a c e d  i n t o  t h e  l o w e r  e i g h t  b i t s  o f  t h e  d a t a  bus when u s i n g  s i g n a l  

E6. The i n t e r f a c i n g  PIA c h i p s  t o  t h e  MPU i s  shown i n  F i g .  3 .17 ,  w h e r e  

PIA1 i s  i n t e r f a c e d  t o  t h e  s pe ed  c o n t r o l  sy s tem  and PIA2 i s  i n t e r f a c e d  t o  

t h e  t e m p e r a t u r e  c o n t r o l  s y s te m .
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39 C A 3

DO  33

0 3  30
O u tp u t  B u t

CSO 22 
CS1 2« 
c s 7  23 
R S O  36

19 C62

In te r ru p t  S ts tu a

B ut In p u t

Data 0'ract*o< 
Rsg«tts' B

O a ts  Oir#<t>on Raftte A

F i g .  3 .1 ^  Block Diagram o f  MC6821

PAGE $030000-03 FFFFLS138

YO

Y2
Y3
Y4
Y5
Y6
Y7

A16 TO VPA 
DECODEA17

A18
A19
A20
A21
A22
A23

O  E6VMA
AS

LDS

F i g .  3 .15  MC6800 Page A d d r e s s  S i g n a l  G e n e r a t i o n
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T h e re  a r e  s i x  l o c a t i o n s  w i t h i n  t h e  PIA a c c e s s i b l e  t o  t h e  MPU d a t a  

bus :  tw o  p e r i p h e r a l  r e g i s t e r s  ( PRA and PRB ) ,  two d a t a  d i r e c t i o n  

r e g i s t e r s  ( DDRA a n d  DDRB ) ,  a n d  t w o  c o n t r o l  r e g i s t e r s  ( CRA a n d  CRB ). 

S e l e c t i o n  o f  t h e s e  l o c a t i o n s  i s  c o n t r o l l e d  by RSO and RS1 

( s e e  F i g .  3*1 H ) i n p u t s  t o g e t h e r  w i t h  b i t 2  i n  t h e  c o n t r o l  r e g i s t e r ,  a s  

shown i n  T a b l e  3*1.

T a b l e  3.1 PIA I n t e r n a l  A d d r e s s i n g

RS1 RSO

C o n t r o l  
R e g i s t e r  B i t

L o c a t i o n  S e l e c t e dCRA2 CRB2
0 0 
0 0 
0 1 
1 0 
1 0 
1 1

1 * 
0 * 
# #
* 1 
* 0 
* *

P e r i p h e r a l  R e g i s t e r  A 
Da ta  D i r e c t i o n  R e g i s t e r  A 
C o n t r o l  R e g i s t e r  A 
P e r i p h e r a l  R e g i s t e r  B 
Data D i r e c t i o n  R e g i s t e r  B 
C o n t r o l  R e g i s t e r  B

T a b le  3.2 g i v e s  t h e  PIA1 and PIA2 a d d r e s s  map in  d e t a i l .

T a b le  3 . 2  PIA Chips  Address  Decoding

R e g i s t e r
A ddres s  bus 
A7 A6 A5 AH

B i t
A3 A2 A1 AO A ddress  Decode

DDRA 1 1 1 1 * 0 0 # $03FFF8
PRA1 CRA 1 1 1 1 * 0 1 * $03FFFA

DDRB 1 1 1 1 * 1 0 * $03FFFC
CRB 1 1 1 1 # 1 1 # $03FFFE

DDRA 1 1 1 0 # 0 0 # $03FFE8
PRA2 CRA 1 1 1 0 # 0 1 * $03FFEA

DDRB 1 1 1 0 # 1 0 # $03FFEC
CRB 1 1 1 0 # 1 1 # $03FFEE

Note :  * u n d e f i n e d
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Each o f  t h e  p e r i p h e r a l  d a t a  l i n e s  can be programmed t o  a c t  a s  an 

i n p u t  o r  o u t p u t .  T h i s  i s  a c c o m p l i s h e d  by s e t t i n g  a "1" i n  t h e  

c o r r e s p o n d i n g  d a t a  d i r e c t i o n  r e g i s t e r  b i t  f o r  t h o s e  l i n e s  wh ich  a r e  t o  

be o u t p u t s .  A "O" i n  a b i t  o f  t h e  d a t a  d i r e c t i o n  r e g i s t e r  c a u s e s  t h e  

c o r r e s p o n d i n g  p e r i p h e r a l  d a t a  l i n e  t o  a c t  as  an i n p u t .  The f o l l o w i n g  

p rogram  i s  an exam ple  o f  c o n f i g u r i n g  a PIA and d a t a  a c c e s s .

* MC68000
* I n i t i a l i z a t i o n  o f  p o r t  A as  i n p u t
* I n i t i a l i z a t i o n  o f  p o r t  B as  o u t p u t

MOVE.B #0, CRA
MOVE.B #0 ,  DDRA
MOVE.B #4, CRA ; P o r t  A = i n p u t
MOVE.B #0 ,  CRB
MOVE.B #$FF,DDRB
MOVE.B #*), CRB ; P o r t  B = o u t p u t

* I n p u t  d a t a  t o  r e g i s t e r  D1 v i a  p o r t  A 

IN: MOVE.B PRA, D1

* O u tpu t  d a t a  f rom  D1 v i a  p o r t  B 

OU: MOVE.B D1 , PRB

A n a l o g u e - D i g i t a l  C onve rs ion

An 8 - b i t  ADC ZN1̂  i s  used  t o  c o n v e r t  a n a lo g u e  s i g n a l  t o  d i g i t a l  

v a l u e  [ 1 6 ]  ( s e e  F ig .  3.17 ). I t  i s  a s u c c e s s i v e  a p p r o x i m a t i o n  c o n v e r t e r  

w i t h  9 us c o n v e r s i o n  t i m e .  F ig .  3*16 shows a n a l o g u e - d i g i t a l  c o n v e r t e r  

t i m i n g .  Upon r e c e i p t  o f  a n e g a t i v e - g o i n g  p u l s e  a t  t h e  WR i n p u t ,  t h e  BUSY 

o u t p u t  goes low and t h e  c o n v e r s i o n  s t a r t s .  On t h e  e i g h t h  n e g a t i v e  edge 

o f  t h e  c l o c k  p u l s e  BUSY goes h igh  i n d i c a t i n g  t h a t  t h e  c o n v e r s i o n  i s  

c o m p le te .  Data  can be r e a d  by t a k i n g  RD low t o  e n a b l e  t h e  3 ~ s t a t e  

o u t p u t s .
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WR

BUSY

DATA

F i g .  3 .16  Z N W  A n a l o g u e - D i g i t a l  C o n v e r t e r  Timing

Handshak ing  Between t h e  PIA and t h e  ADC

The c o n t r o l  r e g i s t e r  CRA w i t h i n  t h e  PIA a l l o w s  t h e  MPU t o  c o n t r o l  

t h e  o p e r a t i o n  o f  t h e  two p e r i p h e r a l  c o n t r o l  l i n e s  CA1 and CA2. I n  

a d d i t i o n  i t  a l l o w s  t h e  MPU t o  e n a b l e  i n t e r r u p t  l i n e  ( IRQA ) and  m o n i t o r  

t h e  s t a t u s  o f  t h e  i n t e r r u p t  f l a g s .  B i t s  0 t o  5 o f  t h e  CRA may be w r i t t e n  

or  r e a d  by t h e  MPU when t h e  p r o p e r  c h i p  s e l e c t  and r e g i s t e r  s e l e c t  

s i g n a l s  a r e  a p p l i e d .  B i t 6  and B i t 7  o f  t h e  CRA a r e  r e a d - o n l y  and  a r e  

m o d i f i e d  by e x e r n a l  i n t e r r u p t s  o c c u r r i n g  on c o n t r o l  l i n e s  CA1 and  CA2. 

The f o r m a t  o f  t h e  c o n t r o l  words  i s  shown i n  T a b le  3*3.

T a b le  3»3 C o n t r o l  Word Format  o f  CRA

7 6 5 M 3 2 1 0

IRQA1 IRQA2 CA2 C o n t r o l DDRA CA1 
Access

C o n t r o l

B i t s  3» ^ and 5 o f  t h e  CRA a r e  used  t o  c o n t r o l  t h e  CA2 p e r i p h e r a l  

c o n t r o l  l i n e .  These  b i t s  d e t e r m i n e  i f  t h e  CA2 w i l l  be an i n t e r r u p t  i n p u t  

o r  an o u t p u t  c o n t r o l  s i g n a l .  Tab le  3«^ g i v e s  t h e  f o r m a t  o f  t h e  t h r e e  

b i t s  when CA2 works i n  t h e  o u t p u t  mode t o  c o n t r o l  p e r i p h e r a l  d a t a  

t r a n s f e r .
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T a b l e  3 .  ̂ C o n t r o l  o f  CA2 as  an Output

CA2
CRA5 CRA4 CRA3 C l e a r e d S e t

1 1 0 Low when CRA3 goes  low 
a s  a r e s u l t  o f  an  MPU 
w r i t e  t o  c o n t r o l  
r e g i s t e r  A

Always low a s  l o n g  as  
CRA3 i s  low .  W i l l  go 
h ig h  on an MPU w r i t e  
t o  c o n t r o l  r e g i s t e r  A 
t h a t  changes  CRA3 t o  1

1 1 1 Always  h i g h  a s  l o n g  as  
CRA3 i s  h i g h .  W i l l  be 
c l e a r  on an  MPU w r i t e  
t o  c o n t r o l  r e g i s t e r  A 
t h a t  c l e a r s  CRA3 t o  0

High when CRA3 goes 
h i g h  as  a r e s u l t  o f  
an  MPU w r i t e  t o  c o n t r o l  
r e g i s t e r  A

I n  F i g .  3*17» CA2 i s  u sed  t o  g e n e r a t e  a n e g a t i v e - g o i n g  p u l s e  a t  t h e  

WR i n p u t  o f  t h e  ADC as  a c o n v e r s i o n  s t a r t i n g  s i g n a l .  Bi tO and b i t 1  of  

t h e  CRA a r e  u sed  t o  c o n t r o l  t h e  i n t e r r u p t  i n p u t  l i n e  CA1. B i t  CRAO i s

used  t o  e n a b l e  t h e  MPU i n t e r r u p t  s i g n a l  IRQA. B i t  CRA1 d e t e r m i n e s  t h e  

a c t i v e  t r a n s i t i o n  o f  t h e  i n t e r r u p t  i n p u t  s i g n a l  CA1. The f o r m a t  o f  t h e  

two b i t s  i s  g i v e n  i n  T a b l e  3*5..

T a b l e  3 .5  C o n t r o l  o f  I n t e r r u p t  I n p u t  CA1

CRA1 CRAO I n t e r r u p t  I n p u t  
CA1

I n t e r r u p t  F l a g  
CRA7

MPU I n t e r r u p t  
R eques t  IRQA

1 0 

1 1

| A c t i v e  

| A c t i v e

S e t  h ig h  on . 
o f  CA1 '

S e t  h i g h  on . 
o f  CA1 I

D i s a b l e  IRQ 
r e m a i n s  h i g h

Goes  l o w  when 
t h e  i n t e r r u p t  
f l a g  b i t  CRA7 
goes h i g h

Note :  j i n d i c a t e s  p o s i t i v e  t r a n s i t i o n
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In  F i g .  3 . 1 7 ,  CA1 i s  c o n n e c t e d  t o  t h e  BUSY l i n e  o f  t h e  ADC. When 

c o n v e r s i o n  f i n i s h e s ,  BUSY goes  h i g h ,  t h u s  e n a b l i n g  CRA7 t o  go h ig h .  

Dur ing  t h e  c o n v e r s i o n  p e r i o d ,  t h e  program w i l l  keep t e s t i n g  t h e  v a l u e  o f  

b i t  CRA7. I f  CRA7 goes  h i g h ,  a d a t a  i n p u t  i n s t r u c t i o n  w i l l  be e x e c u t e d .  

The program which  i n i t i a t e s  t h e  a n a l o g u e - d i g i t a l  c o n v e r s i o n  and t h e  d a t a  

i n p u t  i s  a s  f o l l o w s .

* MC68000
* I n i t i a l i z i n g  an a n a l o g u e - d i g i t a l  c o n v e r s i o n

CON: MOVE.B #$ 3 6 , CRA ; D i s a b l e  i n t e r r u p t ,  CA2 goes low
; i n i t i a l i z i n g  A-D c o n v e r s i o n

NOP
MOVE.B #$3E, CRA 

C0N1: BTST #7,  CRA
BEQ C0N1 
MOVE.B PRA, DO

CA2 goes  h ig h
I f  t h e  c o n v e r s i o n  f i n i s h e s

I f  b i t  CRA7 goes  h i g h ,  i n p u t  
d a t a  t o  r e g i s t e r  DO

D i g i t a l - A n a l o g u e  C o n v e r s io n

Two 8 - b i t  d i g i t a l  a n a lo g u e  c o n v e r t e r s  ( ZN*J25 ) [16 ]  Were u s e d  t o  

implement  t h e  d i g i t a l - a n a l o g u e  c o n v e r s i o n s  f o r  s pe ed  and t e m p e r a t u r e  

s e t s  r e s p e c t i v e l y  ( s e e  F i g .  3 .17  ) .  The s e t t l i n g  t i m e  o f  t h e  DAC i s  

1 us ,  and t h e  maximum o u t p u t  i s  5 V c o r r e s p o n d i n g  t o  d i g i t a l  i n p u t  $FF.

A m p l i f i e r

A m p l i f i e r s  ahead  o f  t h e  ADC and a f t e r  t h e  DAC were needed  t o  match  

t h e  m a g n i tu d e s  o f  t h e  s i g n a l s .  As shown i n  F ig .  3*17, t h e  a m p l i f i e r s  

were s i m p l y  b u i l t  u s i n g  7^1 o p e r a t i o n a l  a m p l i f i e r s .

F ig .  3.17 shows t h e  a r r a n g e m e n t  o f  t h e  i n t e r f a c e  c i r c u i t  and 

P l a t e  3 shows t h e  i n t e r f a c e  c i r c u i t  b o a rd .
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Pla te  3

3 .3 .2  - Generation of In t e r r u p t s

The program which executed once in each success ive  sampl ing period  

was i n t e r r u p t  driven. In the  MC68000 microcomputer board,  an MC68230 

p a r a l l e l  i n t e r  f a c e / t i  mer ( PI /T ) ( see  F ig .  3*13 ) was a v a i l a b l e  and i t  

was programmed to  generate  a per iod ic  vecto red  i n t e r r u p t  corresponding 

to  the requ ired  sampling per iod.

Fig. 3.18 shows the MC68230 block diagram [17]. The on-board t im e r  

con ta ins  a 2 4 -b i t  synchronous down counter  t h a t  can genera te  p e r io d ic  

i n t e r r u p t s ,  a square wave, or a s in g le  i n t e r r u p t  a f t e r  a programmed time 

period.  The TOUT pin i s  connected to  the  MPU i n t e r r u p t  r e q u e s t  c i r c u i t r y  

and the TIACK pin i s  used as an i n t e r r u p t  acknowledge input t o  the  

t imer.  The TIN pin i s  connected to  4 MHz system clock. The PI/T t im e r  i s
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l o a d e d  f rom  t h r e e  8 - b i t  c o u n t e r  p r e l o a d  r e g i s t e r s  ( CPRH, CPRM and 

CPRL ).  The 2 4 - b i t  c o u n t e r  ( CRH, CRM and  CRL ) i s  c l o c k e d  f r o m  t h e  

o u t p u t  o f  a 5 - b i t  ( d i v i d e - b y - 3 2  ) p r e s c a l e r .  The c l o c k  s o u r c e  i s  t h e  

s y s t e m  c l o c k .  The c o u n t e r  s i g n a l s  t h e  o c c u r r e n c e  o f  an e v e n t  p r i m a r i l y  

t h r o u g h  z e r o  d e t e c t i o n  ( a z e r o  i s  when t h e  2 4 - b i t  c o u n t e r  i s  e q u a l  t o  

ze ro  ). T h i s  s e t s  t h e  z e r o  d e t e c t  s t a t u s  ( ZDS ) b i t  i n  t h e  t i m e r  s t a t u s  

r e g i s t e r  and g e n e r a t e s  a t i m e r  i n t e r r u p t .  The ZDS b i t  m us t  be r e s e t  by 

w r i t i n g  a "1" t o  t h e  t i m e r  s t a t u s  r e g i s t e r  i n  t h a t  b i t  p o s i t i o n  t o  

e n a b l e  n e x t  i n t e r r u p t .  Thus,  when t h e  2 4 - b i t  c o u n t e r  i s  l o a d e d  w i t h  

$FFFFFF, t h e  i n t e r r u p t  i n t e r v a l  r e a c h e s  i t s  maximum v a l u e  T = 134.22 s .  

The minimum i n t e r r u p t  i n t e r v a l  i s  8 ys w i t h  " I "  l o a d e d  i n  c o u n t e r  

p r e l o a d  r e g i s t e r s .  The t i m e r  i s  f u l l y  c o n f i g u r e d  and c o n t r o l l e d  by 

programming an  8 - b i t  t i m e r  c o n t r o l  r e g i s t e r  ( TCR ) i n  t h e  P I /T .  The 

f o r m a t  o f  t h e  TCR f o r  g e n e r a t i n g  p e r i o d i c  v e c t o r e d  i n t e r r u p t s  i s  shown 

i n  T a b l e  3*6.

T a b le  3 . 6  The TCR Format

B i t  7 6 5 4 3 2 1 0
1 0 1 0 # 0 0 1

B i t  7 6 5
Value 1 0 1 The p i n  TOUT i s  u s e d  a s  a t i m e r  i n t e r r u p t  r e q u e s t  o u t p u t .

B i t  4 
Value 0

B i t  2 1 
Value 0 0

The p i n  TIACK i s  used  as  a t i m e r  i n t e r r u p t  a c k n o w led g e  

i n p u t .  T h i s  c o m b i n a t i o n  s u p p o r t s  v e c t o r e d  t i m e r  i n t e r r u p t s

The c o u n t e r  i s  l o a d e d  from t h e  c o u n t e r  p r e l o a d  r e g i s t e r  on 

t h e  f i r s t  c l o c k  t o  t h e  2 4 - b i t  c o u n t e r  a f t e r  z e r o  d e t e c t ,  

and r e s u m e s  c o u n t i n g .

P r e s c a l e r  i s  c l o c k e d  by t h e  TIN p i n  i n p u t .  The 2 4 - b i t  

c o u n t e r  i s  d e c r e m e n t e d  o r  l o a d e d  from t h e  CPR when t h e  

p r e s c a l e r  r o l l s  ove r  f rom $0 t o  $1F.
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B i t  0 
Value  0 

1
D i s a b l e  t i m e r  
E n a b le  t i m e r

To u s e  t h e  i n t e r r u p t s ,  an 8 - b i t  v e c t o r  number m u s t  be l o a d e d  i n t o  

t h e  t i m e r  i n t e r r u p t  v e c t o r  r e g i s t e r  ( TIVR ) a t  t h e  i n i t i a l i z a t i o n  

s t a g e .  When an i n t e r r u p t  o c c u r s ,  t h e  MC68000 t r a n s l a t e s  t h i s  8 - b i t  

v e c t o r  number  i n t o  an a d d r e s s  by m u l t i p l y i n g  t h e  8 - b i t  number  by f o u r .  

At t h i s  a d d r e s s  l o c a t i o n ,  t h e  s t a r t i n g  a d d r e s s  ( 32 b i t s  ) o f  t h e  

i n t e r r u p t  h a n d l e r  r o u t i n e  i s  s t o r e d .  Ta b le  3.7 g i v e s  t h e  a d d r e s s  map of  

t h e  P I /T  r e g i s t e r s  c o n c e r n in g  i n t e r r u p t  g e n e r a t i n g .

Tab le  3 .7  Address  Map o f  t h e  P I / T

Address Register

$010021 
$010023 
$010027 
$010029 
$01002B 
$010035

Timer control register ( TCR )
Timer interrupt vector register ( TIVR ) 
Counter preload register high ( CPRH ) 
Counter preload register middle (CPRM ) 
Counter preload register low ( CPRL ) 
Timer status register ( TSR )

The program which e n a b l e s  t h e  i n t e r r u p t  and t h e  i n t e r r u p t  h a n d l e r  

r o u t i n e  e x e c u t i o n  i s  d e s c r i b e d  a s  f o l l o w s .

* MC68000
# I n i t i a l i z a t i o n  f o r  i n t e r r u p t  g e n e r a t i n g

MOVE.B #0,  CPRH
MOVE.B #9, CPRM
MOVE.B #$C^,CPRL ; S e t  20 ms i n t e r r u p t  i n t e r v a l
MOVE.B #$1B,TIVR ; Load 8 - b i t  v e c t o r  number 1BH i n t o  t h e  TIVR
MOVE.L SB, $006C ; The s t a r t i n g  a d d r e s s  ( 32 b i t  ) o f  t h e

; i n t e r r u p t  h a n d l e r  r o u t i n e  i s  s t o r e d  i n
; t h e  a d d r e s s  l o c a t i o n  o f  $006C

MOVE.B #$A1,TCR ; I n i t i a l i z e  t h e  TCR and e n a b l e  t h e  t i m e r

* I n t e r r u p t h a n d l e r  r o u t i n e

MOVE.B #1, TSR ; Enable  n e x t  i n t e r r u p t
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44
V gg PESET CLK

PAO 4

PA2 6 
PA3 7 
PA4 8 
PA5 9 
PA6 10

HI

H3
H4

PB5
PB7

PC6' PCS' PC4 PC 3/T0U T PC2 TIN PCI PCOPC 7-' RSi RS2 RS3 °S 4  RS5

T imer

Por:

Port
Interrupt/

DMA
Control
Logic

Data Bus Interface and 
In te rac t Vector Registers

Port C and P-r Cuncticn Mu'tiple«e'

T W k  PiZtK PiTO DMAREQ 33 32 31 X
37 36 35 34

29 26 27 26 25

F i g .  3 .1 8  Block Diagram o f  MC68230

3 .^  -  T e m p e r a tu r e  C o n t r o l  o f  t h e  Po lym er  M el t

As m e n t io n e d  b e f o r e ,  b o t h  po lym er  hoppe r  and po lym e r  chamber  were  

h e a t e d  by e l e c t r i c a l  h e a t e r  bands .  A s i m p l i f i e d  method  i s  t a k e n  h e r e  in  

e v a l u a t i n g  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  po lym er  h oppe r  and t h e  po lymer  

chamber i n  o r d e r  t o  d e s i g n  t h e  c o n t r o l  s y s t e m .  F ig .  3.19 shows t h e  

s c h e m a t i c  d iag ra m  of  t h e  po lym er  chamber  h e a t i n g  p r o c e s s .
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Polymer m e l t  i n l e t  E l e c t r i c a l  h e a t e r  band
( W 525 V 2H0 )

W E

W E,

Polymer m e l t  ou t

F i g .  3 .19  Polymer Melt  Chamber H e a t in g  P r o c e s s

Where E 0 t h e  t e m p e r a t u r e  o f  t h e  po lymer  m e l t  w i t h i n  t h e  cham ber .

Ej_ t h e  t e m p e r a t u r e  of  e n t e r i n g  polymer m e l t .

W t h e  r a t e  ( b o t h  e n t e r i n g  and l e a v i n g  ) o f  t h e  p o ly m e r  m e l t  

m a s s .

t h e  r a t e  o f  h e a t  s u p p l y  from t h e  e l e c t r i c a l  h e a t e r .

F~ t h e  r a t e  o f  h e a t  l o s s  t o  s u r r o u n d i n g s .
cL

Note t h a t  t h e  t h e r m a l  p a r a m e t e r s  have been c o n s i d e r e d  t o  be lum ped  [ 1 8 ] ,  

w hich  means t h a t  t h e  po lymer  m e l t  t e m p e r a t u r e  h a s  been a s sum ed  t o  be 

u n i f o r m  w i t h i n  t h e  po lym er  chamber .  I f  t h e  t e m p e r a t u r e  w e re  t o  be 

c o n s i d e r e d  a s  f u n c t i o n s  of  b o th  t i m e  and p o s i t i o n ,  i t  wou ld be n e c e s s a r y  

t o  d e s c r i b e  t h e  s y s te m  by p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  H o w e v e r , i n  

t h i s  c a s e ,  t h e  r e s u l t  d e r i v e d  from t h e  lumped p a r a m e t e r  model  p r o v e d  

a c c u r a t e  enough f o r  t h e  d e s ig n  o f  t h e  t e m p e r a t u r e  c o n t r o l  s y s t e m .  Under  

t h e  a s s u m p t i o n  t h a t  a s m a l l  change f^  o c c u r s  i n  F^ » and t h e n  i t  c a u s e s  

s m a l l  changes  i n  Fa and E 0, de no te d  by f a and e 0 r e s p e c t i v e l y ,  t h e  

e n e r g y  b a l a n c e  f o r  t h e  s y s t e m  g iv e s

= •  f a + f i -  c P K e ° C3' 1)

Where Cp i s  t h e  s p e c i f i c  h e a t  c a p a c i t y  o f  t h e  po lymer  m e l t .
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C i s  t h e  c a p a c i t a n c e  o f  t h e  po lymer  m e l t  w i t h i n  t h e  cham ber ,

i . e . ,  C = G Cp 

G i s  t h e  mass o f  t h e  polymer m e l t  w i t h i n  t h e  chamber 

The c a p a c i t y  o f  t h e  w a l l  o f  t h e  polymer  chamber  i s  n e g l i g i b l e .

T a k i n g  L a p l a c e  t r a n s f o r m s  f o r  e q u a t i o n  (3.1) and a s s u m i n g  z e r o  

i n i t i a l  c o n d i t i o n s  y i e l d s  e q u a t i o n  (3.2).

Eo( s )  = -  m m
1 + RCs 1 + RCs ( 2 .2 )

Where R = 1 /  Cp W

C o n s i d e r  t h e  h e a t  l o s s  as  i l l u s t r a t e d  i n  F i g .  3.20

H e a t e r  band S u r ro u n d in g  a i r
/

E / F E a La
/
/
/
/
/

F i g .  3 .20 Hea t  Loss  t o  S u r ro u n d in g

T a k ing  t h e  change o f  t h e  a m b ie n t  t e m p e r a t u r e  Ea as  z e r o  and d e f i n i n g  t h e

c o n s t a n t  R-j = 1  /  A U, where  A i s  an e f f e c t i v e  h e a t  t r a n s f e r  a r e a  and  U

i s  t h e  o v e r a l l  c o n v e c t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t ,  we g e t

e 0 = R-j f a (3*3)

T a k in g  L a p l a c e  t r a n s f o r m s  f o r  e q u a t i o n  ( 3 .3 )  g i v e s

E 0 (s )  = Rt Fa (s )  (3 .  *0

Combining e q u a t i o n  (3.2) and  e q u a t i o n  G.*0 g i v e s

v  r s i  -  R F j ( s )  R E 0 ( s )
o( 1 + RCs R i ( l  + RCs) ( 3 . 5 )
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R e a r r a n g i n g  e q u a t i o n  (3 .5 )  g i v e s

e 0(s ; =  R R lF i ^   ( 3 . 6 )
(Ri + R) + RiRCs

Now, s i n c e  F^ (s )  can a p p r o x i m a t e l y  e x p r e s s e d  by 

F ^ s )  = K U ( s )

Where U(s) i s  t h e  L a p l a c e  t r a n s f o r m  o f  i n p u t  v o l t a g e  o f  t h e  e l e c t r i c a l  

h e a t e r  band. E q u a t io n  (3.6) becomes

_ , , _ R R i K U ( s j
Eo Cs )

(Ri + R) + RiRCs
( 3 .7 )

C o n s i d e r i n g  t h e  t r a n s p o r t  d e l a y  f o r  h e a t  t r a n s f e r ,  we i n t r o d u c e  dead 

t im e  i n t o  e q u a t i o n  ( 3 . 7 ) .

Eo(s )  *■ - Rl K U ( s ->  e ' TS ( 3 . 8 )
(Ri + R) + RiRCs

Where t i s  t h e  d e a d  t i m e .

Thus,  t h e  t h e r m a l  dynamic s y s t e m s  b o t h  f o r  po lymer  h oppe r  and 

polymer chamber  can be a p p r o x i m a t e l y  d e s c r i b e d  by a f i r s t  o r d e r  p r o c e s s  

w i t h  dead t i m e .  F ig .  3.21 shows t h e  t e m p e r a t u r e  dynamic  r e s p o n s e  o f  t h e  

polymer chamber  h e a t i n g  p r o c e s s .

The c o n t r o l  o f  a f i r s t  o r d e r  p r o c e s s  can be s i m p l y  im p l e m e n te d  by a 

s i n g l e - l o o p  f e e d b a c k  c o n t r o l  sy s te m  w i t h  a c o n t r o l l e r  su c h  as  P I ,  PID, 

or  two p o s i t i o n  c o n t r o l l e r  and a c o n t r o l l a b l e  power s u p p l y .  Here two 

c o n t r o l l a b l e  power s u p p l i e s  w i t h  b u i l t  i n  two p o s i t i o n  c o n t r o l l e r s  w ere  

used  t o  c o n t r o l  t h e  t e m p e r a t u r e  o f  t h e  po lym er  hopper  and t h e  polymer 

chamber r e s p e c t i v e l y .  F ig .  3.22 shows t h e  b l o c k  d iag ra m  of  t h e  c o n t r o l  

s y s t e m .

Fig .  3.23 shows t h e  c l o s e d  lo o p  dynamic  r e s p o n s e  o f  t h e  t e m p e r a t u r e  

measured  f r o m  t h e  t h e r m o c o u p l e  a t  p o s i t i o n  2 ( s e e  F i g .  3.11 ).  The
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polymer  i n  t h e  m e l t  hoppe r  and m e l t  chamber  m e l t e d  v e r y  q u i c k l y ,  b u t  i t  

to ok  80 m i n u t e s  f o r  t h e  po lymer  t o  r e a c h  a u n i f o r m  d i s t r i b u t i o n  and 

s t e a d y  t e m p e r a t u r e  l e v e l  b e f o r e  t h e  d r a w in g  p r o c e s s  c o u l d  be a c t u a l l y  

commenced. At s t e a d y  s t a t e ,  t h e  t e m p e r a t u r e  was c o n t r o l l e d  w i t h i n  ±3°C 

o f  t h e  s e t  t e m p e r a t u r e .  The s e t p o i n t  o f  t h e  t e m p e r a t u r e  c o n t r o l  s y s te m  

was g i v e n  by t h e  m ic r o c o m p u te r .

Thermocouple

Polymer hoppe rPower s u p p ly  
h e a t i n g  p r o c e s s

T e m p e r a tu r e  
S e t

— O - Two p o s i t i o n  
c o n t r o l l e r

T e m p e r a t u r e
o u t p u t

F i g .  3 .22  Polymer Chamber H e a t i n g  C o n t r o l  System
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3 .5  -  Wire Drawing Speed C o n t r o l

As m e n t io n e d  b e f o r e ,  i n  t h e  w i r e  d r a w in g  p r o c e s s ,  i t  was r e q u i r e d  t o  

a d j u s t  d r a w i n g  s p e e d  o v e r  a g i v e n  r a n g e  w i t h  a d e s i r e d  a c c u r a c y  and 

r e p e a t a b i l i t y .  A MC68000 m i c r o c o m p u t e r  was used  t o  im p l e m e n t  t h e  s a m p l e d  

d a t a  f e e d b a c k  c o n t r o l  s y s t e m .  The s c h e m a t i c  d iag ram  of  t h e  m ic r o c o m p u te r  

based  s y s t e m  f o r  c o n t r o l l i n g  t h e  s p e e d  o f  t h e  h y d r a u l i c  m o to r  i s  shown 

i n  F i g .  3.2*1.

ADC

DAC

F i l t e r
A m p l i f i e r T a c h o g e n e r a t o r

H y d r a u l i c  
motor  
Gear box

A m p l i f i e r  
E l e c t r i c a l  
s e r v o  v a lv e

M ic r o c o m p u te r
Speed 
s e t  - i -CX-

Speed
o u t p u t

F i g .  3.2*1 E l e c t r o - H y d r a u l i c  Motor  C o n t r o l  System

The s y s t e m  was n o t  c o n t i n u o u s ,  b u t  m easu red  and c o r r e c t e d  t h e  m o to r  

s p e ed  a t  d i s c r e t e  i n t e r v a l s .  The o r d e r  o f  t h e  e v e n t s  i n  a  c o m p l e t e  

c o n t r o l  c y c l e  was as  f o l l o w s .

a)  The a c t u a l  s p e e d  m ea s u red  from t h e  t a c h o g e n e r a t o r ,  a f t e r  b e i n g  

f i l t e r e d  and a m p l i f i e d ,  was c o n v e r t e d  i n t o  a d i g i t a l  num ber  v i a  

t h e  ADC.

b)  The d i g i t a l  f e e d b a c k  s i g n a l  was compared  w i t h  t h e  s e t p o i n t  t o  

p roduce  an e r r o r .

c)  The d i g i t a l  c o n t r o l l e r  programmed i n  t h e  co m p u te r  g e n e r a t e d  a 

c o m p e n s a t i o n  s i g n a l .

d) The c o m p e n s a t i o n  s i g n a l  t h e n  was t r a n s m i t t e d  t o  t h e



e l e c t r o - h y d r a u l i c  s e r v o  v a l v e  v i a  t h e  DAC and t h e  a m p l i f i e r  t o  

v a r y  t h e  s p e e d  o f  t h e  e l e c t r o - h y d r a u l i c  m o to r .

3 . 5 . 1  -  Major Components  o f  t h e  Speed C o n t r o l  System

E l e c t r o - h y d r a u l i c  S e rv o  Valve

The s e r v o  v a l v e  i s  t h e  main  p a r t  o f  a h y d r a u l i c  s e r v o  and i t s  - 

p e r fo rm a n c e  s i g n i f i c a n t l y  a f f e c t s  t h e  o v e r a l l  p e r f o r m a n c e  o f  t h e  sys tem ,  

The s e r v o  v a l v e  i n  an e l e c t r o - h y d r a u l i c  s y s te m  i s  e s s e n t i a l l y  a 

component  which  p r o d u c e s  h y d r a u l i c  f l o w  p r o p o r t i o n a l  t o  t h e  e l e c t r i c a l  

c u r r e n t  a p p l i e d .  I t  i s  o f t e n  t h e  c a s e  t h a t  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  

s e r v o  v a lv e  can be d e s c r i b e d  by a f i r s t  o r d e r  s y s te m  [ 1 9 ] ,  t h a t  i s ,

GSV(S ) =  £SX-----
1 + Tsvs

H y d r a u l i c  Motor

The f u n c t i o n  o f  t h e  h y d r a u l i c  m oto r  i n  a h y d r a u l i c  c o n t r o l  s y s t e m  i s  

t o  c o n v e r t  t h e  h y d r a u l i c  e n e rg y  s u p p l i e d  by t h e  pump i n t o  m e c h a n i c a l  

e n e rg y  a t  i t s  o u t p u t  s h a f t .  The t r a n s f e r  f u n c t i o n  o f  a h y d r a u l i c  m o to r  

i s  g iv e n  by

2

r fa's -  n  ̂ _ Km ________
M Y ( s ) s 2 + 2£U) s + u *^ m m

Where n ( s )  i s  t h e  v e l o c i t y  o u t p u t

Y(s)  t h e  f l o w r a t e  o f  t h e  v a l v e

Km t h e  s t e a d y  s t a t e  g a i n

t h e  n a t u r a l  f r e q u e n c y  and C t h e  damping r a t i o

9 4



Fig .  3.25 shows the  s t e p  r e s p o n s e  o f  t h e  h y d r a u l i c  d r i v e  sy s te m  

( s e r v o  v a l v e  and moto r  ) ,  f rom which  t h e  sy s tem  cou ld  be d e s c r i b e d  by a 

s econd  o r d e r  sy s te m  w i t h  wm = 3 6 . 6  r a d  s ” 1 and £ = 0.68.

The r e s t  o f  t h e  component s  o f  t h e  s y s t e m  i n c l u d e  a t a c h o g e n e r a t o r  

w i th  t r a n s f e r  f u n c t i o n  Kg/(1 + Tg s ) ,  g e a r  box w i t h  t r a n s f e r  f u n c t i o n  

3 / 2 9 ,  two a m p l i f i e r s  b e f o r e  t h e  ADC and a f t e r  t h e  DAC r e s p e c t i v e l y  w i t h  

t r a n s f e r  f u n c t i o n s  o f  a n d  K2 .

The g a i n  o f  t h e  p r o c e s s  i n c l u d i n g  t h e  DAC, t h e  a m p l i f i e r ,  t h e  

h y d r a u l i c  d r i v e  s y s t e m ,  t h e  t a c h o g e n e r a t o r  and t h e  ADC was s e t  t o  1.

F i g .  3.26 shows t h e  s a m p le d  d a t a  /  o u t p u t  d a t a  o f  t h e  m i c r o c o m p u t e r ,  

f rom w h ic h  i t  can be s e e n  t h a t  t h e  s y s te m  has  a good l i n e a r i t y .
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3 . 5 . 2  -  Some Des ign  C o n s i d e r a t i o n

Sampl ing P e r i o d

The s a m p l i n g  p e r i o d  i s  an i m p o r t a n t  d e s i g n  p a r a m e t e r  f o r  a l l  s a m p le d  

d a t a  c o n t r o l  s y s t e m s .  There  a r e  s e v e r a l  r u l e s  o f  thumb w h i c h  can  be used  

t o  d e t e r m i n e  t h e  s a m p l in g  p e r i o d  [20 ] .  One i s  t o  r e l a t e  t h e  s a m p l i n g  

p e r i o d  T t o  t h e  d e s i r e d  r i s e  t i m e  t r , and t r /T s h o u l d  be i n  t h e  r a n g e  of  

2-4 i n  o r d e r  t o  g e t  a good s e r v o  p e r f o r m a n c e  o f  t h e  c l o s e d - l o o p  s y s t e m .  

A l t e r n a t i v e l y  assuming a s a m p l in g  p e r i o d  o f  one t e n t h  t h e  sum o f  lo o p  

dead t i m e  p l u s  f i r s t  o r d e r  t i m e  c o n s t a n t  i s  o f t e n  a good c o m p r o m is e .

Some t y p i c a l  v a l u e s  o f  s a m p l in g  p e r i o d s  o b t a i n e d  by e x p e r i e n c e  can be 

e a s i l y  found  i n  p u b l i s h e d  works  [21 ] ,  For  e x a m p l e ,  a t y p i c a l  s p e e d  

c o n t r o l  l o o p  g e n e r a l l y  r e q u i r e s  0 .01-0.02 se c o n d  s a m p l i n g  p e r i o d .  H ere ,  

t h e  s a m p l i n g  p e r i o d  f o r  h y d r a u l i c  m oto r  s p e ed  c o n t r o l  s y s t e m  was chosen  

i n  a r a n g e  o f  8 t o  1 5 ms

I n t e g r a l  Windup ( R e se t  Windup ) and I t s  C o r r e c t i o n

A d i g i t a l  i n t e g r a t o r  was i n c o r p o r a t e d  i n  t h e  f o r w a r d  p a t h  o f  t h e  

s y s te m  t o  e l i m i n a t e  s t e a d y  s t a t e  e r r o r .  W ith  s u c h  a  s y s t e m ,  i t  was 

p o s s i b l e  t h a t  t h e  i n t e g r a t o r  c o u ld  assume v e r y  l a r g e  v a l u e s  i f  t h e  

c o n t r o l  s i g n a l  s a t u r a t e d  when t h e r e  was an e r r o r .  T h i s ,  r e f e r r e d  t o  as  

t h e  i n t e g r a l  windup e f f e c t ,  c o u ld  c a u se  e x c e s s i v e  o v e r s h o o t i n g  and  

s t a b i l i t y  p r o b le m s .  Thus t h e  c o n t r o l l e r  had t o  be m o d i f i e d  t o  g i v e  some 

d e g r e e  o f  windup p r o t e c t i o n .  T h i s  was a c c o m p l i s h e d  by d i s a b l i n g  t h e  

i n t e g r a t o r  whenever  i t s  o u t p u t  s i g n a l  c aused  s a t u r a t i o n  i n  t h e  a c t u a t o r .  

I n  a d i g i t a l l y  im p lem en ted  c o n t r o l l e r  such  m o d i f i c a t i o n  i s  e a s i l y  

a v a i l a b l e  t h r o u g h  s o f t w a r e  c hanges .  In  t h i s  c a s e ,  t h e  i n t e g r a t o r  was
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d i s a b l e d  by t h e  program when i t s  o u t p u t  v a l u e  r e a c h e d  $F0 c o r r e s p o n d i n g  

t o  t h e  maximum open p o s i t i o n  o f  t h e  e l e c t r o - h y d r a u l i c  v a l v e ,  a s  shown in  

F i g .  3.27. Here ,  $F0 i s  t h e  s a t u r a t i o n  v a l u e ,  and  w heneve r  t h e  

c o n t r o l l e r  o u t p u t  U r e a c h e s  s a t u r a t i o n  v a l u e  $F0, t h e  i n t e g r a t o r  i n p u t  

i s  s e t  t o  z e r o .

Au ( t )

The i n c r e m e n t a l  
o u t p u t  o f  t h e  
c o n t r o l l e r

D i g i t a l  i n t e g r a t o r

$F0

t o  DAC

F i g .  3 .27  A n t i -R e s e t -W in d u p  f o r  I n t e g r a t o r

The program e x e c u t i n g  t h i s  f u n c t i o n  goes  a s  f o l l o w s

* A n t i - i n t e g r a l  windup,  t h e  i n i t i a l  v a lu e  o f  t h e  i n t e g r a t o r  i s  i n  t h e
* memory l o c a t i o n  of  $U1, i n c r e m e n t a l  o u t p u t  i n  DM, $F0 t h e  s a t u r a t i o n
* l e v e l .

