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Q)  Feedback  control  for  reduction  of  cogging  torque  in  controlled  current  AC  motor  drives  and  method. 

  A  decogging  feedback  control  for  current  source  inverter 
motor  drives  uses  a  change  of  instantaneous  torque  feedback 
signal  with  no  dc  component  that  is  a  function  of  only  the 
instantaneous  pulsating  component  of  measured  torque.  The 
change  of  torque  signal  modulates  the  voltage  applied  to  the 
dc  link  and  therefore  the  dc  link  current  to  materially  reduce 
the  detrimental  cogging  torque  pulsations  and  stabilize  the 
motor,  and  can  be  switched  out  at  a  low  frequency  above 
which  it  is  not  needed  so  that  the  motor  can  respond  properly 
to  rapid  variations  in  torque. 



This  i nven t ion   r e l a t e s   to  c c n t r o l l e d   c u r r e n t   ac  motor  d r i v e s ,  

and  more  p a r t i c u l a r l y   to  a  feedback  cont ro l   and  method  for  s u b -  

s t a n t i a l l y   reducing  the  cogging  torcue  produced  by  c o n t r o l l e d  

c u r r e n t  d r i v e   systems  at  low  f r e q u e n c i e s .  

Many  a p p l i c a t i o n s   i n c l u d i n g   t r a c t   dr ive   systems  r equ i r e   t h e  

p r e c i s e   r e g u l a t i o n   of  motor  to rque .   The  development  of  c u r r e n t  

source  or  c o n t r o l l e d   c u r r e n t   i n v e r t e r s ,   which  supply  r e c t a n g u l a r  

n o n - s i n u s o i d a l   c u r r e n t s   to  the  motor  windings ,   has  r e s u l t e d   in  

e f f o r t s   to  apply  th i s   device  to  a d j u s t a b l e   speed  ac  i nduc t ion   mo to r  

d r i v e s .   One  of  the  weaknesses  of  p r e sen t   cont ro l   s t r a t e g i e s   i s  

t ha t   the  torque  p u l s a t i o n s   due  to  the  harmonic  or  cogging  component  

of  e l e c t r o m a g n e t i c   torque  can  be  severe   at  very  low  machine  f r e -  

quenc ies   and  r e s u l t   in  i n s t a b i l i t i e s   and  uneven  running .   For  a  s i x  

pu l se ,   polyphase  ful l   wave  br idge  i n v e r t e r ,   torque  r i p p l e   o c c u r s  

because  of  the  presence   of  the  s i x t h ,   t w e l f t h ,   and  e i g h t e e n t h   h a r -  

monic  components  in  the  n o n - s i n u s o i d a l   motor  c u r r e n t   in  a d d i t i o n   t o  

the  fundamental   motor  f r equency ,   which  is  the  e l e c t r i c a l   e q u i v a l e n t  

of  the  mechanical   speed  (RPM)  at  which  the  sha f t   is  r o t a t i n g .   The 

torque  p u l s a t i o n s   are  e s p e c i a l l y   t roublesome  upon  s t a r t i n g   up  o r  

when  pass ing   through  zero  speed  to  r eve r se   the  d i r e c t i o n   of  r o t a t i o n ,  

and  can  be  e l i m i n a t e d   by  modulat ing  the  dc  l ink   c u r r e n t   fed  to  t h e  

i n v e r t e r .  



In  p r a c t i c e ,   motor  pa ramete r s   vary  with  t empera tu re   and 

f requency   so  tha t   ac tual   r e a l - t i m e   measurement  of  the  p u l s a t i n g  

the  p r e -  
c ise   r e g u l a t i o n   of  torque  r a t h e r   than  r e l y i n g   or  open   Icon  com- 

p e n s a t i o n .   An  open  loop  t echn ique   for  small  i n d u s t r i a l   d r ives   i s  

desc r ibed   in  U.S.  Pa ten t   4 ,066 ,938    assigned  to  the  same  a s s i g n e e  

as  th i s   i n v e n t i o n   A  c losed  t echn ique   for  reducing  t o r q u e  

r i p p l e   r e q u i r i n g   the  con t inuous   c a l c u l a t i o n   of  ac tua l   torque  f rom 

the  sensed  motor  vo l t age   and  c u r r e n t   is  d i s c l o s e d   in  U.S.  P a t e n t  

3 ,919,609  to  Klautschek  et   al;  in  th i s   pa t en t   the  ac tual   t o r q u e  

developed  by  the  machine  is  comparde  to  a  p r ede t e rmined   r e f e r e n c e  

value  and  the  e r r o r   s ignal   is  used  to  modulate  the  dc  l ink   c u r r e n t  

in  a  c o r r e c t i v e   sense.   One  d i s a d v a n t a g e   with  th i s   approach  is  t h a t  

in  p r a c t i c e   i t   may  be  r e q u i r e d   to  r e g u l a t e   a  motor  parameter   o t h e r  

than  machine  c u r r e n t   by  varying  the  dc  l ink   d u r r e n t   m a g n i t u d e ;  

ano ther   is  t ha t   it  is  p r e f e r a b l e   to  be  able  to  switch  out  the  c o g g -  

ing  torque  r e d u c t i o n   cont ro l   at  h igher   machine  f r e q u e n c i e s   so  t h a t  

the  machine  can  o r o p e r l y   respond  to  torque  p u l s a t i o n s   caused,   f o r  

i n s t a n c e ,   by  a  sudden  change  in   ' o a d .  

It  is  an  o b j e c t   of  the  p r e s e n t   i nven t ion   to  provide  a  d e c o g -  

ging  feedback  cont ro l   for  c u r r e n t   source  i n v e r t e r   motor  d r ive s   which  

uses  a  change  of  i n s t a n t a n e o u s   torque  feedback  s ignal  whi th   no  dc  com- 

ponent  which  is  a  f u n c t i o n   of  only  the  i n s t a n t a n e o u s   p u l s a t i n g   com- 

ponent  of  measured  t o rque ,   and  wherein  the  change  of  torque  s i g n a l  

modulates   the  vo l tage   app l i ed   to  the  dc  l ink   and  t h e r e f o r e  t h e   dc 

l ink  c u r r e n t   to  m a t e r i a l l y   reduce  the  d e t r i m e n t a l   cogging  t o r q u e  

p u l s a t i o n s   and  s t a b l i z e   the  motor,   and  can  be  switched  out  at  a  low 

f requency  above  which  i t   is  not  needed  so  t ha t   the  motor  can  r e s p o n d  

to  rapid  v a r i a t i o n s   in  t o r q u e .  

