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This  i n v e n t i o n   r e l a t e s   to  a  c i r c u i t   and  method  for  m e a s u r i n g  

p u l s a t i n g   torque  in  ac  motors  o p e r a t i n g  f r o m   a  c u r r e n t   source  i n v e r -  

t e r ,   and  more  p a r t i c u l a r l y   to  a  scheme  for   the  o n - l i n e   c o m p u t a t i o n  

of  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   t o r q u e  

wi thou t   the  need  for   search  or  f lux  sens ing   c o i l s   in  the  m a c h i n e .  

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 i o n   d r ive   systems  r e q u 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  t o rque .   The  development   o f  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  wind ings ,   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 n d u c t i o n   m o t o r  

d r i v e s .   One  of  the  w e a k n e s s e s  o f   p r e s e n t   con t ro l   s t r a t e g i e s   is  t h a t  

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

e l e c t r o m a g n e t i c   torque  can  be  severe   at  v e r y  l o w  m a c h i n e   f r e q u e n c i e s  

and  r e s u l t   in  i n s t a b i l i t i e s   and  uneven   runn ing .   For  a  s i x - p u l s e ,  

polyphase  fu l l   wave  br idge  i n v e r t e r ,   to rque   r i p p l e   occurs  because  o f  

the  p resence   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   harmonic  compo- 

nents  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   to  the  f u n d a -  

mental  motor  f r equency .   The  torque   p u l s a t i o n s   are  e s p e c i a l l y   t r o u -  

blesome  upon  s t a r t i n g   up  or  when  pass ing   through  zero  speed  to  r e -  

verse  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  m o d u l a t i n g  

the  input   dc  c u r r e n t   fed  to  the  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 e m p e r a t u r e   and  f r e - ,  

quency  so  t h a t  a c t u a l   r e a l - t i m e   measurement  o f  t h e   p u l s a t i n g   t o r q u e  

and  c l o s e d - l o o p   feedback  con t ro l   is  n e c e s s a r y   for  the  p r e c i s e   r e g u l a -  

t ion  of  torque  r a t h e r   than  r e l y i n g   on  open  loop  compensa t ion .   A 

closed  loop  t echn ique   for  reduc ing   torque   r i p p l e   which  r e q u i r e s   t h e  



c o n t i n u o u s   c a l c u l a t i o n   of  torque  from  the  sensed  m o t o r  v o l t a g e  

and  c u r r e n t   is  d i s c l o s e d   in  United  S t a t e s   Pa t en t   3 ,919 ,609   t o  

Klau t schek   et  a l ,   however  the  t o r q u e  c a l c u l a t e d   in  t h i s   case  i s  

the  t o t a l   or  sha f t   plus  p u l s a t i n g   t o r q u e .   Other  p r i o r   a r t   t e c h n i -  

ques  for   c a l c u l a t i n g   to rque   are  f lux  c o i l s   embedded  in  the  s t a t o r  

s l o t s   of  the  machine.  The  p r e s e n t   i n v e n t i o n   r e a l i z e s   means  for   c a l -  

c u l a t i n g   only  the  i n s t a n t 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  

t o r q u e ,   which  is  exac t   and  independen t   of  changes  in  motor  p a r a -  
meters   and  is  implemented  by  the  sens ing   of  r e a d i l y   a v a i l a b l e   c u r -  

. r en t s   and  motor  t e rmina l   v o l t a g e s .  

It  is  an  o b j e c t   of  the  i n v e n t i o n   to  p rov ide   a  c i r c u i t   wh ich  

c a l c u l a t e s   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  torque   for  u s e  

as  a  cogging  feedback   s igna l   to  s t a b i l i z e   ac  motor  at  low  f r e q u e n -  

c i e s .  

In  an  i n d u c t i o n   machine  ope ra t ed   from  a  po lyphase   c u r r e n t  

source  i n v e r t e r   t h a t   s u p p l i e s   noncon t inuous   r e c t a n g u l a r   c u r r e n t s  

to  the  s t a t o r   w i n d i n g s ,   t he re   is  an  i n s t a n t a n e o u s   v o l t a g e   ac ross   a n  

o p e n - c i r c u i t e d   s t a t o r   p h a s e  w i n d i n g   which  c o r r e s p o n d s   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   v o l t a g e   is  the  motor  a i r   gap  f l u x .  