S t a r : ADD $U1, DM ; I n t e g r a t i n g
CMP #$F0 , DU ; I f  D1>$F0
BGT STAR1
CMP #$-F0, DM ; I f  D1<$-F0
BLT STAR2
BRA STAR3

S t a r l : MOVE #$F0, DM ; D1=$F0
BRA STAR3

S t a r 2: MOVE #$-F0, DM ; D1=$-F0
S t a r 3 :
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F i l t e r i n g

The a n a l o g  f e e d b a c k  s i g n a l  coming  f rom t h e  t a c h o g e n e r a t o r  c o n t a i n e d  

wide b a n d w i d th  n o i s e  o f  r e l a t i v e l y  l a r g e  m ag n i tu d e  due  t o  s e r i o u s  

commuta t ion p r o b le m s .  A s i m p l e  a n a l o g u e  RC l o w - p a s s  f i l t e r ,  a s  shown i n  

F ig .  3 . 1 7 ,  1 / ( 1 + T f s ) ,  w i t h  T f  c h o s e n  t o  be 0 .04  s e c o n d ,  h a d  t o  be u s e d  

t o  a t t e n u a t e  s u f f i c i e n t l y  t h e  n o i s e  component .  However ,  i t s  d y na m ic s  

somewhat d e g ra d e d  t h e  r e s p o n s e  o f  t h e  c o n t r o l  s y s t e m .  An a d d i t i o n a l  

s t a g e  o f  d i g i t a l  l o w - p a s s  f i l t e r  ( a f t e r  t h e  s a m p l e r  ) was a l s o  

programmed i n t o  t h e  m i c r o c o m p u t e r ,  i n  o r d e r  t o  im prove  t h e  p e r f o r m a n c e  

of  t h e  s y s t e m .  The d i g i t a l  f i l t e r  g i v e n  by e q u a t i o n  (3.9) i s  a v e r s i o n  

of  a s i m p l e  f i r s t  o r d e r  l a g ,  w here  T i s  t h e  s a m p l i n g  p e r i o d ,  t  i s  t h e  

t ime  c o n s t a n t  o f  t h e  f i r s t  o r d e r  l a g ,  and t  can be s im p l y  c h o s e n  t o  be 

a b o u t  T / 2  [21 ] .

where q =
i1 -  e

Accuracy and Word S i z e

The component  i n t r o d u c i n g  t h e  l a r g e s t  e r r o r  i n t o  t h e  c o n t r o l  s y s t e m  

was t h e  t a c h o g e n e r a t o r  w i t h  a c c u r a c y  o f  a b o u t  ±1 p e r c e n t .  Thus t h e  w ho le  

a c c u r a c y  o f  t h e  c o n t r o l  s y s te m  c o u l d  n o t  be b e t t e r  t h a n  ±1 p e r c e n t .  An 8 

b i t  ADC g i v i n g  a r e s o l u t i o n  o f  0.4 p e r c e n t  was u s e d ,  and 16 b i t  o r  32 

b i t  word l e n g t h  was employed  t o  r e p r e s e n t  a number and t o  h a n d l e  t h e  

m a t h m a t i c a l  o p e r a t i o n .  However ,  t h e  f i n a l  words  were t r u n c a t e d  t o  8 

b i t s ,  t h e  DAC s i z e .  A hand m i c r o m e t e r  was used  t o  m e a s u r e  t h e  w i r e

1 0 0



d i a m e t e r  and ±0.005 mm e r r o r  was a l l o w e d  i n  t h e  r e a d i n g ,  t h e r e f o r e  ±2 

p e r c e n t  e r r o r  was e s t i m a t e d  i n  t h e  r e d u c t i o n  i n  a r e a  o f  t h e  w i r e .  The 

maximum e r r o r  o f  t h e  whole  s p e e d  c o n t r o l  sy s te m  was d e s i g n e d  w i t h i n  ±2 

p e r c e n t ,  which  o n l y  c a u se d  l e s s  t h a n  ±1 p e r c e n t  e r r o r  i n  t h e  r e d u c t i o n  

i n  a r e a  o f  t h e  w i r e ,  so  t h e  a c c u r a c y  o f  t h e  c o n t r o l  sy s te m  c o u ld  mee t  

t h e  demand of  t h e  a l l o w e d  e r r o r  i n  t h e  r e d u c t i o n  i n  a r e a  o f  w i t h i n  ±2 

p e r c e n t .

3 . 5 . 3  “ A n a l y s i s  o f  t h e  C o n t r o l  System

F i g .  3-28 shows t h e  open  l o o p  s t e p  r e s p o n s e  o f  t h e  p r o c e s s  i n c l u d i n g  

t h e  a m p l i f i e r ,  t h e  s e r v o  v a l v e ,  t h e  h y d r a u l i c  m o to r ,  t h e  g e a r  box and 

t h e  t a c h o g e n e r a t o r ,  f rom which  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  p r o c e s s  can  

be a p p r o x i m a t e l y  g iven  by

- 0 . 012 s

G ( s )  =
( 0 . 0 6 s  + 1 ) ( 0 . 01 s + 1 )

and

G ( z _ 1 _ Z ~ 2 ( 0 . 0 8 8  *  0 . 0 4 3 Z " 1 )

1 -  1 . 1 1 Z - 1  + 0 . 2 4 3 Z ' 2

w i t h  sam pl ing  p e r i o d  0 .0 1 2  s e c o n d .

The Z t r a n s f e r  f u n c t i o n  o f  t h e  d i g i t a l  PID c o n t r o l l e r  employed i n  

t h e  c l o s e d  lo o p  i s  g iv e n  by

, So + S1Z~ 1 + ®2Z' 2
G(Z M = ------------------------------------------

( h Q + h ^ " 1 )(  1 -  Z " 1 )

Where h 0 = 0 . 3 ,  I'M = 0 . 1 9 ,  g 0 = 1 -33 ,  g i  -  - 1 . 3 7 ,  and  g 2 = 0 .1 2 5 .  The  

d e s ig n  o f  t h e  d i g i t a l  PID c o n t r o l l e r  w i l l  be d e s c r i b e d  i n  c h a p t e r  H. 

F i g .  3.29 shows t h e  b lo c k  d iag ram  o f  t h e  s p e ed  c o n t r o l  s y s t e m .

1 0 1
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1-Z

-2 Z_2( 0 . 0 8 8 + 0 .043Z**1)
-2

F i g .  3 .29  Block Diagram o f  t h e  Speed C o n t r o l  System

The s t a b i l i t y  o f  t h e  s y s te m  can be d e t e r m i n e d  from t h e  l o c a t i o n s  of  

t h e  r o o t s  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  g iven  by

30x5 -  4H.3X14 + 1 2 . 2X3 + 12.02X2 -  9.4X + 0 .5 4  = 0 

from which  t h e  r o o t s  a r e  found  t o  be 0.94, -0 .596 ,  0.0624 and 

0 .5 3  ± 0 .95 j .  Thus any r o o t  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  has  a 

m agn i tude  l e s s  t h a n  u n i t y ,  and t h e  s y s te m  i s  s t a b l e .  F ig .  3.30 shows t h e  

t h e  c l o s e d  loop  s t e p  r e s p o n s e  o f  t h e  speed  c o n t r o l  s y s te m .

b

F ig .  3.30 a) Closed-Loop  S t e p  Response  o f  t h e  Speed C o n t r o l  System 
b) C losed -Loop  Response  o f  t h e  Speed C o n t r o l  Sys tem  w i t h  

Same S t e p  I n p u t  A p p l i e d ,  v i a  a D i g i t a l  F i l t e r
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3 .6  -  S o f t w a r e  C o n f i g u r a t i o n

Based on t h e  e x p e r i m e n t a l  r e s u l t s ,  p o ly m e r  WVG 23 a t  110°C s e t  

t e m p e r a t u r e ,  po lym er  ELVAX 650 a t  150°C s e t  t e m p e r a t u r e  and po lym e r  

Nylon 6 a t  2 6 0 °C s e t  t e m p e r a t u r e  were chosen  as  p r e s s u r e  m e d ia  f o r  t h e  

d i e l e s s  w i r e  d raw in g .

3 .6 .1  -  P r o d u c in g  Wire o f  a Uniform Diameter

B e f o r e  t h e  d raw in g  p r o c e s s  i s  s t a r t e d ,  t h e  s p e c i f i c a t i o n  i s  i n p u t  by 

f o l l o w i n g  a prompt  on t h e  m ic ro c o m p u te r  s c r e e n :  " I n p u t  t h e  po lym e r  

number ( 1-WVG, 2-ELVAX, 3-NYLON ) i n  memory l o c a t i o n  o f  $2000,  t h e  

d e s i r e d  v a l u e  o f  PRA in  memory l o c a t i o n  $2002, t h e n  r u n  t h e  p rogram 

s t a r t i n g  a d d r e s s  $2100 ".

Depending  upon t h e  i n p u t  d a t a ,  t h e  m ic r o c o m p u te r  d e t e r m i n e d  t h e  

t e m p e r a t u r e  and t h e  d raw in g  speed  s e t p o i n t s  v i a  b u i l t - i n  l o o k - u p  t a b l e s .  

The l o o k - u p  t a b l e s  were based  on t h e  e x p e r i m e n t a l  r e s u l t s ,  f o r  e x a m p l e ,  

as  shown i n  F ig .  3*31» i n  which  t h e  i n c r e m e n t a l  zone o f  t h e  c u r v e  was 

p o r t i o n e d  i n t o  5 s e gm e n ts  and each  n o n l i n e a r  s e gm e n t  was r e p l a c e d  by a 

l i n e a r  a p p r o x i m a t i o n .  Thus,  o n l y  t h e  v a l u e s  o f  t h e  s i x  b r e a k  p o i n t s  

needed  t o  be s t o r e d  i n  t h e  m ic r o c o m p u te r ,  and t h e  s p e e d  s e t p o i n t  

c o r r e s p o n d i n g  t o  a g iv en  PRA cou ld  be c a l c u l a t e d  from a l i n e a r  e q u a t i o n .  

A s i m p l i f i e d  f l o w c h a r t  as  shown i n  F ig .  3.32 can e a s i l y  e x p l a i n  t h e  

n a t u r e  o f  t h e  program.
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S t a r t

Prompt on t h e  s c r e e n

System r e t u r n s  t o  f i rm w a re

I n i t i a l i z a t i o n  o f  PIA I /O  p o r t ,  P I /T  t i m e r

I n p u t  t h e  v a l u e  o f  t h e  d e s i r e d  PRA and t h e  p o ly m e r  number  v i a  t h e  

k e y b o a r d .

S t a r t

System r e t u r n s  t o  f i rm w a re

Outpu t  t e m p e r a t u r e  s e t p o i n t

Wait  f o r  t h e  i n c r e a s e  i n  t e m p e r a t u r e  and t h e  u n i f o r m  d i s t r i b u t i o n  o f  t h e  

t e m p e r a t u r e  w i t h i n  t h e  DRU.

S t a r t

Enab le  i n t e r r u p t

Wait  f o r  i n t e r r u p t

C a l c u l a t e  speed  s e t p o i n t  by t h e  
look  up t a b l e s  and t h e  e q u a t i o n s

F ig .  3.32 F l o w c h a r t  o f  Drawing Wire  o f  a U n i fo rm  D i a m e t e r

1 0 6



R e tu rn

S t a r t

PID a l g o r i t h m  and s e n d  t h e  r e s u l t  o u t

I n t e r r u p t  h a n d l e r  s u b r o u t i n e

F ig .  3.32 F l o w c h a r t  o f  Drawing  Wire  o f  a Un i fo rm  D ia m e te r

A f t e r  t h e  m ic r o c o m p u te r  had d i s p l a y e d  t h e  prompt  on th e  s c r e e n ,  

i n s t r u c t i o n s  i n  t h e  u s e r  p rogram  r e t u r n e d  c o n t r o l  o f  t h e  sy s te m  t o  t h e  

f i r m w a re .  Data  c o u ld  t h e n  be i n p u t  v i a  t h e  k e y b o a r d ,  and  t h e  u s e r  

program was r e s t a r t e d  by t h e  o p e r a t o r .  A f t e r  t h e  t e m p e r a t u r e  r e a c h e d  a 

s t e a d y  s t a t e  ( u s u a l l y  80 m i n u t e s  ) ,  t h e  w i r e  d r a w in g  p r o c e s s  was 

i n i t i a t e d  by t h e  program. The p rogram l i s t i n g  i s  g i v e n  i n  Appendix 5.

3 . 6 . 2  -  P ro d u c in g  Tape re d  Wire

The l a c k  o f  a PRA t r a n s d u c e r  i n  t h e  c o n t r o l  s y s te m  caused  some 

c o m p l e x i t y  in  d r a w in g  t a p e r e d  w i r e s .  Here  o n l y  t h e  l i n e a r  p o r t i o n  o f  t h e  

PRA curve  was used  t o  p roduce  t a p e r e d  w i r e .  Because  o f  i t s  good 

l i n e a r i t y  p r o p e r t i e s  ( a s  shown i n  F i g .  3.6 ) ,  po lym e r  ELVAX a t  150°C 

was chosen  as  t h e  b e s t  p r e s s u r e  medium t o  p roduce  t a p e r e d  w i r e s .  The 

drawing  speed  was c o n t r o l l e d  t o  i n c r e a s e  w i t h  a p r o p e r l y  s e l e c t e d  r a t e  

t o  produce  t h e  w i r e  w i t h  a u n i fo r m  change i n  a r e a  a l o n g  t h e  l e n g t h  o f  

t h e  w i r e .  The s p e c i f i c a t i o n s  of  t h e  r e q u i r e d  t a p e r e d  w i r e  were  PRA1 and 

PRA2, c o r r e s p o n d i n g  t o  t h e  v a l u e s  o f  t h e  PRA a t  t h e  l a r g e  and t h e  s m a l l  

end o f  t h e  w i r e  r e s p e c t i v e l y ,  and L, t h e  d e s i r e d  l e n g t h  o f  t h e  t a p e r e d
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w i r e .  From F i g .  3.6, t h e  s p e e d s  and V2  c o r r e s p o n d i n g  t o  t h e  g i v e n  

PRA1 and PRA2 r e s p e c t i v e l y  c o u l d  be c a l c u l a t e d  by e q u a t i o n  (3.10) .

> •  1 « • ' » >

As m en t io n e d  b e f o r e ,  t h e  s pe ed  c o n t r o l  s y s t e m  f a c i l i t a t e d  a d r a w in g  

s p e e d  v a r i a b l e  b e tw een  0 and 1.3 m s " 1. For  8 - b i t  l e n g t h  o f  word,  t h e  

s t e p  s i z e  o f  t h e  s pe ed  was g iv e n  by

11 sb  = - j f i -  = ° - 0051 ms' 1

Thus the  numbers  and N2  c o r r e s p o n d i n g  t o  V-| and V2  r e s p e c t i v e l y  were  

V,
Nt = -

and
11sb

Np =
11sb

The drawn l e n g t h  1 i n  e v e r y  spe ed  s t e p  s h o u ld  be e q u a l  and was g iven

by

1  « --------- - ------- r -( N2 -  N-, )

I n t e r r u p t  w i t h  i n t e r v a l  T was used  t o  c oun t  t h e  t i m e  p a s s e d  a nd  s o  

a t  any s p e e d  s t e p  N, t h e  d r a w i n g  t i m e  n i n  t e r m s  of  number o f  t h e  

i n t e r r u p t  i n t e r v a l  was g i v e n  by

n -  1
’ l s b  N T

L
“ ( N2 -  Nn ) 1l s b  T N

The d r a w in g  p r o c e s s  s t a r t e d  a t  t h e  l o w e s t  speed  N1 w i t h  d r a w i n g  

t im e  n i  = c / N - | , w h e r e  c = L / ( ( N 2 - - N 1 ) 1 l s b  T N). A f t e r  t h a t ,  t h e  

m ic rocom pu te r  i n c r e a s e d  t h e  s p e e d  s t e p  by 1, i . e . ,  N^+1, and c a l c u l a t e d  

t h e  d r a w in g  t i m e  n 2 = c/CN-j+D* t h i s  s e quenpe  c o n t i n u e d  s t e p  by s t e p  

u n t i l  t h e  f i n a l  s pe ed  s t e p  N2  was c o m p l e t e d  and t h e  p r o c e s s  s t o p p e d .

Dur ing  t h e  above p r o c e d u r e ,  t h e  m ic r o c o m p u te r  n o t  o n l y  c a l c u l a t e d
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t h e  d r a w in g  s p e e d  and  t i m e ,  b u t  e x e c u t e d  t h e  PID a c t i o n  s i m u l t a n e o u s l y  

t o  e n s u r e  t h a t  t h e  a c t u a l  d r a w in g  s pe ed  wou ld f o l l o w  t h e  s p e e d  s e t p o i n t .

F i g .  3.33 shows  t h e  f l o w c h a r t  o f  t h e  p rogram . The f i r s t  s t e p  t o  s t a r t  

a d r a w i n g  p r o c e s s  was t o  i n p u t  t h e  s p e c i f i c a t i o n s  o f  t h e  w i r e .  Then t h e  

m ic ro co m p u te r  c a l c u l a t e d  t h e  s t a r t i n g  s p e ed  s t e p  N-j, t h e  f i n a l  s p e ed  N2  

and t h e  c o n s t a n t  c ,  i n i t i a l i z e d  t h e  I /O  p o r t s  and t h e  t i m e r ,  and s t a r t e d  

t h e  d r a w in g  p r o c e s s .  The i n t e r r u p t  h a n d l e r  r o u t i n e  d e c i d e d  w h e t h e r  t h e  

PID a c t i o n  was t o  be e x e c u t e d  and t h e  s p e e d  s t e p  was t o  be i n c r e a s e d .  

Having f i n i s h e d  t h e  d raw in g  p r o c e s s ,  t h e  m ic r o c o m p u te r  t u r n e d  t o  e x e c u t e  

an a l t e r n a t i v e  i n t e r r u p t  h a n d l e r  r o u t i n e  w h ic h  wou ld e n a b l e  h y d r a u l i c  

motor  t o  s t o p  w i t h  a somewhat  s l o w e r  r a t e .  The program l i s t i n g  f o r  t h e  

t a p e r e d  w i r e  d r a w i n g  i s  g iv en  i n  Appendix 6.

Main Program

S t a r t

Wait f o r  i n t e r r u p t

C a l c u l a t e  N

I n p u t  s p e c i f i c a t i o n  o f  t h e  t a p e r e d  
w i r e ,  PRA1, PRA2 and L i n  BCD

I n i t i a l i z e  I /O  p o r t s ,  t i m e r  and 
e n a b le  i n t e r r u p t

F i g .  3.33 F l o w c h a r t  o f  the  T a p e re d  Wire Drawing Program
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I n t e r r u p t  H and le r  R o u t i n e  1

no
PID a c t i o n ?

yes

no

yes

yes

no

I n c r e a s e  s p e ed  s t e p

F i n i a l  s pe ed  s t e p ?

S t a r t

R e tu rn

PID a l g o r i t h m

Drawing t im e  c o u n t i n g

Enable  n e x t  i n t e r r u p t

PID a c t i o n  p e r i o d  
c o u n t i n g

Se t  i n t e r r u p t  h a n d l e r  
r o u t i n e  2 s t a r t i n g  a d d r e s s

C a l c u l a t e  d raw in g  t ime 
a t  new spe ed  s t e p

I n t e r r u p t  H and le r  R o u t i n e  2

no
peed s e t p o i n t  =

yes

R e tu rn

S t a r t

Send speed  s e t p o i n t  ou t

D e c rea s e  Speed s e t p o i n t

F ig .  3.33 F l o w c h a r t  o f  t h e  Tape re d  Wire Drawing  Program
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3 .7  -  The PRA T r a n sd u c e r

To im p lem e n t  a c l o s e d - l o o p  c o n t r o l  s y s te m  i n  which  t h e  c o n t r o l l e d  

v a r i a b l e  i s  t h e  PRA o f  t h e  w i r e  and t h e  m a n i p u l a t e d  v a r i a b l e  i s  t h e  

d raw ing  s p e e d ,  a t r a n s d u c e r  i s  needed  t o  make t h e  i n f o r m a t i o n  a v a i l a b l e  

f rom a m easu rem en t  o f  t h e  PRA. In  c l o s e d - l o o p  c o n t r o l ,  s i n c e  t h e  

a c c u r a c y  o f  t h e  sy s te m  o u t p u t ,  i . e . ,  t h e  q u a l i t y  o f  t h e  p r o d u c t  w i l l  be 

d e c id e d  by t h e  a c c u r a c y  w i t h  which  t h e  m e a s u re m e n t  i s  p e r f o r m e d ,  

em phas i s  must  be g iv e n  t o  t h e  deve lopm en t  o f  a  new m e a s u r in g  m ethod  w i t h  

d e s i r e d  a c c u r a c y .

As m en t ione d  b e f o r e ,  when t h e  w i r e  i s  p u l l e d  t h ro u g h  t h e  DRU, t h e r e  

i s  a po lymer  c o a t i n g  on t h e  s u r f a c e  o f  t h e  w i r e .  T h e r e f o r e  t h e  d i a m e t e r  

o f  t h e  w i r e  can n o t  be measured  w i t h  a c o n v e n t i o n a l  m e a s u r i n g  m ethod .  A 

method was dev e lo p e d  w i t h  which  t h e  r e d u c t i o n  i n  a r e a  o f  t h e  w i r e  c o u l d  

be m easu red .  The new d e s ig n  u t i l i s e s  two r o t a r y  s h a f t  e n c o d e r s ,  one on 

e a c h  s i d e  o f  t h e  DRU, a s  s how n  i n  F i g .  3*3^a.  The  e n c o d e r s  a r e  d r i v e n  by 

t h e  w i r e  b e in g  drawn v i a  f r i c t i o n  w h e e l s  mounted  on t h e  e n c o d e r  s h a f t s .  

The e n c o d e r s  g e n e r a t e  two t r a i n s  o f  p u l s e s  whose f r e q u e n c i e s  a r e  

p r o p o r t i o n a l  t o  t h e  s p e e d s  o f  t h e  w i r e  a t  t h e  i n l e t  and e x i t  o f  t h e  DRU 

r e s p e c t i v e l y .  The f lo w  c o n t i n u i t y  law g i v e s

v1 s1 = v2 s2

Where -  t h e  speed  o f  t h e  w i r e  a t  t h e  i n l e t  o f  t h e  DRU

V2 -  t h e  spe ed  o f  t h e  w i r e  a t  t h e  e x i t  o f  t h e  DRU

5 1 -  t h e  c r o s s  s e c t i o n  a r e a  o f  t h e  w i r e  b e f o r e  t h e  DRU

52 -  t h e  c r o s s  s e c t i o n  a r e a  o f  t h e  w i r e  a f t e r  t h e  DRU

So t h e  r e d u c t i o n  i n  a r e a  of  t h e  w i r e  i s  g i v e n  by

PRA « ( 1 -  S2 /  S-, ) * 100

= ( 1 -  V1 /  V2 ) * 100

By m e a s u r in g  t h e  sp e ed s  o f  V1 and V2 , t h e  m ic r o c o m p u te r  can  e a s i l y

c a l c u l a t e  t h e  PRA on  l i n e .
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3 . 7 . 1  -  Hardware

F i g .  3.34a shows t h e  s c h e m a t i c  d i a g r a m  o f  t h e  t r a n s d u c e r  and P l a t e  4 

shows i t s  a r r a n g m e n t  on t h e  bench.  The m a jo r  componen ts  o f  t h e  

t r a n s d u c e r  a r e  d e s c r i b e d  a s  f o l l o w s .

The r o t a r y  s h a f t  encoder  ( Type EA6-CW100 ) u s e d  was a s u b m i n i a t u r e  

o p t i c a l  i n c r e m e n t a l  e nc ode r  w i t h  r e s o l u t i o n  o f  100 p u l s e s  pe r  r e v o l u t i o n  

and b i - d i r e c t i o n a l  o u t p u t .  I t  p r o v id e d  a t r a i n  o f  p u l s e s  w i t h  a 

f r e q u e n c y  p r o p o r t i o n a l  t o  t h e  a n g u l a r  v e l o c i t y

A S c h m i t t  t r i g g e r  ( HEF 4093B ) u s e d  t o  shape  t h e  p u l s e  t r a i n  

r e c e i v e d  from t h e  encoder  t o  p roduce  a c l e a n  s q u a r e  wave a t  t h e  o u t p u t  

o f  t h e  p u l s e  s h a p e r .  The s q u a r e  wave was f e d  t o  a e- 4 f r e q u e n c y  d i v i d e r  

implem ented  on a 7 - b i t  b i n a r y  c o u n t e r  ( HEF 4024b ) a s  shown i n  

F i g .  3.35. T h i s  p r o v id e d  a v e r a g i n g  o f  t h e  i n d i c a t e d  s p e e d  o v e r  tw o  

e n c o d e r  p u l s e s .

To r e d u c e  t h e  i n f l u e n c e  o f  t h e  s t r a y  n o i s e  on t h e  s i g n a l  f rom t h e  

e n c o d e r ,  a 12 V power s u p p ly  was r e q u i r e d  f o r  t h e  e n c o d e r s .  The o u t p u t s  

o f  t h e  d i v i d e r s ,  however ,  c o u ld  n o t  be d i r e c t l y  c o n n e c t e d  t o  t h e  MC6840, 

b e c a u s e  t h e  MC6840 r e q u i r e d  a TTL v o l t a g e .  Hence o p t o i s o l a t o r s  

( Q u a d t r a n s i s t o r  307-064 ) were i n t e r p o s e d  b e tw e e n  t h e  p u l s e  g e n e r a t i n g  

c i r c u i t  and t h e  MC6840. In  a d d i t i o n  t o  t h e  f u n c t i o n  of  v o l t a g e  m a t c h i n g ,  

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

The MC6840 was used t o  coun t  t h e  p u l s e s  f rom t h e  e n c o d e r s .  The 

MC6840 was a programmable  subsys tem  component  o f  t h e  MC6800 f a m i l y  

d e s i g n e d  t o  p r o v id e  v a r i a b l e  s y s te m  t i m e  i n t e r v a l s .

The MC6840 has  t h r e e  16 - b i t  b i n a r y  c o u n t e r s  ( t i m e r  1 - 3  ) ,  t h r e e  

c o r r e s p o n d i n g  c o n t r o l  r e g i s t e r s  ( CR 1-3 ) ,  and a s t a t u s  r e g i s t e r  ( SR ) .  

These  c o u n t e r s  a r e  under  s o f t w a r e  c o n t r o l  and may be u s e d  t o  c a u s e  

s y s t e m  i n t e r r u p t s  or  g e n e r a t e  o u t p u t  s i g n a l s .  The MC6840 may be u t i l i z e d  

f o r  such  t a s k s  as  f r e q u e n c y  m e a s u r e m e n ts ,  e v e n t  c o u n t i n g ,  i n t e r v a l
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m e a s u r in g ,  and s i m i l a r  t a s k s .  The d e v ic e  may be used  f o r  s q u a r e  wave 

g e n e r a t i o n ,  g a t e d  d e l a y  s i g n a l s ,  s i n g l e  p u l s e  o f  c o n t r o l l e d  d u r a t i o n ,  

and p u l s e  w i d t h  m o d u l a t i o n  as  w e l l  a s  sys te m  i n t e r r u p t s .  Here i t  i s  u sed  

t o  m ea s u re  t h e  puls 'e  w i d t h .

The i n t e r f a c e  o f  t h e  MC6840 c h i p  t o  MC68000 bus  i s  shown i n  

Fig.  3.35 and Ta b le  3.8 g i v e s  t h e  r e g i s t e r  a d d r e s s i n g  c o n c e r n e d .

T ab le  3 .8

R e g i s t e r s e l e t e d a d d r e s s O p e r a t i o n

Address A3
RS2

A2
RS1

A1
RSO

AO R/W = 0 R/W = 1

$30050 0 0 . 0 0 CR20=0 W ri t e  CR3 
CR20=1 W r i t e  CR1

No o p e r a t i o n

$30052 0 0 1 0 W ri t e  CR2 Read SR
$30054 0 1 0 0 W r i t e  MSB b u f f e r  

r e g i s t e r
Read c o u n t e r  1

$30056 0 1 1 0 W r i t e  t i m e r  1 
l a t c h e s

Read LSB b u f f e r  
c o u n t e r

$30058 1 0 0 0 W ri te  MSB b u f f e r  
r e g i s t e r

Read c o u n t e r  1

$3005A 1 0 1 0 W r i t e  t i m e r  2 
l a t c h e s

Read LSB b u f f e r  
c o u n t e r

Note:  Because t h e  MC6840 i n t e r f a c e s  i n t o  t h e  l o w e r  e i g h t  b i t s  o f  

t h e  d a t a  b u s ,  odd a d d r e s s e s  must be used  when t h e  m i c r o p r o c e s s o r  

a c c e s s e s  t o  t h e  MC6840.

By p r o p e r l y  p rogram ming  t h e  c o n t r o l  r e g i s t e r  CR1 and CR2, t i m e r  1 

and t i m e r  2 were  d e f i n e d  i n t o  p u l s e  w i d t h  c o m p a r i s o n  mode. T a b le  3*9 

e x p l a i n s  t h e  d e f i n i t i o n  o f  t h e  CR1 and CR2.
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I n t e r r u p t  f l a g  Normal  16 b i t  c o u n t i n g  mode
e n a b l e

f
0 1 0  1 1 0  1 1 ■*“ CR1 may be w r i t t e n

r
Timer 2 u s e s  Enable  c lo c k

P u l s e  w i d t h  com par i son  mode, i n t e r r u p t  
i f  Gate  |__ | i s  < c o u n t e r  t im e r  ou t

a )  C o n t r o l  R e g i s t e r  2 b i t s

0

A l l  t i m e r s  a l low e d  t o  o p e r a t e

b)  C o n t r o l  R e g i s t e r  1 b i t s

T a b le  3-9

I n  t h i s  c a s e ,  t i m e r  1 and t i m e r  2 were programmed t o  m ea s u re  t h e  

w id th  o f  t h e  p u l s e s  a t  t h e  Gate  i n p u t s .  A f t e r  a w r i t e  t i m e r  l a t c h  

command was i s s u e d ,  a n e g a t i v e  t r a n s i t i o n  o f  t h e  Gate  i n p u t  e n a b l e d  t h e  

c o u n t e r  t o  d e c re m e n t  on each  c l o c k  s i g n a l  r e c o g n i z e d  ( Enab le  c l o c k  

*1*10^ Hz ),  and p o s i t i v e  t r a n s i t i o n  o f  Gate i n p u t  would t e r m i n a t e  t h e  

c o u n t .  Thus,  t h e  p u l s e  w i d t h  co u ld  be c a l c u l a t e d  from t h e  r e a d i n g  o f  t h e  

c o u n t e r  and t h e  f r e q u e n c y  o f  t h e  Enab le  c lock .  The f o l l o w i n g  exam ple  

w i l l  r e v e a l  t h e  p rogram ming  method f o r  t h e  MC6840.

INI: MOVE.B #$5B, $30053 *
MOVE.B #$5A, $30051 ; s e t  CR1 and CR2 i n t o  p u l s e  

; w id th  c o m pa r i son  mode
MOVE.B #$FF, $30055
MOVE.B #$FF, $30057 ; Counte r  1 = $FFFF
MOVE.B #$FF, $30059 9

MOVE.B #$FF, $3005B ; Counte r  2 = $FFFF

When n e g a t i v e  t r a n s i t i o n s  a p p e a r e d  a t  Gate 1 and Gate 2 i n p u t s ,  

c o u n t e r  1 and c o u n t e r  2 s t a r t e d  t o  de c re m e n t  on each Enab le  c l o c k  

r e c o g n i z e d ,  and p o s i t i v e  t r a n s i t i o n s  o f  Gate 1 and Gate 2 i n p u t s  would 

t e r m i n a t e  t h e  c o u n t ,  F ig .  3 . 3 ^  shows t h e  t i m i n g  d i a g r a m .  I f  t h e  r e a d i n g
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f rom c o u n t e r  1 and c o u n t e r  2 a r e  $FBDF and $FC42 r e s p e c t i v e l y ,  t h e  p u l s e  

w i d t h  w i l l  be

T1 = $420 /  400000 = 1056 /  400000 = 2 .64  ms 

and T2 = $3BD /  4000 0 0  = 957 /  400000  = 2.39 ms

R o t a t i n g  Disc R o t a t i n g  D isc
Wi re

Encoder  1 Encoder  2

DRU

+ 5V

Schmi t 
t r  i g g e r

+ 5V

Schmi t 
t r i gge r

Frequencv 
d i v i d e r O p t o - i s o l a t o r

a

Encoder

F r e q u e n c y  D i v i d e r

MC6840
C oun te r

b

F ig .  3.34 a)  The Scheme f o r  t h e  R e d u c t io n  i n  Area T r a n s d u c e r
b) The Timing Diagram
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P la te  4

The T method [22] was used fo r  pulse  t r a i n  process ing ,  i . e . ,  the 

d e tec t in g  t ime was the width of the pulses  rece ived  from the encoders.  

However, with  t h i s  method the measuring accuracy decreases  as the  speed 

inc reases .  At the h ighes t  drawing speed of 1.3 ms- 1 , the  frequency of the 

pulses  reaches  i t s  maximum value

^max = ^max^^O /  L = 1 300 Hz 

Where L i s  the c ircumference of the  r o t a t i n g  wheel and L=100 mm. Noting 

th a t  the frequency i s  d ivided by 4 and the width  of the  pu lses  i s
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m ea s u red ,  we have

CB = 2 Fc /  Fmax = 615 

Where CB i s  t h e  c o u n t i n g  number d u r i n g  t h e  d u r a t i o n  o f  one p u l s e  w i d t h ,

and Fc t h e  f r e q u e n c y  o f  t h e  c o u n t i n g  c l o c k ,  Fc = ^00 kHz. Then t h e  

maximum p o s s i b l e  e r r o r  i n  m ea su rem e n t  i s  g iv e n  by 

E r r o r  = 1  /  615 = 0 . 1 6 %

S i m i l a r l y  a t  t h e  l o w e s t  d r a w in g  s p e ed  o f  0.1 m s" 1 , t h e  minimum

f r e q u e n c y  o f  t h e  p u l s e  i s

Fmin = vmin * 100 /  L = 100 Hz 

Thus ,  t h e  maximum d e t e c t i n g  t i m e  i s  20 ms.

3 . 7 . 2  -  On L in e  P e r c e n t a g e  R e d u c t io n  i n  Area I n d i c a t o r

I n  t h i s  c a s e ,  t h e  t r a n s d u c e r  i n t e r f a c e d  w i t h  t h e  MC68000 f a c i l i t a t e d  

an on l i n e  i n d i c a t i o n  o f  t h e  p e r c e n t a g e  r e d u c t i o n  i n  a r e a s  d u r i n g  t h e

w i r e  d ra w in g  p r o c e s s .  The m ic r o c o m p u te r  c a l c u l a t e d  t h e  a c t u a l  PRA from

t h e  m easu rem en t  o f  t h e  t r a n s d u c e r  and showed t h e  v a l u e  o f  t h e  PRA on t h e  

s c r e e n  f o r  e v e r y  g iv e n  p e r i o d .  A v e r y  s i m p l e  p rogram  l o o p  was used  t o  

work from s a m p l in g  d a t a  t o  s e n d i n g  t h e  PRA t o  t h e  VDU. F ig .  3*36 shows 

t h e  f l o w c h a r t  o f  t h e  p rogram and t h e  l i s t i n g  o f  t h e  p rogram  i s  g i v e n  i n  

Appendix  7.

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

I n t e r r u p t  e n a b l e

Wait  f o r  i n t e r r u p t

Main Program

F ig .  3.36 F l o w c h a r t  o f  t h e  Program f o r  t h e  PRA I n d i c a t o r
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I n t e r r u p t  H and le r  R ou t ine

yes

no

yes

no

Sample d a t a ?

P r i n t  t h e  PRA on t h e  s c r e e

R e tu rn

R e tu rn

Send d a t a  t o  
s c r e e n

D i g i t a l  f i l t e r

C a l c u l a t e  t h e  PRA

E n a b le  n e x t  i n t e r r u p t

Send i n i t i a l  numbers  
t o  t im e r  1 and 2

Read d a t a  f rom t i m e r  1 
and t i m e r  2

F ig .  3.36 F l o w c h a r t  o f  t h e  Program f o r  t h e  PRA I n d i c a t o r

In  d e t e r m i n i n g  t h e  l o w e s t  d r a w in g  s p e ed ,  a MO ms s a m p l in g  p e r i o d  was 

employed.  An i n i t i a l  v a l u e  o f  $FFFF was s e n t  t o  each t i m e r  and t h u s  t h e  

t i m e r  was e n a b le d  t o  s t a r t  c o u n t i n g .  I f  t h e  c o u n t i n g  v a l u e s  o f  t h e  t i m e r  

1 and t i m e r  2 were N-j and N2  r e s p e c t i v e l y ,  t h e n  

PRA = ( 1 -  N2 /  N1 )*100 

The a r i t h m e t i c  a v e r a g e  o f  t h e  l a s t  10 s a m p le s  was used  a s  t h e  

a l g o r i t h m  o f  a d i g i t a l  f i l t e r .  To show t h e  v a l u e  o f  t h e  PRA i n  d e c i m a l  

n o t a t i o n  on t h e  s c r e e n ,  two TRAP 1M h a n d l e r  r o u t i n e s  p r o v i d e d  by t h e  

MC68000 r e s i d e n t  f i r m w a r e  package  were used. One was HEX2DEC which  

c o n v e r t e d  8 b i t  hex number found  i n  r e g i s t e r  DO t o  t h e  e q u i v a l e n t  

de c im a l  number ,  t h e  o t h e r ,  OUTICR, o u t p u t  a s t r i n g  t o  t h e  VDU. The 

number o f  t h e  PRA in  d e c i m a l  was o f  3 c h a r a c t e r s ,  t e n s ,  u n i t s ,  and 

t e n t h s ,  w i t h  t h e  de c im a l  p o i n t  i m p l i e d .
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3 . 7 . 3  -  C losed -Loop  C o n t r o l  System

I n  t h i s  c o n f i g u r a t i o n ,  t h e  m ic ro co m p u te r  c a l c u l a t e d  t h e  PRA from t h e  

measurement  o f  t h e  t r a n s d u c e r ,  compared t h e  c a l c u l a t e d  v a l u e  w i t h  t h e  

PRA s e t p o i n t  t o  f i n d  t h e  e r r o r ,  and d e t e r m i n e d  t h e  m a n i p u l a t e d  s i g n a l  t o  

c o n t r o l  t h e  d r a w in g  speed  t o  b r i n g  th e  PRA t o  i t s  s e t p o i n t  v a l u e .

The t h e o r e t i c a l  a n a l y s i s  i n  c h a p t e r  2 o n l y  p r o v i d e d  a s t e a d y  s t a t e  

model  o f  t h e  d i e l e s s  w i r e  d raw ing  p r o c e s s .  F i g s .  3 .37a and b show some 

e x p e r i m e n t a l  r e s u l t s  o f  t h e  dynamic c h a r a c t e r i s t i c s  o f  t h e  d i e l e s s  w i r e  

d raw in g  p r o c e s s ,  i n  which  t h e  d raw ing  spe ed  i n c r e a s e s  l i n e a r l y  and t h e  

PRA a l s o  f o l l o w s  t o  i n c r e a s e  l i n e a r l y .  Compared w i t h  t h e  t i m e  c o n s t a n t s  

o f  t h e  d r i v e  e l e m e n t s ,  t h e  d i e l e s s  w i r e  d r a w in g  p r o c e s s  h a s  a  r e l a t i v e l y  

s m a l l  t i m e  c o n s t a n t ,  and t h u s  t h e  d i e l e s s  w i r e  d r a w in g  p r o c e s s  may be 

assumed t o  be a p r o p o r t i o n a l  e le m e n t .  The t r a n s d u c e r  a l s o  i s  a 

p r o p o r t i o n a l  e l e m e n t  and t h e  h y d r a u l i c  d r i v e  s y s t e m  i s  a s e c o n d  o r d e r  

sys tem .  Thus ,  t h e  b lo ck  d iag ram of  t h e  c o n t r o l  s y s t e m  i s  a s  shown i n  

F i g .  3 . 3 8 .

In  F ig .  3*38, t h e  g a in  K of  t h e  p r o c e s s  i n c l u d i n g  t h e  h y d r a u l i c  

d r i v e  s y s t e m ,  t h e  d i e l e s s  w i r e  d raw in g  p r o c e s s ,  t h e  t r a n s d u c e r ,  and t h e  

i n t e r f a c e  c i r c u i t  was s e t  t o  1. A p r o p o r t i o n a l  c o n t r o l l e r  w i t h  g a i n  Kp=i 

was s i m p l y  employed  t o  im plem ent  t h e  c l o s e d - l o o p  c o n t r o l  s y s t e m .  The 

s t e a d y  e r r o r  c o u ld  be e l i m i n a t e d  by i n t e n t i o n a l l y  o f f - s e t t i n g  t h e  v a l u e ■ 

o f  t h e  s e t p o i n t .  I n  t h i s  c a s e ,  t h e  s e t p o i n t  was 2*PRA, w h e re  t h e  PRA was 

t h e  d e s i r e d  v a l u e .  The a l g o r i t h m  f o r  d i g i t a l  f i l t e r i n g  was t o  c a l c u l a t e  

t h e  a r i t h m e t i c  a v e r a g e  of  5 l a s t  sampled  d a t a .  F ig .  3.39 shows t h e  

f l o w c h a r t  o f  t h e  program f o r  d raw ing  t h e  w i r e  o f  a u n i f o r m  d i a m e t e r  and 

t h e  p rogram l i s t i n g  i s  g iv en  i n  Appendix 8.
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1 . 0 “T Drawing Speed m/s

12
Time Second

(a )

PRA

1 2 -

10
T ime Second

(b)
Fig .  3.37 a)  The Speed I n p u t  of  t h e  D i e l e s s  Wire Drawing  P r o c e s s  

b) The PRA o u t p u t  o f  t h e  D i e l e s s  Wire  Drawing  P r o c e s s
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Z.O.H.S e t p o i n t The PRA 
o u t p u t

F i g .  3 .38  Block Diagram o f  t h e  Closed-Loop Speed C o n t r o l  System

F i l t e r i n g

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

Send c o n t r o l  o u t

C a l c u l a t e  t h e  PRA

p r o p o r t i o n a l  c o n t r o l

20 ms t ime d e l a y  s u b r o u t i n e

Sampling  d a t a  
Enab le  t i m e r  1 and t i m e r  2

Read d a t a  from t h e  t i m e r  c o u n t e r s  
and LSB b u f f e r  r e g i s t e r s

Fig .  3.39 The F l o w c h a r t  o f  t h e  C l o s e d - l o o p  C o n t r o l  Sys tem

1 2 2



3 .8  -  R e s u l t s  and D i s c u s s i o n  

T e s t  P r o c e d u r e

The f o l l o w i n g  p r o c e d u r e  was f o l l o w e d  t o  c a r r y  o u t  a t e s t .  The power 

s u p p l i e s  f o r  h e a t e r  bands and o t h e r  i n s t r u m e n t a t i o n  were  f i r s t  s w i t c h e d  

on. The u s e r  program was l o a d e d  i n t o  t h e  m ic r o c o m p u te r  f rom a t a p e  and 

t h e  p rogram was e x e c u t e d  from i t s  s t a r t i n g  a d d r e s s  by an e x e c u t i o n  

command. F o l l o w i n g  t h e  prompt  on t h e  s c r e e n ,  t h e  o p e r a t o r  i n p u t  t h e  

s p e c i f i c a t i o n  v i a  t h e  keyboard ,  and t h e n  t h e  program e x e c u t i o n  was 

r e s t a r t e d .  The t e m p e r a t u r e  o f  t h e  polymer  m e l t  i n  t h e  po lymer  hoppe r  and 

chamber were  c o n t r o l l e d  by t h e  m ic rocom pu te r  a t  t h e  p r e s e t  v a l u e s .  A f t e r  

80 m i n u t e s  f o r  t e m p e r a t u r e  t o  r e a c h  a u n i fo rm  d i s t r i b u t i o n  s t a t e ,  w i r e  

f rom t h e  c o i l  was p a s se d  th ro u g h  t h e  g u i d e s  and ove r  t h e  p u l l e y  b e f o r e  

b e i n g  i n s e r t e d  and p u l l e d  t h ro u g h  t h e  PRA t r a n s d u c e r  and t h e  DRU, t h e n  

wound o n t o  t h e  b u l l  b lock .  The a i r  p r e s s u r e  was pu t  on,  t h e  h y d r a u l i c  

pump was s t a r t e d  and t h e  p r e s s u r e  v a lv e  was t u r n e d  down t o  b u i l d  

h y d r a u l i c  p r e s s u r e  up t o  100 p s i .  Again t h e  c o n t r o l  program e x e c u t i o n  

was r e s t a r t e d  and t h e  w i r e  d raw in g  p r o c e s s  s t a r t e d .

