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ABSTRACT 

A real- t ime  compensat ion scheme for  geometric  and 
thermally- induced  errors  of a computerized  numeri- 
c a l   c o n t r o l  ( C N C )  t u r n i n g   c e n t e r  i s  d e s c r i b e d .  
T h e   c o m p e n s a t i o n   s y s t e m   p r e d i c t s   t h e s e   e r r o r s  
u s i n g  a combina t ion   of   da ta   t aken   f rom  var ious  
sensors  on t h e  machine t o o l  and p r e v i o u s l y   e s t a b -  
l i s h e d   r e l a t i o n s h i p s   ( t r a n s f e r   f u n c t i o n s ) .  The 
s y s t e m   t r a n s l a t e s   t h e s e   e r r o r s   i n t o   s e r v o   c o u n t s  
a n d   i n j e c t s  them i n t o   t h e   c o n t r o l   l o o p s  of the  
machine t o o l   c o n t r o l l e r   i n   r e a l - t i m e .  A s i n g l e -  
board  microcomputer  interfaced  to  the  machine  tool 
c o n t r o l l e r  and the   sensors  i s  the  workhorse  of  the 
system. The s y s t e m   c o n t r o l   s o f t w a r e   w r i t t e n   i n  
PLM, a h i g h   l e v e l   p r o g r a m m i n g   l a n g u a g e ,  i s  
m o d u l a r ,   f l e x i b l e ,   a n d   e a s i l y   m a i n t a i n a b l e .  To 
e v a l u a t e   t h e   c a p a b i l i t i e s  of t h e   c o m p e n s a t i o n  
s y s t e m ,  a s e r i e s  of c u t t i n g   t e s t s  have been per- 
formed,   and  the  resul ts   are   presented.  Along with 
t h e   e l i m i n a t i o n  of  machine warmup per iods of 8 t o  
12  hours ,   s ignif icant   geometr ic   accuracy  improve-  
ments  i n  s t r a i g h t n e s s   a n d   s q u a r e n e s s   h a v e  been 
a c h i e v e d .  An a d d i t i o n a l   a c c o m p l i s h m e n t  i s  a 
dimensional  accuracy  improvement of up t o  20 times 
over   tha t  of uncompensated  workpieces. 

INTRODUCTION 

Reducing t h e   e r r o r s  of machine t o o l s  used in   metal  
c u t t i n g   o p e r a t i o n s  i s  a key  requirement  for i m -  
proving  workpiece  accuracy. The e l i m i n a t i o n   o f  
t h e   n o n p r o d u c t i v e  warm-up c y c l e  commonly used t o  
reach   thermal   equi l ibr ium  would   g rea t ly   improve  
p r o d u c t i v i t y  when machining  precision  parts.  The 
purpose  of t h i s  study is to   develop a me thod   t ha t  
c a n   b e   u s e d   t o   c o m p e n s a t e   f o r   t h e   q u a s i s t a t i c  
geometr ic   and  thermally- induced  errors   of  a com- 
pu te r i zed   numer i ca l   con t ro l  ( C N C )  t u rn ing   cen te r ,  
i n   r e a l - t i m e ,   i n   o r d e r   t o  improve t h e  accu racy   o f  
t u rned   pa r t s .   Th i s   compensa t ion  is accomplished 
by a modular ,   easi ly   maintainable   sof tware  system, 
implemented i n  a dedicated,  low cost ,   s ingle-board 
microcomputer.  The  purpose  of t h i s  paper  i s  t o  
d e s c r i b e   t h e   i n t e r f a c e   r e q u i r e m e n t s  and   t he  
hardware  implementation  of  the  error  compensation 
a l g o r i t h m s  and t o   p r e s e n t  some r e s u l t s  of t h e  
i m p l e m e n t a t i o n .  A r i g o r o u s   t r e a t m e n t   o f   t h e  
m a t h e m a t i c a l   a n a l y s i s   n e c e s s a r y   t o   d e v e l o p   t h e  
sof tware  as   wel l   as  a d e s c r i p t i o n  of the   measure-  
men t s   r equ i r ed   fo r  t h e  implementation is  given  in  
re ference  1 . 
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E r r o r   c o m p e n s a t i o n  is  d e f i n e d   a s  a method  of 
c a n c e l i n g   t h e   e f f e c t   o f   s y s t e m a t i c   e r r o r s   e i t h e r  
by  d i r e c t l y   o r   i n d i r e c t l y   m e a s u r i n g   t h e s e   e r r o r s ,  
o r  by p r e d i c t i n g  them u s i n g  a mode l   p rev ious ly  
e s t a b l i s h e d   f o r   t h e   p r o c e s s ' .   E a r l y   w o r k s  on 
error   compensat ion  of   machine  tools   concentrated 
o n   a c t i v e   e r r o r   c o m p e n s a t i o n ,   i n  which t h e   e r r o r  
was monitored  and  compensated  for  during  machining 
opera t ion .   Lee te3   deve loped  a method f o r  compen- 
s a t i o n  of  unwanted r o t a t i o n s   a n d   t r a n s l a t i o n s  of 
m a c h i n e   t o o l   s l i d e s  by measur ing  them a g a i n s t  a 
re ference   p lane .   La ter ,  Goodhead e t  al . '   modif ied 
t h i s  method  using a nonperfect ,   but   precal ibrated 
s t r a i g h t n e s s   r e f e r e n c e .  A Lawrence   Livermore  
Labora to ry   t eam  used  similar t e c h n i q u e s   i n   t h e i r  
d e s i g n s   o f  a coord ina te   measu r ing   mach ine   and  
diamond turning  machines5 '. 
A l l  t h e   a c t i v e   e r r o r   c o m p e n s a t i o n   t e c h n i q u e s  
m e n t i o n e d   a b o v e   a r e   i n   r e a l - t i m e   a n d   a r e   v e r y  
e f f ec t ive   fo r   r educ ing   t he   e r ro r s .   However ,   t he  
r e q u i r e m e n t  of a t t a c h i n g   h i g h l y   s e n s i t i v e  measur- 
i ng   i n s t rumen t s   t o   mov ing   mach ine   e l emen t s   i n  a 
c u t t i n g   e n v i r o n m e n t ,  and i n  some cases   the  impos- 
s i b l i t y  of making a measurement du r ing   mach in ing  
o p e r a t i o n ,  make t h i s  approach  very  diff icul t  and 
imprac t i ca l   fo r  many machining  operations.  

