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Abs  t vac t 
It is shown in this paper tliat , for a variety of reawns, r.onventional 

adaptive control schemes can not be generally applied to  the rontrol of 
space robots. Therefore, in t,liis paper, a robust adaptive control srheme 
that can be successfully applied to various applirations in control of space 
robots is presented. By using a special Iagriuigian formalism, a globally 
valid dynamic model of spare rob0t.s is derived and its dynamir properties 
which are useful for adaptive rontroller design are iiivestigat,ed. A iuiifietl 
framework is then presented to formulate tlie various applications as men- 
tioned, based 011 which, the robust adaptive control sdleme is thus derived. 
Since the framework is general, the proposed scheme can he artually a g  
plied to wider applications. To iiemastratt the proposed scheme, the design 
process is applied to  typical applicat,ions such as joint spare control and 
Cartesian space control of space robots. 

1. INTRODUCTION 

Robot manipulators with their haws lit-iiig niounted on spacerrafts 
have attracted great attentiou iii thr fut.ure spare niissions [ I  ;2] sirrli as 
the construrtion, repair and niaiirt~enanrr of satellites and space stations. 
At Lhe saine t h e ,  t.he dynanlirc a d  coikrol of spare robots ralled much 
researchers' interest [3-141 sincc it poses some problenia that are not. found 
in terrestrial robots. For cxamplc. due to the dyuamic coupling between rhe 
robot and the spacecraft, the inot.ion of the robot will clist,urb the Iiosit,ion 
and the attitude of the spacecraft a d ,  hence, will inclitre the drift of t,he 
robot base. This phenomenon niakes the kinematirn and the dynaniits of a 
space rotot  more complir.ated tllau t,liose of a terrestrial robot. 

Generally, the life span of R spacecraft dryelids on the amount of the 
reaction jet fuel it carries for statioli keeping and atkitmle rontxol. There- 
fore, during the operation of manipulators, the rea.rt.ion jets are tiirned off to 
minimize fnel consnmpt,ion. Moreover, i f  t,lie operation durat,ion is so short 
that the dfects due to son-radiat.ion moinent and gravity-gradieut morneiit. 
are negligible, then a space robot is only suhjert to internal forres. Conser- 
vation of h e a r  momentlun and aigular iiionientuni tlies provides possible 
reduction of the dynamiis. 

Without use of reaction1 jets, t,lirre are two strategies which are rur- 
rently employed to  control spare robots. The first strategy [3,4 calls for 
momentum wheels in rontrolling t,lie at.t,itride hot not the translation of a 
spacecraft. Since the fuel of moiiientnnl wheels is reroverable, this strategy 
will not shorten the useful life span of t,lie sparerraft. I n  the second strategy 
[5-9][1%14], the spacecraft is roinplet.ely not. rontroll&l and, hence, it will 
move freely in response to the motion of tlie manipulators. 

I t  has been remarked by Papadopoulos a i d  Du1,owsky [8] that eearly 
any control algorithm that ran he used for tixed-li;csetl mani~iulators can 
also be applied for the spare robot. systeins. Althougli tliis reiuark indeed 
applies to a variety of control scbmirs, unfort,iinately, it is not. generally 
applica1)le to the current adaptive rontrol srlieiiies [IS211 mainly for two 
reasons. First, due to the reduction of the system dynan1ir.s by conservation 
laws, the linear-in-paranleter property may no longer hold [8]. Therefore, 
those adaptive control schemes requiring tlie linear-ill-parallleter property 
ran not be directly applied in tliis sit.itation. Serontl, doe to tlie coupling 
between kinematies and dynamics, tlw kinematirs can not be determined 
by only the knowledge of tlie kinemat.ic st.rnrt,ure of tlie irianipulator [$-IO]. 
As a result, conventional Cartesian adaptive: control sr.henies will fail with 
only the knowledge of kinematic parameters. Nevert.lielm, in  some sperific 
applications or with ddit.iona1 knowlrdge of dyiianrir paramet,ers, current 
adaptive control techniques [22,43] ran &ill be applied. 

In this paper, we address the prolileiii olailaptive controller tlesign that 
ran lie generally applied to various applications in control of space robots 
irrespective of which control atratcgy nientioned above is used. First. using 
the lagraigisli formalism in its invariant. form 1241, we derive a globally 
valid(i.e., valid in the &hole ronfiguration spare) dynaniir model wliirh is 
applicable whether inonientuin wheels are used to rontrol the aktitude of the 
spacecraft or not. In conipariavn with t.llt. rurrent literatiire. the proposed 
dynamic model provides B more ge~ierd point of view to realize the two 
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startegies and is useful for- controller clecigii in elt,lier strategy. For t.liis 
model, we also investigate some important dynamic properties which are 
useful for conventional adaptive roiit,roller desigti. N ~ x I , ,  we present a unified 
framework to formulate applications in  control of sparr robot,s, under which 
a robust adaptive control srhenie is theii derived. The main idra i n  rontroller 
design is the following: (i) deronipmt~ the dynainir unrertaint.ies into two 
parts, where one part is linear i n  syatrm parameters and the other part 
is upper honnded by a known bowid; (ii) coinbine a robust srheme that 
handles the latter kind of unrertaint,ii% wit,li an adaptive srlienie which ran 
take care of the former kind. Finally. to illustrate the proposed scheme, we 
apply tlie design proress to joint spare ronhol ant1 Cartesian since rontrol 
of spare roboh iii both strat,egies, respectively. 

