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©  Brushlessd.c.  motor. 
©  The  phases  (F1  ,  F2)  of  a  multi-phase  brushless  d.c.  motor 
(1)  having  a  permanent-magnet  rotor  (2)  are  magnetically 
linked  via  magnetic  linkage  paths  (LI,  L2,  L3,  L4)  whose  dif- 
ferences  in  reluctance  are  rotor-position  dependent.  A  circuit 
(30)  generates  a  high-frequency  current  Ip  in  one  (F1)  of  the 
phases  and  detects  the  current  Is  induced  in  the  other  phase 
(F2)  by  this  high-frequency  current,  the  magnitude  of  the  cur- 

rent  Is  being  dependent  on  the  rotor-position-dependent 
magnetic  linkage  between  the  phases  (F1,  F2).  The  circuit  (30) 
derives  a  signal  Vm'  which  is  a  measure  of  the  rotor  position 
from  the  currents  Is  and  Ip.  A  commutation  circuit  (36)  en- 
ergises  the  phases  (F1  and  F2)  depending  on  the  rotor  posi- 
tion  6  represented  by  Vm'. 
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" B r u s h l e s s   d . c .   m o t o r . "  

The  i n v e n t i o n   r e l a t e s   to   a  b r u s h l e s s   d . c .   m o t o r  

c o m p r i s i n g   a  p e r m a n e n t - m a g n e t   r o t o r ,   a  s t a t o r   of  a  m a g n e -  

t i s a b l e   m a t e r i a l   in  w h i c h   a t   l e a s t   two  s t a t o r   c o i l s   a r e  

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

5  in  r o t o r - p o s i t i o n   d e p e n d e n t   p a r a m e t e r s   of  t h e   s t a t o r   c o i l s ,  

and  a  c o m m u t a t i o n   c i r c u i t   f o r   e n e r g i s i n g   t h e   s t a t o r  

c o i l s   d e p e n d i n g   on  t he   d e t e c t e d   v a r i a t i o n s .   Such   a  m o t o r  

is   known  f r o m   J a p a n e s e   K o k a i   No.  5 5 - 1 8 8 3 4 .  

In  t h e   known  m o t o r   t he   d e t e c t i o n   c i r c u i t   d e t e c t s  

10  t h e   r o t o r - p o s i t i o n   d e p e n d e n t   v a r i a t i o n s   in  s e l f - i n d u c t a n c e  

of  t he   s t a t o r   c o i l s .   For  t h i s   p u r p o s e   t he   m o t o r   i s   p r o v i d e d  

w i t h   c i r c u i t s   w h i c h   e n e r g i s e   t he   s t a t o r   c o i l s   w i t h   a  

h i g h - f r e q u e n c y   a l t e r n a t i n g   v o l t a g e .   The  r e s u l t i n g   h i g h -  

f r e q u e n c y   a l t e r n a t i n g   c u r r e n t s   a re   d e t e c t e d .   T h e s e   d e t e c t e d  

15  c u r r e n t s   f u n c t i o n   as  d e t e c t i o n   s i g n a l s   f o r   t he   c o m m u t a t i o n  

c i r c u i t   w h i c h   d e r i v e s   f rom  t h e s e   s i g n a l s   t he   i n s t a n t s   a t  

w h i c h   t h e   e n e r g i s i n g   c u r r e n t   is   to   be  c o m m u t a t e d   .  T h e s e  

d e t e c t i o n   s i g n a l s   c o m p r i s e   a  r o t o r - p o s i t i o n - d e p e n d e n t  

c o m p o n e n t   and  a  r o t o r - p o s i t i o n - i n d e p e n d e n t   c o m p o n e n t ,  

20  d e t e r m i n e d   by  t h e   r o t o r - p o s i t i o n - d e p e n d e n t   p a r t   and  t h e  

r o t o r - p o s i t i o n - i n d e p e n d e n t   p a r t   of  t h e   s e l f - i n d u c t a n c e  

r e s p e c t i v e l y   . 
In  o r d e r   to  o b t a i n   a  d e t e c t i o n   w h i c h   is   h i g h l y  

immune  to   s p u r i o u s   s i g n a l s   i t   is   d e s i r a b l e   t h a t   t h e   r a t i o  

25  b e t w e e n   t h e   r o t o r - p o s i t i o n - d e p e n d e n t   p a r t   and  t he   r o t o r -  

p o s i t i o n - i n d e p e n d e n t   p a r t   of  t he   s e l f   - i n d u c t a n c e   i s  

l a r g e .   A  l a r g e   r a t i o   b e t w e e n   t h e s e   p a r t s ,   h o w e v e r ,   m e a n s  

t h a t   t h e   r e l a t i o n s h i p   b e t w e e n   t he   number   of  a m p e r e - t u r n s  

of  t h e   s t a t o r   c o i l s   and  t h e   r e s u l t i n g   m a g n e t i c   f l u x   i s  

30  h i g h l y   r o t o r - p o s i t i o n   d e p e n d e n t ,   w h i c h   r e s u l t s   in  l e s s  

f a v o u r a b l e   d r i v i n g   c h a r a c t e r i s t i c s   ( s u c h   as  f o r   e x a m p l e  

the   t o r q u e   c h a r a c t e r i s t i c )   of  the   m o t o r .  
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I t   i s   t h e   o b j e c t   of  t h e   i n v e n t i o n   to   p r o v i d e   a  

b r u s h l e s s   m o t o r   of  t h e   t y p e   d e f i n e d   in  t h e   o p e n i n g  

s e n t e n c e ,   w h i c h   e n a b l e s   a  d e t e c t i o n   w h i c h   i s   immune  t o  

s p u r i o u s   s i g n a l s   to   be  o b t a i n e d   w i t h o u t   t h e   d r i v i n g   c h a -  

r a c t e r i s t i c s   of   t h e   m o t o r   b e i n g   a d v e r s e l y   a f f e c t e d .  

A c c o r d i n g   t o   t h e   i n v e n t i o n   t h i s   o b j e c t   i s   a c h i e v e d  

in   t h s t   t h e   s t a t o r   c o i l s   or  s t a t o r   c o i l   c o m b i n a t i o n s   a r e  

m a g n e t i c a l l y   l i n k e d   v i a   a t   l e a s t   one  m a g n e t i c   l i n k a g e   p a t h  

h a v i n g   a  s u b s t a n t i a l l y   r o t o r - p o s i t i o n - i n d e p e n d e n t   g e o m e t r y ,  

in   w h i c h   l i n k a g e   p a t h   t h e   p e r m a n e n t - m a g n e t   r o t o r   p r o d u d e s  

a  m a g n e t i c   f l u x   w i t h   a  r o t o r - p o s i t i o n - d e p e n d e n t   d i s -  

t r i b u t i o n ,   t h e   d i m e n s i o n s   of  t h e   l i n k a g e   p a t h   b e i n g  

s e l e c t e d   in  s u c h   a  way ,   in  o r d e r   to   o b t a i n   a  r o t o r - p o s i t i o n -  

d e p e n d e n t   l i n k a g e ,   t h a t   in  p o r t i o n s   of  t h e   l i n k a g e   p a t h   a  

r o t o r - p o s i t i o n - d e p e n d e n t   m a g n e t i c   s a t u r a t i o n   i s   o b t a i n e d ,  

t h e   d e t e c t i o n   c i r c u i t   b e i n g   a d a p t e d   to   d e t e c t   t h e   v a r i a t i o n s  

in  m a g n e t i c   l i n k a g e .  

The  m a g n i t u d e   of  t h e   m a g n e t i c   l i n k a g e   h a r d l y  

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

e n a b l e s   t h e   r a t i o   b e t w e e n   t h e   r o t o r - p o s i t i o n - d e p e n d e n t  

c o m p o n e n t   and  t h e   r o t o r - p o s i t i o n - i n d e p e n d e n t   c o m p o n e n t  

of   t h e   m a g n e t i c   l i n k a g e   to   be  o p t i m i s e d   w i t h o u t   t h e r e b y  

a d v e r s e l y   a f f e c t i n g   t h e   d r i v i n g   c h a r a c t e r i s t i c s   of  t h e  

m o t o r .   M o r e o v e r ,   t h e   m o t o r   in  a c c o r d a n c e   w i t h   t h e   i n v e n t i o n  

h a s   t h e   a d v a n t a g e   t h a t   t h e   m a g n e t i c   l i n k a g e   can   b e  

d e t e c t e d   by  m e a n s   of  v e r y   s i m p l e   c i r c u i t s .  

US-PS  4 . 4 5 0 . 3 9 6   d e s c r i b e s   an  e l e c t r o n i c a l l y   c o n -  

t r o l l e d   s y n c h r o n o u s   m o t o r   in   w h i c h   t h e   r o t o r   p o s i t i o n  

i s   d e t e c t e d   by  d e t e c t i n g   t h e   r o t o r - p c s i t i o n - d e p e n d e n t   l i n k -  

age  b e t w e e n   a  f i e l d   w i n d i n g   and  an  a r m a t u r e   w i n d i n g ,   w h i c h  

a r e   b o t h   i n c o r p o r a t e d   in  t h e   s t a t o r .   The  r o t o r - p o s i t i o n  

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

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

of  t h e   d i m e n s i o n s   of  t h a t   p a r t   of  t h e   a i r   gap  b e t w e e n   t h e  

r o t o r   and  s t a t o r   w h i c h   f o r m s   p a r t   of  t he   m a g n e t i c   l i n k a g e  

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

t h e   d i s a d v a n t a g e   t h a t   i t   r e q u i r e s   an  i n t r i c a t e   s t a t o r  

and  r o t o r   c o n s t r u c t i o n ,   i n v o l v i n g   t h e   p r o v i s i o n   of  t e e t h  
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on  the   s t a t o r   and  r o t o r .  

