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Machine  tool  control. 

©  A  machine  tool  is  provided  for  allowing  complex 
shapes  to  be  machined  on  a  workpiece  at  high 
speed.  The  system  is  computer  (13)  controlled  and 
receives  workpiece  profile  data  which  are  converted 
into  a  succession  of  tool  position  signals  during 
machining.  Not  all  the  digital  signals  are  calculated 
at  one  time,  a  number  of  future  digital  signals  are 
calculated  during  a  succession  of  time  intervals. 
Further,  for  symmetrical  profiles,  data  defining  only 
one  symmetrical  portion  is  fed  to  the  computer  (13) 
which  then  produces  digital  signals  for  the  whole 

-̂ 1  profile.  In  each  time  interval,  a  tool  position  signal  is 
rfoutputted  which  is  of  a  constant  amplitude  corre- 

sponding  to  the  required  tol  position  and  which  is 
§ fed   to  a  signal  processor  (19)  where  it  is  converted 
<5)into  a  signal  which  is  used  to  drive  a  linear  motor 

(23).  Proportional  and  differential  feedback  (24,  25) 
S   are  provided  from  the  motor  (23)  for  feedback  con- 
Otroi. 
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MACHINE  TOOL  CONTROL 

In  addition,  the  stepping  or  rotating  motors 
conventionally  used  in  CNC  machines  have  re- 
sponse  times  that  are  insufficient  to  ensure  faithful 
reproduction  of  the  required  profile. 

5  In  general,  therefore,  it  has  not  heretofore  been 
possible  to  machine  complex  profiles  on  a  work- 
piece  by  computer  numerical  control  at  the  rates 
required  for  commercial  production. 

Such  machining  has  in  general  been  performed 
io  by  cam  follower  machines  in  which  a  shaped  cam 

is  contacted  by  a  cam  follower  whose  motion  is 
transmitted  to  the  tool.  The  production  of  the 
shaped  cams  is,  however,  both  time  consuming 
and  expensive  and  the  use  of  cams  makes  the 

75  process  inflexible.  In  addition,  the  speed  at  which  a 
cam  follower  can  follow  a  cam  is  limited,  since  at 
high  rotational  speeds  the  follower  may  lift-off  the 
cam  so  introducing  inaccuracies  into  the  work- 
piece. 

20  According  to  the  invention,  there  is  provided  a 
machine  tool  for  machining  a  surface  of  a  work- 
piece  rotating  about  an  axis  to  a  changing  profile  in 
one  direction,  comprising  a  workpiece  drive  for 
holding  and  rotating  the  workpiece,  an  angular  po- 

25  sition  encoder  for  producing  a  signal  representing 
the  angular  position  of  the  workpiece,  a  tool  mov- 
able  in  said  direction  towards  and  away  from  the 
workpiece,  a  tool  position  transducer  for  producing 
a  feedback  signal  representing  the  position  of  said 

30  tool  in  said  towards  and  away  movement,  a  tool 
velocity  transducer  for  producing  a  feedback  signal 
representing  the  velocity  of  said  tool  in  said  to- 
wards  and  away  movement,  a  tool  drive  for  moving 
the  tool  towards  and  away  from  the  workpiece  to 

35  machine  the  workpiece,  a  computer  for  producing 
from  input  data  fed  thereto,  a  succession  of  digital 
signals  defining  required  successive  tool  positions 
at  defined  angular  and  surface  positions  on  said 
workpiece  to  machine  the  workpiece  to  a  predeter- 

40  mined  profile,  a  store  included  in  the  computer  for 
storing  said  digital  signals,  characterised  in  that  the 
tool  is  movable  in  over  the  surface  of  the  work- 
piece  a  direction  perpendicular  to  the  direction  of 
said  towards  and  away  movement  to  machine  the 

45  workpiece  to  a  changing  profile  in  said  direction  ,  a 
tool  drive  being  connected  to  the  tool  for  moving 
the  tool  in  said  direction  over  the  surface  of  the 
workpiece,  a  surface  position  encoder  being  pro- 
vided  for  producing  a  signal  representing  the  posi- 

50  tion  of  the  tool  in  said  direction  over  the  surface  of 
the  workpiece,  said  computer  producing  from  input 
data  fed  thereto,  a  succession  of  digital  signals 
defining  required  successive  tool  positions  at  de- 
fined  angular  and  surface  positions  on  said  work- 
piece  to  produce  said  profile,  said  store  storing 

The  invention  relates  to  the  control  of  the  ma- 
chining  of  workpieces  by  a  machine  tool  in  which 
the  tool  and  the  workpiece  rotate  relatively  to  one 
another  to  produce  a  shaped  profile  on  the  work- 
piece. 

