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ABSTRACT 

This paper presents  t h e  design concept of a 
new spher ica l  s tepper  robot ic  w r i s t  motor capable 
o f  t h r e e  degrees of freedom (DOF) motion in a 
s i n g l e  j o i n t  f o r  a p p l i c a t i o n s  where high speed 
manipulation of  end-ef fec tor  o r i e n t a t i o n  i s  
required continuously i n  a l l  d i r e c t i o n s .  Typical 
a p p l i c a t i o n s  a r e  plasma and l a s e r  c u t t i n g  and 
micro-assembly. The spher ica l  motor i s  developed 
based on t h e  p r i n c i p l e  of v a r i a b l e  re luc tance  
s t e p p e r  motor. This paper h igh- l igh ts  t h e  
fundamental d i f f e r e n c e s  between t h e  opera t ion  
p r i n c i p l e  of  3 DOF spher ica l  motor and t h a t  of  
t h e  conventional s t e p p e r  motor. The au thors  seek 
t o  e s t a b l i s h  a t h e o r e t i c  b a s i s  f o r  des ign ,  
prototype development and performance predic t ion .  
In p a r t i c u l a r ,  an a n a l y s i s  of torque predic t ion  
i s  discussed along with t h e  presenta t ion  of 
kinematic and dynamic r e l a t i o n s h i p .  A l abora tory  
prototype hybrid d i g i t a l  /analog control c i r c u i t r y  
has been developed t o  demonstrate proof of 
concept f e a s i b i l i t y  and t o  a s s i s t  i n  achieving an 
optimum design. 

1. INTRODUCTION 
Recent developments i n  r o b o t i c s ,  d a t a  driven 

manufacturing and high p r e c i s i o n  assembly have 
provided t h e  motivation f o r  t h e  resur fac ing  of 
unusual des igns  of electromechanical t ransducers .  
A f l u r r y  of research  a c t i v i t y  i s  c u r r e n t l y  underway 
i n  d i r e c t  d r i v e s  involving DC, s tepping ,  and 
brushless  electro-mechanical a c t u a t o r s  t o  improve 
performance by e l imina t ing  t h e  problems inherent  i n  
t h e  gear  systems such a s  backlash,  f r i c t i o n  due t o  
meshing, and mechanical compliance. These devices 
a r e  normally employed t o  accomplish a s i n g l e  degree 
of motion manipulation a t  each j o i n t .  An 
a l t e r n a t i v e  design based on t h e  concept o f  a 
spher ica l  s tepper  w r i s t  motor presents  some 
a t t r a c t i v e  p o s s i b i l i t i e s  by combining p i t c h ,  r o l l ,  
and yaw motion i n  a s i n g l e  j o i n t .  In addi t ion  t o  
the  compact des ign ,  t h e  spher ica l  w r i s t  s tepper  
motor r e s u l t s  i n  r e l a t i v e l y  simple j o i n t  kinematics 
and has no s i n g u l a r i t i e s  in t h e  middle of t h e  
workspace except a t  t h e  boundaries. 

A spher ica l  induction motor was designed, 
bui 1 t and s u c c e s s f u l l y  t e s t e d  by Lai thwai t e  e l  a t .  
[l-31. The concept of a spher ica l  motor was l a t e r  
employed i n  t h e  design of a rotodynamic pump [4] 
and gyroscope a p p l i c a t i o n s  [5-61. The spher ica l  
induction motor combining a t h r e e  DOF i n - p a r a l l e l  
mechanism a s  an approach t o  achieve f i n e  motion 

dexterous manipulation was proposed i n  [7]. 
Although t h e  t h e o r e t i c a l  b a s i s  of a f i e l d  control 
spher ica l  induction motor was performed i n  [8], 
r e a l i z a t i o n  of a prototype remains t o  be 
demonstrated. The mechanical design of a spher ica l  
induction motor i s  complex. Laminations a r e  
required t o  prevent movement o f  unwanted eddy 
c u r r e n t s .  Complicated t h r e e  phase windings must be 
mounted i n  recessed grooves i n  addi t ion  t o  the 
r o l l i n g  suppor ts  f o r  t h e  r o t o r  i n  a s t a t i c  
conf igura t ion .  These and o t h e r  cons idera t ions  lead 
t o  an i n v e s t i g a t i o n  of  a l t e r n a t i v e  spher ica l  
a c t u a t o r s .  