An  improved  method  and  cont ro l   system  for  r e a l i z i n g   a  s u b -  

s t a n t i a l   r educ t ion   ir  the  cogging  torque  produced  by  c o n t r o l l e d  

t o r q u e  
feedback  s i g n a l ,   i . e . ,   one  tha t   i s  a   func t ion   of  only  the  i n s t a n -  





from  t h e  

fo l lowing    de sc r ip t i on   of  p r e f e rded   embodiments  t h e r e o f   shown,  by 

way  of  example,  in  the  accompanying  drawings ,    In  wh ich :  

c u r r e n t  

ac  motor  drive  whith  p r o v i s i o n  t o r q u e  

using  a  change  of  i n s t a n t a n e o u s    torcue  feedback  s i g n a l ;  

FIG.  2  is  a  schemat ic   c i r c u i t   diagram  of  a  c o n t r o l l e d   c u r -  

ren t   i nduc t ion   motor  drivev with  the  a d d i t i o n   of  sensors   for  com- 

put ing  the  change  of  torque  s ignal   accord ing   to  one  embodiment ;  

FIG.  3  is  a  block  diagram  of  the  p u l s a t i n g   component  o f  

torque   computat ion  c i r c u i t   a s s o c i a t e d   with  FIG.  2 ;  

FIG.  4  i l l u s t r a t e s   i d e a l i z e d   i n v e r t e r   c u r r e n t   waveforms 

assuming  the  dc  l ink   c u r r e n t   is  c o n s t a n t ;  

FIG.  5  is  a  sketch  a s s o c i a t e d   with  a  t h e o r e t i c a l   e x p l a n a t i o n  

of  torque  c a l c u l a t i o n ,   showing  the  t h r e e - p h a s e   s t a t o r   windings  o f  

an  i nduc t ion   motor  and  the  e q u i v a l e n t   two-phase  windings  along  t h e  

d i r e c t   (d)  and  q u a d r a t u r e   (q)  a x e s ;  

FIG.  6  is  a  t iming  diagram  for  the  i n v e r t e r   t h y r i s t o r s   i n  

FIG.2  and  swi tches   in  FIG.  3 ;  

FIGS.  7a-7d  show  the  f lux  s ignal   waveforms  at  severa l   p o i n t s  

in  the  computat ion  c i r c u i t   of  FIG.  3  and  the  change  of  t o r q u e  

signal   at  the  ou tpu t ;   and 

FIG.  8  is  a  schemat ic   diagram  of  ano ther   embodiment  of  a 

torque  measuring   system  for  c a l c u l a t i n g   ac tua l   motor  torque  and 

d e r i v i n g   t he re f rom  the  change  of  torque  feedback  s i g n a l .  

The  a d j u s t a b l e   speed,   c u r r e n t   source  i n v e r t e r   ac  motor  d r i v e  

system  in  FIG.   1 has  a  cont ro l   system  with  an  improved  d e c o g g i n g  

feedback  cont ro l   for  s u b s t a n t i a l l y   e l i m i n a t i n g   (a  20:1  r e d u c t i o n  

is  p o s s i b l e )   the  cogging  or  harmonic  component  of  e l e c t r o m a g n e t i c  

to rque .   The  ac tual   torque  developed  by  the  ac  motor  c o n t a i n s   b o t h  

a  cc  level  t h e   sha f t   or  useful   to rque)   and  an  ac  level   (the  c o g -  

ging  o r  t o r q u e ) .   The  decogging  feedback  v a r i a b l e   a c c o r d -  

ing  to  th i s   i n v e n t i o n  i s  a   change  of  i n s t a n t a n e o u s   e l e c t r o m a g n e t i c  

t o r q u e  func t i on   of  o n l y  



the  i n s t a n t a n e o u s  torque  and  from  which 

any  average  torque  o r  been  removed.  The  decogg ing  

control   is  s u i t a b l e   f o r  motors  and  s y n c h r o n o u s  

motors ,   and  in  e i t h e r   case  the  motor  runs  smoothly  at  slow  s p e e d s ,  

upon  s t a r t u p   and  s low4nc i ts   d i r e c t i o n   of  r o t a t i o n .  

The  decogging  f e e d b a c k  switched  out  at  a  low 

f requency ,   for  i n s t a n c e  f requency ,   above  w h i c h  i t  

is  not  needed  so  tha t   the  motor  can  respond  p rope r ly   to  torque  p u l -  

s a t i o n s   tha t   occur  under  normal  running  c o n d i t i o n s .  

The  c o n t r o l l e d   c u r r e n t   a  c motor  dr ive   is  i l l u s t r a t e d   in  s im-  

p l i f i e d   block  diagram  form  in  FIG.  1  with  the  a d d i t i o n   of  t h e  d e -  

cogging  feedback  c o n t r o l ,   and  i t   will  be  unders tood  tha t   o t h e r  

d e t a i l s   of  the  cont ro l   system  have  been  omit ted  for  c l a r i t y .   The 

motor  dr ive   is  ene rg i zed   by  a  source  of  t h r e e - p h a s e   or  s i n g l e -  

phase  ac  vo l tage   and  inc ludes   an  a c / d c  v o l t a g e   c o v e r t e r   10'  which 

is  connected  by  way  of  a  dc  l i n k  i n c l u d i n g   a  smoothing  i nduc to r   11 

to  a  c o n t r o l l e d   c u r r e n t   i n v e r t e r   12' .   The  polyphase  n o n - s i n u s o i d a l  

i n v e r t e r   output   c u r r e n t   has  a  v a r i a b l e   f requency  with  the  dc  l i n k  

c u r r e n t   magni tude ,   and  is  fed  to  an  a d j u s t a b l e   s p e e d  a c  m o t o r   14.  

C o n t r o l l i n g   the  magnitude  of  the  vo l tage   Vd  app l i ed   to  the  dc  l i n k  

by  vo l t age   c o n v e r t e r   10'  a d j u s t s   the  level   of  dc  l ink  c u r r e n t   I d ,  
and  hence  the  s t a t o r   c u r r e n t ,   while  c o n t r o l l i n g   the  o p e r a t i n g   f r e -  

quency  of  c o n t r o l l e d   c u r r e n t   i n v e r t e r   12'  a d j u s t s   the  s t a t o r  

e x c i t a t i o n   f requency .   Voltage  c o n v e r t e r   10'  is  o r d i n a r i l y   a  f u l l  

wave  phase  c o n t r o l l e d   r e c t i f i e r ,   but  can  also  be  a  simple  d i o d e  

br idge  r e c t i f i e r  f o l l o w e d   by  a  t h y r i s t o r   chopper  or,  if  a  b a t t e r y  

is  the  source ,   only  the  chopper.   Con t ro l l ed   c u r r e n t   i n v e r t e r   12 '  

is  any  s u i t a b l e   i n v e r t e r   such  as  an  a u t o s e q u e n t i a l   commutated 

i n v e r t e r ,   a  t h i r d   harmonic  a u x i l i a r y   commutated  i n v e r t e r   with  one 

commutating  c a p a c i t o r ,   or  an  a u x i l i a r y   impulse  commutated  i n v e r t e r  

with  three   commutating  c a p a c i t o r s .   All  of  these  c u r r e n t   source  i n -  

v e r t e r s   have  six  main  t h y r i s t o r s  t h a t   are  f i r ed   s e q u e n t i a l l y .   In  

the  decogging  feedback  c o n t r o l ,   a  p u l s a t i n g   component  of  t o r q u e  

computat ion  c i r c u i t   27  c a l c u l a t e s   the  change  of  i n s t a n t a n e o u s  

torque  s i g n a l  Δ  T e   from  p r e s e l e c t e d   sensor  s i gna l s   r e p r e s e n t i n g  



var ious   sensed  motor  or  c o n v e r t e r   p a r a m e t e r s .   In  one  form  of  t h e  

computa t ion   c i r c u i t ,   the  change  of  torque   feedback  s ignal   is  c a l -  

cu l a t ed   d i r e c t l y   w i thou t   f i r s t   c a l c u l a t i n g   the  ac tua l   torque   d e v e -  

loped  by  the   motor,   and  i n  the  ac tual   motor  torque  i s  

f i r s t   computed  and  is  t h e n  to  remove  the  dc  com- 

ponent ,   l eav ing   only  the  p u l s a t i n g   component.  The  change  of  t o r q u e  
feedback  s i g n a l Δ  T e   is  p rocessed   by  being  fed  to  a  compensator   28 

to  i n c r e a s e   i t s   gain  and  provide   very  high  f requency   c o m p e n s a t i o n  

or  a t t e n u a t i o n .   Output  s ignal   kΔTe  is  apo l i ed   through  a  s w i t c h  

29,  for  d i s c o n n e c t i n g   the  cogging  torque  r e d u c t i o n   cont ro l   at  a 

f requency   above  which  i t   is  not  needed  or  is  i n e f f e c t i v e ,   to  one  

input   of  a  summing  c i r c u i t   30 .  

