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SR The concept of a small arm mounted on the end ofa large arm'
“has been mtroduced to prov1de precise motion as well as a large
- -workspace. - However, ‘the performance of such a serial
‘»;-‘conﬁguratmn lacks payload capacity which is a crucial factor for
- handling a massive object.. Also;, this configuration induces more-
flexibility on the. structure: To overcome. these problems, the
“topology of bracing the tip of the small arm (not the large arm) and
- having an end effector in the middle of the chain is proposed in this. -
aper. Also, simulation results are presented to show the possibility -
hat the proposed control scheme  provides. the | disparate .
manipulators” with better accuracy than the large arm and more
‘payload " capacity than the small arm. * In the near future, -
xperimental studies on the existing arrangement (RALF and SAM) -
are scheduled to verify the feas1b111ty of the proposed concepts

The proposed research seeks higher performance mampulators for la.tge:
fworkspaces partmularly for those tasks that require precise positioning and mating of .
-relatively massive: payloads. Demand for these manipulators can be found in common -
-~ space construction scenarios and more urgently in retrieval of nuclear waste from
- under ground storage tanks. The fundamental charactenstrcs of such manipulators
mclude their light weight and their flexibility. "Also, there is the need to maintaina
“firm posmon constraint between the robot's basé and the payload or workpiece. This.
requires a more comphcated manipulator topology than a smgle senal hnk arm wlnch
cannot constram two matmg workpleces ) R IR

L As a solutlon the concept of a small arm mounted on the end of a large arm has.

" been introduced to provide precise motion as well as a large workspace [1;2]. Sucha -
+. ‘configuration forms a redundant arm. Thus, the number of extra degrees of freedom
~'can be used to brace on a stationary frame. ' Bracing is used to ensure accurate
positioning of the end effector and to support the force at the end effector due to the
‘change in structural stiffness. It has been proven that bracing reduces the positioning

- uncertainty and i mcreases the suffness of the mampulator by the closed kmemanc S

constramt [3 4]

20 From real world expenence wnh crane-human coordmanon when a heavy Jh
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 at the tip of the small arm and having an end effector in the middle
of the cham In other words the large arm provrdes the load capacny hke a crane and :




,»the small arm does the precrse posmomng hke a: human Thrs topology grvesﬁv:
_motivation to develop a coordmatron strategy for dlsparate large and small'
‘mampulators Iy Do Tl ‘

‘ Apphcatron of the drsparate mampulators approach n the nuclear waste mdustry T
~include the retrieval of waste material from buried shell waste storage tanks. The .- .
e operatrons that might use the disparate approach include cutung off and removing - -~
" obstacles in the tank, dislodging the solid waste matenal usmg specral tools and
' 'ﬂli"placement andmamtenance ofsupport equrpment ST ERE R R

1 2 ' Research Descnptlon

af N Control of thrs proposed topology is drfferent from common dual arm control in.
‘some ways: 15,6,7,8]. For example, the large arm is powerful and flexible, and the
‘small arm is capable of precise positioning and is rigid. To take full advantage of such
‘disparate features, special control schemes can be applied. So far, no.prior work or
‘study for those control schemes has been done. "‘As a ﬁrst approach to develop a
‘control strategy for coordinating disparate mampulators, an advanced master/slave.
control scheme is proposed. Ini this scheme, the small rigid.arm performs computed
torque position control, and the large flexible arm uses robust force control to’
compensate for the mterna.l forces due to relatlve kmematlc motron errors between the

In the ﬁrst phase of thrs research the advantages of the crane-human s
onﬁguratron are analytically proven using the idea of a force ellipsoid from the serial. *
chain redundant mampulator [9]. ‘In the second phase the dynamics of the disparate *
manipulators system is-derived under the assumption that the large arm is flexible and
the small arm 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 arm [10]. - Furthermore, under the assumption that all dynamic
parameters are not available, a robust force controller is extensively studied and -
applied to a flexible arm [11; 12] - Also, simulation results are presented to prove that -
“the proposed control scheme provides the disparate manipulators. with better accuracy -
-*-than the largé arm and more payload capacity than the small arm. ' In the near fiiture, - -~
- . experimental studies on the existing arrangement (RALF and SAM) are scheduled to
- venfy the feasrbrhty of the proposed concepts SO = TR

