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ABSTRACT: This paper  describes  the  de- 
sign  features  of  a new robotic  manipulator 
incorporating  a  novel  spherical  motor  capa- 
ble  of  three  degrees  of  motion  in  a  single 
joint  for  purposes  of  dexterous  actuation,  a 
loadable  device  at  the  end  of  the  wrist  ac- 
tuator  as  the  end  effector  with tactile and 
proximity  sensing  capabilities,  and  appro- 
priate  conventional  and  intelligent  planning 
and control  algorithms to support  the  exe- 
cution  of  a  series  of  complex  tasks in an 
uncertain or hostile  environment.  The  spher- 
ical wrist  actuator  is  developed  through  an- 
alytic  studies  and  the  design  of  position  and 
torque  control  instrumentation.  The  end  ef- 
fector is a  micromanipulator  based  on  the 
principle  of  in-parallel  mechanisms.  Heuris- 
tics,  manifested  in  fuzzy  logic, are employed 
to  incorporate artificial intelligence for  de- 
cision  making  and  control  in  the  robotic  ma- 
nipulator.  The  intent is to provide  an  over- 
view of the  significant  design  and  algorithmic 
features  of  the  manipulator defemng a  de- 
tailed  treatment  of  the  proposed  approaches 
to  forthcoming  publications. 

Introduction 
The  performance of a  robotic  manipulator 

is usually  defined in the context  of  the  work 
task it is  designed  to  perform.  Speed,  accu- 
racy,  dexterity,  weight,  complexity, and re- 
liability are  some  of  the  performance rnea- 
sure  attributes for robotic  manipulators. Two 
fundamental  issues  that  significantly influ- 
ence  the  design  of  manipulators are struc- 
tural  rigidity  and  the  interaction  of  the  end 
effector  with  the  workpiece or its environ- 
ment  in  the  process  of  performing  tasks. 

A  number  of  researchers  have  addressed 
the  design  of  fine-positioning  devices  with 
end-point  sensing to  enhance  the  robot  ac- 
curacy [1]-[3] for purposes  of  electronic 
manufacturing. A design  of  a  “Jig  Hand” 
was  suggested  in [4] to  bear  the  vibratory 
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interaction  force  during the machining  op- 
eration.  Bracing  strategies  have  been  pro- 
posed [5] ~ 161, aiming to rigidize  the  base  of 
the  “wrist”  for  subsequent fine motion. In 
general,  these  approaches  are  primarily  di- 
rected toward  extending  the  overall  robot 
performance  in  several  dimensions by sep- 
arating  the  manipulation  into course motion 
of a  general  robot arm, particularly  a  flexible 
arm,  and j n e  motion  of  a  dexterous  end  ef- 
fector. 

Precision  manipulation  tasks  often  require 
small;  high-bandwidth  motions.  The  high 
bandwidth  and  accuracy  needed  for fine mo- 
tions  are  principal  reasons  dexterous  actua- 
tors  with  small  weight-to-force  ratios  and  in- 
novative  end  effectors  are  sought  in many 
designs. 

Moreover,  many  robotic  systems,  such  as 
a  fine-motion  micromanipulator,  associated 
with complex  automation tasks, are  large- 
scale  systems  that  defy  accurate  mathemat- 
ical description or application of current  con- 
trol-theoretic  techniques.  This  predicament 
has  led  many investigators to a  consideration 
of heuristic-based  methods  for  scheduling, 
planning,  coordination,  and  control  of  such 
systems [7]. An intelligent  controller for a 
complex  large-scale  system,  such as a  ro- 
botic  manipulator,  employs  sensory  percep- 
tion to detect  changes  in its working  envi- 
ronment, and, by its own decision-making 
faculty,  proceeds  with  the  proper  planning 
and  control  operations.  Autonomy,  as  man- 
ifested by intelligent  control  strategies,  will 
be a  necessary  complement  to  dexterity if 
future  robot  manipulators  are to meet  the 
challenge  of  automation. 