In  recent  years,  the  computer  control  of  ma- 
chine  tools  has  been  widely  developed.  The  com- 
puter  produces  a  succession  of  digital  signals 
which  are  used  to  position  the  tool  to  provide  a 
required  profile  on  the  workpiece.  In  general,  the 
computer  calculates  the  required  digital  signals  in 
advance  and  feeds  them  to  a  store  where  they  are 
held  and  fed  at  required  times  to  a  conventional 
tool  moving  system  which  comprises  a  tool  slide 
moved  by  a  motor  through  a  feed  screw.  It  is  not 
always  necessary  for  there  to  be  any  tool  position 
feedback  and  so  the  motor  can  be  a  stepping 
motor  which  is  controlled  by  counting  down  a  reg- 
ister  containing  a  signal  corresponding  to  the  re- 
quired  number  of  steps  of  the  motor  to  produce  the 
required  tool  position. 

Because  of  the  comparatively  low  speed  of 
relative  rotation  between  the  tool  and  the  work- 
piece,  and  because  of  the  absence  of  any  tool 
feedback,  the  production  of  the  digital  signals  can 
be  readily  handled  by  a  computer  of  modest  size. 
In  addition,  the  inertia  of  the  slide  is  sufficient  to 
smooth  out  the  stepped  nature  of  the  signal  applied 
to  the  motor. 

An  example  of  a  CNC  machine  of  this  low 
speed  type  is  shown  in  GB-A-2061554  which  dis- 
closes  a  crankshaft  milling  or  grinding  machine  in 
which  the  rotation  of  the  crankshaft  is  co-ordinated 
with  movement  of  the  tool  carriage.  Movement  of 
the  carriage  in  only  one  direction  is  contemplated 
and  the  speed  of  production  of  signals  is  indepen- 
dently  controlled.  The  motors  for  the  drive  of  the 
carriage  and  the  crankshaft  have  velocity  feedback 
but  not  position  feedback.  The  inertia  of  the  car- 
riage  makes  rapid  movement  impossible. 

If,  however,  the  relative  speed  of  rotation  of  the 
tool  and  the  workpiece  is  increased  dramatically, 
and  if  the  tool  is  required  to  alter  its  position  within 
a  revolution  and  between  revolutions,  an  entirely 
different  situation  prevails.  First,  it  is  necessary  to 
have  a  tool  capable  of  being  moved  very  rapidly 
indeed;  that  is  a  tool  holder  having  a  low  inertia. 
Tool  position  feedback  is  necessary  to  ensure  that 
the  position  of  the  tool  alters  accurately  within  each 
revolution.  At  these  speeds,  computers  convention- 
ally  which  have  independent  control  of  the  produc- 
tion  of  tool  control  signals  used  will  produce  digital 
tool  control  signals  at  a  rate  which  is  insufficiently 
accurate  to  permit  the  tool  holder  to  move  in  accor- 
dance  with  such  signals. 
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vided  for  moving  the  tool  26  in  a  direction  (the  Z- 
direction)  parallel  to  the  axis  of  rotation  of  the 
workpiece  10.  This  Z-position  actuator  29  can  ei- 
ther  be  controlled  by  signals  produced  by  the 

5  control  system  or  the  actuator  29  can  be  set  to 
transverse  the  tool  26  along  the  workpiece  10  at  a 
set  rate. 

Prior  to  machining,  input  profile  data  is  pre- 
pared  which  defines  the  required  profile  of  the 

w  workpiece  at  a  succession  of  angular  positions 
around  the  workpiece  and  at  a  succession  of  axial 
positions  along  the  workpiece.  Angularly  (  in  a  9- 
direction)  the  profile  may  be  defined  at  intervals 
around  the  workpiece  10  as  drops  or  decreases 

15  froma  nominal  maximum  radius.  These  intervals 
may,  for  example,  be  2.5  degrees  for  a  piston  or 
0.5  degrees  for  a  bearing.  The  maximum  drop  may 
be  1-5mm  in  steps  0.125  microns.  These  angular 
positions  may  be  defined  at  a  succession  of  axial 

20  (Z)  positions  which  are  spaced  apart  by  IQmicrons 
along  the  axis  of  the  workpiece  10. 

Where  the  workpiece  is  symmetrical  about  one 
or  more  planes  including  the  axis  of  rotation  of  the 
workpiece.it  is  only  necessary  to  define  the  input 

25  data  for  the  initial  symmetrical  portion.  For  exam- 
ple,  where  the  cross-section  is  to  be  elliptical,  only 
input  data  for  a  90  degree  segment  of  the  ellipse 
between  the  two  places  of  symmetry  need  be 
defined.  In  addition,  the  cross-sectional  profile  need 

30  oly  be  defined  at  those  axial  intervals  where  there 
is  a  non-linear  change  in  the  profile  or  the  rate  of 
change  of  the  profile. 

