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ABSTRACT

A 1 6 -b i t  s in g le  b o a rd  c o m p u te r  h a s  b e e n  d e v e lo p e d  to  c o n tr o l  T IG  

a r c  o s c il la t io n  in  n a r r o w  g a p  w e ld in g . S id ew a ll p e n e t r a t io n  is  im p ro v e d  

b y  m a g n e tic a lly  w e a v in g  th e  a r c  a c r o s s  th e  g a p .  T h e  c u s to m -b u i l t  

c o m p u te r  c a n  w o rk  e i t h e r  a s  a  s ta n d - a lo n e  a r c  o s c il la t io n  c o n t r o l le r  o r  

in  co m m u n ic a tio n  w ith  a h o s t  IBM P C . T h e  v o lta g e  s e n s o r  r e s i d e n t  o n  

th e  c o m p u te r  b o a rd  s u p p l ie s  in fo rm a tio n  a b o u t  a r c  l e n g th  a n d  a r c  p o 

s i t io n  in  th e  g a p  w h ic h  a r e  r e l a t e d  to  th e  a r c  v o l ta g e .  S im ple c lo s e - lo o p  

a r c  o s c il la t io n  c o n tro l  a n d  seam  t r a c k in g  a r e  t h e r e f o r e  p o s s ib le .  A 

r o b u s t  v is io n  s y s te m  h a s  b e e n  d e v e lo p e d  f o r  a d v a n c e d  seam  t r a c k in g  

a n d  a r c  c o n tro l  in  n a r r o w  g a p  T IG  w e ld in g . T h e  w e ld in g  s c e n e  is  o b 

s e r v e d  b y  a  T V  c a m e ra  w ith o u t  a r t i f ic ia l  i l lu m in a tio n . In fo rm a tio n  on  

p o s i t io n s  o f s id e w a lls ,  e l e c t r o d e ,  a n d  w e ld in g  a r c  is  e x t r a c t e d  in  r e a l  

tim e b y  a n a ly s in g  g r e y  le v e l  im a g e s . E d g e  f in d in g  a n d  te m p la te  

m a tc h in g  te c h n iq u e s  h a v e  b e e n  d e v e lo p e d  to  a c c o m p lish  t h i s  t a s k .  

R e a l- t im e  seam  t r a c k in g  a n d  a r c  o s c il la t io n  c o n tro l  a r e  im p le m e n te d  

b a s e d  o n  th e  v is io n  in fo r m a t io n .
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1. INTRODUCTION

W eld ing  is  a  jo in in g  p r o c e s s  w h ic h  h a s  b e e n  lo n g  a s s o c ia te d  w ith  

m a n u f a c tu r in g  i n d u s t r i e s . I t  c a n  b e  s p l i t  in to  tw o  m ain  g r o u p s : n o n 

f u s io n  w e ld in g  a n d  fu s io n  w e ld in g . A n o n - f u s io n  w e ld in g  p r o c e s s  jo in ts  

tw o p a r t s  t o g e th e r  w ith o u t  m e ltin g  th e m . A ty p ic a l  e x a m p le  is  s p o t  

w e ld in g . T w o c o n ta c t  e le c t r o d e s  h o ld  p la te s  to  b e  w e ld e d . A c u r r e n t  

is  c o n d u c te d  from  o n e  e le c tr o d e  to  a n o th e r ,  g e n e r a t in g  a  r e s i s t a n c e  

h e a t in g  to  h e a t  th e  c o n ta c t  a r e a  b e tw e e n  th e  tw o  p a r t s . A s u f f ic ie n t  

p r e s s u r e  is  a p p lie d  to  p r e s s  th em  t o g e t h e r .  S p o t w e ld in g  f e a t u r e s  

s im p le  h e a t in g  p r o c e s s ,  no  f il l in g  m a te r ia ls ,  a n d  e a s y  a u to m a tio n  p r o 

c e d u r e s  . T h e r e f o r e  i t  h a s  fo u n d  w ide  a p p lic a t io n  in  th e  c a r  i n d u s t r y .

In  th e  a r e a  o f fu s io n  w e ld in g , th e  com m on p r o c e s s e s  a r e  

S u b m e rg e d -A rc  W elding  (SA W ), F lu x - C o r e d - A r c  W eld ing  (F C A W ), 

M e ta l - I n e r t -G a s  (M IG) w e ld in g , a n d  T u n g s t e n - I n e r t - G a s  (T IG )  

w e ld in g , a s  sh o w n  in  f i g u r e - 1 .1 .  T h e  com m on f e a tu r e  o f  a r c  w e ld in g  

is  t h a t  a n  a r c  is  s t r u c k  b e tw e e n  a  c o n su m a b le  o r  n o n -c o n s u m a b le  

e le c tr o d e  a n d  a  w o rk p ie c e . T h e  w o rk p ie c e  a n d  f il l in g  m a te r ia ls  a r e  

m e lte d  b y  th e  a r c  e n e r g y  to  fo rm  a  jo in t .  SAW u s e s  a  m eta l w ire  a s  

a n  e l e c t r o d e . T h e  w ire  is  c o n tin u o u s ly  f e d  th r o u g h  to  b a la n c e  i t s  

m e ltin g  r a t e .  T h e  a r c  is  b u r ie d  b y  a  l a y e r  o f f lu x ,  t h u s  in v is ib le  to  

o u t s i d e . T h e  m e lte d  f lu x  c o v e rs  th e  m o lten  w e ld  to  p r o te c t  i t  fro m  th e  

a tm o s p h e re .  T h e  u n m e lte d  f lu x  c a n  b e  c o lle c te d  a n d  r e - u s e d .  SAW 

h a s  a  h ig h  d e p o s it io n  r a t e ,  a n d  p r o d u c e s  a n  e x c e l le n t  b e a d  s h a p e .  

H o w e v e r , i t s  h ig h  h e a t  in p u t  is  d e tr im e n ta l  to  th e  jo in t  p r o p e r t i e s .  

I n  som e c a s e s ,  f lu x  rem o v a l b eco m es d i f f ic u l t .  G e n e ra l ly ,  SAW is  u s e d  

in  n o n - c r i t i c a l  jo in t s .  S im ila r ly , FCAW u s e s  a  f i l le r  w ire  a s  a n

1



e le c t r o d e .  B u t  th e  f lu x  is  e n c lo s e d  in  th e  c o re  o f th e  w ir e .  MIG

w e ld in g  a lso  e m p lo y s  a f i l le r  w ire  a s  a n  e le c t r o d e .  B u t  th e  a r c  is  

s h ie ld e d  b y  a n  i n e r t  g a s .  A s c o m p a re d  w ith  SAW, MIG w e ld in g  c o n 

s id e r a b ly  im p ro v e s  w e ld  q u a l i ty  in  a d d it io n  to  i t s  h ig h  e f f ic ie n c y .  

U n f o r tu n a te ly ,  i t  o f te n  h a s  s p a t t e r i n g  a n d  a r c  b low  p ro b le m s . T h e  

c o s t  a n d  c o m p le x ity  o f MIG e q u ip m e n t  a lso  lim its  i t s  a p p l ic a t io n .  T h is  

ty p e  o f w e ld in g  is  m a in ly  u s e d  in  th e  s i tu a t io n s  r e q u i r in g  h ig h  p r o 

d u c t iv i ty  a n d  r e a s o n a b le  w e ld  q u a l i ty .  In  c o n t r a s t ,  T IG  w e ld in g  em 

p lo y s  a  n o n -c o n s u m a b le  e le c tr o d e  ( u s u a l ly  t u n g s t e n ) ,  r e s u l t i n g  in  a 

s ta b le  a r c  s h ie ld e d  b y  a n  i n e r t  g a s .  A f i l le r  w ire  is  fe d  in to  th e  w eld  

p o o l, i n d e p e n d e n t  o f th e  w e ld in g  p o w e r  s u p p ly .  T IG  is  a  c le a n  p r o c e s s  

w i th o u t  s p a t t e r i n g ,  a n d  p r o d u c e s  h ig h  q u a l i ty  w e ld s ,  a n d  is  t h e r e f o r e  

u s e d  in  c r i t ic a l  w e ld  j o i n t s .

F o r  th in  p l a t e s ,  s in g le  p a s s  is  s u f f ic ie n t  to  jo in  th em  t o g e t h e r .  

H o w e v e r , f o r  th ic k  s e c t io n s ,  m u l t i - p a s s  o r  m u l t i - la y e r  l a y o u t  is  in e v i 

ta b ly  e m p lo y e d . A p p lic a t io n s  o f th ic k  p la te  o r  p ip e  w e ld in g  c a n  b e  

fo u n d  in  s h ip b u i ld in g  i n d u s t r y ,  p o w e r  g e n e r a t io n  p la n t s  a n d  p r e s s u r e  

v e s s e l s .  C o n v e n t io n a l ly ,  h e a v y  s e c t io n s  a r e  w e ld e d  t o g e t h e r  w ith  a 

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

s in g le  U , d o u b le  U ( f i g u r e - 1 .2 )  [1]. O th e r  p r e p a r a t i o n s  in c lu d e  s in g le  

J ,  d o u b le  J ,  a n d  a sy m m e tr ic  d o u b le  V . T h e  w e ld in g  p r o c e d u r e  s t a r t s  

fro m  th e  ro o t  p a s s ,  th e n  g r a d u a l ly  b u i ld s  u p  fro m  o n e  s id e  ( f o r  

s in g le - b e v e l  p r e p a r a t i o n s )  o r  from  b o th  s id e s  s im u lta n e o u s ly  ( f o r  

d o u b le - b e v e l  p r e p a r a t i o n s ) .  T h is  is  k n o w n  a s  m u lt i - p a s s  la y o u t .  T h e  

n u m b e r  o f p a s s e s  p e r  l a y e r  in c r e a s e s  a s  th e  g a p  b eco m es w id e r  from  

th e  ro o t  to  th e  to p .  T h e  t h ic k e r  th e  p l a t e s ,  th e  m ore  p a s s e s  a r e  

n e e d e d  to  fill th e  g a p .  In  a  m u l t i - la y e r  a r r a n g e m e n t ,  th e  to r c h  m oves 

a c r o s s  th e  p r e p a r a t i o n ,  fo rm in g  o n e  p a s s  p e r  l a y e r .  I t  is  r a r e l y  u s e d

-  2 -



in  c o n v e n tio n a l  th ic k  s e c t io n  w e ld in g  b e c a u s e  s w in g in g  th e  a r c  a c r o s s  

a  l a r g e  g a p  h a s  d e tr im e n ta l  e f f e c t s  o n  th e  jo in t  p r o p e r t i e s .  L a rg e  b e v e l  

p r e p a r a t i o n s  e n a b le  th e  w e ld in g  to r c h  to  r e a d i ly  a c c e s s  th e  s id e w a ll , 

r e s u l t i n g  in  good  p e n e t r a t i o n . T h e  m ajo r d i s a d v a n ta g e s  o f c o n v e n tio n a l  

t e c h n iq u e  in c lu d e  low p r o d u c t iv i t y  a n d  h ig h  c o s t .

In  r e c e n t  y e a r s ,  m any  r e s e a r c h e r s  h a v e  in v e s t ig a t e d  n a r r o w  g a p  

w e ld in g  (NGW) te c h n iq u e s  w h ic h  a r e  r e g a r d e d  a s  th e  m o s t p ro m is in g  

p r o c e s s e s  to  c a r r y  o u t  th ic k  s e c t io n  w e ld in g . In  c o n t r a s t  to  c o n v e n 

tio n a l  th ic k  s e c t io n  w e ld in g , NGW u s u a l ly  r e q u i r e s  a  n a r r o w  s q u a r e  

p r e p a r a t i o n  a s  sh o w n  in  f i g u r e - 1 .3  [2], c o n s e q u e n t ly  r e d u c i n g  jo in t  

v o lu m es a n d  o v e ra l l  c o s t .  F o r  100 mm s e c t io n  t h i c k n e s s ,  d o u b le  V - 

g ro o v e  p r e p a r a t io n  n e e d s  2000 mm3/m m  w eld  l e n g t h ,  w h ile  NGW r e q u i r e s  

o n ly  800 mm3/m m  w eld  l e n g th  w ith  a s a v in g  o f 60% w e ld in g  c o n s u m a b le s  

[3]. In  a d d it io n  to  h ig h e r  p r o d u c t i v i t y ,  NGW im p ro v e s  m e c h a n ic a l 

p r o p e r t i e s  o f w eld  jo in ts  a n d  r e d u c e s  r e s id u a l  s t r e s s  a n d  d i s to r t io n  

b e c a u s e  o f th e  n a r r o w e r  h e a t in g  a r e a  a n d  low h e a t  i n p u t .  H o w e v e r , 

NGW h a s  th e  p ro b le m  of p o o r  s id e w a ll p e n e t r a t i o n  d u e  to  th e  sm all a n g le  

b e tw e e n  th e  e le c tr o d e  a n d  th e  s id e w a ll . T o  o v e rc o m e  th i s  p ro b le m , a  

n u m b e r  o f NGW te c h n iq u e s  h a s  b e e n  d e v e lo p e d  [2, 3]. Com m on m e th o d s  

in v o lv e  d i r e c t in g  th e  a r c  to w a rd  th e  s id e w a ll b y  som e m ea n s  o r  u s in g  

la r g e  e le c tr o d e  a n d  h ig h  h e a t  i n p u t .

A s f a r  a s  r e a l - t im e  a d a p t iv e  w e ld in g  c o n tro l  is  c o n c e r n e d ,  s e n s o r s  

a r e  r e g a r d e d  a s  a  c ru c ia l  e le m e n t f o r  th e  s u c c e s s  o f in te l l ig e n t  a n d  

a u to m a tic  w e ld in g  c o n tro l  s y s te m s .  O f p a r t i c u l a r  i n t e r e s t  is  m ac h in e  

v is io n . I t  e x t r a c t s  v is u a l  in fo rm a tio n  a b o u t  w e ld in g  c o n d it io n s  a n d  

f e e d s  i t  b a c k  to  th e  w e ld in g  c o n t r o l le r  so  t h a t  r e a l - t im e  c o n tr o l  sc h e m e s  

s u c h  a s  seam  t r a c k in g  a n d  w e ld in g  p a r a m e te r s  c o n tro l  c a n  b e  im p le 
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m e n te d . M ost v is io n  s y s te m s  c u r r e n t l y  a v a ila b le  to  w e ld in g  p r o c e s s e s  

em p lo y  a r t i f i c i a l  illu m in a tio n  to  im p ro v e  th e  c o n t r a s t  in  th e  w e ld in g  

s c e n e  o r  to  p r o v id e  p ro f i le  in fo rm a tio n . A s f o r  im age r e c o g n i t io n ,  

b in a r y  im age p r o c e s s in g  is  w id e ly  u s e d  d u e  to  i t s  s im p lic i ty . H o w e v e r , 

a  b in a r y  im ag e  c o n ta in s  m uch  le s s  in fo rm a tio n  th a n  a  g r e y  le v e l  im a g e , 

a n d  i t  is  u n l ik e ly  to  p ro v id e  s u f f ic ie n t  in fo rm a tio n  to  im p lem en t co m p lex  

c o n t r o l .  T h e  a p p ro a c h e s  to  in te l l ig e n t  c o n tro l  lie  in  r e a l - t im e  a n a ly s in g  

o f g r e y  le v e l  im a g e .

T h e  w o rk  d i s c u s s e d  in  th is  th e s i s  is  c o n c e r n e d  w ith  a  s e n s o r  b a s e d  

r e a l - t im e  c o n tro l  s y s te m  f o r  n a r r o w  g a p  T IG  w e ld in g . F i r s t l y ,  n a r r o w  

g a p  w e ld in g  te c h n iq u e s  a n d  w e ld in g  s e n s o r s  a r e  r e v ie w e d . S e c o n d ly ,  

th e  T IG  w e ld in g  s y s te m  is  e x p la in e d .  T h e  c o m p u te r  c o n tr o l le d  a r c  

o s c il la t io n  is  t h e n  d i s c u s s e d .  I t  is  fo llo w ed  b y  re a l- t im e  c o n tro l  u s in g  

th e  v is io n  s e n s o r .  F in a lly ,  e x p e r im e n ta l  r e s u l t s ,  a n d  c o n c lu s io n s  a n d  

f u t u r e  w o rk  a r e  p r e s e n te d  in  l a t e r  p a r t  o f th e  t h e s i s .
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( a )  D ia g ra m m a tic  s k e tc h  o f s u b m e r g e d  a r c  w e ld in g

( b )  D ia g ra m m a tic  s k e tc h  o f f lu x  c o re d  a r c  w e ld in g  

F i g u r e - 1 .1  Common a r c  w e ld in g  p r o c e s s e s



SO U  D

( c )  D ia g ra m m a tic  s k e tc h  o f m eta l i n e r t  g a s  w e ld in g

( d )  D ia g ra m m a tic  s k e tc h  o f t u n g s t e n  i n e r t  g a s  w e ld in g  

F i g u r e - 1 .1  Common a r c  w e ld in g  p r o c e s s e s  ( c o n t . )
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2. NARROW GAP WELDING TECHNIQUES

2 .1  I n t r o d u c t io n

In  t h i s  c h a p t e r ,  th e  p r im a ry  a d v a n ta g e s  a n d  p ro b le m s  o f NGW will 

b e  d i s c u s s e d ,  a n d  f o u r  m ajo r w e ld in g  p r o c e s s e s  a s s o c ia te d  w ith  NGW 

w ill b e  r e v ie w e d .  T h e s e  a r e  M e ta l - I n e r t -G a s  (M IG ) w e ld in g , 

S u b m e rg e d -A rc -W e ld in g  (SA W ), T u n g s t e n - I n e r t - G a s  (T IG )  w e ld in g , 

a n d  F lu x -C o re d -A rc -W e ld in g  (F C A W ). F in a l ly ,  econom ica l a d v a n ta g e s  

a n d  jo in t  q u a l i ty  o f NGW will b e  c o n s id e r e d .

2 .2  N a r ro w  G ap  MIG W elding

MIG w e ld in g  is  a lso  k n o w n  a s  G a s -M e ta l-A rc -W e ld in g  (GM AW ). I t  

w as  th e  f i r s t  w e ld in g  p r o c e s s  i n t e g r a t e d  w ith  NGW te c h n iq u e s .  N a rro w  

g a p  MIG w e ld in g  d i f f e r s  from  c o n v e n tio n a l  MIG w e ld in g  in  t h a t  th e  w ire  

f e e d in g  m u s t b e  c a re f u l ly  d e s ig n e d  to  e n s u r e  s u f f ic ie n t  s id e w a ll p e n e 

t r a t i o n .  U p to  d a te ,  a  v a r i e ty  o f w ire  f e e d in g  te c h n iq u e s  h a v e  b e e n  

d e v e lo p e d  to  c o n tro l  s id e w a ll p e n e t r a t io n  o f NGW [4 - 8]. G e n e ra l ly ,  th e s e  

t e c h n iq u e s  fa l l  in to  f o u r  m ain g r o u p s :  c u r v e d  f ix e d  w ire ,  a r c  o s c i l 

l a t io n ,  a r c  r o ta t io n  a n d  s t r a ig h t  f ix e d  w ire .  A ll t h e s e  t e c h n iq u e s  a r e  

r e v ie w e d  in  n a r ro w  g a p  MIG w e ld in g .

C u r v e d  F ix e d  W ire . T h is  te c h n iq u e  n o rm a lly  e m p lo y s  a  th in  

e le c tr o d e  w ire  r a n g in g  from  0.8  mm to  1.6 mm a n d  a  lo n g  c o n ta c t  t u b e .  

T h e  w ire  is  c u r v e d  to w a rd  th e  s id e w a ll to  a c h ie v e  s id e w a ll p e n e t r a t i o n .  

T h e r e  a r e  tw o  a p p ro a c h e s  to  c u r v e  th e  w ire :  p r e c a s t  f ix e d  w ire  a n d  

b e n t  f ix e d  t o r c h .  T h e  fo rm e r  m e th o d  w as d e v e lo p e d  b y  B a t te l le  [4], a s
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sh o w n  in  f i g u r e - 2 .1 .  D o u b le -w ire  a r r a n g e m e n t  a n d  b i - p a s s  b e a d  la y o u t  

a r e  a d o p te d .  T h e  w ire s  a r e  b e n t  a r o u n d  th e  d r iv e  ro ll  in  th e  d i r e c t io n  

p e r p e n d ic u l a r  to  th e  s id e w a ll b e fo re  e n t e r in g  th e  c o n ta c t  t u b e ,  b u t  s t i l l  

p r e s e r v e  c u r v a t u r e  a f t e r  e x i t in g  th e  c o n ta c t  t u b e .  T h e  m ain  a d v a n ta g e  

o f t h i s  t e c h n iq u e  is  t h a t  a  v e r y  n a r r o w  g a p  ( 6 .3  - 9 .5  mm) c a n  b e  

u s e d  r e g a r d l e s s  o f th e  p la te  t h ic k n e s s .  T h is  a llow s th e  u s e  o f low 

h e a t  in p u t  a n d  m uch  le s s  f i l le r  m a te r ia l .  H o w e v e r  low h e a t  i n p u t  m ay 

le a d  to  p o s s ib le  in c o m p le te  s id e w a ll p e n e t r a t i o n . A n o th e r  p ro b le m  is  th e  

d i f f ic u l ty  o f m a in ta in in g  c o n s is t e n t  b e n d in g  a n d  o r ie n ta t io n  o f th e  

e le c tr o d e  w ire s  b e c a u s e  th e  t h in  c u r v e d  w ire s  h a v e  to  p a s s  a  lo n g  

c o n ta c t  t u b e .

T h e  te c h n iq u e  " B e n t  F ix e d  T o rc h "  w as in v e n te d  b y  S c ia k y  SA [4]. 

I t  d i f f e r s  from  th e  a b o v e  te c h n iq u e  in  t h a t  th e  e le c tr o d e  w ire  is  b e n t  

to w a rd  th e  s id e w a ll in  a s p e c ia l  c o n ta c t  tu b e  w ith  a n  a n g le d  t ip  

( f i g u r e - 2 .2 ) .  B e c a u s e  th e  w ire  is  b e n t  n e a r  th e  a r c ,  m ore  r e p e a ta b le  

w ire  c u r v a t u r e  c a n  b e  a c h ie v e d  in  c o m p a r is o n  w ith  th e  B a t te l le  NGW. 

B y  in c r e a s in g  th e  g a p  to  14 - 20 mm tw o  to r c h e s  c a n  b e  u s e d ,  d i r e c te d  

a t  o p p o s ite  s id e w a lls .  T o  f u r t h e r  in c r e a s e  th e  jo in t  f i l l in g  r a t e ,  a  t h i r d  

e le c tr o d e  w ire  is  a d d e d  in  th e  c e n t r e  o f th e  g ro o v e  to  b r id g e  tw o  f i l le r  

w e ld s  p e r fo rm e d  b y  o th e r  tw o  to r c h e s .  I t  is  p o s s ib le  to  p r o d u c e  

m o n o p a s s , b i - p a s s  a n d  t r i - p a s s  d e p o s it io n  la y o u t  w ith  u p  to  t h r e e  

e le c tr o d e  w i r e s .

A rc  O s c illa tio n . In  t h i s  g ro u p  o f NGW te c h n iq u e s ,  th e  s id e w a ll 

p e n e t r a t io n  is  a c h ie v e d  th r o u g h  o s c il la t io n  o f th e  a r c  a c r o s s  th e  g a p .  

T h e  a r c  is  o s c il la te d  b y  e i t h e r  s w in g in g  t o r c h ,  o r  a l t e r n a t e  r o ta t io n  

o f c o n ta c t  tu b e  w ith  a  b e n t  t i p ,  o r  p r e b e n d in g  e le c t r o d e .  T h e  " sw in g  

to rc h "  te c h n iq u e  em p lo y s  a  s t r a ig h t  w ire  a n d  a  lo n g  s t r a i g h t  c o n ta c t
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t u b e .  T h e  to r c h  s w in g s  a c r o s s  th e  g a p  h o r iz o n ta l ly .  N a k a y a m a  e t  a l 

[9] d e s c r ib e  tw o a r c  w e a v in g  m e th o d s :  NOW -B a n d  N O W -H B. 

( f i g u r e - 2 .3 ) .  In  NOW-B p r o c e s s  th e  a r c  w e a v in g  fo llow s a  g e n e r a l  s in e  

c u r v e  m o tion  p e r p e n d ic u la r  to  th e  w e ld in g  d i r e c t io n ,  w h ile  NOW -HB 

h a s  a  w e a v in g  a n g le  (« )  o f 30° - 60° to  th e  w e ld in g  d i r e c t io n .  A s in g le  

e le c tr o d e  a n d  m o n o p ass  a r e  r e q u i r e d .  N ip p o n  S te e l [10] d e v e lo p e d  a 

NGW te c h n iq u e  in v o lv in g  a  sw iv e ll in g  t o r c h .  T h e  o s c il la t io n  o f th e  a r c  

is  r e a l i s e d  b y  s w iv e llin g  a  s t r a i g h t  c o n ta c t  tu b e  in s id e  th e  g r o o v e ,  a s  

sh o w n  in  f ig u r e - 2 .4 .  T h e  s id e w a ll p e n e t r a t io n  is  a s s u r e d  b y  s u f f i c i e n t  

a n g le  b e tw e e n  th e  e le c tr o d e  a n d  th e  s id e w a ll . T o  acco m m o d ate  s u f f ic ie n t  

s w iv e ll in g , th e  g a p  is  w id e r  t h a n  t h a t  in  th e  B a t te le  t e c h n iq u e  a n d  

r a n g e s  from  12 mm to  14 mm, a n d  th e  p la te  th ic k n e s s  is  l im ite d  to  80 

mm. M on o p ass  b e a d  la y o u t  is  p r o v id e d  b y  o n e  o r  tw o e le c t r o d e s .

T h e  w ire  f e e d in g  te c h n iq u e  in v o lv in g  a l t e r n a t e  r o ta t io n  o f a  s p e c ia l  

c o n ta c t  tu b e  w ith  a  b e n t  t ip  w as  d e v e lo p e d  b y  H ita c h i [4], T h e  tu b e  

t ip  is  b e n t  b y  15°. W hen th e  c o n ta c t  tu b e  r o ta t e s  b a c k  a n d  f o r t h ,  th e  

f e e d in g  w ire  d e s c r ib e s  a n  a r c  a c r o s s  th e  g a p .  A s im ila r  t e c h n iq u e  is  

p r e s e n t e d  b y  Halm0y e t  a l in  [11] ( f i g u r e - 2 .5 ) .  F o r  th e  sm all a n g le s  

in v o lv e d  in  th i s  t e c h n iq u e ,  th e  w e a v in g  a m p litu d e  o f th e  a r c  is  p r o 

p o r t io n a l  to  th e  a n g le  o f r o ta t io n  o f th e  c o n ta c t  t u b e .  A m o n o p a ss  b e a d  

la y o u t  is  a c h ie v e d  w ith  a  s in g le  e le c t r o d e .

NGW te c h n iq u e s  b a s e d  o n  p r e b e n d in g  e le c tr o d e  w ire  h a v e  b e e n  d e 

v e lo p e d  b y  a  n u m b e r  o f m a n u f a c tu r e r s .  N ip p o n  S te e l  [4] d e v e lo p e d  th e  

" loop  n a p "  te c h n iq u e ,  a s  sh o w n  in  f i g u r e - 2 .6 .  T h e  w ire  is  p r e b e n t  

b y  r o l l e r s  on  th e  loop  p a n e l  w h ic h  s e t s  a  c u r v a t u r e  p la n e  f o r  th e  

p r e b e n t  w ir e .  O n e x i t in g  fro m  th e  s t r a i g h t  c o n ta c t  t u b e ,  th e  w ire  is  

c u r v e d  j u s t  in  th e  p la n e  o f th e  loop  p a n e l .  S w in g in g  th e  loop  p a n e l
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( u p  to  70°) p e r io d ic a l ly  p r o d u c e s  th e  a r c  o s c i l la t io n . M on o p ass  a n d  a 

s in g le  e le c t r o d e  a r e  ty p ic a l ly  e m p lo y e d . M its u b is h i  H e a v y  I n d u s t r i e s  

d e v e lo p e d  " Z ig -Z a g  P r e b e n t  W ire" te c h n iq u e  [4]. T h e  w ire  is  p e r io d ic a l ly  

d e fo rm e d  b e tw e e n  tw o  b e n d in g  g e a r s  ( f i g u r e - 2 .7 ) .  T h e  w ire  e x i t in g  

fro m  th e  c o n ta c t  tu b e  p r e s e r v e s  th e  c u r v a t u r e  o f th e  o r ig in a l  w ire  

c o n f ig u r a t io n .  A s th e  w ire  is  f e d  t h r o u g h  th e  t u b e ,  th e  a r c  o s c i l la te s  

a c r o s s  th e  g a p .  B y  c h a n g in g  th e  s h a p e  o f th e  d e fo rm in g  g e a r s ,  th e  

w ire  c u r v a t u r e  a n d  th e  a r c  o s c il la t io n  p a t t e r n  (o s c i lla tio n  f r e q u e n c y ,  

w id th  a n d  dw ell tim e) c a n  b e  c o n tr o l le d .  A m o n o p a s s , s in g le  e le c t r o d e  

a n d  f la t  p o s it io n  a r e  p r e f e r r e d  f o r  t h i s  t e c h n i q u e . T h e  m ain  p ro b le m  

in  th i s  te c h n iq u e  is  th e  d e p e n d e n c e  o f th e  w ire  c o n f ig u r a t io n  o n  th e  

g ro o v e  w id th .  A v a r ia t io n  o f t h i s  te c h n iq u e  is  " S in u s o id a lly  P r e b e n t  

W ire" d e v e lo p e d  b y  B a b c o c k -H ita c h i  K .K . [4]. T h e  w ire  is  p la s t ic a l ly  

a n d  p e r io d ic a l ly  d e fo rm e d  in to  a  s in u s o id a l  s h a p e  b y  a  s p e c ia l  o s c il la t io n  

p a n e l  ( f i g u r e - 2 .8 ) .  T h e  o s c il la t io n  f r e q u e n c y  a n d  a m p litu d e  c o n tro l  

th e  s id e w a ll p e n e t r a t i o n .  I v e r s e n  a n d  P a lu s s e k  [12] d e s c r ib e  a  n a r ro w  

g a p  MIG w e ld in g  s y s te m  b a s e d  o n  " S in u s o id a lly  P r e b e n t  W ire" to  

p r o d u c e  c ir c u m f e re n t ia l  w e ld s  o f n ic k e l  a llo y . I t  is  c la im ed  t h a t  th e  

w e ld s  a r e  f r e e  fro m  d e f e c ts  w ith  w all t h ic k n e s s  u p  to  126 mm.

A rc  R o ta t io n . T h is  g r o u p  o f t e c h n iq u e s  is  s im ila r  to  th o s e  o f a r c  

o s c i l la t io n , e x c e p t  th e  s id e w a ll p e n e t r a t io n  is  c o n tro l le d  b y  a r c  r o t a 

t io n .  M ost NGW te c h n iq u e s  b a s e d  o n  a r c  r o ta t io n  in v o lv e  d e fo rm in g  

th e  e le c tr o d e  w ire .  In  th e  H ita c h i-Z o s e n  NGW te c h n iq u e  [4], th e  w ire  

is  p la s t ic a l ly  d e fo rm e d  b y  a  b e n d in g  r o l l e r  w h ic h  is  r o ta t e d  a b o u t  th e  

w ire  a x is  a n d  e x i t s  th e  c o n ta c t  tu b e  w ith  a s p i r a l  s h a p e .  K obe S te e l 

[4] u s e d  " T w is t  A rc "  to  r o ta t e  th e  a r c ,  a s  sh o w n  in  f i g u r e - 2 .9 .  A rc  

r o ta t io n  is  o b ta in e d  b y  f e e d in g  a  s p e c ia l  tw is t  e le c tro d e  t h r o u g h  a 

s t r a i g h t  c o n ta c t  tu b e  w ith o u t  s p e c ia l  r o ta t in g  o r  b e n d in g  d e v ic e s .  T h e
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tw is t  e le c t r o d e  c o n s is t s  of tw o  in te r tw in e d  w ire s  o f th e  sam e d ia m e te r .

W hen f e d  in to  th e  g ro o v e , th e  a r c s  a t  th e  t ip s  o f th e  tw o  w ire s  d e f in e  

a  c o n tin u o u s  a r c  r o t a t i o n .

A n in n o v a t iv e  te c h n iq u e  w as d e v e lo p e d  b y  N ip p o n  K o k a n  [4]. A rc  

r o ta t io n  is  a c h ie v e d  b y  f e e d in g  a  1.2 mm s t r a i g h t  w ire  th r o u g h  a n  

e c c e n t r ic  g u id in g  h o le  in  a s t r a i g h t  c o n ta c t  t u b e  r o ta t e d  a t  a  e x tr e m e ly  

h ig h  s p e e d  u p  to  7200 rp m  a b o u t  th e  c o n ta c t  tu b e  a x is  ( f i g u r e - 2 .1 0 ) .  

T h e  s id e w a ll p e n e t r a t io n  is  c o n tro l le d  b y  a d ju s t in g  th e  r a d i u s  o f a r c  

r o ta t io n  a n d  th e  r o ta t in g  s p e e d  o f th e  c o n ta c t  t u b e .  M o n o p a ss , s in g le  

e le c t r o d e  a n d  a f la t  p o s it io n  a r e  s ta n d a r d  f o r  t h i s  t e c h n i q u e .

S t r a ig h t  F ix e d  E le c t r o d e . T h e  m ain  f e a t u r e s  o f t h i s  g r o u p  o f 

t e c h n iq u e s  a r e : a  r e la t iv e  th ic k  e le c tro d e  w ire  r a n g in g  fro m  1.6 mm 

to  5 mm, a lo n g  a n d  s t r a i g h t  e le c tr o d e  e x te n s io n  in s e r t e d  in  th e  c e n t r e  

o f th e  g r o o v e , a n d  h ig h  h e a t  i n p u t .  T h e  c o n ta c t  tu b e  a n d  th e  n o z z le  

a r e  u s u a l ly  a b o v e  th e  w o rk p ie c e , a n d  th e  e le c tr o d e  is  s t i f f  e n o u g h  to  

b e  i n s e r t e d  in to  th e  g ro o v e  w ith o u t a  s o p h is t ic a te d  c o n ta c t  t u b e  w ith  

w a te r  c o o lin g  a n d  e le c tr ic a l  in s u la t io n .  A m o n o p a ss  b e a d  la y o u t ,  a 

s in g le  e le c tr o d e  a r r a n g e m e n t  a n d  a  f la t  p o s it io n  a r e  r e c o m m e n d e d . H ig h  

d e p o s it io n  r a t e s  u p  to  1 0 .8  K g / h r  a r e  p o s s ib le  d u e  to  h ig h  h e a t  i n p u t .  

T h e  c o n tro l  o f s id e w a ll p e n e t r a t io n  is  a c h ie v e d  th r o u g h  m a n ip u la t in g  

w e ld in g  p a ra m e te r s  r a t h e r  th a n  e le c tro d e  w ire .  I t  is  b e s t  i l l u s t r a t e d  

in  th e  te c h n iq u e  d e v e lo p e d  b y  L in d e  [4], a s  sh o w n  in  f i g u r e - 2 .1 1 .  T h e  

s id e w a ll p e n e t r a t io n  is  c o n tro l le d  b y  u s in g  a  s t r a i g h t  p o la r i ty  DC p o w e r  

s u p p ly .  T h e  e le c tr o d e  w ire  r a n g e s  from  2 .0  to  3 .2  mm in  d ia m e te r  a n d  

r e q u i r e s  a  g ro o v e  a b o u t  1 2 .5  mm w id e . T h e  M its u b is h i  M .N .N . t e c h 

n iq u e  [4] e m p lo y s  a  p u ls e d  a r c  a n d  r e v e r s e  p o la r i ty  D C . A s p r a y  

t r a n s f e r  is  a c h ie v e d  in s te a d  o f g lo b u la r  t r a n s f e r  w h ic h  is  ty p ic a l  f o r
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t h e  s t r a i g h t  p o la r i ty  L in d e  t e c h n iq u e .  E .O . P a to n  E le c t r ic  W eld ing  

I n s t i t u t e  [4] u s e d  a  s h o r t  p u ls e d  a r c  w ith  h ig h  c u r r e n t  p e a k  (900  A ) 

a n d  r e v e r s e  p o la r i ty  DC f o r  w e ld in g  h ig h  a llo y  s t e e l s .  G ro u p s  o f 

p u l s e s  w ith  f r e q u e n c y  25 Hz a r e  s u p e r im p o s e d  o n  th e  b a c k g r o u n d  

c u r r e n t  (350  A ) ,  m a k in g  th e  a r c  co lum n p u ls a te  a n d  im p ro v in g  s id e w a ll 

f u s i o n .

N a rro w  g a p  MIG w e ld in g  b eco m es a t t r a c t i v e  d u e  to  i t s  h ig h  w e ld in g  

e f f ic ie n c y ,  h ig h  w e ld  q u a l i ty  a n d  c o s t  e f f e c t iv e n e s s .  H o w e v e r , i t s  

a p p lic a t io n  is  lim ite d  b y  s e n s i t iv i ty  to  s id e w a ll d e f e c t s ,  s p a t t e r i n g ,  a r c  

b lo w , a n d  c o s t  a n d  c o m p le x ity  o f th e  e q u ip m e n t .  I t  is  m a in ly  a p p lie d  

in  w e ld in g  f a b r ic a t io n  r e q u i r in g  h ig h  p r o d u c t iv i ty  b u t  r e a s o n a b le  w eld  

q u a l i t y .

2 .3  N a rro w  G ap  SAW

SAW h a s  b e e n  lo n g  a s s o c ia te d  w ith  w e ld in g  o f th ic k  p l a t e s ,  p a r t i c 

u la r ly  in  p r e s s u r e - v e s s e l  f a b r i c a t io n .  H o w e v e r , i t  w as n o t  u n t i l  th e  

e a r ly  1980 's  n a r r o w  g a p  SAW w as in te n s iv e ly  in v e s t ig a t e d .  In  c o n t r a s t  

to  n a r r o w  g a p  MIG w e ld in g , e le c t r o d e  f e e d in g  te c h n iq u e s  u s e d  in  m o st 

n a r r o w  g a p  SAW a r e  lim ite d  to  " c u r v e d  f ix e d  w ire "  a n d  " s t r a i g h t  f ix e d  

w ire "  [13, 14], T h e  fo rm e r  te c h n iq u e  c o n tr o ls  s id e w a ll p e n e t r a t io n  b y  d i 

r e c t in g  th e  e le c tr o d e  to w a rd  th e  s id e w a ll a n d / o r  h ig h  h e a t  i n p u t .  T h e  

l a t t e r  o n e  a c h ie v e s  s id e w a ll p e n e t r a t io n  th r o u g h  a  la r g e  e le c tr o d e  (fro m  

2 mm to  5 mm) a n d  h ig h  h e a t  i n p u t .

B e a d  d e p o s it io n  la y o u t  s e le c tio n  in  n a r r o w  g a p  SAW d e p e n d s  o n  m an y  

f a c t o r s ,  b u t  f lu x  rem o v a l is  o n e  o f th e  m ost im p o r ta n t  c o n s id e r a t io n s .  

M on o p ass  la y o u t  is  u s e d  o n ly  w ith  s e l f - d e ta c h a b le  f lu x e s  s p e c ia l ly  d e 
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v e lo p e d  f o r  e a s y  rem o v a l o f s la g  fro m  a  n a r r o w  g r o o v e .  I t  h a s  m u ch  

h i g h e r  jo in t  f i l l in g  r a t e ,  b u t  h a s  th e  d i s a d v a n ta g e s  o f u s in g  n o n 

s t a n d a r d  f lu x e s ,  a c c u r a te  e le c t r o d e  p o s i t io n in g ,  s t r i c t  l im ita tio n  on  g a p  

v a r i a t i o n s ,  a n d  s e n s i t iv i ty  to  f lu c tu a t io n s  o f w e ld in g  c o n d it io n s  a n d  to  

s o lid if ic a t io n  c r a c k in g .  M onopass la y o u t  is  w id e ly  u s e d  in  J a p a n ,  w h ile  

o u ts id e  J a p a n  m u lt ip a s s  la y o u t  is  m o re  p o p u la r .  T h e  l a t t e r  b r in g s  

a b o u t  lo w e r jo in t  f i l l in g  r a t e ,  b u t  i t  is  m ore  f le x ib le ,  r e l ia b le  a n d  le s s  

s e n s i t iv e  to  w eld  d e f e c t s .  M ore im p o r ta n t ly ,  m u lt ip a s s  la y o u t  a llow s 

th e  u s e  o f s t a n d a r d ,  o r  s l ig h t ly  m o d if ie d  f lu x e s  a n d  a c o n v e n tio n a l  SAW 

w e ld in g  p r o c e d u r e .

In  J a p a n ,  m u l t i - e le c tro d e  a r r a n g e m e n t  is  w id e ly  u s e d .  I t  d r a m a t 

ic a lly  in c r e a s e s  th e  d e p o s it io n  r a t e ,  b u t  p r o d u c e  e x c e s s iv e  h e a t  i n p u t .  

I t  a lso  p r o d u c e s  a l a r g e  w eld  poo l a n d  p r o lo n g s  m e ta l- s la g  in te r a c t io n  

w h ic h  m ak es  s la g  d e ta c h m e n t e v e n  m ore  d i f f ic u l t .  F o r  th e s e  r e a s o n s ,  

m u l t i - e le c t r o d e  a r r a n g e m e n t  is  n o t  re c o m m e n d e d  f o r  ro o t  l a y e r s  a n d  f o r  

g ro o v e s  n a r r o w e r  th a n  13-14 mm. In  f a c t ,  a  s in g le - e le c t r o d e  a r 

r a n g e m e n t  is  p r e f e r r e d  o u ts id e  J a p a n .

N a rro w  g a p  SAW h a s  th e  a d v a n ta g e s  w h ic h  c o n v e n tio n a l  SAW p o s 

s e s s e s  :

(1 )  P r o d u c in g  w e ld s  w ith  g o o d  b e a d  s h a p e s ,  n o  s p a t t e r i n g .

(2 )  C o n tro ll in g  th e  m e c h a n ic a l p r o p e r t i e s  o f th e  w eld  b y  s e le c tio n  

o f s u i ta b le  f l u x e s .

(3 )  H ig h  d e p o s it io n  r a t e .

H o w e v e r , th e  h ig h  h e a t  in p u t  e m p lo y e d  b y  SAW is  d e tr im e n ta l  to  w eld  

q u a l i ty .  F lu x  d e ta c h a b i l i ty  a lso  p o s e s  a  p ro b le m . In  g e n e r a l ,  n a r r o w  

g a p  SAW is  u s e d  in  th e  s i tu a t io n s  r e q u i r in g  h ig h  p r o d u c t iv i t y  b u t  n o t  

c r i t ic a l  w eld  q u a l i ty .
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2 .4  N a rro w  G ap  T IG  W elding

T IG  w e ld in g  is  a lso  c a lle d  G a s - T u n g s te n - A r c - W e ld in g  (G T A W ). I t  

u s e s  a  t u n g s t e n  ( n o n -c o n s u m a b le )  e le c t r o d e ,  w h ile  th e  f i l le r  w ire  is  

fe d  in to  th e  w eld  poo l s e p a r a t e l y . T h e r e f o r e  w eld  poo l fo rm a tio n  a n d  

w ire  f e e d in g  c a n  b e  in d e p e n d e n t ly  c o n tr o l le d .  S id ew a ll p e n e t r a t i o n  in  

n a r r o w  g a p  T IG  w e ld in g  is  a c h ie v e d  b y  e i t h e r  a r c  o s c il la t io n  o r  a r c  

r o ta t io n ,  a s  sh o w n  in  f i g u r e - 2 . 12.

( a )  A s t r a i g h t  t u n g s t e n  e le c tr o d e  is  v e r t i c a l ly  i n s e r t e d  in to  th e  

g r o o v e , a n d  a  m o n o p a ss  la y o u t  is  a c h ie v e d  th r o u g h  th e  l a t e r a l  o s c i l 

la t io n  o f th e  e l e c t r o d e .

( b )  A s t r a i g h t  t u n g s t e n  e le c tr o d e  is  i n s e r t e d  in to  th e  g ro o v e  a t  a  

s l ig h t  a n g le  (2.0 - 3.5°) to  th e  s id e w a ll. A b i - p a s s  b e a d  la y o u t  is  p e r 

fo rm e d  .

( c )  T h e  a r c  is  r o ta t e d  th r o u g h  a n  a l t e r n a t e  r o ta t io n  o f th e  t u n g s t e n  

e le c tr o d e  w ith  a  t ip  b e n t  a t  20 - 25°, r e s u l t i n g  in  a  m o n o p a ss  b e a d  l a y o u t . 

A l t e r n a t iv e ly ,  th e  b e n t  t ip  o f th e  t u n g s t e n  e le c tr o d e  is  d i r e c te d  to w a rd  

th e  s id e w a ll to  a c h ie v e  s id e w a ll p e n e t r a t i o n .  M u ltip a s s  b e a d  la y o u t  is  

t h e r e f o r e  p r o v id e d  [15],

G r in in  a n d  S h tr ik m a n  [16] d e s c r ib e  a n  a u to m a tic  n a r r o w  g a p  T IG  

w e ld in g  s y s te m  e m p lo y in g  tw o  e le c t r o d e s .  B o th  e le c tr o d e  t ip s  a r e  b e n t  

to w a rd  th e  s id e w a ll to  c o n tro l  s id ew all p e n e t r a t i o n .  T h e  f i l le r  w ire  

u s e d  f o r  T IG  is  u s u a l ly  1 .6  - 2 .5  mm in  d ia m e te r .  T h e  w ire  is  f e d  in to  

th e  w eld  poo l e i t h e r  fro m  th e  r e a r  s id e  o f th e  a r c  a t  a n  e n t r y  a n g le  50 

- 75° to  h o r iz o n ta l  o r  from  th e  f r o n t  o f th e  a r c  a t  a n  e n t r y  a n g le  15° to  

h o r iz o n ta l .  F o r  th e  d u a l - e le c t r o d e  a r r a n g e m e n t ,  th e  w ire  is  f e d  b e tw e e n  

th e  tw o  e le c t r o d e s .
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In  r e c e n t  y e a r s ,  t h e r e  is  in c r e a s in g  i n t e r e s t  in  h o t  w ire  n a r r o w  g a p  

T IG  w e ld in g  [17- 19], T h is  is  l a r g e ly  d u e  to  th e  h ig h e r  d e p o s i t io n  r a t e  

o f t h i s  p r o c e s s  in  c o m p a r is o n  w ith  c o ld  w ire  T IG  w e ld in g . A s show  

in  f ig u r e - 2 .1 3 ,  th e  f i l le r  w ire  is  s u b je c t  to  r e s i s t i v e  h e a t in g  w h ic h  

p r o v id e s  a p p ro x im a te ly  80 - 90% of th e  e n e r g y  n e c e s s a r y  to  m elt th e  

w ir e .  T o  e s ta b l i s h  a  s ta b le  a r c ,  th e  f i l le r  w ire  m u s t b e  f e d  a t  a  s p e e d  

b a la n c in g  th e  m e ltin g  r a t e .  T o  m ax im ise  th e  p e n e t r a t i o n ,  som e s c h o o ls  

[20, 211 p ro p o s e  a  c o m b in a tio n  o f l a s e r  ( ty p ic a l ly  a  few  k ilo  w a t ts )  a n d  

T IG  o r  MIG w e ld in g  ( f i g u r e - 2 .1 4 ) .  I t  h a s  b e e n  r e p o r t e d  [20] t h a t  a 

c o m b in e d  p r o c e s s  n a r r o w s  th e  a r c  r o o t  a n d  a v o id s  u n d e r c u t t i n g  e v e n  

a t  h ig h  s p e e d .

2 .5  N a rro w  G ap  FCAW

FCAW u t i l is e s  a  f lu x - c o r e d  w ire  w ith o u t  s h ie ld in g  g a s .  A s c o m p a re d  

w ith  MIG w e ld in g , FCAW h a s  c e r t a in  a d v a n ta g e s :  s m o o th e r  m eta l

t r a n s f e r  a n d  s ta b le  a r c ,  b e t t e r  b e a d  s h a p e ,  h ig h e r  d e p o s i t io n  r a t e ,  

s im p le r  e q u ip m e n t,  a n d  h i g h e r  to le r a n c e  to  e le c tr o d e  g u id in g  a c c u r a c y .  

L ik e  SAW, i t  c a n  a d ju s t  w e ld  p r o p e r t i e s  b y  s e le c tio n  o f c o re d  f lu x .  

A n o th e r  a t t r a c t iv e  f e a tu r e  o f FCAW is  e lim in a tio n  o f g a s  s h ie ld in g .  

S ig n if ic a n t  a d v a n c e s  h a v e  b e e n  a c h ie v e d  in  r e c e n t  y e a r s ,  a n d  im p ro v e d  

c o n s u m a b le s  h a v e  e m e rg e d  p r o v id in g  f a b r i c a to r s  w ith  n ew  o p t io n s  fo r  

FCAW a p p lic a t io n s  t r a d i t io n a l ly  c a r r ie d  o u t  u s in g  MIG w e ld in g  [22]. 

D e s p ite  th e  a b o v e  m e r i ts  a n d  p r o g r e s s ,  FCAW is  le s s  u s e d  f o r  NGW 

a p p lic a t io n  b e c a u s e  o f th e  p r e s e n c e  o f f lu x  in  th e  w ire  c o r e . S lag  

rem o v a l a n d  r i s k  o f h y d r o g e n  c o n te n t  a r e  p o te n t ia l  p ro b le m s  a s s o c ia te d  

w ith  f lu x - c o r e d  w ire .  F u r th e r m o r e ,  f a b r ic a t io n  o f t h i s  ty p e  o f w ire  is  

d i f f ic u l t  a n d  e x p e n s iv e .
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N a rro w  g a p  FCAW n o rm a lly  e m p lo y s  " s t r a i g h t  f ix e d  w ire "  te c h n iq u e .  

S id ew a ll p e n e t r a t io n  is  p ro v id e d  th r o u g h  m a n ip u la tio n  o f w e ld in g  p a 

r a m e te r s .  O e rlic o n  [4] c la im s th a t  a n  e x tr e m e ly  h ig h  d e p o s i t io n  r a t e  1 4 .5  

K g / h r  is  a c h ie v e d  w ith  h ig h  c u r r e n t  (700  A ) a n d  ta n d e m  a r r a n g e m e n t  

o f tw o  f lu x - c o r e d  e le c tr o d e  w ire . In  1975 th e  E n g in e e r in g  L a b o r a to ry  

o f C a n a d ia n  G e n e ra l  E le c tr ic  C o . |4] d e v e lo p e d  a  n a r r o w  g a p  FCAW 

te c h n iq u e  u t i l i s in g  a  DC s t r a ig h t  p o la r i ty  a t  h ig h  v o lta g e  (34  - 42 V ) 

to  e n s u r e  s id e w a ll p e n e t r a t i o n .  H ig h  c u r r e n t  (440  - 600 A ) p r o v id e d  

a h ig h  d e p o s it io n  r a t e ,  b u t  m ig h t c a u s e  a r c  b lo w . T o  a v o id  th e  p ro b le m  

of a r c  b lo w , Sum itom o M etal I n d u s t r i e s  [4] h a s  d e v e lo p e d  a  n ew  t e c h 

n iq u e  w h ic h  em p lo y s  AC p o w e r  s u p p ly .  A s p e c ia l  f lu x - c o r e d  w ire  is  

d e s ig n e d  to  p r o d u c e  a  v e r y  th in  film  o f s la g  o n  th e  w eld  m eta l s u r f a c e .  

I t  is  s a id  t h a t  s la g  c a n  b e  e a s i ly  re m o v e d  in  p la te s  u p  to  120 mm t h ic k .

2 .6  A s s e s s m e n t  of NGW

A d v a n ta g e s  o f NGW h a s  b e e n  b r ie f ly  m e n tio n e d  in  c h a p te r  1 a n d  in  

th e  a b o v e  d is c u s s io n s  of NGW te c h n iq u e s .  T h e  r e m a in d e r  o f th i s  

c h a p te r  a s s e s s e s  NGW from  tw o g e n e ra l  a s p e c t s :  eco n o m ica l a d v a n ta g e s  

a n d  jo in t  q u a l i ty .

2 .6 .1  E conom ical A d v a n ta g e s  of NGW

C o m p a re d  w ith  c o n v e n tio n a l  w e ld in g , NGW sh o w s  a t t r a c t i v e  e co n o m 

ic s .  T h e  t h ic k e r  th e  w e ld m en t i s ,  th e  m ore  a t t r a c t i v e  th e  NGW a p p l i 

c a t io n .  T h e  b a s ic  econom ical f e a tu r e s  o f NGW a r e  a s  fo llo w s:

(1 )  J o in t  P r e p a r a t io n .  A s q u a r e  jo in t  p r e p a r a t i o n  is  u s u a l ly  r e q u i r e d  

f o r  NGW. T h is  ty p e  o f g ro o v e  s im p lif ie s  p la te  c u t t in g  a n d  g r in d in g  o f 

th e  c u t  s u r f a c e s  b e fo re  w e ld in g . O ne c u t  a n d  g r in d in g  o f tw o  s u r f a c e s
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a r e  s u f f i c i e n t .  H o w e v er f o r  d o u b le -V  g ro o v e  p r e p a r a t i o n  o f SAW, f iv e  

c u t s  a n d  g r in d in g  o f f o u r  s u r f a c e s  a r e  n e c e s s a r y .

(2 )  J o in t  F ill in g  R a te .  J o in t  f i l l in g  r a t e  ( J F R )  is  a  c r i t e r i a  to  a s s e s s  

w e ld in g  p r o d u c t i v i t y .  I t  c a n  b e  d e f in e d  a s  a  jo in t  l e n g th  p e r  u n i t  tim e :

J F R  = D /  (A  x G ) ( e q u a t io n - 2 .1 )

w h e re  D s t a n d s  f o r  d e p o s it io n  r a t e ,  A f o r  g ro o v e  c r o s s - s e c t io n  a r e a ,  

a n d  G f o r  g r a v i t y  o f  th e  w eld  m e ta l. T h e  in f lu e n c e  o f p la te  t h ic k n e s s ,  

d e p o s i t io n  r a t e  a n d  w e ld in g  te c h n iq u e  on  J F R  h a s  b e e n  in v e s t ig a te d  

b y  B u t l e r  e t  a l [23]. F ig u r e - 2 .1 5  sh o w s jo in t  f i l l in g  r a t e s  f o r  NGW w e ld s  

a t  tw o d i f f e r e n t  d e p o s it io n  r a t e s .  C o m p a riso n  o f JF R  b e tw e e n  NGW 

a n d  c o n v e n tio n a l  w e ld in g  is  i l l u s t r a t e d  in  f ig u r e - 2 .1 6 .  T h e  J F R  o f 

NGW c a n  b e  a s  h ig h  a s  t h a t  o f tw in  w ire  e le c t r o s la g  w e ld in g , a n d  m uch  

h ig h e r  t h a n  t h a t  o f SAW a n d  e l e c t r o g a s .

(3 )  C o n su m a b le s  C o n su m p tio n . R e d u c tio n  in  c o n s u m a b le s  is  d i r e c t ly  

d u e  to  n a r r o w  g a p  p r e p a r a t i o n .  I t  m ay p la y  a  d o m in a n t p a r t  in  r e d u c in g  

o v e ra l l  f a b r ic a t io n  c o s ts  in  som e NGW c a s e s .