E f f o r t s  b y  Thompson7 and by Koliskor  et   a1. '   used 
the   t echnique   of   modi fy ing   the  NC program  tapes  
b a s e d   o n   t h e   m e a s u r e d   p r o f i l e   e r r o r s   a f t e r   t h e  
machined p a r t  was t r a c e d .   T h i s   m e t h o d   d o e s   n o t  
c o m p e n s a t e   f o r   t h e r m a l   e r r o r s  and is  imprac t ica l  
f o r   s m a l l   b a t c h   s i z e s .   W i t h   t h e   i n c r e a s e d  
c a p a b i l i t y  o f   compute r s ,   t he re  i s  a new t r e n d  
t o w a r d   p r e d i c t i n g   e r r o r s  by us ing   mode l s   and /o r  
p r e v i o u s l y   d e t e r m i n e d   e r r o r  mapsg l o .  Although 
most of t h e   e f f o r t s   a r e  s t i l l  toward   upda t ing  N C  
programs" some p i o n e e r i n g   a p p l i c a t i o n s   e x i s t  
u s i n g   c o m p u t e r s   i n   r e a l - t i m e   c o m p e n s a t i o n   o f  
p red ic t ed   e r ro r s   du r ing   mach in ing   ope ra t ion13  ". 
None of t h e s e   a p p l i c a t i o n s   a p p e a r s   t o   d e a l   w i t h  
t h e   c h a n g e s   i n   t h e   g e o m e t r i c   e r r o r s   d u e   t o   t h e  
c h a n g e s   i n   t h e   t h e r m a l   c h a r a c t e r i s t i c s   o f  t h e  
m a c h i n e   t o o l   d u r i n g   t h e   w a r m - u p   p e r i o d .  
Furthermore,   the  computers  used  in  these systems 
are  minicomputers,  which  have  high  computing power 
b u t  prohibi t ively  high  cost   for   such  appl icat ions.  

Even i f  one  can  determine  workpiece  errors   there  
is one a d d i t i o n a l  problem. A l a r g e   m i n i c o m p u t e r  
can be used t o   p r e d i c t   t h e   e r r o r s   i n   r e a l - t i m e  b u t  
i t  is d i f f i c u l t   t o   i n t e r f a c e   t h e   c o m p u t e r   t o   t h e  
C N C  c o n t r o l l e r   b e c a u s e   t h e   c o n t r o l l e r   h a s   l i t t l e  
t o  no p r o v i s i o n s   a v a i l a b l e   f o r   i n t e r f a c i n g .   I n  a 
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t y p i c a l  machine  tool ,  t h e  ax i s   s e rvo  motor d r i v e s  
the   l eadsc rew  based   on   t he   e r ro r   s igna l   de r ived  
f r o m   t h e   p o s i t i o n  command, t h e  posi t ion  feedback,  
the  veloci ty   feedback,  and  motor  current  feedback 
s i g n a l s .  The pos i t ion   feedback   s igna l  comes from 
a f eedback   e l emen t  s u c h  a s  a g l a s s   s c a l e ,   a n  
encoder ,   an   inductosyn ,   o r  a resolver.   There are 
t w o   a p p r o a c h e s   t o   a p p l y   t h e   c o m p u t e d   e r r o r  
compensa t ion .  One method is to   app ly   e r ro r  com- 
p e n s a t i o n   i n   r e a l - t i m e  t o  t h e   p o s i t i o n   f e e d b a c k  
s i g n a l  b y  i n j e c t i n g   t h e  compensat ion  s ignal   into 
the  servo  control   loop  hardware  in   the  form  of   an 
ana log   vo l t age .  A compensation  system  using t h i s  
technique  has been implemented  on a CNC c o n t r o l l e r  
on  a m a c h i n i n g   c e n t e r  a t  N a t i o n a l   B u r e a u   o f  
Standards (NBS)". I n  some machine t o o l   c o n t r o l -  
l e r s ,   d u e   t o   t h e   f a c t   t h a t   t h e  axis servo   cont ro l  
is implemented i n  a sof tware  a lgori thm, i t  i s  n o t  
p o s s i b l e   t o   b r e a k   i n t o   t h e   s e r v o   c o n t r o l   l o o p  
e l e c t r o n i c s   t o   p r o p e r l y   i n j e c t  a c o m p e n s a t i o n  
s i g n a l .   I n  t h i s  c a s e ,  t h e  compensa t ion   s igna l  
must be i n j e c t e d   i n t o   t h e   c o n t r o l l e r ,   i n   d i g i t a l  
f o r m ,   t h r o u g h   i n p u t l o u t p u t  (110) p o r t s   t o  be 
manipulated by the control  software.  However,  no 
matter wh ich   o f   t he  two techniques  are   used,  the 
i n j e c t i o n   o f   t h e   c o m p e n s a t i o n   s i g n a l   d o e s   n o t  
i n t e r f e r e  with t h e  normal  operation  of the machine 
t o o l   c o n t r o l l e r   a n d   r e q u i r e s   n o   e x t e n s i v e  
m o d i f i c a t i o n s   t o   t h e   c o n t r o l l e r   e l e c t r o n i c  
hardware. 