The  profile  data  is  fed  to  an  input  device  12  of 
a  computer  13  and  passes  from  the  input  device  to 

35  a  store  14  of  the  computer  13.  The  computer  13 

may  be  a  micro-processor. 
The  workpiece  is  set  in  rotation  and  a  -position 

encoder  15  and  Z-position  encoder  16  feed  to  the 
store  14  in  real  time  digital  signals  defining  the  9 

40  and  Z-positions  of  the  workpiece  10  and  the  tool  26 
relatively  to  a  datum.  The  9-position  encoder  15 
produces  a  signal  every  2.5  degrees  (or  0.5  de- 
grees)  of  rotation  of  the  workpiece  and  the  Z- 
position  encoder  16  produces  a  signal  every  10 

45  microns  of  axial  movement  of  the  tool  26. 
On  receipt  of  the  Z-position  and  9-position  sig- 

nals,  the  computer  13  produces  a  group  of  bits 
corresponding  to  the  required  tool  R-position  at  the 
(Z,  9)  position  to  produce  the  required  workpiece 

so  profile.  The  computer  13  does  in  the  following  way. 
if  the  workpiece  is  rotating  at  50  cycles  per  second 
and  the  9-position  encoder  15  is  producing  a  signal 
every  2.5  degrees,  the  computer  13  must  produce 
a  group  of  bits  every  140  microseconds.  Of  course, 

55  at  higher  speeds  and  more  complex  profiles  this 
time  intervals  may  be  less  than  this,  for  example,  it 

may  be  14  microseconds.  Since  the  store  14  can- 
not,  in  practice,  store  all  the  bits  required  to  define 

said  digital  signals,  said  store  being  connected  to 
said  angular  position  encoder  and  said  surface 
position  encoder  for  outputting  digital  signals  in 
accordance  with  angular  and  surface  position  sig- 
nals  received  from  said  encoders,  said  tool  drive 
for  moving  the  tool  towards  and  away  from  the 
workpiece  being  a  linear  motor,  a  signal  processor 
being  provided  for  receiving  successive  said  digital 
signals  outputted  by  said  store  and  for  converting 
said  digital  signals  into  signal  corresponding  to 
required  tool  positions  to  drive  said  linear  motor  to 
produce  said  profile,  said  tool  position  transducer 
and  said  tool  velocity  transducer  providing  feed- 
back  control. 

The  following  is  a  more  detailed  description  of 
two  embodiments  of  the  invention,  by  way  of  ex- 
ample,  reference  being  made  to  the  accompanying 
drawings  in  which:- 

Figure  1  is  a  schematic  block  diagram  of  a 
first  control  system  for  use  in  the  high-speed  ma- 
chining  of  a  workpiece  to  have  a  non-circular  pro- 
file,  and 

Figure  2  is  a  schematic  block  diagram  of  a 
second  control  system  for  use  in  the  high-speed 
machining  of  a  workpiece  to  have  a  non-circular 
profile. 

Referring  first  to  Figure  1,  the  workpiece  10  is 
rotated  at  high  speed  to  a  workpiece  drive  1  1  .  The 
speed  of  revolution  of  the  workpiece  may  be  of  the 
order  of  50  revolutions  per  second  (3000  rpm). 

The  workpiece  10  may  be  a  generally  cylin- 
drical  blank  such  as  an  aluminium  or  aluminium 
alloy  piston  blank.  The  workpiece  is  to  be  machin- 
ed  to  have  a  non-cylindrical  profile  which,  for  ex- 
ample,  may  be  an  oval  or  elliptical  cross-section  of 
varying  axial  dimensions  along  the  axial  length  of 
the  workpiece  to  produce  a  barrelling  effect.  Addi- 
tionally  or  alternatively,  it  may  be  required  to  form 
the  blank  with  a  plurality  of  raised  surface  portions. 
It  will  be  appreciated  that  the  degree  of  ovality  or 
barrel  or  the  height  of  the  raised  surface  areas 
above  the  remainder  of  the  piston  maybe  very 
small  indeed;  of  the  order  of  only  a  few  or  tens  of 
microns. 

Alternatively,  the  workpiece  may  be  a  blank 
(not  shown)  for  forming  a  bearing  surface.  This 
may  be  a  cylindrical  blank  whose  interior  or  ex- 
terior  surface  is  to  be  machined  to  a  required  non- 
cylindrical  profile,  or  a  generally  flat  surface  lying 
in  a  plane  generally  normal  to  its  axis  of  rotation 
and  to  be  machined  to  a  required  non-flat  profile  to 
form  a  thrust  bearing. 

