
ERRATA 

P 12, 1 19: : 

p 1 4. a wx 1. 2. 1, 1 11: 

p 51, 1 9: 

p 56, equ (3.17): 

p 77, equ (4.10): 

p 86, equ (4.32): 

p 86, equ (4.33): 

p 95, sec 4.4. 1, 1 18: 

P 100, 1 1: 

p 100, 1 2: 

p 100, equ (4. 100) : 

p 124, 1 23: 

p ,41,115: 

p 14.1, 1 18: 

p 144, 1 11, 1 14: 

p 144, equ (5.60): 

p 156, equ (6.1): 

p 156, equ (6.2): 

p 156, 1 5: 

p 156, 1 6: 

p 156, 1 7: 

P 157, equ (6. 5) : 

p 160, 1 5: 

p 178, 1 5: 

p 183, 1 24: 

p 183, 1 24: 

p 183, 1 23: 

p 184, 1 5: 

~ .025 - ~ 0.25 

accompanied accomplished 

transverse transpose 

x, Y, Z, x, y, z 

Pz = S23414 + 8 23
1 3 + 8 21 2 + t[82348~J 

8
5 

= atan 2[~- ~crr,c~- ¢J 

8 6 = Atan 2[85S~,crrJ + ~ 

The value of 8, - The values of 8 1 and 8
5 

(4.??) 

given 

IlS.2 _ 
1 

the one 

x - x 

W max 

(4.95) 

is given 

~8.2 
1 

one 

x 
n + 1 

wmax 

x X 

Nd . 
,1 

r. 
1 

9. 
1 

6. 
1 

= 
... . 

1.8.+ 8.x 1.8. 
1 1 111 

.0 

r. 
1 . 

6. 
1 .. 

8. 
1 

F. = fd . + F .. 1 - mg 
1 ,1 1,1+ 

assamb1y ---- assembler 

6800 68000 

MC6000 -

MC6020 

MC68000 

MC68881 

delete: or N816032 

[Darze1 19??J - [Da1ze11e 1981 J 

J 



COMPLEX MOTIONS WITH AN

ANTHROPOMORPHIC ROBOT

by

PHILIP LLOYD NICCOLLS

A th e s is  subm itted fo r  the degree of

DOCTOR OF PHILOSOPHY

of the U n iv ersity  of London 

and a lso  fo r  the

DIPLOMA OF IMPERIAL COLLEGE

August 1984

Department of Mechanical Engineering 

Im perial C o llege  o f Science and Technology

London SW7 2BX



To My Parents

- 2 -



ABSTRACT

The work presented in  t h is  th e s is  can be divided in to  three areas: 

design of a robot; s tru c tu r in g  of the robot control problem and the 

design of fa s t  control algorithm s; and the implementation of th ese  

algorithm s using a d is tr ib u te d  in t e l l ig e n c e  m u lti-p rocessor system .

The se c t io n  d ea lin g  w ith robot d esig n , considers the major c r i t e r ia  

for  ch o ice , the standard op tion s a v a ila b le , and presents a robot 

designed to  be sim ple and ro b u st.

To enable the im plem entation of a d istr ib u ted  in te l l ig e n c e  

c o n tr o lle r , the author has stru ctu red  the robot control problem in to

semi-autonomous ta sk s . These inclu de s p a t ia l vector p r o f i l in g ,

in te r p o la t io n , frame and co -ord in a te  transform ation , and jo in t  servo  

c o n tr o l. These areas have been analysed in  d e ta il  and the author has 

devised  new algorithm s to  markedly reduce the computational task  of

robot c o n tr o l.

The algorithm s for robot con tro l have been implemented using a

d is tr ib u ted  microcomputer system . The co n tro ller  employs a m ixture of 

r e la t iv e ly  cheap 32/16 b it  and 8 b i t  m icroprocessors. This con tro l

a rch itectu re  provides a powerful and f l e x ib le  robot c o n tr o lle r , enabling  

a vast range of complex motions to  be generated and executed by the 

r o b o t.
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1 INTRODUCTION

1.1 THE INDUSTRIAL ROBOT

In the ea r ly  1960's George Devol and Unimation Incorporated  

introduced the f i r s t  in d u s tr ia l rob ot. The b asic  idea  was to b u ild  a 

machine that was f l e x ib l e  enough to  do a v a r ie ty  of jobs autom atically: 

a device that could be e a s i ly  taught or programmed, so that i f  the part 

or process changed, the robot could adapt to  i t s  new job w ithout 

expensive r e to o lin g . This co n tra sts  markedly w ith the tr a d it io n a l  

concept of "hard” autom ation, whereby plant and equipment i s  ded icated  

to  one s p e c i f ic  ta sk . I t  was the combination of a computer and a 

f l e x ib le  manipulator th at has helped open the door to  new methods of 

m anufacturing.

Dr. James S. Albus in  a recen t book, [Albus 1979], on the e f f e c t  of 

computers and ro b o ts , w rote, "The human race i s  now poised  on the brink  

of a new in d u s tr ia l r ev o lu tio n  which w i l l  at le a s t  equal, i f  not far  

exceed , the f i r s t  In d u str ia l R evolution  in  i t s  impact on mankind. The 

f i r s t  In d u str ia l R evolution  was based on the s u b s t itu t io n  o f mechanical 

energy for muscle power. The next in d u s tr ia l rev o lu tio n  w il l  be based 

on the su b s t itu t io n  o f e le c tr o n ic  computers for  the human brain in  the  

control of machines and in d u s tr ia l p ro cesses” .

1 ,1 .1  Basic Robot Elements

The fo llo w in g  are the th ree  b a sic  components of an in d u s tr ia l rob ot, 

[Saveriano 1980]:
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( i )  C o n t r o l le r : The ro b o t c o n t r o l le r  fu n c t io n s  as the c o -o rd in a t in g

system of the rob ot. I t  can be any programmable device from a rotary  

drum sw itch to  a f u l l  computer. In so p h is tic a te d  in d u str ia l rob o ts , the 

control computer i s  capable o f a le v e l  of " a r t if ic ia l"  in te l l ig e n c e  and 

not only runs the robot through i t s  programmed moves, but a lso  

in teg ra te s  i t  with a n c illa r y  machinery, equipment and d e v ic e s . The 

c o n tr o lle r  can a lso  monitor processes and can make d ec isio n s based on 

system demand w hile  at the same tim e rep ortin g  to  a supervisory c o n tr o l.

( i i )  Manipulator: The manipulator c o n s is ts  of the base and arm of the

rob ot, in clu d in g  the power su p p ly , u su a lly  h yd rau lic , e l e c t r ic  or 

pneumatic. The manipulator i s  the component that provides movement in  

any number of degrees of freedom. The m anipulator’ s movement can be 

described in  r e la t io n  to i t s  co-ord in ate system , which may be 

c y l in d r ic a l ,  sp h e r ic a l , anthropomorphic, e t c .  Depending on the 

c o n tr o lle r , movement can be servo or non-servo co n tro lled  and can be a 

point to  point motion or a motion along a s p e c if ie d  continuous path.

( i i i )  Tooling: The hand or g r ip p er , sometimes c a l l  the "end e ffe c to r"

can be a m echanical, vacuum, or m agnetic device for  part han dlin g . I t  

can incorporate l e v e l s  of compliancy to  accommodate any s l ig h t  

m isalignm ent. This can be in  the form of passive com pliance, whereby 

any co rrectio n  i s  provided lo c a l ly ,  or a c tiv e  compliance where sen sors  

provide ad d ition a l p o s it io n a l inform ation for  the robot c o n tr o lle r .

1 .1 .2  Types of In d u str ia l Robot

As varied as the d e f in it io n  of "robot", there are many ways to  

c la s s i f y  d if fe r e n t  types of r o b o ts . Under the broad c la s s i f i c a t io n  o f

- 1 1 -



in d u str ia l rob o ts , ca teg o r ie s  o ften  r e f le c t  the kind of work the robot 

i s  assigned to  do, such as spray p a in tin g , w eld ing, assem bly, m ateria l 

handling e t c .  Three ca teg o r ie s  of robot can be defined:

( i )  Simple Robots: Simple robots are a lso  c a lle d  "pick and place"

devices and " lim ited  sequence" m anipulators. Simple robots are perhaps 

the most underrated and u n d eru tiliz ed  ro b o ts . These low c o s t , easy  to  

m aintain , fa s t  and accurate d ev ices can dram atically  in crease  

p ro d u ctiv ity  in  medium and long-run production in d u s tr ie s .

Normally, th ese  d ev ices are r e s tr ic te d  to  th ree or four non-servo  

degrees of freedom. Mechanical sto p s are used on each a x is  to  s e t  the 

amount of tr a v e l;  th is  i s  u su a lly  on ly  two p o s it io n s , i . e .  up/down, 

r i g h t / l e f t ,  in /o u t .  Because they are very lim ite d  in  the number of 

moves a v a ila b le  to  the m anipulator, sim ple robots are very depedent on 

support equipment such as bowl feed ers  and part p resen ters. A general 

ru le  of thumb in  ro b o tic s  i s  th at the higher the in te l l ig e n c e  o f the 

c o n tr o lle r , and the greater the programmability and number of moves o f  

the manipulator and to o lin g , the l e s s  dependent the robot w il l  be on 

support equipment.

Simple robots are u su a lly  a ir -o p e r a te d , rep eatab le  to  ±.025mm or 

b e tte r , and can operate as f a s t  as a. cy c le  per second. These robots  

co st anywhere from £1500  to  £7000.

( i i )  Medium Technology Robots: Medium technology robots have a greater

memory cap acity  and are e a sier  to  teach  than sim ple ro b o ts . Such robots  

have four to  s ix  degrees of freedom and are serv o -co n tro lled  in  most of 

th e ir  axes of movement.
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Medium techno logy  ro bo t3  are u s u a lly  used fo r  s in g le  machine

load /unload  type job s and are not capable of continuous path operations  

required for welding and spray pain tin g  a p p lic a tio n s . There are many 

job s in manufacturing today th a t could be automated by using medium 

technology ro b o ts . Such u n its  can cost from £7000 to  £15000 and 

gen era lly  have a r e p e a ta b il ity  o f ±1mm.

( i i i )  S o p h istica ted  In d u str ia l Robots: S o p h istica ted  in d u str ia l robots

are at the lead in g  edge of manufacturing technology. These robots  

possess h igh ly  f l e x ib le  and programmable m anipulators and u t i l i z e  

c o n tr o lle r s  that exem plify th e higher le v e l s  of a r t i f i c i a l  in te l l ig e n c e  

used in  in d u s tr ia l autom ation. Such c o n tr o lle r s  can be in ter fa ced  w ith  

so p h is t ic a te d  sensory and in sp e c tio n  devices and a lso  enable the robot 

to  be taught even the most complex of jobs with r e la t iv e  e a se . The 

so p h is t ic a te d  in d u s tr ia l robot has the c a p a b ility  o f being in teg ra ted  

in to  a myriad of com puter-controlled  work c e l l s  and m anufacturing 

sy stem s.

S o p h istica ted  in d u s tr ia l robots have a large  on-board memory, 

capable of m u ltip le  programmes and the a b i l i t y  to  change programs 

a u to m a tica lly , depending upon the requirem ents of the work c e l l  or 

system in  which they are working. These machines are e a s i ly  programmed 

by pendant, term inal keyboard, or o f f - l in e  programming, or any 

combination o f the th re e . Lim ited voice control i s  becoming a v a i la b le .  

High le v e l  robot programming languages and softw are are being used . 

S o p h istica ted  ro b o ts ’ c o n tr o lle r s  are u su a lly  micro or m ini-com puters; 

program storage can be on any number of a v a ila b le  media. The 

m anipulators have f iv e  or more degrees of freedom and are fu l ly
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programmable in  a l l  axes: these m an ip u la to rs  can op e ra te  e i th e r  p o in t to

point or continuous path. Small so p h is tic a te d  robot arms such as the 

Unimation PUMA have r e p e a ta b il ity  of ±.05mm carrying loads of a few 

pounds, larger  so p h is t ic a te d  r o b o ts , such as C in cin n atic  M ilacron’ s T3 

are rep eatab le  to ±.05mm even when carrying heavier payloads over 

greater d is ta n c e s . S o p h istica ted  robots cost in  the range of £20000 to  

£70000  depending on co n fig u ra tio n .

1.2 THE ROBOT CONTROL SYSTEM

1.2 .1  The Development of Robot C on tro llers

The major d ifferen ce  between "hard" automation and a ro b o tic  system , 

i s  the fa c t  th at the la t t e r  i s  re-programmable. Hard autom ation, when 

in s t a l le d ,  con tin u ou sly  c a r r ie s  out e s s e n t ia l ly  the same procedure. I t  

has lim ite d  a b i l i t y  to  rea c t to  the environment and requires major 

conversion to  accommodate a d if fe r e n t  product. The v e r s a t i l i t y  o f a 

robot i s  obtained by a m ulti a x is  m echanical con figu ration  and the robot 

c o n tr o lle r . The task  sequencing of the e a r lie r  " f ir s t  generation"  

robots was achieved by the use o f hardware lo g ic .  The control of th ese  

ro b o ts , although s a t is f a c t o r y ,  was rather p rim itive  and r e s tr ic t e d . The 

advent of the m icroprocessor was important in  th at the lo g ic  ta sk in g  

could be accompanied in  softw are rather than hardware. The e a r l ie r  

m icroprocessors (four and e ig h t b it  u n its )  had lim ite d  processing  power, 

and as such r e a lis e d  on ly  marginal increases in  the o v era ll con tro l o f  

in d u str ia l ro b o ts .
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I n d u s t r ia l  ro bo ts  c o n t r o l le d  e i th e r  by hardware lo g ic ,  o r e a r ly

m icrop rocessors, assume importance in  that they were the f i r s t  

generation  o f non-dedicated autom ation. They were however sim ple point 

to  point motion d e v ic es , and programming them for anything other than 

sim ple p ick-and-p lace tasks proved te d io u s ly  tim e consuming. The amount 

of o n -lin e  programming, and perhaps more important the lack  of 

f a c i l i t i e s  to  inclu de environmental sen sin g , r e s tr ic te d  th e ir  usage for  

more so p h is t ic a te d  in d u s tr ia l ta sk s . Knowledge of the lo c a l  

environment, through the use o f tran sd u cers, i s  one of the p rereq u is ite s  

for  increased  robot in t e l l ig e n c e .

The fea tu res  required o f a modern robot control system are

i l lu s t r a t e d  in  Figure 1 .1 . The top le v e l  in ter fa c e s  w ith both command 

dev ices and environmental sen sin g  u n it s .  I t  i s  then n ecessary  to

in ter p o la te  w ith  resp ect to  tim e, thus d efin in g  the robot tr a je c to ry ; to  

transform the tr a je c to r y  in to  the base frame co-ord inate system or work 

space of the robot; and to  convert from the tr a je c to ry  in  work space to  

the jo in t  demands of the ro b o t. I t  i s  then necessary to  servo con tro l 

each jo in t  of the rob ot.

The development of LSI c ir c u i t s  provided the opportunity to  enhance 

the robot control system . The lower end of the minicomputer market, 

(which was la te r  to  become th e high end of the microcomputer m arket), 

encompassed p rocessing  u n its  at a r e la t iv e ly  low co st yet s u f f i c i e n t ly  

powerful to  s ig n if ic a n t ly  improve the control of the robot and

incorporate some of the fe a tu re s  described  above. The major advantage 

obtained by the use of th ese  processors was continuous path m otion, 

p rev io u sly  d i f f i c u l t  due to  the numerical c a p a b il it ie s  required to
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accom plish t h is  form of m otion. The use o f higher speed processors al30  

enabled o f f - l i n e  programming and in s t ig a te d  high le v e l  robot programming 

lan gu ages.

The low cost of m icroprocessors in  general and, the recent  

development of the more powerful 1 6 /3 2  b it  p rocessors, have enabled  

considerab ly  more so p h is t ic a te d  system s to be developed for robot 

c o n tr o l.

1 .2 .2  A D istr ib u ted  I n te l l ig e n c e  Control System

In the fo llo w in g  s e c t io n  the term m icroprocessor i s  taken to  mean a 

s in g le  processor ch ip , and microcomputer r e fe r s  to  the combination of 

processor chip and peripheral chips (memory, I/O, e t c ) .  A

m ultiprocessor system i s  one which combines a number of p rocessing  

ch ip s , and a m ulti-m icrocom puter system i s  a subset of m ultiprocessor  

system s which combines semi-autonomous microcomputer un its each w ith  

th e ir  own peripheral ch ip s .

There are four p r in c ip le  l e v e l s  at which improvements in  performance 

of a computer system are p o s s ib le , [Enslow 1977]:

( i )  D evices and c ir c u i t s ;  the b asic  hardware speed .

( i i )  Function im plem entation; the algorithm s implemented in  the 

fu n ctio n a l u n its  i e .  in  th e cen tra l p rocessor, memory, and I/O .

( i i i )  System a rch itectu re; the topology fo r  the in tercon n ection  of 

the fu n ctio n a l u n it s .
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( iv )  Sy3 tem softw are; the scop e, speed and e f f ic ie n c y  o f the 

operating system and other supporting so ftw are.

Of the four le v e l s  m entioned, th is  s e c t io n  d iscu sses improvements at the 

le v e l  of systems o r g a n isa tio n , d ea lin g  s p e c i f ic a l ly  w ith a p articu lar  

c la s s  of system s; m u ltip ro cesso rs .

The extrem ely low co st of m icroprocessors has led  to  the a n a ly s is  

and development of system s which p rev iou sly  would have involved on ly  a 

s in g le  p rocessor. These u n its  incorporate more than one processor to  

accom plish the system ta sk . Two overlapping approaches d efin e  m u ltip le  

processor system s; m u ltip rocessor and d is tr ib u ted  in t e l l ig e n c e .

( i )  M ultiprocessor system s improve co st performance by the use of 

in tercon n ectin g  p rocessors in  a t ig h t ly  coupled manner, such 

th at processors share resources and fu n ction  under a s in g le  

operating system

( i i )  D istr ib u ted  in t e l l ig e n c e  system s use a number of processors  

(p o ss ib ly  in  a m u ltip rocessor  con figu ra tion ) each handling a 

number of d i f f e r e n t , but u su a lly  r e la te d , ta sk s .

Of the two o p tio n s , m u ltip rocessor system s o ften  in volve  complex 

op eratin g  system s w ith high softw are and hardware overheads. T his, 

coupled w ith the l im ita t io n s  for  hardware m odularity and exp an d a b ility , 

su ggests  that the d is tr ib u te d  in t e l l ig e n c e  concept would prove more 

s u ita b le  for the robot con tro l problem.
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The D istr ib u ted  I n te l l ig e n c e  Microcomputer Systems (DIMS) concept 

d iv id es the control problem in to  sm all d efin ab le  subsystem s, each 

co n tro lled  by an in d iv id u a l p rocessor. DIMS d if fe r s  frcm

m u ltip rocessin g  in  that m u ltip rocessin g  uses many processors to handle 

one ta sk , w h ile  d is tr ib u te d  in t e l l ig e n c e  uses one processor per task  o f  

the system [Anderson 1975]. The DIMS concept d is tr ib u te s  the 

in t e l l ig e n c e  throughout the system  by means of the microcomputers, each 

a c tin g  sem i-autonomously and communicating w ith other elements in  the 

system . Each microcomputer has a dedicated  ta sk , id e a ly  each ta sk  being  

is o la te d  from that of any other microcomputer in  the DIMS, ensuring  

hardware and softw are i s o la t io n .

There are a number of advantages which may be r e a lise d  by the use o f  

a DIMS approach, [In fo tech  1977], compared to  a s in g le  cen tra l 

p rocessing  u n it robot c o n tr o lle r :

( i )  By the use o f a number of r e la t iv e ly  cheap m icroprocessors, i t  

i s  p o ss ib le  to  gain a la rg e  measure of computing power frcm an 

assembly o f low c o s t ,  mass produced components.

( i i )  I so la ted  ta sk s , each co n tro lled  by a s in g le  microcomputer, are 

a key design fe a tu re  of the DIMS concep t. When t h is  i s  

achieved the system r e l i a b i l i t y  i s  very h ig h . Another r e s u lt  

of th is  autonomy i s  a r e la t iv e ly  sim ple communications system , 

handling only  lim ite d  data flow  and syn ch ron isa tion . Since 

each control element i s  independent, the system can be designed  

to  ensure th at the f a i lu r e  of a microcomputer i s  u n lik e ly  to  

corrupt the whole con tro l system .
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( i i i )  The DIMS approach a llow s expandability  and a d a p ta b ility ,

[Maekawa 1980], in  th at p rocessin g  power may be e a s i ly  added in 

increm ents. This i s  achieved in  two ways. F irst;  the 

upgrading o f softw are ( e a s i ly  accommodated as the control 

fu n ction s are ind ep en dent). Second; hardware exp an d ab ility , 

such as the a d d itio n  of another degree of freedom to the 

control system , or the upgrading of a p articu lar  card w ith  one 

having greater p rocessin g  power.

( iv )  Reduced system  co st and reduced com plexity are achieved when

sta n d a rd isa tio n , and in ter c h a n g e a b ility  of microcomputers are 

p o s s ib le . This fea tu re  must apply to  both hardware and

softw are to  be tr u ly  e f f e c t i v e .

(v) The problems of s e r v ic e  and maintenance of the robot c o n tro ller

are s im p lif ie d  when using the DIMS approach. The co n tr o lle r  

can perform s e lf -c h e c k in g  o p era tio n s, thus allow ing rapid  

eva lu a tio n  o f problems and providing guidance to  se r v ic e  

personnel in  d iagnosing and correctin g  problems. Because

boards and softw are are of the same design debugging i s

p o ss ib le  by board swapping. Also a complete spare can be 

sto red  on s i t e  and in s t a l le d  q u ick ly , thus reducing machine 

downtime at r e la t iv e ly  l i t t l e  extra  co st to  the robot u se r .

The DIMS concept i s  considered in  more d e ta il  in  Chapter 7.
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1.3 THE MECHANICAL ARM

1 .3 .1  Degrees of Freedom

Most in d u s tr ia l robots today incorporate f i v e ,  s ix  or seven degrees 

of freedom (d o f) . An in d ic a tio n  o f the added v e r s a t i l i t y  each degree 

provides can be g iv en , b u ild in g  from a s in g le  j o in t .  A s in g le  dof can 

be thought of as a ram, which in  a sp h er ica l polar coordinate system i s  

the r - a x is .  R otation in  a v e r t ic a l  p lane, and r o ta tio n  in  a h orizon ta l 

plane add the \f> and 0 a x e s . I t  may be envisaged that in  th ree  

dim ensional, (3 -D ), space th ree  degrees of freedom are s u f f i c i e n t ,  and 

t h is  i s  true merely to  lo c a te  a poin t in  sp ace. However the o r ie n ta tio n  

of a 3 dof robot i s  f ix e d .  In 3-D space th ere are in  f a c t ,  three  

p o s it io n  v a r iab les and th ree o r ie n ta tio n  v a r ia b le s . Each space 

v a r ia b le , whether p o s it io n  or o r ie n ta tio n  requires at le a s t  one dof on- 

the rob ot. For a number of a p p lica tio n s  a robot with f iv e  dof w ill  

s u f f i c e .  This can be achieved by carefu l, p o s itio n in g  of the robot and 

a n c i l l ia r y  equipment, (eg: machine t o o l  lo a d in g ) , or where the s ix th  dof 

i s  redundant, (eg: w e ld in g ). A s ix  dof robot can achieve near f u l l  3-D 

space m anipulation , the r e s t r ic t io n s  being ph ysical r e s t r a in t s .

A robot with greater than s ix  dof ex h ib it kinem atic redundancy and 

req u ire a d d itio n a l c r i t e r ia  for  a x is  movement. Often the added degrees 

of freedom are obtained by making a robot m obile, u su a lly  a lin e a r  

motion in  one or two d ir e c t io n s .

1.3*2 Geometric C onfiguration

Two main lin k age mechanisms appear in  the designs of the robot 

(excluding w r is t ):  lin e a r  and r o ta r y . Various combinations of th ese  

r e s u lt  in  four standard con fig u ra tio n s: c a r te s ia n , c y lin d r ic a l p o la r ,
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sp h er ica l p o la r , and anthropom orphic, (see  Figure 1 .2 ) .  These are 

termed the primary a x es, and can be thought of as the "arm" of the 

rob ot. The robot w rist or secondary a x is  co n fig u ra tio n , i s  u su a lly  a 

combination of rotary m otions. The major v a r ia tio n s r e f le c t  the number 

of axes of r o ta tio n  that are c o in c id e n ta l, and the sequence and r e la t iv e  

d ir e c t io n  o f each j o in t  a x is  r o ta t io n .

1.3*3 Robot Drives

Three general methods of robot drive are cu rren tly  employed in  

ro b o tic s: e l e c t r i c ,  h y d ra u lic , and pneumatic. The b e n e fits  and

lim ita t io n s  of each r e f le c t  the f a c i l i t y  of power transm ission  to  the 

prime mover, the power to  weight r a t io ,  and the c o n tr o l la b i l i ty  of 

method chosen. E le c tr ic  motion req u ire  sm all leads to motor but have a 

r e la t iv e ly  low power to  weight r a t io .  Hydraulics on the other hand have 

a high power to  weight r a t io  but s u ffe r  from bulky f lu id  tran sm ission  

p ip es , and c o s t ly ,  bulky power packs. Pneumatics are in term ediate  in  

the power/weight fa c to r , and are a clean form of power tra n sm issio n . 

However p o s it io n  control i s  much more d i f f i c u l t ,  e s p e c ia l ly  s t a t i c  

p o s it io n in g .

R elatin g  the robot drive to  ty p ic a l a p p lic a tio n s , pneumatics are 

used more fo r  pick and place robots where mechanical stops can determine 

the s t a t i c  p o s it io n . The choice between e le c t r ic  or hydrau lic  power 

depends on the w eights which must be held and moved by the ro b o t. 

Lighter w e ig h ts , as for example in  l ig h t  assem bly, are more s u ite d  to  

e l e c t r i c s .  H ydraulics on the other hand are u su a lly  necessary  when the 

robot must l i f t  loads in  excess of 100kg. There are however exceptions  

to  th is  g e n e r a lisa t io n . For example the IBM 7565 i s  a low payload 

hydraulic ro b o t.
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Figure 1.1 Features Required o f  a robot c o n tr o lle r
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( i i i )  S P H E R IC A L  POLAR ( i v ) ANTHROPOM ORPHIC

Figure 1.2 Standard Robot Primary Axes C onfigurations
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2 THE DESIGNING OF A ROBOT MECHANICAL ARM

2.1 DESIGN STRATEGIES

The ea r ly  general r o le  of robot arms was r e f le c te d  by th e ir  name of 

U niversal M anipulators. In recen t years however, ro b o ts , although s t i l l  

f a ir ly  f l e x ib le  in  th e ir  c a p a b i l i t i e s ,  are now being designed for one or 

two primary jo b s . Machine lo a d in g , and m ateria ls handling robots are 

becoming more compact w ith fewer degrees of freedom, matched to  s p e c i f ic  

machine t o o l s ,  [CME 1980]. Process rob o ts , (th ose that accom plish  

sp ray in g , w eld in g , shot peen ing, e t c . ) ,  are now being ta ilo r e d  to  be 

more e a s i ly  tau gh t, more durable in  o p era tion , and b etter  at hold ing

to le r a n c e s . Assembly ded icated  r o b o ts , p a r tic u la r ly  th ose  aimed at

sm all part in se r t io n , are l i g h t , fa s t , accurate ro b o ts , w ith an

in crea sin g 1 evel of in t e l l ig e n c e using v is io n , t a c t i l e ,  and fo rce

sen sin g  to  accommodate changes in  th e ir  environment.

C onsidering the m echanical a sp ects  of the robot system three groups 

can be id e n t if ie d :

( i )  Mechanical Arm: in c lu d in g  the primary and secondary a x es .

( i i )  The gripper or end e f f e c t o r .

( i i i )  A n cillary  equipment: in c lu d in g  part p resen ters, conveyors, e t c .

This s e c t io n  deals w ith the f i r s t  of th ese item s: the mechanical 

arm. In con sid erin g  the arm, the design can be d ivided in to  two 

sep erate  a sp ects:
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( i )  The mechanical system .

( i i )  A rticu la tio n  requirem ents.

The f i r s t ;  the mechanical system , r e fe r s  to  the nature of the ph ysica l

components that c o n s t itu te  the arm, and can be summarised as fo llo w s:

( i ) M aterial c h a r a c te r is t ic s  of the robot "limbs" and j o in t s .

( i i )  Prime movers and d rive system s.

( i i i )  Power tra n sm issio n .

( i v )  Feedback tran sd u cers.

The a r t ic u la t io n  of the robot rep resen ts such fea tu res  as:

( i ) C onfiguration o f the primary a x es .

( i i )  C onfiguration o f the secondary a x es.

( i i i )  A dditional degrees of freedom to  in crease  the a r t ic u la t io n  of 

the rob ot.

The a r t ic u la t io n  of the robot has two underlying design c r ite r ia :

( i )  O ptim isation of the m echanical system .

( i i )  M anoeuvrability o f the robot in  terms of m anipulating the end 

e ffe c to r  w ith in  cer ta in  c o n s tr a in ts , both in  terms of 

fu n ction in g  in  confined volumes and avoiding a r t ic u la t io n  

l im ita t io n s  such as s in g u la r i t ie s .  (D ealt with in  more d e ta i l  

in  S ection  M. 3 ) .
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Considering both the design of the mechanical system and 

a r t ic u la t io n  requirem ents, a number of techniques and c r i t e r ia  have been 

proposed. These can be d iv id ed  in to  the two groups as fo llow s:

( i )  Mechanical System. Techniques for  design ing the mechanical

s tru c tu re  are predominantly involved w ith the dynamic response  

of the system . Some expand the kinem atic s p e c if ic a t io n s  to  

develop dynamic va r ia b les  to  evaluate a d esign . Examples 

inclu de: d im en sion less co n sta n ts , [Demaurex and G erelle  1979], 

the mapping o f in e r t ia  e l l ip s o id s ,  (a geom etric in ter p r e ta tio n  

o f the in e r t ia  te n s o r s ) ,  [Asada 1982], and speed c r i t e r ia  and 

energy consumption, r e la t in g  to  the drives of the rob ot, 

[Vukobratovic e t  a l 1978], [Vukobratovic e t  a l 1980].

( i i )  Robot A r tic u la t io n . Research in to  robot a r t ic u la t io n  can be

divided in to  two se c t io n s ;  stru ctu ra l sy n th es is  and 

m an eou vrab ility . S tru ctu ra l sy n th es is  in v o lves the mapping and 

stru c tu re  o f the workspace of the rob ot, [Lin 1982], and the  

a n a ly s is  of sp e c ia l c o n fig u ra tio n s . These techniques deal 

prim arily  w ith  u n i- jo in t  con figu ration s where a drive moves the  

robot without the a id  o f mechanisms. A more d e ta iled  a n a ly s is  

of kinem atic chains and mechanisms in  gen era l, [Singim oto  

1979], allow s fo r  more complex in ter a c tio n  of the robot j o in t s  

and l i n k s .

The area of maneouvr a b i l i t y  in clu d es item s such as the a n a ly s is  o f  

s p e c if ic  con figu ra tion s of robots to  in d ic a te  true m aneouvrability o f  

the end e ffe c to r  of the ro b o t, [K inosh ita 1981]. Even though a robot
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may have s ix  d o f , f u l l  three dim ensional m ob ility  i s  not n e c e ssa r ily  

a ch iev a b le . Physical l im ita t io n s  and s in g u la r ity  impose r e s tr ic t io n s  on 

the m o b ility  of the ro b o t. The concept of redundancy, (whereby there  

are more degrees of freedom than boundary c o n d it io n s ) , i s  a lso  a fea tu re  

of m an eou verab ility . Research in to  the control of redundant 

m anipulators [Brooks 1982], [Aspragathos 1983], enables redundant 

m anipulators to  be considered  for  task s which would be im p ossib le for  

s ix  dof m anipulators.

However the "art" of design in g a robot arm i s  s t i l l  an i t e r a t iv e  

technique embodying the c la s s ic a l  p r in c ip le s  of machinery d es ig n . I t  i s  

a lso  true to  say th at robot arm design i s  s t i l l ,  to  some e x te n t , an 

em pirical s c ie n c e .

2 .2  DESIGN SPECIFICATION AND CRITERIA FOR CHOICE

2. 2. 1 Design S p e c if ic a t io n

A design s p e c if ic a t io n  i s  drawn up w ith  referen ce to  cer ta in  design  

parameters which in flu en ce  th e r o le  s u i t a b i l i t y ,  and performance o f the 

ro b o t. The most important parameters are as fo llo w s , [Warnecke and 

Schraft 1979]:

( i )  Load l i f t i n g  c a p a c ity .

( i i )  Working en velop e.

( i i i )  P o sitio n in g  accu racy.

( i v )  P o sitio n in g  r e p e a t a b il i t y .

(v) V e lo c it ie s  and a c c e le r a t io n s .
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S ta t ic  and dynamic s t i f f n e s s .(vi  )

( v i i )  Ease of m aintenance.

( v i i i )  O perational l i f e  span.

( i x )  Safety  a sp e c ts .

(x) R esistance to  the work environment.

( x i )  I n i t ia l  and running c o s t s .

These are inherent asp ects of the mechanical system . A dditional 

parameters r e la t in g  to  the a r t ic u la t io n  requirements are summarised as 

fo l lo w s :

( i )  Number and co n fig u ra tio n  o f primary a x es.

( i i )  Number and co n fig u ra tio n  o f secondary a x es.

Careful con sid era tio n  of the proposed job  fu n ction s required o f the 

robot enables the design s p e c if ic a t io n  to  be drawn up based on the  

parameters summarised above. The importance o f ,  and degree to  which 

s p e c i f ic  design c r i t e r ia  are expanded, i s  dependent upon the task  

required of the ro b o t.

