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Abstract 

This thesl~ IIlvestlgate<, tilt' ISSUP~ of dynamlcal model/lng, control and load dls­

tllbutlon for coordlnateel flIultlple rohot rnanlpulators An analysle; of the load dlstnbutlon 

problem for /. coordlndtlng robots hdlHllllIg d single payload IS carned out and an optimal load 

,>h,mng algonthlll 1<; developpd Till' Jlgonthm calcula tes the rlllnlmlltll norme; of the JOint 

torquP<, and the conLlct forces The ,tlgorlthm 15 ba'ied on an optlrlllzatlOI1 scheme whlch mlll-

1!l111('S d quaelrdtl( (ost functlon assüCI,lted wlth tlle JOint torques and contact force vectors 

for tht' LOorchnatlng robot ,HnlS wlth thf constrdlrlt of robot equatl, n~ for cl glven trajectory 

of the pavlodd 1 he eleveloreel algonthm IS found to be very efflcléllt ln tertns of computa­

tlonal req!llremenb III comran,>on wlth the eXlstlilg load distribution ôdgorlthms Sorne of the 

cOITlF.:;ratlve Simulation results Jre provlded The devploped scheme IS IJery attractive for real 

tlrne applICations 

The theory of pOSition control for coordlnated multiple IllJII"oulator IS studled 

Here, the coordillation arnong /. robot,> IS achleved by controlhng each 01 the robot arm III 

a non-confllctlllg way as they control the position of the abject Flrst, th\' deslred pOSition 

subspace for the control oi the object IS deflned (the trajectory of the paylotld) Then a PD 

control law embedeled wlth the developed optlllldi load distribution algortthm IS designed to 

assure the stabdlty and traJectory control of the robot arms for a glven trajectory of the payloéld 

The 1ll.11tl objective of thls study IS to elevelop a multiple al III load ~~arlng (wlth nlllllrnUIll 

Ilorrns) pOSltlOIt control/er rhe two trllportant aspects of thls control/er Me (1) opttrnal load 

shatlng, (II) the appltc.ltloll of optimal JOint torques and contact forces whde maliltall1lng an 

accur.)!!:' position control ne effectlveness of the developed pOSitIOn control strategy wlth 

optllllai 10,HI distribution for coordUl,lted motion of the robots performlilg Strawman Tasks 

( 1 e a lifting tasl--) IS checked bv d dlglLll computer sunulatlon It IS noted that the control/er 

Wlt h the Optlfll,li cltstrlbutlon scheme 15 very effective and the lilvestlgated control architecture 

!tas ,l very Importaltt ,1nd deslrable teature from a computatlonal pOint of vlew. slnce IS weI/ 

slIlted for .1 clts!rtbuted computer architecture 
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Resulllé 

Cette thèse porte sur les systeme~ Je controle (·t 1.1 modèl.ls.1tlon dyn,lIl11qu t ' ,1 lIll 

robot à manipulateurs multiples Une analyse de la dlstrlb'ltlofl de chMge pour " 1l1.\lllpul.lt"II!'. 

coordonn~es est présentee de même qu 'un algorithme de distribution de .-h.lIg!' nptltl1,tI,' 

Cet algOrithme, basé sur une ~onctlOn qLJadratlqut' des torques ,lUX /Olllh t't d,·c, V", Il'111'. 

forces produits par les !. manipulateurs sur l'abject. dédUit les torques Il1lnlrlllllllc, "t 1 .. ., f<ll' "', 

optimales De plus. l'algonthme proposé J l'avantage cl être plus rdpldt' q\le Ip Ill.l/UIII,' ,kt 

mèthodes eXistantes et est donc particulièrement approprié pour les appllc.ltIOIl'> '.'11 t"III/l" 11'1,1 

Par la SUite. le théOrie du contrôle position est appliquée aux l, fll.llllpLJ1.1 1t'1If'. l, 1 

la coordination du robot est Jssurée flar un contrôle IndiViduel et coh,~rent dt·s rlldflIPIII.Il'·lIr'. 

D'abord. la pOSition déSirée et les forces J exercer <;ont obtenues f)Jr la Sllrtt-' It'''' !tH' ''', ,t 

les torques à être exercés par chaque manipulateur sont obtenus pM optimisation \ 0\'1"\ t il 

de cette méthode et donc d'obterm la pOSItion et les forces exercées sur l'obJt~ct pt 11'5 JUlllt', 

L'efficacité de cette m ét ho de de cont role pour un mouvemen t "petlt- J- petit" d('c, lIl,j III PI"" 1"11 r', 

pour des taches telles la levée d'abjects est obtenue par simulation IOtorrnJtlque Ld ..,tr·II'·V.I" 

de contrôle proposée s'est avérée t~ès efficace et est partIculIèrement bien .ld.lptpl' d 1111" 

architecture destrlbuée 
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Chapter 1 IlltrodllctioPI 

1.1 Preliminary Relllélrks 

1 herf' IS growmg Interest ln the elevelopment of courdlll,llf'd Illlrlllpll' 11I,lIlq>ltl,llor 

systems Many tasks can be performet! wlth the use of sllch "y"tt'Ill'" th,lt wOlllc! hl' 1I11pO'>'>lhll' 

to pedorm uSlng a Single robot manlpulator The coorchn.ltf'd IllZlIlipuldlor ~y',If>II1c, protlllW 

to brrng about slgnlflcant new developments 111 thE' ,ned of ass' milly I.Ic,k,> III dlllolll,IIt'c! 

manllfactllTlng deep sea exploratIons and space applrCJll01lS junH' o'llf'r ''I)pll( ,lItOIlC, Indy 

Inc/ude as~ernbly and transfer of large, heavy or non-ngld loaels III the Sp,l( l' ')t.ilIOIi l'rogrdtll 

Two or more d/nlS will be necessary to hJndle compllcated Jnd dexli'lou,> I.lc,k.., "kllitully lur 

the construction of the Space StatIon constructIon Howev,>r, 1T1.llly ter/llllc.tll'>"I/(''> "dW' lu 

be t, solved before practlcal applIcations can be elevelored 5lJ(h lo,':>II('S ,Ir" (!lwll'c! 11110 , rl'I' 

subareas 

MotIon planmng, obstacle avoldance, and senslng ln die coordtndted III III! Ipl(· Illdnlp"I,!I(Jrc, 

((MM), 

Dynamlcal rnodellng and control systems ln thE: CMM'; 

Software and art.flclJI Intelltgpnce 111 the CMM 5 

ln the followmg an overvlew of the 'Dynamlcal Mod,'l1l/lg drHl ( untrd 1Y<' 

tems ln the (M M' IS provldE'd 



. 

1 Introduction 

1.1.1 Dynamical Modeling and Control Strategies in CMM's 

The dynamlcal modellng and control of CM M systems represent a vanety of re­

search problerns The current knowledge on these toples IS ln ItS Infancy, althnugh it IS grad­

llally stJrtlng ta emerge The Important research Issues on dynamlcal modehngs and control 

strategies for (MM systems are closely related to the trajectory planning alld klnematlcs of 

the entrre system The followlng IIst IS ln such an order that the subjects consldrred as hlgh 

prrorr~y r(:~e~lreh tOplCS are Iisted flrst 

1.1.1.1 Important Research Issues 

(a) Modehng and Simultaneous force/position control of CMM's 

When cooperatlng manlpulators grasps a common abject, the dynamlcal 

model of the system changes from unconstralned to constralned dynarnlcs Indeed, 

when two or more manlpulators hold a common abject, a c10sed chain IS formed It 

Imposes nonholonomlc and/or holonomie constralnts ln the system dynamlcs, whlch 

usually results ln a 1055 of degrees of freedom The pOSitions of the grrppers of the 

(MM 's are constrarned Moreover, the Interactlng forces (torques) exerted by the co­

operatrng maolpulators are related The addltlonal dynamlcal constrall1ts must be taken 

mto account when control strategies for each Indlvl(:lual cooperatlng manlpulator are 

determlned The overall problem needs ta be Investlgated thoroughly 

Research tOplCS whlch are closely related to the aforernentloned subjects but 

are more speclflc lI1c1ude the systematlc determinatlon of the forces and torques acting 

between the common load and the gnppers of the manlpulator should be studled These 

research Issues WhlCh are Irmlted to the modelrng and control of the CM M system need 

to be studled ln great deta" Urgent studies on these tOplCS are needed ln arder to make 

the CM M system sUltable ta any applications 

2 
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(b) Parallel algonthms for control of (MM systems While pMdllel control ,11g.orlthlll'i ,llld 

parallel computiltlonal architectures are Important research Is~ues tor lobotllS III ~t-'nt'r,d. 

they take on added slgnlflcance ln the CMM context The li'cre<l~e 111 cornpll'xlly ,HI'>111?, 

from the use of multiple arms anJ potentlal uecreJse III tot.31 rlllmber ~)I degr('l'~ ot 

freedom will place d major addltlonal straln on conventlonal cOlllpUt.lIIOIl<d :-.tructurt'''' 

More effort IS requlred on the development of decentr.3lllt'd ,1I'd pZlrallei ,Hdlltt,\ tllrt'''' 

whlch are sUltable for thls class of problems 

(c) Adaptlve Control of CM M Systems A pa rtlcular application determlncs the dlJtOllllllly 

of Indlvldual manlpulators and the degree of centralizatlonjdecentr,llll,ltion uf th., COll 

trol ln CMM systems The avatlable ~ensory Illformation needs to be Integr,)[t'd Illto 

the control algonthms Researc~ IS needcd to rT1Jke control svstern~ utt/Ilt: the envlroll 

mental information ln an intelligent mannlèr. ,lllcl thLJ~ make the sy<;tell1 ,1<l.lpt.lbl.· .Incl 

fleXible to vartous SituatIOns, for examplf:' to thuse OCClIrrtllg 111 fleXible Ill,lllut.lctltrlill', 

The application of CM M systems to dlfferent maflufJcturlll3 proce:-.s will 1)(' f-'llhalH f'd .t t 

the researcher has demonstrated the prJctlcallty 01 ,ldaptlve control :-'Cht·IlH"., tn Illllltlpit. 

manlpulator systems BaSIC studles on the control of redundant (MM c,ysterm .,I!oliid 

be undertaken to shed Iight on the advantages and dlsadvJntages to tlll:-' vtrglll .Hed 

