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1.0 INTRODUCTION 
a T h i s  f i n a l  summary report d e s c r i b e s  t h e  work done under  

c o n t r a c t  NAS 8-24655. The o r i g i n a l  . s t a t emen t  of work 
desc r ibed  a program i n  which a n  a c t u a l  torquer-encoder  
would be cons ' t ruc ted ,  t es ted ,  and sh ipped .  T h i s  w a s  
l a t e r  amended, l i m i t i n g  t h e  requi rement  t o  a "recommended 
des ign" .  

P rev ious  t o  t h i s  c o n t r a c t ,  NASA had ob ta ined  t h e  de-  

velopment of a b r u s h l e s s  t o r q u e r ,  s u i t a b l e  f o r . u s e  i n  
t o r q u i n g  t h e  o u t p u t  a x i s  of t h e  AMAB-3 Pendulous I n t e -  
g r a t i n g  Gyroscopic  Accelerometer (PIGA). T h i s  t o r q u e r  
and  e l e c t r o n i c s  was f u r n i s h e d  on l o a n  on t h i s  c o n t r a c t  
so  t h a t  t e s t i n g  could  make known t h e  ana log  accuracy  
a v a i l a b l e  from i ts  magnet ic  s t r u c t u r e .  The p r e s e n t  
r equ i r emen t s ,  t hen ,  were t o  p i n p o i n t  e r r o r  s o u r c e s  i n  
the  f u r n i s h e d  t o r q u e r ,  de te rmine  how t h e y  could  be 

reduced and make a recommended d e s i g n  f o r  a n  i n t e g r a l  
b r u s h l e s s  torquer-encoder ,  u s i n g  t h e  H a l l  r e s o l v e r  
p r i n c i p l e .  
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2.0 DISCUSSION OF HALL RESOLVERS 

2.1 

2.1.1 

Genera l  F e a t u r e s  

Opera t ion  
A H a l l  Resolver  is here d e f i n e d  as a dev ice  o p e r a t i n g  
by v i r t u e  of t h e  H a l l .  effect and. havfng mope accur&ey 
t h a n  a H a l l  p o s i t i o n  s e n s o r  by d e f i n i t i o n .  A H a l l  
Resolver  t r a n s d u c e s  shaf t  p o s i t i o n  i n t o  e lectr ical  
ana log  s i g n a l s .  It does t h i s  by u s i n g  t h e  p r i n c i p l e  
t h a t  a H a l l  g e n e r a t o r  g i v e s  an e lec t r ica l  s i g n a l  
o u t p u t  p r o p o r t i o n a l  t o  t h e  product  of t h e  c o n t r o l  
c u r r e n t  t o  t h e  H a l l  g e n e r a t o r  t i m e s  t h e  magnetic f l u x  
normal t o  t h e  H a l l  p l a t e .  If the  c o n t r o l  c u r r e n t  is 
c o n s t a n t  and t h e  normal f l u x  is ar ranged  t o  v a r y  
s i n u s o i d a l l y  w i t h  r o t a t i o n ,  a s i n u s o i d a l  ou tpu t  r e s u l t s .  
I n  t h e  u s u a l  H a l l  r e s o l v e r ,  a permanent magnet ro tor ,  
w i t h  s i n u s o i d a l  magne t i za t ion  a long  its c i rcumference ,  
is made t o  t u r n  i n s i d e  an i r o n  r e t u r n  p a t h .  In t e rposed  
i n  t h e  a i r  gap are t w o  H a l l  g e n e r a t o r s ,  spaced 90 
electrical  d e g r e e s  apart .  

The o u t p u t s  of t he  t w o  H a l l  g e n e r a t d r s  are then  
t h e  resolved sha f t  p o s i t i o n ,  s i n 9  and cos@. 

2.1.2 A p p l i c a t i o n  . A H a l l  r e s o l v e r  has  t h e  advantage o f  r e q u i r i n g  no 

b rushes  or s l i p  r i n g s  s i n c e  its ou tpu t  is ob ta ined  
f r o m  s t a t i o n a r y  H a l l  g e n e r a t o r s  which are e n e r g i z e d  
by t h e  r o t a t i n g  permanent magnet. Another advantage 
is t h a t  t h e  e x c i t a t i o n  t o  t h e  r e s o l v e r  can be AC or DC. 
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When AC, o u t p u t  is modulated A C ,  much l i k e  t h a t  of a 
wound r e s o l v e r ,  b u t  u n l i k e  t h e  wound r e s o l v e r ,  the 

e x c i t a t i o n  may be DC i n  which  case t h e  o u t p u t s  are 
s l o w l y  va ry ing  DC v o l t a g e s  which  are c o n s t a n t  a t  some 
f ixed s h a f t -  p o s i t i o n  c e r t a i n  s y s t e m s ,  t h i s  DC 

Another  a d v ~ n t a ,  
t h e  ou tpu t  of a H a l l  r e s o l v e r  is p r o p o r t i o n a l  t o  t h e  

s h a f t  p o s i t i o n  on ly  and is independent of sha f t  v e l o c i t y .  

When a H a l l  p o s i t i o n  s e n s o r  is a l r e a d y  p resen t  ' in a 
d e v i c e ,  wh ich  is t h e  case i n  H a l l  e f fect  b r u s h l e s s  
motors, and where a c c u r a t e  s h f t  p o s i t i o n  readout  is 
needed, i n  a d d i t i o n  t o  t h a t  r e q u i r e d  f o r  commutation, 
a logical  e x t e n s i o n  of u s e  of t h e  p o s i t i o n  s e n s o r  is 
t o  modi fy  i t ,  t h u s  c o n s t r u c t i n g  an  a c c u r a t e  H a l l  r e s o l v e r  
s i g n a l .  I n  ce r t a in  b r u s h l e s s  motor d e s i g n s ,  t h e  H a l l  
p o s i t i o n  s e n s o r  e x c i t a t i o n  is determined by t h e  to rque  
demand, and is  therefore v a r i a b l e  and not  s u i t a b l e  as 
t h e  Reso lve r -Dig i t i ze r  exc i t a t ion .  I n  t h i s  case, 
there is ample unused c i rcumference  of a i r  gap a v a i l a b l e  
f o r  i n s t a l l a t i o n  of s e p a r a t e  H a l l  Generators.  These added 

H a l l  g e n e r a t o r s ,  w i t h  t h e j r e l e c t r o n i c  c i r c u i t s ,  form 
t h e  H a l l  r e s d l v e r .  It  is isolated e lec t r ica l ly  from 
t h e  commutation p o s i t i o n  s e n s o r .  Its accuracy w i l l  
be improved over  t h e  commutation p o s i t i o n  s e n s o r  by 

one of s e v e r a l  methods. Reduction of ana log  error can  
l o g i c a l l y  beg in  w i t h  development of magnets w i t h  

magne t i za t ion  ve ry  c lose ly  s i n u s o i d a l .  However, g iven  
an e x i s t i n g  magnet, u s e  of m u l t i p l e  H a l l  g e n e r a t o r s  
and other  t echn iques  t o  be d i s c u s s e d  o f f e r  accuracy  
improvements. If t h e  H a l l  r e s o l v e r  is  subsequent ly  
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converted.  i n t o  d i g i t a l  form, then  a, d i g i t a l  s h a f t  

encoder  has  been b u i l t ,  wi thout  adding  t o  t h e  size 
of t h e  b r u s h l e s s  t o r q u e r  i n  any way. 

The number of p o l e s  must be t h e  same i n  t h e  motor and 
its p o s i t i o n  s e n s o r .  Thus us ing  a two-pole motor, 
t h e  r e s o l v e r  ou tpu t  w i l l  be s i n g l e  speed ,  where w i t h  

a four -pole  motor, a two-speed ou tpu t  r e s u l t s .  With 

a two-speed or higher  speed o u t p u t ,  t h e  ou tpu t  w i l l  
be the  same as i f  t h e  r e s o l v e r  were d r i v e n  a t  twice 
its speed  t h r u  a 2 : l  s tep  up gear t r a i n .  

Iri t h e  case of H a l l  r e s o l v e r s  not  based upon a g iven  
motor, t h e  number of p o l e s  may be selected. S ince  
mul t i speed ing  i n c r e a s e s  t h e  electrical  degrees Pe r  
mechanical  degree  over  that w i t h  a two-pole d e s i g n ,  a l l  

errors which depend upon t h e  errors i n  e lectr ical  degrees  
w i l l  be reduced.  The e lectr ical  component imper fec t ions  
a l l  g i v e n  errors i n  electriaal d e g r e e s ,  independent of 
number of p o l e s .  These  e lectr ical  components i nc lude  
H a l l  g e n e r a t o r s ,  R-C networks and ampl i f ie rs .  The elec- 

1 

t r ical  components therefore are favored  by mult i -speeding.  
A second type  which is not  improved i s  p e r p e n d i c u l a r i t y ,  
t h a t  error due t o  lack of e x a c t  90° electr ical  spac ing  
between H a l l  g e n e r a t o r s .  However, i t  is p o s s i b l e  by 
electrical  ad jus tmen t s  t o  e l i m i n a t e  t h i s  error.  A t h i r d  

t y p e  of error is one which may or may no t  be improved by 

mul t i - speeding .  I f  m u l t i p l e  p o l e s  can be achieved  wi thou t  
deg rad ing  t h e  magne t i za t ion  i n  terms of e lectr ical  
d e g r e e s  there w i l l  be an  improvement. The re  may be 

d i m i n i s h i n g  r e t u r n s  as  t h e  e lectr ical  degree error may 
b e g i n  i n c r e a s i n g  a t  some number of po les .  
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2 .2  Error Sources  
' T h i s  s e c t i o n  lists t h e  error s o u r c e s  of H a l l  r e s o l v e r s  

and d i s c u s s e s  t h e  f o r m  which  t h e  e r r o r  takes as s e e n  
i n  the  ana log  o u t p u t .  

2.2.1 Non-Sinusoidal Magnet izat ion Along The Circumference 
The m o s t  s i g n i f i c a n t  component of t h i s  d i s t o r t i o n  is 
t h e  t h i r d  harmonic, and t h i s  w i l l  be t h e  on ly  component 
cons ide red  here. 

The o r i g i n  of t h e  d i s t o r t i o n  l i e s  i n  t h e  inhomogeneity 
of permanent magnet material and i n  t h e  d i f f i c u l t y  of 
c o n t r o l l i n g  t h e  magne t i za t ion  p rocess  c l o s e l y .  
The effect on t h e  ana log  r e s o l v e r  error caused by a 
c e r t a i n  d i s t o r t i o n  percentage  has been c a l c u l a t e d  i n  

7 MT-14,620 (Sources of H a l l  Resolver  E r r o r ) .  T h i s  

error s e n s i t i v i t y  is bg r a d i a n s  e lec t r ica l  error f o r  
a r e l a t i v e  t h i r d  harmonic of b3, based on u n i t y  
fundamental .  T h i s  error shows up  as a f o u r t h  
e l e c t r i c a l ' h a r m o n i c  error. 

2.2.2 Magnet E c c e n t r i c i t y  
If the magnet geometric c e n t e r  does not  c o i n c i d e  w i t h  

its c e n t e r  of r o t a t i o n ,  t h e  magnet is said t o  r u n  
e c c e n t r i c .  T h i s  may be due t o  manufactur ing t o l e r a n c e s .  

e 90 
P The s e n s i t i v i t y  of t h i s  effect is s i n  - mechanical 

degrees where e is e c c e n t r i c i t y  i n  i n c h e s ,  R is t h e  

magnet r a d i u s ,  and P is t h e  number of pole. p a i r s .  
T h i s  error shows up  predominantly as a mechanical  
fundamental .  
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2.2.3 H a l l  Genera tor  R e s i s t i v e  Nu l l  Temperature C o e f f i c i e n t  
The misalignment between t h e  ou tpu t  electrodes i n  a 
H a l l  g e n e r a t o r  g i v e s  an ou tpu t  v o l t a g e  component 
whPch is not  a product  f u n c t i o n  as  is t h e  desired 

. o u t p u t ,  bu t  is a c o n s t a n t  amount independent of f l u x .  
It may be a d j u s t e d  o u t  u s ing  a s t a n d a r d  n u l l i n g  scheme 
w i t h  resistors. However a s  t h e  Ha11 g e n e r a t o r  is put  
i n  d i f f e r e n t  ambient t empera tu res ,  a l l  p o r t i o n s  of 
t h e  c r y s t a l  may no t  have the  same characteristics and 
a r e s i s t i v e  n u l l  may a g a i n  appear. T h i s  tempera ture  
i n s t a b i l i t y  is a s t r o n g  f u n c t i o n  of the method of 
00 n s t r u c t i o n  used .  Deposi ted f i l m  d e v i c e s  have high 
u s e f u l  ou tpu t  b u t  are more prone t o  t h i s  tempera ture  

.. 

s h i f t  t h a n  is t h e  more expens ive  s l ab - type  which is 
made by p o l i s h i n g  a n  i n g o t  t o  t h e  r e q u i r e d  thickness$. 
The l a t te r  have less ou tpu t  bu t  t h e i r  i nc reased  s t a b i l i t y  

g i v e s  an  improvement i n  t h e  r a t io  of s i g n a l  t o  n u l l  
s h i f t .  Against  t h i s  advantage must be weighed t h e  
much higher  p r i c e  and the i r  r e l a t i v e  f r a g i l i t y .  

I n  MT-14,620, t h e  s e n s i t i v i t y  t o  r e s i s t i v e  n u l l  w a s  
shown t o  be bo r a d i a n s  electrical  degrees where bo 
is the  r a t i o  of n u l l  voltage t o  peak H a l l  v o l t a g e ,  
Its form is tha t  of an electrical  fundamental .  

2.2.4 Non-Linear Response O f  H a l l  S e n e r a t o r  To Flux 
T h i s  a p p e a r s  t o  be a r e l a t i v e l y  i n s i g n i f i c a n t  error 
s o u r c e .  There are t w o  r easons  f o r  t h i s .  The first is 
t h a t  t h e  main n o n - l i n e a r i t y  is a s l i g h t  s a t u r a t i o n  
effect a t  very high f l u x  l e v e l s .  The normal f l u x  l e v e l s  
do n o t  reach very h igh  l e v e l s ,  minimizing t h i s  effect .  

6 
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. The second r e a s o n  is t h a t  a f l a t t e n i n g  type  of 
d i s t o r t i o n  goes over  i n t o  t h e  ana log  e r r o r  bu t  
minimized, because t h e  accuracy  a t  these p o i n t s  is 
due almost comple te ly  t o  t h e  accuracy of t h e  o ther  
channe l  which is a t  o r  n e a r  zero. 

2.2.5 Gain Unbalance Error 
Gain unbalance between s i n e  and c o s i n e  channels  g i v e s  
ana log  error. A t  c a l i b r a t i o n ,  t h e  a m p l i f i e r s  w i l l  be 

a d j u s t e d  t o  ba lance  t h e  channel  g a i n s .  The i n d i v i d u a l  
H a l l  c o n s t a n t  tempera ture  c o e f f i c i e n t s  may not  t r a c k  
each other exactly g i v i n g  a n  error w i t h  t empera ture .  
MT-14,620 shows tha t  the s e n s i t i v i t y  is r a d i a n s  
electrical  degrees  error where k is t h e  ra t io  of t h e  

t w o  channel  g a i n s .  The form is of a second harmonic 
e lectr ical  error phased such  t h a t  i ts  z e r o  p o i n t s  

I 

occur  a t  zeros of  bo th  t h e  s i n e  and c o s i n e  o u t p u t s .  