I n s t a n t a n e o u s   to rque   is  the  p roduc t   of  the  m u t u a l l y   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 ,   which  in  the  case  of  a  c u r r e n t  

source  i n v e r t e r   i s  e a s i l y   measured  by  s ens ing   the  dc  l ink   or  i n -  

v e r t e r   input   c u r r e n t   (or  by  sens ing   the  i n v e r t e r   ou tpu t   c u r r e n t ) .  

Thus,  o n - l i n e   computa t ion   of  the  p u l s a t i n g   component  of  torque  i s  

r e a l i z e d   w i thou t   r e q u i r i n g   search   c o i l s   in  the  machine.   The  method  

and  c i r c u i t   for  measur ing  r i p p l e   torque   are  a p p l i c a b l e   also  t o  

snychronous   machines  and  to  load  commutated  synchronous   m a c h i n e s .  

In  the  exemplary   embodiment,   the  p u l s a t i n g   to rque   m e a s u r i n g  

c i r c u i t   i nc ludes   means  f o r  ' g e n e r a t i n g   s i g n a l s   r e p r e s e n t a t i v e   o f  

the  i n v e r t e r   input   c u r r e n t ,   the  zero  c u r r e n t   i n t e r v a l s   in  e a c h  

phase  wind ing ,   and  the  i n s t a n t a n e o u s   v o l t a g e   ac ross   each  p h a s e  

winding  sensed  at  the  motor  t e r m i n a l s .   A  p u l s a t i n g  t o r q u e   com- 

p u t a t i o n   c i r c u i t  c o m p r i s e s   means  for  s u c c e s s i v e l y   i n t e g r a t i n g  



each  phase  winding  vo l tage   during  the  i n t e r v a l   the  c u r r e n t   i n  

tha t   winding  is  zero  to  the reby   produce  s i g n a l s   r e p r e s e n t a t i v e  

of  motor  a i r   gap  f lux;   means  for  a l t e r n a t e l y   i n v e r t i n g   and 

summing  the  oppos i t e   p o l a r i t y   f lux  s i g n a l s ;   means  for  h i g h  

pass  f i l t e r i n g   the  summed  flux  s i g n a l s   to  r e j e c t   the  dc  p o r t i o n ;  

and  means  for  m u l t i p l y i n g   the  f i l t e r e d   f lux  s i g n a l s   by  the  dc 

l ink  c u r r e n t   s ignal   to  genera te   an  ou tput   r e p r e s e n t i n g   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   t o r q u e .  
To  con t ro l   swi tch ing   in  the  computat ion  c i r c u i t ,   the  g a t i n g  

s i g n a l s   for  the  i n v e r t e r   t h y r i s t o r s   are  processed   to  d e r i v e  

s i g n a l s   co r r e spond ing   to  the  conduct ion   i n t e r v a l s   of  the  t h y r i s t o r s  

which  are  in  turn  app l ied   to  logic   g a t e s .  
The  inven t ion   will  become  more  r e a d i l y   apparen t   from  t h e  

fo l lowing   d e s c r i p t i o n   of  a  p r e f e r r e d   embodiment  t h e r e o f   shown, 

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

FIG.  1  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  

o f  t h e   i n v e n t i o n ,   showing  the  t h r e e - p h a s e   s t a t o r   windings  of  an 

i n d u c t i o n   motor  and  the  e q u i v a l e n t   two-phase  windings  a l o n g  t h e  

d i r e c t   (d)  and  quadra tu re   (q)  a x i s ;  

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

rent   i nduc t ion   motor  dr ive   system  with  the  a d d i t i o n   of  s e n s o r s  

accord ing   to  the  exemplary  embodiment  of  t h i s   i n v e n t i o n ;  

FIG.  3  is  a  block  diagram  of  the  p r e f e r r e d   form  of  p u l s a t i n g  

torque  computat ion  c i r c u i t ;  

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   output   and  input   c u r -  

rent   waveforms  assuming  the  input  c u r r e n t   is  c o n s t a n t ;  

FIG.  5  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  the  swi tches   in  FIG.  3;  and 

FIGS.  6a-6d  show  the  flux  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  p u l s a t i n g   t o r q u e  

component  s ignal   at  the  o u t p u t .  