A  s u i t a b l e   e m b o d i m e n t   of  t h e   i n v e n t i o n   i s   c h a -  

r a c t e r i z e d   in  t h a t   t h e   c o i l s   or  c o m b i n a t i o n s   of  c o i l s  

a re   l i n k e d   v i a   d i f f e r e n t   m a g n e t i c - l i n k a g e   p a t h s   in  s u c h  

a  way  t h a t   t he   c o m p o n e n t s   of  t h e   m a g n e t i c   l i n k a g e  
d e t e r m i n e d   by  t h e   d i f f e r e n t   l i n k a g e   p a t h s   a t   l e a s t   p a r t l y  

c o m p e n s a t e   f o r   e a c h   o t h e r   and  in  t h a t   t he   d i f f e r e n c e s  

b e t w e e n   t he   r e l u c t a n c e s   of  t he   l i n k a g e   p a t h s   a r e   r o t o r -  

p o s i t i o n   d e p e n d e n t .  

In  t h i s   e m b o d i m e n t   t h e   p a r t i a l   c o m p e n s a t i o n   of  t h e  

m a g n e t i c - l i n k a g e   c o m p o n e n t s   d e t e r m i n e d   by  the   d i f f e r e n t  

m a g n e t i c   l i n k a g e   p a t h s   e n s u r e s   t h a t   t h e   r o t o r - p o s i t i o n -  

i n d e p e n d e n t   c o m p o n e n t   of  t h e   m a g n e t i c   l i n k a g e   i s   s m a l l ,  

r e s u l t i n g   in  a  v e r y   f a v o u r a b l e   r a t i o   b e t w e e n   t h e   r o t o r -  

p o s i t i o n - d e p e n d e n t   and  t h e   r o t o r - p o s i t i o n - i n d e p e n d e n t  

m a g n e t i c - l i n k a g e   c o m p o n e n t s .  

A  f u r t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n   is   c h a -  

r a c t e r i z e d   in  t h a t   t h e   r o t o r   c o m p r i s e s   m  p o l e s   w h i c h   a r e  

s p a c e d   e q u i d i s t a n t l y   o v e r   t h e   r o t o r   c i r c u m f e r e n c e ,   in  t h a t  

the   s t a t o r   c o i l s   a r e   a r r a n g e d   on  n  s t a t o r   t e e t h   w h i c h   a r e  

s p a c e d   e q u i d i s t a n t l y   o v e r   t h e   s t a t o r   c i r c u m f e r e n c e ,   m  a n d  

n  b e i n g   i n t e g e r s   and  n o t   b e i n g   s u b m u l t i p l e s   of  e a c h  

o t h e r ,   and  in  t h a t   t h e   p o r t i o n s   w i t h   a  r o t o r - p o s i t i o n -  

d e p e n d e n t   s a t u r a t i o n   a r e   c o n s t i t u t e d   by  p o r t i o n s   of  t h e  

l i n k a g e   p a t h s   w h i c h   a r e   d i s p o s e d   s y m m e t r i c a l l y   r e l a t i v e   t o  

one  of  t he   a x e s   of  s y m m e t r y   of  t h e   s t a t o r .   As  a  r e s u l t   o f  

t he   s e l e c t e d   r a t i o   b e t w e e n   t h e   n u m b e r   of  p o l e s   and  t h e  

number   of  s t a t o r   t e e t h   in  t h i s   e m b o d i m e n t ,   t he   d i s t r i b u t i o n  

of  t he   m a g n e t i c   l i n e s   of  f o r c e   w i t h i n   t he   s t a t o r   is   o n l y  

s y m m e t r i c a l   r e l a t i v e   to  t h e   a x e s   of  s y m m e t r y   of  t h e  

s t a t o r   f o r   a  l i m i t e d   n u m b e r   of  r o t o r   p o s i t i o n s ,   so  t h a t  

a  m o t o r   w i t h   r o t o r - p o s i t i o n - d e p e n d e n t   m a g n e t i c   s a t u r a t i o n  

in  t he   m a g n e t i c   l i n k a g e - p a t h s   i s   o b t a i n e d   in  a  c o n s t r u c t -  

i o n a l l y   s i m p l e   m a n n e r .  

A  f u r t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n   is   c h a -  

r a c t e r i z e d   in  t h a t   t h e   n u m b e r   of  s t a t o r   t e e t h   is   4  or  a  

m u l t i p l e   of  4  ,  in  t h a t   t h e   s t a t o r   c o i l s   on  s t a t o r   t e e t h  

w h i c h   e x t e n d   in  l i n e   w i t h   e a c h   o t h e r   a r e   a r r a n g e d   i n  
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s e r i e s ,   in   t h a t   t h e   d e t e c t i o n   c i r c u i t   i s   a d a p t e d   t o   d e t e c t  

t h e   m a g n e t i c   l i n k a g e   b e t w e e n   s e r i e s   a r r a n g e m e n t s   of   s t a t o r  

c o i l s   a r r a n g e d   on  s t a t o r   t e e t h   w h i c h   e x t e n d   p e r p e n d i c u l a r l y  

to   one   a n o t h e r   ,  T h i s   e m b o d i m e n t   has   t h e   a d v a n t a g e   t h a t   t h e  
5  r o t o r - p o s i t i o n - i n d e p e n d e n t   c o m p o n e n t s   of  t h e   m a g n e t i c  

l i n k a g e   s u b s t a n t i a l l y   c o m p e n s a t e   f o r   e a c h   o t h e r ,   r e s u l t i n g  

in  a  d e t e c t i o n   w h i c h   h i g h l y   immune  to   i n t e r f e r e n c e .  

A n o t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n   i s   c h a r a c -  

t e r i z e d   in  t h a t   t h e   d e t e c t i o n   c i r c u i t   c o m p r i s e s   m a i n s  
10  f o r   g e n e r a t i n g   an  a l t e r n a t i n g   c u r r e n t   in  one  of  t h e   m a g -  

n e t i c a l l y   l i n k e d   c o i l s   or  c o i l   c o m b i n a t i o n s ,   t h e   f r e q u e n c y  

of  s a i d   a l t e r n a t i n g   c u r r e n t   b e i n g   h i g h e r   t h a n   t h e  

c o m m u t a t i o n   f r e q u e n c y ,   and  m e a n s   w h i c h   d e t e c t   t h e   i n d u c -  

t i o n s   in   t h e   s t a t o r   c o i l   or  c o i l   c o m b i n a t i o n s   by  t h e  
15  a l t e r n a t i n g   c u r r e n t ,   in  o r d e r   to   d e t e c t   v a r i a t i o n s   in   t h e  

m a g n e t i c   l i n k a g e ,   w h i c h   e m b o d i m e n t   i s   v e r y   a t t r a c t i v e  

b e c a u s e   of  t h e   s i m p l i c i t y   of  t h e   d e t e c t i o n   c i r c u i t .  

A  f u r t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n   i s   c h a -  

r a c t e r i z e d   in   t h a t   t h e   m a g n e t i c a l l y   l i n k e d   s t a t o r   c o i l s  
20  or   c o m b i n a t i o n s   of  s t a t o r   c o i l s   a r e   i n c l u d e d   in   s e r i e s  

t u n e d   c i r c u i t s   h a v i n g   s u b s t a n t i a l l y   e q u a l   t u n i n g   f r e -  

q u e n c i e s .   T h i s   e m b o d i m e n t   has   t h e   a d v a n t a g e   t h a t   i t   i s  

p r a c t i c a l l y   immune  to   s p u r i o u s   s i g n a l s   of  a  f r e q u e n c y  

o u t s i d e   t h e   f r e q u e n c y   band   d e f i n e d   by  t h e   t u n e d   c i r c u i t s .  
25  In  an  e m b o d i m e n t   of  t h e   i n v e n t i o n   w h i c h   i s   c h a -  

r a c t e r i z e d   f u r t h e r   in  t h a t   t h e   t u n i n g   f r e q u e n c i e s   a r e  

e q u a l   to   t h e   o s c i l l a t i o n   f r e q u e n c y   of  t h e   o s c i l l a t o r ,   t h e  

h i g h - f r e q u e n c y   s i g n a l s   in  t h e   s t a t o r   c o i l s   have   o p t i m u m  

a m p l i t u d e s   . 
30  A  f u r t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n   i s   c h a -  

r a c t e r i z e d   in   t h a t   one  of  t h e   s e r i e s   t u n e d   c i r c u i t s   i s  

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

e l e m e n t .   The  n u m b e r   of  p a r t s   of  t h e   d e t e c t i o n   c i r c u i t   i s  

t h e n   v e r y   s m a l l   o w i n g   to   t h e   i n t e g r a t i o n   of  t h e   s e r i e s  
35  t u n e d   c i r c u i t   c o m p r i s i n g   t h e   s t a t o r   c o i l   in  t h e   o s c i l l a t o r .  

A n o t h e r   e m b o d i m e n t   of  t h e   i n v e n t i o n ,   w h i c h   i s  

v e r y   a t t r a c t i v e   b e c a u s e   of  t h e   s m a l l   n u m b e r   of  p a r t s   o f  

t h e   d e t e c t i o n   c i r c u i t ,   is   c h a r a c t e r i z e d   in  t h a t   t h e   d e t e c t -  
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ion  c i r c u i t   c o m p r i s e s   an  o s c i l l a t o r   h a v i n g   an  o s c i l l a t i o n  

f r e q u e n c y   h i g h e r   t h a n   t h e   c o m m u t a t i o n   f r e q u e n c y ,   t h e   l i n k e d  

s t a t o r   c o i l s   or  c o m b i n a t i o n s   of  s t a t o r   c o i l s   b e i n g   i n -  

c o r p o r a t e d   in  s a i d   o s c i l l a t o r   as  p h a s e - s h i f t i n g   e l e m e n t s ,  

and  in  t h a t   t h e   m e a n s   f o r   d e t e c t i n g   v a r i a t i o n s   tn  m a g n e t i c  

l i n k a g e   d e t e c t   t h e   p h a s e   d i f f e r e n c e   b e t w e e n   t h e   p h a s e  

s h i f t i n g   e l e m e n t s .  