This  work  addresses  the  problems  of  au- 
tonomy  via  intelligent  control.  The  latter re- 
quires, in addition to  the  AI (artificial intel- 
ligence)-based  algorithmic  developments, 
proper  design  and  integration  of  component- 
level  processes,  including  sensors,  end-ef- 
fector  mechanisms,  and  actuators  with  adap- 
tive  and  control-theoretic  methods. 

Figure 1 is an artist’s rendering  of  the  pro- 
posed  manipulator  basic  components.  They 
are  discussed briefly  in the  following  para- 
graphs.  Basic  design  objectives  include  dex- 
terity of  locomotion,  ability to resolve un- 
foreseen or adverse  situations,  and  fine  task 
execution  via  intelligent  planning  and  robot 
control. 

Spherical  Motor 
Recent  advances in robotics,  intelligent 

end  effectors,  and  flexible  manufacturing 
systems  have  provided  the  motivation  for the 
resurfacing  of  unusual  designs  with  certain 
motors  and  electromechanical  transducers. A 
flurry of  research  activity is currently  under 
way  in direct  drives  involving  DC  stepping 
and  brushless  electromechanical  actuators. 
These  devices are normally  employed to  ac- 
complish  a  single  degree  of  motion  manip- 
ulation  at  each joint.  The spherical  induction 
motor  presents  attractive  possibilities for 
combining  pitch,  roll,  and  yaw  motion  in  a 
single joint, while  maintaining  the  control 
functions  required  for  completing its manip- 
ulation  tasks.  Williams  et  al. [8], [9] and 
Laithwaite [ 101 performed  the  original anal- 
ysis  on  one  form  of  spherical  induction  mo- 
tor. General flux linkage  arguments  and es- 

spherical  actuator 
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Fig. 1 .  Proposed  micromanipulator. 
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timates  of  magnetic  diffusion  times  were  used 
to predict  forces  and  torques  on  a  realization 
of the  device  that  was  built  and  successfully 
tested.  Here,  the  application  was in speed 
control-achieved by controlling  the  direc- 
tion of the  stator  wave  excitation at an  ar- 
bitrary  angle to the  motor  axis.  Since  the 
work in [8]-[lo], little attention  has  been 
given to the  spherical  motor,  with  the  ex- 
ception  of  a  patent,  some  gyroscope  appli- 
cations, and a  Russian  paper [ 111 containing 
a  theoretical  analysis. 

A pictorial  representation  of  the  proposed 
motor is shown  in  Fig. 2. Three  sets of 
windings  are  necessary  to  realize  rotation 
about  an  arbitrary  axis. The three  windings 
are  positioned  to  give  rotations  about  the x ,  

p, and z axes  when  each is independently 
excited. By independently  controlling  the 
strength and phase of any  two  windings. one 
can  realize  a  rotation  vector  at any point in 
the  rotation  plane of these  two  windings. A 
second  realization of the  spherical  actuator 
is based  upon a  stepper  motor  principle.  The 
stepper  design is simpler  to  implement.  since 
it does not entail  such  physical  constraints 
as  placing  three  transverse  three-phase  wind- 
ings  into  the  inner  spherical  stator  shell. In 
this  arrangement,  the  stator  consists  of  a 
number of iron  teeth.  each  with  an  isolated 
spool-type  excitation  winding.  The  rotor 
consists of one or more  permanent  magnets 
having  the  same  cross-sectional  area  as  the 
stator  teeth.  The  individual  teeth  must  be  en- 
ergized  sequentially  to  pull  the  rotor to any 

K, = K S  exp j(Wf . m b p ,  

position  desired.  With two rotor magnets, 
more  torque  can be realized,  but  now  a  pair 
of  teeth  must  be energized to coordinate  force 
superposition. By slightly  offsetting  the  rotor 
magnets so as not to be exactly  aligned  with 
the  teeth  spacing,  a  finer  degree  of  control 
movement  can be realized. A stepper  spher- 
ical motor  prototype is currently  under  con- 
struction. 

A general  analysis of both  the  fields  and 
resultant  forces  generic to the  spherical in- 
duction  motor  has  been  completed.  The 
analysis  properly  accounts for the  diffusion 
of the  magnetic field with  changing fre- 
quency and motor  speed.  The first analysis 
step  involves  a  general  representation of the 
fields in the  conductor  constituting  the  sec- 
ondary  member due to  one  stator  winding. 
The effect of three  windings is arrived at 
using  superposition. 