Before  giving  the  equa t ion   for  e l e c t r o m a g n e t i c   torque   a n d  

e x p l a i n i n g   the  bas is   of  the  i nven t ion   from  a  t h e o r e t i c a l   s t a n d -  

po in t ,   i t   is  mentioned  b r i e f l y   tha t   the  a n a l y s i s   of  the  s t e a d y  

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  



i n d u c t i o n   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  a x e s ,   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.  1,  the  wye-connected   t h r e e - p h a s e  

s t a t o r   winding  of  an  i n d u c t o r   motor,   assuming  t ha t   phase  w i n d i n g  

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 e p l a c e d  b y   two  mutua l ly   p e r p e n d i c u l a r   phase  w ind -  

ings  along  the  q  and  d  axes.   E l e c t r o m a g n e t i c   torque  is  due  t o  

the  super imposed  i n t e r a c t i o n s   o f  t h e   d - ax i s   magnet ic   f i e l d   c r o s s -  

coupled  with  q -ax i s   magnetomotive  force   and  the  q - ax i s   m a g n e t i c  

f i e l d   c r o s s - c o u p l e d   with  d -ax i s   magnetomotive  fo rce .   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  U.S.  Pa ten t   4 , 0 8 8 , 9 3 4  

a s s igned   to  the  s a m e  a s s i g n e e   as  t h i s   i n v e n t i o n .  

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  c a n  

be  exp res sed   by  the  r e l a t i o n  

where λ md  and λ mg  are  the  d  and  q  axes  a i r   gap  f lux  l i n k a g e s  

mu tua l ly   l i n k i n g   the  s t a t o r   and  r o t o r   w ind ings ,   a n d  i q s  a n d  i d s  

are  the  d  and  q  axes  s t a t o r   c u r r e n t s .   Although  equa t ion   (1)  i s  

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 e n c e  

frame,  i t   is  va l id   in  p a r t i c u l a r   when  the  r e f e r e n c e   frame  i s  

s t a t i o n a r y .   That  i s  

where  the  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 h a t   i n  t h i s   r e f e r e n c e   frame,  the  d - a x i s   can  be  

l oca t ed   i n  t h e   axis   of  maximum  c u r r e n t ,   i . e . ,   maximum  MMF.  I n  

a  c u r r e n t   s o u r c e  i n v e r t e r   motor  d r i v e ,   one  of  these   i n v e r t e r   o u t -  
phases  is  condut 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 ;  

n e g a t i v e   c u r r e n t ,   and  one  p h a s e  i s   " f l o a t i n g "   or  not  c o n d u c t i n g .  

Over  a  t y p i c a l   i n t e r v a l ,   for   example  over  the  300°  to  3600 



i n t e r v a l   of  FIGS.  4,  5,  and  6,  ia=0,  ib=  - I d '   i c - I d .   If  t h e  

q  axis   is  now  a l igned   with  phase  a  as  in  FIG.  1,  it  can  be  

de termined  t h a t  

where  Id  is  the  dc  l ink   or  i n v e r t e r   input   c u r r e n t .   In  th i s   c a s e ,  

the  c u r r e n t   in  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   zero  o r  

S u b s t i t u t i n g   equa t i ons   (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   the  i n s t a n t a n -  

eous  p u l s a t i n g   conponent  of  e l e c t r o m a g n e t i c   t o rque .   By  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  in  the  d - ax i s   (normal  to  the  q - a x i s )  

is  Id.  In  gene ra l ,   one  of  the  th ree   s t a t o r  p h a s e s   is  always  z e r o  

so  tha t   the  open  c i r c u i t   vo l t age   across   t h i s   phase  is  the  t i m e  

d e r i v a t i v e   of  the  f lux  in  th i s   ax i s .   I n t e g r a t i o n   of  t h i s   open 

c i r c u i t   vo l tage   y i e l d s   the  q -ax i s   f l u x  w h i c h   when  m u l t i p l i e d  

with  the  d -ax is   c u r r e n t ,   i . e . ,   the  dc  l ink   or  i n v e r t e r   i n p u t  

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

A  s imp le r ,   i n t u i t i v e   e x p l a n a t i o n   of  the  i nven t ion   is  a s  

fo l l ows .   At  any  one  t ime,  changing  at  60°  i n t e r v a l s ,   two  p h a s e  

windings  are  conduct ing   and  the  c u r r e n t   in  the  o the r   is  z e r o .  