The paper is organized as follows: 111 wrtion 2, t,lie dyiramir model of 
space robots is derived. 111 wrt,iou 3. sniiir useful dyiiaiiiir properties aid 
the design proress of t.lie robust arlaptive coiit,rol srheme are presented. In 
sertion 4, applirat,ions of t.lie proposed srliriiie are given. ~:~onrlusions aiid 
soine supplenwntary disriissions are prlxe1it.e.d hi srrt.ioii 5. 

2. DYNAM:  MODEL 

(.:oilsider a space robot syst,eiu, iw sllcJWi1 ill figure I ,  ronsisting of an 11- 

link manipulator niouiiteil on a spacecraft with PIL inomentum wheels. The 
systeni is nasnmed free-tloat,ing hut not, snhject to gravitat,ion;il force aiid 
other external forces. All joints of tlir niaiiipulator are nasiiined revolute. 
Eadi momentum wheel is assunied syiirmrt,rical with respect to its axis of 
rotation. Hereafter, the sparerraft wit,li tlir wliciels locked is referred as 
body 0 antl the i-th link of the ~irrr~iipulator is referred as body i .  Body 0 
is well-determined owing to the symiiiet.ry of nio~nentiini wheels. 

On t.he spacecraft. a roordinate fraiiie (no}  is fixed at tlie renter of 
mass of body 0. 0 1 1  the i-th liuk of the niaiiipulat~or, a frame { B i }  is 
assigned following the Detiavit-IIart.r~ibrrg coiiveiit.ioii [%I. The frnine { f?,], 
i = 0 , .  . . , n ,  are uniquely deteriiiiired l y  Llie piiirs ( I l i , p i )  where Ri clenot.es 
the rotation matrix of t,he frame wit.li rwpert, to a prpselected illertia fraille 
{ B , ]  and p i  is the posit,ion vector of  lie origin of t,he fralile wit,ll rw1,ert to 

It can he shown [2G] that. the kin& eiwrgy of t.lie space robot men- 
{ B , } .  

tioned above rail he written as 

(2.1 2) 

li = ji(h:u,, + t j i )  

where 
wi : tlie angular velocity of Iiody i ;  
I i ,  i = 1, . . . , t i  : tlw iiiert,ia i i~a t . r i s  of t.lw f t l l  l i n k ;  
mi : the inass of body i ;  
ri : t.he renter of mass of hndy i or it.s roordinate with respert to { f?,}; 
I,erk : the inertia niat,rix of Iiody 0; 
bi : tlie axis of rotat,ioil of r l ~ e  i-1.11 wheel; 
j i  : t,he inonlent of iiiertia of tlw i-1.11 allrvl aliolit, bi: 
1, : the angelar inonient~u~n of the, i-th whrul ahout. bi;  
9i : the angle variable of the i-th w l i ~ l .  
(All the vectors antl tlir inertia 111a1.ricr~ nientioi~ed above are defined 
with respert to {B,)) 
I n  the foJlowi!ig, we will represllr. the kiwetir enera in  ternas of the 

joint variables y and q and the sparecraft*s aigular velocity yo. By the 
kineinatirs of the spare rol)ot, we have. for 1 5 i 5 11, 

i - l  

ri = "" + c ffjls'+l + Flir; (2.2.1) 
j = O  
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R, = GiRi (2.2.2) 
i -1  

Ci = + n + ~ G J R , l { + l  +&,R,rt (2.2.3) 
j = 0  

(2.2.4) 

In the above equations, pi+l aid  I.: are the roordiuates of the points pi+l 
and ri relative to { B i ] ;  w denotes a skew-synimetrir matrix surh that, for 
any vector b E R3, w b  = w x b ;  it, is t,lie axis of rotat.ion of the i-th joint; pi is 
the angle of the Cth joint; q = [yl . . . q,JT and Ai(q) = [nl . ..U, O,, ,]. 

Since there is no ext,ernal force art,ing on t,he system, conservation of 
linear and angular momentinn ran be ohtained. Fnrtherinore, if the linear 
momentum is initially zero, tlie ronwrva!,ion of linear uioinentuni yields 

t 

t71TI' ,  = 1 m,r, 
i=1l 

= rotist. ( 2 . 3 )  

where niT is the total niass and r,. is t,he rriiter of uiass of t.hr spare robot, 
system. 