(4 )  E le c tr ic  E n e r g y  C o n s u m p tio n . NGW r e q u i r e s  l e s s  e n e r g y  b e c a u s e  

o f s m a lle r  w e ld  b e a d s ,  lo w er h e a t  in p u t  a n d  m ore  l ib e r a l  r e q u i r e m e n t  

to  p r e h e a t  a n d  p o s tw e ld  h e a t  t r e a tm e n t .

(5 )  H e a t T r e a tm e n t .  NGW p r o d u c e s  im p ro v e d  f in e  m ic r o s t r u c tu r e  in  

b o th  w e ld  a n d  h e a t  a f f e c te d  zo n e  (H A Z ). C o n s e q u e n t ly ,  p o s tw e ld  h e a t  

t r e a tm e n t  (PW H T) m ay b e  u n n e c e s s a r y  o r  r e d u c e d . -

2 . 6 . 2  J o in t  Q u a lity  o f NGW

NGW h a s  s u p e r io r  jo in t  q u a l i ty  d u e  to  f a v o u r a b le  e f f e c ts  p r o d u c e d  

b y  th e  c o m b in a tio n  o f s p e c if ic  f e a tu r e s  i n h e r e n t  to  NGW.
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(1 )  D is to r t io n  a n d  R e s id u a l  S t r e s s .  NGW e m p lo y s  lo w e r h e a t  i n p u t ,  

sm a lle r  w eld  poo l a n d  h e a t in g  a r e a ,  w ith  th e  r e s u l t s  o f l e s s  d i s to r t io n  

a n d  r e s id u a l  s t r e s s .

(2 )  T e n s ile  S t r e n g th  a n d  D u c t i l i ty  o f NGW J o in t s .  T e n s i le  s t r e n g t h  

o f th e  w e ld s  is  u s u a l ly  h ig h  e n o u g h  to  m ee t a ll r e q u i r e m e n ts .  J o in t  

d u c t i l i ty  is  s u f f ic ie n t ly  h ig h  d u e  to  f a v o u r a b le  f in e  m ic r o s t r u c tu r e .

(3 )  F r a c t u r e  T o u g h n e s s  o f NGW J o in t s .  T h e  f r a c tu r e  to u g h n e s s  o f 

a  NGW jo in t  is  c o n s id e r a b ly  im p ro v e d . T h is  is  p a r t i c u l a r ly  t r u e  o f th e  

f r a c t u r e  to u g h n e s s  o f th e  h e a t  a f f e c te d  z o n e  w h ic h  h a s  a lw a y s  b e e n  a 

p ro b le m  in  c o n v e n tio n a l  w e ld in g  o f h ig h  s t r e n g t h  low a llo y  (H SL A ) 

s te e l s  u t i l i s e d  in  p r e s s u r e  v e s s e l  f a b r i c a t io n .  T h e  im p ro v e m e n t o f 

f r a c t u r e  to u g h n e s s  o f NGW jo in ts  is  c o n v in c in g ly  d e m o n s t r a te d  in  

f i g u r e - 2 .17 [24],

(4 )  H y d ro g e n  D is t r ib u t io n .  E x c e s s iv e  c o n te n t  o f d i f f u s ib le  h y d r o g e n  

in  w e ld s  m ay le a d  to  f a ta l  h y d r o g e n  c r a c k in g .  D e s i r a b ly ,  th e  h y d r o g e n  

c o n te n t  in  NGW w e ld s  is  g r e a t ly  r e d u c e d .  F ig u r e - 2 .1 8  c o m p a re s  th e  

d i s t r ib u t io n  o f d i f fu s ib le  h y d r o g e n  c o n te n t  in  w eld  m e ta ls  f o r  n a r r o w  

g a p  MIG a n d  c o n v e n tio n a l  SAW.

In  th i s  c h a p te r ,  f o u r  m ajo r NGW p r o c e s s e s  h a v e  b e e n  d i s c u s s e d .  

T h e  a d v a n ta g e s  a n d  p ro b le m s  o f NGW h a v e  b e e n  p r e s e n t e d .  T h e  

p r in c ip a l  d i f f ic u l ty  w ith  NGW is  s id e w a ll p e n e t r a t io n  c o n t r o l .  E i th e r  

e x c e s s iv e  o r  in co m p le te  s id e w a ll f u s io n  is  u n a c c e p ta b le .  I t  is  t h e r e f o r e  

e s s e n t ia l  to  h a v e  c lo s e - lo o p  f e e d b a c k  c o n t r o l ,  r e q u i r in g  s e n s o r s  f o r  

s u p p ly in g  fe e d b a c k  in fo rm a tio n . T h e  n e x t  c h a p te r  w ill r e v ie w  d i f f e r e n t  

t y p e s  o f s e n s o r s  f o r  w e ld in g  c o n tr o l .
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F ig u r e - 2 .1  P r in c ip le  o f th e  B a tte l le  ( p r e c a s t  f ix e d  w ire )  
te c h n iq u e

F ig u r e - 2 .2  S c ia k y  SA ( b e n t  f ix e d  to r c h )  t e c h n iq u e .  
1 , w ire ;  2 , c o n ta c t  tu b e ;  3 . c o n ta c t  t ip
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lb) NOW-H0  Process

F i g u r e - 2 .3  P r in c ip le  o f "NOW" ( s w in g  to r c h )  te c h n iq u e

F i g u r e - 2 . 4  P r in c ip le  o f  N ip p o n  S te e l  ( sw iv e l l in g  t o r c h )  t e c h n i q u e
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1 MIG narrow gap test weld configuration: (a) end view o f workpiece, contact tuba,  and electrode, (b) top view Indicating 
oscillating motion, and (c) side view including copper bend weld poo! support

F ig u r e - 2 .5  P r in c ip le  o f " b e n t  r o ta t in g  to r c h "  te c h n iq u e

X axis ^  
motor i

Y axis 
motor 

Bending roller
Oscillation 
motor

Yaxis block 

Loop panel •

Guide tube 
Cooling water 
Shielding 
gas

.X axis block

Flexible
conduit

Gun

F i g u r e - 2 . 6  P r in c ip le  o f  loop n a p  t e c h n i q u e
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Wire

F ig u r e - 2 .7  P r in c ip le  o f z ig - z a g  p r e b e n t  w ire  te c h n iq u e

Electrod*

F i g u r e - 2 . 8 P r in c ip le  of " s in u s o id a l ly  p r e b e n t  w ire"  t e c h n i q u e
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F i g u r e - 2 . 9  P r in c i p l e  of tw i s t  a r c  t e c h n iq u e

F i g u r e - 2 .1 0  R o ta t io n  o f  a n  e c c e n t r i c a l l y  b o r e d  w ire  g u id e  t u b e
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Coll of Voiding Wire

Wire Stralghtener

F i g u r e - 2 .1 1  S t r a i g h t  f ix e d  w ire  t e c h n i q u e

F i g u r e - 2 .1 2  M e thods  of p o s i t i o n in g  a n d  l a t e r a l  o s c i l la t io n  
of t u n g s t e n  e le c t r o d e  in  t h e  g r o o v e  in  n a r r o w  g a p  T IG  w e ld in g ,  
a ,  v e r t i c a l  e l e c t r o d e ;  b ,  in c l in e d  e l e c t r o d e ;  c ,  e l e c t r o d e  w i th  
a  b e n t  t i p ;  1, t u n g s t e n  e l e c t r o d e ;  2 , s h ie ld in g  g a s  n o z z le
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F i g u r e - 2 .1 3  P r in c ip le  o f  h o t  w ire  T IG  w e ld in g  p r o c e s s .
1, w ire  f e e d e r ;  2 ,  h o t  w i r e ;  3 ,  t o r c h ;  4 ,  DC p o w e r ;  5 ,  g a s  
s h ie ld ;  6 ,  a r c ;  7 ,  w e ld ;  8 ,  AC h o t  w ire  p o w e r ;  9 ,  c o n ta c t  t u b e

L a s e r  b e a m

♦

F i g u r e - 2 .1 4  P r in c ip le  of l a s e r  T IG  w e ld in g
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F i g u r e - 2 . 15 J o in t  f i l l in g  r a t e s  f o r  n a r r o w  g a p  w e ld in g  
a t  tw o d i f f e r e n t  d e p o s i t io n  r a t e s

F ig u re -2 .1 G  C o m p a r is o n  o f  jo in t  f i l l in g  r a t e  b e tw e e n  NGW 
a n d  c o n v e n t io n a l  w e ld in g
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( i n .  )

F i g u r e - 2 .1 7  D ynam ic  f r a c t u r e  t o u g h n e s s  d i s t r i b u t i o n  of 
n a r r o w  g a p  w e ld e d  jo in t

Distance from plate surtace(in.)

Top Bottom
Distance from plate surface (mm)

F i g u r e - 2 . 1 8  H y d r o g e n  d i s t r i b u t i o n  in  t h i c k n e s s  d i r e c t i o n  of 
100 mm th ic k  w e ld .  E la p s e d  time s t a r t  to  f in i s h  o f  w e ld in g  
n a r r o w  g a p  p r o c e s s - 3 , 5 h ;  s u b m e r g e d  a r c - 8 h
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3. SENSORS FOR WELDING CONTROL

3 .1  I n t r o d u c t i o n

B e f o re  t h e  e a r l y  1980 's  r o b o t s  c o u ld  o n ly  p e r f o r m  w e ld in g  o p e r a t i o n s  

a c c o r d i n g  to  p r e - p r o g r a m m e d  w e ld in g  s e q u e n c e s .  T h i s  t y p e  of r o b o t s  

w i th o u t  s e n s o r y  f e e d b a c k  is  d e f in e d  a s  of t h e  f i r s t  g e n e r a t i o n  of r o 

b o t s .  T h e i r  a p p l i c a t i o n s  r e q u i r e  r e p e a t a b l e  a n d  p r e c i s e  f i x t u r e s  a n d  

p r e p a r a t i o n  of w e ld m e n ts ,  r e s u l t i n g  in  h ig h  o p e r a t io n  c o s t s .  F o r  t h i s  

r e a s o n ,  e a r l y  r o b o t s  a r e  o n ly  a p p l i e d  to  s i t u a t i o n s  w ith  low d e m a n d s  

o f  p r e c i s e  p o s i t i o n in g .  A ty p ic a l  a p p l i c a t io n  is  s p o t  w e ld in g  r o b o t s  

w h ic h  a c c o u n t  f o r  a l a r g e  p o p u la t io n  of t h e  r o b o t s  m a r k e t .

H o w e v e r ,  a r c  w e ld in g  is  f a r  m ore  c o m p l ic a te d  t h a n  s p o t  w e ld in g ,  

a n d  s im ple  s e q u e n c e  c o n t r o l  is  no  l o n g e r  s u f f i c i e n t .  R i c h a r d s o n  [25] 

c o n s i d e r s  t h e  p ro b le m  of a u to m a te d  a r c  w e ld in g  a n d  a p p r o a c h e s  to  i t s  

s o lu t io n .  He s u g g e s t s  t h a t  t h e  w e ld in g  w o r k p ie c e  is  t h e  g r e a t e s t  s o u r c e  

of v a r i a b i l i t y  in  a r c  w e ld in g  r e s u l t i n g  f rom  t h e  im p re c is io n  of w e ld m e n t  

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

T h e  im p le m e n ta t io n  o f  a u to m a t ic  c o n t r o l  i s  f u r t h e r  c o m p l ic a te d  b y  

w e ld in g  d i s t o r t i o n s ,  w h ic h  i n e v i t a b l y  o c c u r  d u r i n g  w e ld in g .  T h e r e 

f o r e ,  s e n s o r s  a r e  e s s e n t i a l  to  r e a l - t im e  a d a p t i v e  c o n t r o l .  T h o s e  r o b o t s  

e q u i p p e d  w i th  s e n s o r y  f e e d b a c k  a r e  r e g a r d e d  a s  t h e  s e c o n d  g e n e r a t i o n  

r o b o t s .  Some [26] e v e n  s u g g e s t  t h e  c o n c e p t  of t h i r d  g e n e r a t i o n  a r c  

w e ld in g  r o b o t i c s  w h ic h  h i n g e s  on  t h e  d e v e lo p m e n t  of s o p h i s t i c a t e d  

s e n s i n g  s y s t e m s ,  c a p a b le  of seam  t r a c k i n g ,  p e n e t r a t i o n  c o n t r o l  a n d  

b e a d  s h a p e  c o n t r o l .
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I n  g e n e r a l ,  t h e  a u to m a t io n  p r o b le m s  a s s o c i a t e d  a r c  w e ld in g  c a n  b e  

d i v id e d  in to  tw o m ain  a r e a s :  seam  t r a c k i n g  a n d  p e n e t r a t i o n  c o n t r o l .  

T o  m ee t  t h e s e  o b j e c t iv e s ,  a  v a r i e t y  o f  s e n s i n g  s y s te m s  h a v e  b e e n  d e 

v e lo p e d .  H a n r i g h t  |27] r e v ie w s  a r c  w e ld in g  a d a p t i v e  c o n t r o l  a n d  c l a s s i 

f ie s  w e ld in g  s e n s o r s  in to  t h r e e  m ain  c a t e g o r i e s :  t h r o u g h - t h e - a r c , 

p r e v i e w  a n d  d i r e c t  a r c  s e n s o r s . O t h e r  c l a s s i f i c a t io n s  c a n  b e  m ade  in  

r e l a t i o n  to  t h e  s e n s o r  d e v ic e s  e m p lo y e d .  T h i s  c h a p t e r  i n t e n d s  to  

o v e r v i e w  m ajo r  s e n s i n g  s y s te m s  a v a i l a b le  a t  t h e  p r e s e n t  t im e : 

t h r o u g h - t h e - a r c ,  l a s e r  o p t ic a l ,  a n d  d i r e c t  v i s io n  s e n s o r s .  O t h e r  

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

in  t h e  l a t e r  p a r t  of t h e  c h a p t e r .

3 .2  T h r o u g h - t h e - A r c  S e n s in g

T h r o u g h - t h e - a r c  s e n s i n g  t e c h n i q u e s  a r e  b a s e d  o n  t h e  r e l a t i o n s h ip  

b e tw e e n  t h e  a r c  s ig n a l s  ( i . e .  a r c  v o l t a g e  a n d  a r c  c u r r e n t )  a n d  t h e  a r c  

l e n g t h .  D e p e n d in g  on  w h ic h  a r c  s ig n a l  is  a c q u i r e d ,  t h e y  a r e  d e f in e d  

a s  c u r r e n t  s e n s o r  o r  v o l ta g e  s e n s o r .  W eld ing  c o n t r o l  b a s e d  o n  c u r r e n t  

s e n s o r  is  o f te n  c a l led  a r c  c u r r e n t  c o n t r o l  ( A C C ) .  L ik e w ise ,  a r c  v o l ta g e  

c o n t r o l  (A V C ) is  r e f e r r e d  to  a s  c o n t r o l  s y s t e m s  b a s e d  o n  t h e  v o l ta g e  

s e n s o r .

3 . 2 . 1  C u r r e n t  S e n s o r

C u r r e n t  s e n s o r s  a r e  n o rm a l ly  u s e d  in  c o n s u m a b le  a r c  w e ld in g  p r o c 

e s s e s ,  ty p ic a l ly  M e ta l - I n e r t - G a s  (MIG) w e ld in g .  T h i s  is  a s s o c i a te d  

w i th  t h e  c h a r a c t e r i s t i c  of a  MIG p o w e r  s u p p l y .  U s u a l ly  a  MIG p o w e r  

s u p p l y  h a s  a  c o n s t a n t  o r  f la t  c h a r a c t e r i s t i c ,  a s  show  in  f i g u r e - 3 . 1 .  

A n y  small c h a n g e  in  t h e  a r c  l e n g t h  r e s u l t s  in  a  m in o r  c h a n g e  in  w e ld in g
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v o l t a g e ,  b u t  a  m a r k e d  c h a n g e  in  w e ld in g  c u r r e n t .  T h i s  is  t h e  b a s i s  

of c u r r e n t  s e n s o r .  F i g u r e - 3 . 2  sh o w s  t h e  c u r r e n t  w a v e fo rm  a s  t h e  a r c  

o s c i l l a t e s  in  a  g r o o v e .  With t h e  c u r r e n t  in fo r m a t io n  s im ple  c o n t r o l  a l 

g o r i t h m s  c a n  b e  d e s ig n e d  to  c a r r y  o u t  a u to m a t ic  seam  t r a c k i n g .  

M u n e z a n e  [28] p r o p o s e s  t h e  m e th o d  of u s i n g  p e a k  c u r r e n t s  o f  t h e  c u r 

r e n t  w a v e  fo rm .  T h e  d i f f e r e n c e  ( A I )  b e tw e e n  t h e  p e a k  c u r r e n t  a t  l e f t  

g r o o v e  s id e  a n d  t h a t  a t  r i g h t  g ro o v e  s id e  is  u s e d  a s  t h e  t r a c k i n g  e r r o r .  

T h e  t o r c h  is  a d a p t i v e l y  m o v ed  to  t h e  g r o o v e  c e n t r e  o n c e  t h e  e r r o r  

o c c u r s .  T h e  m e th o d  u s e d  b y  K obe  S te e l  [28] is  a  l i t t l e  m ore  c o m p l ic a te d .  

F i r s t  t h e  d i f f e r e n c e  b e tw e e n  t h e  le f t  p e a k  c u r r e n t  a n d  b a c k g r o u n d  

c u r r e n t  a n d  t h a t  b e tw e e n  t h e  r i g h t  p e a k  c u r r e n t  a n d  b a c k g r o u n d  

c u r r e n t  a r e  c o m p u te d .  T h e n  t h e  d i f f e r e n c e  b e tw e e n  th em  is  u s e d  a s  

t h e  t r a c k i n g  e r r o r .  T h e  jo in t  i s  t r a c k e d  w h e n  t h e  e r r o r  is  z e r o .  L a in g  

[29] d e s c r i b e s  a t h r o u g h - t h e - a r c  s e n s o r  u t i l i s i n g  t h e  m u l t ip l ic a t io n  of 

a r c  c u r r e n t  a n d  a r c  v o l ta g e  f o r  n a r r o w  g a p  MIG w e ld in g .  S in c e  t h e  

p e n e t r a t i o n  is  r e l a t e d  to  t h e  w e ld in g  e n e r g y  (V  x I ) ,  s id e w a l l  p e n e 

t r a t i o n  c o n t r o l  c a n  b e  a c h ie v e d  in  a d d i t io n  to  seam  t r a c k i n g .

3 . 2 . 2  V o l ta g e  S e n s o r

In  c o n t r a s t  to  t h e  c u r r e n t  s e n s o r ,  t h e  v o l ta g e  s e n s o r  s a m p le s  v o l t a g e  

s ig n a l s  d u r i n g  a r c  o s c i l la t io n .  I t  h a s  f o u n d  a p p l i c a t i o n s  in  b o t h  c o n 

s u m a b le  a n d  n o n - c o n s u m a b le  a r c  w e ld in g .  T h e  p r in c i p l e  is  b a s e d  on  

t h e  r e l a t i o n s h ip  b e tw e e n  t h e  a r c  v o l ta g e  a n d  t h e  a r c  l e n g t h  

( f i g u r e - 3 . 3 )  [30], F o r  t h e  a r c  g a p  f rom  1 mm to  10 mm, t h e  a r c  v o l ta g e  

(V )  is  p r o p o r t i o n a l  to  t h e  a r c  g a p  ( la )  a t  a c o n s t a n t  c u r r e n t :

V = iji + ii2la ( e q u a t i o n - 3 .1 )
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w h e r e  a n d  r|2 a r e  c o e f f i c i e n t s  d e p e n d i n g  on  t h e  w e ld in g  c u r r e n t .  

T h i s  e q u a t io n  i n d ic a te s  t h a t  t h e  a r c  l e n g t h  c a n  b e  d e t e c t e d  b y  s a m p l in g  

t h e  a r c  v o l t a g e ,  w h ic h  fo rm s  t h e  f o u n d a t io n  o f  v o l ta g e  s e n s o r .

A n u m b e r  o f  t r a c k i n g  s y s t e m s  b a s e d  o n  v o l ta g e  s e n s o r  h a s  b e e n  

d e v e lo p e d .  C ook  e t  al [31] p a t e n t e d  a  w e ld  t r a c k i n g  s y s t e m ,  w h ic h  

m e a s u r e s  t h e  v o l ta g e  d r o p  b e tw e e n  t h e  e l e c t r o d e  a n d  t h e  s id e w a l l  of 

t h e  g r o o v e  a s  t h e  a r c  a p p r o a c h e s  t h e  s id e w a l l .  F u j im u ra  e t  al [32, 33| 

h a v e  a p p l i e d  t h r o u g h - a r c - s e n s i n g  f o r  b o t h  jo in t  t r a c k i n g  a n d  w e a v e  

a m p l i tu d e  c o n t r o l .  E s s e r s  [34] d e s c r i b e s  a r c  c o n t r o l  w i th  p u l s e d  GMA 

w e ld in g  b y  m e a s u r in g  t h e  a r c  v o l ta g e  d u r i n g  t h e  p u l s e  p e r i o d  in  e a c h  

c y c le  a s  t h e  c o n t r o l  r e f e r e n c e . M e a s u r e m e n ts  a n d  c o n t r o l  o f  t h e  a r c  

l e n g t h  a r e  m ade  in  r e a l  t im e .  A n  a r c - c o n t r o l l e d  seam  t r a c k i n g  s y s te m  

w i th  a  d i f f e r e n t  a r c  o s c i l la t io n  is  p r o p o s e d  b y  E ic h h o r n  a n d  Gom pel [35]. 

T h e  t o r c h  is  m e c h a n ic a l ly  o s c i l l a t e d  a r o u n d  a  c e n t r e  of r o t a t i o n  r a t h e r  

t h a n  m o v in g  t r a n s v e r s e l y ,  a s  s h o w n  in  f i g u r e - 3 . 4 .

A n o v e l  d e v e lo p m e n t  o f  a r c  s e n s i n g  w as  a c h ie v e d  b y  M a d ig a n  e t  al 

[36]. I t  e m p lo y s  n a t u r a l  o s c i l la t io n  o f  t h e  w e ld  pool to  c o n t r o l  w eld  

p e n e t r a t i o n .  B y  p e r io d i c a l ly  p u l s i n g  t h e  w e ld in g  c u r r e n t ,  a n  im p u lse  

of a r c  p r e s s u r e  is  g e n e r a t e d ,  w h ic h  e x c i t e s  t h e  m o lten  poo l i n to  n a t u r a l  

o s c i l la t io n  a t  a  f r e q u e n c y  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  pool s iz e .  T h i s  

r e s u l t s  in  c h a n g e s  in  t h e  a r c  l e n g t h ,  h e n c e  t h e  a r c  v o l t a g e .  I n fo rm a t io n  

a b o u t  t h e  pool s iz e  a n d  t h e  pool o s c i l la t io n  f r e q u e n c y  is  o b t a i n e d  b y  

a n a ly s i n g  t h e  v o l ta g e  w a v e fo rm .  T h e  f u l l - p e n e t r a t i o n  o s c i l la t io n  is  

t h o u g h t  to  h a v e  l o n g e r  w a v e  l e n g t h ,  t h e r e f o r e  lo w e r  f r e q u e n c y .  I t  

is  c la im ed  t h a t  w h e n  t h e  c u r r e n t  is  p u l s e d  a t  15 to  25 Hz p a r t i a l -  

p e n e t r a t i o n  w e ld  p o o ls  o s c i l la te  a t  150 to  400 Hz a n d  f u l l - p e n e t r a t i o n  

w e ld  p o o ls  a t  38 to  188 H z .
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H o ll in g g u m  [37] d e s c r i b e s  a  d i r e c t  a r c  s e n s i n g  s y s te m  f o r  w e ld  q u a l i t y  

a s s e s s m e n t  d e v e lo p e d  b y  P h i lp o t t .  I t  i n v o lv e s  u s i n g  t h e  r a d i o  f r e 

q u e n c y  (R F )  c o m p o n e n t  in  t h e  a r c  v o l ta g e  w a v e fo rm .  C h a n g e s  in  

w e ld in g  c o n d i t io n s  a r e  r e f l e c t e d  in  t h e  R F  s i g n a l s .  I n  p a r t i c u l a r ,  a 

b r e a k d o w n  in  t h e  g a s  s h ie ld in g  of t h e  a r c  p r o d u c e s  a  m a r k e d  i n c r e a s e  

in  a m p l i tu d e  of t h e  R F  c o m p o n e n t .  V a r ia t io n s  in  t h e  w ire  f e e d  a r e  a ls o  

d e t e c t e d .  I n s u f f i c i e n t  w ire  f e e d  l e a d s  a r c  b r e a k d o w n ,  a n d  a  d r o p  in  

t h e  R F  c o m p o n e n t  is  s e n s e d .

3 . 2 . 3  F e a t u r e s  of T h r o u g h - t h e - A r c  S e n s in g

T h r o u g h - t h e - a r c  s e n s o r s  h a v e  fo llow ing  a d v a n t a g e s :

(1 )  S im ple e l e c t r o n ic  hax*dware. A n  a r c  s ig n a l  s a m p le r  a n d  a  com 

p u t e r  c o n t r o l l e r  a r e  s u f f i c i e n t  to  p e r f o r m  t h e  c o n t r o l  w o r k .

(2 )  S im ple c o n t r o l  a lg o r i th m s .  T h e  c o n t r o l  e r r o r  is  c o m p u te d  from  

t h e  a r c  s ig n a l  w a v e fo rm . L in e a r  c o n t r o l  s c h e m e s  a r e  g e n e r a l l y  a p p l i 

c a b le  .

(3 )  C h e a p  to  u s e .  No s p e c ia l i s e d  sk i l l  i s  n e e d e d  to  o p e r a t e  a r c  

s e n s i n g  s y s t e m s .  T h e y  w o rk  r a t h e r  r e l i a b l y  w i th  s t a b l e  w e ld in g  c o n 

d i t i o n s  .

H o w e v e r ,  t h r o u g h - t h e - a r c  s e n s o r s  a r e  l im ited  in  u s e  b e c a u s e  of t h e  

c o m p le x i ty  of a r c  w e ld in g  p h e n o m e n a .  T h e r e  a r e  m a n y  f a c t o r s  i n f l u 

e n c in g  t h e  a r c  s t a b i l i t y ,  w h ic h  m a k e s  s a m p l in g  o f  a r c  s ig n a l s  m ore  

d i f f i c u l t .  T h e s e  f a c t o r s  in c lu d e :

(1 )  W eld ing  p o w e r  s u p p ly  a n d  w e ld in g  p o s i t i o n .

(2 )  E le c t ro d e  c o n d i t io n s  s u c h  a s  e l e c t r o d e  s t i c k o u t ,  e l e c t r o d e  g e 

o m e t r y  a n d  e le c t r o d e  c o n ta m in a t io n .

(3 )  W orkp iece  p r o c e s s i n g  a n d  w e ld  p r e p a r a t i o n .
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(4 )  S h ie ld in g  g a s  c o m p o s i t io n  a n d  flow r a t e .

(5 )  M etal t r a n s f e r  m ode . T h i s  b e c o m e s  m ore  c o m p l ic a te d  in  MIG 

w e ld in g .  G e n e r a l ly ,  s p r a y  t r a n s f e r  s t a b i l i s e s  t h e  a r c  w h ile  g lo b u la r  

a n d  s h o r t - c i r c u i t i n g  t r a n s f e r  d e s ta b i l i s e  t h e  a r c .

(6 )  C o n d i t io n s  o f  w ire  f e e d i n g .

(7 )  M a g n e t ic  a r c  b lo w . T h i s  c a n  b e  c a u s e d  b y  u n s y m m e tr ic a l  m a g 

n e t i c  f ie ld  in  t h e  w o r k p ie c e  i n d u c e d  b y  t h e  w e ld in g  c u r r e n t  o r  t h e  

r e s i d u a l  m a g n e t ic  f ie ld  in  t h e  w o r k p i e c e .

3 .3  L a s e r  O p t ic a l  S e n s o r s

3 . 3 . 1  G e n e r a l

T h e  o p t ic a l  s e n s o r  is  p r o b a b l y  t h e  m ost s u c c e s s f u l  s e n s o r  u s e d  in  

w e ld in g  c o n t r o l .  So f a r  a  v a r i e t y  of o p t ic a l  s e n s o r s  h a v e  b e e n  d e v e l 

o p e d ,  a s  s u m m a r is e d  b y  Cook [38] a n d  J o n e s  e t  al [39|. A g e n e r a l  l a y o u t  

of o p t ic a l  s e n s i n g  s y s te m  is sh o w n  in  f i g u r e - 3 . 5 .  T h e r e  a r e  t h r e e  m ain  

c o n s id e r a t i o n s  in  a n  o p t ic a l  s e n s i n g  s y s te m :  t h e  o b je c t  to  b e  v ie w e d ,  

i l lu m in a t io n ,  a n d  s e n s o r  d e v ic e .  In  a r c  w e ld in g ,  t h e  v ie w in g  r e g i o n  

c a n  b e  e i t h e r  of p r e - w e l d  ( i . e .  w e ld  p r e p a r a t i o n ) ,  p o s t - w e l d ,  b a c k f a c e  

a n d  a r c  z o n e .

T h e  s e le c t io n  of a p p r o p r i a t e  s e n s o r  d e v ic e  d e p e n d s  o n  t h e  o b je c t iv e  

o f  t h e  s e n s i n g .  T o  m e a s u r e  a s in g le  d im e n s io n  of w e ld  p o o l ,  a  l i n e a r  

a r r a y  of p h o to d io d e s  m ay  b e  u s e d .  VToman [40] u s e d  a  l i n e a r  a r r a y  of 

64 p h o to d io d e s  to  o b s e r v e  t h e  GTA w eld  p o o l .  T h e  pool w id th  w as  

d e t e r m i n e d  b y  c o u n t i n g  t h e  n u m b e r  of b r i g h t l y  l i t  d io d e s .  S m ith  [41] 

u s e d  a  b a c k f a c e  s e n s o r  to  d e t e c t  t h e  pool s iz e  a n d  w e ld in g  p o s i t i o n ,  

a s  s h o w n  in  f i g u r e - 3 . 6 .  O t h e r  a p p l i c a t io n s  of p h o to e l e c t r i c  e le m e n ts
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f o r  w e ld  pool d e te c t io n  a r e  f o u n d  in  [42 - 45). More c o m p l ic a te d  s e n s i n g  

d e v ic e s  s u c h  a s  p h a s e  s h i f t  d e t e c t o r ,  p o s i t io n  t r a n s d u c e r  a n d  T V  

c a m e r a ,  a r e  r e v i e w e d  b e lo w .

U n le s s  t h e  s e n s o r  is  o b s e r v i n g  t h e  a r c  i t s e l f ,  a r c  i l lu m in a t io n  is  

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

b o t h  p o s i t io n  a n d  i n t e n s i t y  i n d u c i n g  a  w ide  r a n g e  of l i g h t  l e v e ls  to  

w h ic h  s e n s o r s  a r e  u n a b le  to  r e s p o n d .  T h e r e f o r e  a r t i f i c i a l  i l lu m in a t io n  

is  o f t e n  u s e d :

(1 )  T o  m inimise t h e  e f f e c t s  o f  a r c  i l lu m in a t io n .

(2 )  T o  p r o v id e  a  c o n t r o l l e d  a n d  s t e a d y  i n t e n s i t y  in  a  r a n g e  a c 

c e p ta b le  to  t h e  s e n s o r .

(3 )  T o  im p ro v e  t h e  c o n t r a s t  of t h e  f e a t u r e  to  b e  v ie w e d .

(4 )  T o  p r o v id e  p r o f i le  in fo rm a t io n  b y  u s i n g  s t r u c t u r e d  l ig h t  to  i n 

t e r c e p t  t h e  o b j e c t .

A m ong  m an y  i l lu m in a t io n  s o u r c e s ,  l a s e r  l i g h t  is  m ost  w id e ly  u s e d  b e 

c a u s e  of i t s  c o n s t a n t  n a t u r e  a n d  h i g h  i n t e n s i t y .  I t  is  e x e m p l if ie d  b y  

t h e  l a s e r  o p t ic a l  s e n s o r  b a s e d  on  s h a d o w - c a s t  t e c h n i q u e ,  w h ic h  is  

d i s c u s s e d  l a t e r .

3 . 3 . 2  T im e - o f - F l ig h t  T e c h n iq u e

T h e  t im e - o f - f l i g h t  t e c h n i q u e  is  one  o f  t h e  m ost  p o w e r fu l  t e c h n i q u e s ,  

g iv in g  t r u e  3-D  p i c t u r e .  I t  d e t e c t s  t h e  o b je c t  b y  c a lc u la t in g  t h e  time 

p e r i o d  d u r i n g  w h ic h  t h e  l a s e r  beam  t r a v e l s  f rom  t h e  t r a n s m i t t e r  to  th e  

o b j e c t ,  t h e n  b a c k  to  t h e  r e c e i v e r ,  a s  i l l u s t r a t e d  in  f i g u r e - 3 .7  [46]. T h e  

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

t h e  e l a p s e d  time o r  b y  m e a s u r in g  t h e  p h a s e  s h i f t .  T h i s  t e c h n i q u e  

o v e rc o m e s  some of t h e  " h id d e n  p a r t "  p ro b le m s  e n c o u n t e r e d  w i th  t r i 
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a n g u la t i o n  s in c e  t h e  t r a n s m i t t e r  a n d  r e c e i v e r  b e a m s  a r e  u s u a l l y  c o 

a x ia l .  H o w e v e r ,  i t  h a s  lo n g  s c a n n i n g  tim e a n d  i n s u f f i c i e n t  a c c u r a c y .  

I t  t a k e s  t h r e e  m in u te s  to  c o llec t  a  128x 128 r a n g e  p i c t u r e .  S u c h  a  tim e 

is  to o  lo n g  f o r  r e a l - t im e  c o n t r o l .  T h e r e f o r e ,  t h i s  t im e - o f - f l i g h t  t e c h 

n i q u e  n e e d s  m ore  a c t iv e  r e s e a r c h  a n d  d e v e lo p m e n t  in  o r d e r  to  m ee t  

r e a l - t im e  r e q u i r e m e n t s .

3 . 3 . 3  T r i a n g u l a t i o n  T e c h n iq u e

T h e  p r in c i p l e  of t h e  r a n g e  f i n d e r  b a s e d  on  t r i a n g u l a t i o n  a n d  p o s i t i o n  

t r a n s d u c e r  is  sh o w n  in  f i g u r e - 3 . 8 .  A p o in t  s o u r c e  o f  l a s e r  l i g h t  is  

p r o j e c t e d  o n to  t h e  s u r f a c e .  T h e  s c a t t e r e d  l i g h t  d e f l e c t e d  f ro m  t h e  

s u r f a c e  is  f o c u s e d  b y  a  le n s  o n to  a p o s i t i o n - s e n s i t i v e  p h o to  d e t e c t o r .  

T h e  d i s t a n c e  from  t h e  l a s e r  s o u r c e  to  t h e  s u r f a c e  is  m e a s u r e d  b y  c a l 

i b r a t i n g  t h e  l ig h t  s p o t  p o s i t io n  on  t h e  p h o to  d e t e c t o r .  B y  s c a n n i n g  

t h e  l i g h t  a c r o s s  t h e  jo in t  p r e p a r a t i o n ,  2 -D  in fo r m a t io n  is  o b t a i n e d .  T h e  

t h i r d  d im e n s io n  c a n  b e  o b ta in e d  w h e n  t h e  l a s e r  s o u r c e  t r a v e l s  a lo n g  

w i th  t h e  w e ld in g  t o r c h .  E d l in g  a n d  P o r s a n d e r  (A SE A ) [47] a p p ly  t h i s  

t e c h n i q u e  f o r  a d a p t i v e  c o n t r o l  o f  t o r c h  p o s i t io n  a n d  w e ld in g  p a r a m e 

t e r s  . A d i f f e r e n t  t y p e  of r a n g e  f i n d e r  h a s  b e e n  d e v e lo p e d  b y  

M its u b is h i  [48]. T h e  l a s e r  s o u r c e  is  r o t a t e d  r o u n d  t h e  t o r c h ,  r a t h e r  t h a n  

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

s y s te m  b a s e d  o n  t r i a n g u la t i o n  a n d  p o s i t io n  t r a n s d u c e r  is  t h e  s y s te m  

c a l le d  S eam pilo t  d e v e lo p e d  b y  O ld e lf t  [49, 50], F i g u r e - 3 . 9  sh o w s  t h e  

s y s te m  d i a g r a m .  T h e  p r in c ip le  of seam  t r a c k i n g  is  e x p la in e d  in  [51 - 53]. 

A b eam  d e f l e c t o r  m i r r o r  a n d  v ie w in g  m i r r o r  a r e  a t t a c h e d  to  t h e  a x is  

w h ic h  is  lo c a te d  a b o v e  t h e  jo in t  a n d  r o t a t e d  b y  a  s t e p p i n g  m o to r .  T h e  

l a s e r  l i g h t  is  d e f l e c t e d  o n to  t h e  s u r f a c e  b y  t h e  d e f l e c t o r  a n d  r e c e i v e d  

b y  t h e  p h o to  d e t e c t o r  v ia  t h e  r e c e iv i n g  m i r r o r  a n d  f o c u s in g  l e n s .  W hen
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t h e  s t e p p i n g  m o to r  r o t a t e s ,  t h e  l a s e r  l i g h t  s w in g s  a c r o s s  t h e  jo in t  a n d

2 -  D p r o f i le  in fo rm a t io n  is  o b t a i n e d  b y  t h e  l in e  p h o to  d e t e c t o r .  A g a in

3 -  D in fo r m a t io n  is  o b t a i n e d  a s  t h e  c a m e ra  m oves  a lo n g  t h e  w e ld  d i r e c 

t io n  .

S e n s o r s  b a s e d  on  t r i a n g u l a t i o n  a n d  p o s i t io n  t r a n s d u c e r  h a v e  d i s t i n c t  

a d v a n t a g e s  a s  fo llow s:

(1 )  R e a l - t im e  s e n s i n g .

(2 )  A d a p t in g  to  a n y  jo in t  g e o m e t ry  a n d  w e ld in g  p r o c e s s .

(3 )  Seam  t r a c k i n g  a n d  p r o c e s s  c o n t r o l .

(4 )  R e la t iv e ly  s im ple  h a r d w a r e .

(5 )  S im ple  im age p r o c e s s i n g  a lg o r i th m s .

F o r  t h e s e  r e a s o n s ,  t h i s  t e c h n i q u e  b e c o m e s  v e r y  a t t r a c t i v e  in  some 

c a s e s .

3 . 3 . 4  S h a d o w - C a s t  T e c h n iq u e

T h i s  is  p e r h a p s  t h e  m ost  w id e ly  u s e d  t e c h n i q u e  a t  p r e s e n t .  U n lik e  

t h e  a b o v e  tw o  m e th o d s ,  s h a d o w - c a s t  t e c h n i q u e  u s e s  a  s t r u c t u r e d  l ig h t  

i l lu m in a t io n  to  fo rm  a  h i g h  c o n t r a s t  p r o f i le  im age  w h ic h  is  c a p t u r e d  

b y  a  T V  c a m e ra  o r  a n  a r e a  a r r a y .  F i g u r e - 3 . 1 0  s h o w s  tw o  b a s ic  

s h a d o w - c a s t  a r r a n g e m e n t s .  J o in t  t r a c k i n g  s y s te m s  b a s e d  o n  s h a d o w -  

c a s t  t e c h n i q u e  a r e  com m erc ia l ly  a v a i l a b le .  T w o  M e ta T o rc h  s y s t e m s ,  

M e ta T o rc h  200 a n d  M e ta T o rc h  500, h a v e  b e e n  d e v e lo p e d  b y  M eta Ma

c h in e s  [54, 55], T h e  u n i q u e  a d v a n t a g e  o f  t h e s e  s y s te m s  is  t h a t  t h e  c a m e ra  

s e n s i n g  h e a d  is  e n c lo s e d  in s id e  t h e  t o r c h ,  p r o v i d i n g  t h e  r e l i a b i l i t y  a n d  

c a p a b i l i t y  of o p e r a t i n g  u n d e r  v e r y  s t r i c t  c o n d i t i o n s . B e a t t i e  [56] f u r t h e r  

e x p la i n s  t h e  a p p l i c a t io n  o f  t h e s e  s y s te m s  f o r  m u l t ip a s s  w e ld in g .  A 

s im ila r  t r a c k i n g  s y s te m  is  p r e s e n t e d  b y  K a w a h a ra  [57]. He e x p la i n s  t h e
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im age  p r o c e s s i n g  m e th o d  to  o b t a in  a  b i n a r y  p i c t u r e  f ro m  t h e  o r ig in a l  

p i c t u r e .  I n  t h e  s y s te m  d e s c r i b e d  b y  B am ba  [58], a  tw o - d im e n s io n a l  

p o s i t i o n - s e n s i t i v e  p h o to  d e t e c t o r ,  r a t h e r  t h a n  a  T V  c a m e r a ,  i s  u t i l i s e d  

to  d e t e c t  t h e  im age p a t t e r n  fo rm e d  b y  th e  s t r u c t u r e  l a s e r  o n  t h e  

w o r k p ie c e .  A f u r t h e r  a d v a n c e  w as m ade  b y  N ie p o id  a n d  B r u m m e r  [59]. 

B y  s c a n n i n g  t h e  w e ld  p r e p a r a t i o n ,  t h e  s y s te m  c a l le d  PA SS  c a n  p r e 

s e le c t  t h e  w e ld in g  p a r a m e t e r s  in  a d d i t io n  to  jo in t  t r a c k i n g .  T h e  sam e 

s y s te m  c o n f i g u r a t io n  is  a ls o  u s e d  to  o b s e r v e  t h e  m o lten  p o o l ,  t h u s  

e n a b l i n g  c o r r e c t i v e  m o v em e n ts  of t h e  t o r c h  a n d  a d a p t i v e  c o n t r o l  of t h e  

h e a t  i n p u t .

I n s t e a d  of a f l a t  s h e e t  of l a s e r  l i g h t ,  a  c o n e - s h a p e d  l a s e r  s t r i p  is  

u s e d  in  t h e  s e n s i n g  s y s te m  d e v e lo p e d  b y  A g a p a k i s  e t  a l  [60|. F e a t u r e  

p o i n t s  of t h e  jo in t  p r o f i le  a r e  e x t r a c t e d  f rom  t h e  im age  f o r  seam  

t r a c k i n g  a n d  r e a l - t im e  a d ju s t m e n t  of w e ld in g  v a r i a b l e s  d u r i n g  s in g le  

o r  m u l t ip a s s  a r c  w e ld in g .  A p r a c t i c a l  s y s te m  b a s e d  on  t h i s  p r in c i p l e  

is  i n t r o d u c e d  in  [61, 62]. D u f o u r  a n d  B e g in  [63| d e s c r i b e  a  s h a d o w - c a s t  

s e n s o r  w i th  a p r e - p r o c e s s o r .  F a s t  im age  r e c o g n i t i o n  w a s  i n t e n d e d .  

In o u e  [64] u s e d  a  r e c t a n g u l a r  s p o t  of l ig h t  to  i l lu m in a te  a  v e r y  n a r r o w  

jo in t  g a p .  D e te c t io n  of a t h i n  w e ld  l in e  le s s  t h a n  0 .5  mm w id th  is  s a id  

to  b e  p o s s i b l e . In  [65] h e  p r e s e n t s  a n  a u to m a t ic  c o n t r o l  s y s te m  f o r  

h o r i z o n ta l  n a r r o w  g a p  w e ld in g .  B y  p r o j e c t i n g  a  l i g h t  s t r i p  o n to  t h e  

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

s t a r t  a n d  s to p  p o s i t io n s  a n d  t r a c k i n g  w e ld  l in e  a r e  d e t e r m i n e d .

S im ila r  to  t h e  t e c h n i q u e  b a s e d  on  t h e  t r i a n g u l a t i o n  a n d  p o s i t io n  

t r a n s d u c e r ,  t h e  s h a d o w - c a s t  t e c h n i q u e  h a s  t h e  a d v a n t a g e s  o f :

(1 )  R e a l- t im e  o p e r a t io n .

(2 )  A d a p t in g  to  a n y  jo in t  g e o m e t ry  a n d  w e ld in g  p r o c e s s .
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(3 )  Seam  t r a c k i n g  a n d  p r o c e s s  c o n t r o l .

H o w e v e r ,  i t s  w i d e s p r e a d  u s e  m ay b e  l im ited  b y  t h e  fo llow ing  d r a w 

b a c k s  :

(1 )  H ig h  h a r d w a r e  c o s t s .

(2 )  S e n s i t i v i t y  to  sm oke  a n d  s p a t t e r .

(3 )  M ore s o p h i s t i c a t e d  im age p r o c e s s i n g .

(4 )  Slow s e n s i n g  s p e e d s .  V e r y  h i g h  w e ld in g  s p e e d  c a n  b e  d i f f i c u l t  

to  a c h i e v e .

3 .4  D i r e c t  V is io n  S e n s o r

F o r  l a s e r  o p t ic a l  s e n s o r s ,  3 -D  p r o f i le  in fo rm a t io n  a b o u t  t h e  o b je c t  

is  p o s s ib l e  w i th  a  s in g le  c a m e ra  in  c o l l a b o ra t io n  w i th  a  s t r u c t u r e d  l a s e r  

l i g h t .  O n  t h e  c o n t r a r y ,  d i r e c t  v i s io n  s e n s o r  v ie w s  a n  o b je c t  w i th o u t  

a r t i f i c i a l  i l lu m in a t io n .  T h e r e f o r e  a  s in g l e - c a m e r a  s e n s i n g  s y s te m  c a n  

o n ly  s u p p l y  2 -D  in fo rm a t io n .  T o  o b t a i n  t h e  t h i r d  d im e n s io n ,  tw o 

c a m e ra s  a r e  n e e d e d  to  o b s e r v e  t h e  o b je c t  f ro m  d i f f e r e n t  a n g l e s . LaC oe 

a n d  S e i b e r t  [66] a p p l i e d  t h i s  id e a  f o r  a  3 -D  v is io n  g u id e d  w e ld in g  r o b o t  

s y s t e m .  I t  w as  a b le  to  lo ca te  t h e  p a r t  to  b e  w e ld e d .  T h e  p ro b le m  w i th  

t h i s  s y s te m  is  t h a t  t h e  v is io n  p r o c e s s  t a k e s  a  lo n g  tim e to  e x t r a c t  3 -D  

g e o m e t r ic  in fo rm a t io n  f ro m  two p i c t u r e s .  T h e r e f o r e  t h i s  t y p e  o f  c o n 

f i g u r a t i o n  is  r a r e l y  u s e d  f o r  r e a l - t im e  w e ld in g  c o n t r o l .  M ost d i r e c t  

v i s io n  s y s te m s  a v a i la b le  a t  th e  p r e s e n t  tim e em p lo y  a  s in g le  c a m e ra .

G o rd o n  e t  al [67] u s e d  a  c lo s e d - c i r c u i t  t e l e v is io n  (C C T V )  s e n s i n g  

s y s te m  to  m o n i to r  t h e  w eld  p o o l .  T h e  pool im age  w as  c a p t u r e d  v ia  a 

s o - c a l le d  t h r o u g h - t h e - t o r c h  o p t ic a l  s y s te m ,  a s  s h o w n  in  f i g u r e - 3 .1 1 .  

A s im ila r  v i s io n  a r r a n g e m e n t  w as  a d o p te d  b y  R i c h a r d s o n  [68] in  o r d e r  

to  v iew  t h e  G TA w eld  p o o l .  T h e  jo in t  e d g e  p r e p a r a t i o n ,  poo l w id th
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a n d  t h e  t u n g s t e n  e l e c t r o d e  c a n  b e  i d e n t i f i e d  b y  t h e  v i s io n  s y s te m .  

B u t t  jo in t  t r a c k i n g  a n d  w e ld  pool c o n t r o l  a r e  t h e r e f o r e  p o s s ib l e .  B a h e t i  

(G E C ) [69] u s e d  t h i s  t y p e  o f  v i s io n  s y s te m  to  c o m p u te  w e ld  p u d d l e  g e 

o m e t r y  p a r a m e t e r s  f o r  GTA w e ld in g  o f  t h i n  m eta l  p l a t e s .  T h e  o b je c t iv e  

w as  to  accom m odate  d i s t u r b a n c e s  r e s u l t i n g  f ro m  h e a t  s i n k s  a n d  to  

p r o d u c e  a c c e p ta b l e  w e ld s .

A r a t a  e t  a l  [70] u s e d  a  v i s io n  s y s te m  to  o b s e r v e  t h e  a r c  zone  from  

o u t s i d e  t h e  t o r c h ,  so  t h a t  t h e  jo in t  c o n f i g u r a t i o n ,  w e ld  l in e  a n d  m olten  

poo l w e re  d e t e c t e d .  A c o n s id e r a b l e  a m o u n t  of r e s e a r c h  w o rk  h a s  b e e n  

d o n e  b y  In o u e  [71, 72] f o r  r e a l - t im e  e x a m in a t io n  o f  t h e  w e ld in g  p r o c e s s .  

He a ls o  a p p l i e d  d i r e c t  a r c  o b s e r v i n g  v i s io n  m e th o d s  f o r  a u to m a t ic  

c o n t r o l  of h o r i z o n ta l  n a r r o w  g a p  w e ld in g  [73]. B i n a r y  im age p r o c e s s i n g  

w a s  o f t e n  u s e d  in  I n o u e 's  w o rk  b e c a u s e  o f  i t s  s im p l ic i ty .  I t  d id  n o t  

c a u s e  m u ch  p ro b le m  b e c a u s e  t h e  a r c  i l lu m in a t io n  w as  r a t h e r  b r i g h t  a n d  

t h e  s c e n e  p a t t e r n  w as  n o t  c o m p l ic a t e d .

D i r e c t  v i s io n  is  a  p o w e r fu l  t e c h n i q u e  b e c a u s e  i t  s im u la te s  t h e  h u m a n  

e y e s  a n d  sh o w s  a d i r e c t  l ive  im age of t h e  w e ld in g  p r o c e s s . I t  c a n  b e  

e i t h e r  u s e d  f o r  p r o c e s s  m o n i to r in g  o r  a p p l i e d  to  seam  t r a c k i n g  a n d  

p r o c e s s  c o n t r o l .  I n  t h e  f o rm e r  c a s e ,  n o  c o m p l ic a te d  im age r e c o g n i t i o n  

is  n e e d e d .  H o w e v e r ,  f o r  seam  t r a c k i n g  a n d  p r o c e s s  c o n t r o l ,  t h e  

c a p t u r e d  im age m u s t  b e  p r o c e s s e d  in  r e a l  t im e .  B i n a r y  im age r e c o g 

n i t io n  s im p lif ie s  t h i s  p r o b le m ,  b u t  is  n o t  a p p l i c a b le  in  s u c h  s i t u a t i o n s  

a s  p o o r  c o n t r a s t  a n d  com plex  c o n t r o l .  A p p a r e n t l y ,  t h e  p o w e r  of d i r e c t  

v i s io n  s y s te m s  r e l i e s  o n  t h e  f a s t  s p e e d s  of g r e y  le v e l  im age  r e c o g n i t i o n .
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3 .5  O t h e r  S e n s in g  T e c h n iq u e s

T a c t i l e  s e n s o r  is  a n  a l t e r n a t i v e  w ay  f o r  seam  t r a c k i n g .  U s u a l ly ,  a 

g u id e  p r o b e  n am ed  t a c t i l e  f i n g e r  is  p l a c e d  in  f r o n t  of t h e  e l e c t r o d e . 

T h e  f i n g e r  c a n  h a v e  o n e ,  tw o  o r  t h r e e  d e g r e e s  o f  f r e e d o m .  E a c h  of 

th e m  s e n s e s  d i s p la c e m e n t  in  o n e  d i r e c t i o n .  A d e f l e c t io n  p r o p o r t i o n a l  

t r a n s d u c e r  is  in s t a l l e d  to  f e e l  t h e  d i s p la c e m e n t  a t  t h e  p r o b e  t i p .  T h e  

o u t p u t  f rom  t h e  t r a n s d u c e r  is  a n  e l e c t r i c a l  s ig n a l  s u c h  a s  a  v o l t a g e . 

T h i s  s ig n a l  is  f e d  b a c k  to  a  c o n t r o l l e r  to  c o r r e c t  t h e  t o r c h  p o s i t i o n . 

P a n d j i r i s  a n d  W e in fu r t  [74] p r e s e n t  a t a c t i l e  s e n s o r  u s i n g  t h i s  p r i n c i p l e .  

B o l l in g e r  [75] d i s c u s s e s  some a lg o r i th m s  a n d  t h e  a p p l i c a t i o n  of t a c t i l e  

s e n s o r s  to  th e  g u id a n c e  of w e ld in g  r o b o t s .

A n o t h e r  w ay  of t a c t i l e  s e n s i n g  is  to  c o d e  t h e  p r o b e  d i s p l a c e m e n ts  

in  a n  o p t ic a l  w a y .  P r e s e r n  [76, 77] p r e s e n t s  a  o n e - f i n g e r  t a c t i l e  s e n s o r  

w i th  tw o  d e g r e e s  of f r e e d o m .  T h e  p o s i t io n  in  e a c h  d i r e c t i o n  is  c o d e d  

b y  a  s e t  of s ix  p h o t o t r a n s i s t o r s ,  i . e  2 x 6  a r r a y  of b i n a r y  d a t a  f o r  tw o 

d e g r e e s  of f r e e d o m .

F o r  t h e  ta c t i l e  s e n s o r  d i s c u s s e d  b y  C u l le n  [78], t h e  w e ld  w i re  i t s e l f  

is  u s e d  a s  t h e  t a c t i l e  f i n g e r .  I t  i s  e n e r g i s e d  to  a low v o l t a g e  a n d  t h e  

r o b o t  s low ly  a p p r o a c h e s  t h e  o b j e c t .  O n ce  t h e  w ire  t o u c h e s  t h e  

g r o u n d e d  o b je c t ,  a  d r o p  in  t h e  v o l ta g e  is  s e n s e d  b y  t h e  p o w e r  s u p p l y ,  

h e n c e  t h e  w o rk p ie c e  is  l o c a t e d .

T a c t i l e  s e n s o r s  r e q u i r e  s im ple  e l e c t r o n i c s ,  w i th  t h e  r e s u l t  o f  low 

c o s t s  a n d  sim ple  c o n t r o l  s c h e m e s .  I t  w o r k s  r e l i a b ly  w i th  b u t t  a n d  f i l le t  

w e ld in g .  H o w e v e r ,  b a d  c o n d i t io n s  of t h e  g r o o v e  e d g e  m ay  le a d  to  

w r o n g  d i s p la c e m e n t  b e in g  r e c o r d e d  a t  t h e  t a c t i l e  f i n g e r .

-  4 2



U l t r a s o n ic  s e n s o r s  h a v e  b e e n  i n v e s t i g a t e d  b y  a  n u m b e r  of r e s e a r c h  

w o r k e r s . U l t r a s o n ic  d e te c t io n  of a  w e ld  poo l is  d e ta i le d  b y  L o t t  [79] a n d  

H e r d t  a n d  K a tz  [80]. F e n n  a n d  S t r o u d  [81] u s e d  a  p a i r  o f  c o n ta c t  u l t r a 

so n ic  p r o b e s  to  m e a s u r e  t h e  b e a d  d e p t h ,  a n d  to  d e t e c t  t h e  w e ld  l in e .  