The  philosophy in this  development fol- 
lows: 

(1)  Isolate  the  excitation  of  the  stator  wind- 
ings  into  two  transverse  components. 

(2) For each  transverse  component,  solve  the 
vector  Helmholtz  equation  for  magnetic 
fields  in  the  air  gap  commensurate with 
the  stator  excitation. 

(3) Use the  Maxwell  stress  tensor  integrated 
over  the  annulus of the  motor  to  predict 
the  time-average  torques in mutually 
transverse  directions. 

(4) Integrate  the  flux  density so derived  over 
the  surface  area  of  the  stator  winding to 

Winding ----- 

Fig. 2. Cross section of spherical  induction  motor.  Rotor  consists 
of  conducting  ball  of  thickness  @-a) filled with infinite p material. 
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Fig. 3. Normalized  torque vs. slip, crob'(w 
- mn). for  spherical  motor  as  rotor  radius 
is varied. 

determine  the  flux  linkage  and.  thus,  the 
terminal  relations.  The  component  of 
current in phase  with  the  stator  voltage 
represents  statorhotor  resistive  current 
and torque-generating  current. 

The  nature  of  the  fields  necessitates  an  an- 
alytical  representation in terms  of  Legendre 
polynomials. The details of the  calculations 
are  shown  in  a  forthcoming  paper  [12]. 
Expressions  for  torque  and  flux  linkage  are 
derived.  Typical  results for torque  vs. slip 
as  the  rotor  radius is varied  are  shown  in  Fig. 
3. Similarly.  the flux linkage is shown  in 
Fig. 4 as  a  function  of  slip;  that  part of the 
inductance  less  the total value at  zero  slip is 
seen  to  be  a  sensitive  indicator of speed.  Fi- 
nally, an important  indicator  of  the  spherical 
actuator  performance is its ability to  convert 
efficiently  electrical  power  into  mechanical 
power.  Figure 5 shows  the  normalized  rotor 
power  dissipation  vs.  slip as the  rotor  radius 
is varied. 

Control of the  Spherical Actuator 
In the design  of  the  actuator itself and its 

control  mechanisms,  efficiency of operation, 

0 

Fig. 4. Inductance  vs.  slip;  total  induc- 
tance  (upper  curve  at  slip  zero)  and speed 
inductance  (lower  curve). 
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Fig. 5.  Normalized  rotor  power  dissipation 
vs.  slip  for  spherical  induction  motor. 

reliability of  performance, and robustness  are 
characteristics  of  primary  concern.  Induction 
motor  drives  have  always  been  among  the 
more  robust  electromechanical  transducers, 
principally  because  of  their  simplicity  of 
construction. The  designer commonly  finds 
a difficult trade-off  between  the  choice  of  ro- 
bustness  imbedded  in  the  induction  motor 
versus  the  more  simplistic  control  of  direct 
current  drives. 

A modified hybrid positiodforce control 
philosophy  has  been  adopted  for  the  control 
of the  spherical  actuator.  The  basic  hybrid 
positiodforce control  architecture  developed 
by Raibert and Craig  [13]  combines  force 
and torque  information  with  positional  data 
to satisfy  simultaneous  position  and  force 
trajectory  constraints  specified  in  a  task-re- 
lated  coordinate  system.  Their  approach 
consists  of  separate  position  and  force  con- 
trol loops.  For  a  given  task,  the  desired ma- 
nipulator  trajectories  are  specified  in  a  task 
constraint  frame,  and  natural  position  and 
force  constraints  are  specified  implicit  to  the 
task.  A  manipulation  task  can be broken 
down  into  elemental  components  that are  de- 
fined by a  particular  set  of  contacting  sur- 
faces. A set  of  constraints,  called  the natural 
constraints,  is  associated  with  each  elemen- 
tal component.  They  result  from  the  partic- 
ular  mechanical  and  geometric  characteris- 
tics of the  task  configuration.  A  pin  insertion 
problem is discussed  in  the  sequel  in  con- 
junction  with the development  of  appropriate 
task-oriented  intelligent  strategies. For each 
task  configuration,  a  generalized  surface  is 
defined in a  constraint  space  having  N  de- 
grees  of  freedom.  Natural  position  con- 
straints  are  defined  along  the  normals  of  the 
generalized  surface,  while  natural  force  con- 
straints are along  the  tangents  to  the  surface. 
Additional artificial constraints are deter- 
mined by the  user  when  desired  manipulator 
position  and  force  trajectories  are  specified. 