Using (2.3) to  eliminar,e t,lir posit,ioii varialilz vcl iii (2.2.2), we obtain 

yi = i',. + R ~ ( I < + ,  - r , i f  - <rj+l l$+l )  
j = U  

= T,. + U ,  j (2 .4)  
j =O 

i f j  > i 

{ '  U ,  i f j > i  
I:. if j =  i .  where cj = 2, nlT oj = CL, rk  and 

It is noteworthy that t,hr verrors vi, i ,  j = U,, , , , I & ,  are exertly bnrip-irtrir 
vectors defined in [8 ] .  From (2.4), the kiiidir euergy ran l i e  writ,ten as 

= 

(2.5) 

li = j i (6YT4 + 6 )  
where w i  is the absolrite angular vrlorit,y of the sparecraft expressed in 
{Bo}  and 6; is the vect,or bi exyrrssid ill {Bo) .  'rhe (lefinitioiis of the 
matrices D i j ,  i, j = 0 , .  . . , ) I ,  and A!, , i ,  j = I, 2, are givrn as follows: For 
i, j = O  , _ _ _ ,  7 1 ,  

In the following, by usr of Lagraiip equation, t.he rquat,ions of niot,ion 
are presented. Before we proreed, it is uot,ewortliy that w," is not. a general- 
ized velocity sinre it is not. a time derivative of any geiirralized roordinat,e. 
As a result, in deriving t.lie Lagraugr rqiiz&m, it is ,lot nieaningful to take 
the partial derivative of the kiiiet,ir euergy (2.5) with rrspect. t.0 w:. To solve 
this problem, one can represent U: in terms of time derivatives of sonic lo- 
cal coordinates (e.g. Eulcr angles) aiitl tlicn apply the Lagrange equation in 
those coordinates. However, t,lir driiwhiirk is t,liat surh niotlrl is only lorally 

valid. As an alternat,ive, by using the 1agrangia11 fornialisirr in its invariant 
form [24], we can adopt. a globally ileliiied roortlinate in deriving t,he La- 
grange equation to  obtain a glohally valid dynairiir inodd. The result.ant 
dynaniic model is sunuiiarizecl as follows aiid t,lie drt ailed derivations ran 
be found in [26]. 

d 
T",, = zl* (25.4)  

where T,  is the vertor of tlriviiig tiirqiirs at iii;~iii~)~~l~it.or's joint,s, T,,,,~ is the 
artuation torcine on the i-t,li wlicrl, i = 1 , .  , , , 7 1 1 ,  iuid t.lir rletinit.ions of ( , ' , j ,  

i ,  j = 1, 2,  are given i u  apprndix. 

As mentionrd i u  hie int,rodurI,ioii, 1.lirrc iirr two stratrgies iii ront,rol 
during the operatioil of  the iiiaiiipulat,or. Spt~rilirally, wr refer these two 
strategies as luni-oil of i ~ ~ o i i i ~ ~ i i / i i i ~ i  whcrh and / w w o f T  of wimimt7i711 lohreb. 
It is noteworthy that. the dynaniic eyiiatioiis in (2.6) apply 1.0 both strategies 
exrept that t,hr roiit.rol viiriiililrs i i i  (2 .6)  are ilifrrrrut. i n  t.hr IWO strat,rgies. 
This differenre and it,s elferts art' disriissrd i w  fiillows. 

'Ilirn-Oil of Mcmicmtruii Wlwds: 
In this rme, n ion i~n t~ i i i~~  wli tdr  arc artiv:it,td t.11 dirrrt,ly routrol the 
attitude of t,he sliar(,rrart,. ,is a rrwilt., LIIC ront,rril varialilrs art' T~ and 
T ~ ~ ,  i = I ,  , . . , in .  A n  intiiit.ivv qiwsiioii is wliiit. is t.lie least. nnnilwr 
of wheels so as t,o cont,rol thr spacwrdt. 1.0 hi, pointed 1.0 ail arliit,rary 
att,itritle? Tbis questtioil Iias brru widely (lisrussecl (['U] and rrferrnres 
therein). b r e ,  by nsr of siiiiilar arguiiiviits in [27], it. ran l ie show~i 
that no sniooth rontrol law riin he foiiiitl t,o :diitrariIy ront,rol t,lie 
attitude of the sparerraft, if iii < 3. Thtwfore, t,liroiigliout. t,liis paper 
we assiin~e t.hat t,lirrc arr at. Icwt. t,Iirer nwniriit.uiii wlieels wi1.h their 
axes of rotation being linrar iii(ll,i)f,ii[l(.iit,. 