E m b o d i m e n t s   of  t h e   i n v e n t i o n   and  f u r t h e r   a d v a n t a g e s  
t h e r e o f   w i l l   now  be  d e s c r i b e d   in  more  d e t a i l ,   by  way  o f  

e x a m p l e ,   w i t h   r e f e r e n c e   to   F i g s .   1  to   7  ,  in  w h i c h :  

F i g .   1  i s   a  d i a g r a m m a t i c   s e c t i o n a l   v i e w   of  t h e  

m e c h a n i c a l   c o n s t r u c t i o n   of  a  m o t o r   in  a c c o r d a n c e   w i t h   t h e  

i n v e n t i o n   , 
F i g s .   2a  to   2d  show  the   m a g n e t i c   l i n e - o f   - f o r c e  

d i s t r i b u t i o n   in  t h e   s t a t o r   f o r   a  n u m b e r   of  d i f f e r e n t  

r o t o r   p o s i t i o n s ,  

F i g .   3  r e p r e s e n t s   t he   c o e f f i c i e n t   Mt  of  m u t u a l  

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

a c c o r d a n c e   w i t h   t h e   i n v e n t i o n   as  a  f u n c t i o n   of  t he   r o t o r  

p o s i t i o n   , 
F i g .   4  s h o w s   t he   e l e c t r i c   c i r c u i t   d i a g r a m   of  a  

m o t o r   in  a c c o r d a n c e   w i t h   t he   i n v e n t i o n ,  

F i g .   5  s h o w s   an  e x a m p l e   of  a  c i r c u i t   f o r   d e t e c t -  

ing   of  t h e   m a g n e t i c   l i n k a g e ,  

F i g .   6  shows   a  number   of  s i g n a l s   a p p e a r i n g   i n  

a  m o t o r   in  a c c o r d a n c e   w i t h   t h e   i n v e n t i o n   as  a  f u n c t i o n   o f  

t he   r o t o r   p o s i t i o n ,   a n d  

F i g .   7  shows   t he   e l e c t r i c   c i r c u i t   d i a g r a m   of  a  

c o m m u t a t i o n   c i r c u i t .  

F i g .   1  is   a  d i a g r a m m a t i c   s e c t i o n a l   v i e w   of  t h e  

m e c h a n i c a l   c o n s t r u c t i o n   of  a  m o t o r   1  in  a c c o r d a n c e   w i t h  

the   i n v e n t i o n .   The  m o t o r   1  c o m p r i s e s   a  p e r m a n e n t - m a g n e t  

r o t o r   2  w h i c h   is   r o t a t a b l e   a r o u n d   a  s t a t o r   3  of  a  n o n -  

l i n e a r l y   m a g n e t i s a b l e   m a t e r i a l   ( f o r   e x a m p l e   f e r r o m e t a l )   . 
The  p o s i t i o n   of  t h e   r o t o r   2  r e l a t i v e   to   t h e   s t a t o r   3  i s  

d e s i g n a t e d   by  0  .  The  r o t o r   2  is  p r o v i d e d   w i t h   a  

f e r r o m a g n e t i c   c y l i n d r i c a l   s h e l l   8  on  w h i c h   t h r e e   m a g n e t i c  
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n o r t h   p o l e s   9,  10  and  11  and  t h r e e   m a g n e t i c   s o u t n   p o l e s  

12,  13  and  14  a r e   d i s p o s e d ,   e q u i d i s t a n t l y   s p a c e d   o v e r   i t s  

i n n e r   c i r c u m f e r e n c e .   The  s t a t o r   3  c o m p r i s e s   a  s t a t o r   c o r e  

19  on  w h i c h   f o u r   s t a t o r   t e e t h   4,  5,  6  and  7  a r e   a r r a n g e d ,  

w h i c h   a r e   90°   s p a c e d   f r o m   e a c h   o t h e r   and  w h i c h   a r e  

p r o v i d e d   w i t h   s h o e - s h a p e d   e n d s .   F o u r   s t a t o r   c o i l s   15,  1 6 ,  

17  and  18  a r e   a r r a n g e d   on  t h e   s t a t o r   t e e t h   4,  5,  6  and  7 

r e s p e c t i v e l y ,   t h e   s t a t o r   c o i l s   15  and  17  as  w e l l   as  t h e  

s t a t o r   c o i l s   16  and  18  b e i n g   a r r a n g e d   in  s e r i e s .   T h e  

D  s e r i e s   a r r a n g e m e n t   of  t h e   s t a t o r   c o i l s   15  and  17  c o n -  

s t i t u t e s   t h e   f i r s t   p h a s e   w i n d i n g   Fl  of  t h e   m o t o r   1  and  t h e  

s e r i e s   a r r a n g e m e n t   of  t h e   s t a t o r   c o i l s   16  and  18  c o n s t i t u t e s  

t h e   s e c o n d   p h a s e   w i n d i n g   F2  of  t h e   m o t o r   1  . 

The  s t a t o r   c o i l s   15  and  16  a r e   m a g n e t i c a l l y  

5  l i n k e d   v i a   a  f i r s t   l i n k a g e   p a t h   L1  ,  c o m p r i s i n g   t h e   s t a t o r  

t e e t h   4-  and  5,  a  p a r t   of  t h e   s t a t o r   c o r e   19  and  a  p a r t  

of  t h e   r o t o r   c y l i n d e r   8.  The  s t a t o r   c o i l s   16  and  17  a r e  

m a g n e t i c a l l y   l i n k e d   v i a   a  s e c o n d   m a g n e t i c   l i n k a g e   p a t h   L2 

c o m p r i s i n g   t h e   s t a t o r   t e e t h   5  and  6  and  a  p a r t   of  t h e  

10  s t a t o r   c o r e   19  and  t h e   r o t o r   c y l i n d e r   8.  The  s t a t o r   c o i l s  

17  and  18  a r e   m a g n e t i c a l l y   l i n k e d   v i a   a  t h i r d   m a g n e t i c  

l i n k a g e   p a t h   L3  c o m p r i s i n g   t h e   s t a t o r   t e e t h   6  and  7,  a  

p a r t   of   t h e   s t a t o r   c o r e   8  and  a  p a r t   of  t h e   r o t o r   c y l i n d e r  

8.  The  s t a t o r   c o i l s   18  and  15  a r e   l i n k e d   v i a   a  f o u r t h  

25  m a g n e t i c   l i n k a g e   p a t h   L4  c o m p r i s i n g   t h e   s t a t o r   t e e t h   7 

and  4,  a  p a r t   of   t h e   s t a t o r   c o r e   19  and  t h e   r o t o r  

c y l i n d e r   8.  The  d e g r e e   of  m a g n e t i c   l i n k a g e   b e t w e e n   t w o  

c o i l s   c a n   be  e x p r e s s e d   w i t h   t h e   c o e f f i c i e n t   of  m u t u a l   i n -  

d u c t a n c e .   T h i s   c o e f f i c i e n t   i s   e q u a l   to   M  =  ( N 1 N 2 ) / R m ,  

30  w h e r e   Nl  and  N2  a r e   t h e   n u m b e r   of  t u r n s   of  t he   c o i l s   a n d  

Fan  i s   t h e   r e l u c t a n c e   of  t h e   l i n k a g e   p a t h   v i a   w h i c h   t h e   t w o  

c o i l s   a r e   l i n k e d .  

In  t h e   e m b o d i m e n t   d e s c r i b e d   a b o v e   a l l   t h e   s t a t o r  

c o i l s   15,  16,  17  and  18  h a v e   a  n u m b e r   of  t u r n s   e q u a l   to  N .  

35  The  magrefcic  l i n k a g e   b e t w e e n   t h e   p h a s e   w i n d i n g s   F1  and  F2  

i s   e q u a l   t o   t h e   sum  of  t he   m a g n e t i c   l i n k a g e s   b e t w e e n   t h e  

s t a t o r   c o i l s   14,   15,  16  and  17  and  may  be  e x p r e s s e d   a s  

f o l l o w s   :  Mt  =  - N 2 ( l + R m l )   -  1/  (Rm2)  +  l / ( R m 3 )   -  1 / R m 4 ) .  
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H e r e i n ,   Mt  i s   t h e   c o e f f i c i e n t   of  m u t u a l   i n d u c t a n c e   b e t w e e n  

t h e   p h a s e   w i n d i n g s   Fl  and  F2.  Rml,   Rm2,  Rm3  and  Rm4  a r e  

t h e   r e l u c t a n c e s   of  t h e   r e s p e c t i v e   l i n k a g e   p a t h s   L1  ,  L2,  L3 

and  L4  .  I t   i s   to   be  n o t e d   t h a t   t he   w i n d i n g   d i r e c t i o n   o f  

5  t h e   s t a t o r   c o i l s   15,  16,  17  and  18  and  t h e   m a n n e r   i n  

w h i c h   t h e y   a r e   a r r a n g e d   in  s e r i e s   a r e   s e l e c t e d   in  s u c h   a  

way  t h a t   t h e   t e r m s   c o r r e s p o n d i n g   to   a  s e r i e s   a r r a n g e m e n t  

in  t h e   e x p r e s s i o n   f o r   Mt  have   d i f f e r e n t   s i g n s .  

