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A I3STII.ACT 1_, !he l_ast ,.h,c,d,.. a_lvances izi IHicl,_,i,'ctroJli,_ a,l,I I,,Wm
elet:tvonics Ilave t.rausforn,.d analc)g ser,co svsl,'in_ inlo higllly

I,, li,is iml,,.r. , Ii,w,'! uol,,'Ol,t f,_r li_,. ,:ont,rol of backlasl_ in reliable ali digital svst,.lns. These modern sor,.o syslrtns at,'
£,'ill_'rJ S"l VO.I:"{'Cll;IlliSlIIS iS ,]l'llll)llSll'ill¢'l] wiIh a p (7,1olvt)o 111a-

• " ,Isuallv itnplelnented willi digital sigual processin_ d_il,s. Ali
llll"ll;_(Or. 'l'}m c_mcoi_l _tiliz,'s u_lidir,:cti,:,nal redu_dant drives ....

t.1,.' loop are closed wilh digital aleorit, h_ns whici_ _mk," ii pc,s_i-
.... i_)_{s i]i'{. p_,sil.ivo c,,_l,]i_e ' _,[ ,_car I_,.s' _ al ali limos a_l,I, hie to inH)h.'ment a broa_l ian_e of ,:ontr_l alr<oritl_rus based oI_

_ll,,r,.I,v. ,'lit_i_al,.s I,;_cklasl_ cotnplvtol._ . #stablish a l_roof of
" recent advancr'.s in ,ligil.al control tlworv. Spec al f,_nct.ions ca_,

"['l](I('l)l , a l,_,',,i'. "1- l)()I;" l'UIOlOtypo lllanipll]gt.tor '(viLli tliree utli,tiret:-
be built into these digital control algoril.hms to compm_sale lot

_i,,ual ,llivos is d,'_d_,l,,I a_,l t,.sl_.d, l)ynalnic model based on
backl_h aim to improve l.he .accuracy of a inad,i_m/\;,'it.scheg-

l.;_<,a_:e,c's I'ov_t_,_lal.ionis r'stablished. .\ PID COlllroll¢.r using
gcr and Xl_i'_l , 198(5 Sweet, 1991 ). This se<'_ns lo t)-a protni:_iI_g

(())lll,_l('<l lor(ltm ,()nlrr)l l.(.('l_lli(l_(,is ,],*v(,loped. Two experi- ' ' •
i_,n_l,_. ,,_,. wit I, v,'_l_t_,_la_ ,lrivos a_l,I Ill,. other v,'itl,Olll !Odlln- al>proach, ttoweve:', it still can not diminat.e bat\lEash po_ilivr.iv

a_,l oomph'rely.
,I._t,I ,Irivc,_, at-,'_,l,,l,,,l,',l. '1'1,, ,'Xl_,rill,,nial Ios_,tls ( i ' ' I ] ] (I) ] I "

In a previo_ts pain?r, we inlroduced a new a_d in,,,,'.'ali,.',.
_ ,;,I,, l l,;,I ,,s,, oi" ,_,i,li,,'r'l,i,,_,at I',:<l,l_,,ia,,_,lliwI'S illlprovcs tlm
l,'l-',!,l,ililv r_I'a _,_;,l_il_llal,_r Iw au ui,h.r of ma._,_ilud,.., concept, for l,he control of I.,a_klash (Chang an,l Tsai. Irl!li)l)).

The concept utilizes unidirectiol_al redundani. ¢lrivos to assuro
[NTRODUC"I'ION positive coupling of gear _neshes at ali times and. tllerelLv, vlirn-

inates backlash completely. In this l)aper, wo (],,lllonsIralo IIIc

._l,)sl. _l)('('l_;tl_i(';,l'_vslmns al),l s('rvc,_n('cl)a_))istnsOml)l()y gm_r concept via ,_ two-I)Ol' (l)egree-()f.l:rc(..do_n) prototylto ma-
I,;,i,,s for i,mv,.r I.l'allSlllissioll ;lll(.I [,tJl'('llH_" an_ltlificat.ion. Back- nil,ulator. First, tile general l)ril_ciple of Ol)Cratiou tor III]11.
I;,sl_ is a p_,rsi._l,._l I_lol_hn_ i_l s_ch nlacl_ines due to natural (Redundant.drive 13ackla.sh-rree Robotic) mecltanisms :viii I,e

ch.;irallces I,tm'i,l,'d Ibr pr-v,'l_ioi_ of jamming of gear teeth due l)rielly reviewed. Then the kinematics, dynamics, aim col_trol
I. _lm_,_/'acl.t_ril_gerrors ;t_<l/or thermal ,.XlmnSiOn. (;ear back- of the prot.otype mai_ipt_lator ',','iii be derived, llo.dun,lnnl nlotor
lasl_ i_lro,lu_'e.s discm_til_uil.v atm ilnpacl il_ lnechanicat sys_,'ms torques based on mininmm power consumpl, iol_ will b,' resolved.
wlti,l_, i_ turn. nmke uo_l.rol oi a _achi_,. dilJicuJt. Tlm posi- Power consumptiol_ for such a IiBIt servo_u'cJlanisln wil.l_ al_l
l i_mi,,g accuracy oi a servolnccha_ism is also compromised due without redundant drives will be derived and compared, l;'inally,
I_ I,ml_laslt. experimental results confirming the iml)rovement in repoatal,il-