2.2.6 Non-Perpendicular Placement Error 
The s o u r c e  of error is the i n a b i l i t y  t o  space  the  t w o  
H a l l  g e n e r a t o r s  a t  e x a c t l y  90° t o  each o the r ;  I t  may 
arise due t o  as5embly t o l e r a n c e s  or, more l ike ly ,  
due t o  the  i n e x a c t  l o c a t i o n  of t h e  a c t i v e  area of H a l l  
g e n e r a t o r s  w i t h  r e s p e c t  t o  t h e i r  s u b s t r a t e s .  The cal- 
c u l a t e d  s e n s i t i v i t y  is r a d i a n s  mechanical  error ,  where o( 

is the  amount t h e  spac ing  d i f f e r s  from 90°. Note 
t h a t  t h i s  error is i n  mechanical  d e g r e e s  and is 
independent  of number of p o l e  pa i r s .  The form is 
second e lectr ical  harmonic, i n  q u a d r a t i v e  t o  t h a t  of 
2.2.5 above. 
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2.2.7 Pole-To-Pole Var i a t ions  
T h i s  is similar t o  2.2.1 but  is s p e c i f i c a l l y  by 

d e f i n i t i o n  only  t h e  d i s t o r t i o n  w h i c h  v a r i e s  pole-to-pole.  
Processes which improve t h e  e r r o r  of per  2 .2 .1  should 
a lso be h e l p f u l  here. 

2.3 Error Reduction &'leans 
T h i s  s e c t i o n  deals w i t h  means t o  improve H a l l  Besolver 
accuracy and d i s c u s s e s  ways  t o  reduce c e r t a i n  types  
of e r r o r s .  

2.3.1 Mul t ip le  H a l l  Sensors 

2.3.1.1Reduction Of  Error Induced By Th i rd  Harmonic Flux 
Probably t h e  most s i g n i f i c a n t  area for  improvement i n  
accuracy l ies  i n  e l i m i n a t i o n  of t h i r d  harmonic f l u x  
error. A method has been devised t o  reduce t h e  coupl ing 
of t h i r d  harmonic f l u x  to t h e H a l l .  g e n e r a t o r s .  It  is 
based on a p r i n c i p l e  very s i m i l a r  t o  t h a t  used i n  AC 
gene ra to r  des ign  to reject harmonics of a magnetomotive 
wave. I n  gene ra to r s ,  t h e  s t a t o r  c o i l  p i t c h  can be 

chosen t o  be 360 degrees  a t  t h i r d  harmonic frequency. 
I n  t h i s  case, the  t h i r d  harmonic has 'been "pitched out" .  
I n  an analogous way, i f  a H a l l  gene ra to r  is replaced 
by two others l o c a t e d  30 degrees  t o  either s i d e  of 
t h e  replaced one, and t h e  t w o  H a l l  gene ra to r  ou tpu t s  
summed, t h e  output  t h e o r e t i c a l l y  c o n t a i n s  no component 
due t o  the  t h i r d  harmonic f l u x .  The fundamental and 
f i f t h  harmonic ou tpu t s  are increased  by a f a c t o r  of 

t 

$ = 1.732. 
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2.3.1.2 

I n  MT-14,621 (Mul t ip l e  H a l l  Genera tors  For H a l l  Resolvers )  
t h e  p r i n c i p l e  is d i scussed  i n  more de t a i l  and 
a c i r c u i t  is shown which  performs t h e  summing of H a l l  
s i g n a l s .  The p r i n c i p l e  may be extended t o  f i f t h  

harmonic . c a n c e l l a t i o n  us ing  36 degree spac ing .  I n  t h i s  

e no im 
harmonic. To g e n e r a l i z e ,  t w o  H a l l  g e n e r a t o r s  can  
" p i t c h  out"  one harmonic and its m u l t i p l e s ,  depending 
upon t h e  spac ing  used but  t h e  t h i r d  harmonic is t h e  

most impor tan t  error c o n t r i b u t o r  f o r  p r a c t i c a l  
sys tems.  The a m p l i f i e r  c i r c u i t  u s e s  an  i n t e g r a t e d  
c i r c u i t  a m p l i f i e r  connected as a summing d i f f e r e n t i a l  
a m p l i f i e r  w i t h  s ingle-ended ou tpu t .  

Reduction of E c c e n t r i c i t y  Error 
If t w o  H a l l  g e n e r a t o r s ,  spaced 180 degrees  mechanical 
are summed t o  form each channel  o u t p u t ,  and o u t p u t s  
summed w i t h  one r eve r sed  i n  sense  t h e  effect  of 
e c c e n t r i c i t y  w i l l  be c a n c e l l e d ,  t h e o r e t i c a l l y  comple te ly .  
M u l t i p l e  s e n s o r s  may be r e q u i r e d  t o  reduce t h e  error 
as  described i n  2 .3 .1 .1  above. I n  a mul t i -pole  u n i t ,  
a f t e r  t h e  l o c a t i o n  of t h e  first g e n e r a t o r  of t h e  p a i r  
used i n  harmonic " p i t c h i n g  ou t "  t h e  second u n i t  can  go 
i n  any of n d i f f e r e n t  l o c a t i o n s  where  n=no. of poles 
and s t i l l  have 60 degrees  e lec t r ica l  s p a c i n g .  One 
of these w i l l  be c l o s e s t  t o  a l s o  be ing  180 degrees  
mechanica l ly  spaced w i t h  t h e  f i rs t .  Thus, a large 
measure of r e j e c t i o n  of e c c e n t r i c i t y  w i l l  be o b t a i n e d ,  as 
a bonus f o r  u n i t s  w i t h  4 p o l e s  or more. 
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With a t w o  po le  magnet, a 120 degree spac ing  is used .  
F i g u r e  2.3.1.2-1 shows t h e  v e c t o r  diagram of t h e  

e c c e n t r i c i t y .  S ince  t h e  error o c c u r s  once each mechanical 
c y c l e  i t  may be r e p r e s e n t e d  by a v e c t o r  r o t a t i n g  once 

v o l u t i o n .  The ampl' sum of t w o  
6 at 120 is t h e  R 

With  f o u r  p o l e s ,  however, t h e  sum is .518, and w i t h  6 

p o l e s ,  t h e  sum is 0.26. Thus, for mult i speed  u n i t s ,  
there is an a p p r e c i a b l e  improvement f a c t o r .  

0 

2.3.1.3 A b i l i t y  To Adjust  Out P e r p e n d i c u l a r i t y ,  E lec t r ica l ly  
A t h i r d  advantage of m u l t i p l e  s enso r s  is t h a t  t he  

e f f e c t i v e  a x i s  of a p a i r  w i t h  60 degree  spac ing  may be 

rotated s l i g h t l y  by  f a v o r i n g  one of t h e  p a i r  by making 
its a m p l i f i e r  g a i n  s l i g h t l y  greater.  T h i s  may be done 
a t  c a l i b r a t i o n  t o  remove the  p e r p e n d i c u l a r i t y  error. 

2.3.1.4 Averaging Out Pole-To-Pole V a r i a t i o n s  
S ince  m u l t i p l e  H a l l  g e n e r a t o r s  see d i f f e r e n t  p o r t i o n s  
o f  t h e  magnet a t  any g iven  t i m e  there w i l l  be a n  
ave rag ing  effect  which w i l l  t end  t o  reduce t h e  effect  
of pole- to-pol5 v a r i a t i o n s  of t h e  magnet. ,The summed 
H a l l  o u t p u t s  will therefore c o n t a i n  less s i g n a l  dhe 

t o  pole- to-pole  v a r i a t i o n s .  
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2.3.2 . U s e  of Series C i r c u i t  For H a l l  & c i t a t i o n  
When t h e  H a l l  g e n e r a t o r s  have t h e i r  c o n t r o l  c i r c u i t s  
i n  series, a change i n  resistance of any gene ra to r  
effects t h e  c u r r e n t  through a l l  t h e  u n i t s ,  e q u a l l y .  
In  t h i s  case on ly  a change i n  r e s o l v e r  g a i n  occur s  
but  no analog error. The t w o  main causes  of resistance 
change are change i n  resistance as a f u n c t i o n  of flux 
(magnetoresis tance effect)  and temperature  coef f ic ien t  
of r e s i s t i v i t y .  Wi th  a series connec t ion ,  there is 
more common-mode v o l t a g e  a t  t h e  i n p u t s  t o  t h e  H a l l  
a m p l i f i e r s  bu t  modern m i c r o c i r c u i t s  have s u f f i c i e n t  
common-mode r e j e c t i o n  t o  g i v e  no accuracy problem. 

2.3.3 The r e d u c t i o n  of errors due t o  imperfect t r a c k i n g  of 
the  h a l l  g e n e r a t o r s  w i t h  t empera ture  depends upon 
a v a i l a b i l i t y  of matched sets of d e v i c e s .  A t  least  
on e manufacturer  (Siemans) offers  matching s e r v i c e s  
t h r u  the i r  U.S. d i s t r i b u t o r .  The important  matching 
parameters  here are : 

1) Tracking of t h e  temperature c o e f f i c i e n t s  of t h e  

H a l l  voltage.  

2) Low r e s i s t i v e  n u l l s ,  and perhaps a lso some t r a c k i n g  
. of n u l l s  w i t h  temperature .  

V e r i f i c a t i o n  of accuracy v e r s u s  temperature  would 
r e q u i r e  laboratory t e s t i n g  of r e s o l v e r s .  
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2.3 .4  S i n u s o i d a l  Rotor Magnetic Flux 
I t  is obvious t ha t  t h e  more s i n u s o i d a l  t h e  a i r  gap  
f l u x  d i s s r i b u t i o n ,  t h e  more s i n u s o i d a l  w i l l  be t h e  

H a l l  g e n e r a t o r  o u t p u t .  Various magnet materials and 
c o n s t r u c t i o n s  as l i m i t e d  by t h e  p a r t i c u l a r  geometry 
of a n  asse could  be fabricated and sop 
magnet changing and t r e a t i n g  techniques  a p p l i e d  t o  
o b t a i n  t h e  best s i n u s o i d a l  f l u x  p a t t e r n .  

The problems of manufactur ing a ro to r  w i t h  s i n u s o i d a l  
f l u x  d i s t r i b u t i o n  inc lude  non-homogeneous materials, 
t o l e r a n c e  v a r i a t i o n s  i n  magnet ic  p r o p e r t i e s  f r o m  magnet 
t o  magnet and machining t o l e r a n c e  v a r i a t i o n s  c a u s i n g  
po le  s p a c i n g  and/or po le  t i l t i n g  errors.  

. 

To de termine  which of fe rs  t h e  best e r ro r - r educ ing  trade- 
off the  r e l a t i v e  merits of v a r i o u s  m u l t i p o l e  magnets 
as fol lows could be i n v e s t i g a t e d .  

1. I n t e g r a l  magnet - T h i s  is a s i n g l e  cost or 
s i n t e r e d  magnet which is machined t o  s ize  and used 
wi thou t  po le  p i e c e s .  Machining t o l e r a n c e  and 
magnet ic  p rope r ty  t o l e r a n c e  errors can  be minimized 

and mechanical  c o n s t r u c t i o n  is r e l a t i v e l y  s imple .  
However, magnet inhomogenei t ies  and d i f f i c u l t i e s  
i n  c h a r g i n g ,  t r e a t i n g  and  a d j u s t i n g  f o r  
s i n u s o i d a l  f l u x  d i s t r i b u t i o n  a re  l i m i t i n g  factors .  

2 .  C i r c u m f e r e n t i a l  enc losed  magnet assembly- 
T h i s  c o n s i s t s  of i n d i v i d u a l  bar magnets c i r c u m f e r e n t i a l l y  
located i n  a precisely machined magnet ic  pole 
s t r u c t u r e .  I t  is a r e l a t i v e l y  complex mechanical 
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s t r u c t u r e  w i t h  a c c u r a c i e s  l i m i t e d  by machining 
t o l e r a n c e  e rm rs. However, t h e  assembly pe rmi t s  
matching of i n d i v i d u a l  magnets t o  minimize errors 
a u e  t o  magnet inhomogenei t ies  and  magne t i c  p rope r ty  
t o l e r a n c e s .  The c’ompleted s t r u c t u r e  can a l so  be * 

more e a s i l y  charged ,  treated and a d j u s t e d  t o  minimize 
f rs. This assembly is also 
m o s t  e f f e c t i v e l y  keepered f o r  easy handl ing .  

3. Radia l  exposed magnet assembly - T h i s  c o n s i s t s  of 
i n d i v i d u a l  bar magnets r a d i a l l y  located on a magne t i c  
hub. Its characterist ics are much l i k e  t h e  

c i r c u m f e r e n t i a l  assembly described above except  
that  c h a r g i n g ,  t r e a t i n g ,  a d j u s t i n g  the f l u x  p a t t e r n  
and keepe r ing  is more d i f f i c u l t .  

As i n d i c a t e d ,  magnet charg ing  and t r e a t i n g  techniques  
w i l l  have a s i g n i f i c a n t  effect  on f l u x  d i s t r i b u t i o n  
and on magnet s t a b i l i t y .  The effects  of v a r i o u s  cha rg ing  
and t r e a t i n g  f i x t u r e s ,  keepe r ing  requi rements  and 
handl ing  procedures  would be s t u d i e d  t o  achieve  an 
optimum s i n u s o i d a l  f l u x  p a t t e r n .  
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I! 
3 .O EXPERIMENTAL EVALUATION OF FURNISHED TORQUER 

The purpose of t h i s  e v a l u a t i o n  w a s .  t o  de te rmine  ana log  
error of t h e  f u r n i s h e d  t o r q u e r ,  first by o b t a i n i n g  
an error cu rve  by t e s t , t h e n  by ana lyz ing  i t  i n t o  
F o u r i e r  components , and then  f i n a l l y  , u s i n g  known 
cause and effect relations B between a 
and t h e  r e s u l t a n t  F o u r i e r  component of t h e  error 
c u r v e ,  p i n p o i n t  t h e  error source  and i ts  ampl i tude .  
A check of t h e  v a l i d i t y  of t h e  e r r o r  curve  w a s  made 
by do ing  a n  a d d i t i o n a l  test of t h e  s i n e  d e v i a t i o n .  
I n  t h i s  test  rather t h a n  checking t h e  ra t io  of t h e  t w o  

3.1 

r e s o l v e r  s i g n a l s  w i t h  a r e s o l v e r  b r i d g e ,  as is done  
to get ana log  error, each ou tpu t  is tested i n d i v i d u a l l y  
for  conformi ty  w i t h  ideal s i n e  and c o s i n e  waves. 
The r e s u l t  of t h i s  tes t  confirmed t h e  p rev ious  test. 

T e s t i n g  
MT-3.4,609, ( H a l l  Resolver  T e s t  Repor t )  describes,  i n  
d e t a i l ,  the  tes t  procedure used and t h e  r e s u l t s .  
The t w o  e x i s t i n g  H a l l  Genera tors  were used and were 
d r i v e n  by t h e  H a l l  d r i v e r s  and t h e i r  o u t p u t s  were 
a m p l i f i e d  by t h e  summing a m p l i f i e r s  of t h e  Brush le s s  
Torquer  e l e c t r o n i c s .  A 1000 Hz s i g n a l  w a s  used t o  
d r i v e  t h e  H a l l  g e n e r a t o r s  t o  about  25 m a  peak. S l i g h t  
m o d i f i c a t i o n s  were made t o  lower t h e  g a i n  of t h e  summing 
a m p l i f i e r s  t o  keep t h e i r  o u t p u t s  i n  t h e  l i n e a r  r ange .  
N o  DC servo error s i g n a l  w a s  p r e s e n t  i n  t h i s  t e s t i n g .  

The u n i t  w a s  indexed i n  4 degree steps and t h e  ou tpu t  
error determined w i t h  a r e s o l v e r  b r idge .  The error 
w a s  t h e n  graphed on p10 of MT-14,609. The t w e l f t h  
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harmonic s t a n d s  o u t ,  but visual ly  it is  not p o s s i b l e  t o  
d e f i n i t e l y  i d e n t i f y  a n y  o t h e r  harmonics. 

