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The co.ncept of a Small arm mounted on the end of a't~ge ~< 
. has been introduced to provide' precise motion as well as a large 
workspace. 'However, the 'performance of such a serial 

"configuration lacks payload capacity whicp is a crucial factorIor 
,bandlinga massive object. Also,thisconfigunition induces moreH

, <,,:;0 
",flexibility on the, structure; To overcome the$e problems, ,the 
','topologyofbraeing the ~ip of the small ann (no(the large arm) and 
, ' ':', having an end effector ii1 the middle of the chain is proposed in thiS, " " ':, 
_ "paper. Also, simulation reSults are presented to show the possibility, , ' ',_, 
, 'that the proposed control scheme provides the disparate ' . , 

,;:"manipulatorsy.'ith better accuracy than the large arm and more 
,',', payload 'capaCity than the small arm~ "', In the near ' future, 
: "',experimental,studies ()n the existing arrangement (RALF and SAM) 

:' are scheduled to verify the feasibility of the proposed conCepts. ' 
;". "1'-: :. . '.:.' . ,", ."... " :. _,... -' ",". 

. '; : ..... ~ '". ':"~.:',..': 

:,.,:, .. :. The' proposed' research seeks' higherperfomlancemanipulat~rsforl~ge, 
workspaces, particularly for those tasks that require precise positioning and'mating of 

" ,,:relatively massive,p,ayloads., Demand for these manipulators can be foundin,coIm.non" 
.' space construction scenarios arid more urgently in retrieval of nuclear waste from 
:,~urider ground storage' tankS. , The fundamental characteristics· of such manipulators 

. .,' ...•...• include their light weight and their flexibility. Also, there is the need to maintain a . 
;::, ,'finn position constraint between the robot's base and the payload orworkpi~e. This 

.' .' ~ :: requires a more complicated manipulator topology than a singleseri~ link arm w~ch'" 
, capnot~ coristrain t;wpmating workpieces. :, .,' ." '" " 

. 'i'c' 

'>,;":. '~';~olutio~, 'thec6~cept of a,sinan arm mounted on the 'end o{al~g~~has 
." . :,beenmtroduced to provide precise motion as well as a large workspace [1;2]. Such a 
", ,',configuration fonnsa redundant arm. Thus, the number of extra degrees of freedom 

~,' : can be used' to brace on it stationary frame. ' Bracing' is used to ensure accurate·;<· 
, '" '" . _:. .',' positioning of the end effector arid to support the force at the end effector due to the " 

. . ':change in structural stiffness. It has been proven that bracing reduces th~ positioning' 

-.. ". 
uncerta41ty and increases the stiffness of the manipulator by the closed kinematic 
constraint [3,4]. . '. . 

, " , " "Frolll real world experience with crane-hufluincoordinationwhem abeary, ' 
'" ,', -," " " " payload, is unloaded (see Figure 1), we know that,we can obtain precise positioning , 

' .. ',':and high payload capacity. This crane-human configuration 'may be analogous to the· 
',; topology of bracing 3;fthe tip of the' small arm, and havittg an' end effector in the middl:e ' 

,,<,.ofthe chain. ill otherwQrds, the large arm provides theload capacity like. a crane, and" ',:' ': .. " '. ' " ' , ","," "f ,', ',:, , " "',, ' "",'" , ' ,," -' 
.. ~::. ,. . ~. . .:'..... .' ~ '. " .' . '. '.~ ." ' ,. 
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. -. ,the smaIl aIm does_the preCise positioning like ~'human;TIris topology . gives 
motivation to develop Ii coordinatiori. strategy for disparate large and small, 

... , .... 

•. manipulators~ c· .... . . . ...; . 

. . ' ~ .:~- . " 

'-.,' 

, ... Appli~ation of the msPara:te"manipulators approa~h fu the nuclear ~~t~ ind~st:I"i 
.. include _ the retrieval of waste material from buried shell waste storage tanks .. The. 

.' operations that might use the disparate approach include cutting off and removing 
. obstacles in the tank, dislodging the solid waste material using special tools, and 

'/ .. ",' 

. :.- placement, and maintenance 'of support equipment.· . 
',;.. .. 