2 . 2 , 2  C r iter ia  E ffec tin g  the Design of the Robot Limbs and J o in ts

Considering the robot lim b s, two design asp ects are r e le v a n t ,  

m ateria l and s p a t ia l .  M aterial requirem ents include:

( i )  High stren g th  to  weight r a t io s .

( i i )  High s t i f f n e s s  to  weight r a t io s .

( i i i )  Good fa t ig u e  l i f e .

( i v )  High inherent damping.
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(v) R esistance to  the in d u s tr ia l environment and high str u c tu r a l 
resonant frequency.

( v i )  Cost of m a ter ia l.

( v i i  ) C ost, and e a se , o f m anufacturing the robot components.

The ch oices a v a ila b le  for the m ateria l and methods of manufacture 

are w ell d e fin ed . Experience obtained  in  the machine to o l and areospace  

in d u str ie s  i s  p a r tic u la r ly  r e le v a n t . Table 2.1 compares the

c h a r a c te r is t ic s  of three s u ita b le  m a ter ia ls: s t e e l ,  aluminium a l lo y ,  and 

composite m a ter ia l. Research to  evaluate the dynamic asp ects of the 

lim bs i s  w ell su ite d  to  the technique of f i n i t e  element a n a ly s is ,  

[Sung 1982], w h ils t  le s s  nummerically in ten siv e  techniques are 

s u f f ic ie n t  for  s t a t i c  s t r e s s  and s tr a in  a n a ly s is , [B elo lik ov  1981].

S p atia l design asp ects  r e la t e  to  the actual shapes and dim ensions of 

the lim b s. Factors which may be a p p lica b le  include:

( i )  Housing o f prime m overs, tran sm ission  and sensory equipment.

( i i )  A c c e s s ib i l i ty  for  m aintenance.

( i i i )  S u ita b le  cross s e c t io n s  to  improve stren gth  and s t i f f n e s s .

( i v )  Small cross s e c t io n  to  allow  m aneouvrability in  confined  
sp a c e s .

R efering to  the actu al j o in t s  o f the rob ot, the two choices of jo in t  

for  a s in g le  degree o f freedom are prism atic  and r o ta ry . (A robot jo in t  

can however include m u ltip le  degrees of freedom in  a s in g le  u n it .  In 

th ese  cases two or more input m otions to  the un it in ter a c t to  give 

combined output m o tio n s). The major parameters relevan t to  jo in t  

designs include:
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( i )  S t i f f n e s s .

( i i )  W eight, p a r tic u la r ly  i f  the prime mover i s  on the robot j o i n t .

( i i i )  Bearing support.

( i v )  Incorporation of power tran sm ission  or prime mover u n its .

(v) C ost.

Rotary jo in t s  prove advantageous for  most of the above c r i t e r ia ,
v

e s p e c ia l ly  s t i f f n e s s ,  bearing support, and incorporating power 

tra n sm ission . The advantages of prism atic jo in ts  r e la te  to  the 

a c c e s s ib i l i t y  o f the robot to  confined  sp a ces , and a reduction  in  the 

computation required to  ach ieve the in verse  kinem atic transform ations  

and fo llo w  d efin ed  t r a j e c t o r ie s .

The s t i f f n e s s  of the j o in t  i s  perhaps the most important s in g le  

item , e s p e c ia l ly  for  high speed motion and p o s it io n in g . Some of the 

l im ita t io n s  of the jo in t  c h a r a c te r is itc s  can be accommodated w ith in  the  

a x is  servo con tro l u n it . A lte r n a tiv e ly  mechanical methods of in crea sin g  

the damping can be incorporated  in to  the system . These include  

pneumatic dampers, to  help  compensate fo r  the g r a v ita tio n a l e f f e c t s ,  and 

e l a s t i c  supports at the j o i n t ,  [Kamiya e t al 1980]. The la t t e r  i s  

p a r tic u la r ly  u se fu l for the red u ction  of resid u a l v ib ra tion  at the 

j oi n t .

2 . 2 . 3  C r ite r ia  A ffec tin g  the S e le c t io n  o f Prime Movers and Drive Systems 

Although c r i t e r ia  for  the choice o f prime movers and drive systems 

are presented ind ep en dently , a com paritive a n a ly s is  i s  based on a 

matched prime m over/drive system  com bination. This provides a more 

re levan t b a sis  for  the s e le c t io n  o f the robot drive system .
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The parameters most important when considering the choice of 

sta tio n a ry  p o s it io n in g  d r i v e s ,  (d rives not carried  on the moving limbs 

of the robot arm), are as fo l lo w s , [D rexel et al 1980]:

( i ) Nominal power and torq u e.

( i i ) S ta rtin g  and braking torq u e.

( i i i ) R otational in e r t ia  (m echanical time co n sta n t) .

( i v ) C o n t r o l la b i l i t y / l in e a r i t y .

(v ) P o sitio n in g  accuracy.

( v i ) N oise and v ib r a tio n .

( v i i  ) S e n s it iv i ty  to  in d u s tr ia l environment.

( v i i i ) Production, energy, and maintenance c o s t s .

( i x ) Behaviour in  shutdown, power fa i lu r e  and operating  s a f e t y .

(x) Cost of d r iv e .

A dditional parameters are important i f  the drives are a c tu a lly  on

moving lim bs of the robot:

( i ) B asic w e ig h t.

( i i ) Power/weight r a t io .

The main choices a v a ila b le  to  the robot design engineer are as fo llo w s:

( i ) H ydraulic: cy lin d ers
lim ite d  r o ta t io n  vane drives  
motors

( i i )  E le c tr ic :  DC torque motor (rare earth)
DC servo motor
AC servo motor (b ru sh less , permanent 

magnet synchronous)
stepper motor

( i i i )  Pneumatic: cy lin d er
motor
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C ons id e r in g  the  system d r iv e  pa ram e te rs , a number o f aspects o v e r la p  the

c r it e r ia  re levan t to  the prime movers. These r e f le c t  3 cme of the most 

important item s when the prime m over/drive system combination is  

evaluated as a s in g le  un i t .  The parameters relevan t to  the choice of 

drive system s are as fo llo w s:

( i ) Bandwidth *

» Frequency resp on se .

( i i ) H y steres is  .

( i i i ) S t a b i l i t y  to  environm ent.

( i v ) Output power (continuous and peak)

(v) E ff ic ie n c y .

( v i ) System p ro tectio n  and d ia g n o s t ic s .

( v i i ) M odularity and e x p a n d a b ility .

The major options a v a ila b le  fo r  drive system s are as fo llo w s:

( i ) H ydraulic: low performance servovalve
high performance servovalve

( i i )  E le c tr ic :  l in e  frequency sw itched th y r is to r  c o n tr o lle r
(SRC)
p u lse  width modulated co n tr o lle r  (PWM) 
l in e a r  a m p lifier s

( i i i )  Pneumatic va lves
valve/m echanical combination

A com paritive eva lu a tion  o f a number of drive/prim e mover com binations 

i s  presented in  Table 2.2.
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A number of robot d esign s contain  the prime movers at the robot 

base. These designs req u ire the transm ission  of m otion, through the 

robot lim bs to the j o i n t s .  Often the transm ission  includes seme

v e lo c ity  red u ctio n . Although the transm ission  and v e lo c ity  reduction  

are considered ind ep en dently , a robot design may incorporate more than 

one option  to  achieve the d es ired  resp on se . The major requirem ents of 

the tr a n sm iss io n /v e lo c ity  red u ction  u n its  are as fo llo w s:

( i )  Low backlash .

( i i )  High red u ction  ( t y p ic a l ly  1:50 -  1:500) .

( i i i )  High e f f ic ie n c y .

( i v )  Low added m echanical in e r t ia .

(v) Comparatively high torque transm ission  (dependent on v e lo c i ty  
red u ction  in  sy stem ).

( v i )  Low v ib ra tio n  and n o is e .

( v i i )  Low c o s t .

The major options a v a ila b le  to  the design engineer are l i s t e d  below:

(i ) B all screw s.

( i i )  Spur gea rs .

( i i i )  Toothed rubber b e l t s ,  (o ften  w ith s t e e l  wire su p p ort).

( i v )  Chain d r iv e s .

(v) Harmonic g ea rs .

( v i )  Mechanical lin k a g e s .

A comparison o f th ese  tran sm ission  options i s  given in  Table 2.3.

2 .2 .4  Power T ransm iss ion  and V e lo c it y  Reduction
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2 .2 .5  Feedback T ransducers

The area of feedback transducers i s  an important fea tu re  of 

r o b o tic s . This s e c t io n  d ea ls  prim arily  w ith p o s itio n a l feedback, 

although v e lo c ity  and even a c ce le ra t io n  feedback can be incorporated  

in to  the c losed  loop co n tro l system . There i s  a lso  the f i e l d  of 

envirom ental sen sin g , an in c r e a s in g ly  important area of r o b o tic s . These 

inclu de; v is io n , t a c t i l e  sen sin g  and force  sen sin g . Returning to  

p o s it io n a l feedback, the important c r i t e r ia  for  choice are as fo llo w s:

( i ) Minimal backlash between drive and transducer.

( i i ) High r e so lu t io n  ( i f  transducer incorporated at j o i n t ,  
r e so lu t io n  could be > 20  b i t ) .

( i i i  ) High bandwidth (p rim arily  i f  transducer i s  on primary d r i v e ) .

( i v ) Mechani c a l / e l e c t r i  ca l r e l i a b i l i t y .

(v) S e n s it iv i ty  to  the environm ent.

( v i ) A dditional e le c tr o n ic  requirem ents.

( v i i ) C o st.

*
The main options for p o s it io n a l measurement are as fo llo w s

( i ) Incremental o p t ic a l encoders.

( i i ) Absolute o p t ic a l encoders.

( i i i ) R eso lv ers .

( i v ) Inductosyns.

(v) P oten tiom eters.

A com paritive a n a ly s is  of the above options i s  presented in  Table 2 .4



2.3 DESIGN OF THE IMPERIAL COLLEGE ROBOT

The procedure adopted fo r  design in g the Im perial C ollege robot

fo llow ed a "top down" approach as fo llo w s:

( i ) General s p e c if ic a t io n s .

( i i ) Mechanical system c h a r a c t e r is t ic s .

( i i i ) Mechanical d esig n .

( i v ) Motor and drive c h o ic e .

(v) Transm ission medium.

( v i ) Feedback tran sd u cers.

The two general s p e c if ic a t io n s  fo r  the robot were:

( i ) The robot was to be used for  machine to o l load ing  and

unloading, and s im ila r  handling r o le s .  There were however to  

be f a c i l i t i e s  fo r  upgrading, to  accommodate tasks such as 

w eld ing.

( i i )  The mechanical design was to  be sim ple and rob u st. Any

inherent performance l im ita t io n s  to  be accommodated w ith in  the  

robot con tro l system .

Fran th ese  general s p e c if ic a t io n s  the fo llo w in g  mechanical

c h a r a c te r is t ic s  were determined:

( i )  L ift in g  ca p a c ity  of 25Kg in c lu d in g  gr ip p er.
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( i i )  A f iv e  dof anthropomorphic co n figu rat ion , (see  Figure 2 .1 ) .

( i i i ) Base motion 

Shoulder motion 

Elbow motion 

Wrist p itch  

Wrist r o l l

±160°, speed 6 0° /sec  

+240°, -6 0 ,  speed 60°/sec  

±120°, speed 60° /sec  

±120°, speed 120°/sec  

±250°, speed 120°/sec

( iv )  Arm to reach two metres and to  include the f a c i l i t y  to  " f l ip  

over" to reach o b je c ts  behind robot.

(v) P o s it io n a l accuracy and r e p e a t a b i l i t y  of ±0.5mm.

The design procedure was based on standard an a ly s is  of s t r e s s  and 

s t r a in  for the mechanical system, and torque requirements for  robot 

j o i n t s .  Full d e t a i l s  of the design procedure are not presented . 

However the general d e scr ip t io n  of the robot designed and constructed i s  

inc luded .

Based on the above s p e c i f i c a t io n s  a prototype robot was designed and 

constructed to  incorporate the fo l low in g:

The mechanical con stru ction  used a combination of aluminium a l lo y  

and s t e e l ,  (see  Figure 2 .2 ) .  The fa s te r  moving top limbs were 

fa b r ica ted  from aluminium a l lo y .  This was primarily to  reduce the  

in e r t i a l  loads near the end e f f e c t o r .  The base, whose in e r t ia l  e f f e c t  

i s  considerably l e s s  than the upper lim b s, was fab rica ted  using s t e e l .  

This produced a s tro n g er , more rob u st ,  base su ite d  to  the environment of  

the fa c to ry  f l o o r .
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All transm ission and gear reduction was achieved by the use of

ch a in s , (3ee Figure 2 .3 ) .  A high load  fac tor  was used to  minimise the 

e f f e c t  of wear, and ten s io n in g  of the chains can be accomplished in 

s i t u .

The prime movers used for  the Imperial College robot were d .c .  servo  

motors. These are of compact " f la t  s t y l e ” construction  allowing u n its  

to  be assembled incorporating  the tachogenerator, brake and encoder. 

Fail sa fe  brakes are necessary  to  hold the loads during any emergency. 

The tachogenerator provides v e lo c i t y  feedback to  the servo a m p lif ie r s .  

The o p t ic a l  encoders f i t t e d  provide 512 square wave pulses per 

r ev o lu t io n ,  together with a once per rev o lu tio n  zero marker p u lse .  The 

encoders were f i t t e d  to  the motors them selves, rather than the actual 

j o i n t s ,  to  in crease  the measurable accuracy. (P o s it io n  measurement at 

the j o in t s  can require  up to  20 b i t  r e so lu t io n  with considerable  

in crease  in  c o s t ) .  For the prototype robot a l l  motors were of the same 

r a t in g .

The am p lif iers  used were tr a n s i to r  sw itched, pu lse  width modulated, 

servo a m p lif ie r s .  These were matched to  the motors used. The power 

element of the am plifier  i s  a chopper co n s is t in g  of four tr a n s is to r  

sw itc h e s .  Adjustment i s  provided on. each am plifier  to  modify the  

pre-amp or ra te  loop again , the tacho generator s c a le  fa c to r  and zero 

o f f s e t .  For the d .c .  servomotors used i t  was necessary to  place an 

inductance in  s e r ie s  with the motor armature. This ensures a low form 

fa c to r  to  maximise e f f i c i e n c y  and minimise motor h eatin g .
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Preliminary in v e s t ig a t io n s ,  using  the prototype robot, suggest that 

a better  response of the mechanical system would be achieved by the use 

of harmonic drive gearboxes and toothed rubber b e l t s .  A m od ification  of 

the motor ra tin g s  would a ls o  be n ecessary .

The rob ot, designed by the author, and manufactured with the help of 

Hazmac Handling L td .,  i s  shown in  Figures 2 .4 and 2 .5 .

2.4 PHYSICAL MODULARITY

Robots b en e f it  from a f l e x i b i l i t y  and a d a p ta b il ity  which s e t s  them 

aside from other automated m achines. However any over f l e x i b i l i t y  i s  a 

source of higher c a p ita l  and operational costs  and may lower 

r e l i a b i l i t y .  In fa c t  many robot designs are s t i l l  not optimised fo r  one 

s p e c i f i c  ta s k ,  but tend to  be a r e s u l t  of a comprimise of many, o f ten  

c o n f l i c t i n g ,  requirem ents.

Two shortcomings of present day in d u str ia l  robots have been 

id e n t i f i e d  as fo l lo w s ,  [Surnin 1878]:

( i ) A high degree of redundancy in  robot c a p a b i l i t i e s  compared to  

the requirements of many in d u s tr ia l  a p p lic a t io n s .

( i i )  A lack of kinematic v e r s a t i l i t y

The second point r e fer s  to  the f a c t  that most un iversal robots have a 

r ig id  kinematic s tru c tu re  which does not always best s a t i s f y  a s p e c i f i c  

a p p l ic a t io n .
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S t a t i s t i c a l  surveys, [Drimer 1980], have analysed information

r e la t in g  the kinematic requirements of a robot to  a number of in d u s tr ia l  

a p p l ic a t io n s ,  ( including; machine to o l  load in g , machines for working 

p l a s t i c s ,  fou n d r ies ,  fa b r ic a t io n  sh o p s) .  The r e s u l t s  of the research  

in d ica te  that for at l e a s t  80̂ 6 of robot a p p lic a t io n s ,  the requirement i s  

for robots of four dof or l e s s .  Since most in d u str ia l  robots ex h ib it  

f i v e ,  or s i x  d o f ,  a large  number of basic  in d u s tr ia l  tasks c o n s t i tu te  an 

u n d e r -u t i l i sa t io n  of robot c a p a b i l i t i e s .

An elegant s o lu t io n  to  the problem of su ita b ly  matching the 

mechanics of a robot to  a s p e c i f i c  in d u s tr ia l  ta sk , i s  the concept of 

physical modularity. The ta sk  of f u l l y  in v e s t ig a t in g  the design and 

manufacture i s  beyond the scope of t h i s  t h e s i s .  However a d iscu ss io n  of 

modular robots i s  presented below. This i s  incorporated due to  the 

b e l i e f  that industry w i l l  see  an in creas in g  r o le  for modular r o b o ts ,  and 

that t h i s  concept i s  w ell r e f l e c t e d  in  the robot co n tro ller  presented in  

t h i s  t h e s i s .

An in d u s tr ia l  robot of modular design i s  one in  which the number of  

degrees of motion, (or freedom ), hence the kinematic s tr u c tu r e ,  are  

chosen to  s u i t  a s p e c i f i c  a p p l ic a t io n .  I t  i s  constructed by combining 

appropriate design modules. These modules are fu n c t io n a l ly  and 

s tr u c tu r a l ly  independent u n i t s .  They can be employed in d iv id u a l ly ,  and 

in  various combinations with other modules.

By employing a ’’plug to g e th er” approach, a modular robot can be 

e a s i l y  adapted to  s u i t  a subsequent task  requirement, i f  the o r ig in a l  

requirement becomes o b s o le te .  This i s  achieved by reconfiguring  or 

rep lac in g  the design modules of the rob ot.
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Each module rep resen ts  an autonomous mechanical u n it .  Thi3 

s im p l i f ie s  the assembly of the f in a l  con figu ration , and enables easy 

adjustment during the op eration  of the robot. In a s im ilar  manner to  

the control modularity d iscu ssed  in  Chapter 7» the concept of physica l  

modularity makes i t  p o s s ib le  to  improve the r e l i a b i l i t y  of ind iv id u a l  

modules, hence the robots configured from them.

There are , however, disadvantages a ssoc ia ted  with robots of modular 

co n stru ct io n . The in creased  number of in ter fa c in g  su r fa c es ,  a t the  

l in k s  of the kinematic chain inherent with the concept of modularity, 

w i l l  cause a reduction  in  s t i f f n e s s .  To correct for  t h i s  w i l l  r e s u l t  in  

an increase  in  mass and dimensions of the d esign . In a d d it io n , the  

assembly of modules crea tes  d i f i c u l t i e s  in  developing standard  

in te r fa c in g  s u r fa c e s ,  and the means to  centre and fa s te n  various module 

combinations. Power and communication connections must allow any 

combination of modules. This r e s u l t s  in  a s ig n i f i c a n t  redundancy o f  

connections for  each module. F in a l ly ,  even though ind iv idu al modules 

may be more r e l i a b l e ,  the la rg e  number of ’’quick break” connections in  

l in k s  between modules, has a detrim ental e f f e c t  on design r e l i a b i l i t y .

I t  i s  the d es ire  to  e l im in a te  the shortcomings, w h ils t  maintaining  

the advantages of modular con stru ction  that r e f l e c t s  the work carr ied  

out in  t h i s  f i e l d  of mechanical d e s ig n , [Velikovich 1978].

The s im p lest  form of p h ysica l modularity, i s  the development of 

modules with a s in g le  degree of freedom. This i s  an approach adopted by 

the r e c e n t ly  introduce ”Robo-Arm” manufactured by Robotic Systems Ltd. 

Each module of the Robo-Arm fe a tu r e s  a printed motor, harmonic gearbox,
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and r e s o lv e r .  The modules can be combined to  give a robot with up to

f iv e  d o f .

The approach of s in g le  dof modules does however ex h ib it  

disadvantages. Heavy and bulky e l e c t r i c  motors and gear units  are 

mounted near the end e f f e c t o r ,  decreasing the payload and a c c e s s a b i l i t y  

of the rob ot. One s o lu t io n ,  adopted by d es ig n ers ,  i s  to construct the 

primary a x is  con figu ration  from modules, and incorporate a w r ist  unit  

that i s  a complete independent module, [Surnin 1978]. The essence of 

modularity i s  s t i l l  r e ta in e d ,  in  th at the degrees of freedom of the 

w ris t  are v a r ia b le .  In ad d it io n  the number of permutations of robot 

configu ration  i s  s t i l l  h igh .

There are a number of advantages that can be r e a l i s e d  by the use of  

a robot with modular d es ig n . Modularity allows the mechanical 

a r t ic u la t io n  to  be configu red , and reconfigured , to  best s u i t  the task  

req u ired . This means that th ose  var iab les  which c o n s t i tu te  a source o f  

high c a p ita l  costs  (motors, d r iv e s ,  gearboxes e tc )  need s a t i s f y  o n ly  the  

a r t ic u la t io n  requirements of the s p e c i f ie d  ta sk , reducing unecessary  

d o f .  There i s  a lso  a p o te n t ia l  for r e l i a b i l i t y  which w i l l  decrease  

running c o sts  of the system . These advantages, i f  r e a l i s e d ,  when

matched to  a control system w ith s im ila r  philosophy, could contr ibu te  t o  

a complete robot system of cheaper c a p ita l  and running c o s t s .
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J o in t  1

Five Degree o f  Freedom Anthropomorphic Configuration

- 4 2 -



Figure 2.2 

Motor, Tachogenerator, 
Brake, Encoder Package 

Aluminium Alloy 

Mechanical Construction of the Imperial College Robot 
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Figure 2.4 Imperial College Robot





Strength
to  Weight

S tee l Low

Aluminium
A lloy

Medium

Composite
Material

High

S t i f f n e s s Inherent
to  Weight Damping

Low/Medium Medium

Medium Medium/
High

High Medium/
High

i

Table 2.1 Comparison of Material C h a ra cter is t ic s
I

R esistance to Cost of Cost & Ease ■
Environment Material Maintenance

Medium Low Low

Low/Medium Low Low/Medi urn

High High High



Power & Power to Mech. Pos 1 t1 onl ng NoIse & Sensl t1 vI ty to Frequency EffIciency Protection & Cost 
Torque Weight Inertia Accuracy Vibration Environment Response D i agnos t1 cs 

HydraulIc Vane HIgh High Medilll1/ Mediun/ MedillD Low High HIgh rtedll1D Medium/ 
Actuator/HIgh High High High 
QualIty Servovalve 

DC Servo Motor/ MedillD MedillD/ Low High Low HedillD/ High High High HedillD 
PWM Amplifier High HIgh 

AC Permanent Hedlun Medillll Low High Low Low/ HedillD High High MedIl1D 
Hagnet/PWM Hedll1D 
Synchro Amplifier 

I 
.1=:>0 DC Torque Motor/ Hediun/ HedIl1D/ Low High Low HedIl1D High High HIgh High 00 
I PWM Amplifier High High 

Stepper Motor/ Low Low/ Low/ MedIl1D/ HedIl1D Hediun/ MedIl1D/ Hediun HedillD/ High/ Hedium 
Translator Drive Medlun Medlun High High High Low Hedlun 

Pneumatic Cylinder/ Low/ Low/ Low Low Mediun/ Medil.lll Mediun Low Low Low Low 
Mechanical Damping MedillD MedIl1D HIgh 

Table 2.2 Comparison of Prime Mover/Drive Combinations 



Backlash Speed
Reduction

E ff ic ie n c y

Ball Screw Low Medium/
High

High

Spur Gears Medium Low Medium/
High

Toothed Rubber 
B elts

Low Low Medium

Chain Drives Medium Low Medium/
High

Harmonic Gears Low High High

Mechanical
Linkages

Low Low Medium

Tab le  2 .3  Comparison o f T ransm iss ion  O ptions

In er t ia Torque
Transmission

Vibration Size Cost

Medium High Low Low Medium

High High Medium Medium/
High

Low

Medium Low Low Low/
Medium

Low

Medium High Medium Medium Low

Low High Low Low High

Medium High Low Medium/
High

Low



os
-

Resolution Bandwidth Mech/Elect
R e l ia b i l i t y

S e n s i t iv i t y  to  
Environment

Additional
E lectron ic

Requirements

Cost

Incremental 
Optical Encoder

High High Medium Medium Low Medium

Absolute Optical 
Encoder

Medium High Medium Medium Low/
Medium

Medium/
High

Resolver Medium/
High

Medium/
High

. High Low/
Medium

Medium/
High

Medium

Inductosyn Medium Medium/
High

High Low Medium Low/
Medium

Potentiometer Low Low/
Medium

Medium Low/
Medium

Low Low

Tab le  2 .4 Comparison o f P o s it io n a l Feedback Transducers



3 FRAME TRANSFORMATION

The two fundamental space systems relevant to  a rob otic  arm are the 

base co-ordinate  system, (normally C artes ian ), and the robot j o in t  

system . This chapter i s  concerned w ith  the f i r s t  of these system s. The 

d e f in i t io n  of the end e f f e c t o r  in  base Caresian co -ord in ates , i s  given  

by the vector bX. The vector comprises a p o s it io n  vector bx> and an 

o r ie n ta t io n  vector

bX = b[x ,  u ]T (3 .1 )

The sup erscr ip t b in d ic a te s  the reference  co-ordinate frame, and T 

in d ica tes  the tra n sv erse .  For f u l l  three dimensional space d e f in i t i o n ,  

the vectors and are of the form:

bx - O'
 

1—
1 

X y »
-,Tz] (3 .2 )

bw = o'
 

1—
1 

ft a , -< i_i ►-a ( 3 .3 )

where x, y »  z are the co -ord in ates  of the end p o in t ,  and a, e ,  t

o r ien ta t io n  parameters.

The s i tu a t io n  o ften  a r is e s  when the p o s i t io n ,  or o r ie n ta t io n  

v e c to rs ,  (or both), are defined  with respect to  some other co -ord inate  

frame. The term "frame transformation" i s  given to  the conversion o f  

p o s it io n  or o r ie n ta t io n ,  referenced  to  some secondary frame, to  the  

equivalent parameters referenced  to  the robot base frame.
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3.1 TRANSLATION AND ROTATION TRANSFORMATIONS

3.1 .1  The Homogenous Transformation H

The two transformations of space relevant to ro b o tic s  are l in ea r  

t r a n s la t io n ,  and r o ta t io n .  Both of these transformations may be

combined in a s in g le  4x4 matrix; H, known as a homogeneous 

transformation m atrix, [Roberts 1965]. Given a vector u, i t s  

transformation to  v i s  represented  by:

v = H u (3 .4 )

The matrix H comprises two d i s t i n c t  parts: a 3x3 r o ta t io n  matrix R, and

a 3x1 l in e a r  tr a n s la t io n  vector L, where:

r 11 r  1 2 r 1 3
R = r 21 r 22 r 23

- r 31 r 32 r 33 -

(3 .5 )

L = f-̂ X’ hy , L2]̂ (3 .6 )

The matrix H i s  then of the form:

R ! L
L

i--
-

o o 0 i 1
(3 .7 )

I f  the ro ta t io n  matrix R i s  u n itary , s ig n i fy in g  no r o ta t io n ,  then 

m u lt ip l ic a t io n  by the matrix H i s  equivalent to  vector ad d it ion .
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3 .1 .2  The Rotation Matrix R

The frame r o ta t io n  matrix R represents a ro ta t io n  0 about a vector k 

and i s  s i g n i f i e d  by R (k ,e ) .  The general form of R (k ,0) i s  as fo l lo w s ,  

[Hamilton 1969]:

kxkxvers9+cose kykxvers 6-kzs in 0 kzkxvers0+kySin0

kxky.vers 0+kzsin 0 kykyvers0+cos0 kzkyVersO-kjfSine ( 3 .8 )

kxkzver se -k y s in e kykzvers9+kxs in 0 kzkzvers9+cos0

where:

verse = (1 -cos0) (3 .9 )

k = kx i  + kyj + k zk (3 .10 )

I t  i s ,  however, d i f f i c u l t  to  determ ine-the vector k and r o ta t io n  0, 

for  a l l  but the elementary c a s e s .  This problem can be overcome by 

considering  the equivalent of R (k ,9 ) ,  e a s i l y  obtained from a combination 

of ro ta t io n s  about the frame ord inates  X, Y and Z. In a d d it io n , a 

r o ta t io n  about a frame ord inate  i s  defined by a much simpler form o f the

general r o ta t io n ,  Equation (3 .8 ) :

* 1 0 0

R (x ,e ) =■ 0 cos 0 - s in e

0 s in e C O S0 _

COS 0 0 s in e

R(Y,e) = 0 1 0
_ - s i n e  0 cose

(3 .11a)

(3 .11b)
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R(Z,0)

cos 0 - s in 0  0 

s in 0  cos0 0 (3 .11c)
° 0 1

The equivalent r o ta t io n  i s  found by m u ltip ly ing  the ind iv idual ordinate  

r o t a t io n s .

3.2 POSITION AND ORIENTATION VECTORS 

3 .2 .1  Vector D e f in it io n

To s p e c i fy  the p o s i t io n a l  s t a t e  of a s o l id  body in  three dimensional 

space, i t  i s  necessary to  s p e c i f y  s i x  var iab les ;  three for  p o s i t io n  and 

three  for o r ie n ta t io n .  The most fa m il ia r  means of p o s it io n a l d e f in i t io n  

used in  in d u stry , i s  with referen ce  to  the cartes ian  co-ordinate  system . 

This i s  th erefore  the co -ord inate  frame used in  most robot system s. The 

conventions adopted in  t h i s  t h e s i s  has the o r ig in  at the robot base and 

ordinates as i l l u s t r a t e d  in  Figure 3 .1 .  Thus a point i s  defined by the  

vector bx, where:

bx = b[x ,  y ,  z ] T (3 .12 )

I f ,  however some other co -ord in ate  system i s  required, then l in e a r  

r e la t io n sh ip s  e x i s t  which transform between co-ordinate system s. In the  

case of c y l in d r ic a l  polar co -ord in ates:

b_ -  b _
X r c cos 0C

y = r c s in  0C
z „ zc
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where r c , 0C, and zG refer  to  the co-ordinates of a c y l in d r ic a l  polar 

system. In the case of sp h er ica l polar co-ordinates:

b _ _ b _X r 3 c o s c o s 0 3
y r 3 cos\j;3 s in03
z _ r 3 sini{j3

where r 3 , ^3 , and 03 r e fer  to  co -ord in ates  of a sp h er ica l polar system.

Considering r o ta t io n a l  d e f in i t i o n ,  there are a number of methods 

a v a ila b le  for  d e fin in g  the o r ie n ta t io n  of an o b je c t .  The two most 

commonly used are p it c h ,  yaw and r o l l  (PYR), and Euler Angles (EUL). 

Each d efin es  a s e r ie s  of r o ta t io n s  of a secondary co-ordinate  frame, 

o r ig in a l ly  co-dimensioned w ith  the base .frame, about the base frame. 

Each in d iv id u a l ro ta t io n  rep resen ts  a r o ta t io n  about an ord inate  as 

described by Equations (3 .1 1 ) .

Referring to  Figure 3 .2 ,  the o r ie n ta t io n  accomplished by the use of  

PYR i s  obtained by the sequence of r o ta t io n s:

R(PYR) = R(Z,a) R(Y,8) R(X,Y) (3 .15)

The o r ie n ta t io n  accomplished by means of Euler angles i s  defined by the  

s e r ie s  of ro ta t io n s:

R(EUL) = R(Z, <j>) R(Y,0) R(Z,\|>) (3 .16)

The order in  which the r o ta t io n s  are made, r e la t e  to  the co-ordinate  

system at the time of r o ta t io n .  I f  the sequence i s  taken from r ig h t  to
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l e f t ,  then the r o ta t io n s  a re  taken w ith  re spe c t to  the base frame

o rd in a tes .  I f  the sequence i s  from l e f t  to r ig h t ,  then ro ta t io n s  are 

made with respect to  the l o c a l  frame o rd in a tes .  Considering R(PYR), the 

f in a l  o r ien ta t io n  can be obtained by two s e r ie s  of r o ta t io n s .  R(PYR) 

can be defined by r o ta t in g  a about Z, B about Y’ , and Y about X", (where 

the su p erscr ip ts  in d ic a te  the number of frame ro ta tio n s  that have 

occurred p r e v io u s ly ) .  A lte r n a t iv e ly  R(PYR) can be defined by r o ta t in g  Y 

about X, B about Y, and a about Z. All the ro ta t io n s  in  t h i s  case are 

about the base frame o r d in a te s .

The method o f sp e c ify in g  o r ie n ta t io n  chosen for work r e la t in g  to  

t h i s  project i s  R(PYR). The major reason for t h i s  choice i s  the c lo se  

r e la t io n s h ip  between R(PYR) and the conventions relevant to  engineering  

drawings. This not only helps  in  the in t u i t i v e  s p e c i f i c a t io n  of 

o r ie n ta t io n ,  but more important o f fer s  a comparable method of 

s p e c i f ic a t io n  when the robot i s  programmed o f f - l i n e  and i s  in teg ra ted  

with an engineering design database. The PYR convention a lso  a ids the 

a n a ly s is  of the in verse  kinematics as described in  Chapter 4. The 

r o ta t io n  matrix R, sp e c ify in g  o r ie n ta t io n  i s  obtained by m u ltip ly in g  the  

ordinate r o ta t io n  m a tr ices ,  as s p e c i f ie d  in  Equations (3 .1 1 ) .  The 

sequence of m u lt ip l ic a t io n  i s  determined by Equation (3 .1 5 ) .