The   compensa t ion   sys tem  deve loped   in   th i s   s tudy ,  
which is implemented on a Hardinge  Superslant  C N C  
Turn ing   Cen te r t ,   i n j ec t s   t he   compensa t ion   s igna l s  
i n t o   t h e   a x i s - s e r v o   c o n t r o l - l o o p   s o f t w a r e .  The 
d e t a i l s  of t h i s  system as well a s   t h e   r e s u l t s  of 
t h e   e r r o r   c o r r e c t i o n  are presented here. 

THE PRINCIPLES OF THE COMPENSATION  SYSTEM 

The e r r o r s   f o r   w h i c h   t h e   s y s t e m   c o m p e n s a t e s   a r e  
q u a s i s t a t i c   g e o m e t r i c   a n d   t h e r m a l l y - i n d u c e d  
e r r o r s .  These e r r o r s   a r e   p r e d i c t e d  b y  u s i n g  
r e l a t i o n s h i p s   p r e v i o u s l y   e s t a b l i s h e d   b e t w e e n  
s y s t e m a t i c   e r r o r s  and t h e   e r r o r s   a s s o c i a t e d  w i t h  a 
p a r t i c u l a r   m a c h i n e   t o o l   t e m p e r a t u r e   p r o f i l e .   I n  
the   p rocess  o f   b u i l d i n g   t h e s e   r e l a t i o n s h i p s ,   t h e  
g e o m e t r i c   e r r o r s  were measu red   u s ing  a l a s e r  
i n t e r f e r o m e t e r   a n d   h i g h   p r e c i s i o n   c a p a c i t a n c e  
p r o b e s .  The e r r o r s   a s s o c i a t e d  wi th  a p a r t i c u l a r  
tempera ture   p rof i le   a re   de te rmined  by m o n i t o r i n g  
t h e r m o c o u p l e s   p l a c e d   i n   c r i t i c a l   l o c a t i o n s :   t h e  
leadscrew  nuts and b e a r i n g   h o u s i n g s ,   t h e   s p i n d l e  
bear ing  housings,   the   headstock,   the   bed,   several  
p o i n t s  on t h e   c r o s s   s l i d e  and the   car r iage   bodies .  

t C e r t a i n  commercial  equipment,  instruments, 
o r   m a t e r i a l s   a r e   i d e n t i f i e d   i n   t h i s   p a p e r   i n   o r d e r  
t o   a d e q u a t e l y   s p e c i f y  the experimental  procedure. 
Such identification  does  not  imply  recommendation 
o r   e n d o r s e m e n t   b y   t h e   N a t i o n a l   B u r e a u   o f  
Standards,   nor  does it imply  t h a t   t h e   m a t e r i a l s   o r  
e q u i p m e n t   i d e n t i f i e d  a r e  n e c e s s a r i l y   t h e  best  
a v a i l a b l e   f o r  t h e  purpose. 

The r e l a t ionsh ips   fo r   each   t ype  of e r ror ,   such  as 
l i n e a r   d i s p l a c e m e n t ,   s t r a i g h t n e s s ,  yaw,  and  or- 
t h o g o n a l i t y ,   a r e   e s t a b l i s h e d  by  app ly ing   l ea s t -  
squa res   cu rve   f i t t i ng   t echn iques   t o  t h e  e r r o r   d a t a  
a n d   t h e   c o r r e s p o n d i n g   t e m p e r a t u r e   p r o f i l e s   f o r  
each  element of the  machine. The e r r o r   d a t a  was 
t a k e n   a u t o m a t i c a l l y  by a desk-top  computer  over a 
warm-up period  of two d a y s  i n   o r d e r  t o  cover  t h e  
who le   ope ra t ing   t empera tu re   r ange   o f   t he  machine 
t o o l .   W h i l e   t e m p e r a t u r e  was b e i n g   m o n i t o r e d ,  
geometr ic   e r ror   da ta  was c o l l e c t e d .  The l o c a t i o n s  
a t  which the  temperature  readings  were b e s t  corre-  
l a t e d  w i t h  t h e  g e o m e t r i c   e r r o r s  were s e l e c t e d  as 
t h e   b e s t   r e p r e s e n t a t i v e   l o c a t i o n s   a t   w h i c h   t o  
p red ic t   t he rma l ly - induced   e r ro r s .   Af t e r   p red ic t -  
i n g   e a c h   e r r o r   c o m p o n e n t ,   t h e   s y s t e m  u s e s  t h e  
p r i n c i p l e s  of r i g i d  body k inemat ics   to  combine t h e  
e r r o r  components i n   o r d e r   t o   f i n d   t h e   e r r o r  a t  t h e  
c u t t i n g   t o o l .  The overa l l   sys tem  uses   th ree   types  
of independent   parameters   to   ca lcu la te   the   e r ror :  
1 ) t he   nomina l   ax i s   pos i t i on ,  2 )  t h e   d i r e c t i o n   o f  
motion,  and 3) the  temperatures  of t h e   p r e v i o u s l y  
s e l e c t e d   l o c a t i o n s .  The s e l e c t e d   l o c a t i o n s   f o r  
tempera ture   measurements   a re :  t he  s p i n d l e  rear 
bea r ing   hous ing ,   t he   l eadsc rew  r ea r   bea r ing  hou- 
s i n g s   f o r   t h e   c r o s s   s l i d e   a n d  t h e  c a r r i a g e ,   t h e  
c r o s s  s l i d e  s l i d e w a y ,  and the c a r r i a g e  body. I n  
addi t ion   to   the   d i rec t   t empera ture   measurements ,  a 
t o o l - s e t t i n g   s t a t i o n  is used t o  measure d r i f t  of 
t h e  machine r e f e r e n c e   p o i n t s   d u e   t o  t h e  machine 
tool   f rame  migrat ion  during  operat ion.  