In t h i s  paper,  t h e  design concept of a 
spher ica l  w r i s t  motor based on t h e  p r i n c i p l e  of 
vari  ab1 e re1 uctance (VR) s tepper  motor i s  
presented. The spher ica l  s t e p p e r  motor combines 
p i t c h ,  r o l l  and yaw motions i n  a s i n g l e  j o i n t ,  
which has s i g n i f i c a n t  p o t e n t i a l s  i n  a p p l i c a t i o n s  
where t h e  demand on workspace i s  low but high speed 
i s o t r o p i c  manipulation of end-ef fec tor  o r i e n t a t i o n  
i s  required continuously in a l l  d i r e c t i o n s .  
Typical a p p l i c a t i o n s  a r e  high speed plasma and 
l a s e r  c u t t i n g  and micro-assembly. 

2. DESIGN CONCEPTS 

A conceptual schematic of a spher ica l  s tepper  
motor i s  shown i n  Fig. 1. The motor c o n s i s t s  o f  a 
hemispheric s t a t o r  which houses the s t a t o r  c o i l s  
and a spher ica l  r o t o r  which houses a p a i r  of 
permanent magnets. The r o t o r  i s  supported f r e e l y  
by means of gimbals. 

3 \ IZ 

Figure 1 Conceptual Schematic of Spherical W r i s t  
Motor 
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The spher ica l  stepper motor operates on the  
p r i n c i p l e  o f  a VR motor. The s t a t o r  c o i l s  can be 
energized i n d i v i d u a l l y  us ing  the  c o n t r o l  c i r c u i t r y .  
As a p a i r  o f  s t a t o r  c o i l s  adjacent t o  the  permanent 
magnets i s  energized so t h a t  a magnetic f i e l d  and a 
corresponding f l u x  i s  generated, t h e  t a n g e n t i a l  
components o f  t h e  magnetic f o r c e  a t t r a c t  t h e  
adjacent magnets and hence e x e r t  a r e s u l t a n t  torque 
on the  r o t o r .  Appropr ia te  sequencing o f  h i g h  
c u r r e n t  pulses which e x c i t e  the  s t a t o r  c o i l s  
r e s u l t s  i n  the  r o t o r  producing a movement i n  any 
d i r e c t i o n  desi  red, The maximum torque generated 
and the  motor r e s o l u t i o n  ob ta inab le  depend 
p r i m a r i l y  on the  geometry, t h e  arrangement o f  t h e  
c o i l s ,  the  number o f  magnets as w e l l  as the  m.m.f. 
through t h e  c o i l s .  

The opera t ion  p r i n c i p l e  o f  the  t h r e e  DOF 
spher ica l  stepper motor d i f f e r s  s i g n i f i c a n t l y  from 
the  s i n g l e  a x i s  stepper motor. The pr imary 
d i f f e r e n c e  i s  t h e  r e q u i r e d  number o f  energized 
c o i l s  a t  any p a r t i c u l a r  s t a t i c  o r i e n t a t i o n  f o r  
mechanical s t a b i l i t y  and f o r  t h r e e  DOF mot ion 
c o n t r o l .  As t h e  convent ional  stepper motor i s  
cons t ra ined p h y s i c a l l y  t o  r o t a t e  about an ax is ,  
o n l y  one d i r e c t i o n  o f  a c t u a t i n g  f o r c e  i s  necessary 
t o  ac tua te  o r  t o  l o c k  the  mot ion o f  the  r o t o r  i n  
t h a t  d i r e c t i o n .  However, the  spher ica l  a c t u a t o r  
has an i n f i n i t e  number o f  r o t a t i o n a l  axes and has 
t h r e e  degrees o f  freedom. With o n l y  one energized 
c o i l ,  the  permanent magnet considered t o  be a p o i n t  
on the  r o t o r  sur face  can be actuated i n  any 
d i r e c t i o n  along a tangent o f  the  i n n e r  surface o f  
the  s t a t o r  and thus prov ide  two degrees o f  freedom 
mot ion c o n t r o l .  The t h i r d  DOF motion c o n t r o l ,  
which i s  the  sp in  mot ion about an a x i s  through t h e  
center  o f  t h e  r o t o r  and the  p o i n t  o f  a t t r a c t i o n ,  
may be prov ided through a second f o r c e  o f  
a t t r a c t i o n  between an a d d i t i o n a l  a c t i v e  c o i l  and a 
second permanent magnet genera t ing  an a c t u a t i n g  
to rque perpend icu la r  t o  t h e  tangent surface. 
Hence, two fo rces  which are n o t  c o - l i n e a r  w i t h  t h e  
center  o f  t h e  r o t o r  are necessary t o  p rov ide  r o t o r  
s t a b i l i t y  a t  a s t a t i c  p o s i t i o n  and 3 DOF mot ion a t  
any i n s t a n t .  