.Thus a homogeneous matrix B, which describes the p o s i t io n  and 

o r ie n ta t io n  with referen ce  to  the base ax is  system can be defined as:

b

B

c as BSY~s acY

s ctS BSY+CaCY
CBS Y

0

c as BCY+sasY
s as BCY-c asY

CBCY

X

Z

Y
(3.17)

0 0 '
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where Cg is  cos (8) and Sg i s  s in (8 ) ;  ^x, ^y, and refer  to  the

co-ord inates  of the end e f f e c t o r  defined with respect to  the base 

s ys t em.

3 .2 .2  Frame Transformation of P o s it io n  Vectors

The two s e t s  of parameters required to  s p e c ify  the s t a t e  of a body 

in  three dimensional space; p o s i t io n  and o r ien ta t io n  can be trea ted  as 

two t o t a l l y  independent parameter groups. That i s ,  the p o s it io n  may be 

defined with resp ect to  a d if fe r e n t  reference frame than the  

o r ie n ta t io n .  A p o s i t io n  vector referen ced  to  a frame f ;  ^x, i s  r e la te d  

to  the equivalent base vector bx, by the r e la t io n sh ip :

bH f,t (3 .1 8 )

where

bH f,t
.. bR f,t ! .bO f,t------------------------ ,-----------------
0 0 0 [ 1

(3 .19)

The matrix ^Rf ft  *3 a 3x3 frame r o ta t io n  matrix, and b0f i s  a 3x1 vector  

in d ic a t in g  the lo c a l  frame- o r ig in .  The su b scrip ts;  t  r e f l e c t  the fa c t  

that the values may be time dependent.

The frame r o ta t io n  matrix bRf w i l l  usually  hold a constant value for  

a s e r ie s  of t r a j e c t o r i e s .  I f  v a r ied ,  ^Rf w i l l  u su a lly  take a value that  

has been evaluated o f f - l i n e .  (Thus removing the need for o n - l in e  

com putation).
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The frame o r ig in , w i l l  a lso  hold a constant value for many 

a p p lica t io n s  required o f the robot and, as for ^Rf, may be evaluated  

o f f - l i n e .  One example where the value of b0f i s  required to  vary 

contin uously , i s  when the robot i s  tracking a moving o b je c t .  Typical 

examples of tracking a r i s e  when the robot in tegra tes  with a parts  

handling conveyor, or when in t e r a c t in g  with items on an assembly l i n e .  

These examples normally req u ire  a l in e a r  v a r ia tio n  of b0 f .  An example 

where b0 f  w i l l  vary c i r c u la r ly  i s  when the robot in ter fa c e s  with a 

c a ro u sse l le  or some s im ila r  c ir c u la r  conveyor system.

The computational task  of the robot co n tro lle r  can be s im p l i f ie d  by 

ca re fu l  planning of the robot p o s i t io n  and physical environment. When 

in teg r a t in g  a robot and contin uously  moving conveyor, i f  the conveyor 

motion corresponds to the Y a x is  of the robot, then the frame o r ig in  i s  

defined by:

b2 f t  = b[0 x , O y ,t ,  0 z ] j  (3 .2 0 )

Thus ^(Oyjt^f i s  on ly  time dependent variab le  that must be

determined.

I f  the robot works with a su rface  that i s  not p a r a l le l  to  the XY 

base plane then carefu l p o s i t io n in g  of the surface s im p l i f ie s  the form 

of ^Rf. By p o s it io n in g  the surface  such that i t s  o r ie n ta t io n  is  

s p e c i f ie d  by a s in g le  r o ta t io n  about a base ord in ate , then the form of 

bRf has only  four non-zero elements in s tea d  o f the usual n in e .
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The two d efau lt  values of b0f and bRf occur when the secondary  

frames are e ith er  pure r o ta t io n  or t r a n s la t io n .  I f  the base and frame 

o r ig in s  are co -in c id en t then b0 f i s  equal to zero. When any secondary  

frame i s  a pure t r a n s la t io n ,  Rp i s  then the unit m atrix. Thus i f  the 

working frame of the robot i s  the base frame:

bHf

~  1 0 0  | 0 "
0 1 0  » 0
0 0 1 I 0

_  0 0 0  | 1 J

( 3 . 2 1 )

3 .2 .3  Frame Transformation of O rientation  Vectors

To evaluate  the j o in t  values of a robot, the o r ien ta t io n  parameters 

of an ob jec t must be ev en tu a lly  defin ed  with respect to  the base frame, 

(ba, b fJ, bY). Matrix methods for  evaluating  th ese  base parameters 

involve  the element comparison of the o r ien ta t io n  d e f in i t io n  matrix  

(Equation (3-13))»  and the end e f f e c t o r  d e f in i t io n  m atrix, defined  with  

respect to  the base frame, bT, where:

b T  =  b H f f  T (3.22)

(The method o f eva luating  T i s  d iscu ssed  in  S ection  4 .3 ) .

The elem ental comparison o f B and bT y ie ld  the fo llow in g  eq u ation s ,  

[Paul 1981]:

ba = atan2 (ny , nx ) (3 .23 )

b B = atan2 ( -n z ,Cbanx+Sbany ) (3 .24)



(3 .2 5 )bY = a tan2  (Sbaax -Cbaa y ,-S b aox +CbaOy)

where, atan2 (a ,b )  i s  the four quadrant form of tan™1 (a /b ) ,  and:

nx “ r 11c fa c V r 12s f ac f r r 13S f B (3 .26)

ny = r 21Gfac f B+r22S f ac f  3™r 23Sf B (3 .27 )

nz = r 3-jCf aCf 0+r32S f aCf g -r 33S f g (3 .28 )

ax = r “i i (Cf aSf gCf y~Sf aSf y)+r-j 2 (Sf aSf ̂ Cf y"Cf aSf y)+r-j 3Cf gCf y (3 .29)

ay = r 2 i (C faSf^Cfy-SfaS fy )+ r 2 2 (Sf aSfgCfy-CfaSfy)+ r23Cf gCfy (3 .30 )

°X = r 1 1 (Cf aSf gSf y-Sf aCf y )+r*i 2 (Sf as f  ̂ Sf y+Cf aSfy)+ri 3Cf gSf y (3 .31)

Oy = r 21 (CfaS fg S fy -S faCfy)+r2 2 (Sf aSfgSfy+CfaSfy)+r23CfgSfy (3 .32)

As b efore , C and S represent the cosine  and s in e  of the angle  

s u b s c r ip t s .

A simpler form of the expressions for ba, bB and bY has been 

evaluated by Uchiyama, [Uchiyama 1979]. Again the technique uses 

element by element comparison to  y ie ld  the fo llow ing:

ba = atan2 (ny , nx ) (3 .33)

b B = atan2 (~nz , (nx 2+ny2) 1 ^2 ) ( 3 - 31*)
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a tan2 (o z , az ) (3 .3 5 )bv

where nx , ny , nz are defined as in  Equations (3 .2 6 ) ,  (3 .2 7 ) ,  and (3*28), 

and:

° z = r 31(CfaS f BS f Y- S f aCfY)+r32 (S faS f BS f Y+CfaS fT)+r33CfsS f Y (3-36)

az = r 31(CfaS f BCfY- S f aS fY)+r32(S faS f BCfY-C faS fY)+r33Cf6CfY (3-37)

The method o f o r ie n ta tio n  transform ation  devised by the author, 

in v o lv es  the use of an imaginary ex ten sio n  o f the t o o l .  This ex ten sio n  

comprises of three lin k s  s e t  at r ig h t angles and configured according to  

the secondary frame param eters. By using a geom etric tech n iq u e, the  

s im p lest form of the equations can be determined in  add ition  to  the  

r e s u lt s  presented above. The m athematical d er iv a tio n  i s  presented in  

Appendix B, the r e s u lt s  of which are as fo llo w s:

ba = at an 2 (Sb(p1y ) ,  6b(p1x)) (3-38)

bB = atan2 (6b(p1z ) , L) (3-39)

where L can be defined by any o f the four e q u a l i t ie s :

( i )  L = (6b(p1x) 2 + 6bCp1y)2)1/2 C 3 - ■ 0)

( i i ) L -  Sb ( p 1 x )C ba + 5b ( p 1 y ) S b a <3. ' t l )

( i i i )  L -  Sb ( p 1 x ) / C b a (3 .42)
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( iv ) L = 5b (p1y )/S b a (3-43)

(Each of the four e q u a l i t ie s  var ies  in  terms of mathematical operations  

and eq u a lity  d e te r io r a t io n .  The importance of these aspects  are 

discussed  f u l l y  in  Chapter 7 ) .  Continuing:

bY = atan2 ( 5b(p3z ) , S b(p2z ))  (3 .44)

The values of the vector components required to  obtain bct, b 0, bY 

are defined as fo llow s:

6b(p1x ) = r n C fg C f^ r T a C fg S f^ r ^ S fg  (3 .45)

5b (p1y ) = . r 21Cf BCfa+r22Cf BS f a- r 23Sf B (3 .46 )

6b(p1z ) = r31C fBCfa+r 32C fBS f a-r 3 3 S fB (3 .47 )

6b (p2z ) = r 31(Cf ySf BCfa+SfySf a )+r32(Cf -ySf BS f a-SfyC fa )+ (3 .4 8 )

r 33cf>Yc f  0

6b(p3z ) = r 3i (S fTS f BCfcrCfTS f ct)+r32 (S fYS f BS fa+CfTCfa )+ (3 .4 9 )

r 33 SfyCfB

3.3  METHODS OF DERIVING THE FRAME TRANSFORMATION MATRIX

As d iscussed  e a r l i e r ,  the nine variab les  in  the frame r o ta t io n  

matrix; bRf, w i l l ,  for  most ap p lica t io n s  remain constant for a large
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number of ta sk s .  That i s  they w i l l  not vary with respect to  tim e, as in

the case of the in te r p o la t io n  or o r ien ta t io n  v ec to rs .  The d er iva tion  of

requires the values of the matrix components where:

~ r 11 r 12 r 1 3 ~
bRf = r 21 r 22 r 23 “ bC £ l,£ 2 ,£ 3 ]f (3 .5 0 )

- r 31 r 32 r 33 _

The four common methods fo r  ob ta in in g  the frame r o ta tio n  m atrix and 

lo c a l  frame o r ig in  are as fo llo w s:

( i ) Alignment fram e.

( i i ) Tool fram e.

( i i i ) Three point fram e.

( i v ) O ff - l in e  user d efin ed  frame

Each o f th ese  i s  d iscu ssed  in  turn below.

3.3*1 Alignment Frame

This method of determining bRf and b0f i s  used commerically by 

C in c in a tt i  Milacron I n c . ,  [Tarvin 1980]. The transformation parameters 

are obtained by the use of an alignment frame as i l lu s t r a t e d  in  

Figure 3*3. The corner of the frame, (denoted by PT:0) i s  placed a t the  

required zero-reference  point of the work environment, with the three  

l e g s  of the frame placed along the X, Y, and Z axes of the required  

co-ordinate  system. Specia l gauge marks are scr ibed  on the frame at  

p rec ise  d istan ces  along the X, Y, and Z l e g s ,  the lengths being l x , and 

l y ,  and l z r e s p e c t iv e ly .
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A pointer attached to  the robot and e f fe c to r  i s  then d irected  to  the

four reference  points on the frame, and the absolute co-ordinates  

recorded. The x, y ,  and z values of the markings; 0, X, Y, and Z are 

then used to  determine b0f and bRf, as fo llo w s:

b0f  = [ 0 x , 0 y , 0 z ] T (3 .5 1 )

bJ^1f = ( (Xx- 0 x ) / l x , (Yx—Ox ) / l y  , ( ZX~*0X)1 (3*52)

bg ? f  = C(Xy- O y ) / l x ,(Yy- O y ) / l y , ( Z y- O y ) l Z] T (3 -53 )

b£ 3 f -  C(Xz-Oz ) / l x , (Y z- O z ) / l y ( (Zz-Oz ) l z ] T (3 .5 4 )

3.3»2 Tool Defined Frame

The values of parameters of b0f and bRf, for  a to o l  defined frame, 

can be obtained d ir e c t ly  from the robot input variab les  bx, by , bz ,  ba, 

b B, bY:

bOf = Cx, y, z]T (3.55)

bRf = [R(Z, a) R(Y, 8) R(X, Y)]-1 (3.56)

Because the matrix ^Rf rep resen ts  an orthogonal transform ation , the  

inverse  i s  equivalent to  the transpose . Thus the required frame 

r o ta t io n  matrix bRf i s  given by:

bRf =
'6 S otC0 -Sa
SgSy-SaCy sasBSY+CYca CBSY (3 .57)
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3*3«3 Three Point Frame Specification

T h is  method o f  e v a lu a t i n g  th e  l o c a l  frame p a r a m ete r s ,  i s  s i m i l a r  in  

some r e s p e c t s  to  t h a t  o f  the  a l ig n m en t  fram e, in  th a t  a p o in te r  a t ta c h e d  

t o  the  rob ot  end and e f f e c t o r  i s  taken  t o  p o in t s  w i t h in  th e  work 

en v iro n m en t .  However no a l ig n m en t  frame i s  r e q u ir e d ,  and o n ly  t h r e e

p o in t s  are  n e c e s s a r y .  These are  at the  l o c a l  frame o r i g i n ,  a p o in t

a lo n g  th e  r e q u ir e d  X a x i s ,  and a p o in t  a lo n g  th e  r e q u ir e d  Y a x i s ;

d enoted  by 0 , X, and Y r e s p e c t i v e l y .  Three a n g le s ;  a ' ,  6 ’ , and Yf are  

then  o b ta in e d  as f o l l o w s : -

a ’ = a t a n 2 (Xy- 0 y , Xx- 0 x ) (3*58)

8* = a t a n 2 (XZ- 0 Z, (CXx-Ox ] 2 + [Xy- 0 y ] 2 ) 1 / 2 ) (3*59)

Y’ = atan2 (YZ-0Z, ( [Y X-0X] 2 + [Yy-0y ] 2) 1/2) (3*60)

The l o c a l  frame o r i g i n  ^Of i s  d e f in e d  by:

kpf = C0X, Oy» 0 Z]T (3*61 )

The t h r e e  a n g le s  a f , 8 ’ and YT are  e q u iv a le n t  t o  th e  t o o l

o r i e n t a t i o n  a n g le s  ba ,  b 8, bY. However ba ,  b 8, bY r e p r e s e n t  th e  a c t u a l  

o r i e n t a t i o n  param eters  o f  th e  end e f f e c t o r ,  whereas a f , 8 ’ » and Yf 

r e p r e s e n t  th e  i n f e r r e d  o r i e n t a t i o n  a n g le s  o f  th e  end e f f e c t o r  i f  i t  were  

h o ld in g  a r e f e r e n c e  fra m e . Thus th e  frame r o t a t i o n  m a tr ix  i s  o f

i d e n t i c a l  form as E q u ation  ( 3 .5 7 )  but w ith  a T, 8 f and Y’ s u b s t i t u t e d  f o r  

ba ,  ^8, and bY r e s p e c t i v e l y .
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3*3 .4  O ff -L in e  User D e fined  Frame

There may be c ir c u m s ta n c e s  when a rob ot  programmer w i l l  w ish  to  

d e f in e  a fram e. T h is  may occu r  at t h e  l o c a l  l e v e l ,  i . e .  when moving the  

r o b o t  by pendan t,  or a t  a h ig h e r  l e v e l  when i n t e r f a c i n g  w ith  a h igh  

l e v e l  language  or a computer d e s ig n /m a n u fa c tu r e  d a ta b a s e .  In t h e s e  

c a s e s  the programmer can u t i l i s e  any o f  the  methods d i s c u s s e d  above  

e x c e p t  th a t  th e  param eters  f o r  ^Hf are  in p u t  d i r e c t l y  as num erica l  

v a lu e s  i n s t e a d  o f  p h y s i c a l l y  moving th e  r o b o t  t o  a s p e c i f i e d  p o s i t i o n  or  

c o n f i g u r a t i o n .

Frame r o t a t i o n  m a t r ic e s  are  a l s o  r e q u ir e d  when u s in g  c e r t a i n  

i n t e r p o l a t e d  p a th es  ( e . g .  c i r c l e s ,  e l l i p s e s ) .  Their  u se  i n  t h i s  c o n t e x t  

i s  d i s c u s s e d  i n  S e c t i o n  5 . 2 . 2 .

3 .4  CONCATENATION OF FRAME TRANSFORMATIONS

The m a th em atica l  form o f  th e  homogeneous frame t r a n s f o r m a t io n  

m a tr ix ;  H, a l lo w s  c o n c a t e n a t io n  o f  s p a t i a l l y  s e q u e n t ia l  fram es t o  g iv e  a 

s i n g l e  t r a n s f o r m a t io n  m a t r i x .  The g e n e r a l  r e l a t i o n s h i p  between a 

p o s i t i o n  v e c to r  in  fram e j ;  3 x ,  and a p o s i t i o n  v e c to r  i n  frame j + 1; 

J +1x , i s  g iv e n  by:

Jx = ^Hj + -|j + 1x ( 3 .6 2 )

where^Hj+i the transform ation  m atrix  from frame j + 1 to  frame j .
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Thus the  r e l a t i o n s h i p  betw een a p o s i t i o n  v e c to r  in  the  base  fram e,  

(fram e 0 ) ,  and frame n i s  g iv e n  by th e  e q u a t io n :

bx = bHi 1H2 2H3 . . .  n" 1Hn nx (3.63)

An example t h a t  r e q u ir e s  fram e c o n c a t e n a t io n ,  o ccu rs  when two r o b o t s  are  

working in  a common fram e , d e s ig n a t e d  c .  I f  the  r o b o ts  are  r e q u ir e d  t o  

work in  s a n e  o th e r  fram e; d , (a s u b s e t  o f  fram e c)  then  th e  b ase  fram e  

p o s i t i o n  v e c t o r s  f o r  each r o b o t  are  g iv e n  by th e  r e l a t i o n s h i p s :

For r o b o t  1: bx-| -  bHic  ° Hd (3*64 )

For r o b o t  2: bx 2 = bH2c ° Hd ( 3 . 6 5 )

where th e  num eric  s u b s c r i p t s  r e f e r  t o  th e  s p e c i f i c  r o b o t ,  bHic and bH2c 

r e f e r  t o  th e  i n d i v id u a l  fram e t r a n s f o r m a t io n s  from fram e c t o  th e  base  

frame f o r  r o b o t s  1 and 2 r e s p e c t i v e l y .  c Hci i s  th e  t r a n s fo r m a t io n  from 

fram e d t o  fram e c .

Another example o c c u r s  when a dynamic frame i s  u s e d .  I f  two s t a t i c  

fram es are  s e p e r a t e d  by a t im e  dependent or dyanamic fra m e , th e n  th e  

e q u iv a le n t  fram e t r a n s f o r m a t io n  m a tr ix  t  i s  g iv e n  by:

bH3>t = hH! ]H2>t % 3 ( 3 . 6 6 )

where th e  s u b s c r i p t  shows th e  t im e  dependency o f  both  th e  dynamic and 

e q u iv a le n t  f r a m e s .
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In  a s im i la r  manner to  the  e v a lu a t io n  o f the base p o s it io n  v e c to rs ,

the base o r ien ta t io n  vectors  are obtained from the equivalent frame 

transformation m atrix. In the case of base o r ien ta t io n  v ec to rs ,  the 

con stitu en t o r ien ta t io n  angles are obtained from the r o ta t io n a l  

sub-matrix; R, of the t o t a l  transform ation H. Again the p o s i t io n  and 

o r ie n ta t io n  need not be s p e c i f i e d  w ith respect to  the same frames.
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b T f T[x,y,z] , [x,y,z]Z

Figure 3.1 Conventions for Robot Co-ordinate Frames
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z

Figure 3.2 Convention for Pitch Yaw and Roll Orientation
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PT:Z

PT:X

PT:Y

Figure 3.3 Secondary Frame Definition Using an Alignment Frame
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4 CO-ORDINATE TRANSFORMATION

4.1 CONTINUOUS PATH MOTION

The f i r s t  in d u s tr ia l  robots used a point to  point (PTP) mode of  

operation . Using t h is  mode, the robot i s  taught points in  the base 

co-ordinate  space by means of a teach pendant. Each robot j o in t  

parameter ( jo in t  angle or l in e a r  p o s it io n )  i s  then recorded at the 

s p e c i f ie d  p o s i t io n .  In ach iev ing  a sequence of taught p o in ts ,  the robot 

c o n tro lle r  merely in te r p o la te s  f o r ,  and s e r v o e s , each j o in t  to  provide  

synchronised motion. The subsequent path i s  co-ordinated in  the sen se  

that the robot passes through the sequence of taught p o in ts .  There are 

however a number of disadvantages a sso c ia ted  with t h i s  form of robot 

c o n tr o l:

( i )  The path between taught points  i s  non-definable  and c o n s is t s  of  

a combination of j o in t  m otions.

( i i )  The generation of c lo s e ly  defined paths requires the teaching  

of numerous points  along the required path. This i s  cumbersome 

when teaching and req u ires  the recording and storage o f  an 

e x c e s s iv e ly  large  number o f points ( t y p ic a l ly  15000 for a f iv e  

minute program).

( i i i )  Adaptive control i s  v i r t u a l ly  im p oss ib le , in  that i f  a non 

pre-programmed d ev ia t io n  to  the path i s  required , i t  cannot be 

e a s i l y  accommodated in to  the program.
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One commonly adopted s o lu t io n  to  these problems involves  the dynamic

generation of j o in t  parameters from s p e c if ie d  p o s it io n s  and 

o r ie n ta t io n s .  These being defined with respect to the robot base 

co-ordinate system. The robot co n tro lle r  generates a s e r ie s  of

in ter p o la t io n  p o in ts ,  in  base sp ace , between two s p e c i f ie d  p o in ts .  

These points are transformed in to  j o in t  space to  provide the sequence of  

j o in t  parameters necessary to  accomplish the required path. This task  

of parameter mapping, or co -ord inate  transform ation, involves  two 

d i s t in c t  op era tio n s .

( i )  Evaluation of the necessary  physical robot j o in t  parameters to  

achieve the p o s i t io n  and o r ie n ta t io n  required .

( i i )  The transform ation from the required physical jo in t  parameters 

to  the actual robot drive parameters.

The mapping of base co -ord in ate  space parameters to  the robot j o in t  

space parameters, i s  one of the major tasks required of the robot 

co n tr o l le r  and i s  defined as:

X(t)  -> £ ( t )  (4 .1 )

where:

X = [x ,  y ,  z ,  a, 3, .Y]t (4 .2 )

6 = C©i, 0 2 , 83, 9 4 , 9 5 , 96]t ( 4 . 3 )

0  ̂ i s  the i t h  j o in t  value of the rob ot.
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The above r e la t io n s h ip  a p p lie s  to  a ro b o t e x h ib i t in g  s ix  degrees o f

freedom. The r e la t io n sh ip  between _0 and X comprises a s e t  of highly  

non-linear coupled equations. Methods for the c a lcu la t io n  of 0_ given X 

are d iscussed  in  t h i s  chapter.

4,1.1 Jo int Frame Assignation

The method commonly adopted for assign ing  co-ordinate  frames to  each 

l in k  of a m anipulator, i s  based on the Denavit Hartenberg convention , 

[Denavit 1955]. This convention i s  embodied in  the concept of A 

m atrices . The A matrix r e la t in g  to  the co-ordinate  frame of l in k  n to  

l in k  n- 1  of a manipulator i s  defin ed  as fo llow s:

cos 0 - s in e  cosot s in e  s in a acose
n- 1  a = . rtn s in e cose cosa -cose  s in a asine

0 s in a cosa d

0 0 0 1

where, r e fer r in g  to  Figure 4 .1 :

a : the d istan ce  between the zn_i a x is  and the zn ax is;

a : the angle between the zn.-| a x is  and the zn a x is  about the xn ax is;

d : the zn_ “| d istan ce  between the xn a x is  and the xn_*| ax is;

8 : the angle between the xn a x is  and the xn_-j a x is  about the zn_-j
a x i s .

With most commercial manipulators the A matrices for the l in k s  s im p li fy  

to  the form:
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(4 .5 )
n-1 n-1 1 n“ 1 V n i. .±n 

— 4 ------
! 1

where n~ 1Rn refers  to a r o ta t io n  matrix of the form of Equations (3 .11) 

and describes  a r o ta t io n  about one o f the co-ordinate frame axes.  

i s  the vector d escr ib ing  the o r ig in  of frame n with respect to  the 

o r ig in  of frame n - 1 .

4 .2  EVALUATION OF THE DIRECT KINEMATIC EQUATIONS

Two s e t s  of kinematic equations are re levan t to  rob otic s :

( i ) D irect kinematics: which maps the robot j o in t  space to  the 

co-ord inate  base space; £ ( t )  -> X ( t ) .

( i i )  Inverse kinematics: which maps the co-ordinate base space to  

the robot j o in t  space; X (t) + 0 ( t ) .

This s e c t io n  deals with the f i r s t  of the two equation s e t s ,  in vo lv in g  

the eva luation  of the p o s i t io n  and o r ie n ta t io n  vectors from the robot 

j o in t  parameters. Of the two, the d irec t  kinematics i s  far  ea s ier  

m athem atically , y ie ld in g  a unique s o lu t io n  describing the robot end 

e f f e c t o r .

A straightforw ard method of obta in ing  the d irec t  kinematic equation  

invo lves  the use of the A matrix for  each l in k  of the rob ot. The base 

d e scr ip t io n  matrix bT i s  obtained as fo llo w s:
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°Ai 1A2 2A3 3A4 4A5 5Ag E (4 .6 )

The matrix bT i s  equivalent to  that of Equation (3 .22) sp e c ify in g  the 

homogeneous fprm of the base space parameters: x, y ,  z ,  a, 8 , Y, and the  

matrix E describes  the end e f f e c t o r  geometry. The parameters of the s i x  

degree of freedom robot, i l l u s t r a t e d  in  Figure 4 .2 ,  are shown in

Table 4.1 b-p can be w ritten in  the form, [Paul 1981]:

“ nx Ox ax Px"
b'j* _

ny °y ay Py (H .7)

° z az Pz
0 0 0 1

The components of the base d e f in i t io n  vector X are defined as fo l lo w s:

bx = Px 

by -  Py 

bZ = Pz  

ba = atan 

b 8 = atan 

by = atan

2 (n y , nx )

2 ( -n z , cosbanx + s in botny)

2 ( s in baax -  cosbaay, co sbctox s in baOy)

(4 .8 )

A simpler form of bY can be obtained by re fer r in g  to  Equation (3.35) 

whereby:

bY = atan 2 (oz , az ) (4 .9 )
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The components of bT for the s i x  degree of freedom anthropomorphic arm 

are as fo llow s:

p x  =  C-|  C C 234 ^-4 +  C 23I 3 +  C 2I 23 C C - j C 23485 +  S - j C 5 J

Py = S') [C234 I4  + C23I3 + C2I2] +t ES1C234S54 - C1C53

Pz = s 23414 + 52313 + 5212 + [S234S5 ]

nx = c 1c 234s 5 + s 1c 5

ny = S 1 C234S 5 -  C1 C5

nz = S234S5

a x = C1^C234C5C6 ~ s 234s 6  ̂ ~ S 1S 5C6 

ay = S-j[C234C5C6 - S234S6] + C1S5C6

az 3 s 234c5c 6 + c234s 6 

° z  = s 23 + C5C6 + c 234s 6

(4 .10)

Where, for s i m p l i f i c a t i o n ,  represent s i n ( e ^ ) ,  0 0 3 ( 8 )̂ and

cj . . . k  represent s in (0 j  + . .  .+9j<) and cos (0j + . .  .+0^) r e s p e c t i v e l y .

For comparitive purposes, the number of arithm etic  operations  

required to  d efin e  the d irec t  kinematics are presented in  Table 4 .2 .

4.3 EVALUATION OF THE INVERSE KINEMATIC EQUATIONS

The methods for eva luating  the inverse  kinematic equation s e t  can be 

divided in to  three  main techniques: r ec u r s iv e ,  i t e r a t i v e ,  and d ir e c t .

An example of a recu rs ive  technique i s  that developed at the 

U n ivers ity  of Genova, [Gaglio 1981]. This method i s  e a s i l y  app lied  to
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the simpler geometric con figu rat ion s  of s ix  dof manipulators, but has 

s p e c i f i c  relevance to  robots with greater than s i x  d o f .  The technique  

r e l i e s  on pre-defined knowledge of both the required hand p o s it io n  and 

o r ie n ta t io n ,  and arm c o n fig u ra t io n .  Given each new configu ration  the 

recu rs ive  algorithm achieves the desired geometry by a s e r ie s  of 

ro ta tio n s  of each degree of freedom. I f  the manipulator i s  redundant, 

in  that there are more than s i x  degrees of freedom, the technique can 

incorporate ad d ition a l c r i t e r i a  (eg to  constrain  the robot arm w ith in  

some "safe" working volume, or to  optim ally  adjust the arm configu ration  

w hile  executing  a t r a je c to r y ,  [Benati 1980]) . The method of expressing  

how an o r ie n ta t io n  of a body i s  m odified by an assigned ro ta t io n  about 

an arb itrary  a x i s ,  i s  achieved by the  use of Rodrigues vectors and the 

asso c ia ted  vector algebra.

Methods of so lv in g  the in v erse  kinematic problem using i t e r a t iv e  

techn iq ues, [Derby 1982], are predominantly based on the U nified Theory 

of Mechanisms proposed by D uffy , [Duffy 1980], [Lin 1982], The theory  

uses the geometric laws of sp h er ica l tr ia n g les  as expressions for  

d ir e c t io n  c o s in e s ,  r e la t in g  to  each l in k  of a manipulator. The laws 

perta in ing  to  sp h er ica l polygons are extended to  dual an g les ,  which 

allows the d escr ip t io n  of the corresponding s p a t ia l  polygons to  be 

incorporated in to  a u n if ied  mathematical form. The ap p lica t io n  of th is  

method of kinematic a n a ly s is  y ie ld s  a s in g le  equation, d escr ib ing  the 

s p a t ia l  con figu ration  of a m anipulator. The equation i s  in the form of 

a polynominal s p e c i f i c  to  that geometric co n figu rat ion . The major 

disadvantage of t h i s  technique i s  that the s o lu t io n  of the roots  of a 

polynomial over degree fo u r , req u ires  an i t e r a t iv e  approach. The degree 

of polynomials describ ing the m ajority  of in d u str ia l  robots are e ith er
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eight or s ix t e e n ,  and as such would require an i t e r a t iv e  o n - l in e  

algorithm for rea l time c o n tr o l .

There are three major techniques used for d irect  evaluation  of the 

inverse  kinematics: dual number qu artern ions, [Yang 1964], m atr ices ,

[Paul 1981] and d ir e c t  geometric a n a ly s i s .  The major d if feren ce  between 

the use of quarternions or m a tr ice s ,  involves  the mathematics used to  

describe the s p a t ia l  r e la t io n s h ip  o f the l in k s  of a manipulator. The 

disadvantage of matrices i s  that they are moderately expensive to  s t o r e ,  

unlike  quarternions, and th at computations on them require more 

operations than quaternions i f  descr ib ing  r o ta t io n a l  operators. However 

matrix rep resen ta tion s  are e a s ie r  to  understand, s in ce  l in k  co -ord in ate  

frames can be composed using the ordinary ru les  of matrix  

m u lt ip l ic a t io n .  When app lied  to  the a n a ly s is  of inverse  k inem atics, a 

marginal reduction  in  processing  requirements i s  obtained by the use of  

matrix methods, [Taylor 1979]. The a n a ly t ic a l  d er ivation  of the in v erse  

kinematics using a matrix technique i s  i l lu s t r a t e d  in  S ection  ( 4 .3 . 2 ) .

The use of d irec t  geometric a n a ly s is  provides the most compact form 

of the in verse  kinematic eq u a tio n s .  These require fewer ar ith m etic  

fu nctions  when used for  r ea l  time control of a manipulator. The

equation s e t s  derived by the author for  the m ajority of f iv e  and s i x  dof 

manipulators are presented in  S ec tio n  ( 4 .3 .3 ) .

There are a lso  techniques for manipulator control that do not 

require the computation of inverse  kinem atics. These are however more 

com putationally in ten s iv e  than control methods in vo lv in g  inverse  

kinem atics. An example of t h i s  form of control i s  the Pseudo Resolved  

Motion Rate Technique.
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U. 3«1 Pseudo Resolved Motion Rate Technique

This method of mapping co -ord in ate  space to  j o in t  space i s  based on 

manipulator control concept proposed by Whitney, [Whitney 1972]: Resolve 

Motion Rate C ontrol. The advantage of th is  technique i s  the fa c t  that 

the inverse  kinematics need not be so lv ed  d ir e c t ly .

The Pseudo Resolved Motion Rate (PRMR) technique involves  the 

Jacobian matrix of the kinematic system; J ( 9 ) .  Expressing the mapping 

r e la t io n s h ip  between X and _e as:

x = x(e )  ( 4 . 11)

the Jacobian i s  obtained by the d i f f e r e n t ia t io n  of t h i s  r e la t io n s h ip ,  

y ie ld in g :

X = J( 0) _9 (4. 12)

where the elements of J(e)  r e l a t e  the change in  a world co-ord inate  

parameter for  a given change in  a j o i n t  parameter. A ty p ica l  element o f  

the Jacobian i s  of the form:

aXi

Such that:

(4.13)

axt
6Xi - —  60 j  O i l * )

For a non-redundant manipulator, the Jacobian i s  non-singular and may be 

inverted  to  give:
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0 = J" 1 (0) X (4 .15 )

SQ = J- 1  ( a) 5X (4 .16 )

where*. 5£ = [50-|, 602> 6 0 3 , 6 0 4 , 6 0 5 , 6 0 5 ]^ (4 .17 )

5X = [ 5x , 5y, 5z, 6a , 6 B, 6T]t (4 .18 )

The form of Equation (4 .16 )  can be used to  d ir e c t ly  contro l the 

output var iab les;  5_0, given 6X. However Equation (4.16) i s  an 

approximation and not an e q u a l i ty ,  th erefore  second order errors occur. 