The a c t u a l   e r r o r   c o m p e n s a t i o n  i s  a c h i e v e d  b y  
s e n d i n g   t h e   e r r o r   v a l u e s   t o   t h e  machine  control- 
l e r .  The m a c h i n e   t o o l   c o n t r o l l e r   a c t s   o n   t h e  
c o m p e n s a t i o n   v a l u e s   i n   s o f t w a r e ,   t h u s ,   n o  
m o d i f i c a t i o n   t o  t h e  mach ine   con t ro l   ha rdware  i s  
n e c e s s a r y .  The schemat i c   o f   t he   so f tware   s e rvo  
cont ro l   loop  is shown in   F igu re  1 .  I n  t h e  t u r n i n g  
c e n t e r ,   t h e   m a c h i n e   t o o l   c o n t r o l l e r   u p d a t e s  the 
a x i s   p o s i t i o n   d a t a   e v e r y  20  m i l l i s e c o n d s .  
Meanwhile,   the  compensation  microcomputer,  which 
r u n s   i n   s y n c h r o n i z a t i o n   w i t h   t h e   m a c h i n e   t o o l  
c o n t r o l l e r ,   r e c e i v e s  the pos i t ion   in format ion  from 
t h e  m a c h i n e   t o o l   c o n t r o l l e r   a t   t h e   s a m e   r a t e .  
B a s e d   o n   t h e   c u r r e n t   p o s i t i o n ,   d i r e c t i o n  of mo- 
t i on ,   t he rma l   da t a ,  and t h e   i n f o r m a t i o n   o b t a i n e d  
f r o m   t h e   t o o l   s e t t i n g   s t a t i o n ,  i t  c a l c u l a t e s   t h e  
e r r o r s   a l o n g   b o t h   m a c h i n e   a x e s   c o r r e s p o n d i n g   t o  
the   cu r ren t   pos i t i on  and  sends them t o   t h e  machine 
t o o l   c o n t r o l l e r .  The c o n t r o l l e r   r e c e i v e s   t h e s e  
va lues   v ia   para l le l   110   por t s  and adds  them t o   t h e  
r e g i s t e r s   c o n t a i n i n g   t h e   f o l l o w i n g   e r r o r s .  The 
f o l l o w i n g   e r r o r  i s  d e f i n e d  as  the l ag   o f   ac tua l  
ax i s   pos i t i on   f rom t h e  commanded p o s i t i o n  by  an 
amount p ropor t iona l   t o  its ve loc i ty .  The p o s i t i o n  
command s i g n a l  summed w i t h   t h e   f o l l o w i n g   e r r o r  
will be t h e  e r r o r   s i g n a l   u s e d   t o   d r i v e   t h e   a x i s  
s e r v o   i n   t h e   n e x t   s e r v o   c y c l e .   U s i n g  t h i s  t e c h -  
nique  the  servo  control  t iming  of  the  machine  tool 
c o n t r o l l e r  is  unchanged  and,  b e s t  of  a l l ,   t h e  
bas ic   se rvo   cont ro l   a lgor i thm is undisturbed. 
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SYSTEM HARDWARE 

The overall   compensation system, which is shown i n  
F igure  2 ,  c o n s i s t s  of the  following  components: 

1 .  Remote ly   con t ro l l ed   d ig i t a l   t empera tu re  
measurement system 

2. Turning  center   keyboard  interface module 
3. Too l - se t t i ng   s t a t ion  
4. M u l t i b u s t ,   8 0 8 6 - b a s e d   s i n g l e - b o a r d  

microcomputer f o r  t h e  compensat ion  con-  
t r o l l e r  

5. Machine  Tool  Controller  interface 

T h e  tempera ture   measurement  system is  u s e d   t o  
m o n i t o r  t h e  t e m p e r a t u r e s  a t  t h e  p r e v i o u s l y  
d e s c r i b e d   p o i n t s   o n  t h e  machine.  T h i s  system 
c o n s i s t s  of  s i g n a l   c o n d i t i o n i n g   a n d   d i g i t i z i n g  
e l e c t r o n i c s ,   a n d  a 10-channel   scanner .  I t  com- 
m u n i c a t e s   w i t h   t h e   s i n g l e - b o a r d   m i c r o c o m p u t e r  
t h r o u g h   a n  RS-232 i n t e r f a c e .  Upon r e c e i v i n g  a 
command from t h e  microcomputer, i t  d i g i t i z e s   t h e  
appropr i a t e   channe l s ,   and   r e tu rns  the temperature 
information. 