,',' . 

..' "",:' 

. ," . 

-'Cri:me -Human Coordination ... 
i ,."' :-~/ ... -' - •. 

~Research :oesc'ripti'on' 

.< Con~ol of this propo~ecftoPology is diffe~ritfroni c~~ondual3nnco~tr~lin 
some waysJ5,6,7,8].Forexample, the large aIm is powerful and flexible, and the' 

;j;mallann is capable of prec~ positioning aIld is rigid To take full advantage of such 
.<~;disparate featUres, SJ>!=ci~ c~:mtrol schemes' can be applied: .. So far, noprioi work or 

.? .,'-':.'_: study' for -lhose control scheIIles has been done ..• · :Asa firSt apprQach to develop a 
'.. . .. :'. -- :> · control strategy for ·cOo.rdihatirig dispanrte manipriIators~ an ad.vanced masterlsl~v¢ 

.. " ,. ' .. 'control sCheme is proposed. In: this scheme, the small rigid ,arm Performs computed 
":' torque pOsition control, and the large flexible ann uses· robust force control, to' 
.... ~ compensate for the internal forces due to relative kinematic. motion errors betWeen the _ 
". . two arms ... - .. ,.-.- . ". ;,-.-. . ',; .' . 

':,', " 

··'-·'<::.In the Ilfst phas~ of dus -re~earch; the' advantages of' the .. c~arie-human 
, configuration are analytically proven using the idea of ~ force ellipsoidt;rom the serial 

. , chain redlindantmanipulator [9]. ·Inthe ~cond phase, the dynamics of the disparate 
:, ..... 'manipulators system is·deriyed under the assumption' that the large arm is flexible and 
;."/·cihesmall.arm 'is rigid. 'A large portion Of the work has been devoted to design a· 

. :-conl!ollaw for·coordinating two arms whichmvolves ;tnon~()lloc'ated" f~rce control 
, ' . '.- fof a flexible ann· [10]. . Furthennore, under. the. assumption that all dynamic ., 

<--':.,: . parameters arenot available, a .robust force controller is extensively stUdied' and 
... , .:,: . applied to a flexible arm [11~12] .. Also; simulation results are presented to prQve that ., 

_.. ." "--.: ·'the proposed control scheme provides the disparate manipulators. with better accuracy 
, ..... : . .. i. than the large ann andmorepayload capacity than the smallann.1il the near future, 

. , . -.' ¢xperimen~ studies on the 'existing arrangement (RALFand SAM) are scheduled to 
" .. -.J' verify the feasibility of the proposed concepts. . - . . . 

-'. : . 

,. - .<, 
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. '. '., .. " AJ>Pllcationscenarios of the proposed disparate ~anipulators are as follows. 
". First, the large ann carries thesmall armanda payloaddo~ to a destination position ..... 

.' ,', .. ' .... ".'. 

'/ ·.While the large aim is travelfug,the small arm may be used'to generate inertial forces. ' 
. ' ·'··on the large ann to cancel the large ami's vibrations [131.Second, the tip of the' '. 
", small ann is braced on a'stationarY frame using a tracking Controller [l4].Thtis, a 

closed kinematic chain is fonned~·. 'Next, the joint where the small arm is mounted on ',', , . 
the large ann beGomes passive (one option). The proposed'control scheme is applied· .' 

-::'j: . 

. ". ,.... to coordinate the two arms. ,Its objective is to provide the payload capacity of the 
'. " large ann and, the precise positioning of the small, ami. ' , . 

-. '. :".-.~; 

. '2'.2' •. KinematiCs '. -,.-. 

. 'i·-

. ,". ,.'. The 'P:r()posedmcfui.p~latbrsYstemin contact with therrenviroIiInent is 
characterized by closed chains'in the structure and redundancy in actuation. In other 
words, the number of actuators typically exceeds ~e mobility. However, the general 

, case of the Jacobian matrix ... · can be applied to' two disparate marupulators with ';' 
"',kinematic constraints: We first assume that the joints are frictionless, that the link ' 

'.: inertial forces are. negligible, and that all the links are rigid ,to simplify. kinematic' 
.', analysis in this section.', " ., , 

- L - -

Let us assume that neitherium isirl8;·shigular position and thatJj is a square 
matrix. Then we can obtairithejomt rates. required to Perforin a desired . control taSk . 