As  is   a p p a r e n t   f r o m   t h e   f o r e g o i n g   t h e   m a g n e t i c  
10  l i n k a g e   b e t w e e n   t h e   p h a s e   w i n d i n g s   F1  and  F2  i s   d e p e n d e n t  

on  t h e   r a t i o   b e t w e e n   t he   r e l u c t a n c e s   in  t h e   v a r i o u s  

m a g n e t i c   l i n k a g e   p a t h s .  

I f   as  in  t h e   e m b o d i m e n t   d e s c r i b e d   in   t h e   f o r e g o i n g  

t h e   l i n k a g e   p a t h s   c o m p r i s e   a  n o n - l i n e a r   m a g n e t i c   m a t e r i a l  

15  t h e   r e l u c t a n c e s   Rm1  ,  Rm2  ,  Rm3  and  Rm4  a r e   f u n c t i o n s   of  t h e  

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

f i e l d   is   p r o d u c e d   by  t h e   m a g n e t i c   p o l e s   8,  14  a n d  

t h e   e l e c t r i c   c u r r e n t s   in  t h e   s t a t o r   c o i l s   15,  . . . .   1 8 .  

G e n e r a l l y ,   t h e   s t r e n g t h   of  t h e   p a r t   of  t h e   m a g n e t i c   f i e l d  

20  p r o d u c e d   by  t h e   c u r r e n t s   t h r o u g h   t h e   s t a t o r   c o i l s   in  m o t o r s  

h a v i n g   p e r m a n e n t - m a g n e t   r o t o r s   is   o n l y   a  f r a c t i o n   (  -<0  0  %) 

of  t h e   m a g n e t i c   f i e l d   g e n e r a t e d   by  t h e   p e r m a n e n t - m a g n e t i c  

p o l e s ,   so  t h a t   t h e   d i s t r i b u t i o n   of  t h e   m a g n e t i c   l i n e s   o f  

f o r c e   w i t h i n   t h e   l i n k a g e   p a t h s   m a i n l y   d e p e n d s   on  t h e  

25  s t r e n g t h   of  t h e   m a g n e t i c   p o l e s   8,  14  and  t he   r o t o r  

p o s i t i o n   . 

By  way  of  i l l u s t r a t i o n   F i g s .   2a  to   d  show  t h e  

d i s t r i b u t i o n s   of  t he   m a g n e t i c   l i n e s   of  f o r c e   in  t he   s t a t o r  

f o r   t he   r o t o r   p o s i t i o n s   6  =  0  ,  TT  /4  ,  " J T / 8 ,   3  l T / 8  

30  r e s p e c t i v e l y .   For   r o t o r   p o s i t i o n s   6  =  0 , T T / 4   t h e   d i s t r i b u t -  

i on   of  t he   l i n e s   of  f o r c e   is   s y m m e t r i c a l   r e l a t i v e   to  t h e  

a x e s   of  s y m m e t r y   20  and  21  of  t h e   s t a t o r   3.  For   s u c h   a  

d i s t r i b u t i o n   of  t he   l i n e s   of  f o r c e   t h e   r e l u c t a n c e s   Rm1  , 
Rm2  ,  Rm3  and  Rm4  of  t he   f o u r   d i f f e r e n t   m a g n e t i c   l i n k a g e  

35  p a t h s   a r e   i d e n t i c a l ,   so  t h a t   f o r   t h e   r o t o r   p o s i t i o n s   e  =  0  , 

TT^/4  t h e   m a g n e t i c   l i n k a g e   b e t w e e n   t h e   s e r i e s   a r r a n g e m e n t s  

of  t h e   s t a t o r   c o i l s   is  z e r o .   I t   w i l l   be  e v i d e n t   t h a t   s i m i l a r  

s y m m e t r i c a l   d i s t r i b u t i o n s   a re   a l s o   o b t a i n e d   f o r   0  =  T T / 2 ,  
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3 /4   -7T  r  -77"  #  5 /11   T O   3 /2^TT  and  7 / 4 ' ^ .   For   r o t o r  

p o s i t i o n s   o t h e r   t h a n   t h o s e   m e n t i o n e d   a b o v e   t h e   d i s t r i b u t i o n  

of  t h e   l i n e s   of  f o r c e   i s   n o t   s y m m e t r i c a l   r e l a t i v e   to   t h e  

a x e s   of  s y m m e t r y   20  and  21  . 
The  i n f l u e n c e   of  t h e   a s y m m e t r y   on  t h e   c o e f f i c i e n t  

of  m u t u a l   i n d u c t a n c e   Mt  w i l l   be  i l l u s t r a t e d   w i t h   r e f e r e n c e  

to   F i g .   2c .   For   t h e   r o t o r   p o s i t i o n   6  = T T / 8   shown  in  t h i s  

F i g u r e ,   t h e   m a g n e t i c   f i e l d   s t r e n g t h s   in   t h e   p o r t i o n s   o f  

t h e   l i n k a g e   p a t h s   L1  ,  L4  f o r m e d   by  t h e   s t a t o r   t e e t h  

a r e   s u b s t a n t i a l l y   e q u a l ,   so  t h a t   t h e   r e l u c t a n c e s   of  t h e s e  

p o r t i o n s   a r e   a l s o   s u b s t a n t i a l l y   e q u a l .   H o w e v e r ,   in  t h e  

p o r t i o n s   of   t h e   l i n k a g e   p a t h s   L2  and  L4  s i t u a t e d   in  t h e  

s t a t o r   c o r e   19  b e t w e e n   t h e   s t a t o r   t e e t h   4  and  7  and  t h e  

s t a t o r   t e e t h   5  and  6  t h e   f i e l d   s t r e n g t h   i s   s u b s t a n t i a l l y  

h i g h e r   t h a n   t h e   f i e l d   s t r e n g t h   in   t h e   p o r t i o n s   of  t h e  

l i n k a g e   p a t h s   L1  and  L3  s i t u a t e d   in  t h e   s t a t o r   c o r e   19 

b e t w e e n   t h e   s t a t o r   t e e t h   4  and  5  and  t h e   s t a t o r   t e e t h   6 

and  7.  The  d i a m e t e r   of  t h e   s t a t o r   c o r e   i s   s e l e c t e d   in  s u c h  

a  way  t h a t   t h e   m a g n e t i c   f l u x   in   t h e   p o r t i o n s   w i t h   a  h i g h e r  

f i e l d   s t r e n g t h   c a u s e s   m a g n e t i c   s a t u r a t i o n .   As  a  r e s u l t   o f  

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

s t r e n g t h   of  t h e   s t a t o r   c o r e   19  b e l o n g i n g   to   t h e   l i n k a g e  

p a t h s   L2  and  L4  w i l l   be  h i g h e r   t h a n   t h e   l o c a l   r e l u c t a n c e  

in  t h e   p o r t i o n s   of  low  f i e l d   s t r e n g t h   b e l o n g i n g   to   t h e  

l i n k a g e   p a t h s   L2  and  L3  ,  so  t h a t   t h e   o v e r a l l   r e l u c t a n c e s  

Rm2  and  Rm4  of  t h e   l i n k a g e   p a t h s   L2  and  L4  r e s p e c t i v e l y  

i s   h i g h e r   t h a n   t h e   o v e r a l l   r e l u c t a n c e s   Rml  and  Rm3  o f  

t h e   l i n k a g e   p a t h s   L1  and  L3  r e s p e c t i v e l y .   As  a  r e s u l t  

of  t h e   d i f f e r e n c e s   b e t w e e n   t h e s e   r e l u c t a n c e s   t h e   c o e f f i -  

c i e n t   Mt  of  m u t u a l   i n d u c t a n c e   i s   t h e n   u n e q u a l   to   z e r o .  

I t   i s   to   be  n o t e d   t h a t   t h e   m a g n i t u d e   of  t h e   c o e f f i c i e n t  

Mt  i s   m a x i m a l   i f   t h e   f i e l d   s t r e n g t h   in   t h e   s t a t o r   c o r e   19 

i s   s i t u a t e d   in   t h e   r a n g e   of  t h e   m a g n e t i s a t i o n   c u r v e  

(B/H  c u r v e )   w h e r e   a  maximum  v a r i a t i o n   of  t h e   m a g n e t i c  

f l u x   B  i s   o b t a i n e d   in   t h e   c a s e   of  a  v a r y i n g   m a g n e t i c  

f i e l d   s t r e n g t h   H.  

For   t h e   r o t o r   p o s i t i o n   shown  in  F i g .   2b  t h e  

e f f e c t s   o b t a i n e d   a r e   s i m i l a r   to   t h o s e   f o r   t h e   r o t o r  
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p o s i t i o n   shown  in  F i g .   2c,   so  t h a t   f o r   t h i s   r o t o r   p o s i t i o n  

t h e   c o e f f i c i e n t   Mt  of  m u t u a l   s e l f   - i n d u c t a n c e   i s   a l s o   u n -  

e q u a l   to   z e r o .   F i g .   3  shows   Mt  as  a  f u n c t i o n   of  t h e   r o t o r  

p o s i t i o n   6 .  