When  the  c u r r e n t   in  a  phase  winding  is  zero ,   the re   is  a  s i n u s o i -  

dal  vo l tage   impressed  ac ross   the  winding  which  c o r r e s p o n d s   t o  

the  a i r   gap  vo l t age .   The  i n t e g r a l   of  t h i s   vo l t age   is  the  m o t o r  

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  m u t u a l l y  

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   cor responds   to  the  dc  l ink   c u r r e n t .   This  t e c h n i q u e  

computes  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  t o r q u e ,  



and  does  not  compute  average  torque  because  the  po in t   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   s w i t c h i n g  
and  is  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   com- 

ponent ,   however,  and  is  independent   of  the  average  value  of  t o r q u e .  
FIGS.  2  and  3  d e p i c t   the  p r e f e r r e d   implementa t ion   of  t h e  

c i r c u i t   and  method  for  measuring  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  e l e c t r o m a g n e t i c   torque  for  use  as  a  cogging  f e e d b a c k  

v a r i a b l e   in  a n  a d j u s t a b l e   f r equency ,   c u r r e n t   source  i n v e r t e r ,  

i n d u c t i o n   motor  d r i v e .  

In  FIG.  2,  the  c u r r e n t   source  is  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  which  s u p -  

p l i e s   a d j u s t a b l e   r e c t i f i e d   ou tpu t   vo l t age   to  a  smoothing  i n d u c t o r  

11  in  the  dc  l ink   to  con t ro l   the  i n v e r t e r   input   c u r r e n t   Id.  Cur -  

ren t   source  i n v e r t e r   12  is  a  polyphase   t h y r i s t o r   br idge  i n v e r t e r  

such  as  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  Pa ten t   3,980,941  to  R.F.  Gr i ebe l ,   a s s igned   to  the  a s s ignee   o f  

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   h e r e i n  

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   d e -  

sign  g e n e r a t e s   ga t ing   s i g n a l s   t o  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  order   of  t h e i r   numbering.  The  commutation  d e t a i l s   a r e  

not  shown,  but  I n  t h e   a u t o s e q u e n t i a l  c o m m u t a t e d   i n v e r t e r   a  c o n -  

duc 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  mechanism  upon  supply ing   a  ga t ing   pulse  to  the  n e x t  

t h y r i s t o r   in  sequence  in  the  p o s i t i v e   bank  or  nega t ive   bank,  and 

b lock ing  d iodes   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  commutating  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  

i nduc t ion   motor  or  o ther   polyphase   motor.  This  i n v e r t e r   has  t h e  

c a p a b i l i t y   of  commutating  under  l i g h t   load,   permi ts   motor  r e v e r s -  

ing  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   under  braking  mode  c o n d i t i o n s   to  r e tu rn   power  to  t h e  

supply  provided  t ha t   phase  c o n t r o l l e d   r e c t i f i e r   10  is  o p e r a t e d  

as  a  l ine   commutated  i n v e r t e r .   Other  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  

are  known  in  the  a r t   and  can  be  used  in  the  p r a c t i c e   of  the  i n v e n -  

t i o n ,   i n c l u d i n g   the  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   and  the  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 .  

FIG.  4  i l l u s t r a t e s   the  i d e a l i z e d   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   output   c u r r e n t s   ia,   ib,  and  ic ,   assuming  tha t   the  dc 

l ink  or  input  cu r r en 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   s u p p l i e d  

to  each  phase  winding  14s  of the  i nduc t ion   motor,  of  c o u r s e ,  

cor responds   to  the  i n v e r t e r   output   c u r r e n t   and  has  the  same  mag- 
n i tude  as  the  dc  l ink  c u r r e n t   Id;  since  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   opera te   to  switch  the  dc  l ink  c u r r e n t   among  the  t h r e e  

output   l i n e s .   It  is  ev iden t   tha t   a d j u s t i n g   the  r e c t i f i e r   o u t p u t  

vol tage   changes  the  magnitude  of  the  dc  l ink  c u r r e n t   and  t h u s  

the  s t a t o r   c u r r e n t ,   while  a d j u s t i n g   the  i n v e r t e r   o p e r a t i n g   f r e -  

quency  changes  the  s t a t o r   e x c i t a t i o n   f requency .   Feedback  l o o p s  

for  accompl i sh ing   th i s   are  not  shown.  The  output   c u r r e n t   i n  

each  phase  i d e a l l y   has  a  r e c t a n g u l a r   waveshape  wi th  a   120°  d u r a -  

t ion  in  each  h a l f - c y c l e ,   n e g l e c t i n g   commutation.  S i n c e  t h e   p e r  

phase  r e c t a n g u l a r   wave  o u t p u t  c u r r e n t s   are  1200  d i s p l a c e d   from 

one  ano the r ,   at  any  moment  two  s t a t o r   windings  14s  are  c o n d u c t i n g  

while  the  remaining  phase  is  o p e n - c i r c u i t e d .   The  combinat ion  o f  

conduct ing  and  o p e n - c i r c u i t e d   phases  changes  every  600  or  s i x  

times  per  c y c l e .  