\"arious methods s,_cl_ as antibacklash gears (Michalec, ity will I)e presented.
I!](i6), adjustable tooth thickness gears (Michalec, 19(36), ad-
j,tslable o"r,l.er dist,am:e (I)agalakis alld Myers, 1985), and har-
I_,oniu ,Irives ((!also)lt, 1985)llave I:men proposed for elimination PRINCIPLE OF OPERATION
OI gl't;tl' I)acklasl_. l lsing these I_lel.hods, some inlprovcment on

I,rol)lm_ls caused I)3, backlash Ims bee,, made. }lowever, these C} mg and Tsai (1990b) introduced the c(mcepl, of llIIR
I¢'ul_niq,lOSdo _,ot co_l,let.vly eli_inate Imcl¢lash and can fur- mechanisms and showed that k ntinimum of (n-F 1) properly

II..r im'rcase the cost or mam_facturing ,ud assembling such arranged unidirectional drives are needed for the control of back-
,,,acl,i_u.s. lasl, in an n-DOff manipulg.tor. For an n-l)Ol;' _nedmuis_u witl_

_(?Hrrenlly with lho tl=,,I,',l I'arrel ,b,_rvirol Ile_.arch and Development, (n + 1) t,nidirectiot,al drives, they showed that tlm input, angu-

I)anhury, (2_1'0681(). lar displacements aud joint angles are related by the following
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"/', I I,,lll ,,11;1, II,',l I()lilll,', ' ,,,l,I / v,'lIn'ili,'_, _illlll;_ll_'_ AIl_l_ihl \'( I,, ill,,_i (,t IIII}'_ i_ 1()_l i ,iii I,,,

(h'liv,',l. :\ll,u' _;lll,.:tit_lfiLIl_ ll_L]llc,ri,at ',alLl,',:.,,[ til,, L,,,',l, i,ig i, ....
II1,, I,"<ll!lili_ ,'_l_,_.lh)l_-, ,_1_':

' _}_,, = q),, ) ().l'")On I.',i

I _):,._= I),5 ()_ {!1)

Yl _ OB c),,.._= .I.sO, ii)

1)_,.._= - 2.1{)u 12)

0,;,o= -G.,1q)_ 1:1)

_i..o= .l().!)(_/),,, t l

(),_,o= -O.,l()_ - O.$On i5

0,,i.o= ,I0.!)6c)._+ 5.}21)u I(;

wh('re 0.._= 0,_.oand 0n = t)_,.._are the joint an_ ,-s(;f _li,' e,l_,iv-
Z 1 alert, op,:n-loop chain.

Figure 2: Equivalent open-loop chain oi" the mechanism shown Note that, 0,._.o0:.o, an,l t)%Aatr' tl_e inpt_t act,iat(.)r ,li._l)lar,>

in Fig.1. ine]_ts, Colnbining Eqs. I12), (1.1), al_,l (l(i). ",',' ohtnin tile
structure matrix as:

KINEMATIC EQUATIONS v \r ,'V_,rN_.,; 0 ]
A ----- ,'la,U_ 1,8 \t 0 :\!4.5 "\'3,1'\'/3,3

F'igure 2 sllows the ,,q)tivah!nt cq._(:n-lo(d)chain rot' Ill,__tna-

I)il)ulator shown in Fig. I. Ali li_)ks co_lain,',_l in tlm cq_li-'alent .10.96 .10.96 0 ]nl)('_-Ic')Ol')chain are ¢alh,d the majo)" h_)ks (lr the cnrriers, and = 5.12 0 -2,1 _ (ITl
I,l_oso I]¢)t,contailw,:L in t,hc equivah;.l|t ol)e))-loop chain arc called lt can be shown t])at the null vector for the above slru(t.ur(,
t.])e carried links. As shown ill Fig. 2, li_)ks A and /3 are two

matrix iv given by [75,-75, 16]7. llence, the sense ¢')f input
inoving carriers and link 0 is a fixed carrier, l,ink 0 carries ]inks

actuator torques can be maintained either in til(; direct, loll of
1,6, 7, 8, an(I 9; link A carries li_ks '2, :}, .1and 5; while link 13 [+ --,+JT or [-- + _jT.
,loes not, carry any link. ' ' '

Relative mo(,ioi_s of f.lte carried links wilh resl)ect to their

corr,,sl)()n(ling carri,,rs can I,. (h'rived I,v llm theory of funda- DYNAMICAL EQUATIONS
mc))lal circnils and tl_(, con.rinlil9 co))dil,nn (Tsai, 1988). For

exanq)hh li,_k A serv('s as tlm carrier for tlmgear [)air attached Ti_e dynamical equations of motion can be derived by several
t.o links '2 and /3 shown in Fig. 1. llenc(', the pail" of gears at- methods ( Craig, 198_, Paul, 1981, Thomas and Tesar, 1982).
la('h(xl to links 2 an.l II, av_rllink ..I form a fu1_damental circuit..