2'""-'{-CHARACTERISTICS OF DISPARATE MANIPULA’I‘ORS

2. 1-: Apphcatlons



Apphcatron scenanos of the proposed drsparate mampulators are as follows
_ 'F1rst the large arm carries the small arm and a payload close to a destination posmon _
Whrle the large arm is traveling, the'small arm may be used to generate inertial forces ,
“on the large arm  to cancel the large arm's vibrations [13]..-Second, the tip' of the” .
"' .small arm is braced on a stationary frame usmg atracking controller [14]. Thus,a - 7 =700
..+ closed kinématic chain is formed. :Next, the joint where the small arm ismountedon = . = '
- i the large arm becomes passive (one opt1on) The proposed control scheme is applied - = -
.- “to coordinate the two arms. : Its objective is to provide the payload capacrty of the
large arm and the precrse posmomng of the small am. - . i

552 2 Kmematlcs -

o The proposed manrpulator system in contact w1th therr envrronment l is,’-”;j
" characterized by closed chains in the structure and redundancy in actuation. In other '*
~words, the number of actuators typically exceeds the mobility. However, the general -
_case of the Jacobian matrix ‘can be applied to two disparate’ manipulators with -~
“kinematic constraints: We ﬁrst assume that the joints are frictionless, that the link ' : .
- inertial forces are negl1g1ble and that all the hnks are ng1d to srmph.fy kmemancj ‘

AT Let us assume that nerther arm is in a- smgular posmon and that J isa square
;mamx ‘Then we can obtam the _]omt rates requu'ed to perforrn a desrred control task

:jwhere X contalns the task coordmates and q contams the _]omt coordmates and J(q)‘
- the Jacobian matnx The followmg subscnpt i denotes erther the large (L) or

“small (S) arrns If Eqn (2) 1s combmed with the lcmematlc constramt that X is same
-’f’ffor both a.rms we can ‘write the‘ followmg form of anew Jacobian, H, for the closed

[(quT <qs>T1T and H —[[(JL)"IT [(J's) 11T 1T

: Sunﬂarly, usmg the prmcrple of vn:tual work m the stat1c case ‘we can denve the»
;jfollowmg relanonshlp LB e LT g TR

:Twhere q

CF=HTT ”1;‘_ Ry o | (5)
[[(J L)"] [(Js>"‘] 1 { y J Chenmtn et
ﬁ,—ﬁ+&:,‘~ e TWD

k) where T is the vector of actuator torques, and F is the vector of forces and moments -
g :_exerted by arm ion the énd effector Since the force m the task coordmates is the sum o
-of the two arms’ force Eqn (7) is true also 5

3523 Load Capacxty



: Intumvely we k:now'that closed cham mampulators have greater load capacrty g

than open chain manipulators. However,: we.need to prove analytically how much- - ;
~more lIoad closed chains .can handle than open' chains. In this section, using the idea -

."of a force ellipsoid from the serial chain redundant manipulator [15], -an index for "

;jfmeasunng the force transmission at a given posture for the closed chain mampulator o
s developed A.lso, these deCCS for both closed and open cham arms. are: R

a:z'a'n,n sp’her'e‘injpintjspace»-* (b) force ellipsoid in task space

3 - Flgure 2 Force Elhpsond

- Th1s elhpsoxd has prmcrpal axes 7\.1u1, - xnun where u,eRn and 7\. is an'
' e1genvalue of (HTH) Chiu [15] call this a "force ellipsoid”, and “Yoshikawa[9] used-
"the volume of 4 velocity ellipsoid as an index-of manipulability for open chain -
.redundant arms. - Similarly, we can use the volume of the force: ellipsoid as a’
f‘,measurement of ‘a manipulator's payload capacity at a given posture.  This volume

gives the size of oufput for the given unit norm input. We use this transmission ratio (
= output/mput) as the payload capac1ty mdex Thus the payload capac1ty mdex forf

S " Tlns result can easﬂy be obtamed from a property of determmants [16] Also we :

s .'know that (JLJ T') -1 'and (J JST) 1‘ are posmve deﬁmte If we carry out the




" det(JLJL ) -1 det { I+ (J,_J T) (JSJS. } (10)

A gam the matnx (J J T) (JsJs ) 1s also posmve defimte and is. d1agonal1zable'
- 'with a unit sumlanty matrix. Furthermore its dlagonal terms are always posmve e R e

"»._:_'Thus det { I ¥ (JLJ,_T). T+ (JSJST) 1} is larger than 1 Now we can say Lo |