These are cummulative, but can be accommodated i f  the robot accuracy  

requirements are not too s t r in g e n t .  A control s tructure  can be designed  

which takes account of the second order errors , [Lien 1980]. This 

stru ctu re  compares the actual and required base space robot p o s i t io n  by 

means of the d irec t  k inem atics, expressed in  Equation ( 4 .1 1 ) .  The 

actual base space p o s it io n  o f the robot at time t ,  Xa>t i s  given by:

Xa , t  = X( e ) , 0 t  (4 . 19)

S p ecify ing  the required p o s i t io n  o f  the robot as * r , t-, the second order 

p o s it io n  error 6 X̂ can be computed from:

S^Xt = Xr , t  Xa ,t

- t= t
f  5Xt

- t=o
-  x (e ) ( 4 .2 0 )
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This term i s  then incorporated in to  the co n tro lle r  as a feedback term, 

(see  Figure 4 .3 ) •

The advantage of th is  technique i s  in  the fa c t  that the in verse  

kinematics need not be so lved  a n a ly t i c a l ly .  This i s  e s p e c ia l ly  u se fu l  

i f  the kinematic s tru c tu re  of the robot i s  one which does not lend  

i t s e l f  to a n a ly t ic  a n a ly s i s ,  (as for  example when the yaw motion i s  

before the p i t c h ) .  The disadvantages included the fa c t  that the 

technique i s  num erically in t e n s iv e ,  (see  Table 4 .2 ) .  Also s in c e  the 

Jacobian i s  a fu n ction  of the j o in t  parameters, the inverse  must be 

computed at regular in t e r v a ls  to  minimise the correction  fa c to r  6 ^X, 

which can be seen as a measure of the tra je c to ry  error . In some 

in stan ces  the in verse  must be computed for each s e t  of increm ents, 

[Lien 1980]. D irect c a lc u la t io n  o f  the Jacobian, and i t s  in v erse  i s  

time consuming, th ere fo re  techniques are incorporated which le s s e n  the  

amount of processing  req u ired . These are d iscussed  further in  

Section  4 .4 .

I t  i s  p o s s ib le  to  combine the o r ig in a l  concept of Resolved Motion 

Rate Control (RMR) and PRMR techniques to  give an hybrid c o n tr o l le r ,  

[Uchiyama 1982]. The c o n tr o l le r  uses RMR to provide tr a je c to r y  c o n tr o l ,  

and sw itches at the end of a demand vector to  PRMR for f in a l  p o s it io n in g  

c o n tr o l .

4.3*2 A n a ly t ica l S o lu tion  of Inverse Kinematics Using fAf Matrices

The d irec t  kinematic equation r e la t in g  the base matrix ^T to  the A 

matrices for  each robot l i n k ,  has been introduced, (S ection  (4 .2 ) ) :

- 8 2 -



A-j A2 A3 Aij A5 Ag E (4.21 )b

This equation can a lso  be w r itten  in  the form

bT = UjE (4 .22 )

where, in  gen era l,  the matrix Un describes the p o s it io n  and o r ie n ta t io n  

of l in k  s i x  with resp ect to  l in k  co-ord inate  frame n - 1 :

Un = An An+1 • • • A6 (4 .2 3 )

The f i v e  matrix equations used to  define  the j o in t  parameters are 

obtained as fo l lo w s ,  [Paul 1981]:

A'] bT = U2

A"I A"} bT = U3

A~^ P T 2  A~] bT = U14

A ^ A"1 A~  ̂ A*] bT = U5

A*' A"! A'^ A-1 A'] bT = U6

- (4 .24)

The matrix elements of the l e f t  hand s id es  of these equations are 

functions of the elements of bT and of the f i r s t  n-1 j o in t  v a r ia b le s .  

The matrix elements of the righthand s id es  are e ith er  zero, c o n s ta n ts ,  

or fu nctions of the nth to  6th  j o in t  v a r ia b le s .  As matrix e q u a l i ty  

im plies element by element e q u a l i ty  twelve equations are obtained from 

each matrix equation . Equating elements of these matrix equations  

frequently  r e s u l t  in  equations y ie ld in g  j o in t  variab les  e x p l i c i t l y .
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Referring to the s ix  degree of freedom anthropomorphic arm, 

i l l u s t r a t e d  in  Figure 4 .2 , the a p p lica t io n  of th is  technique y ie ld s  the 

fo l lo w in g  values for the j o i n t  parameters:

6-j = a t  an 2 (py , px )

0234 = a tan 2  ( a z , C]ax + S-|ay )

P 'x  = c lPx + s lPy "* c 234 x4 

P 'y  = Pz " s 23414 

C3 = P ' x 2 + P ' y 2 -  X32- l 2 2/ 2 1 2l 3  

83 = a tan 2 ( ( 1 - c | ) 1 / 2 , C3)

02 = a tan2 ((C3l 3+a2 ) p ’ y- S 3l 3P'x , (C3l 3+a2 ) p , x+S3l 3P’y )

64 = ©234 ~ 03-02

©5 = atan2 (0 2 3 4 (C-jax+S-|ay ) + S234 az , S-iax-C-iay)

05 = atan2 ( - 0 5 (0 2 3 4 (C-]Ox+S-|Oy ) + S2340z^ + S5 (Ciox-C-|Oy ),

-  S234  (C'|Ox+S‘joy ) +C2340Z)

(4 .25)

where:

px = bx-tC aC6 

py = by - t S aCg 

pz = bz -S 0

°x =

°y  = SaSgSy+CaCY 

°z  = CgSy

ax = c ac 0 
ay = SaCg

az “ g

(4 .26)
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The angles a,B,Y are s p e c i f i e d  with respect to  the base frame, but the 

sup erscr ip t has been ommitted fo r  c l a r i t y .

The ar ithm etic  requirements of th is  technique are given in 

Table H.2.

**•3.3 D irect Evaluation of Inverse  Kinematics

The method of d irec t  kinematic a n a ly s is  of the inverse  kinematics 

y ie ld s  e x p l i c i t  so lu t io n s  of the robot j o in t  parameters. Devised by the  

author, they invo lve  the transm ission  of parameters through a mechanical 

node, termed the w r ist  p o in t .  The parameters transferred  between the 

secondary and primary axes are the p o s i t io n ,  l a t e r a l  o r ie n ta t io n ,  and 

variab le  and f ix e d  v e r t ic a l  o r ie n ta t io n  (W, <|>, a and oo r e s p e c t iv e ly ) .  

The d ir e c t io n  of transfer  i s  dependent upon the configu ration  of 

secondary a x e s .

The method of d irec t  kinematic a n a ly s is  reduces s u b s ta n t ia l ly  the  

mathematical task of eva lu atin g  the inverse  kinem atics. This i s  

e s p e c ia l ly  important when the in v erse  kinematics are evaluated in  rea l  

time for continuous path motion.

The s o lu t io n s  to  the in verse  kinem atics, are given for two forms of  

three dof w r ist  (RPR), (PYR), and for  a two dof w rist  (RP) with a non 

l in e a r  end e f f e c t o r  (such as a welding ro d ),  and a simple gripper . The 

so lu t io n s  for primary axes are given for anthropomorphic, sp h er ica l  

p olar , c y l in d r ic a l  po lar , and ca rtes ia n  co n fig u ra t io n s . A f u l l  

d iscu ss io n  of the method of a n a ly s is  i s  given in  Appendix B.
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In the fo llo w in g  s o lu t io n s  the abrev iation s S, C, and T refer to  the

s in e ,  cos in e  and tangent of the subscrip t an g les .

( i )  PYR three dof w rist

The configu ration  and re levan t parameters of the PYR w rist  are 

i l lu s t r a t e d  in  Figure 4a. The fo l lo w in g  parameters are defined:

x ’ = bx - l t CaCg (4 .27)

y. = by - l t SaCg (4 .28)

<j) = a tan2 [y» , x ’ ] (4 .29 )

Note however that in  t h i s ,  and a l l  subsequent w r ist  equation s e t s ,  the 

value of <{> may be red efined  by the base axes. The value of a i s  given  

by:

a = at an 2 [ T g . C ^ ]  (4 .30 )

The j o in t  parameters are then defined as fo llow s:

04 = iT-Cw+a) (a) obtained from primary axes) (4 .31)

05 = at an 2 [Tct- (j)C(J, 1 ] (4 .32)

eg = atan2 [S5Ta,1 ]  + Y (4 .33)
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The w r ist  point i s  then d efin ed  by:

wx = x'-inc.jC^, (4 .34)

Wy = y'.-luCjS.j, (4 .3 5 )

Wz = ^z+l^S^+li|Sa 

( i i )  RPR three dof w rist

(4 .3 6 )

The RPR w rist  con figu rat ion  i s  i l lu s t r a t e d  in  Figure 4.4b. For t h i s  

w rist  configu ration  the end o f the primary axes i s  taken to  included  

j o in t  4, as th is  j o in t  i s  always co -in c id en t with l in k  3 of the primary 

a x es .  The w r ist  point i s  defin ed  as:

Wx = bx - l t CaC3 (4 .37 )

Wy = by - l t SaC6 (4 .38)

Wz = bz+ lt S3 (4 .3 9 )

For the  RPR w r i s t  c o n f i g u r a t i o n  <j=oo and i s  ob ta ined  from the p r imary  

a x es .  The j o i n t  va lues  f o r  t h e  w r i s t  a re  then  o b ta in ed  as fo l lo w s :

<j> = atan2 [Wy, Wx] (4 .4 0 )

(4 .41 )

9 4 = at an2 [K (4 .42 )
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05 - at an 2 [KSij+CgS^^C^ , CgCQ^Cjj+SgSg] (4 .43)

9 5 = at an 2 [C^CqSij- S qS  ̂, CgCij] + Y (4 .44)

( i i i )  PR two dof w r ist

The PR configu ration  i s  i l lu s t r a t e d  in  Figure 4 .5a . As with RPR, 

the w r ist  point excludes j o in t  4, as th is  i s  included in the primary- 

a x es .  The w rist  parameters are obtained as fo llow s:

Wx = bx - l t CaCB (4 .45)

Wy = by - l t S aC6 (4 .46)

Wz = bz+lfcS3 (4 .47 )

4> = a tan2  [Wy, Wx] (4 .48 )

o = 2atan2 [ S g t tS g + C g C ^ - c f ) 2 , C6+CBCa_^] (4 .4 9 )

The dual so lu t io n  a r ise s  from the two physical p o s s i b i l i t i e s  that f u l f i l  

the required parameters. In most cases the choice of s ign  can be taken 

as the s ign  of 3. The j o in t  values are defined as:

04 = TT-(a+<jo) (4 .50)

®5 = at an 2 [Sq.^ ,  TgCg-SgUg..^] (4 .51)
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The physical r e s t r ic t io n s  imposed by using a sim ple gripper as the t o o l ,  

(see  Figure 4 .5 b ) ,  produce the t r i v i a l  so lu t io n s  for th is  configu ration  

as:

<j> =■ a tan2 [ by , bx] (4 .52 )

The value of <j>, as b e fore , may be re -d e fin ed  by the base axes.

Wx - bx - l t C(|)CB (4 .53)

Wy = V l t S ^ C g  (4 .54)

Wz = bz+ltSg (4 .5 5 )

0 i| = tt- ( u)+&) (4 .56 )

05 = T (4 .5 7 )

I t  i s  p o s s ib le  to  combine any of w r ist  or secondary axes con figu rat ion  

with any of the primary axes configu rations shown in  Figure 4 .5 .  

Considering the four main types of primary axes co n fig u ra t io n s ,  the  

s o lu t io n s ,  are as fo l lo w s:

(i ) Anthropomorphic primary con figu ration

Parameters relevant to  the anthropomorphic robot are i l l u s t r a t e d  in  

Fiugre 4 .6d . The fo l lo w in g  are defined:

R-j2 = Wx2 +Wy2 (4 .58)
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R ^ + tW z - l ! ) 2 (4 .5 9 )R2£

= at an 2 [Wz- l 1 ,R-| 1 (4 .60 )

The value of the primary j o i n t s  are as fo llow s

r  . 2 _2 2 *]
l 2 +R2"1 3

»  PI oR o  J02 = t  -  arcos 21 2r2 (4 .61 )

83 = -  -  arcos

r 2 , 2 - 2  1 
j I2 -H 3-R 2  1
L  2I 2I 3 J

(4 .62)

However i f ,  as in  many c a se s ,  I 2 and I 3 are equal, s ig n i fy in g  equal limb 

le n g th ,  the s o lu t io n  s im p l i f i e s  to:

63 = tt - “ IS!arcs ( 4 . 6 3 )

02 = T" + ^
f 3
2 (4 .64 )

The value of parameters passed through the w r ist  point are:

(f> = <f> (4 .65 )

a) = 02+93  (4 .66 )

( i i )  Spherical polar primary con figu ration

The sp h er ica l polar con figu ration  i s  i l lu s t r a t e d  in  Figure 4 .6 c .
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Given:

R? = Wx2+Wy2 (4 .67)

The robot j o in t  parameters are as fo llow s:

Rs = [ R ^ ( W z - 1 1 ) 2 ] 2 (4 .68 )

es atan2 [Wy,Wx] (4 .69)

'I'S = -atan2 [Wz-l-j ,Rn] (4 .70)

The parameters passed through the w r is t  point are as fo llow s:

<t> = $ (4 .71)

ID = tt/ 2  + ips (4 .72)

( i i i )  C ylin d rica l polar primary con figu rat ion

The c y l in d r ic a l  polar con figu ration  i s  i l lu s t r a t e d  in  Figure 4.6b

The j o in t parameters are defined as fo llo w s:

RC = (Wx2 + Wy2 ) i  (4 .73)

8C = atan2 [Wy,Wx] (4 .74)

Zc = Wz (4 .75)
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The parameters passed through the wrist point are as follows

<t> = <t> (4 .76)

to = tt/ 2 (M.77)

( iv )  Cartesian primary con figu ration

The cartes ian  con figu ration  i s  i l lu s t r a t e d  in  Figure 4 .6a . The

primary j o in t  parameters are defined as fo llow s:

XL = Wx (4.78)

YL = Wy (4.79)

ZL = Wz

The w r ist  parameters are s e t  as fo l lo w s:

(4 .80)

1!-e- (4 .81)

to = tt/ 2 (4 .82)

The above equation s e t s  have been v e r i f i e d  by comparing the r e s u l t s  of  

the inverse  kinematic a n a ly s is  with esta b lish ed  techniques. For 

comparitive purposes the mathematical requirements of a s i x  dof 

mechanical arm are given in  Table 4 .2 .  The comparison takes on more 

s ig n i f ic a n c e  i f  the r e la t iv e  c o s t s ,  in  terms of processing tim e, of the
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va rio u s  fu n c t io n s  are taken  in to  a ccoun t. Th is  fa c to r  is  d iscussed  in

more detail in Chapter J .

4 .3 .4  Non-aligned Tool Frame

In the case of s i x  (or greater) dof arms, a to o l  that does not 

r e f l e c t  the co-ordinate  frame of the end e f fe c to r  can be e a s i l y  

accommodated. A to o l  whose frame co-ord inate  matrix i s  given by T can 

be incorporated w ith in  the frame transformation s e c t io n  of the robot 

c o n tr o l le r .  The to o l  con figu ration  i s  included as a s t a t i c  frame o f the 

form T”̂ .  Where for  a homogeneous matrix given:

nx °x ax Px

ny °y ay Py

nz °z az Pz
0 0 0 1

then:

nx ny nz -p .n

= Ox °y °z -p  .o

ax ay az -p .a

0 0 0 1

where represents the vector dot product.

(4 .83)

(4 .84)

4.4 DISCUSSION OF THE INVERSE KINEMATICS

There are a number of problems a sso c ia ted  with the a p p lica t io n  o f
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the inverse kinematic equations. These problems are of two types:

(i) Mathematical multiplicity of solutions.
(ii) Equation degeneracy.

Mathematical multiplicity refers to the fact that there is usually more 
than one configuration of the robot which will achieve a desired 
position and orientation of the end effector. These include such items 
as an "over" or "under" configuration of limbs two and three, and if the 
"shoulder" can reach back on itself, creating two base positions 180° 
apart. These ambiguities are either solved by restraining the inverse 
kinematic equations, or specifying configuration information when 
programming the robot. Another problem associated with mathematical 
evaluation, is the definition of rotary joints within the range ±180°. 
Unexpected motions of the robot may occur if the motion requires a 
change from +180° to +181. Instead the robot may rotate 359°, to -1 7 9 ° .  

This is a more difficult situation to anticipate and requires additional 
information relating to the continuity required of a motion.

The problems of equation degeneracy can best be described with 
reference to the Jacobian matrix; J. Solution degeneracy arises when 
the matrix J is non-invertable. Two cases arise:

(i) The manipulator is in a singular configuration. In this case
the determinant of J is zero and J cannot be inverted. This 
situation is dependent only on the configuration of the robot.

- 9 4 -



( i i )  The manipulator i s  redundant. In t h i s  case J i s  not square and 

again cannot be in v er ted . This s i tu a t io n  a r ises  when a 

manipulator has greater than s ix  d o f , or when manipulators are 

co-operating  in  a common space.

U.4.1 Manipulator S in gu lar ity

There are cer ta in  con figu ration s  of a manipulator that ape termed 

s in g u la r .  M athematically, s ingu lar  configurations represent a 

d isc o n t in u ity  in the r e la t io n s h ip  between j o in t  and base space.  

P h y s ic a l ly ,  s ingular  con figu rat ion s  represent p os it ion s  of the 

manipulator where two or more axes can achieve the same motion of the 

end e f f e c t o r .  This can be in terp re ted  as a form of redundancy, whereby 

there are more degrees of freedom than boundary co n d it io n s .  R elating  

s in g u la r i ty  to  the Jacobian, s in gu lar  configurations are determined when 

the determinant of the Jacobian i s  equal to  zero. Thus the Jacobian 

cannot be inverted  by c l a s s i c a l  means. D efining the robot configuration  

as C, and the s ingu lar  p o in t ,  Cs , then:

^s = C | Det(J)=0 ( M.85)

Singular p o s it io n s  can a lso  be r e la te d  to  s p e c i f i c  j o in t s  when the value 

of jo in t  i ;  0^, i s  given by:

= atan2 ( 0 , 0 ) (4 .86)

An example of a s ingu lar  c o n fig u ra t io n , a r ise s  with the simple gripper 

5 dof anthropomorphic rob ot, when the gripper ro ta te  ax is  i s  co linear  

with the base z a x i s .  The value of 0-| cannot then be defined  

e x p l i c i t l y .
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Another example i s  the RPR 3 dof w rist when the pitch j o i n t ,  65 i s  

equal to zero. In t h is  case parameters are p h y s ica lly  constrained such 

t h a t :

= ID = e ( 4 . 8 7 )

a = Q-j = <j> ( 4 . 8 8 )

where 0 and a are o r ie n ta t io n  parameters, e-j i s  the base r o ta t io n ,  and e 

i s  the constant defin ed . <

The value o f  04 i s  defined by:

9il = a ta n 2 (C aSg"?CgCa -.(j)S g ,C gS a_-(j) ) ( 4 . 8 9 )

S u b stitu tin g  the relevant parameters, for t h i s  arm geometry g iv en ,  

y ie ld s :

64 = atan2(CeSe -C£CoSe ,C£So) (4 .90 )

64 = a tan2 ( 0 , 0 ) ( 4 . 9 1 )

In t h i s  case a r o ta t io n  of 94 ach ieves the same e f f e c t  as ro ta t in g  05

The concept of s in g u la r i t y  can be expanded to  give a measure o f  the  

"quality” of control of a ro b o t.  Although abso lute  redundancy occurs at  

singular  p o in ts ,  there i s  a reduction  in c o n t r o l la b i l i t y  near , or 

approaching, s ingular  co n fig u ra t io n s .  Figure 4.7 shows the base j o in t  

demand/time r e la t io n sh ip  when a tr a je c to r y  passes near a s ingular  p o in t .

- 9 6 -



As the trajectory nears a singular point, the velocity demands increase 
drastically. Since a dof is in effect lost, the maneouverability of the 
robot is also reduced. These two factors combined constitute a 
reduction in the quality of control.

I t  has been suggested th at a measure of the q u a lity  to  be expected  

from co-ordinate  transform ation , i s  the condition  number of the 

Jacobian, [Daniel 1983]. The condition  number of the Jacobian C[J] i s  

defined as:

C[J]
Qm ax^^

°m in^3
(4 .92)

where a[J] is a singular value of J, defined as the positive square 
roots of the eigenvalues of JJT.

The value of the con d it ion  number g ives information on the j o in t  

torques required of a given ta s k ,  and the smoothness of c o n tro l .  Daniel 

has produced isom etr ic  maps of the condition  number in v erse ,  a g a in st  the 

working volume of the rob ot. Areas of low or zero value in d ic a te  the 

worst con d it io n s ,  values of high or one, the best co n d it io n s . I t  i s  

suggested that reference to  th ese  maps would provide valuable

inform ation concerning the robot path and arm con figu rat ion s .

The programmer should attempt to  avoid singular p o s it io n s  when 

evaluating  a robot t r a je c t o r y .  I f  a tr a je c to r y  nears a s in gu lar  

configu ration  the ex ce ss iv e  j o i n t  demands can be accomplished w ith in  the  

control stru ctu re  as d iscussed  in  Chapter 7. However there e x i s t  smooth
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trajectories in base space near to singular positions where C[J] becomes 
so large that jittery motion will take place no matter how slowly the 
arm is programmed to move.

One s o lu t io n  to the problem of s in g u la r ity  i s  to incorporate  

redundancy in to  the m anipulator. That i s  to use manipulators with  

greater than s i x  dof where the ad d ition a l d o f  i s  not a simple a d d it ion a l  

motion of the base. This i s  the technique that the human arm uses to  

avoid s in gu lar  p o s i t io n s .

4 .4 .2  Manipulator Redundancy

The method commonly adopted to  so lv e  the inverse  kinematic equations  

for a redundant manipulator, i s  the method of Generalised In v e rse s .  

Considering the Jacobian and Equation (4 .12):

X = J (e )e  (4 .9 3 )

The g en era lised  in verse  o f  J i s  every matrix G which s a t i s f i e s  the 

equation , [C o if fe t  1981]:

JGJ = J (4 .94 )

Equation (4 .93) can then be w r itten  as:

0 = GX (4 .95 )

One form of the gen era lised  in verse  i s  that of P r in c ip le  V ariab les .  The 

a t tr a c t io n  of t h i s  so lu t io n  i s  i t s  s im p l i c i t y .  I t  involves  holding sane
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variable or variables fixed. The generalised inverse is obtained by 
taking a submatrix of J; J3, where J3 is square. This involves 
extracting vectors from J to leave Js. The vectors extracted refer to 
the principle variables to be held constant. The generalised inverse is 
then obtained by inverting J3 and substituting for the variables held 
constant.

An example of the use of p r in c ip le  variab les i s  for  a redundant 

manipulator required to  work in  confined spaces . Aspragathos,

[Aspragathos 1983], i l l u s t r a t e s  t h i s  technique for a f iv e  dof primary 

a x is  arm which i s  two fo ld  redundant. The arm i s  required to  work

w ith in  a to ro id a l w orkstation , access  to  which i s  v ia  a small port. The 

task  of approaching, and en ter in g  the workstation i s  divided in to  

various phases dependent on current p o s i t io n .  For each phase, s p e c i f i c  

p r in c ip le  var iab les  are held constant allow ing so lu t io n  of the inverse  

kinem atics. Thus the manipulator i s  co-ordinated to  allow complete 

passage in to  the w orkstation .

Since an infinite number of generalised inverses exist, it becomes 
possible to choose a solution which minimises some specific criterion. 
A quadratic technique often employed is that to minimise some criterion 
C, where:

C = ^ 1 T w i

where W i s  a square, p o s i t iv e  w eighting fu n c t io n .

(4. 96)
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I t  can be shown that the s o lu t io n  to  Equation ( 4 . ? ? ) , (found through 

the use of Lagrange m u l t ip l i e r s ,  [Fournier 1980]), given by:

0 = V T 1J T ( j W 1J T r 1X ( 4 . 9 7 )

In this case the generalised inverse G is defined as:

G = W'?1J T (JW"r1J T ) ‘ r1 ( 4 . 9 8 )

A s p e c i f i c  use of the w eighting  fu nciton  i s  the unit m atrix , I .  

Using I as the w eighting fu n c t io n ,  minimising C represents the 

minim isation of the Euclidian norm of the j o in t  a r t ic u la t io n :

C = \  8 2 ( i t .99)

Or, considering  the incremental motion of each j o i n t ,  60j_ for an n l in k  

manipulator:

1 n -  2C = -r I  A0 i  ( 4 . 1 0 0 )
1 = 1 .

This minimises the displacement of each j o i n t .

This technique has been employed for the control of a dual 

manipulator system performing co -op era tive  ta s k s ,  [Brooks 1982]. Brooks 

considers a combined g en era lised  in v e r se ,  and kinematic a n a ly s i s .  This 

in vo lves  using the gen era lised  inverse  to  s p e c ify  c er ta in  j o i n t s ,  and

using inverse kinematics to solve the remaining joints. This has the
- 1 0 . 0 -



advantage of eliminating the positional errors associated with the use
of the Jacobian alone.

U.4 . 3 Matrix Inversion
The inversion of matrices using classical mathematics is problematic 

for two reasons. First; the process of inverting a matrix is
mathematically, and computationally intensive. (Since the Jacobian is a 
funciton of arm configuration it must be re-evaluated at frequent 
intervals). Secondly; the Jacobian often has a number of elements which 
are zero or approaching zero. These can cause ill-conditioning of the 
determinant, and inversion degeneracy. Therefore a number of methods 
have been proposed to facilitate the inversion of the Jacobian matrix:

( i )  The storage of sev era l  pre-computed Jacobian inverses  -

[Whitney 1972], [Horn 1977]. This method c o n s is t s  of

generating a ta b le  o f  Jacobian inverses  as a fu nction  o f j o in t  

parameters. A s p e c i f i c  inverse  J ^ ,  i s  evaluated by 

in ter p o la t in g  between values obtained from the t a b le .

T ra d it io n a l ly ,  the major disadvantage of th is  method i s  the 

number of values that must be s to r ed .  However t h is  i s  becoming 

l e s s  of a problem as low c o s t ,  rapid memory storage becomes 

commercially a v a i la b le .

( i i )  The Jacobian/Jacobi an in verse  r e la t io n s h ip ,  [Renaud 1979]. 

This method c o n s is t s  of in vertin g  the matrix once, at time 

zero . Subsequent in v erses  are then ca lcu la ted  by means o f  the  

re la t io n sh ip :
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t  + 6 t J'-’ t (2 I -J t+6tJ ' 1t ) (4 .101 )J-1

where the su b scr ip ts  refer  to  tim e, and I i s  the unit m atrix.

( i i i )  Recursive technique to  so lve  s p e c i f i c a l l y  for the 

pseudo-inverse; J*. The pseudo-inverse provides a s o lu t io n  

which minimises the Euclid ian  norm of movements, £69j_2 

mentioned p r e v io u s ly .  D efin ing a sub-matrix of J , where the 

su b scr ip t  r e fer s  to the f i r s t  k columns of the Jacobian, a 

recursive  r e la t io n s h ip  e x i s t s  r e la t in g  J^*, and Jk*-o [G r e v i l le  

I9 6 0 ]:

(4.102)

(4.103)

where j k i s  the k th  column of the Jacobian J .

The i n i t i a l i s a t i o n  o f the algorithm i s  based on the f i r s t  

column of J . The value of J-j* i s  determined as fo llow s:

i f  

i f

i i  = o T *  1̂ = 0T

J.1 *  o T *  J 1
.T . , .T  • \ = J.1 /  (J 1 J 1) (4.104)

J k = J k
#
-1 - Dk Bl

*1
and Dk T *= Jk - 1 Ak

Ck -  A k ' J k-1 Dk

i f Ck * 0 T
; -  c £ / c £ c k

i f c k = 0 T
; B i
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Thus, having determined Ĵ * the subsequent pseudo-inverses 
can be obtained by the recursive relationship of Equation 
(U .102). The form of the pseudo-inverse once evaluated can be 
applied continuously in the control of the manipulator, 
updating only the elements which are a function of
configuration.

The robot controller, developed in this thesis, does not at present 
control redundant manipulators. However the philosophy employed is 
designed to allow inclusion at a later stage, if required.

4.5 DERIVATIVE MOTION 

4,5*1 Introduction
Considering the general fam ily  of "manipulators” , the open loop  

chain can be considered as a s e t  of kinematic l in k s ,  each w ith  an 

a sso c ia ted  d r iv e ,  (motor). Furthermore i t  i s  p o ss ib le  to  d is t in g u ish  

three  basic  groups of manipulators by considering a c la s s i f y in g  equation  

r e la t in g  the kinematic l in k s  and motors of the manipulator, 

[Kalabin 1978]. The c la s s i f y i n g  fa c to r  X i s  id e n t i f ie d  as fo llow s:

X = i = 1, 2 . . .  n (4.105)

where i s  the number of degrees o f  freedom of the ^-th element of the 

open loop chain (r e la t iv e  to  the base element); i s  the number of

degrees of freedom of the element contain ing the motor which drives  

element i ;  n i s  the number of degrees of freedom of the manipulator.
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The th re e  main c la s s i f y in g  groups are as fo l lo w s :

( i )  X<1: This in fer s  that the motor i s  on the element being driven

(X=0), or even that the motor i s  attached to  an element having  

greater m o b il ity  than the element driven by the motor. (As for  

example in  some types of excavator, where the motor powering 

the c a te r p i l la r  drive i s  contained in a tower which can r o ta te  

r e la t iv e  to  the v e r t ic a l  a x i s ) .  For manipulators, t h i s  type o f  

kinematic chain i s  not used in  p ra c t ic e .

( i i )  X= 1 : This in fe r s  that the motor element i s  connected d ir e c t ly

w ith the element being driven (e ith er  d ir e c t ly  or v ia  

tr a n sm iss io n s) .  This o ften  means that the actuating  element i s  

driven by a motor (and reduction  u n it)  incorporated d ir e c t ly  in  

the moving j o in t  of the manipulator (cf Cincinnati Milacron 

T 3 ) .

( i i i )  X>1 : This in fe r s  that the motor i s  attached to  an element

having l e s s  degrees of freedom than the element of the 

kinematic pair being driven by i t .  Transmission of the motion 

i s  provided by various types of mechanisms, v ia  the j o in t s  of  

open loop chain . (In the particu lar  case where X=i then the  

motor i s  housed in  the base elem ent). I t  i s  th is  c la s s  of 

manipulator which experiences d er iv a tiv e  motion.

D erivative  motion i s  the term given to  the motion of a s p e c i f i c  a x is  

which occurs as a r e s u l t  of the motion of some other a x is ,  (or a x e s ) .  

The phenomenon i s  l in e a r ly  independent. For example i f  the motion o f
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ax is  four i s  d e r iv a t iv e ly  lin k ed  to axes one, two and th ree , then i t  i s

p o ss ib le  to  look at the d er iv a t iv e  motion due to each ax is  s ep er a te ly .  

Each d e r iv a t iv e  motion can be added to  y ie ld  a to t a l  d er iva tive  motion. 

The phenomenon of d er iv a t iv e  motion c o n s t itu te s  a s e t  of l in e r  

equations, e a s i l y  shown in  matrix form.

I t  i s  usefu l here to  d iscr im inate  between two major forms of 

d er iv a t iv e  motion; planar tran sm iss ion , and d i f f e r e n t ia l  gear.

Planar transm ission i s  the term given to  the tran sfer  of motion

through an arm v ia  each j o i n t .  The transm ission mechanism can be gear 

(C incinnati Milacron; T3 746), d is c  and rod (ASEA; IRb 6 r o b o t) ,  or 

c h a in /b e lt  (IC, Hitachi PW10II ro b o t) .  The use of gear, chain , or b e lt

allows a reduction between the j o i n t s ,  the d isc  and rod n e c e s s i ta te s  a

1:1  r a t io  between the j o i n t s .

Considering the motion of gears as i l lu s t r a t e d  in  Figure 4 .8 a , the 

d er iv a t iv e  motion of gear 0q i s  defined as the change in  angular

o r ie n ta t io n  of gear 2 r e la t iv e  to  the connecting l in k  1 :

0O = z A 0 i  = z C O j / - ^ )  ( 4 . 1 0 6 )

Where 0̂  i s  the absolute  angular o r ien ta t io n  of the connecting l in k  

between gears 1 and 2 . A©i i s  the change in  angular o r ien ta t io n  o f  the 

l in k ;  z i s  the r a t io  of gear tee th :

Z1
z = —  (4.107)z2

Gear 1 i s  assumed held  f ix e d  in  space .
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Considering the motion o f  axes linked by chain, as i l lu s t r a t e d  in  

Figure 4.8b. The equation of the derived motion i s  as fo llow s:

0D = -zA0 j[ = (4 .108)

where as before 0  ̂ i s  the absolute  value of the angular o r ien ta t io n  of 

the connecting l in k ; A0j_ i s  the change in  o r ien ta t io n  of the connecting  

l in k ;  z i s  the r a t io  of sprocket tee th :

Z 1
z = —  (4 .109)

z 2

The negative  s ign  r e f l e c t s  the f a c t  that the r o ta t io n  of sprocket 2 i s  

in  the opposite  d ir e c t io n  from the motion of the connecting l in k .

Equation (4.108) i s  a lso  that which app lies  to  the d isc  and rod 

arrangement. This can be considered as the s p e c i f i c  case of the chain  

transm ission  with the gear r a t io  between each j o in t  equal to u n ity .  