In what follows, we shall use a systematic approach recently
'l'lm fl|),l,_))_c'ntal cirri)ii. ('(l_)al.i()_)ca_iI)(, wril.len ,as:

developed by Che)l et al (1990) for the analysis.
The kinetic energy of the system can be divided into two_)_,.._= A:_,_O_,._ (,I)

parts: (1) lt',, contributed from tile inor,on of major lillks A
wher,: 0,4 denolcs I,l,,' lelativo r,)t.aLion of link i with respect to and B, _ssuming ali the gears and shafts are rigidly al.t.aclwcl
link j. and the "doL" ,hmotcs its time derivative, to their eorresponcing carriers, and (2) h" contributed by tile

$il,dlarly, link A also serves as (.he carrier for the gear pair relative motion of the carried links. That is
attached Lo links 1, '2. 'l'lie fl_damental circuit, equation is:

/( = ff_ + ,rc' (18)

/)_,t = N_.t0:..._ (,5) The first part of Eq. (IS), K,,_, can be written
[1. ca_t I)e seen ft'm), Fig. I that links 0, 1, and A share a

toni)non joint axis, Zt. Tlm coaxiality condition among these 1 , 1 . 1 '.4
three links can he written _s: If,, = _JAbl + gm,tz_O_ + -_JsL_,x + }sl _ +

0,,,,=O,.o-o..,,o CO) _o[_oi+2_oA(o,_+ds)coso_+
Substituting l'qs. (,l)and (6)into (5)and after si,hpl,rica- z_(O,t+Ou) _1 (19)

l.ion, yields
where I denotes the link length, 0 the joint, angle, m the com-

0i.o = (}.,_.o+ A'_,,Nu.:Dn..._ (7) bined m('rss of a major link and its carried links, z the distance



ll*,ili Lli,' ,,,llli,l#ii',l ,,'liI,'l iii ill,i<';'-l', LI-l,i'_'<lili_Sl .i{}ISil ,i*:IN, .] '.',lli'ti'

till' .... liillllll'll llllilli,'lll _i( illl'[li,L iii ,iii ,',llli:.,l,'sii ]iill,. ,sl,,_ilt as, '." '

,,,l.l_,,, Sitl,!iil,,,i!,lilJ.,,c,tlt,,l,,Jlll,l,..,lii,lt_,,i,Lih.lA,_i[Sl_l¢,×i I ,11 { */li i ,/I { Ill'iii,/,, t 1()'11i",/:

ill._l ],,illt ,i',,i',, ,tli,I 'all,q," Ill,' ,.,liv., lit,l<_ .I ;lli,l Ii' li'f_'I l,i i lai,_r i l{}.'l(,./m i Iii !}{i"./,, { _i,/_ ,L![i

I{,.._,,,,l,ville t.i, I (l'Ii.\i,.l,l_, _ :,1, t I_.I'2.D.II t 5.12.i,_ t "_.1'2. lil!J_;,/., (2",1

I t .... /n t-II. l_.,J ,11-t-(1.2,5,/_ t-.I,/-_

/q,,, _--- :!;./_/)_ t- ,3./,(_)._ t-(),)" t -t-2:1.(}1,1_ + 57(;,I,. -t-().6l./,_ + .5.1'2_.I., ('2!1),.., ~

f
,I , '_ • .

-Itln(l"O!_ "I _l.I i¢O i c¢)sOll I 21.r130AOl_¢'(_StTl_)('21)) ].' = mlila'l_ {:I())
'2

wll,q,' .1 ¢l,'Iu_i,'s tl.' ,',.IlliiI.'_l i,i,,lli,'lii ,pf ii..rl, ia cff all ,'¢luiva - Note tliat ill. ¢Ivllalliical eqllal.iolls ¢'¢_lltaill ¢)lilv l¢>lir ill,l,'
l,qll liiik al,<_,li ils l_r,,xillml hfilll axis. l..ii,leNt l._araiimt,(,rs, r.._, t and k. I[ the .]'_ ,'_n_l_u's arC'ki.>v.'ll.