R e s u l t s

The h y d r a u l i c  motor  c o n t r o l l e d  by t h e  m ic r o c o m p u te r  o p e r a t e d  

sm o o th ly  a t  i t s  s pe ed  s e t p o i n t  and t h e  p e r f o r m a n c e  o f  t h e  s p e ed  c o n t r o l  

s y s te m  was show n  by t h e  s p e e d  s t e p  r e s p o n s e  i n  F i g .  3*30 ( p .  1 0 3 ) .  The 

0.M p e r c e n t  q u a n t i z a t i o n  e r r o r  c ou ld  l e a d  t o  a h u n t i n g  p rob lem  a t  s lo w  

spe ed  i n  which  t h e  s y s te m  o u t p u t  v a r i e d  be tw een  two d i s c r e t e  p o s i t i o n s  

a b o u t  t h e  p a r t i c u l a r  s e t p o i n t .  Th i s  h u n t i n g  p rob lem  was n o t  o f  much 

p r a c t i c a l  i m p o r t a n c e  s i n c e  t h e  motor  u s u a l l y  o p e r a t e d  a t  h i g h  s p e e d  f o r  

maximum PRA . Even i n  t h e  t a p e r e d  w i r e  d r a w in g  p r o c e s s  i n  w h ic h  t h e  

d raw ing  speed  v a r i e d  in  a r a t h e r  wide r a n g e  and t h e  h u n t i n g  p rob le m
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o c c u r r e d ,  t h e  e r r o r  c a u s e d  by t h e  h u n t i n g  was s t i l l  w i t h i n  t h e  a l l o w e d  

r a n g e  o f  ±2 p e r c e n t .  F ig .  3-40 shows t h e  spe ed  /  t i m e  r e s p o n s e  o f  t h e  

h y d r a u l i c  m oto r  d u r i n g  a t a p e r e d  w i r e  d r a w in g  p r o c e s s ,  i n  wh ich  t h e  

s pe ed  r a n g e  i s  s e t  f rom 0.02 ms"' '  t o  1.14 ms”  ̂ and t h e  t o t a l  d r a w in g  

t im e  i s  a b o u t  5 s e c o n d s .

S t a r t  d r a w in g  
p r o c e s s

F i n i s h  d raw in g  
p r o c e s s

I n c r e a s e  d ra w in g  
sp eed  t o  0.02 m/s

Fig .  3.40 Speed /  Time Response Dur ing  a Tape red  Wire  Drawing  P r o c e s s

The t e m p e r a t u r e  o f  t h e  po lymer  b o th  i n  t h e  po lymer  hoppe r  and m e l t  

chamber  was c o n t r o l l e d  t h e r m o s t a t i c a l l y  a t  i t s  p r e s e t  l e v e l  t o  w i t h i n  

±3°C v a r i a t i o n s  and t h e  e x p e r i m e n t a l  r e s u l t s  showed t h a t  w i t h  t h i s  

a c c u r a c y ,  t h e  r e q u i r e m e n t  of  p r o d u c in g  p r o d u c t s  o f  t h e  c o r r e c t  q u a l i t y  

was m e t .

Dur ing  t h e  d r a w in g  p r o c e s s  w i t h  a c o n s t a n t  s p e e d ,  t h e  PRA i n d i c a t o r  

worked w e l l  o v e r  a wide  m easu rem en t  r a n g e  from l e s s  t h a n  1 p e r c e n t  t o  

t h e  maximum p e r c e n t a g e  r e d u c t i o n  i n  a r e a .  In  p a r t i c u l a r ,  a t  h i g h  d r a w i n g  

sp e ed ,  t h e  f l u c t u a t i o n  o f  t h e  r e a d i n g  o f  t h e  i n d i c a t o r  was v e r y  s m a l l .  

P l a t e  5 shows two p u l s e  t r a i n s  f rom e n c o d e r s  1 and 2 r e s p e c t i v e l y  a t  a 

d raw ing  s p e e d  o f  a b o u t  1 m s"1 , and a  r e d u c t i o n  i n  a r e a  o f  a b o u t  10
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p e r c e n t .  The d i f f e r e n c e  be tween  t h e  p e r i o d s  o f  t h e  two  p u l s e  t r a i n s  i s  

c l e a r l y  e v i d e n t .  However ,  when a r a p i d  change  o c c u r r e d  i n  d r a w i n g  s p e e d ,  

t h e  r e a d i n g  o f  t h e  i n d i c a t o r  f l u c t u a t e d  s e r i o u s l y  and o n l y  a f t e r  a 

r e l a t i v e l y  l o n g  p e r i o d ,  d i d  i t  become s t a b l e  a g a in .  The m os t  s e r i o u s  

c a s e  o f  t h e  m easu rem en t  f l u c t u a t i o n  i s  i l l u s t r a t e d  i n  F i g .  3.^1* Here 

a f t e r  a r a p i d  change  i n  t h e  d raw in g  s p e ed  as  shown i n  F ig .  3.25 

(p. 96) ,  t h e  r e a d i n g s  o f  the  i n d i c a t o r  f l u c t u a t e d  ove r  a  w ide  r a n g e .  In  

F ig .  3*^1, a l l  t h e  r e a d i n g s  above 11.6 p e r c e n t  a r e  f a u l t y  and  t h e  a c t u a l  

m easu red  v a l u e s  o f  t h e  PRA d u r in g  t h i s  p r o c e s s  neve r  showed l a r g e r  

v a l u e s  t h a n  11.6 p e r c e n t .  The main prob lem c a u s i n g  t h i s  f a u l t y ,  r e a d i n g  

s temmed from t h e  m e c h a n ic a l  d r i v i n g  p a r t s .  The e n c o d e r  was d r i v e n  by w i r e  

t h r o u g h  a " f r i c t i o n ” c o n t a c t .  Dur ing  t h e  p r o c e s s  o f  a r a p i d  change  i n  

d raw ing  s p e e d ,  b e c a u s e  o f  t h e  i n e r t i a  o f  t h e  e n c o d e r  and t h e  d r i v i n g  

d i s c ,  s l i p  b e tw e en  t h e  w i r e  and t h e  d i s c  m igh t  o c c u r .  D u r in g  t h e  p r o c e s s  

o f  a s lo w  change in  d r aw ing  s p e e d ,  t h e  i n d i c a t o r  m a i n t a i n e d  t h e  c o r r e c t  

r e a d i n g .

The f l u c t u a t i o n  i n  r e a d i n g s  d u r i n g  t h e  p r o c e s s  o f  a r a p i d  change  i n  

d raw in g  spe ed  gave r i s e  t o  d i f f i c u l t i e s  i n  u s i n g  t h i s  t r a n s d u c e r  t o  

implement  a c l o s e d  lo o p  c o n t r o l  s y s te m .  Some c a u t i o n  had t o  be e x e r c i s e d  

i n  o r d e r  t o  r e d u c e  t h e  o s c i l l a t i o n  d u r i n g  t h e  t r a n s i e n t  p a r t  o f  t h e  

p r o c e s s .  A d i g i t a l  f i l t e r i n g  method was employed i n  s a m p l e d  d a t a  

p r o c e s s i n g .  Even s o ,  t h e  f i n a l  c l o s e d  l o o p  c o n t r o l  s y s t e m  a p p e a r e d  n o t  

t o  work a s  w e l l  as  e x p e c t e d ,  and i t s  p e r f o r m a n c e  d i d  n o t  m ee t  t h e  

r e q u i r e m e n t  o f  d r a w in g  t h e  t a p e r e d  w i r e .

A q u a l i t a t i v e  t e s t  was conduc te d  t o  examine  t h e  p r o d u c t s  u s i n g  

d i e l e s s  w i r e  d r a w in g  method c o n t r o l l e d  by m ic r o c o m p u te r .  The r e s u l t s  o f  

t h e  t e s t  showed t h a t  t h e  PRA k e p t  c l o s e  t o  t h e  d e s i r e d  v a l u e  w i t h  ±2 

p e r c e n t  a l l o w e d  e r r o r s  o v e r  long  l e n g t h .  A l s o ,  t h e  f l u c t u a t i o n  o f  t h e  

m easu red  d i a m e t e r  o f  t h e  p r o d u c t s  was v e r y  l i t t l e ,  and c l o s e  t o  t h a t
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m easured  i n  t h e  o r i g i n a l  w i r e  d i a m e t e r ,  s o  t h e  p r o d u c t s  had good 

u n i f o r m i t y  i n  d i a m e t e r .  F i g s .  3*^2 t o  3.^5 show some r e s u l t s  o f  t h e  

t a p e r e d  w i r e s  p r o d u c e d ,  f rom  t h e  v a r i a t i o n s  o f  t h e  PRA v e r s u s  t h e  l e n g t h  

o f  t h e  p roduced  w i r e s ,  t h e  u n i f o r m i t y  o f  t h e  change  i n  t h e  a r e a  o f  t h e  

t a p e r e d  w i r e s  i s  d e m o n s t r a t e d .

P l a t e  5 P u l s e  t r a i n s  f rom E nc ode rs  
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D i s c u s s i o n

The d e s i g n  o f  t h e  s p e e d  and  t h e  t e m p e r a t u r e  c o n t r o l  s y s t e m s  was 

p r i m a r i l y  b a s e d  on  t h e  r e q u i r e m e n t  o f  ±2 p e r c e n t  a l l o w e d  e r r o r  i n  t h e  

a r e a  o f  t h e  p ro d u ce d  w i r e .  The t a c h o g e n e r a t o r  i n t r o d u c e d  t h e  main  e r r o r  

t o  t h e  c o n t r o l  s y s t e m  and  t h e  8 - b i t  DAC and ADC w i t h  0.4 p e r c e n t  

r e s o l u t i o n  a l s o  added  some e r r o r  i n t o  t h e  s y s te m .  For h i g h  q u a l i t y  o f  

p r o d u c t s ,  t h e  p e r f o r m a n c e  o f  t h e  s y s te m  can be e a s i l y  im proved  by u s i n g  

d i g i t a l  s p e ed  m e a s u re m e n t  a p p ro a c h  o r  10 b i t  ADC and DAC. However ,  t h e  

c o m p l e x i t y  o f  t h e  s y s t e m  w i l l  be i n c r e a s e d  and o n l y  f o r  s p e c i a l l y  h i g h  

q u a l i t y  o f  p r o d u c t s  would t h i s  improvement  need t o  be c o n s i d e r e d .

T a p e r e d  w i r e s  w i t h  d i f f e r e n t  s i z e  cou ld  be e a s i l y  p roduce d  by t h i s  

d i e l e s s  w i r e  d r a w i n g  m ethod .  To d a t e  no o t h e r  method u s i n g  c o n v e n t i o n a l  

w i r e  d r a w i n g  f o r  t h e  p r o d u c t i o n  o f  t a p e r e d  w i r e s  has  been r e p o r t e d .

The PRA i n d i c a t o r  worked w e l l  under  s t e a d y - s t a t e  c o n d i t i o n s ,  b u t  

f l u c t u a t i o n  i n  r e a d i n g s  o c c u r r e d  unde r  t r a n s i e n t  c o n d i t i o n s .  To e n a b l e  a 

c l o s e d - l o o p  c o n t r o l  sy s te m  w i t h  good pe r fo rm a nc e  t o  be b u i l t  u s i n g  t h e  

PRA a s  a f e e d b a c k  s i g n a l ,  t h e  m e c h a n ic a l  components  o f  t h e  t r a n s d u c e r  

r e q u i r e  some r e d e s i g n .
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4.1 -  D i g i t a l  PID C o n t r o l l e r s

One o f  t h e  m os t  w i d e l y  u s e d  c o n t r o l l e r s  i n  t h e  d e s i g n  o f  

c o n t i n u o u s - d a t a  c o n t r o l  s y s t e m s  i s  t h e  PID c o n t r o l l e r ,  whe re  PID s t a n d s  

f o r  p r o p o r t i o n a l  + i n t e g r a l  + d e r i v a t i v e  c o n t r o l .  F ig .  4.1 shows t h e  

b l o c k  d i a g r a m  o f  a t y p i c a l  c o n t i n u o u s - d a t a  PID c o n t r o l l e r  a c t i n g  on an 

e r r o r  s i g n a l  e ( t ) .  The t r a n s f e r  f u n c t i o n  o f  t h e  c o n t r o l l e r  i s  g i v e n  by 

e q u a t i o n  (4 .1 )

U ( s )  = (Kp + 111 + K p s)  E ( s ) ^  1

( s )

sKi

F i g .  4.1 A Con t inuous—Data  PID C o n t r o l l e r

T h e re  a r e  s e v e r a l  PID c o n t r o l l e r s  w i t h  d i f f e r e n t  s t r u c t u r e s  up t o  

t h e  p o i n t  where  t h e  o n l y  r e m a i n i n g  common f e a t u r e  i s  t h e  i n t e g r a l  a c t i o n  

o v e r  t h e  e r r o r .  We w i l l  c o n s i d e r  h e r e  t h e  b a s i c  s t r u c t u r e [ 2 3 ] , g i v e n  by 

e q u a t i o n  (4.2 )

u(S) - K Pu  ^ T k  + r ^ i )E(s) (*-2)
N

where  Kp , T j  , Tp a r e  p r o p o r t i o n a l  g a i n ,  i n t e g r a l  t i m e ,  and  d e r i v a t i v e  

t im e  r e s p e c t i v e l y ,  N i s  a c o n s t a n t  >>1.

The same p r i n c i p l e  of  t h e  PID c o n t r o l  can be a p p l i e d  t o  d i g i t a l  

c o n t r o l  and t h e r e  i s  a number o f  ways t o  i m p le m e n t  a PID d i g i t a l
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c o n t r o l l e r .  For  e x a m p le ,  t a k i n g  Z - t r a n s f o r m s  on b o t h  s i d e s  o f  

e q u a t i o n  (4.2) ,  we have t h e  d i s c r e t e - d a t a  t r a n s f e r  f u n c t i o n  o f  t h e  PID 

d i g i t a l  c o n t r o l l e r ,  i . e .

°  n £  1 Z —  ̂
U ( t )   ------     E ( t )  ( 4 . 3 )

(1 -  Z_ 1 ) ( l  * h i Z- 1 )

where g0 = (N + 1 )Kp
-TN
Td T .

g i  = “ Kp (1 + e + 2N -  — )

-TN T -TN
g2 = Kp(N + e TD - Tx e T °)

hi  = -  e
-TN

td

and T i s  t h e  s a m p l i n g  p e r i o d

A f t e r  p e r f o r m i n g  c r o s s  m u l t i p l i c a t i o n ,  t h e  v e l o c i t y  fo rm  o f  PID 

c o n t r o l l e r  i s  g i v e n  by

u ( t ) ( 1  + h 1Z“ 1) = ( g 0 + g ^ " 1 + g 2Z- 2 ) E ( t )  ( 4 . 4 )

/ - I nor  ,, x G ( Z ) ^ ^  ^
U ( t  ) = ---------7 -  E ( t )

H (Z )

where u ( t )  = (1 -  Z_1)U(t)

G U ' 1) = g 0 + g l Z ' 1 + g 2Z ' 2

and H ( Z ' 1) = 1 + h ^ -1

The PID c o n t r o l l e r  can be e a s i l y  im p l e m e n te d  by a  p rog ram  i n  a 

d i g i t a l  co m p u te r  and a  number of  a l t e r n a t i v e s  t o  t h e  PID c o n t r o l l e r  

d e s c r i b e d  by e q u a t i o n  (4 .4)  a r e  a v a i l a b l e ,  [ 2 4 ]  [ 2 5 ] .

4 .2  -  S e l f - T u n i n g  C o n t r o l l e r s

I n  r e c e n t  y e a r s ,  a g r e a t  d e a l  o f  a t t e n t i o n  h a s  been  f o c u s s e d  on 

a d a p t i v e  c o n t r o l .  S e l f - t u n i n g  c o n t r o l l e r s  r e p r e s e n t  an i m p o r t a n t  c l a s s  

o f  a d a p t i v e  c o n t r o l l e r s ;  t h e y  a r e  e a s y  t o  im p l e m e n t  and  a p p l i c a b l e  t o  

p r o c e s s e s  w i t h  a  wide v a r i e t y  of  c h a r a c t e r i s t i c s :  unknown p a r a m e t e r s ,
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t h e  p r e s e n c e  o f  t i m e  d e l a y ,  t i m e - v a r y i n g  p r o c e s s  dynam ics  and s t o c h a s t i c  

d i s t u r b a n c e s .  The aim of  t h e  s e l f - t u n i n g  a l g o r i t h m  i s  t o  c a r r y  o u t  t h e  

s y n t h e s i s ,  i m p l e m e n t a t i o n  and v a l i d a t i o n  o f  a d i g i t a l  c o n t r o l l e r  i n  an 

o n - l i n e  manner .  I n  i t s  e s s e n t i a l  f o rm ,  a  s e l f - t u n i n g  c o n t r o l l e r  c o m b in e s  

t h e  s e q u en c e  o f  i d e n t i f i c a t i o n ,  c o n t r o l l e r  s y n t h e s i s  and i m p l e m e n t a t i o n  

a s  shown i n  F ig .  4.2. The sequence  i s  c a r r i e d  o u t  a t  e a c h  s a m p l i n g  

i n t e r v a l  and p r o c e e d s  in  an i t e r a t i v e  manner u n t i l  t h e  c o n t r o l l e r  

c o e f f i c i e n t s  a c h i e v e  s t e a d y  v a l u e s ,  a t  which  p o i n t  t h e  i d e n t i f i c a t i o n  

and s y n t h e s i s  s t a g e s  a r e  s to p p e d .

System

C o n t r o l l e r

P a r a m e te r  e s t i m a t i o n

C o n t r o l  law s y n t h e s i s

F i g .  4 .2  The S e l f - T u n i n g  Sequence

The f i r s t  m a jo r  deve lopm ent  w i t h i n  t h i s  c l a s s  o f  c o n t r o l l e r s  was  t h e  

s e l f - t u n i n g  r e g u l a t o r  (STR) d e s ig n e d  t o  m a i n t a i n  a c o n s t a n t  s e t p o i n t  

i n  t h e  f a c e  o f  unmeasured  d i s t u r b a n c e s  [ 2 6 ]  [ 2 7 ] .  The t e c h n i q u e  i s  v e r y  

s e n s i t i v e  t o  t h e  p r e s e n c e  o f  non-minimum pha se  c h a r a c t e r i s t i c s .  A l s o  t h e  

c o n t r o l  s i g n a l s  g e n e r a t e d  may be e x c e s s i v e l y  l a r g e ,  s u c h  t h a t  t h e  s y s t e m  

a c t u a t o r s  w i l l  s a t u r a t e .  A l a t e r  d eve lopm en t  i n  t h e  fo rm  o f  a 

s e l f - t u n i n g  c o n t r o l l e r  (STC), u t i l i z e s  a more g e n e r a l  c o n t r o l  o b j e c t i v e  

t h a n  t h e  STR, by m i n i m i z i n g  t h e  v a r i a n c e  o f  a g e n e r a l i z e d  o u t p u t  ( i . e .  

a c o m b i n a t i o n  o f  t h e  o u t p u t ,  i n p u t  and s e t p o i n t ) .  T h i s  a p p r o a c h  a l l o w s
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t h e  STC t o  be a p p l i e d  t o  a w i d e r  v a r i e t y  o f  p r o c e s s e s ;  f o r  e x a m p l e ,  i t  

can e a s i l y  h a n d l e  non-minimum pha se  s y s t e m s ,  and s e t p o i n t  t r a c k i n g  i s  

i n c o r p o r a t e d  d i r e c t l y  i n  t h e  a l g o r i t h m .  However ,  t h e  t e c h n i q u e  r e q u i r e s  

a known t i m e  d e l a y ,  s o  i t  i s  n o t  a p p l i c a b l e  t o  a s y s t e m  w h ic h  h a s  an 

unknown t i m e  d e l a y  o r  one i n  which  t h e  t i m e  d e l a y  v a r i e s ,  u n l e s s  su c h  

v a r i a t i o n  can be s p e c i f i e d  a n a l y t i c a l l y ,  [ 2 8 ]  [ 2 9 ] .

The a p p ro a c h  t a k e n  by W e l l s t e a d  [30 ]  [ 3 1 ] ,  was t o  m o d i f y  t h e  STR, 

u s i n g  p o l e  a s s i g n m e n t  as  t h e  d e s i g n  c r i t e r i o n .  The method i s  n o t  

s e n s i t i v e  t o  t h e  p r e s e n c e  o f  non-minimum p h a s e  c h a r a c t e r i s t i c s ;  i t  can 

be d e tu n e d  t o  a v o i d  t h e  e x c e s s i v e  c o n t r o l  a c t i o n  c h a r a c t e r i s t i c  of  

m in im um -va r iance  c o n t r o l l e r s ,  and unknown o r  v a r y i n g  t i m e  d e l a y s  can 

e a s i l y  be h a n d le d .  However ,  t h e  number of  p o l y n o m i a l s  w h ic h  n e e d  t o  be 

chosen  i s  more t h a n  f o r  t h e  minimum v a r i a n c e  a l g o r i t h m .

The w e i g h t e d  m in i m u m -v a r ia n c e  s e l f - t u n i n g  c o n t r o l l e r  [ 3 2 ]  i s  based  

upon a k - s t e p - a h e a d  c o n t r o l  law and can  be used  f o r  u n s t a b l e  and 

non-minimum-phase  p l a n t s .  The c o n t r o l l e r  i n c l u d e s  c o n t r o l  w e i g h t i n g  and 

t h i s  r e s u l t s  i n  r e l a t i v e l y  smooth  c o n t r o l  s i g n a l s .  The c o n t r o l l e r  i s  

a l s o  s t a b l e  f o r  r a n g e s  of c o n t r o l  w e i g h t i n g  where  t h e  STC i s  u n s t a b l e .

The g e n e r a l i z e d  STC w i t h  p o l e  a s s i g n m e n t  [33]  c o m b in e s  t h e  

s u b o p t i m a l  a p p ro a c h  o f  t h e  STC and t h e  c l a s s i c a l  a p p r o a c h  o f  p o l e  

a s s i g n m e n t  t o  y i e l d  r o b u s t n e s s  and e a s e  o f  s e t p o i n t  t r a c k i n g .

A l l  t h e s e  schem es  were  de ve lope d  f o r  s t o c h a s t i c  s y s t e m s .  The 

p o l e / z e r o  a s s i g n m e n t  t e c h n i q u e  was a l s o  used  t o  d e s i g n  a s e l f - t u n e r  f o r  

a c l a s s  o f  d e t e r m i n i s t i c  s y s t e m s  [3*0.  R e c e n t l y ,  i t  h a s  been  shown t h a t  

t h e  b a s i c  STC and t h e  g e n e r a l i z e d  STC w i t h  p o l e  a s s i g n m e n t  can  be used  

c o r r e c t l y  f o r  b o th  d e t e r m i n i s t i c  and s t o c h a s t i c  s y s t e m s  [ 3 5 ] .  The 

a l g o r i t h m  o f  t h e  g e n e r a l i z e d  STC w i t h  p o l e  a s s i g n m e n t  f o r  d e t e r m i n i s t i c  

s y s t e m s  a v o i d s  t h e  p o ly n o m ia l  f a c t o r i z a t i o n  o r  a n o n - l i n e a r  

i d e n t i f i c a t i o n  p r o c e d u r e  as  i n  [3*0, m e r e ly  r e q u i r i n g  t h e  s o l u t i o n  o f  a
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p o lynom ia l  i d e n t i t y .

Because  o f  t h e  d e s i r a b l e  p r a c t i c a l  f e a t u r e s  o f  s e l f - t u n i n g  c o n t r o l ,  

i t s  a p p l i c a t i o n  t o  e n g i n e e r i n g  a l m o s t  came t o g e t h e r  w i t h  i t s  t h e o r y .  

C e g r e l l  and H e d q u i s t ,  B o r i s s o n  and W i t t e n m a rk  have  a p p l i e d  i t  t o  a 

prob lem w i t h i n  t h e  p a p e r  i n d u s t r y  a s  a r e g u l a t o r .  The work was r e p o r t e d  

t o  be s u c c e s s f u l  [ 3 6 ] [ 3 7 ] .  The a p p l i c a t i o n  by B o r i s s o n  and Syd ing  

c o n c e rn e d  t h e  s e l f - t u n i n g  c o n t r o l  o f  an  o r e - c r u s h e r  [ 3 8 ] . The t a r g e t  was 

t o  r e g u l a t e  t h e  power a b s o r b e d  by t h e  c r u s h e r  v i a  c o n t r o l  o f  o r e  

f e e d - r a t e .  O th e r  such  c h e m i c a l  p r o c e s s  s t e a d y - s t a t e  r e g u l a t i o n  p r o b le m s  

[ 3 9 ] ,  d o m e s t i c  h e a t i n g  s y s t e m  c o n t r o l  [40 ]  e t  a l  were a l s o  r e p o r t e d .  The 

p r a c t i c a l  r e s u l t s  have  d e m o n s t r a t e d  t h e  e f f e c t i v e n e s s  o f  t h e  

s e l f - t u n e r s .

4 .3  -  S e l f - T u n i n g  PID C o n t r o l l e r s

I t  i s  c l e a r  t h a t  a s e l f - t u n i n g  c o n t r o l l e r ,  i n  g e n e r a l ,  need  n o t  

n e c e s s a r i l y  have a PID s t r u c t u r e ,  and w i t h  t h e  a v a i l a b i l i t y  o f  c he ap  and 

f a s t  c om put ing  c a p a b i l i t i e s ,  t h e r e  i s  no j u s t i f i c a t i o n  t o  l i m i t  d e s i g n s  

t o  s i m p l e  PID c o n t r o l l e r s .  F u r t h e r m o r e ,  p o w e r f u l  i d e n t i f i c a t i o n  

t e c h n i q u e s  a r e  r e a d i l y  a v a i l a b l e  t o  p r o v i d e  more a c c u r a t e  h i g h  o r d e r  

models  t h a n  t h e  s e c o n d  o r d e r  a p p r o x i m a t i o n .  S e v e r a l  p a p e r s  have 

d i s c u s s e d  t h e s e  p o i n t s  [23 ]  [ 4 1 ]  [ 4 2 ] .  The c o n c l u s i o n s  r e a c h e d  a r e  i n  

summary as  f o l l o w s :

(1) In  t h e  p r o c e s s  i n d u s t r i e s ,  c o n v e n t i o n a l  PID c o n t r o l  s t i l l  

p r e d o m i n a t e s  b e c a u s e  i t  i s  r o b u s t  and r e m a r k a b l y  e f f e c t i v e  f o r  a 

wide r a n g e  o f  p r o c e s s e s .  I t  i s  a l s o  w e l l - u n d e r s t o o d  by many 

p l a n t  e n g i n e e r s .

(2) When f a c e d  w i t h  l i n e a r  t i m e - i n v a r i a n t  p l a n t s ,  t h e  PID c o n t r o l l e r  

d e s i g n  t e c h n i q u e  a l l o w s  one t o  s i m p l y  con d u c t  t h e  t r a c k i n g  

c a p a b i l i t y - n o i s e  r e j e c t i o n  c om prom ise ,  g i v e n  t h a t  low f r e q u e n c y
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m o d e l l i n g  u n c e r t a i n t y  i s  overcome by t h e  i n t e g r a t o r ’s  h i g h  g a i n .  T h i s  

a l l o w s  t h e  s y s t e m  t o  f o l l o w  a s t e p  command w i t h  no s t e a d y - s t a t e  e r r o r ,  

even i n  t h e  p r e s e n c e  o f  a d i s t u r b a n c e  o f  unknown m a g n i t u d e ,  a s  l o n g  a s  

t h e  c l o s e d - l o o p  s y s t e m  r e m a i n s  s t a b l e .  I n  a p r a c t i c a l  s e r v o  mechanism 

prob lem  where  t h e  o p e r a t i n g  p o i n t  moves as  t h e  o u t p u t  t r i e s  t o  f o l l o w  

t h e  r e f e r e n c e  t r a j e c t o r y ,  t h e  v a l i d i t y  of  t h e  l i n e a r i z a t i o n  o f  t h e  

p r o c e s s  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n  i s  r e d u c e d .  The i n t e g r a l  t e r m  

e f f e c t i v e l y  c a n c e l s  t h e  mos t  o f f e n d i n g  p a r t  of  su c h  an a p p r o x i m a t i o n  

e r r o r ,  t h e  b i a s  t e r m .

(3) I t  i s  o f t e n  d i f f i c u l t  t o  e s t a b l i s h  a p r i o r i t y  o f  e conom ic  

b e n e f i t s  f o r  p r o p o s e d  a p p l i c a t i o n s  o f  modern c o n t r o l .  F u r t h e r m o r e ,  t h e  

c o n t r o l  s y s t e m  h a r d w a r e  c o s t  i s  u s u a l l y  o n l y  a s m a l l  p o r t i o n  o f  t h e  

t o t a l  p r o j e c t  c o s t .

However ,  t h e  d e s i g n e r  i s  f a c e d  w i t h  t h e  r e q u i r e m e n t  t o  d e t u n e  t h e  

r e g u l a t o r  p a r a m e t e r s ,  t h u s  r e d u c i n g  t h e  p e r f o r m a n c e ,  i n  o r d e r  t o  cope 

w i t h  v a r i a t i o n s  o f  g a i n  and t i m e  c o n s t a n t s  a t  d i f f e r e n t  o p e r a t i n g  

p o i n t s .  I n  some i n d u s t r i a l  p r o c e s s e s ,  f i x e d  p a r a m e t e r  c o n t r o l l e r s  become 

i n a d e q u a t e  b e c a u s e  o f  more s t r i n g e n t  pe r f o r m a n c e  r e q u i r e m e n t s  o r  t h e  

e x i s t e n c e  o f  l a r g e  m o d e l l i n g  u n c e r t a i n t i e s ,  o r  t i m e  v a r y i n g  p l a n t .

Some c o n t r o l l e r s  need r e g u l a r  r e t u n i n g  t o  a c c o u n t  f o r  p r o c e s s  

cha nges  and a g e i n g .  A lso  t h e r e  a r e  some d i s a d v a n t a g e s  a s s o c i a t e d  w i t h  

c o n v e n t i o n a l  PID p a r a m e t e r  t u n i n g  t e c h n i q u e s  [42 ] .  In  PID p r o c e s s  

c o n t r o l ,  tw o  t u n i n g  methods  a r e  commonly used :  The f i r s t  i s  t h e  

Z i e g l e r - N i c h o l s  method and t h e  second  i s  t h e  method by Ch ien .  The f o r m e r  

n e e d s  t h e  u l t i m a t e  g a i n  and t h e  p e r i o d  of  u l t i m a t e  o s c i l l a t i o n  a t  t h e  

s t a b i l i t y  l i m i t .  However i t  i s  o f t e n  d i f f i c u l t  t o  d e t e r m i n e  t h e i r  e x a c t  

v a l u e s  e x p e r i m e n t a l l y  i n  r e a l  p r o c e s s e s  b e c au s e  o s c i l l a t o r y  o p e r a t i o n  

may have  t o  be a v o id e d .  The l a t t e r  method r e q u i r e s  an e x a c t  f o rm  o f  t h e
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p r o c e s s  e x p r e s s e d  by a t r a n s f e r  f u n c t i o n .  However many r e a l  p r o c e s s e s  

f a i l  t o  r e v e a l  t h e i r  t r a n s f e r  f u n c t i o n s .

P r o v i d i n g  t h e  PID c o n t r o l l e r  w i t h  t h e  c a p a b i l i t y  o f  s e l f - t u n i n g  

( t h a t  i s ,  a d j u s t i n g  i t s  p a r a m e t e r s  f rom o n - l i n e  m e a s u r e m e n t s  and  t h e  

d e v i a t i o n  f rom  t h e  d e s i r e d  i n d e x  o f  p e r f o r m a n c e  -  t h e  t r a c k i n g  e r r o r  ) 

may be t h e  p o s s i b l e  s o l u t i o n  t o  overcome t h e s e  d i s a d v a n t a g e s  . I t  i s  f o r  

t h e  above r e a s o n s  t h a t  t h e  s e l f - t u n i n g  PID c o n t r o l l e r  d e s c r i b e d  i n  t h i s  

work was d e v e lo p e d .

A s e l f - t u n i n g  PID c o n t r o l l e r  can be used  i n  two d i f f e r e n t  ways [24 ]  

[431 :

(1) To p r o v i d e  a p r o c e d u r e  t o  a u t o m a t i c a l l y  g e n e r a t e  PID t u n i n g  

c o n s t a n t s  i n s t e a d  o f  t h e  u s u a l  t r i a l - a n d - e r r o r  p r o c e d u r e ;  a f t e r  t h e  PID 

s e t t i n g s  have c o n v e r g e d ,  t h e  s e l f - t u n e r  can be t u r n e d  o f f .

(2)  To p r o v i d e  an a d a p t i v e  c o n t r o l  s y s t e m  i n  w h ich  t h e  PID 

c o n t r o l l e r  p a r a m e t e r s  a r e  m o d i f i e d  t o  a d a p t  t o  a c h a n g in g  s i t u a t i o n .

S e v e r a l  r e p o r t e d  s e l f - t u n i n g  PID c o n t r o l l e r s  a r e  s u m m a r i z e d  i n  t h e  

f o l l o w i n g  s e c t i o n s .

4 .3 .1  -  S e l f - T u n i n g  PID C o n t r o l l e r s  Based on STC [24]

T h i s  i s  a m o d i f i e d  v e r s i o n  o f  t h e  STC w i t h  PID s t r u c t u r e .  The 

p r o c e s s  model  i s  g i v e n  by

A(Z"1) Y ( t )  = Z"KB(Z"1) U ( t )  + C(Z- 1 ) c ( t )  ( 4 . 5 )

where  Y(t )  i s  t h e  m ea su red  o u t p u t  

U ( t )  t h e  m a n i p u l a t e d  i n p u t

c ( t )  an u n c o r r e l a t e d  s e q u en c e  o f  random v a r i a b l e s  

and t  d e n o t e s  t h e  s a m p l in g  i n s t a n t ,  t  = 0 , 1 , 2 , . .  The p o l y n o m i a l s  A(Z“ 1) ,  

B(Z_ 1 ) and C(Z” 1) a r e  e x p r e s s e d  i n  t e r m s  o f  t h e  backward  s h i f t  o p e r a t o r  

Z_1
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A(Z ) = 1 + a iZ  + + anZ ^

B(Z- 1 ) = b c + b i Z " 1 + , , , ,  + bmZ-ra b 0 t  0

C(Z_ 1 ) = 1 + C iZ " 1 + , , , , +  CnZ"n

The s e l f - t u n i n g  c o n t r o l l e r  i s  d e s ig n e d  t o  m in im iz e  t h e  v a r i a n c e  o f  

an a u x i l i a r y  o u t p u t  <£(t)

4>(t) = PCZ” 1 ) Y ( t )  + Q(Z “ 1 )U( t  -  K) -  R( Z” 1) W ( t  -  K) (4 .6 )

where  W(t) i s  t h e  s e t  p o i n t  and P, Q and R a r e  t r a n s f e r  f u n c t i o n s  o f  

t h e  f o r m s

P ( Z " 1) = P-n--Z , e t c  ( 4 . 7 )
Pd(Z~1)

I f  t h e  p r o c e s s  model  i n  e q u a t i o n  (4.5) i s  combined w i t h  t h e  i d e n t i t y

CPn = APdE + z ~Kf 

where t h e  d e g r e e  o f  t h e  p o l y n o m i a l  F i s  g iven  by

deg F = n + deg Pd -1 ( 4 . 9 )

and deg E = K -  1 (4 .10)

The p r e d i c t i v e  model  i s  o b t a i n e d

<f>(t) = ^  Y ( t  -  K) + ( ~  + Q)U(t -  K) -  RW(t -  K) + EC(t )  (4.1 1)

A c o n t r o l  l a w  t h a t  m i n i m i z e s  t h e  v a r i a n c e  o f  4>(t) i s  g i v e n  by

0(E)  = .CRW<c > - ^ ( O /Pd_,. ( 4 .1 2 )
EB + CQ

An a l t e r n a t i v e  p r e d i c t i v e  model  i s  g iv e n  by

<J>y ( t )  = P Y ( t ) (4 .1 3 )

From e q u a t i o n  (4.5)  and e q u a t i o n  (4 .7) ,  i t  f o l l o w s  t h a t

V 0  = p j c  Y ( t  " 10 + T u ( t  ‘  K) + E ? ( t )  (1M1°
We s e t

G=EB (4.15)

and d e f i n e  Y f ( t )  » ( 4 . 1 6 )
f  Pd
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I f  we a ssum e t h a t  C = 1, t h e n  l i n e a r  l e a s t  s q u a r e s  e s t i m a t i o n  can  be 

u s e d  and t h e  e s t i m a t i o n  model  i s  g iv e n  by

<l>y ( t )  = FYf ( t  -  K) + GU(t -  K) + e ( t )  ( 4 . 1 7 )

E s t i m a t e s  o f  t h e  e l e m e n t s  o f  F and G can be o b t a i n e d  from t h e  s t a n d a r d  

l e a s t  s q u a r e s  e q u a t i o n s .  Thus t h e  c o n t r o l  l aw  i s  g iv e n  by 

. . RW(t) -  FYf ( t )

 — Q- ( M 8 )

I n  o r d e r  t h a t  t h e  c o n t r o l l e r  (4.18) may have a PID s t r u c t u r e ,  t h e  F

p o l y n o m i a l  i s  s p e c i f i e d  t o  h a v e  d e g r e e  2, i . e .

F = f 0 + f , Z " 1 + f 2Z"2 ( 4 . 1 9 )

and t h e  o u t p u t  f i l t e r  i s  deg  Pd = 1 , i . e . ,  Pd = 1 + Pd -| Z_ 1 . Then  f r o m  

e q u a t i o n  ( 4 . 9 ) ,  we have n = 2,  i . e .  a s e co n d  o r d e r  p r o c e s s  model .

As a  f i n a l  d e s i g n  s t e p ,  R i s  s e t  by

R = H0 = £ ° + f l  *  f ;  (H.20)
1 + Pd .

and s i n c e  Q may be f r e e l y  c h o s en ,  i n t e g r a l  a c t i o n  i s  i n t r o d u c e d  by 

s e t t i n g

1 - z-1G + Q = —---- -—  (11.21)
V

where  V i s  a d e s i g n  p a r a m e t e r .  S u b s t i t u t i n g  e q u a t i o n s  ( 4 .1 9 ) ,  (4 .20)  and 

(4 .2 1 )  i n t o  e q u a t i o n  (4.18) y i e l d s  c o n t r o l l e r

u ( t ) = V { H0W ( t ) -  ( f 0 + f ^ " 1 + f 2Z"2 )Yf ( t )  }

where  u ( t )  = ( 1 - Z _ l ) U ( t )  = U(t)  -  U ( t - 1)

I t  i s  an i d e a l  d i g i t a l  PID c o n t r o l l e r  i n  v e l o c i t y  form [ 4 4 ] .
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4 . 3 . 2  -  S e l f - T u n i n g  PID C o n t r o l l e r s  Based on Z e r o /P o l e  Ass ignment  [ 2 3 ]

The p r o c e s s  model  t o  be c o n t r o l l e d  i s  g iv e n  by 

Y ( t ) = z - 1  + C ( Z l ! l c ( c )

A ( Z  )  A ( Z  ) ( * ' • 2 2 )

where A(Z- 1 ) = 1 + a xZ“ 1 + a 2Z*"2

B(Z” 1) = b 0 + b 1Z” 1 ; b0 V 0

Time d e l a y  i s  n o t  c o n s i d e r e d  h e r e .