12 
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3.2 Computer Done Four i e r  A n a l y s i s  
This  error curve w a s  analyzed by d i g i t a l  computer and 
t h e  computer p r i n t o u t  is on page 15 of theMT,The r e s u l t  
is quo ere iu Table I ,  f o r  a m  .1 

degree e lectr ical .  

I 

2.95 0.98 -170° 3rd elec.  
harmonic 
f l u x  
e c c e n t r i c i t y  

g a i n  unbalance 
non-perpen. 
placement 

Due l a r g e l y  

I_ 

---- - - - -. 
0.83 ; 0.28 -165O 

: 

I--. .-- -_- 0.46 1 0.15 0.0 
0.25 90.0 
- -I ---- II_  ̂-4 

0*74 i 
0 .23 

0.28 ~ t o  magnet 
i 0.09 pole- t o-pole 

! 0.07 
0.06 0.19 

0.18 , 0.06 

v a r i a t i o n s  

7 

t I 
i 

-_--- 
~~ ~ 

Uncompensated 
H a l l  resi- 
s t i v e  Nu l l s  

-_ - - - - - - . -* I 
8oo 1 

fundamental e r r o r  is  t h e  3rd  space harmonic. 
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3.3 Error Amplitudes And Sources  
A mathematical  a n a l y s i s  w a s  made w h i c h  related an error 

s o u r c e  w i t h i n  t h e  r e s o l v e r  t o  a p a r t i c u l a r  F o u r i e r  
component of t h e  ana log  error and t h i s  w a s  r e p o r t e d  
i n  MT-14,620 (Sources  of H a l l  Resolver  Errors). 
The las t  column of Table  I lists these s o u r c e s .  

The largest  component is due t o  t h e  t w e l f t h  space  
harmonic. The cause  is 3rd e lectr ical  harmonic magnet 
f l u x .  The magnitude is 2.95O electrical  or 0.98O s h a f t .  

The second largest component is t h e  first harmonic 
( fundamenta l ) .  P a r t  of t h i s  may be due t o  t h e  magnet 
running  about  a c e n t e r  other  than  its geometr ic  c e n t e r  
( e c c e n t r i c i t y ) .  Another c o n t r i b u t i o n  may be due t o  
misal ignment  between t h e  d i v i d i n g  lead test s h a f t  and 
the r e s o l v e r  s h a f t .  It is no t  known t h e  r e l a t i v e  c o n t r -  
i b u t i o n s  of each. The t o t a l  magnitude is 0 . 8 3 O  

electr ical  or 0.28O s h a f t .  
\ 

The t h i r d  largest component is t h e  q u a d r a t u r e  component 
of t h e  s i x t h  harmonic. T h i s  is due t o  error i n  
p e r p e n d i c u l a r i t y  between the t w o  H a l l  g e n e r a t o r s .  
The magnitude is 0.74O e lec t r ica l  o r  0.25O s h a f t .  

The nex t  component is the in-phase component of t h e  

s i x t h  harmonic. T h i s  is due t o  unbalance between 
s i n e  and c o s i n e  o u t p u t s .  The magnitude is 0.46O 

electrical  or 0.15O s h a f t .  

Next there is a group c o n t a i n i n g  t h e  5 t h ,  4 th ,  8 t h ,  

7 t h  and 9 t h  harmonics. These are due t o  pole- to-pole  
v a r i a t i o n s  i n  t h e  magnet. 
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3.4  

I, 
F i n a l l y  there is t h e  3rd harmonic. This  component is 
due t o  uncompensated H a l l  gene ra to r  r e s i s t i v e  n u l l s .  
Its magnitude is 0.18O electrical  .or 0.06O s h a f t .  

Error Remaining With U s e  Of Error Cance l l a t ion  Schemes 
If the  previous ly  considered e r r o r  r educ t ion  schemes 
are' u t i l i z e d ,  and t h e y  accomplish their  d e s i r e d  
r e s u l t ,  p e r f e c t l y ,  t h e  errors due t o  t h e  space harmonics 
of numbers 12 ,  1, 6 and 3 w i l l  be z e r o .  Refer r ing  t o  
Table I ,  t h e  remaining s i g n i f i c a n t  harmonics are of 
numbers 5 ,  4 ,  8 ,  7 and 9 .  These las t  are due l a r g e l y  
t o  v a r i a t i o n s  i n  t h e  s t r e n g t h  and placement of t h e  s i x  
p o l e s .  Combining these las t  5 components i n  RSS f a sh ion ,  
' the r e s u l t a n t  is 0.275 degrees  mechanical.  The peak 
p resen t  e r r o r  may be der ived  from page 2 of MT-14,609, 
by t ak ing  t h e  t o t a l  error spread (+7.13 t o  -2.17) 
or 9.30 peak-peak, d i v i d i n g  by two t o  o b t a i n  t h e  peak, 

and d i v i d i n g  by three t o  g e t  t h e  mechanical degrees .  
Th i s  c a l c u l a t i o n  g i v e s  1.55 degrees  mechanical.  T h e -  
a b i l i t y  t o  reduce t h i s  t o  0.275 degrees ,  without  
changing t h e  magnet, is s i g n i f i c a n t .  O f  co-urse i n  
p r a c t i c e ,  t h e  iull improvement would not be obta ined ,  
bu t  i t  could be approached. 
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4.0 RECOMMENDED DESIGN 
The basic f e a t u r e s  i n  the recommended des ign  are t h e  

use  of m u l t i p l e  H a l l  s e n s o r s  w i t h  each channel  P a i r  
spaced a t  60 fundamental  e lec t r ica l  degrees a p a r t ,  
and w i t h  t h e  4 H a l l  g e n e r a t o r s  d r i v e n  i n  series. They 

are Siemens type  SV210, made of vapor-deposi ted InAs. 
P r o v i s i o n  is made, i n  t h e  H a l l  ou tpu t  a m p l i f i e r s ,  f o r  
e l e c t r i c a l l y  compensating f o r  p e r p e n d i c u l a r i t y  error, 
The g e n e r a t o r s  are spaced mechanica l ly  t o  p a r t i a l l y  
remove e c c e n t r i c i t y  error.  

There  are v a r i o u s  methods of  r e s o l v e r - t o - d i g i t a l  
conve r s ion .  For t h i s  a p p l i c a t i o n  t h e  phase -mul t ip l i ca t ion  
method does no t  o f fe r  any advantage and is r e l a t i v e l y  
complex. Methods u s i n g  DC e x c i t a t i o n  of t h e  r e s o l v e r  
w i t h  d i g i t a l l y  c o n t r o l l e d  g e n e r a t i o n  of s i n e 0  and 
cost3 are a l so  complex. Of t h e  t w o  schemes u s i n g  
carrier e x c i t a t i o n ,  t he  first exci tes  the  t w o  
channe l s  i n .  q u a d r a t u r e .  The networks p rov id ing  t h e  90° 
phase d i f f e r e n c e  is s u b j e c t  t o  change due to capacitor 
v a r i a t i o n s  w i t h  t empera tu re .  The second method w a s  
common e x c i t a t i o n  but  has t w o  RC networks on t h e  

resolver o u t p u t s .  I n  t h i s  case t h e  error  depends 
on ly  upon t h e  degree t o  which t h e  t w o  c a p a c i t o r s  .. do n o t  t rack,  p e r f e c t  t r a c k i n g  g i v i n g  n o e r r o r .  
The c a p a c i t o r  problem t h e n  is no t  s e v e r e .  T h i s  l a s t  
method is one w i t h  which  Navigat ion and Con t ro l  
D i v i s i o n  has ample e x p e r i e n c e ,  having b u i l t '  and 
d e l i v e r e d  such  sys tems.  
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The s p a c i n g  between t h e  m u l t i p l e  H a l l  g e n e r a t o r s  of 

one channel  is  160° mechanical .  
s e c t i o n  2 .3 .1 .2  t h a t  t h i s  s p a c i n g ,  fo r  a 6 po le  
rotor r educes  the  e c c e n t r i c i t y  e r r o r  down t o  0.347 
of that  picked up by a s i n g l e  g e n e r a t o r . F i g u r e  4.0-1 
shows a sketch o f  t h e  non-magnetic re ta iner  r i n g  f o r  
the f o u r  H a l l  operators, t o  f i t  i n s i d e  t h e  b r u s h l e s s  
t o r q u e r  as a replacement  f o r  t h e  two-generator r e t a i n e r  
r i n g .  

It vias shown i n  

I n  DWG 1976682 is shown t h e  b lock  diagram of t h e  

recommended d e s i g n .  Beginning a t  t h e  p o s i t i o n  s e n s o r ,  
t h e  f o u r  H a l l  g e n e r a t o r s  are d r i v e n  by t h e  H a l l  d r i v e r ,  
i n  series. The t w o  e x i s t i n g  g e n e r a t o r s  fo r  t h e  t o r q u e r  
are a l s o  shown. There is one H a l l  o u t p u t  ampl i f ie r  which 

sums t h e  s i g n a l s  of the  two H a l l  g e n e r a t o r s  forming 
t h e  s i n 0  o u t p u t ,  and a s i m i l a r  a m p l i f i e r  forming t h e  

cos@ o u t p u t .  These t w o  v a r i a b l e  ampl i tude  s i g n a l s  go 
t o  the  reso lver - to-phase  c o n v e r t e r .  T h i s  c o n s i s t s  of 
t w o  RC networks,  t h e  o u t p u t s  of which are two c o n s t a n t  
ampl i tude  s i g n a l s .  The phase of one ou tpu t  leads 
and t h e  other lags w i t h  a c e r t a i n  d i r e c t i o n o f  s h a f t  

r o t a t i o n ,  such  t h a t  a phase d i f f e r e n c e  between t h e  two 
s i g n a l s  e x i s t s  which is double  t ha t  f o r  a s i n g l e  R-C 
network. The phase meter fo l lowing  detects t h e  phase 
d i f f e r e n c e ,  by measuring the  t i m e  d i f ference between 
t h e  zero c r o s s i n g s  of the two waves. The phase meter 
o u t p u t  is a l o g i c  s i g n a l ,  whose p u l s e  w i d t h  is p r o p o r t i o n a l  
t o  shaf t  r o t a t i o n  a n g l e .  The ou tpu t  has a 6 f o l d  redundancy. 
That is, i n  one s i x t h  of the t o t a l  ro ; t a f ion ,  i . e .  i n  60° 

s h a f t  r o t a t i o n ,  t h e  du ty  cycle of t h e  p u l s e  wid th  
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reaches 100%. The s i x - f o l d  redundancy is made up  of 
the  f a c t o r  3 due t o  t h e  3 pole pairs and a doubl ing  due 
t o  t h e  double  R-C networks used .  

The v a r i a b l e  w i d t h  becomes a g a t i n g  s i g n a l  t o  the  b i n a r y  
c o u n t e r .  When t h i s  s i g n a l  e n a b l e s  a g a t e ,  t h e  clock 
p u l s e s  e n t e r  t h e  c o u n t e r  stages and t h e  count 
accumula tes .  A t  t h e  moment when t h e  g a t i n g  s i g n a l  
goes l o w ,  i t  w i l l  t r i gge r  a c i r c u i t  which w i l l  pu t  
o u t  a data v a l i d i t y  p u l s e ,  i n d i c a t i n g  t h a t  t h e  number 
i n  t h e  register is v a l i d  and a v a i l a b l e ,  t o  be 

t r a n s f e r r e d  o u t ,  i n  p a r a l l e l .  

The t iming  c i r c u i t s  g e n e r a t e  t h e  carr ier  and clock 
f r e q u e n c i e s  s t a r t i n g  w i t h  a c r y s t a l  o s c i l l a t o r  
and d i v i d i n g  down. The 1200Hz squa re  wave is 
fi l tered t o  s i n e  wave i n  t h e  l o w  p a s s  f i l t e r  before 

going  to’ t h e  H a l l  d r i v e r .  

4.1 S e l e c t i o n  Of Clock Frequency 
The frequency of t h e  AC carrier a p p l i e d  t o  t h e  t w o  
H a l l  g e n e r a t o r s  is  chosen as 1200H;;’. T h i s  f requency 
is high  enough such t h a t  t h e  stable c a p a c i t o r s  for  
t h e  phase shifters i n  t h e  reso lver - to-phase  p o r t i o n  
of t h e  encoder  are of r easonab le  volume, and  y e t  no t  
h igh  enough t o  cause  a s e v e r e  accuracy problem on 
t h e  ze ro -c ross ing  detectors,  due t o  detector phase 
s h i f t  and s t r a y  c i r c u i t  c a p a c i t a n c e s .  

The double  R-C convers ion  method used t o g e t h e r  w i t h  

t h e  3-pole-pair  ro tor  makes each r e s o l u t i o n  s t e p  less 
by a factor of s i x  t h a n  tha t  fo r  a 1-pole-pair  r o t o r  
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used w i t h  a s i n g l e  R-C network conve r s ion .  Thus, i f  

= n ,  t h e  r e s o l u t i o n  t h e  r a t i o  c l o c k  rate 

s t e p s  are 

r e s o l v e r  e x c i t a t i o n  

2n' mechanical r a d i a n s . .  m 
I t  has been p r e v i o u s l y  shown i n  3.4  t h a t  error cance l -  
1st- 6s could n o t  reduce t h e  error t o  
below 0.275 degrees mechanical .  The r e s o l u t i o n  s t e p  
due t o  t h e  d i g i t i z i n g  should be below t h i s ,  s a y  0 . 1  

degrees. L e t t i n g  t h e  e q u a t i o n  of t h e  p rev ious  paragraph 
e q u a l  t o  0 . 1  x m, 2q 
d e s i r e d  t o  choose a n  n which can be developed by a 
s imple  b i n a r y  f requency  d i v i d e r ,  n w i l l  be chosen t o  
be e q u a l  t o  512(2 >,  t h e  n e a r e s t  va lue  of 2 raised 
t o  a n  i n t e g r a l  power. The a c t u a l  r e s o l u t i o n  element 
t h e n  comes o u t  t o  be - 360 0.117 degrees  mechanical .  512 = 

The clock f requency  comes out t o  be 1200(512)=614.4kHz 

there r e s u l t s  n=600. S ince  it is 

9 

4.2.2 Low P a s s  F i l t e r  
The l o w  pass f i l t e r  c o n s i s t s  of t w o  s t a g e s .  Each s t a g e  
is a n  a c t i v e  f i l t e r  segment of t h e  t y p e  shown i n  
F ig ,  (4 .2 .2-1) .  

The t r a n s f e r  f u n c t i o n  for t h e  f i l t e r  segment is  g iven  
by: 

w L  
0 - - 1 - ( s )  = 

ei R1 R2 C1 C2 S2 t(Rl+RZ)C2S+1 S2 +- 26W S + W 0 2 
0 

1 
1/ 2 where w = 

0 

( R l , R 2  c2) 
26 



ACTIVE F I L T E R  SEGMENT 

FIGURE (4.2.2.-1) 
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6 =  1 R1 + R2 
( 2 .  

1/2 

R1 and R2 w i l l  be chosen t o  be 0.1Mn-each.  The f i l t e r s  
w i l l  be tuned t o  1200 Hz w i t h  a damping f a c t o r  of 0 . 4 ,  

from which a g a i n  w i l l  be r e a l i z e d  a t  t h e  o p e r a t i n g  
f requency .  Solv ing  t h e  above g i v e s  C = 0.00331 u f d  
and C2 = .00531 u f d .  

1 

The phase s h i f t  and ampl i tude  r a t . i o  a t  w is found from, 
0 

2 e w 
,' 0 - 0 
e 
- -  

0 s2 + 26W s + w 
0 

i 

S = j w o  

2 
1 w 2 w 

- - -  eo - 0 - 0 - _ I -  

ei w 0 ' . +  j2 w 0 + 2j6wOy 2j6w0 2j6 

The phase s h i f t  is t h u s  90° l a g  and t h e  g a i n  is 1.25. 