The  change  of  torque  feedback  signal   is  summed  with  a  com- 

mand  s ignal   r e p r e s e n t i n g   a  command  value  of  a  s e l e c t e d   motor  p a r a -  
meter  or  v a r i a b l e   being  c o n t r o l l e d   in  the  slow  response   r e g u l a t i n g  

loop,   and  with  a  s igna l   r e p r e s e n t i n g   the  sensed  value  of  t h e  

s e l e c t e d   motor  p a r a m e t e r ,   to  gene ra t e   an  e r r o r   s ignal   for  c o n t r o l -  

l ing  the  ou tput   vo l t age   Vd  of  vo l t age   c o n v e r t e r   10 ' .   The  c o n t r o l l e d  

v a r i a b l e   can  be  dc  l ink   c u r r e n t   Id,  e l e c t r o m a g n e t i c   torque   Te ,  

or  mutual  a i r   gap  f l u x  λ m ,   or  any  o ther   q u a n t i t y   such  as  s p e e d  

which  r e q u i r e s   r e g u l a t i o n ,   and  the  command  values   of  these  v a r i a b l e s  

are  d e s i g n a t e d   by  the  s t a r r e d   symbols  and  the  sensed  values   by  u n -  

s t a r r e d   symbols.  The  e r r o r   s ignal   from  summer  30  is  fed  to  a  

r e g u l a t o r   31  at  the  ou tpu t   of  which  is  the  vo l t age   c o n v e r t e r   com- 

mand  s ignal   Vd*.  It  will  be  e v i d e n t   t ha t   the  change  of  t o r q u e  

feedback  s ignal   is  employed  as  a  c o r r e c t i o n   term  to  the  means  f o r  

varying  the  vo l t age   app l i ed   to  the  dc  l ink   by  vo l t age   c o n v e r t e r  

10 ' ,   to  t he reby   modulate  the  dc  l ink   c u r r e n t   in  a  sense  to  r e d u c e  

the  d e t r i m e n t a l   cogging  to rque   o u l s a t i o n s   i d e a l l y   to  zero.   I t   i s  

d e s i r a b l e   to  open  switch  29  and  d i s c o n n e c t   the  decogging  f e e d -  
back  cont ro l   at  a  r e l a t i v e l y   low  f requency   above  which  i t   is  n o  
needed,  for  i n s t a n c e   a  p u l s a t i n g   torque  f requency   of  30  Hz  which 

cor responds   to  a  motor  e l e c t r i c a l   f r ecuency   of  5  Hz.  Torque  p u l -  

s a t i o n s   occur  at  normal  motor  speeds  such  as  when  the re   is  a  s t e p  



change  in  load,   and would  r e s u l t   in  a 

change  of  torque  s ignal   tha t   is  fed  back  in  a  sense  to  d e f e a t  

f a s t   response   by  the  motor  to  the  rapid  change  in  t o r q u e .  

Switch  29  or  i t s   sol id   s t a t e   e q u i v a l e n t   is  opera ted   a u t o -  

m a t i c a l l y   by  a  f r e q u e n c y  29'  upon  the  i n c r e a s e  

or  decrease   of  an  i n p u t  to  a  p r ede t e rmined   f r e -  

quency.  The  input   s ignal   is  p r e f e r a b l y   a  s ignal   with  a  f r e q u e n c y  

c o r r e s p o n d i n g   to  the  i n v e r t e r   swi tch ing   f r equency ,   i . e . ,   the  f r e -  

quency  at  which  g a t i n g  FIG.  2  s u p p l i e s   f i r i n g   p u l s e s  

to  i n v e r t e r   12.  At  a  swi tch ing   f requency  of  30  Hz  the  switch  i s  

opened  or  c losed  depending  upon  whether  the  motor  is  p ick ing   up 

speed  or  l o s ing   speed.  It  is  also  p o s s i b l e   to  sense  the  f u n d a -  

mental  f requency   of  the  i n v e r t e r   output   c u r r e n t   or  the  m e c h a n i c a l  

s h a f t   speed  of  the  motor  by  means  of  a  t a chome te r .   The  s h a f t  

speed  is  conver ted   to  the  e q u i v a l e n t   e l e c t r i c a l   f requency   and  t h e  

s l ip   f requency   is  added  or  s u b t r a c t e d   to  gene ra t e   the  input   s i g n a l  

Manual  a c t u a t i o n   of  switch  29  by  the  o p e r a t o r   c o n t r o l s   may 
be  d e s i r a b l e   in  some  a p p l i c a t i o n s .  

In  FIG.  2,  the  motor  dr ive   system  in  I ts   p r e f e r r e d   form  has  
at  the  input   side  a  phase  c o n t r o l l e d   r e c t i f i e r   10  ene rg i zed   by  a 

t h r e e - p h a s e ,   60  Hz  ac  vo l t age   source ,   and  at  the  ou tpu t   side  a 

c o n t r o l l e d   c u r r e n t   polyphase  t h y r i s t o r   br idge  i n v e r t e r   12  such  a s  

the  improved  a u t o s e q u e n t i a l   commutated  i n v e r t e r   d i s c l o s e d   in  u s - P a t e n t  

3,980,941  to  R.F.  Gr i ebe l ,   a s s igned   to  the  a s s ignee   of  t h i s   i n v e n -  

t i o n ,   the  d i s c l o s u r e   of  which  is  i n c o r p o r a t e d   here in   by  r e f e r e n c e .  

An  i n v e r t e r   ga t ing   c i r c u i t   13  of  conven t iona l   design  g e n e r a t e s  

ga t ing   s i g n a l s   to  s e q u e n t i a l l y   f i r e   t h y r i s t o r s   T1-T6  in  the  o r d e r  

of  t h e i r   numbering.  The  commutation  d e t a i l s   are  not  shown,  b u t  

in  the  a u t o s e q u e n t i a l   commutated  i n v e r t e r ,   a  conduc t ing   t h y r i s t o r  

is  turned  off   by  means  of  the  p a r a l l e l  c a p a c i t o r   commutation  mec- 

hanism  upon  supply ing   a  ga t ing   pulse  to  the  next  t h y r i s t o r   i n  

sequence  in  the  p o s i t i v e   bank  or  nega t i ve   bank,  and  b locking  d i o d e s  

in  s e r i e s   with  the  t h y r i s t o r s   serve  to  i s o l a t e   the  c o m m u t a t i n g  

c a p a c i t o r s   from  load  14,  which  is  a  t h r e e - p h a s e   induc t ion   m o t o r  



or  o ther   polyphase  motor.  This  i n v e n t e r   has  the  c a p a b i l i t y   o f  

commutating  under  l i g h t   load,   permi ts   motor  r e v e r s i n g   by  r e v e r s i n g  

the  phase  sequence ,   and  is  capable   of  r e g e n e r a t i v e   o p e r a t i o n   u n d e r  

braking  mode  c o n d i t i o n s   to  r e t u r n   power  to  the  supply  provided  t h a t  

phase  c o n t r o l l e d   r e c t i f i e r  as  a  l ine   commutated 

i n v e r t e r .   In  t h i s   dr ive   c o n f i g u r a t i o n   Vd*  is  the  r e c t i f i e r   com- 

mand  s i g n a l  f o r   ga t ing   c i r c u i t   32  to  de te rmine   the  f i r i n g   a n g l e  

of  the  r e c t i f i e r   SCR's .  