P l a c e  t h e  s y s t e m  i n  c l o s e d  l o o p  w i t h  an i n c r e m e n t a l  c o n t r o l l e r  g i v e n  

by e q u a t i o n  ( 4 . 2 3 ) ,  a s  s h o w n  i n  F i g .  4.3

u ( t ) = G ( Z  - 7 — -  e ( t )  ( 4 .23 )
rUZ“ *)

where G(Z“ 1) = g 0 + g i Z -1 + g 2Z“ 2

and H(Z"1 ) = 1 + h ^ " 1

W(t )■O

c ( t )

cizzh.
A( Z"~ )

e ( t ) G(Z_ 1 ) u ( t ) 1 U( t) Z‘ 1B(Z_ 1 ) *
r  ------  — H(Z_ 1 ) 1 -  Z " 1 A(Z” 1) *o

Y ( t )

F i g .  4 . 3  Compos i te  S e r v o / R e g u l a t o r  C o n f i g u r a t i o n

N o t i c e  t h a t  a  d i g i t a l  i n t e g r a t o r  i s  i n c o r p o r a t e d  t o  e n s u r e  s t e a d y  s t a t e  

c o r r e s p o n d e n c e  b e tw e e n  Y(t )  and W(t) ( s t o c h a s t i c  r e g u l a t o r  ) ,  o r  Y( t )  

t r a c k i n g  o f  c h a n g e s  i n  W(t) ( s e r v o - c o n t r o l  ). The c l o s e d - l o o p  e q u a t i o n  

i s  g i v e n  by
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{ ( 1 -Z “ 1)A(Z“ 1)H(Z“ 1)+Z” 1 B(Z“ 1)G(Z“ l ) } Y ( t )

= Z"1 B(Z_ 1 )G(Z“ 1 )W(t)+C(Z_1 )H (Z "1) c ( t )  ( 4 .2 4 )

I f  t h e  s t o c h a s t i c  d i s t u r b a n c e  i s  n e g l i g i b l e ,  t h e n  t h e  s e r v o  t r a c k i n g  

c o n t r o l  l aw  i s  found  by s o l v i n g  t h e  i d e n t i t y  [ 4 5 ]

(1 -  Z“ 1)A(Z“ 1)H(Z” 1) + Z~1B(Z“ 1)G(Z“ 1) = T ( Z " 1) (4 .25 )

f o r  t h e  unknown c o n t r o l l e r  c o e f f i c i e n t s ,  where  T(Z~^) i s  a  p o l y n o m i a l  

which d e f i n e s  t h e  d e s i r e d  p o l e  s e t .  The r e g u l a t o r  c o e f f i c i e n t s  

( s t o c h a s t i c  r e g u l a t o r )  a r e  o b t a i n e d  by s o l v i n g  t h e  i d e n t i t y

(1 -  Z“ 1)A(Z“ 1)H(Z"1) + Z~1B(Z_ 1 )G(Z“ 1) = C(Z“ 1)T (Z - 1 ) (4^26)

The s e l f - t u n i n g  a l g o r i t h m  a t  e a c h  s a m p l e  i n t e r v a l  can  be s u m m a r i s e d  

as  f o l l o w s

1) E s t i m a t e  t h e  c o e f f i c i e n t s  o f  t h e  s y s te m  model  g i v e n  by

Y ( t ) = - ( a ^ -1 + a 2Z“ 2 ) Y ( t )  + Z“ 1 ( b 0 + b xZ” 1 ) U ( t )  + e ( t )  ( 4 . 2 7 )

2) Use t h e  e s t i m a t e d  d a t a  t o  s y n t h e s i s e  t h e  c o n t r o l l e r  c o e f f i c i e n t s  

v i a  t h e  i d e n t i t i e s  o f  e q u a t i o n s  ( 4 . 2 5 )  o r  ( 4 . 2 6 ) .

3) D e t e rm in e  i n c r e m e n t a l  u ( t )  and a p p l y  t h e  c o n t r o l  U( t )  w h ic h  i s  

o b t a i n e d  by i n t e g r a t i n g  u ( t )  v i a  a  d i g i t a l  i n t e g r a t o r .

O th e r  d i f f e r e n t  p r o c e d u r e s  o f  a u t o t u n i n g  PID c o n t r o l l e r s  a l s o  have  

been r e p o r t e d  [ 2 3 ]  [ 4 6 ]  [ 4 7 ]  [ 4 8 ] .  I n  [ 4 6 ] ,  a c o n t i n u o u s - t i m e  

s e l f - t u n i n g  PID c o n t r o l l e r  was p r o p o se d  by Gawthrop .  The i n t e g r a l  a c t i o n  

i n  t h i s  method a r i s e s  n a t u r a l l y  f rom  a s u i t a b l e  model  o f  d i s t u r b a n c e  

r a t h e r  t h a n  f o r c i n g  i n t e g r a l  a c t i o n  i n t o  t h e  c o n t r o l l e r  a s  i n  t h e  

p r e v i o u s  two methods  and a h y b r i d  a p p r o a c h  w i t h  a  c o n t i n u o u s - t i m e  model  

b u t  d i s c r e t e - t i m e  c o n t r o l  l aw and e s t i m a t i o n  i s  u s e d  i n  t h e  d e v e lo p m e n t  

o f  t h i s  method.  Some c o m m e rc i a l  p r o d u c t s  w i t h  b u i l t - i n  PID s e l f - t u n e r s  

a r e  a v a i l a b l e  i n  t h e  m a r k e t  [49]  [ 5 0 ] .  The re  i s  o f  no d o u b t  t h a t  t h e  

p r o v i s i o n  o f  a p r o c e d u r e  t o  a u t o m a t i c a l l y  g e n e r a t e  PID t u n i n g  c o n s t a n t s  

i n s t e a d  o f  t h e  u s u a l  t r i a l - a n d - e r r o r  method  i s  v e r y  i m p o r t a n t  i n  

e n g i n e e r i n g  p r a c t i c e .
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4 . 4  -  Des ign  o f  S e l f - T u n i n g  PID C o n t r o l l e r s  W ith  Po le  A s s i g n m e n t  f o r

D e t e r m i n i s t i c  Sys tem s

As m e n t i o n e d  b e f o r e ,  s e l f - t u n i n g  a l g o r i t h m s  have  been  d e v e lo p e d  

s e p a r a t e l y  f o r  t h e  s t o c h a s t i c  and d e t e r m i n i s t i c  c a s e s .  I t  h a s  been  shown 

t h a t  t h e  b a s i c  s e l f - t u n i n g  a l g o r i t h m  o f  t h e  STC can be u s e d  c o r r e c t l y  

f o r  d e t e r m i n i s t i c  s y s t e m s ;  and po le  a s s i g n m e n t  a l s o  can be i n c o r p o r a t e d  

as  i n  [331 t o  p r o v i d e  p o l e  a s s i g n m e n t  c o n t r o l l e r s  f o c u s i n g  e n t i r e l y  on 

t h e  s e r v o  o r  r e f e r e n c e  f o l l o w i n g  p rob lem .

The a l g o r i t h m  p r e s e n t e d  h e r e  shows t h a t  by i n s e r t i n g  an i n t e g r a t o r  

i n  t h e  f o r w a r d  p a t h ,  t h e  s e l f - t u n i n g  c o n t r o l l e r  p r o p o s e d  i n  [ 3 5 ]  h a s  t h e  

same s t r u c t u r e  as  a  c o n v e n t i o n a l  t h r e e  t e r m  PID c o n t r o l l e r  ( f o r  s e c o n d  

o r d e r  s y s t e m s  ) o r  PI  c o n t r o l l e r  ( f o r  f i r s t  o r d e r  s y s t e m s  ). The m a j o r  

use  o f  t h e  r e s u l t i n g  s e l f - t u n i n g  PID c o n t r o l l e r  f o r  d e t e r m i n i s t i c  

sy s t e m s  would  be a s  an  i n i t i a l  t u n i n g  d e v i c e  t o  d e t e r m i n e  t h e  PID 

c o n t r o l l e r  p a r a m e t e r s  needed  t o  p r o v id e  t h e  s p e c i f i e d  c o n t r o l  

p e r f o r m a n c e .  Because  d e t e r m i n i s t i c  s y s t e m  i d e n t i f i c a t i o n  i s  o n l y  

f e a s i b l e  under  d i s t u r b a n c e  c o n d i t i o n s ,  t h e  c o n t r o l l e r  s e t  p o i n t  w i l l  be 

s u i t a b l y  d i s t u r b e d  u n t i l  c o nve rgence  i s  a c h i e v e d  and t h e  c o n t r o l l e r  

p a r a m e t e r s  t h e n  f i x e d  u n t i l  r e t u n i n g  i s  c o n s i d e r e d  n e c e s s a r y .  The t u n i n g  

d i s t u r b a n c e  must  be k e p t  w i t h i n  t h e  bounds a c c e p t a b l e  t o  t h e  p l a n t .

I n  4.4.1,  t h e  a l g o r i t h m  f o r  d e t e r m i n i s t i c  s y s te m s  i s  s u m m a r i z ed ,  and 

i n  4 .4 .2 , i t  i s  shown how t h i s  l e a d s  t o  a s e l f - t u n i n g  PID c o n t r o l l e r .

The r e s u l t s  o f  d i g i t a l  s i m u l a t i o n  and e x p e r i m e n t s  a r e  g i v e n  i n  4.4.3 and

4 . 4 . 4  r e s p e c t i v e l y .

4 . 4 . 1  -  S e l f - T u n i n g  c o n t r o l l e r s  f o r  D e t e r m i n i s t i c  S y s t e m s  [35 ]

The s y s t e m  t o  be c o n t r o l l e d  i s  as sumed t o  be d e s c r i b e d  by

A(Z- 1 ) Y ( t )  = Z“KB( Z**̂  )U ( t ) ( 4 . 2 8 )
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A c o n t r o l l e r  o f  t h e  f o l l o w i n g  fo rm  i s  r e q u i r e d

HU(t)+GY(t)-RW(t)  = 0 (M‘ 29)

where H, G and R a r e  p o l y n o m i a l s  i n  Z"**. '

I n t r o d u c i n g  p o l y n o m i a l s  P a n d  Q, a n d  d e f i n i n g

PB+AQ = TR f o r  Q * 0 ( 4 .3 0 )

o r  P = TR f o r  Q = 0 (4.31)

Where T i s  t h e  p o l y n o m i a l  r e p r e s e n t i n g  t h e  d e s i r e d  c l o s e d - l o o p  sy s te m  

p o l e s ,  T and R a r e  p r e s p e c i f i e d .  A l s o ,  l e t  p o l y n o m i a l s  F,  G and H be 

d e f i n e d  from

P = AF + Z"kG (4 .3 2 )

H = BF+Q ( 4 .3 3 )

Combining e q u a t i o n  (4.28) w i t h  e q u a t i o n  (4.29) g i v e s  t h e  c l o s e d - l o o p  

d e s c r i p t i o n

Y ( t )  = Z " K -------- 5 *  .-------  w ( t )
AH + Z"h BG (4 .3 4 )

Making u s e  o f  e q u a t i o n s  ( 4 . 3 2 )  and  ( 4 . 3 3 ) ,  we h a v e

AH + Z"kBG = BP + AQ (4.35)

Then,  u s i n g  e q u a t i o n s  ( 4 .3 0 )  and ( 4 . 3 1 ) ,  e q u a t i o n  ( 4 . 3 4 )  may be 

r e w r i t t e n  as

Y ( t ) = — W( t )
PB + AQ

—K
= l — Bw ( t )  f o r  Q * 0

T

7-K
o r  Y ( t ) W(t) f o r  Q = 0 (4.36)

I t  g i v e s  a c l o s e d - l o o p  s y s t e m  w i t h  t h e  d e s i r e d  c l o s e d - l o o p  t r a n s f e r  

f u n c t i o n .

M u l t i p l y i n g  e q u a t i o n  (4.35) by Y( t)  and  s u b s t i t u t i n g  f o r  AY(t) f rom 

e q u a t i o n  ( 4 . 2 8 ) ,  e q u a t i o n  ( 4 .3 5 )  b e c o m e s

PY ( t ) + Z”KQU(t ) = H Z"KU ( t )  + Z“ kGY(t ) ( 4 . 3 7 )
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E q u a t io n  ( 4 . 3 7 )  c a n  be  w r i t t e n  a s  

<J>(t) = HZ”kU ( t ) + Z"KGY(t) 

and <})(t) = PY(t)  + Z_KQU(t)

( ^ 3 8 )

( 4 .3 9 )

E q u a t io n  (4.38)  and e q u a t i o n  (4.39)  can be used  t o  e s t i m a t e  t h e  

p a r a m e t e r s  o f  t h e  p o l y n o m i a l s  H and G, and t h u s  f rom  e q u a t i o n  (4.29) 

c o n t r o l  U(t )  can be d e t e r m i n e d .

4 . 4 . 2  -  S e l f - T u n i n g  PID C o n t r o l l e r s  With P o l e  A ss ignm en t  f o r  

D e t e r m i n i s t i c  Sys tem s

The s y s te m  i s  c o n s i d e r e d  t o  be d e s c r i b e d  by t h e  e q u a t i o n  (4.40)

Y ( t ) = Z“ K| - U ( t )  + d ( 4 . 4 0 )

where U(t)  and Y(t )  a r e  t h e  s y s t e m  i n p u t  and o u t p u t  r e s p e c t i v e l y .  A and 

B a r e  p o l y n o m i a l s  i n  Z ~ \  w i t h  a 0 = 1, d i s  a c o n s t a n t  b i a s  o r  o f f - s e t ,  

and K r e p r e s e n t s  t h e  s y s t e m  t i m e  d e l a y  i n  s a m p le  i n s t a n t s .

I f  now an i n t e g r a t o r  i s  c a sc a d e d  w i t h  t h e  s y s t e m ,  a s  i n  F i g .  4.4, 

t h e  new ly  fo rm e d  s y s t e m  can be e x p r e s s e d  as

Y ( t ) = Z~K| 7 u ( t )  + d

where u ( t )  = (1 -Z _ 1 )U(t)

and A’ = ( 1 - Z ~ 1)A

( 4 . 4 1 )

( 4 .4 2 )

Added
i n t e g r a t o r System

u ( t ) 1 U ( t ) z_ kb
♦

1 -  Z " 1 A o - Y ( t )

F i g .  4 .4  I n t e g r a t o r  Cascaded  With  Sys tem
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In  t e r m s  o f  t h e  g e n e r a l i z e d  minimum v a r i a n c e  s e l f - t u n i n g  s t r a t e g y ,  a

pe r f o r m a n c e  c o s t  f u n c t i o n  $ ( t )  f o r  t h e  s y s t e m  can be d e f i n e d  a s

<j>(t) = P Y ( t ) + Q u ( t - k )  -  RW(t-k)  (4 .4 3 )

D e f in e  p o l y n o m i a l s  F,  G, E a n d  H

P = FA' + Z"kG (4 .4 4 )

E = -R ( 4 .4 5 )

H = BF + Q (4 ,4 6 )

E q u a t i o n s  ( 4 . 4 1 )  t o  ( 4 . 4 6 )  may be c o m b i n e d  t o  g i v e

4>(t) = H u ( t - k )  + GY(t-k)  + EW(t-k)  + 6 ( 4 .4 7 )

where  6 = (A'F) d (4 .48 )
Z=1

Thus t h e  c o n t r o l  l aw  i s  g iv en  by

H u ( t ) + GY(t) + EW(t) + 6 = 0  ( 4 .4 9 )

Note t h a t ,  s i n c e  A’ c o n t a i n s  a f a c t o r  (1 -Z “ 1), 6 = 0 f rom  e q u a t i o n  

( 4 . 4 8 ) ,  and hence  6 can be d e l e t e d  from t h e  e s t i m a t i o n  a l g o r i t h m .  

R e w r i t i n g  e q u a t i o n s  ( 4 . 4 3 ) ,  ( 4 . 4 7 )  and  ( 4 . 4 9 )  g i v e s

<}>(t) = P Y ( t ) + Q u ( t - k )  -  RW(t-k)  ( 4 . 5 0 )

4>(t) = H u ( t - k )  + GY(t -k)  + EW(t-k)  ( 4 . 5 1 )

Hu(t)+GY(t)+EW(t )=0  ( 4 . 5 2 )

E q u a t i o n s  ( 4 . 5 0 )  and  (4.51)  may be w r i t t e n  a s

c}>(t) = PY ( t ) + Q u ( t - k )  ( 4 . 5 3 )

cf>(t) = H u ( t - k )  + GY (t -k)  ' ( 4 . 5 4 )

E q u a t i o n s  ( 4 . 5 0 ) ,  ( 4 . 5 1 ) ,  o r  e q u a t i o n s  ( 4 . 5 3 ) ,  ( 4 . 5 4 )  a n d  e q u a t i o n  

( 4 . 5 2 )  d e f i n e  a s e l f - t u n i n g  c o n t r o l  a l g o r i t h m  w i t h  an  i n t e g r a t o r  

o p e r a t i n g  on  t h e  s y s t e m  o f  e q u a t i o n  ( 4 . 4 0 ) .

A c l o s e d - l o o p  d e s c r i p t i o n  o f  t h e  s y s t e m  may be o b t a i n e d  by 

s u b s t i t u t i n g  f o r  u ( t )  f rom e q u a t i o n  (4.52) i n t o  e q u a t i o n  (4.41)

Y ( t )  -  ■ Z"K ------  W(t) + A’H  J
A ' H  + Z - K B G  A ' H  + Z“ K BG ( 4 . 5 5 )
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S inc e  d i s  a c o n s t a n t  b i a s  and A’= (1 -Z “ 1)A, t h e  second  t e r m  i n  

e q u a t i o n  (4.55)  v a n i s h e s  and can  t h e r e f o r e  be e l i m i n a t e d .  The added  

i n t e g r a t o r  t h e r e f o r e  e n s u r e s  t h a t  t h e  b i a s  does no t  i n f l u e n c e  t h e  

c o n t r o l l e r  o u t p u t .

L e t  P and Q be chosen  such  t h a t :

BP + A’Q = T ( 4 .5 6 )

where T i s  a p r e s p e c i f i e d  p o l y n o m i a l  in  Z”  ̂ whose r o o t s  a r e  t h e  d e s i r e d  

v a l u e s  o f  t h e  p o l e s  o f  t h e  c l o s e d - l o o p  t r a n s f e r  f u n c t i o n .  S u b s t i t u t i n g  

f o r  P a n d  H f r o m  e q u a t i o n s  ( 4 .4 4 )  and  ( 4 .4 6 )  i n t o  e q u a t i o n  ( 4 .5 6 )  g i v e s

BP + A’Q = A’H + Z_kBG = T ( 4 .5 7 )

Thus ,  t h e  c l o s e d - l o o p  t r a n s f e r  f u n c t i o n  i s  g iv en  by

7  “ K  R R
Y ( t )  =  -----—  W(t) ( 4 . 5 8 )

T
For e q u a t i o n s  (4.44)  and (4.57) t o  have a s o l u t i o n ,  t h e  d e g r e e s  of

th e  p o l y n o m i a l s  P, Q, T, F, G a nd  t h u s  H ( e q u a t i o n  (4 .46 )  ) m u s t  be

deg P = deg A’ -  1

deg Q = deg B -  1

deg T <= deg A’ + deg B -  1 

deg F = k-1 

deg G = deg A’ -  1

deg H = deg B + K -  1 ( 4 . 5 9 )

When s e l f - t u n i n g ,  t h e  s y s te m  p a r a m e t e r s  A and B a r e  unknown and

hence  e q u a t i o n  (4.57) can  n o t  be s o l v e d  d i r e c t l y  t o  o b t a i n  t h e

p a r a m e t e r s  o f  p o l y n o m i a l s  P and Q. However ,  m u l t i p l y i n g  e q u a t i o n  (4.56) 

by F g i v e s

FPB + QA’F = TF ( 4 .6 0 )

S u b s t i t u t i n g  f o r  A’F f rom  e q u a t i o n  (4 .44)  r e s u l t s  in

FPB + QP -  Z"K GQ = TF ( 4 .6 1 )
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F u r t h e r  u se  o f  e q u a t i o n  (4.46)  g i v e s

PH -  Z_K GQ = TF ( 4 . 6 2 )

I n  s e l f - t u n i n g  c o n t r o l ,  t h e  p a r a m e t e r s  H and G a r e  i d e n t i f i e d  

r e c u r s i v e l y  f r o m  e q u a t i o n s  (4 .50 )  a nd  (4 .51)  o r  e q u a t i o n s  (4 .5 3 )  a n d  

( 4 . 5 4 ) .  Then  e q u a t i o n  ( 4 . 6 2 )  may be  s o l v e d  t o  g e t  t h e  v a l u e s  f o r  P a n d  Q

t h a t  w i l l  be used  i n  t h e  n e x t  s t e p .  Obvious ly  f o r  t h e  f i r s t  s t e p ,

s t a r t i n g  v a l u e s  f o r  P a n d  Q n e e d  t o  be a s s i g n e d .

From e q u a t i o n  ( 4 . 4 4 ) ,  p 0 = a 0’ f 0 , b u t  a 0' = 1, h e n c e  p 0 = f 0. p 0 may

be s e t  e q u a l  t o  u n i t y ,  h e n c e ,  p 0 = f 0 = 1. H o w e v e r ,  f r o m  e q u a t i o n  ( 4 .6 2 )  

i t  can be s e en  t h a t  b e c a u s e  h 0 i s  e s t i m a t e d  f r e e l y  from e q u a t i o n  (4.51) ,  

t h e  r e l a t i o n s h i p  h 0 = t 0 w i l l  n o t  be s a t i s f i e d .  T h i s  p rob lem  can  be

avo ided  by m o d i f y in g  e q u a t i o n  (4.62) a s

PH -  Z_K GQ = h 0 FT ( 4 .6 3 )

S i m i l a r l y  e q u a t i o n  (4 .56)  becomes

BP + A’Q = h 0 T ( 4 . 6 4 )

Now f o r  t h e  s econd  o r d e r  s y s t e m ,  A(Z“ 1) = 1 + a j Z -1 + a 2Z- 2 , and

B(Z_1) = b 0 + b j Z ” **, f r o m  e q u a t i o n  ( 4 . 5 9 ) ,  de g  G = 2, d e g  H = 1,  i . e .

G(Z"1) = g 0 + g jZ “ 1 + g 2Z"2 ( 4 . 6 5 )

and H(Z~1) = h 0 + h j Z " 1 ( 4 . 6 6 )

From e q u a t i o n  (4.52) ,  t h e  c o n t r o l l e r  u ( t )  i s  g iven  by

u ( t )  = RW(t) -  (go + g j Z - 1 + g 2Z 2) Y ( t )  ( 4 . 6 7 )
ho + h i Z “

where R = g 0 + g x + g 2

E q u a t io n  (4.67) g i v e s  t h e  v e l o c i t y  form of  t h e  PID c o n t r o l l e r .

For  t h e  f i r s t  o r d e r  s y s t e m ,  A = 1 + a j Z - 1 , B = b 0 , t h u s

G(Z"1) = g 0 + g l Z“ 1 ( 4 . 6 8 )

H = h 0 ( 4 . 6 9 )

The c o n t r o l l e r  i s  g i v e n  by

u ( t ) = ~ + E*2 " 1 )Y(t)
ho ( 4 . 7 0 )

I t  i s  t h e  v e l o c i t y  form o f  PI c o n t r o l l e r .
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I n  t h e  f o r e g o i n g  d i s c u s s i o n  o f  s y n t h e s i s  p r o c e d u r e s ,  a r e c u r s i v e  

e s t i m a t i o n  i s  needed  t o  e s t i m a t e  t h e  p a r a m e t e r s  o f  t h e  c o n t r o l l e r ,  i . e .

H and  G. F o r  a s e c o n d  o r d e r  s y s t e m  w i t h  K = 1 , e q u a t i o n  (4.5*0 c a n  be 

w r i t t e n  i n  v e c t o r  m a t r i x  f o r m a t  as

<j>(t) = ZT( t ) 0  + e ( t )  ( 4 .7 1 )

where ZT ( t )  = [ u ( t - 1 ) ,  u ( t - 2 ) ,  y ( t - 1 ) ,  y ( t - 2 ) ,  y ( t - 3 )  ] ( 4 .7 2 )

eT( t )  = [ h 0 , h l f  g 0 , g j ,  g 2 ] ( 4 . 7 3 )

and e ( t )  i s  t h e  e s t i m a t i o n  e r r o r .

The r e c u r s i v e  l e a s t  s q u a r e  e s t i m a t i o n  o f  t h e  v e c t o r  o f  t h e  c o n t r o l l e r  

c o e f f i c i e n t  6  a t  t i m e  i n t e r v a l  t  i s  g iv e n  by [ 4 5 ]

e(t) = e(t-D - p(t)z(t)[zT(t)e(t-D - <j>(t)] (4.74)

P ( t )  = P ( t - 1  ) -  P ( t - 1 ) Z ( t ) Z T ( t ) P ( t - 1 ) [ 1  + ZT ( t ) P ( t - 1 ) Z ( t ) ]

( 4 .7 5 )

where P ( t - 1 )  = P ( t - 1 ) / p  (4 .76 )

p i s  an e x p o n e n t i a l  f o r g e t t i n g  f a c t o r  and i s  u sed  t o  make t h e  c o n t r o l l e r

f o l l o w  t i m e  v a r y i n g  p a r a m e t e r s .  I t s  v a l u e  i s  n o t  l e s s  t h a n  0.98 and n o t

g r e a t e r  t h a n  1 .

At t h e  t i m e  s t e p  t  = 1, t h e  i n i t i a l  m a t r i c e s  P(0) and  6(0) m us t  be 

s p e c i f i e d .  0(0) can be s e t  w i t h  g u e s s e s  o f  c o e f f i c i e n t s ,  P(0) can  be s e t  

t h a t  P(0) = p 0 I ,  where  p 0 i s  a l a r g e  number ,  I  i s  t h e  u n i t  m a t r i x .

The a l g o r i t h m  i s  summarised  a s  f o l l o w s

1) Form 4>(t) = PY ( t )  + Q u ( t - k )

S t a r t i n g  v a l u e s  f o r  P and Q need  t o  be a s s i g n e d

2) E s t i m a t e  H and G from 4>(t) = H u ( t - k )  + GY(t -k )

3) Apply c o n t r o l  H u( t )  + GY(t)  -  RW(t) = 0

4) So lve  f o r  P and Q from PH -  Z“ ^GQ = h 0FT

5) R e p e a t  from 1) f o r  t h e  i n c r e m e n te d  v a l u e  o f  t
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The d e s i r e d  c l o s e d - l o o p  p o l e - s e t  i s  b e s t  s p e c i f i e d  i n  t e r m s  o f  

e i t h e r  a f i r s t  o r d e r  o r  a s e c o n d  o r d e r  p o l y n o m i a l  i n  Z” ”* [ 4 5 ] .  For  a 

f i r s t  o r d e r  r e s p o n s e

T(Z “ 1) = 1 + Z” 1t  ( 4 . 7 7 )

where  t  = - e x p ( - T / x )

T i s  t h e  s a m p l i n g  p e r i o d

t i s  t h e  d e s i r e d  c l o s e d - l o o p  t i m e  c o n s t a n t ,  and t y p i c a l l y  x  = 3T

For a  s e c o n d  o r d e r  s y s t e m

T(Z~1) = 1 + Z ' H j  + Z"2 t 2

t 1 = - 2  e xp( -£w nT) Cos(wn/ l  -  C2 T)

t 2 = e x p ( - 2 ^ j )  ( 4 . 7 8 )

where wn i s  t h e  undamped n a t u r a l  f r e q u e n c y

C i s  t h e  damping r a t i o  o f  t h e  c o r r e s p o n d i n g  c o n t i n u o u s  t i m e  s e cond

o r d e r  c h a r a c t e r i s t i c  p o l y n o m i a l ,  and t y p i c a l l y  wn / l  -  C2 T = 1 /3 .

4 . 4 . 3  ” S i m u l a t i o n  and R e s u l t s

A d e m o n s t r a t i o n  o f  how t h e  s e l f - t u n i n g  PID c o n t r o l l e r  f o r  

d e t e r m i n i s t i c  s y s t e m s  works  w i l l  be g i v e n  i n  t e r m s  o f  s i m u l a t e d  

e xa m ples .  The f l o w c h a r t  o f  t h e  d i g i t a l  s i m u l a t i o n  p rogram  and t h e  

c om pute r  l i s t i n g  a r e  g i v e n  i n  Appendix 9.

Example 1

A seco n d  o r d e r  s y s te m  which i s  s t a b l e  and minimum p h a s e  i s  

c o n s i d e r e d  h a v i n g  t h e  s y s te m  d e s c r i p t i o n

= Z- 1 1-57 * 1 . 3 6 Z - 1 u ( t )  + dY ( t )  = Z
1 -  1 .628Z"1 + 0 .657Z-2
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C o r r e s p o n d i n g  t o  t h e  c o n t i n u o u s - t i m e  s y s te m

, x _________ 1 0 0

( 10s+1) (25s+ 1 ) 

w i t h  s a m p l i n g  p e r i o d  T = 3 s e c o n d .

The aim i s  t o  have  t h e  c l o s e d - l o o p  p o l e s  d e f i n e d  by 

T(Z"1) = 1 -  1.M7Z- "* + 0.604Z” 2 , c o r r e s p o n d i n g  t o  t h e  c o n t i n u o u s  t i m e  

second  o r d e r  c h a r a c t e r i s t i c  p o ly n o m ia l  w i t h  £ = 0 . 6 , and = 0 .1 4 .

S in c e  p o l y n o m i a l s  A, B and T a r e  known e q u a t i o n s  (4.44) ,  (4.46) 

and (4.64)  can be s o l v e d  d i r e c t l y  t o  f i n d  t h e  r e q u i r e d  v a l u e s  o f  P, Q, H

and G t o  which t h e  s e l f - t u n i n g  a l g o r i t h m  s h o u l d  c o n v e r g e ,  t h u s  we have
2 2 

b i  a 3b 0

h _ b p a 2 + bp  ~ a i b i  ~ b i________

b i t i  „ a i b i  a3bo
—r   + a 2 -  c 2  r  - r  

do bo bj

q0 = ho - b0
p 2 = ~ q 0 ^ 3 / b 1

Pi = ( h ^ !  + a j b 0 -  a jh o  -  b x ) / b 0 

h i  = b j  

So = Pi  ” a 1 

8 1  = P 2 "" ^ 2

g 2 = - a 3 ( 4 . 7 9 )

S u b s t i t u t i n g  f o r  t h e  p a r a m e t e r s  o f  t h e  s y s t e m  i n t o  e q u a t i o n  (4.79) ,  we 

have

P = 1 -  1 .58Z " 1 + 0 .5 8 Z " 2  

Q = 1 .2

G = 1 .18  -  1 .71Z” 1 + 0 .6 5 7 Z ” 2

H = 2 .7 7  + 1 .36Z “ 1

Def ine  t h e  p a r a m e t e r  s e t  6  = ( h 0 , h j ,  g 0, g w g 2) ,  t h e n  t h e  p a r a m e t e r

s e t  6 t r u e  wh i c h  s a t i s f i e s  t h e  r e q u i r e d  c o n t r o l  c o n s t r a i n t  i s  g iv e n  by

6t r u e  = ( 2 .7 7 ,  1 .3 6 ,  1.1 8 , - 1 . 7 1 ,  0 . 6 5 7 ) .  I n  t h i s  c a s e ,  o f f s e t  d = 1, 

t h e  a l g o r i t h m  i s  s t a r t e d  w i t h  i n i t i a l  v a l u e s  o f  P = 1, Q = 0 and
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ei n i t i a l  = (°*8> 0 .4 ,  0 .4 ,  “ 0 .4 ,  0 . 2 ) .  F i g .  4.5 s h o w s  t h e  s y s t e m  

r e f e r e n c e  i n p u t ,  o u t p u t ,  s y s t e m  c o n t r o l  U ( t ) ,  t h e  p a r a m e t e r s  o f  Q = q 0, 

H(Z~1) = h 0 + h ^ " 1 and  G ( Z " 1) = g 0 + g ^ ” 1 + g 2Z " 2 . As c a n  be s e e n ,  a l l  

t h e  p a r a m e t e r s  c onve rge  t o  t h e  e x p e c t e d  v a l u e s .  I t  s h o u l d  be n o t e d  t h a t ,

when 0 i n i t i a l  = ^°*5» 0 .3 6 ,  0 . 4 ,  - 0 . 4 ,  0 . 1 ) ,  t h e  e s t i m a t i o n  t e n d e d  t o  

d i v e r g e .
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Example 2

In  t h i s  c a s e ,  t h e  s i t u a t i o n  i s  t h e  same a s  i n  e x a m p l e  1, b u t  t h e  

d e s i r e d  c l o s e d - l o o p  p o l e s  a r e  d e f i n e d  by T(Z“ **) = 1 -  1.2Z-1 + 0.41 Z” 2 , 

c o r r e s p o n d i n g  t o  t h e  c o n t i n u o u s  t i m e  second  o r d e r  c h a r a c t e r i s t i c  

p o ly n o m ia l  w i t h  c = 0.8,  = 0.19. F ig .  4.6 shows t h e  s y s t e m  o u t p u t .

F i g .  4 .7  a n d  F i g .  4.8 show t h e  s y s t e m  o u t p u t s ,  i f  t h e  d e s i r e d  

c l o s e d - l o o p  p o l e s  a r e  d e f i n e d  by T(Z” 1) = 1 -  1.2Z” 1 + 0.604Z- 2  and 

T(Z” 1) = 1 -  0 . 8 2 Z ” 1 + 0.41Z"2 r e s p e c t i v e l y .

Example 3

The s y s te m  t o  be c o n s i d e r e d  i s  g iv en  by

0.48Z - l
Y ( t )  = ----------------   U ( t )  + d

1 -  0 . 9 1 Z ' 1

c o r r e s p o n d i n g  t o  t h e  c o n t i n u o u s - t i m e  sy s tem

G(s ) = ----- —
1 + 0 . 1 s

w i t h  s a m p l i n g  p e r i o d  T = 0.01 s e cond .  The d e s i r e d  c l o s e d - l o o p  p o l e  i s  

d e f i n e d  by T(Z- 1 ) = 1 -  0.517Z“ 1. The a l g o r i t h m  i s  s t a r t e d  w i t h  i n i t i a l  

v a l u e s  o f  P = 1 a n d  ^ i ^ t i a l  = ( 0 . 1 ,  0 .2 ,  - 0 . 2 ) .  F i g .  4 .9 s h o w s  t h e  s y s t e m  

o u t p u t  and t h e  p a r a m e t e r  of  h 0 , i t  can be s e e n  t h a t ,  h 0 c o n v e r g e s  t o  i t s  

e x p e c t e d  v a l u e  h 0 = b 0 = 0.48.
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Example 4

In  t h i s  c a s e ,  a s y s t e m  w h ich  i s  a s t a b l e  and nonminimum p h a s e  second  

o r d e r  s y s t e m  i s  t o  be c o n s i d e r e d  [ 5 2 ]

Y(e)  -  ■Z: 1 (.-0 -0 l 3I ..^ _ 0,1 7 4 _5_2̂ )  0 ( e )  + d

1 -  1 . 535Z"*1 + 0 . 5 8 7 Z - 2

c o r r e s p o n d i n g  t o  t h e  c o n t i n u o u s - t i m e  s y s te m

G ( s ) = - s  + 1

(3s  + 1 ) ( 5 s  + 1)

w i t h  s a m p l e s  e v e r y  s e c o n d .

The a l g o r i t h m  i s  s t a r t e d  w i t h  i n i t i a l  v a l u e s  o f  P = 1, Q = 0 and 

e i n i t i a l  = 0 . 0 3 ,  0 . 5 ,  - 0 . 8 ,  0 . 2 ) .  The d e s i r e d  c l o s e d - l o o p  p o l e s

a r e  d e f i n e d  by T(Z” 1) = 1 -  1.2Z" 1 + 0.41 Z“ 2 , c o r r e s p o n d i n g  t o  t h e  

c o n t i n u o u s  t i m e  se c o n d  o r d e r  c h a r a c t e r i s t i c  p o l y n o m i a l  w i t h  5  = 0 . 8  

= 0.56. F ig .  4.10 shows t h e  s y s t e m  o u t p u t  and t h e  p a r a m e t e r  o f  q 0. 

F ig .  4.11 shows t h e  s y s t e m  o u t p u t  and t h e  p a r a m e t e r  of  q 0, i f  

T(Z“ 1) = 1 -  1 . 0 4 Z " 1 + 0 .5 2 Z " 2 .

When 9 i n i t i a l  = ( 0 . 0 0 5 ,  0.01 , 0 . 2 ,  - 0 . 5 ,  0 . 1 ) ,  t h e  e s t i m a t i o n  t e n d e d  t o  

d i v e r g e .
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4 . 4 . 4  -  E x p e r im e n t s  and R e s u l t s

The b e h a v io u r  o f  t h e  s e l f - t u n i n g  PID c o n t r o l l e r  has  been t e s t e d  i n  

s e v e r a l  e x p e r i m e n t a l  a p p l i c a t i o n s .  The c o n t r o l  a l g o r i t h m  was i m p l e m e n t e d  

u s i n g  a 16 - b i t  MC 68000 s i n g l e  boa rd  com pute r  which  was i n t e r f a c e d  t o  

t h e  c o n t r o l l e d  s y s t e m .  The c o n t r o l  a l g o r i t h m  was w r i t t e n  i n  a s s e m b l y  

l a n g u a g e .  For 16 - b i t  f i x e d - p o i n t  a r i t h m e t i c ,  t h e  program r e q u i r e d  l e s s  

t h a n  1 . 2 k - b y t e s  o f  RAM f o r  t h e  c o n t r o l  program i t s e l f  and 0 . 2 5 k - b y t e s  o f  

RAM t o  s t o r e  i n t e r m e d i a t e  v a l u e s .  The t o t a l  c o m p u t a t i o n  t i m e  f o r  t h i s  

p rogram was l e s s  t h a n  12 ms. Excep t  f o r  some ve ry  f a s t  p r o c e s s e s ,  t h i s  

t im e  was a c c e p t a b l e .  However ,  t h e  16 - b i t  c o n f i g u r a t i o n  l i m t e d  t h e  

a c c u r a c y  o f  c o m p u t a t i o n .

To im prove  t h e  a c c u r a c y  o f  c o m p u t a t i o n ,  s o f t w a r e  was r e w r i t t e n  i n  

2 4 - b i t  f l o a t i n g - p o i n t  a r i t h m e t i c .  T h i s  v e r s i o n  r e q u i r e d  2 k - b y t e s  o f  RAM, 

o f  which  a bou t  0 . 5 k - b y t e s  were  r e q u i r e d  f o r  s t o r i n g  i n t e r m e d i a t e  v a l u e s .  

The t o t a l  c o m p u t a t i o n  t i m e  was a b o u t  100 ms.

The p ro g ra m s  f o r  b o t h  f i x e d - p o i n t  and f l o a t i n g - p o i n t  a r i t h m e t i c  and  

t h e i r  b r i e f  s p e c i f i c a t i o n s  a r e  g i v e n  i n  Appendix 10.

E xpe r im en t  1

The p r o c e s s  i n  t h i s  c a s e  i s  an a n a lo g u e  s i m u l a t o r  and t h e  

c o n f i g u r a t i o n  o f  t h e  c o n t r o l  s y s t e m  i s  shown i n  F ig .  4.12.

P r o c e s sMC 68000 b i t  DAC

b i t  ADC

T=12 ms

Y ( t )

F i g .  4 .1 2  Block Diagram o f  t h e  P r o c e s s  C o n t r o l  System
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The o p e n - l o o p  s t e p  r e s p o n s e  o f  t h e  p r o c e s s  i s  shown i n  F i g .  4.13, 

and f rom w h ic h  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  p r o c e s s  i s  a p p r o x i m a t e l y  

g i v e n  by

q ( s \ _  _____________ K___________
( 1 + 0 . 0 6 4 s ) ( 1 + 0 . 0 1 5 s )

and
G( Z- i )  = Z"1 (0 .0 52  + 0 .042  V 1 ) 

1 -  1 . 2 8 Z - 1 + 0 . 3 7 4 Z - 2

w i t h  s a m p l i n g  p e r i o d  12 ms.

S in c e  p o l y n o m i a l s  A and B a r e  known,  e q u a t i o n  (4.79) can  be s o l v e d  

d i r e c t l y  t o  f i n d  t h e  v a l u e s  o f  t h e  c o n t r o l l e r  p a r a m e t e r s  w h ic h  s a t i s f y  

t h e  r e q u i r e d  c o n t r o l  c o n s t r a i n t .  Thus we have

et r u e  = 0.01)2, 1 . 0 ,  - 1 . 2 ,  0.3711)

w i t h  T (Z ” 1) = 1 -  1 .363Z"1 + 0.52Z-2

The f l o w c h a r t  f o r  t h e  c o n t r o l  a l g o r i t h m  i m p l e m e n te d  on t h e  MC 68000 

i s  shown i n  F i g .  4.14. In  t h i s  c a s e ,  t h e  program r a n  c o n t i n u o u s l y  i n  a 

l o o p  and  t h e  c o m p u t a t i o n  t i m e  was a b o u t  11.5 ms. The i n i t i a l  v a l u e  o f  p 0 

was t a k e n  e q u a l  t o  128 ( 7FFF Hex w i t h  7 b i t  i n t e g e r  and 8 b i t  

f r a c t i o n  ). The s e t p i o n t  was p e r i o d i c a l l y  changed  by t h e  p rogram from 

0 .0 8  t o  0.47 ( maximum v a l u e  i s  e q u a l  t o  1 ) f o r  e v e r y  20 s a m p l i n g  

p e r i o d s ,  i . e .  0.23 s ,  as  a s y s t e m  d i s t u r b a n c e  i n p u t  f o r  t h e  e s t i m a t i o n  

p r o c e d u r e .  In  a c t u a l  p r o c e s s  c o n t r o l ,  a s  soon  a s  c o n v e rg e n c e  was 

a c h i e v e d ,  t h e  e s t i m a t i o n  and t h e  d i s t u r b a n c e  as  w e l l  s h o u l d  be 

t e r m i n a t e d  and t h e n  t h e  c o n t r o l l e r  p a r a m e t e r s  would  be f i x e d  a t  t h e  

e s t i m a t e d  v a l u e s .  Here ,  a f t e r  150 s a m p l i n g  p e r i o d s ,  t h e  e s t i m a t i o n  

p r o c e d u r e  was i n t e r r u p t e d  by t h e  p rogram i t s e l f  and t h e n  t h e  e s t i m a t e d  

d a t a  w e re  r e a d  o u t .

F i g .  4.15 shows t h e  s y s te m  o u t p u t  d u r i n g  t h e  e s t i m a t i o n  p r o c e d u r e .  