B y  d o in g  s o ,  a  p e n e t r a t i o n  c o n t r o l  s i g n a l ,  a  seam  t r a c k i n g  s ig n a l  a n d  

a  q u a l i t y  c o n t r o l  s ig n a l  w e re  g e n e r a t e d .  In  [82] G u n n a r s o n  a n d  P r in z  

e m p lo y e d  n o n - c o n t a c t  u l t r a s o n i c  t r a n s d u c e r s  to  m e a s u r e  t h e  d i s t a n c e  

f ro m  t h e  t r a n s m i t t e r  to  t h e  s u r f a c e .  In  t h e  s y s te m  d e s c r i b e d  b y  T a n  

a n d  L u c a s  [83] a p a i r  o f  t r a n s m i t t i n g  a n d  r e c e i v i n g  t r a n s d u c e r s  w e re  

l o c a te d  a b o v e  t h e  w o r k p ie c e  a n d  r o t a t e d  a c r o s s  t h e  j o in t .  T h e  

w o r k p ie c e  is  s e n s e d  b y  c a lc u la t in g  t h e  p h a s e  d i f f e r e n c e  b e tw e e n  t h e  

t r a n s m i t t e r  a n d  t h e  r e c e i v e r  s i g n a l s .

A n  u l t r a s o n i c  s e n s o r  d i r e c t l y  d e t e c t s  t h e  w e ld  pool o r  jo in t  p r o f i le  

w i th o u t  m u ch  i n t e r p r e t a t i o n .  No s o p h i s t i c a t e d  e le c t r o n i c  d e v ic e s  a r e  

i n v o lv e d .  U s u a l ly ,  a  m ic r o c o m p u te r  c a n  e f f i c i e n t l y  a n a ly s e  t h e  u l t r a 

s o n ic  s i g n a l s ,  a n d  s u p p l y  c o n t r o l  s i g n a l s .  T h e  p r in c i p a l  d i s a d v a n t a g e  

o f  t h i s  t y p e  o f  s e n s o r s  is  t h a t  t h e y  a r e  h e a v i ly  d e p e n d e n t  o n  t h e  m a

t e r i a l  c o n d i t io n s .  H ig h e r  t e m p e r a t u r e s  c a n  p r o d u c e  e r r o r s  u s i n g  u l 

t r a s o n i c  m e t h o d s .

A n  i n f r a r e d  v i s io n  s y s te m  e m p lo y s  a n  i n f r a r e d  c a m e ra  to  o b s e r v e  

t h e  w e ld in g  p r o c e s s  f ro m  e i t h e r  t h e  f r o n t  f a c e  o r  b a c k  f a c e .  In  th e  

v i s io n  s y s te m  d e s c r i b e d  b y  C h in  e t  al [84], a n  i n f r a r e d  c a m e ra  w i th  a 

r e s o l u t i o n  of ± 0 .2°C  w as  u s e d  to  o b s e r v e  t h e  w e ld  pool d u r i n g  w e ld in g .  

A rc  m is a l ig n m e n t ,  g ro o v e  g e o m e t ry  f a u l t s ,  v a r i a t i o n s  in  p e n e t r a t i o n ,  

a n d  im p u r i t i e s  w e re  d e t e c t e d  b y  a n a ly s i n g  t h e  t h e r m o g r a p h y .  Seam 

t r a c k i n g  m ay b e  b a s e d  on  t h e  d i f f e r e n c e  in  r a d i i  o f  i s o th e rm a l  c u r v e s  

to  t h e  l e f t  a n d  r i g h t  of t h e  j o in t .  A sim ple  l i n e a r  c o n t r o l  a c t io n  c a n
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b e  u s e d  to  move t h e  a r c  u n t i l  b o t h  r a d i i  a r e  e q u a l .  A n  a d a p t i v e  c o n t r o l  

s y s te m  of GMAW p r o c e s s  b a s e d  on  i n f r a r e d  v i s io n  w as p r o p o s e d  b y  

B e g in  a n d  B oillo t in  |85|. F e a t u r e  e x t r a c t i o n  f rom  t h e  i n f r a r e d  f ie ld  

s u r r o u n d i n g  t h e  w e ld in g  a r e a  e n a b le d  seam  t r a c k i n g ,  a n d  m a s s  a n d  

e n e r g y  b a la n c e  a d j u s t m e n t .  L u k e n s  a n d  M o rr is  [86) u s e d  t h i s  t e c h n i q u e  

to  s e n s e  t h e  co o lin g  r a t e s  f o r  a r c  w e ld in g  c o n t r o l . All t h e  a b o v e  

m e th o d s  look  v e r y  e n c o u r a g i n g .  H o w e v e r  t e m p e r a t u r e  t h e r m o g r a p h y  

is  v e r y  s e n s i t i v e  to  w o rk p ie c e  c o n d i t io n s .  F u r t h e r m o r e ,  e x t r a c t i n g  

g e o m e tr ic  in fo rm a t io n  f rom  t h e r m o g r a p h y  is  r a t h e r  c o m p le x .  F o r  t h e s e  

r e a s o n s ,  i n f r a r e d  v i s io n  s y s te m s  a r e  n o t  w id e ly  u s e d  in  w e ld in g  p r o c 

e s s e s  .

T o  sum  u p ,  a  v a r i e t y  of s e n s o r s  h a v e  b e e n  d e v e lo p e d  f o r  w e ld in g  

c o n t r o l ,  b u t  n o  u n i v e r s a l  s e n s o r  is  p o s s ib le  to  c a r r y  o u t  a l l - r o u n d  

c o n t r o l  in  a  w e ld in g  o p e r a t i o n .  T h e  s e le c t io n  of a n  a p p r o p r i a t e  s e n s o r  

is  l a r g e ly  d e p e n d e n t  on  t h e  c h a r a c t e r i s t i c  o f  a  p a r t i c u l a r  w e ld in g  

p r o c e s s  a n d  th e  o b je c t iv e  of t h e  s e n s o r .  A s im ple  s e n s o r  s u c h  a s  a 

v o l ta g e  s e n s o r  m ay b e  s u f f i c i e n t ,  w hile  in  some s i t u a t i o n s  a  v is io n  

s y s te m  is  n e c e s s a r y  to  im p lem en t  com p lex  c o n t r o l .  T h i s  will b e  r e f l e c t e d  

in  l a t e r  p a r t s  of t h e  t h e s i s  c o n c e r n in g  r e a l - t im e  f e e d b a c k  c o n t r o l .  

B e fo re  t h a t ,  c h a p t e r  4 will d i s c u s s  e x p e r im e n ta l  t e c h n i q u e s  a n d  a p p a 

r a t u s  .
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4. A PROTOTYPE NARROW GAP TIG WELDING SYSTEM

4 .1  I n t r o d u c t i o n

In  c h a p t e r  2 , m ajo r  NGW t e c h n i q u e s  w e re  d i s c u s s e d .  Of p a r t i c u l a r  

i n t e r e s t  in  t h i s  p r o j e c t  is  n a r r o w  g a p  T IG  w e ld in g .  T h e  i n i t i a t iv e  is  

t a k e n  d u e  to  t h e  u n iq u e  a d v a n t a g e s  of T IG  w e ld in g :  no  s p a t t e r i n g ,  

s t a b l e  a r c ,  a n d  e x c e l le n t  w eld  q u a l i t y .  A n o t h e r  r e a s o n  is  i n c r e a s i n g  

d e m a n d s  on  h i g h  q u a l i ty  jo in t s  of t h i c k  s e c t i o n s .  In  t h i s  c h a p t e r ,  t h e  

fo llow ing  i s s u e s  c o n c e r n e d  w ith  e x p e r im e n ta l  t e c h n i q u e s  a n d  a p p a r a t u s  

will b e  d i s c u s s e d :

(1 )  T IG  w e ld in g  p i ’o c e d u r e s .  A f t e r  a  d i s c u s s io n  o n  t h e  in f lu e n c e  

of p r o c e s s  v a r i a b l e s  on  T IG  w e ld in g ,  a n  e x p e r im e n ta l  s e t u p  of T IG  

w e ld in g  is  d i s c u s s e d .

(2 )  S idew all  p e n e t r a t i o n  c o n t r o l .  T h e  m a g n e t ic  a r c  o s c i l la t io n  t e c h 

n iq u e  is  a d o p te d  to  c o n t r o l  s idew all  p e n e t r a t i o n .  B e h a v io u r  of a n  a r c  

in  a  m a g n e t ic  f ie ld  a n d  t h e  m ec h a n ic a l  d e s ig n  of t h e  m a g n e t  p r o b e  will 

b e  d i s c u s s e d .

(3 )  E x p e r im e n ta l  a p p a r a t u s .  T h e  d r i v e  c i r c u i t  f o r  e l e c t r o m a g n e t ,  

t h e  h o s t  c o m p u te r ,  th e  w e ld in g  r i g  a n d  i t s  c o n t r o l l e r ,  a n d  t h e  p e n d a n t  

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

4 .2  T IG  W elding  P r o c e d u r e s

A s i n t r o d u c e d  in  c h a p t e r  1, a  T IG  w e ld in g  a r c  t a k e s  p la c e  b e tw e e n  

t h e  n o n - c o n s u m a b le  e le c t r o d e  ( t u n g s t e n )  a n d  t h e  w e ld m e n t ,  a n d  

s h ie ld e d  b y  a n  i n e r t  g a s .  T IG  is  a  r e l a t i v e ly  c le a n  p r o c e s s  w i th o u t  

f lu x  a n d  s p a t t e r .  S in ce  t h e  w ire  f i l le r  is  f e d  in to  t h e  poo l s e p a r a t e l y ,
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c o n s i d e r a t i o n s  of T IG  w e ld in g  fo c u s  on  t h e  a r c  b e h a v i o u r  i t s e l f  w hile  

m eta l  t r a n s f e r  is  a  s im p le r  i s s u e .  G e n e r a l ly  s p e a k i n g ,  a  T IG  w e ld in g  

p r o c e s s  i n v o lv e s  t h e  fo llow ing  v a r i a b l e s :  a r c  v o l t a g e ,  a r c  c u r r e n t ,  a r c  

s t a n d o f f ,  e l e c t r o d e  s t i c k o u t ,  co m p o s i t io n  of e l e c t r o d e  m a te r i a l s ,  

e l e c t r o d e  g e o m e t r y ,  t o r c h  a n g le ,  a n d  s h ie ld in g  g a s .  All t h e s e  f a c t o r s  

h a v e  p r o f o u n d  in f lu e n c e s  on  th e  a r c  a n d  f u s io n  c h a r a c t e r i s t i c s ,  w h ic h  

a r e  d i s c u s s e d  a s  fo llow s.

4 . 2 . 1  P r o c e s s  V a r ia b le s  of T IG  W elding

T h e  a r c  c h a r a c t e r i s t i c ,  i . e .  t h e  r e l a t i o n s h ip  b e tw e e n  t h e  a r c  v o l ta g e  

a n d  a r c  c u r r e n t ,  is  s h o w n  in  f i g u r e - 4 .1 |30J. W hen t h e  c u r r e n t  is  lo w e r  

t h a n  a  c e r t a i n  l im it ,  t h e  a r c  c o n d u c t i v i t y  e x h i b i t s  n e g a t i v e  r e s i s t a n c e ,  

i . e .  t h e  a r c  v o l ta g e  fa l ls  w i th  i n c r e a s i n g  c u r r e n t  (V=^3/ I ) .  W hen t h e  

a r c  c u r r e n t  e x c e e d s  a  c e r t a i n  limit t h e  a r c  c o n d u c t i v i t y  d e m o n s t r a t e  

p o s i t i v e  r e s i s t a n c e ,  i . e .  t h e  a r c  v o l ta g e  i n c r e a s e s  w i th  t h e  a r c  c u r r e n t  

(V = ^+ ^  I )  . T h e  c om ple te  V - I  r e l a t i o n s h ip  is

V = ^  + ^2I + t 3/ l  ( e q u a t i o n - 4 .1 )

w h e r e  V a n d  I a r e  t h e  a r c  v o l ta g e  a n d  c u r r e n t  r e s p e c t i v e l y ,  a n d  ^ , 

a n d  a r e  p o s i t iv e  c o e f f ic ie n ts  d e p e n d i n g  on  t h e  a r c  s t a n d o f f .  In  

a  n o rm a l  w e ld in g  o p e r a t i o n ,

V = ^  + t,z I  ( e q u a t i o n - 4 .2 )  

p l a y s  a  d o m in a n t  p a r t  in  t h e  a r c  c h a r a c t e r i s t i c .
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T h e  in f lu e n c e  of p r o c e s s  v a r i a b l e s  on  t h e  a r c  a n d  f u s io n  c h a r a c 

t e r i s t i c s  h a s  b e e n  t h o r o u g h l y  i n v e s t i g a t e d .  K e n y o n  a n d  B o y c e 's  w o rk  

[87] s u g g e s t s  t h a t  b o t h  t h e  v o l t a g e  lev e l  a n d  t h e  g r a d i e n t  i n c r e a s e  w ith  

t h e  a r c  l e n g t h ,  a n d  s h o r t  s t i c k o u t s  t e n d  to  g iv e  a  h i g h e r  v o l ta g e  a t  

low c u r r e n t ,  b u t  a  lo w e r  v o l ta g e  a t  h i g h e r  c u r r e n t .  I t  is  t h o u g h t  [87] 

t h a t  t h e  e f f e c t  of e l e c t r o d e  g e o m e t ry  on  t h e  lev e l  a n d  t h e  s h a p e  of th e  

a r c  c h a r a c t e r i s t i c  is  n o t  g r e a t  e x c e p t  f o r  t h e  t h i n n e r  e l e c t r o d e s .  

H o w e v e r ,  S a v a g e  e t  al [88) c o n c lu d e  t h a t  w i th  a  s t r a i g h t  p o l a r i t y  a r c  

o p e r a t i n g  in  th e  c a th o d e  s p o t  m ode , t h e  i n c lu d e d  a n g le  a t  t h e  c on ica l  

t ip  of t h e  t u n g s t e n  e le c t r o d e  h a s  a s ig n i f i c a n t  i n f lu e n c e  on  t h e  a r c  

c h a r a c t e r i s t i c  a n d  t h e  w eld  p e n e t r a t i o n  a n d  w id th .  As t h e  t ip  a n g le  

i n c r e a s e s  t h e  v o l ta g e  lev e l  d e c r e a s e s  ( f i g u r e - 4 . 2 ) .  T h e  b e a d  w id th  fa l ls  

w i th  t h e  i n c r e a s i n g  t ip  a n g le  ( f i g u r e - 4 . 3 ) ,  b u t  t h e  r e v e r s e  a p p l i e s  

to  t h e  b e a d  p e n e t r a t i o n  ( f i g u r e - 4 . 4 ) .  I t  is  f o u n d  [89| t h a t  t h e  t o r c h  

a n g le  h a s  a  d e f in i te  e f f e c t  on  w e ld  p e n e t r a t i o n .  A t r a i l i n g  a n g le  

p r o d u c e s  a  h ig h  a n d  n a r r o w  b e a d .  T h e  in f lu e n c e  of t h e  t y p e  of 

s h ie ld in g  g a s  is  g e n e r a l l y  a g r e e d ,  w h e r e  a  m ix t u r e  of a r g o n  a n d  2% 

H 2 r e s u l t s  in  h i g h e r  a r c  v o l ta g e  t h a n  p u r e  a r g o n  [90]. T h e  in f lu e n c e  

of d u a l  g a s  s h ie ld in g  on  t h e  T IG  a r c  h a s  b e e n  s t u d i e d  b y  S c h u l tz  [90[. 

T h e  a n a ly s i s  of v o l ta g e  r e a d i n g s  s h o w s  t h a t  t h e  c o n s t r i c t i o n  of t h e  a r c  

is  in t e r m e d ia t e  b e tw e e n  T IG  a n d  p la s m a .  A n o t h e r  im p o r ta n t  f a c t o r  of 

t h e  T IG  p r o c e s s  is  t h e  t y p e  o f  w e ld in g  c u r r e n t  a n d  p o l a r i t y .  T h e  

w e ld in g  p o w e r  s u p p ly  c a n  b e  e i t h e r  d i r e c t  r e v e r s e  p o l a r i t y ,  d i r e c t  

s t r a i g h t  p o l a r i t y ,  o r  a l t e r n a t e  c u r r e n t .  With d i r e c t  r e v e r s e  p o l a r i t y ,  

t h e  t u n g s t e n  e le c t r o d e  is  c o n n e c t e d  a s  a n  a n o d e  a n d  s u b je c t  to  o v e r 

h e a t i n g .  T h e r e f o r e ,  t h e  a r r a n g e m e n t  is  r a r e l y  u s e d  a l t h o u g h  i t  h a s  t h e  

f u n c t io n  of r e m o v in g  o x id i s a t io n  from  t h e  w o rk  s u r f a c e . D i r e c t  s t r a i g h t  

p o l a r i t y  a v o id s  o v e r h e a t i n g  of t h e  t u n g s t e n ,  a n d  p r o d u c e s  a g r e a t  d e a l  

of h e a t i n g  on  t h e  w o rk p ie c e  w i th  t h e  r e s u l t  of  n a r r o w ,  d e e p - p e n e t r a t e d
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b e a d .  I t  a ls o  s t a b i l i s e s  t h e  a r c  d u e  to  n o  c h a n g e  of c u r r e n t  p o l a r i t y  

a n d  t h e  t u n g s t e n  c a th o d e .  T h u s  m ost  w e ld in g  a p p l i c a t i o n s  u t i l i s e  t h e  

d i r e c t  s t r a i g h t  p o l a r i t y . A com prom ise  o f  t h e  a b o v e  tw o is  a l t e r n a t e  

c u r r e n t ,  w h ic h  m ay b e  u s e d  f o r  w e ld in g  a lum in ium  a n d  i t s  a l lo y s .

T h e  b e h a v i o u r  of a  p u l s e d  p l a s m a - p u l s e d  G T A  a r c  h a s  b o o n  t h o r 

o u g h l y  s t u d i e d  [91, 92]. T h e  p u l s e  p a r a m e t e r s :  p e a k  c u r r e n t ,  b a c k 

g r o u n d  c u r r e n t ,  p e a k  tim e a n d  b a c k g r o u n d  tim e h a v e  c o n s id e r a b l e  

e f f e c t s  o n  th e  p e n e t r a t i o n  c h a r a c t e r i s t i c . T h e  i m p o r ta n t  im p l ic a t io n  is  

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

b e  c o n t r o l l e d  v ia  t h e  s e le c t io n  of t h e s e  p a r a m e t e r s . Cook e t  a l  [93] 

d i s c u s s  t h e  e f f e c t  of h i g h - f r e q u e n c y  ( ty p i c a l ly  5 KH z) p u l s i n g  o f  a  

w e ld in g  a r c .  I t  is  sh o w n  t h a t  t h e  a r c  p r e s s u r e ,  h e n c e  a r c  s t i f f n e s s ,  

of  t h e  p u l s e d  a r c  m ay b e  a s  m uch  a s  t e n  t im es  o f  t h e  e q u i v a l e n t  d c  

a r c .  T h e  e f f e c t  of p u l s i n g  a r c  e x h ib i t s  g r e a t e r  p e n e t r a t i o n  a n d  c a p a 

b i l i ty  of o v e ra l l  c o n t r o l .

4 . 2 . 2  T IG  W elding S e tu p

A t r a n s i s t o r  d . c .  w e ld in g  p o w e r  s u p p l y ,  APW T 300E C , w as  u s e d  to  

c a r r y  o u t  e x p e r im e n ta l  w o r k .  T h e  d i r e c t  s t r a i g h t  p o l a r i t y  w as  e m 

p l o y e d ,  i . e .  t h e  t u n g s t e n  e le c t r o d e  w as  c o n n e c t e d  a s  a  c a th o d e  a n d  

t h e  w o r k p ie c e  a s  a n  a n o d e . T h e  a d v a n t a g e s  of t h i s  a r r a n g e m e n t  a r e :

(1 )  L e s s  h e a t  on  t h e  c a th o d e ,  a v o id in g  o v e r h e a t i n g  of t h e  t u n g s t e n .

(2 )  S ta b le  a r c  d u e  to  t h e  t u n g s t e n  e le c t r o d e  a c t i n g  a s  a  c a th o d e .

(3 )  A b o u t  tw o t h i r d s  of to ta l  h e a t i n g  e n e r g y  o n  t h e  w o r k p ie c e ,  in  

f a v o u r  of b e a d  p e n e t r a t i o n .

A c o n s t a n t  c u r r e n t  was p r e f e r r e d .  I t  w as  p r e s e t  e a c h  tim e b e f o r e  

w e ld in g  s t a r t e d .  T h e  t u n g s t e n  d im e n s io n s  a n d  s e t u p  w e re  c h a n g e d  in
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d i f f e r e n t  s e t s  of e x p e r i m e n t s ,  b u t  H i - l i te  s h ie ld in g  g a s  w as  a lw a y s  

u s e d .

In  a  T IG  w e ld in g  s y s t e m ,  t h e  w ire  f i l le r  is  f e d  in to  t h e  w eld  p oo l ,  

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

t h e  w ire  c a n  b e  fe d  e i t h e r  f rom  t h e  r e a r  of t h e  p o o l ,  o r  f rom  th e  f r o n t  

of t h e  p o o l .  I n  t h i s  w o r k ,  t h e  w ire  w as  f e d  in  t h e  l a t t e r  w a y .

4 .3  S idew all  P e n e t r a t i o n  C o n tro l

A v a r i e t y  of NGW t e c h n i q u e s  w e re  d e ta i le d  in  c h a p t e r  2 . M ost of 

th em  in v o lv e  m ec h a n ic a l  w e a v in g  o r  r o t a t i o n  o f  t h e  t o r c h ,  o r  p r e 

d e fo r m in g  t h e  f i l le r  w i r e .  T h e  in t r o d u c t i o n  of m e c h a n ic a l  m ovem en t 

o f  t h e  t o r c h  c le a r ly  c o m p l ic a te s  t h e  w e ld in g  p r o c e s s .  T h e  r e p e a t a b i l i t y  

o f  a r c  o s c i l la t io n  o r  r o t a t i o n  is  o f te n  m ade  w o rs e  b y  p r e - d e f o r m i n g  th e  

f i l l e r  w i r e . I t  w as  d e c id e d  in  t h i s  p r o j e c t  t h a t  t h e  s id ew all  p e n e t r a t i o n  

c o n t r o l  s h o u ld  b e  im p le m e n te d  b y  m ea n s  of m a g n e t ic  a r c  o s c i l la t io n .  

A s a r e s u l t ,  l i t t l e  o r  no  m ec h a n ic a l  m ov em en t of t h e  t o r c h  is  i n v o lv e d .  

T h e  fo llow ing  d i s c u s s e s  t h e  b e h a v io u r  of a  w e ld in g  a r c  in  a m a g n e t ic  

f i e ld ,  a n d  t h e  t e c h n ic a l  s e t u p  of a  m a g n e t ic  a r c  o s c i l l a to r .

4 . 3 . 1  B e h a v io u r  of a  W eld ing  A rc  in  a  M ag n e tic  F ie ld

I t  h a s  b e e n  lo n g  r e a l i s e d  t h a t  t h e  w e ld in g  a r c  c a n  b e  d i s t o r t e d  o r  

f o r c ib ly  d i r e c t e d  a w a y  from  t h e  p o in t  of w e ld in g .  T h i s  p h e n o m e n o n ,  

k n o w  a s  m a g n e t ic  a r c  b lo w , w as  t h o r o u g h l y  e x p la in e d  b y  J a n n i n g s  a n d  

W hite [94]. T h e  c o n s e q u e n c e  of a r c  blow is  d e s ta b i l i s a t io n  o f  t h e  a r c ,  

h e n c e  d e f e c t iv e  w e ld s .  H o w e v e r ,  a n  e x t e r n a l  m a g n e t ic  f ie ld  c a n  b e  u s e d  

to  c o n t r o l  t h e  a r c ,  if  p r o p e r l y  d e s i g n e d .  In  f a c t ,  t h i s  s u b je c t  h a s
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d r a w n  m uch  a t t e n t i o n  f ro m  r e s e a r c h e r s ,  p a r t i c u l a r l y  in  U S S R , in  t h e  

1960 's  [95 - 98|.

I n  r e l a t i o n  to  t h e  w e ld in g  d i r e c t i o n ,  a n  e x t e r n a l  m a g n e t ic  f ie ld  c a n  

b e  a p p l i e d  in  t h r e e  d i f f e r e n t  w a y s  ( f i g u r e - 4 . 5 )  :

( a )  A lo n g i tu d in a l  m a g n e t ic  f i e ld ,  i . e .  o n e  p a r a l le l  to  t h e  e l e c t r o d e  

a x i s .

( b )  A t r a n s v e r s e  m a g n e t ic  f ie ld  p a r a l le l  to  t h e  w e ld in g  d i r e c t i o n .

( c )  A t r a n s v e r s e  m a g n e t ic  f ie ld  p e r p e n d i c u l a r  to  t h e  w e ld in g  d i 

r e c t i o n  a n d  th e  e l e c t r o d e .

T h e  in f lu e n c e  of a  l o n g i tu d in a l  m a g n e t ic  f ie ld  on  a n  e l e c t r i c  a r c  h a s  

b e e n  s t u d i e d  b y  L e v a k o v  a n d  L y u b a v s k i  [95]. T h e  i n t e r a c t i o n  of t h i s  

t y p e  of m a g n e t ic  f ie ld  c a n  r o t a t e  t h e  a r c ,  o r  p r o d u c e  a  c o n ic a l  a r c  

c o lu m n , o r  r e s u l t  in  a n  u n s t a b l e  a r c  w i th  v a r i a b le  s h a p e .  I t  w as  f o u n d  

t h a t  t h e  con ica l  a r c  m a in ta in e d  i t s  s t a b i l i t y ,  a n d  w as  a n  e f f i c i e n t  s o u r c e  

of h e a t  f o r  w e ld in g  s l e n d e r  t u b e s  in to  a p l a t e .

K o v a le v  a n d  A k u lo v  [96] d i s c u s s  t h e  s t a b i l i t y  o f  a  T IG  a r c  in  a  

t r a n s v e r s e  m a g n e t ic  f ie ld  a n d  m e th o d s  to  im p ro v e  t h e  a r c  s t a b i l i t y .  

A s a  r e s u l t  o f  t e s t s  m ade  o n  d i f f e r e n t  m a te r i a ls  u s i n g  a  GTAW a r c  

s u b je c t  to  a  t r a n s v e r s e  m a g n e t ic  f i e ld ,  H ic k e n  a n d  J a c k s o n  [97| p o in te d  

o u t  t h a t  b e n e f ic ia l  e f f e c t s  w e re  o n ly  e v i d e n t  w h e n  t h e  a r c  w as  d e f l e c t e d  

f o r w a r d  w ith  r e s p e c t  to  t h e  w e ld in g  d i r e c t i o n .  A rc  d e f l e c t io n  in  a 

t r a n s v e r s e  m a g n e t ic  f ie ld  h a s  b e e n  i n v e s t i g a t e d  b y  K o v a le v  [98], S e r d y u k  

[99|, a n d  B a c k e li s  [100], I n  g e n e r a l ,  i t  w as  r e l a t e d  to  t h e  m a g n i tu d e  of 

t h e  m a g n e t ic  f ie ld ,  w e ld in g  c u r r e n t ,  a r c  s t a n d o f f  a n d  t h e  t y p e  of 

p a r e n t  m a te r ia l .  P r a c t i c a l  u s e s  of e x t e r n a l  m a g n e t ic  f ie ld  h a v e  b e e n  

r e p o r t e d  in  e a r l i e r  y e a r s .  S e r d y u k  [101] d e s c r i b e s  t h e  m a g n e t ic  r o t a t i o n
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of a  w e ld in g  a r c  b e tw e e n  c o n c e n t r i c  e l e c t r o d e s  ( f i g u r e - 4 . 6 ) .  T h e  t u b e  

to  b e  w e ld e d  w as  u s e d  a s  th e  i n n e r  e l e c t r o d e ,  t h e  o u t e r  e l e c t r o d e  w as  

a  hollow  r i n g  of e le c t i 'o ly t ic  c o p p e r  w h ic h  w as  c o n c e n t r i c  to  t h e  t u b e .  

O n c e  t h e  a r c  w as  s t r u c k  b e tw e e n  t h e  c o n c e n t r i c  e l e c t r o d e s ,  i t  w as  

r o t a t e d  a n d  c o n t r o l le d  b y  a  t r a n s v e r s e  m a g n e t ic  f ie ld .  C o n s e q u e n t l y ,  

a  c i r c u m f e r e n t i a l  w eld  b e a d  w as p r o d u c e d .  H ic k e n  e t  al [ 102) a p p l i e d  a 

t r a n s v e r s e  m a g n e t ic  f ie ld  p a ra l le l  to  t h e  w e ld  l in e  to  a  GTAW a r c . T h e  

a r c  w as  t h e r e f o r e  d e f l e c t e d  a c r o s s  t h e  j o in t .  A s im ila r  a r c  d e f l e c t io n  

s y s te m  is  d e s c r i b e d  b y  D em insk i  a n d  D y a t lo v  [103], b u t  a p p l i e d  to  a r c  

w e ld in g  w i th  a  c o n s u m a b le  e l e c t r o d e .  M ost r e c e n t l y ,  H u g h e s  a n d  

W alduck  [104], b o th  in  C o v e n t r y  P o ly te c h n ic ,  h a v e  d e v e lo p e d  r o b o t  

p la sm a  w e ld in g  of t h in  p l a t e s  e m p lo y in g  e le c t r o m a g n e t ic  a r c  c o n t r o l .  

T h e  b e n e f ic ia l  e f f e c t s  w e re  h i g h - f r e q u e n c y  w e a v in g  to  c o m p e n s a te  f o r  

p o o r  jo in t  f i t - u p ,  a n d  im p ro v e m e n t  of b e a d  a p p e a r a n c e .  I t  is  g e n e r a l l y  

a g r e e d  t h a t  t h e  a p p l i c a t io n  of a m a g n e t ic  f ie ld  h a s  t h e  fo llow ing  a d 

v a n t a g e s  :

(1 )  I m p r o v in g  w eld  s u r f a c e  a p p e a r a n c e .

(2 )  I n c r e a s i n g  t h e  w e ld in g  s p e e d  a t  w h ic h  u n d e r c u t - f r e e  w e ld s  c a n  

b e  m a d e .

(3 )  I m p r o v in g  w e ld  pool so l id i f ic a t io n  c o n d i t io n s ,  h e n c e  t h e  m e

c h a n ic a l  p r o p e r t i e s  of w e ld ed  jo in t s .

4 . 3 . 2  M a g n e t ic  A rc  O sc i l la t io n  in  NGW

T o  r e a l i s e  m a g n e t ic  a r c  o s c i l la t io n ,  i t  i s  e s s e n t i a l  to  d e s ig n  a  m a g n e t  

to  g e n e r a t e  a  m a g n e t ic  f ie ld .  T h e  e le c t r o m a g n e t  w as  b u i l t  w i th  a n  i r o n  

r o d  w r a p p e d  b y  1 0 0 - tu r n  coil ( f i g u r e - 4 . 7 ) .  I t  i s  e n c lo s e d  in  a  c y l i n 

d r i c a l  a lum in ium  c a s e .  A w a te r  c o o ling  t u b e  is  a t t a c h e d  to  t h e  c a s e  to  

p r e v e n t  o v e r h e a t i n g  of t h e  m a g n e t .  A n e le c t r o m a g n e t ic  f ie ld  is  g e n 
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e r a t e d  o n c e  a c u r r e n t  p a s s e s  t h r o u g h  t h e  m a g n e t ic  co il .  A d o p t io n  of 

a n  e le c t r o m a g n e t ic  f ie ld  a llow s f le x ib i l i ty  in  c o n t r o l l i n g  t h e  f ie ld  p a t 

t e r n ,  h e n c e  t h e  a r c  d e f l e c t i o n .  T h e  d e s i g n  e m p lo y s  a  s in g l e - p o le  p r o b e  

r a t h e r  t h a n  c o n v e n t io n a l  d o u b l e - p o l e .  T h u s  t h e  m a g n e t  c a n  b e  m ade 

c o m p a c t ,  a n d  e a s i ly  a t t a c h e d  to  th e  t o r c h  in  a  n a r r o w  g r o o v e .  A l

t h o u g h  a  s in g l e - p o le  e le c t r o m a g n e t  p r o d u c e s  l e s s  c o n c e n t r a t e d  m a g n e t ic  

f ie ld  t h a n  a d o u b l e - p o l e ,  l a t e r  e x p e r im e n ta l  r e s u l t s  show  t h a t  a  s u f f i 

c i e n t  m a g n e t ic  f ie ld  is  g e n e r a t e d  a t  t h e  t u n g s t e n  t ip  to  d e f l e c t  t h e  a r c  

a s  r e  q u i r e  d .

T h e  f ie ld  i n t e n s i t y  is  d e te r m in e d  b y  t h e  coil l e n g t h  (1 ),  n u m b e r  of 

t u r n s  (N )  a n d  coil c u r r e n t  ( I )  [105], t h a t  i s ,

B = NI/1 ( e q u a t i o n - 4 .3 )

T h e  f lu x  d e n s i t y ( H )  [105], w h ic h  will b e  u s e d  to  r e p r e s e n t  f ie ld  

s t r e n g t h ,  c a n  b e  e x p r e s s e d  a s :

H = |i()p N I / l  ( e q u a t i o n - 4 .4 )

w h e r e  is  1 .2 6  x 10 ® ( T x m / A ) ,  a n d  is  r e l a t i v e  p e r m e a b i l i t y .  

C le a r ly ,  f o r  a s e le c te d  coil t h e  f ie ld  s t r e n g t h  is  o n ly  a f f e c te d  b y  th e  

coil c u r r e n t .

I t  m u s t  b e  n o t e d  t h a t  VHF ( a r o u n d  200 KH z) s ig n a l s  a r e  w id e ly  u s e d  

in  w e ld in g  p o w e r  s u p p l i e s ,  s u c h  a s  a r c  s t r i k i n g .  When p a s s i n g  

c a p a c i to r s  a n d  i n d u c t o r s ,  t h e s e  s ig n a l s  in d u c e  a n  e x t r e m e ly  h ig h  

v o l t a g e ,  l e a d in g  to  d am age  of t h e  c o m p u te r .  T h e r e f o r e ,  b o th  t h e  i ro n
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c o re  a n d  m a g n e t  c a s e  m u s t  b e  g r o u n d e d .  G r o u n d in g  th e  i r o n  c o re  a lso  

p r e v e n t s  p o s s ib le  a r c  s t r i k i n g  b e tw e e n  t h e  t u n g s t e n  a n d  i t s e l f .

T h e  e le c t r o m a g n e t  is  p la c e d  b e h in d  t h e  e l e c t r o d e ,  g e n e r a t i n g  a  

t r a n s v e r s e  m a g n e t ic  f ie ld  p a r a l le l  to  t h e  w e ld  l in e .  A s  a  r e s u l t ,  t h e  

a r c  is  m a g n e t ic a l ly  d e f l e c t e d  in  t h e  d i r e c t i o n  p e r p e n d i c u l a r  to  t h e  

w e ld in g  d i r e c t i o n .  B y  a p p ly i n g  a n  a . c .  c u r r e n t  to  t h e  m a g n e t ic  co il ,  

a n  a l t e r n a t i n g  m a g n e t ic  f ie ld  is  p r o d u c e d ,  d e f l e c t i n g  t h e  a r c  t o w a r d s  

l e f t  s id ew all  a n d  r i g h t  s id ew al l  a l t e r n a t i v e l y .  T h e r e f o r e ,  c o n t r o l  of b o th  

s id e w a l l  p e n e t r a t i o n s  is  r e a l i s e d .

T h e  d i s t a n c e  b e tw e e n  th e  m a g n e t  a n d  t h e  e l e c t r o d e  is  c r u c i a l  in  

t e r m s  of t h e  f lu x  d e n s i t y  a c r o s s  t h e  a r c .  S in c e  t h e  f lu x  d e n s i t y  d e c a y s  

in  p r o p o r t i o n  to  th e  s q u a r e  of t h e  d i s t a n c e ,  a  s h o r t  d i s t a n c e  b e tw e e n  

th e  e le c t r o m a g n e t  a n d  t h e  e l e c t r o d e  is  n e e d e d  to  p r o d u c e  a s t r o n g  a r c  

d e f l e c t i o n .  H o w e v e r ,  t h i s  r i s k s  a r c  s t r i k i n g  b e tw e e n  t h e  e l e c t r o d e  a n d  

t h e  m a g n e t ,  a n d  o v e r h e a t i n g  of t h e  m a g n e t .  I t  w as  fo u n d  t h a t  a  d i s 

t a n c e  of 5 mm b e tw e e n  t h e  e l e c t r o m a g n e t  a n d  th e  e l e c t r o d e  is  a  c o n 

v e n i e n t  c o m prom ise .

4 .4  C o n t r o l  S y s tem  of N a r ro w  G ap  T IG  W elding

T h e  o v e ra l l  c o n t r o l  s y s te m  f o r  n a r r o w  g a p  T IG  w e ld in g  is  s h o w n  in  

f i g u r e - 4 . 8 .  I t  c o n s i s t s  of a  h o s t  c o m p u te r ,  a  w e ld in g  r i g  a n d  m a n ip u 

l a t o r ,  a  p e n d a n t  c o n t r o l l e r ,  a n  a r c  o s c i l la t io n  c o n t r o l l e r  ( c o n t a in i n g  a 

v o l ta g e  s e n s o r )  a n d  a v is io n  s e n s o r .  T h e  f o rm e r  t h r e e  s u b s y s t e m s  a r e  

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

c o n t r o l l e r  ( h a r d w a r e  a n d  s o f tw a r e )  a n d  t h e  v i s io n  s y s te m  a r e  t h e  

s u b j e c t s  of n e x t  t h r e e  c h a p t e r s .
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4 . 4 . 1  H o s t  C o m p u te r

I n  t h e  c o n t r o l  s y s te m  s h o w n  in  f i g u r e - 4 . 8 ,  d e d i c a t e d  m ic r o c o m p u te r s  

h a v e  b e e n  b u i l t  f o r  e n v i r o n m e n t - o r i e n t e d  c o n t r o l .  T h e s e  c u s to m - b u i l t  

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

in e f f i c i e n t  to  c a r r y  o u t  m ore  c o m p l ic a te d  a n d  f le x ib le  p r o c e s s i n g .  I t  

w as  d e c id e d  to  u s e  a  h o s t  c o m p u te r  to  a s s i s t  t h e  c o n t r o l  s y s te m .

F o r  a c o n s id e r a t io n  of econom y  a n d  e f f i c i e n c y ,  a  p e r s o n a l  c o m p u te r  

( P C )  is  p r e f e r r e d  to  a small s y s te m .  T o  d a t e ,  m any  PC  fam ilies  a r e  

a v a i la b le  in  t h e  m a r k e t ,  8 - b i t  a n d  1 6 -b i t  m ic ro c o m p u te r s  b e in g  tw o m ain 

c a t e g o r i e s .  A 1 6 -b i t  PC  is f a s t e r  a n d  m ore  e f f i c i e n t  t h a n  a  8 - b i t  P C ,  

b u t  m ore  e x p e n s i v e .  A m ong m any  m a n u f a c t u r e r s ,  IBM d o m in a te s  th e  

PC  m a r k e t .  T h e  m ost  p o p u l a r  fam ily  is  IB M -PC  A T /X T .  M any o t h e r  

m a n u f a c t u r e r s  p r o d u c e  IBM c o m p a t ib le  m a c h in e .  In  t h i s  p r o j e c t  a 

IB M -PC  A T  is  s e le c te d  a s  t h e  h o s t  c o m p u te r  d u e  to  i t s  c o m p e t i t iv e  

p e r f o r m a n c e .

T h e  h o s t  IBM PC  A T  [106] h a s  a 1 6 -b i t  I n te l  80286 C PU , a n d  a n  80287 

c o p r o c e s s o r  w h ic h  e n h a n c e s  t h e  c o m p u t in g  s p e e d s .  T h e  CPU h a s  a 

c lo ck  f r e q u e n c y  of 6 MHz. T h e  PC  is  r u n n i n g  u n d e r  t h e  DOS 3.00(107, 

108], A p o w e r fu l  f e a t u r e  of a n  IBM PC  is  t h a t  a  v a r i e t y  of com m erc ia l  

s o f tw a r e  p a c k a g e s  a r e  a v a i la b le  f o r  i t ,  w h ic h  u n d o u b t e d l y  f a c i l i t a t e s  

t h e  u s e r ' s  a p p l i c a t io n .

T h e  h o s t  c o m p u te r  p e r f o r m s  t h e  fo llow ing  t a s k s :

(1 )  W ork a s  a  c e n t r a l  p r o c e s s o r  in  com m un ica t ion  w ith  c u s to m - b u i l t  

c o m p u te r s  s u c h  a s  t h e  r i g  m a n ip u la to r  a n d  p e n d a n t  c o n t r o l l e r .
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(2 )  W ork a s  a  s e n s i n g  p r o c e s s o r .  S e n s o r  d a t a  s u c h  a s  a r c  v o l ta g e  

a r e  p a s s e d  o n  to  t h e  h o s t  PC f o r  r e a l - t im e  p r o c e s s i n g .  T h e  h o s t  com 

p u t e r  n e e d s  to  s u p p o r t  a f ra m e  s to r e  w h ic h  d i g i t i s e s  a n d  s t o r e s  a n  

i m a g e .

(3 )  T h e  u s e r  w o r k s  on  t h e  m ac h in e  to  w r i t e ,  com p ile ,  d e b u g  a n d  

t e s t  p r o g r a m s .

4 . 4 . 2  W eld ing  R ig  a n d  M a n ip u la to r .

A t h r e e  d e g r e e  of f re e d o m  t e s t - r i g  ( f i g u r e - 4 . 9 )  w as  u s e d  to  m a

n i p u la te  t h e  w e ld in g  t o r c h .  I t  c a n  m ove t h e  t o r c h  u p  a n d  d o w n  ( a x i s  

A ) ,  l e f t  a n d  r i g h t  ( a x i s  B :  a c r o s s  t h e  g a p ) ,  a n d  b a c k  a n d  f o r t h  ( a x i s  

C : w e ld in g  d i r e c t i o n ) .  E ach  m ovem en t is  d r i v e n  b y  a  s t e p p i n g  m o to r ,  

a n d  c o n t r o l le d  b y  a m a n ip u la to r  b a s e d  o n  8086 CPU |109|. T h e  m a n i p u 

l a t o r  c a n  a lso  c o n t r o l  tw o a d d i t io n a l  s t e p p i n g  m o to r s ,  o n e  f o r  w o r k p ie c e  

m ov em en t a n d  a n o t h e r  one  f o r  w ire  f e e d i n g .  T h e  m an u a l  c o n t r o l  o f  t h e  

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

t h e  fo llo w in g .

4 . 4 . 3  P e n d a n t  C o n t r o l l e r

T o  f a c i l i ta te  w e ld in g  t e s t s ,  a  p e n d a n t  c o n t r o l l e r  h a s  b e e n  d e s i g n e d .  

F i g u r e - 4 . 1 0  sh o w s  t h e  8085 c o m p u te r  b o a r d .  I t s  b lo c k  d ia g r a m  is  i l 

l u s t r a t e d  in  f i g u r e - 4 . 1 1 .  B a s ic a l ly ,  i t  c o n s i s t s  of a n  I n te l  8085 CPU[109|, 

a  2764 (8 k  x  8) RAM a s  a  s to r e  f o r  t e m p o r a r y  d a t a ,  a n  6264 (8 k  x  8) 

ROM s t o r i n g  c o n t r o l  s o f tw a r e ,  a n d  I /O  p e r i p h e r a l s .  T h e  d e ta i l e d  c i r c u i t  

d ia g ra m  is  s h o w n  in  f i g u r e - 4 . 1 2 ,  a n d  t h e  c o m p o n e n ts  u s e d  a r e  l i s t e d  

in  a p p e n d i x - A l .  Tw o 74LS138 T T L  c h ip s  [110] w e re  u s e d  to  g e n e r a t e  

all c h ip  s e le c t s  a s  fo llows ( in  h e x ) :
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C h ip  S e le c t A d d r e s s

2764 (ROM) 0000-1 F F F

6264 (RAM) 0 000-9F F F

8256 (U A R T ) 0000

fiPD7002 A /D 0200

74C922 0400

DMX402 D is p la y 0600

I /O  p e r i p h e r a l s  i n c lu d e  a  s e r i a l  c h a n n e l ,  a n  A /D  c o n v e r t e r ,  a 

k e y p a d  a n d  a  d i s p l a y .  T h e  s e r i a l  c h a n n e l  e n a b le s  c o m m u n ica t io n  b e 

tw e e n  t h e  p e n d a n t  c o n t r o l l e r  a n d  t h e  h o s t  IBM P C . I t  w o r k s  v ia  t h e  

CPU h a r d w a r e  i n t e r r u p t  R S T 6 .5 .  When th e  p e n d a n t  c o n t r o l l e r  s e n d s  

d a t a  to  o r  r e c e iv e s  d a ta  from  t h e  h o s t  IBM P C ,  a n  i n t e r r u p t  s ig n a l  is 

g e n e r a t e d  a t  R S T 6 .5 ,  t h e  8085 CPU h a l t s  t h e  m ain  p r o g r a m  u n t i l  all 

d a t a  is  s e n t  o r  r e c e i v e d .  L ik e w ise ,  t h e  h a r d w a r e  i n t e r r u p t  R S T 7 .5  of 

8085 CPU w as  u s e d  f o r  k e y p a d  r e a d i n g .  O nce  a  k e y  is  s t r u c k ,  a n  i n 

t e r r u p t  is  p e n d i n g .  T h e  CUP h a l t s  t h e  m ain p r o g r a m  a n d  r e a d s  t h e  

k e y  c o d e ,  t h e n  r e t u r n s  to  t h e  m ain  p r o g r a m .  In  c o n t r a s t ,  

p o t e n t io m e te r s  r e a d i n g  a n d  w r i t i n g  to  t h e  d i s p l a y  w e re  im p le m e n te d  

v ia  p o l l in g  s t a t u s .  T h e  CPU c o n t in u e s  p o l l in g  till  t h e  I /O  d e v ic e s  a r e  

r e a d y ,  t h e n  c a r r i e s  o u t  I /O  r e a d i n g  o r  w r i t i n g .  A ^PD7002 A /D  [111] 

w as  u s e d  to  i n t e r f a c e  t h e  j o y s t i c k s  to  t h e  s y s te m  b u s .  I t s  f o u r

c h a n n e l s  w e re  c o n n e c t e d  to  f o u r  p o t e n t i o m e t e r s . W h e n e v e r  t h e  CPU 

e n t e r s  t h e  r e a d i n g  r o u t i n e ,  i t  d o e s  n o t  e x i t  u n t i l  all f o u r  c h a n n e l s  a r e  

r e a d .  T h e  d i s p l a y  is  a  s low d e v ic e .  T o  e n s u r e  s u f f i c i e n t  t im e f o r  

w r i t i n g  to  i t ,  a  w a it  c lo ck  cy c le  w as g e n e r a t e  v ia  h a r d w a r e .  T h e  t im in g  

w a v e fo rm  is  s h o w n  in  f i g u r e - 4 . 1 3 .
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T h e  p e n d a n t  c o n t r o l  f u n c t i o n s  is  i l l u s t r a t e d  in  f i g u r e - 4 . 1 4 .  T h e s e  

a r e  f u r t h e r  e x p la in e d  a s  fo l lo w s :

(1 )  D R IV E: d r i v e  e a c h  a x is  u s in g  th e  j o y s t i c k s ,  a x i s  lo c a t io n s  a r e  

s im u l ta n e o u s ly  d i s p l a y e d .  In  m o d e l  a x i s  A , B , C a n d  D a r e  m o v ab le ,  

in  m ode 2 a x is  C , D a n d  E a r e  m o v a b le .  F i g u r e - 4 .1 5  sh o w s  th e  flow 

c h a r t  of t h e  d r i v e  m o d e l .

(2 )  P R E S E T : s e t  u p  a x is  lo c a t io n s .

(3 )  DATUM: move th e  t o r c h  to  t h e  in i t ia l  p o s i t io n .

(4 )  GO: move t h e  t o r c h  to  t h e  px-esct p o s i t io n

(5 )  I_WAVE: s e le c t  w e ld in g  c u r r e n t  w a v e  pax*ametex*s, i . e .  p e a k  

c u r r e n t ,  p e a k  t im e , b a c k g r o u n d  c u r r e n t  a n d  b a c k g i ’o u n d  t im e.

(6 )  WELD_PA: s e le c t  s u c h  p a r a m e t e r s  a s  w e ld in g  s p e e d ,  wii'e f e e d  

s p e e d ,  w e a v in g  w id th  a n d  w e a v in g  f i - e q u e n c y .

(7 )  SEN SO R : s w i tc h  o n / o f f  s e n s o r s .

T h e  s o f tw a r e  im p lem e n tin g  t h e  a b o v e  c o n t r o l  f u n c t io n  is  w r i t t e n  in  

8085 a s s e m b le r  [112] a n d  l i s t e d  in  a p p e n d i x - B l

In  t h i s  c h a p t e r ,  T IG  w e ld in g  procedux*es a n d  t h e  t e c h n i q u e  to  c o n 

t r o l  a r c  o s c i l la t io n  h a s  b e e n  d i s c u s s e d .  E x p e r im e n ta l  a p p a r a t u s  s u c h  

a s  h o s t  IBM P C ,  w e ld in g  r i g  a n d  m a n ip u la to r ,  a n d  p e n d a n t  c on ti-o lle r  

a r e  a ls o  c o v e r e d .  T h e  p a t t e r n  of t h e  m a g n e t ic  f ie ld ,  h e n c e  t h e  fu s io n  

c h a r a c t e r i s t i c ,  i s  c o n t r o l le d  b y  a c u s to m - b u i l t  m ic r o c o m p u te r .  Hax*d- 

w a re  d e s ig n  o f  t h e  c o m p u te r  c o n t r o l l e r  will b e  d i s c u s s e d  in  t h e  n e x t  

c h a p t e r .
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F i g u r e - 4 . 1  T y p i c a l  a r c  c h a r a c t e r i s t i c  f o r  a n  a r g o n  a r c
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F i g u r e - 4 . 2 E f f e c t  o f  v e r t e x  a n g l e  o f  c o n ic a l  t i p  o n  a r c  
c h a r a c t e r i s t i c
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F i g u r e - 4 . 3  E f fe c t  of v e r t e x  a n g le  of c on ica l  t ip  on  w e ld  w id th

F i g u r e - 4 .4  E f fe c t  of v e r t e x  a n g le  o f  co n ica l  t ip  on  w eld  
p e n e t r a t i o n
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TRAVEL DIRECTION

F i g u r e - 4 . 5  T h r e e  t y p e s  of m a g n e t ic  f ie ld s  in  r e l a t io n  to  
t h e  w e ld in g  d i r e c t i o n

F i g u r e - 4 . 6  M a g n e t ic  r o t a t i o n  of a  w e ld in g  a r c  b e tw e e n  
c o n c e n t r i c  e l e c t r o d e s .  1, i n n e r  e l e c t r o d e ;  2 , o u t e r  
e l e c t r o d e ;  3 ,  w a te r  co o lin g  d u c t ;  4 ,  i n t e r n a l  f la n g e
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WELDING DIRECTION  
■-------------------------------------  TORCH
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5 .  HARDWARE OF ARC OSCILLA TION CONTROLLER

5 .1  I n t r o d u c t i o n

With t h e  d e v e lo p m e n t  of c o m p u te r  t e c h n o l o g y ,  m ore  a n d  m ore  i n 

d u s t r i a l  m a n u f a c t u r in g  p r o c e s s e s  h a v e  a d o p te d  c o m p u te r  conti*ol. I t  is 

p a r t l y  b e c a u s e  m any  t a s k s  c a n n o t  b e  a u to m a te d  w i th o u t  a  c o m p u te r ,  

a n d  p a r t l y  b e c a u s e  p o m p u te r  c o n t r o l  is  p r o g ra m m a b le  a n d  f l e x i b l e . 

T h e  c o m p le x i ty  of c o m p u te r  v a r i e s  f ro m  m a in f ra m e ,  m in ic o m p u te r ,  to  

m ic ro c o m p u te r  1113). T h e  te rm  "m a in fram e"  is  u s e d  a s  a  d e s ig n a t io n  of 

m ed ium - a n d  l a r g e - s c a l e  c o m p u te r s  w h ic h  c o n ta in s  a  "m ain  f r a m e " .  

T h e  c e n t r a l  p r o c e s s o r  a n d  m ain  m em ory  a r e  o f t e n  h o u s e d  in  a  c a b in e t ,  

s e p a r a t e  from  th e  p e r i p h e r a l  d e v ic e s  a n d  d e v ic e  c o n t r o l l e r s . M any 

u s e r s  c a n  s h a r e  t h e  r e s o u r c e s  of a  l a r g e  a n d  e x p e n s i v e  m a in f ra m e .  

M in ic o m p u te r  c a n  b e  b r o a d ly  c la s s i f i e d  a s  1 2 - ,  1 8 - ,  2 4 - ,  o r  3 2 - b i t  w o rd  

l e n g t h  m ac h in e  w ith  r e a l  m em ory  s ize  of 1GK - 8M b y t e s  in  m o d u le s  of 

1GK o r  64K b y t e s .  N e a r ly  all m in ic o m p u te r s  em p lo y  a p a ra l le l  i n t e r n a l  

p r o c e s s o r  s t r u c t u r e  w ith  a h ig h  s p e e d  b u s  a n d  a  c lock  r a t e  of 1-10 

MHz. M in ic o m p u te rs  a r e  v e r y  s im ila r  to  m a in f ra m e s ,  b u t  d i f f e r  in  th e  

fo llow ing  f e a t u r e s .

(1 )  M in ic o m p u te rs  w i th  l e s s  t h a n  3 2 - b i t  w o rd  l e n g t h  h a v e  l im ited  

p r e c i s i o n s .

(2 )  W rit ing  u s e r  p r o g r a m s  in  a s s e m b ly  l a n g u a g e  is  m ore  common.

(3 )  Some r u n  in  a n  o p e n - s h o p  e n v i r o n m e n t .

(4 )  Some o p e r a t e  in  a  d e d ic a te d  e n v i r o n m e n t .

(5 )  No l a r g e  a n d  com plex  o p e r a t i n g  s y s t e m s .

S in c e  m a in f ra m e s  a n d  m in ic o m p u te r s  a r e  l a r g e  a n d  e x p e n s i v e ,  in  m any  

c a s e  i t  is  in e f f ic ie n t  to  u s e  them  to  c o n t r o l  a  small i n d u s t r i a l  p r o c e s s .
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In  c o n t r a s t ,  m ic r o c o m p u te r s  h a v e  fo u n d  w ide  a p p l i c a t io n  in  i n d u s t r i a l  

a u to m a t i o n .

A m ic ro c o m p u te r  is  m ade  u p  of a  m ic i-o p ro c e s s o r ,  m e m o ry ,  I /O  

i n t e r f a c e  u n i t s ,  a n d  o t h e r  log ic  c h i p s .  A m ic r o p r o c e s s o r ,  o r  m ic ro 

p r o c e s s i n g  u n i t  (M PU ), is  a  c e n t r a l  p r o c e s s i n g  u n i t  (C P U ) b u i l t  a s  a 

s in g le  s e m ic o n d u c to r  c h ip .  I t  c o n ta in s  t h e  a r i t h m e t i c  log ic  u n i t  (A LU ) 

a n d  c o n t r o l  log ic  c i r c u i t r y  n e c e s s a r y  to  p e r f o r m  th e  o p e r a t i o n s  o f  a 

c o m p u te r  p r o g r a m .  A m ic ro c o m p u te r  c a n  a p p e a r  in  eithei* of t h e  two 

f o rm s :  com m ercial p e r s o n a l  c o m p u te r  (P C )  a n d  c u s to m - b u i l t  m ic r o 

c o m p u t e r .  A com m ercial P C ,  s u c h  a s  th e  IBM PC u s e d  in  t h i s  p r o j e c t ,  

h a s  u n i v e r s a l  I /O  p e r i p h e r a l s  ( e . g .  m o n i to r ,  k e y b o a r d ,  p r i n t e r ,  e t c ) .  