The  constraint  coordinate  system [C] is an 
N-degree-of-freedom  Cartesian  system  de- 
fined with  respect to the  task  geometry.  Once 
the  constraints for a  given  task are specified, 
they are  used to partition  the  degrees  of  free- 
dom  into  a  position-controlled  subset  and  a 
force-controlled  subset.  Furthermore,  the 
desired  position  and  force  trajectories  are 
prescribed  through artificial constraints.  Fi- 
nally,  the  actuator  control  signal for the ith 
rotational  axis  has  N  components,  one for 
each  force-controlled  degree  of  freedom  in 
[C] and  one for each  position-controlled  de- 
gree  of  freedom: 

Y 

7; = {r,[s,AJ;.] + 'Pbt(1 - s,)Ax,I), 

i = 1, 2, 3 ( 1 )  

J =  I 

where  N is the  degrees  of  motion  freedom in 
the C frame, T~ the  torque  applied by the ith 
actuator  winding, A 4  the ith force  error in 
the C frame, 4xj the ith position  error  in  the 
C frame,  the  force  compensation  func- 
tion, \k, the  position  compensation  function, 
and sj the j th component  of  compliance  se- 
lection  vector s. If sJ = 1. then thejth prim- 
itive motion in the C frame is force-con- 
strained. If si = 0, then  the jth primitive 
motion  in  the C frame  is  position-con- 
strained. 

Torque  sensing is accomplished  via  the 
force  and  position  sensors  situated on the 
longitudinal  links of the  in-parallel  mecha- 
nism.  The  position  feedback is achieved by 
implanting  a  small  battery-driven  oscillator 
circuit ( 1  kHz)  on  the  rotor.  The  amplitude 
of  a  1-kHz  signal  induced  on  the  stator  teeth 
infers  position of the  rotor  at  any  time.  Fig- 
ure 6 illustrates the  hybrid  control  system. 
Sensory  signals  are  transformed  from  the  co- 
ordinate  system  of  the  transducers  into [ C ]  
before  the  error  signals  are  generated. A 
classical  proportional,  integral,  derivative 
(PID)  controller  is  used in each  of  the  force 
and position  loops.  The  net  actuator  signal 
is used to drive  the  stator  input  voltage. In 
parallel with the  voltage  control  circuitry is 
a  separate  controller  that  sets  the  stator fre- 
quency.  During  an initial transient,  the  stator 
frequency  on  the  windings is set, so as  to 
yield  maximum  torque  in  the  direction  of  the 
desired  positionlspeed  change for a  given 
current  on  the  winding.  When  the  motor 
reaches  the  desired  speed  for  a  given  action, 
the  stator  frequency is changed  via  an  inte- 
gral  controller so as  to  minimize  the  losses 
in the  system.  The  parallel  combination  of 
these  control  scenarios  yields  a  motor  con- 
troller,  which is effective  in  realizing  the  de- 
sired  torque,  speed,  and  position  objectives, 
as  well  as  minimizing  losses in the  system; 

it does so in  a  most  efficient  manner, so as 
to  utilize  expeditiously  the  current in the 
windings at any  instant by maximizing  torque 
generation.  The  basic  principles  were  tested 
via simulation  studies.  The  single  winding 
dynamic  operation  of  the  motor is described 
by a  set  of  four  first-order  differential  equa- 
tions in terms of the  real  and  imaginary  com- 
ponents  of  the  rotor  and  stator  currents,  the 
applied  stator  voltage,  and  the  motor  equiv- 
alent  circuit  parameters  representing  winding 
self- and  mutual-inductance  and  resistance. 
The  dynamic  rotor  equation  involving  rotor 
inertia, drag,  and  load  torque  completes  the 
dynamic  description [ 141. A Runge-Kutta  dif- 
ferential  equation  solver is used to simulate 
the  system's  dynamic  evolution.  The  control 
strategies  are  implemented  between  time 
steps,  Le., change  in  stator  voltage or  stator 
frequency.  Several  sensitivity  runs  indicate 
the  effectiveness  of  the  proposed  control 
strategies. 