S i n c e  t h e   motor  c u r r e n t   is  120° square  or  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   commutation,   t h e  f i f t h   and  s e v e n t h  

harmonics  of  the  motor  f requency  are  p re sen t   in  the  motor  c u r r e n t  

in  a d d i t i o n   to  the  fundamental  motor  f requency ,   a n d  a l s o   t h e  

e leven th   and  t h i r t e e n t h  h a r m o n i c s ,   and so  on.  Some  h a r m o n i c s ,  

i nc lud ing   the  t h i r d ,   n in th ,   and  f i f t e e n t h   harmonics ,   are  e l i m i n -  

ated  by  the  i n v e r t e r   c o n f i g u r a t i o n , - a n d   i t   will  be  r e a l i z e d   t h a t  

the  higher   order  harmonics  do  not  p re sen t   as  much  of  a  p r o b l e m  

because  of  t h e i r   small  magni tudes .   The  r eve r se   phase  s e q u e n c e  

f i f t h   harmonic  and  the  forward  phase  sequence  seventh  harmonic  

i n t e r a c t   with  the  f u n d a m e n t a l . t o   produce  a  s ix th   harmonic  t o r q u e  ,  

component  in  the  motor ' s   developed  to rque ,   and  in  s i m i l a r   f a s h i o n  

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 

twe l f th   harmonic  torque  component,  and  so  on.  For  a  six  p u l s e  

i n v e r t e r ,   the  order   of  these   harmonic  or  cogging  to rques   i s  



given  by  an  i n t e g r a l   m u l t i p l e   of  the  number  of  pu l s e s .   The  c o g g i n g  

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 q u e n c i e s   b e -  

cause  i t   is  at  these  low  f r e q u e n c i e s   tha t   the  machine  can  r e s p o n d  

to  the  harmonics  in  the  motor  c u r r e n t .   By  modula t ing   the  c u r r e n t  

I d ,  t h e   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  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  

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

at  the  motor  t e r m i n a l s   and  r e q u i r e s   b r i n g i n g   out  the  neu t r a l   N. 

Trans 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  gene ra t e   s i g n a l s   ea,  eb,  and  ec.  The  m a g n i t u d e  

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   in  each  m o t o r  

phase  winding  can  be  measured  d i r e c t l y   from  the  i n v e r t e r   o u t p u t  

c u r r e n t ,   but  i t   is  more  c o n v e n i e n t   to  sense  the  level   of  i n v e r t e r  

input   c u r r e n t   Id,  using  any  s u i t a b l e   sensor   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   pu lses   to  gene ra t e   s i g n a l s   r e p r e s e n t a -  

t i ve   of  the  zero  c u r r e n t   i n t e r v a l s .   Motor  phase  winding  a  is  s u p -  

p l i ed   with  c u r r e n t   w h e n e v e r  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  i s   c o n d u c t i v e ,   and  the re   is  a  60°  per iod   in  each  h a l f  

cycle   when  the  c u r r e n t   is  zero  (a lso   see  the  t iming  diagram  o f  

FIG.  5).  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   T l ' ,   c o r r e s -  

ponding  to  the  conduc t ion   i n t e r v a l   of  t h y r i s t o r   Tl,  the  gate  p u l s e  

for  T1  is  fed  to  the  set   i npu t ,   and  the  gate  pulse  for  T3  to  t h e  

r e s e t   i nopu t ,   of  a  f l i p - f l o p   or  l a t ch   17.  In  s i m i l a r   f a s h i o n ,  

pa i r s   of  gate  p u l s e s ,   one  i n d i c a t i n g   tu rn -on   of  the  device   and 

the  o the r   the  i n i t i a t i o n   of  t u r n - o f f   by  the  p a r a l l e l   commuta t ion  

mechanism,  are  fed  to  a  s e r i e s   of  f l i p - f l o p s   to  gene ra t e   the  s i g n -  

a ls   T 2 '  -   T 6 ' .  