In this rase, the ronthol variablrs are only t.lir driving t,orques at roliot's 
joints, i.e., r2 = 0. Since thi, art~riation of t,lw iuonirntuili wheels, T ~ ~ ,  

i = 1, , . , , i n ,  arr turnrd olT, tlw aiigulilr uiom~wt.uni nf t,he wheels about 
their axes of ro t a th i ,  li, i = I ,  . . . , 1 1 1 ,  are cnnservrd. I n  this sitnation, 
it can be found froni (2.7) that t.hr vrlorit,irs and r j  are deliendent. 
Therefore, (2.7) riiu Iir viewed iir i i  wnstr;iii1t oii the system. On t.he 
other hand, this r i m  lie int,rrprrt,cd as  hat t.hr att,it.iide of t,he sparerraft 
rail be controlled t.lrrougli ~ l i e  l i i f J l l l < ~ l l t ~ l l l l l  t,r;rnsfer rrolll the motion of 
the nianipnlator. 
The dependenre rrlat,ioiisliip h r t x t w i  ;iud (1 ran be siinplifietl by 
properly roiit.rolliug 1 . l ~  initial ni<iiiiwit.iiiii. TIiere are twu possihle 
approarlies for t.his. 111 t,lie first. oiir, thr niouientuin /,, i = I ,  . . . ,TIL. 
and the overall angiilar i i ioniei i l  UIII of  (.lit, systi'lii are set. bo zrro so h a t  
tlie all-tinie ronst.raint (2.7) I ~ r c o i i i ~ s  

Turn-Off of Moiiieiitriiu Wlicic4s: 

Af2?d:i + A!, , I ;  = U, li = U  

In t,he second one, the IIIOIIII~II~~IIIII wlierls are locked and wz and j are set 
bo zero initially. Aft.rr a siiiiplr : i g ih i i r  iiiaiiil)iiliit.inii. t h %  ronstraint 
(2.7) brronie 

Af& + A t , , , ;  = U  

where is ol>t,;iinrd by rrplariiig I,, i!r tlir tletiiiit,ion of AI?, with 
Il"4 ' 

b 

To derive atlapt.ivr control srhi,iiit's fur it  variety of applications in a 
general setting, we presetit, t l i r  ront,rollw dcsigii process i n  t,wo s t ,ep.  First., 
we present a unified fraiiirwork t.u for i i iula~~~ :qililirat~ions i i i  roiit,rol of spare 
roliots. More speritirally, we a.ssi0ciitt.l~ a part,iciiIar applirat,ioii with a new 
roordiiiate of int,ercst ancl a vrloci t.y t,raiisfiJriiirit.inii hrt.ween tlir new ro- 
ordinate and t,he original one. 'TIirn, WP rriiiat.rurt, i( ~iew ilynainir niotlrl 
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associated with the new coordinate and explore dynamic properties useful 
in controller design. Second, we design an adalitive robust control schernr 
under the generally forinnlated tlynamical inoilel. 

3.1 DYNAMIC REFOHMlILATl(1N A N D  (ISEPIIL DYNAMIC PIIOF'EHTIES 

We first sumnrarizesonie iniportant dynaniir proprrtirs of a sliarr robot 
system. The proof of these prolirrt,irs can be roiind in p6]. 
P1) The matrix M(q) is symmrtric i i n d  puqitivr definite. 
,p2) Tlie matrix M ( q )  - 2G(q,  q,w,U) is skew-nyinmetric. 
:Pa) The dynamic equation (4.6.1) or (4.62) is linear in  a snitably selrceted 

set of dynamic paraineters of t lip systelii and. hence, the following 
decomposition will hold 

M(q)i i+(:(q, i j ,u:) t i  = ~ ~ ( , / ~ , ; , u ~ ~ , ~ ~ , i ~ ) ~ J  

where Y(q ,  tj,wE, it, i i )  is a known fniirl,ion 1n;itris and t,lir vecror 11 

denotes tlie set. of systeiii ptmirwt.ers. 
(P4) There are positive consttriit.s (ti, i = I , .  . . , 4 ,  S I I C I I  that 

Ilnf(e)ll I "I. l l ~~ ' (%~/~4 ) I l  I fl?lTl+ %lit + ~tl141 
Remark: Althotigh t,lrtsr prolwrtirs ;iw siinilar to t l i m  of a terrestrial 
robot, mnre of them (e.g. (1'2)) ran i i i i t  hi*  iniilitdiat,rly iinplirtl by thr 
widely recognized proof [16,17] for a t.errest.ri;rl robot.. This is owing to that. 
w: is not a generalized velocity. 

In many robot applications, i t  is iiinre ronvrnient. 1.0 dwrrihe the dy- 
namics in a particularly chosen roori1iiial.e instcwil of tlir joiiit coordinate. 
This may lie either due to t,lie nat,urr of t,asks (r.g. tasks sprcilied i n  (.!arte- 
sian space) or rednetion of dynainirs indiictd by cons1raint.s. In thr fol- 
lowing, the dynamir modal is rrformiilated i n  ternis of ;L new coordinate of 
interest and wine tlynalnic propprt.irs are invi4gatrd for the nrw model. 