End Effector 

With  a  general-purpose  robotic  manipu- 
lator used as  a  coarse  positioning  device,  a 
high  torque-to-weight  fine-motion  robotic 
hand provides  the  dexterity  and  sensing  ca- 
pability. A closed  kinematic  chain  actuated 
mechanism (as part  of  the  micromanipula- 
tion  end  effector),  with its associated  sensors 
and  high  torque-to-weight  actuator, is cur- 
rently  being  investigated  as an intelligent, 
fine-motion,  high-precision  robotic  end  ef- 
fector. 

The  closed  kinematic  chain  mechanism  has 
been  chosen  for  investigation. It has  the  fol- 
lowing  advantages as compared to  the open 
kinematic  chain  mechanisms,  which  gener- 
ally  have  the  links  actuated in series:  higher 
torque/force for a  number  of  actuators,  better 
accuracy  due to  the  lack  of  a  cantileverlike 
configuration,  and  relatively  simple  inverse 
kinematics.  which is important  for rea-time 
manipulator  control.  The  concept of an in- 
parallel  mechanism  has  been  applied to a 
number  of  applications.  Typical  examples  are 
a  camera  tripod  and  a  six-degree-of-freedom 
steward  platform,  which  was  originally  de- 
signed  as  an  aircraft  simulator.  Recently, 
work  has  been  directed  toward  tendon  ac- 
tuated  in-parallel  manipulators,  which  have 
the  advantage  of  high  force-to-weight ratio. 
The  manipulation  design  analyzed is a  three- 
degree-of-freedom  in-parallel  actuated  ma- 
nipulator,  which  has  two  degrees  of  freedom 
in  orientation  and  one  degree  of  freedom  in 
Cartesian  position. 

A schematic of an  in-parallel  manipulator 
is shown  in  Fig. 7, with  the  base  coordinate 
frame  indicated as XYZ and  the  second  co- 
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Fig. 6 .  Hybrid positiodforce control  scheme  for  the  spherical  actuator. 

ordinate  frame xyz fixed at the moving  plat- 
form  shown  in  Fig. 8. 

The  coordinates  of  the  pin  and  ball  joints 
are  specified first, and  the  position  of  the  ball 
joints,  with  respect  to  the XYZ frame, is 
computed  next. The inverse  kinematic  equa- 
tions,  which  define the actuating  lengths of 
the  links  for  a  specified  position  and  orien- 
tation  of  the  upper  platform,  are  then  derived 
in  terms of six  independent positiodorien- 
tation  variables. As the links are  constrained 
by the  pin  joints to move  in the planes y = 

0, y = -&x, and y = &x, respectively, 
there  are  three  constraint  equations  imposed 
by the  pin  joints  on  the  motion. 

A closed-form  solution for  the  lengths of 
the  links  for  a  predetermined  trajectory  has 
been  derived  in [ 151 in terms of Z-Y-Z Euler 
angles.  The constraint  equations  are  sum- 
marized as 

7 = -ff (2) 
x, = -f p( 1 - cd) C ~ Q  (3) 

yc = 4 p(1 - c,ds2m (4) 

where X, = x J R .  Y, = y J R ,  p = r / R ,  C, 

0, and y are  precussion  mutation  and  spin 
angles of the  Euler  angles,  respectively; R 
and r are  radius  from  the  center  of  the  base 
and moving  platforms,  respectively; and X,, 

yc> and zc are  Cartesian  position  coordinates 
of  the  center of the  moving  platform  with 
respect to the XYZ frame.  The  link  lengths 
are 

= cos p, s,, = sin 2a, c,, = cos 2a. ff, 

Fig. 7. I n - p d l e l  end  effector. 
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Fig. 8. Coordinate  transformation. 

where L , ,  &, and & are the  link  lengths 
normalized to R,  Sa = sin a, C, = cos a, 
SD = sin p, and Z, = zJR.  The  constraint 
equations do not  contain Z,, and,  hence, Z, 
is essentially  an  independent  variable. The 
other  two  independent  variables  may be  the 
orientation  variables a and or the  Cartesian 
position  variables X, and Y,. For a  prescribed 
position  and  orientation  of  the  moving  plat- 
form,  the  three  dependent  variables  of  the 
position/orientation  must be computed  from 
Eqs. (2)-(4),  and  the  actuating  lengths  of the 
links are determined  from the inverse  kine- 
matic  equations (5)-(7). 