FIG.  4  i l l u s t r a t e s  t h r e e - p h a s e   n o n s i n u s o i d a l  

i n v e r t e r   ou tput   c u r r e n t s   ia,   ib,  and  c   assuming  t h a t   the  dc  l i n k  

c u r r e n t   Id  is  c o n s t a n t .   The  s t a t o r   c u r r e n t   supp l i ed   to  each  p h a s e  

winding  14s  of  the  -induction  motor,   of  course ,   co r r e sponds   to  t h e  

i n v e r t e r   ou tpu t   c u r r e n t   and  has  the  same  magnitude  as  the  dc  l i n k  

c u r r e n t   Id,  s ince  in  e f f e c t   the  i n v e r t e r   t h y r i s t o r s   ope ra t e   t o  

switch  the  dc  l ink  c u r r e n t   among  the  th ree   ou tpu t   l i n e s .   The  o u t -  

put  c u r r e n t   in  each  phase  i d e a l l y   has  a  r e c t a n g u l a r   waveshape  w i t h  

a  120°  d u r a t i o n   in  each  h a l f - c y c l e ,   n e g l e c t i n g   commutat ion.   S i n c e  

the  per  phase  r e c t a n g u l a r   wave  ou tpu t   c u r r e n t s   are  120°  d i s p l a c e d  

from  one  a n o t h e r ,   at  any  moment  two  s t a t o r   windings  14s  are  c o n -  

duc t ing   while  the  remaining  phase  is  o p e n - c i r c u i t e d .   The  combina -  

t ion  of  conduc t ing   and  o p e n - c i r c u i t e d   phases  changes  every  60°  o r  

six  times  per  cyc le .   Since  the  motor  c u r r e n t   is  a  120°  square  o r  

r e c t a n g u l a r   wave,  because  of  the  p h a s e - t o - p h a s e   commutat ion,   t h e  

f i f t h   and  seventh  harmonics  of  the  motor  f requency   are  p r e s e n t   i n  

the  motor  c u r r e n t   in  a d d i t i o n   to  the  fundamenta l   motor  f r e q u e n c y ,  

and  a lso  the  e l even th   and  t h i r t e e n t h   harmonics ,   and  so  on.  Some 

ha rmor i c s ,   i n c l u d i n g   the  t h i r d ,   n i n t h ,   and  f i f t e e n t h   h a r m o n i c s ,  

are  e l i m i n a t e d   by  the  i n v e r t e r   c o n f i g u r a t i o n ,   and  i t   will  be  r e -  

a l i z ed   t ha t   the  h igher   order   harmonics  do  not  p r e s e n t   as  much  o f  

a  problem  because  of  t h e i r   small  magni tudes .   The  r e v e r s e   p h a s e  

sequence  f i f t h   harmonic  and  the  forward  phase  sequence  s e v e n t h  

harmonic  i n t e r a c t   with  the  fundamental   to  produce  a  s ix th   h a r -  

monic  torque  component  in  the  mo to r ' s   developed  t o rque ,   a n d  i n  

s i m i l a r   fash ion   the  e l even th   and  t h i r t e e n t h   harmonics  i n t e r a c t  

to  produce  a  t w e l f t h   harmonic  torque  component,  and  so  on.  For  



a  six  p u l s e  

to rques   is  given  by  an  i n t eg ra l   m u l t i p l e   of  t h e  n u m b e r  o f   pu l ses  .  

The  cogging  torque  p u l s a t i o n s   are  o b j e c t i o n a b l e   at  very  low  f r e -  

quencies   because  it   is  at  these  low  f r e q u e n c i e s   tha t   the  machine 

can  respond  to  the  harmonics  in  the  motor  current  ;   by  m o d u l a t i n g  

the  dc  l ink  c u r r e n t   Id,  the  harmonic  p u l s a t i o n s   are  s u b s t a n t i a l l y  

e l i m i n a t e d .  

The  torque  measuring  system  in  FIGS.  2  and  3  for  g e n e r a t i n g  

the  change  of  torque  signal   T e  c a l c u l a t e s   only  the  p u l s a t i n g   o r  

cogging  component  of  to rque ,   is  exact   and  independent   o f  c h a n g e s  

in  motor  p a r a m e t e r s ,   and  does  not  r e q u i r e   a d d i t i o n a l   search  o r  

flux  co i l s   in  the  machine.  For  f u r t h e r   i n f o r m a t i o n ,   r e f e r e n c e  

may  be  made  to  c o n c u r r e n t l y   f i l e d   a p p l i c a t i o n   ( a p p l i c a n t ' s   f i l e   n o .  

1 0 0 0 1 - R D - 8 9 7 3 )   e n t i t l e d   "Measurement  of  P u l s a t i n g   Torque  in  a 

Current   Source  I n v e r t e r   Motor  Drive" ,   and  ass igned   to  the  a s s i g n e e  

of  th i s   i n v e n t i o n .   Before  giving  the  equat ion   for  e l e c t r o m a g n e t i c  

torque  and  e x p l a i n i n g   the  t h e o r e t i c a l   basis   for  c a l c u l a t i n g   t h e  

feedback  s i g n a l ,   i t   is  mentioned  b r i e f l y   tha t   a n a l y s i s   of  t h e  

s teady  s t a t e   and  t r a n s i e n t   performance  of  a  balanced  t h r e e - p h a s e  

induc t ion   motor  is  s i m p l i f i e d   by  t r a n s f o r m i n g   the  t h r e e - p h a s e   ac  

q u a n t i t i e s   into  e q u i v a l e n t   two-phase  v a r i a b l e s   along  two  p e r p e n -  
d i c u l a r   axes,   r e f e r r e d   to  as  the  d i r e c t   (d)  axis  and  the  q u a d r a -  

ture   (q)  ax i s .   Thus,  in  FIG.  5,  the  wye-connected  t h r e e - p h a s e  

s t a t o r   winding  of  an  i nduc t ion   motor,  assuming  tha t   phase  w ind ing  

a  is  o p e n - c i r c u i t e d   while  phase  windings  b and  c  are  c o n d u c t i n g  

c u r r e n t ,   can  be  r ep laced   by  two  mutual ly   p e r p e n d i c u l a r   p h a s e  

windings  along  the  d  and  q  a x e s .  

In  per  u n i t ,   the  i n s t a n t a n e o u s   e l e c t r o m a g n e t i c   torque  can 

be  expressed   by  the  r e l a t i o n  

where  λ  m d   a n d  λ m q   a r e  t h e  d   and q  axes  a i r   gap  flux  l i n k a g e s  

mutua l ly   l i nk ing   the  s t a t o r   and  ro to r   windings ,   and  iqs  and  i d s  
are  the  q  and  d  axes  s t a t o r   c u r r e n t s .   Although  equat ion   (1)  

is  va l id   for  the  synchronous ly   r o t a t i n g   or  any  r o t a t i n g   r e f e r -  



w h e r e  t h e   s u p e r s c r i p t s   denotes  the  s t a t i o n a r y   r e f e r e n c e  f r a m e .  

It  can  be shown  t ha t   in  th i s   r e f e r e n c e  f r a m e   the  d - a x i - c a n   be  

loca ted   in  the  axis  of  maximum  c u r r e n t , .   i . e . .   maximum  MMF.  I n  

a  c u r r e n t   source  i n v e r t e r   motor  d r i v e ,   one  of  the  i n v e r t e r   o u t p u t  

phases  is  conduct ing   p o s i t i v e   c u r r e n t ,   one  phase  is  c o n d u c t i n g  

nega t ive   c u r r e n t ,   and  one  phase  is  " f l o a t i n g "   or  not  c o n d u c t i n g .  