T a b le  1 l i s t s  6 s e t s  of  e s t i m a t e d  v a l u e s  o f  0 and  t h e  v a l u e s  o f  m a t r i x  

P ( t )  when t h e  e s t i m a t i o n  p r o c e d u r e  f i n i s h e s .  The e s t i m a t i o n  s t a r t e d  w i t h
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i n i t i a l  v a l u e s  o f  P(Z~^)  = 1,  Q(Z“ ^) = 0 a n d  

e i n i t i a l = ( 0 , 0 6 3 » ° - 0 4 6 8 > 1 . 3 4 4 , - 1 . 6 1 ,  0 . 3 7 5 )  a n d  t h e  c o n t r o l  

c o n s t r a i n t  was g iv e n  by T(Z“ 1) = 1 -  1.363Z~^ + 0.52Z”^.

F ig .  4.16 shows t h e  c l o s e d  l o o p  s t e p  r e s p o n s e s  o f  t h e  s y s te m  w i t h  

t h e  c o n t r o l l e r  p a r a m e t e r s  o f

6i n i t i a l = (°*o 6 3» . 0 4 6 8 ,  1 . 3 4 4 ,  - 1 . 6 1 ,  0 . 3 7 5 )  a nd  

0 = ( 0 . 0 7 8 ,  0 . 0 2 7 ,  1.1 8, - 1 . 3 5 ,  0 . 4 3 ) .  E x p e r i m e n t s  s h o w e d  t h a t  w i t h  

^ i n i t i a l  = c o n v e r s e n c e  o f  t h e  e s t i m a t i o n  p r o c e s s

became v e r y  p o o r .

F i g .  4 .13  S t e p  Response  o f  t h e  P r o c e s s
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No

Yes

No
Time t o  check  e s t i m a t i o n

Yes

Time f o r  
e t p o i n t  change

S t a r t

Sample d a t a

S e t  s e t p o i n t  v a lu e

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

S h i f t  and 
u p d a t e  d a t a

C a l c u l a t e  4>(t), P ( t ) ,  0 ( t )

C a l c u l a t e  Q(Z“ 1) ,  PCZ” 1)

Read o u t  e s t i m a t e d  v a l u e s

C a l c u l a t e  u ( t ) ,  I n t e g r a t e  u ( t )  
Send c o n t r o l  o u t

F i g .  F lo w c h a r t  f o r  t h e  E s t i m a t i o n  P r o c e s s

1s

F i g .  *1.15 System O u tpu t  D ur ing  t h e  Tuning  P r o c e s s
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h o h i So S i S 2

0 . 0 8 2 0 . 0 2 3 1 . 1 8 - 1  . 2 9 0 . 4 5
r \  r \  C> C U . UUU n n o r a A ni • i 1 «- 'I O  ̂l i j u r\ h C 

y j  • -r kj

0 . 0 7 0 . 0 3 1 1 . 2 0 - 1 . 3 1 0 . 4 3
0 . 0 9 0 . 0 3 1 1 . 1 5 - 1  . 2 7 0 . 5 1
0 . 0 7 8 0 . 0 2 7 1 . 1 8 - 1 . 3 5 0 . 4 3
0 . 0 8 2 0 . 0 3 1 1 . 2 7 - 1 . 3 1 0 . 4 1

0 . 0 3 5 0 . 0 0 8 0 . 0 5 1 - 0 . 0 9 4 0 . 1 6
0 . 0 1 2 0 ; 0 3 5 0 . 0 7 1 - 0 . 1 5 6 0 . 2 0
0 . 0 2 3 - 0 . 0 2 11 . 9 - 2 0 . 8 3 9 . 9 1
- 0 . 0 2 0 . 0 3 5 - 2 1 . 1 3 4 2 . 0 2 - 2 1 . 2 7
0 . 1 0 2 0 . 0 8 2 9 . 5 3 - 2 1 . 5 5 1 2 . 4 1

T a b le  4.1 E s t im a t e d  V a lue s  and M a t r i x  P ( t )

= ( . 0 6 3 ,  . 0 4 6 8 ,  1 . 3 4 4 ,  -1 .6 1 ,  0 . 3 7 5 )

F i g .  4 .1 6  S t e p  Response  o f  t h e  C l o s e d - l o o p  System
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Expe r im en t  2

The c o n f i g u r a t i o n  o f  t h e  c o n t r o l  s y s te m  i s  shown i n  F i g .  4.12, b u t  

t h e  p r o c e s s  i s  a h y d r a u l i c  m o to r  s y s t e m  and  t h e  s a m p l i n g  p e r i o d  i s  12 

ms.

The c o n t i n u o u s  t i m e  t r a n s f e r  f u n c t i o n  o f  t h e  p r o c e s s  i s  

a p p r o x i m a t e l y  g iv e n  by

G(s)=  e ' ° ' ° 12s---------
( 0 .0 6 s + 1 ) ( O .O Is+ 1 )

The f l o w c h a r t  o f  t h e  e s t i m a t i o n  a l g o r i t h m  i s  shown i n  F i g .  4.17 and 

t h e  p rogram  e x e c u t i o n  was i n t e r r u p t  d r i v e n .  I n  t h i s  c a s e ,  a t  t h e  

comm is ion ing  s t a g e  a f i x e d  p a r a m e t e r  PID c o n t r o l l e r  was used  t o  c o n t r o l  

t h e  p r o c e s s  d i r e c t l y  and t h e  s e t p o i n t  was s u i t a b l y  d i s t u r b e d .  The 

o u t p u t s  o f  t h e  p r o c e s s  and t h e  c o n t r o l l e r  were  used  t o  e s t i m a t e  t h e  

p a r a m e t e r s  f o r  t h e  s e l f - t u n i n g  PID c o n t r o l l e r .  The s e l f - t u n i n g  PID 

c o n t r o l l e r  i t s e l f  d i d  no t  g e n e r a t e  a c o n t r o l  s i g n a l .  When conve rge nc e  

was a c h i e v e d ,  t h e  e s t i m a t e d  v a l u e s  w ere  t r a n s m i t t e d  t o  t h e  PID 

c o n t r o l l e r .  Then t h e  p a r a m e t e r s  were  f i x e d  u n t i l  r e t u n i n g  was c o n s i d e r e d  

n e c e s s a r y .  F ig .  4.18 shows t h e  s y s t e m  o u t p u t  a t  t h e  c o m m is s i o n in g  

s t a g e .  However ,  i n  t h i s  e x p e r i m e n t  a t  p o i n t  "a" ( F ig .  4.18 ) ,  t h e  

c o m p u t a t i o n  was i n t e r r u p t e d  by t h e  program and t h e n  t h e  e s t i m a t e d  v a l u e s  

were r e a d  o u t .  Tab le  4.2 l i s t s  some e s t i m a t e d  v a l u e s  w i t h  i n i t i a l  v a l u e s  

o f  0 = ( 0 . 2 ,  0 .0 1 ,  1 .6 ,  - 1 . 7 ,  0 . 4 ) ,  and  c o n t r o l  c o n s t r a i n t  

T(Z- 1 ) = 1 -  1 . 2Z_1 + 0 . 4 1 z” 2

I t  was found t h a t  i n  o r d e r  t o  have b e t t e r  e s t i m a t i o n  r e s u l t s ,  a t  t h e  

c o m m iss ion ing  s t a g e ,  t h e  r a n g e  o f  t h e  d i s t u r b a n c e  a t  t h e  s e t p o i n t  and t h e  

e s t i m a t i o n  t i m e s  s h o u ld  r e a c h  c e r t a i n  v a l u e s .  E x p e r i m e n t s  a l s o  showed 

t h a t  t h e  c o n t r o l l e r  f i x e d  w i t h  t h e  e s t i m a t e d  v a l u e s  l i s t e d  i n  Ta b le  4.2 

gave r i s e  t o  a poor  r e s p o n s e  ( s e r i o u s l y  overdamped  ). In  o r d e r  t o  

o b t a i n  a good p e r f o r m a n c e ,  t h e  e s t i m a t e d  v a l u e s  i n  T a b le  4.2 had t o  be

1 8 2



m o d i f i e d .

F i g .  3.30 ( p .103) shows t h e  c l o s e d  loop  r e s p o n s e  o f  t h e  s y s t e m  w i t h  

t h e  c o n t r o l l e r  whose p a r a m e t e r s  a r e  t h o s e  e s t i m a t e d  w i t h  some 

m o d i f i c a t i o n ,  i . e . ,  0 = ( 0 .3 ,  0.1 9, 1 .33 ,  -1 .37 ,  0.1 25 ) .  I t  i s  j u d g e d  

t h a t ,  b e c a u s e  o f  dead t i m e  i n  t h e  p r o c e s s ,  t h e  d i s c r e p a n c y  b e tw e e n  t h e  

model needed  f o r  t h i s  a l g o r i t h m  and t h e  a c t u a l  p r o c e s s  model  c a u s e s  t h e  

b e h a v i o u r  o f  t h e  e s t i m a t e d  p a r a m e t e r s  t o  be poor .

Main Program

S t a r t

E nab le  i n t e r r u p t

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

Wait  f o r  i n t e r r u p t

I n t e r r u p t  H a n d l in g  R ou t ine

Yes

No

No
E s t i m a t e  ?

Yes

Time f o r ^ " " — . 
s e t  p o i n t  change ?

S top

R e t u rn

Read o u t  d a t a

Se t  s e t p o i n t

Enab le  n e x t  i n t e r r u p t

Sample sy s te m  o u t p u t  Y( t )

I n t e g r a t e  u ( t )
Send c o n t r o l  U ( t )  o u t p u t

C a l c u l a t e  <f>(t), P ( t ) ,  6 ( t )

C a l c u l a t e  f i x e d  p a ra m e te r  PID 
C o n t r o l l e r  o u t p u t  u ( t )

F i g .  4 .1 7  F lo w c h a r t  o f  t h e  E s t i m a t i o n  A lg o r i t h m
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F i g .  *1.18 System Outpu t  a t  Commiss ioning S t a g e

ho h i So Si g 2

0.  *106 -0.0*17 1 .*173 - 1 .3 8 7 0 .2 8 9
0 .359 - 0 .0 2 7 1 .363 -1.3*10 0.23*1
0.  *169 - 0 . 0 3 1* 1 .*137 - 1 . 3 3 2 0.21*1
0.  *169 - 0 .0 3 9 1 .*153 - 1 . 2 0 0 .2 3 8
0.  *157 -0.0*17 1 .*110 - 1 . 2 9 3 0 .3 5 2
0 .3 9 8 - 0 . 0 3 9 1 .*18*1 -1.32*1 0 .3 1 3

Table  *1.2 Some E s t i m a t e d  Va lues

Exper im en t  3

For  t h i s  e x p e r i m e n t ,  a t e m p e r a t u r e  p l a t f o r m  was u s e d ,  b e i n g  a b l e  t o  

p r o v i d e  a t e m p e r a t u r e  r a n g e  from room t e m p e r a t u r e  up t o  80°C. 

T e m p e r a tu r e  c o n t r o l  was a c h i e v e d  by v a r y i n g  t h e  a v e r a g e  o u t p u t  v o l t a g e  

of  t h e  a s s o c i a t e d  power s u p p ly .  A t e m p e r a t u r e  s e n s o r  was u s e d  t o  d e t e c t  

t h e  p l a t f o r m  t e m p e r a t u r e .  The c o n f i g u r a t i o n  o f  t h e  c o n t r o l  s y s t e m  i s  

shown i n  F i g .  *1.12.

From t h e  open lo o p  s t e p  r e s p o n s e  o f  t h e  p r o c e s s  as  shown i n  

F ig .  *1.19, t h e  t r a n s f e r  f u n c t i o n  o f  t h e  p r o c e s s  i s  g i v e n  by



where  x = 840 second

a n d  G ( Z _ 1 ) =-----------— -------
1 -  a o z ” 1

where b 0 = 0.0465,  a 0 = 0.954, w i t h  s a m p l in g  p e r i o d  40 s e co n d .

From e q u a t i o n  (4 .79) ,  t h e  p a r a m e t e r s  o f  t h e  PI c o n t r o l l e r  a r e  g i v e n  by 

T a b l e  4 .3 .

T = 1 - 0 . 6Z” 1 6t r u e  = ( 0 .0 4 6 5 ,  1 .3 5 4 ,  - 0 . 9 5 4 )

T = 1 - 0 . 7Z"1 0t r u e  = ( 0 .0 4 6 5 ,  1 . 2 5 4 ,  - 0 . 9 5 4 )

T = 1 - 0 . 8Z"1 0t r u e  = ( 0 .0 4 6 5 ,  1 .1 5 4 ,  - 0 . 9 5 4 )

T a b le  4 .3

The f l o w c h a r t  o f  t h e  e s t i m a t i o n  a l g o r i t h m  i s  t h e  same as  i n  

e x p e r i m e n t  2. F i g .  4 .2 0  shows t h e  sys te m  r e f e r e n c e  i n p u t  s e q u e n c e  and 

o u t p u t  unde r  t h e  p e r i o d i c  s e t p o i n t  change  as  sy s te m  d i s t u r b a n c e  i n p u t  a t  

c om m iss ion ing  s t a g e .  Ta b le  4.5 g i v e s  some e s t i m a t i o n  r e s u l t s  w i t h  

d i f f e r e n t  i n i t i a l  v a l u e s  and t h e  v a l u e s  o f  t h e  m a t r i x  P ( t )  when t h e  

e s t i m a t i o n  p r o c e d u r e  f i n i s h e s .  The c o m m is i o n in g  s t a g e  i s  a b o u t  100 

sa m p l in g  p e r i o d s ,  i . e . ,  4000 se cond .  E x p e r im e n t s  showed t h a t  p a r a m e t e r s  

c o n v e rg e d  t o  t h e i r  e x p e c t e d  v a l u e s  w i t h  v e r y  h i g h  r e p e a t a b i l i t y .

C lo se d  lo o p  p o le E s t i m a t e d  V a lues

T = 1 - 0 . 6Z-1 6 = ( 0 . 0 3 7 , 1 . 3 4 , - 1 . 0 4 )

II 1 o -N INI
1

0 = ( 0 . 0 3 6 , 1 .29 , - 1 . 0 9 )

T = 1 - 0 . 8Z"1 C
D II o o -fcr 1 . 2 4 , - 1 . 1 3 )

I n i t i a l  V a lues  6 = ( 0 . 1 ,  0 . 4 ,  - 2 )

T a b le 4 .4
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Closed  Loop Po le E s t i m a t e d  v a l u e s

T = 1 - 0 . 6Z"1 0 = ( 0 . 0 3 6 ,  1 . 3 4 ,  - 0 . 9 2 )

T = 1 - 0 . 7Z"1 0  = ( 0 . 0 4 ,  1 . 3 0 , - 0 . 9 7 )

T = 1 - 0 . 8Z"1 0 = ( 0 .0 3 7 ,  1 . 2 6 ,  - 1 . 0 2 )

67 .4 ?  
P ( t )  = 12.37 

[-1-2.11

12.37 - 1 2 .0 9  
510 .5 6  - 4 8 7 .0 6  
- 4 8 7 .0 6  515 .63

**

I n i t i a l  Va lues  6 = ( 0 . 0 1 ,  2 . 0 ,  - 0 . 4 )

Tab le  4 .4

With 8 i n i t i a l  = 0> ^)» t h e  e s t i m a t i ° n i s  d i v e r g e n t ,  T a b l e  4.5 g i v e s

t h e  e s t i m a t e d  r e s u l t s  and t h e  v a l u e s  of  t h e  m a t r i x  P ( t )  when t h e  

e s t i m a t i o n  p r o c e d u r e  f i n i s h e s .  F ig .  4.21 g i v e s  t h e  c l o s e d  l o o p  s t e p  

r e s p o n s e  o f  t h e  s y s te m  w i t h  t h e  c o n t r o l l e r  p a r a m e t e r s  

0 = (0.04,  1.30, -0 .97 ) .  When c o n t r o l l e r  p a r a m e t e r s  w e re  s e t  w i t h  

^ i n i t i a l  = 2 -° -  - 0 . 4 ) ,  t h e  c l o s e d  l o o p  s y s t e m  d i d  n o t  w o rk  a t

a l l .

C losed  lo o p p o le E s t i m a t e d  v a l u e s

T = 1 -0 .8Z " 1 0 = ( 0 ,  0. 102 ,  -0 .0 9 1  )

0 .003 0.029 0 .04
P ( t )  = 0 .028 495.84 - 4 7 6 .3

0 .04 - 4 7 6 .3 498 .5

I n i t i a l  va l ues  0  = ( 0 , 0, 0 )

T ab le  4 .5
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M.5 -  D i s c u s s i o n  and C o n c l u s io n

D i s c u s s i o n

The e x p e r i m e n t a l  a p p l i c a t i o n s  o f  t h e  s e l f - t u n i n g  PID c o n t r o l l e r  have  

i n d i c a t e d  t h a t  i t  i s  n o t  e n t i r e l y  s t r a i g h t f o r w a r d  t o  use  t h i s  k i n d  o f  

c o n t r o l l e r .  There  a r e  many p r e c a u t i o n s  t h a t  m us t  be t a k e n  and a l s o  i t  i s  

i m p o r t a n t  t o  have  a s  much a p r i o r  knowledge  a b o u t  t h e  p r o c e s s  a s  

p o s s i b l e .  The i n i t i a l  v a l u e s  o f  t h e  p a r a m e t e r s  t o  be e s t i m a t e d  m u s t  be 

p r e s p e c i f i e d  w i t h  c a r e  o t h e r w i s e  t h e  e s t i m a t i o n  w i l l  d i v e r g e .  So i f  t h e  

p r o c e s s  h a s  been c o n t r o l l e d  b e f o r e  w i t h  a c o n v e n t i o n a l  c o n t r o l l e r ,  t h e  

i n i t i a l  v a l u e s  s h o u ld  be such  t h a t  t h e y  c o r r e s p o n d  t o  t h e  c o n t r o l l e r  

used  b e f o r e .  The s y s te m  s e t  p o i n t  a l s o  s h o u l d  be s u i t a b l y  d i s t u r b e d  i n  

o r d e r  t o  have  a p r o p e r  c o n d i t i o n i n g  o f  s i g n a l s  w h ich  w i l l  g i v e  r i s e  t o  a 

good c o n v e r g e n c e .

Although  t h e  12 ms o p e r a t i o n  t i m e  of  f i x e d - p o i n t  a r i t h m e t i c  i s  

a c c e p t a b l e  f o r  many f a s t  p r o c e s s e s ,  i n c l u d i n g  l a r g e  e l e c t r i c a l  and 

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

a p p l i c a t i o n  i n  c a s e s  where  u n u s u a l l y  h i g h  a c c u r a c y  i s  d e s i r e d .  The 100 

ms o p e r a t i o n  t i m e  o f  f l o a t i n g - p o i n t  a r i t h m e t i c  i s  a c c e p t a b l e  f o r  some 

f a i r l y  s lo w  p r o c e s s ,  such  a s  t e m p e r a t u r e ,  f l o w ,  l e v e l ,  e t c ,  w i t h  v e r y  

h ig h  o p e r a t i o n a l  a c c u r a c y ,  t h e r e b y  r e s u l t i n g  i n  b e t t e r  p e r f o r m a n c e  w i t h  

t h e  c o n t r o l l e r .  T h e r e f o r e  t h i s  f l o a t i n g - p o i n t  a l g o r i t h m  can  be 

recommended t o  t u n e  a PID c o n t r o l l e r  e i t h e r  a s  an i n i t i a l  t u n i n g  d e v i c e ,  

o r  when r e q u i r e d ,  p r o v id e d  t h a t  t h e  model  o f  t h e  p r o c e s s  i s  s u i t a b l e .

When a p r o c e s s  e x h i b i t s  l a r g e  a p p a r e n t  d e a d - t i m e  c h a r a c t e r i s t i c s ,  

t h e  s e l f - t u n i n g  PID a l g o r i t h m  i s  no l o n g e r  s u i t a b l e  f o r  t h i s  m o d e l ,  and 

l i k e  a c o n v e n t i o n a l  PID c o n t r o l l e r ,  i t  does  n o t  work v e r y  w e l l .  However ,  

o t h e r  s e l f - t u n i n g  c o n t r o l l e r s  can im prove  t h i s  s i t u a t i o n .
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C o n c l u s io n

A s e l f - t u n i n g  FID c o n t r o l l e r  w i t h  p o l e  a s s i g n m e n t  f o r  a 

d e t e r m i n i s t i c  p r o c e s s  h a s  been p r e s e n t e d  and i n v e s t i g a t e d  i n  t h i s  

c h a p t e r .  The a l g o r i t h m  p r o p o s e d  h e r e  i s  t h e  same as  t h e  s e l f - t u n i n g  

c o n t r o l l e r  f o r  d e t e r m i n i s t i c  s y s t e m s  [ 3 5 ] ,  b u t  an  i n t e g r a t o r  i s  

i n c o r p o r a t e d  i n t o  t h e  c o n t r o l  l o o p ,  wh ich  r e s u l t s  i n  a s e l f - t u n i n g  

c o n t r o l l e r  w i t h  PID s t r u c t u r e .  As we a r e  d e a l i n g  w i t h  a d e t e r m i n i s t i c  

s y s te m ,  an i m p l i c i t  a l g o r i t h m  can  be u s e d .  But c o n t r o l  sys tem  

i d e n t i f i c a t i o n  i s  o n l y  f e a s i b l e  unde r  d i s t u r b e d  c o n d i t i o n s .

The a l g o r i t h m  has  been  i m p l e m e n te d  on t h e  MC 68000 w i t h  b o t h  16 - b i t  

f i x e d - p o i n t  and 2 4 - b i t  f l o a t i n g - p o i n t  a r i t h m e t i c s .  I t  h a s  been shown 

t h a t  t h e  a l g o r i t h m  can be e a s i l y  i m p l e m e n te d  on a m ic r o c o m p u te r  sy s te m  

o r  on s i n g l e  board  c o m p u t e r s .  E x p e r i m e n t a l  a p p l i c a t i o n s  have  i n d i c a t e d  

t h a t  t h e  f l o a t i n g - p o i n t  a l g o r i t h m  p e r f o r m s  w e l l  and can be used  i n  

i n d u s t r i a l  a p p l i c a t i o n s .

The m ajo r  u se  o f  t h e  c o n t r o l l e r  p r o p o se d  h e r e  would  be as  an i n i t i a l  

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

t h e  c o n t r o l l e r  t o  t r a c k  t h e  o p e r a t i n g  c o n d i t i o n s  o f  t h e  s l o w l y  

t i m e - v a r y i n g  o r  n o n - l i n e a r  p r o c e s s  unde r  c o n t o l .
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CHAPTER 5 : C o n c l u s i o n  and Recommendat ions  f o r  F u t u r e  Work

5.1 -  C o n c l u s io n

An a n a l y s i s  o f  t h e  d i e l e s s  w i r e  d r a w in g  p r o c e s s ,  b a s e d  on 

Non-Newtonian f l u i d  b e h a v i o u r  o f  t h e  po lymer  m e l t ,  h a s  been  d e v e l o p e d .  

The e f f e c t  o f  t h e  t h e r m a l  e n e rg y  g e n e r a t e d  by v i s c o u s  " f r i c t i o n ” i n  t h e  

w i r e  d r a w in g  p r o c e s s  h a s  been  t a k e n  i n t o  c o n s i d e r a t i o n  by c o u p l i n g  t h e  

e n e rg y  e q u a t i o n  i n t o  t h e  a n a l y s i s  and a s s u m i n g  t h e  po lym er  v i s c o s i t y  t o  

be d e p e n d e n t  on t e m p e r a t u r e .  The t h e o r e t i c a l  r e s u l t s  i n  t e r m s  o f  

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

DRU and t h e  d r a w i n g  l o a d  d u r i n g  t h e  d ra w in g  p r o c e s s ,  a g r e e d  v e r y  w e l l  

w i t h  t h o s e  o b s e r v e d  e x p e r i m e n t a l l y .  An e x t e n s i v e  e x p e r i m e n t  h a s  been  

c a r r i e d  o u t ,  i n  wh ich  p a r a m e t e r s  such  a s  d r a w in g  s p e e d s ,  t h e  t e m p e r a t u r e  

o f  t h e  po lym er  m e l t  and t y p e  o f  p o lym e rs  were v a r i e d .

Based on t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s ,  a 

m ic r o c o m p u te r - b a s e d  c o n t r o l  sy s tem  f o r  t h e  d i e l e s s  w i r e  d r a w i n g  p r o c e s s  

has  been d e s i g n e d  and c o n s t r u c t e d  i n  o r d e r  t o  p roduce  w i r e s  o f  d e s i r e d  

q u a l i t i e s .  A method d e t e c t i n g  t h e  PRA of  t h e  w i r e  d u r i n g  t h e  d r a w i n g  

p r o c e s s  was p ro p o se d .  The PRA i n d i c a t o r  worked w e l l  u n d e r  s t e a d y - s t a t e  

c o n d i t i o n s ,  b u t  f l u c t u a t i o n  i n  r e a d i n g s  o c c u r r e d  under  t r a n s i e n t  

c o n d i t i o n s .

The q u a l i t i e s  o f  t h e  w i r e  o f  a u n i fo rm  d i a m e t e r  drawn by t h e  new 

d raw ing  s y s t e m  w e re  fo u n d  t o  be c o m p a r a b le  t o  t h o s e  drawn by u s i n g  t h e  

c o n v e n t i o n a l  d r a w in g  p r o c e s s .  Tapered  w i r e  o f  a u n i f o r m  change  i n  a r e a  

w i t h  a d e s i r e d  r a t e  f o r  a g i v e n  l e n g t h  was p roduced .  The e r r o r  i n  t h e  

PRA o f  t h e  p roduced  w i r e s  was w i t h i n  t h e  r a n g e  o f  ±2 p e r c e n t .

A s e l f - t u n i n g  PID c o n t r o l l e r  w i t h  p o l e  a s s i g n m e n t  f o r  d e t e r m i n i s t i c  

s y s t e m s  has  been p r o p o s e d  and i n v e s t i g a t e d .  An i m p l i c i t  a l g o r i t h m  was 

used  and t h e  c o n t r o l  s y s t e m  i d e n t i f i c a t i o n  was o n l y  f e a s i b l e  u n d e r
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d i s t u r b e d  c o n d i t i o n s .  The a l g o r i t h m  h a s  been  i m p l e m e n t e d  on t h e  MC68000 

m ic r o c o m p u te r  w i t h  bo th  1 6 - b i t  f i x e d - p o i n t  and 2 4 - b i t  f l o a t i n g - p o i n t  

a r i t h m e t i c s .  E x p e r i m e n t a l  a p p l i c a t i o n s  i n d i c a t e d  t h a t  t h e  f l o a t i n g - p o i n t  

a l g o r i t h m  p e r f o r m e d  w e l l  and c o u ld  be used  i n  p r a c t i c a l  a p p l i c a t i o n s .

The m a j o r  u se  o f  t h e  c o n t r o l l e r  i s  as  an i n i t i a l  t u n i n g  d e v i c e  t o  

d e t e r m i n e  t h e  c o n t r o l l e r  p a r a m e t e r s ,  o r  t o  p r o v i d e  an a d a p t i v e  c o n t r o l  

sy s te m  i n  wh ich  t h e  PID c o n t r o l l e r  p a r a m e t e r s  a r e  m o d i f i e d  t o  a d a p t  t o  a 

c h a n g in g  s i t u a t i o n .

5 . 2  -  Recommendat ions f o r  F u t u r e  Work

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

amount o f  h e a t  g e n e r a t e d  from t h e  d e f o r m a t i o n  o f  t h e  w i r e  n e e d s  t o  be 

t a k e n  i n t o  c o n s i d e r a t i o n  t o  f u r t h e r  improve  t h e  t h e o r e t i c a l  r e s u l t s .  

S i n c e  t h e  a p p a r e n t  v i s c o s i t y  o f  t h e  po lym er  m e l t  i s  a f u n c t i o n  o f  t h e  

t e m p e r a t u r e  o f  t h e  po lymer  m e l t  and t h e  p r e s s u r e  w i t h i n  t h e  DRU, t h e  

v i s c o s i t y  o f  t h e  po lymer  m e l t  can be d e s c r i b e d  by

y = y0 e~aT + bP

Where b i s  t h e  v i s c o s i t y  p r e s s u r e  dependency  c o n s t a n t .  However ,  w i t h  

t h i s  e q u a t i o n  i n t r o d u c e d  i n t o  t h e  a n a l y s i s ,  t h e  a n a l y s i s  w i l l  become 

much more c o m p l i c a t e d  t h a n  t h e  p r e s e n t  one.

1 0 - b i t  ADC and DAC c o n v e r t e r s  can be used  t o  i n c r e a s e  t h e  a c c u r a c y  

o f  t h e  d i e l e s s  w i r e  d r a w in g  speed  c o n t r o l  s y s t e m ,  and a s  a r e s u l t  o f  

t h i s ,  t h e  q u a l i t y  o f  t h e  p roduced  w i r e  w i l l  be im proved .  To e n a b l e  a 

c l o s e d - l o o p  c o n t r o l  s y s te m  w i t h  good p e r f o r m a n c e  t o  be b u i l t  u s i n g  t h e  

PRA a s  a f e e d b a c k  s i g n a l ,  t h e  m e c h a n ic a l  componen ts  o f  t h e  PRA 

t r a n s d u c e r  r e q u i r e  some improvemen t .

The c o m m is s i o n in g  s t a g e  of  t h e  s e l f - t u n i n g  PID c o n t r o l l e r  f o r  

d e t e r m i n i s t i c  s y s t e m s  i s  on ly  f e a s i b l e  under  d i s t u r b a n c e  c o n d i t i o n ,  and 

t h e  c o n t r o l l e r  s e t p o i n t  w i l l  be s u i t a b l y  d i s t u r b e d  u n t i l  t h e
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identification convergence is achieved. The controller parameters will 

then be fixed until retuning is considered necessary. Here several 

questions arise as to when this controller can be actually applied. What 

is the magnitude of the "suitable disturbance" which needs to be added 

into the input of the controller at the commissioning stage? How much 

time must elapse ( how many time steps of the on line identification 

algorithm ) for the identification to reach convergence? How can we 

judge a proper set of perameters of the controller has been estimated?

To have the solutions of these questions, there is still some work to be 

done both in theory and practice.
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Appendix 1 : V i s c o s i t y - T e m p e r a t u r e  Dependence o f  t h e  P o lym e r  M e l t  [10 ]

F o r  many p o l y m e r s  a t  t e m p e r a t u r e s  c o n s i d e r a b l y  above  t h e i r  

g l a s s - t r a n s i t i o n  t e m p e r a t u r e ,  t h e  m e l t  v i s c o s i t y  h a s  been e x p e r i m e n t a l l y  

d e t e r m i n e d  t o  be an e x p o n e n t i a l  f u n c t i o n  o f  t h e  a b s o l u t e  t e m p e r a t u r e  as  

g i v e n  by t h e  A r r h e n i u s - t y p e  e q u a t i o n

y = A exp ( AE /  RT ) (A1.1 )

where  y i s  t h e  m e l t  v i s c o s i t y  o f  t h e  po lymer  

R a c o n s t a n t  

A a  f r e q u e n c y  t e r m  

AE t h e  e n e r g y  o f  a c t i v a t i o n  

A and AE m ust  be e v a l u a t e d  e m p i r i c a l l y  f o r  e a ch  p o ly m e r .  I n  a d d i t i o n  t o  

t h e  v a r i a t i o n  o f  AE and A from po lymer  t o  po lym e r ,  A and AE a r e  a l s o  t h e  

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

The d a t a  [ 1 1 ]  i n d i c a t i n g  t h e  t e m p e r a t u r e  dependence  o f  m e l t  

v i s c o s i t y  a t  c o n s t a n t  s t r e s s  and p r e s s u r e  a r e  p r e s e n t e d  i n  F i g .  2.11. I t  

can be s e e n  f rom  F i g .  2.11 t h a t ,  f o r  low d e n s i t y  p o l y e t h y l e n e ,  

i n c r e a s i n g  t h e  t e m p e r a t u r e  by 40°C d e c r e a s e s  t h e  v i s c o s i t y  a t  c o n s t a n t  

s t r e s s  and c o n s t a n t  p r e s s u r e  by a f a c t o r  o f  a b o u t  3. The m e l t  

v i s c o s i t y - t e m p e r a t u r e  dependence r e s u l t i n g  f rom  F i g .  2.11 c o u l d  be 

e x p r e s s e d  by

y = y0 e ~ aT (A1.2 )

where  "a" i s  a  c o n s t a n t  f o r  a g iven  po lym er  and i t s  v a l u e  i s  w i t h i n  t h e  

r a n g e  from 0.02 t o  0.1 . pq i s  t h e  i n i t i a l  v i s c o s i t y  a t  r e f e r e n c e  

t e m p e r a t u r e .

However ,  f o r  many p o l y m e r s ,  AE ( e q u a t i o n  A1.1 ) ,  o r  " a ”

( e q u a t i o n  A1.2 ) i s  a f u n c t i o n  o f  t e m p e r a t u r e .  For  such  p o l y m e r s ,  

W i l l i a m s ,  Lande l  and F e r r y  [10]  showed t h a t  t h e  r e d u c e d  v i s c o s i t y  d a t a

A1 .1



f o r  a w ide  v a r i e t y  o f  p o ly m e r s  c o u ld  be e x p r e s s e d  by t h e  u n i v e r s a l  WLF 

e q u a t i o n

8 .8 6 ( T  -  T )
p = ps exp  [ j o i . 6  + T -  T~ ^

s

where Tg i s  t h e  r e f e r e n c e  t e m p e r a t u r e

' ys i s  t h e  v i s c o s i t y  a t  t h e  r e f e r e n c e  t e m p e r a t u r e  

The WLF e q u a t i o n  i s  a p p l i c a b l e  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  Ts +50°.

An a l t e r n a t i v e  e q u a t i o n  of  v i s c o s i t y - t e m p e r a t u r e  d e pe ndenc e  i s  g iv e n

by
-  17 . 4 4 (T -  T )

M "  MTg 6Xp [ ' 5 I . 6  + T -  T8 3
g

where Tg i s  t h e  g l a s s - t r a n s i t i o n  t e m p e r a t u r e  of  t h e  po lymer  

yTg i s  t h e  m e l t  v i s c o s i t y  a t  t e m p e r a t u r e  Tg 

In  g e n e r a l ,  t h e  WLF e q u a t i o n  b e g i n s  t o  f a i l  as  a v a l i d  

r e p r e s e n t a t i o n  o f  t h e  v i s c o s i t y - t e m p e r a t u r e  dependence  i n  t h e  

t e m p e r a t u r e  r e g i o n  o f  Tg+100°,  and i n  some h ig h  r e g i o n  t h e  b e h a v i o r  

becomes A r r h e n i u s  i n  fo rm .

I n  t h e o r e t i c a l  a n a l y s i s  e q u a t i o n  (A1.2) i s  p a r t i c u l a r l y  a m e n a b le  t o  

m a t h e m a t i c a l  t r e a t m e n t .

A1.2



Appendix 2 : A I n t e g r a t i o n  Formula

The i n t e g r a l  r e g i o n  R o f  t h e  d o u b le  i n t e g r a l

h ,  Y 
J 0 J0 f ( Y ' )  dY'dY

can be d e s c r i b e d  by i n e q u a l i t i e s  o f  t h e  fo rm  0 <= Y <= h^

and 0 <= Y* <= Y ( F i g .  A2.1 ).  R a l s o  c a n  be d e s c r i b e d  by  i n e q u a l i t i e s

o f  t h e  f o r m  0 <= y ’ <= h-j a nd  Y1 <= y <= h-j . Then we o b t a i n

h,  Y h h
J Q f Q f ( Y ' )  dY’dY = J 0 J Y. f ( Y ' )  dYdY'

rHl= JQ ( h j  -  Y’ ) f ( Y ’ ) dY’

Y

0
Y'

F i g .  A2.1

A2.1



Appendix 3 : Energy  E q u a t io n  A p p l i e d  t o  t h e  P r o c e s s  o f  D i e l e s s  W ire  

Drawing

For i n c o m p r e s s i b l e  f l o w ,  t h e  e n e rg y  e q u a t i o n  i s  g iv e n  by [12]  

pcuVT = kV2T + R
(A3.1)

where p i s  t h e  m e l t  d e n s i t y  

c t h e  s p e c i f i c  h e a t  

u t h e  v e l o c i t y  v e c t o r

R t h e  v o l u m e t r i c  r a t e  o f  h e a t  g e n e r a t i o n

k t h e  t h e r m a l  c o n d u c t i v i t y

T t h e  t e m p e r a t u r e

VT t h e  t e m p e r a t u r e  g r a d i e n t

V2T t h e  t e m p e r a t u r e  d i v e r g e n c e .

Now c o n s i d e r  a p p l y i n g  t h e  e n e rg y  e q u a t i o n  t o  p r o c e s s  o f  t h e  d i e l e s s  

w i r e  d r a w in g  a s  s k e t c h e d  i n  F ig .  2.1a (p. 16). For  v i s c o u s  h e a t i n g  w i t h  

a New ton ian  f l u i d

R = n ( | ^ ) J = t £
dY (A3.2)

where e i s  t h e  s t r a i n  r a t e .  I n  two d i m e n s io n s  we have

u = u i  (A3-3)

( as suming  t h e  f lo w  o f  t h e  polymer m e l t  i s  a x i a l  )

and 7T = 9x 1 + dY (A3.*0

n2r 3!T d2T
W  + W  (A3.5)

S u b s t i t u t i n g  f o r  R, u ,  VT a nd  V2T f r o m  e q u a t i o n s  (A3.2)  t o  (A3.5)  

r e s p e c t i v e l y  i n  e q u a t i o n  (A3.1) g i v e s



L e t

X’ = X /  L1 

Y' = Y /  h 

u ’ = u /  U q  

Then e q u a t i o n  (A3.6) becomes

PCU0L I ,3T f 3 : T , h „  3 JT , pu 0 , 3 u \ ,
— k  y  U 3X '= I T  T xT5 "k (A 3 .7 )

With  h /  L-j << 1» t h e  l e f t - h a n d  s i d e  o f  e q u a t i o n  and  t h e  s e c o n d  t e r m  i n  

t h e  b r a c k e t s  on t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  (A3.7) can  be n e g l e c t e d .  

Thus t h e  e n e r g y  e q u a t i o n  a p p l i e d  t o  t h e  p r o c e s s  o f  d i e l e s s  w i r e  d r a w in g  

i s  g i v e n  by

32T

3Y (A3.8)
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Appendix *J : F l o w c h a r t  and L i s t i n g  o f  t h e  Computer  Program f o r  t h e

T h e o r e t i c a l  A n a l y s i s  U s ing  t h e  S te pped  Bore  R e d u c t io n  U n i t

S t a r t

No

J  <= E r r o r ?