Assume the relation bet,werli ~.hr nrw ruordinatr antl die original onr 
ran be described by a grneral vnlocily t.raiisforiiiat.ioii wribten as 

In the transformat,ion, qu E H3 tlenot~es a loral r r l~ rew~~t i~ t ion  (e.g. Eider 
angles) of the rotation matrix H , ;  = [qTq;IT; < E Rk is the new coordi- 
nate of interest; E(qe)  : 0 c ft[n+JIWk; u ( q c )  : 0 c H"+'; 0, a hounded 
open set in is the region in wliirli t.lic transroriiiation is valid. The 
matrix E(q,)  is full rolnnin rank for all 11, E 0. The velocity transformation 
is further required to satisfy the following :irsiiinption. 
(HI) All elements of the fnnction inatrix B and tlir vwtor U are bonnded 

fnnctions of qr and their tinrr derivat,ives are Iiounclrd fnnctions of 4; 
and q,. 

To obtain the dynamics about. thr nrw a1al.r E ,  we suhsLitiite the trans- 
formation (3.1) into (2.6:2) antl multiply ET 1.0 the transformed equation. 
As a result, the following eqnation is olit~ainc4. 

G(qe)€ + ?(qr, i, )( + 6(qe, I,) = ETr (3.4) 

where 

n?(q,) = E ~ A ~ E ,  
C(i/?,q-) = ETME+ ETCE, (3.3) 

ti = ET(A,/i, + t:u) 

Tlie following proposition shows that,, with mmr additional assumption 
on the velocity transformation (3.1 ),  t.111' trans~orint4 tlynaniic equation 
(3.4) have siniilar properties as (l'l)-(P3). 

Proposition 1: The t.raiidornied dyiianiic ialuation (3.2) has the following 
properties. - 
(Pa) The matrix M is synmwtric antl positive ilt-linile. 

(P6) The matrix 
For the transformation (3.1). we ~ L P S I I I I I ~  that 

(E2) Each element of the inatrix E and of the vector I I  are eithrr completely 
known or linear in  sonie iinknown constant Iiaranwtrrs. As a result,, 
the following property holds. 

- 4? is RkeH.-syliiliiet,ric. 

(P7) The dynamic eqnation (3.2) is linrar i n  a set orsystpm paramrters and, 
similarly, the following decomposit.ion will llold. 

- -  -T 
MCI+('tir+i,= I' (qt,rje,tii,U1)< 

Proof: First, since E is fnll rolunlil rank. hy t,hr property (PI),  (P6) 
obviously holds. - -  

Sencond, dirertly expanding Llie nlat,rix M - 2(.' yields 

E - SF = E T d f ~  + E ~ A ~ E  + E ~ . M I ?  - . L ( E ~ A +  E +  E ~ C E )  

= E T M E -  ETAfI?+ET(Af - 2 ( : ) E  

From above equatioii and thr proprt.y (W), it is easy 1.0 olisrrve that (PG) 
holds. 

Finally, if the rlrnients uf E and 1) arc coillplrt,dy known, then (P7)  
holds wit,li 

P = ETY'(q,., I;?, i i i ,  61). < = ?J 

wIirre Y'  is tlir funrtion matrix af1.r.r siiImiitnting tile transformations 
ti = Ei + U and ii = E 6  + b + Etil. 0 1 1  tlw d i r r  I l i l n d ,  if t,llesr ele~nents 
are linear i n  some nnknown coiist,itiit. Ixiraiwt.rrs. it is ~wsy LO oliservp that, 
aftrr some rrparainet.rizatioiis. (1'7) st.ill Iinltls. 0 

It is noteworthy t.liat, in griirral, t,lir fiiiictioil nmtrix E antl the vector 
U may not satisfy t.lie assumption (112). Tlierefore, t,liv liiimr-io-paraoreter 
property (P7) may not hold and. hrnre, adaptive ront.rol schemes based on 
this propert,y ran not. br  applird i n  this sitnation. Ilowever, if the dynamics 
contains a liiiear-iii-~iarRmtrr part, siicli that t l i c  reinaining part iR upper 
bonnded by a known bound, then robust. control schp~nes can be comhiaed 
with adaptive srhenies to Iiantllr siich kind of unrrrtointits. lliismigge.$ts 
the following deconipasitions. 

=M.(q,)+AAl(q,). ? =  ~ ' . ( i ~ ~ , I ~ ) + A ~ ~ ( i ~ ~ , i j ~ )  

ir = u.(qe) + Atl(qe). E = E.(q , )  + AE(q,) (3.4) 

Assnine that each elrnirnt. of A f . ,  (*.. and 11.  is liiirar ill the systein pa- 
rameters antl rlir niat,rix E. is c~i111pl1~11~1y ki~own ant1 also htll roliinlil rank. 
AM, AC, Au, antl 4E drnot.t. t h  I w t s  iiot. linrar i n  paraiiit%ers. For tlirsp 
parts, we fiirt,lirr aswnw 
(H3) The norms of AA4, ACq 4E,  and A11 are Iiniiiitled hy fuiwtions of their 

arguments, i.e., t,liere are posit.ive fiinctions h h f ( q e ) ,  M ! ( q e ,  q e ) ,  QE(q , ) ,  
and Cu(q,) sucli that 