The F o u r i e r  expansion of t h e  squa re  wave d r i v i n g  the  

a c t i v e  filters is 

77 1 E ( 2 + s inwt  + - sin3wt +... . 1 
E =  3 3 

where E is t h e  peak of t h e  squarewave v o l t a g e .  
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The t h i r d  harmonic is t h e  one r e q u i r i n g  t h e  most 
f i l t e r i n g .  A t  t h e  f i l t e r  ou tpu t  i t  w i l l  be 
reduced t o  x 
be '  i n c r e a s e d  by (1 .25)2  = 1 .56 .  
w i l l  t h u s  be 0.002464 of the fundamental a t  t h e  f i l t e r  

and t h e .  h i  w i l l  be 

= .00412. The fundamental  w i l l  g X g  
The t h i r d  harmonic 

n e g l i g i b l e  i n  comparison. 

2 The ou tpu t  of t h e  two f i l t e r s  w i l l  be E (1.25) . 
With E = 4.0V, t h e  ou tpu t  is 3.98V peak.  

The u n i t y  g a i n  a m p l i f i e r s  are LM102 v o l t a g e  f o l l o w e r s .  

4 .2 .4  H a l l  Dr ive r  Ampl i f i e r  
The H a l l  d r i v e r  a m p l i f i e r  is a power a m p l i f i e r  w i t h  a 
complementary symmetry ou tpu t  s t a g e ,  d r i v i n g  i n t o  a n  
o u t p u t  t r ans fo rmer  which isolates  t h e  load  from t h e  

t r a n s i s t o r s ,  a l l owing  t h e  center of t h e  load  t o  be 
grounded, and matches load  impedance for  h i g h e s t  
e f f i c i e n c y .  The c i r c u i t  c o n s i s t s  of a v o l t a g e  a m p l i f i e r  
d r i v i n g  t h e  power a m p l i f i e r ,  w i t h  heavy i n v e r s e  
feedback from t h e  t r ans fo rmer  primary back t o  the  i n p u t ,  
t o  i n s u r e  l o w  d i s t o r t i o n .  The v o l t a g e  a m p l i f i e r  i s . a  
pA709, c a p a c i t o r  coupled t o  t h e  f i l t e r .  The power 
a m p l i f i e r  Complementary t r a n s i s t o r s  are d iode  b i a s e d  
t o  g i v e  a s m a l l  i d l i n g  c u r r e n t  which p r e v e n t s  cross-over  
d i s t o r t i o n .  A p o r t i o n  of the ou tpu t  is f e d  back t o  t h e  

i n p u t  such  t h a t  a g a i n  of 2.5 exis ts .  
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4.2.5 . H a l l  Output  Nu l l ing  Network 
Each H a l l  network is bridged by a network of three 
series resistors t o  a d j u s t  o u t  t h e  r e s i s t i v e  n u l l .  
To n u l l  t h e  t o p  H a l l  g e n e r a t o r  f o r  example, set R14=0 
and a d j u s t  R 1 9  so  tha t  t h e  voltage a t  t h e  r i g h t  hand 

Hall 'ou is 
R19. Then connect  t h e  H a l l  ou tpu t  w i r e  t o  t h e  network 
and a d j u s t  R14 f o r  b e s t  r e s i s t i v e  n u l l ,  that  is t h e  

a m p l i f i e r  ou tpu t  is minimum i n  t h e  absence of magnetic 
f i e l d .  S i m i l a r l y ,  a d j u s t  t h e  three o ther  g e n e r a t o r s .  

4.2.6 H a l l  Output S i g n a l  Ampl i f i e r s  
Each of t h e  t w o  channe l s  consis ts  of a pA709 v o l t a g e  
a m p l i f i e r  d r i v i n g  an LM102 v o l t a g e  follower. The voltage 
a m p l i f i e r  has t w o  i n p u t s .  One is t h e  d i f f e r e n t i a l  
v o l t a g e  cor responding  t o  one H a l l  g e n e r a t o r  and t h e  

other is t h e  second H a l l  v o l t a g e .  The a m p l i f i e r  sums 
these t w o  d i f f e r e n t i a l  s i g n a l s  and a m p l i f i e s  them t o  the  

5 volt  l e v e l .  Capac i to r  coup l ing  is used t o  t h e  b u f f e r .  
The b u f f e r  is used t o  decouple  any DC nu$l  v o l t a g e  f r o m  
the d i f f e r e n t i a l  a m p l i f i e r  and t o  g i v e  a convenient  
n u l l  ad jus tment  p o i n t .  

4.2.6.1 Nul l  Adjustment 
There are e l e c t  a t  test  resistors on each b u f f e r  ampl i f i e r ,  
these are R17 and R32 f o r  t h e  t w o  a m p l i f i e r s  and they  

are selected f o r  best n u l l .  
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4 . 2 . 6 . 2  Gain Balance Adjustment 
The i n p u t  r e s i s t o r s ,  R12, R15, R22 and R22 f o r  t h e  one 
a m p l i f i e r  and R28, R 3 1 ,  R36 and R40 f o r  the second 
a m p l i f i e r  are s e l e c t e d  t o  ba lance  g a i n s  of a l l  H a l l  
g e n e r a t o r s .  T h i s  is done by chosing a r e f e r e n c e  p o l e ,  
and u s i n g e t h i s  r e f e r e n c e  pale of t h e  r o t o r ,  a d j u s t i n g  
a l l  a m p l i f i e r  g a i n s  such  t h a t  the  o u t p u t s  due t o  t h e  

r e f e r e n c e  po le  are e q u a l .  

4.2.6.3 A f t e r  t h e  g a i n  ba l ance  ad jus tment  is made, t h e  spac ing  
between t h e  n u l l  p o s i t i o n s  of t h e  s i n e  and c o s i n e  
channe l s  w i l l  be checked. If it is n o t  exactly 90°, 
ad jus tment  of t h e  g a i n  of one H a l l  g e n e r a t o r  w i l l  be 
made such  t h a t  an  exact e f f e c t i v e  90° spac ing  o c c u r s .  

4 . 3  Resolver-To-Digi ta l  C i r c u i t  Desc r ip t ion  

4 .3  .l, Resolver-To-Phase Conver te r  
The carrier f requency  has  a l r e a d y  been p rev ious ly  
chosen t o .  be 1200Hz. 
a t  1200Hz. R is chosen a t  approximately 20K. Solv ing  
for C g i v e s  approximate ly  0.0068 u fd .  For C exactly 
0.006800, R comes ou t  t o  19.504K . The c a p a c i t o r s  
are Tef lon  d i e l e c t r i c  t y p e s  w i t h  a tempera ture  
c o e f f i c i e n t  of  70 PPM/OC, and w i t h  much c l o s e r  t r a c k i n g  

I n  t h e  R-C networks,  R=Xc 

o +  . between u n i t s .  For t h e  p r e s e n t  requirement  of 50 C-10°C, 
+ + t h e  c a p a c i t a n c e  v a r i a t i o n  w i l l  be -0.0007 or -0.07%. 

The t r a c k i n g  between t w o  c a p a c i t o r s  w i l l  be about 5 
t i m e s  b e t t e r  or, approximately -0.014%. The i n p u t  
s i g n a l s  are 5 V  peak at  maximum coup l ing  and t h e  o u t p u t s  
are 3 ‘5 VP v a r i a b l e  phase s i g n a l s .  

+ 
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4 .3 .2  Phase Meter 
The phase meter c o n s i s t s  of t w o  zero c r o s s i n g  d e t e c t o r s  
(ZCS's) . Parameters important  for a zero c r o s s i n g  
d e t e c t o r  are c o n s t a n t  h igh  i n p u t  impedance, l o w  phase 
s h i f t ,  and low o f f s e t .  It  is n e c e s s a r y  t o  have a 

c i r c u i t  t o  keep the imp higB over- 

p o r t i o n s  of the  cycle where t h e  i n p u t  is h igh ,  
s i n c e  t h e  g a i n  is ve ry  h igh .  The bound c i r c u i t  p r e v e n t s  
a m p l i f i e r  s a t u r a t i  on.  

The ZCD shown is a t e s t e d  d e s i g n ,  w i t h  ex t remely  h igh  
i n p u t  impedance (lon ohms). The fo l lowing  is a summary 
of characteristicsof t h e  ZCD, over  t h e  tempera ture l  
range  -25O to +7OoC. 

A .  Phase s h i f t  0.0014 r a d  (0.082O) 
B. Nu l l  = 0.003 mv. ( Input  S i g n a l  = 3 , 5 V  peak) 

The ZCD is connected i n  t h e  non- inver t ing  c o n f i g u r a t i o n  
for high  i n p u t  r e s i s t a n c e  and has a g a i n  of 100. 

The bound c i r c u i t  c o n s i s t s  of  CR 3 ,  4, 5 ,  6, 7, 8, 
p l u s  t h e  a s s o c i a t e d  resistors. The a m p l i f i e r  is a 
hybr id  type  c o n t a i n i n g  JFET i n p u t  s t a g e .  Following 
t h i s  is a @?lo compensator,  used open loop ,  t o  sharpen  
t h e  s l o p e .  The t o t a l  g a i n  is t h u s  100 x 1500 or 
150,000.  The pA710 ou tpu t  goes t h r u  i ts  complete 

range Or 150,000 
3 * 5  

= 23 x lom6 v o l t s  a t  its i n p u t .  

32 



I 
I 

4 - 3 . 3 .  Reset and I n t e r r o g a t e  Pulse Requkrements and Output Format 

The two Dulses from t h e  ZCD's EO t o  t h e  b i n a r v  c o u n t e r  
c i r c u i t  where t h e y  form the  start and s t o p  p u l s e s  for 
the '  c o u n t e r .  I n  o p e r a t i o n ,  once on e x t e r n a l  e n a b l e  
p u l s e  is r e c e i v e d ,  a f l i p - f l o p  w i l l  be set and upon 
r e q e i p t  of s t a r t  pu l se ,  c l o c k  p u l s e s  begi? to  e n t e r  
t he  c o u n t e r .  When t h e  s t o p  pu l se  o c c u r s ,  t h e  count  
w i l l  s t o p  accumula t ing .  Thus t h e  phase (or t h e  t i m e )  
between s ta r t  and s t o p  p u l s e s  w i l l  be conver ted  i n t o  
a p r o p o r t i o n a l  c o u n t .  The s t o p  p u l s e  a l s o  goes t o  a 
Monostable c o n s i s t i n g  of a TTML9601 which  g e n e r a t e s  
a d e l a y .  T h i s  delayed pu l se  s e r v e s  as a ''Data v a l i d  
pu l se" )  i n d i c a t i n g  t h a t  t h e  number i n  t h e  coun te r  is 
v a l i d  and ready  for t r a n s m i t t a l .  A reset i n p u t  is 
provided  so t h a t  t h e  c o u n t e r  can be reset a f t e r  the  

number has  been t r a n s f e r r e d  and r e c e i v e d .  

4 . 4  Error S e n s i t i v i t i e s  
A s t u d y  of error s e n s i t i v i t i e s  of a r e s o l v e r  encoder 
such  as the  one described had been made i n  MT-14,008. 
The r e s u l t s  i n  summary are: 

4.4..1 RC Product  Error 
If the  RC r e s o l v e r  t o  phase network v a l u e s  are 
R1. C1 = R2 C Z ( l + c ) ,  t h e  electrical ou tpu t  phase e r r o r  
is E r a d i a n s .  

I n  t h i s  recommended d e s i g n ,  E: should  be 0.00014, due 
t o  c a p a c i t o r  non- t racking .  T h i s  w i l l  g i v e  a t h e o r e t i c a l  
error of -6 00014 - - 0.00002 r a d i a n s  or 0.00114 degrees 
mechanica l .  
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4.4.2 ZCD Nul l  
' A n u l l  of Vn where t h e  peak s i g n a l  is V ,  g i v e s  r i se  

to, - 'n r a d i a n s  e lectr ical .  
V 

I n  t h e  p r e s e n t  case where V_ = 0.003 and V = 3.5, 
11 

t h e  error is -% = 0.000856 r a d i a n s  e lect .  T h i s  

0.000856 w i l l  g i v e  -7 = 0.000142 r a d i a n s  or 0.0081 degrees  
mechanica l .  

4.4.3 ZCD Phase S h i f t  
A ZCD phase s h i f t  i s  e q u a l  t o  t h e  el 'ctrical e r r o r  
d i r e c t l y .  I n  t h e  p r e s e n t  case, t h e  phase s h i f t  is 
0.082 degrees  e lectr ical .  The r e s u l t i n g  error is 
0.082 

= 0.014 degrees mechanica l .  

4.4.4 Harmonic D i s t o r t i o n  On Carrier 

The effect of a harmonic d i s t o r t i o n  of d times t h e  

fundamental  (d < l ) ,  is t o  g i v e  an e r r o r  of approximately 
d r a d i a n s  e lec t r ica l .  I n  t h e  p r e s e n t  case, the  d i s t o r t i o n  
w i l l  be about  0.00264 and t h e  r e s u l t i n g  e r r o r  w i l l  be 

0.00264 r a d i a n s  electrical  or - = 0.00044 r a d i a n s  
(=0.025 degrees  mechan ica l ) .  

0.00264 . 
4.4.5 T o t a l  E l e c t r o n i c  E r r o r  

The sum of t h e  above e r r o r s  is 0.048 degrees  mechanica l .  
The q u a n t i z i n g  e r r o r  is - 1/2 b i t  or 50.58. 
t h e  ana log  accuracy  o f  the H a l l  r e s o l v e r ,  af ter  improve- 
ment by u s i n g  m u l t i p l e  s e n s o r ,  cannot be expec ted  t o  
be under  0.275 degrees. 

. + By comparison 

Thus, t h e  e l e c t r o n i c s  have s u f f i c i e n t  accuracy f o r  t h e  

a p p l i c a t i o n .  
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4 .4 .6  E s t i m a t e d  Volume, Weight, and Power Consumption 
The c a l c u l a t e d  v a l u e s ,  based on t h e  schematic are 

3 volume 16 i n  

weight  4 oz. 

p 0 W W  
consumption 4 W t o t a l  from +12 and - 1 2 V  l i n e s  
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5.0 ’ CONCLUSIONS 
‘ Based on paper s t u d i e s ,  t h e  bas ic  GFE error of 1.55 

d e g r e e s  can  be improved. The l i m i t  of improvement appears 
t o  be 0.27 degrees .  The e l e c t r o n i c s  and H a l l  s e n s o r s  
a re  des igned  i n  a manner t o  perform t h i s  improvement. 
The e ed error is app T h i s  
is less t h a n  1 pa.rt i n  2 . 9 
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6 . 0  RECOMMENDAT IONS 
A sugges ted  cour se  of f u r t h e r  a c t i o n  would begin  w i t h '  

b u i l d i n g  and t e s t i n g .  the proposed d e s i g n  t o  v e r i f y  
the. m u l t i p l e  H a l l  s e n s o r  concept e x p e r i m e n t a l l y .  

