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Abstract 
Real-time control of Iut manipulators requwea dficknt control 

algortthms to achieve hbgh sampling rates. PraCtM imPlemOn(0tbn 
01 me inverse dynamics to a c h m  high sampling r8tm dwnuxfs an 
eflicmt algorithm whm utilizes the c;lpabilltkr of modern digrll) 
hardware. To reduce the compufattonal requ~ement8 d M. Nowton- 
Euler (N-E) algonmm lor rea/-rime appilcahonr M proposo the 
concept of curromrzing the algorcthm for speak manipulatw 
downs. We analyze the computalional rquinmanta d the dgonmm 
for designs incorporatmg kmm8tic and dynunic pammtof 
mrnplilicationr. Wo illustrot. our approach by customiung the N-E 
algorithm tor the CMU 00 Arm II (tho rcond vllrdon d th. CMU 
direct dnvo arm). The cu8tomud alg&UUn reduces (h. 
corn purr ti on^ rcQuwments ol th. gmnl-wrpae JoonUrm by 58 
percent. We aho d.rcnba the hudwvl, system for r.rl-timm control 
of the CMU DO Arm II and tho unpkmw~Won d our agtormtal 
olgonmm on a Mulnco prouaaor .nd hWUight ita nnpact on 
Manipulator control. 

1. Introduction 
The recursive Newton-Eukr (N.E) formulalwm of robot dynamus hor 

become a standard algonthrn lor reul-/tme omdobon and contrd 
bec3use 01 its compuatw computational advnntagm With thrv 
formulation. the solutm 01 the mvonm dynanrcct problun (8.0.. llm 
problem 01 coinpunng the lomt torsuer rqulrad to ech- the 
desired poutiory. veloat~m and acceleraUonul has baconw fetastbh 
for real rime control. Urng me Nowton-EuW Jlgonthm, c0ntml 
sampliny pwtodr of 16-20 ms hlw beon achmmd Md rn COnsid.red 
adequate tor ina~ustita~ appimtionr'*2.  hit runplino prriods of 
16 M ms m;ly IH ~dcquam tor idusmal manipumm m q  M 
rnd.quata for high-speed munipuIUh u8ulg d h c t  kiM 8fm 
technology' 

Pracbcat impIemontaUon 01 the in- dynamics aborlthm 10 
achieve higher m p l i n g  m1.I doman& M affkimt dgOdthm which 
utilizes the cap8biIili.r of modern digital hudrmrs. To mduco Vn 
computational 100d O( tho N-E slgorithm. th. autwrs"' haw 
prop& to cusromrze the Joarrthm lor rg.cific mnntpukton. To 
customize the N-E formulubn m WO -tag@ d lhe spuaily d all 
matrices and vectors in the fOrnd.lo0 * 0. 

The objectwe of thm paper 1s to highlight tho cuattmizod design and 
prorotyp. rmpkmenlltlon of our Nawton-Eukr ;Jgorithm an a 
M8rinco' processor for tho d - t i m o  CDlllrd d the .nth~map(iic 
direct driw Nm (DO Arm 11) boing bvd0p.d a ~ h i o l l o n  
Univemty. We have imglemonted our olgonthm mcf msuw.6 th. 
execution time. Our e~~porimmtl l  data i n d i c a  that we can inrplement 
our inverse dynarnrcs afgonthm wtfi a control sampling mod of 1.2 
ms (and thereby realhe a sampting frequency of approximately 830 
Hr). 

Thb is organized as follows: In Section 2, we outline the 
W o n - E u l r  algorithm. The computational rsquirements 01 the N-E 
algorithm under a variety of physical simplifkations are enumerated in 
-ion 3 The design implications of these simplifications are then 
noted. We In Section 4. the implementation of our 
customized N-E algorithm lor the CMU DO Am, I I .  In Section 5. we 
highlbht the hardware system of our experimental prototylJ0 for the 
real-fimo control of the CMU DO Arm II and illuatrate the ellect of fast 
sampling on manipulator control. Conclwlons are than advanced in 
S.ctlon A 

2. The Newt on -Eu I e r Fo r m u 1 at ion 
In this section. we suunirnarize the Newton-Eulw formulation'. For 

our application. wo outline tho algorithm lor a rofary manipulator. 