1.1.1.2 Other Research Issues 

Research Issues ln dynamlcs and control whlCh concern not only CMM's but tri 

many respects also single-arm manlpulators IIlciude 

a Planning and reflexes in case of ColliSions (contact control) 

b. Hand Control (fine motion) 

c. End-point sensing and control 

'3 
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d Control of flexible arms (flexible links and flexible JOints) 

e Actuator dynamlcs and limitations Inciuding multiple dcgrees ln spatial actuators 

f SpeClahzed architecture of multl-robot control 

g Computatlonal speed specifications for direct dynamlcs, force distributIOn and overspec­

IfJed systems 

h Control of mobile robots 

Fault tolerances, rellabllity 

1.2 literature Review 

The hterature revlew IS carried out based on the nature of the system or of scientlflc 

development rather than chronologlcal sequence This approach IS belleved to be more sUltable 

for descnbmg where the spots of dlfflculty he, thus what thls thesls must really attack. A survey 

of the hterature shows thdt, there IS a vast body of work pubhshed ln the area of control of 

coordinated multiple manlpulator It IS not possible to dlscuss every paper in detad However, 

some of the publications dlrectly related to the subject of thesls pnmary concern will be 

tliscussed to put the present work in perspective 

Position control schemes were proposed by Alford [1984] and Fujii [1975]. In this 

scheme "master slave" coordination strategy 15 adopted One arm is asslgned as the master 

and follows a preplanned trajectory. The other arm, the slave, follows a trajectory whlch is 

denved from the traJectory of the master arm rhe slave arm IS requlred to satlsfy a set of 

klnematlc constramts, whlch are directed by the grasped abject. The master ami IS position 

controlled. the slave 15 also position servoed to comply with the Imposed klnematic control 

4 
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schE'me as the forces genera\.ed by the devIJtlon of one Jrm wlth respect to the other 1'> tot.llly 

Ignored The success of thls scheme depends heavdv on the precise knowledgt' of the IIldlVldu,l1 

arm klnematlcs the grasped position of the obJect ,lnJ the periert svn( hrOI1IZ,lIIOIl ,JI t'.ILh ,lIm 

Inherently, assumed ln thls scheme IS that precise trJjedory lollowlng L,Hl be ,lLCOlllpll,>llt'd 

ThiS 15 not possible as kmematlc and dynallllc ullcerLllntlt's lor t',Kh m.llllpuLllor t'xl,>b ln tilt' 

case of low compliance genefated becaU5e oi the relative error belwt'en tht' twu .Hill,> Ihl'> Ill.!\! 

cause the part to slip 111 the gripper or t'ven cbm.lge to each arm ln conclu'>lon, Ollt' Ill.ly "',IV 

that the master slave IS not robust Jnd lll.1y t'ven be unrellable III 1l1.1ny pradl cll ,lpplic.ltlon<, 

Zheng [1985 al df'veloped the klnernatlc COrlstr.llnts between two .Hm'i l,urylng 

a common load Glven the motion of the rnaster .Hm ln terms of position veloClty .lncl 

acceleratlon, they could determlne the motion of the closed chJln formed by the two ,trin" 

and the load Zheng [1985 b] .1150 proposed a dynamlc control scheme to solve for tlit' )olnt 

torques of the two Jrms ln the context of master slave dual arlll coorclinatlon 

Tarn [1986] developed a robust control scheme based around ex,ld nonhnt'.H 0111 

put feedback Thelr sllnulatlons show the control !,rheme IS robust to robot Mm paranwt('r 

uncertalntles of 20 % 

A force control scheme was proposed by Ishlda [1977], ln thls schérne the rll.l.,tf·r 

arm IS position sE'rvoed and follows a preplanned traJE'ctory The slave Mm 1'> al"o forcc ')ervof~d 

to balance and ar.commodate any interaction force that may arise If hlgh spf'ed op('ratroll'> 

are deslred a nominal traJectory for the slave Jrm may also be specltled 

ln Hybnd force/position control ~cherne, fOlces are c:ontrolled III the dlrtctloll') 

normal to the contact surlace, positIOn 15 controlled ln the direction ta ngentlal to thl' cont.lct 

surfaces (Mason [1981]). Wh en the Hybnd force! pO~ltlon control schcllle IS .l pplied ln thf' 

dual arm robot system, a number of rroblerns rnay arISe E=rrors ln progrdllHl1mg, rnodr~llng 

or Implementation may result ln confllct bet''\Ieen the force Sf'rvo goals W~l1ch could 1" HI tu 

undeslrable motions of the obJect Slnce Inter;:jctlon forces must also be ,)uornrnod ,tf'd ('\:prl 

along the directions of mot:ons whlch are assigned as position controlled directions Mason 

[1981] suggested that dual arm coordmated compilant motions Illay be JChICVf!d by rnanlpu-
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latlng (!ach gripper ln a manner such that It IS compilant ln a sUltable frame ln a non Ideal 

environ ment such a method may lead ta a confllct between each arm As large forces and 

torques ma'j have ta bé overcome Irl the 50 called position controlled directions 

ln ordE'r to mlnlmlze the confllct between mdlvldual arms Hayatl [1986J suggested 

the devlatlon of compilance constralnts ta SUIt the multl arm task speCification A multl 

Mm dynanllc coordination schemed to Implement a hybnd force/position control ln carteslan 

coordlnates has also been addressed by Hayatl 

Uchlyama [1987] has shown that Hybrld force/position control schemes can be 

apphed to dual arms and an experlment to support thls have been performed 

Zapata [1987] addressed the Issue of perforr.linO" an assembly wlth two arms, he 

addressed the Issues of klnematlc exchange of parts and path planning 

Ozgunel [19871 proposed the application of variable structure system (VSS) ta 

'nultl Jrm coordination control ln presence of dynamlt uncertalnltles VSS IS robust and would 

~e Important to de31 wlth any parameter or Intel actIOn force variation A decentrallzed control 

methodology was also proposed ta reduce the complexlty of programmmg a multl arm control 

task 

Nakamura [1987J consldered the problem of manlpulatlng an abject wlth multiple 

fmgers, ln such a case each tlnger may apply a force on the abject They devlsed a scheme to 

mlnlmlZe th/' Irlternal forces on the obJect wh de still mampulatlng the part, but they dld not 

conslder the dynamlcs of the Indlvldual flllgers ln the overall control scheme 

ln the area of software and hardware systems for multl arm contrai much work is 

under progress ln a paper Zheng [1987J descnbed the software and hardware architecture of 

thelr experlmental dual rcbot control system A multiple 68020 mlcroprocessor based multl arrr 

robot control system has been developed by Guptlll [1988J An operatmg enVironment based 

around UNIX and C support thle; multlprocessor based hc:lrdware The operatlng envlronment 

allows hlgh level language constructs ln terms of transforms and sensory processes to direct 

the coordination of two or more arms 

6 
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Ralbert [1981] utillzed thls lheory and developed the 50 c111ed Hybrld For~ (' 

Position Control" technique ln thlS method. force and torque information 15 cornblnt'd wlth 

position able ta achleve the deslred position J nd force ln .l test rel.1ted lorrn 

The coordrnated motion of two planar robob W,lS stlldled by LJroll~~1 [P1HH] l hl' 

contact forces were estlmated from knowlng the trJJectoiy 01 the 10,ld ,Hld the Input t\Hqll!'" 

Only linear state feedback was needed for 5tJbllization and control 01 the <,ystt'1Tl 

On the other hand. Takase [1985] suggested lor three rll.1nlpul.ltors to control two 

posltloned variables of each arrrl by position control and one p051t10Il,11 v,H1,lble ,111<1 th/t'!, 

Orientation by J robot hand, Hanafusa [1917] proposed to gr.1Sp .ln obJt'ct 1/: slIch ,1 W.ly Ih,11 

the patentlal energy stored ln the elJstlc ftnger5 shollid be IlllntrlllZed 

Salisbury [1982 J].[1982 b] dl~cussed the contact LondltlOn bdwf:pn flngC'r<, ,111<1 .Ill 

obJect, and suggested that the Internai forces should be deterrnlned 50 thdt they have Po..,llIVt' 

magnitude ln the Inner normal direction Jt the contact pOints on the ObJf:ct 

Hanafusa [1983] and Kobayashl [1985] clarlfled a kinellldtlc,îl rlf'(e~,>ary ,111<1 '>Id­

flCient condition to ma nlpulate an obJect cHbltraflly by consldeflng the d"grN:s uf fr/~f·durn <JI 

fingers and contact pOlllts 

Hanafusa [1985] deflned the magnitude of grasplng forces vectors of three flIlW_'r~ 

and proposed a performance criterlOn to determlne the optimal Internai forces based on the 

magnitude and the statle fnctlonal constralnts 

On the other hand, Kerr [1986] approxlmated the frlctlonal constralnts by Iltl"dr 

constralnts, and proposed to determlne the optlfnallnternal forces for the constrJiIlts .lIld the 

JOint torque constramts bya Ilnear programmlng method 

Frederic [1988] dlscussed an approach to the problem currently under Investigation 

based upon the use of force/torque transducers ln thelr approach, each arm will conLlln .1 

separate transducer Each force/torque unit senses the forces of constralnt created by the 

above enumerated errors, envHonmental forces created by the obJect comlng Into conta<..t Wlt h 
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Inltoduc t ton 

If<, f'IIVlrOlllllf"nt dyndlllic forcce, wlllch are a reactlon to the accelelatlon of the arm. and the 

bru· of grdvlty wh en th/" robot 15 earthbound The clalTlled that by properly modellilg the 

'>'R,,·dc, dVdddbl,. al each sensor. It IS possible to dlStlllgllish each of the above components and 

by Ih,· 1I111I/.lt10Ii of COllstralnt force signais, the magnitude and direction of error 15 determlned 

.Incl .t (Urll/lI'lIc,.ttlon scheme 15 syntheslzed ta elrrlllnate thern 

ln the paper by 511h [1988], a new method 15 developed ta coord,nate the motion 

of dll.!1 robot ,UIllS carrylng a sohd obJf'ct. where the f,rst robot gr,l<;ps one end of the obJèct 

rlgldly an tlH: other end of the abject alang the abject sllrface whlle supportlllg the obJect It 

le; sllUwn th,)! till'i fleXible grasplng 15 eqlllvaient ta the addltlondl one more degree of freedolll, 

glvlng the c,el and, robot more maneuvertng capabllitles The !cae! distribution problenl for 

two coordllldtlng Industrldl robots handllllg a single obJect 15 studled by Zheng [1938) The 

redunddnt degrees of freedorn élre lIsed to opttnllZe certain kllld of performance Optimal 

algotlthmc, are proposee! for load distribution wlth mlnmHJm exerted forces on the abject 

A syrnrnetnc non master /slave hybnd posltlon,dorce coordlnated control sc.heme 

15 presented by Uchlyamd [19H81 A set of statlc and klnematlc operations for the systefTl 

IS develolJed rlnd the control scheme IS consldered as a mutual extension of the hybnd POSI­

tlon:force control scheme for a Single arm robot A nevv architecture for compllance control 

of two coop"r.ltlng robots IS Investlgated by Kazeroonl [1988]uSllig ll'~structured nlodels for 

dyndmlc behavlors cf robots ln thelr paper each robot end pOlilt follows ItS pOSition in­

put (oll1mand vector "closely" when the robots are not 111 contact wlth each other Wh en 

two robots corne 111 contact wlth each other, one robot controis the pOSition of the contact 

pOlllL wh"e the other controls the contact force The llllified approach of modellng robots IS 

expressen 111 tenllS of sensltlvlty functlons 

Nec.suiescu et al 11990-1991] slnlulated dual arm motion coordination wlth a 

string' bldl1ket and a vlbratrng structure type of payload ThiS study also Investlgated the 

aspects of the colliSion avoldance problel1l 
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1.2 Plirpose and Scope of the Investigation 

From the literature reVlew, It I~ cle.1I th,lt tilt' 1. Ol1t Il.11 01 \ 1.)\.)ldlll,lted 1lI111111'1t, 

mallipulatùrs IS a complex .111c1 challenglng problf'Jll ,lllcl b"" 1ll,IIIY ,1<'IH'fh 1 hl' ..,1.11 t' 01 tll!' 