The second impor tan t  area is the  development of the 

magnet ic  s t r u c t u r e ,  Th v a l u a t i o n  of 
d i f f e r e n t  m a g n e t i c  s t r u c t u r e s  t o  de t e rmine  magnet 
materials, magnet ic  f i x t u r i n g  d e t a i l s ,  e t c . ,  t o  o b t a i n  
t h e  best s i n u s o i d a l  s p a t i a l  f l u x  d i s t r i b u t i o n .  Involved 
here is a combinat ion s t u d y  and laboratory development. 
One of t h e  main g o a l s  of s u c h  a program would be to 
see i f  t h e  t h e o r e t i c a l  advantage of i n c r e a s i n g  t h e  

number of p o l e s  is a c t u a l l y  a v a i l a b l e  as an error 
r e d u c t i o n  scheme. 

c 
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This report summarizes the results of a study aimed at 
determining the error sensitivity to certain parameter 
Va f a cert 
exclusive of digital errors. The encoder in question 
uses a resolver whose electrical signals are fed t o  - 
resistance4apacitance phase-shift networks which convert 
the variable-amplitude resolver outputs to two variable 
phase, constant amplitude signals. The phase difference 
between the two is then detected by two zero-crossing 
detectors. The start and stop signals generated by the 
zero-crossing of two variable phase signals are used to 
allow pulses from a clock to accumulate into a register. 
The count then is indicative of the shaft position, and 
ideally is linear with shaft position. The present report 
seeks to determine causes and extents of non-linearities. 
The system uses a dual speed resolver but the high speed 
portion determines the accuracy. Errors considered below 
do not include those due to resolver non-linearity itself. 

Requirements upon the RC network, allowable excitation 
distortion, frequency stability and zero-crossing 
detector stability to meet a specified accuracy have been 
determined, Most of the error sensitivities have been 
determined on a "per count" basis, that is, they cause a 
one count error in the output and ar-e,'therefore, equal 
to the resolution limit. 
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2.0 DESCRIPTION OF OPERATION 

I The h igh  speed  p o r t i o n  of t h e  d i g i t a l  s h a f t  encoder  system 
is shown i n  block diagram of F i g u r e  1. 

The t i m i n g  s e c t i o n  comprises  an o s c i l l a t o r  which t y p i c a l l y  
would be a h igh  q u a l i t y  q u a r t z  c r y s t a l  t y p e .  The o s c i l l a t o r  
f e e d s  a wave s h a p e r ' w h i c h  d e l i v e r s  a we l l -de f ined  s q u a r e  
wave t o  t h e  f r equency  d i v i d e r .  The f requency  d i v i d e r  
o u t p u t  s q u a r e  wave w i l l  be f i l t e r e d  t o  s i n e  wave i n  t h e  

wave s h a p e r  and t h e n  a m p l i f i e d  t o  d r i v e  t h e  r e s o l v e r  
e x c i t a t i o n  windings .  I t  is expec ted  t h a t  i n v e r s e  feedback 
w i l l  be r e q u i r e d  from t h e  r e s o l v e r  t o  t h e  a m p l i f i e r  i n p u t  
t o  keep d i s t o r t i o n  l o w .  

The r e s o l v e r  s e c o n d a r i e s  are connec ted  t o  t h e  s t a r t  and s t o p  
RC. networks.  Each of t h e  t w o  RC o u t p u t s  is a c o n s t a n t  
ampl i tude  s i g n a l ,  a t  t h e  e x c i t a t i o n  f requency ,  w i t h  phase 
a n g l e  w i t h  r e s p e c t  t o  e x c i t a t i o n  'p ropor t iona l  t o  mechanical  
r o t a t i o n .  One o u t p u t  l e a d s  w i t h  i n c r e a s i n g  i n p u t  r o t a t i o n  
w h i l e  t h e  o t h e r  l a g s .  I n  a 32 speed  s y s t e m  each o u t p u t  
changes 360 degrees  e l ec t r i ca l  phase f o r  1/32 x 360° = 11.25O. 
The d i f f e r e n t i a l  phase between t h e  two,  t h e r e f o r e ,  w i l l  r each  
360° a t  one h a l f  of 11.25O or 5.625O mechanical  i n p u t  r o t a -  
t i o n  and there  would be 64 a m b i g u i t i e s  i n  a f u l l  360° 
r o t a t i o n .  The c o a r s e  r e s o l v e r  and a s s o c i a t e d  c i r c u i t r y  
w i l l  e l i m i n a t e  t h e  ambigui ty .  

The t w o  ze ro -c ross ing  d e t e c t o r s  t o g e t h e r  w i t h  t h e i r  asso- 
c i a t e d  f l i p - f l o p s  produce a p u l s e  t r a i n  whose llonll t i m e  

r e p r e s e n t s  t h e  phase  d i f f e r e n c e ,  and g a t i n g  w i t h  t h e  clock 
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CONVERSION S E C T I O N  
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12-Stage 
R e g i s t e r  

4 . 9 1 5 2 M C  . 
T I M I N G  S E C T I O N  

BLOCK DIAGRAM - D I G I T A L  SHAFT ENCODER 

F I G U R E  1 
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' frequency allows clock pulses into the register. The 
binary number accumulated each scanning time represents 
mechanical rotation over a typical rotation segment of 
5.625O. Additional circuitry covering counter clearing 
and the low speed converter have not been shown. 

3.0 ANALYSIS 

3.1 ELECTRICAL OUTPUT VS. ROTATION 

FIGURE 2 
Assume: 

e 
0 

R 
K = - transformation ratio when 

aligned for max. coupling 

1. Zero source impedance to RC network 
2. Ideal resolver 
3. No load on RC network 

1 
- R rn 

eo - el - e2 

el = eaK sin em 

I 
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Assume wCR = 1 

- eaK ( j  s i n  em - cos em)  : e o  - 

2 2 1/2 e K(s in  ern + cos Sm) 
= . a  

I +45O 
2 1/2 (12 + 1 ) 

Since  f o r  em i n  t h e  f i r s t  quadran t ,  t h e  a n g l e  of t h e  

numerator t e r m  is  i n  t h e  second quadran t ,  t h e  phase a n g l e  
may be w r i t t e n  

/ lW - em - 45 = /135 - em 

Equat ion  8 s t a t e s  t h a t  t h e  o u t p u t  of t h e  r e s o l v e r  RC 

c h a i n  is a s i g n a l  of c o n s t a n t  ampl i tude ,  w i t h  phase advance 
l i n e a r  w i t h  mechanical  r o t a t i o n .  I n  t h e  c a s e  of t h e  

p r e s e n t  s y s t e m ,  w i t h  d u a l  RC networks and 32 speed r e s o l v e r ,  
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t h e  phase d i f f e r e n c e  w i l l  advance through i ts  complete  
360 degree  range  w i t h i n  a r ange  of mechanical  motion of 

360 = 5.625O. -c54 
arbitrary and is due t o  t h e  c o o r d i n a t e  system r e f e r e n c e  
chosen.  

The  number 1 3 5 O  i n  Equat ion 8 is somewhat 

ERROR DUE TO WRC f l  

I t  is of importance t o  de te rmine  t h e  accuracy  r e q u i r e d  of 
the  network components t o  meet a c e r t a i n  encoding accuracy:  

Assuming wRC = 1 + E, and checking  a t  em = + 1 3 5 O ,  

- - eaK (jwRC s i n  em- cos ern). jG,CR+l  

Since  a t  + 1 3 5 O ,  and a l s o  a t  -45O, s i n  ern = -cos ern, t h e  
above r educes  t o  

(2) 

eo = e a K  (.707) (3) 

T h i s  e x p r e s s i o n  is comple te ly  independent  of 

a s  t o  coup le  e q u a l  v o l t a g e  i n t o  t h e  t w o  s t a t o r  windings.  
KO c u r r e n t  f l ows  i n  t h e  RC network and t h e  RC network 
o u t p u t  is e q u a l  t o  t h e  RC network i n p u t .  I n  a s i m i l a r  
manner a t  Qm = -45O, t h e  o u t p u t  is of -180° phase bu t  
comple te ly  independent  of RC v a l u e s .  

RC produc t .  
* The p h y s i c a l  s i g n i f i c a n c e  is t h a t  t h e  r o t o r  is a l i g n e d  s o  
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To evaluate the error, the following analysis is used. 

where 

1 - E - 
- 2  7 7  A0 = d(tan-'x) = -  

The total phase error must be the sum of the effect of both 
/tan-' terms and is, therefore, - Z- (Z )  = -E radians. 

Evaluation at 6- = -135' 

E €  

e 
0 

e 
0 

(7) 

The vector diagram for this case is below in Figure 4 and 
shows that the e r ro r  is also negative. The magnitude is 
also E radians. 

VECTOR DIAGRAM 

FIGURE 4 
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/e;, e lec t r ida l  phase 

‘ I  + 

no error 

I 

I 
error = - E :  

radians 

error  = - E  
radians  

ELECTRICAL PHASE VERSUS MECHANICAL ROTATION, COARSE RESOLVER 
FIGURE 5 
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Electrical 
Phase 

! 
. .  

I 
1 .  
I ! 

! 
i 

! 

PLOT OF PHASE ERROR VS. ROTATION FOR 

FIGURE 6 

36( 

i mechanical 
rotation, 0m 

! 

RC = 1 + E  

'Figure 6 is the graph of electrical phase error at various 
rotation a'ngles, for a single speed resolver. Since in 
this case electrical phase and mechanical rotation angles 
are commensurate, it also represents mechanical errors. 

Extension to High Speed Resolver with 2 R-C Networks 

. The plot of both R-C outputs versus rotation is shown.in 
Figure 7. 
together with the fact of opposite slopes -determines the 
plot of the second R-C output. Super-imposed is shown 
the effect of E .  

At 1 3 5 O  = em, both outputs are in-phase. This 
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I 

FIGURE 7 

. .* FIGURE 8 
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In Figure 8 it is seen, using a new reference system (135O 
displaced), that the output of RC 2 at angle -em is equal 
to the output of RC1 at +em . In the Figure 7 plot of RC1 

the fact that the curve f o r  E 0 lies below that for S = 0 

1 

is corroborated physically by the fact that there must be 
18CiQ difference betwee!" the output of one network with a 
given em1 and with.eml + 180. 
plots show negative errors due to E throughout is corro- 

Also, the fact that both 

borated by the physical reasoning which says that, with 
e w ,  the output of RC1 at em1 must be the same as the output 
of RC2 at -Om . This points up the conclusion that E errors 
common to both RC sections are self-compensating and that 

1 

only tracking of E 

In the presence of RICl = R2C2 there is also no sensitivity 
to frequency change. 

= W R  C 1 1 1  with e2 = N R 2 C 2  is of importance. 

The error due to one RC network being perfect and the other 
containing error must be considered. For a coarse system 
the phase and mechanical errors are both equal to E radians. 
In the present system,' the required resolution is one part 
in ZX8. 

with one part in 212(4096) resolution of each section. 
360 = .0014 mechanical resolution steps are, therefore, 

degrees overall. Each RC network output phase has a 

. 6  This will be composed of one part in 2 (64) due 
.to selecting one of the 64 high-speed sections, together 

The 

9 

phase degrees = 32, and, therefore, has a phase output of mech. rotat. 
.014 x 32 = .045 degrees, or .0008 radians. The phase 
difference will be double'this and will be .0016 radians, 
a value, whose time delay is .2 x sec., the pulse 
spacing. Working backward, it would require the full .0016 
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r a d i a n s  error  a t  one phase due t o  E # 0, t o  develop  a one 
b i t  e r r o r .  The requi rement  on one RC phase ,  f o r  one b i t  
error is, t h e r e f o r e ,  t h a t  E = .0016 or  less. T h i s  may be 
g e n e r a l i z e d  i n  view of t h e  p receed ing  argument t h a t  t h e  

differences i n  E ~ ,  el and c2, t h e  v a l u e s  f o r  t h e  t w o  
network phases ,  s h a l l  be l ess  t h a n  0.0016. On a p r a c t i c a l  
bas i s ,  t h e  requi rement  is t h a t  t h e  second RC network must 
be s p e c i f i e d  t o  t rack  t h e  f i r s t  t o  t h i s  d e v i a t i o n .  

3.3 ERROR DUE TO ZERO CROSSING DETECTOR IMPERFECTIONS 

3.3.1 Detector I n p u t  Impedance 

3.3.1.1 A n a l y s i s  of Network 

Assume t h e  d e t e c t o r  has  an i n p u t  r e s i s t a n c e  e q u a l  t o  RL. 

. 

FIGURE 9 
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Assume wRIC = 1 

je, - e2 
e =  

0 j + l + K  1 
RL j+l+,. I 

L 

. The phase error, due t o  l o a d i n g ,  is a f u n c t i o n  of t h e  

second t e r m  and is t h e  d e v i a t i o n  of t h i s  t e r m  from (- z) r a d .  
I t  is obv ious ly  independent  of r o t a t i o n  a n g l e  and is, 

t h e r e f o r e ,  a c o n s t a n t  b i a s  t ype  of error. Also, i t  may be 
ba lanced  o u t  by a n  e q u a l  e r r o r  due t o  t h e  second RC network. 
Thus i t  is on ly  mismatch which  causes  e r r o r  and a c a l c u l a -  
t i o n  of mismatch of l o a d i n g  w i t h  respect t o  t h e  two z e r o  
c r o s s i n g  d e t e c t o r s  is made below. 

Phase error  due t o  l o a d i n g  of one RC s e c t i o n  = A 8  = 

1 tan-' 1 - tan-' 
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! 

R1 

= n and > 1, Equation 10 may be approximated by RL 
'RT if 

1 or n = 1 A 8  

The error in phase radians, for each phase, f o r  one bit 
error, has been shown to be .0016 radians. 

Differentiating Equation 11 above, 

cue = z-7= 1 dn -En 1 dn 
-n 1 

d%- - dn since dA6 = .0016, and a l s o  - - n RL 

d% - o r  - - -.0032 n 1 dRL 

- 2 n q  RL 
.0016 = 
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Figure 11 shows the graph of Equation 13. It is seen that 
larger values of n, the loading parameter, tolerate larger 
inaccuracies in %. This graph may be used when designing 
a ZCD, to determine the amount of feedback required, and 
may be read as a mismatch requirement on the two ZCDs. 

It is of interest to note what the error is at n = 5 which 
represents = 100,000 and R1 = Xc = 20,000, a previously 

d R  
for one bit is, from the Ll 

The 57 proposed arrangement. 
curve, 0.016. The instrumentation required would be 
Figure 10B with input resistor equal to 100,000 ohms and 
feedback resistance low enough to provide the above input 
impedance stabilization. 

In Figure 10A is shown a connection of a. differential 
amplifier to-give a high input impedance. This device 
behaves much like an impedance multiplier raising the 
intrinsic impedance by a constant factor. It, therefore, 

does not change the ratio - 
in input resistance with 
however, that this device is suitable as a ZCD in this 
application because at high R 

where A% is the variation 
temperature. Figure 11 shows ~ 

A% 

% 

ARL may be large. 
II' q 

Both configurations, therefore, appear to be suitable and 
a more rigorous analysis might be expected to show an 
actual electrical equivalence. ''Bound" circuits are shown 
which are necessary to prevent saturation of the amplifier 
which would require an overload recovery time, showing up 
as a phase shift. 
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.rcuit for "bounding" 

cui t  for "bounding" 

-0out 

c--------o out  

FIGURE 10 
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3.3.2. Error Due t o  D r i f t  of ZCD 

The ZCDs are  d i r e c t  coupled d e v i c e s  and posses s  d r i f t  r a tes  
which a r e  due t o  random and temperature- induced e f f e c t s .  

If 5 VRMS = r e s o l v e r  ou tpu t  a t  maximum coup l ing ,  t h e n  
- = 3.53 v o l t  = network o u t p u t .  For a one b i t  e r r o r  5 

or  0.0016 r a d i a n s  phase e r r o r  p e r  phase,  t h e  
.0016 x 3.53 x 1.4 = ,0080. 

A d r i f t  s t a b i l i t y  of 28 m i l l i v o l t  wh ich  would r e p r e s e n t  
a n  encoding d r i f t  j u s t  e q u a l  t o  t h e  r e s o l u t i o n  a v a i l a b l e  
a p p e a r s  t o  be j u s t  p o s s i b l e  u s i n g  m i c r o e l e c t r o n i c  d i f f e r -  
e n t i a l  a m p l i f i e r s .  Again t h i s  s t a t e m e n t  may be g e n e r a l i z e d  
t o  r e p r e s e n t  t h e  t r a c k i n g  r e q u i r e d  between t h e  t w o  ZCDs. 