lt llas l_e,.il sllowll tllat a¢l_li!i_ilal kluel.ic elmrgy, I(:4, for a tlu'll v, s, t aral k can be cahulate¢l, lr tlm ,l's ali¢l i_l's are iloi
lillk t i,¢'rfnrlllillg sillll_h' t'¢>lal.i_,tl wilh resl,,','t i,¢) an axis fixed knowN, tllen r, s, t alld 1,"nlust I)e esiiiimi¢,d e×l),'riillelllally. Iu
lo its; ,'arri¢:r J is giw'li IJv I('lu'Ii, 1!1,_9): _encwal, JA and J#_ are a Few ord¢,r of rnaguitud_' greater t llall

tlial, of" tile rot.ors, gears, and shafts. ]low_.,,'or, tlw im'rtia ¢,lFe,l

1 + .j,_),._(_ of rotors can lm as Isr.ge ,as Cii,at of the lllajor li_,ks, since il_,,vA'[,_ _,l,((),,j) a 'E,) (21) me multiplit'd by the square of i,h,. gear vat,ic,s a_ sll¢>wn iii Ill,.

wll,.r,' .I, is l,li(. i_._li_,'llt (_f il.'riia of a carried lillk z al)out its above equations.

axis <}[ i'{}taii,_l! {}li li_lk ). {2, is a r}(}siiiv{, _lNit vector {lefine{l

al_,lle til,' axis _.,f ll'iatix'_' r_>iaii,ul, e_'_ is I]le itllgtl]ar v¢'locity t_f

lil,k y ',','itll l,'Sl>,','t I_, Iii,' il.,rlia ['l;tllU?. CO_IPUTED TORQUE CONTIIOL LAV','

l:c,r tile l)r(,ltAyl)e nlallil),ilalor sllov,'n ill Fig. I. either the
rola!ioll axis of a cavri,.¢l liilk is p,ul)m<licular to life total, loll TI. _.dynamical ,_q¢_ations can be w1'iltell in a 11_alrix f(,rll] as
axis oI" its car:ier or ii.: carrier ilself is stal, ionary (grotlnd ]ink). shown below:

tl,'llce, E':I. (21) rcdu,:es to
c. 0-_L,(0__,0_)= 7-. (:ii)

1
lql. _ = 7,1, (0,,_)_" (22) where

Sul>si, ii,utingI'],l.(S)-(16)into(22)andsunimingtheili, yields G= p l'+2k cosO. s+k cosO. ]-- s + k c'os0B / (:iV}

1[,}l(()A + ().1250t_) _ + .)a(0.D _),,_)i is the mass matrix,I(' =

+./s(-2tt)t_)" +.I,;(-6.,I()A): L, = -lc si]_0_ [ 0_ ] (:_:1)

+,-]r('IU.,)bO..l )" + Js(-(J.'lO,i - 0.8/)/:t )_

4-d,j(,10.!)6_).._+ .5,120_):] (23) is the mat,'ix representing Coriolis and cent|'ifllgal ft)rot's. L} =
tOA,OB]T are the generalized coordinates, and r - [q, r._]7" ai,>

wllere .], ¢lelmies the molnent of inertia oi" a carried link i with ,the generalized active fo|ces.

i'_'Sl)eCl, I,o its rotat, ioll axis. i Since joint angles, 0A and 0/j, are usc(l as I,lir geiwralizr_l
Tlle I.agra Ige s e(lllatiOllS of lllOl, iOll for the l)rototype ai'ill _coordinates, the generalized active forces are, ill efFect, l.li(' r('-

Call I)e written a.s: ,sultant joint torques about joint axes ZI and ZI, rrsl)ectively.
In the design of a computed torque controller, Eet. (3) can lm

used to convert these joint torques into actllalor torques.

d (i)(,'_ OI,"
,Z-5\ 00,} OOi= r,, i = 1,2. (2.1) " li 4,1195 gin-cre _ J_ 205 gin-cre _

where the O's denote the generalized coordinates, and r's the 'Ja 189 gm-cm _ J4 lll gin.cre _

gelleralized active forces. Js 470 gin-cre 1 ds 10102 gin-cia l

Substituting gqs. (20) and (2:1) into (18) and then the re- Jr 1223 gin-cre _ ,/8 ' 10"102 gin-cre a

suiting equation into (2,1), yields the dynamical equations as: -)0 - 1223 gin-cre _ Ja 119568,5 gm-cma
Ju 124005 gin-cre _ ma 5770 gm.....

m_ 515 gm 1 30.,18 cm

rI = (i' + 2k cos0H)0,1 + (s + k cos0_)0u _n 11.0'1 cm "' '-'
-uk. (si,,0_) bAOo- /.,(si,,0.) 0'_ (25) .......

r_ = (.s + k cos 0_)_JA + t 0B + k sin 0B /}..al (2(;) Table 2: Inertia properties of the links.