The second d i f f e r e n c e  r e f e r s  t o  the  f a c t  t h a t  
the  maximum number o f  c o i l s  which can be evenly 
i n s c r i b e d  on a spher ica l  sur face  i s  f i n i t e .  The 
l o c a t i o n s  o f  t h e  evenly spaced c o i l s  can be 
determined by b u i l d i n g  a polyhedron which i s  a 
t h r e e  dimensional s o l i d  w i t h  polygons as faces 
(s ides).  For equal spacing, r e g u l a r  congruent 
polygons such as e q u i l a t e r a l  t r i a n g l e s ,  squares, o r  
pentagons must be used. A p o i n t  o f  a polyhedron 
makes up a convex po lyhedra l  angle. Pythagoras and 
P l a t o  [9] have shown t h a t  a complex polyhedran 
angle must be made up by a t  l e a s t  t h r e e  faces and 
must be l e s s  than 360" t o  form a c losed polyhedron. 
Based on these p r i n c i p l e s ,  i t  can be shown t h a t  the  
maximum number o f  c o i l s  which can be evenly spaced 
on a sphere i s  20 corresponding t o  the  number o f  
complex angles o f  a dodecahedron. 

3. COIL ARRANGEMENT 

More than 20 c o i l s  a re  t y p i c a l l y  r e q u i r e d  i n  
o r d e r  t o  achieve a h igh  p o s i t i o n a l  r e s o l u t i o n .  A 
scheme, there fore ,  was devised t o  space the  c o i l s  

on the  lower hemisphere o f  the  s t a t o r  as evenly as 
possible.  The p o s i t i o n  o f  every c o i l  i s  represented 
by the  f o l l o w i n g  mathematical r e l a t i o n  as 
i l l u s t r a t e d  i n  Fig.  2. The i n n e r  surface o f  the  
s t a t o r  i s  descr ibed by the  spher ica l  surface ST, 
r a d i u s  r, and the  c o i l  p o s i t i o n s  i s  represented by 
an a r r a y  o f  p o i n t s ,  CP. The spacing between p o i n t s  
i s  se t  by the  angular parameter 6 which i s  i n  
degree and i s  p o s i t i v e .  

ST = { (x,y,z) : x2 t y2 t z 2  = r2 ; 

Z 5 0.0 and x,y,z,r E R } 
CP = [(x,Y,z), ( i , j ) l  : 

[(x,y,z) ,  ( i , j ) l  E CP iff 

and 

(x,y,z) E ST and i, j E I } 

x = r s i n ( i 6 )  

i f  j = 0 then 

y = 0 and z = -r cos( i6 )  
o r  i f  j # 0 t h e r e  e x i s t  

{ (a,b,c) ,  [ i , j - s g n ( j ) ] >  E CP s.t .  

I t  has been shown t h a t  the  l e a s t  number o f  
a t t r a c t i o n s  r e q u i r e d  t o  p rov ide  l o c k i n g  o f  t h e  
r o t o r  i s  two. For a g iven p a i r  o f  magnets, the  
arrangement o f  t h e  s t a t o r  c o i l s  descr ibed above 
determines t h e  pr imary  r e s o l u t i o n ,  which i s  de f ined 
by the  spacing of t h e  c o i l s .  Fur ther  improvement 
i n  r e s o l u t i o n  can be achieved by inc reas ing  the  
number o f  magnet p a i r s  o r  mod i fy ing  t h e  rad ius  o f  
the  r o t o r .  

(x,y,z) (a,b,c) = r 2 cos 6 

t= 

Figure 2 Schematic Illustrating Coil Arrangement 

4. MATHEMATICAL MODEL 

As shown i n  Fig.  1, an i n e r t i a  coord ina te  
frame, designated as X Y Z  frame i s  f i x e d  a t  the  
center  o f  the  s t a t o r  w i t h  i t s  Z a x i s  p o i n t i n g  
towards t h e  open-end o f  t h e  s t a t o r  hemisphere. 
S i m i l a r l y ,  a body coord ina te  frame 123 i s  assigned 
t o  the  center  o f  t h e  r o t o r ,  w i t h  i t s  3-axis 
p o i n t i n g  towards t h e  center  o f  the  end-e f fec to r  
p la t fo rm.  The u n i t  vec tors  along the  (X,Y,Z) and 
(1,2,3) coordinates are designated as (I ,J,K) and 
( i , j , k )  r e s p e c t i v e l y .  