Jrt ln the control of multiple Interacllllg rll,1fllpul,t!OI~ 1<' nut very .ldVdl1(('d 1 hl'> tht''>I'' 1ll.IIIdy 

deals wlth the dynanlIC mocleilng and rontll)\ <,tr,ltt'gH'" III l"'llllllt,II\t'\)\IS 1111111111,11 Ilurlll ul 

force-position control) ln coordilldted Jllultlple fll,llllp"\,tlor,> VVhl'1l lOolH'r,ltlflg 1lI,IIIIPltI.llu'., 

grasp a common obJect the dynalllicai model of the '>y,>lt'lll \ h,HlgC'<' from UI1l01l,>11,1I1I1'<I 1\\ 

COllstrdlned dynamlcs Indeed, when two or fllOrf' I1lJllljHllators holel d (UlIlIll011 ohJI'( l " 

closecl chain I~ formecl It Imposes nonholollonllc and or holonollllc ron<,tr,lInh III thl' '>1"t,'nl 

dynarnlcs whlch usually results ln ,\ lo~~ 01 deg,ret's 01 Jrpt'dom -\ 11(' pO~ltlon<, 01 Ihl' grlpp"r', 

of the CMM's are constralned M('reover, the IIller,11 tlng forces (torqIIP<;) eX('I,,-,d I)y thl' 

cooperatlng rnanlpulators Jre relatecl 

ThiS thesls stuclles aforementloned Import.lIlt reSeM( h ISSlIe<; III det.lIl III p.H11C IILn 

the fol/owlng carrted out, ln chapter 2, robot rnalllpIlIJtor~, kliWIll,ltlf <, ,IIHI dyll.1 III 1< '> dit' 

stuclled and the dynamlcal model IS devEloped 1\5 il fll,>t stcp the dyn,ll1ll~dl l'tll',IIIOII<' ,II" 

obtamed ln one general matlng form for a" robol drrhltectllre<; <1l1d Illdnlplll.ll(JI~ III( !tJlf!lIg IIIf' 

payload obJect The force vector exerted by the nt.1lllplll.ltots 011 thf> ObJf'( t 1 ... 11I(()rpor.ttl'd 

Tinee dlmenslonal rotatlonal and translatlona! dynallllc5 of object 15.1150 IIlVé<;tlgllted 

ln Chapter 3, optllnal(mllllllllHll) JOint tcrques Jnd COllstr.1l1lt for('s d[f' obt.llllt,d 

through precletermmed tasks of obJect traJectory rhe compafiSOIl of thesE' valllc" Wltlt tllf' 

eXlstlng Itterature has been done and the performdllce of optllllllaiion scherne I~ Illvest Ig;tlf'd 

ln Chapter 4, the multiple arm load ShMlIlg pO~ltloll controll('r 1<; dev('lupf'd r wu 

Important objectives of thls controller are dlSCllssed (1) load sh(Hlng, (II) thf> dpphrdtlUIl oi 

forces and torques to the obJect whde malntaulIllg accur.lle posItion wntrol Th"'>f' OI>jf'fIIVI'<, 

are achlevecl slmultaneollsly by rnllllflllzlng ail Interactive forcé,'torque vPctor rhl' <;1111 ,d,II 1'111 

results are presented, dlscussed and compamOl15 wlth other control strdt f 'glf"5 dr(' !>HJVld('d 

Sorne closlng comments and suggestion for further work are p;lven ln Chdpter 1 

" 



Chapter 2 
Kinematics and Oynamics of Coordinated 

Multiple Manipulators and Payload. 

ln thls Chapter, the equatlons governlng the general dynamlcs of coordlnated mul­

tiple manlpulators and payload are denved by Lagranglan formulation, ExpreSSions for klnetlc 

energy T and potentlal energy V of the whole system are obtalned and substltuted ln La­

grange's equatlons 

Before starlng wlth considerations on klnematlcs and dynamlcs of cooldlnated 

multiple manlpulators, the main parts of robots and maillpuldtor architectures avadable today 

should be shortly descrlbed ln order to study a very generlc dynamlcal model 

2.1 Main Parts of An Industrial Robot and Manipulator 

Architectures 

The main parts of an Industnal robot are shown ln Figure 2.1 in form of a block 

dlagram These parts are the arm, the drives includlng the gears, the control computer, the 

gripper mcludmg the gnpplng devlce, InternaI sensors or the position measurement system and 

external sensors 

ln thls thesls, It IS assumed that robot manlpulators conslsts of Ideal, IIgld links 

whlch Jre connected sequentlally by jOints Each JOint allows the connectlon of two links and 



the relative motion between the two links occurs only at the JOint A JOint ,Ktu.ltor '>lIl li ,1" 

an electrlc motor coupled dlrectly or Indlrectly through gear~ tor ex,lrnplf'. Initia tes tllO!II)11 hv 

applylng a fOlce or torque at the JOint ln turn the links art' Jcceler,lted flle rt'SlJltlll~ Illlilt 

motion 15 qllantlfled but asslgnmg J JOint coordln,lle at e.Kh JOlnl and then 1llt',I'>lIllfl)', tilt" 

dlsplacement. veioCity and hlgher deTlvatlves Me,1surement ot ,II! ot the 10\111 (nord", .It". ,lf 

translatlonal coordlnates of each JOint desCTlbes the motion ot the enllrl' lll.lfllpul.Jtur 

There are two types of JOints for robot manlpul.1tors and tht>y dt!:' I.lb,·I"d ,1<' "Ith,'r 

revolute Oi pnsmatlc ln the case of revolute JOints. the motion IS rol-ltlon.11 and Hw ?,t'IWI.111.>,·d 

JOint ('oordlnate represents anglliar dlsplacerTIent ln thls case. tl,e gerH'r,lhlt'd tur(,' th.1I 1'> 

exerted by the aetudtor at the JOint 15 referred to J~ the torque For the case of prr<;m.rlll IllIlIl., 

the motion IS translatlonal and the generahzed JOInt coordlnate represent'> 11Ilt'.H (I!"pl.ll ('IIWllt 

and the assoclated generallzed force IS hneJr force or "Impie the force 

For reachlng any pOint ln the workmg SpJ<:e wlth J prescnbf:d Ollent.lllull ut th,· 

gripper at least SIX degrees of freedom Jre necessaty Three ot Ihem ,He us,UJII / rl·.dlll li Ily 

arm These can be elther trans/atlona/ (T) or rotatlonal (R) 

ln figure 2 2 seme mc/ustna/ robot rnarllpu/ators Jre 11I1I~trat(:d r he IJI1I1I1.IIIOI1 

PUMA 600 and CinCinnati Milacron hdve only revo/ute JOints On the othPI h.lnd. thf' ';t.1111()rd 

man,pulator has one prismatIC JOint Other rnanlpulators eXlst wlth var IOliS CüTl1blT1.IlIIJ!l" ,JI 

revolute and pnsmatlc JOlnb called Carteslan, cyllnrlneal. sphencJ/ or r~~VO/llte rn,111Iplll.d 1i!" 

2.2 Coordinated Multiple Robot Mallipulator Dynanlical Eqllations 

The system under considera tian conslsts of mu/tl-robot Jrms grlpprng .l sing/ f ' Tlj!,ld 

abject. A schemat,e drawmg of amuit, arm cooperatlng robot affectrng .) single obJect 15 ~h()wn 

10 Figure 23. The main assumptlons assoelated wlth the derrvatlon of the equatlons of motion 

are 'Isted below, 

(1) the robot arms are ngld 

Il 



! Kmematlcs and Dynamlcs of Coordlnateo ~'lultlple Manlpulators and P3ylo::ld 

(II) thé contact between eacn of the grtppers and the abject IS rlgld 

(III) the nominal grlp pOints on the obJect are known 

(IV) some information about the obJect '5 geometry IS avada bl-e. but ItS mass distribution IS 

precisely known 

(V) the nomillai trajectory of ail gnp pOints IS known. and 

(vi) the obJect may be movlng ln a gravit y fle/d 

The free body dlagram analysis of the payload (abject) shows that each robot 

Mm exert force on the abject fhus each robot arm can be stlldled IIldependently taklng 

Into accot/nt the constramt force, torque exerted on the obJect For ail robot manlpu/ators. 

the dynamlcal equatlOns may be wrltten on a general rnatflx form. regardless of whether a 

rTldnlpu/ator has revolute or pflsmatlc JOints 

Since a robot manlpulator conslsts of a sequence of JOints connect~d ta flgld links, 

each jOlnt-/mk pair represents one degree ot freedorn Assoclated wlth each JOint, there 15 one 

generallzed coordlnate descnblng the relative motion between the links 

Retemng ta Figure (2 5) the a5slgnrnent of the ordeflng of the links beglns wlth 

the base or mertlal IInk, ... s the 0111 IInk The eOllespondlng 0111 frame of referenee IS embedded 

ln the 0'" hnk Note that the ot" hnk IS ngldly attaehed ta the "world" and therefore the 