Over  a  t yp ica l   i n t e r v a l ,   for  i n s t a n c e ,   over  the  300°  to  360°  

i n t e r v a l   of  FIGS.  4,  6,  and  7,  ia  =  0,  ib  =-Id ,   and  ic  =  Id.  I f  

the  q  axis  is  now  a l igned   with  phase  a  as  in  FIG.  5,  i t   can  be 

de termined   t h a t  

where  Id  is  the  dc  l ink   c u r r e n t .   Ir  t h i s   case ,   the  c u r r e n t   i n  

the  axis   normal  to  th i s   d i r e c t i o n ,   namely  the  q - a x i s ,   is  i d e n t i c -  

a l l y  z e r o  o r  

S u b s t i t u t i n g   equa t ions   (3)  and  (4)  into  ( 2 ) ,  

Equation  ( 5 )   i n d i c a t e s   a  means  of  c ' a l c u l a t i n g  t h e   i n s t a n -  

taneous  p u l s a t i n g   component  of  e l e c t r o m a g n e t i c  t o r q u e . B y   d e f i -  

n i t i o n ,   the  s t a t o r   c u r r e n t   component  I n  t h e  d - a x i s   (normal  t o  

the  q - ax i s )   is  Id.  In  g e n e r a l ,   o n e  o f  t h e  t h r e e - s t a t o r   p h a s e s  

is  always  zero  so  tha t   the  open  c i r c u i t  v o l t a g e   ac ross   t h i s  

phase  is  the  time  d e r i v a t i v e   of  the  f l u x  i n   th i s   ax i s .   I n t e g r a -  

t i o n  o f   th is   epen  c i r c u i t   vo l t age   y i e l d s   the  c - ax i s   f lux  which 

when  m u l t i p l i e d   with  the  o-axis   c u r r e n t , i . e . ,   the  dc  l i n k  

c u r r e n t   y i e l d s   the  t o r q u e .  



f o l l o w s .   At  any  one  t i m e ,  

windings   are  conduc t ing   and  the  c u r r e n t   in  the  other   is  z e r o .  
When  the  c u r r e n t   in  a  phase  winding  is  zero,   there   is  a  s i n u s o i d a l  

v o l t a g e   impressed  ac ross   the  winding  which  co r responds   to  the  a i r  

gap  v o l t a g e .   The  i n t e g r a l   of  th i s   vo l tage   is  the  motor  a i r   gap 
f lux .   I n s t a n t a n e o u s   torque  is  the  product   of  the  mutua l ly   p e r -  

p e n d i c u l a r   a i r   gap  f lux  and  s t a t o r   c u r r e n t ,   where  the  s t a t o r   c u r r e n t  

c o r r e s p o n d s   to  the  dc  l ink   c u r r e n t .   This  t echnique   computes  o n l y  

the  i n s t a n t a n e o u s   p u l s a t i n g   component  of  t o rque ,   and  does  not  com- 

pute  average  torque  because  the  point   of  s t a r t i n g   the  i n t e g r a t i o n  

is  a  f u n c t i o n   of  the  i n v e r t e r   t h y r i s t o r   swi tch ing   a n d  i s   a r b i t r a r y .  

The  shape  of  the  i n t e g r a l   is  the  p u l s a t i n g   component,  however,  and 

is  independent   of  the  average  value  of  t o r q u e .  

The  sensed  i n f o r m a t i o n   needed  to  c a l c u l a t e   the  i n s t a n t a n e o u s  

p u l s a t i n g   component  of  e l e c t r o m a g n e t i c   torque  by  means  of  the  com- 

p u t a t i o n   c i r c u i t   in  FIG.  3  is  i n d i c a t e d   in  FIG.  2.  The  i n s t a n t a n -  

eous  s i n u s o i d a l   vo l tage   ac ross   an  o p e n - c i r c u i t e d   phase  winding  i s  

sensed  at  the  motor  t e r m i n a l s   and  r e q u i r e s   b r ing ing   out  the  n e u t r a l  

N.  T rans fo rmers   15a,  15b  and  15c  are  connected  between  the  a p p r o -  

p r i a t e   motor  t e r m i n a l s   and  g e n e r a t e   s i g n a l s   ea,  eb,  and  ec.  The 

magnitude  of  the  s t a t o r   c u r r e n t   and  the  zero  c u r r e n t   i n t e r v a l s   i n  

each  motor  phase  winding  can  be  measured  d i r e c t l y   from  the  i n v e r t e r  

ou tpu t   c u r r e n t ,   but  it   is  more  conven ien t   to  sense  the  level  o f  

dc  l i nk   c u r r e n t   Id;  using  any  s u i t a b l e  s e n s o r   16,  and  to  p r o c e s s  
the  i n v e r t e r   t h y r i s t o r   ga t ing   pulses   to  gene ra t e   s i g n a l s   r e p r e s -  

e n t a t i v e   of  the  zero  c u r r e n t   i n t e r v a l s .  M o t o r   phase  winding  a 

is  s u p p l i e d   with  c u r r e n t   whenever  e i t h e r   of  s e r i e s - c o n n e c t e d  

t h y r i s t o r s   T1  and T4  is  c o n d u c t i v e ,   a n d  t h e r e   is  a  60°  p e r i o d  

in  each  ha l f   cycle   when  the  c u r r e n t   is  zero  (a lso   see  the  t i m i n g  

diagram  of  FIG.  6).  To  gene ra t e   a  s i g n a l ,   h e r e a f t e r   d e s i g n a t e d  

T1 ' ,   c o r r e s p o n d i n g   to  the  conduc t ion   i n t e r v a l   of  t h y r i s t o r   T l ,  

the  gate  pulse  for  T1  is  fed  to  the  set   inpu t ,   and  the  gage  p u l s e  

for  T3  to  the  r e s e t   i npu t ,   of  a  f l i p - f l o p   or  l a t ch   17 .  



t u r n - o n  

and  the  o ther   the  i n i t i a t i o n   of  t u r n - o f f   by  the ;  
mechanism,  are  fed   to  a  s e r i e s   of  f l i p - f l o p s  -  

to  g e n e r a t e  t h e   s i g n a l s   T 2 '  -   T 6 ' .  

phase  winding  during  the  zero  c u r r e r t   i n t e r v a l   which  c o r r e s p o n d s  

t o  t h e   motor  a i r   gap  v o l t a g e ,   and  t h e  i n t e g r a l   of  th i s   vo l t age   i s  

t h e   air gan  f u x .   By  mult iplaying  the  dc  l ink   c u r r e n t   Id by  f l u x ,  

the  p u l s a t i n g   component  of  torque  is  computed  but  not  the  a v e r a g e  

value.   Phase  winding  v o l t a g e s   ea,  eb,  and  ec  are  a p p l i e d ,   r e -  

s p e c t i v e l y ,   through  swi tches   Sl,  S2 ,  and   S3  to  an  i n t e g r a t o r   18 

which  is  r e s e t   a f t e r   each  commutation  by  means  of  a  r e s e t   s i g n a l  

der ived   in  i n v e r t e r   ga t ing   c i r c u i t   13.  The  o p p o s i t e   p o l a r i t y  

a i r  g a p   f lux  s i g n a l s   are  fed  d i r e c t l y   t h r o u g h  a   switch  S4,  o r  

through  an  i n v e r t e r   gate  19  and  switch  S5,  to  a  summing  c i r c u i t  