I t  i s  e a s i ly  e x p a n d a b l e ---- b o t h  i n t e r n a l l y  a n d  b y  a d d i t io n  of p e r i p h 

e r a l s .  I t  s u p p o r t s  com m ercial s o f tw a r e  p a c k a g e s  a n d  u t i l i t i e s ,  a n d  is  

o f t e n  u s e d  a s  a g e n e r a l - p u r p o s e  m ac h in e  f o r  p e r s o n a l  p r o g r a m m in g .  

O n t h e  o t h e r  h a n d ,  a  c u s to m - b u i l t  m ic ro c o m p u te r  is  o r i e n t e d  to  t h e  

c o n t r o l  t a s k s  d e f in e d  b y  a  p a r t i c u l a r  p r o c e s s .  I t  is  o f t e n  m ade  o n  a 

s in g le  b o a r d ,  so is  c a l le d  s in g le  b o a r d  c o m p u te r  ( S B C ) .  A l th o u g h  

s t a n d a r d  8- a n d  1 6 -b i t  s in g le  b o a r d  c o m p u te r s  a r e  com m erc ia l ly  a v a i l 

a b le ,  i t  w as  d e c id e d  to  d e v e lo p  a  d e d ic a t e d  m ic ro c o m p u te r  to  c o n t r o l  

a r c  o s c i l la t io n  in  t h i s  p r o j e c t .

S in c e  t h e  c e n t r a l  p r o c e s s o r  u s e d  in  t h i s  w o rk  is  a n  IBM PC  A T  w h ic h  

h a s  a  1 6 -b i t  80286 C PU , a  CPU from  t h e  8086/8088  fam ily  [114| is  p r e 

f e r r e d  f o r  t h e  c u s to m - b u i l t  c o m p u te r .  An In te l  8088 CPU w as  t h e n  

s e le c te d  to  c o n s t r u c t  t h e  m ic r o c o m p u te r .  F i g u r e - 5 . 1  sh o w s  t h e  p h o 

t o g r a p h i e s  of th e  c o m p u te r .  T h e  m ic ro c o m p u te r  c o n s i s t s  of a n  I n te l  

8088 CPU a n d  i t s  s u p p o r t i n g  c o m p o n e n ts  in c lu d in g  m em o rie s ,  I /O  

i n t e r f a c e  u n i t s ,  a n d  e r a s a b l e  p r o g ra m m a b le  log ic  d e v ic e s  (E P L D ) ,  a s
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s h o w n  in  f i g u r e - 5 . 2 .  T h e  d e ta i le d  c i r c u i t  d ia g ra m  is d r a w n  in 

f i g u r e - 5 . 3 .  A p p e n d ix -A 2  l i s t s  m ajo r  c o m p o n e n ts  f o r  t h e  c o m p u te r  

b o a r d . T h e  fo llow ing  d e ta i l s  t h e  h a r d w a r e  d e s i g n .

5 .2  8088 CPU a n d  I t s  S u p p o r t i n g  C o m p o n e n ts

T h e  I n te l  8088 CPU [109] is  a 1 6 -b i t  m ic r o p r o c e s s o r .  I t  f e a t u r e s  a n  

8 - b i t  d a t a  b u s ,  b u t  1 6 -b i t  i n t e r n a l  p r o c e s s i n g .  T h e  20 a d d r e s s  l inos  

a r e  a b le  to  a d d r e s s  1M byte m em ory  s p a c e .  T h e  CPU , w o r k in g  in  t h e  

minimum m ode , is  d r i v e n  b y  t h e  c lo ck  g e n e r a t o r  a n d  d r i v e r  8284A. 

T h e  i n p u t  c lo ck  to  th e  8284A is  a  14 .31818  MHz c r y s t a l ,  t h e r e f o r e  

p r o v i d i n g  a  4 .7 7 3  MHz s y s te m  c lo c k .  T o  e n s u r e  t h a t  t h e  CPU is  c a 

p a b le  of d r i v i n g  all c h ip s ,  t h e  d a ta  b u s  is  b u f f e r e d  b y  a n  8286 

t r a n s c e i v e r  a n d  th e  a d d r e s s  b u s  is  l a t c h e d  b y  t h r e e  8282 l a t c h e s .  

T h e  2764 (8K x 8) EPROM [111] is  s e l e c te d  a s  a  p e r m a n e n t  s t o r e  f o r  

d a t a  w hile  t h e  M5M5256AP-70 (32K x 8) RAM [115] u s e d  to  s to r e  te m 

p o r a r y  d a t a .

I n  a  c o m p u te r  s y s te m ,  p r o g ra m m a b le  c lo ck  f r e q u e n c i e s  a r e  o f t e n  

u s e d  to  c lo ck  d a ta  c o n v e r s io n  (A /D  o r  D /A )  a n d  d a ta  t r a n s m i s s io n .  

T h i s  c a n  b e  im p lem e n te d  b y  a  8254 P ro g ra m m a b le  I n t e r v a l  T im e r  ( P I T )  

[116]. T h e  2 4 - p in  d u a l - l in e  c h ip  h a s  t h r e e  i n d e p e n d e n t  r a t e  g e n e r a t o r s .  

T h e  o u t p u t  c lo c k s  a r e  e q u a l  to  t h e  i n p u t  c lo c k s  d iv id e d  b y  t h e  v a lu e s  

h e ld  in  t h e  r e g i s t e r s . T h e  t h r e e  i n p u t  c lo c k s  a r e  t ie d  to  t h e  s y s te m  

c lo ck  ( i . e .  4 .7 7 3  M H z). D e s i r e d  r a t e s  c a n  b e  o b ta in e d  b y  w r i t i n g  a p 

p r o p r i a t e  n u m b e r s  to  t h e  1 6 -b i t  r e g i s t e r s :
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R e g i s t e r ( h e x )  O u t p u t  F r e q u e n c y  P u r p o s e

CO: 0B6F outO : 100 Hz w a v e fo rm  g e n e r a t i o n

C l :  001F o u t l  : 154 KHz T x C / R x C  of 8251

C2 : 001F o u t2  : 154 KHz n o t  u s e d

T h e  o u t l  s e r v e s  a s  d a ta  t r a n s m i t t i n g  a n d  r e c e i v i n g  c lo c k s  f o r  s e r i a l  

c o m m u n ic a t io n .  T h e  154KHz T x C /R x C  e n s u r e s  9600 b a u d  r a t e  ( n u m b e r  

of b i t s  p e r  s e c o n d ) .  T im in g  f r e q u e n c y  of w a v e fo rm  g e n e r a t i o n  is  

p r o g ra m m e d  w ith  r e f e r e n c e  to  th e  f r e q u e n c y  of a r c  o s c i l l a t i o n . T h e  

h i g h e r  t h e  t im in g  f r e q u e n c y ,  t h e  s m o o th e r  t h e  w a v e fo rm ,  b u t  m ore  

p r o c e s s i n g  tim e is  r e q u i r e d .  F o r  a r c  o s c i l la t io n  u p  to  10 H z , t h e

r e a s o n a b le  t im in g  f r e q u e n c y  is  100 H z . F o r  e x t r e m e ly  f a s t  a r c  o s c i l 

l a t io n  ( e . g .  50-100 H z ) ,  a  c lock  of 1 ,000  Hz is  p r o b a b l y  n e c e s s a r y .

T h e r e  a r e  t h r e e  common a p p r o a c h e s  f o r  I /O  r e a d i n g  a n d  w r i t i n g :  

p r o g ra m m e d  I / O ,  i n t e r r u p t  I / O ,  a n d  D i r e c t  M emory A c c e s s  (D M A ). 

T h e  t h i r d  m e th o d  is  e f f i c i e n t  in  t r a n s f e r r i n g  a  l a r g e  b lo c k  o f  d a t a ,  

b u t  n o t  in  b y t e  r e a d i n g  o r  w r i t i n g .  P ro g ra m m e d  I /O  is  s im p le ,  r e 

q u i r i n g  no  e x t r a  c i r c u i t r y .  T h e  CPU e x a m in e s  t h e  s t a t u s  o f  a n  I /O  

i n t e r f a c e  a c c o r d in g  to  a  p r o g ra m m e d  p r o c e d u r e .  I t  c o n t i n u e s  t h e  s t a t u s  

c h e c k i n g  r o u t i n e  u n l e s s  t h e  r e a d y  b i t  is  a c t i v e .  T h e  d r a w b a c k  of t h i s  

m e th o d  is  s e q u e n t i a l  c h e c k in g  of I /O  s t a t u s .  A s a  r e s u l t ,  w h e n  th e  

d e v ic e  b e in g  a c c e s s e d  is  n o t  r e a d y ,  o t h e r  d e v ic e s  h a v e  to  w a i t  e v e n  

if t h e y  a r e  r e a d y .  A m ore  e f f i c i e n t  m e th o d  f o r  I /O  r e a d i n g  a n d  w r i t i n g  

is  i n t e r r u p t  I /O ,  w h ic h  is  a d o p te d  in  t h i s  w o r k .  B y  m ea n s  o f  i n t e r 

r u p t s ,  t h e  s t a t u s  c h e c k in g  p r o c e d u r e  is  e l im in a te d .  I n s t e a d ,  a n  I /O  

d e v ic e  r e q u i r e s  CPU s e r v i c e  v ia  h a r d w a r e  i n t e r r u p t s . W hen th e  CPU 

is  in fo rm e d  of a n  i n t e r r u p t ,  i t  h a l t s  t h e  m ain p r o g r a m ,  a n d  e x e c u t e s  

t h e  i n t e r r u p t  s e r v i c e  r o u t i n e  ( I S R ) . On co m p le tio n  of IS R ,  t h e  CPU
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c o n t i n u e s  th e  e x e c u t io n  of t h e  m ain  p r o g r a m .  A n  e x t r a  c i r c u i t r y  is 

n e e d e d  to  m an a g e  all i n t e r r u p t s  from  t h e  I /O  d e v ic e s .  T h i s  is  d o n e

b y  a  s in g le  c h i p ----  8259 P ro g ra m m a b le  I n t e r r u p t  C o n t r o l l e r  ( P IC )  [116).

T h e  P IC  p r o v id e s  8 lev e l  i n t e r r u p t s  d e s i g n a t e d  a s  I R 0 . . . I R 7 .  IRO is 

p r o g ra m m e d  a s  t h e  h i g h e s t  p r i o r i t y  i n t e r r u p t ,  w hile  IR7 a s  th e  lo w es t  

p r i o r i t y .  T h e  fo llow ing  ta b le  l i s t s  all t h e  i n t e r r u p t  s o u r c e s :

IRO: t im e r (  100 H z)

I R 1 : k e y b o a r d  

IR 2 : gPD7002 A /D  

IR 3 :  v o l ta g e  s e n s o r  

IR 4 :  s p a r e  

I R 5 : 8251 R x R d y  

IRG: 8251 T x R d y  

I R 7 : s p a r e

IRO p r o v id e s  t im in g  c o n t r o l  f o r  t h e  w a v e fo rm  g e n e r a t i o n .  A 100 

Hz t im in g  f r e q u e n c y  d e r i v e d  f rom  outO of 8254 is  d e s ig n e d  a s  th e  i n 

t e r r u p t  s o u r c e .  IR1 is  d r i v e n  b y  DA TA AVAILABLE of t h e  k e y b o a r d  

d e c o d e r  74C922 [111]. IR2 h a n d le s  p o t e n t io m e te r s  r e a d i n g .  T h e  c a p t u r e  

of a r c  v o l ta g e  s ig n a l  is  im p lem e n te d  in  t h e  IR3 s e r v i c e  r o u t i n e .  IR5 

a n d  IR6 f a c i l i ta te  h a n d s h a k i n g  s e r ia l  com m unica t ion  b e tw e e n  t h e  com 

p u t e r  a n d  t h e  h o s t  IBM P C .

5 .3  E r a s a b le  P ro g ra m m a b le  Logic  D e v i c e ---- EP600

T h e  h a r d w a r e  d e s ig n  of t h e  c o m p u te r  a d o p t s  th e  a d v a n c e d  se m i

c o n d u c to r  t e c h n o lo g y ,  E r a s a b le  P ro g ra m m a b le  Logic  D ev ice  (E P L D ).  

T h r e e  2 4 -p in  d u a l - l in e  EPG00 c h ip s  [117] w e re  e m p lo y e d  to  g e n e r a t e  c h ip
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s e l e c t s  a n d  log ic  s ig n a l s .  T h e  EP600 h a s  h i g h  d e n s i t y  ( o v e r  600 g a t e s )  

a n d  h i g h  s p e e d  ( ty p ic a l  d e la y  t im e: 2 5 n s ) ,  t o g e t h e r  w i th  tw o  s y n 

c h r o n o u s  c lo ck  i n p u t s .  F o u r  g e n e r a l  i n p u t s  a n d  16 i n p u t / o u t p u t  p in s  

a r e  a v a i l a b l e . O n th e  d ig i ta l  b o a r d  t h r e e  EP600 c h ip s  a r e  e m p lo y e d  

to  g e n e r a t e  all c h ip  s e le c t s  a n d  log ic  s ig n a l s  w h ic h  a r e  n o rm a l ly  im

p le m e n te d  b y  u p  to  20 s t a n d a r d  log ic  c h i p s .  T h e  EPLD c h ip s  s a v e  

s p a c e  on  t h e  b o a r d ,  a n d  a d d i t io n a l ly  p r o v id e  t h e  d e s i g n e r  w i th  m uch  

f l e x ib i l i t y .  T h e  c h ip s  a r e  p r o g ra m m e d  b y  a PAL p r o g r a m m e r .  S o u rc e  

f i le s  a r e  e d i t e d  in  t h e  IBM PC  a n d  com piled  b y  th e  CUPL s o f tw a r e  

p a c k a g e  [118|. F i g u r e - 5 .4  sh o w s  th e  l a y o u t s  o f  EP600 c h i p s .  C h ip  s e 

l e c t s  a n d  t h e i r  a d d r e s s e s  ( in  h e x )  gene i*a ted  b y  th e  EPLD c h ip s  a r e  

l i s t e d  a s  fo llow s:

S u p p o r t i n g  c h ip s

8259 F000

8254 8000

74LS574 ( D - t y p e  f l ip - f lo p )  1000

M emory

2764 F E 0 0 0 . . .F F F F F

M5M5256 0 0 0 0 0 . . . 07FFF

I /O  p o r t s  a n d  i n te r f a c e

8251 (U S A R T ) 6000

427 A /D  ( v o l t a g e  s e n s o r ) 3000

428 D /A 0000

7542 D /A  (w a v e fo rm  g e n e r a t i o n )  5000

7002 A /D  ( p o t s ) D000

74C922 ( k e y b o a r d  d e c o d e r ) 4000

DMX402 ( d is p la y ) E000



A p a r t  f rom  c h ip  s e l e c t s ,  EPLD a lso  g e n e r a t e s  o t h e r  log ic  s ig n a l s :

8286 OE = DEN & 18259EN 

C lo c k -A :  1 /2  CPU c lock  

C lo c k -B :  1 /4  CPU c lock  

C lo c k -C :  1 /8  CPU c lock  

RDY s ig n a l  f o r  8284

T h e  RDY s ig n a l  te l ls  t h e  CPU if t h e  I /O  d e v ic e  is  r e a d y .  F o r  slow 

d e v ic e s  s u c h  a s  8251, d i s p l a y  a n d  7002 A /D ,  t h e  r e a d  o r  w r i te  c y c le  

is  l e n g t h e n e d  b y  o n e  e x t r a  c lock  c y c le .  T h e  t im in g  w a v e fo rm  is s h o w n  

in f i g u r e - 5 . 5 .

5 .4  I n p u t / O u t p u t  I n t e r f a c e

T h e  c o m p u te r  h a s  s u c h  I /O  p e r i p h e r a l s  a s  a  s e r i a l  c o m m u n ica t io n  

c h a n n e l ,  a  v o l ta g e  s e n s o r ,  a  w av e fo rm  g e n e r a t o r ,  a k e y b o a r d  a n d  a 

d i s p l a y .  F i g u r e - 5 . 6  sh o w s  e x t e r n a l  d e v ic e s  c o n n e c t e d  to  t h e  c o m p u te r .  

T h e  8251 U n iv e r s a l  S y n c h r o n o u s / A s y n c h r o n o u s  R e c e i v e r / T r a n s m i t t e r  

(U S A R T )  [116] is  d e s ig n e d  to  i n t e r f a c e  t h e  m ic ro c o m p u te r  w i th  t h e  h o s t  

IBM P C . D u r in g  t h e  d e v e lo p m e n t  s t a g e  t h e  s e r i a l  c h a n n e l  w as  p a r 

t i c u l a r ly  u s e f u l  in  d u m p in g  t h e  c o n t r o l  c o d e s  f rom  t h e  IBM PC  to  t h e  

c o m p u te r  b o a r d .  T h e  c o n t r o l  p r o g r a m  c a n  b e  t e s t e d  a n d  m od if ied  u n t i l  

i t  s a t i s f i e s  t h e  u s e r ' s  r e q u i r e m e n t s .  T h e  f in a l i s e d  c o n t r o l  c o d e  c a n  

t h e n  b e  lo a d e d  to  t h e  EPROM a n d  t h e  s in g le  b o a r d  c o m p u te r  c a n  w o rk  

a s  a  s t a n d - a lo n e  a r c  o sc i l la t io n  c o n t r o l l e r .

T o  g e n e r a t e  a  c o n t in u o u s  w av e fo rm  to  c o n t r o l  t h e  a r c  o s c i l la t io n ,  a 

1 2 - b i t  D /A  c o n v e r t e r  (7542) [111] is  i n t e r f a c e d  to  th e  C P U . T h e  7542
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c h ip  h a s  a b u f f e r e d  i n p u t ,  s im p l i fy in g  i t s  i n t e r f a c e  w ith  t h e  C P U . A 

common p r a c t i c e  is  to  c o n n e c t  t h e  7542 D /A  d a t a  l in e s  to  t h e  s y s te m  

d a t a  b u s .  T h e  o u t p u t  f rom  t h e  D /A  c o n v e r t e r  is  t r e a t e d  a s  t h e  i n p u t  

to  t h e  d r i v e r  c i r c u i t  to  b e  d i s c u s s e d  l a t e r .

F o u r  p o t e n t io m e te r s  w e re  u s e d  to  p r e s e t  w ave  p a r a m e t e r s . T h e y  a r e  

i n t e r f a c e d  to  t h e  c o m p u te r  v ia  a  7002 f o u r - c h a n n e l  A /D  c o n v e r t e r  [119]. 

A n im p ro v e d  d e s ig n  is  to  r e d u c e  f o u r  p o t e n t io m e te r s  to  tw o  w h ic h  a r e  

m ade  in  a re m o te  c o n t r o l  b o x .

T h e  i n t e r f a c e  u n i t  f o r  v o l ta g e  s e n s o r  is  b a s ic a l ly  a n  8 - b i t  A /D  

c o n v e r t e r  (ZN427) [ 1111. T h e  a r c  v o l ta g e  is  e x t r a c t e d  b y  a  d i v i d e r  w ith  

a n  a p p r o p r i a t e  r a t i o ,  t h e n  b u f f e r e d  b y  a n  o p - a m p .  T h e  CPU r e a d s  th e  

sa m p le d  v o l ta g e  f rom  t h e  A /D .

A 1 6 - k e y  (4  row  * 4 c o lum n)  k e y p a d  [119] a n d  a  d u a l - l in e  (2 x 40) 

DMX402 d i s p l a y  [119] a r e  u s e d  a s  I /O  p e r i p h e r a l s  e n a b l in g  t h e  u s e r  to  

t a lk  to  t h e  c o m p u te r .  A k e y b o a r d  d e c o d e r  74C922 [111] is  u s e d  to  

i n t e r f a c e  t h e  k e y p a d  to  t h e  C P U . T h e  16 k e y s  a r e  d e c o d e d  f rom  0 to  

F ( h e x ) .  T h e  k e y b o a r d  A S C II  c o d e s  a r e  s o f tw a r e  s e le c ta b l e .  All 

c h a r a c t e r s  c o r r e s p o n d s  to  A S C II  c o d e s  e x c e p t  a r t i f i c i a l  "EN T" w h ic h  

is  c o d e d  a s  7F ( h e x ) .  A s f a r  a s  t h e  d i s p l a y  is  c o n c e r n e d ,  n o  s p e c ia l  

i n t e r f a c e  u n i t  is  n e e d e d .  I t  c a n  b e  d i r e c t l y  c o n n e c te d  to  t h e  s y s te m  

b u s .

5 .5  D r iv e  C i r c u i t

T h e  d r iv e  c i r c u i t  is  n o t  p a r t  o f th e  c o m p u te r  c i r c u i t ,  b u t  h a s  a  c lo se

l in k  w ith  th e  c o m p u te r .  I t  is  d e s ig n e d  to  p o w e r th e  c o m p u te r  g e n e r a te d
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w a v e fo rm ,  s u p p l y i n g  a c u r r e n t  w av e  to  t h e  coil w h ic h  in  t u r n  g e n e r a t e s  

a n  e le c t r o m a g n e t ic  f ie ld .  T h e  c i r c u i t  u s e s  tw o  n o rm a l  o p - a m p s  (741) (111) 

a n d  o n e  p o w e r  o p -a m p  (165) (119|, a s  s h o w n  in  f i g u r e - 5 . 7 .  T h e  f i r s t  

s t a g e  o p -a m p  s e r v e s  a s  a f e e d b a c k  u n i t  to  t h e  7542 D /A ,  r e s u l t i n g  in  

a  u n i - p o l a r  w a v e fo rm . T h e  s e c o n d  s t a g e  o p - a m p  b u f f e r s  t h e  o u t p u t  

f rom  t h e  f i r s t  o p - a m p ,  a n d  m ore  i m p o r ta n t ly  c o n v e r t s  t h e  u n i - p o l a r  

w a v e fo rm  to  b i - p o l a r  o n e .  T h e  v a r i a b le  r e s i s t o r  R 4 is  u s e d  f o r  z e ro  

a d j u s t m e n t .  I t  is  d o n e  b y  s im ply  o u t p u t t i n g  0000 ( h e x )  f rom  t h e  CPU 

to  t h e  D /A  a n d  t u n i n g  R 4 u n t i l  t h e  o u t p u t  f ro m  th e  s e c o n d  s t a g e  o p -  

am p is  z e r o .  T h e  v a r i a b le  r e s i s t o r  R & c o n t r o l s  t h e  v o l ta g e  g a in  ( G ) :

G = ( R s + R q) /  ( R 3 + R 4) ( e q u a t i o n - 5 .1 )

T h e  v o l ta g e  o u t p u t  from  th e  s e c o n d  s t a g e  o p -a m p  (V c t r ) r a n g e s  from  

“Vr e £G to  +Vr e £G w h e re  Vr e £ is  2 .5  v o l t s .

B e c a u s e  a n  o p -a m p  like  th e  741 c a n  o n ly  s u p p l y  t e n s  o f  m il l ia m p e res  

c u r r e n t ,  f u r t h e r  p o w e r  a m p lif ica t io n  is  n e e d e d  to  o u t p u t  h i g h e r  c u r 

r e n t s  f o r  t h e  m a g n e t  co il . T h e  1G5 p o w e r  a m p l i f ie r  is  c h o s e n  to  m ee t 

t h i s  n e e d  b e c a u s e  of i t s  low c o s t  a n d  a s  h i g h  a s  3A c u r r e n t  o u t p u t .  

As f i g u r e - 5 . 7  s h o w s ,  t h e  165 a m p l i f ie r  is  c o n f i g u r e d  a s  a c u r r e n t  

s o u r c e .  T h e  c u r r e n t  p a s s i n g  t h r o u g h  t h e  co il ,  d e s i g n a t e d  a s  coil 

c u r r e n t ,  is  d e p e n d e n t  on  Vc £r :

I co il = Vc t r  /  R 7 = Vc t r  ( e q u a t i o n - 5 .2 )

B y  a d j u s t i n g  t h e  v o l ta g e  g a in  ( G ) ,  i . e .  t u n i n g  R &, Vc t r  is  l im ited  to  

t h e  r a n g e  from  - 1 .5 V  to  + 1 .5V , i . e .  I co£j f rom  - 1 . 5 A to  + 1 .5 A . A 

F a r n e l l  NA075402 p o w e r  s u p p ly  (120) is  u s e d  to  s u p p l y  +12 V , -12 V to
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t h e  p o w e r  o p - a m p .  T h e  c u r r e n t  r a t i n g s  a t  +12 V , -12 V a r e  3A a n d  

2A + 0 .5 A ,  w h ic h  a r e  s u f f i c i e n t  to  p o w e r  t h e  a n a lo g u e  c i r c u i t .  In  

a d d i t i o n ,  8A a t  5V c a n  b e  s u p p l i e d  to  t h e  c o m p u te r  b o a r d .  I t  is  e s 

s e n t i a l  t h a t  a  h e a t  s in k  is  a t t a c h e d  to  t h e  p o w e r  o p -a m p  in o r d e r  to  

p r e v e n t  o v e r h e a t i n g .

In  c o n s t r u c t i n g  t h e  d r i v e  c i r c u i t  b o a r d ,  i t  m u s t  b e  n o t ic e d  t h a t  

s ig n a l s  o u t p u t  from  a  n o rm a l o p -a m p  a r e  o n ly  a few  m il l ia m p c rcs  a n d  

r e a d i ly  p ic k  u p  e le c t r i c a l  n o ise  w h en  b e in g  t r a n s m i t t e d  t h r o u g h  a  lo n g  

d i s t a n c e  ( h a l f  m e t e r s ,  s a y ) .  P r a c t i c a l ly ,  t h e  f e e d b a c k  o p -a m p  is p la c e d  

a s  c lo se  to  t h e  7542 A /D  c o n v e r t e r  a s  p o s s ib l e .  T h e  s e c o n d  s t a g e  o p -  

am p is  a lso  p u t  o n  t h e  c o m p u te r  b o a r d . T h e  p o w e r  a m p l i fy in g  c i r c u i t  

is  b u i l t  on  a  s e p a r a t e  b r e a d  b o a r d  in  o r d e r  to  r e d u c e  th e  i n t e r f e r e n c e  

of a n a lo g u e  s ig n a l s  w i th  t h e  c o m p u te r  b o a r d .  I t  is  s t a c k e d  a b o v e  th e  

c o m p u te r  b o a r d ,  a s  s h o w n  in  f i g u r e - 5 . 1 ( a ) . T h e  p o w e r  o p -a m p  w ith  

t h e  h e a t  s in k  is  s e p a r a t e  from  th e  tw o  b o a r d s ,  a n d  l in k e d  to  t h e  a n a 

lo g u e  b o a r d  v ia  s h o r t  a n d  th ic k  w i r e s .

5 .6  VHF P r o te c t io n

M e a s u re s  m u s t  b e  t a k e n  to  iso la te  h i g h  f r e q u e n c y  s o u r c e s  from  t h e  

c o m p u te r .  T h e  c o m p u te r  m u s t  b e  p la c e d  in  a  g r o u n d e d  a lum in ium  b o x  

w h ic h  d e f l e c t s  a n d  a b s o r b s  v e r y  h ig h  f r e q u e n c y  s i g n a l s .  F i g u r e - 5 . 1 ( b )  

sh o w s  t h e  a p p e a r a n c e  of t h e  c o n t r o l le r  w i th  t h e  m ic ro c o m p u te r  b o a r d  

a n d  d r i v e  c i r c u i t  i n s i d e .  F i l t e r e d  m ains  a n d  c o n n e c t o r s  a r e  r e c o m 

m e n d e d  to  iso la te  v e r y  h ig h  f r e q u e n c y  s o u r c e s  f rom  t h e  m ain  p o w e r  

s u p p l y .  F o r  f u r t h e r  p r o t e c t i o n ,  th e  c o m p u te r  b o a r d  a n d  t h e  d r iv e  

c i r c u i t  b o a r d  c a n  u s e  two s e p a r a t e  p o w e r  s u p p l i e s .  C o n n e c t io n s  b e 

tw e e n  th em  a r e  im p lem en ted  v ia  o p to  i s o l a to r s .  U n d e r  t h e  c o n d i t io n s ,
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e v e n  if  t h e  v e r y  h ig h  f r e q u e n c y  s ig n a l s  e n t e r  t h e  d r i v e  b o a r d ,  t h e y  

a r e  c u t  o ff  from  t h e  c o m p u te r .

In  t h i s  c h a p t e r ,  h a r d w a r e  d e s ig n  o f  t h e  a r c  o s c i l la t io n  c o n t r o l l e r  

h a s  b e e n  d i s c u s s e d .  I t  i n c lu d e s  a m ic ro c o m p u te r  b u i l t  w i th  a  1 6 -b i t  

I n te l  8080 C P U , a n d  a d r i v e  c i r c u i t  s u p p l y i n g  a  c u r r e n t  w a v e fo rm  to  

t h e  m a g n e t ic  co il . T h e  em p lo y m en t o f  e r a s a b l e  p r o g ra m m a b le  log ic  d e 

v ic e s  m ade th e  c o m p u te r  b o a r d  v e r y  c o m p a c t ,  a n d  d e s ig n  w o rk  f le x ib le .  

T h e  c o m p u te r  c a n  w o rk  e i t h e r  a s  a  s t a n d - a l o n e  d e v ic e  o r  in  com m uni

c a t io n  w ith  t h e  h o s t  IBM P C . S o f tw a re  d e s ig n  of a r c  o s c i l la t io n  c o n t r o l  

will b e  t h e  fo c u s  of n e x t  c h a p t e r .
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( b )  T h e  f r o n t  p a n e l

F i g u r e - 5 .1  P h o t o g r a p h i e s  of t h e  8088 c o m p u te r

(a )  I n s id e  t h e  b o x
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Figure-5.5 Timing waveform of the 8088 computer
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Figure-5.7 Drive circuit for magnetic arc oscillation



6. SOFTWARE IMPLEMENTA TION OF ARC

OSCILLA TION CONTROL

6 .1  I n t r o d u c t i o n

In  t h e  l a s t  c h a p t e r ,  h a r d w a r e  d e s ig n  of t h e  m ic ro c o m p u te r  a n d  d i’ive  

c i r c u i t  w as  d i s c u s s e d .  T h e  s u b je c t  o f  t h i s  c h a p t e r  is  s o f tw a r e  Im ple

m e n ta t io n  of a r c  o sc i l la t io n  c o n t r o l .  T h e  s o f tw a r e  is  d e s ig n e d  to  g e n 

e r a t e  a  p ro g ra m m a b le  w avefo rm  w h ich  in  t u r n  c o n t r o l s  t h e  m a g n e t ic  

a r c  o s c i l la t io n .  To  fa c i l i ta te  s o f tw a re  d e v e lo p m e n t ,  t h e  c o n t r o l  s o f tw a re  

in  t h e  a p p l i c a t i o n  c o m p u te r  is  s p l i t  in to  two p a r t s :  r e s i d e n t i a l  s o f tw a re  

a n d  a p p l i c a t io n  s o f tw a r e .  T h e  fo rm e r  w as b low n in to  th e  ROM, a n d  

t h e r e f o r e  r e s i d e n t  in  th e  c o m p u te r  w h e t h e r  i t  is  on  o r  o f f .  I t  b o o ts  

t h e  c o m p u te r  o n c e  s w i tc h e d  o n .  T h e  a p p l ic a t io n  s o f tw a r e  g e n e r a t e s  a 

d ig i t a l  w a v e fo rm  w h ic h  s y n c h i ’o n is e s  t h e  a r c  o s c i l l a t io n . In  o r d e r  to  

b e  m od if ied  r e a d i l y ,  i t  is  w r i t t e n  in  th e  IBM PC  a n d  a l lo c a te d  in  th e  

RAM of t h e  8088 c o m p u te r .  L o a d in g  of t h e  a p p l ic a t io n  c o d e s  from  th e  

IBM PC  to  t h e  8088 c o m p u te r  is  fu l f i l le d  b y  th e  IBM PC s o f tw a r e  a n d  

t h e  lo a d in g  p r o g r a m  "BO A RD . C" in  t h e  r e s i d e n t i a l  s o f tw a r e .  

F i g u r e - 6 . 1  i l l u s t r a t e s  t h e  o v e ra l l  s o f tw a re  s t r u c t u r e  f o r  a r c  o sc i l la t io n  

c o n t r o l .  E a c h  m odu le  will b e  d e ta i le d  in  t h i s  c h a p t e r .  R e a l- t im e  c o n t ro l  

u s i n g  t h e  v o l ta g e  s e n s o r  r e s i d e n t  on  th e  c o m p u te r  b o a r d  is  d i s c u s s e d  

a f t e r w a r d s .

6 .2  IBM PC  S o f tw a re

T h i s  p a r t  o f  t h e  s o f tw a re  w as d e s ig n e d  to  t r a n s f e r  a  file from  th e  

IBM PC  to  t h e  8088 c o m p u te r  v ia  t h e  s e r ia l  c h a n n e l  c o m l .  T h e  main
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p r o g r a m  " T R A N S .C "  w as w r i t t e n  in  t h e  C l a n g u a g e  [121], a s  l i s t e d  in

a p p e n d i x - C l .  S ince  t h e  p r o g r a m  r u n s  in  t h e  IBM P C , a n  MS-DOS

s u p p o r t e d  C co m p ile r  c a n  b e  e m p lo y e d  to  com pile i t .  T h e  L a t t i c e - C  

c o m p i le r  [122] was s e le c te d  d u e  to  i t s  s u p p o r t  o f v e r s a t i l e  r o u t i n e s .  

A d d i t io n a l ly ,  a  l i b r a r y  of u s e r  r o u t i n e s  PC LIB .A 8G  ( a p p e n d i x - C 2 )  w as 

d e s i g n e d  to  cope  w ith  low lev e l  I /O  o f  t h e  IBM P C . S in c e  t h e s e  r o u 

t i n e s  a r e  c lo se ly  a s s o c ia te d  w ith  th e  IBM PC  h a r d w a r e ,  t h e y  a r e  w r i t t e n

in  t h e  a s s e m b ly  l a n g u a g e  [ 123]. T h e  two p i e c e s  of p r o g r a m s  a r e  com piled  

s e p a r a t e l y ,  p r o d u c i n g  o b je c t  f i l e s :  T R A N S .O B J  a n d  P C L IB .O B J .  Tw o 

o b je c t  f i le s  a r e  l in k e d  t o g e t h e r  b y  PLINK86 |123| to  g e n e r a t e  a n  e x e 

c u ta b l e  file T R A N S .E X E  w h ich  c a n  b e  r u n  in  t h e  IBM P C . T h i s  p r o 

c e d u r e  is  i l l u s t r a t e d  in  f i g u r e - 6 . 2 .

T h e  com m unica t ion  c h a n n e l  is  c o n f i g u r e d  a s :  9600 b a u d  r a t e ,  8 - b i t  

c h a r a c t e r ,  1 s to p  b i t  a n d  no  p a r i t y .  D T R  a n d  R T S  a r e  f o r c e d  a c t iv e  

b e f o r e  d a ta  c o m m u n ic a t io n . D a ta  t r a n s m i t t i n g  a n d  r e c e iv i n g  a r e  c a r r i e d  

o u t  t h r o u g h  p o l l in g  th e  s t a t u s  of c o n t r o l  r e g i s t e r s .  F o r  t h e  IBM PC 

to  r e c e iv e  a  c h a r a c t e r  from  t h e  8088 c o m p u te r ,  i t  po lls  t h e  D a ta  R e a d y  

b i t  (b itO ) of t h e  L ine  S t a t u s  R e g i s t e r  ( L S R ) .  If  th e  D a ta  R e a d y  b i t  

i s  a c t i v e ,  t h e  IBM PC  r e a d s  t h e  d a ta  f rom  t h e  R e c e iv e r  B u f f e r  R e g i s t e r  

( R B R ) ,  a s  sh o w n  in  t h e  f u n c t io n  r d c o m l ( )  in  a p p e n d i x - C l .  L ik e w ise ,  

to  s e n d  a  c h a r a c t e r  from  t h e  IBM P C  to  t h e  8008 c o m p u te r ,  t h e  C le a r  

to  S e n d  (C T S )  b i t  ( b i t3 )  of t h e  Modem S t a t u s  R e g i s t e r  (MSR) is  t e s t e d .

I f  t h e  C T S is  a c t i v e ,  a  c h a r a c t e r  is  w r i t t e n  to  t h e  T r a n s m i t t e r  H o ld in g  

R e g i s t e r  ( T H R ) .  T o  e n s u r e  th e  t r a n s m is s io n  m ore  r e l i a b le ,  a  d e la y  

r o u t i n e  c a n  b e  a p p e n d e d  a t  t h e  e n d  of e a c h  of c h a r a c t e r  t r a n s m is s io n .  

T h i s  c l e a r ly  s low s dow n  th e  t r a n s m is s io n  s p e e d .  A n im p ro v e d  m eth o d  

is  t h a t  t h e  IBM PC s e n d s  d a ta  l ine  b y  l in e ,  t h e n  w a i ts  f o r  a n  a c 

k n o w le d g e m e n t  from  th e  8088 c o m p u te r .  D e ta i le d  p r o c e d u r e  is :
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(1 )  R e a d  a  c h a r a c t e r  from  th e  f i le .  W rite i t  i n to  t h e  b u f f e r  "bufO " 

a n d  p r i n t  i t  on  t h e  s c r e e n .  I f  n o t  c a r r i a g e  r e t u r n  ( C R ) ,  loop ( 1 ) .  

O t h e r w i s e ,  go  to  ( 2 ) .

(2 )  S e n d  t h e  l ine  of c h a r a c t e r s  in  t h e  b u f f e r  "bufO" to  t h e  8088 

c o m p u te r  o n e  b y  o n e .

(3 )  Wait f o r  a n  ($) a c k n o w le d g e m e n t  f rom  th e  8088 c o m p u te r ,  t h e n  

go  to  (1 )  f o r  t h e  n e x t  l ine  u n l e s s  th e  e n d  o f  f ile  (E O F) is  e n c o u n t e r e d .

T h i s  p ie c e  of s o f tw a re  is  p a r t i c u l a r l y  u s e f u l  a t  t h e  d e v e lo p m e n t  

s t a g e .  I t  d o w n lo a d s  t h e  a p p l ic a t io n  c o d e s  ( in  t h e  I n te l  h e x  f o rm a t)  

to  t h e  8088 c o m p u te r .  A lo a d in g  p r o g ra m  in t h e  8088 c o m p u te r  r e c e iv e s  

t h e s e  c o d e s  a n d  load  in to  t h e  RAM. T h e  a p p l i c a t io n  s o f tw a r e  c a n  b e  

r e a d i ly  c h a n g e d  d u r i n g  t e s t i n g .

6 .3  R e s id e n t ia l  S o f tw a re

T h i s  p a r t  of t h e  s o f tw a re  is  r e s i d e n t  in  th e  8088 c o m p u te r  w h e t h e r  

t h e  c o m p u te r  is  on  o r  o f f .  I t  c o n s i s t s  t h r e e  m o d u le s :  B O O T .A 8 6 , 

B O A R D . C , a n d  A R C L A .A 86 . B O O T .A 86  is  a b o o t in g  p r o g r a m  

( a p p e n d i x - D l ) , a n d  c lo se ly  r e l a t e d  to  t h e  c o m p u te r  h a r d w a r e .  I t s  

f u n c t i o n s  in c lu d e :

(1 )  A lloca te  m em ory  s p a c e  f o r  v a r i a b l e s .

(2 )  S e t  t h e  s t a c k  p o in t  (S P )  to  t h e  a d d r e s s  8000 ( h e x ) ,  j u s t  a b o v e  

t h e  RAM.

(3 )  In i t ia l i s e  t h e  fo llow ing  d e v ic e s :  8529 P IC ,  8254 P I T ,  8251 U SA R T  

a n d  d i s p l a y .

(4 )  S e t  t im e r  to  z e ro .

(5 )  S e t  i n t e r r u p t  v e c to r .

(6 )  S e n d  s t a r s  to  a n  IBM PC te r m in a l ,  w a it  f o r
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T :  S e n d  c u r r e n t  time to  t h e  t e r m in a l ,  o r  

C : E n t e r  th e  lo a d in g  p r o g r a m .

T h e  lo a d in g  p r o g ra m  B O A R D .C  ( a p p e n d ix - D 2 )  r e c e iv e s  c o n t r o l  c o d e s  

f ro m  th e  IBM PC a n d  lo a d s  th em  to  t h e  RAM. S ince  i t  d e a l t  w ith  a  l a r g e  

a m o u n t  o f  c h a r a c t e r  p r o c e s s i n g ,  t h e  C l a n g u a g e  w as c h o s e n  to  c o n 

s t r u c t  t h i s  m o d u le .  T h e  8088 c o m p u te r  r e c e iv e s  c o n t ro l  c o d e s  ( in  h e x )  

l in e  b y  l in e  f rom  t h e  IBM P C , s e p a r a t e d  b y  a c a r r i a g e  r e t u r n  (C R )  

c h a r a c t e r .  I n  o t h e r  w o r d s ,  i t  b u f f e r s  c h a r a c t e r s  f rom  th e  IBM PC till 

a  CR c h a r a c t e r  is  r e c e i v e d ,  t h e n  c a r r i e s  o u t  p r o c e s s i n g .  I t  c h e c k s  

if  t h e  r e c e iv e d  c h a r a c t e r s  is  in  th e  r a n g e  from  0 to  F ,  a n d  t e s t s  th e  

c h e c k s u m .  I f  t h e  r e c e iv e d  l ine  is  r i g h t ,  i t  s e n d s  a n  a c k n o w le d g e m e n t  

($ )  to  t h e  IBM P C , a n d  w a i ts  f o r  t h e  n e x t  l in e .  O th e rw is e  i t  r e q u e s t s  

t h e  IBM PC to  r e - s e n d  t h e  l in e .  O nce  t h e  e n d  of f ile  is  r e a c h e d ,  th e  

f ile  t r a n s f e r  is  t e r m in a te d .

A R C L A .A 86  ( a p p e n d ix - D 3 )  is  a  co llec t ion  of u s e r  r o u t i n e s  w h ic h  c a n  

b e  c a l le d  from  o t h e r  m o d u le s .  I t  c o n ta in s  r o u t i n e s  s u c h  a s  c h a r a c t e r  

a n d  s t r i n g  i n p u t / o u t p u t  v ia  t h e  s e r ia l  l in e ,  low leve l  d a ta  t r a n s f e r ,  

r e a d  c u r r e n t  t im e , i / o  r e a d  a n d  w r i t e ,  i n t e r r u p t  v e c t o r i n g ,  a n d  i n 

t e r r u p t  h a n d l e r .

S in c e  t h e  r e s i d e n t i a l  s o f tw a r e  r u n s  in  t h e  a p p l ic a t io n  e n v i r o n m e n t ,  

t h e  e x e c u t a b l e  c o d e s  m u s t  b e  b u r n e d  in to  th e  ROM in a c e r t a i n  fo rm a t .  

T h e  I n te l  S o f tw a re  D e v e lo p m e n t  T ools  [125] h a v e  p r o v id e d  u t i l i t i e s  to  

a c c o m p lish  t h i s  t a s k .  F i g u r e - 6 . 3  sh o w s th e  p r o c e d u r e  of co m p ilin g ,  

l i n k in g ,  lo c a t in g ,  a n d  h e x  c o n v e r s i o n .  T h e  b o o t in g  p r o g ra m  a n d  u s e r  

r o u t i n e s  a r e  com piled  b y  th e  I n te l  8086 a s s e m b le r  (A SM 86), g e n e r a t i n g  

o b je c t  f i le s  w i th  e x t e n s i o n  .O B J .  T h e  lo a d in g  p r o g r a m  is  com plied  b y
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t h e  I n te l  C c om pile r  (C C 86) (126], r e s u l t i n g  in  a n  o b je c t  f ile  B O A R D .O B J  

w h ic h  c a n  be  l in k e d  to  th o s e  g e n e r a t e d  b y  ASM86 b y  LIN K 86. T h e  l in k  

f ile  (B O O T .L N K ) is  a l lo c a te d  f rom  t h e  a d d r e s s  F F F F O (h e x )  d o w n w a rd s  

b y  LO C 86, t h e n  c o n v e r t e d  to  a  h e x  f ile  B O O T .H E X . T h e  h e x  c o d e s  

a r e  t h e n  b u r n e d  in to  t h e  ROM b y  a  p r o g r a m m e r .  In  t h e  l i n k in g  p r o 

c e d u r e ,  t h e  b o o t in g  o b je c t  f ile  B O O T .O B J  is  t h e  f i r s t  o n e  to  b e  l i n k e d ,  

t h e r e f o r e  a t  t h e  to p  of th e  ROM. O n c e  t h e  c o m p u te r  is  s w i tc h e d  o n ,  

i t  ju m p s  to  th e  a d d r e s s  FFFFO ( h e x ) ,  e x e c u t e s  th e  b o o t in g  p r o g r a m .  

I f  t h e  IBM PC is c o n n e c te d  to  t h e  8088 c o m p u te r  a n d  c o n f i g u r e d  a s  a 

k e r m i t  t e r m in a l ,  s t a r s  a r e  c o n t in u o u s ly  d i s p l a y e d  on  i t s  s c r e e n .  If  

"T "  is  p r e s s e d  in  t h e  t e r m in a l ,  t h e  c u r r e n t  time in  t h e  8088 c o m p u te r  

is  d i s p l a y e d .  If  "C" is  s t r u c k ,  th e  e x e c u t io n  p r o c e d u r e  ju m p s  from  th e  

b o o t in g  p r o g r a m  "B O O T .A 86"  to  t h e  lo a d in g  p r o g r a m  "B O A R D . C " .  

BOARD d i s p l a y s  t h e  s t a r t i n g  a d d r e s s  on  t h e  IBM PC m o n i to r .  I f  th e  

a d d r e s s  is  t h e  s t a r t i n g  a d d r e s s  of t h e  a p p l i c a t io n  c o d e s ,  e x e c u t io n  of 

t h e  a p p l ic a t io n  p r o g ra m  is s t a r t e d  b y  p r e s s i n g  " S " .  O t h e r w is e ,  p r e s s  

s p a c e  b a r ,  e x i t  f rom  k e r m i t .  T h e n  e x e c u t e  T R A N S in  IBM P C  f o r  

d o w n lo a d in g  th e  a p p l ic a t io n  c o d e s  f rom  t h e  IBM PC  to  t h e  8088 com 

p u t e r .

G.4 A p p l ic a t io n  S o f tw a re

T h e  a p p l ic a t io n  s o f tw a re  is  d e s ig n e d  to  g e n e r a t e  a  c o m p u te r  

w a v e fo rm  w h ich  s y n c h r o n i s e s  t h e  a r c  o s c i l la t io n .  I t  i n c lu d e s  a u s e r  

l i b r a r y  of "C" r o u t i n e s  A R C L C .C  ( a p p e n d i x - E l )  a n d  a m ain  p r o g r a m  

W EAVE.C ( a p p e n d i x - E 2 ) . B o th  a r e  com piled  u n d e r  t h e  I n te l  C c om pile r  

( C C 8 6 ) , r e s u l t i n g  in  th e  o b je c t  f i l e s :  A R C L C .O B J  a n d  WEAVE. O B J .  

T h e  l in k in g ,  lo c a t in g ,  a n d  c o n v e r t i n g  in to  a  h e x  f ile  a r e  e x a c t ly  t h e  

sam e a s  t h e  r e s i d e n t i a l  s o f tw a r e .  T h e  o n ly  d i f f e r e n c e  is  t h a t  d u r i n g

102 -



t h e  d e v e lo p m e n t  s t a g e  A R C L C . O B J,W E A V E . O B J a n d  A R C L A .O B J  a r e  

l in k e d  in to  WEAVE.LNK, a n d  a l lo c a te d  in  th e  m em ory  s p a c e  of t h e  RAM 

( f i g u r e - 6 . 4 ) ,  t h e n  d o w n lo ad ed  from  t h e  IBM PC to th e  c o m p u te r  v ia  

t h e  s e r i a l  l in e .  T h e  IBM PC s o f tw a re  T R A N S .C  a n d  th e  lo a d in g  p r o 

g ra m  B O A R D .C  c a r r y  o u t  t h i s  w o rk ,  a s  d i s c u s s e d  a b o v e .  T h e  f in a l i s e d  

a p p l i c a t io n  s o f tw a r e  c a n  be  l in k e d  w ith  t h e  r e s i d e n t i a l  s o f t w a r e ,  a n d  

b u r n e d  in to  th e  ROM. T h e  e n t i r e  p r o g r a m  in c lu d e s  B O O T .A 8 6 , 

A R C L A .A 8 6 , WEAVE.C a n d  A R C L C .C  ( f i g u i* e - 6 .5 ) . In  t h i s  c a s e ,  t h e  

c o m p u te r  c a n  w o rk  i n d e p e n d e n t l y  of t h e  IBM P C .

T h e  l i b r a r y  of u s e r  r o u t i n e s  A R C L C .C  s e r v e s  t h e  main p r o g r a m .  I t  

c a n  b e  d iv id e d  in to  t h e  fo llow ing  g r o u p s :

(1 )  M a sk in g  i n t e r r u p t s .  I n d iv id u a l  i n t e r r u p t  c a n  b e  e n a b le d  o r  

d i s a b l e d .

(2 )  P ro g ra m m in g  th e  r a t e  f r e q u e n c ie s  of t h e  8254 P I T ,  p a r t i c u l a r l y  

t h e  t im in g  c lock  of w ave fo rm  g e n e r a t i o n :  p i tO _ r a t ( i ) .

(3 )  K e y p a d  r e a d i n g  r o u t i n e s .

(4 )  Wave p a r a m e t e r s  r e a d i n g  r o u t i n e s  f rom  t h e  p o t e n t io m e te r s .

(5 )  Wave p a r a m e t e r s  r e a d i n g  v ia  k e y p a d .

(6 )  D is p la y  r o u t i n e s .

(7 )  W aveform  g e n e r a t io n  r o u t i n e s .

T h e  W aveform  g e n e r a t io n  r o u t i n e s  a r e  m ost  im p o r ta n t  in  t h e  c o n t r o l  

s o f t w a r e .  B a s ic a l ly ,  e v e r y  time th e  t im in g  c lock  (outO of 8254) i n t e r 

r u p t s  t h e  CPU (IR O ), th e  CPU h a l t s  th e  m ain p r o g r a m ,  t h e n  e n t e r  th e  

r o u t i n e  w a v o u t ( )  sh o w n  in  a p p e n d i x - E l .  I t  c a lc u la te s  t h e  p o s i t iv e  

i n t e g e r  i to  b e  o u t p u t ,  a n d  ca lls  t h e  r o u t i n e  w v _ w r i t e ( i ) ,  l i s t e d  in  

a p p e n d i x - E l ,  w h ic h  w r i te s  i to  t h e  7542 D /A  c o n v e r t e r .  T h e n  t h e  CPU 

r e t u r n s  to  t h e  m ain p r o g r a m .  With t h e  t im in g  c lock  o f  a  c o n s t a n t
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f r e q u e n c y  (100 H z , s a y ) ,  a  d i s c r e t e  w ave  is  p r o d u c e d ,  w h ic h  is  

sm o o th e d  in  t h e  d r i v e  c i r c u i t  to  fo rm  a  c o n t in u o u s  w a v e fo rm . I t  is  

n e c e s s a r y  to  c o n s id e r  t h e  d e s ig n  of t h e  w a v e fo rm  to  m ee t  t h e  r e 

q u i r e m e n t s  of th e  a r c  o sc i l la t io n .

B y  m ea n s  of t r i a n g u l a r  w a v e fo rm , t h e  a r c  o s c i l la te s  a c r o s s  th e  

c e n t r a l  l ine  w i th o u t  d w e l l in g  a t  e a c h  s id e .  In  t h e  c a se  o f  a  s q u a r e  

w a v e fo rm , t h e  a r c  f l ic k s  from  on e  s id e  to  o t h e r ,  p r o b a b l y  c a u s i n g  i n 

c o m p le te  fu s io n  of th e  c e n t r a l  l in e .  I t  w as  t h e n  d e c id e d  to  u s e  a 

t r a p e z o id a l  w av e fo rm  to c o n tro l  th e  a r c  o s c i l l a t io n . F o u r  p a r a m e t e r s  

a r e  u s e d  to  d e s c r i b e  t h e  w a v e :  f ie ld  b ia s  ( f b ) ,  f ie ld  a m p l i tu d e  ( f a ) ,  

w e a v in g  time ( t w ) .  a n d  dwell time ( t d ) ,  a s  d e f in e d  in f i g u r e - 6 . 6 .  T h e y  

c a n  b e  s e le c te d  from  e i t h e r  t h e  k e y b o a r d  o r  p o t e n t i o m e t e r s . T h e  f ie ld  

s t r e n g t h  is  s c a le d  from  0 to  10, w h e r e  10 c o r r e s p o n d s  to  t h e  p e a k  f ie ld  

in  o n e  d i r e c t i o n  ( o r  coil c u r r e n t  = 1 .5 A ) .  a n d  0 to  t h a t  in  t h e  r e v e r s e  

d i r e c t i o n  ( o r  coil c u r r e n t  = - 1 .5 A ) .  T h e  te rm  " f ie ld  b ia s "  is  u s e d  to  

i n d ic a te  t h e  c e n t r a l  p o s i t io n  of a r c  o s c i l la t io n .  Fb=5 r e p r e s e n t s  s y m 

m e tr ic a l  a r c  w e a v in g .  Fb=0 s t a n d s  f o r  t h e  e x t r e m e  b ia s  to  o n e  s id e  

wall w hile  fb=10 fo r  t h a t  to  t h e  o t h e r  s id e  w all.  T h e  w e a v in g  a n d  dwell 

t im e r a n g e  from  0 .0 0 0  to  5 .0 0 0  s e c o n d s .  T h e  p e r io d  ( T )  i s ,

T  = 2 ( tw  + t d )  ( e q u a t i o n - 6 .1 )

T h e  maximum a n d  minimum f ie ld s  c a n  b e  r e s p e c t i v e l y  e x p r e s s e d  a s :

fm ax = fb  + f a /2  ( e q u a t io n - 6 .2 )

fmin = fb  - f a /2  ( e q u a t io n - 6 .3 )
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S in c e  f a  a n d  fb  a r e  p r e s e t  i n d e p e n d e n t l y ,  e i t h e r  frnax o r  fmin c a n  

e x c e e d  th e  v a l id  r a n g e  from  0 to  10. In  t h i s  c a s e ,  fa  is  r e - e v a l u a t e d ,  

a n d  th e  fa  s e t t i n g  o v e r r i d d e n .  If  fm ax  > 10, fa  is  e v a lu a t e d  a s  

2 x ( i o - f b ) ,  a n d  fm ax is e q u a l  to  10. If  fmin < 0 ,  fa  is  e v a l u a t e d  a s  

2 * f b ,  a n d  fmin is  e q u a l  to  0 .

T h e  f u n c t io n  of d ig i ta l  o u t p u t  a s  time w i th in  a  p e r io d  c a n  b e  w r i t t e n  

a s  fo llow s:

T h e  a b o v e  c a lc u la t io n s  a r e  im p lem e n te d  in  th e  r o u t i n e  w a v o u t ( ) .  

F i g u r e - 6 . 7  i l l u s t r a t e s  t h e  flow c h a r t  o f t h i s  r o u t i n e .

H a v in g  c o n s t r u c t e d  a  l i b r a r y  of u s e r  r o u t i n e s ,  t h e  m ain p r o g r a m  

"WEAVE. C" to  c o n t r o l  th e  a r c  o s c i l la t io n  c a n  b e  e a s i ly  d e s i g n e d .  Most 

f u n c t i o n s  in  t h e  m ain p r o g ra m  a r e  c a l led  f rom  th e  u s e r  l i b r a r y  e x c e p t  

m an u a l  d i s p l a y  r o u t i n e s .  F i g u r e - 6 . 8  sh o w s  th e  p r o c e d u r e  of s o f tw a r e  

e x e c u t io n .  S t a r t i n g  from  t h e  t o p ,  i t  h a s  f o u r  m o d es :  P R E S E T , WEAVE, 

REMOTE a n d  F D B A C K .