0111 
reference frame IS detlned ta be the Inertlal frame The orderfl1g of the links and therr 

correspondlng reference frames termlnates wlth the /1 th hnk or the end effector Therefore, 

for each hnk 1. there 15 a corre5pondlng, embedded. IInk reference frame 1 Note that each IInk 

IS IIlvarfant (motlonless) ln ItS correspondlng reterenee frame 

The hnk reference coordlnate frames depleted ln Figure (2 5) are descnbed as 

ort~onormal Carteslan eoordlnate frames represented by the unit vectors (x,. y,. i,) At each 

12 



JOint 1 the JOint coordlnate IS la beled as t'Ither li, de'i(rlblng th" r,·I.ltlve rol,1(11)1I.11 1l1Otl(11i ,lr 

,l, descrlblng the relative "near motion between Ilnk 1 .)nd Itll~ 1 Note th,)t the gt'Iwr.dl:,·d 

coardlnate variable 'il represents elther fi, or ,i, Sy u~lflg 1)111:' van.lble ", to dellote motion tilt' 

notation does not become cUlllbersome ln the dYllallllc.l1 W'itern Pqll.JtIOIl" <)lflle tht' Ilnh 

are Invariant ln thelr correspondlng coordlnate fr.llllt'S Ilnk 1 .lnd It.., rl·!t'rt'Il.-e Ir.llllP IlWV,' wlth 

respect to Ilnk 1 - 1 and coardlnate frame 1 - 1 whell JOint 1 c.HI<'t'o., Illotlon f~y 1 LHI Vf' Il t 1,)11 

assume th"lt when JOint 1 causes motion hnk 1 moves wlth reo.,pf'l t tü Ilrlk 1 

For most current manlpulators there are Jt le.lst .,IV, degrpl'c. ot fret·dolll wlth t'Itllt'f 

prlsmatlc or revolute JOints The Ilnk reference frames c.ln f)f' d"terlllined .llltl e,>Llhll..,h,.d 

for each IInk of any manlpulator wlth any number or type of JOlnl'> Hùwever, 10 Po.,Llbll<.,h .t 

consistent set of reference frames for JII of the links ln .11ly IT1dlllpulllor .,0., oppo')pd tu ,HIHtr.HY 

placement of the reference frames. the followlng thret' rllle~ mu,,' !w u!J'ierv,.d .IS glvt'n III I,.t' 

[198::!]. 

1) The ~/ __ I aXIs Iles along the aXIs of motion of the /11 JOlllt 

2) The 1',-1 aXIs IS normal to the ,/_1 aXIs and pomtlng .lWJ'1 Irom It 

3) The IJ I aXIs completes the Tlght hand (oordlnate systePl 

Note that these rules do not restnct the location of the oTlgln of the b,l')e (0/ 11 

frame) as long as It IS located along the :0 aXIs The S;Hne holds for the Il''' (end eff(:ctor) 

frame 

There are four parameters that are assoclated wlth t'Jch JOlnt-hnk palT of J fllJnlp 

ulator These four parameters descnbe the geometry of JOint 1 Itnk 1 and Its frame !JI r,·feren~e 

wlth respect to Itnk (1 - 1) and ItS reference frame Note that the klnematlc description of Ilnk 

1 IS always glven wlth respect ta Itnk (1 - 1) As It will be shown below these four p.HanH~ter<; 

speclfy the D-H (Dellavlt and Hartenberg) transformation matTIX completely The geornetTic 



) K,n<:mat,c" Jnd Ihn~rll(S of (oordlnJted i\l u ltlple Manlpulators and Payload 

par.lrneter., d550clated wlth each JOint 1 dnd Ilnk 1 pair are li,. ,/,. ,'/ and lOI The Itnk param­

I~tf:r<; 1/, and II/ descnbe the <;tructure of the Ilnk and are alw2ys constant The parameters 

,,/ dnd ", deswbe the motion or the position of the itnk 1 relative to link (1 - 1) and elther 

li, or ,/, IS constant dependlng on whether JOint 1 IS prtsmatlc or revolute respectlvely These 

p.HoHneters are deflned ln Lee [1982] 

Wlth these rules the orthonoltnal reterence coordlnate frame are establlshed for 

edch Ilnk Jnd the geometrlc parameters relate the klnematlcs of adjacent links ln a consistent 

mJnner The conslstency of such an approach allows for the precise specification of the 

D-H matnx transform More Importantly. a consistent set of matnx transforms allows the 

klnematlcs of ail of the links ln a robot manlpulator ta be related ta one another by use 

of IInE'Jr algebra A procEdure outllnlng the specificatIOn of the asslgnment of the reference 

frames ,lnd the determlnatlon ot the four parameters of the D-H transform matrices IS glven 

by Le~ [19821 ln J step-by-step algortthm ThiS procedure Will not be repeated here The 

links. the (oordlnate frame and the geometnc parameters are dlustrated ln Figure (25) An 

exarnple of the .lppllcatlOn of these rules ta a PUMA 600 robot manlpulator IS shawn ln Figure 

(2 (j) 

Once the coordlnate systems and the geometr,c parameters are establlshed a D-H 

transformation matnx can be wntten that relates the, 'h (l')ordlnate frame to the (1 - 1)/11 

coordlndte frame Any pOint descnbed by r, expressed ln the ,'h coordlnate frame can be 

expre';sed JS J pOint r,--l ln the (1 - l)/h coordlnate frame ThiS can be accompllshed by 

perforrmng the followlng 4 5ucceSSIve operations 

a) Rotate Jbout the :,-1 aXIs by an angle of /J, to altgn 1",-1 aXIs wlth the r, maktng 

thern parallel 

b) Trallslate along the :,-1 aXIs a distance of d, to make the 1",-1 aXIs cotncldent to the 

l', aXIs 

c) Translate Jiang the /, aXIs a distance 1/, to make the onglns cOlncldent 
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2 Klnematlcs Jnd DvnJJnlcs ot (llordlJ1Jted ~lLJltlplt' I\L11lIPUl.ltUJ" IIld l' 1\1.' IJ 

d) Rotate about the II aXIs an angle of !l, to brlng the two Loùrdlll.lte ~y~tt'Ill ... Ill!,) 

cOlncldence 

These 4 operations are neatly summarlzed ln the D-f 1 trJn~torlTl rn.ltm .. ,1<; 

( 

cos( ( 1 ) 

SIn(O,) 
a 
o 

- COs( (II) sln( 0,) 
cos( Il, ) cos( III ) 

Sln(Il,) 

o 

'11/(11,) 5111(11,) 

- Sln(Il,) cos( /l,) 
(05(111/,;'" /) 

a 

( .) 1) 

relatlng a pOint ln Inertlal space represented by the vector Pi ln ,Ih coordln3te fr;lIllP ,Ind tilt' 

same pOint represented by the vector Pi-l ln the (, - 1)/1, coordlnate trJrne 

- - Il -P /- 1 -- --1- 1 p, ( 1 .») 

where 

(') }) .- ) 

Therefore. uSlng the J.:- 1 transform matrlx, any pOint PI at rest Jnd expressed ln 

coordinateframe 1 coordinates m Imk 1 can be related to the coordmate frame 1 - 1 coordln,)tf'<; 

Since elther 0, or d, can be variable representlng JOint motion for any D-t! rll.ltrl'< 

.d~-l' the generalized coordlnate (It will be used Instead The remalnmg parameters of J; 
are constant. Therefore, A :-1 IS a functlon of (l, and It Will be wntten as 



2 Kmematlcs and Dynamlcs of Coordmated Multiple Mampulators and Payload 

(2.4 ) 

The klnernatlc transformation for a sequentlally Ilnked chain which relates a pOint 

p) descnbed ln coord,nate frame J coordlnates as a pOint PI ln coordlnate frame 1 coordinates 

IS g/ven as 

(2 5) 

where 

(2 6) 

For the case of 1 = J, .:11's sim ply the 4 by 4 Identlty matnx, l If 1 = a and J = 6 for a 

SIX degree of freedom manlpulator,L8 relates any ve';tor ln the end effector frame to the base 

frame or Inert/al coordinates Note that the 3 dimenslonal position vector ri is expressed ln 

homogeneous coordmates PI 

2.2.1 Differentiai Kinematic Relationships 

The mot/vat/on for rev/ewmg the different/al kinematlcs is that the dlfferentlal 

forms are used ln the Lagranglan form of the dynamlcal equations of a robot manipulator. 

The advantage of the Lagranglan form as will be seen is that this form yields a simple matrix 

c10sed from description of the manipulator dynam/cs 

16 



rr 

2 Kmematlcs and Dynamlcs of Coordm.lted 1\1ultlple 1\1anlpul.ltors and P.lVl".ld 

ln the systematlc D-H notation each D-H transform matnx .1~ -1 desCrlbes motion 

of the (.l'I,lh'::r) frame wlth respect to (1'1-1. /1/ -1':1-1) tr;:lrlle The .1;-1 tranSfOIlI1,ltlons 

were set up ln a manner such that ln the case of a revolute JOint the JOint v,HI.lble 01 (orrt>~pond,> 

to a rotation about the ::1-1 aXIs the:: aXIs of the (1 -- l)/ft coordln,lte frallle The ,>,HlW I~ 

true ln the case of pnsrnatlc JOints and the pnsmatlc JOint v.mable d, T he~e lact., can IH' 

easlly explolted ln the ~ame systematlc manner to develop dlfferentlal kmematlc relatlonshq>'> 

between the coordlnate frames 

Conslder a glven D-H transformation matnx, J.; -1 frûm coordlnate frame 1 to 

coordlnate frame (1 - 1) and a dlfferentl.:ll transformation change ().1:_ 1 The complete tran,>­

formation wlth the dlfferentlal change can be expressed as 

(2 7) 

where 

T,.(/n,~(8dl) IS a transformation representlng a dlfferentlal translation, l'rl i Jlong the :1 - 1 

aXIs of the (1 - 1)/11 coordlnate frame 

Rut(801) IS a transformation repio:sentlllg a dlfferentlal rotation M)I' about the :'1_ 1 aXI~ 

of the (i - l)/h coordlnate frame 

and the differentlal transform bd:_ 1 IS glven as. 