The  workpiece  10  is  machined  by  a  tool  26 
which  is  described  in  more  detail  below  and  which 
is  movable  radially  towards  and  away  from  the 
workpiece  10  (R-position)  by  a  closed-looped  con- 
trol  system  22,  also  described  in  more  detail  be- 
low.  In  addition,  a  Z-position  actuator  29  is  pro- 
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signal.  Plainly  if  there  is  a  difference  in  amplitude 
between  the  two  successive  signals,  the  continuous 
signal  will  rise  or  fall  progressively  between  these 
initial  and  final  values.  This  rise  or  fall  may  be 

5  linear  but  need  not  necessarily  be  so. 
The  output  of  the  step  converter  20  is  thus  a 

continuous  signal  which  so  changes  rogressively 
that  at  the  end  of  successive  time  intervals  equal  to 
the  time  intervals  of  the  digital  signal,  the  amplitude 

io  of  the  signal  is  related  to  the  successive  values  of 
the  digital  signals.  This  continuous  signal  can  thus 
be  regarded  as  an  analogue  of  the  succession  of 
tool  holder  position  signals  representing  the  re- 
quired  radial  position  of  the  tool  26  at  a  succession 

75  of  (9,  Z)  positions  on  the  workpiece  10. 
This  continuous  signal  is  fed  as  an  input  signal 

to  a  feedback  control  device  21  of  a  closed-loop 
continuous  tool  control  system  22.  The  output  of 
the  feedback  control  device  21  is  fed  to  a  linear 

20  motor  23  which  moves  the  tool  and  tool  holder  in  a 
radial  direction  in  accordance  with  the  output  sig- 
nal.  The  output  of  the  tool  actuator  is  monitored  by 
a  tool  radial  position  transducer  24  and  a  tool  radial 
speed  transducer  25  which  provide  feedback  tool 

25  position  and  tool  velocity  signals  to  the  feedback 
control  device  21  which  uses  these  feedback  sig- 
nals  to  modify  the  continuous  signal  from  the  signal 
processor  19  in  accordance  with  the  feedback  sig- 
nals. 

30  Thus  the  computer  13  does  not  have  to  deal 
with  the  feedback  control  of  the  tool  positioning 
signal.  This  is  done  in  a  purely  analogue  fashionin 
the  closed-loop  control  system  22.  This  is  another 
factor  which  allows  the  computer  13  to  be  a  micro- 

35  processor  while  maintaining  high  rotational  speeds 
and  changes  of  tool  position  within  a  revolution. 

The  operation  of  the  step  converter  20  pro- 
duces  a  time  delay  in  the  system.  A  further  time 
delay  is  introduced  by  the  inertia  of  the  tool  26  and 

40  the  associated  tool  holder.  In  general,  this  wil  not 
be  a  problem  because,  being  constant,  they  will 
simply  move  the  profile  around  the  workpiece  by  a 
predetermined  angle;  possibly  one  or  two  of  the 
successive  e-positions;  2.5  or  5  degrees.  It  may, 

45  however,  be  that  a  workpiece  profile  is  required 
which  has  a  particular  spatial  orientation  to  some 
other  workpiece  feature.  For  example,  where  the 
workpiece  10  is  a  piston  blank,  the  piston  profile 
may  be  required  to  have  a  particular  spatial  ori- 

50  entation  relative  to  a  piston  feature  such  as  the 
gudgeon  pin  bore.  In  this  case,  the  computer  13 
may  be  programmed  so  that  the  datum  positions 
from  which  the  tool  positions  are  calculated  are 
offset  by  a  distance  equal  to  the  time  lag  in  the 

55  system.  This  will  bring  the  profile  into  the  required 
spatial  orientation. 

The  linear  motor  and  the  tool  holder  26  may 
take  any  convenient  form  provided  that  they  have  a 

the  complete  profile  of  the  workpiece  10,  a  cal- 
culating  unit  17  of  the  computer  13  calculates  a 
few  initial  groups  of  bits  from  the  input  data  held  n 
the  store  14  and  passes  these  initial  groups  to  the 
store  14,  from  which  the  initial  groups  are  outputted 
to  a  signal  processor  19,  described  in  more  detail 
below.  During  the  remainder  of  the  140  micro- 
second  interval  between  the  groups,  the  calculating 
unit  produces  groups  of  bits  for  subsequent  future 
tool  positions.  The  number  of  groups  so  produced 
depends  on  the  time  available  within  each  interval 
and  the  capacity  of  the  store  14  to  hold  such 
groups. 

It  will  be  appreciated  that  the  production  of 
these  groups  from  the  input  data  will  involve  inter- 
polation  between  the  input  data,  because  the 
groups  may  be  required  at  intervals  which  are 
smaller  than  the  intervals  at  which  the  input  data  is 
given.  In  this  case,  the  interpolation  is  preferably  a 
linear  interpolation,  although  it  will  be  appreciated 
that  the  computer  13  could  be  programmed  to 
produce  any  other  required  interpolation.  In  addi- 
tion,  the  computer  13  will  be  programmed  to  pro- 
duce  groups  for  the  whole  circumferential  profile  of 
the  workpiece  even  where  the  input  data  defines 
only  a  portion  of  a  symmetrical  profile.  For  exam- 
ple,  where  the  profile  is  elliptical  and  the  input  data 
defines  only  90  degrees  of  the  ellipse,  the  calculat- 
ing  unit  17  will  calculate  groups  around  the  whole 
of  the  elliptical  profile. 