(1 )  P R E S E T . T h e  f o u r  w ave  p a r a m e t e r s  c a n  b e  p r e s e t  f rom  t h e  

k e y b o a r d .

(2 )  WEAVE. T h e  a r c  is  o s c i l la te d  a c c o r d in g  to  t h e  p r e s e t  p a r a m e 

t e r s  .

(0 <  t  < tw )

( tw  £ t  < tw  + t d )

fmin + fa x ( T  - t )  /  tw  ( tw  + t d  <: t  < T  - t d )

J:min ( T - t d  £ t  < T )

( e q u a t i o n - 6 .4 )
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(3 )  REM OTE. T h e  w ave  p a r a m e t e r s  c a n  b e  c h a n g e d  d u r i n g  a r c  o s 

c i l la t io n  .

(4 )  FD B K . F e e d b a c k  c o n t r o l ,  v o l ta g e  s e n s o r  a n d / o r  v is io n  s y s te m ,  

is s w i tc h e d  o n / o f f .

B y  m ea n s  of P R E S E T , WEAVE a n d  REMOTE m o d es ,  o p e n - lo o p  a r c  

o s c i l la t io n  c o n t r o l  is  im p le m e n te d .  H o w e v e r ,  c lo se - lo o p  c o n t r o l  is  p o s 

s ib le  w i th  t h e  a s s i s t a n c e  of t h e  v o l ta g e  s e n s o r  a n d  v is io n  s y s te m .  T h e  

v o l ta g e  s e n s o r  r e s i d e n t  on  th e  c o m p u te r  b o a r d  c a n  b e  e f f e c t iv e ly  u s e d  

to  c o n t r o l  t h e  a r c  l e n g th  a n d  c a r r y  o u t  seam  t r a c k i n g .

6 .5  R e a l-T im e  C o n tro l  Via V o ltage  S e n s o r

6 .5 . 1  A rc  L e n g th  C o n tro l

T h e  p r in c ip le  a n d  m e th o d s  of a r c  v o l ta g e  s e n s i n g  h a v e  b e e n  re v ie w e d  

in  t h e  c h a p t e r  2. Two common a p p l i c a t io n s  a r e  a r c  l e n g th  c o n t r o l  a n d  

seam  t r a c k i n g .  T h e  fo rm e r  is  p a r t i c u l a r l y  a t t r a c t i v e  in  T IG  w e ld in g .  

G e n e r a l ly ,  a  c o n s t a n t  a r c  s t a n d o f f  is  a lw a y s  d e s i r e d  in  T IG  w e ld in g .  

F i g u r e - 6 . 9  sh o w s  o p e n - lo o p  a n d  c lo se - lo o p  c o n t r o l  of a r c  l e n g t h .  In  

o p e n - lo o p  c o n t r o l ,  t h e  a r c  s t a n d o f f  is  u s u a l ly  s e t  u p  b y  t h e  w e ld in g  

o p e r a t o r  a c c o r d in g  to  t h e  w e ld in g  s p e c i f ic a t io n  b e fo r e  w e ld in g .  H o w e v e r  

t h e  a r c  l e n g t h  c a n  b e  a l t e r e d  b y  a n  e x t e r n a l  d i s t u r b a n c e  s u c h  a s  a n  

i r r e g u l a r  jo in t  p r e p a r a t i o n  a n d  w o rk p ie c e  d i s t o r t i o n .  T h e r e f o r e  a 

c lo s e - lo o p  f e e d b a c k  c o n t ro l  b a s e d  on  s e n s i n g  in fo rm a t io n  is  im p o r ta n t  

in  h i g h - q u a l i t y  T IG  w e ld in g .

T o  r e a l i s e  a c lo se - lo o p  f e e d b a c k  c o n t r o l ,  t h e  c o n t ro l  v a r i a b le  ( a r c  

v o l ta g e )  m u s t  be  sam p led  a t  i n t e r v a l s ,  a n d  fe d  b a c k  to  t h e  t o r c h  

c o n t r o l l e r .  In  t h i s  p a r t i c u l a r  a p p l i c a t io n ,  th e  v o l ta g e  s e n s o r  r e s i d e n t
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in  t h e  8088 c o m p u te r  sam p les  t h e  a r c  v o l t a g e .  S in c e  t h e r e  e x i s t s  a 

l i n e a r  r e l a t i o n s h ip  b e tw e e n  th e  a r c  v o l ta g e  a n d  a r c  s t a n d o f f ,  a s  m e n 

t io n e d  in  c h a p t e r  4 , t h e  fo llow ing  e q u a t io n  c a n  b e  d e r i v e d :

A1 = Kp x A V ( e q u a t io n - 6 .5 )

w h e r e  A1 is  th e  v a r i a t i o n  in  a r c  l e n g t h ,  AV is  t h a t  in  a r c  v o l ta g e  a n d  

Kp is  a  p r o p o r t i o n  c o n s t a n t  d e p e n d in g  on  t h e  w e ld in g  c o n d i t i o n s ,  e . g .  

w e ld in g  c u r r e n t .  T h i s  e q u a t io n  in d ic a te s  t h a t  a r c  l e n g t h  c o r r e c t i o n  c a n  

b e  m ade  in  a  p r o p o r t io n a l  w ay  w h e n  t h e  c h a n g e  in  a r c  v o l ta g e  is  c a p 

t u r e d  b y  th e  s e n s o r .  B e c a u s e  th e  a r c  v o l ta g e  is  r a t h e r  s e n s i t i v e  to  

w e ld in g  c o n d i t io n s ,  i t  is  n e c e s s a r y  to  u s e  some k i n d  of d ig i t a l  f i l t e r i n g  

to  p r o c e s s  t h e  a r c  v o l ta g e  s ig n a l .  A sim ple  m e th o d  is  to  a v e r a g e  a r c  

v o l ta g e  r e a d i n g s  in  a n  o s c i l la t io n  c y c le .

6 . 5 . 2  Seam T r a c k i n g

E x p e r im e n t s  show  t h a t  on  a p p r o a c h in g  th e  s id e w a l l ,  t h e  a r c  v o l ta g e  

d r o p s  d o w n .  T h i s  is  b e c a u s e  th e  a r c  f l i c k s  t o w a r d s  t h e  s idew all  w h e n  

b e in g  c lo se  to  t h e  s id e w a l l .  If  th e  t o r c h  is  o s c i l la t e d  a c r o s s  t h e  g a p ,  

t h e  a r c  v o l ta g e  w ave fo rm  will look l ik e  f i g u r e - 6 . 1 0 .  T h e  tw o d ip s  a t  

t h e  le f t  (VI) a n d  r i g h t  ( V r )  s id ew alls  i n d ic a te  t h e  s y m m e try  of th e  

t o r c h  m ovem en t w ith  r e f e r e n c e  to  th e  c e n t r a l  l in e  of t h e  g a p .  A s lo n g  

a s  t h e  t o r c h  is  o s c i l la te d  e q u a l ly  to w a rd s  to  b o th  s id e w a l l s ,  V r  is  e q u a l  

to  VI a n d  no  c o r r e c t io n  is  n e e d e d .  H o w e v e r ,  if t h e  t o r c h  m ovem ent 

is  o f f  t h e  c e n t r e  a n d  c lo s e r  to  t h e  le f t  ( r i g h t )  s id e w a l l ,  V r  is  g r e a t e r  

( l e s s )  t h a n  VI. In  e i t h e r  of t h e s e  c a s e ,  c o r r e c t i o n  of t o r c h  m ovem en t 

is  n e c e s s a r y .  T a k e  V r  > VI a s  a n  e x a m p le ,  t h e  c o r r e c t i o n  p r o c e d u r e  

lo oks  l i k e :
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(1 )  C a lc u la te  t h e  e r r o r  AV = V r  - VI.

(2 )  C a lc u la te  t h e  n u m b e r  of s t e p s  to  move th e  a x is  of t h e  t o r c h  

m ov em en t to w a rd s  t h e  r i g h t  s id e w al l .

(3 )  T h e  8088 c o m p u te r  s e n d s  th e  in fo rm a t io n  to  th e  t o r c h  m a n ip u 

l a t o r  f o r  a  s u b s t a n t i a l  c o r r e c t i o n .

R e a l - t im e  c o n t ro l  v ia  th e  a r c  v o l ta g e  s e n s o r  is  r e l a t i v e ly  s im p le .  

I t  i n v o lv e s  s im ple  e le c t r o n ic  h a r d w a r e  a n d  c o n t r o l  a lg o r i th m s .  H o w e v e r  

t h e  u s e s  of t h r o u g h - a r c  s e n s o r s  a r e  l im ited  b y  t h e i r  s e n s i t i v i t y  to  

w e ld in g  c o n d i t i o n s .

In  t h i s  c h a p t e r ,  s o f tw a r e  im p lem e n ta t io n  of a r c  o sc i l la t io n  h a s  b e e n  

d i s c u s s e d .  IBM PC s o f tw a r e ,  r e s i d e n t i a l  s o f tw a r e  a n d  a p p l i c a t io n  s o f t 

w a re  w e re  d e ta i l e d .  A t t h e  e n d ,  r e a l - t im e  c o n t ro l  u s in g  th e  a r c  v o l ta g e  

s e n s o r  w as  d i s c u s s e d .  H o w e v e r ,  a  f a s t  v is io n  s y s te m  is n e c e s s a r y  f o r  

a d v a n c e d  c o n t r o l .  T h i s  will b e  t h e  fo c u s  of t h e  n e x t  c h a p t e r .
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F ig u re - 6 .1  S o f tw are  s t r u c t u r e  fo r  a rc  oscilla tion con tro l



TRANS.C PCLIB.C

(LATTICE-C) (MASM)

F ig u r e - 6 .2  P r o c e d u r e  of com piling a n d  l in k in g  IBM PC s o f tw a re

B00T.A86

(MASM)

ARCLA.A86

(MASM)

BOARD.C 

(INTEL-C)

F i g u r o - 6 .3  Procedux-e of g e n e r a t i n g  In te l  h e x  c o d e s  fx-om 
th e  r e s id e n t i a l  s o f tw a re
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WEAVE.C ARCLC.C

(INTEL-C) (INTEL-C) 

WEAVE. OBJ ARCLC.OBJ

TLINK8 6 )

WEAVE.LNK

(L0C86)
(0H86)

WEAVE.HEX

ARC -A.A86

(M A S M )

ARCLA.OBJ

F i g u r e - 6 .4  P r o c e d u r e  of g e n e r a t i n g  In te l  h e x  c o d e s  from  
th e  a p p l ic a t io n  s o f tw a re

B0QT.A86 ARCLA.A86 WEAVE. C ARC

(MASM)

,C.C

(MASM) (INTEL-C) (INTEL-C)

BOOT.OBJ ARCLA.OBJ WEAVE.OBJ ARCLC.OBJ

(LINK86)

BOOj.LNK

(L0C86)
( O H 8 6 )

BOOT.HEX

F i g u r e - 6 .5  P r o c e d u r e  of g e n e r a t i n g  f in a l is e d  c o n tro l  c o d e s
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FIELD STRENGTH

F i g u r e - 6 .6  D e f in i t io n s  of o s c i l la t io n  w av e fo rm  p a r a m e t e r s
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F i g u r e - 6 .7  Flow c h a r t  o f w avefo rm  g e n e r a t io n  r o u t in e
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-6 .8  F u n c t io n s  of a u to m a t ic  a r c  o sc il la t io n  c o n t r o l
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(a )  O pen  loop c o n tro l  of a r c  l e n g th

( b )  Close loop c o n tro l  of a r c  l e n g th  

F i g u r e - 6 .9  O pen  loop a n d  c lose  loop c o n tro l  of a r c  l e n g th
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V O LTAG E(v)

VI V r

TIME(sec)

F i g u r e - 6 .1 0  V o ltage  w aveform  d u r in g  to r c h  o sc il la t ion



7. VISION-BASED REAL-TIME CONTROL

7 .1  I n t r o d u c t i o n

F o r  m any  t a s k s  t h a t  a r o b o t  p e r f o r m s ,  v is io n  is  th e  m o st  im p o r ta n t  

s o u r c e  of in fo rm a t io n  a b o u t  i t s  e n v i r o n m e n t .  T h e  r e c o g n i t i o n  of s u r 

r o u n d i n g  o b je c t s  a n d  th e  p e r c e p t i o n  of c e r t a i n  r e l a t i o n s  a m o n g  t h e s e  

o b j e c t s  p r o v id e  v i ta l  in fo rm a t io n  f o r  r o b o t  c o n t r o l .  S in ce  t h e  la te  1960s 

m ac h in e  v is io n  h a s  e x p e r i e n c e d  m any  a d v a n c e s ,  b u t  is s t i l l  c o n s id e r e d  

r e l a t i v e ly  u n d e v e lo p e d .

A v is io n  sy s te m  e x p lo i t s  b o th  h a r d w a r e  a n d  s o f tw a r e .  H a r d w a r e  i n 

c lu d e s  c a m e ra s ,  im age d i g i t i s e r s ,  p r e p r o c e s s o r  ( in  some s y s t e m s ) ,  

c o m p u te r s  a n d  i n te r f a c e  e q u ip m e n t .  S o f tw a re  d e a ls  w ith  im age a n a ly s i n g  

a n d  c o n v e r s io n  of t h e  d ig i ta l  im age in to  u s e fu l  in fo rm a t io n .  R e f e r e n c e  

[ 127] o u t l i n e s  h a r d w a r e  a v a i la b le  fo r  v is io n  s y s te m s .  Tw o t y p e s  of 

c a m e ra s  commonly u s e d  a r e  v id ic o n  a n d  s o l i d - s t a t e  c a m e ra s .  T h e  fo rm e r  

is  i n e x p e n s i v e  a n d  h a s  r e l a t i v e ly  h ig h  s p e e d .  T h e  d i s a d v a n t a g e s  of 

v id ic o n s  a r e  t h e i r  f ix e d  s c a n  p a t t e r n ,  l im ited  s p a t i a l  r e s o lu t io n  a n d  th e  

n o n l in e a r i t y  of th e  s c a n  d u e  to  d i s t o r t i o n s  in  t h e  e le c t r ic a l  f ie ld  in  t h e  

s c a n n e r  i t s e l f .  S o l id - s ta t e  c a m e ra s  a r e  of two t y p e s :  c h a r g e - c o u p l e d  

d e v ic e s  (C C D s)  a n d  c h a r g e - in j e c t e d  d e v ic e s  ( C I D s ) .  B o th  of t h e s e  

d e v ic e s  a r e  c h a r g e - t r a n s f e r  d e v ic e s  ( C T D s ) .  T h e y  h a v e  e x c e l l e n t  g e 

o m e tr ic  a c c u r a c y .  L in e a r  a r r a y s  m ay h a v e  u p  to  512 x 512 e le m e n ts  

p e r  d e v ic e ,  b u t  a r e  q u i te  e x p e n s i v e .  T h e  v id eo  s ig n a l  f rom  a  c a m e ra  

is  i n p u t  to  t h e  image d i g i t i s e r  k n o w n  a s  t h e  f ram e  s t o r e .  T h e  e n t i r e  

im age is  d iv id e d  in to  a tw o -d im e n s io n a l  a r r a y  ( ty p i c a l ly  128x 128, 

256x 256, 5 1 2 x 5 1 2 )  of p ix e l s ,  nam ely  p i c t u r e  e le m e n ts .  B in a r y  v id eo
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r e q u i r e s  o n ly  1 b i t  p e r  p ix e l .  E s k e n a z i  1128| d e s c r i b e s  a  TV  d i g i t i s e r  

t h a t  r e a d s  in  t h e  b i n a r y  im age a t  v id e o  f ram e  r a t e s .  G r a y  lev e l  v id eo  

m ay  h a v e  a s  m any  a s  256 lev e ls  a n d  r e q u i r e  8 b i t s  p e r  p ix e l .  F o r  a 

256 x 256 x 8 f ram e  s t o r e ,  6 4 K b y te  m em ory  is  n e e d e d .  Im age  a n a ly s i n g  

is  t h e  m ost im p o r ta n t  t a s k  to  e x t r a c t  v is io n  in fo rm a t io n  from  a n  im ag e .  

P r in c i p l e s  a n d  m e th o d s  of im age p r o c e s s i n g  a n d  p a t t e r n  r e c o g n i t i o n  can  

b e  fo u n d  in  a v a r i e ty  of s o u r c e s  |129, 130). D aw so n  [131] o v e rv ie w s  b a s ic  

im age  a lg o r i th m s  a n d  e x p la in s  c o n c e p t s  of p o i n t ,  a r e a  a n d  f ram e  

p r o c e s s e s .  A p o in t  p r o c e s s  is  a n  a lg o r i th m  w h ich  c h a n g e s  a  p ix e l  v a lu e  

b a s e d  o n ly  on  t h a t  p ix e l  v a lu e .  An a r e a  p r o c e s s  c h a n g e s  a  p ix e l  v a lu e  

b a s e d  on  th e  v a lu e  of p ix e l  a n d  v a lu e s  of n e ig h b o u r i n g  p i x e l s .  A lg o 

r i t h m s  t h a t  • c h a n g e  p ix e l  v a lu e s  b a s e d  on  c o m p a r in g  two o r  m ore  

im ages  a r e  c a l led  f ram e  p r o c e s s e s . A n o t h e r  im p o r ta n t  im age a n a ly s i n g  

m e th o d  is  im age s e g m e n ta t io n  w h ich  d iv id e s  a n  image in to  d i f f e r e n t  

r e g i o n s  of c e r t a i n  p r o p e r t i e s .  I t  is  in  d e ta i l  d i s c u s s e d  in  [132 - 134). 

In  g e n e r a l ,  im age s e g m e n ta t io n  t e c h n i q u e s  c a n  be  c a te g o r i s e d  in to  t h r e e  

c l a s s e s :  c h a r a c t e r i s t i c  f e a t u r e  t h r e s h o l d i n g  o r  c l u s t e r i n g ,  e d g e  d e 

t e c t i o n ,  a n d  r e g io n  e x t r a c t i o n .  C u n n in g h a m  [ 135) d i s c u s s e s  b i n a r y  im

a g e  s e g m e n ta t io n  t e c h n i q u e s .  Weszka[136] s u r v e y e d  t h r e s h o ld  se le c t io n  

t e c h n i q u e s .  T h e r e  a r e  two t y p e s  o f  t h r e s h o l d i n g  t e c h n i q u e s :  g lobal 

a n d  lo ca l .  T h e  f o rm e r  is  b a s e d  on  a n a ly s i s  of t h e  image g r e y  leve l  

h i s to g r a m ,  w hile  t h e  l a t t e r  on  th e  g r e y  le v e ls  in  a  n e ig h b o u r h o o d .  

R o s e n fe ld  [137| r e v ie w s  im age p a t t e r n  r e c o g n i t i o n  from  a  t e c h n i q u e -  

o r i e n t e d  s t a n d p o i n t .  Im age  e n h a n c e m e n t  is  d i s c u s s e d  b y  Woods & 

G onza lez  in  [138). P r in c ip le  of e d g e  f in d in g  t e c h n iq u e  is  e x p la in e d  in  

[139). C o r b y  [140] e x a m in ed  r o b o t i c  v is io n  a n d  i t s  r e la t io n  to  c o m p u te r  

v i s io n .  T h e  ro le  of v is io n  a s  a  ro b o t i c  s e n s o r y  p i ’o e e s s  is  d i s c u s s e d  

a n d  c o m p a re d  w ith  o t h e r  r o b o t i c  s e n s o r y  p r o c e s s e s .
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Most v is io n  s y s te m s  c u r r e n t l y  a v a i la b le  to  w e ld in g  p r o c e s s e s  em ploy  

a r t i f i c i a l  i l lum ina tion  to  im p ro v e  th e  c o n t r a s t  in  t h e  w e ld in g  s c e n e ,  o r  

to  p r o v id e  p ro f i le  in fo rm a t io n .  As f a r  a s  t h e  imago r e c o g n i t i o n  is  

c o n c e r n e d ,  b i n a r y  im age p r o c e s s in g  is  w id e ly  u s e d  d u o  to  i t s  s im p l ic 

i t y .  H o w e v e r ,  a b i n a r y  im age c o n ta in s  m uch  le s s  in fo rm a t io n  t h a n  a 

g r e y  leve l  im age , a n d  i t  is  u n l ik e ly  to  im p lem en t com plex  c o n t r o l .  T h i s  

c h a p t e r  is  c o n c e r n e d  w ith  a  r e a l - t im e  v is io n  s y s te m .  In fo rm a t io n  a b o u t  

th e  s id e w a l ls ,  w e ld in g  a r c ,  a n d  t u n g s t e n  e le c t r o d e  is  e x t r a c t e d  t h r o u g h  

a n a ly s i n g  t h e  g r e y  leve l  im age f o r  t h e  p u r p o s e  of seam  t r a c k i n g  a n d  

c lo s e - lo o p  a r c  o sc i l la t io n  c o n t r o l .  F i r s t l y ,  t h e  c o n f i g u r a t io n  o f  t h e  IBM 

PC  b a s e d  v is io n  s y s te m  will b e  p r e s e n t e d .  S e c o n d ly ,  tw o m e th o d s  of 

g r e y  leve l  im age a n a ly s e s :  e d g e  f in d in g  a n d  te m p la te  m a tc h in g  will be  

d i s c u s s e d .  I t  is  fo llowed b y  v is io n  s o f tw a r e .  F in a l ly ,  r e a l - t im e  c o n t ro l  

s c h e m e s  v ia  t h e  v is io n  s y s te m  will be  c o v e r e d .

7 .2  IBM PC  B a s e d  V ision  S y s tem

T h e  b lo c k  d ia g ra m  of a v is io n  b a s e d  c o n t r o l  s y s te m  is  sh o w n  in 

f i g u r e - 7 . 1 .  T h e  v is io n  s e n s o r  is  th e  m ajo r  p a r t  o f t h e  c o n t r o l  s y s te m .  

I t  is  m ade u p  of a  CCD o r  v id ic o n  c a m e ra ,  f ra m e  s t o r e s ,  a n d  t h e  h o s t  

IB M -PC  A T . Tw o f ra m e  s to r e s  w e re  b u i l t  on  t h e  p r o t o t y p e  e x p a n s io n  

b o a r d  w h ich  w as p l u g g e d  in to  t h e  IBM -PC A T . E ach  f ra m e  s to r e  h a s  

256 x 256 p i x e l s ,  a n d  o n e  p ix e l  t a k e s  o n e  b y t e .  T h e r e f o r e  6 4 K b y te  

RAM is n e e d e d  f o r  one  f ram e  s t o r e ,  o r  128 K b y te  RAM f o r  two f ra m e  

s t o r e s . B o th  f ram e  s t o r e s  a r e  m em ory m a p p e d . T h e  f i r s t  f ra m e  s to r e  

is  from  C0000 to  C F FFF  ( h e x ) ,  a n d  th e  s e c o n d  from  D0000 to  D F FFF 

( h e x ) . T h e  IBM -PC A T  d i r e c t l y  a c c e s s  t h e  f ra m e  s t o r e s  b y  r e a d i n g  

f rom  o r  w r i t i n g  to  th e  m em ory , w hich  c le a r ly  m axim ises  t h e  im age a c 

c e s s  s p e e d .
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O n ce  th e  f ram e  s to r e  is  in  t h e  c a p t u r e  m ode , t h e  c a p t u r e d  p i c t u r e  

is  d i g i t i s e d  a t  th e  v id e o  r a t e ,  50 f r a m e s / s e c o n d . A 7 - b i t  A /D  c o n v e r t e r  

is  u s e d  to  c o n v e r t  t h e  v id e o  s ig n a l  in to  d ig i ta l  n u m b e r s ,  k n o w n  a s  g r e y  

l e v e l s ,  w h ic h  a r e  from  0 ( b la c k )  to  127 ( b r i g h t ) .  T h e  lo w e r  7 - b i t  of 

t h e  m em ories  in  t h e  f ra m e  s t o r e s  c o n ta in s  th e  g r e y  leve l  w hile  t h e  to p  

b i t  m ay b e  u s e d  a s  b i n a r y  im age b i t .  T h e  w e ld in g  s c e n e  is  d i r e c t l y  

v ie w e d  b y  a  TV  c a m e ra  w i th o u t  a r t i f i c ia l  i l lu m in a t io n .  In fo rm a t io n  a b o u t  

p o s i t io n s  of s id e w a l l s ,  e l e c t r o d e ,  a n d  w e ld in g  a r c  is  e x t r a c t e d  in  r e a l  

tim e u s i n g  e d g e  f in d in g  o r  tem p la te  m a tc h in g ,  w h ich  will b e  d i s c u s s e d  

in  t h e  fo llo w in g .

7 .3  E d g e  F in d in g

E d g e  f in d in g  is  o f te n  u s e d  to  s e g m e n t  th e  im age in to  h o m o g e n e o u s  

p o r t i o n s .  In  a  tw o -d im e n s io n a l  im age , t h e  o r ig in  of th e  ( x , y )  c o o r d i 

n a t e s  is  d e f in e d  a s  t h e  u p p e r - l e f t  c o r n e r  of t h e  im age . T h e  x  c o o r d i 

n a t e  is  t h e  colum n n u m b e r  i n c r e a s i n g  from  le f t  to  r i g h t ,  a n d  y 

c o o r d in a te  is  t h e  row  ( o r  l in e )  n u m b e r  i n c r e a s i n g  from  u p  to  d o w n .  

T o  d e t e c t  e d g e s  t h e  b r i g h t n e s s  ( g r e y  le v e l )  g r a d i e n t  v e c t o r  G ( x , y )  

a t  e a c h  p o in t  ( x , y )  is  c o m p u te d .  T h e  m a g n i tu d e  of t h e  g r a d i e n t  can  

b e  e x p r e s s e d  a s  [137, 1401:

G ( x , y )  = , / (  d p / d x  ) *  + ( d p / a y ) J ( e q u a t io n - 7 .1 )

w h e r e  p ( x , y )  is  t h e  g r e y  leve l  a t  p o in t  ( x , y ) .  T h e  d i r e c t i o n  of t h e  

g r a d i e n t  is  t a n ~ ^ ( <3p/<5x d p / d y ) .

F o r  h o r iz o n ta l  t r a c k i n g ,  e q u a t i o n - 7 .1  c a n  b e  s im plif ied  a s :

G ( x , y )  = d p / d x  ( e q u a t io n - 7 .2 )
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T h e  g r a d i e n t  d i r e c t io n  is  in d ic a te d  b y  th e  s ig n  of G ( x , y ) .  P o s i t iv e  

G ( x , y )  m ean s  t h e  d i r e c t i o n  from  le f t  to  r i g h t ,  a n d  n e g a t iv e  m ea n s  r i g h t  

to  l e f t .  F o r  a  d ig i ta l  g r a d i e n t ,  d i f f e r e n c e s  a r e  t a k e n  i n s t e a d  of d e 

r i v a t i v e s  :

G ( x , y )  = A p ( x , y ) / A x  ( e q u a t i o n - 7 .3 )

If a f ix e d  p a t t e r n  of p ix e l s  is  c o n s i d e r e d ,  A x  is  th e  sam e f o r  e a c h  

p ix e l .  T h e r e f o r e  A p  c a n  r e p r e s e n t  t h e  r a t e  o f  c h a n g e  in  a h o r iz o n ta l  

l ine  of p i x e l s .  T o  m ake th e  m e th o d  le s s  s e n s i t i v e  to  n o i s e ,  d i f f e r e n c e s  

of a v e i ’a g e s , r a t h e r  t h a n  of s in g le  g r e y  l e v e l s ,  a r e  e m p lo y e d ,  i . e . ,

Ap(x,y) = [p(x+ l,y) + p(x + 2,y)]/2 - [p(x-l,y)+p(x-2,y)]/2

( e q u a t i o n - 7 .4 )

D i s c a r d in g  th e  c o n s t a n t ,  t h e  d i f f e r e n c e  a m ong  th e  f o u r  pixels ' n e a r  

p o in t  ( x , y )  is  r e g a r d e d  a s  th e  c h a n g e  r a t e  of g r e y  leve l  a t  p o in t  ( x , y )  

in  t h e  h o r iz o n ta l  d i r e c t i o n :

D ( x , y )  = p ( x + l , y )  + p ( x + 2 ,y )  - p ( x - l , y )  - p ( x - 2 , y )

( e q u a t i o n - 7 .5 )

F o r  a n  o b je c t  b r i g h t e r  t h a n  th e  b a c k g r o u n d ,  w h e n  s c a n n e d  h o r iz o n ta l ly  

t h e  p ix e l  v a lu e s  c h a n g e  from  low to h i g h ,  t h e n  h ig h  to  low. A p p ly in g  

e q u a t i o n - 7 .5 ,  two d i f f e r e n t i a l  p e a k s ,  p o s i t iv e  a n d  n e g a t i v e ,  a r e  d e 

t e c t e d .  T h e  p o s i t iv e  p e a k  c o r r e s p o n d s  to  t h e  le f t  e d g e  of t h e  o b je c t  

a n d  th e  n e g a t iv e  to  t h e  r i g h t  e d g e .  In  t h e  s i t u a t io n  of T IG  w e ld in g ,  

t h e  a r c  is  a lw a y s  b r i g h t e r  t h a n  t h e  b a c k g r o u n d .  T h e  t u n g s t e n  

e le c t r o d e  is  v e r y  h o t  d u e  to  i n t e n s iv e  a r c  h e a t i n g ,  a n d  t h e r e f o r e
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b r i g h t e r  t h a n  th e  b a c k g r o u n d .  T h e  low er  p a r t  of th e  e l e c t r o d e  w h ich  

is  c lo s e r  to  t h e  a r c  is  e v e n  b r i g h t e r .  T h e  p ix e l  v a lu e s  o f  a h o r i z o n ta l  

l ine  a c r o s s  t h e  a r c  o r  th e  e le c t r o d e  follow t h e  p a t t e r n :  low - h ig h  - 

low . T h i s  is  p r o v e d  b y  l a t e r  e x p e r i m e n t s .  By m oans  o f  e q u a t i o n - 7 . 5 ,  

t h e  le f t  e d g e  of t h e  a r c  o r  th e  e le c t r o d e  h a s  t h e  p o s i t iv e  p e a k  r a t e  of 

c h a n g e  in  p ix e l  v a lu e  w hile t h e  r i g h t  e d g e  h a s  t h e  n e g a t i v e  p e a k  r a t e .  

F i g u r e - 7 .2  d e m o n s t r a t e s  e d g e  f in d in g  of t h e  e l e c t r o d e  a n d  n o n -  

d e f l e c t e d  a r c ,  f i g u r e - 7 .3  fo r  th e  e le c t r o d e  a n d  l e f t - d e f l e c t e d  a r c ,  a n d  

f i g u r e - 7 . 4  f o r  th e  e le c t r o d e  a n d  r i g h t - d e f l e c t e d  a r c .

In  n a r r o w  g a p  T IG  w e ld in g ,  t h e  bo t tom  of t h e  g ro o v e  is  r a t h e r  

b r i g h t e r  d u e  to  th e  a r c  i l lu m in a tio n .  T h e  l ig h t  i n t e n s i t y  in  t h i s  r e g io n  

is  r e l a t i v e ly  c o n s t a n t .  When s c a n n e d  h o r iz o n ta l ly ,  t h e  p ix e l  lev e l  h a s  

s h a r p  c h a n g e s  a t  t h e  s id e w a l ls ,  b u t  o n ly  s l i g h t  v a r i a t i o n s  in  th e  

g r o o v e .  B y  a p p ly in g  th e  a b o v e  e q u a t io n ,  two s id e w a l ls  a r e  lo c a te d  b y  

lo o k in g  f o r  p o s i t iv e  a n d  n e g a t iv e  d i f f e r e n t i a l  p e a k s .  U n f o r tu n a t e l y ,  

t h i s  is  n o t  t h e  c a se  of t i ’a c k in g  th e  e l e c t r o d e  a n d  th e  a r c  s in c e  p ix e l  

p a t t e r n s  a c r o s s  th e  t u n g s t e n  a n d  th e  a r c  do  n o t  a lw a y s  in d ic a te  th e  

p e a k  p ix e l  v a r i a t i o n s  a t  t h e i r  e d g e s ,  b u t  a t  s id e w a l ls .  T h i s  p ro b le m  

c a n  b e  a v o id e d  b y  a p p ly in g  t h e  e d g e  f in d in g  t e c h n i q u e  to  t h e  

e le c t r o d e  o r  t h e  a r c  in  t h e  a r e a  d e f in e d  b y  th e  d e te c te d  s idew all  p o 

s i t i o n s .  A ssu m in g  th e  le f t  s idew all  loca t ion  is  x l  a n d  th e  r i g h t  o n e  is 

x 2 ,  x  in  e q u a t i o n - 7 .5  is  t a k e n  from  x l  to  x 2 . T h e n  p o s i t iv e  a n d  

n e g a t i v e  d i f f e r e n t i a t i o n s  c a n  be  c le a r ly  id e n t i f i e d  f o r  l e f t  a n d  r i g h t  

e d g e s  of t h e  e le c t r o d e  o r  t h e  a r c  ( f i g u r e - 7 . 5 ) .  In  t h e  m ean  t im e , e d g e  

f i n d i n g  in  t h e  sm a lle r  a r e a  e n h a n c e s  th e  t r a c k i n g  s p e e d  b e c a u s e  of l e s s  

d i f f e r e n t i a t i o n s .
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T h e  a d v a n t a g e s  of t h e  e d g e  f in d in g  t e c h n iq u e  in c lu d e  i t s  s im p l ic i ty  

a n d  f a s t  t i 'a c k in g  s p e e d .  H o w e v e r  i t  r e q u i r e s  t h a t  t h e  o b je c t  to  bo 

t r a c k e d  is  d i s t i n c t  from  th e  b a c k g r o u n d .

7 .4  T e m p la te  M a tch ing

T h e  te m p la te  m a tc h in g  t e c h n i q u e  a n a ly s e s  a n  a r e a  of p i x e l s ,  r a t h e r  

t h a n  a l ine  of p i x e l s .  I t  t r a c k s  a  t a r g e t  o b je c t  b y  c o r r e l a t i n g  a  tem p la te  

w i th  a  p o r t i o n  of im age . A s q u a r e  te m p la te  c a n  be  u s e d  to  a s s e m b le  

t h e  f e a t u r e  of th e  o b j e c t .  T h e  f u n c t io n  of p ix e l s  in  t h e  te m p la te  c a n  

b e  d e s c r i b e d  a s :

t ( i , x , y , x j , y j )  ( 0 < : x j : ; x s ,  0 < : y j ^ y s )

w h e r e  i s t a n d s  f o r  t h e  te m p la te  n u m b e r ,  ( x , y )  fo r  t h e  lo ca t io n  of

u p p e r - l e f t  c o r n e r ,  x s  f o r  t h e  te m p la te  l e n g t h ,  a n d  y s  f o r  t h e  te m p la te  

w i d t h .  L ik e w ise ,  t h e  im age w indow  c a n  b e  d e f in e d  in  th e  sam e w a y ,  

a n d  t h e  f u n c t io n  of p ix e l s  in  th e  w indow  is ,  

w ( i , x , y , x j , y j )  ( O ^ x j ^ x s ,  O ^ y j ^ y s )

T e m p la te  m a tc h in g  c o r r e l a t e s  t h e  tem p la te  w ith  th e  im age w indow .

M a th e m atic a l ly ,  p ix e l s  in  t h e  te m p la te  a n d  th o s e  in  t h e  w indow  c a n  be  

t r e a t e d  a s  l in e a r  a r r a y s  of d a t a .  T h e  c o r r e la t io n  b e tw e e n  t h e  two 

a r r a y s  c a n  b e  c a lc u la te d  b y  a p p ly i n g  d e r iv a t io n  a n d  c o v a r i e n c e .  T h is  

p r o c e s s  in v o lv e s  a  g r e a t  a m o u n t  of m u lt ip l ic a t io n  a n d  d iv i s io n ,  t h e r e 

f o re  u s e s  m uch  c o m p u ta t io n  t im e . T o  m axim ise th e  p r o c e s s i n g  s p e e d ,  

p o i n t - p o i n t  d i f f e r e n c e s  a r e  c a lc u la t e d .  T h e i r  sum m ation  is  c o n s id e r e d  

to  b e  t h e  c o r r e la t io n  b e tw e e n  t h e  w indow  a n d  te m p la te ,  i . e . ,

x j= 0 ,x s
C ( i )  = X I t ( i , x , y , x j , y j )  - w ( i , x , y , x j , y j ) |  ( e q u a t i o n - 7 .6 )

yj=o,ys
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T h e  sm a l le r  t h e  c o r r e la t io n  v a lu e ,  t h e  b e t t e r  t h e  m a tc h in g  b e tw e e n  th e  

tw o .  If  t h e  te m p la te  a n d  th e  w indow  a r e  e x a c t ly  t h e  sa m e , t h e  c o r r e 

la t io n  is  z e ro .

T h e  a p p l ic a t io n  of tem p la te  m a tc h in g  in v o lv e s  two s i t u a t i o n s :  a

t a r g e t  o b je c t  w ith  a f ix e d  s h a p e  s u c h  a s  t u n g s t e n  e l e c t r o d e  a n d  

s id e w a l l s ,  a n d  t h a t  w ith  v a r i a b le  s h a p e ,  e . g .  t h e  w e ld in g  a r c  b e in g  

d e f l e c t e d .  In  t h e  f i r s t  c a s e ,  a s in g le  te m p la te  is  o f te n  s e t  u p  to  r e p 

r e s e n t  t h e  o b je c t  to  be  t r a c k e d  ( f i g u r e - 7 . 6 ) .  T h e  in it ia l  lo ca t io n  o f  th e  

o b je c t  is  d e c id e d  b y  c o r r e la t in g  th e  te m p la te  a g a i n s t  w indow s w ith  t h e  

sam e s iz e ,  b u t  v a r i e d  colum n ( x )  from  0 to  255. T h i s  m e a n s  t h a t  256 

c o r r e la t io n s  a r e  c a r r i e d  o u t .  T h e  t a r g e t  o b je c t  is  t r a c k e d  b y  f in d in g  

o u t  t h e  w indow  w ith  sm alles t  c o r r e la t io n  n u m b e r .  T h e  s u b s t a n t i a l  

t r a c k i n g  is  im p lem en ted  b y  c o r r e l a t i n g  t h e  te m p la te  w ith  t h e  e x i s t i n g  

w indow  ( i . e .  c u r r e n t  loca tion  of th e  t a r g e t ) ,  t h e  t h r e e  w in d o w s  to  th e  

le f t  of  t h e  e x i s t i n g  w indow , a n d  th e  t h r e e  w indow s to  t h e  r i g h t  of th e  

e x i s t i n g  w indow . T h e  w indow w ith  t h e  sm a l le s t  c o r r e la t io n  n u m b e r  is 

th e  new  lo ca t io n  of th e  t a r g e t .

S ince  t h e  w e ld in g  a r c  c h a n g e s  d u r i n g  d e f l e c t io n ,  a  s in g le  te m p la te  

c a n n o t  r e p r e s e n t  th e  a r c  f e a t u r e .  A n a l t e r n a t i v e  w ay is  d e s ig n e d  to  

ov e rco m e  th i s  d i f f ic u l ty .  T h e  id ea  is  t h a t  a  s e t  of t e m p la te s  a r e  s e t  

u p  in  t h e  r a n g e  of a r c  d e f le c t io n ,  a n d  e a c h  of them  r e p r e s e n t s  a n  a r c  

lo c a t io n ,  a s  sh o w n  in f i g u r e - 7 . 7 .  T h e  p ix e l  v a lu e s  in  e a c h  te m p la te  

t ( i , x , y , x j , y j )  a r e  s to r e d  in  a b u f f e r .  D u r in g  m a tc h in g ,  i t  is  c o r r e l a t e d  

a g a in s t  th e  w indow  w ( i , x , y , x j , y j )  a c c o r d in g  to  e q u a t i o n - 7 .6 ,  r e s u l t i n g  

in  a  c o r r e la t io n  v a lu e  C ( i ) . T h e  b e s t  m a tc h e d  w indow , w h ic h  h a s  th e  

sm a l le s t  c o r r e la t io n ,  is t h e r e f o r e  r e g a r d e d  a s  t h e  c u r r e n t  a r c  lo ca t io n .  

F i g u r e - 7 . 8  sh o w s  t h a t  t h e  a r c  is  t r a c k e d  b y  th i s  t e c h n i q u e .  T o  im 
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p r o v e  m a tc h in g  q u a l i t y ,  a  limit o f c o r r e la t io n  v a lu e  c a n  b e  s e t .  I f  t h e  

sm a l le s t  c o r r e la t io n  is  g r e a t e r  t h a n  th e  l im it,  no  good m a tc h in g  is 

f o u n d .  In  t h i s  c a s e ,  e i t h e r  r e v i s i n g  te m p la te s  o r  r e s e t t i n g  th e  c o r r e 

la t io n  limit m u s t  b e  d o n e .

T h e  te m p la te  s iz e s  a n d  n u m b e r  of t e m p la te s  c a n  be  d e c id e d  b y  th e  

u s e r .  T h e  l a r g e r  t h e  te m p la te s  th e  s lo w e r  th e  p r o c e s s i n g .  More te m 

p l a t e s  t e n d  to  i n c r e a s e  d e te c t io n  a c c u r a c y ,  b u t  s a c r i f i c e  t h e  p r o c e s s in g  

s p e e d .  R e a s o n a b ly ,  e ig h t  te m p la te s  w i th  a s ize  of 1 5 x 1 0  ( p ix e l )  a r e  

r e c o m m e n d e d .  T h e  t r a c k i n g  s p e e d  of tem p la te  m a tc h in g  c a n  be  d o u b le d  

b y  d iv id in g  th o s e  te m p la te s  in to  two g r o u p s :  o n e  fo r  l e f t  d e f le c t io n  

a n d  a n o t h e r  o n e  f o r  r i g h t  d e f le c t io n .  T e m p la te  c o r r e la t io n s  a r e  m ade 

o n ly  f o r  o n e  g r o u p  of t e m p la te s ,  w h ich  is  d e c id e d  b y  th e  s y n c h r o n i s i n g  

s ig n a l  ( a  o n e - b i t  c o d e :  l e f t  o r  r i g h t  d e f le c t io n )  from  th e  8088 c o m p u te r .

A s  m e n t io n e d  e a r l i e r ,  t h e  te m p la te  m a tc h in g  t e c h n iq u e  p r o c e s s e s  a n  

a r e a  of p i x e l s .  I t  u s e s  a te m p la te  to  d e s c r i b e  t h e  f e a t u r e  of a n  o b je c t  

o r  to  r e p r e s e n t  a lo ca t io n  of a n  o b je c t .  T h i s  m e th o d  d o e s  n o t  r e q u i r e  

a  p a r t i c u l a r  o b je c t  f e a t u r e ,  a n d  c a n  d e t e c t  a n  o b je c t  in  a co m p lic a ted  

s c e n e .  T h e  m ajor  d i s a d v a n t a g e  of t h i s  t e c h n i q u e  is  r e l a t i v e ly  slow 

s p e e d s  a s  c o m p a re d  w ith  th e  p r e v i o u s  m e th o d .

7 .5  V is ion  S o f tw a re

C h o o s in g  a  s u i t a b le  p ro g ra m m in g  l a n g u a g e  is  o f te n  a d i f f ic u l t  d e c i 

s io n .  F o r  r e a l - t im e  a p p l i c a t i o n s ,  th e  p r o c e s s in g  s p e e d  n e e d s  to  be  

c a r e f u l ly  c o n s id e r e d .  A n o th e r  c o n s id e r a t io n  is  t h e  f le x ib i l i ty ,  p o r t a 

b i l i ty  a n d  p r o g ra m m in g  e f f ic ie n c y  of th e  l a n g u a g e .  A sse m b ly  l a n g u a g e s  

h a v e  t h e  h i g h e s t  p r o c e s s in g  s p e e d .  H o w e v e r ,  t h e y  t e n d  to  b e  le s s
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c o m p a c t ,  in  p a r t i c u l a r  w h e n  m ath em a tica l  o p e r a t i o n s  a r e  im p le m e n te d .  

O n th e  o t h e r  h a n d ,  h ig h  lev e l  l a n g u a g e s ,  s u c h  a s  FO R T R A N  a n d  

PA SC A L , c a n  e f f i c i e n t ly  im p lem en t  c o m p lic a ted  m a th em a tica l  o p e r a t i o n s .  

U n f o r t u n a t e l y ,  t h e i r  p r o c e s s i n g  s p e e d  is  too slow to  m ee t  t h e  n e e d s  

of r e a l - t im e  p r o c e s s in g  in  m ost c i r c u m s t a n c e s .  T o  m ake  a  co m p ro m ise ,  

th e  C p ro g ra m m in g  l a n g u a g e  is  c h o s e n .  C is  a g e n e r a l - p u r p o s e ,  e x 

p r e s s i v e  a n d  v e r s a t i l e  p ro g ra m m in g  l a n g u a g e .  I t  f e a t u r e s  m o d e rn  c o n 

t r o l  flow a n d  d a ta  s t r u c t u r e s ,  a n d  a  r i c h  s e t  of o p e r a t o r s .  C is 

h a r d w a r e  i n d e p e n d e n t . P r o g ra m s  w r i t t e n  in  C c a n  r u n  on  a n y  m ac h in e  

t h a t  s u p p o r t s  C . T h e  com pile r  u s e d  t h r o u g h o u t  t h i s  w o rk  is  

L A T T IC E -C  c o m p ile r ,  w h ich  r u n s  on th e  h o s t  IBM -PC A T .

T h e  v is io n  s o f tw a re  w as c o n s t r u c t e d  m o d u la r ly .  I t  c o n s i s t s  of a l i 

b r a r y  of u s e r  r o u t i n e s  S Y S L C .C ,  a s  s h o w n  in  a p p e n d i x - F l ,  a n d  a s e t  

o f m ain  p r o g r a m s  ( a p p e n d i x - F 2 )  f o r  v is io n  a n a l y s i n g .  Major u s e r  

r o u t i n e s  a r e  l i s t e d  a s  fo l lo w s : 

c a p t u r e ( ) :  c a p t u r e  t h e  im age .

d i s p ( ) :  d i s p la y  th e  im age s t o r e d  in  t h e  f ra m e  s t o r e .  

t h r e s h o l d ( t v )  : t h r e s h o l d  t h e  im age w ith  a  t h r e s h o l d  v a lu e  of t v .  

d f _ p t r ( x p , y p ) : d e f in e  a  p o in t  ( x p , y p ) .  

d f _ h l ( x l , y l , x s ) : d e f in e  a  h o r iz o n ta l  l in e .  

d f _ v l ( x l , y l , y s ) : d e f in e  a  v e r t i c a l  l in e .

d f _ b o x ( x l , y l , x s , y s ) : def in e  a  window with l e f t - u p p e r  Conner ( x l ,  

y l )  and r ig h t - d o w n  Conner ( x l+ x s ,  y l + y s ) .

r e a d _ h l ( x l , y l , x s , d b ) : r e a d  a  h o r iz o n ta l  l in e  o f  p ix e l s  in to  a  b u f f e r

d b .

w r i t e _ h l ( x l , y l , x s , d b ) : w r i te  a  h o r iz o n ta l  l ine  from  a  b u f f e r  d b .  

r e a d _ a r e a ( x s , y s , x l , y l , d b ) : r e a d  a n  a r e a  o f  p ix e l s  in to  a b u f f e r  d b .  

w r i t e _ a r e a ( x s , y s , x l , y l , d b )  : w r i te  a n  a r e a  from  a  b u f f e r  d b .
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t i ' a c k _ h l ( x , y , x s , l l o c , r l o c , l d f  , r d f ) : f in d  e d g e s  in a  h o r iz o n ta l  l in e  

f rom  ( x , y )  to  ( x + x s , y ) .  L e f t  e d g e  lo c a t io n ,  r i g h t  e d g e  lo c a t io n ,  le f t  

d i f f e r e n t i a t i o n  a n d  r i g h t  d i f f e r e n t i a t i o n  a r e  r e s p e c t i v e ly  s t o r e d  in  th e  

b u f f e r s  Hoc, r lo c ,  ld f ,  a n d  r d f .

c o r _ t e m ( t e m p ) : c a r r y  o u t  te m p la te  m a tc h in g  a n d  r e t u r n  t h e  c o r r e 

la t io n  v a l u e .

All r o u t i n e s  c a n  b e  ca lled  from  t h e  main p r o g r a m .  B o th  t h e  e d g e  

f i n d i n g  a n d  te m p la te  c o r r e la t io n  r o u t i n e s  w o rk  w ith  th e  r e a l  ( o r  l iv e )  

im a g e .  B u f f e r in g  im age p ix e ls  is n o t  n e c e s s a r y .  C o n s e q u e n t l y ,  th e  

p r o c e s s i n g  s p e e d  is  o p t im is e d .

7.G R e a l-T im e  C o n tro l  S chem es

7 . 6 . 1  Seam T r a c k i n g

T o  a c h ie v e  a  good w eld  q u a l i t y ,  b o th  s id e w a l ls  of th e  n a r r o w  g ro o v e  

m u s t  b e  e q u a l ly  p e n e t r a t e d ,  o th e r w is e  w eld  d e f e c t s  s u c h  a s  in co m p le te  

f u s io n  a n d  u n d e r c u t s  a r e  l ik e ly  to  o c c u r .  O ne  a p p r o a c h  is  to  m a in ta in  

t h e  t u n g s t e n  e le c t r o d e  a t  t h e  c e n t r e  of t h e  g ro o v e  while  t h e  a r c  is  

o s c i l l a t in g  e q u a l ly  from  s id e  to  s id e  w i th o u t  a  f ie ld  b i a s .  F o r  a  w e ld in g  

p r o c e s s  w i th o u t  seam t r a c k i n g ,  t h i s  r e q u i r e s  p r e c i s e  g ro o v e  p r e p a r a 

t io n ,  m a te r ia l  a l ig n m e n t  a n d  f i x t u r e ,  w h ich  i n c r e a s e s  c o n s id e r a b ly  th e  

o v e ra l l  c o s t .  E v e n  if th e  a b o v e  r e q u i r e m e n t s  c o u ld  b e  s a t i s f i e d ,  i n 

e v i t a b le  d i s to r t i o n  c a n  c a u s e  th e  t u n g s t e n  e le c t r o d e  to  d i v e r t  f rom  th e  

c e n t r e  of t h e  g r o o v e .  T h e r e f o r e ,  a r e a l - t im e  seam t r a c k i n g  s y s te m  is 

n e c e s s a r y  to  e n s u r e  n a r r o w  g a p  w e ld in g  q u a l i t y .
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T h e  v is io n  in fo rm a t io n  on  th e  lo ca t io n s  of s id e w a l ls  a n d  e le c t r o d e

c a n  b e  e f f e c t iv e ly  u s e d  to  c o n t r o l  t h e  t o r c h  p o s i t io n  in  t h e  g a p .  O nce  

t h e  t o r c h  is  o f f  th e  c e n t r e  of t h e  g a p ,  a n  a d a p t i v e  c o r r e c t i o n  c a n  be  

m ade  b a s e d  on  th e  f e e d b a c k  v is io n  in fo rm a t io n ,  a s  sh o w n  in  f i g u r e - 7 . 9 .  

A n  i n d i r e c t  w ay  to  c a r r y  o u t  seam  t r a c k i n g  is  to  u s e  t h e  a r c  d e f le c t io n  

d i s t a n c e  a s  t h e  c o n t r o l  v a r i a b le  T h e  le f t  d e f le c t io n  (D id )  is  d e f in e d  

a s  t h e  d i s t a n c e  from  th e  le f t  e d g e  of t h e  a r c  to  t h e  c e n t r e  of t h e  

e l e c t r o d e ,  a n d  th e  r i g h t  d e f le c t io n  ( D r d )  a s  th e  d i s t a n c e  from  th e  r i g h t  

e d g e  of t h e  a r c  to  t h e  c e n t r e  of th e  e l e c t r o d e .  W ithou t f ie ld  b ia s  th e  

a r c  o s c i l la te s  e q u a l ly  to w a rd  b o th  s id e  w a l ls ,  p r o v id e d  th e  e l e c t r o d e  

is  a t  t h e  c e n t r e  of th e  g r o o v e .  As soon  a s  t h e  e l e c t r o d e  is  o f f  th e  

g r o o v e  c e n t r e ,  th e  a r c  o s c i l la t io n  becom es u n s y m m e t r i c a l . I t  is  d e 

t e c t e d  b y  c a p t u r i n g  two im ages  a t  l e f t - h a n d  a n d  r i g h t - h a n d  d w e l l in g  

( r e f e r r e d  to  f i g u r e - 6 .G ) ,  s y n c h r o n i s e d  b y  th e  8088 c o m p u te r .  More 

s p e c i f ic a l ly ,  t h e  le f t  d e f le c t io n  a t  l e f t  d w e l l in g  a n d  r i g h t  d e f le c t io n  a t  

r i g h t  d w e l l in g  a r e  d e t e c t e d  u s in g  e i t h e r  th e  e d g e  f in d in g  o r  t h e  te m 

p la t e  m a tc h in g  t e c h n iq u e  d i s c u s s e d  a b o v e .  T h e  d i f f e r e n c e  b e tw e e n  

th em  is w o rk e d  o u t ,  a n d  t h e  t o r c h  is  a d a p t i v e l y  m oved  to  th e  g ro o v e  

c e n t r e .

7 . 6 . 2  C lose  Loop A rc  O sc i l la t io n  C o n tro l

In  a d d i t io n  to  t h e  seam  t r a c k i n g ,  a r c  o s c i l la t io n  c a n  b e  a u to m a t ic a l ly  

c o n t r o l l e d .  T h e  c o r r e c t  a r c  d e f le c t io n  a n g le  («) d e f in e d  in  f i g u r e - 7 .1 0  

is  c ru c ia l  to  s id e  wall p e n e t r a t i o n .  I t  c a n  be  c a lc u la te d  from  th e  g ro o v e  

g a p  (G ) a n d  a r c  s t a n d o f f  ( l a ) :

a = tan '1 [G/(2*la)J (equation-7.7)

128 -



When th e  v is io n  s e n s o r  c a p t u r e s  t h e  im ages  a t  d w e l l in g  t im e s ,  t h e  d e 

f le c t io n  d i s t a n c e  c a n  bo m e a s u r e d  u s in g  e i t h e r  e d g e  f in d in g  o r  tem p la te  

m a tc h in g  t e c h n i q u e .  T h e  s u c c e s s iv e  m e a s u r e m e n ts  d u r i n g  tw o o s c i l l a t 

in g  c y c le s  a r e  a v e r a g e d .  T h e  d e f le c t io n  a n g le  ( a )  c a n  b e  d e r i v e d  from  

th e  d i s t a n c e  b y  r e f e r r i n g  to  a  l o o k -u p  ta b le  ( L U T ) ,  t h e n  c o m p a re d  

w ith  t h e  s p e c i f ie d  a n g le .  T h e  IBM -PC A T  fe e d s  b a c k  t h i s  in fo rm a t io n  

to  t h e  a r c  o s c i l la t io n  c o n t r o l l e r ,  t h e  l a t t e r  s e t s  w ave  p a r a m e t e r s  a c 

c o r d i n g l y  in  o r d e r  to  c o r r e c t  t h e  e r r o r .  F i g u r e - 7 .1 1  sh o w s  th e  flow 

c h a r t  of c lose  loop c o n tro l  of a r c  o s c i l la t io n .