(2 8) 

The differentlal translation and differentlal rotation matrices are wntten as 

) 7 



2 Klnematlcs and Dynamlcs of Coordlnated Multiple Manlpulators and Payload 

o 
1 
o 
o 

o 0 M), o 0) ( 1 
~ '~' . /lol(NI,) = ~ 

-M), 

1 
o 
o 

o 
o 
1 
o 

(2.9) 

Instead of deallng wlth two types of vanables, d, and 0, representing motion, let us 

revert to uSlng the generallzed vallable lit Since eacn JOint allows elther translatlonal motion 

or rotatlonal motion let a general dlfferentlal matnx be represented as .6.:_ 1 and let t\.--\:_l be 

deflned ln term~ of .6.:_ 1 as 

(2.10) 

Therefore. the partial denvatlve of the transformation T/ wlth respect to the 

generahzed vanable '/~ IS glven as: 

(2.11) 

Clearly ln the sequence of D-H matnx transformations defining T:, differentlatlon 

of the transformation T/ wlth respect to If/,; results in a premultipllcatlon of At_1 by the 

matnx .6.1'_1 ln that sequence wlth the proper selection for pnsmatlc or revolute jOints. 

2.2.2 The lagrangian Form of the Oynamical Equations 

The Lagranglan L IS defined as the difference between the kinetic energy T and 

the potentlal energy V of a system as; 
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(~ 12) 

ln application ta robot rnanlpulators the klnetlc and potentlal energy ùf the 'iy'itern Cll1 bt' 

expressed ln terrns of generallzed coordlnates 'I, for 1 = 1 " where Il 15 the nlllllllt'r 01 

degrees of freedorn of the robot rnanlpulator The dynamlcal equ,ltl01l5 111 terrns ot 'l, Jrt' 

denved from the Lagranglan as 

-- - - -- Il 

,It (hl, (J'l, 
(~ 13) 

where the 'I, are the generallzed coordlnates ln whlch the klnetlc and potentl,ll el1ergles ,Ire 

expressed, the 'I, are the correspondlng velocltles and 7", IS the ,_orre,>pol1dllig gpneralrled foru' 

Indudlng the COl'\strJlnt forces through the abject The force :-, 15 <1 hne.1r force or il torqlll' 

dependlng upon whether Il, represents translJtlon or rotation respectlvdy The IIght-hand '>Ide 

of equatlon (2 13) represents the applled force There IS no restrlctlOIl 011 the ..lppllf'd forry,,> 

that excite the system The left-hand slde of eql!atlon (2 13) represents .dl of the IntrlllSI( 

forces ta the robot manlpulator system 

2.2.2.1 Kinetic Energy 

Given a statlonary pOint pOSition P, descnbed ln the ,/" frame Its pOSition 15 

descnbed ln the base or inertlal frame as. 

- 7" -Po := ..LQP, (2.14(/) 
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2 Kmematlc!; and Dynamlc$ of Coordmated MUltiple Manlpulators and Payload 

(2.14h) 

Since PliS a statlonary pOint ln the ,th frame Its veloCity wlth respect to the Inertlal frame 15 

.) result of the veloclty of the generahzed coordinates, Il, Its veloclty, 111 the Inertlal frame IS 

glven as 

dpo {~rJI1J }~ 
- = 1.--11 P, dt "--' (J(/) ) 

)=1 

The magnitude of the veloclty squared 15' 

Substltlltlng equatlon (2.15) Into equatlon (2 16) Ylelds 

l ~ 1 1 ')T' ~)('rl )1" 
1 Po 2 , , .... (..!.....() ~ ~ T (j ..!....{) • 1-,-1 = Trllct.{L L -ù P,PI ) Il/Id 
li fi) ulk 

)=1 k=1 

(2.15) 

(2.16) 

(2.17) 

USlng equatlon (2 17) the klnetic energy for link 1 may be computed. The kinetlc energy of a 

partlcle of mass dm, located on link IlS' 

(2.18) 
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Integratlng both sides. the kmetlc energy of Ilnk 1 IS 

The integral ln equatlon (2 19) IS referred to dS the pseudo-lllertlJ tll,1tnx Note th.ll the 

evaluatlon of the Integral 15 Wlth respect to coordlnate frame 1 establtslH'd III IlIlk 1 -1 h" 

pseudo-Inertla matnx L. IS glven as 

1 = l 
-, I/II'~ 

( Jt"'k 
1'2dlll .J 11111.· , ,/, / ,dlll l , 

L J/ml.: 1 .r 1 !h fi 1/ 1 Ji 1I1~' 1/
2

<111' , , 
hm!.: 1 .r 1 :: , li III fi III k , 'JI :,tlm 

Ji 11/~' [.l',dm hll~ , IJ,'/" 1 

- - { 1 P,P, / III 

I~ III k 

//1/11.: 

I~ /Ill 
J 1111'" 

, l , ~,dll' 

, '/,:,tI/1I 
_ 2'/111 

1 ", 

, :,tlfII 

Finally, the total kinetlc energy T of the robot manlpulator IS glven as 

1 {'" ~ , ,,f,,, ) 
: 'I,dlll I/III~ 

li, /Il , : ,'/11/ 

111II~ 1 dit, 

(2 21) 
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2 Kmematlcs and Dvnamlcs of Coordlnated Multiple Manlpulators and Payload 

2.2.2.2 Potential Energy 

The potentlal energy of a robot ma nlpulator system 15 consldered only for a gravit y 

field (elastlclty of the links are Ignored) If the acceleratlon due to gravit y 15 glven as go wlth 

respect to the Inertlal fra me then the potentlal energy of an obJect of mass 1/1 and whose 

center of mass IS glven a~ Po, 1/1 15 

(222a) 

(2.2211) 

The total potentlal energy of the robot manlpulator 15 then 

(2.23) 

where the Irnk mass IS 11/ , and the Ilnk center of mass IS p/cm ' glven wlth respect to the ,/" 

link reft'r«:'nce frame coordinates 

2.2.2.3 The Dynamical Equations 

The lagrangian L, for robot manipulators has the form. 
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::> K,nematlcs and Dvnamlcs 01 Loordillated !\.lultlpl~ ,\llr1lpul.lll'rs .lild P.l\I" .. d 

1 Il 1 " () LiJ (J(IO ) /' /1 

L = - \"' ) \"' 1 rOI t (--l, '1"/1) t ,-~ 11/ ,gol r~'PI 2 L.... i-J "-- (}I/) - Ih",· ___ ----u 'III 

1 = 1 J = 1 1 = 1 1 --: 1 

(': .:., ) 

From the Lagranglan. the forces. ï, at the JOints are readrly computed lIslng l'qll,ltlon (.' 1;) 

conslderlng the effect of other manlpulators. 1 e . constrarnt force~ Str,llght forw.lJd ddft'rt'Il 

tlatlon of the Lagranglan ylelds the followrng result 

Il ) 1') 
\~ - 1 ( .!.-{J -

- III Jgo -J-PI'1I1 
( 'l, 

EquatIon (225) can be rewntten ln standard rnatrlx form as 

(226 ) 

with 

The elements D,) of D, the elements. C,J,. of C" and the elements, (,', of Gare glven as 

/1 

L (2.27) 

P=I1IC1J'( I.J) 



1 Kmematlcs and DynamlCs of Coordlnated Multiple Manlpulators and Payload 

(2.28) 

(229) 

wlth 

and 

Jnd the ordermg of the elements of T and q are. 

- (J (2.30a) T= 

q= C') (J:/I 
(2.30h) 

_ M T-
T/ = T, + li F, (2.31 ) 

where L IS III '( /1 manipulator Jacobian matrix for the ,th robot while Fi is an fil x 1 force 

vector that the ,Ih manipulatol exerts on the obJect. 
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Standard robotle termmology deflnes the terms ln equ"tlon \ ~ ~6) JS follows 

D( q) mertla matnx( positive deflnlte symmetrlc) 

H COriolis and centrlpetal force vector 

G(q) force vector due to gravit y 

ï applied torque and force vector (external and constra\nt) 

q JOint coordlnate position 

F' force vector exerted on the obJect ( constralnt force) 

The main feature of matnx !lIS th.)t It IS Jlways positive df'flrllte syrnmetrlc rh.· 
submatrlces of L.. (', are symrnetrlc Flnally, note that the elements ot L~ ~. and G ,HI' 

bounded functlons of JOint position q For revolute JOints th~ funetlons are c,ums and produ(t., 

of sine and cosmes of JOint position For pm,ma tiC JOints the JOint van.1bles rnerely Jdd Of 

subtract linearly Flnally, the excursion of pnsmatlc JOints 15 bOlJnded (.1 phYSIC,11 JOint can not 

extend to Inflnlty) 

2.2.2.4 Equations of Motion of the Object 

The rotatlonal and translatlonal motion of the object 15 obtamed by Newtonlan 

and Euler Method and the detalls of thls work IS not glven here for the sake of brevlty Thes~ 

equatlons are glven below 

The translatlonal equatlon of motion of the obJect IS 

k 

MX + 111 G ::= - L FI 
,== 1 

(2 32) 



) 

and the rotatlonal dynamlcs of the obJect IS obtalned by 

(2.33) 

where . denotes the cross-product. J.L IS a 3 3 diagonal matnx whose non-zero elements 

denote the mass of the abject Ll. IS a 3 ? 3 Inertla matnx U IS a 3 " 1 constralnt moment 

vector exerted on the abject by manlpulators 

Now, the equatlons of motion have been denved. the next step IS ta study these 

equatlons, obtam optimal JOint torques and contact forces whlch will glve us the deslred 

traJectory of the obJect 

o 
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Chapter 3 Optimal load Oistrihut ion 

The load distribution problem for l11ultl(I,) caordlllatlllg robot,> hdndllllg .1 '>Inglt· 

abject IS studled ln thls chapter When 1. robots grasp d Slllgie obJf'ct ,1 (Io,>cd (h,1I1! IlIt·( Il .. 111<,111 

15 formed For a closed cham mechalllsm, the degleesof freedom.Hp le<,., th,ln tllt·lu!.d 1lIIIlll)!'! 

of jOlllts Since for IIldustnal robots 111 gener,ll every JOlllt 15 IllsLlllpd wlth .Ill detll.ltur tl\l' 

number of the actuators will be greater than the degrees of freedolll A.,.I r('.,IIII. tlwH' .III' 

IOfHlltely many cholces of determlnlng the JOint torqlles for a partlcuLu 10cHI 01 ObJf'f 1 

It follows that constralllts need to he Introduced ta aptllllile Ct'r1.1111 kllHI of pt·! 

formance sllch that the JOint torques can be ulliquely (.eterlllll1ed T hl' I<Md th,1! .III UllJh t 

Imposes on the robot end effectors can III gelwral be represenled by a tlIIP(' dllTlf>Il'>lon,tl IOlf {' 

and a three dlmenslonal torque The force dnd torque whlCh are geIH:>rdted by tlll' /. (OOrdllldt 