This has the in t e r e s t in g  e f f e c t  of re ta in in g  a f ix e d  abso lu te  

o r ie n ta t io n  in  space for an element of a robot. Thus a kinematic  

configu ration  which employs t h i s  form of transm ission arrangement could  

be used to  reduce the number of driven degrees of freedom required of a 

manipulator. By using on ly  three  degrees of freedom and the  

transm ission mechanism d iscussed  above, a large  working envelope in  3*^0 

space can be achieved with a f ix e d  o r ien ta t io n  of the end e f f e c t o r .  

This would have numerous a p p lic a t io n s  in ,  for  example, pick and p la ce ,  

or sim ple d r i l l in g  a p p l ic a t io n s .
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D if f e r e n t ia l  gear d er iv a t iv e  motion i s  that form of motion most

often  experienced in w r ist  assem blies . Consider Figure 4.9a; the 

assembly comprises a common l in k ;  1, gear 1 and gear 2. The input 

parameters are 9j_-| and The physical output parameters are e0 i and

eo 2 . The relevant kinematic r e la t io n sh ip s  are as fo l lo w s ,

[Mizutani 1 9 8 1 ]:

0ol = 9i -j (4 .100)

9o 2  = a 0o r ?b0o2 (4 .111)

wher e :

a = r  ̂-|/ro2  (4 .11  2 )

b -  pi2 ^ r o2

Thus the output 90 -| i s  dependent only on 9j -j whereas 0O2 depends on 

both 9^1 and 9^ .  This can be expressed more su c c in c t ly  in  matrix form. 

(Which co n st itu es  a sub m atrix of the o v e ra l l  d er ivative  motion matrix  

discu ssed  l a t e r ) .

1oCD(__ = "  1 0 e i 1

1 CD o t\> 
' a ~b ^ .  0 i  2 .

In fa c t  in  equation (4.113) 0O-| and 9j_-j are id e n t ic a l ,  however i s

the input from the drive and 0O-| i s  the output to  the load .
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Another w r ist  assembly commonly met, i s  i l lu s t r a t e d  in Figure 4.9b. 

In t h is  case input i s  v ia  two bevel gears; 0jj and 6^2 ; output a3 

before i s  0O  ̂ and 0O2 . In t h i s  case the d er iva tive  mution matrix i s  :

9o 1 = a/ 2 a/ 2  ‘ 9i 1

OJ0CD
__

1  ̂ -b / 2 b/ 2  < . 9i 2 .

Again: a = r ^ / r ^  , b = r i 2 / r o2

However for co-ordinate  transform ation the inverse  of the above 

equations are more important, in  that for s p e c i f i c  ouput angles i t  i s  

required to  evaluate  the motions of the input an g les .

Thus in v er tin g  the d e r iv a t iv e  motion matrix for s in g le  l e v e l  

arrangement y ie ld s :

9i 1 1 b 0

1
CD O

■

. 9i 2 . b . a . 9o2 .

S im ilar ly  for  the double l e v e l  arrangement:

9i1 2 b /2 - a /2  ’ 9o1

. 9i2  . a .b b /2 a /2  _

—
1OJ0CD

__
1

4 .5 .2  A nalysis Sequence for  the Total D erivative  Motion Matrix

Using the IC robot as an example the t o t a l  d er iva tive  matrix w i l l  be 

determined. The basic  r e la t io n s h ip  for the planar transm ission  

d er iv a t iv e  motion i s  as fo l lo w s:
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0D , i j Ki j Aej ( 4 . 117)

where: 0D>y  -̂3 the d er iv a t iv e  motion of jo in t  i due to  the motion of 

jo in t  j ;  Kjj i s  the in verse  o f  the gear r a t io  of the transm ission medium 

(gears or chain) between j o i n t  i  and j ;  A0j i s  the change in angle of  

jo in t  j .

Denoting A0rj as the required change in  angular p o s it io n  of j o in t  j 

in  space and A0aj as the ac tu a l change of angular p o s it io n  as seen by 

the drive motor, then a s e r i e s  of equations can be obtained. The ta b le  

i s  s im p li f ie d  i f  there i s  no r e la t io n s h ip  between axes. In t h i s  case K 

i s  equal to  zero . This u su a lly  occurs when j > i  except for axes 4, and 5 

where the e f f e c t  of d i f f e r e n t ia l  gear d er iv a tiv e  motion occurs. Thus, 

for the Imperial College robot:

A0a 2 = K22A0r2

A0a  ̂ = ^32A0a 2 + K33A0r 3 (4 .118)

A0a 4 = K42A0a2 + ^43^0a3 + K 4 jq A0̂ » 4 + K^A©^

A0a5 = ^52A0a2 + ^53A0a3 + K^jjA © ^ + K^5A0r 5

which on s u b s t i tu t in g  for  the 8a 's  on the r ig h t  handside, and configured  

in  matrix form, y ie ld s :

0a 2 k 22 0 0 0 er 2
A 0a3 = K32k 22 k 33 0 0 A er 3

0a4 k42k22+k43k32k22 k43k33 K44 K45 0r 5

. ea5 . . k52k22+k53K32k22 k53k33 K54 k55 . . er5 .

(4.119)
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As s ta ted  above the value o f  Kjj i s  the inverse  of the gear r a t io  

between i and j except for the in terd ep en d en ce  of axes four and f i v e .  

The constants for j o in t s  four and f iv e  can be determined from equation  

(4 .1 1 3 ) ,  s u b s t i tu t in g  the re lev a n t  parameters:

A

r
3̂-aCD

1

1 b 0

1.=rc.
CD

1 ___

. ea5 . b _ a -1

---1inCD
__

1

(4 .120)

where 9 a j  i s  the actual r o ta t io n  of the drives at the w r is t ,  th ese  being  

o r ien ta ted  in  the same plane as j o in t s  two, and th ree .

Thus in  Equation s e t  (4 .119);  K44 = 1

k 45 = 0 
K54  = a /b

K55  = -1 /b

Note that in  a l l  other cases K n  = 1

(4 .121)

The other matrix elem ents can be obtained from the chain and gear

.03 , and have the :

OJm = - 0 . 180517

K42 = - 0 . 024244

K52 = - 0 . 024244

K43 = - 0 . 089536

k53 = - 0 . 089536

K54 = -1

K55 = -1

(4 .122)
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The s ign s  r e f l e c t  the r e la t iv e  motions of the j o i n t s .  However to  

determine the motion of each j o in t  required to compensate for the 

d er iv a t iv e  motion, the n egative  value of a l l  non-diagonal elements must 

be taken. S u b stitu tin g  the above constants in to  equation (4.119) and 

negating a l l  non-diagonal e lem ents, y ie ld s  the fo llow in g  d er iv a t iv e  

compensation matrix for the Imperial College robot:

ea 1 " 1 0 0 0 0 " er 1
0a 2 0 1 0 0 0 0r 2
0a3 = 0 0.180517 1 0 0 A er3
0a4 0 - 0 . 0 0 8 0 8 2 0.089536 1 0 0r5

. ea5 . _ 0 - 0 . 0 0 8 0 8 2 0.089536 1 - 1  _ .  er5 .

(4 .123)

The j o in t  parameter 0-j has been added for completeness, but does not

contr ibu te  to  any d e r iv a t iv e  motion. The above matrix must be 

eva lu ated , a f ter  co-ordinate  transform ation , to  determine the jo in t  

values for  servo co n tr o l .
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Figure 4.4 Three dof Wrist Parameters
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Figure 4 . 5 Two dof Wrist Parameters
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(a) Cartesian (b) Cylindrical Polar

(c) Spherical Polar

/

(d) Anthropomorphic

Figure 4.6 Primary Axes Parameters
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(a) Gear Transmission

(b) Chain Transmission

Figure 4.8 Planar Derivative Motion
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(a) Two Bevel Gear Arrangement

(b) Three Bevel Gear Arrangement

Figure 4.9 Differential Gear Mechanisms
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Link Variable a 1 d

1 01 90° 0 0

•2 02 0° 12 0

3 03 0° 0

4 04 -90° 14 0

5 05 90° 0 0

6 06 0° 0 0

Table 4.1 Link Parameters fo r  the S ix  dof Robot
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ARITHMETIC

FUNCTION
PRMR

INVERSE KINEMATIC 

MATRIX

TECHNIQUE

GEOMETRIC

Arctangent 9 6 6

Sine/Cosine 14 27 (14)* 19 ( 8 )*

Multi p iy /D iv ide 126 38 27

Add/Subtract 78 21 18

Square Root 1 1

*Refers to  the minimum number of tr igonom etric fu nctions that must be 

evaluated

Table 4 .2  Arithmetic Requirements of Inverse Kinematics
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5 TRAJECTORY GENERATION

5.1 TRAJECTORY REQUIREMENTS

The motion of a robot i s  determined by a s e r ie s  of paths in  sp ace ,  

whether in workspace or j o in t  space . Mathematically a path i s  a 

fu n ction  of a s in g le  normalised parameter; s ,  the amount of path 

traversed . Considering workspace there are two assoc ia ted  paths, one 

perta in ing  to p o s i t io n ,  the other to  o r ie n ta t io n .  In j o in t  space there  

i s  only one path r e la t in g  to  the j o in t s  of the robot. A robot 

tr a je c to r y  a lso  includes v e lo c i t y  and a cce le ra t io n  information r e la t in g  

to  the path.

The task  of tr a je c to ry  gen era t ion , ir r e sp e c t iv e  of the tr a je c to ry  

co-ord inate  space, can be subdivided in to  two d is t in c t  modules:

( i )  Path or Vector P r o f i l in g .  This module of tr a jec to ry  

s p e c i f i c a t io n  produces referen ce  values of the path parameter; 

s .  The referen ce  values are determined with resp ect  to  

v e lo c i ty  and a c c e le r a t io n  c o n s tr a in ts .

( i i )  The transform ation of the referen ce  values; s ,  in to  s p e c i f i c  

in ter p o la t io n  poin ts  along the path. The in ter p o la t io n  points  

can be in  any of the robot space systems introduced in  Chapter 

3, (frame, base , j o i n t ) .  I f  a j o in t  space system i s  used, the  

in ter p o la t io n  poin ts  can be given as demand input d ir e c t ly  to  

the servo control a lgorithm s. I f  any other space system i s  

used, then the in te r p o la t io n  points are input parameters for  

subsequent transform ation a lgorithm s.
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Expanding point (ii) above, if one considers work space trajectory 
generation, then within the control hierarchy of the robot controller 
the tasks of trajectory generation and joint servo control are seperated 
by frame transformation, co-ordinate transformation, and compensation 
for derivative motion. The two tasks are however closely coupled in two 
ways:

(i) If the robot is physically orthogonal, (as for a simple 
cartesian robot), the task of trajectory generation, and 
interpolation, reflects the actual positional requirements of 
the joints themselves. This is also true if a non-orthogonal 
robot is programmed in a point-to-point mode of path 
generation;

(ii) For the majority of tasks, (excepting trajectories through 
singular points), the time dependent shapes of trajectories in 
work space see similar path shapes at the joint trajectory 
level, and hence servo control level. Figure 5.1 illustrates 
this point by showing the continuous nature of the robot joint 
demands for a straight line, continuous motion, in base space. 
Therefore, the control of accelerations and velocities of 
trajectories in work space will also control the accelerations 
and velocities in joint space.

In the machine tool industry, the vector profiling, and interpolation 
techniques currently employed are usually the one of the following:
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( i )  Reference-Pulse in t e r p o la t io n ,  [Koren 1981],

( i i )  Reference-Word in te r p o la t io n  (A ltern a tiv e ly  known as 

Sampled-data in t e r p o la t io n ) ,  [Masory 1982].

The basic  d if feren ce  between th ese  two methods of in terp o la t io n  r e f l e c t s  

the way in  which the referen ce  values for each in terp o la t io n  ax is  are 

generated. In R eference-Pulse  in te r p o la t io n ,  a sequence of reference  

pulses i s  generated for  each a x is  of motion, each pulse representing  a 

motion of one b asic  l e n g th -u n i t ,  (BLU), of co-ordinate t r a v e l .  With the  

Sampled-Data technique the referen ce  value i s  generated as a binary  

word.

All Reference-Pulse in te r p o la t io n s  are based on an i t e r a t iv e  

technique con tro lled  by an in terru p t c lo ck . At each in terru p t ,  a s in g le  

i t e r a t io n  of the in te r p o la t io n  rou tin e  i s  executed, which in  turn can 

provide an output pulse th at in creases  the co-ordinate demand referen ce  

by one BLU. Therefore the maximum a tta in a b le  v e lo c i ty  or co-ord inate  

demand, i s  in v e r se ly  proportional to  the execution time of a s in g le  

i t e r a t io n ,  coupled with the ad d ition a l control functions carried  out by 

the p rocessor .

With Reference-Word in te r p o la to r s ,  there  i s  no r e s t r i c t io n  on the 

maximum v e lo c i ty  demand of an a x i s ,  but the in terpolator  algorithm i s  

more complex than that required o f a Reference-Pulse in ter p o la to r .

The actual in ter p o la t io n  algorithms are based on a two dimensional 

grid  of BLU mesh. Separate algorithms for  l in e a r ,  [Bresenham 1965], and 

conic  s e c t io n s ,  [P ittew ay 1967], eva lu ate  the combination of X and Y BLU
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movements to  best ach ieve the  d e s ire d  s p a t ia l  pa th . One d i f f i c u l t y  w ith

t h i s  form of in terp o la t io n  technique i s  the correction  for v e lo c i ty  

d if fe re n c e s  when both an X and Y motion takes place s im ultaneously [Toko 

1979].

5 .2  VECTOR PROFILING

The term vector p r o f i l in g ,  as used in  t h i s  t h e s i s ,  r e fers  to  the  

r e la t io n s h ip  between the amount of path traversa l and tim e. The path 

tr a v ersa l  s p e c i f i e s  a d is tan ce  along a path, ir r e sp e c t iv e  of the actual  

s p a t ia l  form of the path. As s ta te d  p rev iou sly , the vector p r o f i l e  can 

be defined with respect to  any o f the space systems relevant to  

r o b o t ic s .  The d e f in i t io n  of vector p r o f i l in g ,  which bests  allows  

comparison, i s  the vector v e lo c i ty / t im e  r e la t io n s h ip .

To evaluate  the physica l response of the robot for various v e lo c i t y  

p r o f i l e s ,  i t  i s  best to  compare the p r o f i le s  generated in  j o in t  sp a ce .  

Mujtaba, [Mujtaba 1977], has compared the response of various v e lo c i ty  

p r o f i l e s  in  j o in t  space, inc lu d in g  l in e a r ,  c o s in e ,  polynomial, and 

c r i t i c a l l y  damped p r o f i l e s ,  (s e e  Figure 5 .2 ) .  The research showed that  

the l in ea r  v e lo c i ty  p r o f i l e  executes a given vector at l e a s t  ten percent  

fa s te r  than the more complex p r o f i l e s  . (A c r i t i c a l l y  damped p r o f i l e  i s  

three times s lo w er) .

I f  the robot i s  to execute a continuous path motion, vector  

p r o f i l in g  i s  best carried  out before frame or co-ordinate  

transform ation . This ensures matching of servo commands in  j o in t  space .
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To execute vector p r o f i l in g  for  a continuous path in jo in t  space,

requires some degree of pre-processing  of the work space path, to  

determine the assoc ia ted  j o in t  space paths of the constitu en t axes.  

These paths would then req u ire  synchronisation  to ensure the correct  

work space tr a je c to r y .  I t  i s  simpler to  p r o f i l e  the vector in  work 

space prior to  co-ordinate  transform ation . This i s  the technique

employed in t h is  t h e s i s ,  in  conjunction with l in ea r  p r o f i l in g  o f the

v e lo c i ty  demand.

The major disadvantage of p r o f i l in g  in  work space, i s  the 

discontinuous nature of the co-ordinate  transformation near s in gu lar

p o in ts .  This disadvantage can however, be overcome by monitoring the  

j o in t  servo commands. This i s  d iscussed  in  more d e ta i l  in Chapter 7.

Another consideration  in  tr a je c to r y  generation , i s  the number of

in ter p o la t io n  points required along the path to  achieve a d es ired  

accuracy of planned motion. This i s  r e f le c te d  in  the frequency o f  

update of the path t r a v e r s a l .  Taylor, [Taylor 1979], suggests  the use 

of bounded dev ia tion  paths. This method generates a number of ’’knot '1 

p o in ts ,  which r e le c t  the s u c c e s s iv e  p o s it io n s  along a path where 

co-ordinate  transformation i s  required . By executing j o in t

in te r p o la t io n  between the s p e c i f i e d  knots, a path i s  evaluated w ith in  

pre-defined l im it s  of accuracy. However, as with vector p r o f i l in g  in  

j o in t  space, an ammount of pre-processing  i s  required . The bounded 

d ev ia tio n  path algorithm eva lu ates  the d if feren ce  between the desired  

path, and j o in t  space in ter p o la ted  p o s i t io n ,  at the midpoint between 

knots. I f  the d if feren ce  exceeds the desired accuracy, an ad d it ion a l

knot point i s  placed at the m idpoint. The algorithm i s  then applied
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r e c u r s iv e ly .  E v e n tu a lly  the  pa th  i s  d e fin e d  by a s u f f i c ie n t  number o f

s p e c i f ie d  knots to  execute j o in t  in ter p o la t io n  between the knots, w ith in  

the accuracy requirem ents.

As with jo in t  space vector p r o f i l in g ,  the computational overheads 

a sso c ia ted  with the p re-p rocessin g  requirements of the algorithm, makes 

i t s  use as an o n - l in e  system exceedingly  time consuming. O f f - l in e  

processing  could be used, however the required robot path must be known 

in  advance. One of the aims of th is  project was to construct a 

tr a je c to r y  generation  system that i s  adaptive , in  the sense  that changes 

in  the required path can be accommodated o n - l in e .  Therefore, the system  

devised incorporates tr a je c to r y  generation  which provides a referen ce  

word update at each transform ation loop tim e. The reference-word; (1 ) ,  

s p e c i f i e s  the d istance  to  be traversed  during the subsequent 

in te r p o la t io n  and transform ation algorithm execution time; (t-p).

One of the major tasks of the vector p r o f i l in g  algorithm , i s  to  

determine the d ece lera t io n  p r o f i l e .  This i s  to  provide a decreasing  

s e r ie s  of v e lo c i ty  demands to  enable a smooth approach to  the  

d es t in a t io n  p o s i t io n .  This l e s s e n s  the impulsive e f f e c t  on the  

mechanical system, reducing o s c i l l a t i o n  about the f in a l  p o s i t io n .

Refering to  the p r o f i l e  i l l u s t r a t e d  in  Figure 5 .3 , a. period o f of  

a cce lera t io n ; ( t a c c ) ,  i s  fo llow ed  by a- period of contant v e lo c i ty ;  

( t c v ) .  This in  turn i s  fo llow ed by a period of deceleration; ( t(jCQ)•

The point at which to  commence d ece lera tio n  can be determined e ith e r  

w ith reference  to  tim e, or b e tter  with reference  to  d is ta n c e s .  As
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d isc r e te  fu n c t io n s ,  the fo l lo w in g  lengths are defined:

k=kacc

Lacc = E I t  (5 .1 )

t=o

t= tdcc

Ldcc = E (5 .2 )

t=o

t= t

Lt -  S I t  (5 .3 )

t=o

t=T

Lt = l  l t  (5 .4 )

t=o

Where La c c , h^0Q are the len gth s  required to  acce lera te  and d e c e le r a te ,  

i s  the path tra v ersa l  at time t;  Lf i s  the to t a l  d istance  covered 

when executing a s p e c i f i c  tr a je c to r y ;  and 1  ̂ i s  the ref  erence-^length at  

time t .  The terms Lacc and L^QQ can be evaluated beforehand for  a known 

v e l o c i t y .

The point at which to  commence d ece lera t io n  i s  when:

hdcc “ L-p ■=• (5 .5 )
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For symmetrical velocity profiles, the term L̂ cc can be replaced by 
Lacc• This can then be determined on line.

For any spatially symmetrical profile (PTP, linear, circular) the 
total vector length can easily be determined. Given a parametric form 
of a vector r, such that:

r = f ( t * )  (5 . 6 )

where f ( t * )  i s  some fu n c t io n -o f  the parametric var iab le  t* .  Then the 

s p a t ia l  length  of the path (L̂ O i s  given by, [Kreysig 1979]:

L'p

t*=finish •
(r.r)i dt 

t*=start
(5 .7 )

where r . r  i s  defined by:

r .r 2 X . 1 23t* | +
2

However, the form of the integral is too complex to evaluate for 
ellipses and cubic splines in real time. There is also the fact that 
the actual, and executed reference-*word lengths are not necessarily 
equal. Therefore the technique developed, by the author, for the 
current project, involves the evaluation of the linear distance, L, 
between the present and required finishing point:

L = | x.t - xT |
i

= C(xt  -  xT) 2 + ( y t  -  yT) 2 + ( z t  -  zT) 2 ] 2 ( 5 . 9 )
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where xt , x-p are the current and f in a l  p o s i t io n s .  This d e f in i t io n  of L 

app lies  providing the t o t a l  path length  allows the required o r ien ta t io n  

changes to be achieved. I f  they cannot be accomplished in the time 

defined by L-p then:

L = | ' 7 top* | max ( 5 . 10)

where the su b scr ip ts  again r e fe r  to  the current and f in a l  values of the 

maximum o r ien ta t io n  parameter change. The com patability  of x and uj 

r e l i e s  on the fa c t  that they are defined in  s im i la r ly  sca led  u n its .

Thus the point at which d e c e le r a t io n  should commence i s  given when:

^dcc  ̂ k (5.11)

For a s p e c i f i c  d e c e lera t io n  p r o f i l e  there i s  a f ix e d  r e la t io n s h ip  

between 1 and L. For l in e a r  d ece lera t io n

1 = k L ( 5 . 12)

where the constant k:

0 < k < 1 (5. 13)

Thus as the robot approaches the f in i s h in g  p o s i t io n ,  the v e lo c i ty  w i l l  

approach zero .

- 1 3 1 -



This technique w i l l  a lso  correct for the fa c t  that the time at which 

d ece lera tio n  should commence w i l l  often occur between su ccessive  loop  

tim es. The actual d ece lera tio n  p r o f i le  using th is  technique i s  

i l lu s t r a t e d  by the broken l i n e  in  Figure 5.3»

5.3  INTERPOLATION

The robot path can be defined with respect to  a number of l e v e l s  of 

co-ordinate space . The l e v e l  of the space gives an in d ica t io n  o f  the 

amount of transformation th at i s  necessary in  order to  provide the  

im p l ic i t  robot j o in t  demands. The robot j o in t  space, defined as l e v e l  

0, requires no transform ation . Level 1 i s  base space, req u ir in g

co-ordinate  transform ation . Level 2, frame space, requires ad d it io n a l  

frame transform ation .

In l e v e l s  one, and above, the method of defin ing  the space 

parameters can a lso  vary. Paul, [Paul 1979], suggests  the d ir e c t  

in ter p o la t io n  of the homogeneous m atrices describ ing the s t a t e  o f  the 

end e f f e c t o r ,  such that:

[H]t  = f ( l )  A[H] + [H]0 (5 .14 )

where [HÛ  i s  the co n fig u ra tio n  at time t;  [H]0 the co n figu ra tion  at 

t=o; a[H] i s  the to t a l  change in  con figu ra tion  along the tr a je c to ry ; and 

f ( l )  i s  a fu n ctio n  o f the tr a je c to r y  parameter 1 .
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Taylor, [Taylor 1979], su ggests  a s im ilar  mechanism based on 

quarternion rep resen ta tion  of the end e f f e c t o r .

The technique devised by the author for the present p r o je c t ,  

involves  the in ter p o la t io n  of the p o s it io n  and o r ien ta t io n  vectors  

d ir e c t ly  (x and oj r e s p e c t iv e ly ) ,  whereby:

i t  = x (1) 1 + xt „ ,  (5 .15 )

i£t = a i d )  1  + ( 5 . 1 6 )

where x^, cot 31,0 t îe vectors at time t ;  xt^i and 03^1  are the vectors  at 

time t»t**1; x ( l )  and io(l) are fu n ction s  of 1 .

Thus the two components of the to t a l  end e f fe c to r  d e scr ip t io n  

v ec to r ,  X, are considered in d iv id u a l ly .  This coupled with the PYR mode 

of o r ien ta t io n  d escr ip t io n  enables the execution  of a large range o f  

complex paths.

The b asic  modes of in te r p o la t io n  that have been devised for t h i s  

project are as fo llow s:

( i ) Linear;

( i i ) Circular;

( i i i ) E l l i p t i c a l ;

( iv ) Cubic Spline;

(v) S p atia l Function.
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I t  i s  the combination of these in terp o la t io n  modes, d is c r e te  

p o s it io n  and o r ie n ta t io n  v ec to rs ,  and various l e v e l s  of co-ordinate  

space that allow a v e r s a t i l i t y  in  tr a jec to ry  generation . The 

in te r a c t io n  of the various modes w i l l  now be d iscussed  fu rth er .  Those 

in ter p o la t io n  modes re levant to  p o s it io n  are d iscussed f i r s t .  These are 

fo llowed by those modes used for  o r ien ta t io n  in te r p o la t io n .

5.3*1 Linear P o s it io n a l  In terp o la t io n

The lin ea r  mode of in te r p o la t io n ,  when used with respect to  

p o s it io n ,  i s  used for  both p o in t- to -p o in t  (PTP) and continuous l in e a r  

path motion. The in te r p o la t io n  fu n ction  x ^ d )  i s  of the form:

t=t

xL^^t = E !t/LT (5 .17 )

t=o

t= t

where Z I t  i s  the accumulated value of 1 from the vector s ta r t ;  ( t = o ) ,  . 

t=o

to  the p o s it io n  at time t;  and L-p i s  the t o t a l  length  of v ector .

With PTP motion, the j o in t  space vector at time t ,  0̂  i s  defined by:

j3t = Xĵ ( 1 ) t  A0_ + 9_o (5 .18)

where A6_ i s  the change in  j o i n t  vector; and 6p i s  the j o in t  vector at 

t= o . The value of Lt » used to  d efin e  xL( l ) t , i s  given by the la r g e s t  of 

the components of A9.
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For continuous path motion, the cartes ian  p o s it io n  vector at t = t ,  xt 

i s  given by:

xt = xL( l ) t  ax  + x0 (5 .1 9 )

where Ax i s  the change in  p o s i t io n  vector; with x=x0 at t=o. The value 

of L-r in t h i s  case i s  given by:

Lt = ( Ax2+Ay2+Az2 ) 2 (5 .20 )

5.3«2 Circular P o s it io n a l  In te r p o la t io n

The method of accomplishing con ic  s ec t io n s  in  space i s  achieved by 

evaluating  the plane of the con ic  s e c t io n ,  deriv ing  the required frame 

transform ation , and generating in te r p o la t io n  vectors w ithin the p lane.  

I f  the robot i s  "taught by lea d in g " , the variab les  perta in ing to  the 

frame transform ation matrix are obtained as fo llow s:

Three points are taught in  the robot, the s t a r t ,  f in i s h  and an 

interm ediate point on the c i r c l e ;  designated Xf, and Xi

r e s p e c t iv e ly .  The plane con ta in in g  the conic s e c t io n ,  P i s  defined as:

P = [a ,  b, c ,  d] (5 .21 )

where, using the Hessian Normal form of plane d e f in i t io n ,  [Smith 1897]:

y3 zs 1 xs zs 1
a y f Z f 1 b = xf zf 1

7 i zi 1 xi zi 1

xs ys 1 xs ys zs
c xf yf 1 d = xf yf Z f

xi yi 1 x i y i z i
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a vector; n, is then obtained from theDefining m as (a2+b2+c2)2, 
expression:

n = [a/m, b/m, c/m, 1]T (5 .23)

which represents the outward p o in tin g  normal of plane P, at a d istance  

of -d/m from the base frame o r ig in .  Two angles for frame r o ta t io n  can 

thus be defined:

= atan2 [ c ,  (a2+b2 ) i 1 ] (5 .24)

a f = atan2 [b , a] (5 .25)

D efining the i n i t i a l  frame r o ta t io n  matrix R-| as:

Rj = (Z, a ’ ) (Y, &*) (5 .26)

Then the transform ation of plane P to  the YZ plane i s  achieved by the  

in verse  R-i'"1. By pre-m u ltip ly in g  Xg, x^, and Xi by R ^ 1 the y ,z  values  

of the vectors transformed to  the YZ plane can be obtained, (Xgf ,X f f »Xj_f 

r e s p e c t i v e l y ) .

The centre of the c i r c l e ,  (yc , z c ) ,  can be obtained from the three  

transformed vectors by means of the in te r s e c t io n  of chord normals.

The frame o r ig in  for the frame transformation b0f i s  the transformed 

centre of the c i r c l e  in  base frame co -o rd in a tes .  Thus*.

b0 f  = Od/m, y c , z c ] T (5 .27)
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The parameters re q u ire d  f o r  c i r c u la r  p o s it io n a l in te r p o la t io n ,  in

addition to the frame rotation matrix and frame origin, are the circle 
radius; r, and angle of rotation; <5 where:

r = C(z3- z c ) 2 + (ys - y G) 2 ] 2 (5 .28)

5 = 51 **52 (5 .29)

and: 6 ] = a tan 2[Z f-zc , y f - y c ] (5 .30)

62 = a tan2[ z3- z c ,y3- y c ] (5 .31)

The re levan t parameters are i l l u s t r a t e d  in  Figure 5 .4 .  These parameters 

i f  defined by "teach by leading" are pre-processed o f f - l i n e .  

A lte r n a t iv e ly  the parameters can be determined mathematically from 

inform ation contained w ith in  a CAD database. However defin ed , they can 

be m odified o n - l in e  to  achieve larger  arcs of the defined c i r c l e ,  or 

c ir c le s  of d i f fe r e n t  r a d i i ,  co n cen tr ic  with the defined c i r c l e .

Thus the parameters required for  execution  of the c i r c l e  are ^Rf, 

bOf, r ,  62  and 5. The frame in te r p o la t io n  vector i s  determined from 

planar c ircu la r  in te r p o la t io n ,  using  the referen ce  length  1 .  The angle  

of arc at time t;  9^, i s  determined from 1 by:

0t  = 2arcsin  [ l / 2 r ]  + 9 ^ 1  (5 .32)

where 9 at t=o i s  obtained from the s ta r t in g  point i . e .  6 2 * **xt i s  thus 

given by:
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= [rcosê f rsinê , o]T (5 .33 )

from which the base interpolation vector at t=t, bXt can be obtained
thus:

b*t = bRf fxt + f£b (5 .34 )

The base interpolation vector, (plus orientation vector), is then used 
to determine the required joint parameters at time t.

5 .3 .3  Elliptical Positional Interpolation
If the parameters required for the elliptical interpolation are not 

determined from stored data, then ’’teaching by leading” involves more 
parameters than required for circular interpolation. The equation for 
the ellipse could be obtained from teaching six points, rotating the 
plane, and solving simultaneously the general equation:

aez2 bey2 + 2ceyz + 2dez - 2eey = fe (5.35)

where ae, be, ce, de and fe are constants.

It is however easier to solve using either a cubic spline for short 
elliptical segments, or restrict the operator to teaching specific 
points as follows:

either: The two extremities of the major axis, and one extremity of the
minor axis;

or: the two extremities of the minor axis and one extremity of the 
major axis,

and: the start and finishing points of the elliptical path.

- 1 3 8 -



As w ith  the c i r c u la r  in t e r p o la t io n ,  the  parameter passed from  the v e c to r

p r o f i l in g  un it i s  the referen ce  length  1 . The plane of the e l l i p s e  i s  

determined using the Hessian Normal form of plane d e f in i t io n .  The th ird  

r o ta t io n  brings the major a x is  p a r a l le l  with the Y ax is  of the base 

frame. Thus the required e l l i p s e  i s  considered as shown in  Figure 5 .4 ,  

with the frame o r ig in  at the e l l i p s e  cen tre .

The method used to  determine the required in terp o la t io n  p o in ts ,  

based on the reference  word len g th  i s  as fo llow s:

Direct eva luation  based on the distance between points on the  

e l l i p s e  requires the s o lu t io n  of a quartic  equation . Time co n stra in ts  

make t h i s  technique u n su ita b le .  However an approximation, dev ised  by 

the author, based on the e l l i p t i c a l  tangent, has been shown by computer 

m odelling to  give exact p o s it io n s  along the e l l i p s e ,  with a v e lo c i t y  

error of l e s s  than three percent. Given the parametric form .of the  

e l l i p s e

y = acos0e (5 .36 )

z = bsin9e (5 .3 7 )

The angle of the tangent to  the e l l i p s e  ae>t  at a point given by 0e ,t  i s 

given by:

° e , t  = atan2 Obcos 0e ,t> a s in  9e ,t^  (5 .38 )
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The approximation for each subsequent point required on the e l l i p s e  i s

obtained as fo llow s:

Yt + 1 3 ± lc°s  ae , t  ^  ° e , t <'^5° (5 .39 )

zt + 1 = ± l s in  oe ,t  i f  cre,t>J45° ( 5 . MO)

The s ign  i s  determined by considering  whether the to t a l  change in  

p o s it io n  requires a p o s i t iv e  or negative change in  e l l i p t i c a l  a n g le .  

Thus given e ith er  y or z , at time t+1 , the corresponding value of z or y 

can be determined from the equation of the e l l i p s e .

The change of term eva lu ation  at M5° means that the equations are 

never i l l  cond it ioned , and no ambiguity occurs at 90° p o in ts .

5 .3 .4  Cubic Spline P o s it io n a l  In terp o la tio n

The cubic s p l in e  in te r p o la t io n  algorithm devised by the author, 

generates a smooth continuous path through a sequence of given p o in ts .  