In  t h i s  c h a p t e r ,  v i s i o n - b a s e d  r e a l - t im e  c o n t ro l  h a s  b e e n  d i s c u s s e d .  

T h e  c o n f ig u r a t io n  of th e  v is io n  s y s te m ,  g r e y  lev e l  im age  a n a ly s i n g  

t e c h n i q u e s :  e d g e  f in d in g  a n d  te m p la te  m a tc h in g ,  s o f tw a r e  im p le m e n ta 

t io n  a n d  r e a l - t im e  c o n t ro l  s c h e m e s  w e re  c o v e r e d .  All e x p e r im e n ta l  r e 

s u l t s  c o n c e r n e d  w ith  a r c  o sc i l la t io n  a n d  v is io n  c o n t r o l  will b e  p r e s e n t e d  

in  t h e  n e x t  c h a p t e r .
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F ig u re - 7 .1  Block d iag ram  of v ision  b a se d  con tro l  sys tem



F ig u re - 7 .2  E dge  f in d in g  of e le c tro d e  a n d  n o n -d e f le c te d  a rc



F i g u r e - 7 . 3  E d g e  f i n d i n g  of e l e c t r o d e  a n d  l e f t - d e f l e c t e d  a r c



F ig u r e - 7 .4  Edge  f in d in g  of e lec tro d e  and  r ig h t - d e f le c te d  a rc



F i g u r e - 7 . 5  E d g e  f i n d i n g  of s id e w a l l s  a n d  e l e c t r o d e



Figure 7 .6  T r a c k i n g
s id e w a l l s  a n d  e l e c t r o d e  u s i n g

te m p la t e  m a tc h in g



I

F i g u r e - 7 .7  S e t - u p  of t e m p la te s  f o r  a r c s  of v a r i e d  d e f l e c t io n s
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F ig u r e - 7 .8  T r a c k in g  a r c  u s in g  tem pla te  m atch ing



F ig u r e - 7 .9 Weld seam  t r a c k i n g  b a s e d  on  e le c t r o d e - s id e w a l l  d i s t a n c e
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TUNGSTEN

F i g u r e - 7 .1 0  A rc  d e f le c t io n  a n g le
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F i g u r e - 7 .11 A rc  d e f le c t io n  c o n t ro l  u s in g  v is io n  sy s te m
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S. EXPERIMENTAL RESULTS

C h a p t e r  4 o u t l in e d  e x p e r im e n ta l  t e c h n i q u e s  a n d  a p p a r a t u s .  C h a p t e r  

5 a n d  G d i s c u s s e d  th e  h a r d w a r e  d e s ig n  a n d  s o f tw a r e  im p lem e n ta t io n  of 

a r c  o s c i l la t io n  c o n t r o l .  T h e  l a s t  c h a p t e r  d e ta i le d  t h e  v is io n  s y s te m  fo r  

r e a l - t im e  c o n t r o l  of n a r r o w  g a p  T IG  w e ld in g .  T h i s  c h a p t e r  will p r e 

s e n t s  a ll  e x p e r im e n ta l  r e s u l t s  r e l a t e d  to  th e  a r c  o sc i l la t io n  a n d  v is io n  

s y s t e m .  F i r s t l y ,  t h e  m ag n e t ic  f ie ld  s t r e n g t h  is  c a l i b r a t e d  a g a i n s t  th e  

coil c u r r e n t  w i th  a  g a u s s  m e te r .  S e c o n d ly ,  t h e  in f lu e n c e  o f  a r c  d e 

f le c t io n  on  a r c  v o l ta g e  is  d i s c u s s e d .  T h i r d l y ,  e x p e r im e n t s  w e re  c o n 

d u c t e d  to  f in d  o u t  th e  v a r i a t i o n s  of w eld  b e a d  g e o m e t ry  w ith  f ie ld  

s t r e n g t h .  In  t h e  m ean t im e, e f f e c t s  of a r c  s t a n d o f f  a n d  w e ld in g  c u r r e n t  

w e re  c o n s i d e r e d .  F in a l ly ,  e x p e r im e n ta l  r e s u l t s  a b o u t  th e  v is io n  s y s te m  

a r e  d i s c u s s e d .

8 .1  F ie ld  S t r e n g t h  C a l ib ra t io n

M ag n e tic  f ie ld s  a t  t h e  e le c t ro m a g n e t  a n d  e le c t r o d e  t ip  w e re  c a l i b r a t e d  

a g a i n s t  t h e  coil c u r r e n t  w ith  a g a u s s  m e te r .  T h e  e le c t r o m a g n e t  w as  5 

mm a p a r t  f rom  th e  e le c t r o d e .  T h e  f ie ld  b ia s  c h a n g e d  from  0 .0  to  9 .9  

w hile  fa  w as  s e t  to  0 . 0 .  T a b le - 8 .1  l i s t s  all t h e  m e a s u re m e n ts  of m a g 

n e t i c  f ie ld  d e n s i t y  w h ich  r e p r e s e n t s  t h e  f ie ld  s t r e n g t h .  F i g u r e - 8 .1  

p lo t s  t h e  f ie ld  s t r e n g t h  a t  th e  e le c t r o m a g n e t  a n d  e le c t r o d e  a g a in s t  t h e  

coil c u r r e n t .  I t  sh o w s  t h a t  th e  f ie ld  s t r e n g t h  h a s  a l in e a r  r e l a t i o n s h ip  

w i th  t h e  coil c u r r e n t .  I t  is  a lso  fo u n d  t h a t  t h e  f ie ld  s t r e n g t h  a t  t h e  

e l e c t r o d e  is  a p p ro x im a te ly  1 /5  of t h a t  a t  th e  e le c t r o m a g n e t  u n d e r  th e  

e x p e r im e n ta l  c o n d i t io n s .  As m e n t io n e d  in  c h a p t e r  4 ,  th e  f lu x  d e n s i t y  

d e c r e a s e s  in  p r o p o r t i o n  to  th e  s q u a r e  of th e  d i s t a n c e . T h e  c lo s e r  t h e
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e le c t r o m a g n e t  is  to  t h e  e l e c t r o d e ,  t h e  s t r o n g e r  t h e  m a g n e t ic  f ie ld  a c r o s s  

t h e  a r c  a n d  t h e  f u r t h e r  t h e  a r c  is  d e f l e c te d  w ith  t h e  sam e coil c u r r e n t .  

T h e  e le c t r o m a g n e t  p r o d u c e s  a s  h ig h  a s  GO G a u s s  ( T  x 10"^)  f ie ld  

s t r e n g t h  a t  t h e  e le c t r o d e  t ip  w ith  a  r e l a t i v e ly  low coil c u r r e n t  (1 .5  

A ) .  T h i s  co m b in a tio n  is  p r a c t i c a l ,  a n d  s a t i s f i e s  a lm os t  all k i n d s  of a r c  

o s c i l l a t io n .

8 .2  A rc  V o l tag e  M e a su re m e n ts

A u to g e n o u s  T IG  w e ld in g  t e s t s  w ere  i n t e n d e d  to  f in d  o u t  t h e  i n f l u 

e n c e  of f ie ld  s t r e n g t h  on  a r c  v o l ta g e .  T h e  w e ld in g  t e s t  r i g  ( f i g u r e - 8 . 2 )  

w as  p r o v id e d  b y  th e  W elding I n s t i t u t e  (T W I) .  I t  w as  s p e c ia l ly  d e s ig n e d  

f o r  b u t t  w e ld in g  of small p i p e s . T h e  two p ip e s  to  b e  w e ld e d  w ere  

c la m p e d ,  a n d  k e p t  s t e a d y .  T h e  w e ld in g  h e a d ,  in c lu d in g  th e  w e ld in g  

t o r c h ,  w ire  f e e d in g  a n d  th e  e le c t r o m a g n e t ,  r o t a t e s  a r o u n d  th e  p i p e s ,  

t h e r e f o r e  fo rm in g  a  c i r c u m f e re n t ia l  w e ld .  A s s e e n  in  f i g u r e - 8 . 2 ,  th e  

e l e c t r o m a g n e t  is  p la c e d  b e h in d  t h e  e le c t r o d e  a n d  th e  f e e d in g  w ire  in  

f r o n t  of t h e  e l e c t r o d e .  S ince  a u to g e n o u s  w e ld in g  t e s t s  w e re  s u f f i c i e n t  

to  f in d  o u t  t h e  in f lu e n c e  of f ie ld  s t r e n g t h  t o g e t h e r  w i th  w e ld in g  c u r r e n t  

a n d  a r c  s t a n d o f f  on  w e ld in g  p e r f o r m a n c e ,  w ire  f e e d in g  was a v o id e d .  

W elding t e s t s  w e re  c a r r i e d  o u t  b y  r u n n i n g  th e  w e ld in g  a r c  on  th e  

s u r f a c e  of a p ie c e  of s t a in le s s  s te e l  304 p ip e  (60 mm OD x 5 .7  mm w a l l) .  

I t s  chem ical com pos i t ion  is  l i s t e d  in  t a b l e - 8 . 2 .  T h e  w e ld in g  p a r a m e te r s  

u s e d  a r e  sh o w n  in  t a b l e - 8 .3 .

T h e  a r c  v o l ta g e  w as r e c o r d e d  b y  th e  T IG  p o w e r  s u p p ly .  Two g r o u p s  

of t e s t s  w e re  m ade :
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C u r r e n t  (A )  

g r o u p  1: 40

S ta n d o f f  (mm) 

1 .5

40 2 .0

g r o u p  2: 60 1 .5

80 1 .5

T h e  coil c u r r e n t  c h a n g e d  f ro m  0 .0  to  1 .5  A w i th  s t e p s  o f  0 .5  A . In  

o t h e r  w o r d s ,  t h e  f ie ld  s t r e n g t h  c h a n g e d  f ro m  0 to  60 G a u s s  ( T  x 10 

. V a r ia t io n s  in  a r c  v o l ta g e  w i th  t h e  coil c u r r e n t  a r e  p l o t t e d  in  

f i g u r e - 8 . 3 .  G e n e r a l ly  s p e a k i n g ,  a s  t h e  a r c  i s  d e f l e c t e d  t h e  a r c  v o l t a g e  

s l i g h t l y  i n c r e a s e s .  T h i s  e f f e c t  i s  l e s s  o b v io u s  w i th  a  h i g h e r  w e ld in g  

c u r r e n t .

F i g u r e - 8 . 3  ( a )  sh o w s  t h a t  a  h i g h e r  s t a n d o f f  r e s u l t s  in  a  h i g h e r  a r c  

v o l t a g e .  I t  is  a  common p r a c t i c e  to  u s e  t h e  a r c  v o l ta g e  s ig n a l  to  c o n t r o l  

t h e  a r c  l e n g t h  in  T IG  w e ld in g .  F e e d b a c k  a r c  o s c i l la t io n  c o n t r o l  a n d  

seam  t r a c k i n g  a r e  p r e f e r a b l y  im p le m e n te d  b y  t h e  v i s io n  s y s t e m .  H ow 

e v e r ,  w i th  t h e  a s s i s t a n c e  o f  s l i g h t  m e c h a n ic a l  w e a v in g  o f  t h e  w e ld in g  

t o r c h  in  a  n a r r o w  g a p ,  a r c  v o l t a g e  s ig n a l  c a n  b e  u s e d  to  c a r r y  o u t  

r e a l - t im e  seam  t r a c k i n g .

8 .3  Weld B e a d  G e o m e try

Weld b e a d  g e o m e t ry  is  of m a jo r  c o n c e r n  in  i n v e s t i g a t i n g  t h e  e f f e c t s  

of a r c  o s c i l la t io n .  T w o  b e a d  d im e n s io n s  a r e  s t u d i e d :  b e a d  w id th  (W) 

a n d  b e a d  d e p t h  ( D ) .  A u to g e n o u s  T IG  w e ld in g  t e s t s  w e re  m ade  w i th  

s t a i n l e s s  s te e l  p ip e  (60 mm OD x 5 .7  mm w a l l ) .  T h e  w e ld in g  p a r a m e t e r s  

u s e d  a r e  l i s t e d  in  t a b l e - 8 . 3 .  T h e  w e ld in g  p r o c e d u r e  p r o c e e d e d  f o r  a  

p r e s e t  f ie ld  a m p l i tu d e  a s  fo llow s:
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C u r r e n t  (A ) S t a n d o f f  (mm)

100 2 .0

80 2 .0

60 2 .0

100 1 .5

80 1 .5

60 1 .5

40 1 .5

T h e  a b o v e  s e v e n  b e a d s  w e r e  m ade  in  a c i r c le  a r o u n d  t h e  p i p e .  T h e  

f ie ld  a m p l i tu d e  w as  p r e s e t  f ro m  t h e  k e y b o a r d  of t h e  8088 c o m p u t e r .  I t  

c h a n g e d  a s :  0 . 0 ,  2 .5 ,  5 . 0 ,  7 . 5 ,  9 . 9 .  T h e r e f o r e ,  f iv e  g r o u p s  o f  b e a d s  

w e re  m ade  a n d  e a c h  of th em  c o n ta in s  t h e  a b o v e  s e v e n  c o m b in a t io n s  of 

c u r r e n t  a n d  s t a n d o f f .  A t o ta l  of t h i r t y  f iv e  b e a d s  w as  l a id .  F i g u r e - 8 . 4  

sh o w s  t h e  w e ld  b e a d s  m ade  w i th  1 .6  mm s t a n d o f f  a n d  v a r i e d  c u r r e n t s .  

S a m p le s  w e re  s e c t i o n e d  to  look  a t  t h e  b e a d  p e n e t r a t i o n .  F i g u r e - 8 . 5  

s h o w s  t h o s e  c r o s s  s e c t io n s  of b e a d s  w i th  100 A c u r r e n t ,  a n d  f i g u r e - 8 . 6  

s h o w s  t h o s e  w i th  60 A c u r r e n t .

M e a s u r e m e n ts  of b e a d  w id th  a n d  d e p t h  w e re  t a k e n  w i th  a  c a l i b r a t e d  

o p t ic a l  m ic ro sc o p e  a t  a  m a g n i f ic a t io n  o f  x lO .  T h e  a c c u r a c y  in  t h e  d e p t h  

a n d  w id th  v a lu e s  is  1%. I t  s h o u ld  b e  m e n t io n e d  t h a t  t h r e e  d e p t h  

m e a s u r e m e n ts  w e re  e q u a l ly  s p a c e d  in  a  c r o s s  s e c t io n  a n d  t h e  a v e r a g e  

o f  th e m  w as  t a k e n  a s  t h e  " r e a l"  b e a d  d e p t h .  All m e a s u r e m e n ts  a r e  

p r e s e n t e d  in  t a b l e - 8 . 4  to  8 .1 0 .

T o  h a v e  a c lo se  look  a t  t h e  i n f lu e n c e  of f ie ld  s t r e n g t h ,  t o g e t h e r  

w i th  w e ld in g  c u r r e n t  a n d  a r c  s t a n d o f f  o n  t h e  b e a d  g e o m e t r y ,  t h e  e x 

p e r im e n ta l  r e s u l t s  w e re  g r o u p e d  a n d  g r a p h i c a l l y  p r e s e n t e d .  F i g u r e - 8 .7
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For both “J ’’and narrow gap welding preparation, the root pass was made 
without magnetic arc oscillation. A large electrode angle (included) of 60 degrees 
and pulsed welding current were used. The peak current was 88 A, pulse time 
0.8 seconds, background current 26 A, and background time 0.4 seconds. The 
torch rotation speed was 160 second/revolution.

As far as the filler passes were concerned, constant welding current, 0.8 mm 
filler wire and the included electrode angle of 28 degrees were used. Welding 
current, wire feed speed, torch rotation speed and arc oscillation parameters 
were different in the two situations. For ”J” preparation, the welding procedure 
is listed as follows:

Welding parameters Pass 1 Pass 2 Pass 3 Pass 4
Welding current (A) 89 92 96 91

Rotation speed (sec/rev) 140 140 140 140

Wire feed speed (m/rnin) 0.80 0.85 0.85 0.70
Arc oscillation frequency (Hz) 1.35 1.35 1.40 1.50

Dwell time (second) 0.36 0.36 , 0.35 0.33

Field strength

at electrode tip (gauss) 26 22 15 100

For narrow gap preparation, the welding procedure is:
Welding parameters Pass 1 Pass 2 Pass 3 Pass 4

Welding current (A) 96 96 96 68

Rotation speed (sec/rev) 145 145 145 145

Wire feed speed (m/rnin) 0.77 0.77 0.77 0.44

Arc oscillation frequency (Hz) 1.40 1.40 1.40 1.50

Dwell time (second) 0.35 0.35 0.35 0.33

Field strength

at electrode tip (gauss) 20 20 20 123

For both preparations, the final pass was finished with strong arc oscillation, 
which provided fine bead appearence. Complete sidewall penetration is observed 
by comparing the macroscopy of cross sections and the groove preparations.
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s h o w s  t h e  f u n c t i o n  of b e a d  w id th  a s  t h e  f ie ld  a m p l i t u d e .  I t  i n d i c a t e s  

t h a t  t h e  b e a d  w id th  i n c r e a s e s  w i th  t h e  f ie ld  s t r e n g t h .  A h i g h e r  

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

v i o u s .  T h e  i n f lu e n c e  of f ie ld  a m p l i tu d e  a n d  s t a n d o f f  o n  t h e  b e a d  d e p t h  

is  i l l u s t r a t e d  in  f i g u r e - 8 . 8 .  G e n e r a l ly ,  a  h i g h e r  f ie ld  a m p l i tu d e  a n d  a  

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

b e a d  d e p t h  is  im p r o v e d  w i th  a r c  o s c i l la t io n  in  t h e  lo w e r  f ie ld  a m p l i t u d e s  

( 0 .0  - 2 . 5 ) .  T h i s  is  p r o b a b l y  c a u s e d  b y  t h e  s t i r r i n g  e f f e c t  o n  t h e  

w e ld  poo l r e s u l t e d  f rom  m a g n e t ic  a r c  o s c i l l a t io n .

I n  a d d i t io n  to  t h e  f ie ld  a m p l i tu d e  a n d  s t a n d o f f ,  w e ld in g  c u r r e n t  w as  

s t u d i e d .  F i g u r e - 8 . 9  sh o w s  t h e  in f lu e n c e  o f  f ie ld  a m p l i tu d e  a n d  w e ld in g  

c u r r e n t  o n  t h e  b e a d  w i d t h .  I t  i s  c l e a r ly  s e e n  t h a t  a  h i g h e r  c u r r e n t  

p r o d u c e s  a w id e r  b e a d .  F i g u r e - 8 .1 0  sh o w s  t h a t  t h e  b e a d  d e p t h  i n 

c r e a s e s  w i th  t h e  w e ld in g  c u r r e n t .  I t  c a n  b e  t h e r e f o r e  c o n c lu d e d  t h a t  

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

p e n e t r a t i o n . A n o t h e r  i m p o r ta n t  c h a r a c t e r i s t i c  of a  w e ld  b e a d  is  b e a d  

a p p e a r a n c e .  F i g u r e - 8 . 4  sh o w s  t h a t  m a g n e t ic  a r c  o s c i l l a t io n  p r o d u c e s  

f in e  a n d  e v e n  r i p p l e s  w h ic h  a r e  d e s i r a b l e .

B u t t  w e ld in g  of s t a i n l e s s  s te e l  304 p i p e s  (60 mm OD x 5 .7  mm w all)  

h a s  b e e n  m ade  u s i n g  m a g n e t ic  a r c  o s c i l l a t io n .  T h e  w e ld  c o n s i s t s  o f  f o u r  

f i l l e r  p a s s  p l u s  a  r o o t  p a s s .  F i g u r e - 8 .1 1  sh o w s  a " J "  p r e p a r a t i o n  a n d  

t h e  c r o s s - s e c t i o n  of t h e  w e ld .  F i g u r e - 8 . 1 2  sh o w s  a  " n a r r o w  g a p "  

p r e p a r a t i o n  a n d  t h e  c r o s s - s e c t i o n  of t h e  w e ld .
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8 .4  V is io n  T e s t  R e s u l t s

8 . 4 . 1  E d g e  F i n d in g

E x p e r im e n t s  h a v e  b e e n  m ade  to  t e s t  t h e  r e l i a b i l i t y  o f  t h e  v i s io n  

s e n s o r  a s  well a s  t h e  e d g e  f i n d i n g  t e c h n i q u e .  Tw o p r o g r a m s :  VIEW .C 

a n d  V I S N .C  ( a p p e n d i x - F 2 )  w e re  d e s i g n e d  to  c a r r y  o u t  e d g e  f i n d i n g  

t e s t s .  B o th  p r o g r a m s  t r a c k  t h e  p o s i t i o n s  of t h e  e l e c t r o d e  a n d  a r c .  

E d g e s  o f  t a r g e t s  w e re  m a r k e d  w i th  c r o s s e s .  T h e  o n ly  d i f f e r e n c e  is  t h a t  

VIEW t r a c k s  t h e  t a r g e t s  c o n t i n u o u s ly  w h ile  VISN  d o e s  o n ly  w h e n  t h e  

"E N T E R " k e y  o n  t h e  IBM PC  k e y b o a r d  is  s t r u c k .  I t  w as  p r o v e d  from  

r u n n i n g  VIEW t h a t  t h e  v i s io n  s y s te m  t r a c k s  t h e  t a r g e t s  r e l i a b l y  e v e n  

w h e n  t h e  a r c  is  o s c i l la t e d  a s  f a s t  a s  10 H z .  S u c h  a  h i g h  t r a c k i n g  s p e e d  

e n s u r e s  r e a l - t im e  c o n t r o l  of a  w e ld in g  p r o c e s s .  T h r e e  f a c t o r s  a r e  a t 

t r i b u t a b l e  to  t h e  h i g h  s p e e d  r e s p o n s e  of t h e  v i s io n  s y s te m :

(1 )  F a s t  f ra m e  s t o r e .  I t  d i g i t i s e s  t h e  im age a t  t h e  v id e o  r a t e  30 

f r a m e s / s e c o n d . A c c e s s  to  t h e  f ra m e  s t o r e  is  s im p ly  f o r  t h e  IBM PC 

to  r e a d  f rom  a n d  w r i t e  to  t h e  f ra m e  m em o ry .

(2 )  E f f e c t iv e  im age  a n a l y s i n g  t e c h n i q u e .  A s im ple  d i f f e r e n t i a t i o n  

e q u a t i o n  is  a p p l i e d  to  a  l in e  of p i x e l s .

(3 )  E f f i c ie n t  v i s io n  s o f t w a r e .  All v i s io n  s o f tw a r e s  w e r e  e n t i r e l y  

w r i t t e n  in  C , w h ic h  is  f a s t e r  t h a n  o t h e r  h i g h  lev e l  l a n g u a g e s  s u c h  a s  

F o r t r a n  a n d  P a s c a l .

T a b l e - 8 .1 1  s h o w s  p ix e l s  in  a  l in e  a c r o s s  t h e  e l e c t r o d e  a n d  d i f f e r 

e n t i a t i o n s .  T h e  l e f t  e d g e  a n d  r i g h t  e d g e  a r e  d e te r m in e d  b y  t h e  m a x i 

mum a n d  m inimum d i f f e r e n t i a t i o n .  S im ila r  r e s u l t s  a r e  o b t a i n e d  f o r  

l e f t - d e f l e c t e d  ( t a b l e - 8 . 1 2 )  a n d  r i g h t - d e f l e c t e d  a r c  ( t a b l e - 8 . 1 3 ) .  G r e y
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l e v e l s  a n d  d i f f e r e n t i a t i o n s  o f  p ix e l s  a r e  p l o t t e d  in  f i g u r e - 8 . 1 3 .  P o s i t i v e  

a n d  n e g a t i v e  p e a k  d i f f e r e n t i a t i o n s  a r e  c l e a r l y  d e f i n e d .

8 . 4 . 2  T e m p la te  M a tc h in g

P r o g r a m s  h a v e  b e e n  d e s i g n e d  to  t r a c k  t h e  a r c  b e in g  d e f l e c t e d  b y  

te m p la te  m a t c h in g .  A s e t  of t e m p la t e s  m u s t  b e  e s t a b l i s h e d  b y  r u n n i n g  

t h e  p r o g r a m  T E M P .C  ( a p p e n d i x - F 2 ) . T h e  p r o g r a m  r e q u i r e s  t h e  u s e r  

to  g iv e  a  f ile  nam e  to  s to r e  t h e  t e m p la t e s .  T h e  lo c a t io n  of a  t e m p la te  

is  d e f i n e d  b y  i t s  u p p e r - l e f t  a n d  l o w e r - r i g h t  c o r n e r s  w h ic h  a r e  d e c id e d  

b y  u s e r ' s  m o v in g  c r o s s e s  in  t h e  im a g e .  O n c e  t h e  t e m p la te  w indow  is  

d e f i n e d ,  a n  ID nam e is  r e q u i r e d  f o r  t h e  t e m p la t e .  T h e  te m p la te  f ile  

s t o r e s  t h e  t e m p la te  ID , u p p e r - l e f t  c o r n e r  p o i n t  ( x ,  y ) ,  t e m p la te  l e n g t h  

( x l ) ,  t e m p la te  w id th  ( y l ) ,  a n d  a  l i s t  o f  p i x e l s  w h ic h  a r e  s t o r e d  in  t h e  

A S C II  fo rm .

In  r u n n i n g  t h e  t r a c k i n g  p r o g r a m  " T R A C .C " ,  t h e  u s e r  i n p u t s  t h e  

t e m p la te  f ile  nam e  a n d  te m p la te  I D s .  T h e n  T R A C  c o r r e l a t e s  e a c h  t e m 

p l a t e  a g a i n s t  i t s  c o r r e s p o n d i n g  t a r g e t  w in d o w  w h ic h  a s s e m b le s  t h e  sam e 

lo c a t io n  a n d  d im e n s io n s  w i th  t h e  t e m p la t e ,  r e s u l t i n g  in  a  c o r r e l a t i o n  

v a l u e .  T h e  b e s t  m a tc h e d  t a r g e t  w in d o w ,  w h ic h  h a s  t h e  s m a l le s t  c o r 

r e l a t i o n  v a lu e ,  is  c o n s i d e r e d  to  b e  t h e  c u r r e n t  p o s i t io n  of t h e  t a r g e t  

- a r c .

8 . 4 . 3  R e a l -T im e  M e a s u r e m e n ts  o f  A r c  D e f le c t io n

E x p e r im e n t s  w e re  c a r r i e d  o u t  to  o b s e r v e  t h e  a r c  d e f l e c t e d  in  a  

m a g n e t ic  f i e ld .  S t a in l e s s  s t e e l  304 f l a t  p l a t e  w a s  u s e d  a s  t e s t i n g  m a te 

r i a l s .  T h e  w e ld in g  c u r r e n t  w as  s e t  a s  80 A .  T h e  t u n g s t e n  d i a m e te r
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w a s  1 .6  mm a n d  t h e  a r c  s t a n d o f f  w a s  2 .0  mm. T h e  l e f t  d e f l e c t i o n  (D id )  

a n d  t h e  r i g h t  d e f l e c t i o n  ( D r d )  w e r e  d e f i n e d  in  s e c t io n  7 . 6 . 1 .  T h e  a r c  

d e f l e c t i o n  w as  m e a s u r e d  b y  t h e  v i s io n  s y s t e m .  I t  i s  a  f u n c t i o n  of coil 

c u r r e n t  a s  s h o w n  in  f i g u r e - 8 . 1 4 .  A s  t h e  v a lu e  o f  t h e  coil c u r r e n t  ( o r  

f i e ld  s t r e n g t h )  i n c r e a s e s ,  t h e  a r c  d e f l e c t io n  i n c r e a s e s .  T h e  m axim um  

a r c  d e f l e c t i o n  c a n  b e  a s  h i g h  a s  9 .0  mm w h ic h  i s  s u f f i c i e n t  to  r e a c h  

a n d  f u s e  t h e  s id e  w all.

8 . 4 . 4  T r a c k i n g  A r c  S h a p e

B y  s c a n n i n g  l in e  b y  l in e ,  t h e  a r c  p r o f i le  c a n  b e  d e t e c t e d .  B a s e d  

o n  v i s io n  in fo r m a t io n ,  n o n - d e f l e c t e d ,  l e f t - d e f l e c t e d  a n d  r i g h t - d e f l e c t e d  

a r c  a r e  p l o t t e d  in  f i g u r e - 8 . 1 5 .  I t  i s  w o r t h  n o t i n g  t h e  v i s io n  s e n s o r  

c a n  a ls o  m e a s u r e  t h e  a r c  a r e a  w h ic h  m ig h t  b e  i n t e r e s t i n g  to  w e ld in g  

e n g i n e e r s .  F i g u r e - 8 . 1 6  sh o w s  t h a t  t h e  a r c  a r e a  i n c r e a s e s  a s  t h e  a r c  

d e f l e c t s  t o w a r d s  t h e  s id e  w a l ls .

T h i s  c h a p t e r  h a s  d i s c u s s e d  all  e x p e r i m e n t a l  w o r k  a n d  r e s u l t s .  T h e  

n e x t  c h a p t e r  will m ake  c o n c lu s io n s  a b o u t  t h i s  w o r k ,  a n d  p r e s e n t s  

p r o p o s a l s  f o r  f u t u r e  d e v e lo p m e n t .
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sc a le

0.0

1.0

2.0

3 .0

4 .0

5 .0

6 . 0

7 .0

8 . 0

9 .0  

9 .9

T a b l e - 8 .1 F ie ld  s t r e n g t h c a l ib r a t io n

coil f ie ld  a t f ie ld  a t

c u r r e n t ( A ) p r o b e ( G ) e l e c t r o d e ( G )

- 1 .5 317 63

- 1 .2 264 51

- 0 .9 206 39

- 0 .6 142 26

- 0 .3 78 13

0 .0 17 1

0 .3 -48 -10

0 .6 -81 -17

0 .9 -182 -37

1 .2 -246 -50

1 .5 -303 -61
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T a b l e - 8 .2  C hem ica l  c o m p o s i t io n  (%) of t e s t  m a te r ia l

- t y p e  304 s t a i n l e s s  s te e l

C :0 .0 4 8  S :0 .0 0 3  P : 0 .0 1 9  S i : 0 .5 9  M n :1 .2 0

N i : 9 .5  C r : 1 8 . 5  M o :0 .1 4  V : 0 .0 6  C u : 0 .0 8

N < 0 .01  T i : 0 . 0 2  C o :0 .0 3

T a b l e - 8 . 3  F ix e d  w e ld in g  p a r a m e t e r s  f o r  t e s t s

T r a v e l  s p e e d 90 m m /m in

Dw ell tim e 0 .2 5  s e c o n d s

Weave tim e 0 .1  s e c o n d s

P e r io d 0 .7  s e c o n d s

F r e q u e n c y 1 .4 3  Hz

S h ie ld in g  g a s A r g o n  + 1% H 2

G as flow r a t e 8 1/min

E le c t r o d e  d i a m e te r  2 .4  mm 

E le c t r o d e  a n g le  18 d e g r e e s  

E le c t r o d e  s t i c k o u t  8 mm

P a r e n t  m a te r ia l T y p e  304 s t a i n l e s s  s t e e l  ( c a s t  3D 1 0 5 ) ,

60 mm OD x 5 .7  mm wall
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T a b l e - 8 . 4  M e a s u r e m e n ts  o f  b e a d  d im e n s io n s  in  mm

( w e ld in g  c u r r e n t :  100 A . a r c  s t a n d o f f : 2 , 0  mmi

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e le c t r o d e w d l d2 d3 d

0 .0 0 0 6 .5 1 .8 1 .8 1 .6 1 .7

2 .5 75 15 6 .7 1 .6 1 .8 1 .6 1 .7

5 .0 160 32 8 .5 1 .5 1 .5 1 .6 1 .5

7 .5 240 48 1 0 .1 1 .3 1 .3 1 .2 1 .3

9 .9 310 62 1 1 .0 1 .1 1 .2 1 .0 1 .1

T a b l e - 8 . 5  M e a s u re m e n ts  o f  b e a d  d im e n s io n s  in  mm 

( w e ld in g  c u r r e n t :  100 A . a r c  s t a n d o f f :  1 ,6  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e le c t r o d e w d l d2 d3 d

0 .0 0 0 6 .2 1 .5 1 .7 1 .5 1 .6

2 .5 75 15 6 .6 1 .8 1 .9 1 .8 1 .8

5 .0 160 32 7 .2 1 .7 1 .7 1 .6 1 .7

7 .5 240 48 7 .7 1 .6 1 .7 1 .5 1 .6

9 .9 310 62 9 .6 1 .3 1 .5 1 .3 1 .4
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T a b l e - 8 .6  M e a s u r e m e n ts  of b e a d  d im e n s io n s  in  mm

(w e ld in g  c u r r e n t : 80 A . a r c  s t a n d o f f : 2 . 0  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e l e c t r o d e w d l d2 d3 d

0 .0 0 0 4 .5 1 .7 1 .8 1 .5 1 .7

2 .5 75 15 5 .6 1 .6 1 .7 1 .5 1 .6

5 .0 160 32 7 .3 1 .1 1 .2 1 .2 1 .2

7 .5 240 48 9 .0 0 .7 0 .9 1 .1 0 .9

9 .9 310 62 9 .5 0 .8 0 .9 0 . 9‘ 0 .9

T a b l e - 8 .7  M e a s u r e m e n ts  o f  b e a d  d im e n s io n s  in  mm 

(w e ld in g  c u r r e n t : 80 A . a r c  s t a n d o f f :  1 ,6  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e l e c t r o d e w d l d2 d3 d

0 .0 0 0 4 .7 1 .7 1 .6 1 .5 1 .6

2 .5 75 15 5 .2 1 .6 1 .8 1 .7 1 .7

5 .0 160 32 6 .3 1 .5 1 .3 1 .4 1 .4

7 .5 240 48 6 .9 1 .4 1 .3 1 .3 1 .3

9 .9 310 62 9 .7 0 .8 0 .9 0 .9 0 .9
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T a b l e - 8 . 8  M e a s u r e m e n ts  of b e a d  d im e n s io n s  in  mm

( w e ld in g  c u r r e n t : 60 A . a r c  s t a n d o f f : 2 .0  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e l e c t r o d e w d l d2 d3 d

0 .0 0 0 3 .8 0 .7 1 .1 1 .1 1 .0

2 .5 75 15 4 .8 1 .1 1 .1 1 .1 1 .1

5 .0 160 32 5 .8 1 .0 0 .8 0 .8 0 .9

7 .5 240 48 7 .0 0 .8 0 .7 0 .7 0 .7

9 .9 310 62 6 .9 0 .6 0 .7 0 .7 0 .7

T a b l e - 8 . 9  M e a s u r e m e n ts  o f  b e a d  d im e n s io n s  in  mm 

(w e ld in g  c u r r e n t : 60 A . a r c  s t a n d o f f :  1 .6  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e le c t r o d e w d l d2 d3 d

0 .0 0 0 3 .6 0 .9 1 .1 1 .1 1 .0

2 .5 75 15 4 .2 1 .0 1 .2 1 .1 1 .1

5 .0 160 32 6 .6 0 .8 0 .8 0 .8 0 .8

7 .5 240 48 6 .2 1 .0 0 .9 1 .0 1 .0

9 .9 310 62 6 .8 0 .8 0 .8 0 .8 0 .8
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T a b l e - 8 .1 0  M e a s u r e m e n ts  o f  b e a d  d im e n s io n s  in  mm

( w e ld in g  c u r r e n t : 40 A . a r c  s t a n d o f f :  1 .6  mm)

f ie ld f ie ld  s t r e n g t h b e a d b e a d a v e r a g e

a m p l i tu d e ( G a u s s ) w id th d e p t h d e p t h

( s c a l e ) m a g n e t e l e c t r o d e w d l d2 d3 d

0 .0 0 0 2 .5 0 .6 0 .7 0 .5 0 .6

2 .5 75 15 3 .4 0 .5 0 .6 0 .5 0 .5

5 .0 1G0 32 3 .9 0 .5 0 .5 0 .6 0 .5

7 .5 240 48 4 .0 0 .6 0 .5 0 .7 0 .6

9 .9 310 62 4 .3 0 .6 0 .5 0 .7 0 .6
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T a b l e - 8 .1 1  P ix e l  v a lu e s  a n d  d i f f e r e n t i a t i o n s

f o r  e l e c t r o d e

w indow  d im e n s io n s

x _ lo c :  20 , y _ loc :  70 , x _ s iz e :  220 , y _ s iz e :  1

p ix e l  r e a d i n g

43 44 44 44 44 45 45 45 45 45 44 46 46 47

49 47 47 47 47 46 49 49 49 49 49 49 49 49

50 50 50 50 50 50 50 50 50 50 50 50 50 50

49 50 50 49 50 50 50 50 50 50 50 51 51 51

52 52 53 53 52 53 52 53 53 53 53 54 53 54

55 54 54 55 55 55 55 55 55 55 55 55 55 56

57 58 58 59 59 59 61 61 64 67 76 87 89 90

92 93 93 93 93 93 93 94 89 76 68 67 65 64

61 59 55 57 55 55 53 53 51 51 51 51 49 49

49 48 48 47 45 46 46 45 45 45 45 44 44 44

44 44 43 43 43 43 42 43 43 42 41 41 42 42

42 41 40 40 40 40 40 41 41 40 40 40 40 40

39 40 38 38 38 38 38 38 38 38 38 38 37 38

36 37 36 36 36 36 37 35 34 34 34 34 34 34

33 34 33 33 33 33 32 32 32 32

d i f f e r e n t i a l  c o m p u ta t io n

0 0 1 1 2 2 1 0 -1 0 2 4 4 4

0 -2 -2 -1 1 4 5 3 0 0 0 0 1 2

1 0 0 0 0 0 0 0 0 0 0 0 -1 -2

1 1 0 0 1 1 0 0 0 1 2 2 2 2

2 2 1 0 -1 0 1 1 1 1 1 1 1 2

47

50

49

52

54

58

91

63

49

44

41

40

36

34

3

2

-1

2

2
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0 0 1 2 1 0 0 0 0 0 0 1 4 5 4

2 2 3 2 3 4 7 11 21 38 45 36 18 7 6

5 3 1 0 0 1 -3 -21 -43 - 48 - 33 - 15 - 8 -8 -9

-13 -12 - 8 - 4 - 4 -6 -6 -6 - 4 -2 -2 - 4 -4 -2 - 1

-2 -3 -5 -5 -3 -1 -1 -2 -1 -1 -2 -2 -1 0 0

-1 -2 -2 - 1 -1 -1 0 0 -2 - 4 -2 1 1 0 -1

-2 -3 -3 -1 0 1 2 1 -1 -2 -1 0 0 -1 -1

-2 -3 -3 -2 0 0 0 0 0 0 -1 -1 -2 -3 -2

-1 0 -1 -1 1 0 -3 -5 - 4 - 1 0 0 0 -1 -1

-1 -1 -1 -1 -1 -2 -2 -1 0 0

e d g e  s p e c i f i c a t i o n

m a x _ d if :  45 ,  m in_d i£ :  -4 8 ,  l e f t _ e d g e :  100, r i g h t _ e d g e :  114
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T a b l e - 8 .1 2  P ix e l  v a lu e s  a n d  d i f f e r e n t i a t i o n s

f o r  l e f t - d e f l e c t e d  a r c

w in d o w  d im e n s io n s

x _ lo c :  20, y _ lo c :  150, x _ s iz e :  220 , y _ s iz e :  1

p ix e l  r e a d i n g

56 57 59 59 58 59 59 59 59 59 59 61 60 61

61 61 62 62 63 63 64 65 67 70 71 72 74 76

78 79 80 83 83 84 85 87 87 89 90 90 91 93

93 94 94 94 94 94 96 96 96 97 97 97 97 97

96 97 97 97 97 97 97 97 97 97 97 97 97 97

96 96 96 97 97 97 96 96 97 96 97 97 97 96

97 97 97 97 97 97 96 96 96 97 97 96 96 96

96 96 97 96 97 96 93 95 94 91 91 90 90 89

87 84 83 81 80 79 78 75 75 73 72 71 70 69

68 67 66 65 64 63 63 63 61 58 59 59 58 58

55 57 55 55 54 53 52 52 53 52 51 52 49 50

50 50 49 49 49 48 48 47 48 48 48 46 46 45

44 44 44 45 45 45 44 44 43 43 46 44 43 43

43 42 42 42 41 41 40 40 40 40 40 40 38 39

38 38 38 38 38 37 37 37 37 37

d i f f e r e n t i a l  c o m p u ta t io n

0 0 4 1 0 1 1 0 0 2 3 3 2 1

1 2 3 3 3 4 6 10 12 11 9 9 11 10

5 7 9 8 6 6 7 7 7 6 5 5 6 5

2 2 1 0 2 4 4 3 2 2 1 0 0 -1

0 1 1 0 0 0 0 0 0 0 0 0 0 -1

61

78

93

97

97

97

96

88

68

57

50

44

43

39

1

7

3

-1

-2
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-2 0 2 2 0 -2 -1 0 1 1 1 0 -1 0 1

1 0 0 0 -1 -2 -2 0 2 1 -1 -2 -1 0 0

1 1 1 0 -4 -5 -4 -4 -6 -8 -5 -3 -4 -5 -8

-10 -11 -10 -8 -7 -8 -9 -9 -8 -7 -7 -6 -6 -5 -4

-4 -5 -6 -6 -5 -3 -3 -7 -9 -6 -2 -1 -3 -5 -4

-3 -2 -3 -5 -5 -5 -2 0 -1 -2 -4 -4 -3 -1 1

-1 -2 -2 -2 -2 -3 -2 0 1 -1 -4 -5 -5 -4 -3

-1 1 2 2 0 -2 -3 -3 1 3 1 -3 -4 -1 -1

-2 -2 -2 -2 -3 -3 -2 -1 0 0 -2 -3 -2 -1 -1

-2 -1 0 -1 -2 -2 -1 0 0 0

e d g e  s p e c i f ic a t io n

m a x _ d if :  12, m in_d if  : - 1 1 ,  l e f t _ e d g e :  23, r i g h t _ e d g e :  121
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T a b l e - 8 .1 3  P ix e l  v a lu e s  a n d  d i f f e r e n t i a t i o n s

f o r  r i g h t - d e f l e c t e d  a r c

w in d o w  d im e n s io n s

x _ lo c :  20 , y _ lo c :  150, x _ s iz e :  220 , y _ s iz e :  1

p ix e l  r e a d i n g

31 33 33 33 33 34 35 35 35 35 35 36 35 36

36 37 37 37 38 38 38 38 39 39 39 40 40 41

41 41 41 41 41 41 41 42 42 42 42 42 42 41

42 42 42 43 42 42 42 42 43 43 43 43 43 44

45 46 46 47 47 47 47 49 48 50 51 52 52 52

53 53 54 55 56 56 56 58 59 59 60 61 61 63

67 71 75 77 79 81 80 82 83 84 86 89 89 91

93 95 93 93 93 94 94 94 95 95 95 95 95 96

95 95 95 95 93 93 94 94 95 94 95 95 95 96

94 96 95 95 95 96 94 96 93 94 96 95 95 95

94 92 94 94 96 93 95 94 94 93 92 92 92 93

91 90 90 89 87 87 87 86 84 84 81 81 80 78

73 69 68 65 62 62 59 57 55 51 53 51 48 47

46 44 44 44 41 41 41 41 40 40 41 41 40 40

39 39 39 39 39 39 37 38 38 38

d i f f e r e n t i a l  c o m p u ta t io n

0 0 2 1 3 4 3 1 0 1 1 1 1 1

2 2 2 2 2 1 1 2 2 2 2 3 3 2

0 0 0 0 0 1 2 2 1 0 0 -1 -1 0

1 1 1 0 -1 -1 1 2 2 1 0 1 2 3

4 4 3 2 1 2 3 4 5 6 6 3 1 1

36

41

42

44

52

66

92

95

94

95

91

76

46

39

2

1

1

4

2
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3 4 5 5 3 3 5 6 5 4 4 5 8 11 14

17 19 18 14 9 6 5 6 8 10 11 10 8 7 8

5 1 -2 -1 2 2 2 2 2 1 0 1 1 0 -1

-1 0 -2 -4 -3 0 3 2 1 1 1 2 0 -2 -1

1 2 0 0 0 0 -2 -3 0 2 3 0 -1 -1 -4

-4 -1 4 3 0 -1 -1 -1 -4 -4 -3 0 0 -2 -4

-4 -3 -5 -6 -5 -3 -4 -6 -8 -8 -7 -7 -8 -12 -16

-17 -16 -15 -13 -12 -11 -12 -15 -12 -8 -7 -9 -11 -7 -5

-5 -4 -5 -6 -6 -3 -1 -2 -1 1 1 -1 -3 -3 -2

-1 0 0 0 -2 -3 -2 0 0 0

e d g e  s p e c i f ic a t io n

m a x _ d if :  19, m in _ d if :  -1 7 ,  l e f t_ e d g e :  91 , r i g h t _ e d g e :  180
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( a )  F ie ld  s t r e n g t h  a t  e l e c t r o m a g n e t  t ip

( b )  F ie ld  s t r e n g t h  a t  e l e c t r o d e  t ip  

F i g u r e - 8 . 1  F ie ld  s t r e n g t h  a g a i n s t  coil c u r r e n t
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F ig u re -8 .2  W elding  r i g
f o r  ex p er im en ta l t e s t s
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( b )  A rc  s t a n d o f f :  1 .6m m , v a r i e d  w e ld in g  c u r r e n t  

F i g u r e - 8 . 3  In f lu e n c e  o f  a r c  d e f l e c t i o n  o n  a r c  v o l t a g e
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( a )  W eld ing  c u r r e n t :  40A

( b )  W eld ing  c u r r e n t :  60A

F i g u r e - 8 . 4  Weld b e a d s  m ade  w i th  1.6m m  a r c  s t a n d o f f
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nMMiWimiiiiiniiiiiiiiwii

50m m
( c )  W eld ing  c u r r e n t :  80A

50m m
( d )  W eld ing  c u r r e n t :  100A

F i g u r e - 8 . 4  Weld b e a d s  m ade  w i th  1.6mm a r c  s t a n d o f f ( c o n t .)
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( a )  A rc  s t a n d o f f :  2 .0m m

( b )  A rc  s t a n d o f f :  1 .6m m

F i g u r e - 8 . 5  C r o s s  s e c t io n s  of b e a d s  m ade  w i th  100A c u r r e n t
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( a )  A rc  s t a n d o f f :  2 .0m m

( b )  A rc  s t a n d o f f :  1.6mm
F i g u r e - 8 . 6  C r o s s  s e c t io n s  of b e a d s  m ade  w i th  60A c u r r e n t
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( a )  W eld ing  c u r r e n t :  100A

( b )  W eld ing  c u r r e n t :  80A

F i g u r e - 8 . 7  I n f l u e n c e  of f ie ld  a m p l i tu d e  a n d  a r c  s t a n d o f f
on  b e a d  w id th

168



BE
AD

 
DE

PT
H 

<M
M 

) 
BE

AD
 

W
ID

TH
 <

MM
 )

(c) Welding current: GOA

Figure-8.7 Influence of field amplitude and arc standoff 
on bead width (cont.)

(a) Welding current: 100A

F i g u r e - 8 . 8  I n f l u e n c e  o f  f ie ld  a m p l i tu d e  a n d  a r c  s t a n d o f f
o n  b e a d  d e p t h
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(b) Welding current: 80A

(c) Welding current: GOA

F i g u r e - 8 . 8  I n f l u e n c e  of f ie ld  a m p l i tu d e  a n d  a r c  s t a n d o f f
on  b e a d  d e p t h  ( c o n t . )
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(a) Arc standoff: 1.6mm

(b) Arc standoff: 2.0mm

F i g u r e - 8 . 9  I n f lu e n c e  o f  f ie ld  a m p l i tu d e  a n d  w e ld in g  c u r r e n t
o n  b e a d  w id th
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(a) Arc standoff: 1.6mm

(b) Arc standoff:, 2.0mm

F i g u r e - 8 . 1 0  I n f l u e n c e  of f ie ld  a m p l i tu d e  a n d  w e ld in g  c u r r e n t
o n  b e a d  d e p t h
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( b )  C r o s s  s e c t io n  of w eld

F i g u r e - 8 .1 1  " J"  p r e p a r a t i o n  a n d  c r o s s  s e c t io n  of w eld

173



( b )  C r o s s  s e c t io n  o f  w eld

F i g u r e - 8 .1 2  " N a r ro w  g a p "  p r e p a r a t i o n  a n d  c r o s s  s e c t io n  of w eld
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( a )  t r a c k i n g  e le c t r o d e

( b )  t r a c k i n g  l e f t - d e f l e c t e d  a r c

F i g u r e - 8 .1 3  P ix e l  v a lu e s  a n d  d i f f e r e n t i a t i o n s  in  t r a c k i n g  
e le c t r o d e  a n d  a r c
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( c )  t r a c k i n g  r i g h t - d e f l e c t e d  a r c

F i g u r e - 8 .1 3  P ix e l  v a lu e s  a n d  d i f f e r e n t i a t i o n s  in  t r a c k i n g  
e le c t r o d e  a n d  a r c  ( c o n t . )

F i g u r e - 8 .1 4  F u n c t io n s  of a r c  d e f l e c t io n  a s  f ie ld  a m p l i tu d e
(1 p ix e l  = 0 .1 2  mm)

-  176
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( a )  N o n - d e f l e c te d  a r c

( b )  L e f t - d e f l e c t e d  a rc

F i g u r e - 8 . 1 5  A r c  s h a p e  d e t e c t e d  b y  t h e  v i s io n  s y s te m
(1 p ix e l  = 0 .1 2  mm)
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( c )  R i g h t - d e f l e c t e d  a r c

F ig u re -8 .1 5  A rc  s h a p e  d e t e c t e d  b y  t h e  v i s io n  s y s te m  ( c o n t . )  
(1 p ix e l  = 0 .1 2  mm)

F i g u r e - 8 . 1 6  F u n c t io n  of a r c  a r e a  a s  f ie ld  a m p l i tu d e
(1 p ix e l  = 0 .0 1 4  mm2)
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9. CONCLUSIONS AND FUTURE WORK

So f a r  a ll  a s p e c t s  c o n c e r n e d  w i th  t h e  a u to m a t ic  c o n t r o l  s y s te m  f o r  

n a r r o w  g a p  T IG  w e ld in g  h a v e  b e e n  d i s c u s s e d .  T h i s  f in a l  c h a p t e r  will 

c o n c lu d e  th e  w o r k  a n d  p r o p o s e  f u t u r e  w o r k .

9 .1  C o n c lu s io n s

A n  i n v e s t ig a t io n  h a s  b e e n  t a k e n  in to  a  s e n s o r - b a s e d  a u to m a t ic  c o n 

t r o l  s y s te m  f o r  n a r r o w  g a p  T IG  w e ld in g .  T h e  fo l lo w in g  c o n c lu s io n s  c a n  

b e  m a d e :

(1 )  S idew all  p e n e t r a t i o n  p o s e s  a d i f f i c u l ty  in  h a r r o w  g a p  w e ld in g .  

T h i s  p ro b le m  c a n  b e  s o lv e d  b y  a p p l y i n g  a  t r a n s v e r s e  e le c t r o m a g n e t ic  

f ie ld  p a ra l le l  to  t h e  w e ld  l in e .  T h e  w e ld in g  a r c  is  d e f l e c t e d  t o w a r d s  

s id e w a l ls  to  im p ro v e  s id e w a l l  p e n e t r a t i o n .

(2 )  T h e  p a t t e r n  of t h e  e le c t r o m a g n e t ic  f i e ld ,  h e n c e  t h a t  of t h e  a r c  

o s c i l l a t io n ,  i s  c o n t r o l le d  b y  a 1 6 -b i t  m ic r o c o m p u te r  b a s e d  o n  a n  I n te l  

8088 C P U . O p e n - lo o p  a r c  o s c i l la t io n  c o n t r o l  is  r e a l i s e d  t h r o u g h  p r e 

s e t t i n g  t h e  o s c i l la t io n  p a r a m e t e r s  f ro m  t h e  8088 c o m p u t e r .  T h e  u n i q u e  

f e a t u r e  of t h i s  c o m p u te r  is  a d o p t io n  of e r a s a b l e  p r o g ra m m a b le  log ic  

d e v ic e s .  A s a  r e s u l t ,  t h e  c o m p u te r  b o a r d ,  f r e e  f rom  s t a n d a r d  T T L  log ic  

c h i p s ,  i s  c o m p a c t  a n d  f le x ib le .

(3 )  T h e  e le c t r o m a g n e t ic  f ie ld  s t r e n g t h  ( i . e .  f lu x  d e n s i t y )  is  p r o 

p o r t i o n a l  to  t h e  coil c u r r e n t .  With 1 .5  A coil c u r r e n t  t h e  f ie ld  s t r e n g t h  

a t  t h e  e l e c t r o d e  t ip  r e a c h e s  60 G a u s s .

(4 )  T h e  v o l t a g e  s e n s o r  r e s i d e n t  in  t h e  8088 c o m p u te r  im p lem e n ts  

r e a l - t im e  f e e d b a c k  a r c  l e n g t h  c o n t r o l .  With a n  i n t r o d u c t i o n  o f  s l i g h t

-  179



m e c h a n ic a l w e a v in g  o f th e  to r c h  a r o u n d  th e  c e n t r e  o f th e  g r o o v e ,  th e  

v o l ta g e  s ig n a l  c a n  b e  u s e d  to  c a r r y  o u t  seam  t r a c k in g .

(5 )  M ore a d v a n c e d  re a l- t im e  c o n tro l  is  im p lem e n te d  b y  a  r o b u s t  v i 

s io n  s y s te m . T h e  w e ld in g  s c e n e  is  o b s e r v e d  b y  a  T V  c a m e ra  w ith o u t  

a r t i f i c ia l  i l lu m in a tio n . A n IBM PC  c o m p a tib le  f ra m e  s to r e  d ig i t i s e s  th e  

c a p tu r e d  im age in to  256 x 256 p ix e ls  w ith  7 - b i t  g r e y  le v e ls .  T h e  h o s t  

IBM PC  a c c e s s e s  th e  f ra m e  s to r e  b y  r e a d in g  from  o r  w r i t in g  to  th e  

f ra m e  m em ory .

(6 )  B o th  e d g e  f in d in g  a n d  te m p la te  m a tc h in g  m e th o d s  h a v e  b e e n  

d e v e lo p e d  to  a n a ly s e  th e  g r e y  le v e l  im a g e . T h e  fo rm e r  p r o c e s s e s  a l in e  

o f p ix e l s ,  t r a c k in g  t a r g e t s  a t  a  v e r y  h ig h  s p e e d .  T h e  l a t t e r  p r o c e s s e s  

a n  a r e a  of p ix e ls  w ith  a  r e l a t iv e ly  slow  s p e e d .

(7 )  F a s t  v is io n  a lg o r i th m s , c o n s t r u c te d  e n t i r e ly  in  C , e x t r a c t s  v i 

s io n  in fo rm a tio n  a b o u t  th e  p o s it io n  o f th e  t u n g s t e n  e le c tr o d e  a n d  th e  

a r c . T h is  in fo rm a tio n  is  f e d  b a c k  to  th e  to r c h  m a n ip u la to r  f o r  r e a l - t im e  

seam  t r a c k in g  a n d  a r c  l e n g th  c o n t r o l ,  a n d  to  th e  8088 c o m p u te r  f o r  

f e e d b a c k  c o n tro l  o f a r c  o s c il la t io n  p a r a m e te r s .