: "'_'wL+S . det(J 9,7 det {- I+ (JLJLT) (J J T) 1}
s det( LJJ)“ wL Vel LT

L where WL is the payload capac1ty of the large amm 1tself Phys1cally, tlus means that \ '-'-:.,.'
. ‘_the closed cham arm has alarger payload capacny than elther the the large or small arm_ : ‘
”ﬂ,by the ratlo of det{ T+ (JLJJ) (JSJST) ‘} ST A R

‘--.3 CONTROL OF DISPARATE MANIPULATORS
3. 1v‘ Dynamlcs

In the flrst phase of tlus work ‘the’ dynamlcs of the proposed dlsparate
manipulators system is derived. Its topology can be considered as the large arm
“holding'a payload and small arm helpmg the wrist of the large arm as shown in’ Figure ..
*3. The motion of the mampulators is dynamtcally coupled because- the generahzed e
forces are mterrelated through the passive joint P. Since joint P will be a ball joint, - :
“only forces can be transmitted through it. The forces -on the large arm through j jointP .

“are denoted by a 3x1 vector F, and the forces on the small arm through joint P are
“dénoted by a 3x1 vector Fs ‘We can decompose the system‘into three parts (large arm,
‘small arm, and force sensor) and derive the equanons of monon for each body. The
,‘;payload dynam1cs is mcluded in the large arm o EEe '

R Flgure 3 Two Dlsparate Mampulators Holdmg a Payload

Flrst modelmg a large arm WhJCh is assumed to be ﬂex1ble is comphcated
_‘__;‘jThe flexible deflection of the arm is apprommated to be a finite series of separable‘ X

functions Wthh are the product of admlsmble shape funcnons ¢ il( X ) and tlme

__’dependent generahzed coordlnates Tl Ij (t )

u,(x t) Z ¢ 'l(x) T] g,(f) —deﬂecnonoflmkx
;.;The equanon of the flexrble arm motlon can be denved from several techmques but
‘the Lagrange's formulation-[17] is known for its simplicity and systematic approach.
,Usmg Jacoblans [18] to obtam the velocxty of a pomt the kmematlc and potentxal"




-‘energies have been obtamed by mtegratmo the velocity 'and posmon of pomts over__
~the total system ‘These energres were, used m Lagrange s equatlons For the large"'-'

_amm, au —[(q;)T (qf)TlT

{ Mrr Mer J [0 0“ q" ] + Nonlmear Term . .. N N
AR i Mfr Mff 0 K q SRt R S

'Whefe x X (Qr,Qf) Jr ____:X and Jr _aa—x Agam qr contarns the generalrzed‘i_:::.
qr - qs, it £¥ S
’.ngrd Jomt coordmates and gt contains the generalrzed ﬂemble mode coordmates Thc S
t‘nonhnear term 1sneg11g1ble under the fine motron control L A DR A

For the small arm, whrch is assumed to be ngld qs contams the generahzed""
: Jomt coordrnates Its dynamrcs can be found in [19] as, - Lo

(qS)QS + Ns qs.q$) Ts - Js Fs (12)

here Ms is the mema matnx of the mampulator Ns is the nonlmear term mcludmg .
entnfugal force Corrohs force and gravrty term, and TS is: the Jomt torque &

:Ifwe model the force sensor as a lmear spnng Kfs, we may obta.m s

' here X._ is the posmon of the wrist P m'the Cartesran coordmates and Xs is .the
‘position- of the tip of the small arm in the: Cartesmn coordrnates Thrs force sensor
:measures mternal forces in the closed cham e : . S

;,3 2 Control Strategy

Vanous control approaches are avarlable for dual cooperatmg arms. However ,
,there are unique conditions for two disparate manipulators compared to common dual o
:arm control Those unusual charactenstws of the proposed arms  are : G el

f-jl* One arm is large and the other is small

" *QOneis flexible, and the other is rigid. - : :
e i,_»* One is coarse (actuator and sensors),’ and the other is precrse .
: .;_;* One is strong (high forces and torques), and the other is Iess strong

,To take full advantage of the complnnentary features of the large and small YR
_'manipulators, the control strategy for each arm should be asymmetrical. In other - -
© ~words, each arm's role should be different rather than just sharing a payload. Thus, - ..
- one proposed control strategy is an advanced master/slave scheme whereby the force- ETRENE
2. =" controlled slave arm (large arm) follows the posmon-controlled master arm (small
.. “.arm). ' When using kinematic control of a closed chain that is redundant in actuation, . .%o
_© " ‘geometric imperfections in the robot structures along with other sources of the ~ =" - r
_..". kinematic error and feedback position control error results in undesired internal forces BRI
-.-between two arms. Therefore, force control by feedback.from the slave arm's tip . -