To formulate the dynunic eQuiUions-of.inoaun for an N da(lree.ol- 
freedom (W) inanipulotor, the fhnrvit-HutenfIerg ~ 0 n ~ d n t i 0 n ~  
ddim !lie N + 1 coodinat. lrames (tho i.th coordinate liaine being 
attached to the i.th link. beginning wth link 0 . the base. and ending 
wilh link N . the ard4Iector). The four 0enavit.liartenberg 
pammlem which &fine h o m o g c m ~  trmsformations betwean 
tllcc.sJhlb coordinate hornas, are luted in Table 2- I .  For a revolute 
joint i. the joint position vanable is Mo angk 81; and the romaaiiny 
three rue comtntr 

Tho kinematic and dynamic panmetera md variables. which appear 
in the Newton.Eukr algorithm, are cornpdod in fable 2.2. Equations 

effector). The initid condiHoru (for i = 0)  assume that the nianipulator 
b at r.g in a 9mnt8H0Cul fiekl. The popcigation 01 the linem 
velacithr vi in (3). which is included for completeness, is not 
evalu8W in efficient irnplmentations'. Equatioru (8).(10) display the 
backwud r . c u m  of tho forces and mommts at the end effector 
urd compute the joint t m w a  

(1)-(7) wtline the l o f ~ a r d  recursion8 (tram the b W  to the md- 
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lntiial Conditions 

Ido = Go - vo - 0 D 

vu = [a, g, gzlr (prawtational acceieration of ttte manipulator base) 
Terminat Conditions 

1, , is a known externally a p p l i  f o m  a1 the end+effector. 
nN , is a kiiown extarnally opplied moment at me end.elfector. 

Table 2.1. Denavit-Hartenberg Link Parameters (Scdan) 

Table 2-2: Kinematlc and Oyn8mic Parameterr 

vi  and Gi 

Vi* and Vi' 

Fi and Ni 

fI and ni 

Pi 

Ai 

Total mass of link i 

Joint toque at ioint i 

Angulu velacity and accelwaUon d the i* 
coordinate fmm 

Net force Md moment exerted an link i 

Force and moment axertd on link i by l i i (i - 1) 

Posilion ol the i'" coordinate hem0 with r-1 !o 
the (i - 1)* coordinate frame: 
P, - [ a, d, W a r i )  d, coa(aI) Ir 

Position of the cmtar-d.mrrr d Nnk i: a, = [ 
%I S I  %IT - [OO l ]T 

Classical inertia tensor of link i .hour the cntw 
of-mrsr of link i; with princim iMRicu ha, Jcn 

Orthogonal rotation matrix which transform a 
vector in the (i-t)p coordinata frame to a 
coordinate frame which is p;uolW to W i" 
coordinate f r m  

and Jia; md - 0 r S - m  Ji-, J, Md Jh. 

- COs(ui) irin(di) sin(ui) sin(BJ 

c0s(ui)cos(8,) - sin(ui) cos(@,) 

Wal l  - -(a,) 
for i  = 1,2 ,... *N, where A,,+, a 1. 
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3. Computationai Ilequiraments r 

In this section. we quaiitify the cornputjtiona) requircmcnts lor thb 
inverse dynamics algorithm implementations of Section 2. The 
computational requitements are malyzgd. in increasing order of 
simplifications. for the following implenientations: 

, 

1. Straightforward 

3. Parnllel/Perpendicular Ax- 
?. Pualkll/Pefpendiculr Axes and Spherical Wrist 
5. Diagonal Inertia Tenson 
6. Customized lm~emantotion for OD Arm I1 

2. G e n W s l - P u V  

We haw ~ ~ m t i K d  the number of Iloating-point operations for the 
case of 6 W arm and these are enumerated in Table 3- 1 .  