20.  The  summed  f lux  s i g n a l s   are  high  pass  f i l t e r e d   in  a  c a p a c i t o r  

21  (or  i t s   o p e r a t i o n a l   e q u i v a l e n t )   to  remove  the  dc  po r t i on   o f  

the  s i g n a l ,   and  the  f i l t e r e d   f lux  s i g n a l s   ( Δ λ )   are  m u l t i p l i e d  

with  dc  l ink  c u r r e n t   Id  in  a  m u l t i p l i e r   22.  The  c i r c u i t   o u t p u t  

is  the  p u l s a t i n g   component  of  e l e c t r o m a g n e t i c   torque  or  change  

of  torque  s i g n a l Δ T e .   FIGS.  7a-7d  i l l u s t r a t e   the  waveforms  a t  

severa l   s tages   in  the  computat ion  c i r c u i t .   The  f lux  s ignal   at  t h e  

i n t e g r a t o r   ou tpu t   is  a  c o s i n e   f u n c t i o n ,   and  c h a n g e s  p o l a r i t y   a t  

60°  i n t e r v a l s   as  t h e  i n t e g r a t o r  i s   r e s e t .   The  s i n u s o i d a l   i n s t a n -  

taneous  phase  winding  v o l t a g e s   are  s u c c e s s i v e l y  i n t e g r a t e d  d u r i n g  

the  i n t e r v a l   t h e  c u r r e n t   in  t h a t   phase  winding  i s  z e r o . A t   t h e  

summer  o u t p u t  t h e  f l u x   s i g n a l s   have  the  s a m e p o l a r i t y ,  a n d  h i g h  

pass  f i l t e r i n g   the  f lux  s i g n a l s   r e j e c t s   the  dc  component  .   If  t h e  

dc  l ink  c u r r e n t   Id  is  modulated  r a t h e r   than  being  c o n s t a n t ,   t h e  

modulat ion  also  shows  up  in  the  p u l s a t i n g   component  of  t o r q u e  

signal  Δ T e  .  

In  FIG  3 ,  s i g n a l s   Tl'  and  T4'  are  app l i ed   to  a  NOR  l o g i c  

gate  23,  which  produces  an  output   c l o s ing   switch  S1  dur ing   t h e  

nonconduct ing   i n t e r v a l s   of  t h y n i s t o r s   T1  and  T4  when  phase  w i n d -  

ing  a  is  o p e n - c i r c u i t e d .   The  t iming  diagram  in  FIG.  5  c l a r i f i e s  



the  o p e r a t i o n .   Swi t ch  eb  to  the  i n t e g r a t o r ,  

and  switch  S3  for  g a t i n g  c o n t r o l l e d  i n   the  same 

manner  by  o ther   NOR  ga tes .   At  the  i n t e g r a t o r   o u t p u t ,   s i g n a l s  

T1' ,   T3 ' ,   and  T5'  are  t h e  OR  logic  gate  24,  so  t h a t  

switch  S4  is  c losed  b y  a  c h y r i s t o r s   supply ing   p o s i -  

t ive   p o l a r i t y   c u r r e n t s   to  the  motor  phase  windings .   Switch  S5 

a s s o c i a t e d   with  i n v e r t e r   gate  19  is  c l o s e d ,   on  the  o the r   hand,  by 

the  conduc t ion   of  t h y r i s t o r s   supply ing   nega t i ve   p o l a r i t y   c u r r e n t s  

to  the  phase  windings .   In  the  case  t ha t   the  ga t ing   pu lses   are  c o -  

e x t e n s i v e   with  the  conduc t ion   of  the  t h y r i s t o r s ,   i t   will   be  r e c o g -  

nized  t h a t   the  ga t ing   pulses   can  be  a p p l i e d   d i r e c t l y   to  NOR  g a t e s  

23  and  OR  gates  24.  I n t e g r a t o r   18,  summer  20,  and  m u l t i p l i e r   22 

are  p r e f e r a b l y   implemented  by  o p e r a t i o n a l   a m p l i f i e r   c i r c u i t r y ,  

but  any  conven t iona l   components  can  be  u s e d .  

The  change  of  i n s t a n t a n e o u s   torque   feedback  s ignal   Δ T e  

is  a lso  der ived   by  measur ing  the  ac tual   torque  developed  by  t h e  

motor  and  f i l t e r i n g   to  r e j e c t   the  dc  component.  One  basic  scheme 

is  shown  in  FIG.  8.  In  th i s   i m p l e m e n t a t i o n ,   the  d-q  axis  c u r r e n t s  

are  computed  a s  

The  d-q  axis  a i r   gap  f luxes   are  computed  by  l o c a t i n g   search  c o i l s  

in  the  e f f e c t i v e   d-q  axes  of  the  machine.   The  c o i l s   may  be  c o n -  

c e n t r a t e d   around  one  tooth  or  d i s t r i b u t e d   in  order   to  e l i m i n a t e  

v o l t a g e s   due  to  s a t u r a t i o n   and  r o t o r   tooth   harmonics .   The 

search  c o i l s   produce  a  vo l t age   which  is  then  i n t e g r a t e d   to  p r o -  
duce  the  two  flux  s i g n a l s .   Having  computed  the  c u r r e n t   and  f l u x  

s i g n a l s ,   the  torque  is  then  c a l c u l a t e d   by  means  o f  t h e   e q u a t i o n  

where  P  is  the  number  of  p o l e s .  



The  c u r r e n t   s i g n a l s   in  Equat ions   (6)  and  (7)  a re   g e n e r a t e d  

by  c u r r e n t   t r a n s f o r m e r s   33  and  34,  both  having  secondary   w i n d i n g s  

with  N  t u r n s ;   in  the  l a t t e r ,   the  two  s i n g l e   turn  pr imary   w i n d i n g s  

are  in  the  opposing  sense  and  the  ou tpu t   s igna l   i c s  -   ibs  is  p a s s e d  

through  a  p r o p o r t i o n a l   gain   c i r c u i t   35.  Search  c o i l s   36  and  37 

are  l oca t ed   in  the  e f f e c t i v e  of  the  machine  wound 

about  one  or  more  s t a t o r  v o l t a g e s   p r o p o r t i o n a l  

to  a i r   gap  f lux  which  a r e  by  i n t e g r a t o r s   38  and  39  t o  

provide   a  d - a x i s   and  a  f lux  s i g n a l .   To  c a l c u l a t e   the  e l e c t r o -  

magnet ic   torque   Te m u l t i p l i e r s   40  and  41 

r e s p e c t i v e l y   have  t h e  c u r r e n t   and  f lux  s i g n a l s   i n p u t s ,  

and  the  p roduc t s   a r e  through  gain  c i r c u i t s   42  and  43  and  

then  a l g e b r a i c a l l y  in  a  summer  44.  The  average   torque   o r  

dc  component  of  s ignal   Te  is  r e j e c t e d   by  a  high  pass  f i l t e r   c a p a c i -  

tor   45  (or  i t s   o p e r a t i o n a l   e q u i v a l e n t ) ,   l e av ing   only  the  p u l s a t i n g  

component  of  torque  or  change  of  i n s t a n t a n e o u s   to rque   s i g n a l i Δ T e .  

For  braking  made  o p e r a t i o n ,   i t   is  n e c e s s a r y   to  change  the  p o l a r i t y  

o f Δ T e  by of  an  i n v e r t e r   46.  To  g e n e r a t e   f lux  a m p l i t u d e  

s i g n a l λ m ,   a  r e c t i f i e r   and  f i l t e r   c i r c u i t   47  has  as  inputs   λmqS 

a n d   THe search   c o i l s   and  i n t e g r a t o r s   may  be  as  t augh t   i n  

United  S t a t e s   Pa t en t   4 ,011 ,489   to  J .P .   Franz  and  A.B.  P l u n k e t t ,  

ass ignee   to  the  a s s i g n e e   of  t h i s   i n v e n t i o n .  