IIAM(rl,)Il 5 b A i ( q e ) ,  I I ~ ( ~ ( Y ~ - ~ ~ ) I I  I h('(qel I,) 
Il4E(e,)II I hE(f/e)* IW%)l I h4r / , )  

3.2 RORIIST ADAPTIVE (:ONTHC)L SCHEME 

First, the control objectivr is st,atrtl as follows: 

(.;iveii a desired trajectory &(/)  wllicll is houndrd and has bonnded 
derivatives up to sitfiiciently kwgc order, and with some or none of 
the knowledge about systeni parainrtrrs; drtemiiile an adaptive robust 
control law snrh thut the roorcliivtte nf int,rrrst, e, tracks tlie desired 
trajectory asynipt.ot.ically, i.e., 

Control Objective: 

(=C- ( * , - - -o  a . . I - c u  

The following asinriptions arr I.ssrnt,ial to the design of a robust adap- 
tive control scheme. 

(AI) The unrertainty Iiountls h A f ,  h ( ' ,  6 E ,  and hi1 ary known a priori .  
(A2) The nieasnrements of the signals q p ,  I;?, C,  and ( are availahle. 

Now, we arr ready t.o derive thr aclapi.ivr rohnst routrol schrme. Define 
the auxiliary signals cr ancl .y a 

4, = - kr€. s = i - i. (3.5) 

where L, is a positive constant,. Drsign 1.he rontrol signal r such that 

ETT = M . € ~  + <:.kr + U, - Iil,n + v (33 )  

w l i i w  Y is an auxiliary control signaI t,o br designrd and ai,, k.. atid 6. 
ilriinte tlie entimates of AI. ,  (.'., a i i d  ti. rrsliertively. By wing the linear- 
in-parameter property, ( 8 . 8 )  can In siniilarly written as 

ETT = I'/(,/~.,;~.(~~~~)O - li,a + ' ( X i )  

14E1 



1 L’(f) = ; . \Tfi( , /Js+ L 

Taking the t ime  tleriv:ltivr o f  V ( 1 )  iilvng 1 r:iji,ctorics of (:l.8)-(:3.1U)t wr have 

wlieels are turn on; ( i i i )  rontrol iii joi i i t  spare wlien IIIOIII~II~,IIIII wheels are 
turn off ( iv )  control iii (hrtesiai i  spare ~ I I ~ I I  I~OIII~III~IIIII wlierls are turn 
off. Sperifirally, i n  earl1 rase we wi l l  slio~v t l i e  selertioit of the new coordi- 
nate together wi th  the a-soriat.ed velocit,y t . r~ i i is f~ l r i i l~ i t , io i~  iiiid t1isriis.j t,lie 
validness of the nssninpt,ions ( A I ) - ( A 4 )  r i n d  t.lir reiiliaation of the dr iv ing 
torqne T. 

4.1 JOINT SF’AC;E (~ ( INTriOL WHEN 
MOMENTIIM \VHEELS ARE ?‘IIf<NEC) O N  

In this rase, I w t h  the joint. a n g h  of t h  ni:inipiilat,or and the abtitude of 
the spacerraft are ront,rolletl. Arrordingly, t,lw roorcliiiiite E a i d  the velorit,y 
transformation are 

(4.2) 

e = [SI (4 .3 )  

( 4 . 4 )  

I n  practire, it, is n ior r  d i l l i ru l t~  t,o iicruriit.rly nit~asnre 1 . 1 ~  t lynani ir  pa- 
ranieters ?*:, i = l ,  . . . , n. t l iai i  t,o iwasure kineniatir yaraiiietrrs or t,he 
dynainir Iiaramebers m i ,  i = 1, . . , ,?I .  l’lvmforr, i f  the knowledge al,oiit vi, 
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i = 1, . . . , t i ,  is not exact, then the control law (4.6) IIKIY fails to achieve the 
control objective. However, if I*:, i = 1, . . . , 11, can be determined up to a 
compact region D, then the matrices J aiirl J,, can lie derowpowed (LO 

.J = J ,  + AJ, 'Il, = J,. + AIn 

where J .  and J,, are evalnatetl at a poiill (rl. , . . . . v;:.) E D. If we define 
the bounded open set 0 as 

O =  { q c l  I d r . 1 ( J ( r / , ) ) l > n > O . ~ ( r l .  . ,).::)ED.}, 

then we have 

The bound 6E is determined as 

~ E = ~ ~ ~ J ( I I A E I I I V ~ ,  €0. ( 1 . 1  ...., I ( : ) €  D.) 

and the bounds SA! antl liL' raii be tlel.rriiiinrd Iiy using (3.3) antl the prop- 
erty (P4). Therefore. (A l )  is satislied. It is noteworlliy t h t  t,lie signals a! 
and z can not be conqiut,rd thoiigli (4.4). Therefore, 1.0 fitllill the rtrsttmp- 
tion (A2), extra sensors arc niudeil. Furt,lirriirore, tlie iinrrrt.ainty region 
D has to be siifficiently sinall t,o satid? assiiiiiptioo (A:]). To restrict. q, 
in the region 0. the tzajcrtory must. lir r;irrhilly planned. Finally, in this 
situation, the control torque T is drt,rriiiiiirtl as 