It  will  be  appreciated  that  since  not  all  future 
groups  are  calculated  before  the  commencement 
of  machining,  the  store  14  does  not  require  a 
substantial  capacity  and  the  store  14  found  in  cur- 
rent  microprocessors  will  in  most  cases  be  ade- 
quate. 

The  output  from  the  computer  13  thus  a  suc- 
cession  of  groups  of  bits  defining  successive  tool 
positions  produced  in  real  time  at  time  intervals 
determined  by  the  signals  from  the  e-position  en- 
coder  15  and  the  Z-position  encoder  16.  This  suc- 
cession  of  groups  of  bits  are  received  by  a  digital- 
to-analogue  converter  18  which  converts  each  of 
the  succession  of  groups  into  a  tool  holder  position 
signal  of  constant  amplitude  corresponding  to  the 
value  of  the  associated  group  of  bits  and  the  dura- 
tion  of  each  tool  holder  position  signal  is  the  same 
as  the  interval  between  successive  groups. 

This  output  (which  is  effectively  a  series  of 
consecutive  steps)  is  fed  to  a  setp  converter  20  of 
the  signal  processor  19.  In  the  step  converter  20, 
the  amplitude  of  each  signal  is  stored  until  the  next 
succeeding  signal  is  received.  As  soon  as  the 
amplitude  of  the  next  succeeding  signal  has  been 
established,  the  step  converter  20  outputs  a  con- 
tinuous  signal  which  has  an  initial  value  equal  to 
the  value  of  the  first  received  signal  and  has  a  final 
value  equal  to  the  value  of  the  next  successive 
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at  various  (8,  Z)  positions.  The  second  system 
comprises  a  Z-position  computer  13  which  receives 
data  defined  by  the  required  rate  of  transverse  of 
the  tool  26  in  the  Z-direction.  This  data  need  only 

5  define  this  rate  of  traverse  at  various  change  points 
with  the  computer  performing  pre-programmed  in- 
terpolation.  The  computer  13  outputs  position  sig- 
nals  which  are  fed  to  the  Z-position  actuator  29, 
which  may  be  a  stepping  motor,  to  cause  the  tool 

10  26  to  be  transversed  at  the  required  rate.  Because 
the  required  rates  of  transverse  or  the  rates  of 
change  of  the  rate  of  transverse  in  the  Z-direction 
are  comparatively  low,  it  is  possible  to  use  a  con- 
ventinal  stepping  motor  without  feedback  control  of 

75  a  hydraulic  or  pneumatic  slide  driven  at  constant 
velocity  between  fixed  end  stops. 

The  provision  of  a  separate  Z-position  system 
allows  the  rate  of  transverse  to  be  varied  which 
may  be  necessary  where  the  workpiece  is  com- 

20  posed  of  materials  of  differing  hardness  which  re- 
quire  machining  at  different  rates. 

It  will  be  appreciated  that  in  any  of  the  embodi- 
ments  described  above  with  reference  to  the  draw- 
ings,  the  computer  may  also  be  used  to  control 

25  other  machining  functions.  This  may  include  control 
of  the  speed  of  rotation  of  the  workpiece  and/or  the 
placing  and  removal  of  workpieces  which  may  be 
by  means  of  robotic  arms. 

This  application  is  divded  from  co-pending  Eu- 
30  ropean  Patent  Application  No.  84.304672.3 

(Publication  No.  0132341). 

band  width  which  allows  reaction  to  the  control 
signal  at  sufficient  speed  to  move  the  tool  to  the 
required  position  within  the  required  time  interval. 
For  this  reason,  it  is  not  possible  to  use  a  conven- 
tional  tool  slide  moved  through  a  lead  screw.  Nor  is 
it  possible  to  use  a  Swiss  lathe  mechanism  in 
which  a  motor  drives  a  cam  bearing  shaft  through  a 
lead  screw  with  the  cams  rotating  to  move  the  tool 
holders  into  and  out  of  position.  In  both  of  these 
cases,  the  inertia  and  time  lag  in  the  system  is  so 
great  as  to  prevent  successful  operation.  Because 
the  signal  is  applied  to  these  actuators  is  a  continu- 
ous  signal,  there  is  no  problem  of  requiring  the  tool 
to  perform  an  infinite  acceleration. 

It  will  be  appreciated  that  the  computer  13  can 
be  quickly  and  simply  programmed  to  produce  any 
required  workpiece  profile.  Indeed.by  the  provision 
of  a  keyboard  shown  in  chain  dotted  line  at  27,  it  is 
possible  to  alter  the  workpiece  profile  during  ma- 
chining.  It  will  also  be  appreciated  that  the  machin- 
ing  operation  need  not  be  to  machine  a  cylindrical 
workpiece;  it  could  machine  a  generally  planar  sur- 
face  to  have  a  non-flat  profile.  In  addition,  it  need 
not  be  the  exterior  of  the  workpiece  which  is 
machined;  it  could  be  the  interior  of  the  workpiece. 