The  keyboard  interface  module,   designed  and  bui l t  
by NBS, i s  based   on   an   8048   s ing le   componen t  
microcomputer .  The func t ion  of t h i s  module is t o  
t r a n s l a t e  commands from the  compensat ion  control-  
l e r  and   en te r  i t  i n t o  t h e  machine t o o l   e o n t r o l l e r  
by emulating  the  keybodrd  operation. T h i s  module 
i s  n e c e s s a r y   f o r  moving t h e  machine t o o l   a x e s   t o  
t h e   p r o p e r   p o s i t i o n s  s o  t h a t   t h e   t o o l - s e t t i n g  
s t a t i o n   c a n   d e t e r m i n e   t h e   o f f s e t s  of t h e  machine 
re ference   po in ts .  

The t o o l - s e t t i n g   s t a t i o n ,   a l s o   d e v e l o p e d  by NBS, 
i s  a l i n e a r   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r  
( L V D T )  d i s p l a c e m e n t   m e a s u r i n g   d e v i c e .  I t  i s  
mounted on t h e  s p i n d l e  and c o n t r o l l e d  by  an  8088 
m i c r o p r o c e s s o r   t o   l i n e a r i z e  its output  and  reduce 
t h e  n o n l i n e a r i t y   o f  t h e  L V D T  f r o m  & 0 . 2 5 %  t o  
f 0 . 0 2 4 1 .  The a l g o r i t h m   a n d   t h e   t e c h n i q u e   f o r  
l i n e a r i z a t i o n  is d e s c r i b e d   i n   r e f e r e n c e  1 5 .  The 
t o o l - s e t t i n g   s t a t i o n  i s  used t o  measure t h e  d i s -  
p l acemen t   a long   bo th  x and z m a c h i n e  a x e s .  A 
s p e c i a l   g a u g e  bar is mounted on t h e   t o o l   t u r r e t .  
The bar is used w i t h  t h e   t o o l - s e t t i n g   s t a t i o n   t o  
determine  the  machine  reference  dr i f t   over  time. 

A mult ibus  s ingle-board  microcomputer  w i t h  128k 
R A M  memory i s  the   ma in   con t ro l l e r  of t h e   o v e r a l l  
system.  This  microcomputer  board  contains a 1 6 -  
b i t  8086  microprocessor  as t h e  CPU, and a high- 
s p e e d   v e r s i o n   8 0 8 7 8   n u m e r i c   c o p r o c e s s o r  f o r  
f l o a t i n g   p o i n t   a r i t h m e t i c   o p e r a t i o n s .  The a r -  
c h i t e c t u r e  of  t h i s  board  i s  d e s i g n e d   f o r   h i g h  
speed   f l oa t ing   po in t   numer i c   computa t ions  which 
a r e   n e c e s s a r y   f o r   r e a l - t i m e   o p e r a t i o n s .  T h e  
combination of 8086 and  80878 makes it p o s s i b l e   t o  
r u n   t h e  computer at  an 8-MHz c l o c k   r a t e   t o   m e e t  
t h e  r e q u i r e m e n t  of  h igh  servo  bandwidth  for con- 
t o u r i n g   c u t s ,  T h i s  microcomputer  uses a m u l t i b u s  
se r i a l   1 /0   boa rd  wi th  four  RS-232 ser ia l  110 p o r t s  
t o  communicate w i t h  t h e   o t h e r   c o m p o n e n t s  of  t h e  
s y s t e m ,   s u c h  as the  temperature  measurement  sys- 
t e m ,   t h e   t o o l   s e t t i n g   s t a t i o n ,   t h e   k e y b o a r d  
module,   and a C R T  t e rmina l   t ha t  is used   for   da ta  
en t ry   and   con t ro l .  Communications  and con t ro l   fo r  
t h e  A l l e n - B r a d l e y   8 2 0 0  C N C t  m a c h i n e   t o o l  

c o n t r o l l e r   a r e   o b t a i n e d  via three m u l t i b u s   p a r a l -  
l e l  110 b o a r d s ,   o n e   f o r   e a c h   a x i s   a n d   o n e   f o r  
command-status protocol .  

SYSTEM SOFTWARE 

The  main c r i t e r i a   f o r   t h e  system s o f t w a r e   a r e  
f l e x i b i l i t y ,   m o d u l a r i t y  and  easy  maintainabi l i ty .  
To meet t h i s  c r i t e r i a ,  a h i g h   l e v e l   l a n g u a g e ,  
Programming  Language f o r  Microcomputers ( P L M ) ,  was 
s e l e c t e d   a s  a programming language  for   the compen- 
s a t i o n   s y s t e m .  PLM is a s t r u c t u r e d   l a n g u a g e ,  
similar t o  PL1,  which h a s   f a c i l i t i e s   f o r   s u c h   d a t a  
s t r u c t u r e s   a s   s t r u c t u r e d  arrays and poin ter  based 
dynamic v a r i a b l e s ;   t h i s   h e l p s   i n   b u i l d i n g  modular 
s o f t w a r e .   U s i n g   t h e s e   f a c i l i t i e s ,   t h e   c a l c u l a -  
t i o n s   f o r   d i f f e r e n t   e r r o r   c o m p o n e n t s   a r e   c a r r i e d  
o u t   i n   m o d u l a r   f a s h i o n  s o  t h a t  i t  is  p o s s i b l e   t o  
include modules t o   c o r r e c t   f o r   o t h e r   e r r o r   s o u r c e s  
which might be found   i n   t he   fu tu re .  