3.1. Stroighlforward Implomentallon 
Our rtraighc(orwrrd implemOntalion of the N-E algorithm 

incwporate8 on!y the avings introduced by the SParse zg vector. 
This implmnonmtion Q convenlmt lfom the propramminy point.ol- 
view and require8 129N multiplicallons and 103N 
dditi&subtractbm for a six degree8-of.fredom manipulator the 
computational Mpuirarmnts are 774 mulliplicalinns and 618 
ddit iondsubtraction 

3.2. General. Purpose Implomontation 
flM generrf-purpose impkmentation incorporates the savings 

introduced by the urn (or the [all) dement of the homogeneous 
W8n8fonnatbn A, rmrtriceS. the sparse zg vm?or, the zero initial 
conditions, and the gravit.HonrJ acceleration vo - (0 0 .pjf of the 
mWigulp(0r baa. Tho smUon8ry-b.w assumption creates identicalfy 
UIO ehivwlt9 in mursioW (1). (8. (4) and (6)-(8) which can be 
diminatad from th. &90rJttrm5. An N degrm-of-heedom manipulator 
mquims 123N.60 mulUpliitlonS and rnN.55 additions/subtractions. 
For a six daqrees-of-fracdom mampulator the computational 
rmuirements are 678 multiplications and 521 additions/subtractions. 
fhs g e n e r a l . p u ~  impbmentation, thus, reduces the 
computalional muirement by 98 multiplications and 97 additions 
compared to the strabghtfomud implementation. 

3.3. P8rollol/Porp.ndicuhr Ax08 
Moa uf the exia3Lng muripula!om have adiacsnt axes which are 

&her puolkl or -. For this orientation of the axes, the 
computational lod ia Q t N 4  multiplications and 74N.41 
additioiW~btmctlons. A 6 degreeof-freedom manipulator thus 
requires 500 multipritiona and 403 additions/subtractions. This 
redudion in tho floating-point oOarations are a direct consequence of 
the fdlowing obmvalions 

1.G.n-M o( l h  Ai matnces requires neither 
multiplication nor addition. Thu property of 
W r a l k ( / ~ i c u l w  3xes leads to a reduction of 4N or 
24 multiplkatbns.for a 0 OOF manipulator. 

2. MultidkUion of a vector by an Ai matrix requires 4 
multi@htiorrr and 2 additions inslead of 8 mulliplications 
and 5 additions for the ganerabpurpose implementation. 

3.Wcuhtion of the Mnt  toques rl(t) in (10) does not 
requnu any computatkn. This facr accrues a saving of 2N 
mulliplkuiorm 8nd N additioWsubtractions for an N DOF 
manipulator. For 6 --of-freedom muntpulator), 12 
multiplicaHom end 6 addilions/subtractions are saved. 

3.4. Sphorlcal Wrist 
Piapsr'' showad that a Wrist with three intersecting axes.of.rotation 

is a kinematic configuration that always leads to a clom.forin 
Solution for me reverse kinematic problem. A spherical wrlsr IS 
characterized by the zero terminal position vectors". p, n q,., = [ 0 

axes and a sphericcrl wrist 

, 0 0 ] T . If we assume that the maniuulator has parallel~perpandic~ilar 



. I  

I. We saw 28 multiplications and 22 additions/subtractionu 
in the computation Of the linear accelerations of links N 
and N.1 in (4); and I .  

2. We save 8 multiplications and 8 additiondsubtructions in 
the calculation of the link moments nN and nN., in (8). 

A spherical wrist thur s l v a  36 mJtlplications and 30 
additims/subvactiona 

MultipltcJuons 

114 

bl8 

5 0 0  

464 

429 

193 

303 

For a rotary manipulator with paralW/p.rpandkulu axea and a 
wheficai wrist. me computations requirements become 91N.82 
multiplications and 74N-71 additiondsubtroctions. A 6 degme-of- 
freedom manipulator raquima 484 multidicatiom and 373 
additions/subtractionr. 