Ing robots effeet the deslred motion of the abject The load dlstrlblltlon p,oblt"ll tlwlI tf·du((·., 

to the control of the force/torque dlstrlbutloll of the 1. coordm,ltmg robots 

The main objective of thls section 15 to develop d rncthodology w/)((h detprrlllllf· ... 

the mlOllnum norm of torques and payload-contact force distribution for eclch robot (J1l(t· t/If' 

manlpulator dyna mlcs IS known( Identlfled 'calculated,' mcasured) Tlils method%gy IIlr IlIdf· ... 

the constramts assoCiated wlth thE' total requtred torques and the tot.ll (olltar-l fOH.!' hl tlw 

payload 

Conslder /.' coordlnatlng robots holding a slng/e abject as shawn ln Flgllrf' ï ~ Th,. 

robot arms are denoted by subserlpt 1 -- 1 1. Denote the force the /" <lrln f:Xf~rt,> rJil tht· 



"3 Optimal Load Distribution 

obJect by an 1/1 1 vector FI Then the followlng dynaml( equatlon IS true for each of the A· 

robots 

1 = 1. . A· (3.1 ) 

where cL IS an /1 • l lJector denotlOg JOint positions of the robot. TI IS an 1/ "' 1 vector denotmg 

Its JOint torques, and L IS ItS III • 1/ manlpulator Jacoblan matnx, 111 < Il Note that the 

subscrlpt l, refers to the ,Ih robot.Hm Here, we assume that 1. robots have the same degrees 

of freedorn /1 wlth 1/ :> 1/1 

Refernng to the equatlons (2 32) and (2 33) the rotatlonal and translatlonal dy­

na Illle5 of t he ob Ject ca n be rewntten as follows 

(~ I~) (~) + (::. / ~ y:: ) + ("fiG) = - ~ F, (3.2) 

where . denotes the cross-product,J{ IS a 3 x 3 diagonal matnx where non zero elements 

denotes the mass of the obJect. and I.V is a 3 '-, 3 general motion matnx of the abject X 
denotes the position of the obJect ln the Inertlal frame. ::': IS the angular veloclties of the 

obJect about ItS three pnnclpal axes and Ci = (0 0 !J)f wlth g bemg the gravltatlOnal 

acceleratlOll 

For a glven motion of the object. X. ::", and ..,.,' are ail known (deflned trajec­

tory) Therl"fore. the left side of equation (3 2) can be calculated by the utdizatlon of IOverse 

klOt"matlcs For the purpose of convenlence we denote the left side of equatlon (32) as F, 
~ - \~~ -
F - ~I=l FI Furthermore we assume that there IS no relative motion between the object 

and the end-effectors Since the motion of the abject IS predeflned. uSlOg mverse kinematlcs, 

the motions of robot JOints are determlned It follows that the left side of equatlon (3 1) can 
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be calculated and 50 does the maT1lpulator Jacoblan matllces Let the leh side ot equ,ltll)f1 

(3 1) be denoted as 13, As a result, one obtalns the followlng equ,ltlollS 

J'- - -L F, + T, = B, 1 :.:: 1.!. 

and 

1 = 1. f .. ( 3 .~ ) 

The above (l.' + 1) vector and matrlx equatlons represent(l,'11 t- III) scalJr equ.ltlons, but 

contaln (kil + Inn) unknowns, TI and Fi' 1 = 1. f. Thus equatlons (33) Jnd (34) MI~ ,) 

set of under-speclfled equatlons, whlch have mflT1ltlvely many cholce'i of the JOint torqut's ,Inti 

forces 

Here, we must declde how much each arm shollid contnbute to the motIon of the 

obJect This solution can be achleved by position mg the mass and Inertla tellsor of the obJect 

Into k parts The redundancy ln the force and torque subspace IS resoived by mtnlfTllZlng the 

magmtude of the vector of deslred forces and torques subJect to equatlons of motion of J. 

robots and the obJect as the followlng, 

1-'1' - -1-
T = -5 ·\5 +.\ G 2 -

where T IS the functlonal to be mrnimized. and 

f[ ) 
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3 Optimal Load Distribution 

,,1 15 a 1 / 1.1/ vector, known as Lagranglan multiplier, and Ci IS a l'lI '" 1 constant lJector 

composed of equatlons of motion of 1. robots and the abject whlle J IS a (l'lI+km);< (ln+lnn) 

welghtlng matrlx whlch glves us the freedom ta select dlfferent mlnlmahty condition ta each 

force and torque subvectors 

(~) (3.6(( ) 

Il" -1 Q Q Q 
Q Ir -2 Q Q 

1-. - Q li" -3 Q Q (3.61» 

!.Lk 

Optlmallty condition of functional follows that, the partial denvatlve of T wlth 

respect ta each force and torque vectN and ~ vector must be zero An Inventory of unknowns 

and total number of equatlons show that, totally we have bn equatlons from denvative of T 

wlth respect to force vector and l'II equatlon for denvatlve of T wlth respect to torque vector 

and another (lll + 11/) equatlons by the denvatlve of T wlth respect to ~, thus (2/01 + U'+ 1)m) 

equat,ons If we conslder number of unknowns. l'II unknown torques and l'l7I force ve:::tors and 

(lm + Ill) unknown Lagranglan multlphers~. 1 e (2kn + (l' + 1)m). 50 now, the nurnber of 

unknowns and the number of equatlons are equal and form a set of linear algebralC equatlons 

one can use very effiCient IInear system solution to obtaln optimal torque and force values 

wlthout any complexlty But here the only problem IS the slze of matnx, i e. (2l'n + bu + m) 

and ln the case of coordination of more then 2 robots. the solution of thls system. especially 

ln real tlme causes some problem To thls end. we seek some other solution whlCh may reduce 

the slze of system matnx 

Refemng to equatlon (3 4) one may solve for F~. as the following; 
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Fl = F - L F" (3 f) 
,=1 

The substitution of this vector mto functlonal T and reordenng It. ehrmnates FA ln 5 vector. 

and now the size of the system matrlx will be (lm + ~.," - 'II). (1 e number of unknowns) 

This IS supenor form of optlmlzatlOn to prevlous approach as LH .l~ the Ilumber of tlO.ltlllr, 

pOint calculatlons (computatlonal tlme) are consldered 

After sorne algebralc manipulation, one can obtaln 

L ( i H) 

l )"\ 0 (3 \)) 

DT ('. _ 0--= 1 -

j)~, -
(3 10) 

where 

(i) 1 =.= 1. .1.' - 1. 
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dnd frorn equatlon (39), one can solve for~, 

.\ =-

lL.t1 T 1 

IT12T2 

IT'j Tj 

ITu·T" 

3 Optimal Load Distribution 

(3.11) 

by substitution of ~ Into equations (3.8) and (39), one can rewrite these equations as the 

followlng. 

(3.12(/) 

where E.. IS 

(1[f1 + lLfd Wfk lLfk -lIlLn Q Q lklL.tk 
lLfk (1.[/2 + .!:Lfd J..Lfk Q -~l2.1.G2 Q l.dWk 

.t= T ./1 Q Q Q 1 Q Q Q 

Q T 12 Q Q Q 1 Q Q 

T T -.Ir T Q Q Q 1 -lk -lI..' -l/.. 
(3ï2b) 

(3.12c) 
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The solution of the system glven above will glve us optimal (mlOlOllInl norm ot ail force ,llld 

torque vectors) and by changmg the welghtlng matnx one can modlfy these optllnal vailles(~t't' 

FIgure 3.1). 

3.1 Case 1: A Simplified Two-Arm Robot 

The two robot system wlth ItS parameters, shown ln Figure (3 .2) IS made of two 

Identlcal manlpulators The eqllatlons of motion of the robot are descrlbed by two '>tnlll.u ~r~h 

of nonlinear equatlons The state of the system conslsts of angles and angl'lJr velocltles 

and 

The input to the system are four torques actmg on the Jomts 

(3 ] 4) 



r 
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3 Optimal Load Distribution 

let 

(3.15) 

ComblnJng the two sets of equatlons of motion ln matnx form yields to overall dynamlc 

equatlons of the robot 

- '2 - - -Dq + Uq + G = U + IF (3.16) 

The robot holds a rectangular load wlth mass M, and wldth dl. Ta simply the 

analysis somewhat, It IS as~umed that the load does not rotate around its centre of mass and 

each robot IS in contact wlth the load at one pOint 

3.1.1 Digital Computer Simulations 

The pOlnt-to-pOlnt motion controlls achieved first by definmg the deslred trajectory 

of the centre of mass of the load (Figure 3 3) in the x-y coordinate system' 

( ) -50/3 
'Id = !If + y, -!If f 
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)1
) ~Ol { 

1/r/=- -150(/1 1 III 1 

rd:-:: -150( l', - 1 1 )(~I 150/ 4 )1 ~Ol ~ 

Ild::O: --150(11, -- III )(21 ( \ 1/) 

where ('" Il,) IS the Initiai coordlnate of the load dlHI ( 1 / 1'/) IS the final (Oordlll.ttf' of th(· 

centre of mass of the load The whole traJectory of thE' ~tate from ItS 111Itlal to ItS flll,ll v.lhlf' 

can be computed and IS needed as Input to the ~ontroller 

The traJectory of 1(1) and lIAI) IS shown III Figure (34) At flrst !Ising IIIvers(' 

klnematlCs, ail JOint variables (lncludlng angular positions, veloeltles and acceleratlon of ('a(h 

robot) are calculated and plotted ln Figures 3 5 -3 7 

The pOlnt-to-pomt motion of the original nonllnear system IS slInulated, and the 

optimal deslred torques and forces are calculated by the lItdlzatlon of matnx eqllatlon (3 \») 

Matlab Control Llbranes are used to solve thls set of ,llgebralc equatlons dlHI the re"lIlt'i dr(' 

plotted ln FIgure (38) ,(39) and (3 10) No actllal l1lanlpuldtor dynarnlcs are Included -

only the deslred manlpulator dynamlcs 15 consldered III tlllS sedlon Sectlun 4 l) stf(~,,'i('" the 

problem of control of actual manlpurator dynarnlcs (FIg 3 1) 

The vanatlon of nommai value of optImal torque at jomt 1 1'> plotted wl\h tllT\f: 

ln Figure (3 8a) A non zero startmg value shows the statle eqlJlIJbrlurll optnnal torqll(' V,IIIlf' 