The  ability  of  the  control  system  described 
above  to  move  the  tool  rapidly  within  a  revolution 
of  high  speed  rotation,  allows  workpieces  to  be 
machined  very  accurately  and  rapidly  having  any 
required  surface  profile. 

It  will  also  be  appreciated  that  the  workpiece 
need  note  rotate.  It  would  be  possible  for  the  tool 
holder  to  rotate  and  for  the  workpiece  to  remain 
stationary. 

In  this  case,  the  fl-position  signals  would  be 
derived  from  a  tool  holder  drive  which  would  be 
separate  from  the  drive  which  positions  the  tool 
radially. 

It  may  be  desirable  to  machine  the  workpiece 
10  with  two  tools  simultaneously.  In  this  case,  two 
control  systems  of  the  kind  described  above  with 
reference  to  Figure  1  may  be  provided,  each  ac- 
tuating  a  respective  tool  in  accordance  with  a  re- 
quired  tool  movement.  For  example,  there  may  be 
simultaneous  turning  and  boring  of  a  workpiece  or 
facing  and  turning  or  boring  of  the  workpiece. 

It  will  also  be  appreciated  that  for  complex 
shapes,  it  may  be  desirable  to  process  the  Z- 
position  and  e-position  signals  separately.  A  suit- 
able  arrangement  for  this  is  shown  in  Figure  2.  In 
this  arrangement,  two  parallel  systems  are  pro- 
vided.  The  first  system  is  substantially  as  de- 
scribed  above  with  reference  to  Figure  1  and  com- 
prises  a  computer  13,  a  signal  processor  19  and  a 
closed-loop  control  system  22  which  control  the 
radial  position  of  the  tool  26  (or  the  position  of  the 
tool  in  one  direction).  The  computer  13  is  fed  with 
data  defining  the  required  radial  position  of  the  tool 

Claims 
35 

1  .  A  machine  tool  for  machining  a  surface  of  a 
workpiece  (10)  rotating  about  an  axis  to  a  changing 
profile  in  one  direction,  comprising  a  workpiece 
drive  (11)  for  holding  and  rotating  the  workpiece 

40  (10),  an  angular  position  encoder  (15)  for  producing 
a  signal  representing  the  angular  position  of  the 
workpiece  (10),  a  tool  (26)  movable  in  said  direc- 
tion  towards  and  away  from  the  workpiece  (10),  a 
tool  position  transducer  (24)  for  producing  a  feed- 

45  back  signal  representing  the  position  of  said  tool 
(26)  in  said  towards  and  away  movement,  a  tool 
velocity  transducer  (25)  for  producing  a  feedback 
signal  representing  the  velocity  of  said  tool  (26)  in 
said  towards  and  away  movement,  a  tool  drive  (23) 

so  for  moving  the  tool  towards  and  away  from  the 
workpiece  (10)  to  machine  the  workpiece,  a  com- 
puter  (13)  for  producing  from  input  data  fed  there- 
to,  a  succession  of  digital  signals  defining  required 
successive  tool  positions  at  defined  angular  and 

55  surface  positions  on  said  workpiece  to  machine  the 
workpiece  to  a  predetermined  profile,  a  store  (14) 
included  in  the  computer  for  storing  said  digital 
signals,  characterised  in  that  the  tool  (26)  is  mov- 
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5.  A  machine  tool  according  to  claim  4,  charac- 
terised  in  that  a  tool  position  signal  and  the  next 
tool  position  signal  differ  in  ampitude,  the  continu- 
ous  signal  produced  therefrom  has  a  linear  rise  or 

5  fall. 
6.  A  machine  tool  according  to  any  one  of 

claims  3  to  5,  characterised  in  that  each  digital 
signal  produced  by  the  computer  (13),  in  each  time 
interval,  is  a  group  of  bits  representative  of  the 

10  required  tool  holder  position  for  that  interval,  a 
digital-to-analogue  converter  (18)  being  provided 
for  converting  the  groups  of  bits  into  the  tool  holder 
position  signals. 

7.  A  machine  tool  according  to  claim  6,  charac- 
75  terised  in  that  the  computer  (13),  during  at  least 

some  of  said  time  intervals,  produces,  from  said 
data,  groups  of  bits  corresponding  to  some  of  the 
required  future  tool  holder  positions,  said  groups 
being  fed  to  the  store  (14),  and  the  computer  (13) 

20  also  outputting  from  said  store  (14)  during  each 
time  interval,  a  group  of  bits  corresponding  to  the 
required  tool  holder  position  for  that  time  interval. 

8.  A  machine  tool  according  to  any  one  of 
claims  1  to  7,  characterised  in  that  a  workpiece 

25  (10)  is  to  be  machined  to  a  profile  which  is  sym- 
metrical  about  at  least  one  plane  including  the  axis 
of  rotation  of  the  workpiece  (10)  and  the  tool  (26), 
the  computer  (13)  receiving  data  defining  the  work- 
piece  profile  for  only  one  of  the  symmetrical  por- 

30  tions,  the  computer  (13)  producing,  from  said  data, 
tool  holder  position  signals  representative  of  re- 
quired  tool  positions  in  both  sid  one  portion  and  the 
remaining  portion  or  portions. 