,iii the t~coordinates; . , . '. , ., 

.' .... : .. 
. ' .. " 

'.: '. 

, (,2.) 

'where' X contains 'the task coordinates 'and q contains thej~int coo¢mates~ andJ( q) , .,. , 
:'js the Jacobiari Illatrix.~e . following, subscript, L. denotes 'either th'e larg'e(L) ot: . 

,'small (5) aIms; ,It Eq~'. (2) iscoIlibined ' with the kinematic copstt:~t that X is SaIIle' 
, " 'lor both arms, w~.can\vritethe folloy.riDg fom of a hew Jacobian; H; fo! the clo~d ;",chaiil arm.' ",.::.. , ..... ". ,..., " ." ..., .. ', -' 

; ,:- ,-

: .. 

,: :",'.' (3) : - - : ..... 
, ".' .~".~ 

''> .'. '" ~. J',:,. .-
, '. 

" '. ·Qr '. :, : 

.•. ·.·.;~!ie:e ~:icq L)T .(q~; Titand ~~t [(J d-1jT .I(Js)-;)~~; ""-: 

, .... '< ' .. ;. 

.. 
'.'. '-

: -. -:~:. 

:, . 

,'., ',: SimilaIly, usfug the' prInciple of~iitual vvorlc iii the St~tic case,' w~ can d~rivethe:~,'> ',' 
" "following relationship. " .., . ,:' .' " , 

-',F = HT T ,.,.. '(5) . 

, :'".-.' 

. ' -'," 

.'. :. 
" = [[( JLd~; [ps) -'fIT ~~] .. ' . 

. '.-: ~FL +Fs 

, .~. - .' 

' .. ' , " (6) 
(7) 

'. where Tj is the veqorofactmito~torques, and Fj is'the vector of forces and moments 
. ,exerted by aqn i 'on the end effector. Since the force in the task coordinates is the S1llll 
of the tWo ~s' f~rc~,Eqn. (7).istrueals(',:.," . " <:' . 
2.fLoadCapadty ,,~, 
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" " ,'" '. mmitively we know that 'closed chinn marupulators have greater load capacity 
,than open chain manipulators. Howeverl: we need to prove analytically how much, ,: ,,' ",,',.' " 

" "more load closedchain$ ,cari'handle than openchains. In this section, using the idea' " . " ' 
,of a force ellipsoid from the serial chain redundant manipulator[15]lan indexfor",', ,', 

." ; .... 

.' .:".., '-. 

. ;, -" 

,measuring the force transmission at a given posmre for the closed chain manipulator ',' 
, ",' is developed:'Also, these inqices for both closed and open chain, arms 'are, 

,_,,' c()mpared. ' ",' , "',,. ';' ' , 

."", 

. .~ .,-

, " From Eqri.(5), we see tliat the Jacobian issllnply aJmear transformation that, 
. "" maps the joint torque Tin, Rm into a task: force Fin Rn. The unit sphere in Rm 

'defin.ed by '" '", " ",.,','_,,' ," 
'.'~~: '; .: 

"""'" (8) 
,; '" 

,\',. : ,->:-. 

: j.sniap~d int~an elliPSOid inRfl defined by , . ,-'". 

, ..... 
.. : 
./ 

" , 

'~T(H'YH)~1~ '.'~'.' '1 .,""".' '""."'",,." 

,"-... . .,'. ' " "~~ ~ '. 

F:.T {(JLJI. Tt1,+(~~j$ Ttt};1F "",:: 

: (a): unit spherein-j~intspace/,' 
_ .. '. . - '. 

.:", 

'. "Figure2 Force Ellipsoid' """, 

.:~.~ : .. 

~ , " 
"'. 