Slmilady 111 Figure (3 8b, c, d), nominal optHn::t1 torque ViHidtlOIlS are plottNI 11H~ rTla?,lIltlldf"" 

of JOll1t torque are very IInpreSSlve A slmllar lIfting Opf:'rdtlon was Investlgated by l.ir(;II""1 

[1988] The companson of JOInt torques for the glven Sdrne trdjf:ctory dnd robot pMarnctf:r<, 

shows the effectlveness of the developed optlmlZri tlon sc heme, ( Table "3 1) 



3 Optimal Load Distribution 

The variation of nommai optimal constralnt torce of robot1 and robot2 ln the 

x and the y directIOn versus tlme are plotted ln Figures (3 9a-b) and (3 10a-b) The total 

constralnt force vector 15 equal to mertlal force vector of the abject due ta the acceleratlon ln 

the x-direction sinee there IS no other force field ln thls directIon On the other hand, along 

the y-axIs of the abject, gravIt y force and mertlal force will be effective and constant force will 

oppose gr,wlty field as weil as balance the Inertlal force due ta acceleratlon rn the y-direction 

of traJectory 

3.2 Case Il: A Simplified Spatial Two-Arm Robot 

Conslder two coordlnatrng robot holdIng a single abject in 3- 0 as shawn ln Figure 

(311) Let us name one of the two robots as the leader, whose motion IS determlned ln 

aecordance wlth the requlred motIon of the obJect. wh de the other as the follower. whose 

motion IS programmed from the motion traJectory of the leader together wlth the constramts 

between the two robots, (Zheng [ 1988]) 

For the configuration shawn ln Figure (312), the JOInt angles are III = 90,112 = 
330. 113 -=- 30 for the leader, '14 = 90, 1/5 = 195, 1/6 = 207.8 for the follower, and the payload 

IS 5 kg Utrllzatlon of equatlon (3 12), optimal Jomt torques and constralnt force vectors are 

obtamed 

FI = (-2.84 -1.83 -23.73)T .Y 

FI = ( 2.84 1.83 -25.32)T .Y 

Jnd F = FI + F 2 = (0 0 -49.05 fI' .\', whlCh IS equlvalent ta gravltational force in 

z-dlrectlon The corresponding static Joint torq'Je vectors' 
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Tl = (506 -3912 -8.67)1 \ -. 1// 

T2 = (-2.29 -7801 -1043)1 \. - 11/ 

The magnitude for t 1 and t 2 are calculated as 

and 

'. 

and the magnitudes of constralnt forces are 1 FIl = 23 97 N Jnd IF 21 -= 25 54 N 

Zheng [1988J has proposed 3 dlfferent methods for optlmalload distribution for two 

industnal robots handhng a single abject, and the same configuratIOn wlth the eqllal .JlnOlint 

of payload is implemented wlth these 3 methods The compJn~on of reslIlts are glven ln Ta bit· 

(3.1). An analysls of Table (3 2) shows that our optlmlzatlon technique le; '>lJpertor to these J 

methods (Zheng [1988]) as far as the magnitudes of the force/torque vectors Me consldf-'rpd 

Table (3 3) show~ constralnt force and torque vectors ln 3-D and thetr magol 

tudes correspondmg to several welghtlng matrices It may be notf'd that, one can adJlJ')t 

force/torque magnitudes by the adJustment of these welgthlng matrlc.es (positive -deflnlte 

matrices) accordmg to the objective Jf the task Thus, the~e matrices tntroduces sorn~ nf:W 

dimenSions and d,."ree of freedom ta the nature of the optlrTllzatlon problem The w€lghtll1g 

matrices introduce relative Importance to sorne of the elements effective force/torque Vf~ctors 

(conslder multiplication of the welghtlng matnx by thE" force/torque vector) to be optlmlzed 

II 
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wlth respect ta the others Furthermore. the welghtlng matrices could also be used as penalty 

functlons to hmlt the magnitude of certain parameters(1 etarque/force vector). 

ln thls chapter. nominal values of optimal JOint torques and constralnt forces are 

calculated assumlng the abject follows the deslred trajectory wlthout any error But ln practlcal 

robotlc applicatIOns thls IS not a reallstlc assumptlon Thus a control strategy IS requlred 

ln arder to malntam the trajectory of the obJect (deslred position) and the constralnt force 

(deslred force) Chapter 4 Investlgates the theory of position control ta the case of cooperatmg 

multl-arm robots 
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Chapter 4 
Position Control of Coordinilted 

Robot Manipulators with Optinlal Load Distribution 

The main objective of thls section IS to develop a multiple arm load sh,Hll1g (wlth 

minimum norms) position controller Two Important aspects of thls controller are (1) optllll,ll 

load shanng (minimum norm of JOint torques and payload-contact for(e,,) (II) tlH'> ,lppl" ,dllHl 

of optImal forces and torques to the payload whde malntalnlng .lLCurate pot,ltlon control H .. r,' 

we will assume that, the contact between each of the grlppers ,H1(j the ubJe< t 1') ngld Th,_, 1ll.!111 

dlfference between thls case and that of a Single Mm 15 that III the fOrllll'>r .,ystPIll .Iddltloll,tI 

natural constralnts are Introduced due to the fact that .111 the grlppers nlll~t bf' conrwctf'd 

fmnly to a rlgld obJect Thus, the arms can exert forces or torques on each ()thf~r wltlwut th" 

obJect contalnmg an externdl environ ment The arms must .1150 move III h.1rmony ta IIlJlH (' 

the deslred motion to the obJect 

The flrst step IS to defille a deslred traJectory (tran!:.latlollal .lnd rotatlonal POSI­

tion, veloCity and acceleratlon) for the obJect and uSlng Inverse klllematics ta calculate JOint 

variables, 1 e, angular pOSitIons. angular velocltles ,lnd anguldf acceleratlons for E'Jch JOint 

These will be the deslred JOint variables and Input to the controller(FIEure 4 1) A., shown ln 

Figure 4 l, a position controller ln JOint space IS developed wlth on-Ilne optlfTlIZJtlon capabdlty 

which mlnlmlZeS the magnitude of JOint torques and payload contact forces l" and /'/' are 

the coefficient matrices for JOint pOSitIOn and velocltles to guarantee "tabdlty of thf' rTiotlUrl 

DIs the Inertla matnx while 'H-rG' are the non-linear COriolis and gravltJtlondl torque Vf~ctorc; 

A feed forward scheme for non-linear terms are used to decouple the equatlons of motions ln 
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4 Position Control of Coordmated Robot Manlpulators wlth Optimal Load Distribution 

addition to the position and veloclty feedback for control and stabdlty vlew pOint Full manlp­

ulator and th€' payload dynamlcs are Investlgated The developed optlmlzatlon scheme le; used 

to dl~trlbute the minimum norm of JOint torques and contact forces among the maOlpulators 

whde malntalnmg an accurate positIOn control of the p"'yload The constralnts of the sum of 

contact forces and JOint torques are aiso satlsfled 

4.1 Control Dynamics of the Multi-Arm System 

ln thls Section, the equatlons of motion of multl-arm robotlc system will be studled 

to develop a motion controller The dynamlc equatlon of the ,th manlpulator rn Jornt spa ce 

coordlnates IS glv€'n by 

1 = 1. .. /,' ( 4.1) 

T, 15 the Jornt torque vector and l}'F I is the reactlve force from the obJect 

At flrst, we wdl obtaln the necessary control force/torque equatlons for the control 

rnput Here. T, IS the equlvalent external control torque vector applled to control the Il'1 l l1tl­

arm robotlc system wh de Fils the total constralnt force whlch supplies the requlred force for 

position control 

Our objective is ta determrne total control Input such that, the c1osed-loop system 

IS stable To start wlth, equatlon (4.1) IS rewrrtten ln the following form' 

1 = 1. .1.' (4.2) 

ln order to guarantee stabllrty, TI IS glven as: 
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4 Position Control of Coordmated Robot ~bnlpulJtors wlth ÙptlnlJI 1 ùJd ():~tllblltl"f1 

(4 3) 

where H + Ci is the compensatIon term for COriolis and gravltatlonal forces Upon substItutIOn 

for the right side of equatlon (4 2). one obtall1s 

After sorne algebralc simplifications. one can rewrite equJtlon (4 4) a!> follow,> 

(4 fi) 

12.ls the Inertla matrlx. It IS a positive deflnlte matnx and If one multiplies by Jl 1 th", equatlOll 

(45). 

(4 b) 

By deflntng 

ë = q - q,[ (4 7) 

where ë 15 the difference between the deslred and actual pO~ltlon of the obJect From the 

matrix equatlon (4 6). we have 
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(4 8) 

whlch IOdlcates that the system can be made stable by selectlOg /\" 1 and /\"'1 matrice!. such 

that equatlon (48) has poles wlth negatlve real parts 

4.2 Motion Control 

The control block dlagram of Figure (4 1) shows the overall system wlth control 

The control architecture of Figure (41) has a very Important and deslrable feature From a 

computatlonal pOint of Vlew, It 15 deslrable for a dlstnbuted computer architecture Thus, each 

Mm can be controlled by J separate mlcroprocessor USlng the proposed method, the num­

ber of mathernatlcal oper,ltlons Increases only Imearly wlth the number of cooperatlng arms, 

therE'fore complltatlonal tlme does not Increase much ln the case of very cruwded multlple-arm 

coordination The sta bdlty of thls system 15 glven by Equation (4 8) that as long as a precise 

knowledge of the rnass property of the arms as weil as the obJect 15 avadable The requnement 

for knowledge 01 the ohJects mass property 15 not that much Important If the robot arrns are 

much massive ln companson wlth the obJect 

1 he optlrTHlatlon scheme whlch was developed ln chapter 3 IS used to dlstrtbute 

torque~ and contact forces among the robots Therefore, optimal load shartng and the ap­

plications of optimal (rnlllimum norm) contact forces and torques whde malOtalnlng accu rate 

pOSitIOn control are achleved by the utdlzatlOn of the proposed control architecture [Figure 

(4 1)1 

4.2.1 Simulation 

ln thls section, a 11ft operation IS slmulated from an Initiai pOint to a final pOint 

wlth a deslred traJectory by two arms (2-DOF). Figure (3 3) dillstrates the two arms wlth the 

payload The followlng system parameters are used 
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h = h. == '/3 = ./4 = 0 005J.fj - 11I.?(lnertlas ot links) 

(/1 = ((2 == ({3 = ((4 = O.25111(length of Imks) 

Illy = 0.50I.·y(payload) 