i J



, ,4

d,_ + ..... ., +r-..-_-- I + /,-_..., r l.__._ _ i---

... :' " "k i)
//

'\'7

+
F'igure 3: Computed Torque Control Flowchart

I!_ii_ til<, ('()t311)_t_'(I I(.)u(iql(' I('<'hJli(i,l_', g('nl('Laliz('+l active erlv so LllaL eacll acLunt_,)r t,orquc can I.),, _laiallai;l(,(l in_:, i>w -
I',,1,_"+_at,', <'ollll)_lu,,l ii ,,-',,rv _al_ll)Iil u p,,riud I,v _l_in_; tile l+ol- det.+_rlnin(:d direction. In tim exp<:rimental arm, .\ is ,l(,tcrt_lin('(i

],,\\'illI2, +'(lllatiOil: l:)v tile prirlciple t..,[+ t1+inimutn puwer cons +tt11"Jt,i ,t+
'l'he outl>ut totelite oi" a l)(.' II;oLor i+ giV('ll I,\

_: = r,'I:_........-l-c,'.t',.," ++r,._L'/,',+c-+-_. :.[,tl)'tll-- {3.1) s¢ = t',.z (:_!I)
v,lll'l,'

where 1,:+is the LorqlJu constant and i kho api)li,,+l cttrr(,ut, II+'llce,

,:, = Iii -- tJ 35) powtPr loss due LO illot,or impedance can be wt+ittcn as

is t lw ortt)r sigI_al, L/,¢is fit<' ,lesired joi_tt. ;u@e, and /,-_,and 1% p = i:R = ]?4+/k_ = (+,IZ) + (d0)
at(, tl_(, imsition_al au(l vclocit 5' fctPdback gain matrices.

St_hstit._ating I".<I. (3.1) ii_t.t) (31) aald aft.ct +simplificat, iolt, yields whet, + R is the mot,or impedance and Z = I,',.//? ° s
+, F'or tl+e prototype two-I)OF arm, t,l+c strtlcL_r+, tnalrix is

iL+/,',__.:K +/% = 0 (:16) given Ijy

'I'he P()si('i°tl alld vel°cit'Y ['et'dl)ack gaill In("'trices, ]':tr'alld /ev, [ gl ga {.) ]illtl!+I ht; chos(._ll prOlmt'lv sttclt that the svst.em is st--able ar_l ,.I = , (.11). . g_ 0 -9._

t+ll+2 _lml_ilmlator will {ollc,w a desired paLh. To correct, steady- 2.1 allposil.ive
slat(:' ,'rror, t.he il_t.egrat, i()n tJf position errur is also ach.le(I to the wltere 9t = 9a = .10.96, q+ -- 5.1'2, and 9.1 = .00 ate

nt_tnl),:,rs. Applyir_g Eq. (3), we obtain inel, or torclttes i_ t+"rtt+s
CUllt u,.+llcr. The cot_ip,_l,::',l Lottltle co_t.rol flow <:l'+a.rt+for tlm Ftl311

of joint, torques as follows:
aria is sl,-_v.'_l in Fig. 3. wtwre/,', is t.lw illt+,gration feedback gain.

l"_)r t.lm '_-I)O1" prolot.ype arlll, i_+,rtia pt'operties of rite

ft'o_n their sizes and mat(,rials used and are listed in "['al)le __ = _ 9']9a +ga..q_ -gtg+ga Z+ ,k -:l_:]_
'__. I"rnn) (.lm ilwrt.ia, l)rol>eu+t+ies gi','('_) i_ Table 9_ we ol)tai+_ gl9_9.1 -9Pg.a- 9'_94_ L 9+:la

_. = (i77:1598 gt_v,ut_(+',s = .1377:12 g_n-cl_(_,t =.137307 g_n-cnn _, = ...Y+AI2 (.12)
mid /,' = 173297 gm-cnl_ _.

II_ t,lte eXl>('ril_ultt., I.Iw lolh)wil_K val_ms +u'(: chosen for 1% and wliere A_2"is the pa.rtict_lar sohJl, ion of [ au_d,

_/,',.s,_c]l t,l|,'tt, ii,' s:,,st,('_ is crit.icallv, datnp('d. A = g_94?_ + 9_9a_"7 + 9a9._."_ (.Ill)

1,., [O.S.l 0 ] 37) NoLethat the secotid con, l,O,tenLofthel,ott,oge,,eot,sso',,_io,,.- = 0 0.S.I /++, is negal, ive. Ilence, the directiot_ of torque appli<+d by the
second motor should be maintained iu the _egafiw2 sense at ali
'_imes.

and The power consumption of the system can be written as

/.,,= [ 1.83'3 0 ]- 0 1,833 (38)