The  g e o m e t r y   of  t he   e m b o d i m e n t   d e s c r i b e d   h e r e i n  

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

o v e r   t h e   r o t o r   c i r c u m f e r e n c e   and  f o u r   s t a t o r   t e e t h   a r e  

s p a c e d   e q u i d i s t a n t l y   o v e r   t h e   s t a t o r   c i r c u m f e r e n c e .   F o r  

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

of  f o r c e   f o r   a  n u m b e r   of  r o t o r   p o s i t i o n s   is  s y m m e t r i c a l  

r e l a t i v e   to   t h e   a x e s   of  s y m m e t r y   of  t h e   s t a t o r ,   w h i l s t  

f o r   t h e   o t h e r   r o t o r   p o s i t i o n s   t h e   d i s t r i b u t i o n   of  t h e  

m a g n e t i c   l i n e s   of  f o r c e   is   a s y m m e t r i c a l   r e l a t i v e   t o  

t h e   a x e s   of  s y m m e t r y   of  t h e   s t a t o r ,   so  t h a t   t he   d i f f e r e n c e s  

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

b e t w e e n   c o m b i n a t i o n s   of  s t a t o r   c o i l s   r e s u l t   in  a  r o t o r -  

p o s i t i o n -   d e p e n d e n t   magne t i c   l i n k a g e   w i t h   a  c o m p a r a t i v e l y  

s m a l l   r o t o r - p o s i t i o n - i n d e p e n d e n t   c o m p o n e n t .   H o w e v e r ,   i t   i s  

o b v i o u s   t h a t   s u c h   an  a l t e r n a t e l y   s y m m e t r i c a l   and  a s y m m e -  

t r i c a l   d i s t r i b u t i o n   i s   n o t   o n l y   o b t a i n e d   in  m o t o r s   c o m -  

p r i s i n g   4  a r m a t u r e   t e e t h   and  6  r o t o r   p o l e s .   In  o r d e r   t o  

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

n u m b e r   of  s t a t o r   t e e t h   and  t h e   n u m b e r   of  m o t o r   p o l e s   a r e  

n o t   s u b - m u l t i p l e s   of  e a c h   o t h e r .   T h e r e f o r e ,   i t   i s   n o t  

n e c e s s a r y   t h a t   t h e   l i n k a g e   p a t h   p o r t i o n s   w i t h   a  r o t o r -  

p o s i t i o n - d e p e n d e n t   r e l u c t a n c e   a r e   s i t u a t e d   in  t h e   s t a t o r .  

T h e s e   p o r t i o n s   may  j u s t   as  w e l l   be  s i t u a t e d   in  t he   r o t o r .  

In  t he   p r e s e n t   e m b o d i m e n t   t h e   v a r i a t i o n s   in  t h e  

m a g n e t i c   l i n k a g e   p a t h s   a r e   o b t a i n e d   by  i n f l u e n c i n g   a  

n o n - l i n e a r l y   m a g n e t i s a b l e   m a t e r i a l   by  a  m a g n e t i c   f i e l d  

h a v i n g   a  r o t o r - p o s i t i o n - d e p e n d e n t   s t r e n g t h .   I t   w i l l   b e  

o b v i o u s   to   t h o s e   s k i l l e d   in  t h e   a r t   t h a t   t h e s e   r o t o r - p o s i t -  

i o n - d e p e n d e n t   v a r i a t i o n s   can   be  o b t a i n e d   in  s e v e r a l   w a y s ,  

f o r   e x a m p l e   by  t h e   u se   of  a  r o t o r   whose   l o c a l   r e l u c t a n c e  

v a r i e s   a l o n g   t he   r o t o r   c i r c u m f e r e n c e .   The  p o r t i o n s   o f  

t he   l i n k a g e   p a t h s   w h i c h   a r e   s i t u a t e d   w i t h i n   t he   r o t o r   w i l l  

t h e s e   have   a  r o t o r - p o s i t i o n - d e p e n d e n t   r e l u c t a n c e .  
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As  i s   a p p a r e n t   f r o m   t h e   f o r e g o i n g ,   t h e   c o e f f i c i e n t  

Mt  of  m u t u a l   i n d u c t a n c e   b e t w e e n   t h e   c o m b i n a t i o n s   o f  

s t a t o r   c o i l s   f o r m e d   by  t h e   p h a s e   w i n d i n g s   F1  and  F2  d e p e n d s  

on  t h e   r o t o r   p o s i t i o n   i f   t h e   m o t o r   g e o m e t r y   is   s u i t a b l y  

s e l e c t e d .   I t   i s   e v i d e n t   t h a t   t h e   c o e f f i c i e n t   of  m u t u a l  

i n d u c t a n c e   i s   a l s o   r o t o r - p o s i t i o n   d e p e n d e n t   f o r   o t h e r  

c o m b i n a t i o n s   of  s t a t o r   c o i l s .  

F i g .   4  s h o w s   an  e x a m p l e   of   a  c i r c u i t   30  f o r  

d e t e r m i n i n g   t h e   r o t o r - p o s i t i o n - d e p e n d e n t   m a g n e t i c   l i n k a g e  

b e t w e e n   t h e   p h a s e   w i n d i n g   F1  and  t h e   p h a s e   w i n d i n g   F2  o f  

t h e   m o t o r   1  . 
The  c i r c u i t   30  c o m p r i s e s   an  o s c i l l a t o r   37  w h i c h  

e n e r g i z e s   t h e   s t a t o r   c o i l s   15  and  17  v i a   a  c a p a c i t o r   3 2  

w i t h   an  a l t e r n a t i n g   c u r r e n t   Ip  of  c o n s t a n t   a m p l i t u d e   a n d  

of  a  f r e q u e n c y   h i g h e r   t h a n   t h e   f r e q u e n c y   of  t h e   e n e r g i s i n g  

c u r r e n t s   of   t h e   m o t o r   1.  M o r e o v e r ,   t h e   o s c i l l a t o r   37  

g e n e r a t e s   an  o u t p u t   s i g n a l   Vo  whose   v o l t a g e   is   p r o p o r t i o n a l  

t o   t h e   c u r r e n t   I p .   The  s i g n a l   Vo  i s   a p p l i e d   t o   a  p h a s e -  

c o r r e c t i o n   c i r c u i t   43.   The  o u t p u t   s i g n a l   Vp  of  t h e   p h a s e  

c o r r e c t i o n   c i r c u i t   i s   p h a s e   s h i f t e d   t h r o u g h   a  s p e c i f i c  

a n g l e   r e l a t i v e   to   Vo.  One  end   of  t h e   s e r i e s   a r r a n g e m e n t  

of  t h e   s t a t o r   c o i l s   16  and  18  i s   c o n n e c t e d   d i r e c t l y   t o  

z e r o   p o t e n t i a l .   The  o t h e r   end  of  t h e   s e r i e s   a r r a n g e m e n t  

i s   a l s o   c o n n e c t e d   to   z e r o   p o t e n t i a l   v i a   a  c a p a c i t o r   33  

and  a  c u r r e n t - d e t e c t i o n   c i r c u i t   34  . 
A  c u r r e n t   d e t e c t o r   34  g e n e r a t e s   a  s i g n a l   Vs  w h o s e  

v o l t a g e   i s   in  p h a s e   w i t h   t h e   c u r r e n t   Is   t h r o u g h   t h e   d e t e c -  

t o r   34.  The  s i g n a l s   Vs  and  Vp  c o n s t i t u t e   t he   i n p u t   s i g n a l s  

to   a  s y n c h r o n o u s   d e t e c t o r   34a  w h i c h   g e n e r a t e s   an  o u t p u t  

s i g n a l   Vm  w h i c h   i s   a  m e a s u r e   of  t h e   p r o d u c t   of  t h e  

s i g n a l s   Vs  and  Vp.  The  s i g n a l   Vm  i s   a p p l i e d   to   a  l o w - p a s s  

f i l t e r   35.  The  f i l t e r e d   s i g n a l   a p p e a r i n g   on  the   o u t p u t   o f  

t h e   low  p a s s   f i l t e r   35  i s   d e s i g n a t e d   Vm'  .  F i g .   6  s h o w s  

t h e   s i g n a l   Vm'  as  a  f u n c t i o n   of  6.  Vm'  i s   a p p l i e d   to   a n  

i n p u t   41  of  a  c o m m u t a t i o n   c i r c u i t   36  f o r   e n e r g i s i n g   t h e  

s t a t o r   c o i l s   15,  18.  In  o r d e r   to   p r e v e n t   t h e   d e -  

t e c t i o n   c i r c u i t   30  f r o m   b e i n g   i n f l u e n c e d   by  t he   c o m m u t a t i o n  

c i r c u i t   36  t h e   s t a t o r   c o i l s   a r e   e n e r g i s e d   v i a   l o w - p a s s  
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f i l t e r s   37  and  38,  w h i c h   a r e   a r r a n g e d   b e t w e e n   t he   s t a t o r  

c o i l s   16  and  15  and  o u t p u t s   39  and  4  0  of  t h e   c o m m u t a t i o n  

c i r c u i t   3 6 .  