4.1 Kinematic re1 a t i o n s h i p  
The X - Y - Z  Eu le r  angles q(#,e,p) i s  chosen t o  

descr ibe  the  o r i e n t a t i o n  o f  the  coordinate frame 
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123 w i t h  respect t o  t h e  i n e r t i a  frame, ins tead o f  
the  usual Z-Y-Z Eu le r  angles because the  Z-Y-Z 
Eu le r  angles i s  inde terminate  when the  Z-  a x i s  and 
3-axis co inc ide .  The homogenous t rans format ion  [ T I  
between t h e  two coord ina te  systems i s :  

where 
[ i , j , k l T  = [ T I  [ I , J , K I T  (1) 

c c  s s c  + s c  - s c c  

@ # P  # I  c # c e +  $ 8  -CeSp - s c c + c s  s c c + s c  

se - s#Ce e #  

e P  e # P  # #  e i a  

where the  subscr ip ts  o f  C and S are  the  angles o f  
cosines and sines r e s p e c t i v e l y .  The Eu ler  angle 
q(#,e,p) i s  the  general coord ina te  o f  the  r o t o r .  
The angular v e l o c i t y  and a c c e l e r a t i o n  o f  t h e  r o t o r  
r e l a t i v e  t o  the  i n e r t i a  frame can be descr ibed by 
the  f i r s t  and second d e r i v a t i v e s  o f  the  q(#,e,p), 
r e s p e c t i v e l y .  However, i t  w i l l  be more convenient 
t o  express the  terms i n  vec tor  form, w i t h  respect 
t o  the  r o t a t i n g  frame, as f a r  as dynamics concern. 
I f  t h e  angular v e l o c i t y  o f  the  body coordinate,  U ,  
i s :  

U = wli + w z j  + w3k (2) 
where 

w l = ) c c  + Q s  

w 2  = - 3 cesp + Q CP 

~3 = 3 Se + B 

+ P  P 

The corresponding angular a c c e l e r a t i o n  du /d t  i s  : 

( 3 )  

where 
b .. 
w 1  = CeCp + i's, + Q B CP + 3 8 sec - 3 )  c s P e a  .. i2 = - # C,SP + " c  - Q J s s + 3 Q s s - Q J c c P e P  e a  e P  

When the  forward dynamic problem i s  o f  i n t e r e s t ,  
i .e. p r e d i c t i o n  o f  t h e  r o t o r  o r i e n t a t i o n  q(#,e,/l) 
f o r  a g iven e x t e r n a l  moment app l ied  on t h e  r o t o r ,  
the  conversion from t h e  vec tor  components t o  t h e  
Eu ler  angle q(#,e,p) i s  des i re .  The conversion 
equat ions have been der ived  as f o l l o w :  

1 
(4) 

B = w3 - tan  e (w1cP - o,sP) J 
4.2 Dynamic model 
U n l i k e  a s i n g l e  a x i s  motor, the  dynamic 

equations o f  t h e  t h r e e  DOF spher ica l  motor a re  
coupled and non- l inear .  The dynamics equations are  
der ived  from the  p r i n c i p l e  o f  conservat ion o f  
angular momentum. I f  the  design o f  t h e  r o t o r  i s  
such t h a t  t h e  1,2, and 3 coord ina te  axes are  t h e  
p r i n c i p l e  axes, i . e  112 = I 2 3  = I13  = 0, t h e  
equations w i  11 be reduced t o :  

' I  MI = I 1 1  i + (I3 - I z )  u2 u3 

(5) 

M3 = I3 G3 + (I2 - 11) u2 u1 

where M = [MI M2 M3IT i s  t h e  ex terna l  moment 
app l ied  on t h e  r o t o r  about i t s  C . G .  and can be 
expressed as: 

M = T(q, 4, + F(4) + M,(q) 

where T i s  t h e  a c t u a t i n g  torque v e c t o r  generated by 
the  magnetic system F and M are  the  f r i c t i o n  and 
l oad  torque v e c t o r  r e s p e c t i v e l y .  Rearrange equat ion 
(5) as a system o f  f i r s t  o r d e r  d i f f e r e n t i a l  
equations as f o l l o w :  

i1 = [up - 1 ~ 1  u2 u3 + M 1 ' 1  
1 

Whereas Equation (Z), (3) and (5) determines t h e  
a c t u a t i n g  to rque r e q u i r e d  g iven t h e  o r i e n t a t i o n  
t r a j e c t o r i e s ,  Equation (4) and (6) together  form a 
s t a t e  space representa t ion  o f  the  forward dynamics. 
The s t a t e  v a r i a b l e s  are  t h e  Eu ler  angles q(#,e,/l) 
and t h e  angular v e l o c i t y ,  w i t h  respect t o  frame 
123, U and t h e  i n p u t  i s  t h e  ex terna l  moment M. 