9.  A  machine  tool  for  machining  a  surface  of  a 
35  workpiece  (10)  rotating  about  an  axis  to  a  changing 

profile  in  one  direction,  comprising  a  workpiece 
drive  (11)  for  holding  and  rotating  the  workpiece 
(10),  an  angular  position  encoder  (15)  for  producing 
a  signal  representing  the  angular  position  of  the 

40  workpiece  (10),  a  tool  (26)  movable  in  said  direc- 
tion  towards  and  away  from  the  workpiece  (10),  a 
tool  position  transducer  (24)  for  producing  a  feed- 
back  signal  representing  the  position  of  said  tool 
(26)  in  said  towards  and  away  movement,  a  tool 

45  velocity  transducer  (25)  for  producing  a  feedback 
signal  representing  the  velocity  of  said  tool  (26)  in 
said  towards  and  away  movement,  a  tool  drive  (23) 
for  moving  the  tool  towards  and  away  from  the 
workpiece  (10)  to  machine  the  workpiece,  a  com- 

50  puter  (13)  for  producing  from  input  data  fed  there- 
to,  a  succession  of  digital  signals  defining  required 
successive  tool  positions  at  defined  angular  and 
surface  positions  on  said  workpiece  to  machine  the 
workpiece  to  a  predetermined  profile,  a  store  (14) 

55  included  in  the  computer  for  storing  said  digital 
signals,  characterised  in  that  the  tool  (26)  is  mov- 
able  in  over  the  surface  of  the  workpiece  (10)  a 
direction  perpendicular  to  the  direction  of  said  to- 

able  in  over  the  surface  of  the  workpiece  (10)  a 
direction  perpendicular  to  the  direction  of  said  to- 
wards  and  away  movement  to  machine  the  work- 
piece  to  a  changing  profile  in  said  direction,  a  tool 
drive  (29)  being  connected  to  the  tool  (26)  for 
moving  the  tool  (26)  in  said  direction  over  the 
surface  of  the  workpiece,  a  surface  position  en- 
coder  (16)  being  provided  for  producing  a  signal 
representing  the  position  of  the  tool  in  said  direc- 
tion  over  the  surface  of  the  workpiece,  said  com- 
puter  (13)  producing  from  input  data  fed  thereto,  a 
succession  of  digital  signals  defining  required  suc- 
cessive  tool  positions  at  defined  angular  and  sur- 
face  positions  on  said  workpiece  (10)  to  produce 
said  profile,  said  store  (14)  storing  said  digital  sig- 
nals,  said  store  (14)  being  connected  to  said  an- 
gular  position  encoder  (15)  and  said  surface  posi- 
tion  encoder  (16)  for  outputting  digital  signals  in 
accordance  with  angular  and  surface  position  sig- 
nals  received  from  said  encoders  (14,  16),  said  tool 
drive  (23)  for  moving  the  tool  towards  and  away 
from  the  workpiece  (10)  being  a  linear  motor,  a 
signal  processor  (19)  being  provided  for  receiving 
successive  said  digital  signals  outputted  by  said 
store  (14)  and  for  converting  said  digital  signals 
into  a  signal  corresponding  to  required  tool  posi- 
tions  to  drive  said  linear  motor  to  produce  said 
profile,  said  tool  position  transducer  (24)  and  said 
tool  velocity  transducer  (25)  providing  feedback 
control. 

2.  A  machine  tool  according  to  claim  1  charac- 
terised  in  that  the  linear  motor  (23)  has  an  ar- 
mature,  the  tool  (26)  being  connected  to  said  ar- 
mature  2. 

3.  A  machine  tool  according  to  claim  1  or  claim 
2,  characterised  in  that  the  store  (14)  outputs  digital 
signals  during  each  of  a  succession  of  equal  time 
intervals,  the  signal  processor  (19)  converting  each 
digital  signal  into  a  tool  position  signal  of  constant 
amplitude  corresponding  to  the  value  of  the  asso- 
ciated  digital  signal,  the  signal  processor  (19)  then 
producing  an  analogue  signal  from  the  succession 
of  constant  amplitude  tool  position  signals,  the  ana- 
logue  signal  so  changing  progressively  that  at  the 
end  of  successive  time  intervals,  each  equal  to  the 
time  interval  of  the  tool  position  signals,  the  am- 
plitude  of  the  analogue  signal  is  related  to  the 
successive  values  of  the  too!  position  signals. 