The  c i r c u i t r y   for  c a l c u l a t i r g   torque  s ignal   Te  in   FIG.  8  i s  

the  claimed  s u b j e c t   ma t t e r   of  United  S t a t e s   Pa ten t   4 ,023 ,083   t o  

A.B.  P l u n k e t t ,   e n t i t l e d   "Torque  Regu la t ing   Induc t ion   Motor  S y s t e m " ,  

a s s igned   to  the  same  a s s ignee   as  t h i s   i n v e n t i o n ,   the  d i s c l o s u r e  

of  which  is  i n c o r p o r a t e d   he re in   by  r e f e r e n c e .   In  t h a t   p a t e n t ,  

however ,  the  torque  measur ing  c i r c u i t   i n c l u d e s   means  for  s m o o t h i n g  

out  torque  r i p p l e   so  t h a t   an  average   value  of  to rque   f e e d b a c k  

signal   is  d e r i v e d .   In  the  p r e s e n t   i n v e n t i o n   a  high  pass  f i l t e r  

is  used  to  de r ive   the  change  of  torque  s i g n a l Δ T e   which  is  f e d  

back  in  such  manner  as  to  r e g u l a t e   th i s   q u a n t i t y   of  z e r o .  



drive  desc r ibed   and  claimed  in  U.S.  P a t e n   4 ,088,334  a s s i g n e d  

to  the  same  a ss ignee   as  th is   i nven t ion .   In  chis  control   t r a t e g y  
the  f requency  of  the  s t a t o r   e x c i t a t i o n   is  c o n t r o l l e d   as  a  f u n c t i o n  

of  the  torque  angle  feedback  signal .   Torque  r e g u l a t i o n   is  e n t i r e l y  

in  a  fas t   response  r e g u l a t i n g   loop  for  de te rmin ing   the  o p e r a t i n g  

f requency  of  the  c o n t r o l l e d   c u r r e n t   i n v e r t e r   and  t h e r e f o r e   t h e  

fundamental  s t a t o r   e x c i t a t i o n   f requency .   The  command  signal   i n  

the  slow  response   r e g u l a t i n g   loop  for  de t e rmin ing   the  r e c t i f i e r  

output   v o l t a g e ,   and  t h e r e f o r e   the  level  of  dc  l ink  c u r r e n t ,   can  

take  var ious   forms  and  is  i l l u s t r a t e d   as  r e p r e s e n t i n g   a  d e s i r e d  

magnitude  of  s t a t o r   e x c i t a t i o n .   With  the   a d d i t i o n   of  the  decogg ing  

feedback  c o n t r o l ,   the  change  of  i n s t a n t a n e o u s   torque  f e e d b a c k  

s ignal   is  summed  with  the  command  s ignal   e x c i t a t i o n   magnitude  o r  

a l t e r n a t i v e l y   with  a  signal  r e p r e s e n t i n g   the  e r ro r   between  d e s i r e d  

and  ac tual   magnitudes  of  e x c i t a t i o n   and  the  r e s u l t i n g   signal   i s  

processed   by  a  r e g u l a t o r   and  fed  to  a  r e c t i f i e r   gate  pulse  g e n e r a -  

tor  to  cont ro l   the  r e c t i f i e r   output   vo l tage   Vd  appl ied   to  the  dc 

l i n k .  

In  the  absence  of  the  change  of  torque  feedback  signal  d e s -  

cr ibed  he re in ,   there   are  la rge   cogging  t o r q u e s ,   e s p e c i a l l y   as  t h e  

machine  approaches   zero  speed.  With  the  feedback  s i g n a l ,   on  t h e  

other   hand,  the  p u l s a t i n g   component  of  torque  is  g r e a t l y   d i m i n i s h e d  

a l though  the  ne t  sys tem  performance  is  s u b s t a n t i a l l y   the  same.  As 

was  exp la ined   in  the  d i s c u s s i o n   of  FIG.  1,  switch  29  is  opened  a t  

a  p u l s a t i n g   torque  f requency   of  about  30  Hz,  because  the  d e t r i m e n t a l  

cogging  torque  p u l s a t i o n s   are  not  p r e sen t   at  h igher   speeds  and  by 

d i s c o n n e c t i n g   the  change  of  torque  feedback  s ignal   the  motor  d r i v e  

system  makes  the  proper  response   to  torque  p u l s a t i o n s   occur r ing   a t  

the  higher   motor  speeds.   S ignal  ΔTe  is,   of  course ,   genera ted   a t  

the  higher   motor  speeds  and  would  be  fed  back  unless   switched  o u t  

and  i n t e r a c t   with  the  torque  r e g u l a t i n g   loop  in  a  d e t r i m e n t a l  

manner .  



d r i v e  

compr is ing   a  v o l t a g e   c o n v e r t e r   (10,11 ,12)  i s  c o n n e c t e d  b y   way  of  a 

dc  l ink   (11)  i n c l u d i n g   a  smoothing  i n d u c t o r   (11)  t o  a  c o n t r o l l e d  

(14),   the  con t ro l   system  i n c l u d i n g   means  (32)  for  vary ing   the  m a g -  
n i tude   of  the  v o l t a g e   app l ied   to  the  dc  l ink   by  said  vo l t age   c o n -  

v e r t e r   improved  means  for  reduc ing   cogging  torque  in  said  m o t o r  

c o m p r i s i n g  

means  for  g e n e r a t i n g   (27)  a  charge  of  i n s t a n t a n e o u s   t o r q u e  

feedback  s ignal   t h a t   is  a  f u n c t i o n   of  only  the  i n s t a n t a n e o u s   p u l -  

s a t i ng   component  of  e l e c t r o m a g n e t i c   to rque   and  which  has  no  dc  com- 

ponent ,   and 

means  (28)  for   p r o v i d i n g   said  to rque   feedback  s ignal   as  a 

c o r r e c t i o n   term  to  said  means  for  vary ing   the  magni tude  of  t h e  

vo l t age   app l i ed   tc  the  dc  l ink   to  t he reby   e f f e c t   a  r e d u c t i o n   i n  

cogging  torque  p u l s a t i o n s .  

2.  The  con t ro l   system  acco rd ing   to  claim  1,  f u r t h e r   i n c l u d e s  

switch  means  (29)  for   d i s c o n n e c t i n g   said  change  of  to rque   s i g n a l  i n  

r e sponse   to  the  s w i t c h i n g   f requency   of  said  i n v e r t e r   i n c r e a s i n g   t o  

at  l e a s t   a  p r ede t e rmined   low  f r equency   above  which  a  decogging  f e e d -  

back  con t ro l   is  not  n e e d e d .  

3.  The  con t ro l   system  acco rd ing   to  claim  2,  wherein  s a i d  

means  fcr   g e n e r a t i n g   a  change  of  to rque   feedback   s igna l   c o m p r i s e s  

means   (Fig.  4  l e f t   s ide   input )   coupled  to  the  m o t o r  f o r   p r o d u c i n g  

a  s ignal   i n d i c a t i v e   of  the  i n s t a n t a n e o u s   to rque   a c t u a l l y   d e v e l o p e d  

and means  (21)  for   f i l t e r i n g   said  ac tua l   torque   s i g n a l  

to  remove  the  dc  componen t .  