‘mounted force sensors offers an approach to ehmmatmg these unwanted forces. The -
‘rigid arm, which is capable of precise positioning, is position servoed and follows a
;preplanned traJectory The ﬂexxble arm, whrch is capable of handlmg a massive




payload 1s force‘ servoed to balance the load and accommodate any mtemal forces that :

T ‘_Smce the actuators on the larve (ﬂexrble) arm and the force sensor are physrcally T A O
located at different points, the performance of the force controller is severely limitedas .- = :

_the feedback gain increases. Some people call this situation "non-collocated control” i T
-[23]. With only force feedback, the closed loop system becomes unstable with high = * - 7o
-gains. -In addition, the ﬂex1b111ty in the system increases the number of polesinthe . @ -7 u:

* system, and eventually these poles become unstable with high feedback gain, although -~ = -~ = - -

., -those poles remairi stable in collocated control. This is due to the output feedback .~ . - .. -

' control rather than perfect full state feedback. - To solve this problem, additional =~ . .00

~...sensors or a dynamic observer should be added. - ‘Thus, all the states become .- " ' KNS
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 motxon we can e :

' 'mampulate the posmon of closed loop poles usmg feedback garns ST

S The dynarmcs of the two arms- are coupled wh1ch make the system more- + -
',comphcated However if we apply the master/slave scheme, the coupling force .
. between two arms, whlch 1s an mtemal force, is force-controlled to be as small as : -
- possible. Also, since we can measure the uncontrolled internal force from the force '
.’sensor, two arms can be dynamically decoupled by feeding forward the coupling term
_using the small arm controller. - This decoupling will be imperfect in any physical
apparatus -and must be evaluated with experiments and/or simulations. Therefore S
‘Tobust control scheme will be necessary for sucessful decouplmg of the two arms. -

. By reasomng about the master/slave scheme for the two d1sparate mampulators y
“two premrses have been developed: (1) Make all the states available for flexible arm.
force control. - Thus, the poles of the system can be moved to any desired location by -
“all state feedback; (2) Decouple the system by feeding forward. Then, design a stable
- position control law without the consideration of the force control, and desrgn a stable,
. force control law by treanng the large arm as an mdependent system U

3 2 I Master Controller De51gn

HRC " The equanons of motion of the system are denved in section 3 1. The equatton RS
e S for the small arm is shown in Eqn. (12). ~A position controller for a rigidarm is o T
R NN ... .derived in this section. Since the orientation of the payload is controlled .~ -t i
| b mdependently, only the position of P is considered. - It is coupled through Fs, .-
. However, Fscan be measured by the trp-mounted force sensor. Thus, we can " -

tdecouple the system by feeding forward the undesired force -JsT Fs. “Then the small E
- arm 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 all the dynamtc‘“'f L
- parameters , we can feed back computed nonlinear terms so that the dynamics of the - ... = " .0 . =
., small arm becomes linear, and then we can desxgn a linear controller The control law LA w
’_forthesmallarm1sthen . : e

| Ts = decouplrng force + nonhnear term feedback + hnear controller
= = - Js Fs' + Ns(qgs,Gs) + linear .controller . . PR,
"r:_'.’l'herefore the error dynamics becomes €+ Kads Kpe=0 where e= qd Qs. .o

" ‘Thus, 'we can choose. feedback gains Kg and KP dependmg on the desrred“ S
:performance Ftnally, the controller for the srnall arm 15 - SR , e

} Ts=;° Js Fs + NS(qsqu) + Ms {Qd + Kd(Qd - qs)_+ Kp;'(‘ld qs)}




22 Slave Controller De31gn

T The purpose of the slave controller isto ehrnmate undesrred mternal forces and
“to follow the master arm by force control. In this section, the robust force controller - -
- . for a flexible arm is used to' satisfy both of those goals under the uncertainty of the = .. “.% - -
. System.See [22,23] for detarls The proposed robust force control law for the S EL
-'.f.ﬂexibleannrs el e Tt Ll NI T