,\dJicnins/Sublrruonr 

6 18 

5 2 1  

40J 

371 

115 

305 

226 

3.5. Inertial Parameters 
If We assume paralW/perpendicular axe8 and simplified inertid 

P=ameters (i.e., diagonal Ji tensors), we only xcrue additional 
computational savingr In the calculation ot the ra link manenis N, in 
(7).  The reduction is 12N-1 multiplications and 1W4 
additians/sublractions. The computational loud becomea 19N-4 
multiplications and 62N-37 additiondsubtractions. A U WF rotary 
manipulator thus requires 429 multiplications and 335 
additionshubtractiona 

If we combine the savings iiitroduced by parallel/perp&icular 
axes. a spherical wrist and diagonal inertia tmson, we reduce the 
computational burden to 79N-81 multiplications and 62N-61 
addiIiono/subtractiont. A 0 W F  rotary manipulator requira 393 
multiplications and 305 add i t iondrubt rac t .  The computational 
savings introduced by the aforementioned d m p l i f i  kinematic nd 
inertial parametera are ind-t becauw they affect different 
recursions in the N-E algonthm: simpliliad kinematk m m  
affect (4) and (9); and simplified inertlai paramelm affect (7). 

3.6. Computational Savings 
We have enumerated, in TabIe 3.1. the reduction in computational 

requiremeiils achieved by introducing practical simplilkatiotu m e  
lollowing observations emerge directly from 5 1: 

Table 3- 1: Computational Requirements of the N-E Algorithm 
(6 DOF Rotary Manipulator) 

In (his section. we have Mayzed the computational requirements :or 
inverse dynemks, under a variety of physical simplificatiom. 8 y  judicious tnOCchoniCo( design. we can reduce these requirements and 
the increased sampling rate has profound implications lor the 
real-lime control of high-speed manipulators. In the next xction. we 
design our customized N-E algorithm for the DO Arm I I  and reduce 
further the actual computational requirements for our application 

4. Customized N-E Algorithm for the DD Arm 
I I  

In this section, w customize lhe N-E algorithm for our six dagree-of- 
freedom DO krn 11 '~ .  In 3. we observed that reduction in 
computationd rsquifeInOnts can be achieved by not iinplemenbng 
multipliclltiona by zero and unity elements. We propose a new 
convention which gets rid of redundant operations and establish- a 
franiework for customizing the N-E algorithm. Using this convention it 
is possible to derive implementations which iiicorporate physical 
simplifications. Hence. in this section we go a step lurther and take 
advantwe of Ihe sparse link inertia tansor (JJ and vectors to center- 
of gravity sl and thereby cumfomize the Newton.Eulff algorithm for 00 
Arm II. 

1. The fractional savings in multiplications ~afalld the 
fractional savings in additiondsubtroctha for each 
practical simplification. 

2. The dominant computationd savings arise from the 
practical assumption thJt adjacent axes are either paralld 
or perpendicular. Thn axis arrangement saves 25 percent 
of the computational load of the genaral-purPOSS 
impleinentation (in Table 3.1). This finding reinforcas the 
desiyn of manipulators with adiacent axea which am 
parallel or perpendicular. 

3. The assumption of diagonal inertia termam u1 
additional 10-15 percent. and the symmetry of the J, 
tensors saves 3N storage locations. From the practical 
point.of.view. we note thal the designer has little control 
over the structure of the Ji tensor for a fwI. and hence this 
simplification may be dilticult to mallze. 

4 . A  spherical wrist, combined with paraJkl/perpendkular 
axes, reducea the computational load by 30 percent. and 
these savings cue significant. 

5. The remaining simplifications arise from not implementing 
multiplication by zero or one. These simpliikations 
customize the implementation for specific applications. 
For example. each aero position vector pi = [O 0 01' avea 
18 multiplications and 15 additiondwbtractionS. A 
spherical wrist with p, =pK, = O  savea 5-10 percent. 
Additional computational savings accrue from the zero 
elements of the si vector from the link frame origin to the 
center-of-gravity of the link. 