* #  

3.3.3 ZCD Phase Accuracy 

The ZCDs r e c e i v e  1200 CPS i n p u t s  and a r e  r e q u i r e d  t o  f a i t h -  
f u l l y  reproduce  t h e  phase of these i n p u t s .  A phase l a g  a t  
t h i s  f requency  may a l s o  be expec ted  t o  a l so  make i t s e l f  
known by  a changing l a g  w i t h  t i m e  or environment.  The 
a l l o w a b l e  phase t r a c k i n g  of ,0016 r a d i a n s  is e q u a l  t o  . 0 9 O .  

I t  is obvious t h a t  h i g h  f requency  r e sponse  d e v i c e s  must be 

used t o g e t h e r  w i t h  i n v e r s e  feedback ,  t o  m e e t  t h i s  phase 
s t a b i l i t y .  

3.3.4 O t h e r  Ampl i f i e r  C o n s i d e r a t i o n s  

The a m p l i f i e r  used  a s  a ZCD w i l l  degrade t h e  performance 
of the s y s t e m  t o  some e x t e n t .  The s h i f t .  of i n p u t  impedance, 
phase  s h i f t ,  and z e r o ,  c o n t r i b u t e  a s  shown above. However, 
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d i s t i n c t  from t h e s e  is a change i n  ZCD g a i n  or o u t p u t  
s i g n a l  w i t h  some i n p u t  s i g n a l .  T h i s  w i l l  be  caused  by 
changes  i n  feedback resistors and open-loop g a i n .  But 
s i n c e  t h e  o u t p u t  of t h e  ZCD is used  on ly  t o  i n d i c a t e  z e r o ,  
or something ve ry  close t o  i t ,  changes i n  s l o p e  a re  of 

which must a l s o  i n d i c a t e  z e r o ,  and which may be an  

very l i t t l e  concern .  The component f o l l o w i n g  t h e  ZCD, --. 

a m p l i f i e r  o r  Schmit t  t r i g g e r ,  has  pu l se - s t eepen ing  a s  
its main du ty  and changes i n  s l o p e  of t h e  ACD produce 
o n l y  second order e f f e c t s .  

3.4 EFFECT OF HARMONICS OF RESOLVER EXCITATION 

T h i s  s e c t i o n  a n a l y s e s  t h e  e x t e n t  which d i s t o r t i o n  con- 
t r i b u t e s  t o  error.  

For a s i g n a l v  = sin 2 K f t .  (1) 

The r a t e  of change = f cos 2 7 - f t .  (2 1 

A t  t = 0, dv = 2 T f  = s l o p e  a t  ze ro -c ross ing .  (3) 

Assume a harmonic v o l t a g e  or n o i s e  v o l t a g e  of e v o l t s  is' 

p r e s e n t  a t  z e r o - c r o s s i n g .  T h i s  w i l l  s h i f t  t h e  t i m e  of zero- 
c r o s s i n g  b y  an  amouR1 depending upon e and t h e  s l o p e  2 T f .  
See F i g u r e  12 .  

e 
= 2 T f  from F i g - a e  10 

1 
f x -  

' T  
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/ v = sin 2 ~ f t  

DETAIL OF WAVEFORM AT ZERO-CROSSING 
FIGURE 12 
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Equation 7 is for a single speed system and states that 
the fractional harmonic content equals the phase error 
out of a ZCD. This relationship is similar to that of 
Section 3.2. For one bit error, A@ = .0016, which equals 
e, the relative distortion. 

FIGURE 13 
e 

0 

In t h e  mechanical orientation of Figure 13, the coupling 
of third harmonic to the output is apparently greatest 
since full coupling is present in the leg which capacitively 
couples to the output. The third harmonic in the excitation 
will be assumed to be third harmonic of a phase as shown 
in Figure 14. 
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I ./fundamental 

FIGURE 14 

This is representative of imperfect forming of a sine 
wave from a square wave by filtering. 

In the above orientation, the fundamental output is +45O 

of 0.707V output as previously computed, assuming one volt 
excitation. The third harmonic output is approximately 
unity output with a phase of +ctn-' 3 CR or +18O approxi- 
mately. In terms of fundamental degrees of phase, this 
is 5- = 6 O .  

45-6 = 39 fundamental degrees. In terms of third harmonic 
phase degrees, this is 39 x 3 = 117O. Since the sine of 
117O is approximately .866, the previous analysis must be 
modified by the factor .kT 866 to account for the effective 
relative amplification of the harmonic with respect to 
fundamental, and the previously determined number of .000764 
must be modified to 0.0016 x + - 0.0013; the error is a 
time lag in zero-crossing. 

18 Thus the third lags the fundamental by 

707 - 

For the second RC network, under the same rotor orientation, 
the fundamental output is -45O. The third harmonic trans- 
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. _  

m i s s i o n  under these conditions, is approximately 3, and 
the phase is -72O. See Figure 14. 

RC 1 . 
FIGURE 15 

RC 2 

PICUR& 16 
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- 4 5 O  

FIGURE 17 

In terms of fundamental degrees, the -72' represents -24' 

fundamental phase lag. The third harmonic, therefore, 
leads the fundamental by 45-24 = 21 fundamental degrees. 
'This is equivalent to 21 x 3 = 63 third harmonic degrees. 
The sine of 63' being approximately .866, it is seen that 
this network will have the time of zero crossing made early 
by the addition of the postulated third harmonic, and of 
a magnitude equal to that of the previously considered RC1 

. network. The al-lowable distortion, f o r  one bit error is 
thus 7 00013 = .000651. 

The above original assumption as to the phase of the third 

arbitrary and the phase may not be as assumed. In order to 
account for the effect of a more adverse phase, the above 
results should be modified to allow the occurence of a third 
harmonic peak occurring at zero-crossing. Thus, a modifier 
of ,866 should be used to give ,00065 x ,866 = ,00056. This 
fractional distortion will meet the one bit error due to 
harmonics. 

. harmonic distortion due to imperfect filtering is somewhat 
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4 . 0  SUMMARY 

The f o l l o w i n g  summarizes t h e  p rev ious  a n a l y s i s .  

1. The o u t p u t  of t h e  r e s o l v e r  RC c h a i n  is a s i g n a l  of 
c o n s t a n t  ampl i tude ,  w i t h  phase advance l i n e a r  w i t h  

mechanical  r o t a t i o n .  T h e  high-speed double  RC o u t p u t  
d i f f e r e n c e  s i g n a l  r e p e a t s  0 t o  360° phase,  64 t i m e s  
f o r  a 32-speed r e s o l v e r .  

2. Error due t o  RC v a r i a t i o n  from u n i t y :  

On t h e  coarse o u t p u t ,  there are  t w o  p o i n t s  around t h e  
circle w i t h  no phase error due t o  RC d e v i a t i o n  from 
u n i t y .  There  a r e  t w o  o t h e r  p o i n t s  where  t h e  maximum 
error o c c u r s .  These a r e  between t h e  two n u l l  error  
p o i n t s  and t h e  phase  errors a r e  -E r a d i a n s ,  where 
a R C  =1 + E .  S ince  i n  t h e  c o a r s e  system phase  errors 
i n  deg rees  are  numer i ca l ly  e q u a l  t o  mechanical  errors 
i n  degrees, t h e  mechanical  e r r o r  maxima are  --E r a d i a n s  
r o t a t i o n  maximum. I n  t h e  h i g h  speed  (32:l) r e s o l v e r  
c h a i n ,  a d i l r e r e n c e  i n  t h e  t w o  E f o r  bo th  networks of 
.0016 w i l l  r e s u l t  i n  a one b i t  error .  For s m a l l  s h i f t s ,  

there is no e r r o r  due t o  f requency  s h i f t  a l o n e .  

3 .  Errors due t o  ZCD i n p u t  impedance: 

The e r r o r  caused b y  f i n i t e  ZCD i n p u t  impedance is t h a t  
of a c o n s t a n t  phase error .  If b o t h  ZCDs a r e  matched 
i n  i n P u t  impedances, t hen  t h e  c o n s t a n t  phase e r r o r  
d i s a p p e a r s  due t o  t h e  method of phase d i f f e r e n c i n g  
used .  
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Figure 11 shows the matching accuracy required. For a 

rotation of load to network impe.dance equal to 5 ,  both 
ZCD input resistances must be matched to each other to 
within 1.6%. 

Since the graph shows that a larger change in resistance 
is permissabPe if high input impedances can be synthe- 
sized, a sample from the graph is noted. If n = 300, 
that is, input resistance equal to 6Ma,  a variation 
of 290% in resistance may be tolerated before a one 
bit error results. 

4: Error due to ZCD drift: 

The error due to ZCD drift is 28 millivolt difference 
between the two Z C D s .  This appears to be obtainable 
using presently available microelectronic amplifiers 
over the required temperature range of -25’ to +85OC. 

5 .  Phase requirement of ZCDs: 

The require$ 2hase tracking between the two ZCDs is 
0.09*. 
the ZCD ampli’fier to achieve this. 

Inverse feedback probably will be needed around 

6 .  Error due to harmonic distortion of excitation: 

The resolver excitation must contain a harmonic dis- 
tortion of less than 0.056% f o r  a one bit error. 
Distortion generated in the resolver itself will also 
cause error at the rate of one bit for 0 . 0 5 6 % .  
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1 . 0  

2.0 

INTRODUCTION 
Non-sinusoidal s p a c e  magne t i za t ion  of r o t o r s  of H a l l  
r e s o l v e r s  can be t h e  major s o u r c e  of r e s o l v e r  error. 
Th i s  MT d i s c u s s e s  a n  i n s t r u m e n t a t i o n  u s i n g  t w o  H a l l  
Genera tors  p e r  channel  t o  reduce  these e r r o r s .  

GENERAL 
A H a l l  r e s o l v e r  has  a r o t a t i n g  permanent magnet i n s i d e  
a r e t u r n  p a t h  upon whose i n n e r  d iameter  is located two 
H a l l  g e n e r a t o r s .  The H a l l  g e n e r a t o r s  a r e  o r i e n t e d  such 
t h a t  t h e i r  s e n s i t i v e  a x i s  is r a d i a l  a long  t h e  f l u x  l i n e s .  
They a re  spaced 9O0to each o t h e r  ( f o r  a two-pole r o t o r ) .  
They a re  provided w i t h  a c o n t r o l  c u r r e n t ,  making t h e  

ou tpu t  of one of t h e  H a l l  g e n e r a t o r s  p r o p o r t i o n a l  t o  
s i n  ( r o t a t i o n )  = s i n  8 ,  and t h e  second p r o p o r t i o n a l  t o  
cos 8, provided t h a t  t h e  f l u x  i n t e n s i t y  ve r sus  8 is 
s i n u s o i d a l .  

Various manufactur ing l i m i t a t i o n s ,  e s p e c i a l l y  i n  t h e  

magnet cha rg ing  f i x t u r i n g  d e t a i l s ,  t end  t o  g i v e  a r o t o r  
magne t i za t ion  which is non- idea l .  A u s u a l  c a s e  is one 
i n  which a t h i r d  harmonic f l u x  is t h e  main d i s t o r t i o n  
p roduc t .  Assuming t h a t  t h e  r e s u l t a n t  d i s t o r t e d  wave 
is symmetric about  8 = z 9  t h e  phase of t h e  3 r d  har- 

monic is a s  shown i n  F i g u r e  ( 1 ) .  I t  may be s e e n  t h a t  a 
peaked waveform is produced. T h i s  waveshape has  been 
observed on t e s t s  of r o t o r s  i n  our  l a b o r a t o r i e s .  Chang- 
i n g  t h e  phase of t h e  3 rd  harmonic by 180° w i l l  g i v e  a 
wave which is f l a t t e n e d  on its t o p ,  r a t h e r  t han  peaked, 
and which may a l s o  occur  i n  p r a c t i c e .  

7T 

\ 
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Even though h i g h e r  o r d e r  harmonics may be a l s o  p r e s e n t ,  
t h e  3 r d  w i l l  u s u a l l y  be t h e  predominant e r r o r  sou rce ,  
and e l i m i n a t i o n  of i t  would g i v e  a large r e d u c t i o n  i n  
a n a l o g  error of t h e  r e s o l v e r ,  s o  c a n c e l l a t i o n  of h ighe r  
harmonics w i l l  on ly  be cons idered  b r i e f l y .  

3 . 0  CANCELLATION MEANS 
F i g u r e  2 shows a 2-pole r e s o l v e r  w i t h  t h e  normal Oo H a l l  
g e n e r a t o r  r ep laced  b y  two g e n e r a t o r s  l o c a t e d  30° t o  
e i ther  s i d e  of Oo. The 90Ogenerator has been d iv ided  
s i m i l a r l y .  Genera tors  (1) and (2)  have t h e i r  o u t p u t s  
summed t o  g i v e  t h e  s i n e  o u t p u t ,  u s i n g  a summing am- 
p l i f i e r ,  and g e n e r a t o r s  (3) and (4 )  are  s i m i l a r l y  summed 
t o  o b t a i n  t h e  c o s i n e  o u t p u t .  

F i g u r e  3 e x p l a i n s ,  u s i n g  v e c t o r  diagrams, t h e  3 r d  

harmonic c a n c e l l a t i o n .  The h o r i z o n t a l  component of t h e  

v e c t o r s  a t  t h e  l e f t  r e p r e s e n t s  t h e  ou tpu t  of g e n e r a t o r  
(1) which is located a t  +30°. 
o u t p u t  of t h e  -30 s e n s o r ,  (2)  a t  t h e  same t i m e .  I t  
is s e e n  t h a t  for any ro to r  p o s i t i o n ,  t h e  t h i r d ' h a r m o n i c  
v e c t o r s  a r e  e q u a l  o p p o s i t e .  Therefore,  summing of 

- t h e  two g e n e r a t o r s  c a n c e l s  o u t  t h e  t h i r d  harmonic. The 
fundamental  summed ampl i tude  is 1.732 t i m e s  t h e  funda- 
men ta l  from e i the r  g e n e r a t o r ,  a s  is t h e  f i f t h  harmonic. 

To t h e  r i g h t  is t h e  
0 

4 . 0  TYPICAL CIRCUIT 
Figure 4 shows a c i r c u i t  which might be used w i t h  the 

two H a l l  gene ra to r s -pe r  channe l .  
are  connected i n  ser ies  t o  e l i m i n a t e  t h e  e f f e c t  of 

magneto r e s i s t a n c e  a n d  of tempera ture  c o e f f i c i e n t  of re- 
s i s t a n c e .  

The four H a l l  g e n e r a t o r s  
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A summing a m p l i f i e r  is used t o  combine t h e  o u t p u t s  of 
g e n e r a t o r s  (1)  and (2). P r o v i s i o n s  w i l l  be made f o r  
ad jus tmen t  of r e s i s t i v e  n u l l s  and f o r  ad jus tment  t o  
take c a r e  of H a l l  g e n e r a t o r s  of d i f f e r i n g  g a i n s .  

5.0 

6.0 

CONCLUS IONS 
The f o r e g o i n g  o f f e r s  a means t o  improve accuracy  of a 
H a l l  r e s o l v e r .  
cels  t h e  3 r d  harmonic, l e a v i n g  t h e  5 t h  harmonic, i f  
any, and t h e  fundamental  unchanged i n  r e l a t i v e  magnitude 
t o  each o t h e r  b u t  m u l t i p l i e d  by t h e  f a c t o r  

The m u l t i p l e  sensor  spac ing  of 60° can- 

I?= 1 ,732 .  