This ellipsoid: haS principal axes A1 U 1 , ·;···.inun-wher~ Uj eR Ii and Ai is 'an' " _ .'., .' 
•...• •..... . ,·eig.e~vaitie of(HTH). Chiu [15] call this a "force ellipsojd".aridYoshikawa[91U:~cI ". ........: 

, '.' . ..... ,·the volume of' a velocity ellipsoid as all index, of manipulability fpr open chain "'.' ,.' ' . '. . '1 

. ,~. 

.,., ",' . , "::redundant aims, . Similarly, we can use the volume of the force ellipsoid as a' . 'I 
" .. ' '"meaSurement ora manipulator's payload capacity at a givenposture. This volume' 

"gives the size of outputfor the given uriit n~rrn mput: We'use this trailsmissionnitio (, 
,,' . "" '.:= Qutput/input) as the payload capacity index. Thus, the payload capacity fudex fo( :' .'. 
,:':theclosed,chainis; '. ',.' , ,',' , ... ,\."., '.,.,:," ' 

;',',,',' . '. .. ,', " 

• • - .' • •• J ;.', • ~ , • I '. ." • , ~ ~ ••• 

".: ",-';' 

WL+S ::' 11.1 ••• :. )\;n' ' , . 
. ~' det (HTH) ,,". ". .'. " 

·~·det{(JI.JI.Tr1·+(J~jsTr11 . 
. . .' .- ": . 

.''. .': 

' ..• :,' " Tru$ result can easily be obtained from a property of detellIJ.ina'nts [16]. Also, we 
, '. m'ow that {J L J L Ty 1 and {J sJ s Tr 1 are positive 4efmite. If w~ carry out the 

. __ ~bmpritation'for WL+S. __ ,' .' ',;,'" ~, " "': ~"', :', ': :-" :' , 
.. '. 

,- ' 
, ' 
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·;\gam,·ili'eInatrix, '(JLjLT)(JsJSTt<i~ ~so.'p~si~ive def-mite aildis.&agonaliZable .' 
'with a unit siffiilarity. matriX, ,Furthermore, its diagonal terms are ahvays:positive, '. 
.Thus',det {- I + (JLJLT)"1+(J13JsT>-;1l.is larger than): .. Now, ""e can say '. 

. "'\Vher~ WL is the ~a~load capacity of the large ann ii~lf: Physically, this m~ans that .' ". 
. . the closed chain ann has a larger payload capacity than either the the large or small ann 

.. '.' . . ,"'. . ..... '.. T .' T -1' 
~by the ratio ofdet{ .~" + (JLJL ) (JsJs ) 1. . . 

" . '.: . - . ~", . . . ':. \", : . ~.',' : .:' 

,3 CONTROL 'OF DISPARATE MANIPULATORS . . 

Dynanlics' . '.'. " 

','-. 
. ~ ~. '. . 

, .' ... ' .futhe first ph~se ~f this work, 'th~d~anii~s of th~proposed disp;rrate 
<:.Il1anipulators system is derived, Its topology can .be consider:edas, the large arm 
"holding'a payloadandsmaUarm helping the wrist of the large ami as shown in Figure 
".' 3; The motion of the manipulators is dynamicallycollpledbecause the generalized 
.> forces are ,interre1ateclthrough the' passjve joint p,' Since joiIit P will bea ball joint, 

only forces ~an'be transnlitted through it .. The forces on the large arm through joint P 
.' ',are denoted by a 3xl vector FL, and the forces on the small arm throughjoint Pare 

: '.", denoted by a 3xi vector Fs. "We can. decompose the Systeni' into three parts (large ami, 
'-:'small arm, and force sensor) and derive theequatJ.ons of motion for each body. The 
,payload dynamicsis included in thelarge~~ . '.' .. ,." .... , 

" ." 
'.--,' . ;", .'~ .. ": 

.......... 

. ";:" 

.~ , '. -' -. -. ',-, 
'. '.':._-" 

. ,.,,--.::, ;',' 

:, " .. -

.Figure 3 Two Disparate Manipuiators Holdin,g a 'Payload· ", .",' 
.... 

. ,"':", First, modeling a large arm, \vhich is assumed to be flexible, is complicated. ' ' 
. ,; , '; ':" The flexible deflection of the arm is' approximated to be a' finite series· of separable 

. ',_ " • '.,' functions 'w hi~h are . the pr~uct of admissible shape fullct!ons .4> I j ( x ) and: time 

.' 9ependent gen~~alized_ coO~dinate~ 11 'I (t >. . .' '. .... '. 