'A <1

_b1‘ 4‘ ( Kv FL "KPFL + p ) e Td + TC . ::::3‘ 'v o

_}where the controller gam Kv and Kp can be determmed dependmg on the desrgners -

“choice: Also they are diagonal mamces If the small arm's acceleranon Xs is '_';-4
-_estxmated ahead feedmg forward may ehmmate the unwanted drsturbance mput e

"i_Ta = b1°1 (b1 Mx11 * bz sz1) Xs dlrectly Also by measurmg FL andf
:'qu,COmputed mputTc = b1™ {(b1.Jr" + b2 J") Fu # b2 K ar¥ean decouple the

"now

, system from ﬂex1ble dynarmcs and make each _]omt mdependent The hat, A means s

,.'the est1mated values For example Tc is the. estlmated valie of Te. The followmg :
_robust control input p makes the internal force dynamic globally practically stable.
- This unphes that the system solution i 1s umformly bounded and umformly ultzmately
bounded See [11 12] for detalls e L .

“up /‘lul, lflul>£
~up/e,vlflul<s

l:',where l-l = B P x p and £ 1s. a small posmve constant (determmed by the desrgner)Q
‘._Also, Pis the solut1on of Lyapunov equatron

4 SIMULATION

R As an 1llustrat1ve example for the proposed control strategy, the coordmanon off S
SO ,"RALF (Robotic Arm, Large and Flexible) and SAM (Small Articulated Manipulator)is - -~
..o.7.% simulated 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 .- .o
-+ [18,21,23]." The lowest natural frequency ofRALF is5.9 Hz, and the stiffness of the - -

.. force sensor is. assumed to be 10, 000 N/m. SAM pulls RALF wrth the desrred' S
tra_]ectory in the X drrecnon only L € . , o

A {o K] (1+ cos(2n:t)), o <te os\

Sl 'Xd(t) » :
L ; 0. .: e i > 05 ’ ST
B ,"_g RALF follows SAM by force control The computed torque method is unplemented el
- - on SAM with the knowledge of all the dynamic parameters. Several force controllers -. - -~~~ 7
.- 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 mtemal force response' LT R
.+ .. - indicates how well RALF tracks SAM. The larger mternal force may cause farlure e
fg’the mechamcal bracmg devrce . . e

: 'I'he sunulanon results seek for small rrackmg error zero mternal force and good e
]robustness w1th modelmg error. Ftrst a ngrd arm force controller is exarnmed on‘ B




RALF. This controller feeds back only F._ wrthout mformatron about ﬂexrble modes. - i o
-This is a non-collocated control, and its performance is.poor.. -Second, the proposed PR
“ force controller with the perfect knowledge of ‘all the dynamics shows very good. -
‘results as ‘expected. ‘However, when there is 50 % uncertamty on the feed forward .
term, the Iesponse becomes worse. To overcome this uncertainty, the robust force‘j RS PE
'controller is added.: Consequently, some progress has been reached. Depending on = PRI

-the  design parameter Q and €, the performance of the robust controller could bev

<.+ Internal Force Response in XDirection R

Force Feedback Comroller only ) '
/ prop. with 50% uncenamty -:-—_.‘ B :
Ty ,robusl contoller - Tl -

prop mlh perfect model

) Frgure' 4 Intemal Force Responsec in the X Drrectron

5 " _CONCLUSION

I th1s research the advantages of the crane-human conﬁguratlon are ﬁrst. Cod s
o Aanalytrcally proven using the idea of a force ellipsoid from the serial chain redundant -+ .7
Lo ‘.A'mampulator Second, the dynamrcs of the disparate manipulators is derived under the *.. - .

- assumption that the large arm is flexible and the small arm is rigid. A large portionof . :
- the work has been devoted to design a control law for coordinating two arms which = -
... involves "non-collocated" force control for a flexible arm. Furthermore, under the
i1 " -assumptions that all dynamic parameters are not available, a robust force controlleris

. extensively studied and applied to a flexible arm. Finally, the simulation results show ="

"7 the possibility that the disparate manipulators can have the accuracy of the small arm, A

L ,,and at the same trme it can have the payload capacrty and large workspace of the large o

'i6 EXPERIMENTS

St Alarge expenmental arm desrgnated RALF (Robotrc Ann Large and Flexrble), e
has been constructed and placed under computer control. Also a small experimental =~ . 0
- arm, 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 venfy the el
Cao 'g_'i’feasxbrhty of the proposed concepts : O o e )
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