./=l

MOTOR TORQUES AND POWER CONSUMPTION Substituting Eq. (,12) into ('I.l),'yields

I_ow('r Col_sutnpt, ion wit, h Redundant Drives , p = _'" "X-_+ "\ #._ (.15)

As discussed previm,sly, the value of ,k nmst be selected prop- . _= Z._

i
: i
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5;_ll,,-lil,lli+_., !'[ lml'_tll I':'l II") I,l,, I':'1. (Irl), via'his t'+,v,','r (',.,ltsutlJl>lh)ll ',','il]+_.uJll'l<'_lul,l;tl,t I)riv_".+

/\ll.hotJgh t,}_<' iJr+m_t.,,.t)+, ar_ll is d,sig, lw_l ',vit.I r+'_l_111,l+_l,I
.\+ <lri','es, ii, can also tt_ttcti_m ,'ts a ,+'+>ll,.+,+_ti<)l_;_lr_+ln)l arltl. 'l'}+is

- .,IL']_ is a+'co_lll)lislu'd lp,' ,li.+,roun<,ct.il_g, vtu_ior I [t,,_ t,ll_' lirsl fra_s-

.\'+ mission l+li(', lt is ,,l,vio;_s that pov,',,r c<_l_S_ll_Ul+ti()lS(or ,-;it+ll +t

+\ .:+_: +.......... \2 (,17) <'tnlv('Hti(Jlta[ tw,)-l)('_l" Inn.ltipul;ttt)r is; e,i',('l_ l,v_.l_+.l_

"\'i

, ...........,, (): ()..+- +l_!l+ ]++ TI 1"2 TI " ? T+..... +- • (5!+)

[,,I]l,l l,v :<,,l','i_e. Noto thai power ,orts_nptiot+ ,life to nx)tor ilttp('<la_ic<, ,l,.'-

l_(.'t_,Is ,::m tJ_e g,'ar ratios. Also not,, tl_;d, wl,m lilt' l_l+II ,_im___

+++,,,,.... ,+(,+,,,)++, =,, ,,+,,,_ '+ . Z, ',vitl_ +.,hat,of a cot_v,mtional nmnil)_+Jal_:,r. Ilt,v,,,,'<,r, v,lv,n 11_,,

',vlli,ll ','i_,l,i- l{I+l{ arln is opc.ratil+g iii "ll<'t_i,Jll+ 11 i,l+,t III," ils l,_+v',,r ,,,_
+-. < su_+pt, io_t can be nmch l_ighcr thml that+ of ;t ,+'()tt','<,t_li<ll/_l +lm.

.\.= 2_+.,=_ (I+._.\.,,"Z./) ttipula.t+or, The mot,:)r cortstanI.s for Iii(,+eXl_et'i_l+ei_t,a] ;_rt+l ,ii<'
,"c-".J (.19)
.... _(#2/Z,)" Z_ =-:Z+ = 83.26mY_n/\/"_ r and Z:; = 55.6_n;\"_nl_/T[ r.

lt <','_1t,+, sl,J;','t_ tl_;_l. ,",licit .\l, .\.2,.\:_)___A' _ _lax(.\t, .\_, ,\.._).

I},,I,\" .> NI;_,":(,\I, ,\'2, ,\'_} Inl_st, nlso I)(, s;_t,isfi(:d. Ilence, mini- EXPERIMENTAL VERIFICATION
]nuzn l.,ower cc,t_'.;u,l_l)Li(),_occurs at .\" = %lax(At, .\..+,.\_,). Tiler(:

art.' tilt<,<' op+,rati]Lg rs'gig,ns: To establish a proof of the coricept,, two e×l)m'iln('I+ts ',v(,t.r,

1. Ilc'giou I ,:orMucted, one v,'it,h and the other v,'itho,_t backlash cout.rol.

.\" = .\_ = Max(,\_..\:_,,\3) (50) In the first experitnen_,, conventiotml control was used. ,'\l-
t,l_()ugh the prototype arm was designed with Ilni+lirr(-t.io_al re-

which in,plies dt_ndant drives, it can also ft, t,ction a.s a convet_l, ioHal rol,ot, art,i

rl < 0 ',vit.l_ no pc,sitive control ,.m backlmsh. 'I'llis is _ccol_l)lisl,'+l I,v
- '.lisconn(ectiug one of t.lv., t,ht'ee ,:lri_,e lines. S nee molovs '2 atl(I

r: 'Z 0 (51) 3 drive joints 1 and 2 iltdependent of each other, II_,s,' Iw,)

Sul)slituting I:,qs. (.12) a_l (,50) ii+to(.iS), yields motors were selected &s the drivers for the exlwrin+(+t;t, wllilc'
l,hc third motor ,,','as physically discot+nected. In t.his oas+,, i_.,-.

tuator torques were related to the result.ant joi_fl, t.ortl_mS I+v:

I" r I . r,, r I r 2 ,, --" ,

= . + + = _ -4'- _ (52) In the second experiment,, backht.sh ',','asc_mt.rolled I,y r,"_l,_-
(hint drives. Using comput, ed torquecol_t.rol tc'chniq_m, all t.l_r+,<,

'2, Jtrgicm II . motors ',,,'ere driven simull, aneously to tna.t_ipulatc tlm robol, arm.