< ,~.' .. :...... ." . 
- ~.: . 

m 

. iJl(x,t) :='2: cj> Il~~) . l1'lj'< t} = deflection oninki .. :~ (11) .. 
".' . j=l .. . :,.:..' , . : : . " ',' " . 

• '., .. ,:Theequation of the flexible ann motion can be derived from ~v'era1techniques, but' , , 
. the Lagrange's fonnulation-[l7]is knoWn for its simplicityandsysteiIUitic approach: . 

. :.' Using lacobians [18] to obtain the velocity of a point~ the kinematic an~ potential 
.:- -.,' " .. ' ~ '. "::'~ .. ' "'." : '.::, '.' "',: : . ..' ,"; .>~. "'.'P! " • :. 
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, •. -, 'energies hav~ been obtained byiIltegratingthe velbcityand pOsition of' pOints ~vei 
........... th~·total system. These energies were. used,inLagrange's.equations.· For the large . 
":a,~m,;,qL =. Uqr)T; (q!)T]T, .. ; ':_. ". 

. '. " 

'I, ' ". '., .. [ .... T' ]: .. J .'. 
TL - '.J~' '.' .FL. 

r. " 

'_.': ." 

' .. ,: : - : -,' 

',:'-' ~ ,~. ' .': ", ,-' 

" ,'" 

. , ", ~ .. whe~eX ':: ~(qr,qf), Jr = :X , ~nd Jr=:X. A.gainqr contains the generalized .' . 
.' '. " ., .' '. •... . qr ... .. qr., . ". . .. .. ..' 

.'; rigid joint coordinates, and CIt contains the generalized flexible mode coordinates. The '.' 
· ....... 'nonlinear tennis negligible under the fine motion . control. ..... , . . 

· ••• F.· 

" ', .. 
0' ..... , ;:~;.: .'. -, 

. Fortbe'smill arm,~hlch is assumooto be rigid,'q~contalnsthegerieralized 
'. jomt COorcfu1at~s. Its dynamicscanbe fourtd in [19] as; '. ,. ' . . ,";', : 

. . .... . ." '.' '. ". ··T' ., 
c Ms(qs)qs+.Ns(qs,qs) =Ts - Js Fs_:." 

. " ) .-; ,.',- " ' . 

'r,: .. ' 

. (12) 
"":,,:' 

. 'Where. Ms is the inertia matrix of the maDipUIator, N~. is the'nonlinear telll1 mcludirig -
· 'c:e~trifugal f()rce,. CorioliSforce and gravitytenn~and T s is the jointtorque.:. .. -. ' 

" .. " ' .. .. . ," . , ... 

"'Ifwetnodelthe force sensor as alme'arsprmg Kfs; we may obtain 
, . ' . . . . . . . . ' . 

~. :'. 

· ..... ·~here . XL is'the position of the- wriSt Pin. the Cartesian coordinates,' and X~is the" -
. ·position of the tip of the small arm in .the Cartesian coordinates. This force sensor 

m'easures intenial forces in the clos'ed chain.· '. " .'. . " . 
. . ".- . , ~ . ,.': 

_ 3.2' : Control Strategy . 
:_ t· • ',' , " , ' -', ' 

"," , 
';". 

.',!, 

.' , ....•. ,.:: .... :. "Various'control'approachesare available for dual cooperating 8.nns. However,' 
. there are unique conditions for two disparate manipulators compared to common dual 

~ .. .... 

',:.," 

, t': 

'" ; , 

'~. ..', ' 

' . .! • 

· .. arm control: Those. unusual characteristics of the proposed arms are: . ", , 
. , '. '.", " - . . 

. ": , •. ,,: 

:* One arm is large, and !heother'is small. '.'- .: 
.. * One is flexible. and the other is rigid. . "'. . '. " .. 

" * One is coarse (actuator and sensors), and the other is precise~ . 
.' -*'Qne is strong (high'forces and torques), and the other is less strong.· 

, ," ...... . 