(8 )  B e a d  w id th  in c r e a s e s  w ith  th e  f ie ld  a m p litu d e , a n d  th e  r e v e r s e  

is  a p p lie d  to  b e a d  d e p th .  H o w e v e r , a  s l ig h t  a r c  o s c il la t io n  im p ro v e s  

th e  b e a d  p e n e t r a t i o n .  A h ig h e r  a r c  s ta n d o f f  r e s u l t s  in  a  w id e r ,  b u t  

l e s s  d e e p  b e a d . A h ig h  c u r r e n t  im p ro v e s  b o th  b e a d  w id th  a n d  b e a d  

d e p th .  A n o s c il la te d  a r c  p r o d u c e s  f in e  a n d  e v e n  r i p p l e s ,  t h e r e f o r e  

im p ro v in g  b e a d  a p p e a r a n c e .

9 .2  F u tu r e  W ork

T h e  w o rk  d i s c u s s e d  in  th is  th e s i s  in v o lv e s  tw o  m ajo r f a c e t s :  m a g 

n e t ic  a r c  o s c il la t io n  a n d  v is io n  s y s te m . A lth o u g h  n a r r o w  g a p  T IG  

w e ld in g  is  o f p r im a ry  c o n c e rn  t h r o u g h o u t  t h i s  p r o je c t ,  t h e  id e a s  d i s 
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c u s s e d  in  t h i s  w o rk  c a n  b e  e x te n d e d  to  o th e r  a r e a s  o f w e ld in g  e n g i 

n e e r i n g .

A s c o m p a re d  w ith  m e c h a n ic a l w e a v in g  o f w e ld in g  t o r c h ,  m a g n e tic  a r c  

o s c il la t io n  d o e s  n o t  in v o lv e  co m p lex  a c tu a to r s  a n d  in e r t i a  o f m e c h a n ic a l 

m o v em e n t. A n a r c  c a n  b e  m a g n e tic a lly  o s c i l la te d  a s  f a s t  a s  50 Hz w h ic h  

c a n  n o t  b e  r e a d i ly  a c h ie v e d  in  a  m e c h a n ic a l w a y . T h e  id e a  o f m a g n e tic  

a r c  o s c il la t io n  c a n  b e  a p p lie d  to  m an y  w e ld in g  p r o c e s s e s  to  c o n tro l  w eld  

b e a d  g e o m e try  a n d  f u s io n  c h a r a c t e r i s t i c . A n e x a m p le  is  t h in  p la te  

w e ld in g , th e  p r im a ry  c o n c e r n  o f w h ic h  is  d i s to r t io n  d u e  to  c o n c e n t r a te d  

h e a t in g .  A com m on a p p ro a c h  to  so lv e  th e  p ro b le m  o f d i s to r t io n  is  to  

u s e  p u ls e d  a r c ,  a llo w in g  th e  w e ld  p oo l to  cool d ow n  w ith  a  low b a c k 

g r o u n d  c u r r e n t .  A n a l t e r n a t iv e  w ay  is  to  em p loy  a  t r a n s v e r s e  m a g n e tic  

f ie ld  p e r p e n d ic u l a r  to  th e  w eld  l in e ,  t h e r e f o r e  o s c i l la t in g  th e  a r c  b a c k  

a n d  f o r t h  a lo n g  th e  w eld  l in e  a n d  r e d u c in g  h e a t  c o n c e n t r a t io n ,  h e n c e  

d i s to r t i o n .  M a g n e tic  o s c il la t io n  o f a n  a r c  in  a  n o rm a l w e ld in g  p r o c e d u r e  

c a n  c o n tro l  th e  b e a d  g e o m e try  a n d  f u s io n  c h a r a c t e r i s t i c .

A s f a r  a s  v is io n  s y s te m  is  c o n c e r n e d ,  i t  c a n  b e  u s e d  in  e i t h e r  q u a l i ty  

in s p e c t io n  a n d  re a l- t im e  c o n tr o l .  I n  f a c t ,  a  n u m b e r  of a t te m p ts  h a v e  

b e e n  m ade  in  th e  a r e a  o f v is io n  in s p e c t io n .  A x - r a y  im age c a n  b e  a n 

a ly s e d  b y  a  v is io n  s y s te m  [141], R e a l- t im e  m e a s u re m e n ts  o f w e ld  b e a d  

g e o m e try  is  a n o th e r  a p p lic a t io n  o f v is io n  s y s te m . F o r  r e a l - t im e  a p p l i 

c a t io n ,  th e  p a ra m o u n t  r e q u i r e m e n t  is  f a s t  im age p r o c e s s in g  s p e e d .  A 

p ro m is in g  a p p ro a c h  is  to  u s e  t r a n s p u t e r  a n d  p a ra l le l  p r o c e s s in g  in  

im age  a n a ly s in g .

A n o th e r  e n c o u r a g in g  t r e n d  is  th e  w id e s p re a d  u s e  o f c o m p u te rs  in  

w e ld in g . In  p a r t i c u l a r ,  m ic r o p ro c e s s o r s  a n d  m ic ro c o m p u te rs  h a v e
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fo u n d  w ide  a p p l ic a t io n .  T h e y  c a n  b e  u s e d  f o r  w e ld in g  p o w e r  s u p p ly  

c o n tro l  [142], o r  f o r  p r o c e s s  m o n ito r in g  a n d  c o n tro l  [143]. In  r e c e n t  y e a r s ,  

w e ld in g  e x p e r t  s y s te m s  h a v e  d ra w n  m u ch  a t t e n t io n  fro m  w e ld in g  r e 

s e a r c h e r s .  A e x p e r t  s y s te m  a c ts  a s  a  " m a s te r"  c o n s u l t a n t .  I t  h a s  th e  

k n o w le d g e  from  re fe i* e n c e s , b o o k s ,  a n d  w e ld in g  e x p e r t s .  I t  g iv e s  a d 

v ic e  to  a u s e r  on  a  s p e c if ic  s u b je c t ,  f o r  in s ta n c e  w e ld in g  c o s ts  a n d  

p r o c e d u r e s .  T h e  W elding  I n s t i tu t e  [144] h a s  d e s ig n e d  a  n u m b e r  o f e x 

p e r t  s y s te m s  f o r  w e ld in g  e n g in e e r s .  T h e s e  in c lu d e  PR E H E A T  w h ic h  

g iv e s  a d v ic e  o n  w e ld in g  c a rb o n -m a n g a n e s e  s t e e l s ,  W ELDCOST w h ic h  

c o m p a re s  c o s ts  o f d i f f e r e n t  w e ld in g  p r o c e s s e s  a n d  p r o c e d u r e s ,  a n d  

W ELDSPEC w h ic h  is  a  d a ta  b a s e  o f w e ld in g  p r o c e d u r e s .  E x p e r t  s y s te m s  

to  g e n e r a te  a r c  w e ld in g  p r o c e d u r e s  h a v e  e m e rg e d  [145], Som e sc h o o ls  

h a v e  p ro p o s e d  c o m p u te r - a id e d  d e s ig n  o f e le c t r o d e s  f o r  m an u a l m eta l 

a r c  w e ld in g  [146], I t  is  no  d o u b t  t h a t  c o m p u te r  a p p lic a t io n  in  w e ld in g  

e n g in e e r in g  c o n tin u e s  to  g ro w .
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A p p e n d ix - A l  C o m p o n e n ts  L is t o f  P e n d a n t  C o n tro l le r

Unit Component
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u03 74LS28

u04 74LS74

u05 74LS08

u06 74LS28
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u08 74LS138

u()9 MAX232

ulO Intel 8085

u l l 8256

ul2 74LS373
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ul5 MAX 232

ul6 74LS28
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ul8 keypad

ul9 pPD7002

u20 DMX402
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Appendix-A2 Components List of Application Computer 

and Drive Circuit

Unit Component
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u05 Intel 8088

u()6 8259A
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u l2 M5M5256AP-70
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ul6 74C922

ul7 keypad
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A p p e n d ix -B l P e n d a n t  C o n t ro l  S o ftw a re

;* Pendant control software for TIG welding robot 
;* by Xiao Qi Chen
;* November 1985

¡PROGRAM 'START'

proc '8085'
tab 16

¡equates of display 
set_402 equ &60 
write_402 cqu &61 
busy_flag cqu &62 
read_402 equ &63 
clr_disp equ &01 
home equ &02 
disp_rnode equ &06 
disp_on equ &0f 
function cqu &38 
forward equ &10 
backward equ & 14

¡equates of data display ram address 
first_org equ &80 . 
second_org cqu &c0 
m anuhom e equ &86 
rig_home equ &88 
drive_home equ &85 
model_home equ &85 
mode2_home equ &85 
preset home cqu &86 
iwave_home cqu &86 
para_homc equ &87 
sensor_home cqu &86

write_7002 equ &20 
status_7002 equ &20 
data_7002 equ &21 
cs_key equ &40 
interface equ &03 
enable_int56 equ &11 
stop_receiv equ & 15 
enable_key equ &16 
enable_8256 equ &29 
top_stack equ &8200 
cs_8256 equ &00 
inter_addr equ &06 
transmit_buf equ &07 
receive_buf equ &07 
status_8256 equ &0f

¡service memory store 
org &8400 

¡stores of ADC 
adc_reading: ds 1 
scale data: ds 1
ade scale: ds 1 ¡channel 0 

ds 1 ¡channel 1
ds 1 ¡channel 2

¡disable display shift 
¡display, cursor, flash on 
¡two Unes
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¡ch a n n e l 3

¡character stores

ds 1

aloc_char: ds 5 ¡axis b preset
blocchar: ds 5 ;c axis
cloc_char: ds 5 ;d axis
dloc_char: ds 5 ;e axis

Ip_char: ds 3 ;Ip setting
Ib_char: ds 3 ;lb
T pchar: ds 4 ;Tp
T bchar: ds 4 ;Tb

ws_char: ds 4 ¡welding speed
vvfchar: ds 4 ¡wire feeding speed
wd_char: ds 4 ¡swing width
fq_char: ds 4 ¡swing frequency

¡DATA STORES: the first memory of a buffer is for control code,
¡the last memory of a buffer is for terminator 'S'.
drive_a_code: ds 3 ¡Stores for drives
drive_b_code: ds 3
drive_c_code: ds 3
drive_d_code: ds 3
drive_e_code: ds 3
drive_x_code: ds 3

aloc_code: ds 7 ¡store for axes preset 
bloc_code: ds 7 
cloc_code: ds 7 
dloc code: ds 7

Ip code: ds 5
Ib code: ds 5 
Tp code: ds 6 
Tb code: ds 6

ws code: ds 5 
wfcode: ds 5 
wd_codc: ds 5 
fq_code: ds 5

key_data_buf: ds 1 
prevkey: ds 1 
pres_flag: ds 1 
d ispram : ds 1 
charlength: ds 1 
datajength: ds 1
decim_posit: ds 1 ¡position of decimal point
convjptr: ds 2
mode_ptr: ds 2
data_buf_ptr: ds 2
char_buf_ptr: ds 2
h ltem p: ds 2
drive loc: ds 5

org &1000
db '(C)W',0 ¡header
db JOYSTICK CONTROLLER',0 ¡title
jmp serv_start

¡Interrupt table 
int_tablc: org & 10 + int_table 

jmp drive_isr
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; service vector table 
manu_vector: dvv test_rig 

dw i_wave 
dvv weld_pa 
dvv sensor 

rig_vector: dvv drive 
dw preset 
dw datum 
dw go

drive_vector: dw model 
dw mode2 
dw mode3 
dw mode4

drive data: dw mode l_data 
dvv mode2_data 
dvv mode2_data 
dvv mode2_data 

model_data: dw drive_c_code 
dw drive_d_code 
dw drive_a_code 
dvv d riv eb co d e  

mode2_data: dw drive_c_code 
dw d rivedcode  
dvv drive_e_code 
dvv drive_x_code 

preset_char: dvv aloc_char 
dvv bloc_char 
dvv cloc_char 
dw dloc_char

preset_data: dw aloc_code 
dvv bloc_code 
dw cloc_code 
dvv dloc_code 

cur_char: dw Ip_char 
dw Ib char 
dvv Tp_char 
dvv Tb char 

cur data: dvv Ip_code 
dvv Ib_code 
dvv Tp code 
dvv T bcode 

para char: dw ws_char 
dw wf_char 
dvv wd_char 
dw fq _char

para data: dw ws_code 
dvv wf_code 
dw vvd_code 
dw fcp_code

sensor data: dw off code 
dvv vol_code 
dvv vis_code 
dw vv_code 

off_code: db '1$' 
vol_code: db '2$' 
vis_code: db 3$ ' 
w_code: db '4$'

¡Initial code and data for data stores 
initdata: DB 'A5$B5SC5$D5$E5$X5$'

DB 'AOOOOO$BOOOOO$COOOOOSDOOOOOS' 
DB 'QOOO$ROOO$SOOOO$TOOOO$'
DB 'q000$r000Ss000$t000$'
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¡Keypad code table
key hex code: db &03 ¡selction key

db &02 ;#2
db &01 ;#l
db &00 ;#0
db &30
db &39
db &38
db &37
db &2e ¡decimal point
db &36
db &35
db &34
db &7e ;ENT
db &33
db &32
db &31

¡Table of control codes 
reset code: db 'J$' 
drive code: db 'K$' 
preset_code: db 'L$' 
datum code: db 'M$' 
go_code: db 'G$'
wave_code: db 'IS' 
para_code: db 'PS' 
sensor_code: db 'VS' 
exit_code: db &04,'$' 
enq_code: db &05,'$'

¡Data diplay ram address for key input
loc_ddr: db &c2 

db &cc 
db &d6 
db &e0

¡Location settig

drive ddr: db &d6 ¡Drive A
db &e0 ;B
db &c2 ;C
db &cc ;D
db &d6 ;E

iwave ddr: db &c3 
db &cd 
db &d7 
db &el

; I wave

para ddr: db &c3 
db &ce 
db &d7 
db &e2

¡Welding parameters

sensorjldr: db &c3 
db &dl 
db &da 
db &e2

¡Sensor

;ADC low and up limits 
;ADC reading between the two limits 
¡is regarded as zero drive speed, that is scale 5
adc low: db &68 

" db &8f 
db &5c 
db &96

adc_up: db &70 
db &98

¡Low limit for channel 0 
¡Channel 1 
¡Channel 2 
¡Channel 3

¡Up limit for channel 0 
¡Channel 1
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db &64 
db &9e

¡Channel 2
¡Channel 3

¡Start of main program 

org & 1200
serv_start: lxi sp.topstack

rst interface ¡Initialise 8256 
db enable_8256
lxi h,resct_code ¡Send reset code 
cali string_86
call init_disp ¡Initialise display 

¡Initialise data buffer
lxi d,drive_a_code ¡Starting buffer RAM 
lxi h,initdata ¡Starting data ROM 
mvi c,88 ¡Number of bytes

bytecopy: mov a,m 
stax d
inx h ¡next byte
inx d ¡next memory
dcr c
jnz byte_copy

¡Initialise char buffer of preset, drive locations 
¡and i_wave to zero 

lxi h,aloc_char
mvi c,34 ¡Number of memories
mvi a,&30 ¡Zero 
call init_value

¡Initialise vveld_pa buffer in the form of 00.0 
mvi c,4 
lxi h,ws_char 
call in itchar 
lxi h,wf_char 
call init char 
lxi h,wd_char 
c;dl init_char 
lxi h,fq_char 
call init_char

lxi h,key_rcad ¡Load vector point after 
rst interface ¡interrupt, 
db enable_key ¡enable key reading 

manu_start: call manu_disp ¡Display manual. 
manu_wait: cadi key_action ¡Read key 

Ida key_data_buf
cpi &04 ¡If not selection key
jnc manu_wait ¡wait 
lxi h, manu_start ¡Get ret address 
push h ¡Store in the stack
lxi h,manu_vector
call vect_addr ¡Calculate jmp address 
pehl ¡Put the addr to PC

¡This routine initialise character buffers,
¡char length in C
init_char: push b ¡save C for next setting 

lxi d,char_zero 
cliar lp: ldax d
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mov m,a 
dcr c
jz char_ret 
inx h 
inx d
jmp charjp  

charret: pop b 
ret

char_zero: db '00.0'

;The following routine sets memory locations to 
;the value held by A, with C holding number of locations 
init_value: mov m,a 

inx h 
dcr c
jnz init_value 
ret

vect_addr: push d ;Save registers
push psw 
add a ¡Double A
mov e,a 
mvi d, 0 ¡Calculate vector ptr
dad d ¡with the offset
mov e, m ¡Get call adrress
inx h 
mov d,m 
xchg ¡Put in IIL
pop psw ¡Get registers
pop d 
ret

;This routine loops round untill a key is pressed. 
key_action: mvi a,&tf 

sta kcy_data_buf 
key wait: Ida key data buf 

cpi &ff 
jz key_wait 
ret

¡The following routine is executed after interrupt RST7.5 
k e y p a d : push h ;save registers 

push psw 
push d
in cs_key ;read key
ani &0f ;get rid of 4 MS bits
Ixi h,key_hex_code ¡convert to hex code
mvi d,0
mov e,a
dad d
mov a,m
sta key_data_buf
ei ¡reenable interrupts
pop d ¡get registers
pop psw
pop h
ret

trans_8256: push psw ¡Save data to be sent 
trans_wait: in status_8256

ani &20 ¡check TBE
jz trans wait ¡wait untill TB empty
pop psw
out transmit buf
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ret

receiv_8256: in status_8256 
ani &40 ;check RBF 
jz receiv_8256 ;wait if RB empty 
in receive_buf 
ret

rcceivack: call receiv_8256 
cpi &06 
jnz receiv_ack 
ret

;This routine sends a string to 8086. Data location in HL. 
;It requires ACK after sending terminator 'S'. 
string_86: mov a,m ;gct byte 

call tnms_8256 ;send it 
cpi '$' 
jz string_ok 
inx h ;next byte
jmp string_86 

string ok: call recciv ack 
ret

¡Signal to 8086 that a fault data string is received 
error_sig: lxi h,enq_code 

call string_86 
ret

extend 'displ'

I

¡Subroutines of display

¡PROGRAM 'DISPL'

init disp: call fg_ck 
mvi a,function 
out set_402 
call fg_ck 
mvi a, disp_mode 
out set_402 
call fg_ck 
mvi a, disp_on 
out set_402

clear_disp: call fg_ck 
mvi a.clr disp 
out set_402 
ret

fg_ck: push psw ¡Save registers 
push b ;
mvi a, 10 ;
mov b,a

ck_lp: in busy_flag
ani &80 ¡check flag
jz ck ret 
dcr b 
jnz ck lp

ck ret: pop b 
pop psw 
ret
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;To display windows call the following subroutine, with HL 
;holding the starting location of char buf.
;To display a string, call disp ddram 
¡with A holding the starting display location,
;B holding the numbe of charatcrs to be displayed 
¡and HL holding the character memory location.

disp_window: mvi b,80 ¡80 characters
call fg_ck ;
mvi a, first_org ¡starting display location
out set_402

disploop: call fg ck ¡Get char 
mov a,m ¡display it 
out write_402 
inx h ¡next char
dcr b ¡decrement counter
jnz d isploop ¡Loop, if not finished, 
ret

manu disp: lxi h, manu_mcssg ¡Display manual window 
call dispwindow 
call fg_ck
mvi a, m anuhom e ¡return cursor to
out sct_402 ¡home position
ret

manu messg: db 'MANUAL 
db ' 
db ' 
db '
db 'T E S T R IG  ' 
db T  WAVE ' 
db AVELDPA ' 
db 'SENSOR '

rig_disp: lxi h, rig_messg 
call disp window 
call fg_ck 
mvi a, rig_home 
out set_402 
ret

rig_messg: db 'TEST RIG 
db ' 
db ' 
db '
db 'DRIVE ' 
db PRESET ' 
db 'DATUM ' 
db 'GO

drive_disp: lxi h, drive_messg 
call dispwindow 
call fg_ck
mvi a, drive_home
out sct_402
ret

drive_messg: db 'DRIVE 
db ' 
db ' 
db '
db 'M O D E l ' 
db 'MODE2 ' 
db '
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model_disp: lxi h, m odelm essg 
call disp_window 
call fg_ck
mvi a, m odelhom e
out set_402
ret

model mcssg: db 'MODEI 
db '(step) 
db ' 
d b ' 
d b ' C  = 
d b ' D  = 
db 'A = 
db 'B =

mode2_disp: lxi h, mode2_mcssg 
call disp_window 
call fg_ck
mvi a, mode2_home
out set_402
ret

mode2_messg: db 'MODE2 
db '(step) 
db ' 
db ' 
db C = 
d b ' D  = 
d b ' E  = 
db '

preset_disp: lxi h, preset_messg 
call disp_window 
call fg_ck
mvi a,preset_home ;Ret cursor to home
out sct_402 ¡position
ret

presetmessg: db 'PRESET 
db '(step) 
db ' 
db ' 
d b ' A  = 
d b ' B  = 
d b ' C  = 
d b ' D  =

;To display strings of characters in buffer,
¡load C with number of strings,
;B with nomber of characters in a string,
;DE with starting address of ddram,
;and 1IL with starting location of char buf

string_disp: call fg_ck
ldax d ¡Load ddram
out set_402 ¡Move cursor 
Ida charjength ¡Get char length 
mov b,a ¡an put in b 

chardispl: call fg_ck
mov a,m ■ ¡Get char 
out write_402 ¡and display it 
inx h ¡Next char address
dcr b ¡Decrement char counter
jnz char displ ¡More char

d b  '
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inx d ¡Next ddram
der c ¡Deerment string counter
jnz stringdisp ¡More string
ret

iwave_disp: lxi h, wave_messg 
call disp_window
lxi d,iwave_ddr ¡Display previous curreent 
lxi h,Ip_char ¡setting 
mvi c,2 ;Ip and lb
mvi a,3
sta char Jength
call string disp
mvi c,2 ;Tp and Tb
mvi a,4
sta charjength 
call string__disp 
call fg_ck
mvi a, iwave_home
out set_402
ret

wave_messg: db 'I_WAVE 
db '(amp,amp,m' 
db 's,ms) 
db '
db Ip = 
db ' I b  = 
db "I p  = 
db T b  =

para disp: lxi h, param essg 
call disp_window 
lxi d, para ddr ¡Display previous 
lxi h,ws_char ¡welding parameters setting 
mvi c,4 
mvi a,4
sta charjength
call string disp
call fg_ck
mvi a, para home
out set_402
ret

para messg: db 'WELD PA ' 
db '(mm/s.m/mi' 
db 'n,mm,Hz) ' 
db '
db 'WS = 
db 'WFS = 
db '\V D  = 
db T R Q  =

scnsor_disp: lxi h, sensor_messg 
call dispwindow 
call f gck
mvi a, sensorJiome
out set_402
ret

sensor messg: db 'SENSOR 
db ' 
db ' 
db '
db 'OFF
db'V O LTA G E ' 
db 'VISION '
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d b  'B O T H

extend 'drive'

***************+*+********************* 
Subroutine "DRIVE": drive test rig manually 
using joysticks

¡PROGRAM 'DRIVE'

test rig: call rigdisp ¡Display test rig window 
rig wait: call key action ¡Read key 

Ida key_data_buf 
cpi &7e ¡If ENT 
rz ¡back to manu start
cpi &04 ¡Wait for
jnc rig_wait ¡selection key
lxi h.test rig ¡Get ret addr to test rig 
push h ¡Save in stack 
lxi h,rig_vector ¡Get call address 
call vect_addr 
pchl ¡and jmp to it

go: call clearedisp
lxi h,go_code ¡Send code 
call string_86 ¡to 8086 
ret

datum: call clear disp
lxi h,datum_code ¡Send code to 8086
call string_86
ret

¡In DRIVE, joysticks control axis movement directly. 
¡In model, left:C,D right:A,B.
¡In mode2, left:C,D right:E,_

drive: cali clcar_disp 
lxi h,drive_code 
cali string_86 
mvi a, 5
sta charjength 
sta ade scale 
sta ade scale + 1 
sta ade scale + 2 
sta adc_scale + 3 
lxi h, inta_8256 
rst interface 
db enable_int56

drivevvait: cali drivc_disp ¡Display drive window 
cali key_action ¡Read key 
Ida key_data_buf

¡Send code

¡Char length is 5 
¡Scale 5 for channel 0 

¡channel 1 
¡channel 2 
¡channel 3 

¡Enable receiver int 
¡of 8256

cpi &7e 
jz drive exit 
cpi &04 
jnc drive vvait 
lxi h,drive_wait 
push h
lxi h,drive_data 
call vect addr 
shld mode_ptr 
lxi h,drive vector

¡If ENT,
¡exit from drive 
¡If not selection key 
¡wait
¡Get mode ret address 

¡Save in stack 
¡Get mode data store

¡Calculate
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call vect_addr ;call address 
pchl ;and jmup to it

drive_exit: lxi h.exitcode ;Send exit code 
call string_86
rst interface ¡Disable RST6.5 
db stop_receiv
ret ¡Return to test_rig

inta_8256: push psw 
push b 
push d 
push h 
in inter addr 
mov l,a 
xra a 
mov h,a 
lxi b,int_table 
dad b 
pchl

¡Save status 
¡and registers

¡Read interrupt address 
¡put it into IIL

¡load BC with iner table 
¡added to inter addr 

;jmp to the inter table

model: call modeldisp ¡Display model window 
jmp drive_lp 

mode2: call mode2_disp 
drivelp: Ida key_data_buf ¡Read key buffer

cpi &7e ¡If ENT has been pressed
jz mode exit ¡exit from mode 1 
cidi start_7002 
jmp drive_lp

mode3: ret ¡Not used

mode4: ret ¡Not used

drive isr: xra a ¡Clear carry
in receive buf ¡Get char 
cpi 'A ' ¡If A to E 
jc non_A_E 
stc
cpi T /
jnc non_A_E 
sui &41
mov c,a ¡get ddram
mvi b,0
lxi h,drive_ddr
dad b
mov a,m
sta dispjram
lxi h,drive_loc ¡set char_buf_ptr 
shld char_buf_ptr 

isr_rct: pop h 
pop d 
pop b 
pop psw
ei ¡Reenable RST6.5
ret

non_A_E: cpi 'S'
jnz non_term ¡If '$' 
call fg_ck
Ida dispjram ¡display 
out set_402 
mvi b,5
lhld char_buf_ptr
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dcx h ¡point to the last char
dr_disp: call fg_ck 

mov a,m 
out writc_402 
dcx h 
dcr b
jnz dr_disp 
call fg dk 
mvi a,drive_home 
out set_402 
jmp isr_ret

non_tcrm: lhld char_buf_ptr
mov m,a ¡Store into buffer 
inx h
shld char_buf_ptr increment buf ptr 
jmp isr_rct

start_7002: mvi b, 0 ;B holds channel number 
mvi c, 4 ;Counter, 4 channels 

next_chann: mov a,b ¡Initiahse the channel 
out writc_7002 ¡pointed by B 
Ihld mode_ptr ¡Get data string buf 
call vect_addr 
shld data_buf_ptr
mov e,b ¡Calculate adc_scalc ptr
mvi d,0
lxi h,adc_scale
dad d ;
shld hl tcmp ¡store in h ltem p  

wait 7002: in status 7002 ¡Polling adc status
ani &80 
jnz wait_7002 
in data_7002 
sta adc_reading 
call data_scaling 
call datadiff 
inr b 
dcr c 
jnz next_chann 
ret

¡If data not availble 
¡wait.
¡Read data
¡and store in the buffer. 

¡Scale adc reading. 
¡Adjust present data 

¡Next channel 
¡Decrement counter

data_scaling: push b 
mvi c,5
Ida adc_reading 
call low_limit 
emp m 
jc back_drive 
call up_limit 
emp m 
jz save_adc 
jc save_adc 
mov a, m 

forw_drivc: inr c 
adi 4 
emp d

¡Save regiaters 
¡Scaling reference is zero 

¡Get adc reading 
¡Get low limit of zero 
¡If adc reading is below 
¡the limit, decremnt by 4 

¡Get up limit of zero

¡If adc reading is 
¡above the limit 
¡Increment scale

¡Increment by 4 
¡Compare with ADC reading

jc forw_drive 
mov a,c ¡Limit the maximun right 
cpi 9 ¡speed scale to 9
jz save_adc 
jc save_adc 
mvi c,9
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jmp save_adc 
back_drive: mov a, m 
back_dr_lp: dcr c

jz m inscale ; Limit the max. reverse
sbi 4 ¡Decrement by 4
emp d
jz save adc
jnc back dr lp
jmp save_adc

min_scale: inr c ¡Limit the min scale to 1 
save_adc: mov a,c 

sta scale_data
pop b ¡Pop registers
ret ¡Ret with scaled data

low limit: lxi h.adc lovv 
jmp lim itlocat 

up limit: lxi h.adc up 
limit_locat: mov e,b 

mvi d,0 
dad d
mov d,a ¡Put ADC reading into d
ret

data_diff: Ida scale_data ¡Compare scaled data 
Ihld hl_temp
emp m ¡with current data
jz no_diff 
jc der drive 
inr m
call drive_conv 
jmp data_diff 

dcr_drive: dcr m
call drive conv 
jmp data_diff 

riodiff: ret

¡ I'his routine converts speed scale (from 0 to A) into 
¡ASCII code, and send to 8086 
drive_conv: mov a,m ¡Get data

adi &30 ¡Convert to ASCII code
lhld data_buf_ptr
inx h ¡Skip over code byte
mov m,a ¡Save
dex h ¡Starting string
call string_86
ret

mode_exit: mvi c, 4 ¡Counter 
mvi b,()
lxi d,adc_scale ;adc scale loc in DE 

exit loop: lxi h,mode_ptr 
mov a,b 
call vect_addr 
shld data_buf_ptr 
ldax d
cpi &05 ¡If zero speed 
jz next exit ¡exit 
jc inr_to_exit
dcr a ¡Decrement if > 5
jmp vary_exit

inr_to_exit: inr a ¡Increment if < 5
vary_cxit: call drive_conv
ncxt_exit: inx d ¡Next data location
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inr b ;Next string location
dcr c ¡Check if all 4 axes
jnz exit_loop 
ret

extend locat'

Subroutine "PRESET": presets axis locations. 
Presetting range is from 0 to 660.0 .
A decimal point is needed among five key characters. 
**************************************+**+*****

¡PROGRAM 'LOCAT'

¡Display preset window

preset: call clear_disp 
lxi h,preset_code 
call string_86 
call prcset_disp 
mvi a,0
sta pres flag ¡Clear on/off flags 

presct vvait: call kcy action ¡Read key 
Ida key_data_buf 
cpi &7e 
jz preset exit 
cpi &04 
jnc presct_wait 
sta prev key

¡If ENT, exit 
¡Wait for 
¡selection key 
¡save the key value 

¡Calculate 
¡ddram

lxi h, loc_ddr 
mov e,a 
mvi d,0 
dad d
mov a,m ¡and store it
sta dispram  
Ida prev_kcy
Ixi h, presct_char ¡Calculate char buff ptr 
c;ill vect_addr 
slild ch;ir_buf_ptr
lxi h, preset data ¡Starting location of 
call vect_addr ¡string buf
shld data_buf_ptr 
mvi a,5

¡Char length is 5 
¡Data length is 5 byte

¡Toggle preset flag 
¡and save

sta char length 
sta data_lcngth 
call tog_reg 
mov b,a 
Ida pres_flag 
xra b
sta pres_flag 
call tog_flag 
jnc offjpres 
call loc_string 

on_pres: call kcy_action 
Ida key_data_buf 
cpi &7e ¡If ENT,
jz on_old ¡on with old setting
lxi h,prev_key 
emp m 
jnz onjpres

locjnput: call erase_data ¡ready for renew setting 
call keyjnumber 
call loc range 
jnc locjnpu t

¡If the same ctr key,
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call data_conv 
call fg_ck
mvi a,preset_home 
out sct_402 
jmp prcsct_wait

off_pres: call erase_data 
on_old: call fg_ck

mvi a,preset_home 
out set_402 
jmp preset_wait

loc_string: lxi d.disp ram 
lhld char_buf_ptr 
mvi c, 1 ¡display only one string 
call string_disp 
ret

prcset_exit: mvi c,4 ¡Counter 
mvi b,0

loc_exit: mov a,b
sta prevkey ¡axis number 
call togflag 
jc sendon 
jmp scnd_off

send on: lxi h,presct_data ¡Send axis location 
mov a,b 
call vect_addr 
call string_86 ¡to 8086 

scnd_ofT: inr b 
dcr c
jnz loeexit
lxi h.exit code ¡Send exit code
call string_86
ret

tog_reg: Ida prev key 
mov c,a 
inr c
xra a ¡Clear A and CY
stc ¡set carry flag

more_ral: ral 
dcr c
jnz more ral 

not ral: ret

tog_flag: push b ¡Save registers
Ida prev_key 
mov c,a 
inr c
Ida pres_flag

flag_rrc: rrc ¡rotate Hag to carry bit
dcr c
jnz flag_rrc
pop b ¡Get back registers
ret ¡Ret with the flag in carry

key_number: Ida data length ¡number of chars 
mov c, a ¡in C
lhld char_buf_ptr ¡Char buf location 
call fg_ck
Ida disp ram ;Disp location 
out set_402

more number: call keyaction
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Ida key_data_buf
cpi &7e ¡exclude ENT
jz more_number
cpi &2e ;and decimal point
jz more_number
cpi &04 ;and selection keys
jc morejnumber
call fg_ck
out write_402 ¡Display and store 
mov m,a 
inx h 
dcr c
jnz more_number 
ret

¡Check if the location presetting is < 65500.
¡Return with carry if valid, or with no carry, 
loc range: lhld char_bufjptr ¡Compare the leftmost digit 

mov a, m ¡with 6
cpi '6' 
j z  loc sec 
jc validloc 
jmp bad loc 

loc_sec: inx h 
mov a, m 
cpi ' 5 '  
jz loclast 
jc valid loc 
jmp bad_loc 

loc last: inx h 
mov a,m

¡Compare the second one 
¡from left with 6

¡Check if the last two 
¡are zero

cpi '5' 
jc valid loc

badjoc: ora a ¡Clear carry flag
v;did loc: ret

erase_data: call erase del
Ida char_length ¡Get char length 
mov c, a 
call fg_ck
Ida disp ram ¡Display DDRAM 
out set_402 
push psw ¡save a
mvi a, &20 ¡Erase with blank

erase_loop: call fg_ck 
out write_402 
dcr c
jnz erase_loop
pop psw ¡Return cursor
call fg_ck
out set_402 ¡to starting position
ret

erase dcl: mvi c,&ff 
del_loop: inr a 

dcr a 
dcr c
jnz del loop 
ret

¡The following conversion copies char in the char buf 
¡(from low to high addr) to the data buf (from high to low addr) 
data conv: Ida data_lcngth 

mov c,a ¡Counter
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mov e,a ;Point HL to the last
mvi d,0 ;data byte
lhld data_buf_ptr
dad d ;
push h
lhld char_buf_ptr ;Point DE to the first 
xchg ;char byte
pop h

convjoop: ldax d 
cpi &2e 
jz neg_point 
mov m,a
dex h ¡Next data byte
dcr c ¡Decrement counter

neg point: inx d ¡Next char 
mov a,c 
cpi 0
jnz convjtaop 
ret

extend 'paras'

.*****+***********+*****+******************* 
¡Subroutine "IW AVE": preset current parameters

¡PROGRAM 'PARAS'

i_vvave: call clear disp 
lxi h,wave_code 
call string_86
call i\vave_disp ¡Display iwave window 

iwave wait: call key action ¡Read key 
Ida k e y d a ta b u f

¡If ENT,
¡exit
¡If not selection key 

¡wait

¡Save A 
¡Get ddram 
¡and store it 
¡Get key data 
¡Get char buf

cpi &7c 
jz iwave_exit 
cpi &04
jnc iwavewait
lxi h, iwave_ddr 
mov e,a 
mvi d,0 
dad d 
push psw 
mov a,m 
sta dispram  
pop psw 
Ixi h,cur_char 
call vect addr 
shld c h a rb u fp tr  
lxi h,cur_data 
call vcct_addr 
shld data_buf_ptr 

. cpi &02 
jc i_lcngth
mvi a, 4 ¡Time char length
sta char lcngth 
sta datalength 
jmp iwave_input

i length: mvi a,3 ;Curr char length 
sta char length
sta data length ¡Data length

iwave_ input: call key_numbcr ¡Key in number 
call fg_ck

¡Get data buf
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mvi a,ivvave_home 
out set_402 
call data_conv 
jmp iwave_wait

iwave_exit: lxi h,Ip_code ;Send data to 8086 
call string_86 ;Ret manu_start 
lxi h,Ib_code 
call string_86 
lxi h,Tp_code 
call string_86 
lxi h,Tb_code 
call string_86 
ret

.********************************************>
¡Subroutine "\vcld_pa": preset welding parameters

weld_pa: call clear_disp 
lxi h,para_code 
call string_86
call paradisp  ¡Display window 

para wait: call key_action ¡Read key
Ida key_data_buf
cpi &7e ¡If ENT
jz para_exit ¡exit
cpi &04 ¡Waiting for
jnc para_wait ¡selection key
lxi h,para_ddr ¡Cursor position
mov e,a
mvi d,0
dad d
push psw
mov a,m
sta disp_ram
pop psw
lxi h,para_char ¡Get char buf
call vect_addr
shld char_buf_ptr
lxi h,para_data ¡Get data buf
call vect addr
shld data_buf_ptr
mvi a,4 ;Char length
sta char_length
mvi a,3 ;data length
sta data_length

¡Input welding parameters in the form of **.*, 
¡where the point is fixed, 
para input: lhld char_buf_ptr 

mvi c,2 
call fg_ck 
Ida disp_ram 
out set_402 
call more_number 
call fg_ck
mvi a, &2e ¡Display the fixed point
out write_402 
mov m,a
inx h ¡next char
mvi c,l
call more number
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call fg_ck 
mvi a,para_home 
out set_402 
call data_conv 
jmp para_wait

para_exit: lxi h,ws_code ;Send data 
call string_86 ;to 8086 
Lxi h,wf_codc 
call string_86 
lxi h,wd_code 
call string_86 
Ixi h,fq_code 
call string_86 
ret

•***-+ **%* + + + * + + * *****************
;Subroutine "SENSOR ": select sensors 
*********************************

sensor: call clcar_disp 
lxi h,sensor__codc 
call string_86
call sensor_disp ¡Display sensor window 

sensor mode: call kcy action ¡Read key 
Ida key_data_buf 
cpi &7e ;If ENT
jz scnsor_exit ¡exit
cpi &04 ¡Wait for
jnc sensorjmode ¡selection key 
lxi h,sensor_ddr ¡Cursor position 
mov e,a 
mvi d,0 
dad d 
call fg_ck 
mov a,m 
out set_402
Ixi h,sensor_data ¡Get data string
mov a,e
call vect_addr
mov a,m
call string_86 ¡and send 
jmp scnsor_mode 

sensor_exit: lxi h.exit code 
call string_86 
ret 
end
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y*******************************************
* File transfer program TR A N S.C "  for transferring
* a file from IBM PC to application computer
* by Mr. Xiao Qi Chen
* July 19888

#include "stdio.h"
//include "string.h"

//define TRUE 1
//define FALSE 0
//define BUFSIZE 128
//define ACK 6
//define CR OXOD
//define PERIOD 10000
//define PICO 0X021 /* 8259 IMR * /

//define CRBR 0X03F8 /♦ Rx/Tx/DL_lsb */
//define CIER 0X03F9 / *  DL_msb/IER */
//define CIIR 0X03FA
//define CLCR 0X03FB
//define CMCR 0X03FC
//define CESR 0X03FD
//define CMSR 0X03FE
//define NOC 0X0FF

int key_x= 128, kcy_y= 128, key, box_mode= 0; 

char buflBUFSIZE];

FILE +fp; 
char *mode = "r";

mainQ
{

char *fn, +p, *bp; 
char file[40J; 
char c;

prints("\r\ncntcr name of hexfile: $"); 
p = gets(buf); 
fn = file; 
if (p != NULL)
{

whilc(*fn+ + = *p + + ); 
if(fp = fopen(file,modc))
{

st;u1coms();
vvhile(p = fgets(buf,BUFSIZE,fp))
{

bp = buf; 
reswrpQ;
wliilc((c = +bp + + ))
{

printc(c);
wrtbufü(c);

} .
printc(CR);
wrtbufO(CR);
tmbuf0();
waitack();
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}
stopcoms();
if(fclosc(fp))

prints("\r\nfilc close error!");
}
else

prints("\r\nfile open error!");
}
else

prints("\r\nbad filename!");
}

waitack()
{

char c;

while((c = rdcomlQ) != ACK)
{

printc(c); 
if(c = = '&') 

tmbufO();
}

}

readcoml()
{

\vhile((io_rcad(CLSR,'w') & 0X01) = = 0); 
io_read(CRBR,'b');

delay()
{

int i;
for(i = 0; i < 2000; i + + );

startcoms()
{

scti4();
io_write(CLCR,0X083,'b'); 
io_write(CRBR,0X0C,'b'); / *  DL lsb */ 
io_write(CIER,0,'b'); / *  DL_msb: BR = 9600 */ 
io_write(CLCR,0X03/b'); /* 8_bit chr, 1 stop bit, no parity */ 
io_write(CMCR,0X03/b'); ¡ *  force DTR & RTS active * /  
io_read(CMSR,'b'); /* clear all pending interrupts * /

io_read(C R B R ,'b '); 
io_read(CLSR/b'); 
io_read(CIIR,'b');
io_write(CIER,0X01,'b/); / *  disable all interrupts */ 
di_int( 16.PIC0); I *  enable irq4 */

}

stopcoms()
{

di_int(16,PIC0);
io_write(CIER,0,'b'); / *  disable all comm ints */ 
io_write(CMCR,0X03/b'); /* enable DTR & RTS */ 
reseti4();
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IBM PC assembly routines "PCLIB.A86" for small model 
interface from Intel C to MS-DOS 

by Mr. Xiao Qi Chen 
May 1988

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

NAME PCLIB

PGROUP GROUP CODE

ASSUME CS:PGROUP

true equ Offh 
false equ Oh

comlrx equ 03f8h 
com ltx cqu 03f8h 
comlicr equ 03f9h 
comliir cqu 03fah 
comllsr cqu 03fdh 
comlmsr equ 03feh 
com lint cqu Och 
eoi cqu 020h 
picO cqu 020h 
picOimr cqu 02 lh

CODE SEGMENT PUBLIC CODE/

PUBLIC io_read, io_write 
PUBLIC printc, prints 
PUBLIC transO, rdbufO, vvrtbufO, sndtbO 
PUBLIC reswrp, tmbuft)

; io_read() byte or word

io read PROC NEAR 
push dx 
push bp 
mov bp,sp 
mov dx,|bp + 6] 
mov ax,[bp + 8] 
emp al/w '
jz il
emp al/W ' 
jz il 
in al,dx 
cbw 
jmp i2

il: in ax,dx
i2: pop bp

pop dx 
ret

io read ENDP

;dx = port address 
;al = byte or word

;if \v ' or AY' not specified 

¡perform 8-bit read 

;else
¡perform 16-bit read

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

;io_write(port,value,b|w) write byte or word to port
.***********************************************
J
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io_write PROC NEAR 
push dx 
push bp 
mov bp,sp 
mov dx,[bp + 6] 
mov ax,[bp + 10] 
cmp al,'w' 
jz i3
cmp al/W ' 
jz i3
mov ax,[bp+ 8] 
out dx,al 
jmp i4

i3: mov ax,[bp + 8]
out dx,ax 
jmp i4 

i4: pop bp
pop dx 
ret

io write ENDP

.**********************************************
; dos_std_out(ch byte) renamed printc_ for mig man 
***********************************************

printc PROC NEAR 
push bp 
mov bp, sp 
mov dl, [bp + 4] ; ch
mov ah, 02h ; Function: Display Output
int 2 lh ; DOS call 
pop bp 
ret

printc ENDP

****************************************************** 
dos_std_string_out(str addr) renamed prints_ for mig man 

stS based str (*) byte
******************************************************

prints PROC NEAR 
push bp 
mov bp, sp 
mov dx, [bp + 4| ;str 
mov ah, 09h ¡Function: Print String 
int 21h ;DOS call 
pop bp 
ret

prints ENDP

rdbuf()() reads bufO 
*****+*******************

rdbufO PROC NEAR 
push bx 
push bp 
mov bp, sp 
mov bx, bufrp 
cmp bx, bufwp 
jne fet 
mov al,0ffh 
jmp mtbuf

¡fetch read pointer 
¡compare with write pointer 

¡if unequal continue 
¡else return with 
;al = if
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fet: mov al, cs:[bx] ;read character
cmp bx, offset bufend ;check for end of buffer 
jl bspl ¡no..
mov bx, offset buffer ;end of buffer reset pointer 
jmp rdbOex

bspl: ine bx ;not end of buffer, ine pointer
rdbOex: mov bufrp, bx ;and store
mtbuf: pop bp 

pop bx 
ret

rdbufO ENDP

;vvrtbufO(c) transmitter buffer write
. È * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

tbuffer db 128 dup(?) ;reservc transmit buffer 
tbufend db 0 
tbufwp dw tbuffer 
tbufrp dvv tbuffer

wrtbuff) PROC NEAR 
push bx 
push bp 
mov bp,sp 
mov bx,tbufwp 
mov al,[bp + 6] 
mov cs:[bx],al 
cmp bx,offset tbufend 
jl tbsp
mov bx, offset tbuffer 
jmp wbexO 

tbsp: ine bx 
wbexO: mov tbufwp,bx 

pop bp 
pop bx 
ret

wrtbufO ENDP 

>
;sndtbO() sends contents of tbuffer

transO dw false

sndtbO PROC NEAR 
push bx 
push dx 
push bp 
mov bp,sp 
mov bx,tbufrp 
cmp bx,tbufwp 
jne send 
mov ax,false 
mov transO,ax 
jmp sndrt 

send: mov dx.comllsr 
thrs: in al,dx ¡read status register

test al,020h ¡test thre bit
jz thrs
mov dx.com ltx ¡transmitter ready, get thr address 
mov al,cs:[bx| ¡read buffer

¡fetch tbuf read pointer 
¡compare with write pointer

¡if buffer empty return zero 
¡reset transmitting flag

-  224 -



out dx,al ¡output char
cmp bx,offset tbufend ;end of buffer? 
jl tbspl ;no, increment pointer
mov bx,offset tbuffer ;yes, reset pointer 
jmp sndbeO

tbspl: inc bx ¡increment pointer
sndbeO: mov tbufrp.bx ¡store pointer 

mov ax,true ¡non null return
mov transO.ax ¡set transmitting flag

sndrt: pop bp 
pop dx 
pop bx 
ret

sndtbO ENDP

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

¡initialise buffer write pointer 
*******************************

reswrp PROC NEAR 
push bx
mov bx, offset tbuffer 
mov tbufwp, bx 
pop bx 
ret

reswrp ENDP

¡transmit bufO ended w'ith tbufwp 
******************************

tmbufO PROC NEAR 
push bx 
push dx
mov bx, offset tbuffer 

tmlp: cmp bx, tbufwp
jz tmrct ¡end of line ?
mov dx, comlmsr 

tmwtO: in al, dx 
test al, 01 Oh 
jz tmwtO 
mov dx, comllsr 

tm w tl: in al, dx 
test al, 020h 
jz tmwtl 
mov dx, comltx 
mov id, cs:[bx] 
out dx, al 
inc bx 
jmp tmlp 

tmrct: pop dx 
pop bx 
ret

tmbufO ENDP

¡test C I S

¡test TxRdy

¡output char 
¡next char

CODE ENDS 
END
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Booting program "BOOT.A86" for the 8088 application 
computer

by Mr. Xiao Qi Chen 
July 1988

i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

$dcbug
$title('BOOT') 

name start
;boot programme in ROM

EXTRN main :FAR

assume csrcode, ssrstack, es:seg main

code segment para public 'code'

PUBLIC boot 
PUBLIC dpehr 
PUBLIC fetehr 
PUBLIC prtchr 
PUBLIC time_
PUBLIC tbase_
PUBLIC mrp_,mwp_ 
PUBLIC hcxbuf_
PUBLIC eaf_,saf_
PUBLIC usba_,cs_,ip_

PUBLIC kcode_
PUBLIC f_amp_, f_bias_ 
PUBLIC t_wv_, t_dw_ 
PUBLIC fa_chr_, fb_chr_ 
PUBLIC tw_chr_, td_chr_ 
PUBLIC f_basc_

time_ equ 00000400h 
mwp_ ctlu 0000041 Oh 
mrp_ cqu 00000414b 
hcxbuf_ equ 00000418h 
eaf_ equ 000004a0h 
saf_ equ 000004a2h 
usba_ cqu 000004a4h 
cs_ cqu 000004a6h 
ip_ equ 000004a8h

kcode_ equ 000004aah 
f_amp_ cqu 000004ach 
f_bias_ equ 000004ach 
t_wv_ equ 000004b0h 
t_dw_ equ 000004b2h 
fa_chr_ equ 000004b4h 
fb_chr_ equ 000004bch 
tw_chr_ cqu 000004c4h 
td_chr_ equ 000004cch 
tbase_ cqu 000004d4h 
f_base_ equ 000004dch

boot PROC
cli ¡disable interrupts
mov bx,0000h ;set stack
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mov ss,bx 
mov bx,8000h 
mov sp,bx 
mov ax, seg main 
mov cs.ax
call init59 ¡initialize devices: FIC
call init54 ¡PIT
call stcmO ¡Channel 0
call st_cml ¡Channel 1
call initdp 
call settim

)
¡set time to zero

call sctO ¡set interrupt vector 0
call set59i 
sti

¡8259 interrupt vector

call main_

here: call star
mov cx.Offfh 

here l: loopnz h e re l
mov dx,6002h ;8251 status
in al.dx
and al,02h ¡test RBF 
jz here 
eall chr 
jmp here 

boot FNDP

star: mov dx, 6002h 
next: in al, dx

and al, 05h ¡test TBF
jz next
dec dx
dec dx
mov al, 2ah
out dx, al
ret

chr: call fetchr
emp al,54h 
jnz notime 
call titod 
jmp here

notime: emp al,43h 
jnz noc 
call main_ 
jmp here 

noc: call prtchr 
mov dx,6002h 

nochr: in al,dx 
and al,02h 
call delay 
jz nochr 
jmp chr

¡test for T 

¡test for C

¡Call loading module 

¡test Rx Buffer

prtchr: push ax
mov dx,6002h 

trdy: in al,dx
and al,05h ¡test TxRdy
jz trdy
dec dx
dec dx
pop ax
out dx,al
ret
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fctchr: mov dx,6000h 
in al,dx 
push ax 
inc dx 
inc dx 
in al, dx
and al, 20h ; Detect framing error
jnz fe

fer: in al,dx
andal,10h ;Detect overrun error
jnz oe

ocr: pop ax
ret

fe: mov al,66h
call prtchr 
call resf 
jmp fer

oe: mov al,6fh
call prtchr 
call resf 
jmp oer

resf: mov dx, 6002h 
mov al, 37h 
out dx, al 
ret

init59: mov dx, OfOOOh
mov al, 17h 
out dx,al ;ICW 1
inc dx 
inc dx 
mov al,20h 
out dx,al ;IWC2
mov al,0fh 
out dx,al ;IWC4
mov al.Ofch 
out dx,;il ;OCW 1, mask
dee dx 
dee dx 
mov al,0c0h 
out dx,al ;OCW2
mov al,08h 
out dx,al ;OCW3
ret

init54: mov dx,8006h 
mov al,0b6h 
out dx,al 
mov al,76h 
out dx,al 
mov al,36h 
out dx,al 
dec dx 
dee dx 
mov al,lfh 
out dx,al 
mov al,0 ; 
out dx,al 
dec dx 
dec dx 
mov al, lfh

¡Counter 2, mode 3 

¡Counter 1, mode 3 

¡Counter 0, mode 3

¡counter 2 as USART#1 BR:9600 * 16

¡counter 1 as USART#0 BR:9600 * 16
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out dx,al ; 
mov al,0 ;
out dx,al ;
dec dx ;
dec dx
mov al,6fh ¡counter 0 as wave timeing: 1000
out dx,al ;
mov al.Obah ;
out dx,al ;
ret

stcmO: mov dx, 6002h ;
jmp init51 ;

st cml: mov dx, 7002h ; 
initSl: mov al, 4eh ; 

out dx, al ;
call delay ;
mov al, 37h ;
out dx, al ;
call delay ;
dec dx 
dec dx
in al, dx ¡dummy read
call delay
ret

delay: mov cx, Ofh 
dell: loopnz dell 

ret

initdp: mov dx, OeOOOh 
mov al, 38h 
call fg_ck 
out dx, al 
mov al, 38h 
call fg_ck 
out dx, al 
mov al, Odh 
call fg ck 
out dx, al 
mov al, 06h 
call fg_ck 
out dx, al 
mov al, Olh 
call fg_ck 
out dx, al 
ret

fg_ck: push ax 
push dx
mov dx, 0c004h 

ck_Ip: in al, dx 
and al, 80h 
jnz c k jp  
pop dx 
pop ax 
ret

dpehr: call fg_ck
mov dx, 0e002h 
out dx, al 
ret
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timer dei 00400h 
twork dd 00404h
timtop dd 00407h

settim: mov bx,040h 
mov ds,bx 
mov bx,0
mov word ptr [bx],0 
ine bx 
ine bx
mov word ptr [bx],0 
ret

titod: Ids si,timer ¡location of timer
Ics di,twork ¡location of workspace
mov cx,02h ¡number of words
eli ¡disable updates during copy
rep movsw ¡copy timer to workspace
sti ¡enable interrupts

mov bx,40h
mov ds,bx
mov ah,0
mov bl, 10 ¡set base
mov el, 10 ¡number of decimal digits

nexd: xchg bh,cl ¡store digit count
mov ex, 04 ¡set number of bytes
mov si,07h ¡set index to highest byte

ncxb: mov al,(si] ¡move byhe to A
div bl ¡divide
mov [si],al ¡copy result back to mem
dee si ¡select next byte
loopnz ncxb ¡next byte
xchg al,ali ¡move remainder to al
mov ah,0 ¡clear all
push ax ¡store on stack
xchg cl,bh ¡move digit count to cx
loopnz nexd ¡next digit

mov ex, 10 ¡display 
nd: pop ax

add al,30h 
call prtchr 
loop nd 
ret

locO dd OOOOh
vecO dw zeroe

dw seg zeroc

setO: les di.locO
lea si, vecO 
mov bx, seg vecO 
mov ds,bx 
mov cx,02h 
rep movsw 
ret

loc_59 dd 0080h ;
vect dw realt ¡Real timing

dw seg realt

sct59i: Ics di, loc_59
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mov bx, seg vcct 
mov ds, bx 
lea si, vcct 
mov cx, 02h 
rep movsw 
ret

realt: push bx 
push ds 
mov bx,040h 
mov ds,bx 
mov bx,0 
ine word ptr [bxj 
jnz ex 
ine bx 
ine bx
ine word ptr [bxj 

ex: pop ds
pop bx 
iret

errO db 'FATAL ERROR DIVIDE BY ZERO'

zeroe: push ds 
push ex 
push bx 
push si 
lea si,errO 
mov bx,0fc00h 
mov ds,bx 
mov cx,()lah 

liO: mov al,es:[si] 
call prtchr 
inc si 
dec cx 
jnz liO 
pop si 
pop bx 
pop cx 
pop ds 
iret

code ends

stack segment stack 'stack' 

db 400h dup (?) 

stack ends
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* Loading program "BOARD.C" for loading hex codes from
* IBM PC into the RAM of application computer
* by Dr. B. J. Corllet
* November 1986