As  we  ment ioned ,   t he re   is  a  s i n u s o i d a l   vo l t age   ac ross   a  p h a s e  

w i n d i n g  d u r i n g   the  zero  c u r r e n t   i n t e r v a l   which  co r responds   to  t h e  

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

gap  f lux .   By  m u l t i p l y i n g   the  i n v e r t e r   input   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   to rque   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  s u p p l i e d ,   r e i -  

p e c t i v e l y ,   through  swi tches   S1,  S2,  and  S3  to  an  i n t e g r a t o r   1 8  

which  i s  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  1 3 .   The  oppos i t e   p o l a r i t y   a i r  

gap  flux  s i g n a l s   are  fed  d i r e c t l y   through  a  sw i t ch  S4 ,   or  t h r o u g h  

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  flux  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  o r  
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 ion   of  the  s i g n a l ,  

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

input   cu r r en t   Id  in  a  m u l t i p l i e r   22.  The  c i r c u i t   output   is  t h e  

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  Δ T e .   FIGS.  6 a - 6 d .  

i l l u s t r a t e   the  waveforms  at  several   s tages   in  the  computat ion  c i r -  

cu i t .   The  f lux  s ignal   at  t h e  i n t e g r a t o r   ou tput   is  a  cosine  f u n c t i o n ,  

and  changes  p o l a r i t y   at  60°  i n t e r v a l s   as  the  i n t e g r a t o r   is  r e s e t .  

The  s i nuso ida l   i n s t a n t a n e o u s   phase  winding  vo l t ages   are  s u c c e s s i v e l y  

i n t e g r a t e d   during  the  i n t e r v a l   t h e  c u r r e n t   in  tha t   phase  w ind ing  

is  zero.  At  the  summer  output   t h e  f l u x  s i g n a l s   have  the  same 

p o l a r i t y ,   and  high  pass  f i l t e r i n g   the  flux  s i g n a l s   r e j e c t s   the  dc 

component.  If  the  dc  l ink  c u r r e n t   Id  is  modulated  r a t h e r   than  b e -  

ing  c o n s t a n t ,   the  modulat ion  a lso  shows  up  in  the  p u l s a t i n g   t o r -  

que  component  s i g n a l  A T .  
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  o u t p u t  c l o s i n g   switch  S1  during  the  n o n -  

c o n d u c t i n g   i n t e r v a l s   of  t h y r i s t o r s   T1  and  T4  when  phase  winding  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   t h e  

o p e r a t i o n .   Switch  S2  for  g a t t i n g   vo l t age   eb  to  the  i n t e g r a t o r ,  

and  switch  S3  for  g a t i n g  v o l t a g e   ec,  are  c o n t r o l l e d   in  the  same 

manner  by  o ther   NOR  ga tes .   At  the  i n t e g r a t o r   ou tpu t ,   s i gna l s   T l ' ,  

T3 ' ,   and  T5'  are  the  inputs   to  an  OR  log ic   gate  24,  so  tha t   s w i t c h  

S4  is  c losed  by  c o n d u c t i o n  o f   t h y r i s t o r s   supplying  p o s i t i v e   p o l a r i t y  

cu ren t s   to  the  motor  phase  windings .   Switch  S5  a s s o c i a t e d   w i t h  

i n t e r v e r   gate  19  is  c losed ,   on  the  o ther   hand,  by  the  c o n d u c t i o n  

of  t h y r i s t o r s   supplying  nega t ive   p o l a r i t y   c u r r e n t s   to  the  p h a s e  

windings.   In  the  case  tha t   the  gat ing  p u l s e s  a r e   c o e x t e n s i v e  

with  the  conduct ion  of  the  t h y r i s t o r s ,   i t   will  be  r e c o g n i z e d  

tha t   the  gat ing  pulses   can  be  appl ied   d i r e c t l y   to  NOR  gates   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  a n y  c o n v e n t i o n a l   components  can  be  u s e d .  



The  method and  c i r c u i t   for  measuring  cogging  torque  or  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  torque  are  a lso  a p p l i c a b l e  

to  force   commutated  i n v e r t e r   (CCI)  or  load  commutated  i n v e r t e r  

fed  synchronous  m a c h i n e s .  