Yes

End

b=b+A

Read D ata

C a l c u l a t e  y*

C a l c u l a t e  PRA

P r i n t  Out R e s u l t s

C a l c u l a t e  P.m»

P r e s e t  Value  o f  b

C a l c u l a t e  I q , i 1 f i 2

P r e d i c t  t h e  Y i e l d  P o s i t i o n  o f  t h e  W ire ,  X

C a l c u l a t e  A-,, B, J 0 , J - j , J 2

AH.1



L i s t i n g  o f  t h e  Computer  Program f o r  t h e  T h e o r e t i c a l  A n a l y s i s  U s ing  t h e

S t e p p e d  Bore  R e d u c t io n  U n i t

10 REM program for calculating the reduction in area of the wire 
20 REM coupling with the Energy equation 
30 REM title W5
40 REM L12 the length of the unit
50 REM XI variable viscosity in the Reynolds equation 
60 REM PM maximum pressure at the step
70 REM LI, 1.2 the lengths of the first and second parts of the unit
80 REM TAU1 shear stress before deformation
90 REM P pressure in deformation zone
100 REM SIGX axial stress in deformation zone
110 REM KK strain hardenig factor of the wire
120 REM RL the ratio of length
130 REM HI and H2 the gap of unit
140 REM RH the ratio of gap
150 REM D1 initial diameter
160 REM XI0 initial viscosity
170 REM Y0 initial yield stress of the wire
180 REM V drawing velocity
190 REM N1 the length of the step in simps on numerical integration
200 REM N material constant
210 REM K1 thermal conductivity W/MK
220 REM T1 the maximun temperature within the gap
230 REM K2 viscosity temperture constant XI-XI0*EXP(-K2*T)
240 REM T temperature 
250 DIM TT(100)
260 Nl=50
270 READ H2,RH,RL,L12,XI0,Y0,D1,N,KK
280 DATA 0.IE-3, 1.6,2.5,0.07,110,5.0E407, 1.6E-3,0. 52,4. 4E+08
290 READ K1,K2,V
300 DATA 0.16,0.08,0.30
310 READ M,Ml
320 DATA 1.0E-10,1.56E-10
330 LPRINT "K1“; K1;"K2";K2
340 REM H1,L1,L2 computation
350 H1=RH*H2
360 L2=L12/(1+RL)
370 L1=RL*L2
380 LPRINT “Hl=”;HI; "Ll=";L1; ”L2=" ;L2; ,,H2 = M ;H2; "V=M ; V; ,,XI0";XI0 
390 REM A, B, J0,J1,J2,JJ0,JJ1,JJ2 computation 
400 Bl=l+K2*XI0*V*V/(8*K1)
410 E1=K2*SQR(B1*V*V*H1*H1/(2*K2*K1*XI0))
420 E2=L0G( ABS( (SQR(B1-1 )+SQR(Bl))/(SQR(B1-1) -SQR(B1))))
430 J0=E1/E2
440 A1=2*V*V/(K1*K2*XI0*J0*J0)
450 LPRINT "B1";B1; "J0“;J0; "A1";A1
460 AA=A1
470 C30=SQR(B1-1)
480 C31=-E2/SQR(A1*B1)/K2
490 J1=-C31*4*C30/K2/XI0/SQR(A1)
500 GOSUB 1140
510 C32=(C31"2)*4*C30/K2/XI0/SQR(A1)
520 J2=C6+C32
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L i s t i n g  o f  t h e  Computer  Program f o r  t h e  T h e o r e t i c a l  A n a l y s i s  U s ing  t h e

S te pped  Bore R e d u c t io n  U n i t

530 E 3=K 2 *SQR(B1 *V'*'• V*H2*H2/ (2 *K2 * K. 1*• X10) )540 JJ0-E3/E2
550 A2=2*V*V/(K1*K2*X10*JJ0*JJ0)
560 AA=A2
570 C33=-E2/SQR(A2*B1)/K2 
580 GOSUB 1140
590 JJ1--C33*4*C30/K2/XI0/SQR(A2)
600 C34=(C33/'2)*4*C30/K2/XI0/SQR(A2)
610 JJ2=C6+C34
620 REM II, 12, 13 computation
630 I0=J0/H1
640 I1=J1/H1"2
650 12-J2/K1 3
660 REM XI computation
670 XI--11/6/(11*2-12*10)
680 EFF=XI*V
690 PRINT "XI",XI,"T1",T1
700 LPRINT " J 0 " ; J 0 ; "J1";J1;"J2";J2
710 LPRINT "JJ0"; J J 0 ; "JJ1";JJ1;"JJ2";JJ2
720 LPRINT ”10";10;"II";II;"12"; 12;"XI";XI;"Ti";T1;"EFF";EFF 
730 REM PM,TAUX computation
740 PM1=V*L1*L2*(J1*JJ0-JJ1*J0)
741 PM=FMl/(-Ll*J0*(JJ1 ~2-JJ2*JJ0)-L2*JJ0*(Jl*2-J2*J0) )
750 LPRINT "PM";PM
760 TAU3=-(V+PM*J1/L1)/J0 
770 LPRINT "TAU1";TAU1
780 REM deformation starts point computation 
790 X1=Y0/(PM/L1-4*TAU1/D1)
800 LPRINT "XI";XI 
810 REM PRA computation 
820 X=L1-X1 
830 B=4.074542E-02 
840 A=SQR(H1/B)
850 ZZ1=6*XI*V*((ATN(X/A))
851 Z1=ZZ1/(8*A~3*B"2) + (X''3-A~2*X) / ( 8*A*2*B"2*(A~2-+X~2)~2) )
860 ZZ2=PM/L1*(X1+(3*A*ATN(X/A))
861 Z2=ZZ2/6+(5*(A/'4)*X+3*(A~2)*X~3)/(8*(A''2+X/'2) *2) )
870 P=Z1+Z2
880 Z3=2*Y0*I,OG(D3/(D3-2*B*X*2))
890 Z4-LOG((SQR(D1)+X*SQR(2*B))/(SQR(D1)-SQR(2*B)*X) )
900 Z5=(5*D1-2*B*A"2)/(2*A*(D1->2*B*A*2)*2)*ATN(X/A)
910 Z6-3*X/(2* (D1+2*B*A*2 )*(A~2+X~2) )
920 ZZ7=(4*XI*V)/B*((2*D1+B*A~2)*2*B
921 Z7=ZZ7/(SQR(2*B*D1)*((D1+2*B*A~2)*2))*Z4+Z5-Z6)
930 Z8=A*(D1 +6 +B*A~2 )/(2*(D1+2*B*A"2)~2) *( ATN (X/A) )
940 Z9-SQR(D1)-SQR(2*B)*X
950 ZZ10=LOG((SQR(D1)+X*SQR(2*B))/Z9)
951 Z10-( 4*A~4*B''2 ) / (SQR( 2*B*D1) * (D1+2*B*A*2 )*2)*ZZ10
960 Z11-(2*PM*H1)/L1*( (A~2)*X/(2*(Dl+2*B*A~2)*(A/'2+X''2) )+Z8+Z10)
970 ZZ12=KK/(N+1)
971 Z12=ZZ12*( (2*L0G(D1/(D1-2*B*X*2) ) )*(N+1) )+4*Xl*ABS(TAUl)/Dl 
980 SIGX“Z3+Z7+Z11+Z12
990 C= Y0+KK*(2*LOG(D1/(D1-2*B*X*2)) )*N
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L i s t i n g  o f  t h e  Computer  Program f o r  t h e  T h e o r e t i c a l  A n a l y s i s  U s ing  t h e

Stepped  Bore R e d u c t i o n  U n i t

1000 J=P+ABS(SIGX}-C 
1010 PRINT " J "; .J ;
1020 IF ABS(J)<=2000 GOTO 1060 
1030 B=B+M*J 
1040 PRINT "B";B 
1030 GOTO 840
1060 IF ABS(.JV 100 GOTO 1100 
1070 B=B+M1*J 
1 0 3 0  PRINT MR';P.
1030 GOTO 840
1100 PRA= ( (D1-2*B*X~2) ~2 )/(P1 T:)
1110 L=1-PRA
1120 LPRINT "PRA";L;"B";B;" J";J ;“SIGX";SIGX; 
1130 END
1140 REM J2.JJ2 calculate subroutine
1150 Tl=LOG(Bl)/K2
1160 DT-T1/N1
1170 FOR 1=0 TO N1
1180 IF I=N1 GOTO 1210
1190 T=DT*I
1200 GOTO 1220
1210 T=DT*I-.01
1220 C9=SQR(B1-EXP(K2*T) )

1230 C3 = ((LOG(ABS((C9-SOR(Bl))/(C9+SQR(B3)))
1240 C2=XI0 + SQR(AA>*C.9
1250 TT{I)=EXP(K2*T)*03/C2
1260 NEXT I
1270 C4=0
1280 05=0
1290 FOR 1=1 TO Nl/2 
1300 04=04 + TT;'2*1-1)
1310 NEXT I
1320 FOR 1=1 TO Nl/2-1 
1330 C5=C5+TTf2*1)
1340 NEXT I
1350 C6=2*DT/3*(TT(0)+TT(N1)+4*04+2*C5)
1360 RETURN

’P"; P

)}/SQR(AA*B1)/K2)"



Appendix 5 : Program f o r  Drawing t h e  Wire  o f  a Uni fo rm D i a m e t e r

L i n e a r i s a t i o n  c o n s i s t s  o f  a p p r o x i m a t i n g  a c u r v e  by a f i n i t e  number 

of  s t r a i g h t  l i n e  s e g m e n t s .  Values  a t  t h e  s i x  b r e a k  p o i n t s  ( s e e  F i g .  

3.31 ) ,  t a n g e n t  v a l u e s  and t h e  e q u a t i o n  f o r  e a c h  l i n e a r  s e g m e n t  a r e  

g i v e n  i n  T a b l e  A5.1.

Tab le  A5.1

P o i n t PRA V ( ms-1 )
a 2 .5  0 .1 3 7
b 7 .5  0 .259
c 12.5 0 .4 0 7
d 15 .0  0 .5 0 6
e 17.0  0 .6 3 2
f 18 .0  0 . 8

Segment Tangent  Value E q u a t io n
V=A+( PRA-B )C

ab 1/ 0 .0 2 4 4 0 . 1 37+(PRA-2 .5 )* 0 .0 2 4 4
be 1 /0 .0 2 9 6 0 .2 5 9 + (P R A - 7 .5 ) * 0 .0 2 9 6
cd 1 /0 .0 3 9 6 0 . 4 0 7 +( P RA -12 .5 )*0 .0396
de 1 /0 .0 6 3 0 .5 06+(PRA-15)*0 .0 63
ef 1 / 0 .1 6 8 0 .6 3 2 + (P R A - 1 7 ) * 0 . l6 8

* MC6821 I /O i n t e r f a c e  a d d r e s s i n g  on MC68000 m ic r o c o m p u te r  b o a rd
* PRA p e r i p h e r a l  r e g i s t e r  A
* PRB p e r i p h e r a l  r e g i s t e r  B
* DDRA d a t a  d i r e c t i o n  r e g i s t e r  A
* DDRB d a t a  d i r e c t i o n  r e g i s t e r  B
* CRA c o n t r o l  r e g i s t e r  A
* CRB c o n t r o l  r e g i s t e r  B
* MC68230 PI /T  a d d r e s s i n g
* CPRH c o u n t e r  p r e l o a d  r e g i s t e r  h i g h
* CPRM c o u n t e r  p r e l o a d  r e g i s t e r  m id d le
* CPRL c o u n t e r  p r e l o a d  r e g i s t e r  low
* TCR t i m e r  c o n t r o l  r e g i s t e r
* TIVR t i m e r  i n t e r r u p t  v e c t o r  r e g i s t e r
* TSR t i m e r  s t a t u s  r e g i s t e r
* SAIHR a t  t h i s  l o c a t i o n  i n  RAM, t h e  s t a r t i n g  a d d r e s s  o f  t h e  i n t e r r u p t
* h a n d l e r  r o u t i n e  i s  s t o r e d

u1 DS.W 1 ; c o n t r o l  o u t p u t  u ( t - 1 )
YO-2 DS.W 3 ; p r o c e s s  o u t p u t  y ( t )  . . y ( t - 2 )

A5.1



U1 DS.W 1 ; i n t e g r a t o r  o u t p u t  U( t -1 )
h0-1 DS.W 2 ; c o n t r o l l e r  p a r a m e t e r s
gO-2 DS.W 3 ; c o n t r o l l e r  p a r a m e t e r s
DDRAi EQU <fc'3FI?P’Q

CRA1 EQU $3FFFB
DDRB1 EQU $3FFFD
CRB1 EQU $3FFFF
PRA1 EQU $3FFF9
PRB1 EQU $3FFFD
SAIHR EQU $6C
TCR EQU $10021
TIVR EQU $10023
DDRB2 EQU $3FFED
CRB2 EQU $3FFEF
PRB2 EQU $3FFED
CPRH EQU $10027
CPRM EQU $10029
CPRL EQU $1002B
TSR EQU $10035
1 LSB DS.W 1 ; t h e  v a l u e  o f  t h e  1LSB
PRA DS.W 1 ; t h e  v a l u e  o f  t h e  PRA
POLY DS.W 1 ; p o ly m e r  number
STRI DW > prom pt  s t r i n g  i n  ASCII

* Look-up t a b l e

BASEO-15 DW 2 .5 ,  7 .5 ,  12 .5 ,  15 .0 ,  1 7 .0 ,  1 8 .0 ,  0 .1 3 7 ,  0 . 2 5 9 ,  0 . 4 0 7 ,  
0 . 5 0 6 ,  0 . 6 3 2 ,  0 . 0 2 4 4 ,  0 . 0 2 9 6 ,  0 . 0 3 9 6 ,  0 . 0 6 3 0 , 0 . 1 6 8

* Program f o r  p rom pt  on t h e  s c r e e n .  The s t r i n g  i n  memory f o r  p rompt  i s
* i n  ASCII c h a r a c t e r s .  227 i s  t h e  s t r i n g  o u t p u t  r o u t i n e  number.  A5 i s
* u s e d  t o  p o i n t  t h e  b e g i n i n g  a d d r e s s  $STRI of  t h e  s t r i n g .  A6 p o i n t s  t h e
* a d d r e s s  $FINA i m m e d i a t e l y  f o l l o w i n g  t h e  l a s t  b y t e  o f  t h e  s t r i n g .

PRO: MOVE.W #$STRI, A5
MOVE. W #$FINA, A6
MOVE.B #227, D7
TRAP #14
TRAP #1 O utpu t  s t r i n g  on s c r e e n  and r e t u r n  c o n t r o l  

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

* Polym er  number 1, 2 and 3 c o r r e s p o n d i n g  t o  WVG 23, ELVAX 650 and
* NYLON 6 r e s p e c t i v e l y ,  t h e  v a l u e  o f  t h e  r e q u i r e d  PRA i s  o f  t h r e e
* c h a r a c t e r s  i n  BCD, w i t h  1 c h a r a c t e r  f r a c t i o n  and. I n p u t  PRA v a l u e  and
* po lymer  num ber  i n  l o c a t i o n s  $PRA and $P0LY r e s p e c t i v e l y  v i a  k e y b o a rd ,
* t h e n  i n p u t  command: " GO $TEM " t o  s e n d  t e m p e r a t u r e  s e t p o i n t  o u t .
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ANDI.W #$F00 , D1
MULU #$A, D1
ADD .W D1, D3

* S e t  d r a w i n g  s p e e d
* E x i t - D 3 ,  s pe ed  s e t p o i n t ,  8 - b i t  i n t e g e r

CM:

CM1

MOVE.L $BASE1, A1
CMP.W (A1)+, D3
BLE CM1
BRA CM
SUBA A1
MOVE.W (A1) , DO ; D0=B
ADDA #$C, A1
MOVE.W (A1) , D1 ; D1 =A
ADDA #$A, A1
MOVE.W (A1) , D2 ; D2=C
SUB.W DO, D3 ; PRA-B
MULM.W D2, D3 ; ( PRA-B)C
LSL.L #8 , D1
LSL.L #8, D1
ADD.L D1 , D3 ; A+(PRA-B)
DIVU $1LSB, D3 ; V=(A+(PRA
LSR.W #8 , D3

* E na b le  i n t e r r u p t

COM2:

MOVE.B #0 ,  CPRH 
MOVE.B CPRM
MOVE.B #$E2, CPRL
MOVE.B #$1B, TIVR
MOVE.B #$TA, SAIHR
MOVE.B #$A1, TCR
NOP
BRA COM2

s e t  10 ms i n t e r r u p t  i n t e r v a l  
i n t e r r u p t  v e c t o r
i n t e r r u p t  h a n d l e r  r o u t i n e  s t a r t i n g  a d d r e s s  
e n a b l e  i n t e r r u p t

* I n t e r r u p t  h a n d l e r  r o u t i n e
* PID c o n t r o l

MOVE.B #$36, CRA1
NOP
NOP
MOVE.B #$3E, CRA1
BTST #7, CRA1
BEQ TA1
MOVE.B $PRA1, $Y0 sample d a t a
MOVE.B #1, TSR e n a b l e  n e x t  i n t e r r u p t
BSR PID c a l l  PID a l g o r i t h m
RTE



* PID a l g o r i t h m  s u b r o u t i n e
* i n c r e m e n t a l  o u t p u t  u ( t )  = [ RW(t)-GY(t) ] /H
* E n t r y :  D3 -  W(t) ,  s e t p o i n t .  $Y0 -  p r o c e s s  o u t p u t
* E x i t :  r e s u l t  u ( t )  i n  D1

PID: MOVE.L #0, D1
LEA $gO, A1
MOVE.L #2, D2

PID1 : MOVE.W ( A1) + , DO
MULS.W D3, DO
ADD. L DO, D1
DBF. L D2, PID1 ; (gO+g1+g2)W(t)
LEA $h1 , A1
MOVE.W (A1) + , DO
MULS.W $u1 , DO
SUB.L DO, 01 ; R W ( t ) - h 1 u ( t -1 )
MOVE.W (A1) + , DO
MULS.W $Y0, DO ; gOY(t)
SUB.L DO, D1
MOVE.W (A1) + , DO
MULS.W $Y1 , DO ; g 1Y( t — 1)
SUB.L DO, D1
MOVE.W (A1) + , DO
MULS.W $Y2, 0 ; g2Y(t —2)
SUB.L DO, D1 ; R W ( t ) - G Y ( t ) - h 1 u ( t - 1 )
DIVS $h0, 01 ; u ( t )  in  D1

* Move d a t a  f o r  n e x t s t e p  c o m p u t a t i o n

MOVE.W D1, $u1
MOVE.W $Y1 , $Y2
MOVE.W $Y0, $Y1

* I n t e g r a t o r ,  n4 i s  t h e  upper l i m i t  o f  t h e  i n t e g r a t o r
* l i m i t  o f  t h e i n t e g r a t o r .

ADD.W $U1 , D1 ; i n t e g r a t e
MOVE.W D1 , D2
CMP .W #$nH, D1
BGE PID2
CMP .W #$n5, D1
BLE PID3
BRA PID4

PID2: MOVE.W #$nM, D1 ; i n t e g r a t o r  l i m i t a t i o n
BRA PID4

PID3: MOVE.W #$n5, D1 ; i n t e g r a t o r  l i m i t a t i o n
PID4: MOVE.W D1, $U1

CMPI.W #$FF, D2
BLE PID5
MOVE.W #$FF, D2
BRA PID6

PID5: CMPI.W #0, D2
BLE PID7

PID6: MOVE.B D2, PRB1 ; o u t p u t  d a t a
RTS

PIDT: MOVE.B #0, PRB1 ; o u t p u t  d a t a
RTS
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Appendix 6 : Program f o r  Drawing T a p e re d  Wire

PR1 DS.W 1 ; v a lu e  o f  t h e  PIA1*1000 wi '
PR2 DS.W 1 ; v a l u e  o f  t h e  PIA2-1000 wii
L DS.W l  ; t h e  l e n g t h  o f  t h e  w i r e  ( <
N2 DS.W 1 ; t h e  f i n a l  s p e e d  s t e p
C DS.W 1 ; c o n s t a n t  c = L /  ( ( ^ - N - j )
NUM1 DS.W 1 ; PID c o m p u t a t i o n  p e r i o d

* S u b r o u t i n e
* BCD -  b i n a r y  c o n v e r s i o n
* E n t r y :  D1 b i tO -1 5 -  number in  BCD
* E x i t  : D3 b i tO -31 number i n  b i n a r y

BBR: CLR.L D3
CLR.L D4
MOVEQ #1, D2

BBR1 : CMPI.W #10000,D2
BGE.S $EXIT
MOVE.W D1, DU
ANDI.W #$F, DU
MULU D2, DU
ADD .W D4, D3
LSR.W #4, D1
MULU #10, D2
BRA.S BBR1

EXIT: RTS

C a l c u l a t e  s t a r t i n g  speed  s t e p  Nl ,  f i n a l  s p e e d  s t e p  N2, and c 
E n t r y :  $PR1 -  t h e  v a l u e  o f  PRA1

$PR2 -  t h e  v a l u e  o f  PRA2
$L -  t h e  l e n g t h  o f  t h e  w i r e

E x i t :  D6 -  N1
$N2 -  N2
$C -  c

TC: MOVE.W $PR1, D1
BSR $BBR
SUBI.W # 4 5 , D3 ; PRA1-0.045*1 000
MULU #10000, D3
DIVU #8078, D3 ; 0 .1584*0.0051=0.0008078
MOVE.W D3, D6 ; D6 = N-|
MOVE.W PR2, D1
BSR BBR
SUBI.W #45, D3 ; PRA2-0.045*1 000
MULU #10000, D3
DIVU #8078, D3
MOVE.W D3, $N2 ; ( $N2 ) = N2
MOVE.W $L , D1
BSR ■ BBR
MULU #10000, D3
LSL.L #4, D3
MOVE.W $N2, D5 ; D3=L*16000
SUB.W D6, D5 ; D5=N2 -  N-,

; 1LSB*T*100000*16 = 1 6 .3 2MULU #$1052, D5
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CON:

LSR.L #8, D5 ; T=2 ms
DIVU D5, D3 » 1LSB = 0-0051
MOVE.W D3, $C

t i a l i z a t i o n  o f por tA ,  p o r tB ,  t i m e r ,  USS and USP

MOVE.L #$7000 A7 ; s e t  USS
MOVE.L #$A00, A1
MOVE.L A1 , USP ; s e t  USP
MOVE.W #$2000 , SR
MOVE.W #$50, $h0
MOVE.W #$30, $h1
MOVE.W #$155, $g0
MOVE.W #$FEA0 , $g1
MOVE.W #$20, $g2 ; s e t  PID c o n t r o l l e r  p a r a m e t e r s
MOVE.B #0, CRB1
MOVE.B #$FF, DDRB1
MOVE.B CRB1 ; PIA1 p o r t  B o u t p u t
MOVE.B #0, CRB2
MOVE.B #$FF, DDRB2
MOVE.B CRB2 ; PIA2 p o r t  B o u t p u t
MOVE.B #0, CRA1
MOVE.B #0, DDRA1
MOVE.B CRA1 ; PIA1 p o r t  A i n p u t
CLR.W $Y1
CLR.W $Y2
CLR.W $U1
MOVE.W #5, DU ; PID c o m p u t a t i o n  p e r i o d ,  5 t i m e s  o f

; i n t e r v a l  i n t e r r u p t  i n t e r v a l  i s  2 m
CLR.L D5
MOVE.W #5, $NUM1
MOVE.W $ c , D5
DIVU D6, D5 ; n 1 = c/N-,
MOVE.B #0, CPRH
MOVE.B #0, CPRM
MOVE.B #$FA, CPRL ; s e t  2 ms i n t e r r u p t  i n t e r v a l
MOVE.B #$1 B, TIVR ; i n t e r r u p t  v e c t o r
MOVE.B #$TA, SAIHR ; i n t e r r u p t  h a n d l e r  r o u t i n e  s t a r t i n g
MOVE.B #$A1, TCR ; e n a b l e  i n t e r r u p t
NOP
BRA COM2

* I n t e r r u p t  h a n d l e r  r o u t i n e

MOVE.B #1, TSR
CMP.W $NUM1, D*J ; PID c o m p u t a t i o n
BEQ TA1
SUBI #1, DU ; no ,  D-M =D^-1
BRA.L TA3
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TA1: MOVE.W D6, D3 ; PID c o m p u t a t i o n
MOVE,B #$36, CRA1
NOP
NOP
MOVE.B #$3E, CRA1

TA2: BTST #7, CRA1
BEQ TA2
MOVE.B PRA1 , $Y0 ; sample d a t a
BSR PID ; PID a c t i o n

TA3: CMP.W #0, DM
BEQ TAM
BRA TA5

TAM: MOVE.W NUM1, DM ; s e t  c o u n t e r  DM, PID c o n p u t a t i o n  p e r i o d
TA5: SUBI #1, ' D5 ; D5-1=D5

CMP.W #0, D5 ; i n c r e a s e  d raw ing  s p e ed  s t e p
BEQ TA7
BRA TA8

TA7: ADDI #1, D6 ; y e s ,  i n c r e a s e  s p e ed  s t e p
MOVE.L #0, D5
MOVE.W #$C, D5
DIVU D6, D5 ; c a l c u l a t e  n a t  speed  s t e p  N
CMP.W $N2, D6
BGT TA9 ; f i n a l  speed  s t e p

TA8: RTE ; no ,  r e t u r n  t o  c o n t i n u e
TA9: MOVE.B #$1 B, TIVR

MOVE.L #$ST, $6C
RTE ; s e t  new i n t e r r u p t  h a n d l e r  r o u t i n e  s t a r t i n g

; a d d r e s s  f o r  s lo w  s t o p

* I n t e r r u p t  h a n d l e r  r o u t i n e
* Slow s t o p

ST: MOVE.B #1, TSR
CMP.W #0, D6
BEQ ST1
SUBI.W #1, D6

ST1 : MOVE.B D6, PRB1
RTE
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Appendix 7 : P rogram L i s t i n g  f o r  t h e  PRA I n d i c a t o r

* MC68000 program f o r  t h e  PRA I n d i c a t o r
* I n i t i a l i z a t i o n
N1 DS.W 1 ; B u f f e r  f o r  t h e  PRA in  Hex
N2 DS.W 1 ; B u f f e r  f o r  t h e  PRA i n  Decimal

MOVE.L #$7000, A7
MOVE.L #$A00, A1
MOVE.L A1 , USP
MOVE.W #$2000, SR
MOVE.B #0, CPRH
MOVE.B #9 , CPRM
MOVE.B #$C4, CPRL
MOVE.B #$1 B, TIVR
MOVE.L #$IND, $6C
MOVE.W #0, $N1
MOVE.W #1, D5
MOVE.W #0, D6
MOVE.B #$A1 , TCR

I N I 1 : NOP
JMP INI1

; S e t  20 ms i n t e r r u p t  i n t e r v a l

S e t  c o u n t e r  1 and 2 i n i t i a l  
v a l u e s
I n t e r r u p t  e n a b l e

* I n t e r r u p t  H a n d l e r  R o u t in e

IND: MOVE.B #1, TSR ;
CMPI.W #0, D5
BEQ IND1
MOVE.W #0, D5
MOVE.B #$5B, $30003
MOVE.B #$5A, $30001;
MOVE.B #$FF, $30005
MOVE.B #$FF, $30007
MOVE.B #$FF, $30009
MOVE.B #$FF, $3000B;
RTE

IND1: MOVE.W #1 , D5
MOVE.L # 0 ,  D3
MOVE.L #0,  D4
MOVE.B $30005,  DU
ASL.W #8,  D4
MOVE.B $30007,  D4
MOVE.B $30009,  D3
ASL.W #8,  D3
MOVE.B $3000B, D3
NEG.W D4
NEG.W D3

; Read c o u n t i n g  v a lu e  from t i m e r  1

; Read c o u n t i n g  v a l u e  from t i m e r  2
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SUB .W DU, D3
NEG.W D3
MULU.W #1000, D3 ; ( V1-V2 )*1000/V1
DIVU ' D4, D3
MOVE.W $N1 D4
a r \ r \  i  t
H U U  •  ni n  It j y - r  , J-'

ASR.W #1, D3 ; C a l c u l a t e  t h e  PRA from t h e
MOVE.W D3, $N1 ; The PRA i n  D3
ADD.W #1, D6
CMPI.W #10, D6
BEQ ' IND2
RTE

IND2: MOVE.W #0, D6
MOVE.W #$N1 , DO
MOVE.W #$N2, A6
MOVE.B #236, D7
TRAP #1 4 ; Hex-Decimal  c o n v e r s i o n
MOVE.W #$N2, A5
MOVE.W #$N2+#8 , A6
MOVE.B #227, D7
TRAP #1 4 ; Send sampled  d a t a  t o  VDU
RTE
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Appendix 8 : P rogram f o r  t h e  C l o s e d - l o o p  C o n t r o l  With 
t h e  PRA T r a n s d u c e r

* MC68000 C l o s e d - l o o p  c o n t r o l  program

N1-N1+M DS.W 5 ; D a t a  b u f f e r
N2 DW S e t p o i n t  w i t h  3 b i t  i n t e g e r

* I n i t i a l i z a t i o n

INI :  . MOVE.L #$7000, A7
MOVE.L #$A00, A1
MOVE.L A1 , USP
MOVE.W #$2000, SR
MOVE.B #0, CRB1
MOVE.B # $FF, DDRB1
MOVE.B #M, CRB1 ; s e t  p o r t  B o u t p u t
MOVE.W #M, D1
LEA #$N1 , A1

INI1:  MOVE.W #0, (A1) +
DBF.W D1 , INI1

INI2:  MOVE.B #$5B, $30003
MOVE,B #$5A, $30001;  S e t  t im er#1  and #2 mode
MOVE.B #$FF, $30005
MOVE.B #$FF, $30007
MOVE.B #$FF, $30009
MOVE.B #$FF, $3000B; E n a b le  coun te r#1  and #2
MOVE.W #$950, D1

INI3:  SUB.W #1, D1
CMPI.W #0, D1
BNE INI3 ; 20 ms t im e  d e l a y
MOVE.L #0 , D3
MOVE.L #0, DM
MOVE.B $30005, DM
ASL.W #8, DM
MOVE.B $30007, DM ; Read c o u n t i n g  v a l u e  from
MOVE.B $30009, D3 ; t im er#1
ASL.W #8, D3
MOVE.B $3000B, D3 ; Read c o u n t i n g  v a l u e  from
NEG.W DM ; t i m e r #2
NEG.W D3
SUB.W DM, D3
NEG.W D3
MULU.W #1000, D3
DIVU DM, D3 ; t h e  measured  PRA in  D3
MOVE.W $N1+1, $N1
MOVE.W $N1+2, $N1 +1
MOVE.W $N1+3, $N1 +2
MOVE.W $N1+M, $N1 +3
MOVE.W D3, $N1+M ; move d a t a  f o r  n e x t  t im e
LEA #N1 , A1 ; c o m p u ta t io n
MOVE.W #3, D1



INlM:

INI5:

INI6:

INI7:

ADD.W ( A1) + , D3
ASR.W #1, D3
DBF.W D1 , $INIM ; a v e ra g e  t h e
MOVE.W $N2, D1 ; D 1 = s e tp o i n t
SUB.W D3, D1
MULS.W #P, D1 ; p r o p o t l o n a l
CMP.W #$FF, D1
BLE ' INI5
MOVE.W #$FF, D1
BRA INI6
CMP.W #0, D1
BLE INI7
MOVE.B D1, $3FFFD; o u t p u t
BRA INI2
MOVE.W #0, $3FFFD; o u t p u t
BRA ' INI2

c o n t r o l
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Appendix 9 : F l o w c h a r t  o f  D i g i t a l  S i m u l a t i o n  Program and Computer 
L i s t i n g  f o r  t h e  S e l f - t u n i n g  PID C o n t r o l l e r

F lo w c h a r t  o f  t h e  D i g i t a l  S i m u l a t i o n  Program

Form <j>(t) = P(Z~1) Y ( t )  + Q(Z~1) u ( t - k )

No

t im e s  ?

Yes

S top

E s t i m a t e ( t )

C a l c u l a t e  sy s te m  o u t p u t

Y ( t ) =Z

C a l c u l a t e  c o n t r o l  u ( t )
I n t e g r a t e  u ( t ) ,  U ( t )  = u ( t )  + U ( t - 1 )

C a l c u l a t e  t h e  p a r a m e t e r s  o f  P(Z_1) and Q(Z” ' )  
f o r  n e x t  s t e p  e s t i m a t i o n  ___

Move U ( t ) — U ( t - 1 )  , u ( t ) — u ( t - 1 )  
p ( t ) — p ( t - D ,  e ( t ) — e ( t - i )
Y ( t ) —- Y ( t - 1 ) ,  f o r  n e x t  s t e p  e s t i m a t i o n

I n i t i a l i z a t i o n  
Read sy s tem  p a r a m e t e r s  
S e t  t h e  p o l e s  o f  t h e  c l o s e d - l o o p  sy s tem  
S e t  t h e  i n i t i a l  v a l u e s  o f  0(0)  and P(0)
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Computer L i s t i n g  f o r  t h e  S e l f - t u n i n g  PID C o n t r o l l e r

10 REM PID-STC with pole assignment, for deterministic system 
20 REM key words PID-STC 
30 REM W(0) setpoint
40 REM T(1),T(2) time constants for pole assignment 
50 REM NSS the number- of parameters to be estimated 
60 REM K-time delay
70 REM NAA,NB degree of system polynomials A, B
80 REM NA=NAA+1 introducing integrator-
90 REM K1-factor to discount past data
100 REM NA=deg A+l, NG=deg G, NH=deg H, NQ=deg Q
110 REM Q(I)= (t), Q1(I)- (t-1), P(I,J)=P(t), P1(I,J)=P(t-l>
120 REM DU(I)=u(t ), U(I)=U(t), PP(I)=P(s }, QQ(I)=Q(s )
130 REM Y(t) system output
140 REM N,N1 counter,NN.NN1 preset value of counter-
150 REM D constant offset
160 REM initialisation
170 READ K,NA.NB,K1,T(1),T(2),NAA
180 READ PP(0),D
190 READ N,NN,N1,NN1
200 NP=NA-1
210 NG=NA-1
220 NH=NB+K-1
230 NQ-NB-1
240 NSS=NH+NG+2
250 REM Initialise matrix PI (I,J ),Q1(I)
260 FOR 1=1 TO NSS 
270 LET PI(I,I)=32767 
230 NEXT I 
290 FOR 1=1 TO NSS 
300 READ Q1(I)
310 NEXT I
320 INPUT "W=";W(0)
330 REM parameters of system t o  be simulated 
340 FOR 1=1 TO NAA 
350 READ A0(I)
360 NEXT I
370 FOR 1=0 TO NB
380 READ B0(I)
390 NEXT I
400 DATA 1,3,1,1,-1.21,0. 604, 2
410 DATA 1,1
420 DATA 1,21,1,261
430 DATA 0.5,0.36,0.2,-0.4,0.1
440 DATA -1.628,0.657,1.57,1.36
450 REM yl(t) system output calculation
460 Y1(0)=0
470 FOR 1=1 TO NAA
480 Y1(0)=Y1(0)-A0(I)*Y1(I)
490 NEXT I
500 FOR I=K TO NB+K
510 Y1(0)=Y1(0)+B0(I-K)*U(I)
520 NEXT I
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Computer  L i s t i n g  f o r  t h e  S e l f - t u n i n g  PID C o n t r o l l e r

530 Y1 (0) =Y1 (0) + (1+A0{ 1 ) +A0( 2 ) ) *D 
5 40 REM y (t ) ca1cu1at i on 
550 Y (0)=Y1 ( 0)
560 REM move yl(t) for next step calculation
570 FOR 1=0 TO NAA-1
580 Y1(NAA-I)=Y1(NAA-I-1)
590 NEXT I
600 REM FA(t)=PP*Y(t)+QQ*DU(t-k) calculation 
610 FA=0
620 FOR 1=0 TO NP 
630 FA=FA+PP(I)*Y(I)
640 NEXT I
650 FOR 1=0 TO NQ
660 FA=FA+QQ(I)*DU(I+K)
670 NEXT I
680 LPRINT "N1"; N1;"N";N :"FA";FA;
690 REM recursive estimation FA=HH*DU(t-k)+GG*Y(t k) 
700 REM FORM (DU(t-k),,DU(t-k-nh),Y{t-K), , , Y(t-k-ng)) 
710 FOR 1=1 TO NH+1 
720 Zl(l, I)=DU( I-»K-1)
730 NEXT I
740 FOR I=NH42 TO NH+NG-»2 
750 Z1(1,I)=Y(I-NH-2 +K)
760 NEXT I
770 FOR 1=1 TO NSS
780 Z(I,1)=Z1(1,I)
790 NEXT I
800 REM P (t ) ca 1 cu 1 at.i on
810 FOR 1=1 TO NSS
820 C(1,I}=0
830 NEXT I
840 FOR 1=1 TO NSS
850 FOR J=1 TO NSS
860 C r i , I)=C(1,J)4Z1(1,J)*P1(J.1}
870 NEXT J 
880 NEXT I 
890 X=0
900 FOR 1=1 TO NSS 
910 X=X+C(1,I)*Z(I,1)
920 NEXT I
930 X=X+1
940 FOR 1=1 TO NSS
950 C(I,1>=0
960 NEXT I
970 FOR 1=1 TO NSS
980 FOR J=1 TO NSS
990 C(I,1)=C(I,1)+P1(I,J)*Z(J,1)
1000 NEXT J 
1010 NEXT I 
1020 FOR 1=1 TO NSS 
1030 FOR J=1 TO NSS 
1040 H (I,J )=0 
1050 NEXT J
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Computer  L i s t i n g  f o r  t h e  S e l f - t u n i n g  PID C o n t r o l l e r

1060 NEXT I
1070 FOR 1=1 TO NSS
1080 FOR J-l TO NSS
1090 H (I,J )=H(I,J )+C(1, 1) *Z1(1,J )
1100 NEXT J
1110 NEXT I
1120 FOR 1=1 TO NSS
1130 FOR J = 1 TO NSS
1140 V(I,J)=0
1150 NEXT J
1160 NEXT I
1170 FOR 1=1 TO NSS
1180 FOR J=1 TO NSS
1190 FOR L=1 TO NSS
1200 V(I,J)=V(T,J)+H(I,L)*P1(L, J)
1210 NEXT L
1220 NEXT J
1230 NEXT I
1240 FOR 1=1 TO NSS
1250 FOR J=1 TO NSS
.1260 H(I, J)=P1(I, J)-V(I, J)/X
1270 NEXT J
1280 NEXT T
1290 FOR 1=1 TO NSS
1300 FOR J=1 TO NSS
1310 P f I, J ) --H (I, J > /K1
1320 NEXT J
1330 NEXT I
1340 REM Q(t)=(HH(0),,HH(nh),GG(0),,GG(ng))
1350 REM Q ( I > = (Q (1), , , Q (nh +1), , , , , , , , Q (nh+ng2) ,
1360 FOR 1=1 TO NSS
1370 M(I)=0
1380 NEXT I
1390 FOR 1=1 TO NSS
1400 FOR J=1 TO NSS
1410 M! X ) =M ( I ) tP (I; «J ) l  (. ■ J i 1}
1420 NEXT J
1430 NEXT I
1440 X=-0
1450 FOR 1=1 TO NSS 
1460 X=X+Z1(1, I)*Q1(1)
1470 NEXT I
1480 X=X-FA
1490 FOR 1=1 TO NSS
1500 M(I)=M(I)*X
1510 NEXT I
1520 FOR 1=1 TO NSS
1530 Q(I)=Q1(I)-M(I)
1540 NEXT I 
1550 LFRINT " Q "  ;

1560 FOR 1=1 TO NSS 
1570 LPRINT Q(I);
1580 NEXT J

, ,Q (nh+ng+ne+3})
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Computer  L i s t i n g  f o r  t h e  S e l f - t u n i n g  PID C o n t r o l l e r

felJVL'jove P(t) for next step calculation 
1610 FOR 1=1 TO NSS 
1620 FOR t l  TO NSS 
1630 P1(I,J )=P(I,J }
1640 NEXT J 
1650 NEXT I 
1660 REM input W(0>
1670 N=N + 1
1680 IF N=NN GOTO 1700 
1690 GOTO 1720 
1700 N=0
1710 INPUT "W=";W{0)
1720 REM apply control H*DU(t )+G*Y(t)+E*W(t)=0
1730 U1(0)=0
1740 FOR 1=1 TO NH
1750 U1{0)=U1 (0)-tQ(I-4l) *DU (I)
1760 NEXT I
1770 FOR I=NH+1 TO NH+NG+1 
1780 U1(0)=U1(0}-*Q<I + 1)*Y(I-NH~1>
1790 NEXT I
1 8 0 0  I I I  ( 0 )  -  ( Q ( 3 ) ->Q { 4 )  + Q ( 5 ) ) * W ( 0 )  - U 1 ( 0 )
1810 DU(0)=U1(0)/Q(1)
1820 U(0)=DU(0)+U(1)
1830 LPRINT "TJ" ; U(0) ; "DU" ;DU(0) ;
1840 REM solve for P,Q from PH-q-kGQ'hFT 
1850 F1=T(2)-Q(2)*T(1)/Q(1> +Q(2)*Q(2■/Q(1)/Q(1)
I860 QQ(0) =F 1 /(Q( 5)/Q(2)-Q(4) /Q(I )+Q{ 2 > *Q( 3 )/Q( 1 ) /Q( 1 > ) 
1870 PP(2)=QQ(O }*Q(5)/Q(2)
1830 PP(1)=T(1)+QQ(0)*Q(3)/Q(1)-Q(2)/Q(1)
1890 LPRINT "QQ";QQ(0>;
1900 REM move 0(I),DU(3),Y(1} for next step calculation 
1910 FOR 1=1 TO NSS 
1920 Q1(I)=Q(I)
1930 NEXT J
1940 FOR 1-0 TO NG-fR-1 
1950 Y (NG +K~I)=Y(NG +K-1-1}
1960 NEXT I
1970 FOR 1=0 TO NH+K-1 
1980 DU(NH+K- I)=DU(NH+K-I-1)
1990 NEXT I
2000 FOR 1=0 TO NB-+K-1 
2010 U(NB+K-I )=U(NB+K--I-1)
2020 NEXT I 
2030 Nl=Nl4l
2040 IF N1 =NN 1 GOTO 2070;
2050 LPRINT "Y";Y(0);"W";W(0)
2060 GOTO 450 
2070 END
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Appendix 10 : C o n t r o l l e r  A l g o r i t h m  I m p l e m e n te d  on t h e  MC68000 

M ic roc om pu te r

16 - b i t  F i x e d - P o i n t  A r i t h m e t i c

The a l g o r i t h m  i s  i m p l e m e n te d  i n  16 - b i t  f i x e d - p o i n t  a r i t h m e t i c  on t h e  

MC68000 m ic r o c o m p u te r .  The r e p r e s e n t a t i o n  o f  a word i s  shown i n  

F i g .  A10 .1 .

15 8 7 0

s i g n  p o i n t

F i g .  A10.1 One F i x e d - P o i n t  Word

I n  t h i s  f o r m a t ,  a 16 - b i t  number  i s  composed  o f  1 b i t  s i g n ,  7 b i t  

i n t e g e r  and 8 b i t  f r a c t i o n ,  and i t  l i e s  i n  t h e  r a n g e  o f  

-128  < X < 127.996. S e l e c t i o n  o f  t h i s  r a n g e ,  h o w e ve r ,  c a u s e s  o v e r f l o w s  

in  c o m p u t a t i o n .  Thus,  a f t e r  e v e r y  s t e p  o f  c o m p u t a t i o n  w h e re  o v e r f l o w  may 

o c c u r ,  t h e  program w i l l  t e s t  i f  t h e  o v e r f l o w  h a s  o c c u r r e d  a n d ,  i f  i t  

h a s ,  an o v e r f l o w  t r e a t m e n t  s u b r o u t i n e  w i l l  be c a l l e d .  The i n p u t  d a t a  i s  

a f r a c t i o n  o f  8 - b i t  l e n g t h  and t h e  o u t p u t  i s  a l s o  8 - b i t  l e n g t h .  The 

i n p u t  and o u t p u t  o f  t h e  p r o c e s s  s h o u l d  be s c a l e d  su c h  t h a t  t h e y  a r e  t h e  

same m agn i tude .  T h i s  w i l l  im p ro v e  t h e  n u m e r i c a l  c o n d i t i o n s  i n  t h e  

e s t i m a t i o n .  The program i m p l e m e n te d  i n  MC 68000 a s s e m b l y  l a n g u a g e  i s  

g i v e n  a s  f o l l o w s .  Depending upon t h e  c o n t r o l  f l o w c h a r t  i n  u s e ,  t h e  

s e c t i o n s  of  t h e  program a r e  l i n k e d .