4.3 Torque P r e d i c t i o n  
The to rque generated by the  magnetic system i s  

der ived  from the  p r i n c i p l e  o f  conservat ion o f  
energy, which y i e l d s :  

E,(t) = f e ( t )  - T ( t )  u ( t )  (7) 
where 

€,,,= 

Ee= e l e c t r i c a l  power i n p u t  

i = c u r r e n t  through the  c o i l ,  
X = f l u x  l i n k a g e  through the  c o i l ,  
T = r e s u l t a n t  torque a c t i n g  on the  r o t o r ,  
U = angular v e l o c i t y  o f  the  r o t o r .  

Since the  Magnetic Energy i s  a f u n c t i o n  o f  the  
c o n f i g u r a t i o n  o f  t h e  magnetic system,i.e.the c o i l  
cur ren t ,  r e l a t i v e  p o s i t i o n  o f  the  r o t o r ,  func t ions  
w i l l  be expressed i n  terms o f  the  Eu ler  angle 

t ime r a t e  o f  increase i n  magnetic 
energy stored, 

= i ( t ) . X ( t )  

q(#,e,p) * 

The to rque components i n  t h e  d i r e c t i o n s  o f  
dq(#,B,P)/dt i s  found f i r s t  and, then, resolved i n  
t o  the  t h r e e  orthagonal  components i n  t h e  123 
d i r e c t i o n .  I t  i s  der ived  t h a t  the  d o t  product o f  
the  to rque T=[T#, To, TP] and the  angular v e l o c i t y  
U i s :  

The t ime d e r i v a t i v e s  o f  the  energy terms, Em and 
E,, a re  p a r t i a l  d i f f e r e n t i a t e d  w i t h  respect t o  the  
Eu ler  Angles, #, 8, and p.  With the  constant 
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Since t h i s  e q u a l i t y  i s  t r u e  f o r  any [dq( , e , p ) l d t l ,  
i t  holds only when t h e  c o e f f i c i e n t s  o f  t t e v e l o c i t y  
term a r e  zero.  Under t h i s  condi t ion ,  t h r e e  l i n e a r  
simultaneous equations i n  t h e  torque components a r e  
obtained. The t h r e e  torque components were solved 
f o r  and a r e  a s  follow: 

ax aEm 
a e ) -  W Te = C ( i  - 

1 aEm - - a Em + Xi (ax - S - ax ) ]  
= < [ se w ap aP e a4 

(12) 

After  t ransformat ion ,  t h e  torque  can be expressed 
i n  terms of t h r e e  orthogonal vec tor  components i n  
t h e  d i r e c t i o n  of  frame 123. 

T 1 = T C C  + T  S (13) 

T 2 = - T C S  + T C  (14) 

T 3 = T S  + T  (15) 

# e a  e P 
# e a  e P  

a e  P 
4.4 Stored Magnetic Energy 
Without l o s s  of  g e n e r a l i t y ,  t h e  r o t o r  i s  

assumed t o  have two permanent magnets a s  shown i n  
Figure 3 i n  t h e  following ana lys i s .  In p r a c t i c e ,  
t h e  closed magnetic path can be r e a l i z e d  by f i l l i n g  
t h e  r o t o r  t o  a c e r t a i n  depth with i ron  trimmings, 
connecting t h e  m e t a l l i c  cores  of t h e  c o i l s  by means 
of laminations,  and allowing f o r  a small s t a t o r  
c o i l  spacing t o  ensure an overlapping area  between 
t h e  core  and t h e  magnet. 

Air 

L g - 0 . 9 4 m  
w - 1 2 . 5 m  

Figure 3 Schematic of the Magnetic System 

As t h e  permeabi l i ty  of t h e  i ron  p a r t s  i s  
genera l ly  l a r g e  a s  compared t o  t h a t  of a i r  gaps,  
the permeabi l i ty  of  t h e  i ron  p a r t s  in t h e  system i s  
assumed t o  be i n f i n i t e .  On t h e  o t h e r  hand, t h e  
f l u x  l inkage surrounding t h e  magnets cannot be 
ignored a s  t h e  permeabi l i ty  o f  the magnets i s  of 
t h e  same o r d e r  a s  t h a t  of t h e  a i r .  With t h e s e  
assumptions, t h e  magnetic s tored  energy can be 
determined from an equiva len t  magnetic c i r c u i t  
which can be derived using Thevenin's Theorem. This 
y i e l d s  : 

where 0 i s  t h e  magnetic f l u x  flow through t h e  
equiva len t  magnetic c i r c u i t  with r e s u l t a n t  
re luc tance ,  R.  The re luc tance  i s  t h e  rec iproca l  of 
t h e  permeance which can be derived from t h e  
following equation : 

P =  /J p 
where p i s  t h e  permeabi l i ty  and dA i s  d i f f e r e n t i a l  
c r o s s  s e c t i o n  a rea  of t h e  f l u x  tude a s  a function 
o f  tude l e n g t h ,  L.  The a r c - s t r a i g h t  l i n e  method a s  
suggested i n  re ference  [ l o ]  was used t o  model t h e  
a i r  gap permeance based on t h e  assumed f l u x  
p a t t e r n s  which were d e t a i l e d  i n  [ll], where t h e  
i n t e g r a t i o n  was performed numerically. The magnet 
f l u x  can be obtained by d iv id ing  t h e  t o t a l  m.m.f. 
o f  t h e  magnetic c i r c u i t ,  which can be derived from 
Maxwell's equation along a closed-path f o r  a 
s p e c i f i e d  magnet p r o p e r t i e s ,  by t h e  re luc tance .  