4.1. CMU DO Arm II  
We have developed. at CMU. the concept 01 directdrive robots in 

which the links are directly coupled to the motor shalt. This 
construction eliminates undesirable properties like friction and gear 
bncklash. The CMU DO Arm II is the second version of tho CMU 
direct.drive manipulator and is designed to be faster. lighter and more 
accurate than iIs predecessor 00 Arm I' We have used brushless 
rareearth magnet Dc torque motors to reduce the friction and the 
ripple. The SCAAA.I~QO configuration of the arm reduces the 
toque requirements of the first two joints and also simplifies the 
dynamic model of the arm. To achieve the desired accuracy. we use 
very high prscision (16 bits/rotation) rotary absolute encoders. The 
arm weighs approximately 70 pounds and is designed to achieve 
maximum ioint acceterations 01 IO rad/sec2. 

The link coordinaIes of the CMU DO Arm II. depicted schematically 
in Figure 41, are asigned by the 0enavit.Hartenberg convention'3. 

The numerical values of the non-zero nemal parmeten (ie.,the 
masses, the center-of-grawty vectors and iiiertia tensors) of the links 
and their variable names aa used by the CustOmrzBd algonthm are 
listed in TOM. 4.1. We modd each link as a composte of hollow 
cylinders. aoJM cylinders. prisms ;urd rectangular paralldopipods We 
then uae our Arm Modeling Padcage' to com~ute the inertia tensor 
and the vector to the center.of-grawty of all of the links and generate a 
data-base for our 00 Arm It. 
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Figure 4 -  1 : COOK!ine:O Assignments and Kinematic Link Parameters of the OD Arm I I  

Table 4 .  i Inertial Parameters of OD Arm It 

. / i n  = 0.13528J JI, = 0.048943 JI,, = 1.215357 

J i z  = 1.19J645 Jzm = 0.033108 J i v  = 4.027993 

J T . ~  = -0.001146 /In = 0.2645736 J z ,  = 4O0011S 

= 0.2S6647 I ) ,  = 0.014622 J , ,  O.OG6615 

J j f l  = 0.001269 I , ,  = 0.012432 J,= z 0.025775 

J I ,  = 0.004055 J,m = O.OOJ083 J4-  = 0.021652 

15- = 0.002018 J s ,  = 0.001049 Js,, = 4.000092 

J3= = 0.001396 16- = 0.000426 16- = 0.000421 

J b p  = 0.000047 

SZZ = 0.001105 13, = -0.033703 

= -0.012487 ~ 4 ,  = 0.071645 ~4~ = 0.022866 

= 4.017832 16, = 0.008176 , 

Link M~SSCS (kg) 

--I--  - 

m1 -19.753 tnz = 7.894 

in4 = 1.811 t n j  =0.936 I 
I 

I 

t 
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4.2. Curlomization Procedure 

kewtomEuler algorithm, we prop- the following convention: 
In order to develop a systematic procedure for cusfomizet/on of the 

The non-zero elements ol a vector or a matrix are denoted by 
subscripted variables, and the zero and unity elements by a 0 and 1. 
rcrwctive/y. We propagate the non-zero elements as variables and 
the zero elements as zero& s. 
With this convention, wo label the nun-zero el6mcmta of the vector sj 

10 the center-ot-yrawty of link i by the varilibh 1. wham tho SUbsCdpI i 
denotes tho link nu- and HIO w b d p t  j (lor i x.y or t) denotes 
itla x. y or z componsnta of the vector. r v t W .  The inada 
tensors of the licilu are symbdked With tho Sam0 convenlbn Qs tho 
vector to the ccntar-of-gr;lvity. The nOn-zarO dements ol the inrrtl. 
tensor of link i are denoted by Jik, w h w  i and k af0 tho Coodinat0 
components (x. y and t )  of tho inertia t(MJ0I J,. 