1.  A  c i r c u i t   for  measuring  the  p u l s a t i n g   component  o f  

e l e c t r o m a g n e t i c   torque  in  an  e l e c t r i c   motor  opera ted   from  a  

polyphase   c u r r e n t   source  i n v e r t e r   c o m p r i s i n g  

means  (16)  for  e f f e c t i v e l y   sens ing   the  ampl i tude   of  t h e  

nominal ly   r e c t a n g u l a r   i n v e r t e r   c u r r e n t   supp l ied   by  said  c u r r e n t  

source  i n v e r t e r   to  the  motor  phase  wind ings ,   the  zero  c u r r e n t  

i n t e r v a l s   in  each  phase  winding ,   and  the  i n s t a n t a n e o u s   v o l t a g e  

ac ross   each  phase  winding,   and  for  g e n e r a t i n g   s i g n a l s   r e s p e c t i v e l y  

r e p r e s e n t a t i v e   t h e r e o f ,   and  

a  computat ion  c i r c u i t   (Fig.   3)  i nc lud ing   means  (18)  f o r  

s u c c e s s i v e l y   i n t e g r a t i n g   each  phase  winding  v o l t a g e   during  t h e  

i n t e r v a l   the  c u r r e n t   in  t h a t   phase  winding  is  z e r o  t o   t h e r e b y  

produce  s i g n a l s   r e p r e s e n t a t i v e   of  motor  a i r   gap  f lux ,   and  f u r t h e r  

compr is ing   means  (2l)  for  f i l t e r i n g   said  f lux  s i g n a l s   to  r e j e c t  

the  d i r e c t - c u r r e n t   component  and  f o r  m u l t i p l y i n g   (22)  the  f l u x  

s i g n a l s   by  the  i n v e r t e r   c u r r e n t  s i g n a l   to  gene ra t e   an  o u t p u t  

r e p r e s e n t i n g   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 r q u e .  

2.  The  c i r c u i t   a cco rd ing   t o  c l a i m   1,  wherein  said  c o m p u t a -  

t ion  (Fig.   3)  c i r c u i t   f u r t h e r   i nc ludes   means  (19)  for  a l t e r n a t e l y  

i n v e r t i n g   the  f lux  s i g n a l s   produced  by  said  i n t e g r a t i n g   means 

and  for  summing  (20)  said  f l u x  s i g n a l s ,   and  wherein  said  means 

for  f i l t e r i n g   said  f lux  s i g n a l s   i s  a   c a p a c i t o r .  

3.  The  c i r c u i t   a cco rd ing   to  claim  2,  wherein  said  means -  

for  e f f e c t i v e l y   sensing  the  i n v e r t e r   c u r r e n t   and  g e n e r a t i n g   a 

s ignal   r e p r e s e n t a t i v e   t h e r e o f   is  comprised  by  a  c u r r e n t   sensor   ( 16 )  

for  the  input   c u r r e n t   to  said  c u r r e n t   source   i n v e r t e r .  

4.  The  c i r c u i t   a cco rd ing   to  claim  l , w h e r e i n   said  i n v e r t e r  

(12)  is  a  polyphase  t h y r i s t o r   br idge   i n v e r t e r   c o n t r o l l e d   by  g a t i n g  

s i g n a l s   gene ra t ed   in  a  con t ro l   c i r c u i t .  

5.  The  c i r c u i t   a cco rd ing   to  claim  4,  wherein  said  means  f o r  

g e n e r a t i n g   s i g n a l s   (13)  d e s i g n a t i n g   the  zero  c u r r e n t   i n t e r v a l s   i n  

the  motor  phase  windings  comprises   means  for  p r o c e s s i n g   the  g a t i n g  

s i g n a l s   for  each  pai r   of  s e r i e s   t h y r i s t o r s   in  said  c u r r e n t   s o u r c e  



i n v e r t e r   which  supply  o p p o s i t e   p o l a r i t y   c u r r e n t  t o   one  of  the  p h a s e  

w i n d i n g s  t o   produce  an  o u t p u t  c o r r e s p o n d i n g   to  the  i n t e r v a l   of  n o n -  

conduc t ion   of  both  t h y r i s t o r s   for  c o n t r o l l i n g   ga t ing   of  the  p h a s e  

winding  vo l t age   s igna l   to  said  i n t e g r a t i n g   means .  

6.  The  c i r c u i t   a s  a c c o r d i n g   to  claim  5,  wherein  said  com- 

p u t a t i o n   (Fig.   3)  c i r c u i t   f u r t h e r   i nc ludes   means  for   s e l e c t i v e l y  

i n v e r t i n g   (19)  the  f lux  s i g n a l s   produced  by  said  i n t e g r a t i n g   means  

(18)  be fore   a p p l i c a t i o n   to  said  summing  means  (20) ,   and  o the r   means 

(24)  for   p r o c e s s i n g   said  ga t ing   s i g n a l s   to  c o n t r o l  g a t i n g   of  s a i d  

i n t e g r a t i n g   means  d i r e c t l y   to  said  summing  means  and  through  s a i d  

i n v e r t i n g   means  depending  on  the  conduc t ion   of  t h y r i s t o r s   s u p p l y i n g  

p o s i t i v e   or  nega t i ve   p o l a r i t y   c u r r e n t s   to  the  motor  phase  w i n d i n g s .  