Although a plane can be generated using three p o in ts ,  d is c o n t in u i t ie s  

w i l l  occur i f  a subsequent point i s  not w ithin the given plane. The 

technique devised uses the x y z p o s i t io n  of p o in ts ,  with a cubic s p l in e  

generated for each orthogonal p lan e. Given a frame o r ig in  at each s t a r t  

point of a s p l in e  generation , the required sp l in e s  are given by:

X = axlg3  + bXlg 2  +cxl s (5 .41)

y “ ay3-s^ + t)y1s 2 +Gy^s (5.M2)

z (5.M3)
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Where 13 i s  a component of the s tr a ig h t  l i n e  d istance between subsequent 

points and a , b, c are c o n s ta n ts .  Considering the x ax is  to i l l u s t r a t e  

the technique, the s p l in e  i s  an ' x’ function  of the s tr a ig h t  l i n e  

distance  between subsequent p o in ts .  Given that:

x = axl s 3 + bxl 32 + c xl s + dx (5 .44)

The parameters ax , bx , c x and dx can be obtained from the fo l lo w in g  

boundary conditions:

x = xn at l s = o (5 .45 )

(This term in  fa c t  s e t s  d to  zero as the o r ig in  i s  taken as the f i r s t  

point in  the s p l in e .  This y ie ld s  the three term cubic fu n ction  as in  

Equations (5 .4 1 ) ,  ( 5 .4 2 ) ,  ( 5 .4 3 ) ) .

x = xn+1 at l s = Li (5 .4 6 )

x = xn at l s = o (5 .47)

x = xn+i at 13 = Li (5 .4 8 )

The su b scr ip ts  refer  to  the points n, and n+1 , and x re fer s  to  the  

d i f f e r e n t ia l  of x with resp ec t  to  13 . xn i s  e ith er  zero i f  s t a r t in g ,  or 

passed from the previous s p l i n e .  Li i s  the ’ x ’ distance between points  

n and n+1. xn+i i s  given by:

xn+1
xn+2 -  xn 
L i  + L 2

where L2 i s  the 1 x ’ d is tan ce  between points n+1 and n+2.
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Th is  method o f d e r iv in g  the  v e lo c i t y  ensures c o n t in u i ty  in  bo th v e lo c i t y

and acceleration when passing from one spline to another. The form of y 
and z can be obtained in a similar fashion.

The parameter ls, the straight line distance is obtained from the 
reference-word length 1, referring to the distance along the cubic 
spline, as follows:

The straight line distance between two consecutive points along a 
splined path, can be approximated by the tangent at a given point. The 
vector components of the tangent can be obtained from the constituent 
spline functions. The tangential vector; n is specified by:

n ( 5 .5 0 )

where the subscripts indicate a differential with respect to ls. The 
vector components are defined as follows:

= 3axl s 2 + 2bxl s + c x 

= 3ayl g 2 + 2bylg + C y
o

= 3azls2 + 2bzls + cz

The vector length, equivalent to 
by:

(5 .51 )

(5 .5 2 )

(5 .5 3 )

the straight line distance, is given
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(5 .54 )

This sca lar  can then be used to  approximate the next value of l g ; l s>t+1 

based on the r e f  erence-^word len g th  1^+1  as fo llow s:

where |n|^ i s  based on l s>t*

Computer m odelling has shown that t h i s  technique ensures constant 

v e lo c i t y  along a s p l in e  w ith in  four percent. However a lower bound on 

|n | must be given to  prevent the co lla p se  of Equation (5 .56) at the 

beginning and end o f a motion as |n |ten d s  to zero.

To i l l u s t r a t e  the technique Figure 5.5 shows the r e la t io n s h ip  

between x, and y , hold ing z co n s ta n t .  The values of x and y have been 

obtained independently from the referen ce  word 1 .  The lower bound on 

|n | was taken to  be 0 . 2 .

5 .3 .5  Linear O rientation  In te r p o la t io n

Linear o r ien ta t io n  in te r p o la t io n  i s  used most freq u en tly  in  

conjunction with l in e a r  p o s i t io n a l  in te r p o la t io n ,  and cubic s p l in e  

in te r p o la t io n .  As for l in e a r  in t e r p o la t io n ,  the l in ea r  form of o)(l); 

03^(1) at time t  i s  given by:

(5 .56 )

t= t

“L ^ t  = s 1t /lj (5 .57)

t=o
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and:

wt  = (1) Aco + w0 (5 .58 )

t=*t

where Z 1  ̂ i s  the summation of  

t=o

o r ien ta t io n  vector at time t ;  Aw 

o r ien ta t io n  vector at the s t a r t  of 

as for l in e a r  in te r p o la t io n ,  as:

L = (Ax2 + Ay2 + Az2 )a

reference-^word lengths 1 ;̂ i s  the

i s  the change in  oi; and a)0 i s  the 

motion. L i s  for most cases defined

(5 .59)

However i t  i s  necessary to  check th at the required change in  o r ie n ta t io n  

can be accomplished in  the time required for l in ea r  motion. (The 

extreme case i s  when x = o ) .  Given the maximum o r ien ta t io n a l  v e lo c i t y

ujmax* then the p o s it io n a l  form of L can be used i f :

Al̂ max i£nax
< —  ( 5 . 60 )

Where x i s  the s p e c i f ie d  v e lo c i t y  for  the path required; i s  the

la r g e s t  component change of u>. S im ilar ly  uĵ x re fers  to  the maximum 

p o s s ib le v e lo c i t y  of a s in g le  component of a). This assumes that the  

o r ie n ta t io n  motions are decoupled, which i s  a reasonable approximation 

for  the in stan ces  that t h i s  w i l l  occur.
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I f  condition  5.60 cannot be s a t i s f i e d  then the value of L i s  taken

to  be the la r g e s t  component change of

k = îiinax ( 5 . 61)

This value of L must a lso  be used in  the p o s it io n a l in terp o la t io n  

algorithms that are executed in  conjunction with the o r ien ta t io n a l  

in t e r p o la t io n .

5 .3 .6  S p a tia l  Function O rientation  In terp o la t io n

The s p a t ia l  fu n ction  mode of in ter p o la t io n  i s  used to  a s so c ia te  the 

o r ien ta t io n  vector with the current p o s it io n a l  v ec to r .  This mode of 

in ter p o la t io n  i s  e s p e c ia l ly  important for such tasks as welding or 

adhesive a p p lic a t io n .  The primary requirement i s  a plane of motion and 

a current vector defined w ith in  the plane.

Considering Figure 5 .7 ,  the o r ie n ta t io n  at time t;  parameters a0> »̂ 

80>t  and Y0 yt> are s p e c i f i e d  w ith  resp ec t  to  the tangent to  the current 

p o s i t io n .  Thus the frame o r ie n ta t io n  parameters, s p e c i f ie d  with resp ect  

to  the p lane, are given by:

fctt  = ao , t  + at ( 5 . 62)

f ^t ~ &o,t (5 .63)

f ^t -  ? o ,t (5 .64)
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Where ot i s  the angle of the tangent to the path at the current 

p o s it io n .  The o r ien ta t io n  vector i s  then determined by use of the frame 

ro ta t io n  m atrix, as d iscussed  in  Section  3 .4 .

This mode of o r ie n ta t io n a l  in terp o la t io n  can a lso  be used with  

l in ea r  and cubic sp l in e  modes of p o s it io n a l in ter p o la t io n ,  providing  

that the paths are s p e c i f ie d  w ith in  a s in g le  plane.

In a s im ila r  fash ion  to  the s p a t ia l  function  in te r p o la t io n ,  a 

combination of in ter p o la t io n  modes can be used to  create  such item s as 

weaves along a path. This i s  p a r t ic u la r ly  u se fu l when welding. Given 

the plane of motion, and d ir e c t io n  w ithin the plane, then frame 

p o s it io n a l  parameters; and ^y^, can be defined by:

where f - | ( l )  can be a s in u s o id ,  or waveform, to  be superimposed on the  

primary motion; x ^ t , and y  ̂ are the p o s it io n s  determined from the 

primary motion at t;  and at i s  the ta n g en tia l  angle at time t .

A s im ilar  equation can be used to  provide a motion perpendicular. to  

the plane, such that

fx t  = xi , t  f i ( l ) c o s a t (5 .65 )

f yt = y i , t  + f* i ( l ) s in a t (5 .66 )

f zt  = f 2 ( l ) (5 .67)
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where i s  the z p o s i t io n  w ith  resp ect  to  the plane at time t ,  and

f g d )  i s  a fu n ction  such, but not n e c e s sa r i ly  the same, as f ^ d ) .

I t  i s  f e l t  that the combination of in terp o la t io n  modes d iscussed  

above, r e la t in g  independently to  p o s it io n  and o r ie n ta t io n ,  provide the 

means to accomplish a vast range of paths for a robot arm.
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Figure 5.3 
Vector Velocity/Time Characteristics
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Figure 5.6 
Combined Path Using Independent Cubic Splines
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Figure 5.7 Spatial Function Orientation Parameters
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6 ROBOT JOINT CONTROL

At low speeds i t  i s  p o s s ib le  to  consider the robot arm as a 

m echanically uncoupled system . The control s tra tegy  employed i f  the 

system i s  assumed uncoupled, considers each jo in t  s ep er a te ly  and i s  

termed independent j o in t  c o n tr o l .  Thus the demands and responses of 

each j o in t  are considered without regard to  the e f f e c t  due to  the motion 

of any other j o i n t .  At higher sp eed s, however, t h i s  assumption of  

independence becomes l e s s  v a l id  due to:

( i ) Varying e f f e c t i v e  moments of i n e r t ia .

( i i )  Torque coupling between the degrees of freedom.

( i i i )  Forces proportional to  v e lo c i t y  product terms.

The way in  which the mechanical system in ter a c ts  can be evaluated by 

the a n a ly s is  of the manipulator dynamics.

6.1 MANIPULATOR DYNAMICS

The two main approaches to  derive the dynamic equations of motion

are:

( i )  Newton-^Euler eq u ation s .

( i i )  Lagrange eq u ation s .

The der iva tion  o f the dynamics using the Newton^Euler technique in vo lves  

the fr e e  body a n a ly s is  of each l i n k .  The dynamic forces  and torques
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a c t in g  on l i n k  i ,  can be de te rm ined  by the  use o f Newton’ s Law; ( i ) ,  and

Eulers Law; ( i i )  as fo llow s:

( i )  f d , i  = * t r l ( 6 . 1)

( i i )  nd , i  ~ *i 9i + 9 i xI i  0i ( 6 . 2 )

where fj_ i s  the acting  force  on mass m̂  with a c ce le ra t io n  r^; nj_ i s  the  

a c t in g  torque on a l in k  w ith  in e r t ia ;  I^ , angular v e lo c i ty  0  ̂ and 

angular a c ce le ra t io n  0^. x i s  the vector cross product.

The l in e a r  a c ce lera t io n  o f  the centre of mass, and the angluar  

v e lo c i ty  and a c ce le ra t io n  o f each l in k ,  are obtained from the tr a je c to r y  

requirements and kinematics of the manipulator. Equations (6. 1)  and 

(6 . 2 ) can then be so lved  to  g ive  the dynamic fo rces  and torques.

The in te r a c t io n  of l i n k s ,  i . e .  the forces  and torques acting  on a 

l in k  i  from l in k s  i ^1  and i  + 1 , can be determined by s t a t i c  a n a ly s is  

using d’Alemberts theorems:

where g i s  the grav ity  v e c to r ,  and f j  and nj ^  are the e f f e c t i v e

forces  and torques ac tin g  on l in k  j  from l in k  k. £ i , i - r i  i s  the vector  

from the centre of grav ity  of l in k  i to  j o in t  i**1. S im ilar ly  d^^  + ‘| i s  

the vector from the centre  of g ra v ity  to  the j o in t  i .

( 6 . 3 )
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The f i n a l  s tep  in  s o lv in g  f o r  the  in v e rs e  dynamics i s  to  combine the

Newton Euler equations with the s t a t i c s .  The combined form of the 

equations are as fo l lo w s ,  [Luh e t  al 1980a]:

Fi = f d , i  + Fi j i  + 1 ( 6 . 5 )

% = Ni + 1 + n ^ i   ̂ fli , i - 1x**d , i  + ^ i , i  + 1 ** ili , i -1  )x^i , i  + l ( 6 . 6 )

where Fj_ and Nj_ are the net fo rce  and torque acting  on l in k  i .

The second method of eva luating  manipulator dynamics i s  the Lagrange 

technique. The k in e t ic  energy K and p o ten tia l  energy P of the 

manipulator as a whole i s  obtained from the summation of the k in e t ic  and 

p o ten t ia l  energy of each l in k  (K^, r e s p e c t iv e ly ) :

n

K = l  Kt  (6 . 7)

i =1

n

P = E Pi ( 6 . 8 )

i  = 1

In the Lagrange equations i t  i s  necessary to  define a gen era lised  

co-ord inate  system to express the mechanics. I t  i s  usefu l to  take the  

j o in t  co-ordinate  system as the gen era lised  system. D efin ing the 

Lagrangian L by:

L = K -  P ( 6 . 9 )
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The gen era lised  force fj_ r e f l e c t in g  the torque required at a p articu lar  

jo in t  i s  obtained from the Lagrange equations:

d_ f 3L_ 
dt  ̂ 3qj_

3L_
SQi

i =1 , . . .  ,n

where qj_ i s  the j o in t  i  space v a r ia b le .

( 6 . 10 )

Uicker, [Uicker 1965], ap p lied  the above equations to  the problem of 

manipulator dynamics. The c lo sed  form of the system dynamics for  an n 

linked  manipulator i s  given by the Lagrangian equations:

n j

<x><ro
i ______

*
II

f i  -  ?
j = 1

l
k=1

t r
. 3<?i Jj 3<ik . qk

-
3wj 32WjT 4 • awi

tr
. Jj 3qk3<ll , qkqi '  mj gT ^  JrJ

Where:

f  i  i s  the gen era lised  force  term;

i s  the in e r t ia  tensor expressed with respect to  the current jo in t  

co-ordinate  system j .  I t  i s  obtained from the d is tr ib u t io n  of 

masses m, w ith in  the l in k  j ,  at p o s it io n s  *p  ̂ defined with respect  

to  the lo c a l  l in k  o r ig in :

Jj = J OPi i P iT) dm; ( 6 . 12)

mj i s  the mass of l in k  j ; 

g i s  the g ra v ity  vector;

i r  ̂ i s  the co-ordinate  of the centre of mass of l in k  j defined  with 

respect to  the lo c a l  j o in t  co -ord inate  system;
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t r i s  the trace operator;

Wj i s  the combined homogeneous matrix d e f in i t io n  of position :

Wj = A0 . At . . .  Aj; (6. 13)

q i s  the gen era lised  j o in t  var iab le  with f i r s t  and second time 

d er iv a t iv e s  of q, q r e s p e c t iv e ly .

The computation of the c lo sed  form of Lagrange equations has been 

undertaken, [Luh e t  al 1980a], and required 7 .9  seconds when evaluated  

using Fortran on a PDP11/45 computer. Attempts to reduce the

computational time required have been explored. Configuration Space 

C ontrol, [Horn 1977], uses the technique of ta b u la r isa t io n  o f the 

dynamics. P o s it io n  dependent terms are tabulated and the approximate 

dynamic response i s  determined by ta b le  look-up. There are however the  

problems of memory s to r a g e ,  co n figu rat ion  s e n s i t i v i t y ,  in ter p o la t io n  and 

ta b le  generation . The l a t t e r  i s  e s p e c ia l ly  important i f  a large  range 

of loads i s  carried  by the ro b o t .

A method, which requires l e s s  computation than the c losed  form of  

the dynamic equations, i s  that of recursive  a n a ly s is .  This technique  

invo lves  the expression  of l in e a r  and angular v e lo c i t i e s  and

a c ce lera t io n s  s ta r t in g  from the base and working to  the end e f f e c t o r .  

The second stage  of the recu rs ion  i s  to  determine the forces  and torques  

on each j o i n t .  These are evaluated  by working from the end e f f e c t o r  

back to  the base. This form ulation has been applied to  both the 

Lagrange technique, [Hollerbach 1980], and Newton Euler equations, [Luh 

e t  al 1980a ] .
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The combination of a n a ly t ic a l  techniques that ar e 1 es 3

m athematically in ten s iv e  and modern powerful m icroprocessors, makes i t  

p o ss ib le  to  evaluate  the manipulator dynamics on l i n e  (the Newton-^Euler 

recu rs ive  technique can be evaluated in M.5msec in f lo a t in g  point 

asambly on a PDP11/U5, [Luh e t  al 1980a]). Given the in te r a c t io n  of the 

manipulator l i n k s ,  t h i s  can be incorporated w ith in  the robot co n tro ller  

as a torque predictor in  the servo contro l of the j o in t  d r iv e s .

I f ,  however, the dynamic model i s  used for  robot control there are a 

number of problems a sso c ia te d  with the model.

( i )  As v e l o c i t i e s  and a c ce le ra t io n s  in c rea se ,  perturbation e f f e c t s  

become more im portant. These can a r ise  from such items as: 

errors in  len g th  and mass;

e l a s t i c i t y  of the l in k s  and transm ission  system; 

backlash in  transm ission  and f r i c t i o n .

( i i )  The model must be c o n tr o lla b le ;  however, in  practice  some 

variab les  cannot be c o n tro lled  and others require m od if ica tion  

of the robot d es ign .

I t  i s  th erefore  important to  incorporate other forms of control i f  

dynamic modelling i s  used as a predictor for  torque terms.
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6.2 SERVO CONTROL OF THE ROBOT JOINTS

6.2.1 Control S tr a te g ie s

The method by which s p e c i f i e d  input demands to the robot j o i n t s  are 

converted to the output demands to  the robot drives i s  termed the

control s tr a te g y .  The main types of control s tra tegy  re levan t to

ro b o tic s  are as fo l lo w s ,  [Brady e t  a l 1982]:

(i) Open-loop control. This is the simplest form of control
strategy. The joint input demands are converted directly to 
output drive demands with no feedback from the mechanical
system. This form of control is used typically with stepper 
motor drive systems.

(ii) Linear control. Linear control incorporates a set, linear
feedback relationship. A linear feedback law may have
structure constraints in which only certain inputs and outputs 
are interconnected, as with the case when each joint is
considered independently from any other joints.

(iii) Non-linear control. This class of control law includes:
bang-bang control, global non-linear control, model reference 
control, and self-tuning or adaptive control.

Most of the present in d u s tr ia l  robots incorporate l in ea r  c o n tr o l ,

u su a lly  independent j o in t  c o n tr o l .  The common control law applied i s  of 

p r o p o r t io n a l- in te g ra l-d e r iv a t io n  (PID) typ e , [Lee 1981]. A further  

a n a ly s is  of th is  control technique i s  given in  S ection  6 . 2 . 2
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A number of pseudo-linear con tro ls  have been suggested , o ften  o f

m u lt i-v a r ia b le  form. Examples include Resolved Motion Rate Control 

(RMR), [Whitney 1969],  and, more r e c e n t ly ,  an expansion of RMR; Resolved  

A cceleration  Control, [Luh 1980b]. The la t t e r  deals d ir e c t ly  with 

control of the robot end e f f e c t o r  in  cartes ian  base space. The contro l  

law i s  based on an in tern a l dynamic model of the robot, and considers  

errors between the desired  and actua l p o s it io n  and o r e in ta t io n  of the 

end e f f e c t o r .

Referring to non-linear control, a number of strategies have been 
proposed. Freund, [Freund 1975], considered the general state space 
description of a non-linear system:

x(t) = A(x,t) + B(x,t)u(t) (6.14)

y(t) = C(x,t) + D(x,t)u(t) (6.15)

where x ( t )  i s  the s t a t e  vector; u ( t )  and y ( t )  are the input and output 

vectors r e sp e c t iv e ly ;  A, B, C, and D are m atrices with compatable 

dimensions in  which the elements are non-linear fu nctions  of the s t a t e  

of the system.

Freund showed that the general s t a t e  space d escr ip t io n  could be 

adapted to  a robot manipulator, and l in e a r is e d  to  correspond to  each 

drive of the rob ot. Zaballa, [Zaballa  1978], showed that t h i s  technique  

can be extended to  any in d u s tr ia l  manipulator.
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Adaptive co n tr o l ,  based on a model re feren ce , has been in v e s t ig a te d ,  

[Savidi3 1976],  [Dubowsky 1981],  [Le Borgue 1981].  The ty p ica l  approach 

i s  to derive sub-optimal dynamic model of the robot. An adaptive  

technique i s  then employed to  compensate for the d if feren ce  between the 

actual robot and assumed model. The technique continuously updates 

parameters of the model, based on the response of the physical system.

The use of a non-linear  contro l law has advantages in  the response  

of the robot, but are complex to  implement. There are a lso  the rea l  

time requirements for robot c o n tr o l .  T ypically  the loop c lo su re  

frequency i s  in  the order of 100Hz. The compromise o f  adaptive c o n t r o l , 

and a s im p li f ie d  model compensated by parameter tuning perhaps o f f e r s  

the optimal approach at the present t ime,  [Vaha 1983].

6 . 2 . 2  Control Strategy Employed on the Imperial College Robot

As an i n i t i a l  s ta g e ,  the servo control s tra teg y  employed in  t h i s  

p ro je c t ,  i s  independent j o in t  c o n tr o l .  This i s  a l in ea r  d ecen tra lised  

control system, whereby the in te r a c t io n  of the robot jo in t s  i s  not 

considered as an input to  the system . The in te r a c t io n  i s  monitored by 

considering  the feedback from the mechanical system. The control law 

employed i s  that of p rop ortion a l,  in t e g r a l ,  d er iv a t iv e  (PID).  Given an 

error in  the required and actu a l p o s i t io n ,  of e ,  the mathematical form 

ofthe  PID c o n tro lle r  i s  as fo l lo w s:

where 0d i s  the motor drive demand; and KD, Kp, Kj are the d e r iv a t iv e ,  

proportional and in teg r a l  gain term s. The primary purpose of each gain 

term i s  as fo llow s:

e dt (6.16)
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( i ) Kp

( i i ) KI

( i i i ) kd

proportional gain: to improve speed of response, 

in teg r a l gain: assures steady s ta te  track ing of the input 

demand.

d er iv a tiv e  gain: enhances s t a b i l i t y  and reduces the 

tendancy toward o s c i l l a t io n .  (Often compensating for the 

d e-^ stab ilisin g  e f f e c t  of the in teg ra l g a in ) .

The PID control law may be expressed  in  the fo llo w in g  d is c r e te  time 

format:

9d kd
(ef'2et, 1 + et,2 ) 

fcs

i= t
+ K£ et  + Kj [ e t  t s 

i=o
(6 .17 )

Where the su b scr ip ts  r e fer  to  the sample in sta n t in  tim e; and t s i s  the 

servoloop  c lo su r e , or sam pling tim e .

For th is  project the technique used to  eva luate the gain con stan ts  

was Root Locus P lo t s .  This was accom plished by means of the Control 

Design S u ite  res id en t on the Im perial C ollege mainframe computer. The 

i n i t i a l  stage was to  determ ine the response c h a r a c te r is t ic s  of the major 

components of the con tro l system . The two relevan t modules are the  

m icroprocessor module, in c lu d in g  PID, and the a m p lifier /m o to r /jo in t  

system module.

The co n stitu en t blocks of the m icroprocessor module are shown in  

Figure 6 .1 . The tra n sfer  fu n ctio n  Gy(s) can then be evaluated  as:

Gy(s) Ky
KDs2  + KpS + Kx
-------- s-------- (6 .18)
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where S is the laplace complex variable, and Ku is the microprocessor 
overall gain, including the encoder and DAC gains.

Considering the robot d r iv e /jo in t  module, the general block diagram 

i s  shown in  Figure 6 .2 . One s im p lif ic a t io n  of th is  model i s  the 

ex c lu sio n  of a v e lo c ity  error in teg ra to r  found w ith the GEC Gemdrive 

Axis C ontroller employed. The fu n ctio n  of th is  in te g r a to r , i s  to  ensure 

minimal v e lo c ity  fo llo w in g  e r r o r , s p e c i f ic a l ly  when varying loads are 

applied  to  the m echanical system . This v e lo c ity  track ing can be tr e a ted  

as an exten sion  o f p o s it io n a l feedback, and ignored for  the purpose of 

th is  a n a ly s is . T h is, and other s im p lif ic a t io n s  introduced la t e r ,  can be 

j u s t i f i e d  when con sid erin g  the errors inherent in  assuming independent, 

s t a t i c  in e r t ia l  lo a d s .

Taking the model of F igure 6 .2 , the e f f e c t  of the back EMF and 

current feedback can be found by examining the d r iv e /jo in t  sub**module. 

Assuming L and f  are zero the tra n sfer  fu n ction ; G -|(s), i s  given by:

G) (S)
Ka2/Kb

" R + Ki Ka2
^s+1L Kb Kt  J

(6 .1 9 )

The explanation  of the various constants i s  given in  Table 6 .1 .  

Given th at Ka2>>R, and Ka 2>>K̂ K-u (from manufacturers l i t e r a t u r e ) ,  the 

tra n sfer  fu n ctio n  of G-|(s) s im p li f ie s  to:

G-j (s )
Kt

K i  J S (6 .2 0 )
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Including the effect of velocity feedback gives the transfer function of 
drive/joint module, Gj(s):

G j ( 3 )
1/Kth  

Kj, J

KtKa2><th S + ’

If this is expressed in the form:

Gj (s )
Kma

KjJs+i

( 6 . 21 )

( 6 . 22 )

then the values of and Kj can be determined mathematically from
manufacturers literature. However, a number of gains are tuned 
manually. Therefore an empirical derivation of and Kj was used.
Monitoring the response of a drive/motor combination gave the value of 
the constants as:

Kna -  14 * ( 6 . 2 3 )

K j  = 3 . 7  , ( 6 . 2 4 )

The Root Locus technique shows how the open loop response of a 
system affects the closed loop response. Since Kp includes the gain of 
the encoder, the position closed loop response can be obtained by 
considering the forward open loop characteristics of G p (s)G j(s )/s  with 
unitary feedback.
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The In p u t to  the  Root Locus package is  in  the  form  o f a po lynom ia l

such that:

[a2S2 + a-|S + s q
-----1----------n----- --------- 7~—
b ^s + b2S^ + b-js + bQ

Where for the robot servo control:

K = Kp Kma

a 2 = Kd ( 6 . 2 6 )

a 1 3 Kp

a 0 = Ki

b3 = Kj J

b2 3 1 (6 .2 7 )

b 1 = 0

b 0 = 0

The analysis using Root Locus is an iterative process whereby new 
values of Kp, Ki are evaluated based on the Root locus plot obtained 
from previous values. The way in which the PID gains are altered is 
very much an empirical process. The major criterion when selecting the 
gains was to give a response with a coefficient damping G>0.707. This 
gives a response to a step input with an overshot of less than .

A ty p ic a l root locu s p lo t i s  i l lu s t r a t e d  in  Figure 6 .3 . This was 

for  the shoulder a x is  of r o ta tio n  w ith a PID gain r a t io  of 1 :13 :0 .0 1 5 . 

Comparative a n a ly s is  i s  e a s ie r  when considering a proportional gain
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of 1 . This is compensated by changing the overall gain of the
system; Kp.

Note that the response improves with increased gain, and 
theoretically a response can be obtained with zero overshoot. However 
in reality the gain is limited by the power and response of the motors 
and the power of the drives.

Taking each joint of the robot, the PID constants were evaluated for 
each axis controller. The discrete time values of the constants, KyD, 
KyP, Kpj were then obtained from:

where t 3 i s  the servo loop  c lo su re  tim e.

A l i s t  of the constant implemented w ith in  the a x is  co n tr o lle r  cards 

i s  given in  Table 6 .2 .

A f u l l  a n a ly s is  of a x is  con tro l algorithm s has yet to  be carried  

o u t. Further developm ents, in c lu d in g  a sim u lation  package o f the 

dynamic response of the robot arm, w i l l  allow  more so p h is t ic a te d  jo in t  

control algorithm s to  be designed and stu d ied .

KpD = KD/t:s (6 .2 8 )

(6 .2 9 )

Kul = KI fcs (6. 30)
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Figure 6.1 
Microprocessor Control Transfer Functions
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Figure 6.3 
Root Locus Plot for Robot Axis
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SYMBOL DEFINITION

Ku M icroprocessor Gain

kd D erivative  Constant

Kp Proportional Constant

Kl In teg ra l Constant

kdac Gain o f DAC

kenc Encoder Gain

KA1 Control A m plifier Gain

KA2 Driver Inductance

L Armature Inductance
R Armature R esistance

K'P Motor Constant

J System In e r tia

f F r ic t io n

EMF Constant

KC Current Feedback Gain

kTH Tacogenerator Gain

Table 6.1 Robot Drive Transfer Function Constants
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JOINT CONSTANTS
PROPORTIONAL INTEGRAL DERIVATIVE

1 Base 1 . 0 0.069 3.6

2 Shoulder 1 . 0 0.13 1.5

3 Elbow 1 . 0 0.15 1 . 2

U W rist P itch 1 . 0 0.16 1.1

5 W rist R oll 1 . 0 0 . 1 6 1.1

Table 6 .2  PID Constants fo r  Each Robot Jo in t
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7. DISTRIBUTED INTELLIGENCE ROBOT CONTROL

The task structure required of a continuous path robot controller is 
illustrated in Figure 7 .1 . All the components, apart from High Level 
Interface, have been discussed in previous chapters. High Level
Interface is the major connecting phase between items external to the 
robot and the robot controller. It is closely related with the control 
structure and is therefore included in this Chapter. The requirements 
of this phase are discussed first, followed by a discussion of the 
overall control stategy employed in this project.

7.1 HIGH LEVEL INTERFACE

As robots become less insular, the number of external items, with 
which it must communicate, increases in number. Two groups of external 
devices can be determined. First, peripherals required of a typical 
stand alone computer system. Second, peripherals relevant to robot 
control. Examples of standard computer peripherals include:

(i) Visual Display Unit (VDU)

(ii) Graphics screen.

(iii) Disc storage.
(iv) Tape storage.

Those items relevant to a robot controller, when for example working 
within a Flexible Manufacturing System, (FMS), may include:
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( i ) Teach P e n d a n t .

( i i )  V is io n , t a c t i l e  and fo r c e  sen so r s .

( i i i )  Task dependent I/O .

( iv )  H ierarch ia l le v e l s  of plant communication e .g .  c e l l  c o n tr o lle r ,  
plant mainframe computer.

(v) High le v e l  robot lan gu ages.

( v i )  Design and manufacture computer database communication.

The two groups are not always d is t in c t .  For example, modern teach  

pendants incorporatin g  d isp la y s  are s im ila r  in  many resp ec ts  to  a VDU.

High le v e l  communication, environm ental sen sin g  and robot languages  

are c lo s e ly  r e la te d . Their importance to  more advanced ro b o tic  sy stem s, 

i s  r e f le c te d  in  the la rg e  amount of research carried  out in  th ese  f i e ld s  

over recent y ea rs . In a d d itio n , a number of commercially a v a ila b le  

robot programming languages have appeared s in ce  1979:

( i ) AL: Produced a t the Stanford A r t i f i c ia l  I n te l l ig e n c e

Laboratory and i s  based on concurrent P a sca l. AL when

p recom p iled  to  p c o d e  can run on a PDP^11/45, running four 

robot arms s im u ltan eou sly .

( i i )  AML: Designed by IBM, th is  language i s  stru ctu red  and

in t e r a c t iv e .  The language runs on an IBM s e r i e s / 1

m in icom p u ter .

HELP: Offered by General E le c tr ic  Company, t h is  language i s

in te r p r e t iv e , based on P a sca l. The language runs on a DEC 

LS1t 11/2 .
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( iv ) JARS: Developed at the Jet propulsion Laboratory. Again the 

language i s  an ex ten sio n  to  P a sca l, incorporating subroutines 

relevan t to  robot c o n tr o l. I t  i s  run on a DEC PDP-H 1/3*1.

(v) MCL: W ritten by McDonnell Douglas Corporation, th is  language 

i s  an ex ten sion  of APT. The language i s  o r ien ta ted  towards the 

programming o f work c e l l s .  The McAuto proprietry  version  

(MCL/11) uses a DEC PDP^11.

(v i) RAIL: An Automatix In c . product, designed to  control both 

robots and v is io n  system s. The language i s  in te r p r e t iv e ,  

running on a M otorola 68000 system .

(v i i ) VAL: Designed by Unimation In c . for  Unimation ro b o ts . A B asic  

l ik e  language run on a DEC L S1-11/23. An updated version  

VAL^II has r e c e n tly  become a v a ila b le .

The major reasons for  the use of high le v e l  tex tu a l robot

programming languages have been defin ed  as fo llo w s , [Gruver et a l 1983]:

( i ) Teaching po in ts by the use o f teach pendant can be cumbersome 

for many o p e r a tio n s , ( e .g .  p a l l e t i z in g ) .

( i i ) As enviromental sen sin g  becomes more widespread, an easy means 

o f in te r fa c in g  the robot and sen sin g  d ev ices becomes im portant.

( i i i ) A tex tu a l language permits robots to  be programmed and 

sim ulated  o f f - l i n e ,  before  im plem entation.

( iv ) CAD/CAM can be in teg ra ted  w ith  robot programming.
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There may be additional reasons, for example a controller may be 
required to operate in multi-task mode, both for a single robot and, if 
the system expands, to control a multiple robot cell, [Tyridal 1980]. A 

high level language that permits task orientated programming
substantially eases the task of co-ordinating more than one manipulator. 
There are however a number of limitations associated with many of the 
current robot programming languages, [Soroka 1983]. Seme of these 
limitations deal with the language, others with robot control. Items 
such as, who will program robots, program flexibility, and robot 
independence are relevant to commercial languages.

The use of high le v e l  languages a lso  allow  the in c lu s io n  of 

a r t i f i c i a l  in te l l ig e n c e  for  robot c o n tr o l. There i s  much research  at 

the present time in v e s t ig a t in g  the uses of a r t i f i c i a l  in t e l l ig e n c e  for  

d e c is io n  making, and such item s as o b s ta c le  avoidance, [Cameron 1982].

Although the scope of this project does not at present cover many of 
the aspects of high level languages or artificial intelligence, these 
items must be borne in mind when attempting to design a robot 
controller.