T = E.-T(Ai,(p + c*ir + 1). - / ; n s  + I ) )  (4.8) 

where c0 = R ~ c  is the angulnr Inolnrnt.uIii of t,lir ovrrall systeni expressed 
in {B,}. It is easy-to rlieck tiiit3 in thin rasr. (!%.:3) is writtrn as 

fi = M I ,  - M,2M2;1'A421 

F = C,,  - M 1 2 A 4 ~ ' C 2 1  - Cl,A~f;lAl,l + Afl,A~i,'(!22M~LM21 
8 = C 1 2 M ~ ' v ,  + M , 2 M ~ 1 C ~ ~ 2 A f ~ ' ~ ~ ,  (4.10) 

where ul = ELl lib: - r". Sirire the right, Iiand sides of the eqoat,ions in 
(4.10) contain the inverse of M2,, the ilyiiaiiiirr; is not. linear i n  paralneters. 
Therfore, decompose A!,' .zs 

MG' = I+',,, + 4WZL 

where each element of W22. is lincar i n  pariiiiicttrs and ~ ~ A W , , ~ ~  5 6W2,. By 
using the property (PI )  and (P4), a possilh solut.ion t.o t,lir tlecoinposition is 
to select W,,, as a positive diagonal Inatrix. Aftrr a proper deroniposition 
of MG', the matrices A4., (:., E. and t l i c  vertor 11. ari~ol>t~ainetl by replacing 
M2;' in (4.9) and (4.10) with IV?,,. 13,. iiaiiig rlir Iiropi'rl,y (P4), the bountls 
6 M ,  6 C ,  and 6v can be obtained acrordingly. Now, it. is clear that. (AI) antl 
(A4) are satisfied. It is iiol.ewort,liy t.llot i i i  tliis c a w  t.Iw a.sniiipt,ioli (A:]) is 
not needed because r? = 0 and 

and, hence, A E T s  = 0. As obsPrvec1 frolii (4.!)), the vr1oril.y t,ransforniation 
is globally valid and, lienre, (A4) is trivially s:&lied. 

In this case, tlie conl,rol law (3.6) can be rcwritlmi i ~ ' i  

E.T = rI = M.&, +(.' .E, + U, - I i D x  + U . .. 
(4.11) 

in which the auxiliary signal I/ is iiiodilird as 

Y = -.s!,tl(s)(6A41Erl + sc:li,I + 61,) 

because there is no nixertainty on 4 E T r  

In this case, only the (hrttsian position of the rntl-effector is controlled, 
i.e., 5 = 2. By virtue of (4.4) and (4.9). wr have Ilir vr1orit.y transformation, 

Remark: Note that, :IS roiiqiared with rasr (ii), fCJr the velocity trans- 
formation to be valid, atlditional rniiligiirat.inns, in  wliirh the matrix I + 
M;,1M2,J -1JoN-1  is singnlar, slioiild hr avoitlrd. Sinre these configura- 
tions can not be pretlirted by the kiiicnratir strurture of t,lie nranipulator, 
they are called dysnnrir siirgalnriltrs[8]. 

It can be found t,liat. i n  ahove t,riliiz;forni:it.inii all kinemat,ic pararnrters. 
and dynainic yaranirt.rrs are iiivolved. I.i*t, 11 h o t e  t,lie vector consist,ing of 
all kinematic and dynamir paraiiir1,rra. If t , I i r  vect,or 11 CRII lie drtermiord 
up to a rompsrt region n, thcw E ,  iiiiil 19. a r r  ~ ~ s ~ i i i i a t ~ i ~ l  ;IS 

I - J ; ' J , , . N - ' ( I  + ~ ~ ~ ~ A / , l ~ ~ I ~ ~ . I l , . N ~ ~ ) ~ ' A ~ ~ ~ ~ A I ~ l .  
- ( I  + AI;! .A/21..l:' .J,,. A'-' )-I .M;f A!,,, E* = [ 

Again froin tlie proprrty (P4). ( A I )  r.w be satisfird. To fiilfill (A2), the 
two methods mentionril i n  caul (ii) cnii I>P 1in-11 tlrl~i~~iiliiig 011 wllether the 
knowledge of r:, i = 1 , .  . ., 11, is available Furthermore, the uncertainty 
region D has to be sufficiently small to satisfy wunlption (A3). The t r k  
jectory must be carefiilly planned to satisfy (A4). 

The control law ( 3  6) can be rewritten as 

EZr = ( I  - J ~ l J , , . N - l ( I  + ~ ~ ~ ! A 4 ~ l . J ~ 1 . ~ ~ , N - ' ) - 1 M ~ ! M ~ l . ) J ; ' ~ l  
= (if*& + C.i, +U, - I< D s (4.13) 

It is proved in the appendix that tlie matrix 

( I  - J : ~ J , . N - ~ ( I  + M~',M,,,J;~J,,N-~)-~M~~M,,.)J~~ 
is nonsingular for all q ,  E 0 As a resiilt, r1 ran be rrslized from (4.13). 