. to take full' advantage of the complimentary features of the large and small 
'manipulators, the control strategy for each arm should be asymmetrical. In other 

'. . .. words, each aim's role should be different rather than just sharing a payload. Th~s, 
'. 'one proposed control strategy is an advanced master/slave scheme whereby the force- . 

controlled slave arm (large arm) follows the position-controlled master arm (small . 
'. arm) .. When using kinematic control ofaclosed chain that is redundant in actuation, 

geometric imperfections in the robot structures along with other sources of the 
, kinematic' error and feedback' position control error results 'in undesired internal forces . 

·<between two arms. Therefore, force control by'feedbatk.from the slave arm's tip .' 
; mounted forceserisors offers an approach to eliminating these unwanted forces. The 

· ·.rigid aml, which is capable of precise positioning, is position servoed and follows a 
··.··:preplanm~d trajectory~ The' flexible arm, which is capable of handling a' inassiye 
· "," .' .' . . 't<',. '. ,;.'~:. : '. 
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- . ·: .. .-:.·: .. :~ .. '~·payi~ad~.is force serv.~d to bal3I}c~ .the ioad imd ac~pmnlodate' any. in.te~·il)rces that 
, <,:.In ... ay, atjse.,' ." . ' " :,",.-:" ,', " " ,'., ",,' , .... , ' 

- . - - "'. " ... ':,' . -... -" . '.~ 
:'-'- .. "--:::. . ;-:-.. -' 

. .' Since the aCtUators on theHrrge (flexible) arm and the force Sensorar~physically .' 

. located at different pointS, the performance of the force controller is severely liinitedas . 
the feedback gain increases. Some people call this situation "non-collocated control" 
[23]. With only force feedback" the closed loop system becomes unstable with high 

, ,gains. "In addition, the flexibility in'the system increases the number of poles in the 
, system, and eventUally these poles become unstable with high feedback gairt. although. 

"" . ,those poles remain stable in collocated control. This is due to the output feedback 
, " control rather than perfect full state feedback. To solve this problem, additional 

,sensors or a dynamic observer shoUld' be 'added. ,.'Thus, all the states become 
" available, and the undesired poles can be moved to where the designer wants by full 
<.:state feedback. If we install strain gages to monitor flexible motion, we can ' 

"",'", ,'manipulate the position of c1osedloop poles using feedback gains., . , . 
.. . '"~ , ..... 

"; .: ..... 
...... -. 

'.": ~' -,.' .... 
" The dynamics of the two aims are coupl~d, which make the system more .' , ':' . 

" .. complicated. . However if we apply the master/slave scheme, the coupling force 
" .' "'. ' between two' arms; which is an internal force, is force-controlled to be as small as 
. .'possible. Also, since we can measure the uncontrolled internal force from theforce'''· .;> 

, ,sensor, two arms can be dynamically decoupled by feeding forward the coupling temi , . 

. -: ...• 
. ' 1:' 

. . 'using the small arm controller .. This decoupling will be inlperfect in any physical ,.' 
'. ,.apparatusand must be evaluated with experiments and/or simulations. Therefore,' 

, robust control scheme will be necessary for sucessful decoupling of the two arms. . 

'. '. By reasoning~bout tlie master/si~ve scheme for the two disparate marupulators,' , 
•.•. ,two premises have been developed: (1) Make all the states available for flexible arm .. ' 
'. force control. Thus, the poles oithe system can be moved to any desired location by . 

.. ,- .. ,' 

all State feedback; (2) Decouple the system by feeding forward. Then, design astable,;' ... '. 
' .. position control law without the consideration of the force control, and design a stable .,.: . 

-::- -: 

. '- ..... 

.;.' -::.',: .. :. , 

,,' .. force control law by treating the large ann as an ind.epeooem system;, .' •. ~., : " . 
.. ' .:,' '-

,.' .. " . 

I', 
I 
I 

I' 
I 

.... .'., 

.~ ... 

',3.2.1 . Master Controller Design . 