7 .2  A DISTRIBUTED INTELLIGENCE ROBOT CONTROLLER

Recent years have seen a lo t  of in te r e s t  in  the use of d is tr ib u ted  

system s for  robot c o n tr o l. A number of th ese  incorporate m inicom puters, 

such as the LS1-11/02, or PDP-11/B 1*, [Gini et al 1980]. Others 

incorporate m icroprocessors e n t ir e ly ,  using a mixture of 16 and 8 b it
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processors in  h iea rch ica l s tr u c tu r e s , [Barbera e t a l 1979], [Albus et al 

1981]. A number of d is tr ib u te d  control system s have, in  the l a s t  few 

y ea rs , been incorporated in to  in d u s tr ia l robot c o n tr o lle r s . Siemens 

have developed a 16 b i t  system  for  point-rtOT point ro b o ts , [Becker 1980]. 

ASEA have incorporated two M otorola 6800 u n its  for a continuous path 

rob ot, [Holmer 1982].- C in c in a tt i M ilarcron have used the In te l  8086/87 

and 8088 m icroprocessors for  th e ir  new continuous path c o n tr o lle r .

An in trod u ction  to  d is tr ib u te d  in te l l ig e n c e  multi^microcomputer 

system s (DIMS) was presented in  S ec tio n  1 .2 . In summary the four main 

advantages that may be r e a lis e d  by the im plem entation of a DIMS 

c o n tr o lle r  are as fo llo w s:

( i )  Throughput: the ammount of processing  req u ired .

( i i )  F le x ib i l i t y :  in  terms of both hardware and so ftw a re.

( i i i )  R e l ia b i l i ty :  of the hardware and data s tr u c tu r e s .

( iv )  Cost e f fe c t iv e n e s s :  the r e la t iv e  cost and m erits of a DIMS 

approach compared to  a s in g le  processor u n it .

A number of aspects must be considered when in v e s t ig a t in g  the use of a 

DIMS c o n tr o lle r . These inclu de:

( i )  The determ ination o f whether the use of a DIMS co n tro l can

provide a s u b s ta n t ia l ly  b e tter  co n tro ller  system , which cannot 

be achieved by means of a s in g le  processor system . A lso , i f  i t  

can, i s  the improvement n ecessa ry , given the ta sk  o f the rob ot.
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(ii) The evaluation of whether a DIMS approach will provide an
increase in cost effectiveness. This being achieved by either 
an equal capability for a lower cost than a single processor 
system, or an increased processing capability for equivalent 
cost.

(iii) It is important that the control problem is easily divided into 
discrete, semi^antonomous control functions. If no easily 
definable control boundaries exist, then the subsequent data 
transfer load between control modules could contribute to the 
total corruption of the system.

(iv) The use of a DIMS approach requires the development of a 
loosely coupled executive operating system; to enable each 
microcomputer to function within the system as a whole. The 
executive operating system will be responsible for items such 
as the administration of the parallel and hierarchical 
processing, and the intercommunication of the individual 
modules.

(v) Careful analysis must be carried out to ensure that system 
expandability, in terms of both hardware and software, can be 
accommodated. Degradation of either input/output control, or 
system communication must be avoided.

If these criteria can be sufficiently fulfilled, then additional
benefits in cost can be realised, including:
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(i) Exploiting the cost advantages of high volume production units, 
high levels of semi-conductor integration, and rapid design and 
implementation using the latest technology.

(ii) The cost of additional processors is low enough to allow the 
stocking of spares, reducing downtime costs.

(iii) Complicated software systems employed with mini-processors are
eleminated.

It was felt that the opportunities and benefits offered by DIMS were 
sufficient to justify a distributed system for robot control. This was 
therefore the concept employed by the author for the development of a 
robot controller.

Three major features that must be considered for a DIMS controller 
are as follows:

(i) Software or task structure.
(ii) Hardware structure.
(iii) Inter-processor communications.

These items are closely related, and there are certainly areas of 
overlap. Thus although treated separately, each item was not considered 
in isolation.

Methodologies for the design of distributed control systems for 
machine tools and robots usually follow the "top down" approach,
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[D u ffie  1981]. Using t h is  s tr a te g y  the sequence o f the design i s  of the 

form:

(1) Id e n tify  the requirem ents o f the system fron a g lobal point of v iew . 

This inclu des sim ple models of the control process and in d ic a tio n s  

of time c o n s tr a in ts , t h is  stage  a lso  inclu des con sid eration  o f  high  

l e v e l  communications, and system  f l e x i b i l i t y  and r e l i a b i l i t y .

(2) To p a r t it io n  the process in to  semi-rautonomous control fu n c tio n s . 

The sub'r processes d efin ed  should req u ire minimal in ter s  p rocesses  

communication, and item s such as rea l time response should be 

contained w ith in  a s in g le  process when p o s s ib le .

(3) Choose th e . s u ita b le  p rocessors to  f u l f i l  the task  sub^process 

requirem ent. C onsiderations here include computation, in te r fa c e ,  

and response tim es . A la rg e  number of c r i t e r ia  a f fe c t  processor  

c h o ic e , in clu d in g:

( i )  Programming f l e x i b i l i t y ,  ( in s tr u c t io n  s e t ) .

( i i )  A rch itectu re , (sp eed , wordlength e t c ) .

( i i i )  Softw are/firm w are, (developm ent, debugging).

( iv )  Manory type and memory s i z e .

Other c r i t e r ia  re lev a n t to  the complete system include a v a i la b i l i t y ,  

r e l i a b i l i t y ,  and te c h n ic a l support.

(4) Communication network d e s ig n . This includes the network

a rch itec tu re  and communications p ro to co l.
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(5) A llo ca tio n  of sub-r p rocesses to p rocessors, in clu d in g  softw are and 

hardware d esig n . This s ta g e  w i l l  a lso  include the development of an 

execu tive  op eratin g  system .

The design s tr a te g y  of the DIMS robot co n tro ller  design for th is  p ro jec t  

w ill  now be d iscu ssed  in  more d e t a i l .

7*2.1 Software Modules of th e DIMS System

The major softw are or process task requirem ents of a robot 

co n tr o lle r  can be grouped as shown in  Figure 7 .1 . These modules r e f le c t  

the work d efin ed  w ith in  t h is  t h e s i s ,  there are a lso  ad d ition a l modules 

th at may be incorporated at a la t e r  d a te , such as dynamic com pensation, 

or adaptive c o n tr o l.

There i s  an in v erse  r e la t io n s h ip  between algorithm  com plexity and 

system bandwidth. To ensure adequate c o n tr o l, the robot jo in t s  must be 

servoed between 60Hz and 200Hz, [Paul 1980]. This fa c to r  in flu en ces  the  

number of processors required to  accom plish robot control at an adequate 

ra te  for  smooth m otion.

The number of softw are modules incorporated for a s p e c i f ic  

co n tr o lle r  depends on the le v e l  of s o p h is t ic a t io n  req u ired , and p h y sica l 

s p e c if ic a t io n s  of the ro b o t. This in  turn depends on the a n tic ip a ted  

task  of the rob ot.

7 .2 .2  Hardware Structure

As w ith softw are m odules, the hardware s tru c tu re  i s  dependent on the 

le v e l  of so p h is t ic a t io n  required  o f the c o n tr o lle r .
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The r e la t io n sh ip  between co n tr o lle r  so p h is t ic a t io n  and the 

f l e x i b i l i t y  of a DIMS concept i s  d iscu ssed  in  more d e ta il  in  

S ection  7 .3 .

The rea l time com putation necessary  of a continuous path robot 

c o n tr o lle r  req u ires greater p rocessin g  power than i s  a v a ila b le  with  

tr a d it io n a l 8 b i t  m icrop rocessors. I t  was th erefore  necessary  to  

eva lu ate  the performance of the more recen t 16 b it  processing  u n it s .

The major options of 16 b i t  p rocessors were

( i ) 8086 I n t e l .

( i i ) MC68000 M otorola.

( i i i ) TMS9900 Texas Instrum ents.

( i  v) Z8000 T Z ilo g .

The I n te l  8086 i s  p rim arily  an upgrade of the 8080 fam ily  which tends to  

l im it  programming options*. However the 8087 ar ith m etic  co-processor  

d ram atically  in creases m athem atical processing  tim es . M otorola and 

Z ilog  have based th e ir  in s tr u c t io n  s e t  on an a n a ly s is  of the most 

freq u en tly  used in s tr u c t io n s . The M otorola 68000 i s  a pseudo 32 b i t  

p rocessor , having 32 b i t  r e g is te r s  and a powerful in s tr u c tio n  s e t .  The 

Z ilog  8001 i s  again a powerful processor combining fea tu res  of both mini 

and microcomputer system s. The TMS9900 i s  slower than the other  

p ro cesso rs , p r im ila r ly  due to  i t s  e a r lie r  in tro d u ctio n .

The mathematical in t e n s it y  o f robot control suggested  the In te l  

8086/87 combination or NS16032. However a n tic ip a ted  arith m etric  

upgrading of the MC6000 (MC6020), and Z8001 ( Z8004) reduced th is
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advantage. The r e la t iv e  m erits  of each o ffered  no c lear  in d ic a tio n  for

choi c e .

The decid in g fa c to r  was the com patability  o f the MC68000 w ith  the 

6800 fa m ily . Experience had already been obtained w ith MC6809 

processors for machine to o l con tro l [Darzel 19??] and the use o f the 

MC68000 allow ed upward m o b ility  w ith  the same m anufacturer. Although 

ea r ly  work was carried  out u sin g  m odified 68000  processor boards, the 

two la te r  system s that o ffer ed  the b est fea tu res  were the C ifer 68000 

A u xiliary  Processor Board, and the Sage I I .  The hardware s p e c if ic a t io n  

of each i s  given in  Appendix A, however both support the IEEE 488 

in te r fa c e  bus was chosen as the communication bus. In ad d ition  MC6809 

boards, developed at Im perial C ollege were used for the le s s  

m athem atically in te n s iv e  p rocesses (again d e ta ile d  in  Appendix A).

The various hardware co n fig u ra tio n s p o ss ib le  when using a DIMS 

concept and modulator softw are are d iscu ssed  in  more d e ta il  in  the  

fo llo w in g  S ec tio n .

7 .2 .3  Network A rch itectu res

Interprocessor communication takes place along a lin k  between 

in t e r fa c e s ,  the bandwidth of which must s a t i s f y  the data transm ission  

ra tes  of the system . In ad d ition  the network design must not in h ib it  

the DIMS p o te n tia l of f l e x i b i l i t y ,  r e l i a b i l i t y ,  performance, and cost 

e f f e c t iv e n e s s .  A number of network stru ctu res  are a v a ila b le ,  

[D u ffie  1980]. I l lu s tr a te d  in  Figure 7*2, th ese  include*.

( i )  Loop Network: Each processor i s  connnected to  two neighbours.

A message i s  p laced in  the loop  and passes around the lo o p . An
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address linked to a message determines the destination

( i i )

(iii)

( i v )

processor. Flexibility, in terms of loop expansion is good, 
however a single link failure will effectively halt all 
transmissions.

Completely Interconnected Network: Each proecessor is
connected to every other processor. This means direct
processor communication. The logical complexity of the
interface is low, but the flexibility is poor. The number of 
interconnections increases with the square of the number of 
processors. However reliability is high.

Star Network: A central processor acts as distributor for all
messages. Flexibility may be poor, due to all processors being 
linked to the central processor. Also failure in the central 
node would halt all communications. Interface complexity is, 
however, low for all interfaces.

Global Bus Network: With this structure all processors
communicate via a global bus. Messages can be sent directly 
between processors, but some bus management may be necessary if 
data transmissions are high. Flexibility is good, an 
additional processor is simply connected to the bus.
Interfacing is easy due to the simple bus structure. 
Limitations include bus failure, halting all communications, 
and bus bandwidth. The latter can impose severe restrictions 
on data transmissions.
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(v )

connected to  any oth er p rocessor. This allow s a number of 

path3 of communication between two p rocessors. F le x ib i l i t y  and 

r e l i a b i l i t y  i s  good, however in te r fa c e  com plexity i s  h igh .

The r e la t iv e  m erits and l im ita t io n s  of each must be considered for  

each type of a p p lic a tio n . For t h is  project a global base network was 

chosen. The fa c t  th at the sep a ra te  processor cards are not p h y s ic a lly  

d is tr ib u te d  enables th is  form of communication to  be e a s i ly  in ter fa ced  

by means of a processor back p la n e . There are a lso  standard in te r fa c e  

p ro toco ls  o ften  handled by d ed ica ted  ch ip s . The global bus standard  

adopted fo r  th is  work was the IEEE^488 General Purpose In te r fa ce  Bus 

(GPIB).

This i s  an asynchronous, p a r a l le l  instrum entation  bus, having e ig h t  

p a r a lle l data l i n e s ,  and e ig h t p a r a lle l c o n tr o l/s ta tu s  l i n e s .  

Communications are p o ss ib le  up to  a data ra te  of one mega^bit per 

second.

There i s  a lso  the advantage o f custom chips (TMS9914A) which r e l ie v e  

the burden o f handshaking and bus p r o to c o l.

The reasons for  using th e IEEE^488 are m ainly h i s t o r ic a l .  Previous 

work had produced processor ro u tin es  for the chip in te r fa c e . Also i t  

was f e l t  that the system could be devised  and te s te d  using th is  bus and 

i f  necessary  m odified at a la te r  s ta g e , when improved bus standards 

r e la t in g  to  the m anufacturing in d u stry  become e s ta b lish e d .

I r r e g u la r  Networks: P rocesso rs in  an i r r e g u la r  ne twork can be
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The various hardware co n fig u ra tio n s p o ss ib le  when using a DIMS 

concept and modular softw are i s  d iscussed  in  more d e ta il in  the 

fo llo w in g  s e c t io n .

7 .3  SYSTEM IMPLEMENTATION

7 .3 .1  D istr ib u ted  Control fo r  a F ive dof Robot

The hardware and softw are m odularity concepts employed in  the 

current project allow s con sid erab le  system f l e x i b i l i t y  and

ex p a n d a b ility . The im plem entation of DIMS concepts can be i l lu s t r a t e d  

by con sid erin g  the d is tr ib u te d  co n tro l system developed for  the Im perial 

C ollege f iv e  dof rob ot.

The co n stitu en t m icrocom puters, used for the robot control are 

contained in  the robot con tro l cab inet (See Figure 7 .3 ) .  The cabinet 

a lso  houses the dc servo a m p lif ie r s , power su p p lies  for  the a m p lifiers  

and control system in te r lo c k s , r e la y s , contactors and p ro tec tio n  

c ir c u i t r y .

The control microcomputers r e s id e  in  the c o n tro ller  rack, on double 

hieght Eurocards. The co n stitu en t cards ta lk  v ia  backplane

communication using the IEEE'rUSS GPIB. The card/ bus in te r fa c e  i s  

a ffe c te d  by means of the TMS 9914a GPIB ch ip , and two in ter fa c e  bu ffer  

driver ch ip s . The rack has i t s  own in te r n a lly  mounted switch^mode power 

supp ly .
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The p rocesso rs employed, and the  r o le  o f each w ith in  the o v e ra l l

control s tra teg y  i s  now d iscu ssed  in  more d e t a i l .

(1) 68000 Based Microcomputer No. 1: This processor acts as system

supervisor and i s  resp o n sib le  fo r  the fo llo w in g  tasks:

( i ) Major operating system  and peripheral in te r fa c e . This in clu d es  

item s such as memory management and data handling, program 

e d it in g  and softw are development.
\

( i i )  High le v e l  communications in te r fa c e . This in clu d es

communications w ith sen sin g  d e v ic e s , and higher le v e l  

c o n tr o lle r s , as w ell as the teach pendant and VDU/keyboard.

( i i i )  Error m onitoring and system  d ia g n o st ic s .

( iv ) Execution of the robot operating  system . This r e fe r s  to

con tro l of the GPIB, a c tin g  as bus m aster, and the

intercom m unications of the microcomputer based components of 

the system .

(v) Robot command language in te r fa c e . At the present tim e t h is

r o le  i s  lim ite d  to  the execu tion  of robot commands termed 

pseudo^level one commands. These commands are v ir tu a l commands 

that can be acted upon ind ep en dently . At present they are 

in terp re ted  d ir e c t ly .  They are v ir tu a l in the sen se  that 

higher le v e l  languages w il l  accom plish the same ta sk , but may 

not use the commands d ir e c t ly .  An example of the basic  

commands, and th e ir  im plem entation i s  presented in  Table 7 .2 .
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(2) 68000 Based Microcomputer No. 2: This processor acts on the

num erically  in te n s iv e  ta sk s , and executes the algorithm s required fo r :

(i) Interpolation.
(ii) Frame transformation.
(iii) Co-ordinate transformation including derivative motion.

This board also includes monitoring software to accomplish diagnostics. 
These diagnostic facilities not only include functional monitoring, but 
also positional singularities and articulation limitations.

The board can be software configurated to accomplish point-to-point 
and continuous path modes of motion. The co-ordinate transformation 
algoriths can be easily altered to reflect various robot configurations 
and degrees of freedom.

(3) Five 68B09 Axis Control Boards: There i s  a dedicated board fo r  each

a x is  of robot m otion, a llo w in g  the system to  be matched to  the p h ysica l 

co n fig u ra tio n  o f the ro b o t. (This concept i s  w ell r e f le c te d  in  the  

modular design of robots as d iscu ssed  in  S ectio n  2 .4 ) .  The major 

fu n ctio n s of each a x is  card i s  as fo llo w s:

(i) Servo loop closure by means of proportional or PID algorithms.
There are facilities to alter the servo constants.

(ii) Hardware and software limits. Software limits may be down 
loaded or defined at teaching. The joint limits cause the 
joint brake to be applied.
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(iii) Monitoring the joint following error for both mechanical
failure and trajectory accuracy.

(iv) Notification to the Vector Profiling Unit to enable base space 
velocities and accelerations to reflect the required path 
accuracy.

(v) Recording of absolute joint position. Necessary if the robot 
.is used in an inspection capacity. The axis board checks the
j o in t  value when an in sp e c tio n  probe measures a component.

(vi) Error checking by comparison of software joint values with
joint potentiometer measurement.

(4) A 68B09 Board fo r  V e lo c ity  P r o fil in g :  Although a sep era te  board for

v e lo c i ty  p r o f il in g  was used i n i t i a l l y ,  the c lo se  coupling of v e lo c i ty  

p r o f i l in g  and in te r p o la t io n  w i l l  req u ire the incorporation  of th ese  two 

softw are modules on the same processor board. The r o le  o f the v e lo c i ty  

p r o f i l in g  module i s :

(i) Reference word generation. This includes acceleration and
deceleration profiles. The profiles can be default values or 
downloaded from the system supervisor.

(ii) Velocity demand correction. If the robot is required to move 
as fast as possible, or within trajectory limits, the unit can 
adapt the reference word demands. The demand values can be 
decreased by fixed proportions of the absolute value.
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(iii) Diagnostics, both in terms of self checking, and velocity and 
acceleration demands.

(iv) Interaction with the supervisor and interpolation units to 
notify of possible vector termination. The unit can then 
respond, either to decelerate to a static position, or change 
the velocity demands for the next vector to be executed.

The overall system is initialised by driving the robot to a known 
position. The reference position may be determined by limit switches, 
potentiometers, or sane other datumning device.

(5) Board fo r  Handling In pu t/O u tpu t, (I/O ): To allow  the c o n tr o lle r  to

in te r fa c e  at a low le v e l  w ith  peripheral item s an I/O card i s  included  

in  the rack . The s ig n a ls  are bu ffered  and opto«risolated . Several types 

of input and output s ig n a ls  must be considered .

At present a s in g le  Sage II i s  em ulating the tasks of both 68000 

p ro cesso rs . This allow s softw are development and gradual upgrading of 

the system . The o r ig in a l in te n t io n  was to  inclu de the C ifer board as 

the second 68000 p ro cesso r . This r e f le c t s  the fa c t  that the C ifer i s  a 

cheaper s in g le  board computer. However the amount of data th a t was 

found n ecessary  to  pass between the system supervisor and transform ation  

u n its  c o n f l ic t  with the aims of a lo o s e ly  coupled system . The use of a 

d if fe r e n t ,  fa s te r  communications bus or d ir e c t memory acess by th e two 

68000 system s could r e l ie v e  t h is  problem. However, even i f  the 

communications problems are so rted  o u t, th ere  are a lso  the d i f f i c u l t i e s  

in vo lved  w ith  softw are development on the C ifer board.
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The possibility of a single board Sage II, and a 10MHz version to be 
available shortly, makes the combatibility of two Sage units a feasible 
impl ementation.

7. 3- 2  System V e r s a t i l i t y

The system v e r s a t i l i t y  i s  obtained through hardware and softw are  

m odularity . Apart from the correspondence between the number of a x is  

cards and dof of the ro b o t, softw are module can be incorporated in to  

various card s.

For example, a sim ple v ers io n  o f the control stru ctu re  would be for  

a p ick-and-p iace four dof ro b o t. In t h i s  case o n - lin e  transform ation  i s  

not req u ired , in te r p o la t io n  being in  jo in t  sp ace . The system would then 

use only  one 68000 microcomputer and four a x is  boards. This would s t i l l  

allow  programming in  base sp a ce , a u sefu l f a c i l i t y ,  but when running 

would not need the added com putational a b i l i t y  of a second 68000 board. 

However the system could be e a s i ly  upgraded at a la te r  stage to  allow  

continuous path motion by th e a d d itio n  of the second board and minor 

softw are changes.

S im ila r ly  a so p h is t ic a te d  robot c o n tr o lle r , incorporatin g  a l l  modes 

of vector p r o f il in g  a n d 'in te r p o la t io n , and in clu d in g  dynamic r o ta tio n a l  

frames may req u ire th ree  68000 boards. Two boards would d iv id e  the  

task s of vector p r o f i l in g ,  in te r p o la t io n , frame transform ation , and 

co-ord in ate  tran sform ation . One board would act as system su p erv isor .

Apart from the in c lu s io n  of softw are fu n ction s developed in  th is  

p roject the system can be expanded to  perform even more so p h is tic a te d
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roles. Examples include dynamic modelling and adaptive control. These
may be accommodated by hardware ad d ition s or processor upgrading.

7 .3 .3  Algorithm Software

Due to  the rea l time requirem ents of robot co n tro l, the e f f ic ie n c y  

o f the in tern a l algorithm s i s  a c ru c ia l aspect of the control system . 

An a n a ly s is  of the com putational requirem ents and r e la t iv e  p rocessing  

power of the co n stitu en t m icroprocessor showed the tr a je c to ry  gen eration  

and transform ation a lgor ith m s, executed  on the 68000, to  be the most 

c r i t i c a l  s e c t io n .

Considering the algorithm execution requirements, it was necessary 
to implement the algorithms in processor assembler code. A comparison 
of high level and assembler implementation of algorithms on the Sage II 
showed a decrease in the execution time by a factor of 12 when using 
assembler code.

An important a d d itio n a l fa c to r  in  tim ing i s  the in tern a l accuracy o f  

elem entary r o u tin e s . A b a s ic  guide to  the in tern a l accuracy can be 

obtained by con sid erin g  the r e s o lu t io n  requirements of the physical 

system . The g rea tes t demands on r e so lu t io n  occur at the base and 

shoulder jo in ts  of the r o b o t. A r e so lu t io n  o f ±0.5mm at a 2m reach 

req u ires a r e so lu t io n  o f 1 : 12600; a data accuracy o f 14 b i t s .  The 

measurement of the system  should be at le a s t  four tim es the required  

accuracy, g iv in g  a data accuracy o f 16 b i t s .  This was th erefore  

r e f le c te d  in  the i n i t i a l  data s tru c tu re  employed in  the system . A 

f lo a t in g  point format as shown in  F igure 7 .4 (a ) was used. The stru ctu re  

employed a 16 b it  m an tissa , and seven b it  exponent, g iv in g  a range (in 

decim al) o f:
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nnnnn x 10-37 < pj < nnnnn x 10^7 ( 7 . 0

where n rep resen ts a decimal s ig n if ic a n t  f ig u r e , and N i s  the p o ss ib le  

in tern a l value th at can be accommodated.

The use o f a f lo a t in g  point s tru c tu re  rather than in te g e r , r e f le c t s  

the data range req u ired . This i s  incorporated prim arily  to  s t a b i l i s e  

the in verse  kinem atic ev a lu a tio n  near i l l  conditioned v a lu es .

As the a r ith m etic  requirem ents in crea sed , w ith the ad d ition  o f more 

complex a lgor ith m s, i t  was found th at the 16 b it  in tern a l data s tru c tu re  

was u n sa t is fa c to r y . The s tr u c tu r e  was th erefore  upgraded to  a 24 b it  

m an tissa , as i l lu s t r a t e d  in  F igure 7 .4 ( b ) .  This stru ctu re  s t i l l  

m aintained the data range but in creased  the decimal eq u iva len t of 

s ig n if ic a n t  b it s  to  sev en . The in creased  data accuracy was however at a 

co st of p rocessin g  tim e. A comparison o f 16 and 24 b it  m antissa b asic  

fu n ction s i s  given in  Table 7 .1 . The algorithm s for  eva lu atin g  the  

elem entary fu n ction s ( s in e ,  co s in e  e tc )  r e f le c te d  the in ter n a l  

a rch itectu re  of the p rocessor , [Cody 1980]. I t  can be seen from 

Table 7.1 that the tim e overheads fo r  the trigonom etric  eva lu a tion s are 

r e la t iv e ly  h ig h . Therefore techniques to reduce the com plexity o f  

trigonom etric fu n ctio n s were in v e s t ig a te d .

Considering the 68B09 cards used for a x is  servo c o n tr o l, and 

v e lo c ity  p r o f i l in g ,  the a r ith m etica l demands were le s s  s tr in g e n t .  

However execution  tim es were more im portant, s p e c i f ic a l ly  for  servo 

c o n tr o l. The in tern a l a rch ite c tu r e  o f the 68B09 processor makes the use 

of f lo a t in g  point algorithm s more tim e in ten siv e  r e la t iv e  to  the 68000
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p r o c esso r . Therefore an in te r n a l data stru ctu re  of 24 b it  in teg er  was 

employed.

Processors e x is t  which have f a s t  processing times for arith m etic  

fu n c ito n s . These are however expensive processors manufactured fo r  the 

m ilita r y  market. (An example o f a m ilita r y  processor i s  the 

AN/AYK'r 14(V) which can ev a lu a te  a 32 f lo a t in g  point s in e  fu n ctio n  in  

2 4 y s, [C assola 1982]). Most consumer market processor chips have 

r e la t iv e ly  slow a r ith m etic  fu n ctio n  processing  tim es. One technique  

that can be employed to  a id  p rocessin g  of trigonom etric fu n ction s;  

incorporates look  up ta b le s .

Given a fu n ction ; s in  (x+6x ) ,  t h i s  can be expanded by means of the 

Taylor s e r ie s :

sin (x+ 5x) (x+5x) (x+Sx)3 ( x + 5 x ) 5
3! 5! (7 .2 )

Expanding and c o l le c t in g  terms:

x3 x5
s in (x + 5x) « x 'r tt  + —3! 5!

( A - x2 x1* 'i 5x25x(l  2J +  ̂ 2

r x3 x5 - >
U  -  37  + 5 7  •••) (7.3)

5x^ .s in x  + 5x cosx  -r —— sm  x

This expansion can be used w ith  a look up ta b le  to  decrease the 

computation tim e required  to  ev a lu a te  the s in e  and co sin e  fu n c tio n s .
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A technique for the arctangent fu n ction  provides a s im ilar  expansion

for use with look up t a b le s .  For example the f i r s t  two terms for  the  

arctangent s e r ie s  are:

tan(x+5x) = tanx + —  ■ (7 .4 )
1 +x2

Again computational savings can be obtained when using an expansion  

technique and look up ta b le s  fo r  the arctangent fu n c t io n .

When the r e la t iv e  c o s t s ,  in  terms of computation of the ar ithm etic  

r o u t in e s ,  are compared, a choice  can be made between various equation  

o p t io n s .  For example, the four methods of d efin ing  the paramater 1 ,

given in  equations (3*40) to  ( 3 .4 3 ) ,  when compared in  the l i g h t  of 

computation requirem ents, su g g est  the use of the format:

1 = Sxcosa + Sysina

The computational cost  of ar ithm etic  routin es  a lso  i l l u s t r a t e s  the 

importance .of the l e s s  num erically  in ten s iv e  algorithm s, developed in  

t h i s  t h e s i s .

The f i r s t  DIMS system employed involved the use of one 68000 un it  

for in te r p o la t io n ,  frame and co -ord inate  transform ation . This card was 

a lso  used for l im ite d  high l e v e l  in t e r fa c e .  In addition  f i v e  68B09 

cards were used for servo c o n tr o l ,  one for each robot j o i n t .  Another 

68B09 card was employed for  vector  p r o f i l in g .
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A servo loop c lo su re  time of 8msec was achieved using the 68B09 

cards. However the transform ations algorithms required 27msec. 

Therefore an ad d ition a l in te r p o la t io n  was carried out on the j o in t  

demand values to match the 68000 and 68B09 p rocessors . This allowed a 

servo frequency of 100Hz with a marginal reduction in accuracy.

The next s tage  i s  to  package the transformation algorithms onto an 

independent 68000 board. In add ition  the mathematical r o u t in e s ,  

s p e c i f i c a l l y  tr igonom etric  a lgor ith m s, require a decrease in  processing  

tim e. This can be achieved by u s in g  the tr igonom etric  methods d iscu ssed  

p re v io u s ly .

An evaluation  of the Control system i s  l inked  to  the t e s t in g  o f  the 

mechanical system. Conceptually the use of DIMS has been proven. The 

tech n ica l  b e n e f it s  of DIMS have been i l l u s t r a t e d .  A more d e ta i led  study  

i s  required to  evaluate  the f in a n c ia l  im p lications of DIMS.
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ROBOT CONTROLLER

SOFTWARE MODULE OPTIONS

(i) VECTOR PROFILING
(ii) INTERPOLATION

(ill) FRAME TRANSFORMATION 

(iv) CO-ORDINATE TRANSFORMATION

SUB-MODULE OPTIONS

VARIABLE ACCELERATIONS
POINT TO POINT 
LINEAR 
CIRCULAR 
ELLIPTICAL 
CUBIC SPLINE 
SPATIALLY DEFINED
SINGLE STATIC FRAME (SF)
STATIC FRAME:DYNAMIC FRAME:STATIC FRAME
(i) DYNAMIC FRAME X VARIABLE
(ii) DYNAMIC FRAME X fw VARIABLE
5 DOF ROBOT SIMPLE GRIPPER
5 DOF ROBOT WELDING ROD
6 DOF ROBOT PYR 
6 DOF ROBOT RPR

(V) SERVO CONTROL

Figure 7.1 Task Structure  for a Continuous Path Robot



Figure 7.2 Network Architectures
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I

Figure 7.3 Imperial College Robot Control Cabinet



6 mant. mant. 5m e

(b) 24 bit mantissa

mant. mantissa
exp. exponent
6 sign mantissam ^

6^ sign exponent

Figure 7.4 Floating Point Data Format



FUNCTION TIME ( ysec)
24 b i t  m antissa 16 b i t  mantissa

Add/Subtract 60 30

Multi ply 70 27

Divide 220 35

Sine/Cosine 670 350

Arctangent 1570 600

Square Root 870 240

Table 7.1 Algorithm Execution Times
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COMMAND SOURCE DESTINATION DATA FIELDS

PTP In terp o la tion Delegator Traj Gen/Transfn -

E l l i p t i c a l
In terp o la tio n

Delegator Traj Gen 5

Robot Configuration Delegator Tranfn 1

Move R ela tive  to  

Current Frame

Delegator Traj Gen 12

Set End E ffector  

Parameters

Delegator Transfn 4

Excessive Following  

Error

Axis Cards Traj Gen -

Table 7 .2  Examples of Pseudo Level One Commands



8 CONCLUSIONS

The work, presented in  t h i s  t h e s i s ,  can be divided in to  three areas .  

F irs t;  the mechanical and e l e c t r i c a l  design of a robot. Second; the 

s tru c tu r in g  of the robot contro l problem in to  semi autonomous ta s k s ,  and 

d ev is in g  algorithms for  th ose  ta s k s .  Third; the implementation of the 

various algorithm s, using a d is tr ib u te d  processor a r ch ite c tu r e ,  to  

provide a f l e x i b l e  robot c o n t r o l l e r .  These areas are trea ted  in  

sequence, r e la t iv e  to  th e ir  in tro d u ct io n  in  t h i s  t h e s i s .

In Chapter 2, fea tu res  important in  the mechanical design of a robot 

arm have been in troduced . Although various techniques for  robot design  

have been suggested non o f th ese  s u c c e s s fu l ly  provide a complete 

methodology for  mechanical d e s ig n . One fea tu re  of the robot designed by 

the author was the use of ch a in . This was intended to  provide a cheap 

robust method of transm ission  and gear reduction . Although the

mechanical performance was s a t i s f a c t o r y ,  when analysed in  d e t a i l ,  only  

marginal cost savings could be r e a l i s e d .  This was due to  the machining 

and assembly c o st  of the various p in ions and jock eys . In a d d it ion  the 

take up of chain wear, looked l i k e l y  to  prove problematic. S e lf  

adjusting  ten sion ers  were d i f f i c u l t  to  employ without introducing areas 

of transm ission v ib ra tio n  and n o n - l in e a r i t i e s .  The ten sion ers  

even tu a lly  employed requires human adjustment, and i t  was in  t h i s  area 

that problems were envisaged . Scheduling maintenance and ensuring  

correct ten s ion in g  i s  d i f f i c u l t  to  achieve in  the in d u str ia l  

environment. Therefore i t  was decided that the next mechanical 

prototype should employ harmonic gears and, i f  necessary , toothed rubber 

b e l t s .
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There have also been some problems with bearings, specifically in 
the shoulder joint. Although deep groove ball bearings were used, it is 
felt that a taper roller pair, as employed in the base, is necessary.