We use the link paramelem and the inertial pWMWtel'9 to g O I l w  
our customized Fbwton.Eulm algorithm for th. 00 Arm II. We 
illustrate our approach by dwdoping the MQUW HlodUa in (1) Md 
linear accelerattons in (4). The initial condition8 for the lonwurl 
recursions are and the gravitational ~ C C ~ W X U W  of 
the manipulator base is: 

u t i  1 I 2.d 

By wing (1) and :he initial conditlonu. we formulate the angular 
velocibes of the six links. The angular veiocity wl of link t , expmsaed 
in terms d lhe angular velocity of link 0 ta 

Generation ot W,  thus only requu8S the ~Oaaufement of tho joint 
angular velocity 8,: Since tho N-E dqarithm is mcumive urd the 
angular velocity w2 IS expr- in t e r m  of the -ti& vdodty ut.  
we pass the fact that two of the J m &  of o, on M O  (jccording 10 
our convention) to the computation of or The angular velocity ui is 

Computation of o2 thus requires only one addition. Upon 
continuing the recursion, we compute the angular docity Mctor o, 
according to: 

where C,   COS(^^) and s, m*n(bj)- 

Since a, is a full vecior. computation of w , . w ~  and w8 IS a generrc 
operation and each requires 4 multrplications 2nd 3 
additions/subtraction~ If we had no1 passed zero element8 as zero. 
we would have required 24 multiplications and 18 
additions/subtractions. Our approach thus reduces the 
computational requirements to 14 multiplicaticm and IO 
additions/subtractions lor a saving of 10 multiplkattons and 8 
additions/subtractions. 

Efficient computation of the angular accderationr w, in (2) parallel8 
the loregang generation of the angular vetocities W, in and require 23 
muIIipIicafions and 18 additions/subtractioru. 

0 
Y PI = [ = 

and 

The linear acceceration of link 1 is thun: 

Computation of v, requires only 3 multiplkations. The savings arise 
from the lact that the simple structure of u1 and of wi was passed to 
the next computation using our conventlon. The cornputation of the 
lincU accelerations for all the six links require 42 multiplications and 
24 addItions/wblrsctiom. The computational requirements for a six 
dogm.of-freedom rotary manipulator with parallel/perpendicular 
8s- and a spherical. Wrist u o  70 mulliplicatioru and 47 
eddis /subIrect ion.  We thua save 28 multiplications and 23 
additiom/subtraction by our approach. 

Wo have followad Me abovementioned approach to customize our 
N.w(on-Euukr algorithm for the 00 Arm II'. Our customized algorithm 
requires 303 multiplications and 228 additlons/sublractions For our 
00 Arm II, wa reduce the computational requirements of'the general- 
gurpoao implemontation by 54 percent. These dramatic reductions 
tmmcond the physical simplikatiom outlined in Table 3- 1. 

Since the 00 Arm II is a manipulator with a spherical wrist. we can 
achieve further reduction in the computational requirement (for 
artesian space control) by customizing Hollerbach and Sahar's" 
schme 01 Wrist Partifionad Klnematic Inverses. In the next section, 
we outline the prototype implementation of our N-E algorithm. 

We Illuslrate our approach further by detailing the computation of 
the linear accelerations ol the links. From (4). the initial conditions 

the link Parameters. we obtain each of the constituent 
components 01 the linear accelera:ton of fink 1 as follows: 
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5. Real-Time Implementation of the 
Customized Algorithm 

We have iinpkmmled the customized N-E algorithm to obtain mal. 
time pertormance for the control of DO Arm I I .  In lhc ensuing 
paragraphs. we describe the hardware of the arm control system and 
the performance evaluation of our customized atgoritlirn. 

5.1. System Description of the DO Arm II Control Herdwars 
The hardware of the DO Arm II control system, as shown in Figure 

5-1, consists of three integral components: the Motarola M(je000 
rnicrocompuIer, lhe Marinco prpcesvor and the TMS-320 
microproc~r .oased individual joint controllers. The following 
pagroptu describe the function of each component of the control 
system. 



The Motorola M68000 microcoinptitor 

V i e  Mctorola M69030 microcoinputsr is the host system and 
t;ontrols the associated Marinca array processor M d  the TMS-320 
b;z;i?d joint controllers. At each sampling instant the M88000 system 
reads the joint positions and velocitim from the shared memory 
locations and transfers these values to the Mannco PrOCeSSr. The 
MCA3000 system and the TMS-320 share a common memory segment 
through which all the communicatiw take place. The M68ooo 
system secs the Marinco p r m r  as its own memory and 
communicates by writing data in the Marinco memory. After 
deoositing the joint data. the M68000 system starts the eki!Cution 01 
the inverse dynamics program on the Marinco p0ceSWr. 