* M o to r o l a  68000 Assembly  Language
* n i s  t h e  number o f  p a r a m e t e r s  t o  be e s t i m a t e d
* For  t h e  f i r s t  o r d e r  s y s te m  n=3
* ZT( t )  = [ u ( t  —1 ) ,  y ( t - 1 ) ,  y ( t - 2 )  ]
* 0 ( t ) = [ hO,  go, g1 ]
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* r p i i  p i 2  p i 3"
* P ( t )  = p21 p22 p23
* [ p 3 1  p32 p33^
* For  t h e . s e c o n d  o r d e r  s y s t e m  n = 5

* ZT( t )  = [ u ( t - 1 ) ,  u ( t - 2 ) ,  y C t - 1 ) ,  y ( t - 2 ) ,  y ( t - 3 )  ]
* e ( t )  = [ hO,  h i , gO, g 1 , g2 ]
*

*

* P ( t )  =
#
*

*

p 11 . . . p15 '

p 5 1 . . • p55

ZT( t )  = [ z 1 j ]
e(t) = [ eij ]
P ( t )  = C p i j ]
For  f i r s t  o r d e r  s y s te m  i=3 ,  j= 3  
For  s eco n d  o r d e r  s y s t e m  i= 5 ,  j=5

HC 6821 I /O  i n t e r f a c e  a d d r e s s i n g  on MC68000 e d u c a t i o n  c om pute r  boa rd  
PRA P e r i p h e r a l  R e g i s t e r  A 
PRB P e r i p h e r a l  R e g i s t e r  B
MC68230 PI /T  a d d r e s s i n g  on t h e  MC68000 e d u c a t i o n  m ic r o c o m p u te r  boa rd
DDRA D ata  D i r e c t i o n  R e g i s t e r  A
DDRB Data D i r e c t i o n  R e g i s t e r  B
CRA C o n t r o l  R e g i s t e r  A
CRB C o n t r o l  R e g i s t e r  B
CPRH C oun te r  P r e l o a d  R e g i s t e r  High
CPRM C oun te r  P r e l o a d  R e g i s t e r  M idd le
CPRL C o u n te r  P r e l o a d  R e g i s t e r  Lower
TCR Timer  C o n t r o l  R e g i s t e r
TIVR T im er  I n t e r r u p t  V e c t o r  R e g i s t e r
TSR Timer  S t a t u s  R e g i s t e r
SAIHR a t  t h i s  l o c a t i o n  i n  RAM, t h e  s t a r t i n g  a d d r e s s  o f  t h e  i n t r r u p t  
h a n d l e r  r o u t i n e  i s  s t o r e d

u1 -u2 DS.W 2 ; c o n t r o l l e r  o u t p u t  u ( t - 1 ) , u ( t - 2 )
Y0-Y3 DS.W 4 ; p r o c e s s  o u t p u t  y ( t ) . . . y ( t —3)
U1 DS.W 1 ; i n t e g r a t o r  o u t p u t  U ( t -1 )
T1-T2 DS.W 2 ; t i m e  c o n s t a n t s  t1  and t 2  f o r  p o l e
61-65 DS.W 5 ; h0,h1 ,g0,g1 ,g2
P1-P25 DS.W 25 ; e l e m e n t s  o f  m a t r i x  P ( t ) ,  P I=p11 

; P2=p 1 2 . . .  P 6 = p 21,  e t c .
W DS.W 1 ; s e t p o i n t
L1-L5 DS.W 5 ; i n t e r m e d i a t e  v a l u e s
S1-S5 DS.W 5 ; i n t e r m e d i a t e  v a l u e s
H1-H25 DS.W 25 ; i n t e r m e d i a t e  v a l u e s
K1-K25 DS.W 25 ; i n t e r m e d i a t e  v a l u e s
R1-R5 DS.W 5 ; i n t e r m e d i a t e  v a l u e s
DDRA EQU $3FFF9
CRA EQU $3FFFB
DDRB EQU $3FFFD
CRB EQU $3FFFF
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PRA EQU $3FFF9
PRB EQU $3FFFD
SAIHR EQU $6C
TCR EQU $10021
TIVR EQU $10023
CPRH EQU $10027
CPRM EQU $10029
CPRL EQU $1002B
TSR EQU $10035

[ a i j ] [ b i 1  ]= [c i1  ] ,  i  = 1 . . .n ,  j  = 1...n
* S u b r o u t i n e
* M a t r i x  M u l t i p l i c a t i o n
* E n t r y :  D1 , D2 -  n

A1 -  $ a 1 1
A2 -  $b11
A3 -  $ c 11
R e s u l t s  a r e  i n  t h e  memory l o c a t i o n  from $c11E x i t  

MX:
MX1

MOVE.L A2,A^
MOVE.W (A1)+,D0
MULS.W (A*0 + ,D0
ADD. L D0,D*J
DBF.L D1,MX1
BSR LMS
MOVE.W D^,(A3)+
MOVE.L # ( n - 1) ,D1
MOVE.L A2,A4
MOVE.L #0,D4
DBF.L D2,MX1
RTS

* O ver f low  T r e a t m e n t
* Check a 3 2 - b i t  number  w i t h  1 b i t  s i g n ,  15 b i t  i n t e g e r  and 16 b i t
* f r a c t i o n  i n  D*1, i f  i t  i s  b e t w e e n  - 1 2 8  t o  1 2 7 . 9 9 6 ,  t h e n  r e t u r n ,  i f  i t
* i s  b i g e r  t h a n  127.996, t h e n  p l a c e  127.996 i n  D4, i f  i t  i s  l o w e r  t h a n
* - 1 2 7 . 9 9 6 ,  t h e n  p l a c e  -1 2 7 .9 9 6  i n  DU.
* E n t ry :  D4 -  Number
* E x i t : D4 -  The number

LMS: ASR.L # 8 , DU
CMP.L #$7FFF,D4
BGT LMS2
CMP.L #$FFFF8000,D4
BLT LMS3

LMS1 : RTS
LMS2: MOVE.W #$7FFF,DM

BRA LMS1
LMS 3: MOVE.W #$8000,D^

BRA LMS1
* I n i t i a l i z a t i o n
* S e t  USS w i t h  n1
* S e t  USP w i t h  n2

INI:  MOVE.L #$n1,A7
MOVE.L #$n2,A1 
MOVE.L A1,USP

; s e t  USS

; s e t  USP
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IN11

INI2:

MOVE.W #$2000 ,SR i n t e r r u p t  e n a b le
MOVE.W #$7FFF,$p11
MOVE.W #$7FFF,$p22
MOVE.W #$7FFF,$p33
MOV E . W #$7FFF; $pHil
MOVE.W #$7FFF,$p55 s e t  i n i t i a l  v a l u e s  o f  p i j , i = j
MOVE.W #$ ,$61
MOVE.W #$ ,$62
MOVE.W #$ ,$63
MOVE.W #$ ,$6*1
MOVE.W #$ ,$65 s e t  i n i t i a l  v a l u e s  o f  61 j
MOVE.W #$ ,$T1
MOVE.W #$ , $T2 s e t  T 1 , T2
MOVE.L #$ ,D1
LEA $u1 ,A1
MOVE.W #0,(A1)+
DBF.L D1 , INI1 c l e a r  memory l o c a t i o n s
MOVE.B #0,  CRB
MOVE.B #$FF,DDRB
MOVE.B #1|, CRB I /O  p o r t  B o u t p u t
MOVE.B # 0 , CRA
MOVE.B # 0 , DDRA
MOVE.B #11., CRA I /O  p o r t  A i n p u t
MOVE.B #$0,CPRH
MOVE.B # $ 5 , CPRM
MOVE.B #$DC,CPRL s e t  i n t e r r u p t  i n t e r v a l  12 ms
MOVE.B #$1B ,TIVR i n t e r r u p t  v e c t o r
MOVE.B #$MA,SAIHR i n t e r r u p t  h a n d l e r  r o u t i n e s t a r t i n g
MOVE.B #$A1, TCR e n a b l e  i n t e r r u p t
NOP
BRA INI 2 w a i t  f o r . i n t e r r u p t

* I n t e r r u p t  H and le r  R ou t in e
* S a m pl ing  d a t a
* E x i t :  s a m p le d  d a t a  in  $Y0

MJ: MOVE.B
NOP
NOP

#$36 ,CRA

MOVE.B #$3E, CRA
MJ1 : BTST # 7 ,CRA

BEQ MJ1
MOVE.B PRA, $Y0

* y ( t ) + p i y ( t - 1 ) + p2y( t -2 )
* E n t ry :  D5 -  p1
* D6 -  P2
* D7 -  qO
* E x i t : D7 -  R e s u l t

MA: MOVE.B #1,TSR
MULS.W $Y1 ,D5
MULS.W $Y2,D6
MULS.W $u1,D7
ADD. L D5,D6

j e n a b l e  n e x t  i n t e r r u p t
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ADD .L D6 ,D7
MOVE.W $Y0,D5
MULS.W #$100 ,D5
ADD. L D5,D7

* C a l c u l a t e  [1+ZT ( t ) P ( t -
* E x i t :  R e s u l t i n  D6

MB: LEA $P1,A2
LEA $P1,A3
LEA $L1,A4

. MOVE.L #4, D3
MB1: MOVE.L #4,D2

MOVE.L #0, D*J
LEA $u1,A1

MB2: MOVE.W (A1)+,D0
MULS.W ( A 2 ) , DO
ADD. L D0,D4
ADDA #10,  A2
DBF. L D2,MB2
BSR LMS
MOVE.W D4,(A4)+
ADDA #2,  A3
MOVE.L A3,A2
DBF. L D3,MB1
MOVE.L #0,D4
MOVE.L #4,D1
LEA $L1,A1
LEA $u1,A2

MB3: MOVE.W (A1)+,D0
MULS.W (A2)+ , DO
ADD.L D0,D4
DBF. L D1 ,MB3
ADD.L #1 ,D4
BSR LMS
MOVE.W D^,D6

* C a l c u l a t e
* P ( t ) =p(t-D-p(t-i)z(t);
* E x i t :  P ( t )  i n memory ]

MC: MOVE.L #14 ,D1
MOVE.L D1 ,D2
LEA $P1 , A1
LEA $u1,A2
LEA $S1,A3
MOVE.L #0,D4
BSR MX
LEA $S1,A1
LEA $H1,A3
MOVE.L #^,D3

MC1 : LEA $u1,A2
MOVE.L #4,D2
MOVE.W (A1)+,D1

MC2: MOVE.W D1 ,D4
MULS.W (A2)+ , DM

;L ij = z1 1 p 1 j+ z 1  2 p 2 j + . . . + Z  1 npnj  ; f o r  j  =

; L11 z 1 1 +L1 2z21 + ........... +L1nzn1
; k=L11z11+L12z21+. . . . . +L1nzn1+1

; r e s u l t  i n  D6

a d d r e s s  $P1

; C p i j l C z j 1] = [ s i 1 ] ,  i  = 1 . . n  ; P ( t - 1 ) Z( t )

1 t o  n
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MC3:
MC*4:

MC5:

MC6:

OVER:

MC7: 

MC8:

MC9:

MC10: 

OVER1:

MC11:

DIVS D6,DM
MOVE.W D M A 3 )  +
DBF. L D2,MC2
DBF.L D3,MC1 ;
MOVE.L #*I,D5
MOVE.L #0,D4
LEA $H1,A1
LEA $K1, AM
LEA $P1,A3
MOVE.L #14, D2
MOVE.L A3,A2
MOVE.L , D1
MOVE.W (A1)+,D0
MULS.W (A 2 ) , DO
ADD.L DO, D*4
BVS OVER
ADDA #10, A2
DBF.L D1,MC5
BSR LMS
MOVE.W DM, (A*0 +
SUBA #10, A1
ADDA #2,  A3
MOVE.L # 0 ,  D̂
DBF.L D2,MC4
ADDA #1 0, A1
LEA $P1,A3
DBF.L D5.MC3 ;

BRA MC8 ;
BTST #31»DO
BEQ MC7
MOVE.L #$8000000,  D*»
BRA MC6
MOVE.L #$7FFFFFFF,DM
BRA MC6
MOVE.L # 2 5 ,D1
LEA $P1,A1
LEA $K1, A2
LEA $P1,A3
MOVE.W (A1)+,D0

MOVE.W (A2)+ , D2
SUB .W D2,D0
BVS 0VER1
MOVE.W DO,(A3)+
DBF.L D1,MC9 ;
BRA MD
BTST #1 5,D2
BEQ MC1 1
MOVE.W #$7FFF,(A3)+
BRA MC10
MOVE.W # $ 8000 , (A3)+
BRA MC10

h i j = h i j / k

k i j = h i 1 p 1 j + h i 2 p 2 j + . . + h i n p n j  
i = 1 . . . n ,  j  = l . . .n

; p i j = p i j - k i j , P ( t - 1 )
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* C a l c u l a t e  6 ( t ) = 6 ( t - 1  ) - P (t ) Z (t ) [ ZT ( t ) 0 ( t - 1 )-<{>(t) ]
* E x i t :  R e s u l t s  o f  e ( t )  i n  t h e  memory l o c a t i o n s  s t a r t i n g  a d d r e s s  $61
MD: MOVE.L #(n-1  ),D1

LEA $u1 .A1
LEA $61 ,A2
MOVE.L #0,D*4

MD1: MOVE.W (A1)+,D0
MULS.W (A2)+ , DO
ADD.L D0,D*4
DBF.L D1 , MD1

• SUB.L D7,D4
BSR LMS
MOVE.W D^, D7
MOVE.L # ( n - 1 ) ,D1
MOVE.L D1 ,D2
LEA $P1,A1
LEA $u1,A2
LEA $R1,A3
MOVE.L #o , dm
BSR MX
MOVE.L # (n - 1) ,D1
LEA $R1,A1
LEA $R1,A2

MD2: MOVE.W (A1) +,DM
MULS.W D7,D*4
BSR • LMS
MOVE.W DM,(A2)+
DBF.L D1,MD2
LEA $61 ,A3
LEA $61 ,A1
LEA $R1,A2
MOVE.L # ( n - 1 ) ,D0

MD3: MOVE.W (A1)+,DM
MOVE.W (A2)+,D1
SUB .W D1 ,D^
BVS MD6
CMPI.W #0,D4
BNE MD*4
ADD .W #1 ,D4

m n-. MOVE.W Di4,(A3) +
MD5: DBF.L DO,MD3 ;0

BRA ME
MD6: BTST #1 5, D1

BEQ MD7
MOVE.W #$7FFF,(A3) +
BRA MD5

MD7: MOVE.W #$8000,(A3)+
BRA MD5

;ZT( t ) 0 ( t - 1 )

;ZT( t  ) 6 ( t - 1  )-<J>(t)

; P ( t ) Z ( t )

; P ( t ) Z ( t ) [ Z T( t ) e ( t - 1 ) - ( j ) ( t ) ]

; 0 ( t ) = e ( t - i ) - p ( t  ) z ( t  ) [ z T(t  ) e ( t - i  ) - 4>(t)]

* C a l c u l a t e  c o n t r o l l e r  o u t p u t  u( t )=[R W(t )-GY(t )] /H
* PID a l g o r i t h m
* E n t ry :  D3 “ W(t),  s e t p o i n t
* E x i t :  R e s u l t  u ( t )  i n  D1
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MOVE.L #0,D1
LEA $ 9 3 , A1
MOVE.L # ( n 3 - 1 ) ,D 2
MOVE.W (A1)+,D0 .
MULS.W D3.D0
ADD.L DO ,D1
DBF.L D2, ME1
LEA $ 6 2 , A1
MOVE.W (A1) + ,D0
MULS.W $u1,D0
SUB.L DO ,D1
MOVE.W (A1)+,D0
MULS.W $Y0,D0
SUB.L DO, D1
MOVE.W (A1)+,D0
MULS.W $Y1,D0
SUB.L DO ,D1
MOVE.W (A1)+,D0
MULS.W $Y2,D0
SUB.L DO ,D1
DIVS $ 0 1 ,D1

; go
; c o u n t e r ,  i f  n=5, n3=3;  

; g iW ( t )  i=0 t o  n3” 1 

; (g0+g1+g2)W(t)

; h 1 u ( t - 1 )
; R W ( t ) - h 1 u ( t - 1 )

; g O y ( t )

; g 1 y ( t - 1 )

; R W ( t ) -G Y ( t ) -h 1 u ( t -1 )

; u ( t ) i n  D1

* Move d a t a  f o r  n e x t  s t e p  c o m p u t a t i o n

MF: MOVE.W $u1,$u2
MOVE.W D1,$u1 
MOVE.W $Y2,$Y3 
MOVE.W $Y1,$Y2 
MOVE.W $Y0,$Y1

* I n t e g r a t o r
* n*J u p p e r  l i m i t  o f  t h e  i n t e g r a t o r
* n5 l o w e r  l i m i t  o f  t h e  i n t e g r a t o r
* I n t e g r a t o r  o u t p u t  l i m i t

MG: ADD.W $U1,D1
MOVE.W D1 ,D2
CMP .W M  , D1
BGE MG1
CMP .W #n5,D1
BLE MG2
BRA MG3

MG1 : MOVE.W #n , D1
BRA MG3

MG2: MOVE.W #n5,D1
MG3: MOVE.W D1,$U1

CMPI.W #$FF,D2
BLE MGil
MOVE.W #$FF,D2
BRA MG5

MGM: CMPI.W #0,D2
BLE MG6

MG5: MOVE.B D2.PRB
BRA MI

MG6: MOVE.B # 0 , PRB
MG7: BRA MI

; i n t e g r a t e

; i n t e g r a t o r  l i m i t a t i o n  

{ i n t e g r a t o r  l i m i t a t i o n

j o u tp u t  d a t a  

; o u tp u t  d a t a

i f  n=3, n3=2
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* C a l c u l a t e  qO, p 1 , p2
; D7 -  qO

D6 -  P2
D5 -  P1

MOVE.W $T1,DO
MULS.W $02 ,DO
DIVS $ 6 1 ,DO
MULS.W # $ 1 0 0 ,DO
MOVE.W $ 0 2 , D1
MULS.W D1 ,D1
DIVS $ 0 1 ,D1
MULS.W #$10 0 ,D1
DIVS $ 0 1 ,D1
MULS.W #$1 0 0 ,D1
MOVE.W $T2,D7
MULS.W #$10 0 ,D7
SUB.L DO, D7
ADD.L D1 ,D7
MOVE.W $ 0 5 , D4
MULS.W #$100,  D4
DIVS $ 0 2 , D4
MULS.W #$10 0 , D4
MOVE.W $ 0 4 , D1
MULS.W #$10 0 , D1
DIVS $ 0 1 ,D1
MULS.W #$10 0 , D1
MOVE.W $ 0 2 , D3
MULS.W $ 6 3 , D3
DIVS $ 0 1 ,D3
MULS.W #$10 0 , D3
DIVS $ 0 1 ,D3
MULS.W #$10 0 ,D3
SUB.L D1 ,D4
ADD.L D3,D4
BSR LMS
CMP.W #0 ,D4
BNE MI1
ADD.W #1 ,D4
DIVS D4,D7
MOVE.W D7.D6
MULS.W $ 0 5 , D6
DIVS $ 0 2 , D6
MOVE.L D7,D0
MULS.W $ 0 3 , DO
DIVS $ 0 1 ,D0
MULS.W # $ 1 0 0 ,DO
MOVE.W $ 0 2 , D1
MULS.W #$10 0 , D1
DIVS $ 0 1 ,D1
MULS.W #$10 0 , D1
MOVE.W $T1,D4
MULS.W #$10 0 , D4
SUB.L D1 ,D4
ADD.L D0,D4
BSR LMS
MOVE.W D4,D5

;h1 t1 /hO

; h 1h 1 / (hOhO) •

; t 2 - h 1 t 1/hO+h1h1/(hOhO) 

;g2/h1

;g1/hO 

;h1gO/hOhO

; g2/h1-g1/hO+h1gO/(hOhO)

; Q 0

;p2

; qOgO/hO 

;h1/hO

;t1-h1/hO+qOgO/hO 

;pl
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F l o a t i n g - p o i n t  a r i t h m e t i c

I t  i s  g e n e r a l l y  i m p r a c t i c a l  t o  employ f l o a t i n g - p o i n t  r e p r e s e n t a t i o n  

i n  c o m p u t e r s  w i t h  l e s s  t h a n  24 b i t  p e r  word,  s i n c e  t h e  p r e c i s i o n  

( number o f  s i g n i f i c a n t  d i g i t s  i n  t h e  f r a c t i o n  ) i s  n o t  s u f f i c i e n t  f o r  

most  a p p l i c a t i o n s  [53]* However ,  s i m u l a t i o n  e x p e r i e n c e  and p r a c t i c a l  

a p p l i c a t i o n  showed t h a t  a f r a c t i o n a l - p a r t  o f  16 - b i t s  would be a d e q u a t e  

f o r  on l i n e  s e l f - t u n i n g  a l g o r i t h m  [*11].

To im prove  t h e  a c c u r a c y  o f  c o m p u t a t i o n ,  s o f t w a r e  was r e w r i t t e n  i n  

2 4 - b i t  f l o a t i n g - p o i n t  a r i t h m e t i c  on 1 6 - b i t  MC 68000 m ic r o c o m p u te r .  The 

r e p r e s e n t a t i o n  o f  a f l o a t i n g - p o i n t  word i s  shown i n  F i g .  A10.2.

{ s i g n  {ex p o n e n t{ s ig n
1 b i t  7 b i t  2 b i t

{ m an t i s sa  
14 b i t

16 b i t

exponen t

m a n t i s s a
One f l o a t i n g - p o i n t  word i n  
memory l o c a t i o n s

F i g .  A10.2 One F l o a t i n g - P o i n t  Word

I n  t h i s  f o r m a t ,  t h e  f l o a t i n g - p o i n t  num bers  l i e  i n  t h e  r a n g e  of  

1 .4 7 * 1 0 ” 39< x < i .70*10+3®. Numbers r e p r e s e n t e d  w i t h  3 b y t e s  make i t  

p o s s i b l e  t o  o p t i m i s e  f l o a t i n g - p o i n t  c a l c u l a t i o n s  u s in g  16 - b i t  MC 68000; 

t h e  o p e r a t i o n  t i m e  i s  on ly  a bou t  100 ms and t h i s  i s  n o t  l i k e l y  t o  c a u s e  

any p rob le m  f o r  most  of  p r o c e s s e s .

The a l g o r i t h m  implemented  i n  MC 68000 a s s e m b ly  l a n g u a g e  i s  g i v e n  as  

f o l l o w s .  I n  t h i s  c a s e ,  bo th  i n p u t  and o u t p u t  d a t a  a r e  i n t e g e r s  o f  8 - b i t  

l e n g t h .
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* M o to r o l a  68000
* 2 4 - b i t  f l o a t i n g - p o i n t  a r i t h m e t i c
* Self-tuning PID algorithm

u 1 - u 2 DS.L 2 ; c o n t r o l l e r  o u t p u t  u ( t - 1 )  , u ( t - 2 )
Y0-Y3 DS.L 4 j p r o c e s s  o u t p u t  y ( t ) , y ( t - 1 ) , y ( t - 2 ) , y ( t —3)
U1 DS.L 1 ; i n t e r a t o r  o u t p u t  U( t -1 )
T1-T1 DS.L 2 j t i m e  c o n s t a n t s  t1 and t 2  f o r  p o l e  a s s i g n m e n t
p1 -p 2 DS.L 2 ;P(z -1 )=1 +p1z"*1 +p2z"2
Q DS.L 1 ; Q=q0

DS.L 1 ;4> = P(z“ ' ) Y ( t ) + Q ( z ~ ' )u ( t - 1 )
61-65 DS.L 5 ; h 0 ,  h 1 , gO, g 1 , g2
W DS.L 1 j s e t p o i n t
NUM6-9 DS.L 4 ;32—b i t  i n t e r m e d i a t e  r e s u l t s
S1-5 DS.L 5 ; i n t e r m e d i a t e  r e s u l t s
P1-P25 DS.L 25 ; i n t e r m e d i a t e  r e s u l t s
L1-5 DS.L 5 ; i n t e r m e d i a t e  r e s u l t s
H1-25 DS.L 25 ; i n t e r m e d i a t e  r e s u l t s
K1-25 DS.L 25 j i n t e r m e d i a t e  r e s u l t s
R1-5 DS.L 5 ; i n t e r m e d i a t e  r e s u l t s

* Subroutine
* Normalization to the right
* Normalize a floating-point number
* Entry: Exponent in DO b i t 0 - 7
* F r a c t i o n  i n  D1 b i tO - 1 5
* Exit: Exponent in DO b i t 0 - 7
* F r a c t i o n  i n  D1 b i tO - 1 5

NORDW:

N0R1

MOVE.W D1,D2
ASL.W #1 ,D2
ROXL.W #1 ,D2
MOVE.B #0,D3
ADDX D3,D2
BTST #0,D2
BNE N0R1
RTS
ADDB #1 ,D0
ASR.W #1 ,D1
RTS

S u b r o u t i n e
N o r m a l i z a t i o n  t o  t h e  l e f t  
N o r m a l i z e  a f l o a t i n g - p o i n t  number 
E n t ry :  Exponen t  i n  DO b i t 0 - 7

F r a c t i o n  i n  D1 b i tO -1 5
E x i t :  Exponent  i n  DO b i t 0 - 7

F r a c t i o n  i n  D1 b i tO - 1 5

NORUP: MOVE.W D1 ,D2
AND .W D2,D2
BEQ NULL
AND .W #$E000,D2
CMPI.W #$ 2 0 0 0 ,D2
BEQ CPL
CMPI.W #$C000,D2
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BEQ CPL
ASL.W #1 ,D1
SUB. B #1 , DO
BRA ' NORUP
MOVE.B #0,D0
CPL: RTS

* Number d i s a s s e m b l y  s u b r o u t i n e  1
* E n t ry :  D5 t h e  number
* E x i t :  DO b i t O - 7  t h e  exp o n e n t  o f  t h e  number
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  t h e  number

SPER1: MOVE.W D5,D1 
ASR.L # 8 ,D5 
ASR.L #8,D5 
MOVE.B D5, DO 
RTS

* Number d i s a s s e m b l y  s u b r o u t i n e  2
* E n t ry :  D5 t h e  number
* E x i t :  D2 b i t O - 7  t h e  exp o n e n t  o f  t h e  number
* D3 b i t O - 1 5  t h e  f r a c t i o n  o f  t h e  number

MOVE.W D5,D3
ASR.L # 8,D5
ASR.L #8,D5
MOVE.B D5,D2
RTS

* Number a s s e m b ly  s u b r o u t i n e
* E n t ry :  DO b i t O - 7  t h e  e x p o n e n t  o f  t h e  number
# D1 b i tO-15 t h e
* E x i t : DO t h e  number

STOR: ASL.L #8,  DO
ASL.L # 8,  DO
AND.L #$FFFF,D1
ADD.L D1 ,D0
RTS

* S u b r o u t i n e
* The sum of  two  numbers
* E n t ry :  DO b i t O - 7  t h e  exp o n e n t  o f  number 1
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  number 1
* D2 b i t O - 7  t h e  e x p o n e n t  o f  number 2
* D3 b i t O - 1 5  t h e  f r a c t i o n  o f  number 2
* E x i t :  DO b i t O - 7  t h e  exp o n e n t  o f  t h e  sum
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  t h e  sum

MOVE.L #0,D5
MOVE.B D2.D5
SUB. B DO ,D5
BEQ NOS
BGT BIG
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NEG.B D5
ASR.W D5.D3
BRA NOS

BIG: ASR.W D5,D1
MOVE.B D2,D0

NOS: ADD.W D3,D1
BSR NORDW
BSR
RTS

NORUP

* S u b r o u t i n e
* The s u b t r a c t i o n  o f  two numbers
* E n t r y :  DO b i t O - 7  t h e  exp o n e n t  of  number 1
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  number 1
* D2 b i t O - 7  t h e  exp o n e n t  o f  number 2
* D3 b i t O - 1 5  t h e  f r a c t i o n  o f  number 2
* E x i t :  DO b i t O - 7  t h e  e xpone n t  o f  t h e  s u b t r a c t i o n
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  t h e  s u b t r a c t i o n

SUBT: NEG.W D3
BRA AD

* S u b r o u t i n e
* The m u l t i p l i c a t i o n  o f  two numbers
* E n t r y :  DO b i t O - 7  t h e  e xpone n t  o f  number 1
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  number 1
* D2 b i t O - 7  t h e  exponen t  o f  number 2
* D3 b i t O - 1 5  t h e  f r a c t i o n  o f  number 2
* E x i t :  DO b i t O - 7  t h e  exponen t  of  t h e  m u l t i p l i c a t i o n
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  t h e  m u l t i p l i c a t i o n

MULTP: ADD.B D2,D0
ASL.W #1 ,D1
ASL.W #1 ,D3
MULS.W D3,D1
ASR.L #8 ,D1
ASR.L #8,D1
BSR NORDW
BSR NORUP
RTS

* Subroutine
* The d i v i s i o n  o f  two numbers
* E n t r y :  DO b i tO - 7  t h e  e xponen t  o f  number 1
* D1 b i t O - 1 5  t h e  f r a c t i o n  o f  number 1
* D2 b i tO - 7  t h e  exponen t  o f  number 2
* D3 b i t O - 1 5  t h e  f r a c t i o n  o f  number 2
* E x i t :  DO b i t O - 7  t h e  e xponen t  o f  t h e  r e s u l t
* D1 b i tO - 1 5  t h e  f r a c t i o n  o f  t h e  r e s u l t

DIVID: AND.W D3,D3 
BNE DIVID1 
ADD .W //1 ,D3
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SUB.B D2,D0
ASL.L #1 ,D1
MULS.W #$M000,D1
ASL.L #1 ,D3
DIVS.W D3.D1
BSR NORDW
BSR NORUP
RTS

* S u b r o u t i n e
* The sum o f  a s e r i e s  o f  num bers
* E n t ry :  t h e  s t a r t i n g  a d d r e s s  o f  t h e  n numbers  i s  $NUM1
* E x i t :  t h e  sum i n  DO

MOVE.L # ( n - 2 ) ,D7
LEA $NUM1, AH
MOVE.L ( A4)+ ,D5
BSR SPER1

: MOVE. L (A*0 + ,D5
BSR SPER2
BST AD
DBF.L D7,TEMAD1
BSR STOR
RTS

* S u b r o u t i n e
* M a t r i x  m u l t i p l i c a t i o n
* [ a i j  ] [ b j  1 ] = [ c i  1 ] i  = 1 . .n  j = 1 . . n
* E n t ry :  A1 $ a 11
* A2 $b11
* A3 $c11
* E x i t :  r e s u l t s  i n  t h e  memory l o c a t i o n s  s t a r t i n g  a d d r e s s  $c11

LEA $NUM1,AH
MOVE.L # ( n -  1) ,D^
MOVE.L # ( n - 1 ) ,D6
MOVE.L A2,A5
MOVE.L ( A1) + , D5
BSR SPER1
MOVE.L (A2)+,D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L DO, ( A*0 +
DBF.L D4,MX1
BSR TEMAD
MOVE.L DO,(A 3 ) +
MOVE.L # ( n - 1 ) , D
MOVE.L A5,A2
LEA $NUM1,kH
DBF.L D6,MX1
RTS
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* 4> = Y ( t) + p1Y ( t -1 )+ p2Y ( t -2 )+ qO u( t -1 )
* E x i t :  r e s u l t  i n  $<j>

MA:

MA1

MA2:

LEA $p1,A1
T T? A <t> V  1  A O
L j I L K tp  J. i 9 n c .

LEA $NUM1,A3
MOVE.L #2,D7
MOVE.L ( A1 ) + ,D5
BSR SPER1
MOVE.L (A2)+,D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L D0,(A3) +
DBF.L D7.MA1
LEA $NUM1,A3
MOVE.L #2, D7
MOVE.L $Y0,D5
BSR SPER1
MOVE.L (A3) + »D5
BSR SPER2
BSR AD
DBF.L D7,MA2
BSR STOR
MOVE.L DO, $<j)

;p 1Y ( t -1 ) ,  p 2 Y ( t - 2 ) ,  qOu(t -1)

;Y ( t ) + p 1Y ( t -1 )+ p2Y ( t -2 )+ q0u ( t -1 )  

; s t o r e  <£

* ZT ( t ) P ( t - 1 )
* L1 j  =z 1 1 p 1 j  +z 1 2p2 j+ . . . . z1npn j
* E x i t :  r e s u l t  i n  memory l o c a t i o n s  s t a r t i n g  a d d r e s s  $L1

MB:

MB1 :

MB2;

LEA $P1,A2
MOVE.L A2,A3
LEA ' $L1,A5
MOVE.L # ( n - 1 ) ,D6
LEA $NUM 1 ,AM
LEA $u1 ,A1
MOVE.L # ( n - 1 ),DM
MOVE.L (A1)+,D5
BSR SPER1
MOVE.L ( A2),D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L DO,( AM)+
ADDA # 2 0 ,A2
DBF.L DM,MB2
BSR TEMAD
MOVE.L DO, ( A5)+
ADDA #M,A3
MOVE.L A3,A2
DBF.L D6,$MB1

; c o u n t e r

; L1 j=z11p1 j+z1 2p2 j+ . . . . z1npn j  
j  = 1 . . n
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* 1 / [ Z T( t ) P ( t - 1 ) Z ( t )  + 1 ]
* E x i t :  r e s u l t  i n  l o c a t i o n  $NUM6

MC: LEA $L1,A1
LEA $u1,A2 
LEA $NUM1,AM 
MOVE.L # ( n -  1) ,DM 

MC1: MOVE.L (A1) + ,D5
BSR SPER1 
MOVE.L (A2)+,D5 
BSR SPER2 

• BSR MULTP 
BSR STOR 
MOVE.L D0,(AM)+
DBF.L DM,MC1 ;L1 1 u 1, L12u2, L13Y1, L1MY2, L15Y3 
MOVE.L #3 »D7 
LEA $NUM1,AM 
MOVE.L ( AM) + ,D5 
BSR SPER1 

MC2: MOVE.L (AM)+.,D5
BSR SPER2 
BSR AD
DBF.L D7,MC2 ;L11u1+L12u2+L13Y1+L1MY2+L15Y3 
MOVE.B # 1 ,D2
MOVE.W # $ 2 0 0 0 , D3 ; 1 +ZT( t ) P ( t - 1)Z ( t )
BSR AD 
MOVE.B DO,D2 
MOVE.W D1,D3 
MOVE.B #1 , DO 
MOVE.W #$2000 ,D1
BSR DIVID ; 1 / [  1+ZT( t ) P ( t - 1)Z ( t ) ]
BSR STOR 
MOVE.L D0,NUM6

* P ( t - 1 ) - P ( t - 1 ) Z ( t  )ZT( t ) P ( t - 1 ) / [ Z T( t ) P ( t - 1 ) Z ( t ) + 1  ]
* E x i t :  r e s u l t s  i n  memory l o c a t i o n s  s t a r t i n g  a d d r e s s  $P1

MD: LEA $P1,A1
LEA $ u 1,A2
LEA $S1,A3
BSR MX ; s i  1 =pi 1z11+pi2z21+. . .+pinzn1

; i = 1 t o  n ,  P ( t - 1 ) Z ( t )
LEA $S1,A1 ;
LEA $H1,A3
MOVE.L # ( n - 1 ) ,DM

MD1: LEA $u1,A2
MOVE.L # ( n - 1 ) ,D6
MOVE.L ( A1) +,D7

MD2: MOVE.L D7,D5
BSR SPER1
MOVE.L ( A2)+ ,D5
BSR SPER2
BSR MULTP
BSR STOR
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MD3:
MDH:

MD5:

MD6: 

MD7:

* 0 ( t  

MF:

MOVE.L DO, (A3) +
DBF.L D6,MD2
DBF.L DH,MD1
MOVE.L # ( n - 1 ),DH
LEA $H1,A1
t r ?  ft cS n  i  a oi j L L n r i * nc-
LEA $K1,A3
MOVE.L # ( n - 1 ) ,D6
LEA ' $NUM1,AH
MOVE.L A2,A5
MOVE.L # ( n - 1 ) , D 7
MOVE.L (A1)+,D5
BSR SPER1
MOVE.L ( A5),D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L DO, (AH) +
ADDA # 2 0 , A5
DBF.L D7,MD5
BSR TEMAD
MOVE.L DO, ( A 3 ) +
SUBA # 2 0 , A1
ADDA # ( n - 1 ) , A 2
DBF.L D6,MDH
ADDA # 2 0 , A1
LEA $P1,A2
DBF.L DH,MD3

MOVE.L # 1 5,DH
LEA $K1,A1
LEA $NUM6, A2
LEA $P1,A3
MOVE.L A3, AH
MOVE.L (A1)+,D5
BSR ' SPER1
MOVE.L ( A2),D5
BSR ' SPER2
BSR MULTP
MOVE.B DO, D2
MOVE.W D1 ,D3
MOVE.L (A3)+,D5
BSR SPER1
BSR SUBT
BSR STOR
MOVE.L DO,( AH)+
DBF.L DH,MD7

; h i j = s i 1z 1j , i=1 t o  n

; K i j = h i 1p 1j + h i 2 p 2 j  + . . 
; i=1 to n , j=1 to n 
;P(t-1)Z(t)ZT(t)P(t-1

; P ( t )

1 ) - P ( t ) Z ( t ) [ Z T( t ) 0 ( t - 1 ) - 4 )  ]

LEA $P1,A1
LEA $u1,A2
LEA $R1,A3
BSR MX ; P ( t ) Z ( t )
LEA $u1,A1
LEA $ 0 1 , A2

j=1 t o  n

+ h i n p n j
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MF1:

MF2:

MF3:

* u ( t ) =
* E x i t
*

MG:

MG1 :

LEA $NUM1, AM
MOVE.L # ( n —1 ) ,DM
MOVE.L (A1)+,D5
BSR SPER1
MOVE.L ( A2) + ; D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L DO,(AM) +
DBF.L DM,MF1
MOVE.L # ( n - 2 ) ,D 7
LEA $NUM1, AM
MOVE.L (AM)+,D5
BSR SPER1
MOVE.L (AM)+,D5
BSR SPER2
BSR AD
DBF.L D7,MF2
MOVE.L ,D5
BSR ' SPER2
BSR SUBT
BSR STOR
MOVE.L # ( n - 1 ) ,DM
MOVE.L DO,D7
LEA $R1 ,A1
LEA $ 6 1 ,A2
MOVE.L A2,A3
MOVE.L (A1)+,D5
BSR SPER1
MOVE.L D7,D5
BSR SPER2
BSR MULTP
MOVE.B DO, D2
MOVE.W D1 ,D3
MOVE.L ( A2)+,D5
BSR SPER1
BSR SUBT
BSR STOR
MOVE.L DO,(A3)+
DBF.L DM.MF3

[ R W ( t ) - G Y ( t ) ] / H  
: DO t h e  e x p o n e n t  o f  u ( t )  

D1 t h e  f r a c t i o n  of  u ( t )

LEA $NUM1, A3
LEA $NUM7, A2
MOVE.L #1 ,DM
LEA $ 0 3 , A1
MOVE.L (A1)+, D5
BSR SPER1
MOVE.L ( A1)+, D5
BSR SPER2
BSR AD
DBF.L DM,MG1
MOVE.L $W,D5
BSR SPER2
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MG2:

MG3:

MGM:

BSR MULTP
BSR STOR
MOVE.L DO,(A2)+
LEA $ 6 3 , A1
LEA $YO,AM
MOVE.L #2,  DM
MOVE.L (A1)+,D5
BSR SPER1
MOVE.L (AM)+,D5
BSR SPER2
BSR MULTP
BSR STOR
MOVE.L DO,(A3)+
DBF.L DM ,MG2
LEA NUM1,A3
MOVE.L #1 ,DM
MOVE.L (A3)+,D5
BSR SPER1
MOVE.L (A3)+,D5
BSR SPER2
BSR AD
DBF.L DM,MG3
NEG.W D1
BSR STOR
MOVE.L DO,(A2)+
MOVE.L $ 6 2 , D5
BSR SPER1
MOVE.L $u1,D5
BSR SPER2
BSR MULTP
NEG.W D1
LEA $NUM1,A2
MOVE.L #1 ,DM
MOVE.L (A2)+,D5
BSR SPER2
BSR AD
DBF.L dm, mgm
MOVE.L $ 6 1 ,D5
BSR ■ SPER2
BSR DIVID

; (gO+g1+g2)W(t)

; gOY(t) ,  g 1 Y ( t - 1 ) ,  g2Y(t —2)

; g O Y ( t )+ g 1 Y ( t -1 )+ g 2 Y ( t -2 )

; [gO+g1+g2]W (t ) - [gOY(t)+g1Y( t — 1) + g 2 Y ( t - 2 ) ]

; - h l u ( t - 1 )

; u ( t )

* q 0 = [ t 2 - h 1 t 1 / h 0 + h 1 h 1 / h 0 h 0 ] / [ g 2 / h 1 - g 1 / h 0 + h 1 g 0 / h 0 h 0 ]
* E x i t :  qO i n  t h e  memory l o c a t i o n  a d d r e s s i n g  $Q

LEA $NUM1,A1
MOVE.L $62 ,D5
BSR SPER1
MOVE.L $T1,D5
BSR SPER2
BSR MULTP
MOVE.L $ 0 1 ,D5
BSR SPER2
BSR DIVID
NEG.W D1
BSR STOR
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MOVE.L DO,(A1)+
MOVE.L $ 0 2 , D5
BSR SPER1
MOVE.B D0,D2
MOVE.W D1 ,D3
BSR MULTP
MOVE.B DO,D4
MOVE.W D1 ,D6
MOVE. L $ 0 1 ,D5
BSR SPER1
MOVE.B DO ,D2
MOVE.W D1 ,D3
BSR MULTP
MOVE.B DO, D2
MOVE.W D1 ,D3
MOVE.B D4,DO
MOVE.W D6,D1
BSR DIVID
MOVE.L - ( A1) ,D5
BSR ' SPER2
BSR AD
MOVE.L $T2,D5
BSR SPER2
BSR AD
BSR STOR
MOVE.L DO,(A1)+
LEA $ 0 3 , A2
MOVE.L (A2)+,D5
BSR SPER1
MOVE.L $ 0 2 , D5
BSR SPER2
BSR MULTP
MOVE.B DO,D4
MOVE.W D1 ,D6
MOVE.L $01 ,D5
BSR SPER1
MOVE.B DO ,D2
MOVE.W D1 ,D3
BSR MULTP
MOVE.B DO, D2
MOVE.W D1 ,D3
MOVE.B D4,DO
MOVE.W D6,D1
BSR DIVID
BSR STOR
MOVE.L DO,(A1)+
MOVE.L ( A2)+ ,D5
BSR SPER1
MOVE.L $ 0 1 ,D5
BSR SPER2
BSR DIVID
NEG.W D1
BSR STOR
MOVE.L DO,(A1)+
MOVE.L ( A2)+ ,D5
BSR SPER1
MOVE.L $ 0 2 , D5
BSR SPER2

; - h 1 t 1 / h O

; h1h1/hOhO

;h 1 h 1 / ( hO hO )-h1 t1 /hO

; t1+ h 1 h 1 / (h O h O )-h 1 t1 /h O

;gOh1/ (hOhO)

; -gO/hO
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BSR DIVID
MOVE.L - ( A1) ,D5
BSR SPER2
BSR AD
MOVE.L “ (A1) ,D5
BSR SPER2
BSR AD
MOVE.B DO, D2
MOVE.W D1 ,D3
MOVE.L -(A 1),D5
BSR SPER1
BSR DIVID
MOVE.B DO,DM
MOVE.W D1 ,D6
MOVE.B DO ,D2
MOVE.W D1 ,D3
BSR STOR
MOVE.L DO, $Q

;'g2/h1 -  g1 /hO+h 1 gO/(hOhO)

;qO

* p2=q0g2/h1
* E x i t :  p2 i n  t h e  memory l o c a t i o n  a d d r e s s i n g  $p2

MI: MOVE.L
BSR
BSR
MOVE.L
BSR
BSR
BSR
MOVE.L

$ 6 5 ,D5 
SPER1 
MULTP 
$ 0 2 , D5 
SPER2 
DIVID 
STOR 
DO,$p2 ;p2

* p1=t1+qOgO/hO-h1/hO
* E x i t :  p1 i n  t h e  memory l o c a t i o n  a d d r e s s i n g  $p1

MJ: MOVE.B DM,DO
MOVE.W D6,D1
MOVE.L $ 0 3 , D5
BSR SPER2
BSR MULTP
MOVE.L $ 0 1 ,D5
BSR SPER2
BSR DIVID
MOVE.B DO,DM
MOVE.W D1 ,D6
MOVE.L $ 0 2 , D5
BSR SPER1
MOVE.L $0 1 ,D5
BSR SPER2
BSR DIVID
NEG.W D1
MOVE.B DM, D2
MOVE.W D6,D3
BSR ' AD
MOVE.L $T1,D5
BSR SPER2

; qOgO/hO

; q0g0/h0-h1 /hO
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Appendix 11 : E x p e r i m e n t a l  R e s u l t s  i n  T a b u l a r  Form

T h i s  Appendix c o n t a i n s  some e x p e r i m e n t a l  r e s u l t s  w h ic h  a r e  

c l a s s i f i e d  and t a b u l a t e d  a s  f o l l o w s :

T a b le  1-8 a r e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  u s i n g  t h e  s t e p p e d  b o re  

r e d u c t i o n  u n i t .