4 .  t h e  c o n t r o l   system  acco rd ing   to  c l a i m  1 ,   wherein  s a i d  

means  f o r  g e n e r a t i n g   a  change  of  t o rque   feedback  s ignal   c o m p r i s e s  

means  c o u p l e d  t o   the  motor  for  p roducing   a  s ignal   i n d i c a t i v e   of   the 

i n s t a n t a n e o u s  t o r q u e   a c t u a l l y   developed  by  the  motor,   and  means 

for  f i l t e r i n g   said  ac tua l   torque  s ignal   to  remove  the  dc  componen t ,  

means  for  g e n e r a t i n g   a  s ignal   r e p r e s e n t i r g   the  sensed  v a l u e  

(Id)  of  a  s e l e c t e d   motor  pa rameter   to  be  c o n t r o l l e d ,  



s a i d  m e a n s   f o r  of  torque  s jgnal   as  a 

c r r e c t i o n  t e r m   to  said  vo l tage   varying  means  compr is ing   means 

for   summing  (30)  said  chance  of  to rque   s ignal   with  a  s ignal   r e -  

p r e s e n t i n g   a command  v a l u e  motor  parameter   and 

s a i d   s igna l   r e p r e s e n t i n g   the  sensed  a ' u e   of  the  s e l e c t e d   m o t o r  

parameter   t o ;  t he reby   gene ra te   an  e r r o r   s ignal   for  c o n t r o l l i n g   s a i d  

vo l t age   c o n v e r t e r   and  the  output   v c l t a g e   t h e r e o f ,   and 

switch  means  (29)  for  d i s c o n n e c t i n g   and  connec t ing   s a i d  

change  of  torque  s ignal   at  a  p r ede t e rmined   low  f requency   above  

which  a  decogging  feedback  cont ro l   is  not  n e e d e d .  

5.  The  con t ro l   system  accord ing   to  claim  l , w h e r e i n   s a i d  

means  for  g e n e r a t i n g   a  change  of  torque  feedback  s ignal   c o m p r i s e s  

means  (36,37)  coupled  to  the  motor  for  producing  a  s ignal   r e p r e -  

s e n t i n g   sensed  a i r   gap  f lux  and  a  s ignal   i n d i c a t i v e   of  the  i n s t a n -  

taneous  torque  a c t u a l l y   developed  by  the  motor,   and  means  (47)  

for  f i l t e r i n g   said  ac tua l   torque  s ignal   to  remove  the  dc  componen t ,  

said  means  for  p rov id ing   said  change  of  to rque   s ignal   as  a  - 

c o r r e c t i o n   term  to  said  vo l t age   varying  means  compr is ing   means  f o r  

summing  (30)  said  change  of  to rque   s ignal   with  a  s ignal   r e p r e s e n t i n g  

a  command  value  of  motor  a i r   gap  flux  and  said  s ignal   r e p r e s e n t i n g  

sensed  a i r   gap  f lux  to  t he reby   gene ra te   an  e r r o r   s ignal   for  c o n t r o l -  

l ing  s a i d  v o l t a g e   c o n v e r t e r   and  the  ou tpu t   vo l t age   t h e r e o f .  

6 .  T h e  c o n t r o l   system  accord ing   to  claim  1,  wherein  s a i d  

m e a n s  f o r  g e n e r a t i n g   a  change  of  torque  feedback  s ignal   c o m p r i s e s  

means  ( 2 7 ) ) , c o u p l e d  t o   the  motor  for  producing  a  s ignal   i n d i c a t i v e  

o f  t h e  i n s t a n t a n e o u s   torque  a c t u a l l y   developed  by  the  motor,   and  

means  for  f i l t e r i n g   (21)  said  ac tua l   torque  s i g n a l t o  r e m o v e   t h e  

dc  component ,   e v e n s  
said  means  for   p r o v i d i n g  s a i d   change  o f  t o r q u e   s ignal   as  a 

c o r r e c t i o n   term  to  said  vo l t age   varying  m e a n s  c o m p r i s i n g   means  f o r  

summing  (30)  said  change  of  torque   s ignal   with  a  s i g n a l   r e p r e s e n t -  

ing  a  command  value  of  ac tua l   motor  t o r q u e  a n d  t h e   s ignal   r e p r e -  

s en t i ng   sensed  ac tua l   motor  torque  to  t h e r e b y  g e n e r a t e   an  e r r o r  

s ignal   for  c o n t r o l l i n g   said  vo l t age   c o n v e r t e r   a n d  t h e   ou tpu t   v o l -  

tage  t h e r e o f .  



7.  The  con t ro l   system  acco rd ing   to  claim  1,  wherein  s a i d  

vo l t age   c o n v e r t e r   (10)  is  connected   by  way  of  a   dc  l ink   i n c l u d i n g  

a  smoothing  i nduc to r   to  a  c o n t r o l l e d   c u r r e n t   polyphase   br idge   i n -  

v e r t e r   for  producing  o u t p u t  with  the  dc  l ink   c u r r e n t   mag- 
n i tude   and  a  v a r i a b l e   f r equency   to  be  fed  to  the  ac  motor,   s a i d  

means  for  reducing   cogging  to rque   in  said  motor  c o m p r i s e s  

means  ( inpu t   to  27)  for  g e n e r a t i n g   sensor   s i g n a l s  e f f e c t -  

ive ly   r e p r e s e n t i n g   t h e  of  the  c u r r e n t   fed  to  the  m o t o r  

phase  wind ings ,   the  zero  c u r r e n t   i n t e r v a l s   in  each  phase  w i n d i n g ,  

and  the  i n s t a n t a n e o u s   vo l t age   ac ross   each  phase  w i n d i n g ,  

a  computa t ion   c i r c u i t   (18)  for  p r o c e s s i n g   said  sensor   s i g n a l s  

and  d e r i v i n g   a  change  of  i n s t a n t a n e o u s   torque   feedback  s ignal   t h a t  

is  a  f u n c t i o n   of  only  the  i n s t a n t a n e o u s   p u l s a t i n g   component  of  e l e c -  

tomagne t i c   torque  and  from  which  the  dc  component  has  been  r emoved .  

8.  The  method  for  reduc ing   cogging  torque  in  an  ac  m o t o r  

having  a  conurol  system  compr i s ing   a  v o l t a g e   c o n v e r t e r   which  i s  

connected   by  way  of  a  dc  l ink   i n c l u d i n g  a   smoothing  i n d u c t o r   t o  

a  c o n t r o l ' e d   c u r r e n t   i n v e r t e r   for  p roducing   ou tpu t   c u r r e n t   w i t h  

t h e  :  c u r r e n t   magnitude  and  a  v a r i a b l e   f r equency   to  be  f e d  

to  the  ac  motor,   the  con t ro l   system  i n c l u d i n g   means  for   v a r y i n g  

the  magnitude  of  the  vo l t age   a p p l i e d   to  the  dc  l i nk   by  said  v o l t -  

age  c o n v e r t e r ,   said  method  compr is ing   t h e  

g e n e r a t i n g   a  feedback  s igna l   t h a t   is  a  f u n c t i o n   of  only  t h e  

i n s t a n t a n e o u s   p u l s a t i n g   component  of  e l e c t r o m a g n e t i c   to rque   and  

from  which  any  dc  component  has  been  r emoved ,  

p rov id ing   said  feedback  s ignal   as  a  c o r r e c t i o n   term  t o  s a i d  

means  for  varying  the  magnitude  of  the  vo l t age   a p p l i e d   to  the  dc  

l i n k  t o   the reby   e f f e c t   a  r e d u c t i o n   in  cogging  to rque   p u l s a t i o n s ,  

and 

swi tch ing   out  said  f e e d b a c k - s i g n a l   at  a  p r e d e t e r m i n e d   low 

f requency   above  which  a  decogging  feedback  con t ro l   is  not  n e e d e d .  

9.  The  method  accord ing   to  claim  8,  wherein  the  s tep  o f  

a  feedback  s igna l   is  performed  by  sens ing   the  i n v e r t e r  

ou tpu t   c u r r e n t   and  motor  a i r  g a p   f lux  and  d e r i v i n g   t h e r e f r o m   a  
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