Figure 1 shows  a  manipulator  that  com- 
bines  an  in-parallel  actuated  mechanism  and 
a  spherical  wrist  motor to form  a  six-degree- 
of-freedom  manipulator  system. As the 
spherical  wrist  motor  has  two  positional  de- 
grees of freedom  in  addition to  spin,  the 
combined  motion  of  the  spherical  motor  and 
the  in-parallel  actuated  mechanism  results  in 
a six-degree-of-freedom  manipulating  capa- 
bility. The  position/orientation  of  the  grip- 
per,  with  respect to the  reference  frame 
X,Y,Z, can  be  obtained  using the homo- 
geneous  transformation [TI as 

where [TI]  is  the  coordinate  transformation 
describing  the  coordinate  frame xyz with  re- 
spect to the  base  frame XYZ, and IT2] is the 
coordinate  transformation  that  describes  the 
position/orientation  of  the  base  frame XYZ 
with  respect  to  the X,Y,Z,,, frame. 

The  equations  of  motion  commensurate 
with  an  actuating  force  are  derived for  the 
in-parallel  mechanism  using  a  Lagrangian 
approach.  Because  the  actuating  forces  act- 
ing along  links F, , F?, and F3 are to be  found, 
the  link  lengths, Pi, and  the  angles  between 
the  links  and  base  platform, Oi, are chosen 
as generalized  coordinates in which the link 
lengths PI, P2, and P3 are  independent. For a 
specified  trajectory,  the  link  length  can  be 
determined  from  the  inverse  kinematic  equa- 
tions.  With  the  position  of  the ith ball  joint 
expressed  as  a  function  of Oi and Pi, the  three 
equations  that  implicitly  relate 1: and Oi are 
obtained,  noting  that  the  distance  between 
any two adjacent  ball  joints  is  constant. 

An alternative  approach to  derive  the in- 
verse  dynamics  based  on  the  independent 
generalized  coordinates a ,  /3, Z, and the 3 
X 3 Jacobian,  which  relates  the  actuating 
lengths to orientation and axial  freedoms (a, 
0, Z,), has  been  described  in [15]. 

The  uses  of  robotic  manipulators  are  in- 
creasingly  important  in  data-driven  manu- 
facturing,  automated  assembly,  and intelli- 
gent  machining. It is noted  that  both the 
precise  end-point  position/orientation  con- 
trol and  the  constrained  motion  control  are 
important  in  the  manipulator  applications. 
The  former  involves  control  of  the  three  ac- 
tuating  links,  and the latter requires  control 
of  the  corresponding  actuating  forces  along 
the  links. 

The  in-parallel  actuated  end  effector  is  es- 
sentially  a  rigid  structure  for  a  given  set  of 
link  lengths.  Hence,  one  obvious  scheme  is 
to  sense  and  control  the  three  actuating 
lengths.  Three  additional  sensors may be 10- 
cated to measure  the  angles  between  the  links 
and base  platform.  Hence,  the  ball-joint  po- 
sitions  can be determined  directly  from  sen- 
sor  information,  and  the  Cartesian  position 
of  the  moving  platform  can  be  determined 
by noting  that  the  ball  joints are essentially 
located  at  the  vertices  of  an  equilateral tri- 
angle.  This  sensing  scheme  avoids  time-con- 
suming  numerical  computation  from  the  im- 
plicit relationships,  which may be a 
drawback  for d - t i m e  on-line  microproces- 
sor  control. 