T h i s  system, of which t h e  flow c h a r t  i s  shown i n  
F i g u r e   3 ,   p e r f o r m s   t h r e e   m a j o r   o p e r a t i o n s .  The 
f i r s t  is t o  measure the machine  referenee  offsets ,  
wh ich   a r e   ob ta ined  by a c t i v a t i n g   t h e   t o o l - s e t t i n g  
s t a t i o n  wi th  t h e   r e f e r e n c e   g a u g e   b a r   m o u n t e d   i n  
t h e   t u r r e t .  The   second  opera t ion  is t o  measure 
the t o o l   o f f s e t s .  Due t o   c u r r e n t   l i m i t a t i o n s  of 
t h e   t o o l - s e t t i n g   s t a t i o n ,  t h i s  p a r t  o f  t h e  
sof tware is l e f t   t o  be developed a t  a l a t e r   s t a g e .  
C u r r e n t l y ,   t o o l   o f f s e t   p a r a m e t e r s   a r e   m a n u a l l y  
e n t e r e d   i n t o   t h e   c o m p e n s a t i o n   c o n t r o l l e r .  The 
t h i r d  o p e r a t i o n  i s  t o   c a l c u l a t e  t h e  s y s t e m a t i c  
e r r o r s  and  those  caused by thermal  changes  and t o  
i n j e c t   t h e   s e r v o   c o u n t s   c o r r e s p o n d i n g   t o  these 
e r r o r s .  T h i s  o p e r a t i o n   r e q u i r e s   t h a t   t h e  compen- 
s a t i o n   c o n t r o l l e r  be in  continuous  communication 
w i t h  t h e  m a c h i n e   t o o l   c o n t r o l l e r .   B a s e d   o n  t h e  
n o m i n a l  x a n d  z p o s i t i o n s   o b t a i n e d   f r o m  the 
m a c h i n e   t o o l   c o n t r o l l e r   a n d   t h e   t e m p e r a t u r e s  
ob ta ined   f rom the temperature  measurement  system, 
the   compensa t ion   sof tware   ca lcu la tes   the   resu l tan t  
e r ror   a long   bo th   machine   axes .   Af te r   the   resu l -  
t a n t   e r r o r s   a r e   c a l c u l a t e d ,  t h e  v a l u e s  a r e  
c o n v e r t e d   i n t o   s e r v o   r e s o l u t i o n   c o u n t s ,   a n d   t h e n  
f e d   t o   t h e  machine t o o l   c o n t r o l l e r .  The d e t a i l s  
of  t h i s  o p e r a t i o n  a re  explained  in  the fol lowing 
paragraphs. 

I n s t e a d  of t r a d i t i o n a l   r e l a y   o r   s o l i d - s t a t e   l o g i c  
pane l s   fo r   mach ine /con t ro l   i n t e r f ac ing ,   t h i s  C N C  
m a c h i n e - t o o l   c o n t r o l l e r   u s e s  a so f tware   f ea tu re ,  
P r o g r a m m a b l e   A p p l i c a t i o n   L o g i c  ( P A L ) .  T h i s  
s o f t w a r e   s y n c h r o n i z e s  a l l  t he   con t ro l   func t ions  
wi th  t h e  machine t o o l ' s   l o g i c .  PAL p r o g r a m s   a r e  
w r i t t e n   i n  a programming language t h a t  c o n s i s t s  of 
a set of ladder  d iagram i n s t r u c t i o n s .  With t h e s e  
i n s t r u c t i o n s ,  i t  i s  p o s s i b l e   t o   c r e a t e   r u n g s  of 
l o g i c   t h a t  can  perform a v a r i e t y  of funct ions  such 
as  b a s i c   r e l a y   l o g i c ,  timer counters,  and  double 
p r e c i s i o n   a r i t h m e t i c   o p e r a t i o n s .  I t  i s  a l s o  
p o s s i b l e   t o   a c c e s s   d a t a   t a b l e s   w i t h i n  the cont ro l -  
l e r ,  which contain  information  about   the status of 
m a c h i n e   t o o l   ( a c t i v e   m i s c e l l a n e o u s   p r e p a r a t o r y  
codes,   tool   funct ion  codes,   and  spindle   codes)   and 
t o  w r i t e  t o  some of t h e s e   t a b l e s   i n   o r d e r   t o  
modify their  contents .  

174 



Obta in ing  t h e  n o m i n a l   p o s i t i o n   i n f o r m a t i o n   a n d  
i n j e c t i n g  t h e  compensating  servo  counts are done 
through these t a b l e s .  The PAL program  can  monitor 
t h e   i n f o r m a t i o n   c o n t a i n e d   i n  a da t a  t a b l e   a n d  
c o n t r o l   o u t p u t s   t o  the machine t o o l   i n   r e s p o n s e   t o  
t h i s  d a t a .  The operat ion  of  t h e  machine r e q u i r e s  
the i t e r a t i v e   e x e c u t i o n   o f  t h e  PAL i n s t r u c t i o n s  
p e r i o d i c a l l y .  The PAL p r o g r a m   c y c l e  i s  20 
mi l l i seconds .  PAL inpu t s   da t a  as the i n s t r u c t i o n  
i s  b e i n g   e x e c u t e d ,   b u t  a l l  t h e  o u t p u t s   a r e  ex- 
e c u t e d   a t  the end  of the PAL cycle. Other machine 
t o o l   c o n t r o l l e r   m a n u f a c t u r e r s   a c h i e v e  similar 
func t ions  by d i f f e r e n t  methods. 