5. STATIC TORQUE PREDICTION 

I t  i s  g e n e r a l l y  expected t h a t  t h e  
magnetization curve of t h e  magnets i s  non-linear.  
T h u s ,  an experimental p red ic t ion  of t h e  re luc tance  
forces  using a p a i r  o f  Neodymium permanent magnets 
(6mm X 6mm X 38mm) was performed on t h e  system a s  
shown i n  Figure 3. The magnetic f l u x  dens i ty  of 
t h e  magnet, Bm, i s  determined experimentally t o  be 
0.7 Wblm*. The experimental da ta  a r e  displayed i n  
Fig. 4 . The maximum force  of 7 N i s  ob ta inable  
with t h e  c u r r e n t  of 4 Amperes and 600 turns p e r  
c o i l  on an i ron  b a r  of  1 /4  inch diameter.  Hence, 
with a spher ica l  r o t o r  of 125mm diameter,  a maximum 
r e s t o r i n g  torque of 0.44 Nm may be obtained. Also, 
a maximum f o r c e  o f  3 N i s  ob ta inable  with no m.m.f. 
implying t h a t  repuls ive  f o r c e  in addi t ion  t o  
a t t r a c t i v e  f o r c e  i s  necessary i n  t h e  switching t h e  
magnet from one c o i l  t o  t h e  o t h e r .  

Although t h e  t h e o r e t i c a l  da ta  which i s  
computed using permeance-based model [ l o ,  111 does 
not match t h e  measured force  exac t ly ,  they a r e  in 
q u a l i t a t i v e  agreement. In addi t ion  t h e  model g ives  
a reasonably good predic t ion  of t h e  loca t ion  of the  
peak. The force-separa t ion  curves p r e d i c t s  the 
optimum spacing of 6mm between t h e  s t a t o r  c o i l s ,  
which r e s u l t s  a maximum r e s t o r i n g  torque t o  move 
t h e  permanent magnet from one s t a t o r  c o i l  t o  
another.  Fur ther  increase  of spacing between 
s t a t o r  c o i l s  may r e s u l t  a non-recoverable condition 
due t o  t h e  decay of r e s t o r i n g  force  with d is tance .  
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Figure 4 Predicted Reluctance Force 

6. CONTROL C I R C U I T R Y  

Two l e v e l  o f  c o n t r o l  scheme, coarse- f ine  
mot ion s t ra tegy ,  i s  proposed f o r  a pre-planned 
t r a j e c t o r y .  The f i r s t  l e v e l  i s  the  open-loop 
p o s i t i o n  c o n t r o l  o f  t h e  r o t o r  t e e t h  (permanent 
magnets) based on t h e  swi tch ing  c i r c u i t r y  f o r  a 
pre-planned t r a j e c t o r y .  I n  the  second l e v e l  , 
accuracy and s t a b i l i t y  are such important issues 
t h a t  t h e  robus t  and f a s t  convergent c o n t r o l  
a lgor i thms should be a p p l i e d  t o  f ine-mot ion c o n t r o l  
o f  t h e  w r i s t  motor. The f o l l o w i n g  discusses the  
open-loop swi tch ing  c i r c u i t r y .  

A h y b r i d  d i g i t a l / a n a l o g  scheme has been 
developed i n  o rder  t o  p rov ide  the  appropr ia te  
sequencing and c o n t r o l  func t ions  o f  t h e  spher ica l  
stepper motor. Although the  design descr ibed i n  
t h i s  s e c t i o n  addresses a s i n g l e  permanent magnet - 
f o u r  s t a t o r  c o i l s  case w i t h  corresponding movement 
i n  t h e  s p h e r i c a l l y  mapped x-y coord ina te  system, 
t h e  extension t o  a m u l t i p l e  permanent magnet 
arrangement should f o l l o w  s i m i l a r  gu ide l ines .  
Emphasis was placed on designing c i r c u i t r y  t h a t  
would p rov ide  maximum f l e x i b i l i t y  i n  a l l o w i n g  the  
implementat ion o f  a v a r i e t y  o f  a c t i v a t i o n  schemes 
and t h e  de terminat ion  o f  the  s e n s i t i v i t y  t o  w r i s t  
parameter changes. C l e a r l y  t h e  goal here i s  t o  
r e a l i z e  a l a b o r a t o r y  p ro to type t h a t  w i l l  a s s i s t  i n  
ach iev ing  an optimum design. 