The o v e ra l l  performance o f  the mechanical and e le c t r i c a l  design has, 

to  the present tim e, been analysed in  only a q u a lita t iv e  manner. A 

q u a n tita t iv e  a n a ly s is  requires both the physical robot and c o n tr o l le r .  

A stra teg y  for performance ev a lu a t io n  i s  an important item that i s ,  at 

p resent, being implemented. Apart from the work carried  out by Warneke 

and S ch ra ft ,  [Warnecke and Schraft 1979], other s t r a te g ie s  for  t e s t in g  

robots have been su ggested , [Anshin 1978],

The search for l i g h t e r ,  s t i f f e r  robots involves  aspects of both 

m aterial con stru ctio n , and drive mechanisms. An area of in t e r e s t ,  

although expensive at the present tim e, involves  the in v e s t ig a t io n  o f  

rare earth , d ir e c t  torque motors, and composite limb s tr u c tu r e s .  The 

l a t t e r ,  composite m a te r ia ls ,  lends i t s e l f  to  f i n i t e  element a n a ly s i s ,  

both for design and performance m onitoring.

Chapter 3 introduced the concept of co-ordinate frame

transform ation . I t  was f e l t  that the separation  of p o s i t io n a l  and

o r ie n ta t io n  parameters allowed a more f l e x i b l e  frame transformation  

s tr u c tu r e .  These parameter groups, when trea ted  sep a ra te ly ,  enable  the  

frame transform ation algorithm to fu n ctio n  in  a manner that allows more 

complex motions of the robot arm. An example i s  that of w elding, where 

constant rod o r ie n ta t io n ,  r e la t iv e  to  the d irec t io n  of motion, and 

d e ta i le d  rod motions, can be e a s i l y  superimposed on the basic  welding 

d ir e c t io n  o f t r a v e l .
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For both frame and co -ord inate  transform ations, an a n a ly t ic a l  

technique has been developed by the author based on three dimensional 

geometric a n a ly s i s .  This compares with elemental matrix techniques  

previously  employed. Both techniques are i n t u i t i v e .  The matrix  

technique requires in sp e c t io n  of the matrix elements before deciding  

mathematical treatm ent. The geometric technique requires in sp ec t io n  of  

the geometry before mathematical treatment. One d i f f i c u l t y  with 

geometric a n a ly s i s ,  i s  the care required with angle conventions. This 

aspect i s  perhaps l e s s  d i f f i c u l t  with matrix tech n iq u es. However, 

providing care i s  taken to  determine the conventions beforehand, i t  i s  

f e l t  that t h i s  w i l l  not cause too much inconvenience when applying  

geometric a n a ly s i s .

Chapter 3 a ls o  defined the p i t c h ,  yaw and r o l l  (PYR) convention  

employed for  d e fin in g  o r ie n ta t io n  o f  the robot end e f f e c t o r .  I t  i s  f e l t  

that t h i s  convention , although not employed e x te n s iv e ly  in  other  

research , provides a more complementary o r ien ta t io n  d e f in i t io n  fo r  the  

engineering environment. The PYR o r ien ta t io n  i s  i n t u i t i v e l y  managable 

by en g in eers , and can be e a s i l y  obtained from engineering drawings. 

This l a t t e r  point becomes s ig n i f i c a n t  as more robots become lin k ed  to  

the engineering databases used with Computer Aided Design and 

Manufacture equipment.

Chapter 4 involved  co -ord inate  transform ation , the mapping of world 

to  j o in t  c o -o rd in a tes .  To provide in verse  kinematic equations, the  

technique of geometric a n a ly s is  was again employed. The savings in 

arithm etic  com plexity , and th ere fo re  computational tim e, by using  th is  

technique i s  s i g n i f i c a n t  when compared to  e x is t in g  matrix techniques.
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Algorithms have been designed, and proved, for all major robot primary
and secondary configurations.

The technique of Pseudo Resolved Motion Rate (PRMR) control was also 
discussed. The way in which this technique, involving the Jacobian 
matrix, and the inverse kinematic equations can be combined to allow 
control of redundant manipulators was presented.

As the power of available microprocessors increases, the real time 
restraints of robot control become less critical. It is envisaged that 
in the future, the requirement for detailed analysis of the inverse 
kinematics will not be as important. When the performance of cheap, 
easily available, microprocessors reach a more advanced specification, 
it is felt that the PRMR technique will become used in more robot 
controllers. The simplicity of implementation and similarity with 
requirements of redundant manipulator control, makes PRMR a powerful 
technique in the area of co-ordinate transformation.

The phenomenon of derivative motion is an overhead in computation, 
that can be avoided. Its avoidance, however, requires the drive for a 
specific joint to be either at the joint or on the joint carrying limb. 
The need, to place the heavy, bulky drive assemblies toward the base of 
the robot means that compensation for derivative motion is necessary at 
present. Either improvements in the electrical and mechanical
construction, or the use of more powerful microprocessors will 
eventually relieve this burden.
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Chapter 5 d iscu ssed  the area o f tr a jec to ry  genration . This area can 

be u s e fu l ly  divided in to  two a rea s .  F irs t;  there i s  the task of vector  

generation with resp ec t  to  t im e . Secondly; there i s  the task of s p a t ia l  

in te r p o la t io n ,  the transform ation o f  the vector time requirements in to  

the actual s p a t ia l  path. Algorithms for  both th ese  aspects have been 

devised by the author.

The framework for vector generation involve the velocity/time plane. 
A linear velocity profile was employed with self correction for spatial 
inaccuracies. Quantitatively, the use of velocity profiling provided a 
marked improvement in motion performance. However, a qualitative 
analysis is necessary to enable the merits of various velocity profiles 
to be compared. It is felt that for high performance manipulators, 
acceleration generation will also be required. Again this may be an 
area for future work.

Algorithms to enable the fast generation of a large range of 
interpolated paths, have been devised by the author. One spatial path 
important in welding is that of the ellipse. A fast algorithm has been 
devised which has only slight computational overheads compared to 
circular interpolation. A method for generation smooth paths passing 
through specified points, has been introduced based on cubic splines.

In accordance with the separation of positional and orientation 
parameters, the interpolation techniques apply to both seperately. As 
has been suggested, this allows more complex robot motions of the robot. 
The example of robot welding allows three interpolation algorithms to 

run seperately, and be superimposed to give a weave along the weld path,
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with the welding rod to  be held  at a s p e c i f ie d  o r ien ta t io n  to  the

motion.

Chapter 6 d iscu ssed  the requirements of robot j o in t  c o n tro l .  As an 

in trod u ction  to  the d i f f i c u l t i e s  in vo lved , the dynamic in te r a c t io n  of  

the robot j o in t s  was i l l u s t r a t e d  m athem atically . Time requirements 

allowed only the implementation of a three term c o n tr o l le r ,  tr e a t in g  

each j o in t  independently . The area of jo in t  control i s  however of 

utmost importance as the requirements for  increased speed of robot 

motion grow. Thus the need fo r  f a s t  dynamic ev a lu a t io n , and adaptive  

control becomes apparent. Much research i s  at present being conducted  

in  t h i s  area, and t h i s  f i e l d  i s  suggested for  further stud y .  

S p e c i f i c a l ly  the area of f a s t  s e l f  tuning control algorithms o f fe r s  much 

scope in  robot c o n tr o l .

Again performance t e s t i n g  of the robot with various control  

algorithms i s  needed for  fu rth er  e v a lu a t io n .

Chapter 7 draws the various techniques and algorithms presented ,  

in to  a D istr ib u ted  I n t e l l ig e n c e  Multi microcomputers System (DIMS). By 

d iv id in g  the robot control problem in to  sem i-d iscre te  fu nctions  i t  has 

been p o ss ib le  to  implement a robot co n tro lle r  that employs DIMS. The 

use of a d is tr ib u te d  processor system allows great scope in  terms of 

expandability  and f l e x i b i l i t y .  Various configurations of

m u lti-p rocessor  a rch itec tu re  have been t r i e d .  The c r i t e r io n  for a 

semi-automonous, l o o s e l y  coupled system suggests  that a d irect  lin k ,  

co-processor  combination fo r  frame and co-ordinate transform ation is 

n ecessary . This may be achieved by a sep arate , high speed 

communications bus or D irect Memory Address (DMA).
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The DIMS concept employed allows processor balancing between the
number of processor cards, degree of control sophistication required, 
and physical configuration of the robot. Any change can be easily 
accommodated by insertion, or removal, of processor cards, and minor 
software changes.

Chapter 7 a lso  introduced th ose  items peripheral to  d irect robot 

c o n tr o l .  Of s p e c i f i c  importance i s  environmental sensing; v i s io n ,  

t a c t i l e  and f o r c e .  To enable a robot to  respond and in ter a c t  with the 

engineering environment, i t  i s  cru c ia l  that inform ation i s  obtained  

using th ese  peripheral d e v ic e s .  Much research i s  being undertaken at 

present in  th ese  f i e l d s .  A DIMS c o n tr o l le r  w i l l  allow implementation of  

advances in  th ese  f i e l d s .

One other aspect introduced in  Chapter 7 was that of high l e v e l  

languages. Many requirements of robots can be f u l f i l l e d  at p resen t ,  

using  low le v e l  teach in g . However as robots are required to  make more 

d ec is io n s  concerning p o s s ib le  a c t io n s ,  the need for  high le v e l  languages  

emerges. Requirements are d iv e r s e .  Apart from in te r a c t io n  and con tro l  

of environmental s en s in g , d e c is io n s  are required r e la t in g  to  p o s s ib le  

s i tu a t io n s  that may a r i s e .  Thus great in t e r e s t  surrounds a r t i f i c i a l  

in t e l l ig e n c e  with referen ce  to  robot control which would allow  more 

so p h is t ic a te d  r o le s  to  be undertaken.

It is felt that a DIMS philosophy allows advances in algorithmic 
techniques and items such as dynamic analysis to be easily incorporated 
at a later stage. By breaking up the control problem onto separate 
processors each can be treated individually and easily adopted into the
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c o n tro l system . The a lg o r ith m s  p resen ted  a re  re le v a n t to  the  s ta te  o f

robot control at the present t im e. By using DIMS i t  i s  easier  to  update 

the fea tu res  of robot contro l as improved tech n iq u es ,and increased  

market requirements occur.
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APPENDIX A HARDWARE SPECIFICATION OF UNITS USED IN THE ROBOT CONTROLLER

A.1 Sage II S p e c if ic a t io n

The general specification of the Sage II unit, used as the system 
supervisor, and initially for transformation equations, is as follows:

MC68000 1 6 -b it  processor 2 m i l l io n  in s tr u c t io n s  per second  

M ulti-colour s ta tu s  LED

Sage expansion bus: 16 -b it  data bus, 24-bid address bus 

A ll input and output i s  in terru p t driven , o p t io n a lly  po lled  

128K to 51 2K byte dynamic memory 

Byte l e v e l  p a r ity  checking  

Real-tim e clock.

Task scheduler

Two RS232-C s e r ia l  ports

P a r a l le l  printer  port

IEEE-488 GPIB port

Easy to  in ter fa c e  BIOS

DEBUGGER for software development

Choice of 48TPI or 96TPI floppy d is c  drives

Low power requirements (70 w atts )

Switching power supply

UCSD p-System Software w ith P a sca l,  FORTRAN and BASIC
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A . 2 Cifer 6800 Auxiliary Processor Board

The hardware s p e c i f i c a t io n  for the C ifer 68000 board intended for  

the tr a je c to ry  generation  and transform ation software modules i s  as 

fo llow s:

MC68000 Processor running at 8MHa 

256KB RAM with no wait s ta te s  

Up to  32KByte EPROM

Memory mapping of RAM, providing 4 maps each of 64x4K Byte segments. 

Each segment may be designated  as INACCESSABLE, READ ONLY, or READ-WRITE 

SUPERVISOR and USER modes 

IEEE4888 in ter fa c e  using TMS9914a

RS232C port running at 9600 Baud w ith  Handshakes and clock  output 

50 Hz timer in terrupt

External ABORT button generating  non-maskable interrupt

Hardware r e s e t  at power-up or by IEEE488 IFC l in e  or by connection of an

external button

Status by means of on board LED’s

The processor d ir e c t ly  supports 16MBytes of lo g ic a l  address sp a ce ,  and 

a l l  memory and 1/0  devices are mapped in to  t h i s  space. The memory 

mapping i s  only a p p lica b le  to  the RAM with the EPROM and 1/0 devices  

appearing at f ix e d  a d d resses .
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A . 3 Axis Controller Boards

The robot ax is  c o n tr o l le r  cards are single^board microcomputer un its  

based on the MC68B09 m icroprocessor c i r c u i t .  A large number of 

peripheral in tegrated  c i r c u i t s  provide the board with a wide range of 

c a p a b i l i t i e s .  I f  a l l  the a v a i la b le  f a c i l i t i e s  are not required , then 

the board may be operated in  a partially-^populated s t a t e .  In i t s  

complete form, each a x is  c o n tr o l le r  card comprises:

MC68B09 microprocessor  

6 Timer/Counters 

2K bytes RAM 

8K bytes ROM/EPROM

12-?bit d ig i t a l  to  analogue (D/A) converter

10.24V vo ltage  referen ce

Analogue to  d ig i t a l  (A/D) converter

CMOS LSI in ter p o la t io n  pulse  generator

8 d ig i t a l  inputs

8 d ig i t a l  outputs

V oltage^controlled  o s c i l l a t o r

TMS 9914 GPIB C ontroller  and in te r fa c e  drivers

The above a u x i l ia r y  c i r c u i t s  and ad d it ion a l on-board l o g i c  c ir c u i tr y  

permit each a x is  c o n tr o l le r  card to  be in ter faced  to  the IEEE^48S 

instrum entation bus, an incremental o p t ica l  encoder, an ax is  p o s it io n  

potentiom eter, forward and rev erse  l im i t  sw itch es ,  i n i t i a l i s a t i o n /  data^ 

tunning sw itch es ,  motor brake control c i r c u i t ,  a dc servo con tro ller  

a m p lif ie r ,  and various input/output and d ia g n o st ic  s ig n a l s .
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The Vector P r o f i l in g  u n it  i n i t i a l l y  used for v e lo c i ty  p r o f i l in g  i s  a

p a r t ia l ly  populated version  o f  an ax is  co n tro ller  card.

A. 4 Input/Output Cards

A s e r ie s  of d ig i t a l  I/O l i n e s  under software control are fed  to  the  

external input/ouput cards w ith in  the robot co n tro ller  rack. D ig i ta l  

outputs are f i r s t  buffered and then fed  through an opto*?isolator to  the 

output stage  which may be e i th e r  a Darlington tr a n s is to r  or T ria c .  

Several outpu options are normally n ecessary , e . g .  +24V dc at 1A drive  

current or 110V ac at 5A drive current c a p a b i l i ty .  The s ta tu s  of any 

output l i n e  may be read when req u ired . The inputs form external devices  

are conditioned and reduced to  an acceptable le v e l  before being fed  

through an opto-^isolator and in to  a d ig i ta l  b u f fe r / l in e  d r iver . Both 

inputs and outputs are a v a i la b le  on 6U height double Eurocards in  blocks  

of 16 c i r c u i t s .  Only one type o f c ir c u i t  i s  a v a i la b le  on each card. 

For heavy current re la y s  or co n tra c to rs ,  which must be f i t t e d  to  a DIN 

r a i l  s i tu a ted  below the rack of servo co n tro ller  am plifiers in  the  

co n tro lle r  ca b in e t .
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APPENDIX B DERIVATION OF TRANSFORMATION EQUATIONS

This Appendix conta ins  the d e ta i le d  c a lcu la t io n s  involved to  

determine the equations for  the transformation of o r ien ta t io n  from a 

secondary frame to  base system and in v erse  kinematic a n a ly s i s .

B.1 O rientation  Transformation from a Frame to  a Base System

The method devised  for  determining the transformation o f o r ien ta t io n  

from a frame to  base system uses an imaginary extension  of the robot 

t o o l .  The ex ten sion  i s  of three l in k s  of un it length  s e t  a r ig h t  angles  

to  each o th er . This ex ten s ion  i s  s e t  according to  the o r ien ta t io n  

referenced with the secondary frame ^a, ?$, ^Y. Four points are then 

s p e c i f ie d  corresponding to  the common point and the ends of the 

ex ten sion  l in k s :

f x0 -  [x0 ,y 0 , z 0 ]T (B.1)

f x-j = [ x 1 , y 1 , z 1]T (B.2)

f x2 = [x 2 ,y 2 , z 2]T ( B« 3)

f x3 = [x 3 ,y 3 ,z 3 !!̂  (B.M)

The r e la t iv e  p o s it io n s  of each vector can then be s p e c i f ie d  by means of 

^a, and f Y (see  Figure B .1 ) ,  as fo l lo w s:
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( B. 5)f i 1 ” f i<0 + Sf Xi

f x2 = f £o + Sf x2

f3  ” f *0 + «f *3

where from geometric in sp ec tio n :

^8
Cg Sa

- S B

Sf X2
Cy sB ca + Sy sa
Cy sB Sa Sy ca
Cy CB

Sy Sg Ca - Cy Sa 
Sy Sg Sa + Cy Ca

. Sy C8

Where S and C refer  to  the s in e  and cosine of the 

r e s p e c t iv e ly  and the sup erscr ip t f  in d ica tes  that a l l  

parameters are s p e c i f ie d  w ith  resp ec t  to  the secondary frame.

The four points s p e c i f i e d ,  can be transformed to  

co-ord inate  system by means of the frame r o ta t io n  matrix bRf:

* 0  -

- 2 2 9 “

(B. 6)

( B. 7)

(B .8 )

(B.9)

( B .10)

su b scr ip ts

o r ien ta t io n

the base

bRf  f x0 (B.11)



s  ■= bRf f XT = bRf  f x0 + bRf  6f Xi (B.12)

^  ■* bRf f ii2 = bRf f £0 + bRf  $f x 2 (B.13)

b£3 ■5 bRf  f iS3 = bRf  f i£0 + bRf <Sf *3 (B.14)

The r e la t iv e  p o s it io n s  of the vectors  in  base space i s  determined by 

executing  in  e f f e c t  the rev erse  of the procedure ou tlin ed  above. The 

r e la t iv e  p o s it io n s  of the vectors  in  base space i s  determined by:

fihx! = b£i  ̂ bxo = bRf 6f£ l ( B. 15)

6bx 2 = bx2 bxq = bRf6f x 2 ( B. 16 )

5bx 3 = bx3 bx0 = bRf5f x 3 (B. 17)

Since absolute  len g th s  are preserved on r o ta t io n a l transform ations,

the values of ba, b B, and bY can be determined from b5x-| b5x2 b<5x3. 

Referring to  Figure B.2:

ba = atan2[5by-i tfihx-j ] ( B. 18 )

b B = atan2[5bz-| ,1 ]  (B.19)

where the value of 1 can be s p e c i f i e d  by means of any of the fo llow ing:

= ( ( 5bx 1 ) 2 + ( 6by-| ) 2 ) 2
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( i i )  1 - 5bx 1 Cba + 5by i Sba (B.21)

( i i i ) 1 = S ^ /O b g  (B.22)

( iv )  1 = 5by 1/S b a (B .23)

Referring again to  Figure B.2 the value of bY i s  obtained by considering  

the z components of 5bX£ and 5bx 3 :

bY = a tan2 ( 5bz 3/CbB, 6bZ2 /Cb3) (B.24)

-*■ bY = atan2( 6bz 3 , 6bZ2 ) (B.25)

In terms of the elements of bRf and the o r ien ta t io n  parameters s p e c i f ie d  

with- resp ect to  the secondary frame, the relevant base parameters 

required to  s p e c i f y  ba» b B» bY are as fo llow s:

6b*1  = f i>11c Bc ci + r 12CBSa r 13S 6] ( B .26)

6byi = f Cr 21c Bc a + r 22c BSa  ̂ r 23s B̂  (B.27)

<5bzi = f tr’31c Bc a + r 32c Bs a  ̂ r 33s B̂  (B.28)

6bZ£ = ^ [r 3i (CYSBCa+SySa) + r 32(CySgSa+SyCa) + r 33CyCB] (B.29)

5bz3 = ^ [ r 3i (SySgC^+CyScj) + r 3 2 (SySgSoj+CyCQ) + r 3 3 SyCB] ( B . 3 0 )

where r^j i s  the i t h  row j t h  colum component of bRf.
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3 .2  D etailed  A nalysis of Inverse  Kinematic Equations

The fo llo w in g  s e c t io n s  deal with the geometric a n a ly s is  of the 

manipulators to determine the d ir e c t  inverse  kinematic equations.

The f i r s t  stage  with f i v e  or s i x  dof manipulators i s  to determine 

the c o -a x ia l  p o s i t io n  o f the end e f f e c t o r  xc , thence e, the in ferred  

base r o ta t io n .  Referring to  Figure B.3:

xc = b(x*rrC0Ca ) (B.31)

y c  » b (y^rcas a ) ( B .32)

zc = b (zTrSg) (B .33)

where bx re fer s  to  the base p o s i t io n  of the end e f fe c to r  and the

su p erscr ip t  r e f l e c t s  the f a c t  that a l l  parameters are defined with  

resp ect to  base sp ace . The value o f  0 i s  then determined as:

9 = atan2 (yc ,xc ) (B .3 1̂)

This expression  i s  v a l id  for  c y l in d r ic a l  polar, sp h er ica l p o lar , and 

anthropomorphic co n f ig u ra t io n s .  With cartes ian  robots 0 i s  taken as 

zero . Given 9 the w r is t  parameters for  f iv e  and s i x  dor manipulators

a,

can be determined.



B.2.1 Two dof Wrist Configuration

The s p e c i f i c  cases of two dof w r ist  configurations can be determined 

by considering  the general case  of a p itch , r o l l  w rist with a too l  

o f f s e t  at some angle 6 , ( see  Figure B.JJ). By using an imaginary r ig h t  

angled tr iange s e t  from the cen tra l ax is  of' the end e f f e c t o r ,  the 

general so lu t io n  can be o b ta in ed . Refering to  Figure B.4:

h S ^  = hSg*rhC5Sa ( B .35)

Squaring this expression:

h2S2aS2,„ = h2S2B+h2C2 6S2 (J-2 h 2S 8C6S0 (B.36)

Also:

h2S2<sS2,f) = h2C2B+h2C25C2a-2h 2C5CBC,:,C(ci, 9 1) (B. 37)

Cancelling h2 and adding gives:

<5^5(S2<j>+C2 (j) ) = (S 2 g+C2 g ) + C2 (S(S 2 a+C2 (j )  2C5 (S 3S a+CgCaC (a ^ 01 ) )

<$2<S = 1+C25 2C  ̂(S0Sa+C0CoC(ar. 0 i ) ) (B ,38)

c 0c ac (cr-61) + s 3s a * c 5 = 0

Note that i f  5=90° then the equation so lv e s  for a as:

2 3 3

a *ratan2(C(a^ Q 1 ) ,Tb) (B -39)



To so lv e  for equation (B .3 8 ) ,  s u b s t i t u te  h a lf  angle equivalents for  S a 

and Cg , where:

2t
1+t2

( B .40)

1-rt2
1+t2

( B. -41)

Where:

t  = t a n (a /2 ) (B .42)

The equation can then be expressed in  the form

a = 2atan2 (Sg±(S2 g+C2 gC2 ( a,_0 i ) TrC2 ^ ) 2 >C,5+CgC(a^Qi ) )

<j = 2atan2 (S s ±(S2 l5^C2 8S2 ( ct̂ 9 l ) ^ , C 6+CBC(cl̂ 91)) (B .M3)

Note that i f  6=0 then the equation g ives  the re la t io n sh ip :

a = ' 3 ( B .44)

To determine 9c re fer  again to  Figure B.4:

l c  = hS, (B.45)
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The va lue o f is  g iven  by:

h5 = l 5'rhC6C(a^0l )Ta 

= h(Sg^CgC(a^e i ) T a)

( B . 4 7 )

The value of i s  given by:

a5 = h5c a

= hCa(S3-rCBC( a r .e1 )Ta)

(B .48)

85 can then be determined :

85 = a ta n 2 (0 5 ,a 5 )

= atan2(C3S(ar- g i ) )Ta) (B.49)

-  a tan 2(S (a,-e1 ) ,T eC0-rC(0 , 9 1 )S 0

Note that i f  6=90° and a i s  r e ^ sp e c if ie d  then Equation ( B .W  s im p l i f i e s  

to:

e5 = atan 2(S(o^0 1 )Co ,C(a^01) ) (B .50)

The add itional parameter required to  so lv e  for the primary axes 

co n figu rat ion , i s  the w r is t  p o s i t io n  x^* where:

xw = Xc^lmcac(a-81) (B*51)

^0a = yc^^-oj^a^Ca^el) (B-52)
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zw 3 z c'"lu>So (B.53)

Note that the above equations a lso  hold true when sp e c ify  the 

in verse  kinematic equation s e t  for a f iv e  dof arm e x h ib it in g  a pure 

pitch  r o l l  secondary a x is  c o n f ig u ra t io n .  This configuration  i s  u su a lly  

used when the end e f f e c t o r  i s  a gr ipper .

B .2 .2  Pitch Yaw Roll (PYR) Three dof Wrist

The s o lu t io n  o f a PYR w r is t  i s  an extension  of the so lu t io n  fo r  the  

two dof w r is t ,  with 5=90°. Thus:

0 « Tatan2(C(a,_9i) »T0 (B.5M)

95 = a ta n (S (a^e1 )Ca>C(a^0 l ) )  (B.55)

The value of 05 i s  found by determining the angle required to  bring  

r o l l  ax is  of the o r ie n ta t io n  back to  the v e r t i c a l .  The actual angular 

o f f s e t  i s  then added to  t h i s  compensatory a n g le . Referring to  

Figure B.5, the compensatory angle  0 5 * i s  determined as fo llow s:

Considering the imaginary cy lin d er  extending frcm the a p lan e, then 

v g , the o f f s e t  from the cy lind er  a x is  and the v e r t i c a l ,  i s  given by:

v 6 = v^a (B.56)

Thus:

° 6  = V6S05 = vSas 05 (B.57)
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The c y lin d e r  h e ig h t ,  a£:

Thus the value of 6 5 T i s  given by:

6 5 ’ = a tan2 (S aS05 ,Ca) (B.59)

Thus the t o t a l  angle 06 i s  g iven by:

96 = 06f + y (B .60)

The w rist  point i s  defined  as before , and the value of 614 i s  

determined with resp ect to  the  primary axes con figu rat ion .

B .2 .3  Roll P itch  Roll (RPR) Three dof Wrist Configuration

The RPR w rist  co n fig u ra t io n  i s  i l l u s t r a t e d  in  Figure B .6 . With t h i s  

configu ration  the value of u i s  determined from the primary axes 

co n figu rat ion . The value o f  0̂  i s  determined from xc as d e ta i le d

p rev io u s ly .  Refering to  Figure B .6 , and taking 1=1 for c la r i ty :

a6 = v^0 (B.58)

Og = Sg ( B . 6 1 )

ag = Cg ( B . 6 2 )

ao) = a 0̂  ( â r 01) ~ ^0^(a^01) (B.63)

°u  = a a)̂ a) “ ^B^(a^0l )^a)  ( B • 64)
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Thus the va lue  o f v is  d e fin e d  by:

From v, 04  can be defined:

04 = vĈ j = CWSB^B^Ca^ 0l  ( B - 66)

Also:

a4 = a Bs (c^01) = c Bs (a*r01) ( B. 67)

Thus 04 can be defined by:

04 = a tan2 (0 4 ,a 4 ) (B .6 8 )

04 = atan2(CloS ^ C BC(cr-91)S(l,,C BS (ol,.01))  (B .69)

05 i s  determined as fo l lo w s:

e 4 = vSoi = oĉ 01 (B.70)

^10 = ao)/, û) = ^B^(a^0 l (B.71)

(The value of ha may appear i l l^ c o n d it io n e d  as to+90° however the 

physica l l im ita t io n s  of w, dependent on the primary a x i s ,  means that u 

w i l l  u su a lly  be l e s s  than 80° ) .

= °8 -°to  ”  s B"c 8c (a T 0 l)T(u (B .6 5 )
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Thus is  de te rm ined by:

a 5 = e U+hw (B.72)

a5

Which on

= a^8 l a^8 l 

rearranging terms g iv e s:

(B .73)

a5 = s Bs w+c 8C ( ot̂ Q 1) coj

The value of 85 can be determined in  four ways:

(B .74)

( i ) 05  = (an^+ojj^)* (B .75)

( i i ) ° 5  = ai|C04+o^S0 i| (B .76)

( i i i ) °5 = a 4/C0l| (B .77)

( iv ) 05  = O4/ S 04 (B.78)

Thus 85 i s  given by:

65 = a tan2 (o 5 ,acj) (B. 79)

Using for example the d e f in i t io n  o f  05  , ( i i ) :

05 = atan(CBS (a^01) ,Cejl (S3Sa)+C3C(a^e1 )Ca))
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The va lue o f eg is  de te rm ined  by u s in g  an im ag ina ry  c y lin d e r  ro ta te d

tw ice from the v e r t i c a l ,  as i l lu s t r a t e d  in  Figure B.7. Given the 

v e r t ic a l  d istan ce  between the cy lin d er  p lanes, v , the cylinder height h:

h = 

Also:

(B .81)

m1 3 (B.82)

m2 = vCu>s 94

The value of og i s  given by:

(B .83)

° 6  3 mlSe5^n2C05 (B .84)

° 6  = vSms 05^vCu)S e4c 05 (B .85)

The value of 8 5 ’ the angle req u ired  to  bring the r o l l  o r ien ta t io n  back

to  the v e r t ic a l  given by:

9g ’ = a tan2 (og ,h ) (B .8 6 )

8 5 ’ = a ta n (3^3 05^0^3 0 4 3 0 5 ,0 0̂ 0 4 ) (B.87)

Thus the t o t a l  angle 0g i s  given by:
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B .2 .4 Primary Axes C onfigurations

The four configu rations most commonly found for the primary axes of

an in d iv idu a l robot are, (see  Figure B .8 ):

( i )  Cartesian

( i i )  C y lin d rica l Polar

( i i i )  Spherical Polar

( iv )  Anthropomorphic

Given ’ the w r ist  point xc , the primary axes 

determined as fo l lo w s:

For a cartes ian  robot:

parameters can be

xr = xc (B .89)

*r = Ye (B .90)

Zr = z c

For a c y l in d r ic a l  polar con figu ration :

(B.91)

Rc = (xc 2 +yc 2 )^ (B .92)

9C » atan2 (yc ,xc ) (B.93)

Zc = zc (B .94)
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For the sp h er ica l polar con figu ration :

z ' c = zCTls (B .95)

_ _ 1
Rs = (xc2 +yc 2+ z ic 2 ) 2 (B.96)

0S = a tan2 (y c ,x c ) (B.97)

= a tan 2(zc , ( y c2 +xc2 ) 2 ) (B.98)

For the ant hr o pom or phi c co n fig u ra t io n ,  the a n a ly t ic a l  technique i s  as 

fo l lo w s ,  r e fe r r in g  to  Figure B.10:

= (xc2 +yc 2 ) 2 (B .99)

(A ltern a tiv e ly  the value of a^ can be s p e c i f ie d  in  terms of xc , y c and 

9-| as per Equations (3 .^ 0 ) ,  (3 .^1)»  (3.^2) (3.^3) •

o^ = z G*rl-| (B.100)

Thus angle can be determined by:

= a tan 2{o^ ta^) (B.101)

The values of h  ̂ can be determined from ip, o^ and a^ again as per 

Equations (3-40) to  (3 -4 3 )-  Taking d e f in i t io n  ( i ) :
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(B.102)
l

^  " <°i|, +aij, >2

The values of 02 f and eg* can then be determined from h^, 12 , and l g .  
However as with the Imperial C ollege  robot, 12 and l g  are often  equal in  

le n g th ,  s im p li fy in g  the equations:

0 3- = 2a r c s in (h ^ /2 1 2 ) (B .103)

e2 - = 9CH0g’ /2 (B.104)

Since h  ̂ i s  l im ite d  in  range due to  the physical l im ita t io n s  of the 

robot, the equations are w e ll  con d it ioned . However the s ingular  point  

of h^=2 1 2 , s ig n i fy in g  the extreme reach of the robot should be avoided  

i f  p o s s ib le .

Thus from 02 * and 0g’ the values 02 and 0g can determined:

02 = 9O^(02 +!|j) ( B .105)

03 = 180^0  g » ( B .106)

The value of oi passed to  the RPR w rist configuration  r e f l e c t s  the 

o r ien ta t io n  of the end of the primary a xes . Therefore; oj= o fo r  the  

cartes ian  and c y l in d r ic a l  polar co n figu rat ion s , w=tJjs for sp h er ica l  

p olar , and u)=90*=-( 02+0g) for  the anthropomorphic co n fig u ra t io n s . Given to 

and a from the primary and secondary axes r esp e c t iv e ly  (when 

a p p l ic a b le ) ,  the value of 0i| can be determined:

- 2 4 3 -



2 do f w r is t 8i| = 0'*oj ( B .107)

3 dof PYR w rist : 0ij = â u) (B .108)

3 dof RPR w rist : not a p p lica b le (B.109)
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Figure B.l Tool Extension Parameters in Secondary Frame
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(X-Y PLANE)

Figure B.2 Tool Extension Parameters in Base Frame
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Figure B.3 C o-axial P o s it io n  o f  End E ffec tor
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Plain View

Figure B.4 Two dof Wrist Inverse Kinematic Evaluation
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View on 'A'

Figure B.5 Evaluation of 06 for PYR Wrist Configuration
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Plan View

Figure B.6 Three dof RPR Wrist Kinematic Evaluation
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Figure B.8 Evaluation of Primary Axes Parameter
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View on 'A' 

Figure B.7 Evaluation of 8
6 

for RPR Wrist Configuration 
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