4.  A  machine  tool  according  to  claim  3  charac- 
terised  in  that  the  signal  processor  (19)  stores  each 
tool  position  signal  until  the  next  tool  position  signal 
is  received,  the  signal  processor  (19)  then  output- 
ting  a  continuous  signal  which  has  an  initial  value 
equal  to  the  value  of  the  first  tool  position  signal 
and  a  final  value  equal  to  the  value  of  said  next  tool 
position  signal,  said  continuous  signals  forming 
said  analogue  signal. 
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position  signal  and  a  final  value  equal  to  the  value 
of  said  next  tool  position  signal,  said  continuous 
signals  forming  said  analogue  signal. 

13.  A  machine  tool  according  to  claim  12, 
characterised  in  that  a  tool  position  signal  and  the 
next  tool  position  signal  differ  in  amplitude,  the 
continuous  signal  produced  therefrom  has  a  linear 
rise  or  fall. 

14.  A  machine  tool  according  to  any  one  of 
claims  11  to  13,  characterised  in  that  each  digital 
signal  produced  by  the  computer  (13),  in  each  time 
interval,  is  a  group  of  bits  representative  of  the 
required  tool  holder  position  for  that  interval,  a 
digital-to-analogue  converter  (18)  being  provided 
for  converting  the  groups  of  bits  into  the  tool  holder 
position  signals. 

15.  A  machine  tool  according  to  claim  14, 
characterised  in  that  the  computer  (13),  during  at 
least  some  of  said  time  intervals,  produces,  from 
said  data,  groups  of  bits  corresponding  to  some  of 
the  required  future  tool  holder  positions,  said 
groups  being  fed  to  the  store  (14),  and  the  com- 
puter  (13)  also  outputting  from  said  store  (14)  dur- 
ing  each  time  interval,  a  group  of  bits  correspond- 
ing  to  the  required  tool  holder  position  for  that  time 
interval. 

wards  and  away  movement  to  machine  the  work- 
piece  to  a  changing  profile  in  said  direction,  a  tool 
drive  (29)  being  connected.  to  the  tool  (26)  for 
moving  the  tool  (26)  in  said  direction  over  the 
surface  of  the  workpiece,  a  surface  position  en- 
coder  (16)  being  provided  for  producing  a  signal 
representing  the  position  of  the  tool  in  said  direc- 
tion  over  the  surface  of  the  workpiece  an  input 
device  (12)  for  feeding  to  the  computer  (13)  input 
data  defining  one  of  the  symmetrical  portions  of  a 
workpiece  profile  that  is  symmetrical  about  at  least 
one  plane  including  the  axis  of  rotation  of  the 
workpiece  (10),  said  computer  (13)  producing,  from 
said  input  data,  a  succession  of  digital  signals 
defining  required  successive  tool  positions  at  de- 
fined  angular  and  surface  positions  on  said  work- 
piece  (10)  in  both  said  one  portion  and  said  re- 
maining  portions  to  produce  said  profile,  said  store 
(14)  storing  said  digital  signals,  said  store  (14) 
being  connected  to  said  angular  position  encoder 
(15)  and  said  surface  position  encoder  (16)  for 
outputting  digital  signals  in  accordance  with  angular 
and  surface  position  signals  received  from  said 
encoders  (14,  16),  a  signal  processor  (19)  being 
provided  for  receiving  successive  said  digital  sig- 
nals  outputted  by  said  store  (14)  and  for  converting 
said  digital  signals  into  a  signal  corresponding  to 
required  tool  positions  to  drive  said  tool  drive  (23) 
to  produce  said  profile,  said  tool  position  trans- 
ducer  (24)  and  said  tool  velocity  transducer  (25) 
providing  feedback  control. 

10.  A  machine  tool  according  to  claim  9 
characterised  in  that  the  tool  drive  is  a  linear  motor 
(23)  having  an  armature,  the  tool  (26)  being  con- 
nected  to  said  armature  2. 

11.  A  machine  tool  according  to  claim  9  or 
claim  10,  characterised  in  that  the  store  (14)  out- 
puts  digital  signals  during  each  of  a  succession  of 
equal  time  intervals,  the  signal  processor  (19)  con- 
verting  each  digital  signal  into  a  tool  position  signal 
of  constant  amplitude  corresponding  to  the  value  of 
the  associated  digital  signal,  the  signal  processor 
(19)  then  producing  an  analogue  signal  from  the 
succession  of  constant  amplitude  tool  position  sig- 
nals,  the  analogue  signal  so  changing  progressively 
that  at  the  end  of  successive  time  intervals,  each 
equal  to  the  time  interval  of  the  tool  position  sig- 
nals,  the  amplitude  of  the  analogue  signal  is  related 
to  the  successive  values  of  the  tool  position  sig- 
nals. 

12.  A  machine  tool  according  to  claim  11 
characterised  in  that  the  signal  processor  (19) 
stores  each  tool  position  signal  until  the  next  tool 
position  signal  is  received,  the  signal  processor 
(19)  then  outputting  a  continuous  signal  which  has 
an  initial  value  equal  to  the  value  of  the  first  tool 
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