#define MODE 0 
#defme BUFSIZE 128 
//define ACK 06 
//define BELL 07 
/¿define CR 0X0D 
/¿define LF 0X0A 
//define SP 0X020 
//define READMK 0X3A 
/¿define DATAREC 0 
#define EXTNDADDRSS 2 
/¿define STAR I'R EC 3 
//define EOFREC 1 
/¿define CI1KSM 10 
/¿define BADUEX 11 
/define NOEA 12 
/¿define MULTSA 13 
/¿define SET 1 
//define RESET 0

extern char *mwp, *mrp;
extern char hexbufjBLÏFSIZE], eaf, saf;
extern unsigned int usba, cs, ip;

main()
{

char c;
int cm, noendfile;

prints("\r\n*** MIGMAN APPLICATION LOADER VI 0 ***\n\n\r"V 
prints("B.J.CORLETT - NOVEMBER '86\n\n\r\n"); 
prints("start address = "); 
printi(cs);
printc(READMK);
printi(ip);
prints("\r\n\ntype S to start applicaiion\r\n\n"); 
if(gctc() = = 'S') 

stapp(ip,cs); 
printc(BELL); 
initmigbuff); 
eaf= RESET; 
saf = RESET; 
noendfile = SET; 
while(noendfile)
{

while((c = rdcom 1 ()) ! = CR) 
stor(c);

if((em = rec2mem()) > 9) 
error(em);

else if(em = = EOFREC) 
noendfile = RESET; 

else
printc(ACK);

initmigbui'0;
}
printc(ACK);

-  232 -



prints("application loaded OK\n\n\r"); 
prints("start address = "); 
printi(cs);
printc(READMK);
printi(ip);
prints("\r\n\n");
prints(''type S to start application\n\r"); 
if (getc() = = 'S') 

stapp(ip.cs);

error(cc) /* spouts error messages */
int ec;

{
switch(ec)
{

case CIIKSM :
prints(" < CHECKSUM ERROR&\n\r"); 
break;

case BADIIEX :
prints(" < BAD 1IEX ERROR&\n\r"); 
break;

case MU LISA  :
prints(" < MULTIPLE START ADDRESS RECORDS&\n\r"); 
brc;rk;

case NOE A :
prints(" < NO EXTENDED ADDRESS RECORD&\n\r"); 
break;

default :
prints(" < UNKNOWN ERROR&\n\r"); 
break;

}
}

initmigbuf() /* initializes pointers to start of buffer */
{

mrp = hexbuf; 
mwp = mrp;

}

stor(c) I *  stores charctcr in buffer */
char c;

{
*mwp+ + = c;

rdbuf() j *  reads character from buffer */
{

rctum(*mrp + + );
}

char *fmdstart(p) /* finds first valid ascii char * /  

char +p;
{

while)+p +  + != READMK); 
retum(p);

}

rec2mem() / *  copies records to memory * /

{
char +mbstart;
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int *cwp, cbuf[BUFSIZE]; 
unsigned int type, len, datalen, drla;

mbstart = flndstart(mrp);
mrp = mbstart;
cwp = cbuf;
len = nextbyte(mrp);
len= 10+ 2*len;

/* beware change to long pointer for migman 
/ * set read pointer to first byte */

/* set character write pointer to start of cbuf * /
/ *  read length * /

/ *  adjust for overhead */

*/

if (convcrt(mrp,cwp,lcn) ! = 0) /* convert hex file, copying to cbuf */
retum(CIIKSM);

datalen = *cwp+ + ; /* data record length */
drla = nextword(cwp + +); /* data record load address */
cwp + + ;
type= *cwp + + ; /* record type */
switch (type)
{

case DATA RFC : 
if (eaf)

retum(datamove(drla,usba, datalen, cwp)); 
else

retum(NOEA);
break;

case EXTNDADDRSS : 
eaf = SET;
usba = nextword(cwp); 
break;

case STARTREC : 
if (saf)

retum (\l ULTSA); 
else 
{

saf = SET;
cs = nextword(cwp + +); 
cwp + + ;
ip = nextword(cwp);

}
break;

case EOFREC : 
break;

}
return (type);

nextbyte(hxp) /* returns single int from two ascii chars */ 
char *hxp;

{
char c; 
int i;

if ((c= *hxp) > = 'O' && c < = '9') 
i = (c-48)*16;

else if (c > = ' A '  && c < = 'F') 
i = (c-55)*16; 

else
error(BADHEX);

*hxp + + ;
if ((c = *hxp) > = 'O' && c < = '9') 

i + = (c-48);
else if (c > = 'A' && c < = 'F ') 

i + = (c-55); 
else

234



error(BADIIEX);
retum(i);

}

int nextword(p) /* combines two 8-bit values to one 16- bit word */ 
unsigned int *p;

{
unsigned int i;

i = *p+ + ; 
i * = 256; 
i + = *p; 
retum(i);

chccksum(p) /* performs checksum operation on record */ 
int *p;

{
char length, i; 

i=  0;
length = *p; 
length + = 5; 
while (length— > 0) 

i + = *p+ + ; 
retum(i);

convcrt(rp, wp, lc) /* converts ascii chars to usable code or data */ 
char *rp, le; 
int *wp;

{
int +p;

p = wp; 
le /=  2; 
while (le— > 0)
{

*wp+ + = ncxtbytc(rp + + ); 
rp+  + ;

}
retum(checksum(p));

printi(i)
unsigned int i;

{
char str[5j; 
int b; 
int c = 4;

str[c-| = '\0';
while (c > = 0)
{

if ((b = i% 16) < = 9) 
str[c—] = b + 48; 

else
str[c-| = b + 55;

i /=  16;
} .
prints(str);
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User assembler routines "ARCLA.A86" for booting program 
and arc oscillation control

by Mr. Xiao Qi Chen 
May 1988

name arcla.a86

EXTRN wavout_:FAR, keyrd_:FAR 
EXTRN wavrd_:FAR, biasrd_:FAR 
EXTRN volint_:FAR, optint_:FAR 
EXTRN txOint.TAR, rxOintjFAR, txlint_:FAR

assume cs:code

code segment para public 'code'

PUBLIC printc_
PUBLIC gctc_
PUBLIC prints^
PUBLIC datamove_
PUBLIC stapp_
PUBLIC io_rcad_
PUBLIC io_write_
PUBLIC setint_
PUBLIC rcint2_

.************************************ 
¡character output on channel one or two
. * * * * * * * * * *  i : * * * * * * * * * * * * * * * * * * * * * * * * : *

printc_ PROC FAR 
push dx 
push bp 
mov bp,sp 
mov dx,6002h 
mov ax,[bp + 10] 
emp al,()lh 
jnz trdy 
mov dx,7002h 

trdy: in al,dx
and al,05h ¡examine 8251 status reg
jz trdy ;if ready to transmit
dec dx 
dec dx
mov ax,[bp + 8]
out dx,al ¡output charater
pop bp 
pop dx 
ret

printc_ ENDP

¡character input on channel one or two

getc_ PROC FAR 
push dx 
push bp 
mov bp,sp

236



mov dx,6002h 
mov ax,[bp + 8) 
cmp al,01h 
jnz nochr 
mov dx,7002h

nochr: in al,dx ;tcst RBE
and al,02h 
jz nochr 
dec dx 
dec dx
in al,dx ;input character
cbw
pop bp
pop dx
ret

getc_ ENDP

**********************************
¡string output on channel one or two
.***+*****************************

prints_ PROC FAR 
push si 
push di 
push bx 
push bp 
mov bp,sp 
mov bx,(bp+ 16] 
p i equ dword ptr [bp+ 12] 
les si,pi

loopl: mov al,es:[sij 
or al,al 
jz exl 
push bx 
push ax 
call printc_ 
add sp,04h 
inc si 
jmp loopl

exl: mov sp,bp
pop bp 
pop bx 
pop di 
pop si 
ret

prints_ ENDP

.******************************+*****************
;datamove(drla,usba,lcn,ptr) low-level data transfer
.******************+*****************************

datamove_ PROC EAR 
push ds 
push es 
push di 
push si 
push ex 
push bx 
push bp 
mov bp,sp 
mov di,[bp+ 18] 
mov bx,[bp + 20] 
mov es,bx 
mov cx,[bp + 22] 
mov si,[bp+ 24]

-  2 3 7  -



mov bx,[bp+ 26] 
mov ds,bx 

nb: mov al,ds:[si|
me si 
ine si
mov es:[di|,al 
ine di 
loop nb 
mov ax,Oh 
pop bp 
pop bx 
pop ex 
pop si 
pop di 
pop es 
pop ds 
ret

datamove_ ENDP

.**************************************
;stapp(ip,cs) - start application programm 
.************************************** )

stapp_ PROC FAR 
push bp 
mov bp,sp
c;dl dvvord ptr [bp + 6]
pop bp
ret

stapp_ ENDP

.*********♦*****************
;retum current time in dx:ax

time_ PROC FAR 
push bx 
push ds 
push si 
mov bx,40h 
mov ds,bx 
mov si,()

¡set up ds= 0040

eli
mov ax,[si| 
ine si 
ine si
mov dx,[si] 
sti

¡disable interrupts during transfer 
¡move low word to ax

¡move high word to dx 
¡restore interrupts

pop si 
pop ds 
pop bx 
ret

time ENDP

.******************************************>
; generalised i/o read routine read_(port,w|b) 
.****+*************************+***********

io_rcad„ PROC FAR 
push dx 
push bp 
mov bp,sp
mov dx,[bp+8] ;dx= port address
mov ax,[bp+ 10] ;al= byte or word
emp al,'w'
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jz jl
cmp al,'W'
jz jl
in al,dx 
mov ah, 0 
jmp j2

j 1: in ax,dx 
j2: pop bp

pop dx 
ret

io_read_ ENDP

.**********************************************
¡generalised io write routine write(port,value,b|w) 
***********************************************

io_write_ PROC PAR 
push dx 
push bp 
mov bp,sp 
mov dx,[bp + 8| 
mov ax,[bp+ 12| 
cmp al,'vv' 
jz j3
cmp al/W '
jz j3
mov ax.[bp + 10] 
out dx,al 
jmp j4

j3: mov ax,[bp+ 10]
out dx,ax 

j4: pop bp
pop dx 
ret

io_write_ ENDP

********************
;sct interrupt vector 
********************

locO dd 0080h

vector dw irO 
dw seg irO 
dw irl 
dw seg ir 1 
dw ir2 
dw seg ir2 
dw ir3 
dw seg ir3 
dw ir4 
dw seg ir4 
dw ir5 
dw seg ir5 
dw ir6 
dw seg ir6 
dw ir7 
dw seg ir7

sctint_ PROC FAR 
push di 
push si 
push es 
push bx 
push ds

;if word is not specified 

¡perform 8-bit io read
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push cx
les di, locO
lea si, vector
mov bx, seg vector
mov ds, bx
mov cx, 1 Oh
rep movsw
pop cx
pop ds
pop bx
pop es
pop si
pop di
ret

setint_ ENDP

**************************
;rcdirect interrupt vector

loc2 dd 0088h

vect2 d\v ir22 
dw seg ir22

reint2_ PROC EAR 
push di 
push si 
push cs 
push bx 
push ds 
push cx 
les di, loc2 
lea si, vect2 
mov bx, seg vect2 
mov ds, bx 
mov cx, 02h 
rep movsw 
pop cx 
pop ds 
pop bx 
pop es 
pop si 
pop di 
ret

reint2_ ENDP

******************
J

;mterrupt handler
.*****************
j

ir(): push ax 
push dx 
call wavout_ 
pop dx 
pop ax 
irct

irl: push ax 
push dx 
call keyrd_ 
pop dx 
pop ax 
iret
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ir2: push ax 
push dx 
cali wavrd 
pop dx 
pop ax 
irei

ir22: push ax 
push dx 
cali biasrd 
pop dx 
pop ax 
irct

ir3: push ax 
push dx 
cali volint_ 
pop dx 
pop ax 
irct

ir4: push ax 
push dx 
cali optint 
pop dx 
pop ax 
irct

ir5: push ax 
push dx 
cali rxOint 
pop dx 
pop ax 
irct

irò: push ax 
push dx 
cali txOint 
pop dx 
pop ax 
irct

ir7: push ax
push dx 
cali txlint 
pop dx 
pop ax 
irct

CO DEENDS
end
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A p p e n d ix - E l  U se r  C  R o u t in e s  fo r  A rc  O sc illa tio n

* " C "  library' of user routines "ARCLC.C" for arc
* oscillation control
* by Mr. Xiao Qi Chen
* May 1988

#include "arcio.h"
/¡¿include "const.h"

extern char kcode;
extern long time, tbase;
extern int t_dw, t_wv;
extern int f bias, f amp ,  f_base;
extern char fb_chr[8], fa_chr[8], tw_chr[8], td_chr[8J;
extern char *mwp;

pic_mask(i) /* Mask PIC * /  

int i;
{ ,

io_write(pic_int, i , b );
}

pitO_rat(i) I *  Set CLK freq * /  

int i;
{

io_write(pitO_reg, 1 , w );
}

pit l_rat(i) 
int i;
{

io_write(pitl_reg, i, 'w');
}

pit2_rat(i) 
int i;
{

io_write(pit2_reg, i, 'w');
}

on_wv() / *  start weaving * /

{
int i;
i = io_read(pic_int, 'b') & OXOfe; 
io_write(pic_int, i, 'b');

}

off_wv() / *  stop weaving * /

{
int i;
i = io_read(pic_int, 'b') | 0X01; 
io_write(pic_int, i, 'b'); 
wv_write(f_cent) ;

}

on_key() /* enable key int */
{

int i;
i = io_rcad(pic_int, V )  & OXOfd; 
io_write(pic_int, i, 'b');

}
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off_key()
{

int i;
i = io_read(pic_int, 'b') | 0X02; 
io_write(pic_int, i, 'b');

}

on_pot() I *  start pot reading */
{

int i;
i = io_read(pic_int, 'b') & OXOfb; 
io_write(pic_int, i, 'b'); 
io_write(pot_stat, 0, V );

}

off_pot() j *  stop pot reading * /

{
int i;
i = io_read(pic__int, V ) | 0X04; 
io_write(pic_int, i, 'b');

}

on_vols() / *  enable voltage sensor */
{

int i;
i = io_read(pic_int, 'b') & 0X017; 
io_write(pic_int, i, 'b');

}

off_vols() /* disable volt sensor * /

{
int i;
i = io_read(pic_int, V )  | 0X08; 
io_write(pic_int, i, 'b');

}

on_opts() / *  enable opto sensor * /

{
int i;
i = io_read(pic_int, 'b') & OXOef; 
io_write(pic_int, i, 'b');

}

off_opts() I *  disable opto sensor */
{

int i;
i = io_read(pic_int, 'b') | 0X010; 
io_write(pic_int, i, 'b');

}

on_tx0() /* enable Tx on comO * /

{
int i;
i = io_read(pic_int, 'b') & OXOdf; 
io_write(pic_int, i, 'b');

}

off_tx0() I *  disable Tx on comO * /

{
int i;
i = io_read(pic_int, 'b') | 0X020; 
io_write(pic_int, i, 'b');

}
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/* enable Rx on comO */on_rxO()
{ .

int i;
i = io_read(pic_int, 'b') & OXObf; 
io_write(pic_int, i, 'b');

}

off_rxO() / *  disable Rx on comO * /

{
int i;
i = io_read(pic_int, 'b') | 0X040; 
io_write(pic_int, i, 'b');

}

on_txl() / *  enable Tx on coml */
{

int i;
i = io_read(pic_int, 'b') & 0X07f; 
io_write(pic_int, i, 'b');

}

off_txl() / *  disable Tx on coml */
{

int i;
i = io_read(pic_int, 'b') | 0X080; 
io write(pic_int, i, 'b');

}

static key_tab|| =
{

' T ,  'A', 3 ',  '4', '8', 'IT, '2', 3 ',
'9', ' C \  T ,  '6', 'O', 'D ', 14, ' V

};

keyrd() / *  keypad int handler * /

{
kcode = io_read(key_reg,'w') & OXOf; 
kcode = key_tab[kcodel;

}

nxkey() j *  wait for new key * /

{
kcode = 
while(kcode = = 
retum(kcode);

}

digit_k()
{

kcodc = '@'; 
while(kcode = = '@'); 
while(kcode < '0' || kcodc > '9'); 
retum(kcode);

st_pot0() /* initialise pot * /

{
io_write(pot_stat, 8, V );

}

wavrd() / *  pot ISR */
{ .

int i, chan;
chan = io_read(pot_stat, 'w') & 0X03;
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i = (io_read(pot_high, 'w') & OXOff); /* 0 to 255 * /  

switch(chan)
{

case 0: /* field bias * /
i *= 4; 
if(i > 999) 

i = 999;
f_bias = i * 4; /* f_base from downlim: 48 */
f_bias + = downlim; / *  to uplim: 4044 */
i * = 10; /* scale 0 to 9.990 */
intl_asc(fb_chr, i);
dpbuf(fb_chr, pa0_ram);
io_write(pot_stat, 1, 'b');
break;

case 1: /* field amp */
i * = 4; 
if(i > 999) 

i = 999;
f_amp = i * 4; / *  fa m p  from 0 to 3996 * /
i * = 10; / *  scale 0 to 9.990 * /
intl_asc(fa_chr, i);
dpbuf(fa_chr, p a lram );
io_write(pot_stat, 2, 'b');
break;

case 2: / *  weave time * /

i ♦= 10;
t_wv = i; /* 0 to 2550 CLKs * /
intl_asc(tw_chr, i); / *  scale 0 to 2.550 sec */
dpbuf(tw_chr, pa2_ram); 
io_write(pot_stat, 3, V ); 
break;

case 3: /* dwell time * /

i *= 10;
t_dw = i; /+ 0 to 2550 CLKs */
intl_asc(td_chr, i); / *  scale 0 to 2.550 sec */
dpbuf(td_chr, pa3_ram); 
io_write(pot_stat, 0, 'b'); 
break;

default : 
break;

}

biasrd()
{

int i, chan;
chan = io_read(pot_stat, \v ') & 0X03;
i = (io_read(pot_high, 'w') & OXOff); /* 0 to 255 * /
switch(chan)
{

case 0: /* field bias *1

i += 4; 
if(i > 999) 

i = 999;
f_bias = i * 4; /* f_base from dowrdim: 48 * /

f_bias + = downlim; /* to uplim: 4044 * /

\  * =  10; I *  scale 0 to 9.990 */
int l_asc(fb_chr, i); 
dpbuf(fb_chr, paO ram); 
io_write(pot_stat, 0, 'b'); 
break; 

default: 
break;
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}
}

para_in(bp) /* wave para i/p from keypad: X.XXX * /  
char bp[8j;
{

char c;

c = digitkQ; 
bp[0] = c; 
dpchr(c); 
bp[l] = V; 
dpchr(Y); 
c = digit_k(); 
bp[2] = c; 
dpchr(c); 
c = digit_k(); 
bp[3] = c; 
dpchr(c); 
c = digit_k(); 
bp[4] = c; 
dpchr(c); 
bp[5] = 0;

/* MSB */

j *  decimal point */

/* terminator * /

wavout() /* wave o/p * /

{
int fmin, fmax, fwav; 
int cycle, tdif;

cycle = (t_wv + t_dw) * 2; /* No. of CLKs in a cycle */
tdif = + + time - tbase;

if(tdif > = cycle)
{

tbase + = cycle; 
tdif = time - tbase;

}

fmax = f_bias + f_base; 
fmin = fb ia s  - f_base;

if(tdif < = t_wv)
{

fwav = fmax - fmin; 
fwav *= 8; 
fwav / = t_wv; 
fwav *= tdif; 
fwav /=  8; 
fwav + = fmin; 
wv_writc(fwav);

}

else if((tdif - t_wv) < = t_dw) 
wv_writc(fmax);

else if((tdif - t_dw) > t_wv * 2) 
wv_write(fmin);

else
{

tdif - = (t_wv + td w ); 
fwav = fmax - fmin; 
fwav + = 8; 
fwav / = t_wv;
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fwav ♦ = tdif;
fwav / =  8;
fwav = fmax - fwav;
wv_write(fwav);

}
}

wv_write(i) 
int i;
{

int si;
int w-v reg = 0X05000;

si = i & OXOf; 
io_write(wv_rcg, si, 'b'); 
si = (i / 16) & OXOf; 
wv_reg + = 2; 
io_write(wv_reg, si, 'b'); 
si = (i / 256) & OXOf; 
wv_reg + = 2; 
io_write(wv_reg, si, 'b'); 
wv_reg + = 2; 
io_write(wv_reg, si, 'b');

dpctrl(i) / *  set display */
int i;
{

while(io_read(dp_stat, 'w') & 0X080); 
io_write(dp_sct, i, 'b');

dpchr(i) / *  disp a chr * /
int i;
{

while(io_rcad(dp_stat, ' w ' )  & 0X80); 
io_write(dp_wr, i, 'b');

dpstr(c) / *  display a string */
char *c; / *  dpstr(".... " )  * /

{
while(+c)
{

while(io_read(dp_stat, 'w') & 0X080); 
io_write(dp_wr, *c, 'b');
+ +c;

}

dpbuf(bp, dp_loc) I *  display contents of buf * /  
char bp[8]; 
int dp loc;
{

dpctrl(dp loc); / *  display start loc * /
mwp = bp; 
while( *mwp)
{

while(io_rcad(dp_stat, ' w ' )  &  0X080); 
io_write(dp_wr, +mwp, 'b');
+ +mwp;
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}

volint()
{}

optint()
0
rxOint()
{}

txOint()
0

txlint()
{}

intl_asc(bp, i)
/ *  convert integer to char with a integral bit */

char bp[8J; 
int i;
{

bp[0] = (i / 1000) + 'O'; /* MSB */
bpjlj = / *  decimal point */
bp|2| = (i / 100) % 10 + 'O';
bp[3| = (i / 10) % 10 + 'O';
bp[4J = i % 10 + 'O'; /* LSB * /
bp[5j = 0; / *  terminator */

}

chr_3int(bp) /* convert chr.X.XXX to int:XXX *1 
char bp[8J;
{ .

int pa;

pa = (bp[0| - '0') + 100; 
pa + = (bp(2| - '0') * 10; 
pa + = bp[3| - 'O'; 
retum(pa);

chr_4int(bp) / *  convert chnX.XXX to int:XXXX *1 
char bp[8|;
{

int pa;

pa = (bp[0| - '0') + 1000; 
pa + = (bp[2) - '0') + 100; 
pa + = (bp|3J - '0') + 10; 
pa + = bp[4) - 'O'; 
retum(pa);

}
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A p p e n d ix -E 2  M a in  P ro g ra m  fo r  A rc  O sc illa tio n

y***************************************
* Arc oscillation control program "WEAVE.C"
* by Mr. Xiao Qi Chen
* May 1988
♦ ♦ i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

#include "const.h"
//define ENT 14
extern int f_bias, fam p , fbase;
extern int t_wv, t_dvv;
extern char fb_chr[8J, fa_chr[8], tw_chr[8], td_chr[8];
extern long time, tbase; 
extern char kcode, *mwp;

main()
{

off_wv(); 
setint();
pitO_rat(osc_rat); 
st_pot()(); 
time = 0; 
tbase = 0; 
fbase  = 0; 
fb ia s  = f_cent; 
int l_asc(fb_chr, 5000); 
int l_asc(fa_chr, 0); 
int l_asc(tw_chr, 0); 
intl_asc(td_chr, 0); 
on_key(); 
for(;;)
{

off_pot(); 
off_wv(); 
dpmanu(); 
switch(nxkey())
{

case 'A': 
preset(); 
break; 

case 'B': 
weave(); 
break; 

case 'C': 
remoteQ; 
break; 

case 'D': 
fdback(); 
break; 

default: 
break;

}
}

}

preset()
{

dpctrl(SET); 
dpstr("KEY_PRESET"); 
wav_pa();
while(nxkey() != ENT) 
switch(kcode)
{

I *  select IK Hz CLK * /  
I *  init, pot * /

/ *  init. timing * /

! *  init. parameter buffers * /

/ *  enable key interrupt */
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case 'A':
dpctrl(paO_ram); 
para_in(fb_chr); 
f_bias = chr_3int(fb_chr); 
f_bias *= 4; 
f_bias + = downlim; 
break; 

case 'B':
dpctrl(pal_ram); 
para_in(fa_chr); 
f_amp = chr_3int(fa_chr); 
f_amp * = 4; 
break; 

case 'C':
dpctrl(pa2_ram); 
para_in(tw_chr); 
t_wv = chr_4int(tw_chr); 
if(t_wv > 5000)
{

t_wv = 5000; / *  limit t_wv to 5 sec * /
intl_asc(tw_chr, t_wv); 
dpbuf(tw_chr, pa2_ram);

}
break; 

case 'D':
dpctrl(pa3_ram); 
para jn (tdch r); 
t_dvv = chr_4int(td_chr); 
break; 

default: 
break;

}
opt_amp();

}

opt_amp() / *  optimise field amplitude */
{

if((f_bias + f_amp / 2) > uplim) 
f base = uplim - f bias; 

else if((downlim + f_amp / 2) > f_bias) 
f_base = f bias - dovvnlim; 

else
f_base = f_amp / 2;

}

weave()
{

dpctrl(SET);
dpstr("PRESET__ WEAVE");
wav_pa();
on_wv();
while(nxkey() != ENT); 
off_wv();

}

remote() / *  remote weaving mode * /

{
dpctrl(SET);
dpstr("REMOTE_WEAVE");
wav_pa();
on_pot();
on_wv();
while(nxkey() != ENT) 

opt_amp(); 
off_wv();
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o ff_ p o t( ) ;

{
dpfdbk();
while(nxkey() != ENT)
{

switch(kcode)
{

case 'A': 
voltage(); 
break; 

case 'B': 
vision(); 
break; 

case 'C 
volvis(); 
break; 

default: 
break;

}
}

}

voltagc() /*** arc weaving with voltage sensor * * * /

{
dpctrl(SET);
dpstr("VOLTAGE SENSOR");
wav_pa();
on_volt();
on_wv();
whilc(kcode != ENT) 

volt_larc(); 
off_wv(); 
off_volt();

}

fd b a c k ()  /* * *  fe e d b a c k  lo o p  c o n tro l  ***/

vision() /*** arc weaving with vision sensor * * * /

{
dpctrl(SET);
dpstr("VISION SENSOR");
wav_pa();
on_visn();
on_wv();
whilc(kcode != ENT) 

visn_track(); 
offwvQ; 
off_visn();

volvis() / * * *  arc weaving with both sensor * * * /

{
dpctrl(SET);
dpstr("VOLT_VISN SENSOR");
wav_pa();
on_volt();
on_visn();
on_wv();
while(kcode != ENT)
{

visn_track();
volt_larc();

}
off_wv();
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off_visn();
off_volt();

{
dpctrl(SET);
dpstr("MANUAL");
dpctrl(line2);
dpstr( "preset weave "); 
dpstr("remote close");

}

wav_pa() / * * *  display weaving para * * * /

{
dpctrl(line2); 
dpstr("fb: fa: ");
dpstr("tw: td:");
dpbuf(fb_chr, paO ram); 
dpbuf(fa_chr, pal_ram); 
dpbuf(tw_chr, pa2_ram); 
dpbuf(td_chr, pa3_ram);

}

dpfdbk() /*** display sensor options * * * /

{
dpctrl(SET);
dpstr("CLOOSE-LOOP");
dpctrl(line2);
dpstr("voltage vision "); 
dpstr("volt-visn");

d p m a n u ( )  /***  d isp lay  to p  ra a n u . * ** /

; Heading file "const.h"
.*******+**+************
>

/define COMO 0
//define COMI 1
//define RESET 0
//define SET 1
//define EOT 04
#defme ACK 06
//define BELL 07
//define LE 10
¡/define CR 13

//define line 1 0X080
//define pend OXOaO
¡//define line2 OXOcO
//define paO_ram 0X0c3
#define pal_ram OXOcd
#definc pa2_ram 0X0d7
/(define pa3_ram OXOel

/define f_cent 2048
/define uplim 4048
/define downlim 48
/define wv_clk 100
/define wv_rat OXObaóf
/define oscclk 1000
/define osc_rat 0X012a5
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A p p e n d ix - F l  U se r  C  R o u t in e s  fo r  V is io n  S en sin g

* C library of user routines "SYSLC.C" for vision-based
* control of narrow gap TIG welding
* by Mr. Xiao Qi Chen
* August 1988
*******************+********************+********/

#include "stdio.h" 
//include "string.h" 
//include "dos.h"

#define TRUE 1 
//define FALSE 0

//define up_arr 'IT 
//define dn arr 'P ' 
//define lf_arr 'K ' 
#defme rg_arr 'M ' 
¿define ul_k G '
#define ur ic T'
//define dl_k O'
//define dr_k 'Q'

//define fraine 1 OxOcOOO 
//define frame2 OxOdOOO 
//define fl_adr OxOcOOOO 
¿define f2_adr OxOdOOOO

#define port 1 0x030c 
¿define port2 0x030e 
¿define flcap 0x015 
¿define fldisp 0x017 
//define f2cap 0x0 la 
^define f2disp 0x0lb 
¿define fstop OxOf

int frame;
char *fsp; /* source frame pointer */
char *ftp; /* template frame pointer */
char *sep = " ", *newl = "\n"; 
char st[25], pstr[8j;

struct template {
int x_size; 
int y_size; 
int x_loc; 
int y loc; 
long corr_lim; 
char *data;

};

set_f(f) /*** select source and template frame’1'**/ 
int f;
{

m
{

frame = frame2; 
fsp = f2_adr; 
ftp = f la d r ;

}
else
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frame = frame 1; 
fsp = f la d r ;  
ftp = f2_adr;

}

{
while((inp(port2) & OxOl) = = 0); 
while((inp(port2) & 0x01));

}

w a its t( )  / * * *  w a it s ta r t  ***/

capdisp(frame) / * * *  continuous capture * * * /
int frame;
{

waitst();
if(frame)

outp(portl,f2cap);
else

outp(portl,flcap);
}

capturc(frame) / * * *  capture a single frame * * * /
int frame;

{
if(frame)
{

waitst();
outp(portl,f2cap);
\vaitst();
outp(portl,f2disp);

}
else
{

waitst();
outp(portl,flcap);
waitstf);
outp(portl,fldisp);

}
}

disp(frame) / * * *  display a frame * * * /
int frame;
{

waitst();
if(frame)

outp(port 1 ,f2disp); 
else

outp(portl,fldisp);
}

disable() /*** disable frame store ***/
{

waitst();
outp(portl,fstop);

}

threshold(tv) / * * *  threshold source frame ***/
char tv;
{

char *p; 
long int i;

p = fsp;
for(i = 0; i<  0x010000; i + + )
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{
if((*p & 0x07f) < tv)

*P = 0; 
else

*p = 0x07f;
+  + p ;

}
}

thresh_area(x,y,xs,ys,tv) /*** threshold an area ***/ 
unsigned int x,y,xs,ys; 
char tv;
{

char *p;
unsigned int i, j;

for(i = 0; i < ys; i + + )
{

p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )
{

if((*p &  0x07f) < tv)
*p =  0;

else
*p = 0x07f;

+ + p ;
}
p +  =  256;

}
}

df_box(xl, yl, xs, ys) / * * *  define a window * * * /  

int *xl,*yl,*xs,*ys; '
{

unsigned char xl,y I,x2,y2,x,y; 
char c;

do
{

printf("\r\ndefine window"); 
printf("\r\ndefme first point"); 
df_ptr(&xl, &yl); 
printf("\r\ndefine second ponit"); 
df_ptr(&x2, &y2); 
cross(xl,yl); 
cross(x2,y2); 
if(xl > x2)
{

x = xl; 
xl = x2; 
x2 = x;

}
if(yl > y 2)
{

y = yi; 
yl = y2; 
y 2 = y;

}
*xs = x2 - xl;
*vs — v2 - v 1 * 
if(+xs = = 0  II *ys= =0)

printf("\r\nwindow not found\r\n");
}
while(*xs= = 0  || +ys = = 0); 
draw _area(xl-l,yl-l,+xs + 2,*ys+ 2);
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printf("\r\nmove window or press c to close"); 
printf("\r\nx_loc: %d, y_loc: %d, x_size: %d, 

y_size: %d",xl,yl,*xs,*ys); 
while((c = gctch()) ! = 'c' && c ! = 'C')
{

draw_area(xl-l,yl-l,*xs + 2,*ys + 2); 
switch(c)
{

case up arr:
-yi;
break; 

case dn arr:
+ + y l; 
break; 

case lf_arr:
- x l ;  
break; 

case rg_arr:
+ + xl; 
break; 

case ul_k:
-yl;
-x l;  
break; 

case ur_k:
-yl;
+ + xl; 
break; 

case dl_k:
+ +yl;
- x l ;  
break; 

case dr_k:
+ + yl;
+ 4- xl; 
break; 

default: 
break;

}
draw_arca(xl-l,yl-l,*xs+ 2,*ys + 2); 
printf("\rx_loc: %d, y loc: %d, x_size: %d, 

y_sizc: %d",xl,yl,*xs,*ys);
}
*xl = xl;
*yl = yl;
printf("\r\nwindow defined");

df_jptr(xp, yp) /*** define a point * * * /
unsigned char +xp, +yp;
{

char c;
unsigned char x= 128, y=  128;

printf("\r\nmove point or press c to close"); 
cross(x,y);
printf("\r\nx = %d, y = %d",x,y); 
whilc((c = gctch()) ! = ' c  & &  c ! = 'C ')
{

cross(x,y);
switch(c)

case up_arr:
-y;
break;

{
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case dn arr:
+ +y;
break; 

case lf_arr:
--x; 
break; 

case rg_arr:
+ +x; 
break; 

case ul_k:
--y;
--x; 
break; 

case ur_k:
--y;
+ +x; 
break; 

case dl_k:
+ + y;
-x ; 
break; 

case dr_k:
+ +y;
+ +x; 
break; 

default: 
break;

}
cross(x,y);
printf("\rx= %d, y = %d ",x,y);

}
*xp = x;
*yp = y;
printf("\r\npoint defined");

}

printi(i) /*** print 16bit numbers in hex ***/
unsigned int i;
{

char str[6); 
int b, c = 5;

str[c—] = '\0'; 
str[c-j = '$'; 
while( c > = 0 )
{

if ((b= i % 16) < = 9) 
str[c—] = b + 48; 

else
str[c—] = b +  55;

i / =  16;
}
puts(str);

}

printd(i) / * * *  print 16 bit numbers in decimal ***/
unsigned int i;
{

char str[7); 
int c = 6;

str[c—] = '\0'; 
str[c-] = '$'; 
while(c > = 0)
{
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}

str[c—] = (i % 10) + 'O';
i / =  10;

puts(str);
}

printl(i) /*** print 32bit numbers in hex * * * /

unsigned long int i;
{

char str[ 10]; 
int b, c = 9;

str[c—] = '\0'; 
str[c~] =
while( c > = 0 )
{

if ((b = i % 16) < = 9) 
str[c~] = b + 48; 

else
str[c—] = b + 55;

i /=  16;
}
puts(str);

}

strip(s) 
chin *s;
{

char c; 
int i = 0;

/*** strip non-char * * * /

}

vvhile((c = *s) ! = '\n ' && c ! = "  && c ! = '\t ' && c ! = V )
{

+ + s;
+ + i;

}
*s = '\0'; 
retum(i);

fgeti(fp) /' + + + get a integer from a level 2 file ***/
FILE +fp; / * * *  return the int. * * * /

{
int val= 0, mul = 1; 
char c, istr[8], +p = istr;

*p+ + =
while((c = fgetc(fp)) != ' ') / *  separator: ' ' */

if(c! = && c! = '\n ' && c! = '\r ' «&& c! = '\t')
* p +  +  =  c;

--p;
while((c = *p—) ! = '$')
{

val + = (c - 48) * mul; 
mul *= 10;

}
retum(val);

}

pm_buf(data, size) /* print chars in a buffer on the screen * /  

long int size; 
char *data;

long int i;
{
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for(i = 0; i < size; i + + )  
printf("%d, ", *data + + );

read_hl(x, y, xs, db) /*** read a horizontal line ***/ 
unsigned int x, y, xs; 
char *db;
{

unsigned int i; 
char +p;

p = fsp + x + 256*y; 
for(i = 0; i < xs; i + + )

*db + + = *p + + & 0x07f;

}

write_hl(x, y, xs, db) ¡ * * *  write to a horizontal line * * * /  
unsigned int x, y, xs; 
char *db;
{

unsigned int i; 
char *p;

p = fsp + x + 256*y; 
for(i = 0; i < xs; i + + )

* p  + + = +db + + ;

fill_hl(x,y,xs,gl) I *  fill horizontal line with a value */ 
unsigned int x,y,xs; 
char gl;
{

unsigned int i; 
char *p;

p = fsp + x + 256*y; 
for(i= 0; i < xs; i + + )

*p+ + = gl;

draw_hl(x,y,xs) / * * *  draw a horizontal line * * * /
unsigned int x, y, xs;
{

unsigned int i; 
char +p;

p = fsp + x + 256+y; 
for(i = 0; i < xs; i + + )
{

*p = *p i 0x07f;
+  + p ;

}

dx_ptr(x,y) / * * *  draw a ptr * * * /  
unsigned int x,y;
{

char +p;

p = fsp + x + 256+y;
*p = *p i 0x07f;

read_vl(x, y, ys, db) / * * *  read vertical line * * * /  

unsigned int x, y, ys;
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{
unsigned int i; 
char *p;

p = fsp + x + 256*y; 
for(i = 0; i < ys; i + + )
{

*db + + = *p & 0x07f; 
y + = 256;

}
}

writc_vl(x, y, ys, db) / * * *  write to vertical line * * * /  
unsigned int x, y, ys; 
char *db;
{ . .

unsigned int i;
char *p;

p = fsp + x + 256*y; 
for(i = 0; i < ys; i + + )
{

*p = *db + + ; 
p + = 256;

}

c h a r  *db;

draw_vl(x,y,ys) / * * *  draw vertical line * * * /
unsigned int x,y,ys;
{

unsigned int i; 
char +p;

p = fsp + x + 256+y; 
for(i = 0; i < ys; i + + )
{

+p = *p i 0x07f; 
p +  =  256;

}

fill_vl(x,y,ys,gl) / * * *  fill vertical line with a value * * * /  
unsigned int x,y,ys; 
char gl;
{

unsigned int i; 
char +p;

p = fsp + x + 256+y; 
for(i = 0; i < ys; i+  + )
{

*p = gl; 
p +  =  256;

}

cross(x,y) / * * *  draw a cross at (x, y) ***/
unsigned int x,y;
{

draw_hl(x-5,y,10);
draw_vl(x,y-5,10);

}
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draw_area(x,y,xs,ys) / * * *  draw a box ***/ 
unsigned int x,y,xs,ys;
{

draw_vl(x,y,ys); 
draw_hl(x,y + ys,xs); 
draw_vl(x+ xs,y,ys); 
draw_hl(x,y,xs);

}

read_area(x,y,xs,ys,db) /*** read pixels in an area ***/ 
unsigned int x,y,xs,ys; / * * *  into buffer * * * /  
char +db;
{

unsigned int i, j; 
char *p;

for(i = 0; i<ys; i+  + )
{

p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )

*db+ + = *p + + & 0x07f;
}

}

get_area(x,y,xs,ys,fp) I * * *  read pixels in an area * * * /  
unsigned int x,y,xs,ys; / + + + into a file * * * /
FILE ffp;
{

unsigned int i, j; 
char *p;

stci_d(st, xs); 
fputs(st,fp);
fputs(newl, fp);

stci_d(st, ys); 
fputs(st, fp); 
fputs(newl, fp);

stci_d(st, x); 
fputs(st, fp); 
fputs(newl, fp);

stci_d(st, y); 
fputs(st, fp); 
fputs(newl, fp);

for(i= 0; i < ys; i+  + )
{

p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )
{

if(j % 16 = = 0) 
fputs(ncwl, fp); 

stci_d(st, +p + + & 0x07f); 
fputs(st,fp); 
fputs(sep,fp);

}
}

}

recjrame(fp) / * * *  record image to level 2 file ***/ 
FILE +fp; I * * *  in integral form * * * /

long int i;
{
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c h a r  *p =  fsp;

for(i =  0; i < 0x010000; i + + )
{

if((i% 16 = = 0) && i) 
fputs(newl, fp); 

stci_d(st, *p + + & 0x07i); 
fputs(st.fp); 
fputs(sep,fp);

}
}

play_frame(fp) /*** copy image data stored in a fde ***/ 
FILE *fp; /*** to frame store ***/
{

long int i; 
char *p = fsp;

for(i = 0; i < 0x010000; i + + )
*P+ + = fgeti(fp);

}

rd_frame(fp) /*** read 256*256 7-bit frame store to ***/ 
FILE *fp; /*** to a file (in ASCII) ***/
{

unsigned int i, j; 
char *p, c, r;

for(i = 0; i < 0x0100; i+  + )
{

p = fsp + 256*i;
printf("%X \n", i); / * * *  print line number * * * /
forG = 0; j<  0x0100; j+  + )

c = *p + + & 0x07f; 
r = fputc(c, fp); 
if(r = =  -1)

clrerr(fp); / * * *  clear error flags ***/
}

}
}

wrjram c(fp) / * * *  write picture data (in ASCII) stored * * * /  
FILE +fp; / * * *  in a file to the frame store ***/
{

unsigned int i, j; 
char +p, c;

for(i = 0; i < 0x0100; i + + )
{

p = fsp + 256*i;
printf(/,0/oX \n", i); / * * *  print line number * * * /  
for(j = 0; j < 0x0100; j + + )
{

c = fgetc(fp); 
if(c = = -1)

clrerr(fp); / * * *  clear error flags * * * /
*p+ + = c;

}
}

}

dig_frame(fp) / * * *  read 256*256 frame store into a file ***/ 
EILE *fp; /*** 512*512 full frame ***/
{
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unsigned int i, j, k; 
char *p, c, r;

for(i = 0; i < 0x0100; i + + )
for(j = 0; j < 2; j + + ) /*** repeat lines ***/
{

printf("%X \n", i); / * * *  print line number * * * /

p = fsp + 256*i;
for(k= 0; k < 0x0100; k+  + )
{

c = (*p + + & 0x07f) * 2; 
r = fputc(c, fp);
if(r = = -1)

clrerr(fp);
fputc(c, fp); /* repeat pixels horizontally */ 
if(r = = -1) 

clrerr(fp);
}

}
}

pic frame(fp) /*** write 512*512 image data to * * * /
FILE *fp; /*** 2 5 6 * 2 5 6  frame store ***/
{

unsigned int i, k; 
char *p, c;

for(i=0; i<  0x0200; i+  + ) / * * *  512 lines * * * /

{
if(i%2) / * * *  get even lines only * * * /

{
printf("%X \n", i/2); / * * *  print line number * * * /

p = fsp + 256+(i/2);
for(k = 0; k < 0x0200; k+  + ) / * * *  512 pixels each line * * * /

{
c = fgetc(fp); 
if(c ===== -1)

clrerr(fp); / *  clear error if there is */ 
if(k%2) I *  get even pixels only * /

*p+ + = c / 2;
}

}
else I * * *  skip odd lines * * * /

for(k = 0; k <  0x0200; k +  + ) 
if(fgetc(fp) = = -1) 

clrerr(fp);
}

}

delay() I * * *  delay routine * * * /

{
int l, j;

for(i= 0; i < 0x0100; i+  + ) 
for(j = 0; j < 0x0100; j + + );

}

write_area(x,y,xs,ys,db) / * * *  write pixels to an area * * * /  
unsigned int x,y,xs,ys; 
char *db;
{

unsigned int i, j; 
char *p;

for(i= 0; i <ys; i+  + )
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{
p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )

*p + + = *db + + ;
}

}

fill_area(x,y,xs,ys,gl) / * * *  fill an area with a value ***/ 
unsigned int x,y,xs,ys; 
char gl;
{

unsigned int i, j ; 
char *p;

for(i = 0; i < ys; i + + )
{

p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )

*P+ + = gl;
}

}

pm_area(x, y, xs, ys) / *  print values of pixels in an area */ 
unsigned int x, y, xs, ys;
{

unsigned int i, j; 
char *p;

for(i = 0; i < ys; i + + )
{

p = fsp + x + 256*(y + i); 
for(j = 0; j < xs; j + + )

printf("%d, ", *p + + & 0x07f);
}

}

copy_area(x,y,xs,ys,fs,fd) / *  copy an area in source frame */ 
unsigned int x,y,xs,ys; / *  to template frame */ 
char +fs, +fd;
{

unsigned int i, j; 
char +sp, *dp;

for(i= 0; i < ys; i + + )
{

sp = fs + x + 256+(y + i); 
dp = fd + x + 256*(y + i); 
for(j = 0; j < xs; j + + )

*dp+ + = *sp+ + ;
}

}

track_hd(x, y, xs, Hoc, rloc, ldf, rdf) j *  search edge horizontally * /
unsigned int x, y, xs;
int *lloc, *rloc, +ldf, *rdf;
{

char c, +p;
int i, uploc = 0, dwloc = 0, updif = 0, dwdif = 0;

p = fsp + x + 256*y + 2;
/ *  point to the 3rd element of the line */ 

for(i = 2; i < xs-2; i + + )
{

c = +(p + 2) + * ( p + l ) .  *(p-2)- *(p-l); 
if(c > updif)
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{
updif = c; 
uploc = i;

}
else if(c < dwdif)
{

dwdif = c; 
dwloc = i;

}
+  + p ;

}
if(uploc > dwloc) /*♦♦ Hoc: left, rloc: right ♦*♦/
{

♦Hoc = x + dwloc;
♦rloc = x + uploc;
*ldf = dwdif;
♦rdf = updif;

}
else
{

♦Hoc = x + uploc;
♦rloc = x + dwloc;
♦ldf = updif;
♦rdf = dwdif;

}
}

diff_bf(p, dp, size) /♦♦♦ differential computation *♦♦/ 
char *p, +dp; 
int size;
{

int i;

P + =  2;
for(i = 2; i < size-2; i + + )
{

♦dp+ + = +(p + 2) + ♦(p+ 1) - *(p-2) - +(p-l);
+  + p ;

}

track_bf(p,size,ul,dl,udf,ddf) /♦ search edge with buffered pixels ♦/ 
char *p;
int size,*ul,*dl,+udf,+ddf;
{

char c;
int i, uploc = 0, dwloc = 0, updif = 0, dwdif = 0;

P = P + 2;
for(i = 2; i < size-2; i + + )
{

c = *(p + 2) + +(p+  1) - *(p-2) - +(p-l); 
if(updif < c)
{

updif = c; 
uploc = i;

}
else if(dwdif > c)
{

dwdif = c; 
dwloc = i;

}  - 
+  + p ;

}
♦ul = uploc;
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*dl = dwloc;
*udf = updif;
*ddf = dwdif;

long int cor_tem(temp) /*** compute correlation * * * /  
struct template *temp;
{

char *pix, *ptm, p, t; 
unsigned int x,y,xs,ys; 
int i,j,k; 
long int c = 0;

x = temp- > x loc; 
y = temp->y_loc; 
xs = temp- > x_size; 
ys = temp- > y_size; 
ptm = temp- > data;
pix = fsp + x + 256*y; /* first line */
for(i=0; i<ys; i+  + )
{

for(j = 0; j < xs; j + + )
{

p = +(pix + j) & OX07f; 
t = *ptm + + ;
tf(p > t) 

k = p - 1; 
else

k = t - p;
c + = k;

}.
pix + = 256; /* next line */

}
retum(c);

}
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A p p e n d ix -F 2  M a in  P ro g ra m s  o f  V is io n  S en sin g

/******************************************
* The following is a collection of main programs
* for the vision system
* by Mr. Xiao Qi Chen
* May 1988
******************+***********************/

/*****************+***********
* Edge finding program "VISN.C"
* * * * * * * * * * * * * * ** * * * * * * * * * * * * *  I

//include "stdio.h"
//include "string.h"

//define TRUE 1 
//define FALSE 0 
//define MAXBOX 4096 
//define BUFSIZE 128

char data[ MAX BOX]; 
char buf]BUFSIZE]; 
char dfbuf]256];
FILE *fp;

main()
{

int x_size = 0,y_size = 0,x_loc = 128,y_loc= 128; 
int left = 0, right = 0; 
int mxdf, mndf, In, f; 
char c;

x lo c  = 20; 
xsize  = 220; 
y_size = 1;
printf("\rselect frame (0, 1 or default: 0): "); 
c = getche(); / *  select a frame * /
switch(c)
{

case 'O': 
f = 0; 
break; 

case T':
f = 1;
break; 

default: 
f = 0; 
break;

}
set_f(f);

do
{

capdisp(f);
printf("\rpress return to capture frame \r");
c = getcheQ;
capture(f);
y_loc = 70;
for(ln = 0; In < 2; In + + )

draw_hl(x_loc,y_loc,x_size);
track_hd(x_loc,y_loc,x_size,&left,&right,&mxdf,&mndf);

{



draw_vl(left, y_loc-5, 10); 
draw_vl(right, y_loc-5, 10); 
y_loc + = 70;

printf("\rpress return to continue or e to end..."); 
c = getche();

}
while(c ! = 'e' && c ! = 'E');

}

}

/****************** 4=*** + * + + ** +
* Edge finding program "VIEW.C"

#include "stdio.h"
#include "string.h"

//define TRUE 1 
//define FALSE 0 
//define MAX BOX 4096 
//define BUFSIZE 128

char data[MAXBOX]; 
char buflBUFSIZE]; 
char dfbuf[256];
FILE *fp;

main()
{

int x_size = 0,y_size = 0,x_loc = 128,y_loc = 128; 
int left = 0, right = 0; 
int In, mxdf, mndf, f; 
char c;

printf("\rselect frame(0, 1, default: 0): ");
c = getche();
switch(c)
{

case 'O'; 
f = 0; 
break; 

case ' Y :

f =  l ;
break;

default:
f = 0;
break;

}
set_f(f);
capdisp(f);
printf("\r\npress e to end..."); 
x lo c  = 20; 
x_size = 220; 
y_size = 1 ;

do
{

y_loc = 60; 
while(kbhit()) 

c = getche(); 
for(ln = 0; In < 2; In + + )

track Jhd(x_loc ,y_loc,x_size ,&left ,&right ,&mxdf,&mndf) ; 
cross(left,y_loc);

{
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cross(right,y_loc); 
y_loc + = 70;

}

while(c ! = 'e' && c ! = 'E'); 
capdisp(f);

}

/*********************************
* Template set-up program "TEMP.C"
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * i

//include "stdio.h"
//include "string.h"

//define TRUE 1 
//define FALSE 0 
//define MAXBOX 4096 
#defme BUFSIZE 128

char data[MAXBOX); 
char bufIBUFSIZE]; 
char dfbuf|256);
char *model = "a", *mode2 = "r", *sep = *newl 
FILE *fp;

main()
{

int x lo c  = 128,y_loc = 128,x_size = 0,y_size = 0;

long int i, box_size, corrlim ; 
char file[25],name[25],st[25]; 
char *p> *fn, c; 
int f=  1;

set f(f);
printf("\renter file name : "); 
p = gets(buf); 
fn = file; 
if (p != NULL)

while(+fn+ + = *p+ + );
else

printf("\r\nbad filename"); 
do
{

do
{

printf("\r\nrun video"); 
capdisp(l);
printf("\rpress return to capture frame"); 
c = getche(); 

capture(f);
printf("\r\nrepeat y/n : ");
c = getchef);

} while(c = = ' y '  || c = = 'Y ');

df_box(&x_loc,&y_loc,&x_size,&y_size); 
read_area(x_loc,y_loc,x_size,y_size,data); 
box_size = x_size * y_size; 
corr lim = box size; ' 
printf("\r\naccept template y/n : "); 
c =  getche(); 
if (c = = Y || c = = TO 
{
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printf("\r\nenter template name : "); 
p = gets(buf); 
fn = name; 
if (p ! = NULL)
{

if (*p != NULL)
{

w hile(*fn++ = * p + +);
if((fp = fopen(file,model)) != NULL)
{

fputs(name,fp);
fputs(newl,fp);

stci_d(st,x_size);
fputs(st.fp);
fputs(newl,fp);

stci_d(st,y_size);
fputs(st,fp);
fputs(newl,fp);

stci_d(st,x_loc);
fputs(st,fp);
fputs(newl.fp);

stci_d(st,y_loc);
fputs(st,fp);
fputs(ncwl,fp);

stcl_d(st,corr_lim);
fputs(st,fp);
fputs(newffp);

for(i = 0; i < box_size; i + +)
{

stci_d(st,data[i]);
fputs(st,fp);
fputs(ncwl,fp);

}
if(fclosc(fp))

puts("\r\nfile close error");
}
else

printf("\r\nfile open error");
}

}
else

printf("\r\nbad name");
}
printf("\r\n\nanothcr template? y/n : "); 
c = getche();

}whilc(c ! = 'n ' && c ! = 'N');
}

* Tracking arc edge using template matching "TRAC.C"

^include "stdio.h"
^include "string.h"
^include "dos.h"

^define TRUE 1 
^define EALSE 0
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#defme MAXBOX 4096 
^define BUFSIZE 128 
#defme NO_BOXES 20 
//define SCRNWDTH 256

char boxdata[MAXBOX]; 
char buf[BUFSIZE); 
struct template {

int x_size; 
int y_size; 
int x loc; 
int y loc; 
long corrlim ; 
char *data;

};
FILE *fp;
char *mode = "r" ;

main()
{

long int cor_tem(), box_size, cmin, cor; 
char *fn, *p, *boxp = boxdata; 
char key, fdc[40), name[40]; 
struct template box[NO_BOXES], *pbox; 
int nbox= 0, i, tm, f;

printf("\rselect framc(0, 1, default: 0): ");
key = getche();
switch(key)
{

case 'O': 
f = 0; 
break; 

case '1':
f = 1;
break;

default:
f = 0;
break;

}
set_f(f);
printf("\r\nenter file name: "); 
p = gets(buf); 
fn = file; 
if (p != NULL)

while(+fn+  + = +p +  +);
else

printf("\r\nbad filename"); 
do
{

printf("\r\nentcr template name: "); 
p = gets(buf); 
fn = name; 
if (*p != NULL)
{

if (p ! = NULL)
{

while(*fn++ = +p + + ) ;
if((fp = fopen(file,mode)) != NULL)
{

do
{

p = fgets(buf,BUFSIZE,fp); 
strip(p);

} while(p != NULL && strcmp(name,p));
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if (p != NULL)
{

pbox = &box[nbox+ +]; 
p = fgets(buf,BUFSIZE,fp); 
stcd_i(p,&pbox - > x_size); 
p = fgets(buf, B U FS IZE ,fp) ; 
stcd_i(p,&pbox - > y_size); 
p = fgets(buf,BUFSIZE,fp); 
stcd_i(p,&pbox - > x_loc); 
p = fget s(buf, B U F S IZE ,fp) ; 
stcd_i(p,&pbox - > y Joe); 
p = fgets(buf,BUESIZE,fp); 
stcd_l(p,&pbox - > coir Jim ); 
box_size = pbox->x_size*pbox->y_size; 
pbox - > data = boxp; 
for(i=0; i < box_size; i+  + )
{

p = fgets(buf,BUFSIZE,fp); 
stcd_i(p,boxp+ +);

}
}
else

printf("\r\ntarget template not found"); 
if(fclose(fp))

printi("\r\nfile close error");
}
else

printf("\r\nfile open error");
}
else

printf("\r\nbad name");
}
else

} while(nbo’x < NO_BOXES); 
capdisp(f);
printf("\r\npress e to end\r");

do
{

cmin = cor_tem(&box[0|); 
tm = 0;
for(i = 1 ; i < nbox; i + + )
{

cor = cor_tem(&box[i]); 
if(cor < cmin)
{

cmin = cor; 
tm = i;

}
}
pbox = &box[tm];
draw_area(pbox- > x_loc-1 ,pbox- > y J o e -1,pbox- > x_size + 2,pbox- > y_size + 2); 
if(kbhit())

key = getchQ;
}
while(key != 'e '& & k e y !=  'E'); 
capdisp(f);
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