The  r e l a t i o n s h i p   b e t w e e n   t he   c u r r e n t s   Ip  and  I s  
i 

and  t h e   o u t p u t   v o l t a g e   Uos  of  t h e   o s c i l l a t o r   in  t he   f r e -  

q u e n c y   d o m a i n   may  be  r e p r e s e n t e d   by  t he   f o l l o w i n g  

e q u a t i o n s   : 

Uos  =  ( jwLl   +  l / ( j w C l )   +  R l ) I p   +  j w M t l s  

0  =  ( j w M t ) I p   +  (jwL2  +  l / ( j w C 2 )   +  R2)  I s  
0 

w h e r e   L I ,   Rl  a r e   t he   c o e f f i c i e n t   of  s e l f - i n d u c t a n c e   a n d  

t h e   r e l u c t a n c e   of  t he   p h a s e   w i n d i n g   Fl  r e s p e c t i v e l y .   L2 

and  R2  r e p r e s e n t   t h e   s e l f   - i n d u c t a n c e   and  t h e   r e l u c t a n c e   o f  

t h e   p h a s e   w i n d i n g   F2  r e s p e c t i v e l y .   In  t h e   f o r m u l a   jw  i s  

t h e   F o u r i e r   p a r a m e t e r ,   CI  and  C2  a r e   t he   c a p a c i t a n c e s   of  t h e  
i5 

c a p a c i t o r s   32  and  33  r e s p e c t i v e l y .   As  is   e v i d e n t   f r o m   t h e  

above   e q u a t i o n s ,   t he   a m p l i t u d e   of  t h e   c u r r e n t   Is   i s  

p r o p o r t i o n a l   to   t he   c o e f f i c i e n t   Mt  of  m u t u a l   i n d u c t a n c e  

b e t w e e n   t h e   p h a s e   w i n d i n g s   Fl  and  F2.  H o w e v e r ,   in  g e n e r a l  

t he   c u r r e n t s   a re   n o t   in  p h a s e .   The  p h a s e   s h i f t   of  t h e  

p h a s e - c o r r e c t i o n   n e t w o r k   43  i s   s e l e c t e d   in  s u c h   a  way  t h a t  

t he   s i g n a l s   Vp  and  Vs  (whose  a m p l i t u d e s   a r e   m e a s u r e s  

of  t h e   a m p l i t u d e s   of  t he   c u r r e n t s   Ip  and  I s )   a r e   in  p h a s e  

or  in  p h a s e   o p p o s i t i o n   d e p e n d i n g   on  t he   s i g n   Mt.  T h e s e   t w o  

s i g n a l s   Vp  and  Vs  a r e   m u l t i p l i e d   by  means   of  a  s y n -  
25 

c h r o n o u s   d e t e c t o r   34a .   A f t e r   f i l t e r i n g   by  t he   l o w - p a s s  

f i l t e r   35  t h e   p r o d u c t   Wm  of  t h i s   m u l t i p l i c a t i o n   i s   a  

s u i t a b l e   m e a s u r e   of  t h e   c o e f f i c i e n t   Mt  of  m u t u a l   i n d u c -  

t a n c e .   I t   i s   o b v i o u s   t h a t   many  v a r i a n t s   to  t h e   d e t e c t i o n  

c i r c u i t   30  a r e   p o s s i b l e .  
30  For   e x a m p l e ,   i t   is  n o t   n e c e s s a r y   to   a r r a n g e   t h e  

p h a s e   c o r r e c t i o n   c i r c u i t   43  b e t w e e n   the   o s c i l l a t o r   37  

and  the   s y n c h r o n o u s   d e t e c t o r   39.   A l s o   i f   t h e   v o l t a g e s  

on  the   i n p u t s   of  t he   s y n c h r o n o u s   d e t e c t o r   a re   n o t   e x a c t l y  

in  p h a s e   or  in  p h a s e   o p p o s i t i o n   t h e   s i g n a l   Vm  on  the   o u t -  
35 

p u t   of  t he   s y n c h r o n o u s   d e t e c t o r   39  w i l l   be  a  m e a s u r e  

of  t he   c o e f f f i c i e n t   Mt  of  m u t u a l   i n d u c t a n c e .   H o w e v e r ,   t h e  

a m p l i t u d e   of  t he   s i g n a l   Vm  is   t h e n   no t   o p t i m u m .   I t   i s  
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a l s o   p o s s i b l e   to   s e l e c t ,   f o r   e x a m p l e ,   t h e   c a p a c i t a n c e s   o f  

t h e   c a p a c i t o r s   32  and  33  so  h i g h   t h a t   t h e   t u n i n g   f r e q u e n c i e s  

of   t h e   s e r i e s   t u n e d   c i r c u i t   c o m p r i s i n g   t h e   s e r i e s   a r r a n g e -  

m e n t   of  t h e   c a p a c i t o r   32  and  t h e   s t a t o r   c o i l s   16  and  18  
5  and  t h e   t u n i n g   f r e q u e n c y   of  t h e   s e r i e s - t u n e d   c i r c u i t   c o m -  

p r i s i n g   t h e   c a p a c i t o r   33  and  t h e   s t a t o r   c o i l s   16  and  18 

a r e   s u b s t a n t i a l l y   e q u a l   to   t h e   o s c i l l a t o r   f r e q u e n c y   o f  

t h e   o s c i l l a t o r   37 .   T h i s   has   t h e   a d v a n t a g e   t h a t   t h e   d e t e c t -  

i o n   c i r c u i t   30  i s   s u b s t a n t i a l l y   immune  to   s p u r i o u s   s i g n a l s  
10  of  a  f r e q u e n c y   s i t u a t e d   o u t s i d e   t h e   n a r r o w   f r e q u e n c y   b a n d  

d e t e r m i n e d   by  t h e   s e r i e s   t u n e d   c i r c u i t s .   I t   i s   a l s o   p o s s i b l e  

to   e m p l o y ,   f o r   e x a m p l e ,   t h e   s e r i e s   t u n e d   c i r c u i t   c o m p r i s i n g  

t h e   c a p a c i t o r   32  and  t h e   s t a t o r   c o i l s   15  and  17  as  t h e  

f r e q u e n c y - d e t e r m i n i n g   e l e m e n t   f o r   t h e   o s c i l l a t o r   3 7 .  
15  F i g .   5  s h o w s   a n o t h e r   e x a m p l e   of  a  c i r c u i t   f o r  

d e t e c t i n g   t h e   d e g r e e   of  m a g n e t i c   l i n k a g e .   The  d e t e c t i o n  

c i r c u i t   shown  in  t h i s   F i g u r e   c o m p r i s e s   a  f e e d b a c k   o s -  

c i l l a t o r   c i r c u i t   c o m p r i s i n g   a  f i r s t   v o l t a g e - c u r r e n t   c o n -  

v e r t e r   80  and  a  s e c o n d   v o l t a g e - c u r r e n t   c o n v e r t e r   8 2 ,  
20  w h i c h   f i r s t   v o l t a g e - c u r r e n t   c o n v e r t e r   80  has   i t s   i n p u t  

c o n n e c t e d   to   t h e   s e r i e s   a r r a n g e m e n t   of  t he   c o i l s   16  a n d  

18  and  i t s   o u t p u t   to   t h e   s e r i e s   a r r a n g e m e n t   of  t h e   s t a t o r  

c o i l s   15  and  17,  and  w h i c h   s e c o n d   v o l t a g e - c u r r e n t   c o n v e r t e r  

82  h a s   i t s   i n p u t   c o n n e c t e d   to   t he   s e r i e s   a r r a n g e m e n t   o f  
25  t h e   s t a t o r   c o i l s   15  and  17  and  i t s   o u t p u t   to   t h e   s e r i e s  

a r r a n g e m e n t   of  t h e   s t a t o r   c o i l s   16  and  18.  The  s t a t o r  

c o i l s   s e r v e   as  p h a s e - s h i f t i n g   n e t w o r k s   of  t h e   o s c i l l a t o r .  

I f   t h e   c o e f f i c i e n t   Mt  of  m u t u a l   i n d u c t a n c e   i s   z e r o   t h e  

p h a s e   s h i f t   b e t w e e n   t h e   v o l t a g e s   on  t h e   o u t p u t s   of  t h e  
30  v o l t a g e - c u r r e n t   c o n v e r t e r s   80  and  81  w i l l   be  9 0 ° .   H o w -  

e v e r ,   i f   Mt  i s   n o t   z e r o   t h e   p h a s e   d i f f e r e n c e   w i l l   b e  

l a r g e r   or  s m a l l e r   t h a n   9 0 ° ,   d e p e n d i n g   on  t h e   s i g n   of  M t .  

T h e s e   d i f f e r e n c e s   c a n   be  d e t e c t e d   by  means   o f a   p h a s e  

d e t e c t o r   83  of  a  c u s t o m a r y   t y p e .  
35  F i g .   6  s h o w s   Vm'  as  a  f u n c t i o n   of  t h e   r o t o r  

p o s i t i o n   6  .  M o r e o v e r ,   t h e   r a t i o   K1  =  T l / n   b e t w e e n  

t h e   e n e r g i z i n g   c u r r e n t   I I   t h r o u g h   t he   f i r s t   p h a s e   w i n d i n g  

Fl   and  t h e   r e s u l t i n g   t o r q u e   Tl  and  t h e   r a t i o  

20 

25 

30 
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K2  =  T 2 / I 2   b e t w e e n   t h e   e n e r g i s i n g   c u r r e n t   12  t h r o u g h   t h e  

s e c o n d   p h a s e   w i n d i n g   F2  and  t h e   r e s u l t i n g   t o r q u e   T2  a r e  

shown  as  a  f u n c t i o n   of  t h e   r o t o r   p o s i t i o n   6.  As  i s  

a p p a r e n t   f r o m   F i g .   6,  t h e   r o t o r   p o s i t i o n s   f o r   w h i c h   Vm1  i s  

z e r o   c o i n c i d e   w i t h   t h e   r o t o r   p o s i t i o n s   w h i c h   a r e   s u i t a b l e  

f o r   c o m m u t a t i o n   of  t he   e n e r g i s a t i o n ,   n a m e l y   t h e   z e r o  

c r o s s i n g s   of  K1  and  K 2 .  