The d i g i t a l  c o n t r o l  sec t ion  c o n s i s t s  o f  f o u r  
p a r t s :  (a) a personal computer i s  used as a host 
f o r  which c u r r e n t  l e v e l  m i c r o c o n t r o l l e r  code i s  
downloaded t o  a Motorola 68HCll board s e r i a l l y  v i a  
an RS232 p o r t .  The PC i s  b a s i c a l l y  used as a 
system i n p u t / o u t p u t  device. I t s  f u n c t i o n  i s  t o  
rece ive  opera tor  commands and send t h e i r  A S C I I  
representa t ion  t o  the  68HCll. F i n a l l y ,  i t  rece ives  
and d i s p l a y s  s t a t u s  messages c o n s i s t i n g  o f  echoing 
the  s t a t o r  movement t o  t h e  screen. (b) A Motorola 
68HCll m i c r o c o n t r o l l e r  i n  con junc t ion  w i t h  a 
Motorola EVB board. The EVB board i s  used t o  
f a c i l i t a t e  communication w i t h  t h e  PC and t o  p rov ide  
a d d i t i o n a l  p o r t s  as c o n t r o l  l i n e s .  The 68HCll 
rece ives  commands from the  opera tor  te rmina l  and 
performs the  f u n c t i o n s  decoded. Current op t ions  

are: move up, move down, move l e f t ,  move r i g h t ,  and 
teach mode. Teach mode a l lows t h e  user t o  program 
s t a t o r  p o s i t i o n s  t h a t  are t o  be moved repeatedly.  
S t a t o r  c o i l s  a re  actuated o n l y  i f  t h e  68HCll 
determines t h a t  t h e  p o s i t i o n  i s  v a l i d .  The program 
converts t h e  command i n t o  a s t a t o r  address t h a t  i s  
sent t o  t h e  EPROM decode b l o c k  v i a  t h e  PORT C bus 
l i n e s .  (c) An EPROM Decode Block which c o n s i s t s  o f  
a bank o f  s i x  2764 EPROMS loaded w i t h  s t a t o r  f i r i n g  
p o s i t i o n s  t o  f a c i l i t a t e  design f l e x i b i l i t y .  Each 
i n d i v i d u a l  da ta  l i n e  o f  t h i s  2764's i s  used t o  
c o n t r o l  a s p e c i f i c  s t a t o r  c o i l .  The c u r r e n t  
hardware c o n f i g u r a t i o n  can c o n t r o l  up t o  48 s t a t o r  
c o i l s .  Changes i n  t h e  number o f  c o i l s  t o  be 
c o n t r o l l e d ,  t h e  number o f  c o i l s  f i r e d  a t  a t ime, 
and t h e  f i r i n g  sequence can be handled by s imply 
reprogramming t h e  EPROM. (d) A Repulsion Fl ip-FLop 
Block - c o n s i s t i n g  o f  a 74L73 f l i p - f l o p  w i t h  c l e a r .  
Since a r e p u l s i o n  f o r c e  i s  r e q u i r e d  whenever a 
s t a t o r  c o i l  i s  deact ivated, t h e r e  i s  one r e p u l s i o n  
f l i p - f l o p  c i r c u i t r y  a l lows c o n t r o l  o f  t h r e e  
d i f f e r e n t  l o g i c  s ta tes ,  a t t r a c t i o n ,  r e p u l s i o n  and 
i d l e  w i t h  o n l y  one c o n t r o l  l i n e  and a g loba l  c l e a r  
l i n e  f o r  a l l  f l i p - f l o p s .  This method thus a l lows 
c o n t r o l  o f  N s t a t o r  c o i l s  w i t h  N+l c o n t r o l  l i n e s .  