Table 1 : Copper wire -  WVG 23, 110°C

Table 2 : Copper wire -  WVG 23, 120°C

Table 3 : Copper wire - Nylon 6, 2M0°C

Table M : Copper wire - Nylon 6, 260°C

Table 5 : Copper wire - Nylon 6, 280°C

Table 6 : Copper wire -  ELVAX 650, 1M0°C

Table 7 : Copper wire -  ELVAX 650, 150°C

Table 8 : Copper wire -  ELVAX 650, 160°C

T ab le  9 : T e m p e r a tu r e  s t e p  r e s p o n s e  o f  t h e  po lym e r  m e l t  chamber  

Tab le  10 : C l o s e d - l o o p  s t e p  r e s p o n s e  o f  t h e  po lym er  m e l t  chamber  

T ab le  11 : Speed s t e p  r e s p o n s e  o f  t h e  h y d r a u l i c  d r i v e  s y s te m

Table  12 : Sampled d a t a  /  o u t p u t  d a t a  o f  t h e  m ic r o c o m p u te r

Tab le  13 : Open- loop  s t e p  r e s p o n s e  o f  t h e  s pe ed  c o n t r o l  s y s te m

Tab le  1M : F l u c t u a t i o n  o f  t h e  PRA r e a d i n g s  a f t e r  a r a p i d  change  i n

drawing speed

Tab le  15 : PRA /  l e n g t h  o f  t h e  p roduce d  w i r e ,  ELVAX 650, 150°C

Table  16 : PRA /  l e n g t h  o f  t h e  p roduced  w i r e ,  ELVAX 650, 150°C

T a b le  17 : PRA /  l e n g t h  o f  t h e  p roduced  w i r e ,  ELVAX 650, 150°C

Table  18 : PRA /  l e n g t h  of  t h e  p roduced  w i r e ,  WVG 23, 110°C

T ab le  19 : Open- loop s t e p  r e s p o n s e  o f  t h e  t e m p e r a t u r e  p l a t f o r m  

Table  20 : sy s tem  o u t p u t  o f  t h e  t e m p e r a t u r e  p l a t f o r m  a t  

com miss ion ing s t a g e  

Tab le  21 : C l o s e d - l o o p  s t e p  r e s p o n s e  o f  t h e  t e m p e r a t u r e  p l a t f o r m
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T a b le  1 : Copper  w i r e  -  WVG 23, 110°C

( RH=4, RL=2.5,  D=0.45 mm )

Speed ms 1‘ 0 .0 8 8 0 .1 2 0 .1 6 0.184 0 .224 0 .272 0 .3 2 8 0 .3 8 4 0 .44

PRA 0 2 . 2 3.1 3 .9 5 .4 8 .4 5 1 0 .3 1 2 .3 13.6

0 .4 8 0 .512 0 .552 0 .576 0.624 0 .704 0 .7 6 0 . 8 0 .864

14 .0 14 .8 16 .4 16 .4 16 .4 16 .8 18 .4 1 8 . 0 18 .0

0 .896 0 .9 6 1 .032 1.12 1 .2 1 .248

18 .0 18.0 16 .8 16 .8 16 .0 15 .6

Table 2 : Copper wire -  WVG 23, 120° C

( RH=4, RL=2. 5 , D=0.45 mm )

Speed ms"1 0 .2 3 2 0.31 0 .3 3 0 .384 0 .448 0.51 2 0 .5 6 8 0 .6 0 8 0 .656

PRA 2 .2 4 .3 5 .2 6.1 7 .3 8 .6 8 .6 9 .4 10 .3

0 .704 0 .76 0 .832 0.91 2 0 .976 1 .04 1 .1 2

10 .7 11.1 12 .3 10 .7 10 .7 10 .7 1 0 .3

Table 3 : Copper wire - Nylon 6, 24C °C

( RH=4, RL=2.5, D=0.45 mm )

Speed ms--* 0 .8 5 0 .9 8 1 .05 1 .13 1 .2 1 .3 1 .38 1 .5 1.6

PRA 13 .4 16 .6 18.6 18 .5 20 .6 20 .6 2 1 .3 2 0 .6 21 .0

1 .65 1.75 1 .9 1 .93 2 .0

21 .0 23 .3 21 .3 20.1 19.6

Table 4 : Copper wire - Nylon 6, 260 °c

( RH=4, RL=2. 5 , D=0.45 mm )

Speed ms"1 0 . 2 0 .3 3 0 .36 0 .4 0.51 0 .5 5 0.61 0 .6 9 0.71

PRA 2 .9 9 .5 7 .6 13 .8 1 3 .0 7 .3 11.1 9 .4 13 .6

0 .7 2 0 .83 0 .85 0 .9 3 1.03 1.15 1 .2 1 .26

16 .6 18 .2 14 .9 16 .9 18 .8 18 .2 19 .6 18 .8
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T a b le  5 : Copper  w i r e  -  Nylon 6, 280°C

( RH=4, RL=2.5, D=0.45 mm )

Speed m s" 1 0 .2 5 0 . 3 0 . 3 3 0 .38 0. 52 0 .5 9 0 .6 5 0 .6 9 0 .7 5

PRA 2 .0 4 .0 9 .2 5 .6 10 . 6 8 .8 9.81 11 .7 1 4 .0

0 . 8 3 0 .9 0 .9 6 1 .01 1 . 05 1.14 1 .1 8 1 .2 1 .25

1 0 .0 13 .5 12 .7 13 .6 16 .0 14.1 14 .7 1 2 .0 1 4 .3

T a b le  6 : Copper w i r e -  ELVAX 650, 1 40 °C

( RH=4, RL=2. 5 , D=0 .45  mm )

Speed m s"1 0 .0 5 0 .1 2 0 .1 3 0.15 0. 16 0 .16 0 .1 8 0 . 1 8 0 . 2

PRA 4 .4 4 .8 6 .6 8.7 8. 7 6.9 12 .9 7 . 8 8 .69

0 . 2 2 0 .2 5 0 .2 7 0 .3 o. 34 0 .3 8 0 .4 2 0 .4 7 0.51

9 .5 9 .5 9 .5 10 .8 10 .4 12 .9 1 5 .0 17 .4 1 7 .0

0 . 5 3 0 .57 0 .5 8 0.61 0. 65 0.71 0 .74 0 .7 7 0 . 8

15 .0 1 7 .0 17 .0 17 .0 17 .8 17 .4 18 .6 21 .0 2 0 .0

T a b le  7 : Copper  w i r e -  ELVAX 650, 1 50 °C

( RH=4, RL=2.5, D=0 .45 mm )

Speed ms-1 0 .0 3 0 .0 8 0.1 0.1 0. 14 0 .17 0 .1 9 0 . 2 2 0 . 2 8

PRA 4.4 6 .5 4 .8 6.5 6. 5 6 .5 8 .7 9.1 9 .5

0 . 3 2 0 .3 6 0.41 0.44 0. 59 0 .6 5 0 . 7 0 . 7 2 0 .7 5

10 .8 9 .5 12.1 12.1 12 .9 12 .9 14 .5 1 2 .9 1 5 . 8

0 .7 5 0 .8 0 .8 6 0 .92 0. 94 0 .9 8 1 .04

17 .8 1 7 .8 17 .8 19 .0 19 .4 2 1 .0 2 1 . 0
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T a b le  8 : Copper w i r e  -  ELVAX 650,  160°C

( RH=4, RL=2.5,  D=0.45 mm )

Speed ms“ i 0 .038 0 .0 6 0 .0 9 0 .1 2 0 .1 4 0 .1 8 A  OW • £- 0 .24 0 .2 6

PRA 4.4 4.4 8 .3 5 .7 9 .5 1 0 .8 8.7 9.5 9 .5

0 .2 9 0 .3 5 0 .3 8 0 .4 3 0 .4 6 0 .5 2 0 .6 0 .74 0 .8 8

8 .3 9.1 9.1 10 .8 1 0 .8 12 .9 12 .9 13 .7 13 .7

0 . 9 1 .02 1 .12 1.14 1 ,15

13 .7 16 .6 1 7 .0 16 .6 18 .2

Tab le  9 : T e m p e r a tu r e  s t e p  r e s p o n s e  o f  t h e  po lymer  m e l t  chamber  

( s t e p  i n p u t  1 0 0 V )

Time m inu te 0 4 7 9 11 1 4 17 20 23 28 34

T em pera tu re  °C 22 23 25 27 30 35 39 44 47 54 61

39 46 52 58 65 72 83 92 103 113 120

65 71 76 80 84 88 93 96 100 103 105

145 1 62 180 190

112 114 114 114

T a b le  10: C l o s e d - l o o p  s t e p  r e s p o n s e  o f  t h e  po lymer  m e l t  chamber

Time minute 0 3 5 7

Te m p era tu re  °C 21 22 29 39

28 34 38 46

79 83 86 90

1 1 13 18 20 22 24

51 56 66 69 72 75

60 

90

A11 . 4



Tab le  11: Speed s t e p  r e s p o n s e  o f  t h e  h y d r a u l i c  d r i v e  sy s tem

Time second 0 1 2 3 4 5 6 7 8 9

Speed ms- ** 0.211 0.37 0 .58 0.73 0 .77 0.79 0.77 0.75 0.76 0.76

10 11 1 2 13 1 4 15 16 17 18 19

0.77 0 .77 0 .7 8 0 .7 8 0 .7 9 0 .7 9 0 .7 8 0 .7 8 0 .7 8 0 .7 8

20 21 22 23

0 .79 0 .79 0 .7 8 0 .7 8

Table 12: Sampled d a t a /  o u t p u t  d a t a  o f t h e  mi crocom p u t e r

Sampled d a t a 0 8 16 24 32 48 64 80 96 112

Output  d a t a 0 2 11 12 17 32 47 65 82 104

128 144 160 1.76 192 208 216 224 232 240

125 1 43 162 180 198 215 223 230 239 247

248 255

253 255

Tab le  13 : Open- loop s t e p r e s p o n s e  o f t h e  s peed c o n t r o l s y se tm

Time ms 0 12 24 36 48 60 72 84 96 108

_ -j
Speed ms ' 0 0 0 .0 5 0.1 4 0 .2 6 0 .3 6 0 .4 3 0 .4 9 0 .5 4 0 .5 9

120 132 144 156 168 180 192 204 216 228

0.62 0.64 0 .66 0 .6 8 0 .6 9 0.71 0 .7 2 0 .7 3 0 .74 0 .75

240 252 264 276 288 300 312 324 336 348

0.75 0 .76 0 .7 7 0 .7 8 0 . 7 8 0 .7 9 0 .7 9 0 .7 9 0 .7 9 0 .8 0

360

0.80

A11 .5



Tab le  14: F l u c t u a t i o n  o f  t h e  PRA r e a d i n g s  a f t e r  a r a p i d  change  i n

d raw in g  speed

Time ms 0 24 48 72 96 120 1 44 1 68 192 216

PRA 2.1 18.1 3 32.1 22.8 18 1 2.8 13 .5 13 11 .6

240 264 288 312 336 360 384 408 432 456

12 1 7 .9 11 .3 11.1 10 .6 10.4 11 .3 1 0 .9 10 .4 1 0 .4

T a b le  15: PRA /  l e n g t h  o f  t h e  p roduced  w i r e

ELVAX 650,  150 °C

Leng th  m

PRA

T a b le  16: PRA /  l e n g t h  o f  t h e  p roduced w i r e

ELVAX 650,  150 °C

Length m

PRA

16.81 19 .2

T a b le  17 : PRA /  l e n g t h  o f  t h e  p roduced  w i r e

ELVAX 650,  150 °C

Length  m 0 1 2 3 4 5 6 7 8 9

PRA 0 . 9  2.1 3.92 5 .2  7 .3  9.4  10 .7  12 .7  1 3 . 9  1 5 .6

10 11 12

1 7 . 2  1 8 . 8  2 1 . 2
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T a b le  18 : PRA /  l e n g t h  o f  t h e  p roduced  w i r e

WVG 23,  110°C

Leng th  m 0 0 .5  1 1 .5  2 2 .5 3 3 .5 4 4 .5 5

PRA 0 . 9  2 .2  3.1 4 .3  5 . 6 6 .5 7 .3 7 .3 8 .6 9 .9 10 .7

Ta b le  19 : Open- loop  s t e p  r e s p o n s e  o f  t h e  t e m p e r a t u r e  p l a t f o r m

Time m inu te 0 1 2 3 4 5 7 9 11 13 15

Tem pera tu re°C 22 .0 26 .4 30 .3 33.9 37 .4 40 .6 4 6 .3  5 1 .2 5 5 .5 6 0 .0 62.1

17 19 21 23 25 27 31 34 37 41 45

64 .8 66 .9 68 .9 70 .5 71 .8 7 2 .8 7 4 .7  75 .7 76. 4 7 7 .5 7 8 .0

50

7 8 .0

Ta b le  20 : sy s tem  o u t p u t  o f  t h e  t e m p e r a t u r e  p l a t f o r m  

a t  com m iss ion ing  s t a g e

Time m in u te 0 5 10 15 20 22 25 30 35 40 42

Tem pera tu re°C 2 6 .4 40 .3 5 1 .8 5 9 .8 6 1 .0 56 .4 49 .4 41 .0 3 5 .0 30 .7 2 9 .5

43 45 50 55 60 62 67

29 .0 3 4 .0 4 8 .0 57 .4 6 3 .8 65 .7 54 .0

Tab le  21 : C l o s e d - l o o p  s t e p  r e s p o n s e  o f  t h e  t e m p e r a t u r e  p l a t f o r m

Time minu te 0 0 . 5 2 .5  4 .5 6 .5  8 .5  10 .5 12 .5 1 4 .5 1 6 .5 18 .5

Te m p e r a tu r e  °C 25 .8 26 .4 32 .5  39.1 44 .7  4 9 .3  53 .6 5 7 .0 59.1 6 0 .4 61 .0

20 .5 22 .5

61 .2 61 .2
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Appendix 12 : Paper  P u b l i s h e d

THE OPTIMISATION OF A PLASTO-HYDRODYNAMIC WIRE-DRAWING PROCESS

t  * tG. R. Symmons , M. S .  J .  Hashmi and Y. D. X ie

t  S h e f f i e l d  C i t y  P o l y t e c h n i c ,  E n g lan d  
* N . l . H . E .  D u b l i n ,  I r e l a n d .

ABSTRACT

Non l i n e a r  e q u a t i o n s  h a v e  b een  f o r m u la t e d  fo r  th e  
p r e s s u r e  and a x i a l  s t r e s s  i n c r e m e n t  i n  a c o n i c a l  o r i f i c e  
f i l l e d  w i t h  a v i s c o u s  f l u i d  th r o u g h  w hich  a c i r c u l a r  
c r o s s  s e c t i o n  s o l i d  c o n t in u u m  i s  b e i n g  p u l l e d .  The 
v i s c o u s  f l u i d  was a ssum ed  t o  b e  non N e w t o n ia n ,  where th e  
v i s c o s i t y  i s  d e p e n d e n t  upon p r e s s u r e  and th e  co n t in u u m  
was assum ed  t o  b e  r i g i d  n o n l i n e a r l y  s t r a i n  h a r d e n i n g .

A f i n i t e - d i f f e r e n c e s  n u m e r ic a l  t e c h n i q u e  h a s  b een  
a p p l i e d  t o  s o l v e  t h e s e  e q u a t i o n s  t o  e n a b l e  p r e d i c t i o n s  
t o  b e  made o f  t h e  non l i n e a r  d e f o r m a t i o n  p r o f i l e  o f  t h e  
c o n t in u u m .  Computer r e s u l t s  on t h e  e f f e c t s  o f  c h a n g e s  
i n  g e o m e tr y  o f  t h e  c o n i c a l  o r i f i c e  on  t h e  m agn itu d e  and  
e x t e n t  o f  d e f o r m a t i o n  o f  t h e  w i r e  a r e  p r e s e n t e d  in  
g r a p h i c a l  form .

K E Y W O R D S

P l a s t o - h y d r o d y n a m i c s , w i r e - d r a w i n g ,  d i e - l e s s ,  
non N e w to n ia n  f l u i d s ,  non l i n e a r  s t r a i n  h a r d e n in g .

INTRODUCTION

In c o n v e n t i o n a l  dr aw in g  o f  w i r e ,  t h e  d ia m e t e r  i s  
r ed u c ed  by p u l l i n g  i t  th r o u g h  a r e d u c t i o n  d i e ,  r e s u l t i n g  
i n  wear and t im e  d e p e n d e n t  s i z e  o f  p r o d u c t .  A d e v e lo p e d  
t e c h n i q u e  ( 1 , 2 )  e n a b l e s  t h e  w i r e  d i a m e t e r  t o  b e  r ed u c e d  
w i t h o u t  u s i n g  any  c o n v e n t i o n a l  r e d u c t i o n  d i e .  In  t h i s  
p r o c e s s  t h e  w i r e  i s  p u l l e d  t h r o u g h  a t u b u l a r  o r i f i c e  o f  
t a p e r e d  b o r e  w h ic h  i s  f i l l e d  w i t h  a v i s c o u s  f l u i d .  An 
im p o r t a n t  f e a t u r e  o f  t h e  p r o c e s s  i s  t h a t  th e  s m a l l e s t  
b o r e  s i z e  o f  t h e  o r i f i c e  i s  a lw a y s  g r e a t e r  th an  th e  
d ia m e t e r  o f  t h e  un deform ed w i r e  and h e n c e  no m e ta l  t o  
m e ta l  c o n t a c t  t a k e s  p l a c e .

The p u l l i n g  a c t i o n  o f  t h e  w i r e  th rou gh  t h e  v i s c o u s  
f l u i d  g i v e s  r i B e  t o  a  d rag  f o r c e  and g e n e r a t e s  
hyd rod ynam ic  p r e s s u r e  on t h e  w i r e .  The m agn itud e  o f  t h e  
com bined d ra g  f o r c e  and p r e s s u r e  g e n e r a t e d  depend  upon 
t h e  t y p e  o f  f l u i d  and g e o m e t r i c  c o n f i g u r a t i o n  o f  th e  
o r i f i c e .  By d e s i g n  and o p t i m i s a t i o n  t h e  com bined d r a g  
f o r c e  and p r e s s u r e  i n i t i a t e s  p l a s t i c  y i e l d i n g  and  
p er m an en t  d e f o r m a t i o n  t o  t h e  w i r e .

In  o r d e r  t o  o p t i m i s e  t h e  p r o c e s s  t o  g i v e  i t s  f u l l  
p o t e n t i a l  i t  i s  n e c e s s a r y  t o  a n a l y s e  t h e  m e c h a n ic s  o f  
t h e  d e f o r m a t io n  p r o c e s s  i n s i d e  t h e  t u b u l a r  p r o c e s s .  In  
r e f e r e n c e s  ( 3 , 4 )  c l o s e d  form a n a l y t i c a l  s o l u t i o n s  were  
p r e s e n t e d  b a s e d  upon p r e d e t e r m i n e d  d e f o r m a t io n  p r o f i l e s .  
An im proved method o f  d e t e r m i n i n g  d e f o r m a t io n  v a l u e s  
u s i n g  a f i n i t e - d i f f e r e n c e  t e c h n i q u e  was p r e s e n t e d  in  ( 5 ) ,  
a s su m in g  a N ew to n ia n  f l u i d  w i t h  a r i g i d  n o n l i n e a r l y  
s t r a i n  h a r d e n in g  w i r e .

High p r e s s u r e s  a r e  g e n e r a t e d  in  an o p t i m i s e d  
c o n d i t i o n  t o  c a u s e  d e f o r m a t i o n  o f  t h e  w ir e  su ch  t h a t  
t h e  e f f e c t  o f  p r e s s u r e  on t h e  v i s c o s i t y  o f  t h e  f l u i d  
becom es  s i g n i f i c a n t .  The p r e s e n t  a n a l y s i s  u s e s  a f l n i t e -  
d i f f e r e n c e  t e c h n i q u e  a s su m in g  a non N ewtonian f l u i d  
d e p e n d e n t  upon p r e s s u r e  w i t h  a r i g i d  n o n - l i n e a r l y  s t r a i n

h a r d e n in g  w i r e .  The r e s u l t s  e n a b l e  t h e  g e o m e t r y  o f  th e  
o r i f i c e  t o  b e  o p t i m i s e d  f o r  maximum r e d u c t i o n  in  a r e a  o f  
th e  w i r e .

ANALYSIS

The a n a l y s i s  i s  b a s e d  on  t h e  g e o m e t r i c a l  c o n f i g 
u r a t i o n  shown i n  F i g .  l a .  w here  a round  c o n t i n u u m ,  
d i a m e t e r  Dj i s  p u l l e d  th ro u g l i  a t a p e r e d  o r i f i c e  f i l l e d

w i t h  a f l u i d ,  t h e  gap  a t  any  p o i n t  i s  g i v e n  by  

h = h i  -  kx

where

k = (h i  -  h , ) / B

In  o r d e r  t o  e s t a b l i s h  a m a t h e m a t i c a l  f o r m u l a t i o n  o f  
t h e  p r o c e s s  t h e  f o l l o w i n g  a s s u m p t i o n s  a r e  made:

( i )  t h e  f l u i d  h a s  a v i s c o s i t y  w h ic h  i s  in d e p e n d e n t
upon s h e a r  s t r e s s  b u t  d e p e n d e n t  upon p r e s s u r e

an a 9up = p ce aP and 1 = -jjy

( i i )  f l o w  i s  a x i a l  and la m i n a r

( i i i )  t h e  t h i c k n e s s  o f  t h e  f l u i d  l a y e r  i s  s m a l l  compared  
t o  t h e  b o r e  o f  t h e  o r i f i c e ,  and

( i v )  t h e  p r e s s u r e  in  t h e  f l u i d  i s  u n i f o r m  in  t h e  
t h i c k n e s s  d i r e c t i o n  a t  any p o i n t  a l o n g  t h e  l e n g t h  
o f  t h e  o r i f i c e ,  p = p ( x ) .

C o n s i d e r i n g  t h e  h y d r o d y n a m ic s  o f  t h e  f l u i d  

f o r  e q u i l i b r i u m
dx dy

h e n c e  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  g a p  i s  g i v e n  by

u -  ( ^ M y ’ -l iy )  + V (1 - y / h )2p dx

f o r  t h e  bou n d ary  c o n d i t i o n s  u = o  a t  y  = li and u = V 
and y  = o .

The f l o w  o f  t h e  f l u i d  i n  t h e  d i r e c t i o n  o f  p u l l  i s

,h , h ’ .dp Vhp = /  udy = -  - (—M ■+ —x 12p dx 2

For s t e a d y  s t a t e  c o n d i t i o n s

(—̂ -) = Vh ■* C o n s t a n t  Cp dx

bou n d ary  c o n d i t i o n  when x = x ,  p = max.
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h en ce c o n s t a n t b -Vh

where h h i  •

•
dx

= 6 pV ( ~ -

s u b s t i t u t i n g  f o r  p = n oe  

»P.. 1

ap

d£
dx 6u e^V ( h i - K x ) 2 ( h i - K x ) 1 ( 1)

i n t e g r a t i n g  and a p p l y i n g  t h e  boundary  c o n d i t i o n  
p  o o  a t  x  ■ o

n - iin  , 6̂ °Va ,_J_____  h
p “ a K h j - k x  2 ( h ! - k x )

P o s i t i o n  o f  maximum p r e s s u r e

2 ) _ ( h i  " 2 h J ) {2)

A p p l y in g  t h e  bou n d ary  c o n d i t i o n  p = o a t  x = B 
where  h i  -  kx = hj , t h e  r i g h t  hand s i d e  o f  e q u a t i o n  must

b e  u n i t y  i . e .

6HcVa i h 11 -

and

h a 2 h 2

2hih3
h i+ h ,

hiB

h
2 h 2,

= 1

(3)

(4)hi+hj

A x i a l  s t r e s s  i n  t h e  w i r e  p r i o r  t o  d e f o r m a t i o n

An a x i a l  s t r e s s  in  t h e  w i r e  w i l l  be  p rod u ced  by th e  
s h e a r  s t r e s s e s  in  t h e  f l u i d  a c t i n g  on t h e  s u r f a c e  o f  th e  
w i r e .

S u b s t i t u t i n g  t h e  v e l o c i t y  g r a d i e n t  o f  t h e  f l u i d  i n t o  

T g i v e s  T = ■ £ ( £ > < 2 y - h ) -  ^

h , d p .  V, t  y .  °  . .  - , - e , _

S u b s t i t u t i n g  f o r  ^  from e q u a t i o n  (1 )  i n t o  (5)

T = p Vea p {- 
x °

From e q u a t i o n  (2)  

a P ____________

3h
( h i ~ k x ) 2 h i - k x

Sp o Va ,  _ 1
K h i - K x  2 ( h i - K x ) 21 ' h i  2h}'

_ (i  _ —tU_) }
ii ' h i n i . l

(5)

( 6 )

(7)

The d rag  f o r c e  F = /^TiDiT^dx

A x i a l  s t r e s s  6  = — . = -7- / %  dx
x TiDl Di 0 x

apS u b s t i t u t i n g  and e  from e q u a t i o n s  (6 ) and (7)  

r e s p e c t i v e l y  and i n t e g r a t i n g  g i v e s  t h e  s o l u t i o n  6^ 

f o r  two c o n d i t i o n s

( i )  when 1 2 p 0hVa(^- -  — 7 ) + 2hK -  6 p oVa>0 
0 hi 2hl

( 8 )

6 = A ,+A ŵ tan
6 p „ V a ( h - h , )

2KAjX4 Til ” _-2hlK
/&M0VaA1 

1 8h0Va(h-hj)
-  2 h

/ 6 n VaA

where Ax = | l 2 p oh V a ( -  -  - iL .)  +2hK -  6 p„Va|

A, * 6 p oVa ~  ) + K

» _ 8 Vp I Kx 6u Va f  h

,1 h 1 ,
h j “  2 h 2, 1 ( h i “ K x )  ) I

(9)

A = (3h - 2 -) 2
J_ h_ K /e^VaAj
h ~ 2 h 2 + 6 p„Va

and

-  1 h
( i i )  when 1 2p oh V a ( -  -  jr~r) 4 2hK -  6 p oVa<0 

" 1  1

6 x = A, + A -  In
( ? K A , x + B , - B ,B ,4 b Q , 
(2KA,x4B 2 +B ,B ,  - B j ) 1

{ to )

where Bj = 2 hjK+*/6 u 0VaA1

_ S u ^ V a C h - h T ) 

2 ~ h .

B, = - 2 h 1K </6 p oVaA1

P l a s t i c  y i e l d i n g

The com b in ed  e f f e c t s  o f  t h e  a x i a l  s t r e s s  and t h e  
h yd rod ynam ic  p r e s s u r e  ca n  c a u s e  p l a s t i c  y i e l d i n g  o f  th e  
c o n t in u u m  i f  t h e  y i e l d  c r i t e r i a  i s  s a t i s f i e d .  I f  t h e  
m a t e r i a l  o f  t h e  c o n t in u u m  i s  a s su m ed  t o  b e  r i g i d  non 
l i n e a r l y  s t r a i n  h a r d e n i n g  t h e n  t h e  f l o w  s t r e s s  can  b e  
e x p r e s s e d  a s

Y = Y 4 AC ( 11 )

th e n  a c c o r d i n g  t o  tin? T r e s c a  y i e l d  c r i t e r i o n ,  p l a s t i c  
y i e l d i n g  w i l l  commence a t  a p o i n t  x e p r o v i d e d  t h a t

p  4 6x  = Y„

Once p l a s t i c  y i e l d i n g  h a s  com m enced,  s t r a i n  h a r d e n in g  
o f  t h e  m a t e r i a l  w i l l  t a k e  p l a c e  and y i e l d i n g  w i l l  
c o n t i n u e  a s  l o n g  a s

p  4 6 = Y > Ye 4 A c n  ( 12 )

The d e f o r m a t i o n  z one

C o n s i d e r  t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  shown in  
F i g  lb  and an e l e m e n t  o f  c o n t in u u m  b e i n g  d e fo r m e d  in  
F i g  l c .  A f i n i t e  d i f f e r e n c e  t e c h n i q u e  i s  a d o p t e d  t o  
e x p r e s s  t h e  p r e s s u r e  and a x i a l  s t r e s s  e q u a t i o n s  b e tw e e n  
two p o i n t s  Ax d i s t a n c e  a p a r t  on t h e  d e f o r m i n g  c o n t in u u m  
a s su m in g  t h e  d e f o r m a t i o n  t a k e s  p l a c e  l i n e a r l y .  I t  i s  
assum ed  t h a t  d e f o r m a t i o n  c e a s e s  a t  x = x  w her e

0dx
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E q u a t io n  (1) when e x p r e s s e d  i n  f i n i t e  d i f f e r e n c e  form  
g i v e s  t h e  p r e s s u r e  v a l u e s  a t  d i f f e r e n t  p o i n t s ,  d i s t a n c e  
Ax a p a r t .

(13)

where

Vi  " V l  (Di - l /D i )J

■= D^_j -  2bi Ax 

h i  = h i - l  " (K-b^ Ax

H  - i*.«api"1
The e q u a l i b r i u m  c o n d i t i o n  f o r  a  s m a l l  e l e m e n t  b e i n g  
deform ed shown i n  F i g  l c  g i v e s

d6x , dD
(Y + l  c o t a )

where D ■ Dj -  2bx .'. dD 

and c o t  a  «* - l / 2 b

2bdx

h e n c e  th e  a x i a l  s t r e s s  i n  t h e  c o n t in u u m  ca n  b e  e x p r e s s e d  
in  f i n i t e  d i f f e r e n c e  form

4 b 1AxY1 4AxPi 3Vih

6x i  " 6x i - i  d 7 ~  " 5 ^ 7 “  { 4 V i '  T T }T ‘i  

where

-  Y .  + A { l n ( D 1/ D 1 ) } n

(14)

(15)

RESULTS AND DISCUSSION

T h e o r e t i c a l  r e s u l t s  w ere  c a l c u l a t e d  on  s t a n d a r d  
v a l u e s  o f  p a r a m e te r  o b t a i n e d  from e x p e r i m e n t a l  s t u d i e s .  
The e q u a t i o n s  g o v e r n i n g  t h e  d e f o r m a t i o n  z o n e  w e re  s o l v e d  
a t  s t e p s  o f

a x„~x- 451 --fr
from t h e  p o s i t i o n  o f  t h e  o n s e t  o f  y i e l d  x c .

The d a t a  b e lo w  were  t h e  p a r a m e t e r s  u s e d :  
l e n g t h  o f  o r i f i c e  B =■ 45mm, i n l e t  g a p  h j  = 0.5mm,  
o u t l e t  g ap  h,*= 0.075mm, i n i t i a l  d i a m e t e r  o f  w i r e

Dj = 1.625mm, v i s c o s i t y  o f  f l u i d  a t  n or m al  p r e s s u r e

Up = 120Ns/m2 , v i s c o s i t y  c o n s t a n t  r e l a t i n g  t o  p r e s s u r e

a = 2 . 0  x 10 ' ,  i n i t i a l  y i e l d  s t r e s s  o f  c o n t in u u m  
Ye = lOOMN/m1 , m a t e r i a l  c o n s t a n t  A = 341MN/m2 and

s t r a i n  h a r d e n in g  in d ex  n = 0 . 2 5 .

F i g  2 shows th e  h yd rod yn am ic  p r e s s u r e  p r o f i l e  
g e n e r a t e d  i n  t h e  o r i f i c e  when p u l l i n g  t h e  w i r e  a t  0 . 3 1 m / s .  
The e f f e c t  o f  n o n -N ew t o n ia n  b e h a v i o u r  c a n  b e  o b s e r v e d  w i t h  
th e  s t e e p  i n c r e a s e  in  p r e s s u r e  a p p r o a c h i n g  t h e  maximum a t  
38mm a lo n g  t h e  o r i f i c e .  A maximum p r e s s u r e  o f  160 MN/m’ 
can be  g e n e r a t e d  i n  t h e  f l u i d  by h y d ro d y n a m ic  m e a n s ,  w i t h  
a sh ap e  f a c t o r  K = 0 . 0 0 9 4 ’ .

The o n s e t  o f  y i e l d  in  t h e  w i r e  b e g i n s  when t h e  sum o f  
t h e  hydrodynam ic  p r e s s u r e  and t h e  a x i a l  s t r e s s  e q u a l s  t h e  
y i e l d  s t r e s s  o f  t h e  w ir e  m a t e r i a l .  F i g  3 sh ow s  t h e  
com puter  r e s u l t s  o f  t h e  p o s i t i o n  o f  t h e  o n s e t  o f  y i e l d  in  
t h e  o r i f i c e .  T h i s  p o s i t i o n  i s  d e p e n d e n t  upon d r a w in g  
s p e ed  and s h a p e  f a c t o r  K and t h e  g r a p h  sh o w s  t h e  optim um  
v a l u e  o f  K f o r  t h r e e  s p e e d s .  For  t h e  s t a n d a r d  v a l u e s  o f  
p a r a m e te r s  s t a t e d  a b o v e ,  a lo w  K v a l u e  i n  t h e  r e g i o n  o f
0 .0 0 1  p r o v i d e s  e a r l y  d e f o r m a t i o n  in  t h e  o r i f i c e .

D e fo r m a t io n  o f  t h e  c o n t in u u m  c o n t i n u e s  a s  t h e  p l a s t o -  
hydrodynam ic  c o m p a t a b i l i t y  e q u a t i o n  i s  s a t i s f i e d

The p r o c e d u r e  f o r  p r e d i c t i n g  t h e  t h e o r e t i c a l  r e s u l t s  
i n v o l v e d  t h e  d e t e r m i n a t i o n  o f  x 0 t h e  d i s t a n c e  from  th e

e n t r y  o f  t h e  o r i f i c e  where p l a s t i c  d e f o r m a t i o n  commences.  
T h i s  p o s i t i o n  s a t i s f i e s  t h e  e q u a t i o n  p + 6^ = Y0 and

i s  fou n d  by i t e r a t i v e  c o m p u t a t io n  o f  e q u a t i o n s  ( 2 ) ,  (8)  
and Y0 . From t h i s  p o i n t  onw ard ,  t h e  e x t e n t  o f  t h e

p l a s t i c  d e f o r m a t i o n  i s  known. E q u a t i o n s  (13 )  and (14)  
a r e  com bin ed  f o r  s m a l l  in c r e m e n t s  Ax t o  e q u a t e  t o  
e q u a t i o n  (15)  and t h e  s l o p e s  b a r e  fo u n d  by  i t e r a t i v e  
c o m p u t a t i o n .  The d e f o r m a t i o n  p r o f i l e  and p e r c e n t a g e  
r e d u c t i o n  i n  a r e a  a r e  p r e d i c t e d  f o r  c h a n g e s  in  
draw in g  s p e e d  and o r i f i c e  g e o m e t r y .

N o t a t i o n s

B = L en g th  o f  th e  o r i f i c e
D = D ia m e te r  o f  w ir e
F = Drag f o r c e
V *» P u l l i n g  v e l o c i t y
P - Hydrodynamic  p r e s s u r e
I x S h ea r  s t r e s s  a t  f l u i d / w i r e  i n t e r f a c e

6 A x i a l  s t r e s s  i n  w ir e
Y - Y i e l d  s t r e s s  o f  w ir e  m a t e r i a l
h » Gap b e tw e e n  w ir e  and o r i f i c e
M m Dynamic v i s c o s i t y  o f  f l u i d
X «■ D i s t a n c e  a l o n g  o r i f i c e  from  l e a d i n g  ed g e
y D i s t a n c e  from w i r e  s u r f a c e  i n t o  gap
a - V i s c o s i t y  p r e s s u r e  c o e f f i c i e n t
b - D e fo r m a t io n  p r o f i l e  c o n s t a n t
C •3 P l a s t i c  s t r a i n  i n  t h e  w i r e
n *> S t r a i n  h a r d e n in g  c o e f f i c i e n t
A - M a t e r i a l  c o n s t a n t

The c o m p l e t i o n  o f  y i e l d i n g  i s  a t  t h e  maximum p r e s s u r e

p o s i t i o n  b e c a u s e  t h e r e  i s  a c h a n g e  o f  s i g n  o f  t h e  p r e s s u r e  
g r a d i e n t .  The P o i s e u i l l e  t y p e  f l o w  i s  t h e n  i n  o p p o s i t i o n  
t o  th e  C o u e t t e  f l o w  t h u s  s i g n i f i c a n t l y  r e d u c i n g  t h e  
s h e a r  s t r e s s  t o g e t h e r  w i t h  t h e  r e d u c t i o n  i n  p r e s s u r e .
F i g  4 shows t h i s  p o s i t i o n  f o r  c h a n g e s  i n  t h e  o u t l e t  and  
i n l e t  f l u i d  g a p s .  A h i g h  v a l u e  o f  K e x t e n d s  t h e  maximum 
p r e s s u r e  p o s i t i o n  to w a r d s  t h e  o u t l e t  e n d  o f  t h e  o r i f i c e .  
T here  i s  t h e r e f o r e  a c o n f l i c t  i n  t h e  o p t i m i s e d  r e q u i r e m e n t s  
f o r  x c and x  i n  t erm s  o f  K. O p t i m i s a t i o n  o f  K t o  p r o d u c e

a lo n g  l e n g t h  o f  d e f o r m a t i o n  p r o f i l e  i s  t h e r e f o r e  a more  
p r a c t i c a l  way o f  g a i n i n g  maximum r e d u c t i o n  i n  a r e a .
F i g  5 shows t h e  c o m p u te r  r e s u l t s  f o r  t h e  l e n g t h  o f  
d e f o r m a t io n  f o r  t h r e e  d r a w in g  s p e e d s  and a K v a l u e  i n  t h e  
r e g i o n  o f  0 . 0 0 2  g i v e  maximum l e n g t h s .

D e fo r m a t io n  p r o f i l e s  f o r  t h r e e  d r a w in g  s p e e d s  a r e  
g i v e n  in  F i g  6 and a c o m p a r i s o n  o f  t h e o r e t i c a l  p r o f i l e  
w it h  an e x p e r i m e n t a l  p r o f i l e  from r e f  (5 )  i s  g i v e n  i n  
F i g  7 .  Com parison  o f  t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  
d e f o r m a t io n  p r o f i l e s  a r e  f o r  t h e  same l e v e l  o f  p e r c e n t a g e  
r e d u c t i o n  in  a r e a  o f  23%. A l t h o u g h  t h e r e  i s  a m is m a tch  
in  th e  draw in g  s p e e d s  t o  a t t a i n  a common p e r c e n t a g e  
r e d u c t i o n  i n  a r e a ,  t h e  d i f f e r e n c e  i s  s i g n i f i c a n t l y  l e s s  
th an  t h e  N e w to n ia n  S o l u t i o n  i n  (5)  .

F i n a l l y ,  F i g  8 show s t h e  c h a n g e s  o f  maximum d ra g  
f o r c e  F ^ x , l e n g t h  o f  d e f o r m a t i o n  z o n e  L and  p e r c e n t a g e

r e d u c t i o n  i n  a r e a  PRA a g a i n s t  K. The e f f e c t  o f  c h a n g e  i n  
K i s  s i g n i f i c a n t  and o p t i m i s e s  t o  a  maximum o f  0 . 0 0 2 3 .

CONCLUSIONS

A n u m e r ic a l  s o l u t i o n  h a s  b e e n  d e v e l o p e d  t o  p r e d i c t  
t h e  d e f o r m a t io n  o f  w i r e  drawn th r o u g h  a  c o n i c a l  o r i f i c e  
f i l l e d  w i t h  a n o n -N ew t o n ia n  f l u i d .

For t h e  same e x t e n t  o f  d e f o r m a t i o n  t h e  t h e o r e t i c a l l y  
p r e d i c t e d  p r o f i l e s  show a c l o s e r  a g r e e m e n t  t o  o b s e r v e d  
e x p e r i m e n t a l  r e s u l t s  th a n  a p r e v i o u s  N e w t o n ia n  s o l u t i o n .
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A t draw ing  s p e e d s  i n  e x c e s s  o f  l m / s ,  t h e  a g r ee m e n t  
b e tw e en  a c t u a l  and p r e d i c t e d  p e r c e n t a g e  r e d u c t i o n  i n  a r e a  
i s  p o o r .  However a t  lo w  dr aw in g  s p e e d s ,  t h e  o p t i m i s a t i o n  
t e c h n i q u e  d e s c r i b e d  in  t h i s  p a p e r  i s  v a l i d  f o r  t h e  d e s i g n  
o f  t h e  o r i f i c e  i n  t h i s  new p r o c e s s .
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