Individual Joint Controllers 

Each individual joint controller consists of a TbAS-320 
microprocessor chip. At each sampling instant the TMS-320 system 
reads the digital value of the individual joint positions. and CWPUteS 
Uic corresponding velocities and accelerations. These values are 
then written into a shared memory location from where the M68000 
cx read them. When the joint controller is using the shard memory 
it IS not possible for the M68000 system to access it and memory 
ccntection prob!rms are avoided. When the data is m k y  lo be reed 
by thd Motroo0 system. the joint controller gives control of the memory 
IO the M68000 System. 

5.3. Effect of F03t Sampllng on Manipulator Control 
We have developed the CMU OD Arm I I  for Iiigh.spetd tiinnipulation 

'2 The arm is designed to achieve maximum joint velocitieq of 12 
rad/sec and maximum joint accelerations of 10 rad/secz. In this 
section we analyze the impact of the achievable f3f.t sjnipling rates ci1 
manipulator control schemes. 

' 

If the manipubror model i3 exact tlien tho joint torqlies computed 
each sampling instant are exact. However. modeliir9 inaccilracles 
lead to a discrapancy between the model and the manipulator and 
result in tracking errors. Since the model of the DO Arm 11 is 
reasonably accurate, we can reduce significantly the wars betweel! 
tho d e  and actual joint positions. volocities and accelerations 
closing the sewo.loop around each joint and implementing the 
computed toq~e"*  lS control signa 

&(k) =&(k) +K,[QJk)  -a(L)l +Kdqjj(k) - q ; ( k ) ]  

wtiere K P and KY are tho position and velocity gains, reraectively. 

TO test tho effect Of fast sampling on the control algorithm we 
conducted computer simulations using our Dynamics Simulation 

Package' on 3 Vax f!/7,50 computer. The task was to move joint 2 
from its rest position of zero dcgrees to 90 degrw; and back to zero 
degrees in a sinusoidal manner wliile conimzndiny ihe other Io,nfs to 
maintain tlieir zero positions. In c:ir simulation we zlso included a 

The AP0.3024 Marinco Processor model mismatch of 10% in the link inertias. 

r l ie Marinco board operates as an arithmetic pfocessor for the 
Motcrjfa M68OOO microprocessor. The Marinca bo~d appeurs aS 
internal memory !a its host p l o c ~  and hence k a memory mapped 
drvico. This arcliitecture spacds up the data tmnsfer operations 
Woi1se the narrdshakii:g commands for external communicztions 
w? avoidrd. The Mannco h;\s fripwf (or sharable) memory which 
allows both the host and the array processor to access any portion ol 
the array processors memory at all tiincs and hence mlts iii parallel 
11 0 and computation. The starting and stopping of the Mnrinco board 
is controlled by the host :4Otorola M6Booo microproomsor. Whw the 
mverse dynamics computation is compbted. the Myinco board 
interrupts th9 ~A66000 microprocassor which transfers the compuM 
torque values to the indiw4al joint motor controllan. 

5.2. Inplelnentatlon ol the Customized Algorithm an J Marinco 

The Marinco processor is an inexpensive array prr.ressor with an 
rnstructiori cfcle of 125 ns. The board has fixed-point multiplier and 
additional hardwaro to perform ihe floating-point operations. Each of 
our floating-point multiply and add routines execute in approximlely 
1 ps. Negation takes one instruction or 125 ns. Our floating-point 
subtract (a negation followed by a floating-point add) thus executes in 
1 125 ps. In our implemontation we obtain the rotational compomts 
cos(0,) and sin(U,) of the banofonnation Ai matrices through 
subroutine calls. Computation d the sine/cosme pair takes 15 p s  
Since 6 quadrature pairr: are required for the 6 OOF rotary 00 Arm II. a 
total 01 90 ps IS required to complete these calculations. The 
execution timrn cited for the arithmetic floating.point operations do 
riot include overheads for data preparation and data storage. The 
total execution Hme of the N.E algorithm. however includes all the 
overheads in the program. We estimate a 1.26 ms computational 
cycle of our customized N-E algorithm (in Section 4) for the CD Arm I f  
in Table 5.1. 