7.  The  method  of  measur ing  the  p u l s a t i n g   component  o f  

e l e c t r o m a g n e t i c   to rque   in  an  e l e c t r i c   motor  o p e r a t e d   from  a  p o l y -  

phase  c u r r e n t   source  i n v e r t e r   compr i s ing   the  s teps   o f  

g e n e r a t i n g   s i g n a l s   r e s p e c t i v e l y   r e p r e s e n t a t i v e   of  the  a m p l i -  

tude  of  the  n o n - c o n t i n u o u s   nomina l ly   r e c t a n g u l a r   s t a t o r   c u r r e n t  

s u p p l i e d   by  said  c u r r e n t   source  i n v e r t e r   to  t h e  s t a t o r   phase  w i n d -  

ings ,   the  zero  c u r r e n t   i n t e r v a l s   in  each  phase  winding ,   and  t h e  

i n s t a n t a n e o u s   v o l t a g e   ac ross   each  phase  w i n d i n g ,  

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

t h e   i n t e r v a l   the  c u r r e n t   in  t h a t   phase  winding  is  z e r o  t o   t h e r e b y  

produce  s i g n l a s   r e p r e s e n t a t i v e   of  motor  a i r   gap  f l u x ,  

high  pass  f i l t e r i n g   said  f lux  s i g n a l s   to  r e j e c t   the  d i r e c t -  

c u r r e n t   component,   and  

m u l t i p l y i n g   the  f i l t e r e d   f lux  s i g n a l s   by  the  s t a t o r   c u r r e n t  

s ignal   to  g e n e r a t e  a n   ou tpu t   r e p r e s e n t i n g   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 r q u e .  

8.  The  method  a c c o r d i n g   to  claim  7,  wherein  the  step  o f  

g e n e r a t i n g   a  s ignal   r e p r e s e n t a t i v e   of  the  r e c t a n g u l a r   s t a t o r   c u r -  

r e n t  c o m p r i s e s   sens ing   the  input   c u r r e n t   to  said  c u r r e n t   s o u r c e  

i n v e r t e r   and  g e n e r a t i n g   a  s ignal   r e p r e s e n t a t i v e   t h e r e o f .  



9.  The  method  accord ing   to  claim  8,  wherein  said  c u r r e n t  

source  i n v e r t e r   is  a  p o l y p h a s e  t h y r i s t o r  i n v e r t e r   c o n t r o l l e d   by 

ga t ing   s i g n a l s   genera ted   in  a  con t ro l   c i r c u i t   and  the  s tep  o f  

g e n e r a t i n g   s i gna 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  

in  the  s t a t o r   phase  windings  comprises   p r o c e s s i n g   the  g a t i n g  

s i g n a l s   for  each  pa i r   of  s e r i e s   t h y r i s t o r s   which  supply  o p p o s i t e  

p o l a r i t y   c u r r e n t s   to  an  i n d i v i d u a l   phase  winding  to  produce  a n  

ou tpu t   c o r r e s p o n d i n g   to  the  i n t e r v a l   of  nonconduct ion   of  b o t h  

t h y r i s t o r s   for  c o n t r o l l i n g   ga t ing   of  the  phase  winding  v o l t a g e  

s ignal   to  an   i n t e g r a t o r   in  the  i n t e g r a t i n g   s t e p .  

10.  The  method  acco rd ing   to  claim  9,  f u r t h e r   i n c l u d i n g  

the  s tep  of  a l t e r n a t e l y   i n v e r t i n g   the  f lux  s i g n a l s   produced  by 

the  i n t e g r a t o r   and  summing  all   the  f lux  s i g n a l s ,   a n d  f u r t h e r   p r o -  

ce s s ing   the  t h y r i s t o r   ga t i eng   s i g n a l s   to  con t ro l   the  i n v e r t i n g  

step  in  dependence  upon  the  conduc t ion   of  t h y r i s t o r s   s u p p l y i n g  

p o s i t i v e   or  nega t i ve   p o l a r i t y   s t a t o r   c u r r e n t s   to  the  phase  w i n d -  

i n g s .  








	bibliography
	description
	claims
	drawings
	search report