In o r d e r   t o   s y n c h r o n i z e  the  compensation  control- 
ler w i t h  PAL, handshaking is e s t a b l i s h e d  between 
t h e  c o m p e n s a t i o n   c o n t r o l l e r  and t h e  machine t o o l  
c o n t r o l l e r ,  To do t h i s ,  a l o n g   w i t h   t h e   u p d a t e d  
e r r o r   s e r v o   c o u n t s ,  t h e  compensat ion  control ler  
sends  an  incremented  index  code t o  P A L ,  t o  d i f -  
f e r e n t i a t e   b e t w e e n  t h e  o l d   a n d  t h e  new sets of 
servo  counts.   Since the e r r o r   c a l c u l a t i o n  takes  
about 10 mi l l i seconds ,  the  new set of  servo  counts 
corresponding t o  a c u r r e n t   p o s i t i o n  is received by 
P A L  i n  t h e  n e x t   c y c l e .   T h e r e f o r e ,  there  i s  a 
maximum of 2 c y c l e s   ( 4 0   m i l l i s e c o n d s )  time l a g  
between a n o m i n a l   p o s i t i o n   a n d  the compensation 
e x e c u t i o n   c o r r e s p o n d i n g   t o  t h a t  p o s i t i o n .  The 
t i m i n g   d i a g r a m   o f  t h i s  o p e r a t i o n  i s  shown i n  
F igure  4. The 40 mi l l i seconds  time l a g   d o e s   n o t  
c a u s e   a n y   p r o b l e m   i n  t h e  machining  operation due 
t o  t h e  f ac t  t h a t  t h e  t o o l   m o t i o n  i s  s l o w   i n  
compar ison .   For   example ,   for  a t y p i c a l  6 inches 
per  minute feed r a t e ,  the machine moves only 0.004 
inches  during  such  an  interval .  The d i f f e rence   o f  
t h e   s y s t e m a t i c  errors between  two  points   0 .004 
i n c h e s   a p a r t  i s  n e g l i g i b l e .  Due t o  t h i s  limita- 
t i o n ,  t h e  c o m p e n s a t i o n   s y s t e m   w o r k s  more 
a c c u r a t e l y  a t  slower  feed rates. Feed rates up t o  
60 i n c h e s   p e r   m i n u t e ,   h o w e v e r ,  will n o t   s i g -  
n i f i c a n t l y   d e c r e a s e  the  accuracy  of t h e  system. 

PERFORMANCE TESTS AND RESULTS 

To t es t  t h e  c a p a b i l i t y   o f   t h e   e r r o r   c o m p e n s a t i o n  
system, a s e r i e s  o f   c u t t i n g  t es t s  h a v e   b e e n  
p e r f o r m e d .  These tes t s  a r e   b a s e d   o n  t h e  com- 
p a r i s o n   o f  t h e  d i m e n s i o n a l   a n d  t h e  g e o m e t r i c  
accuracies   of   par ts  machined  under similar condit- 
i o n s  w i t h  a n d   w i t h o u t   e r r o r   c o m p e n s a t i o n .  T h e  
m a c h i n e   r e q u i r e s   a b o u t  8 t o  10  h o u r s   t o   r e a c h  
t h e r m a l   e q u i l i b r i u m   f r o m  a c o l d   s t a r t .  I t  i s  
i m p o r t a n t   f o r  t h e  system t o  be a b l e   t o   r e s p o n d   t o  
such a t h e r m a l   t r a n s i t i o n   c o n d i t i o n .  A b a t c h   o f  
p a r t s  i s  machined  without  error  compensation  over 
t h i s  thermal t r a n s i t i o n   p e r i o d  with a wai t ing  time 
b e t w e e n   e a c h   p a r t .  While t h e  machine i s  n o t  
c u t t i n g ,  it cont inues   running   to  warm up. Another 
b a t c h  of p a r t s  i s  machined,  from a c o l d  s ta r t ,  
under   the same condi t ions  wi th  e r ro r   compensa t ion  
appl ied.  

I n  these e x p e r i m e n t s ,   c u t t i n g  i s  c a r r i e d   o u t  by  
t u r n i n g   a n d   f a c i n g  two  types  of  workpieces. The 
first type is turning  of  a cy l inder  1-518 i n c h   i n  
diameter  and 8 inches  long. This  p iece  is used t o  
check t h e  accuracy  on t h e  diameter, t h e  t a p e r ,  and 
t h e  s t r a i g h t n e s s   o f   t h e   c y l i n d r i c a l   p r o f i l e .  The 

second  type,  which is used t o  check the squareness  
a n d   t h e   l e n g t h   a c c u r a c y ,  i s  a 4- inch   d iameter ,  
3.5-inch  long  cylinder  which is faced.  