..... . The equations of motion of the SYs1:e~ are derived in section 3. LThe eqUation 
. for the small ann is shown in Eqn. (12).: A position controller for a rigid arm is 

'. ,derived in this section. Since the orientation of the payload is controlled 
independently, only the position of P is, ~onsidered. It is couplc~d through Fs. 
Howeyer" Fs can. be measured by the tip-mounted force sensor. Thus, we can: • 
decouple the system by feeding forward the undesired force -J~l Fso··Theri the small 

;.:. -
, '. 

" "-'" " 

. ; .. " 

" ann becomes an independent nonlinear system from the large arm. To, design a. '.' .', 

.,'.,. . " . 

," .' 

',', :' 

.' position controller for this system, many control laws can be applied depending on' .. ' ,', '., 
.. ' ..... what kind of assumptions are made. One simple, and practical controller uses,' ..... " 

'. "', , ..... 

,·· .. computed torque method" [19,20]. With perfect knowledge of aU the dynamic 
' .. parameters • we can feed back computed n9nlinearterms so that the dynamics of the . 
.' . small ann becomes linear, and then we can design aJinear controller. The control law . 

for the small ann is then: '. ' . 

Ts = decoupling' force + nonlinear term feedback + linear controller 
= .. Js T Fs + Ns(qs,qs) + li.near controller . . 

,.'. Therefore,theelTordynamicsbe~omese +Kd e +.Kp e,=O, where.,e=cld- qs· 
c, Thus, we can choose, feedback gains Kd and Kp depending on' the' desired' ~', 

. ".' performance. Finally, the controller for the small arm IS . 

. ':,.~TS=-JsT Fs', + Ns(qs,q s) '+ .P-1s,{qd + ~(q,d;' cis) + '~p(qd,;.qS)'} ..... 
" "7'" ',', 

. .... ;; . ' .. ".-, 

.:.: ".'.-'. 
" ". ,~; 

. .. ,' 
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:~.2:2, SI~ve'~ontr~llerDesign" . ""/.,.., ":~", ", 
-. ,~.~ -.'. .' ... .' - , ":."<,' -- . . .. "',' " .: 

: . }rh~puI]Jose of the slave controi1~ris t~ eliminate undesired' mtemal forces and ., ," .. 
-- to follow the master arm by force controL In this section,. the . robust force controller.. . ... , .... 

. " .','., ,:' . fot a flexible ann is used to satisfy both of those goals Under the uncertainty of the 
". system.See [22,231for details. The proposed robust force control law for the , 

" 'flexible ann is . . , . :. . 
"" . : .... 

- -:.-.,~. -1 . ~ "..:.. 

TL == b1 ',(~Kv FL '·KpFL +·pl+Td ... Tc 

. ...... ",". 

. : .. -.:-..... . 

.... '.' .. ' ':"\vherethecontroller'gaiIi'Kv and KpC'anl>e determined depending on thedesigrier's .. 

...... . ," 

choice;. Also, 'they are diagonal matrices. If the small arm's accelerati~n, Xs,' i~ . 
. ,~'estimated ahead, f.eedingforward may eliminate the unwanted distUrbance input 

. .. ,.,.",: . 1 :........ " ' '. :". . ..,.,- . ..'.".' . . '. ", ".' '. ,.' 
' ..... Td'= b, (b1 MX11 +b2 MX21) Xs directly.,<Also,'bymeasuringF L and 
-',' ", '.' ,', .. ' . ". . ... 1''- "'T"'" T' " : -." '. '.' .... . .> . 

. ' "qr,computedinput Tc =b1. {(b1 , J r + b2 J; ) FL+ b2 K 9r lcandecouple the 
', ..... systenifrom flexible dynamics andmake each joint iridependenf. The bat," 1\", means 

": .:.~: . :' -.' . " '.' - '.' . . '.: .. , .... ......"". .' . . . ... :.~ - ......... " ,: '-. - - ' -; ; - ' ." - .' '.' : '. . '. - ' . 

the estimated values .. For example, T cis' the, estimated value.of T c. The following ,', . 
". robust control input p makes theintern3I force dynamic globally practically stable.' 
. This implies that the system. solution is' uniformly bounded. and· uniformly' ultimately 
bounded~ See [n,12]fo~ details. .... . ,.,. , 

'- -'.' 