,\" = ,\'a = Max(AI..\_,,\a) (53) The value of ,\ was coml)uted I)y using the princil)le of _lfinirnal
pw, ver consumption described in the previous section, atoll a(:l.t_.

wltich ill_l)lics atm" torques were computed by using the psrudo invers+, l,ralls-

r_ > 0 formation. We note that the pseudo inverse anti the null vector
- of the structure matrix ]ii are constant terms and need not be

gar_ > 9, r_ (5,t) computed on line. A si_nple PID controller was ¢lesigned. ,'\n

Substituti_g l';qs. (.12) and (53) i]_to (,15), yields IBM Model 55, 80386SX, Persomfl Coml)uter was used for ali
the necessary computations and control commands. A lh'wlett-

(), +,,,,,,,,,jt) -... 7"I

.at+ -- ___ =\ g_g._Z:_ \_) +\ 192Za ) required current.s to the motors.

(55) A la.ser tracking system developed by NIST (National ]_-
stitute of Standard and Technology) was used to measure tile

:1. I{_'gi(n, I!1 Cart, e_sian coordinates of a reference point at the end of liuk B.

,\" = ,\3 = Max(,\_, ,\_, ,\a) (56) The experiments were l)erforrned at four different I)OStUres (i.e.
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Illl l_':-:lltis.

i,,,illl:_ sl,,ll,I Ill,',,I,'li_';lllv r, II ,,,_ ,,i,. i,lal,,. Iii llraci.i('¢', Ii_w..

i,,,l ,l,'_,r_lll,('_ il_ l tl,, i,>iiii, ;_il,I ,I,l_. I_ II,,xil,ilil.v or iI1(. litll_s. Iii I.otyl)e iI,illil_lllalc, r. Iii _,"_,r_l. ii, i_ sll_JwliIlial _,_'aiI,,,'l<l,sll iii
I ltis i,al.,r, w(. ,l_'lil,, II,. r;_,l;lls _f !1,' Slll,'lllest I,alI rontainill._ ;_n,-DOI;" lllanil>_ll,'_i.r can lie eiiJlliuaL_'(II),.'_lsillls,a llfillil_,llll _,1
I1,' _.i:.:_v ,I,_I_li,,,iills t.;ll<,'l, ll,,lll [,,lr ,I;l_,riiolls of al,l)roacll as (_14-l) uNidir('ci.i()llal (Iriv_,._. Iii t.}li._stll,ly. ,,v_.Ila','<"_N._i,_l.'_l,_ll,I
111_,_rl,<ll_thilit!l ,_f l Jl_,Illallil_ulalor. \\'_. ll,.-_loiha.t I_rillging t:ll_, co]lstructed a tw,,-I)()l" lllallil)ulator ',vil.l_t.I]r_,' ulli_lil_'climli_l
illallil,I]lai_>r to ,'l ta,l,4lll I,,Jint. tiol_l Io_lr orl,hogonal (lirr'ciions drives. 'I'heli dynallli,.:al eq_latiolis of Iliol.ion for t,l,:. Illanipl_la-
iii t l_,' .i_)int '_l>a,<' ,N,,.,-_ll,.>l li_.,_,ssa(ilv i_.s_lll,iii folir _rtlv.)gollal I.m', illcJll<.lillg inert,ia elr_-d,of gears all,I rotors. ,'_r_',l_.ri'.'_'_l.II. i_-;
i,,I ]1_ iii ii,' l,sl.: <l"l'"'. slw>wnthat irlertia etl*(-ctor tlw rotors <:niiI.: as large' as tidal ,if

.\l,l,,'ll,li.": ..\ ,_ll_,ws..,,Iii(' l vl_ical ,,l-';,lal)ililv _l,lla l._l<(:.nI'_)r tile major links an<l th_,yshe,ld n<)t,h_.iwgh!cted iii lh(' _lvllalllic
,,ii,, lJ,,qlllr_' _[ Ill_' _i,_llil,_li;_l,,l. I_,,',._,ls,' ,,1 .._l)acelilllilalioll, v.'<. illodel. A PII) conlroll_'r usillg _:olill_llle,I !_('_llie I.(,(:lllli_l_l,' }las
ll;,w, ill,lll,l_',l oll[v I1,. ,I;_la i,,r I.I,2 I]rsl al,_l s_,coll_l,lir<'rtions be('ri ,'lesiglle,.l aild ilr_l_lemeilt.ed. A ilwllw)_l for COml,,lting r(,-