F i g .   7  shows   an  e x a m p l e   of  a  c o m m u t a t i o n   c i r c u i t  

of  t h e   t y p e   d e s c r i b e d   c o m p r e h e n s i v e l y   in  E u r o p e a n   P a t e n t  

A p p l i c a t i o n   EP  0 , 0 7 2 , 5 9 7 .   The  c o m m u t a t i o n   c i r c u i t   c o u p l e s  

t h e   o u t p u t   39  and  4  0  to   a  t e r m i n a l   50  ( t o   be  c o n n e c t e d  

to  a  p o s i t i v e   v o l t a g e   Vp  r e l a t i v e   to   z e r o   p o t e n t i a l   )  o r  

to   a  t e r m i n a l   51  ( to   be  c o n n e c t e d   to  a  n e g a t i v e   v o l t a g e  

-Vp  r e l a t i v e   to  e e r o   p o t e n t i a l )   d e p e n d i n g   on  t h e   s i g n a l  

Vm.  For   t h i s   p u r p o s e   t h e   c o m m u t a t i o n   c i r c u i t   c o m p r i s e s   a  

f i r s t   e l e c t r o n i c   s w i t c h   52  and  a  s e c o n d   e l e c t r o n i c  

s w i t c h   53,  w h i c h   a r e   a c t u a t e d   by  the   o u t p u t   s i g n a l s   Q1  a n d  

Q2  of  a  2 - b i t   r i n g   c o u n t e r   54  w h i c h   i s   c y c l i c a l l y   a d v a n c e d  

u n d e r   c o n t r o l   of  a  p u l s e .   The  f i r s t   s w i t c h   52  c o m p r i s e s   a  

f i r s t   s w i t c h i n g   c o n t a c t   (55)  and  a  s e c o n d   s w i t c h i n g   c o n -  

t a c t   (56)  and  a  m a s t e r   c o n t a c t .   The  s w i t c h i n g   c o n t a c t s  

55  and  56  a re   c o n n e c t e d   to   t h e   t e r m i n a l s   51  and  50  

r e s p e c t i v e l y .   The  m a s t e r   c o n t a c t   is   c o n n e c t e d   to   t he   o u t p u t  

39.  The  s e c o n d   e l e c t r o n i c   s w i t c h   53  a l s o   c o m p r i s e s   a  f i r s t  

s w i t c h i n g   c o n t a c t   (57)  and  a  s e c o n d   s w i t c h i n g   c o n t a c t  

(58)  and  a  m a s t e r   c o n t a c t .   The  s w i t c h i n g   c o n t a c t s   57  and  58  

a r e   c o n n e c t e d   to  t h e   t e r m i n a l s   50  and  51  r e s p e c t i v e l y .   T h e  

m a s t e r   c o n t a c t   i s   c o n n e c t e d   to   t he   o u t p u t   40.   The  p o s i t i o n s  

of  t h e   s w i t c h e s   52  and  53  as  a  f u n c t i o n   of  t h e   c o n t r o l  

s i g n a l s   Q1  and  Q2  and  t h e   f o u r   c o n s e c u t i v e   s t a t e s   S1  , 
S2,  S3  and  S4  of  t h e   r i n g   c o u n t e r   54  a r e   g i v e n   in  T a b l e   1 .  

35 
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S t a t e   of   Q l  

t h e   r i n g  

c o u n t e r  

Ql  s w i t c h   5 2  

c o n n e c t s  

o u t p u t   39  t o  

s w i t c h   53  

c o n n e c t s   o u t p u t  
4  0  t o  

51  1 0   Vp  - V p  

52  1 1   Vp  Vp 

53  0  1  -Vp  Vp 

54  0  0  -Vp  - V p  
ID 

T a b l e   1 .  

The  c o m m u t a t i o n   c i r c u i t   f u r t h e r   c o m p r i s e s   a  p u l s e -  
g e n e r a t i o n   c i r c u i t   59  w h i c h ,   d e p e n d i n g   on  t h e   s i g n a l s   Vm' 

and  Ql  and  Q2  ,  g e n e r a t e s   p u l s e s   P  f o r   a d v a n c i n g   t h e   r i n g  
15  c o u n t e r   54.  The  s i g n a l   Vm'  i s   a p p l i e d   to   t h e   i n p u t s   of  a  

f i r s t   l e v e l - d e t e c t o r   60  and  a  s e c o n d   l e v e l - d e t e c t o r   61 

v i a   t h e   i n p u t   t e r m i n a l   41  of  t h e   p u l s e - g e n e r a t i o n   c i r c u i t  
59.  The  l e v e l   d e t e c t o r   60  p r o d u c e s   a  l o g i c   "0"  or  a  l o g i c  
"1"  s i g n a l   on  i t s   o u t p u t   when  Vm'  i s   l o w e r   or  h i g h e r   t h a n   a  

20  t h r e s h o l d   v o l t a g e   c o r r e s p o n d i n g   to   a  d i r e c t   v o l t a g e   l e v e l  

Vmo.  The  l e v e l   d e t e c t o r   61  p r o d u c e s   a  l o g i c   "1"  or  a  l o g i c  
"0"  s i g n a l   on  i t s   o u t p u t   when  Vm  is   l o w e r   or  h i g h e r   t h a n  

t h e   s a i d   t h r e s h o l d   v o l t a g e .  

The  s i g n a l s   Ql  and  Q2  a r e   a p p l i e d   to   t h e   p u l s e  
25  g e n e r a t i o n   c i r c u i t   59  v i a   t h e   i n p u t s   of  an  EXCLUSIVE-OR 

g a t e   62  w h i c h   f o r m s   p a r t   of  t h e   p u l s e - g e n e r a t i o n   c i r c u i t  

59.   The  o u t p u t   of   t h e   g a t e   62  i s   c o n n e c t e d   d i r e c t l y   t o  
t h e   i n p u t   of  a  t w o - i n p u t   AND  g a t e   65  and ,   v i a   an  i n v e r t -  

i n g   c i r c u i t   64,  t o   an  i n p u t   of  a  t w o - i n p u t   AND  g a t e   6 3 .  

30  The  o u t p u t s   of   t h e   l e v e l   d e t e c t o r s   60  and  61  a r e   c o n n e c t e d  

to   t h e   o t h e r   i n p u t s   of  t h e   AND  g a t e s   63  and  65  r e s p e c t i v e l y .  
The  o u t p u t s   of  t h e   AND  g a t e s   63  and  65  a r e   c o n n e c t e d   t o  

an  OR  g a t e   66,   w h o s e   o u t p u t   i s   c o n n e c t e d   to   a  monos   t a b l e  

m u l t i v i b r a t o r   67  w h i c h   i s   r e s p o n s i v e   to   a  p o s i t i v e   e d g e .  
35  The  o u t p u t   s i g n a l   of  t h e   m u l t i v i b r a t o r   67  s e r v e s   as  t h e  

c l o c k   s i g n a l   f o r   t h e   r i n g   c o u n t e r   54.  The  o p e r a t i o n   of  t h e  

c o m m u t a t i o n   c i r c u i t   w i l l   be  e x p l a i n e d   h e r e i n a f t e r   w i t h  

r e f e r e n c e   to   F i g .   6 .  
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in  a d d i t i o n   to   t h e   s a i d   p a r a m e t e r s   Kl ,   K2,  Vm,  Ql  , 
Q2  and  P  t he   F i g u r e   shows   t he   v o l t a g e s   V f l   and  Vf2  a c r o s s  
t h e   p h a s e   w i n d i n g s   Fl  and  F2.  The  s t a t e s   S I ,   S2,  S3  a n d  
S4  r e p r e s e n t i n g   the   f o u r   d i f f e r e n t   e n e r g i s i n g   s t a t e s   a r e  
a l s o   shown  in  F i g .   6.  For   t h e   v o l t a g e s   V f l   and  Vf2  t h e  
t o r q u e   e x e r t e d   by  t h e   r o t o r   is   a l w a y s   p o s i t i v e ,   so  t h a t  
t h e   r o t o r   is  r o t a t e d   in  a  d i r e c t i o n   in  w h i c h   t h e   r o t o r -  
p o s i t i o n   a n g l e   6  i n c r e a s e s .   How  a  t r a n s i t i o n   f rom  one  e n e r -  
g i s i n g   s t a t e   to   t h e   n e x t   e n e r g i s i n g   s t a t e   i s   d e t e r m i n e d  
w i l l   be  d e s c r i b e d   h e r e i n a f t e r   f o r   t h e   t r a n s i t i o n   f r o m   S I  
to   S 2 .  

D u r i n g   SI  t h e   l o g i c   v a l u e   of  Ql  i s   "1"  and  t h e  
l o g i c   v a l u e   of  Q2  is   " 0 " ,   so  t h a t   t h e   o u t p u t   s i g n a l   o f  
t h e   e x c l u s i v e   OR  g a t e   62  is   " 1 " ,   w h i l s t   t h e   o u t p u t   o f  
t h e   i n v e r t i n g   c i r c u i t   64  i s   " 0 " .   S i n c e   d u r i n g   SI  Vm'  i s  
g r e a t e r   t h a n   Vmo  t h e   o u t p u t   s i g n a l s   of  t h e   l e v e l   d e t e c t o r s  
60  and  61  a re   "1"  and  "0"  r e s p e c t i v e l y .   The  o u t p u t s   o f  
t h e   AND  g a t e s   63  and  65  a r e   t h e n   " 0 " ,   so  t h a t   t h e   o u t p u t  
of  t h e   OR  g a t e   6  6  i s   a l s o   " 0 " .   H o w e v e r ,   as  soon   as  t h e  
end  of  SI  is   r e a c h e d ,   Vm  b e c o m e s   s m a l l e r   t h a n   Vmo,  c a u s i n g  
t he   o u t p u t   s i g n a l   of  t h e   l e v e l   d e t e c t o r   61  to   become  " 1 " .  
As  a  r e s u l t   of  t h i s   t h e   o u t p u t   s i g n a l   of  t h e   AND  g a t e  
65  and  h e n c e   t he   o u t p u t   s i g n a l   of  t h e   OR  g a t e   66  b e c o m e s  
" 1 " .   Owing  to   t h i s   0-1  t r a n s i t i o n   on  t h e   o u t p u t   of  t h e   OR 
g a t e   66  t h e   m o n o s t a b l e   m u l t i v i b r a t o r   67  g e n e r a t e s   a  p u l s e ,  
c a u s i n g   t h e   r i n g   c o u n t e r   54  to   be  s w i t c h e d   f r o m   t he   s t a t e  
SI  to   t he   s t a t e   S2.  D u r i n g   the   t r a n s i t i o n   f r o m   SI  to   S2 
the   l o g i c   v a l u e   of  Q2  c h a n g e s   f rom  "0"  to   " 1 " .   As  a  r e s u l t  
of  t h i s ,   the   o u t p u t   s i g n a l   of  t h e   EXCLUSIVE-OR  g a t e   62  
c h a n g e s   f rom  "1"  to   " 0 " ,   c a u s i n g   t h e   o u t p u t   s i g n a l s   o f  
the   AND  g a t e s   63  and  64,  and  h e n c e   t he   o u t p u t   s i g n a l   of  t h e  
DR  g a t e   66,  to  become   " 0 " .   At  t he   end  of  t h e   s t a t e   S2  Vm 
a g a i n   b e c o m e s   h i g h e r   t h a n   Vmo,  as  a  r e s u l t   of  w h i c h   t h e  
m o n o s t a b l e   m u l t i v i b r a t o r   67  a g a i n   g e n e r a t e s   a  p u l s e ,  
c a u s i n g   the   r i n g   c o u n t e r   54  to   p r o c e e d   to   S3.  S i m i l a r l y ,  
at  t he   end  of  t h e   s t a t e s   S3  and  S4  t h e   s t a t e   of  t he   r i n g  
c o u n t e r   54  p r o c e e d s   to   S4  and  S1  r e s p e c t i v e l y .  
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A  b r u s h l e s s   d . c .   m o t o r   c o m p r i s i n g   a  p e r m a i i e m . -  