The analog s e c t i o n  c o n s i s t s  o f  t h r e e  main 
p a r t s :  (a) An opera t iona l  a m p l i f i e r  stage which 
connects d i r e c t l y  t o  the  outputs o f  the  r e p u l s i o n  
f l i p - f l o p s  and t h e  EPROM. I t  generates the  
requ i red  p o s i t i v e  and negat ive  vo l tage l e v e l s  f o r  
the  s t a t o r  a t t r a c t i o n  and r e p u l s i o n  modes, 
r e s p e c t i v e l y .  The square wave ou tpu t  i s  connected 
d i r e c t l y  t o  the  power t r a n s i s t o r  stage. (b) 
B i p o l a r  Power T r a n s i s t o r s  p rov ide  c u r r e n t  t o  the  
s t a t o r  c o i l s  o f  up t o  two amperes when connected 
d i r e c t l y  t o  t h e  op amp output.  Each s t a t o r  c o i l  
employs two such t r a n s i s t o r s ,  one genera t ing  t h e  
p o s i t i v e  c u r r e n t  associated w i t h  a t t r a c t i o n  fo rces  
and t h e  second genera t ing  the  negat ive c u r r e n t  
associated w i t h  repu ls ion .  The two t r a n s i s t o r s  a re  
conf igured  i n  a push-pul l  format, w i t h  t h e  s t a t o r  
c o i l s  connected as the  load. (c) S t a t o r  c o i l s  
which are  energized by the  power t r a n s i s t o r  ou tpu ts  
and c o n t r o l l e d  v i a  t h e  EPROM c o n t r o l  l i n e s .  Each 
s t a t o r  c o i l  has c u r r e n t l y  t h r e e  s t a b l e  c u r r e n t  
s ta tes :  +2 amps, -2  amps and zero amps. 

The development sof tware user a non- 
i n t e r a c t i v e  vers ion  o f  the  68HCll assembly code t o  
keep complexi ty a t  a minimum. I t a l lows f o r  
sw i tch ing  between d i f f e r e n t  hardware c o n f i g u r a t i o n s  
along w i t h  d i f f e r e n t  f i r i n g  sequences. Fig.  5 
d e p i c t s  t h e  d e t a i l s  o f  the  microprocessor, EPROM 
and f l i p - f l o p  connections. Fig.  6 shows t h e  op amp 
and power t r a n s i s t o r  connections. Fig.  7 i n d i c a t e  
the  t i m i n g  diagrams f o r  the  c o n t r o l  and a c t u a t i o n  
s igna ls .  

7. CONCLUSIONS 

The design concept o f  a new electromechanical  
spher ica l  stepper w r i s t  motor capable o f  3 DOF 
mot ion i n  a s i n g l e  j o i n t  has been developed. 
Although the  w r i s t  motor i s  developed based on the  
p r i n c i p l e  o f  VR stepper motor, i t s  opera t ion  
p r i n c i p l e  s i g n i f i c a n t l y  d i f f e r s  from t h a t  o f  t h e  
convent ional  s i n g l e - a x i s  VR stepper motor. 
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Along w i t h  t h e  p r e s e n t a t i o n  o f  the  k inematic 
and dynamic r e l a t i o n s h i p ,  an a n a l y s i s  o f  to rque 
p r e d i c t i o n  has been performed. Pre l im inary  
experimental to rque p r e d i c t i o n  suggests t h a t  a 
maximum o f  0.44 Nm r e s t o r i n g  to rque can be obtained 
w i t h  a p a i r  o f  Neodymium permanent magnets (6mm X 
6mm X 38mm) on a r o t o r  o f  125mm diameter al though 
s l g n i f i c a n t  inc rease o f  r e s t o r i n g  to rque can be 
expected by  i n c r e a s i n g  t h e  permanent magnet p a i r s  
and/or t h e  m.m.f. through the  c o i l s .  However, t h e  
r e a l i z a t i o n  o f  an optimum design o f  a spher ica l  
stepper w r i s t  motor i s  f a r  from complete. Fur ther  
work on pro to type development, computer s imu la t ion  
and experimental v e r i f i c a t i o n  o f  torque and. 
r e s o l u t i o n  p r e d i c t i o n  are c u r r e n t l y  underway. 

A l a b o r a t o r y  p r o t o t y p e  h y b r i d  d i g i t a l / a n a l o g  
c o n t r o l  c i r c u i t r y  has been developed t o  a s s i s t  i n  
ach iev ing  an optimum design. The l a b o r a t o r y  
p ro to type performs well-showing p r o o f  o f  concept 
f e a s i b i l i t y .  Work underway i s  addressing t h e  
issues o f  m u l t i p l e  permanent magnet arrangement i n  
o r d e r  t o  achieve f u l l  3 DOF motion and a v a r i a b l e  
c u r r e n t  source f o r  s t a t o r  c o i l  a c t u a t i o n  and 
c o n t r o l  purposes. Associated research tasks are 
e x p l o r i n g  means f o r  d e t e c t i n g  t h e  p o s i t i o n  o f  t h e  
r o t o r .  

Figure 5 Microprocessor, EPROM and Flip-Flop 
Connection 

Figure 6 Op-Amp and Power Transistor Connection 

Figure 1 Timing digram for the signals produced by 
EPROM, Flip-Flop and Op-Amp outputs. 
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