Two arms, each wlth 2-DOF, are holding the payload and I!ftmg from the glVPIl 

initiai configuration to a fmal configuration wlth a de51Yed tr<lJectory The desllcd tr.lJè( tury 

of the centre of mass of the payload 

50/~ 
l'd=1')+(I,-l'j)(-

Ild = Il) ~(II, _11))t-
SO

/) 

2 .,0/ 3 .1'" = -150( /', - rj)1 f -

( ) 
2 _1)0/) 

!Id = -150 .II, - 1// 1 1 

1 

.l'rI = -150(1'1 -- 1'/)(2/--150/4 )/-50/) 

(4 9) 



4 Position Control of Coordmated Robot Manlpulators wlth Optimal Load Distribution 

where (/ ,.1//) IS the Initiai coord1nate oftheload and (1 J Il)) Istheflnal coordinate 

of the centre of mass of the load 

The main objective of thls simulatIOn IS to demonstrate the effectlveness of the 

position controller (1 e error ln between actual and deslred position) and also ta dlsplay the 

m..Jgrlltude JOint torques and contact forces (minimum po~slbie norm) The control parameters 

Jnd dynamlcs of the robots are plotten wlth tlme 

Flgure(4 2a,b) show variations of posltlon~ of the payloadJand effectors ln the X 

and Y directions Bath actual and the deslred traJectory are plotted wlth tlme As shown ln 

figures, 1\ l , Jnd 1\ l' matrices are selected to guarantee stabillty and the actual dlsplacements 

follow the deslred traJectory very closely Figure (4 3) dlustrates the variation of veloclty (both 

m the X and Y directions) of the centre of payload and the variation of payload's acceleratlon 

wlth tlllle The actual vt'Ioclty acceleratlon profil(s are almost Identlcal as the deslred veloclty 

and acceleratlon of the payload both ln the X and Y directions 

The variations of controlled JOInt angles are plotted wlth tlme ln Flgure(4 4) (see 

the geometry of the robots - Figure 33). The variations of the JOint rates (veloclty and 

acceleratlon) are shawn ln Figure (4 5) 

ln Figure (4 6), the variation of total-controlled contact force bath ln the X and 

y direction are plotted wlth tlme dunng the 11ft operation. As shawn ln the figure. the total 

constralilt force vector IS equal to Inertlal force vector of the abject due to the acceleratlon ln 

the X direction since there IS no other force field ln thls direction Therefore, It IS zero both 

III 1 = 0 and t = 1 J On the other hand, along the Y aXIs of the obJect, the gravit y force and 

the l'iertiai force will be effective and constant force will oppose the gravit y field as weil as the 

bal Jnce the lIlertldl force due to the acceleratlon ln the Y-direction of trajectory Therefore, 

It IS ~qulvalent to the statlC load (0.5 ,'<. 9 81 ::::; 4.9rv) ln the beglnnlng and at the end of the 

simulations 

The dlstributed contact forces between two robots are plotted wlth tlme ln Flg­

ure( 4 7) both ln the X and Y directions These contact forœs are of mll1lmUm norm and 

obtJlned by the utillzation of on·lme optlmizatlon scheme (see Figure 4.1). 
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1 As shown ln the figures, the sllm of the Indlvldual control torces (bath Sf'p.H,ltely, 

ln the X and Y ~Irectlon) are equal to the total constralnt forces The total con<;tl.1lnt foret''> 

are shared by the two robots ln such a way that not only It satlstles the totJI IOlce (OIl'>tr,lIllts 

equatlon, but al50 the dynamlc control equatlons ta malntJIO the de~lIed tr.1Jectory 

Figure (48) shows the variations ot (mlnlmum-norm) JOint torqlles wlth tUlle 

These JOlllt torques bath satl5fy the dynamlc control equatlons and ,IS weil ,1S constr,lIllt 

torque equatlons 

ln thts chapter, a con.rol architecture for po!>ttton control 01 ~ eoopelatlll!!, ,Hill', 

15 developed The redunda ncy ln the force and JOint torque subspace ..Ire resolvpd by on-linl' 

mlnlmlzatlon of a quadratlc cost funetlon of the deslred constl.1ll1t force and JOint lorqup,> 

The control architecture IS weil sUlted for a d,stnbuted computer archltectulP 



Chapter 5 General Discussion and Conclusion 

5.1 Closing Remarks 

Throughout thls thesls, the main objective of the Investigation has been the study 

of modehng and simuitaneous position control of Coordillated Multiple Manlpulators wlth 

minimum rorms of Jornt torques and control forces From prevlous studles. It IS noted that 

there has been very "ttle effort on the dlstnbutlon of loads to the multiple arms, partlcularly, 

the system.1tlc deterrnlnatlon of the forces and torques acting between the common Ioad and 

the gnppers of the manlpulator The present Iiterat ure IS searce on these toples This thesls 

explored a number of fundamentallssues deahng wlth the motion control of a multl-arm robotlc 

system whlch form J closed kmematlc chain Through detaded analysls of a simple multl arm 

robotlc system we develaped and Implemented a control architecture of position wlth on-line 

optllniZatlon scheme 

5.2 Thesis 5ummary 

DUring the study of thesls, It IS seen that the control of coordrnated multiple 

manlpulators IS a complex and challengmg problem and has many aspects The potentlal 

knowledge level ln the control of multiple mteractrng manlpulators IS not very advanced ThiS 

th~'':;IS malnly dealt wlth the dynamlc modeling and control strategies in coordrnated multiple 



manlpulators Wh en cooperatlng manlpulators gr.3Sp J comlllon obJt:'d the dYI1.ltllloJ lllodt:'1 

of the systt'm chdnges from unconstramed to <:onstralrled dyn.l'nles Indeed wh!:'1l two ur 

more manlpulators hold a common abject J closed ch.lln IS tormed It Imposes llonholnllUllll( 

and/or holonomlc constraln!> ln the system dyll.3I1lICS wh'lh lIsllJlly le'>lJlts ln ; k),>s ~)t degree,> 

of freedom The pOSitions of the gllppers of the CMM's .He constr.1IIH'd M,)Jt'lWPr, tilt, 

rnteractrng forces (torques) exerted by the cooperJt!ng rn,ll1lplll.1tor ,He rel.llt'd fhl'> tht''>''> 

stud,ed these afformentloned Important res€'Jrch Issues 

ln Chapter 1. a general Introduction wlth a I,terature survey IS glven. ,111<1 tilt, 

prevlous work were put rn perspective 

ln Chapter 2. robot manlpulators. the klnematlcs and dyn.Hnlcs of coordlndlt·d 

multiple manlpulators were studled The dynamlcJI model InclLJdln~ J );enelal .,hdpe ùbJect 

was developed As a flrst step, the dynarnlcal equJtlon,> Wf're obLllIlpd 011 the gp:wr,ll Illdtrrx 

form for ail (robot architecture dnd ) rnanlpulators Incllldlnp, the paylli,HI ()bJf'1 t 

The force vector exerted by the manrpulators on th,~ obJPcl W.l., IIl(oq)(Hdlt-:,d tillee 

dlmenslonal rotatlonal and translatlonal dynamlc..s of abject WdS also Investlg.lted 

ln Chapter 3. optimal JOint torques and constrJlnt forces wele out.lIflf'd fil!'> 

was accompllshed by mlnlmlllng a quadratlc functlon of the JOint torqlH:s .Jlld force of both 

manlpulator whtle malntJtnlng the predeflned trajectory The cornparrson 01 optlfllJI vcrtor 

of torques and contact forces obtalned ln thls thesls Wlt~ eXlstlng work wei!' dOl1P .1ncl th!' 

performance of the optlmlzatlon scheme was Investlgated Jnd disclIs5ed 

The multiple arm load shanng posltlOn controller WdS developed ln Ch.!ptpr 4 

Two Important aspects of thls (ontroller were dlscussed. (1) load shJflng. (II) the ,lpplrcatlon 

of forces and torques ta the object whde malntatnlng aClurate pOSition control Hwc,p ob­

jectives were achleved slmultaneously by optlmlzatlon of certain k,nd of perf<Jrrndnce. 1 e . by 

r..inlmlzmg an Interactive force/torquE: vector The simulation results were prf'c,tnted. d,s(U'.>.,.,d 

and comparrson wlth other control strategies were done ln th,s chapter 
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5.3 Suggestions for Future Research 

l he potentlal applications of coordlllated Illultlple manlpulator systems caver a 

Wld(, rJnge !:'xtendlng from assembly task III automated manutactllrtng to deep see exploration 

and SI'rVICe Lv"ks III outer ~pdLe T wo or more arms may be needed ta handle comphcated and 

dextf'rollc, Ljc,ks sktllfully However at th,s tl/lle the resézHch I<,sues assoclated wlth multiple 

rn,lIl1flulator Sy.,tf'nl'> are not clear Spt>uflcally, It IS Ilot eVldent whether the fundamentdl 

rese,lIch qUl'stlone, wh,c.h must be dnswered ta brll1g such syc,tenls II1to reahty are baslcally the 

Sdrrlt' as tho<;e wlllch anse III single arm Ill~lnlplliator., or whether fundamentally new questions 

arise from the need to coordillate the motloll of two or more robot arms 

The list of research ISSU~S, whlCh can be suggested for future research may be 

an.llyzt'd III three groups (1) Motion Planning Obstacle Avoldance and Senslng III CMMs. (II) 

DyndtlllCal Modehng and Control Strategies III (MMs, (III) Softwale Jnd Artlftclallntelhgence 

III CMM s Although SaillI? of the problems relatcd ta (il) (Dynamlcdl Modelmg and Control 

StrateglE's III CMM's) are tackled ln thls thesls, there are still very InterestlOg tOplCS left for 

future work, espeCially parallel algonthms for control of CM M systems and adaptlve control 

of CM M systems 

A partlcular application determlnes the autonomy of Indlvldual manlpulators, and 

the degree of centrallzation/centrailldtlon of the control ln CM M Systems Avadable sensory 

IIltorlllatlOn needs to be Integrated Into the control algorlthnls Research IS needed to make 

control systems lItlllze the envlronmental mformatlon ln an Intelligent manner and thus make 

tht' system adaptable and fleXible to varlous Situations, for example , to those occurnng ln 

fleXible llIaflutactUrtng process of (MM systems ta dlfferent manllfacturlng process Will be 

t'nh,lIlCecl aftet the researcher has demonstrated the practlcailty of adaptlve control schemes 

to 1111 tlplt' mallipulator systems BaSIC stud,es on the control of redundant (MM systems 

should be 1I1ldertaken to shed hght on the advantages and dlsadvantages to th,s Vlrglll area 
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