AIS1 1018 m i l d  steel is s e l e c t e d   a s  t h e  workpiece 
material f o r  i ts good machinabili ty  and  low ther-  
mal c o e f f i c i e n t   o f   e x p a n s i o n .  To minimize t h e  
s t a t i c   c u t t i n g   f o r c e   a n d   t o   o b t a i n  t h e  best  pos-  
s i b l e  f i n i s h ,  t h e  c o m b i n a t i o n   o f  1100 f e e t  per 
minute   surface  speed,  0.0025 i n c h   p e r   r e v o l u t i o n  
feed rate,  and 0.005 inch  depth  of  cut is selected 
as the   cu t t i ng   cond i t ions .  A 1 5 - d e g r e e   p o s i t i v e  
rake t o o l   h o l d e r  w i t h  80-degree  diamond  shaped 
t i t a n i u m   n i t r i d e  ( T i N )  c o a t e d   i n s e r t  i s  u s e d   i n  
t h e   t e s t s .  

The measurements   o f  t h e  m a c h i n e d   p a r t s  were 
carried out  on a coordinate  measuring  machine with 
a measurement unce r t a in i ty   o f  60 microinches. The 
r e s u l t s  of these measurements  are  summarized  in 
Tables 1 through 4. In these t a b l e s  t h e  da ta  i s  
g iven   i n  the  temporal  order  in  which the  p a r t s   a r e  
machined. The first set of data  i n  these t a b l e s  
c o r r e s p o n d   t o   t h e   p a r t s  machined when the machine 
was c o l d ,  wh i l e  t h e  l a s t  s e t  c o r r e s p o n d   t o   t h e  
p a r t s   m a c h i n e d  when the machine was warmed up a t  
t h e  end of approximately 8 hour s   o f   runn ing .  As 
seen   f rom these t a b l e s ,  t h e  r a t i o  of the dimen- 
s i o n a l   a c c u r a c y   i m p r o v e m e n t   u s i n g  e r r o r  
c o m p e n s a t i o n   o v e r  t h e  u n c o m p e n s a t e d   p a r t s  i n -  
c r e a s e s  as the   mach ine  warms up. I n  t h e  l a s t  
m a c h i n e d   p a i r s  t h e  accu racy   on  the  diameter im-  
p r o v e d   f r o m   2 2 3 0   m i c r o i n c h e s   o v e r s i z e   t o   1 5 0  
m i c r o i n c h e s   u n d e r s i z e ,   a n d  t h e  length   improved  
from 6390 microinches  oversize   to  450 m i c r o i n c h e s  
o v e r s i z e .   A l t e r n a t e l y ,   e r r o r   c o m p e n s a t i o n   f o r  
t a p e r s  is n o t  as e s s e n t i a l   o n c e   s t e a d y - s t a t e  
t e m p e r a t u r e  i s  reached as i t  i s  for  dimensional 
a c c u r a c y .   F i g u r e  5 s h o w s  t h e  c o m p a r i s o n   o f  
c y l i n d r i c a l   p r o f i l e   s t r a i g h t n e s s  of  two p a r t s  
machined  under similar condi t ions  w i t h  and  without 
e r r o r   c o m p e n s a t i o n .  The s i g n i f i c a n t   i n c r e a s e   i n  
g e o m e t r i c   a n d   d i m e n s i o n a l   a c c u r a c i e s   o f  t h e  
m a c h i n e d   p a r t s   d e m o n s t r a t e s  t h a t  t h e  real-time 
e r r o r   c o m p e n s a t i o n   a p p r o a c h  i s  a c h i e v a b l e   a n d  
r e s u l t s  i n  a n   i n c r e a s e   i n   p r e c i s i o n  of  t h e  
machined p a r t  of up t o  20 times i n   l e n g t h   a n d  up 
t o  15 times in   d iameter .  

CONCLUSION 

Based on previous ly  established r e l a t i o n s h i p s   f o r  
g e o m e t r i c   a n d   t h e r m a l l y - i n d u c e d   e r r o r s   o f  t h e  
m a c h i n e   t o o l ,  a real-time compensation  system has 
been  developed. Two main components of the system 
are  an  inexpensive  single-board  microcomputer and 
modular  and e a s i l y   m a i n t a i n a b l e   s o f t w a r e   w r i t t e n  
i n  a h i g h   l e v e l   l a n g u a g e .  The performance t e s t s  
carried ou t   unde r   t he   t r ans i en t  thermal condi t ions  
s h o w e d   s i g n i f i c a n t   g e o m e t r i c   a n d   d i m e n s i o n a l  
accuracy  improvements of up t o  20 times o v e r  t h e  
par ts   machined  without   error   compensat ion.  While 
a t ta in ing   h igh   accuracy  a t  a low c o s t ,  t h e  system 
a l s o   e l i m i n a t e d  t h e  machine warm-up per iods which 
a r e  common p r a c t i c e   i n  a t y p i c a l   m a c h i n e   s h o p  
environment for precis ion  par ts ,   thereby  improving 
equipment   u t i l i za t ion .  
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-1 50 
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-250 
-90 
450 

570 3.80 
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5240  20.96 
-480 5.33 
6390 14 .20  

Table 3. Error  in   Taper  
(On diameter of 1 .605  in . ;  along  2.7  in.   length) 

Compensated 
( p i n / i n )  

26 
18 

-44 
-8 

4 

Uncompensated Improvement 
( u i n / i n )  ( r a t i o )  

85  3.27 
88 4.89 
95 2.16 
-7 0.88 
17  4.25 
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(p in /   in )  ( p i n l i n )  ( r a t i o )  

33 44 
39 

1.33 
9 

26 
0.23 

37 1.42 
54  79 1.46 
32 58 1.81 