5. OON('LIJSI0NS AND DIS(:IISSIONS 

In this paper, we liave S~IOWII that, d i i ~  to either the dynamir8 reduc- 
tion by rouservation laws or tlrr roupling hefwreii kiiwinatics and dynamirs, 
conventional adaptive control krllrillrs generally can not be applied to con- 
trol of space robots. Tlierefore. we present. i n  a iinitietl framrwork, an 
adaptive robust control scheinr which ci in be surrrr;rfiilly applied to general 
applications in rontrol of space robots. 

To show the generality of tlie scheme, we havr applied it to joint space 
control and Cartesian spare control of the system enqdoying two different 
strategies, namely, to turn on inomentum wheels and to turn off momentiim 
wheels. In addition, the proposed srhenip can also be applied to miistrained 
motion control in the prest.iice of uncertaintits on cgnatraiut surface. In fact, 
nearly any motioii control probleiu can be forniulakd Iiy tlic uiiified frame- 
work proposed in section 3 1, and, Ileiire, C i w  be solved by the proposed 
control srheme. 

APPENDIX 

Defiiiitioiis of C*,: We drrectly give tlie tlelinilioii of ( ' ( q , < j , w $ ) .  Let r,>,  
denote the (i,j) entry of the matrix ('. For i ,  j = 1, .  . . , n ,  



0 = - n ; s  (3.10) 

where r is a posit,ive-(li,liiiitt~ i i ~n t r i s .  
Reinark: 111 (3.4), i f  tlie i imtr iws : l / , ,  (’., 18. art’ w i i ip le tdy kiiowii. (Fnr 
exainyle. they are evaluated hy iisiiig ii l i s rd  (4 i t i a l c>  uf tlic vi~rbor O.), ~ l i e i i  
there is no need to updiite the piiriiiiii-tvrs. 14s ii riwiII. t l ie roiitrol law (3.6) 
or (3.7) beroiiies it p r t ,  rnhiist. WIII r<>I ~~III~IIIP. 

Theorcm 2: In  atltlit.ioii t o  assiiiiipt.iuiis ( I \  I) ii i id (,\?), \vi’ fiirt,liw ~WSIIIIII~ 

(AS) 6, is sinall enoiigli s i i r l i  t.1iaf t.lic iiiiil r is  /<: + h E  Il is full row raiik, 
where 11 is any k x (11 + 3 )  i i i a ~ r i s  rni i t i i i i i i i ig only I and -1. 

(A4) The state q ,  wi l l  not Iww t l w  rvgioii 0 XI 11iat the w lo r i t y  transfor- 
mation (3.1) is always valid. 
Then, the roiit,rol objert, ivi~ is ~ i r l i i t~~ id p rw ic l l d  1 lie ~01ibr01 law (:$.7), 

(3.9) and (3.10) is applied. 

Proof: Define t,he positive f i i i i r t ioi i  

V ( 1 )  = +i7(,,JV+ ‘ciTr-ici 
2 

Taking the t ime deriv:it.ivr of L’(1) aloiig I r i i , j i ~ to r i r s  nf(J.A)-(:J.10), we have 

wheels are t,urn on; ( i i i )  roilt,rol iii joint s p i l r r  when iiioirient,iiin wlreels are 
tu rn  off; ( iv) rontrol i n  (.hrt,esiziii spare wheii III~III~II~.III~ wheels are t,uril 
off. Sperifirally, in earl1 raw we wi l l  sliow t,lw s e l e r t h i  o f  t,he new roordi- 
nate together wi th  the itworiat,ed velnriby t.r;iiisforiiiatioi1 and ilisruss t,lir 
validness of the asswiq)bions ( A I ) - ( A - ? )  i i i i d  ~ l i r ,  realizatioii of tlie dr iv ing 
torqne T. 

4.1 JOINT SF’A(:E (~ONTHOL WHEN 
MOMENTUM N’FIEELS A r c  ‘I’IIRNED ON 

In  this rase, l>uth the joiiit, aiig1l-s of  t h  iii:iiiipulat,or and the at,titutle of 
the spacerraft. are roiit,rolletl. Arrordi i lgly, tlic rnordiii;tt,e { and the velority 
trausforniation are 

(4.2) 

( 4 . 5 )  

111 prart,ice, i t is iiiore tlillirult. t n  ;trrurat.ely nieasiire t,Iie t ly i iani ir  pa- 
rameters r:, i = l , .  . . , il, tliaii 1.0 iiitwiirr kiorniat,ir parameters or t.he 
dyi iainir paraineters *)ti. i = 1, . . . , ? I .  l l i c r i~ fo re ,  i f  t.lie kiiowlrtlge aliout r:, 
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