l a g n e t   r o t o r ,   a  s t a t o r   of  a  m a g n e t i s a b l e   m a t e r i a l   i n  

r t i i ch   a t   l e a s t   two  s t a t o r   c o i l s   a r e   i n c o r p o r a t e d ,   a  

l e t e c t i o n   c i r c u i t   f o r   d e t e c t i n g   v a r i a t i o n s   in  r o t o r -  

j c s i t i o n   d e p e n d e n t   p a r a m e t e r s   of  t h e   s t a t o r   c o i l s ,   and  a  

; o m m u t a t i o n   c i r c u i t   f o r   e n e r g i s i n g   t h e   s t a t o r   c o i l s   d e p e n d -  

ing  on  t h e   d e t e c t e d   v a r i a t i o n s ,   c h a r a c t e r i z e d   in  t h a t   t h e  

s t a t o r   c o i l s   or  s t a t o r   c o i l   c o m b i n a t i o n s   a re   m a g n e t i c a l l y -  

L i n k e d   v i a   a t   l e a s t   one   m a g n e t i c   l i n k a g e   p a t h   h a v i n g   a  

s u b s t a n t i a l l y   r o t o r - p o s i t i o n - i n d e p e n d e n t   g e o m e t r y ,   i n  

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

a  m a g n e t i c   f l u x   w i t h   a  r o t o r - p o s i t i o n - d e p e n d e n t   d i s t r i b u t i o n  

t he   d i m e n s i o n s   of  t h e   l i n k a g e   p a t h   b e i n g   s e l e c t e d   in  s u c h   a  

way,  in  o r d e r   t o   o b t a i n   a  r o t o r - p o s i t i o n - d e p e n d e n t   l i n k a g e ,  

t h a t   in  p o r t i o n s   of  t h e   l i n k a g e   p a t h   a  r o t o r - p o s i t i o n -  

d e p e n d e n t   m a g n e t i c   s a t u r a t i o n   i s   o b t a i n e d ,   t h e  

d e t e c t i o n   c i r c u i t   b e i n g   a d a p t e d   to   d e t e c t   t h e   v a r i a t i o n s  

in  m a g n e t i c   l i n k a g e .  

2.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   1 ,  

c h a r a c t e r i z e d   in   t h a t   t h e   c o i l s   or  c o m b i n a t i o n s   of  c o i l s  

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

way  t h a t   t h e   c o m p o n e n t s   of  t h e   m a g n e t i c   l i n k a g e   d e t e r m i n e d  

by  t h e   d i f f e r e n t   l i n k a g e   p a t h s   a t   l e a s t   p a r t l y   c o m p e n s a t e  

f o r   e a c h   o t h e r   and  in  t h a t   t h e   d i f f e r e n c e s   b e t w e e n   t h e  

r e l u c t a n c e s   of  t h e   l i n k a g e   p a t h s   a r e   r o t o r - p o s i t i o n  

d e p e n d e n t   . 
3.  a  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   2 ,  

c h a r a c t e r i z e d   in   t h a t   t h e   r o t o r   c o m p r i s e s   m  p o l e s   w h i c h  

a r e   s p a c e d   e q u i d i s t a n t l y   o v e r   t h e   r o t o r   c i r c u m f e r e n c e ,  

in  t h a t   t h e   s t a t o r   c o i l s   a r e   a r r a n g e d   on  n  s t a t o r   t e e t h  

w h i c h   a r e   s p a c e d   e q u i d i s t a n t l y   o v e r   t h e   s t a t o r   c i r c u m -  

f e r e n c e ,   m  and  n  b e i n g   i n t e g e r s   and  n o t   b e i n g   s u b m u l t i p l e s  

of  e a c h   o t h e r ,   and  in  t h a t   t h e   p o r t i o n s   w i t h   a  r o t o r - p o s i t -  

i o n - d e p e n d e n t   s a t u r a t i o n   a r e   c o n s t i t u t e d   by  t he   n o n -  
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l i n e a r l y   m a g n e t i s a b l e   p o r t i o n s   of  t h e   l i n k a g e   p a t h s   w h i c h  

a r e   d i s p o s e d   s y m m e t r i c a l l y   r e l a t i v e   to   one  of  t h e   a x e s   o f  

s y m m e t r y   of  t h e   s t a t o r .  

4.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   2 ,  
c h a r a c t e r i z e d   in  t h a t   t he   n u m b e r   of  s t a t o r   t e e t h   is  4  o r  
a  m u l t i p l e   of  4  ,  in  t h a t   t he   s t a t o r   c o i l s   on  s t a t o r   t e e t h  
w h i c h   e x t e n d   in  l i n e   w i t h   e a c h   o t h e r   a re   a r r a n g e d   i n  

s e r i e s ,   in  t h a t   t h e   d e t e c t i o n   c i r c u i t   i s   a d a p t e d   to  d e t e c t  
t h e   m a g n e t i c   l i n k a g e   b e t w e e n   s e r i e s   a r r a n g e m e n t s   of  s t a t o r  
c o i l s   a r r a n g e d   on  s t a t o r   t e e t h   w h i c h   e x t e n d   p e r p e n d i c u l a r l y  
to   e a c h   o t h e r .  

5.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  any  o n e  
of  t he   p r e c e d i n g   C l a i m s ,   c h a r a c t e r i z e d   in  t h a t   t h e   d e t e c t -  
i o n   c i r c u i t   c o m p r i s e s   means   f o r   g e n e r a t i n g   an  a l t e r n a t i n g  
c u r r e n t   in  one  of  t he   m a g n e t i c a l l y   l i n k e d   c o i l s   or  c o i l  
c o m b i n a t i o n s ,   t h e   f r e q u e n c y   of  s a i d   a l t e r n a t i n g   c u r r e n t  
b e i n g   h i g h e r   t h a n   t h e   c o m m u t a t i o n   f r e q u e n c y ,   and  means   w h i c h  
d e t e c t   t h e   i n d u c t i o n s   in  t h e   s t a t o r   c o i l   or  c o i l   c o m -  
b i n a t i o n s   by  t h e   a l t e r n a t i n g   c u r r e n t   in  o r d e r   to   d e t e c t  
v a r i a t i o n s   in  t he   m a g n e t i c   l i n k a g e .  
6.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   5 ,  
c h a r a c t e r i z e d   in  t h a t   t h e   m a g n e t i c a l l y   l i n k e d   s t a t o r   c o i l s  
or  c o m b i n a t i o n s   of  s t a t o r   c o i l s   a r e   i n c l u d e d   in  s e r i e s  
t u n e d   c i r c u i t s   h a v i n g   s u b s t a n t i a l l y   e q u a l   t u n i n g   f r e q u e n c i e s .  
7.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   6,  c h a -  
r a c t e r i z e d   in  t h a t   t he   t u n i n g   f r e q u e n c i e s   a r e   e q u a l   to   t h e  
o s c i l l a t i o n   f r e q u e n c y   of  t he   o s c i l l a t o r .  

8.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  C l a i m   6 ,  
c h a r a c t e r i z e d   in  t h a t   one  of  t h e   s e r i e s   t u n e d   c i r c u i t s  
i s   i n c o r p o r a t e d   in  t he   o s c i l l a t o r   as  the   f r e q u e n c y - d e t e r -  
m i n i n g   e l e m e n t .  

9.  A  b r u s h l e s s   d . c .   m o t o r   as  c l a i m e d   in  any  one  o f  
t he   C l a i m s   1  to   4  ,  c h a r a c t e r i z e d   in  t h a t   t h e   d e t e c t i o n  
c i r c u i t   c o m p r i s e s   an  o s c i l l a t o r   h a v i n g   an  o s c i l l a t i o n  

f r e q u e n c y   h i g h e r   t h a n   the   c o m m u t a t i o n   f r e q u e n c y ,   t h e  
l i n k e d   s t a t o r   c o i l s   or  c o m b i n a t i o n s   of  s t a t o r   c o i l s   b e i n g  
i n c o r p o r a t e d   in  s a i d   o s c i l l a t o r   as  p h a s e - s h i f t i n g  
e l e m e n t s ,   and  in  t h a t   t he   means   f o r   d e t e c t i n g   v a r i a t i o n s  
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