Processor 

. 

The measured cxccution time of our hardware implementation is 1.2 
ms 2nd we are able update the joint motor torques at a sampling 
frequency of 030 Hz. .3ur prototype implementation demonstrate an 
ordsr.ot+nagnitude reduction in tho samliling perimjs compard to 
the pub!ished figures2 of 16.20 mr. The achievable sampling rate of 
830 Hz opens horizons for the desiqn and precticsf implementation d 
novel inanipulator controllers. 

We conducted the simulation experinient for sampling periods of 1, 
5 and 10 ms. in dl the three cases. joint two was ccminanded lo move 
wilh ;I maximum angular velocity of 8 radlsec. We placed the poles of 
the error equation at -20 set.' to obtnin.the values of KO and KV as 400 
and 40 mpectnely. Figures 5.2. 5-3 and 5.4 depict the position error 
CUNQS lor joint; 1, 2 and 3 respectively. We have not rncluded thn 
error curves for joints 4. 5 and 6 for the lack of space. For a sampling 
period of 10 ms the maximum positioning errors along the traiectory 
for joints 1. 2 and 3 are 2.6,. 5.3 and 7.9 degrees. respectively. 
Decreasing the sampling period to 1 ms reduces the positioning errors 
for joints 1. 2 and 3 to 0.25, 1.06 and 1.1 degrees. resectively. rhis 
reduction of the positioning errors is a consequencc of the reduction 
in the contrd sampling period. Our computer sirnulatior-s show fhat 
the posilioning errors of the individual jciints can !IC reduced, !or a 
glVen Set gains and mismatch in the model. by decreasing the control 
sampling period. 

Table 5- 1 : Execution timds of the Marinco Processor 

MuttiplrJtiun JOI 2.0 0 606 

Addicton 226 2.0 0 5 5 2  

Ncpciun 80 0.12s 0 010 

6 1s 0 09 i 
I 

Sinc-Cosine 

Toul 1 '58 

6. Conclusions 
To reduce me computational requireinenis of the Newton .Euler 

algorithm, wq have devetoped the concePt of customizing the 
algorithm for m.dlk monipulaton. This concept can be applied to 
any manipulator. including monipulaton with translational degrees.of- 
freedom. With this technique it is required to derive the Newton.Euler 
algorithm only mce  for every manipulator. Our cusfornized N-E 



, *  

algorithm for th3 CMU DD Arm I I  reduces the computational 
rsquirements of the generabpurpose N X  algorithm by 56 porcent 

” The proposed cusfomized algorithm has e n  implemented in 
hardware and we have achieved execution tim- of 1.2 ms. ‘This 
demonstrates an order of magnitude increase in the simpling rates 
compared to previously reported figures of 18-20 ms. We have shown, 
through computer simulations. that increasing the sampling frequency 
leads to a reduction in the joint positioning erron along tho specified 
trajectory. 

The incrensed sampling rates have a treinandous ;mpact on 
manipulator control. The sampling rata can be further increased by 
implemhng the Hoaling-point operations fully in hardware. 
Implementation of schemes which compute the joint torques in 
parallel will reduce the computatlon time phenomenally and ked ta 
higher sampling frequencies. We are, at present. conducting 
experimental hardware evaluation of the nianipulator control scheme. 

Figure 5- 1 : System Configuration of the DD Ann I I  Control System 

APB-1024 
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PA : P o n r  Amplifhr 

Figure 5-2: Position Tracking Error of Joint 1 

Flgure 5-3: Position Tracking Error of Joint 2 
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Figure 5-4: Position Tracking Error of Joint 3 
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