The  reaction  forces  and  moments  acting 
on the  end-point can be  sensed by measuring 
the  forces  along  the  links.  Hence,  in  the  con- 
trol of  the  in-parallel  actuated  end  effector, 
when  the  device is constrained by the  task 
geometry,  the  actuating  links  are  essentially 

the  sources  of  active  compliance,  where the 
actuating  forces  along  the  links  are  measured 
and  fed  back. 

The  manipulator  dynamics are described 
by a  set  of  highly  nonlinear,  coupled,  time- 
varying,  ordinary  differential  equations [ 151 
for  which  closed-form  analytical  solutions 
may  not be  available.  Instead,  solutions  to 
these  equations  can  usually be obtained by 
numerical  integration  on  a  digital  computer. 
Also,  in  manipulator  applications,  substan- 
tial uncertainty  in  the  system  characteristics 
is introduced by the  unknown  payload  mass 
properties.  Hence,  the  model  reference 
adaptive  control  scheme is. being  investi- 
gated  for  the  control  of the in-parallel  ac- 
tuated  manipulator. 

The  proposed  controller  design  consists  of 
a  first-order fixed compensator  in  the  inner 
loop  and  an  adaptive  controller  in  the  outer 
loop.  The  purpose  of  the  fixed  compensator 
is  to reduce  the  effect  of  the  unmodeled  cou- 
pling  forcehorque  and,  therefore,  ease  the 
effort  of  the  adaptive  controller. In the de- 
sign  of the adaptive  controller  for  each  ac- 
tuating  link,  the  coupling  force  acting on the 
link is neglected.  However,  the fixed com- 
pensator  is  kept  in  the  inner loop as  a  part 
of  the  actual  manipulator  system. 

For the  development  of  the  adaptive  con- 
trol algorithm,  the  dynamics of each  link  may 
be approximated  as 

= G(s) IF&) + F@)l (8) 

where P is the  length  of  the ith link  to be 
controlled, F the  actuating  force  along  the 
link, Ff the  force  exerted by the moving  plat- 
form  on the link  and is treated as plant  un- 
certainties  accountable for neglected  nonlin- 
ear manipulator  dynamics  and the coupling 
of  the  system  degrees  of  freedom, C(s) the 
dynamics  of  the  link  and its actuating  mech- 
anism,  and s a  Laplacian  operator. 

The  Intelligent  Controller 
The  goals  of  assembly  research  over the 

past years have  been to  create  machines  that 
would  show  the flexibility and  tolerance  of 
errors  in  parts  and  fixtures  and  would also 
show  the  experience  and  speed  of  trained 
human  operators. The part-mating  problem 
has  been  attacked by analyzing,  in  a  quasi- 
static setting,  the  geometry  of  idealized  task 
situations  and  determining  what  moments, 
contact  and  friction  forces  will  occur  in  re- 
sponse  to  specific  relative  part  positions 
[16]. Proposed  control  strategies  include 
passive  compliance  devices  and  several  ac- 
tive  compliance  means  that use move-and- 
bump  experiments to enumerate  cases  of rel- 
ative  positions  that  could occur  and pro- 
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gramming  a  sequence of test  moves to  de- 
termine  which  case is in  effect 1171, 1181. 
Another  approach  strives to use force-torque 
data  from  the  assembly  action itself to direct 
the fine motions and to  eliminate test mo- 
tions  where  possible. 

The  approach  pursued  here is to design 
intelligent  control  algorithms  that  will  permit 
the  robotic  manipulator to behave  in  a  semi- 
autonomous  manner by using  a  variety of 
sensor  data,  dexterous  actuators.  and  flexible 
end  effectors to perform  complex  tasks in an 
uncertain  environment. 

The  intelligent  controller  of  the  manipu- 
lator  must  be  capable of interfacing  with lo- 
cal  dynamic  controllers  (position,  velocity. 
toque,  etc.) so that  task  planning and co- 
ordination  strategies  generated by the intel- 
ligent  controller  are  converted  to  command 
signals  required to drive  the  conventional 
control  modules. 

An intelligent  multivalued  controller is 
being  developed to assist  in  automating  the 
performance of the  manipulator in three  basic 
tasks:  obstacle  avoidance,  a jig and  fixture 
assembly  process.  and  a  pin  placement  prob- 
lem. 