;'p = .. ~p. 1M, ulJ.tI > £. 

P = ... ~ P' 1£, if IJ.IJ ~ £. 
• •• - • ." >~ -', -

: ;:. ~h~~e ~' ~ B T p~' R and E'~ a sm3.n positive cons~~t. (dete~ined by the design~r) . 
. ' _ AI~; P is the solution of Lyapunov equation. .." " .' '. ' : ~" " 

.. :", '., 
'. "-.:1:' 

.: ..... . 
;,,':. 

.. 

.4 SIMULATION 

.As an illustrative example for the propOsed control strategy" the coordination of 
. .,RALF (Robotic Ann. Large and Flexible) andBAM (Small Articulated Manipulator) is 
i< simuiated on the computer. We assume that the two arms form a kinematic closed 
·.,.chain as shown in Figure 3. Their dynamic parameters can be found in Refs 

.. [18,21,23].- The lowest natural frequency ofRALF isS.9 Hz, and the stiffness of the 
. :,' force sensor is. assumed to be 10,000 N/m. ' SAM pulls RALF with the desired 

,'''. trajectory in the X direction only. 'ie. . ' .'. " . 
. :. , 

. ';,'." 
.';' .. ' 

c Xd(t) = { 0.1
0

• (1+. cos(21t I». . .. . '0 <I < '0.5' \. ' . 

. '. t>0.5 . r . 
'. RALF· follows SAM' by force control. The computed torque method is implemented . 
,on SAM with the knowledge 'of all the dynamic parameters. 'Several force controllers 
are applied to RALF for comparison. Figure 4 shows all the internal force responseS 
measured at the tip force sensor in the one plot;. The smaller internal force response' 
indicates how well RALF tracks SAM. The larger internal force may cause failure in 
themech.anical bracing device:' . ' .- .. 

' .. " 

" . . 

. . " '. '.:'; . The sim'wation results ~k for Small tracking error, zerO internal force ~d good . 
~.: ,: robustness with modeling error. First,. a rigid arm force controller is eXamined on, 
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. . rntem~l Force Response in X Direction 

. --: l . /,,\.-' ' Force F~back Controller only • .... ". ' . .] 

. i !)X:' .'.~ / . prop. with SOo/. uncertainty . . . ., . 
30 r ',. robust contoller 1-

I I . 'Ii'-- ' prop. with perfect model 
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-' ...... :' '. (sec) 
' .. :. 

Figure4Inte~'al Forc~:Respol'lses in the X [)ireciion ......... . 

-" .. - '5 - CONCLUSION -;. ," 

- :.'. .-
.~ .' . 

.. " ,', •• :: • >. 

In 'this research, the" advant~ges of' the crane-human configu'ration are fIrst 
.. '. '.' .. analytically proven using the idea ofa force ellipsoid from the serial chain redundant. . 
.. , . manipulator. Second; the dynamics of the disparate manipulators is. derived under the ..•... 

assumption that the large aim is flexible and the'small ann is rigid: A large portion of' 
. the work has been devoted to design a control law for coordinating two armS which 

··.involves "non-collocated" force control for a flexible ann. FurtheInlore, under the 
. assumptions that all dyn~ic parameters are not available, a robust force. controller is 

, extensively studied and applied to a flexible ann. Finally, the simulation reSults show'_ 
the possibility that the disparate manipuHltors can have the accura<;y of the small ann, 

'-.': 
.and at the same time, it cari have the payload. capacity and hirge workspace of the large '.: . 
ann 
".'-' 

. "' 6' EXPERIMENTS 

A large experimental ann.designated RALF (RobOtic Arm', Large and Flexible) . 
•. . haS been constructed and placed under computer control. Also a small experimental 

aIm, SAM (Small Articulated Manipulator) has been constructed and is being tested 
under three parallel processing. control. It will be mounted on the end of RALF. A 
,similar task given in the illustrative example will be conducted. This experimental 
studies on the ,existing arrangement (RALF and SAM) are scheduled to verify the 
.feasibility of the proposed concepts. " --. " • . -.. ....;. '., .'. ..', , :.' 
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