_,f ;,i,f_l,)aHi iii til(' ..\l_l>eil_li:.:.Xl_)le d('laih:d r,p_._llai_ililv ,lal.a <luw:lani. irlotor torques wit.h miNi]rlal pow<.r colmllllllltion lln_
,_li I,,r, f,,lil<l iii Ctlatl_'s _liss('tt;_i.i<_t(1!)!)1). been deveiol)ed. ,.\hd finally, t,wo exl_eriment,s were condllcte(I

\\,. il(_l¢,I,]ial.v,']l(,ll tile tlt;_i_il>ltlat.()r',',';tsrel_eat.edlybrought, to verify the concept. The experimer_(,a] resull.s demoilsl.ra(.e
I,a,l< t_ a t.argel, I)lJint, ['r¢)t_t]le Sall't¢,<lir,ct.ion r,f al>!)roach, the that. the repeaLabilit,y oi ,x lnanil)ulal.or wit.h redundant, drives
_.,ll,l.ul[ect(,r ]la<l a iell<lt'll(:v t_)settle ,smtile vicinit,y oi a l)oinl, is one order-of-m,-_gniLIlde bet.t,er t,han Lhat v,,it.liotlL redli[idailt,
wlli(ll Ill;IV til' nla)' li(H lim'.ssai'ilv I>etil(' target, ])oiill,, to wilJiiu drives, This concept i_ I'<ltlally apl)licable to olher g,,al('<l _('l'-
;i I'i'acti<_n<>['ii i_tilliilt_'i('i , VOlllcchanislris inrlu,liiig NC ll_a('liill<'s,

l'lle e,Xl._eriiilenl,al (lal.a indicat,_s i,hal, the e,nd-effector was ai-
ways cal)alJl<'of <'Olllili_ b,wl< i,o I,lie I,,'lr_et t)oilit I,owitJlill a frac-
l,ioll (_f lt illillilliel('r wiielt ii, was COlll,roll<'d Ii), l.[irue rerltlll(lalit ACKNOWLEDGMENT
llloiors, flower?r, wiu'il Iii<' ll_lailil)iilator was controile(I witlloul,
i<,lllill(laiil (Irives, Iii<' i(:jll!all'<l i_osit,iOllSv,'erellot necessarily lie This work wa.sSUl)l)orle,l iii l)arl, IJvI,he tl.S, ])elJal'tlilmll. _)[
tile i,lr<ls,of I>Oilil,, ,c';i)_,(-ific;_llv,illlder coll,,'mltiOlia] coiltrol, th_-, l:]liei'gy under (_]l'allCI)[_F05-881_I1.13977,alid iii parl, I)v Iii(' l\i_l ;"
r_,l/<.,at(,dp(Jsition was oft,i'll cJos(:to (,lie l,arg(:t, point, Whell it, [0ngineering l_.eseaicli (_Jelltel's [)l'Ogl'itlil NSI;'D (..11)1t8Stl:1012.
was I_rouglit, hall; [rein Iii<' Iii'si, direcl, ion of al)iii'each, wllih' it,
was aiwa'¢_ a [ew il_il]iin<'l,<'l'sawav [roill l,]le target, point, when
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i_,11'[',',II11i,111,' Ii, ]1111_i_,v,'!1,,, I',,'_ilh,,_i,_.L ,.\,,,**a,v _,1 AI)I'I';NI)IX A: EXI'I'_I_IN'IIBNT/_I, i)A'I'A

I{,,l_ls." /'rh,' ,,.[' 5,',111" f',>nf, h',,I,,ds 10, hlSS_;-.12,1, ['o_lvmltiol_al Cotltrol

'l_i('n_,_,, III. 'l'ar_('t I>ui_t(.:
x = ,186.98(}(;53, y = 15!13.1)03201, z = -2.1.1(;793!1 (t_}

7. 'lu'_t, .I., I!lS!), "'1'1_,' I",lh', I ,,l' C',,,nr I{<,_l,lrlit,n_ ,,i_ l{_d_ot.

)v_n_i_s," ,V.I.h'.,I 'lW,.r,,h,,li,' (',,_]i rr_lcc. I'asa_h',_a. x (ll_lr,) y (I_tll) z (l_l_)

'ali[, l"irsl, l)ire(:Lioil of Ai)l)roach:
,186,7:18812 1592.S5,1887 -2,1.181l)58
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o9 .... 187 18!;253
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Iii Kh'il_, (,'. ,.\., 311,1 [lUnll;_, (.I. II., I'.)S:I, "l{eview of l_seu<lo - .187.524,t7,1 1593.082279 -2,1.165,131
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10.1, I)p. 218-'_"S ,t81.716057 1590.5,10913 -2.1.213590
-- ' ,182.272,578 15!._0.6.17182 -2,1.20,1713
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