Consider  the  pin  insertion  problem  de- 
picted in Fig. 9. The robot  arm  has  posi- 
tioned  the  wrist/end  effector  workpiece  as- 
sembly  over  the  hole  via  gross  motion.  The 
actual  insertion is accomplished next by uti- 
lizing  the  manipulative  fine-motion  capabil- 
ities of either  the  end  effector  alone.  as  shown 
in the  figure. or the  wrist/end  effector  com- 
bination.  When  the  pin is located  in  the  im- 

I fixed 
Position 

mediate  vicinity  of  the  hole,  vision  and  pmx- 
imity sensing is usually  obstructed  and  the 
mating  task  must rely on  information  ob- 
tained  from  force-torque  sensors.  Reaction 
forces and friction  forces may be  estimated 
by monitoring  the  longitudinal  forces and 
link positions of the  in-parallel  mechanism. 
Computational  efficiency is improved by 
casting  the  intelligent  controller  relationship 
into  a  production  system.  The latter consists 
of a  knowledge  base of production  rules;  a 
global  data  base. w,hich represents  the  sys- 
tem  status;  and  a rule interpreter  (control 
structure)  for  choosing  the  rules to  execute. 
A typical  production  rule  for  the  situation 
depicted in Fig. IO may  be  of  the form: IF 
F, is low and F,. is high  and 6' is small  and 
D is low. THEN  move  the  end  effector  up 
slightly  and  rotate it  by a  medium  angle. 

In order to incorporate  uncertainty,  the lin- 
guistic  variables low. high.  etc.,  are  mod- 
eled  as  fuzzy  memberjhip  functions.  The rule 
interpreter  receives  current  information  from 
the  global  data  base and fires those  rules 
whose  antecedent  sides  are  matched by the 
sensor data.  The control  action is estimated 
from  the  active  rule  set by using  the  principle 
of modus  ponens.  The  intelligent  algorithm 
thus  breaks up the  control  task  into  elemental 
components  that  provide  the  required set 
points of the  local  end  effector or wrist  con- 
trol modules.  The  integration  philosophy is 
depicted in block  diagram form in Fig. 11. 

The  basic  intelligent  control  algorithm may 
be implemented  using  a  parallel  micropro- 
cessor  structure.  Such  rule-based  algorithms 

Search 
Error I I, 

Insertion J 
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Fig. 10. Forces  and  positions for the pin 
insertion  problem. 

for MIMO (multi-input.  multi-output)  sys- 
tems  have  the  property  of  decomposing or 
decoupling  the  multivariable  control  input 
into  a set of single-input.  multi-output  plants. 
It allows for  a parallel  controller  structure 
using  a  common  rule  base  that is easily  im- 
plementable  on  an a m y  of microprocessors. 

Conclusions 
A  mbotic  manipulator is described  incor- 

porating  a new spherical  motor  capable of 
three  degrees of motion in a  single  joint  for 
purposes  of  dexterous  actuation,  a  loadable 
device at the  end  of  the  wrist  actuator  as  the 
end  effector. and appropriate  conventional 
and intelligent  planning  and  control  algo- 
rithms to support  the  execution of a  series of 
complex  tasks  in  an  uncertain or hostile  en- 
vironment.  Further  analytic  studies  and  sim- 
ulations  are  being  conducted  to  ascertain  the 
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Fig. 9. Pin  insertion  using  the  micromanipulator. 
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Fig. 11. Block  diagram of the  intelligent  controller  interface. 
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feasibility  of  the  major  manipulator  compo- 
nents  and  the  effectiveness  of  the  proposed 
algorithmic  approaches. 

The  spherical  actuator  provides  for  a  ro- 
bust device  that  can  be  exploited for both 
macro-  and  micromanipulation tasks. The in- 
parallel  mechanism  end  effector  enhances  the 
flexibility and  dexterity  of  the  manipulator. 
The  control  strategies  are  designed  to  guar- 
antee  computational  speed,  robustness,  and 
accuracy. A laboratory-scale  prototype is 
currently  being  constructed to show proof  of 
feasibility  and to assist in refining  and  opti- 
mizing  the  manipulator  design  features. 
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