RECOMMENDATIONS 
However, t h e  added complexi ty  is a d isadvantage  and i n  
t h e  p roduc t ion  of h igh  q u a l i t y  H a l l  resolvers i t  should  
be cons idered  'whe the r  t h e  above method should be pre-  
f e r r e d  over  methods i n  which e f f o r t  is pu t  i n t o  r educ ing  
t h e  d i s t o r t i o n  a t  its source ,  i . e . ,  a t  t h e  magnet. 
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l * O .  ~ INTRODUCTION 

- I n  a H a l i  r e s o l v e r ,  a r o t a t i n g  permanent magnet sweeps 
past t w o  s t a t i o n a r y  Hall-effect g e n e r a t o r s .  The H a l l  
g e n e r a t o r s  are f l u x - s e n s i t i v e  d e v i c e s  .which g i v e  an  
o u t p u t  v o l t a g e  p r o p o r t i o n a l  t o  t h e  product  of c o n t r o l  
curr 'ent  and f l u x .  The  c o n t r o l  c u r r e n t  may be DC or A C .  
S i n c e  the  f l u x  p a t t e r n  on t h e  magnet is s i n u s o i d a l  w i t h  

space, and assuming an  AC e x c i t a t i o n ,  f o r  example , 
1000 Hz, one H a l l  generator ou tpu t  is a 1000 Hz carrier,  
w i t h  ampl i tude  a s i n u s o i d a l  f u n c t i o n  of s h a f t  p o s i t i o n .  
S i n c e  t h e  second H a l l  g e n e r a t o r  is o f f s e t  90° t o  t h e  

first,  i ts  o u t p u t  is a c o s i n e  f u n c t i o n  of p o s i t i o n .  
These two s i g n a l s  comprise t h e  r e s o l v e r  ou tpu t  and t h e y  
are i d e n t i c a l  i n  form t o  those from a wound r e s o l v e r .  

F i g u r e  1A shows t h e  schematic of a wound r e s o l v e r ,  The 

ro tor  is excited w i t h  AC through b rushes  and s l i p  r i n g s .  
The stator  stack is wound w i t h  t w o  ou tpu t  windings ,  
spaced  a t  90° t o  each o the r .  
through t h e  narrow r o t o r - t o - s t a t o r  a i r  gap ,  t h e  two 
o u t p u t s  are g e n e r a t e d .  A s  t h e  r o t o r  t u r n s ,  t he  coup l ing  
a n g l e s  between rotor and s ta tor  v a r y ,  g i v i n g  t h e  s i n e  
and c o s i n e  o u t p u t s .  It is t o  be noted  t h a t  t h i s  t y p e  of 
u n i t  w i l l  n o t  o p e r a t e  w i t h  a "DC Carrier". 

By t r ans fo rmer  a c t i o n ,  

F i g u r e  1B shows t h e  schematic of a H a l l  r e s o l v e r .  
Mechanica l ly ,  t h e  wound r o t o r ,  b rushes  and s l i p  r i n g s  a r e  
replaced by a c y l i n d r i c a l  r o t a t i n g  magnet.  The s t a t o r  
and s t a t o r  windings are r e p l a c e d  by a non-laminated 
r e t u r n  r i n g .  The H a l l  v o l t a g e s  are ampl i f ied  by 
d i f f e r e n t i a l  opera t iona l  ampl i f i e r s ,  s i n c e  t h e  ou tpu t  of 
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H a l l  g e n e r a t o r  is a d i f f e r e n t i a l  v o l t a g e ,  and a s i n g l e  
ended o u t p u t  is r e q u i r e d .  Monoli thic  i n t e g r a t e d  c i r c u i t s  
may be used t o  advantage here. 

2.0 ERROR ANALYSIS 

The genei*al e q u a t i o n s  of tHe"outputs of the Hall r e s o l v e r  
are g iven  i n  e q u a t i o n s  1 and 2 below. F igu re  2 shows 
t h e i r  g raphs .  

c o s i n e  o u t p u t  = B = cos 0 + b ' 3  cos 30 + bo ( 1  I' 
7T 
L s i n e  o u t p u t  = A = K cos (0 - +a) 

+ K b COS (30 - -2 3n 4- 3 1 )  3 '  

These e q u a t i o n s  r e v e r t  t o  t h e  i d e a l  terms 

B = *  COS 0 
a A = COS (0 - 2) 

i f  (-b3 = 0 

bo = 0 

= 1  

= o  

The terms b3 cos 30 and Kb3 cos(30  - 3n +&) r e p r e s e n t s  the 

t h i r d  harmonic of t h e  s p a t i a l  f l u x  v e r s u s  r o t a t i o n ,  and 
are due t o  i m p e r f e c t i o n s  i n  magnet ic  i m p r i n t a t i o n  when 
magnet iz ing  t h e  r o t o r .  N o  even harmonics w i l l  be 
p r e s e n t  as long  as t h e  B f u n c t i o n  p o s s e s s e s  even symmetry, 
and t h e  t h i r d  w i l l  be by fqr the l a r g e s t  odd harmonic. 
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The term bo r e p r e s e n - s  t h e  effect  of 
n u l l  of t h e  H a l l  g e n e r a t o r s .  I t  may be t r i m m e d  t o  zero 
a t  room tempera ture  .but i n  genera l  w i l l  d r i f t  t o  some ' 

non-zero v a l u e .  

he f i n i t e  r e s i s t i v e  

- 

The c o e f f i c i e n t  K is the r a t i o  of  t h e  t r a n s f o r m a t i o n  r a t i o  
of A w i t h  respect t o  €3. Afte r  i n i t i a l  room tempera ture  
ad jus tment  t o  1 .0 ,  i t  w i l l  d r i f t  somewhat due t o  t h e  

l a c k  of  t r a c k i n g  of t h e  H a l l  v o l t a g e  tempera ture  c o e f f i c i e n t s  
w i t h  t empera tu re .  

The. parameter  o( is t h e  error from' perfect  
of t h e  two H a l l  g e n e r a t o r s .  I t  may ar ise  due t o  r e l a t i v e  
motions between t h e  H a l l  g e n e r a t o r s ,  caused by tempera- 
t u r e  c o e f f i c i e n t s  of expans ion  of the r e t u r n  r i n g  o r  by 
s e l f - h e a t i n g  of t h e  H a l 1  g e n e r a t o r s  changing their  

e lectr ical  a x i s .  

p e r p e n d i c u l a r i t y  

2.1 ERROR DUE TO b3 + 0 (THIRD HARMONIC FLUX) 

I n  t h i s  case B = cos 0 + b3 C o s  3 8 

3n A = COS '(0 - z) + b3 C O S  (30 - -z-) 

F i g u r e s  3 A  and 3B show t h e  t h i r d  harmonic v o l t a g e s .  

cos (0 - $) + b3 cos (30  - 
c o s  0 + b3 cos 3 0 

* 

cos (0 

8 = t a n  

'ideal cos 8 
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ERROR DUE TO bo (RESISTIVE NULL) 

I n  this case, 

B = C O S  0 + bo 

A = C O S  ( 0  - g) 

I cos(0 - 2") 
= tan-l[(c~s 0 )  + bo 

'ideal 

A0 = t a n  (cos 3 - tan-' 
0 )  + bo 0 - Bideal 

s i n  0 s i n  0 
(cos 0 )  -k b, cos 0 

- 
U 

+ bo I""" cos 0 
' - s in  0 tan A 0 = 

+ [ ( C O S  0 )  

s i n  0 (cos 0 ) -  s i n   COS c 0 )  '+ bo] 

01 + 
cos 0  COS 0 )  + b 

s i n  0 (cos 0)-  s i n  0 (cos 0 ) -  bo s i n  0 
t a n  A 0 = 

cos2 0 + s i n 2  0 + bo cos 0 

-bo s i n  0 

'1 + bo cos 8 
- - 
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2 - t a n  A 0 = -bo s i n  0 1 - bo cos 0 + bo cos2 0 + ... ] 

for b ((1, b cos 0 and h igher  powers are n e g l i g i b l e  compared 
0 0 

w i t h  1 and s i n c e  A 0  is s m a l l .  

A 0 = -bo s i n  0 

2.3 ERROR DUE TO K # 1 

I n  t h i s  case 

B' = cos Q 
A = K cos ( 0  - $) = K s i n  Q 

4 

-1 K s i n  0 
C O S  Q 0 = t a n  

'ideal 

-1 K s i n  0 -1 s i n  0 
A Q = Q -  'ideal = tan cos 0 1- tan [cos .Q] 

-1 
= t a n  ( K  t a n  6) - 8 

K t a n  0 - t a n  Q - - 
1 + K t a n 2  0 

t a n  Q (K - 1) 
1 + K tan' Q 

t a n  A 8  = r 

- 1) t a n  0 

2 s i n  0 
t a n  A 0  = 
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(K - 1) s i n  Q (cos Q )  - - (K - 1) s i n   cos Q )  

cos' 0 + K s in '  0 2 t a n  A 0  = 
cos' 8 + sin2 0 + (K-1) s i n  Q 

(K - 1) s i n  0i:cos el: 
1 + (~-1) s in '  Q 

t a n  A 0  = 

2 2 4  
- 1. t a n  AQ = (~-1) s i n  0 cos Q 1 - ( ~ - 1 )  s i n  0 3- ( ~ - 1 )  s i n  0 + ...I 

2 For. K B l ,  (K-1)  s i n  0 is n e g l i g a b l e  compared t o  1 and 
for A 0  small, 

4 

s i n 2 8  AQ = (~-1) sin Q ~ O S  e)= (~-1) 

2.4 ERROR DUE .TO %= 0 (PERPENDICULARITY) 

I n  this' casej 

B = COS 0 
7T A = COS (Q - +&) 

I cos (Q - $ + I > \ )  

cos 8 0 = tan-' . 

'ideal 
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s i n  Q - 
cos 0 c o s  0 

t a n  A 8  = 

- - 

t a n  A0 = 

t a n  A 0  = 

t a n  A 0  = 

t a n  A 0  = 

1 cos 0 [cos (0 - 
cos2 Q + s i n  8 cos (Q - f +a() 

+d)]- sin 0 (Cos 8 

cos Q [ s i n  0 l c o s d +  cos 8 s in tx j l -  s i n  0 (cos E)) 

cos’ 0 + s i n  0 c s i n  ~ ( ~ o s o t ) +  cos ~ c s i n  dj1 

cos @ ( s i n  ~)(cosd)+ cos2 8 (sin$)- s i n  0 (cos 0) 

cos’ Q + s i n 2  0(cosd)+ sin 0 (cos e > k i n d )  

2 cos 0 (.sin S )  (cosci -1) + cos Ols ind )  
cos’ 0 + sin’ 0 + (cos -1) sin’  8 + s i n  0 \cos 0 ., , s i n .  

cos  sin 8 (cos& -1) + cos o ( s i n a 1 j  
f + s i n  0 s i n  0 (cos# -1) + cos 0 (sin@JJ L 

F o r d  s m a l l ,  s i n  Q Lcosd -1‘+ cos 0 s i n d  ‘ s  n e g l i g a b l e  
compared t o  1 ,  

_I 0 

3 t a n  A 0  = cos 8 s i n  0 (cos@- 1) + cos 8 , s i n d )  

F o r d s m a l l ,  cos (d -1) is much smaller than  s i n & ,  and 
w i l l  be n e g l e c t e d  i n  comparison,  and  a l so  for s m a l l  A 0 ,  

hr 

A@ C t a n  A 0  = cos2  0(s inot )=dcos2  0 
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3.1 THIRD HARMONIC 'MAGNET FLUX 

3 . 2  

3.3 
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. .  

' I t  is s e e n  t h a t  a t h i r d  harmonic m a g n e t  f l u x  g i v e s  rise 
t o  a f o u r t h  harmoqic a n a l o g  e r ro r .  The peak magnitude is  
bg r a d i a n s  where b3 is t h e  ampl i tude  of t h e  3rd  harmonic 

and is a 37r flux. The f o u r t h  harmonic has peaks a t  and - 8? 7.r a 7r and - P h y s i c a l l y  a t  'zr both s i n e  and c o s i n e  zero a t  0 ,  7, 
o u t p u t s  have d i s t o r t i o n ,  b u t  are e q u a l ,  g i v i n g  no e r r o r .  
Mul t i speeding  r educes  errors due t o  t h i s  s o u r c e .  However, 
i f  m u l t i s p e e d i n g  i n c r e a s e s  t h e  3rd harmonic d i s t o r t i o n  as 
it  might due t o  the  crowding e f f eo t  of p o l e s  on a l i m i t e d  
amount of c i r cumfe rence ,  t h e  n e t  effect  of mul t i speed ing  
might n o t  i n c r e a s e  w i t h  n ,  or might even decrease. 

2 '  

RESISTIVE NULL ERROR 

T h i s  g i v e s  a n  e lectr ical  fundamental  error of magnitude 
where bo is t h o  r e s i s t i v e  n u l l  r e l a t i v e  t o  1. The 

error phase is de termined  by t h e  channe l  which has the 

r e s i s t i v e  n u l l .  T h i s  error r educes  by n i n  a mul t i speed  
sys t em.  

G A I N  UNBALANCE ERROR 

The r e s u l t  of a g a i n  unbalance  is a 2nd e lec t r ica l  harmonic 
o u t p u t .  The phase of t h i s  is such  t h a t  t h e  error is zero 

a 3n e tc .  T h i s  is under- a t  0 ,  z ,  r, etc  and peaks a t  x, .lT 

7' 
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s t a n d a b l e  s i n c e  when e i t h e r  t h e  s i n e  or c o s i n e  is z e r o ,  
there c a n  be no error due t o  g a i n  unbalance .  hlul t i -  
speeding  r educes  t h i s  error s o u r c e .  

3.4 NON-PERPENDICULARITY ERROR 

The r e s u l t  of a n  error i n  mechanical  placement between t h e  

H a l l  sensors  is seen as a cos2 or  double  f requency  e r r o r  
w i t h  a DC b i a s .  T h i s  u n d i r e c t i o n a l  error has magnitude of 
ddegrees .  The phase of t h i s  e r r o r  cu rve  is a t  q u a d r a t u r e  
t o  the  g a i n  unbalance  error above.  T h i s  e r r o r  may be 

cons ide red  t o  be ha lved  and be an  error of + 3 and - d 2 
A 

merely by  u s i n g  a new a n g l e  r e f e r e n c e  p o i n t  for Ou. 

Mult i speeding  does no t  i n f l u e n c e  the magnitude of t h i s  
error 

. 
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Th i s  r e p o r t  c o n t a i n s  t e s t  r e s u l t s  and a n a l y s i s  of a 
D .  C .  Mounted Torquer and a s s o c i a t e d  e l e c t r o n i c s  (General 
Electr ic  Drawing N o .  852D360) t h a t  has been modified a s  
desc r ibed  below t o  al low t e s t i n g  of t h e  B a l l  Generator 
s e c t i o n s  of t h e  assembly a s  a r e s o l v e r .  

The two e x i s t i n g  H a l l  g e n e r a t o r s  on t h e  GFE to rquer  were 
e x c i t e d  wi th  a 1000 Hz input  vo l t age .  The two Ha l l  vo l t age  
ou tpu t s  were ampl i f i ed  and were t h e n  compatible wi th  a 
l a b o r a t o r y  r e s o l v e r  b r idge .  

. The H a l l  d r i v e r  a m p l i f i e r ,  H a l l  compensation network, and 
H a l l  summing a m p l i f i e r s  of t h e  GFE e l e c t r o n i c s  were used 
and were modified f o r  AC opera t ion  by us ing  a 1000 H z  
s i g n a l  source  as  input  t o  t h e  Hal l  d r i v e r .  The ampli tude 
was a d j u s t e d  f o r  approximately 25 m a  peak Ha l l  c o n t r o l  
c u r r e n t  which’ is t h e  r a t e d  c o n t r o l  c u r r e n t  for opera t ion  
i n  a i r  for t h e  SVllO Type 111, H a l l  gene ra to r .  

The modi f ica t ions  t o  t h e  summing a m p l i f i e r s  were t o  
disconnect  t h e i r  ou tpu t s  from t h e  rest of t h e  torquer  
e l e c t r o n i c s ,  a d d i t i o n  of feedback r e s i s t o r s  t o  g ive  a 
s t a b l e  lower ga in  n e c e s s i t a t i n g  a change i n  t h e  R-C 
s t a b i l i z i n g  components f o r  t h e  lower g a i n  connec t ion .  

F igure  1 shows t h e  c i r c u i t r y  w i t h  t h e  mod i f i ca t ions ,  
a d d i t i o n a l  components added, and c i r c u i t  pa ths  opened. 
The mod i f i ca t ions  inc lude  t h e  a d d i t i o n  of f o u r  feedbacks 
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16.2 K r e s i s t o r s ,  opening t h e  feedback branch of t h e  
2 4 . 9  K J% resis tor  and 0.027 u f  c a p a c i t o r  i n  ser ies ,  and 
u s i n g  the  compensation c a p a c i t o r s  c a l l e d  f o r  i n  t h e  non- 
c u r r e n t  feedback connec t ion  of t h e  torque‘r.  

With t h e s e  m o d i f i c a t i o n s ,  t h e  o u t p u t s  were 1 . 9  V peak 
for each s e c t i o n  a t  maximum c o u p l i n g .  

2 .o ELECTRICAL CHARACTERISTICS 

The measured e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  H a l l  
Resolver ,  are  as  l i s t e d  below. A d i s c u s s i o n  of t h e  r e s u l t s  
follows i n  S e c t i o n  3 .O . 

Number of P o l e s  
I n p u t  Vol tage  (Vo l t s  Peak) 
Frequency ’(a) 
Accuracy ( E l e c t r i c a l  Degrees) 
N u l l s  (mv. max.) 

T o t a l  
Fundamental 

6 
0 .44 
1000 
+7.13/-2.17 

2 . 6  
0.7 

S i n e  Dev ia t ion  (ClRMS) 
S i n e  Output 1 .425  
Cosine Output  1.35 

Transformat ion  R a t i o  
S i n e  Output 4.21 
Cosine Output  4 .18  , 

Phase S h i f t  (deg rees )  -2.88 
Accuracy v s .  Vol tage  ( e l e c t r i c a l  

deg rees  ) 0.102 
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3 . 0  

3.1 

DISCUSSION O F  TEST RESULTS 

Analog. Accuracs  

The H a l l  g e n e r a t o r  was e x c i t e d  w i t h  0 . 4 4  v o l t s  peak . 

1000 Hz s i g n a l  a s  shown i n  F i g u r e  1. A s  t h e  s h a f t  is 
r o t a t e d  t h r u  360°, t h e  f l u x  p a t t e r n  of t h e  6 po le  
permanent magnet r o t o r  deve lop  6 po le  v o l t a g e  ou tpu t  a t  
each  H a l l  g e n e r a t o r .  These H a l l  d e v i c e s  be ing  p h y s i c a l l y  
d i s p l a c e d  90° from each  o t h e r  develop t h e  3 speed s i n e  
and c o s i n e  r e s o l v e r  o u t p u t s  t h a t  v a r y  i n  magnitude w i t h  
p o s i t i o n  of t h e  s h a f t .  

.The a n a l o g  or t a n g e n t  f u n c t i o n  accuracy  is o b t a i n e d  by 
comparison of t h e  s i n e  and c o s i n e  o u t p u t s  u s i n g  t h e  t es t  
c i r c u i t  shown i n  F i g u r e  5. The tes t  r e s u l t s  are  p l o t t e d  
i n  F i g u r e  2 .  

A F o u r i e r  a n a l y s i s  of t h e  error p a t t e r n ,  shown i n  Table  I ,  
shows t h a t  t h e  1 2 t h ,  6 t h ,  and 1st error harmonics ,given 
i n  order of magnitude of error,  c o n t r i b u t e  most s i g n i f i c a n t l y  
t o  t h e  t o t a l  error .  These are  space  harmonics of  which 
t h e  3 r d  space  harmonic is t h e  fundamental  e lectr ical  s i g n a l  
harmonic.  T h e r e f o r e ,  t h e  error harmonics r e l a t i v e  t o  t h e  

e lectr ical  fundamental  a re ,  i n  o r d e r  of magnitude of error,  
t h e  4 ,  2 ,  and 113 harmonics.  The magnitudes shown i n  
Tab le  I are  i n  e lectr ical  degrees  of e r r o r ,  t h e r e f o r e ,  

' by d i v i d i n g  each error by th ree  (e lec t r ica l  f u n d . )  t h e  

mechanical  s h a f t  p o s i t i o n  e r r o r  is o b t a i n e d .  
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The 1st space  harmonic ‘error is 0 3 3 4 1  e lec t r ica l  degrees 

or 0.278 mechanical  degrees. T h i s  space  harmonic error 
is a t t r i b u t e d  t o  t h e  f ac t  t h a t  there  is a n  accumulat ion of 
e c c e n t r i c i t i e s  between mechanical  sha f t  c e n t e r  of r o t a t i o n  
and t h e  magnetic c e n t e r  of r o t a t i o n .  Also a n  e c c e n t r i c i t y  
between t h e  u n i t  m n i c a l  center a head 
c e n t e r .  

To g i v e  more i n s i g h t  t o  t h e  cause  of t h e  remaining major 
error harmonics ,  t h e  o u t p u t s  of bo th  t h e  s i n e  and c o s i n e  
channe l s  were measured and  a F o u r i e r  Ana lys i s  (See Tab les  I1 
and 111) was performed. 

The t es t  c i r c u i t  used t o  measure both  channel  o u t p u t s  is 
shown i n  F i g u r e  6 and t h e  p l o t  of t h e  t e s t  data is g iven  i n  
F i g u r e s  3 a n d  4 .  To e l i m i n a t e  e r r o r  due t o  l i n e  v o l t a g e  
v a r i a t i o n , . t h ’ e  o u t p u t  w a s  measured a s  a r a t i o  of t h e  i n p u t  
by u s i n g  a H e w l e t t  Packard 34508 Rotiometer. 

The s i m i l a r i t y  of b o t h  t he  s i n e  and c o s i n e  F o u r i e r  Ana lys i s  
shows there is no dekectable d i s t o r t i o n  c o n t r i b u t e d  by 
t h e  H a l l  s e n s o r s ;  therefore,  i t  is a n  MMF wave d i s t o r t i o n  
a t t r i b u t e d  t o  t h e  permanent magnets.  The t h i r d  MMF s p a c e  
harmonic is t h e  s i g n a l  M M F  wave ( E l e c t r i c a l  Fundamental) 

* and a l l  t h e  o ther  harmonics are  d i s t o r t i o n s  which c o n t r i b u t e  
t o  t h e  u n i t  error (see MT-14,620, Sources  of H a l l  Resolver  
Errors). 

The 1 2 t h  space  harmonic e r r o r  is a t t r i b u t e d  t o  t h e  9 t h  and 
15th  s p a c e  MMF harmonics.  From Tab le  I1 w e  o b t a i n :  
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Dg = D i s t o r t i o n  9 t h  MMF = E g  = .1910 = .0465 
T T I T 9  5 

D15 = D i s t o r t i o n  1 5 t h  MMF = E15 = .0204 = .0049 
4.1149 EQ 

The magnitude of 12 th  harmonic e r r o r  a t t r i b u t e d  t o  t h i s  
d i s t o r t i o n  is a s  fo l lows:  

= Dg x 57.3 degrees/radion 
= ,0465 x 57.3 = 2.62 e l ec t .  degree 

Ru12 e r r o r  

= D15 X 57.3 = .0049 x 37 .3  RU12 e r r o r  
= 0.28 e lec t .  degrees  

The t o t a l  1 2 t h  harmonic e r r o r  is t h e  summation of e r r o r  
due t o  t h e  9 t h  and 15 th  MMF harmonic d i s t o r t i o n s .  
The re fo re ,  w e  o b t a i n  2.9 e l e c t r i c a l  degrees  which compares 
wi th  t h e  2.95 e l e c t r i c a l  degree 12th  harmonic e r r o r  
measured (see Table I ) .  T h i s  1 2 t h  space harmonic e r r o r  
is t h e  4 t h  e lectr ical  harmonic e r r o r  descr ibed  i n  MT-14,620. 

I n  Table  I w e  a lso see a 6 t h  space harmonic e r r o r  which 
is t h e  2nd e lectr ical  harmonic e r r o r  descr ibed  i n  MT-14,620. 
From t h a t  r e p o r t  i t  is shown t h a t  t h e  2nd e lectr ical  
harmonic error is due t o  g a i n  unbalance between the  s i n e  
and cos ine  channels  and a pe rpend icu la r i ty  e r r o r  between 
t h e  peak ou tpu t s  of each channel .  From Tabie 11 and Table 
I11 w e  see: 
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.RUs. = S i n e  Channel Cut-pJ?. = 4.115 /1.51° 

I 

= Cosine Channel Output = 4 .061  /93 :.24O RUc 

From t h e  r e p o r t  w e  see t h a t  t h e  g a i n  unbalance e r r o r  is: 

- 
"6 error - RUs - x, 57.3 e lec t .  deg rees  

RUs 

= 4.115 - 4 .061  x 57.3 = 0.373 e1ect:degrees.  
2 (4.115) 

The p e r p e n d i c u l a r i t y  error is t h e  amount t h e  s i n e  channel  
output angle d i f f e r s  from t h e  c o s i n e  channel  a n g l e  ( s e e  
MT-14,620) ; t h e r e f o r e ,  w e  o b t a i n :  

- - = ( 5 u c  - &us) - 90 6 error 
. '. 

h 93.24 - 1.51 - 90 = 0 1.7 , J  - /.-* 
T a b l e  I shows t h a t  BUG was 0 .461  as  compared t o  0.373 
c a l c u l a t e d  and AU6 was 0.737O as compared t o  0.869O 
c a l c u l a t e d .  

3.2 Analog Accuracy v s .  Vol tage  

I n  o r d e r  t o  de termine  t h e  e f fec t  a change i n  e x c i t a t i o n  
might have on t h e  ana log  a c c u r a c y ,  t h e  u n i t  was checked 
a t  t h r e e  d i s c r e t e  p o i n t s  w i t h  a -t- 15% change of i n p u t  - 
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t o  t h e  H a l l  g e n e r a t o r .  The maximum dev ia t ion  i n  accuracy 
a t  any one po in t  w a s  0 . lo2  electr ical  degrees .  T h i s  change 
r e p r e s e n t s  approximately 1% inc rease  i n  e r r o r .  

ANGLE ( V o l t s  Pk . )  (E l e  c t r i ca 1 Degrees ) A 
INPUT VOLTAGE ERROR 

0.44 0 - 
180° 0.37 .027 + .027 

0.50 - .046 - .046 

174 

I72 

0.44 -2.064 
0.37 -2.016 
0.50 ~2 .1-66  

- 
+ .048 
- . l o2  

0.44 -1.774 - 
0.37 
0 . 5 0  

-1.700 
1.864 - 

+ .074 
- .090 

ANALOG ACCURACY VS. INPUT VOLTAGE 

With t h e  u n i t  a t  172O, t h e  input  vo l t age  was increased  t o  
0.52 v o l t s  peak where s a t u r a t i o n  of t h e  Hal l  genera tor  
occur red .  The ana log  accuracy a t  t h i s  po in t  was now -1.984 
e l e c t r i c a l  degrees  which w a s  a change of 0.210 e l e c t r i c a l  
degrees  from normbl e x c i t a t i o n .  . 

5 3  Transformation R a t i o  And Phase S h i f t  

F igure  7 shows t h e  t e s t  c i r c u i t  used t o  measure t h e  
t ransformat ion  r a t i o  and phase s h i f t  of both s i n e  and 
cos ine  o u t p u t s .  The r a t i o  of three maximum s i n e  output  
was 4.18 wi th  a phase s h i f t  of -2.88O and there w a s  a 
0.24% maximum v a r i a t i o n  between t h e  t h r e e  r a t i o s .  The 

* 
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t h r e e  c o s i n e  ou tpu t  r a t i o s  measured were 4 .21  w i t h  a 
phase s h i f t  of -2.88O and balanced w i t h i n  0.71%. 

3.4 N u l l s  

The t o t a l  and fundamental  n u l l  v o l t a g e s  were measured' 
u s i n g  t h e  same tes t  c i r c u i t  as w a s  used t o  check t h e  

a n a l o g  accu racy .  The maximum t o t a l  n u l l  w a s  2 .6  mv and 
w h i l e  t h e  maximum fundamental  n u l l  w a s  0 . 7  mv, conqe r t ing  
t o  mv n u l l / o u t p u t  w e  have: 

mv - NULL MEASURED - 
v c l t  ( Input  Pk.) ( .707) (T.R.) 

T o t a l  = 2 . 6  x mv = 2.0 mv/volt ou t  
(0.44 v o l t s  P k . )  ( .707) (4.18) 

Fundamental = 0 .7  = 0.54 mv/volt 
(0.44 v o l t s  Pk . )  ( .707) ( 4 . 1 8 )  o u t .  
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Ref. 

Ratiometer  

T e s t  Fquipment 

H e w l e t t  Packard 3450A Ratiometer 

FIGURE 6 - SINE DEVIATION 

Decade Induc to r  

Voltage 
1000 Hz Divider  

R a t i o  Transformer 
dc i n p u t s  

T e s t  Equipment 

Ger t sch  R a t i o  Transformer Mode 
General  Radio Decade Inductor 

Type N o .  940E 
General Radio Voltage Divider  

Ger t seh  P.A.V. Model 2AR. 
Type No. 1454 

1 10 

FIGURE 7 - TRANSFORMATION RATIO 
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ANAIDG ACCURACY FOURIER ANALYSIS 

SPACE 
HARMONIC 

ti BU 

-008055 
C. a 1009 
COG316 
G . 2 2 5 1  
C.1751 
G o 4 6 1 2  
O i 0 9 3 8  

-C.l826 
C.0404 
C e 0 4 1 2  

-2,9103 
0.1955 
-C.Q073 
-f =(I242 
0.0751 

-Q .2 12 1 

4u 

- n o 2 1 6 5  
0.0163 
0.1795 

-0.1702 
-0.6783 
-0.7564 
-9.1996 
-0.1'339 
-3.0725 
-Q.01175 
0.0501 

-0.4Y09 
0,0522 

-0.CH5,h 
0.97C8 
O.Ph73 

TABLE I 

Q U  PHA SE 

U 
Total Error = 5 AU cos U 8 + BU s i n  U 8 

= C RU sin (U €2 +eU, 
U 
0 

A U ,  BU, RU are error magnitudes given i n  e l e c t r i c a l  
degrees .  
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SINE OUTPUT FOURIER ANALYSIS (MXIIF PATTERN) 

HARMONIC 
U BU 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14,O 
15.0 

0.0007 
0.0477 
4.1135 
-0,0236 
-0.0161 
-0o0065 
0,0136 
0.0092 

-0,1904 
0-0034 

-0.0022 
- 0 . O P O 1  
-0.0044 
-0,0055 
-0 . 020 2 

AU RU PHA SE 

0.01 16 
-0,0385 
O e  IO84 

- 0 0  02 79 
-0 ,0056 
-0.0273 
-0,0195 
-0 e 00 30 
-0.0152 
0.0025 

-000091 
0.0024 
0,0028 
Oo0030 

-0.0029 

TABLE I1 

U U 
TotaJ Ratio = g A U  cos 8 + BU s i n  8 = C RU sin (V 8 +1u> 

0 


